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Esta Tesis se presenta como Compendio de publicaciones. De acuerdo con la
normativa vigente, después del apartado Introduccidn y objetivos (capitulo 1), en
el que se presentan los trabajos publicados y se justifica la tematica de la Tesis
Doctoral, se incluye un resumen de los resultados obtenidos (capitulos 2 — 6).
Después del apartado Resumen y conclusiones (capitulo 7), se presentan como
Anexo I: Publicaciones (capitulo 8) las copias completas de los trabajos publicados.
La parte experimental correspondiente a los resultados que todavia no se han
publicado se ha recogido en el Anexo Il: Resultados no publicados. Discusion y parte
experimental (capitulo 9).






1.1.

1.2,
1.3.

9.

INTRODUCCION Y OBJETIVOS

Reacciones de a-arilacion catalizadas por paladio........c.ccceeveieceiiineiiicinncneniiseeniseennne 3
Reacciones de insercion de metalocarbenos en enlaces C-H........ccceereeirurernnrnnreneennnne 18
Objetivos de la Tesis DOCtOral...............ocoooiiiiicicee et 21

Pd(0)-CATALYZED INTRAMOLECULAR a-ARYLATION OF SULFONES: DOMINO REACTIONS IN
THE SYNTHESIS OF FUNCTIONALIZED TETRAHYDROISOQUINOLINES
(CHEM. EUF. J. 2015, 21, 4580-A584)..evesrereeeesesseesesssesessesssssassesssssssassssssnsasssssssssssesssnsesssssssns 25

Pd-CATALYZED a-ARYLATION OF SULFONES IN A THREE-COMPONENT SYNTHESIS OF 3-[2-
(PHENYL/METHYLSULFONYL)ETHYL]INDOLES
(ACS Catal. 2016, 6, 1691-1700)..cccuurerissnrerscssnerncsssnnenscsssneessssnnessssssneesesssneesssssssessssssnessessnns 37

EXPLORING PARTNERS FOR THE DOMINO o-ARYLATION/MICHAEL ADDITION REACTION
LEADING TO TETRAHYDROISOQUINOLINES
(Eur. J. Org. Chem. 2017, 799-805)....uuuesseesssesssssssssssssssssssssssssssssssssssssssssssssssnsssssssssssnsssnsssnsnsns 51

PALLADIUM-CATALYZED INTRAMOLECULAR CARBENOID INSERTION OF «o-DIAZO-a-
(METHOXYCARBONYL)ACETANILIDES FOR OXINDOLE SYNTHESIS
(Chem. Commun. 2017, 53, 3110-3113)ccciiiiiiiiiiiiriniiiiiisssssssssssssssssssssssssssssssssssssssssssssssssssssnns 65

PALLADIUM CATALYSIS IN THE INTRAMOLECULAR CARBENE C-H INSERTION OF a-DIAZO-a-
(METHOXYCARBONYL) ACETAMIDES TO FORM B-LACTAMS
(Articulo enviado para su PUBIICACION)...............ceueeeeeeeeerierernnssseeserreerrnnssssssssesseennansssssssssneennes 75

RESUMEN Y CONCLUSIONES........ccooiiiiiiinniinnninniinnnnsnennsesaseiasasasasesssssssssssssmmsssmsssssssssssasssasee 85

ANEXO |: PUBLICACIONES

Chem. Eur. J. 2015, 21, 4580-4584, and Supporting Information
ACS Catal. 2016, 6, 1691-1700, and Supporting Information

Eur. J. Org. Chem. 2017, 799-805, and Supporting Information
Chem. Commun. 2017, 53, 3110-3113, and Supporting Information
Paper submitted for publication

® a0 oo

ANEXO II: RESULTADOS NO PUBLICADOS. DISCUSION Y PARTE EXPERIMENTAL






Introduccion y Objetivos






Durante los ultimos afios, un numeroso grupo de metales de transicion han contribuido al
gran avance de la sintesis orgénica.! Sin embargo, es cominmente aceptado que, de entre
todos ellos, el paladio ha sido el metal que ha cambiado de una manera mas significativa la
guimica organica sintética. Esto ha sido posible gracias a la eficiencia catalitica y a la gran
versatilidad de la quimica organometalica del paladio.? En la actualidad, el nimero de
procesos cataliticos en los que interviene el paladio es extraordinariamente grande e incluye
desde reacciones que poseen una utilidad sintética contrastada, como por ejemplo la
oxidacion de Wacker y las reacciones de Heck, Suzuki y Negishi, a procesos que muchas veces
pueden parecer simples curiosidades, pero que con toda seguridad acabaran permitiendo el

desarrollo de nuevas aplicaciones sintéticas.

1.1. Reacciones de a-arilacion catalizadas por paladio

En este contexto, debe destacarse que los esfuerzos para desarrollar nuevas metodologias
para la formacion de enlaces C-C mediante reacciones de acoplamiento cruzado catalizadas
por paladio han sido particularmente intensos durante las pasadas décadas.>*> Entre las
reacciones de acoplamiento cruzado, las reacciones de dQ-arilacion de compuestos
carbonilicos catalizadas por paladio se han convertido en una herramienta
extraordinariamente potente para la sintesis organica.®’ La importancia de estas reacciones
radica en que permiten la introduccion de un grupo arilo en la posicion a de un carbonilo
mediante la formacion del enlace Csp3-Carsp?, una operacion que no puede considerarse

trivial desde el punto de vista de la quimica orgdnica clasica.

1 Zweig, J. E.; Kim, D. E.; Newhouse, T. R. Chem. Rev. 2017, 117, 11680.

2 (a) Negishi, E. Ed. Handbook of Organopalladium Chemistry for Organic Synthesis; Wiley-VCH: New York, 2002,
Vols. I and Il. (b) Tsuji, J. Ed. Palladium in Organic Synthesis, in Topics in Organometallic Chemistry; Springer-Verlag:
Berlin; 2005.

3 de Meijere, A.; Diederich, F. Ed. Metal-Catalyzed Cross-Coupling Reactions; Wiley-VCH: Weinheim, 2004, Vols. |
and Il.

4 Para algunos articulos de revisién, ver: (a) Yin, L.; Liebscher, J. Chem. Rev. 2007, 107, 133. (b) Chinchilla, R.;
Najera, C. Chem. Rev. 2007, 107, 874. (c) Denmark, S. E.; Regens, C. S. Acc. Chem. Res. 2008, 41, 1486. (d) Negishi,
E.; Wang, G.; Rao, H.; Xu, Z. J. Org. Chem. 2010, 75, 3135. (e) Lipshutz, B. H.; Abela, A. R.; Boskovic, Z. V.; Nishigata,
T.; Duplais, C.; Krasovskiy, A. Top Catal 2010, 53, 985. (f) So, C. M.; Kwong, F. Y. Chem. Soc. Rev., 2011, 40, 4963. (g)
Kapdi, A. R.; Prajapati, D. RSC Adv., 2014, 4, 41245. (h) Cherney, A. H.; Kadunce, N. T.; Reisman, S. E. Chem. Rev.
2015, 115, 9587.

> Para algunos articulos de revisidn, ver: (a) Valente, C.; Calimsiz, S.; Hoi, K. H.; Mallik, D.; Sayah, M.; Organ, M. G.
Angew. Chem. Int. Ed. 2012, 51, 3314. (b) Lundgren, R. J.; Stradiotto, M. Chem. Eur. J. 2012, 18, 9758. (c) Gildner, P.
G.; Colacot, T. J. Organometallics 2015, 34, 5497. (d) Roy, D.; Uozumi, Y. Adv. Synth. Catal. 2018, 360, 602.

6 (a) Culkin, D. A.; Hartwig, J. F. Acc. Chem. Res. 2003, 36, 234. (b) Bellina, F.; Rossi, R. Chem. Rev. 2010, 110, 1082.
(c) Johansson, C. C. C.; Colacot, T. J. Angew. Chem. Int. Ed. 2010, 49, 676.

7 Sivanandan, S. T.; Shaji, A.; Ibnusaud, I.; Johansson-Seechurn, C. C. C.; Colacot, T. J. Eur. J. Org. Chem. 2015, 38.



Pd
% P, o
o arllaC|on Rs
Rs R,
X: halégeno o equivalente

El primer ejemplo de una reaccidn de acoplamiento directo entre un haluro de arilo y un
enolato promovida por un metal de transicion fue descrito por Semmelhack en 1973, en el
contexto de la sintesis del alcaloide cefalotaxina.® El proceso implicaba una reaccién de a-
arilaciéon intramolecular de una cetona y requeria de la utilizacion de cantidades
estequiométricas de Ni(COD),. Aunque el rendimiento era moderado, el trabajo de
Semmelhack ya anticipaba el potencial sintético que con el tiempo acabarian teniendo este

tipo de transformaciones.

A pesar de ello, las reacciones de acoplamiento cruzado entre haluros de arilo y compuestos
carbonilicos catalizadas por metales de transicidn permanecieron practicamente ignoradas
hasta el afio 1997, cuando diversos grupos reemprendieron las investigaciones en este
campo. Asi, de manera practicamente simultdnea Buchwald® y Hartwig!® publicaron sus
primeros estudios acerca de la reaccién de acoplamiento intermolecular de cetonas y haluros

de arilo catalizada por paladio.!

o) Pd,(dba)s
. )J\(Me Tol-BINAP
0] t
BuOK
Me uon O (76%)
o THF, 70 °C
t
By Pdy(dba); BY 0
\©\ + DTPF
Br KN(S|M63)2 O
THF, reflujo (85%)

A partir de estos trabajos, las reacciones de acoplamiento entre enolatos y haluros de arilo
catalizadas por paladio han sido objeto de una intensa investigacion. La reaccién se ha
estudiado de manera exhaustiva a partir de cetonas, y se ha extrapolado al resto de

compuestos carbonilicos: aldehidos, ésteres, amidas, nitrilos y compuestos con metilenos

8 (a) Semmelhack, M. F.; Stauffer, R. D.; Rogerson, T. D. Tetrahedron Lett. 1973, 4519. (b) Semmelhack, M. F.;
Chong, B. P.; Stauffer, R. D.; Rogerson, T. D.; Chong, A.; Jones, L. D. J. Am. Chem. Soc. 1975, 97, 2507.

% Palucki, M.; Buchwald, S. L. J. Am. Chem. Soc. 1997, 119, 11108.

10 Hamann, B. C.; Hartwig, J. F. J. Am. Chem. Soc. 1997, 119, 12382.

11yéase también, Satoh, T.; Kawamura, Y.; Miura, M.; Nomura, M. Angew. Chem. Int. Ed. Engl. 1997, 36, 1740.



activos. Adicionalmente, la reaccién se ha ampliado a la utilizacion de nucledfilos no

carbonilicos como los nitro alcanos,*? los sulféxidos,*? las sulfonas y las sulfonamidas.

Los primeros estudios para desarrollar un procedimiento efectivo para la d-arilacidon
intermolecular de sulfonas catalizada por paladio fueron realizados por Beletskaya, que en
2002 describid la a-arilacién de B-disulfonas y a-sulfonil ésteres.!* La reaccién requeria de la
utilizacion de bases fuertes (NaH o Buli). Sin embargo, todos los intentos para realizar la
reaccion de arilacion a partir de la fenil metil sulfona, cuyos protones en O son

considerablemente menos acidos, resultaron infructuosos.

PhO,S V4
Br
Pd,(dba)s
LS
CO S
dioxano,70 °C

SO,Ph (77%)

Posteriormente, Oshima describié la a-arilacién intermolecular de benzil sulfonas catalizada
por paladio.’® Las condiciones optimizadas para esta reaccion implicaban la utilizaciéon como
catalizador del [PdCI(Talil)]> en combinacion con una trialquilfosfina voluminosa, y de ‘BuOK

como base.

- C
\©\ B [PdCI(n—ali)], Me
//S\\ + r PCY3 > \©\
BuOK O/ o)

tolueno, reflujo

(90%)
Poco tiempo después, Zhou describio la a-arilacion intermolecular de metil sulfonas
catalizada por paladio.!® La reaccidn utilizaba LHMDS como base, en combinacidon con ZnCls.

Puesto que el ZnCl; resultaba crucial para la a-arilacién, los autores sugirieron como etapa

clave de la reaccion, una transmetalacién entre el intermedio o-arilPd(ll) y el enolato de zinc.

0,0 0, ,8)@
O/S\Me O/Br Pd(OAc),, X-Phos @S
+
LHMDS, ZnCl, (85%)

THF, 65°C

12 (3) Vogl, E. M.; Buchwald, S. L. J. Org. Chem. 2002, 67, 106. (b) VanGelder K. F.; Kozlowski, M. C. Org. Lett. 2015,
17,5748.

3 (a) Jia, T.; Bellomo, A.; El Baina, K.; Dreher, S. D.; Walsh, P. J. J. Am. Chem. Soc. 2013, 135, 3740. (b) Jia, T.;
Bellomo, A.; Montel, S.; Zhang, M.; El Baina, K.; Zheng, B.; Walsh, P. J. Angew. Chem. Int. Ed. 2014, 53, 260.

14 Kashin, A. N.; Mitin, A. V.; Beletskaya, . P.; Wife, R. Tetrahedron Lett. 2002, 43, 2539.

5 Niwa, T.; Yorimitsu, H.; Oshima, K. Tetrahedron 2009, 65, 1971.

16 Zhou, G.; Ting, P. C.; Aslanian, R. G. Tetrahedron Lett. 2010, 51, 939.



Unos afos mas tarde, Walsh desarrollé6 un procedimiento efectivo para la a-arilacion

intermolecular de metil sulfonas catalizada por paladio utilizando ‘BuOLi como base.!’

. Me
o0 ¥ o o0 7] D)
\ _ ligando A ©:S ! N
H \
‘BuOLl | PCy.
OMe tolueno, 110 °C OMe !
(86%) ligando A

Por otro lado, Crudden exploré la a-arilacion de metil sulfonas como metodologia para la

preparacion de triarilmetanos.'®

[PdCl(z-alil)], O
Oy @
S ’ T
) f
©ﬂo 5 BuOK O
dioxano, 80 °C

(82%)

Mas recientemente, Chang ha desarrollado un procedimiento efectivo para la a-arilacién de

B-cetosulfonas, y lo ha aplicado a la sintesis de sulfonilfenantrenos diversamente
funcionalizados.®®

0 Pd,(dba)s

T, "0 mar T B0

+

Me \© LiTMP, ZnF, O Me
THF, reflujo (81%)

O I Me\o

(0]
S 1]
K>CO3 O X O\©\ |2, AcOEt O‘ ﬁOMe
Mel Me k 254 nm
(70%)

Los ejemplos de reacciones de Q-arilacion de sulfonamidas que aparecen en la literatura

n=0
o
n=0

o
o

Me .

o

guimica son también escasos. En 2005, Parkinson describio la «-arilacion de
metansulfonamidas catalizada por paladio.?° La reaccidn, que transcurre con rendimientos

moderados, implica la utilizacion de ‘BuONa como base.

17 Zheng, B.; Jia, T.; Walsh, P. J. Org. Lett. 2013, 15, 1690.

8 Nambo, M.; Crudden, C. M. Angew. Chem. Int. Ed. 2014, 53, 746.

1% Chang, M.-Y.; Chen, Y.-C.; Chan, C.-K. Tetrahedron 2015, 71, 782.

20 7eevaart, J. G.; Parkinson, C. J.; de Koning, C. B. Tetrahedron Lett. 2005, 46, 1597.
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110 °C

Posteriormente, Zhou describié un procedimiento mas efectivo para la d-arilacidon
intermolecular de metansulfonamidas utilizando unas condiciones de reaccidn similares a las
anteriormente descritas por su grupo de investigacion para la arilacién de metil sulfonas.® El
proceso implicaria de nuevo una transmetalacion del enolato de Zn generado en el medio de

reaccién.?!

Pd(OAc), o \/@
0] — X-Phos U
< : .S N
N—g—Me + Br@ N7 X
I N ZnCly, LHMDS O

(@) 0,
THF, 65 °C (83%)

Unos afios mas tarde, René utilizé una estrategia similar para la a-arilacién intermolecular de
sultamas, utilizando como base 2,2,6,6-tetrametilpiperidina en combinacién con ZnCl; y
LiCl.22

Qo O o

d

0 2
Me\N)\S//O | Pd(dba), Me\N’S Me\N,S
\\) . \@ RuPhos \\)
D ——————— S + o
TMPZnCI-LiCl \ \
© THF, 60 °C
(89%, 9:1)

La misma combinacién de base y aditivos ha sido utilizada posteriormente por Knauber para
la a-arilacién intermolecular de sulfonamidas.?3

Q Br Pd,(dba)s o CFs
N/T‘IE\/Me . \©\ XPhos N/g
(@) I
CF;  TMPZnCI-LiCI O Ve

THF, 130 °C, uW
(68%)

Recientemente, Walsh ha descrito la a-arilacion intermolecular de metansulfonamidas

utilizando cloruros de arilo como electrdfilos.2*

21 Zhou, G.; Ting, P.; Aslanian, R.; Piwinski, J. J. Org. Lett. 2008, 10, 2517.

22 René, O.; Fauber, B. P.; Malhotra, S.; Yajima, H. Org. Lett. 2014, 16, 3468.

2 Knauber, T.; Tucker, J. J. Org. Chem. 2016, 81, 5636.

2 7Zheng, B.; Li, M.; Gao, G.; He, Y.; Walsh, P. J. Adv. Synth. Catal. 2016, 358, 2156.



\\ //

O 0 Me,
[Pd AL g NH, \
B AOE N oy | 0
Tguoli PN O o b
tolueno o oy

110 °C (70%) Pd A L

Finalmente, Northrup ha estudiado la a-arilacion de sulfonamidas activadas catalizada por

paladio.®
Pd(OAc
Br QP Ff’B & QP
/@ . MeO,C S\N,Ph Us Me0,C._-8. -Ph
|
NC Me ‘BUONa Me

dioxano, 90 °C
(85%)

CN

Para completar el estudio acerca de la utilizacidon de nucledfilos no carbonilicos en la reaccién
de a-arilacién intermolecular, también se han estudiado las reacciones a partir de éxidos de

fosfina?® y de fosfonatos.?’

.0
Pd(OAc), Cy,P
o) xantphos
I
Q T Q
CPME 110 °C (84%)
(Proy,P” =
o o P(OAG), )z :
I |
I . ® I@\ AN
N ‘BuONa E @
0 !
Me CPME, 80 °C (71%) Me:

CataCXium A

Como puede observarse en los diferentes procesos que se ha comentado hasta el momento,
en este tipo de reacciones, ademas del catalizador y de los ligandos, también es clave la
eleccidn de la base que se utiliza para generar el anidn en la posicion o del grupo atrayente
de electrones. Como los hidrégenos en posicion o de ésteres, amidas, nitrilos, sulfonas y del
resto de grupos atrayentes de electrones son menos acidos que los de la posicidon a de

aldehidos y cetonas,?® en la mayoria de los casos es necesaria la utilizacion de una base fuerte.

25 Grimm, J. B.; Katcher, M. H.; Witter, D. J.; Northrup, A. B. J. Org. Chem. 2007, 72, 8135.

26 Montel, S.; Jia, T.; Walsh, P. J. Org. Lett., 2014, 16, 130.

27 Montel, S.; Raffier, L.; He, Y.; Walsh, P. J. Org. Lett. 2014, 16, 1446.

28 (a) Bordwell, F. C. Acc. Chem. Res. 1988, 21, 456. (b) Bordwell, F.G.; Harrelson Jr., J. A.; Zhang, X. J. Org. Chem.
1991, 56, 4448.



Las versiones intramoleculares de las reacciones de O-arilacion, aunque menos exploradas,
han seguido un camino paralelo al de los procesos intermoleculares y, en muchos casos, han
acabado convirtiéndose en una herramienta de amplia aplicacién en la sintesis de productos

naturales y de compuestos con actividad farmacoldgica.

En 1988, casi una década antes de que aparecieran los primeros trabajos de Buchwald y

Hartwig, Ciufolini describid la a-arilacion intramolecular de a-sulfonil ésteres catalizada por

Pd( PPh3)
Oy ’/\)J\ J\/\ -0
SS

DMF, 130 °C 0
(37%)

paladio.”®

Por otro lado, en 1997 y de manera practicamente simultanea a los primeros trabajos de
acerca de la a-arilacién intermolecular de cetonas catalizada por paladio, Muratake y

Natsume describieron la version intramolecular de la reaccidon en la serie carbociclica.3°

PdCIz(PPhS)z
032003
THF, 100 °C
(83%)

Las reacciones de a-arilacién intramolecular de compuestos carbonilicos catalizadas por
paladio se han utilizado frecuentemente en la sintesis de heterociclos nitrogenados,

especialmente derivados inddlicos y tetrahidroisoquinolinas.

En este contexto, sin lugar a dudas, el proceso intramolecular que se ha estudiado de una
manera mas exhaustiva ha sido la reaccién de a-arilacion de amidas, que se ha aplicado con
éxito en la sintesis de diversos productos naturales. A modo de ejemplo, Honda ha utilizado
la reaccién de a-arilacién intramolecular de amidas catalizada por paladio para la elaboracién

del sistema de tetrahidroisoquinolina presente en los alcaloides cherillina y latifina.?!

2 Cjufolini, M. A.; Qi, H-B.; Browne, M. E. J. Org. Chem. 1988, 53, 4149.
30 Muratake, H.; Natsume, M. Tetrahedron Lett. 1997, 38, 7581.
31 Honda, T.; Namiki, H.; Satoh, F. Org. Lett. 2001, 3, 631.



OBn OBn

d
R, N __PP® | MeO O ..., MeO o
o BUOK

OBn dioxano Ri N\Me R N\Me
100 °C

Cherillina Ry=OH Ry=H
Latifina R4=H R,=OH

La a-arilacidn intramolecular de amidas se ha utilizado también en la sintesis del alcaloide
espiro-oxinddlico Horsfilina.3?

CbZ\N 0O iPr iy
\:>_‘/< Pd-PEPPSI N\
NH &—— N

Br BuONa Pry Pd. P
N

tolueno, @

110 °C Nl

OMe Horsfilina Pa-PEPPSI

Recientemente, Zhang ha desarrollado un proceso domind a-arilacidn/alilacién catalizado
por paladio para la preparacion de un intermedio oxindélico clave en la sintesis del Esermetol,
un alcaloide que contiene el sistema de hexahidropirrolo[2,3-b]indol.33

H
O
Pd,(dba); , 0s0, ,
LHMDS collldlna
1,4-dioxano
¥
Me
MeO
N.
Me
N H
Me
Esermetol

En 2002, Buchwald describié la a-arilacion intramolecular de a-amino ésteres catalizada por

paladio como metodologia para la sintesis de tetrahidroisoquinolinas e isoindolinas. En esta

32 Depperman, N.; Thomanek, H.; Prenzel, A-H.; Maison, W. J.Org. Chem. 2010, 75, 5994.
3 Zhou, Y.; Zhao, Y.; Dai, X.; Liu, J.; Li, L.; Zhang, H. Org. Biomol. Chem., 2011, 9, 4091.
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reaccion se utilizaba como catalizador Pdx(dba); en combinacion con una biarilfosfina

monodentada, y como base ‘BuOLi.3*

Pd,(dba)s ! Cy2R
MeO Ligando MeO |
N"coo'Bu N-Ph | O O
Ph ‘BuOLi MeO !
0 Br dioxano, 85 °C CO,Bu | NMe,
(89%) Ligando
Pd,(dba)s Ph,R

Ligando i

t Ve,

BuOLi |

CO,'Bu dioxano, 90 °C ‘Bu0,C | NMe,
(81%) Ligando

Unos afios mas tarde, Satyanarayana estudio la a-arilacion intramolecular de B-amino ésteres

como metodologia para la preparacion de tetrahidroisoquinolinas.?®

Pd(OAC), COoEt

N N.
MeO ~"coEt  ©%2C0s MeO Bn

0
tolueno, 80 °C (87%)

De manera paralela a los estudios metodolégicos encaminados a desarrollar procesos
cataliticos efectivos para la a-arilaciéon de compuestos carbonilicos, se ha realizado una
intensa investigaciéon para establecer el mecanismo de estas reacciones y determinar los

pardmetros que influyen en las distintas etapas.3®

Las primeras reacciones de d-arilacién catalizadas por paladio que se desarrollaron
implicaban la utilizacion de bases fuertes. La necesidad de este tipo de bases se racionalizo
en base al mecanismo propuesto para este tipo de transformaciones. A continuacion, se
muestra el mecanismo simplificado inicialmente propuesto por Hartwig para la reaccién de
a-arilacién de cetonas.®? El proceso se inicia con la adicién oxidante del haluro de arilo al
catalizador de Pd(0), que proporciona un intermedio O-arilpaladio(ll). A continuacion, la
reaccion aprovecharia el cardcter electréfilo del atomo de paladio en este tipo de
intermedios. Se produciria la sustitucion del ligando haluro del intermedio o-arilPd(ll) por el

anién enolato, que se ha generado in situ a partir de la cetona. Finalmente, el enolato de

34 Gaertzen, 0.; Buchwald, S. L. J. Org. Chem. 2002, 67, 465.

35 Reddy, A. G. K.; Krishna, J.; Satyanarayana, G. Synlett 2011, 1756.

36 (3) Kawatsura, M.; Hartwig, J. F. J. Am. Chem. Soc. 1999, 121, 1473. (b) Culkin, D. C.; Hartwig, J. F. J. Am. Chem.
Soc. 2001, 123, 5816. (c) Lee, S.; Hartwig, J. F. J. Org. Chem. 2001, 66, 3402. (d) Culkin, D. A.; Hartwig, J. F. J. Am.
Chem. Soc. 2002, 124, 9330. (e) Wolkowski, J. P.; Hartwig, J. F. Angew. Chem. Int. Ed. 2002, 41, 4289. (f) Liu, X.;
Hartwig, J. F. Org. Lett. 2003, 5, 1915. (g) Katayev, D.; Jia, Y.-X.; Sharma, A. K.; Banerjee, D.; Bernard, C.; Sunoj, R
B.; Kiindig, E. P. Chem. Eur. J. 2013, 19, 11916.
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paladio formado en esta etapa experimentaria una reaccion de eliminacién reductora, que

proporcionaria el producto de a-arilacion y liberaria la especie de Pd(0) catalitica.

0]
Ar
R'}eRJ:R LnPd0 ArX
o adicién
eliminacion oxidante
reductora
Ar
. Ar
L,Pd-~ AR ¢
"0 L Lpd R X
R'\‘/\R I
R" R” O
sustitucion de
ligando
(0]
base-HX RJ\/R' + base
Rll

Sin embargo, debe tenerse en cuenta que este mecanismo simplificado no interpreta el papel
clave de los ligandos y del disolvente, ni explica tampoco la eficacia que presentan algunas

bases débiles en este tipo de reacciones.

En el contexto de la busqueda continuada de metodologias sintéticas mds respetuosas con el
medio ambiente, los procesos domindé se han convertido en una herramienta
extraordinariamente potente para la sintesis organica.3” Un proceso dominé se define como
una transformacién quimica en la que se producen dos o mds reacciones de formacién de
enlaces en una Unica operacién sintética, de manera que la funcionalizacion que se genera
en una reaccion se utiliza en la siguiente, sin que sea necesario modificar las condiciones de
reaccion.3® Las reacciones domind permiten preparar estructuras con una gran complejidad
estructural en una Unica etapa sintética, utilizando productos de partida facilmente

asequibles y minimizando el uso de reactivos, disolventes, tiempo y energia.

El desarrollo de procesos domind centrados en reacciones de formacion de enlaces C-C
catalizadas por paladio ha sido objeto de un intenso estudio durante los ultimos afios.?®
Sorprendentemente, a pesar del gran potencial sintético que poseen las reacciones de Q-

arilacién, el desarrollo de procesos domind basados en este tipo de reacciones es limitado.

37 (a) Eppe, G.; Didier, D.; Marek, I. Chem. Rev. 2015, 115, 9175. (b) Chanda, T.; Zhao, J. C.-G. Adv. Synth. Catal.
2018, 360, 2.

38 Tietze, L. F. Chem. Rev. 1996, 96, 115.

39 (a) Poli, G.; Giambastiani, G.; Heumann, A. Tetrahedron 2000, 56, 5959. (b) Vlaar, T.; Ruijter, E.; Orru, R. V. A.
Adv. Synth. Catal. 2011, 353, 809. (c) Majumdar, K. C.; Sinha, B. Synthesis 2013, 45, 1271.
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Asi, considerando que la reaccion de a-arilacion catalizada por paladio requiere de la
presencia de una base y que el producto de reaccién puede tener todavia algin hidrégeno
en la posicion q, el desarrollo de procesos domind que impliquen una reaccién de a-arilacion
y seguidamente una reaccidn en la posicién O promovida por la base, pareceria evidente y
relativamente facil de llevarse a la practica. Sin embargo, esta posibilidad ha sido muy poco
estudiada. A modo de ejemplo, en el apartado anterior ya se ha comentado la sintesis del
esermetol de Zhang y colaboradores, que tiene como etapa clave la preparacion de un
intermedio oxinddlico mediante un proceso domind a-arilacién/alilacion catalizado por

paladio.3?

Durante los ultimos afios, en nuestro grupo de investigacidén se ha estado trabajando en el
desarrollo de una metodologia para la sintesis de heterociclos nitrogenados basada en las
reacciones de O-arilacidon intramolecular catalizadas por paladio. Los primeros estudios se
realizaron a partir de sustratos de tipo cetona. La reaccion de a-arilacién a partir de (2-
halobencil)amino cetonas permitio la preparacién de sistemas heterociclicos con anillos de
5, 6 y 7 eslabones. La reaccidén pudo realizarse tanto a partir de yoduros como de bromuros,
aunque los bromuros proporcionaron, en general, rendimientos inferiores. Para promover la
reaccion d-arilacién a partir de este tipo de sustratos no fue necesaria la utilizacion ni de

bases fuertes ni de fosfinas elaboradas.*°

|
©;NBH PACI,(PPhs), o)

032003
o) o
THF, 110 °C N (80%)
Bn
o)
©i||3n 0 PACl»(PPhs), _
N—Bn
N A Cs,CO;4 =~
THF, 110 °C (52%)
o}
©i/ \/\)J\ PACk(PPha)2
CSzCO3
THF, 110 °C N" (75%)
Bn

Como continuacién del estudio metodoldgico con cetonas, también se explord la reaccién de

a-arilacién a partir de sustratos de tipo 2-haloanilina. Durante este estudio, se observo que

4050lé, D.; Vallverdu, L.; Solans, X.; Font-Bardia, M.; Bonjoch, J. J. Am. Chem. Soc. 2003, 125, 1587.
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las y-anilino cetonas experimentaban la reacciéon de a-arilaciéon de manera efectiva.*! La
reaccion permitid, por ejemplo, la preparacion del sistema de 2,6-metanobenzazocina con
buenos rendimientos. Para la elaboracidon de este sistema heterociclico pudieron utilizarse

diversas bases, como ‘BuOK, Cs,CO3 o K3P04.*?

Cr O
tBuOK

THF, reflujo

@EI /(jo PdCly(PPh3),
l?l CSzCOg
Bn

THF, 100 °C

@ ﬁ e
KsPO,

THF, 100 °C Bn

En cambio, cuando los sustratos de tipo a-anilino cetona y 3-anilino cetona se sometieron a
las mismas condiciones de reaccidn, utilizando como base Cs;CO3 o K3POs, en lugar de
formarse de los productos de O-arilacion esperados, se obtenian los alcoholes resultantes del

ataque del intermedio o-arilpaladio(ll) al carbonilo.*0-4

HO
©i /\)J\/ PACI,(PPh,),
_ >
082003 Et3N N
|
THF, 110 °C Ve
(60%)

En los sustratos de tipo [-anilino cetona, la utilizacidn del ‘BuOK como base en presencia de
un exceso de fenol, y de xantphos como ligando, permitié modificar la quimioselectividad de
la reaccion y obtener el producto de a-arilacion con buen rendimiento. Debe tenerse en

cuenta que al utilizar estas condiciones, en realidad, no existe ‘BuOK en el medio de reaccion,

415018, D.; Vallverdu, L.; Peidrd, E.; Bonjoch, J. Chem. Commun., 2001, 1888.
42.50lé, D.; Vallverdd, L.; Bonjoch, J. Adv. Synth. Catal. 2001, 343, 439.
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sino que la base es el fendxido potasico que se genera in situ por reaccion entre el ‘BuOK y el

fenol.*3
0]
| Pd,(dba)s Me
0]
Oi /\)J\ xantphos N\
N Me  BuOK, fenol N
Bn THF, 70 °C Bn
(80%)

En nuestro grupo también se ha estudiado la reaccién de a-arilacién utilizando otras

agrupaciones carbonilicas como metodologia para la sintesis de heterociclos nitrogenados.

A partir de los sustratos de tipo B-anilino éster se han desarrollado dos procedimientos
alternativos para la reaccién de a-arilacién, que permiten la obtencién de manera selectiva
ya sea de indolinas o bien de los indoles correspondientes.** Asi, al tratar los [-anilino ésteres
con Pd(PPhs)sy en presencia de un exceso de fendxido potdsico, generado in situ por reaccién
del fenol y 'BuOK, en el seno de THF, se obtienen las indolinas. En cambio, cuando la reaccién
se realiza utilizando K3sPOs4 como base en presencia de cantidades subestequiométricas de

fenol, en el seno de DMF, se forma directamente el indol correspondiente.

Me | Me COzMe
Pd(PPhs),
N~ COMe ——————
BuOK, fenol N
Me THF, reflujo (56%) Me
Me | M COzMe
\CE Pd(PPhy), M€ N
~_-COsMe
N K4PO,, fenol N
Me 0 Me
DMF, 90 °C (66%)

Mediante pequefias modificaciones de las anteriores condiciones de reaccion, también se
desarrollaron dos procedimientos alternativos para la Q-arilacion a partir de a-amino
ésteres.* Por un lado, a partir de estos sustratos, la utilizacién de KsPO4 como base en el seno
de THF proporciona las isoindolinas. Alternativamente, al utilizar KsPOs como base en
presencia de cantidades subestequiométricas de fenol, en el seno de DMF, se obtienen

directamente los isoindoles correspondientes.

4350lé, D.; Fernandez, |.; Sierra, M. A. Chem. Eur. J. 2012, 18, 6950.
44 50lé, D.; Serrano, O. J. Org. Chem. 2008, 73, 2476.
45 50lé, D.; Serrano, O. J. Org. Chem. 2010, 75, 6267.
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|
Bn Pd(PPhs),
N._ CO,Et N—Bn

K5PO,
THF, reflujo (88%)
Bn
: Pd(PPhs), _
N._ CO,Et __N-Bn
KsPQy4, fenol
DMF, 90 °C (85%)

La reaccién de a-arilacion también se realizd de manera efectiva a partir de los sustratos de
tipo amida. El tratamiento de las amidas con las mismas condiciones utilizadas para la Q-
arilacion a partir de los B-anilino ésteres proporciond las indolinas con rendimientos

aceptables.*®

0 CONMe,
Me [ Pd(PPh;), Me
\CE fJ\NMeZ - nMe
t
[Tj Me BuOK, fenol N
Me THF, reflujo Me
(65%)

Las reacciones de Q-arilacién intramolecular a partir de cetonas, ésteres y amidas que se
habian desarrollado en nuestro grupo con sustratos de tipo haloarilo sencillos, se utilizaron
posteriormente, con pequefias modificaciones de las condiciones de reaccion, para la
preparacion de sistemas azaheterociclicos fusionados con el indol.#” Estos sistemas ademds
de ser frecuentes en la estructura de ciertos productos naturales, forman parte de numerosos

compuestos con actividad farmacoldgica interesante.

Me.

N 0
Pd,(dba
Me 2(dba); N—CHs
- DTBPF N
N\ CSzCOg N
SOPh  tolueno, 90 °C PhOZSI 0
(70%)

46 50lé, D.; Serrano, O. J. Org. Chem. 2008, 73, 9372.
4750lé, D.; Bennasar, M-L.; Jiménez, |. Org. Biomol. Chem. 2011, 9, 4535.
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(@) NMe2

NMe2
PPh3
K3POy, fenol

/

Me DMF, 90 °C
(5 8%)
o)
OMe
|
N-Bn Pd(PPh,),
A\ P
N K3POy, fenol
Me DMF, 90 °C

(60%)

El control de la reaccion de a-arilacion resultdé mucho mds problematico a partir de los
sustratos de tipo aldehido, debido a la mayor tendencia de los aldehidos a experimentar la

reaccion de acilacién a causa del menor impedimento estérico sobre el grupo formilo.*®

O 0
Pd,(dba)s H
©i J)J\ xantphos N\
.
N N

Et3N CSQCOg
tolueno BOC BOC

A pesar de ello, la reaccién de a-arilacién pudo realizarse selectivamente y con buen
rendimiento a partir de algunos sustratos de tipo aldehido, como por ejemplo el recogido en
la figura siguiente. El éxito de esta reaccion se debe a la suma de diversos factores. Al tratarse
de un sustrato de tipo y-amino aldehido, mucho mas estable, puede utilizarse la combinacién
de 'BuOK y fenol, que como ya hemos visto anteriormente permite realizar selectivamente

las reacciones de a-arilacion.

| Pda(dba); OHC, Me
Me xantphos
H
N 'BuOK, fenol, Et;N " o5
Me © THF, 75 °C Me =7

48 50lé, D.; Mariani, F.; Fernandez, |.; Sierra, M. A. J. Org. Chem. 2012, 77, 10272.
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1.2. Reacciones de insercion de metalocarbenos en enlaces C-H

Como se ha puesto de manifiesto en las reacciones que se han comentado en el apartado 1.1,
los haluros de arilo son los sustratos de eleccidn en las reacciones de Q-arilacion catalizadas
por paladio. Sin embargo, la preparacion de los sustratos de partida para estas reacciones no
es siempre facil, ya sea porque los bromuros y los yoduros de arilo no son productos
comercialmente asequibles, o bien porque la introduccién de un Br o un | en un anillo

aromatico no es una operacion trivial.

Las reacciones de insercion de metalocarbenos, generados por descomposicion de
compuestos O-diazocarbonilicos, en enlaces Car-H constituyen una alternativa a la reaccion
de a-arilacion catalizada por paladio. Formalmente, estas reacciones serian procesos de O-

arilacion ya que conducen al mismo tipo de productos mediante la formacion también del

Ro [MT] R,
Gpm [
COZR3 COZR3

Ry

enlace Csp3-Carsp?.49

R4
MT: metal de transicion

Los complejos de metales de transiciéon que pueden generar metalocarbenos reactivos a
partir de diazo derivados son diversos. Entre ellos, los derivados de Rh(l1),>° Cu(l),> Au>? y
mas recientemente Ru(ll)>® han resultado ser particularmente Utiles para el desarrollo de
metodologias de insercion sumamente selectivas. Sorprendentemente, el paladio, que sin
lugar a dudas es el metal de transicion mas comun en catalisis homogénea y el mas utilizado
en las reacciones de acoplamiento cruzado entre diazo derivados y haluros organicos,>* ha

sido muy poco aplicado para promover ese tipo de procesos de insercién.>

4 (a) Ford, A.; Miel, H.; Ring, A.; Slattery, C. N.; Maguire, A. R.; McKervey, M. A. Chem. Rev., 2015, 115, 9981. (b)
Bartuloso, A. C. B.; Dias, R. M. P.; Rafael.; Bernardim, B. Acc. Chem. Res., 2015, 48, 921.

50 (a) Doyle, M. P.; Duffy, R.; Ratnikov, M.; Zhou, L. Chem. Rev., 2010, 110, 704. (b) Davies, H. M. L.; Parr, B. T. in
Contemporary Carbene Chemistry; Wiley: Hoboken, NJ, 2013, pp 363-403.

51 (a) Diaz-Requejo, M. M.; Pérez, P. J. Chem. Rev., 2008, 108, 3379. (b) Zhao, X.; Zhang, Y.; Wang, J. Chem.
Commun., 2012, 48, 10162.

52(a) Yu, Z.; Ma, B.; Chen, M.; Wu, H.-H.; Liu, L.; Zhang, J. J. Am. Chem. Soc., 2014, 136, 6904. (b) Fructos, M. R.;
Diaz-Requejo, M. M.; Pérez, P. J. Chem. Commun., 2016, 52, 7326. (c) Liu, L.; Zhang, J. Chem. Soc. Rev., 2016, 45,
506.

53 (a) Choi, M. K-W.; Yu, W.-Y.; Che, C.-M. Org. Lett. 2005, 7, 1081. (b) Choi, M. K-W.; Yu, W.-Y.; So, M.-H.; Zhou, C.-
Y.; Deng, Q.-H.; Che, C.-M. Chem. Asian J., 2008, 3, 1256. (c) Zhou, C. Y.; Huang, J. S.; Che, C. M. Synlett, 2010, 2681.
(d) Reddy, A. R.; Zhou, C.-Y.; Guo, Z.; Wei, J.; Che, C.-M. Angew. Chem. Int. Ed., 2014, 53, 14175.

54 Para articulos de revision, véase: (a) Zhang, Y.; Wang, J. Eur. J. Org. Chem. 2011, 1015. (b) Barluenga, J.; Valdés,
C. Angew. Chem. Int. Ed. 2011, 50, 7486. (c) Shao, Z.; Zhang, H. Chem. Soc. Rev. 2012, 41, 560. (d) Xiao, Q.; Zhang,
Y.; Wang, J. Acc. Chem. Res. 2013, 46, 236.

55 (a) Taber, D. F.; Amedio Jr., J. C.; Sherill, R. G. J. Org. Chem. 1986, 51, 3382. (b) Matsumoto, M.; Watanabe, N.;
Kobayashi, H. Heterocycles, 1987, 26, 1479. (c) Rosenberg, M. L.; Aasheim, J. H. F.; Trebbin, M.; Uggerud, E.;
Hansen, T. Tetrahedron Lett. 2009, 50, 6506.
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En 1985, Taber describié la descomposicion catalizada por paladio de B-ceto-a-diazo ésteres
para preparar ciclopentenonas. Esta reaccidén implica la interaccion del carbeno de paladio

intermedio con el doble enlace del alqueno.>>?

e} O
PdCI,(PhCN), 0
OMe >
N, CH3CN, reflujo OMe
| (55%)

Poco tiempo después, Matsumoto estudid la insercion intramolecular de carbenos,
generados a partir de B-ceto-a-diazo ésteres por reaccidén con diversos metales de transicion,
en enlaces Carsp?-H del indol.>>® En estas reacciones la situselectividad de la insercidén varia
en funcién del metal de transicion utilizado. Asi, al utilizar Pd(OAc); como catalizador la
insercion se produce en el enlace C(3)-H del indol, mientras que cuando se utilizan
catalizadores de cobre o de rodio la insercién tiene lugar en el enlace C(5)-H. En base a los
datos experimentales obtenidos, los autores proponen un mecanismo de tipo Friedel-Crafts

para la reaccion promovida utilizando Pd(OAc). como catalizador.

Rh,(OAC), (;}g‘\ Pd(OAc), (g‘\
tolueno N MeOH, 0 °C

(89%) 25°C H H (71%)

=z

Recientemente, nuestro grupo de investigacion ha descrito la insercidén intramolecular
catalizada por paladio de carbenos generados a partir de a-diazo ésteres como metodologia
para la preparacion de pirrolidinas.>® Esta reaccién supone la formacion de un enlace Csp3-

Csp3.

| |
Ny Pd,(dba)s @i
DS INE-_TNg§

COMe ¢yl refiujo

Ph Ph
CO,Me

(66%, cisltrans 5.5 : 1)

Entre las reacciones de insercidn intramolecular a partir de diazo derivados catalizadas por
metales de transicidn, uno de los procesos mas estudiados es la insercidn a partir de a-diazo-
0-(alcoxicarbonil)acetamidas. En esta reaccién pueden formarse derivados de tipo indélico,

si la insercion se produce en el enlace Carsp?-H, o B-lactamas si la reaccion tiene lugar sobre

%6 (a) Solé, D.; Mariani, F.; Bennasar, M.-L.; Fernandez, |. Angew. Chem. Int. Ed. 2016, 55, 6467. (b) Solé, D.;
Amenta, A.; Mariani, F.; Bennasar, M.-L.; Fernandez, |. Adv. Synth. Catal. 2017, 359, 3654.
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el Csp3-H.%7 La situselectividad de estas reacciones no depende solo del tipo de compuesto
carbonilico, sino que también estd gobernada por factores conformacionales, estéricos y

electrdnicos.>®

Adicionalmente, en estas reacciones se ha demostrado que los ligandos sobre el metal de
transicién tienen un marcado efecto sobre el curso de la reaccion. Asi, por ejemplo, la
utilizacion de ligandos de tipo carboxilato o carboxamida en los catalizadores de dirodio(ll)

ha permitido el desarrollo de transformaciones sumamente selectivas.>®

o N—Ph
Ph\NJ\H/COQEt Rhy(OAc)4 e
-
I Py Eto,c ©O
25°C (%)
MeO
0 1. Rhy(NHCOC;F7)4 PO
R E
P, )H(cozt CH,Cl, , 25 °C N—oTiPs
N, 2. (Pr),SiOTf N /:\/
- OMe
(91%)

Recientemente, también se han utilizado algunos catalizadores de Ru(ll) para desarrollar
diferentes metodologias para la sintesis de oxindoles mediante procesos de insercidn de

carbenos en enlaces Carsp?-H.®°

O O
N S [RuCly(p- C|meno)]2
I\I/le N, \ /

tolueno, 40 °C

(86%)

57 (a) Gois, P. M. P.; Afonso, C. A. M. Eur. J. Org. Chem. 2004, 3773. (b) Ring, A.; Ford, A.; Maguire, A. R. Tetrahedron
Lett., 2016, 57, 5399.

58 (a) Davies, H. M. L.; Beckwith, R. E. J. Chem. Rev., 2003, 103, 2861. (b) Merlic, C. A.; Zechman, A. L. Synthesis,
2003, 1137. (c) Davies, H. M. L.; Morton, D. Chem. Soc. Rev., 2011, 40, 1857. (d) Zheng, C.; You, S.-L. RSC AdVv.,
2014, 4, 6173. (e) DeAngelis, A.; Panish, R.; Fox, J. M. Acc. Chem. Res., 2016, 49, 115.

59 Para algunos ejemplos significativos, véase: (a) Doyle, M. P.; Shanklin, M. S.; Pho, H. Q.; Mahapatro, S. N. J. Org.
Chem., 1988, 53, 1017. (b) Wee, A. G. H.; Liu, B.; Zhang, L. J. Org. Chem., 1992, 57, 4404. (c) Brown, D. S.; Elliott, M.
C.; Moody, C. J.; Mowlem, T. J.; Marino, J. P.; Padwa, A. J. Org. Chem., 1994, 59, 2447. (d) Miah, S.; Slawin, A. M. Z,;
Moody, C. J.; Sheedan, S. M.; Marino, J. P.; Semones, M. A.; Padwa, A.; Richards, I. C. Tetrahedron, 1996, 52, 2489.
(e) Qiu, H.; Li, M.; Jiang, L.-Q.; Lv, F.-P.; Zan, |.; Zhai, C.-W.; Doyle, M. P.; Hu, W.-H. Nat. Chem., 2012, 4, 733.

80 (a) Chan, W.-W.; Kwong, T.-L.; Yu, W.-Y. Org. Biomol. Chem., 2012, 10, 3749. (b) Liu, N.; Tian, Q.-P.; Yang, Q.;
Yang, S.-D. Synlett, 2016, 2621. (c) Yamamoto, K.; Qureshi, Z.; Tsoung, J.; Pisella, G.; Lautens, M. Org. Lett., 2016,
18, 4954.
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PhO,S

o [RuCl,(p-cimeno)], F
selectfluor
NJ\[(SOzPh (0]
I xileno, 40 °C N
Me N2 Me
(54%)

CF5
©\ o CF5; [RuCly(p-cimeno)],
N
N tolueno

. -78 2 -25°C Mé O
Me N,
(91%)

1.3. Objetivos de la Tesis Doctoral

Como continuacion de los trabajos realizados durante los ultimos afios en nuestro grupo de
investigacion, en la presente tesis doctoral nos propusimos proseguir los estudios para
incrementar la versatilidad de las reacciones catalizadas por paladio en la formacion de
enlaces carbono-carbono y, especialmente, en su utilizacidn para la sintesis de heterociclos

nitrogenados.

Considerando los precedentes expuestos en los apartados 1.1 y 1.2, en esta tesis doctoral
decidimos evaluar la viabilidad de diversas metodologias de Q-arilacion basadas en

reacciones catalizadas por paladio:

1) Enla primera parte de la tesis, que abarca los capitulos 2-4, se estudiara la utilizacion de
nucledfilos no carbonilicos en las reacciones de O-arilacidon intramolecular catalizadas por
paladio a partir de sustratos nitrogenados. En concreto, se explorara la utilizacion de sulfonas,
sulfonatos, sulfonamidas y fosfonatos como nucleéfilos en las reacciones de acoplamiento
intramolecular con haluros de arilo catalizadas por paladio. La utilizacion de estos nucledfilos
se centrara en sistemas que, mediante la reaccion de a-arilacién, deberian proporcionar

tetrahidroisoquinolinas o bien derivados inddlicos.

z
Pd (0)
Ilgando
base N\R
aditivos n
Z: SO5R', SO3R’ n = 1 indol
SO,NR', PO(ORY), n = 2 tetrahidroisoquinolina

Asimismo, se estudiara la posibilidad de desarrollar procesos domind combinando las

anteriores reacciones de d-arilacién con reacciones de adicién de Michael. El objetivo ultimo
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de este estudio es el desarrollo de metodologias de anulacién que permitan la preparacion
de sistemas heterociclicos complejos y con un elevado grado de funcionalizacién, a partir de

sustratos sencillos y facilmente accesibles.

SO,R"  Pd(0) R"0,S

| H /\Y
N
R 2 etapas
R

En el capitulo 2 se estudiara la reaccion de a-arilacién intramolecular de B-amino sulfonas

R
Y: SO,R™ CO,R™

catalizada por paladio como metodologia para la preparacién de tetrahidroisoquinolinas. A
continuacion se abordara el desarrollo de procesos domind en dos y tres etapas, mediante la
combinacidn de la reaccién de a-arilacién con procesos de adicién conjugada utilizando como

aceptores de Michael vinil sulfonas o acrilatos de alquilo.

SOzR" SOZR"
o
—_—
N\R- base N\R-
R R

Z:SO,R", CO,R"

En el capitulo 3 se estudiara la reaccion de a-arilacién intramolecular de -amino sulfonas
catalizada por paladio como metodologia para la preparaciéon de indoles. Se abordard
también el desarrollo de procesos dominé que combinan la reaccidén de a-arilacién con la
adicién conjugada vinil sulfonas, y la posterior eliminacién de acido sulfinico. Adicionalmente,
se realizara un estudio computacional (DFT) para intentar desentrafiar el mecanismo de este

tipo de reacciones.

| SO,R" SO,R"
/\ "
_ Pd(0) Z “SO,R R™
@iN/\/SOZR @jg S0,
R L base N N
R R k. R R'

SO2RIH

Y




En el capitulo 4 los estudios experimentales y computacionales de las reacciones de Q-
arilacién intramolecular catalizadas por paladio se extenderan a la utilizacion de sulfonatos,
sulfonamidas y fosfonatos como nucledfilos. Se explorara asimismo la viabilidad de estos

nucledfilos en el desarrollo de procesos domind.

2) Enla segunda parte de la tesis, que abarca los capitulos 5-6, se estudiara la utilizacidn de
complejos de paladio como catalizadores para promover la insercion de carbenos generados

por descomposicién de a-diazo-0-(metoxicarbonil)acetamidas.

En el capitulo 5 se estudiara la preparacion de derivados oxinddlicos mediante la reaccion de
insercion de carbenos generados por la descomposicion de a-diazo-a-
(metoxicarbonil)acetanilidas catalizada por paladio. Se llevaran a cabo también estudios

computacionales para intentar clarificar el mecanismo de la reaccién.

COzMe
O O [ ]
Pd
@\ o
N OMe N
R | \
R N, R R'

En el capitulo 6 se estudiara la reaccién de insercién de carbenos generados por la
descomposicion de a-diazo-0-(metoxicarbonil)acetamidas catalizada por paladio como
metodologia para la preparacion de [(-lactamas. De nuevo se combinardn los trabajos

experimentales con los estudios computacionales.

o Kone e
R CO,Me

N
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2

Pd(0)-catalyzed intramolecular a-arylation of sulfones:
domino reactions in the synthesis of functionalized
tetrahydroisoquinolines

(Chem. Eur. J. 2015, 21, 4580-4584)






Como continuaciéon de los trabajos realizados en nuestro grupo de investigacidn acerca de las
reacciones de acoplamiento intramolecular catalizadas por paladio entre haluros de arilo y
nucledfilos de tipo enolato, en la presente tesis doctoral, nos propusimos extender los estudios

de la reaccidon de a-arilacion a la utilizacion de nucledfilos no carbonilicos.

La sulfona es una agrupacion funcional utilizada con frecuencia como auxiliar en una gran
variedad de metodologias sintéticas. Entre ellas, deben destacarse las reacciones de formacion
de enlaces C-C en las que el grupo sulfonilo actia como grupo atrayente de electrones para

favorecer la desprotonacidn de la posicién o y generar un nucledfilo reactivo.®?

A la vista de los precedentes comentados en el capitulo anterior, como primer objetivo de la tesis
doctoral, decidimos explorar la utilizacién de sulfonas como nucledfilos en la reaccién de a-
arilacién intramolecular catalizada por paladio. Los estudios se centraron inicialmente en la
preparacién de tetrahidroisoquinolinas ya que el nucleo de tetrahidroisoquinolina forma parte
de la estructura de diversos productos con actividad farmacolégica y de multitud de productos

naturales.®?

SO,R SOzR

o
N. R base N R

a-arilacion

La utilizacién de las sulfonas como nucledfilos contribuiria a la generalizacion de la reaccién de
a-arilacién intramolecular como metodologia para la sintesis de heterociclos nitrogenados, y
ademas daria acceso a productos con un tipo de funcionalizacion diferente. En este contexto,
debe destacarse que la agrupacion sulfona esta presente en una gran variedad de productos con

actividad bioldgica®® y en algunos productos naturales.

61 (a) Simpkins, N. S. Sulphones in Organic Synthesis, Pergamon Press: Oxford, 1993. (b) Alonso, D.; Fuensanta, M.;
Najera, C.; Varea, M. Phosphorus, Sulfur and Silicon Relat. Elem. 2005, 180, 1119. (c) Alba, A.-N. R.; Companyé, X.;
Rios, R. Chem. Soc. Rev., 2010, 39, 2018. (d) Nielsen, M.; Jacobsen, C. B.; Holub, N.; Paixao, M. W.; Jorgensen, K. A.
Angew. Chem. Int. Ed. 2010, 49, 2668.

62 para algunos articulos de revision recientes, véase: (a) Bentley, K. W. Nat. Prod. Rep., 2006, 23, 444. (b)
Siengalewicz, P.; Rinner, U.; Mulzer, J. Chem. Soc. Rev., 2008, 37, 2676. (c) Bhadra, K.; Kumar, G. S. Mini-Reviews in
Medicinal Chemistry, 2010, 10, 1235. (d) Souto, A. L.; Tavares, J. F.; Sobral da Silva, M.; Diniz, M. F. F. M.; Filgueiras
de Athayde-Filho, P.; Barbosa-Filho, J. M. Molecules, 2011, 16, 8515. (e) Alford, P. E. Progress in Heterocyclic
Chemistry 2011, 23, 329.

83 véase por ejemplo: (a) Garuti, L.; Roberti, M.; Pizzirani, D.; Poggi, G. Curr. Med. Chem. 2005, 4, 167. (b) Sabatini,
S.; Kaatz, G. W.; Rossolini, G. M.; Brandini, D.; Fravolini, A. J. Med. Chem. 2008, 51, 4321. (c) Sasikumar, T. K.;
Qiang, L.; Burnett, D. A,; Cole, D.; Xu, R.; Li, H.; Greenlee, W. J.; Clader, J.; Zhang, L.; Hyde, L. Bioorg. Med. Chem.
Lett. 2010, 20, 3632. (d) Gautam, N.; Dixit, Y.; Dixit, R.; Gupta, S. K.; Gautam, D. C. Phosphorus, Sulfur and Silicon
Relat. Elem. 2013, 188, 1127.

64 (a) Prinsep, M. R.; Blunt, J. W.; Munro, M. H. G. J. Nat. Prod. 1991, 54, 1068. (b) Cao, S.; Foster, C.; Brisson, M.;
Lazo, J. S.; Kingston, D. G. I. Bioorg. Med. Chem. 2005, 13, 999. (c) Yang, F.; Hamann, M. T.; Zou, Y.; Zhang, M.-Y.;
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Cuando se inicidé esta tesis doctoral, la a-arilacion intermolecular de sulfonas no activadas
catalizada por paladio era ya una reaccion conocida. Asi, en 2010, Zhou habia descrito la a-
arilacién intermolecular de metilsulfonas catalizada por paladio.'® Posteriormente, en 2013,
Walsh habia desarrollado un procedimiento alternativo para la a-arilacion intermolecular de
metilsulfonas catalizada por paladio.l” En ambos casos era necesaria la utilizacién de bases
fuertes como LHMDS o ‘BuOLi.

©/5\Me ©/Br Pd(OAc),, X-Phos ©/
+
LHMDS, ZnCl, (85%)

THF, 65 °C
! Me
Br Pd(OAc), o. .0 | A
> // ligando A 8 E O
L T T
BuOLi | PC
OMe tolueno, 110 °C OMe ! y2
(86%) ligando A

En consecuencia, el primer objetivo de este proyecto consistidé en encontrar una combinacién de
catalizador, base y disolvente adecuada para la reaccidén de a-arilacidon intramolecular a partir de
B-(2-yodobencilamino) sulfonas. La sulfona 2.1a se escogido como modelo para la optimizacién de
la reaccién de a-arilacion. Tal como se ha comentado, las reacciones de a-arilacion
intermolecular de sulfonas no activadas utilizaban LHMDS o ‘BuOLi como base, sin embargo, en
nuestro caso la utilizacion de este tipo de bases quedaba excluida debido a la degradacion de la

agrupacioén de B-(2-yodobencilamino) sulfona mediante un proceso de tipo retro-aza-Michael.

Después de ensayar diferentes combinaciones de fosfina, base y disolvente, encontramos que la
utilizacion de Pdx(dba)s en combinacidon con xantphos como ligando, K3POs como base y DMF
como disolvente permitia llevar a cabo la reaccién de a-arilacién con un rendimiento aceptable.
Sin embargo, en esta reaccion también se aislaron cantidades significativas de la disulfona 2.3a.
Esta disulfona proviene de la adicidn conjugada del producto de a-arilacion inicialmente formado
a la fenil vinil sulfona,® que se forma mediante la fragmentacion de tipo retro-aza-Michael del

producto de partida en las condiciones basicas de la reaccion.

Gong, X.-B.; Xiao, J.-R.; Chen, W.-S_; Lin, H.-W. J. Nat. Prod. 2012, 75, 774. (d) Stout, E. P.; Yu, L. C.; Molinski, T. F.
Eur. J. Org. Chem. 2012, 5131.

55 Para la adicién conjugada de nucledfilos carbonados a vinil sulfonas, véase: Xie, Y.-X.; Song, R.-J.; Liu, Y.; Wang,
Z.-Q.; Xiang, J.-N.; Li, J.-H. Synthesis, 2014, 46, 203.
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©i|/ retro-Michael I H

H

N~ @QN
Bn /// \B

/\SO Ph 2.1a
SO,Ph 2 Pd,(dba); (7.5 mol%)
xantphos (15 mol%)
N K3POy4 (3 equiv.)
“Bn DMF, 120 °C
2.2a
PhO,S SO.Ph SO,Ph
N\ +
Bn N\Bn
2.3a (10%) 2.2a (59%)

Afortunadamente, el cambio del disolvente por uno menos polar como tolueno o THF evité la

formacion de este subproducto y permitié obtener la sulfona 2.2a con un buen rendimiento.

SO,Ph  Pd,(dba)s (7.5 mol%) SO,Ph

©il/ H xantphos (15 mol%)
Neg, KsPO, (3 equiv.) N.gn
disolvente, 120 °C
21a 2.2a

THF, 90%
tolueno, 89%

Una vez disponiamos de unas condiciones adecuadas para la reaccion de a-arilacion, decidimos
estudiar el alcance de esta reaccién, extendiéndola a otras B-(2-yodobencilamino) sulfonas, en
las que se modificaba el tipo de sulfona (fenil o metil sulfona) y el sustituyente sobre el &tomo de

nitrogeno (Bn, Me o Ph).

Como puede observarse en la siguiente figura, las metil sulfonas resultaron ser menos eficientes
gue las fenil sulfonas en la reaccién de a-arilacion (comparese 2.2a con 2.2b y 2.2c con 2.2d). Ello
es debido, probablemente, a la menor acidez de los a-C-H de las metil sulfonas en relacion a los

a-C-H de las fenil sulfonas.

Por otro lado, las sulfonas con un grupo metilo o fenilo sobre el dtomo de nitrégeno
proporcionaron peores rendimientos en la reaccién de a-arilacién que los sustratos con un grupo
bencilo. La peor combinacion resulté ser la de una metil sulfona con un sustituyente fenilo sobre
el nitrégeno, que proporciond el producto de ciclacién 2.2d con un rendimiento del 31%. Como
puede observarse en los resultados anteriores, la eleccidon del disolvente para esta reaccion

depende del tipo de sustrato, obteniéndose los mejores resultados al utilizar THF o DMF.
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SOzPh SO,Me SO,Ph SO,Ph SO,Me

@@ @é @é ©j\ @Q
N-gn N<gn N-\e Ph Ph

2.2a (90%) 2.2b (66%) 2.2e (52%) 2.2c (45%) 2.2d (31%)
THF THF DMF THF DMF

Con toda la informacién que habiamos acumulado hasta el momento, decidimos explorar si era
posible ensamblar, en un proceso one pot, la reaccidén de a-arilacion con la adicidon conjugada del

producto de ciclacién a un aceptor de Michael.

SO,R SR
s A 50R"
LK
R' Pd(0), base
a-arilacién SOsR adicién de
Michael
N.
R|

El desarrollo de un proceso domind de este tipo permitiria acceder a tetrahidroisoquinolinas con
un elevado grado de funcionalizacion. Sin embargo, el desarrollo de un proceso tandem de este

tipo no estaba exento de dificultades.

SO,R SO,R SO2R

(:Q H Pd(0), base
'R 2 N icio
R’ Z “S0,R R’ adicion de

a-arilacion Michael

reaccion :
de Heck V

x_SO,R

E,\/\SOZR

Por un lado, debia evitarse la descomposicidon de la B-(2-yodobencilamino) sulfona de partida

gue, tal como ya hemos comentado anteriormente, es relativamente facil. Ademas, debian
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encontrarse unas condiciones de reaccion en las que la reacciéon de Heck intermolecular

competitiva no interfiriera con la a-arilacion catalizada por paladio.

A pesar de todo ello, consideramos que la formacidon inesperada de cantidades significativas de
la disulfona 2.3a en algunos de los ensayos para la optimizacién de la reaccion de O-arilacion a
partir de 2.1a constituia un punto de partida muy prometedor para el desarrollo del proceso

tandem deseado.

Desafortunadamente, al tratar la sulfona 2.1a con Pd;(dba)s y xantphos, en presencia de K3PO4
como base, fenil vinil sulfona como aceptor de Michael, y utilizando ya sea tolueno o THF como
disolvente, el proceso tandem deseado no tuvo lugar. En estas condiciones de reaccion se
formaban mezclas del producto de a-arilacién junto con el producto de la reaccién de Heck entre

el yoduro arilico y la fenil vinil sulfona.

Por suerte, la utilizacion de un disolvente mas polar como la DMF permitié que el proceso tandem
deseado tuviera lugar de manera satisfactoria y sin ninguna interferencia de la reaccion de Heck,
para proporcionar la disulfona 2.3a con un buen rendimiento (85%). Utilizando estas mismas
condiciones de reaccion, pero sustituyendo el ligando xantphos por binap, la disulfona 2.3a se
obtuvo con un rendimiento del 71%.

SO,Ph
SO,Ph  Pdy(dba); (7.5 mol%) PhO,S

I H xantphos (15 mol%)
[ ;[ ) N.
Nog, 27 80,Ph (1.5 equiv.) Bn
2.1a KsPO, (3 equiv.) 2.3a (85%)

Pd,(dba) (7.5 mol%) DMF,120 °C
xantphos (15 mol%)
2 80,Ph (1.5 equiv.)
KsPO, (3 equiv.)
disolvente, 120 °C

SO,Ph
x_SO,Ph
En\/\sozph N-gn
2.5a 2.2a
THF (32%) (52%)
tolueno (59%) (23%)

El proceso tandem a-arilacion/adicion conjugada a vinil sulfonas permitid la preparacion de
diversas disulfonas que presentan la misma agrupacién sulfona en las dos posiciones con

rendimientos aceptables.
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SO,Ph SO,Ph SO,Me SO;Me

PhO,S PhO,S MeO,S MeO25
N.
N e Nooh N<Bn Ph
2.3e (54%) 2.3c (68%) 2.3b (56%) 2:3d (42%)
Xantphos Binap Xantphos Binap

Como puede observarse, los procesos tandem que implican la reaccion de una metil sulfona
como nucleodfilo y metil vinil sulfona como aceptor de Michael transcurren con rendimientos
inferiores a los que suponen la a-arilacion de una fenil sulfona y la adicidn conjugada a fenil vinil
sulfona. Probablemente esto sea debido a la suma de dos factores. Por un lado a la menor acidez
de los a-C-H de las metil sulfonas, que dificultaria tanto la reaccion de a-arilacion como la adicién
conjugada. Por otro a la menor electrofilia de la metil vinil sulfona que volveria a dificultar la

etapa de adicidn de Michael.

Es importante destacar, por ultimo, que la utilizacién de xantphos como ligando no permitié la
obtencion de las disulfonas con un grupo fenilo sobre el &tomo de nitrégeno (2.3cy 2.3d) con un
rendimiento aceptable. Esto se debe, fundamentalmente, a que al utilizar xantphos en las
reacciones a partir de estos sustratos, la reaccién de Heck deviene un proceso competitivo. Sin
embargo, en ambos casos, el uso de binap como ligando permitid realizar sendos procesos

tandem de manera satisfactoria.

Pd,(dba); (7.5 mol%) “_SO;Me

©i| J/SOZMG xantphos (15 mol%)
N
\ Z>80,Me (1.1 equiv.) IIDhV\SOZMe
Ph KsPO, (3 equiv.)
2.1d DMF, 120 °C 2.5d (57%)

Adicionalmente, a partir de las sulfonas 2.1a y 2.1b también se desarrollaron procesos tandem
a-arilacién/adicion conjugada “cruzados” en los que se utiliza un aceptor de Michael que posee
un grupo atrayente de electrones distinto del que aparece en la sulfona de partida. En estos
procesos tandem “cruzados” pueden utilizarse como aceptores de Michael metil vinil sulfona,

fenil vinil sulfona o incluso acrilatos de alquilo.

SO,R z

Pd,(dba)s (7.5 mol%) RO,S
()il/ H xantphos (15 mol%)
Neg 271315 equiv) N.p
2.1a-2.1b K3POy4 (3 equiv.) Z: SO,Me o SO,Ph
DMF, 120 °C
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SO,Ph

s - '\60:86\/

2.6 (65%) 2.7 (62%)

PhO,S CO:Me hfojiﬁv PhO,S PhO,S

2.8 (63%) 2.11 (45%) 2.9 (40%) 2.10 (35%)

COzMe COan C02 CH2 NMe2

En este punto del trabajo, con el objetivo de simplificar la sintesis de las disulfonas
“simétricamente sustituidas” (es decir, aquellas que presentan la misma agrupacion sulfona en
las dos posiciones) decidimos abordar el desarrollo de un proceso domind en tres etapas. El
proceso consistiria en una adicién inicial de tipo aza-Michael de una 2-yodobencilamina a una
vinil sulfona, seguida de la reaccion de a-arilacidn catalizada por paladio y de la subsiguiente
adicion de Michael. El desarrollo de un proceso domind de este tipo permitiria generar un grado
de complejidad molecular considerable en una Unica operacidon sintética, minimizando la

utilizacién de reactivos, disolventes, tiempo y energia.

| Z SO.R!
¢
N.
R Pd(0), base
adicion adicion
aza-Michael de Michael
SO,R’ SO,R

©i/ H a~arilacion
- =
N.
R

Para nuestra satisfaccion, el desarrollo del proceso domind en tres etapas no requirid
modificaciones substanciales de las condiciones de la reaccidon mas alla de un pequefio ajuste en
la cantidad del aceptor de Michael utilizado. Asi, la reaccion de la 2-yodobencilamina con 2,2
equivalentes de fenil vinil sulfona, en presencia de KsPOs y utilizando la pareja

Pdz(dba)s/xantphos como catalizador proporcioné la disulfona 2.3a con un 83% de rendimiento.
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Pd,(dba)s (7.5 mol%)

|
©;H xantphos (15 mol%)
N

R /\SOQR' (2.2 equiv.)

K3PO, (3 equiv.) 2.3a (83%)
DMF, 120 °C

Los resultados recogidos en la siguiente figura ponen de manifiesto la versatilidad de nuestra
propuesta. A partir de 2-yodobencilaminas con diferentes sustituyentes en el anillo aromatico y
utilizando fenil vinil sulfona o metil vinil sulfona como aceptores de Michael pudieron sintetizarse
una gran diversidad de tetrahidroisoquinolinas. Los procesos en los que se utilizé fenil vinil
sulfona proporcionaron mejores resultados que las reacciones analogas con metil vinil sulfona.
Como ya se ha comentado, esto puede deberse a la mayor acidez de los a-C-H de las fenil sulfonas
que facilitaria tanto la reaccion de a-arilacion como la adicién de Michael, y a la mayor electrofilia
de la fenil vinil sulfona que beneficiaria a las dos etapas de adicidn conjugada. El proceso domind
en tres etapas transcurre de manera efectiva a partir de 2-yodobencilaminas con sustituyentes
donadores de electrones o atrayentes de electrones en el anillo aromatico. Los resultados
obtenidos parecen indicar que el proceso domind se ve favorecido cuando hay sustituyentes
donadores de electrones sobre el anillo aromatico. Finalmente, el proceso domind también

permitid la preparacion de sistemas triciclicos de tipo 1,2,3,4-tetrahidrobenzo[g]isoquinolina.

PhO,S PhO,S SO2Ph po,s SOzPh PhO,S

SO,Ph SO,Ph

233 R=H 83% 2.14a R = Me (58%) 2.3e (64%) 2.20aR=Me (45%) R
2.16aR = MeO( 7%) 2.14bR = F(85%) 2.20b R = OMe (40%)
g:gbs EI((788;@ 2.14c R = CI (85%) 2.20cR=F (51%)

C o
PhO,S SO,Ph PhO,S SO,Ph PhOZS SO,Ph
217 55% 2.13 (45%) Me 218(63%

'\53?/802“”6 '\5%/?/302“”6 \'\63?/802“/'6 eOQS SOzMe

2.3b (49%) 2.12 (43%) 2.15 (40%) 2.18 (22%)

Como puede observarse, los rendimientos obtenidos en los procesos dominé en tres etapas son
similares a los que se obtenian en el proceso tandem a-arilacion/adiciéon conjugada, lo que
indicaria que la etapa inicial de adicidon de aza-Michael tiene lugar sin que haya una competencia

significativa de la reaccion de Heck intermolecular.
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En este contexto debo destacar que, aunque se han descrito procesos one pot aza-Michael/a-
arilacién utilizando acrilatos como aceptores de Michael, hasta el momento no ha sido posible
desarrollar un proceso domind ya que, en presencia de acrilatos, la reaccion de Heck es mas

rapida que la adicion de aza-Michael.

Asi, tal y como se ha comentado anteriormente, Satyanarayana ha descrito la a-arilacion
intramolecular catalizada por paladio de B-amino ésteres como metodologia para la sintesis de

tetrahidroisoquinolinas.?®
COEt  by0AC), (10 mol%) COEt

@C H PPhs (20 mol%)
N.g Cs,CO;3 (2 equiv.) N-gn

n
tolueno, 80 °C

(82%)

Sin embargo, todos sus intentos para desarrollar un proceso domind eficiente acoplando una
adicién de aza-Michael previa, utilizando como aceptor de Michael un acrilato, con la reaccién
de a-arilacion catalizada por paladio resultaron infructuosos. En las condiciones optimizadas para
la reaccion de a-arilacidn, la reaccidén de Heck intermolecular entre el haluro de arilo y el acrilato
competia con la adicién de aza-Michael, lo que llevaba a que la isoquinolina se obtuviera con muy

bajo rendimiento.

Pd(OAc), (10 mol%) CO,Et

@CH PPh; (20 mol%)
N-gn Z>COOEt N.

Cs,COg, tolueno, 80 °C

Bn
(15%)

Finalmente, como alternativa al proceso domind, los autores desarrollaron un proceso one pot

que implicaba las reacciones de adicion de aza-Michael y la a-arilacién catalizada por paladio.®®

Z>COOEt COOEt | Pd(OAc), (10 mol%) COOEt
@CH (5 equiv.) Br H PPhs (20 mol%)
Nogn  110°c ©;N\Bn Cs,CO5 (2 equiv.) N.gn
tolueno, 80 °C (77%)

6 Reddy, A. G. K.; Krishna, J.; Satyanarayana, G. Tetrahedron. 2012,68, 8003.
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El éxito de los procesos dominé utilizando vinilsulfonas como aceptores de Michael que hemos

descrito en este capitulo podria deberse en parte a la conocida dificultad que manifiestan las

vinilsulfonas a experimentar la reaccién de Heck.®’

La sintesis de las sulfonas 2.1a-e, que han sido utilizadas en este estudio, se ilustra en el siguiente

esquema. Para una descripcidon mas detallada véase el Sl de la publicacién Chem. Eur. J. 2015, 21,

4580-4584 que se adjunta en el anexo I-Publicaciones.

|
80,2 ’ ©;Bf

|
0.9 iv. _N 1.8 equiv.) R

RN, 9] N g7 — @QN
EtOH, 80°C K,COj (1.8 equiv.) ~">50,2

1 equiv. .
(Teq ) Z: Me o Ph CH3CN, 60 °C
R: Bn, Ph o Me 21a

2.1b
2.1c
2.1d
2.1e

R: Bn
R: Bn
R: Ph
R: Ph
R: Me

67 véase por ejemplo: Bachmann, D. G.; Wittwer, C. C.; Gillingham, D. G. Adv. Synth. Catal. 2013, 355, 3703.
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3

Pd-Catalyzed a-arylation of sulfones in a three-
component synthesis of 3-[2-(phenyl/methylsulfonyl)
ethyl]indoles

(ACS Catal. 2016, 6, 1691-1700)






En el capitulo anterior se ha estudiado la utilizacién de la reaccion de a-arilacién intramolecular
catalizada por paladio de B-(2-yodobencilamino) sulfonas como metodologia para la sintesis de
tetrahidroisoquinolinas. Estos estudios han permitido el desarrollo de diversos procesos domind
en los que se combina la reaccién de a-arilacion con reacciones de adicién conjugada. Estos
procesos dominé han resultado ser sumamente eficientes para la sintesis de

tetrahidroisoquinolinas con un elevado grado de funcionalizacion.

Como continuacién de estos estudios, en el presente capitulo nos propusimos abordar la
preparacion de derivados indélicos mediante procesos domind que se centraran, nuevamente,
en la reaccién de d-arilacién y en la utilizacion simultdnea de las sulfonas como electréfilos y
como nucledfilos. Tal como se ilustra en la siguiente figura, la aplicacion del proceso domind en
tres etapas que acabamos de comentar (aza-Michael/a-arilacion/adicion conjugada) a un
sustrato de tipo 2-yodoanilina deberia proporcionar un producto de tipo 3-sulfonilindolina. Sin
embargo, es bien conocido que este tipo de sustratos experimentan facilmente la eliminacion de
acido sulfinico;®® de manera que nosotros anticipabamos que en este caso tendria lugar un

proceso dominé en cuatro etapas que proporcionaria directamente el indol correspondiente.

SO,R'
@EI 7 soR \ i
NH

. Pd(0), base N
R R
az:?ll\l;l:ilglﬂ? ael B-eliminacién HSO.R'
SO,R' R'O,S
O
N o- anlamon N adicion de N
R R Michael R

Este proceso domind permitiria la preparacion de 3-(sulfoniletil)indoles a partir de sustratos

facilmente accesibles.®® Debe destacarse que entre los diferentes patrones de sustitucion del

6 (a) Babu, G.; Orita, A.; Otera, J. Org. Lett. 2005, 7, 4641. (b) Gray, V. J.; Wilden, J. D. Tetrahedron Lett. 2012, 53,
41.

6 Para la sintesis de 3-[2-(fenilsulfonl)etil]indoles, véase: (a) Slatt, J.; Romero, |.; Bergman, J Synthesis 2004, 2760.
(b) Ma, S.; Yu, S.; Peng, Z.; Guo, H. J. Org. Chem. 2006, 71, 9865. (c) Bianchi, L.; Giorgi, G.; Maccagno, M.; Petrillo,
G.; Scapolla, C.; Tavani, C. Tetrahedron Lett. 2012, 53, 752. (d) Norder, A.; Warren, S. A.; Herdtweck, E.; Huber, S.
M.; Bach, T. J. Am. Chem. Soc. 2012, 134, 13524. (e) Matsuzaki, K.; Furukawa, T.; Tokunaga, E.; Matsumoto, T;
Shiro, M.; Shibata, N. Org. Lett. 2013, 15, 3282.
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nucleo inddlico, el sistema de 3-indoliletilo se encuentra presente en numerosos productos con

actividad bioldgica.”®

Tal y como se ha comentado anteriormente, durante el proceso de optimizacidn de la secuencia
domind conducente a la formacion de tetrahidroisoquinolinas, ya habiamos podido comprobar
qgue el mayor desafio se encontraba en la etapa de a-arilacién catalizada por paladio. En
consecuencia, antes de abordar el nuevo proceso domind decidimos realizar algunos estudios

acerca de la reaccion de a-arilacion a partir de sustratos de tipo B-(2-yodoanilino) sulfona.

Para estos estudios de optimizacidn se escogieron las sulfonas 3.1a, 3.1b y 3.1c. La preparacion
de estas sulfonas se llevd a cabo siguiendo la secuencia de reacciones que se ilustra en la figura
siguiente. Para una descripcion mas detallada véase el S| de la publicacién ACS Catal. 2016, 6,

1691-1700, que se adjunta en el anexo I-Publicaciones.

Me 0.2 e oz BTMACE o
|O T e s
NH, EtOH, 80 °C N CH.CL 25 °C "
Z: Pho Me H H
Me | _S0,Z
BrBn o CH| \©i J/
CH4CN, 60-85 °C N° 3.1a R:Bn ZPh

Ry 3.1b R:Me Z:Ph
3.1c R:Me Z: Me

Los estudios acerca de la reaccion de a-arilacion se iniciaron con la sulfona 3.1a. La utilizacion de
la pareja Pdy(dba)s/xantphos, como catalizador, y KsPOs como base en DMF, una combinacion
gue habia resultado util para la a-arilacion de los sustratos de tipo B-(2-yodobencilamino)
sulfona, provocd la descomposicidn del producto de partida. En cambio, cuando la reaccidn se
realizé utilizando Pd(PPhs)s como catalizador se obtuvo el indol 3.3a con un 44% de rendimiento.
Este indol se forma mediante la B-eliminacién de dacido fenilsulfinico a partir de la 3-
(fenilsulfonil)indolina generada en la reaccién de a-arilacidn. La utilizacidon de Cs,CO3 como base
y de un disolvente menos polar, como el THF, proporciond una mezcla 2:1 de la indolina 3.2ay
del indol 3.3a. Sin embargo, después de la purificacion cromatografica, solo se aislé el indol 3.3a

con un rendimiento del 68%.

70 Algunos 3-[2-(sulfonl)etillindoles han mostrado una actividad antiinflamatoria interesante. Véase por ejemplo:
McKew, J. C.; Foley, M. A.; Thakker, P.; Behnke, M. L.; Lovering, F. E.; Sum, F.-W.; Tam, S.; Wu, K.; Shen, M. W. H_;
Zhang, W.; Gonzalez, M.; Liu, S.; Mahadevan, A.; Sard, H.; Khor S. P.; Clark, J. D. J. Med. Chem. 2006, 49, 135.
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Me | SO,Ph Pd(PPh3)4 (10 mol%)  Me
\©iNJ/ KsPO4 (2.5 equiv.) m
I DMF, 120 °C N\

34a BN (44%) 3.3a BN

Pd(PPhs)4 (10 mol%)
Cs,CO; (2.5 equiv.)

THF, 120 °C i
Cromatografia Flash

(68%)

SO,Ph

Me Me
108 T
N N

\ \

Bn Bn
3.2a:3.3a
(2:1)

A partir de la B-aminosulfona 3.1b y utilizando estas mismas condiciones de reaccion se obtuvo
el indol 3.3b, también con un rendimiento moderado. La utilizacién de K3POs como base mejord
ligeramente el rendimiento de obtencion de 3.3b. Debo destacar que en ninguno de los ensayos
de a-arilacién a partir de 3.1b se pudo observar la 3-(fenilsulfonil)indolina intermedia. Estos
resultados indicaban que cuando el sustituyente sobre el &tomo de nitrégeno es un metilo, la

eliminacion de acido fenilsulfinico era mucho mas rapida.

Pd(PPhs), Pd(PPhs)4
Me 10 mol% SO,Ph 10mol%  Me
) {j I ;
N CsyCOj3 (2.5 equiv.) KsPO, (3 equiv.) N
Me THF, 120 °C disolvente Me
3.3b (52%) 3.1b 3.3b

DMF (68%)
THF (64%)

A partir de la B-aminosulfona 3.1c se obtuvieron resultados similares. Sin embargo, el proceso de
eliminacion de acido metilsulfinico resultd ser mas lento. La utilizacién de KsPOs como base y
DMF como disolvente condujo a la formacién del indol 3.3b con un rendimiento moderado. El
cambio de la DMF por un disolvente menos polar, como THF, resulté en la formacién de mezclas
de la indolina 3.2c y del indol 3.3b. Curiosamente, aunque la indolina 3.2c también evoluciond
en parte al indol 3.3b durante el proceso de purificacion, en este caso la indolina fue

suficientemente estable como para poder ser aislada y caracterizada.
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Me | SOzMe Me Me
\©i J/ PA(PPhs), (10 mol%) m
.
N N N

base (2.5 equiv.) \ \

|
3.1c Me disolvente, 120 °C 3.2¢ Me 3.3b Me
KsPO4, DMF = 42%
KsPO,, THF 40% 41%
Cs,CO,, THF 7% 76%

Los estudios de optimizacidn realizados con las sulfonas 3.1a, 3.1b y 3.1c habian proporcionado
como mejores condiciones para la reaccion de a-arilacidn la utilizaciéon de Pd(PPhs)s como
catalizador, en presencia de K3sPO4 0 Cs2CO3 como base en el seno de THF a temperatura elevada.
Los resultados obtenidos en estos estudios indicaban que tanto las metil sulfonas como las fenil
sulfonas eran, a priori, buenos candidatos para desarrollar los procesos domind, ya que las
indolinas 3.2a y 3.2c sobrevivian en parte en las condiciones de la reaccion de a-arilacién. Por
otro lado, el hecho de que la eliminacién de acido fenil sulfinico fuera mucho mas rapida en las
reacciones de la sulfona 3.1b, que posee un sustituyente metilo sobre el nitrogeno, sugeria que
el desarrollo de un proceso dominé a partir de los sustratos N-metilados podia ser mucho mas
dificil.

Con esta informacion, decidimos abordar el desarrollo de un proceso domind en tres etapas
combinando la reaccion de a-arilacion catalizada por paladio con la subsiguiente adicion de
Michael y con la eliminacion de acido sulfinico. Los estudios se iniciaron con la fenilsulfona 3.1a.
Utilizando las condiciones optimizadas para la reaccidon de a-arilacién a partir de 3.1a y en
presencia de un exceso de fenil vinil sulfona o de metil vinil sulfona como aceptores de Michael

se obtuvieron, respectivamente, los indoles 3.4ay 3.4d con rendimientos moderados.

S0,Z
\©i J/ SOPh byPPhy), (10 mol) Ve N 2
N
/\SOZZ (2 equiv.) bn
3.1a Cs,CO5 (3 equiv.)
THF, 120 °C Z: SO,Ph 3.4a (48%)

Z: SO,Me 3.4d (43%)

De manera analoga, a partir de la fenilsulfona 3.1b, que tiene un sustituyente metilo sobre el
atomo de nitrégeno, y utilizando fenil vinil sulfona o metil vinil sulfona como aceptores de

Michael se obtuvieron los indoles 3.4b y 3.4c.
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S0,Z

Me\@i' J/sozph Pd(PPh;), (10 mol%) Me N\
N N
|

50,7 (2 equiv. e
3.1b Cs,CO3 (3 equiv.)
THF, 120 °C Z: SO,Ph 3.4b (73%)

Z: SO,Me 3.4c (45%)

Finalmente, a partir de la metilsulfona 3.1c también fue posible desarrollar un proceso dominé
en tres etapas, obteniéndose los indoles 3.4b y 3.4c al utilizar, respectivamente, fenil vinil sulfona

y metil vinil sulfona como aceptores de Michael.

S0,Z
\©i J/ SOMe by PPha). (10 mols) Me N 2
N
/\SOZZ (2 equiv.) I\Vle
3 1c Cs,CO; (3 equiv.)
' THF, 120 °C Z: SO,Ph 3.4b (40%)

Z: SO,Me 3.4c (44%)

Estos resultados ponian de manifiesto que la reaccion de Michael a partir de los intermedios de

tipo 3-sulfonilindolina es un proceso mas rapido que la B-eliminacidn del acido sulfinico.

Los resultados obtenidos en el proceso domind en 3 etapas constituian un buen punto de partida
para abordar el desarrollo del proceso domind en 4 etapas, inicialmente planteado como
metodologia para la sintesis de 3-[(sulfonil)etil]indoles a partir de 2-yodoanilinas. Los estudios
para el desarrollo de este proceso se iniciaron utilizando la N-bencil-2-yodoanilina como

producto de partida.

Sin embargo, cuando la N-bencil-2-yodoanilina se traté con Pd(PPhs)s, utilizando Cs,CO3 como
base y en presencia de un exceso de fenil vinil sulfona, en THF como disolvente, se obtuvo el
indol 3.6a con un rendimiento tan solo del 33%. La utilizacién de un disolvente mas polar, como
la DMF, que en principio deberia favorecer la reaccidon de aza-Michael inicial, proporciond un

resultado todavia peor.

A la vista de estos resultados, se retomaron los estudios para optimizar el proceso domind en
cuatro etapas utilizando diferentes fosfinas como ligandos. Para nuestra satisfaccién, al utilizar
dppf, manteniendo la misma base y el mismo disolvente, se obtuvo el indol 3.6a con un 80% de

rendimiento.
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| cat. Pd / ligando

NH Z SO.Ph (2.1-2.4 equiv.)
Bn  Cs,COs THF 120 °C

cat. Pd / ligando
Pd(PPh3), (10 mol%)

Pdy(dba)s (7.5 mol%)
dppf (15 mol%)

SO,Ph

Bn

3.6a

33%
80%

A continuacion, se estudio el proceso domind a partir de N-bencil-2-yodoanilina y utilizando metil

vinil sulfona como aceptor de Michael. En presencia del ligando dppf, el indol 3.6b se obtuvo con

un modesto rendimiento del 33%. Sin embargo, al cambiar la fosfina por BINAP, el rendimiento

de aislamiento de 3.6b se incremento hasta el 58%.

| cat. Pd / ligando

NH Z SO Me (2.1 equiv.)
Bn  Cs,COs, THF 120 °C
cat. Pd / ligando

Pdy(dba); (7.5 mol%)
dppf (15 mol%)

Pdy(dba)s (7.5 mol%)
BINAP (15 mol%)

SO,Me

e RN

n

3.6b

En este punto, decidimos estudiar qué efecto tenian los distintos sustituyentes en el anillo

aromatico y sobre el atomo de nitrégeno en el curso del proceso domind. De nuevo se utilizaron

tanto la fenil vinil sulfona como la metil vinil sulfona como aceptores de Michael.

SO,Ph R SOR
N\ A\
N N
R R
R: Bn (80%) R:Bn, R: Me, R": Ph (86%)
R: Me (71%) R: Bn, R: Me, R, Me (56%)
R: Pr (69;%) R: Bn, R: MeO, R": Ph (79%)
R:Et (89%) R: Bn, R: MeO, R": Me (57%)
R: Pr, R: MeO, R": Ph (45%)
N SO-Me R:Bn, R, CI, R": Ph (85%)
R: Bn, R: Cl, R": Me (70%)
N
R

R: Bn (58%)
R: Me (45%)
R: Pr (67%)
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SO,R"
A\

R' N
R

Bn, R: Cl, R": Ph (65%)

Bn, R: Cl, R": Me (40%)

Bn, R:F, R": Ph (75%)

Bn, R: F, R": Me (73%)

Bn, R: CO,Me, R": Ph (72%)
Bn, R: CO,Me, R": Me (56%)
Pr, R: CO,Me, R": Ph (81%)
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En general, los procesos domind utilizando fenil vinil sulfona como aceptor de Michael
proporcionaron mejores resultados, probablemente debido a la mayor acidez de los a-C-H, que

favorece tanto la reaccion de a-arilacion como la adicion de Michael.

El proceso dominé tolera, ademds de bencilo, la presencia de diferentes sustituyentes alquilo
sobre el atomo de nitrégeno, tanto si se utiliza metil vinil sulfona como fenil vinil sulfona como

aceptor de Michael.

Finalmente, el proceso domind tolera la presencia de grupos tanto donadores de electrones

como atrayentes de electrones sobre el anillo aromatico.

Para confirmar que la secuencia de transformaciones que tienen lugar durante el proceso dominé
era la inicialmente propuesta (aza-Michael/a-arilacién/adiciéon conjugada/eliminacion de acido
sulfinico) y establecer de manera inambigua el mecanismo de reaccion, se llevaron a cabo

diversos experimentos.

El tratamiento de una mezcla 8.3:1 de la indolina 3.2c y del indol 3.3b con metil vinil sulfona y
Cs2CO03, tanto en presencia del catalizador de paladio como en su ausencia, proporcioné mezclas
de los indoles 3.4c y 3.3b. Estos ensayos confirman que el indol 3.4c se obtiene a partir de la
indolina 3.2c mediante un proceso de adicion de Michael seguido de B-eliminacion de acido

metilsulfinico no catalizado por paladio.

SO,Me N ;
Me 2 Me SO,Me (2 eguw.) SO,Me Me
AN Cs,CO3 (2 equiv.) N\ N\
.
N N THF, 120 °C N N
Me Me  ¢on o sin Pd(PPha), Me Me
3.2c 3.3b 10 mol% 3.4c 3.3b

(8.3:1) con Pd(PPhy), 3.4c :3.3b6.4:1 3, 3.4¢ (36%)

sin Pd(PPh;), 3.4c :3.3b 6.9:1, 3.4c (42%)

Adicionalmente, el tratamiento del indol 3.3b con fenil vinil sulfona, utilizando Cs;CO3 como base
y THF como disolvente, en presencia de Pd(PPhs)s resultd en la recuperacion del material de
partida inalterado, descartando de nuevo una adicién nucledéfila mediada por paladio del indol a

la vinil sulfona.

Por otro lado, se sintetizo la fenil vinil sulfona dideuterada en la posicion By se sometio al proceso
domind con la N-bencil-2-yodoanilina utilizando las condiciones de reaccion optimizadas para el
proceso en 4 etapas. En esta reaccidon se obtuvo el indol 3.6a-D3, que posee dos atomos de
deuterio en la posicion B de la sulfona y también presenta deuterada la posicién C-2 del nucleo

indodlico.
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Pd,(dba); (7.5 mol%)

©i | dppf (15 mol%) N
D
NH D N

= ; \
1 \(\SOQPh (2.1 equiv.) b
D 3.6a-D;

CSzCOg (2 equiv.)
THF, 120 °C
Este resultado confirma de manera definitiva que el 3-(sulfoniletil)indol se forma mediante la
secuencia de reacciones inicialmente propuesta: aza-Michael/a-arilacion/adiciéon

conjugada/eliminacién de acido sulfinico.

En este punto, creo conveniente realizar algunos comentarios adicionales acerca de los
resultados obtenidos en el proceso domind en cuatro etapas. Los buenos resultados obtenidos
en este proceso domind resultan sorprendentes si se comparan con los modestos resultados
obtenidos previamente en la reaccion de O-arilacion y en el proceso domind en tres etapas a
partir, en ambos casos, de 2-yodoanilinas. Es especialmente sorprendente la no formacion de
productos resultantes de la posible reaccién de Heck competitiva entre la agrupacién de yoduro
de arilo de los intermedios de reaccidn y la vinil sulfona. La ausencia de estos productos nos hizo
pensar que el proceso domind en cuatro etapas podia transcurrir a través de una secuencia de

eventos ligeramente distinta de la inicialmente propuesta.

En la figura siguiente se resume la nueva propuesta mecanistica para el inicio del proceso domind
a partir de las 2-yodoanilinas. Inicialmente tendria lugar la adicion oxidante de la 2-yodoanilina
al Pd (0). A continuacion, se produciria la adicion de aza-Michael a la vinil sulfona, que
proporcionaria el intermedio F. Este intermedio evolucionaria al enolato de Pd(ll) G. Finalmente,
a partir de este intermedio, la formacién del enlace carbono-carbono, tendria lugar mediante
una reaccién de eliminacion reductora, que conduciria a la indolina Cy liberaria el catalizador de
paladio (0).

L | SO,R'
Pd  Pd(0) I
[ -——— e
NH NH N
' R
E R A R C
base SO.R' Pd (0)

®
base-H
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Para obtener mas informacién acerca del mecanismo implicado en este proceso domind se
realizaron calculos computacionales (DFT) en colaboracion con el Dr. Israel Fernandez de la

Universidad Complutense de Madrid.

En primer lugar, se estudié el nuevo proceso de adicidn conjugada que se acaba de comentar.
Para estos calculos se utilizd como catalizador de paladio modelo el Pd(PMe3s),. De acuerdo con
nuestros calculos, después de la adicion oxidante inicial, la reaccion de aza-Michael tiene lugar
de manera extraordinariamente favorable y sin que se produzca ninguna interferencia
significativa de la posible reaccién de Heck competitiva. En concreto, a partir del intermedio INT8
y en presencia de CO3? se produciria la desprotonaciéon de la anilina, que conduciria a la
formacion del intermedio INT9 en un proceso exergdnico (AGgr = -9.9 Kcal/mol). A continuacion,
la adicién conjugada proporcionaria el intermedio INT10. Esta etapa de reaccion tendria lugar a
través del estado de transicion TS7 que lleva asociado una energia de activacion relativamente
baja (AG* = 8.2 Kcal/mol). Finalmente, la protonacién del intermedio INT10 proporcionaria el

intermedio o-arilpaladio(ll) INTO, a partir del cual tendria lugar la reaccion de a-arilacion.

-PMej ,
" )
egP\pd:I 5
PMe,
NH-
Me
INT8 -
0.0
P ) 4.5 h
+C0572 ™ Me .-+ s0,Me ~G0
—-HCO3~ . INT9
N ——

-9.9

Por otro lado, como puede observarse en la figura anterior, el proceso de descomplejacion de un
ligando fosfina a partir del intermedio INT8, que es necesario para crear una vacante de
coordinacidon que pueda ser ocupada por la metil vinil sulfona, y para que se produzca a

continuacion la reaccidon de Heck intermolecular, es muy endergdnico (AGg = 20.2 Kcal/mol). Esta
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elevada endergonicidad hace que la reaccion de Heck no pueda competir con la adiciéon

conjugada.

A continuacion, se estudid computacionalmente la reaccion de a-arilacion. Los calculos
computacionales para el mecanismo anidnico mediado por base se iniciaron a partir del
intermedio INTO. En presencia de COs?, el proceso de desprotonaciéon para dar lugar al
intermedio INT1 es ligeramente exergodnico, (AGr = -4.0 Kcal/mol). A continuacion tendria lugar
la formacion del intermedio INT2 mediante la descomplejaciéon de un ligando fosfina y la
coordinacion del carbanién al centro metalico. La AGr calculada para este proceso es de -14.9
Kcal/mol. Finalmente, a partir del intermedio INT2 tendria lugar la formacién del enlace carbono-
carbono para proporcionar la indolina 2M. Este proceso, es claramente exergdnico (AGr = -14.2
Kcal/mol) y tendria lugar a través del estado de transicidon TS1 (AG* = 28.6 Kcal/mol) que implica
una reaccion de eliminacién reductora. Aunque la AG* computada para esta Gltima etapa sea
elevada, seria perfectamente compatible con una transformacién que tiene lugar a una

temperatura de 120 °C.

Sin embargo, también se estudié computacionalmente una via alternativa para la formacion de
la indolina 2M a partir del intermedio INTO. Segun esta via, la formacion de la indolina 2M tendria
lugar mediante un proceso de desprotonacidn-metalacion concertada mediada por CO32. En este
caso, el intermedio INTO evolucionaria al intermedio INT3 mediante la sustitucién de los ligandos
Iy PPhs por parte del anién COs2. La AGr computada para este proceso es de -26.6 Kcal/mol. A
continuacion, el intermedio INT3 evolucionaria al intermedio INT4 (AGg = 2.7 Kcal/mol) a través
del estado de transicion TS2 (AG* = 26.1 Kcal/mol). Esta etapa coincide con la migracion
concertada del hidrégeno desde la posicién a de la sulfona al ligando carbonato y con la
formacién del enlace Pd-Csp3. Como puede observarse para los dos mecanismos propuestos
AG*rs1> AGHrs).

La formacion directa de la indolina 2M a partir del intermedio INT4 aunque termodinamicamente
favorable (AGg = -9.2 Kcal/mol) transcurre mediante el estado de transicion TS3, que tiene
asociada una barrera de activacién elevada (AG* = 37.4 Kcal/mol). Una via de reaccién mucho
mas plausible implica la pérdida del ligando HCO3™ para dar lugar al intermedio de paladio no
saturado INT5 (AGr= 10.3 Kcal/mol), a partir del cual se forma finalmente la indolina 2M (AGgr =
-19.5 Kcal/mol) través del estado de transicion TS4 (AG* = 13.9 Kcal/mol desde INTS5).

Segun los AGr i AG* calculados, aunque los dos mecanismos no son completamente excluyentes,
la via mas probable seria INTO->INT3->INT4->INT5->2M.
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Finalmente, también se estudid computacionalmente la etapa de adicidén conjugada de la sulfona
a la vinil sulfona. A partir de la indolina 2M, tendria lugar la desprotonacién mediada por CO3?
de la posicion a. La adicion de Michael transcurre a través del estado de transicién TS9. Este
proceso es ligeramente exergonico (AGg = -3.7 Kcal/mol) y tiene asociada una barrera de
activacion baja (AG* = 6.4 Kcal/mol). La protonacion del intermedio 3M-an daria lugar a la
formacién del intermedio 3M. Finalmente, la B-eliminacién de acido sulfinico a partir de 3M, que
implica la ruptura simultdnea de los enlaces S-C y C-H, para dar lugar al indol 4M es un proceso

exergonico (AG = -16.5 Kcal/mol) que transcurre a través del estado de transicion TS10 (AG* =
18.1 Kcal/mol).

;L
TS10 . ’f I’
[—— —
A T
SO,Me b . ?/Jbg
\a 2.841
N SO,Me | 1.161),
\ “ PR | 1.669 ()
Me o \
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00 R -t k \ -~
' \ 72304 ( ; ! )
\ e Me ' '\
|, +C0O52 s f” » il “ MeSO,H
\-HCO;- SR ) — ~\
“ . P o 1’ - 1
\ { i ' SO,Me
| TS9 +H003 ! ‘
\ — _ 2 \
Y Pa=rrams CO4 \‘
S sope % SO,Me ! :
SO,Me, =/ \ ! z ‘ N
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-20.4 |
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A modo de resumen, en este capitulo se ha desarrollado un proceso dominé en 4 etapas para la
sintesis de 3-[2-(fenil/metilsulfonil)etil]lindoles a partir de 2-yodoanilinas. En este proceso la
reaccion de a-arilacion intramolecular de sulfonas catalizada por Pd se combina con reacciones
de tipo Michael. Los estudios computaciones DFT y los resultados experimentales obtenidos
indican que la reaccién aza-Michael inicial transcurre sin interferencia con la reaccion de Heck
competitiva. Por otro lado, aunque no puede excluirse completamente un mecanismo anidnico
mediado por base, la reaccién de a-arilacién intramolecular catalizada por Pd ocurriria

preferentemente mediante un mecanismo CMD mediado por COs?, seguido de una eliminacion

reductora. Finalmente, a partir de la 3-sulfonilindolina, la formacion del 3-[2-

(fenil/metilsulfonil)etil]indol tendria lugar mediante una adicién de Michael, seguida de la B-
eliminacidn concertada de acido sulfinico.
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Exploring partners for the domino a-arylation/Michael
addition reaction leading to tetrahydroisoquinolines

(Eur. J. Org. Chem. 2017, 799-805)






En el presente capitulo, como continuacién de los anteriores trabajos acerca de los procesos
domind basados en la combinacion de la reaccién de a-arilaciéon de sulfonas catalizada por
paladio con reacciones de tipo Michael a vinil sulfonas, decidimos explorar la utilizacidon de otros
grupos atrayentes de electrones. En concreto, nos propusimos extender los estudios de los
procesos domind a la utilizacion de ésteres sulfénicos, sulfonamidas y fosfonatos como
nucledfilos en la reaccién de d-arilacién y como electréfilos en las reacciones de adicion
conjugada, en sistemas conducentes a la preparacion de tetrahidroisoquinolinas. La utilizacion
de estos nuevos grupos funcionales permitiria incrementar la versatilidad y el potencial de este

tipo de procesos domind y acceder a sustratos con nuevos grados de funcionalizacién.

Como primer objetivo, tal como se indica en la siguiente figura, nos propusimos desarrollar
procesos domind en dos etapas que combinara la reaccién de da-arilacidon con la subsiguiente

adicion de Michael.

A F

E
¢ ¢
N.g Pd(0), base N.g

N.
R

E, E' = SOzPh, SO,NR,, PO(OEt),

La menor acidez de los a-C-H de ésteres sulfénicos, sulfonamidas y fosfonatos,?® que a priori
podia dificultar tanto la reaccion de a-arilacion como la adicién conjugada, constituia un reto
considerable en el desarrollo de este tipo de procesos. En este sentido, se ha de comentar que
no habia precedentes acerca de la utilizacién de los ésteres sulfénicos como nucledfilos en las
reacciones de a-arilacion catalizadas por paladio. Por otro lado, aunque tanto las sulfonamidas?®
25 como los fosfonatos?” habian sido utilizados en la versién intermolecular de la reaccién de a-
arilacién, en ambos casos era necesaria la utilizacién de bases fuertes (por ejemplo, ‘BuOK o
LHMDS). Sin embargo, nuestros anteriores estudios habian puesto de manifiesto que estas bases
no eran adecuadas para la reaccion de a-arilacion intramolecular a partir de los sustratos objeto

de nuestro estudio.
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Al igual que en el anterior capitulo, en nuestro estudio para establecer el alcance y limitaciones
de los nuevos procesos domind, pretendiamos combinar el trabajo experimental con los calculos

computacionales.

En primer lugar, se estudid la reaccidon de a-arilacion catalizada por paladio de forma aislada
utilizando como modelos el éster sulfonico 4.1a, la sulfonamida 4.1b y 4.1d, y el fosfonato 4.1c.
La preparacion de estos compuestos se llevé a cabo tal como se indica en la figura siguiente. Para
una descripcién mas detallada véase el Sl de la publicacidn Eur. J. Org. Chem. 2017, 799-805, que

se adjunta en el anexo I-Publicaciones.

H
N AL
©/\NH2 . .~ _EtOH ©/ N~z KCOslli ©/\N
reflujo CH4CN, reflujo K@
Z: SO4Ph, SO,NBn, 0 P(O)OEt,

Como punto de partida para el estudio de la reaccion de a-arilacién, se utilizaron las condiciones
optimizadas para la reaccidn a partir de las B-(2-yodobencilamino) sulfonas, muy relacionadas
desde el punto de vista estructural con los nuevos sustratos. Estas condiciones implicaban la
utilizacion de Pd;(dba)s como precatalizador, xantphos como ligando, Cs,CO3 como base y THF
como disolvente. En estas condiciones, a partir del éster sulfonico 4.1a se obtuvo la

tetrahidroisoquinolina 4.2a con un modesto rendimiento del 27%.

0aPh [Pd] (7.5 mol%-10 mol%) SOzPh

©i xantphos (15 mol%)
N<gn KsPO, N.

disolvente, 120 °C

Bn

THF 4.2a (27%)

tolueno 4.2a (45%)

La utilizacion de Pd(PPhs)s como precatalizador, xantphos como ligando y tolueno como
disolvente permitié incrementar el rendimiento hasta el 45%. Los bajos rendimientos obtenidos
en estas reacciones se deben en parte a la inestabilidad del producto de a-arilacién, ya que 4.2a

descompone parcialmente durante la purificacion cromatografica.

A partir de la sulfonamida 4.1b, las condiciones optimizadas para la reaccidon de a-arilacion a
partir de las PB-(2-yodobencilamino) sulfonas, permitieron la obtencion de |Ia
tetrahidroisoquinolina 4.2b con un 46% de rendimiento. El cambio de la base de K3PO4 a Cs,CO3

permitié mejorar el rendimiento de obtencion de 4.2b, incrementandolo hasta el 75%.
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SOzNan

| H Pd,(dba); (7.5 mol%)
©i/ xantphos (15 mol%)
N\Bn base N.

THF, 120 °C Bn
4.1b Cs,CO;  4.2b (75%)

K3PO4 4.2b (46%)

A partir del fosfonato 4.1c las condiciones de reaccion optimizadas con las sulfonas
proporcionaron el producto de a-arilacién 4.2c con un rendimiento del 61%. Al cambiar el ligando
xantphos por PPhs se obtuvo un resultado similar. Por el contrario, al utilizar una fosfina
monodentada y mas voluminosa como la PCys, la tetrahidroisoquinolina 4.2c se obtuvo con un

rendimiento del 80%.

PO(OEt), PO(OEY),
| H [Pd]
@E/N\ Cs,CO3 N.
THF, 120 °C
4.1c Pd,(dba)s (7.5 mol%)  4.2¢ (80%)

PCy; (15 mol%)

Pd,(dba)s (7.5 mol%) 4.2c (61%)
xantphos (15 mol%)

Pd(PPha), 4.2¢c (59%)

Finalmente, la sulfonamida 4.1d, que posee un hidrégeno acido sobre el nitrégeno de amida,
resulté completamente no reactiva bajo cualquiera de las combinaciones de catalizador, base y

disolvente utilizadas para promover la reaccién de a-arilacién.

SO,NHBN
Ll
4.1d
N\
Bn

Estos resultados ponian de manifiesto que en la reaccién de a-arilaciéon intramolecular catalizada
por Pd es posible utilizar nucledfilos derivados de ésteres sulfdnicos, sulfonamidas disustituidas
y fosfonatos. A continuacién, decidimos explorar el desarrollo del proceso domind en dos etapas
inicialmente propuesto, combinando la reaccidon de a-arilacion con la reaccion de adicion de
Michael.

El tratamiento del éster sulfénico 4.1a con fenil vinil sulfona en presencia de Pd(PPhs)s, xantphos
como ligando, y KsPO4 como base en THF proporciond el sulfonato 4.3aa con un rendimiento del

68%. Al utilizar metil vinil sulfona como aceptor de Michael se obtuvo un resultado similar.
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Aplicando las mismas condiciones de reaccién, también pudieron realizarse los procesos dominé
utilizando como aceptores de Michael un éster sulfénico a,B3-insaturado (el etensulfonato de
fenilo), acrilato de metilo y una sulfonamida a,[3-insaturada (la N,N-dibenciletensulfonamida).
Estas reacciones permitieron la preparacién de los sulfonatos 4.3ad, 4.3ac y 4.3ae con

rendimientos moderados.

SOsPh  Pd(PPhs), (10 mol%)  PhO,S SOzPh

I H xantphos (10 mol%)
[ :[ N.
N\Bn 4?¢\802Ph(15equwj Bn

K3PO4 (3 equiv.)

4.1a 4.3aa (68%)
THF, 120 °C
SO3;Ph
PhO5S SO:Me  ppos 3
N-gn N-Bn
4.3ab (70%) 4.3ad (50%)
PhO3S COzMe PhO3S SOzNan
N\Bn N\Bn
4.3ac (43%) 4.3ae (25%)

Con la excepcién de la N,N-dibenciletensulfonamida, los rendimientos obtenidos en estos
procesos domino en 2 etapas fueron superiores a los rendimientos obtenidos en la reacciéon de
a-arilacién. Este hecho confirmaria que la degradacion parcial del producto de a-arilacion 4.2a

es la principal causa del modesto rendimiento obtenido en esa reaccién.

A partir de la sulfonamida 4.1b, utilizando como aceptores de Michael fenil vinil sulfona o bien
metil vinil sulfona, se obtuvieron las sulfonamidas 4.3ba y 4.3bb con buenos rendimientos. Sin
embargo, en presencia de acrilato de metilo, etensulfonato de fenilo o N,N-
dibenciletensulfonamida no tuvo lugar ningun tipo de proceso domind, aislandose Unicamente
el producto de a-arilacién 4.2b.

S0,Z

SO,NBn, BnaNO,S
Pd(PPh3)4 10 mol%

N.
280,27 (1.5 equiv.) Bn

0
Cs2C05 THREA20°C o b 4.3ba (74%)

Z:Me 4.3bb (67%)
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A partir del fosfonato 4.1c y utilizando los anteriores aceptores de Michael tampoco se pudo
desarrollar ningun proceso domino, aislandose en todos los ensayos realizados el producto de a-

arilaciéon 4.2c.

A la vista de estos resultados, del mismo modo que habiamos hecho en el capitulo anterior, se
llevaron a cabo calculos computacionales (DFT), en colaboracion con el Dr. Israel Fernandez de
la Universidad Complutense de Madrid, con la intencién de obtener informacion adicional acerca

del mecanismo implicado en estas reacciones.

Los estudios previos acerca del proceso dominé para la formacion de indoles, que he desarrollado
en el capitulo 3, habian puesto de manifiesto que eran posibles dos mecanismos alternativos
para la reaccion de a-arilacion de sulfonas catalizada por paladio. El primero de ellos implicaria
un mecanismo aniénico mediado por base, el segundo un mecanismo de deprotonacién-

metalacion concertada (CMD) promovido por el ligando CO3%.

La competencia entre ambos procesos también se estudié6 computacionalmente en las
reacciones de Q-arilacion conducentes a la formacién de tetrahidroisoquinolinas a partir de
ésteres sulfonicos, sulfonamidas y fosfonatos. Para ello, en los tres casos, se utilizaron sustratos
modelo en los que el sustituyente bencilo del atomo de nitrégeno se ha sustituido por un metilo,

y se utilizé Pd(PMes), como catalizador modelo.

En la figura siguiente, se incluye el perfil de reaccién a partir de INTOA, el primer intermedio
generado en la reaccidn a partir del éster sulfénico modelo. La a-arilacién aniénica mediada por
base (en azul en la figura) se inicia con la deprotonacién de INTOA para dar el intermedio INT1A.
Este proceso es altamente exergdnico (AGg= -28.1 Kcal/mol). A continuacion, este intermedio
evolucionaria para dar lugar al intermedio INT2A. Este proceso, ligeramente endergdnico (AGg=
5.6 Kcal/mol), esta asociado a la sustitucion de un ligando de tipo fosfina por el carbanidn. Esta
coordinacién intramolecular estd asociada a una energia de activacion baja (AG*< 10 Kcal/mol) vy,
en consecuencia, no es la etapa limitante de la transformacion. Finalmente, a partir del
intermedio INT2A tendria lugar la formacién del enlace carbono-carbono, a través del estado de
transicion TS1A, para proporcionar el producto de a-arilacion 2MA. Esta transformacién es
exergodnica (AGg=-13.8 Kcal/mol) y esta asociada a una energia de activacion relativamente alta
(AG*= 28.2 Kcal/mol). De manera alternativa, a partir de INT2A, la descoordinacién del yoduro
conduciria a la formacion del complejo de paladio no saturado INT3A (AGg= 6.5 Kcal/mol).
Finalmente, a partir de este intermedio, la formaciéon del producto de a-arilacién 2MA tendria
lugar a través del estado de transicion TS3A, con una energia de activacion mucho mas baja (AG*=
14.2 Kcal/mol).
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El proceso CMD (en negro en la figura) se iniciaria a partir del intermedio INTOA por sustitucion
del yoduro y de una fosfina por el ligando bidentado CO3* para dar lugar al intermedio anidnico
INT4A (AGgr=-30.4 Kcal/mol). A continuacion, tendria lugar el proceso concertado de migracion
del atomo de hidrégeno hacia el carbonato y formacion simultanea del enlace Pd-carbono
(proceso CMD) para dar lugar al intermedio INT5A. Este proceso transcurre a través del estado
de transicion TS2A, es ligeramente endergonico (AGr= 2.6 Kcal/mol) y estd asociado a una barrera
de activacién de 9.6 Kcal/mol. A partir de este intermedio, la pérdida de HCO3™ conduciria a la
formacion del intermedio INT3A (AGgr= 11.8 Kcal/mol), que finalmente daria lugar a la formacién

del compuesto 2MA a través del estado de transicion TS3A.

De acuerdo con los perfiles de reaccién anteriores y los AGr y AG* calculados, el mecanismo mas
probable en presencia de COs* es el proceso de tipo CMD:
INTOA->INT4A-INTS5A—>INT3A->2MA. De todos modos, las vias INTIA->INT2A-INT5A vy
INT1A->INT2A->INT3A no pueden descartarse completamente.

Sin embargo, debo destacar que la formacion del producto de a-arilacion 4.2a no se observd
experimentalmente cuando se utilizaba Cs,COsz como base y que tan sélo se consiguioé obtener
4.2a cuando se utilizé KsPOs como base. En estas ultimas condiciones de reaccidén el Unico
mecanismo operativo seria el mecanismo aniénico mediado por base a través del intermedio
INT1A.

El estudio computacional de la reaccién de a-arilacion catalizada por Pd a partir de un fosfonato
modelo proporciond resultados similares, es decir, se observa de nuevo la preferencia por un
mecanismo de tipo CMD respecto del mecanismo aniénico mediado por base. Sin embargo, la
AG* de la etapa limitante en la via CMD calculada para el sustrato de tipo fosfonato fue mas alta
que la observada para la reaccidn del éster sulfonico, concretamente de 16 Kcal/mol (Véase la

siguiente figura).
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En el caso de las sulfonamidas, los calculos a partir del sustrato modelo proporcionaron el perfil
de reaccidn representado en la figura siguiente. En este caso, para el mecanismo CMD (en negro
en la figura), la etapa de migracién del dtomo de hidrégeno y formacién del enlace carbono-
paladio, INTAB—>INT5B, transcurre a través del estado de transicion TS2B con una barrera
energética muy elevada (AG*= 35.5 Kcal/mol). Probablemente, esto sea debido a la mayor
fortaleza del enlace C-H en relacién con los modelos correspondientes al éster sulfénico y al
fosfonato. Sin embargo, para el mecanismo mediado por base (en azul en la figura), la etapa
limitante es la formacidn del enlace carbono-carbono INT2B->2MB a través del estado de
transicion TS1B, que transcurre con una barrera energética mas baja (AG*= 20.0 Kcal/mol).
Alternativamente, el intermedio INT2B puede evolucionar hacia la formacién de un complejo de
paladio no saturado INT3B, desde el cual la formacion del enlace carbono-carbono a través del
estado de transicion TS3B tiene lugar con una barrera energética menor (AG*= 15.9 Kcal/mol). A
partir del intermedio INT3B también se puede sugerir la coordinacion del atomo de nitréogeno de
la sulfonamida al paladio (AGg=-11.3 Kcal/mol desde INT3B). Sin embargo, en este ultimo caso,
la etapa de eliminacién reductora presenta una barrera energética mucho mas elevada (AG* =
28.7 Kcal/mol) que el proceso via el estado de transicion TS3B. En consecuencia, segun nuestros
calculos, la via preferida para la reaccion de da-arilacion de la sulfonamida seria
INTOB—>INT1B—>INT2B—>INT3B->TS3B—>2MB.
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Tal como se ha comentado en la discusion de los resultados experimentales, el proceso domind
proporciona peores resultados cuando se

utiliza acrilato de metilo o N,N-
dibenciletensulfonamida como aceptores de Michael, en lugar de una vinil sulfona. Con Ia

finalidad de obtener alguna informacion adicional acerca de estas adiciones conjugadas, también
se estudié computacionalmente la formacion del enlace carbono-carbono por adicidn del éster
sulfénico a los diferentes aceptores de Michael. Los calculos se realizaron a partir del éster
sulfénico modelo 2MA. Como puede verse a continuacién, el proceso de adicidon conjugada a
partir del intermedio INT8A transcurre con una barrera energética mas elevada con el aceptor
de tipo sulfonamida (AG*= 21.6 Kcal/mol) que con el acrilato (AG*= 19.7 Kcal/mol) o la sulfona
a,B-insaturada (AG*= 15.8 Kcal/mol). Estos calculos estédn de acuerdo con la electrofilia relativa

de los tres aceptores de Michael mencionados y concuerdan con nuestros resultados
experimentales.

Y
SO3zPh

SO;Ph
ve )
2MA N
I ————

“Me
00 |
| +COg2 TS5A3 Y
V= HCO3~ =75 o
TS5A2/ 24\ . SOsPh
[/ _TSBA1 W\
|‘ :'I,’I ) -13.3 \\\\\\:\\ N\Me
'. W, 3MA3
| =/ S _=19.8 201 3MAT
I\ Y I',’/I v =20.
SOsPh | /| A1:Y = SO,Ph v
€] ! III,I'/I A2:Y = COzMe 3MA2
.
v
Nipe \_INTBA /
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Palladium-catalysed intramolecular carbenoid insertion
of a-diazo-a-(methoxycarbonyl) acetanilides for
oxindole synthesis

(Chem. Commun. 2017, 53, 3110-3113)






Continuando nuestra busqueda de metodologias que permitan incrementar el potencial sintético
de la quimica organometalica del paladio, en el presente capitulo se explorara la viabilidad del
paladio como catalizador de la insercion intramolecular de carbenos derivados de a-

diazoacetanilidas en enlaces C-H para la preparacién de oxindoles.

Durante los uUltimos afos, el desarrollo de nuevas metodologias para la funcionalizacidn selectiva
de enlaces C-H no activados ha sido un area de investigacion muy activa.”* En este contexto, las
reacciones de insercidon intramolecular catalizada por metales de transicién de carbenos
derivados de compuestos O-diazocarbonilicos en enlaces C-H se han convertido en una
metodologia extraordinariamente versatil para la construccion de sistemas carbociclicos vy
heterociclicos.*® Los metales de transicion capaces de generar metalocarbenos reactivos a partir
de compuestos a-diazocarbonilicos son numerosos. Sin embargo, entre todos ellos, los derivados
de Rh(l1),>° de Cu(l)®* y mas recientemente los catalizadores de Ru(ll)>® han resultado ser
especialmente utiles, permitiendo el desarrollo de metodologias de insercion que en general

transcurren con elevada selectividad.

En este contexto, y como parte de un ambicioso proyecto de investigacion acerca de la utilizacion
de las reacciones catalizadas por paladio en la sintesis de heterociclos nitrogenados, nuestro
grupo describié en 2016 que los catalizadores de paladio eran capaces de promover la insercion
de carbenos derivados de a-diazoésteres en enlaces Csp3-H para proporcionar pirrolidinas

mediante |la formacion del enlace Csp3-Csp3.%6

@L J)J\COQMe Pa @
insercion N

C-H
R H R H
CO,Me

La intensa investigacidon que se ha realizado durante los ultimos afios acerca de la insercion
intramolecular de carbenos catalizada por metales de transicion en enlaces C-H ha generado una
extensa bibliografia sobre la utilizacion de los complejos de dirodio(ll) como catalizadores de la
insercion de carbenos a partir de a-diazoacetamidas.®” El gran interés en el desarrollo de estas
reacciones se ha debido fundamentalmente a que los productos de insercién, tanto B- y V-
lactamas como oxindoles, son motivos estructurales muy frecuentes entre los productos

naturales. La quimioselectividad de este tipo de reacciones de insercion depende de factores

1 (a) Godula, K.; Sames, D. Science, 2006, 312, 67. (b) Yamaguchi, J.; Yamaguchi, A. D.; Itami, K. Angew. Chem. Int.
Ed. 2012, 51, 8960.
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conformacionales, estéricos y electrdnicos inherentes al propio sustrato, pero también del metal
de transiciéon empleado y de sus ligandos.>® Asi, por ejemplo, en las reacciones catalizadas por
complejos de dirodio(ll), la utilizacién de ligandos de tipo carboxilato y carboxamida ha permitido

el desarrollo de reacciones de insercidon sumamente quimio-, regio- y estereoselectivas.>®

CO,Et

1) [Rh(I)]  MeO EtO.C, O
\©\ ) TIPSOTF_ N oTiPs {
)% N o
Bn
Rh(0Ac), (13%) (21%)  OMe
Rhy(HNCOC3F7)s  (91%)
0
0O O EtO,C EtO,C 0 EtO,C, 0
[Rh(IN)] N-Bn ’
\ OFt N, \R
Bn N, P Bn P’ Bn
Rh,(0Ac) (22%) (28%) (39%)
Rhy(HNCOCsF7),  (70%) (12%)

A la vista de estos precedentes, en este capitulo se estudiard la descomposicidon de a-diazo-a-
(metoxicarbonil)acetanilidas catalizada por paladio como metodologia para la sintesis de
heterociclos nitrogenados. De manera analoga a lo que ocurre al utilizar otros metales de
transicién, en las reacciones de insercion de carbenos catalizadas por paladio a partir de estos
sustratos podria esperarse la formacion de dos tipos de productos. Por un lado el oxindol, que
procede de la insercién en el enlace Carsp-H, y por otro, el derivado [3-lactdmico resultante de la

insercion en el enlace Csp3-H.

©\ 0 o N CO,Me
. S @# L
Sk ;(

R CO,Me

Durante esta investigacion pretendiamos identificar las diferencias de reactividad y selectividad
de los carbenos de paladio intermedios con los carbenos derivados de otros metales de

transicion.

Adicionalmente, quiero hacer notar que en el caso de que la insercién se produjera
selectivamente en el enlace Csp3-H para proporcionar el oxindol correspondiente, la reaccién de
insercion supondria, para estos derivados, una alternativa sintética a la reaccién de a-arilacion

intramolecular catalizada por paladio entre un derivado [3-dicarbonilico y un haluro de arilo.

Como sustrato modelo para los estudios iniciales escogimos la a-diazoacetanilida 5.1a. Tal como

59a

esperabamos a la vista de los resultados descritos previamente para sustratos analogos,>™® el
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tratamiento de 5.1a con [Rh(OAc),]; a temperatura ambiente proporcioné la 3-lactama 5.2a, que
procede de la insercion del carbeno de Rh intermedio en el enlace Csp3-H secundario. Por el
contrario, a utilizar de Pdz(dba)s como catalizador, en el seno de tolueno a reflujo, se obtuvo el
oxindol 5.3a, un producto que es el resultado de la insercién del carbeno de paladio en el enlace
Carsp?-H. El rendimiento moderado de esta Ultima reaccidn se debe, en parte, a la dificultad del
aislamiento de 5.3a de forma pura, debido al equilibrio entre las dos formas tautoméricas: 5.3a

y el enol correspondiente.

COsMe
2 Pdx(dba)s o O [Rh(OAC),], Ph. ¢}
10 mol% 2 mol% N
N © tol fluj \ OMe
(o] ‘
B orieno, rette SN, CHCl2, 25°C b “Co,Me
n Ph
5.3a (44%) 5.1a 5.2a (48%)

La utilizacién de un disolvente mas polar como el dioxano proporciond un resultado similar. Sin
embargo, al realizar la reaccién en el seno de 1,2-dicloroetano se obtuvo el oxindol 5.4a, que es
el resultado de un proceso dominé insercidn Carsp?-H/alquilacién, con un rendimiento del 66%.
La formacion de este producto no solo facilitd el aislamiento y purificacion de los productos de
reaccion, sino que también evité la formacién de subproductos de dimerizacidén aerdbica del

oxindol que se observaban al utilizar otros disolventes.

o o Pd;(dba); 7oMe
10 mol%
N OMe —— O

N CS2CO3 N

2 \

Ph 51a  DCE, reflujo Bn 5.4a (66%)

Con la intencidon de optimizar el proceso tandem insercién/alquilacion se ensayaron otros
catalizadores de paladio alternativos. La utilizacién de Pd(OAc), y Pd(PPhs)s proporciond peores
resultados, obteniéndose mezclas del oxindol 5.4a y del producto de partida. De la misma
manera, todos los intentos para mejorar la eficiencia del proceso utilizando diversas fosfinas

comerciales resultaron infructuosos.
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COQMe

©\ J\H/l [Pd] / ligando ©j¢/0|
o

032003 N

5.1a DCE, reflujo Bn 5.4a
[Pd]/ ligando Productos
Pd(OAc), (20 mol%) 65.1a:5.4a (1.2 :1)
Pd(PPhgz), (20 mol%) 5.1a: 5.4a (1.1 :1)
Pd,(dba)s (10 mol%) 5.1a: 5.4a (1:1.6)
(o-Tolyl) 3P (40 mol%)
Pdy(dba); (10 mol%) 5.1a: 5.4e (1.3:1)
dppe (20 mol%)
Pd,(dba); (10 mol%) Mezcla compleja
‘Bu,P-HBF, de productos

Finalmente, para confirmar el papel del paladio como catalizador en la reaccién de insercidn, se
estudio la descomposicidn térmica de las a-diazoacetanilidas 5.1ay 5.1b. En ausencia de paladio,
a iguales tiempos de reaccién, la conversién térmica de 5.1a fue del 32% y proporciond una

mezcla 1:0.2 del oxindol 5.4a y de la B-lactama 5.2a.

CO,Me
DCE O
Jiwkwy__+ - I

N reflujo 5 N
Ph 2 Ph ‘cCo,Me Bn
5.1a 5.2a 5.4a
5.1a: 5.2a: 5.4a
25:02: 1

De manera analoga, la descomposicion térmica de 5.1a resultd en una conversion del 44% vy la

formacion de una mezcla 1:0.6 del oxindol 5.4b y de la -lactama 5.2b.

DCE O
EJWJTKWe o O

reflujo N
Me N CO,Me Me
51b 5.2b 5.4b
5.1b: 5.2b: 5.4b
2 :06: 1

La recuperacién de cantidades considerables de producto de partida en estas reacciones v,
especialmente, la formacién de las [3-lactamas 5.2a y 5.2b en las reacciones térmicas confirman

el papel esencial del paladio como catalizador en los anteriores procesos tdndem.

70



Con la informacién obtenida hasta el momento, se decidié estudiar el alcance y las limitaciones
del proceso domind insercidn Carsp?>-H/alquilacién a partir de diversas a-(metoxicarbonil)-a-

diazoacetanilidas.

Como puede observarse en la siguiente figura, el proceso tandem tolera distintos sustituyentes
sobre el dtomo de nitrégeno. La insercidon ocurre selectivamente en el enlace Csp?-H aromatico
en presencia de enlaces Csp3-H primarios, secundarios y terciarios. De este modo se sintetizaron
los oxindoles 5.4b-d con rendimientos aceptables. La reaccién a partir de las a-(metoxicarbonil)-
o-diazoacetanilidas 5.1le y 5.1f que presentan, respectivamente, un sustituyente
metoxicarboniletilo o fenilo sobre el nitrégeno permitié la preparacion de los oxindoles 5.4e y
5.4f con rendimientos moderados. Asi mismo, el oxindol 5.4g, que presenta un sustituyente de
2-yodobencilo en el atomo de nitréogeno, se obtuvo también de manera satisfactoria. Debo
destacar que, en este caso, no se observaron productos de la posible reaccion de acoplamiento

competitiva entre el haluro de arilo y la agrupacion diazoéster catalizada por paladio.

CO,M
2 ¢l
@ Pdy(dba)s (10 moi%) @fg/
Me  Cs,CO; (2 equiv) N
DCE, reflujo R
5.1b m 5.4b-m
CO,M CO,M
o) 0 o)
N N N
5.4b R= Me (71%) 5.4h (23%) 5.4j R'=OMe (36%)
5.4c R=Et (54%) 5.4k R=F (64%)
5.4d R=/Pr (61%) 5.41 R=CO,Me (22%)
5.4e R= CH,CH,COOMe (45%)
5.4f R= Ph (55%)
5.4g R= CH,(2-I-Ph) (55%
g 2( ) (65%) Bn, O
N
COZMe cl COzMe
o L= 0
N
b cl
5.4i (40%, 4-OMe/6-OMe, 1:3) 5.4m (27%)

También estudiamos el efecto que provoca la introduccion de sustituyentes sobre el anillo
aromatico en el curso de la reaccion de insercion. Estos estudios pusieron de manifiesto que las
propiedades estereoelectrdnicas de los sustituyentes afectan de manera considerable el curso
de la ciclacidn. Asi por ejemplo, la introduccion de un sustituyente bromo en la posicidn orto de

la anilina resulté en una reaccion mucho mas lenta, probablemente por motivos estéricos. A
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partir de la acetanilida 5.1h, a igual tiempo de reaccién, se obtuvo una mezcla 1:1 del producto

de partida y del oxindol 5.4h, aislandose el producto de ciclacién con un rendimiento del 23%.

Por otro lado, la amida 5.1i, que presenta un grupo metoxi en la posicion meta, proporcion¢ el
oxindol 5.4i con un rendimiento del 40%. El resultado obtenido fue similar a partir de la
acetanilida con el sustituyente metoxi en posicidn para. La reaccién a partir de 5.1l, que tiene un
sustituyente metoxicarbonilo en posicién para, proporciond el oxindol 5.4l también con un

modesto rendimiento del 22%.

Sin embargo, el proceso dominé a partir de la acetanilida 5.1k, que presenta un sustituyente

fluoro en posicidn para, proporciond el oxindol 5.4k con un rendimiento del 64%.

Por ultimo, el proceso dominé a partir de la naftilamida 5.1m proporciond el oxindol 5.4m con

un rendimiento del 27%.

Con la finalidad de obtener alguna informacion acerca del mecanismo de la presente reaccion de
insercién catalizada por paladio, se llevaron a cabo estudios computacionales (DFT) en

colaboracién con el Dr. Israel Fernandez de la Universidad Complutense de Madrid.

En estos estudios computacionales se utilizéd un sustrato con un sustituyente metilo sobre el
atomo de nitrégeno y Pd(PMes), como catalizador modelo. El perfil de reaccién obtenido para la

formacion del oxindol 3b se representa en la siguiente figura.

La reaccidn se iniciaria a partir del intermedio INTO, el carbeno de Pd(0) que se forma por reaccion
del sustrato modelo y el catalizador Pd(PMe3s),. Este intermedio evolucionaria hacia la formacién
de INT1-A a través del estado de transicidon TS1-A. Esta transformacion, que es exergdnica (AGg=
-16.4 Kcal/mol) y lleva asociada una energia de activacién baja (AG*= 12.3 Kcal/mol), implicaria
una migracion 1,5 de hidrégeno desde el C-H aromadtico al carbono carbénico y la formacidn
simultanea del enlace C-Pd, lo que supondria un aumento del grado de oxidacién formal del
metal. A continuacion, a partir del intermedio INT1-A, el indol 3b se formaria a través del estado
de transicion TS2-A (AG*= 24.1 Kcal/mol). Este proceso supone una reaccidén de eliminacidn
reductora, que libera la especie de Pd(0) catalitica y el oxindol, y es fuertemente exergdnico
(AGgr=-23.8 Kcal/mol). A continuacion, la alquilacion del oxindol 3b conduciria al oxindol 5.4b, el

producto de reaccién experimentalmente observado en esas condiciones de reaccion.

Finalmente, también se estudié computacionalmente la formacion de la B-lactama 2b, que se
formaria por insercion del carbeno de Pd en el enlace Csp3-H del metilo. Este proceso implicaria
una migracion 1,4 de hidrégeno y la posterior eliminacion reductora. Como puede verse en los
perfiles de reaccion obtenidos, los estados de transicion TS1-B y TS2-B llevan asociada una

energia de activacion mucho mayor que los estados de transicion (TS1-A y TS2-A) del proceso
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conducente a la formacion del oxindol. En concreto, la energia de activacion para el proceso de

eliminacidon reductora INT1B—>2b es de 42.8 Kcal/mol, lo que hace esta via muy poco probable.

CO,Me

1 \‘
Me [Pd]

@’\[Pdicozﬁe INT1-A /' LY
I‘ ¥ ”l ) \

[Pd] = Pd(PMej),

i ' —Pd(PMez)
H N CO,Me

NS L 164 2

Me . INT1-B 0 NN

—IPd] —22.9 1 2b

Ph—N CO,Me COMe, 25.1

0
VO L 8
\ \———————
Me —40.2

La preparacién de las a-diazo-a-(metoxicarbonil)acetanilidas 5.1a-5.1m se llevé a cabo siguiendo
la secuencia de reacciones que se ilustra en la figura siguiente. Para una descripcién mas

detallada véase el Sl de la publicacion Chem. Commun., 2017, 53, 3110-3113 que se adjunta en
el anexo I-Publicaciones.

R. 0O O

™) R
NH
e &

Me R I DBU (1.5) o 0
R’ N N
EtsN (1), THF

. OMe " cHyeN, 25 °C , MOMG
0 °C--->25 °C, 2h. R

overnight R N
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6

Palladium catalysis in the intramolecular carbene C-H
insertion of a-diazo-a-(methoxycarbonyl)acetamides to
form B-lactams

(Articulo enviado para su publicacion)






Como continuacién del trabajo expuesto en el capitulo anterior, en el presente capitulo se
procederd al estudio de la reaccidon de insercion intramolecular, catalizada por paladio, de
carbenos derivados de a-diazo-a-(metoxicarbonil)acetamidas en enlaces C-H, como metodologia

para la preparacion de [3-lactamas.

Tal como ya he comentado anteriormente, la preparacién de 3-lactamas mediante reacciones de
insercion de carbenos, generados por descomposicion de derivados a-diazocarbonilicos,
catalizadas por metales de transicion ha sido extensamente estudiada. La selectividad de estas
reacciones depende tanto del tipo de derivado a-diazocarbonilico como de los factores
estereoelectrénicos y conformacionales inherentes al propio sustrato, pero también se ve

fuertemente afectada por el tipo de metal de transicidon del catalizador y sus ligandos.

En este trabajo se evaluara el efecto que tiene la naturaleza estéreo-electrénica del catalizador
de paladio en el curso de la reaccion. Para ello se utilizaran catalizadores tanto de Pd(0) como de
Pd(ll), con ligandos de diferente tipo. Adicionalmente, se estudiara de qué manera afecta a la
quimioselectividad de la insercién la introduccién de sustituyentes en la a-diazo-a-

(metoxicarbonil)acetamida.

Efecto del sustituyente

(0] o 0
MeOQC\H)kN,R [Pd] , MeOZC\[HJ\N,R
> Efecto del sustituyente
N, [Pd]
]
Efecto del catalizador
X *Pd(0) vs Pd(Il) X

*efecto del ligando

Los primeros estudios acerca de la reaccion de insercion catalizada por paladio se realizaron con
la N,N-dibencil a-diazoacetamida 6.1 (véase Tabla 1). El tratamiento de 6.1 con Pd3(dba)s en el
seno de DCE a la temperatura de reflujo durante 24 horas dio lugar a una conversién del producto
de partida del 76%, obteniéndose una mezcla 1:1 de la cicloheptapirrolona 6.2 y de la B-lactama

trans-6.3, junto con una pequena cantidad de cis-6.3.

A igual tiempo de reaccion, la descomposicion térmica, en ausencia de catalizador, de 6.1 dio
lugar a una conversién del 40%, obteniéndose una mezcla 1:0.1:1 de la cicloheptapirrolona 6.2 y

las B-lactamas cis-6.3 y trans-6.3.

Aunque el proceso de insercion térmico vy la reaccion catalizada por Pdz(dba)s transcurren con la
misma quimioselectividad, la mayor conversion de la tltima de las reacciones indica que el metal

de transicion participa en la reaccién de insercion.
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Tabla 1. Reacciones de ciclacion de la a-diazoamida 6.1¢

o 0 MeOQC Bn  Bn 0
Bn. )kﬂ/u\ ’ d| N \):/( ITI:/(
N OMe ————
disolvente .
©) N2 reflujo CO,Me CO.Me
6.1 cis-6.3 trans-6.3
Catalizador (mol%)  Disolvente 1H-RMN?® Rendimiento (%)
Pd,(dba)s (10) DCE 6.1/6.2/cis-6.3/trans-6.3
(1:1.5:0.15:1.5)
DCE 6.1/6.2/cis-6.3/trans-6.3
(1:0.3:0.04:0.3)
[(IMes)Pd(NQ)]2 DCE 6.2/cis-6.3/trans-6.3 6.2 (55), trans-6.3 (5)
(2.5) (1:0.1:0.2)
[(IMes)Pd(NQ)]2 CH,Cl, 6.1 -
(2.5)
[Pd(m-alil)Cl]2 (5) DCE 6.2/cis-6.3/trans-6.3 6.2 (20), trans-6.3 (23)
(1:1.4:0.5)
(SiPr)Pd(m-alil)Cl (15) DCE? 6.2/cis-6.3/trans-6.3 6.2 (22), trans-6.3 (20)
(1:0.25:1.1)
Pd(TFA); (10) CHCI5? 6.2/cis-6.3/trans-6.3 (1:1.2:1) 6.2 (15), trans-6.3 (24)

@ Condiciones de reaccion: Catalizador en el disolvente indicado a reflujo durante 24h. ? Relacién calculada a partir
de la integracién de las absorciones en el espectro de *H-RMN del crudo de reaccién. ¢ Rendimiento de producto
aislado por cromatografia en columna. ? Tiempo de reaccién, 48 h.

[(IMes)Pd(NQ)].

cicloheptapirrolona 6.2 con un rendimiento del 55%, junto a pequefias cantidades de cis-6.3 y

Por otro lado, la utilizacién de como catalizador proporciond la

trans-6.3. La conversion total de la amida 6.1, asi como la diferente selectividad de la reaccién

cuando se compara con el anterior proceso térmico, confirman el papel catalitico de este

complejo de Pd(0). Cuando la reaccion se realizé en CH,Cl; a reflujo se recuperd el producto de

Q im@

partida inalterado.

‘P
[ %Pd Pd% ] ;[ T ri\
[(IMes)Pd(NQ)]; (SiPr)Pd(r-alil)CI

Por otro lado, la utilizaciéon de catalizadores de Pd(ll) para promover la descomposicion de 6.1
dio lugar a la formacién de las B-lactamas cis-6.3 y trans-6.3 como productos mayoritarios, a
expensas de la cicloheptapirrolona 6.2. Asi por ejemplo, el tratamiento de 6.1 con [PdCl(m-alil)]2

proporciond una mezcla 1:1.4:0.5 de 6.2, cis-6.3 y trans-6.3. Sin embargo, después de la
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purificacion cromatografica, Unicamente se pudo aislar la cicloheptapirrolona 6.2 (20%) y la 3-
lactama trans-6.3 (23%), debido a la isomerizacidén de cis-6.3 durante el proceso de purificacion.
La utilizacién de (SiPr)Pd(m-alil)Cl proporciond un resultado similar, aunque fue necesaria una
mayor carga de catalizador. Finalmente, la utilizacién de Pd(TFA), como catalizador también
condujo a la formacién de las B-lactamas cis-6.3 y trans-6.3 como productos mayoritarios de
reaccion. Sin embargo, en este caso, se necesitaron tiempos de reaccion mas largos para que la

reaccion fuese completa.

La cicloheptapirrolona 6.2 es el resultado de la reaccién de Buchner, un proceso por etapas en el
qué en primer lugar se produce una cicloadicién intramolecular [2+1] del carbeno con un doble
enlace del anillo aromatico y, posteriormente, la expansion del anillo. Si bien las reacciones de
Buchner mediadas por catalizadores de Rh**¢ y de Ru’? son frecuentes, los ejemplos de

reacciones de Buchner catalizadas por Pd descritos en la bibliografia son escasos.’?

Por otro lado, las B-lactamas cis-6.3 y trans-6.3 son los productos resultantes de la insercién del
carbeno de paladio intermedio en el enlace Csp3-H del carbono metilénico unido al nitrégeno.
Debo destacar que, en ninguna de las reacciones anteriores se observo la formacidn del producto
de insercidn en el enlace Carsp?-H, el tipo de reaccidén que se producia precisamente a partir de

las a-diazo-a-(metoxicarbonil)acetanilidas estudiadas en el capitulo anterior.

Los estudios mecanisticos realizados acerca de procesos analogos utilizando catalizadores de
Rh(Il) sugieren que la formacion competitiva de [3-lactamas y de productos de reaccion sobre el
anillo aromatico se debe a la competencia estereoelectrénica entre las dos conformaciones del
metalocarbeno que experimentan la reaccion. Estos estudios también han demostrado que la
introduccion de sustituyente terc-butilo sobre el nitrogeno de la amida fuerza al segundo
sustituyente a una disposicidn syn con respecto del carbono carbénico, favoreciendo la reaccién

de insercion.”*

A la vista de estos precedentes y con la intencion de mejorar la quimioselectividad de la reaccion
de insercion catalizada por paladio, se decidié estudiar la reaccién a partir de la amida 6.4a, que

presenta un sustituyente terc-butilo sobre el nitrégeno.

Los resultados obtenidos en las reacciones de ciclacidon a partir de 6.4a se recogen en la tabla

siguiente.

2 Lo, V.K.-Y.; Guo, Z.; Choi, M.K.-W.; Yu, W.-Y.; Huang, J.-S.; Che, C.-M. J.Am. Chem. Soc. 2012,134, 7588.

3 Deng, Y.; Jing, C.; Arman, H.; Doyle, M.P. Organometallics.2016,35,3413.

74 (a) Watanabe, N.; Anada, M.; Hashimoto, S-I.; lkegami, S. Synlett.1994, 1031. (b) Doyle, M.P.; Pieters, R.J.; Taunton,
J.; Pho, H.Q.; Padwa, A.; Hertzog, D-L.; Precedo, L. J.Org. Chem. 1991, 56, 820. (c) Yoon, C-H.; Nagle, A.; Chen, C,;
Gandhi, D.; Jung, K-W. Org. Lett. 2003, 5, 2259. (d) Chen, Z.; Chen, Z.; Jiang, H.; Hu, W. Synlett. 2004, 1763. (e) Wee,
A-G-H.; Duncan, S-C. J.Org. Chem. 2005,70,8372.
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La descomposicion de 6.4a utilizando Pdz(dba)s como catalizador en DCE a reflujo proporcioné la
cicloheptapirrolona 6.5a con un rendimiento del 20%, junto con las [3-lactamas cis-6.6a (9%) y
trans-6.6a (42%). La utilizacién de [(IMes)Pd(NQ)]. provocd un incremento en la formacion de la
cicloheptapirrolona 6.5a. Para nuestra satisfaccion, la utilizacion de los catalizadores de Pd(ll),
[PdCI(rt-alil)]2y (SiPr)Pd(mt-alil)Cl, tuvo como consecuencia la insercidn exclusiva en el enlace Csp3-
H para proporcionar las [-lactamas cis-6.6a y trans-6.6a, que se aislaron con un buen

rendimiento global.

Tabla 2. Reacciones de ciclacidon de la a-diazoamida 6.4a°

O O MeOQC O
>I\ [Pd]
N OMe
DCE reflujo

N> COQMe
6.4a 6.6a

Catalizador (mol%)  6.5a/cis-6.6a/trans-6.6a"¢ Productos (%)?
Pd2(dba)s (10) 26/48/28 6.5a (20), cis-6.6a (9), trans-6.6a (42)
[(IMes)Pd(NQ)]2 (2.5) 35/40/25 6.5a (28), cis-6.6a (35), trans-6.6a (23)
[Pd(rt-alilCl)]2 (5) 0/47/53 cis-6.6a (25), trans-6.6a (65)
(SIPr)Pd(mt-alil)Cl (15) 0/29/71 cis-6.6a (17), trans-6.6a (59)

@ Condiciones de reaccién: Catalizador en DCE a reflujo durante 24h. ? Relacién de productos por *H-NMR. ¢
Reacciones por duplicado. La relacidn de productos 6.5a/6.6a fue similar en los dos ensayos, sin embargo la relacién
cis/trans fue ligeramente diferente debido a la isomerizacidn parcial durante el proceso de purificacién. ¢
Rendimiento en producto aislado por cromatografia en columna.

También se explord la reaccidon de insercién catalizada por paladio a partir de la amida 6.7, que
presenta un sustituyente de tipo a-metilbencilo sobre el atomo de nitrégeno. Los resultados

obtenidos se recogen en la siguiente tabla.

Tabla 3. Reacciones de ciclacion de la a-diazoamida 6.7¢

>‘\ 0O O MeOQC o tBu, o)
N
NMOM [Pd] E/(

N2 DCE, reflujo P e COQMe PH" Me CO-Me
° 67 6.9 6.10

Catalizador (mol%)  8/9/10° Productos (%)°
Pd,(dba)s (10) 26/37/37 6.87(15), 6.9 (18), 6.10 (24)
[(IMes)Pd(NQ)]2 (2.5) 65/20/15 6.8¢(42),6.9(7), 6.10 (13)
[Pd(mt-alil)Cl]2 (5) 0/36/64 6.9 (23), 6.10 (47)
(SIPr)Pd(m-alil)Cl (15) 0/57/43 6.9 (24), 6.10 (18)
?Condiciones de reaccién: Catalizador en DCE a reflujo durante 24h. ®Relacién de
productos por *H-RMN. ¢Rendimiento en producto aislado por cromatografia en
columna. ¢ Mezcla 1:1.2 de diastereémeros. ¢ Mezcla 1:2.2 de diastereémeros.
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Tal como ya habia sucedido con la a-diazoamida 6.4a, al utilizar catalizadores de Pd(0) para
promover la insercion a partir de 6.7 se obtuvieron cantidades significativas de Ia
cicloheptapirrolona 6.8, junto con las 3-lactamas 6.9 y 6.10. En este sentido, debo destacar que,
al utilizar Pdy(dba)s como catalizador, tanto 6.4a como 6.7 proporcionaron una mezcla
aproximadamente 1:3 del producto de la reaccién de Buchner y de las B-lactamas. En cambio, al
utilizar el catalizador estéricamente impedido [IMes]Pd(NQ)]. con la a-diazoamida 6.7 se obtuvo
la cicloheptapirrolona 6.8 como producto mayoritario. Este resultado sugiere que la reaccién de
insercion en el enlace Csp3-H es considerablemente sensible al impedimento estérico sobre el

punto de insercidn.

Al igual que habia sucedido con la amida 6.4a, al utilizar los catalizadores de Pd(ll), [PdCl(rm-alil)]»
y (SiPr)Pd(m-alil)Cl, para promover la descomposicidon de la a-diazoamida 6.7, la insercién se
produjo exclusivamente en el enlace Csp3-H para proporcionar las [3-lactamas. De nuevo, los

mejores resultados se obtuvieron al utilizar [PdCl(rt-alil)]2 como catalizador.

Como acabamos de ver, la insercidon en el enlace Csp3-H de la posicién bencilica se ve
enormemente favorecida cuando hay un sustituyente terc-butilo sobre el nitrogeno, el efecto es
especialmente importante al utilizar catalizadores de Pd (ll). Asi, en las reacciones a partir de las
a-diazoazetamidas 6.4a y 6.7, los catalizadores [PdCl(m-alil)]; y (SiPr)Pd(m-alil)Cl promueven
quimioselectivamente la insercion en el enlace Csp3-H, sin que se formen los productos derivados
de la reaccion de cicloadicion aromatica competitiva. Estos resultados ponen de manifiesto la
importancia de la naturaleza electrdnica del catalizador de paladio y de la estructura de la a-

diazoacetamida en el curso de la reaccion.

Llegados a este punto, se decidid estudiar qué efecto tenia en el curso de la reaccidn la
introduccion de sustituyentes en el anillo aromatico. Con esta finalidad, se prepararon las a-

diazoacetamidas 6.4b-m.

La preparacion de las a-diazoacetamidas 6.1, 6.4a-m y 6.7, que se han utilizado en el presente
estudio, se llevé a cabo siguiendo la secuencia de reacciones que se ilustra en la figura siguiente.
Para una descripcion mas detallada véase el SI de la publicacidon que se adjunta en el anexo I-

Publicaciones.

. OMe N Os_OMe p-ABSA (1.1)
H | R DBU (1.5) |\ RN
R = N
TR e, cron My oM
0°C-->25°C, 24 h. R O 259C. 24h R R O O
6.1, 6.4a-m, 6.7
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Los resultados obtenidos en las reacciones catalizadas por complejos de Pd(ll) a partir de las a-

diazoacetamidas 6.4b-m se recogen en el siguiente esquema.

0O O

By Catalizador [Pd Bu P
\NJKH)J\COZMe atalizador [Pd] N

N, DCE reflux COMe
X X 2

Catalizador [Pd]: método A: [PdCI(r-alil)],
método B: (SIPr)Pd(n-alil)Cl

Bu 0 Bu_ 0
N N
CO,Me R CO,Me
R 6.6b R=MeO (A, 57%, 1:2.2) 6.6g R=Cl (A, 80%, 1.2:1)
(B, 60%, 1:6.5) (B, 61%, 1:1)
6.6c R=MeS (A, 58%, 1:4.8) 6.6h R=CN (A, 65%, 1:2)
(B, 64%. 1:15) (B, 70%, 1:3.7)

6.6d R=Cl (A, 82%, 1.1:1)
(B, 69%, 1:1.6)

‘Bu, 0
6.6e R=CN (A, 70%, 1:1) N
(B, 78%, 1:1.9)
6.6f R=NMe, (A, 14%%, 0:1) CO,Me
(B,10% 0:1) R

t
Bu, O 6.6 R=MeO (A, 54% 1:1.3)
(B, 73% 1: 6.3)
6.6 R=F (A, 82% 1:2.2)

MeO COMe (B 66%,0:1)
6.6k R=Br (A, 65%, 1.1:1)
MeO (B, 50%, 1:5.3)
. 6.61 R=l (A, 87%, 1.3:1)
6.6m (A, 39%, 0:1)
(B, 440/2, 1:6.3) (B, 68%, 3.5:1)

El efecto provocado por el sustituyente depende de su posicidon en el anillo aromatico y de su
naturaleza estereoelectronica. Asi, por ejemplo, la introduccién de sustituyentes donadores de
electrones provoca un ligero incremento en la formacion de los productos de la reaccién de
Buchner. Este incremento se acentua cuando se utiliza el catalizador (SiPr)Pd(m-alil)Cl. Sin
embargo, el efecto se minimiza cuando el sustituyente se encuentra en posicién orto,

probablemente debido al impedimento estérico.

Por otro lado, la introduccidn de sustituyentes atrayentes de electrones disminuye la formacion
de los productos de la reaccion de Buchner, tanto al utilizar el catalizador (SiPr)Pd(m-alil)Cl como
el [PdCI(m-alil)]..

Como puede observarse, en general, la utilizacién de catalizadores de Pd(ll) promueve

selectivamente la reaccidon de insercidon en el enlace Csp3-H. La reaccion tolera la presencia de
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sustituyentes con diferente caracter electrénico en el anillo aromético y permite obtener las [3-
lactamas con rendimientos de moderados a buenos, generalmente como mezclas de los
isdmeros cis y trans. Como excepcioén, la reaccidon de descomposicion de la a-diazoacetamida
6.4f, que presenta un sustituyente dimetilamino sobre el anillo aromético, proporciond la (3-
lactama trans-6.6f con un rendimiento bajo. En esta reaccidn se obtuvieron cantidades

considerables de 4-(dimetilamino)benzaldehido.

Los resultados computacionales obtenidos previamente en nuestro grupo al estudiar las
reacciones de insercion catalizadas por paladio sugieren que el mecanismo de estos procesos
difiere del comunmente aceptado para las reacciones catalizadas por derivados de Rh(ll). Asi,
mientras las reacciones catalizadas por Rh(ll) tienen lugar a través de un proceso concertado en
el que, en una Unica etapa, se libera directamente el producto de insercién y el catalizador de
Rh(ll), los catalizadores de paladio implican reacciones por etapas, que se inician mediante una

migracion de hidrégeno mediada por el metal.>®

Teniendo en consideracién esta informacidn previa, en este caso también se realizaron calculos
computacionales (DFT) para elucidar el mecanismo de la presente reaccién de insercion. En la
siguiente figura se representa el perfil de reaccion obtenido a partir de la a-diazoacetamida 6.4a

utilizando de [PdCI(m-alil)], como catalizador.

TS1-cis

e 6.0 ) ‘1\\ 6.0
0.0 : TSt-cis %, TS2-trans
et 06
INTO-cis 'T \ ‘
Ph 8 % .
ﬁ [Pd] TS2-cis :
N Pd ‘ \, -
Bu %Cone N Ph\( H [ C])OZMe ,\ . f
[Pd] Sd( llyl)Cl % N Ts2-cis
= Pd(ally \‘ T
INT1-trans w{Pd] 4
a -9 L Ph_ COMe
p Pl o 2
~( /-COMe INT1-cis ; N
N -24.9 L e o
e 2 Ph,  CO,Me! 1la-cis
Z( W_=39.9
/N —_—
Bu 0 —41.0
11a-trans

La primera etapa implicaria la generacién de los intermedios zwitteridnicos INT1-cis y INT1-trans.

Desde el punto de vista energético, la formacion de estos intermedios es claramente favorable
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(AGR INT1-cis= -24.9 Kcal/mol, AGg inT1-TRANS= -19.4 Kcal/mol) y transcurre a través de los estados de
transicion TS1-cis (AG*= 6.0 Kcal/mol) y TS1-trans (AG*= 6.7 Kcal/mol), respectivamente. Esta
etapa implica una migracion 1,4 de hidrégeno no asistida por el metal, similar a la propuesta por
nuestro grupo de investigacidn en ciertas reacciones de insercién catalizadas por Ru.>®® A
continuacion, tendria lugar la formacion del enlace carbono-carbono, que conduciria a las (3-
lactamas cis-6.6a y trans-6.6a. Esta reaccion también es exergdnica y ocurriria a través de los
estados de transicion TS2-cis y TS2-trans, que suponen unas barreras energéticas de 24.1
Kcal/mol y 18.5 Kcal/mol, respectivamente. Considerando las barreras energéticas calculadas
para las dos etapas y la estabilidad relativa de los intermedios INTO, INT1-cis y INT1-trans, la

etapa de formacién del enlace carbono-carbono seria la etapa limitante del proceso.

Por dltimo, también se calculd la formacién de la cicloheptapirrolona 6.5a a partir de 6.4a,
utilizando [PdCl(rt-alil)], como catalizador de Pd(ll) modelo. Nuestros calculos sugieren que la
primera etapa en la formacion del producto de la reaccion de Buchner, implica la formacion de
un enlace carbono-carbono a través de una reaccion de tipo Friedel-Crafts. Este proceso conduce
alaformacion de un intermedio mas inestable (AGg= 6.0 kcal/mol desde INTO) a través del estado
de transicion TS1’ (AG*= 15.2 Kcal/mol). Considerando AG*rs: y AG¥s1, asi como la estabilidad
relativa de los dos intermedios, podemos descartar la via que conduce a la formacion de la
cicloheptapirrolona 6.5a. Por lo tanto la formacién exclusiva de las [3-lactamas cis-6.6a y trans-

6.6a confirmada experimentalmente queda perfectamente explicada.
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Resumen y Conclusiones






Palladium in azaheterocyclic synthesis: a-arylation of sulfones, domino processes and C-H
carbene insertion reactions

RESUMEN Y CONCLUSIONES

1) En la presente Tesis Doctoral se ha realizado un extenso estudio de la reaccion de a-arilacion
intramolecular de B-amino sulfonas catalizada por paladio, en el que se combina el trabajo
experimental con los célculos computacionales. Durante este estudio:

1.1) Hemos puesto a punto un procedimiento para la sintesis de tetrahidroisoquinolinas
mediante la reaccion de a-arilaciéon de sulfonas catalizada per Pd(0). La combinacién de la
reaccion de d-arilacién con la subsiguiente adicion de Michael a vinil sulfonas o acrilatos ha
permitido el desarrollo de un proceso dominé para la sintesis de tetrahidroisoquinolinas
diversamente funcionalizadas.

Adicionalmente, el acoplamiento de una reaccion de adicidn de aza-Michael a vinil sulfonas a la
secuencia de 0-arilacion/adicion de Michael a vinil sulfonas ha fructificado en el desarrollo de un
proceso domind en tres etapas que permite la sintesis de tetrahidroisoquinolinas con un elevado
grado de funcionalizacidn a partir de sustratos de partida sencillos y facilmente accesibles. En
este proceso dominé puede utilizarse como aceptores de Michael tanto la fenil vinil sulfona como
la metil vinil sulfona.

1.2) Se ha desarrollado un nuevo proceso domind para la sintesis de 3-
(fenil/metilsulfoniletil)indoles a partir de 2-yodoanilinas, que implica una secuencia de aza-
Michael/a-arilacién catalizada por Pd(0)/adicion de Michael/B-eliminacién de acido sulfinico en
la que se utilizan, nuevamente, las sulfonas como electrofilos y como nucledfilos. El proceso
domind transcurre con buenos rendimientos, tolera la presencia de sustituyentes con diferente
caracter electrénico sobre la 2-yodoanilina y admite la utilizacidn tanto de la fenil vinil sulfona
como de la metil vinil sulfona como aceptores de Michael. Los estudios computacionales
realizados acerca de esta secuencia domind sugieren que la reaccién de O-arilacion transcurre a
través de un proceso de tipo desprotonacién-metalacion concertado (CMD) seguido de una
reaccion de eliminacion reductora.

1.3) La reaccion de d-arilacién intramolecular catalizada por paladio se ha extendido a la
utilizacidn de sulfonatos, sulfonamidas y fosfonatos. Aunque los tres tipos de nucleéfilos pueden
utilizarse en la reaccién de a-arilacidn para preparar tetrahidroisoquinolinas, la reaccidn a partir
de estos sustratos transcurre de manera menos eficiente que a partir de las sulfonas.

La reaccidn de O-arilacion de sulfonatos se ha podido combinar de manera efectiva con la adicion
de Michael a diferentes electréfilos (vinil sulfonas, etensulfonato de fenilo, N,N-
dimetiletensulfonamida y acrilato de metilo) para desarrollar los correspondientes procesos
tdndem. Por el contrario, las sulfonamidas solo aceptan como aceptor de Michael a las sulfonas
a,B-insaturadas, y los fosfonatos han resultado ser completamente inactivos en el proceso
tandem.

La reacciéon de d-arilacion de sulfonatos, sulfonamidas y fosfonatos se ha estudiado
computacionalmente (DFT). Estos estudios han puesto de manifiesto que la reaccion transcurre
mediante mecanismos diferentes en funcién del tipo de nucledfilo y de la base utilizada. Asi,
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nuestros estudios indican que en la d-arilacién de sulfonatos y fosfonatos, utilizando Cs,CO3
como a base, pueden competir dos mecanismos alternativos. Por un lado, la a-arilacién anidnica
a través de la base conjugada y, por otro, un proceso de desprotonacion/metalacién concertada
(CMD). En cambio, en la a-arilacion de sulfonamidas la reaccién a partir de la base conjugada
parece ser mucho mas favorable que el proceso de tipo CMD alternativo.

2) Se ha estudiado la viabilidad de los complejos de paladio como catalizadores en las reacciones
de insercidn de carbenos generados a partir de 0-diazoacetamidas en enlaces C-H. Con el fin de
identificar las diferencias entre la reactividad de los catalizadores de paladio y los basados en
otros metales de transicion, se ha estudiado de qué manera afectan al curso de la reaccion de
insercion los sustituyentes en la a-diazoacetamida y el grado de oxidacion del paladio en el
precatalizador utilizado. Durante este estudio:

2.1) Hemos demostrado que los catalizadores de paladio constituyen una alternativa a otros
metales de transicidn en las reacciones de insercidn de carbenos generados a partir de a-diazo-
a-(metoxicarbonil)acetanilidas en enlaces C-H. Cuando se utilizan catalizadores de paladio la
insercion tiene lugar de manera selectiva en el enlace Csp?>-H del anillo aromatico para
proporcionar el oxindol correspondiente.

Aunque tanto los catalizadores de Pd(0) como los de Pd(ll) pueden promover la reaccidon de
insercién, los mejores resultados se han obtenido al utilizar complejos de Pd(0). Utilizando
Pdx(dba)s o [(IMes)Pd(NQ)]. como catalizador, Cs,CO3 como base y 1,2-dicloroetano como
disolvente hemos podido desarrollar un proceso tandem insercidon/alquilacién para la sintesis de
3-(cloroetil)oxindoles.

Esta reaccién de insercion también se ha estudiado computacionalmente (DFT). Nuestro estudio
ha puesto de manifiesto que la insercidn tiene lugar mediante un mecanismo por etapas inédito,
que implica una migracién 1,5 de hidrogeno promovida por Pd desde el Csp?-H del anillo
aromatico al carbono carbénico con la formacidn simultanea del enlace Csp?-Pd y, seguidamente,
una eliminacion reductora, que proporciona directamente el producto de insercion y regenera la
especie de Pd(0) catalitica.

2.2) Por otro lado, hemos demostrado que los complejos de paladio también pueden utilizarse
como catalizadores en la inserciéon intramolecular de carbenos derivados de Q-diazo-O-
(metoxicarbonil)acetamidas para generar [-lactamas. Aunque tanto los catalizadores de Pd(0)
como los de Pd(ll) pueden utilizarse para promover esta reaccidon de insercién, en general en este
proceso los complejos de Pd(Il) parecen ser mas eficientes y versatiles. Utilizando catalizadores
de Pd(ll), la reaccién de insercion en el enlace Csp3-H transcurre con una quimioselectividad
elevada para proporcionar mezclas de las B-lactamas cis y trans.

2.3) Se ha estudiado la descomposicién catalizada por paladio de a-diazo-a-
(metoxicarbonil)acetamidas que poseen agrupaciones heteroaromaticas sobre el nitrégeno de la
amida. Aunque todavia preliminares, los resultados obtenidos en este estudio han puesto de
manifiesto que el curso de la reaccién depende fundamentalmente del tipo de sistema
heterociclico presente en el sustrato de partida.
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Pd°-Catalyzed Intramolecular a-Arylation of Sulfones: Domino
Reactions in the Synthesis of Functionalized

Tetrahydroisoquinolines

Daniel Solé,* Ferran Pérez-Janer, and Raffaella Mancuso®

Abstract: A new strategy for the synthesis of tetrahydro-
isoquinolines based on the Pd’-catalyzed intramolecular
a-arylation of sulfones is reported. The combination of
this Pd-catalyzed reaction with intermolecular Michael and
aza-Michael reactions allows the development of two- and
three-step domino processes to synthesize diversely
functionalized scaffolds from readily available starting
materials. )

The sulfone is a ubiquitous organic structural motif that is
often used as an auxiliary group in important synthetic
methodologies, especially those devoted to the formation of
carbon-carbon bonds, in which the sulfonyl group usually acts
as an electron-withdrawing moiety facilitating the deprotona-
tion of a neighboring carbon atom." Moreover, sulfones are
also present in a large number of synthetic biologically active
compounds,? as well as in some natural products.” Due to
their significance, the development of new and efficient
methods for the synthesis of sulfones is today an interesting
challenge.

In recent years, palladium-catalyzed arylation of acidic C—H
bonds has received a great deal of attention.” However,
despite the popularity of this type of reaction, examples of pal-
ladium-catalyzed a-arylation of sulfones are scarce, probably
due to the higher pK, values of the sulfonyl a-C—H group, and
they have been limited to intermolecular processes.”™

As part of our ongoing program on the development of
efficient methodologies for the synthesis of nitrogen hetero-
cycles® we have been studying the palladium-catalyzed
intramolecular coupling of amino-tethered aryl halides with
enolate-type nucleophiles.” To further generalize the applica-
tion of the a-arylation reaction to the synthesis of azaheterocy-
cles, we decided to explore the use of sulfones as the nucleo-
philic counterpart. Additionally, we envisaged that the poten-
tial of this palladium-catalyzed reaction could be dramatically
improved if, in one pot, the a-arylation product undergoes

[a] Prof.Dr. D. Solé, F. Pérez-Janer, Dr. R. Mancuso
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further reaction with an electrophile such as a Michael
acceptor.

To test our proposal, we focused on the synthesis of tetra-
hydroisoquinolines, given that this heterocyclic system is
a common structural motif in pharmaceuticals and natural
products."® A general approach to this type of compound,
using a tandem palladium-catalyzed oa-arylation and Michael
addition strategy, would complement existing methodologies
and in some cases provide a more attractive option."'?
Herein, we report our studies on the intramolecular palladium-
catalyzed a-arylation of [-aminosulfones, and present new
domino processes based on this reaction, which allow the
straightforward synthesis of diversely functionalized tetra-
hydroisoquinolines (Scheme 1).

SO,R SO,R RO,S z
L 200,200,
. N. N

N R base R N R

Scheme 1. Proposed tandem Pd’-catalyzed a-arylation/Michael addition of
sulfones to access tetrahydroisoquinolines.

The first challenge in developing our project was to identify
a suitable combination of base, catalyst, and solvent for the
intramolecular a-arylation of (-aminosulfones. The sulfone 1a
was chosen as a model to optimize the reaction conditions for
the a-arylation (Table 1). The intermolecular o-arylation of
unactivated sulfones usually requires the presence of strong
bases, such as LiN(SiMe;), or LiOtBu,“® but in our case this
was precluded by the retro-Michael degradation of the f-ami-
nosulfone moiety (see below). However, treatment of 1a with
[Pd(PPh,),] as the catalyst and K;PO, in DMF at high tempera-
ture, an effective combination for the a-arylation of amino acid
esters,”™ resulted only in the recovery of the starting material
(Table 1, entry 1). A similar result was obtained when using
1,1"-bis(di-tert-butylphosphino)ferrocene (dtpf) as ligand in-
stead of PPh; (Table 1, entry 2). The use of the ligand BINAP
(2,2'-bis(diphenylphosphino)-1,1’-binaphthyl; Table 1; Table 1,
entry 3) promoted the total consumption of sulfone 1a to give
a complex reaction mixture, from which the major product, di-
sulfone 3a, was isolated in 22% vyield. This compound is
generated by the conjugate addition of the initially formed
a-arylation product 2a to phenyl vinyl sulfone, which arises
from the partial retro-Michael fragmentation of 1a under the
reaction conditions.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Optimization of the a-arylation conditions.”
SO,Ph SO:Ph  ppo,s SOPh
QL2 Q0
N\Bn base N‘Bn N\Bn
1a 2a 3a
Entry [Pd] [mol %] Base Solvent  t[h]  Products
ligand [mol %] (yield [%])®!
1 [PA(PPh,),] (10)  KsPO, DMF 48 1a"
2 [Pd,(dba),] (5) K;PO, DMF 24 1ald
dtpf (10)
3 [Pd,(dba);] (5) KsPO, DMF 72 3a (22)¢
BINAP (10)
4 [Pd,(dba),] (5) Cs,CO;4 DMF 72 —
BINAP (10)
5 [Pd,(dba),] (5) Et;N 3) DMF 72 —th
BINAP (10)
6 [Pd,(dba);] (7.5)  KsPO, DMF 43 2a (59)
xantphos(15) 3a (10)
7 [Pd,(dba);] (7.5)  Cs,CO, DMF 72 2a (50)
xantphos(15) 3a(9)
8 [Pd,(dba);] (75  KsPO, THF 68 2a (90)"
xantphos(15)
9 [Pd,(dba);] (7.5) K;PO, toluene 72 2a (89)
xantphos(15)
[a] Reaction conditions: T1a (0.2 mmol), [Pd]/ligand (see table), and base
(3 equiv) in the indicated solvent at 120°C in a sealed tube; [b] yield of
product isolated by flash chromatography; [c] not quantified; [d] minor
amounts of 2a were detected in the reaction mixture; [e] minor amounts
of 2a and the hydrodehalogenation product were detected in the reac-
tion mixture; [f] complex reaction mixture; [g] the use of K,CO; as the
base afforded a similar result; [h] significant amounts of the hydrodehalo-
genation compound were detected in the reaction mixture; [i] the use of
5 mol % of [Pd,(dba);] resulted in the recovery of 10% of 1a after 62 h of
reaction.

The use of either Cs,CO; or K,CO; as the base instead of
K;PO,, while retaining the BINAP ligand, mainly resulted in the
decomposition of the starting material (Table 1, entry 4),
whereas the use of Et;N exclusively promoted the hydrode-
halogenation of the aryl iodide (Table 1, entry 5). Performing
the a-arylation of 1a using xantphos (4,5-bis(diphenylphosphi-
no)-9,9-dimethylxanthene) as the ligand and K;PO, as the base
afforded the desired tetrahydroisoquinoline 2a in 59% yield,
together with a small amount of disulfone 3a (Table 1,
entry 6). Under the same reaction conditions, changing the
base to Cs,CO; resulted in a slightly lower yield (Table 1,
entry 7), but, gratifyingly, exchanging the solvent for either
THF or toluene increased the yield up to 90% (Table 1,
entries 8 and 9).

Before embarking on the development of a tandem process,
we decided to further explore the scope of a-arylation, extend-
ing our studies to methyl sulfones and substrates bearing
a phenyl or a methyl group at the nitrogen atom (Table 2).

Methyl sulfone 1b was less efficient than phenyl sulfone 1a
in the annulation reaction. The lower acidity of the a-C—H
bonds of the methyl sulfone made its a-arylation more
troublesome and resulted in the formation of significant
amounts of the hydrodehalogenation compound 4b (Table 2,
entries 1-3). Nevertheless, the yield of the a-arylation com-
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Table 2. Substrate scope in the a-arylation reaction.”
;Oz SOR iz

1b, R = Me, R'

1¢c,R=Ph,R'= Ph 2c

1d, R =Me, R'=Ph 2d 4d

1e, R =Ph,R'= Me 2e
Entry Sulfone Solvent Products (yield [%])®
1 1b DMF 2b (63), 4b (10)
2 1b THF 2b (66), 4b (11)
3 1b toluene 2b (38), 4b (24)
4 1c DMF 2c (149
5 1c THF 2c (45)¢
6 1c toluene 2¢ (19)¢
7 1d DMF 2d (31), 4d (10)
8 1d THF 1d/2d/4d (2:1.7:1)"
9 1e DMF 2e (52)
[a] Reaction conditions: [Pd,(dba);] (7.5 mol%), xantphos (15 mol%),
K;PO, (3 equiv), and solvent at 120°C for 72 h in a sealed tube; [b] yield
of product isolated by flash chromatography; [c] complex mixture;
[d] traces of the hydrodehalogenation compound ( <5%) were also
detected in the crude reaction mixture; [e] 'HNMR ratio, yields not
quantified.

pound 2b remained reasonably high at 66% when using THF
as the solvent. In contrast, sulfones 1c and 1d, which bear
a phenyl substituent at the nitrogen, were less amenable to
undergoing a-arylation. Although compound 2c¢ was obtained
in a reasonable 45% yield starting from phenyl sulfone 1c
(Table 2, entry 5), the annulation reaction from methyl sulfone
1d leading to 2d proceeded more slowly and was accompa-
nied by an increase of the hydrodehalogenation reaction
(Table 2, entries 7 and 8). Finally, the a-arylation of sulfone 1e,
which bears a methyl group at the nitrogen, afforded isoquino-
line 2e in 52% yield (Table 2, entry 9). As can be seen from
Tables 1 and 2, the a-arylation of -(2-iodobenzylamino)sul-
fones seems to be somewhat substrate-dependent, the best
results being obtained when using phenyl sulfones. Although
the reaction tolerates the presence of phenyl and methyl
groups at the nitrogen atom, the N-benzyl-substituted sub-
strates afforded the highest yields. Finally, the best solvents
were the polar THF and DMF.

With this information in hand, without further optimization,
we centered our efforts on the development of a tandem
intramolecular a-arylation/Michael addition process to give
access to more functionalized tetrahydroisoquinolines (Table 3).
The unexpected formation of significant amounts of disulfone
3a in the a-arylation reactions of 1a when using DMF as the
solvent (Table 1, entries 3 and 6), was a promising starting
point. Gratifyingly, treatment of 1a with a catalytic amount of
[Pd,(dba);]/BINAP and K;PO, in the presence of phenyl vinyl
sulfone™ in DMF afforded disulfone 3a in 71% yield (Table 3,
entry 1). The use of xantphos as the ligand improved the yield
to 85% (Table 3, entry 2). However, changing the solvent to
either THF or toluene failed to promote the tandem process,
and led to the formation of mixtures of the a-arylation com-
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Table 3. Tandem a-arylation/Michael addition.”

SOR [Pdy(dba)s] (7.5 mol%) ~ RO2S z
ligand (15 mol%)
27 (1.3-15 equiv.)
1a-e K3POy4 (3 equiv.)

DMF, 120°C, 72 h

Entry Sulfone Michael Acceptor Ligand Product (yield [%])*
| 1a 7 soph BINAP  PhO,S,_~ 502" 3a
(71)
3
2 1a 7 SOPh Xantphos N.g, @
(85)
PhO,S SOMe
3 1a 7 SOMe Xantphos 6[@
\ (65)
“Bn
SO,Me 3b
4 1b 7 s0Me Xantphos MeO2S z (56
b #  SOMe h N 3b
5 1 2 Xantphos *Bn 51)e
MeO,S SO,Ph
6 1b 7 SOPh Xantphos 7[,]
. 62
“Bn
PhO,S SO,Ph
7 1c 7 soph BINAP 3¢
N (68)
Ph
Me0,S SO,Me )
8 1d  ZsOoMe BINAP 3
N. (42)
Ph
POsS SO,Ph
9 le ZSOPh Xantphos 3e
N. (54)
Me
PhO,S COzMe
10 1a ZCOMe Xantphos 8
N. (63)
Bn
PhO,S COzBn
n 1a # COpBn Xantphos 9
N. (40)
Bn
PhO,S CO,(CHa),NMe,
10
12 1a 7 “CONCH)NMe, Xantphos @g 35
N\Bn
MeO,S CO,Me
11
13 1b  ZCoMe Xantphos
Nog (45)
n

[a] Reaction conditions: [Pd,(dba);] (7.5 mol %), BINAP or xantphos (15 mol %),
Michael acceptor (1.3-1.5 equiv), and K;PO, (3 equiv) in DMF at 120°C for 72 h
in a sealed tube; [b] yield of product isolated by flash chromatography; [c] 3b
(7%) was also isolated; [d] trace amounts (<5%) of 2b and 4b were also
isolated; [e] Cs,CO; (3 equivalents) was used as the base; [f] 2.5 equivalents
of Michael acceptor were used.

pound 2a and the Heck product 5a (Scheme 2). Although 2a
(52%) was the major product with THF as solvent, 5a was
isolated in 59% yield when the reaction was run in toluene.
Sulfone 1b afforded inferior results in the tandem reaction
with methyl vinyl sulfone, due to the lower acidity of the
methyl sulfone a-C—H bond, as well as the lower electrophilici-
ty of methyl vinyl sulfone as the Michael acceptor (Table 3, en-
tries 4 and 5). Interestingly, “crossed” tandem processes leading
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SO,Ph

: J\: -SO2Ph
N. GCN N
2a Bn 5a én SO,Ph

THF; 2a (52%), 5a (32%)
toluene; 2a (23%), 5a (59%)

[Pdy(dba)s] (7.5 mol%)
xantphos (15 mol%)
Z>50,Ph (1.5 equiv.)

K3PQOy4 (3 equiv.)
solvent, 120 °C, 72 h

1a

Scheme 2. Formation of Heck-type product 5a.

to the orthogonally-substituted disulfones 6 and 7 were also
promoted when starting from 1a and 1b, respectively (Table 3,
entries 3 and 6).

Sulfones 1c and 1d, which bear a phenyl substituent at the
nitrogen atom, failed to undergo the tandem process when
using the ligand xantphos (results not included in the table).
Whereas 1 c afforded a complex reaction mixture, due to readi-
ly decomposing by retro-Michael fragmentation, the lower
acidity of the methyl sulfone 1d resulted in the exclusive for-
mation of the Heck-type product 5d, which was isolated in
71% vyield (Scheme 3). However, exchanging the ligand for
BINAP allowed 1c and 1d to readily undergo the tandem pro-
cesses, leading to 3c (68%) and 3d (42%), respectively
(Table 3, entries 7 and 8).

[Pdy(dba)z] (7.5 mol%)
1d xantphos (15 mol%)
Z 80,Me(1.1 equiv.) 'T'\/\sozlvle
K3POy4 (3 equiv.) Ph
DMF, 120 °C, 24 h 5d (71%)

o SO:Me

Scheme 3. Formation of Heck-type product 5d.

Finally, the a-arylation/conjugated addition tandem process
was also extended to the use of acrylic acid esters as Michael
acceptors, which allowed the preparation of y-sulfonylesters
8-11 in acceptable yields when using xantphos as the ligand
(Table 3, entries 10-13).

As it was desirable to simplify the synthesis of symmetrically
substituted disulfones (3a-e), we also attempted a domino
aza-Michael addition/o-arylation/Michael addition process
starting from the readily available N-alkyl-2-iodobenzylamines
(Scheme 4). The development of this three-step domino pro-
cess would generate a high level of molecular complexity in

ok, =
0
N‘R Pd”, base
aza-Michael Michael
addition addition
SO,R' SOLR'

Eji H a-arylation ©©
N. R N. R

Scheme 4. Proposed domino aza-Michael addition/Pd’-catalyzed a-arylation/
Michael addition to access tetrahydroisoquinolines.
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one operation,
reagents, time, and energy.

The results, shown in Table 4, demonstrate the viability of
our proposal. To our delight, the reaction of N-benzyl-2-iodo-
benzylamine with 2.2 equivalents of phenyl vinyl sulfone in the

minimizing the expenditure of solvents,
[14]

Table 4. Domino  aza-Michael addition/a-arylation/Michael  addition
process.?!
/\SOQR“ (2.2 equiv.) . SO,R"
| [Pd,(dba)s] (7.5 mol%) R 025
R—/ ‘ H xantphos (15 mol%)
X N._, K;PO4 (3 equiv.)

DMF, 120°C, 72 h

ésé\/hési/g\/

3a (83%) (49%)

43%

14a, R = Me (58% 40%

14b, R = F (85%)

14c, R = CI (85%)
17(55%)

PhO,S %\/

18 (63%

MeO,S /j\ /

19 (22%

SO,Ph SO,Me SO,Ph

5%/

3e (64%
SO,Ph

3 (45%, 1.5:1)

PhO,S SO,Me

SO,Ph

PhO,S SO,Ph

SO,Ph
1Sa R = MeO (47%
16b, R = F (78%)
16c, R = CI (83%)

ECOTE?/SOZPI‘

20a, R = Me (45%)
20b, R = OMe (40%)
20c, R=F (51%)

SO,Me

[a] Reaction conditions: [Pd,(dba);] (7.5 mol %), xantphos (15 mol %), vinyl
sulfone (2.2 equiv), and K;PO, (3 equiv) in DMF at 120°C for 72 h in
a sealed tube.

presence of K;PO,, and using [Pd,(dba),;]/xantphos as the cata-
lyst in DMF, afforded disulfone 3a in 83% yield. When methyl
vinyl sulfone was used as the Michael acceptor in the domino
process, 3b was obtained in 49% yield. Under the same reac-
tion conditions and using phenyl vinyl sulfone as the Michael
acceptor, N-methyl-2-iodobenzylamine afforded disulfone 3e
in 64% yield. The yields of these domino processes are similar
to those obtained in the corresponding tandem reactions
(Table 3, entries 2, 4, and 9), which indicates that the initial
aza-Michael addition takes place without any interference from
the competitive Heck reaction. In this context, it should be
noted that although one-pot aza-Michael addition/Pd’-
catalyzed a-arylation processes using acrylates have been re-
ported,™ it has been impossible to develop a real domino
process" because, in the presence of the Pd catalyst, the
Heck reaction with the acrylate takes precedence over the aza-
Michael addition.">'® The success of the herein-presented
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domino process with vinyl sulfones may be due to the poor
activity of sulfur-substituted olefins in the Heck reaction."”

The scope of the domino aza-Michael addition/a-arylation/
Michael addition reaction for the synthesis of diversely
functionalized disulfones was then examined. Overall, as also
observed in the tandem processes (Table 3), phenyl sulfones
afforded better results than methyl sulfones in the three-step
domino reaction. The higher acidity of the a-C—H bonds of the
phenyl sulfone favors both the a-arylation and the Michael ad-
dition, while the higher electrophilicity of phenyl vinyl sulfone
benefits the Michael addition reactions.

The domino reaction also proceeded smoothly from 2-iodo-
benzylamines bearing either electron-donating (Me, OMe) or
electron-withdrawing groups (Cl, F) on the aromatic ring, the
latter affording higher yields. Considering that the yields of the
domino process essentially reflect the yield of the a-arylation
reaction, these results seem to indicate that the 2-iodobenzyl-
amines with electron-withdrawing groups show higher reactivi-
ty in the palladium-catalyzed reaction than those bearing
electron-donating groups. Finally, naphtho-fused heterocycles
(18 and 19) and tetrahydroisoquinolines bearing aryl groups
on the nitrogen atom (20a-c) were accessible through the
domino reaction.

In summary, we have developed efficient synthetic methods
toward diversely functionalized tetrahydroisoquinolines based
on the intramolecular Pd’-catalyzed a-arylation of sulfones.
The combination of the Pd-catalyzed reaction with intermolec-
ular Michael and aza-Michael reactions allowed us to develop
two- and three-step domino processes to synthesize diversely
functionalized scaffolds from readily available starting
materials. Further exploration to expand the scope of these
domino processes to other heterocyclic systems is underway in
our laboratory and will be reported in due course.

Experimental Section
General procedure for the three-step domino reactions

A mixture of N-benzyl-2-iodobenzylamine (65 mg, 0.20 mmol),
[Pd,(dba);] (14 mg, 0.015 mmol), xantphos (17 mg, 0.03 mmol),
phenyl vinyl sulfone (74 mg, 0.44 mmol), and K;PO, (127 mg,
0.60 mmol) in DMF (8 mL) was stirred at 120°C in a sealed tube for
72 h. The reaction mixture was poured into water (50 mL) and ex-
tracted with Et,0 (3x30 mL). The organic extracts were washed
with brine (3x50 mL), dried, and concentrated. The residue was
purified by flash chromatography (SiO,, from CH,Cl, to 1% MeOH
in CH,Cl,) to give disulfone 3a (88 mg, 83 %).
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General Methods. All commercially available reagents were used without further purification.
'H- and "C-NMR spectra were recorded using Me,Si as the internal standard, with a Varian
Gemini 300 or a Varian Mercury 400 instrument. Chemical shifts are reported in ppm downfield
(8) from Me,Si for 'H and *C NMR. TLC was carried out on SiO, (silica gel 60 F,s4, Merck),
and the spots were located with UV light, iodoplatinate reagent or 1% aqueous KMnO,. Flash
chromatography was carried out on SiO, (silica gel 60, SDS, 230-400 mesh ASTM). Drying of
organic extracts during workup of reactions was performed over anhydrous Na,SOj.

Evaporation of solvents was accomplished with a rotatory evaporator.

Experimental procedures and characterization data for the starting materials.

SO,Ph

LA,

1a

N-Benzyl-N-(2-iodobenzyl)-2-(phenylsulfonyl)ethylamine (1a). A solution of benzylamine
(0.4 mL, 3.66 mmol) and phenyl vinyl sulfone (0.56 g, 3.33 mmol) in absolute EtOH (25 mL)
was stirred at 80 °C for 72 h. The solvent was removed in vacuo to give N-benzyl-2-
(phenylsulfonyl)ethylamine. To a solution of the secondary amine in acetonitrile (25 mL), 2-
iodobenzyl bromide (1.09 g, 3.67 mmol) and K,CO; (0.92 g, 6.66 mmol) were added. After
stirring at 60 °C for 24 h, the organic solvent was evaporated. The residue was partitioned
between CH,Cl, and water, and the organic extracts were dried and concentrated. The residue
was purified by flash chromatography (SiO,, from CH,Cl, to CH,Cl,-MeOH 98:2) to give N-
benzyl-N-(2-iodobenzyl)-2-(phenylsulfonyl)ethylamine (1a, 1.52 g, 93%) as a white solid; M. p.
80-82 °C. 'H NMR (CDCls, 300 MHz) § 2.89 (m, 2H), 3.22 (m, 2H), 3.57 (s, 2H), 3.60 (s, 2H),
6.91 (td, J=7.5 and 1.8 Hz, 1H), 7.18-7.29 (m, 6H), 7.33 (dd, J= 7.5 and 1.8 Hz, 1H), 7.48 (m,
2H), 7.60 (tt, J = 7.5 and 1.2 Hz, 1H), 7.74-7.80 (m, 3H). *C NMR (CDCls, 75.5 MHz) § 46.8
(CH»), 53.2 (CH,), 58.4 (CH,), 62.8 (CH,), 100.3 (C), 127.5 (CH), 128.0 (2 CH), 128.3 (CH),
128.5 (2 CH), 128.9 (2 CH), 129.1 (CH), 129.4 (2 CH), 130.4 (CH), 133,7 (CH), 138.2 (C),
139.2 (C), 139.7 (CH), 140.6 (C). HRMS (ESI-TOF) cald for C,,H,;INO,S: 492.0489 [M + H]';
found: 492.0493.

Compounds 1b-e were prepared according to the preparation of 1a.

SO,Me

L

1b

N-Benzyl-N-(2-iodobenzyl)-2-(methylsulfonyl)ethylamine (1b). Yellow gum. 'H NMR
(CDCls, 300 MHz) 6 2.71 (s, 3H), 3.04 (m, 4H), 3.68 (s, 2H), 3.70 (s, 2H), 6.96 (td, J = 7.8 and
1.8 Hz, 1H), 7.22-7.36 (m, 6H), 7.45 (dd, /= 7.8 and 1.8 Hz, 1H), 7.84 (dd, J= 7.5 and 1.5 Hz,
1H). ®C NMR (CDCls, 75.5 MHz) & 41.2 (CHs), 47.1 (CH,), 52.5 (CH,), 58.9 (CH,), 63.2
(CH,), 100.5 (C), 127.7 (CH), 128.4 (CH), 128.6 (2 CH), 129.1 (2 CH), 129.4 (CH), 130.7
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(CH), 138.0 (C), 139.9 (CH), 140.5 (C). HRMS (ESI-TOF) cald for Cy;H,5INO,S: 430.0332 [M
+ H]"; found: 430.0332.

N-(2-Iodobenzyl)-N-phenyl-2-(phenylsulfonyl)ethylamine (1c). Yellow gum. 'H NMR
(CDCls, 400 MHz) 6 3.49 (m, 2H), 3.93 (m, 2H), 4.38 (s, 2H), 6.55 (m, 2H), 6.78 (tt, J = 7.2
and 1.2 Hz, 1H), 6.99 (td, /= 7.6 and 1.6 Hz, 1H), 7.05 (dd, /= 8.0 and 1.6 Hz, 1H), 7.18-7.28
(m, 3H), 7.62 (m, 2H), 7.72 (tt, J= 7.6 and 1.6 Hz, 1H), 7.88 (dd, J = 8.0 and 1.2 Hz, 1H), 7.96-
8.00 (m, 2H). "C NMR (CDCl;, 100.5 MHz) & 44.5 (CH,), 52.4 (CH,), 60.1 (CH,), 97.7 (C),
112.1 (2 CH), 117.7 (CH), 127.3 (CH), 127.7 (2 CH), 128.3 (CH), 128.8 (CH), 129.3 (2 CH),
129.4 (2 CH), 133,8 (CH), 138.6 (C), 139.0 (C), 139.4 (CH), 146.3 (C). HRMS (ESI-TOF) cald
for C,;H,,INO,S: 478.0332 [M + H]"; found: 478.0320.

N-(2-Iodobenzyl)-N-phenyl-2-(methylsulfonyl)ethylamine (1d). White solid; M. p. 114-118
°C. '"H NMR (CDCls, 400 MHz) § 2.93 (s, 3H), 3.62 (m, 2H), 3.99 (m, 2H), 4.46 (s, 2H), 6.69
(d, J=8.4 Hz, 2H), 6.79 (t, J = 7.4 Hz, 1H), 6.97 (ddd, J = 8.0, 7.2 and 1.6 Hz, 1H), 7.06 (dd, J
=7.4 and 1.6 Hz, 1H), 7.21-8.28 (m, 3H), 7.87 (dd, J = 7.6 and 1.2 Hz, 1H). "C NMR (CDCl;,
100.5 MHz) 6 41.8 (CHs;), 44.3 (CH,), 51.4 (CH,), 60.4 (CH,), 97.8 (C), 112.7 (2 CH), 118.2
(CH), 127.6 (CH), 128.5 (CH), 129.1 (CH), 129.7 (2 CH), 138.7 (C), 139.7 (CH), 146.6 (C).
HRMS (ESI-TOF) cald for C;¢H sINO,S: 416.0176 [M + H]"; found: 416.0176.

N-(2-Iodobenzyl)-N-methyl-2-(phenylsulfonyl)ethylamine (1e). Colourless oil. 'H NMR
(CDCls, 400 MHz) 6 2.19 (s, 3H), 2.91 (m, 2H), 3.34 (m, 2H), 3.48 (s, 2H), 6.92 (ddd, J = 7.6,
7.2 and 2.0 Hz, 1H), 7.20 (dd, J = 7.6 and 2.0 Hz, 1H), 7.25 (ddd, J = 7.6, 7.2 and 1.2 Hz, 1H),
7.56 (m, 2H), 7.65 (tt, J= 7.5 and 1.2 Hz, 1H), 7.79 (dd, J = 7.6 and 1.2 Hz, 1H), 7.90 (m, 2H).
C NMR (CDCl;, 100.5 MHz) & 41.9 (CH3), 50.6 (CH,), 53.9 (CH,), 65.7 (CH,), 100.4 (C),
128.1 (2 CH), 128.3 (CH), 129.1 (CH), 129.5 (2 CH), 130.4 (CH), 133,9 (CH), 139.5 (C), 139.7
(CH), 140.4 (C). HRMS (ESI-TOF) cald for C;¢H;sINO,S: 416.0176 [M + H]"; found:
416.0163.
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Representative procedure for the Pd(0)-catalyzed c-arylation reaction (Table 1, Entry 6).
A mixture of sulfone 1a (75 mg, 0.153 mmol), Pdy(dba); (10 mg, 0.011 mmol), xantphos (13
mg, 0.023 mmol), and K5PO,4 (98 mg, 0.46 mmol) in THF (8 mL) was stirred at 120 °C in a
sealed tube for 72 h. The reaction mixture was partitioned between saturated NaHCO; aqueous
solution and Et,0. The organic extracts were dried and concentrated. The residue was purified

by chromatography (from CH,Cl, to CH,Cl,-MeOH 1%) to give sulfone 2a (50 mg, 90%).

Representative procedure for the domino reactions. A mixture of N-benzyl-2-
iodobenzylamine (65 mg, 0.20 mmol), Pd,(dba); (14 mg, 0.015 mmol), xantphos (17 mg, 0.03
mmol), phenyl vinyl sulfone (74 mg, 0.44 mmol), and K;PO, (127 mg, 0.60 mmol) in DMF (8
mL) was stirred at 120 °C in a sealed tube for 72 h. The reaction mixture was poured into water
and extracted with Et,O. The organic extracts were washed with brine, dried, and concentrated.
The residue was purified by flash chromatography (SiO,, from CH,Cl, to CH,Cl,-MeOH 1%) to
give disulfone 3a (88 mg, 83%).

Characterization data for the compounds of Tables 1, 2 and 3, and Scheme 2.
SO,Ph

N<
Bn
2a

2-Benzyl-4-(phenylsulfonyl)-1,2,3,4-tetrahydroisoquinoline (2a). Yellow oil. 'H NMR
(CDCl;, 300 MHz) & 2.83 (dd, J = 12.9 and 4.2 Hz, 1H), 3.09 (d, J=15.3 Hz, 1H), 3.35 (d, /=
15.3 Hz, 1H), 3.41 (d, J = 13.2 Hz, 1H), 3.72 (d, J = 13.2 Hz, 1H), 3.81 (ddd, J = 12.9, 2.4 and
1.2 Hz, 1H), 4.41 (broad t, J = 3.0 Hz, 1H), 6.82 (dd, J = 6.5 and 2.4 Hz, 1H), 7.09-7.14 (m,
2H), 7.18-7.33 (m, 7H), 7.43-7.51 (m, 3H), 7.70 (dd, J = 6.6 and 2.1 Hz, 1H). °C NMR (CDCl;,
100.5 MHz) 6 51.5 (CH,), 53.9 (CH,), 62.4 (CH,), 66.1 (CH), 125.6 (C), 126.4 (CH), 126.6
(CH), 127.3 (CH), 128.0 (2 CH), 128.2 (2 CH), 128.6 (CH), 129.2 (2 CH), 129.5 (2 CH), 130.8
(CH), 132.8 (CH), 136.4 (C), 136.6 (C), 138.6 (C). HRMS (ESI-TOF) cald for C;,H»,NO,S:
364.1366 [M + H]'; found: 364.1362.

SO,Me

N.
Bn
2b

2-Benzyl-4-(methylsulfonyl)-1,2,3,4-tetrahydroisoquinoline (2b). Brown oil. 'H NMR
(CDCls, 300 MHz) 6 2.71 (d, J = 0.8 Hz, 3H), 2.82 (dd, J = 12.8 and 4.0 Hz, 1H), 3.33 (d, J =
15.6 Hz, 1H), 3.54 (d, J = 12.8 Hz, 1H), 3.86 (d, J = 15.6 Hz, 1H), 3.90 (d, J = 12.8 Hz, 1H),
3.93 (dt,J=12.8 and 1.2 Hz, 1H), 4.06 (broad d, J = 3.2 Hz, 1H), 7.04 (dd, J = 6.8 and 2.0 Hz,
1H), 7.22-7.39 (m, H), 7.66 (dd, J = 6.8 and 2.0 Hz, 1H). °C NMR (CDCl;, 100.5 MHz) § 40.0
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(CH), 51.9 (CH,), 54.6 (CH), 62.9 (CH,), 64.8 (CH), 126.1 (C), 126.9 (CH), 127.0 (CH),
127.6 (CH), 128.5 (2 CH), 128.8 (CH), 129.2 (2 CH), 131.0 (CH), 135.8 (C), 136.8 (C). HRMS
(ESI-TOF) cald for C,;H,NO,S: 302.1209 [M + H]'; found: 302.1217.

SO,Ph

N.
Ph
2c

2-Phenyl-4-(phenylsulfonyl)-1,2,3,4-tetrahydroisoquinoline (2¢). Yellow gum. 'H NMR
(CDCl;, 400 MHz) 6 3.37 (dd, J = 13.4 and 2.8 Hz, 1H), 3.60 (d, J = 16.0 Hz, 1H), 3.90 (d, /=
16.0 Hz, 1H), 4.49 (broad t, J = 2.4 Hz, 1H), 4.82 (dd, J = 13.4 and 2.0 Hz, 1H), 6.87-6.97 (m,
4H), 7.06 (m, 2H), 7.22 (m, 2H), 7.28-7.37 (m, 5H), 7.68 (m, 1H). "C NMR (CDCl;, 100.5
MHz) 6 46.3 (CH,), 49.0 (CH,), 66.5 (CH), 114.8 (2 CH), 119.5 (CH), 126.2 (C), 126.5 (CH),
126.7 (CH), 127.6 (2 CH), 129.0 (CH), 129.3 (4 CH), 130.8 (CH), 132.9 (CH), 135.2 (C), 137.9
(C), 148.8 (C). HRMS (ESI-TOF) cald for C5;HyNO,S: 350.1209 [M + H]'; found: 350.1218.

SO,Me

N.
Ph
2d

4-(Methylsulfonyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline (2d). Yellow oil. 'H NMR
(CDCl;, 300 MHz) 6 2.60 (d, J = 0.6 Hz, 3H), 3.42 (dd, /= 13.8 and 3.0 Hz, 1H), 4.19 (broad s,
1H), 4.26 (d, J = 15.6 Hz, 1H), 4.52 (d, J = 15.6 Hz, 1H), 4.75 (dt, J = 13.8 and 1.5 Hz, 1H),
6.98 (tt, /= 7.2 and 1.0 Hz, 1H), 7.18 (d, J = 7.8 Hz, 2H), 7.29 (t, J/ = 7.5 Hz, 1H), 7.33-7.44
(m, 4H), 7.71 (d, J = 7.5 Hz, 1H). "C NMR (CDCl;, 100.5 MHz) § 39.6 (CH;), 49.8 (CH,),
50.3 (CH,), 64.9 (CH), 116.6 (2 CH), 121.0 (CH), 126.4 (C), 127.1 (CH), 127.3 (CH), 129.2
(CH), 129.5 (2 CH), 131.2 (CH), 135.0 (C), 149.6 (C). HRMS (ESI-TOF) cald for C,sH;sNO,S:
288.1053 [M + HJ"; found: 288.1056.

SO,Ph

N.
Me
2e

2-Methyl-4-(phenylsulfonyl)-1,2,3,4-tetrahydroisoquinoline (2¢). Orange oil. 'H NMR
(CDCl;, 400 MHz) 6 2.24 (s, 3H), 2.68 (dd, J= 12.8 and 3.6 Hz, 1H), 3.12 (d, J = 15.0 Hz, 1H),
3.25(d,J=15.0 Hz, 1H), 3.64 (d, J = 12.8 Hz, 1H), 4.36 (broad s, 1H), 6.84 (m, 1H), 7.20-7.30
(m, 4H), 7.40-7.46 (m, 3H), 7.65 (m, 1H). °C NMR (CDCl;, 100.5 MHz) & 44.9 (CH3), 52.7
(CHy), 56.5 (CH,), 66.4 (CH), 125.9 (C), 126.4 (CH), 126.5 (CH), 127.7 (2 CH), 128.7 (CH),
129.8 (2 CH), 131.0 (CH), 132.9 (CH), 136.7 (C), 138.8 (C). HRMS (ESI-TOF) cald for
C6H1sNO,S: 288.1053 [M + H]; found: 288.1051.
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SO,Ph

PhO,S
N‘Bn

3a

2-Benzyl-4-(phenylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-tetrahydroisoquinoline
(3a). Yellow foam. "H NMR (CDCls, 400 MHz) § 2.57 (m, 1H), 2.75 (dd, J = 12.6 and 1.2 Hz,
1H), 2.84-2.95 (m, 2H), 2.87 (d, J = 14.6 Hz, 1H), 3.20 (d, J = 12.6 Hz, 1H), 3.25 (d, J = 14.6
Hz, 1H), 3.37 (d, J = 12.6 Hz, 1H), 3.39 (m, 1H), 3.60 (d, J = 12.6 Hz, 1H), 6.77 (dd, J = 6.8
and 2.0 Hz, 1H), 7.11-7.14 (m, 2H), 7.15-7.24 (m, 4H), 7.27-7.32 (m, SH), 7.43 (tt, J = 7.4 and
1.4 Hz, 1H), 7.53-7.59 (m, 2H), 7.63 (dd, /= 7.6 and 1.6 Hz, 1H), 7.67 (tt, /= 7.6 and 1.2 Hz,
1H), 7.81-7.85 (m, 2H). °C NMR (CDCl;, 100.5 MHz) & 27.6 (CH,), 51.8 (CH,), 55.2 (CH,),
56.9 (CH,), 62.4 (CH,), 67.8 (C), 126.8 (CH), 127.1 (CH), 127.5 (CH), 127.9 (C), 128.0 (2 CH),
128.1 (2 CH), 128.2 (CH), 128.4 (2 CH), 128.6 (CH), 129.2 (2 CH), 129.3 (2 CH), 130.1 (2
CH), 133.2 (CH), 133.8 (CH), 136.1 (C), 136.8 (C), 137.5 (C), 138.3 (C). HRMS (ESI-TOF)
cald for C30H3NO,S,: 532.1611 [M + HJ"; found: 532.1609.

SO,Me

Ffféfijéi\/
N‘Bn

3b

2-Benzyl-4-(methylsulfonyl)-4-[2-(methylsulfonyl)ethyl]-1,2,3,4-tetrahydroisoquinoline
(3b). Golden foam. "H NMR (CDCls, 400 MHz) § 2.64-2.89 (m, 3H), 2.70 (d, J = 12.6 Hz, 1H),
2.71 (s, 3H), 2.91 (s, 3H), 3.28 (td, /= 13.0 and 3.4, 1H), 3.41 (d, /= 15.2 Hz, 1H), 3.55 (d, J =
12.8 Hz, 1H), 3.73 (dd, J = 12.6 and 1.2 Hz, 1H), 3.79 (d, J=15.2 Hz, 1H), 3.89 (d, J = 12.8
Hz, 1H), 7.06 (m, 1H), 7.27-7.40 (m, 7H), 7.69 (m, 1H). >C NMR (CDCl;, 100.5 MHz) § 25.6
(CH,), 40.4 (CH3;), 41.0 (CH3), 50.2 (CH,), 55.4 (CH,), 56.8 (CH,), 62.8 (CH,), 66.5 (C), 127.4
(CH), 127.8 (CH), 127.9 (CH), 128.2 (CH), 128.6 (2 CH), 129.1 (CH), 129.2 (C), 129.4 (2 CH),
136.3 (C), 136.4 (C). HRMS (ESI-TOF) cald for C,0H,NO,S,: 408.1298 [M + H]"; found:
408.1306.

SO,Ph

PhO,S
N-pn

3c

2-Phenyl-4-(phenylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-tetrahydroisoquinoline
(3¢). Pale yellow oil. '"H NMR (CDCls, 400 MHz) § 2.81 (ddd, J = 14.4, 12.4 and 5.2 Hz, 1H),
2.99-3.10 (m, 2H), 3.17 (d, /= 13.4 Hz, 1H), 3.34 (ddd, J = 14.0, 12.8 and 5.2 Hz, 1H), 3.47 (d,
J=15.6 Hz, 1H), 3.86 (d, /= 15.6 Hz, 1H), 4.48 (d, /= 13.4 Hz, 1H), 6.87-7.00 (m, 6H), 7.07
(m, 2H), 7.24-7.35 (m, 5H), 7.53 (m, 1H), 7.63 (m, 2H), 7.73 (tt, /= 7.4 and 1.4 Hz, 1H), 7.95
(m, 2H). °C NMR (CDCl;, 100.5 MHz) & 24.9 (CH,), 50.2 (CH,), 51.9 (CH,), 52.2 (CH,), 68.4
(©), 115.7 (2 CH), 120.5 (CH), 127.0 (CH), 127.5 (CH), 127.6 (2 CH), 128.1 (CH), 128.4 (2
CH), 128.5 (C), 129.3 (CH), 129.5 (2 CH), 129.6 (2 CH), 129.7 (2 CH), 133.0 (CH), 134.2
(CH), 136.3 (C), 138.2 (C), 138.5 (C), 148.6 (C). HRMS (ESI-TOF) cald for C,0HsNO,S,:
518.1454 [M + HJ"; found: 518.1453.
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SO,Me

'\5835\/
N\Ph

3d

4-(Methylsulfonyl)-4-|2-(methylsulfonyl)ethyl]-2-phenyl-1,2,3,4-tetrahydroisoquinoline

(3d). White solid. '"H NMR (de-DMSO, 400 MHz) § 2.55 (m, 1H), 2.58 (s, 3H), 2.72 (ddd, J =
13.6, 12.4 and 4.0 Hz, 1H), 2.90 (ddd, J = 13.6, 12.4 and 4.0, 1H), 3.01 (s, 3H), 3.30 (td, J =
13.6 and 4.8 Hz, 1H), 3.42 (d, /= 13.8 Hz, 1H), 4.22 (d, /= 15.6 Hz, 1H), 4.37 (d, /= 13.8 Hz,
1H), 4.62 (d, J=15.6 Hz, 1H), 6.94 (t,J = 7.2 Hz, 1H), 7.20 (d, /= 8.0 Hz, 2H), 7.35 (t,J="7.2
Hz, 2H), 7.38-7.49 (m, 3H), 7.59 (m, 1H). *C NMR (ds-DMSO, 100.5 MHz) § 22.7 (CH,), 40.1
(CHj3), 40.4 (CHs3), 48.9 (CH,), 50.4 (CH,), 52.9 (CH,), 66.2 (C), 116.5 (2 CH), 120.4 (CH),
127.3 (CH), 127.6 (CH), 127.9 (CH), 128.7 (C), 129.0 (CH), 129.2 (2 CH), 136.5 (C), 149.6

(©).

PhO,S
N-m

e
3e

SO,Ph

2-Methyl-4-(phenylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-tetrahydroisoquinoline
(3e). Yellow foam. '"H NMR (CDCls, 300 MHz) & 2.19 (s, 3H), 2.55 (d, J = 12.5 Hz, 1H), 2.65
(ddd, J=13.9, 12.5 and 4.8 Hz, 1H), 2.88 (d, J = 15.0 Hz, 1H), 2.83-2.98 (m, 2H), 3.17 (d, J =
15.0 Hz, 1H), 3.26 (d, J = 12.5 Hz, 1H), 3.40 (ddd, J = 14.1, 12.8 and 4.8 Hz, 1H), 6.78 (m,
1H), 7.15-7.29 (m, 6H), 7.39 (tt, J = 7.2 and 1.5 Hz, 1H), 7.50-7.64 (m, 3H), 7.71 (tt, J = 7.2
and 1.5 Hz, 1H), 7.88-7.93 (m, 2H). °C NMR (CDCl;, 100.5 MHz) § 26.6 (CH,), 44.9 (CH3),
52.0 (CH,), 57.2 (CH,), 58.3 (CH,), 68.4 (C), 126.8 (CH), 127.2 (CH), 127.7 (2 CH), 128.0 (C),
128.2 (CH), 128.3 (2 CH), 128.9 (CH), 129.6 (2 CH), 130.2 (2 CH), 133.1 (CH), 134.1 (CH),
137.6 (C), 137.9 (C), 138.5 (C). HRMS (ESI-TOF) cald for C;H,sNO,S,: 456.1298 [M + H]';
found: 456.1297.

N,N-Dibenzyl-2-(methylsulfonyl)ethylamine (4b). Yellow oil. '"H NMR (CDCl;, 400 MHz) &
2.75 (s, 3H), 3.03 (m, 4H), 3.64 (s, 4H), 7.20-7.40 (m, 10H). >C NMR (CDCls, 100.5 MHz) §
41.2 (CH3), 47.4 (CH,), 52.8 (CH,), 58.8 (CH,), 127.5 (CH), 128.5 (2 CH), 128.9 (2 CH), 138.2
(C). HRMS (ESI-TOF) cald for C;;H,,NO,S: 304.1366 [M + H]"; found: 304.1359.
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N-Benzyl-N-phenyl-2-(methylsulfonyl)ethylamine (4d). White solid; M. p. 118-121 °C. 'H
NMR (CDCl;, 400 MHz) & 2.89 (s, 3H), 3.28 (t, J = 7.2 Hz, 2H), 3.95 (t, /= 7.2 Hz, 2H), 4.58
(s, 2H), 6.78-6.82 (m, 3H), 7.19-7.34 (m, 7H). °C NMR (CDCl;, 100.5 MHz) § 41.9 (CH3),
44.4 (CHy), 51.7 (CH,), 55.3 (CH,), 113.4 (2 CH), 118.3 (CH), 127.0 (2 CH), 127.5 (CH), 128.9
(2 CH), 129.8 (2 CH), 138.0 (C), 147.3 (C). HRMS (ESI-TOF) cald for C;sH,)NO,S: 290.1209
[M + H]'; found: 290.1215.

l\/\

| P
802 h
5a

N-Benzyl-N-{2-[2-(phenylsulfonyl)ethenyl]|benzyl}-2-(phenylsulfonyl)ethylamine (5a).
Yellow oil. "H NMR (CDCl;, 300 MHz) § 2.82 (m, 2H), 3.26 (m, 2H), 3.50 (s, 2H), 3.69 (s,
2H), 6.75 (d, J = 15.3 Hz, 1H), 7.13-7.32 (m, 7H), 7.42-7.64 (m, 8H), 7.33-7.77 (m, 2H), 7.89-
7.93 (m, 2H), 8.22 (d, J = 15.3 Hz, 1H). "C NMR (CDCl;, 100.5 MHz) & 46.2 (CH,), 53.0
(CHy), 57.7 (CH,), 58.5 (CH,), 127.3 (2 CH), 127.6 (2 CH), 127.7 (CH), 127.8 (2 CH), 128.2
(CH), 128.4 (2 CH), 128.8 (2 CH), 129.2 (2 CH), 129.3 (CH), 129.4 (CH), 130.7 (CH), 131.1
(CH), 132.1 (C), 133.3 (CH), 133.5 (CH), 137.5 (C), 137.9 (C), 138.9 (C), 140.3 (CH), 140.7
(C). HRMS (ESI-TOF) cald for C3yH3oNO,S,: 532.1611 [M + H]"; found: 532.1607.

\/802Me

N 7 s0,Me
5d

N-{2-[2-(Methylsulfonyl)ethenyl]|benzyl}-N-phenyl-2-(methylsulfonyl)ethylamine (5d).
Brown foam. 'H NMR (CDCl;, 400 MHz) § 2.91 (s, 3H), 3.00 (s, 3H), 3.31 (m, 2H), 3.89 (m,
2H), 4.63 (s, 2H), 6.75 (m, 2H), 6.83 (tt, J = 7.2 and 1.2 Hz, 1H), 6.87 (d, J = 15.2 Hz, 1H),
7.22-7.27 (m, 3H), 7.28-7.39 (m, 2H), 7.55 (dd, J = 7.6 and 1.6 Hz, 2H), 7.93 (d, J = 15.2 Hz,
1H). C NMR (CDCl;, 100.5 MHz) § 41.8 (CH3), 43.0 (CHs), 43.9 (CH,), 51.1 (CH,), 52.9
(CHy), 113.9 (2 CH), 119.0 (CH), 127.7 (CH), 127.9 (CH), 128.0 (CH), 128.2 (CH), 129.7 (2
CH), 130.7 (C), 131.2 (CH), 137.1 (C), 140.3 (CH), 146.7 (C). HRMS (ESI-TOF) cald for
C1oH24NO,S,: 394.1141 [M + HJ'; found: 394.1148.

SO,Me

PhO,S
N‘Bn

6

2-Benzyl-4-[2-(methylsulfonyl)ethyl]-4-(phenylsulfonyl)-1,2,3,4-tetrahydroisoquinoline (6).
Yellow Oil. '"H NMR (CDCls;, 400 MHz) § 2.76-2.86 (m, 2H), 2.83 (s, 3H), 2.88 (d, J = 12.6
Hz, 1H), 2.95 (d, J = 14.6 Hz, 1H), 3.01 (m, 1H), 3.26 (d, J = 12.6 Hz, 1H), 3.33 (d, J = 14.6
Hz, 1H), 3.36 (m, 1H), 3.42 (d, /= 12.8 Hz, 1H), 3.68 (d, /= 12.8 Hz, 1H), 6.82 (d, J= 8.0 Hz,
1H), 7.17-7.39 (m, 11H), 7.46 (t, J = 7.4 Hz, 1H), 7.90 (d, J = 8.0 Hz, 1H). C NMR (CDCl;,
100.5 MHz) § 28.0 (CH,), 40.4 (CH3), 50.7 (CH,), 55.7 (CH,), 57.0 (CH,), 62.6 (CH,), 68.0
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(C), 127.2 (CH), 127.5 (CH), 127.9 (CH), 128.2 (2 CH), 128.4 (CH), 128.5 CH), 128.7 (2 CH),
129.0 (C), 129.6 (2 CH), 130.4 (2 CH), 133.5 (CH), 136.4 (C), 137.0 (C), 137.6 (C). HRMS
(ESI-TOF) cald for C,sHysNO,S,: 470.1454 [M + H]'; found: 470.1457.

SO,Ph

EfféEijF;\/
N‘Bn

7

2-Benzyl-4-(methylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-tetrahydroisoquinoline (7).
Pale yellow Oil. 'H NMR (CDCl;, 400 MHz) § 2.50 (ddd, J = 14.2, 12.6 and 5.2 Hz, 1H), 2.61
(d, J = 12.4 Hz, 1H), 2.66 (s, 3H), 2.67 (ddd, J = 14.2, 12.6 and 3.8 Hz, 1H), 2.88 (ddd, J =
14.2,12.6 and 3.8 Hz, 1H), 3.26 (ddd, J = 14.2, 12.8 and 5.2 Hz, 1H), 3.34 (d, /= 15.2 Hz, 1H),
349 (d,J=12.6 Hz, 1H), 3.66 (dd, /= 12.4 and 1.4 Hz, 1H), 3.74 (d, /= 15.2 Hz, 1H), 3.84 (d,
J=12.6 Hz, 1H), 7.02 (dd, /= 7.4 and 1.2 Hz, 1H), 7.17-7.38 (m, 7H), 7.40 (dd, /=8.0 and 1.2
Hz, 1H), 7.56-7.62 (m, 2H), 7.69 (tt, J = 7.6 and 1.2 Hz, 1H), 7.86-7.90 (m, 2H). *C NMR
(CDCls, 100.5 MHz) 6 25.0 (CH,), 40.8 (CH3), 51.6 (CH,), 55.3 (CH,), 56.8 (CH,), 62.8 (CH.,),
66.6 (C), 127.3 (CH), 127.7 (CH), 127.8 (CH), 128.1 (CH), 128.2 (2 CH), 128.6 (2 CH), 128.8
(©), 129.0 (CH), 129.3 (2 CH), 129.4 (2 CH), 134.0 (CH), 136.3 (C), 136.4 (C), 138.3 (C).
HRMS (ESI-TOF) cald for C,sH,sNO,S,: 470.1454 [M + H]'; found: 470.1444.

CO,Me

PhO,S
N‘Bn

8

2-Benzyl-4-[2-(methoxycarbonyl)ethyl]-4-(phenylsulfonyl)-1,2,3,4-tetrahydroisoquinoline
(8). Pale yellow solid. "H NMR (CDCls, 400 MHz) § 2.23 (ddd, J=16.4, 11.2 and 5.2 Hz, 1H),
2.55(ddd, J=16.4, 11.6 and 5.2 Hz, 1H), 2.65 (ddd, /= 14.0, 11.2 and 5.2 Hz, 1H), 2.80 (dd, J
=12.6 and 0.8 Hz, 1H), 2.92 (ddd, J = 14.0, 11.6 and 5.2 Hz, 1H), 2.96 (d, J = 14.4 Hz, 1H),
3.18 (d,J=14.4 Hz, 1H), 3.44 (d, J=13.2 Hz, 1H), 3.45 (d,J=12.6 Hz, 1H), 3.63 (d, /= 13.2
Hz, 1H), 3.65 (s, 3H), 6.77 (d, J = 7.4 Hz, 1H), 7.12-7.37 (m, 11H), 7.42 (tt, /= 7.4 and 1.2 Hz,
1H), 7.86 (dd, J = 8.0 and 1.2 Hz, 1H). °C NMR (CDCl;, 100.5 MHz) § 28.8 (CH,), 29.7
(CH,), 51.9 (CH,), 55.0 (CH,), 57.1 (CH,), 62.6 (CH,), 69.2 (C), 126.9 (CH), 127.0 (CH), 127.6
(CH), 128.0 (2 CH), 128.4 (2 CH), 128.6 (CH), 128.9 (CH), 129.0 (C), 129.4 (2 CH), 130.3 (2
CH), 132.9 (CH), 136.4 (C), 137.6 (C), 138.3 (C), 173.2 (C). HRMS (ESI-TOF) cald for
CyH2sNO,S: 450.1734 [M + H]'; found: 450.1736.

COan

PhO,S
N.
Bn

9

2-Benzyl-4-[2-(benzyloxycarbonyl)ethyl]-4-(phenylsulfonyl)-1,2,3,4-tetrahydroisoquinoline
(9). Pale yellow gum. '"H NMR (CDCls, 400 MHz) § 2.27 (ddd, J = 16.0, 11.0 and 5.0 Hz, 1H),
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2.54-2.70 (m, 2H), 2.79 (d, J = 12.8 Hz, 1H), 2.93 (m, 1H), 2.96 (d, J = 14.6 Hz, 1H), 3.17 (d, J
= 14.6 Hz, 1H), 3.41 (d, J = 12.8 Hz, 1H), 3.44 (d, J = 12.8 Hz, 1H), 3.62 (d, J = 12.8 Hz, 1H),
5.08 (s, 2H), 6.76 (dd, J = 7.2 and 0.8 Hz, 1H), 7.10-7.44 (m, 17H), 7.85 (dd, J = 8.0 and 1.2
Hz, 1H). C NMR (CDCls, 100.5 MHz) & 28.7 (CHs), 29.9 (CH,), 55.1 (CH,), 57.1 (CH,), 62.6
(CHa), 66.6 (CH,), 69.2 (C), 126.9 (CH), 127.1 (CH), 127.6 (CH), 128.0 (2 CH), 128.4 (6 CH),
128.6 (CH), 128.7 (CH), 128.9 (CH), 129.0 (C), 129.4 (2 CH), 130.3 (2 CH), 132.9 (CH), 135.9
(C), 136.4 (C), 137.7 (C), 138.3 (C), 172.6 (C). HRMS (ESI-TOF) cald for CsH3NO,S:
526.2047 [M + H]'; found: 526.2042.

COQ(CHz)QNMQQ

PhO,S
N.
Bn

10

2-Benzyl-4-{[2-(dimethylamino)ethoxy]carbonylethyl}-4-(phenylsulfonyl)-1,2,3,4-
tetrahydroisoquinoline (10). Brown oil. '"H NMR (CDCl;, 400 MHz) § 2.24 (m, 1H), 2.26 (s,
6H), 2.50-2.68 (m, 2H), 2.53 (t, J = 5.6 Hz, 2H), 2.78 (d, J = 12.8 Hz, 1H), 2.92 (ddd, J = 14.0,
11.6 and 4.8 Hz, 1H), 2.98 (d, J= 15.0 Hz, 1H), 3.16 (d, J= 15.0 Hz, 1H), 3.43 (d, /= 13.2 Hz,
1H), 3.48 (d, J = 12.8 Hz, 1H), 3.63 (d, J = 13.2 Hz, 1H), 4.14 (t, J = 5.6 Hz, 2H), 6.76 (d, J =
7.2 Hz, 1H), 7.10-7.44 (m, 12H), 7.85 (d, J = 7.2 Hz, 1H). °C NMR (CDCls, 100.5 MHz) &
28.5 (CH,), 29.8 (CH,), 45.9 (2 CHj3), 55.0 (CH,), 57.1 (CH,), 57.9 (CH,), 62.6 (CH,), 62.7
(CH,), 69.2 (C), 126.9 (CH), 127.1 (CH), 127.6 (CH), 128.0 (2 CH), 128.4 (2 CH), 128.6 (CH),
128.9 (CH), 129.0 (C), 129.4 (2 CH), 130.3 (2 CH), 132.9 (CH), 136.4 (C), 137.6 (C), 138.4
(C), 172.8 (C). HRMS (ESI-TOF) cald for CooH3sN,0,4S: 507.2312 [M + H]'; found: 507.2314.

CO,Me

'\536\/
N.
Bn

"

2-Benzyl-4-[2-(methoxycarbonyl)ethyl]-4-(methylsulfonyl)-1,2,3,4-tetrahydroisoquinoline
(11). Pale yellow solid. "H NMR (CDCls, 400 MHz) & 2.20 (ddd, J = 16.2, 11.2 and 5.4 Hz,
1H), 2.44 (ddd, J=16.2, 11.2 and 5.4 Hz, 1H), 2.53 (ddd, J = 14.4, 11.2 and 5.4 Hz, 1H), 2.68
(ddd, J=14.4, 11.2 and 5.4 Hz, 1H), 2.68 (d, J = 12.6 Hz, 1H), 2.71 (s, 3H), 3.32 (d, /=152
Hz, 1H), 3.50 (d, J=12.6 Hz, 1H), 3.64 (s, 3H), 3.76 (dd, /= 15.2 and 1.6 Hz, 1H), 3.78 (dd, J
=12.6 and 1.6 Hz, 1H), 3.90 (d, J = 12.6 Hz, 1H), 7.02 (dd, J = 6.4 and 2.4 Hz, 1H), 7.22-7.39
(m, 7H), 7.67 (m, 1H). "C NMR (CDCls, 100.5 MHz) & 26.5 (CH,), 29.4 (CH,), 41.3 (CH3),
52.0 (CHj3), 55.5 (CH,), 57.0 (CHy), 63.1 (CH,), 67.6 (C), 127.3 (CH), 127.7 (CH), 127.8 (CH),
128.7 (2 CH), 128.8 (CH), 128.9 (CH), 129.5 (2 CH), 129.8 (C), 136.6 (C), 136.8 (C), 172.9
(C). HRMS (ESI-TOF) cald for C,;H,sNO,S: 388.1577 [M + H]"; found: 388.1577.

'\5?6\/
N‘M

e
12

SO,Me
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2-Methyl-4-(methylsulfonyl)-4-[2-(methylsulfonyl)ethyl]-1,2,3,4-tetrahydroisoquinoline
(12). Yellow oil. '"H NMR (CDCls, 400 MHz) & 2.46 (s, 3H), 2.54 (d, J = 12.8 Hz, 1H), 2.68 (td,
J=13.2 and 4.4 Hz, 1H), 2.69 (s, 3H), 2.78 (dd, J=13.2, 12.4 and 4.4, 1H), 2.88 (ddd, J = 13.2,
12.4 and 4.4 Hz, 1H), 2.93 (s, 3H), 3.28 (td, /= 13.2 and 4.4 Hz, 1H), 3.39 (d, /= 14.8 Hz, 1H),
3.61 (dd, /= 12.8 and 1.6 Hz, 1H), 3.84 (dd, J = 14.8 and 0.8 Hz, 1H), 7.13 (m, 1H), 7.30-7.36
(m, 2H), 7.68 (m, 1H). >C NMR (CDCl;, 100.5 MHz) & 25.4 (CH,), 40.6 (CH3), 41.2 (CH,),
45.6 (CHj;), 50.4 (CH,), 58.0 (CH,), 58.3 (CH,), 66.6 (C), 127.3 (CH), 127.9 (CH), 128.5 (CH),
129.0 (C), 129.3 (CH), 136.7 (C). HRMS (ESI-TOF) cald for C,;H,,NO,S,: 332.0985 [M + H]';
found: 332.0988.

PhO,S SO,Ph

N‘Me

13 Me

2,3-Dimethyl-4-(phenylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-tetrahydroisoquinoline
(13). Yellow oil. '"H NMR (CDCl;, 400 MHz, 1.5:1 mixture of diastereomers) & 0.45 (d, J = 6.4
Hz, 3H major diastereomer), 0.99 (d, J = 6.8 Hz, 3H minor diastereomer), 2.18 (s, 3H minor
diastereomer), 2.20 (s, 3H major diastercomer), 2.54 (d, J = 12.4 Hz, 1H major diastercomer),
2.60-2.70 (m, 1H), 2.81-2.91 (m, 2H), 2.98-3.10 (m, 1H), 3.20-3.41 (m, 2H), 6.78 (m, 1H minor
diastereomer), 6.93 (m, 1H major diastereomer), 7.09-7.74 (m, 11H), 7.88-7.94 (m, 2H). Bc
NMR (CDCls, 100.5 MHz, 1.5:1 mixture of diastereomers) & 14.3 (CH; major), 16.0 (CH;
minor), 25.1 (CH, major), 27.1 (CH, minor), 41.1 (CH; minor), 42.3 (CH; major), 50.7 (CH,),
51.9 (CH,), 52.1 (CH,), 55.5(CH,), 56.6 (CH minor), 58.9 (CH major), 67.8 (C), 68.9 (C), 126.8
(CH), 126.9 (CH), 127.0 (CH), 127.3 (CH), 127.8 (CH), 128.1 (CH), 128.2 (CH), 128.3 (CH),
128.4 (CH), 128.8 (CH), 128.9 (CH), 129.5 (CH), 129.6 (CH), 129.7 (CH), 130.5 (CH), 132.7
(CH), 133.1 (CH), 134.1 (CH), 134.2 (CH), 138.5 (C), 138.9 (C), 142.8 (C), 143.2 (C). HRMS
(ESI-TOF) cald for C,sH,sNO,S,: 470.1454 [M + H]'; found: 470.1452.

SO,Ph

PhO,S
Me\©i/</
N‘Bn

14a

2-Benzyl-6-methyl-4-(phenylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-
tetrahydroisoquinoline (14a). Yellow oil. '"H NMR (CDCls, 300 MHz) § 2.30 (s, 3H), 2.56 (m,
1H), 2.72 (d, J = 12.4 Hz, 1H), 2.82-2.93 (m, 2H), 2.84 (d, /= 14.8 Hz, 1H), 3.18 (d, /= 12.4
Hz, 1H), 3.21 (d, J = 14.8 Hz, 1H), 3.33-3.42 (m, 1H), 3.37 (d, J = 12.8 Hz, 1H), 3.58 (d J =
12.8 Hz, 1H), 6.67 (d, J = 7.8 Hz, 1H), 7.00 (d, J = 7.8 Hz, 1H), 7.12 (m, 2H), 7.20-7.33 (m,
7H), 7.38 (s, 1H), 7.44 (tt,J=7.4 and 1.2 Hz, 1H), 7.57 (t,J= 7.6 Hz, 2H), 7.68 (tt,J = 7.4 and
1.2 Hz, 1H), 7.82-7.85 (m, 2H). °C NMR (CDCl;, 100.5 MHz) § 21.5 (CH3), 27.9 (CH,), 52.1
(CHy), 55.3 (CH,), 57.2 (CHy), 62.6 (CH,), 68.1 (C), 126.9 (CH), 127.7 (CH), 127.9 (C), 128.2
(2 CH), 128.3 (2 CH), 128.5 (CH), 128.6 (2 CH), 129.4 (2 CH), 129.5 (2 CH), 129.7 (CH),
130.4 (2 CH), 133.4 (CH), 134.0 (CH), 134.8 (C), 136.4 (C), 136.9 (C), 137.1 (C), 138.6 (C).
HRMS (ESI-TOF) cald for C3;H3,NO,S,: 546.1767 [M + H]'; found: 546.1769.
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SO,Ph

PhO,S
N‘Bn

14b

2-Benzyl-6-fluoro-4-(phenylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-
tetrahydroisoquinoline (14b). Golden foam. 'H NMR (CDCls, 400 MHz) & 2.57 (ddd, J =
13.6, 12.4 and 4.8 Hz, 1H), 2.72-2.90 (m, 2H), 2.76 (d, J = 12.8 Hz, 1H), 2.86 (d, J = 14.4 Hz,
1H), 3.18 (d, /= 12.8 Hz, 1H), 3.24 (d, J = 14.4 Hz, 1H), 3.40 (ddd, J = 14.0, 12.8 and 4.8 Hz,
1H), 3.40 (d, J=12.8 Hz, 1H), 3.61 (d J=12.8 Hz, 1H), 6.77 (dd, J= 8.4 and 5.6 Hz, 1H), 6.91
(td, J=8.4 and 2.4 Hz, 1H), 7.14 (m, 2H), 7.27-7.35 (m, 6H), 7.39 (m, 2H), 7.48 (tt, /= 7.6 and
1.2 Hz, 1H), 7.59 (m, 2H), 7.70 (tt, J = 7.6 and 1.2 Hz, 1H), 7.84 (m, 2H). *C NMR (CDCl,,
100.5 MHz) 6 28.3 (CH,), 51.9 (CH,), 54.9 (CH,), 56.8 (CH,), 62.5 (CH,), 67.8 (d, J= 1.5 Hz,
C), 115.1 (d, J=23.3 Hz, CH), 116.3 (d, /= 21.8 Hz, CH), 127.9 (CH), 128.2 (2 CH), 128.4 (2
CH), 128.6 (d, /= 7.8 Hz, CH), 128.7 (2 CH), 129.4 (2 CH), 129.6 (2 CH), 130.3 (d, /= 7.8 Hz,
(), 130.4 (2 CH), 133.5 (d, /= 3.1 Hz, C), 133.7 (CH), 134.2 (CH), 136.1 (C), 136.7 (C), 138.3
(C), 161.5 (d, J = 246.6 Hz, C). HRMS (ESI-TOF) cald for C30H,0FNO,S,: 550.1117 [M + H]’;
found: 550.1119.

SO,Ph

PhO,S
N‘Bn

14c

2-Benzyl-6-chloro-4-(phenylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-
tetrahydroisoquinoline (14c). Golden foam. 'H NMR (CDCls, 400 MHz) & 2.60 (ddd, J =
14.0, 12.2 and 4.8 Hz, 1H), 2.75 (td, J = 14.0 and 4.0 Hz, 1H), 2.77 (d, J = 12.4 Hz, 1H), 2.88
(ddd, J=14.0, 12.4 and 4.0 Hz, 1H), 2.88 (d, J = 15.0 Hz, 1H), 3.21 (d, /= 12.4 Hz, 1H), 3.24
(d, J=15.0 Hz, 1H), 3.40 (ddd, J = 14.0, 12.4 and 4.8 Hz, 1H), 3.42 (d, /= 13.0 Hz, 1H), 3.61
(dJ=13.0 Hz, 1H), 6.74 (d, J = 8.4 Hz, 1H), 7.12-7.17 (m, 2H), 7.16 (dd, J = 8.4 and 2.0 Hz,
1H), 7.26-7.35 (m, 5H), 7.38 (m, 2H), 7.48 (tt,J= 7.4 and 1.2 Hz, 1H), 7.53 (d, /= 2.0 Hz, 1H),
7.60 (m, 2H), 7.71 (tt, J = 7.4 and 1.2 Hz, 1H), 7.83-7.86 (m, 2H). "C NMR (CDCl;, 100.5
MHz) 6 28.2 (CH,), 51.9 (CH,), 54.9 (CH,), 56.7 (CH,), 62.5 (CH,), 67.7 (C), 127.9 (CH),
128.1 (CH), 128.2 (2 CH), 128.4 (2 CH), 128.5 (CH), 128.7 (2 CH), 129.1 (CH), 129.4 (2 CH),
129.6 (2 CH), 130.3 (C), 130.4 (2 CH), 133.0 (C), 133.7 (CH), 134.2 (CH), 136.0 (C), 136.1
(C), 136.6 (C), 138.3 (C). HRMS (ESI-TOF) cald for C3H,,CINO,S,: 566.1221 [M + HJ;
found: 566.1223.

SO,Me

MeOZS
Me
N‘Bn

15

2-Benzyl-6-methyl-4-(methylsulfonyl)-4-[2-(methylsulfonyl)ethyl]-1,2,3,4-

tetrahydroisoquinoline (15). Colourless oil. "H NMR (CDCls, 400 MHz) & 2.34 (s, 3H), 2.65
(m, 1H), 2.67 (d, J = 12.6 Hz, 1H), 2.72 (s, 3H), 2.75-2.92 (m, 2H), 2.92 (s, 3H), 3.30 (m, 1H),
3.35(d,J=16.0 Hz, 1H), 3.53 (d, /= 12.6 Hz, 1H), 3.71 (d, J=12.6 Hz, 1H), 3.75 (d, /= 16.0
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Hz, 1H), 3.88 (d, J = 12.6 Hz, 1H), 6.94 (d, J = 7.8 Hz, 1H), 7.10 (d, J = 7.8 Hz, 1H), 7.30-7.39
(m, SH), 7.47 (s, 1H). *C NMR (CDCL;, 100.5 MHz) & 21.5 (CHs), 25.8 (CH,), 40.6 (CHs),
41.2 (CHs), 50.3 (CH,), 55.3 (CHs), 57.1 (CHy), 63.0 (CH,), 66.6 (C), 127.4 (CH), 127.9 (CH),
128.5 (CH), 128.8 (2 CH), 129.2 (C), 129.5 (2 CH), 130.2 (CH), 133.4 (C), 136.7 (C), 137.7
(C). HRMS (ESI-TOF) cald for Cy HxsNO,S,: 422.1454 [M + H]"; found: 422.1455.

SO,Ph

PhO,S
MeO N‘Bn

16a

2-Benzyl-7-methoxy-4-(phenylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-
tetrahydroisoquinoline (16a). Colourless oil. 'H NMR (CDCls, 300 MHz) & 2.53 (ddd, J =
14.4,12.0 and 4.8 Hz, 1H), 2.71 (dd, J = 12.6 and 1.2 Hz, 1H), 2.83 (d, J = 15.6 Hz, 1H), 2.82-
2.93 (m, 2H), 3.17 (d, J = 12.8 Hz, 1H), 3.20 (d, J = 14.8 Hz, 1H), 3.35 (ddd, J = 14.0, 12.0 and
4.6 Hz, 1H), 3.36 (d, J=12.6 Hz, 1H), 3.57 (d J = 12.6 Hz, 1H), 6.30 (d, J = 2.8 Hz, 1H), 6.78
(dd, J=8.8 and 2.8 Hz, 1H), 7.10 (m, 2H), 7.23-7.35 (m, 7H), 7.46 (tt, /= 7.2 and 1.2 Hz, 1H),
7.53 (d, J=8.8 Hz, 1H), 7.54-7.60 (m, 2H), 7.68 (tt, /= 7.6 and 1.2 Hz, 1H), 7.82-7.85 (m, 2H).
C NMR (CDCls, 100.5 MHz) & 27.8 (CH,), 52.1 (CH,), 55.4 (CH3), 55.6 (CH,), 57.3 (CH,),
62.6 (CH,), 67.8 (C), 111.6 (CH), 113.7 (CH), 119.9 (C), 127.7 (CH), 128.2 (2 CH), 128.3 (2
CH), 128.6 (2 CH), 129.4 (2 CH), 129.5 (2 CH), 129.8 (CH), 130.3 (2 CH), 133.4 (CH), 134.0
(CH), 136.4 (C), 137.2 (C), 138.6 (C), 139.3 (C), 159.8 (C). HRMS (ESI-TOF) cald for
C31H3,NOsS,: 562.1716 [M + HJ'; found: 562.1713.

SO,Ph

PhO,S
F N‘Bn

16b

2-Benzyl-7-fluoro-4-(phenylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-
tetrahydroisoquinoline (16b). Golden foam. 'H NMR (CDCl;, 400 MHz) § 2.57 (m, 1H), 2.74
(dd, J=12.8 and 1.2 Hz, 1H), 2.81-2.89 (m, 2H), 2.87 (d, J = 15.6 Hz, 1H), 3.20 (d, J = 12.8
Hz, 1H), 3.23 (d, J = 15.6 Hz, 1H), 3.36 (m, 1H), 3.39 (d, J = 13.2 Hz, 1H), 3.60 (d, J = 13.2
Hz, 1H), 6.51 (dd, J = 8.8 and 2.8 Hz, 1H), 6.94 (td, J = 8.8 and 2.8 Hz, 1H), 7.11 (m, 2H),
7.25-7.36 (m, 7TH), 7.48 (tt, J = 7.6 and 1.6 Hz, 1H), 7.58 (m, 2H), 7.63 (dd, /= 8.8 and 5.6 Hz,
1H), 7.70 (tt, J = 7.6 and 1.6 Hz, 1H), 7.84 (m, 2H). "C NMR (CDCl;, 100.5 MHz) § 28.0
(CHy), 52.0 (CH,), 55.3 (CHy), 56.9 (CH,), 62.4 (CHy), 67.6 (C), 113.7 (d, J = 21.8 Hz, CH),
114.7 (d, J = 21.8 Hz, CH), 124.1 (d, J = 3.1 Hz, C), 127.9 (CH), 128.3 (2 CH), 128.4 (2 CH),
128.7 (2 CH), 129.4 (2 CH), 129.6 (2 CH), 130.3 (2 CH), 130.5 (d, J = 7.8 Hz, CH), 133.6
(CH), 134.1 (CH), 136.0 (C), 136.9 (C), 138.5 (©), 140.3 (d, /= 7.7 Hz, C), 162.5 (d, J = 249.6
Hz, C). HRMS (ESI-TOF) cald for C30H2FNO,S,: 550.1117 [M + H]"; found: 550.1121.
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PhO,S
Cl N‘Bn

16¢

2-Benzyl-7-chloro-4-(phenylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-
tetrahydroisoquinoline (16¢). Golden foam. '"H NMR (CDCls, 400 MHz) § 2.57 (m, 1H), 2.75
(dd, J=13.2 and 1.2 Hz, 1H), 2.80-2.88 (m, 2H), 2.86 (d, J = 15.2 Hz, 1H), 3.19 (d, /= 13.2
Hz, 1H), 3.23 (d, /= 15.2 Hz, 1H), 3.36 (m, 1H), 3.39 (d, /= 12.8 Hz, 1H), 3.59 (d J= 12.8 Hz,
1H), 6.81 (d, J = 2.4 Hz, 1H), 7.10-7.12 (m, 2H), 7.21 (dd, J = 8.4 and 2.4 Hz, 1H), 7.27-7.38
(m, 7H), 7.50 (tt, J= 7.6 and 1.2 Hz, 1H), 7.56-7.61 (m, 3H), 7.70 (tt, /= 7.6 and 1.2 Hz, 1H),
7.82-7.85 (m, 2H). "C NMR (CDCl, 100.5 MHz) & 27.9 (CH,), 51.8 (CH,), 54.9 (CH,), 56.8
(CHy), 62.3 (CH,), 67.4 (C), 126.9 (C), 127.0 (CH), 127.6 (CH), 127.9 (CH), 128.3 (2 CH),
128.4 (2 CH), 128.7 (2 CH), 129.4 (2 CH), 129.6 (2 CH), 129.9 (CH), 130.4 (2 CH), 133.7
(CH), 134.1 (CH), 134.9 (C), 136.0 (C), 136.8 (C), 138.5 (C), 139.6 (C). HRMS (ESI-TOF)
cald for C3)HCINO,S,: 566.1221 [M + H]"; found: 566.1221.

SO,Ph

PhO,S
N.
MeO 17 Bn

2-Benzyl-6,7-dimethoxy-4-(phenylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-
tetrahydroisoquinoline (17). Golden foam. '"H NMR (CDCls, 400 MHz) § 2.54 (ddd, J = 13.2,
11.2 and 5.0 Hz, 1H), 2.71 (d, J = 12.4 Hz, 1H), 2.81 (d, J = 14.4 Hz, 1H), 2.80-2.97 (m, 2H),
3.16 (d, J = 13.6 Hz, 2H), 3.36 (d, J = 13.0 Hz, 1H), 3.37 (m, 1H), 3.57 (d J = 13.0 Hz, 1H),
3.77 (s, 3H), 3.84 (s, 3H), 6.26 (s, 1H), 7.10 (m, 2H), 7.18 (s, 1H), 7.24-7.34 (m, 5H), 7.38 (m,
2H), 7.47 (tt, J= 7.2 and 1.2 Hz, 1H), 7.55-7.60 (m, 2H), 7.67 (tt, J= 7.6 and 1.2 Hz, 1H), 7.83-
7.87 (m, 2H). >C NMR (CDCls, 100.5 MHz) § 27.7 (CH,), 52.1 (CH,), 55.1 (CH,), 55.9 (CH3),
56.3 (CH3), 57.1 (CH,), 62.6 (CH,), 68.0 (C), 109.2 (CH), 110.5 (CH), 119.4 (C), 127.7 (CH),
128.2 (2 CH), 128.3 (2 CH), 128.6 (2 CH), 129.4 (2 CH), 129.5 (2 CH), 130.2 (2 CH), 130.8
(C), 133.4 (CH), 134.0 (CH), 136.4 (C), 137.2 (C), 138.7 (C), 148.3 (C), 149.5 (C). HRMS
(ESI-TOF) cald for C3,H34NOgS,: 592.1822 [M + H]; found: 592.1818.

SO,Ph

PhO,S
99 e)
Bn

18

2-Benzyl-4-(phenylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-

tetrahydrobenzo|g]isoquinoline (18). Golden foam. '"H NMR (CDCls, 400 MHz) § 2.70 (td, J
= 12.8 and 4.6 Hz, 1H), 2.86 (dd, J = 12.4 and 1.2 Hz, 1H), 2.91 (ddd, J = 14.0, 12.8 and 3.6
Hz, 1H), 3.02 (td, /= 12.8 and 3.6 Hz, 1H), 3.08 (d, /= 14.8 Hz, 1H), 3.31 (d, /= 12.4 Hz, 1H),
3.41 (ddd, J = 14.0, 12.8 and 4.6 Hz, 1H), 3.45 (d, J = 12.8 Hz, 1H), 3.47 (d, /= 14.8 Hz, 1H),
3.66 (d, J = 12.8 Hz, 1H), 7.12-7.18 (m, 4H), 7.25-7.35 (m, 6H), 7.41 (m, 1H), 7.46-7.51 (m,
2H), 7.52-7.57 (m, 2H), 7.64-7.71 (m, 2H), 7.76 (m, 1H), 7.79-7.83 (m, 2H), 8.06 (s, 1H). °C
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NMR (CDCls, 100.5 MHz) & 28.9 (CH,), 52.0 (CH,), 56.0 (CHs,), 57.7 (CH,), 62.8 (CH,), 68.2
(C), 125.4 (CH), 126.2 (CH), 126.6 (C), 127.1 (CH), 127.4 (CH), 127.8 (CH), 128.2 (2 CH),
128.3 (2 CH), 128.5 (CH), 128.6 (CH), 128.7 (2 CH), 129.4 (2 CH), 129.6 (2 CH), 130.6 (2
CH), 132.2 (C), 132.9 (C), 133.5 (CH), 134.0 (CH), 134.3 (C), 136.4 (C), 136.9 (C), 138.6 (C).
HRMS (ESI-TOF) cald for C3,H3,NO,S,: 582.1767 [M + H]; found: 582.1768.

SO,Me

MeO,S /j\ %
] ] N‘Bn

19

2-Benzyl-4-(methylsulfonyl)-4-|2-(methylsulfonyl)ethyl]-1,2,3,4-
tetrahydrobenzo|g]isoquinoline (19). Yellow oil. '"H NMR (CDCls, 400 MHz) & 2.68 (s, 3H),
2.74-2.96 (m, 3H), 2.79 (d, J = 12.8 Hz, 1H), 2.93 (s, 3H), 3.36 (m, 1H), 3.55 (d, J = 14.6 Hz,
1H), 3.58 (d, J=12.8 Hz, 1H), 3.83 (dd, J = 12.8 and 1.2 Hz, 1H), 3.94 (d, J = 12.8 Hz, 1H),
3.99 (d, J = 14.6 Hz, 1H), 7.31-7.41 (m, 5H), 7.45-7.53 (m, 2H), 7.55 (s, 1H), 7.71 (m, 1H),
7.87 (m, 1H), 8.21 (s, 1H). °C NMR (CDCls;, 100.5 MHz) & 26.3 (CH,), 40.7 (CH3), 41.3
(CHj;), 50.4 (CH,), 56.0 (CH,), 57.5 (CH,), 63.2 (CH,), 67.0 (C), 126.1 (CH), 126.6 (CH), 127.1
(CH), 127.7 (C), 127.8 (CH), 128.0 (CH), 128.6 (CH), 128.7 (CH), 128.8 (2 CH), 129.6 (2 CH),
132.5 (C), 132.9 (C), 133.2 (C), 136.6 (C). HRMS (ESI-TOF) cald for C,4H,sNO,S,: 458.1454
[M + H]; found: 458.1437.

PhO,S
o)
Me

2-(4-Methylphenyl)-4-(phenylsulfonyl)-4-| 2-(phenylsulfonyl)ethyl]-1,2,3,4-
tetrahydroisoquinoline (20a). Orange gum. 'H NMR (CDCl;, 400 MHz) § 2.30 (s, 3H), 2.79
(ddd, J=14.4, 12.2 and 5.2 Hz, 1H), 2.98-3.10 (m, 2H), 3.12 (d, /= 13.2 Hz, 1H), 3.35 (ddd, J
=14.0, 12.8 and 5.2 Hz, 1H), 3.45 (d, /= 15.4 Hz, 1H), 3.81 (d, /= 15.4 Hz, 1H), 4.41 (d, J =
13.2 Hz, 1H), 6.80 (m, 2H), 6.86 (m, 1H), 6.97-7.02 (m, 2H), 7.07-7.13 (m, 4H), 7.23-7.32 (m,
3H), 7.52 (m, 1H), 7.60-7.65 (m, 2H), 7.72 (tt, J = 7.4 and 1.4 Hz, 1H), 7.93-7.96 (m, 2H). °C
NMR (CDCls, 100.5 MHz) & 20.6 (CH3), 25.0 (CH,), 50.7 (CH,), 51.9 (CH,), 52.9 (CH,), 68.5
(©), 116.1 (2 CH), 127.0 (CH), 127.5 (CH), 127.6 (2 CH), 128.1 (CH), 128.4 (2 CH), 128.5 (C),
129.2 (CH), 129.7 (2 CH), 130.0 (4 CH), 133.0 (CH), 134.2 (CH), 136.5 (C), 138.3 (C), 138.5
(C), 146.6 (C). One C was not observed. HRMS (ESI-TOF) cald for C30H30NO,S,: 532.1611 [M
+ H]"; found: 532.1621.

PhO,S
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2-(4-Methoxyphenyl)-4-(phenylsulfonyl)-4-|2-(phenylsulfonyl)ethyl]-1,2,3,4-
tetrahydroisoquinoline (20b). Orange oil. '"H NMR (CDCls, 400 MHz) 6 2.79 (ddd, J = 14.4,
12.2 and 5.0 Hz, 1H), 2.96-3.10 (m, 2H), 3.11 (d, J = 12.8 Hz, 1H), 3.36 (ddd, J = 14.4, 12.8
and 4.8 Hz, 1H), 3.44 (d, /= 15.2 Hz, 1H), 3.80 (s, 3H), 3.80 (d, /= 15.2 Hz, 1H), 4.32 (d, J =
12.8 Hz, 1H), 6.82-6.90 (m, 5H), 7.02 (t, J = 8.0 Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 7.22-7.33
(m, 3H), 7.53 (m, 1H), 7.62 (t, J = 7.6 Hz, 2H), 7.72 (t, J = 7.6 Hz, 1H), 7.94 (d, J = 8.0 Hz,
2H). *C NMR (CDCls, 100.5 MHz) & 25.2 (CH,), 51.7 (CH,), 52.0 (CH,), 53.9 (CH,), 55.8
(CH3), 68.6 (C), 114.9 (2 CH), 1179 (2 CH), 127.0 (CH), 127.5 (CH), 127.6 (2 CH), 128.2
(CH), 128.4 (2 CH), 128.5 (C), 129.2 (CH), 129.7 (2 CH), 129.8 (2 CH), 133.0 (CH), 134.3
(CH), 136.6 (C), 138.4 (C), 138.5 (C), 143.0 (C), 154.3 (C). HRMS (ESI-TOF) cald for
C30H30NOsS,: 548.1560 [M + H]'; found: 548.1564.

PhO,S
5
F

2-(4-Fluorophenyl)-4-(phenylsulfonyl)-4-[2-(phenylsulfonyl)ethyl]-1,2,3,4-
tetrahydroisoquinoline (20c¢). Golden foam. 'H NMR (CDCls;, 400 MHz) 6 2.79 (ddd, J =
14.4, 12.4 and 5.2 Hz, 1H), 2.98-3.09 (m, 2H), 3.14 (d, J = 13.2 Hz, 1H), 3.33 (ddd, J = 14.4,
12.8 and 4.8 Hz, 1H), 3.43 (d, /= 15.4 Hz, 1H), 3.83 (d, /= 15.4 Hz, 1H), 4.38 (d, /= 13.2 Hz,
1H), 6.83-6.89 (m, 3H), 6.98-7.09 (m, 6H), 7.24-7.33 (m, 3H), 7.52 (m, 1H), 7.62 (t, /= 7.6 Hz,
2H), 7.72 (tt, J = 7.6 and 1.2 Hz, 1H), 7.94 (m, 2H). C NMR (CDCl;, 100.5 MHz) & 24.9
(CHy), 51.0 (CHy), 51.9 (CH,), 53.2 (CH,), 68.5 (C), 116.0 (d, J=22.5Hz,2 CH), 117.4 (d, J =
7.7 Hz, 2 CH), 127.0 (CH), 127.5 (2 CH), 127.6 (CH), 128.1 (CH), 128.3 (C), 128.4 (2 CH),
129.4 (CH), 129.6 (2 CH), 129.7 (2 CH), 133.0 (CH), 134.3 (CH), 136.1 (C), 138.3 (C), 138.5
(C), 1452 (d, J = 2.3 Hz, C), 157.6 (d, J = 239.6 Hz, C). HRMS (ESI-TOF) cald for
Ca9H,,FNO,S,: 536.1360 [M + H]"; found: 536.1360.

SO,Ph
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ABSTRACT: A novel four-step domino process for the synthesis of 3-[2-
(aryl/alkylsulfonyl)ethyl]indoles starting from readily available 2-iodoani-
lines is reported. The domino reaction is based on the intramolecular
palladium-catalyzed a-arylation of sulfones, which was combined with
both intermolecular aza-Michael and Michael addition reactions using
vinyl sulfones as the electrophile. The domino process produced good
yields and tolerated the presence of substituents with different electronic
properties on the aniline ring. In addition, density functional theory

e

aza-Michael/a-arylation/Michael/
p-elimination domino process

(DFT) calculations were carried out to gain more insight into the

formation of the observed indole derivatives.

KEYWORDS: palladium-catalyzed, arylation, domino reactions, indoles, density functional calculations

1. INTRODUCTION

Indole is a commonly found heterocycle in biologically active
natural products and unnatural pharmaceuticals.' For this
reason, it is not surprising that since Fischer’s pioneering indole
synthesis in 1883,” numerous methodologies have been
reported for the construction and functionalization of the
indole skeleton.” Besides the vast array of more traditional
reactions, recent advances in the area of transition-metal-
catalyzed transformations have led to the development of
several new reliable methods for the synthesis of indoles from
simple starting materials.* Among the variety of cross-coupling
reactions, the palladium-catalyzed arylation of acidic C—-H
bonds® is of particular interest for the synthesis of this
heteroaromatic compound from nonaromatic precursors.é’7

In the context of our research on palladium-based method-
ologies for the synthesis of nitrogen heterocycles,” we have
reported the palladium-catalyzed intramolecular a-arylation of
p-(2-iodoanilino) esters’ and amides'® to give indole-3-
carboxylic acid derivatives. In parallel with these studies, and
in order to create more complex and diverse scaffolds from
readily accessible starting materials, we have also explored the
integration of the palladium-catalyzed a-arylation reaction into
one-pot sequences.'' This research allowed us to recently
achieve an efficient synthesis of highly functionalized
tetrahydroisoquinolines by a domino aza-Michael/a-arylation/
Michael addition process based on the use of sulfones either as
electrophiles or nucleophiles.12 Continuing these studies, we
decided to explore the synthesis of indole derivatives by means
of a multistep sequence involving the use of sulfones (Scheme
1). When starting from 2-haloaniline A, the aforementioned
three-step domino process could be expected to generate a 3-
(sulfonyl)indoline intermediate (ie., D), a type of compound

i i © 2016 American Chemical Society
7 ACS Publications
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Scheme 1. Generic Plan for the Domino Aza-Michael/a-
Arylation/Michael Addition/f-Elimination Process Leading
to 3-[2-(Aryl/alkylsulfonyl)ethyl]indoles
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known to undergo p-elimination of sulfinic acid to afford
indoles.""* We postulated that this additional step would allow
us to prepare 3-[2-(aryl/alkylsulfonyl)ethyl]indoles in a new

four-step domino process from readily available 2-haloanilines.
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Table 1. Optimization of the a-Arylation Conditions”

SO,R
KI I P _

base

1a, R = Ph, R Bn
1b, R =Ph, R'=Me
1c, R=Me, R'= Me

2a,R=

2c,R=

SO,R
@ﬂ 1
N
Ph, R Bn 3a,R'= Bn
Me, R' = Me 3b, R'=Me
solvent time '"H NMR ratio yield (%)b
DMF 72 h
THF 72 h 1a?
THF 72 h
DMF 70 h 3a (44%)°
THF 72 h 2a:3a (1:2) 3a (73%)
THF 72 h 2a:3a (2:1) 3a (68%)
DMF 72 h 3b (65%)
THF 72h 3b (64%)
THF 72 h 3b (52%)
DMF 120 h 3b (42%)°
THF 115 h 2¢:3b (5:1)¢ 2c (40%) 3b (41%)
THF 120 h 2¢:3b (5:1)° 2¢ (7%) 3b (76%)

entry sulfone catalyst (equiv) base (equiv)
1 1la Pd,(dba); (0.075) xantphos (0.15) K;PO, (3)
2 la Pd,(dba); (0.075) xantphos (0.15) Cs,CO;5 (3)
3 la Pd,(dba); (0.05) BINAP (0.1) Cs,CO; (3)
4 la Pd(PPh,), (0.1) K;PO, (2.5)
S la Pd(PPh,), (0.1) K;PO, (2.5)
6 1la Pd(PPh,), (0.05) Cs,CO; (2.5)
7 1b Pd(PPh,), (0.1) K;PO, (3)
8 1b Pd(PPh,), (0.1) K;PO, (3)
9 1b Pd(PPh,), (0.05) Cs,CO; (2.5)
10 Ic Pd(PPh,), (0.1) K;PO, (3)
11 1c Pd(PPh,), (0.1) K;PO, (3)
12 1c Pd(PPh,), (0.1) Cs,CO; (2.5)

“The reactions were carried out in a sealed tube at 120 °C. “Yields refer to pure products isolated by flash chromatography. “Complex mixture.
“Yield not quantified. “Small amounts of the hydrodehalogenation compound (<10%) were also observed in the crude reaction mixture. Pd,(dba);:
Tris(dibenzylideneacetone)dipalladium(0). Xantphos: 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene. BINAP: 2,2’-Bis(diphenylphosphino)-

1,1'-binaphthalene.

Among the various substitution patterns of the indole
nucleus, compounds bearing the (3-indolyl)ethyl moiety are
particularly challenging synthetic targets due to the diversity of
biologically active tryptamine analogues.'>'® Thus, a general
approach to this type of compound using the proposed domino
aza-Michael/a-arylation/Michael addition/f-elimination strat-
egy would complement existing methodologles and in some
instances provide a more attractive option. v

A successful domino process should occur under conditions
that allow the desired sequence of events to take precedence
over any undesired competitive reactions. Thus, in our strategy,
the starting iodoaniline A would have to be consumed rapidly
by the aza-Michael addition'® to avoid an intramolecular Heck
process proceeding as the first step.'® Similarly, the competitive
Heck reaction should not interfere with the palladium-catalyzed
a-arylation reaction of intermediate B. Finally, the 3-(sulfonyl)-
indoline intermediate C should be immediately trapped™ to
prevent a premature f-elimination leading to the non-
substituted indole.

The work described herein explores the viability of the
proposed palladium-catalyzed a-arylation of sulfones in a four-
step domino process to obtain 3-[2-(phenyl/methylsulfonyl)-
ethyl]indoles from readily available starting materials. To this
end, a detailed joint experimental and computational study was
carried out to provide insight into the formation of the target
indole through this multicomponent domino reaction.

2. RESULTS AND DISCUSSION

During the optimization of the domino process leading to
tetrahydroisoquinolines, '2 we realized that the most challengmg
step of the sequence was the sulfone a-arylation reaction.”" So,
before embarking on the development of a domino process to
access 3-substituted indoles, we first examined the palladium-
catalyzed a-arylation of f-(2-iodoanilino) sulfones. Sulfones
la—c were chosen for this purpose (Table 1).

Treatment of 1a with the Pd,(dba);/xantphos couple as the
precatalyst and K;PO, as the base in DMF, an effective

1692

combination for the dommo sequence starting from closely
related 2-iodobenzylamines,'” resulted in the decomposition of
the starting material (entry 1, Table 1). When using the same
combination of palladium source and ligand, with Cs,COj; as
the base in THF, the starting aryl iodide la was recovered
unchanged (entry 2, Table 1). Substituting the ligand for
BINAP resulted, once again, in the formation of a complex
reaction mixture (entry 3, Table 1).

In contrast, the reaction of 1a with Pd(PPh;), and K;PO, in
DMF afforded the product 3a resulting from the elimination of
phenylsulfinic acid from the initially formed a-arylation
compound 2a (entry 4, Table 1). The use of THF as the
solvent, maintaining the same combination of reagents and
catalyst, led to the formation of a 1:2 mixture of indoline 2a**
and indole 3a (entry S, Table 1), whereas a ratio of 2:1 was
observed when the base was changed from K;PO, to Cs,CO;
(entry 6, Table 1). However, after column chromatography of
these reaction mixtures, only indole 3a was isolated, as a result
of the SiO,-promoted elimination of phenylsulfinic acid from
2a.

Phenyl sulfone 1b, which bears a methyl group at the aniline
nitrogen atom, exclusively afforded indole 3b when submitted
to the reaction conditions optimized for the a-arylation of 1a
(entries 7—9, Table 1). It should be noted that the
corresponding indoline intermediate C was not observed in
any of the crude reaction mixtures of these runs.

Methyl sulfone 1c was also efficient in the a-arylation
reaction, with a similar behavior to phenyl sulfone 1a, although
the process was slower. Although indole 3b was directly
obtained when using DMF as the solvent (entry 10, Table 1),
the annulation reaction in THF afforded mixtures of indoline
2c and the indole 3b (entries 11 and 12, Table 1). Interestingly,
although 2c partially evolved to indole 3b during the
chromatographic purification, in this case, the indoline was
stable enough to be isolated and characterized.

At this point, the best conditions for the a-arylation of §-(2-
iodoanilino) sulfones involved the use of Pd(PPh;), as the
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catalyst and either K;PO, or Cs,COj; as the base in THF. On
the other hand, the results in Table 1 show that both phenyl
and methyl sulfones could a priori be useful to develop the
proposed reaction cascade, since the corresponding 3-sulfonyl
indolines partially survived under the a-arylation conditions.
However, in the phenylsulfonyl series, changing the substituent
at the nitrogen atom from benzyl to methyl resulted in a fast
elimination of phenylsulfinic acid, which could hamper the use
of N-methyl derivatives in the domino process.

With this information in hand, without any further
optimization, we then focused on combining the a-arylation
reaction with the next steps of the domino process, namely, the
Michael addition of the 3-sulfonyl indoline intermediate C and
the subsequent p-elimination from the resulting alkylated
indoline D (Scheme 1 and Table 2).

Table 2. a-Arylation/Michael Addition/f-Elimination
Domino Process”

Me I _SOR Me SO,R
\©E J/ PA(PPhs), (10 mol%) A\
’T‘ base (3 equiv.) N
iy

Z S0,R (2 equiv.) R

4a,R=Ph, R'=Bn
4b,R=Ph, R = Me
4c, R=Me, R'=Me
4d,R = Me, R' = Bn

1a,R=Ph,R'=Bn
1b, R =Ph,R'=Me
1c, R=Me, R'= Me

entry sulfone Michael acceptor base (equiv.) solvent yield (%)

1 1a Z>80,Ph KOs (3) THF ¢

2 la Z>80,Ph Cs,CO5(3) THF  4a (48%)°
3 1a Z80,Ph KiPOs(3) DMF  4a (19%)°
4 1a Z>80,Ph Cs,COs(3) DMF  4a (27%)"°
5 1a 2 80,Me Cs,CO;(3) THF  4d (43%)
6 1b Z>50,Ph Cs;CO3(3) THF  4b (73%)°
7 1b 2 80,Me Cs,CO3(3) THF  d4c (45%)°
8 Ic 2 80,Me Cs:CO3(3) THF  4c (44%)"
9 Ic Z80,Ph Cs;CO5(3) THF  4b (40%)

“Reaction conditions: 1 (0.2 mmol), Pd(PPh,), (10 mol %), Michael
acceptor (2 equiv), and base (3 equiv) in the indicated solvent in a
sealed tube at 120 °C for 72 h. ®Yields refer to  pure products isolated
by flash chromatography. “Complex mixture. “N-Benzyl-4-methyl-N-
[2-(phenylsulfonyl)ethyl]aniline (Sa) was also isolated (17%).
“Significant amounts of N-benzyl-p-toluidine were observed in the
reaction mixture. /Sa (20%) was also isolated. #Small amounts of the
corresponding hydrodehalogenation product (<10%) were also
observed in the crude reaction mixture. hN,4-Dimethyl—N—[2-
(methylsulfonyl)ethyl]aniline (5c) was also isolated (20%). ‘Sc
(26%) was also isolated.

Treatment of 1a with Pd(PPh;), and K;PO, in the presence
of phenyl vinyl sulfone in THF afforded a complex mixture in
which only trace amounts of the desired indole 4a were
observed, together with the reduction compound Sa and some
products arising from the Heck reaction of the starting aryl
iodide (entry 1, Table 2). However, to our delight, changing the
base to Cs,COj; resulted in a clean reaction mixture, from
which indole 4a (48%) and the reduction compound Sa (17%)
were isolated (entry 2, Table 2). When the reactions were
performed in DMF using either K;PO, or Cs,COj as the base,
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indole 4a was also obtained, although in significantly lower
yields (entries 3 and 4, Table 2).

The three-step domino process of la with methyl vinyl
sulfone afforded indole 4d in 43% yield (entry S, Table 2).
Phenyl sulfone 1b, which bears a methyl group at the nitrogen
atom, gave indoles 4b (73%) and 4c (45%) when submitted to
the domino reaction with phenyl vinyl sulfone (entry 6, Table
2) and methyl vinyl sulfone (entry 7, Table 2), respectively.
This indicates that the Michael addition of the 3-sulfonyl
indoline intermediate to the vinyl sulfone is faster than the f-
elimination of sulfinic acid, even for those substrates having a
methyl substituent at the nitrogen atom (vide supra).

Finally, methyl sulfone 1c also underwent the domino
reaction, either with methyl vinyl sulfone (entry 8, Table 2) or
phenyl vinyl sulfone (entry 9, Table 2), to afford, respectively,
indoles 4c (44%) and 4b (40%).

The promising results obtained in these three-step domino
reactions constituted a good starting point to develop the
initially proposed four-step domino process, which would
simplify the preparation of 3-[2-(sulfonyl)ethyl Jindoles starting
from the readily available N-alkyl-2-iodoanilines. N-Benzyl-2-
iodoaniline was chosen to test our proposal (Table 3).

When N-benzyl-2-iodoaniline was treated with phenyl vinyl
sulfone in the presence of Pd(PPh,), and Cs,CO; in THF, an
effective combination to promote the three-step domino
process from 1la, indole 6a was obtained in a modest 33%
yield, together with N-benzylaniline (7), which resulted from
the reduction of the starting 2-iodoaniline (entry 1, Table 3).
Although the use of a more polar solvent should facilitate the
initial aza-Michael addition,'® the yield of indole 6a was in fact
slightly lower when the reaction was performed in DMF (entry
2, Table 3). In view of these poor results, we decided to
optimize the four-step domino reaction by using different
commercially available phosphines as the ligand. The use of
either (o-tolyl);P or xantphos resulted in the recovery of the
starting material (entries 3 and 4, Table 3). Surprisingly,
although BINAP had failed to promote the a-arylation from
phenyl sulfone 1a (see Table 1), its use in the present domino
process resulted in the formation of 6a in an acceptable 54%
yield (entry S, Table 3). Using dppf allowed us to obtain indole
6a in 69% yield (entry 6, Table 3), while in the presence of the
ligand dppp, 6a was isolated in 65% yield (entry 9, Table 3).
We were also able to increase the yield of 6a up to 80% by
using dppf and a slightly higher quantity of the Michael
acceptor (entry 7, Table 3). Lower reaction temperatures
resulted in the recovery of small amounts of the starting
material (entry 8, Table 3). Other bidentate ligands were less
amenable to promoting the four-step domino process. For
instance, the most hindered dtpf mainly resulted in the
formation of the hydrodehalogenation product 7 (entry 10,
Table 3), whereas a 1:1 mixture of 6a and 7 was obtained when
using dppe (entry 11, Table 3).

The four-step domino process of N-benzyl-2-iodoaniline
with methyl vinyl sulfone using dppf as the ligand afforded a
complex mixture from which indole 6b was isolated in 33%
(entry 12, Table 3). Interestingly, the replacement of the ligand
by BINAP allowed us to obtain 6b in an acceptable 58% yield
(entry 13, Table 3).

As shown in Table 4, a variety of diversely substituted 3-
(sulfonylethyl)indoles were prepared through the four-step
domino process when using either phenyl vinyl sulfone or
methyl vinyl sulfone as the Michael acceptor. The generality
and functional group tolerance of the reaction is well illustrated
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Table 3. Optimization of the Aza-Michael/a@-Arylation/
Michael Addition/f-Elimination Domino Process”

' Pd(0) SO,R
base

NH /\SOR 6a, R =Ph NH
Bn Bn 6b, R =Me 7 Bn

entry catalyst (equiv.)  Michael acceptor solvent yield (%)’

1 Pd(PPhs), (0.1) /\Sozph THF 6a (33%)°

2 Pd(PPhs), (0.1) /\Sozph DMF  6a (28%)"

3 Pdx(dba); (0.075) /\Sozph THF SM
(o-tolyl)sP (0.15)

4 Pdy(dba); (0.075) /\Sozph THF SM
xantphos (0.15)

5 Pd,(dba); (0.075) /\Sozph THF 6a (54%)°
BINAP (0.15)

6 Pdy(dba); (0.075) Z so,ph THF  6a (69%)
dppf (0.15)

7 Pdy(dba); (0.075) /\SozPh‘ THF 6a (80%)
dppf (0.15)

8 Pd(dba); (0.075) /\sozph‘/ THF 6a (65%)°
dppf (0.15)

9 Pd,(dba); (0.075) /\sozph( THF 6a (65%)
dppp (0.15)

10 Pdy(dba); (0.075) > s0,ph THF 7"
dtpf (0.15)

11 Pd,(dba); (0.075) /\Sozph e THF 6a/7 (1:1)'
dppe (0.15)

12 Pd,(dba); (0.075) /\SOZMe THF 6b (33%)
dppf (0.15)

13 Pd,(dba); (0.075) /\SOZMe THF 6b (58%)
BINAP (0.15)

“Reaction conditions: N-Benzyl-2-iodoaniline (0.2 mmol), [Pd] and
ligand (see table), Michael acceptor (2.1 equiv), and Cs,CO; (3
equiv) in the indicated solvent in a sealed tube at 120 °C for 72 h.
bYields refer to pure products isolated by flash chromatography. “N-
Benzylaniline (7) was also xsolated (10%). #7 was also isolated (17%).
“Michael acceptor (2.4 equiv). "The reactlon was run at 80 °C. €N-
Benzyl-2-iodoaniline (8%) was recovered. "Yield not quantified, minor
amounts of 6a (<10%) were also observed in the reaction mixture. "H
NMR ratio, yields not quantified. /E-N-Benzyl-2-[2-(methylsulfonyl)-
ethenyl]aniline (8) was also isolated (14%). 8 (13%) was also
isolated. dppf: 1,1’-Bis(diphenylphosphino)ferrocene. dtpf: 1,1'-Bis-
(di-tert-butylphosphino)ferrocene. dppp: 1,3-Bis(diphenylphosphino)-
propane. dppe: 1,2-Bis(diphenylphosphino)ethane.

by the fact that both electron-donating and electron-with-
drawing groups were perfectly accommodated on the aromatic
ring. Overall, the phenyl sulfone afforded better results than the
methyl sulfone due to its higher electrophilicity as well as the
higher acidity of its a—C-H bonds, which favors both the a-
arylation and the Michael addition. In this context, it should be
noted that the initial aza-Michael addition took place without
any appreciable interference from the competitive Heck
reaction. The same behavior was also observed in our
previously developed three -step domino process leading to
tetrahydroisoquinolines.'” This absence of competition con-
trasts with what occurred in a related one-pot aza-Michael
addltlon/ a -arylation process using acrylates as the Michael
acceptor.” In thls case, it was impossible to develop a real
domino reaction®* because, in the presence of the Pd catalyst,
the Heck couphn% with the acrylate took place before the aza-
Michael addition.”
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Some additional comments on the four-step domino
reactions described above (Tables 3 and 4) are warranted. In
these reactions, the expected reduction products of the initially
formed intermediates B (Scheme 1) were never observed, yet
they were a common side-product (i.e., Sa—c) in the three-step
domino processes starting from sulfones la—c (see Table 2).
This fact, together with the isolation of significant amounts of
N-benzylaniline (7), as well as the apparently contradictory
results obtained with BINAP, suggested that a sequence of
events different from those depicted in Scheme 1 could be
operating in the four-step domino reaction. Indeed, all these
results could be easily accommodated by an alternative
sequence of reactions (Scheme 2) in which the formation of

Scheme 2. Alternative Sequence of Events for the Domino

Process
L
N SO,R'
Pd
QL == 0L, 0
NH NH
E R R
base SO,R' pd(0)
base—H® | '/
[F’d]l [Pd]__sO,R'
—~ I
/\/SOZR '?‘
G R

indoline C begins with the oxidative addition of the iodoaniline
to Pd(0). The resulting Pd(II) intermediate E would then
undergo deprotonation and aza-Michael addition to the vinyl
sulfone to give intermediate F. The latter would evolve to
indoline C by means of coordination of the sulfone anion and
subsequent reductive elimination.

In search of evidence for the proposed aza-Michael/a-
arylation/Michael addition/f-elimination sequence, further
experiments were performed. Treatment of indole 3b with
phenyl vinyl sulfone in the presence of Pd(PPh,), and Cs,CO,
in THF at 120 °C resulted in the recovery of the starting
material. On the other hand, the treatment of a 8.3:1 mixture of
indoline 2¢ and indole 3b with methyl vinyl sulfone and
Cs,CO; in THF at 120 °C, both with and without Pd(PPh;),,
resulted in the formation of a 6.4—6.9:1 mixture of indoles 4¢
and 3b (Scheme 3). These results therefore confirm that indole
4c was generated by the Michael addition of indoline 2¢ to
methyl vinyl sulfone followed by f-elimination of sulfinic acid,
rather than by the metal-promoted nucleophilic addition of
indole 3b to the vinyl sulfone.”®

More illustratively, the reactions of N-benzyl-2-iodoaniline
with the dideuterated phenyl vinyl sulfone 19-D, under
optimized conditions (see for instance Table 3, entry 7)
afforded indole 6a-Dj, bearing deuterium labels at C-2 of the
indole nucleus as well as at the B position of the 3-
(phenylsulfonyl)ethyl chain (Scheme 4). This result provides
further experimental evidence for the proposed aza-Michael/a-
arylation/Michael addition/f-elimination sequence of events.

Density functional theory (DFT) calculations>® were carried
out to gain more insight into the mechanism of the sulfone a-
arylation as well as the other key steps of the domino sequence
described above. First, we focused on the a-arylation process
involving an analogous compound of 1c (Table 1), where the
methyl group in the aromatic ring was replaced by a hydrogen
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Scheme 3. Reaction of Indoline 2¢ with Methyl Vinyl
Sulfone

SO,Me
Me Me
o
N ¥ N
2c Me 3b Me
(8.3:1)

2 50,Me (2)

Cs,CO0; (3)

THF, 120 °C

with or without Pd(PPh3)4 (0.1)

Me SOMe e
{ ey
N + N

4 Me 3b  Me

with Pd(PPh3),, 4c:3b, 6.4:1, 4c (36%)
without Pd(PPh3),, 4c:3b, 6.9:1, 4c (42%)

Scheme 4. Reaction of N-Benzyl-2-iodoaniline with Sulfone

19-D,
p D
! Pd,(dba); SO,Ph
dppf N\
NH DY\ N D
' Z80,Ph |
Bn D 19D, Bn
Cs,CO; 6a-D;
THF, 120 °C

atom. Our calculations started from species INTO, the
intermediate formed upon the initial oxidative addition of the
2-iodoaniline derivative to the model Pd(PMe,), catalyst
(Figure 1). In the presence of CO; > as the base, deprotonation
of the slightly acidic hydrogen atom attached to a carbon atom
linked to the sulfone group may occur, therefore leading to
INT1 species in a slightly exergonic process (AGg = —4.0 keal/
mol). This intermediate would then evolve to complex INT2
by exergonic coordination of the carbanion to the transition
metal (AGy = —14.9 kcal/mol) and release of a phosphine
ligand. From this species, the a-arylation would take place
directly via TS1, a transition state associated with the formation
of the new C—C bond. This exergonic step (AGy = —14.2
kcal/mol) occurs with an activation barrier of 28.6 kcal/mol,
which is fully compatible with a process occurring at 120 °C.
Therefore, this reaction mechanism resembles the one we
previously proposed for the a-arylation reaction involving
related ketone and ester derivatives.”

Nevertheless, an alternative reaction pathway involving a key
C—H activation step can be also envisaged. Thus, the initial
intermediate INTO may be readily transformed into complex
INT3 through a highly exergonic (AGy = —26.6 kcal/mol)
iodide and phosphine ligand replacement promoted by
bidentate CO;™2 This complex would be then converted into
complex INT4 via TS2 with an activation barrier of 26.1 kcal/
mol in a slightly endergonic transformation (AGy = +2.7 keal/
mol). As depicted in Figure 1, this saddle point is associated
with the concerted hydrogen migration from the sulfone to the
carbonate ligand and Pd—C bond formation. In this sense, this
transformation is analogous to related concerted metalation-
deprotonation (CMD) C—H activations which are assisted by
acetate®” or carbonate.”® From INT4, the final indoline 2M can
be directly produced through TS3 in a reductive elimination
process associated with the formation of the new C—C bond.
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Although this reaction is exergonic (AGy = —9.2 kcal/mol), it
proceeds with a relatively high activation barrier of 37.4 kcal/
mol. Therefore, INT4 may release the HCO;™ ligand first and
be transformed into INTS, where the reductive elimination
reaction via TS4 is computed to be kinetically far more
favorable (AGH = 13.9 kcal/mol, from INTS). Additionally,
due to the excess of CO;™* in the process, INT2 may
alternatively be converted into INT6 through a carbonate/
iodide ligand exchange. This transformation seems feasible in
view of the high exergonicity (AGp = —18.5 kcal/mol)
computed for this ligand exchange. However, the correspond-
ing reductive elimination via TSS would proceed with a much
higher activation barrier (AGH = 42.9 kcal/mol) than the
process involving TS4, which renders this alternative pathway
very unlikely. Therefore, based on the computed data, it can be
concluded that the INT3 — INT4 — INTS — 2M pathway,
which involves an initial CMD reaction followed by a reductive
elimination step, seems to be the most plausible reaction
mechanism for the palladium-catalyzed formation of indolines
from f-(2-iodoanilino) sulfones.

As indicated in the reaction profile depicted in Figure 1, the
preferred pathway involves the formation of the coordinatively
unsaturated palladium(II) complex INTS. We hypothesize that
the involvement of the bidentate phosphine ligands used in the
experiments must occur from this intermediate. To find
computational evidence for this hypothesis, we explored the
feasibility of the final reductive elimination reaction from
INTS’, the analogous species to INTS bearing an additional
phosphine ligand (ie., a model bidentate ligand of the dppp
ligand, with phenyl groups replaced by methyl groups). As
expected, our calculations (Figure 2) indicate that the
coordination of the free phosphine leading to the coordinatively
saturated complex INT?7 is highly exergonic (AGy = —18.5
kcal/mol). From this species, the reductive elimination reaction
occurs via TS6, the corresponding saddle point associated with
the formation of the new C—C bond and release of the
Pd(dppp) catalyst. From the data in Figure 2, it becomes clear
that the process involving the bidentate ligand proceeds with a
much higher activation barrier (AG¥ = 29.5 kcal/mol) and a
lower exergonicity (AGg = —9.7 kcal/mol) than the analogous
process involving the monodentate ligand (AGE = 13.9 kcal/
mol and AGy = —19.5 kecal/mol, see Figure 1), which nicely
agrees with the experimental findings obtained during the
optimization of the q-arylation reaction (see Table 1).

We then focused on understanding the negligible interfer-
ence from the competitive Heck coupling reaction in the four-
step domino process from N-alkyl-2-iodoanilines (see above,
Tables 3 and 4). To this end, we computed the two possible
reaction pathways, namely, aza-Michael reaction vs Heck
reaction, starting from INTS, the intermediate formed upon
the initial oxidative addition of the 2-iodo-N-methylaniline to
the model Pd(PMe;), catalyst (Figure 3). This species, in the
presence of CO; 2 as the base, may deprotonate, leading to the
anionic complex INT9 in an exergonic process (AGg = —9.9
keal/mol). Then, INT9 would react with the corresponding
vinyl sulfone to produce INT10 through TS7, a saddle point
associated with the formation of the N—C bond (AG% = 8.2
kcal/mol) in an aza-Michael type process. Final protonation of
INT10 leads to the formation of INTO, the common
intermediate in the processes involving both 2-iodoanilines
(Tables 3 and 4) and compounds 1 (Table 1 and 2). As clearly
seen in Figure 3, the alternative Heck coupling reaction is not
competitive in this transformation. This is mainly due to the
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Table 4. Synthesis of 3-[2-(Phenyl/methylsulfonyl)ethyl]indoles”

Z D S0,R" (2.1-2.4 equiv.)

I Pd(dba)s (7.5 mol%)

i | ligand (15 mol%) Z B SO
R NH Cs,CO;3 (3 equiv.) RSN
R THF, 120°C, 72 h R

entry ggig;iilr ligand product z)l/j )11(,1

1 Z>80,Ph BINAP 9a, R =Me, R’ =Ph (71%)
2 7 80,Ph dppp 9a, R =Me, R”” =Ph (50%)
3 2 80,Me BINAP SOR" 9b, R =Me, R’ = Me (45%)
4 Z50,Ph dppf (I\C\ 10a, R =Pr, R”” =Ph (69%)
5 Z > s0,Me dppf Ni? 10b, R =Pr, R’ = Me (67%)
6 Z 80,Me BINAP 10b, R =Pr, R’ =Me (45%)
7 2 80,Ph dppf 11a, R=Et,R>> =Ph (89%)
8 2 80,Ph dppf 4a, R =Bn, R’ = Me, R’=Ph (83%)
9 2 80,Me dppf 4d, R =Bn, R’ =Me, R”> = Me (56%)
10 Z 80,Me BINAP 4d, R =Bn, R’ =Me, R’ = Me (45%)
11 2 so.ph dppf R'\@c SOR" " 12a,R=Bn, R’ =MeO, R”> = Ph (79%)
12 2 80,Me dppf N 12b, R =Bn, R”=MeO, R’ = Me (57%)
13 Z>80,Ph dppf " 13a, R =Pr, R’ =MeO, R”> = Ph (45%)
14 > 80,Ph dppf 14a, R=Bn, R’ =CI,R>=Ph (85%)
15 Z > s0,Me BINAP 14b,R=Bn,R’=Cl, R’ =Me (70%)
16 Z>80,Ph dppf 15a, R=Bn,R’=CIl, R”>=Ph (65%)
17 Z > 80,Me BINAP 15b,R=Bn,R’=CI, R’ =Me (40%)
18  “soph  dppf 16a,R=Bn,R’=F,R” =Ph (75%)
19 Zsome  dppf so,rr 16b,R=Bn,R’=F,R” =Me (73%)
20 Z7>80,Ph dppf R'/©j§ 17a,R =Bn,R’=CO,Me, R” =Ph  (72%)
21 “>so,Me  BINAP R 17b,R=Bn,R’=CO,Me, R”>=Me  (56%)
22 2 80,Me dppf 17b,R=Bn, R’ =CO,Me, R””>=Me  (62%)
23 > 80,Ph dppf 18a, R=Pr,R’=CO,Me, R’ =Ph (81%)
24 Zs0,Me dppf 18b, R =Pr,R’=CO,Me, R”=Me  (60%)

“Reaction conditions: N-Akyl-2-iodoaniline (0.2 mmol), sz(dba)ié7.5 mol %), ligand (see table, 15 mol %), Michael acceptor (2.1—2.4 equiv), and

Cs,CO; (3 equiv) in THF in a sealed tube at 120 °C for 72 h.

ields refer to pure products isolated by flash chromatography.

high endergonicity (AGy = 20.2 kcal/mol) associated with the
initial dissociation of a phosphine ligand, which is required to
create a vacant coordination to allocate the incoming vinyl
sulfone ligand. In addition, the electron-withdrawing effect of
the SO,Me group reduces the coordination ability of the
attached double bond, which also renders the coordination of
the vinyl sulfone to INT11 endergonic (AGy = 4.8 kcal/
mol).” Although the subsequent insertion step via TS8
proceeds with a relatively low activation barrier (AG% = 11.§
kcal/mol), this highly unfavorable phosphine/vinyl sulfone
ligand interchange makes the alternative Heck reaction very
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unlikely, which is fully compatible with the experimental
observations.

The beneficial effect of bidentate phosphine ligands observed
during the optimization of the four-step domino process (see
for instance, Table 3) is also in nice agreement with the
expected even higher endergonicity associated with the
generation of the coordinatively unsaturated species (i.e., INT
11), which is required for the Heck coupling when using a
chelating phosphine.

Finally, we addressed the last steps of the domino process
which involve the transformation of intermediate C (Scheme 1)
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Figure 1. Computed reaction profiles for the palladium catalyzed a-arylation reaction of INTO. Relative free energies (AG,gg at 298 K) and bond
distances are given in kcal/mol and angstroms, respectively. All data were computed at the PCM(tetrahydrofuran)-B3LYP-D3/def2-TZVP//

PCM(tetrahydrofuran)-B3LYP-D3/def2-SVP level.
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Figure 2. Computed reductive elimination reaction involving INTS'.
Relative free energies (AG,qg, at 298 K) and bond distances are given
in keal/mol and angstroms, respectively. All data were computed at the
PCM(tetrahydrofuran)-B3LYP-D3/def2-TZVP//PCM-
(tetrahydrofuran)-B3LYP-D3/def2-SVP level.

into the observed 3-[2-(phenyl/methylsulfonyl)ethyl]indoles.
Our DFT-calculations began from intermediate 2M, the
indoline formed during the palladium-catalyzed a-arylation
(or CMD-reductive elimination) process described above (see
Figure 1). Deprotonation of the highly acidic benzylic hydrogen
atom by the base would lead to the formation of carbanion 2M-
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an, from which a rapid (AG% = 6.4 kcal/mol) and exergonic
(AGg = —3.7 kcal/mol) Michael addition would take place via
TS9. Protonation of intermediate 3M-an would then produce
the 3-(sulfonyl)indoline intermediate 3M, which would be
transformed into the final indole 4M through TS$10.*° As
depicted in Figure 4, this final five-membered ring transition
state is associated with a concerted f-elimination reaction of
sulfinic acid. Despite the concomitant rupture of both the S—C
and C—H bonds, the process was computed to be highly
exergonic (AGp = —16.5 kcal/mol) and to proceed with a
feasible activation barrier (AG¥ = 18.1 kcal/mol). This can be
ascribed to the gain in aromaticity in the final indole derivative
which therefore constitutes the thermodynamic driving force of
the entire transformation.

In summary, we have developed a set of reaction conditions
for a new four-step domino process toward 3-[2-(aryl/
alkylsulfonyl)ethyl]indoles from readily available 2-iodoanilines.
In this three-component domino process, the crucial intra-
molecular palladium-catalyzed a-arylation of sulfones is
combined with intermolecular aza-Michael and Michael
additions to vinyl sulfones, as well as a highly selective /-
elimination of sulfinic acid, avoiding any undesired competitive
reactions. A series of diversely substituted 3-[2-sulfonylethyl]-
indoles were easily synthesized in moderate-to-high yields.
According to DFT calculations, after the initial oxidative
addition to the palladium catalyst, an aza-Michael reaction
occurs without any significant interference from the alternative
Heck coupling reaction. The a-arylation process would then
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TZVP//PCM(tetrahydrofuran)-B3LYP-D3/def2-SVP level.
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Figure 4. Final transformation of indoline 2M into indole 4M. Relative free energies (AG,og, at 298 K) and bond distances are given in kcal/mol and
angstroms, respectively. All data were computed at the PCM(tetrahydrofuran)-B3LYP-D3/def2-TZVP//PCM(tetrahydrofuran)-B3LYP-D3/def2-
SVP level.

occur through a CMD/reductive elimination process thus mg, 0.039 mmol), phenyl vinyl sulfone (104 mg, 0.62 mmol),
leading to indoline derivatives. The latter species are finally
converted into the observed 3-[2-(aryl/alkylsulfonyl)ethyl]-
indoles through two consecutive reaction steps involving an at 120 °C in a sealed tube for 72 h. The reaction mixture was
initial rapid Michael addition followed by an exergonic and
concerted f-elimination reaction of sulfinic acid.

and Cs,CO; (253 mg, 0.78 mmol) in THF (8 mL) was stirred

poured into water and extracted with Et,O. The organic
extracts were washed with brine, dried, and concentrated. The
3. EXPERIMENTAL SECTION

Representative Procedure for the Domino Reactions
(Table 3, Entry 7). A mixture of N-benzyl-2-iodobenzylamine
(80 mg, 0.26 mmol), Pd,(dba); (18 mg, 0.019 mmol), dppf (21 80%) as an amorphous brown solid.

residue was purified by flash chromatography (SiO,, from
hexanes to hexanes-EtOAc 1:4) to give sulfone 6a (78 mg,
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4. COMPUTATIONAL DETAILS

All the calculations reported in this paper were obtained with
the GAUSSIAN 09 suite of programs.”’ Electron correlation
was partially taken into account using the hybrid functional
usually denoted as B3LYP*” in conjunction with the D3
dispersion correction suggested by Grimme and co-workers>>
using the double-{ quality plus polarization def2-SVP basis set™*
for all atoms. Reactants and products were characterized by
frequency calculations,® and have positive definite Hessian
matrices. Transition structures (TS’s) show only one negative
eigenvalue in their diagonalized force constant matrices, and
their associated eigenvectors were confirmed to correspond to
the motion along the reaction coordinate under consideration
using the Intrinsic Reaction Coordinate (IRC) method.*
Solvents effects were taken into account using the Polarizable
Continuum Model (PCM).”’ Single-point calculations on the
PCM(THEF)-B3LYP-D3/def2-SVP geometries were performed
to estimate the change in the Gibbs energies at the BALYP-D3
level using the triple-{ quality plus polarization def2-TZVP
basis set®® for all atoms. This level is denoted PCM(THEF)-
B3LYP-D3/def2-TZVP//PCM(THEF)-B3LYP-D3/def2-SVP.
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General Methods. All commercially available reagents were used without further purification.
N-Methyl-2-iodoaniline,’  N-benzyl-2-iodoaniline, ~ 2-iodo-N-propylaniline, ~ N-ethyl-2-
iodoaniline, N-benzyl-2-iodo-4-methylaniline, N-benzyl-2-iodo-4-methoxyaniline, 2-iodo-4-
methoxy-N-propylaniline, N-benzyl-4-chloro-2-iodoaniline, N-benzyl-5-chloro-2-iodoaniline,
N-benzyl-5-fluoro-2-iodoaniline,  N-benzyl-2-iodo-5-(methoxycarbonyl)aniline,  2-iodo-5-
(methoxycarbonyl)-N-propylaniline, were prepared following previously reported procedures.”
'H- and “C-NMR spectra were recorded using Me4Si as the internal standard, with a Varian
Gemini 300 or a Varian Mercury 400 instrument. Chemical shifts are reported in ppm downfield
(8) from Me,Si for 'H and "*C NMR. TLC was carried out on SiO, (silica gel 60 F,s4, Merck),
and the spots were located with UV light or 1% aqueous KMnOQ,. Flash chromatography was
carried out on SiO, (silica gel 60, SDS, 230-400 mesh ASTM). Drying of organic extracts
during workup of reactions was performed over anhydrous Na,SO,4. Evaporation of solvents
was accomplished with a rotatory evaporator.

Experimental procedures and characterization data for the starting materials.

4-Methyl-N-[2-(phenylsulfonyl)ethyl]aniline. A solution of p-toluidine (500 mg, 4.66 mmol)
and phenyl vinyl sulfone (713 mg, 4.24 mmol) in absolute EtOH (10 mL) was stirred at 80 °C
for 48 h. The solvent was removed in vacuo to give 4-methyl-N-2-
[(phenylsulfonyl)ethyl]aniline, which was used in the next reaction without purification. 'H
NMR (CDCl;, 300 MHz) & 2.22 (s, 3H), 3.34 (t, J = 6.3 Hz, 2H), 3.55 (t, J = 6.3 Hz, 2H), 4.00
(broad b, 1H), 6.44 (d, J = 8.4 Hz, 2H), 6.96 (d, J = 8.4 Hz, 2H), 7.56 (t, J = 7.6 Hz, 2H), 7.66
(t,J =7.6 Hz, 1H), 7.91 (dm, J = 7.6 Hz, 2H). °C NMR (CDCl;, 75.4 MHz) § 20.3 (CH3), 38.0
(CHy), 54.7 (CHy), 113.3 (2 CH), 127.6 (C), 127.9 (2 CH), 129.4 (2 CH), 129.8 (2 CH), 133.9
(CH), 139.0 (C), 144.1 (C).

2-lodo-4-methyl-N-[2-(phenylsulfonyl)ethyl]aniline. The crude 4-methyl-N-[2-
(phenylsulfonyl)ethyl]aniline was dissolved in a CH,Cl, (14 mL)-MeOH (7 mL) mixture, and
CaCOs (0.61 g, 6.06 mmol) and BTMAICL,® (1.7 g, 4.89 mmol) were added. The mixture was
stirred at room temperature for 6 h and then filtered. The solution was concentrated and the
residue was partitioned between water and EtOAc. The organic layer was washed with brine,
dried and concentrated. The residue was purified by flash chromatography (SiO,, from hexanes
to 3:2 hexanes-EtOAc) to give 2-iodo-4-methyl-N-[2-(phenylsulfonyl)ethyl]aniline (1.16 g,
62%) as a brown oil. '"H NMR (CDCls, 300 MHz) § 2.18 (s, 3H), 3.39 (t, J = 6.3 Hz, 2H), 3.59
(q, J= 6.3 Hz, 2H), 4.44 (broad t, J = 6.3 Hz, 1H), 6.34 (d, J = 8.4 Hz, 1H), 6.98 (dd, J = 8.4
and 2.0 Hz, 1H), 7.48 (d, /= 2.0 Hz, 1H), 7.56 (tt, J = 7.5 and 2.0 Hz, 2H), 7.66 (tt, J= 7.5 and
2.0 Hz, 1H), 7.91 (dm, J = 7.5 Hz, 2H). ’C NMR (CDCl;, 75.4 MHz) § 19.7 (CH;), 38.0 (CH,),
54.6 (CH,), 85.6 (C), 110.1 (CH), 127.8 (2 CH), 128.9 (C), 129.3 (2 CH), 129.9 (CH), 133.9
(CH), 138.8 (C), 139.5 (CH), 143.5 (C).

N-Benzyl-2-iodo-4-methyl-N-[2-(phenylsulfonyl)ethyl]aniline (1a). To a solution of 2-iodo-
4-methyl-N-[2-(phenylsulfonyl)ethyl]aniline (425 mg, 1.06 mmol) in acetonitrile (20 mL),
benzyl bromide (0.50 mL, 4.24 mmol) and K,CO; (439 mg, 3.18 mmol) were added. After
stirring at 60 °C for 72 h, the organic solvent was evaporated. The residue was partitioned
between CH,Cl, and water, and the organic extracts were dried and concentrated. The residue
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was purified by flash chromatography (SiO,, from hexanes to CH,Cl,) to give N-benzyl-2-iodo-
4-methyl-N-[2-(phenylsulfonyl)ethyl]aniline (1a, 348 mg, 64%) as a pale yellow oil. '"H NMR
(CDCls, 300 MHz) 6 2.24 (s, 3H), 3.18 (m, 2H), 3.28 (m, 2H), 4.00 (s, 2H), 6.84 (d, /= 8.1 Hz,
1H), 7.04 (dd, /= 8.1 and 2.1 Hz, 1H), 7.20-7.32 (m, 5H), 7.50 (tm, J = 7.5 Hz, 2H), 7.62 (tt, J
= 7.5 and 1.8 Hz, 1H), 7.66 (d, J = 2.1 Hz, 1H), 7.78 (dm, J = 7.5 Hz, 2H). ’C NMR (CDCl;,
75.4 MHz) 6 20.2 (CHs;), 46.2 (CH,), 53.4 (CH,), 59.5 (CH,), 100.7 (C), 123.7 (CH), 127.4
(CH), 127.8 (2 CH), 128.3 (2 CH), 128.8 (2 CH), 129.2 (2 CH), 129.8 (CH), 133.6 (CH), 136.9
(C), 137.0 (C), 138.9 (C), 140.4 (CH), 147.7 (C). HRMS (ESI-TOF) cald for Cy,H,;INO,S:
492.0489 [M + H]'; found: 492.0486.

2-lodo-/N,4-dimethyl-N-[2-(phenylsulfonyl)ethyl]aniline (1b). To a solution of 2-iodo-4-
methyl-N-[2-(phenylsulfonyl)ethyl]aniline (500 mg, 1.25 mmol) in acetonitrile (20 mL),
iodomethane (1.47 mL, 12.5 mmol) and K,CO; (518 mg, 3.75 mmol) were added. The mixture
was stirred at 85 °C in a sealed tube for 72 h. The solvent was removed in vacuo, and the residue
was partitioned between water and CH,Cl,. The organic layer was dried and concentrated. The
residue was purified by flash chromatography (SiO,, CH,Cl,) to give 2-iodo-N,4-dimethyl-N-[2-
(phenylsulfonyl)ethyl]aniline (1b, 470 mg, 90%) as a yellow gum. '"H NMR (CDCl;, 400 MHz)
$ 2.24 (s, 3H), 2.64 (s, 3H), 3.26-3.36 (m, 4H), 6.90 (d, J = 8.0 Hz, 1H), 7.08 (d, J = 8.0 Hz,
1H), 7.56 (t, J = 7.6 Hz, 2H), 7.62 (s, 1H), 7.65 (t, J = 7.6 Hz, 1H), 7.88 (d, J = 7.6 Hz, 2H). °C
NMR (CDCl;, 100.5 MHz) 6 20.1 (CH3;), 42.6 (CH3), 49.9 (CH,), 53.9 (CH,), 99.0 (C), 121.6
(CH), 127.9 (2 CH), 129.3 (2 CH), 129.9 (CH), 133.7 (CH), 136.2 (C), 139.0 (C), 140.4 (CH),
149.7 (C). HRMS (ESI-TOF) cald for C;sHsINO,S: 416.0176 [M + H]"; found: 416.0166.

2-lodo-N,4-dimethyl-V-[2-(methylsulfonyl)ethyl]aniline (1c). A solution of p-toluidine (500
mg, 4.66 mmol) and methyl vinyl sulfone (0.37 mL, 4.25 mmol) in absolute EtOH (6 mL) was
stirred at 80 °C for 48 h. The solvent was removed in vacuo to give 4-methyl-N-2-
[(methylsulfonyl)ethyl]aniline, which was used in the next reaction without purification. The
secondary amine was dissolved in a CH,Cl, (14 mL)-MeOH (7 mL) mixture, and CaCOj; (0.66
g, 6.58 mmol) and BTMAICI, (1.85 g, 5.32 mmol) were added. The mixture was stirred at room
temperature for 6 h and then filtered. The solution was concentrated and the residue was
partitioned between water and EtOAc. The organic layer was washed with brine, dried and
concentrated. The residue was dissolved in acetonitrile (15 mL), and K,CO; (1.4 g, 10.1 mmol),
and iodomethane (2.52 mL, 40.5 mmol) were added. The mixture was stirred at 85 °C in a
sealed tube for 72 h. The solvent was removed in vacuo, and the residue was partitioned
between water and CH,Cl,. The organic layer was dried and concentrated. The residue was
purified by flash chromatography (SiO,, CH,Cl,) to give 2-iodo-N,4-dimethyl-N-[2-
(methylsulfonyl)ethyl]aniline (1¢, 1.5 g, 91%) as a yellow gum. '"H NMR (CDCls, 300 MHz) &
2.26 (s, 3H), 2.70 (s, 3H), 2.98 (s, 3H), 3.18 (t, J= 6.9 Hz, 1H), 3.47 (t,J = 6.9 Hz, 1H), 6.99 (d,
J=17.8Hz, 1H), 7.15 (dd, J = 7.8 and 1.5 Hz, 1H), 7.70 (d, J = 1.5 Hz, 1H). "C NMR (CDCl,,
75.4 MHz) 6 20.1 (CH3), 41.9 (CH3), 43.8 (CH3), 49.8 (CH,), 52.8 (CH,), 98.8 (C), 121.5 (CH),
130.0 (CH), 136.5 (C), 140.7 (CH), 149.6 (C). HRMS (ESI-TOF) cald for C,;H;;INO,S:
354.0019 [M + HJ"; found: 354.0023.

Representative procedure for the Pd(0)-catalyzed o-arylation reaction (Table 1, Entry 5).
A mixture of sulfone 1a (75 mg, 0.153 mmol), Pd(PPh;), (17 mg, 0.015 mmol), and K5;PO, (81
mg, 0.38 mmol) in THF (8 mL) was stirred at 120 °C in a sealed tube for 72 h. The reaction
mixture was partitioned between saturated NaHCO; aqueous solution and Et,0. The organic
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extracts were dried and concentrated. The residue was purified by chromatography (SiO,, from
hexanes to hexanes-CH,Cl, 20%) to give indole 3a (25 mg, 73%) as a pale yellow oil.

Representative procedure for the domino reactions (Table 3, Entry 7). A mixture of N-
benzyl-2-iodobenzylamine (80 mg, 0.26 mmol), Pd,(dba); (18 mg, 0.019 mmol), dppf (21 mg,
0.039 mmol), phenyl vinyl sulfone (104 mg, 0.62 mmol), and Cs,CO; (253 mg, 0.78 mmol) in
THF (8 mL) was stirred at 120 °C in a sealed tube for 72 h. The reaction mixture was poured
into water and extracted with Et,0O. The organic extracts were washed with brine, dried, and
concentrated. The residue was purified by flash chromatography (SiO,, from hexanes to
hexanes-EtOAc 1:4) to give sulfone 6a (78 mg, 80%) as an amorphous brown solid.

Characterization data for the compounds of Tables 1, 2, 3 and 4.

N,5-Dimethyl-3-(methylsulfonyl)indoline (2¢). Brown gum. '"H NMR (CDCls, 300 MHz) &
2.29 (s, 3H), 2.58 (d, J= 0.9 Hz, 3H), 2.78 (s, 3H), 3.53 (dd, /= 11.4 and 9.6 Hz, 1H), 4.03 (dd,
J=11.4 and 2.1 Hz, 1H), 4.43 (d, J= 9.6 Hz, 1H), 6.52 (d, /= 8.1 Hz, 1H), 7.08 (d, /= 8.1 Hz,
1H), 7.29 (s, 1H). °C NMR (CDCl;, 75.4 MHz) § 20.6 (CH;), 36.2 (CH;), 36.3 (CHs), 57.4
(CH,), 66.5 (CH), 108.8 (CH), 121.6 (C), 127.3 (CH), 129.0 (C), 131.4 (CH), 157.5 (C). HRMS
(ESI-TOF) cald for C;,H sNO,S: 226.0896 [M + H]"; found: 226.0902.

N-Benzyl-5-methylindole (3a). Pale yellow oil. 'H NMR (CDCl;, 400 MHz) & 2.43 (s, 3H),
5.29 (s, 2H), 6.46 (d, J= 3.2 Hz, 1H), 6.98 (dd, J= 8.0 and 1.2 Hz, 1H), 7.07-7.10 (m, 3H), 7.16
(d, J = 8.0 Hz, 1H), 7.21-7.33 (m, 3H), 7.43 (s, 1H). ®C NMR (CDCls, 100.5 MHz) & 21.4
(CH3), 50.1 (CHy), 101.0 (CH), 109.3 (CH), 120.6 (CH), 123.3 (CH), 126.7 (2 CH), 127.5 (CH),
128.3 (CH), 128.7 (2 CH), 129.0 (C), 134.7 (C), 137.7 (C). One quaternary carbon was not
observed. HRMS (ESI-TOF) cald for C;¢H;¢N: 222.1277 [M + H]"; found: 222.1277.

N,5-Dimethylindole (3b).* Pale yellow oil. 'H NMR (CDCls, 300 MHz) & 2.46 (s, 3H), 3.77 (s,
3H), 6.40 (dd, J = 3.3 and 0.9 Hz, 1H), 7.01 (d, J = 3.3 Hz, 1H), 7.05 (dd, J = 8.4 and 1.5 Hz,
1H), 7.22 (d, J = 8.4 Hz, 1H), 7.41 (dd, J = 1.5 and 0.9 Hz, 1H). HRMS (ESI-TOF) cald for
C1oHN: 146.0964 [M + H]'; found: 146.0961.

N-Benzyl-3-[2-(phenylsulfonyl)ethyl]-5-methylindole (4a). Amorphous brown solid. 'H NMR
(CDCl;, 400 MHz) 6 2.42 (s, 3H), 3.16 (m, 2H), 3.44 (m, 2H), 5.19 (s, 2H), 6.82 (s, 1H), 6.98
(dd, J=8.0 and 1.2 Hz, 1H), 7.05 (dd, J= 8.0 and 2.0 Hz, 2H), 7.12 (d, J = 8.0 Hz, 1H), 7.18 (s,
1H), 7.22-7.30 (m, 3H), 7.57 (t, J= 7.5 Hz, 2H), 7.66 (tt, J= 7.5 and 1.2 Hz, 1H), 7.96 (dm, J =
7.5 Hz, 2H). °C NMR (CDCls, 100.5 MHz) & 18.9 (CH,), 21.6 (CH3), 50.1 (CH,), 56.9 (CH,),
109.8 (CH), 110.6 (C), 118.3 (CH), 123.9 (CH), 126.1 (CH), 126.9 (2 CH), 127.6 (C), 127.8
(CH), 128.3 (2 CH), 128.9 (C), 128.9 (2 CH), 129.4 (2 CH), 133.8 (CH), 135.3 (C), 137.6 (C),
139.3 (C). HRMS (ESI-TOF) cald for C,,H,4NO,S: 390.1522 [M + H]"; found: 390.1529.

N,5-Dimethyl-3-[2-(phenylsulfonyl)ethyl]indole (4b). Amorphous brown solid. 'H NMR
(CDCl, 400 MHz) & 2.42 (s, 3H), 3.15 (m, 2H), 3.43 (m, 2H), 3.66 (s, 3H), 6.75 (s, 1H), 7.03
(dd, J= 8.0 and 1.6 Hz, 1H), 7.14 (d, J = 8.0 Hz, 1H), 7.15 (s, 1H), 7.57 (tm, J = 7.5 Hz, 2H),
7.66 (tt, J = 7.5 and 1.2 Hz, 1H), 7.96 (dm, J = 7.5 Hz, 2H). °C NMR (CDCl;, 100.5 MHz) &
18.7 (CH,), 21.4 (CHs), 32.6 (CHs), 56.8 (CH,), 109.1 (CH), 109.6 (C), 117.9 (CH), 123.5
(CH), 126.6 (CH), 127.2 (C), 128.1 (2 CH), 128.4 (C), 129.2 (2 CH), 133.6 (CH), 135.4 (C),
139.2 (C). HRMS (ESI-TOF) cald for C,,H,4NO,S: 314.1209 [M + H]"; found: 314.1207.
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N,5-Dimethyl-3-[2-(methylsulfonyl)ethyl]indole (4c). Brown gum. 'H NMR (CDCl;, 400
MHz) 6 2.47 (s, 3H), 2.80 (s, 3H), 3.28 (m, 2H), 3.36 (m, 2H), 3.72 (s, 3H), 6.89 (s, 1H), 7.07
(dd, J = 8.4 and 1.6 Hz, 1H), 7.20 (d, J = 8.4 Hz, 1H), 7.34 (s, 1H). "C NMR (CDCl;, 100.5
MHz) 6 18.9 (CH,), 21.6 (CHj3), 32.9 (CH3), 41.2 (CH;), 55.6 (CH,), 109.5 (CH), 109.6 (C),
118.2 (CH), 123.9 (CH), 127.1 (CH), 127.3 (C), 128.8 (CH), 135.8 (C). HRMS (ESI-TOF) cald
for C;3H gNO,S: 252.1053 [M + H]'; found: 252.1047.

N-Benzyl-5-methyl-3-[2-(methylsulfonyl)ethyl]indole (4d). Brown gum. 'H NMR (CDCl;,
400 MHz) 6 2.46 (s, 3H), 2.78 (s, 3H), 3.30 (m, 2H), 3.37 (m, 2H), 5.24 (s, 2H), 6.96 (s, 1H),
7.03 (dd, J= 8.4 and 1.2 Hz, 1H), 7.09 (dd, J = 8.4 and 2.0 Hz, 2H), 7.18 (d, J = 8.4 Hz, 1H),
7.25-7.31 (m, 3H), 7.36 (s, 1H). "C NMR (CDCl;, 100.5 MHz) & 18.9 (CH,), 21.6 (CH3), 41.2
(CH3), 50.2 (CH,), 55.5 (CH,), 109.9 (CH), 110.4 (C), 118.4 (CH), 124.1 (CH), 126.4 (CH),
127.0 (2 CH), 127.6 (C), 127.9 (CH), 129.0 (2 CH), 129.1 (C), 135.4 (C), 137.6 (C). HRMS
(ESI-TOF) cald for CsH,,NO,S: 328.1366 [M + H]"; found: 328.1354.

N-Benzyl-4-methyl-N-[2-(phenylsulfonyl)ethyl]aniline (5a). Brown oil. '"H NMR (CDCl;, 400
MHz) 6 2.22 (s, 3H), 3.33 (m, 2H), 3.79 (m, 2H), 4.40 (s, 2H), 6.50 (dm, J = 8.4 Hz, 2H), 6.96
(dm, J = 8.4 Hz, 2H), 7.14 (dm, J = 8.4 Hz, 2H), 7.20-7.30 (m, 3H), 7.57 (tm, J = 7.5 Hz, 2H),
7.68 (tt, J= 7.5 and 1.2 Hz, 1H), 7.88 (m, 2H). °C NMR (CDCl;, 100.5 MHz) & 20.3 (CH3),
44.8 (CH,), 52.7 (CH,), 55.2 (CH,), 113.2 (2 CH), 126.9 (2 CH), 127.3 (CH), 128.1 (2 CH),
128.8 (2 CH), 129.6 (2 CH), 130.2 (2 CH), 134.1 (CH), 138.3 (C), 139.4 (C), 145.1 (C). One
quaternary carbon was not observed. HRMS (ESI-TOF) cald for C»,HxNO,S: 366.1522 [M +
H]'; found: 366.1517.

N,4-Dimethyl-N-[2-(methylsulfonyl)ethyl]aniline (5¢). Yellow oil. 'H NMR (CDCl;, 400
MHz) 8 2.27 (s, 3H), 2.91 (s, 3H), 2.93 (s, 3H), 3.23 (t,J= 6.8 Hz, 2H), 3.84 (t, /= 6.8 Hz, 2H),
6.72 (d, J = 8.4 Hz, 2H), 7.08 (d, J = 8.4 Hz, 2H). *C NMR (CDCls, 100.5 MHz) & 20.4 (CH3),
39.2 (CHj3), 42.3 (CH3), 47.3 (CH,), 51.5 (CH,), 113.9 (2 CH), 127.9 (C), 130.2 (2 CH), 146.2
(C). HRMS (ESI-TOF) cald for C;;H;sNO,S: 228.1053 [M + H]"; found: 228.1044.

N-Benzyl-3-[2-(phenylsulfonyl)ethyl]indole (6a). Amorphous brown solid. 'H NMR (CDCl,,
400 MHz) § 3.19 (m, 2H), 3.44 (m, 2H), 5.20 (s, 2H), 6.85 (s, 1H), 7.05-7.10 (m, 3H), 7.16 (td,
J=7.8and 1.2 Hz, 1H), 7.22-7.30 (m, 4H), 7.43 (d, J= 8.0 Hz, 1H), 7.54 (t, J=8.0 and 1.2 Hz,
2H), 7.63 (tt, J = 8.0 and 1.2 Hz, 1H), 7.94 (dm, J = 8.0 Hz, 2H). °C NMR (CDCls, 100.5
MHz) § 18.8 (CH,), 49.9 (CH,), 56.6 (CH,), 109.8 (CH), 110.9 (C), 118.4 (CH), 119.4 (CH),
122.1 (CH), 125.8 (CH), 126.8 (2 CH), 127.2 (C), 127.7 (CH), 128.0 (2 CH), 128.7 (2 CH),
129.2 (2 CH), 133.6 (CH), 136.6 (C), 137.2 (C), 139.0 (C). HRMS (ESI-TOF) cald for
C3H,,NO,S: 376.1366 [M + H]; found: 376.1367.

N-Benzyl-3-[2-(methylsulfonyl)ethyl]indole (6b). Amorphous brown solid. 'H NMR (CDCls,
400 MHz) 6 2.79 (s, 3H), 3.30-3.41 (m, 4H), 5.28 (s, 2H), 7.00 (s, 1H), 7.09-7.33 (m, 8H), 7.59
(d, J= 8.0 Hz, 1H). C NMR (CDCls, 100.5 MHz) § 18.9 (CH,), 41.2 (CH3), 50.2 (CH,), 55.5
(CH,), 110.2 (CH), 111.1 (C), 118.7 (CH), 119.8 (CH), 122.5 (CH), 126.3 (CH), 127.0 (2 CH),
127.4 (C), 128.0 (CH), 129.0 (2 CH), 137.0 (C), 137.4 (C). HRMS (ESI-TOF) cald for
C1sH,0NO,S: 314.1209 [M + H]"; found: 314.1220.

N-Benzylaniline (7). Brown oil. "H NMR (CDCl;, 400 MHz) § 4.03 (broad b, 1H), 4.33 (s, 2H),
6.64 (d, J= 8.0 Hz, 2H), 6.71 (t, J = 7.4 Hz, 1H), 7.15-7.20 (m, 2H), 7.27 (m, 1H), 7.32-7.39
(m, 3H).
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[E-N-Benzyl-2-[2-(methylsulfonyl)ethenyl]aniline (8). Brown oil. 'H NMR (CDCls, 400 MHz)
03.02 (s, 3H), 4.41 (d, J= 4.8 Hz, 2H), 4.48 (t, J = 4.8 Hz, 1H), 6.68 (d, J = 8.4 Hz, 1H), 6.75
(td, J=8.4 and 1.6 Hz, 1H), 6.84 (d, /= 15.2 Hz, 1H), 7.23-7.38 (m, 7H), 7.78 (d, J = 15.2 Hz,
1H). C NMR (CDCl;, 100.5 MHz) § 43.6 (CH;), 48.2 (CH,), 112.6 (CH), 117.5 (C), 118.0
(CH), 125.8 (CH), 127.5 (2 CH), 127.7 (CH), 128.8 (CH), 129.0 (2 CH), 132.9 (CH), 138.5 (C),
139.6 (CH), 147.1 (C). HRMS (ESI-TOF) cald for C;sH;sNO,S: 288.1053 [M + HJ"; found:
288.1046.

N-Methyl-3-[2-(phenylsulfonyl)ethyl]indole (9a). Amorphous yellow solid. 'H NMR (CDCls,
400 MHz) & 3.18 (m, 2H), 3.43 (m, 2H), 3.69 (s, 3H), 6.80 (s, 1H), 7.07 (ddd, J = 8.0, 6.8 and
1.2 Hz, 1H), 7.18-7.27 (m, 2H), 7.39 (dt, J/ = 7.6 and 1.2 Hz, 1H), 7.55 (tm, J = 7.6 Hz, 2H),
7.65 (tt, J = 7.6 and 1.2 Hz, 1H), 7.94 (dm, J = 7.6 Hz, 2H). >C NMR (CDCls, 100.5 MHz) &
18.9 (CH,), 32.8 (CH3;), 56.8 (CH,), 109.6 (CH), 110.3 (C), 118.4 (CH), 119.2 (CH), 122.0
(CH), 126.7 (CH), 127.1 (C), 128.2 (2 CH), 129.4 (2 CH), 133.8 (CH), 137.1 (C), 139.3 (C).
HRMS (ESI-TOF) cald for C;;H;sNO,S: 300.1053 [M + H]"; found: 300.1048.

N-Methyl-3-[2-(methylsulfonyl)ethyl]indole (9b). Amorphous brown solid. "H NMR (CDCls,
400 MHz) 6 2.80 (s, 3H), 3.28-3.39 (m, 4H), 3.75 (s, 3H), 6.94 (s, 1H), 7.14 (td, /= 8.0 and 1.2
Hz, 1H), 7.25 (td, J = 8.0 and 1.2 Hz, 1H), 7.31 (d, J = 8.0 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H).
C NMR (CDCls, 100.5 MHz) § 18.9 (CH,), 32.9 (CH;), 41.1 (CH3), 55.5 (CH,), 109.7 (CH),
110.2 (C), 118.5 (CH), 119.5 (CH), 122.2 (CH), 127.0 (CH), 127.1 (C), 137.3 (C). HRMS (ESI-
TOF) cald for C,,H;(NO,S: 238.0896 [M + H]"; found: 238.0898.

3-[2-(Phenylsulfonyl)ethyl]-N-propylindole (10a). Pale yellow oil. 'H NMR (CDCls;, 400
MHz) & 0.89 (t, /= 7.2 Hz, 3H), 1.80 (m, 2H), 3.19 (m, 2H), 3.44 (m, 2H), 3.98 (t, /= 7.2 Hz,
2H), 6.85 (s, 1H), 7.06 (dd, /= 8.0 and 7.6 Hz, 1H), 7.18 (dd, /= 8.0 and 7.6 Hz, 1H), 7.28 (d, J
= 8.0 Hz, 1H), 7.40 (d, J = 8.0 Hz, 1H), 7.56 (t, J = 7.6 Hz, 2H), 7.65 (tt, J= 7.6 and 1.2 Hz,
1H), 7.94 (dm, J = 7.6 Hz, 2H). °C NMR (CDCl;, 100.5 MHz) & 11.7 (CH3), 18.9 (CH,), 23.7
(CH,), 48.0 (CH,), 56.9 (CH,), 109.8 (CH), 110.3 (C), 118.5 (CH), 119.2 (CH), 121.9 (CH),
125.8 (CH), 127.2 (C), 128.2 (2 CH), 129.4 (2 CH), 133.8 (CH), 136.5 (C), 139.3 (C). HRMS
(ESI-TOF) cald for C;oH,,NO,S: 328.1366 [M + H]"; found: 328.1364.

3-[2-(Methylsulfonyl)ethyl]-N-propylindole (10b). Pale yellow oil. 'H NMR (CDCls;, 400
MHz) § 0.91 (t, J = 7.2 Hz, 3H), 1.83 (m, 2H), 2.78 (s, 3H), 3.29-3.40 (m, 4H), 4.03 (t, J=7.2
Hz, 2H), 6.98 (s, 1H), 7.12 (td, J = 8.0 and 1.2 Hz, 1H), 7.23 (td, J = 8.0 and 1.2 Hz, 1H), 7.33
(d, J=8.0 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H). °C NMR (CDCl;, 100.5 MHz) § 11.7 (CH3), 18.9
(CH,), 23.7 (CH,), 41.1 (CHs), 48.1 (CH,), 55.5 (CH,), 109.9 (CH), 110.1 (C), 118.6 (CH),
119.4 (CH), 122.0 (CH), 126.1 (CH), 127.2 (C), 136.6 (C). HRMS (ESI-TOF) cald for
C14H,0NO,S: 266.1209 [M + H]"; found: 266.1214.

N-Ethyl-3-[2-(phenylsulfonyl)ethyl]indole (11a). Amorphous yellow solid. 'H NMR (CDCl,
400 MHz) 6 1.40 (t, /= 7.2 Hz, 3H), 3.19 (m, 2H), 3.44 (m, 2H), 4.07 (t, J= 7.2 Hz, 2H), 6.86
(s, IH), 7.06 (dd, J= 8.0 and 7.6 Hz, 1H), 7.19 (dd, /= 8.0 and 7.6 Hz, 1H), 7.28 (d, /= 8.0 Hz,
1H), 7.40 (d, /= 8.0 Hz, 1H), 7.56 (tm, J = 7.6 Hz, 2H), 7.65 (tt, /= 7.6 and 1.2 Hz, 1H), 7.94
(dm, J = 7.6 Hz, 2H). °C NMR (CDCl;, 100.5 MHz) & 15.6 (CH;), 18.9 (CH,), 40.9 (CH,),
56.9 (CH,), 109.6 (CH), 110.4 (C), 118.5 (CH), 119.2 (CH), 121.9 (CH), 124.9 (CH), 127.3 (C),
128.2 (2 CH), 129.4 (2 CH), 133.8 (CH), 136.2 (C), 139.3 (C). HRMS (ESI-TOF) cald for
C5H5NO,S: 314.1209 [M + H]'; found: 314.1220.
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N-Benzyl-5-methoxy-3-[2-(phenylsulfonyl)ethyl]indole (12a). Amorphous brown solid. 'H
NMR (CDCls, 400 MHz) 6 3.16 (m, 2H), 3.43 (m, 2H), 3.82 (s, 3H), 5.16 (s, 2H), 6.79-6.86 (m,
3H), 7.04 (dm, J = 7.6 Hz, 2H), 7.10 (d, J=9.2 Hz, 1H), 7.21-7.30 (m, 3H), 7.55 (t, /= 7.6 Hz,
2H), 7.64 (tt, J = 7.6 and 1.2 Hz, 1H), 7.95 (dm, J = 7.6 Hz, 2H). °C NMR (CDCl;, 100.5
MHz) 8 18.9 (CH,), 50.3 (CH,), 56.1 (CH3), 56.7 (CH,), 100.4 (CH), 110.6 (C), 110.9 (CH),
112.5 (CH), 126.6 (CH), 126.9 (2 CH), 127.7 (C), 127.8 (CH), 128.2 (2 CH), 128.9 (2 CH),
129.4 (2 CH), 132.1 (C), 133.8 (CH), 137.5 (C), 139.3 (C), 154.2 (C). HRMS (ESI-TOF) cald
for Co4H,4NO;S: 406.1471 [M + H]'; found: 406.1468.

N-Benzyl-5-methoxy-3-[2-(methylsulfonyl)ethyl]indole (12b). Amorphous yellow solid. 'H
NMR (CDCl;, 400 MHz) 8 2.80 (s, 3H), 3.30 (m, 2H), 3.37 (m, 2H), 3.87 (s, 3H), 5.23 (s, 2H),
6.87 (dd, J = 8.8 and 2.4 Hz, 1H), 6.98 (s, 1H), 7.01 (d, J = 2.4 Hz, 1H), 7.09 (dm, J = 8.0 Hz,
2H), 7.17 (d, J = 8.8 Hz, 1H), 7.25-7.33 (m, 3H). °C NMR (CDCl;, 100.5 MHz) & 18.9 (CH,),
41.2 (CH3), 50.3 (CH,), 55.3 (CH,), 56.1 (CH3), 100.5 (CH), 110.5 (C), 111.1 (CH), 112.6
(CH), 126.8 (CH), 126.9 (2 CH), 127.8 (C), 127.9 (CH), 128.9 (2 CH), 132.2 (C), 137.5 (C),
154.4 (C). HRMS (ESI-TOF) cald for C;9H,,NO;S: 344.1315 [M + H]"; found: 344.1323.

5-Methoxy-N-propyl-3-[2-(phenylsulfonyl)ethylindole (13a). Amorphous yellow solid. 'H
NMR (CDCl;, 400 MHz) 6 0.97 (t, J = 7.2 Hz, 3H), 1.78 (m, 2H), 3.15 (m, 2H), 3.43 (m, 2H),
3.82 (s, 3H), 3.94 (t, /= 7.2 Hz, 2H), 6.81-6.86 (m, 3H), 7.16 (dd, /= 8.4 and 0.8 Hz, 1H), 7.57
(tm, J = 7.6 Hz, 2H), 7.65 (tt, J = 7.6 and 1.2 Hz, 1H), 7.95 (dm, J = 7.6 Hz, 2H). "C NMR
(CDCl;, 100.5 MHz) 6 11.7 (CH3), 18.9 (CH,), 23.7 (CH,), 48.2 (CH,), 56.2 (CH3), 56.8 (CH,),
100.3 (CH), 109.7 (C), 110.6 (CH), 112.1 (CH), 126.3 (CH), 127.5 (C), 128.2 (2 CH), 129.4 (2
CH), 131.8 (C), 133.8 (CH), 139.4 (C), 154.0 (C). HRMS (ESI-TOF) cald for CyHxNO;S:
358.1471 [M + HJ"; found: 358.1481.

N-Benzyl-5-chloro-3-[2-(phenylsulfonyl)ethyl]indole (14a). Amorphous pale yellow solid. 'H
NMR (CDCls, 400 MHz) 6 3.15 (m, 2H), 3.41 (m, 2H), 5.19 (s, 2H), 6.90 (s, 1H), 7.04 (m, 2H),
7.09 (dd, J= 8.4 and 2.0 Hz, 1H), 7.13 (d, J= 8.4 Hz, 1H), 7.25-7.32 (m, 3H), 7.34 (dd, /= 2.0
and 0.8 Hz, 1H), 7.56 (tm, J = 7.6 Hz, 2H), 7.66 (tt, J= 7.6 and 1.2 Hz, 1H), 7.94 (dm, J= 7.6
Hz, 2H). °C NMR (CDCl;, 100.5 MHz) & 18.8 (CH,), 50.3 (CH,), 56.7 (CH,), 110.9 (C), 111.1
(CH), 118.1 (CH), 122.6 (CH), 125.5 (C), 126.9 (2 CH), 127.4 (CH), 128.1 (CH), 128.3 (2 CH),
128.5 (C), 129.0 (2 CH), 129.5 (2 CH), 133.9 (CH), 135.2 (C), 137.0 (C), 139.2 (C). HRMS
(ESI-TOF) cald for C,3H,,;CINO,S: 410.0976 [M + H]"; found: 410.0993.

N-Benzyl-5-chloro-3-[2-(methylsulfonyl)ethyl|indole (14b). Brown gum. 'H NMR (CDCl;,
400 MHz) & 2.80 (s, 3H), 3.30 (m, 2H), 3.37 (m, 2H), 5.24 (s, 2H), 7.03 (s, 1H), 7.08 (dm, J =
8.0 Hz, 2H), 7.13 (dd, J= 8.8 and 2.0 Hz, 1H), 7.19 (d, /= 8.8 Hz, 1H), 7.25-7.33 (m, 3H), 7.54
(d, J = 2.0 Hz, 1H). "C NMR (CDCl;, 100.5 MHz) § 18.6 (CH,), 41.2 (CH3), 50.4 (CH,), 55.3
(CHy), 110.8 (C), 111.3 (CH), 118.2 (CH), 122.8 (CH), 125.7 (C), 126.9 (2 CH), 127.8 (CH),
128.1 (CH), 128.4 (C), 129.1 (2 CH), 135.3 (C), 137.0 (C). HRMS (ESI-TOF) cald for
CsH9CINO,S: 348.0820 [M + H]"; found: 348.0831.

N-Benzyl-6-chloro-3-[2-(phenylsulfonyl)ethyl]indole (15a). Amorphous brown solid. 'H
NMR (CDCls, 400 MHz) & 3.16 (m, 2H), 3.41 (m, 2H), 5.16 (s, 2H), 6.85 (s, 1H), 7.03-7.07 (m,
3H), 7.22 (d, J = 1.2 Hz, 1H), 7.25-7.31 (m, 3H), 7.33 (d, J = 8.8 Hz, 1H), 7.55 (t, J = 7.6 Hz,
2H), 7.65 (tt, J = 7.6 and 1.2 Hz, 1H), 7.93 (dm, J = 7.6 Hz, 2H). °C NMR (CDCls, 100.5
MHz) § 18.8 (CH,), 50.2 (CH,), 56.7 (CH,), 110.0 (CH), 111.5 (C), 119.5 (CH), 120.3 (CH),
126.0 (C), 126.6 (CH), 126.9 (2 CH), 128.1 (CH), 128.2 (2 CH), 128.5 (C), 129.1 (2 CH), 129.5
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(2 CH), 133.9 (CH), 136.9 (C), 137.2 (C), 139.2 (C). HRMS (ESI-TOF) cald for C»;H,,CINO,S:
410.0976 [M + H]"; found: 410.0967.

N-Benzyl-6-chloro-3-[2-(methylsulfonyl)ethyl]indole (15b). Amorphous brown solid. 'H
NMR (CDCls, 400 MHz) & 2.80 (s, 3H), 3.27-3.38 (m, 4H), 5.22 (s, 2H), 6.99 (s, 1H), 7.08-7.13
(m, 3H), 7.28-7.33 (m, 4H), 7.49 (d, J = 8.8 Hz, 1H). °C NMR (CDCl;, 100.5 MHz) § 18.7
(CH,), 41.2 (CH3), 50.3 (CH,), 55.4 (CH,), 110.2 (CH), 111.4 (C), 119.6 (CH), 120.6 (CH),
126.0 (C), 126.9 (CH), 127.0 (2 CH), 128.1 (CH), 128.7 (C), 129.1 (2 CH), 136.9 (C), 137.3
(C). HRMS (ESI-TOF) cald for C;sH,oCINO,S: 348.0820 [M + H]"; found: 348.0813.

N-Benzyl-6-fluoro-3-[2-(phenylsulfonyl)ethyl]indole (16a). Amorphous pale yellow solid. 'H
NMR (CDCls, 400 MHz) 6 3.16 (m, 2H), 3.42 (m, 2H), 5.14 (s, 2H), 6.83 (ddd, J = 9.6, 8.8 and
2.0 Hz, 1H), 6.84 (s, 1H), 6.89 (dd, J = 9.6 and 2.0 Hz, 1H), 7.06 (dm, J = 8.0 Hz, 2H), 7.24-
7.31 (m, 3H), 7.33 (dd, J = 8.8 and 5.2 Hz, 1H), 7.55 (tm, J = 7.6 Hz, 2H), 7.64 (tt, J = 7.6 and
1.2 Hz, 1H), 7.93 (dm, J = 7.6 Hz, 2H). "C NMR (CDCl;, 100.5 MHz) § 18.9 (CH,), 50.2
(CH,), 56.7 (CH,), 96.5 (d, J = 26.0 Hz, CH), 108.4 (d, J=24.5 Hz, CH), 111.5 (C), 119.4 (d, J
=10.8 Hz, CH), 124.0 (C), 126.3 (d, J= 3.8 Hz, CH), 127.0 (2 CH), 128.0 (CH), 128.2 (2 CH),
129.0 (2 CH), 129.4 (2 CH), 133.9 (CH), 136.9 (d, J=9.1 Hz, C), 139.2 (C), 160.2 (d, J = 238.2
Hz, C). One quaternary carbon was not observed. HRMS (ESI-TOF) cald for Cy;H, FNO,S:
394.1272 [M + HJ"; found: 394.1276.

N-Benzyl-6-fluoro-3-[2-(methylsulfonyl)ethyl]indole (16b). Amorphous brown solid. 'H
NMR (CDCl;, 400 MHz) & 2.80 (s, 3H), 3.27-3.38 (m, 4H), 5.20 (s, 2H), 6.89 (ddd, J = 10.0,
8.8 and 2.0 Hz, 1H), 6.95 (dd, /= 10.0 and 2.0 Hz, 1H), 6.98 (s, 1H), 7.10 (dm, J = 8.0 Hz, 2H),
7.25-7.33 (m, 3H), 7.49 (dd, J = 8.8 and 5.2 Hz, 1H). >C NMR (CDCl;, 100.5 MHz) § 18.8
(CH,), 41.2 (CHj3;), 50.4 (CH,), 55.4 (CH,), 96.7 (d, J = 26.0 Hz, CH), 108.6 (d, J = 24.5 Hz,
CH), 111.4 (C), 119.5 (d, J=9.9 Hz, CH), 124.0 (C), 126.6 (d, J= 3.8 Hz, CH), 127.0 (2 CH),
128.1 (CH), 129.1 (2 CH), 136.9 (C), 137.0 (d, J = 12.2 Hz, C), 160.3 (d, J = 239.0 Hz, C).
HRMS (ESI-TOF) cald for C,sH;oFNO,S: 332.1115 [M + H]"; found: 332.1126.

N-Benzyl-6-(methoxycarbonyl)-3-[2-(phenylsulfonyl)ethyl]indole (17a). Amorphous brown
solid. '"H NMR (CDCl;, 400 MHz) § 3.19 (m, 2H), 3.43 (m, 2H), 3.90 (s, 3H), 5.27 (s, 2H), 7.01
(s, 1H), 7.06 (dm, J = 7.6 Hz, 2H), 7.25-7.32 (m, 3H), 7.44 (d, /= 8.4 Hz, 1H), 7.54 (tm, J= 7.6
Hz, 2H), 7.64 (tt, J= 7.6 and 1.2 Hz, 1H), 7.77 (dd, J = 8.4 and 1.2 Hz, 1H), 7.93 (dm, J = 7.6
Hz, 2H), 8.04 (s, 1H). "C NMR (CDCl;, 100.5 MHz) § 18.8 (CH,), 50.1 (CH,), 52.1 (CH3),
56.6 (CHp), 111.7 (C), 112.3 (CH), 118.2 (CH), 120.6 (CH), 124.0 (C), 127.0 (2 CH), 128.1
(CH), 128.2 (2 CH), 129.0 (2 CH), 129.2 (CH), 129.4 (2 CH), 130.8 (C), 133.9 (CH), 136.2 (C),
136.9 (C), 139.2 (C), 168.1 (C). HRMS (ESI-TOF) cald for C,sH,,NO,S: 434.1421 [M + H]';
found: 434.1437.

N-Benzyl-6-(methoxycarbonyl)-3-[2-(methylsulfonyl)ethyl]indole (17b). Amorphous brown
solid. '"H NMR (CDCls, 400 MHz) & 2.81 (s, 3H), 3.30-3.40 (m, 4H), 3.92 (s, 3H), 5.33 (s, 2H),
7.11 (dm, J = 7.6 Hz, 2H), 7.15 (s, 1H), 7.26-7.34 (m, 3H), 7.61 (d, J = 8.4 Hz, 1H), 7.84 (dd, J
= 8.4 and 1.2 Hz, 1H), 8.10 (s, 1H). "C NMR (CDCls, 100.5 MHz) § 18.7 (CH,), 41.2 (CH3),
50.2 (CH,), 52.2 (CH3), 55.3 (CH,), 111.6 (C), 112.4 (CH), 118.4 (CH), 120.8 (CH), 124.3 (C),
127.1 (2 CH), 128.2 (CH), 129.1 (2 CH), 129.5 (CH), 130.8 (C), 136.4 (C), 136.9 (C), 168.1
(C). HRMS (ESI-TOF) cald for C,0H»,NO,S: 372.1264 [M + H]"; found: 372.1276.
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6-(Methoxycarbonyl)-3-[2-(phenylsulfonyl)ethyl]-N-propylindole (18a). Amorphous brown
solid. "H NMR (CDCls, 400 MHz) § 0.90 (t, J = 7.2 Hz, 3H), 1.82 (m, 2H), 3.20 (m, 2H), 3.44
(m, 2H), 3.93 (s, 3H), 4.04 (t, J = 7.2 Hz, 2H), 7.03 (s, 1H), 7.41 (dd, J = 8.4 and 0.8 Hz, 1H),
7.55 (tm, J = 7.6 Hz, 2H), 7.64 (tt, J= 7.6 and 1.2 Hz, 1H), 7.75 (dd, J = 8.4 and 1.2 Hz, 1H),
7.93 (dm, J = 7.6 Hz, 2H), 8.04 (dd, J = 1.2 and 0.8 Hz, 1H). °C NMR (CDCls, 100.5 MHz) &
11.6 (CH3), 18.8 (CH,), 23.8 (CH,), 48.2 (CH,), 52.1 (CH3), 56.7 (CH,), 110.8 (C), 112.2 (CH),
118.1 (CH), 120.2 (CH), 123.6 (C), 128.2 (2 CH), 129.1 (CH), 129.4 (2 CH), 130.7 (C), 133.8
(CH), 135.8 (C), 139.2 (C), 168.2 (C). HRMS (ESI-TOF) cald for C;;H,4NO,4S: 386.1421 [M +
H]'; found: 386.1435.

6-(Methoxycarbonyl)-3-[2-(methylsulfonyl)ethyl]-N-propylindole (18b). Amorphous brown
solid. 'H NMR (CDCls, 400 MHz) 8 0.93 (t, J = 7.2 Hz, 3H), 1.87 (m, 2H), 3.30-3.41 (m, 4H),
3.95 (s, 3H), 4.11 (t,J=7.2 Hz, 2H), 7.16 (s, 1H), 7.58 (dd, J = 8.6 and 0.8 Hz, 1H), 7.81 (dd, J
=8.6 and 1.2 Hz, 1H), 8.10 (dd, /= 1.2 and 0.8 Hz, 1H). °C NMR (CDCl;, 100.5 MHz) § 11.6
(CH3), 18.7 (CH,), 23.9 (CH,), 41.2 (CH;), 48.3 (CH,), 52.2 (CHj), 55.4 (CH»), 110.7 (C),
112.4 (CH), 118.2 (CH), 120.4 (CH), 123.8 (C), 129.4 (CH), 130.7 (C), 136.0 (C), 168.2 (C).
HRMS (ESI-TOF) cald for C;¢H,,NO,S: 324.1264 [M + H]"; found: 324.1265.

Synthesis of phenyl 2,2-dideuterovinyl sulfone (19-D,)

To a cooled (-30 °C) solution of ethyl phenylthioacetate (3.8 mL, 21.3 mmol) in CH,Cl, (100
mL), DIBAL-D (67 mL of 0.7 M solution in toluene, 46.9 mmol) was added dropwise. After 3 h
at room temperature, the reaction mixture was poured into a saturated NH,Cl aqueous solution
and stirring was continued for 10 min. The mixture was extracted with CH,Cl, and the organic
layer was washed with saturated NaHCO; aqueous solution. The organic extracts were dried and
the solvent was removed under vacuum to give 1,1-dideutero-2-phenylthioethanol (3.48 g) as a
colourless oil, which was used in the next step without purification. 'H NMR (CDCl;, 400
MHz) & 2.12 (s, 1H), 3.10 (s, 2H), 3.73 (q, J = 5.2 Hz, 0.125 H corresponding to the
nondeuterated alcohol), 7.21 (tt, /= 7.2 and 1.6 Hz, 1H), 7.29 (tm, J = 7.2 Hz, 2H), 7.39 (m,
2H). C NMR (CDCls, 100.5 MHz) & 37.3 (CH,), 59.9 (m, CD,), 126.8 (CH), 129.2 (2 CH),
130.4 (2 CH), 135.0 (C).

To a cooled (0 °C) solution of crude 1,1-dideutero-2-phenylthioethanol (1.0 g) in CH,Cl, (28
mL), m-CPBA (77%, 2.87 g, 12.8 mmol) was added portion wise, and the resulting mixture was
stirred at room temperature for 20 h. The reaction mixture was diluted with CH,ClI, (80 mL) and
washed with NaOH 2M (2 x 80 mL). The organic extracts were dried and the solvent was
removed under vacuum to give 2,2-dideutero-2-hydroxyethyl phenyl sulfone (0.55 g) as a
colourless oil, which was used in the next step without purification. 'H NMR (CDCl;, 400
MHz) o6 2.72 (s, 1H), 3.35 (s, 2H), 4.00 (broad signal, 0.15 H corresponding to the
nondeuterated sulfone), 7.61 (tm, J = 8.0 Hz, 2H), 7.70 (tt, J = 8.0 and 1.6 Hz, 1H), 7.95 (m,
2H). "C NMR (CDCls, 100.5 MHz) & 55.7 (quintuplet, J = 22.2 Hz, CD,), 58.1 (CH,), 128.0 (2
CH), 129.5 (2 CH), 134.1 (CH), 139.1 (C).

To a solution of 2,2-dideutero-2-hydroxyethyl phenyl sulfone (0.55 g) and Et;N (1.0 mL, 7.3
mmol) in CH,Cl, (18 mL), MsCl (0.27 mL, 3.5 mmol) was added dropwise at room
temperature. The mixture was stirred for 6 h, treated with saturated ammonium chloride
aqueous solution, and extracted with CH,Cl,. The organic extracts were washed with water and
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brine. The organic phase was dried and the solvent was removed under vacuum. The residue
was purified by flash chromatography (from hexanes to hexanes-EtOAc 1:1) to give 2,2-
dideuterovinyl phenyl sulfone (19-D,, 0.39 g, 37% from ethyl phenylthioacetate) as an
amorphous white solid. 'H NMR (CDCl;, 400 MHz) & 6.03 (d, J = 10.0 Hz, 0.06 H
corresponding to the nondeuterated sulfone), 6.45 (d, /= 16.4 Hz, 0.06 H corresponding to the
nondeuterated sulfone), 6.66 (s, 1H), 7.56 (dm J= 7.6 Hz, 2H), 7.65 (tt, J = 7.6 and 1.2 Hz, 1H),
7.90 (d, J = 7.6 Hz, 2H). °C NMR (CDCl;, 100.5 MHz) & 127.4 (quintuplet, J = 25.9 Hz, CD,),
128.0 (2 CH), 129.5 (2 CH), 133.8 (CH), 138.4 (CH), 139.6 (C). HRMS (ESI-TOF) cald for
CsH,D,0,S: 171.0443 [M + H]'; found: 171.0439.

Synthesis of 6a-D;

6a-D; was obtained (42 mg, 45%) as an amorphous brown solid following the general
procedure for the domino reaction described above. 'H NMR (CDCls, 400 MHz) § 3.43 (s, 2H),
5.22 (s, 2H), 7.06-7.11 (m, 3H), 7.17 (td, /= 7.8 and 1.2 Hz, 1H), 7.23-7.30 (m, 4H), 7.43 (d, J
= 8.0 Hz, 1H), 7.56 (t, J = 8.0 and 1.2 Hz, 2H), 7.65 (tt, /= 8.0 and 1.2 Hz, 1H), 7.95 (dm, J =
8.0 Hz, 2H). °C NMR (CDCls, 100.5 MHz) § 18.6 (m, CD,), 50.1 (CH,), 56.7 (CH,), 110.1
(CH), 110.9 (C), 118.6 (CH), 119.6 (CH), 122.3 (CH), 127.0 (2 CH), 127.5 (C), 127.9 (CH),
128.3 (2 CH), 129.0 (2 CH), 129.5 (2 CH), 133.8 (CH), 136.8 (C), 137.4 (C), 139.3 (C). The -
indole-C,-D signal was not observed. HRMS (ESI-TOF) cald for C,3H;9D3NO,S: 379.1554 [M
+ H]"; found: 379.1563.
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Abstract: Sulfonates, sulfonamides, and phosphonates have
proven useful nucleophiles for palladium-catalyzed intramolec-
ular a-arylation reactions leading to tetrahydroisoquinolines. Al-
though the sulfonate a-arylation reaction can be successfully
combined in a domino process with a broad range of Michael

acceptors, only vinyl sulfones can be used in Michael additions
when starting from sulfonamides. No domino process was de-
veloped with the phosphonate derivative. DFT calculations
were carried out to gain more insights into the experimental
differences observed in the reactions involving these substrates.

Introduction

In the continuous search for more environmentally friendly re-
action processes, domino reactions have emerged as a powerful
tool for synthetic organic chemists.!"! Ideally, a multicomponent
domino process would simply involve the mixing of all the rea-
gents, which would then participate chemoselectively in a par-
ticular sequence of events leading to the final product without
requiring any additional modification of the reaction condi-
tions.!? The advantages of domino strategies include lower
costs, a more expeditious procedure, less purification, and often
higher overall reaction yields.

In recent years, different domino processes combining palla-
dium-catalyzed transformations with Michael addition reactions
have been developed for the synthesis of a variety of aza-
heterocycles.®! In this context, we have recently reported the
efficient synthesis of highly functionalized tetrahydroisoquin-
olines™ and indoles™ by domino aza-Michael/Pd-catalyzed -
arylation/Michael addition processes based on the use of sulf-
ones both as electrophiles and nucleophiles. To further general-
ize the application of these synthetic methodologies and access
diversely functionalized heterocycles, we were interested in ex-
ploring the feasibility of other electron-withdrawing groups in
the domino a-arylation/Michael addition strategy.

In this work we expanded our previous studies towards the
use of sulfonates, sulfonamides,® and phosphonates”! as nu-
cleophiles in the a-arylation!® step of the domino process lead-
ing to tetrahydroisoquinolines® (Scheme 1). The combined ex-
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perimental and computational study of these reactions estab-
lishes the scope and limitations of these electron-withdrawing
groups as alternatives to sulfones.

z 7 Y
! H [Pd]
N /\Y N
Bn Bn
base
Z = S03Ph, SO;NBn» Y = SO,Ph, SO,Me, CO;Me

PO(OEt), SO3Ph, SO,NBn;,

Scheme 1. Domino a-arylation/Michael addition process.

Results and Discussion

In our previous work on the a-arylation/Michael addition dom-
ino process, we realized that the Pd-catalyzed reaction was the
most challenging step of the entire transformation. Thus, we
first examined the a-arylation of sulfonate 1a, sulfonamides 1b
and 1d, and phosphonate 1c (Table 1).

Treatment of 1a with [Pd,(dba)s;]/Xantphos as the catalyst
and K;PO, as the base in THF, an effective combination for the
intramolecular a-arylation of -amino sulfones,™ afforded tetra-
hydroisoquinoline 2a in a modest 27 % yield (entry 1). Although
exchanging the solvent for toluene increased the yield to 45 %
(entry 2), changing the base to Cs,CO; resulted in the complete
decomposition of the material. In this context, it should be
noted that 2a was rather unstable and partially decomposed
during the chromatographic purification, as evidenced by the
isolation of significant amounts of phenol.

The reaction of sulfonamide 1b with the couple [Pd,(dba)s]/
Xantphos and K;PO, in THF led to the desired tetrahydroiso-
quinoline 2b in 46 % yield (entry 3). Interestingly, performing
the a-arylation of 1b with Cs,CO; as the base afforded 2b in
75 % yield (entry 4). Treatment of phosphonate 1c under the
same reaction conditions gave 2c in 61 % yield (entry 5). The
use of PPhj; as the ligand instead of Xantphos afforded a similar

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Pd-catalyzed o-arylation of 1a-c.?

z z
I
C @é
b
N ase N
“Bn “Bn
1a, Z = SO4Ph 2a
1b, Z= SOzNan 2b
1c, Z = PO(OE), 2c
1d, Z = SO,NHBn
Entry 1 [Pd]/Ligand Base Solvent Products
(Imol-%]) (Yield [%])!
1 1a  [Pdy(dba)s] (7.5)/  KsPO, THF 2a (27)
Xantphos (15)
2 1a  [Pd(PPhs),] (10)/  KsPO,  Toluene 2a (45)d
Xantphos (10)
3 1b  [Pdy(dba)s] (7.5)/  K;5PO, THF 2b (46)
Xantphos (15)
4 1b  [Pd,(dba)s] (7.5)/  Cs,CO, THF 2b (75)
Xantphos (15)
5 1c  [Pdy(dba)s] (7.5)/  Cs,COs THF 2¢ (61)
Xantphos (15)
6 1c [Pd(PPh3),] (10)  Cs,CO3 THF 2¢ (59)©
7 1c  [Pdy(dba)s] (7.5)/  Cs,CO; THF 2c¢ (80)
PCys (15)
8 1c  [Pdy(dba)s] (7.5)/  K;PO, THF 1c/2c (1:2.5)!
PCys (15)

[a] Reaction conditions: [Pd]/ligand (see Table), base (3 equiv.) in the indi-
cated solvent at 120 °C for 72 h in a sealed tube. [b] Yield refers to products
isolated by chromatography. [c] Significant amounts of phenol were observed
in the reaction mixture. [d] Similar results were obtained when using
[Pd(PPhs),] (15 mol-%) and Xantphos (15 mol-%) as the catalyst; however, the
greater amount of the PPh; ligand hindered the isolation and purification of
2a. [e] Significant amounts of the corresponding hydrodehalogenation prod-
uct were observed in the reaction mixture. [f] "H NMR ratio, the yields were
not quantified.

result (entry 6), whereas with PCy; the yield increased consider-
ably to 80 % (entry 7). The use of K3PO, as base with the same
combination of Pd source and ligand resulted in a slower reac-
tion (entry 8).

Finally, sulfonamide 1d, which has an acidic H atom at the
nitrogen, failed to undergo a similar a-arylation and was recov-
ered unaltered under all explored reaction conditions.

The results in Table 1 show that sulfonates, sulfonamides,
and phosphonates can undergo a-arylation and, consequently,
they are all potential candidates for the proposed domino cas-
cades. We therefore decided to explore the a-arylation/Michael
addition domino process by using these substrates with a vari-
ety of Michael acceptors (Table 2).

Gratifyingly, the treatment of sulfonate 1a with a catalytic
amount of [Pd(PPhs),]/Xantphos and K;PO, in the presence of
phenyl vinyl sulfone in THF afforded sulfonate 3aa in 68 % yield
(entry 1). A similar reaction was observed when using methyl
vinyl sulfone as the Michael acceptor, which afforded 3ab in
70 % vyield (entry 2). The o-arylation/conjugated addition tan-
dem process was also possible when using methyl acrylate,
phenyl ethenesulfonate, and N,N-dibenzylethenesulfonamide,
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Table 2. Tandem a-arylation/Michael addition reactions.”!

z 7 Y
Se:
o~
N “Bn Z Y N “Bn
base
1a-b 3aa-3bb
Entry z Y [Pd]/Ligand Base Products
(Yield [%])™!
1 SOsPh SO,Ph [P(PPhs),)/  KsPO, 3aa (68)
Xantphos
2 SOsPh SO,Me [Pd(PPhs),l/ KsPO, 3ab (70)
Xantphos
3 SOsPh CO,Me [Pd(PPhs),)/ KsPO, 3ac (43)
Xantphos
4 SO5Ph SO5Ph [P(PPhs).)/  KsPO, 3ad (50)
Xantphos
5 SOsPh SO,NBn, [Pd(PPhs),)/ KsPO, 3ae (25)
Xantphos
6 SO,NBn, SO,Ph [Pd(PPhs),] Cs,CO5 3ba (74)
7 SO,NBn, SO,Me [Pd(PPhs),] Cs,CO5 3bb (67)

[a] Reaction conditions: [Pd] (10 %), ligand (10 %), base (3 equiv.), and Michael
acceptor (1.5 equiv.) in THF at 120 °C in a sealed tube for 72 h. [b] Yield refers
to products isolated by chromatography. [c] Michael acceptor (3 equiv.).

which allowed us to prepare 3ac, 3ad, and 3ae, respectively, in
moderate yields (entries 3-5). It should be noted that, except
when using N,N-dibenzylethenesulfonamide as the Michael ac-
ceptor, the domino reactions starting from 1a proceeded with
higher yields than the a-arylation, which confirms that the
lower yields observed for the latter are partially due to the
degradation of the arylated sulfonate 2a under the reaction
conditions.

In the tandem reactions, sulfonamide 1b afforded results
parallel to those of sulfonate 1a with phenyl vinyl sulfone and
methyl vinyl sulfone (entries 6 and 7), but no product was
formed when using methyl acrylate, phenyl ethenesulfonate, or
N,N-dibenzylethenesulfonamide as the Michael acceptor, and
only the a-arylation product 2b was isolated. Similarly, phos-
phonate 1c also failed to undergo the o-arylation/conjugated
addition tandem process with any of the Michael acceptors ex-
plored herein. Once again, the corresponding a-arylation com-
pound 2c was the only product isolated from the reaction mix-
tures.

It is noteworthy that in all the domino reactions with 1a and
1b, the a-arylation took place without any interference from
the competing Heck reaction, which is in agreement with the
infeasibility previously observed for this particular pathway
when using sulfones in the domino process.”

According to our previous study involving 2-iodoanilines and
sulfones,’™ two alternative reaction pathways for the above pal-
ladium-catalyzed a-arylation reactions leading to the observed
tetrahydroisoquinolines 2 can be envisaged: The direct base-
mediated a-arylation reaction and a concerted metalation/de-
protonation (CMD) C-H activation process. The competition be-
tween the two pathways in the reactions involving the new
nucleophiles was explored computationally by means of DFT
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calculations."™ To this end, we computed the corresponding
reaction profiles starting from INTO, the intermediate formed
after a model benzylamine derivative (in which the benzyl
group attached to the nitrogen atom was replaced by a methyl
group) underwent oxidative addition to the model [Pd(PMej;),]
catalyst in the presence of carbonate as base.

Figure 1 shows the reaction profiles for the process involving
INTOA (Z = SO5Ph). The base-mediated a-arylation pathway (in
blue) begins with the base-mediated deprotonation of the
acidic hydrogen atom at the carbon atom linked to the sulfon-
ate group, which gives the carbanionic intermediate INT1A in a
strongly exergonic process (AGg = -28.1 kcal/mol). This species
would then evolve to complex INT2A by the slightly ender-
gonic (AGg = 5.6 kcal/mol) coordination of the carbanion to the
transition metal and concomitant release of a phosphine ligand.
This step typically proceeds with the initial endergonic release
of the phosphine ligand to produce a vacant coordination site,
which is then saturated by the carbanionic ligand. This intra-
molecular coordination is typically associated with a low barrier
(<10 kcal/mol)t"™ and therefore it is not the rate-limiting step
of the transformation. Reductive elimination would then take
place to produce the tetrahydroisoquinoline 2MA. This exer-
gonic step (AGg = -13.8 kcal/mol) proceeds via TS1A, a transi-
tion state associated with the direct formation of the new C-C
bond, with a relatively high activation barrier of 28.2 kcal/mol.
A similar activation barrier of 28.6 kcal/mol was computed for
the closely related direct a-arylation reaction involving 2-iodo-
aniline derivatives with Z = SO,Me,”! which indicates that nei-
ther the substrate nor the Z group has a significant influence
on this step of the reaction. Alternatively, INT2A can be trans-
formed into the coordinatively unsaturated complex INT3A by
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releasing the iodide ligand in an endergonic process (AGg =
6.5 kcal/mol). This species would be then converted into the
final reaction product 2MA in a highly exergonic transformation
(AGg = -20.3 kcal/mol) via TS3A with a much lower activation
barrier of 14.2 kcal/mol.

The alternative reaction pathway involving the C-H activa-
tion begins with the also highly exergonic (AGg = -30.4 kcal/
mol) replacement of the iodide and phosphine ligand in INTOA
by the bidentate CO;?~ ligand to form the anionic complex
INT4A. A concerted metalation/deprotonation (CMD) C-H acti-
vation reaction assisted by the carbonate ligand then occurs to
produce INT5A in a slightly endergonic transformation (AGg =
2.6 kcal/mol). Strikingly, this reaction step proceeds with an ac-
tivation barrier of only 9.6 kcal/mol (via TS2A), which is much
lower than that computed not only for the direct a-arylation
via TS1A (see above) but also for the analogous process involv-
ing 2-iodoaniline derivatives with Z = SO,Me (AG* = 26.1 kcal/
mol).P! Subsequent release of the HCO;™ ligand would produce
INT3A, which, as mentioned above, readily evolves to the final
reaction product via TS3A. Although, based on the computed
relative activation barriers, our calculations suggest that the
CMD pathway is strongly favored for the benzylamine deriva-
tive with Z = SO;Ph, the alternative INT1A — INT2A — INT5A
or INT1A — INT2A — INT3A pathways cannot be completely
discarded.

We also explored the analogous C-H activation/reductive
elimination sequence from INT6A, the intermediate formed
upon coordination of the benzylic nitrogen atom to the transi-
tion metal in INT4A. However, the CMD reaction pathway from
INT6A can be considered as noncompetitive in view of the
much higher activation barrier (AG* = 28.2 kcal/mol) and end-
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Figure 1. Computed reaction profiles for the palladium-catalyzed a-arylation reaction of INTOA. Relative free energies (AG, at 298 K) and bond lengths are
given in kcal/mol and A, respectively. All data were computed at the PCM(tetrahydrofuran)-B3LYP-D3/def2-TZVP//PCM(tetrahydrofuran)-B3LYP-D3/def2-SVP

level of theory.
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ergonicity (AGg = 14.3 kcal/mol, from INT6A) computed for the
CMD reaction via TS4A (see Figure 1).

These calculations indicate that the a-arylation of sulfonate
1a in the presence of Cs,CO; could proceed through the two
competing mechanisms sharing the common intermediate
INT3A, the reductive elimination of which affords the tetra-
hydroisoquinoline. As no a-arylation product was isolated in
the reactions of 1a when using Cs,CO5 as the base, we can
conclude that the failure of the transformation has to be due
to the instability of the arylated sulfone under the reaction con-
ditions. In contrast, the a-arylation of 1a did take place when
using K3PO, as the base, and in this case the reaction should
follow the base-mediated pathway through INT1A.

Similar conclusions (i.e., a preference for the C-H activation)
can be drawn for the analogous system with the phosphonate
substituent [Z = PO(OMe); in the calculations, see Figure S1 in
the Supporting Information]. In this particular transformation,
although the CMD step proceeds with a higher activation bar-
rier of 16.5 kcal/mol, this pathway is still preferred over the
direct a-arylation reaction. Indeed, the corresponding transition
state for the latter process (TS1C) lies 17.8 kcal/mol above that
associated with the CMD reaction (TS2C, see Figure S1). Thus,
by starting from phosphonate 1¢ and using Cs,CO3, the a-aryl-
ated product 2c could be formed by both competing mecha-
nisms, whereas in the presence of K3PO,, only the base-medi-
ated a-arylation pathway would be operative.

The scenario involving the sulfonamide group (Z = SO,NMe,
in the calculations) is slightly different to those found for Z =
SOs;Ph or PO(OMe), (see Figure 2). Indeed, in this case, the cor-
responding CMD reaction step proceeds with a much higher
activation barrier (AG* = 35.5 kcal/mol, via TS2B), which makes
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this process unlikely. This is in part due to the stronger C-H
bond in INT4B compared with in INT4A, as confirmed by the
corresponding computed Wiberg bond indices (0.89 and 0.86
for INT4B and INT4A, respectively), and more likely due to the
higher pK, of the R-CH,-SO,NMe, species compared with R-
CH,-SO5Ph.I'?l Therefore, the preferred a-arylation pathway
when Z = SO,NMe, seems to be INTOB — INT1B — INT2B —
INT3B — TS3B — 2MB. In this particular case, it can also be
suggested that the nitrogen atom of the sulfonamide can coor-
dinate to the transition metal in the coordinatively unsaturated
complex INT3B. However, although such coordination is
strongly exergonic (AGg = -11.3 kcal/mol), the corresponding
reductive elimination reaction via TS3B’ proceeds with a much
higher activation barrier (AG* = 28.7 kcal/mol) than the analo-
gous process involving TS3B (AG* = 15.9 kcal/mol).

Finally, we investigated the reasons for the observed lower
yields in the domino reactions involving methyl acrylate (43 %)
and N,N-dibenzylethenesulfonamide (25 %) compared with in
those involving vinyl sulfones (ca. 70 %) as Michael acceptors
(see Table 2). As shown in Figure 3, the computed activation
barriers for the reactions involving Y = CO,Me (AG* = 19.7 kcal/
mol) or Y = SO,NMe, (AG* = 21.6 kcal/mol) are clearly higher
than that computed for the Michael addition reaction involving
the vinyl sulfone (Y = SO,Ph, AG* = 15.8 kcal/mol). This can be
ascribed to the relative electrophilicity of the Michael acceptor,
which can be estimated from the relative energy of the corre-
sponding LUMO: -1.64 eV (Y = SO,Ph) > -1.49 eV (Y = CO,Me) >
-1.11 eV (Y = SO,NMe,). Therefore, the trend in the experi-
mentally observed reactivity is very likely related to the relative
electrophilicity of the Michael acceptor used in the a-arylation/
Michael addition domino process.
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Figure 2. Computed reaction profiles for the palladium-catalyzed a-arylation reaction of INTOB. Relative free energies (AG, at 298 K) and bond lengths are
given in kcal/mol and A, respectively. All data were computed at the PCM(tetrahydrofuran)-B3LYP-D3/def2-TZVP//PCM(tetrahydrofuran)-B3LYP-D3/def2-SVP

level of theory.
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of theory.

Conclusions

This combined experimental and computational comparative
study has established the feasibility of using different nucleo-
philes and Michael acceptors in the domino a-arylation/Michael
addition process leading to tetrahydroisoquinolines. Our calcu-
lations indicate that two competing mechanisms, namely the
direct base-mediated a-arylation reaction and a concerted
metalation/deprotonation (CMD) C-H activation process, are
operative in the a-arylation of sulfonates and phosphonates
when using Cs,COs as the base. In contrast, in the reaction with
sulfonamides, the base-mediated process seems to be preferred
over the concerted metalation/deprotonation pathway. The re-
sults of our study also indicate that the success of the two-step
domino process is strongly related to the electrophilicity of the
Michael acceptor.

Experimental Section

General: All commercially available reagents were used without fur-
ther purification. All non-aqueous reactions were carried out under
argon. TLC was carried out on SiO, (silica gel 60 F,s54, Merck), and
the spots were located with UV light, 1 % iodoplatinate reagent, or
1 % aqueous KMnO,. Flash chromatography was carried out on SiO,
(silica gel 60, SDS, 230-400 mesh ASTM). The organic extracts ob-
tained during reaction work-up were dried with anhydrous Na,SO,.
The solvents were evaporated by using a rotary evaporator. 'H and
13C NMR spectra were recorded with a Varian Mercury 400 spec-
trometer by using Me,Si as internal standard. Chemical shifts ()
are reported in ppm downfield from Me,Si for 'H and 3C NMR
spectroscopy. HRMS was performed by using a LC/MSD TOF mass
spectrometer.

Typical Method for the Pd°-Catalyzed «-Arylation Reaction:
(Table 1, entry 4) A mixture of sulfonamide 1b (75 mg, 0.123 mmol),
[Pd,(dba)s] (8 mg, 0.009 mmol), Xantphos (11 mg, 0.018 mmol), and
Cs,CO5 (120 mg, 0.37 mmol) in THF (8 mL) was stirred at 120 °C in
a sealed tube for 72 h. The reaction mixture was partitioned be-
tween a saturated aqueous NaHCOj; solution and Et,0. The organic
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extracts were dried and concentrated. The residue was purified by
chromatography (CH,Cl,) to give sulfonamide 2b (45 mg, 75 %).

Phenyl 2-Benzyl-1,2,3,4-tetrahydroisoquinoline-4-sulfonate
(2a): Chromatography (SiO,, from hexanes to CH,Cl,). Orange oil.
TH NMR (CDCl3, 400 MHz): 6 = 3.03 (dd, J = 13.0, 4.2 Hz, 1 H), 3.50
(d, J=15.2 Hz, 1 H), 3.71 (d, J = 12.8 Hz, 1 H), 3.73 (ddd, J = 13.0,
42,1.0Hz 1 H),3.79(d, J =128 Hz, 1 H), 3.94 (d, J = 152 Hz, 1 H),
472 (t,J =42 Hz, 1 H), 6.99-7.02 (m, 2 H), 7.09 (d, J = 7.4 Hz, 1 H),
7.19-7.34 (m, 8 H), 7.40 (m, 2 H), 7.65 (d, J = 7.4 Hz, 1 H) ppm. '3C
NMR (CDCls, 100.6 MHz): 6 = 51.4 (CH,), 55.2 (CH,), 62.3 (CH), 62.3
(CHy), 122.2 (2 CH), 125.4 (C), 126.8 (CH), 126.9 (CH), 127.3 (CH),
127.5 (CH), 128.5 (2 CH), 129.0 (CH), 129.2 (2 CH), 129.7 (2 CH), 130.5
(CH), 137.1 (C), 137.4 (C), 149.3 (C) ppm. HRMS (ESI-TOF): calcd. for
CyH2oNOsS 380.1315 [M + HIY; found 380.1324.

N,N,2-Tribenzyl-1,2,3,4-tetrahydroisoquinoline-4-sulfonamide
(2b): Chromatography (SiO,, from CH,Cl, to CH,Cl,/MeOH 1 %).
Brown oil. 'TH NMR (CDCl;, 400 MHz): 6 = 2.78 (dd, J = 12.8, 4.4 Hz,
1H),337(d, J=152Hz 1 H),3.57 (d, J = 12.8 Hz, 1 H), 3.69 (dd,
J=128,24Hz, 1H),378 (d, J=128 Hz 1 H),3.90 (d, J = 15.2 Hz,
1 H), 412 (s, 4 H), 4.50 (dd, J = 4.4, 2.4 Hz, 1 H), 6.95-6.99 (m, 4 H),
7.06-7.31 (m, 14 H), 7.71 (d, J = 7.6 Hz, 1 H) ppm. 3C NMR (CDCl5,
100.6 MHz): 6 = 52.1 (CH,), 52.3 (CH,), 55.2 (CH,), 63.0 (CH,), 64.9
(CH), 126.6 (C), 126.7 (CH), 127.1 (CH), 127.4 (CH), 127.6 (CH), 128.2
(CH), 128.5 (CH), 128.6 (CH), 128.8 (CH), 129.7 (CH), 130.8 (CH), 136.4
(C), 136.6 (C), 136.7 (C) ppm. HRMS (ESI-TOF): calcd. for C3oH3;N,0,S
483.2101 [M + H]*; found 483.2103.

Diethyl 2-Benzyl-1,2,3,4-tetrahydroisoquinolin-4-ylphosphon-
ate (2c): Chromatography (SiO,, from CH,Cl, to CH,Cl,/MeOH 4 %).
Yellow oil. "H NMR (CDClz, 400 MHz): 6 = 1.16 (t, J = 7.2 Hz, 3 H),
1.18 (t, J = 7.2 Hz, 3 H), 2.86 (ddd, J = 25.2, 11.6, 4.8 Hz, 1 H), 3.29
(td, J=11.6, 4.8 Hz, 1 H), 3.42-3.51 (m, 2 H), 3.64 (d, J = 13.2 Hz, 1
H), 3.73 (dd, J = 15.2, 1.6 Hz, 1 H), 3.76 (d, J = 13.2 Hz, 1 H), 3.84-
4.09 (m, 4 H), 6.98 (m, 1 H), 7.11-7.19 (m, 2 H), 7.24-7.41 (m, 5 H),
7.54 (m, 1 H) ppm. '3C NMR (CDCl, 100.5 MHz): 6 = 16.4 (d, Jc.p =
6.1 Hz, CHs), 16.5 (d, Jcp = 4.5 Hz, CH3), 389 (d, Jcp = 1379 Hz,
CH), 51.6 (d, Jc.p = 4.6 Hz, CH,), 55.7 (d, Jc.p = 1.5 Hz, CH,), 62.1 (d,
Jep = 6.1 Hz, CH,), 62.2 (d, Jcp = 6.9 Hz, CH,), 62.8 (CH,), 126.3 (d,
Jep = 3.0 Hz, CH), 126.7 (d, Je.p = 3.0 Hz, CH,), 126.9 (d, Jcp = 2.3 Hz,
CH,), 127.3 (s, CH), 128.3 (s, 2 CH), 129.4 (s, 2 CH), 129.6 (s, C), 129.7
(d, Jep = 4.6 Hz, CH), 135.5 (d, Jcp = 6.9 Hz, C), 138.0 (s, C) ppm.
HRMS (ESI-TOF): calcd. for C;oH5;NOsP 360.1723 [M + H]*; found
360.1724.

Typical Method for the Domino Reactions: (Table 2, entry 1) A
mixture of sulfonate 1a (75 mg, 0.148 mmol), [Pd(PPh3),] (17 mg,
0.015 mmol), Xantphos (8.5 mg, 0.015 mmol), phenyl vinyl sulfone
(37 mg, 0.22 mmol), and K3PO, (94 mg, 0.44 mmol) in THF (8 mL)
was stirred at 120 °C in a sealed tube for 72 h. The reaction mixture
was then poured into water and extracted with Et,O. The organic
extracts were washed with brine, dried, and concentrated. Finally,
the residue was purified by flash chromatography (SiO,, from
CH,Cl, to CH,Cl,/MeOH 1 %) to give sulfonate 3aa (55 mg, 68 %).

Phenyl 2-Benzyl-4-[2-(phenylsulfonyl)ethyll-1,2,3,4-tetrahydro-
isoquinoline-4-sulfonate (3aa): Yellow foam. 'H NMR (CDCl5,
400 MHz): 6 = 2.62 (td, J = 13.6, 44 Hz, 1 H), 2.80-2.91 (m, 2 H),
3.13 (dd, J = 124, 2.0 Hz, 1 H), 3.26 (d, J = 12.4 Hz, 1 H), 3.50 (ddd,
J=144,13.2,44 Hz, 1 H), 353 (d, J = 15.6 Hz, 1 H), 3.60 (d, J =
128 Hz, 1 H), 3.73 (d, J = 15.6 Hz, 1 H), 3.74 (d, J = 12.8 Hz, 1 H),
6.79 (m, 2 H), 7.09 (d, J = 7.6 Hz, 1 H), 7.13-7.38 (m, 10 H), 7.51-
7.59 (m, 3 H), 7.66 (tt, J = 7.6, 1.2 Hz, 1 H), 7.79 (m, 2 H) ppm. 3C
NMR (CDCls, 100.5 MHz): 6 = 31.2 (CH,), 52.1 (CH,), 56.6 (CH,), 57.0
(CH,), 62.7 (CH,), 68.1 (C), 121.9 (2 CH), 127.0 (CH), 127.4 (CH), 127.6
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(CH), 127.9 (CH), 128.0 (CH), 128.1 (C), 128.2 (2 CH), 128.8 (2 CH),
129.1 (CH), 129.4 (2 CH), 129.5 (2 CH), 129.7 (2 CH), 134.0 (CH), 136.9
(C), 137.3 (C), 138.6 (C), 149.1 (C) ppm. HRMS (ESI-TOF): calcd. for
Cs0H3oNOsS, 548.1560 [M + HI*; found 548.1567.

Phenyl 2-Benzyl-4-[2-(methylsulfonyl)ethyl]-1,2,3,4-tetrahydro-
isoquinoline-4-sulfonate (3ab): Yellow oil. "TH NMR (CDCl;,
400 MHz): 6 = 2.67-2.78 (m, 2 H), 2.75 (s, 3 H), 2.90-3.01 (m, 1 H),
3.22 (dd, J =124,16 Hz, 1 H), 3.27 (d, J = 12.4 Hz, 1 H), 3.37-3.47
(m, 1 H), 3.60 (d, J = 12.8 Hz, 1 H), 3.61 (d, J = 14.8 Hz, 1 H), 3.82
(d, J =128 Hz, 1 H), 3.83 (d, J = 14.8 Hz, 1 H), 6.85 (m, 2 H), 7.14
(dd, J = 8.0, 1.2 Hz, 1 H), 7.18-7.40 (m, 10 H), 7.79 (dd, J = 8.0,
1.2 Hz, 1 H) ppm. 3C NMR (CDCl;, 100.5 MHz): 6 = 31.1 (CH,), 40.5
(CHs), 50.7 (CH,), 56.5 (CH,), 56.9 (CH,), 62.6 (CH.), 68.1 (C), 122.0 (2
CH), 127.1 (CH), 127.5 (CH), 127.7 (CH), 128.0 (CH), 128.1 (CH), 128.5
(C), 128.9 (2 CH), 129.2 (CH), 129.6 (2 CH), 129.8 (2 CH), 137.0 (C),
137.2 (C), 149.1 (C) ppm. HRMS (ESI-TOF): calcd. for Cy5H,gNOsS,
486.1403 [M + H]*; found 486.1403.

Phenyl 2-Benzyl-4-[2-(methoxycarbonyl)ethyll-1,2,3,4-tetra-
hydroisoquinoline-4-sulfonate (3ac): Pale-yellow solid. "H NMR
(CDCl3, 400 MHz): 0 = 2.22 (ddd, J = 16.2, 11.2, 5.2 Hz, 1 H), 2.65
(ddd, J=11.2, 8.0, 5.2 Hz, 1 H), 2.69 (ddd, J = 11.2, 8.0, 5.2 Hz, 1 H),
2.84 (ddd, J = 16.2, 11.2, 5.2 Hz, 1 H), 3.18 (dd, J = 124, 1.6 Hz, 1
H), 3.38 (d, J =124 Hz, 1 H), 3.58 (d, J = 14.8 Hz, 1 H), 3.63 (s, 3 H),
369 (d, J =132 Hz 1 H), 3.70 (d, J = 148 Hz, 1 H), 3.74 (d, J =
13.2 Hz, 1 H), 6.84 (m, 2 H), 7.08 (dd, /= 7.6, 1.2 Hz, 1 H), 7.16-7.38
(m, 10 H), 7.77 (dd, J = 7.6, 1.2 Hz, 1 H) ppm. *C NMR (CDCls,
100.5 MHz): 6 = 29.7 (CH,), 32.5 (CH,), 51.9 (CHs), 56.3 (CH,), 57.0
(CH,), 62.6 (CHy), 69.2 (C), 122.1 (2 CH), 126.8 (CH), 127.2 (CH), 127.3
(CH), 127.7 (CH), 128.4 (CH), 128.6 (2 CH), 128.7 (CH), 129.1 (C), 129.2
(2 CH), 129.6 (2 CH), 137.2 (Q), 137.3 (C), 149.3 (C), 173.0 (C) ppm.
HRMS (ESI-TOF): calcd. for Cy6H5NOsS 466.1683 [M + H]*; found
466.1683.

Phenyl 2-Benzyl-4-[2-(phenoxysulfonyl)ethyl]-1,2,3,4-tetra-
hydroisoquinoline-4-sulfonate (3ad): Yellow foam. 'H NMR
(CDCl3, 400 MHz): 6 = 2.93 (td, J = 12.4, 3.2 Hz, 1 H), 2.99 (td, J =
12.4,3.2 Hz, 1 H), 3.11 (td, J = 12.4, 3.2 Hz, 1 H), 3.27 (s, 2 H), 3.56
(d, J=152Hz, 1 H),3.63 (d, J =128 Hz, 1 H), 3.72 (td, J = 12,4,
3.2Hz 1H),3.78(d, J=128Hz, 1 H),3.82 (d, J=15.2 Hz, 1 H), 6.87
(m, 2 H), 713 (dd, J = 7.6, 0.8 Hz, 1 H), 7.17-7.38 (m, 15 H), 7.82
(dd, J=8.0, 1.2 Hz, 1 H) ppm. '3C NMR (CDCl3, 100.5 MHz): ¢ = 32.3
(CH,), 46.7 (CH,), 56.6 (CH,), 56.8 (CH,), 62.6 (CH.), 68.0 (C), 122.0 (2
CH), 122.1 (2 CH), 127.1 (CH), 127.4 (CH), 127.6 (CH), 127.7 (CH),
128.0 (CH), 128.1 (CH), 128.3 (C), 128.9 (2 CH), 129.2 (CH), 129.3 (2
CH), 129.8 (2 CH), 130.1 (2 CH), 136.7 (C), 137.1 (C), 149.0 (C), 149.1
(C) ppm. HRMS (ESI-TOF): calcd. for C3oH3oNOgS, 564.1509 [M + HI*;
found 564.1518.

Phenyl 2-Benzyl-4-[2-(N,N-dibenzylaminosulfonyl)ethyl]-
1,2,3,4-tetrahydroisoquinoline-4-sulfonate (3ae): Yellow oil. 'H
NMR (CDCl3, 400 MHz): 6 = 2.68-2.79 (m, 2 H), 2.88-2.99 (m, 1 H),
3.07 (dd, J =124, 1.2 Hz, 1 H), 3.26 (d, J = 12.4 Hz, 1 H), 3.20-3.33
(m, 1 H), 3.54 (d, J = 148 Hz, 1 H), 3.61 (d, J = 13.2 Hz, 1 H), 3.69
(d, J=148 Hz, 1 H), 3.71 (d, J = 13.2 Hz, 1 H), 422 (d, J = 15.2 Hz,
2 H),4.30 (d, J=15.2 Hz, 2 H), 6.85 (m, 2 H), 7.09 (dd, J = 7.6, 1.2 Hz,
1 H), 7.17-7.35 (m, 20 H), 7.71 (dd, J = 8.0, 0.8 Hz, 1 H) ppm. '3C
NMR (CDCls, 100.5 MHz): & = 31.7 (CH,), 49.7 (CH,), 50.3 (2 CH,),
56.5 (CH,), 57.0 (CH,), 62.6 (CH,), 68.4 (C), 122.0 (2 CH), 127.0 (CH),
127.4 (CH), 127.5 (CH), 127.8 (CH), 128.1 (2 CH), 128.3 (CH), 128.4
(C), 128.7 (2 CH), 128.8 (4 CH), 128.9 (4 CH), 129.0 (CH), 129.2 (2 CH),
129.7 (2 CH), 135.7 (2 C), 137.0 (C), 137.2 (C), 149.2 (C) ppm. HRMS
(ESI-TOF): calcd. for C35H3oN,05S, 667.2295 [M + H]*; found
667.2289.
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2,N,N-Tribenzyl-4-[2-(phenylsulfonyl)ethyll-1,2,3,4-tetrahydro-
isoquinoline-4-sulfonamide (3ba): Yellow oil. "TH NMR (CDCl;,
400 MHz): 6 = 2.63 (ddd, J = 13.6, 12.8, 4.8 Hz, 1 H), 2.79 (ddd, J =
13.6,12.8,3.6 Hz, 1 H), 2.86 (d, J = 12.4 Hz, 1 H), 2.89 (ddd, J = 13.6,
12.8,3.6 Hz, 1 H), 3.16 (d, / = 12.4 Hz, 1 H), 3.44 (d, J = 12.8 Hz, 1
H), 3.49 (ddd, J = 13.6, 12.8, 4.8 Hz, 1 H), 3.49 (d, / = 148 Hz, 1 H),
3.57 (d, J =148 Hz 1 H), 3.70 (d, J = 12.8 Hz, 1 H), 4.01 (br. s, 4 H),
6.77 (d, J = 6.8 Hz, 4 H), 7.06-7.35 (m, 14 H), 7.55 (tt, /= 7.6, 1.2 Hz,
2 H),765(tt,J=7.6,12Hz 1H),7.76 (dd, /= 8.0, 1.2 Hz, 1 H), 7.83
(m, 2 H) ppm. 3C NMR (CDCl5, 100.5 MHz): 6 = 31.6 (CH,), 52.4
(CH,), 52.5 (2 CH,), 56.4 (CH,), 57.1 (CH,), 63.0 (CH,), 69.7 (C), 127.4
(CH), 127.5 (CH), 127.6 (2 CH), 127.9 (CH), 128.2 (2 CH), 128.3 (4 CH),
128.5 (4 CH), 128.6 (CH), 128.8 (2 CH), 128.9 (CH), 129.5 (2 CH), 129.6
(C), 129.7 (2 CH), 133.9 (CH), 135.7 (2 C), 136.5 (C), 137.2 (C), 138.7
(C) ppm. HRMS (ESI-TOF): calcd. for C3gH3oN5>04S, 651.2346 [M +
HI1*; found 651.2349.

2,N,N-Tribenzyl-4-[2-(methylsulfonyl)ethyl]-1,2,3,4-tetrahydro-
isoquinoline-4-sulfonamide (3bb): Yellow oil. "TH NMR (CDCl5,
400 MHz): 6 = 2.73-2.91 (m, 3 H), 2.81 (s, 3 H), 2.94 (dd, J = 124,
1.2 Hz, 1 H), 3.18 (d, J = 12.4 Hz, 1 H), 3.42-3.51 (m, 1 H), 3.45 (d,
J =128 Hz, 1 H), 355 (d, J =148 Hz, 1 H), 3.66 (d, J = 14.8 Hz, 1
H), 3.77 (d, J = 12.8 Hz, 1 H), 4.08 (br. s, 4 H), 6.80 (d, / = 6.4 Hz, 4
H), 7.09-7.17 (m, 7 H), 7.24-7.36 (m, 7 H), 7.99 (dd, J = 7.6, 1.6 Hz,
1 H) ppm. '3C NMR (CDCl5, 100.5 MHz): & = 31.7 (CH,), 40.4 (CH5),
50.9 (CH,), 52.4 (2 CH,), 56.6 (2 CH,), 62.9 (CH,), 69.7 (C), 127.4 (CH),
127.5 (CH), 127.6 (2 CH), 127.9 (CH), 128.3 (4 CH), 128.5 (4 CH), 128.6
(CH), 128.8 (2 CH), 129.0 (CH), 129.7 (2 CH), 130.0 (C), 135.7 (2 Q),
136.5 (C), 137.1 (C) ppm. HRMS (ESI-TOF): calcd. for C33Hs;N,0,S,
589.2189 [M + HI*; found 589.2199.

Computational Details: All the calculations reported in this paper
were carried out with the Gaussian 09 suite of programs.'3! Electron
correlation was partially taken into account by using the hybrid
functional usually denoted as B3LYP'"# in conjunction with the D3
dispersion correction suggested by Grimme et al."! with the dou-
ble-C quality plus polarization def2-SVP basis set!'®! for all atoms.
Reactants and products were characterized by frequency calcula-
tions"”1 and have positive definite Hessian matrices. The transition-
state structures (TSs) show only one negative eigenvalue in their
diagonalized force constant matrices, and their associated eigenvec-
tors were confirmed to correspond to the motion along the reaction
coordinate under consideration by using the intrinsic reaction coor-
dinate (IRC) method.['® Solvent effects were taken into account by
using the polarizable continuum model (PCM).['¥! Single-point cal-
culations on the PCM(THF)-B3LYP-D3/def2-SVP geometries were
performed to estimate the change in the Gibbs energies at the
B3LYP-D3 level of theory by using the triple-C quality plus polariza-
tion def2-TZVP basis set!'®! for all atoms. This level is denoted
PCM(THF)-B3LYP-D3/def2-TZVP//PCM(THF)-B3LYP-D3/def2-SVP.
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Experimental procedures and characterization data for the starting materials.

Phenyl ethenesulfonate. A solution of phenol (1.04 g, 11.04 mmol) and triethylamine
(3 mL, 22.08 mmol) in CH,CI, (8 mL) was added dropwise to a stirred solution of 2-
chloroethanesulfonyl chloride (1.0 mL, 9.2 mmol) in CH,CI, (8 mL) at -78 °C. The
resulting solution was stirred at room temperature for 4 hours. The reaction mixture
was diluted with CH,Cl, and washed with 2M NaOH aqueous solution and brine. The
organic layer was dried, filtered, and concentrated. The residue was purified by
chromatography (SiO,, from CH,Cl, to CH,Cl,-MeOH 0.5%) to give phenyl
ethenesulfonate (1.41 g, 83%) as a colorless oil. '"H NMR (CDCl;, 400 MHz) & 6.15 (dd,
J=10.4 and 0.8 Hz, 1H), 6.36 (dd, J = 16.8 and 0.8 Hz, 1H), 6.67 (dd, J = 16.8 and
10.4 Hz, 1H), 7.21-7.42 (m, 5H). *C NMR (CDCls, 100.6 MHz) 5 122.4 (2 CH), 127.5
(CH), 130.0 (2 CH), 131.8 (CH,), 132.2 (CH), 149.6 (C).

N,N-Dibenzylethenesulfonamide. A solution of dibenzylamine (0.25 mL, 1.31 mmol),
DMAP (16 mg, 0.13 mmol), and Et;N (0.55 mL, 3.94 mmol) in CH,CI, (6 mL) was
stirred at room temperature under argon for 10 minutes. The mixture was cooled to 0
°C and 2-chloroethanesulfonyl chloride (0.2 mL, 1.84 mmol) was added. The resulting
solution was stirred at 0 °C for 5 minutes and at room temperature for 4 hours. The
reaction mixture was poured into water and extracted with CH,Cl,. The organic extracts
were washed with brine, dried, filtered, and concentrated. The residue was purified by
chromatography (SiO,, from CH)Cl, to CH)Cl,-MeOH 0.75%) to give N,N-
dibenzylethenesulfonamide (254 mg, 67%) as a pale yellow oil. '"H NMR (CDCl;, 400
MHz) & 4.27 (s, 4H), 5.86 (d, J = 10.0 Hz, 1H), 6.22 (d, J = 16.4 Hz, 1H), 6.34 (dd, J =
16.4 and 10.0 Hz, 1H), 7.25-7.37 (m, 10H)."*C NMR (CDCls, 100.6 MHz) 5 49.8 (CH,),
126.5 (CH,), 128.1 (CH), 128.8 (2 CH), 128.9 (2 CH), 135.7 (C), 136,2 (CH).

N-Benzylethenesulfonamide. Operating as above, N-benzylethenesulfonamide was
prepared (555 mg, 64%) as a pale yellow oil. "H NMR (CDCls, 400 MHz) & 4.22 (d, J =
6.0 Hz, 2H), 4.58 (broad signal, 1H), 5.92 (d, J = 10.0 Hz, 1H), 6.26 (d, J = 16.4 Hz,
1H), 6.48 (dd, J = 16.4 and 10.0 Hz, 1H), 7.28-7.38 (m, 5H)."*C NMR (CDCls, 100.6
MHz) & 47.2 (CHy), 127.0 (CH,), 128.1 (2 CH), 128.3 (CH), 129.0 (2 CH), 136.2 (CH),
136.6 (C).

Phenyl 2-[N-benzyl-N-(2-iodobenzyl)amino]ethanesulfonate (1a).

A solution of phenyl ethenesulfonate (250 mg, 1.36 mmol) and benzylamine (160 mg,
1.49 mmol) in EtOH (10 mL) was stirred at reflux for 24 hours. The solvent was
evaporated and the residue was purified by chromatography (SiO,, from CH.Cl, to
CH,Cl,-MeOH 1%) to give phenyl 2-[N-benzylamino]ethanesulfonate (289 mg, 73%) as

S2



a yellow oil. '"H NMR (CDCls. 400 MHz) 5 1.60-1.80 (broad s, 1H), 3.22 (t, J = 6.4 Hz,
2H), 3.44 (t, J = 6.4 Hz, 2H), 3.84 (s, 2H), 7.23-7.41 (m, 10H).

A mixture of phenyl 2-[N-benzylamino]ethanesulfonate (289 mg, 1.0 mmol), K,CO; (274
mg, 2.0 mmol), a catalytic amount of Lil, and 2-iodobenzy! chloride (0.2 mL, 1.04 mmol)
in acetonitrile (5 mL) was stirred at reflux for 24 hours. The solvent was evaporated and
the residue was partitioned between CH,CIl, and water. The organic extracts were
washed with brine, dried, filtered, and concentrated. The residue was purified by
chromatography (SiO,, from hexanes to hexanes-CH,Cl, 1:4) to give 1a (373 mg, 99%)
as a yellow oil. '"H NMR (CDCls, 400 MHz) & 3.16 (m, 2H), 3.31 (m, 2H), 3.68 (s, 2H),
3.73 (s, 2H), 6.94-7.01 (m, 3H), 7.25-7.38 (m, 9H), 7.48 (dd, J = 7.6 and 1.2 Hz, 1H),
7.84 (dd, J = 7.6 and 1.2 Hz, 1H). *C NMR (CDCl;, 100.6 MHz) & 47.6 (CH,), 47.9
(CHy), 58.7 (CH,), 63.2 (CHy), 100.4 (C), 122.0 (2 CH), 127.3 (CH), 127.7 (CH), 128.5
(CH), 128.7 (2 CH), 129.0 (2 CH), 129.4 (CH), 130.1 (2 CH), 130.7 (CH), 138.3 (C),
139.9 (CH), 140.5 (C), 149.2 (C). HRMS (ESI-TOF) calcd. for CxH23INO;S: 508.0438
[M+H]"; found: 508.0435.

N,N-Dibenzyl-2-[N-benzyl-N-(2-iodobenzyl)amino]ethanesulfonamide (1b).
Operating as in the preparation of 1a, starting from N,N-dibenzylethenesulfonamide
(100 mg, 0.35 mmol), sulfonamide 1b was obtained (319 mg, 72% for two steps) as a
yellow oil. 'H NMR (CDCls, 400 MHz) & 2.94-2.99 (m, 2H), 3.01-3.06 (m, 2H), 3.56 (s,
2H), 3.59 (s, 2H), 4.21 (s, 4H), 6.95 (td, J = 8.0 Hz and 2.0 Hz, 1H), 7.18-7.34 (m,
16H), 7.44 (dd, J = 8.0 Hz and 1.6 Hz, 1H), 7.83 (dd, J = 8.0 and 1.6 Hz, 1H)."*C NMR
(CDCl3, 100.6 MHz) 6 47.6 (CHy), 50.3 (CH,), 51.2 (CH,), 58.4 (CH,), 62.9 (CH,), 100.3
(C), 127.4 (CH), 128.1 (CH), 128.3 (CH), 128.5 (CH), 128.8 (CH), 128.9 (CH), 129.1
(CH), 130.6 (CH), 135.8 (C), 138.6 (C), 139.7 (CH), 140.8 (C). One CH was no
observed. HRMS (ESI-TOF) calcd. for CsoHsIN,O,S: 611.1224 [M+H]; found:
611.1231.

Diethyl 2-[N-benzyl-(N-iodobenzyl)amino]ethylphosphonate (1c).

Diethyl vinylphosphonate (766 mg, 4.66 mmol) was added under argon to a solution of
benzylamine (0.5 g, 4.66 mmol) in degasified water (2 mL). The mixture was stirred at
reflux for 45 minutes, cooled to room temperature, and partitioned between CH,Cl, and
water. The organic layer was separated and the aqueous phase was extracted with
CH,CI,. The combined organic extracts were dried, filtered and concentrated. The
residue was purified by chromatography (CH,Cl, to CH,Cl,/MeOH 8%) to give diethyl
2-(N-benzylamino)ethylphosphonate (891 mg, 70%) as a yellow oil. '"H NMR (CDCl;,
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400 MHz) & 1.30 (t, J = 7.0 Hz, 6H), 2.00 (dt, J = 18.4 and 7.2 Hz, 2H), 2.92 (dt, J =
15.6 and 7.2 Hz, 2H), 3.80 (s, 2H), 4.08 (m, 2H), 7.22-7.35 (m, 5H).

K>CO3; (908 mg, 6.57 mmol) and 2-iodobenzyl chloride (912 mg, 3.61 mmol) were
added to a solution of diethyl 2-(N-benzylamino)ethylphosphonate (891 mg, 3.28 mmol)
in CH3;CN (12 mL). The mixture was stirred at reflux overnight. The solvent was
removed under vacuum, the residue was dissolved in CH,Cl, and washed with water.
The organic layer was dried and concentrated. The residue was purified by
chromatography (CH,Cl, to CH,Cl,/MeOH 5%) to give phosphonate 1¢c (1.15 g, 73%)
as a yellow oil. '"H NMR (CDCls, 400 MHz) & 1.21 (t, J = 7.0 Hz, 6H), 1.99 (m, 2H), 2.81
(m, 2H), 3.63 (s, 2H), 3.64 (s, 2H), 3.98 (m, 4H), 6.93 (td, J = 7.6 and 1.6 Hz, 1H), 7.20-
7.37 (m, 6H), 7.52 (dd, J = 7.6 and 1.6 Hz, 1H), 7.81 (dd, J = 8.0 and 1.6 Hz, 1H). °C
NMR (CDCl;, 100.5 MHz) & 16.4 (d, Jc.p = 6.1 Hz, CH3), 22.9 (d, Jc.p = 135.7 Hz, CH,),
46.5 (CHy), 57.6 (CHy), 61.5 (d, Jop = 6.1 Hz, CH,), 62.2 (CH;), 100.2 (C), 127.1 (CH),
128.1 (CH), 128.3 (2 CH), 128.8 (3 CH), 130.3 (CH), 138.8 (C), 139.5 (CH), 141.1 (C).
HRMS (ESI-TOF) calcd. for CH2sINOsP: 488.0846 [M+H]"; found: 488.0848.

N-Benzyl-2-[N-benzyl-N-(2-iodobenzyl)amino]ethanesulfonamide (1d). Operating
as in the preparation of 1a, starting from N-benzylethenesulfonamide (467 mg, 2.37
mmol), sulfonamide 1d was obtained (860 mg, 69% for two steps) as a yellow oil, after
chromatographic purification (SiO,, from CH,Cl, to CH,Cl-MeOH 4%). 'H NMR
(CDCl3, 400 MHz) & 2.95 (m, 2H), 3.11 (m, 2H), 3.60 (s, 2H), 3.62 (s, 2H), 4.09 (d, J =
6.4 Hz, 2H), 4.49 (t, J = 6.4 Hz, 1H), 6.95 (td, J = 7.2 and 1.6 Hz, 1H), 7.19-7.34 (m,
11H), 7.43 (dd, J = 7.6 and 2.0 Hz, 1H), 7.82 (dd, J = 8.0 and 1.2 Hz, 1H). *C NMR
(CDCI; 100.6 MHz) 6 47.1 (CHy), 47.8 (CH,), 50.3 (CH,), 58.5 (CH,), 62.9 (CH,), 100.5
(C), 127.6 (CH), 128.1 (2 CH), 128.2 (CH), 128.4 (CH), 128.6 (2 CH), 128.9 (2 CH),
129.1 (2 CH), 129.3 (CH), 130.6 (CH), 136.8 (C), 138.2 (C), 139.8 (CH), 140.7 (C).
HRMS (ESI-TOF) calcd. for C,3H2IN20,S: 521.0754 [M+H]"; found: 521.0757.
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A novel, selective palladium-catalysed carbenoid C(aryl)-H insertion
of a-diazo-a-(methoxycarbonyl)acetanilides leading to oxindoles is
described.

The transition metal-catalysed intramolecular C-H insertion of
diazo compounds constitutes a powerful methodology for the con-
struction of carbocyclic and heterocyclic frameworks." Although
the use of dirhodium(u)* and copper® catalysts has traditionally
monopolized this area of research, in recent years different
transition metals, including gold,* nickel,” ruthenium,’ cobalt,”
iron and manganese,® have emerged as useful alternatives.
Surprisingly, palladium, one of the most commonly employed
metals in homogeneous catalysis, has been scarcely applied to
these processes, its use being restricted to a couple of examples
of o-diazo-B-ketoester insertion into Csp®>~H bonds.>'® In this
context, we recently reported that palladium catalysts are also
able to promote Csp>-H insertion of carbenoids derived from
a-diazoesters to form pyrrolidines through intramolecular
C(sp®)-C(sp®) bond formation (Scheme 1)."*

Among the reported transition metal-catalysed intramolecular
C-H insertions of diazo compounds, the reaction of N-alkyl-N-aryl
o-diazoamides has been extensively explored,'? since the insertion
products, namely B- and y-lactams as well as 2-oxindoles, are
common scaffolds found in numerous natural products. The
selectivity of these reactions depends not only on the carbenoid
and substrate substitution, but is also governed by the catalyst."
Thus, for instance, the use of Rh(u) carboxylate and, in parti-
cular, carboxamide catalysts has resulted in the development of
highly chemo-, regio- and stereoselective transformations with a
variety of reaction modes.'* On the other hand, more recently,
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Scheme 1 Previously reported Pd-catalysed Csp*~H insertion of carbenoids
derived from a-diazoesters (see ref. 11).
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Scheme 2 Transition metal (TM) catalysed carbenoid C—-H insertion of
a-diazo-a-(methoxycarbonyl)acetanilides.

the commercially available [Ru(p-cymene)Cl,], has been used as a
catalyst to develop diverse methodologies for oxindole synthesis
based on the o-diazoamide carbenoid insertion."

Encouraged by the results of our previous work, we decided
to explore the feasibility of palladium as a catalyst to promote
the carbenoid C-H insertion from a-diazo-a-(methoxycarbonyl)-
acetanilides (Scheme 2). In this investigation, we sought to identify
differences in the reactivities and selectivities between the palladium
catalyst and the transition-metal catalysts mentioned above.'®

a-Diazoamide 1a was chosen as a model substrate for our
initial studies (Table 1). In line with the results previously
reported for related substrates,**”™ the Rh(u) acetate-catalysed
decomposition of 1a resulted in the intramolecular carbenoid
insertion into the benzylic C-H bond to give mainly ¢rans-p-
lactam 2a (entry 1). In contrast, treatment of 1a with a catalytic
amount of Pd,(dba); in toluene at reflux for 72 h afforded
oxindole 3a, arising from the arylic C-H bond insertion, in 42%
yield (entry 2). While a similar result was obtained when the
reaction was carried out in dioxane for 31 h (entry 3), the use of
either the more polar CH;CN or the high boiling chlorobenzene
as the solvent led to the complete decomposition of the material
(results not shown in the table). Note that oxindole 3a was

This journal is © The Royal Society of Chemistry 2017
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Table 1 Transition metal-catalysed cyclisation reactions of a-diazoamide 1a°

At

COzMe CO,Me

CSH5 N2 1a 4a Bn

Entry Catalyst (mol%) Additives (equiv.) Solvent Temp. Time (h) Products? (%)

1 [Rh(OACc),], (2) — CH,CI, It 33 2a (48%)°

2 Pd,(dba); (7.5) Cs,CO; (2) Toluene Reflux 72 (42%)

3 Pd,(dba); (10) Cs,CO; (2) Dioxane Reflux 31 3a (44%)?

4 Pd,(dba); (10) Cs,CO; (2) DCE Reflux 96 4a (66%)

5 Pd(OAc), (20) Cs,CO; (2) DCE Reflux 72 la:4a (1.2:1)°

6 Pd(PPh;), (20) Cs,CO0; (2) DCE Reflux 72 la:4a (1.1:1)°

7 Pd,(dba); (10) Cs,CO; (2) DCE Reflux 72 la:4a (1:1.6)°
(o-Tolyl);P (40)

8 Pd,(dba), (10) Cs,CO0; (2) DCE Reflux 72 la:4a (1.3:1)°
dppe (20)

9 Pd,(dba), (10) Cs,CO0; (2) DCE Reflux 72 9V
‘Bu;P-HBF, (40)

10 — Cs,CO; (2) DCE Reflux 9 1a:2a:4a (2.5:0.2:1)°

“ All reactions were conducted with 1a (0.2 mmol, 0.2 M). ?

than 10% of 4a.

difficult to isolate in pure form due to its well-known tautomeric
equilibrium.**?

Pleasingly, we found that when using dichloroethane as the
solvent, oxindole 4a was directly obtained (66% yield) from a
sequential carbenoid insertion/alkylation process (entry 4). The
formation of 4a not only facilitated the isolation of the cycliza-
tion product, but also avoided the generation of minor amounts
of bisoxindole by-products,'” which were also observed when
using solvents other than DCE. The use of other palladium
precatalysts such as Pd(OAc), and Pd(PPh;), resulted in slower
reaction rates (entries 5 and 6). Similarly, all our attempts to
increase the efficiency of the Pd-catalysed reaction by adding
different phosphine ligands met with no success (entries 7-9).
Finally, ca. 30% of conversion was observed in the absence of
the palladium catalyst, giving a 0.2 : 1 mixture of ¢trans-p-lactam
2a and oxindole 4a, together with unreacted starting material
(entry 10)."® These results therefore indicate that Pd,(dba); can
catalyse the carbenoid C-H insertion of o-diazo-o-(methoxy-
carbonyl)acetanilides, which chemoselectively proceeds into
the arylic C-H bond to give the oxindole 3a.'® The selectivity of
the insertion is the opposite of that observed in our previous
work with o-diazoesters.’* Moreover, when using dichloroethane
as the solvent, the initially formed oxindole undergoes in situ
alkylation®® to afford 4a. Interestingly, when the reaction was
carried out with the base DBU [Pd,(dba); (0.1), DBU (1.2) in DCE
at reflux], N-benzyl-2-oxindole was obtained (69%) from the
demethoxycarbonylation® of the initially formed oxindole 3a.>*
This result confirms that Cs,CO; is not necessary for the
Pd-catalysed insertion, but is needed for the alkylation process.

In order to assess the scope of this novel Pd-catalysed
reaction, we then explored the sequential C-H insertion/alkylation
process starting from a variety of o-diazoacetanilides (Scheme 3).
Firstly, we investigated the effect of changing the N-alkyl sub-
stituent on the course of the two-step sequential process. All the
tested N-alkyl substrates were well tolerated under the conditions

This journal is © The Royal Society of Chemistry 2017

Isolated yield. ¢
amounts of the bisoxindole dimer (~5%) were also formed, see the ESI ° "H NMR ratio, yields were not quantified.

Minor amounts of the cis-B-lactam (< 10%) were also formed. ¢ Small
Complex mixture with less
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4b, R= Me (71% 4j, Ry =0OMe (36%)
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4c, R = Et (54%) ‘"' (23 % ) 4k, Ry = F (64%)
4d, R = i-Pr (61%) 41, Ry = COMe (22%)°
4e, R = CH,CH,CO,Me (45%)° on o
4f, R = Ph (55%)°9 N
4g, R = CH,(2-I-Ph) (55%)° COMe
P Q0
Cl
Cl

MeO 0
N

Bn 4i (40%, 4-OMe/6-OMe, 1:3)°

am (27%)°9

Scheme 3 Scope of the Pd-catalysed reaction. ? See Table 1 for representa-
tive procedure. ® 18% of unreacted starting material was recovered. € Catalyst
loading: 15%. 9 20% of unreacted starting material was recovered. € *H NMR
analysis of the reaction mixture showed a 1:1 mixture of 1h and 4h. " The
O-alkylation product 4l was also obtained (41/4l’, 3: 1), see the ESI.T 9 The
O-alkylation product 4m’ was also obtained (4m/4m’, 2:1), see the ESI.¥

of the Pd-catalysed reaction. As can be seen in Scheme 3, the
insertion occurs selectively into the arylic C-H bond, in the
presence of primary, secondary as well as tertiary Csp’~H bonds.
Oxindoles 4e and 4f, bearing a (methoxycarbonyl)ethyl and a phenyl
group, respectively, were also obtained in acceptable yields. Under
the optimized reaction conditions, amide 1g, bearing a 2-iodobenzyl
substituent at the nitrogen atom, selectively afforded oxindole 4g.
Strikingly, no product resulting from the competitive Pd-catalysed
coupling of the aryl iodide with the diazo moiety® was observed in
the reaction mixture."

It was also found that the stereoelectronic properties of the
substituents on the aniline ring considerably affect the course
of the cyclisation reaction. The presence of an ortho-bromo

Chem. Commun., 2017, 53, 3110-3113 | 3111
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substituent on the arylic ring resulted in a very slow reaction,
probably due to steric interactions. Thus, starting from 1h and
after 4 days under the usual reaction conditions, a 1:1 mixture of
the starting amide and oxindole 4h (23%) was obtained. Amide 1i,
which bears a good electron-donating meta-methoxy group,
underwent complete reaction to give oxindole 4i (40%), which
was isolated as a 1: 3 mixture of regioisomers. On the other hand,
amides 1j and 11, which bear the electron-donating methoxy and
electron-withdrawing (methoxycarbonyl) groups, respectively, at
the para position afforded oxindoles 4j and 41 also in modest
yields, despite complete consumption of the starting material.
In contrast, oxindole 4k, which has a fluoro substituent, was
obtained in 64% yield. Finally, the N-naphthyl amide 1m under-
went selective C-H insertion to give 4m, which was isolated
together with the corresponding O-alkylation product.

To further confirm the catalytic role of palladium in the
insertion reaction, the thermal decomposition of a-diazoamides
1b (R, = H, R=Me) and 1f (R, = H, R = Ph) was also evaluated. In
the absence of Pd,(dba); and under otherwise the same reaction
conditions, 1b afforded a 2: 1: 0.6 mixture of 1b, 4b and -lactam
2b (Scheme 4).** When the thermal reaction was run starting
from 1f, a 4:1 mixture of the starting material and oxindole 4f

CSZ CO3

_Tvers N
DCE reflux N
96h 4b Me 2b COMe

1b/4bv2b (2:1:0.6)

Scheme 4 Thermal decomposition of amide 1b.

TS1-B
23.1

:

TS1-A
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128 4 4

[Pd] = Pd(PMe3),
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was obtained. The recovery of a considerable amount of starting
material and, especially, the formation of B-lactams 2a and 2b
in the thermal reactions clearly support the essential role of
palladium as a catalyst for the oxindole formation.

To shed light on the reaction mechanism and selectivity of the
Pd-catalysed C-H insertion reaction described above, density func-
tional theory (DFT) calculations were carried out.”® To this end, the
reaction profile involving the simplest substrate 1b and the model
palladium(0) catalyst Pd(PMej), (thus resembling the reaction
conditions gathered in Table 1, entry 6) was explored (Fig. 1).

As previously reported for the process involving the strongly
related a-diazoesters,'" the reaction begins with intermediate
INTO, the initial Pd(0)-carbene complex formed upon reaction of
Pd(PMe;), with 1b. This species evolves to the Pd(u)-complex INT1-A
through TS1-A with a low activation barrier of 12.3 keal mol ™"
in a highly exergonic transformation (AGg = —16.4 kcal mol ).
As clearly depicted in Fig. 1, this step can be viewed as a
Pd-mediated 1,5-H migration from the C(aryl)-H moiety to the
carbenoid carbon atom, thus resulting in the formal oxidation
of the transition metal. This transformation strongly resembles
the one we recently described for the Pd(0)-catalysed Csp*-H
insertion reactions of carbenoids derived from a-diazoesters,*!
therefore suggesting a general reaction mechanism that does
not depend upon the nature of the initial substrate. The process
ends up with the conversion of the readily formed Pd(u)-complex
INT1-A into oxindole 3b (which in the presence of DCE and Cs,COs
evolves into the observed alkylated oxindole 4b). This highly
exergonic INT1-A — 3b transformation (AGg = —23.8 kecal mol ™)
can be viewed as a reductive elimination reaction (via TS2-A,
AG* = 24.1 keal mol ™) which releases the active catalyst Pd(PMes),.

[Pd] cozw‘fg INT1-A
i“ Vg ) ‘R e
NFTRe  y TP / £ A V;L

Me \ INT1-B_/ 7 PL S
—IPd] —22.9 WA B
Ph/Nm)VHCOZMe COMe, 25.1
N

. \—
Me —40.2

Fig. 1 Computed reaction profiles for the Pd-catalysed formation of oxindoles over B-lactams. Relative free energies (AG,og, at 298 K) and bond
distances are given in kcal mol~* and angstroms, respectively. All data were computed at the PCM(dichloroethane)-MO6L/def2-TZVPP//PCM(dichloroethane)-

B3LYP-D3/def2-SVP level.
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To understand the selectivity of the insertion, the formation
of the possible B-lactam 2b was also computed. As shown in
Fig. 1, the corresponding pathway leading to f-lactam 2b is rather
similar to that computed for oxindole 3b, i.e. Pd-mediated 1,4-H
migration via TS1-B followed by reductive elimination through
TS2-B. From the data in Fig. 1, it becomes evident that both
reaction steps are associated with much higher activation barriers
than those computed for the pathway involving TS1-A and TS1-B.
In particular, the rather high barrier computed for the reductive
elimination via TS2-B (AG* = 42.8 kcal mol™) makes this step
unfeasible. Therefore, it can be concluded that the complete
selectivity of the process, which exclusively produces oxindoles
over B-lactams, takes place mainly under kinetic control.

In summary, we have shown that palladium catalysis consti-
tutes a useful alternative to promote the carbenoid C-H insertion
of a-diazo-a-(methoxycarbonyl)acetanilides, which selectively
occurs into the arylic C(sp?)-H bond rather than the C(sp’)-H
bonds. Moreover, when using DCE as the solvent, the insertion is
followed by alkylation to give 3-(chloroethyl)oxindoles. Although
the carbenoid insertion into the arylic C-H bond starting from
a-diazo-o-(alkoxycarbonyl)acetanilides can also be promoted by
rhodium(u) perfluorocarboxamides,'*>? these catalysts are not
commercially produced. Thus, considering the ready availability
of Pd,(dba); in particular, the present process would comple-
ment the existing methodologies based on the use of Rh as well
as Ru catalysts.

We gratefully acknowledge financial support for this work
from MINECO-FEDER (Projects CTQ2013-44303-P, CTQ2014-
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General Methods. All commercially available reagents were used without further purification.
'H- and ’C NMR spectra were recorded using Me,Si as the internal standard, with a Varian
Mercury 400 instrument. Chemical shifts are reported in ppm downfield (8) from Me,Si for 'H
and ”C NMR. TLC was carried out on SiO, (silica gel 60 Fyps4, Merck), and the spots were
located with UV light or 1% aqueous KMnQO,. Flash chromatography was carried out on SiO,
(silica gel 60, SDS, 230-400 mesh ASTM). Drying of organic extracts during workup of
reactions was performed over anhydrous Na,SO,. Evaporation of solvents was accomplished
with a rotatory evaporator.

General Procedure for the Preparation of Diazoacetamides 1a-m.

To a solution of methyl malonyl chloride (1.18 mL, 10.9 mmol) and Et;N (1.5 mL, 10.9 mmol)
in THF (50 mL), cooled at 0 °C, was added slowly a solution of N-benzylaniline (2.0 g, 10.9
mmol) in THF (20 mL). The mixture was stirred at room temperature for 2 h. After the reaction
was completed, the mixture was poured into water and extracted with Et,O. The organic extracts
were washed with brine, dried, filtered and concentrated to give N-benzyl-N-phenyl-o-
(methoxycarbonyl)acetamide (3.1 g, quantitative), which was used in the next step without
purification.

To a solution of N-benzyl-N-phenyl-o.-(methoxycarbonyl)acetamide (650 mg, 2.29 mmols) and
DBU (0.52 mL, 3.44 mmols) in dry acetonitrile (20 mL), was added dropwise a solution of p-
ABSA (625 mg, 2.6 mmols) in dry acetonitrile (5 mL). The mixture was stirred at room
temperature overnight. The solvent was removed in vacuo and the resulting residue was
partitioned between CH,Cl, and 10% NaOH aqueous solution. The organic extracts were dried,
filtered and concentrated. The residue was purified by chromatography (SiO,, from CH,ClI, to
CH,Cl,/MeOH 98:2) to give N-benzyl-N-phenyl-a-(methoxycarbonyl)-o-diazoacetamide (1a,
610 mg; 86%) as a yellow oil.

Characterization data for Diazoacetamides 1a-m.

N-Benzyl-N-phenyl-o-(methoxycarbonyl)-o-diazoacetamide (1a). Yellow oil. 'H NMR
(CDCls, 400 MHz) & 3.58 (s, 3H), 5.00 (s, 2H), 7.08-7.12 (m, 2H), 7.20-7.34 (m, 8H). °C NMR
(CDCls, 100.6 MHz) 6 52.4 (CH3), 54.5 (CH,), 66.8 (C), 126.6 (2 CH), 127.3 (CH), 127.6 (CH),
128.5 (2 CH), 128.6 (2 CH), 129.5 (2 CH), 137.0 (C), 142.6 (C), 160.9 (C), 162.6 (C). HRMS
(ESI-TOF) calcd. for C;7H;¢N;O5: 310.1186 [M+H]"; found: 310.1184.

N-Methyl-N-phenyl-o-(methoxycarbonyl)-a-diazoacetamide (1b). Yellow oil. 'H NMR
(CDCl;, 400 MHz) 6 3.39 (s, 3H), 3.58 (s, 3H), 7.19-7.23 (m, 2H), 7.27 (tt, J = 7.6 and 1.2 Hz,
1H), 7.39 (tt, J = 7.6 and 1.6 Hz, 2H). C NMR (CDCl;, 100.6 MHz) & 38.8 (CH;), 52.4 (CH3),
125.7 (2 CH), 127.0 (CH), 129.5 (2 CH), 143.8 (C), 160.8 (C), 162.6 (C). One C was no
observed. HRMS (ESI-TOF) calcd. for C;;H,N;0;5: 234.0873 [M+H]"; found: 234.0874.

N-Ethyl-N-phenyl-a-(methoxycarbonyl)-o-diazoacetamide (lc). Yellow oil. 'H NMR
(CDCls, 400 MHz) § 1.14 (t, J = 7.2 Hz, 3H), 3.56 (s, 3H), 3.83 (q, J = 7.2 Hz, 2H), 7.14-7.19
(m, 2H), 7.26 (tt, J = 7.6 and 1.2 Hz, 1H), 7.37 (tt, J= 7.6 and 1.6 Hz, 2H). °C NMR (CDCl;,
100.6 MHz) & 13.0 (CH;), 46.1 (CH,), 52.3 (CH3), 66.4 (C), 126.8 (2 CH), 127.3 (CH), 129.6 (2
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CH), 142.0 (C), 160.3 (C), 162.8 (C). HRMS (ESI-TOF) caled. for Cp,HsN;05: 248.1030
[M+H]"; found: 248.1032.

N-Isopropyl-N-phenyl-c-(methoxycarbonyl)-o-diazoacetamide (1d). Yellow oil. '"H NMR
(CDCls, 400 MHz) 86 1.77 (d, J = 6.8 Hz, 6H), 3.62 (s, 3H), 4.84 (heptuplet, J = 6.8 Hz, 1H),
7.12-7.16 (m, 2H), 7.32-7.42 (m, 3H). *C NMR (CDCls, 100.6 MHz) § 21.0 (CH3), 49.4 (CH),
52.4 (CH,), 128.2 (CH), 129.2 (2 CH), 129.9 (2 CH), 138.6 (C), 160.3 (C), 163.3 (C). One C
was no observed. HRMS (ESI-TOF) caled. for C;3HN;Os: 262.1186 [M+H]"; found:
262.1188.

N-(2-Methoxycarbonylethyl)-V-phenyl-o-(methoxycarbonyl)-o-diazoacetamide (1e).
Yellow oil. 'H NMR (CDCls, 400 MHz) & 2.66 (t, J = 7.2 Hz, 3H), 3.58 (s, 6H), 4.08 (t,J=7.2
Hz, 2H), 7.18-7.22 (m, 2H), 7.28 (tt, /= 7.6 and 1.2 Hz, 1H), 7.39 (tt, /= 7.6 and 1.6 Hz, 2H).
C NMR (CDCl;, 100.6 MHz) § 32.5 (CH,), 47.2 (CH,), 51.8 (CH3), 52.4 (CH3), 66.8 (C),
126.8 (2 CH), 127.6 (CH), 129.7 (2 CH), 141.9 (C), 161.0 (C), 162.5 (C), 171.9 (C).

N,N-Diphenyl-a-(methoxycarbonyl)-o-diazoacetamide (1f). Yellow oil. 'H NMR (CDCl,,
400 MHz) 6 3.56 (s, 3H), 7.15-7.20 (m, 4H), 7.23 (tt, /= 7.6 and 1.2 Hz, 2H), 7.35 (tt, J = 7.6
and 1.6 Hz, 4H). "C NMR (CDCls, 100.6 MHz) & 52.4 (CH3), 68.6 (C), 126.8 (2 CH), 126.9 (4
CH), 129.4 (4 CH), 143.3 (2 C), 161.8 (C), 162.2 (C). HRMS (ESI-TOF) calcd. for C;sH;4N;05:
296.1030 [M+H]"; found: 296.1027.

N-(2-Iodobenzyl)-N-phenyl-o-(methoxycarbonyl)-o-diazoacetamide (1g). Yellow oil. 'H
NMR (CDCl;, 400 MHz) 6 3.58 (s, 3H), 5.05 (s, 2H), 6.95 (ddd, J = 8.0, 7.2 and 1.6 Hz, 1H),
7.12-7.15 (m, 2H), 7.22 (tt, /= 8.0 and 1.2 Hz, 1H), 7.27-7.35 (m, 3H), 7.42 (dd, J="7.6 and 1.6
Hz, 1H), 7.79 (dd, J = 8.0 and 1.6 Hz, 1H). *C NMR (CDCl;, 100.6 MHz) § 52.4 (CH3), 59.2
(CHy), 67.2 (C), 98.5 (C), 126.1 (2 CH), 127.3 (CH), 128.6 (CH), 128.7 (CH), 129.2 (CH),
129.5 (2 CH), 139.0 (C), 139.6 (CH) 142.7 (C), 161.4 (C), 162.4 (C). HRMS (ESI-TOF) calcd.
for C;7H,5IN;O5: 436.1053 [M+H]'; found: 436.0146.

N-Benzyl-N-(2-bromophenyl)-a-(methoxycarbonyl)-a-diazoacetamide (1h). Yellow oil. 'H
NMR (CDCl;, 400 MHz) & 3.61 (s, 3H), 4.48 (d, J = 14.4 Hz, 1H), 5.38 (d, J = 14.4 Hz, 1H),
6.95 (dd, J= 7.6 and 2.0 Hz, 1H),7.14 (td, /= 7.6 and 2.0 Hz, 1H), 7.19 (td, J = 7.6 and 1.6 Hz,
1H), 7.20-7.27 (m, 5H), 7.60 (dd, J = 7.6 and 1.6 Hz, 1H). °C NMR (CDCls, 100.6 MHz) &
52.4 (CH3), 53.2 (CH,), 66.4 (C), 123.5 (C), 127.8 (CH), 128.2 (CH), 128.5 (2 CH), 129.5 (2
CH), 129.6 (CH), 131.5 (CH), 133.9 (CH), 136.1 (C), 140.0 (C), 161.1 (C), 162.6 (C). HRMS
(ESI-TOF) calcd. for C;7H;5IN;O5: 388.0291 [M+H]"; found: 388.0291.

N-Benzyl-N-(3-methoxyphenyl)-o-(methoxycarbonyl)-o-diazoacetamide (1i). Yellow oil.
'H NMR (CDCls, 400 MHz) & 3.61 (s, 3H), 3.72 (s, 3H), 4.97 (s, 2H), 6.61 (t, J = 2.4 Hz, 1H),
6.69 (ddd, /= 8.0, 2.4 and 0.8 Hz, 1H), 6.77 (ddd, J = 8.0, 2.4 and 0.8 Hz, 1H), 7.21 (t, J = 8.0
Hz, 1H), 7.22-7.30 (m, 5H). "C NMR (CDCl;, 100.6 MHz) & 52.4 (CH;), 54.5 (CH,), 55.6
(CH,), 66.7 (C), 112.6 (CH), 112.7 (CH), 118.9 (CH), 127.6 (CH), 128.5 (2 CH), 128.6 (2 CH),
130.2 (CH), 137.1 (C), 143.6 (C), 160.4 (C), 160.8 (C), 162.8 (C). HRMS (ESI-TOF) calcd. for
CsH gN3O4: 340.1292 [M+H]"; found: 340.1294.

N-Benzyl-N-(4-methoxyphenyl)-o-(methoxycarbonyl)-o-diazoacetamide (1j). Yellow oil.

"H NMR (CDCls, 400 MHz) § 3.63 (s, 3H), 3.77 (s, 3H), 4.93 (s, 2H), 6.78-6.83 (m, 2H), 6.95-
6.99 (m, 2H), 7.20-7.29 (m, SH). *C NMR (CDCls, 100.6 MHz) & 52.4 (CHs), 54.5 (CH.), 55.5
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(CHs), 65.9 (C), 114.6 (2 CH), 127.6 (CH), 128.3 (2 CH), 128.5 (2 CH), 128.8 (2 CH), 134.8
(C), 137.0 (C), 158.7 (C), 160.8 (C), 162.9 (C). HRMS (ESI-TOF) calcd. for C,sH;sN;Ou:
340.1292 [M+H]"; found: 340.1295.

N-Benzyl-N-(4-fluorophenyl)-a-(methoxycarbonyl)-o-diazoacetamide (1k). Yellow oil. 'H
NMR (CDCls, 400 MHz) & 3.59 (s, 3H), 4.95 (s, 2H), 6.96-7.07 (m, 4H), 7.21-7.30 (m, 5H). *C
NMR (CDCls, 100.6 MHz) ¢ 52.4 (CHs;), 54.7 (CH,), 66.7 (C), 116.3 (d, J = 22.7 Hz, 2 CH),
127.8 (CH), 128.6 (2 CH), 128.7 (2 CH), 128.7 (d, J = 8.5 Hz, 2 CH), 136.7 (C), 138.4 (d, J =
3.2 Hz, C), 160.9 (C), 161.2 (d, J = 248.0 Hz, C), 162.1 (C). HRMS (ESI-TOF) calcd. for
C,7H,5sFN;05: 328.1092 [M+H]"; found: 328.1089.

N-Benzyl-N-[4-(methoxycarbonyl)phenyl]-a-(methoxycarbonyl)-o-diazoacetamide an.
Yellow oil. '"H NMR (CDCl;, 400 MHz) & 3.52 (s, 3H), 3.90 (s, 3H), 5.04 (s, 2H), 7.17-7.30 (m,
7H), 7.95-7.99 (m, 2H). °C NMR (CDCl;, 100.6 MHz) § 52.3 (CH;), 52.4 (CH;), 54.3 (CH,),
68.1(C), 125.7 (2 CH), 127.8 (CH), 128.2 (2 CH), 128.3 (C), 128.7 (2 CH), 130.8 (2 CH), 136.6
(C), 147.2 (C), 161.5 (C), 161.8 (C), 166.3 (C). HRMS (ESI-TOF) calcd. for C;9H;sN;Os:
368.1241 [M+H]"; found: 368.1236.

N-Benzyl-N-(1-naphthyl)-a-(methoxycarbonyl)-o-diazoacetamide (Im). Yellow oil. 'H
NMR (CDCl;, 400 MHz) 6 3.46 (s, 3H), 4.50 (d, J = 14.0 Hz, 1H), 5.57 (d, J = 14.0 Hz, 1H),
6.99 (dd, J= 7.6 and 1.2 Hz, 1H), 7.15-7.23 (m, 5H), 7.32 (dd, J = 8.0 and 7.6 Hz, 1H), 7.51-
7.58 (m, 2H), 7.80-7.85 (m, 2H), 7.87-7.92 (m, 1H). "C NMR (CDCl;, 100.6 MHz) & 52.3
(CH3), 54.2 (CH,), 122.5 (CH), 125.4 (CH), 126.8 (CH), 127.2 (CH), 127.6 (CH), 127.8 (CH),
128.4 (2 CH), 128.9 (CH), 129.2 (CH), 129.6 (2 CH), 130.1 (C), 134.7 (C), 136.7 (C), 137.3
(C), 161.5 (C), 163.2 (C). One C was not observed. HRMS (ESI-TOF) calcd. for C,;H1sN;Os:
360.1343 [M+H]"; found: 360.1337.

Rh(II)-Catalysed Cyclisation Reactions.

Methyl trans-2-oxo-1,4-diphenylazetidine-3-carboxylate (2a). A mixture of diazoamide la
(60 mg, 0.19 mmol), Rhy(OAc), (1.8 mg, 0.004 mmol) in dichloromethane (2 mL) was stirred at
room temperature under Argon atmosphere for 33 h. The reaction mixture was concentrated and
the residue was purified by chromatography (SiO,, CH,Cl,) to give B-lactam 2a (25 mg, 48%)
as a colorless oil. '"H NMR (CDCl;, 400 MHz) & 3.83 (s, 3H), 3.98 (d, J = 2.4 Hz, 1H), 5.33 (d,
J =24 Hz, 1H), 7.07 (tt, J= 7.2 and 1.2 Hz, 1H), 7.22-7.30 (m, 4H), 7.34-7.40 (m, 5H). °C
NMR (CDCl;, 100.6 MHz) & 53.1 (CH;), 57.7 (CH), 63.5 (CH), 117.4 (2 CH), 124.6 (CH),
126.3 (2 CH), 129.2 (CH), 129.3 (2 CH), 129.5 (2 CH), 136.4 (C), 137.3 (C), 159.3 (C), 166.9
(C). HRMS (ESI-TOF) calcd. for C;7H NO;: 282.1125 [M+H]"; found: 282.1122.

Methyl 2-oxo-1-phenylazetidine-3-carboxylate (2b). A mixture of diazoamide 1b (60 mg,
0.26 mmol), Rhy(OAc), (2.2 mg, 0.005mmol) in dichloromethane (2 mL) was stirred at room
temperature under Argon atmosphere for 33 h. The reaction mixture was concentrated and the
residue was purified by chromatography (SiO,, hexanes to hexanes/EtOAc 1:1) to give B-lactam
2b (21 mg, 40%) as an amorphous white solid. 'H NMR (CDCl;, 400 MHz) & 3.79 (t, J = 6.0
Hz, 1H), 3.82 (s, 3H), 3.97 (dd, /= 6.0 and 3.2 Hz, 1H), 4.21 (dd, /= 6.0 and 3.2 Hz, 1H), 7.10-
7.16 (m, 1H), 7.33-7.37 (m, 4H). C NMR (CDCls, 100.6 MHz) & 41.5 (CH,), 53.0 (CH), 53.1
(CH,), 116.6 (2 CH), 124.7 (CH), 129.4 (2 CH), 137.9 (C), 158.9 (C), 167.4 (C). HRMS (ESI-
TOF) calcd. for C;;H;sN,05: 223.1077 [M+NH4]+; found: 223.1077.
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Representative Procedure for the Pd(0)-Catalysed Cyclisation Reactions (Table 1, Entry
4). A mixture of diazoamide la (65 mg, 0.21 mmol), Pd,(dba); (19 mg, 0.021 mmol), and
Cs,CO; (137 mg, 0.42 mmol) in dichloroethane (10 mL) was stirred at reflux under Argon
atmosphere for 96 h. The reaction mixture was partitioned water and CH,Cl,. The organic
extracts were dried and concentrated. The residue was purified by chromatography (SiO,, from
hexanes to CH,Cl,) to give oxindoline 4a (48 mg, 66%) as an amorphous orange solid.

Pd(0)-Catalysed Reaction of 1a with DBU. A mixture of diazoamide 1a (30 mg, 0.1 mmol),
Pd,(dba); (8.8 mg, 0.01 mmol), and DBU (18 ul, 0.12 mmol) in dichloroethane (6 mL) was
stirred at reflux under Argon atmosphere for 96 h. The reaction mixture was partitioned water
and CH,Cl,. The organic extracts were dried and concentrated. The residue was purified by
chromatography (SiO,, from hexanes to CH,Cl,) to give N-benzyl-2-oxindole (15.5 mg, 69%)
as a yellow oil. "H NMR (CDCls, 400 MHz) § 3.62 (s, 2H), 4.92 (s, 2H), 6.72 (d, J = 7.6 Hz,
1H), 7.00 (td, J = 7.6 and 1.2 Hz, 1H), 7.16 (td, J= 7.6 and 1.2 Hz, 1H), 7.23-7.34 (m, 6H). "°C
NMR (CDCl;, 100.6 MHz) & 35.9 (CH,), 43.9 (CH,), 109.2 (CH), 122.5 (CH), 124.6 (CH),
124.7 (C), 127.6 (2 CH), 127.8 (CH), 128.0 (CH), 128.9 (2 CH), 136.0 (C), 144.5 (C), 175.3

(©).

Characterization data for the oxindole derivatives

Methyl 1-benzyl-2-oxoindoline-3-carboxylate (3a). 26 mg (44%, Table 1, Entry 3).
Amorphous orange solid. 'H NMR (CDCls, 400 MHz) & 3.78 (s, 3H), 4.32 (s, 1H), 4.78 (d, J =
15.8 Hz, 1H), 5.08 (d, /= 15.8 Hz, 1H), 6.72 (d, J = 7.6 Hz, 1H), 7.06 (td, /= 7.6 and 1.2 Hz,
1H), 7.23-7.35 (m, 7H). "C NMR (CDCls, 100.6 MHz) & 44.2 (CH,), 54.1 (CH3), 110.2 (CH),
123.6 (CH), 124.1 (CH), 126.9 (C), 127.2 (2 CH), 128.0 (CH), 129.0 (2 CH), 130.9 (CH), 135.2
(C), 143.9 (C), 170.6 (C), 173.3 (C). One CH was not observed.

Bisoxindole dimer A.'

Significant signals from a 3:1 mixture of 3a and A obtained from the crude reaction mixture
corresponding to entry 2 of Table 1: "H NMR (CDCls, 400 MHz) & 3.75 (s, 3H), 4.68 (d, J =
15.8 Hz, 1H), 4.98 (d, J = 15.8 Hz, 1H), 6.57 (d, J = 7.6 Hz, 1H), 6.85 (td, /= 7.6 and 0.8 Hz,
1H), 7.12 (td, J= 7.6 and 1.2 Hz, 1H). °C NMR (CDCl;, 100.6 MHz) & 44.3 (CH,), 53.5 (CH3),
109.2 (CH), 122.6 (CH), 126.9 (CH), 127.6 (CH), 128.8 (CH), 129.7 (CH), 143.6 (C), 167.2
(C). HRMS (ESI-TOF) calcd. for C3,H,0N,O4: 561.2020 [M+H]"; found: 561.2018.

Methyl 1-benzyl-3-(2-chloroethyl)-2-oxoindoline-3-carboxylate (4a). 48 mg (66%). Yellow
oil. "H NMR (CDCls, 400 MHz) § 2.69 (ddd, J = 14.0, 9.2 and 5.6 Hz, 1H), 2.85 (ddd, J = 14.0,
9.6 and 6.8 Hz, 1H), 3.35-3.46 (m, 2H), 3.69 (s, 3H), 4.82 (d, /= 15.8 Hz, 1H), 5.08 (d, /= 15.8

''S. Ghosh, S. Chaudhuri and A. Bisai, Org. Lett. 2015, 17, 1373.
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Hz, 1H), 6.75 (d, J = 8.0 Hz, 1H), 7.05 (t, J = 7.6 Hz, 1H), 7.20-7.34 (m, 7H). °C NMR
(CDCls, 100.6 MHz) & 36.6 (CH,), 39.4 (CH,), 44.2 (CH,), 53.4 (CH3), 58.3 (C), 109.9 (CH),
123.3 (CH), 123.6 (CH), 126.9 (C), 127.4 (2 CH), 127.9 (CH), 129.0 (2 CH), 129.7 (CH), 135.4
(C), 143.3 (C), 169.2 (C), 173.7 (C). HRMS (ESI-TOF) calcd. for CioH;oCINO;: 344.1048
[M+H]"; found: 344.1041.

Methyl 3-(2-chloroethyl)-1-methyl-2-oxoindoline-3-carboxylate (4b). 41 mg (71%). Yellow
oil. '"H NMR (CDCls, 400 MHz) & 2.63 (ddd, J = 14.0, 9.6 and 5.2 Hz, 1H), 2.80 (ddd, J = 14.0,
9.6 and 6.4 Hz, 1H), 3.25 (s, 3H), 3.30-3.44 (m, 2H), 3.67 (s, 3H), 6.88 (d, /= 7.6 Hz, 1H), 7.10
(td, J=7.6 and 0.8 Hz, 1H), 7.25 (dd, /= 7.6 and 0.8 Hz, 1H), 7.36 (td, /= 7.6 and 1.2 Hz, 1H).
C NMR (CDCl;, 100.6 MHz) & 26.8 (CHs), 36.8 (CH,), 39.4 (CH,), 53.4 (CHs), 58.2 (C),
108.9 (CH), 123.3 (CH), 123.6 (CH), 126.9 (C), 129.8 (CH), 144.2 (C), 169.3 (C), 173.5 (C).
HRMS (ESI-TOF) calcd. for C;3H;sCINO;: 268.0735 [M+H]"; found: 268.0737.

Methyl 3-(2-chloroethyl)-1-ethyl-2-oxoindoline-3-carboxylate (4¢). 31 mg (54%). Yellow
oil. "H NMR (CDCls, 400 MHz) & 1.28 (t, J = 7.2 Hz, 3H), 2.64 (ddd, J = 14.0, 9.2 and 5.6 Hz,
1H), 2.79 (ddd, J = 14.0, 9.6 and 6.8 Hz, 1H), 3.29-3.40 (m, 2H), 3.66 (s, 3H), 3.70-3.88 (m,
2H), 6.89 (d, J = 7.6 Hz, 1H), 7.08 (td, J = 7.6 and 1.2 Hz, 1H), 7.25 (dd, /= 7.6 and 1.2 Hz,
1H), 7.34 (td, J= 7.6 and 1.2 Hz, 1H). >C NMR (CDCl;, 100.6 MHz) & 12.5 (CH;), 35.2 (CH,),
36.6 (CH,), 39.4 (CH,), 53.4 (CH;), 58.2 (C), 109.0 (CH), 123.0 (CH), 123.8 (CH), 127.1 (C),
129.7 (CH), 143.3 (C), 169.3 (C), 173.1 (C). HRMS (ESI-TOF) calcd. for C;4H;;CINO;:
282.0891 [M+H]"; found: 282.0889.

Methyl 3-(2-chloroethyl)-1-isopropyl-2-oxoindoline-3-carboxylate (4d). 38 mg (61%).
Yellow oil. '"H NMR (CDCl;, 400 MHz) & 1.50 (d, J = 6.8 Hz, 3H), 1.51 (d, J = 6.8 Hz, 3H),
2.65 (ddd, J=14.0, 8.8 and 6.0 Hz, 1H), 2.79 (ddd, J = 14.0, 9.6 and 6.8 Hz, 1H), 3.27-3.38 (m,
2H), 3.66 (s, 3H), 4.63 (heptuplet, J = 6.8 Hz, 1H), 7.04 (d, J = 7.6 Hz, 1H), 7.07 (td, J = 7.6
and 1.2 Hz, 1H), 7.24 (dd, J = 7.6 and 1.2 Hz, 1H), 7.32 (td, J= 7.6 and 1.6 Hz, 1H). °C NMR
(CDCls, 100.6 MHz) 6 19.3 (CHs;), 19.4 (CHj3), 36.6 (CH,), 39.4 (CH,), 44.5 (CH), 53.4 (CH,),
58.1 (C), 110.5 (CH), 122.7 (CH), 123.8 (CH), 127.2 (C), 129.4 (CH), 143.0 (C), 169.4 (C),
173.1 (C). HRMS (ESI-TOF) calcd. for C;sH;9CINO;: 296.1048 [M+H]'; found: 296.1045.

Methyl 3-(2-chloroethyl)-1-(methoxycarbonylethyl)-2-oxoindoline-3-carboxylate (4e). 30
mg (45%). Yellow oil. '"H NMR (CDCls, 400 MHz) & 2.60-2.85 (4H), 3.29-3.42 (m, 2H), 3.66
(s, 3H), 3.67 (s, 3H), 3.97-4.13 (m, 2H), 6.97 (d, J = 8.0 Hz, 1H), 7.08 (td, J = 7.6 and 0.8 Hz,
1H), 7.25 (dd, J = 7.6 and 1.2 Hz, 1H), 7.36 (ddd, J = 8.0, 7.6 and 1.2 Hz, 1H). °C NMR
(CDCl3, 100.6 MHz) 6 32.0 (CH,), 36.5 (2 CH,), 39.4 (CH,), 52.1 (CHj3), 53.5 (CHs), 58.1 (C),
109.1 (CH), 123.3 (CH), 123.8 (CH), 126.9 (C), 129.8 (CH), 143.1 (C), 169.2 (C), 171.6 (C),
173.5 (C). HRMS (ESI-TOF) calcd. for C,sH;yCINOs: 340.0946 [M+H]"; found: 340.0951.

Methyl 3-(2-chloroethyl)-2-o0xo-1-phenylindoline-3-carboxylate (4f). 37 mg (55%).
Amorphous orange solid. 'H NMR (CDCl;, 400 MHz) 6 2.79 (ddd, J = 14.0, 9.2 and 5.2 Hz,
1H), 2.91 (ddd, J = 14.0, 9.2 and 7.2 Hz, 1H), 3.45 (ddd, J = 10.8, 9.2 and 7.2 Hz, 1H), 3.53
(ddd, /= 10.8, 9.2 and 5.2 Hz, 1H), 3.72 (s, 3H), 6.85 (dd, /= 7.6 and 0.8 Hz, 1H), 7.13 (td, J =
7.6 and 1.2 Hz, 1H), 7.26-7.32 (m, 2H), 7.41-7.46 (m, 3H), 7.51-7.57 (m, 2H). “C NMR
(CDCl3, 100.6 MHz) 6 36.7 (CH,), 39.6 (CH,), 53.6 (CH3), 58.4 (C), 110.2 (CH), 123.7 (CH),
123.8 (CH), 126.6 (C), 126.7 (2 CH), 128.6 (CH), 129.7 (CH), 129.9 (2 CH), 134.2 (C), 144.4
(C), 169.3 (C), 173.0 (C). HRMS (ESI-TOF) calcd. for C;sH,,CINO;: 330.0891 [M+H]"; found:
330.0888.
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Methyl 3-(2-chloroethyl)-1-(2-iodobenzyl)-2-oxoindoline-3-carboxylate (4g). 50 mg (55%).
Yellow oil. "H NMR (CDCls, 400 MHz) § 2.72 (ddd, J = 14.0, 9.6 and 5.6 Hz, 1H), 2.89 (ddd, J
=14.0, 9.6 and 6.4 Hz, 1H), 3.41-3.53 (m, 2H), 3.73 (s, 3H), 4.83 (d, /= 16.6 Hz, 1H), 5.10 (d,
J=16.6 Hz, 1H), 6.66 (d, /= 7.6 Hz, 1H), 6.98 (ddd, /= 7.6, 7.2 and 1.6 Hz, 1H), 7.06 (dd, J =
7.6 and 1.6 Hz, 1H), 7.09 (td, J= 7.6 and 1.6 Hz, 1H), 7.22-7.31 (m, 4H), 7.90 (dd, J = 8.0 and
1.2 Hz, 1H). ®C NMR (CDCl;, 100.6 MHz) & 36.5 (CH,), 39.4 (CH,), 49.4 (CH,), 53.6 (CH3),
58.5 (C), 97.8 (C), 110.1 (CH), 123.6 (CH), 123.7 (CH), 126.8 (C), 127.1 (CH), 128.8 (CH),
129.5 (CH), 129.9 (CH), 137.0 (C), 139.8 (CH), 143.1 (C), 169.2 (C), 173.8 (C). HRMS (ESI-
TOF) caled. for C,5H;sCIINO5: 470.0014 [M+H]"; found: 470.0006.

Methyl 1-benzyl-7-bromo-3-(2-chloroethyl)-2-oxoindoline-3-carboxylate (4h). Oxoindoline
4i could not be isolarted in pure form and was obtained together with minor amounts of dba. 25
mg (23%). 'H NMR (CDCls, 400 MHz) § 2.64 (ddd, J = 14.0, 9.2 and 6.0 Hz, 1H), 2.82 (ddd, J
=14.0, 9.6 and 6.4 Hz, 1H), 3.34-3.45 (m, 2H), 3.70 (s, 3H), 5.38 (d, /= 16.4 Hz, 1H), 5.48 (d,
J=16.4 Hz, 1H), 6.96 (dd, J= 8.0 and 7.6 Hz, 1H), 7.22 (dd, /= 7.6 and 1.2 Hz, 1H), 7.24-7.38
(m, 6H). *C NMR (CDCl;, 100.6 MHz) § 36.9 (CH,), 39.1 (CH,), 45.1 (CH,), 53.6 (CH3), 57.9
(C), 103.1 (C), 122.7 (CH), 124.5 (CH), 126.5(2 CH), 127.4 (CH), 128.7 (2 CH), 130.0 (C),
135.7 (C), 137.2 (C), 141.0 (C), 168.7 (C), 1743 (C). HRMS (ESI-TOF) calcd. for
C9H,sBrCINO;: 422.0153 [M+H]"; found: 422.0153.

Methyl 1-benzyl-3-(2-chloroethyl)-6-methoxy-2-oxoindoline-3-carboxylate (4i). Oxindoline
4i was obtained together with methyl 1-benzyl-3-(2-chloroethyl)-4-methoxy-2-oxoindoline-3-
carboxylate (3:1 ratio, 36 mg, 40%). Methyl 1-benzyl-3-(2-chloroethyl)-6-methoxy-2-
oxoindoline-3-carboxylate: Signals from the 3:1 mixture. '"H NMR (CDCl;, 400 MHz) & 2.66
(ddd, J=14.0, 10.0 and 5.6 Hz, 1H), 2.81 (ddd, J = 14.0, 10.0 and 6.4 Hz, 1H), 3.33-3.46 (m,
2H), 3.68 (s, 3H), 3.73 (s, 3H), 4.79 (d, /= 15.6 Hz, 1H), 5.04 (d, /= 15.6 Hz, 1H), 6.32 (d, J =
2.4 Hz, 1H), 6.54 (dd, J = 8.0 and 2.4 Hz, 1H), 7.15 (d, J = 8.0 Hz, 1H), 7.25-7-35 (m, 5H). °C
NMR (CDCl;, 100.6 MHz) 6 36.6 (CH,), 39.5 (CH,), 44.3 (CH,), 53.4 (CH;), 55.6 (CH3), 57.8
(C), 98.1 (CH), 106.9 (CH), 118.7 (C), 124.3 (CH), 127.4 (2 CH), 128.0 (CH), 129.0 (2 CH),
135.5 (C), 144.6 (C), 161.2 (C), 169.5 (C), 174.2 (C). Methyl 1-benzyl-3-(2-chloroethyl)-4-
methoxy-2-oxoindoline-3-carboxylate: Signals from the 3:1 mixture. 'H NMR (CDCl;, 400
MHz) & 2.77-2.87 (m, 1H), 2.96 (ddd, J = 14.0, 8.8 and 5.2 Hz, 1H), 3.25-3.40 (m, 2H), 3.68 (s,
3H), 3.82 (s, 3H), 4.79 (d, /= 15.6 Hz, 1H), 5.04 (d, /= 15.6 Hz, 1H), 6.41 (dd, J= 8.4 and 2.4
Hz, 1H), 6.60 (dd, J = 8.4 and 0.8 Hz, 1H), 7.20 (t, J = 8.4 Hz, 1H), 7.25-7-35 (m, 5H). °C
NMR (CDCl;, 100.6 MHz) ¢ 34.3 (CH,), 40.3 (CH,), 44.5 (CH,), 53.3 (CH3), 55.8 (CH3), 57.9
(C), 103.2 (CH), 106.2 (CH), 113.2 (C), 127.3 (2 CH), 127.9 (CH), 128.9 (2 CH), 130.8 (CH),
135.7 (C), 145.0 (C), 1559 (C), 168.5 (C), 174.0 (C). HRMS (ESI-TOF) calcd. for
CyH, CINOy: 374.1154 [M+H]"; found: 374.1150.

Methyl 1-benzyl-3-(2-chloroethyl)-5-methoxy-2-oxoindoline-3-carboxylate (4j). 26 mg
(36%). Yellow oil. '"H NMR (CDCl;, 400 MHz) § 2.66 (ddd, J = 14.0, 9.2 and 6.0 Hz, 1H), 2.85
(ddd, J = 14.0, 9.6 and 6.8 Hz, 1H), 3.35-3.45 (m, 2H), 3.70 (s, 3H), 3.76 (s, 3H), 4.79 (d, J =
16.0 Hz, 1H), 5.05 (d, J=16.0 Hz, 1H), 6.63 (d, J = 8.8 Hz, 1H), 6.74 (dd, J = 8.8 and 2.4 Hz,
1H), 6.85 (d, J = 2.4 Hz, 1H), 7.25-7.35 (m, 5H). °C NMR (CDCl;, 100.6 MHz) & 36.7 (CH,),
39.4 (CH,), 44.3 (CH,), 53.5 (CHj;), 56.0 (CH3), 58.7 (C), 110.4 (CH), 110.7 (CH), 114.1 (CH),
127.4 (2 CH), 127.9 (CH), 128.1 (C), 129.0 (2 CH), 135.5 (C), 136.6 (C), 156.4 (C), 169.2 (C),
173.4 (C). HRMS (ESI-TOF) calcd. for CyH,,CINOy4: 374.1154 [M+H]'; found: 374.1154.
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Methyl 1-benzyl-3-(2-chloroethyl)-5-fluoro-2-oxoindoline-3-carboxylate (4k). 46 mg (64%).
Yellow oil. "H NMR (CDCls, 400 MHz) § 2.67 (ddd, J = 14.0, 9.2 and 6.0 Hz, 1H), 2.86 (ddd, J
=14.0, 9.2 and 6.8 Hz, 1H), 3.37-3.48 (m, 2H), 3.72 (s, 3H), 4.80 (d, /= 15.6 Hz, 1H), 5.07 (d,
J=15.6 Hz, 1H), 6.66 (dd, J = 8.8 and 4.0 Hz, 1H), 6.93 (ddd, J = 8.8, 8.4 and 2.4 Hz, 1H),
7.02 (dd, J = 7.2 and 2.4 Hz, 1H), 7.26-7.35 (m, 5H). °C NMR (CDCl;, 100.6 MHz) & 36.6
(CHy), 39.2 (CH,), 44.4 (CH,), 53.7 (CHs;), 58.6 (C), 110.6 (d, J = 8.1 Hz, CH), 111.9 (d, J =
25.3 Hz, CH), 116.1 (d, J = 23.4 Hz, CH), 127.4 (2 CH), 128.1 (CH), 128.3 (d, J = 8.3 Hz, C),
129.1 (2 CH), 135.2 (C), 139.3 (d, /= 2.2 Hz, C), 159.4 (d, J = 242.5 Hz, C), 168.7 (C), 173.4
(C). HRMS (ESI-TOF) calcd. for CoH;sCIFNO;: 362.0954 [M+H]"; found: 362.0949.

Methyl 1-benzyl-3-(2-chloroethyl)-5-(methoxycarbonyl)-2-oxoindoline-3-carboxylate (41).
Oxindoline 41 was obtained together with the O-alkylation product 41’ (3:1 ratio, 29 mg, 30%).
41: Signals from the 3:1 mixture of 41 and 41’: 'H NMR (CDCl;, 400 MHz) 6 2.74 (ddd, J =
14.4,9.2 and 5.2 Hz, 1H), 2.89 (ddd, J = 14.4, 9.6 and 6.8 Hz, 1H), 3.34-3.48 (m, 2H), 3.70 (s,
3H), 3.89 (s, 3H), 4.84 (d, /= 15.2 Hz, 1H), 5.11 (d, /= 15.2 Hz, 1H), 6.79 (dd, J = 8.4 and 0.4
Hz, 1H), 7.92 (dd, J = 1.6 and 0.4 Hz, 1H), 7.98 (dd, J = 8.4 and 1.6 Hz, 1H), 7.20-7.35 (m,
5H). "C NMR (CDCls;, 100.6 MHz) § 36.3 (CH,), 39.3 (CH,), 44.5 (CH,), 52.4 (CH;), 54.4
(CHs3), 58.1 (C), 109.5 (CH), 124.9 (CH), 125.8 (C), 126.9 (C), 127.4 (2 CH), 128.2 (CH), 129.1
(2 CH), 132,2 (CH), 134.9 (C), 147.4 (C), 166.4 (C), 168.6 (C), 174.0 (C). Methyl 1-benzyl-2-
(2-chloroethoxy)-5-(methoxycarbonyl)indole-3-carboxylate (41°). Significant signals from
the 3:1 mixture of 41 and the O-alkylated product 41’. '"H NMR (CDCls, 400 MHz) § 3.79-3.82
(m, 2H), 3.93 (s, 3H), 3.97 (s, 3H), 4.75-4.78 (m, 2H), 5.40 (s, 2H), 7.89 (dd, J = 8.4 and 1.6
Hz, 1H), 8.76 (dd, J = 1.6 and 0.4 Hz, 1H). ’C NMR (CDCl;, 100.6 MHz) & 43.1(CH,), 45.8
(CH,), 51.4 (CHj), 52.2 (CH3), 76.1 (CH,), 92.1 (C), 125.9 (CH), 126.8 (CH), 128.3 (CH),
128.7 (CH), 130.8 (CH), 147.2 (C), 164.6 (C), 168.0 (C). HRMS (ESI-TOF) calcd. for
C, H,,CINOs: 402.1103 [M+H]; found: 402.1099.

Methyl 1-benzyl-3-(2-chloroethyl)-2-0x0-2,3-dihydro-1H-benzo[g]indole-3-carboxylate
(4m) and methyl 1-benzyl-2-(2-chloroethoxy)-1H-benzo|g]indole-3-carboxylate (4m’). A
2:1 mixture of 4m and the O-alkylated product 4m’ was obtained: 34 mg (2:1, 40%). 'H NMR
(CDCl3, 400 MHz, assignment aided by HSQC) & 2.80 (ddd, J = 14.0, 8.8 and 6.4 Hz, 1H, 4m),
2.97 (ddd, J = 14.0, 9.2 and 7.2 Hz, 1H, 4m), 3.38-3.48 (m, 2H, 4m), 3.71 (s, 3H, 4m), 3.77-
3.80 (m, 2H, 4m”), 3.99 (s, 3H, 4m”), 4.62-4.65 (m, 2H, 4m’), 5.39 (d, J = 17.2 Hz, 1H, 4m),
5.65 (d, J=17.2 Hz, 1H, 4m), 5.92 (s, 2H, 4m”), 7.12 (dd, J = 7.6 and 1.2 Hz, 1H, 4m), 7.22-
7.42 (m, 6H from 4m and 8H from 4m’), 7.64 (d, /= 8.4 Hz, 1H, 4m), 7.69 (dd, /= 8.4 and 0.8
Hz, 1H, 4m”), 7.83 (dd, J = 8.4 and 0.8 Hz, 1H, 4m), 7.92 (dd, J = 8.4 and 1.6 Hz, 1H, 4m’),
7.99 (dd, J = 8.4 and 0.8 Hz, 1H, 4m), 8.03 (dd, /= 8.4 and 1.2 Hz, 1H, 4m’), 8.32 (d, /= 8.4
Hz, 1H, 4m). °C NMR (CDCl;, 100.6 MHz, assignment aided by HSQC) & 36.6 (CH,, 4m),
39.4 (CH,, 4m), 42.9 (CH,, 4m’), 46.5 (CH,, 4m), 47.8 (CH,, 4m”), 51.3 (CH3, 4m”), 53.5
(CH3, 4m), 58.4 (C, 4m), 76.2 (CH,, 4m”), 93.3 (C, 4m’), 120.2 (CH), 120.6 (CH), 120.7 (C),
120.8 (CH), 121.8 (C), 122.2 (CH), 122.3 (C), 122.6 (C), 123.6 (CH), 123.8 (CH), 124.4 (CH),
124.6 (C), 125.9 (CH), 126.0 (CH), 126.1 (CH), 126.3 (CH), 126.6 (CH), 127.6 (CH), 127.7
(CH), 129.2 (CH), 129.5 (CH), 129.6 (CH), 131.5 (C), 135.3 (C), 136.7 (C), 137.0 (C), 139.4
(C), 154.1 (C), 165.0 (C), 169.2 (C), 175.6 (C). HRMS (ESI-TOF) calcd. for Cy;H,;CINO;:
394.1204 [M+H]"; found: 394.1201.
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The transition metal-catalyzed intramolecular carbene C—H insertion by decomposition
of diazo compounds is a well-established powerful carbon-carbon bond-forming
methodology for the construction of carbocyclic and heterocyclic frameworks.! Many
transition metal complexes have been used as effective catalysts to generate reactive
metallacarbenes starting from diazo derivatives.? Among them, rhodium(II),? copper(I),*
and more recently ruthenium(Il) catalysts’® have proven especially useful for the
development of highly selective carbene C—H insertion methodologies via a variety of
reaction modes.

Surprisingly, palladium, though one of the most commonly employed metals in
homogeneous catalysis, has been scarcely applied to promote carbene C—H insertion
processes.® In this context, we recently reported that palladium catalysts are able to
promote Csp’~H insertion of carbenes derived from a-diazoesters to form pyrrolidines
through intramolecular Csp*~Csp® bond formation.” We also explored the palladium-
catalyzed carbene C—H insertion of o-diazo-o-(methoxycarbonyl)acetanilides. We
found that when using palladium catalysts the C—H insertion of such amides occurs
selectively into the arylic Csp?>~H to give the oxindole.?

The aim of the current work was to explore the palladium-catalyzed
intramolecular carbene insertion of a-diazo-a-(methoxycarbonyl)acetamides for [-
lactam elaboration. The -lactam system has attracted considerable attention due to its
ubiquitous presence in the molecular structure of natural products and biologically
active compounds.” We studied how the selectivity of the process'’ is affected by the
type of catalyst, using two oxidation states of palladium, and the substituents on the o-

diazoacetamide (Scheme 1).



Scheme 1. Substituent and catalyst effects on Pd-catalyzed reactions of o-

diazoacetamides
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We commenced our investigation by studying the palladium-catalyzed reactions
of N,N-dibenzyl-a-diazoacetamide 1 (Table 1).!!

Table 1. Pd-catalyzed cyclisation reactions of a-diazoamide 1¢

o] Me0,C O Bn, 0
Bn\N CO,Me * o l\\l_J(
©) solvent COzMe Ph CO,Me
reflux cis-3 trans-3

entry catalyst (mol%) solvent 'H NMR ratio® Yield (%)¢
1 Pd,(dba)s (10) DCE 1/2/cis-3/trans-3 (1:1.5:0.15:1.5) ---
2 -—- DCE 1/2/cis-3/trans-3 (1:0.3:0.04:0.3) ---
3 Pd,(dba); (10) toluene  2/cis-3/trans-3 (1:0.1:1) 2 (42), trans-3 (42)
4 - toluene  2/cis-3/trans-3 (1:0.25:1) 2 (43), trans-3 (45)
5 [(IMes)Pd(NQ)]> (2.5) DCE 2/cis-3/trans-3 (1:0.1:0.2) 2 (55), trans-3 (5)
6 [(IMes)Pd(NQ)]2 (2.5) CH:CL 1
7 [Pd(ally)CI]2 (5) DCE 2/cis-3/trans-3 (1:1.4:0.5) 2 (20), trans-3 (23)?
8 (SIPr)Pd(allyl)CI (15) DCE¢ 2/cis-3/trans-3 (1:0.25:1.1) 2 (22), trans-3 (20)¢
9 (SIPr)Pd(allyl)CI (10)  DCE¢ 1/2/cis-3/trans-3 (1:1.1:0.3:1.4) -
10 Pd(TFA), (10) CHCI3®  2/cis-3/trans-3 (1:1.2:1) 2 (15), trans-3 (24)°

“ Reaction conditions: Catalyst (see table) in the indicated solvent at reflux for 24 h. ® Ratio
determined by '"H NMR (400 MHz) from the reaction mixture. ¢ Yields refer to products isolated
by chromatography. ¢ Small amounts (<10%) of N,N-dibenzyl-a-chloro-o-
(methoxycarbonyl)acetamide were also obtained. ¢ Reaction time: 48 h. Pd(dba); =
Tris(dibenzylideneacetone)dipalladium(0). [(IMes)Pd(NQ)]» = 1,3-Bis(2,4,6-
trimethylphenyl)imidazol-2-ylidene (1,4-naphthoquinone)palladium(0) dimer. (SIPr)Pd(allyl)Cl
= Allyl-chloro-[1,3-bis-(2,6-diisopropylphenyl)-2-imidazolidinylidene]palladium(II).

Treatment of 1 with Pd>(dba); in 1,2-dichloroethane at reflux for 24 h resulted in
76% conversion to give a 1:1 mixture of cycloheptapyrrolone 2 and B-lactam #rans-3,

together with some B-lactam cis-3 and the recovery of significant amounts of unreacted



starting material (entry 1). When the reaction was performed in the absence of the
palladium catalyst, ca. 40% of conversion was observed, giving a 1:0.1:1 mixture of 2,
cis-3 and trans-3, together with the unreacted material (entry 2). The complete
consumption of the starting material was achieved when reactions were run in refluxing
toluene (entries 3-4).

On the other hand, the [(IMes)Pd(NQ)].-catalyzed decomposition of 1 in DCE at
reflux gave cycloheptapyrrolone 2 as the major product (55%), together with small
amounts of B-lactams cis-3 and trans-3 (entry 5). The complete consumption of the
starting material and the notably different selectivity of the latter reaction compared
with the thermal process in DCE (entry 2) clearly supports the role of [(IMes)Pd(NQ)]2
as a catalyst in the decomposition of a-diazoacetamide 1.

Pd(IT)-catalysts were also able to promote the carbene reactions of 1, which
resulted in the major formation of B-lactams cis-3 and trans-3 at the expense of the
Buchner product 2. Thus, the [Pd(allyl)Cl].-catalyzed decomposition of 1 afforded a
1:1.4:0.5 mixture of cycloheptapyrrolone 2 and B-lactams cis-3 and trans-3 (entry 7).
However, after flash chromatography, only 2 (20%) and trans-3 (23%) were isolated
because B-lactam cis-3 underwent isomerization to the more stable trans isomer during
the purification process. When using (SIPr)Pd(allyl)Cl as the catalyst, products 2 and
trans-3 were isolated in comparable yields (entry 8). Finally, Pd(TFA) also led to the
formation of the B-lactams as the main products, although a longer reaction time was
required and frans-3 was still isolated in poor yield (entry 10).

The competition between Csp>-H insertion leading to p-lactams and
intramolecular aromatic cycloaddition to give the corresponding cycloheptapyrrolone is

also common in reactions of o-diazoacetamides catalyzed by Rh(II)!'* and Ru(Il)-



catalysts.!'®!2 According to previous mechanistic studies on related Rh(II)-catalyzed
transformations, the competitive formation of B-lactams and aromatic ring reaction
products is probably due to the stereoelectronic competition between the two
conformational isomers of the metallacarbene undergoing the intramolecular
reactions.!> A strategy to improve site-selectivity in the transition metal-catalyzed
carbene reactions of a-diazoacetamides involves replacing one of the N-substituents at
the amide moiety with a bulky group,'* which sterically biases the conformational
preference around the amide N-C(O) bond and makes the metallacarbene reaction at the
remaining substituent more feasible.

In search of higher site-selectivity in the palladium-catalyzed insertion leading to
B-lactams, we decided to replace one of the benzyl groups in 1 with a ‘butyl substituent.
Table 2 shows the results of the palladium-catalyzed reactions with N-benzyl-N-butyl-
a-diazoacetamide 4a."

Table 2. Pd-catalyzed cyclisation reactions of a-diazoamide 4a“

0,¢c O

Me
>L HCOZ
COzMe

entry  catalyst (mol%)  Sa/cis-6a/  products (%)?

trans-6a’<
1 Pdz(dba)s (10) 26/46/28 5a (20)
cis-6a (9)
trans-6a (42)
2 [(IMes)PA(NQ)]>  35/40/25 5a (28)
(2.5) cis-6a (35)
trans-6a (23)
3 [Pd(ally)C1]2 (5)  0/47/53 cis-6a (25)
trans-6a (65)
4 (SIPr)Pd(allyl)C1  0/29/71 cis-6a (17)
(15) trans-6a (59)

“ Reaction conditions: Catalyst in DCE at reflux for 24
h. » "H NMR ratio.  All reactions were performed
twice. While the Sa/6a ratio was essentially the same

in the two runs, the cis/trans ratio was quite different



due to the partial isomerization of cis B-lactam to the
more stable trans isomer during the work-up. ¢ Isolated

yields.
When a-diazoamide 4a was decomposed in the presence of Pdx(dba); (entry 1),

cycloheptapyrrolone 5a (20%) was isolated together with B-lactams cis-6a (9%) and
trans-6a (42%).'° On changing the catalyst to [(IMes)Pd(NQ)]2, a slight increase in the
formation of the Buchner product was observed (entry 2). To our delight, the more
electrophilic [Pd(allyl)CI]> or (SIPr)Pd(allyl)Cl catalysts exclusively promoted the
Csp’-H insertion to give the B-lactams, which were isolated in good overall yields
(entries 3-4).

The palladium-catalyzed carbene insertion was also explored from a-diazoamide
7, which bears the a-methylbenzyl substituent at the nitrogen (Table 3).

Table 3. Pd-catalyzed cyclisation reactions of a-diazoamide 7¢

(0] ) t
)S(COZMe MeO,C Bu. io

Ph Me CO,Me PH' ) 'CO,Me
10

entry  catalyst (mol%)  8/9/10° products (%)¢

1 Pd>(dba); (10) 26/37/37 8(15),9 (18),
10 (24)
2 [(IMes)PA(NQ)]2  65/20/15  8°(42),9 (7),
(2.5) 10 (13)
3 [Pd(allyl)CI]2 (5) 0/36/64 9 (23),10 (47)
4 (SIPr)Pd(ally)Cl  0/57/43 9 (24),10 (18)
(15)

“ Reaction conditions: Catalyst in DCE at reflux for
24 h. * 'TH NMR ratio. ¢ Isolated yields. ¢ 1:1.2

e

mixture of stereoisomers. 1:2.2 mixture of

stereoisomers.

Similarly to the reactions of N-benzylamide 4a, when Pd(0)-catalysts were used

to promote the decomposition of 7 a significant amount of the Buchner product 8 was



obtained (entries 1 and 2). Interestingly, when the reaction was catalyzed by Pdx(dba)s,
both 4a and 7 gave a ca. 1:3 Buchner/B-lactam ratio. On the contrary, when the reaction
of 7 was promoted by the sterically encumbered [(IMes)Pd(NQ)]. catalyst,
cycloheptapyrrolone 8 was obtained as the major product, suggesting that the Pd(0)-
catalyzed reaction is highly sensitive to the steric hindrance on the reactive Csp>-H
bond. At variance, similar to the reactions of 4a, the use of Pd(Il)-catalysts with 7
resulted in the chemoselective insertion into the Csp>~H bond (entries 3 and 4),
[Pd(allyl)CI]2 once again affording the best result.

The studies with o-diazoacetamides 4a and 7 gave us two experimental
procedures for the insertion reaction based on the use of either [Pd(allyl)Cl]> (Method
A) or (SIPr)Pd(allyl)Cl (Method B) as the catalyst. To explore how the introduction of
substituents at the benzylic group might influence the insertion process leading to [3-

lactams, these catalytic systems were studied with a-diazoacetamides 4b-m (Scheme 2,
see Table S1 in the SI for additional details).

The effect of the substituent varied according to its electronic nature as well as
its position on the aromatic ring. The introduction of electron-releasing groups at the
benzyl substituent led to an increased formation of the cycloheptapyrrolone product,
especially when using (SIPr)Pd(allyl)Cl as the catalyst. The increase was lower when
the substituent was located at the ortho-position, probably due to steric interactions. In
contrast, electron-withdrawing groups generally diverted the palladacarbene away from
the Buchner reaction in favor of the Csp>~H insertion. Similar electronic effects have
been observed in related Rh(II)-catalyzed transformations.'!?

The examples in Tables 2-3 and Scheme 2 confirm the generality and functional

group tolerance of this novel Pd(I)-catalyzed insertion. The resulting B-lactams were



obtained in moderate to good overall yields (44-90%), usually as mixtures of cis and
trans isomers, in transformations proceeding with high site-selectivity. As an exception,
the Pd(II)-catalyzed decomposition of 4f gave trans-6f in poor yield together with
major amounts of 4-(dimethylamino)benzaldehyde.

Scheme 2. Synthesis of B-lactams by Pd(Il)-catalyzed cyclisation of a-diazoamides

0]

’Bu\ COzMe
_(Pdny®
@) DCE reflux CO,Me
6b-m
dicOzMe \dicozwle

6g, R =CI (A, 80%, 1.2:1)

(B 60%, 165) (B, 61%, 1:1)
6c, R = MeS (A, 58%, 1:4.8) 6N R=CN (A, 65%, 1:2)
(B. 64%, 1:15) (B, 70%, 1:3.7)

6d, R =CI (A, 82%, 1.1:1)

Bu_ 0
(B, 69%, 1:1.6) N
6e, R = CN (A, 70%, 1:1)
(B, 78%, 1:1.9) CO,Me
6f, R = NMe, (A, 14%, 0:1)
(B, 10%, 0:1) R

6i, R = MeO (A, 54%, 1:1.3)

(B, 73%, 1:6.3)
6j, R=F (A, 82%, 1:2.2)
CO,Me (B, 66%, 0:1)
6k, R = Br (A, 65%, 1.1:1)
(B, 50%, 1:5.3)

MeO™ 6m, (A, 39%, 0:1) 6, R =1 (A, 87%, 1.3:1)
(B, 44%, 1:6.3) (B, 68%, 3.5:1)

6b, R MeO (A, 57%, 1:2.2)"

¢ Method A: [Pd(allyl)Cl]2 or Method B:
(SIPr)Pd(allyl)Cl. © (Method, Isolated yield (%),

cis/trans ratio after chromatography).

The above results also confirm the significant impact of the electronic nature of
the palladium catalyst and ensuing electrophilicity of the carbene intermediate in the
reaction pathway. Thus, whereas benzylic Csp®>~H insertion is strongly favored over the
Buchner reaction when using Pd(II)-catalysts, an increased cycloheptapyrrolone product

formation is usually observed with the more electron-rich Pd(0)-catalysts.



Our previous work has shown that the mechanism involved in palladium-
catalyzed insertion reactions’® differs considerably from that accepted for Rh(II)-
catalyzed transformations. Whereas Rh(II)-catalysts typically proceed in a concerted
process that directly releases the insertion product and metal catalyst in a single step,!’
palladium catalysts involve stepwise reaction mechanisms initiated by a metal-mediated
hydrogen migration. To shed light on the reaction mechanism and the influence of the
Pd(Il)-catalyst on the selectivity of the C—H insertion described herein, density
functional theory (DFT) calculations were carried out.!® To this end, the process
involving 4a in the presence of the [Pd(allyl)Cl], catalyst (see Table 2, entry 3) was
explored.

The data in Figure 1, which gathers the computed reaction profile starting from
the initial Pd(Il)-carbene intermediate INTO, indicate that the formation of the
corresponding B-lactams 6a occurs stepwise. Thus, INTO is first transformed into the
zwitterionic intermediate INT1' in a highly exergonic process via the transition state
TS1. This step can be viewed as a 1,4-hydrogen migration that is not directly assisted
by the metal, therefore resembling the mechanism involved in related Ru(Il)-C—H
activation processes previously studied by us.”® The transformation ends with the
formation of the new C—C bond via the transition state TS2, again in a strongly
exergonic transformation that releases the B-lactam with concomitant regeneration of
the active Pd(Il)-catalyst. According to the rather similar relative energies computed for
the cis/trans transition states TS1 and TS2, a ca. 50:50 mixture of cis-6a and trans-6a
can be expected, which is fully consistent with the experimental findings (Table 2, entry

3).



Finally, we also investigated the reasons for the non-formation of
cycloheptapyrrolone 5a when using these reaction conditions (i.e. 4a in the presence of
[Pd(allyl)CI]2). Our calculations suggest that the first step of the alternative Buchner
reaction, which involves a palladium-promoted C—C bond formation, is not competitive
in view of the much higher activation barrier required to reach the corresponding
transition state TS1’ as compared to TS1-trans (AAG*= 8.5 kcal/mol) as well as the
endergonicity (AAG = +6.0 kcal/mol) associated with this step. Therefore, no Buchner
reaction product should be expected, which agrees nicely with the complete selectivity

observed experimentally (Table 2, entry 3).

15.2

TS1-trans
! 6.7
~ TS1-cis B0 =
— TS1-cis TS2-trans
0 0.6
INTO-cis Foo-08
P e ) i Ts2ecis
,NW)L Hpd
Bu T CO,Me Ph\\,\' (COEME:;:
[Pd] = Pd(allyl)CI et o
\INT1-trans/ /
pg L 19
Ph \ v
H\‘( co,me: INT1-cis
N —24.9
Bu o] Ph.  cO,Me: 1la-cis
CK §__—39.9
N [ —
Bu o] -41.0
11a-trans

Figure 1. Computed reaction profiles for the formation of B-lactams 6a. Relative
free energies (AGaos, at 298 K) and bond distances are given in kcal/mol and angstroms

(A), respectively.
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In summary, we have shown that palladium can be used to promote the carbene
Csp>~H insertion of a-diazoacetamides to form B-lactams, Pd(II)-catalysts giving the
best chemoselectivities. DFT calculations suggest that this transformation involves an
unprecedented Pd(II)-promoted Mannich-type reaction through a metallacarbene-

induced zwitterionic intermediate.

Experimental Section

General Methods. All commercially available reagents were used without
further purification. 'H- and '*C NMR spectra were recorded using MesSi as the internal
standard, with a Varian Mercury 400 instrument. Chemical shifts are reported in ppm
downfield (8) from MeSi for 'H and '*C NMR. TLC was carried out on SiO> (silica gel
60 F2s4, Merck), and the spots were located with UV light or 1% aqueous KMnOg. Flash
chromatography was carried out on SiO> (silica gel 60, SDS, 230-400 mesh ASTM).
Drying of organic extracts during workup of reactions was performed over anhydrous
Na>SOs. Evaporation of solvents was accomplished with a rotatory evaporator.

Representative Procedure for the Preparation of Diazoacetamides 1, 4a-m
and 7. To a solution of dibenzylamine (0.6 mL, 3.04 mmol) and EtsN (0.86 mL, 6.1
mmol) in CH>Cl, (18 mL), cooled at 0 °C, was added slowly methyl malonyl chloride
(0.67 mL, 6.1 mmol). The mixture was stirred at room temperature for 24 h. After the
reaction was completed, the mixture was poured into water and extracted with CH2Cl.
The organic extracts were washed with saturated NaHCOs3 aqueous solution, dried,
filtered and concentrated. The residue was purified by chromatography (SiO2, from
hexanes to hexanes/EtOAc 3:2) to give N,N-dibenzyl-a-(methoxycarbonyl)acetamide

(0.88 g, 97%).
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To a solution of N,N-dibenzyl-a-(methoxycarbonyl)acetamide (678 mg, 2.28
mmols) and DBU (0.52 mL, 3.43 mmols) in dry acetonitrile (16 mL) was added
dropwise a solution of p-ABSA (602 mg, 2.5 mmols) in dry acetonitrile (6 mL). The
mixture was stirred at room temperature overnight. The solvent was removed in vacuo
and the resulting residue was partitioned between CH>Cl> and 10% NaOH aqueous
solution. The organic extracts were dried, filtered and concentrated. The residue was
purified by chromatography (SiO», from CH>Cl, to CH2Cl2/MeOH 98:2) to give N,N-
dibenzyl-o-(methoxycarbonyl)-a-diazoacetamide (1, 554 mg; 75%).

N,N-Dibenzyl-a-(methoxycarbonyl)-a-diazoacetamide (1). Brown oil. 'H
NMR (CDCl3, 400 MHz) 6 3.79 (s, 3H), 4.51 (s, 4H), 7.15-7.19 (m, 4H), 7.25-7.36 (m,
6H). 3C NMR (CDCls, 100.6 MHz) § 50.5 (broad signal, 2 CHz), 52.5 (CH3), 67.0 (C),
127.8 (CH), 127.9 (2 CH), 128.8 (2 CH), 136.4 (C), 162.4 (C), 163.0 (C). HRMS (ESI-
TOF) calcd. for C1sHisN3Os: 324.1343 [M+H]"; found: 324.1347.

N-Benzyl-N-tert-butyl-a-(methoxycarbonyl)-a-diazoacetamide (4a). 4a was
obtained as a yellow oil that solidified on refrigeration (433 mg) following the
procedures described above [(a) CICOCH2CO:Me (1 equiv.), EtsN (1 equiv.); (b) p-
ABSA (1.1 equiv.), DBU (1.5 equiv.), 75% two steps]. '"H NMR (CDCls, 400 MHz) &
1.39 (s, 9H), 3.77 (s, 3H), 4.62 (s, 2H), 7.18-7.35 (m, 5H). 3C NMR (CDCls, 100.6
MHz) 6 28.9 (3 CH3), 51.7 (CH»), 52.3 (CH3), 59.1 (C), 68.2 (C), 126.9 (2 CH), 127.5
(CH), 128.8 (2 CH), 139.7 (C), 163.1 (C), 163.2 (C). HRMS (ESI-TOF) calcd. for
CisHi9N3 NaOs: 312.1319 [M+H]"; found: 312.1327.

N-tert-Butyl-N-(4-methoxybenzyl)-a-(methoxycarbonyl)-a-diazoacetamide
(4b). 4b was obtained as a yellow oil that solidified on refrigeration (600 mg) following

the procedures described above [(a) CICOCH2CO2Me (1.2 equiv.), EtsN (1.2 equiv.),
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61%; (b) p-ABSA (1.1 equiv.), DBU (1.5 equiv.), 98%]. 'H NMR (CDCls, 400 MHz) §
1.36 (s, 9H), 3.76 (s, 3H), 3.78 (s, 3H), 4.54 (s, 2H), 6.84 (d, J = 8.4 Hz, 2H) 7.09 (d, J
= 8.4 Hz, 2H). '3C NMR (CDCls, 100.6 MHz) & 28.9 (3 CH3), 51.2 (CH>), 52.3 (CHa),
55.4 (CHz3), 59.0 (C), 68.2 (C), 114.1 (2 CH), 128.1 (2 CH), 131.5 (C), 159.0 (C), 163.1
(C), 163.2 (C). HRMS (ESI-TOF) calcd. for Ci16H21N3 NaOs: 342.1424 [M+H]"; found:
342.1423.

N-tert-Butyl-N-[4-(methylthio)benzyl]-a-(methoxycarbonyl)-o-
diazoacetamide (4c). 4c was obtained as a yellow oil that solidified on refrigeration
(555 mg) following the procedures described above [(a) CICOCH2CO:>Me (1.2 equiv.),
EtsN (1.2 equiv.), 68%; (b) p-ABSA (1.1 equiv.), DBU (1.5 equiv.), 94%]. '"H NMR
(CDCls, 400 MHz) & 1.37 (s, 9H), 2.47 (s, 3H), 3.76 (s, 3H), 4.56 (s, 2H), 7.10 (d, J =
8.0 Hz, 2H) 7.20 (d, J = 8.0 Hz, 2H). '3C NMR (CDCls, 100.6 MHz) & 16.0 (CHs3), 28.9
(3 CH3), 51.3 (CHy), 52.3 (CH3), 59.1 (C), 68.2 (C), 126.9 (2 CH), 127.4 (2 CH), 136.5
(©), 137.6 (C), 163.0 (C), 163.2 (C). HRMS (ESI-TOF) caled. for Ci6H22N30sS:
336.1376 [M+H]"; found: 336.1378.

N-tert-Butyl-N-[4-chlorobenzyl]-a-(methoxycarbonyl)-o-diazoacetamide
(4d). 4d was obtained as a yellow oil that solidified on refrigeration (514 mg) following
the procedures described above [(a) CICOCH2CO:;Me (1.3 equiv.), EtsN (1.3 equiv.),
54%; (b) p-ABSA (1.1 equiv.), DBU (1.5 equiv.), 83%]. 'H NMR (CDCls, 400 MHz) &
1.38 (s, 9H), 3.77 (s, 3H), 4.58 (s, 2H), 7.14 (d, J = 8.4 Hz, 2H) 7.30 (d, J = 8.4 Hz,
2H). *C NMR (CDCls, 100.6 MHz) & 28.9 (3 CH3), 51.1 (CH>), 52.4 (CH3), 59.2 (C),
68.4 (C), 128.3 (2 CH), 129.0 (2 CH), 133.2 (C), 138.3 (C), 163.0 (C), 163.4 (C).

HRMS (ESI-TOF) caled. for CisHisCIN3NaOs: 346.0929 [M+H]"; found: 346.0937.
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N-tert-Butyl-N-(4-cyanobenzyl)-a-(methoxycarbonyl)-a-diazoacetamide
(4e). 4e was obtained as a red oil that solidified on refrigeration (155 mg) following the
procedures described above [(a) CICOCH2CO2Me (1.3 equiv.), EtsN (1.3 equiv.), 52%;
(b) p-ABSA (1.1 equiv.), DBU (1.5 equiv.), 33%]. '"H NMR (CDCls, 400 MHz) & 1.38
(s, 9H), 3.77 (s, 3H), 4.67 (s, 2H), 7.33 (d, J = 8.0 Hz, 2H) 7.63 (d, J = 8.0 Hz, 2H). 13C
NMR (CDClIs, 100.6 MHz) 6 29.0 (3 CH3), 51.2 (CH2), 52.4 (CH3), 59.5 (C), 68.8 (C),
111.5 (O), 118.7 (C), 127.6 (2 CH), 132.6 (2 CH), 145.7 (C), 162.8 (C), 163.6 (C).
HRMS (ESI-TOF) calcd. for C1sHi1sN4NaOs: 337.1271 [M+H]"; found: 337.1279.

N-tert-Butyl-N-[4-(dimethylamino)benzyl]-o-(methoxycarbonyl)-o-
diazoacetamide (4f). 4f was obtained as a yellow oil that solidified on refrigeration
(190 mg) following the procedures described above [(a) CICOCH2CO:Me (1.3 equiv.),
EtsN (1.3 equiv.), 58%; (b) p-ABSA (1.1 equiv.), DBU (1.5 equiv.), 85%]. '"H NMR
(CDCls, 400 MHz) 6 1.38 (s, 9H), 2.93 (s, 6H), 3.77 (s, 3H), 4.52 (s, 2H), 6.68 (d, J =
8.8 Hz, 2H), 7.04 (d, J = 8.8 Hz, 2H). *C NMR (CDCls, 100.6 MHz) § 28.9 (3 CHs),
40.8 (2 CH3), 51.3 (CH»), 52.3 (CHs), 58.9 (C), 68.0 (C), 112.7 (2 CH), 126.9 (C),
127.9 (2 CH), 150.0 (C), 163.0 (C), 163.3 (C). HRMS (ESI-TOF) calcd. for
C17H25N403: 333.1921 [M+H]; found: 333.1925.

N-tert-Butyl-N-(3-chlorobenzyl)-a-(methoxycarbonyl)-a-diazoacetamide
(4g). 4g was obtained as a yellow oil that solidified on refrigeration (505 mg) following
the procedures described above [(a) CICOCH2CO;Me (1.2 equiv.), EtsN (1.2 equiv.),
82%; (b) p-ABSA (1.1 equiv.), DBU (1.5 equiv.), 85%]. 'H NMR (CDCls, 400 MHz) §
1.39 (s, 9H), 3.77 (s, 3H), 4.59 (s, 2H), 7.09 (d, J = 7.2 Hz, 1H), 7.18 (broad s, 1H),
7.22-7.29 (m, 2H). *C NMR (CDCl3, 100.6 MHz) & 29.0 (3 CH3), 51.2 (CHa), 52.4

(CHs), 59.3 (C), 68.4 (C), 125.0 (CH), 127.1 (CH), 127.7 (CH), 130.1 (CH), 134.8 (C),
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142.0 (C), 163.0 (C), 163.4 (C). HRMS (ESI-TOF) calcd. for CisHisCIN3NaOs:
346.0929 [M+H]"; found: 346.0933.
N-tert-Butyl-N-(3-cyanobenzyl)-a-(methoxycarbonyl)-a-diazoacetamide
(4h). 4h was obtained as a yellow oil that solidified on refrigeration (330 mg) following
the procedures described above [(a) CICOCH2CO;Me (1.3 equiv.), EiN (1.3 equiv.);
(b) p-ABSA (1.1 equiv.), DBU (1.5 equiv.), 63% two steps]. 'H NMR (CDCls, 400
MHz) & 1.38 (s, 9H), 3.78 (s, 3H), 4.65 (s, 2H), 7.45-7.51 (m, 3H), 7.55-7.59 (m, 1H).
3C NMR (CDCl3, 100.6 MHz) § 29.0 (3 CH3), 51.0 (CH>), 52.4 (CH3), 59.4 (C), 68.8
(©), 113.0 (C), 118.6 (C), 129.7 (CH), 130.4 (CH), 131.3 (CH), 131.4 (CH), 141.7 (C),
162.8 (C), 163.6 (C). HRMS (ESI-TOF) calcd. for CisHisN4NaOs: 337.1271 [M+H]";
found: 337.1278.
N-tert-Butyl-N-(2-methoxybenzyl)-o-(methoxycarbonyl)-a-diazoacetamide
(4i). 4i was obtained as a yellow oil that solidified on refrigeration (384 mg) following
the procedures described above [(a) CICOCH2CO:2Me (1 equiv.), EtsN (1 equiv.); (b) p-
ABSA (1.1 equiv.), DBU (1.5 equiv.), 70% two steps]. '"H NMR (CDCls, 400 MHz) &
1.34 (s, 9H), 3.77 (s, 3H), 3.80 (s, 3H), 4.60 (s, 2H), 6.85 (dd, J = 8.0, and 1.2 Hz, 1H),
6.92 (td, J=7.6 and 1.2 Hz, 1H), 7.18 (dd, J = 7.6 and 1.2 Hz, 1H), 7.25 (ddd, J = 8.0,
7.6 and 1.2 Hz, 1H). *C NMR (CDCls, 100.6 MHz) & 28.6 (3 CH3), 48.5 (CH>), 52.2
(CHs), 55.6 (CH3), 58.6 (C), 68.0 (C), 110.7 (CH), 120.5 (CH), 127.1 (C), 128.8 (CH),
129.3 (CH), 157.9 (C), 163.5 (C), 163.7 (C). HRMS (ESI-TOF) calcd. for Ci16H22N304:
320.1605 [M+H]"; found: 320.1601.
N-tert-Butyl-N-(2-fluorobenzyl)-a-(methoxycarbonyl)-a-diazoacetamide
(4j). 4j was obtained as a yellow oil that solidified on refrigeration (563 mg) following

the procedures described above [(a) CICOCH2CO2Me (1 equiv.), EN (1 equiv.), 84%;
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(b) p-ABSA (1.1 equiv.), DBU (1.5 equiv.), 56%]. 'H NMR (CDCls, 400 MHz) § 1.37
(s, 9H), 3.78 (s, 3H), 4.67 (s, 2H), 7.00-7.14 (m, 2H) 7.22-7.29 (m, 2H). *C NMR
(CDCls, 100.6 MHz) & 28.8 (3 CH3), 46.2 (d, J = 3.4 Hz, CH»), 52.3 (CH3), 58.9 (C),
68.2 (C), 116.0 (d, J = 21.7 Hz, CH), 124.3 (d, J = 3.7 Hz, CH), 126.4 (d, J = 13.4 Hz,
C), 129.3 (d, J = 8.2 Hz, CH), 129.5 (d, J = 4.3 Hz, CH), 160.8 (d, J = 246.5 Hz, C),
163.1 (C), 163.6 (C). HRMS (ESI-TOF) calcd. for C1sHisFN3NaOs: 330.1224 [M+H]";
found: 330.1225.
N-(2-Bromobenzyl)-N-tert-butyl-a-(methoxycarbonyl)-a-diazoacetamide
(4Kk). 4k was obtained as a yellow oil that solidified on refrigeration (417 mg) following
the procedures described above [(a) CICOCH2CO:Me (1 equiv.), EtsN (1 equiv.); (b) p-
ABSA (1.1 equiv.), DBU (1.5 equiv.), 83% two steps]. 'H NMR (CDCls, 400 MHz) §
1.42 (s, 9H), 3.76 (s, 3H), 4.72 (s, 2H), 7.13 (ddd, J = 8.0, 7.6 and 2.4 Hz, 1H), 7.26-
7.34 (m, 2H), 7.54 (dd, J = 8.0 and 1.2 Hz, 1H). 1*C NMR (CDCls, 100.6 MHz) & 28.9
(3 CH3), 51.6 (CH»), 52.4 (CH3), 59.4 (C), 67.6 (C), 122.1 (C), 127.5 (CH), 128.6 (CH),
128.9 (CH), 133.4 (CH), 138.5 (C), 163.2 (C), 163.6 (C). HRMS (ESI-TOF) calcd. for
C1sH1sBrN3NaOs: 390.0424 [M+H]"; found: 390.0432.
N-tert-Butyl-N-(2-iodobenzyl)-a-(methoxycarbonyl)-a-diazoacetamide (41).
41 was obtained as a yellow oil that solidified on refrigeration (260 mg) following the
procedures described above [(a) CICOCH2CO2Me (1.3 equiv.), EtsN (1.3 equiv.), 64%;
(b) p-ABSA (1.1 equiv.), DBU (1.5 equiv.), 89%]. 'H NMR (CDCls, 400 MHz) § 1.42
(s, 9H), 3.76 (s, 3H), 4.63 (s, 2H), 6.97 (ddd, J = 8.0, 7.6 and 1.6 Hz, 1H), 7.24 (dd, J =
7.6 and 1.6 Hz, 1H), 7.35 (td, J = 7.6 and 1.6 Hz, 1H), 7.83 (dd, J = 8.0 and 1.6 Hz,
1H). 1*C NMR (CDCls, 100.6 MHz) § 29.0 (3 CH3), 52.4 (CH3), 56.7 (CH2), 59.6 (C),

67.6 (C), 97.1 (C), 127.9 (CH), 128.4 (CH), 129.1 (CH), 140.0 (CH), 141.2 (C), 163.2
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(0), 163.5 (C). HRMS (ESI-TOF) calcd. for CisHisIN3NaOs: 438.0258 [M+H]"; found:
438.0283.

N-tert-Butyl-N-(3,4-dimethoxybenzyl)-a-(methoxycarbonyl)-o-
diazoacetamide (4m). 4m was obtained as a yellow oil that solidified on refrigeration
(570 mg) following the procedures described above [(a) CICOCH>CO:>Me (1.2 equiv.),
EtsN (1.2 equiv.), 68%; (b) p-ABSA (1.1 equiv.), DBU (1.5 equiv.), 80%]. 'H NMR
(CDCl3, 400 MHz) 6 1.40 (s, 9H), 3.78 (s, 3H), 3.85 (s, 3H), 3.87 (s, 3H), 4.56 (s, 2H),
6.68 (d, J=2.0 Hz, 1H), 6.74 (dd, J = 8.4 and 2.0 Hz, 1H), 6.82 (d, J = 8.4 Hz, 1H). '*C
NMR (CDCls, 100.6 MHz) 6 28.9 (3 CHs), 51.3 (CH>), 52.3 (CH3), 56.0 (CHs), 56.1
(CHa), 59.1 (C), 67.9 (C), 110.0 (CH), 111.4 (CH), 119.0 (CH), 132.1 (C), 148.4 (C),
149.2 (C), 163.2 (2 C). HRMS (ESI-TOF) calcd. for C17H24N30s: 350.1710 [M+H]";
found: 350.1713.

N-tert-Butyl-N-(1-phenylethyl)-a-(methoxycarbonyl)-a-diazoacetamide (7).
7 was obtained as a yellow oil (210 mg) following the procedures described above [(a)
CICOCH2CO2Me (1.3 equiv.), EtsN (1.3 equiv.), 35%; (b) p-ABSA (1.1 equiv.), DBU
(1.5 equiv.), 63%]. 'H NMR (CDCls, 400 MHz) & 1.46 (s, 9H), 1.80 (d, J = 7.2 Hz, 3H),
3.70 (s, 3H), 5.19 (q, J = 7.2 Hz, 1H), 7.22-7.28 (m, 1H), 7.32-7.37 (m, 4H). 1*C NMR
(CDCl3, 100.6 MHz) 6 20.2 (CH3), 29.5 (3 CH3), 52.3 (CH3), 56.3 (CH), 60.1 (C), 66.8
(C), 126.9 (2 CH), 127.2 (CH), 128.6 (2 CH), 142.3 (C), 163.2 (C), 164.2 (C). HRMS
(ESI-TOF) calcd. for C16H21N3NaO3: 326.1475 [M+H]; found: 326.1471.

Representative Procedure for the Pd-Catalyzed Cyclisation Reactions
(Table 2, Entry 3). A mixture of diazoamide 4a (50 mg, 0.17 mmol), [Pd(ally])CI]> (3
mg, 0.008 mmol) in dichloroethane (10 mL) was stirred at reflux under Argon

atmosphere for 24 h. The solvent was removed in vacuo, and the residue was purified
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by chromatography (SiO, from hexanes to hexanes-EtOAc 2:3) to give B-lactam trans-
6a (29.5 mg, 65%) and B-lactam cis-6a (11 mg, 25%).

Methyl 2-benzyl-3-oxo-1H-2,3-dihydrocyclohepta[c]pyrrole-3a-carboxylate
(2). 25 mg (55%, Table 1, Entry 5). Brown oil. '"H NMR (CDCls, 400 MHz) § 3.61 (s,
3H), 4.01 (dd, J=14.8 and 1.6 Hz, 1H), 4.27 (dd, /= 14.8 and 2.4 Hz, 1H), 4.53 (d, J =
14.8 Hz, 1H), 4.69 (d, J = 14.8 Hz, 1H), 5.65 (d, J = 9.6 Hz, 1H), 6.24 (m, 1H), 6.42-
6.54 (m, 3H), 7.23-7.36 (m, 5H). 1*C NMR (CDCl;, 100.6 MHz) § 47.0 (CH,), 50.3
(CH»), 53.0 (CH3), 60.0 (C), 120.9 (CH), 122.4 (CH), 128.0 (CH), 128.1 (2 CH), 128.3
(CH), 128.7 (CH), 129.0 (2 CH), 130.0 (CH), 130.4 (C), 135.6 (C), 168.6 (C), 171.1
(C). HRMS (ESI-TOF) calcd. for C1sHisNOs: 296.1281 [M+H]"; found: 296.1281.

Methyl cis-1-benzyl-2-oxo0-4-phenylazetidine-3-carboxylate (cis-3). This
compound could not be isolated and characterized. 'H NMR (CDCl;, 400 MHz,
significant signals from the crude reaction mixture) 6 3.33 (s, 3H), 3.93 (d, J = 14.8 Hz,
1H), 4.34 (d, J = 6.0 Hz, 1H), 4.71 (dd, J = 6.0 and 1.2 Hz, 1H), 4.94 (d, J = 14.8 Hz,
1H).

Methyl #rans-1-benzyl-2-oxo-4-phenylazetidine-3-carboxylate (trans-3). 10.5
mg (23%, Table 1, Entry 7). Yellow gum. 'H NMR (CDCls, 400 MHz) & 3.79 (s, 3H),
3.84 (d, J=15.2 Hz, 1H), 3.93 (dd, J = 2.0 and 0.8 Hz, 1H), 4.71 (d, J = 2.0 Hz, 1H),
4.85 (d, J = 15.2 Hz, 1H), 7.14-7.17 (m, 2H), 7.23-7.40 (m, 8H). 3*C NMR (CDCls,
100.6 MHz) § 45.1 (CH»), 52.9 (CH3), 57.2 (CH), 63.4 (CH), 126.9 (2 CH), 128.0 (CH),
128.5 (2 CH), 129.0 (2 CH), 129.2 (CH), 129.3 (2 CH), 134.8 (C), 136.0 (C), 162.4 (C),
167.4 (C). HRMS (ESI-TOF) calcd. for Ci;gHisNOs: 296.1281 [M+H]"; found:

296.1275.
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N,N-Dibenzyl-a-chloro-a-(methoxycarbonyl)acetamide. Amorphous orange
solid. "H NMR (CDCls, 400 MHz) § 3.85 (s, 3H), 4.34 (d, J = 14.8 Hz, 1H), 4.45 (d, J =
17.2 Hz, 1H), 4.62 (d, J = 17.2 Hz, 1H), 4.88 (d, J = 14.8 Hz, 1H), 5.13 (s, 1H), 7.18-
7.23 (m, 4H), 7.28-7.43 (m, 5H). *C NMR (CDCl3, 100.6 MHz) § 48.9 (CHa), 50.6
(CH»), 54.0 (CH), 54.5 (CH3), 126.7 (2 CH), 128.0 (CH), 128.3 (CH), 128.4 (2 CH),
129.0 (2 CH), 129.3 (2 CH), 132.3 (C), 136.2 (C), 165.5 (C), 165.6 (C). HRMS (ESI-
TOF) calcd. for C1sHi9CINO3: 332.1048 [M+H]"; found: 332.1049.

Methyl 2-tert-butyl-3-oxo-1H-2,3-dihydrocyclohepta[c]pyrrole-3a-
carboxylate (5a). '"H NMR (CDCls, 400 MHz, signals from a 8:1 mixture of 5a and
trans-6a) 6 1.46 (s, 9H), 3.59 (s, 3H), 4.24 (dd, J = 15.2 and 1.6 Hz, 1H), 4.47 (dd, J =
15.2 and 2.0 Hz, 1H), 5.59 (dd, J = 9.2 and 0.8 Hz, 1H), 6.28 (m, 1H), 6.38-6.46 (m,
3H). 13C NMR (CDCls, 100.6 MHz, signals from a 8:1 mixture of 5a and trans-6a) §
27.6 (3 CHs), 49.6 (CH>), 52.8 (CH3), 55.0 (C), 61.3 (C), 120.5 (CH), 123.2 (CH),
127.8 (CH), 128.9 (CH), 129.9 (CH), 131.3 (C), 169.0 (C), 170.8 (C).

Methyl cis-1-tert-butyl-2-o0xo-4-phenylazetidine-3-carboxylate (cis-6a). 11
mg (25%, Table 2, Entry 3). Yellow gum. 'H NMR (CDCl3, 400 MHz) § 1.31 (s, 9H),
3.32 (s, 3H), 4.23 (d, J = 6.4 Hz, 1H), 4.91 (d, J = 6.4 Hz, 1H), 7.28-7.40 (m, 5H). '*C
NMR (CDCls, 100.6 MHz) & 28.3 (3 CHs), 52.0 (CHs), 55.2 (C), 56.8 (CH), 59.3 (CH),
127.2 (CH), 128.6 (2 CH), 128.9 (2 CH), 136.7 (C), 163.0 (C), 166.6 (C). ). HRMS
(ESI-TOF) calcd. for CisH2oNO3: 262.1438 [M+H]"; found: 262.1439.

Methyl trans-1-tert-butyl-2-oxo-4-phenylazetidine-3-carboxylate (frans-6a).
29 mg (65%, Table 2, Entry 3). Amorphous white solid. '"H NMR (CDCl3, 400 MHz) §
1.27 (s, 9H), 3.72 (d, J = 2.0 Hz, 1H), 3.78 (s, 3H), 4.86 (d, J = 2.0 Hz, 1H), 7.31-7.42

(m, SH). 3C NMR (CDCls, 100.6 MHz) § 28.3 (3 CHs), 52.8 (CHs), 55.4 (C), 56.6
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(CH), 62.5 (CH), 126.8 (2 CH), 128.9 (CH), 129.2 (2 CH), 139.2 (C), 162.1 (C), 167.7
(C). HRMS (ESI-TOF) calcd. for CisH20NOs: 262.1438 [M+H]"; found: 262.1439.

Methyl 2-tert-butyl-6-methoxy-3-oxo-1H-2,3-dihydrocycloheptajc]pyrrole-
3a-carboxylate (5b). 'H NMR (CDCls, 400 MHz, signals from a 10:1 mixture of 5b
and trans-6b) 6 1.45 (s, 9H), 3.60 (s, 3H), 3.61 (s, 3H), 4.18 (ddd, J = 14.4, 2.0 and 0.8
Hz, 1H), 4.42 (ddd, J = 14.4, 2.4 and 1.2 Hz, 1H), 5.63 (dd, /= 7.2 and 1.6 Hz, 1H),
5.73 (d, J=10.8 Hz, 1H), 6.15 (dt, /= 7.2 and 2.0 Hz, 1H), 6.26 (dd, J=10.8 and 2.4
Hz, 1H). '*C NMR (CDCl;, 100.6 MHz, signals from a 10:1 mixture of 5b and trans-
6b) 6 27.6 (3 CHs), 49.5 (CH>), 52.9 (CH3), 54.9 (C), 55.0 (CH3), 60.8 (C), 101.8 (CH),
118.8 (CH), 124.9 (CH), 125.1 (C), 126.2 (CH), 159.0 (C), 169.3 (C), 170.7 (C).

Methyl cis-1-tert-butyl-4-(4-methoxyphenyl)-2-oxoazetidine-3-carboxylate
(cis-6b). 8 mg (18%, Table S1, Entry 1). Amorphous white solid. "H NMR (CDCls, 400
MHz) & 1.30 (s, 9H), 3.38 (s, 3H), 3.80 (s, 3H), 4.20 (d, /= 6.4 Hz, 1H), 4.87 (d, /= 6.4
Hz, 1H), 6.86 (d, J= 8.4 Hz, 2H), 7.29 (d, J= 8.4 Hz, 2H). '*C NMR (CDCls, 100.6
MHz) 6 28.3 (3 CH3), 52.0 (CHa3), 55.1 (C), 55.4 (CH3), 56.4 (CH), 59.3 (CH), 113.9 (2
CH), 128.4 (2 CH), 128.5 (C), 160.0 (C), 163.1 (C), 166.8 (C). HRMS (ESI-TOF)
caled. for C16H22NO4: 292.1543 [M+H]"; found: 292.1549.

Methyl trans-1-tert-butyl-4-(4-methoxyphenyl)-2-oxoazetidine-3-carboxylate
(trans-6b). 18 mg (39%, Table S1, Entry 1). Amorphous yellow solid. 'H NMR
(CDCls, 400 MHz) & 1.26 (s, 9H), 3.69 (d, J = 2.0 Hz, 1H), 3.77 (s, 3H), 3.82 (s, 3H),
4.81 (d, J = 2.0 Hz, 1H), 6.90 (d, J= 8.4 Hz, 2H), 7.30 (d, J= 8.4 Hz, 2H). °*C NMR
(CDCls, 100.6 MHz) 6 28.3 (3 CH3), 52.8 (CH3), 55.3 (C), 55.5 (CH3), 56.3 (CH), 62.5
(CH), 114.5 (2 CH), 128.1 (2 CH), 131.0 (C), 160.1 (C), 162.2 (C), 167.9 (C). HRMS

(ESI-TOF) calcd. for Ci16H22NO4: 292.1543 [M+H]"; found: 292.1547.
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Methyl 2-tert-butyl-6-(methylthio)-3-oxo-1H-2,3-
dihydrocyclohepta[c|pyrrole-3a-carboxylate (5¢). 'H NMR (CDCls, 400 MHz,
signals from a 3.3:1 mixture of #rans-6¢ and 5¢) 6 1.45 (s, 9H), 2.32 (s, 3H), 3.61 (s,
3H), 4.21 (d, J = 14.8 Hz, 1H), 4.43 (d, J = 14.8 Hz, 1H), 5.64 (d, J = 10.4 Hz, 1H),
6.14 (d, J= 6.8 Hz, 1H), 6.38 (d, /= 10.8 Hz, 1H), 6.39 (d, J= 6.8 Hz, 1H).

Methyl cis-1-tert-butyl-4-[4-(methylthio)phenyl]-2-oxoazetidine-3-
carboxylate (cis-6¢). 4.5 mg (10%, Table S1, Entry 3). Yellow gum. 'H NMR (CDCls,
400 MHz) 6 1.30 (s, 9H), 2.48 (s, 3H), 3.37 (s, 3H), 4.22 (d, /= 6.4 Hz, 1H), 4.87 (d, J
= 6.4 Hz, 1H), 7.20 (d, J= 8.4 Hz, 2H), 7.29 (d, J= 8.4 Hz, 2H). 3C NMR (CDCls,
100.6 MHz) & 15.6 (CH3), 28.3 (3 CHa3), 52.1 (CH3), 55.2 (C), 56.4 (CH), 59.2 (CH),
126.1 (2 CH), 127.7 (2 CH), 133.2 (C), 139.6 (C), 163.0 (C), 166.6 (C). HRMS (ESI-
TOF) calcd. for C16H22NO3S: 308.1315 [M+H]"; found: 308.1319.

Methyl trans-1-tert-butyl-4-[4-(methylthio)phenyl]-2-oxoazetidine-3-
carboxylate (trans-6¢). 22 mg (48%, Table S1, Entry 3). Colourless oil. 'H NMR
(CDCl3, 400 MHz) 6 1.26 (s, 9H), 2.49 (s, 3H), 3.68 (d, J = 2.0 Hz, 1H), 3.77 (s, 3H),
4.82 (d, J = 2.0 Hz, 1H), 7.24 (d, J= 8.0 Hz, 2H), 7.30 (d, J= 8.0 Hz, 2H). *C NMR
(CDCls, 100.6 MHz) 6 15.7 (CH3), 28.3 (3 CH3), 52.8 (CH3), 55.4 (C), 56.3 (CH), 62.4
(CH), 126.8 (2 CH), 127.3 (2 CH), 135.8 (C), 139.7 (C), 162.1 (C), 167.7 (C). HRMS
(ESI-TOF) calcd. for C16H22NO3S: 308.1315 [M+H]"; found: 308.1318.

Methyl cis-1-tert-butyl-4-(4-chlorophenyl)-2-oxoazetidine-3-carboxylate
(cis-6d). 19 mg (42%, Table S1, Entry 5). Amorphous white solid. 'H NMR (CDCls,
400 MHz) & 1.30 (s, 9H), 3.38 (s, 3H), 4.23 (d, J = 6.4 Hz, 1H), 4.89 (d, J = 6.4 Hz,
1H), 7.33 (s, 4H). *C NMR (CDCl3, 100.6 MHz) § 28.3 (3 CH3), 52.2 (CH3), 55.3 (C),

56.1 (CH), 59.2 (CH), 128.6 (2 CH), 128.8 (2 CH), 134.8 (C), 135.4 (C), 162.8 (C),
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166.4 (C). HRMS (ESI-TOF) caled. for CisHioCINO;3: 296.1048 [M+H]"; found:
296.1050.

Methyl trans-1-tert-butyl-4-(4-chlorophenyl)-2-oxoazetidine-3-carboxylate
(trans-6d). 18 mg (40%, Table S1, Entry 5). Amorphous white solid. 'H NMR (CDCls,
400 MHz) & 1.26 (s, 9H), 3.67 (d, J = 2.0 Hz, 1H), 3.78 (s, 3H), 4.84 (d, J = 2.0 Hz,
1H), 7.32-7-38 (m, 4H). 1*C NMR (CDCl3, 100.6 MHz) § 28.3 (3 CH3), 52.9 (CH3),
55.5 (C), 55.9 (CH), 62.5 (CH), 128.1 (2 CH), 129.4 (2 CH), 134.8 (C), 137.9 (C),
162.0 (C), 167.4 (C). HRMS (ESI-TOF) calcd. for CisHi9CINO3: 296.1048 [M+H]";
found: 296.1051.

Methyl cis-1-tert-butyl-4-(4-cyanophenyl)-2-oxoazetidine-3-carboxylate (cis-
6e). 12 mg (27%, Table S1, Entry 8). Yellow gum. '"H NMR (CDCl3, 400 MHz) § 1.30
(s, 9H), 3.34 (s, 3H), 4.28 (d, /= 6.4 Hz, 1H), 4.94 (d, J = 6.4 Hz, 1H), 7.52 (d, J= 8.4
Hz, 2H), 7.65 (d, J= 8.4 Hz, 2H). '*C NMR (CDCls, 100.6 MHz) & 28.3 (3 CH3), 52.2
(CH3), 55.5 (C), 56.0 (CH), 59.2 (CH), 112.9 (C), 118.4 (C), 128.0 (2 CH), 132.4 (2
CH), 142.5 (C), 162.5 (C), 166.0 (C). HRMS (ESI-TOF) calcd. for CicHi9N20s3:
287.1390 [M+H]"; found: 287.1389.

Methyl trans-1-tert-butyl-4-(4-cyanophenyl)-2-oxoazetidine-3-carboxylate
(trans-6e). 23 mg (51%, Table S1, Entry 8). Amorphous white solid. "H NMR (CDCls,
400 MHz) & 1.27 (s, 9H), 3.67 (d, J = 2.4 Hz, 1H), 3.79 (s, 3H), 4.92 (d, J = 2.4 Hz,
1H), 7.53 (d, J= 8.4 Hz, 2H), 7.69 (d, J= 8.4 Hz, 2H). '*C NMR (CDCl3, 100.6 MHz) §
28.3 (3 CHs), 53.1 (CH3), 55.7 (C), 55.8 (CH), 62.5 (CH), 113.0 (C), 118.3 (C), 127.5
(2 CH), 133.1 (2 CH), 144.9 (C), 161.7 (C), 167.0 (C). HRMS (ESI-TOF) calcd. for

Ci6H19N203: 287.1390 [M+H]"; found: 287.1393.
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Methyl trans-1-tert-butyl-4-[4-(dimethylamino)phenyl]-2-oxoazetidine-3-
carboxylate (trans-6f). 6 mg (14%, Table S1, Entry 9). Orange oil. '"H NMR (CDCls,
400 MHz) 6 1.26 (s, 9H), 2.96 (s, 6H), 3.70 (d, J = 2.0 Hz, 1H), 3.76 (s, 3H), 4.77 (d, J
= 2.0 Hz, 1H), 6.69 (d, J= 8.8 Hz, 2H), 7.23 (d, J= 8.8 Hz, 2H). HRMS (ESI-TOF)
calcd. for C17H25N203: 305.1860 [M+H]"; found: 305.1860.

Methyl cis-1-tert-butyl-4-(3-chlorophenyl)-2-oxoazetidine-3-carboxylate
(cis-6g). 20 mg (44%, Table S1, Entry 11). Yellow gum. '"H NMR (CDCls, 400 MHz) §
1.31 (s, 9H), 3.40 (s, 3H), 4.24 (d, J = 6.4 Hz, 1H), 4.87 (d, /= 6.4 Hz, 1H), 7.26-7.32
(m, 3H), 7.39 (d, J= 1.6 Hz, 1H). 3*C NMR (CDCls, 100.6 MHz) & 28.3 (3 CH3), 52.1
(CH3), 55.4 (C), 56.1 (CH), 59.3 (CH), 125.4 (broad CH), 127.4 (broad CH), 129.1
(CH), 129.9 (CH), 134.6 (C), 139.0 (C), 162.8 (C), 166.3 (C). HRMS (ESI-TOF) calcd.
for CisH19CINO3: 296.1048 [M+H]"; found: 296.1057.

Methyl trans-1-tert-butyl-4-(3-chlorophenyl)-2-oxoazetidine-3-carboxylate
(trans-6g). 16.5 mg (36%, Table S1, Entry 11). Brown gum. '"H NMR (CDCls, 400
MHz) 6 1.28 (s, 9H), 3.68 (d, J = 2.0 Hz, 1H), 3.78 (s, 3H), 4.83 (d, J = 2.0 Hz, 1H),
7.27-7.34 (m, 3H), 7.39 (broad singlet, 1H). 3C NMR (CDCls, 100.6 MHz) & 28.3 (3
CHa), 52.9 (CH3), 55.6 (C), 55.9 (CH), 62.5 (CH), 124.8 (CH), 127.0 (CH), 129.2 (CH),
130.5 (CH), 135.2 (C), 141.5 (C), 161.9 (C), 167.3 (C). HRMS (ESI-TOF) calcd. for
Ci15sH19CINO3: 296.1048 [M+H]"; found: 296.1050.

Methyl cis-1-tert-butyl-4-(3-cyanophenyl)-2-oxoazetidine-3-carboxylate (cis-
6h). 10 mg (22%, Table S1, Entry 13). Colourless oil. '"H NMR (CDCls, 400 MHz) §
1.31 (s, 9H), 3.38 (s, 3H), 4.28 (d, J = 6.4 Hz, 1H), 4.93 (d, J = 6.4 Hz, 1H), 7.50 (dd,
J=8.4 and 7.6 Hz, 1H), 7.64 (dt, J= 7.6 and 1.6 Hz, 1H), 7.65-7.70 (m, 2H). *C NMR

(CDCls, 100.6 MHz) 8 28.3 (3 CHs), 52.3 (CHs), 55.5 (C), 55.7 (CH), 59.3 (CH), 112.9
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(C), 1184 (C), 129.5 (CH), 130.9 (broad, CH), 131.5 (broad, CH), 132.6 (CH), 138.8
(0), 162.5 (C), 166.1 (C). HRMS (ESI-TOF) calcd. for C16Hi19N2O3: 287.1390 [M+H]";
found: 287.1399.

Methyl trans-1-tert-butyl-4-(3-cyanophenyl)-2-oxoazetidine-3-carboxylate
(trans-6h). 19.5 mg (43%, Table S1, Entry 13). Amorphous yellow solid. '"H NMR
(CDCl3, 400 MHz) & 1.28 (s, 9H), 3.68 (d, J=2.4 Hz, 1H), 3.80 (s, 3H), 491 (d, /=24
Hz, 1H), 7.54 (td, J= 7.6 and 0.4 Hz, 1H), 7.64-7.71 (m, 3H). *C NMR (CDCls, 100.6
MHz) 6 28.3 (3 CH3), 53.0 (CH3), 55.5 (CH), 55.7 (C), 62.5 (CH), 113.5 (C), 118.3 (C),
130.2 (CH), 130.4 (CH), 130.8 (CH), 132.6 (CH), 141.2 (C), 161.7 (C), 167.0 (C).
HRMS (ESI-TOF) caled. for Ci16H19N203: 287.1390 [M+H]"; found: 287.1387.

Methyl cis-1-tert-butyl-4-(2-methoxyphenyl)-2-oxoazetidine-3-carboxylate
(cis-6i). 5 mg (10%, Table S1, Entry 16). Yellow gum. 'H NMR (CDCls, 400 MHz) §
1.33 (s, 9H), 3.29 (s, 3H), 3.85 (s, 3H), 4.22 (d, J = 6.4 Hz, 1H), 5.43 (d, J = 6.4 Hz,
1H), 6.85 (d, J= 8.0 Hz, 1H), 6.94 (ddd, J= 8.0, 7.6 and 0.8 Hz, 1H), 7.26 (dd, J = 8.0
and 7.6 Hz, 1H), 7.44 (d, J = 8.8 Hz, 1H). 3*C NMR (CDCls, 100.6 MHz, signals from a
1:8 mixture of Si and cis-6i) o 28.1 (3 CH3), 50.0 (CH), 51.8 (CH3), 54.9 (C), 55.8
(CHs), 58.7 (CH), 110.6 (CH), 120.2 (CH), 124.8 (C), 127.5 (CH), 129.6 (CH), 157.3
(©), 163.8 (C), 166.8 (C).

Methyl trans-1-tert-butyl-4-(2-methoxyphenyl)-2-oxoazetidine-3-carboxylate
(trans-6i). 29 mg (63%, Table S1, Entry 16). Amorphous orange solid. 'H NMR
(CDCl3, 400 MHz) 6 1.26 (s, 9H), 3.78 (s, 3H), 3.84 (s, 3H), 3.86 (broad, 1H), 5.17 (d, J
=2.0 Hz, 1H), 6.89 (dd, J= 8.0 and 1.2 Hz, 1H), 6.96 (td, J= 7.6 and 1.2 Hz, 1H), 7.30
(ddd, J= 8.0, 7.6 and 2.0 Hz, 1H), 7.35 (dd, J= 7.6 and 2.0 Hz, 1H). *C NMR (CDCls,

100.6 MHz) § 28.0 (3 CHs), 52.2 (broad, CH), 52.7 (CHa), 55.0 (C), 55.5 (CHs), 60.4
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(CH), 111.0 (CH), 120.9 (CH), 126.5 (C), 128.5 (broad, CH), 129.9 (CH), 157.7 (C),
162.5 (C), 168.4 (C). HRMS (ESI-TOF) calcd. for Ci¢H22NOs4: 292.1543 [M+H];
found: 292.1539.

Methyl cis-1-tert-butyl-4-(2-fluorophenyl)-2-oxoazetidine-3-carboxylate (cis-
6j). 'H NMR (CDCls, 400 MHz, signals from a 8:1 mixture of cis-6j and trans-6j) &
1.32 (s, 9H), 3.36 (broad s, 3H), 4.28 (d, J = 6.4 Hz, 1H), 5.30 (broad, 1H), 7.05 (ddd,
J=10.4, 8.0 and 1.2 Hz, 1H), 7.15 (td, J= 7.6 and 1.2 Hz, 1H), 7.27-7.33 (m, 1H), 7.49
(ddd, J= 8.0, 7.6 and 1.2 Hz, 1H). '3C NMR (CDCl;, 100.6 MHz, signals from a 8:1
mixture of cis-6j and trans-6j) 6 28.1 (3 CH3), 52.1 (CH3), 55.2 (C), 58.5 (broad, CH),
61.1 (broad, CH), 115.7 (d, J = 21.5 Hz, CH), 124.0 (d, J = 12.0 Hz, CH), 124.0 (d, J=
3.6 Hz, CH), 128.0 (broad, C), 130.4 (d, J = 8.3 Hz, CH), 163.0 (C), 166.4 (C). One C
was not observed.

Methyl trans-1-tert-butyl-4-(2-fluorophenyl)-2-oxoazetidine-3-carboxylate
(trans-6j). 30 mg (66%, Table S1, Entry 18). Amorphous white solid. '"H NMR (CDCls,
400 MHz) & 1.27 (s, 9H), 3.79 (s, 3H), 3.84 (d, J = 2.4 Hz, 1H), 5.16 (d, J = 2.4 Hz,
1H), 7.08 (ddd, J=10.4, 8.0 and 1.2 Hz, 1H), 7.18 (td, J= 7.6 and 1.2 Hz, 1H), 7.30-7.36
(m, 1H), 7.43 (td, J= 7.6 and 1.2 Hz, 1H). *C NMR (CDCls, 100.6 MHz) § 28.0 (3
CHs), 50.3 (d, J=3.8 Hz, CH), 52.9 (CH3), 55.3 (C), 61.1 (d, J= 1.8 Hz, CH), 116.3 (d,
J=21.5Hz, CH), 124.8 (d, /= 3.6 Hz, CH), 126.0 (d, /= 11.9 Hz, C), 128.5 (d, J= 3.6
Hz, CH), 130.6 (d, J = 8.4 Hz, CH), 160.9 (d, J = 248.7 Hz, C), 161.9 (C), 167.6 (C).
HRMS (ESI-TOF) caled. for Ci1sHi9FNO3: 280.1343 [M+H]"; found: 280.1345.

Methyl 2-tert-butyl-8-bromo-3-oxo-1H-2,3-dihydrocyclohepta|c]pyrrole-3a-

carboxylate (5k). 'H NMR (CDCls, 400 MHz, signals from a 1:2 mixture of 5k and
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trans-6k) 6 1.48 (s, 9H), 3.61 (s, 3H), 4.15 (d, J = 16.0 Hz, 1H), 4.28 (d, J = 16.0 Hz,
1H), 5.65-5.69 (m, 1H), 6.36-6.43 (m, 2H), 6.50-6.57 (m, 1 H).

Methyl cis-4-(2-bromophenyl)-1-zert-butyl-2-oxoazetidine-3-carboxylate
(cis-6k). 16 mg (34%, Table S1, Entry 19). Amorphous orange solid. 'H NMR (CDCls,
400 MHz) & 1.34 (s, 9H), 3.31 (s, 3H), 4.31 (d, J = 6.4 Hz, 1H), 5.39 (d, J = 6.4 Hz,
1H), 7.18 (ddd, J= 8.0, 7.2 and 1.6 Hz, 1H), 7.33 (ddd, J= 7.6, 7.2 and 1.2 Hz, 1H),
7.53-7.57 (m, 2H). 3C NMR (CDCls, 100.6 MHz) § 28.1 (3 CH3), 52.0 (CH3), 55.2 (C),
55.5 (CH), 58.4 (CH), 123.4 (C), 127.2 (CH), 128.5 (CH), 130.0 (CH), 133.0 (CH),
135.7 (C), 163.3 (C), 166.2 (C). HRMS (ESI-TOF) calcd. for C1sH19BrNO3: 340.0543
[M+H]"; found: 340.0542.

Methyl trans-4-(2-bromophenyl)-1-tert-butyl-2-oxoazetidine-3-carboxylate
(trans-6k). 14 mg (31%, Table S1, Entry 19). Amorphous yellow solid. 'H NMR
(CDCls, 400 MHz) 6 1.31 (s, 9H), 3.59 (broad, 1H), 3.80 (s, 3H), 5.38 (broad, 1H), 7.19
(ddd, J= 8.0, 7.6 and 1.2 Hz, 1H), 7.37 (ddd, J= 8.0, 7.6 and 1.2 Hz, 1H), 7.50 (dd, J =
8.0 and 1.2 Hz, 1H), 7.57 (dd, J = 8.0 and 1.2 Hz, 1H). 3C NMR (CDCls, 100.6 MHz) §
28.1 (3 CH3), 52.9 (CH3), 55.2 (broad, CH), 55.4 (C), 62.1 (broad, CH), 127.2 (broad,
CH), 128.1 (CH), 128.5 (C), 130.1 (CH), 133.0 (C), 133.4 (broad, CH), 162.5 (C), 167.4
(C). HRMS (ESI-TOF) calcd. for C1sHi9BrNOs: 340.0543 [M+H]"; found: 340.0552.

Methyl  2-fert-butyl-8-iodo-3-0x0-1H-2,3-dihydrocyclohepta|c]pyrrole-3a-
carboxylate (51). 'H NMR (CDCl;, 400 MHz, signals from a 1:3.3 mixture of 5l and
trans-61) 6 1.49 (s, 9H), 3.60 (s, 3H), 4.04 (d, J = 16.4 Hz, 1H), 4.22 (d, J = 16.4 Hz,
1H), 5.62 (d, J = 10.0 Hz, 1H), 6.23 (dd, J = 11.6 and 6.0 Hz, 1H), 6.43 (dd, J = 10.0

and 6.0 Hz, 1H), 6.72 (d, J = 11.6 Hz, 1H).
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Methyl cis-4-(2-iodophenyl)-1-tert-butyl-2-oxoazetidine-3-carboxylate (cis-
61). 23 mg (49%, Table S1, Entry 21). Amorphous yellow solid. 'H NMR (CDCls, 400
MHz) 6 1.33 (s, 9H), 3.30 (s, 3H), 4.31 (d, J = 6.4 Hz, 1H), 5.22 (d, J = 6.4 Hz, 1H),
7.02 (ddd, J= 8.0, 7.2 and 1.6 Hz, 1H), 7.36 (ddd, J= 8.0, 7.2 and 1.6 Hz, 1H), 7.52 (dd,
J = 8.0 and 1.6 Hz, 1H), 7.83 (dd, J = 8.0 and 1.6 Hz, 1H). '3C NMR (CDCls, 100.6
MHz) 6 28.2 (3 CHz), 52.0 (CHz3), 55.3 (C), 58.4 (CH), 60.6 (CH), 98.7 (C), 128.0
(CH), 128.2 (CH), 130.4 (CH), 138.5 (C), 139.7 (CH), 163.2 (C), 166.1 (C). HRMS
(ESI-TOF) calcd. for C1sH19INO3: 388.0404 [M+H]"; found: 388.0405.

Methyl trans-4-(2-iodophenyl)-1-tert-butyl-2-oxoazetidine-3-carboxylate
(trans-61). 18 mg (38%, Table S1, Entry 21). Yellow gum. 'H NMR (CDCls, 400 MHz)
o 1.31 (s, 9H), 3.55 (d, J = 2.0 Hz, 1H), 3.81 (s, 3H), 5.24 (d, J = 2.0 Hz, 1H), 7.03
(ddd, J= 8.0, 7.2 and 2.0 Hz, 1H), 7.40 (ddd, J= 8.0, 7.2 and 1.2 Hz, 1H), 7.46 (dd, J =
8.0 and 2.0 Hz, 1H), 7.85 (dd, J = 8.0 and 1.2 Hz, 1H). *C NMR (CDCls, 100.6 MHz) §
28.2 (3 CHz3), 52.9 (CH3), 55.5 (C), 60.3 (CH), 62.4 (CH), 98.4 (C), 126.9 (broad, CH),
128.9 (CH), 130.4 (CH), 140.0 (broad, CH), 141.4 (C), 162.5 (C), 167.4 (C). HRMS
(ESI-TOF) calcd. for Ci1sH19INO3: 388.0404 [M+H]"; found: 388.0404.

Methyl 2-tert-butyl-5,6-dimethoxy-3-oxo-1H-2,3-
dihydrocyclohepta|c|pyrrole-3a-carboxylate (5m). 'H NMR (CDCls;, 400 MHz,
signals from a 1.5:1 mixture of Sm and #rans-6m) o 1.46 (s, 9H), 3.61 (s, 3H), 3.67 (s,
3H), 3.73 (s, 3H), 4.21 (ddd, J = 14.4, 1.6 and 0.8 Hz, 1H), 4.40 (ddd, J = 14.4, 2.4 and
1.2 Hz, 1H), 5.01 (s, 1H), 5.67 (d, J = 7.2 Hz, 1H), 6.00 (ddd, J = 7.2, 2.4 and 0.8 Hz,
1H). 1*C NMR (CDCls, 100.6 MHz, signals from a 1.5:1 mixture of Sm and trans-6m)
0 27.6 (3 CH3), 49.2 (CH2), 52.9 (CH3), 55.0 (C), 55.9 (CH3), 56.2 (CHa3), 57.9 (C), 99.8

(CH), 103.5 (CH), 117.3 (CH), 131.1 (C), 152.3 (C), 154.9 (C), 169.9 (C), 171.1 (C).
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Methyl cis-1-tert-butyl-4-(3,4-dimethoxyphenyl)-2-oxoazetidine-3-
carboxylate (cis-6m). 3 mg (6%, Table S1, Entry 24). Yellow gum. '"H NMR (CDCls,
400 MHz) 6 1.31 (s, 9H), 3.40 (s, 3H), 3.88 (s, 6H), 4.21 (d, /= 6.4 Hz, 1H), 4.86 (d, J
= 6.4 Hz, 1H), 6.82 (d, J= 8.4 Hz, 1H), 6.91-6.93 (m, 2H). '3*C NMR (CDCls, 100.6
MHz) ¢ 28.3 (3 CH3), 52.2 (CH3), 55.1 (C), 56.0 (CH3), 56.1 (CH3), 56.8 (CH), 59.3
(CH), 109.8 (broad, CH), 110.9 (CH), 120.1 (broad, CH), 129.0 (C), 149.0 (C), 149.4
(0), 163.0 (C), 166.8 (C). HRMS (ESI-TOF) calcd. for C17H24NOs: 322.1654 [M+H]";
found: 322.1656.

Methyl trans-1-tert-butyl-4-(3,4-dimethoxyphenyl)-2-oxoazetidine-3-
carboxylate (frans-6m). 17.5 mg (38%, Table S1, Entry 24). Amorphous yellow solid.
"H NMR (CDCls, 400 MHz) § 1.28 (s, 9H), 3.71 (d, J = 2.4 Hz, 1H), 3.78 (s, 3H), 3.89
(s, 6H), 4.82 (d, J=2.4 Hz, 1H), 6.85 (d, J= 8.0 Hz, 1H), 6.88 (d, J= 2.4 Hz, 1H), 6.95
(dd, J = 8.0 and 2.4 Hz, 1H). *C NMR (CDCls, 100.6 MHz) & 28.2 (3 CH3), 52.8
(CH3), 55.3 (C), 56.1 (CH3), 56.2 (CH3), 56.6 (CH), 62.5 (CH), 109.1 (CH), 111.4
(CH), 119.6 (CH), 131.4 (C), 149.5 (C), 149.6 (C), 162.2 (C), 167.8 (C). HRMS (ESI-
TOF) calcd. for C17H24NOs: 322.1654 [M+H]"; found: 322.1655.

Methyl 2-tert-butyl-1-methyl-3-oxo-1H-2,3-dihydrocyclohepta[c]pyrrole-3a-
carboxylate (8). 7 mg (15%, Table 3, Entry 1). '"H NMR (CDCls, 400 MHz, signals
from a 1:1.2 mixture of stereoisomers) & 1.37 (d, J = 6.0 Hz, 3H minor isomer), 1.50 (s,
9H major isomer), 1.51 (s, 9H minor isomer), 1.72 (d, J = 6.0 Hz, 3H major isomer),
3.55 (s, 3H minor isomer), 3.60 (s, 3H major isomer), 4.53 (qd, J = 6.0 and 1.6 Hz, 1H
major isomer), 4.75 (qd, J = 6.0 and 1.6 Hz, 1H minor isomer), 5.57 (d, J = 9.6 Hz, 1H
major isomer), 5.65 (d, J = 9.6 Hz, 1H minor isomer), 6.23-6.28 (m, 1H major and 1H

minor isomer), 6.35-6.53 (m, 3H major and 3H minor isomer). *C NMR (CDCl;, 100.6
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MHz, signals from a 1:1.2 mixture of stereoisomers) 6 25.7 (CH3), 28.3 (CH3), 28.4 (3
CHs3), 29.4 (3 CHs), 52.8 (CHj3), 52.9 (CHz3), 55.3 (C), 55.4 (C), 57.5 (CH), 57.6 (CH),
60.7 (C), 61.0 (C), 118.8 (CH), 119.8 (CH), 122.8 (CH), 124.0 (CH), 127.7 (2 CH),
128.6 (CH), 128.9 (CH), 129.4 (CH), 130.0 (CH), 138.4 (C), 138.6 (C), 168.9 (C),
169.0 (C), 170.1 (C), 170.7 (C).

Methyl (2RS,3RS)-1-(tert-butyl)-2-methyl-4-oxo-2-phenylazetidine-3-
carboxylate (9). 10.5 mg (23%, Table 3, Entry 3). Yellow gum. 'H NMR (CDCls, 400
MHz) 6 1.38 (s, 9H), 2.11 (s, 3H), 3.23 (s, 3H), 3.84 (s, 1H), 7.29-7.38 (m, 3H), 7.46-
7.50 (m, 2H). '*C NMR (CDCl3, 100.6 MHz) & 26.2 (CH3), 28.6 (3 CH3), 51.8 (CHs),
55.8 (C), 64.9 (C), 66.8 (CH), 126.6 (2 CH), 128.3 (2 CH), 139.9 (C), 162.8 (C), 166.7
(C). One CH was not observed. HRMS (ESI-TOF) calcd. for Ci¢H2oNO3: 276.1594
[M+H]"; found: 276.1595.

Methyl (2RS,3SR)-1-(tert-butyl)-2-methyl-4-0xo0-2-phenylazetidine-3-
carboxylate (10). 21 mg (47%, Table 3, Entry 3). Amorphous orange solid. '"H NMR
(CDCls, 400 MHz) 6 1.31 (s, 9H), 1.96 (s, 3H), 3.75 (s, 3H), 3.86 (s, 1H), 7.32 (ddd, J =
7.2, 6.0 and 1.2 Hz, 1H), 7.37-7.42 (m, 2H), 7.47-7.51 (m, 2H). 3C NMR (CDCls,
100.6 MHz) 6 20.7 (CHs3), 28.6 (3 CHs), 52.4 (CH3), 56.0 (C), 62.6 (C), 67.0 (CH),
125.5 (2 CH), 128.3 (CH), 128.9 (2 CH), 143.3 (C), 162.9 (C), 167.3 (C). HRMS (ESI-
TOF) calcd. for C16H22NO3: 276.1594 [M+H]"; found: 276.1596.

Computational Details. All the calculations reported in this paper were
performed with the Gaussian 09 suite of programs.?® Electron correlation was partially
taken into account using the hybrid functional usually denoted as B3LYP?! in
conjunction with the D3 dispersion correction suggested by Grimme et al.?? using the

double-¢ quality plus polarization def2-SVP? basis set for all atoms. Reactants and
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products were characterized by frequency calculations,?* and have positive definite
Hessian matrices. Transition structures (TS’s) show only one negative eigenvalue in
their diagonalized force constant matrices, and their associated eigenvectors were
confirmed to correspond to the motion along the reaction coordinate under
consideration using the Intrinsic Reaction Coordinate (IRC) method.?® Solvents effects
were also taken into account using the Polarizable Continuum Model (PCM)?*® during
the geometry optimizations. This level is denoted PCM-(dichloroethane)-B3LYP-
D3/def2-SVP. Single-point energy refinements were carried out at the MO6L?7/def2-
TZVPP?* level of theory employing the PCM model to account for solvation. This level
is denoted PCM(dichloroethane)-M06L/def2-TZVP//PCM-(dichloroethane)-B3LYP-

D3/def2-SVP.

Supporting Information: Table S1, 'H and '*C NMR spectra of new compounds, and
Cartesian coordinates and free energies of all species discussed in the text. This material

is available free of charge via the Internet at http://pubs.acs.org/.

Acknowledgments

We gratefully acknowledge financial support for this work from MINECO-FEDER
(Projects CTQ2015-64937-R, CTQ2016-78205-P and CTQ2016-81797-REDC).
References and Notes.
(1) For recent reviews, see: (a) Davies, H. M. L.; Manning, J. R. Nature 2008, 451,
417-424. (b) Doyle, M. P.; Dufty, R.; Ratnikov, M.; Zhou, L. Chem. Rev. 2010,
110, 704-724. (c) Ford, A.; Miel, H.; Ring, A.; Slattery, C. N.; Maguire, A. R.;
McKervey, M. A. Chem. Rev. 2015, 115, 9981-10080. (d) Lombard, F. J.;

Coster, M. J. Org. Biomol. Chem. 2015, 13, 6419-6431.

30



(2) See, for example: (a) Cai, Y.; Zhu, S.-F.; Wang, G.-P.; Zhou, Q.-L. Adv. Synth.
Catal. 2011, 353, 2939-2944. (b) Yao, T.; Hirano, K.; Satoh, T.; Miura, M.;
Angew. Chem. Int. Ed. 2012, 51, 775-779. (c) Yu, Z.; Ma, B.; Chen, M.; Wu, H.-
H.; Liu, L.; Zhang, J. J. Am. Chem. Soc. 2014, 136, 6904-6907. (d) Fructos, M.
R.; Diaz-Requejo, M. M.; Pérez, P. J. Chem. Commun. 2016, 52, 7326-7335. (e)
Liu, L.; Zhang, J. Chem. Soc. Rev. 2016, 45, 506-516. (f) Conde, A.; Sabenya,
G.; Rodriguez, M.; Postils, V.; Luis, J. M.; Diaz-Requejo, M. M.; Costas, M.;
Pérez, P. J. Angew. Chem. Int. Ed. 2016, 55, 6530-6534.

(3) Davies, H. M. L.; Parr, B. T. in Contemporary Carbene Chemistry, Wiley:
Hoboken, NJ, 2013, pp 363-403.

(4) (a) Diaz-Requejo M. M.; Pérez, P. J. Chem. Rev. 2008, 108, 3379-3394; (b)
Zhao, X.; Zhang, Y.; Wang, J. Chem. Commun. 2012, 48, 10162-10173.

(5) (a) Choi, M. K-W.; Yu, W.-Y.; Che, C.-M. Org. Lett. 2005, 7, 1081-1084. (b)
Choi, M. K-W.; Yu, W.-Y.; So, M.-H.; Zhou, C.-Y.; Deng, Q.-H.; Che, C.-M.
Chem. Asian J. 2008, 3, 1256-1265. (c) Zhou, C. Y.; Huang, J. S.; Che, C.-M,;
Synlett 2010, 2681-2700. (d) Reddy, A. R.; Zhou, C.-Y.; Guo, Z.; Wei, J.; Che,
C.-M. Angew. Chem. Int. Ed. 2014, 53, 14175-14180.

(6) See, for example: (a) Taber, D. F.; Amedio Jr., J. C.; Sherill, R. G. J. Org.
Chem. 1986, 51, 3382-3384. (b) Matsumoto, M.; Watanabe, N.; Kobayashi, H.;
Heterocycles 1987, 26, 1479-1482. (c) Rosenberg, M. L.; Aasheim, J. H. F.;
Trebbin, M.; Uggerud, E.; Hansen, T. Tetrahedron Lett. 2009, 50, 6506-6509.

(7) (a) Sol¢é, D.; Mariani, F.; Bennasar, M.-L.; Fernandez, 1. Angew. Chem. Int. Ed.
2016, 55, 6467-6470. (b) Solé, D.; Amenta, A.; Mariani, F.; Bennasar, M.-L.;

Fernandez, 1. Adv. Synth. Catal. 2017, 359, 3654-3664.

31



(8) Solé, D.; Pérez-Janer, F.; Fernandez, I. Chem. Commun. 2017, 53,3110-3113.

(9) For some reviews on the transition metal-catalyzed synthesis of B-lactams, see:
(a) Gois, P. M. P.; Afonso, C. A. M. Eur. J. Org. Chem. 2004, 3773-3788. (b)
Ring, A.; Ford, A.; Maguire, A. R. Tetrahedron Lett. 2016, 57, 5399-5406.

(10) (a) Merlic, C. A.; Zechman, A. L. Synthesis 2003, 1137-1156. (b) Davies,
H. M. L.; Morton, D. Chem. Soc. Rev. 2011, 40, 1857-1869. (c) DeAngelis, A.;
Panish, R.; Fox, J. M. Acc. Chem. Res. 2016, 49, 115-127.

(11) For the use of other transition metals to promote the decomposition of
this amide, see: (a) Rh: Miah, S.; Slawin, A. M. Z.; Moody, C. J.; Sheedan, S.
M.; Marino, J. P.; Semones, M. A.; Padwa, A.; Richards, 1. C. Tetrahedron
1996, 52, 2489-2514. (b) Ru: Grohmann, M.; Maas, G. Tetrahedron 2007, 63,
12172-12178. (¢) Cu: Liu, J.; Tu, J.; Yang, Z.; Pak, C.-U.; Xu, J. Tetrahedron
2017, 73, 4616-4626.

(12) Lo, V. K.-Y.; Guo, Z.; Choi, M. K.-W.; Yu, W.-Y.; Huang, J.-S.; Che,
C.-M. J. Am. Chem. Soc. 2012, 134, 7588-7591.

(13) Padwa, A.; Austin, D. J.; Price, A. T.; Semones, M. A.; Doyle, M. P.;
Protopopova, M. N.; Winchester, W. R.; Tran, A. J. Am. Chem. Soc. 1993, 115,
8669-8680.

(14) (a) Watanabe, N.; Anada, M.; Hashimoto, S.-H.; lkegami, S. Synlett
1994, 1031-1033. (b) Doyle, M. P.; Pieters, R. J.; Taunton, J.; Pho, H. Q.;
Padwa, A.; Hertzog, D. L.; Precedo, L. J. Org. Chem. 1991, 56, 820-829. (c)
Yoon, C. H.; Nagle, A.; Chen, C.; Gandhi, D.; Jung, K. W. Org. Lett. 2003, 5,
2259-2262. (d) Chen, Z.; Chen, Z.; Jiang, Y.; Hu, W. Synlett 2004, 1763-1764.

(e) Wee, A. G. H.; Duncan, S. C. J. Org. Chem. 2005, 70, 8372-8380.

32



(15) For the use of other transition metals to promote the decomposition of
this amide, see: (a) Rh: Candeias, N. R.; Carias, C.; Gomes, L. F. R.; André, V;
Duarte, M. T.; Gois, P. M. P.; Afonso, C. A. M. Adv. Synth. Catal. 2012, 354,
2921-2927. (b) Ru: Large, T.; Miiller, T.; Kunkel, H.; Buck, S.; Maas, G. Z
Naturforsch. B: J. Chem. Sci., 2012, 67, 347-353. See also ref. 11b.

(16) Following some literature precedents (see ref. 15a), the crude reaction
mixture was filtered over a basic alumina pad to induce complete epimerization
of PB-lactam to the trans isomer before the chromatographic purification.
However, this process resulted in the isolation of 5a and trans-6a in low yields.

(17) Nakamura, E.; Yoshikai, N.; Yamanaka, M. J. Am. Chem. Soc. 2002,
124,7181-7192.

(18) All calculations were carried out at the PCM(dichloroethane)-
MO06L/def2-TZVPP//PCM(dichloroethane)-B3LYP-D3/def2-SVP  level. See
Computational Details.

(19) The intermediacy of a zwitterionic species in these Pd-catalysed
insertions is  experimentally supported by the isolation of 4-
(dimethylamino)benzaldehyde in the reactions of 4f. This aldehyde would be
formed by hydrolysis of the corresponding zwitterionic intermediate.

(20) Gaussian 09, Revision D.01, Frisch, M. J.; Trucks, G. W.; Schlegel, H.
B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.;
Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian,
H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.;

Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, Jr., J. A.; Peralta, J.

33



E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N
Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.;
Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.;
Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli,
C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G.
A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.;
Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian, Inc.,
Wallingford CT, 2009.

21 (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. Rev. B 1998, 37, 785-789. (c¢) Vosko, S. H.; Wilk, L.;
Nusair, M. Can. J. Phys. 1980, 58, 1200-1211.

(22) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. J. Chem. Phys. 2010, 132,
154104-154119.

(23) (a) Schifer, A.; Horn, H.; Ahlrichs, R. J. Chem. Phys. 1992, 97, 2571-
2577. (b) Weigend, F.; Alhrichs, R. Phys. Chem. Chem. Phys. 2005, 7, 3297-
3305.

(24) Mclver, J. W.; Komornicki, A. K. J. Am. Chem. Soc. 1972, 94, 2625-
2633.

(25) Gonzélez, C.; Schlegel, H. B. J. Phys. Chem. 1990, 94, 5523-5527.

(26) (a) Miertus, S.; Scrocco, E.; Tomasi, J. Chem. Phys. 1981, 55, 117-129.
(b) Pascual-Ahuir, J. L.; Silla, E.; Tufion, I. J. Comp. Chem. 1994, 15, 1127-
1138. (c) Barone, V.; Cossi, M. J. Phys. Chem. A 1998, 102, 1995-2001.

27) Zhao, Y.; Truhlar, D. G. Acc. Chem. Res. 2008, 41, 157-167.

34



Palladium Catalysis in the Intramolecular Carbene C—H insertion of
o-Diazo-o-(methoxycarbonyl)acetamides to Form -Lactams

Daniel Solé,*" Ferran Pérez-Janer,’ M.-Lluisa Bennasar' and Israel Fernandez**

' Laboratori de Quimica Organica, Facultat de Farmacia i Ciéncies de I’ Alimentacio,
Universitat de Barcelona, Av. Joan XXIII 27-31, 08028-Barcelona, Spain, E-mail:
dsole@ub.edu.

* Departamento de Quimica Orgdnica I, Facultad de Ciencias Quimicas, Universidad
Complutense de Madrid, Ciudad Universitaria, 28040-Madrid, Spain, Email:
israel@.quim.ucm.es.

Electronic Supplementary Information

Table of Contents

Table S1. Pd(Il)-catalyzed cyclisation reactions of o-diazoamides 4b-m S2
Copies of 'H and >C NMR spectra of all new compounds S3-S102
Cartesian coordinates and free energies S103-S112

S1



Table S1. Pd(ll)-catalyzed cyclisation reactions of a-diazoamides 4b-m°

0 MeO,C O Bu_ 0 Bu 0
>|\ J\Wcog\ne | N N
N . N-'Bu R
N, CO,Me @ CO,Me
@2 4 X 5 X cis6 X trans-6
X
entry 4 (X) catalyst (mol%) 5/6"° | cis-6/trans-6"° yield (%)°
1 4b (4-MeO) | [Pd(allyl)CI], (5) 14/86 | 29/57 5b (8)
cis-6b (18), trans-6b (39)
2 4b (4-MeO) | (SIPr)Pd(allyl)Cl (15) | 16/84 | 42/42 5b (10)
cis-6b (8), trans-6b (52)
3 4c (4-MeS) [Pd(allyl)Cl], (5) 5/95 42/53 cis-6¢ (10), trans-6¢ (48)
4 4c (4-MeS) | (SIPr)Pd(allyl)Cl (15) | 12/88 | 48/40 5¢(7)
cis-6¢ (4), trans-6¢ (60)
5 4d (4-Cl) [Pd(allyl)Cl], (5) 0/100 | 52/48 cis-6d (42), trans-6d (40)
6 ad (4-C) (SIPr)Pd(allyl)Cl (15) | 0/100 | 62/38 cis-6d (27), trans-6d (42)
7 4e (4-CN) [Pd(allyl)Cl], (5) 0/100 | 71/29 cis-6e (34), trans-6e (36)
8 4e (4-CN) (SIPr)Pd(allyl)CI (15) | 0/100 | 38/62 cis-6e (27), trans-6e (51)
9 4f (4-NMe,) | [Pd(allyl)Cl], (5) cme -—- trans-6f (14)f
10 4f (4-NMe,) | (SIPr)Pd(allyl)Cl (15) | cM® | - trans-6f (10)°
11 4g (3-Cl) [Pd(allyl)Cl], (5) 0/100 | 64/36 cis-6g (44), trans-6g (36)
12 4g (3-Cl) (SIPr)Pd(allyl)CI (15) | 0/100 | 50/50 cis-6g (30), trans-6g (31)
13 4h (3-CN) [Pd(allyl)Cl], (5) 0/100 | 47/53 cis-6h (22), trans-6h (43)
14 4h (3-CN) (SIPr)Pd(allyl)Cl (15) | 0/100 | 29/71 cis-6h (15), trans-6h (55)
15 4i (2-MeO) [Pd(allyl)Cl], (5) 5/95 42/53 cis-6i (23), trans-6i (31)
16 4i (2-MeO) | (SIPr)Pd(allyl)cl (15) | 6/94 | 39/55 cis-6i (10), trans-6i (63)
17 4j (2-F) [Pd(allyl)Cl]; (5) 0/100 | 69/31 cis-6j (26), trans-6j (56)
18 4j (2-F) (SIPr)Pd(allyl)CI (15) | 0/1200 | 0/100 trans-6j (66)
19 4k (2-Br) [Pd(allyl)Cl]; (5) 14/86 | 52/34 5k(9)
cis-6k(34), trans-6k (31)
20 4k (2-Br) (SIPr)Pd(allyl)cl (15) | 8/92 | 21/71 5k (4)
cis-6k (8), trans-6k (42)
21 al (2-1) [Pd(allyl)Cl]; (5) 8/92 | 50/42 51 (9)
cis-6l (49), trans-6l (38)
22 a1 (2-1) (sIPr)Pd(allyl)Cl (15) | 0/100 | 77/23 cis-61 (53), trans-6l (15)
23 4m (3-MeO, | [Pd(allyl)CI], (5) 15/85 | 8/77 5m (6)
4-MeO) trans-6m (39)
24 4m (3-MeO, | (SIPr)Pd(allyl)Cl (15) | 24/76 | 43/33 5m (9)
4-MeO) cis-6m (6), trans-6m (38)

“Reaction conditions: Catalyst (see table) in DCE at reflux for 24 h. P Ratio determined by integration of characteristic ‘H NMR
absorptions from the spectrum of the reaction mixture.  The majority of reactions were performed twice. While the Buchner/j3-
lactam ratio was essentially the same in the two runs, the cis:trans ratio was quite different due to the partial isomerization of cis
B-lactams to the more stable trans isomer during the work-up or even when recording the 'H NMR spectra. ?Yields refer to
products isolated by chromatography. © Complex mixture. f4-(N,N-dimethy|amino)benzaldehyde (36%) was also obtained. ¢ 4-
(N,N-dimethylamino)benzaldehyde (45%) was also obtained.
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Site selectivity in Pd-catalyzed reactions of a-diazo-o-(methoxycarbonyl)acetamides: Effects
of catalysts and substrate substitution

In recent years, the development of new methodologies for the selective functionalization of
unactivated C—H bonds has become a very active area of research.! As part of this exciting field,
the transition metal-catalyzed intramolecular carbene C—H insertion by decomposition of -
diazocarbonyl compounds has emerged as a powerful methodology for the construction of
carbocyclic and heterocyclic frameworks.2 A number of transition metal complexes have been
used as effective catalysts to generate reactive metallacarbenes starting from o-diazocarbonyl
compounds.® Among them, rhodium(ll),* copper(l),” and more recently ruthenium(ll) catalysts®
have proved to be especially useful for the development of highly selective carbene C-H
insertion methodologies via a variety of reaction modes. However, the use of palladium catalysis
in this type of carbene C—H insertion processes remains underexploited.”® This fact is highly
surprising if we take into account the great success of palladium catalysis in cross-coupling
reactions of diazo compounds with either organic halides, pseudohalides or arylboronic acids.’

As part of our research program on the synthesis of nitrogen heterocycles, we have been
exploring different ways to increase the versatility of palladium catalysis in C—C bond-forming
reactions,’® for example, by controlling the ambiphilic character of the organopalladium
intermediates in the intramolecular coupling reactions with carbonyl derivatives.!* Continuing
our search for methodologies to increase the synthetic potential of organopalladium chemistry,
we have also investigated the feasibility of palladium as a catalyst for the carbene C-H insertion
from o-diazoesters. In this context, we recently reported that palladium catalysts are able to
promote Csp3-H insertion of carbenes derived from such esters to form pyrrolidines through
intramolecular Csp>~Csp® bond formation (Scheme 1).1

A L
D) S e _pa

X be C(sp®)-H R
R™H insertion CO,Me

Scheme 1. Pd-Catalyzed Csp3-H insertion of o-diazoesters

The research on transition metal-catalyzed carbene C—H insertion has generated an extensive
literature on the use of dirhodium(ll)-catalysts to promote the intramolecular C-H insertion of

% since the insertion products, namely B- and -lactams as well as 2-

o-diazoacetamides,?
oxindoles, are common scaffolds found in numerous natural products. It has been shown that
the site selectivity of these reactions not only depends on the type of diazocarbonyl compound,
but is also governed by conformational, steric, as well as electronic factors.* Moreover, some
dramatic ligand effects have also been observed in these reactions. Thus, for example, the use
of carboxylate and, in particular, carboxamide ligands in dirhodium(ll)-catalysts has resulted in
the development of highly chemo-, regio- and stereoselective transformations®® despite a

variety of potentially competitive carbene processes (Scheme 2).
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Scheme 2. Typical Rh(Il)-catalyzed reactions of o-diazoamides>®

The aim of the current work was to explore the feasibility of palladium as a catalyst for the
carbene C-H insertion from o-diazoacetamides. In this investigation we sought to identify
differences in the reactivities and selectivities between the palladium catalysts and the
abovementioned transition metals. Presented here is a full account of our studies on the
palladium-catalyzed intramolecular carbene insertion of o-diazoacetamides, and how the
reaction is affected by the substituents on the o-diazoacetamide and the type of catalyst, using
complexes with two oxidation states of Pd and a variety of ligands (Scheme 3).

N-Substituent Effect
0 o g
MeOZC%N,R [Pdl_ me0,C N-R Substituent Effect Near

Ny Pd] v the Reaction Centre
n=01 X it X
Catalyst Effect

«Pd(0) vs Pd(ll)
- Ligand Effects

Scheme 3. Substituent and catalyst effects on Pd-catalyzed reactions of o-diazoacetamides

The palladium-catalyzed reaction of a-diazo-o-(methoxycarbonyl)acetanilides was studied first.
We found that when using palladium catalysts the C—H insertion from these substrates occurs
selectively into the arylic Csp?>~H rather than the Csp®~H bonds. This allowed us to develop a
one-pot methodology to prepare 3-(chloroethyl)oxindoles by means of a sequential C-H
insertion/alkylation process (Scheme 4).1

MeO,C ol
Pd,(dba
@[ CoMe —20s @fg
T Cs,COs N
DCE X )
C(sp?)-H R
insertion

Scheme 4. Pd-catalyzed Csp?—H insertion of o-diazo-o-(methoxycarbonyl)acetanilides

Our previous studies with o-diazoacetanilide 1a revealed that the carbene Casp?—H insertion
can be selectively promoted by both Pd(0) and Pd(ll)-catalysts. The best result was obtained
when using Pdy(dba)s in the presence of Cs,COs in dichloroethane at reflux for 96 h, which
afforded oxindole 2a, arising from the sequential carbene insertion/alkylation reaction, in 66%



yield (Table 1, entry 1). All attempts to increase the efficiency of the Pd(0)-catalyzed reaction by
adding different phosphine ligands failed, always resulting in a slower reaction rate.’®

Table 1. Palladium-catalyzed reactions of o-diazoamide 1a°

o o CoMe
i ‘NMOM(—; CEQ)/

I N
Bn Ny q4 2a g,
entry catalyst (mol%) additives (equiv.)  solvent temp. time products (%)°
1 Pd>(dba)s (10) Cs,C0s3 (2) DCE reflux 96 h 2a (66%)
2 [Pd(allyl)Cl]z (5) Cs>C0s3 (1) DCE reflux 24 h 1a:2a (1:2.2)¢
3 [Pd(allyl)Cl]> (5) Cs,C0O3 (1) DCE reflux 60 h 1a:2a (1:5.5)c
4 [(IMes)Pd(NQ)], (4) Cs,CO3 (1) DCE reflux 24 h 2a (65%)

a All reactions were conducted with 1a (0.2 mmol, 0.2 M). ? Isolated yield. ¢ *H NMR ratio, yields were not quantified. Pdx(dba)s =
Tris(dibenzylideneacetone)dipalladium(0). [(IMes)Pd(NQ)]2 = 1,3-Bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (1,4-
naphthoquinone)palladium(0) dimer.

In order to increase the efficiency of the carbene insertion of a-diazoacetanilide 1a, we have
decided to test some palladium precatalysts bearing non-phosphine ligands. [Pd(allyl)Cl], was
first explored as the catalyst for the insertion/alkylation sequential process, but unfortunately,
as previously observed with Pd(OAc),,*® the reaction was slower (entries 2-3). In contrast, we
found that the use of [(IMes)Pd(NQ)], required a notably shorter reaction time and lower
catalyst loading (entry 4). It should be noted that this NHC-Pd(0) catalyst also proved to be highly
efficient in the carbene Csp®-H insertion reaction leading to N-arylpyrrolidines.?

With these data in hand, we then explored the generality of the NHC-Pd(0)-catalyst by applying
it for the synthesis of diversely substituted 3-(chloroethyl)-3-(methoxycarbonyl)oxindoles.”
Scheme 5 gathers the results obtained in the reactions of different o-diazoacetanilides (1b-j)
when using [(IMes)Pd(NQ)], as the catalyst, and, for the sake of comparison, those previously
obtained with Pd,(dba)s.®

As can be seen in Scheme 5, like Pdy(dba)s, [(IMes)Pd(NQ)]. also selectively promotes the
carbene insertion into the arylic C-H bond in the presence of primary, secondary as well as
tertiary Csp>—H bonds. Notably, [(IMes)Pd(NQ)], was more efficient than Pd,(dba)s in promoting
the insertion of N-alkylacetanilides lacking substituents on the arylic ring (1b-d) or bearing
electron-donating substituents (1g). In contrast, the introduction of electron-withdrawing
groups dramatically diminished the catalytic efficiency of [(IMes)Pd(NQ)],. Thus, for example,
acetanilide 1f, bearing an ortho-bromo substituent, was recovered unchanged when using
[(IMes)Pd(NQ)], as the catalyst, while in the presence of Pd,(dba); it afforded oxindole 2f in 23%
yield. Oxindole 2h, with a fluoro group, was isolated in a modest 39% vyield when using
[(IMes)Pd(NQ)]2, but obtained in an acceptable 64% yield in the presence of Pd;(dba);. No
insertion product was formed in the [(IMes)Pd(NQ)],-catalyzed reaction of acetanilide 1i, which
bears a methoxycarbonyl substituent, while oxindole 2i was isolated in 22% yield when using
Pd;(dba)s;. [(IMes)Pd(NQ)]. also gave worse results than Pdj(dba); in the sequential
insertion/alkylation sequence from N,N-diphenylacetamide 1e and N-naphthylacetamide 1j.
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Scheme 5. Scope of the Pd-catalyzed reaction. @ See Table 1 for representative procedures. © Catalyst loading: 5%,
reaction time: 48h. ¢ A small amount of the O-alkylation product was also observed in the crude reaction mixture. ¢ Catalyst loading:
15%. € 20% of unreacted starting material was recovered.f *H NMR analysis of the reaction mixture showed a 1:1 mixture of 1f and
2f. 9 2f was recovered. " 'H NMR analysis of the reaction mixture showed a 1:4.8 mixture of 1h and 2h.  The O-alkylation product 2i’
was also obtained (2i/2i’, 3:1)./ Complex reaction mixture. ¥ The O-alkylation product 2j’ was also obtained (2j/2j’, 2:1). ' 'H NMR
analysis of the reaction mixture showed a 1:1.5 mixture of 1j and 2j.

Finally, the transition of o-diazo-N-

pyridinylacetamide 3 (Scheme 6). Treatment of 3 with a catalytic amount of [(IMes)Pd(NQ)];

we explored metal-catalyzed decomposition
under the optimized reaction conditions afforded mesoionic compound 4 (77%),® resulting from
the interception of the transient metallacarbene by the pyridine nitrogen. The same product

was obtained in slightly lower yield when [Rh(PhsCCO,),], was used as the catalyst.?

CO,Et
Z°N O O T™ cat AN

X ! B ! ©
N OEt N

3 Bn N, 4 Bn

a) [(IMes)Pd(NQ)]> (4 mol%), Cs,CO3 (1 equiv.)
DCE at reflux for 24 h (4, 77%)

b) [Rh(PhgCCO,)], (2 Mol%), CH,Cly at rt. for 48 h
(3, 9%), (4, 65%)

Scheme 6. Transition metal-catalyzed cyclization reactions of a-diazoamide 3

It should be noted that no B-lactam product, resulting from the possible competitive carbene
Csp3—H insertion, was observed in any of the palladium-catalyzed reactions shown in Table 1 and
Schemes 5 and 6. This fact contrasts with the competition between carbene Casp?>~H and Csp3-
H insertions observed in Rh(Il)-catalyzed processes (see, for instance, Scheme 2a),** and
prompted us to explore whether palladium complexes can be used to catalyze intramolecular
carbene Csp®-H insertion of o-diazo-o-(methoxycarbonyl)acetamides to form B-lactams.



In a preliminary study, we described that the intramolecular carbene C—H insertion of o-diazo-
o-(methoxycarbonyl)acetamides to form B-lactams can be effectively catalyzed by Pd(ll)-

complexes (Scheme 7).2°

Bu_ 0
>L )Srcoznne [Pd(Il)] N

C(sp®)-H CO,Me
insertion X

X

Scheme 7. Pd-catalyzed Csp®-H insertion of o-diazo-o-(methoxycarbonyl)acetamides

To gain more insight into the impact of the electronic nature of the catalyst in the insertion
reaction leading to B-lactams, we also explored the use of some Pd(0)-precatalysts. Table 2
shows the results obtained in the reactions of diversely substituted N-benzyl-N-‘butyl-o-
diazoacetamides (5a-m) when using either Pd,(dba); or [(IMes)Pd(NQ)]. as the catalyst, and, for
the sake of comparison, those previously obtained in the Pd(ll)-catalyzed reactions.

Table 2. Palladium-catalyzed cyclisation reactions of o-diazoamides 5a-m?

X
o) MeO.C O Bu, o] Bu, 0
>LN)S(COZMe ’ N i 0
Ny CO,Me @ CO,Me N CO,Me
5 cis-7 trans-7 Me 8
X Me

entry 5 (X) catalyst (mol%) 6/7/8%¢  cis-7/trans-7%¢ yield (%)¢
1 5a (H) Pd,(dba)s (10) 26/74/0 46/28 6a (20)

cis-7a (9), trans-7a (42)
2 5a (H) [(IMes)Pd(NQ)]; (2.5) 35/65/0 40/25 6a (28)

cis-7a (35), trans-7a (23)
3 5a (H) [Pd(allyl)Cl]; (5) 0/100/0 47/53 cis-7a (25), trans-7a (65)
4 5a (H) (SIPr)Pd(allyl)Cl (15) 0/100/0 29/71 cis-7a (17), trans-7a (59)
5 5b (4-MeO) Pd,(dba)s (10) 50/50/0 21/29 6b (24)

cis-7b (9), trans-7b (20)
6 5b (4-MeO) [(IMes)Pd(NQ)]; (2.5) 34/66/0 46/20 6b (22)

cis-7b (21), trans-7b (24)
7 5b (4-MeO) [Pd(allyl)Cl]z (5) 14/86/0 29/57 6b (8)

cis-7b (18), trans-7b (39)
8 5b (4-MeO) (SIPr)Pd(allyl)Cl (15)  16/84/0 42/42 6b (10)

cis-7b (8), trans-7b (52)
9 5c (4-MeS) Pd,(dba)s (10) 18/82/0 36/46 6c (6)

cis-7c (4), trans-7c (30)
10 5¢ (4-MeS) [(IMes)Pd(NQ)]; (2.5) 11/89/0 68/21 6¢(7)

cis-7¢ (30), trans-7c (50)
11 5c (4-MeS) [Pd(allyl)Cl]; (5) 5/95/0  42/53 cis-7c (10), trans-7c (48)
12 5c (4-MeS) (SIPr)Pd(allyl)CI (15) 12/88/0 48/40 6c(7)

cis-7c (4), trans-7c (60)
13 5d (4-Cl) Pd,(dba)s (10) 15/85/0 8/77 6d (9)

cis-7d (5), trans-7d (50)
14 5d (4-Cl) [(IMes)Pd(NQ)]» (2.5) 5/95/0  69/26 6d (5)

cis-7d (53), trans-7d (19)
15 5d (4-Cl) [Pd(allyl)Cl]; (5) 0/100/0 52/48 cis-7d (42), trans-7d (40)
16 5d (4-Cl) (SIPr)Pd(allyl)Cl (15)  0/100/0 62/38 cis-7d (27), trans-7d (42)
17 5e (4-CN) Pd(dba)sz (10) 3/97/0 67/30 cis-7e (22), trans-7e (38)
18 5e (4-CN) [(IMes)Pd(NQ)]> (2.5) 5/75/20 25/50 cis-7e (15), trans-7e (33)

8e (15)




19 5e (4-CN) [Pd(allyl)Cl]> (5) 0/100/0 71/29 cis-7e (34), trans-7e (36)
20 5e (4-CN) (SIPr)Pd(allyl)CI (15) 0/100/0 38/62 cis-7e (27), trans-7e (51)
21 5f (4-NMe,) Pd,(dba)s (10) DIMER 9 (84)
22 5f (4-NMe,) [(IMes)Pd(NQ)]2 (2.5) CM cis-7f (9), trans-7f (10)

DIMER 9 (20)

10 (15)
23 5f (4-NMe,) [Pd(allyl)Cl]; (5) c™M trans-7f (14)

10 (36)
24 5f (4-NMe,) (SIPr)Pd(allyl)Cl (15)  CM trans-7f (10)

10 (45)
25 5g (3-Cl) Pd,(dba)s (10) 8/92/0  54/38 6ge (7)

cis-7g (30), trans-7g (43)
26 5g (3-Cl) [(IMes)Pd(NQ)]» (2.5) 6/94/0  73/21 6ge (5)

cis-7g (50), trans-7g (20)
27 5g (3-Cl) [Pd(allyl)Cl]> (5) 0/100/0 64/36 cis-7g (44), trans-7g (36)
28 5g (3-Cl) (SIPr)Pd(allyl)CI (15) 0/100/0 50/50 cis-7g (30), trans-7g (31)
29 5h (3-CN) Pd(dba)sz (10) 0/100/0 33/67 cis-7h (25), trans-7h (48)
30 5h (3-CN) [(IMes)Pd(NQ)]> (2.5) 4/74/22 30/44 cis-7h (15), trans-7h (37)

8h (6)
31 5h (3-CN) [Pd(allyl)Cl]; (5) 0/100/0 47/53 cis-7h (22), trans-7h (43)
32 5h (3-CN) (SIPr)Pd(allyl)Cl (15)  0/100/0 29/71 cis-7h (15), trans-7h (55)
33 5i (2-MeO) Pd,(dba)s (10) 14/86/0 43/43 6i (8)

cis-7i (12), trans-7i (19)
34 5i (2-MeO) [(IMes)Pd(NQ)]; (2.5) 20/80/0 57/23 6i (10)

cis-7i (45), trans-7i (24)
35 5i (2-MeO) [Pd(allyl)Cl]; (5) 5/95/0  42/53 cis-7i (23), trans-7i (31)
36 5i (2-MeO) (SIPr)Pd(allyl)CI (15) 6/94/0  39/55 cis-7i (10), trans-7i (63)
37 5j (2-F) Pd,(dba)s (10) 8/92/0  8/84 cis-7j (5), trans-7j (66)
38 5j (2-F) [(IMes)Pd(NQ)]; (2.5) 5/83/12 24/59 cis-7j (10), trans-7j (62)

8j(11)
39 5j (2-F) [Pd(allyl)Cl]z (5) 0/100/0 69/31 cis-7j (26), trans-7j (56)
40 5j (2-F) (SIPr)Pd(allyl)Cl (15)  0/100/0  0/100 trans-7j (66)
41 5k (2-Br) Pd,(dba)s (10) 7/93/0  70/23 6k (6)

cis-7k (46), trans-7k (15)
42 5k (2-Br) [(IMes)Pd(NQ)]> (2.5) 0/85/15 66/19 cis-7k (43), trans-7k (20)

8k (12)
43 5k (2-Br) [Pd(allyl)Cl]; (5) 14/86/0 52/34 6k(9)

cis-7k(34), trans-7k (31)
44 5k (2-Br) (SIPr)Pd(allyl)CI (15) 8/92/0  21/71 6k (4)

cis-7k (8), trans-7k (42)
45 51 (2-1) Pd,(dba)s (10) 0/100/0 9/91 cis-71 (5), trans-71 (45)
46 51 (2-1) [(IMes)Pd(NQ)]; (2.5) 0/78/22 66/12 cis-71 (64), trans-71 (12)

81 (15)
47 51 (2-1) [Pd(allyl)Cl]z (5) 8/92/0  50/42 6l (9)

cis-71 (49), trans-71 (38)
48 51 (2-1) (SIPr)Pd(allyl)Cl (15)  0/100/0  77/23 cis-71 (53), trans-71 (15)
49 5m (3-MeO, 4-MeO)  Pda(dba)s (10) 50/50/0 21/29 6m (25)

cis-7m (11), trans-7m (20)
50 5m (3-MeO, 4-MeO) [(IMes)Pd(NQ)]> (2.5) 32/68/0 44/24 6m (13)

cis-7m (23), trans-7m (30)
51 5m (3-MeO, 4-Me0O)  [Pd(allyl)Cl]; (5) 15/85/0 8/77 6m (6)

trans-7m (39)
52 5m (3-MeO, 4-MeO)  (SIPr)Pd(allyl)Cl (15) 24/76/0 43/33 6m (9)

cis-7m (6), trans-7m (38)

9 Reaction conditions: Catalyst (see table) in DCE at reflux for 24 h. ® Ratio determined by integration of characteristic *H NMR
absorptions from the spectrum of the reaction mixture. ¢ The majority of reactions were performed twice. While the Buchner/(-
lactam/ -lactam ratio was essentially the same in the two runs, the cis:trans ratio was quite different due to the partial isomerization
of cis B-lactams to the more stable trans isomer during the work-up or even when recording the *H NMR spectra. ¢ Yields refer to
products isolated by chromatography. ¢ Mixture of regioisomers.

The examples in Table 2 confirm the generality and functional group tolerance of these
palladium-catalyzed insertion processes. Either Pd(0)- and Pd(lIl)-catalysts can be used to



promote Csp>—H insertion.?! On the whole, the Pd(ll)-complexes proved to be the most versatile
catalysts for B-lactam formation, despite not always giving the highest yield. In general, the
resulting B-lactams were obtained in moderate to good overall yields (53-90%), usually as
mixtures of cis and trans isomers,?? in transformations proceeding with high site selectivity.
Among the explored o-diazoamides, 5f was the only exception. Thus, the use of Pd(ll)-catalysts
to promote the decomposition of 5f (entries 23-24) resulted in the formation of trans-7f (10-
14%), together with major amounts of 4-(dimethylamino)benzaldehyde 10 (Figure 1), which
results from the hydrolysis of the transient zwitterionic intermediate.?’ On the other hand, when
[(IMes)Pd(NQ)]. was used as the catalyst, a complex reaction mixture was obtained, from which
cis-7f (9%), trans-7f (10%), dimer 9 (20%) and aldehyde 10 (15%) were isolated (entry 22).

Finally, the Pd,(dba)s-catalyzed decomposition of 5f exclusively afforded dimer 9 (entry 21).2

(0]
>LN )‘H(COZME CHO
N2 /©/
MEQN
MezN

10
9 2

Figure 1. Dimer 9 and aldehyde 10

It is worth noting that no product from the potentially competitive palladium-catalyzed cross-
coupling of the aryl halide with the o-diazoamide moiety® was observed in the reactions of 5k
and 51, which bear an ortho-bromo and ortho-iodo substituent, respectively.

As can be seen in Table 2, the effect of the substituent at the benzyl group on the course of the
process varied according to its electronic nature as well as its position on the aromatic ring. The
introduction of electron-releasing groups led to an increased formation of the
cycloheptapyrrolone product, especially when using Pd(0)-catalysts. The increase was lower
when the substituent was located at the ortho-position, probably due to steric interactions. In
contrast, the electron-withdrawing groups generally diverted the palladacarbene away from the
Buchner reaction in favor of the Csp3-H insertion. Similar electronic effects have been observed
in related Rh(ll)-catalyzed transformations.*>® On the other hand, the use of [(IMes)Pd(NQ)], as
the catalyst in the reaction of the substrates bearing electron-withdrawing groups resulted in
the formation of minor amounts of the corresponding -lactam (8), which arises from the ‘outyl
Csp3-H insertion. Interestingly, the -lactams were not observed when using Pd(ll)-catalysts.

The above results also confirm the significant impact of the electronic nature of the Pd-catalyst
and ensuing electrophilicity of the carbene intermediate in the reaction pathway. Thus, whereas
benzylic Csp-H insertion is strongly favored over the Buchner reaction when using Pd(ll)-
catalysts, an increased cycloheptapyrrolone product formation is usually observed with the
more electron-rich Pd(0)-catalysts. Interestingly, Rh(ll)-catalyzed transformations show
opposite reactivity trends, in which highly electrophilic Rh(Il)-complexes favor Buchner reactions
over benzylic Csp-H insertion.'*

At this point, we also explored the transition metal-catalyzed decomposition of «-
diazoacetamide 11, which bears a (4-pyridinyl)methyl group instead of the N-benzyl substituent
(Table 3). Treatment of 11 with a catalytic amount of [(IMes)Pd(NQ)]. under the optimized



reaction conditions resulted in the complete decomposition of the material (entry 1). When the
reaction was performed at lower temperature (refluxing dichloromethane), 11 was recovered
unchanged (entry 2). In contrast, the use of Pd(ll)-catalysts (entries 3-4) resulted in the
formation of B-lactam 12 (cis/trans mixture), (SIPr)Pd(allyl)Cl affording the highest vyield.
Interestingly, o-diazoacetamide 11 was recovered unchanged when using the well-known
[Rh(OACc),]; catalyst (entry 5).

Table 3. Transition metal-catalyzed cyclisation reactions of o-diazoamide 11

entry catalyst (mol%) solvent temp. time vyield (%)°
1 [(IMes)Pd(NQ)]> (2.5) DCE reflux  24h  decomposition
2 [(IMes)Pd(NQ)]; (2.5) CHxCl,  reflux 24h 11
3 [Pd(allyl)Cl]; (5) DCE reflux 24 h  cis-12/trans-12 (1:10, 30)
4 (SIPr)Pd(allyl)Cl (15) DCE reflux 48 h  cis-12/trans-12 (1:2.2, 54)
5 [Rh(OACc),]2 (3) CH,Cl, rt 24h 11
aYields refer to products isolated by chromatography.

Finally, we also explored the transition metal-catalyzed decomposition of some a-diazo-a-
(methoxycarbonyl)acetamides bearing an N-(3-indolylmethyl) moiety. The studies began with
indole 13 (Table 4), from which the metallacarbene can, in principle, be involved in a variety of
reaction modes.**

Table 4. Transition metal-catalyzed cyclisation reactions of o-diazoamide 13

o)
Q OMe o OMe
N N._O Nb/COzMe OH

N 2 N,
CHa CHz
N\ CO,Me N\ N\
 —d
N N N N
13 SO,Ph 14 s0,Ph 15 s0,Ph 16 SO,Ph

entry catalyst (mol%) solvent temp. time vyield (%)?

1 Pd,(dba)s (5) toluene reflux? 24h 14 (30%)°
2 Pd(dba)sz (10) DCE refluxse. 96 h 14 (24%), 15 (18%)
3 Pd,(dba)s (7.5) dioxane reflux® 24h 14 (10%)
4 Pd,(dba)s (5) toluene reflux? 24h 14 (10%)
BINAP (10)
5 Pd(PPhs), (5) toluene reflux* 24h CMm?
6 Pd(OAc), (20) toluene reflux? 24h 14 (13%)
7 [Rh(OAc))2 (2)  CHoCl,  rt 5h 14 (25%), 16 (45%)

aReaction conditions: Catalyst (see table) and Cs.COs (2 equiv.) in the indicated solvent at

reflux. ® Yields refer to products isolated by chromatography. ¢ 14 is a rather unstable

compound that decomposes during the purification by flash chromatography. In fact, *H

NMR analysis of the crude reaction mixture gave c.a. 70% yield of 14. ¢ Trace amounts of

14 were observed in the crude complex reaction mixture.
However, treatment of 13 with Pd,(dba); in refluxing toluene gave tetracyclic compound 14,
resulting from the metallacarbene addition to the indole C(2)-C(3) double bond,* as the only
reaction product (entry 1). When the reaction was performed in the low boiling dichloroethane,

14 (24%) and B-lactam 15 (18%) were obtained (entry 2). The use of dioxane as the solvent (entry
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3) or the addition of BINAP (entry 4) also resulted in the formation of 14, albeit in worse yield. A
complex mixture was obtained when the reaction was performed with Pd(PPhs), (entry 5), while
14 was obtained again when using Pd(OAc), as the catalyst (entry 6). Finally, exposure of 13 to
[Rh(OAc),)2gave 14 (25%) together with major amounts of alcohol 16 (entry 7).%

The palladium-catalyzed decomposition of o-diazoacetamide 17 was also explored (Table 5).
When Pd,(dba)s; was used as the catalyst, mixtures of tetracyclic compound 18, 3-lactam 19 and
the Buchner product 20 were obtained, the product ratio depending on the reaction solvent.

Table 5. Palladium-catalyzed cyclisation reactions of o-diazoamide 17

o
OMe CO,Me
o L e 3 °
N N, N o) N&C%Me N
Bn B
N\ CO,Me N\ Ph N\
N N N N
17 SO,Ph 18 SO,Ph 19 SO,Ph 20 SO,Ph
entry catalyst (mol%) solvent temp. time vyield (%)*
1 Pd,(dba)s (5) toluene reflux 26h 18 (30%), 19 (20%), 20 (18%)
2 Pd,(dba)s (10) DCE reflux 72h 18 (38%), 19 (9%), 20 (13%)

@Yields refer to products isolated by chromatography.

Experimental Section

General Methods. All commercially available reagents were used without further purification. 'H- and '*C
NMR spectra were recorded using Me4Si as the internal standard, with a Varian Mercury 400 instrument.
Chemical shifts are reported in ppm downfield (8) from MeaSi for 'H and '3C NMR. TLC was carried out
on SiO; (silica gel 60 Fas4, Merck), and the spots were located with UV light or 1% aqueous KMnOs. Flash
chromatography was carried out on SiO; (silica gel 60, SDS, 230-400 mesh ASTM). Drying of organic
extracts during workup of reactions was performed over anhydrous Na,SO4. Evaporation of solvents was
accomplished with a rotatory evaporator.

Synthesis and characterization data of diazoacetamides 3, 11, 13 and 17
N-Benzyl-N-(2-pyridinyl)-o-(ethoxycarbonyl)-c-diazoacetamide (3).

To a solution of 2-benzylaminopyridine (0.5 g, 2.71 mmol) and Et:N (0.39 mL, 2.71 mmol) in CH>Cl, (10
mL), cooled at 0 °C, was added slowly ethyl malonyl chloride (0.38 mL, 2.71 mmol). The mixture was
stirred at room temperature for 24 h. After the reaction was completed, the mixture was poured into water
and extracted with CH,Cl,. The organic extracts were washed with saturated NaHCO3 aqueous solution,
dried, filtered and concentrated. The residue was purified by chromatography (SiO,, from CH>Cl, to
CH,Cl/MeOH 97:3) to give N-benzyl-N-(2-pyridinyl)-o-(ethoxycarbonyl)acetamide (0.77 g, 95%).

To a solution of N-benzyl-N-(2-pyridinyl)-o-(ethoxycarbonyl)acetamide (0.25 g, 0.84 mmol) and Et;N
(0.14 mL, 1.0 mmol) in dry acetonitrile (15 mL), was added dropwise p-toluenesulfonylazide (2.6 mL of a
11% solution in toluene, 1.45 mmol). The mixture was stirred at room temperature for 90 h. The solvent
was removed in vacuo and the resulting residue was partitioned between CH,>Cl, and 10% NaOH aqueous
solution. The organic extracts were dried, filtered and concentrated. The residue was purified by
chromatography (SiO,, from CHCl, to CH.Cly/MeOH 99:1) to give N-benzyl-N-(2-pyridinyl)-o-
(ethoxycarbonyl)-o-diazoacetamide (3, 150 mg; 55%) as a brown oil. 'H NMR (CDCl;, 400 MHz) § 1.07
(t,J=7.2Hz, 3H), 3.92 (q, J =7.2 Hz, 2H), 5.22 (s, 2H), 7.04 (ddd, J = 7.4, 4.8 and 0.8 Hz, 1H), 7.10 (dt,
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J=8.4and 0.8 Hz, 1H), 7.20 (tt, J = 7.2 and 1.2 Hz, 1H), 7.23-7.29 (m, 2H), 7.32-7.36 (m, 2H), 7.60 (ddd,
J=8.4,7.4and 2.0 Hz, 1H), 8.40 (ddd, J = 4.8, 2.0 and 0.8 Hz, 1H). '3C NMR (CDCls, 100.6 MHz) & 14.3
(CH3), 52.3 (CH,), 61.4 (CHa), 70.2 (C), 118.3 (CH), 120.8 (CH), 127.4 (CH), 127.9 (2 CH), 128.6 (2 CH),
137.5 (C), 138.0 (CH), 148.6 (CH), 156.1 (C), 161.4 (C), 162.3 (C).

N-tert-Butyl-N-(4-pyridinylmethyl)-o-(methoxycarbonyl)-o-diazoacetamide (11).

To a solution of N-tert-butyl-N-(4-pyridinylmethyl)amine (0.67 g, 4.1 mmol) and Et;N (0.58 mL, 4.1 mmol)
in CH>Cl, (20 mL), cooled at 0 °C, was added slowly methyl malonyl chloride (0.57 mL, 5.3 mmol). The
mixture was stirred at room temperature for 24 h. After the reaction was completed, the mixture was poured
into water and extracted with CH>Cl,. The organic extracts were washed with saturated NaHCO3 aqueous
solution, dried, filtered and concentrated to give N-fert-butyl-N-(4-pyridinylmethyl)-o-
(methoxycarbonyl)acetamide as an orange oil (0.98 g, 90%), which was used in the next reaction without
purification.

To a solution of N-fert-butyl-N-(4-pyridinylmethyl)-o-(methoxycarbonyl)acetamide (0.5 g, 1.89 mmol)
and DBU (0.45 mL, 2.85 mmol) in dry acetonitrile (6 mL), was added dropwise a solution of p-ABSA (515
mg, 2.1 mmol) in dry acetonitrile (2 mL). The mixture was stirred at room temperature overnight. The
solvent was removed in vacuo and the resulting residue was partitioned between CH>Cl, and 10% NaOH
aqueous solution. The organic extracts were dried, filtered and concentrated. The residue was purified by
chromatography (SiO,, from CH,Cl, to CH,Clo,/MeOH 98:2) to give N-tert-butyl-N-(4-pyridinylmethyl)-
o-(methoxycarbonyl)-o-diazoacetamide (11, 145 mg; 26%) as an orange oil. 'H NMR (CDCls, 400 MHz)
8 1.40 (s, 9H), 3.77 (s, 3H), 4.63 (s, 2H), 7.15 (d, J = 6.0 Hz, 2H), 7.57 (d, J = 6.0 Hz, 2H). 3C NMR
(CDCl3, 100.6 MHz) 6 29.0 (3 CH3), 50.6 (CH>), 52.4 (CH3), 59.5 (C), 68.7 (C), 121.9 (2 CH), 149.3 (C),
150.2 (2 CH), 162.8 (C), 163.5 (C).

N-Methyl-N-[(1-phenylsulfonyl-1H-indol-3-yl)methyl]-o-(methoxycarbonyl)-o-diazoacetamide (13).

To a solution of N-methyl-N-[(1-phenylsulfonyl-1H-indol-3-yl)methyl]amine (0.75 g, 2.49 mmol) and Et;N
(1.0 mL, 7.47 mmol) in CH>Cl, (14 mL), cooled at O °C, was added slowly methyl malonyl chloride (0.8
mL, 7.47 mmol). The mixture was stirred at room temperature for 24 h. After the reaction was completed,
the mixture was poured into water and extracted with CH>Cl,. The organic extracts were washed with
saturated NaHCO3 aqueous solution, dried, filtered and concentrated. The residue was purified by
chromatography (SiO,, from CH,Cl, to CH,Cl,/MeOH 99:1) to give N-methyl-N-[(1-phenylsulfonyl-1H-
indol-3-yl)methyl]-o-(methoxycarbonyl)acetamide (0.97 g, 97%) as a yellow oil.

To a solution of N-methyl-N-[(1-phenylsulfonyl-1H-indol-3-yl)methyl]-o-(methoxycarbonyl)acetamide
(0.54 g, 1.35 mmol) and DBU (0.3 mL, 2.03 mmol) in dry acetonitrile (8 mL), was added dropwise a
solution of p-ABSA (420 mg, 1.76 mmol) in dry acetonitrile (4 mL). The mixture was stirred at room
temperature overnight. The solvent was removed in vacuo and the resulting residue was partitioned between
CHCl, and 10% NaOH aqueous solution. The organic extracts were dried, filtered and concentrated. The
residue was purified by chromatography (SiO., from CH,Cl, to CH>Cl,/MeOH 96:4) to give N-methyl-N-
[(1-phenylsulfonyl-1H-indol-3-yl)methyl]-c-(methoxycarbonyl)-o-diazoacetamide (13, 350 mg; 61%) as
a yellow gum. 'H NMR (CDCl3, 400 MHz) § 2.87 (s, 3H), 3.78 (s, 3H), 4.69 (s, 2H), 7.25 (td, J = 7.6 and
0.8 Hz, 1H), 7.34 (ddd, J = 8.4, 7.6 and 1.2 Hz, 1H), 7.41-7.46 (m, 2H), 7.51-7.60 (m, 3H), 7.86-7.89 (m,
2H), 7.98 (dd, J = 8.4 and 0.8 Hz, 1H). *C NMR (CDCls, 100.6 MHz) & 36.0 (broad, CH3), 43.9 (broad,
CH>), 52.4 (CH3), 66.6 (C), 113.8 (CH), 118.2 (C), 120.2 (CH), 123.8 (CH), 125.4 (CH), 125.5 (CH), 126.9
(2CH), 129.5 (2 CH), 129.8 (C), 134.1 (CH), 135.5 (C), 138.2 (C), 161.9 (C), 162.7 (C).

N-Benzyl-N-[(1-phenylsulfonyl-1H-indol-3-yl)methyl]-ca-(methoxycarbonyl)-o-diazoacetamide (17).

To a solution of N-benzyl-N-[(1-phenylsulfonyl-1H-indol-3-yl)methyl]amine (0.74 g, 1.97 mmol) and Et;N
(0.3 mL, 2.17 mmol) in CH>Cl, (15 mL), cooled at 0 °C, was added slowly methyl malonyl chloride (0.24
mL, 2.17 mmol). The mixture was stirred at room temperature for 24 h. After the reaction was completed,
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the mixture was poured into water and extracted with CH>Cl,. The organic extracts were washed with
saturated NaHCO3 aqueous solution, dried, filtered and concentrated. The residue was purified by
chromatography (SiO,, from CH,Cl, to CH>Clo,/MeOH 99:1) to give N-benzyl-N-[(1-phenylsulfonyl-1H-
indol-3-yl)methyl]-o-(methoxycarbonyl)acetamide (0.65 g, 69%) as a yellow oil.

To a solution of N-benzyl-N-[(1-phenylsulfonyl-1H-indol-3-yl)methyl]-o-(methoxycarbonyl)acetamide
(0.65 g, 1.36 mmol) and DBU (0.3 mL, 2.05 mmol) in dry acetonitrile (12 mL), was added dropwise a
solution of p-ABSA (360 mg, 1.5 mmol) in dry acetonitrile (6 mL). The mixture was stirred at room
temperature overnight. The solvent was removed in vacuo and the resulting residue was partitioned between
CH>Cl, and 10% NaOH aqueous solution. The organic extracts were dried, filtered and concentrated. The
residue was purified by chromatography (SiO», from CH,Cl> to CH>Cl,/MeOH 98:2) to give N-benzyl-N-
[(1-phenylsulfonyl-1H-indol-3-yl)methyl]-c-(methoxycarbonyl)-o-diazoacetamide (17, 670 mg; 97%) as
a brown oil. "H NMR (CDCl3, 400 MHz) & 3.77 (s, 3H), 4.44 (s, 2H), 4.60 (s, 2H), 7.10 (m, 2H), 7.17 (dd,
J=28.0and 2.0 Hz, 1H), 7.22 (ddd, J = 8.0, 7.2 and 0.8 Hz, 2H), 7.27-7.36 (m, 2H), 7.37 (s, 1H), 7.39 (d, J
=7.6 Hz, 1H), 7.44 (tt, J = 8.0 and 0.8 Hz, 2H), 7.55 (tt, J = 7.6 and 0.8 Hz, 1H), 7.85-7.88 (m, 2H), 8.00
(d, J = 8.4 Hz, 1H). '3C NMR (CDCls, 100.6 MHz) & 41.5 (broad, CH»), 50.5 (broad, CH,), 52.6 (CH3),
67.1 (C), 113.9 (CH), 117.9 (C), 120.0 (CH), 123.7 (CH), 125.4 (CH), 125.5 (CH), 126.9 (2 CH), 127.7 (2
CH), 127.9 (CH), 128.9 (2 CH), 129.5 (2 CH), 129.8 (C), 134.1 (CH), 135.5 (C), 136.2 (C), 138.3 (C),
162.4 (C), 162.8 (C).

Characterization data for new compounds of Scheme 6 and Tables 2-5

1-Benzyl-3-(ethoxycarbonyl)-2-0x0-2,3-dihydro-1H-imidazo[1,2-a]pyridin-4-ium-3-ide 4).
Amorphous orange solid. 'H NMR (CDCl3, 400 MHz) & 1.45(t, J = 7.2 Hz, 3H), 4.43 (q, J = 7.2 Hz, 2H),
5.20 (s, 2H), 6.99 (ddd, J= 8.8, 1.6 and 0.8 Hz, 1H), 7.08 (ddd, J= 7.6, 6.8 and 1.2 Hz, 1H), 7.25-7.37 (m,
5H), 7.40 (ddd, J = 8.8, 7.6 and 1.2 Hz, 1H), 9.65 (d, J = 6.8 Hz, 1H). *C NMR (CDCl;, 100.6 MHz) §
14.9 (CH3), 43.3 (CH»), 60.0 (CH»), 94.0 (C), 106.4 (CH), 115.7 (CH), 127.8 (2 CH), 128.2 (CH), 129.0
(CH), 129.1 (2 CH), 129.9 (CH), 135.4 (C), 135.6 (C), 157.0 (C), 162.6 (C).

Methyl 2-fert-butyl-6-chloro-3-oxo-1H-2,3-dihydrocyclohepta[c]pyrrole-3a-carboxylate (6d). 'H
NMR (CDCl3, 400 MHz, signals from a 4.5:1 mixture of trans-7d and 6d) & 1.45 (s, 9H), 3.64 (s, 3H), 4.21
(dd, J=14.8 and 1.2 Hz, 1H), 4.44 (d, J = 14.8 Hz, 1H), 5.63 (d, /= 10.2 Hz, 1H), 6.17 (d, J = 6.8 Hz, 1H),
6.39 (d, /= 10.2 Hz, 1H), 6.62 (d, J = 6.8 Hz, 1H).

Methyl 1-(4-cyanobenzyl)-5,5-dimethyl-2-oxopyrrolidine-3-carboxylate (8¢). Amorphous orange solid.
'"H NMR (CDCl3, 400 MHz) & 1.16 (s, 3H), 1.22 (s, 3H), 2.19 (dd, J = 13.2 and 9.2 Hz, 1H), 2.33 (dd, J =
13.2 and 9.2 Hz, 1H), 3.62 (t, / = 9.2 Hz, 1H), 3.82 (s, 3H), 4.33 (d, / = 16.0 Hz, 1H), 4.60 (d, J = 16.0 Hz,
1H), 7.39 (d, J= 8.4 Hz, 2H), 7.60 (d, J= 8.4 Hz, 2H). 3C NMR (CDCls, 100.6 MHz) § 27.1 (CH3), 28.1
(s, CH3), 38.3 (CHy), 43.2 (CH), 47.4 (CH), 53.0 (CH3), 60.0 (C), 111.5 (C), 118.8 (C), 128.3 (2 CH),
132.6 (2 CH), 143.9 (C), 170.2 (C), 170.9 (C).

Methyl cis-1-tert-butyl-4-[4-(dimethylamino)phenyl]-2-oxoazetidine-3-carboxylate (cis-Tf).
Amorphous orange solid. 'H NMR (CDCl3, 400 MHz) & 1.30 (s, 9H), 2.95 (s, 6H), 3.40 (s, 3H), 4.18 (d, J
= 6.0 Hz, 1H), 4.83 (d, J = 6.0 Hz, 1H), 6.65 (d, J= 8.8 Hz, 2H), 7.21 (d, J= 8.8 Hz, 2H).

Dimer 9. Yellow gum. 'H NMR (CDCl;, 400 MHz) & 1.68 (s, 18H), 2.94 (s, 12H), 3.87 (s, 6H), 5.65 (s,
4H), 6.65 (d, J = 8.8 Hz, 4H), 7.25 (d, J = 8.8 Hz, 4H). '*C NMR (CDCl;, 100.6 MHz) § 27.7 (6 CH3), 40.5
(4 CH3), 51.8 (2 CH3), 56.4 (2 CH»), 61.0 (2 C), 109.0 (C), 112.3 (4 CH), 121.2 (2 C), 129.8 (4 CH), 150.9
(2 C), 157.2 (2 C), 160.4 (2 C). HRMS (ESI-TOF) calcd. for C3sHssNsNaOg: 687.3589 [M+Na]*; found:
687.3581.

Methyl 2-tert-butyl-7-chloro-3-oxo-1H-2,3-dihydrocyclohepta[c]pyrrole-3a-carboxylate (6g). 'H
NMR (CDCl3, 400 MHz, signals from a 11:1 mixture of trans-7g and 6g) 6 1.45 (s, 9H), 3.64 (s, 3H), 4.22
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(dd, J = 15.6 and 2.0 Hz, 1H), 4.47 (dd, J = 15.6 and 2.4 Hz, 1H), 5.60 (d, J = 9.6 Hz, 1H), 6.27-6.30 (m,
1H), 6.32 (dd, J = 9.6 and 7.2 Hz, 1H), 6.61 (dd, J = 7.2 and 1.2 Hz, 1H).

Methyl 2-fert-butyl-5-chloro-3-oxo-1H-2,3-dihydrocyclohepta[c]pyrrole-3a-carboxylate (6g’). 'H
NMR (CDCl3, 400 MHz, signals from a 12:4:1 mixture of trans-7g, 6g and 6g’) 6 1.46 (s, 9H), 3.64 (s,
3H), 4.23 (dd, J = 15.2 and 2.0 Hz, 1H), 4.42 (dd, J = 15.2 and 2.4 Hz, 1H), 5.76 (t, J = 1.2 Hz, 1H), 6.18-
6.21 (m, 1H), 6.38-6.40 (m, 2H).

Methyl 1-(3-cyanobenzyl)-5,5-dimethyl-2-oxopyrrolidine-3-carboxylate (8h). 'H NMR (CDCls, 400
MHz, significant signals from a 2:1 mixture of 8h and cis-7h) 6 1.16 (s, 3H), 1.24 (s, 3H), 2.19 (dd, J =
12.8 and 9.2 Hz, 1H), 2.33 (dd, J = 12.8 and 9.2 Hz, 1H), 3.62 (t, J = 9.2 Hz, 1H), 3.80 (s, 3H), 4.33 (d, J
=16.0 Hz, 1H), 4.55 (d, /= 16.0 Hz, 1H).

Methyl 2-tert-butyl-8-methoxy-3-oxo-1H-2,3-dihydrocyclohepta[c]pyrrole-3a-carboxylate (6i). 'H
NMR (CDCl3, 400 MHz, signals from a 1.5:1 mixture of 6i and cis-7i) 6 1.47 (s, 9H), 3.55 (s, 3H), 3.69 (s,
3H), 4.23 (dd, J = 14.4 and 1.6 Hz, 1H), 4.48 (dd, J = 14.4 and 1.6 Hz, 1H), 5.65 (d, J = 7.2 Hz, 1H), 6.29-
6.33 (m, 1H), 6.31 (d, J =7.6 Hz, 1H), 6.38-6.45 (m, 1H). '*C NMR (CDCls, 100.6 MHz, significant signals
from a 1:8 mixture of 6i and cis-7i) 6 27.6 (3 CH3), 49.4 (CH»), 52.8 (CH3), 55.1 (C), 57.5 (CH3), 99.8
(CH), 120.6 (CH), 122.5 (CH), 126.9 (CH).

Methyl 1-(2-fluorobenzyl)-5,5-dimethyl-2-oxopyrrolidine-3-carboxylate (8j). 'H NMR (CDCls, 400
MHz, signals from a 8:1 mixture of 8j and cis-7j) 6 1.14 (s, 3H), 1.25 (s, 3H), 2.15 (dd, J = 12.8 and 9.2
Hz, 1H), 2.31 (dd, J = 12.8 and 9.2 Hz, 1H), 3.61 (t, / = 9.2 Hz, 1H), 3.82 (s, 3H), 4.46 (d, J = 16.0 Hz,
1H), 4.55 (d, J = 16.0 Hz, 1H), 7.00 (ddd, J= 10.4, 8.4 and 1.2 Hz, 1H), 7.09 (td, J= 7.6 and 1.2 Hz, 1H),
7.19-7.25 (m, 1H), 7.39 (td, J=7.6 and 1.2 Hz, 1H).

Methyl 1-(2-bromobenzyl)-5,5-dimethyl-2-oxopyrrolidine-3-carboxylate (8k). Amorphous orange
solid. 'H NMR (CDCls, 400 MHz) & 1.18 (s, 3H), 1.23 (s, 3H), 2.20 (dd, J = 12.8 and 9.2 Hz, 1H), 2.35
(dd, J=12.8 and 9.2 Hz, 1H), 3.65 (t, / = 9.2 Hz, 1H), 3.83 (s, 3H), 4.45 (d, /= 16.4 Hz, 1H), 4.64 (d, J =
16.4 Hz, 1H), 7.10 (ddd, J= 8.0, 6.8 and 2.4 Hz, 1H), 7.24-7.30 (m, 2H), 7.51 (dd, J=7.6 and 1.2 Hz, 1H).
13C NMR (CDCl3, 100.6 MHz) & 26.9 (s, CH3), 27.8 (s, CH3), 38.3 (CHy), 43.1 (CHy), 47.6 (CH), 52.9
(CH3), 60.0 (C), 122.6 (C), 128.0 (CH), 128.9 (CH), 129.2 (CH), 132.7 (CH), 137.1 (C), 170.1 (C), 171.1
(©).

Methyl 1-(2-iodobenzyl)-5,5-dimethyl-2-oxopyrrolidine-3-carboxylate (81). Amorphous orange solid.
'"H NMR (CDCl3, 400 MHz) & 1.20 (s, 3H), 1.22 (s, 3H), 2.20 (dd, J = 13.2 and 9.2 Hz, 1H), 2.35 (dd, J =
13.2 and 9.2 Hz, 1H), 3.65 (t, /= 9.2 Hz, 1H), 3.83 (s, 3H), 4.35 (d, J = 16.4 Hz, 1H), 4.59 (d, J = 16.4 Hz,
1H), 6.93 (td, J= 8.0 and 1.6 Hz, 1H), 7.23 (dd, J = 8.0 and 1.6 Hz, 1H), 7.30 (td, J= 8.0 and 1.2 Hz, 1H),
7.79 (dd, J = 8.0 and 1.2 Hz, 1H).

Methyl cis-1-tert-butyl-2-oxo-4-(pyridin-4-yl)azetidine-3-carboxylate (cis-12). '"H NMR (CDCl;, 400
MHz, signals from a 2.6:1 mixture of rans-12 and cis-12) 6 1.32 (s, 9H), 3.36 (s, 3H), 4.28 (d, J = 6.4 Hz,
1H), 4.88 (d, J = 6.4 Hz, 1H), 7.32-7.35 (m, 2H), 8.61-8.65 (m, 2H). '*C NMR (CDCls, 100.6 MHz, signals
from a 2.6:1 mixture of frans-12 and cis-12) 6 28.2 (3 CHs), 52.2 (CH3), 55.4 (CH), 55.5 (C), 59.0 (CH),
121.1 (2 CH), 146.2 (C), 150.2 (2 CH), 162.5 (C), 165.9 (C).

Methyl trans-1-tert-butyl-2-oxo-4-(pyridin-4-yl)azetidine-3-carboxylate (trans-12). 'H NMR (CDCl;,
400 MHz) 8 1.27 (s, 9H), 3.67 (d, J = 2.4 Hz, 1H), 3.78 (s, 3H), 4.84 (d, J = 2.4 Hz, 1H), 7.33 (dd, /= 4.4
and 1.6 Hz, 2H), 8.64 (dd, J = 4.4 and 1.6 Hz, 2H). '*C NMR (CDCls, 100.6 MHz) & 28.2 (3 CH3), 53.0
(CH3), 55.2 (CH), 55.7 (C), 62.1 (CH), 121.6 (2 CH), 148.5 (C), 150.7 (2 CH), 161.7 (C), 167.0 (C).

Tetracyclic ester 14. Yellow oil. 'H NMR (CDCl3, 400 MHz) § 2.95 (s, 3H), 3.11 (s, 3H), 3.61 (d, /= 10.4
Hz, 1H), 4.16 (d, J = 10.4 Hz, 1H), 4.66 (s, 1H), 7.07 (td, J = 8.0 and 0.8 Hz, 1H), 7.29 (dd, J = 7.6 and 0.8
Hz, 1H), 7.34 (td, J = 8.0 and 1.2 Hz, 1H), 7.50-7.54 (m, 2H), 7.57-7.62 (m, 2H), 7.98-8.00 (m, 2H). *C
NMR (CDCl;, 100.6 MHz) 6 30.2 (CH3), 30.3 (C), 40.4 (C), 48.6 (CH), 52.0 (CH3), 53.6 (CH), 113.3
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(CH), 123.3 (CH), 123.5 (C), 124.0 (CH), 127.4 (2 CH), 129.4 (2 CH), 129.6 (CH), 133.6 (CH), 139.0 (C),
143.3 (C), 163.2 (C), 166.9 (C). HRMS (ESI-TOF) calcd. for Ca0H1sN2OsS: 399.1009 [M+H]*; found:
399.1017.

Methyl 2-oxo-1-[(1-phenylsulfonyl-1H-indol-3-yl)methyl]azetidine-3-carboxylate (15). 'H NMR
(CDCl3, 400 MHz) 6 3.18 (t, /= 5.6 Hz, 1H), 3.39 (dd, J = 5.6 and 2.8 Hz, 1H), 3.75 (s, 3H), 3.99 (dd, J =
5.6 and 2.8 Hz, 1H), 4.47 (d, /= 15.6 Hz, 1H), 4.56 (d, J = 15.6 Hz, 1H), 7.27 (td, J = 8.4 and 1.2 Hz, 1H),
7.37 (td, J = 8.4 and 0.8 Hz, 1H), 7.43-7.48 (m, 2H), 7.53-7.58 (m, 3H), 7.87-7.90 (m, 2H), 7.98-8.01 (m,
1H). 1*C NMR (CDCl3, 100.6 MHz) § 37.3 (CHa), 41.9 (CH»), 52.9 (CH3), 53.9 (CH), 113.9 (CH), 116.6
(0), 119.8 (CH), 123.9 (CH), 125.2 (CH), 125.6 (CH), 127.0 (2 CH), 129.4 (C), 129.5 (2 CH), 134.2 (CH),
135.5 (©), 138.2 (C), 162.3 (C), 167.7 (C).

N-Methyl-N-[(1-phenylsulfonyl-1H-indol-3-yl)methyl]-o-hydroxy-o-(methoxycarbonyl) acetamide
(16). Yellow oil. 'H NMR (CDCl;, 400 MHz) & 2.96 (s, 3H), 3.68 (s, 3H), 4.31 (d, J = 8.4 Hz, 1H), 4.64
(d, J=14.8 Hz, 1H), 4.86 (d, J = 14.8 Hz, 1H), 4.95 (d, J = 8.4 Hz, 1H), 7.20-7.57 (m, 7H), 7.86-7.89 (m,
2H), 7.97 (d, J = 8.4 Hz, 1H). 3C NMR (CDCl3, 100.6 MHz) & 34.0 (CH3), 43.2 (CH>), 53.0 (CH3), 69.7
(CH), 113.8 (CH), 117.6 (C), 120.2 (CH), 123.8 (CH), 125.5 (CH), 125.6 (CH), 126.9 (2 CH), 129.5 (2
CH), 129.6 (C), 134.2 (CH), 135.6 (C), 138.1 (C), 168.0 (C), 169.3 (C).

Tetracyclic ester 18. Yellow oil. '"H NMR (CDCl;, 400 MHz) & 3.12 (s, 3H), 3.47 (d, J = 10.6 Hz, 1H),
3.99 (d, J=10.6 Hz, 1H), 4.46 (d, J = 14.4 Hz, 1H), 4.59 (d, J = 14.4 Hz, 1H), 4.63 (s, 1H), 7.03 (td, J =
8.0 and 0.8 Hz, 1H), 7.21 (dd, J = 8.0 and 0.8 Hz, 1H), 7.26-7.40 (m, 6H), 7.49-7.54 (m, 2H), 7.57-7.61
(m, 2H), 7.97-8.00 (m, 2H). *C NMR (CDCls, 100.6 MHz) § 30.4 (C), 40.3 (C), 45.9 (CHy), 47.1 (CH»),
52.0 (CH3), 53.6 (CH), 113.3 (CH), 123.3 (CH), 123.4 (C), 124.0 (CH), 127.4 (2 CH), 128.3 (CH), 128.5
(2 CH), 129.2 (2 CH), 129.4 (2 CH), 129.6 (CH), 133.6 (CH), 135.8 (C), 138.9 (C), 143.2 (C), 163.2 (C),
166.8 (C).
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