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Abstract

Highly functionalized 5 or 6-membered nitrogen-@ning heterocyclic
moieties are highly prevalent in pharmaceuticaégyeats, alkaloid natural products,
organocatalysts, as well as useful building bloaksorganic synthesis. Novel
approaches to synthesizing these structures amghsdhierefore to maximize their
accessibility. Within the well-established orgarsgnthesis artillery, electrocyclic
reactions serve as the predominant strategy totrcabpyrrolidine and piperidine
analogues. In this dissertation, the first stevatolled assembly of indolizidines
from 2-allylic proline esters by aza-Prins reactiamd endoselective synthesis of
highly functionalized 5-vinylic pyrrolidines fromemzylic and allylic azomethine
ylide using novel [3+2] dipolar cycloaddition arestribed. These methodologies
then culminate in a formal synthesis Bbrreria alkaloid, borrecapine, by using an
unprecedented sulfonyl group substituted dipolaitepRinally, new directions in our
laboratory to make pyrrolidine scaffolds are in@dddn the last chapter of this thesis.
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Chapter 1
From 2-Allylic Proline Esters to Indolizidines: Dewelopment of an Aza-Prins

Strategy

1.1.Introduction of aza-Prins reaction

1.1.1. Background and discovery

The “Prins reaction” was first discovered by O.ditz in 1899 (Scheme 1.1)
by heating paraformaldehyde with-pinene to produce an unsaturated primary
alcohol*? This type of reaction was not systematically itigeged until two decades
later by H.J. Prins (Scheme 1.2) who studied tlaetren between several alkenes
with paraformaldehyde catalyzed by sulfuric atfdTo honor his contribution in this
area, the acid-catalyzed condensation of alken#s alilehydes is refered to as the
Prins reaction.

Scheme 1. 1Kriewitz’'s additive compounds of formaldehyde wiépene

HO

(CH20)n
_—
heat in sealed tube

! Kriewitz, O.Ber. 1899 32, 57-60.

2 Kriewtiz, O.J. Chem. Sod.899 76, 298

% Prins, H.JChem. Weekblad 919 16, 1510-1526.
4 Prins, H.JChem. Weekblad 919 16, 1072-1073.
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Scheme 1. 2Prins’ condensation of formaldehyde with styrene

X (CH),
_— =
HySO4 (aq.)

Except for the originally developed intermolecutaaction to prepare allylic
alcohols or 3-substituted alcohols, the intramdicwyersion of the Prins reaction
between oxocarbenium ions and tethered olefiniclemphiles is more widely
featured in the synthesis of O-heterocycles, ldeahydropyrans (Scheme 1°3).
Similar to this access to 6-membered oxa-heteresyclpiperidine was also
synthesized by the nitrogen version of the reacoiown as the aza-Prins reactfon.
This latter reaction was first studied in the 18806y Speckamp™ " and Overmafi *
10 separately, the results of which were soon appifedystematic methodology
development and natural products total syntheses.

Scheme 1. 3First synthesis of tetrahydropyran via Prins cyatiian from 3-buten-1-

ol

\%
=
i

0" "Ry R,
H* X=-OH
| X=-Cl +
+ — +
OH +H LE\/RZ @) R2
<R TTho it
0" R 2 R1 R,

5 For reviews of Prins and aza-Prins reaction, @eArundale, E., Mikeska, L.AGhem. Rey1952
51, 505-555. (b) Pastor, .M., Yus, M., Current OrigaBhemistry, 2007, 11, 925-957. (c) Olier, C.,
Kaafarani, M., Gastaldi, S., Bertrand, M. Petrahedron200Q 66, 413-445. (d) Speckamp, W.N.,
Hiemstra, H. Tetrahedron1985 41, 4367-4416.

5 Hanscheke, EChem. Ber, 1955 88, 1053-1061.
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1.1.2. Examples for the synthesis of piperidines and ind@idines using the aza-

Prins reaction

From 1985 to 1986, Speckamp and co-workers perfdre@mprehensive
pioneering studies of intramolecular reactions eddyliminium intermediate¥"’ In
their publications, various methods for generatidgacyliminium ions and the
syntheses of their precursors were described. Atiomanucleophiles (Pictet-
Spengler-type cyclization) (Scheme 1.4) and nomrat@ -nucleophiles (aza-Prins-
type cyclization) (Scheme 1.5) were both testedh watheredN-acyliminium ions in
the presence of protic acids. A variety of inddiizone (lactam) compounds,
including Erythrinatype and harmicine-type molecules, and 2-pipecde
compounds were synthesized.

Scheme 1. 4Rictect-Spengler-type cyclization with aromatiaucleophiles toward

Erythrina-type alkaloids

R Rz R Ro R Rz
HN o m o m Rs Ri=OMe or H
0 — Ol . 2 R,=O or H
Ri Ri Ri p R§=O or H;
Scheme 1. 5Aza-Prins reactions with non-aromatigucleophiles
(CHy)n (CHy)n /A[(CHz)n

P HCOOH \y 0
O7™N7 "OMe 27 |07 —" N\ _ocHo

L L
R R

R=H or Ph

In the same decade, Overman and co-workers usedumiion-vinylsilane

cyclization as the key step in the total synthesidendrobatid toxin 251D (Scheme

7 (a) Hiemstra, H., Fortgens, H.P., Speckamp, WIBtrahedron Letters1985 26, 3155-3158. (b)
Ent. H., Koning, H., Speckamp, W.NI. Org. Chem1986 51, 1687-1691.
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1.6)8 Distinct from Speckamp’s methods to generate Niadyium ion intermediate
from aminal derivatives, Overman condensed forntglde with the pyrrolidine
moiety on the building block to form a Schiff imimh ion intermediate, which was
then attacked by an adjacent vinylsilane nucleephih the presence of
camphorsulfonic acid (CSA). In 1988, the researchug also developed the
nucleophile promoted iminium ion-alkyne cyclizati¢®cheme 1.7 which they then
successfully applied in the total synthesis offalimiliotoxin 253A (Scheme 1.85.
Scheme 1. 60verman’s total synthesis of dendrobatid toxin 23d@iminium ion-

vinylsilane cyclization

d-10-camphorsulfonic acid

” paraformaldehyde
H EtOH, reflux H I"oH
CHj CH,

R=H or Me R=H or Me

Scheme 1. 7Nucleophile promoted iminium ion-alkyne cyclization
CH R
3 R=CH Qs A~ R Nal, (nBu)4NBr
/\NQ% 4—3 Ar/\NL/ L&Meﬁ Ar T\/j[ or NaN3 was added
Ar X (CHO)n (CH0)n X X=l,Br, or Ng
Scheme 1. 80verman'’s total synthesis of allopumiliotoxin 253 A
\— 3 4’

The aza-Prins reaction can also be catalyzed byd awids. In 2006, Martin

and co-workers developed Fe (lll) promoted azasPnipactions between, -

unsaturated N- tosylamines and aldehydes to proMdesyl piperidine scaffolds

8 Overman, L.E., Bell, K.L, J. Am. Chem. Sqd 981 103 1851-1853
® Overman, L.E., Sharp, M.J, Am. Chem. Sp&988 110, 612-614.
Y Overman, L.E., Sharp, M.Jetrahedron Lettersl 988 29, 901-904.
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with the trans-2-alkyl-4-halo 6-membered N-heterocycles as thgomstereoisomer
(Scheme 1.9)" The scope of this reaction was later broadenethéwame research
group using different, -unsaturated N-sulfonylaminés.

Scheme 1. 9ron(lll)-catalyzed aza-Prins cyclization

0 +-|I\]S R IIS R | 3 IIS R
N NHTs o L T S X
+ _—
. X

rt, 10min L
46-94%
[ TS Ts 1 Ts
o) *N__R N_R| N R
NHTs . L P ST X,
=z R”H  pewm ¢ > _
rt,1omn L XY J X
29-96%
R=H,alkyl or aryl
X=Cl or Br

In 2008, Murty and co-workers developed BiCtatalyzed aza-Prins
cyclizations between N-protected homoallylic aminad epoxides. A series of trans-
piperidine derivatives were synthesized in highdgewith BiCk as the catalyst for
epoxide ring opening (Scheme 1.19).

Scheme 1. 1Bismuth(lll)-catalyzed aza-Prins cyclization

cl
R=Ts, Ms, Boc
SNo~UNHR 4 O o BCh | fj R'=alkyl, 82-90%
L DCM, 0°C-rt -, R R'=aryl, >90%
N dr=9:1

In the same year, Yadav and co-workers preparemtidpiperidines in high
yields and good diastereoselectivity by aza-Priygdization using a stoichiometric
amount of iodine and catalytic amounts of gallidi fodide. They proved that the

presence of gallium iodide is critical for the rea’s success, and the induction

1 Carballo, R.M., Ramirez, M.A., Rodriguez, M.L., Ma, V.S., Padron, J.IQrg. Lett, 2006 8,
3837-3840.

12 @) Miranda, P.O., Carballo, R.M., Martin, V.SadPon, J.I.Org. Lett, 2009 11, 357-360. (b)
Carballo, R.M., Valdomir, G., Purino, M., Martin,¥., Padron, J.IEur. J. Org. Chem201Q 2304-
2313.

13 Murty, M.S.R.Tetrahedron Letter2008 49, 1141-1145.
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effect of molecular iodine in essential for theatg@n to be high-yielding (Scheme
1.11)."* They then carried this methodology forward to bgsize indolizidine

molecules?®

Scheme 1. 11Gallium(lll)-catalyzed aza-Prins cyclization

o) Gal/l R=alkyl or aryl
P J _Gale | ('j /('j Yield: 80-92%
R H TsHN DCM r.t. dr>96:4

Some research groups showed, however, that motdodiae itself is able to
promote aza-Prins type cyclization in some paréicaases. This observation dates
back to 1988, as mentioned earlier, when Overmah caaworkers developed the
nucleophile-induced iminium ion-alkyne cyclizatiofr, was used as one of the
nucleophiles to synthesize unsaturated 4-iodo inidihes® In 2009, Silva and co-
worker used bicyclic homoallylic N-tosyl amine arienzaldehyde to furnish
conjugated isochromene and isoquinoline derivativeth 20 mol% } (Scheme
1.12)%

Scheme 1. 12,-catalyzed aza-Prins cyclization

20 mol% I, g\)
NHTs CgHsCHO

DCM, rt, 72h
O‘

SO
(trans:cis=5:1)
In 2010, Dobbs and co-workers used indium trickleras a highy efficient,

mild Lewis acid catalyst to prepare a mixture gigridine and pyrrolidine scaffolds

1 yadav, S.JTetrahedron Letter2008 49, 3330-3334.
* Reddy, B.V., Chaya, D.M., Yadav, J.S., Gree Synthesis2012 44, 297-303.
18 Sjlva Jr., L.F., Quintiliano, S.ATetrahedron Letter2009 50, 2256-2260.
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by aza-Prins cyclization (Scheme 1.13)The ratio between 6-membered and 5-
membered azacycles depended on the starting aleg'hfyshctionality (Table 1.1).

Scheme 1. 13ndium-catalyzed aza-Prins cyclization

cl Cl
InCl;, DCM
77 NHTs + RoHo ———- .
r.t. w R
N R N
Ts Ts

Table 1. 1.Products ratios of indium-catalyzed aza-Prins reacif (Z)-homoallyl

tosylamine with different aldehydes

. Yield of Yield of
Entry R Time/h piperidine (%)  pyrrolidine (%)
1 n-C;Hys 17 35 35
2 Ph 144 15 0
3 Ph(CH,), 17 40 36
4 c-hex 144 26 50
5 CO,Et 1 20 0

Yadav and co-workers in the same year developednbpromoted aza-Prins
cyclizations toward 4-fluoropiperidines from N-tbsyiomoallylic amines and
aldehydes™ The reaction was catalyzed by tetrafluoroboricdatiethyl ether
complex at ambient temperature, and proved to gé kielding and highlycis-
selective (Scheme 1.14).

Scheme 1. 14Boron-catalyzed aza-Prins reaction

F F
= o HBF4-OEt, .
+ J\ _ - + R=aryl, only cis product
TsHN R” >H DCM, 0°C-r.t. R N RSN R=alkyl, mainly cis product
Ts Ts

" Dobbs, A.P., Guesne, S.J.J., Parker, R.J., SkigindarStephenson, R.A., Hursthouse, M.B.,
Organic&Biomolecular Chemistyy201Q 8, 1064-1080.

8 yadav, J.S., Subba Reddy, B.V., Ramesh, K., Na@yaimar, G.G.K.S., Gree, Rietrahedron
Letters,201Q 51, 1578-1581.
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Several other Lewis acids, like ABand SE&° were also demonstrated to be

efficient catalysts for aza-Prins type reactions.

1.1.3. Aza-Prins cyclization as key steps in cascade reamts toward alkaloids

synthesis

Aza-Prins cyclizations have served as a prevalegthod, especially when
combined with other C-C bond formation methodolegi® construct the piperidine
core of natural products and synthetic therapeatients. This is exemplified by
Overman’s synthesis of dendrobatid toxin 2850d allopumiliotoxin 253A° 267A,
323B, 339A%"

In 2011, Overman and co-workers preparé@nshydroisoquinolones
asymmetrically using Pinacol rearrangement ([1)&flde shift) terminated N-
acyliminium ion cyclizations (Scheme 1.75)n 2005, Armstrong and co-workers
developed a selective methodology to access [2dt.1B.2.1] azabicyclic heptanes
using a SnGl catalyzed aza-Prins-Pinacol cascade strategy |{@k$l group
migration)?® which was then successfully applied in total sgs#s of (+)-epibatidine
and (+)-epiboxidine (Scheme 1.78).

Scheme 1. 15Pinacol-terminated (hydride shift) cyclizationsMacyliminium ion

0}

OSiR"; H

+ Repo MsChEtN
_—
RO. _NH CHyCly, rt,  ROCN

N

0]

¥ Kim, C., Bae, H., Lee, J., Jeong, W., Kim, H., $ath, V., Rhee, Y J. Am.Chem. So2009 131,
14660-14661.

20 Subba Reddy, B.V., Borkar, P., Pawan ChakravaRhyyadav, J.S., Gree, Retrahedron Letters
201Q 51, 3412-3416.

2 Caderas, C., Lett, R., Overman, L.E., Rabinowitzl., Robinson, L.A., Sharp, M.J., Zablocki, J.,
J.Am.Chem.S0c1996 118 9073-9082.

22 Kamatani, A., Overman, L.EQrg. Lett, 2001, 3, 1229-1232.

2 Armstrong, A., Shanahan S. Big. Lett, 2005 7, 1335-1338.

2 Armstrong, A., Bhonoah, Y., Shanahan, SEEQrg. Chem.2007, 72, 8019-8024.
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Scheme 1. 165nCl, catalyzed aza-Prins-pinacol cascade toward thiheyes of

epibatidine and epiboxidine

H
N // Cl

N\ _N TS

N
Epibatidine steps L@i o SnCl(ieq) SnCI4(1 eq) Ts SnCI4 (2 eq) 5\2 0
i O-N x+ 8 min, 0°C ~-Z 16h, rt.
Viwan e

Epiboxidine

The resulting carbocation generated from an azasRiyclization can also be
trapped by aryl -nucleophiles. In 2009, Yadav and co-workers sysitesl 4-
arylpiperidines using N-tosyl homoallylic amines|dehydes and arenes by
intermolecular and intramolecular aza-Prins-Frigdedfts cascade reactions in the
presence of stoichiometric amounts ofsBfEL or catalytic amounts of scandium(lll)
triflate (Scheme 1.17°In 2010, Porco and co-workers developed an aza Rl
intramolecular Friedel-Crafts tandem process tonf@olycyclic scaffolds using N-
phosphinylimines and styrenic olefins in the preseaf La(OTf} and trifluoroacetic
anhydride (TFAA) (Scheme 1.18).

Scheme 1. 17Yadav's intermolecular and intramolecular aza-REnsdel-Crafts

process
Intermolecular: Intramolecular:
R' X
A R Rri— H
I 170 _ =
7R' % = o H\“".
@ NHTs + R )J\H 10 mol% Sc(OTf); NTs
o = 2 S =
)J\ + BF3-OEt, DCE, 80°C Ry H

NHTs
R™™N R1m HY
Ts X NTs

% (a) Yadav, J.S., Subba Reddy, B.V., Ramesh, Kraj¢ma Kummar, G.G.K.S., Gree, R.,
Tetrahedron Letter€01Q 51, 818-821. (b) Subbba Reddy, B.V., Borkar, P., ¥adsS., Sridhar, B.,
Gree, RJ. Org. Chem2011, 76, 7677-7690.

% Kinoshita, H., Ingham, 0.J. Ong, W.W., Beeler, ABorco, J.A.J.Am.Chem.S0c2010,132,
6412-6418.
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Scheme 1. 18orco’s intramolecular aza-Prins-Friedel-Craftgitan process

(@]
HNJJ\CF3 HN/[<
La(OTf)s nH,O MeO O R4 MeO O. R1
TFAA, MeCN MeO .t 0 MeO
OMe
OMe 4 G R,
A systematic study on neighboring heteroatom-teateid aza-Prins reactions
was carried out by Reddy and co-workers by perfogran Sc(OTg-catalyzed N-
terminated intramolecular aza-Prins cyclizationsfdom heterobicyclic compounds
(Scheme 1.19%° Yadav and co-workers also developegaaa-toluenesulfonic acid
(p-TSA) promoted intramolecular nitrogen-terminatezh-&rins cyclization to form
diazabicyclic molecules usinde)-hex-3-ene-1,6,-ditosylamine and styrene oxides as
starting reagents (Scheme 1.20).

Scheme 1. 195¢(OTfk-catalyzed aza-Prins cyclization

n \
_ @/\/ - .
! °© w

| I
#

$

Scheme 1. 2(p-TSA-catalyzed aza-Prins cyclization

Ts /
N«A\\H &
NHTs O  p-TSA (10 mol%) +
DCE, 75C__
TsHN @ @
(major) (minor)

Shair and co-workers completed the total synthekisortistatin A (Scheme

1.21), a potent endothelial cell proliferation ipibor in 2008 by using a highly

*"vadav, J.S., Borkar, P., Chakravarthy, P.P., Sisxdy, B.V., Sarma, A.V.S., Basha, S.J., Sridhar,
B., Gree, R J. Org. Chem201Q 75, 2081-2084.
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diastereoselective O-terminated aza-Prins

reaction

after

a

silicateaded

elimination/ring expansion sequence from the H#&asish ketone® In 2010,

Overman and co-workers accomplished the first tetaitheses ofLycopodium

alkaloids (+)-nankakurines A and®Busing a Diels-Alder reaction and a nitrogen-

terminated aza-Prins cyclization as key steps tostroct the skeleton of these

alkaloids (Scheme 1.22).

Scheme 1. 21Aza-Prins key steps in Shair’s total synthesisarfistatin A

o OAc OAc
MeoNH (3 equiv) oTBS
oTes Me;
steps AcO ZnBr (1.5 equiv) \HW H
o — 5 MeCN, 50°C, 40min | ¥ OAc %
OR
QAe oTBS
~ : +,
']‘ OAc 0) H
| cortistatin A | L (OR ]

Scheme 1. 22Aza-Prins key step in Overman’s total synthesigsastkakurines
H 1. Smlz

2. CHy= steps
_CHF0 ! [ ] [ 2 Ph\( stees [

NaBH3CN
DIPEA
OBn \/\/OBn
R H, nankakurine A

R=Me, nankakurine B

Oy _Ph
Y

OBn H'N‘N

Aza-Prins cyclizations are also coupled with Diglder reactions to produce
one of the most powerful strategies to build up plex structures of alkaloids. In
1988, Heathcock and co-workers published a cont@tal synthesis of the
Daphniphyllum alkaloid (+)-methyl homosecodaphniphyllate in higield.** Four
rings and 5 bonds were formed in a single transétion following sequential Diels-

Alder and aza-Prins cyclizations (Scheme 1.23).

28 |ee, H., Nieto-Oberhuber, C., Shair, M.D. Am. Chem. So2008 130, 16864-16866.

29 (a) Nilsson, B.L., Overman, L.E., Read de Aladiz,Rohde., J.M.J. Am. Chem. Sq@008 130,
11297-11299. (b) Altman, R.A., Nilsson, B.L., Ovenm L.E., Read de Alaniz, J., Rohde, J.M., Taupin,
V., J. Org. Chem201Q 75, 7519-7534.

80 Ruggeri, R.B., Hansen, M.M., Heathcock, G.H. Am. Chem. S0d988 11Q 8734-8736.
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Scheme 1. 23deathcock’s synthesis of (x)-methyl homosecodagtyiiate

Ph Ph

\OJ \OJ
HO
(COCl),, DMSO OHC a. NHz, DCM
HO Et;N. DCM b. ACOH
= . OHC bAOH
77%
-~ _ HN

Besides the above examples, aza-Prins cyclizatiomee also played a

Ph

o\

significant role in the total syntheses of osciligf cylindricines® lepadiformine®

(-)-solenopsin A%® (+)-epi-dihydropinidiné®® and lyconadins A-G? all of which

featured convenient, atom-economical, stereocdattomethodology to construct
their 6-membered aza-heterocyclic core. The devedop of more facile versions of
the aza-Prins cyclization is continually pursued dynthetic organic chemists. In
continuation of our interests in the synthesis etdvtaining small molecules, we
herein describe a novel methodology for constrgctimulti-substituted indolizidines

from 2-allylic pyrrolidines by aza-Prins cyclizatio

1.2.Methodology development: synthesis of indolizidinesom 2-allylic proline

esters using aza-Prins cyclization

1.2.1. Previous related work and their inspirations

In 2010, the Waters group reported a domino 2-amaed3+2] dipolar

cycloaddition protocol for the synthesis of higHiynctionalized 2-allylpyrrolidine

%L Hanessian, S., Tremblay, M., Petersen J.Am. Chem. Sq2004 126, 6064-6071.

# Lju, J., Hsung, R.P., Peters, S.Drg. Lett, 2004 6, 3989-3992.

% Dobbs, A.P., Sebastien, .J Synlett2005 13, 2101-2103.

34 Nishimura, T., Unni, A.K., Yokoshima, S., Fukuyania J. Am. Chem. SQ@2013 135 3243-3247.
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scaffolds® In this sequence, the condensation of homoallglicines with ethyl
glyoxylate afforded an imine of tyge which after facile 2-aza-Cope rearrangement
delivered an azomethine ylide precursor of typeAddition of AQOAc and EN
furnished a stabilizedN-metalated azomethine ylide, which in the preseotcea
dipolarophile underwent subsequent [3+2] dipolaclegddition to afford multi-
substituted 2-allylpyrrolidine in a one-pot procetip to four stereogenic centers
were created within the proline cycloadduct, arersultant 2-allyl moiety presented
a convenient point for additional structural advements.

Scheme 1. 242-aza-Cope-[3+2] dipolar cycloaddition cascadetienc

(0]
)Niz/\" )H(OEt PhMe AT NVCOZEt reflux Ar\//N COEt
Ar ~ H I = [3,3] N
type | type Il
AgOAc
/ EtsN, r.t.
H :J 7 EWG Ag—O
Ara N iCOEt  Ews A N
\S_Z’ NFENT OE
EWG EWG AN
15 examples
up to 97%

endo-selective

1.2.2. Documented synthetic versatility of 2-allylprolines

Such 2-allylproline scaffolds have been carriedamivtargets with a higher
degree of complexity. In 2009, Santos and co-warkerepared indolizidine
compounds from 2-allylproline esters by either ricigsing metathesis or Pauson-
Khand reaction (Scheme 1.Z8)However, the preparation of indolizidines from 2-

allylprolines via aza-Prins reaction is far lessealeped.

35 McCormack, M.P., Shalumova, T., Tanski, J.M., Wst&.P.Org. Lett 201Q 12, 3906-3909.
% Duran-Lara, E.F., Shankaraiah, N., Geraldo, Dnt&a L.S.,J. Braz. Chem. So009 20(5),813-
819.
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Scheme 1. 2%reparation of indolizidines from 2-allyl prolineter

0o ﬁ)
o Grubbs
Hoﬁ } catalystll__ (?
N
CO,Et

DCM

Br i\ N Grubbs A
catalyst Il
Q\COzEt K2CO3 <_7\002 Et CO,Et

O

1. CO (1.0bar)
N cat. Cox(CO)s
N THF, t N H

—_—

KHMDS, THF < 7 NCO,Et2. NMO, 50°C CO,Et

1.2.3. Development of an aza-Prins cyclization approach tmdolizidines from 2-

allyl pyrrolidines

Drawing upon our ability to access a variety oflI@kyrrolidine scaffolds
through the 2-aza-Cope-[3+2]-dipolar cycloaddite@guence, we wished to explore
the feasibility of preparing indolizidines throughe aza-Prins cyclization. We
expected that condensation of an aldehyde ontpytirelidine nitrogen would furnish
an iminium ion, which could undergo nucleophilitagk by the pendant allyl group.
Interception of the developing carbocation by eithiee solvent or a tethered
nucleophile would furnish the six-membered ring tbe indolizidine and two
additional stereocenters. In this manner, the Giseanalem, multicomponent reactions
would provide access to functionalized indolizidirie a concise and stereoselective

fashion (Scheme 1.26).
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Scheme 1. 26Proposed synthesis of indolizidines from 2-allylfigines via aza-

Prins cyclization

%
%. L %' % + L ( ) $ %.
}}
*
% %& % %& % %&

In the early planning stages, we anticipated ti@ ¢ondensation of an

\
% *

aldehyde onto an already sterically encumberedyer@yl pyrrolidine nitrogen might
present a challenge to our synthetic approach.oboinitial studies, formaldehyde,
the simplest aldehyde which is most widely useBrins reactions, was chosen as the
electrophilic component. Gratifyingly, treatment2allylpyrrolidine 1 with aqueous
formaldehyde and TFA (1.0 equiv) in wet acetoretrfor 24 hours at ambient
temperature provided indolizidirkin 80% yield as a single observable diastereomer.
Aza-Prins cyclizations of 2-allylpyrrolidine2 and 3 under similar conditions gave
indolizidines as single diastereomers in 79 and §R8ds, respectively. Conducting
these processes in aqueous media promoted cleamnation of the aza-Prins
reaction through nucleophilic attack by water, sedfog hydroxyl-substituted
indolizidines5-6 in good overall yields (Scheme 1.27).

Scheme 1. 27Aza-Prins cyclization with formaldehyde

\ —
4 )

CH>0 (aq.)

CO,Et
TFA, MeCN/H20

1.R=Ph 4. R=Ph, 80%
2. R=p-OMePh 5. R=p-OMePh, 82%
3. R=p-CF4Ph 6. R=p-CF3Ph, 79%

The high level of diastereoselectivity observedthis cyclization may be

attributed to a chair transition state in which tarolidine ring fusions occupy
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equatorial positions with respect to the newly foignpiperidine ring, as well as axial
approach of the incoming nucleophile (water) irm@ofable antiperiplanar alignment
with the * orbital of the iminium ion, These stereochemi@adsignments were
confirmed through 2D NMR spectroscopy as well adENEDhancement studies.
Figure 1. 1. Rationale of diastereoselectivity of the aza-Proyglization with

formaldehyde

Encouraged by these findings, additional aldehymeponents were surveyed.
To avoid the undesired tautomerization of the nef@fyned iminium ion to an
enamine, aldehydes with nohydrogens were utilized in this aza-Prins reaction
Therefore, glyoxylic acid, in the absence of TFéadily underwent condensation at
room temperature onto the pyrrolidine nitrogen.efAfblefin-iminium ion cyclization,
lactone7 emerged within 24 hours in 94% yield as one diastmer (Scheme 1.28).
The formation of lacton& may be rationalized by ring closure of the oledimo the
iminium ion followed by nucleophilic interceptiorf the resulting carbocation by the
carboxyl group in glyoxylic acid. In like mannehngtreactions of 2-allylpyrrolidine?
and 3 under similar conditions gave indolizidine lacte®eand9 in excellent yields
(97 and 83%, respectively) as single diasereom&pectroscopic analysis of
indolizidine 7-9 revealed that the newly formed lactone ring adaggn1,3-diaxial
conformation with respect to the indolizidine systeThese observations were later
confirmed through X-ray analysis and chemical datien to a related compound.
Overall, the use of glyoxylic acid as the aldehgdenponent led to the formation of

two additional rings and two new stereogenic cearntea single step.
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Scheme 1. 28Aza-Prins cyclization with glyoxylic acid
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9. R=p-CF3Ph, 97%

The use of glyoxal as the aldehyde component letheéoformation of both
indolizidine and lactol ring systems. Treatmenttioé 2-allylpyrrolidines1-3 with
aqueous glyoxal (10 equiv) and TFA (1.0 equiv) effed complete aza-Prins
cyclization within 2-3 hours at room temperatureaftord indolizidine product40-

12 in 66-73% vyield (Scheme 1.29). These indolizidimesre observed to exist in
solution as equilibrating mixtures of their corresding hydroxy-aldehyde (major)
and lactol (minor) forms. In CDglthe hydroxy-aldehyde forms were predominate in
ratios shifting from 2:1 to 7:1 along with more @len-deficienct aryl rings resulting
in increasing lactol formation as determined'HyNMR spectroscopy.

Scheme 1. 29%za-Prins cyclization with aqueous glyoxal

HOL
\ OHC OHC OH
R H ﬁ 0 H R i ﬁ R W R
N o H Yy (aq) N e Noe N e
COHEt 0o E . -
2= TFA, MeCN, 2-3h COEt COaEt COEt
070 0 0 07 0 0= =0

N

0 .

10. R=Ph, 72%
11. R=p-OMePh, 73%
12. R=p-CF3Ph, 66%

Recrystallization ofl2 from MeOH:HO (3:2) gave colorless prisms, which
were revealed by X-ray analysis to be the lactoinfoThe X-ray crystal structure
confirmed that the newly formed six-membered rirfgttee indolizidine adopts a
chairlike conformation, while the two new steredees of the lactol function assume

asynl,3-diaxial relationship (Graph 1.2).
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Figure 1. 2.X-ray crystal structure of lactdl2

FiC

Aza-Prins cyclizations using ethyl glyoxylate regai somewhat more forcing
conditions, presumably due to the increased stemcumbrance of the aldehyde
component. A variety of reaction parameters weresestigated with 2-
allylpyrrolidines to identify the optimal conditisn Good conversions to the
corresponding indolizidines were best achieveddiydacting the reactions at 50 °C,
aza-Prins cyclizations were not observed at roompézature. In this manner,
treatment with ethyl glyoxylate (5.0 equiv) and TRR.0 equiv) for 1.5 hours
delivered indolizidinel3, bearing two ester and one alcohol function, if6deld
(Scheme 1.30). Although this increase in tempeeaallowed for shorter reaction
times, prolonged exposure of the hydroxyl-esterthéoreaction conditions for more
extended times (3-5 hours) led to the gradual ftionaof lactones, presumably
through acid-catalyzed, intramolecular transestation. Therefore, prompt
neutralization after consumption 3 was necessary for good conversions. That the
indolizidines could be transformed through lactatian indicated a stereochemical
correlation between the two systems. Similar to gheviously described aza-Prins
cyclizations with aldehydes, the resulting newestgenic centers of the indolizidine

ring adopt asyn1,3-diaxial relationship (Figure 1.3).
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Scheme 1. 30Aza-prins cyclization with ethyl glyoxylate
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Figure 1. 3.X-ray crystal structure of hydroxyl-ester compoudd

In addition to those -keto aldehydes, we also attempted benzaldehydeeas
electrophile in the aza-Prins reaction. No desipedduct formed after prolonged
reaction time at elevated temperature in the pezsenh TFA (1 equiv). Nearly 100%
of the starting pyrrolidine cycloadduct was receekmpresumably due to inaccessible
approach of the aldehyde with a phenyl ring to #eaaly sterically hindered
pyrrolidine nitrogen.

The use of pyrrolidine cycloaddutt, generated from azomethine ylide and
dimethyl maleate, in the aza-Prins reaction leccamplicated results. When first
treated with aqueous formaldehyde and TFA in wetadtrile, 2-allyl pyrrolidinel6
underwent a 2-aza-Cope rearrangement to afbkghyrrole 17 in 1.5 hours (Scheme
1.31). After 24 hours stirring at room temperatuve indolizidine cycloadduct&8a
and18b were isolated and separated by column chromatbgrdgy interpretation of

theH-NMR spectra, these two molecules were assignedpasr of diastereomers, of
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which relative stereogenetic centers were not &blee fully characterized due to the
ambiguity of the sigmatropic rearrangement-tautezaéion process (Scheme 1.32).

Scheme 1. 31Unexpected [3,3]-sigmatropic rearrangement unda+Rxims condition

- by

N CH,0 (aq.) N/ CO,Et
CO,Et TFA, MeCN/H,0
MeO,C CO,Me 1,5h, r.t. MeO,C CO,Me
16 17

Scheme 1. 32Aza-Prins cyclization from rearrang@éi-pyrrole

=
\’ OH
H
N K

§ CH0@a) N + N__co,Et
CO,Et  TFA MeCN/H,0 CO,Et /
MeO,&  ‘coMe ft MeO,&"  CO,Me MeO,c'  CO,Me
16 18a & 18b 17, 1%

70% as mixture of
2 diastereomers

In summary, we have developed a new and operalyoiaaile method for the
synthesis of indolizidines through aza-Prins cyians of 2-allyl pyrrolidines.
Though aza-Prins cyclizations have proven to becsffe for the preparation of
piperidines, our work now expands the scope of thétion to include indolizidine
scaffolds. We have also demonstrated that 2-ajlgiotidines, now readily accessible
through our domino 2-aza-Cope-[3+2] dipolar cycldiidn sequence, are useful
precursors for the preparation of additional heatgctic systems. Synthetic
applications of the aza-Prins cyclization towar#taldid natural products bearing

indolizidine frameworks are now being investigated.
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Table 1. 2.Preparations of indolizidines via aza-Prins cyclmas

Entry Starting Molecules R Products comp: und Y(I)Z l)(aj
1 H 4 80
2 OMe 5 82
3 CF; 6 79
4 H 7 94
5 OMe 8 83
6 CF3 9 97
7 H 10 72
8 OMe 11 73
9 CF; 12 66

10 H BOL 13 66

11 OMe 14 57

12 R H \‘ CF3 15 62
"a. Yields | COEtI, chromatography
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Chapter 2

New strategy to generate azomethine ylides synthesif 5-vinyl pyrrolidines

2.1Introduction to the significance of 5-vinyl pyrrolidines

2.1.1. Prevelance of the 5-vinyl pyrrolidinyl structure in bio-active molecules

5-vinyl pyrrolidine moieties occur widely in natlifaroducts and synthesized
small molecules that have promising biological\atiéis. Cephalotaxus fortuneand
C. drupaceaalkaloids, like cephalotaxine, were isolated byd?ar and co-workers in
the 1960's and 1970'¥ Manzamine alkaloids (A-C) were firstly isolatedorfr
marine spongéialiclona by Higa and co-workers in the 1986%Those molecules
exhibit highly potent biological properties, inclag anti-bacterial, anti-inflammatory,
and anti-tumor activitie®) Securinine, the first alkaloid recognized infamily, was
first isolated by Muraveva and Bankovakii in 1986ts structure and the structure of
one of its stereoisomers, allosecurinine, wereigentified until 1962 by Yoshii and
co-workers in Japafl. In recent decades, more alkaloids in this famigre isolated,

characterized and studied using modern technoloiflest of them show interesting

87 (a) Paudler, W.W., Kerley, G.I., McKay, J,B. Org. Chem 1963 28 2194-2197. (b) Powell, R.G.,
Weisleder, D., Smith Jr., C.R., Wolff, |. ATetrahedron Lettersl969 10, 4081-4084.

38 (a) Sakai, R., Higa, T., Jefford, C.W., Bernardin&.J.,J. Am. Chem. Sqc1986 108, 6404-6405.
gb) Sakai, R., Kohmoto, S., Higa, Tetrahedron Letters1987 28, 5493-5496.

9Zhang, B., Higuchi, R., Miyamoto, T., Soest, R.WMV] Chem. Pharm. Bull2008 56, 866-869.

40 Muraveva, V.1., Bankovski, A.IDokl. Acad. Nauk. SSSF956 110, 998-1000.

“l Satoda, 1., Murayama, M., Tsuiji, J., Yoshii, Eetrahedron Lettersl962 3, 1199-1206.
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anti-bacterial, anti-malarial, and anti-cancer \atitis,*? as well as effects on the
central nervous system (CN$). A unique Streptomycespecies natural product:
cyclizidine was first obtained as a crystallinedstatory substance under aerobic
fermentation conditions by Poyser and co-workerd 982 Its absolute structural
information was unambiguously collected by X-rayystallography and NMR
spectroscopy by the same research gféupirotryprostatins are indolic alkaloids
found in Aspergillus fumigatusungus BM939 by Osada and co-workers, most of
which have been found to possess anti-mitotic ptas" Both spirotryprostatin A
and B are able to inhibit the mammalian cell cynl&2/M phasé®® Spirotryprostatin

B shows cytotoxicity on human leukemia cell lin&8.Those promising biological
activities suggest these molecules’ potential discamcer therapeutics.

Figure 2. 1.Vinylpyrrolidine moiety-containing natural products

OMe

securinine allosecurinine

Q//,,,

o T
i

(-)-cyclizidine spirotryprostatin A spirotryprostatin B

“2Qin, S., Liang, J., Guo, YHelv. Chim. Acta 2009 92, 399-403.

43 (a) Liras, S., Davoren, J.E., Bordner,Qrg. Lett, 2001, 3, 703-706. (b) Bentler, J.A., Karbon, E.W.,
Brubaker, A.N., Malik, R., Curtis, D.R., Enna, S11.Brain Res 1985 330, 135-140.

a4 (a) Freer, A.A., Gardner, D., Greatbanks, D., Roy3.P., Sim, G.AJ. Chem. Soc., Chem. Commun
1982 20, 1160-1162. (b) Gomi, S., Ikeda, D., Nakamura,Nhganawa, H., Yamashita, F., Hotta, K.,
Kondo, S., Okami, Y., Umezawa, H., litaka, ¥. Antibiot, 1984 37, 1491-1493.

%5 (a) Cui, C., Kakeya, H., Osada, H., Tetrahedr@96] 52, 12651-12666. (b) Cui, C., Kakeya, H.,
Osada, H.J. Antibiot, 1996 49, 832-835.
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2.1.2. Documented syntheses of 5-vinyl pyrrolidines

Because of their frequent existence in bio-activatural products and
therapeutic agents, 5-vinyl pyrrolidines are a maparsuit of synthetic organic
chemists. So far, a variety of different synthesmsard this structure, including
systematic methodology development and key transftions in total synthesis, have

been published.

Historically, assembly of 5-vinyl pyrrolidines byudeophilic addition to
pyrrolinyl iminium ions by -nucleophiles was the most common strategy. Pywybli
iminium ions are usually generated frommethoxy amides or carbamates by anodic
oxidations (Scheme 2.1) following either the RosefSon-Nyberg proceddfeor the
Kolbe-like anodic decarboxylation of N-acylated Ipres.*’ This strategy was
adopted by several research groups to synthesixgiovipyrrolidines. In 1990,
Wistrand and Skrinjar preparé¢chns-2,5-disubsituted pyrrolidines by stereoselective
addition of organocopper reagents to N-acyliminiom in the presence of BELO
(Scheme 2.2%° Pedregal and co-workers then expanded the scofiesé reactions,
and explained the stereoselective outcome by pnogosn N-acyliminium ions-
copper complex (Figure 2.23.In 1992, Biellmann and co-workers synthesized 5-
vinyl-L-prolines, which acted as potential prolidehydrogenase inhibitors from N-
methylcarbamate L-proline esters. In 2000, Moeled co-workers used anodic

amide oxidation combined with intramolecular redeetamination or ring-closure

46 (a) Shono, T.Tetrahedron1984 40, 811-850. (b) Eberson, L., Malmberg, M., Nyberg, Xcta
Chem., Scand., 198B37, 555-566. (c) Shono, T., Matsumura, Y., TsubataJKAm. Chem. Sac
1981, 103 1172-1176.

*"Horikawa, H., lwasaki, T., Matsumoto, K., MiyosM,, J. Org. Chem., 1978, 43, 335-337.

“8 Wistrand, L., Skrinjar, M.Tetrahedron1991, 47, 573-582.

49 Collado, 1., Ezquerra, J., Pedregal, £.Qrg. Chem 1995 60, 5011-5015.
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metathesis strategies to prepare lactam peptidonesneia 5-vinyl proline methyl
ester as the key intermediate (Scheme%.3).
Scheme 2.1Anodic oxidation of amide- or carbamate-protectaargdidines and

prolines

R
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N
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acid N Nu: N Nu

2e N ome 29| N :
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Scheme 2.2Synthesis ofrans-2,5-disubstituted pyrrolidines via organocopper

reagents to N-acyliminium ions

1. CICO,Me
H 2. MeOH/HCI COMe CO,Me
@,COOH 3. -2e/MeOH MeOWCOZMe RCUBFs R, @,COZMe
2a, R=n-Pr
2b, R=n-Bu
2¢, R=n-Hept

Figure 2. 2.Models of stereoselective addition of organocoppagents

50 (a) Beal, L.M., Liu, B., Chu, W., Moeller, K.DTetrahedron200Q 56, 10113-10125. (b) Tong, Y.,
Fobian, Y.M., Wu, M., Boyd, N.D., Moeller, K.DJ, Org. Chem200Q 65, 2484-2493.
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Scheme 2. 3Moeller’s anodic oxidation of amide/ring closing tahesis sequence

Transition metal-catalyzed amination reactions amether methodology to
prepare vinylpyrrolidines.APd-catalyzed amination/cyclizations: In 1981, Gekiie

and co-workers synthesized several vinylic 1-azaspclic compounds from
cyclohexenone using-allyl palladium catalyzed spirocyclization (Sche@d)> In
1990, Gallagher and co-workers developed a Pd(@lated asymmetric sythesis of
N-heterocyclic-substituted acrylates in the presefc80 in MeOH (Scheme 2.5j.
In 1991, they successfully applied this methodologwn enantioselective synthesis
of pumiliotoxin 251D> in which the indolizidine core with an exocyclitkene
moiety was efficiently constructed by the electitiph palladium-mediated
cyclization. Unlike Gallagher's methods, in whiclucteophilic amines added to
metal-activated allenes, Yamamoto and co-workeeli@ed a palladium-catalyzed
intramolecular hydroamination of allenes (Schent®.2nstead of Pd activation of

the -bonds, the metal complex coordinated with nitrodpfiore insertion to the

5! Godleski, S.A., Meinhart, J.D., Miller, D.J., Watlidael, S.V.Tetrahedron Letters1981, 22, 2247-
2500.

2 Fox, D.N.A., Gallagher, TTetrahedron199Q 46, 4697-4710.

3 Fox, D.N.A., Lathbury, D., Mahon, M.F., Molloy, &., Gallagher, T.J. Am. Chem. Sqc1991, 113
2652-2656.
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allenic double bond¥ In 1992, Katritzky and co-workers developed a guilim-
catalyzed allylic substitution reaction using benazole as a leaving group to
prepare vinyl pyrrolidine scaffolds (Scheme 2°7)The regioselectivity of this
transformation is regulated by the favorable entrop formation of 5-membered
heterocycles. In 2005, Yamamoto and co-workers Idpee a palladium-catalyzed
intramolecular N-alkylation to allylic halide orcalhol to makecis-5-vinyl proline
esters (Scheme 2.8)In 2013, Zawisza and co-workers reported an eoselgctive
synthesis of vinyl pyrrolidines via Pd(0)-catalyzettamolecular amination to allylic
carbonates (Scheme 2%9).
Scheme 2. 4Godleski’s synthesis of 6.7-unsaturated 1-azasyites

OAc

0
i steps @\/\/ 5% Pd(PPho)s
—_— H
Ot N.g, EtaN, MeCN

Scheme 2. 5Gallagher’s Pd(Il)-mediated cyclization toward ipyrrolidines
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NH R N +
CO, MeOH CO,Me CO,Me
Ph)\x CuCl, Ph)\x Ph)\X

X=Me, CO,Me, CH,OH, CO,NHMe, CH,NHMe

Scheme 2. 6.Yamamoto’'s palladium catalyzed intramolecular hyanination of

allenes
Il 5 mol% [(n3-CaHs)PdCI], I N
7 10 mol% dppf “H o N
100mol% AcOH N/I M-H insertion MLn -M
HN-R N — N — N-R

% Meguro, M., Yamamoto, YTetrahedron Letters998 39, 5421-5424.

% Katrizky, A.R., Yao, J., Yang, BJ, Org. Chem 1999 64, 6066-6070.

%6 Eustaache, J., Van de Weghe, P., Le Nouen, DhaigeH., Kabuto, C., Yamamoto, ¥.,0rg.
Chem 2005 70, 4043-4053.

5" Olszewska, B., Kryczka, B., Zawisza, Aetrahedron2013 69, 9551-9556.
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Scheme 2. 7Palladium-catalyzed preparation of vinylpyrrolidsieom N-

allylbenzotriazoles

1. n-BuLi, -78°C R3NH,, DMF
Rq 2.BrCH,CHR,CH.CI R, Bt R, K2CO3, 80°C_ Ry ot R
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Ry=H, CHs, CgHsCH 1=R2 ToOH
1=H, LHg, LeMsLH2 R4=H, R,=CHs K2CO3/MeOH
Bt=benzotriazole R1=CH3, R=H
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\
Rs

Scheme 2. 8Palladium and silver-catalyzed hydroamination dflial halidse or

alcohols
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Scheme 2. 9Pd(0)-catalyzed allylic amination of allyl carboest

1. DIBAL-H, DCM, -78°C
DIBAL-H, Et20, 0°C

2. PhaP=CHCO,Et, DCM, r.t. OH
NN
Br” " CO.,Et 3 2 BrWCOQEt — = Br Z
R4OCOCI
pyridine, DCM
0°C-r.t.
\p Pds(dba), TsNHNa, TsNH; 0COR
-llganas =
N - Pleands NSNS OCOR,  DMSO.60°C g\ NN OCOR

Ts
B Ag-catalyzed amination of allenes: In 1983, Argadis and Gore reported
the selective formation oE-vinyl pyrrolidine from -allenic secondary amines by
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AgNO;s-promoted cyclization (Scheme 2.18)From 1987, Gallagher and co-workers
reported comprehensive studies on Ag(l) catalyzextesselective synthesis of
functionalized 5-membered azacycles from proteattsthic amines (Scheme 2.7°F).
59 AgBF, was found to be the most efficient catalygst-2,5-disubstitued pyrrolidines
were the predominant products due to the bullkefN-protecting groups. They then
extended the research to asymmetric preparatiomgf pyrrolidines by electrophile-
mediated cyclization from allenic amines with chpeotecting groups. In 1991, they
reported this methodology in a synthesis towardada A. In 2005, Yamamoto and
co-workers also developed a silver-catalyzed intdacular allylic amination to form
trans-5-vinyl proline esters selectively.

Scheme 2. 1(Silver-catalyzed intramolecular hydroamination lké@es

0, %
% % %:% ; % ; 2 87
== M %% : % ; )0 28
% K % ;% ; % ;)0 !
% \ % ;% ;0 % ; 22
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Scheme 2. 11Gallagher’s development of silver catalyzed intrégnolar amination

to allenes
Et0,C” > IN tBUOK, THF, -78°C, 5min ﬂo conditions /4—\\.
Ph then 5-bromopenta-1,2-diene EtOC |N = EtOL7 Ny =

|
Ph R
AgBF4 (0.1-1.0 equiv)
L N7 Y/ G 0.5
E0,C™ N W EtOZC““'Q‘/ DCM, 20°C, 0.5-4h
|
R R

when R#H, cis: trans > 50 : 1

C Other transition metal-catalyzed hydroaminatioglization: In 1997,

Marks and co-workers developed an organolanthamie@iated hydroamination and

%8 Arseniyadis, S., Gore, Jetrahedron Lettersl983 24, 3997-4000.

%9 (a) Kinsman, R., Lathbury, D., Vernon, P., Galleghr.,J. Chem. Soc., Chem. Commui987,
243-244. (b) Huby, N.J.S., Kinsman, R.G., Lathb@y,Vernon, P.G., Gallagher, TJ. Chem. Soc.,
Chem. Commun199], 145-155.(c) Davies, |.W., Gallagher, T., Lamdd3., Scopes, D.I.CJ. Chem.
Soc., Chem. Commuyni992 335-337.
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cyclization strategy to synthesizevinyl pyrrolidines as the major products using
aminoallenes as starting materials (Scheme ﬁ?IEI)e reaction proceeded through
insertion of the N-lanthanoid metal bond into théernal allenic C-C double bond.
Diastereoselectivity arises from minimization oferst interaction between the
methylenes of the amino allene and the bulky Cgands. In 2005, Helmchen and
co-workers published a highly enantioselective lsgaes of trans-2,5-divinyl
pyrrolidines by intramolecular allylic amination talyzed by a complex of
phosphorus amidites and [Ir(COD)&lScheme 2.13)In 2008, Okamoto and co-
workers found that intramolecular hydroaminatioralienes can also be promoted by
copper salts, such as CuCl, CyChnd Cu(OTf) (Scheme 2.14%% In 2011,
Widenhoefer and co-worker developed a AuCl and AgSlko-catalyzed
intramolecular amination of chiral allylic alcohwlith alkylamines and carbamates
(Scheme 2.15%°

Scheme 2. 120rganolanthanide-catalyzed intramolecular hydroation

% Ln-CH(TMS),
H
H2N X
PR U
R

cis-selective

% Arredondo, V.M., McDonald, F.E., Marks, T.J.,Am. Chem. Sqcl998 120, 4871-4872.

1 \Welter, C., Dahnz, A., Brunner, B., Streiff, Sytibn, P., Helmchen. G. Org. Lett., 2005, 7, 1239-
1242.

2 Tsuhako, A., Oikawa, D., Sakai, K., Okamoto, ®trahedron Letter2008 49, 6529-6532.

83 (a) Mukherjee, P., Widenhoefer, Grg. Lett, 2011, 13, 1334-1337. (b) Mukherjuee, P.,
Widenhoefer, RAngew. Chem. Int. EXR012 51, 1405-1407.
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Scheme 2. 13ntramolecular Ir-catalyzed allylic amination
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Scheme 2. 14Copper-catalyzed intramolecular hydroaminationlieinglamines
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Scheme 2. 15Gold (I)-catalyzed intramolecular amination of &ttyalcohol
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In addition to nucleophilic addition to pyrrolidihyminium ions and transition
metal-catalyzed intramolecular aminations, sevethker protocols have also been
documented make vinyl pyrrolidine compounds. In 3,98shima and co-workers
reported a synthesis of vinyl prolines via palladipromoted rearrangement of
dienylaziridine (Scheme 2.18‘3.In 1990, Bernotas developed a one-pot strategy for
the formation of polyhydroxylated vinyl pyrrolidieevia a reductive elimination-
reductive amination tandem reaction from bromopsig® (Scheme 2.175.In 2012,

Stahl and co-workers reported chiral synthesis efulfinyl vinyl pyrrolidines via

64 Fugami, K, Morizawa, Y., Oshima, K., Nozaki, AHigtrahedron Letters1985 26, 857-860.
65 (a). Bernotas, R.C., Ganem, Betrahedron Lettersl 985 26, 1123. (b) Bernotes, R.C.,
Tetrahedron Letters1990,31, 469-472.
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palladium-catalyzed aerobic oxidative cyclizatioh tethered olefins under an,O
atmosphere (Scheme 2,8)The reaction was used to construct common presirso
of tropane alkaloids. In 2005, Carreira and co-workeported a total synthesis of
spirotryprostatin B, in which a vinylic-pyrrolidifygpirooxindole core was contructed
by ring expansion of vinylic cyclopropane (Schem#92°®’ In 2008, Avenoza and
Buston developed a ring-opening-closing metathetsétegy to prepare a various of
2.5-divinylic prolines (Scheme 2.26.[3+2] dipolar cycloaddition of azomethine
ylides was also used to prepare vinyl pyrrolidimaffolds. Those reactions were
promoted either by protic acid or organocatalySsheme 2.215° which afforded
mixtures of stereoisomers.

Scheme 2. 162d(0) promoted rearrangement of 1,3-butadienyldiag to vinyl 2H-

pyrrole

R
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\

Pd(PPh N
RSN N1 T9PPhas R=H, Ph, C3H;
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Scheme 2. 17Synthesis of polyhydroxylated pyrrolidines via retive elimination-

reductive amination as key steps
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56 Redford, J.E., McDonald, R.I., Rigsby, M.L., WiehsJ.D., Stahl, S.®rg. Lett, 2012 14, 1242-
1245.

57 Marti, C., Careira, E.EJ. Am. Chem. So@005 127, 11505-11515.

68 Carreras, J., Avenoza, A., Buston, A.H., Peregidrd.,J. Org. Chem2009 74, 1736-1739.

% Vicario, J.L. Reboredo, S., Badia, D., Carrillo, Angew. Chem. Int. E®2007, 46, 5168-5170.
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Scheme 2. 18Synthesis of vinyl pyrrolidines via aerobic oxideticyclization of

alkenes
0.../Bu
$ Pd(TFA), (10 mol%) O._/Bu
Nu,, NH LiOAc, 3A MS, DMSO S
50°C, O, (1atm) Nuo N
X { ) \/R
R >20:1 dr

Scheme 2. 19.Construction of vinyl pyrrolidine core by ring expaon of

cyclopropanes

Me
/
e + Q_g: 2mol% Rha(OAG)s TsN/ Ph
90% 0 20 20 mol% Mgly, Mg,
N THF,80°C, 47%
Scheme 2. 20Avenoza & Buston’s ROCM process to make 2,5-divimprolines
Boc R=-CO,Me
N Grubbs catalyst Il Boc -pFPh
AR , NC ) e o N_IT R coMerh
R 114, oy 1, o _Ph
/ s come 7 COMe  omeph
MeO,C -SPh

Scheme 2. 21Synthesis of vinyl pyrrolidine by organocatalyzedatar

cycloaddition

(e} prh OHC/”‘
N Ph / CO,Et
WNY002Et . /\)LH AR w“dcoz .
CO,Et 4 equiv. H;0 J/ N 2
THF, 4°C

2.2Inspirations from previous research in the Waters goup

During our development of the 2-aza-Cope-rearramge8+2] dipolar
cycloaddition protocol, we discovered that treatihg initial imines generated from

homoallylic amines and ethyl glyoxylate with AgOAad EtN led to the formation
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of metallated azomethine ylides, which could beped by electron-deficient olefins
to form pyrrolidine products via a [3+2] dipolar atgaddition (Scheme 2.22). The
formation of azomethine ylides from unrearrangednés was attributed to the
increased acidity of the benzylic protons upon dowtion of the imine with the
Lewis acid. The activated benzylic protons becaaseg to remove by mild organic
bases, like EN.

Scheme 2. 22[3+2] dipolar cycloaddition with azomethine ylidédsrmed from

unrearranged imines
N\
J L% :
A N T NS S |
)0 X + 55 )0 \E/
)0

2.3Development of a new entry to azomethine ylides fro benzylic and allylic

amine and glyoxals

Drawing on those previous discoveries, we realitted this method would
circumvent the reliance on-amino esters as ylide precursors, and we decided t
investigate this methodology for ylide formation mmocomprehensively. Bearing
acidic -carbonyl protons, amino esters are classicallyleyen in the formation of
ester-stabilized azomethine ylides via 1,2-profrer metallation/deprotonation
process. We postulated that benzylic and allylianasy which also have acidic
hydrogens, would also condense witlilicarbonyl compounds to form azomethine
ylide precursors. Chelation established by Lewis @oordination between the ester
and imine moieties would lower the pKa of the bdiazgr allylic protons, which
without coordination are beyond the reach of mogaoic bases. A mild amine base

would therefore be sufficient to permit deprotooatand formation of the azomethine
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ylide. Subsequent dipolar cycloaddition with a d#pophile would afford pyrrolidine
scaffolds bearing an alkenyl moiety for furtheustural advancement (Scheme 2.23).

Scheme 2. 23Proposed [3+2] dipolar cycloaddition with azomeéhydide

COR,

H (0]
H o \ /) . 'YI _____ |o EWG_EWG R, N
T, e b B
o0“ >R R Base 2
2 1 EWG EWG

R4=Ar or Allyl
R2=Ar or Alkyoxy

Control experiments to access azomethine ylidesoutir classical
metallation/deprotonation process were also attedift Glycine methyl ester,
acrolein, AgOAc, EN, and phenyl maleimide were reacted, but resuftedcomplex
mixture with no observable cycloadduct. In additiatiempts to preform the imine by
condensing glycine methyl ester with acrolein filenly leading to intractable
mixtures. These observations may be attributedtopetitive reactions, such as 1,4-
conjugate addition of the amine to the -unsaturated aldehyde. The labile imine
arising from glycine methyl ester and acrolein vebalso undergo decomposition and
polymerization (Scheme 2.24).

Scheme 2. 24.Competing processes with the use ceBmino esters and, -

unsaturated aldehydes toward azomethine ylides

[0} ylide M- H 1%
1,2-addition N
formation [3+2]
= +
/\f HzN\)J\OMe_rI—’ /\( 7)\ /\( j)\om /\S_Z)%Me

conjugate X Y
addition competlng as
dipolarophile

OHC

(\/N\)LOMe Y\/N\)J\OME /\SE?)( OMe

H OHC

Therefore, the feasibility of reaching ylide thrbudhe new logic was
investigated. The enhanced electrophilicity of th&lehyde on -dicarbonyl
compounds, such as ethyl glyoxylate would promaggd imine formation, thereby
satisfying the first criterion for azomethine ylidermation. Pre-formation of the
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imine was proved by a NMR-tube control reaction hwillylamine and ethyl
glyoxylate in CDC4, which revealed that clean glyoxylimine formatiwas achieved
within 10 minutes. Gratifyingly, addition of 4, a catalytic amount of AgOAc, and
phenyl maleimide into the imine solution effectezbmethine ylide formation and
cycloaddition within 24 hours at room temperaturee desired 5-vinyl proline ester
was delivered as one diastereomer. The reactiVityeozylamine, which possesses
acidic protons, was also examined in a same marndeed, azomethine ylide
generation and [3+2] dipolar cycloaddition providékde expected pyrrolidine
product’® Prior to our work, azomethine ylides were generata the imines of
secondary benzylic amines and glyoxylates under tdrmal, prototropic condition,
which provided mixtures of stereocisomers with pselectivity*

The reaction conditions were then optimized by gsiwo equivalents of
glyoxylimine relative to the dipolarophile to avdide unfavorable conjugate addition
of pyrrolidine nitrogen onto phenyl maleimié&Reactions in different solvents, such
as MeCN, THF, and PhMe gave comparable yieldshep were selected according
to substrate solubility. The rationale for the highels of stereocontrol is threefoll:
an energetically favorable ylide conformation inig¥hallylic 1,3-strain is minimized,
thereby situating the vinyl or aryl groups as dagac (Scheme 2.25)b. a
conformationally rigid, W-shaped vylide geometry dingh metal chelationgc.
favorable endo transition state established between the azonetlyiide and

dipolarophile.

° This work was performed by Natalie M. Machamer

" (a) Ardill, H.; Fontaine, X.L.R; Grigg, R; Henders, D.; Montgomery, Jletrahedron199Q 46,
6449-6466. (b) Grigg, R., Rankovic, Z., ThomtoneRtel., Somasunderam, Al.etrahedron1993 49,
8679-8690.
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Scheme 2. 250riginsof stereoselectivity in azomethine ylide formataom

cycloaddition

Ag--0 2 ] N7
g ----- Ag """ R-l | R
\ | NIRRT [3+2]
/\—r'ﬂﬁ/koR - . R%E/.E/H —_— OEt
H) (H R—"H ROR
allylic 1,3-strain endo approach

minimized

To further understand the generality of this reactwhich can access
pyrrolidines beyond the reach of classical protecele next investigated the scope of
the electrophilic component with a variety of atyhnd benzylic amines. Based on
our success with ethyl glyoxylate, we hypothesizkdt additional -dicarbonyl
systems such as arylglyoxaldehydes and heterogoWaldehydes, each bearing
functional groups available for both imine condeimsa and metal coordination,
should meet the criteria for azomethine ylide faioraand would react accordingly.
Phenyl glyoxal was first selected, which was sysitted via a known procedure from
acetophenone. Gratifyingly, its ability to furniahomethine ylides upon condensation
with amines was successfully demonstrated. Gooekéellent yields were obtained
for phenyl glyoxal as electrophile with all allylend benzylic amines. The desired
cycloadducts were isolated as one observable diaster.

Indole glyoxal was next investigated as our spedaifierest in this electrophile
centers on its anticipated utility in alkaloid tosynthesis. In either MeCN or THF,
good to excellent yields were again achieved foemtries. Absolut@ndoeselectivity
was again observed for each substrate. N-methglenglyoxal was used to generate

the azomethine ylide with prenyl amine due to inbdity of its des-methyl analog.
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Table 2. 1.Substrate survey of phenyl glyoxal as thdicarbony! electrophile

0O

OH
OH

20

+

R

N

38

H O

R N
AgOAC/EtsN
_—
solvents, r.t.
24h o o



Table 2. 2.Substrate survey of indole glyoxal as thdicarbonyl electrophile

H (0]
o R N
H = AGOAC/EtN :
\ + Rz/\NHz + OAO 9 3 [
o} N solvents, r.t. 0 N

N Ph 07N R

Rq Ph
33.R=H
34, Ri=Me

39



Isatin was also tested as an electrophile withliallgr benzylic amines and
phenyl maleimide for the [3+2] dipolar cycloadditioUnfortunately, a mixture of
these three substrates in dry toluene did not éffoe desired cycloadduct (Scheme
2.26). We also tried to preform the imines betwsatin and amines at either room or
elevated temperature, into which AgOAgMtand phenyl maleimide were added
after a certain amount of time (5-24 hours). Thestions also failed to yield any
pyrrolidine products.

To increase the solubility and activity of isatieritved azomethine ylides,
different protecting groups were attached to tladinsnitrogen to affordN-tosyl, N-
benzyl, and\-methyl isatin derivatives (Scheme 2.26Yhese compounds were then
treated with allylic or benzylic amines to form azethine ylide precursors. No
fruitful results were obtained in formation of ires from N-protected isatins or
following ylide generation and [3+2] dipolar cyctisition.

Scheme 2. 2g§3+2] dipolar cycloaddition of isatin-derived azotii@e ylide withN-

phenyl maleimide

0]
(0] H
n AgOAC/EtsN N
NH MeCN, r.t.
N Fl’h R
R
(0] l}l (0]

39. R=H
40. R=Me Ph
41. R=Ts
42. R=Bn

In summary, we presented the first examples of igeimg azomethine ylides

from benzylic and allylic amines with glyoxylateadaglyoxals, which relieved the

2 For preparation df-Ts isatin: Tomchin, A.B., Krylova, |.MJournal of Organic Chemistry USSR
(English Translation)1986 22, 2173-2186. For preparation NfBn isatin, (a) Overman, L. E.,
Peterson, E.ATetrahedron2003 59, 6905-6919. (b) Allous, I., Comesse, S., SanseWhgDaich, A.,
Eur. J. Org. Chem2011, 27, 5303-5310. For preparation fMe isatin: Itoh, T., Tatsugi, J., Tomioka,
H., Bulletin of the Chemical Society of Japaf09 82, 475-481.
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reliance on amino acid esters for the formatioswath important ylide intermediates.
We also demonstrated that these 5-vinylpyrrolidiwese not readily accessible from
classical methods of generating azomethine ylid8sexamples provided good to
excellent yield of product as single diastereomeEsdforts toward catalytic,

asymmetric variants and applications in alkaloidaltosynthesis are currently

underway.
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Chapter 3

Application of novel azomethine ylide dipolar cycladdition: study toward total

synthesis of borrecapine

3.1lsolation of borrecapine

Borrecapine (Figure 3.1) was isolated and charaetin 1977 by Jacquemin
and co-workers fronGuyanese Borreriapecies as a yellow crystdlthe melting
point of which was 203-205 °C. It possesses biallly activities such as anti-tumor
properties. There is no reported total synthesiterto date.

Figure 3. 1.Borrecapine

3.2Proposed retrosynthetic route #1 toward borrecapine

We envisaged that borrecapine could be prepared &acyl pyrrolidine43
via a Wittig-like olefination reaction. In turn, egpound43 could be accessed from 3-
acyl-4-tosyl-pyrrolidine by reductive desulfonylati reactions. The key intermediate
would be assembled using our recently developednattone ylide generation and
[3+2] dipolar cycloaddition from imind6 and E)-sulfonyl methacroleid5. Imine

componen#6 can easily be obtained from the indole glyo%aland 3-methylbut-2-

73 Jossang, A., Louis Pousset, J., Jacquemin, He GayTetrahedron Letters 977 18, 4317-4318.
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en-1-amine (prenyl amine). The indole glyoxal cam $ynthesized through an
established procedure of Friedel-Crafts reactiahrdusSnH reduction.

Scheme 3. 1Proposed retrosynthetic route #1 toward borrecapine

= desulfonylatlon

Tebbe olefination

[3+2] dlpolar 44
cycloaddition

3.3Forward Synthesis #1 toward borrecapine

3.3.1. Synthesis of indole glyoxal 47
To a solution of indole in anhydrous diethyl ethers added freshly distilled
oxalyl chloride (1.2 equiv.) The resulting yellowystalline solid acid chloridé0 was
isolated by filtration, and washed with cold didtather. Acid chloridé0 was treated
with 1 equivalent of tributyltin hydride in ethykcatate to provide aldehyd¥ as a
light yellow solid (Scheme 3.2).
Scheme 3. 2Synthesis oN-H indole glyoxal
Cl)klra
\ w BusstH W
” Et20 4h EtOAc, 75%

0°C-r.t. 96%
49

3.3.2. Sulfonyl dipolarophiles in dipolar cycloadditions
3.3.2.1[3+2] dipolar cycloaddition of azomethine ylide wih sulfonyl
dipolarphiles
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Sulfonyl substituted dipolarophiles have drawn recattention due to their
high electron deficiency and functional transfonoatversatility. Moreover, being a
stronger electron-withdrawing and a more easilyaeaible substituent compared to
carbonyl groups, sulfonyl moieties can direct tegioselectivity of [3+2] dipolar
cycloadditions of azomethine ylides with sulfongindates which lead to formation
of 2,3-dicarboxylic ester pyrrolidine molecules.

In 1988, Kobayashi and co-workers prepared a tnifimethylated pyrrolidine
from N-benzylideneglycinate and 1-phenylsulfonyd,;3;trifluoropropene via [3+2]
dipolar cycloaddition in the presence of LDA at -78 (Scheme 3.3} In 1989,
Grigg and co-workers used vinyl sulfones to reaith glycine imino esters catalyzed
by LiBr or AgOAc in the presence of #& in DMSO (Scheme 3.4Y. In 2008,
Fukuzawa and co-workers developed a higiXgselective and enantioselective [3+2]
dipolar cycloaddition of azomethine ylides with win sulfones using a
CuOAc/ClickFerrophos complex as a chiral cataly@theme 3.53° Shortly after,
Wang and co-workers developed andoselective asymmetric synthesis of
pyrrolidine scaffolds through [3+2] dipolar cyclafiion using AgOAc and chiral
ligand TF-BiphamPhos (Scheme 3’6)n 2012, Sansano and co-workers developed
another enantioselective azomethine ylide dipolgcloaddition with disulfonyl
olefins using BINAP-silver salts as chiral catasyé8cheme 3.7F They then applied
this methodology to the synthesis of key precursbigispine and harmicine, as well

as GSK 2 generation inhibitors of hepatitis C virus. In 20Kudryavtsev and co-

4 Taguchi, T., Tomizawa, G., Kawara, A., Nakajima, KMobayashi, Y.Journal of Fluorine
Chemistry 1988 40, 171-182.

S Barr, D.A., Gregory, D., Grigg, RJ, Chem. Soc., Perkin Trans1989 1550-1551.

® Fukuzawa, S., Oki, HQrg. Lett, 2008 10, 1747-1750.

L Tong, M., Li, J., Tao, H., Li, Y., Wang, GCChem. Eur. J.2011, 12922-12927

8 Mancebo-Aracil, J., Martin-Rodriguez, M., Naje€a, Sansano, J.M., Costa, R.R.R., Lima, E.C.,
Dias, A.G.,Tetrahedron: Asymmetr2012 23, 1596-1606.
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workers developed a facile aromatization to conw&itbromo-4-phenylsulfonyl
proline esters, which were made from phemydromovinyl sulfones and azomethine
ylides, into corresponding pyrroles (Scheme £8).

Scheme 3. 3Kobayashi’'s [3+2] dipolar cycloaddition of azomethiylide with

trifluoromethyl phenylsulfony! dipolarophile

H
FC . @ LDA, -78°C N__co.Et
3 \/\Sozph /N\/COZEt W 2
PhO,S  CFs

Scheme 3. 4Grigg’s tandem Michael addition-[3+2] dipolar cyafidition with

divinyl sulphone

. A S
ArAN/\X + /\S/k LiBr, Et3N
0O, MeCN, r.t. X >
Ar N Ar N
X
H

X=CO,Me, Ar=2-naphthyl
X=CO,Me, Ar=p-MeOCgH,4
X=CN, Ar=2-naphthyl
X=CO,Me, Ar=p-NCCgHy4

Scheme 3. 5Fukuzawa’s enantioselective synthesis of 4-pheifgisyl pyrrolidines

Me
PhO,S \\/ Fe "PPh,
SO CuOAc

Ph . N
N 2PN ClickFerroph 7 \ -
Ph/\N/\COZMe * :/ m Ph\\\" "II/CO M 'Tll PPh2
ether, -40°C, 24h H Me  N_/

up to 99% ee Ph
ClickFerrophos

I Kudryavtsev, K.V., lvantcova, P.M., Churakov, A.Vasin, V.A.,Tetrahedron Letter2012 53,
4300-4303.

45



Scheme 3. 6Wang’s asymmetric [3+2] dipolar cycloadditions @oaethine ylide

with -sulfonyl acrylates

CF3
Br
CO,Me
SO,Ph 2 MeO,C, ,SO,Ph O
| 2 . [ AgOAC/TF-BiphamPhps FsC NH,
=N FsC NHPPh,
CO,Me ( Et3N, r.t. 30min Ar N CO,Me
Ar H
Br
CF3

TF-BiphamPhos
Scheme 3. 7Sansano’s enantioselective [3+2] dipolar cycloaddiof azomethine

ylides with disulfonyl olefin

R1 SOZPh . PhOZS \SOZPh
(Sa)-Binap/AgClO,4 S
PPN — R
Ar” "N” "COR, Et:N, PhMe or THF, r.t.  » ~CO.Me
SO,Ph  48h N 2
R,=H, Me, Bu!
R,=Me, iPr

Scheme 3. 8.[3+2] dipolar cycloaddition of azomethine ylide titphenyl -

bromovinyl sulfone

&@WW@«U\« @/@\«

M +‘
%

Carretero and co-workers did a comprehensive stafiyinyl sulfone
dipolarophiles in [3+2] dipolar cycloadditions wiizomethine ylides, and subsequent
phenylsulfonyl group transformations. In 2006, tlimscribed a general protocol for
enantioselective [3+2] dipolar cycloaddition of amthine ylides and vinyl sulfones
promoted by Cu(CECN),ClO4/Taniaphos as the catalyst system (Scheme®3®je

resulting cycloadducts were then converted into-désbhibstituted pyrrolidines by

8 jamas, T., Arrayas, R.G., Carretero, J@xg. Lett, 2006 8, 1795-1798.
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reductive desulfonylation. In 2008, they descriheing bis-sulfonyl ethylene as a
masked acetylene equivalent in enantioselectiv@][8ipolar cycloaddition catalyzed
by a Cu(l)/Fesulphos system (Scheme 3%0The chiral Cu(CHCN)PFR/(R)-
Segphos chiral ligands catalyst was also demomsiray the research group to
efficiently provide 4-phenylsulfonyl pyrrolidines excellentexodiastereoselectivity
and enantiocontrof> They were able to selectively accee%o- or endo-
multisubstituted pyrrolidines using Segphos-basgand-controlled Cu(l)-catalyzed
asymmetric [3+2] dipolar cycloaddition of azomethiylides with -phenylsulfonyl
enones (Scheme 3.1%)In the same year, they reported a pyrrole andpiigole
synthesis via sequential [3+2] dipolar cycloadditiof azomethine ylides with
sulfonyl dipolarophiles/basic elimination/oxidatistrategy**

Scheme 3. 9.Cu(l)/Taniaphos-catalyzed [3+2] dipolar cycloadufiti with vinyl

sulfones
SO,Ar 1. recryst.
SOA S 2. Mel
AT ~. —~_ Cu(l)-Taniaphos D‘ 3. Na(Hg) D‘
W * MeOLTNTTR T T Meo,cm N TR T T Me0,c” R

H H

81 Lopez-Perez, A., Adrio, J., Carretero, JxAm. Chem. Sq2008 130, 10084-10085.

82 Gonzalez-Esguevillas, M., Adrio, J., Carreter@, JChem. Commui2012 48, 2149-2151.

8 Robles-Machin, R., Gonzalez-Esguevillas, M., Addig Carretero, J.CJ, Org. Chem 201Q 75,
233-236.

84 Robles-Machin, R., Lopez-Perez, A., Gonzalez-Esifjas, M., Adrio, J., Carretero, J.GCChem. Eur.
J.201Q 16, 9864-9873.
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Scheme 3. 10.Cu(l)/Fesulphos-catalyzed [3+2] dipolar cycloaduiti with bis-

sulfonyl ethylene

CO,Me @f"'B”
/Nl R, + J|/SOZPh (R)-Fesulphos Fe PPh,
—_——
Cu(MeCN)4PFg "
R Rg PhO,S EtsN, THF, 5h, r.t. N
Fesulphos
Na(Hg), NagHPOy4,
MeOH/THF

MeO,C,, /7 \ «Ry
sz@‘ R;

Scheme 3. 11Cu(l)-catalyzed, ligands-dependant diastereosekedB+2] dipolar

cycloaddition with -phenylsulfonyl enones

(0]
0]
h R)J\/\so Ph J/O sopn € O
Cu(iyL? 3 2 cupr! ReT7% RZ o] PAr,
B — —— 2
PA.
R1\¢NYCOZMe Ry I':‘I CO,Me (O O 2
[e]
Ra endo
Ar=Ph, L

Ar=4-MeO-3,5-(t-Bu),CeHy, L2

The [3+2] dipolar cycloaddition of azomethine @&l with sulfonyl olefins
has also served as key steps in the synthesig g@ittolidine core of natural products
and bioactive small molecules. In 2006, Gin andwookers constructed the
pyrrolidine moiety of the anti-leukemia alkaloig-eoxyharringtonine by the [3+2]
dipolar cycloaddition of phenyl vinyl sulfone witdin unstabilized azomthine ylide
generated fromO-acylation andC-desilylation (Scheme 3.1% In 2010, Laha
reported a total synthesis of tropinone which fesduthe formation of its 8-
azabicyclo[3.2.1]octane skeleton by [3+2] dipolacloaddition of an endocyclic non-

stabilized azomethine ylide with phenyl vinyl suleo(Scheme 3.13.

85 Eckelbarger, J.D., Wilmot, J.T., Gin, D.YJ.,,Am. Chem. Sq2006 128 10370-10371.
8 | aha, J.K.Chemistry of Natural Compound01Q 46, 254-256.
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Scheme 3. 1XKey steps in Gin's total synthesis of (-)-deoxyagtonine

0 Sille. 0 0
{ " L= | o L
) SO,Ph / -
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Scheme 3. 1Xey steps in Laha’s total synthesis of tropinoraklids
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Me Me H O\)

3.3.2.2Synthesis of sulfonyl methacrolein dipolarophile

According to literature procedur&&sulfonyl methacrolein was synthesized
originally from 2-methyl allyloromidés1, which was converted to 2-methyl allylic
tosylate 52 via SN2 substitution with sodiunpara-toluenesulfinate. The alkene
moiety was then epoxidized usimCPBA to form epoxideb3. The epoxide then
underwent a base-mediated ring opening followedhiggirolysis to form allylic
alcohol 54, which was then cleanly oxidized to the sulfonythacrolein55 using
MnO, (Scheme 3.14).

Scheme 3. 14Synthesis of sulfonyl methacrolein dipolarophile

NaSO,PhMe mCPBA
)\/Br — T )Vsozpmvle — SO,PhMe
MeOH, reflux DCM, reflux, (@)
51 24h 52 24h 53
1.MeLi/LiBr H\/SOZPhMe N2 > - SO,PhMe
2.H,0 I
2 OH DCM, 24h 0
54 55, 62%

8 Najera, C., Yus, M.J. Org. Chem 1989 54, 1491-1499.
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3.3.4. Model studies of [3+2] dipolar cycloaddition of alylic imino esters with

sulfonyl methacrolein

With the sulfonyl methacroleiB5 in hand as dipolarophile, model studies for
[3+2] dipolar cycloadditions of azomethine ylideser@ next explored. Initially,
allylamine 21 and ethyl glyoxylat&s6 were chosen based on commercial availability
to form the azomethine ylidé&8 after chelation with a catalytic amount of
AgOACc/PPh and deprotonation by #4. Unfortunately, no cycloadducts were found
after 24 hour stirring at room temperature and sgbent standard aqueous work-up
and concentration.

Indole glyoxal 47 was then used instead of ethyl glyoxylate to form
azomethine ylideés0 with allylamine under the same reaction conditiohiempted
[3+2] dipolar cycloaddtion with sulfonyl methacrwiestill did not produce any
desired pyrrolidine products (Scheme 3.15).

Scheme 3. 153+2] dipolar cycloaddition of azomethine yli&8 & 60 with sulfonyl

methacrolein dipolarophil&5

O 0 Ag |O
THF AgOAC/PPha/EtsN \
/\/NHZ + H)J\”/OEt_> /\/NJOEt s /\_/[}lk/l\OEt

lo) 15min

21 56 57 58
substance which are | H7>=/SOQPhMe
not able to be identified g
9=

H i Q AgOAC/PPha/EtsN Ag—
C
A NH, THKFQ&,/\/N\ e
o) 15min | NH
NH

N
21 47 59 60

At this stage, we attributed the lack of reactivitly our allylic azomethine
ylide with sulfonyl methacrolein to either the imopatibility of the aldehyde
functionality to the basic reaction conditions @dehyde peaks were noticed'H-

NMR of crude products) or the lability of the sulfd methacrolein compound in the
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presence of AgOAc and {i, or a lack of electron-deficiency in the designed

dipolarophile.

3.3.5. Synthesis and application of acetal protected sulftyl methacrolein

In order to preserve the aldehyde function for rlateanipulations, we
protected the group by converting it to the coroesiing acetal with ethylene glycol
(Scheme 3.16). The desired product was isolategiamtitative yield with no further
purification necessary.

Scheme 3. 1&rotection of aldehyde functionality with ethyleglgcol

(0]
OHC Y <\
PPTS, benzene
55 61

reflux, (quant.)

We next used the protected dipolaroplilein the [3+2] dipolar cycloaddition
with azomethine ylid&8 under the same conditions. Still no desired cydoat was
found and61 was recovered quantitative($$cheme 3.17).

Scheme 3. 17[3+2] dipolar cycloaddition of azomethine ylide8 with acetal-

protected sulfonyl methacrolein.

AgOAC/PPh;

0 o}
Ns COEt + <\ (10mol%) substance 4 {
g OAW/\SOzPhMe "N Meon  Notidentified 07 SO,PhMe
57 61

24h
~100% recovery

3.3.6. Synthesis of sulfonyl methyl methacrylate dipolaropile

In order to increase the reactivity of the sulfodipolarophile and mask the
aldehyde functionality, we decided to further oxalithe aldehyde substituent to an
ester. We first used previously synthesized sulfamgthacrolein55 as starting

material which was treated again with Mni@ the presence of NaCN in AcOH and
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MeOH 28 A mixture of starting aldehyde compound and résglinethyl ester product
was isolated even after an extended period of &melevated reaction temperature
(Scheme 3.18).

Scheme 3. 180xidation of sulfonyl methacrolein with MfNaCN

MnO,, NaCN
OHC OHC
W/\SOzPhMe ACOH/MeOH W/\SOzPhMe 4+ MeOOC A g0,phMe
rt for 48h, then
55 50°C for 24h 55 62

With this in mind, we adopted another rofiteo 62 which started from
methyl methacrylat®&3. After stirring with sodiumpara-toluenesulfinate and iodine
for 3 days at room temperature, methyl methacryleas transformed to quaternary
iodo-intermediate64 via iodosulphonylation. Compoun@4 was then efficiently
converted to the desired tri-substitutedns-olefin 62 via dehydroiodination under
basic conditions (Scheme 3.19).

Scheme 3. 19Synthesis of sulfonyl methyl methacrylate via

iodosulphonylation/dehydroiodination

I
NaSO,PhM CO,M \)\
2\ ST MePhO,S e BN MePROSF N come
CO,Me 1, DCM, 3d DCM, 3h
63 64 ’ 62,91%

3.3.7. Model study of [3+2] dipolar cycloaddition of allylic imino esters with

sulfonyl methyl methacrylate

Sulfonyl methyl methacrylaté2 was then used as the dipolarophile in the
[3+2] dipolar cycloaddition of allylic azomethinéide 58 generated from allyl amine
and ethyl glyoxylate under same reaction conditiodsscribed previously

(AgOAC/PPR/EtN). Pyrrolidine cycloadducs5 was isolated after 24 hours stirring

% Ono, T., Tamaoka, T., Yuasa, Y., Matsuda, T., Naikd., Wakabayashi, SI, Am. Chem. Sqc
1984 106, 7890-7893.
8 Najera, C., Baldo, B., Yus, MJ, Chem. Soc. Perkin Trans1888 1029-1032

52



at room temperature (Scheme 3.20), the structuvehiih was confirmed bjH, *°C,
2D-COSY NMR studies (Figure 3.2).
Scheme 3. 20[3+2] dipolar cycloaddition of azomethine ylide8 with sulfonyl

methyl methacrylaté2

CO,Et
CO,Et O -OFEt HN
ANy OYCOZEt P N/) A:tO:CI_’PPhS A/9+j =~/ ["_-S0,PhMe
0.5h 3 - MeOC v—9U
H \) v’\r 2Co P s0;Phve CO,Me
21 56 57 58 65, 38%

Scheme 3. 21Competitive isomerization of sulfonyl methyl methdate.

& H"
MeO.C BN MeO;C._op SO }
2 W/\SOZPhMe v a/‘}g — Meozc\ﬂg\é‘O — MeOZC\H/\SOQPhMe
reflux, 8h H 6\©\
62 ( 66

EtsN
Figure 3. 2.2D-COSY interaction betweencarbonyl and methylene protons

CO,Et

, T—l\'> 2D-COSY
"

“7—80,PhMe
MeO,C

65

To form the observed isolated prod&% by [3+2] dipolar cycloaddition,
dipolarophile66 must have been involved instead of the sulfonyihylanethacrylate
62. Review of the literature revealed that sulfomgdthyl methacrylaté2 is prone to
base-promoted isomerization to form the more sl geminal di-substituted
alkene66 (Scheme 3.21%°

This evidence indicated that the initially-addetfawyl methacrolein62 most
likely isomerized to the di-substituted olef® before engaging in the [3+2] dipolar
cycloaddition with allylic azomethine ylidB8. It also suggested that the expected

reaction between the azomethine ylide and sulfomgthyl methacrylat&2 must be

% Challenger, S.C., Derrick, A., Mason, C.P., STIl/. Tetrahedron Lettersl999 40, 2187-2190.
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too sluggish compared to the competitive isomenpaprocess and subsequent
cycloaddition. Therefore, the sulfonyl methyl mettydate 62 would prefer to

undergo this alternative route to form the obsemexdiuct65.

3.3.8. Synthesis of sulfonyl ethyl acrylate dipolarophile

To avoid the unwanted isomerizaton, we decideditizesa 1,2-disubstituted
alkene such a$9, as a potential solution. We anticipated that [(B€2] dipolar
cycloaddition of our azomethine ylide and disulbgéitl sulfonyl acrylate would
deliver the desired regioisomer, in which the quwey center of borrecapine could
be generated by an enolate methylation in a sepatap. To these ends, we then
attempted the synthesis of sulfonyl ethyl acryB®e A similar strategy was adopted
using ethyl acrylate as starting mateffaThe desired 1,2-disubstituted sulfonyl
acrylate 69 was successfully obtained via an iodosulphonyfatiehydroiodination
reaction (Scheme 3.22).

Scheme 3. 22Synthesis of sulfonyl ethyl acrylaé®

NaSO,PhMe CO-Et Et:N
\/002Et 2 MePhO-S 2 3 /\/COQEt
L, DCM, 1t,3d o 2 /\r DOM, 2h  MEPNO.S
67 68, 65% 69 (quantitative)

3.3.9. Model Studies of [3+2] dipolar cycloaddition of alflic imino esters with

sulfonyl ethyl acrylate

The model study of dipolar cycloaddtion was firatreed out using the same
azomethine ylidé8 formed by condensation of allylamine with ethyatylate and
the sulfonyl ethyl acrylate under the previouslgdéed conditions. A mixture of 3
stereoisomers was isolated with a total of 90%dyiehe of which was isolated by

flash column chromatography.
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Scheme 3. 233+2] dipolar cycloaddition of azomethine yli@& with sulfonyl ethyl

acrylate69

CO,Et O -OHt
/) AgOAc/PPhg

A~ NH; OYCOQEt THF_ N Ag+ ~  Mixture of 3 stereo isomers
Et:N
H

0.5h \) \) ~ Eogc \/ASOQPhMewithatotal of 90% yield
21 56 57 58

To determine the regioselectivity of this [3+2] dligr cycloaddition with an
asymmetric dipolarophile, we designed a base-prethetimination reaction which
would be able to convert sulfonyl pyrrolidines &H-pyrroles or even fully
aromatized pyrroles. Such molecules can be utiligedentify the regioselectivity of
the original [3+2] dipolar cycloaddition by 2D-CO¥ NOE NMR studies.

Three stereoisomeric pyrrolidine products wered#di into two groups, one
of which contained two inseparable isomers. Botlougs of compounds in
chloroform were treated with 1 equivalent of DBUhdathen heated at reflux for 4
hours (Scheme 3.24). The resulting crude materiak vpurified by column
chromatography. Only on@H-pyrrole product70 was isolated and characterized
from the group containing two inseparable isom&he results from NMR analysis of
the elimination product proved that the two staytisomeric compounds are
diastereomers, each bearing ethyl esters on fhpodition of the pyrrolidine ring.
From the other reaction was isolatd-pyrrole 71 with the ethyl ester functionality

on the & position, which must have originated from pyrrolel with reversed

regioselective cycloaddition.
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Scheme 3. 24 Base-promoted elimination of sulfonyl group: corsien of

pyrrolidines to2H-pyrroles

| mixture of 2 cycloadducts | 1 cycloadduct
1 equiv. of DBU 1 equiv. of DBU
CHClIj, reflux, 4h CHClg, reflux, 4h
H
N

H
/ﬁ/002Et /\(_Z/COQB

EtO,C
¥ 70 71 CO,Et

. . regio-isomers -
| mixture of 2 diasteromers | 1 diasteromer

Figure 3. 3.1D-NOE enhancements of compouifl

2.7% H, H

Hb""' Dy H
MePhO,S-___¢0,Et
1.0%

Using the purified pyrrolidine compounds from [3+@polar cycloaddition,
we next assigned the 4 stereocenters on the ringN®¥E studies. Previous
assignments of the relative diastereoselectiveonutcof 2-aza-Cope-[3+2] dipolar
cycloadducts were compared. The allylic protonpldiged a 3% NOE enhancement
with the -sulfonyl proton, which is much stronger than theown transpair of
protons (shown as 1% enhancement on NOE spectiithese results indicated that
H, and H were positioned on the same face of the pyrradiding (Figure 3.3). To
reach this product, the dipolar cycloaddition wdmbugh the desiredndatransition

state.
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Figure 3. 4.Stereo-outcome of the [3+2] dipolar cycloadditidna@aomethine ylide

58 with sulfonyl ethyl acrylat&9

N. _CO,E s §
_ HEt _ COEt N _LCOE
MePhO,S  CO,Et Et0,C  SOPhMe Et0,C  'SO,PhMe
N y J
72, 45% 73 & 74, 45%

We also reacted sulfonyl ethyl acryla® with the azomethine ylid&0
generated from indole glyoxal and allylamine untiex same reaction conditions.
After stirring at room temperature for 24 hours,otywyrrolidine products were
isolated in a total of 96% vyield (Scheme 3.25). hé&t utilized a similiar strategy to
identify the regioselectivity of the [3+2] dipolawycloaddition. Each compound in
toluene was treated with 2 equivalents of DBU, @t°@ for 4 hours (Scheme 3.26).
Fully aromatized pyrrole molecules were isolate@@BNstudies were performed on
each compound. The key through-space NOE enhantdyeemeen the 2-H of the
indole moiety and the 2-H of the pyrrole was obedren compound5 (Figure 3.5).
This interaction was not seen on compouf@l These NMR structural analyses
indicated that the pyrrolidines were formed asdta@somers with a ratio of 0.9:1.
Scheme 3. 25[3+2] dipolar cycloaddition with azomethine ylid€® and sulfonyl

ethyl acrylate59

(0]
(0]
~NH2 L H THF | \ AGOAC/PPha/EtsN ~ | mixture of 2 regio-stereomers
0.5h N NH with a total of 96% yield
0 \ NH )/ BtO28 A 50,phMe Y
21 47 = 58
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Scheme 3. 26.Base-promoted elimination of sulfonyl group and dakion:

conversion of pyrrolidine to pyrrole

799 3%45 > N
2 | \ /)

> 59 3845 >
2 o | \

Figure 3. 5.1D-NOE enhancement of pyrrole produét

3.8% __14.6%
Ho _H
0 E | )2.7%
] \ "
N

H'L/,U CO,Et

Figure 3. 6.Stereo-outcome of [3+2] dipolar cycloaddition oba®thine ylide60

with sulfonyl ethyl acrylat&9

0]

H 0
N H
N
I h ] A
AN $ COEt HN y
MePhO,S 2 EtO,C'  “SO,PhMe
7 78
1 : 0.9

3.4. Proposed retrosynthetic route #2 toward borrecapine

The low reactivity or regioselectivity of sulfongkcrolein and acrylates with
azomethine ylides formed from allylamine and glylex@ glyoxylates prompted us to
develop more effective dipolarophiles with strongknecting groups. Nitro olefins
have one of the most electron-withdrawing groups @em be used as dipolarophiles

in [3+2] dipolar cycloaddition with azomethine ydisl, though the concertedness of
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the cycloaddition remains uncertain. Based on tresesiderations, we elected to
install a nitro group in the dipolarophile to reg@athe sulfonyl functionality. With the
nitro group on the alkene, increased electron-gafay and thus regioselectivity were
expected.

Our retrosynthetic plan for using nitro olefins wagproximately the same to
the one with sulfonyl dipolarophile, except that timethylene moiety on the
pyrrolidine ring would be installed by removal dfet—NQ group usingnBusSnH
(Scheme 3.27).

Scheme 3. 27Proposed retrosynthetic route #2 toward borrecapine

H
O W :
Y\r
\ W _ =
L reduction

N
H . °©
“Tebbe olefination [3+2] dlpolar 7

cycloaddition
o H M
0]
\ f<
N P — Q / N
H 47 + __ NG
+ N\ H
\(\/NHZ N o)
48 46 80

3.5. Forward synthesis #2 toward borrecapine

3.5.1. Synthesis of the nitro methyl methacrylate dipolarphile

Tri-substituted nitro olefin synthesis was firsteatpted using a traditional
addition/elimination strategd To a solution of methyl pyruva®l in nitromethane
was added triethylamine. The desired nitro alcd®was isolated in quantitative

yield, which was then mesylated followed by basespsted elimination. Two

%1 volkova, Y.A., Averina, E.B., Grishin, Y.K., Rybak, V.B., Kuznetsova, T.S., Zefirov, N.S.,
Tetrahedron Letter2011, 52, 2910-2913.
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conformational isomers were isolated with a 9:loréScheme 3.28). Unfortunately,
the major isomer was found by NOE studies to beutiveantectis product83.
Scheme 3. 28Preparation of nitro methyl methacrylate by additaimination

process

5/

VY
)J\H/ ~ )§ -~ - /S) " N +,
4, 180 e .

3 $ %4, 8

We then started from methyl methacrylate followiagradical nitration
process” This one-pot method allowed stirring methyl metglate with sodium
nitrite in AcOH/HO/PhH co-solvent (Scheme 3.29). However, this reactever
went to completion even after prolonged time with sabstantial excess of
NaNG,/AcOH. We attributed this incompletion to the vdigt and instability of the
HNO; generated from NaNQwith acid. Gratifyingly, though in low conversiothe
only tri-substituted nitro olefin was the desiteahs product.

Scheme 3. 2®Preparation of nitro methyl methacrylate 57 frontmgemethacrylate

0} O
~ NaN02 -
OJ\]/ H,O/AcOH, PhH OJ\K\NOZ
63 84, 20%
3.5.2. Model study of [3+2] dipolar cycloaddition of allylic imino ester with nitro
methyl methacrylate
With the nitro dipolarophile in hand, we soon aggdliit in the [3+2] dipolar

cycloaddition with azomethine ylid&8, generated from allylamine and ethyl

glyoxylate, in the presence of AQOAc, BPand EfN. No indication of the desired

92 (a) Ranganathan, R., Kar, S.K.,0rg. Chem197Q 35, 3962-3964. (b) Jovel, I., Prateeptongkum, S.,
Jackstell, R., Vogl, N., Weckbecker, C., Beller, Mdv. Synth. CataR00§ 350, 2493-2497.
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cycloadducts was observed by crdeNMR spectroscopy after stirring for 24 hours
at room temperature (Scheme 3.30). This resultuss @ a similar reason: the tri-
substituted nitro methyl acrylag4 underwent base-promoted isomerization to form
the more stable di-substituted olef® (Scheme 3.313° This molecule not only
possesses an electron-deficient C-C double bortdalba a highly acidic methylene
H-atoms which are easily deprotonated byNEfThese active protons would increase
the likelihood of side reactions.

Scheme 3. 30[3+2] dipolar cycloaddition of azomethine yli&8 with nitro methyl

methacrylate34

no desired cycloadduct

CO,Et N
THF J 7 AgoAc/PPhy A§+j/
was found.

_~_NH, , Oy_COsEt . N
= 2 4 T 0.5h \) Et;N \)NC Meogcf\No2

21 56 57 58

Scheme 3. 31Competitive isomerization of nitro methyl methaertg84

MeO,C EtsN, rt \)L
%NOZ ————= OaN CO,Me
84 85

Surprisingly, when switching to inorganic bases;hsas KCO;, KOH, and
KOtBu, some desired cycloadducts were observed ire¢kidNMRs, and purified by
flash column chromatography with low yields (up18%). Yields of this reaction
were slightly increased corresponding to the inseaf basicity from KCO; to
KOtBu (Table 3.1). The reason for this trend is uraertOne possible explanation
could be that the [3+2] dipolar cycloaddition waselerated with a stronger base like
KOtBu, which made the reaction faster to compete wvidéhmerization of the

dipolarophile.

9 Austin, R.E., Maplestone, R.A., Sefler, A.M., LKI,, Hruzewicz, W.N., Liu, C.W., Cho, H.S.,
Wemmer, D.E., Bartlett, P.AJ. Am. Chem. Sqcl997 119 6461-6472.
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Table 3. 1.[3+2] dipolar cycloaddtion of azomethine ylide8 and nitro methyl

methacrylate34 with different bases

CO,Et
HN
/\/NHZ + OYCOZEt + MeOZC\‘/\NOZ .A.QQAF{?F.h?, "GO Me
H Base, THF, rt — 2
21 56 84 NO,
86
Base K,CO3 KOH KOtBu
Yield* least medium 18%

* Isolated yields from column chromatography

Although low yielding, this material was carriedv@rd utilizing azomethine
ylide 60 generated from allylamine and indole glyoxal undee same reaction
condition. This reaction did not to provide any egged cycloadducts. Instead,
Michael addition produc87 between allylamine and nitro methyl methacrylagsw
isolated as the major product (Scheme 3.32). Asstimee equivalents of allylamine
and indole glyoxal were added to pre-form the imiyestirring at room temperature
for 0.5 hour (sufficient time proved by control céan in NMR tube), no allylamine
should remain in the mixture. Therefore, we proposeplausible mechanism of
formation for the Michael product. The imine ngem, as the Michael donor,
attacked the highly activated Michael acceptor,ovhivas the nitro methyl acrylate,

to form an iminium ion intermediate. This interme@i could easily be hydrolyzed to

give the observed product.
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Scheme 3. 3Michael addition of allylamine to nitro methyl mettrylate

(o}
[0} MeO,C
THF AgOAC/PPh3/KOtBI N
/\/NHz " HW H‘\{@ gOAC 3 u HN?/\ 0,
5 \ NH 0.5h N NH e MeOzc\‘/\Noz \)
21 a7 )/ 58

michael adduct 87

3.5.3. Synthesis of nitro ethyl acrylate dipolarophile

To prevent the occurrence of competitive isomeidmatwe also synthesized
di-substituted nitro olefin90 (Scheme 3.38 Starting from ethyl acrylate,
nitromecuration producB8 was isolated after treatment with mercury (Il) aride
and sodium nitrite. The mercury chloride functiaotyalvas then replaced by bromide
using bromine in KHO/ELO. Dehydrobromination of compour89 gave rise to the
nitro ethyl acrylat®0in 63% yield after recrystalization.

Scheme 3. 33Synthesis of nitro ethyl acrylate

anhydrous

“/CO?-Et HgClp, NaNO, EtO2C HICl Br, EtO,C._Br  NaOAc EtO,C
= e —_—
H20 H0/Et,0 \[ \l
2 NO, 2 D NO, Et,0 NO,
67 88, 94% 89, 98% 90, 63%

3.5.4. Model study of [3+2] dipolar cycloaddition of allylic imino glyoxal with

nitro ethyl acrylate

When we used the nitro ethyl acryl&@ as the dipolarophile in [3+2] dipolar
cycloaddition with azomethine ylid#) generated from allylamine and indole glyoxal,
the Michael adduc®9l between allylamine and nitro olefin was again ased
(Scheme 3.34). We concluded that the engagemenindile glyoxal-derived

azomethine ylide59 in [3+2] dipolar cycloaddition with nitro olefinsvas not as
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efficient as it acting as a nucleophile in the Miehaddition. Hence the reaction went
through the preferred Michael pathway to solelyrfahe observed produ8i.

Scheme 3. 34Mlichael addition of allyl amine to nitro ethyl ataye 90

3.6. Proposed retrosynthetic route #3 toward borrecapine

As we were not able to selectively synthesize gamdounts of the key
pyrrolidine intermediate by [3+2] dipolar cycloatidh using sulfonyl or nitro olefins
as the dipolarophile, we next elected to exploeesattivity of the azomethine ylide. It
is well known that stabilized azomethine ylides bangenerated from-imino esters
by coordination with Lewis acid followed by basexmoted deprotonation. The
acidity of the -hydrogen atom is a key parameter in terms of wdretr not this
process occurs, or how efficient this process bell To facilitate deprotonation of the

-proton, one could employ stronger bases thagN,Elike LDA or Li-HMDS.
However, this can also cause problems afterwangsh ss epimerization afyn
proline esters intoanti-cycloadducts. According to the unique structure ooir
azomethine ylide precursors, we envisioned thaadging an electron-withdrawing
group on indole nitrogen, the resulting negativargk created by deprotonation could
be better stabilized, which in turn would make thproton easier to be removed by
mild bases.

To fulfill this goal, we elected to use N-tosyl old glyoxal as one of the
building blocks. We expected that the generatiothefazomethine ylide should be

more facile, so sulfonyl methacrolei®5 was still our primary option for the
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dipolarophile, because C-sulfonyl and N-sulfonybwps could be removed by

reductive conditions.

3.6.1. Synthesis of N-tosyl indole glyoxal

The synthesis of N-tosyl indole glyoxal was no paEnt. Therefore, we
designed a route starting from indole, which wasveoted to N-tosylated indol@2
in the presence of TsCl and KOH. Toluene an€® hvere used as co-solvent, and
tetrabutylammonium sulfate was added as phaseféragatalyst. A quantitative
amount of N-tosyl indol®2 was isolated by recrystalization from 100% ethawmh
white powder, which was then treated with acetibyanide and anhydrous Al€in
DCM. N-tosyl-3-acetyl indole93 was obtained by Friedel-Crafts acylation. The
purified product was isolated in 85% yield by restafization from 95% ethanol. The
acetyl group was then oxidized to the desirddeto aldehyde by Seunder Riley’s
condition. The final produc4 was isolated as a mixture of the expected glyaral
its monohydrate after flash column chromatogra@ghéme 3.35). We demonstrated
that this isolated mixture did not effect the fotroa of imine with allylamines by
running control reactions in an NMR-tube.

Scheme 3. 355ynthesis oN-Tosyl indole glyoxal

(o} 0 [0}
TsCl, KOH acetic anhydride Se0, H OH
) —— ) Zeetioanhvande g o= e .
N°  Toluene/H,0 N N i
N 7 Ts AlCl; DCM Ts Dioxane/H,0 _II\_IS !I‘_ls
46 92, quant. 93, 85% 94, 79%

3.6.2. Model study of [3+2] dipolar cycloaddition of allylic imino N-tosyl glyoxal

with sulfonyl methacrolein and sulfonyl methyl mettacrylate

Tosylation of the nitrogen on indole glyoxal notyofecilitated the formation

of its azomethine ylides, but also increased itslslity in toluene. In the presence of
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AgOACc/PPhl and EiN, these ylides were successfully coupled with beatfonyl
methacroleins5 and sulfonyl methyl methacryla@? dipolarophiles to yield highly
functionalized 5-vinyl porrolidines96 and 97, which were purified as single
stereoisomers by column chromatography (Schemg.3.36

Scheme 3. 36[3+2] dipolar cycloaddition of azomethine ylid5 with sulfonyl

methacroleirb5 and sulfonyl methyl methacryla2

«_SO.PhMe
OHC

B ——

O----- Agl
LN
h

(o]
H AgoAc/iPPh,
N EtsN, PhMe
21 94

SO,PhMe
CHO

96, 72%

=
\
N
Ts Ts 95

SO,PhMe

MeO,C

SO,PhMe
CO.Me

97, 65%

We next attempted to identify the regioselectivecome of this [3+2] dipolar
cycloaddition. By alkylation of the pyrrolidine rigen on96 with benzyl bromide
(Scheme 3.37), two separate spin systems couldeladed, which made the structural
analysis much easier by 2D-TOCSY NMRs. From thermftion provided by 2D-
NMR spectroscopy we noticed that 3 olefinic protansl 1 allylic proton coupled to
each other, and thecarbonyl and -sulfonyl protons also interacted with each other.
Therefore, the 3-acetyl indole substituent andsiiényl group should reside on the
same side of the pyrrolidine ring 88, and the vinyl group was connected to the
carbon adjacent to the quaternary center. Unfotélyahe structure of these isolated

regioisomers is opposite to the outcomes we predlict

66



Scheme 3. 37Alkylation of pyrrolidine nitrogen and spin systerby 2D-Tocsy
NMR

spin systeml
O
Bn
Br
= g = N
NTs Nal, KQCO3
OHC SOQPhMe DMF, 50°C SOQPhMe

96 spin system I

ZT

To rationalize this regioselective outcome, we plased hypothesized that the
azomethine ylid®5 formed from N-tosyl indole glyoxal and allylaminespossibly
electronically different from the ones generatemirframino acid esters and aromatic
aldehydes. Allylic hydrogens are deprotonated &ate negative charge in the former
case, while for the latter ylidercarbonyl protons are removed to install the negati
charge. Therefore, reversed electron affinity pagtecan be drawn for each
azomethine ylide, which will lead to opposite resgtective outcomes.

Scheme 3. 38Comparison of methods of generating azomethineglid

Our method of generation of azomethine ylide:

Ag—0 Ag—0

N\)I\ AgOAc Ng\' _Ni/'k

X S ARITR . e AR
H H H H H

Eth)

Classical method of generation of azomethine ylide:

Et;N
The two ylides’ precursors (imines) are interchatye through base-
catalyzed 1,3-proton shift. Similar examples wesported by Soloshonok and co-
workers for transformation of fluoro-substitutedtd@es to corresponding amino
derivatives (Scheme 3.39). We proposed that whigialitmine 99 is formed, it can

either undergo the [3+2] dipolar cycloaddition wislulfonyl dipolarophile in the
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presence of AgOAc/PRhand EiN to form the observed regioisom86, or go
through 1,3-proton transfer toward the secondamynem00 which is also able to
couple with the same dipolarophile under the samwedition to furnish another
regioisomerl01(Scheme 3.40).

Scheme 3. 3%Amination by 1,3-proton shift

'/ NEt3 NEt;

H H. GFs

H 4 CF, . Ph
:H”J\"{}})\Ph — [j/\'\\N/\J\ph > [ :I/ \N)\CF3

Scheme 3. 40Hypothesis to rationalize the regioselective outeavh [3+2] dipolar

cycloaddition of azomethine ylides and sufonyl naetolein55

o (0] (0]
o~ NHz + WH — Q_{QN\/\ . hproon ot Q’{JVNW
(6]
N N
Ts Ts 29

N
N 100
AgOAc | OHC AgOAc | OHC
PPhs | PPhs |
EtsN SO,PhMe EtsN | SO,PhMe
v
(e}
H H
N N \
NTs J NTs
SO,PhMe
CHO MePho,s CHO
96 101

3.6.3. Model study of [3+2] dipolar cycloaddition of allylic imino N-tosyl glyoxal
with methacrolein and methyl methacrylate
Providing that the reaction proceeds through théhvpay we assumed,
methacrolein or methyl methacrylate can be utilized replace the sulfonyl
dipolarophiles toward the total synthesis of bommoe. Under the same reaction

conditions, both of these two dipolarophiles wenecgssfully incorporated in [3+2]
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dipolar cycloaddition with N-tosyl indole glyoxakdved azomethine ylide to yield
2H-pyrrole productd02and103(Scheme 3.41).
Scheme 3. 41[3+2] dipolar cycloaddition of azomethine ylidgs with methyl

methacrylate and methacrolein

0
AgOAc/PPh;
P s NHy + W : + }:
MeO,C
N o} 2 Et;N, PhMe Co,Me
Ts
21 04 102, 45%
7 AgOAc/PPh
g 3
A~ NH s WH + /E
0 OHC Et;N, PhMe \
N CHO
Ts
21 94 103, 46%

What we also isolated, though in less amount, waislazole adductl04
formed by a competitive self-dipolar cycloadditioh azomethine ylide and further
oxidation (Scheme 3.42). Therefore, we used a largess amount of methacrolein,
and added the imine solution dropwise into the amexiof methacrolein, AGOAc/PRh
and EsN in toluene via syringe pump. The side reactiors wWeen mostly prohibited
by following this strategy. The desired cycloadduatere isolated by column
chromatography in 45% vyield.

Scheme 3. 42Competitive formation of imidazole via dimerizatiohthe azomethine

ylide
O
NS
{ AgOAc/PPhg
N EtsN, PhMe
Ts
2 equiv. of 99
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We next performed NMR studies to identify the regiective and
diastereoselective outcomes (Figure 3.7). From ZIS¥ NMR spectrum we
observed a strong coupling between the allylic gmoand one of the methylene
protons. We initially attributed this abnormal cting pattern to the structural rigidity
of 2H-pyrrole ring, and concluded that we arrived at desired regioisomer. 1D-
NOE NMR results confirmed the that allylic protdhe methyl group, and one of the
methylene hydrogens resided on the same fa@tigdyrrole ring, which implied the
reaction went through andotransition state as expected.

Figure 3. 7.Initial 1D-NOE and 2D-COSY NMR studies of cycloadduct 103

2D-COSY

3.6.4. Forward synthesis toward borrecapine #1

Encouraged by those results, we elected to begimaastigation on the first
total synthesis of borrecapine (Scheme 3.43). Veéd psenylamind8, N-tosyl indole
glyoxal 94, and methacrolein as building blocks to contrest 8-memberd aza-cyclic
intermediatel05 The N-tosyl group was then cleanly removed in gpenification
condition using KOH in methanol. Wittig reaction svaext utilized to install the
terminal alkene moiety from aldehyde. Five equimgdeof phosphorus ylide was
generated from nBuLi and triphenylphosphine metloytiide, into which the starting
aldehyde was added and stirred overnight. DesitBeli®inyl 2H-pyrrole 107 was

isolated in 85% yield, which was then reduced tarséed the pyrrolidine by NaBH
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to afford a mixture of diastereomet8 and109 in 99% overall yield. These two
compounds could be separated using column chromzgtiog, and shown as 1:1 ratio.

Scheme 3. 43Forward synthesis #1 toward borrecapine

0
AgOAC/PPh,
= NH, + Hoy >:
w/\/ Yoo OHC EN, Phive
N
48 Ts 94
0

KOH 5 equiv. PPhzMeBr/nBuLi

MeOH overnight

NaBH,4, EtOH

—_—

0.5h, 0C

108 99% for two diastereomers 109

However, when we attempted to confirm the sterewistey of the final
pyrrolidine productslO8 the allylic proton was found to couple with neitrof the
two methylene protons by 2D-COSY NMR spectroscoflyis observation was not
corresponding to our initial assignment of regiest’e outcome usingH-pyrrole
cycloadduct105 This new identification was further demonstratgd 2D-HMBC
NMR studies. By extensive study of 2D-COSY NMR gpascopy (Figure 3.8), we
ascribed the correlation of the allylic proton withe of the methylene protons in the
starting 2H-pyrrole to an unusual W-shaped coupling, whichaiso sometimes
observable by 2D-COSY NMRs. By drawing tPid-pyrrole in three dimensions, we
could clearly see that the allylic proton was pettfe aligned with one of the
methylene protons in W-shape. These also ratiedlizhy we only saw that the
allylic proton coupled to only one of the methylgmretons, but not to the other. The

synthetic route (Scheme 3.43), therefore, neells worrected (Scheme 3.44).
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Scheme 3. 44Corrected synthetic route toward borrecapine-likdetules

0
AgOAC/PPh,
= NH2 + H + >:
\(v Y o5 OHC EtN, Phivle
N
a8 94

Ts

KOH 5 equiv. PPh3MeBr/nBuLi

MeOH overnight 85%

NaBHg4, EtOH

0
O
T\

108" 99% for two diastereomers 109

0.5h, 0C

Figure 3. 8.2D-COSY NMR studies of pyrrolidine produbt®8and corrections of the

structure2H-pyrrole 105to 105’

CO0A9 AS

Though discouraged by the misleading assignmetis, stereochemical
outcome challenged our hypothesis in the followasgectsa) In the [3+2] dipolar
cycloadditions with sulfonyl methacrolein and suoljb methyl methacrylate
dipolarophiles, the aldehyde and methyl ester ggscagt as regioselective directors

instead of the sulfonyl functionalitied) Though being created by removal of
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different protons (allylic or -carbonyl), the negative charge should still besabl
delocalize through the 1,3-allylic system to formmitar azomethine ylides with

identical electron affinity pattern.

3.7. Proposed retrosynthetic route #4 toward borrecapine

Because of the ineffectiveness of sulfonyl funciiogroups as regioselective
directors, we elected to start with [3+2] dipolaycloaddition with different
azomethine ylides and methacrolein to form pyrinkdintermediatel11, which
would be treated with KOH in methanol to remove tbsyl group on the indole
nitrogen, and further oxidized using Qglal0O, to convert the alkene to ketoh&2
Quaternary vinyl groudl13 would be accessed through Wittig reaction from the
aldehydel12 the feasibility of which has been proved by poesi results. The
prenyl moiety would then be constructed from the/keéster group oal13 by a redox
process and Wittig olefination, which would thefoad the alkaloid (Scheme 3.44).

Scheme 3. 45Proposed retrosynthetic route #3 toward borrecapine

AgOAC/PPh;

B — e

CHO Et,N, PhMe

3.7.1. Synthesis of 2-(N-tosyl indolyl)-allylamine

There are reliable report of preparation of 2-(Nytandolyl)-allylamine110.
We designed a route featuring separated synthéswoobuilding blocks, which are
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then connected by Suzuki coupling reaction. Gabswhthesis conditions were
utilized to prepare the first block from potassiphthalimidel16and 2,3-dibromo-1-
propenell?7. 95% of purified produci18 was isolated by column chromatography.
The second building block was synthesized from ledehich was converted to N-
tosyl indole using previously described conditioifie N-tosyl indole was then
treated with mercury (Il) acetate and percholoidan a solution of acetic acid.
Desired productl19 was isolated as a white powder by aqueous tritmaand
vacuum filtration. The solid was then stirred withrane in THF at room temperature
to afford the desired N-tosyl indole boric adiélO in 45% over two steps (Scheme
3.45).

Scheme 3. 46Synthesis of Suzuki coupling building blocks

0
Br
Nk, A _Br DMF. ~>:

e} O Br
116 117 118, 95%

Hg(OAc),, HgOAc B(OH),

@ TsCl, TsCl, aq. KOH KOH @ percholoric acid @ borane in THF (1M) N\
H PTC, toluene N
49

acetic acid Ts

120, 45%

With two essential subunits in hand, we next apiplieem in a Suzuki reaction
catalyzed by Pd(PRh. The cross coupling reaction proved to be higlificient to
prepare phthalimide protected allylic amid21 in 90% vyield which was then
deprotected by hydrazine hydrate in 100% ethaneiffiard the 2-(N-tosyl indolyl)-

allylamine110in 60% yield as a yellowish thick oil (Scheme 3.46
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Scheme 3. 47Synthesis ofN-tosyl indole allylic amine by Suzuki coupling and

deprotection

°© NH,
P B(OH), N
Pd(PPhs),, Na,CO5 o _ HNNHp
oy (L e, oy e e (0

N LiCl, PhMe/EtOH EtOH 1NS
O Br Ts N

118 120 121, 90% 122, 60%

3.7.2. Model study of [3+2] dipolar cycloaddition of azoméhine ylide derived

from 2-(N-tosyl indolyl)-allylamine

After successful preparation of 2-(N-tosyl indotgljylamine, this compound
was immediately used to condense with ethyl glyateyto form the imine, which was
then corrdinated with AgOAc/PRh and deprotonated by 4t to afford the
azomethine ylide. This ylide then coupled with naetiolein in [3+2] dipolar
cycloaddition, out of whichendo cycloadduct122 with desired regioselective
outcome was isolated. This pyrrolidine product w8kormyl functionality was
reported to be labile at ambient environment a®lserved. Several solvent systems
for chromatography were attempted, none of whidviged the isolated product with
acceptable purity. We, therefore, constructed atigol to solve this problem: reduce
the aldehyde group to primary alcohol. The colldcteroduct after column
chromatography was treated with NaBiH ethanol. The desired pyrrolididi23 with
a primary alcohol group was isolated in 30% yielératwo steps (Scheme 3.47). This
compound was then utilized to assign the stereoid@roenters by 2D-COSY and
1D-NOE studies, the results of which showed that desired stereoisomer was

finally synthesized.

75



Scheme 3. 4§3+2] dipolar cycloaddition of azomethine ylide tvinethacrolein

" H
o Et0,Co_N EOL N
il NH; AgOACIPPh \ NaBH4, EtOH |
+ \ + :< - ., - . NTs
EO,C” H ., TNTs .
N CHO Et4N, PhMe \ 0°C, 1h
0

Ts OH
56 111 123 124, 30% in 2 steps

3.7.3. Forward synthesis of borrecapine #2

Having the correct diastereo- and regio-isomer amdy we next carried it
forward to investigate another key transformatimxidation of the alkene to a ketone.
Except for compoundl23 several other pyrroldines with protecting groums
nitrogen or hydroxyl oxygen were also preparedtagisg alternatives (Scheme 3.48).
A variety of combinations of oxidative reagents ev&gsted on these starting materials.
For example, compouritk3 was firstly treated with OSNMO in THFABUOH/H,O,
and then Pb(OAe)in EtOAc. No desired ketone products were obsebyecrude'H-
NMR. When applying similar conditions to the pratst pyrroldines, mostly starting
materials were recovered. We attributed this inégtto the steric hindrance created
by the Boc-protecting group on the pyrrolidine ogfen. Stronger oxidants, like RyCl
will not improve the reaction, but led to decompiosi of starting material.
Ozonolysis conditions were again proved to be irgatible with molecules bearing
indole moieties. When compourd@7 was used to be oxidized by Q#ialO, with
the presence of 2 equivalents of 2,6-lutidine, atimh was likely to occur on
unprotected primary alcohol to form a lactam.

Scheme 3. 4®Protecting groups attachement and functional groogasipulation

H Boc . ’E\iloc
Et0,C N (Boc)0, EtN  Eto,c, N TBSCI, imidazole EtO,C
| | DMF 4 \
NTs DMF NTs NTs
on 124 OTBS 126

OH 125
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3.8. Future directions

The results from oxidation reactions indicate tltMild oxidative conditions
must be used due to the fragility of pyrrolidinarhg materialb) A Boc-protecting
group is too large for the Og@ approach the alkene. Smaller N-protecting gsoup
need to be considered. The ethyl ester on thé%position of pyrrolidine ring cannot
be reduced to a primary alcohol before the Qsdation.

Based on these conclusions, we will in the futurkwon the revised route
toward borrecapine, in which the pyrroldine nitrogeill be protected by smaller
methyl carbamate. We expect that the smaller ptiatggroup will be able to provide
space for Os@to reach the alkene, and then furnish the ketamectionality.
Reduction and re-oxidation of ethyl ester will befprmed after removal of the N-
tosyl group. Wittig reactions will be utilized t@mstruct two olefin moieties, which

will conclude the total synthesis of borrecapine.
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Chapter 4
Additional Investigations of 2-Aza-Cope Rearrangemet and [3+2] Dipolar

Cycloaddition

4.1Decarboxylative generation of azomethine ylides: syhesis of pyrrolidine

scaffolds via 2-aza-Cope-rearrangement-[3+2] dipotecycloaddition

Based on the successful utilities of the aza-Ceperangement and [3+2] dipolar
cycloaddition in the formation of carbon bonds, witially desired to develop a new
methodology with secondary homoallylic amines imimg the two reactions
sequentially. The cascade reaction featured thraprnsteps: the condensation of
secondary homoallylic amine (Scheme 4.1) with ethlyloxylate first affords an
initial iminium ion, which would immediately undeygaza-Cope rearrangement to
provide a second iminium ion. In the presence diild base, the resultant iminium
ion is readily deprotonated to provide azomethifideytautomers, which is then
trapped by electron-deficient olefins to furnishrmpjidine products. Unfortunately,
we were unable to isolate the desired product dudhé inability to generate
azomethine ylides with these secondary amines.

Scheme 4. 1Synthesis of N-benzyl-2-phenyl homoallylic amine

o+ RN N HN
overmght THF, r.t. overmght@)\/\

132, 43%
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Scheme 4. 2Attempted 2-aza-Cope-[3+2] dipolar cycloadditioonr N-benzyl-2-

phenyl homoallylic amine

COEt CO,Et CO,Et
PhMe Bn\+/) 3.3] Bn.

.Bn o) + Bn.+
A . Et teflux N 8s N _H,;_. N
o oo
(o}

04}0 or MeO,C COMe
Ph

</
O </
En 5 En \ O
or 5
OEt OFt
O O CO,Me

MeO,C

These results prompted us to investigated altermatiethods of azomethine ylide
formation. Condensation of the 2-phenyl homoallyimine and glyoxylic acid
resulted in oxazolidone intermediate after catiobiaza-Cope rearrangement. The
oxazolidone then lost a molecule of £@ generated an unstabilized azomethine
ylide, which was then trapped by N-phenyl maleimidgform thetetra-substituted
pyrrolidine in 28% percent yield. Further optiminst of this reaction was not
performed.

Scheme 4. 3Decarboxylative 2-aza-Cope-rearrangement-[3+2]ldipoycloaddition

oo e
Y

N

)0
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4.2 Formation of azomethine ylide from amino acid estes and aqueous

formaldehyde catalyzed by AQOAC/E$N at room temperature

Though more functional groups on our pyrrolidineafsalds could present
convenient points for further structural advancetseb-unsubstituted-2-quantenary
pyrrolidine moieties are also found in the struetuiof numerous pharmaceutical
reagents and natural products. Lewis acid cataly3e@] dipolar cycloaddition of
azomethine ylides can be considered one of the pwserful and reliable methods
for the geometrically selective synthesis of 5-mered N-heterocyclic systems.
Therefore, when construction of 5-unsubstitutedlipeo esters is required, [3+2]
dipolar cycloaddition remains the primary choice most cases, in which
paraformaldehyde is used to form the imine via emsdtion with amino esters at
raised temperatures. Azomethine ylides are thenergéed through thermally
promoted 1,2-prototropy, and trapped by electrdircigat dipolarophiles to yield 5-
unsubstituted pyrrolidines as a mixture of diasierers. External heat is necessary
for the generation of azomethine ylide, but cao al®de the stereoselectivity of [3+2]
dipolar cycloaddition. Hence the development oftexe-controlled reaction which
can be efficient under mild conditions is in demand

We found that in the presence of AgOAc/RRhd EtN, aqueous formaldehyde
could be used instead of paraformaldehyde to cawlefficiently with a variety of
amino acid esters at ambient temperature. The presa water did not interfere with
the formation of imine or the following generatiohthe azomethine ylide. Excellent

yields and diastereoselectivity were obtained.
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Table 4. 1. [3+2] dipolar cycloaddition with amino acid esteasid aqueous

formaldehyde
Ag—O AN\ N COR N_coR
H:N__COR O  THF N.__CO,R AGOACPPhy ~ | o™y o R R
E/ +H)J\H - 1/ EtsN ée%OR or OrM 0,C  COM
3 R — e e
(aq) meo,d come © ’F‘,‘h o ’ ’
Entry Amino acid esters  Solvent Products \E(I)ZI)Q
H
N N.__.CO,Et
<
1 \k( THF o= =0 87
Ph
136
liioza
2 NH, THF 0>\ 0 78
|
Ph
COQMe 137
135
N co.Et
3 \H THF S—Y/ \@ 87
2 MeO,C CO.Me
CO,Me 138

135

a. isolated yield by flash column chromatography

4.3Development of camphorsulfonic acid catalyzed 2-az@ope rearrangement

and [3+2] dipolar cycloaddition

Though the 2-aza-Cope rearrangement-[3+2] dipolacloaddition one-pot
protocol had been realized by thermally promotegisitropic rearrangement and
subsequent metallated azomethine ylide generatioantient temperaturg, this
process cannot be defined as a cascade reactiba sirict sense due to their distinct

requirements of separate reaction conditions. Ag@#as demonstrated as a highly
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efficient Lewis acid to catalyze azomethine ylidernhation and [3+2] dipolar

cycloaddition, but inert to promote 2-aza-Cope na@gement at room temperature.
The equilibrium of the [3,3]-sigmatropic rearrangam shifted to the

thermodynamically more favorable product due totdsettonjugate interaction

between the phenyl group and imine bond, not because of the trapping of
azomethine ylide generated from rearranged iminesblgsequent [3+2] dipolar

cycloaddition.

To our knowledge, the activation energy of the 8-&bpe rearrangement can be
substantially lowered by installation of a catiooltarge on the nitrogen atom within
the framework. In the traditional cationic 2-azap€omode, the iminium ion is
obained by condensation of a secondary homoalyiine with an aldehyde, or by
ionization of corresponded imine by Brgnsted or iseacids. One of the well-known
examples of cascade process involving cationic é2@ape rearrangement is
Overman’s aza-Cope-Mannich cascade reaction higitig the creation of
intramolecular Mannich reaction couterparts by 2-&ppe rearrangement from
inactive homoallylic imines or iminium ior¥4.This sigmatropic process shows little
preference of the equilibrium, which is solely @nv by formation of 3-formyl
pyrrolidines via Mannich cyclization between imimuons and tethered enols. The
usefulness of this process has been abundantly dgrated by Overman and others

in various elegant total syntheses.

94 (a) Overman, L.ETetrahedron2009 65, 6432-6446. (b) Overman, L.EAccount of Chemical
Research1992 25, 352-359. (c) Jacobsen, E.J., Levin, J., Overrhdn, J. Am. Chem. Sqcl 988
110 4329-4336.
95 (a) Martin, C.L., Overman, L.E., Rohde, J.NL.. Am. Chem. Sq2008 130, 7568-7569. (b) Dunn,
T.B., Ellis, J.M., Kofink, C.C., Manning, J.R., Qwean, L.E, Org. Lett, 2009 11, 5658-5661. (c)
Knight, S.D., Overman, L.E., Pairaudeau, I Am. Chem. Sqc 995 117, 5776-5788. (d) Brummond,
K.M., Hong, S.J. Org. Chem 2005 70, 907-916. (e) Agami, C., Cases, M., Couty JFQrg. Chem
1994 59, 7937-7940.
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Inspired by Overman’s aza-Cope Mannich cascaddioeaeve next attempted to
develop a cascade 2-aza-Cope rearrangement-[34®jladi cycloaddition linear
process. Rather than direct the sigmatropic regeraent by a favorable conjugate
effect, we sought to utilize the inherent reacyiwf the rearranged imine to generate
an azomethine ylide which is not accessible froenitfitial imine. The resulting ylide
could then be trapped by electron deficient olefthsough a [3+2] dipolar
cycloaddition to yield pyrrolidine products as thermodynamic sink of the process.

We began our investigations by synthesizing hombi@alamine by reduction of
allyl nitrile. The isolation of the homoallylic ame free base was first problematic
due to its high volatility. Therefore, we next tied a diethyl ether solution of the
homoallylic amine with anhydrous HCI in diethyl eth which provided the
homoallylic amine HCI salt as a white hydroscopmvger. Condensation of this
homoallylic amine with ethyl glyoxylate afforded ime 140 quantitatively after 2
hours at 40°C in the presence ofNEt

Scheme 4. 4Synthesis of homoallylic amine HCl and condensatath ethyl

glyoxylate
1.LIAIH4/AICI5 NH,CI 0 N_ _CO,Et
o 5 N 2
_~_CN _THF, 0°Crt N . HJ\I(OEt 40°C, 2h E/
2. HClin Et,0 EtsN, PhMe
139 140 o 141

We next attempted to define reaction conditionscitdould catalyze both the 2-
aza-Cope rearrangement and [3+2] dipolar cycloamdiRealizing that sigmatropic
rearrangement would not be detected due to thabhiigy of resultant imine, 2-
phenyl homoallylic amine and ethyl glyoxylate wearsed to explore the optimal
catalyzed condition. After extensive investigaticamphorsulfonic acid (CSA) was

found to be an efficient catalyst at 50 °C whichuldopromote both chemical
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transformations. Use of scrupulously dry solvemd a dry inert atmosphere were
necessary for the completion of the cationic 2-@ppe rearrangement. After addition
of N-phenyl maleimide as the dipolarphile, 52% of dasi2-allyl proline ethyl ester
was isolated after 48 hours stirring at 50 °C angfifigation by column
chromatography as a single diastereomer. CSA vsasadlle to promote [3+2] dipolar
cycloaddition of azomethine ylides generated fromnbd esters with N-phenyl
maleimide, out of which the pyrrolidine compoundsvisolated in 52% yield.

Scheme 4. 5CSA-catalyzed 2-aza-Cope-[3+2] dipolar cycloadditieaction

J
o COEt COEt COEt ¥ ?/c/o o
NH 2 . ; Hoy 52% e
/]\/\ + H)S‘/Et U CSA, 50°C, 6h N| acid-promoted |N -
Ph A y -
0 Ph dry MeCN Ph) = 1,2-prototropy Ph) = O/J\;xo o o
Ph

N
Ph
143

142 typel type Il

Drawing on those results, we went back to homadallmine, intending
implement the cascade process by mixing homoalbfiine, ethyl glyoxylate, and
phenyl maleimide together. With the aid of a cataljamount of CSA, pyrroldine
product was isolated in 45% yield. Structural asislypf the compound indicated that
both 2-aza-Cope rearrangement and [3+2] dipolaloagciition were achieved under
this mild, charge accelerated condition. HoweMeg, rearranged imine was too labile
to survive until being converted to azomethine glithstead, it was hydrolyzed to
allylic glycine ethyl ester which then condensethveinother ethyl glyoxylate to form
the imine with two ester functionalities. The imineas then transformed to
azomethine ylide in acidic condition which was theapped by phenyl maleimide to

produce the observed pyrrolidine in 45% yield.

84



Scheme 4. 62-aza-Cope rearrangement-[3+2] dipolar cycloadditiith homoallylic

amine
- J
o j)OzEt COLEt CO,Et OJ}O y /c/ ot
NH2 3 " H.+ Ph v 2
+ Et N CSA, 50°C, 6h N acid-promoted NT-
NN H)Hf " e V) 0 )
0] ry Me ~ 1,2-prototropy = o o
o |
1.-CHy0 | 2. Et Ph
j H&é 144 J
H
CO,Et <
qo:Et ? O\ EtO,Ca NN IaCOLEL
HH A 070
N acid-promoted N Ph
| = J = T =
EtO,C 1,2-prototropy - EtO,C 18% 0= N~ 0
Ph
145
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Chapter 5

Experimental Procedures

5.1.Material and Methods

Unless otherwise stated, all non-agueous reactioer® carried out under an
atmosphere of dry nitrogen in dried glassware. Wiegessary, solvents and reagents
were dried prior to use. Acetonitrile was dried ngsia Glass Contour solvent
purification system by SG Water USA, LLC when neeeg. 2-Allylpyrrolidinesl-3
were prepared according to the published procethil@ved by purification using
silica column chromatography. Commerially availablarting materials and reagent
were purchased from Acros, Alfa Aesar, Mallinckrodhd TCl Chemicals. Flash
column chromatography was performed using a foftmd of the indicated solvent
system on EM Reagents Silica Gel 60 (230-400 meBb{ analysis was carried
using Whatman Partisil K6F silica gel (60 A, 25t thickness). TLC plates were
visualized by irradiation under a 254 nm UV lampatfine.

'H NMR and 2D NMR spectra were recorded on a Vatiaty Inova 500
(500MHz) spectrometer or Bruker ARX 500 (500MHz) @DCl; at 298K using
CDCl; as internal reference 1.24 forCDCly). **C was recorded Bruker ARX 500
(125MHz) in CDC} or DMSO-d6 at 298K or elvated temperature usingest as
internal references 7.0 for CDC}, 45.0 for DMSOd6). Data are reported as
follows: chemical shift, multiplicity (s = singletl = doublet, t = triplet, q = quartet,

bp = broad peak, m = multiplet, app = apparent)ypting constants (Hz), and number
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of protons. IR spectra were recorded on a Thernoolkti FT200 FT-IR spectrometer
with an attenuated total reflectance ATR) headhHmgsolution mass spectra (HRMS)
in positive ESI mode were obtained on a QTof Premiass spectrometer. X-ray
crystallography data was collected using a BrukedPEX 1l single crystal
diffractometer.

5.2.Experimental Procedures of aza-Prins cyclizations

5.2.1.General procedure for aza-Prins reaction with formadehyde:

To a stirring solution of 2-allylpyrrolidinel¢3) (1.0 mmol) in MeCN (4 mL)
was added 37% aqueous formaldehyde (0.8 mL, 10.0I)mmFA (0.072 mL, 1.0
mmol), and HO (4 mL) and the reaction mixture was stirred afort 24 h. The

reaction mixture was diluted with DCM (4 mL), washeith saturated NaHC{)2 x

25 m/ . The combined aqueous layer was extracted with O€M 20 mL , and the
combined organic layer was washed with brine [(20 m/), then the combined

organics were dried (N8Qy), filtered, concentrated, and the was residuehéurt
purified by silica column chromatography (40:10:&®Ac:hexanes:EN) to afford

indolizidines4-6.

0]
Ph—N N

O Eto,C
OH

4. (80%) white solid: R= 0.44 (EtOAc); IR (neat): 3500.7, 1719.8, 1696.829.8,
1220.6, 1188.5¢cih; 'H NMR (500 MHz, CDCJ)  7.44 (bs, 2H), 7.35 (m, 6H), 7.03
(dd, J = 1.4, 8.6 Hz, 2H), 4.65 (d, J = 9.9 Hz, 1429 (m, 2H), 3.70 (bs, 1H), 3.63

(dd, J = 8.2, 9.8 Hz, 1H), 3.40 (d, J = 3.4 Hz, 181p8 (m, 1H), 2.78 (ddd, J = 2.0,
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4.2,14.2 Hz, 1H), 2.64 (ddd, J = 1.2, 3.7, 12.3 H4), 1.65 (d, J = 3.6 Hz, 1H), 1.59
(dd, J = 11.8, 12.1 Hz, 1H), 1.52 (m, 2H), 1.32)(t 7.2 Hz, 3H)*C NMR (125
MHz, CDCk): 174.1, 173.6, 170.6, 137.0, 131.6, 129.0, 128(®),(228.4, 126.1,
70.7, 66.7, 64.6, 61.7, 53.9, 47.8, 41.7, 37.19,284.1; high-resolution mass

spectrum (ESIin/z435.1921 [(M+H); calcd for GsHo7N,Os": 435.1920].

OMe
(@)
Ph—N N
O Et0,C
OH

5. (82%) white solid; m.p.: 201-203°C, R 0.35 (4:1 EtOAc:Hexanes); IR (neat):
3506.6, 1725.5, 1696.8, 1322.7, 1180.1, 1105.91.808n"; '"H NMR (500 MHz,
CDCl) 7.35 (m, 4H), 7.29 (m, 1H), 7.07 (m, 2H), 6.86,(d@d1.4, 7.5Hz, 2H), 4.59
(d, 3 =9.8 Hz, 1H), 4.28 (m, 2H), 3.77 (s, 3HBEZB(mM, 1H), 3.58 (dd, J = 8.2, 9.7 Hz,
1H), 3.37 (d, J = 8.2 Hz, 1H), 3.04 (m, 1H), 2.%§ (LH), 2.62 (dd, J = 3.6, 11.7 Hz,
1H), 1.57 (t, J = 11.9 Hz, 1H), 1.50 (m, 2H), 1(82) = 7.2 Hz, 3H)*C NMR (125
MHz, CDCk) 174.3, 173.8, 170.9, 159,6, 131.9, 129.2, 1288,3] 126.4, 126.2,
113.9, 70.0, 66.5, 64.1, 61.5, 55.1, 53.9, 47.87,437.0, 26.9, 14.0; high-resolution

mass spectrum (ESi)/z465.2024 [(M+H]J; calcd for GgH2oN2Og": 465.2026].

CFs
o)
Ph—N N
O EtO,C
OH

6. (79%) white solid: R= 0.35 (4:1 EtOAc:Hexanes); IR (neat): 3507.1, 1403

1323.5, 1107.0, 1066.5 ¢m'H NMR (500 MHz, CDGC)) 7.59 (m, 4H), 7.36 (m,
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2H), 7.30 (m, 1H), 7.00 (m, 2H), 4.69 (d, J = 97, #H), 4.29 (m, 2H), 3.71 (m, 1H),
3.67 (dd, J = 8.2, 9.7 Hz, 1H), 3.41 (d, J = 8.2 H4), 3.07 (m, 1H), 2.69 (m, 2H),
1.59 (t, J = 12.0 Hz, 1H), 1.52 (m, 2H), 1.33 (£ 3.2 Hz, 3H);*C NMR (125 MHz,
DMSO-d6) 173.5,172.9, 169.5, 142.5, 131.5, 128.2, 1229,71(J = 21 Hz), 127.3,
125.7, 124.1, 123.5 (J = 272 Hz), 69.9, 64.5, 62968, 53.3, 47.1, 41.0, 36.8, 26.3,
13.0); high-resolution mass spectrum (E®#yz 503.1812 [(M+H); calcd for

CzeH 26N205F3+Z 503. 1794].

5.2.2 General procedure of aza-Prins reaction with glyrylic acid monohydrate:

To a solution of 2-allylpyrrolidinéa-5c¢ (0.5 mmol) and 4 molecular sieves

(200 mg) in MeCN (6 mL) was added a solution ofoglylic acid monohydrate (54
mg, 0.6 mmol) in MeCN (2 mL) dropwise and the reactimixture was stirred at rt
for 24 h. The mixture was then diluted with DCMr(d.), decanted into a separatory
funnel, washed with saturated NaHEC@ x 25 mL) and the combined aqueous layer
was extracted with DCM (2 x 20 mL). The combinedaoric phase was washed with
brine (2 x 20 mL), dried over anhydrous sodium atelf filtered and concentrated and
the residue purified by flash chromatography (4@3 EtOAc:hexanes:g) to

afford indolizidines/a-7c.

0
Ph—N N

O EtO,C o
7. (94%) white soligd m.p.: above 260°C; R 0.34 (4:1 EtOAc:Hexanes); IR (neat):
1727.1, 1697.6, 1323.0, 1103.9, 1066.9, 1019.7%;ci NMR (500 MHz, CDGJ)

7.33 (m, 8H), 6.87 (M, 2H), 4.98 (t, J = 5.3 Hz)1#76 (d, J = 9.3Hz, 1H), 4.20 (m,
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2H), 3.84 (t, J = 9.5 Hz, 1H), 3.49 (dd, J = 43.91Hz, 1H), 3.46 (d, J = 8.7 Hz, 1H),
3.42 (d, J = 3.0 Hz, 1H), 2.27 (d, J = 12.5 Hz,,1H98 (m, 1H), 1.85 (d, J = 13.9 Hz,
1H), 1.29 (t, J = 7.2 Hz, 3H}*C NMR (125 MHz, CDG)) 173.1, 172.5, 172.2,
170.8, 137.9, 131.7, 128.2, 127.8, 127.6, 127.5312125.9, 76.9, 68.9, 66.0, 60.6,
55.7, 54.7, 48.4, 35.4, 29.9, 12.9; high-resolutimess spectrum (ESi)/z483.1539

[(M+Na)"; calcd for GgH24N-O¢Na': 483.1532].

OMe
(@)
@)
Ph—N N
O Et0,C (@]

8. (97%) white solid; m.p.: 218-220°C;; R 0.32 (4:1 EtOAc:Hexanes); IR (neat):
1787.3, 1713.7, 1384.4, 1185.0, 1102.8, 1089.23.802m"; *H NMR (500 MHz,
CDCl) 7.48 (m, 2H), 7.34 (m, 3H), 6.94 (m, 2H), 6.89 @hl), 4.96 (t, J = 5.2 Hz,
1H), 4.72 (d, J = 9.8 Hz, 1H), 4.21 (m, 2H), 3.81)(= 9.5 Hz, 1H), 3.78 (s, 3H), 3.45
(d, J = 8.7 Hz, 1H), 3.40 (m,1H), 3.38 (d, J = BA 1H), 2.27 (d, J = 12.5 Hz, 1H),
1.93 (m, 1H), 1.89 (d, J = 14.0 Hz, 1H), 1.30 (& 2.2 Hz, 3H)*C NMR (125 MHz,
CDCl) 173.3,172.8, 172.6, 171.4, 159.9, 131.7, 1298,8, 128.6, 128.4, 126.3,
77.1, 69.8, 66.7, 62.2, 55.9, 55.2, 54.7, 48.31,380.6, 13.6; high-resolution mass

spectrum (ESIin/z513.1634 [(M+Na); calcd for G;H26N-O/Na': 513.1638].

CFs3
o)
o)
Ph—N N
O EtO,C o)
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9. (83%) white solid; m.p.: 247-248°C;s R 0.43 (4:1 EtOAc:Hexanes); IR (neat):
1710.6, 1325.4, 1104.8, 1053.8, 1015.5'chd NMR (500 MHz, CDCJ) 7.71 (m,
2H), 7.61 (m, 2H), 7.30 (m, 3H), 6.81 (d, J = 7.5, laH), 4.98 (t, J = 5.2 Hz, 1H),
4.81 (d, J = 9.8 Hz, 1H), 4.21 (m, 2H), 3.90 (£ 9.1 Hz, 1H), 3.53 (d, J = 8.7 Hz,
1H), 3.47 (dd, J = 4.4, 13.8 Hz, 1H), 3.35 (d, 4.%Z Hz, 1H), 2.26 (d, J = 12.5 Hz,
1H), 1.98 (m, 1H), 1.91 (d, J = 14.0 Hz, 1H), 1(82 = 7.2 Hz, 3H)**C NMR (125
MHz, DMSO-d6) 172.7, 172.2, 171.6, 170.4, 142.6, 131.2, 12828.11.(q, J =
32Hz), 127.8, 127.5, 125.6, 124.0, 123.5 (g, J 2 KHZ), 76.5, 68.8, 65.2, 60.4, 55.4,
54.4, 48.2, 35.2, 29.6, 12.6); high-resolution mapectrum (ESI)m/z 529.1596

[(M+Na)*; calcd for G/H24N-OgFsNa'™: 529.1586].

5.2.3.General procedure of aza-Prins reaction with glyoal solution:

40% aqueous solution of glyoxal (0.72 mL, 5 mmdi}A (0.036 mL, 0.5
mmol), and HO (1-2 mL) was stirred for 30 minutes. Then the tome& was added
into the solution of cycloadducts (0.5 mmol) in MéG@2-3mL). The mixture was
stirred for 2-3 hours at rt, then diluted with DCM mL), washed with saturated
NaHCG; (2 x 25 mL) and the combined aqueous layer wasebed with DCM (2 x
20 mL). The combined organic phase was washed lite (2 x 25 mL), dried
(NaxSQy), filtered and concentrated and the residue matifiy flash chromatography

(40:10:0.5 EtOAc:hexanesdat) to afford indolizidines8a-8c.

0]
Ph—N N oH

O EtO,C ¢
10. (72%) white solid: R= 0.33 (4:1 EtOAc:Hexanes); IR (neat): 3476.9, 1313

1387.8, 1289.9, 1192.4, 1105.3, 1054.7, 1020.3; did-NMR (500 MHz, CDC})
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9.89 (s, 1H), 7.34 (m, 9H), 7.01 (m, 2H), 6.80 @MH), 5.64 (d, J=3.2Hz, 0.2H),
4.74 (d, J = 10.4Hz, 1H), 4.73 (d, J=9.6Hz, 0.2Hp4 (t, J=5.8Hz, 0.2H), 4.24 (m,
3.6H), 3.77 (dd, J = 8.4, 10.4Hz, 0.2H), 3.69 (#8.4, 10.3Hz, 1H), 3.46 (d, J =
8.3Hz, 1H), 3.37 (d, J=8.5Hz, 0.2H), 3.26 (m, 1B)20 (ddd, J=4.9, 5.8, 13.0Hz,
0.2H), 2.62 (m, 1H), 2.50 (m, 0.2H), 2.22 (m, 1HB7 (M, 1.2H), 1.81 (m, 1H), 1.55
(d, J=13.2Hz, 0.2H), 1.33 (t, J=7.1Hz, 0.6H), 1B = 7.1 Hz, 3H)*C NMR (125

MHz, DMSO-d6) 202.5, 174.0, 173.8, 173.3, 173.1, 172.2, 17139.4, 138.2,

131.9, 128.5, 128.4, 128.1, 127.9, 127.8, 127.8,3,2126.2, 97.1, 72.9, 68.8, 67.4,
66.9, 65.4, 62.1, 62.0, 60.9, 60.3, 59.9, 54.84,548.3, 46.9, 38.8, 34.7, 27.4, 23.6,
13.6, 13.4; high-resolution mass spectrum (E8/) 463.1878 [(M+H); calcd for

C26H27N206+: 4631869]

OMe
(@)
OH
Ph—N N
O Et0,C (@]

11. (73%) white solid: R= 0.33 (4:1 EtOAc:Hexanes); IR (neat): 3479.4, 1713
1385.5, 1289.7, 1185.9, 1166.8, 1104.8, 1052.90.802m"; *H NMR (500 MHz,
CDCls) 9.86 (s, 1H), 7.36 (m, 6H), 7.06 (m, 2H), 6.90 @Hl), 5.61(s, 0.15H), 4.68
(d, J = 10.4 Hz, 1H), 4.67 (d, J=10.1Hz, 0.15HB24t, J=5.8Hz, 0.15H), 4.25 (m,
3.45H), 3.78 (s, 3H), 3.76(s, 0.45H), 3.65 (dd, 8.3; 10.3 Hz, 1.15H), 3.44 (d, J =
8.3 Hz, 1H), 3.35 (d, J=8.6Hz, 0.15H), 3.25 (d, 6.6 Hz, 1H), 3.23(d, J=2.7Hz,
0.15H), 3.17 (dd, J=5.5, 13.7Hz, 0.15H), 2.59 (i), 2.19 (m, 1H), 1.84 (m, 1.15H),
1.78 (dd, J = 2.1, 13.9 Hz, 1H), 1.55 (d, J=13.5H%5H), 1.30 (m, 3.45H}°C NMR
(125 MHz, CDC}) 201.8, 173.5, 172.9, 172.8, 172.6, 172.4, 1716D,2 131.8,

129.6, 129.4, 128.9, 128.8, 128.7, 128.2, 126.8,012114.5, 113.9, 98.3, 74.3, 69.6,
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67.8, 67.7, 65.6, 64.1, 63.9, 62.2, 61.6, 61.33,685.2, 54.9, 54.2, 48.8, 47.2, 39.4,
34.5, 28.2, 21.8, 21.6, 13.8, 13.7; high-resolutizass spectrum (ESi)/z493.1972

[((M+H)"; calcd for G/H20N,07": 493.1975].

CFs
o)

Ph—N N OH
O Eto,C o)

12. (66%) crystalline solid: mp 135-140 °C (2:3(HMeOH); R = 0.35 (4:1
EtOAc:Hexanes); IR (neat): 1716.6, 1381.0, 1323155.0, 1107.2, 1064.7, 1018.4
cm; *H NMR (500 MHz, CDCJ) 9.89 (s, 1H), 7.63 (m, 5.5H), 7.33(m. 5.0H), 6.95
(m, 2H), 6.73 (m, 1H), 5.63(s, 0.5H), 4.80 (d, J5H¥, 1H), 4.78 (d, J=10.1Hz,
0.5H), 4.64 (t, J=5.9Hz, 0.5H), 4.26 (m, 4.5H),23(8d, J=8.8, 9.7Hz, 0.5H), 3.74 (dd,
J = 8.3, 10.4Hz, 1H), 3.48 (d, J=8.3Hz, 1H), 3.d0J=8.6Hz, 0.5H), 3.21 (dd, J=5.1,
13.4Hz, 0.5H), 3.16 (m, 1.5H), 2.65 (m, 1H), 2.84 (H), 1.84 (m, 1.5H), 1.79 (dd,
J=1.9, 13.9 Hz, 1H), 1.55 (d, J=13.5Hz, 0.5H), 130 4.5H);"*C NMR (125 MHz,
CDCl;) 201.3,173.2,173.1, 172.6, 172.5, 172.3, 17143,5] 141.4, 131.4, 131.2
(g, J=23Hz), 128.9, 128.8, 128.5, 125.9, 125.9,82825.8, 125.3, 125.3, 123.8 (q,
J=272Hz), 98.1, 74.2, 69.7, 67.8, 67.7, 65.7, 63283, 61.9, 61.6, 60.9, 55.0, 54.2,
48.7, 47.1, 39.5, 34.6, 28.4, 21.8, 13.9, 13.Thmesolution mass spectrum (E&i)z

531.1746 [(M+HJ; calcd for GHagN,O6Fs": 531.1743].

5.2.4.General procedure of aza-Prins cyclization with dtyl glyoxylate:

A solution of 2-allylpyrolidine $a-59 (0.5 mmol), ethyl glyoxylate (0.5 mL,
2.5 mmol) and TFA (0.072 mL, 1.0 mmol) in MeCN (4.)rwas stirred for 1h at

50 °C. The reaction mixture was then quenched satiurated NaHCg&{2 mL). The
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reaction mixture was then diluted with DCM (4 miyashed with saturated NaHgO
(2 x 25 mL) and the combined aqueous phase waaatatt with DCM (3 x 20 mL).
The combined organic phase was washed with brine 28 mL), dried (Ng&5Oy),
filtered and concentrated and the residue purifiedlash chromatography (40:10:0.5

EtOAc:Hexanes:EN) to afford indolizidine®a-9c.

o)
CO,Et
Ph—N N
O EtO,C
OH

13. (66%) white solid; m.p.: 220-225°C; R 0.45 (4:1 EtOAc:hexanes); IR (neat):
3450.2, 1735.2, 1711.7, 1388.4, 1194.5, 1117.73216n"; 'H NMR (500 MHz,
CDCls) 7.34 (m, 8H), 6.96 (m, 2H), 4.65 (d, J = 10.4 H&#),14.45 (d, J = 4.4 Hz,
1H), 4.24 (m, 4H), 3.62 (dd, J = 8.3, 10.4 Hz, 1Bip2 (t, J = 4.3 Hz, 1H), 3.42 (d, J
= 8.2 Hz, 1H), 2.67 (dd, J = 3.3, 13.8 Hz, 1H),91(fn, 2H), 1.76 (dd, J = 2.3, 13.8
Hz, 1H), 1.31 (t, J = 7.1 Hz, 6H)*C NMR (125 MHz, CDGJ) 175.1, 173.5, 172.9,
170.9, 136.9, 131.7, 128.8, 128.7, 128.7, 128.8,22126.0, 68.7, 65.9, 63.2, 61.7,
61.0, 54.5, 54.4 47.0, 35.0, 23.8, 13.9, 13.8hmasolution mass spectrum (E&i)z

529.1944 [(M+Na); calcd for GgHzoN,O/Na': 529.1951].

OMe
(@)
CO,Et
Ph—N N
O Eto,C
OH

14. (54%) clear crystalline solid: mp 207-209 °C (EtDAc:Hexanes) R= 0.44 (4:1

EtOAc:hexanes); IR (neat): 3419.2, 1740.2, 17093%4,2.4, 1328.8, 1197.2, 1151.5,
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1105.9, 1066.7 cih *H NMR (500 MHz, CDCJ) 7.50 (m, 2H), 7.30 (m, 3H), 7.00
(d, J = 7.7 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 469J = 10.3 Hz, 1H), 4.42 (d, J = 4.3
Hz, 1H), 4.23 (m, 4H), 3.77 (s, 3H), 3.57 (dd, 8.5, 9.8 Hz, 1H), 3.50 (t, J = 4.0 Hz,
1H), 3.39 (d, J = 8.2 Hz, 1H), 2.64 (dd, J = 2381Hz, 1H), 1.96 (m, 2H), 1.73 (d, J
= 14.3 Hz, 1H), 1.30 (t, J = 7.2 Hz, 6HJC NMR (125 MHz, CDG) 175.6, 173.8,

173.3, 171.0, 159.9, 131.5, 129.8, 128.9, 128.8,312126.0, 113.7, 67.9, 65.7, 63.2,
61.8, 61.0, 55.1, 54.1, 54.0, 46.8, 34.6, 23.49 1&C)); high-resolution mass

spectrum (ESIin/z559.2059 [(M+Na); calcd for GgHzN-OgNa': 559.2056].

CF3
0
CO,Et
Ph—N N
O Et0,C
OH

15. (62%) white solid; m.p.: 180-182°C; R 0.44 (4:1 EtOAc:hexanes); IR (neat):
3417.9, 1740.6, 1721.3, 1708.2, 1370.8, 1327.86:819119.2, 1106.0, 1066.1. ¢m
'H NMR (500 MHz, CDC}) 7.77 (m, 2H), 7.60 (d, J = 8.4 Hz, 2H), 7.30 (H)3
6.90 (m, 2H), 4.71 (d, J = 10.4 Hz, 1H), 4.40 (& 4.3Hz, 1H), 4.25 (m, 4H), 3.67
(dd, J = 8.3, 10.4 Hz, 1H), 3.44 (m, 2H), 2.70 @ 2.1, 13.9 Hz, 1H), 1.99 (m, 2H),
1.75 (dd, J = 2.3, 13.9 Hz, 1H), 1.30 (t, J = 721 6H)*°*C NMR (125 MHz, CDGJ)

175.0, 173.4, 172.9, 170.8, 141.0, 131.2, 130,9 (g 32 Hz), 129.2, 129.0, 128.5,
125.8, 125.3, 125.3, 123.9 (q, J = 272 Hz), 6839,663.0, 62.0, 61.2, 54.4, 54.2,
46.8, 35.0, 23.7, 13.9 (2C)); high-resolution mspsctrum (ESIin/z597.1831

[(M+Na)"; calcd for GgH2oN-O7FsNa'": 529.1825].
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5.2.5.Procedure for formation of 17:

To a stirring solution of 2-allylpyrrolidind6 (0.25 mmol) in MeCN (1 mL)
was added 37% aqueous formaldehyde (0.2 mL, 2.5ImmBA (0.018 mL, 0.25
mmol), and HO (1 mL) and the reaction mixture was stirred atfor 1.5 h. The

reaction mixture was diluted with DCM (4 mL), wasdheith saturated NaHC{)2 x

15 m/ . The combined aqueous layer was extracted with €M 15 mL , and the
combined organic layer was washed with brine (15, ihen the combined organics

were dried (Ng5Qy), filtered, concentrated, and the was residueh&urpurified by
silica column chromatography (EtOAc:hexanes: 1d.Q.:6) to afford compound7
as the major product.

N

PharN<__CO,Et

/
MeO,C CO,Me
17.60% as aellow solid;*H NMR (500 MHz, CDCY)  7.37 (m, 2H), 7.33 (m, 1H),
7.31 (m, 2H), 5.64 (tdd, J=6.8, 9.7, 16.7Hz, 1H},85(d, J=12.8Hz, 1H), 5.05 (m,
2H), 4.48 (g, J=7.1Hz, 2H), 4.31 (d, J=12.8Hz, 1Bi§5 (s, 3H), 3.16 (s, 3H), 3.14
(ddd, J=6.6, 8.7, 15.2Hz, 1H), 2.97 (ddd, J=5.8, 84.6Hz, 1H), 2.21 (m, 2H), 1.45
(t, J=7,1Hz, 3H)*C NMR (125 MHz, CDCJ) 170.4, 164.6, 162.8, 154.9, 134.9,

134.3, 128.6, 128.4, 128.1, 117.4, 97.5, 68.4,,&23, 51.4, 50.9, 45.3, 32.0, 14.1.

5.2.6.Procedure for formation of indolizidines 18 a&b:

To a stirring solution of 2-allylpyrrolidiné6 (1.0 mmol) in MeCN (4 mL) was
added 37% aqueous formaldehyde (0.8 mL, 10.0 mmBh, (0.072 mL, 1.0 mmol),
and HO (4 mL) and the reaction mixture was stirred atfar 24 h. The reaction

mixture was diluted with DCM, washed with saturatéadHCQ (2 x 20 m/ . The
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combined aqueous layer was extracted with DCM @xmL , and the combined
organic layer was washed with brine (2 x 20)rthen the combined organics were

dried (NaSQy), filtered, concentrated, and the was residueh@urpurified by silica
column chromatography (EtOAc:hexanes: 1:1 with 1&MNEto afford compound8
a&b as a mixture of diastereomers, which were therars¢pd by silica column

chromatography (1 % MeOH in DCM).

OH
Ph- N

CO,Et
MeO,C  CO,Me

18a Yellow oil; 'H NMR (500 MHz, CDCJ}) 7.38 (m, 2H), 7.25 (m, 2H), 7.21 (m,
1H), 4.53 (d, J=10.9Hz, 1H), 4.35 (q, J=7.1Hz, 2#P0 (bp, 1H), 4.13 (d, J=11.2,
1H), 3.78 (m, 2H), 3.64 (s, 3H), 3.10 (s, 3H), 3.@6J=14.0Hz, 1H), 2.41 (d,
J=14.9Hz, 1H), 2.06 (d, J=14.8Hz, 1H), 1.80 (m, ,1HP6 (dd, J=3.3, 14.8Hz, 1H),
1.37 (t, J=7.1Hz, 3H) 1.31 (d, J=14.0Hz, 13 NMR (125 MHz, CDG)) 175.5,
170.7, 170.4, 140.1, 128.4, 127.9, 66.9, 64.6, 627, 53.2, 52.2, 51.5, 49.5, 37.9,

30.3, 24.6, 14.1.

OH
Ph— N

CO,Et

MeO,C CO,Me

18b. White solid;"H NMR (500 MHz, CDCJ)  7.40 (m, 2H), 7.25 (m, 2H), 7.19 (m,
1H), 4.51 (d, J=11.0Hz, 1H), 4.29 (q, J=7.1Hz, 2H},7 (d, J=11.0Hz, 1H), 3.97 (m,
1H), 3.84 (t, J=11.0Hz, 1H), 3.65 (s, 3H), 3.083H), 2.65 (m, 2H), 2.19 (dd, J=4.3,
12.5Hz, 1H), 2.12 (bp, 1H), 1.51 (m, 2H), 1.34J7.1Hz, 3H), 1.21 (t, J=11.4Hz,
1H) **C NMR (125 MHz, CDGJ) 172.7, 170.9, 170.3, 140.1, 128.5, 127.9, 69.6,

66.7, 64.3, 61.6, 53.4, 52.2, 51.5, 49.3, 42.68,33(.9, 14.2.
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5.3. Experimental procedures for generation of azometlme ylides with benzylic

or allylic amines with glyoxals and subsequent [34alipolar cycloadditions

5.3.1General procedure for preparation of phenylglyoxalcycloadducts:

To a stirred solution of aminegxl-26 (2.0 mmol) in MeCN (3 mL) at rt was
added phenylglyoxal monohydraf@04 mg, 2.0 mmol)After 1.5 h, AQOAc (16 mg,
0.10 mmol), BN (0.28 mL, 2.0 mmol) and phenyl maleimi¢@e74 mg, 1.0 mmol)
were addedAfter 24 h, the reaction mixture was partitionednmen CHCI, (20 mL)
and saturated NaHGO(25 mL) and extracted with GBI, (3 x 20 mL). The
combined organic layers were washed with brine ¢B80), dried (NaSQy),
concentrated, and the residue purified by tritoratiEtO) or flash column

chromatography to afford pyrrolidine produfs-32

H O
N
74
0= N~ =0
Ph
27

27.86% asa tan solid;mp 158-160 °CRs = 0.41 (70:30 CkCl,:EtOAC); IR (neat)
3579, 3299, 3221, 3056, 2863, 2505, 1780, 17046,16500, 1495, 1369, 1178, 920,
756, 688 crit; 'H NMR (500 MHz, CDCJ) 8.02 (d,J = 8.1 Hz, 2H), 7.62 (] = 7.4,
1H), 7.52 (tJ = 7.7 Hz, 2H), 7.41 (t] = 7.6 Hz, 2H), 7.34 () = 7.4 Hz, 2H), 7.19 (d,
J=7.2 Hz, 1H), 6.18 (ddd, = 17.0, 10.7, 6.3 Hz, 1H), 5.48 (dt= 17.2, 1.2 Hz, 1H),
5.35 (dt,J = 10.6, 1.1 Hz, 1H), 5.02 (d,= 7.7 Hz, 3H), 4.14 (1) = 6.8 Hz, 1H), 3.89
(t, J = 7.7 Hz, 1H), 3.59 (1] = 8.0 Hz, 1H), 2.73 (s, 1H}*C NMR (125 MHz, CDGJ)

196.1, 174.5, 174.2, 136.4, 133.9, 133.5, 13126,2, 129.0, 128.8, 128.3, 126.5,
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117.7, 65.5, 63.4, 51.4, 51.0; high resolution ngectrum (ESIM/z347.1392 [(M

+ H)"; calcd for GiH19N205": 347.1390].

28. 65%as a white solid: mp 182-18@; R = 0.28 (50:50 EtOAc:hexanesR (neat)
3371, 1713, 1647, 1381, 1188, 748 %5rtH NMR (500 MHz, CDC}) 8.07 (d,J =
7.5 Hz, 2H), 7.63 (t) = 7.3 Hz, 1H), 7.54 () = 7.7 Hz, 2H), 7.49 (m, 2H), 7.41 &,
= 7.2 Hz, 2H), 7.34 (m, 3H), 7.31 (m, 1H), 7.11 @), 5.03 (t,J = 6.7 Hz, 1H),
4.76 (t,J = 7.9 Hz, 1H), 3.96 (t) = 7.3 Hz, 1H), 3.71 (d] = 8.1 Hz, 1H), 2.92 (t] =
6.7 Hz, 1H);"*C NMR (125 MHz, CDGJ)) 194.8, 173.5, 172.6, 135.5, 135.4, 132.4,
130.4, 127.9, 127.8, 127.5, 127.4, 127.3, 126.8,9.2125.0, 64.3, 63.4, 50.0, 49.5;
high resolution mass spectrum (E8ijz397.1548 [(M + H); calcd for GsH2:N»O5":

397.1547].

74

)0

29. 72% as a yellow solid: mp 138-141 °R; = 0.53 (70:30 ChkCl,:EtOAc); IR
(neat) 1708, 1685, 1597, 1496, 1381, 1172, 759, 690" ctH NMR (500 MHz,
CDCl) 8.01 (d,J = 7.2 Hz, 2H), 7.61 (1) = 7.4 Hz, 1H), 7.50 () = 7.7 Hz, 2H),
7.41 (,J = 7.6 Hz, 2H), 7.34 () = 7.4 Hz, 1H), 7.20 (d] = 7.2 Hz, 2H), 5.91 (dg]
= 14.6, 7.0 Hz, 1H), 5.71 (ddd,= 15.9, 7.2, 1.6 Hz, 1H), 4.98 (@= 7.7 Hz, 1H),

4.07 (t,J = 7.7 Hz, 1H), 3.86 () = 7.7 Hz, 1H), 3.52 (t} = 8.0 Hz, 1H), 1.78 (d] =
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6.4 Hz, 3H);"*C NMR (125 MHz, CDGJ) 196.2, 174.6, 174.3, 136.4, 133.8, 131.6,
130.0, 129.2, 129.0, 128.8, 128.3, 126.5, 126.25,663.3, 51.5, 51.2, 18.1; high

resolution mass spectrum (ESt)/z 361.1547 [(M + H); calcd for GoH21N2Os5'™:

361.1547].
H (0]
N
0= N O
Ph
30

30. 74% as a light yellow solid: mp 160—-183; R = 0.20 (50:50 EtOAc:hexanes); IR
(neat) 3302, 2924, 1705, 1681, 1373, 1165, 758; ¢kt NMR (500 MHz, CDCY)

8.02 (d,J = 7.6 Hz, 2H), 7.62 (m, 1H), 7.52 (m, 2H), 7.39 @hi), 7.33 (m, 1H), 7.17
(d,J= 7.6 Hz, 2H), 5.19 (s, 1H), 5.07 (s, 1H), 4.95)& 7.8 Hz, 1H), 3.99 (1) = 8.5
Hz, 1H), 3.88 (tJ = 7.4 Hz, 1H), 3.65 (t) = 7.7 Hz, 1H), 2.76 (t) = 9.1 Hz, 1H),
2.03 (s, 3H)¥C NMR (125 MHz, CDGJ) 196.0, 174.4, 173.8, 141.1, 136.3, 133.5,
131.4, 128.9, 128.7, 128.5, 127.9, 126.3, 111.14,665.0, 50.7, 49.5, 21.6; high

resolution mass spectrum (ESt)/z 361.1548 [(M + H); calcd for GsHo1N,O5'":

361.1547].
H 0]
N
74
0= N O
Ph

31 82% vyield as a light yellow solid: mp 155-157C; R = 0.20 (50:50
EtOAc:hexanes); IR (neat) 1710, 1673, 1375, 1188, 588 crit; *H NMR (500
MHz, CDCk) 8.02 (d,J = 7.6 Hz, 2H), 7.62 (m, 1H), 7.52 (m, 2H), 7.43 @),

7.35 (m, 1H), 7.23 (d] = 7.6 Hz, 2H), 5.32 (dJ = 8.7Hz, 1H), 5.00 (dJ = 7.6 Hz,
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1H), 4.33 (tJ = 8.4 Hz, 1H), 3.87 () = 7.7 Hz, 1H), 3.51 (t) = 7.9 Hz, 1H), 2.59 (s,
1H), 1.83 (s, 3H), 1.81 (s, 3H)C NMR (125 MHz, CDGJ) 196.1, 174.5, 174.0,
138.1, 136.0, 133.4, 131.4, 128.8, 128.6, 128.3,9,2126.2, 119.3, 65.0, 58.8, 51.3,
50.5, 25.7, 18.4; high resolution mass spectrum)(B®&z 375.1702 [(M + H); calcd

for C23H23N203+: 3751703]

H (0]
N
Ph—/
0=>N" O
Ph
32

32 67% yield as a brown solid: mp 155-160 Rg= 0.27 (70:30 ChLCl,:EtOAC); IR
(neat) 1711, 1389, 1189, 1177, 967, 751, 691;cH NMR (500 MHz, CDC))
8.09 (d,J = 7.3 Hz, 2H), 7.67 (] = 7.4, 1H), 7.57 () = 11.4, 7.6 Hz, 2H), 7.45 (d,

= 7.6 Hz, 2H), 7.37 (d) = 7.4 Hz, 3H), 7.33 (dd] = 15.8, 7.5 Hz, 4H), 7.20 (d,=
7.3 Hz, 2H), 6.81 (dJ = 16.0 Hz, 1H), 6.52 (ddl = 15.7, 6.6 Hz, 1H), 5.09 (d,=
7.7 Hz, 1H), 4.32 (t) = 7.2 Hz, 1H), 3.93 (t) = 7.8 Hz, 1H), 3.67 (] = 7.8 Hz, 1H);
3C NMR (125 MHz, CDCJ) 196.9, 175.1, 174.4, 136.5, 133.9, 133.5, 13128,11
129.0, 128.8, 128.3, 126.5, 117.7, 64.9, 61.7, ;50igh resolution mass spectrum

(ESI)m/z423.1706 [(M + HJ; calcd for G/HxgN3Os": 423.1703].

5.3.2.General procedure of formation of indole glyoxal gcloadducts:

To a stirred solution of indole glyoxal (173 mg) Immol) in THF or MeCN (5
mL) at rt was added amin@4-26(75 pL, 1.0 mmol). After 30 min, AQOAc (16 mg,
0.10 mmol), BN (0.28 mL, 2.0 mmol) and phenyl maleimide (207 rig, mmol)
were added. After 24 h, the reaction mixture wdstell with CHCI, (100 mL),

washed with saturated NaHG x 25 mL), and extracted with GEll, (2 x 25 mL).
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The combined organic layers were washed with b(B@ mL), dried (NaSQy),
concentrated, and the residue purified by tritorat{EtO) to afford pyrrolidine

products33-38

H (0]
N
7
|
N
Ph
33

33.84% as an off-white solid¥ = 0.16 (EtOAc); IR (neat) 3502, 1705, 1496, 1056,
763 cni; 'H NMR (500 MHz, DMSOds)  12.06 (s, 1H), 8.59 (d} = 3.0 Hz, 1H),
8.18 (d,J = 7.7 Hz, 1H), 7.49 (d) = 7.9, 1H), 7.46 (t) = 7.5 Hz, 2H), 7.34 (m, 1H),
7.24 (t,J = 7.8 Hz, 1H), 7.18 (m, 3H), 6.15 (ddb= 17.1, 10.4, 6.5 Hz, 1H), 5.34 (d,
J=17.2 Hz, 1H), 5.19 (dl = 10.5 Hz, 1H), 4.83 (d] = 8.2 Hz, 1H), 3.93 (t) = 6.6
Hz, 1H), 3.89 (tJ = 7.9 Hz, 1H), 3.57 () = 7.7 Hz, 1H), 2.96 (s, 1H}*C NMR
(125 MHz, DMSOsds) 191.2, 175.6, 175.2, 137.1, 136.3, 134.7, 13233,2, 128.6,
127.4, 126.1, 123.4, 122.3, 122.0, 116.6, 116.2,6,166.4, 63.3, 51.7, 51.5; high
resolution mass spectrum (ESt)/z 386.1500 [(M + H); calcd for GsH2oN305":

386.1499].

Ph
34

34. 75% as an off-white solid® = 0.40 (EtOAc);IR (neat) 3147, 2924, 1712, 1627,
1427, 1373, 748 cth *H NMR (500 MHz, DMSOds)  12.05 (s, 1H), 8.67 (s, 1H),
8.27 (d,J = 7.6 Hz, 1H), 7.50 (m, 3H), 7.40 (m, 5H), 7.28 @Hl), 7.10 (m, 2H), 7.10

(d,J = 7.7 Hz, 2H), 4.84 (t) = 5.6 Hz, 1H), 4.58 () = 6.6 Hz, 1H), 4.00 () = 7.5
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Hz, 1H), 3.72 (tJ = 7.9 Hz, 1H);"*C NMR (125 MHz, DMSQd) 192.3, 176.4,
175.6, 139.4, 137.6, 134.9, 133.4, 129.9, 129.8,112128.5, 128.4, 127.9, 126.8,
124.2, 123.1, 122.7, 117.2, 113.3, 67.1, 64.9, ,5818; high resolution mass

spectrum (ESIin/z436.1655 [(M + H); calcd for G;H2oN305": 436.1656].

)0

35.92% as an off-white solid¥ = 0.17 (EtOAc); IR (neat) 3178, 2924, 1705, 1635,
1381, 1203, 748 cil) *H NMR (500 MHz, DMSOds) 12.02 (s, 1H), 8.57 (d} =
2.2 Hz, 1H), 8.17 (d) = 7.6 Hz, 1H), 7.47 (m, 3H), 7.37 (m, 1H), 7.22 (thl), 7.18
(m, 3H), 5.73 (m, 2H), 4.78 (§,= 7.6 Hz, 1H), 3.85 (m, 2H), 3.49 (= 7.7 Hz, 1H),
2.85 (t,J = 7.9 Hz, 1H), 1.70 (d) = 5.1 Hz, 3H);**C NMR (125 MHz, DMSQds)
191.9, 176.4, 176.0, 137.7, 135.3, 133.5, 129.9,5,2129.3, 128.2, 128.1, 126.7,
124.1, 123.0, 122.7, 117.3, 113.3, 67.1, 63.7, $2@, 18.9; high resolution mass

spectrum (ESIin/z400.1655 [(M + H); calcd for G4H2:N305": 400.1656].

o)

ZT

36. 93% as an off-white solid® = 0.26 (EtOAc); IR (neat) 3178, 1705, 1643, 1419,
1381, 1203, 756 cih) '"H NMR (500 MHz, DMSOds) 12.03 (s, 1H), 8.61 (S, 1H),
8.23 (d,J = 7.5 Hz, 1H), 7.51 (d) = 7.8 Hz, 1H), 7.44 (m, 2H), 7.36 (m, 1H), 7.23
(m, 2H), 7.13 (m, 2H), 5.06 (s, 1H), 4.92 (s, 1#)8 (t,J = 8.2 Hz, 1H), 3.89 (1) =

7.7 Hz, 1H), 3.82 (t) = 8.0 Hz, 1H), 3.67 () = 7.6 Hz, 1H), 2.98 (1) = 8.9 Hz, 1H),
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1.95 (s, 3H);*C NMR (125 MHz, DMSQOds) 191.0, 175.1, 174.6, 142.5, 136.5,
134.1, 132.3, 128.8, 128.2, 126.8, 125.7, 122.9,82121.6, 116.1, 112.1, 109.9,
65.8, 64.9, 50.7, 49.5, 21.5; high resolution nsgeectrum (ESIM/z400.1655 [(M +

H)*; calcd for G4H23N303": 400.1656].

H (0]
N
7
l
N
(0] N O Me

Ph

37

37.94% as a white solid¥ = 0.26 (EtOAc); IR (neat) 1712, 1643, 1373, 11848,
617 cni; *H NMR (500 MHz, CDCJ)  8.34 (m, 1H), 7.87 (s, 1H), 7.39 (m, 2H),
7.30 (m, 1H), 7.28 (m, 3H), 7.26 (m, 1H), 7.24 @Hl), 5.38 (dJ = 8.9 Hz, 1H), 4.75
(d,J = 8.4 Hz, 1H), 4.23 (t) = 8.4 Hz, 1H), 3.76 (s, 3H), 3.71 @,= 8.0 Hz, 1H),
3.42 (t,J = 7.7 Hz, 1H), 1.80 (s, 3H), 1.78 (s, 3HJC NMR (125 MHz, CDGJ)
189.6, 174.8, 174.4, 138.4, 137.7, 136.2, 131.9,112128.6, 126.6, 126.4, 123.9,
123.2, 122.7, 119.5, 116.1, 109.9, 66.7, 59.8, 5541, 33.7, 26.1, 18.8; high
resolution mass spectrum (ESt)/z 428.1969 [(M + H); calcd for GeHoeN30s"

428.1969].

Ph—/ i

N
0" " =0 H
|

Ph
38

38.65% as an off-white solid® = 0.36 (EtOAc); IR (neat) 3148, 2924, 1705, 1635,
1361, 748 cit; 'H NMR (500 MHz, DMSOds)  12.05 (s, 1H), 8.61 (s, 1H), 8.20 (d,
J=7.5, 1H), 7.47 (m, 5H), 7.36 (m, 3H), 7.24 (nY)56.70 (d,J = 15.9 Hz, 1H),

6.57 (dd,J = 15.9, 7.1 Hz, 1H), 4.88 (,= 6.4 Hz, 1H), 4.09 (d] = 6.8 Hz, 1H), 3.93
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(t, J = 7.8 Hz, 1H), 3.64 () = 7.6 Hz, 1H), 3.12 () = 6.8 Hz, 1H);"*C NMR (125
MHz, DMSO-s) 190.7, 175.2, 174.8, 136.8, 136.6, 134.2, 13230.2, 128.7,
128.6, 128.1, 127.7, 127.5, 126.9, 126.3, 125.@.9.2121.8, 121.6, 116.2, 112.1,
66.1, 62.5, 51.6, 51.1; high resolution mass spet(ESI)M/z462.1812 [(M + H);
calcd for GgHo4N305": 462.1812).

5.4.Experimental procedures for study toward total sythesis of borrecapine

5.4.1.Procedure for formation of 65

Allylamine 21 (1.0 mmol) and ethyl glyoxylate (1.0mmol) was add#d 1 mL
MeCN, stir for 0.5h at r.t. to preform the imine&td the solution was next added
AgOACc/PPh (0.1 mmol) (stirred for 1h at r.t. in 2mL MeCN){3H (1.0 mmol), and
dipolarophile62. The mixture was stirred at r.t. for 24h, which wasn diluted with
DCM. The organic solution was washed with sat,8Haqueous solution (2x20mL).
The aqueous layer was then extracted with DCM (8420 Combined organic layers
was dried over anhydrous MgaCthen filtered and concentrated under reduced
pressure to afford crude material, which was pedifiby silica flash column

chromatography (EtOAc:hexanes=2:1).

CO,Et

HN

“/—S0,PhMe

MEOQC

65.38% as a yellow foantH NMR (500 MHz, CDCY) 7.81 (d, J=8.3Hz, 2H), 7.38
(d, J=8.1Hz, 2H), 5.58 (ddd, J=7.5, 10.3, 17.2H#), 5.24(d, J=17.0Hz, 1H), 5.19 (d,
J=10.3Hz, 1H), 4.28 (g, J=7.1Hz, 2H), 4.01(dd, 9=510.0Hz, 1H), 3.98 (d,

J=14.0Hz, 1H), 3.60 (s, 3H), 3.46 (d, J=7.4Hz, 134 (d, J=14.1Hz, 1H), 2.88 (dd,

J=5.9, 14.1Hz), 2.77 (dd, J=10.0, 14.1Hz, 1H), Zs4&8H), 1.35 (t, J=7.1Hz, 3HjC
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NMR (125 MHz, CDCY) 173.5, 171.3, 144.9, 137.7, 133.4, 129.3, 12718.8,

72.1,61.4, 61.3, 58.9, 54.9, 52.2, 36.3, 21.&.14.

5.4.2.Procedure for formation of 72, 73 and 74

Allylamine 21 (1.0 mmol) and ethyl glyoxylate (1.0mmol) was add&d 1mL
MeCN, stir for 0.5h at r.t. to preform the iminetd the solution was next added
AgOACc/PPR (0.1 mmol) (stirred for 1h at r.t. in 2mL MeCN){sB (1.0 mmol), and
dipolarophile69 (0.5mmol). The mixture was stirred at r.t. for 5h, which waert
diluted with DCM. The organic solution was washedthwsat. NHCI aqueous
solution (2x20mL). The aqueous layer was then etdch with DCM (2x20mL).
Combined organic layers was dried over anhydrousS®|g then filtered and
concentrated under reduced pressure to afford cmnudéerial. Mixture of 3
diastereomerg2, 73 and74 was first isolated by silica flash column chrongaaphy
(EtOAc:hexanes=1:1). Compoufi@ was further separated from the mixture by silica

flash column chromatography (DCM:EtOAc=15:1 to 11 5b:1).

H
AN _COE

MePhO,s  COLEt

72.45% as a yellow foantH NMR (500 MHz, CDCY)  7.80 (d, J=8.3Hz, 2H), 7.39
(d, J=8.2Hz, 2H), 5.79 (ddd, J=6.8, 10.3, 17.2H#), 5.10 (d, J=17.2Hz, 1H), 5.06 (d,
J=10.3Hz, 1H), 4.23 (dd, J=7.2, 10.7Hz, 1H), 4dd, §=7.2, 10.8Hz), 4.12 (m, 2H),
4.02 (m, 2H), 3.77 (M, 2H), 2.48 (s, 3H), 1.300&7.2Hz, 3H), 1.18 (t, J=7.2Hz, 3H)
13C NMR (125 MHz, CDG))  170.5, 169.7, 145.3, 135.7, 135.0, 130.0, 128.8,9,

71.5,63.7, 62.3,61.8, 61.5, 50.1, 21.7, 14.(M 13.
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H H
N__,CO,Et AN COE
+

Et0,C  SO,PhMe Et0,C  'SO,PhMe

=

73+74.45% as a yellow foantH NMR (500 MHz, CDCY)  7.81 (d, J=8.3Hz, 2H),
7.38 (d, J=8.1Hz, 2H), 5.72 (ddd, J=6.9, 10.5, #Z,21H), 5.28 (d, J=17.2Hz, 1H),
5.18 (d, J=10.5Hz, 1H), 4.30 (dd, J=4.6, 5.8Hz,, ¥21 (d, J=5.8Hz, 1H), 4.04 (m,
4H), 3.65 (dd, J=4.5, 7.3Hz), 4.13 (m, 1H), 2.463(3), 1.18 (t, J=7.2Hz, 3H), 1.11 (t,
J=7.2Hz, 3H)°C NMR (125 MHz, CDGJ) 170.5, 170.3, 145.3, 134.9, 133.4, 129.9,

128.9, 118.1, 69.7, 64.9, 61.9, 61.6, 61.3, 501%,214.1, 13.9

5.4.3.Procedure for converstion of 72, 73 and 74 to thecorresponding 2H-

pyrroles

Pyrrolidine compound?2 or mixture of73 and74 (0.1mmol) was dissolved in
0.78mL of chloroform. Into the solution was addeeduivalent of DBU. The mixture
was heated at reflux for 4h before cooled downttoThe solution was diluted with
10mL DCM, and then washed with sat. MH aqueous solution (2x10mL).
Combined aqueous layers was extracted with DCM @&11). Combined organic
layers was washed with brine, dried over MgSfiltered and concentrated under
reduced pressure to afford crude products, which puaified by silica flash column

chromatography (EtOAc:hexanes=1:2).

H CO,Et
/\@/ 2

EtO,C
70. Yellow foam.*H NMR (500 MHz, CDCJ)  6.71 (dd, J=10.9, 17.8Hz, 1H), 5.79

(d, J=10.8Hz, 1H), 5.77 (d, J=17.9Hz, 1H), 4.26 4i), 3.53 (dd, J=7.2, 9.8Hz, 1H),
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3.18 (dd, J=10.1, 17.2Hz, 1H), 3.11 (dd, J=7.428Z, 1H), 1.35 (t, J=7.1Hz, 3H),
1.31 (t, J=7.1Hz, 3H)

N
/ ) CO,Et

CO,Et
71. off-white foam.'H NMR (500 MHz, CDC)) 6.03 (ddd, J=6.2, 10.4, 16.9Hz,
1H), 5.33 (d, J=17.2Hz, 1H), 5.24 (d, J=10.4Hz, 34499 (m, 1H), 4.37 (q, J=7.1Hz,
2H), 4.21 (q, J=7.1Hz, 2H), 3.22 (m, 2H), 1.39&7.1Hz, 3H), 1.29 (t, J=7.1Hz, 3H)
13C NMR (125 MHz, CDG)  166.2, 162.2, 136.9, 136.8, 116.7, 79.2, 62.23,61.

39.4,14.2,14.1

5.4.4.Procedure for formation of 77 and 78

Allylamine 21 (0.5mmmol) and indole glyoxad7 (0.5mmol) were stirred in
4AmL THF at r.t. for 0.5h. Into the solution was hadded AgOAc/PPN(0.05 mmol)
(stirred for 1h at r.t. in ImL THF), B (0.5 mmol), and dipolarophil@ (0.25mmol).
The mixture was stirred at r.t. for 4h, which whsert diluted with DCM. The organic
solution was washed with sat. WEl aqueous solution (2x20mL). The aqueous layer
was then extracted with DCM (2x20mL). Combined oigdayers was dried over
anhydrous MgS@ then filtered and concentrated under reducedspresto afford
crude material. 2 diastereomerg and 78 were separated by silica flash column

chromatography (EtOAc:hexanes=1:1).

MePhO,S  CO2Et

77. 48% as a yellow foantH NMR (500 MHz, CDCY)  9.54 (b.p. 1H), 8.31 (d,
J=7.3Hz, 1H), 8.16 (d, J=3.2Hz, 1H), 7.70 (d, JE&,32H), 7.37 (d, J=7.4Hz, 1H),

108



7.26 (m, 2H), 7.16 (d, J=8.0Hz, 2H), 5.80 (ddd,.9=60.5, 17.3Hz, 1H), 5.28 (d,
J=17.2Hz, 1H), 5.19 (d, J=10.5Hz, 1H), 4.92 (d,.0HZ, 1H), 4.73 (dd, J=5.5,
6.9Hz, 1H), 4.18 (dd, 1H), 4.00 (q, J=7.1Hz, 2HR13(dd, J=5.4, 7.9Hz, 1H), 2.25 (s,
3H), 1.14 (t, J=7.1Hz, 3H}*C NMR (125 MHz, CDG)) 189.8, 170.5, 145.5, 136.6,
135.1, 134.6, 133.4, 130.1, 128.5, 126.0, 124.8,112122.5, 118.8, 115.9, 111.9,

69.7, 65.6, 64.5, 61.4, 51.9, 21.8, 14.4.

Et0,C  “SO,PhMe

78. 48% as a white solidH NMR (500 MHz, CDGCJ) 8.99 (b.p., 1H), 8.35 (m, 1H),
8.06 (d, J=3.0Hz, 1H), 7.80 (d, J=8.3Hz, 2H), 7(#f 1H), 7.38 (d, J=8.0Hz, 2H),
5.81 (ddd, J=7.0, 10.5, 17.2Hz, 1H), 5.03 (d, J4#@, 1H), 5.01 (d, J=17.1Hz, 1H),
4.88 (d, J=6.9Hz, 1H), 4.16 (dd, J=7.0, 13.4Hz,, 13490 (m, 2H), 3.80 (q, J=7.2Hz,
2H), 2.47 (s, 3H), 0.80 (t, J=7.2Hz, 3HC NMR (125 MHz, CDGJ) 189.4, 170.6,
145.4, 136.5, 135.4, 134.9, 132.7, 130.0, 128.5,512124.1, 123.0, 122.2, 118.1,

116.5, 117.8, 71.8, 66.9, 63.1, 61.7, 51.8, 2134.1

5.4.5.Procedure for converstion of 77 and 78 to their goesponding pyrroles 75

and 76

Pyrrolidine compound? or 78 (0.038mmol) was dissolved in 3mL of toluene.
Into the solution was added 2 equivalent of DBUe Thixture was heated at 70 °C
over night before cooled down to r.t. The solutieas diluted with 20mL DCM, and
then washed with sat. NBI aqueous solution (2x10mL). Combined aqueousraye
was extracted with DCM (2x10mL). Combined orgawigelrs was washed with brine,

dried over MgSQ filtered and concentrated under reduced pregsuadford crude
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products, which was purified by silica flash columehromatography

(EtOAc:hexanes=1:2 to 1:1 to 2:1).

CO,Et
75. Yellow foam."H NMR (500 MHz, CDC}) 10.16 (b.p. 1H), 9.26 (b.p. 1H), 8.37
(m, 1H), 7.90 (d, J=2.7Hz, 1H), 7.47 (m, 1H), 7(48, J=11.4, 18.4Hz, 1H), 7.33 (m,
3H), 5.79 (d, J=18.1Hz, 1H), 5.49 (d, J=11.4Hz, 1HB7 (q, J=7.1Hz, 2H), 1.41 (t,
J=7.1Hz, 3H)®C NMR (125 MHz, CDG) 179.0, 164.6, 137.8, 136.2, 131.2,
131.1, 126.3, 125.8, 124.0, 122.7, 122.2, 117.8,6.116.1, 115.0, 111.5, 60.3, 14.5.

O H
N

I \ /

HN"E0,c

76. Yellow foam.*H NMR (500 MHz, CDCY) *C NMR (125 MHz, CDG)
181.2, 165.6, 137.5, 136.2, 132.8, 131.9, 125.8,8,2122.5, 121.9, 119.3, 118.6,

111.3, 109.3, 60.2, 20.7, 13.6, 13.1.

5.4.6.Procedure for formation of 86

Allylamine 21 (1.0mmmol) and ethyl glyoxylate (1.0mmalere stirred in 2mL
THF at r.t. for 1.5h. Into the solution was nextied AgOAc/PPk (0.1 mmol) (stirred
for 1h at r.t. in 2mL THF), bases (1.0 mmol), andothrophile84 (1.2mmol). The
mixture was stirred at r.t. for 5h, which was thdituted with DCM. The organic
solution was washed with sat. WEl aqueous solution (2x20mL). The aqueous layer
was then extracted with DCM (2x20mL). Combined oigdayers was dried over

anhydrous MgS@ then filtered and concentrated under reducedspresto afford
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crude materiaB6, which were then purified by silica flash columimnr@matography
(EtOACc:DCM=1:15).

CO,Et

HN
“CO,Me

NO,

86. 18% as a brown solitH NMR (500 MHz, CDCJ) 5.95 (ddd, J=6.9, 10.4,
17.2Hz, 1H), 5.41 (d, J=17.2Hz, 1H), 5.32 (d, J3Hz, 1H), 5.18 (d, J=6.8Hz, 1H),
4.35 (J=6.9Hz, 1H), 4.23 (q. J=7.2Hz, 2H), 3.841d), 3.74 (s, 3H), 1.47 (s, 3H),
1.31 (t, q=7.2Hz, 3H)*C NMR (125 MHz, CDG)) 169.3, 168.6, 135.1, 121.1,

91.7,67.7, 62.2, 53.4, 53.1, 22.0, 18.1, 13.9.

5.4.7.Procedure for preparation of N-tosyl indole glyox&94

To a solution of indolet6 (20mmol) in toluene 20mL was added sBHSO,
(2.4mmol) , 50% aqueous KOH solution (25 mL) andffad tosyl chloride solution
(26mmol in 50mL toluene), The mixture was stirred.a for 3h. Aqueous layer was
then separated from organic layer, which was washéti water (2x20mL).
Combined aqueous layer was then extracted with IZA0mL). Combined organic
layer was dried over MgSQfiltered and concentrated under reduced presdine.
crude material was then purified by recrystalizaticth 95% EtOH to afford N-tosyl
indole92.

Into the suspension of Al€I(123.0mmol) in 150mL dry DCM was added acetic
anhydride (68.0mmol) during 10min. The solution 9% in 30mL dry DCM was
added into the mixture portionally. The resultimusion was stirred at r.t. for 16h.
The reaction mixture was then poured into a separgunnel with % full of ice.

Organic layer was separated, and then washed atitNaHCQ aqueous solution and
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brine. Resulting DCM solution was dried over MgS@ltered, and concentrated
under reduced pressure. Crude mate®idlwas purified by recrystalization with
MeOH.
3-acyl indole93 (17.0mmol) was dissolved in 80mL dioxane. 1.5 eagj@nt of

SeQ and 2mL water were added in one portion. The m@achixture was heated at
reflux for 16h, which was then filtered through BelWwhen still warm. Filtrate was
diluted with DCM, and then washed with water (2xiQ). Resulting organic
solution was dried over MgSO4, filtered, and cotiad under reduced pressure.
Crude material was further purified by silica flastolumn chromatography

(EtOAc:hexanes=1:2) to affo@¥ as a mixture of desired aldehyde and its hydrate.

5.4.8.Procedure for formation of 96 and 97

Allylamine 21 (1.0mmmol) and N-tosyl indole glyox&4 (1.0mmol) were
stirred in 2mL THF at r.t. for 0.5h. Into the saotut was next added AgOAC/PP(D.1
mmol) (stirred for 1h at r.t. in 2mL THF), 4& (1.0 mmol), and dipolarophil&5 or
62 (0.5mmol). The mixture was stirred at r.t. for 2.5h, which when diluted with
DCM. The organic solution was washed with sat.8Hwqueous solution (2x20mL).
The aqueous layer was then extracted with DCM (8420 Combined organic layers
was dried over anhydrous MgaQhen filtered and concentrated under reduced
pressure to collect crude material, which were therified by silica flash column

chromatography (EtOAc:hexanes=1:3) to afféédor 97.
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96. 72% as a pale-white solitH NMR (500 MHz, CDC4) 9.49 (s, 1H), 8.45 (s,
1H), 7.98 (d, J=8.1Hz, 2H), 7.93 (d, J=8.1Hz, 2A}2 (d, J=9.4Hz, 2H), 7.37 (m,
1H), 7.31 (m, 3H), 6.84 (d, J=8.0Hz, 2H), 5.82 (ddd7.6, 10.4, 17.8Hz, 1H), 5.40
(d, J=15.5Hz, 1H), 5.34 (d, J=10.4Hz, 1H), 4.8523), 3.89 (d, J=7.6Hz, 1H), 2.38
(s, 3H), 2.00 (s, 3H), 1.77 (s, 3HC NMR (125 MHz, CDGJ) 201.5, 191.3, 146.4,
145.2, 136.1, 134.7, 134.6, 133.8, 132.2, 130.9,72128.4, 127.6, 127.5, 126.1,

125.0, 123.5, 120.1, 119.4, 113.8, 73.2, 67.9,,0.8, 21.8, 21.4, 15.5.

97. 65% as a light yellow solidH NMR (500 MHz, CDCJ) 8.48 (s, 1H), 7.94 (m,
4H), 7.41 (d, J=8.3Hz, 2H), 7.37 (m, 1H), 7.33Jd8.3Hz, 2H), 7.28 (m, 1H), 6.74
(d, J=8.1Hz, 2H), 5.74 (ddd, J=7.5, 10.4, 17.4H1), 5.25 (d, J=17.0Hz, 1H), 5.19
(d, J=10.4Hz, 1H), 4.87 (d, J=8.4Hz, 1H), 4.85Xd8.4Hz, 1H), 3.71 (m, 4H), 2.37
(s, 3H), 1.99 (s, 3H), 1.86 (s, 3HC NMR (125 MHz, CDGJ) 191.4, 173.2, 146.4,
1449, 136.4, 134.8, 134.6, 134.1, 133.8, 130.9.5,2128.3, 127.5, 126.0, 124.9,

123.1, 119.7, 118.3, 113.2, 73.9, 71.1, 65.0, BH2A, 21.8, 21.4, 18.4.

5.4.9.Procedure for formation of 102 and 103

Allylamine 21 (0.5mmmol) and N-tosyl indole glyox&4 (0.5mmol) were
stirred in 4mL THF at r.t. for 0.5h, which was thémpwisely added over 3h into the
mixture of AgOAc/PPh (0.1 mmol), E§N (1.0 mmol), and methacrolein or methyl
methacrylate (5.0mmol) in 2mL toluen€he resulting mixture was stirred at r.t. for
24h before diluted with DCM. The organic solutiormsvwashed with sat. NBI

agueous solution (2x20mL). The aqueous layer was tbxtracted with DCM
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(2x20mL). Combined organic layers was dried overydnous MgS@ then filtered
and concentrated under reduced pressure to callede material, which were then

purified by silica flash column chromatography (BiShexanes=1:5) to afford02

or 103

102. 45% as light yellow foam'H NMR (500 MHz, CDCJ) 9.06 (s, 1H), 8.41
(m,1H), 7.95 (m,1H), 7.86 (d, J=8.4Hz, 2H), 7.38, @Hl), 7.29 (d, J=8.3Hz, 2H),
5.81 (ddd, J=7.2, 10.3, 17.3Hz, 1H), 5.38 (d, J&#iZ, 1H), 5.30 (d, J=10.4Hz, 1H),
4.78 (d, J=7.2Hz, 1H), 3.68 (dd, J=2.0, 18.0Hz,,13$8 (s, 3H), 2.88 (dd, J=1.1,
18.0Hz, 1H), 2.37 (s, 3H), 1.48 (s, 3HC NMR (125 MHz, CDG)) 184.7, 174.4,
173.7, 146.1, 136.9, 134.8, 134.6, 133.9, 130.8.5,2127.5, 125.9, 125.1, 123.1,

118.3, 118.2, 113.3, 85.5, 52.6, 52.2, 45.9, 24118.

103.46% as light yellow foamtH NMR (500 MHz, CDCJ) 9.52 (s, 1H), 9.03 (s,
1H), 8.37 (m, 1H), 7.92 (m, 1H), 7.82 (d, J=8.412H), 7.35 (m,2H), 7.25 (d,
J=8.3Hz, 2H), 5.81 (ddd, J=7.4, 10.3, 17.2Hz, BH1 (dt, J=1.3, 18.4Hz, 1H), 5.34
(dt, J=1.1, 11.4Hz, 1H), 4.81 (d, J=7.3Hz, 1H),43(8d, J=2.2, 18.2Hz, 1H), 2.78
(dd, J=1.6, 18.2Hz, 1H), 2.33 (s, 3H), 1.37 (s, 3#@) NMR (125 MHz, CDGJ)
202.3, 184.2, 173.3.,, 146.1, 136.9, 134.7, 13433.21 130.4, 128.5, 127.5, 125.9,

125.2,123.1, 119.1, 118.1, 113.3, 85.1, 55.2,,428, 20.7.
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5.4.10 Procedures for synthesis toward 108’ and 109’

Prenylamine25 (0.5mmmol) and N-tosyl indole glyox&4 (0.5mmol) were
stirred in 4mL THF at r.t. for 0.5h, which was thémpwisely added over 3h into the
mixture of AQOAc/PPk (0.1 mmol), E{N (1.0 mmol), and methacrolein (5.0mmaol)
in 2mL toluene.The resulting mixture was stirred at r.t. for 24¢fdve diluted with
DCM. The organic solution was washed with sat.8Hwqueous solution (2x20mL).
The aqueous layer was then extracted with DCM (8420 Combined organic layers
was dried over anhydrous MgaQhen filtered and concentrated under reduced
pressure to collect crude material, which were therified by silica flash column

chromatography (EtOAc:hexanes=1:5) to affted’.

CHO

105’. 45% as a light yellow foamH NMR (500 MHz, CDGJ) 9.52 (s, 1H), 9.03 (s,
1H), 8.40 (m, 1H), 7.93 (m, 1H), 7.86 (d, J=8.41H), 7.38 (m, 2H), 7.29 (d,
J=8.5Hz, 2H), 5.11 (dd, J=1.3, 9.9Hz, 1H), 4.98 (©t1.3, 9.9Hz, 1H), 3.60 (dd,
J=2.2, 18.2Hz, 1H), 2.78 (dd, J=0.8, 18.2Hz, 1H3}B8s, 3H), 1.87 (s, 3H), 1.82 (s,
3H), 1.37 (s, 3H)*C NMR (125 MHz, CDGJ) 202.0, 184.5, 172.3, 145.9, 138.2,
136.7, 134.6, 134.4, 130.2, 128.3, 127.3, 125.4,912122.9, 120.1, 117.9, 113.1,
81.2,55.2,42.7,25.9, 21.7, 21.2, 18.9.

2H-pyrrole 105’ was dissolved in 10mL MeOH. Into the solution vealsled 4
equivalent of KOH in one portion. The reaction vstisred at O °C for 0.5 h, then r.t.
for 2.5h. Resulting mixture was poured into sat4.8Haqueous solution (20mL), and

then extracted with DCM. Organic layer was nextheaswith water and brine, dried
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over MgSQ, filtered and concentrated under reduced pres&inede material was
purified with silica column chromatography (EtOAexanes=1:4 to 1:3, 1% 4) to

afford 106'.

CHO

106’. 58% as a yellow solid.'"H NMR (500 MHz, CDC{) 9.54 (s, 1H), 8.74 (b.p.
1H), 8.63 (d, J=3.2Hz, 1H), 8.51 (m, 1H), 7.44 (H), 7.34 (m, 2H), 5.05 (dd, J=1.2,
10.2Hz, 1H), 5.02 (dt, J=1.3, 10.2Hz, 1H), 3.62,(dd2.1, 18.2Hz, 1H), 2.88 (dd,
J=0.9, 18.2Hz, 1H), 1.83 (d, J=1.2Hz, 3H), 1.80J€].2Hz, 3H), 1.39 (s, 3H}’C
NMR (125 MHz, CDCY) 202.4, 184.1, 173.4, 138.0, 136.3, 135.9, 12623,Q,
123.1,122.5,120.4, 115.2, 111 .4, 81.2, 55.2,,4%18, 21.0, 18.8.

Into stirring suspension of MePfBr (0.4mmol) in 2mL THF under Nwas
added dropwisely KHMDS (0.3mmol) at 0 °C. The mietwas then warmed up to r.t.
and stirred for another 1 hour before cooled bamkrdto 0 °C. The solution df06’
(0.27mmol) in 3mL THF was added dropwisely into thalution of ylide. The
resulting mixture was warmed up to r.t. and stiroedrnight, which was then diluted
by diethyl ether, and washed with sat. JfHaqueous solution (2x20mL). Aqueous
layer was then extracted by,Bt(2x20mL). Combined organic layer was dried over
MgSQ,, filtered, and concentrated under reduced presdure crude material was
then purified by silica flash column chromatogragByOAc:hexanes=1:5 to 1:3, 1%

Et;N) to afford desired produdQ7.
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107'. 85% as an off-white solidH NMR (500 MHz, CDC{) 8.79 (b.p. 1H), 8.55
(d, J=3.1Hz, 1H), 8.45 (d, J=7.7Hz, 1H), 7.35 @/.8Hz, 1H), 7.28 (m, 2H), 5.82
(dd, J=10.4, 17.7Hz, 1H), 5.00 (m, 2H), 4.97 (d4.3#&z, 1H), 4.72 (d, J=10.0Hz,
1H), 3.12 (dd, J=1.4, 17.5Hz, 1H), 2.79 (J=1.25Hz, 1H), 1.76 (s, 6H), 1.23 (s,
3H) **C NMR (125 MHz, CDGJ) 185.1, 174.6, 142.2, 136.3, 136.0, 135.9., 126.4,
123.9,123.0, 122.6, 122.1, 115.3, 112.4, 111.3,87.9, 45.6, 26.0, 25.2, 18.6.
Compoundl07’ (0.032mmol) was dissolved into 1mL EtOH at O °@olthe
solution was added 2 equivalent of NaBH one portion. The mixture was stirred at
0 °C for 0.5h. Into the reaction mixture was thelded sat. NI agqueous solution
(10mL). The mixture was then extracted with DCM 12mL). Combined organic
layer was dried over MgSQfiltered, and concentrated under reduced pres€utele
material was then purified by column chromatograg@% MeOH in DCM, 1%

NH4OH) to afford 2 separated diastereontHd8’ and109'.

108'. 49% as an off-white solidH NMR (500 MHz, CDCJ) 9.37 (b.p. 1H), 8.41
(m, 1H), 7.88 (s, 1H), 7.43 (m, 1H), 7.31 (m, 2K)18 (dd, J= 10.9, 17.5Hz, 1H),
5.15 (d, J=10.9Hz, 1H), 5.14 (d, J=9.3Hz, 1H), 5(tip J=17.5Hz, 1H), 4.68 (t,
J=8.8Hz, 1H), 3.83 (d, J=9.3Hz, 1H), 2.39 (dd, 3782.7Hz, 1H), 1.90 (dd, J=9.0,

12.7Hz, 1H), 1.77 (s, 3H), 1.72 (s, 3H), 1.09 (d) $C NMR (125 MHz, CDGJ)
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196.5, 142.1, 136.3, 136.2, 131.5, 125.8, 123.8.22122.8, 122.4, 115.4, 112.8,

111.5, 65.6, 61.2, 49.4, 45.0, 26.2, 22.2, 18.5.

109'. 49% as an off-white solidH NMR (500 MHz, CDCJ) 8.35 (b.p. 1H), 8.32
(s, 1H), 8.19 (m, 1H), 7.48 (m, 1H), 7.21 (m, 25(81 (dd, J=10.8, 17.5Hz, 1H), 5.00
(d, J=9.3Hz, 1H), 4.91 (dd, J=1.4, 10.9Hz, 1H)14(8d, J=1.4, 17.5Hz, 1H), 4.60
(dd, J=6.1, 10.0Hz, 1H), 3.55 (d, J=9.3Hz, 1H)52(@d, J=10.1, 12.8Hz, 1H), 1.87
(dd, J=6.1, 12.8Hz, 1H), 1.70 (s, 3H), 1.67 (s,,3H}3 (s, 3H)°C NMR (125 MHz,
CDCly) 192.9, 141.0, 138.1, 136.6, 132.7, 125.7, 1228,8, 122.1, 120.9, 114.6,

113.6, 112.1, 66.4, 61.6, 49.3, 44.1, 26.2, 2381].1

5.4.11.Procedures for preparation of 122

Indole boric acidL20 (2.0mmol) and phthalimide-protected 2-bromo altyiiae
118 (1.6mmol) was added into flame-dried 100mL flasthv2OmL toluene and 4mL
EtOH. N> was then bubbled through the solution. After 10mia;CO; (4.8mmol)
and LiCl (4.8mmol) and Pd(PBbh (0.16mmol) were added sequentially into the
solution. The reaction mixture was then warmedaifG0 °C and stirred for 1h, into
which was next added 1.5g &0, and quenched with water. The mixture was
extracted with DCM (2x50mL). Combined organic layeas washed with brine,
dried over MgS@ filtered, and concentrated under reduced pressthie crude
material was purified by silica flash column chrdaomaaphy (100% DCM) to afford

desired produci21
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121.90% as an off-white solidH NMR (500 MHz, CDC)) 8.01 (d, J=8.3Hz, 1H),
7.89 (m, 2H), 7.86 (s, 1H), 7.81 (m, 3H), 7.76 @Hl), 7.34 (m, 1H), 7.28 (m, 1H),
7.20 (d, J=8.1Hz, 2H), 5.67 (s, 1H), 5.42 (s, 4469 (s, 2H), 2.34 (s, 3HJC NMR
(125 MHz, CDC}) 167.9, 145.0, 135.3, 135.1, 134.6, 134.1, 13229,9 129.0,
127.0, 124.9, 123.5, 124.0, 123.4, 121.0, 120.8,3142.1, 21.6.

Compound 121 (1.24 mmol) was suspended in 6mL EtOH, in which 1
equivalent of hydrazine hydrate was added. Thetimamixture was heated at reflux
for 5h. 6 equivalent of 2M HCI was then added. Téaction was kept refluxing for
an another hour, then cooled with ice-water batlecipitate was filtered off. The
filtrate was concentrated and dissolved in 30mL 2®I. Aqueous solution was then
washed with diethyl ether (2x20mL), basified wita®H pallets, and extracted with
diethyl ether (2x30mL). Organic layer was dried rovédgSQ,, filtered, and
concentrated under reduced pressure. Crude mateaisl purified by silica flash
column chromatography (5% MeOH in EtOAc, 1%NBtto afford desired free amine
productl22

NH,

\

N
Ts

122.65% as yellow oil’'H NMR (500 MHz, CDC4) 8.03 (d, J=8.3Hz, 1H), 7.80 (d,
J=8.4Hz, 2H), 7.76 (d, J=7.9Hz, 1H), 7.63 (s, THR6 (m, 1H), 7.29 (m, 1H), 7.25

(d, J=8.2Hz, 2H), 5.54 (s, 1H), 5.47 (s, 1H), 3F02H), 2.38 (s, 3H), 1.62 (b.p. 2H)
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13C NMR (125 MHz, CDCJ)  145.1, 142.0, 135.4, 135.1, 129.9, 129.4, 1288,9,

123.6, 123.0, 122.1, 121.0, 113.8, 112.2, 46.%.21.

5.4.12.Procedures for preparation of 123

Allylic amine 122 (0.6mmol) and ethyl glyoxylate (0.6mmol) was frin
3mL toluene for 0.5h at r.t. Into the solution weext added AGOAc/PRI{0.12 mmol)
(stirred for 1h at r.t. in 3mL toluene), 3Bt (1.2 mmol), and methacrolein (6.0mmol).
The mixture was stirred at r.t. for 22h, which wgn diluted with DCM. The
organic solution was washed with sat. JOH aqueous solution (2x20mL). The
agueous layer was then extracted with DCM (2x20r@lombined organic layers was
dried over anhydrous MgSQthen filtered and concentrated under reducedspres
to afford crude materidl23

Unpurified cycloadduci23 (0.45mmol) was then dissolved in 10mL EtOH,
and cooled to 0 °C. 2 equivalent of NaBMas added. The mixture was stirred at 0 °C
for 0.5h before addition of 10mL sat. WEl aqueous solution and 10mL DCM. The
mixture was then kept stirring at 0 °C for 0.5hdrefthe organic layer was separated
and washed with sat. NBI aqueous solution (2x20mL). Combined aqueousrlaye
was then washed with DCM (2x20mL). Combined orgdaier was dried over
MgSO04, filtered, and concentrated under reducedspre. Crude material was

purified by silica column chromatography (EtOAc:hers=1:2) to afford24.

124.30% in 2 steps as light yellow foatd NMR (500 MHz, CDCJ) 7.98 (d,

J=8.3Hz, 1H), 7.73 (d, J=8.4Hz, 2H), 7.72 (d, JERA1H), 7.56 (s, 1H), 7.32 (m,
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1H), 7.25 (m, 1H), 7.18 (d, J=8.2Hz, 2H), 5.801(d), 5.54 (s, 1H), 4.22 (q, J=7.1Hz,
2H), 3.96 (s, 1H), 3.93 (dd, J=6.5, 10.3 Hz, 1H}53(d, J=10.7Hz, 1H), 3.10 (b.p.
1H), 3.01 (d, J=10.5Hz, 1H), 2.32 (dd, J=6.5, 13.4kH), 2.00 (dd, J=10.4, 13.3Hz,
1H), 1.29 (t, J=7.1Hz, 3H), 0.58 (s, 3HE NMR (125 MHz, CDG)) 173.9, 145.1,
138.1, 135.2, 135.1, 129.9, 129.3, 126.8, 125.8,8,2123.3, 123.0, 120.6, 115.4,
113.8, 70.7, 68.7, 61.0, 56.3, 45.1, 39.1, 23.(5,214.3.
5.5.Procedures for decarboxylative generation of azontieine ylide and
subsequent [3+2] dipolar cycloaddition

Glyoxylic acid monohydrate (1.0mmol; 0.092g) wasratl for 10 minutes in
3mL dry toluene with 0.5g 4A molecular sieves ifileaned-dried round-bottom flask
under N After the addition of homoallylic secondary amirieOfnmol, 0.237g), the
mixture was stirred for another 10 minutes. N-phemaleimide dipolarophile
(2.0mmol; 0.173g) was finally added into the fla¥ken the Dean-Stark trap was set

up, and the temperature was raised up to 8 After 24 hours stirring, the crude

material was concentrated under reduced pressll@yéd by further purification by
column chromatography using gradient solvent sysbérhexane and ethyl acetate
from 10:1 to 5:1. Two diastereomers were obtaingth he ratio 4:1 with the

combined yield of 28%.1@3b cannot be cleanly separated from N-phenyl maleid

133a6% as off-white solid*H NMR (500 MHz, CDCY) 7.51 (m, 2H), 7.42 (m, 1H),
7.33 (m, 7H), 7,21 (m, 4H), 7.01 (m, 2H), 5.71 (&), 5.14 (m, 2H), 4.43(d,

J=9.6Hz, 1H), 3.90(dd, J=3.6, 10.5Hz, 1H), 3.79<14.3Hz, 1H), 3.62(dd, J=8.0,
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9.6Hz, 1H), 3.48(d, J=14.3Hz, 1H), 3.33(d, J=8.0Hd), 2.56(m, 1H), 2.11(m, 1H);
%C NMR (125 MHz, CDGJ) 177.7, 174.8, 137.9, 134.1, 132.0, 129.1, 128.8,712
128.5, 128.1, 127.9, 127.7, 127.0, 126.0, 125.8,31167.6, 59.8, 50.5, 49.5, 48.8,

29.5.

133b 24% as off-white solid*H NMR (500 MHz, CDC)) 7.42 (m, 6H), 7.34 (m,
8H), 7.17 (m, 2H), 6.05(m, 1H), 5.06(m,2H), 4.67{#), 3.82(d, J=14.6Hz, 1H),
3.70(t, J=8.2Hz, 1H), 3.53(m, 2H), 3.14(d, J=14.6H4), 2.49(t, J=6.4Hz, 2H}*C
NMR (125 MHz, CDCY) 177.7, 174.8, 137.9, 134.1, 132.0, 129.1, 128.8.71.2
128.5, 128.1, 127.9, 127.7, 127.0, 126.0, 125.8,3,167.6, 59.8, 50.5, 49.5, 48.8,
29.5.

5.6.General Procedures of [3+2] dipolar cycloadditiorwith aqueous

formaldehyde:

Into the round bottom flash was added AgOAc (0.1atyrand PPk (0.1 mmol)
and 3 mL THF. The mixture was stirred at r.t. foh before sequential addition of
amino acid esters32or 133 (1.0 mmol),aqueous formaldehyde (0.08 mL, 1.0 mmaol),
EtN (2.0 mmol) and N-phenyl maleimide (1.5 mmol) amdthyl maleate (1.5
mmol). The mixture was left stirring at r.t. for B4 After filtration and concentration
under reduced pressure, the crude materials weregtrified by silica flash column

chromatography (EtOAc:hexanes=1:1) to afford cydthects134-136
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134.87% as a light yellow solidH NMR (500 MHz, CDCJ) 7.43 (m, 2H), 7.35 (m,
1H), 7.23 (m, 2H), 5.79 (m, 1H), 5.17 (m, 2H), 4(&2J=7.2Hz, 2H), 3.64 (dd, J=2.1,
12.4Hz, 1H), 3.48 (td, J=2.2, 8.2Hz, 1H), 3.31 gH), 2.78 (dd, J=6.9, 14.1Hz, 1H),
2.46 (dd, J=7.3, 14.1Hz, 1H), 1.28 (t, J=7.2Hz, 3}@) NMR (125 MHz, CDG))
177.4, 175.0, 171.3, 132.5, 131.7, 129.2, 128.8,5,2119.4, 73.4, 62.2, 55.0, 48.6,

47.6, 40.1, 14.0.

H
N_ _CO,Me
H/Ph
o) o)

N

Ph

135.78% as a white solidH NMR (500 MHz, CDCJ)  7.43 (m, 2H), 7.36 (m, 1H),
7.28 (m, 2H), 7.23 (m, 5H), 3.77 (s, 3H), 3.64 J&12.0Hz, 1H), 3.47 (qd, J=2.1,
8.2Hz, 1H), 3.42 (m, 3H), 2.99 (d, J=13.8Hz, 1HEE(bp, 1H)*C NMR (125 MHz,

CDCl) 177.3,175.0, 171.6, 135.7, 131.7, 130.2, 12®8,8, 128.4, 127.2, 126.4,

74.5,55.3, 52.7, 48.5, 47.1, 40.9.

H
N_ _CO,Me
" _—Ph

MeO,C CO,Me

136.87% as yellow oil'H NMR (500 MHz, CDGCJ) 7.22 (m, 5H), 3.64 (s, 3H),
3.62 (s, 6H), 3.47 (dd, J=8.6, 10.0Hz, 1H), 3.30JeB.1Hz, 1H), 3.19 (dd, J=7.9,
10.0Hz, 1H), 3.13 (m, 1H), 3.11 (d, J=13.0Hz, 1”189 (d, J=13.0, 1H}*C NMR
(125 MHz, CDC}) 173.2,172.0,171.9, 135.9, 130.2, 128.0, 1240,,54.7, 52.2,

52.0, 51.9, 48.1, 47.2, 45.6.
123



5.7.Procedures for CSA-catalyzed [3+2] dipolar cycloadition

Preparation of 143:Into a flame-dried flash with 0.12 g molecular sswvas
added 2-aryl homoallylic amiri42 (1.0 mmol) and ethyl glyoxylate (1.0 mmol), and
3mL dry acetonitrile. The solution was stirred @ min at r.t. Then N-phenyl
maleimide (1.5 mmol) and CSA (0.2 mmol) were adithéal the reaction mixture. The
mixture was stirred at 50 °C undep for 48 hours. The reaction was then cooled to
r.t., and diluted with DCM. The organic layer wasished with sat. NaHGO
(2x15mL). Ageous layer was then extracted with DEW15mL). Combined DCM
layers was dried over MgSQQollowed by filtration and evaporation under reddc
pressure to afford crude material, which was themifipd by silica column
chromatography (EtOAc:hexanes=1:4 to 1:2 with 1%NEto obtain cycloadduct43
in 52% yield. Characterizations &#3 by NMR matched with the spectra of the same
compound in the referenc®.

Preparation of 145 Into a flame-dried flash with 0.12 g moleculas\ss was
added 0.75mL 1M solution of homoallylic amitd0 in toluene (0.75 mmol), ethyl
glyoxylate (0.5 mmol), 3mL dry acetonitrile. Thexnire was stirred for 10 min at r.t.
Then N-phenyl maleimide (0.75 mmol) and CSA (0.0#t1) were added into the
reaction mixture. The mixture was stirred at 50 d@der N for 48 hours. The
reaction was then cooled to r.t., and diluted iitbM. The organic layer was washed
with sat. NaHC@ (2x15mL). Ageous layer was then extracted with DGM15mL).
Combined DCM layers was dried over MgsSiollowed by filtration and evaporation
under reduced pressure to afford crude materiaictwivas then purified by silica
column chromatography (EtOAc:hexanes=1:2 with 1%NJEto obtain cycloadduct

145 (145cannot be cleanly separated from N-phenyl malesnhid
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145.18% as a yellow solidH NMR (500 MHz, CDCJ)  7.46 (m, 3H), 7.39 (m, 2H),
5.84 (td, J=7.0, 17.2Hz, 1H), 5.19 (m, 2H), 4.29 &), 3.75 (dd, J=7.8, 8.4Hz, 1H),
3.45 (d, J=7.8Hz, 1H), 2.84 (dd, J=7.4, 14.2Hz, 143 (dd, J=6.6, 14.2Hz, 1H),
1.34 (t, J=7.2Hz, 3H), 1.32 (t, J=7.1Hz, 3K NMR (125 MHz, CDG)) 174.2,

174.0, 170.2, 169.2, 132.3, 129.2, 128.9, 126.5,31173.2, 62.3, 62.2, 62.1, 56.0,

50.4,41.2,14.0, 13.9.
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Appendix I: NMR Spectroscopic Data
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Figure A. 1. The 500 MHz 1H-NMR spectrum of compond 4 in CDCI3
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Figure A. 2. The 125 MHZz"*C-NMR spectrum of compour4 in CDCl,
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Figure A. 3. The 500MHz *H-NMR spectrum of compour5 in CDCls
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Figure A. 4. The 125 MHZ"*C-NMR spectrum of compourfilin CDCk
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Figure A. 5. The 500 MHZ'H-NMR spectrum of compourglin CDCk
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Figure A. 6. The 125 MHZ"C-NMR spectrum of compour@lin CDCk
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Figure A. 7. The 500 MHZ'H-NMR spectrum of compouridin CDCl
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Figure A. 9. The 500 MHZ'H-NMR spectrum of compour@lin CDCk
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Figure A. 1C. The 125 MHZ"*C-NMR spectrum of compour8in CDCl;
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Figure A. 11. The 500 MHz'H-NMR spectrum of compour9 in CDCl
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Figure A. 12. The 125 MHZC-NMR spectrum of compour@in CDCl
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Figure A. 13. The 500 MHz'"H-NMR spectrum of compour1Cin CDCl;
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Figure A. 14.The 125 MHZ"C-NMR spectrum of compountDin CDCk
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Figure A. 15. The 500 MHZ'H-NMR spectrum of compountil in CDCk
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Figure A. 16. The 125 MHZC-NMR spectrum of compountl in CDCk































































































































































































































































































































































