Accepted Manuscript

Vinyl-aziridines and cyclopropanes in Pd-catalyzed (3+2)-cycloaddition reactions with
cyclic N-sulfonyl imines

Kim Spielmann, Eleonora Tosi, Aurélien Lebrun, Gilles Niel, Arie van der Lee, Renata
Marcia de Figueiredo, Jean-Marc Campagne

PII: S0040-4020(18)31119-0
DOI: 10.1016/j.tet.2018.09.040
Reference: TET 29812

To appearin:  Tetrahedron

Received Date: 9 July 2018
Revised Date: 17 September 2018
Accepted Date: 18 September 2018

Please cite this article as: Spielmann K, Tosi E, Lebrun Auré, Niel G, van der Lee A, Marcia de
Figueiredo R, Campagne J-M, Vinyl-aziridines and cyclopropanes in Pd-catalyzed (3+2)-cycloaddition
reactions with cyclic N-sulfonyl imines, Tetrahedron (2018), doi: https://doi.org/10.1016/j.tet.2018.09.040.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.tet.2018.09.040

Graphical Abstract

To create your abstract, type over the instructinriee template box below.
Fonts or abstract dimensions should not be chaogallered.

Vinyl-aziridines and cyclopropanesin Pd- Leave this area blank for abstract info.
catalyzed (3+2)-cycloaddition reactionswith

cyclic N-sulfonyl imines

K. Spielmann, E. Tosi, A. Lebrun, G. Niel, A. vaerd_ee, R. M. de Figueiredo and J.-M. Campagne
Institut Charles Gerhardt Montpellier (ICGM), UMRS3, Univ Montpellier, CNRS, ENSCM

X R o0 R
pao) TS pao) O/S\NJ*Q
X=C(COE), O, 0 X=NTs <N
O/S\‘N H Ts

of




Tetrahedron

journal homepage: www.elsevier.com

Vinyl-aziridines and cyclopropanes in Pd-catalyZ@#?)-cycloaddition reactions
with cyclic N-sulfonyl imines

Kim Spielmanf, Eleonora Todj Aurélien Lebrufi, Gilles Nief, Arie van der Le®

Renata Marcia de Figueiretitand Jean-Marc Campadhe

& Institut Charles Gerhardt Montpellier (ICGM), UMB253, Univ Montpellier, CNRS, ENSCM - Ecole Natlerupérieure de Chimie, 8 Rue de I'Ecole
Normale, 34296 Montpellier Cedex 5, France

P NMR Analysis: Institut des Biomolécules Max Morms¢/BMM), UMR 5247, Univ Montpellier, CNRS, ENSQMboratoire de Mesures Physiques - Plateau
Technique, Bat 17, Place Eugéne Bataillon, 34095thkllier Cedex 5, France

¢ X-Ray Structures Analysis: Institut Européen desridranes (IEM), UMR 5632, Univ Montpellier, CNR8ace Eugéne Bataillon, 34095 Montpellier Cedex
5, France

ARTICLE INFO ABSTRACT

Article history Efficient palladium-catalyzed (3+2)-cycloadditioeactions of cyclicN-sulfonyl imines an
Received vinyl-aziridines (or cyadpropanes) have been achieved. The reactions, aifttier vinylic
Received in revised form substrate, proceed with excellent yields affordimghly functionalized imidazolidine a
Accepted pyrrolidine derivatives. The cycloadditions takeage via the reaction of zwitterionicallyl
Available online palladium intermediates with cyclid-sulfonyl imines through) the formation of two NC

bonds in the presence of vinylaziridines (synthesisnidazolidines) and) one C-C bond an
one N-C bond in the presence of vinylcyclopropanes (®sitiof pyrrolidines). Following o

Keywords: preliminary works on the diastereoselective synthetimidazolidines, herein we wish to giv
(3+2)-Cycloaddition Reactions broader view on the subject by describing deriaditin reactions and attempts toward:
Palladium-Catalysis enantioselective version. Moreovemre describe and discuss the behavior of each ¢
Vinyl-Aziridines and Cyclopropanes substrate (aziridine or cyclopropane) on the (3:@Joaddition reactions. Mechanistic i
Tetrasubstituted Carbon (intriguing) selectivity outcomes are also goind&discussed.

Cyclic N-Sulfonyl Imines 2009 Elsevier Ltd. All rights reserved

1. Introduction isomerization of therallyl palladium was early recognizéd,

. . . . paving the way for catalytic and asymmetric transfations.
Following the seminal work of Alper in (3+2)-cycloaddh  |ngeed, in 2003, Trost first described the dynarkinetic

reacti_ons WiFh het_e_rqcumulenje$he palladium-catalyzed ring- asymmetric  cycloadditon of isocyanates to racemic
opening of vinylaziridines has emerged as a powéoilfor the inviaziridines? It should be emphasized that relatively few
constructlon_l?f a plentiful family of N-heterocyclecaffolds  agalytic and asymmetric transformations have Hiseribed to
(Scheme 1™ In the presence of a Pd(0) source, the Vinylgate (see red arrows in scheme 1). Moreover, thativitg of 2-

aziridine is able to form a zwitterionic complex thean be  gpsiituted vinyl aziridines (R H) was also scarcely reported in
considered as a dipolar intermediate bearing actrefghilic T= the literature®

allyl palladium complex tethered to a n_u_cleop_hi‘litr_ogen atom As we had established a simple and rapid organotataly
(Scheme 2; complex A). The nucleophilic moiety itedio react  ;-cegs to 2-substituted vinylaziridifts  (and

with —an external electrophile eg CO, isocyanates, \invicyclopropanes), we were keen to explore theieptial in
isothiocycanates, carbodiimides ar,3-unsaturated carbonyl (3+2)-cycloadditions (Scheme 3). In this context, Wave

derivatives) leading to a novel nucleophile (Sch&ineomplex recently described an efficient palladium catalyzd#2)-

B), that can be in tum trapped by thallyl palladium leading to  cycioadditions of 2-substituted vinylaziridin@swith cyclic N-
the (3+2)-cycloaddition product. Moreover, the trais sulfonyl imines4. 15

isomerization of the vinyl aziridine through awo-m

OCorresponding author. Tel.: +3-346-714-7221; fe8«346-714-4322; e-mail: jean-marc.campagne@enscm.fr
OCorresponding author. Tel.: +3-346-714-7224; fe8<346-714-4322; e-mail: renata.marcia_de_figuei@dascm.fr
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Scheme 1. Pd-catalyzed (3+2)-cycloadditions of vinylazirids1 Red arrows highlight catalytic asymmetric tramsftions.
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Scheme 2. Simplified mechanism for the (3+2)-cycloadditions. HTs H1s HTs
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Scheme 3. Straightforward access to 2-substituted vinyldaigs 3 5ca 5cb 5cc Bu g.q
and reaction with cyclitl-sulfonyl imines4. 85% yield (B) 84% yield (B) 85% yield (B) 80% yield (B)
dr>20:1 dr>20:1 dr> 201 dr=13:1
. 0 i 0 i 10/ i 0/ i
In the presence of Pd(Pfhin THF at room temperature, the 8% el ® 81% yield () 80% yield () 80% yied @
imidazolidines 5 have been obtained in high yields and oo \ s
n e el - N/ N a
diastereoselectivities: a general overview of thepscof the O)SLN “H  88%yield (B)
reaction is shown in scheme 4 (see examples withitoms A). L %gr>_2l?1:1A
It was also noticed that in the presence of leskybsiibstituents A Ts el

(.,e. R = Me, H), low diastereoselectivities were generally
observed (Scheme 4, conditions A).

Scheme 4. Pd-catalyzed (3+2)-cycloaddition reactions betw@en

substituted vinylaziridine8 and cyclicN-sulfonyl imines4.



Anticipating that accelerating B-0-Tt isomerization could
have a beneficial impact on the diastereoselegtaiicome, the
reaction was carried out in the presence of two edgmis of
LiCI.*® Finally, by combining the use of LiCl and decreasthe
reaction temperature down 80 °C, the imidazolidineSca-5cd
and b5da were obtained in excellent yields
diastereoselectivities  (Scheme 4, conditions
diastereoselectivity of the imidazolidinescould be ascertained
by the determination of the X-ray structure of commpd5aa.™

The reaction could also be extendedZtand E substituted
double bonds substrat&s and 3f obtained by either Wittig or
Horner-Wadsworth-Emmons from aldehyda (see scheme 3).
In the case of imidazolidin&fa, the isomerization of the Z
double bond was interpreted as a confirmation of ithe-Tt
isomerization of thet-allyl palladium intermediate.

Q.0 0, ,0Bn CO,Et
I il Pd(PPhg), RS
Noen , OON__(0mot) 07N
A<:\ LiCl (200 mol%) H _,I\_j
S
CO,Et T=-|2F,h rt
s 4a 5ea
80% yield
dr=10:1
Q,,0Bn Me
Ts Q‘S//O Pd(PPhs), RS
N 0N __(omoi%) QN
B e I" "Lici (200 moi%) N
A<:/ THF, rt A Ts
12h
3 4a 5fa
80% yield
dr>20:1

Scheme 5. Vinyl-substituted aziridine8e and3f as substrates in Pd-
catalyzed (3+2)-cycloaddition reaction.

With the objective to extend the scope of this mdtiogy
and to better understand the mechanistic scenagodecided
through this study, to focus our attention ©nasymmetric
versionsii) the post-transformation of the aminalsandiii) the
use of alternative zwitterionicrallyl palladium intermediates
starting from vinylcyclopropanes (Scheme 6).
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Scheme 6. New targeted objectives within the Pd-catalyzed2}3+
cycloaddition reactions with 2-substituted vinyiradines and
cyclopropanes.

2. Results and discussion

Asymmetric reactions

With these aims in mind, we have thus startadstudies first
seeking to devise an asymmetric version of the iposv

B) ar_l‘_(:] developed Pd-catalyzed (3+2)-cycloaddion. In ouevimus
. e

study, we have shown that enantioenriched vinyldnieicBa
(80% eg in the presence afa enabled the formation &aa in
91% yield with a marked erosion of the enantiomputy (19%
€6 (Scheme 7).

0.0 00 N\
Ts 8 Pd(PPhy), " Len
N B O "N (10 mol %) 0"°N
no o+ | —_—
TAve THF, it, 12 h N
= 91% b Ts
3a 4a 5aa
ee =80% 91% yield

dr=14:1,ee =19%

Scheme 7. Prior trial on an asymmetric version from enantibehed
2-substituted vinylaziridin8a (80%eé).

This observation suggesting a rapigo—Ttinterconversion of
the trallyl palladium (correlated with the double bond
isomerization in 3f — 5fa) thus paved the way to the
development of a dynamic kinetic asymmetric trarmsfdion
(DYKAT).Y The use of chiral ligands in tga + 4a — 5aa
model reaction was thus investigated. Extensive Woidre than
22 different chiral ligands under various condiiprwas thus
undertaken to embrace a general overview of theraatfithe
chiral ligand on the selectivity outcome (convemsioyield,
diastereo- and enantioselectivities). Results amansarized in
table 1.

Concerning a mono-catalytic system strategy, dfidy
substituted phosphoramidites were first tried (esttfi-10). With
these ligands, the reaction was, for some yet unobeson, very
sensitive to the ligand structure (compare for gxdenentries 1-

2) leading to either no reactivity or complete cersion. L2
proved to be the more efficient one leadindgaa in 80% vyield,
goodee(70%) but with a moderate diastereoselectivity= 3:1)
(entry 2). Moving to biphosphines (entries 11-1l@hw
enantioselectivities have been generally obserupdtd 40%ee
using BINAP but in a very low conversion, entry 11daas
observed with phosphoramidites, small modificationstheir
structure have a dramatic impact on the reactivitympare
Josiphos and Taniaphos (entries 13 and 15). Chs3Siost
ligand L 16, widely used in DYKAT Tsuji-Trost reactions, gave
the expected compound in very good vyield and
diastereoselectivity albeit with a loge (16%) (entry 16). A dual
catalysis combining a Pd source and the activatibnthe
electrophile ite. with a chiral Lewis acid or a Brgnsted acid) was
attempted with albeit deceiving results in termscohversion
and enantioselectivities (entries 17, 20 and 21}o#ding to the
general mechanism proposed in scheme 6, the gemenitthe
first stereogenic center is mediated by the attaickthe TsN
anion to the imine partner. Therefore, using aathtounterion
could be interesting to promote this addition in
enantioselective way. Thus, chiral ammonium& and L 19,
have been tested, albeit unsuccessfully regarding
enantioselectivities.

Based on Oii's work on (3+2)-cycloadditions with
vinyloxazolidinones™®  original ligand L22 bearing a
phosphine with a remote ammonium salt could be ieffity
obtained from the commercially available cinchdhia one step
and in 57% yield (Scheme 8). Even though good {i@0%o) and
diastereoselectivity (>20:1) have been observedha model

an
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Table 1. Screening of chiral ligands1-L 22 for Pd-catalyzed (3+2)-cycloaddition reactionsha®-substituted vinylaziridines and cych&

sulfonyl imines?

Ph
Of 2 0.0 ¢ N
Bn 0N Pdy(dba)s*CHCl oSN /g\
NTs @2 L*, THF, rt i Ly
12h Ho7s
3a 4a 5aa
Entry Strategy Ligand Class Ligands Conversioh (%)  Yield (%)  dr° e (%)

1 L1 - ND ND ND

2 L2 100 80 31 70

3 L3 - ND ND ND
4 L4 - ND ND ND

5 - L5 - ND ND ND

6 Phosphoramidites L6 _ ND ND ND

7 L7 100 82 6:1 55

8 Mono-catalysis L8 50 37 8:1 33

9 L9 33 20 6:1 9
10 L10 - ND ND ND
11 BINAP (L11) <10 <10 >20:1 40
12 2-Furyl-MeOBIPHEP I( 12) 100 80 >20:1 0
13 JOSIPHOSI(13) <5 ND ND ND
14 Biphosphines DTBM-SEGPHOS I( 14) 5 ND ND ND
15 TANIAPHOS (L 15) 64 52 3:1 21
16 Trost ligand i 16) 100 80 >20:1 16
17 Bisoxazoline tBu-bisoxazolinel(17) - ND ND ND
18 Chiral ammoniums L18 o 86 13:1 0
19° L19 100 86 13:1 0
209 Dual-catalysis Phosphoric acids L20 100 60 12:1 0
210 P L21 100 60 12:1 0
22 Phosphine/ L22 100 80 >20:1 0

ammonium salt

& Reaction conditions: Unless otherwise noted, reastwere conducted with aziridirda (0.13 mmol) and iminda (0.16 mmol) under Blba) CHCI; (2.5
mol%) catalyst, ligand.* (6 or 12 mol%) in THF (1.5 mL) at rt for 12 hConversion determined on the basi$tdNMR analysis of crude reaction mixtufe.
Isolated yield after purification on column chrowgraphy.® Diastereomeric ratiosif) were determined on the basis'sf NMR analysis of crude reaction
mixture.® Enantiomeric excesses were determined by HPLC airal stationary phas&The reaction was carried with Cu(OT€L0 mol %),L17 (11 mol %)
and Pd(PPJ4 (10 mol%) in THF at rt for 12 K.Pd(PPH), (10 mol%) was used as catalyst with 10 mol% ofattphosphoric acidL(20/L 21) or ammonium

salts [ 18/L19). ND = Not Determined.

- B
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Figure 1. Structures of chiral ligands1-22 screened on this study.
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reaction of3a with cyclic N-sulfonyl imine4a, 5aa was obtained
in a racemic form (entry 22).

A
Cl
Toluene
—_—
Reflux
57%

Ph,P
L22
Scheme 8. Synthesis of phosphine tethering an ammonium salgarried out in THF at30 °C in presence of 10 mol% of acetic

ligandL 22.

After this chiral ligands’ overview, the reaction was-
optimized in order to improve not only the enargiestivity
(70%) but also, ideally, the 3:1 diastereoseletivChanging the
solvent to DMF or toluene has no impact on th
diastereoselectivity outcome (Table 2, entries 8) a small
enantioselectivity improvement was observed withenti (75%
vs 70%e#€. Decreasing the reaction temperature30 °C led to
a marked improvement of the enantioselectivity 2608(entry 4)
but no further improvement could be observed °C (entry
5). We previously observed in our original commatin, that
the diastereoselectivity could be improved by usadgitives to
promote a rapid To-Ttinterconversion of the Trallyl
intermediate. Indeed when the reaction was carri¢éhaoluene
at =30 °C, in the presence of two equivalents of TBAChe
diastereoselectivity raised up to >20:1 but unetgmg the
compound was obtained in a racemic form (entryr6pa tontrol
experiment, the same reaction in the presencelgpf2Z@mol% of
TBACI led to the originally observed 3:1 diasterdesgvity and
56%ee(entry 7).

Table 2. Re-optimization of the reaction conditions in tiregence
of chiral ligand §)-L2.2

Bn !

” s pn | Me
Pdy(dba)z*CHCl; 0,0 % : OO o
3a 2 3 NS S N
+ S)L2 O/S\N/C ‘ P-NMe,
Solvent, | ! o
4P additive ij/: N CO
0 ‘N T°C,12h i
5aa ' (S)-L2
4a :
. Additive Yield" c ed
Entry  Solvent T°C (mol%e) (%) dr %)
1 THF rt - 85 31 70
2 DMF rt - 84 31 40
3 toluene rt - 86 3:1 75
4 toluene  -30 - 86 3:1 82
5 toluene  -78 - 88 3:1 79
6 toluene  -30 TBACI (200) 83 >20:1 0
7 toluene  -30 TBACI (20) 88 31 56
8 toluene -30 AcOH (10) 85 31 90
9 toluene  -30 PhCQH (10) 80 2:1 67
10 toluene  -30 Pivalic acid (10) 87 2:1 83
11 THF -30 AcOH (10) 86 2:1 80
12 toluene  -30 TBACI (200) 84 20:1 0
AcOH (10)

# Reaction conditions: Unless otherwise noted, ieastwere conducted with
aziridine 3a (0.13 mmol) and iminda (0.16 mmol) under RB@ba)y CHCl;
(2.5 mol%) catalyst, ligandS|-L2 (12 mol%) and additive (X mol%) in
solvent (1.5 mL) at T °C for 12 Rlsolated yield after purification on column
chromatography: Diastereomeric ratiogi() were determined on the basis of
'H NMR analysis of crude reaction mixtuteEnantiomeric excesses were
determined by HPLC on a chiral stationary phase.

These very disappointing results (for mechanistszwksion
vide infrg) prompted us to investigate the use of other aadit
The use of acetic acid as additive has been fiescribed by

5
Trost raising up the enantioselectivity from 42889 eein the
cycloaddition of vinylaziridine with isocyanat&s.When the
reaction was performed in toluene-80 °C in the presence of 10
mol% of acetic acid, theee raised up to 90% with no
modification of the diastereoselectivity (entry 8Jaying on the
pka of the carboxylic acid (acetic acid; pKa = 48)using either
benzoic acid (pKa = 4.2) or pivalic acid (pKa = 5roved
detrimental: 67 and 83%e were respectively obtained (entries 9
and 10). Similar behavior was observed when the iagtas

acid: 80%ee(entry 11). In order to obtain a synergistic effece

have tried the combination of TBACI (that increasmar dr

ratios) and AcOH (that provided higheeg. Unfortunately, even

though excellent diastereoselectivity and yield |douwbe

maintained dr = 20:1 and 84% vyield) the compound was isolated
€in a racemic form (entry 12).

Interestingly, compoun&aa obtained in 90%ee and 3:1dr
(entry 8) could be recrystallized in a gtH,/pentane system to
give the diastereomeric pure compound in >9886An X-ray
analysis could be thus realized establishing thesolate
configuration of the two stereocentersRaandS for the C5 and
C7 stereocenters respectively (Figuré®2).

/Ph

RPN
O/S\N(/S)g\
(R),
=N

H Ts

5aa

ee and dr> 99% X-ray structure

Figure 2. X-ray analysis obaa in >99%eeanddr.

These optimized conditions have been next tested on
differently substituted vinylaziridines3a-3d and N-sulfonyl
imines 4a-4c, with however moderate success (Table 3). The
reaction is highly dependent on the substituenkibass: When
relatively small substituents {R= H or Me) are used low
diastereo- and enantioselectivities are observedessemoving
to bulkier iPr group good diastereodr( = 9:1) and
enantioselectivity (82%e¢ are obtained. When substitutéd
sulfonyl imines4b and 4c (entries 5 and 6) were used, low
diastereoselectivities and moderagshave been reached.

Table 3. Reaction scopg.

%L b (dba)*CHCI o, 0o R

1 _S< 3 )3* N -

. ' oz g ‘N’C

NTs + — =L,
R, S AcOH (10 mol%) e
3a.3d 25,0 toluen1ez, ;30 C R2- P i Ts
4a-4c 5
R! = Bn (3a), Pr (3b), Me (3¢), H (3d)
R? = H (4a), 4-Br (4b), 3-Cl (4c)

Enty R R? Product  Yield (%) dr ed (%)
1 Bn H 5aa 85 31 90 (99
2 Me H 5ca 84 2:1 40
3 H H 5da 86 11 13
4 iPr H 5ba 83 9:1 82
5 Bn 4-Br 5ab 90 2:1 65
6 Bn 3-Cl 5ac 88 2:1 64

@ Reaction conditions: Unless otherwise noted, reastwere conducted with
aziridines3 (0.13 mmol) and imined (0.16 mmol) under R{ba)y CHCl;
(2.5 mol%) catalyst, ligandS|-L2 (12 mol%) and AcOH (10 mol%) in
toluene (1.5 mL) at30 °C for 12 h. Isolated yield after purification on
column chromatography.Diastereomeric ratiosif) were determined on the
basis offH NMR analysis of crude reaction mixtufeEnantiomeric excesses
were determined by HPLC on a chiral stationary phas After
recrystallization in a CkCl./pentane system.
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Post-transformations of aminals . . .
Vinylcyclopropanelda was next engaged in a model reaction

Aminals 5 can also be considered as potential syntheti?Vith N-sulfonyl imineda in the presence of Pd(Pih(Table 4).

platforms as illustrated in scheme 9. In the presesf KHMDS
(1.2 equiv.), the corresponding compouas cleanly obtained
in 90% yield through the elimination of the tosglaroup. This
compound could further be transformed by additibMeMgBr:
interestingly the acyclic aminal produgtwas obtained in 64%
yield through an &’ reaction. When compouriwas subjected
to hydrogenation conditions, two products could $mated. In
both products, the vinylic double bond is reducedl ahis
expected reduction is accompanied by both the temuof
C(IV)-N bond (47% yield, compountl0) and the reduction of
the aromatic €0 bond (45% yield, compountil). Moreover,
under reductive ozonolysis conditions, aldeh§8ewas isolated
in 34% vyield and its structure was unambiguouslyficored by
X-ray analysis®
0.0 Bn

KHDMS 0,0 B

\\S// N S N N //
0">°N (1.2 equiv.) o \N MeMgBr \ Bn
~N 0°Ctort THF Me
H o1 THF 64% yield
90% yield
5aa
O3 Hy, Pd/C
DMS MeOH
0‘\3’/0 BN HO \\ ,/ gn Me
0""°N . HN)<
=N =N
H Ts
12 11
34% yield 47% yleld 45% vyield

/'/

12 X-ray structure

=t

Scheme 9. Post-transformation of amingha.

Vinylcyclopropanes as zwitterionic precursors

2-Substituted vinylcyclopropane$4 can also be easily
obtained from the correspondirarsubstituted enald under
organocatalytic reactiorf8, and we were thus keen to use them
in Pd-catalyzed (3+2)-cycloadditions (Scheme?68)lt is worth
mentioning that to the best of our knowledge 2-stuied
vinylcyclopropanes (Rt H) have not been used in Pd-catalyzed
(3+2)-cycloadditions yet:. Aldehydesl3 have been obtained in
43-81% vyields™ Further Wittig or HWE reactions lead to the 2-
substituted vinylcyclopropandd in good yields (42-76%).

@ €]
OHC.__R Ph3PCH3Br
W @ or €] R
PhaPCH,CH3Br % COLEt
1 (2.00 equiv.) R’

CO,Et

14a:R=Bn, R'=H (45%)
14b: R=Bn, R' = Me (48%)
14c:R=Me, R'=H (42%)

KHMDS (1.8 equiv.)

Ref21 l THF,0°Ctort, 1 h

OHC&cozEt

14d:R=/Pr,R"=H (60%)
COEt 14e:R=H,R"=H (60%)
13
R = Bn (75%)
R = Me (78%) (EtO),P(O)CH,CO-Et EtO,C = Bn CO.Et
R = iPr (43%) (1.20 equiv.) V\& 2
R =H (81%) NaH (1.20 equiv.) CO,Et

THF, -78 °C to rt
12h

14f
76%

Scheme 10. Synthesis of 2-substituted vinylcyclopropatda-f.

In the absence of any additive, the reaction lethtoexpected
(3+2)-cycloaddition in good vyields, however in themplete
absence of diastereoselectivity, whatever the solused (THF,
DMF or toluene). No impact on the vyield or the
diastereoselectivity could be observed when deargashe
temperature te-30 °C (entries 4-5). The use of LiCl (200 mol%)
as an additive was also unproductive either at reemperature
or at—30 °C (entries 6-7, 9). Diastereoselectivity coutdfimally
only slightly improved to 1:3 by using TBACI (200 i) at
—-30 °C in toluene (entry 10). These results arehars contrast
to those observed with vinylaziridines where high
diastereoselectivities have been generally obsef8etieme 4).
Moreover, the diastereomers (#Jaa’ and (+)45aa’ could be
separated by column chromatographic and their ivelat
configuration could be thus successfully assigngdNIDESY
experiments (Scheme 17%).

Table 4. Pd-catalyzed (3+2)-cycloaddition reactions with 2-
substituted vinylcycloproparteta and cyclicN-sulfonyl imine4a®

NG

EtOC, COE oSN AdditiF\'/de(Tch'Jrg)rfnol%)
Bn * : Solvent, T°C,
= 12h
14a 4a
Entry  Solvent T°C Additive Yielt(%) dre
1 THF rt - 90 11
2 DMF rt - 87 1:1
3 toluene rt - 85 1:1
4 THF -30 - 85 11
5 toluene -30 - 84 1:1
6 THF rt LiCl 82 1:1
7 toluene rt LiCl 83 1:1
8 toluene rt TBACI 83 1:1
9 toluene -30 LiCl 85 1:1
10 toluene -30 TBACI 88 1:3

& Reaction conditions: Unless otherwise noted, reastwere conducted with
vinylcyclopropane14a (0.13 mmol) and imineda (0.16 mmol) under
Pd(PPR)4 (10 mol%) catalyst and additive (200 mol%) in soit/(1.5 mL) at
T °C for 12 h! Isolated yield after purification on column chrawgraphy.®
Diastereomeric ratiosif) were determined on the basis'#fNMR analysis
of crude reaction mixture.

(+)-15aa’
Scheme 11. Relative configuration of (¥}5aa and (+)15aa’ via
NOESY experiment&

(+)-15aa2

The scope of the reaction was next investigatédg several
substituted vinylcyclopropane$4a-14f and N-sulfonyl imines
4a-4d and the reactions have been tested either in ilkenae
(conditions A: THF, rt) or in the presence of TBA€Cbfditions
B: toluene~30 °C); Results are summarized in table 5.

In general, the reaction outcomes are verygi®ivering the
expected compounds with very high conversions areldyi
(entries 1-9, 13). As previously observed, no diasiselectivity
is obtained: conditions B exhibiting a marginal eetf The
reaction was also very sensitive towards the bulkingfsthe



tetrasubstituted vinylcyclopropanes as illustratdien R =iPr
(entries 11 and 12). Curiously, cyclid-sulfonyl imine 4d
substituted at the position 5 withtBu group did react very well
to give pyrrolidine15ad when conditions A were employed
(entry 13); however switching to conditions B, no wersion
could be observed (entry 14). When the terminajlidrposition
on the cyclopropane partner was substitutet=(Rle or CQEt),
the (3+2)-cycloaddition process was somehow reludtamtries
15-18, pyrrolidineslSba and 15fa). Indeed, in these particular
cases, only vinylcyclopropang4f (R = Bn, R = COEY)
sluggishly reacts with unsubstituted cydlesulfonyl imine4a to
give the product in moderate conversion and lowdy{D% and
37% respectively) (entry 17).

Table 5. Reaction scope with vinylcyclopropankta-f.

EtO,C_ COEt
R
= 1
14+af R Pd(PPhg)4 (10 mol%)
R
Conditions A or B
o, 0
O/S\‘N
3
R2AL T i
INFA ; Conditions A: THF, no additive, rt, 12 h '
s ; Conditions B: Toluene, TBACI (200 mol%), -30 °C, 12 h ;
R ‘

14 (R, R"): Bn, H (14a); Bn, Me (14b); Me, H (14c); iPr, H (14d);
H, H (14e); Bn, CO.Et (14); 4 (R?): H (4a); 4-Br (4b); 3-CI (4c); 5-tBu (4d)

2 Conditions/ Product c
Enty R R R Conversiof (%)  (Yield® %) dr
1 Bn H H A /100% 15aa (90) 1:1
2 Bn H H B /100% 15aa(88)  1:3
3 Me H H A /100% 15ca (92) 1:1
4 Me H H B/ 100% 15ca (90) 1:1
5 H H H A /100% 15ea (91) 1:1
6 H H H B/ 100% 15ea (89) 1:1
7 Bn H 3-Cl A /100% 15ac (89) 1:1
8 Bn H 3-Cl B/ 80% 15ac (68) 1:1
9 Bn H 4-Br Al70% 15ab (66) 1:1
10 Bn H 4-Br B/ 40% 15ab (<10) 9:1
11 iPr H H A/ 20% 15da (14) >20:1
12 iPr H H B/0% 15da (-) -
13 Bn H 5tBu A /100% 15ad (95) 1:1
14  Bn H 5tBu B/0% 15ad (-) -
15 Bn Me H A 0% 15ba (-) -
16 Bn Me H B /0% 15ba (-) -
17 Bn CQEt H A/ 60% 15fa (37) 31
18 Bn CQEt H B /0% 15fa (-) -

@ Conversion determined on the basistéfNMR analysis of crude reaction
mixture.  Isolated yield after purification on column chrawgraphy.®
Diastereomeric ratiosif) were determined on the basis'#fNMR analysis
of crude reaction mixture.

The low observed diastereoselectivities prochpte to study
the (3+2)-cycloaddition of enantioenriched vinyllmropane
14a (86%e6. In the absence of any additive (Table 6, coodgi
A), a 1:1 mixture of the two diastereomersléfa was obtained
in 90% yield and, as one could expected, eachatemier was
recovered with a slight erosion on the initial ef@neric excess
(Table 6, entry 1). Under ‘equilibrating’ conditiorB (i.e.

TBACI, toluene,~30 °C), a 1:3 mixture of the two diastereomers

was obtained and as a consequence, the major diaister was
obtained in reduceee (30%)>°

Mechanistic discussion

The obtention of imidazolidines and pyrrolidines15, as
illustrated in scheme 12, results from three cout$ee reactions.
The trallyl palladium A is first formed (Scheme 12, step a),
resulting in the liberation of the nucleophile g™ = TsN in the

7

case of vinylaziridines8 or X = (EtO.C),C in the case of

vinylcyclopropaned4). It should also be emphasized that in the

presence of chiral liganid* the ionization could occur in either a
matched or mismatched fashion to give eitidér and/or A,
Moreover,A' andA? could be in equilibrium through B-o-mt
isomerization of thewallyl palladium depending on the reaction
conditions (X nature, palladium source, ligand, additives...).

Table6. Trials from chiral vinylcyclopropan#a.

0.0

N’

Bn\

7

EtO.C_ CO.Et
Bn
14a
86% ee

v
o, 0
O "N

#

4a

Pd(PPhg)4 (10 mol%)
- = 4
Conditions A or B

i Conditions A: THF, no additive, rt, 12 h '
Conditions B: Toluene, TBACI (200 mol%), —30 °C, 12 h |

Entry Conditons drf edfdial% eddia2% Yield%
1 A 1:1 81 78 90
2 B 1:3 86 30 92

2 Diastereomeric ratiosif) were determined on the basisldfNMR analysis
of crude reaction mixturé. Enantiomeric excesseeg were determined by
HPLC on a chiral stationary phaselsolated yield after purification on
column chromatography.

Scheme 12. Mechanism proposal.

T-6-T ?
R R
X R Pd(0)L*
e T )
stepa ©X pdL® OX pa=®
X= NTs (3) Al A step b
C(CO2Et)2 (14) O | creation of the first
N stereogenic center

4
R

PdL*®

X Q

@,

B1-1

{ |

|
Tt

R
= *@
fox PdL
ol

B1-2

R R
//i\ //\\
9@ |l o
X PdL + M PdL*
B2-1 B2-2

no-m ? 1‘ ”

creation of the
second stereogenic
center

step ¢ 2

control of the diastereo- and the enantioselectivity

The attack of the nucleophile™Xo the N-sulfonyl imine 4
next enables the formation of the zwitterionic intediatesB
(Scheme 12, step b). This — B reaction also results in the
creation of the first stereogenic center. The ¢Higand could
indeed directly control the facial selectivity dfet addition but
the reaction could also be unselective leadingroxaure of four
potential epimericrrallyl palladium complexe8'?, B B**
and B*2 These four intermediates are anyway potentialy i
equilibrium throughm—=o-mt interconversions and/or through a
reversible addition.



8 Tetrahedron
The third step is the cyclizatione. the intramolecular attack = additive to E)romote the—c-Ttisomerization oftallyl palladium
of the sulfonyl-amidate to the-allyl palladium, thus generating complexes, the diastereoselectivity remains moderate (Table 3
the second, tetrasubstituted, stereogenic centére(Se 12, step entry 1). Interestingly, additives known to promotec-T
c). According to the Curtin-Hammett principle, ttagclization  isomerizations could have divergent issues: the ais€BACI
could be ideally stereocontrolled to give the diemp- and (200 mol%) ensures a good diastereoselectidty= 20:1) but
enantio-enriched imidazolidinésor pyrolidinesl5. no enantioselectivity (Table 2, entry 6), whereastiacacid has
In our mechanistic scenario, twim-o—Tt isomerizations are no effect on thedr outcome @r = 3:1) but allows a 90%e
potentially occurring: are they both effective? Wha the (Table 2, entry 8). It thus appears that in ourenr reaction
influence of the coordination of the Xo the palladium in the conditions, we are not able to efficiently manage ttho T—o-T1t
T-o—-Ttisomerizations? isomerization events in order to control both dissp- and
As observed in control experiments (Scheme 13)n#tere of  enantioselectivity outcomes at once.
the leaving group X [TsN vs (EtO,C),C] has a dramatic
influence on the stereochemical outcome of theti@acWhen Scheme 14. R groups steric effect on the 2-substituted

starting from enantiomeric enriched vinylcyclopropdda (X~ = vinylaziridines3a and3c.
(EtO,C),C", 86% ed, pyrrolidine 15aa is obtained as a 1:1
mi?<tu_re of the two diastereomers ar_ld a _slight ero_s_jb_ the . 3¢ (R=Me) /\ER 3a(R=Bn) =
chl_rahty (78 and 81%e, whereas starting vynh V|nylla.2|r|d|r8.a O:‘s’io A PAPPhO NTS  pyPPha). 0:‘3’10 N
(X~ = TsN, 80% ee, the corresponding imidazolidineaa is 0N (10 mol %) . (10 mol %) 0 N{\
isolated in excellent diastereoselectivitdr (= 14:1) and a Cj)H\N\ THF, 1t . THF, it 3 N
dramatic drop of the enantioselectivity (12%. s 4 Ts
5ca | 5aa
Scheme 13. Control experiments: Influence of the leaving gromp df‘:"g’ﬂ @) dr9=21/o4:1
the diastereoselectivity outcome. o N ‘ 4
3 with LiCl (290 mol%) at -30 °Ci a
X / B; R 85% yield ((> 201 )
0.0 gn Pd(PPhj). 3 1/4 Pd(PPhj3). 0,0 on
o / NPSE
0> INN (10 mol %) a+ ? Gomalwy 0NN .
coEt . THR.M THE 1 N 3. Conclusion
H COLEt X = C(CO2E), [oNp¢] X =NTs H Ts . . .
.5 (86% ee) ofS\‘N (80% ee) 5 In conclusion, we have developed a syntheticallgtizal and
a . g ..
90;) gff useful protocol to allow the synthesis of severatamolidines5
dr=1:1 dr=14:1 and pyrrolidines 15 bearing a tetrasubstituted carbon. The
78 and 81% ee 4a 19% e method goes through a Pd-catalyzed (3+2)-cyclomadit

reaction, via zwitterioniarallyl palladium intermediates, in the
presence of cyclitN-sulfonyl imines with either vinylaziridines
or vinylcyclopropanes. Divergent and interestingawebrs were
observed depending on the leaving group bore byvihglic

It thus appears that limiten—o—1t isomerizations occur with
cyclopropanesl4 in these reaction conditiof%.This result is

”?“hef surprising - since  DYKAT (??+2)-Cycloadd|t|0r?.s of substrate (NTsvs malonate). In the former case, excellent
vinylcyclopropanes have been gescrlbed elsewherehign reaction outcomes were accompanied by high
diastereo- and enantioselectivitiéd’ Nonetheless, it should be diastereoselectivities thanks to a rame—Tt isomerization ofe
emphasized th"fu’ t the best of our knowledge, eglorted allyl palladium complexes. In the case of recadeitrsubstrates
examples describe the use of nqr_l-subst]tuted woldpropanes (i.e. less encumbered ones, for which moderate-todowere

(R = H). The use of various additives (LICI, TEAC)sviound, first obtained) the addition of additives such &ATI or LiCl

in our hands, o be unsuccessful to dramaticallgnge the was favorable to promote such ‘equilibria’ and cdesably
dlastereo_sele_cnwty outcome. . L improve the diastereoselectivities. Seeking to igva DYKAT

The situation appears more complex with vinylaziresi 3, process, chiral ligands were tried; unfortunatelypod
When using bulky R-supsutue_nts, such as _benzyle thenantioselectivity was followed by a substantial dap the
|m|dazolld|ne 5‘?16.‘ was obtalped in 92% yield with a 14:1 diastereoselectivity even if additives were used. tha other
diastereoselectivity whereas in the presence oflsmgiioups (R hand, moving to vinylcyclopropane substrates, tiveo—Tt

=hMe,RH2 I\\//IerySIo;/]v d'asi[zre?S?LeC:'V::y IS Obstet:\’@gkélz:l isomerization ofreallyl palladium complexes seems somehow
when R = Me, Scheme 14). In the latter case, the OF " trickier and very limited and the chirality of tlsibstrates was

T.BACI (200 _”PO'%) Wel necgssary_ to obtain a gooolalmost completely transferred to the products atdkpense of
diastereoselectivity controd( > 20:1). With bulky substituents the diastereoselectivity. The method proposed withia study

the cyclization (Scheme 12, step c) could be slavabéng the affords a quite simple procedure to prepare several

70T Isomerization and a good dlas.ter_eoselect|V|y. With; midazolidines (and analogues through derivatizgtas well as
smalller s.ubstltuents (R ;_Me, H), the cychzaﬂorleobe fagter, pyrrolidines richly functionalized and bearing drasubstituted
and in this case, an add|_t|ve (Sl.JCh as LiCI or TB)A|§Irequ_|red carbon. Currently, work is ongoing on the combinatid other
to promote a rapide-o-Ttisomerization of thetallyl palladium vinylic substrates with palladium-catalysis in order propose

and ensure a good dlastereose_lectlve outcome. novel versatile compounds through cycloadditiorctieas.
Based on the observation of the erosion of the

enantioselectivity in the reaction with enantiomaltic enriched
vinylaziridine 3a (80% e€ (Scheme 13), the reaction in the
presence of chiral catalysts was thus investigatéith various
chiral ligands, catalytic and asymmetric reactidrsve been 4 1 General information

attempted leading to the expected imidazolidinebigh yields,

high enantioselectivities albeit in poor diastesdestivities.  Unless otherwise specified, all commercial produnts @agents
Even in the presence of 10 mol% of AcOH, an efficlembwn  were used as purchased. Reactions were carried awiird-

4, Experimental section



bottom flasks and schlenks equipped with a magisétieng bar
under argon atmosphere. Analytical thin-layer chrmga@phy
(TLC) of all reactions was performed on silica gélR254 TLC
plates. Visualization of the developed chromatogravas
performed by UV absorbance (254nm), usip@nisaldehyde
and/or KMNQ, Flash chromatography was carried out on silic
gel 60 A (35-70 nm) and Biotage IsolBfaFlash Purification
System. FT-IR spectra were recorded with a PerkineElm
Spectrum 1000; absorptions are given in wave numfoers).
'H (400 MHz),**C (100 MHz), NMR spectra were recorded with
a Bruker Ultra Shield 400 Plu8d chemical shifts are reported in
delta ¢) units in parts per million (ppm) relative to thimglet at
7.26 ppm for d-chloroform (residual CHEI™C chemical shifts
are reported in ppm relative to the central linettof triplet at
77.0 ppm for d-chloroform. Splitting patterns aesiginated as s,
singlet; d, doublet; t, triplet; g, quartet; quinfuintet; m,
multiplet; and br, broad and combinations therédf.coupling
constants (J values) are reported in Hertz (Hz). fomaeric
excesses were measured on a Shinfatlzi20A HPLC with a
UV/visible detector at 254nm and 210nm. Optical rotaiwere
measured with a Bellingham + Starfle§DP 440 Polarimeter or

a Perkin EImét Polarimeter with a sodium lamp at 589nm. Low

resolutions mass spectra were recorded on a Watéof-IQ
spectrometer using electrospray ionization. Higloltg®on mass
spectra were obtained using the mass spectromeierated by
the “Laboratoire de Mesures Physiques of the Unityersf

Montpellier”. THF was dried by distillation over sadh metal
and benzophenone under argon.

4.2. General procedures

4.2.1 Racemic synthesis of compounds

9
CHCL); FTIR neat (cril): 2928, 2864, 1418, 1270, 1224, 1207,
976, 955, 873, 843, 805, 780, 750, 687, HRMS-TOF (+)
calculated for GH4NOP (m/z): [M+H]": calculated: 480.3031,
found: 480.3031; MS (ESI+): m/z 480.30 (100, [M+H]

(1S,2S,4S)-1-(2-(diphenylphosphanyl)benzyl)-2-((R)-

ahydroxy(quinoIin-4-y|)methyl)-5-vinquuinuc|idin-lH"n (L22)

To a suspension of cinchonidine (0.189 g, 0.64 mimadiry and
degassed toluene (4 mL) was added the
(chloromethyl)phenyl)diphenylphosphdhe (0.300 g, 0.97
mmol). This mixture was stirred at reflux for 2 hden argon
atmosphere. The solution was cooled to rt, pouredd50 mL of
diethyl ether and filtered. A white solid was obtain@20 mg,
57% vyield). M.p.: 109.5-115.7 °CH NMR (400 MHz, CDCJ):
5 8.98 (d,J = 4.4 Hz, 1H), 8.34 (ddd] = 7.9, 4.5 and 1.6 Hz,
1H), 8.29 (dJ=7.0 Hz, 1H), 8.16 (ddd,= 10.7, 8.5 and 1.4 Hz,
2H), 7.91 (dJ = 4.5 Hz, 1H), 7.82 (ddd, = 8.5, 6.9 and 1.2 Hz,
1H), 7.67-7.62 (m, 2H), 7.59 (ddd= 7.6, 7.6 and 1.2 Hz, 1H),
7.52-7.17 (m, 12H), 6.85 (d,= 6.9 Hz, 1H), 6.63 (dd] = 12.3
and 2.1 Hz, 1H), 5.71-5.58 (m, 2H), 5.38 (dbt 12.3, 11.1 and
3.1 Hz, 1H), 4.87-4.82 (m, 2H), 4.09-4.05 (m, 1H), 33642 (m,
3H), 2.76-2.70 (m, 1H), 2.43-2.35 (m, 3H), 1.99-1.88 (@H),
1.75-1.68 (m, 1H) ppm*'P NMR (400 MHz, CDG): ¢ -16.7
ppm; °*C NMR (100 MHz, CDGJ)): ¢ 150.2, 148.4, 145.8, 140.2
(d,J = 15.0 Hz), 137.4, 136.7 (d,= 9.0 Hz), 136.0 (d) = 2.0
Hz), 135.7 (dJ = 5.0 Hz), 134.7 (dJ = 9.0 Hz), 133.8 (dJ =
27.0 Hz), 133.9, 133.7, 133.4, 133.2, 130.6, 13128,9, 129.4,
129.2, 129.0, 129.0 (d, = 1.0 Hz), 128.9, 128.2, 127.0, 125.2,
124.9, 122.8, 120.4, 115.9, 71.9, 62.9, 61.61@13.0 Hz), 61.2
(d,J=21.0 Hz), 50.9, 38.1, 26.6, 24.8, 21.2 ppmj; E +21.7 €
1.29, CHCJ); FTIR neat (cnf): 3051, 1591, 1508, 1457, 1434,
1325, 1091, 1065, 1028, 923, 882, 858, 801, 748; BRMS-
OF (+) calculated for gHsgN,OP (m/z): [M+HJ: calculated :

(2-

Compounds3, 4 and5 were synthesized according to a described;.,r69 2722, found: 569.2724; MS (ESI+): miz 569.200(

methodology:* Analytical data were identical in all respects to

those previously reported.
4.2.2 Synthesis of chiral ligand® andL22

2,6-di-tert-butyl-N,N-dimethyl-8,9,10,11,12,13,14,15
octahydrodinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosgpin-4-
amine (9)
(R-(+)-5,5,6,6',7,7",8,8"-octahydro-3,3'-diert-butyl-1,1’-bi-2-
naphthol, dipotassium salt (150 mg, 0.31 mmol) waditpned
between chloroform and saturated aqueousiHhe aqueous
phase was extracted 3 times with CEldlhe combined organic
layers was dried over anhydrous MgSOfiltered, and
concentrated. The residue was mixed with P()ME3 pL, 0.4
mmol) in dry toluene (2 mL) at room temperature emdrgon
atmosphere. The reaction mixture was warmed to 1Q0afh@
stirred overnight. After reaction completion (TLC niring),
the solvent was removed in vacuum and the residuairestly
purified by silica-gel column chromatography usipgntane
(100%) to pentane/AcOEt (9:1). The expected frastiorere
combined and the solvent was removed under reduesdyre to
afford pale yellow oil (30 mg, 20% yield). Rf = 0.{8luent:
pentane/BD 8:2, UV and KMNQ staining); '"H NMR (400
MHz, CDCL): § 7.03 (s, 1H), 6.98 (s, 1H), 2.83-2.68 (m, 5H),
2.48-2.32 (m, 6H), 2.20-1.96 (m, 3H), 1.78-1.65 (rH),61.59-
1.52 (m, 2H), 1.44 (s, 9H), 1.38 (s, 9H) ppHC NMR (100
MHz, CDCk): 6 147.1 (d,J = 1.0 Hz), 145.8 (dJ = 1.0 Hz),
138.2 (d,J = 3.0 Hz), 137.2, 134.7 (d,= 1.0 Hz), 134.1 (d] =
1.0 Hz), 132.2 (dJ = 1.0 Hz), 131.2 (d] = 1.0 Hz), 130.7 (d] =
6.0 Hz), 129.8 (d) = 3.0 Hz), 126.9 (d] = 3.0 Hz), 126.9 (d] =
2.0 Hz), 34.6 (dJ = 1.0 Hz), 34.6 (dJ = 1.0 Hz), 31.2, 31.1,
30.6 (6C), 29.6, 29.5, 27.4, 27.0, 23.3, 23.2, 23219 ppm**P
NMR (400 MHz, CDC}): § 140.7 ppm; &]p = -222.2 ¢ 1.35,

[M+H]")

4.2.3 Asymmetric synthesis of compoumds

(3S,10bR)-3-benzyl-1-tosyl-3-vinyl-1,2,3,10b teydrbbenzo[e]
imidazo[1,2-c][1,2,3]oxathiazine 5,5-dioxid&da)

Representative procedure 1

In a flame-dried 10 mL flask equipped with a stirr baas
charged with the R@ba).CHCL (3.4 mg, 0.0033 mmol.) and
the ligand (§-L2) (5.9 mg, 0.0156 mmol.). Then 1.4 mL of
dried toluene was added, this mixture was stirredromm
temperature 10 min. A stock solution of acid aceticdried
toluene was added [100 pL of THF containing acetid €0.76
pL, 0.0132 mmol)] to the mixture. After 10 min ofrghg the
catalyst solution was poured dropwise to a flameddfiask
containing the vinylaziridine8a (41 mg, 0.13 mmol) and the
cyclic N-sulfonyl imine4a (29 mg, 0.16 mmol) at —30 °C. This
solution was stirred at this temperature for 12He feaction was
quenched with 1M HCI (2 mL). The aqueous layer wagsaeted
with CH,Cl, (3 x 5 mL), the combined organic layers were
washed with brine (5 mL), dried over Mgg§Ciltered, and
concentrated under vacuum. The expected compound was
isolated by silica gel chromatography using pentdr® %) to
pentane/AcOEt (7:3) as eluent. The solvent was remaveler
reduced pressure and afford a white solid (59 mép 9eld).
Analytical data were identical in all respects tost@reviously
reported in the literatur€. Chiral HPLC: analytical column
CHIRALCEL® IC column (250 x 4.6 mmjphexanefrOH 97:3,
1.0 mL/min, 25 °C):¢; = 20.94 min andgp = 26.84 mingdr: 3:1
(determined byH NMR of the crude product; up to > 20:1 by
recrystallization);ee 90% (up to > 99% by recrystallization);
[a]p=-34.1 €0.82, CHC))
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(3R,10bS)-3-benzyl-8-bromo-1-tosyl-3-vinyl-1,2,8;10
tetrahydrobenzol[e]imidazo[1,2-c][1,2,3]oxathiazine,55dioxide
(5ab)

The title compound was prepared according taréipeesentative
procedure 1from the corresponding vinylaziridinga (41 mg,
0.13 mmol) and cyclidN-sulfonyl imine4b (42 mg, 0.16 mmol)
using R)-L2 as ligand to give a white solid (68.0 mg, 90%
yield). Analytical data were identical in all respedo those
previously reported in the literatute Chiral HPLC: analytical
column CHIRALCEL® IC column (250 x 4.6 mm);
nhexanefPrOH 97:3, 1.0 mL/min, 25 °C)zt= 15.87 min andg}

= 21.31 min;dr: 2:1 (determined byH NMR of the crude
product);ee 65%

(3S,10bR)-3-benzyl-7-chloro-1-tosyl-3-vinyl-1,20%1
tetrahydrobenzol[e]imidazo[1,2-c][1,2,3]oxathiazine,55dioxide
(5ac)

The title compound was prepared according taréipeesentative
procedure 1from the corresponding vinylaziridinga (41 mg,
0.13 mmol) and cycliN-sulfonyl imine4c (34 mg, 0.16 mmol)
using R)-L2 as ligand to give a white solid (61.4 mg, 88%
yield). Analytical data were identical in all respedo those
previously reported in the literatute Chiral HPLC: analytical
column CHIRALCEL® AD column (250 x 4.6 mm);
nhexanefPrOH 98:2, 1.0 mL/min, 25 °C): dia k;t= 23.09 min
and k, = 32.10 min; dia 2:gf = 20.59 min andgb = 26.69 min;
dr: 2:1 (determined b{H NMR of the crude productie 64%

(3R,10bS)-3-isopropyl-1-tosyl-3-vinyl-1,2,3,10lraélydrobenzo
[elimidazo[1,2-c][1,2,3]oxathiazine 5,5-dioxid&l§a)

The title compound was prepared according taréipeesentative
procedure 1from the corresponding vinylaziridingb (35 mg,
0.13 mmol) and cyclitN-sulfonyl imine4a (29 mg, 0.16 mmol)
using R)-L2 as ligand to give a white solid (51.7 mg, 88%
yield). Analytical data were identical in all respedo those
previously reported in the literatute Chiral HPLC: analytical
column CHIRALCEL® IC column (250 x 4.6 mm);
nhexanefPrOH 97:3, 1.0 mL/min, 25 °C)zt= 14.34 min andg}
= 17.90 min;dr: 9:1 (determined byH NMR of the crude
product);ee 82%; o]p=-53.1 € 0.98, CHCJ))

(3S,10bR)-3-methyl-1-tosyl-3-vinyl-1,2,3,10b-tetddopenzo[e]
imidazo[1,2-c][1,2,3]oxathiazine 5,5-dioxid&édg)

The title compound was prepared according to
representative procedurefom the corresponding vinylaziridine
3c (31 mg, 0.13 mmol) and cyclid-sulfonyl imine4a (29 mg,
0.16 mmol) using9-L 2 as ligand to give a white solid (48.7 mg,
88% yield). Analytical data were identical in all pests to those
previously reported in the literatute Chiral HPLC: analytical
column CHIRALCEL® IC column (250 x 4.6 mm);
nhexanefPrOH 97:3, 1.0 mL/min, 25 °C)zt= 33.31 min andg}
= 38.28 min;dr: 2:1 (determined byH NMR of the crude
product);ee 40%

(3R,10bR)-1-tosyl-3-vinyl-1,2,3,10b-tetrahydrobdafmidazo
[1,2-c][1,2,3]oxathiazine 5,5-dioxideb(la)

Tetrahedron

4.2.4 Post-transformation of compoubah

3-benzyl-3-vinyl-2,3-dihydrobenzo[e]imidazo[1,2-c13]
oxathiazine 5,5-dioxide8)

In a flame-dried 10 mL flask equipped with a stirr baas
charged with the imidazolidingaa (105 mg, 0.21 mmol) and 2.0
mL of dried THF. Then a solution of KHMDS 0.5M in t@ne
was added dropwise (500 pL, 0.25 mmol) at 0 °C. Theune
was warmed up to room temperature and stirred for Zhie
reaction was quenched with saturated aqueougNsblution (5
mL), and the resulting mixture was extracted with AcCEx 20
mL). The combined organic layers were washed witheb(itb
mL) and dried over anhydrous Mg&@iltration and evaporation
under vacuum furnished the crude product, which paified
by column chromatography using pentane/AcOEt (9:6:49 as
eluent. The expected fractions were combined andstteent
was removed under vacuum to afford colorless oil (s} 89%
yield). Rf = 0.5 (eluent: pentane/AcOEt 8:2, UV and KUMN
staining);'"H NMR (400 MHz, CDCJ): 6 7.93 (dd,J = 7.8 and
1.6 Hz, 1H), 7.56 (ddd] = 8.3, 7.4 and 1.7 Hz, 1H), 7.34-7.17
(m, 7H), 6.40 (dd,) = 17.4 and 10.8 Hz, 1H), 5.49 @= 17.5
Hz, 1H), 5.46 (dJ = 10.8 Hz, 1H), 4.20 (d) = 15.9 Hz, 1H),
3.99 (d,J = 15.8 Hz, 1H), 3.64 (d] = 13.9 Hz, 1H), 3.14 (dl =
13.8 Hz, 1H) ppm**C NMR (100 MHz, CDGJ): § 151.2, 151.1,
137.6, 134.7, 134.0, 130.8 (2C), 128.4 (2C), 128271, 126.6,
118.6, 117.6, 115.1, 72.4, 64.0, 41.1 ppm; FTIRt fea"):
2929, 1651, 1460, 1388, 1344, 1202, 1176, 854, 768, 655;
HRMS-ASAP (+) calculated for &H;/N,0sS (m/z): [M+HT:
calculated : 341.0960, found: 341.0963; MS (ESit)jz 341.09
(100, [M+H])

(2)-4-((2-benzylpent-2-en-1-yl)amino)benzo[e][1]@)&athiazine
2,2-dioxide 9)

In a flame-dried 2 mL flask equipped with a stir bas charged
with the sulfamate8 (12 mg, 0.035 mmol) and 0.2 mL of dried
THF. Then a solution of MeMgBr 3M in F? was added
dropwise (35 pL, 0.11 mmol) at 0 °C. The mixture wasmed
up to room temperature and stirred overnight. Téaction was
quenched with saturated aqueous ,8H (5 mL), and the
resulting mixture was extracted with AcOEt (3 x 20 mLhe
combined organic layers were washed with brine (15, byl
dried over anhydrous MgSOFiltration and evaporation under
vacuum furnished the crude product, which was purifiey

thecolumn chromatography using pentane/AcOEt (9:1 tg &

eluent. The expected fractions were combined andstieent
was removed under vacuum to afford 8 mg of whiteds@ield:
64%). m.p.: 138.7-143.9 °C; Rf = 0.3 (eluent: pentane/AcOEt
8:2, UV and KMNQ staining);"H NMR (400 MHz, CDCJ): ¢
7.56 (dddJ = 8.4, 7.4 and 1.5 Hz, 1H), 7.35-7.19 (m, 6H), 7.09
(dd,J = 7.6 and 0.8 Hz, 1H), 6.49 (ddil= 7.9 and 1.5 Hz, 1H),
5.71 (t,d = 7.3 Hz, 1H), 5.47 (brs, 1H), 4.17 @= 5.0 Hz, 2H),
3.47 (s, 2H), 2.24-2.17 (m, 2H), 1.06Jt 7.5 Hz, 3H) ppm**C
NMR (100 MHz, CDC})): ¢ 158.8, 153.5, 140.0, 136.4, 135.3,
131.0, 129.2 (2C), 128.6 (2C), 126.8, 124.7, 128196, 112.0,
44.1, 42.1, 21.5, 14.3 ppm; FTIR neat (bn8340, 2962, 1598,
1576, 1529, 1334, 1185, 1152, 1111, 1047, 918, 868, 737,

The title compound was prepared according to th%gz; HRMS-TOF (+) calculated for,@,,N,0,S (m/z): [M+H]"

representative procedurefom the corresponding vinylaziridine
3d (29 mg, 0.13 mmol) and cyclis-sulfonyl imineda (29 mg,
0.16 mmol) usingR)-L2 as ligand to give a white solid (51.0
mg, 90% vyield). Analytical data were identical in mkpects to
those previously reported in the literattteChiral HPLC:
analytical column CHIRALCEE IC column (250 x 4.6 mm);
nhexanefPrOH 97:3, 1.0 mL/min, 25 °C)zt= 42.98 min andg}

= 48.93 min;dr: 1/1 (determined byH NMR of the crude
product);ee 13%

calculated : 357.1273, found: 357.1276; MS (ESijz 357.13
(100, [M+H]")

4-((2-benzylbutyl)amino)benzole][1,2,3]oxathiazine 2-Blioxide
(10) + 4-benzyl-4-ethyl-2-phenyl-4,5-dihydro-1H-imidé&z 1)

In a round bottom flask was put the sulfam8t€34 mg, 0.1
mmol) and the MeOH at room temperature. Several
vacuum/argon cycles were performed in the flaskrpidothe



addition of the Pd/C (10 wt%). The argon atmosphess
replaced by Hand the suspension was stirred for 12 h at roo
temperature. After reaction completion (TLC controthe
catalyst was filtered off with a syringe filter, atite filter was
rinsed several times with the solvent. Then, thesesul was
removed under vacuum. The crude product (1:1 mextfrl0

and 11) was purified by column chromatography using

pentane/AcOEt (9:1 to 0:10) as eluent. The expectatdidns for

each compound were combined and the solvent was egmov

under vacuum to afford0 as colorless oil (16 mg, 47% yield)
and11 as colorless oil (12 mg, 45% yield). Combined di€2%

11
4.216 Synthesis of compourieis-f

nibiethyl 2-benzyl-2-vinylcyclopropane-1,1-dicarboxglél4a)

Representative procedure 2

KHMDS in toluene (0.5 M, 11.8 mL, 5.92 mmol) was adlde
an ice-cooled (0 °C) solution of methyltriphenylghbonium
bromide (2.35 g, 6.60 mmol) in THF (18 mL). After &rfin of
stirring, a solution of the corresponding aldehyded g, 3.30
mmol) in THF (10 mL plus 2 x 1 mL rinse) was addadd the
mixture was stirred for 30 min at 0 °C. The reactioas

Product 10: Rf = 0.4 (eluent: pentane/AcOEt 8:2, UV and dueénched with saturated aqueous ,8H(10 mL), and the

KMNO, staining);"H NMR (400 MHz, CDC}): ¢ 7.56 (ddd, =
8.4, 7.4 and 1.5 Hz, 1H), 7.35-7.22 (m, 5H), 7.19 {dd 8.4 and
1.2 Hz, 1H), 7.11 (ddd} = 8.1, 7.3 and 1.6 Hz, 1H), 6.59 (dds
8.0 and 1.5 Hz, 1H), 5.76 (brs, 1H), 3.76 (ddi& 13.9, 6.6 and
4.3 Hz, 1H), 3.28 (ddd] = 13.9, 8.7 and 4.4 Hz, 1H), 2.97 (dd,
=13.9 and 4.7 Hz, 1H), 2.50 (d#i= 13.9 and 8.6 Hz, 1H), 2.11-
2.09 (m, 1H), 1.52-1.45 (m, 2H), 1.04 Jt= 7.4 Hz, 3H) ppm;
¥C NMR (100 MHz, CDGCJ): 6 159.0, 153.4, 140.6, 135.3, 129.2
(2C), 129.0 (2C), 126.5, 124.7, 123.7, 119.6, 11265, 41.2,
40.1, 26.1, 11.3 ppm; FTIR neat ({m3363, 2927, 1598, 1568,
1533, 1348, 1186, 1165, 1110, 856, 746, 680; HRM&T©
calculated for GH,;N,0O5S (m/z): [M+H]: calculated: 345.1273,
found: 345.1275; MS (ESt m/z 345.13 (100, [M+H). Product
11: R; = 0.4 (eluent: AcOEt 100%, UV and KMN@®taining):'H
NMR (400 MHz, CDC}): ¢ 7.39-7.18 (m, 10H), 3.71 (d,= 12.0
Hz, 1H), 3.62 (dJ = 14.2 Hz, 1H), 3.47 (d) = 12.0 Hz, 1H),
2.73 (d,J = 14.2 Hz, 1H), 2.42 (dq] = 14.4 and 7.4 Hz, 1H),
1.67 (dg,J = 14.4 and 7.3 Hz, 1H), 1.00 &~ 7.4 Hz, 3H) ppm;
®C NMR (100 MHz, CDGCJ)): ¢ 158.8, 153.5, 140.0, 136.4,
135.3, 131.0, 129.2 (2C), 128.6 (2C), 126.8, 12478.5, 119.6,
112.0, 44.1, 42.1, 21.5, 14.3 ppm; FTIR neat{cr8215, 2926,
1610, 1516, 1485, 1282, 1252, 1052, 1035, 915, 7RY;
HRMS-TOF (+) calculated for GHxN, (m/z): [M+H]":
calculated: 265.1705, found: 265.1711; MS (ESI+jz 265.17
(100, [M+H])

3-benzyl-1-tosyl-1,2,3,10b-tetrahydrobenzo[e]imidazac]
[1,2,3]oxathiazine-3-carbaldehyde 5,5-dioxid)

Imidazolidine 5aa (50 mg, 0.1 mmol) was dissolved in

resulting mixture was extracted with AcOEt (3 x 20 mLhe
combined organic layers were washed with brine (15, mbyl
dried over anhydrous MgSOFiltration and evaporation under
vacuum furnished the crude product, which was purifiey
column chromatography using pentane/AcOEt (9.8:0.2 to
7.5:2.5) as eluent. The expected fractions were aeedand the
solvent was removed under vacuum to afford 450 maplafrless
oil (yield: 45 %). Rf = 0.70 (eluent: pentane/&t8:2, UV and
KMNO, staining);"H NMR (400 MHz, CDCJ): 6 7.28-7.16 (m,
5H), 5.76 (ddJ = 17.1 and 10.5 Hz, 1H), 5.06 (dtz 10.6 and
0.8 Hz, 1H), 4.97 (dd) = 17.2 and 0.8 Hz, 1H), 4.21-4.12 (m,
4H), 3.22 (dJ = 15.5 Hz, 1H), 3.02 (d} = 15.5 Hz, 1H), 1.91 (d,
J=5.4 Hz, 1H), 1.79 (d) = 5.4 Hz, 1H), 1.25 (tdJ = 7.2 and
6.1 Hz, 6H) ppm*C NMR (100 MHz, CDGJ)): § 168.4, 167.4,
138.6, 136.3, 128.9 (2C), 128.1 (2C), 126.1, 11816, 61.4,
40.9, 38.3, 36.9, 23.3, 14.1, 14.1 ppm; FTIR neafl;[: 2981,
1719, 1369, 1297, 1248, 1215, 1097, 1023, 921, 381, 697;
HRMS-TOF (+) calculated for {GH,0s (M/z): [M+H]":
calculated: 303.1596, found: 303.1599; MS (ESI+)z 803.16
(100, [M+H]) ; [o]p = +17.4 € 1.15, CHC}, (9-isomer, 86%

eg
Diethyl (2)-2-benzyl-2-(prop-1-en-1-yl)cyclopropabd-
dicarboxylate {4b)

KHMDS in toluene (0.5 M, 5.9 mL, 2.95 mmol) was adden
ice-cooled (0 °C) solution of ethyltriphenylphosphom bromide
(2.22 g, 3.26 mmol) in THF (9 mL). After 15 min dirang, a
solution of the corresponding aldehyde (500 mg3 Iréinol) in
THF (6 mL plus 2 x 1 mL rinse) was added, and theumé was

CH,Cl,/MeOH (5:1, 5 mL), and the solution was cooled to —7gStied for 30 min at 0 °C. The reaction was quedchéth

°C. Ozone was bubbled through the cooled solutioit artilue
color was obtained (~5 min). Argon was then bubbleduth
for 10 min., and then methyl sulfide (37uL, 0.5 nimwas
added. The reaction was allowed to warm to room teabjpe
and stir overnight. The solvent was removed undeluced
pressure and the crude was recrystallized using a Hp&tane
system to afford white crystal (17 mg, 34% yield)pm159.5-
162.7 °C;'H NMR (400 MHz, CDC)): 6 9.89( s, 1H), 7.86-7.84
(m, 2H), 7.56 (dtJ = 7.9 and 1.3 Hz, 1H), 7.43-7.37 (m, 3H),
7.29-7.23 (m, 4H), 6.99-6.96 (m, 3H), 6.64 (s, 1H363(d,J =
12.8 Hz, 1H), 3.76 (dJ = 12.9 Hz, 1H), 3.35 (d] = 14.3 Hz,
1H), 2.70 (dJ = 14.3 Hz, 1H), 2.50 (s, 3H) ppiiC NMR (100

saturated aqueous NEI (10 mL), and the resulting mixture was
extracted with AcOEt (3 x 20 mL). The combined orgdaiers
were washed with brine (15 mL), and dried over anhyslro
MgSQ,. Filtration and evaporation under vacuum furnishies
crude product, which was purified by column chromedpby
using Pentane/AcOEt (9.8:0.2 to 8:2) as eluent. Ttpeaed
fractions were combined and the solvent was removetkeru
vacuum to afford 240 mg of colorless oil (yield: %§. Rf = 0.70
(eluent: pentane/ED 8:2, UV and KMNQ staining);'H NMR
(400 MHz, CDC}): § 7.28-7.18 (m, 5H), 5.54 (dd,= 10.8 and
7.1 Hz, 1H), 5.35 (dg] = 10.8 and 1.8 Hz, 1H), 4.26 (3= 7.1
Hz, 2H), 4.19-4.12 (m, 2H), 3.13 (d~ 14.1 Hz, 1H), 2.64 (d

MHz, CDCL): § 195.7, 149.7, 145.5, 134.0, 133.0, 131.5, 130.5. +4:0 Hz, 1H), 1.86 (d] = 5.0 Hz, 1H), 1.76 (d) = 5.0 Hz,

(2C), 130.2 (2C), 128.9 (2C), 128.0 (2C), 127.87.12 126.5,
118.3, 118.0, 77.5, 73.0, 49.4, 39.9, 21.7 ppmRFi¢at (crﬁ):
3070, 1735, 1596, 1454, 1407, 1353, 1204, 11669,10824,
983, 890, 829, 756, 729, 667; HRMS-TOF (+) calculater
CoHoaN:OsS, (M/z): [M+H]": calculated: 499.0998, found:
499.1006; MS (ESI+): m/z 499.10 (100, [M+M]

4.2.5 Synthesis of compouriss

1H), 1.45 (ddJ = 7.1 and 1.8 Hz, 3H), 1.31 @,= 7.1 Hz, 3H),
1.25 (t,J = 7.1 Hz, 3H) ppm**C NMR (100 MHz, CDGC)): &
168.7, 167.9, 138.6, 130.2, 129.4 (2C), 128.0 (2@Y,7, 126.2,
61.5, 61.3, 39.8, 39.8, 36.0, 25.8, 14.1, 14.1763%pm; FTIR
neat (crif): 2981, 1722, 1445, 1368, 1302, 1212, 1202, 1098,
1020, 862, 723, 698; HRMS-TOF (+) calculated fogH3:0,
(m/z): [M+NaJ: calculated: 317.1753, found: 317.1754; MS
(ESI+): m/z 317.18 (100, [M+NJ]

CompoundslflSa-d were synthesized according to a describedDiethyl 2-methyl-2-vinylcyclopropane-1,1-dicarboxggt4c)
methodology" Analytical data were identical in all respects to The title compound was prepared according taréipeesentative

those previously reported.

procedure Zrom the corresponding aldehyde (1.1 g, 4.82 mmol)
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to give colorless oil (456 mg, yield: 42 %). Rf =80 (eluent:
pentane/BD 8:2, UV and KMNQ staining); '"H NMR (400
MHz, CDCL): § 5.84 (dd,J = 17.6 and 10.8 Hz, 1H), 5.18 (dH,
=17.6 and 1.2 Hz, 1H), 5.13 (d#lF 10.8 and 1.2 Hz, 1H), 4.26-
4.13 (m, 4H), 1.76 (dJ = 5.2 Hz, 1H), 1.60 (d] = 5.3 Hz, 1H),
1.35 (s, 3H), 1.27 (dt] = 13.4 and 7.2 Hz, 6H) ppmiC NMR

Tetrahedron

4.2.7 Synthesis of compourids

Diethyl 3-benzyl-3-vinyl-2,3-dihydrobenzo[e]pyrrolgR-
c][1,2,3]oxathiazine-1,1(10bH)-dicarboxylate 5,5-dide (L5aa’
and15aa’)

(100 MHz, CDCJ): § 168.2, 168.1, 138.5, 115.4, 61.5, 61.4, Representative procedure A

40.9, 33.6, 26.0, 17.8, 14.1, 14.1 ppm; FTIR neai’}: 2982,
1721, 1447, 1368, 1298, 1227, 1174, 1104, 1002, 832, 781;
HRMS-TOF (+) calculated for @H;q0, (m/z): [M+NaJ:
calculated: 227.1283, found: 227.1284; MS (ESI+jz 227.13
(100, [M+Na])

Diethyl 2-isopropyl-2-vinylcyclopropane-1,1-dicarlytate (L4d)
The title compound was prepared according taréipeesentative

A flame-dried 10 mL flask equipped with a stir bar veasrged
with vinylcyclopropaneld4a (32 mg, 0.13 mmol), the Pd(P$h

(15 mg, 0.013 mmol.) and the cychesulfonyl imineda (29 mg,
0.16 mmol). Then 1.5 mL of dried THF was added, yakow
mixture was stirred at room temperature for 12 he Téaction
was quenched with 1M HCI (2 mL). The aqueous layer was
extracted with CKCI, (3 x 5 mL), the combined organic layers
were washed with brine (5 mL), dried over MgS€itered, and

procedure 2from the corresponding aldehyde (0.330 mg, 1.3Cconcentrated under vacuum. Expected compounds welatdd

mmol) to give colorless oil (200 mg, yield: 60 9%&f = 0.80
(eluent: pentane/ED 8:2, UV and KMNQ staining);'H NMR
(400 MHz, CDC}): § 5.96 (dd,J = 17.1 and 10.4 Hz, 1H), 5.19
(dd,J = 10.4 and 1.5 Hz, 1H), 5.05 (di= 17.1 and 1.5 Hz, 1H),
4.24-4.07 (m, 4H), 1.87-1.80 (m, 2H), 1.47 (dds 5.1 and 1.2
Hz, 1H), 1.28 (tJ = 7.2 Hz, 3H), 1.23 () = 7.1 Hz, 3H), 0.99
(d,J = 6.9 Hz, 3H), 0.90 (d] = 6.9 Hz, 3H) ppm**C NMR (100

by silica gel chromatography using pentane (100%) t
pentane/AcOEt (7:3) as eluent. The solvent was remaneier
reduced pressure and afford two colorless diBag’: 29 mg,
15aa” 28 mg, combined yield: 90%iir: 1:1 (determined byH
NMR of the crude product)

Representative procedure B

MHz, CDCk): ¢ 168.7, 167.5, 132.5, 118.7, 61.4, 61.1, 44.5A flame-dried 10 mL flask equipped with a stir bar veasrged

41.0, 30.9, 30.1, 22.9, 19.9, 19.1, 14.1, 14.1 gphiR neat(cm
l): 2965, 1721, 1446, 1369, 1291, 1232, 1213, 11644,11298,
1051, 1030, 994, 920, 860, 802; HRMS-TOF (+) caled&or
CiHx0, (M/z): [M+Na]: calculated : 255.1596, found:
255.1598; MS (ESI+): m/z 255.16 (100, [M+Npg]

Diethyl 2-vinylcyclopropane-1,1-dicarboxylat&4€)
The title compound was prepared according taréipeesentative

with vinylcyclopropanelda (32 mg, 0.13 mmol), the Pd(P$h
(15 mg, 0.013 mmol.) the cyclIN-sulfonylimine4a (29 mg, 0.16
mmol). and TBACI (72 mg, 0.26 mmol). Then 1.5 mLdfed
Toluene was added at —30 °C and the yellow mixturestiered
at this temperature for 12 h. The reaction was duethevith 1M
HCI (2 mL). The aqueous layer was extracted with@H(3 x 5
mL), the combined organic layers were washed witheb(®

procedure 2from the corresponding aldehyde (0.500 mg, 1.3¢NL), dried over MgSQ filtered, and concentrated under

mmol) to give colorless oil (300 mg, yield: 60 YAnalytical
data were identical in all respects to those preshioteported in
the literaturé® Ry = 0.70 (eluent: pentane/et 8:2, UV and
KMNO, staining).

Diethyl (E)-2-benzyl-2-(3-ethoxy-3-oxoprop-1-en-1-yl
cyclopropane-1,1-dicarboxylaté@4f)

In a flame dried round bottom flask was chargedptiesphonate
(236 pL, 1.18 mmol) with 3 mL of dried THF. To théslution

vacuum. Expected compounds were isolated by silieh g
chromatography using pentane (100%) to pentane/A(DEY as
eluent. The solvent was removed under reduced peesswd
afford two colorless oilsl6aa’: 14 mg,15aa”; 42 mg, combined
yield: 88%); dr: 1:3 (determined byH NMR of the crude
product). Rf15aa’ = 0.32 (eluent: pentane/t 8:2, UV and
KMNO, staining); Rf15aa” = 0.28 (eluent: pentane/x 8:2,
UV and KMNGQ, staining);"H NMR (400 MHz, CDC}) 15aa™: 6
7.43 (d,J = 8.3 Hz, 1H), 7.32-7.20 (m, 6H), 7.13 (&= 7.6 and

was poured the NaH (28 mg, 1.18 mmol). The mixture wad.4 Hz, 1H), 7.03 (dd] = 8.4 and 1.5 Hz, 1H), 6.18 (ddi= 17.3

cooled at —78 °C and a solution of the correspandillehyde
(300 mg, 0.99 mmol) in THF (2 mL plus 2 x 0.5 mhs&) was
added. The mixture was stirred for 1h min at —78 fi@&n
allowed to warm up to rt and stirred overnight. Thaction was
quenched with saturated aqueous ,8H (10 mL), and the
resulting mixture was extracted with AcOEt (3 x 20 mLhe
combined organic layers were washed with brine (15, mbyl
dried over anhydrous N&QO,. Filtration and evaporation under
vacuum furnished the crude product, which was purifiey
column chromatography using pentane/AcOEt (9.8:02:2) as
eluent. The expected fractions were combined andstteent
was removed under vacuum to afford a colorless 28D (mg,
yield: 76%). Rf = 0.45 (eluent: pentanef&t8:2, UV and
KMNO, staining);"H NMR (400 MHz, CDC}): 6 7.28-7.16 (m,
5H), 6.78 (d,J = 15.7 Hz, 1H), 5.71 (d] = 15.7 Hz, 1H), 4.23-
4.09 (m, 6H), 3.28 (dJ = 16.1 Hz, 1H), 3.05 (d] = 16.1 Hz,
1H), 1.95-1.92 (m, 2H), 1.19-1.28 (m, 9H) pphC NMR (100

and 10.9 Hz, 1H), 5.50 (s, 1H), 5.36 {ds 10.8, 1H), 5.07 (d]

= 17.3, 1H), 4.38-4.21 (m, 2H), 3.90-3.70 (m, 2HR&B(d,J =
13.6 Hz, 1H), 3.42 (dJ = 13.6 Hz, 1H), 2.89 (d] = 14.2 Hz,
1H), 2.49 (dJ = 14.2 Hz, 1H), 1.30 (] = 7.2, 3H), 0.82 (t) =
7.2, 3H) ppm.15aa’ ¢ 7.27-7.35 (m, 6H), 7.21 (d, = 8.3 Hz,
1H), 7.10 (tdJ = 7.6 and 1.4 Hz, 1H), 7.01 (dd= 8.4 and 1.5
Hz, 1H), 6.50 (ddJ = 17.5 and 11.1 Hz, 1H), 5.45 (s, 1H), 5.22
(d,J=11.1, 1H), 5.17 (d) = 17.5, 1H), 4.25 (] = 7.1 Hz, 2H),
3.81 (q,J = 7.1 Hz, 2H), 3.40 (d] = 13.6 Hz, 1H), 3.22 (d] =
13.6 Hz, 1H), 2.88 (dJ = 14.2 Hz, 1H), 2.73 (d] = 14.2 Hz,
1H), 1.28 (t,J = 7.2, 3H), 0.94 () = 7.2, 3H) ppm;}*C NMR
(100 MHz, CDC}) 15aa" ¢ 169.9, 168.7, 150.3, 137.4, 136.1,
131.0 (2C), 129.4, 128.0 (2C), 127.4, 126.8, 12520.4, 118.3,
117.6, 71.0, 65.8, 62.6, 62.0, 61.7, 44.3, 40.00,123.3 ppm.
15aa% 6 169.3, 168.1, 150.8, 140.1, 135.4, 131.3 (2C),.3,29
128.3 (2C), 127.1, 126.9, 124.9, 120.7, 118.6,8,121.8, 67.0,
62.7, 62.6, 61.9, 44.4, 42.5, 13.9, 13.4 ppm; Fi&t (cr):

MHz, CDCL): 6 167.6, 167.0, 165.8, 146.8, 137.6, 128.5 (2C),15aa"; 2982, 1729, 1489, 1454, 1382, 1263, 1194, 11732,110

128.4 (2C), 126.3, 123.0, 62.0, 61.8, 60.5, 41633,336.2, 25.0,

14.1, 14.0, 14.0 ppm; FTIR neat (&m2982, 1716, 1647, 1369,
1253, 1174, 1097, 1030, 984, 860, 729, 698; HRMS-TOF

calculated for GH,/0s (M/z): [M+NaJ: calculated : 375.1808,
found: 375.1807MS (ESI+): m/z 375.18 (100, [M+N§]

1056, 1031, 935, 840, 783, 757, 708aa” 2984, 1730, 1488,
1454, 1388, 1263, 1195, 1176, 1102, 925, 892, 836, 783,
755, 705; HRMS-TOF (+) calculated for,88,,NO;S (m/z):
[M+H]": calculated : 486.1586, found: 486.1590; MS (ESI+)
m/z 486.15 (100, [M+H); Chiral HPLC 15aa" analytical



column CHIRALCEL® IC column (250 “x 4.6 mm);
nhexanefPrOH 97:3, 1.0 mL/min, 25 °C)zt= 19.07 min andgb
= 26.06 min ée 81% withprocedureA and 86% withprocedure
B); Chiral HPLC 15aa” analytical column CHIRALCEE IC
column (250 x 4.6 mm)nhexanePrOH 97:3, 1.0 mL/min, 25
°C): try = 24.49 min andgh = 30.82 min ée 78% with
procedureA and 30% withprocedure B; [a]p 15aa" = +38.7 ¢
0.62, CHCJ, 81%e®; [a]p 15aa’= +15.5 € 1.55, CHCJ, 78%
eg

Diethyl  3-benzyl-8-bromo-3-vinyl-2,3-dihydrobenzojgjplo
[1,2-c][1,2,3]oxathiazine-1,1(10bH)-dicarboxylate SBdioxide
(15ab)

The title compound was prepared according toaréipeesentative
Procedure Afrom the corresponding vinylcyclopropatéa (32
mg, 0.13 mmol) and cyclitN-sulfonyl imine4b (42 mg, 0.16
mmol) to give colorless oil (48.4 mg, 66%lx: 1:1 (determined
by '"H NMR of the crude product); Rf = 0.40 (eluent:
pentane/BD 8:2, UV and KMNQ staining); '"H NMR (400

13
520.1197, found: 520.1199; MS (ESI+): m/z 520.120(1
[M+H]")

Diethyl 3-benzyl-9-(tert-butyl)-3-vinyl-2,3-dihydrehzo[e]
pyrrolo[1,2-c][1,2,3]oxathiazine-1,1(10bH)-dicarbolate  5,5-
dioxide (5ad)

The title compound was prepared according taréipeesentative
procedure Afrom the corresponding vinylcyclopropatda (32
mg, 0.13 mmol) and cyclitN-sulfonyl imine4d (38 mg, 0.16
mmol) to give colorless oil (66.9 mg, 95%lx: 1:1 (determined
by '"H NMR of the crude product); Rf = 0.50 (eluent:
Pentane/EO 8:2, UV and KMNQ staining); '"H NMR (400
MHz, CDCL): 6 7.46 (m, 1H), 7.36-7.22 (m, 13H), 6.95 (=
8.8 Hz, 1H), 6.93 (dJ = 8.8 Hz, 1H), 6.50 (dd] = 17.5 and 11.1
Hz, 1H), 6.18 (ddJ = 17.4 and 10.8 Hz, 1H), 5.48 (s, 1H), 5.43
(s, 1H), 5.36 (dJ = 10.9 Hz, 1H), 5.21 (d] = 11.1 Hz, 1H), 5.16
(d,J = 17.5 Hz, 1H), 5.09 (d] = 17.3 Hz, 1H), 4.38-4.17 (m,
4H), 3.89-3.65 (m, 4H), 3.54 (d,= 13.5 Hz, 1H), 3.44 (d] =
13.6 Hz, 1H), 3.39 (d) = 13.8 Hz, 1H), 3.21 (d] = 13.8 Hz,

MHz, CDCL): 6 7.35-7.19 (m, 15H), 7.11-7.09 (m, 1H), 6.47 1H), 2.92 (d,J = 14.2 Hz, 1H), 2.86 (dl = 14.1 Hz, 1H), 2.71 (d,

(dd,J = 17.5 and 11.1 Hz, 1H), 6.17 (dii= 17.2 and 10.9 Hz,
1H), 5.42 (s, 1H), 5.37 (d,= 11.0 Hz, 1H), 5.33 (s, 1H), 5.23 (d,
J=11.1 Hz, 1H), 5.16 (dl = 17.5 Hz, 1H), 5.07 (dl = 17.3 Hz,
1H), 4.38-4.22 (m, 4H), 3.95-3.75 (m, 4H), 3.57J¢; 13.5 Hz,
1H), 3.41 (dJ = 13.6 Hz, 1H), 3.38 (d] = 14.0 Hz, 1H), 3.20 (d,
J = 13.8 Hz, 1H), 2.91-2.86 (m, 2H), 2.72 (d= 14.0 Hz, 1H),
2.48 (d,J = 14.1 Hz, 1H), 1.29 (dfl = 9.1 and 7.2 Hz, 6H), 0.99
(t, J = 7.2 Hz, 3H), 0.89 () = 7.2 Hz, 3H) ppm**C NMR (100

J = 14.1 Hz, 1H), 2.55 (d] = 14.1 Hz, 1H), 1.31 (dt] = 13.4
and 7.2 Hz, 6H), 1.26 (s, 9H), 1.23(s, 9H), 0.90) (§ 7.2 Hz,
3H), 0.75 (tJ = 7.2 Hz, 3H) ppm**C NMR (100 MHz, CDGJ):

5 169.9, 169.5, 168.9, 168.3, 148.4, 148.0, 14847,9, 140.4,
137.4, 136.1, 135.4, 131.3 (2C), 131.0 (2C), 148@), 128.0
(2C), 127.1, 126.8, 126.3, 126.2, 124.3, 123.8,.9,1919.6,
117.9, 117.6, 117.6, 117.6, 114.7, 114.7, 71.8),787.2, 66.0,
62.9, 62.7, 61.9, 61.8, 44.4, 44.2, 42.6, 40.06,384.5, 31.2

MHz, CDCL): 5 169.8, 169.1, 168.5, 167.9, 151.1, 150.6, 139.9(3C), 31.2 (3C), 14.0, 14.0, 13.4, 13.3 ppm; FTat (criv):

137.3, 136.0, 135.2, 131.3 (2C), 131.0 (2C), 1303D.0, 128.8,
128.4 (2C), 128.2, 128.2, 128.1, 128.1 (2C), 12922.1, 121.9,
121.5, 119.9, 119.5, 117.8, 115.0, 72.1, 71.2,,66536, 62.8,
62.8, 62.6, 62.2, 62.1, 61.7, 44.5, 44.2, 42.43.394.0, 13.9,
13.5, 13.5 ppm; FTIR neat (¢t 2983, 1730, 1604, 1482, 1388,
1261, 1195, 1177, 1096, 909, 861, 786, 755, 733; HRMS-
TOF (+) calculated for GH,,NO,SBr (m/z): [M+HT": calculated:
564.0692, found: 564.0690; MS (ESI+): m/z 564.000(1
[M+H]")

Diethyl  3-benzyl-7-chloro-3-vinyl-2,3-dihydrobenzggrolo
[1,2-c][1,2,3]oxathiazine-1,1(10bH)-dicarboxylate SBdioxide
(15ac)

The title compound was prepared according taréipeesentative
procedure Aor B from the corresponding vinylcyclopropaféa
(32 mg, 0.13 mmol) and cyclig-sulfonyl imine4c (34 mg, 0.16
mmol) to give colorless oilA; 60 mg, 89%B: 46 mg, 68%)dr:
1:1 (determined byH NMR of the crude product); Rf = 0.28
(eluent: pentane/ED 8:2, UV and KMNQ staining);'H NMR
(400 MHz, CDC)): ¢ 7.39-7.22 (m, 13H), 7.14-7.11 (m, 1H),
7.36 (dt,J = 18.1 and 8.0 Hz, 2H), 6.49 (d#il= 17.5 and 11.1

2965, 1731, 1496, 1384, 1368, 1261, 1179, 11219,10060,
860, 730, 705; HRMS-TOF (+) calculated forl@:NO;S (m/z):
[M+H]": calculated: 542.2212, found: 542.2213; MS (ESinjz
542.22 (100, [M+H])

Diethyl  3-benzyl-8-bromo-3-vinyl-2,3-dihydrobenzojgjplo
[1,2-c][1,2,3]oxathiazine-1,1(10bH)-dicarboxylate SBdioxide
(15ca)

The title compound was prepared according taréipeesentative
procedure Aor B from the corresponding vinylcyclopropafhéc
(29 mg, 0.13 mmol) and cyclid-sulfonyl imineda (29 mg, 0.16
mmol) to give white solidA: 49 mg, 92%B: 48 mg, 90%). m.p.:
76.5-85.7 °C;dr: 1:1 (determined byH NMR of the crude
product); Rf = 0.30 (eluent: pentanef&t8:2, UV and KMNQ
staining);'"H NMR (400 MHz, CDC}): ¢ 7.40 (dtJ = 7.9 and 1.2
Hz, 1H), 7.36 (dtJ = 7.9 and 1.2 Hz, 1H), 7.32-7.27 (m, 2H),
7.17-7.11 (m, 2H), 7.01 (d,= 1.2 Hz, 1H), 6.99 (d] = 1.2 Hz,
1H), 6.30 (ddJ = 17.5 and 10.8 Hz, 1H), 6.05 (db= 17.2 and
10.7 Hz, 1H), 5.74 (s, 1H), 5.69 (s, 1H), 5.34-5.184H), 4.41-
4.28 (m, 4H), 4.00-3.86 (m, 4H), 2.83 M= 13.8 Hz, 1H), 2.74
(d,J=13.6 Hz, 1H), 2.68 (d] = 13.6 Hz, 1H), 2.43 (d] = 13.6

Hz, 1H), 6.18 (ddJ = 17.2 and 10.8 Hz, 1H), 5.51 (s, 1H), 5.40 Hz, 1H), 1.76 (s, 3H), 1.68 (s, 3H), 1.34 (ids 7.2 and 4.8 Hz,

(s, 1H), 5.38 (dJ = 10.8 Hz, 1H), 5.24 (dl = 11.0 Hz, 1H), 5.18
(d,J = 17.5 Hz, 1H), 5.08 (d] = 17.3 Hz, 1H), 4.39-4.22 (m,
4H), 3.92-3.73 (m, 4H), 3.59 (d,= 13.6 Hz, 1H), 3.42 (d] =
13.6 Hz, 1H), 3.40 (dJ = 14.0 Hz, 1H), 3.21 (d] = 13.8 Hz,
1H), 2.93-2.88 (m, 2H), 2.73 (d,= 14.1 Hz, 1H), 2.50 (d] =
14.1 Hz, 1H), 1.29 (d) = 10.5 and 7.1 Hz, 6H), 0.96 &= 7.2
Hz, 3H), 0.92 (tJ = 7.2 Hz, 3H) ppm°*C NMR (100 MHz,
CDCly): 6 169.8, 169.1, 168.5, 167.9, 146.9, 146.4, 1389,3,
136.0, 135.2, 131.3 (2C), 131.0 (2C), 130.2, 13028.4 (2C),
128.1 (2C), 127.2, 126.9, 125.7, 125.2, 125.1, @,2823.7,
123.4, 122.8, 122.3, 117.8, 115.0, 72.2, 71.3,,66519, 62.8,
62.8, 62.8, 62.2, 62.0, 61.9, 44.5, 44.2, 42.71,404.0, 13.9,
13.4, 13.4 ppm; FTIR neat (¢t 2983, 1730, 1447, 1390, 1264,
1196, 1178, 1147, 1072, 926, 854, 756, 731, 704; BRIOF
(+) calculated for GH,NO,SCI (m/z): [M+H]: calculated:

6H), 0.97 (t,J = 7.2 Hz, 3H), 0.92 (&) = 7.2 Hz, 3H) ppm*C
NMR (100 MHz, CDC)): ¢ 169.8, 169.6, 168.2, 167.9, 150.7,
150.4, 141.7, 140.0, 129.5, 129.5, 127.6, 127.41.8,2124.8,
120.1, 120.0, 118.6, 118.5, 67.4, 66.3 (2C), 65287, 62.6, 62.3,
62.3, 62.2, 62.0, 47.7, 45.7, 24.9, 24.1, 14.00,1435, 13.4
ppm; FTIR neat (cfﬁ): 2989, 1723, 1455, 1390, 1374, 1267,
1186, 1164, 1039, 929, 892, 850, 818, 797, 766, 736, 705;
HRMS-TOF (+) calculated for @H,,NO;S (m/z): [M+HT:
calculated : 410.1273, found: 410.1275; MS (ESijz 410.13
(100, [M+H])

Diethyl 3-isopropyl-3-vinyl-2,3-dihydrobenzo[e]pytodl,2-
c][1,2,3]oxathiazine-1,1(10bH)-dicarboxylate 5,5-gide (5da)
The title compound was prepared according taréipeesentative
procedure Afrom the corresponding vinylcyclopropatéd (33
mg, 0.13 mmol) and cyclid-sulfonyl imine4a (29 mg, 0.16
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mmol) to give white solid (8 mg, 14%). m.p.: 77.2-B1C;dr >
20:1 (determined byH NMR of the crude product); Rf = 0.30
(eluent: pentane/ED 8:2, UV and KMNQ staining);'H NMR
(400 MHz, CDC)): ¢ 7.30-7.28 (m, 1H), 7.20-7.18 (m, 1H),
7.13-7.09 (m, 1H), 7.00 (dd,= 8.2 and 1.2 Hz, 1H), 6.33 (ddl,
= 17.5 and 11.1 Hz, 1H), 5.59 (s, 1H), 5.20Jd; 11.2, 1H),
5.18 (d,J = 17.6 Hz, 1H), 4.39 (dg),= 7.1 and 1.8 Hz, 2H), 3.85
(9,3 =7.1 Hz, 2H), 2.82 (d] = 14.1 Hz, 1H), 2.69 (d] = 14.1
Hz, 1H), 2.52-2.45 (m, 1H), 1.37 ¢~ 7.2, 3H), 1.14 (d) = 6.7,
3H), 0.97-0.92 (m, 6H) ppnT’C NMR (100 MHz, CDG): §
169.7, 167.1, 150.8, 137.5, 129.1, 126.5, 124.8,112118.7,
115.2, 76.2, 67.5, 62.9, 62.5, 61.8, 37.4, 35.12,187.1, 14.0,

13.4 ppm; FTIR neat (cf): 2981, 1731, 1455, 1386, 1253, 1196,
1176, 1102, 1002, 850, 824, 783, 756, HRMS-TOF (+)

calculated for GH,gNO;S (m/z): [M+H]": calculated: 438.1586,
found: 438.1587; MS (ESI+): m/z 438.16 (100, [M+H]

Diethyl 3-vinyl-2,3-dihydrobenzo[e]pyrrolo[1,2-c][2,3]
oxathiazine-1,1(10bH)-dicarboxylate 5,5-dioxid&€a)

The title compound was prepared according taréipeesentative
procedure Aor B from the corresponding vinylcyclopropafhée
(28 mg, 0.13 mmol) and cyclid-sulfonyl imine4a (29 mg, 0.16
mmol) to give white solidA: 46.8 mg, 91%B: 45.7 mg, 89%).
m.p.: 67.2-70.6 °Cdr: 1:1 (determined byH NMR of the crude
product); Rf = 0.28 (eluent: pentanef&t8:2, UV and KMNQ
staining); '"H NMR (400 MHz, CDC)): 6 7.54-7.51 (m, 1H),
7.46-7.44 (m, 1H), 7.33-7.27 (m, 2H), 7.18-7.13 (H),27.03-

7.00 (m, 2H), 6.14 (ddd] = 17.1, 10.1 and 8.7 Hz, 1H), 5.92 (s,
1H), 5.87 (ddd,)) = 17.2, 10.0 and 6.8 Hz, 1H), 5.45 (s, 1H), 5.40

(d,J = 17.3 Hz, 1H), 5.32 (dJ = 17.0 Hz, 1H), 5.27-5.23 (m,
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