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1. Introduction

Aziridines are the smallest members of the aza-beyete
family [1,2]. Due to their considerable ring straithese
molecules show in general a high reactivity that esakhem
major intermediates for organic synthesis. Furtltoeemseveral
biologically active natural products [3], or anadogf them,
incorporate the aziridine motif.

In 1972, Kaplan et al. [4] reported an
photochemical conversion df-alkylpyridinium salts, such a&,

into the corresponding-hydroxycyclopenten-aziridines (6-aza-

bicyclo[3.1.0]hex-3-en-2-ol)such asD (Scheme 1). The
mechanism of this photoelectrocyclization involvasr - n*
transition of the aromatic nucleus, followed by ttransient
generation of the 6-aza[3.1.0]bicyclic allylic aati B, in
equilibrium with the corresponding azoniabenzvaleaton C.
Subsequent idn situ interception by the water (or alcohol)
solvent from the least hindered face affords the
hydroxycyclopenten-aziridind3 photoproduct.

The potential of this seminal work remained uneitptbfor a
decade, until Mariano [5] found thit situ solvolytic opening of
the a-oxycyclopenten-aziridines photoproduct can takeacel
regio- and stereospecifically in a2 mode. Since the global
transformation provided a cyclopentene motif withakdrans
control at C3/C4 and C4/C5 (Scheme 2), the relexvasfcthis
method for the synthesis of aminocyclitols was imiady
apparent.
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Scheme 1. Kaplan’s pioneering studies: photochemical conweersi

of 1-methylpyridin-1-ium chlorideA into a-hydroxycyclopenten-

aziridineD[4].
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Scheme 2. Photochemical electrocyclization Nfmethyl-pyridinium
chloride followed by methanolytica-oxycyclopenten-aziridine
opening [5].

Subsequently, several groups, including those ofidvia [6-
8], Burger [9-12], Ganem [13] and Penkett [14-16jisited and
extended the scope of this chemistry, achievingtheyically
important targets such as (+)-mannostatin A [17])- (+
castanospermine [18], (-)-swainsonine [19],
aminocyclopentitol cores of allosamidine [20], @eblin [21]
and 3-amino-3-deoxy sugars [22], [23-28]. More ralge we
contributed to this topic, by accomplishing the giation and the
subsequent ring opening of the resultingoxycyclopenten-
aziridines in water at physiological pH using hetévoabased
nucleophiles, including the peptide hormone salroaltitonin
(sCT) [29], and by performing the photoelectrozation /
nucleophilic interception sequence using differeome-made
continuous UV-light photoflow reactors [30, 3Xur process
allowed the production ofi-hydroxycyclopenten-aziridines in

interesting

the

gram scaleg.g.1.9 g of 6-allyl-6-azabicyclo[3.1.0]hex-3-en-2-ol
(2a) and 1.8 g of 6-butyl-6-azabicyclo[3.1.0]hex-3-2w (2b),
increasing the process productivity regarding te teported
batch process, namely: 3:1 faa [32] (129.3 meh™ vs 39.4
mgh™) and 18:1 fo2b [29] (87.0 mgh™* vs4.8 mgh™) (Scheme
3).
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Scheme 3. Process intensification for the synthesis af
hydroxycyclopenten-aziridines using  continuous  UV-light
photoflow home-made reactors [29, 31].

Considering the peculiar structure of the abovecidesd o-
oxycyclopenten-aziridines in connection with ourdestanding
interest in Pd-catalyzed allylations [33-36], we wisteigued by
the thought of investigating the behavior of sugtlic substrates
against soft carbon-based pro-nucleophiles undéd) Ratalysis.
In particular, we reasoned that such an approachdcbave
opened the way to a hitherto unexplored C-C funefiaation of
a-oxycyclopenten-aziridines.

Some preliminary considerations are worthy, before
presenting the results. The cyclopentene motif hieseé a-
oxycyclopenten-aziridine€ is bis-allylically substituted, one
allylic position being occupied by an oxy (alcohether or ester)
function, the other one being substituted withtthes C—N bond
making part of the fused aziridine. In view of theolvn anti
approach of a Pd(0) complex to an allylic leavingup, the
initial generation of two alternativg-allylpalladium complexes
F and G may be expected, depending on the allylic grow th
prefers to leave. Furthermore, the known isomeomatf n*-
allylpalladium complexes via \3 type substitution [36] may
allow generation of intermediatesl and/or | prior of the
nucleophilic trapping. Finally, each of the fayit-allylpalladium
complexesF, G, H and | may in principle give rise to two
regioisomers. As a result, prediction of producesglity in this
reaction is far from being straightforward (Scheme 4

In the event, the Pd(0)-catalyzed reaction betwedrased
soft nucleophiles and a-hydroxycyclopenten-aziridines or
acetates took constantly place in a totally regiod diastereo-
selective way, generating a single aminocyclopentngcture
resulting from attack of the carbon nucleophile @3 of
intermediateG (Scheme 4)anti to the vicinal oxy group, with
vinylogous aziridine opening.
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Scheme 4. Potential regio- and stereo-selectivities in thgORd
catalyzed allylic substitution betweanoxycyclopenten-aziridines
and carbon-based soft nucleophiles. In red the rewpatally

3
product in 84% NMR vyield (Table 1, entry 11). Heraiagthe
loading of the catalytic system could be reducefPtt{OAc) (5
mol%) / PPh (15 mol%)] recording even a slight yield increase

observed reactivity fron®. Brackets around palladium atom in a (Table 1, entry 12).

charged or neutral complex intend to render implice dative
ligands.

2. Results/Discussion
2.1.Optimization of the reaction conditions

Dimethyl malonate3a (pK; 20) = 13; Ka omso) = 15.9),
methyl acetoacetatd8b (pK, 120)= 11) and Meldrum’s acidc

(PKa (H20)= 5; PKa omso)= 7.3) were first considered as C-based 1.0 equiv

pro-nucleophiles for the reaction with-acetoxycyclopenten-
aziridine2c, in turn obtained by standard acetylatior2bf As to
the catalyst, we opted for the system [Pd(QALD mol%), PPh
(30 mol%)] with or without NaH, in THF (Scheme 5) [37].
Dimethyl malonate8a gave no reaction, whether with or without
a base, whereas methyl acetoacetttedisplayed a modest
reactivity when working in the presence of 1.2 eqofvNaH
(4cb, 50% NMR yield). In contrast, Meldrum’s acst afforded
aminocyclopenteneicc in 63% NMR vyield under base free
conditions. The above results suggest that theitpcaf the
activated methylene of the nucleophile has tanfém appropriate
pK. window to allow the allylic substitution to take péa
(Scheme 5).

Table 1. Optimization of the reaction between methyl acettate
3b or Meldrum's acidc with a-acetoxycyclopenten-aziridirze.?

(0] [Pd] x mol%

0o
N,Bu" o * Ir:lemd% o Ht'\NéBun
or (0 or 1.2 equiv)
E—;/ ’ o 0 solvent, rt, h one or ore
oAc T\f e o ro O A0
X -0 0.0
2c 1.2 equiv 4cb ch
Entry  NuH [Pd] (x) L (y) Solvent (h) Product,
yield 9%
1 3b  Pd(OAc) (10) PPB(30) THF (4) 4ch, 50
2 3b  Pd(OAc) (10) dppe (20) THF (18) 4ch, 41
3 3b  Pd(OAc) (10) dppf (20) THF (18)  4cb, 32
4 3b  Pd(OAc) (10) MeDCHB THF (18) 4ch, 49
(30)
5 3b  [Pd(GHs)CI]; (10) dppe (20)  THF (18) 4ch, 8
6 3b  Pd(OAc) (10) PPB (30) EtO (4) 4ch, 59
7 3b  Pd(OAc) (10) PPB(30) DIOX (4) 4ch, 72
8 3b  Pd(OAC), (5) PPhs(5)  DIOX (18)  4ch, 74
9 3c  Pd(OAc) (10) PPB(30) THF (3) 4cc, 63
10 3c  Pd(OAc) (10) PPB(30) DIOX (1.5) 4cc, 73
11 3c  Pd(OAc) (10) PPB (30) EtO (3.5) 4cc, 84
12 3c  Pd(OAc); (5) PPh; (15)  Et,0 (5) 4cc, 88

o O
oA
O
R =OMe, 3a 0 3c
R = Me, 3b 1.2 equiv 0. _0 1.2equiv H n
BU" Pd(OAG); (10 mol% H-- B
HN”~ ( 0)2( mol%) ®
T\lh3l-F|) ((13% mol%; N,BU" Pd(OAc), (10 mol%)
El .3 equiv, Ph3P (30 mol%
""OAc @ —’3 ( ) Ohc
o o THF, rt, 4 h 7 THF, 1t, 3h [0) N Oe
r OAc
o o.__0

-

X

4cc
63% NMR yield

1.0 equiv

4cb 2c

50% NMR yield
(11 dr)

Scheme 5. Preliminary allylic substitution tests between nyéth
acetoacetat8b or Meldrum’'s acid3c and a-acetoxycyclopenten-
aziridine2c.

The influence of the nature of the palladium catglyhe
ligand as well as the solvent were investigated.nexé results
are presented in Table 1.

In the reaction between methyl acetoacettieand theo-
acetoxycyclopenten-aziridingc in presence of NaH, the use of
phosphines other than PPgmono- or bidentate) did not allow
further improvements (Table 1, entries 1-4). SwitcH[Pdn*
C;3H5)Cl], (10 mol%)/ dppe (20 mol%)} as catalytic system tied
an important yield drop (Table 1, entry 5). Variatiof the
solvent was next addressed. While use gOHed to an NMR
yield essentially comparable to that of the experimin THF
(Table 1, entries 6 and 1), 1,4-dioxane signifilyainicreased this
result (Table 1, entry 7). Finally, the catalyt@ating could be
reduced to [Pd(OAg) (5 mol%) / PPh (15 mol%)] in 1,4-
dioxane, without a significant yield erosion of theoduct4ch
(Table 1, entry 8). Control experiments carried butomitting
the Pd source as well as the ligand afforded ne todproduct,
giving mainly recovered starting materials, whicmftoned the
need of the catalytic system for the allylic sufogiton (see SI).

The influence of the solvent was also studied ffier teaction

with Meldrum’s acid3c under base free conditions (Table 1,

entries 9-11). In this case, use,&tafforded4cc as the sole

#Reaction conditions2c (1.0 equiv),3b or 3c (1.2 equiv), solvent (0.5
M), NaH (1.2 equiv: entry 1 to 8, or 0 equiv: ent®yto 12).°
Determined by'H NMR analysis of the crude product using 1,4-
dinitrobenzene as internal standard. DIOX: 1-4-diex Dppe: 1,2-
bis(diphenylphosphino)ethane; dppf: "Ifdrrocenediyl-
bis(diphenylphosphine), MeDCHB: 2-dicyclohexylphbsm-2-
methylbiphenyl.

2.2.Scope of the reaction

With the optimized reaction conditions in hand, vesged to
evaluate the scope of this allylic substitutiorrtstg with the use
of the base-free conditions, associated to the raoidic active
methylenes (Table 2). The reaction between the &eehol
aziridine 2b and Meldrum’s acid3c was also successful,
affording the corresponding allylic produdbc, although its
isolated yield was lower than that of the reacti@mtstg from the
corresponding aziridine acetae (Table 2, compare entries 1
and 2). Use ther-acetoxycyclopenten-aziridin2d carrying a
different substituent at the nitrogen atom gave witbldrum’s
acid the expected product in fair yield of 52 %{[Ea2, entry 3).
Reaction of thea-acetoxycyclopenten-aziridin@c with the
methylated Meldrum’s aci®d gave also the expected product
4cd, although with a low yield. It should be noted thatcontrast
to the previously obtained products, proddctl cannot stay as
its inner salt form, due to the lack of a secondiagroton. This
is also confirmed by the very inferior polarity 4dd with respect
to that of the other substitution products. Thectiea between
N,N-dimethyl barbituric acid (€. @200 = 4) and thea-
acetoxycyclopenten-aziridingc or the hydroxy derivativeb,
paralleled the behavior observed with Meldrum’s agigting in
both cases the expected allylic substitution produith better
yields in the case of the acetate partner (Tabtm@pare entries
5 and 6). Finally, the two reactions could also ktemded to
ethyl nitroacetate #f, w20)= 5.79; Ki (pmsoy= 9.1) (Table 2,
entries 7 and 8), although the corresponding prisdweere
obtained in a modest yield. At last, the dimedonaribg also a
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very acidic methylene @, ¢20) = 5.2; Ka omso) = 11.2) was
tested, but unfortunately led to an unanalyzablepgiex mixture.

Table 2. Substrate scope of the Pd(0)-catalyzed allylic ttutti®n
under base-free conditiofs.

N-R Pd(OAC), (5 mol%)
PPh; (15 mol%)
entry ¢/ + NuH —— product
OR Et,0, 1t
€]
N-BUT o 0 ° O---H H
. W 0] / \l\i\ i
0.0 ® Bu
% x d
1 R=Ac, 2¢

R = Ac, 4cc, 71% OR
R = H, 4bc, 44%

N\HOAC o 0 #O fe)
0 fo) OAc
OAc X d ®
3 2d 3c 4dc, 52% QAc
o)
n
-Bu OWO 0 0 1
<§/ + o8 N-Bu”
OAc X ©
4b 2¢ 3d 4cd, 26% (65%) OAC
Q. 7/
-Bu” - i O---H H
o) 0 N / N
< NY o
NN S ©
oR Y
fo) OR
5 R = Ac, 2¢ 3e R = OAc, 4ce, 83%
6 R=H,2b R =H, 4be, 42%
co.Et H
N-Bu” 0N N-Bu”
+ OoN.__CO,Et
OR OR
7 R = Ac, 2¢ 3f R = Ac, 4cf, 24% (71%)
8 R=H, 2b R =H, 4bf, 31%

2 Isolated yields® Isolated product with traces of triphenylphosphinéde
(in parenthesis, NMR yieldsing 1,4-dinitrobenzene as internal standard)

We then evaluated the allylations of the less acatlitive
methylenes, which required the use of NaH as badkelevent,
methyl acetoacetat8b reacted with the acetoxyaziridirge as
well as with the free alcoho2b to give the corresponding
allylation productsdcb [38] and4bb in 74% NMR vyield and
65% isolated yield, respectively (Scheme 6). Finatither less
acidic active methylenes K (1.0)= 11-13), such as malonitrile,
disulfone or methyl (phenylsulfonyl)acetate, wereted and
showed no reactivity or led to intractable mixtuf@se Sl).

a. Pd(OAc); (5 mol%)

PPhs (15 mol%) Oy~ H
N-BU” M NaH, 1,4-dioxane, it O, N—Bu"
-
<§/ T Yo b. MeOH _o
OR OR
R=Ac, 2¢ 3b R = OAc, 4cb, 74% NMR yield
R=H, 2b R =H, 4bb, 65%

Scheme 6. Pd(0)-catalyzed allylic substitution in the preseraf
base with methyl acetoaceta&ie

2.3. Structural assignment of the allylation products

In all the cases studied, product NMR analysis altbwe
unambiguously establish that the reaction gave tisa single
product, constantly resulting from attack of therbca
nucleophile to the olefinic C3 carbon atom vicinal the oxy
function with vinylogous aziridine opening. The dimgrystal X-
ray structural analysis of the addutte confirmed the above

Tetrahedron

structural assignment and unveiled the relatiteans
stereochemistry around the three contiguous stereogenters
of the cyclopentene structure [39].

Analogies among all théH and *C NMR spectra of the
allylation products allowed to tentatively assidne tsametrans
relative configuration to all the other obtainedodurcts.
Furthermore, this X-ray structure reveals tha¢ exists as an
inner salt, (Figure 1). This feature is in line witte high polarity
observed for this product and the other productsalbflic
substitution derived from the most acidic activetmgkienes.
However, the equilibrium between the non-ionic and itiver
salt forms in the allylic substitution products dafds on the
degree of acidity of the proton left on the actimethylene
moiety after the substitution, and only those degvfrom the
most acidic pro-nucleophiles are found as innes $40].

182 pm

A0

A

OR
non ionic

inner salt

favored form with
more acidic H

favored form with
less acidic H

Figure 1. Top: Single-crystal X-ray structural analysis of the acid
4ce. Indicated distance between an oxygen atom of\Huémethyl
barbituric fragment and a calculated H atom onNhe&tom. Bottom:
equilibrium between the non-ionic and the innet $aims of the
allylic substitution product, whose position depgd the acidity of
the proton left on the active methylene moietyratie substitution.

2.4.Proposal of the mechanism

To gain insight into the chronology of the protaanisfers
involved in the transformation under study, we r&h NMR
spectra of equimolar mixtures of the couples [Mahd's acid3c
/ aziridine2b] and [Meldrum’s acid3c / NEt] in CDCl; (Figure
2). Interestingly, while the spectrum of the coup¥eldrum’s
acid 3c / aziridine 2b] showed no significant deviation with
respect to the simple superposition of the specfrdhe two
single components, the one of [Meldrum’'s add / NEt]
showed the absence of the methylene peak of Meldrawid
(Figure 2). The above result unequivocally shows thacontrast
to the behavior of a classical amine such as;NEiridine2b is
not capable of deprotonating to an apparent extemtactive
methylene. This result, which is in line with the ko weak
basicity of the aziridine nitrogen atom [41-43]dicates that in
our reaction deprotonation of the active methyléas to take
place only after aziridine opening (Scheme 7).
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Figure 2. Top: 'H NMR spectrum of an equimolar mixture of the

couple [Meldrum’'s acid3c / aziridine 2b]; bottom: 'H NMR
spectrum of an equimolar mixture of the couple [diflein’s acid3c /
NEt;].

A plausible mechanism for this annulation, exemgtdiffor the
reaction betweem,N-dimethyl barbituric acid3e and aziridine
2c, is presented in Scheme 7.

[Pd®

Pd(0) decoordination
and proton transfer

oxidative addition
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Scheme 7. Proposed mechanism for the Pd(0)-catalyzed allylic

substitution of aziridin€c.

Coordination of the Pd(0) complex by the alkenecfiom of
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_Bu” N: H
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Scheme 8. Proton transfer equilibria after the oxidative aiddli step.
Top: when using an hydroxycyclopenten-aziridine tt@&m: when
using an acetoxycyclopenten-aziridine.

3. Conclusion

In conclusion, in this study we have developed fitet Pd-
catalyzed allylic substitution between 2-oxy-cyclofsn-
aziridines and active methylenes. In all the casedied, the C-
nucleophile substituted the position C3 of the aogehtene
moiety, anti to the allylic oxy group, with vinylogous ring
opening of the aziridine ring, according teyn Sy2’ mode. This
new selectivity paradigm adds to the already knowrmspn
enriching the chemistry of the 2-oxy-cyclopenteiridines.
Interestingly, the equilibrium between the non-ioaid the inner
salt forms in the allylic substitution products dads on the
acidity of the proton left on the active methyleneiety after the
substitution (Scheme 9).

Heteronucleophiles

R. .H Previous work
N-R Egn’E%OZH’ N (classical reactivity)
» N3 2>
~Nu?, ~OR SN2@C5
Nu-H
Carbonucleophiles Previous work
R\N’H (Ref 14)
N
oN Me,Culi O~
y Z . o anti Sy2@Cs
N
NeH O~ "
H H This work
[0)
Nu-H R E
\ < -~ syn Sy2@Cs
[Pd(0)] cat
OR

E = Electron withdrawing group
zwitterionic form when pK; (20,
of pro-nucleophile < 6

the substrate from the facyn to the acetate group triggers Scheme 9. Reactivity modes in the allylic substitution of 2yox

aziridine opening with concomitant formation of theitterionic

n*-allylpalladium complexJ (Scheme 7). Following proton
the active methylene generates

transfer betweenJ and

cyclopenten-aziridines.

4., Experimental section

intermediateK, ready for an outer sphere C-allylation to afford 4 1 General considerations

intermediatel. . Finally, Pd(0) decoordination and proton transfer
generates the final allylation produdte and regenerates the

Pd(0) active catalyst.

A little variant of the above mechanism has to beainto
account when the cyclopenten-aziridines carryingrie alcohol
are used (Scheme 8). In this case, after the ax&aiddition,
intramolecular proton transfer from the alcoholdtion to amide

All reactions were carried out under an argon atmesphy
standard syringe and septa techniquesO Bwras dried on a
Mbraun purification system MB SPS-800. 1,4-Dioxaneswa
distilled from Na / benzophenone keep undgatiosphere.

NMR spectra {H, °C) were recorded on a Bruker Fourier 300
or Bruker AM 300 MHz or Bruker AVANCE 400 MHz

anion M S N) competes with the direct deprotonation of thespectrometer. NMR experiments were carried out atmroo

active methyleneR + O 5 P+Ht 4+ 0-Ht) (Scheme 8).

temperature in CDGlor D,O. Chemical shifts are given in parts

per million (ppm). The proton signal of residualnrdeuterated



6

solvent 6 7.26 ppm for CHG) was used as an internal

Tetrahedron

(101 MHz, CDC}) 6 167.8, 143.3, 121.0, 102.1, 80.0, 74.8, 70.8,

reference forH spectra. The carbon signal of deuterated solven51.0, 44.9, 28.9, 25.7, 25.6, 20.0, 13.I7R.(cm'1): 2965, 2184,
(6 77.16 ppm for CDG) was used as an internal reference for2139, 2047, 2030, 2007, 1541, 1460, 1400, 13719,12303,

¥C spectra. Coupling constanty @re given in Hertz (Hz). For
previously unknown compounds, a combination of

1164, 1134, 1105, 1061, 998, 914, 816, 778, 739, 686, 522,

2D425, 391HRMS (ESI) calcd for GsHo,NOs [M+H]": 298.1649;

experiments (HSQC, COSY and HMBC) were often used tdound: 298.1650.

complete assignment dH and *°C signals. IR spectra were
recorded with a Tensor 27 (ATR Diamond)
spectrophotometer. IR spectra were reported as apasdic

bands (cril). High-resolution mass spectra (HRMS) were

recorded using a mass spectrometer MicroTOF froak@&rwith
an electron spray ion source (ESI) and a TOF datectusing a
mass spectrometer from Thermo Fisher Scientific waih
electron spray ion source (ESI) and a LTQ Orbitragedsctor at
Institut Parisien de Chimie Moléculaire. Melting ipts were
measured in capillary tubes on a Stuart ScientBiMP3
apparatus and are uncorrected.

4.2.General base-free procedure in,8t

Bruker

5-((4R* ,5R*)-5-acetoxy-4-((3-
acetoxypropyl)ammonio)cyclopent-2-en-1-yl)-2,2-dimethyl-4-
0x0-4H-1,3-dioxin-6-olate 4dc.

From aziridine2d (51.1 mg, 0.21 mmol) and Meldrum’'s acid
(36.2 mg, 0.25 mmol). The mixture was stirred at moo
temperature for 3 h. The reaction crude product puagfied by
flash  chromatography on silica gel eluting with
dichloromethane/acetone (80/20; 60/40) to afford4dg of4dc
as an orange oil (52 %H NMR (300 MHz, CDC}) § 10.20 (s,
1H), 9.63 (s, 1H), 6.06 (dd, = 5.6, 2.7 Hz, 1H), 5.74 (s, 1H),
5.26 (s, 1H), 4.20 — 4.12 (m, 2H), 4.02 (m, 1H), 3(391H),
3.41 (s, 1H), 3.09 (s, 1H), 2.12 — 2.04 (m, 8H), (EBH)C

In a Schlenkequipped with a stir bar and purged under an argof\MR (75 MHz, CDC}) 6 171.4, 171.1, 167.3, 142.6, 121.6,

atmosphere, was prepared a solution of palladiuntasece5
mol%) and triphenylphosphine (15 mol%) in distilleiethyl
ether (0.5 mL). The solution was let stirring fd¥ thin at room
temperature. Then, a solution of aziridine (50 @, equiv) in
distilled diethyl ether (0.5 mL) was added and letring for
another 10 min. The nucleophile (1.2 equiv) was ddated the
mixture was stirred at room temperature (25 °C). Téwmction
mixture was dissolved in methanol, and the solverst reanoved
under reduced pressure. The reaction crude waszaaahy'H

102.2, 79.5, 77.6, 74.1, 69.6, 61.3, 47.9, 43.28,2%6.2, 25.7,
21.3, 21.0IR (cmi"): 2927, 1727, 1556, 1455, 1404, 1371, 1245,
1166, 1101, 1018, 874, 808, 779, 727, 32RM S m/z calcd for
CigH26NOg [M+H] " 384.1653; found 384.1650.

(1R* ,2R*)-2-(butylamino)-5-(2,2,5-trimethyl-4,6-dioxo-1,3-
dioxan-5-yl)cyclopent-3-en-1-yl acetate 4cd.

From palladium acetate (3.0 mg, 10 mol%) and
triphenylphosphine (10.1 mg, 30 mol%), aziridi2e (25.5 mg,

NMR and the crude product was purified by silica gell.0 equiv) and methyl meldrum add (24.4 mg, 1.2 equiv). The

chromatography.

5-((1R* ,4R* ,5R*)-5-acetoxy-4-(butylammonio)cyclopent-2-en-
1-y)-2,2-dimethyl-4-oxo0-4H-1,3-dioxin-6-olate 4cc.

From aziridine2c (50 mg, 0.26 mmol, 1 equiv) and Meldrum’s
acid (44 mg, 0.31 mmol, 1.2 equiv). The mixture wtged at
room temperature for 5 h. The crude product wasfipdriby
flash ~ chromatography on silica gel eluting with
dichloromethane/acetone (60/40) to afford 61 mgiaf (71%
yield) as a brown solidm.p. 137.0-137.2 °CH NMR (400
MHz, CDCkL) 6 9.87 (s, 1H), 9.55 (s, 1H), 5.98 (db= 5.7, 2.7
Hz, 1H), 5.73 (ddJ = 5.5, 2.6 Hz, 1H), 5.28 (s, 1H), 3.97Jt
2.5 Hz, 1H), 3.75 (s, 1H), 3.28 (@= 9.7 Hz, 1H), 2.94 (s, 1H),
2.05 (s, 3H), 1.69 (p] = 7.6 Hz, 2H), 1.59 (s, 6H), 1.42 — 1.36
(m, 2H), 0.92 (tJ = 7.3 Hz, 3H)"*C NMR (101 MHz, CDC}) §
170.7, 167.3, 141.8, 122.1, 102.0, 79.4, 74.0,,69833, 46.0,
28.8, 25.7, 21.3, 20.0, 13./R (cm™): 3427, 2962, 2935, 2870,
2459, 2250, 2184, 2139, 2057, 2031, 2013, 19703,12337,
1653, 1548, 1460, 1399, 1369, 1235, 1202, 11653,11303,
1049, 1023, 993, 911, 805, 777, 744, 644, 604, 528, 422,
396. HRMS (ESI) calcd for GHxNOg [M+H]™: 340.1755;
found: 340.1756.

5-((1R* ,4R* ,5R*)-4-(butylammonio)-5-hydr oxycyclopent-2-
en-1-yl)-2,2-dimethyl-4-oxo-4H-1,3-dioxin-6-olate 4bc.

From aziridine2b (50 mg, 0.32 mmol, 1 equiv) and Meldrum’s
acid (56 mg, 0.39 mmol, 1.2 equiv). The mixture wtged at
room temperature for 22 h. The crude product wagigdirby
flash  chromatography on silica gel eluting with
dichloromethane/acetone (20/80) to afford 42 mgid (44%
yield) as a brown solidm.p. 155.2-155.4 °CH NMR (400
MHz, CDCk) § 9.71 (s, 1H), 9.15 (s, 1H), 6.03 (di= 5.8, 2.7
Hz, 1H), 5.70 — 5.67 (m, 1H), 4.20 (s, 1H), 3.82 (s,, )7 (t,J
= 2.5 Hz, 1H), 2.94 — 2.91 (m, 2H), 1.72 — 1.63 (m,,2ZkB9 (s,
6H), 1.39 (hJ = 7.2 Hz, 2H), 0.92 (] = 7.3 Hz, 3H)*C NMR

mixture was stirred at room temperature for 5 h. Téaction
mixture was dissolved in methanol, and the solverst reanoved
under reduced pressure. The reaction crude wasquuby flash
column chromatography dichloromethane/methanol1(998/2)
to afford the producticd as a yellow oil (11.8 mg, 26%). This
product was isolated with trace amounts of triphemy$phine
oxide (around 20%), NMR yield of 65% NMR (400 MHz,
CDCl) 6 5.91 — 5.89 (m, 1H), 5.67 (d,= 6.1 Hz, 1H), 5.53 (dd,
J=4.0, 3.1 Hz, 1H), 3.71 (dd,= 4.5, 2.5 Hz, 1H), 3.37 — 3.36
(m, 1H), 2.70 — 2.57 (m, 2H), 2.07 (s, 3H), 1.76 (4),3..72 (s,
3H), 1.68 (s, 3H), 1.45 — 1.32 (m, 4H), 0.91J(& 7.2 Hz, 3H).
BC NMR (101 MHz, CDCJ) § 170.3, 169.5, 135.3, 127.8, 105.4,
78.2, 71.1, 60.9, 51.5, 46.8, 32.5, 30.3, 28.23,221.2, 20.5,
14.1.1R (cm"): 2973, 1740, 1618, 1233, 1046, 880, 723,.542
HRMS m/z caled for GgH,gNOg [M+H]™: 354.1911; found
354.1912.

5-((1R* ,4R* ,5R*)-5-acetoxy-4-(butylammonio)cyclopent-2-en-
1-y)-1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydr opyrimidin-4-
olate 4ce.

From aziridine2c (50 mg, 0.26 mmol, 1 equiv) and 1,3-
dimethylbarbituric acid3e (48 mg, 0.31 mmol, 1.2 equiv). The
mixture was stirred at room temperature for 18 he Ehude
product was purified by flash chromatography oncailigel
eluting with dichloromethane/acetone (40/60; 30/20/80) to
afford 63 mg of4ce (83% yield) as a brown solidn.p. 240-
242 °C.™H NMR (300 MHz CDCI3)8 10.58(s, 1H), 9.48 (s,
1H), 5.99 (dd, J = 5.7, 2.7 Hz, 1H), 5.63Jd 5.7 Hz, 1H), 5.19
(s, 1H), 4.31(s, 1H), 3.77 (s, 1H), 3.67 (s, 1H), IRIBH), 3.03
(s, 1H), 2.02 (s, 3H), 1.83 — 1.57 (m, 2H), 1.46 (dud 8.5, 7.3,
5.8 Hz, 2H), 0.95 (t) = 7.3 Hz, 3H)*C NMR (75 MHz, CDC})

8 171.1, 164.9, 153.0, 142.7, 121.5, 85.6, 80.14,648.0, 45.7,
39.5, 28.9, 28.6, 27.9, 21.2, 19.9, 13R. (cm): 2924, 2854,
1735, 1675, 1573, 1436, 1374, 1314, 1240, 11657,10623,
776, 518, 483HRMS (ESI) calcd for GHyN;Os [M+H]™:
352.1867; found: 352.1867.



5-((1R* ,4R* ,5R*)-4-(butylammonio)-5-hydr oxycyclopent-2-
en-1-y)-1,3-dimethyl-2,6-dioxo-1,2,3,6-tetr ahydr opyrimidin-
4-olate 4be.

From aziridine2c (50 mg, 0.32 mmol, 1 equiv) and 1,3-

dimethylbarbituric acid3e (61 mg, 0.39 mmol, 1.2 equiv). The
mixture was stirred at room temperature for 18 he Ehude
product was purified by flash chromatography oncailigel
eluting with dichloromethane/acetone (90/10); Acetosmed
acetone/methanol (95/5); to afford 38 mgibé (42% yield) as a
brown solid.m.p. 211-215 °C'H NMR (400 MHz, CDC}) 5
10.43 (s, 1H), 9.23 (s, 1H), 5.95(dus 5.7, 2.7 Hz, 1H), 5.68 (d,
J=5.7 Hz, 1H), 4.15 (s, 1H), 3.99 {t= 2.4 Hz, 1H), 3.85 (d]

= 2.1 Hz, 1H), 3.18 (s, 6H), 3.01 — 2.94 (m, 2H), AFV = 7.6
Hz, 2H), 1.43 (pJ = 7.2 Hz, 2H), 0.92 (&) = 7.3 Hz, 3H)°C

7
3287, 2918, 1640, 1544, 1314, 1255, 1204, 1143, 896.
HRMS (ESI) calcd for GsHpgN,Os [M+H]™: 287.1601; found:
287.1603.

4.3.General procedure with NaH in 1,4-dioxane

In a Schlenk tube under an argon was prepared dicsolaf
Pd(OAc) (5 mol%,) and PRN(15 mol%) in 0.5 mL of distilled
1,4-dioxane. After 10 min of stirring, the aziridiff0 mg, 1
equiv) dissolved in 0.5 mL of distilled 1,4-dioxame&s added,
and the mixture was stirred for another 10 minuwtesolution of
the nucleophile (1.2 equiv) deprotonated by sodiyairide (1.2
equiv) in 0.5 ml of 1,4-dioxane was added to thevipres
mixture. The mixture was stirred at room temperat{@® °C)
overnight (18 h), and then dissolved with methambk solvent

NMR (75 MHZ, CDC\Jg) S 1637, 1527, 1430' 1211’ 865, 79.5,W33 evaporated, and the crude product was purifiedohynn

70.5, 51.5, 44.7, 28.9, 27.9, 19.9, 13.R.(cm'1): 3350, 2958,
2925, 2854, 1661, 1565, 1430, 1373, 1311, 12621,12865,
1014, 963, 888, 796, 774, 732, 701, 582, 517, 489, HRMS
(ESI) calcd for GsH,sN3O, [M+H]*: 310.1761; found: 310.1760.

Ethyl 2-((1R* ,4R* 5R*)-5-acetoxy-4-(butylamino)cyclopent-2-
en-1-yl)-2-nitr oacetate 4cf.

chromatographic to afford the desired product.

Methyl 2-((1R*,4R* ,5R*)-5-acetoxy-4-(butylamino)cyclopent-
2-en-1-yl)-3-oxobutanoate 4cb.

From aziridine2c (50.5 mg, 0.26 mmol, 1 equiv) and methyl
acetoacetate (35.7 mg, 0.39 mmol, 1.2 equiv). Thdigation of
the crude product (NMR 74% using 1,4-nitroacetaténternal

From aziridine2c (50 mg, 0.26 mmol, 1 equiv) and ethyl standard) on sil?ca gel eluting yvith cyclohexeng/ktbetate
nitroacetatesf (40.9 mg, 0.31 mmol, 1.2 equiv). The mixture was (60/40; 30/70) did not allow to isolate pure the durct 4cb

stired at room temperature for 5 h. The crude pcbdvas
purified by flash chromatography on silica gel Elgt with
cyclohexane/ethyl acetate (70/30) followed by ctligttion
with cold diethyl ether and filtration to afford 20g of 4cf (24%
yield) as a brown solid. This product was difficutisolate pure
due to the presence of triphenylphosphine oxidea™MR
yield). m.p. 46-50 °C.1/1 diaster eoisomeric mixture ‘H NMR
(400 MHz, CDC}) 6 5.99 — 5.92 (m, 1H, dia A+B), 5.80 (@=
6.0 Hz, 1H, dia A), 5.76 (d] = 6.1 Hz, 1H, dia B), 5.55 (d, =
6.4 Hz, 1H, dia A+B), 5.12 — 5.07 (m, 1H, dia A), 5.05.81
(m, 1H, dia B), 4.35 — 4.24 (m, 2H, dia A+B), 3.79 18, dia
A+B), 3.48 (s, 1H, dia A), 3.43 (s, 1H, dia B), 2.6257 (m,
2H, dia A+B), 2.13 — 2.95 (m, 3H, dia A+B), 1.50 — 1(A9Q 2H,
dia A+B), 1.39 — 1.27 (m, 5H, dia A+B), 0.91 Jt= 7.2 Hz, 3H,
dia A+B). °C NMR (101 MHz, CDC}) & 171.3, 171.1, 135.6,
135.3, 128.7, 128.2 89.8, 88.9, 80.6, 80.6, 69%8,63.3, 63.3,
52.9,52.8, 47.4, 47.3, 32.6, 32.5, 21.1, 21.15,2D4.1, 13.9IR

without  triphenylphosphine  oxide  contamination.1/1
diasterecisomeric mixture '"H NMR (400 MHz, CDC}) & 5.81
(dg, J = 4.9, 2.3 Hz, 1H, dia A+B), 5.71 (ddd= 5.5, 3.4, 1.7
Hz, 1H, dia A+B), 4.97 (t) = 4 Hz, 1H, dia A), 4.89 (f] = 4 Hz,
1H, dia B), 3.88 (s, 1H, dia A), 3.86 (s, 1H, dia B);4(s, 3H,
dia A), 3.72 (s, 3H, dia B), 3.30 — 3.27 (m, 1H, diaB)\+2.66 —
2.60 (m, 1H, dia A+B), 2.25 (s, 3H, dia A), 2.24 (s, 34 B),
2.06 (s, 3H, dia A), 2.05 (s, 3H, dia B), 1.49 — (24 4H, dia
A+B), 0.91 (t,J = 7.2 Hz, 3H, dia A+B)*C NMR (75 MHz,
CDCly) 6 202.0, 201.7, 171.2, 170.9, 169.0, 133.4, 13332,9,
132.0, 132.0, 131.5, 131.5, 82.3, 81.6, 70.2, 6625, 52.7,
52.5, 50.7, 50.3, 47.3, 47.2, 32.6, 32.6, 30.49,291.2, 20.5,
20.5, 14.11R (cmi'): 2954, 2925, 1742, 1676, 1536, 1424, 1377,
1323, 1241, 1197, 1166, 1140, 1107, 1037, 785, &0,
HRMS (ESI) caled for GgHoNOs [M+H]™: 312.1805; found:
312.1802.

M ethyl 2-((1R* ,4R* 5R*)-4-(butylamino)-5-

(cmi"): 3287, 2920, 2852, 1640, 1547, 1313, 1255, 1204, 69%hydr oxycyclopent-2-en-1-yl)-3-oxobutanoate 4bb.

HRMS (ESI) caled for GsHosN,Os [M+H] *: 329.1707; obtained:
329.1706.

Ethyl 2-((1R*,4R* 5R*)-4-(butylamino)-5-hydroxycyclopent-
2-en-1-yl)-2-nitroacetate 4bf.

From aziridine2b (50 mg, 0.32 mmol, 1 equiv) and ethyl

From aziridine2b (50 mg, 0.32 mmol, 1 equiv) and acetoacetate
(45 mg, 0.39 mmol, 1.2 equiv). The crude product wasfied
by flash chromatography on silica gel eluting with
dichloromethane/acetone (40/60) to afford 57 mgiah (65%
yield) as a brown oill/1 diastereoisomeric mixture ‘*H NMR

nitroacetatesf (52 mg, 0.39 mmol, 1.2 equiv). The mixture was (400 MHz, CDC}) § 5.80 (dtJ = 6.2, 2.1 Hz, 1H, dia A+B), 5.66

stired at room temperature for 1 h. The crude pcbdvas
purified by flash chromatography on silica gel Elgt with
cyclohexane/ethyl acetate (1:1) and
acetate/methanol (49.8/49.8/0.2; 49.5/49.5/1) fordf30 mg of
4bf (32% vyield) as a brown solidm.p. 40-44 °C. 11
diasterecisomeric mixture '"H NMR (300 MHz, CDC}) & 5.68
(d, J = 3.1 Hz, 1H, dia A), 5.58 (d, = 3.0 Hz, 1H, dia B), 5.05
(d,J = 7.7 Hz, 1H, dia A), 4.96 (d, = 8.7 Hz, 1H, dia B), 4.30
(p,J = 7.1 Hz, 2H, dia A+B), 4.02 (s, 1H, dia A+B), 3.80 #3
(m, 1H, dia A+B), 3.00 — 2.93 (m, 2H, dia A+B), 2.72.66 (m,
1H, dia A+B), 2.47 — 2.34 (m, 1H, dia A+B), 1.52 Jps 7.1 Hz,
2H, dia A+B), 1.41 — 1.32 (m, 2H, dia A+B), 1.30 (@7 7.1,
2.5 Hz, 3H, dia A+B), 0.92 (t) = 7.3 Hz, 3H, dia A+B)"C

NMR (101 MHz, CDC}) s 200.8, 200.7, 163.3, 163.2, 147.7,

147.7,114.1, 113.5, 91.4, 90.8, 77.3, 77.0, 7372, 63.2, 43.8,
37.6, 37.2, 37.1, 36.7, 30.9, 20.1, 13.9, 13.97.1R (cm):

(dt,J = 6.1, 1.8 Hz, 1H, dia A), 5.58 (dt,= 6.1, 1.9 Hz, 1H, dia
B), 4.05 (t,J = 5.1 Hz, 1H, dia A), 3.95 (§,= 5.2 Hz, 1H, dia B),

cyclohexan}al/eth 3.82 - 3.75 (m, 1H, dia A+B), 3.75 (S, 3H, dia A), 3(%43H,

dia B), 3.68 (dJ) = 8.9 Hz, 1H, dia A), 3.65 (d, = 9.1 Hz, 1H,
dia B), 3.23 — 3.14 (m, 1H, dia A+B), 2.78 — 2.72 @H, dia
A+B), 2.27 (s, 3H, dia A+B), 1.62 — 1.47 (m, 2H, dia A+B.43

—1.27 (m, 2H, dia A+B), 0.91 (8, = 7.4 Hz, 3H, dia A+B)*C

NMR (101 MHz, CDC}) & 203.6, 202.7, 170.0, 169.3, 132.4,
131.6, 131.4, 130.7, 81.5 (2C), 71.4, 63.1, 62249552.8, 52.1,
51.8, 47.0, 31.7, 31.4, 30.3, 29.7, 20.5, 14.00.1R (cm™):
3348, 2956, 2930, 2872, 2126, 2006, 1978, 17137,16877,
1529, 1460, 1424, 1375, 1327, 1253, 1212, 11853,11606,
1055, 1029, 978, 939, 898, 860, 789, 765, 751, 683, 533,
473, 392HRMS (ESI) calcd for GH,NO, [M+H]™: 270.1700;
found: 270.1700.
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