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1. Introduction interaction of LFA-1 and its ligands. These compounds are

. ) . ) .. involved in relevant biological events, such as cell adhesion,
The mammalian chemical machinery uses highly specializeggration and activation. Selective LFA-1 inhibitors are drug

paths to obtain the substances necessary to keep its homeostasigigates for the treatment of inflammation and autoimmune
Enzymes play an important role as part of essential biochemicg|gagsed®

pathways, many of them being of fundamental importance for

maintenance of life of living organisms, particularly, our species. Q H
y _

Among the families of enzymes, glycosidases (EC 3.2.1) H \_n®)—OH
deserve special attention. Chemically, this group of enzymes G N od
catalyzes the hydrolysis of a bond joining a sugar of a glycoside o} \©\
to an alcohol or another sugar unit. They are responsible for 1 2 CN

regulating a great variety of biological processes, including the
catalysis, degradation and biosynthesis of oligosaccharides and
glycoconjugates, which are involved in variety of mechanisms,

including different pathologieSGlycosidases are also closely In spite of the importance of substituted pyrrolizidinones, only

related to the preservation of the mammalian species, since it isf hes h b ted deali ith their total
generally accepted that some acid glycosidases are related qoe;/]vesailggroac es have been reported dealing with their tota

spermatozoa maturation and to the fusion of spermatozoon o
ovum during fertilizatiorf. As a result of ongoing research efforts directed to the
%evelopment of new synthetic applications for the Morita-Baylis-

Figure 2. Examples of substituted pyrrolizidinones

Efficient inhibitors of these enzymes may be applied to th
treatment of several diseases or metabolic dysfunctions such
lysosomal storage diseasesliabetes, cancers, malarid and
viral infections’ including influenz&and HIV?®

illman reaction, some years ago we developed a simple and
irect two-step approach to the preparation of the hexahydro-
pyrrolizine skeleton (Scheme 1), which it is the basic structural
motif of pyrrolizidine alkaloids?
Alkaloids are good candidates as glycosidases inhibitors,

specially those structurally related to carbohydrates (Figufe 1). The Morita-Baylis-Hillman (MBH) reaction is an amazing

organocatalyzed chemical transformation which presents a high
Polyhydroxylated pyrrolizidines are iminosugars of particularatom-economy®'® This sustainable transformation provides

interest because of their selectivity, although their stereoselectigdmple and rapid access to highly substituted small molecules

syntheses remain challenging issues. which can be used as valuable starting materials for the syntheses

. . - . . of natural products, heterocyclic compounds and dfighe
The biological activity of synthetic and naturally occurring ?iological relevance of pyrrolizidines and pyrrolizidinones

polyhydroxylated pyrrolidizines has attracted attention in recenystifies the need to develop new synthetic alternatives for the

years leading to the development of new and more efficier] : . )
approaches for the synthesis of compounds belonging to th Sreparanon of these important classes of heterocycles. This goal,
class of heterocycldd™? combined with our interest in exploring the synthetic potentiality

of MBH products and their adducts, allowed us to extend our

H HO 9y original approach focused now on the total synthesis of some
N (TOH HQ . OH new arylated pyrrolizidinone analogs (Schem& 1.
o) O HO' N ~OH HO\§’OH
Qy O 25 on Previouswork R
: OH
t’é Casuarine C’D/ OH Heck 4 OH
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Figure 1. Representative examples of pyrrolizidine alkaloids Substituted pyrrolidinones

Scheme 1. Asymmetric synthesis of substituted pyrrolidinones

Pyrrolizidinones are compounds closely related tofrom asymmetric Morita-Baylis-Hillman adduct
pyrrolizidines, which can be used, for example, as valuable

substrates for the total synthesis of modified iminosutfams
catalysts: and as prototypes for the development of new drugs

for the treatment of inflammatioif. Pyrrolizidinonel (Figure 2) observed that the stereochemistry of the new stereogenic center

was used by Barretet all* as a chiral auxiliary for the - . L .
. X . ._formed during the Morita-Baylis-Hillman reaction was controlled
development of an asymmetric version for the Morita-Baylis-

; . ; o ) S by the hydroxyl group at C4. When this hydroxyl was oriented to
Hillman reaction, while pyrrolizidinon@ is an inhibitor for the the same side of the aldehyde carborgis @rientation), an

During the development of our most recent wdrkye
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intramolecular hydrogen bond occurs, decreasing the energy wfas used to synthesize amino-aldehgdm 73% overall yield,

this isomer when compared with theans isomer (hydroxyl
group placed in opposite side of the aldehyde carbonyl). Several
experimental evidences were collected in order to demonstrate
unambiguously this contréf.

In this paper, we disclosed the results of a study focused on
evaluating the generality of this effect and on the preparation of

from the enantiomeric commercial4dhydroxy-(25)-proline.

3 3
. B R4 1 B R4
Rl a RL :
) » .
qu qu% Ocl
H H

some key intermediates to the asymmetric synthesis of R'=OHR?=H; 11, R1=0OH; RR=H;
polyhydroxylated pyrrolizidinones and pyrrolizidines. To achieve ~R°=COH;R*=H R = COEt R = H;
our target a retrosynthetic analysis was conceived using chiral [(4R)-Hydroxy-(2R)-Proline] 13, Rl= H: R? = OH:
hydroxylatedcis-prolinals6 and10 (Scheme 2) as substrates for R3 - Hj R4 - OH; R = H; R = COEL;
the MBH reaction. The required heterocyclic compounds can be R4s_ ':;Rd § cc;st Proli ' '
synthetized according to the retrosynthetic sequence disclosed [(4S)-Hydroxy-(2S)-Profine] b
below.
OH OH R? R 4
H H R%,CKRA p Rl;CrR
' " HO' n 2
HO OH — N OH RINANG R N goc
3 4 © 6,R'= OH; R = H; 12, R'= OH; R = H;
Polyhydroxylated pyrrolizidine  Polyhydroxylated pyrrolizidinone R = CHO; R= H, B = COEt; RA=H:
82% overall yield (90% d.e.); 14, R'= H; R = OH;
10, R= H; R = OH; R = H; R} = COEt;
o] H OH o, ' '
' 0R3 =H; RA__ CHO; Scheme 3.
H <= Ho ! 73% overall yield (93% d.e.) preparation of enantiomeric
“Boc 5 cis-prolinals6 and10 Reagents and conditions: a) SQ@E&tOH,
) ] ) 5 reflux, 6h, 98% (both cases); b) (Bgd) NaHCQ, MeOH,
Chiral substituted prolinabj ultrasound, 9194Q), 85% (14); c) DIBAL-H (1.0 mol.L’%),
CH,Cl,, -84 °C, 30 min. 92%5}, 86%(L0).
4 OH OH After confirmation of the enantiomeric purity by chiral gas
N o= chromatography, both aldehydes were treated with an excess of
HO —CD—OH :} HO OH methyl acrylate and DABCO (0.65 equiv.) for 96h to give the
N corresponding MBH adductss and 16, in 70% and 67% yield,
7 g O respectively. In both reactions, we were able to detect the

Polyhydroxylated pyrrolizidine Polyhydroxylated pyrrolizidinone presence of an unique diastereoisomer by chiral GC (Scheme 4).

U

i H

I w —C’h;}:
Boc

The intramolecular hydrogen bond described above can
explain the high diastereoselectivity obser¥ed. Acyclic
intermediate exposes preferentially the f&icfor aldehyde6,

leading to the Felkin produd.®

] ] ) 9 O [ Slostrate-contrdled asymmetric Marita-Baylis Hillmen readtion ]
Chiral substituted prolinaflQ) Scheme 5
(] OH O
Retrosynthetic sequence for the synthesis of pyrrolizidinones and N0 a 2 o
pyrrolizidines HO QR — = HO R
Boc Boc
Based on the sequence shown in scheme 2, the synthesis of 6 15,> 95% d.e
pyrrolizidinones 4 and 8 and pyrrolizidine3 and 7 can be
accomplished from intermediatés and 9, which contain all , 0 SOW
functional groups required for the proposed chemical Ho=(s T " —2 = o | ©
transformations. In fact, compoun&sand 9 can be seen as a Boc Boc
conformationally restricted MBH adduct, being itself a valuable 10 16 > 95% d.e.
tool to control the stereochemistry of new asymmetric centers
formed during synthetic sequences. This rationale proved to be Intramolecular

flexible and extremely efficient for the asymmetric total synthesis
of the new highly substituted pyrrolizidinones and pyrrolizidines
reported in this work.

H-bond
.

Boc ™
(4R)-Hydroxy-(2R)-prolinal (6
Scheme 4. Highly diastereoselective preparation of Morita-
hydroxy-(ZR)-proline into amino-aldehyde 6, using a Baylis-Hillman adductsl5 and 16. Reagents and conditions: a)
straightforward three step protocol already described immethyl acrylate, DABCO, 96h, r.t., 70%5), 67% (L6).
literature® in 82% overall yield (Scheme 3). The same protocol

3@

2. Results and Discussion

We began our work by transforming commerciaR)(4
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The hydroxyl group controls efficiently the aza-enolate We observed an increment of 1.53% on the hydrogen at 4.51
attack when theis-prolinal is used as substrate for this type ofppm (H;) and 1.69% on the hydrogen at 3.61 ppm, attributed to
MBH reaction. After chromatographic filtration, addudésand  the hydrogen at the ring junction {{H These data also indicated
16 were submitted to a cyclisation reaction in order to determinethat hydrogens Hand H, have acis relationship in regard to
the relative configuration of them. H,g. Finally, we irradiated the carbinolic hydrogen at 4.61 ppm
(H,). This irradiation showed the same tendency, since we
observed an increment of 1.59% on the hydrogen at 1.67 ppm
(H;4) and a low increment (0.47%) on the hydrogen at 3.61 ppm
(H2).”> Based on this data, there isiarelationship between the
0hydrogen at H, (ring junction), the carbinolic proton at 4.51fH
and the hydrogens at 2.35 ppmy{Hand at 3.17 ppm (@d), as
well as atrans relationship with the carbinolic hydrogen at 4.61

MBH adducts15 and 16 were treated separately with conc.
HCI in toluene, at 0 °C for 5 min., followed by treatment with a
35% solution of NaOH to give cyclic compouriland9, in 56%
and 50% vyield, respectively. All attempts we performed t
optimize these experimental conditions failed (Scheme 5).

OH ) :
™9 i ppm (H). These data led us to confirm the relative
o, C-/‘W)LO/ _? . HO"CQ: stereochemistry proposed for pyrrolizidindhé=igure 3).
N
Boc o) A nOe study was also performed with the pyrrolizidinéne
15, 95% d.c. 5 and confirmed unambiguously its the relative stereochemistry.
oH Searching to collect more information about these

OH O H o ; . .

W ~a £ pyrrol|2|d|non¢s we tried to crystallize them. We mtend_ to get a
A o] —»HO—C'Q: monocrystal in order to collect R-X crystallographic data.
N e Unfortunately, all attempts to crystallize them failed. As an
° attempt to circumvent this issue and obtain a crystalline solid
compound, we decided to go further with our synthetic planning.

Scheme 5. Cyclisation of MBH adducts. Reagents and 'N€M @ solution of pyrrolizidinone5 in a mixture
conditions: a) conc. HCI, toluene, 0 °C, 5 min., then 35% NaoHdichloromethane: methanol (8:2) was treated with ozone at -78
0°C, 30 min., 56%5) 50% 0) ' ' ' °C for 10 min. The intermediate ozonide was then trefatesitu

with NaBH, at -78 °C to provide, after chromatographic
filtration, the trihydroxylated pyrrolizidinone4, as a single
isomer, in 80% yield (Scheme 6).

16,2 95% d.e. 9

Diastereoisomeric pyrrolizidinones was analyzed through
NMR experiments (nOe) aimed at confirming their relative on oH
stereochemistr§?When pyrrolizidinone5s was irradiated at 4.51 i ai ) -
ppm (H, Figure 3), we observed increments of 1.5% and 1.86 %*O"CQ: — HO'C,L:%:O xRy o Pyrotadnane 4 )
on the hydrogen atoms at 2.35 ppmydHand 3.17 ppm (&), Y ol

respectively. This observation indicates that these hydrogens
have acis relationship with | The irradiation of the hydrogen at

5 Not isolated

1.67 ppm (H,) showed increments of 1.50% and 0.49% on the la- i B A/

hydrogen atoms at 4.61 ppm ;jHand at 4.51 ppm @ : ' -

respectively. The hydrogen at 1.67 ppm was supposed to have a wopPH

cis relationship with H In order to collect more data on the HO Cy/é OH .

relative stereochemistry of compourfi we irradiated the Scheme 6 N Synthesis and X-ray

hydrogen at 2.35 ppm (&) (Figure 3). structpr_e_ of o trlhyo_lr_oxylated_
pyrrolizidinone4. Reagents 4 and conditions: a) i.

[PYRROLIZIDINONE 5] O;, CH,Cl,: MeOH (8:2), -78 °C, 10 min. ii) NaBH- 78 °C to

r.t., 4h, 83%.

Pleasingly4 was a solid and, after recrystallization (ethanol :
ethyl ether)? good diffractive crystals were obtained. X-ray
diffraction data confirmed the relative stereochemistry of
pyrrolizidinone 4 and consequently the stereochemistry of the
MBH adduct15 (Scheme 6§+ 2% 230

o o We have tried the same crystallization procedure to obtain a
Iradiation at He (4.51ppm)  Irradiation at Hy, (1.67ppm) crystal of pyrrolizidinone®, however we did not succeed.

1.69% Interestingly, for both pyrrolizidinones we obtained a high
selectivity in the reduction step with NaBHrhe release of the
hydride in both cases seems to have been directed by the
hydroxyl group at C1, probably through a complex formed
between the hydride and hydroxyl group.

At this point it was necessary to get information about the
Irradiation at Hyg (2.35ppm) Irradiation at H, (4.61ppm) relative stereochemistry of pyrrolizidinor2 Mono- and bi-
dimensional NMR data'l and COSY) has allowed us to have
some information about the relative stereochemistry 8of
Figure 3. Determining the relative stereochemistry of |njtially, the analysis of both spectra allowed the correct
pyrrolizidinone5 by nOe experiments. attribution of each hydrogen atom of the structure. So, the signal
at 4.77 ppm was attributed tg,Hvhile that centered at 4.17 ppm



5
was attributed to H Both hydrogens show a coupling constant ofwas done and signal at 4.27 ppm,)(hvas irradiated, and
8.4Hz, which suggestteansrelationship between them. increments of 1.22% on hydrogen atom a} ldnd another of
0.46% at H, were observed. Finally, when hydrogen, Mas

To also obtain crystallographic data for the enantiomeri(i"mjiated increments of 2.14% in,H of 0.45% for H and of
pyrrolizidinone 9, an analogous experimental sequence Wag) a0, forll-iwere detected. ’ '

employed. A solution oP in a mixture of dichloromethane :
MeOH (7 : 3) was treated with a flow of;@t — 78°C for 10
min. and the reaction medium was then quenched with Na®BH
furnish the trihydroxylatedpyrrolizidinoBein 80% yield, as a
white solid. Recrystallization of8 in a mixture ethanol
chlorofornf® failed and we were unable to get crystal good
enough to collect crystallographic data (Schenig 7,33

OH
Hs . H :QH . H OH Irradiation at H, (4.31ppm)
a.i : ai :
HO'C:Q: . ’GAQ:O - HO’CIQ‘OH 0.46% 2.14%
o o
(o] e} 0o ! H
9 " Ay
not isolated tryhydroxylated

pyrrolizidinone (8)

Scheme 7. Synthesis of trihydroxylated pyrrolizidinon8.
Reagents and conditions: a) i, CH,Cl, : MeOH (8 : 2), -78 °C,
10 min. ||) NaBH, - 78 °C tor.t., 4h, 80%. Irradiation at H, (4.27ppm) Irradiation at H,, (4.03ppm)

122%  Hen Heg gy 3

The enantiomeric purity of pyrazolidinoigewas confirmed Figure 4. nOe data for pyrroliziding.

by chiral gas chromatography.
o ) o These data confirmed unambiguously the relative
Pyrrolizidinones4 and8 were synthesized for the first time in giereochemistry of pyrroliziding, and consequently that of
three steps from aldehydésand10 with an overall yield of 32%  hyyrolizidinoneg.

and 27%, respectively. At this stage of our work we have

established an easy and efficient way to prepare these compouri€onclusion

starting from a chiral Morita-Baylis-Hillman adduct. After ) .
ascertaining the stereochemical data for these compounds, we!n summary, we have described the total synthesis of
proceed towards the total synthesis of hydroxylateo°°|y_fU"Ct'0’?a|'Z_ed pyrrolizidinones and pyrr_olmdmes using
pyrrolizidines. This aim was accomplished by treating thé\/lorlta-Bayhs-Hlllman products as substrates, in a few steps and
trihydroxylated pyrrolizidinone4 and 8 with alane (AIH)* to in moderated to good overall yle!ds. This approach h_as _allowed
provide the trihydroxylated pyrrolizidined and 7, in 4 steps, for the asymmetric total synthesis of two new pyrrolizidinones

with an overall yield of 26 and 21%, respectively (Scheme 8). |g"d ~ two  trihydroxylated  pyrrolizidines. ~ The relative

is worth noting that the first synthesis reported for compotind Stéreochemistries of the compounds were confirmed by
was accomplished in 11 steps with an overall yield of*49%. spectroscopic data. Thanks to the control exerted by the hydroxyl

Besides, no protecting group was required in our sequence aftdioup adequately placed on the structure of the prolinal used as

cyclization of the MBH adducts. starting material, it was possible to perform a substrate-controlled
asymmetric Morita-Baylis-Hillman with a high diastereoselective
Ho PH HoPH control. This simple approach allows for the preparation of the
HO - OH — 2 . Ho.,C’iS...OH hexahydro-pyrrolizine skeleton in two steps and presents great
N N potentiality to be used in the total synthesis of pyrrolizidines
¢} isolated from natural sources. Efforts towards the generalization
4 3 of this method to the synthesis of pyrrolizidines with different
substitutions patterns are ongoing and will be disclosed in due
y OH H OH time.
HO N OH —* » HO —OO—OH 4. Experimental section
e} General information: The 'H spectra were recorded at 250
8 7 MHz, 400 MHz, 500 MHz and 600 MHz. TH&C spectra were

recorded at 62.5 MHz, 125 MHz, 250 MHz. The high resolution
Scheme 8. Synthesis of the trihydroxylated pyrrolidin@sind  mass spectra were recorded at the Analytical Central of Institute
7 from a MBH adduct. Reagents and conditions: a) A(H/  of Chemistry. Manipulations and reactions were not performed
equiv.) (AICk : LiAIH, 1 mol/L), THF, reflux, 3 h, 80% (for under dry atmospheres or employing dry solvents, unless
both reactions) otherwise specified. In those cases ,Ch, DMF, and

In order to confirm the relative stereochemistry of IOyrm"dinetriethylamine were dried over Caldnd distilled. Purification and

7, nOe experiments were performed. The results are summariz&gParations by column chromatography were performed on silica
in the Figure 4. When signal at 4.56 ppm (attributed dowhs gel, using normal or ﬂr_:tsh c_hromatography_. TLC vnsuallzat|or_1
irradiated, increments in hydrogen atoms,HHss and H, were ~ Was achieved by spraying with 5% ethanolic phosphomolybdic
observed (1.58, 1.46 and 0.46%, respectively). These resuﬁ'g'q and _heatlng. All _Morltﬁayhs-Hlllman reactions  were
show that all these hydrogen atoms are in the same side of tR@nicated in an ultrasonic cleaner (81W, 40 MHz).

molecule. Otherwise, the irradiation of;,Hcentered at 4.31,

showed an increment of 1.52% on hydrogen atorg &hd

another of 0.72% on hydrogen atom ag.HA similar procedure
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4.1.tert-butyl (2R,4R)-2-formyl-4-hydroxypyrrolidine-1- 4.3.1.tert-butyl (2R,4R)-4-hydroxy-2-[(1S)-1-
carboxylate(6): hydroxy-3-methoxy-2-methylidene-3-
] ) oxopropyl]pyrrolidine-1-carboxylatg15):
A stirred solution of ert-butyl 2-ethyl(Z4R)-4- [a]o®-2 (c 1.5; MeOH): IR (film,vyy): 3387, 2970, 2958,

hydroxypyrrolidine-1,2-dicarboxylaté2 (0.25 g, 0.96 mmol) in  ,q33 5355 2332 1715. 1666. 1413, 1368. 1155 1099 B
anhydrous dichloromethane (5 mL), at -84 °C and under argo,QMR’ (250 MHz bMSO-’d 90 5(;)5 1’43 (s '9H) 1' 74 (di =
atmosphere, was slowly added (during 5 minutes) to a toluengy o 4 5 1y, 1|_’|) 192 (rr; 1H), 3 10 (dd= 11.2 3.9 Hz 1H)

solution of DIBAL-H (1.0 mol/L solution, 1.9 mL, 2.89 mmol). 57 (dd,J = 11.2, 5.9 Hz, 1H), 3.71 (s, 3H), 4.05 (m, 2H), 4.94
The mixture was stirred for 20 min at the same temperature. TL%,‘ 1H) 587 (t.J’= 16 Hz 1|_’|) 6.17 &dJ - 1.3 Hz iH).ls’C '

followed reaction evolution. The cooling bath was removed and g\ 1r (62.5 MHz, DMSO-¢, 90 °C)§ 27.8, 32.9, 50.8, 54.8
saturated solution of sodium acetate (5 mL) was added. Th& ¢ 62 4 680 78.0. 1240 1422 153.2 165.6: I-.lR’MS.(éSI-
reaction medium was poured into a stirred mixture of ethyl ethe{-c')F’). Calcd. for .(;’4’HZ4N(.)6’ M . H]*. 302.1604. Found
(50 mL) and saturated ammonium chloride (10 mL). After 2h, theyy5 {1 631- ¢ conditiong-cyclodextrin chiral column, flow 1.5

gel formed was filtered over a pad of Celite® and the aqueoys, /min: 100 °C: 10 °C/min up to 230 °C; pos run: 230 °C/15
filtrate was extracted again with ethyl ether. The organic phasq:ﬁin). TR’ =22 97’min ' '

were combined, dried over anhydrous,8l@, and evaporated.

The residue was quickly filtered over a tiny amount of silica ge#.3.2. tert-butyl (2S,4S)-4-hydroxy-2-[(1R)-1-

(hexane : EtOAc 40 : 60 to 20 : 80), to provide amino aldeByde hydroxy-3-methoxy-2-methylidene-3-

as colorless oil (0.188 g) in 91 % yield. Hydroxy-aldehydle OXopropyl]pyrrolidine-1-carboxylatg16):

should be stored at -20 °C or used immediately after being [a]p™® +1 (¢ 1.5; MeOH); IR (film,vmay): 3402, 2879, 2952,
prepared. ¢]p”° +45 (c 1.5; MeOH); IR (filmyma): 3377, 2974, 1720, 1670, 1417, 1368, 1273, 1163, 1092"cthi NMR (250
2931, 2838, 1728, 1646, 1428, 1370, 1279'cthl NMR (250  MHz, DMSO-d, 90 °C)5 1.44 (s, 9H), 1.78 (df = 13.7, 4.3 Hz,
MHz, DMSO-d;, 90 °C)é 1.42 (9H, s), 1.89 (1H, m), 2.23 (1H, 1H), 1.93 (m, 1H), 3.11 (dd, = 11.3, 3.9 Hz, 1H), 3.58 (dd,=
ddd,J = 13.5, 9.6, 4.1 Hz), 3.31 (1H, &= 11.2, 1.7 Hz); 3.42 11.3, 5.9 Hz, 1H), 3.71 (s, 3H), 4.06 (m, 2H), 4.93 (m, 1H), 5.84
(1H, dd,J = 11.2, 4.2 Hz), 4.04 (1H, di, = 9.6, 2.5 Hz), 4.27 (t,J = 1.7 Hz, 1H), 6.12 (d] = 1.2 Hz, 1H)**C NMR (250 MHz,
(1H, m), 9.47 (1H, s)**C NMR (62.5 MHz, DMSO-g 90 °C)& DMSO-d;, 90 °C)s 28.7, 34.1, 51.6, 55.9, 59.8, 68.6, 69.5, 79.1,
28.5, 38.1, 55.2, 64.1, 68.7, 79.7, 154.7, 202.8; HRMS (ESI124.6, 143.4, 154.3, 166.7. HRMS (ESI-TOF): Calcd. for
TOF): Caled. for GH;gNO, [M + H]* 216.1236. Found CyH,,NOs[M + H]* 302.1604. Found 302.1634; GC conditions:
216.1245. GC conditiong-cyclodextrin chiral column, flow 1.5 pB-cyclodextrin chiral column, flow 1.5 mL/min; 100 Q0
mL/min; 100 °C; 10 °C/min up to 230 °C; pos run: 230 °C/15°C/min up to 230 °C; pos run: 230 °C/15 miny;22.09 min.

in)- - H . 0
min); Te = 15.57 min); 90 % d.e. 4.4.(1S,6R,7aR)-1,6-dihydroxy-2-methylidene-hexahydro-1H-
pyrrolizin-3-one(5):

4.2.tert-butyl (2S,4S)-2-formyl-4-hydroxypyrrolidine-1- To a stirred solution of the Morita-Baylis-Hillman adddé
carboxylate(10): (0.20 g, 0.66 mmol) in toluene (3 mL), at 0 °C, it was added
concentrated HCI (0.1 mL, 3.31 mmol). The resulting mixture
was further stirred for 5-7 min. Then, a 35% solution of NaOH
Gk/vas added (0.46 mL, 4 mmol) and the reaction was further stirred
for 30 min, at room temperature. The medium was neutralized to
‘PH 7 (10% HCI solution) and the solvents were removed under
reduced pressure. The crude residue was purified by flash silica
gel column chromatography (GEl, : MeOH- 95 : 05) to give
pyrrolizidinone5 (0.06 g) as a white solid, in 57 % yield]§*° -

5 (c 2; EtOH); M.p. 93-94° C; IR (KBr)v 3396, 3205, 2985,
2946, 2883, 1654, 1442 ¢hiH NMR (500 MHz, (CR),CO) 5

'1.67 (m,J = 13.4, 6.4, 4.4 Hz, 1H, H-7A), 2.35 (ddii= 13.4,

7.3, 5.6 Hz, 1H, H-7B), 3.17 (dd,= 12.2, 5.2 Hz, 1H, H-5B),
3.57 (ddJ=12.2, 2.9 Hz, 1H, H-5A), 3.62 (dddi= 7.3, 6.4, 5.2

Hz, 1H, H-7a), 4.51 (m] = 5.2, 3.2 Hz, 1H, H-6), 4.61 (n,=

5.2, 2.9 Hz, 1H, H-1), 5.47 (d,= 2.6 Hz, 1H, CH), 5.82 (d,J =

Following the general procedure for the preparatio®, ahe
esterl4 (0.25 g, 0.96 mmol) was submitted to reduction to affor
0.190 g of the amino aldehyd® (92 %), as a colorless oil, after
quick filtration over a tiny amount of flash silica gel (hexane
EtOAc 40 : 60 to 20 : 80). Amino aldehyd® should be stored
at -20 °C or used immediately after preparatiojp?f -42 (c 1.5;
MeOH); IR (film, va: 3377, 2974, 2931, 2838, 1728, 1646,
1428, 1370, 1279 cm 'H NMR (250 MHz, DMSO-¢, 90 °C)
(250 MHz, DMSO-¢, 90 °C)3 1.42 (9H, s), 1.9 (1H, m), 2.23
(1H, m), 3.31 (1H, dd), 3.46 (1H, dd), 4.04 (1H, m), 4.28 (1H
m), 9.49 (1H, s§°C NMR (250 MHz, DMSO-¢ 90 °C)§ 28.5,
37.7, 55.2, 64.2, 68.8, 79.8, 154.4, 201.8; HRMS (ESI-TOF)
Calcd. for GgHigNO, [M + H]™ 216.1236. Found 216.1245; GC
conditions:p-cyclodextrin chiral column, flow 1.5 mL/min; 100

°C, 13 ,og(/)n;/'”d”p 10230 °C; pos run: 230 °C/15 MM=TIS.57 3 0'viy 11 CH); °C NMR (62.5 MHz, (CB),CO) 5 38.3, 51.6,
min (2); 90 % d.e. 65.7, 71.9, 75.7, 114.8, 148.4, 168.3; HRMS (ESI-TOF): Calcd.
4.3. Diastereoisomeric MBH adduc(5) and(16). for CgH1,NO; [M + H]* 170.0817. Found 170.0844.

Hydroxy-aldehyde6 and 10 (0.23 g, 1.069 mmol), DABCO 4.5.(1_R_,68,7aS)-l,6-dihydroxy-2-methy|idene-hexahydro-lH-
(0.12 g, 1.069 mmol) and ethyl acrylate (2 mL) was sonicated fdpYTolizin-3-one(9):
96 h (followed by GC). Then, the excess of methyl acrylate was Followin :
R . g the general procedure for the preparatiod, ahe
removed under reduced pressu(_éAUTlON. this operation Morita-Baylis-Hillman adductl6 (0.05 g, 0.165 mmol) was

. . - ) YEbmitted to cyclization to afford 0.012 g of the pyrrolizidin8ne
was diluted with dichloromethane (20 mL). The organic phas?SS%)’ as a colorless oil, after flash silica gel column

was washed with brine (3 x 30 mL), dried over anhydrou i B . 20 .
N&aSQO, and evaporated. The crude residue was purified by flas Tg)ggt&ggapgg_é%@g .Iyﬁgg)vggségsé%% 2;8?5 (;924’6

silica gel column chromatography (hexane :,CH : EtOAc — 11
3.0:5.0:3.0) to provide adduci® (0.206 g) as colorless oils, in ?8:8%21465;,01:;121%90 :_?B?Rz(gg?dw:’l(g?%’% 6|_é.614H(m|_,|_

70 % yield, and.6 (0.193 g) as colorless oils, in 67 % yield. 7A), 3.20 (dd,J = 12.4, 5.2 Hz, 1H, H-5A), 3.52 (dd,= 12.4
2.8 Hz, 1H, H-5B), 3.63 (dd, = 7.2, Hz, 1H, H-7a), 4.49 (nd,=



7
5.2 Hz, 1H, H-6), 4.59 (m] = 5.2, 2.4 Hz, 1, H-1), 5.51 (d,= 2931, 1650, 1607, 1568, 1443, 1401, 1119'ctH NMR (500
2.4 Hz, 1H, CH), 5.87 (d,J = 2.8 Hz, 1H, Ch); °C NMR (400  MHz, D,0) § 2.01 (m, 1H, H-7A), 2.33 (ddd, = 13.8, 8.6, 5.6
MHz, (CD;CN) & 36.3, 49.5, 64.1, 70.3, 73.6, 114.4, 145.0,Hz, 1H, H-7B), 2.95 (ddd] = 11.6, 4.8, 0.9 Hz, 1H, H-5B), 3.02
167.0. HRMS (ESI-TOF): Calcd. for §8,,NO; [M + H]* (dd,J = 10.9, 7.5 Hz, 1H, H-3A), 3.26 (dd,= 11.6, 5.0 Hz, 1H,
170.0817. Found 170.0844. H-5A), 3.46 (dd,J = 10.9, 5.1 Hz, 1H, H-3B), 3.53 (M,= 8.3,
. .. 6.1 Hz, 1H, H-7a), 4.16 (§ = 6.1 Hz, 1H, H-1), 4.19 (ddd, =
g:g.n(;(ljd?&6R,7aR)-1,2,6-tr|hydroxy-hexahydro-1H-pyrrohzm- 7.5, 6.1, 5.1 Hz, 1H, H-2), 449 (m, 5.1, 5.0, 4.8, 1H, Hl-?&);
’ NMR (125 MHz, BO/CCl,) & 36.6, 56.6, 60.4, 67.5,71.8, 75.9,
A solution of pyrrolizidinone5 (0.08 g, 0.47 mmol) in a 80.3; HRMS (ESI-TOF,m/2: Calcd. for GHNO; [M + H]”
mixture MeOH : CHCI, (2:8, 15mL) was cooled to -7Z and  160.0974. Found 160.0958.
a flow of ozone (0.4% in a flow of oxygen) was bubbled into the4_9l (1S,2S,6S,7aS)-1,2,6-trihydroxy-hexahydro-1H-pyrrolizin-3-
solution for 8-10 min. Then, NaBHO0.089 g, 2.36 mmol, 5 one(7):
equiv.) was added to the reaction medium at -72 °C, and the
resulting mixture was stirred, at room temperature, for 6 h. The The same experimental procedure described for pyrrolizidine
reaction was initially acidified to pH 2-3 with a solution of HCI 3 was used to obtain pyrroliziding (0.048 g), as a colorless
in MeOH, and afterwards was neutralized to pH 6-7 with solidsolid, in 73 % yield. §]o> -9 (c 0.82, MeOH), IR (filmyma):
N&COs;. The mixture was filtered over a pad of Celite®, and the3349, 2931, 1650, 1607, 1568, 1443, 1401, 1119; ¢k NMR
solid was washed with MeOH. The combined organic phase®00 MHz, BO) 6 2.18 (m, 1H, H-7B), 2.43 (ddd,= 12.7, 5.0,
were removed under reduced pressure. The residue was purifisd Hz, 1H, H-7A), 3.28 (dd] = 10.4, 3.6, 1.2 Hz, 1H, H-5A),
by silica gel (230-400 mesh) column chromatography using 8.35 (dd,J = 10.6, 5.5 Hz, 1H, H-3B), 3.64 (ddi= 11.6, 5.0 Hz,
mixture CHCI, : MeOH (95:05), to provide pyrrolizidinorkin 1H, H-5B), 3.84 (ddJ = 10.2, 5.3 Hz, 1H, H-3A), 4.0 (nd,=
80% yield (0.06 g), as a white soliabL]T20 + 4° (c 1, MeOH); 8.1, 6.3Hz, 1H, H-7a), 4.27 ,= 6.0 Hz, 1H, H-1), 4.30 (ddd,
mp: 151-152° C; IR (KBrymay: 3411, 2916, 2849, 1685, 1442, = 7.8, 6.4, 5.3 Hz, 1H, H-2), 4.55 (&= 5.2, 4.8, 4.9, 1H, H-6);
1206 cnt; '"H NMR (500 MHz, (CR),C0)§ 1.93 (m,J = 13.1, **C NMR (600 MHz, RO) § 35.7, 58.0, 60.7, 70.5, 70.7, 75.0,
5.5 and 3.7 Hz, 1H, H-7A), 2.57(ddd= 13.8, 5.5 and 5.5 Hz, 78.6; HRMS (ESI-TOF,m/2: Calcd. for GH,NO; [M + H]"
1H, H-7B), 3.34 (dddJ = 12.4, 4.9 and 1.6 Hz, 1H, H-5B), 3.73 160.0974. Found 160.0958.
(d,J=12.4, 1H, H-5A), 3.85 (td]; 7,= 7.9,J = 5.5 Hz, 1H, H-
7a), 4.17 (ddJ; = 8.9,J17.= 7.9 Hz, 1H, H-1), 4.66 (dd;,=
8,9,J = 1.3 Hz, 1H, H-2), 471(m, 1H, H-6J)C NMR (62.5 The X-ray diffraction data for compourias measured using
MHz, MeOD)$ 38.7, 52.5, 62.6, 72.4, 78.8, 83.8, 175.7; HRMSj Bryker Kappa CCD diffractometer (LdrX-UFF), equipped with
(ESI-TOF, m/3: Calc. for GH;;NO,;Na [M + NaJ+: 196.0586.  graphite-monochromatized ModKradiation § = 0.71073 A) at

4.10.X-ray crystallographic analysis for pyrrolizidinor(g):

Found: 196.0579. room temperature. The structures were solved by direct methods
4.7.(1S,2R,6S,7aS)-1,2,6-trihydroxy-hexahydro-1H-pyrrolizin-3-and refined by full-matrix least square methods buging the
one(8): package SHELX-97* All non-hydrogen atoms were refined with

anisotropic atomic displacement parameters. The hydrogen atoms
Following the general procedure for the preparatiord,of were added geometrically and refined according to the riding
pyrrolizidinone9 (0.10 g, 0.59 mmol) in a mixture of MeOH : model.
CH.CI, (3 : 7, 15mL) was su_b_m_itted to ozoonolysis an(_j redu_ction 4 (CCDC 802113): @I,NO, Fw = 17317,
to afford 0.08 g of the pyrrolizidinor (83 %), as a white solid, :
o rthorhombicP2,2,2,, a=7.3837(14) A,b=9.984(4)
after flash silica gel (230-400 mesh) column chromatograph
. ) B N ) ,c=10.069(1) A, V =742.3(3)AZ=4,D, = 1.550 mg/my u =
(CH,CI, : MeOH — 95:05).¢] " - 3.8° (c 1, MeOH); M.p. 150- ) .
o . 0.128 mm-, F(000) =368, R(reflections)= 0.0317( 925),
152 °C; IR (KBr,vmay: 3411, 2916, 2849, 1685, 1442, 1206 cm R2(reflecti = 0.0811( 1004). S = 1.106 Noar= 113
L14 NMR (400 MHz, CRCN) )6 1.96 (m,J = 12.4, 3.2, 1.2 Hz, WR2(reflections)= 0. ( ), S=1 par=
1H, H-7B), 2.50 (ddd)] = 13.6, 6.4, 3.2 Hz, 1H, H-7A), 3.25 Ack led i
(ddd,J = 11.6, 4.4, 1.2 Hz, 1H, H-5A), 3.76 (td,7,= 7.6, = cknowledgments

4.8 Hz, 1H, H-7a), 3.84 (d,= 12.0, Hz, 1H, H-5B), 4.12 (dd, , . R ,
= 8.4,J,7,= 7.6 Hz, 1H, H-1), 4.50 (ddy, = 8.4) = 1.2 Hz, 1, The authors acknowledge the Fundagéo de Amparo a Pesquisa

do Estado de S&o Paulo (FAPESP, 2011/20033-5 and
H-2), 4.62 (m, 1H, H-6)**C NMR (250 MHz, MeOD)s 35.7, . -
49.5, 59.5, 69.4, 75.7, 80.8, 172.7;HRMS (ESI-T@#): Calc. 2009/51602-5), the Coordenacao de Aperfeicoamento de Pessoal

+. de Nivel Superior (CAPES) and the Conselho Nacional de
for C;H1,NO4[M + H]™: 174.0761. Found 174.0754.
or CH1NO4[ ] oun Desenvolvimento Cientifico e Tecnoldgico (CNPg) for financial
4.8.(1R,2R,6R,7aR)-hexahydro-1H-pyrrolizine-1,2,6-t(®)t support. Bursaries from CAPES and CNPq supported L. O. and

. - . K. R. L. F, respectively. K. R. L. F is currently assistant professor
To a solution of pyrrolizidinonet (0.08 g, 0.49 mmol) in 54 paraiha Federal University. F. C., C. F. T. and R. A. are

anhydrous THF (5 mL) was added a THF solution of Al gipients of research grants from CNPg. The authors also thank
mol/L, 10 equiv., 4.9 mmol, 4.9 mL; prepared from a mixture ofy, prot Carol H. Collins for English revision of this manuscript.
LiAIH 4 (9 mmol) with AICE(1 mmol) in anhydrous THF). After

addition, the reaction medium was stirred for 3h at reflux. The
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pA ]

FID2 B, (HUGO\RL14D108.D)

HOw-

Boc |

Area Percent Report

Sorted By
Multiplier
Dilution

Signal 1: FID2 B,
Peak RetTime Type

# [min]
____L _______ ‘____

Totals

Signal
1.0000
: 1.0000

Width Area Height Area

[min] [pA*s] [pA] %
i | e —— oo | P |

0.0825 214.71902 34.06676 1.000e2

214,71902 34.06676

Results obtained with enhanced integrator!

*** End of Report **x

Agilent 6890N 11/27/2010 6:32:34 PM nathalia

GC chromatogram of MBH addutb.
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'H NMR (500 MHz, (CR2),CO) spectrum of pyrrolizidinon&
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13C NMR (62.5 MHz, (CR)-CO) spectrum of pyrrolizidinong



- 0.46

1,50%,

H

6
1,86%&553

—
©Q
@
-~

T

— -
Q [te)
© ©
- (=)

T T T T T T T T T
54 52 50 48 46 44 42 40 38 36 34

T T T T T T T T T
32 30 28 26 24 22 20 18 16 14 1
f1 (ppm)

T
2 10 08 06 04 02 00

NOE [500 MHz, (CR),CO)] spectrum of pyrrolizidinong, irradiation at 4.51 ppm, H-6.
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NOE [500 MHz, (CR)2CO)] spectrum of pyrrolizidinon®, irradiation at 1.67 ppm, H-7A.
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NOE [500 MHz, (CR).CO)] spectrum of pyrrolizidinon§, irradiation at 4.61 ppm, H-1.
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'H NMR (250 MHz, DMSO-g, 90 °C) spectrum afis-4-hydroxy-Q)-prolinal 6.
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13C NMR (62.5 MHz, DMSO-g| 90 °C) spectrum afis-4-hydroxy-D)-prolinaldehydes.
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Sample Name
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Acg. Method
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3/17/2010 6:02:45 PM

R103P Location : -
Kristerson Inj : 1
Inj Volume : Manually

C:\HPCHEM\1\METHODS\KIK003.M
12/2/2009 8:03:40 AM by nathalia
C:\HPCHEM\1\METHODS\KIKO03.M
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(modified after loading)

FID2 B, (KIKO\ZCISPR~1\R103P000.D)
pA §
700 :{3
| CHO
600 |
500 ‘ Boc
400 ] |
300
200
100 ‘~
\
] |
0 — I - \'1\7_ ”
- . . . . . . . . . . . . - | . , ! : | e ! -
13 14 15 16 17 min|
Area Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000
Signal 1: FID2 B,
Peak RetTime Type Width Area Height Area
i [min] [min] [pA*s) [pa] %
—m—— e ! Lo [ [rremmemimasiesimmis | === |
1 15.390 BV 0.0410 171.84221 60.76849 7.96455

2 15.565 VB 0.0405 1985.74573 690.87006 92.03545

Totals 2157.58794 7751.63855

Results obtained with enhanced integrator!

*** End of Report ***

Agilent 6890W 11/1/2010 2:03:36 PM Kristerson

GC chromatogram ccis-4-hydrox\y-(D)-prolinal 6.
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T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
6.6 6.2 58 5.4 5.0 4.6 4.2 3.8 3.4 3.0 2.6 2.2 1.8 1.4 1.0 0.6 0.2
1 (ppm)

'H NMR (500 MHz, DO) spectrum of pyrroliziding.
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jun03kriC1 ~ SRCREKN - o ©m
Kristerson "R64P" D20/BBSW jun03kriC1 8 oPeN3 °3 35
Parameter Value / / \ \‘ l l \ /
1 Data File Name G:/ Espectros 102010/ R64/ jun03krIC1.fid/ fid
2 Title jun03kriC1
3 Comment Kristerson "R64P" D20/ BBSW jun03krIC1
4 Origin Varian H OH
5 Owner
6 Site HO"' "|OH
7 Spectrometer inova
8 Author rmn
9 Solvent d2o
10 Temperature 24.6
11 Pulse Sequence s2pul
12 Experiment 1D
13 Number of Scans 4370
14 Receiver Gain 30
15 Relaxation Delay 1.0000
16 Pulse Width 0.0000
17 Acquisition Time 1.3005 |
18 Acquisition Date 2009-06-03T07:43:08
19 Modification Date 2009-06-03T11:00:04
20 Spectrometer Frequency 125.71 !
21 Spectral Width 30165.9
22 Lowest Frequency -1860.1
23 Nucleus 13C
24 Acquired Size 39230
25 Spectral Size 131072
|
|
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 f (100) 90 80 70 60 50 40 30 20 10 0
ppm

13C NMR (125 MHz, DO\CCL) spectrum of pyrroliziding.



FaA3S3ABBR R %98,‘\'@5&8 N
© o nnmANNN 5 LS SYYY® NN
T TS m NN NNNNNN —
NAVE jul 18j psH
EXPNO 1
PROCNO 1
Dat e 20120718
HO COzEt Ti me 19. 34
| NSTRUM spect
—H 8 1B S 8 98B 8y 3 PRCBHD 5 mm QWP 1H 13
> © o 3 B3 MO ST ™ PULPROG 2930
o%H < < < < AN o 32768
SOLVENT D20
: T ARRARNEN : :
DS 0
SWH 5175.983 Hz
FI DRES 0.157958 Hz
| AQ 3.1654389 sec
| RG 456. 1
DW 96. 600 usec
DE 6. 00 usec
TE 298.2 K
D1 1. 00000000 sec
TDO 1
======== CHANNEL f 1l ========
NUCL 1H
P1 13. 25 usec
— . . . PL1 -6.00 dB
A a62 460 488 oo NI T —r SFoL 250. 1317509 Mz
. . . . m Sl 32768
PP 2.5 2.4 ppm SF 250. 1300000 Mz
VOW EM
SSB 0
LB 0.30 Hz
0
1. 00
. — — . — . — — ——————
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm
™~ o) N ™ o
o N o o S
[ o o o ™

'H NMR (250 MHz, DO) spectrum of estd3.
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NAME jul 18j psC
0 EXPNO 1
N ™M © 8 (e} o0} © PROCNO 1
S (o)) <t oo} — Dat e_ 20120718
: : Ti me 20. 23
™~ VBRA 8 @ INSTRUM spect
PROBHD 5 mm QNP 1H 13
‘ ‘ ‘ ‘ } PULPROG zgpg30
TD 16384
SOLVENT D20
NS 1024
DS (o]
SVH 15060. 241 Hz
FI DRES 0.919204 Hz
AQ 0. 5439988 sec
CO,Et RG 456. 1
HO~Cf DW 33.200 usec
—H DE 6. 00 usec
o TE 298. 2 K
@ H D1 2. 00000000 sec
Cl dii 0. 03000000 sec
DELTA 1. 89999998 sec
TDO 1
======== CHANNEL f1 ========
NuUC1 13C
P1 10. 00 usec
PL1 0. 00 dB
SFO1L 62.9015280 MHz
======== CHANNEL f2 ========
CPDPR&2 wal tz16
NuUC2 1H
PCPD2 100. 00 usec
PL2 -6.00 dB
PL12 11. 56 dB
PL13 18. 00 dB
SFC2 250. 1310005 MHz
Si 32768
SF 62. 8952390 MHz
WDW EM
SSB (o]
LB 1. 00 Hz
GB (o]
PC 1.40
NWWMWWMM
I I I I I i I i I i I I i I i I i
200 180 160 140 120 100 80 60 40 20 0] ppn

3C NMR (250 MHz, DO) spectrum of estdr3.
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NAVE fevl6j psH2
EXPNO 1
PROCNO 1
Dat e 20130216
HO~C{COZEI Ti me 12054
| NSTRUM spect
N PROBHD 5 nm QNP 1H/ 13
\ PUL PROG 2930
Boc TD 32768
SOLVENT DMSO
NS 16
DS 0
SVH 5175. 983 Hz
FI DRES 0.157958 Hz
N N O % ©Q 5 § °’§ § 5 A
1 Q 3.1654389 sec
328558898 Y 2RBRHES 8 ERLERR: a2 2ei°s
NANNNAAGAAAAD N daaNa NN A L DW 96. 600 usec
fSIEFFF S S < ‘ ‘\/‘ ‘ DE 6.00 usec
BARYARA s
D1 1. 00000000 sec
‘ | TDO 1
[
| ‘ (. | ‘ ‘ —======= CHANNEL f1 ========
I | [ | | | NUC1 1H
b I P1 13. 25 usec
I PL1 -6.00 dB
[ SFOL 250. 1317509 Mz
S| 32768
SF 250. 1300000 M-z
T T T T T T T r— T~ T T WDW EM
SSB 0
4.3 4.2 4.1 ppm 2.45 2.40 2.35 ppm 190 1.85 ppm LB 0.30 Hz
B 0
PC 1. 00

/—””MM’\\ Jat_ P e o

T T T T T T T T
2.5
-

4.5 4.0 3.5 3.0 2.0 1.5 1.0 ppm
'H NMR (250 MHz, DMSO-g, 90 °C) spectrum of esti4.
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N
: : $ R OBRE B ¥ i
5 4 R 8 BB & & S ExPNO 1
PROCNO 1
Dat e_ 20120718
Ti me 22.14
I NSTRUM spect
PROBHD 5 mm QNP 1H/ 13
PUL PROG zgpg30
TD 16384
SOLVENT DMSO
NS 1024
DS (o]
SVH 15060. 241 Hz
FI DRES 0.919204 Hz
HO~CfCOZEt AQ 0.5439988 sec
RG 3649.1
N DW 33. 200 usec
\ DE 6. 00 usec
Boc TE 363.2 K
D1 2. 00000000 sec
dlil 0. 03000000 sec
DELTA 1. 89999998 sec
TDO 1
—======= CHANNEL f1 ========
NUC1 13C
P1 10. 00 usec
PL1 0. 00 dB
SFO1 62.9015280 MHz
======== CHANNEL f 2 ========
CPDPR&2 wal t z16
NuUC2 1H
PCPD2 100. 00 usec
PL2 -6.00 dB
PL12 11. 56 dB
PL13 18. 00 dB
SFO2 250. 1310005 MHz
S| 32768
SF 62. 8952390 MHz
VDW EM
SSB (o]
LB 1.00 Hz
GB (o]
PC 1. 40

LN I I I I MMM I (NN I NN INMAI N I IR INMARA N N I AN R
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm
3C NMR (250 MHz, DMSO-g 90 °C) spectrum of esté4.
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N ™M NOMANAWTONOO N @Hw(\lﬂml\woogl\l\mmovw(\ll\m
B < ANSS888883 5 ORIV IANANNAIRRODER S
NAVE j ul 18j psH7
EXPNO 1
CHO PROCNO 1
Date 20120718
Ti ne 22.34
HO N | NSTRUM spect
N PROBHD 5 mm QWP 1H 13
Boc PULPROG zg30
™ 32768
SOLVENT DVBO
NS 32
DS 0
SWH 5175. 983 Hz
o N <O DA FI DRES 0.157958 Hz
~ o MmN AT ® AQ 3. 1654389 sec
%8 2gE83g 95ER55808RR R
< < b R R SRR R R R R Ry R R Ry DW 96. 600 usec
DE 6. 00 usec
\/ \\\ /// TE 363.2 K
DL 1. 00000000 sec
\‘ Do I ‘H‘ TDO 1
gl ! Il il —======= CHANNEL f1 ========
NUCL 1H
PL 13. 25 usec
PL1 76.00 dB
x x w w x x x x x : : SFOL 250. 1317509 MHz
4.3 4.2 4.1 m 36 35 34 33 Sl 32768
PP ppm 2.3 2.2 ppm SF 250. 1300000 NMHz
W EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 0 ppm

8 g

11

'H NMR (250 MHz, DMSO-g, 90 °C) spectrum dafis-4-hydroxy-()-prolinal 10.




NAME jul 18] psC3
EXPNO 1
PROCNO 1
Dat e 20120718
2 3 3 88 8 KB
o N o0 spec
N — ™~ 83 8 ™ N PROBHD 5 nm QNP 1H 13
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ PULPROG zgpg30
TD 16384
SOLVENT DVSO
NS 557
DS 0
SVWH 15060. 241 Hz
FI DRES 0.919204 Hz
AQ 0. 5439988 sec
RG 2896. 3
DwW 33. 200 usec
DE 6. 00 usec
TE 363.2 K
CHO D1 2.00000000 sec
di1l 0. 03000000 sec
HO-C( DELTA 1. 89999998 sec
N, TDO 1
Boc ======== CHANNEL f1 ========
NUC1 3C
P1 10. 00 usec
PL1 0. 00 dB
SFOL 62.9015280 MHz
======== CHANNEL f2 ========
CPDPRG2 wal t z16
NuUC2 1H
PCPD2 100. 00 usec
PL2 -6.00 dB
PL12 11.56 dB
PL13 18. 00 dB
SFQ2 250. 1310005 MHz
S| 32768
SF 62. 8952390 MHz
VDWW EM
SSB 0
LB 1. 00 Hz
GB 0
PC 1.40
rTreas il " 2 1 i Ml " Lo ol ol I
T T T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 (0] -10 ppm

3C NMR (250 MHz, DMSO-g 90 °C) spectrum afis-4-hydroxy-()-prolinaldehydel0.
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O o 0 . O N « N~ n S e o NS N O O W0 N —
ERESERBCREESNEE B5RSR08R88KERE
St I FITTOOONOONODOM Mmoo Mm Lo B o B A B O O I I I I I I I I |

6.128
6.123
5.851
5.845
5.838
—4.927
4.121
4.092

—3.141

X
§

NAVE jun23j psH2
EXPNO 1
PROCNO 1 HO
Dat e 20120623 =
Time 15. 26 CO:Me
I NSTRUM spect HO
PROBHD 5 mm Q\P 1H/ 13
PULPROG 2g30 N
D 65536
SOLVENT DVBO Boc
NS 16
DS 0
SWH 2140. 411 Hz
FI DRES 0. 032660 Hz © H
AQ 15. 3092594 sec g& '33 N~ 0 =
R 2351253 usec S © 516 1 I E $9 88 SEE88888
DE 6. 00 usec \/ \./ 9’808 — A A A A d A A A
TE 363.2 K < F S FF IR IR I
D1 1. 00000000 sec
TDO 1 [
[

—======= CHANNEL f1 ======== Y
NUCL 1H Lo
P1 13. 25 usec l Mo
PL1 -6.00 dB

SFOL 250. 1309666 Mz

S 131072

SF 250. 13000%& Mz T T T T T T T T T T T T T

SSB 0 6.15 ppm 5.85 ppm 4.2 41  ppm 315 3.10 ppm 20 19 ppm

LB 0.30 Hz

GB (0]

PC 1.00

T T T T T T T T T T T T T
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm

g ) ; g @3 f sl B
- o - N ™l - | ()]

'"H NMR (250 MHz, DMSO-g, 90 °C) spectrum of MBH addub$.
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— I —
~ ™ < B o Q9 0 QO Q M ©
© V) < Q n o ® o © = N
© e < N o » @D @ 19 o S 9
— =1 - — ~ © © 0 O O Y

NAMVE j un24j psH3

EXPNO 1

PROCNO

Date_ 20120624

Ti me 20. 08

1| NSTRUM spect

PROBHD 5 nm QNP 1H/ 13

PULPROG zgpg30

D 16384

SOLVENT DVBO

NS 7000 HO

DS 0 <

SWH 15060. 241 Hz COzMe

FI DRES 0.919204 Hz HO

AQ 0.5439988 sec

RG 32768 N,

DW 33. 200 usec

DE 6.00 usec Boc

TE 363.2 K

D1 2.00000000 sec

di1 0. 03000000 sec

DELTA 1. 89999998 sec

TDO 1

======== CHANNEL f1 ========

NUC1 13C

P1 10. 00 usec

PL1 .00 dB

SFOL 62. 9015280 Mz

======== CHANNEL f2 ========

CPDPRG2 wal t 216

NUC2 1H

PCPD2 100. 00 usec

PL2 -6.00

PL12 11.56 dB

PL13 18.00 dB

SFO2 250. 1310005 M-z

S| 32768

SF 62. 8952390 Mz

VOW EM

SSB 0

LB 1.00 Hz

GB 0

PC 1. 40

T T T T T T T T T T T T T T T T

180 1;0 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm
¥C NMR (250 MHz, DMSO-g 90 °C) spectrum of MBH addus.
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%

16 10.385 PB 6_.59 7
17 214 PP 2.53 ?
18 1Z_71% EB 6.40 ?
13 1 2 ?
20 7.600 ?
21 2.470 ?
23 5. 2
z4 4F

25 0

28 E3. ?
28 BE ?

Totals 4 _ 45598225

GC chromatogram of MBH addut®.
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I™~-5.870

NAME fevl4j psH2
EXPNO 2
P 1
Dat e 20120801
Ti me 19. 49
| NSTRUM spect
PROBHD 5 mm TBI 1H 13
PULPROG zg30
D 65536
SOLVENT CD3CN
NS 16
QMO oS oMY MO N O n Q < N~ Mo N O MOMADLWO O MmO N ©N DS 2
[oN oo Ne Mool < Q O 0 N n O~ O < M - Q N < O N~ [ BN o B S S ~W S N
©Q oW VoSS © 0o © w1 N Ao ® 0 0m0060 Loeoo SVH 8012. 820 Hz
A SIS S S TS Mm nOm M |mm MM |mm O m NN ANNNNN - FlI DRES 0.122266 Hz
N Y0 A VI VA N RNV 2 V2
RG 64
I | | 't 62. 400 usec
‘ ! ! I ‘ b 6.50 usec
I | 298.2 K
! | | ! 1. 00000000 sec
1
CHANNEL f1 ========
T T T T T T T T T L 400. 1824713 MHz
4.60 ppm 4.50 ppm 3.65 ppm 3.55 ppm 3.20 ppm 2.4 ppm 1.7 ppm  NUC1 1H
P1 10. 00 usec
S| 65536
SF 400. 1800000 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
J_L V_M MM A iy
T T T T T T T T T T T T
6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 ppm
o o N DN erH N~ < o]
Q o (e NI o o ©
i i ol il — - -

'H NMR (400 MHz, CRCN) spectrum of pyrrolizidinone.
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NANVE jul 28j psC -

EXPNO 73 g g 28 I 3 o
Pl 1 < .

Dat e_ 20120728 8§ §. pa| PR 3 2 8
Ti ne 11. 05

| NSTRUM spect ‘ ‘ \ ’ ‘ ‘ ‘
PROBHD 5 mm QNP 1H 13

PULPROG zgpg30

TD 16384

SOLVENT CD3CN

NS 1024

DS 0

SVWH 15060. 241 Hz

FI DRES 0.919204 Hz

AQ 0. 5439988 sec

RG 362

DwW 33. 200 usec H OH
DE 6. 00 usec = 5
TE 298.2 K E {
D1 2. 00000000 sec T

dil 0. 03000000 sec HO

DELTA 1. 89999998 sec

TDO 1

======== CHANNEL f1 ========

NUCL 13C )
P1 10. 00 usec

PL1 0. 00 dB

SFOL 62. 9015280 Mz

======== CHANNEL f2 ========

CPDPR&2 wal tz16

NUC2 1H

PCPD2 100. 00 usec

PL2 -6.00 dB

PL12 11.56 dB

PL13 18. 00 dB

SFCQ2 250. 1310005 MHz

Sl 32768

SF 62. 8952390 Mz

WDW EM

SSB (o]

LB 1.00 Hz

GB (o]

PC 1.40

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O ppm
13C NMR (400 MHz, CRCN) spectrum of pyrrolizidinon®.
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2D-COSY (400 MHz, CBCN) spectrum of pyrrolizidinon@.



S29

il T

HO OH
NAVE fevl4dj psHL
EXPNO 1
PROCNO 1
o Dat e_ 20120801
Ti e 22.50
I NSTRUM spect
PROBHD 5 nm TBlI 1H 13
PULPROG zg30
TD 65536
COTONLW « oo © SCLVENT Et CD
BB88088 BN 888 B IBIRPE NS 16
fFEFFFSF TS ;!;‘;!;! g NGRS RS DS 2
TTTTTY swA 8012. 820 Hz
‘ \/ ‘ ‘ / FI DRES 0. 122266 Hz
AQ 4.0894966 sec
RG 181
DW 62. 400 usec
DE 6. 50 usec
TE 298.2 K
I D1 1. 00000000 sec
TDO 1
! ! ! ' ; ! : SFOL h06 1634713 M
465 4.60 4.55 ppm 4.15 ppm 3.85 pPM NucL . 1H
P1 10. 00 usec
Sl 65536
SF 400. 1790648 MHz
WDW EM
SSB 0]
LB 0.30 Hz
GB 0]
PC 1.00
[T S M
- - - 11 - - - -1 - - - T - - 1 - - - 1 - - T - - 1 - - - 1 - - T T
5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm
ol [ [aY] ‘Log o) jcﬁ To)
Ql e o Qe <] 0 o
| |- - | o o o

'H NMR (400 MHz, CRCN) spectrum of pyrrolizidinong.
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NANVE jul 28j psCl

EXPNO 7

PROCNO 1

Dat e 2020728

e 8975 32 3 8 3 2
pect S 8 o o o o)

PROBHD 5 mm QNPT1H/ 13 © ~  © et N @

PULPROG Zgpg30 ‘ ‘ ‘ ‘ ‘ ‘

TD 16384

SOLVENT MeCD

NS 1024

DS [0]

SWH 15060. 241 Hz

FI DRES 0.919204 Hz

AQ 0. 5439988 sec

RG 724.1

DW 33. 200 usec

DE 6. 00 usec

TE 298.2 K

D1 2. 00000000 sec

di1i 0. 03000000 sec

DELTA 1.89999998 sec

TDO 1

======== CHANNEL f1 ========

NUC1 13C

P1 10. 00 usec

PL1 0.00 dB

SFOL 62. 9015280 MHz

======== CHANNEL f 2 ========

CPDPRG2 wal tz16

NuC2 1

PCPD2 100. 00 usec

PL2 -6.00

PL12 11.56 dB

PL13 18. 00 dB

SFO2 250. 1310005 MHz

S| 32768

SF 62. 8952390 MHz

VWDW EM

SSB [0]

LB 1.00 Hz

GB [0]

PC 1. 40

" PAUPY TR TV TT) ;J;.‘ e W insbgpecodt " ) (TOTRIPIrTn " " aa " " " L
" Y 4 ) Sy g L)

WP ¥ Loadi, Lia) L ! bt u . W ¥ Y

T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

3C NMR (250 MHz, MeOD) spectrum of pyrrolizidino8e
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2D-COSY (400 MHz, CBCN) spectrum of pyrrolizidinon8.



NAVE agol5j psHL
EXPNO 1
PROCNO 1
Date_ 20130815
Time 14.51
| NSTRUM spect
PROBHD 5 nm TBI 1H 13
PULPROG zg30
TD 65536
SOLVENT D20
H OH NS 1
N DS 0
T SVH 12335. 526 Hz
HO OH FI DRES 0. 188225 Hz
N AQ 2.6564426 sec
RG 90.5
Dw 40. 533 usec
DE 6.50 usec
TE 298.1 K
D1 1. 00000000 sec
TDO 1
======== CHANNEL f1 ========
SFOL 600. 1737063 Mz
NUC1 1H
P1 7.38 usec
Sl 65536
SF 600. 1700000 MHz
Ww EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
tONOO ML ©OLW©© MM 0D o< Nm ~ O~ MNNNODHOAd OOWOONM VLB
HEB3® S8AIIE 838883 BIBD 83T HIRFIAAIR] LIS T Qe
IS TS S S IS Hm 50505 :\:TT:/V: m\m\T;)m\T;)/m N\N\(\if\\l?‘/f\l/&\l “\'TTT‘/\J
[ H I
T T T T v
4.6 ppr 4.3 ppm 4.00 ppr 3. 85 pprr 3.65 ppm 33 ppr 2.45  ppr : pp
I 't [T n i e
T T T T T T T T T T T T T
4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2. 4 2.2 2.0 ppmr
< o jm — of |~ WH <
IS) s} =} — S| = o =}
— N — — | | — —
H NMR (600 MHz, DO) spectrum of pyrrolizidine.7
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NAMVE agol5j psHl
N N ©O ToTy) ™
© O ~W ~ O N~ EXPNO 2
© 1 OO o © 0 Pate 20130815
e
P~~~ © 15 ™ Ti me 14. 52
‘ ‘ \/ ‘ ‘ I NSTRUM spect
PROBHD 5 nm TBI 1H 13
PULPROG zgpg30
D 32768
SOLVENT D20
NS 932
DS 0
H 9 SWH 36057, 691 Hz
BN FI DRES 1.100393 Hz
AQ 0. 4544329 sec
HO OH RG 203
N DW 13. 867 usec
DE 10. 00 usec
TE 298.1 K
DL 2.00000000 sec
D11 0. 03000000 sec
TDO 1
======== CHANNEL f 1 ========
SFOL 150. 9279571 Mz
NUCL 13C
P1 16. 50 usec
S 32768
SF 150. 9128670 Mz
VDWW EM
SSB 0
LB 2.00 Hz
B 0
PC 1.40
. oo bt BOPY RO R WP A PR PRI v NS N
120 110 100 90 80 70 60 50 40 30 20 10 0 pprr

13C NMR (600 MHz, RO) spectrum of pyrroliziding.
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NAME set 21j psH
EXPNO 9
PROCNO 1
Dat e_ 20130921
Ti ne 20.04
I NSTRUM spect
PROBHD 5 mm TBl 1H/ 13
PULPROG sel nogp
TD 32768
SOLVENT D20
NS 1024
DS 4
SWH 7812. 500 Hz
FI DRES 0.238419 Hz
AQ 2.0972021 sec
RG 203
DW 64. 000 usec
DE 6.50 usec
TE 298.2 K
D1 5. 00000000 sec
D8 0. 60000002 sec
D16 0. 00020000 sec
D20 0. 29879999 sec
TDO 1
Irradiated at H;, (4.03 ppm) ZCOPTNS
======== CHANNEL f1 ========
SFO1L 600. 1724161 MHz
NUC1 1H
P1 7.90 usec
P2 15. 80 usec
P12 71883. 00 usec
S| 65536
SF 600. 1700021 MHz
WDW EM
SSB 0
LB 2.00 Hz
GB 0
PC 1.00
T T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppmr

< (o] (=] o LO

< (o] o] (@] o

o olo o o

] o s} )

—

NOE [600 MHz, (BO)] spectrum of pyrroliziding, irradiation at 4.03 ppm, H-7a.
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NAVE set 21j psH
EXPNO 8
PROCNO 1
Date_ 20130921
Ti me 17.50
I NSTRUM spect
PROBHD 5 nm TBI 1H 13
PULPROG sel nogp
TD 32768
SOLVENT D20
NS 1024
DS 4
SWH 7812.500 Hz
FI DRES 0.238419 Hz
AQ 2.0972021 sec
RG 203
Dw 64. 000 usec
DE 6. 50 usec
TE 298.1 K
D1 5. 00000000 sec
D8 0. 60000002 sec
D16 0. 00020000 sec
D20 0.29879999 sec
TDO 1
. ZGOPTNS
Irradiated at H, (4.27 ppm)

======== CHANNEL f1 ========
SFOL 600. 1725646 MHz
NUC1 1H
P1 7.90 usec
P2 15. 80 usec
P12 81685. 00 usec
Sl 65536
SF 600. 1700021 MHz
WDW EM
SSB 0
LB 2.00 Hz
GB 0
PC 1.00

5.2 5.1 5.0 4.9 48 4.7 46 4.5 4.4 4.3 4.2 4.1 40 3.9 3.8 37 3.6 35 3.4 3.3 3.2 31 3.0 2.9 28 ppm

100. 00
-0.50
-1.22
-0.72

NOE [600 MHz, (BO)] spectrum of pyrrolizidin&, irradiation at 4.27 ppm, H-2



NAVE set 21j psH
EXPNO 7
PROCNO 1
Date_ 20130921
Ti me 15. 36
I NSTRUM spect
PROBHD 5 mm TBI 1H 13
PULPROG sel nogp
TD 32768
SOLVENT D20
NS 1024
DS 4
SVH 7812.500 Hz
FI DRES 0.238419 Hz
AQ 2.0972021 sec
RG 203
Dw 64. 000 usec
DE 6. 50 usec
0.72% TE 298.1 K
D1 5. 00000000 sec
D8 0. 60000002 sec
D16 0. 00020000 sec
D20 0. 29879999 sec
. TDO 1
Irradiated at Hq (4.31 ppm) ZGOPTNS
—======= CHANNEL f1 ========
SFOL 600. 1725865 MHz
NUC1 1H
P1 7.90 usec
P2 15. 80 usec
P12 140000. 00 usec
S 65536
SF 600. 1700021 MHz
VDWW EM
SSB 0
LB 2.00 Hz
GB 0
PC 1.00
T T T T T T T T T T T T T T T T T T T T T T T
4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.2 2.0 ppm
(=] <t (32]
o N~ Lo
=) =) —
o 1 1
—

NOE [600 MHz, (BO)] spectrum of pyrrolizidin&, irradiation at 4.31 ppm, H-1
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NANVE set 21j psH
EXPNO 6
PROCNO 1
Dat e_ 20130921
Ti me 13.21
| NSTRUM spect
PROBHD 5 nm TBl 1H 13
PUL PROG sel nogp
TD 32768
SOLVENT D20
NS 1024
DS 4
SVH 7812.500 Hz
1.58% FI DRES 0.238419 Hz
AQ 2. 0972021 sec
RG 203
Dw 64. 000 usec
DE 6. 50 usec
TE 298.2 K
D1 5. 00000000 sec
D8 0. 60000002 sec
0, D16 0. 00020000 sec
1.46% D20 0. 29879999 sec
TDO 1
ZGOPTNS
H ======== CHANNEL f1 ========
Irradiated at Hg (4.56 ppm) ol 800 1727364 M
NUC1 1H
P1 7.90 usec
P2 15. 80 usec
P12 71883. 00 usec
Sl 65536
SF 600. 1700021 Mz
WDW EM
SSB 0
LB 2.00 Hz
0
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NOE [600 MHz, (BO)] spectrum of pyrroliziding, irradiation at 4.56 ppm, H-6





