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- Commercially available catalyst
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- High diastereoselectivity

ABSTRACT: In this study, we describe the hydrogenation of indolizines derived from Morita—Baylis—Hillman adducts. We
demonstrate that functionalized tetrahydroindolizines and indolizidines can be prepared selectively, at low pressure, by simply
adjusting the acidity of the medium. Using this simple and straightforward strategy, substituted tetrahydroindolizines and
indolizidines were obtained diastereoselectively in high yield.

B INTRODUCTION The synthetic and biological relevance of these molecules
justify the interest in the development and/or improvement of
the synthetic methodologies used to prepare them. The
rationalization that tetrahydroindolizines and indolizidines
could be obtained by the partial and full hydrogenation of
indolizines, respectively, is reasonable (Scheme 2).

Many methods for the preparation of indolizines are available

Indolizines and tetrahydroindolizines are polyunsaturated N-
heterocycles that have caught the attention of the chemical
community, because of their broad potential in biological and
synthetic applications. Together with the quinolizidine nucleus,
it is estimated that these structural moieties are found in
approximately 25-30% of known alkaloids." Glycosidase in the literature.'” Furthermore, indolizines can be easily
inhibitor activity (eg, castanospermine and swainsonine accessed, in a few steps, by the intramolecular cyclization of

alkal_oids, Scheme 1g2 and pheromone ?_‘Cti‘fity (e.g.,. mono- Morita—Baylis—Hillman (MBH) adducts prepared from
morine, Scheme 1)” are among the highlighted biological suitable acrylates or a,f-unsaturated ketones and adequately

properties of these alkaloids. Some indolizidines are directly substituted 2-pyridinecarboxaldehydes.
related to the occurrence of diseases. For instance, slaframine is Among the strategies based on MBH adducts we have
an indolizidine that causes slobber disease, which negatively mentioned, acetylation followed by heating,” allylic bromina-
affects the cattle industry.4 Unlike indolizidines, tetrahydroin- tion,lz and direct heating of the MBH adduct under MW
dolizines are rarely found in alkaloid structures. conditions afford indolizines."®

Anticancer activity (e.g., rhazinilam and rhazinicine (Scheme Additionally, a recent report by Basavaiah described a one-
1)° and antimicrobial activity (e.g, polygonatine A, polygo- step autocatalytic methodology for preparing indolizines using
natine B, and kinganone (Scheme 1)°) are among the biological pyridine-2-carboxyaldehydes or 2-acetopyridines and vinyl
activities shown by this class of compounds. Alkaloids isolated ketones, promoted by TMSOT£.'* Curiously, an in situ
from Myrmicaria ants (Myrmicarines 217, 215A, and 215B) are cyclization is observed during the preparation of the MBH
interesting examples, because their biological profiles remain adduct from 2-cyclohexenone.'” Although this cyclization
poorly understood.” Although several methodologies have been occurs without substrate preactivation, it can be accelerated
described, these molecules represent a challenge from a in the presence of silica gel.
synthetic point of view, because of their low stability in air, Despite the great number of methodologies used to access
silica gel, and alumina. tetrahydroindolizines and indolizidines,” few of them have

Many reports focused on the preparation of indolizines® and
tetrahydroindolizines9 can be found in the literature, with each Received: October 28, 2014
focusing on specific substitution patterns. Published: January 30, 2015
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Scheme 1. Examples of Indolizidinic and reaction catalyzed by a copper nanoparticle, Alonso and Yus
Tetrahydroindolizinic Alkaloids also reported a unique example of the full hydrogenation of
H indolizines. In this case, the reaction gave the desired
indolizidine with high diastereoselectivity using Adams catalyst

CL} OH, oH under a pressure of 55 psi with acetic acid as the solvent.*
R HO\C@ Driven by the previous data provided in the literature and

Me N-Bu . . . . .
‘ hot SN with the intent of expanding our understanding of the behavior
(-)-Rhazinicine (+)-Monomorine . of indolizines, we explored herein the catalytic heterogeneous
Castanospermine hydrogenation of indolizines derived from Morita—Baylis—
O>/I':ll \ T Hillman adducts to obtain both $,6,7,8-tetrahydroindolizines

/ M, OH and indolizidines.
4 o — (D

N/ N B RESULTS AND DISCUSSION
()-Rhazinilam \ Swainsonine Preparation of Morita-Baylis-Hillman (MBH) adducts
Et l 4 OAc and indolizines. Morita—Baylis—Hillman (MBH) adducts
R : were prepared using a methodology created by our group,”**
0 W LN whereby they were obtained in good to excellent yields
H _ H2N (Table 1).
R= n-Pr, Myrmicarine 217 Y, Slaframine
R= (Z)-propenyl, Myrmicarine 215A N Table 1. Preparation of MBH Adducts
R= (E)-propenyl, Myrmicarine 215B
RO o DABCO (0.65 equiv.) OH
R= H, Polygonatine A N . WRZ rt, ultrasound _ R2
R= Et, Polygonatine B R o R+ |
R= n-Bu, Kinganone N 21012 h, 5010 9% N
1.0 eq. 4.0 eq. 1a-l
OH
Scheme 2. Retrosynthetic Analysis for the Preparation of COM oH o
ne = alysis IC _ ,Me _ CO,Et _ CO,n-Bu
Indolizidines and Tetrahydroindolizines I I I
N N N

R1mMR2 1a, 12 h, 93% 1b, 12 h, 96% 1c, 12 h, 96%
SN \ OH

) OH OH oH o
Indolizidines I 1MR _ CO,tBu _ N ~
R_\/N / — R | | |
SN N SN N

R1®,Rz / Indolizines MBH adduct 1d, 12 h, 95% 1e, 2 h, 95% 1f, 12 h, 50%
N

Tetrahydroindolizines

OH OH OH
_ COMe Mo COMe Etmcozn/le
SN g N
focused on the preparation of these heterocycles via partial and

full hydrogenation, respectively (Scheme 2). Most data related
to this approach have been described in the patent literature.'®

. . OH OH OH
However, high temperatures and pressures are required and the _ CO,Me CO,Me _ CO,Me
. . . . /
substitution patterns are limited. For example, Soldatenkov | | « I
reported a partial hydrogenation to obtain a unique e N XN
Br

19, 12 h, 88% 1h, 12 h, 85% 1i, 12 h, 99%

tetrahydroindolizine using Re,S, at 260 °C and 140 atm.' Me
Recently, the first asymmetric partial hydrogenation of 1, 12h, 94% 1k, 12 h, 89% 1.7 h, 97%
indolizines was reported by the Glorius group. In this case, a
NHC-Ru chiral complex was used as the catalyst."” Although
high yields and high selectivity were achieved, the scope (i.e,, Once the MBH adducts were synthesized, the next step was
substitution pattern of indolizines) was relatively limited, the optimization of the methodology used to prepare the
showing that much remains to be done in this area. indolizines. Among the methods available in the literature, we
The complete hydrogenation of indolizines presents several chose acetylation followed by thermal treatment and allylic
challenges regarding the aspects of enantio- and diastereose- bromination to get the desired indolizines.
lectivity. The first study of this type of transformation was When the allylic bromination using PBr; was tested, the
reported by Poponova, in which 10 examples of indolizidines indolizine was obtained in very low yield (entry 1, Table 2).
were prepared in moderate yields and poor diastereoselectivity Using the milder Appel reaction conditions,™ the yield
(1:1.4) in favor of the cis diastereoisomer.'® Recently, increased to 20% (entry 2, Table 2). A similar result was
Gevorgyan reported a unique example using Adams’s catalyst. obtained when the methodology described by Bode was used
In this case, a strong acid (HBr) and a hydrogenation pressure (entry 3, Table 2). Modifications of the acetylation conditions
of 5 atm were used to afford (+)-monomorine with moderate and thermal cyclization (entry 4, Table 2) led to a net increase
diastereoselectivity.'"” With the aim of demonstrating the in the overall yield, which improved to 55% for the two steps.
applicability of indolizines prepared via a multicomponent Using these better optimization conditions, a set of indolizines
2530 DOI: 10.1021/j0502471q
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Table 2. Optimization of the Conditions for the Preparation
of Indolizines

o CO.M entries 1-4 A
N 2Me mcone
N
1a 2a

yield
entry conditions (%)
1 PBr, CH,Cl, 0 °C 7
2 PPh;, CBr,, CH,Cl,, 0 °C to room temp 20
3 (i) A0, 100 °C; (ii) 130 °C 20°
4 (i) Py, AcCl, CH,Cl,, 0 °C to room temp, 30 min; (ii) 55

toluene, reflux 12 h

“Overall yield for two steps.

was prepared from MBH adducts. Good overall yields derived
from acrylates and cyclopentenone could be obtained, with a
yield of up to 65% for two steps (Table 3).

Table 3. Preparation of Indolizines

OH i) CH2Cly, pyridine, AcCl, 0 °C to rt

R1_/ | R i) toluene, reflux R1_/\%\>R2
N 12 h, 30 to 65% (2 steps) NN
1a-l 2a-l
Za— = N= =N
SN Y/ COgMe SN / COzEt SN Y/ COzﬁ-BU
2a, 55% 2b, 52% 2c, 59%
Z N > Z N 0
2d, 60% 2e, 30% 2f, 65%
Et
72— Me = "
2g, 45% 2h, 39% 2i, 44%
Zh— N\ = Za—
e
Br
Me
2j, 39% 2k, 41% 21, 38%

Additionally, indolizines derived from methyl vinyl ketone
(MVK) and cyclohexenone were also prepared. Indolizine 2m
was obtained by the treatment of 2-pyridinecarboxaldehyde
with TMSOTf in the presence of MVK in acetonitrile
containing 1% water (Scheme 3). Indolizine 2n was prepared
via the reaction between 2-pyridinecarboxaldehyde and 2-
cyclohexenone in the presence of DMAP as the catalyst
(Scheme 4). Both methodologies were reproduced from the

Scheme 3. Preparation of Indolizine 2m

CH3CN (1% H,0)

9 TMSOTF (1 eq)

i
+
| Hk
N |
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00Ctort, 12 h, 35%
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Scheme 4. Preparation of Indolizine 2n
THF/H,0 (1:1)

Q Q DMAP (0,40 eq.) ZNF O
= | + N s N7/
SN rt, 4 days, 50%

2n

literature, and yields and purities were in accordance with the
reported data.

Hydrogenation. Once the indolizines were prepared, the
performance of the hydrogenation reactions was evaluated by
screening different catalysts. Indolizine 2a was chosen as a
model to optimize the reaction conditions. The following
catalysts were tested: Pd/C, PtO,, Rh/ALO;, and Rh/C.

Notably, no reaction was observed when rhodium catalysts
(ie, Rh/ALO; and Rh/C) were used. Indeed, the starting
material was recovered in both cases after 24 h. In contrast,
partial hydrogenation was observed when Pd/C and PtO, were
used as the catalysts, affording $,6,7,8-tetrahydroindolizine (3a)
in 90% and 93% vyields, respectively. The reaction in the
presence of PtO, was faster than the reaction in the presence of
Pd/C. No indolizidine was detected in the reaction medium,
even when the pressure was increased (entries 1—5, Table 4).

Table 4. Optimization of the Conditions for the Preparation
of Tetrahydroindolizines and Indolizidines

MeOH H

= H (1 bar) =

C&cozrwe m G&cozrwe + mcoznne

2a 3a 4a

entry catalyst additive time (h) yield (%) 3a:4a
1 Rh/ALO, 12
2 Rh/C 12
3 Pd/C 4 90 100:0
4 PtO, 2 93 100:0
s PtO, 4 92 100:0
6 PtO, AcOH (1 equiv) 4 91 99:1
7 PtO, TFA (1 equiv) 4 78 0:100

Additional reactions were performed that examined the effect
of acids as additives. In these cases, the same conditions were
maintained. When the reaction was performed in the presence
of acetic acid, a tiny amount of the corresponding indolizidine
was observed by TLC. However, tetrahydroindolizine was still
obtained as the major product (91% yield). Full hydrogenation
was achieved only when the reaction was performed using TFA
as the additive. Under this condition, only the desired
indolizidine was detected by TLC at the end of the reaction.
After isolation, indolizidine 4a was obtained in 78% vyield
(entries 6 and 7, Table 4).

After the procedure had been optimized, the partial
hydrogenation was performed (Table 5). The results showed
that indolizines without substituents on six-membered rings
gave their corresponding tetrahydroindolizines in yields varying
from 65% to 95%, with short reaction times (up to 4 h, entries
1—4, 6, 12, and 13). The presence of a cyano group led to a
drastic drop in the yield (compound 3e, Table S). Notably,
reduction of the cyano group was not detected.

This result is likely associated with the fact that this
functional group competes with the aromatic system under

DOI: 10.1021/j0502471¢
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Table S. Synthesis of Tetrahydroindolizines by Partial
Hydrogenation of Indolizines

0,
R1—i/\|/\// CH30H, PtO5 (10 mol%)
N

R2

ko

H, (1 bar), rt, 40 to 95%

2a-n 3a-m
= >—CoM = =
N/ Me N/ CO,Et N/ CO2n-Bu
3a,2h, 93% 3b,2h,91% 3¢, 2 h, 95%
= _— = 0
O@‘COzt—Bu Q}—:N %
3d, 2 h, 95% 3e, 12 h, 40% 3f, 4 h, 91%
= Me _— Et =
Ny CO2Me mcogwm Ny COMe
39, 48 h, 67%2 3h, 12 h, 79% 3i, 12 h, 81%

= = = > —CoM
y Ny COaMe N COMe N/ 2hie
e
Me Br

3j, 13 h, 79% 3k, 15 h, 83% 31, 3 h, 0%P

= O
N/

3m, 4 h, 90%

“Reaction was performed with 5 bar pressure of H,. “3a was recovered
as the unique product in 65% yield.

hydrogenation conditions. Indolizines containing substituents
on the six-membered ring afforded tetrahydroindolizines in
yields varying from 67% to 83% with longer reaction times (up
to 48 h). This behavior is likely caused by the increased steric
hindrance incurred as a result of these substituents, which could
compromise the adsorption of the substrate on the catalyst
surface. In particular, a slight increase in pressure to 4 bar was
necessary for analogue 2g to synthesize tetrahydroindolizine 3g
(Table S).

It is noteworthy that Gevorgyan reported the unique example
of hydrogenation of this same substrate some years ago, using
the Birch reaction.”* However, this methodology failed when it
was tested with indolizines structurally similar to those obtained
from Morita—Baylis—Hillman adducts, leading to the decom-
position of the starting materials.”* These data show that the
methodology described in this study is mild and easy to handle.

Product 3a was obtained when brominated indolizine 21
underwent the same partial hydrogenation condition. It is likely
that a hydro§enolysis of the C—Br bond occurred to give
indolizine 2a,” which then is partially hydrogenated to afford
tetrahydroindolizine 3a.

Full hydrogenation was also investigated, and the results are
summarized in Table 6. Indolizidines were obtained in 78—95%
yield and 84—95% dr in favor of the cis diastereoisomer. All
indolizidines showed the Bohlmann band between 2725 and
2793 em™},* indicating that they adopt a conformation where
substituents on the six-membered rings are in the equatorial
position.27

Diastereoisomeric ratios were obtained by 'H NMR analysis
and uncoupled *C NMR analysis without NOE.*® By extension

2532

Table 6. Full Hydrogenation of Indolizines

A CH30H, PtO, (10 mol%) H
Rans R R1vm"'R2
H, (5 bar), rt, 4 h, 40 to 95% N
3a,b,d,h,k 4a-e
H H

H
@3' CO,t-Bu

(+/-)-4¢c, 92%, d.r. 93:7

(+/-)-4a, 78%, d.r. 92:8  (+/-)-4b, 80%, d.r. 84:16
H

" M
Me
(+/-)-4e, 95%, d.r. 95:5

H

Me,,,
CO>M

(+/-)-4d, 89%, d.r. 89:11

of "H NMR spectra to the region between 2.0 and 3.5 ppm, it
was possible to observe the presence of signals with very low
intensity, which can possibly be attributed to a minor
diastereoisomer. By integrating the '*C NMR without NOE
spectra signals, the same ratio was found. In this way, the dr
ratio was determined by 'H NMR analysis followed by
confirmation using *C NMR without NOE analysis (see
Figure 86 in the Supporting Information).

To confirm this observation, a GC-MS analysis of
(£)-indolizidine 4c was performed, which detected only two
peaks with the same mass spectra. Integration of these peaks
showed that same ratio had occurred as that observed in the
analysis of the *C NMR without NOE data (see Figure 112 in
the Supporting Information).

Relative configurations of the diastereoisomeric centers 2 and
8a of our indolizidines were determined via the spatial coupling
between hydrogens 2, 3a, and 8a observed by NOESY.
Hydrogen H3a couples spatially with H2, whereas H3a couples
spatially with H8a. From these observations, a cis relative
configuration of hydrogens 2 and 8a could be determined. This
relative stereochemistry was observed in all indolizines
synthesized in this work (Figure 1).

Heg) ™
ﬁm H7 Haﬁ
N NIy
o Ha)
o’ ° oo
4c 4e

Figure 1. NOESY data of indolizidines 4c—e.

Relative to indolizidine (+)-4d, a spatial coupling between
hydrogens H8a and H7 could be observed. Thus, a cis relative
configuration among hydrogens 2, 7, and 8a could be assigned.
For indolizidine (+)-4e, a coupling between H3ar and HS could
be detected, whereas H3f couples with the methyl group
bonded to carbon S. Thus, a cis relative configuration among
hydrogens 2, S, and 8a could be assigned.

Some additional experiments were performed in this work to
understand the participation of a strong acid such as TFA in the
hydrogenation reactions. It is known that indolizines can be
protonated on carbons 1 and 3, which is associated with the
strength and nature of the acid.® Assuming this characteristic,
two '"H NMR analyses of indolizine 2a were performed under
different acidic conditions, with CDCl; as solvent: one analysis
used acetic acid (pK, 4.76),>° and the other analysis used TFA

DOI: 10.1021/j0502471¢
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(pK, 0.23).*° In accordance with the obtained NMR spectra, no
modification of the indolizine structure was observed when it
was treated with acetic acid (see Figure 111B in the Supporting
Information). However, in addition to a rapid change of the
solution’s color from colorless to yellowish, a significant
modification of the indolidizine structure was observed when
it was treated with TFA, as evidenced by comparison with the
"H NMR spectra of indolizine in the absence of this strong acid
(see Figure 111C in the Supporting Information).

A drastic alteration of the pattern of the aromatic hydrogens
and the appearance of broad bands downfield, which are
superimposed with the hydrogens of the pyridinic ring moiety,
were also observed (see, Figure 111D in the Supporting
Information). These modifications can be rationalized by
assuming that the pyrrole portlon of indolizine is protonated,
as reported in a previous work.>!

Therefore, another '"H NMR spectrum of 2a was obtained to
confirm this protonation, this time using TFA-d as the solvent.
The complete disappearance of hydrogens 1 and 3 was
observed because they were exchanged for deuterium atoms.
In this spectrum there were only four hydrogen signals in the
aromatic region beyond the signal of the methyl ester moiety,
which refer to the four hydrogen atoms present on the six-
membered ring. In addition, an intensification of the TFA
residual signal was observed (see the Supporting Information).

From these NMR data, it can be concluded that TFA is
sufficiently strong to protonate carbons 1 and 3 on indolizine
and that this cationic intermediate is now susceptible to
complete hydrogenation, which can give the desired
indolizidines (Scheme S).

Scheme 5. Proposed Pathways for Hydrogenation

N = TEA N Hy, PtO,
/)R ® R
N N
7]
2a SN / R 4a
@

Another experiment used to understand the interesting
behavior of these N-heterocycles was an evaluation of the
reactivity of these substrates against the hydrogenation catalysts
used in this work. Initially, the different behaviors of the
catalysts were attributed to electronic factors. To confirm these
effects, indolizine 2a was reduced with LiAlH, to 20 (83%
yield),"® which was then subjected to hydrogenation conditions
using PtO,, Pd/C, and Rh/AL,O; in MeOH under hydrogen
atmospheric pressure. No reaction was observed when PtO,
and Pd/C were used as the catalysts, and the starting material
was recovered. In contrast, when Rh/AlL,O; was used as catalyst,
the complete hydrogenated product (+)-4f was obtained in
98% yield with a 66.5:33.5 cis:trans ratio (Scheme 6).

The diastereoisomeric ratio was determined by comparing
the obtained 'H NMR spectra with known spectra present in
the literature.*

These experiments led to the conclusion that the reactivity of
indolizines with different hydrogenation catalysts is also
dependent on the electronic density of indolizine itself, which
can be modulated by the rational incorporation of substituents
in the indolizine structure.

B CONCLUSION

Herein, we have described a simple and direct approach to
synthesize $,6,7,8-tetrahydroindolizines and indolizidines using
MBH adducts as building blocks. During its development, it
was discovered that partial or full hydrogenation product
formation could be modulated by a simple pH adjustment of
the reaction media. A special catalyst is not necessary, and the
reactions occur under low pressure and at room temperature.
Starting from MBH adducts, tetrahydroindolizines with a
diverse substitution pattern were obtained in overall yields
ranging from 12% to 57%, whereas indolizidines were obtained
in overall yields ranging from 35% to 43%, with high
diastereoselectivities that range from 84% to 95% in favor of
the cis diastereoisomer.

To more fully comprehend the reactivity and electronic
characteristics of such indolizines, theoretical calculations are
currently underway.

B EXPERIMENTAL SECTION

General Protocol for Preparation of MBH Adducts 1a—I. To a
mixture of aldehyde (S mmol) and acrylate or vinyl ketone (4 equiv)
was added DABCO (0.65 equiv), and the solution was sonicated in the
ultrasound bath for 2—12 h. Afterward, the acrylate was removed and
the crude residue was dissolved in ethyl acetate (30 mL). The resulting
solution was washed with distilled water (2 X 30 mL) and brine (1 X
30 mL) and dried over anhydrous sodium sulfate, filtered, and
concentrated. The crude product was purified by column chromatog-
raphy (silica flash, ethyl acetate 30—100% in hexane) to give the MBH
adducts as pure compounds. All adducts are known.

Methyl 2- [hydroxy(pyndm -2-yl)methyllprop-2-enoate (1a):*>*
0.89 g, 93% yield; yellow oil. '"H NMR (250 MHz, CDCLy): § 3.69
(s, 3H), 4.84 (sl, 1H), 5.59 (s, 1H), 5.93 (s, 1H), 6.32 (s, 1H), 7.17
(ddd, 1H, J = 0.8 Hz, 4.9 and 7.8 Hz), 7.38 (d, 1H, J = 7.8 Hz), 7.64
(td, 1H, J = 1.7 and 7.8 Hz), 8.50 (d, 1H, J = 4.9 Hz) ppm. *C NMR
(62.5 MHz, CDCLy): § 52.0, 72.3, 121.5, 122.9, 127.0, 137.0, 141.9,
148.5, 159.7, 166.7 ppm.

Ethyl 2-[hydroxy(pyridin-2-yl)methyllprop-2-enoate (1b):
0.99 g, 96% yield; yellow oil. '"H NMR (250 MHz, CDCL;): § 1.18
(t, 3H, J = 7.1 Hz), 4.13 (q, 2H, ] = 7.1 Hz), 4.87 (s, 1H), 5.25 (s,
1H), 5.58 (s, 1H), 5.90 (s, 1H), 6.31 (s, 1H), 7.15 (ddd, 1H, J = 0.7,
4.8,and 7.7 Hz), 7.37 (d, 1H, J = 7.7 Hz), 7.62 (td, 1H, ] = 1.7 and 7.7
Hz), 8.48 (d, 1H, J = 4.8 Hz) ppm. *C NMR (62.5 MHz, CDCL,): §
14.2, 60.9, 72.4, 1214, 1227, 126.8, 1369, 142.2, 148.4, 159.8, 166.2

11a,34

Butyl 2-[hydroxy(pyridin-2-yl)methyliprop-2-enoate (1c): 1.09 g,
93% yield; yellow oil. '"H NMR (250 MHz, CDCL,): § 0.83 (t, 3H, ] =
7.3 Hz), 1.18—1.32 (m, 2H), 1.46—1.57 (m, 2H), 4.06 (t, 2H, ] = 6.6 Hz),

Scheme 6. Full Hydrogenation of Indolizine Mediated by Rhodium, without the Addition of Acid

=z LIAIH4 1 5eq
CO,Me
N / 2 0°C to rt, 83%

2a

Rh/AIL,O3 5%
(10% m/m

N = H2(1bar 8%
SN

(+/-)-4f
66.5: 33 5 (CIS trans)
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4.93 (sl, 1H), 5.56 (s, 1H), 5.90 (s, 1H), 6.31 (s, 1H), 7.11-7.17
(m, 1H), 7.36 (d, 1H, J = 7.8 Hz), 7.61 (td, 1H, ] = 1.7 and 7.8 Hz),
8.47 (d, 1H, ] = 4.2 Hz) ppm. *C NMR (62.5 MHz, CDCl,): § 13.8,
19.2, 30.6, 64.8, 72.4, 121.3, 122.7, 126.8, 136.9, 142.1, 148.3, 159.8,
166.3 ppm. HRMS (FT-MS): calcdfor C;3H;(NO; (M + H)*
236.12812, found 236.12814.

tert-Butyl 2-[hydroxy(pyridin-2-yl)methyllprop-2-enoate (1d):
1.11 g, 95% yield; yellow oil. '"H NMR (250 MHz, CDCL,): § 1.35
(s, 9H), 4.83 (sl, 1H), 5.52 (s, 1H), 5.81 (s, 1H), 6.23 (s, 1H), 7.14
(dd, 1H, J = 4.8 and 7.7 Hz), 7.36 (d, 1H, J = 7.7 Hz), 7.62 (td, 1H, ] =
1.7 and 7.7 Hz), 8.48 (d, 1H, ] = 4.8 Hz) ppm. 3C NMR (62.5 MHz,
CDCL): 6 28.1, 72.7, 81.4, 121.2, 122.6, 126.2, 136.9, 143.4, 148.3,
160.2, 165.5 ppm. HRMS (FT-MS): calcdfor C;3H;gNO; (M + H)*
236.12812, found 236.12786.

2-[Hydroxy(pyridin-2-yl)methyllprop-2-enenitrile (1e):"'*?" 0.76
g, 95% yield; pale yellow solid. "H NMR (250 MHz, CDCL,): § 5.27
(s, 1H), 6.02 (s, 1H), 6.19 (s, 1H), 7.27 (ddd, 1H, J = 0.6, 4.8, and 7.7
Hz), 7.38 (d, 1H, J = 7.7 Hz), 7.74 (td, 1H, ] = 1.6 and 7.7 Hz), 8.54
(d, 1H, J = 4.8 Hz) ppm. *C NMR (62.5 MHz, CDCl,): § 73.1, 116.9,
121.4, 123.9, 125.9, 131.2, 137.6, 148.6, 156.3 ppm.

2-[Hydroxy(pyridin-2-yl)methyl]cyclopent-2-en-1-one (1f): 0.47 g,
50% yield; yellow solid. "H NMR (250 MHz, CDCl,): § 2.39—-2.44
(m, 2H), 2.52—2.60 (m, 2H), 4.99 (sl, 1H), 5.56 (s, 1H), 7.15—7.20
(m, 1H), 7.46—7.54 (m, 2H), 7.61—7.67 (m, 1H), 8.49 (d, 1H, ] = 44
Hz) ppm. °C NMR (62.5 MHz, CDCL,): § 26.9, 35.5, 68.5, 121.5,
123.0, 137.2, 147.8, 148.3, 159.3, 160.2, 209.0 ppm. HRMS (ET-MS):
calcdfor C,;H;,NO, (M + H)* 190.08626, found 190.08615.

Methyl 2-[hydroxy(quinolin-2-yl)methyllprop-2-enoate
(19):"7% 1.07 g, 88% yield; red oil. 'H NMR (250 MHz, CDCl,):
8 3.71 (s, 3H), 5.25 (s, 1H), 5.77 (s, 1H), 5.97 (s, 1H), 6.37 (s, 1H),
7.43 (d, 1H, ] = 8.4 Hz), 7.47—7.53 (m, 1H), 7.65—7.72 (m, 1H), 7.77
(dd, 1H, J = 0.8 and 8.4 Hz), 8.07 (t, 2H, J = 8.4 Hz) ppm. *C NMR
(62.5 MHz, CDCL,): § 52.1, 72.0, 119.0, 126.7, 127.7, 129.0, 130.0,
137.2, 141.9, 146.5, 159.5, 166.8 ppm.

Methyl 2-[hydroxy(4-methylpyridin-2-yl)methyl]prop-2-enoate
(Th): 0.88 g, 85% yield; white solid. 'H NMR (250 MHz, CDCL,):
52.32 (s, 3H), 3.71 (s, 3H), 4.84 (sl, 1H), 5.54 (s, 1H), 5.92 (s, 1H),
6.32 (s, 1H), 6.99 (d, 1H, J = 5.1 Hz), 7.18 (s, 1H), 8.35 (d, 1H, ] =
5.1 Hz) ppm. *C NMR (62.5 MHz, CDCl,): § 21.3, 52.1, 72.2, 122.1,
123.9, 127.0, 142.1, 148.1, 148.3, 159.5, 166.8 ppm. HRMS (FT-MS):
calcdfor C,;H;,NO; (M + H)* 208.09682, found 208.09657.

Methyl 2-[hydroxy(4-ethylpyridin-2-yl)methyl]prop-2-enoate (1i):
1.09 g, 99% yield; colorless oil. '"H NMR (250 MHz, CDCL): § 1.21
(t, 3H, J = 7.6 Hz), 2.62 (q, 2H, ] = 7.6 Hz). 3.71 (s, 3H), 4.81 (],
1H), 5.56 (s, 1H), 5.91 (s, 1H), 6.32 (s, 1H), 7.00—7.03 (m, 1H), 7.21
(s, 1H), 8.38 (d, 1H, J = 5.0 Hz) *C NMR (62.5 MHz, CDCL): §
14.4, 28.4, 51.9, 72.2, 120.9, 122.5, 126.8, 142.1, 148.2, 154.2, 159.6,
166.7 ppm. HRMS (FT-MS): calcdfor C,H;(NO; (M + H)*
222.11247, found 222.11241.

Methyl 2-[hydroxy(5-methylpyridin-2-yl)methyl]prop-2-enoate
(1j): 0.97 g, 94% yield; colorless oil. 'H NMR (250 MHz, CDCl,):
5230 (s, 3H), 3.71 (s, 3H), 4.72 (d, 1H, ] = 6.4 Hz), 5.56 (d, 1H, ] =
6.4 Hz), 5.92 (s, 1H), 6.31 (s, 1H), 7.26—7.29 (m, 1H), 7.45 (dd, 1H,
J = 1.5 and 8.0 Hz), 8.34 (s, 1H) ppm. *C NMR (62.5 MHz, CDCl,):
5182, 52.0,72.1,120.9, 126.7, 132.3, 137.6, 142.1, 148.7, 156.8, 166.8
ppm. HRMS (FT-MS): caledfor C;;H,;,NO; (M + H)* 208.09682,
found 208.09673.

Methyl 2-[hydroxy(6-methylpyridin-2-yl)methyl]prop-2-enoate
(1k):7'%" 0.92 g, 89% yield; colorless oil. 'H NMR (250 MHz,
CDCly): 6 2.53 (s, 3H), 3.72 (s, 3H), 5.16 (sl, 1H), 5.57 (s, 1H), 5.91
(s, 1H), 6.30 (s, 1H), 7.03 (d, 1H, ] = 7.6 Hz), 7.13 (d, 1H, ] = 7.6
Hz), 7.52 (t, 1H, ] = 7.6 Hz) ppm. *C NMR (62.5 MHz, CDCL,): §
24.3, 52.0, 71.4, 118.2, 122.3, 126.7, 137.2, 142.3, 157.2, 158.5, 166.8

m.

Methyl 2-[(6-bromopyridin-2-yl)(hydroxy)methyl]prop-2-enoate
(11): 1.32 g, 97% vyield; colorless oil. 'H NMR (250 MHz, CDCL,):
53.73 (s, 3H), 4.20 (d, 1H, J = 7.0 Hz), 5.56 (d, 1H, ] = 7.0 Hz), 5.94
(s, 1H), 6.36 (s, 1H), 7.36—7.41 (m, 1H), 7.49—7.55 (m, 1H) ppm.
13C NMR (62.5 MHz, CDCL,): § 52.2, 72.4, 120.3, 127.2, 127.6, 139.3,
141.0, 141.2, 161.5, 166.6 ppm. HRMS (FT-MS): calcdfor
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C,oH;;BrNO; (M + H)* 27199168 ("Br), 273.98963 (*'Br), found
271.9922 (Br), 273.9902 (®'Br).

General Protocol for Preparation of Indolizines 2a—I. To a
mixture of adducts la—l (3 mmol) and pyridine (1.5 equiv) in
anhydrous CH,Cl, (S mL) under a nitrogen atmosphere at 0 °C was
added, dropwise, acetyl chloride (1.5 equiv). The resulting mixture was
stirred for 10 min at 0 °C. Then, the reaction mixture was warmed to
room temperature and stirred for 1 h more. After that, a saturated
solution of NaHCO; (10 mL) was carefully added and the biphasic
solution was stirred vigorously for 30 min. Then, the organic layer was
separated and the aqueous phase was extracted twice with CH,Cl,
(10 mL each time). The organic phases were combined, washed with
brine (1 X 30 mL), dried over anhydrous sodium sulfate, filtered, and
concentrated. The crude product was refluxed in toluene (10 mL) for
12 h. Then, the solvent was removed under reduced pressure, and the
crude product was purified by column chromatography (silica flash,
ethyl acetate 10—40% in hexane) to furnish the corresponding
indolizines.

Methyl indolizine-2-carboxylate (2a): 0.29 g, 55% yield; white
solid. mp 101-102 °C. "H NMR (250 MHz, CDCL): & 3.86 (s, 3H),
649 (td, 1H, J = 1.1 and 7.1 Hz), 6.65 (ddd, 1H, ] = 1.1, 6.5, and 9.1
Hz), 6.79 (s, 1H), 7.32 (d, 1H, J = 9.1 Hz), 7.76 (d, 1H, J = 1.0 Hz),
7.82 (dd, 1H, J = 1.0 and 7.1 Hz). *C NMR (62.5 MHz, CDCL,): §
51.6, 100.6, 112.4, 116.0, 1183, 119.8, 1204, 125.5, 132.9, 165.7. IR
(KBr): v 1713, 1634, 1571, 1541, 1849, 1216 cm™. HRMS (FT-MS):
caledfor C,,H,,NO, (M + H)* 176.07061, found 176.07041.

Ethyl indolizine-2-carboxylate (2b): 0.29 g, 52% yield; gray solid,
mp 63—64 °C. '"H NMR (250 MHz, CDCl;): § 1.34 (t, 3H, J = 7.1
Hz), 432 (q, 2H, J = 7.1 Hz), 6.44 (t, 1H, ] = 6.7 Hz), 6.60 (dd, 1H,
J = 6.7 and 9.1 Hz), 6.79 (s, 1H), 7.29 (d, 1H, J = 9.1 Hz), 7.75-7.79
(m, 2H) *C NMR (62.5 MHz, CDCL): § 14.5, 60.2, 100.5, 112.2,
1159, 1159, 118.1, 120.1, 1203, 1254, 132.8, 165.2. IR (KBr):
v 3123, 3062, 2996, 2979, 1694, 1544, 1519, 1500, 1350, 1304,
1252 cm™. HRMS (FT-MS): calcdfor C,;H,,NO, (M + H)*
190.08626, found 190.08620.

Butyl indolizine-2-carboxylate (2c): 0.38 g, 59% yield, yellow oil.
'H NMR (250 MHz, CDCL,): § 0.96 (t, 3H, ] = 7.3 Hz) 1.38—1.53
(m, 2H), 1.69—1.77 (m, 2H), 4.27 (t, 3H, ] = 6.6 Hz), 6.47 (td, 1H,
J=1.1and 7.1 Hz), 6.63 (ddd, 1H, ] = 0.9, 7.3, and 9.8 Hz), 6.81 (s,
1H), 7.31 (d, 1H, ] = 9.1 Hz), 7.76 (d, 1H, ] = 0.8 Hz), 7.81 (dd, 1H,
J=0.9and 7.1 Hz). *C NMR (62.5 MHz, CDCL,): 6 13.9, 19.4, 31.0,
64.2,100.5, 1123, 115.9, 1182, 120.2, 120.4, 125.5, 132.9, 165.4 ppm.
IR (film): v 3133, 2959, 2872, 1709, 1636, 1544, 1518, 1498, 1458,
1410, 1358, 1304 cm™". HRMS (FT-MS): calcdfor C;3H;(NO, (M +
H)* 218.11756, found 218.11781.

tert-Butyl indolizine-2-carboxylate (2d): 0.39 g, 60% yield; yellow
solid, mp 42—43 °C. '"H NMR (250 MHz, CDCl;): § 1.57 (s, 9H),
648 (td, 1H, J = 1.2 and 7.0 Hz), 6.63 (ddd, 1H, ] = 1.0, 6.5, and 9.0
Hz), 6.75 (s, 1H), 7.31 (d, 1H, J = 9.0 Hz), 7.70 (d, 1H, J = 1.2 Hz),
7.82 (dd, 1H, J = 1.0 and 7.0 Hz) ppm. *C NMR (62.5 MHz,
CDCL,): § 28.5, 80.4, 100.6, 122.2, 115.8, 118.1, 120.4, 122.0, 125.5,
132.8, 164.7. IR (KBr): v 3133, 2974, 2929, 1705, 1541, 1499, 1392,
1364, 1353, 1304 cm™'. HRMS (TOE-MS) calcd for C;3H (NO, (M +
H)* 218.11756, found 218.11736.

Indolizine-2-carbonitrile (2e): 0.13 g, 30% yield; yellow solid, mp
69—70 °C. '"H NMR (250 MHz, CDCL,): § 6.55—6.62 (m, 2H), 6.74
(dd, 1H, J = 7.0 and 9.1 Hz), 7.32 (d, 1H, J = 9.1 Hz), 7,62 (s, 1H),
7.83 (d, 1H, J = 7.0 Hz). 3 C NMR (62.5 MHz, CDCL,): § 97.4, 102.6,
1132, 116.6, 117.6, 119.6, 119.8, 125.2, 132.8. IR (KBr): v 2226, 1638,
1520, 1488, 1458, 1369, 1349, 1309, 1250, 1219, 1188, 1141, 1121
cm™! HRMS (FT-MS): calcd for CoH,N, (M + H)* 143.06037, found
143.06023.

1H,2H,3H-Cyclopenta[blindolizin-1-one (2f): 0.33g, 65% yield;
yellow solid, mp 156—157 °C. '"H NMR (250 MHz, CDCl,): § 2.95—
2.99 (m, 2H), 3.03—3.07 (m, 2H), 6.44 (s, 1H), 6.51 (td, 1H, J = 1.1
and 7.0 Hz), 6.65 (ddd, 1H, J = 0.8, 6.6, and 9.3 Hz), 7.31 (d, 1H, J =
9.3 Hz), 7.63 (dd, 1H, J = 1.0 and 7.0 Hz). *C NMR (62.5 MHz,
CDCly): & 20.0, 414, 92.0, 112.1, 119.0, 121.8, 122.8, 129.5, 139.1,
147.9, 198.8. IR (KBr): v 3128, 2921, 1678, 1631, 1529, 1472,
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1451 cm™!. HRMS (FT-MS): caled for C,,H,,NO (M + H)*172.07569,
found 172.07581.

Methyl pyrrolo[1,2-alquinoline-2-carboxylate (2g): 0.30 g, 45%
yield; white solid, mp 110—111 °C. '"H NMR (250 MHz, CDCL,): §
3.89 (s, 3H), 6.88 (d, 1H, ] = 1.4 Hz), 6.97—7.01 (m, 1H), 7.22—7.26
(m, 1H), 7.31-7.37 (m, 1H), 7.47—7.54 (m, 1H), 7.61 (dd, 1H, ] =
1.1 and 7.7 Hz), 7.88 (d, 1H, J = 8.5 Hz), 8.36 (s, 1H) ppm. *C NMR
(62.5 MHz, CDCly): § 51.7, 103.9, 114.6, 116.1, 119.2, 119.3, 120.5,
124.5, 125.0, 128.5, 129.0, 131.5, 1332, 165.6. IR (KBr): v 1711, 1528,
1500, 1435, 1421 cm™ HRMS (FT-MS): calcd for C,H;,NO, (M +
H)* 226.08626, found 226.08634.

Methyl 7-methylindolizine-2-carboxylate (2h): 0.22 g, 39% yield;
white solid, mp 111—112 °C. 'H NMR (250 MHz, CDCL): § 2.22 (s,
3H), 3.85 (s, 3H), 6.33 (dd, 1H, J = 7.2 and 1.1 Hz), 6.64 (s, 1H), 7.06
(s, 1H), 7.64 (d, 1H, J = 1.1 Hz), 7.72 (d, 1H, ] = 7.2 Hz). *C NMR
(62.5 MHz, CDCL,): § 21.2, 51.6, 989, 115.4, 1154, 115.5, 118.2,
119.8, 125.0, 128.4, 133.3, 165.9. IR (KBr): v 1716, 1545.9, 1491,
1446, 1403, 1301, 1318, 1215 cm™. HRMS (FT-MS): calcd for
C,H;,NO, (M + H)* 190.08626, found 190.08624.

Methyl 7-ethylindolizine-2-carboxylate (2i): 0.27 g, 44% yield; pale
yellow solid, mp 49—50 °C. '"H NMR (250 MHz, CDCl,): § 1.20 (t,
3H, ] = 7.5 Hz), 2.52 (q, 2H, ] = 7.5 Hz), 3.85 (s, 3H), 6.37 (dd, 1H,
J= 1.6 and 7.2 Hz), 6.67 (s, 1H), 7.07 (s, 1H), 7.69—7.70 (m, 1H), 7.74
(d, 1H, J = 7.2 Hz). 3C NMR (62.5 MHz, CDCL,): § 144, 28.3, 51.6,
992, 114.4, 115.4, 116.7, 119.8, 1252, 133.4, 134.6, 165.9. IR (KBr):
v 3133, 2963, 1701, 1544, 1492, 1473, 1459, 1438, 1406, 1359, 1323,
1222 am™'. HRMS (TOE-MS): caled for C,H;,NO, (M + H)*
204.1024, found 204.1019.

Methyl 6-methylindolizine-2-carboxylate (2j): 0.22 g, 39% yield;
white solid, mp 82—83 °C. 'H NMR (250 MHz, CDCl,): § 2.18 (s,
3H), 3.85 (s, 3H), 6.51 (d, 1H, ] = 9.0 Hz), 6.74 (s, 1H), 7.24 (d, 1H,
9.0 Hz), 7.61 (s, 1H), 7.68 (s, IH). *C NMR (62.5 MHz, CDCL,): §
18.5, 51.6, 100.4, 115.7, 119.3, 119.9, 121.9, 122.8, 131.9, 165.9. IR
(KBr): v 1716, 1545, 1491, 1445, 1403, 1300, 1318, 1215, 1096 cm™
HRMS (FT-MS): calcd for C;;H,NO, (M + H)* 190.08626, found
190.08620.

Methyl 5-methylindolizine-2-carboxylate (2k): 0.23 g, 41% yield,
white solid, mp 59—60 °C. '"H NMR (250 MHz, CDCl,): § 2.46 (s,
3H), 3.88 (s, 3H), 6.38 (d, 1H, ] = 6.6 Hz), 6.67 (dd, 1H, J = 6.6 and
9.1 Hz), 6.88 (d, 1H, ] = 1.4 Hz), 7.29 (d, 1H, J = 9.1 Hz), 7.69 (s,
1H). 3C NMR (62.5 MHz, CDCL,): § 18.6, 51.6, 101.2, 111.5, 113.2,
118.1, 118.7, 119.7, 133.2, 133.7, 165.9. IR (KBr): v 1717, 1546, 1500,
1438, 1422, 1382, 1360, 1218, 1154 cm™'. HRMS (TOF-MS): calcd
for C;;H;,NO, (M + H)* 190.0863, found 190.0868.

Methyl 5-bromoindolizine-2-carboxylate (21): 0.29 g, 38% yield;
pale yellow solid, mp 83—84 °C. '"H NMR (250 MHz, CDCL,): & 3.88
(s, 3H), 6.55—6.61 (m, 1H), 6.82—6.84 (m, 1H), 6.99 (s, 1H), 7.37 (d,
1H, ] = 8.7 Hz), 8.07 (s, 1H). '*C NMR (62.5 MHz, CDCL): § 51.8,
103.0, 114.8, 116.5, 117.2, 118.5, 119.5, 120.1, 134.5, 165.4. IR (KBr):
v 1723, 1623, 1543, 1506, 1493, 1203, 1230 cm™'. HRMS (FT-MS):
calcd for C,oHy’BrNO, (M + H)* 253.98112 and C,,Hy*'BrNO, (M
+ H)* 255.97907, found 253.98166 ("Br) and 255.97961 (*'Br).

Preparation of 1-(Indolizin-2-yl)ethan-1-one (2m).3® To a
solution of pyridine-2-carboxaldehyde (0.101 g, 1 mmol) and methyl
vinyl ketone (0.075 g, 1 mmol) in CH;CN/H,O (2 mL, 99/1 v/v)
was added TMSOTf (1 mmol) at 0 °C. Then, the reaction mixture
was warmed to room temperature and was stirred for 12 h. After that,
the reaction medium was diluted with diethyl ether (10 mL) and a
saturated solution of NaHCOj; (10 mL) was added. The organic layer
was separated, and the aqueous layer was washed twice with diethyl
ether (5 mL). The organic layers were combined, washed with water
(2 X 15 mL) and, brine (1 X 15 mL), dried over anhydrous sodium
sulfate, filtered, and concentrated. The crude product was purified by
column chromatography (silica flash, ethyl acetate S—40% in hexane)
to furnish a pure material as a white solid: 0.079 g, 35% yield. "H NMR
(250 MHz, CDCL,): 6 2.51 (s, 3H), 6.50 (td, 1H, J = 1.1 and 7.0 Hz),
6.64 (ddd, 1H, J = 0.8, 6.5, and 8.9 Hz), 6.75 (s, 1H), 7.31 (d, 1H, ] =
8.9 Hz), 7.72 (d, 1H, J = 1.1 Hz), 7.81 (dd, 1H, J = 0.8 and 7.0 Hz)
ppm. 3C NMR (62.5 MHz, CDCL,): § 27.8, 99.7, 112.8, 115.4, 118.6,
120.7, 125.7, 128.6, 133.3, 195.2.
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Preparation of 6H,7H,8H,9H-Pyrido[1,2-alindol-9-one (2n).
To a solution of pyridine-2-carboxaldehyde (0.107 g, 1 mmol) in
THF/H,0 (2 mL 1/1 v/v) were added DMAP (0.060 g, 0.49 mmol)
and 2-cyclohexenone (0.25 mL, 2.6 mmol). Then the reaction mixture
was stirred at room temperature for 96 h. After that, the solvent was
removed under low vacuum pressure and the crude material was
purified by column chromatography (silica flash, ethyl acetate 50—
100% in hexane) to give the desired MBH adduct: 0.092 g, 40% yield;
yellow solid, mp 87—88 °C. '"H NMR (250 MHz, CDCl;): § 2.23—
2.33 (m, 2H), 2.58—2.63 (m, 2H), 2.94 (t, 2H, J = 6.2 Hz), 6.54 (td,
1H, J = 1.0 and 7.0 Hz), 6.64 (ddd, 1H, J = 1.0, 6.4, and 8.9 Hz), 6.73
(s, 1H), 7.34 (d, 1H, ] = 8.9 Hz), 7.61 (dd, 1H, J = 1.0 and 7.0 Hz).
BC NMR (62.5 MHz, CDCL,): § 21.2, 23.8, 38.8, 95.5, 112.4, 118.2,
121.2, 1224, 123.4, 132.2, 133.1, 196.2. IR (KBr): v 3073, 2944, 2869,
2832, 1661, 1537, 1465, 1448, 1416, 1363, 1331, 1304, 1245, 1214
cm™. HRMS (FT-MS): caled for C;,H;,NO (M + H)* 186.09134,
found 186.09156.

Preparation of Indolizin-2-ylmethanol (20). To a solution of
2a (0.176 g, 1.0 mmol) in dry THF (S mL) was added LiAlH, (2.0
mmol) at 0 °C. After 1 h at 0 °C, the solution was warmed to room
temperature and stirred for 1 h. Then, distilled water (0.5 mL) was
added carefully, the mixture was filtered through a plug of K,CO; and
Celite, and the cake was washed with dry THF. The solution was
concentrated, and the crude material was purified by column
chromatography (silica flash, ethyl acetate 60—100% in hexane) to
farnish 20, as a solid (0.122 g): yield 83%, white solid, mp 106—107
°C. 'H NMR (250 MHz, DMSO-dy): 6 4.55 (d, 2H, ] = 5.5 Hz), 491
(t, 1H, J = 5.5 Hz), 6.29 (s, 1H), 6.45 (td, 1H, ] = 0.9 and 6.9 Hz),
6.62 (ddd, 1H, J = 0.9, 6.9, and 9.0 Hz), 7.31 (d, 1H, ] = 9.0 Hz), 7.42
(s, 1H), 8.17 (dd, 1H, J = 0.9 and 6.9 Hz) ppm. *C NMR (62.5 MHz,
CDCly): 6 59.3, 98.1, 110.5, 110.9, 117.4, 119.2, 125.3, 129.4, 133.3
ppm. IR (lm): v 3407, 2924, 2866, 1685, 1654, 1560, 1541, 1508,
1458, 1362, 1292, 1137 cm™". HRMS (TOE-MS): caled for CoH,(NO
(M + H)* 148.07569, found 148.07558.

General Procedure for the Partial Hydrogenation of
Indolizines. To a mixture of indolizines 2a—n (0.25 mmol) in
CH,0H (5 mL) was added PtO, (0.02 mmol, 10 mol %), and the
atmosphere was replaced with N,, followed by H,. The reaction
mixtures were stirred vigorously for 2—48 h at room temperature.
Then, the reaction medium was filtrated through a plug of Celite and
the filtrate was concentrated. The crude product was purified by
column chromatography (silica flash, ethyl acetate 10—40% in hexane)
to give the corresponding tetrahydroindolizines.

Methyl 5,6,7,8-tetrahydroindolizine-2-carboxylate (3a): 0.042 g,
yield 93%; white solid, mp 73—74 °C. '"H NMR (250 MHz, CDCly): §
1.74—1.83 (m, 2H), 1.87—1.96 (m, 2H), 2.72 (t, 2H, J = 6.1 Hz), 3.75
(s, 3H), 391 (t, 2H, J = 12.1 Hz), 621 (d, 1H, J = 1.3 Hz), 7.11 (d,
1H, J = 1.3 Hz) C NMR (62.5 MHz, CDCL,): § 21.3, 23.3, 237,
46.0, 51.1, 105.8, 115.1, 124.4, 130.4, 165.8 IR (KBr): v 3122, 2945,
1700, 1559, 1521, 1466, 1437, 1391, 1204 cm™'. HRMS (TOF-MS):
caled for C,gH,,NO, (M + H)* 180.1024, found 180.1020.

Ethyl 5,6,7,8-tetrahydroindolizine-2-carboxylate (3b): 0.044 g,
yield 91%; colorless oil. 'H NMR (250 MHz, CDCl,): § 1.29 (t, 3H,
J = 7.1 Hz), 1.73—1.83 (m, 2H), 1.86—1.96 (m, 2H), 2.71 (t, 2H, ] =
6.5 Hz), 3.90 (t, 2H, J = 12,0 Hz), 422 (q, 3H, J = 7.1 Hz), 621 (s,
1H), 7.11 (d, 1H, J = 1.7 Hz), ®*C NMR (62.5 MHz, CDCL,): § 14.6,
212, 232, 237, 459, 59.6, 115.5, 1242, 130.3, 1654, IR (film):
v 2945, 2868, 1704, 1561, 1519, 1470, 1455, 1406, 1383, 1322 cm™.
HRMS (FT-MS): caled for C;H;(NO, (M + H)" 194.11756, found
194.11777.

Butyl 5,6,7,8-tetrahydroindolizine-2-carboxylate (3c): 0.052 g,
yield 95%; yellow oil. '"H NMR (250 MHz, CDCl,): § 0.92 (t, 3H, ] =
7.3 Hz), 1.33—1.48 (m, 2H), 1.59—1.71 (m, 2H), 1.73—1.83 (m, 2H),
1.85—1.95 (m, 2H), 2.71 (t, 2H, ] = 6.1 Hz), 3.90 (t, 2H, ] = 12.0 Hz),
4.17 (t, 3H, ] = 6.6 Hz), 621 (s, 1H), 7.10 (d, 1H, J = 1.7 Hz), *C
NMR (62.5 MHz, CDCL): § 13.9, 19.4, 21.2, 232, 23.7, 311, 45.9,
63.5, 105.7, 115.5, 124.2, 130.3, 165.4 ppm. IR (film): v 2955, 2871,
1704, 1561, 1519, 1470, 1456, 1407, 1389, 1322 cm ™. HRMS (ESI):
caled for C3H,oNO, (M + H)" 222.14886, found 222.14897.
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tert-Butyl 5,6,7,8-tetrahydroindolizine-2-carboxylate (3d): 0.052
g, yield 95%; white solid, 63—64 °C. 'H NMR (250 MHz, CDCl,): §
1.50 (s, 9H), 1.75—1.80 (m, 2H), 1.89—1.95 (m, 2H), 2.71 (t, 2H, ] =
6.1 Hz), 3.89 (t, 2H, ] = 5.9 Hz), 6.17 (s, 1H), 7.04 (s, 1H) ppm. *C
NMR (62.5 MHz, CDCL,): § 21.3, 23.3, 23.8, 28.6, 46.0, 79.3, 105.8,
117.3, 124.0, 130.1, 164.9 ppm. IR (film): v 2977, 2964, 2937, 2877,
1697, 1520, 1473, 1457, 1448, 1400, 1390, 1367, 1324, 1222 cm™.
HRMS (FT-MS): calcd for C3H,0NO, (M + H)* 222.14886, found
222.14864.

5,6,7,8-Tetrahydroindolizine-2-carbonitrile (3e): 0.016 g, yield
40%, purple oil. 'H NMR (250 MHz, CDCl;): § 1.75—1.85 (m,
2H), 1.88—1.98 (m, 2H), 2.71 (t, 2H, ] = 6.1 Hz), 3.91 (t, 2H, ] = 12.1
Hz), 6.04 (s, 1H), 6.95 (d, 1H, J = 1.6 Hz) ppm. *C NMR (62.5
MHz, CDCL,): § 20.9, 23.0, 23.5, 46.1, 92.0, 107.8, 117.6, 126.2, 130.8
ppm. IR (film): v 3116, 2953, 2897, 2861, 2219, 1556, 1514, 1470,
1455, 1384, 1193, 1153, 1126 cm™. HRMS (FT-MS): calcd for
CoH, N, (M + H)" 147.09168, found 147.09166.

1H,2H,3H,5H,6H,7H,8H-cyclopental[blindolizin-1-one (3f): 0.040
g, yield 91%; white solid, mp 141—142 °C. '"H NMR (250 MHz,
CDCly): 6 1.72—1.81 (m, 2H), 1.88—1.98 (m, 2H), 2.71-2.76 (m,
6H), 3.81 (t, 2H, J = 6.1 Hz), 5.90 (s, 1H) ppm. *C NMR (62.5 MHz,
CDClLy): § 20.2, 20.9, 23.3, 24.2, 41.1, 43.7, 98.4, 126.0, 137.5, 158.6,
196.6 ppm. IR (KBr): v 2953, 2890, 1661, 1556, 1538, 1517, 1488,
1471, 1455 cm™'. HRMS (FT-MS): caled for C;;H;,NO (M + H)*
176.10699, found 176.10690.

Methyl 5H,6H-pyrrolo[1,2-a]quinoline-8-carboxylate (3g): 0.038
g, yield 67%, colorless oil. "H NMR (250 MHz, acetone-d): 5 2.91 (s,
4H) 3.76 (s, 3H), 6.36 (s, 1H), 7.15=7.21 (m, 1H), 7.32—7.38 (m,
2H), 7.65-7.68 (m, 1H), 7.91 (d, 1H, J = 1.6 Hz) ppm. *C NMR
(62.5 MHz, CDCly): § 22.2, 26,9, 51.4, 106.7, 115.8, 116.9, 119.9,
125.4, 127.9, 128.6, 129.4, 130.8, 136.0, 165.5 ppm. IR (film): v 3054,
2987, 1707, 1524, 1497, 1438, 1422 cm™'. HRMS (FT-MS): calcd for
CH,NO, (M + H)* 228.10191, found 228.10195. Note: this
product and the starting material present the same R; value.

Methyl 7-methyl-5,6,7,8-tetrahydroindolizine-2-carboxylate (3h):
0.038 g, yield 79%; white solid, mp 83—84 °C. '"H NMR (250 MHz,
CDCly): § 1.06 (d, 1H, J = 6.4 Hz), 1.50—1.67 (m, 1H), 1.82—1.92
(m, 2H), 2.21-2.32 (m, 1H), 2.84 (dd, 1H, J = 4.5 and 16.0 Hz), 3.75
(s, 3H), 3.85 (td, 1H, J = 4.5 and 11.4 Hz), 3.97—4.06 (m, 1H), 6.19
(s, 1H), 7.12 (s, 1H, ] = 1,6 Hz) ppm. *C NMR (62.5 MHz, CDCL,):
5 21.5, 280, 31.6, 31.7, 45.4, 51.1, 105.6, 115.4, 124.2, 130.5, 165.8
ppm. IR (KBr): v 2954, 2893, 1705, 1517, 1447, 1386 cm™'. HRMS
(FT-MS): caled for C;;H;(NO, (M + H)" 194.1175S, found
194.11762.

Methyl 7-ethyl-5,6,7,8-tetrahydroindolizine-2-carboxylate (3i):
0.042 g, yield 81%; white solid, mp S0—51 °C. 'H NMR (250
MHz, CDCl,): 6§ 0.94 (t, 3H, ] = 7.2 Hz), 1.37—1.43 (m, 2H), 1.60—
1.63 (m, 2H), 1.97—2.02 (m, 1H), 2.22—-2.32 (m, 1H), 2.85—2.92 (m,
1H), 3.76 (s, 3H), 3.85—3.89 (m, 1H), 4.00—4.05 (m, 1H), 6.20 (s,
1H), 7.12 (s, 1H) ppm. *C NMR (62.5 MHz, CDCL,): § 11.5, 28.7,
29.5,34.7,45.5, 51.1, 105.7, 1154, 124.1, 130.6, 165.8 ppm. IR (KBr):
v 2959, 2925, 2961, 2854, 1710, 1559, 1521, 1465, 1437, 1394, 1245,
1207 cm™. HRMS (TOF-MS): caled for C,,H;sNO, (M + H)*
208.1333, found 208.1338.

Methyl 6-methyl-5,6,7,8-tetrahydroindolizine-2-carboxylate (3j):
0.038 g, yield 79%; colorless oil. 'H NMR (250 MHz, CDCl;): 5 1.05
(d, 3H, J = 6.6 Hz), 1.37—1.48 (m, 1H), 1.87—2.00 (m, 2H), 2.59—
2.73 (m, 1H), 2.79—2.89 (m, 1H), 3.37—3.46 (m, 1H), 3,69 (dd, 1H, J
= 4.8 and 12.2 Hz), 3.75 (s, 3H), 6.22 (s, 1H), 7.09 (s, IH) ppm. C
NMR (62.5 MHz, CDCL): § 19.0, 22.7, 29.6, 29.7, 51.1, 52.7, 10S.6,
115.3, 124.2, 130.0, 165.8 ppm. IR (KBr): v 2954, 2928, 2851, 1710,
1561, 1465, 1440, 1394, 1210 cm™'. HRMS (TOF-MS): calcd for
C;H;(NO, (M + H)* 194.1176, found 194.1172.

Methyl 5-methyl-5,6,7,8-tetrahydroindolizine-2-carboxylate (3k):
0.039 g, yield 80%, colorless oil. 'H NMR (250 MHz, CDCL;): 5 1.45
(d, 3H, J = 6.5 Hz), 1.57—1.73 (m, 2H), 1.86—1.95 (m, 1H), 1.98—
2.08 (m, 1H), 2.58—2.79 (m, 2H), 3.75 (s, 3H), 3.97—4.10 (m, 1H),
6.19 (s, 1H), 7.26 (d, 1H, ] = 1.8 Hz) ppm. C NMR (62.5 MHz,
CDCly): § 19.7, 22.4, 23.6, 31.8, 51.1, 51.3, 105.6, 115.0, 122.8, 130.8,
165.8 ppm. IR (KBr): v 2954, 2928, 2851, 1710, 1561, 1465, 1440,
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1394, 1210 cm™'. HRMS (TOF-MS): calcd for C;,H;(NO, (M + H)*
194.1176, found 194.1170.

1-(5,6,7,8-Tetrahydroindolizin-2-yl)ethan-1-one (31): 0.026 g, yield
65%; pale yellow solid, mp 57—58 °C. "H NMR (250 MHz, CDCL,): §
1.74—1.82 (m, 2H), 1.91-1.97 (m, 2H), 2.32 (s, 1H), 2.72 (t, 2H, ] =
6.2 Hz), 3.92 (t, 2H, ] = 6.0 Hz), 6.22 (s, 1H), 7.09 (d, 1H, ] = 1.4 Hz)
ppm. BC NMR (62.5 MHz, CDCL,): § 212, 23.2, 23.7, 27.1, 46.1,
104.9, 124.4, 125.4, 131.1, 193.7 ppm. IR (KBr): v 2942, 2869, 1649,
1518, 1556, 1469, 1441, 1399, 1383 cm™'. HRMS (FT-MS): calcd for
CioH,NO (M + H)* 164.10699, found 164.10680.

1H,2H,3H,4H,6H,7H,8H,9H-pyrido[1,2-ajindol-9-one (3m): 0.042
g, yield 90%; white solid, mp 106—107 °C. '"H NMR (250 MHz,
CDCly): 6 1.72—1.82 (m, 2H), 1.89—1.99 (m, 2H), 2.04—2.14 (m,
2H), 2.37—2.43 (m, 2H), 2.72 (t, 2H, ] = 6.3 Hz), 2.65 (t,2H, J = 6.2
Hz), 3.76 (t, 2H, ] = 6.1 Hz), 6.16 (s, 1H) ppm. *C NMR (62.5 MHz,
CDCL,): § 21.0, 21.5, 234, 23.6, 23.8, 38.1, 43.3, 101.1, 119.9, 131.0,
142.4, 194.2 ppm. IR (KBr): v 2954, 2890, 1743, 1635, 1592, 1573,
1473, 1438 cm™'. HRMS (ESI): caled for C,H;(NO (M + H)*
190.12264, found 190.12292.

General Protocol for the Full Hydrogenation of Indolizines.
To a mixture of indolizine (1 mmol) in CH;OH/TFA (5 mL, 1/1 v/
v) was added PtO, (0.1 mmol, 10 mol %), and the solution was placed
in a glass autoclave. The air was removed by flushing a stream of H,.
The internal pressure was adjusted to S bar of H,, before being
reduced to 1 bar by carefully releasing a stop valve. This procedure was
repeated three times, and finally the vessel was pressurized to S bar.
The reaction mixture was stirred vigorously for 4 h. After the hydrogen
gas was carefully vented, the solution was filtrated through a plug of
Celite and the solution was concentrated. Then the crude material was
diluted with CH,Cl, (10 mL) and neutralized with a saturated solution
of NaHCOj; (10 mL). The aqueous phase was extracted with CH,Cl,
(3 x 10 mL). The organic phases were combined, washed with brine
(1 X 30 mL), dried with anhydrous sodium sulfate, filtered, and
concentrated. The crude product was purified by column chromatog-
raphy (silica flash, methanol 0—5% in dichloromethane) to furnish the
required indolizidines.

Methyl octahydroindolizine-2-carboxylate (4a): 0.143 g, yield
78%; pale green oil. 'H NMR (500 MHz, C(Dg): 6 0.98—1.05 (m,
1H), 1.18—1.26 (m, 1H), 1.36—1.39 (m, 1H), 1.49—1.58 (m, 4H),
1.69—1.74 (m, 1H), 1.88—1.91 (m, 2H), 2.06 (t, 1H, J = 9.1 Hz), 2.60
(qd, 1H, J = 2.1 and 9.1 Hz), 2.88—2.90 (m, 1H), 3.33 (s, 3H), 3.46
(dd, 1H, J = 2.1 and 9.1 Hz) ppm. 3C NMR (150 MHz, CDCL,): §
24.3,25.2,30.6, 35.2, 39.8, 52.1, 52.9, 56.8, 64.6, 175.9 ppm. IR (film):
v 2932, 2854, 2785, 2753, 2725, 1739, 1436, 1383, 1341, 1266,
1175 cm™'. HRMS (TOE-MS): caled for C,gHgNO, (M + H)*
184.1338, found 184.1345.

Ethyl octahydroindolizine-2-carboxylate (4b): 0.158 g, yield 80%;
pale green oil. "H NMR (600 MHz, C;Dg): 6 0.95 (t, 3H, ] = 7.2 Hz),
0.98—1.03 (m, 1H), 1.24—1.28 (m, 1H), 1.36—1.39 (m, 1H), 1.52—
1.57 (m, 4H), 1.70—1.74 (m, 1H), 1.88—1.96 (m, 2H), 2.08 (t, 1H, J =
9.6 Hz), 2.60—2.65 (m, 1H), 2.91-2.92 (m, 1H), 3.52 (dd, 1H, ] = 2.4
and 9.6 Hz), 3.96 (q, 2H, ] = 7.2 Hz) ppm. *C NMR (125 MHz,
CDCL): & 14.6, 25.0, 25.9, 312, 35.5, 404, 53.0, 572, 60.8, 64.7,
175.0 ppm. IR (film): v 2932, 2856, 2786, 2754, 2726, 1737, 1449,
1384, 1370, 1341, 1278, 1182 cm™\. HRMS (TOE-MS): calcd for
C,,HyNO, (M + H)* 198.1489, found 198.1494.

tert-Butyl octahydroindolizine-2-carboxylate (4c): 0.207 g, yield
92%; pale green oil. '"H NMR (600 MHz, C;D): 6 0.98—1.05 (m,
1H), 1.22—-128 (m, 1H), 1.36—1.37 (m, 10H), 1.51—1.58 (m, 4H),
1.71-1.75 (m, 1H), 1.88—1.92 (m, 2H), 2.11 (t, 1H, ] = 9.1 Hz), 2.64
(qd, 1H, J =2.3 and 9.1 Hz), 2.91-2.92 (m, 1H), 3.52 (dd, 1H, ] =2.3
and 9.1 Hz) ppm. *C NMR (125 MHz, CDCL,): § 24.4, 25.3, 28.3,
30.7, 35.4, 40.7, 53.0, 56.7, 64.6, 80.3, 174.7 ppm. IR (film): v 2975,
2932, 2857, 2785, 2752, 1732, 1449, 1367, 1331, 1321, 1279, 1262,
1216, 1153 cm™'. HRMS (TOF-MS): caled for C;3H,,NO, (M + H)*
226.1802, found 226.1807.

Methyl 7-methyloctahydroindolizine-2-carboxylate (4d): 0.171 g,
yield 87%; pale green oil. '"H NMR (600 MHz, C,Dy): & 0.83 (d, 3H,
] = 64 Hz), 0.90-0.99 (m, 2H), 1.21-1.28 (m, 1H), 1.36—1.40
(m, 1H), 1.49-1.60 (m, 2H), 1.74 (td, 1H, J = 2.6 and 11.2 Hz),

DOI: 10.1021/j0502471¢
J. Org. Chem. 2015, 80, 2529—2538


http://dx.doi.org/10.1021/jo502471q

The Journal of Organic Chemistry

1.87—1.90 (m, 2H), 2.06 (t, 1H, ] = 9.1 Hz), 2.64 (qd, 1H, J = 2.1 and
9.1 Hz), 2.87—2.90 (m, 1H), 3.46 (dd, 1H, J = 2.1 and 9.1 Hz) ppm.
BC NMR (125 MHz, CDCL,): § 22.5, 31.8, 34.7, 35.4, 39.8, 40.8, 51.7,
52,5, 57.0, 64.6, 175.5 ppm. IR (film): v 2950, 2923, 2871, 2850, 2793,
1742, 1456, 1435, 1376, 1333, 1202, 1191 cm™". HRMS (TOE-MS):
caled for C;;H,,NO, (M + H)* 198.1489, found 198.1494.

Methyl 5-methyloctahydroindolizine-2-carboxylate (4e): 0.168 g,
yield 85%, pale green oil. 'H NMR (600 MHz, C,Dy): 6 1.01 (d, 3H, ]
= 62 Hz) 1.09—1.25 (m, 3H), 1.35—1.38 (m, 1H), 1.53—1.58 (m,
2H), 1.61-1.67 (m, 1H), 1.78—1.83 (m, 1H), 1.88—1.91 (m, 2H),
2.01 (t, 1H, J = 9.2 Hz), 2.61 (qd, 1H, J = 2.4 and 9.2 Hz), 3.65 (dd,
1H, J = 2.4 and 9.2 Hz) ppm. C NMR (125 MHz, CDCl,): § 21.6,
25.2,31.3, 34.7, 35.6, 40.0, 51.7, 54.9, 58.9, 65.0, 175.5 ppm. IR (film):
v 2951, 2930, 2851, 2790, 1750, 1450, 1455, 1370 cm™". HRMS (ESI):
caled for C;;H,00,N (M + H)* 198.1489, found 198.1495.

Preparation of (Octahydroindolizin-2-yl)methanol (4f). To a
mixture of indolizine 20 (0.029 g, 0.20 mmol) in CH;OH (S mL) was
added Rh/AL,O; (0.003 g, 10% m/m), and the atmosphere was
replaced with N,, followed by H,. The reaction mixture was stirred
vigorously for 6 h at room temperature. Then, the solution was filtered
through a Celite plug, and the filtrate was concentrated. The crude
product was purified by column chromatography (silica flash,
methanol 10% in dichloromethane) to furnish a pure material, as a
yellow oil (0.030 g, 98%). 'H NMR (250 MHz, CDCLy): § major
isomer, cis 3.02—2.98 (m, 2H), minor isomer, trans 2.86 (d, 2H, J =
8.1 Hz), 3.14-320 (m, 1H) ppm. *C NMR (125 MHz, CDCl,):
0 major isomer, cis 25.3, 30.9, 34.2, 36.7, 53.0, 58.4, 64.9, 67.5, minor
isomer, trans 25.3, 30.8, 34.4, 37.5, 53.1, 58.4, 63.6, 66.0 ppm. IR
(film): v 3404, 2932, 2857, 2795, 2730, 1471, 1450, 1385, 1331, 1317,
1272, 1264, 1227, 1190, 1140 cm™". HRMS (ESI): calcdfor CoH,;sNO
(M + H)* 156.1383, found 156.1388.
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