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ABSTRACT: A new Au(I)-catalyzed method for the preparation of trisubstituted indolizines from easily accessible
2-propargyloxy-pyridines is reported. The reaction tolerates a wide range of functionality, allowing for diversity to be introduced
in four distinct regions of the product (R, R', R% and Ar). The proposed mechanism proceeds via enol addition to an
allenamide intermediate and explains the observed increase in yields when electron poor methyl ketones are utilized.

Indolizines are versatile heterocyclic cores that are
commonly found within pharmaceutical targets for a
broad array of therapeutic indications (Figure 1)." The
medicinal value of indolizines has resulted in the development
of a number of methods for the synthesis of this privileged
motif.”
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Figure 1. Pharmaceutical targets containing indolizine cores.
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core largely fall into one of three categories: 1,3-dipolar
cycloaddition to pyridinium ions,” cyclocondensations,® or
transition metal catalyzed cycloisomerization reactions.”

As these are the common approaches to indolizine
formation, we were surprised to observe trisubstituted
indolizine 4 as a significant byproduct during the synthesis
of pyridonyl enol ether 2 from 2-propargyloxypyridine 1
(Scheme 1).° To the best of our knowledge, this is the first
synthesis of trisubstituted indolizines from a 2-alkoxypyridine,
and it represents a unique approach to the indolizine core.
Formation of compound 4 was confirmed by NMR and X-ray
analysis. Given the medicinal importance of indolizines and the
simplicity of the starting materials, efforts were undertaken to
explore this reaction further.

Optimization

Initial investigations focused on the 1-phenylethanol solvent.
While indolizine 4 was originally observed under conditions
where only 1-phenylethanol, MgSO,, and catalyst Sa were
thought to be present, closer inspection of product 4 suggested
that an oxidized form of the alcohol, specifically acetophenone,
was being incorporated. This was confirmed by 'H NMR
analysis of the original lot of 1-phenylethanol, which was found
to contain ~10% acetophenone. When the reaction was
performed with 1-phenylethanol that lacked this contamin-
ation, no indolizine was observed (Table 1, entry 1). By
intentionally adding acetophenone to the reaction, it was
possible to recreate the original conditions (entries 2 and 3).
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Scheme 1. First Observation of Trisubstituted Indolizines
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“The 1-phenylethanol solvent was later found to contain ~10%
acetophenone, as determined by 'H NMR (vide infra).

Table 1. Solvent Studies

entry 1-phenylethanol acetophenone yield 4 (%)
1 0.5 M - 0
2 0.5 M 1 equiv 23
3 0.5 M 3 equiv 34
4 0.5 M” 3 equiv 32
N S equiv 0.5 M 42
6 2.5 equiv 0.5 M 39
7 0.5 M 20

“Conditions: catalyst 5a (S mol %), 100 °C, 18 h. ngSO4 (1 equiv)
added.

Further improvement could be realized if acetophenone was
used as the solvent; however, the reaction still benefitted from
a small amount of alcohol (entries S—7). These studies also
revealed that MgSO, was unnecessary (entry 4 versus entry 3)
and that the product could be obtained reproducibly when
heated conventionally at 100 °C for 18 h. Increasing the
duration of the reaction further had no impact on the yield of
compound 4, as the remainder of the mass was converted into
ketone 3 under the reaction conditions.

Using this combination of solvents, additional Au(I) and
Pt(Il) catalysts were screened in the reaction (Scheme 2).
Electron-rich biaryl triflimide Au(I) catalysts Sc and Se and
PtCl, were found to work best, providing compound 4 in 54,
52, and 50%, respectively. Biaryl Au(I) catalysts in which gold
was ligated to chlorine, as well as NHC catalysts, were found to
be inefficient in the reaction. Improved yields could be
achieved with these catalysts upon addition of Ag salts (e.g., Sb
plus AgSbF,, 6a or 6d plus AgOTf, Scheme 2); however,
catalysts that were precomplexed with weakly coordinating
groups (e.g., CH;CN, NT%,) still provided the highest yields.
NaAuCl,-2H,0 was also screened in the indolizine formation,
as it has been shown previously to activate 2-propargyloxy-
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Scheme 2. Catalyst Screen
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pyridine 1 toward nucleophilic addition;*’ however, in this
case, it was found to be ineffective. For simplicity, catalyst Sc
was utilized for all further studies.

Attempts to improve the reaction yield by adding water
scavengers (e.g., Na,SO,, CaSO,, or molecular sieves) resulted
in no enhancement in yield over reactions run in the absence
of any such additives (see Supporting Information for full
details). Further, augmenting the reaction with either acidic
(e.g, TsOH) or basic additives (e.g,, pyridine, morpholine,
K,CO;) gave either similar or decreased yields of indolizine 4.
Reaction Scope

The reaction scope was then evaluated, focusing initially on
different methyl ketones (Table 2). In these cases, yields were
found to be higher when the reactions were performed at a
lower concentration (0.25 M versus 0.5 M). Utilizing a series
of substituted acetophenone derivatives, it was observed that
electron-poor methyl ketones provided yields of indolizine 7
that were higher than those of either acetophenone or
electron-rich variants (entries 9—13 versus entries 1-5).
This suggests that a more electrophilic carbonyl correlates to
higher reaction yields. Interestingly, fluorinated acetophenone
derivatives do not seem to follow this electronic trend, as only
3-fluoroacetophenone gives yields in the expected range for an
electron deficient methyl ketone (entries 6—8). This may be
due to the ability of ortho- and para-fluorine substituents to
serve as - electron donors rather than as strictly o-withdrawing
groups.'’ Similarly, pyridinyl ketones, which would also be
expected to be electron-poor, give only slightly improved yields
of the corresponding indolizines 7m and 7n (entries 14 and
15). Attempts to utilize alkyl methyl ketones failed to yield an
isolable amount of the corresponding indolizine 70 due to its
rapid decomposition (entry 16).

Extension of the indolizine formation to differently
substituted 2-propargyloxypyridines 8 was also accomplished
(Table 3). In general, substitution at the terminal position was
well tolerated with even large cyclohexyl substituents
proceeding in moderate to good yields, depending on the
coupling partner (entries S—7). As was observed previously in
other gold-catalyzed reactions of 2-propargyloxypyridines,®
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Table 2. Viability of Diverse Methyl Ketones

)

catalyst 5¢ (5 mol%)
1-phenylethanol (5 equiv)

N~ "O o)
CsH
= Me)J\Ar (0.25 M) 5M111
CsHyqq 1 100 °C, 18 h
entry Ar yield (%)<
1 Ph 4 54
2 4-Me-C¢H, 7a 40
3 4-OMe-C¢H, 7b 40
4 3-OMe-C4H, 7c 38
5 2,3-OCH,0-C¢H, 7d 38
6 2-F-C;H, 7e 41
7 3-F-C4H, 7f 66
8 4F-C4H, 7g s1
9 4-NO,-C4H, 7h 73
10 3-NO,-C¢H, 7i 76
11 3,5-(CF;),C¢H, 7j 80
12 2-naphthyl 7k 62
13 furyl 71 71
14 3-pyridonyl 7m s1
15 2-pyridonyl 7n 59
16 CH,CH,CH;, 70 -

“Isolated yields. Mean values from multiple experiments (£2%).

silylated substrate 8d, bearing a two carbon linker, is more
reactive than the analogous substrate 8e with only a methylene
linker (entries 8—10). The methyl ketone coupling partner
continued to be the largest predictor of reaction yield with
more electron-poor methyl ketones providing higher yields of
indolizine 9, regardless of the substitution pattern (entries 2, 4,
6, 7, 9, and 12 versus entries 1, 3, 5, 8, 10, 11, and 13).
Substituents at the propargylic position were also tolerated,
providing indolizines 9f, 9ff, and 9g, bearing extended chains at
the C-2 position, in reasonable yields (entries 11—13).
Substitution on the pyridine ring was also evaluated (Table
4). Unlike substitution on the propargyl chain of the substrate,

Table 4. Substitution on the Pyridine Ring

R _X catalyst 5¢ (5 mol%) Me ?
\[ j\ 1-phenylethanol (5 equiv) Ar
— / \
N™ "0 o CsHi™>y
M 02sm |
& Me Aor X
i g 100°C, 18 h "
yield
entry SM R! X Ar product  (%)“
1 10a COOH CH Ph 11a -
2 10b CO,Me CH Ph 11b -
3 10c NHPiv CH Ph 11c 65
4 10c NHPiv CH 3-F-C¢H, 1lcc 56
S 10d  NHPiv CH  3-NO,-CH, llccc 65
6 10d CH,OTIPS CH Ph 11d 62
7 10d CH,OTIPS CH 35(CF,),CH, 11dd 86"
8 10e H N 4-F-C4H, 1le 8
9 10e H N 3,5-(CF;),C¢H;  1lee 27

“Isolated yields. Mean values from multiple experiments (+2%).
“Mean values from multiple experiments (+3%).

the electronics of the substituent at C-3 of the pyridine directly
impacted the observed yield. When electron withdrawing
groups were present, formation of the indolizine was not
observed (entries 1 and 2). Conversely, when electron
donating substituents were added, good to excellent yields of
substituted indolizines 11¢, 11cc, 11ccc, 11d, and 11dd were
observed (entries 3—7). Pyrimidine 10e was also susceptible to
the reaction; however, only low yields of dinitrogen analogues
1le and 1llee were observed due to their instability.
Substitution could also be tolerated at the C-6 position,
although in this case, the sterics of the reaction seem to
dominate, as no change in yield was observed with a more
electron deficient methyl ketone (Scheme 3).

Table 3. Evaluation of Side Chain Substitution

catalyst 5¢ (5 mol%)

@ 1-phenylethanol (5 equiv) R?2
N/ (0] o
R1
/\RZ Ve )J\Ar (0.25 M)
R? 8 100 °C, 18 h 9
entry SM R R? Ar product yield (%)%
1 8a (CH,);Ph H Ph 9a 49
2 8a (CH,)sPh H 4NO,-CH, 9aa 72
3 8b (CH,),Ph H Ph 9b 49
4 8b (CH,),Ph H 3,5-(CF,),C¢H, 9bb 64
S 8c Cy H Ph 9c 40
6 8c Cy H 3-F-C¢H, 9cc S7
7 8c Cy H 3,5-(CF;),C¢H, 9ccc 71
8 8d (CH,),0TIPS H Ph 9d 45
9 8d (CH,),0OTIPS H 3-F-CH, 9dd 59
10 8e CH,OTIPS H Ph 9e S
11 8f Et Me Ph of 37
12 8f Et Me 3,5-(CF,),C¢H, off 69
13 8g C,H, Et Ph 9g 41

“Isolated yields. Mean values from multiple experiments (£2%).
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Scheme 3. Substitution at the C-6 Position
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Solvent Recycling

While utilizing substituted acetophenones as the reaction
solvent is unusual, it has been shown that the solvent mixture
can be recovered after Kugelrohr distillation of the crude
reaction mixture (containing both methyl ketone and
1-phenylethanol). This mixture can then be reused in
subsequent reactions without any loss in efficiency (Scheme
4).

Scheme 4. Solvent Recycling

| N catalyst 5¢ (5 mol%)
~
N~ O
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(54%)
Mechanism

Formation of indolizine 4 and its analogues was originally
thought to proceed via ketone 3. However, subjecting ketone 3
to the reaction conditions provided no evidence of indolizine
formation (Scheme 5). Adding a small amount of 2-prop-
argyloxypyridine 1 provided indolizine 4 but only in
proportion to the amount of starting material 1 that was
added. Given these results, ketone 3 was eliminated as a
possible intermediate, and allenamide 14 was pursued, as it had

Scheme 5. Formation of Pyridonyl Ketones 3° and
Indolizine 4

6-endo
addition
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been previously implicated in the synthesis of pyridonyl ketone
3.” Attempts to synthesize intermediate 14 independently were
unsuccessful due, we believe, to its high reactivity. It was,
however, possible to prepare saturated allenamide analogue 185.
Upon subjecting compound 15 to the reaction conditions, a
small but isolable amount of analogue 16 was obtained
(Scheme 6). The low yields of compound 16 can be attributed

Scheme 6. Evaluation of Allenamides as Intermediates
(e
/>

H,C

catalyst 5¢ (5 mol%)
1-butanol (5 equiv)

4’-F-acetophenone (0.25 M)

15 100°C, 18 h

to its instability, as it was observed to decompose both during
purification and on the benchtop. Despite this, the formation
of heterocycle 16 suggests that allenamide 14 and its analogues
are indeed likely intermediates in the formation of indolizine 4.

Conversion of allenamide 14 into indolizine 4 is proposed to
occur as shown in Scheme 7. Beginning with the addition of

Scheme 7. Proposed Mechanism for Indolizine Formation
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enol 17 to the central carbon of allenamide 14, subsequent
protodeauration, either from the alcohol or methyl ketone,
would then lead to the formation of 3,y-unsaturated ketone 19.
The proposed enol 17 is expected to form more rapidly when
the aryl group is electron-poor, leading to higher yields with
electron-poor methyl ketones as reported (see Table 2).
Enolization of compound 19 followed by aldol reaction and
loss of water would then provide indolizine 4.

The protodeauration of compound 18 is expected to occur
through a combination of pathways involving either deproton-
ation of the alcohol or the methyl ketone. In order to
determine the relative rates of these processes, the reaction was
performed in dj-acetophenone in the presence of proteo
alcohol (Scheme 8). In this case, 23% deuterium incorporation
was observed at the exocyclic methyl group, suggesting that
protodeauration is ~3X faster from the alcohol than the
methyl ketone (see Supporting Information).
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Scheme 8. Isotope Study
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Summary

A new method for the synthesis of trisubstituted indolizines
from 2-propargyloxypyridines and aryl methyl ketones has
been discovered. The reaction proceeds in the highest yields in
the presence of electron-poor ketones, presumably due to the
ease of forming enol 17 under the reaction conditions. The
wide scope of this reaction and the simplicity of the starting
materials make this transformation significant within the array
of methods available for the synthesis of indolizine-containing
medicinal targets.
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