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Photosensitized Intramolecular [2+2] Cycloaddition of 1H-Pyrrolo[2,3-
blpyridines Enabled by the Assistance of Lewis Acids
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ABSTRACT: The [2+2] photocycloaddition of alkenyl-tethered 1H-pyrrolo[2,3-b]pyridine derivatives sensitized with 3',4'-
dimethoxyacetophenone under irradiation by a high-pressure mercury lamp through Pyrex glass was dramatically accelerated by the
addition of Lewis acids, preferably Mg(OTf),, to give the products stereoselectively in high yields. The reaction without a Lewis
acid gave only small amounts of the [2+2] cycloaddition products. Conformational fixation of the substrates by coordination with a
Lewis acid was presumed to facilitate the cycloaddition.

1H-Pyrrolo[2,3-b]pyridine (7-azaindole) derivatives are (a) Previous work
common structural motifs in many bioactive natural products,

. . MeO
useful pharmaceuticals, and agrochemicals.' On the other \ / by 50 mol% :CJ)J\

hand, in conjunction with a recent trend in drug discovery, i.e., @ j MeO
!

"escape from flatland" concept,® conformationally restricted
small-ring-fused compounds have also attracted much atten- Io
tion in modern medicinal chemistry.”® Cyclobutane-fused H w4
compounds form an important core of such compounds be- H
cause of the balance they strike between the inherent rigidity N H
of a small-ring compound and the greater stability toward
ring-opening reactions compared with cyclopropane deriva-

(6] 71% 1%

tives.” Accordingly, novel cyclobutane-fused 1H-pyrrolo[2,3- () Initial trial
{J]pyridine frameworks may be qf interest in bioactive screen- = N / - almost starting material )
ing for new pharmaceutical candidates. | J above conditions

N N - » | no[2+2] product

The photochemical [2+2] cycloaddition reaction is one of )._/_/ partial decomposition

the most popular and straightforward methods of constructing o ?
4-membered cyclic compounds, including cyclobutanes.!® In
the course of our investigation on the photochemistry of 5- This work
membered heteroaromatic compounds,'' we recently reported R® Re hv R® pe RS
the photochemical intramolecular [2+2] cycloaddition of al- Rm RS Sen_S“ize_f R RH
lene-tethered indole derivatives sensitized by 3'4'- < N R' )—R°® Lewis acid | 2
dimethoxyacetophenone giving methylenecyclobutane-fused N Hioh vield NTTN R
indolines in a highly stereoselective manner (Scheme 1, a)." o o
Prompted by these successful results, we initially attempted a
reaction with allene-tethered 1H-pyrrolo[2,3-b]pyridine by
simply applying the previous reaction conditions. Unexpected-
ly, the reaction did not give any amount of the desired [2+2]
addition product, but rather yielded unreacted material accom- Actually, a bibliographic search revealed that the photo-
panied by small amounts of decomposed compounds including chemical reaction using an excited state of 1H-pyrrolo[2,3-
de-acylated 1H-pyrrolo[2,3-b]pyridine (Scheme 1, b). b]pyridines has scarcely been explored, and synthetic applica-

tion of their photoreaction is relatively unknown.'*!* To the
best of our knowledge, the Paterno-Biichi type oxetane for-
mation with low efficiency has been the only example of fused
4-membered ring formation through the photochemical reac-

Scheme 1. Construction of Cyclobutane-fused Nitrogen
Heterocycles



tion of 1H-pyrrolo[2,3-b]pyridines for a long time.'>'"> Quite
recently, You and collaborators have reported similar intramo-
lecular cyclization of 1H-pyrrolo[2,3-b]pyridines that likely
have relatively low AG(T,—Sy) values sensitized by Ir visible-
light photocatalyst.'S Independently, Fu and collaborators have
reported an excellent work dealing with similar cycloaddi-
tion.!” This background prompted us to develop new, syntheti-
cally useful photochemical reactions of 1H-pyrrolo[2,3-
b]pyridines represented by the [2+2] cycloaddition reaction.
We report herein the novel photocyclization of 1H-
pyrrolo[2,3-b]pyridines derivatives to afford cyclobutane-
fused tetracyclic frameworks in a highly stereoselective man-
ner.

At the early stage of our investigation, we envisaged that the
repulsion between the lone pair of the pyridine nitrogen and
the side chain would hold the alkene moiety in an unfavorable
conformation for the intramolecular cyclization. To circum-
vent this problem, we attempted a reaction in the presence of a
Lewis acid in addition to the originally optimized conditions
for indoles,'** expecting that coordination of the Lewis acid to
the pyridine nitrogen and amide carbonyl would bring the
alkenyl moiety close to the C2—C3 bond.

We chose 1-(w-alkenoyl)-1H-pyrrolo[2,3-b]pyridine deriva-
tive 1a instead of the above-mentioned allene derivative in
order to simplify the reaction system and to facilitate the prod-
uct study. Referring to our previous result,'®® we carried out
reactions of 1a sensitized by 3',4'-dimethoxyacetophenone (3,
50 mol%) in ethyl acetate (degassed by freeze-thaw cycles
before use) under irradiation by a high-pressure mercury lamp
through Pyrex glass in the presence of a series of Lewis acids
(Table 1). Metal triflates were chosen as candidates because of
the balance of Lewis acidity and solubility in ethyl acetate.
The reaction was discontinued in 3 h irrespective of the con-
sumption of 1a.

Table 1. Screening of Lewis Acids”

hv

(0]
50 mol% x:Z]@iMe H
0y 50 mol% Lewis acid ] :
N '\)L_/—/ NT N H
AcOEt, rt, 3h
o 1a o 2a
entry | Lewis acid conv. (%)’ 2a (%) ¢
1 AI(OTH); 94 82 (87)
2 Mg(OTH); 82 70 (85)
3 Mg(OTH), ¢ 99 92 (92)
4 Yb(OTH); 80 74 (93)
5 Bi(OTH); 89 75 (34)
6 Ca(OT), 50 38 (76)
7 Sc(OTH); 62 33 (53)
8 LiOTf¢ 32 20 (63)
9 (+)-CSA 4 26 9 (35)
10 H;PO, ¢ 17 2(12)
11 none 18 6 (33)

@ All reactions were carried out in a Pyrex test tube by external
irradiation with a high-pressure Hg lamp at a concentration of 10
mM using 0.1 mmol of 1a. ? Determined by the 'H NMR integral
ratio using triphenylmethane as an internal standard. ¢ Yields
based on the recovered starting material are shown in parentheses.
4100 mol%.

The yield of 2a was largely dependent on the choice of an
additive. The reaction proceeded well in the presence of Al,
Mg, Yb, and Bi triflates, giving the tetracyclic product 2a in
moderate or high yields (entries 1-5), whereas the Ca and Sc
triflates gave considerably inferior conversion (entries 6 and 7).
The relative configuration of 2a was determined by a conven-
tional NOE experiment (see the Supporting Information). Li-
OTHf, a triflate of the group 1 elements, showed a much less
pronounced promoting effect (entry 8). A Brensted acid, cam-
phorsulfonic acid, exhibited almost no positive effect (entry 9).
Phosphoric acid, which has a lower acidity than CSA, gave
much inferior result (entry 10). In this case, the reaction mix-
ture got intensely cloudy. The low conversion and yield might
be attributable to the decreased transmittance. When the reac-
tion was carried out in the absence of additive, 2a was ob-
tained in only 6% yield accompanied by comparable amounts
of acyl-cleaved by-products (entry 11). In cases in which the
material balance was not satisfactory, formation of a yellow-
colored unidentified component tended to be observed. A re-
action with 100 mol% Mg(OTY), afforded almost complete
conversion with negligible formation of the colored materials
(entry 3). It should be noted that ring junctures were created
with perfect diastereoselectivity. The presence of the sensitizer
3 was indispensable for this reaction. This is because, in the
absence of 3, non-productive decomposition of 1a occurred
competitively, causing a considerable decrease of the yield of
2a, because the absorption edge of 1a reached into the irradia-
tion range (approximately >300 nm). The product 2a was sta-
ble under simple irradiation and recovered almost quantitative-
ly after 3 h. However, when isolated 2a was irradiated under
the same conditions as in entry 3, slight decomposition was
observed (85% recovery).

Choosing Al(OTf);, Mg(OTf),, and Yb(OTf); as promising
candidates, we adjusted the reaction conditions in more detail
to maximize the yield of 2a (Table 2).'® The reactions shown
in Table 2 were carried out in a photochemical reaction vessel
for internal irradiation by using 100 mol% of Lewis acid. The
reactions were discontinued as soon as possible after con-
sumption of the starting materials (>99% conversion).
Al(OTf); and Mg(OTY), gave comparable results. The reac-
tions were complete within 2 h, affording 2a in high yields
(entries 1 and 2). The slight difference in the yields was at-
tributable to the formation of decomposed materials. The reac-
tion scale could be increased without problem to afford the
product in high yield (entry 3). The reaction with Yb(OTf);
was considerably slower than the reactions using the above
two conditions, though the yield of 2a was also high and the
reaction was clean (entry 4). Thus, we set Mg(OTf), as the
best Lewis acid for this reaction."’

Table 2. Maximizing the Product Yield”
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\/ I / 100 r’r?ngcl)_le‘/w?s acid \/ | H
N '\)l/_/—/ NT N H
AcOEt, rt
© 1a internal irradiation © 2a
entry | Lewis acid irradiation time (h) | 2a (%)”
1 Al(OT?); 2 89
2 Mg(OTf), 2 93
3¢ Mg(OTf), 2 89
4 Yb(OTf)3 8 90

@ All reactions were carried out in a Pyrex reaction vessel for pho-
tochemical reaction by internal irradiation with a high-pressure
Hg lamp at a concentration of 10 mM using 0.2 mmol of 1a. ?

Yields of isolated product. © A preparative scale (1 mmol) reaction.

With the optimized conditions in hand, we explored the re-
action using a variety of 1H-pyrrolo[2,3-b]pyridine derivatives
(Scheme 2). The substituents at the pyridine ring of the sub-
strates showed significant influence on the reaction. The reac-
tions of 1b (4-Cl) and 1¢ (5-CO;Me), in which the pyridine
ring was substituted by an electron-withdrawing group, were
considerably slower than that of 1a, giving moderate yields of
the cyclized products 2b and 2¢, respectively. On the other
hand, in the case of 1d (4-MeO), in which the pyridine ring
was substituted by an electron-donating group, the reaction
proceeded as rapidly as that of 1a, affording the product 2d in
high yield. The reaction of le (5-BocNMe) gave 2e in 77%
yield, though the progress was slow. Introduction of a methyl
group at the 3-position (1f) gave almost the same result as 1a,
while Me-substitution at the 2-position retarded the reaction,
giving the product 2g in moderate yield. Irradiation of the 2,3-
diMe-substituted substrate 1h afforded the [2+2] adduct with
adjacent quaternary carbons 2h in spite of severe steric hin-
drance. In this case, most of the 1h was consumed and the rest
of the materials were not identifiable, presumably due to unde-
sirable decomposition reactions such as deacylation and acyl-
migration.'*? In all cases, the product was obtained as a single
diastereomer. This suggests the synthetic potential of this reac-
tion for the stereoselective preparation of 1H-pyrrolo[2,3-
b]pyridines with fused rings.

Scheme 2. Substrate Scope®®
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@ All reactions were carried out in a Pyrex reaction vessel for
photochemical reaction by internal irradiation with a high-
pressure Hg lamp at a concentration of 10 mM using 0.2 mmol of
1a. ® Yields of isolated product.

This reaction is also applicable to substrates that have a sub-
stituted alkene moiety at the linker terminal (Scheme 3). When
the terminal allenyl substrate 1i (R, R% =CH,), in which we
failed initially, was irradiated under the same conditions as
above, the methylenecyclobutane-fused product 2i was ob-
tained in moderate yield, accompanied by small amounts of
terminal alkyne 4. Compound 4 was likely produced through
1,5-hydrogen transfer of the biradical intermediate.'* Irradia-
tion of a substrate with two terminal methyl groups 1j (R, R®:
Me) gave the [2+2] adduct 2j in 75% yield. Also in this case,
the tricyclic by-product 5, which was presumed to come from
1,5-hydrogen transfer, was obtained. The reaction of the sub-
strate with the cyclohexenyl moiety 1k afforded the pentacy-
clic 1H-pyrrolo[2,3-b]pyridine derivatives 2ka and 2kb. Ste-
reoselectivity around the cyclobutane ring was also perfect in
this case, though the stereochemical control adjacent to the
cyclobutane moiety was incomplete. Unexpectedly, tetracyclic
ester 6 was isolated after chromatographic purification. We
surmised that the ester 6 was formed via methanolysis of 2ka
during preparative TLC development with chloroform—
methanol, probably due to the intrinsic strain of 2ka.

Scheme 3. Variety of the Alkene Moiety®?
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@ All reactions were carried out in a Pyrex reaction vessel for
photochemical reaction by internal irradiation with a high-
pressure Hg lamp at a concentration of 10 mM using 0.2 mmol of
1a. ® Yields of isolated product.

As shown above, the presence of a Lewis acid, preferably
Mg(OTY),, is indispensable for obtaining the [2+2] cycloaddi-
tion products in good yields. Although the role of magnesium
was not fully disclosed at this stage, we presumed that the pre-
coordination of the 1H-pyrrolo[2,3-b]pyridine substrates to
magnesium would bring two reaction sites in the molecule
closer and promote the intramolecular [2+2] cycloaddition
based on the following.

First, a conformational analysis of 1-acyl-1H-pyrrolo[2,3-
blpyridine 1a and the corresponding indole derivative at the
ground state was carried out by using theoretical calculation.?!
In the case of 1a, the conformer laco.ou, in Which the alkene
moiety and C2 position is more distant, is more stable than
laco.in by 2-3 kcal/mol considering that many side-chain con-
formers exist in narrow differences in energy. On the contrary,
in the case of the indole derivative, the conformer Indco.in,
which is preferable for the cycloaddition, is more stable than
Indco.ow by about 2 kcal/mol (Figure 1). This result is con-
sistent with the experimental results shown in Scheme 1 and
Table 1.

Figure 1. Comparison of conformers between 1a and the
Corresponding Indole Derivative
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Second, when Mg(OTf), was added to a solution of 1a in
acetone-ds in several portions, the 'H NMR signals around
pyridine nitrogen and the amide moiety showed a significant
shift in proportion to the added amount of Mg(OTf), (Figure
S1). On the other hand, the same NMR experiment using the
sensitizer 3 instead of 1a gave no recognizable change in the
"H NMR spectrum (Figure S2). This result clearly shows that
Mg(OTY), has apparent coordination with 1a only by mixing
and shows no apparent coordination with the sensitizer 3.

However, the possibility that the coordination facilitated a
photochemical process, such as energy transfer,'”? is also
conceivable. The triplet energy (Er) of 3 is reported as
Er=67.3 kcal/mol.?* Though we could not find Er of N-acyl-
1H-pyrrolo[2,3-b]pyridines in the literature, energy transfer
from *[3]* to both of coordinated and non-coordinated sub-
strates seems possible, because a similar compound can be
sensitized by an Ir photocatalyst whose Er is 61.2 kcal/mol."”
We found that the addition of Mg(OTf), hardly affected the
reaction of compound 7 with an alkenyl linker at the 3-
position, whose conformation is not under the influence of the
pyridine nitrogen, and the conformational fixation was not
necessary (Scheme 4), though the possibility that the 5-exo
cyclization of 7 is easier than the corresponding 6-exo cycliza-
tion of 1a could not be ruled out.

Scheme 4. Reaction of 3-Substituted Compound 7

hv EtO,C
50 mol% 3
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NTN
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100 mol% 88%
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Reflecting on these results and the findings from previous
studies,'**** we presumed that the mechanism underlying this
reaction was as shown in Scheme 5. The triplet excited state of
3 is generated by the irradiation, transferring the energy to
Mg-coordinated 1a, which has the conformation preferable for
the intramolecular cyclization, to produce its triplet state
3[1a+Mg?'T*. This species undergoes stepwise bond-forming



reaction to afford the [2+2] cycloaddition product 2a. Cy-
cloaddition through direct excitation would be negligible be-
cause the reaction without 3 gave only small amounts of 2a
with a partial decomposition of 1a (Scheme S1).

Scheme 5. Plausible Reaction Pathway
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In conclusion, we have developed a method for the con-
struction of cyclobutane-fused tetracyclic 1H-pyrrolo[2,3-
blpyridine frameworks through the [2+2] photochemical cy-
cloaddition reaction under the sensitization with 3'4'-
dimethoxylacetophenone. This reaction provides an efficient
route to unique nitrogen heterocyclic scaffolds that are other-
wise difficult to prepare, generating molecular complexity
from readily available starting materials.

EXPERIMENTAL SECTION

General remarks. The photochemical reactions were car-
ried out with a RIKO UVL 100-HA high-pressure mercury
lamp covered with a Pyrex cooling jacket whose transmittance
is 25% at 300 nm, 70% at 320 nm, >90% over 360 nm. The
emission wave length ranges from 312 nm to 577 nm and 365
nm light is most strongly emitted. The emission property of
the light source is shown in the Supporting Information (Fig-
ure S3). The distance from the light source to the reaction ves-
sel is 30 mm for the external irradiation and 25 mm for the
internal irradiation (center-to-center). NMR spectra were ob-
tained on a JEOL JNM-ECS400 spectrometer. Carbon multi-
plicity was assigned by a DEPT experiment and described as
follows: methyl, CH3; methylene, CH,; methine, CH; quater-
nary, C. IR spectra were recorded on a JASCO FT/IR-4100
spectrophotometer. UV spectra were obtained on a JASCO
UV/Vis spectrophotometer Ubest-30. Silica gel column chro-
matography was performed with Fuji Silysia PSQ60B or
FL60D. Preparative thin-layer chromatography (TLC) was
carried out with Wako Gel B-5F (FUJIFILM Wako Pure
Chemical Corporation). HPLC separation was performed us-
ing a JASCO HPLC system comprised of PU-2080 Plus, DG-
2080-53, UV-2075 Plus, and CO-2065. Solvents and reagents
were used as received unless otherwise noted. Mass spectrom-
etry and elemental analysis were carried out at the Instrumen-
tal Analysis Division, Global Facility Center, Creative Re-
search Institution, Hokkaido University.

Preparation and physical data of the starting materials.
The starting materials were prepared by condensation between
1H-pyrrolo[2,3-b]pyridines and alkenyl carboxylic acids based
on the method reported by Tokuyama and collaborators.?
Some carboxylic acids are commercially available and other

known compounds were prepared according to a procedure
described in the literature.’”*® The physical data of new com-
pounds are as follows:
1-(1H-Pyrrolo[2,3-b]pyridin-1-yl)pent-4-en-1-one  (1a):
Yield: 0.970 g (4.84 mmol, 95%) from pent-4-enoic acid
(0.509 g, 5.08 mmol). Colorless oil. UV-Vis (1.6x10™ mol/L,
ethyl acetate) Amax 292 nm (g 3.2x10° shoulder). IR (KBr)
3148, 3077, 2979, 2921, 1712, 1580, 1530, 1408, 1297, 1263,
1205, 1057, 988, 915, 890, 803, 779, 735 cm™'. 'H NMR (400
MHz, CDCl;) 6 8.37 (dd, /=4.8, 1.7 Hz, 1H), 8.00 (d, J=4.1
Hz, 1H), 7.89 (dd, J/=7.8, 1.7 Hz, 1H), 7.20 (dd, J=7.8, 4.8 Hz,
1H), 6.60 (d, /=4.1 Hz, 1H), 6.04-5.94 (m, 1H), 5.18-5.13 (m,
1H), 5.07-5.03 (m, 1H), 3.68 (t, /<7.4 Hz, 2H), 2.64-2.58 (m,
2H). BC{'H} NMR (100 MHz, CDCl;) § 171.4 (C), 147.6 (C),
143.7 (CH), 137.1 (CH), 129.2 (CH), 125.4 (CH), 123.7 (C),
118.6 (CH), 115.5 (CH,), 105.6 (CH), 37.0 (CH>), 28.4 (CH>).
HRMS (ESI-orbitrap) m/z: [M + Na]" caled for C;2H;,N,NaO,
223.0842; found, 223.0844.
1-(4-Chloro-1H-pyrrolo[2,3-b]pyridin-1-yl)pent-4-en-1-
one (1b): Yield: 111.6 mg (0.476 mmol, 94%) from pent-4-
enoic acid (50.5 mg, 0.504 mmol). Colorless solid. IR (KBr)
3082, 1708, 1567, 1526, 1383, 1362, 1284, 1268, 1242, 1186,
903, 840, 755, 729 cm™'. '"H NMR (400 MHz, CDCl3) & 8.27
(d, J/=5.3 Hz, 1H), 8.04 (d, J/=4.1 Hz, 1H), 7.23 (d, J=5.3 Hz,
1H), 6.72 (d, J=4.1 Hz, 1H), 6.02-5.92 (m, 1H), 5.18-5.12 (m,
1H), 5.07-5.04 (m, 1H), 3.65 (t, /<7.4 Hz, 2H), 2.63-2.57 (m,
2H). BC{'H} NMR (100 MHz, CDCl;) § 171.3 (C), 148.0 (C),
144.2 (CH), 136.9 (CH), 136.4 (C), 126.0 (CH), 123.0 (C),
118.7 (CH), 115.7 (CH), 103.7 (CH), 37.1 (CH>), 28.4 (CH>).
HRMS (ESI-orbitrap) m/z: [M + Na]® caled for
C12H,1*°CIN,NaO, 257.0452; found, 257.0453.

Methyl 1-(pent-4-enoyl)-1H-pyrrolo[2,3-b]pyridine-5-
carboxylate (1c): Yield: 77.5 mg (0.300 mmol, 76%) from
pent-4-enoic acid (39.4 mg, 0.394 mmol). Colorless solid. IR
(KBr) 3075, 2995, 2952, 1709, 1526, 1441, 1391, 1310, 1281,
1189, 986, 909, 772, 756, 744 cm™'. 'H NMR (400 MHz,
CDCl) 6 9.03 (d, J/=2.0 Hz, 1H), 8.52 (d, J/=2.0 Hz, 1H), 8.06
(d, /=4.1 Hz, 1H), 6.68 (d, /=4.1 Hz, 1H), 6.03-5.93 (m, 1H),
5.19-5.13 (m, 1H), 5.08-5.04 (m, 1H), 3.98 (s, 3H), 3.68 (t,
J=17.4 Hz, 2H), 2.64-2.58 (m, 2H). *C{'H} NMR (100 MHz,
CDCl) 6 171.2 (C), 166.2 (C), 149.3 (C), 145.7 (CH), 136.8
(CH), 130.9 (CH), 126.9 (CH), 123.1 (C), 121.2 (C), 115.7
(CH,), 106.0 (CH), 52.3 (CHs), 37.2 (CH), 28.4 (CH,).
HRMS (ESI-orbitrap) m/z: [M + Na]" caled for Ci4H4N,NaOs,
281.0897; found, 281.0899.

1-(4-Methoxy-1H-pyrrolo|2,3-b]pyridin-1-yl)pent-4-en-
1-one (1d): Yield: 137.8 mg (0.598 mmol, 88%) from pent-4-
enoic acid (68.0 mg, 0.679 mmol). Colorless solid. IR (KBr)
3120, 2976, 2947, 1700, 1604, 1579, 1527, 1496, 1411, 1361,
1288, 1229, 1064, 994, 918, 806, 786, 736 cm'. 'H NMR
(400 MHz, CDCl3) 6 8.26 (d, J=5.6 Hz, 1H), 7.84 (d, J/=4.1 Hz,
1H), 6.68-6.67 (m, 2H), 6.03-5.93 (m, 1H), 5.17-5.12 (m,
1H), 5.06-5.02 (m, 1H), 3.99 (s, 3H), 3.66 (t, J/=7.3 Hz, 2H),
2.62-2.56 (m, 2H). *C{'H} NMR (100 MHz, CDCl;) § 171.7
(©), 159.6 (C), 149.2 (C), 145.7 (CH), 137.2 (CH), 123.1 (CH),
115.4 (CHy), 113.6 (C), 102.8 (CH), 100.8 (CH), 55.5 (CHj3),
37.0 (CH,), 28.5 (CH,). HRMS (ESI-orbitrap) m/z: [M + Na]”
calcd for Ci3H14N>NaO,, 253.0948; found, 253.0950.

tert-Butyl N-methyl-N-[1-(pent-4-enoyl)-1H-pyrrolo[2,3-
b]pyridin-5-yl]jcarbamate (1e): Yield: 13.0 mg (0.0395 mmol,
49%) from pent-4-enoic acid (8.0 mg, 0.0799 mmol). Pale
yellow oil. IR (KBr) 3078, 2978, 2931, 1705, 1477, 1393,



1368, 1308, 1249, 1202, 1151, 915, 737 cm™'. 'H NMR (400
MHz, CDCls) § 8.26 (br d, /=2.0 Hz, 1H), 8.00 (d, J/=4.1 Hz,
1H), 7.74 (br s, 1H), 6.57 (d, /=4.1 Hz, 1H), 6.03-5.93 (m,
1H), 5.17-5.12 (m, 1H), 5.06-5.03 (m, 1H), 3.64 (t, /=7.3 Hz,
2H), 3.32 (s, 3H), 2.62-2.56 (m, 2H), 1.45 (s, 9H). “C{'H}
NMR (100 MHz, CDCl;) 6 171.3 (C), 154.9 (C), 145.1 (C),
142.0 (CH), 137.0 (CH), 136.2 (C), 126.5 (CH), 126.3 (CH),
123.6 (C), 115.5 (CH»), 105.6 (CH), 80.8 (C), 37.9 (CH3), 36.9
(CH,), 28.5 (CH>), 28.3 (CH3). HRMS (ESI-orbitrap) m/z: [M
+ Na]" caled for CisH3N3NaOs, 352.1632; found 352.1632.
1-(3-Methyl-1H-pyrrolo[2,3-b]pyridin-1-yl)pent-4-en-1-
one (1f): Yield: 111.1 mg (0.519 mmol, 74%) from pent-4-
enoic acid (69.9 mg, 0.698 mmol). Colorless oil. IR (KBr)
3128, 2975, 2937, 1699, 1562, 1409, 1386, 1325, 1265, 1218,
1198, 1071, 925, 770 cm™'. '"H NMR (400 MHz, CDCls) &
8.36 (dd, J=4.8, 1.6 Hz, 1H), 7.81 (dd, J/=7.8, 1.6 Hz, 1H),
7.77 (br q, J/=1.3 Hz, 1H), 7.20 (dd, J=7.8, 4.8 Hz, 1H), 6.04—
5.93 (m, 1H), 5.17-5.12 (m, 1H), 5.06-5.02 (m, 1H), 3.64 (t,
J=7.4 Hz, 2H), 2.63-2.56 (m, 2H), 2.27 (d, J=1.3 Hz, 3H).
BC{'H} NMR (100 MHz, CDCl;) & 171.1 (C), 147.9 (C),
143.6 (CH), 137.2 (CH), 127.3 (CH), 124.8 (C), 122.4 (CH),
118.2 (CH), 115.4 (CHy), 115.1 (C), 36.9 (CH»), 28.6 (CH>),
9.7 (CH3). HRMS (ESI-orbitrap) m/z: [M + Na]" calcd for
Ci3Hi14sN2NaO, 237.0998; found, 237.1002.
1-(2-Methyl-1H-pyrrolo[2,3-b]pyridin-1-yl)pent-4-en-1-
one (1g): Yield: 171.0 mg (0.798 mmol, 86%) from pent-4-
enoic acid (93.3 mg, 0.932 mmol). Colorless oil. IR (KBr)
3077, 2978, 2925, 1713, 1641, 1592, 1567, 1404, 1288, 1178,
1107, 1025, 913, 988, 811, 767 cm™'. '"H NMR (400 MHz,
CDCl) 6 8.28 (dd, J=4.8, 1.6 Hz, 1H), 7.75 (dd, J/=7.8, 1.6 Hz,
1H), 7.15 (dd, J=7.8, 4.8 Hz, 1H), 6.30 (br q, /=1.0 Hz, 1H),
6.03-5.93 (m, 1H), 5.16-5.11 (m, 1H), 5.06-5.02 (m, 1H),
3.72 (t, J/=7.3 Hz, 2H), 2.67 (d, J=1.0 Hz, 3H), 2.60-2.55 (m,
2H). “C{'H} NMR (100 MHz, CDCl;) § 173.9 (C), 148.9 (C),
142.2 (CH), 139.8 (C), 137.3 (CH), 127.3 (CH), 122.0 (C),
118.5 (CH), 115.3 (CH,), 105.5 (CH), 38.8 (CH>), 28.7 (CH>),
17.6 (CHz). HRMS (ESlI-orbitrap) m/z: [M + Na]* calcd for
Ci3H14sN2NaO, 237.0998; found, 237.0999.
1-(2,3-Dimethyl-1H-pyrrolo[2,3-b]pyridin-1-yl)pent-4-
en-1-one (1h): Yield: 132.7 mg (0.581 mmol, 78%) from
pent-4-enoic acid (74.7 mg, 0.746 mmol). Colorless oil. IR
(KBr) 3069, 2979, 2925, 1707, 1573, 1420, 1391, 1312, 1278,
1188, 1098, 912, 796, 773 cm™'. 'H NMR (400 MHz, CDCl;)
6 8.29 (dd, J/~4.8, 1.6 Hz, 1H), 7.74 (dd, J=7.7, 1.6 Hz, 1H),
7.18 (dd, J=7.7, 4.8 Hz, 1H), 6.03-5.92 (m, 1H), 5.15-5.10 (m,
1H), 5.05-5.01 (m, 1H), 3.71 (t, J/=7.3 Hz, 2H), 2.60 (s, 3H),
2.60-2.54 (m, 2H), 2.19 (d, J=0.8 Hz, 3H). *C{'H} NMR
(100 MHz, CDCls) 6 173.8 (C), 148.4 (C), 142.2 (CH), 137.5
(CH), 135.0 (C), 125.7 (CH), 123.5 (C), 118.2 (CH), 115.2
(CH), 111.9 (C), 38.8 (CH), 28.9 (CH,), 14.1 (CHs), 8.2
(CH;). HRMS (ESl-orbitrap) m/z: [M + Na]* caled for
C14H16N2Na0, 2511 155, found, 251 1 154
1-(1H-Pyrrolo[2,3-b]pyridin-1-yl)hexa-4,5-dien-1-one
(1i): Yield: 208.6 mg (0.983 mmol, 82%) from hexa-4,5-
dienoic acid (0.83 g of approx. 16% (w/w) solution in Et,0,
1.2 mmol). Faintly yellow oil. IR (KBr) 3154, 3117, 2943,
2922, 1956, 1709, 1579, 1532, 1409, 1382, 1300, 1262, 1202,
860, 806, 741 cm™'. '"H NMR (400 MHz, CDCl;) & 8.37 (dd,
J=4.8, 1.6 Hz, 1H), 8.00 (d, /=4.1 Hz, 1H), 7.88 (dd, J=7.8,
1.6 Hz, 1H), 7.20 (dd, J=7.8, 4.8 Hz, 1H), 6.60 (d, /=4.1 Hz,
1H), 5.34-5.27 (m, 1H), 4.71-4.68 (m, 2H), 3.70 (t, /=7.2 Hz,
2H), 2.59-2.52 (m, 2H). *C{'H} NMR (100 MHz, CDCl;) &

208.5 (C), 171.4 (C), 147.7 (C), 143.8 (CH), 129.3 (CH),
125.5 (CH), 123.8 (C), 118.6 (CH), 105.7 (CH), 89.0 (CH),
75.7 (CHp), 37.1 (CH,), 23.1 (CH,). HRMS (ESI-orbitrap)
m/z: [M + H]" caled for Cj;3H;2N>NaO, 235.0842; found,
235.0843.
5-Methyl-1-(1H-pyrrolo[2,3-b]pyridin-1-yl)hex-4-en-1-
one (1j): Yield: 162.0 mg (0.710 mmol, 71%) from 5-
methylhex-4-enoic acid (128.7 mg, 1.00 mmol). Colorless oil.
IR (KBr) 3148, 3050, 2968, 2913, 1709, 1579, 1530, 1407,
1302, 1262, 1202, 1102, 1064, 985, 890, 803, 777, 732 cm™'.
'"H NMR (400 MHz, CDCl3) & 8.37 (dd, J=4.8, 1.6 Hz, 1H),
8.01 (d, /=4.1 Hz, 1H), 7.88 (dd, J=7.8, 1.6 Hz, 1H), 7.19 (dd,
J=7.8,4.8 Hz, 1H), 6.59 (d, J/=4.1 Hz, 1H), 5.30-5.25 (m, 1H),
3.58 (t, J/=7.4 Hz, 2H), 2.56-2.50 (m, 2H), 1.71 (d, /=1.0 Hz,
3H), 1.66 (s, 3H). *C{'H} NMR (100 MHz, CDCl;) & 171.9
(O), 147.6 (C), 143.7 (CH), 132.9 (C), 129.2 (CH), 125.5 (CH),
123.7 (C), 122.8 (CH), 118.6 (CH), 105.6 (CH), 37.9 (CH>),
25.7 (CH3), 23.3 (CH»), 17.7 (CH;). HRMS (ESI-orbitrap)
m/z. (M + Na") caled for CisH;sNoNaO, 251.1155; found,
251.1158.
2-(Cyclohex-2-en-1-yl)-1-(1H-pyrrolo[2,3-b]pyridin-1-

ylethan-1-one (1k): Yield: 186.8 mg (0.777 mmol, 69%)
from 2-(cyclohex-2-en-1-yl)acetic acid (156.8 mg, 1.12 mmol).
Colorless oil. IR (KBr) 3147, 3019, 2926, 1710, 1579, 1530,
1408, 1301, 1263, 1198, 1106, 1050, 890, 803, 778, 735 cm .
'"H NMR (400 MHz, CDCl3) & 8.37 (dd, J=4.8, 1.6 Hz, 1H),
8.01 (d, /=4.1 Hz, 1H), 7.88 (dd, J=7.8, 1.6 Hz, 1H), 7.19 (dd,
J=7.8,4.8 Hz, 1H), 6.59 (d, J/=4.1 Hz, 1H), 5.78-5.71 (m, 2H),
3.58-3.56 (m, 2H), 2.91-2.84 (m, 1H), 2.04-1.99 (m, 2H),
1.98-1.91 (m, 1H), 1.81-1.73 (m, 1H), 1.64-1.54 (m, 1H),
1.50-1.42 (m, 1H). BC{'H} NMR (100 MHz, CDCl3) & 171.2
(0), 147.6 (C), 143.8 (CH), 130.7 (CH), 129.3 (CH), 128.0
(CH), 125.6 (CH), 123.8 (C), 118.6 (CH), 105.6 (CH), 43.7
(CH>), 31.9 (CH), 28.8 (CH>), 25.1 (CH>), 21.1 (CH,). HRMS
(EST-orbitrap) m/z: [M + Na]® caled for C;sH;¢N,NaO,
263.1155; found, 263.1155.

Diethyl 2-allyl-2-((1-(methoxycarbonyl)-1H-pyrrolo[2,3-
b]pyridin-3-yl)methyl)malonate (7): This compound was
synthesized by a procedure analogous to that for the corre-
sponding indole derivative described in the literature.'” Yield:
23.0 mg (0.0592 mmol, 26%) from diethyl 2-((1-
(methoxycarbonyl)-1H-pyrrolo[2,3-b]pyridin-3-
yl)methyl)malonate (78.1 mg, 0.224 mmol). Colorless oil. IR
(KBr) 2981, 1733, 1558, 1442, 1411, 1357, 1325, 1245, 1211,
1133, 1095, 1045, 770 cm™'. 'H NMR (400 MHz, CDCl;) &
8.47 (dd, J=4.8, 1.4 Hz, 1H), 7.84 (dd, J=7.9, 1.4 Hz, 1H),
7.56 (s, 1H), 7.19 (dd, /=7.9, 4.8 Hz, 1H), 5.80-5.69 (m, 1H),
5.17-5.10 (m, 2H), 4.17-4.03 (m, 7H, including s, 3H at 4.08),
3.28 (s, 2H), 2.67 (d, J=7.2 Hz, 2H), 1.16 (t, J/=7.2 Hz, 6H).
BC{'H} NMR (100 MHz, CDCl;) & 170.7 (C), 150.3 (C),
147.2 (C), 145.0 (CH), 132.2 (CH), 127.9 (CH), 125.3 (CH),
123.9 (C), 119.6 (CH), 118.4 (CH), 113.3 (C), 61.5 (CH>),
58.0 (C), 54.3 (CHs), 37.4 (CH), 27.6 (CH,), 13.9 (CHa).
HRMS (ESI-orbitrap) m/z [M + Na]* calcd for C20H24N>NaOs,
411.1527; found, 411.1524.

General procedure for the photocycloaddition and phys-
ical data of the products. The reaction of 1a is representative.

A small scale reaction for screening of Lewis acids (Ta-
ble 1, Entry 2). In a Pyrex test tube, 1a (21.2 mg, 0.106
mmol), 3',4'-dimethoxyacetophenone (3) (9.5 mg, 0.053
mmol), and Mg(OTf), (17.9 mg, 0.0555 mmol) were charged.
Air present in the tube was replaced with argon by several



rapid evacuations/Ar introduction cycles. Ethyl acetate (11
mL) that had been degassed by three freeze-thaw cycles was
transferred into the tube by a syringe. The solution was ho-
mogenized by sonication for several seconds, then externally
irradiated by a 100 W high-pressure mercury lamp (UVL-
100HA; RIKO) for 3 h. The reaction mixture was transferred
to a separatory funnel and washed with 1 mol/L aqueous solu-
tion of sodium hydroxide. The aqueous phase was extracted
with dichloromethane two times, and the combined organic
phase was dried over anhydrous sodium sulfate. After the re-
moval of sodium sulfate by filtration, the solution was evapo-
rated and triphenylmethane (12.4 mg, 0.0508 mmol) was add-
ed to the mixture as an internal standard. The yield of 2a and
the recovery of 1a were estimated by '"H NMR integrals.

A preparative scale reaction (Table 2, Entry 3). In a Py-
rex 100 mL photoreactor (UVL-100HA-50P-type; RIKO),
3" 4'-dimethoxyacetophenone (3) (86.8 mg, 0.482 mmol) and
Mg(OTY), (307.8 mg, 0.955 mmol) were charged, and air pre-
sent in the vessel was replaced with argon by several rapid
evacuations/Ar introduction cycles. Compound 1a (190.3 mg,
0.950 mmol) dissolved in ethyl acetate that had been degassed
by passing nitrogen through it for 1 h was transferred to the
vessel by a Teflon cannula, followed by washing with the
ethyl acetate several times. The total amount of the solvent
was 95 mL. The solution was irradiated by a 100 W high-
pressure mercury lamp internally for 2 h. The reaction mixture
was transferred to a separatory funnel and washed with 1
mol/L aqueous solution of sodium hydroxide. The aqueous
phase was extracted with dichloromethane two times, and the
combined organic phase was dried over anhydrous sodium
sulfate. After the removal of sodium sulfate by filtration, the
solution was concentrated under reduced pressure. The crude
material was purified by silica-gel column chromatography to
give the product 2a (169.5 mg, 0.846 mmol, 89%) as a color-
less solid.

rac-(1aR,9bR,9cR)-1,1a,,2,3,9b,9c-Hexahydro-4 H-
cyclobutalhi]pyrido[3,2-b]indolizin-4-one (2a): Colorless
solid. IR (KBr) 3047, 2984, 2950, 1686, 1599, 1412, 1379,
1336, 1302, 1220, 1144, 800, 781 cm™'. 'H NMR (400 MHz,
CDCl) 6 8.26 (dd, J=5.3, 1.7 Hz, 1H), 7.36 (ddd, J=7.3, 1.7,
0.7 Hz, 1H), 6.88 (dd, J=7.3, 5.3 Hz, 1H), 4.66 (dt, J==2.9,
J=6.2 Hz, 1H), 3.65-3.60 (m, 1H), 3.15-3.05 (m, 1H), 2.89—
2.81 (m, 1H), 2.59-2.53 (m, 1H), 2.31-2.16 (m, 2H), 1.98
(ddd, J=12.2, 8.8, 7.4 Hz, 1H), 1.66-1.55 (m, 1H). “C{'H}
NMR (100 MHz, CDCls) 8 170.7 (C), 159.2 (C), 146.7 (CH),
131.7 (CH), 129.5 (C), 118.8 (CH), 61.7 (CH), 36.8 (CH>),
35.6 (CH»), 35.4 (CH), 30.4 (CH), 26.5 (CH,). HRMS (ESI-
orbitrap) m/z: [M + Na]" caled for Ci,H;2N,NaO, 223.0842;
found, 223.0843. Anal. Calcd for Ci2H2N,O: C, 71.98; H,
6.04; N, 13.99. Found: C, 71.80; H, 6.01; N, 13.89.

Physical data of the other products were as follows:

rac-(1aR,9bR,9cR)-9-Chloro-1,1a,,2,3,9b,9c-hexahydro-
4H-cyclobuta|hi]pyrido[3,2-b]indolizin-4-one (2b): Yield:
33.5 mg (0.143 mmol, 60%) from 1b (56.1 mg, 0.239 mmol).
Colorless solid. IR (KBr) 3055, 2963, 1693, 1590, 1562, 1389,
1336, 1300, 1207, 1138, 1004, 843, 795 cm™'. '"H NMR (400
MHz, CDCl;) 6 8.17 (d, J=5.5 Hz, 1H), 6.91 (d, J=5.5 Hz, 1H),
4.69 (dt, J4=2.8, J=6.4 Hz, 1H), 3.79 (q, /=7.3 Hz, 1H), 3.21-
3.11 (m, 1H), 2.90-2.98 (m, 1H), 2.58 (dt, J==14.2, J=3.2 Hz,
1H), 2.35-2.17 (m, 2H), 2.05-1.98 (m, 1H), 1.68-1.59 (m,
1H). BC{'H} NMR (100 MHz, CDCl;) § 170.6 (C), 159.9 (C),
147.8 (CH), 139.1 (C), 128.3 (C), 119.3 (CH), 61.3 (CH), 35.8

(CHa), 35.5 (CH,), 34.4 (CH), 30.4 (CH), 26.3 (CH,). HRMS
(ESI-orbitrap) m/z: [M + Na]" caled for Cj,H;1**CIN;NaO,
257.0452; found, 257.0454.

rac-Methyl (1aR,9bR,9cR)-1a,2,3,4,9b,9c-hexahydro-4-
oxo-1H-cyclobuta|hi]pyrido[3,2-b]indolizine-8-carboxylate
(2¢): Yield: 35.9 mg (0.139 mmol, 64%) from 1c (56.1 mg,
0.217 mmol). Colorless solid. IR (KBr) 2952, 1716, 1693,
1609, 1441, 1396, 1334, 1308, 1270, 1234, 1201, 1094, 984,
786 cm™!. 'TH NMR (400 MHz, CDCl;) 6 8.91 (d, J/=2.1 Hz,
1H), 7.95 (dd, J=2.1, 0.7 Hz, 1H), 4.72 (dt, J~2.9, J=6.2 Hz,
1H), 3.90 (s, 3H), 3.73-3.67 (m, 1H), 3.20-3.10 (m, 1H),
2.94-2.86 (m, 1H), 2.63-2.57 (m, 1H), 2.35-2.20 (m, 2H),
2.00 (ddd, J=12.4, 8.7, 7.5 Hz, 1H), 1.68-1.58 (m, 1H).
BC{'H} NMR (100 MHz, CDCl;) & 170.6 (C), 165.6 (C),
162.0 (C), 149.6 (CH), 132.3 (CH), 129.5 (C), 121.4 (C), 62.0
(CH), 52.1 (CH3), 36.7 (CHy), 35.6 (CH»), 34.8 (CH), 30.5
(CH), 26.2 (CH,). HRMS (ESlI-orbitrap) m/z: [M + Na]" calcd
for Ci4H14N>NaOs, 281.0897; found, 281.0899.

rac-(1aR,9bR,9¢cR)-1,1a,,2,3,9b,9c-Hexahydro-9-

methoxy-4H-cyclobuta[hi]pyrido[3,2-b]indolizin-4-one
(2d): Yield: 48.7 mg (containing a small amount of AcOEt,
0.205 mmol estimated by 'H NMR, 88%) from 1d (53.4 mg,
0.232 mmol). Faintly yellow solid. IR (KBr) 3034, 2975, 2939,
1692, 1598, 1575, 1397, 1365, 1283, 1206, 1186, 1080, 822
cm . '"H NMR (400 MHz, CDCl3) & 8.20 (d, J=6.0 Hz, 1H),
6.52 (d, J=6.0 Hz, 1H), 4.64 (dt, J==2.9, J=6.4 Hz, 1H), 3.84
(s, 3H), 3.73-3.67 (m, 1H), 3.14-3.04 (m, 1H), 2.91-2.82 (m,
1H), 2.57-2.52 (m, 1H), 2.31-2.14 (m, 2H), 1.95 (ddd, J=12.2,
8.7, 7.4 Hz, 1H), 1.66-1.57 (m, 1H). *C{'H} NMR (100 MHz,
CDCl3) 6 170.6 (C), 161.5 (C), 160.8 (C), 149.0 (CH), 115.5
(C), 103.6 (CH), 61.9 (CH), 55.3 (CHs), 36.4 (CH,), 35.5
(CH,), 32.5 (CH), 30.2 (CH), 264 (CH.). HRMS (ESI-
orbitrap) m/z: [M + Na]" caled for Ci3HisN2NaO,, 253.0948;
found, 253.0950.

rac-tert-Butyl N-methyl-N-((1aR,9bR,9cR)-1a,2,3,4,9b,9¢c-
hexahydro-4-oxo-1H-cyclobuta[hi]pyrido[3,2-b]indolizin-
8-yDcarbamate (2e): Yield: 10.8 mg (containing a small
amount of AcOEt, 0.0318 mmol estimated by 'H NMR, 77%)
from 1e (13.6 mg, 0.0413 mmol). Colorless oil. IR (KBr) 2976,
2934, 1694, 1469, 1404, 1366, 1353, 1332, 1222, 1151, 776,
731 em™. 'TH NMR (400 MHz, CDCl;) 6 8.10 (d, /=2.4 Hz,
1H), 1.42 (s, 9H), 7.35 (br s, 1H), 4.69 (dt, J+=2.9, J=6.2 Hz,
1H), 3.62 (q, /=7.3 Hz, 1H), 3.22 (s, 3H), 3.15-3.04 (m, 1H),
2.90-2.81 (m, 1H), 2.57-2.53 (m, 1H), 2.32-2.16 (m, 2H),
1.98 (ddd, J=12.3, 8.7, 7.6 Hz, 1H), 1.66-1.57 (m, 1H).
BC{'H} NMR (100 MHz, CDCl;) & 170.5 (C), 156.1 (C),
154.5 (C), 142.6 (br, CH), 136.4 (C), 130.1 (CH), 129.7 (C),
80.9 (C), 62.4 (CH), 37.4 (CH3), 36.7 (CH»), 35.5 (CH,), 35.2
(CH), 30.4 (CH), 28.2 (CHj3), 26.5 (CH,). HRMS (ESI-
orbitrap) m/z: [M + Na]" caled for CisH23N3NaOs, 352.1632;
found, 352.1632.

rac-(1aR,9bR,9cR)-1,1a,,2,3,9b,9c-Hexahydro-9b-methyl-
4H-cyclobuta|hi]pyrido[3,2-b]indolizin-4-one (2f): Yield:
43.7 mg (0.204 mmol, 93%) from 1f (47.1 mg, 0.220 mmol).
Pale yellow oil. IR (KBr) 3048, 2954, 2927, 1688, 1597, 1412,
1368, 1319, 1259, 1151, 1116, 781 cm™'. '"H NMR (400 MHz,
CDCls) 6 8.29 (dd, J=5.3, 1.6 Hz, 1H), 7.36 (dd, J=7.3, 1.6 Hz,
1H), 6.95 (dd, /=7.3, 5.3 Hz, 1H), 4.29 (dd, J=6.1, 3.2 Hz, 1H),
3.16-3.06 (m, 1H), 2.59-2.55 (m, 1H), 2.46 (ddd, /=12.0, 9.1,
3.2 Hz, 1H), 2.35-2.19 (m, 2H), 2.09 (dd, /=12.0, 8.9 Hz, 1H),
1.66-1.60 (m, 1H), 1.58 (s, 3H). *C{'H} NMR (100 MHz,
CDCl3) 6 170.5 (C), 158.4 (C), 146.5 (CH), 133.2 (C), 129.8



(CH), 118.8 (CH), 65.9 (CH), 42.3 (CH,), 41.6 (C), 35.5
(CHy), 27.5 (CH), 25.7 (CHz), 20.0 (CHs). HRMS (ESI-
orbitrap) m/z: [M + Na]" caled for Ci3H4sN>NaO, 237.0998;
found, 237.1000.

rac-(1aR,9bR,9cR)-1,1a,,2,3,9b,9c-Hexahydro-9c-methyl-
4H-cyclobuta|hi]pyrido[3,2-b]indolizin-4-one (2g): Yield:
31.1 mg (0.145 mmol, 62%) from 1g (50.3 mg, 0.235 mmol).
Pale yellow oil. IR (KBr) 3048, 2957, 2866, 1688, 1596, 1410,
1370, 1313, 1301, 1216, 1157, 1050, 781 cm™'. '"H NMR (400
MHz, CDCl;) 6 8.29 (dd, J=5.3, 1.6 Hz, 1H), 7.40 (ddd, J=7.3,
1.6, 0.5 Hz, 1H), 6.92 (dd, J=7.3, 5.3 Hz, 1H), 3.21 (t, /=8.2
Hz, 1H), 2.86-2.73 (m, 2H), 2.56-2.50 (m, 1H), 2.42-2.28 (m,
2H), 1.77-1.59 (m, 2H), 1.47 (s, 3H). *C{'H} NMR (100
MHz, CDCl3) 8 170.1 (C), 158.2 (C), 146.6 (CH), 132.2 (CH),
128.5 (C), 119.0 (CH), 68.9 (CH), 40.8 (CH), 35.8 (CH), 33.6
(CH), 33.5 (CH), 27.1 (CHy), 25.8 (CH;). HRMS (ESI-
orbitrap) m/z: [M + Na]" caled for Ci3H4N>NaO, 237.0998;
found, 237.1002.

rac-(1aR,9bR,9¢cR)-1,1a,,2,3,9b,9c-Hexahydro-9b,9¢c-
dimethyl-4H-cyclobuta|hi]pyrido[3,2-b]indolizin-4-one
(2h): Yield: 13.8 mg (0.0604 mmol, 28%) from 1h (49.4 mg,
0.216 mmol). Colorless solid. IR (KBr) 3049, 2963, 2931,
2868, 1685, 1596, 1412, 1369, 1315, 1301, 1146, 1120, 781
cm . '"H NMR (400 MHz, CDCl;) & 8.30 (dd, J=5.3, 1.7 Hz,
1H), 7.34 (dd, J=7.3, 1.7 Hz, 1H), 6.96 (dd, /=7.3, 5.3 Hz, 1H),
2.87-2.79 (m, 1H), 2.56 (ddd, J/=14.5, 4.5, 2.3 Hz, 1H), 2.47—
2.30 (m, 3H), 1.94 (dd, J=11.9, 8.9 Hz, 1H), 1.71-1.61 (m,
1H), 1.45 (s, 3H), 1.35 (s, 3H). *C{'H} NMR (100 MHz,
CDCl3) 6 170.1 (C), 157.8 (C), 146.8 (CH), 132.6 (C), 130.4
(CH), 119.2 (CH), 71.2 (C), 43.7 (C), 41.2 (CH>), 33.9 (CH),
33.7 (CH,), 26.4 (CHy), 21.2 (CH3), 16.8 (CH3). HRMS (ESI-
orbitrap) m/z: [M + Na]" caled for C4sH;sN>NaO, 251.1155;
found, 251.1157.

rac-(1aR,9bR,9¢cR)-1,1a,,2,3,9b,9c-Hexahydro-1-
methylene-4H-cyclobuta[Ai]pyrido[3,2-b]indolizin-4-one
(2i): Yield: 27.8 mg (0.131 mmol, 66%) from 1i (42.3 mg,
0.199 mmol). Colorless solid. IR (KBr) 3065, 2952, 1686,
1597, 1412, 1368, 1324, 1221, 1199, 887, 785 cm™'. '"H NMR
(400 MHz, CDCls) 6 8.27 (dd, J=5.3, 1.7 Hz, 1H), 7.48 (ddd,
J=1.3, 1.6, 0.6 Hz, 1H), 6.93 (dd, J=7.3, 5.3 Hz, 1H), 5.03—
5.01 (m, 1H), 4.97-4.95 (m, 1H), 4.76 (t, J=6.4 Hz, 1H), 4.24—
4.21 (m, 1H), 3.73-3.66 (m, 1H), 2.60-2.54 (m, 1H), 2.37—
2.24 (m, 2H), 1.84-1.74 (m, 1H). *C{'H} NMR (100 MHz,
CDCl) 6 170.7 (C), 159.3 (C), 153.2 (C), 146.8 (CH), 131.7
(CH), 127.1 (C), 118.9 (CH), 111.0 (CH,), 58.8 (CH), 46.5
(CH), 41.7 (CH), 35.1 (CH,), 23.7 (CH,). HRMS (ESI-
orbitrap) m/z: [M + Na]" caled for Ci3H2N.NaO, 235.0842;
found, 235.0846.

rac-(1aR,9bR,9cR)-1,1a,,2,3,9b,9c-Hexahydro-1,1-
dimethyl-4H-cyclobuta|hi]pyrido[3,2-b]indolizin-4-one
(2j): Yield: 34.8 mg (0.152 mmol, 75%) from 1j (46.5 mg,
0.204 mmol). Colorless oil. IR (KBr) 2952, 1691, 1597, 1456,
1411, 1369, 1329, 1218, 781 cm!. 'H NMR (400 MHz,
CDCls) 6 8.26 (d, J/=5.2 Hz, 1H), 7.37 (dd, J=7.2, 0.7 Hz, 1H),
6.92-6.88 (m, 1H), 4.59 (t, /=6.8 Hz, 1H), 3.34 (d, /=6.8 Hz,
1H), 2.79 (dt, J=10.7, J=6.8 Hz, 1H), 2.54 (dt, J=14.2,
J=2.5 Hz, 1H), 2.19 (dt, J&=5.5, J=14.2 Hz, 1H), 2.08-2.00
(m, 1H), 1.75-1.65 (m, 1H), 1.30 (s, 3H), 0.65 (s, 3H).
BC{'H} NMR (100 MHz, CDCl;) & 170.5 (C), 159.3 (C),
146.7 (CH), 133.2 (CH), 126.5 (C), 118.6 (CH), 56.9 (CH),
46.6 (CH), 41.6 (C), 40.9 (CH), 35.2 (CH,), 32.2 (CH3), 21.8

(CH3), 19.2 (CH,). HRMS (ESI-orbitrap) m/z: [M + Na]* caled
for C14HisN2NaO, 251.1155; found, 251.1157.

rac-(4bR,4cS,85,8aR,8bR)-4b 4¢,5,6,7,8,8a,8b-
Octahydro-8,9-
ethanobenzo[3',4'|cyclobuta[1',2':4,5]pyrrolo[2,3-
b]pyridin-10-one (2ka): Yield: 37.1 mg (pure 1.7 mg + 35.4
mg containing a small amount of AcOEt, 0.148 mmol estimat-
ed by '"H NMR, 68%) from 1k (52.2 mg, 0.217 mmol). Color-
less oil. IR (KBr) 2941, 2866, 1677, 1595, 1406, 1351, 1332,
1291, 1181, 1087, 1035, 782 cm!. 'H NMR (400 MHz,
CDCl) 6 8.30 (dd, J=5.3, 1.7 Hz, 1H), 7.45 (dd, /=7.3, 1.7 Hz,
1H), 6.96 (dd, /=7.3, 5.3 Hz, 1H), 4.78 (t, J/=4.5 Hz, 1H), 3.36
(dd, /=8.0, 4.5 Hz, 1H), 2.61-2.35 (m, 5H), 1.75-1.34 (m, 6H).
BC{'H} NMR (100 MHz, CDClL) & 171.9 (C), 161.1 (C),
146.2 (CH), 131.2 (CH), 130.8 (C), 119.5 (CH), 63.6 (CH),
46.6 (CH), 39.2 (CH), 38.0 (CH>), 35.3 (CH), 30.0 (CH), 24.5
(CH), 23.2 (CH>), 19.6 (CH2). HRMS (ESI-orbitrap) m/z: [M
+ Na]" caled for CisHsN2NaO, 263.1155; found, 263.1157.

rac-(4bR.4cS,8R,8aR,8bR)-4b,4c¢,5,6,7,8,8a,8b-
Octahydro-8,9-
ethanobenzo[3',4'|cyclobuta[1',2':4,5]pyrrolo[2,3-
b]pyridin-10-one (2kb): Yield: 4.7 mg (0.020 mmol, 9%)
from 1k (52.2 mg, 0.217 mmol). Colorless oil. IR (KBr) 2931,
2858, 1685, 1596, 1411, 1375, 1328, 1305, 1220, 1118, 1092,
783 cm'. '"H NMR (400 MHz, CDCl;) & 8.30 (dd, J=5.2, 1.6
Hz, 1H), 7.39 (dd, J=7.3, 1.6 Hz, 1H), 6.93 (dd, J=7.3, 5.2 Hz,
1H), 4.64-4.61 (m, 1H), 3.89-3.85 (m, 1H), 3.07-3.03 (m,
2H), 2.48-2.35 (m, 3H), 1.83-1.76 (m, 1H), 1.58-1.51 (m,
1H), 1.44-1.37 (m, 1H), 1.08-0.92 (m, 2H), 0.64-0.57 (m,
1H). BC{'H} NMR (100 MHz, CDCI;) § 169.9 (C), 159.4 (C),
146.5 (CH), 133.9 (CH), 126.6 (C), 118.8 (CH), 59.8 (CH),
41.7 (CH»), 39.5 (CH), 35.4 (CH), 30.3 (CH), 29.0 (CH>), 27.6
(CH), 24.5 (CH»), 21.5 (CH). HRMS (ESI-orbitrap) m/z: [M
+ Na]" caled for CisHsN2NaO, 263.1155; found, 263.1158.

rac-(5aR,6S5)-6-ethynyl-5a,6,7,8-tetrahydropyrido[3,2-
blindolizin-9(5H)-one (4): Compound 4 was very hard to
purify. It was isolated by HPLC after separation with prepara-
tive TLC. Conditions: column, COSMOSIL (Nacalai Tesque,
20 x 250 mm); eluent: CH3CN:H20=40:60; flow, 5.7 mLmin-
1; column temp, 40 °C; detection, UV 254 nm; % =10.9 min.
This sample still contained a small amount of 2i. Yield: 5.1
mg (0.024 mmol, 12%) from 1i (42.3 mg, 0.199 mmol). Color-
less solid. IR (KBr) 3207, 3046, 2952, 2912, 2104, 1667, 1600,
1420, 1391, 1315, 1237, 805 cm!. 'H NMR (400 MHz,
CDCls) 6 8.33 (d, J/=5.2 Hz, 1H), 7.51 (dd, J=7.3, 0.9 Hz, 1H),
6.94 (dd, J=7.3, 5.2 Hz, 1H), 4.36 (ddd, J=11.0, 8.1, 3.5 Hz,
1H), 3.36 (dd, J=15.7, 11.0 Hz, 1H), 3.22-3.19 (m, 1H), 3.04
(dd, J=15.7, 8.1 Hz, 1H), 2.92 (ddd, J/=18.2, 12.2, 7.2 Hz, 1H),
2.65 (ddd, J/=18.2, 6.5, 1.5 Hz, 1H), 2.25-2.19 (m, 1H, includ-
ing d, /=2.4 Hz, 1H at 2.21), 2.09-2.00 (m, 1H). *C{'H}
NMR (100 MHz, CDCl3) § 167.1 (C), 156.5 (C), 147.1 (C),
133.0 (CH), 123.8 (C), 119.0 (CH), 79.9 (C), 74.9 (CH), 61.7
(CH), 31.3 (CH»), 29.8 (CH), 29.7 (CH>), 26.0 (CH,). HRMS
(EST-orbitrap) m/z: [M + Na]® caled for C;3H,N,NaO,
235.0842; found, 235.0846.
rac-(5aR,6S5)-6-(prop-1-en-2-yl)-5a,6,7,8-

tetrahydropyrido[3,2-b]indolizin-9(5H)-one (5): Yield: 8.3
mg (0.036 mmol, 18%) from 1j (46.5 mg, 0.204 mmol). Col-
orless oil. IR (KBr) 3071, 2944, 1677, 1597, 1422, 1392, 1299,
1240, 899, 788 cm'. '"H NMR (400 MHz, CDCl;) & 8.33 (d,
J=5.1 Hz, 1H), 7.49 (dd, J=7.3, 1.1 Hz, 1H), 6.93 (dd, J=7.3,
5.1 Hz, 1H), 4.96 (t, /=1.4 Hz, 1H), 4.74 (br s, 1H), 4.52 (dt,



J=9.8 Hz, J=4.7 Hz, 1H), 3.24 (dd, J/=16.5, 9.9 Hz, 1H), 3.02
(dd, J=16.5, 9.6 Hz, 1H), 2.82-2.78 (m, 1H), 2.69-2.53 (m,
2H), 2.19-2.10 (m, 1H), 2.03-1.95 (m, 1H), 1.69 (s, 3H).
BC{'H} NMR (100 MHz, CDCl;) & 168.5 (C), 156.1 (C),
147.1 (CH), 142.6 (C), 133.3 (CH), 124.1 (C), 118.8 (CH),
114.8 (CH,), 60.6 (CH), 41.8 (CH), 31.2 (CH>), 29.3 (CH,),
24.5 (CH,), 22.5 (CH3). HRMS (ESI-orbitrap) m/z: [M + Na]"
caled for C4H6N>NaO, 251.1155; found, 251.1158.

rac-Methyl 2-((4bR,4cS,8S5,8aR,8bR)-4b,4¢,6,7,8,8a,8b,9-
octahydro-5H-benzo[3',4'|cyclobuta[1',2':4,5]pyrrolo[2,3-
b]pyridin-8-yl)acetate (6): Yield: 6.8 mg (0.025 mmol, 12%)
from 1k (52.2 mg, 0.217 mmol). Colorless oil. IR (KBr) 3213,
2925, 2856, 1734, 1614, 1585, 1472, 1442, 1331, 1262, 1193,
1167, 1017, 772 cm™'. 'H NMR (400 MHz, CDCl;) 8 7.72 (dd,
J=5.5, 1.4 Hz, 1H), 7.16-7.14 (m, 1H), 7.00 (dd, J=6.9, 5.5 Hz,
1H), 4.97 (br s, 1H), 4.68-4.67 (m, 1H), 3.71 (s, 3H), 3.59 (t,
J=6.7 Hz, 1H), 2.99 (dd, J=16.7, 8.0 Hz, 1H), 2.51-2.49 (br m,
1H), 2.43-2.25 (m, 3H), 1.84-1.80 (m, 1H), 1.62-1.48 (m,
3H), 1.44-1.24 (m, 2H). *C{'H} NMR (100 MHz, CDCl;) &
174.7 (C), 166.5 (C), 143.7 (CH), 129.8 (CH), 126.1 (C),
112.8 (CH), 64.4 (CH), 51.6 (CH3), 51.1 (CH), 48.7 (CH),
42.7 (CH), 33.0 (CH,), 32.1 (CH), 31.7 (CH»), 31.0 (CH,),
21.6 (CH,). HRMS (ESI-orbitrap) m/z: [M + Na]" caled for
C](,Hz]NzNaOz, 273]598, fOLlIld, 273.1599.

rac-(3aR,4aR,9bR)-1,2,3,3a,4,4a-hexahydro-5H-

cyclopenta[1',4']cyclobuta[1',2':4,5]pyrrolo[2,3-b]pyridine-
2,2,5-triicarboxylic acid 2,2-diethyl 5-methyl ester (8):
Yield: 35.8 mg (0.0922 mmol, 88%) from 7 (40.5 mg, 0.104
mmol). Colorless oil. IR (KBr) 2980, 2953, 1730, 1702, 1599,
1585, 1441, 1422, 1377, 1337, 1308, 1254, 1200, 1142, 1116,
1088, 1071, 863, 776, 766 cm™'. '"H NMR (400 MHz, CDCl5)
6 8.26 (dd, J=5.1, 1.7 Hz, 1H), 7.51 (dd, J=7.4, 1.7 Hz, 1H),
6.91 (dd, /=7.4, 5.1 Hz, 1H), 4.57 (t, J/=5.9 Hz, 1H), 4.32 (q,
J=7.1 Hz, 2H), 4.24 (q, J=7.1 Hz, 2H), 3.86 (s, 3H), 2.88-2.82
(m, 1H), 2.79 (d, J=14.3 Hz, 1H), 2.59 (dd, J/=14.1, 8.4 Hz,
1H), 2.51 (dd, J=14.1, 3.6 Hz, 1H), 2.49 (d, /=14.3 Hz, 1H),
2.28-2.25 (m, 2H), 1.32 (t, /=7.1 Hz, 3H), 1.28 (t, J=7.1 Hz,
3H). *C{'H} NMR (100 MHz, CDCl;) § 171.5 (C), 171.4 (C),
156.7 (C), 152.0 (C), 147.5 (CH), 131.6 (CH), 129.0 (C),
118.1 (CH), 63.2 (C), 61.9 (CH>), 61.8 (CH>), 60.8 (CH), 54.7
(C), 53.0 (CH3), 45.8 (CH), 43.1 (CH»), 40.7 (CH,), 33.2
(CH,), 14.0 (CH3). HRMS (ESI-orbitrap) m/z: [M + Na]* caled
for Co0H24N;NaOg, 411.1527; found, 411.1525.
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