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Update for oxidopyridinium cycloadditions and
their synthetic applications: advances after
Katritzky's pioneering studies

Since the pioneering studies of the Katritzky group, the cycloaddition of 3-oxidopyridinium betaines has
been continuously studied because (1) the multifaceted reactivity of 3-oxidopyridiniums has attracted
attention from the viewpoint of physical chemistry, and (2) the production of nitrogen heterocycles with
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1. Introduction: early discoveries of
oxidopyridinium cycloadditions

Nitrogen heterocycles (N-heterocycles) are found in natural
products, drug molecules, and functional materials. Although
aromatic N-heterocycles are ubiquitous, saturated non-aro-
matic N-heterocycles have attracted the attention of medicinal
chemists because their three-dimensional structures tend to
exhibit higher biological activity and target selectivity than aro-
matic N-heterocycles with planar two-dimensional structures.
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three-dimensional frameworks is crucial for natural product chemistry and pharmaceutical sciences. In
this review, the development of oxidopyridinium cycloadditions is discussed. First, the results of the
seminal investigations on oxidopyridinium cycloadditions are briefly presented. Subsequently, the follow-
up research conducted since the pioneering studies of Katritzky and others is discussed.

Therefore, synthetic chemists have focused on the develop-
ment of efficient methods to construct complex saturated
N-heterocycles. The dearomative transformations of aromatic
pyridines, quinolines, isoquinolines and their derivatives offer
an attractive approach for saturated N-heterocycles.” These
dearomative transformations can be categorized into two
major groups: catalytic hydrogenation and N-activation fol-
lowed by sequential functionalization (Fig. 1A). In addition to
these methods, a different synthetic approach for saturated
N-heterocycles from pyridin-3-ols has been developed by the
Katritzky group and others. In this approach, pyridin-3-ols are
converted into oxidopyridinium betaines, which subsequently
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Fig. 1 (A) Dearomative transformations of pyridine and derivatives to
saturated N-heterocycles. (B) Dearomative transformation of pyridin-3-
ol to bridged N-heterocycles via 3-oxidopyridinium.
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undergo cycloaddition with an appropriate dipolarophile
(Fig. 1B).? Because oxidopyridinium cycloadditions enable the
streamlined construction of various bridged N-heterocyclic
scaffolds, they have been applied to the synthesis of natural
products and biologically relevant molecules. In this review,
the development of oxidopyridinium cycloadditions will be
discussed. First, pioneering investigations on oxidopyridinium
cycloadditions will be briefly outlined and then the research
after Katritzky’s seminal studies will be discussed in the fol-
lowing sections. To date, in addition to Katritzky’s review
articles, only a few reviews have discussed oxidopyridinium
cycloadditions,® and, to our knowledge, no review article has
summarized recent advances in this field.*

Pyridin-3-ol (1a) has a phenol-like structure unlike pyridin-
2-ol (1b) and pyridin-4-ol (1c), which mainly exist as 2-pyri-
done (2b) and 4-pyridone (2¢), respectively (Fig. 2A).° In
aqueous solution, 1a is in equilibrium with its tautomeric
form (3a). Because 3b, one of the resonance structures of
betaine 3a, is very similar to azomethine ylides, 3a exhibits
1,3-dipolar-cycloaddition reactivity similar to that of oxidopyr-
ylium 4.° Actually, Katritzky et al. reported that when 1a was
heated under reflux in a large excess of acrylonitrile or methyl
acrylate, tropane-like bicyclic compounds 6 were formed regio-
selectively in high yield via (5 + 2) cycloaddition at the 2- and
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Fig. 2 (A) Structures of pyridinols. (B) (5 + 2) cycloaddition of pyridin-3-
ol and pyridoxine.
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6-positions of 3a (Fig. 2B).””® It was proposed that the direct
reaction of betaine 3a with electron-deficient alkenes initially
formed N-H products 5, which then underwent aza-Michael
reaction with the alkene to afford 6. However, an alternative
pathway starting with the aza-Michael reaction of 1a cannot
be excluded. Other electron-deficient alkenes, such as
N-phenylmaleimide, diethyl maleate, and phenyl vinyl ketone,
failed to afford the corresponding products. Later, El-Abbady
et al. reported that the reaction of 1a with 1 equivalent of
4-phenyl-1,2,4-triazoline-3,5-dione proceeded in dioxane even
at —10 °C to afford (5 + 2) cycloadduct 7 in 68% yield.” On the
other hand, increased amounts (2 equiv.) of the triazolinone
led to the formation of 1:2 adduct 8 in 71% yield. Moreover,
the (5 + 2) cycloaddition of pyridoxine with
N-methylmaleimide proceeded in pH 7.5 aqueous buffer at
room temperature, affording the corresponding product in
63% yield."”

Although the scope of dipolarophiles in the cycloaddition
of 1a is severely limited, Katritzky et al reported that
N-substituted oxidopyridinium betaines underwent (5 + 2)
cycloadditions with various alkenes. They prepared 1-methyl-3-
oxidopyridinium 10 through the deprotonation of
N-methylated pyridinium 9 with Amberlite IRA-401 (Fig. 3A)."*
Betaine 10 underwent 1,3-dipolar cycloaddition at the 2- and
6-positions with activated alkenes to afford cycloadducts with
the tropane scaffold, which is found in diverse bioactive mole-
cules, such as cocaine. Typically, 10 and N-phenylmaleimide
were heated in THF/dioxane (1 :3) to stereoselectively afford (5
+ 2) cycloadduct exo-11a in 72% yield. The reaction with a
large excess of acrylonitrile stereo- and regioselectively
afforded cycloadduct exo-11b, albeit in low yield (17%). In con-
trast, the reaction with methyl acrylate produced a mixture of
the corresponding exo- and endo-cycloadducts 11c in 75%
yield. Sasaki et al. also reported that betaine 10 underwent (5 +
2) cycloaddition with the strained cycloalkene, oxabenzonor-
bornadiene (12), to afford exo-13 in 80% yield."> Notably,
5-methoxy-1-methyl-3-oxidopyridinium (14) exhibited high
reactivity toward styrene in refluxing acetonitrile, affording
endo-15 in 94% yield."® The reaction with diethyl azodicarboxy-
late proceeded within 10 min in THF at room temperature to
afford 16 in 71% yield.

The N-substituent of 3-oxidopyridinium betaines affects
both the reactivity and stereoselectivity of their (5 + 2) cyclo-
addition substantially. The reaction of 3-oxido-1-phenylpyridi-
nium 17 with N-phenylmaleimide or acrylonitrile produced (5
+ 2) cycloadducts 18a or 18b in 81% and 76% yields, respect-
ively, with an exo/endo selectivity of 4: 5 (Fig. 3B)."* The latter
yield was substantially improved in relation to that of N-methyl
analog 10 (Fig. 3A). The reaction of 17 with benzyne, derived
from anthranilic acid, afforded the corresponding product 19
in 35% yield. The reaction of styrene with 17, which is gener-
ated in situ from the reaction of salt 17-HCI, afforded endo-18c
in 50% yield, whereas a similar reaction with methyl acrylate
produced exo-18d in 31% yield. Later, other groups reinvesti-
gated the (5 + 2) cycloaddition of betaines 10 and 17 with 1,2-
disubstituted electron-deficient alkenes."’

This journal is © the Partner Organisations 2025
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Fig. 3 (A) Preparation of N-methylated 3-oxidopyridinium and (5 + 2)
cycloaddition of N-methylated 3-oxidopyridinium betaines. (B) (5 + 2)
Cycloaddition of 3-oxido-1-phenylpyridinium betaine.

When the N-substituent was an electron-withdrawing
5-nitropyridin-2-yl group, the corresponding betaine 20 under-
went facile dimerization in such a way that the 2- and 6-posi-
tions of one betaine (HOMO) and the 2- and 4'-positions of
the other betaine (LUMO) are involved, selectively producing
21 in 84% yield (Fig. 4A)."° Similarly, pyridinium 22-HCI, with
a 4,6-dimethylpyrimidin-2-yl group at the 1-position, afforded
the corresponding dimer 23 as a mixture of regioisomers (2: 1)
in 80% yield. Dimer 21 underwent retro-dimerization to gene-
rate two equivalents of betaine 20 at a higher temperature; (5 +
2) cycloaddition with dipolarophiles was carried out using 21
as the oxidopyridinium precursor in the absence of a base.

Dimer 21 and excess methyl acrylate were heated in THF to
afford endo-24a and exo-24a in 25% and 75% yields, respect-
ively (Fig. 4B)."” Similarly, the reaction with styrene selectively
afforded endo-24b in 83% yield. The reaction with dimethyl
maleate exclusively produced exo-24c in 90% yield, indicating
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Fig. 4 (A) Dimerization of oxidopyridinium betaines bearing electron-

withdrawing heteroaryl groups at the 1-position. (B) (5 + 2), (5 + 4), and
(5 + 6) cycloadditions of 1-(5-nitropyridin-2-yl)-3-oxidopyridinium. (C)
Oxidopyridinium  precursors with diverse electron-withdrawing
N-substituents.

that cis/trans isomerization of both maleate and cycloadduct
was suppressed in the absence of a base. Moreover, the reac-
tion with 2,3-dimethyl-1,3-butadiene afforded (5 + 4) cyclo-
adduct 25 in 90% yield as a result of the cycloaddition at the 2-
and 4-positions of betaine 20. This chemoselectivity can be
rationalized as the cycloaddition proceeding via the interaction
between the LUMO of betaine 20 and the HOMO of butadiene.
In the presence of excess 6,6-dimethylfulvene, pyridinium salt
20-HCI was treated with triethylamine at 20 °C in diethyl ether
for 2 h, affording (5 + 6) cycloadduct 26, albeit in moderate
yield. In addition, 1-(4,6-dimethylpyrimidin-2-yl)-3-oxidopyridi-
nium exhibited similar cycloaddition reactivities toward
alkenes, 1,3-dienes, and fulvenes. Accordingly, Katritzky et al.
demonstrated that oxidopyridinium betaines bearing an elec-
tron-withdrawing heteroaryl group at the 1-position are highly
versatile 1,3-dipolar reagents. Moreover, the cycloaddition reac-
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tivities of 3-oxidopyridinium betaines with diverse electron-
withdrawing N-substituents were investigated by the Katritzky
group and others (Fig. 4C).'®

Katritzky et al. introduced frontier molecular orbital theory
to explain the experimentally observed stereo-, regio-, and peri-
selectivities of oxidopyridinium cycloadditions.'® Later, several
groups employed modern theoretical calculations based on
density functional theory (DFT).>° Although the (5 + 2) cyclo-
addition of 1-methyl-3-oxidopyridinium with C70 fullerene has
yet to be realized experimentally, it was theoretically
investigated.>'

Katritzky et al. reported the (3 + 2) cycloaddition of 3-oxido-
pyridinium betaines with haloketenes, in which the oxido
moiety and C4 of the betaines were involved (Fig. 5).>*> The
reaction of 17-HCI with dichloroacetyl chloride in the presence
of an excess of triethylamine generated oxidopyridinium 17
and dichloroketene 27a, whose (3 + 2) cycloaddition produced
intermediate 28. Subsequent dehydrochlorination afforded the
final product 29 in 57% yield. The yield of N-(4,6-dimethyl-
pyrimidin-2-yl)-substituted analog 30 was higher (85%) than
that of 29. Although the reaction with bromoketene 27b
instead of 27a produced regioisomeric mixtures (e.g., 31 and
32), the (3 + 2) cycloaddition of 1-(p-chlorostyryl)-3-oxidopyridi-
nium with 27b selectively afforded 33 in 61% yield.

Although less extensively investigated, oxidoisoquinolinium
betaines have also been used for (5 + 2) cycloaddition.
Katritzky et al. reported that the reaction of 2-methyl-4-oxidoi-
soquinolinium (34) with acrylonitrile afforded (5 + 2) cyclo-
adduct endo-35a in 18% yield (Fig. 6A).*® Interestingly, the
observed stereoselectivity was opposite to that observed for the
formation of exo-11b (Fig. 3A). The reaction with methyl acry-
late afforded exo- and endo-35b in 13% and 10% yields,
respectively. This loss of stereoselectivity was similar to that
observed in the reaction of 10 with methyl acrylate (Fig. 3A).
Moreover, the reaction of N-(2,4-dinitrophenyl)-substituted oxi-
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Fig.5 (3 + 2) cycloaddition of 3-oxidopyridinium betaines with
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doisoquinolinium 36 with N-phenylmaleimide exclusively pro-
duced endo-37a in 72% yield.”* In striking contrast, the reac-
tion with acrylonitrile afforded endo-37b in a low yield.
Katritzky et al. transformed oxidopyridinium dimer 23, with N-
(4,6-dimethylpyrimidin-2-yl) group, into mixed dimer 38
(Fig. 6B).>> Upon heating, 38 underwent retrodimerization to
generate 4-oxidoisoquinolinium 39, which could be trapped by
N-phenylmaleimide; however, the reaction conditions and
yield of exo-40 were not reported. The (5 + 4) cycloaddition of
3-hydroxyquinolinium-derived betaine with 1,3-butadienes was
also described; however, neither details of the reaction con-
ditions nor product characterization data were provided
(Fig. 6C).%°

In this section, the early discoveries and development of
oxidopyridinium cycloaddition have been briefly reviewed. In
seminal studies by the Katritzky group, the divergent 1,3-
dipolar-cycloaddition reactivity of oxidopyridinium betaines
was disclosed. However, because these studies focused on
establishing the reaction profiles of oxidopyridinium betaines,
their applications in the synthesis of bioactive compounds and
natural products lagged. In the following section, advances in
the oxidopyridinium cycloadditions after the pioneering dis-
coveries by Katritzky and others are discussed.

This journal is © the Partner Organisations 2025
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2. Advancesin (5 + 2) cycloaddition
2.1 Methodological developments

2.1.1 Intramolecular (5 + 2) cycloaddition. Connecting an
oxidopyridinium betaine with a dipolarophile renders the
cycloaddition entropically favorable. Such an intramolecular
cycloaddition is an effective strategy for constructing complex
polycyclic frameworks in a regio- and stereoselective manner.
Sammes et al. pioneered the development of intramolecular
oxidopyridinium (5 + 2) cycloadditions.?” They heated 1-(4-pen-
tenyl)-3-oxidopyridinium (41) in acetonitrile at 140 °C for 24 h
to selectively obtain tricyclic product 42 in a moderate yield of
32% (Fig. 7A). In the presence of N-phenylmaleimide, heating
41 at 80 °C exclusively produced intermolecular cycloadduct
43. In contrast, when 1-methyl-3-oxidopyridinium 44, bearing
a 4-pentenyl group at the 2-position, was heated at 160 °C, 45
was obtained in a considerably higher yield of 91%. Because
these intramolecular reactions require high temperatures
owing to their slow rates, Sammes et al. designed oxidopyridi-
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Fig. 7 (A) Intramolecular (5 + 2) cycloaddition of oxidopyridinium

betaines with a tethered alkene. (B) Intramolecular (5 + 2) cycloaddition
of oxidopyridinium betaine derived from kojic acid.
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nium 46, featuring a phenylene-tethered alkene.*® Heating 46
in benzene at 80 °C for 20 h quantitatively afforded 47. The
two methyl substituents on the phenylene moiety are impera-
tive because no reaction occurred in their absence. Joshi and
Ravindranathan reported the reaction of oxidopyridinium
betaines with activated alkenes connected by shorter tethers;*’
thus, heating 48 in xylene under reflux afforded 49 in 60%
yield. Interestingly, the tetracyclic product 51 was obtained in
48% yield from betaine 50.

Mascarefias et al. investigated the intramolecular (5 + 2)
cycloaddition of precursors 52, which were prepared from
commercially available kojic acid (Fig. 7B).*° Although
4-pyrone 52a, with a sulfur-tethered alkene, was heated in
toluene at 140 °C to afford the desired product 54a via 4-siloxy-
3-oxidopyrylium 53a, similar 4-pyridone 52b failed to produce
the corresponding product 54b. After searching for different
reaction conditions, it was found that the treatment of 55 with
methyl triflate in chloroform under reflux followed by heating
in acetonitrile at 110 °C generated 4-silyloxy-3-oxidopyridinium
56, which underwent the smooth (5 + 2) cycloaddition to
afford 57 in 92% yield.

2.1.2 Asymmetric (5 + 2) cycloaddition. Koizumi et al.
reported that tolyl vinyl sulfone is an effective dipolarophile
for the (5 + 2) cycloaddition with oxidopyridinium 10.**
Accordingly, they investigated optically active sulfoxide (R)-58
(Fig. 8A).>> The reaction of 10 with (R)-58 was performed in
THF at 90 °C for 4 days, affording the expected (5 + 2) cyclo-
adduct as three diastereomers (exo-59a, 36%; exo-59b, 7%;
endo-59b, 29%). It was proposed that the cycloaddition pro-
ceeded from the less-hindered lone pair side of (R)-58 in the
s-trans form. However, 10 underwent cycloaddition in both
exo- and endo-transition states to produce exo-59a and endo-
59b, respectively. In a related study, Aggarwal et al. investigated
the (5 + 2) cycloaddition of 1-benzyl-3-oxidopyridinium
betaines with racemic 2-methylene-1,3-dithiolane 1,3-dioxide
61 (Fig. 8B).* N-Benzylated pyridinium salt 60-HCl and 61
were treated with triethylamine in CH,Cl, at room temperature
for 18 h, affording 62 in 79% yield with 2.3 : 1 regioselectivity.
Among the four possible transition states, TS2 and TS4 are dis-
favored because of the steric repulsion between one sulfoxide
moiety and the C5-H or oxido moiety, whereas TS1 and TS2
are comparably favored, leading to the formation of the major
and minor regioisomers of 62, respectively. Similarly, the use
of 2-methylated precursor 63a-HCI resulted in the formation of
regioisomers of 64a with an improved selectivity of 8: 1, albeit
in low yield (25%). In contrast, three isomers of 64b were
obtained in a 5.5:4.4:1 ratio from 6-methylated precursor
63b-HCl. In addition, the diastereoselective (5 + 2) cyclo-
addition was studied using an optically active acrylate derived
from (S)-methyl lactate (see Section 2.2.1).

Oxidopyridinium betaine 66, bearing a chiral auxiliary, was
prepared by the Curtis group (Fig. 9).>* Starting from 2-furyl
phenyl ketone, titanium-mediated condensation with (S)-phen-
ethylamine was followed by the reduction of the resultant
imine to afford amine 65 in high yield. The subsequent treat-
ment of 65 with Br, in aqueous THF produced the desired oxi-
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Fig. 8 (A) (5 + 2) Cycloaddition of 1-methyl-3-oxidopyridinium with
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dopyridiniums with racemic 2-methylene-1,3-dithiolane 1,3-dioxide.
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Fig. 9 Preparation of an oxidopyridinium betaine, bearing a chiral

auxiliary, and its (5 + 2) cycloaddition with tert-butyl acrylate.
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dopyridinium 66 in 52% yield. Its (5 + 2) cycloaddition with
tert-butyl acrylate was conducted in toluene at 95 °C for 4 days,
affording four diastereomers of the expected cycloadduct 67.
Among these, (15,5R,6S,95)-67 was obtained as the major dia-
stereomer in 43% yield.

Jorgensen et al. developed the catalytic enantioselective (5 +
2) cycloaddition using a proline-derived organocatalyst
(Fig. 10).>> A challenge with this method is that oxidopyridi-
nium and chiral dienamine should be simultaneously gener-
ated in situ. To this end, the authors used dimer 23 as the oxi-
dopyridinium precursor in the presence of catalytic amounts
(20 mol%) of organocatalyst 69, pyridinium salt 22-HCI, and
diphenyl phosphate (DPP). The reaction with crotonaldehyde
68 quantitatively afforded endo-70 with 96% enatiomeric
excess (ee) and high endo/exo- and regioisomeric ratios
(Fig. 10A). This method has a broad scope for «,p-unsaturated
aldehydes and oxidopyridinium betaines; however, the yield
and selectivity altered depending on the substrates (Fig. 10B).

A R R
ﬁ N O 20 mol% 69 N
\r‘ CHO 20 mol% 22-HCI (o)
N 7 (
20 mol% DPP =
\ 68 CHCIg, rt, 18 h endo-70
o . OHC quant, 96% ee
23 (1.5 equiv) ~OH
e Ph | endolexo >20:1
J\ Ph +_ (0] rr16:1
R= N N N”cr I
= NN H OTBS R HOP(OPh),

|
AN 69 22HCI  DPP

P A O

CHO OHC

43%, 99% ee 61%, 95% ee 74%, 98% ee 44%, >99% ee
endo/exo >20:1 endol/exo 3.7:1  endolexo >20:1  endolexo >20:1
rr >20:1 rr >20:1 rr 20:1 rr >20:1

obe Ao e de

62%, 49% ee
endolexo 1:>20 98%, 38% ee 25%, 88% ee 49%, 62% ee
rr>20:1 endolexo 10:1  endolexo >20-1  endolexo >20:1
rr7:1 rr >20:1 1 >20:1

¢ (o

O N s-cis

| 69 22 ﬁ
JH -H0 /ﬁl trans ' \(\

P Zp

68 Ton 00
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%4 VA VN”J.Q
s AN
i P ¥ H,O0 endo-70
N :l/f 3 b +69
R R R
o (op o
72 TS2 73

Fig. 10 (A) Catalytic enantioselective (5 + 2) cycloaddition with enals
using proline-based organocatalyst. (B) Reaction scope. (C) Proposed
mechanism.
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Based on the observed stereoselectivity and the results of DFT
calculations, a stepwise mechanism was proposed, as outlined
in Fig. 10C. The condensation of enal 68 with catalyst 69 gen-
erates dienamine 71. The s-cis form of nucleophilic dienamine
71 attacks 22 such that the C(2)-C(y) bond is formed via TS1.
The resultant intermediate 72 undergoes ring closure via TS2,
where a second C-C bond is formed between C(6) and C(f) to
produce 73. The subsequent hydrolysis of 73 affords endo-70
with the restoration of 69.

2.1.3 Other methods. After the pioneering studies of the
Katritzky group, researchers conducted investigations to
improve the oxidopyridinium (5 + 2) cycloadditions. Katritzky
et al. reported that neither pyridine N-oxide 74 nor 1-amino-3-
hydroxypyridinium 75 could be used for the (5 + 2) cyclo-
addition (Fig. 11A)."®® In contrast, oxidopyridinium 76,
bearing an N-imino group, reacted with N-phenylmaleimide to
afford exo/endo-77. Later, Chen and Yang reported that
3-hydroxy-5-methoxypyridinium N-imine 79 underwent (5 + 2)
cycloaddition with ethyl propiolate.*® The treatment of 5-meth-
oxypyridin-3-ol with O-mesitylsulfonylhydroxylamine afforded
1-amino-5-methoxypyridin-3-ol (78), which was quantitatively
converted into 79 using Amberlite IRA-410. The reaction of 79
with ethyl propiolate in chloroform under reflux afforded 80 in
30% yield.

Chavignon et al. reported that the reaction of 1-benzyl-3-oxi-
dopyridinium (60) with allyl alcohol produced tricyclic product
82 in 70% yield, via the intramolecular oxy-Michael addition of

OH OH e Ol NN=CHPh
@ ©/ @ PhN o
lﬂ ArSO;” N 2 —
N=CHPh
74 75 76 77, exo 21%l/endo 27%
Ar = mesityl
MeO OH
MeOx22 | OH  ArSOGNH; » IRA-410
~
SN N"ArSO,~  MeOH
NH,
78
NNH,
MeO N OH ethyl propiolate o
| + . —
NG CHClj reflux, 4 h Et0,C
HN‘ MeO
79 80 30%
B NBn NBn
~OH o~ _OH o 0
® T |—
N™ ¢ EtsN
Bn hydroquinone OHJ
60-HClI reflux, 95 h 81 82 70%
EtOH (17 equiv) NBn o
acrolein (17 equiv)
60-HCI
Et3N, reflux, 1.5 h e
EtO 83 35%
Fig. 11 (A) (5 + 2) cycloaddition of 3-hydroxy-5-methoxypyridinium

N-imine with N-phenylmaleimide. (B) Sequential (5 + 2) cycloaddition
and intramolecular oxy-Michael addition.
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(5 + 2) cycloadduct 81 (Fig. 11B).>” The authors also estab-
lished a three-component reaction of 60, ethanol, and acrolein,
which diastereoselectively afforded similar tricyclic product 83,
albeit in moderate yield (35%).

Katritzky et al. achieved the (5 + 2) cycloaddition of
1-phenyl-3-oxidopyridinium with benzyne, albeit in moderate
yield (Fig. 3B)."** Moreover, the reaction of 1-methyl-3-oxido-
pyridinium with benzyne produced a 1:2 product. In this
study, anthranilic acid was used as the benzyne precursor. Shi
et al. reported that the use of Kobayashi reagent 84 as the
benzyne precursor improved the yield of the (5 + 2) cyclo-
adducts (Fig. 12A).%® In the presence of CsF (2.6 equiv.),
1-benzyl-3-oxidopyridinium (60) and 84 were stirred in aceto-
nitrile at 17 °C for 18 h, affording the desired (5 + 2) cyclo-
adduct 85 in 78% yield. This method allowed the use of
various 1-benzylated oxidopyridinium betaines substituted
with methyl, chloro, and hydroxymethyl groups. Moreover, aryl
and pyridyl groups as well as various alkyl groups were toler-
ated as N-substituents. Symmetrically substituted benzyne
could be used; however, unsymmetrical benzynes produced
regioisomers.

- Bn
A o ™S CsF (2.6 equiv) N
l. ) + o
N TfO MeCN
Bn

8413 i 17°C, 18 h =
60 = equ 85 78%
Bn Bn Bn
N N N
0} (0] (o}
Pore? o —
55% 67% 76% CI
R R = Me, 39%
Cy, 66%
Bu, 57%
p-tolyl, 48%

54% 2-pyridyl, 62%

66% 51% (1.3:1)
’ = X OH N-phenylmaleimide (1 equiv) it '\Nﬂe
, phenyl q PhN o]
e
N _ NaHCO; (3 equiv) o =
Me TfO MeCN /
2 80 °C, 24 h
GO ex0-87 95%
E = CO,Me
o Me
Me  Ar=p-O,NCgHg, 83% N
O N (3
p-MeOCgHy,, 94% RN 0]
ArN O m-MeOCgHy, 93% _
_ 0-CICgHy, 64%, dr 1:1 o)
o 1-naphthyl, 76%, dr 3:1 E
E 2-furyl, 60% R = Et, 85%
Cy, 92%

Fig. 12 (A) (5 + 2) cycloaddition of 1-benzyl-3-oxidopyridinium with
benzyne generated using the Kobayashi reagent. (B) (5 + 2) cyclo-
addition of 1-methyl-4-methoxycarbonyl-3-oxidopyridinium  with
maleimides.
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Because the use of 5-methoxycarbonyl-1-methyl-3-oxidopyri-
dinium significantly improved the (5 + 4) cycloaddition
efficiency (see Section 3.1), Wang et al. optimized the reaction
of pyridinium salt 86-HOTf, derived from methyl 5-hydroxyni-
cotinate, with N-phenylmaleimide to improve the reaction con-
ditions (Fig. 12B).>° They established the optimal conditions
involved the use of NaHCO; as the base in acetonitrile at
80 °C. A 1:1 stoichiometric reaction exclusively afforded the
desired product exo-87 in excellent yield (95%). Various
N-arylmaleimides and N-alkylmaleimides were used as dipolar-
ophiles; however, the reaction with ortho-substituted phenyl
and 1-naphthyl derivatives produced diastereoisomers owing
to their axial chirality. Several N-alkyl and ester alkyl groups of
the oxidopyridinium betaines were also well tolerated.

Hanna et al. developed a solid-phase (5 + 2) cycloaddition
using resin-supported acrylate or oxidopyridinium betaine
(Fig. 13).° The reaction of resin-supported acrylate 88 with
1-benzyl-3-oxidopyridinium (60, 6 equiv.) produced 89. The
acidic cleavage from the resin support and subsequent methyl-
ation using diazomethane afforded the final product 90 as a
mixture of regio- and stereoisomers in 45% overall yield. In
contrast, the reaction of resin-supported oxidopyridinium 91
with phenyl vinyl sulfone and the cleavage from the resin
support of the resultant cycloadduct 92 exclusively afforded
the final product 93 after the benzoylation of the bridged nitro-
gen atom. However, although 92 is the common intermediate,
methylation and vinylation, rather than benzoylation, pro-
duced regioisomeric mixtures.

The (5 + 2) cycloaddition using ultrasound irradiation con-
ditions was reported by Hagar et al. (Fig. 14A).** They investi-
gated the reaction of N-propargylpyridinium chloride 94-HCl
and ethyl propiolate in the presence of hydroquinone and tri-

o
OH
X AN 88
| + NaOMe \)J\O/\O
N BT poH, i 50
Bn TOR 6 equiv THF reflux
60-HBr
Bn Bn
o N 1. TFA/CH,Cly, rt o N
(0] (0]
0~o e F° o, weo s F
— Et,O/CH,Cl,, rt =
89 90 45% (overall)
O resins isomer ratio 50:25:20:5

Gy
+

NaOMe
i Br-
Ca /©)91 *HBr
(6]

X -S02Ph (6 equiv)

PrOH, rt THF reflux
e
Q- N PhCOCI, KI N
(0] (0]
PhO,S MeCN reflux PhO,S
— G
92 93 54%

Fig. 13 Solid-phase (5 + 2) cycloaddition using
substrates.

resin-supported
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Fig. 14 (A) (5 + 2) cycloaddition upon ultrasonic irradiation. (B) (5 + 2)

cycloaddition using the ball-milling method.

ethylamine at 40 °C with ultrasonic irradiation for 6 h, which
afforded regioisomeric (5 + 2) cycloadducts 95a and 95b in
32% and 27% yields, respectively. Additionally, (3 + 2)
cycloaddition product 96 was obtained in 11% yield. By substi-
tuting diphenylacetylene for ethyl propiolate, (5 + 2) cyclo-
adduct 97 was obtained in 60% yield along with (3 + 2) cyclo-
adduct 98 (14% yield). However, because no results from
conventional heating experiments were reported, the efficacy
of the ultrasound irradiation conditions is unclear. No
comment was made regarding the role played by the
N-propargyl group.

Aboelnaga and Abbady reported the (5 + 2) cycloaddition of
oxidopyridinium betaine 99 with benzylidenefuranones 100a
or benzylidenepyrrolinones 100b using the ball-milling
method (Fig. 14B).*> In the presence of triethylamine and
hydroquinone, N-(p-nitrobenzyl)pyridinium salt 99-HCl and
furanones 100a (1:1) were allowed to react under ball-milling
conditions (20 Hz, stainless-steel vial) for 1 h to afford (5 + 2)
cycloadducts 101a as single isomers in 55-81% yield. Notably,
chromatographic purification was not required. Although N,N-
dimethylformamide (DMF) was used as the solvent, a similar
ball-milling reaction using pyrrolinones 100b afforded the
corresponding products 101b in 56-80% yield. Because these
results were not compared with those of conventional
methods, the efficacy of the ball-milling conditions has not
been clarified.

2.1.4 Transition-metal-mediated annulations. Transition-
metal-mediated annulations involving carbenoid intermedi-
ates are efficient methods to generate 4-oxidoisoquinolinium
intermediates from acyclic starting materials. In the pioneer-
ing study by Padwa et al., the Rh-catalyzed reaction of a-diazo
ester 102, bearing an imine moiety, with N-phenylmaleimide

This journal is © the Partner Organisations 2025
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Fig. 15 Rh-catalyzed reaction of a-diazo esters bearing a pendant
imine with N-phenylmaleimide and DMAD.

afforded cycloadduct 104 and indenone 105 in 65% and 25%
yields, respectively (Fig. 15).* The authors proposed that
rhodium-catalyzed decomposition of 102 generated azo-
methine ylide 103a, which is a resonance form of 4-oxidoiso-
quinolinium 103b. The subsequent (5 + 2) cycloaddition pro-
duced 104; however, neither the catalyst loading nor the stereo-
selectivity for the formation of 104 was described. In addition
to N-phenylimine 102, the corresponding (E)- and (Z)-oximes
106 were separately used as the carbenoid precursors. The
reaction of (E)-106 with dimethyl acetylenedicarboxylate
(DMAD) afforded (5 + 2) cycloadduct 107 in 93% yield, whereas
indane-1,3-dione oxime 108 was obtained from (Z)-106, even in
the presence of DMAD.

Shin et al. reported that when o-alkynylphenyl nitrone 109,
with a pendant alkene, was heated in the presence of 2 mol%
AuCl; at 70 °C in nitromethane for 1 h, tetracyclic product 113
was obtained in 82% yield (Fig. 16).** It was proposed that the
6-exo-cyclization of the nitrone oxygen to the Au-activated
alkyne moiety generates vinyl gold intermediate 110, which
undergoes internal redox isomerization to generate a-oxo gold
carbene complex 111. The subsequent attack of the imine
nitrogen on the gold carbene moiety in 111 generates an Au
complex of a 4-oxidoisoquinolinium (112). The final intra-
molecular (5 + 2) cycloaddition of 112 affords 113. This reac-
tion tolerated both the internal and terminal substituents on
the pendant alkene moiety. Alkynes could also be used as
dipolarophiles, with 114 being obtained in high yield. A tosyla-
mide was compatible as a tether between the alkyne and
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Fig. 16 (A) Au-catalyzed cycloisomerization of o-alkynylphenyl
nitrones bearing a pendant alkene. (B) Diastereoselective cycloisomeri-
zation using a chiral auxiliary.

alkene moieties; however, the ether-tethered substrate under-
went decomposition. The phenylene moiety between the
nitrone and alkyne moieties was not essential as shown by the
reactions of alkenyl nitrones, which afforded similar products
115 and 116 in moderate yields. Moreover, the intermolecular
reaction of nitrone 117 with diethyl acetylenedicarboxylate pro-
duced the corresponding cycloadduct 118 in 77% yield. This
method was extended to an asymmetric cycloaddition using
similar substrates bearing a chiral auxiliary on the nitrone
moiety.*> Representative examples are shown in Fig. 16B.
Intramolecular reactions afforded single diastereomers with a
high enantiomeric excess >95%. In contrast, the inter-
molecular reactions with diethyl acetylenedicarboxylate pro-
duced diastereomeric mixtures.

The formation of 4-oxidoisoquinolinium intermediates and
its transition-metal complexes was confirmed by Jia, Li, and
their coworkers (Fig. 17).*® The stoichiometric reaction of
o-ethynylphenyl nitrone 119 with [Cp*IrCl,], in acetonitrile at
0-55 °C afforded the O-bound iridium complex of 4-oxidoiso-
qunolinium (120) in 84% yield. Notably, its structure was
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unambiguously confirmed by X-ray crystallography. A similar
ruthenium complex was also obtained from 119 and [(p-
cymene)RuCl,],. Moreover, the catalytic isomerization of 119
also occurred in the presence of 1 mol% [Cp*IrCl,], in CH,Cl,
at room temperature, affording 4-oxidoisoquinolinium 121 in
87% yield. The catalytically generated 121 was further sub-
jected to the (5 + 2) cycloaddition with N-methylmaleimide at
room temperature for 4 h to afford endo-cycloadduct 122 in
85% yield. Similarly, the reaction of 121 with other electron-
deficient alkenes such as ethyl acrylate and diethyl fumalate/
maleate afforded the corresponding (5 + 2) cycloadducts with
varied stereoselectivity. The intermolecular cycloaddition of
o-alkynylphenyl nitrones with electron-deficient alkenes was
also catalyzed by Pd(OAc), (10 mol%) to afford (5 + 2) cyclo-
adducts in good yields."”

The catalytic enantioselective reaction of o-ethynylphenyl
nitrones with alkylideneindolinones was reported by Feng
et al. (Fig. 18)."® They developed a cooperative catalytic
system involving a Pd catalyst for the cycloisomerization of
o-ethynylphenyl nitrones and a chiral Co catalyst as a Lewis-
acid activator of alkylideneindolinones. Typically, in the
presence of catalysts (10 mol% each), the reaction of nitrone
123 and indolinone 124 was performed in CH,Cl, at —10 °C
for 8 h, affording 125 in 78% yield, with diastereomeric ratio
of >19:1 and 95% enantiomeric excess. In the absence of a
Co catalyst, 123 was converted into 4-oxidoisoquinolinium
126, which was then converted into isolable methyl ether
127. According to the X-ray analysis of the CoL(THF),
complex and the mechanism underlying the formation of
125, the observed high selectivity was ascribed to the favored
TS. This method can be applied to a variety of substrates
without lowering the enantioselectivity. However, dimin-
ished diastereomeric ratios were observed when nitrones
and indolinones bearing substituents on their aromatic
rings were used (e.g., 128 and 129). In contrast, aryl substitu-
ents on the nitrone moiety had no impact on the

stereoselectivity.
-O_+
O\N,tBu o IN'BU
| [Cp*IrCly,), (0.5 equiv) L2
MeCN, 0-55 °C :
N ~IrCp*Cl,
119\ 120 84% (X-ray)

1 mol% [Cp*IrCly]»

CHyCly, 11, 0.5 h
O™ 121 87%
1 mol% N-methylmaleimide NBun
[Cp*IrClyl, (2equiv) Ho
119
CHCl, ,4h \<NMe
1h
r, (o} o
122 85%
Fig. 17 Ir-mediated cycloisomerization of o-ethynylphenyl nitrone

leading to 4-oxidoisoquinolinium and its O-bound iridium complex.
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Fig. 18 Enantioselective reaction of o-ethynylphenyl nitrones with
alkylideneindolinones using a Pd/Co cooperative catalyst system.

2.2 Applications of (5 + 2) cycloaddition

2.2.1 Natural product syntheses. The transformation of the
oxidopyridinium (5 + 2) cycloadducts into tropolones was pio-
neered by the Katritzky group.’'® Subsequently, Tamura et al.
reported the synthesis of stipitatic acid and hinokitiol using
the Katritzky method (Fig. 19).*° The (5 + 2) cycloaddition of
1-methyl-5-methoxy-3-oxidopyridinium (14) with ethyl propio-
late in THF under reflux afforded 130 in 87% yield. After the

Ne
MeO S o ethyl propiolate o) Mel
(. ;
N THF reflux £ e AcOEt
1'\26 E = CO,Et OMe
130 87%
Me,
N+ I~
o NaHco, MeN
4
£ = H,0, rt
OMe HO,C
131 42% 132 79% stipitatic acid
Pr | 0 methyl propiolate
NG T THRrefx
Me
133 E = COMe hinokitiol
134 74%

Fig. 19 Synthesis of stipitatic acid and hinokitiol via oxidopyridinium (5
+ 2) cycloaddition with propiolates.
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methylation of 130 with iodomethane, the ring opening of
resultant 131 proceeded in NaHCO; solution at room tempera-
ture to produce 2-dimethylamino-6-methoxytropone-4-carboxy-
late 132. The subsequent functional group interconversions of
132 (three steps) afforded stipitatic acid. Similarly, hinokitiol
was synthesized from 5-isopropyl-1-methyl-3-oxidopyridinium
(133) via (5 + 2) cycloadduct 134.

The total synthesis of a natural antiglaucoma compound,
bao gong teng A, was achieved by Jung et al. (Fig. 20A).>° The
authors performed the (5 + 2) cycloaddition of 1-benzyl-3-oxi-
dopyridium (60) with acrylonitrile to obtain endo- and exo-135.
The desired isomer, exo-135, which was isolated in 54% yield,
was hydrogenated using palladium black to afford 136 in 79%
yield. Subsequent ketone reduction was performed using
NaBH, to obtain the desired alcohol 137 in 56% yield along
with its epimer (3% yield). Next, the cyano moiety of 137 was
transformed into an acetoxy group via the silylation of the
hydroxy group (100%), addition of MeMgI to the cyano group
(71%), and Baeyer-Villiger oxidation (54%). The final debenzy-
lation of 138 afforded bao gong teng A in 74% yield. The syn-
thesis of Cé-epimer of bao gong teng A through the oxidopyri-
dinium (5 + 2) cycloaddition with 2-chloroacrylonitrile was
also reported by Pei and Shen.” Subsequently, the asymmetric

OH acrylonitrile
N (excess)
®»
N hydroqulnone
Bn Br-
A eﬂ 20 h desired
sorrmr  reflo, endo-135 36% x0-135 54%
Bn Bn
Pd black N NaBH, N on
ex0-135
Ho, MeOH NC MeOH NC H
rt,20 h nt,2h
136 79% 137 56%
H
1. TMSCI, EtzN OH Pd/C N OH
2. MeMgl \ﬂ% cO\LQ\L H
3. mCPBA EtOH
bao gong teng A
B OH Bn
| = E  AcOEt N )
+ % ( O +isomers
N _ | rt,10d E
Bn Cl — &
139 B z
60-HCI 1.5 equiv ex0-140 >90% . )ko/\ —_—
65% selectivity Y (s)~+2
Bn Bn
Pd/C N LiA(O"Bu)3H N on .
(0] + epimer
Ho E THF E\AQ\LH 21%
AcOEt
141 62% 142 62%
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2. Pd/C, H, HOzC\ﬂ%H ~— (-baogongteng A
Boc,O
3. KOH 143
Fig. 20 (A) Racemic total synthesis of bao gong teng A. (B) Asymmetric

total synthesis of bao gong teng A.
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synthesis of (-)-bao gong teng A using a chiral auxiliary was
reported by Pham and Charlton (Fig. 20B).”*> In this study,
diastereoselective (5 + 2) cycloaddition of oxidopyridinium 60
with the acrylate of (S)-lactate (139) was developed. Although a
very long reaction time (10 days) was required, the desired
isomer, ex0-140, was obtained with 65% selectivity.
Subsequent transformations are similar to those employed in
the racemic synthesis by Jung et al. (Fig. 20A). The hydrogen-
ation of exo-140 afforded 141, which was subjected to
reduction using a bulky hydride reagent, LiAl(O‘Bu);H. The
desired product 142 was obtained in 62% yield, along with its
epimer (21% yield). After the silylation of the hydroxy group
and the benzyl-to-Boc exchange, the chiral auxiliary was
removed to afford carboxylic acid 143. The final functional
group manipulations gave (-)-bao gong teng A.

Peese and Gin achieved the total synthesis of the hetisine
C,o-diterpenoid alkaloid nominine via an intramolecular (5 +
2) cycloaddition of an oxidoisoquinolinium (Fig. 21).>* They
prepared oxidoisoquinolinium 147, bearing a pendant cyclo-
hexene moiety on its nitrogen atom, from cyanocyclohexene
144 and azide 145. Tandem aza-Wittig reaction/reduction of
144 and 145 afforded 146 in 79% yield with a diastereomeric

CHO N3 OMe NaBH OAc)
CH,Cl,

23°C

L egevy

147 93%

10% TFA

Qﬁ &;/]@/OMe in CH,Cl,

146 79%, dr 3:3:2:2

Q o
3o
N|

180 °C
97% conv.

// 148

MeOH/pyrrolidine

9:1)
60 °C
H H
OH
- H —— H
N~ N~:
H ° g OH

152 78% nominine

Fig. 21 Gin's total synthesis of nominine.
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ratio of 3:3:2:2. The treatment of 146 with 10% trifluoroace-
tic acid in methanol at 0 °C generated 147 in 93% yield.
Heating 147 in THF at 180 °C promoted intramolecular (5 + 2)
cycloaddition via TS1 and TS2, producing 148 and 149 with a
1:3.6 ratio. Because 148 and 149 were in equilibrium under
the cycloaddition conditions, the undesired product 149 could
be recycled by partial conversion into 148. The desired isomer
148 was transformed into cyclohexenone 150 in several steps.
Pyrrolidine-promoted intramolecular Diels-Alder cycloaddition
occurred via dienamine 151, affording 152 in 78% yield. After
additional steps, 152 was converted into nominine. The same
group also accomplished the enantioselective synthesis of
nominine by employing enantioenriched 144.>*

The asymmetric total syntheses of three Sarpagine alkaloids
were accomplished through the diastereoselective (5 + 2) cyclo-
addition of an oxidopyridinium with optically active 2-methyl-
ene-1,3-dithiolane 1,3-dioxide 61 by Kriiger and Gaich
(Fig. 22).>° In the presence of Hiinig’s base, pyridinium salt
153 and 61 (93% ee) were allowed to react in dichloromethane
at room temperature for 36 h, affording 154 in 77% yield with
a 2:1 regioisomeric ratio. After the reduction of the sulfoxide
and enone moieties, the resultant 155 was subjected to Pd-
catalyzed cyclization to afford 156 in 88% yield. Subsequent
manipulations converted 156 into the key intermediate 157,
which was transformed into (+)-vellosomine, (+)-N-methyl-
vellosomine, and (+)-10-methoxyvellosomine, through Fisher
indole synthesis using N-phenylhydrazones 158. In the final
step, the methyl vinyl ether moiety underwent hydrolysis to
give the aldehyde with the desired configuration at the C16-
position. Using this strategy, the same group completed the
formal total synthesis of 16-epinormacusine B.’° Taking

OH

. (0]
Br- IS 'ProNEt i ’
| ‘ X+ o” WS- G :$\>—S
= CH,Cly NP
\7K/N =z 1,36 h ©: | !
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Fig. 22 Gaich'’s total synthesis of Sarpagine alkaloids.
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advantage of the flexibility of this strategy, the Gaich group
also synthesized non-natural analogs of Sarpagine alkaloids.>”

Gaich et al. also applied their strategy to the total synthesis
of a Stemona alkaloid, parvineostemonine (Fig. 23).°® In this
case, pyridinium salt 159 was used as an oxidopyridinium pre-
cursor to obtain (5 + 2) cycloadduct 160. After the deoxygena-
tion of the sulfoxide moieties, the desired product 161 was
obtained in 86% yield with a 5.4:1 regioisomeric ratio. The
conjugate allylation of the major isomer of 161 afforded 162 in
83% yield, which was then subjected to ring-closing meta-
thesis using the Grubbs II catalyst to afford 163 in 77% yield.
The subsequent removal of the dithioketal moiety and alkene
hydrogenation afforded the key intermediate (-)-164, which
was subjected to two-step lactonization to afford (+)-parvineos-
temonine in 62% yield. The minor isomer of 161 was similarly
converted into (-)-parvineostemonine.

The studies by the Gin and Gaich groups demonstrated that
the (5 + 2) cycloaddition of oxidopyridinium and oxidoisoqui-
nolinium betaines serves as an effective strategy for the
efficient construction of complex natural products. In the next
section, the approach that has been used to create biologically
active compounds is discussed.

2.2.2 Syntheses of medicinally relevant molecules. Carroll
et al. revisited the (5 + 2) cycloaddition of oxidoisoquinolinium
34.°° The authors used 34-HI as the oxidoisoquinolinium pre-
cursor for the cycloaddition of various dipolarophiles, includ-
ing 1,4-quinones, at room temperature to improve product

OH

Br- E S/ \S, EtzN Ph
T |
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Ph\/\/N % t, 16 h
61 93% ee
159 (1.6 equiv) S[\/S~O
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then NaOH reflux, 5 h

THF, =78 °C H Et
2. CrOg
aqg. HySO, \N

acetone, 0 °C

(+)-parvineostemonine
62% (2 steps)

Fig. 23 Gaich's
parvineostemonine.
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yield. The reaction of 34-HI and 1,4-naphthoquinone was per-
formed in the presence of Et;N to obtain hydroquinone-fused
product 165a in 92% yield (Fig. 24A). However, a similar reac-
tion using 1,4-benzoquinone produced 165b in moderate yield
(53%). These products contain a dibenzoazabicyclo scaffold,
similar to that of MK-801, an NMDA receptor antagonist.
Therefore, the same group then synthesized MK-801 through
the (5 + 2) cycloaddition of oxidoisoquinolinium with benzyne
(Fig. 24B).°° Treatment of 166-HI and benzyne precursor 84
with CsF and triethylamine in acetonitrile at room temperature
produced 167 in 74% yield. The debenzylation and ketone
reduction of 167 proceeded upon treatment with ammonium
formate and Pd/C to afford 168 in 88% yield. Finally, MK-801
was obtained in 88% yield by treating 168 with 55% hydro-
chloric acid and red phosphorus in acetic acid under reflux.
Cocaine is a potent stimulant of the central nervous system.
It has been suggested that cocaine binds to dopamine trans-
porters to inhibit dopamine reuptake, resulting in the reinfor-
cing properties of the drug. Replacing the C3 benzoate in
cocaine with an aryl group led to more potent analogs 169
(WIN series, Fig. 25A).°" Kozikowski et al. developed similar
compounds 170, bearing an alkyl group instead of a
C2 methoxycarbonyl group.®® To synthesize 170, they investi-
gated the (5 + 2) cycloaddition of 1-methyl-3-oxido-4-phenylpyr-
idinium (171) with chiral vinyl sulfoxide (R)-58 in dioxane
under reflux (Fig. 25A). Consequently, three diastereomers 172,
173, and 174 were obtained in 44%, 11%, and 22% yields,
respectively. The Luche reduction of the major product 172
was followed by acetylation and deoxygenation to afford allylic
acetate 175 in 88% yield. Subsequent Sy2’ alkylation followed

A
1,4-naphthoq_uinone Me OH
X OH (1.2 equiv) o
| ﬁ/ Et3N (1.2 equiv) QQ
o I THF, t, 19 h O -
34-HI 165a 92%
?* ?@ NMDA receptor
165b 53% MK-801 antagonist
B Bn
N
TMS@ CsF, EtzN o Q
| +/ I~ Tfo MeCN, rt
Bn 166-HI 167 74%
H
H N
10% Pd/C 55% HCl aq.
HO Q MK-801
HCO,NH, red phosphorous 88%
MeOH, A AcOH reflux
168 88%

Fig. 24 (A) (5 + 2) cycloaddition of oxidoisoquinolinium with 1,4-qui-
nones. (B) Synthesis of MK-801 via the (5 + 2) cycloaddition of oxidois