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Abstract: To investigate the effect of N-substituents on their reactivity and selectivity

of oxidopyridinium betaines, we performed density functional theory (DFT) calculations

of model cycloadditions with N-methylmaleimide and acenaphthylene. The theoretically

expected results were compared with the experimental results. Subsequently, we

demonstrated that 1-(2-pyrimidyl)-3-oxidopyridinium can be wused for (5+2)

cycloadditions with various electron-deficient alkenes, dimethyl acetylenedicarboxylate,

acenaphthylene, and styrene. In addition, a DFT analysis of the cycloaddition of 1-(2-

pyrimidyl)-3-oxidopyridinium with 6,6-dimethylpentafulvene suggested the possibility

of a pathway bifurcations involving a (5+4)/(5+6) ambimodal transition states, although

only (5+6) cycloadducts were experimentally observed. A related (5+4) cycloaddition

was observed in the reaction of 1-(2-pyrimidyl)-3-oxidopyridinium with 2,3-

dimethylbut-1,3-diene.

Key words: Cycloaddition; DFT calculation; Oxidopyridinium; Azabicyclic

compound



Introduction

Since the pioneering studies by the Katritzky group,! the (5+2) cycloaddition of

oxidopyridinium betaines with dipolarophiles has been extensively investigated because

it provides straightforward access to the tropane framework, which is found in cocaine

and related bioactive compounds (Figure 1a).* In addition, oxidopyridinium (5+2)

cycloadditions have been utilized for the synthesis of natural product-like tropane

scaffolds,* as well as complex natural products.®

Katritzky and Takeuchi reported that 1-methyl-3-oxidopyridinium reacted with

electron-deficient alkenes, such as methyl acrylate and N-phenylmaleimide, at elevated

temperatures to afford the corresponding (5+2) cycloadducts (Figure 1b).® Although the

reaction with methyl acrylate resulted in the formation of a mixture of exo- and endo-

adducts, the reaction with N-phenylmaleimide selectively produced an exo-adduct. Later,

Katritzky et al. found that oxidopyridinium betaines bearing 5-nitro-2-pyridyl and 4,5-

dimethyl-2-pyrimidyl groups on the nitrogen atom exhibited different reactivities with

the N-methyl derivative;’ in addition to electron-deficient alkenes, styrene reacted with
y y



these 1-azinyl-3-oxidopyridiniums at 90 °C to selectively produce the corresponding

endo-adducts. Moreover, 1-azinyl-3-oxidopyridiniums participated in the (5+4)

cycloaddition with 1,3-butadienes, and the (5+6) cycloaddition took place with

pentafulvenes even at 20 °C.% Accordingly, the product selectivity varied depending on

the combination of oxidopyridinium betaines with dipolarophiles as well as reaction

conditions; thus, the direct comparison of the reactivities of oxidopyridinium betaines is

difficult.

To gain insight into the effect of N-substituents, we performed a combined

computational and experimental study on the cycloaddition of oxidopyridinium betaines.

We investigated the reactivities of betaines bearing methyl, 2-pyrimidyl, and 5-nitro-2-

pyridyl groups on the nitrogen atom using density functional theory (DFT) calculations,

and the obtained results were compared with those of the experimental study to identify

an optimal N-substituent. Furthermore, the reactions of the optimal oxidopyridinium with

various dipolarophiles were investigated both computationally and experimentally to

expand the scope. The present study demonstrates that 1-(2-pyrimidyl)-3-

oxidopyridinium participates in (5+2) cycloadditions with electron-deficient alkenes and



arylalkenes as well as other types of cycloadditions.
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Figure 1. (a) Oxidopyridinium (5+2) cycloaddition and related tropanes and (b)

Katritzky’s pioneering studies.



Results and Discussion

Initial computational analysis of oxidopyridinium betaines. Initially, we

analyzed the oxidopyridinium betaines 1a—c¢ bearing N-methyl and N-azinyl groups by

performing DFT calculations at the SMD (toluene) ®B97X-D/6-31G(d) level of theory.

We investigated 1-(2-pyrimidyl)-3-oxidopyridinium (1b) as a model betaine instead of

the 4,6-dimethylpyrimidyl-substituted analog used by the Katritzky group to eliminate

the steric influence of the methyl groups on the pyrimidyl moiety.” The cycloaddition of

1b with pentafulvenes was reported by Radhakrishnan and coworkers.® The

oxidopyridinium moieties of 1a—c have similar structural parameters, as shown in Figure

2a. Although 1b has a planar geometry, the oxidopyridinium moiety and N-pyridine ring

are not on the same plane in 1¢, because of the steric repulsion of the ortho C—H bonds.

Accordingly, two stable conformers exist for 1¢; conformer 1c-rot is slightly less stable

than the major conformer (1c¢). Figure 2b shows orbital interaction diagrams for the

reactions of oxidopyridinium betaines 1a and 1b with N-methylmaleimide (2a) and

acenaphthylene (2b). The energy levels of the highest occupied molecular orbitals

(HOMO:s) of 1a and 1b are very similar (—6.98 and —6.95 eV, respectively), while the



lowest unoccupied molecular orbital (LUMO) of 1b (-0.28 eV) is located significantly

lower than that of 1a (+0.72 eV). The low LUMO level of 1b is ascribed to the

conjugation of the N-pyrimidyl group, since the LUMO spreads over the pyrimidine -

orbitals. This contrasts with the HOMO of 1b, which is confined to the pyridine n-orbitals.

As a result, the HOMO (acenaphthylene)-LUMO (betaine) energy gap decreases from

8.62 eV with 1a to 7.62 eV with 1b. The LUMO level is further lowered to —1.26 eV for

1¢, and thus, the reaction with acenaphthylene should be more efficient for 1¢ than for 1b.

However, the HOMO level of 1c is also lowered (-7.22 eV), decreasing its reactivity

toward electron-deficient alkenes, such as N-methylmaleimide.
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Figure 2. (a) Structural parameters of betaines 1a—c¢ and (b) orbital interaction diagram

for the cycloadditions of 1a and 1b with N-methylmaleimide (2a) and acenaphthylene
(2b).



To investigate the effect of N-substituents on their reactivity and selectivity of

oxidopyridinium betaines, we performed DFT calculations of model cycloadditions with

N-methylmaleimide (2a) and acenaphthylene (2b) at the SMD (toluene) M06-2x/6-

311+G(2df,2p)//SMD (toluene) ®B97X-D/6-31G(d) level of theory.’ Figure 3a shows the

energy profile of the reaction of I-methyl-3-oxidopyridinium (1a) with N-

methylmaleimide (2a) as an electron-deficient dipolarophile. The (5+2) cycloaddition

proceeds via asynchronous concerted transition states (TSs), in which the C(2)-C(a)

distance is shorter than the C(6)-C(b) distance and the activation barriers are

approximately 25 kcal/mol. The activation barriers are lower for exo-TS (TSexo-1a) than

for endo-TS (TSendo-Ia) by 1.5 kcal/mol, suggesting the formation of exo-3aa should be

kinetically favored. The formations of cycloadducts exo-3aa and endo-3aa are exergonic

by 5.1 and 3.6 kcal/mol, respectively; thus, the former is thermodynamically favored.

Then, the reactions of 1-azinyl-3-oxidopyridiniums with 2a were analyzed, and the

obtained reaction parameters were compared with those of the above reaction (Table 1).

The activation barriers decrease by ca. 3 kcal/mol when 1a is replaced by 1b (entries 1



and 2). More importantly, the reaction of 1b is thermodynamically much more favored

than that of 1a, as shown by the higher exergonicity of the former. However, the

difference in the activation barriers for the exo- and endo-TSs is smaller for the reaction

of 1b (AAG* = 0.5 kcal/mol) than for that of 1a (AAG* = 1.5 kcal/mol), implying that the

reaction of 1b is less stereoselective. Similar reaction parameters were obtained when 1¢

was used as the betaine (entry 3).
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Figure 3. Energy profile for the (5+2) cycloaddition of oxidopyridinium betaine 1a with
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relative Gibbs energies (298 K, 1 atm) and interatomic distances (A): (a) reaction with N-

methylmaleimide (2a) and (b) reaction with acenaphthylene (2b).

Table 1. Reaction parameters (kcal/mol) for the reactions of oxidopyridinium betaines

la—c with N-methylmaleimide (2a) and acenaphthylene (2b).

entry | betaine | alkene | exo/AGY, AGrn | endo/AG*, AGrxn
1 la 2a +23.8,-5.1 +25.3,-3.6

2 1b 2a +21.1,-20.0 +21.6,-15.4

3 1c 2a +20.4,-20.2 +21.1,-18.2

4 la 2b +31.4, +1.1 +31.6, +1.5

5 1b 2b +25.6,-13.7 +27.0,-12.5

6 1c 2b +23.7,-17.1 +25.7,-15.3

To gain insight into the TS structures, distortion/interaction analysis was applied to

the cycloadditions of 1a and 1b with imide 2a (Figure 4a).!° The distortion energies of

the betaine fragments (blue) are higher than those of the imide fragments (green) in all
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TSs. The total distortion energies are higher for endo-TSs than for exo-TSs. TSexo-Ib and

TSendo-Ib are earlier TSs than TSexo-la and TSendo-Ia, respectively, as evidenced by

longer incipient bond distances of TSexo-Ib and TSendo-Ib. In line with this analysis, the

distortion energies are significantly lower in TSexo-Ib and TSendo-Ib than in TSexo-Ia and

TSendo-1a. Furthermore, non-covalent interaction (NCI) analysis was performed for these

TSs (Figure 4b).!! In TSexo-Ia, a green area showing van der Waals interactions was

observed between the N-methyl group of 1a and the OC-N-CO moiety of 2a. Similar

attractive interactions were observed betweeen the N-pyrimidyl substituent of 1b and 2a

in TSexo-Ib. Moreover, TSexo-Ib showed additional attractive interactions between the

pyrimidyl ring and the N-methyl substituent of 2a. Therefore, these attractive interactions

contribute to lowering the activation barrier for TSexo-Ib. The similar van der Waals

interactions between the enone moiety of 1a or 1b and the OC-N—-CO moiety of 2a are

also observed. The exo/endo selectivity varies depending on the balance between these

attractive interactions and other repulsive ones (vide infra).
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maleimide 2a (blue: distortion energy of betaine, green: distortion energy of imide, red:

interaction energy, and black: activation energy), and (b) noncovalent interactions in

TSexo-1a, TSendo-1a, TSexo-1b, and TSendo-Ib.

DFT calculations suggest that the reaction of la with a conjugated alkene,

acenaphthylene (2b), is infeasible because the activation barriers are too high to overcome

(ca. 31 kcal/mol) and the formations of cycloadducts are slightly endergonic (Figure 3b).

Nevertheless, the activation barriers significantly decrease from ca. 31 kcal/mol to 25.6—

27.0 kcal/mol when 1a is replaced by 1b (Table 1, entries 4 and 5). Moreover, the

formations of the corresponding cycloadducts become exergonic. Therefore, the

cycloaddition of 1b with 2b is expected to proceed at elevated temperatures. The

activation barriers are further reduced in the cycloaddition of 1¢ with 2b (entry 6).

Experimental assessment of the reactivities of oxidopyridinium betaines

toward representative dipolarophiles. The (5+2) cycloaddition of oxidopyridinium

betaines was experimentally investigated using maleimide 2a as an electron-deficient

14



dipolarophile. Commercially available pyridine-3-ol was treated with iodomethane (3

equiv) in dry acetone at 50 °C for 3 h, and evaporation of the solvent afforded crude

pyridinium salt 1a-H (Scheme 1a). Because 1a-H is highly hygroscopic, the crude salt

was directly used for the subsequent reaction. In the presence of 2a (1 equiv), crude 1a-

H was treated with triethylamine (2 equiv) in dry toluene at 110 °C overnight (16 h),

affording the desired cycloadduct exo-3aa in 77% yield. The high exo-selectivity is in

good accordance with that previously reported by the Katritzky group.® In contrast, no

reaction occurred when the reaction of 1a-H with acenaphthylene (2b) was conducted in

a similar manner.

The reactivity of N-(2-pyrymidyl)-substituted betaine 1b was investigated using

pyridinium salt 1b-H as the precursor, which was prepared through the reaction of

pyridine-3-ol with 2-chloropyrimidine in chlorobenzene at 120 °C for 5 h.!? In the

presence of 2a (1 equiv), 1b-H (0.3 mmol) was treated with triethylamine (2 equiv) in

toluene at 110 °C for 16 h, affording exo- and endo-3ba with the exo/endo ratio of 6:1

(Scheme 1b). After purification by silica-gel column chromatography, exo-3ba was

obtained in 77% yield (exo/endo >10:1). The same reaction was performed on a 1 mmol

15



scale to afford exo-3ba in 70% yield after recrystallization. The higher reactivity of 1b

than 1a toward conjugated alkene 2b was demonstrated by the formation of exo-3bb,

albeit in a low yield (ca. 10%) under similar conditions. Moreover, the reaction of 1b-H

with 2b was conducted at a higher temperature (130 °C) in xylene, affording 3bb in 34%

yield with an exo/endo ratio of 3.1:1. The yield of 3bb further improved to 67% when the

loading of 2b was increased to three equivalents.

16
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Scheme 1. (a) Reaction of 1a-H with N-methylmaleimide (2a), (b) reaction of 1b-H with
2a and acenaphthylene (2b), and (c) reaction of 1b(Cl)-H with 2a and 2b.

Although the experimental stereoselectivity (crude exo/endo = 6:1) observed in the

reaction of 1b-H with 2a was higher than that predicted by the above DFT analysis

(exo/endo = 2.3:1, Table 1), calculations at a higher theory level [M06-2X(D3)/6-
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311+G(2df,2p)//@B97X-D/6-31+G(d,p)] successfully reproduced the experimental

exolendo ratio (6.1:1, Figure Sla in the Supporting Information). The M06-2X/6-

311+G(2df,2p)//wB97X-D/6-31G(d) method predicted the lower exo/endo ratio,

probably because the electrostatic repulsion between the enone carbonyl moiety of the

betaine and one of the imide carbonyls is underestimated; the C(3)-C(c) and C(5)-C(d)

distances in TSendo-Ib elongated at the higher theory level [M06-2X(D3)/6-

311+G(2df,2p)//wB97X-D/6-31+G(d,p)] (Figure Slc). In contrast, the experimental

stereoselectivity (crude exo/endo = 3.4:1) observed in the reaction of 1b-H with 2b was

lower than that predicted by the DFT analysis (exo/endo = 10.6:1, Table 1), and

calculations at the higher theory level also failed to reproduce the experimental exo/endo

ratio (Figure S1b). Therefore, the theoretical prediction of the stereoselectivity in the

reaction of 1b with 2b needs further improvements.

In line with the above considerations, the reaction of 1b(Cl)-H with imide 2a

afforded exo/endo-3b(Cl)a in a much higher exo/endo ratio of 14.5:1 (Scheme 1c). The

DFT calculations predicted the AAG* value of 2.2 kcal/mol, in favor of the exo-TS (Figure

S2a in the Supporting Information), which is much higher than the AAG* value predicted
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for the reaction of 1b-H with 2a (0.6 kcal/mol). The improved stereoselectivity is ascribed

to the additional electrostatic repulsion between the chlorine substituent and imide

carbonyl group as demonstrated by the incresed C(5)-C(d) distance in TSendo-1b(Cl)

(Figure S1c). In contrast, the reaction of 1b(Cl)-H with acenaphthylene (2b) afforded an

exolendo ratio of 2.5:1, which is slightly lower than that observed in the reaction of 1b-

H with 2b. The calculated AAG* value (0.9 kcal/mol) is lower than that predicted for the

reaction of 1b with 2b (1.4 kcal/mol) as shown in Figure S2b.

Subsequently, the reaction of 1-(5-nitro-2-pyridyl)-analog 1c¢ was investigated

using precursor le-H, which was prepared according to a previous report (3-

hydroxypyridine, 2-chloro-5-nitropyridine, THF reflux).!? Because the reported method

required a long reaction time (113 h), the reaction of pyridine-3-ol with 2-chloro-5-

nitropyridine was conducted at a higher temperature (120 °C) in chlorobenzene. However,

the desired pyridinium salt was not obtained because of the N-to—O migration of the 5-

nitro-2-pyridyl group. This suggests that 1c-H is unstable at high temperatures. The

reaction of lc-H with 2a was performed in a manner similar to that described above.

Although the reaction efficiently proceeded, the expected product 3ca was obtained with
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a lower stereoselectivity of exo/endo 2.0:1 (Scheme Sla in the Supporting Information).

Moreover, chromatographic purification was difficult because 3ca is sparingly soluble in

common organic solvents; exo- and endo-3ca were obtained as an inseparable mixture in

a moderate yield (ca. 40%). Katritzky et al. reported that the betaine 1e¢, which was

derived from its dimer, reacted with maleic anhydride in 1,2-dichloroethane (DCE) under

reflux to exclusively afford the corresponding endo-cycloadduct in 92% yield (Scheme

S1b). Thus, the reaction of the dimer of 1¢ with imide 2a was conducted in toluene at

110 °C for 16 h (Scheme Sl1c). The 'H NMR analysis of the crude product showed that

exo/endo-3¢ was produced in 67% yield with the exo/endo ratio of 5.2:1. Therefore, the

exo/endo-selectivity in the reaction of 1c¢ significantly varies, depending on the reaction

partner used as well as reaction conditions. Although a higher reactivity of betaine 1¢ than

1b toward conjugated alkene 2b was theoretically expected, the corresponding

cycloadduct was hardly detected in the crude reaction mixture when the reaction of 1¢-H

with 2b was conducted in the presence of triethylamine (2 equiv) in toluene at 110 °C for

16 h. This unexpected result can be ascribed to the thermal instability of 1c at elevated

temperatures. The decomposition of 1¢ is probably much faster than the cycloaddition of

20



1c with 2b.

Scope of dipolarophiles in the (5+2) cycloaddition of 1-(2-pyrimidyl)-3-

oxidopyridinium. Accordingly, 1b is superior to 1c¢ in terms of thermal stability and

stereoselectivity. Therefore, the reaction of 1b with other dipolarophiles was further

investigated using 1b-H as the betaine precursor. In the presence of dimethyl maleate (2c,

2 equiv), 1b-H was treated with triethylamine (2 equiv) in toluene at 110 °C to produce a

complex product mixture (Scheme 2a). Chromatographic purification afforded exo-3be

in 25% yield along with an inseparable mixture of endo-3bc and two diastereomers

derived from dimethyl fumarate. This result shows that triethylamine promotes the Z—E

isomerization of maleate to produce fumarate (inset scheme).

To avoid Z-E isomerization, base-free conditions were examined. Katritzky et al.

prepared dimers of 1-azinyl-3-oxidopyridinium betaines'? and used them as sources of

betaines.” According to their report, 1b-H was treated with triethylamine (1.2 equiv) in

1,2-dichloroethane (DCE) at room temperature for 0.5 h, and the crude dimer was

obtained after removal of the hydrochloride salt of triethylamine by filtration and
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subsequent extraction with H,O (Scheme 2b). A comparison of the 'H NMR data of the

crude dimer with that of the Katritzky’s 1-(4,6-dimethyl-2-pyrimidyl-3-oxopyridinium

betaine dimer suggests that exo-4a was formed almost exclusively along with trace

amounts of exo-4b. This result is in good agreement with the results of DFT analysis of

the dimerization of 1b (Figure 5). The formation of exo-4a proceeds via TSexo-11Ia with

the second lowest activation barrier of +19.0 kcal/mol, which can be overcome at room

temperature. Although the activation barrier is the lowest, the formation of endo-4a is

unfavorable because of its endergonicity. Therefore, exo-4a is thermodynamically

favored. Although exo-4b is slightly more stable than exo-4a, the activation barrier of

TSexo-111b is 2.7 kcal/mol higher than that of TSexo-Il1a. These theoretical results are in

good accordance with Katritzky’s observation that the major isomer corresponding to

exo-4a underwent isomerization to the other isomer corresponding to exo-4b in CDCls.!?

The activation barrier of retro-dimerization of exo-4a is estimated as +26.3 kcal/mol,

indicating that betaine 1b can be generated from exo-4a at an elevated temperature. In

striking contrast, the dimerization of betaine la was theoretically predicted to be

infeasible because of its high activation barriers (> +30 kcal/mol) and significant
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endergonicity (> +20 kcal/mol), as shown in Figure S3 (Supporting Information).

In the presence of 2¢ (2 equiv), crude exo-4a was heated in toluene at 110 °C for 16

h to afford exo-3bc in 41% yield (36% in two steps), and the formation of cycloadducts

derived from fumarate was efficiently suppressed (Scheme 2b). Furthermore, a one-pot

telescoping procedure was examined; 1b-H was treated with triethylamine (1.2 equiv) in

dry toluene at room temperature for 0.5 h, and subsequently, crude exo-4a was directly

subjected to cycloaddition with maleate 2¢ (2 equiv) at 110 °C for 16 h. Consequently,

exo-3bc was obtained in an improved yield (40%), although the total amounts of trans-

diastereomers increased. The direct reaction of 1b-H with dimethyl

acetylenedicarboxylate (DMAD, 2d) in the presence of triethylamine afforded a complex

reaction mixture. Therefore, this telescoping procedure was applied to the reaction with

2d to afford 3bd in 72% yield (Scheme 2c).
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Scheme 2. (a) Reaction of betaine 1b-H with dimethyl maleate (2¢), (b) generation of

betaine dimer exo-4a and its reaction with 2¢, and (c) one-pot reaction of 1b-H with 2¢

and DMAD (2d) via exo-4a.
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Figure 5. Energy profiles for the dimerization of betaine 1b with relative Gibbs energies

(298 K, 1 atm).

In their pioneering study, Katritzky et al. revealed that the dimer of betaine 1c

reacted with acrylonitrile, methyl vinyl ketone, and methyl acrylate to afford the

corresponding exo/endo-cycloadducts with various stereoselectivities when electron-

deficient alkenes were used as solvents (Scheme 3a).” However, phenyl vinyl sulfone has

not been used as a dipolarophile for the cycloaddition of 1-azinyl-3-oxidopyridinium

betaines, although its reactions with 1-alkyl-3-oxidopyridinium betaines gave the
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corresponding products in good yields and selectivity.!? In the presence of triethylamine

(2 equiv), betaine precursor 1b-H and vinyl sulfone 2e (1 equiv) were heated in toluene

at 110 °C for 16 h to afford a mixture of three cycloadduct isomers in a ratio of exo-

3be:endo-3be:exo-Sbe > 20:1:1 (Scheme 3b). Separation by silica gel chromatography

afforded pure exo-3be in 76% yield. This result was nicely corroborated by DFT

calculations, as shown in Figure 6. The formation of exo-3be is both kinetically and

thermodynamically most favored among the four possible isomers. The theoretically

predicted kinetic ratio of exo-3be:endo-3be:exo-Sbe = 68:3:1 is in good agreement with

the experimentally observed ratio.

The reaction of betaine 1b with methyl acrylate was also analyzed using DFT

calculations, and the results are outlined in Figure S4 (Supporting Information). In this

case, the activation barriers increase in the following order: TSexo-sita > TSendo-sila >

TSendo-stib > TSexo-s1Ib. The kinetic product ratio was calculated to be exo-s2a:endo-

s2a:endo-s2b:exo-s2b = 84.6:13.1:1.8:0.5. Therefore, it was predicted that the reaction of

1b with methyl acrylate would afford exo-s2a and endo-s2a in an 86.7:13.3 ratio.

Therefore, these theoretical investigations demonstrate the excellent efficiency and
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selectivity of phenyl vinyl sulfone (2e) as a dipolarophile for oxidopyridinium [5+2]

cycloaddition.

As described in the introduction, Katritzky et al. reported high endo-selectivity for

the cycloaddition of 1-azinyl-3-oxidopyridinium betaines with styrene (Figure 1b). Our

DFT analysis of the reaction involving betaine 1b and styrene led to similar results,

indicating that the corresponding product endo-3bf is exclusively produced (Figure S5 in

the Supporting Information). This endo-selectivity was also experimentally confirmed, as

shown in Scheme 3c, although the observed stereoselectivity (endo:exo = 6:1) was

significantly lower than that theoretically expected (endo:exo = 41:1). NCI analysis of

TSendo-sllla and TSendo-11Ib showed that van der Waals interactions between the enone

moiety of 1b and arylalkenes are similar (Figure S6 in the Supporting Information). In

TSexo-sliIa, the pyrimidine ring slightly tilts to mitigate steric repulsions with the phenyl

ring. As a consequence, van der Waals interactions between the pyrimidine ring of 1b and

arylalkenes is obviously much less extensive in TSexo-siiIa than in TSexo-111b. Therefore,

the endo-mode approach is favored for the reaction of 1b with styrene, while

acenaphthylene prefers the exo-mode approach.

27



(a) Katritzky’s results (ref. 6)

P
oN Py 0
N/ N/ alkene (excess) @
\ | reflux, 3-18 h E = CN: endo 48%, exo 32%

E = COMe: endo 21%, exo 59%

O Py =5-nitro-2-pyridyl E E = CO,Me: endo 25%, exo 75%
b o R o
H

= —  Et3N (2 equiv)
| I~ 3

~HJ G+ + endo-3be +

N 2 toluene
Pm (1eeuiv) 110°C,16h E E
1b-H 9 exo-3be exo-5be

Pm = 2-pyrimidyl, E = SO,Ph 76% (isolated)
exo-3be/endo-3be/exo-5be 20:1:1 (crude)

0]
—  Et3N (2 equiv)
1b-H + Ph/ + 5bf (trace)

of xylene p)
(5 equiv) 130°C,16h  Ph gpt76% (endolexo 6:1)
exo-3bf/endo-3bf 6:1 (crude)

Scheme 3. (a) Katritzky’s pioneering studies, (b) reaction of 1b-H with phenyl vinyl

sulfone (2e), and (c) reaction of 1b-H with styrene (2f).
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Figure 6. Energy profiles for the (5+2) cycloaddition of betaine 1b and phenyl vinyl

sulfone (2e) with relative Gibbs energies (298 K, 1 atm).

(5+6) and (5+4) cycloadditions of 1-(2-pyrimidyl)-3-oxidopyridinium.

Katritzky et al. reported that the cycloaddition of betaine 1¢ with 6,6-dimethylfulvene as
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a 6 component at 20 °C in diethyl ether afforded the (5+6) cycloadduct in 31% yield.”

Later, Radhakrishnan ef al. reported the cycloaddition of betaines 1b and 1¢ with various

pentafulvenes in tetrahydrofuran (THF) between 0 °C and room temperature over 6 h,

and the yields were significantly improved (63-72%).8 We also revisited the

cycloaddition of 1b with pentafulvenes. At the outset, a mixture of 1b-H and 6,6-

diphenylfulvene (6a, 1 equiv) was treated with triethylamine (1 equiv) in THF at room

temperature for 6 h; however, the reaction was sluggish, generating the expected product

in a low yield. Thus, the reaction was repeated in THF under reflux for 23 h, affording

7ba in 55% yield along with trace amounts of inseparable byproduct(s) as shown in

Scheme 4. The reaction of 1b-H with 6,6-dimethylfulvene (6b) was conducted in a similar

manner to afford 7bb along with an inseparable minor product in a 1.5:1 ratio. The

spectral data for 7ba and 7bb were in good accordance with those previously reported.®
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Ul Ccl- + >:<j
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Pm 6a (1 equiv) L Ph Q
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O
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+ ISOMer 4 J=23.8Hz)
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6b (2 equiv) 7bb 60% (1.5:1)

© 0
@ Py = 5-nitro-2-pyridyl
R H
7 1) j[exv}

via endo-8ba (R = Ph) endo-8cc (ref. 7)
endo-8bb (R = Me)

Scheme 4. Reaction of betaine 1b with pentafulvenes 6a and 6b.

Cycloadducts 7ba and 7bb were formed via 1,5-H shift from the initial products

endo-8ba and endo-8bb, respectively. Radhakrishnan et al. obtained endo-8ce through

the reaction of betaine lc with adamantylidenefulvene 6¢, and its structure was

unambiguously confirmed using single X-ray crystallography (Scheme 4).8 The minor

product formed in the reaction of 1b with 6b might be a double-bond positional isomer

caused by the 1,5-H shift in the cyclopentadiene moiety. The methylene protons of the

minor product were observed at o 2.98 and 2.84 ppm as a pair of doublets with the

coupling constant J = 23.8 Hz, while those of 7bb were observed at & 3.10 and 3.02 ppm
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as a pair of doublets with the coupling constant J = 23.8 Hz. To gain insight into the

formation mechanism of 7bb, DFT calculations were performed (Figure 7a). The exo-

mode (5+6) cycloaddition of 1b with 6b proceeds via TSexo-v with a high activation

barrier (AG* = +31.6 kcal/mol), suggesting that this process is kinetically infeasible under

the experimental conditions. In addition, the formation of exo-8bb from 1b and 6b is only

slightly exergonic (—1.5 kcal/mol). We then examined endo-mode cycloaddition to

determin the corresponding transition state (TSendo-V). To confirm the connectivity of the

endo-mode cycloaddition step, intrinsic reaction coordinate (IRC) calculations from

TSendo-v and subsequent optimization of the resultant product geometry were performed,

generating the (5+4) cycloadduct (endo-9bb) rather than the expected (5+6) cycloadduct

(endo-8bb). Further inspection of the potential energy surface connecting endo-9bb and

endo-8bb led to the identification of an alternative transition state (TSvi). Both transition

states TSendo-v and TSVI (AG* = +23.7 and +22.7 kcal/mol, respectively) were located

much lower than TSexo-v, and the formations of endo-8bb and endo-9bb are kinetically

feasible. However, the formation of endo-9bb form 1b and 6b is endergonic (+4.1

kcal/mol), while that of endo-8bb is exergonic (—8.8 kcal/mol). Accordingly, the endo-
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mode cycloaddition of 1b with 6b ultimately affords endo-8bb. The final 1,5-H shift from

endo-8bb proceeds via TSvII with a reasonable activation barrier (AG* = +23.6 kcal/mol)

to afford 7bb. The formation of 7bb from 1b+6b is exergonic by 11.0 kcal/mol.

A related endo-mode (5+6) cycloaddition of oxidopyrylium betaine with

pentafulvenes was previously investigated using DFT calculations; however, no

information on the involvement of (5+4) cycloaddition was provided.!* Thus, we

reinvestigated the endo-mode cycloaddition of oxidopyrylium betaine s3 with 6b and the

results are shown in Figure S7 (Supporting Information). The first transition state (T Sendo-

sIv) was located +15.8 kcal/mol above s3 + 6b, showing the higher reactivity of s3

compared with 1b. In contrast to the case of 1b, the IRC calculation led to the formation

of (5+6) cycloadduct endo-s5, although transition states TSendo-v (Figure 7a) and TSendo-

sIV are very similar; the C(2)—C(a) distances are approximately 2.1 A, and the C(4)-C(b)

and C(6)—C(c) distances are very close (ca. 2.9 A). Nevertheless, the C(4)-C(b) distance

is slightly shorter than the C(6)—C(c) distance in TSendo-v whereas the latter is slightly

shorter than the former in TSendo-stv. Although this difference is reflected in the IRC

calculation results, both the (5+4) and (5+6) cycloadditions can proceed after passing
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ambimodal TSs (TSendo-v and TSendo-stV). This type of post-TS bifurcation has been

reported for the (5+2) vs. (5+4) cycloaddition of oxidopyrylium betaine with 1,3-

butadiene, and ambimodal (6+4) cycloaddition of tropone with 6,6-dimethylfulvene.!’

The potential energy surface derived from TSendo-v by modulating the C(4)-C(b) and

C(6)—C(c) distances (Figure 7b) shows that reaction pathway bifurcation occurrs as the

C(2)—C(a) distance shortened after passing TSendo-v (Pt7). In path A, the C(6)—C(c) bond

is formed to produce endo-8bb, whereas the C(4)—C(b) bond is formed in path B, leading

to endo-9bb. Although both endo-9bb and endo-8bb can be produced by this pathway

bifurcation, (5+4) cycloadduct endo-9bb subsequently undergoes isomerization to afford

more thermodynamically favored endo-8bb via TSv1 (path C). A similar analysis for the

cycloaddition of s3 and 6b is shown in Figure S7. Moreover, DFT analysis suggests that

the reaction of 1-methyl-3-oxidopyridinium la with 6b is infeasible as the activation

barriers for cycloaddition, leading to the (5+6) cycloadduct and subsequent isomerization

to the (5+4) cycloadduct, are too high to overcome under experimental conditions (AG*

= 4+31.3 and +32.9 kcal/mol, respectively), as shown in Figure S8 (Supporting

Information). Therefore, the N-substituents of oxidopyridinium betaines also play an
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important role in the (5+6) cycloaddition with pentafulvenes.
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Figure 7. (a) Energy profiles for the cycloaddition of betaine 1b and 6,6-dimethylfulvene
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(6b) with relative Gibbs energies (298 K, 1 atm), and (b) relaxed potential energy surface

derived from TScna-v by modulating the C4-Cb and C6—Cc distances (E: electronic

energy without zero-point energy correction). Interatomic distances are given in A.

It was found that the 1,5-H shift of initial (5+6) cycloadduct endo-8bb leading to

major product 7bb is facile because the activation barrier (AG* = +23.6 kcal/mol) can be

overcome under experimental conditions. In addition, 7bb is 2.2 kcal/mol more stable

than endo-8bb. In contrast, an alternative 1,5-H shift from endo-8bb to endo-10bb is less

efficient because of the higher activation barrier (AG* = +25.2 kcal/mol), and endo-10bb

is 6.0 kcal/mol less stable than endo-8bb (path B, Figure 8). Further inspection of the

possible 1,5-H shift pathways from 7bb shows that the interconversion between 7bb and

12bb occurs via 11bb through sequential 1,5-H shifts (paths C and D). The activation

barriers (AG* = +22.8-24.3 kcal/mol) are sufficiently low to overcome under

experimental conditions, and 12bb is only 0.5 kcal/mol less stable than 7bb. Accordingly,

the minor product was tentatively identified as 12bb.
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Figure 8. Energy profiles for 1,5-H shifts from endo-8bb with relative Gibbs energies

(298 K, 1 atm).

The (5+4) cycloaddition of 1-azinyl-3-oxidopyridinium betaines with 1,3-

butadienes was reported by the Katritzky group,® and later Krenske, Harmata, and

coworkers demonstrated that a similar (5+4) cycloaddition efficiently took place with the

1-methyl-3-oxidopyridinium betaine bearing an ester substituent at the 5-position.!¢ The

(5+4) cycloaddition of betaine 1b was also observed when in the presence of
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triethylamine (2 equiv), 1b-H and 2,3-dimethyl-1,3-butadiene (13, 5 equiv) were heated

in DCE at 60 °C (Scheme 5). As a result, the expected product 14 was obtained, albeit in

a moderate yield (46%). Trace amounts of the (5+2) cycloadduct were also detected in

the crude reaction mixture.

@)

EtsN (2 equiv)
1b-H + H l
DCE, 60 °C, 16 h N
13 (5 equiv) Pm 14 46% ~ trace

Scheme 5. Reaction of betaine 1b with 2,3-dimethyl-1,3-butadiene (13).

Conclusions

We conducted a combined theoretical and experimental study on the cycloaddition
of oxidopyridinium betaines with different N-substituents. Accordingly, we found that 1-
(2-pyrimidyl)-3-oxidopyridinium betaine shows favorable reactivity and stereoselectivity
toward various dipolarophiles such as N-methylmaleimide, acenaphthylene, dimethyl
maleate, dimethyl acetylenedicarboxylate, phenyl vinyl sulfone, and styrene. Moreover,

theoretical analyses of the (5+6) cycloaddition of 1-(2-pyrimidyl)-3-oxidopyridinium and
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related oxidopyrylium betaines with 6,6-dimethylpentafulvene suggested the possibility

of post-TS bifurcation, leading to (5+6) and (5+4) cycloadducts, although the latter was

not experimentally observed. A related (5+4) cycloaddition was observed in the reaction

of 1-(2-pyrimidyl)-3-oxidopyridinium with 2,3-dimethyl-1,3-butadiene.

Experimental Section

General Information. All air- and moisture sensitive reactions were performed under an

argon atmosphere in dried glassware. Analytical thin layer chromatography was

performed using 0.25 mm silica gel plate (Merck TLC Silica gel 60 Fzs4). Column

chromatography was performed on silica gel (Cica silica gel 60N) with eluents specified

below. NMR spectra were recorded for samples in CDCI3 solutions at 25 °C. 'H NMR

chemical shifts are reported in terms of chemical shift (3, ppm) relative to the singlet at &

0.00 ppm for TMS. 3C NMR spectra were fully decoupled and are reported in terms of

chemical shift (8, ppm) relative to the triplet at 5 77.0 ppm for CDCls. Splitting patterns

are designated as follows: s, singlet; d, doublet; t, triplet; q, quartet; quint, quintet; sext,

sextet; sept, septet; m, multiplet; br, broad. Coupling constants are reported in Hz. High
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resolution mass spectra (HRMS) were obtained on a DART-TOF or ESI-TOF mass

spectrometer. Pyridin-3-ol, 5-chloropyridin-3-ol, iodomethane, 2-chloropyrimidine, 2-

chloro-5-nitropyridine and dipolarophiles (2a—f, 6a,b, and 13) were purchased and used

as received. The reactions requiring heating were performed using PERSONAL

SYNTHESIZER (EYELA ChemiStation PPS-CTRL1). Known pyridinium salts 1b-H

and 1¢-H were prepared according to the literature.®!2

Computational Methods

The Gaussian 16 program package was used for all calculations.!” The potential energy

surface explorations and full geometry optimizations of the stationary points and

transition states were performed using a long-range corrected hybrid functional with

damped dispersion corrections, ®B97X-D,'"® and the 6-31G(d)!"® basis sets. The

vibrational frequencies and the thermal correction to Gibbs free energy (TCGFE),

including the zero-point energy, were calculated at the same level of theory. The obtained

structures were characterized by the number of imaginary frequencies (one or zero for the

transition and ground states, respectively). Additionally, the connectivity of each step was
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also confirmed using intrinsic reaction coordinate (IRC)?° calculations from the transition

states, followed by the optimization of the resultant geometries. Single-point energies for

geometries obtained using the above method were calculated using Truhlar’s M06-2X

functional®! with the 6-311+G(2df,2p) basis sets.?? This method has been reported to give

good results for Diels—Alder reaction.”> To examine the solvent effect, the potential

energy surface explorations, geometry optimizations, and single-point energy

calculations were performed using the SMD model** with experimentally used solvents.

The obtained results are summarized in Table S1 (Supporting Information). CYLview

(Ver. 1.0b)* was used to visualize the optimized structures. NCI analysis!! was performed

using the Multiwfn 3.7 program?® and the results were visualized using the VMD for

WIN64 (Ver. 1.9.4a53) program.?’

Synthesis of 3-chloro-5-hydroxy-1-(pyrimidin-2-yl)pyridin-1-ium chloride (1b(Cl)-

H).

According to the literature procedure,'? 5-chloropyridin-3-ol (647.6 mg, 5.00 mmol) and

2-chloropyrimidine (573.0 mg, 5.00 mmol) were stirred at 120 °C in chlorobenzene (5
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mL) for 14 h. After cooled to room temperature, insoluble materials were filtered off and

washed with acetone. The filtrate was concentrated in vacuo, and 1b(Cl)-H) was

precipitated from hot ethanol/hexane (three times, 911.6 mg, 75%) as a brown solids (mp

213.0-213.7 °C): '"H NMR (400 MHz, acetone-ds, 25 °C): 8 9.64-9.59 (m, 2H), 9.22 (d,

2H, J= 5.0 Hz), 8.54 (s, 1H), 7.99 (t, 1H, J = 5.0 Hz), 6.07 (s, 1H), 5.54 (s, 1H), 5.28 (s,

1H), 3.56 (d, 1H, J= 7.6 Hz), 3.36 (d, 1H, J = 7.6 Hz), 3.03 (s, 3H); *C{'H} NMR (100

MHz, acetone-ds, 25 °C): 6 160.7, 158.0, 154.5, 135.3, 134.7, 130.7, 128.5, 124.6; HRMS

(DART) m/z [betaine dimer+H]" calcd for Ci13Hi3C12N6O2 415.0477, found 415.0484.

Synthesis of (3aS*,45*,85*,8aR*)-2,9-dimethyl-3a,4,8,8a-tetrahydro-4,8-

epiminocyclohepta[c]pyrrole-1,3,5(2H)-trione (exo-3aa).

To a solution of 3-hydroxypyridine (95.1 mg, 1.00 mmol) in dry acetone (0.5 mL) was

added iodomethane (0.187 mL, 3.00 mmol) at room temperature. The reaction mixture

was stirred at 50 °C for 3 h under an argon atmosphere. The solvent was evaporated in

vacuo, and the obtained crude product was diluted with dry toluene (4.0 mL). To the

obtained mixture was added N-methylmaleimide (111.1 mg, 1.00 mmol) and

triethylamine (0.278 mL, 2.00 mmol). The reaction mixture was stirred at 110 °C under
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an argon atmosphere for 16 h. After adding H,O (6 mL), aqueous phase was extracted

with AcOEt (3x10 mL). The combined organic extract was dried over anhydrous Na;SOa.

The solvents were evaporated in vacuo, and the obtained crude product was purified by

silica gel column chromatography (hexane/AcOEt, 2:1~1:1) to afford exo-3aa (170.5 mg,

77%) as a yellow solid (mp 163.3—-164.0 °C). Following spectral data are in good

accordance with those previously reported:** 'H NMR (400 MHz, CDCl3, 25 °C): § 7.02

(dd, 1H,J=9.8,5.0 Hz), 6.12 (dd, 1H, J=9.8, 1.8 Hz), 4.03 (d, 1H, J=4.4 Hz), 3.77 (s,

1H), 3.28 (d, 1H, J = 7.4 Hz), 3.08 (d, 1H, J = 7.4 Hz), 3.04 (s, 3H), 2.41 (s, 3H); *C{'H}

NMR (100 MHz, CDCl3, 25 °C): 6 194.8, 176.0, 175.8, 146.1, 127.5, 72.0, 61.0, 51.1,

46.1, 33.6, 25.1.

Synthesis of (3aS5*,45*,85*,8aR *)-2-methyl-9-(pyrimidin-2-yl)-3a,4,8,8a-

tetrahydro-4,8-epiminocycloheptalc]pyrrole-1,3,5(2H)-trione (exo-3ba) [General

Procedure A].

A mixture of pyridinium salt 1b-H (62.8 mg, 0.300 mmol), N-methylmaleimide (33.3 mg,

0.300 mmol) and triethylamine (0.0835 mL, 0.600 mmol) in dry toluene (1 mL) was

stirred at 110 °C under an argon atmosphere for 16 h. To the obtained mixture was added
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H>O (10 mL) at room temperature, and aqueous phase was extracted with AcOEt (3x10

mL). The combined organic extract was dried over anhydrous Na>SOs. The solvents were

evaporated in vacuo, and the obtained crude product was purified by silica gel column

chromatography (hexane/AcOEt, 2:1~1:1) to afford exo/endo-3ba (65.9 mg, 77%,

exolendo >10:1) as a brown solid (mp 205.7-207.5 °C). Analytical data for exo-3ba: 'H

NMR (400 MHz, CDCls, 25 °C): & 8.36 (d, 2H, J = 4.8 Hz), 7.43 (dd, 1H, J = 10.0, 5.2

Hz), 6.73 (t, 1H, J = 4.8 Hz), 5.99 (dd, 1H, J=9.8, 1.4 Hz), 5.55 (d, 1H, J = 5.2 Hz), 5.33

(s, 1H), 3.42 (d, 1H, J = 7.2 Hz), 3.31 (d, 1H, J = 7.2 Hz), 3.00 (s, 3H); 3C{'H} NMR

(100 MHz, CDCl;, 25 °C): 6 192.8, 175.2,175.0, 161.2, 158.0, 151.3, 128.4, 113.7, 67.7,

57.4, 50.4, 46.0, 25.5; HRMS (ESI) m/z [M+Na]* calcd for C14H12N4NaOs 307.0807,

found 307.0836.

Scale-up procedure — Synthesis of (3a5*,45%,8S*,8aR*)-2-methyl-9-(pyrimidin-2-

yl)-3a,4,8,8a-tetrahydro-4,8-epiminocyclohepta[c]pyrrole-1,3,5(2H)-trione (exo-

3ba).

A mixture of pyridinium salt 1b-H (209.5 mg, 0.999 mmol), N-methylmaleimide (111.3

mg, 1.00 mmol) and triethylamine (0.278 mL, 2.00 mmol) in dry toluene (2 mL) was
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stirred at 110 °C under an argon atmosphere for 16 h. To the obtained mixture was added

H>O (10 mL) at room temperature, and aqueous phase was extracted with AcOEt (3x20

mL). The combined organic extract was dried over anhydrous Na>SOs. The solvents were

evaporated in vacuo, and the obtained crude product was purified by recrystallization

(hexane/CHCIls) to afford exo/endo-3ba (199.1 mg, 70%, exo/endo >10:1) as a brown

solid.

Synthesis of 7-chloro-2-methyl-9-(pyrimidin-2-yl)-3a,4,8,8a-tetrahydro-4,8-

epiminocyclohepta|c]pyrrole-1,3,5(2H)-trione (exo/endo-3b(Cl)a).

This compound was synthesized according to General Procedure A, except for the use of

1b(CD-H (73.1 mg, 0.300 mmol). Purification by silica gel column chromatography

(hexane/AcOEt, 3:1~2:1~1:1) to afford of exo-3b(Cl)a (85.2 mg, 89%) as a colorless

solid (mp 212.6-213.7 °C) along with exo-3b(Cl)a (<4.7 mg, <5%).

Analytical data for exo-3b(Cl)a: 'H NMR (400 MHz, CDCls, 25 °C): § 8.41 (d, 2H, J =

4.8 Hz), 6.81 (t, 1H, J=4.8 Hz), 6.07 (s, 1H), 5.54 (s, 1H), 5.28 (s, 1H), 3.56 (d, 1H, J =

7.6 Hz), 3.36 (d, 1H, J = 7.6 Hz), 3.03 (s, 3H); 3C{'H} NMR (100 MHz, CDCls, 25 °C):

5 190.7, 174.5, 174.3, 160.9, 158.9, 158.1, 125.8, 114.4, 66.5, 64.3, 50.0, 46.5, 25.7;
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HRMS (DART) m/z [M+H]" calcd for C14H12CIN4Os3 319.0598, found 319.0627.

Analytical data for endo-3b(Cl)a: Because of the low yield, only 'TH NMR spectrum was

recorded. "H NMR (400 MHz, CDCls, 25 °C): § 8.42 (d, 2H, J = 4.8 Hz), 6.81 (t, |H, J

= 4.8 Hz), 6.11 (s, 1H), 5.71-5.68 (m, 1H), 5.42-5.38 (m, 1H), 4.12-4.05 (m, 2H), 2.97

(s, 3H).

Synthesis of 12-(pyrimidin-2-yl)-6b,7,11,11a-tetrahydro-8 H-7,11-

epiminocyclohepta[a]acenaphthylen-8-one (3bb) [General Procedure B].

A mixture of pyridinium salt 1b-H (62.8 mg, 0.300 mmol), acenaphthylene (136.8 mg,

0.900 mmol) and triethylamine (0.0835 mL, 0.600 mmol) in dry xylene (1 mL) was stirred

at 130 °C under an argon atmosphere for 16 h. To the obtained mixture was added HO

(5 mL) at room temperature, and aqueous phase was extracted with AcOEt (3x10 mL).

The combined organic extract was dried over anhydrous Na;SO4. The solvents were

evaporated in vacuo, and the obtained crude product was purified by silica gel column

chromatography (hexane/AcOEt, 3:1~2:1) to afford endo-3bb (9.9 mg, 10%) as a yellow

solid. Further elution (hexane/AcOEt, 2:1~1:1) afforded a mixture of endo/exo-3bb (26.0

mg, 27%; endo/exo 1:4). Further elution (hexane/AcOEt, 1:1) afforded exo-3bb (29.3 mg,
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30%) as a yellow solid (mp 186.8—188.1 °C).

Analytical data for exo-3bb: 'H NMR (400 MHz, CDCls, 25 °C): § 8.17 (d, 2H, J = 4.8

Hz), 7.68-7.66 (m, 2H), 7.63 (dd, 1H, J= 9.6, 4.8 Hz), 7.55-7.46 (m, 4H), 6.50 (t, 1H, J

= 4.8 Hz), 6.03 (dd, 1H, J=9.6, 1.2 Hz), 5.41 (d, 1H, J= 5.2 Hz), 5.17 (s, 1H), 4.34 (d,

1H, J = 6.4 Hz), 4.23 (d, 1H, J = 6.4 Hz); >*C{'H} NMR (100 MHz, CDCls, 25 °C): &

196.2,162.0, 157.5, 153.6, 143.4, 143.2, 140.0, 130.9, 128.4, 128.1, 127.4, 123.8, 123.7,

120.4, 119.6, 112.3, 71.8, 60.7, 54.5, 50.2; HRMS (ESI) m/z [M+Na]* calcd for

C21H15N3NaO 348.11 13, found 348.1134.

Analytical data for endo-3bb: Because of the low yield, only 'H NMR spectrum was

recorded. '"H NMR (400 MHz, CDCls, 25 °C): § 8.38 (d, 2H, J = 4.8 Hz), 7.63 (t, 2H, J

= 8.4 Hz), 7.45 (ddd, 2H, J= 8.0, 6.8, 1.8 Hz), 7.38 (d, 1H, J= 6.8 Hz), 7.29 (d, IH, J =

7.2 Hz), 6.67 (t, 1H, J=4.8 Hz), 6.66 (dd, 1H, J=9.6,4.8 Hz), 5.74 (dd, 1H, J=6.8, 4.8

Hz), 5.58 (d, 1H, J = 8.8 Hz), 5.29 (dd, 1H, J = 9.6, 1.2 Hz), 4.93 (dd, 1H, J = 8.8, 7.6

Hz), 4.83 (dd, 1H, J = 8.0, 6.8 Hz).

Synthesis of 10-chloro-12-(pyrimidin-2-yl)-6b,7,11,11a-tetrahydro-8H-7,11-

epiminocycloheptala]acenaphthylen-8-one (exo/endo-3b(Cl)b).
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This compound was synthesized according to General Procedure B, except for the use of

1b(CD-H (73.1 mg, 0.300 mmol). Purification by silica gel column chromatography

(hexane/AcOEt, 5:1~3:1~2:1) to afford of exe-3b(CI)b (65.4 mg, 61%) as an orange solid

(mp 245.2— 246.2°C). Further elution afforded eno-3b(Cl)b (13.4 mg, 12%, exo/endo

1:20).

Analytical data for exo-3b(Cl)b: 'H NMR (400 MHz, CDCl3, 25 °C): 8 8.24 (d, 2H, J =

4.8 Hz), 7.71-7.67 (m, 2H), 7.57-7.51 (m, 4H), 6.59 (t, 1H, J = 4.8 Hz), 6.12 (s, 1H),

5.42 (s, 1H), 5.13 (s, 1H), 4.47 (d, 1H, J = 7.2 Hz), 4.29 (d, 1H, J = 7.2 Hz); 3C{'H}

NMR (100 MHz, CDCl3, 25 °C): 6 194.0, 161.8, 161.1, 157.8, 142.9, 142.6, 139.9, 131.0,

128.5, 128.2, 124.9, 124.1, 124.0, 120.4, 119.9, 113.2, 70.6, 67.8, 54.5, 50.9; HRMS

(DART) m/z [M+H]" calcd for C2iHisCIN3O 360.0904, found 360.0912.

Analytical data for endo-3b(CI)b: '"H NMR (400 MHz, CDCls, 25 °C): § 8.42 (d, 2H, J

= 4.8 Hz), 7.67 (t, 1H, J = 8.8 Hz), 7.63 (d, 1H, J = 8.4 Hz), 7.49-7.42 (m, 3H), 7.28 (d,

1H, J = 6.8 Hz), 6.73 (t, 1H, J = 4.8 Hz), 5.78 (d, 1H, J = 6.8 Hz), 5.53 (d, 1H, J = 8.0

Hz), 4.99-4.92 (m, 2H); 3C{'H} NMR (100 MHz, CDCl;, 25 °C): 5 192.8, 161.4, 159.0,

158.1, 140.8, 139.6, 138.9, 131.4, 128.0, 127.3, 127.1, 124.4, 124.0, 122.20, 122.17,
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113.3, 66.6, 64.4, 53.2, 50.4.

Synthesis of dimethyl (15*,55*%,65*,7R *)-4-0x0-8-(pyrimidin-2-yl)-8-

azabicyclo[3.2.1]oct-2-ene-6,7-dicarboxylate (exo-3bc) [General Procedure C].

A mixture of pyridinium salt 1b-H (62.7 mg, 0.300 mmol) and triethylamine (0.0501 mL,

0.360 mmol) in dry toluene (1 mL) was stirred at room temperature for 0.5 h. After adding

dimethyl maleate (0.0751 mL, 0.600 mmol) at room temperature, the reaction mixture

was stirred at 110 °C under an argon atmosphere for 16 h. To the obtained mixture was

added H2O (5 mL) at room temperature, and aqueous phase was extracted with AcOEt

(3x10 mL). The combined organic extract was dried over anhydrous Na;SO4. The

solvents were evaporated in vacuo, and the obtained crude product was purified by silica

gel column chromatography (hexane/AcOEt, 1.5:1~1:2) to afford an inseparable mixture

of endo-3bc and trans-isomers (26.2 mg, 28%, endo/trans 3:1). Further elution afforded

exo-3bc (37.8 mg, 40%) as a yellow solid (mp 144.0-144.6 °C).

Analytical data for exo-3be: 'H NMR (400 MHz, CDCls, 25 °C): 8 8.35 (d, 2H, J = 4.4

Hz), 7.36 (dd, 1H, J = 9.8, 5.0 Hz), 6.67 (t, 1H, J = 4.8 Hz), 5.96 (dd, 1H, J= 9.6, 1.2

Hz), 5.61 (d, 1H, J= 5.2 Hz), 5.52 (s, 1H), 3.73 (s, 3H), 3.69 (s, 3H), 3.46 (d, 1H, J=9.6
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Hz), 3.33 (d, 1H, J = 9.2 Hz); 3C{'H} NMR (100 MHz, CDCls, 25 °C): & 194.5, 170.4,

170.3, 160.6, 157.8, 150.9, 128.0, 112.6, 66.5, 57.7, 52.5, 52.4, 49.2, 46.5; HRMS (ESI)

m/z [M+Na]" calcd for CisHisN3NaOs 340.0909, found 340.0893.

Synthesis of dimethyl 4-oxo0-8-(pyrimidin-2-yl)-8-azabicyclo[3.2.1]octa-2,6-diene-

6,7-dicarboxylate (3bd).

This compound was synthesized according to General Procedure C. Purification by silica

gel column chromatography (hexane/AcOEt, 3:1~1:1) to afford 3bd (68.1 mg, 72%) as a

yellow oil: 'TH NMR (400 MHz, CDCls, 25 °C): § 8.40 (d, 2H, J=4.4 Hz), 7.45 (dd, 1H,

J=9.6,4.4 Hz), 6.76 (t, 1H, J= 4.8 Hz), 5.71 (d, 1H, J = 4.0 Hz), 5.70 (s, 1H), 5.55 (dd,

1H, J=9.6, 1.6 Hz), 3.88 (s, 3H), 3.86 (s, 3H); 13C{'H} NMR (100 MHz, CDCls, 25 °C):

5 189.1, 162.4, 162.0, 160.3, 158.1, 150.2, 147.5, 139.6, 124.5, 113.4, 73.4, 61.9, 52.73,

52.71; HRMS (ESI) m/z [M+Na]" calcd for C1sH13N3NaOs 338.0753, found 338.0772.

Preparation of dimer exo-4a from 1b-H.

A mixture of pyridinium salt 1b-H (104,.84 mg, 0.500 mmol) and triethylamine (0.0835

mL, 0.600 mmol) in dry 1,2-dichloroethane (1 mL) was stirred at room temperature under

an argon atmosphere for 0.5 h. Insoluble materials were filtered off, and the filtrate was
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washed with H,O (2x10 mL). The organic extract was dried over anhydrous Na>SO4. The

solvents were evaporated in vacuo to afford crude exo-4a containing 1,2-dichloroethane

(75.5 mg, ca. 87%) as a brown solid: 'H NMR (400 MHz, CDCl3, 25 °C): & 8.47 (brs,

2H), 8.24 (br's, 1H), 7.83 (br's, 1H), 7.46 (d, 1H, J = 8.0 Hz), 7.28 (dd, 1H, J = 10.0, 5.6

Hz), 6.80 (t, 1H, J = 4.8 Hz), 6.51 (t, IH, J= 4.8 Hz), 6.42-6.39 (m, 1H), 6.28 (d, 1H, J

= 9.6 Hz), 6.13 (dt, 1H, J = 5.2, 2.5 Hz), 5.23 (t, IH, J = 2.6 Hz), 4.94 (dd, 1H, J = 8.0,

6.4 Hz), 3.28 (dt, 1H, J= 6.4, 2.4 Hz); 3C{'H} NMR (100 MHz, CDCls, 25 °C): & 199.9,

192.1,160.5,157.9,157.2,157.1, 147.9,129.8,129.7, 113.4, 111.8, 97.0, 64.5, 63.8, 56 4,

51.0; HRMS (ESI) m/z [M+Na]* calcd for C1sH14N¢NaO, 369.1076, found 369.1050.

Synthesis of (1S*,55*,6R *)-6-(phenylsulfonyl)-8-(pyrimidin-2-yl)-8-

azabicyclo[3.2.1]oct-3-en-2-one (exo-3be).

This compound was synthesized according to General Procedure A. Purification by silica

gel column chromatography (hexane/AcOEt, 2:1~1:2) to afford exo-3be (78.0 mg, 76%)

as a yellow solid (mp 190.2-191.1 °C): '"H NMR (400 MHz, CDCls, 25 °C): & 8.29 (brs,

2H), 7.93 (d, 2H, J="7.2 Hz), 7.58 (t, 1H, J= 7.2 Hz), 7.49 (t, 2H, J= 7.2 Hz), 7.32 (dd,

1H, J=9.8, 5.4 Hz), 6.64 (t, 1H, J= 4.8 Hz), 5.96 (dd, 1H, J= 9.6, 1.2 Hz), 5.69 (d, 1H,
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J=5.2Hz),5.04 (d, 1H, J= 8.4 Hz), 3.71 (dd, 1H, J=9.2, 4.4 Hz), 2.92 (ddd, 1H, J =

14.8, 8.4, 4.4 Hz), 2.20 (dd, 1H, J = 14.8, 9.2 Hz); C{!H} NMR (100 MHz, CDCl;,

25 °C): 6 194.9, 160.0, 157.8, 150.1, 136.8, 134.0, 129.2, 129.0, 112.7, 66.3, 63.9, 55.4,

27.3; HRMS (ESI) m/z [M+Na]" calcd for C17H15sN3NaOs3S 364.0732, found 364.0730.

Synthesis of 6-phenyl-8-(pyrimidin-2-yl)-8-azabicyclo[3.2.1]oct-3-en-2-one

(endo/exo-3bf).

This compound was synthesized according to General Procedure B, except for the use of

styrene (5 equiv). Purification by silica gel column chromatography (hexane/AcOEt,

3:1~2:1~1:1) to afford inseparable mixture of endo/exo-3bf (63.3 mg, 76%, endo/exo 6:1)

as a yellow paste: '"H NMR (400 MHz, CDCl3, 25 °C): endo-isomer & 8.35 (d, 2H, J =

4.8 Hz), 7.36-7.22 (m, 5H), 6.88 (dd, 1H, J=9.6, 5.2 Hz), 6.65 (t, 1H, J=4.8 Hz), 6.02

(dd, 1H, J = 9.6, 1.6 Hz), 5.49 (t, 1H, J = 5.4 Hz), 5.13 (d, 1H, J = 8.8 Hz), 4.06 (dt, 1H,

J=9.6, 6.6 Hz), 2.99 (ddd, 1H, J = 14.0, 9.6, 8.8 Hz), 2.12 (dd, 1H, J = 14.0, 7.2 Hz);

exo-isomer 0 8.35 (d, 2H, J=4.8 Hz), 7.45 (dd, 1H, J= 9.6, 4.8 Hz), 7.36—7.22 (m, 5H),

6.65 (t, 1H, J = 4.8 Hz), 5.96 (dd, 1H, J = 9.6, 1.0 Hz), 5.21-5.17 (m, 2H), 3.43 (dd, 1H,

J=9.0, 3.8 Hz), 2.58 (ddd, 1H, J = 14.0, 8.2, 3.9 Hz), 2.43 (dd, 1H, J = 14.0, 9.2 Hz);
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BC{'H} NMR (100 MHz, CDCls, 25 °C): endo-isomer 8 197.0, 161.4, 157.9, 151.7,

138.0, 128.8, 128.5, 128.1, 127.1, 112.3, 64.7, 59.3, 47.1, 30.3; HRMS (ESI) m/z

[M+Na]" calcd for C17H;5sN3NaO 300.1113, found 300.1117.

Synthesis of 9,9-diphenyl-10-(pyrimidin-2-yl)-3,4,8,9-tetrahydro-5H-4,8-

epiminocyclopenta[8]annulen-5-one (7ba) [General Procedure D].

A mixture of pyridinium salt 1b-H (62.9 mg, 0.300 mmol), 6,6-diphenylpentafulvene

(69.1 mg, 0.300 mmol) and triethylamine (0.0418 mL, 0.300 mmol) in dry THF (1 mL)

was stirred at 70 °C under an argon atmosphere for 23 h. The solvents were evaporated

in vacuo, and the obtained crude product was purified by silica gel column

chromatography (hexane/AcOEt, 6:1) to afford 7ba containing isomers (66.2 mg, 55%)

as a brown oil. Following spectral data are in good accordance with those previously

reported:® "TH NMR (400 MHz, CDCls, 25 °C): § 'H NMR (400 MHz, CDCl3, 25 °C): &

8.45 (br d, 2H, J = 3.6 Hz), 7.62-7.58 (m, 2H), 7.31-7.16 (m, 6H), 7.08-7.05 (m, 2H),

6.72-6.68 (m, 2H), 6.49 (d, 1H, J = 5.2 Hz), 6.46 (d, 1H, J = 5.2 Hz), 6.05 (dd, 1H, J =

10.0, 5.0 Hz), 5.87 (s, 1H), 5.68 (d, 1H, J = 10.0 Hz), 3.25 (d, 1H, J = 23.8 Hz), 3.13 (d,

1H, J=23.8 Hz); BC{'H} NMR (100 MHz, CDCl3, 25 °C): 8 195.1, 161.4, 157.9, 149.0,
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145.8, 143.0, 142.5, 134.2, 133.0, 132.7, 129.2, 128.3, 128.2, 128.0, 127.1, 126.3, 125.0,

112.2, 60.1, 56.7, 53.9, 41.1.

Synthesis of 9,9-dimethyl-10-(pyrimidin-2-yl)-3,4,8,9-tetrahydro-5H-4,8-

epiminocyclopenta[8]annulen-5-one (7bb).

This compound was synthesized according to General Procedure D, except for the use of

6,6-dimethylfulvene (2 equiv). Purification by silica gel column chromatography

(hexane/AcOEt, 6:1) to afford 3bb containing an isomer (50.2 mg, 60%) as a yellow paste.

Following spectral data are in good accordance with those previously reported:® 'H NMR

(400 MHz, CDCls, 25 °C): & '"H NMR (400 MHz, CDCls, 25 °C): § 8.31 (d, 2H, J = 5.2

Hz), 7.01 (dd, 1H, J = 10.0, 5.0 Hz), 6.53 (t, 1H, J = 4.8 Hz), 6.46-6.31 (m, 2H), 5.90—

5.84 (m, 2H), 5.50 (d, 1H, J = 5.6 Hz), 3.10 (d, 1H, J = 23.8 Hz), 3.02 (d, 1H, J = 23.8

Hz), 1.35 (s, 3H), 1.25 (s, 3H); 3C{'H} NMR (100 MHz, CDCls, 25 °C): & 195.1, 161.1,

157.7, 147.9, 146.2, 133.6, 131.3, 130.1, 125.6, 110.9, 59.4, 57.0, 41.0, 38.3, 28.9, 23.3.

Synthesis of 3,4-dimethyl-7-(pyrimidin-2-yl)-7-azabicyclo[4.3.1]deca-3,8-dien-10-

one (14).

A mixture of pyridinium salt 1b-H (62.9 mg, 0.300 mmol), 2,3-dimethyl-1,3-butadiene
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(0.169 mL, 1.50 mmol) and triethylamine (0.0835 mL, 0.600 mmol) in dry 1,2-

dichloroethane (1 mL) was stirred at 60 °C under an argon atmosphere for 16 h. To the

obtained mixture was added H>O (5 mL) at room temperature, and aqueous phase was

extracted with AcOEt (3x10 mL). The combined organic extract was dried over

anhydrous Na>SO4. The solvents were evaporated in vacuo, and the obtained crude

product was purified by silica gel column chromatography (hexane/AcOEt, 10:1~3:1) to

afford 14 (35.3 mg, 46%) as a colorless solid (mp 109.8-111.3 °C): 'H NMR (400 MHz,

CDCls, 25 °C): 6 8.39 (d, 2H, J = 4.4 Hz), 7.60 (d, 1H, J = 8.4 Hz), 6.68 (t, I1H, J=4.8

Hz), 4.98 (d, 1H, J = 7.2 Hz), 4.76 (dd, 1H, J = 8.4, 6.0 Hz), 3.15 (dd, 1H, J = 14.8, 7.2

Hz), 3.11-3.07 (m, 1H), 2.41 (d, 1H, J = 14.4 Hz), 2.36 (dd, 1H, J= 14.4, 6.4 Hz), 2.23

(d, 1H, J= 14.4 Hz), 1.71 (s, 3H), 1.49 (s, 3H); '*C{'H} NMR (100 MHz, CDCls, 25 °C):

5207.3,157.8,157.4,130.2,127.4,127.1, 112.3, 100.0, 62.4, 46.6, 39.1, 36.3, 23.3, 22.6;

HRMS (DART) m/z [M+H]" caled for CisH1sN30 256.1450, found 256.1433.
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