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ABSTRACT: Oxidopyridinium ions bearing an ester group at the 5-position undergo (4+3) cycloaddition reaction to afford
congeners of 7-azabicyclo[4.3.1]decane. The reaction generally proceeds in high yield, though an excess of diene is often
required to achieve such yields. The reaction is highly regioselective, but not endo/exo selective. It appears the cycloaddi-
tion process can be either kinetically or thermodynamically controlled, depending on the nature of the diene used and the
reaction time. An intramolecular Heck reaction was used to demonstrate some chemistry possible with the cycloadducts.

INTRODUCTION

The (4+3) cycloaddition reaction of allylic and related
cations is a powerful method for the synthesis of both
carbocyclic and heterocyclic seven-membered rings.
Our interest in this area has a long history.2 Recently,
based on work by Katritzky,? we reported the (4+3) cy-
cloaddition of N-alkyloxidopyridinium ions having an
electron-withdrawing substituent at the 5-position of the
pyridinium ring.* This made possible the use of an N-al-
kyl rather than an N-aryl or N-vinylpyridinium ion for the
cycloaddition, as the latter had historically been the
standard approach for the (4+3) cycloaddition of pyri-
dinium ions (Scheme 1).

Scheme 1. (4+3) Cycloaddition of an N-Alkyl Ox-
idopyridinium Ion with a Diene.
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The (4+3) cycloaddition reaction of oxidopyridinium ions
produces the 7-azabicyclo[4.3.1] ring system, a substruc-
ture of interesting and often biologically active alkaloids
including 2-deoxymacropodumine A, alstonlarsine A, and
nominine (Figure 1).57 This makes the reaction a poten-
tially powerful method for the synthesis of these and re-
lated targets. Understanding this reaction and investiga-
tions into its scope and mechanism are thus warranted.

Our initial report on the (4+3) cycloaddition reaction of
N-alkyloxidopyridinium ions indicated that the reaction
often proceeded in high yield.# Regioselectivity could be
controlled by what we interpreted as steric effects, but
endo/exo selectivity was poor. While most of the

reactions appeared to proceed by kinetic control, there
was one case in which thermodynamic control was
clearly evident. In this article, we report some further
studies bearing on the scope of the reaction and its opti-
mization.
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Figure 1. Selected alkaloids possessing the 7-azabicy-
clo[4.3.1] ring system.

Our efforts focused on 1-substituted dienes because alt-
hough these reacted with low diastereoselectivity, they
exhibited high regioselectivity. Typically, the hydroxy-
pyridinium ion 1 was heated in the presence of 10 equiv-
alents of diene and 3 equivalents of triethylamine at 85
oC in acetonitrile. The reactions were conducted from 7-
30 hours in resealable pressure tubes.

RESULTS AND DISCUSSION

The results of this work are shown in Table 1 and might
be described as typical. Cycloadduct 12 was prepared as
a 56:44 mixture of diastereomers with apparently com-
plete regioselectivity as determined by 'H NMR analysis
of a crude reaction mixture. The cycloadducts were not
separable, but after reduction of the ketone functionality
in each molecule with sodium borohydride, separation
could be achieved. This reduction proceeded with com-
plete diastereoselectivity as far as we could tell (*H



NMR). A crystal grown from the alcohol corresponding bon 9 in exo0-12 is 93.0 ppm while that of the endo isomer
to the exo cycloadduct confirmed the structure of the is 95.3 ppm. This trend has been noted in other cases
molecule. Noteworthy is that the chemical shift for car-

Table 1. (4+3) Cycloadditions of Oxidopyridinium Ion 3.
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aRatios determined by integration of 1H NMR of crude reaction mixtures.



and serves, we believe, as a general means of assigning
endo and exo cycloadducts. For example, two products
were isolated from the reaction of 1-cyclohexyl-1,3-buta-
diene with 3 (Tablel, entry 4). The exo isomer’s struc-
ture was secured on the basis of X-ray analysis. The rele-
vant 13C chemical shifts for the endo and exo isomers
were, 94.2 and 91.8 ppm, respectively. All other struc-
tural assignments were made by a combination of X-ray
analysis and the use of this chemical shift trend in the 13C
NMR,, though we are continuing studies to determine the
generality of this observation.

The same regiochemical outcome observed in the reac-
tion of 1-substituted butadienes is observed with 1,2-di-
substituted butadienes (Table 1, entry 5), as expected. In
this case, both isomers were structurally characterized
spectroscopically and through X-ray analysis. The chemi-
cal shift for carbon 9 of the endo isomer of 16 was 96.7
ppm; that for the exo isomer was 91.1 ppm.

In our previous work, we found that 1-phenylbutadiene
reacted in such a way that the expected regiochemical
pattern was drastically altered (Scheme 2).# Two endo
regioisomers were isolated, the only case in which endo
selectivity was complete, but regiochemical control was
poor. This was ultimately determined to be the result of
the reversibility of the cycloaddition reaction of this
diene, i.e., thermodynamic control.

Scheme 2. (4+3) Cycloaddition of 1-Phenyl-1,3-buta-
diene.*
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The same outcome was observed in the reaction of 1-
thienyl-1,3-butadiene, where two endo regioisomeric
products were isolated in the cycloaddition reaction. Alt-
hough we have not studied this process in detail, we con-
clude that this reaction is also under thermodynamic
control (Scheme 3). Further, we did not attempt to opti-
mize yield in this case.

Scheme 3. (4+3) Cycloaddition of 1-Thienyl-1,3-buta-
diene.
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While we held no high expectation for any type of stereo-
chemical or regiochemical control, we investigated two
1,4-disubstituted 1,3-butadienes. Indeed, as shown in
Schemes 4 and 5, the reaction proceeded well in terms of
yield, but without high regio- or diastereoselectivity. Re-
action times had to be increased with respect to less sub-
stituted dienes as the reaction proceeded more slowly.
In the case of sorbyl alcohol (23), the endo cycloadducts
existed as hemiketals. We had hoped that this might
serve as a trap had the reaction been reversible and
would thus limit the number of cycloadducts to two.
However, if the reaction is reversible, it would appear
that equilibration is slow, and we did not push this pro-
cess beyond normal reaction times. Only 24a and 24d
were isolated as pure substances. The structural assign-
ments and relative ratios of 24b and 24c were based on
NMR data of reaction mixtures. The acetate of sorbyl al-
cohol reacted in a similar fashion to give a similar distri-
bution of products. In this case, only 26a and 26d could
be isolated as pure substances. NMR data were once
again used with mixtures to make the other structural as-
signments.

However, one 1,4-substituted diene did give an interest-
ing result that bears further investigation. The cycloaddi-
tion of 27 afforded two endo cycloadducts in 41% yield
reproducibly (2 runs) in a ratio of 75:25 (Scheme 6). No
further data on the reaction is known at this writing, but
it is likely a reversible process given that both products
are endo. Furthermore, it hints at the possible use

Scheme 4. (4+3) Cycloaddition of Sorbyl Alcohol.
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of thioethers as a regiocontrol element in a direction op-
posite to simple 1-alkyl-substituted butadienes.

Typically, these cycloaddition reactions are run in the
presence of a 10-fold excess of diene. For simple dienes,
this is of minor consequence, but for dienes of greater
value, it can be prohibitive in terms of expense. We thus
set out to examine the reaction with respect to the mini-
mum amount of diene needed to effect a successful reac-
tion.

We used 30 as our model diene, as its cycloaddition with
1 had already been studied.* The results are summarized



in Table 2. The reactions were conducted in such a way
that the relative concentration of the diene to the starting
salt 1 was always the

Scheme 5. (4+3)-Cycloaddition of Sorbyl Acetate.

Ho\@/coznne )
| Me CH,0Ac — I EAB equiv)
N o N/ eCN (0.3 M), 85°C
Me 25 48 h, 63%
1 (10 equiv)
CH,0Ac CH,OAc
/O o CO,Me
N +
Me® N
Me
26a
endo
Me Me
N\ M N M
/oc‘ CO,Me . /og‘ | CO,Me
AcOH,C™ N AcOH,C” N
Me Me
26¢ 26d
endo exo

a:b:c:d = 27:15:47:11
Scheme 6. (4+3) Cycloaddition Reaction of (1E,3E)-1-
(Phenylthio)-1,3-pentadiene.
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Table 2. Reducing the amount of Diene used in the
(4+3) Cycloaddition of 1.

HO._~_-CO:Me
|, + \\_@ TEA (3 equiv)

MeCN, 85 °C, xx h
1 30 (1 M)

entry equiv diene [M]1 yield (%)
1 10 0.1 99a
2 5 0.2 99b
3 2.5 0.4 86b
4 1.75 0.57 76b
5 1.25 0.8 55b

aAverage of 5 experiments. bAverage of 2 experiments.

same with respect to the diene (1 M). This involved in-
creasing the concentration of the salt as the equivalents
of the diene dropped. While yields of the cycloadduct 314
were essentially quantitative when 10 or 5 equivalents of
diene were used, the yield remained high at 2.5 equiva-
lents. However, the yield declined more dramatically
when the amount of diene dropped lower. At this stage,
we believe that a per case optimization of the amount in-
dividual dienes may be necessary to achieve high yields
with less that around 2-2.5 equivalents of diene.

The effect of the base on the reaction was also studied.
The results are illustrated in Table 3. Weaker bases such
and pyridine and N,N-dimethylaniline did not perform as
well as triethylamine when used at the level of one equiv-
alent relative to 1 (Table 3, entries 1-3). However, even
triethylamine required a two equivalent loading to be

Table 3. Effect of base on the (4+3) Cycloaddition of

1.
HO._~_CO2Me
U . base, MeCN (0.1 M)
l}l oTf Me Me 85 °C, time
] Me (10 equiv)
Me
Me /OC | CO,Me
N 32
Me
entry base (equiv) Time Yield 32

(h) (%)

1 N,N-dimethylaniline 6 7
(1)

2 pyridine (1) 6 17
3 TEA (1) 6 33
4 DIPA (1) 6 63
5 TEA (2) 6 99
6 sodium succinate (1) 16 60
7 4-N0O2CsH4COzNa (1) 16 2
8 2-OHCeH4CO2Na (1) 16 18
9 PhCO2zNa (1) 16 99
10 PhCO2Na (0.5) 16 33
11 NaHCOs3 (1) 16 82
12 K2CO03 (1) 16 99
13 Cs2C03 (1) 16 99
14 K2HPO4 (1) 16 99
15 KsPO4 (1) 16 99

effective (Table 3, entry 5). Selected carboxylate salts
were also investigated. The dibasic sodium succinate
performed reasonably well in this reaction, affording 32+
in 60% yield (Table 1, entry 6). However, sodium benzo-
ate itself afforded an essentially quantitative yield of the
(4+3) cycloadduct at one equivalent, with the yield drop-
ping dramatically at a 0.5 equivalent loading (Table 3, en-
tries 9-10). Finally, inorganic bases in the carbonate and
phosphate series at one equivalent loading all afforded
32 in essentially quantitative yield with the exception of
sodium bicarbonate, which still afforded a high yield of
cycloadduct (Table 3, entries 11-15).



The results using sodium benzoate as base spurred a
short study on the effect of cations in the reaction. In this
case, the same reaction as shown in Table 3 was con-
ducted, but only for six hours. The reaction was stopped
and the yield recorded after that time. As can be seen
from Table 4, decreasing the Lewis acidity of the counter-
action associated with the benzoate anion appears to in-
crease reactivity. We examined the stability of 32 in the
presence of 1 equivalent of lithium benzoate. After 6
hours at 85 2C, 93% of the starting material was recov-
ered upon chromatographic purification. This supports
the idea that the effect seen in Table 4 is kinetic in nature.

Finally, cycloadducts 14 and 18 were used to investigate
an intramolecular Heck reaction. The literature suggests
that conformational issues with 18 should prevent the
Heck cyclization.? We indeed found this to be the case.
Treatment of both endo- and exo-18 under Heck reaction
conditions afforded the triene 33 in 38% yield in the case
of endo-18, presumably through the formation of a m-al-
lyl palladium species, followed by elimination (Scheme
7).° Exo-18 decomposed to unidentifiable materials un-
der the same reaction conditions. Better results for the
intramolecular Heck process were expected with the
ether 14 as there is no strong stereoelectronic influence
on conformation, making approach of the oxidative addi-
tion product to the alkene possible.

Table 4. Effect of countercation change in (4+3) Cy-
cloaddition of 1.

HO XN CO,Me
| N2 +

PhCO,M, MeCN (0.1 M)

N™ o 85°C,6h
1 Me (10 equiv)
/OC | CO,Me
N 32
Me
entry M yield %2
Li 41
2 Na 54
3 K 81
4 Cs 95
5 NH4 38

aYield is average of two runs.

Additionally, there is a higher barrier to m-allyl palladium
formation, mitigating the elimination reaction seen with
18, as alkoxides are poorer leaving groups than carbox-
ylates. Thus, treatment of 14 under Heck cyclization con-
ditions led to the polycycle 34 in 65% yield (Scheme 8).
However, one isomer may have reacted more efficiently
than the other, as the isomer ratio changed from 59:41 in
the starting material to 75:25 in the product mixture. An
examination of various crystal structures of (4+3) cy-
cloadducts obtained in our studies suggests that the ma-
jor product of this reaction should arise from the endo cy-
cloadduct and should have the stereochemistry depicted
by 34a. Endo cycloadducts typically place substituents in
a pseudoaxial orientation on a chairlike

Scheme 7. Attempted Heck Cyclization of 18.
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cycloheptenone ring, poised ideally for an intramolecular
Heck reaction (see endo-14, Scheme 8). However, exo cy-
cloadducts possess pseudoequatorial substituents (see
ex0-14, Scheme 8) and must undergo a ring flip for such a
reaction, slowing the intramolecular Heck reaction for
these isomers and giving rising to lower yields. Never-
theless, models suggest that Heck products derived from
these species should possess the stereochemistry repre-
sented in 34b.

Scheme 8. Intramolecular Heck Cyclization of 14.
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CONCLUSION

In summary, we have further developed the (4+3) cy-
cloaddition chemistry of 1, including finding conditions
amenable to the use of smaller amounts of diene in the
process. Further investigations of the cycloaddition pro-
cess itself and of the chemistry of the cycloadducts are in
progress and will be reported in due course.

EXPERIMENTAL SECTION

All reactions were carried out in oven-dried glassware under
an argon atmosphere. Tetrahydrofuran was ordered from
Sigma Aldrich and was distilled under a nitrogen atmosphere
over sodium metal with benzophenone ketyl as an indicator. Di-
chloromethane was ordered from Sigma Aldrich and was dis-
tilled under a nitrogen atmosphere over calcium hydride.
Dienes 5,10 6,11 7,11,12 8,13 9 14 1(,15 23,16 25 16 and 2717 are
known compounds and were prepared by literature methods.
Analytical thin layer chromatography was performed on silica
gel plates with UV indicator. Flash chromatography was carried
out using 230-400 mesh silica gel with HPLC grade solvents. 1H
NMR spectra were recorded on either a Bruker DRX-500 (500



MHz) or a DRX-600 (600 MHz) spectrometer with chemical
shifts reported in ppm with tetramethylsilane as an internal ref-
erence (s = singlet, d = doublet, t = triplet, m = multiplet, dd =
doublet of doublets, etc). 13C NMR spectra were obtained on the
same instruments at 125 and 150 MHz, respectively, in CDCl3
solution with CDCl3 (77.16 ppm) as an internal reference. Melt-
ing points were determined with a Fisher-Johns melting point
apparatus and are uncorrected. Infrared spectra were recorded
on a Perkin Elmer 1600 series FT-IR spectrometer. High-resolu-
tion mass spectra were performed by College of Science Major
Instrumentation Center, Old Dominion University, on a Bruker
12 Tesla APEX - Qe FTICR-MS with an Apollo I ion source or
Charles W Gehrke Proteomics Center, University of Missouri-
Columbia, on a Bruker’s timsTOF Pro with ESI positive ion
source. The raw data were deconvoluted using Bruker’s Com-
pass DataAnalysis (v 5.3). Crystal structure data were collected
on a Bruker SMART diffractometer (Bruker AXS, Madison, W1,
USA) with an Apex I CCD area detector using Mo Ka radiation
(A=0.71073 A) from a fine focus source with TRIUMPH optics
(structures 12 alcohol, exo-15, endo-21, 28), a Bruker X8 Pro-
spector diffractometer (Bruker AXS) with an Apex II detector
using Cu Ka radiation (A = 1.54178 A) from a microfocus source
(structures endo-16, 29 alcohol), or a Bruker D8 Venture dif-
fractometer equipped with a Photon 100 CMOS area detector
using Mo Ka radiation from a microfocus source (structures
exo0-16, endo-17, exo-17, ex0-18, 22, 24a, 24d, 26a). Crystals
were cooled under cold Nz streams using Cryostream 700 or
Cryostream 800 cryostats (Oxford Cryosystems, Oxford, UK).
Hemispheres of unique data were collected using strategies of
scans about the phi and omega axes with 0.5¢ frame widths. Unit
cell determination, data collection, data reduction, absorption
correction and scaling, and space group determination were
done using the Bruker Apex3 software suite.18 Crystal struc-
tures were solved by direct methods as implemented in
SHELXS?9 (structures 12 alcohol, exo-15, ex0-16, exo-17, 22,
24d, 28, 29 alcohol) or an iterative dual-space method as imple-
mented in SHELXT20 (structures endo-16, endo-17, exo-18,
endo-21, 24a, 26a). All structures were refined by full-matrix
least squares against F2 using SHELXL-2017.20 Olex2 was used
for model building and as an interface for refinement.2! Non-hy-
drogen atoms were located from the difference map and refined
anisotropically. In structures affected by disorder, partial occu-
pancy atoms could also be located from the difference map and
refined anisotropically with geometric restraints where neces-
sary to enforce chemical reasonableness. Hydrogen atoms were
placed in calculated positions. Hydrogen atom coordinates
were refined for structures with sufficient data-to-parameter
ratios and were constrained to ride on the carrier atom for all
other cases. All hydrogen atom thermal parameters were con-
strained to ride on the carrier atoms. The structure of 12 con-
tains relatively high residual difference map peaks associated
with additional conformations of a disordered ethyl ethanoate
group which could not be further modeled.

Synthesis of methyl 7-methyl-10-oxo-7-azabicyclo[4.3.1]deca-
3,8-diene-9-carboxylates 4, 12-22, 24, 26, 28, 29, and 31: Gen-
eral procedure. Methyl trifluoromethanesulfonate (1.2 equiv)
was added to a suspension of methyl 5-hydroxynicotinate (1
equiv) in dichloromethane (0.1 M), and the mixture was stirred
for 3 h at ambient temperature under argon. After completion,
the precipitate was filtered off and rinsed with pentane to give 1
as a white solid (94 %). The resulting N-methyl hydroxypyri-
dinium salt 1 (100 mg, 0.20 mmol) was dissolved in acetonitrile
(0.1-0.3 M) and treated with excess diene (10 equiv), followed
by triethylamine (3 equiv). The reaction mixture was heated at
85 2C in a sealed tube for 4-72 h and quenched with 10% HCI
solution. The aqueous solution was extracted with dichloro-
methane, dried over NazS04, and concentrated under reduced
pressure. The crude mixture was purified by column chroma-
tography (5-50% EtOAc/hexanes) over silica gel to give the fi-
nal product.

Methyl (1R*25%6S5*)-2-(3-ethoxy-3-oxopropyl)-10-hydroxy-7-
methyl-7-azabicyclo[4.3.1]deca-3,8-diene-9-carboxylate (corre-
sponding alcohol of endo-12)and Methyl (1R*2R*65*)-2-(3-eth-
oxy-3-oxopropyl)-10-hydroxy-7-methyl-7-azabicyclo[4.3.1]deca-
3,8-diene-9-carboxylate (corresponding alcohol of exo-12). Fol-
lowing the general procedure, a mixture of 1 (200 mg, 0.631
mmol), 5 (973 mg, 6.31 mmol), triethylamine (191 mg, 1.89
mmol), and acetonitrile (6.3 mL, 0.1 M) was heated at 85 °C in
an oil bath for 14 h, followed by acidic quenching and column
chromatography (20-35% EtOAc/hexanes) over silica gel af-
forded the mixture of endo- and exo-12 as colorless oil (188 mg,
93% yield). The mixture of 12 (100 mg, 0.311 mmol) was
treated with NaBHs (13 mg, 0.342 mmol, 1.1 equiv) in methanol
(3.1 mL, 0.1 M) and stirred at 0 2C for 3 h (monitored by TLC).
The reaction was quenched with H20, concentrated under re-
duced pressure. The crude mixture was extracted with dichloro-
methane, dried over Na2S04, and concentrated again under re-
duced pressure. The result mixture was purified by column
chromatography (30-50% EtOAc/hexanes) over silica gel to
give the corresponding alcohol of endo-12 and exo 12, each in
essentially quantitative yield (57 mg and 43 mg, respectively)

Data for endo-12 alcohol. colorless oil; 'H NMR (500 MHz,
CDCls) 6 7.29 (s, 1H), 5.58 (ddd, J = 12.0, 8.0, 3.0 Hz, 1H), 5.44
(ddd,J=12.0,8.0,3.0Hz, 1H),4.44 (t,J=5.5Hz, 1H),4.14
(q,J=7.0Hz,2H), 3.63 (s, 3H), 3.42-3.40 (m, 1H), 3.26 (s, 3H),
3.09-3.08 (m, 1H), 2.96 (s, 3H), 2.84 (dd, /= 16.5,3.0 Hz, 1H),
2.59 (qd,J=8.0,3.0 Hz, 1H),2.49 (q, /= 7.0 Hz, 2H), 2.39
(ddd,J=17.0,8.5,5.0 Hz, 1H), 2.18 (ddt, J = 15.0, 8.0, 7.0 Hz,
1H), 1.97 (ddt, J=14.0,7.0,7.0 Hz, 1H), 1.26 (t,J = 7.0 Hz, 3H);
13C{1H} NMR (125 MHz, CDCls) 6 175.3,168.1, 147.4, 135.3,
124.2,95.3,71.7,60.5,58.1,50.4, 44.2, 40.7, 36.6, 33.6, 29.7,
24.9,14.2; IR (CH2Cl2) 3417, 3055, 2979, 1724, 1672, 1614,
1415, 1264, 1170, 1065, 986 cm-1; HRMS (ESI-FTICR): m/z: [M +
H]+ Calcd for C17H2sNOsH: 324.1805, found: 324.1804.

Data for exo-12 alcohol. colorless oil; tH NMR (500 MHz,
CDCI3) 6 7.37 (s, 1H), 5.59-5.53 (m, 1H), 5.27 (dt, J = 10.5, 3.0 Hz,
1H), 4.24 (t, ] = 5.0 Hz, 1H), 4.14 (q, J = 8.0 Hz, 2H), 3.62 (s, 3H),
3.28 (t,] = 6.0 Hz, 1H), 3.08-3.05 (m, 2H), 2.93 (s, 3H), 2.87 (d,J
=15.5 Hz, 1H), 2.58-2.44 (m, 3H), 2.37 (s, 1H), 1.95 (ddt, ] =
15.0, 8.0, 6.0 Hz, 1H), 1.78 (ddt,J = 15.4, 7.9, 6.1 Hz, 1H), 1.66 (s,
1H), 1.26 (t,/ = 7.0 Hz, 3H); 13C{1H} NMR (125 MHz, CDCl3) §
174.3,168.8,148.8,139.4, 125.0, 93.0, 69.5, 60.3, 56.8, 50.4,
40.6,36.8, 35.3, 32.6, 30.0, 22.9, 14.2; IR (CH2Cl2) 3434, 3049,
2979, 1724, 1666, 1608, 1433, 1404, 1264, 1176, 1059, 896 cm-
1; HRMS (ESI-FTICR): m/z: [M + H]* Calcd for C17H2sNOsH:
324.1805, found: 324.1804.

Methyl (15,65)-7-methyl-10-oxo-2-(phenoxymethyl)-7-azabicy-
clo [4.3.1]deca-3,8-diene-9-carboxylate (mixture of endo- and
exo-13). Following the general procedure, a mixture of 1 (100
mg, 0.315 mmol), 6 (505 mg, 3.15 mmol), triethylamine (96 mg,
0.946 mmol), and acetonitrile (3.2 mL, 0.1 M) was heated at 85
2C in an oil bath for 30 h, followed by acidic quenching and col-
umn chromatography (40-50% EtOAc/hexanes) over silica gel
affording an inseparable mixture of endo- and exo-13 as yellow
solid (100 mg, 97% yield); 1H NMR (500 MHz, CDCl3) 6 7.40 (s,
1H), 7.39 (s, 1H), 7.29-7.24 (m, 4H), 6.95-6.91 (m, 4H), 6.89-
6.87 (m, 1H), 5.93-5.85 (m, 2H), 5.80-5.75 (m, 2H), 4.22 (dd, ] =
9.1, 6.5 Hz, 1H), 4.01 (t,/ = 9.0 Hz, 1H), 3.90 (dd, J = 9.4, 6.7 Hz,
1H), 3.81 (dd,J = 9.4, 6.6 Hz, 1H), 3.77 (t,] = 2.8 Hz, 1H), 3.75 (t,J
=3.1 Hz, 1H), 3.72-3.71 (m, 2H), 3.65 (s, 3H), 3.49 (s, 3H), 3.30
(ddt,J=9.6, 6.8, 3.9 Hz, 1H), 2.92 (s, 3H), 2.91-2.88 (m, 4H),
2.87 (dd,J =9.6, 6.6 Hz, 1H), 2.74 (ddd, ] = 16.8, 8.4, 5.4 Hz, 1H),
2.69- 2.66 (m, 1H), 2.24 (ddt,J = 16.7, 2.8, 2.8 Hz, 1H), 2.16-2.12
(m, 1H); 13C{1H} NMR (125 MHz, CDCl3) 6 205.8, 205.4, 168.2,
167.5,158.9,158.7,148.5, 147.4, 135.6, 132.9, 129.53, 129.47,
126.0,125.6,212.0,120.9, 114.8, 114.6,93.2,90.6, 70.3, 68.7,
66.2,66.0,50.93,50.87,47.8,47.1, 43.3,41.4, 39.82, 39.78, 28.8,
27.7; IR (CH2Cl2) 3056, 2980, 1726, 1681, 1627, 1416, 1249,
903, 679 cm-1. HRMS (ESI-timsTOF): m/z: [M + H]* Calcd for
C19H21NO4H: 328.1540, found: 328.1542.



Methyl (15*6S5%)-2-((2-iodophenoxy)methyl)-7-methyl-10-oxo-
7-azabicyclo[4.3.1]deca-3,8-diene-9-carboxylate (mixture of
endo- and exo-14). Following the general procedure, a mixture
of 1 (100 mg, 0.315 mmol), 7 (902 mg, 3.15 mmol), triethyla-
mine (96 mg, 0.946 mmol), and acetonitrile (3.2 mL, 0.1 M) was
heated at 85 °C in an oil bath for 22 h, followed by acidic
quenching and column chromatography (40-50% EtOAc/hex-
anes) over silica gel affording an inseparable mixture of endo-
and exo-14 as off white solid (100 mg, 70% yield); 1H NMR (500
MHz, CDCls) § 7.41 (s, 1H), 7.40 (s, 1H), 7.29-7.24 (m, 4H), 6.95-
9.88 (m, 6H), 5.91 (ddd, J = 11.6, 8.0, 2.7 Hz, 1H), 5.87 (ddd, J =
11.4,8.4,2.5 Hz, 1H), 5.80 - 5.75 (m, 2H), 4.22 (dd, /= 9.2, 6.5
Hz, 1H), 3.91 (dd,J = 9.4, 6.7 Hz, 1H), 3.82 (dd, / = 9.4, 6.7 Hz,
1H), 3.77 (t,J/ = 1.9 Hz, 1H), 3.75 (t, ] = 3.1 Hz, 1H), 3.72-3.71 (m,
2H), 3.66 (s, 3H), 3.49 (s, 3H), 3.30 (ddt, /= 10.5, 6.7, 3.8 Hz, 1H),
2.93 (s, 3H), 2.90 (s, 3H), 2.74 (ddd, ] = 16.8, 8.4, 5.4 Hz,1H),
2.70-2.66 (m, 1H), 2.24 (ddt, J = 16.7, 2.8, 2.6 Hz,1H), 2.15 (d, ] =
15.9 Hz,1H) ; 13C{1H} NMR (125 MHz, CDCl3): 205.6, 205.4,
168.2,167.6,157.4,157.2,148.7,147.4,139.5, 139.4, 135.3,
132.7,129.6,129.5,125.9, 125.5, 122.74, 122.69, 112.32,
112.26,93.1,90.4, 86.72, 86.65, 71.5, 69.4, 66.2, 65.9, 51.0, 50.8,
47.6,46.5,43.1,41.2,39.83,39.81, 29.8, 28.8, 27.8; IR (CH2Cl2)
3056,3007,2993,1721,1676,1622,1164, 1074, 1016 cm-3;
HRMS (ESI-FTICR): m/z: [M + Na]* Calcd for C19H20INO4Na:
476.0329, found: 476.0326.

Methyl (1R*25*6R*)-2-cyclohexyl-7-methyl-10-oxo-7-azabicy-
clo [4.3.1]deca-3,8-diene-9- carboxylate (endo-15) and Methyl
(1R*2R* 6R*)-2-cyclohexyl-7-methyl-10-oxo-7-azabicyclo
[4.3.1]deca-3,8-diene-9-carboxylate (exo-15). Following the gen-
eral procedure, a mixture of 1 (40 mg, 0.126 mmol), 8 (38 mg,
0.378 mmol), triethylamine (38 mg, 0.378 mmol), and acetoni-
trile (1.3 mL, 0.1 M) was heated at 85 °C for 22 h, followed by
acidic quenching and column chromatography (20-30%
EtOAc/hexanes) over silica gel affording endo-15 and exo-15.

Data for endo-15. 9 mg, 24% yield; colorless oil; tH NMR (500
MHz, CDCls) § 7.35 (s, 1H), 5.86 (ddd, j = 11.6, 8.3, 2.8 Hz, 1H),
5.66 (dddd, J=12.1, 8.6, 3.2, 0.7 Hz, 1H), 3.78 (dd, ] = 3.6, 3.4 Hz,
1H), 3.66 (s, 3H), 3.62 (ddd, J = 4.9, 2.1, 2.1 Hz, 1H), 2.91 (s, 3H),
2.68 (ddd,J = 16.3, 8.6, 5.8 Hz, 1H), 2.58 (ddd, /= 10.2, 8.5, 4.2
Hz, 1H), 2.23 (d,] = 12.7 Hz, 1H), 2.10 (ddt, = 16.3, 3,0, 3.0 Hz,
1H), 1.75-1.72 (m, 2H), 1.66-1.60 (m, 2H), 1.33-1.12 (m, 4H),
1.10-0.94 (m, 2H); 133C{1H} NMR (125 MHz, CDCl3) & 206.3,
167.7,147.4,137.5,123.0, 94.2, 66.2,50.8, 47.7, 46.3, 40.1, 39.7,
32.2,31.4,27.1,26.6,26.4, 26.0; IR (CH2Cl2) 3035, 2965, 1694,
1648,1617,1263, 945,899, 740 cm-1; HRMS (ESI-FTICR): m/z:
[M + Na]+ Calcd for C1sH2sNOsNa: 326.1727, found: 326.1727.

Data for exo-15. 14 mg, 37% yield; colorless solid from
EtOAc/hexanes, mp 132-133 °C; 'H NMR (500 MHz, CDCl3) &
7.36 (s, 1H), 5.82 (dddd, J = 10.7, 6.8, 4.6, 1.9 Hz, 1H), 5.73 (ddd,
J=11.1,5.1, 2.5 Hz, 1H), 3.84-3.83 (m, 1H), 3.64 (s, 3H), 3.63 (d,
J =2.3 Hz, 1H), 2.88 (s, 3H), 2.80 (dddd, j = 15.1, 8.4, 6.8, 0.9 Hz,
1H), 2.46 (dpentet, J = 12.6, 3.3 Hz, 1H), 2.10-2.07 (m, 1H), 1.85-
1.81 (m, 2H), 1.75-1.64 (m, 4H), 1.52 (dtt, /= 10.9, 10.8, 3.2 Hz,
1H), 1.34-1.12 (m, 4H), 1.02-0.94 (m, 1H), 0.82-0.74 (m, 1H);
13C{1H} NMR (125 MHz, CDCl3): 6 207.2, 168.3, 148.5, 139.6,
124.3,91.8, 66.6, 50.8,50.1, 47.4, 39.8, 39.7, 32.6, 31.6, 28.1,
26.7,26.6,26.4; IR (CH2Cl2) 3065, 2961, 1708, 1649, 1627,
1273,1169, 966, 944, 751 cm-1; HRMS (ESI-FTICR): m/z: [M +
Na]* Calcd for C1g8H2sNO3Na: 326.1727, found: 326.1727.

Methyl (3R*,7R* 7aR*)-11-methoxy-4-methyl-14-oxo-
3,4,7,7a,8,9-hexahydro-2H-3,7-methanonaphtho[1,2-eJazonine-6-
carboxylate (endo-16) and Methyl (35* 7R* 7aS*)-11-methoxy-4-
methyl-14-oxo0-3,4,7,7a,8,9-hexahydro-2H-3,7-methanonaph-
tho[1,2-eJazonine-6-carboxylate (exo-16). Following the general
procedure, a mixture of 1 (110 mg, 0.347 mmol), 9 (646 mg,
3.47 mmol), triethylamine (105 mg, 1.04 mmol), and acetoni-
trile (3.5 mL, 0.1 M) was heated at 85 C in an oil bath for 14 h,
followed by acidic quenching and column chromatography (2-
5% EtOAc/DCM) over silica gel affording endo-16 and exo-16.

Data for endo-16. 39 mg, 35%; pale yellow solid from
EtOAc/hexanes mp 164-165 °C; 1H NMR (600 MHz, CDCI3) 6
7.40 (s, 1H), 7.37 (d, ] = 8.4 Hz, 1H), 6.69 (dd, J = 9.0, 3.0 Hz, 1H),
6.63 (d,J = 2.4 Hz, 1H), 6.11 (ddd, / = 8.4, 7.2, 2.4 Hz, 1H), 3.78
(s, 3H), 3.71 (s, 3H), 3.60 (ddd, J = 10.8, 6.6, 3.4 Hz, 1H), 3.49 (s,
3H), 3.30 (dd, J = 6.0, 2.5 Hz, 1H), 2.87-2.83 (m, 2H), 2.57 (ddd, J
=15.6,7.8, 3.6 Hz, 1H), 2.49-2.40 (m, 1H), 2.18-2.11 (m, 1H);
13C{1H} NMR (150 MHz, CDCls) 6 206.9, 167.6, 158.9, 145.0,
142.0,139.8,128.0,125.2,117.4,112.7,112.6, 96.7, 65.8, 55.2,
50.9, 50.6, 44.5, 40.6, 29.5, 28.8, 28.1; IR (CDCl3) 3049, 2921,
2845, 1730, 1684, 1608, 1491, 1433, 1258 cm-1; HRMS (ESI-
FTICR): m/z: [M + Na]* Calcd for C21H23NO4Na: 376.1519,
found: 376.1516.

Data for exo0-16. 66 mg, 59%; yellow oil; tH NMR (600 MHz,
CDCI3) 6 7.34 (s, 1H), 7.29 (d, ] = 8.6 Hz, 1H), 6.70 (dd, /= 8.5, 2.5
Hz, 1H), 6.60 (d,] = 2.2 Hz, 1H), 6.07 (ddd, ] = 8.7, 4.1, 2.3 Hz,
1H), 3.67-3.66 (m, 2H), 3.51 (s, 3H), 3.03 (ddd, /= 15.8,8.2, 7.0
Hz, 1H), 2.92 (s, 3H), 2.65 (dd,J = 11.5, 6.0 Hz, 1H), 2.61 (dt, ] =
14.8, 3.4 Hz, 1H), 2.49-2.40 (m, 1H), 2.25 (dd, / = 16.0, 4.3 Hz,
1H), 2.18-2.12 (m, 1H), 1.88 (dtd, J = 13.3, 13.3, 3.0 Hz, 1H);
13C{1H} NMR (150 MHz, CDCls) 6 205.9, 168.0, 158.8, 148.0,
143.3,140.7,130.4,126.1,118.0,112.5,112.1,91.1, 65.4, 55.2,
51.3,50.6,44.7,39.6,30.2, 29.4, 29.2; IR (CH2Cl2) 3052, 2993,
2953,1721,1685,1613, 1425,903, 741, 710 cm-1; HRMS (ESI-
FTICR): m/z: [M + Na]* Calcd for C19H19NOsNa: 364.1155,
found: 364.1155.

Methyl (15%25*6R*)-2-(benzoyloxy)-7-methyl-10-oxo-7-azabi-
cyclo [4.3.1]deca-3,8-diene-9-carboxylate (endo-17) and Methyl
(15*%2R* 6R*)-2-(benzoyloxy)-7-methyl-10-oxo-7-azabicy-
clo[4.3.1] deca-3,8-diene-9- carboxylate (exo-17). Following the
general procedure, a mixture of 1 (330 mg, 1.0 mmol), 10 (1812
mg, 10.4 mmol), triethylamine (316 mg, 3.12 mmol), and ace-
tonitrile (10.4 mL, 0.1 M) was heated at 85 2C in an oil bath for
17 h, followed by acidic quenching and column chromatography
(30-50% EtOAc/hexanes) over silica gel affording endo-17 and
exo-17.

Data for endo-17. 124 mg, 35%; colorless solid from
EtOAc/hexanes, mp 177-178 °C; 1H NMR (500 MHz, CDCI3)
7.98 (dd, J = 8.4, 1.3 Hz, 2H), 7.54 (tt, / = 7.4, 1.3 Hz, 1H), 7.43 (s,
1H), 7.42 (dd,J = 8.0, 7.4 Hz, 2H), 6.22 (ddd, J =11.8, 7.4, 3.0 Hz,
1H), 5.98 (ddd,J=11.9, 8.7, 3.4 Hz, 1H), 5.71 (dd, /= 7.2, 5.9 Hz,
1H), 3.97 (dd,J = 5.6, 2.7, 1H), 3.77-3.76 (m, 1H), 3.71 (s, 3H),
2.99 (s, 3H), 2.81 (ddd, = 16.4, 8.7, 6.1 Hz, 1H), 2.39 (dddd, J =
16.4, 3.1, 3.1, 1.7 Hz, 1H); 13C{1H} NMR (125 MHz, CDCl3) §
202.6,167.3,165.4,148.8,133.2, 132.0, 130.0, 129.9, 129.8,
128.6,89.9,67.5,66.7,51.2,49.2, 40.0, 27.2; IR (CH2Cl2) 3065,
2953,1726,1685,1631, 1267, 1168, 742, 778 cm-1; HRMS (ESI-
FTICR): m/z: [M + Na]* Calcd for C1oH19NOsNa: 364.1155,
found: 364.1153.

Data for exo-17. 195 mg, 55%; yellow solid from EtOAc/hex-
anes, mp 135-136 °C; 'H NMR (500 MHz, CDCl3) § 8.07 (dd, J =
8.3, 1.2 Hz, 2H), 7.56 (tt, ] = 7.4, 1.3 Hz, 1H), 7.43 (s, 1H), 7.44
(dd,J=7.9, 7.4 Hz, 2H), 5.88-5.84 (m, 1H), 5.78 (dddd, f =12.5,
4.3,3.4,2.6 Hz, 1H), 5.51 (dddd, /= 11.4, 6.1, 2.5, 2.5 Hz, 1H),
4.23 (ddd,J = 4.0, 2.9, 1.5 Hz, 1H), 3.77-3.75 (m, 1H), 3.23 (s,
3H), 2.94 (s, 3H), 2.94 (ddd, J = 15.5, 8.3, 6.1 Hz, 1H), 2.21 (dddd,
J=16.4,5.0,2.7 Hz, 1H); 13C{1H} NMR (125 MHz, CDCI3) § 202.5,
168.2,165.6,148.4,135.3,133.2,130.2, 129.9, 128.4, 123.6,
90.5,73.3, 66.4, 50.8, 49.6, 39.8, 29.5; IR (CH:Cl2) 3052, 3002,
1726, 1685, 1609, 1425,1281, 1263, 1164, 894, 764 cm-1; HRMS
(ESI-FTICR): m/z: [M + Na]* Calcd for C19H19NOsNa: 364.1155,
found: 364.1156.

(E)-buta-1,3-dien-1-yl 2-iodobenzoate (11). Crotonaldehyde
(1.00 g, 14.3 mmol, 1 equiv) in 10 mL THF was added dropwise
to a stirred solution of t-BuOK (10 mL of 1.6 M THF solution,
16.7 mmol, 1.17 equiv) at -78 °C during 10 min. The mixture
was stirred for 15 min. Then a solution of 2-iodobenzoyl chlo-
ride (4.45 g, 16.7 mmol, 1.17 equiv) in 10 mL THF was added
and the reaction was stirred for 1 h. After the reaction was com-
plete (TLC), it was quenched by saturated NH4Cl solution,



extracted with DCM, and concentrated under vacuum. The
product was purified via column chromatography (1-5%
EtOAc/hexanes) over silica gel to afford 11 as yellow liquid
(2.47 g, 61% yield); H NMR (500 MHz, CDCl3) 6 8.04 (dd, ] = 8.0,
1.1 Hz, 1H), 7.91, (dd,J = 7.8, 1.7 Hz, 1H), 7.63 (dd, J = 12.3, 0.4
Hz, 1H), 7.44 (td, ] = 7.6, 1.2 Hz, 1H), 7.20 (td, ] = 7.9, 1.7 Hz, 1H),
6.36 (ddd, J = 16.8, 10.5 Hz, 1H), 6.24 (t,J = 12.3 Hz, 1H), 5.28
(dt,J =16.8, 0.7 Hz, 1H), 5.16 (dt,J = 10.2, 0.7 Hz, 1H); 13C{1H}
NMR (125 MHz, CDCl3) 6 163.1, 141.9, 138.9, 133.5, 132.1,
131.7,131.6,128.1,118.0, 117.3,94.8; IR (CDCl3) 3061, 2993,
2935, 2858, 1726, 1420, 1285, 1249,1137,899, 719, 791 cm-};
HRMS HRMS (ESI-FTICR): m/z: [M2 + Na]+ Calcd for
(C11HoI02)2Na: 622.9187, found: 622.9190.

Methyl (15%25*6R*)-2-((2-iodobenzoyl)oxy)-7-methyl-10-
oxo0-7-azabicyclo[4.3.1]deca-3,8-diene-9-carboxylate (endo-18)
and Methyl (1S,2R,6R)-2-((2-iodobenzoyl)oxy)-7-methyl-10-
oxo0-7-azabicyclo [4.3.1]deca-3,8- diene-9-carboxylate (exo-18).
Following the general procedure, a mixture of 1 (132 mg, 0.416
mmol), 11 (1248 mg, 4.16 mmol), triethylamine (126 mg, 1.25
mmol), and acetonitrile (4.2 mL, 0.1 M) was heated at 85 °C for
25 h, followed by acidic quenching and column chromatography
(30-45% EtOAc/hexanes) over silica gel affording endo-18 and
exo-18.

Data for endo-18. 84 mg, 43%; yellow solid from EtOAc/hex-
anes, mp 208-210 °C; 1H NMR (500 MHz, CDCl3) 6§ 7.98 (dd, ] =
8.0, 1.0 Hz, 1H), 7.80 (dd, / = 7.8, 1.7 Hz, 1H), 7.43 (s, 1H), 7.40
(td,J=7.6,1.1 Hz, 1H), 7.14 (td,J = 7.9, 1.8 Hz, 1H), 6.22 (ddd, J
=11.8,7.4,3.0 Hz, 1H), 6.01 (ddd, = 11.9, 8.6, 3.2 Hz, 1H), 5.75
(dd,J=7.4,5.8 Hz, 1H), 3.96 (dd, ] = 5.6, 2.8 Hz, 1H), 3.75-3.74
(m, 1H), 3.71 (s, 3H), 2.99 (s, 3H), 2.81 (ddd, J = 16.5, 8.7, 6.1 Hz,
1H), 2.39 (ddd, J = 16.6, 4.7, 3.0 Hz, 1H); 13C{1H} NMR (125 MHz,
CDCI3) 6 202.5,167.2,165.0, 148.8,141.6, 134.0, 133.0, 131.6,
131.3,130.5,128.2,94.5,89.7, 68.1, 66.6, 51.2, 49.0, 40.0, 27.2;
IR (CH2Cl2) 3061, 2984, 1730, 1699, 1663, 1420, 1272, 894, 760,
728 cm-1; HRMS (ESI-FTICR): m/z: [M + Na]* Calcd for
C19H18INOsNa: 490.0122, found: 490.0122.

Data for (exo-18). 84 mg, 43%; yellow solid from EtOAc/hex-
anes, mp 58-60 °C; 'H NMR (500 MHz, CDCI3) & 8.04 (dd, ] =
8.0, 1.1 Hz, 1H), 8.00 (dd, /= 7.9, 1.7 Hz, 1H), 7.50 (s, 1H), 7.42
(td,J=7.8,1.2 Hz, 1H), 7.17 (td,J = 7.7, 1.8 Hz, 1H), 5.92 (dddd,
=125,4.1,3.2, 2.6 Hz, 1H), 5.80 (dddd, J = 15.1, 8.4, 6.0, 2.7 Hz,
1H), 5.52 (ddd, = 8.7, 6.0, 2.6 Hz, 1H), 4.25 (ddd, J = 4.9,3.9, 1.5
Hz, 1H), 3.7-3.76 (m, 1H), 3.37 (s, 3H), 2.98-2.92 (m, 4H), 2.20
(dddd,j=16.1,7.8,5.1, 2.3 Hz, 1H); 13C{1H} NMR (125 MHz,
CDCI3) 6 202.2,168.0,164.8, 148.4,141.8,135.0, 133.7, 133.1,
132.1,128.0,123.7,94.9,90.3, 74.2, 66.3, 50.9, 49.6, 39.8, 29.4;
IR (CH2Cl2) 3070, 3034, 1703, 1649, 1604, 1258, 746 cm'1;
HRMS (ESI-FTICR): m/z: [M + Na]* Calcd for C19H1sINOsNa:
490.0122, found: 490.0122.

Methyl (1R*2S5* 6R*)-7-methyl-10-o0xo-2-(thiophen-2-yl)-7-
azabicyclo[4.3.1]deca-3,8-diene-9-carboxylate (21) and methyl
(1R* 5R* 65%)-7-methyl-10-oxo-5-(thiophen-2-yl)-7-azabicyclo
[4.3.1]deca-3,8-diene-9-carboxylate (22). Following the general
procedure, a mixture of 1 (200 mg, 0.631 mmol), (E)-2-(buta-
1,3-dien-1-yl)thiophene (859 mg, 6.31 mmol), triethylamine
(191mg, 1.89 mmol), and acetonitrile (6.2 mL, 0.1 M) was
heated at 85 ¢C in an oil bath for 20 h, followed by acidic
quenching and column chromatography afforded 21 and 22.

Data for 21. 70 mg, 37%; yellow solid from EtOAc/hexanes,
mp = 125-126 °C; 1H NMR (500 MHz, CDCl3) § 7.40 (s, 1H), 7.14
(dd,J=5.1,1.1 Hz, 1H), 6.91 (dd, /= 5.1, 3.6 Hz, 1H), 6.88 (dt, ] =
3.5,1.2 Hz, 1H), 6.09 (ddd, J = 15.01, 8.2, 2.8 Hz, 1H), 5.90 (ddd, J
=14.8,8.5,2.7 Hz, 1H), 4.44 (dd, /= 8.1, 4.1 Hz, 1H), 3.85 (t,] =
3.2 Hz, 1H), 3.71 (s, 3H), 3.65 (ddd, J = 7.8, 2.5, 2.5 Hz, 1H), 2.93
(s, 3H), 2.76 (ddd, J = 16.8, 8.4, 5.6 Hz, 1H), 2.35 (ddt, = 16.8,
2.5, 2.5 Hz, 1H); 13C{1H} NMR (125 MHz, CDCl3) § 203.5, 167.5,
147.5,142.9,14.5,127.0,126.0,125.1, 124.2,93.2, 65.8, 53.4,
51.0,42.7,39.8, 27.0; IR (CH2Cl2) 3061, 2989, 1717, 1676, 1627,
1443,1420,1272,1169,903, 737, 706 cm-; HRMS (ESI-FTICR):

m/z: [M + Na]* Calcd for C16H17NO3SNa: 326.0821 found:
326.0821.

Data for 22. 23 mg, 13%; yellow solid from EtOAc/hexanes,
mp = 147-148°C; tH NMR (500 MHz, CDCl3) 6 7.37 (s, 1H), 7.19
(dd,J=5.2,1.1 Hz, 1H), 6.93 (dd, /= 5.1, 3.6 Hz, 1H), 6.81 (dt, ] =
3.6, 1.1 Hz, 1H), 6.07-5.95 (m, 2H), 4.38 (dd, J = 7.5, 4.9 Hz, 1H),
3.93 (dd,J = 4.1, 3.0 Hz, 1H), 3.67 (s, 3H), 3.47 (ddd, J = 3.8, 3.8,
3.8 Hz, 1H), 3.08 (s, 3H), 2.78 (ddd, ] =16.3, 8.4, 4.7 Hz, 1H), 2.35
(ddt,j=16.5, 2.9, 2.9 Hz, 1H); 13C{1H} NMR (125 MHz, CDCl3) §
203.6,167.3,146.4,140.1,132.0, 129.2, 127.2,125.8,125.0,
94.5,73.3,50.9, 44.8, 40.6, 39.8, 29.4; IR (CH:Cl2) 3052, 2984,
2948, 1721, 1685, 1636, 1438, 1420, 1272, 1164, 894 cm-;
HRMS (ESI-FTICR): m/z: [M + Na]* Calcd for C1¢H17NO3SNa:
326.0821, found: 326.0821.

Methyl (3R*,85%)-7a-hydroxy-4,8-dimethyl-2,3,3a,4,7,7a-hexa-
hydro-3,7-prop[1]enofuro[3,2-b]pyridine-6-carboxylate (24a)
and Methyl (2R* 55%)-5-(hydroxymethyl)-2,7-dimethyl-10-o0xo-7-
azabicyclof4.3.1] deca-3,8-diene-9-carboxylate (24d). Following
the general procedure, a mixture of 1 (760 mg, 2.40 mmol), 23
(2354 mg, 24 mmol), triethylamine (727 mg, 7.19 mmol), and
acetonitrile (8.0 ml, 0.3 M) was heated at 85 C in an oil bath for
72 h, followed by acidic quenching and column chromatography
affording 24a and 24d.

Data for 24a. 159 mg, 25%; colorless solid from EtOAc/hex-
anes, mp = 160-161 C; 1H NMR (500 MHz, CDCl3) § 7.29 (s,
1H), 5.73 (dd, J = 12.2, 7.6 Hz, 1H), 5.56 (dd, J = 12.2, 8.5 Hz, 1H),
4.25 (dd,j =8.1,4.8 Hz, 1H), 3.72 (d, ] = 8.0 Hz, 1H), 3.66 (s, 1H),
3.56 (dd,J = 6.1, 1.9 Hz, 1H), 3.50 (s, 1H), 3.02 (ddd, J = 8.2, 5.9,
4.9 Hz, 1H), 2.95 (s, 3H), 2.94-2.93 (m, 1H), 2.48 (dpentet, ] =
7.4,1.5 Hz, 1H), 1.26 (d, / = 7.5 Hz, 3H); 13C{1H} NMR (125 MHz,
CDCI3) 6 168.6, 145.0, 138.7, 124.3,104.2, 98.8, 70.7, 66.2, 50.8,
44.8,41.5,39.7,39.6, 22.4; IR (CH2Clz) 3056, 2989, 1636, 1425,
1254,921, 773 cm-t; HRMS (ESI-FTICR): m/z: [M + H]* Calcd
for C14H19NO4H: 266.1388, found: 266.1391.

Data for 24d. 166 mg, 26%; colorless solid from EtOAc/hex-
anes, mp = 157-158 °C; 1H NMR (500 MHz, CDCl3) &§ 7.36 (s,
1H), 5.60 (dddd, j = 11.3, 4.0, 2.5, 0.7 Hz, 1H), 5.41 (dddd, ] =
11.4,4.0,2.5,0.7 Hz, 1H), 4.02 (ddd, J = 11.1, 7.1, 4.4 Hz, 1H),
3.99 (ddd, = 2.4, 1.2,1.2 Hz, 1H), 3.79 (ddd, J = 10.6, 10.0, 6.8
Hz, 1H), 3.66 (s, 3H), 3.49 (t,] = 2.0 Hz, 1H), 3.00 (s, 3H), 2.42-
2.40 (m, 2H), 1.78- 1.73 (m, 1H), 1.29 (d, / = 7.3 Hz, 3H); 13C{1H}
NMR (125 MHz, CDCl3) 6 207.2, 168.3, 148.9, 140.3, 127.1,92.1,
67.2,64.4,52.3,50.9,45.7,43.2, 38.6, 21.5; IR (CH2Cl2) 3061,
2984, 1699, 1622, 1429, 1285,903, 787 cm-1; HRMS (ESI-
FTICR): m/z: [M + Na]* Calcd for C14aH19NOsNa: 288.1206,
found: 288.1208.

Methyl (1R*25* 5R* 6R*)-2-(acetoxymethyl)-5,7-dimethyl-10-
oxo-7-azabicyclo[4.3.1]deca-3,8-diene-9-carboxylate (26a) and
Methyl (1R*2R* 55% 6R*)-5-(acetoxymethyl)-2,7-dimethyl-10-oxo-
7-azabicyclo [4.3.1]deca-3,8-diene-9-carboxylate (26d). Follow-
ing the general procedure, a mixture of 1 (300 mg, 0.946 mmol),
25 (1326 mg, 9.46 mmol), triethylamine (287 mg, 2.84 mmol),
and acetonitrile (3.2 mL, 0.3 M) was heated at 85 °C for 72 h, fol-
lowed by acidic quenching and column chromatography (1-3%
EtOH/hexanes) over silica gel afforded 26a and 26d.

Data for 26a. 50 mg, 17%; yellow solid from EtOAc/hexanes,
mp 77-79 °C; H NMR (500 MHz, CDCl3) § 7.40 (s, 1H), 5.77 (dd,
J=12.9,7.2 Hz, 1H),5.58 (dd,J = 12.9, 7.4 Hz, 1H), 4.13 (dd, J =
11.1, 5.3 Hz, 1H), 3.68 (dd, J = 11.1, 9.1 Hz, 1H), 3.66 (s, 3H), 3.61
(dt,J =3.1,0.7 Hz, 1H), 3.49 (dt, ] = 3.4, 0.9 Hz, 1H), 3.03-2.99
(m, 1H), 2.99 (s, 3H), 2.81 (dddd, J = 14.4, 7.1, 3.9, 3.8 Hz, 1H),
2.10 (s, 3H), 1.03 (d, J = 7.3 Hz, 3H); 13C{1H} NMR (125 MHz,
CDCI3) 6 203.8,171.1,167.4, 146.6, 134.5, 128.0,93.5, 71.6,
65.0,50.9, 45.5,40.7, 40.5, 33.1, 21.1, 19.2; IR (CH2Cl2) 3061,
2984, 1636,1276,1258, 760, 733, 701 cm-1; HRMS (ESI-FTICR):
m/z: [M + Na]* Calcd for C16H21NOsNa: 330.1312, found:
330.1315.

Data for 26d. 19 mg, 7% yield; 1H NMR (500 MHz, CDCl3) §
7.35 (s, 1H), 5.62 (dddd, J = 11.3,4.1, 2.5, 0.6 Hz, 1H), 5.45
(dddd,j=11.3,4.3,2.6,0.9 Hz, 1H), 4.42 (dd,J = 11.2, 7.4 Hz,



1H), 4.22 (dd,J = 11.2, 9.3 Hz, 1H), 3.75-3.74 (m, 1H), 3.66 (s,
3H), 3.49 (t,] = 2.3 Hz, 1H), 2.96 (s, 3H), 2.62- 2.59 (m, 1H),
2.44-2.40 (m, 1H), 2.12 (s, 3H), 1.30 (d, J = 7.3 Hz, 3H); 13C{1H}
NMR (125 MHz, CDCl3) 6 206.2,170.0, 168.1, 148.7, 140.7,
126.5,92.6,68.1,65.4,52.1,50.9, 43.3,42.3,38.4, 21.5, 21.0; IR
(CH2Cl2) 3052, 2984, 1622,1272, 1258, 755,728,710 cm'};
HRMS (ESI-FTICR): m/z: [M + Na]* Calcd for C1s6H21NOsNa:
330.1312, found: 330.1315.

Methyl (1R*25* 5R* 6R*)-5,7-dimethyl-10-o0xo0-2-(phenylthio)-
7-azabicyclo[4.3.1]deca-3,8-diene-9-carboxylate (28) and Methyl
(1R*2S5* 5R* 6S)-10-hydroxy-2,7-dimethyl-5-(phenylthio)-7-
azabicyclo [4.3.1]deca-3,8- diene-9-carboxylate (29). Following
the general procedure, a mixture of 1 (200 mg, 0.631 mmol), 27
(1112 mg, 6.31 mmol), triethylamine (191 mg, 1.89 mmol), and
acetonitrile (2.1 mL, 0.3 M) was heated at 85T in an oil bath for
48 h, followed by acidic quenching and column chromatography
(20-30% EtOAc/hexanes) over alumina affording 28 (67 mg,
31% yield) and 29 (22 mg, 10% yield). Compound 29 (26 mg,
0.076 mmol, 1 equiv.) was treated with NaBH4 (3 mg, 0.083
mmol, 1.1 equiv) in methanol (0.8 mL, 0.1 M) and stirred it at rt
for 30 min (monitored by TLC). The reaction was quenched
with H20, concentrated under reduced pressure. The crude
mixture was extracted with dichloromethane, dried over
NazS04, and concentrated again under reduced pressure. The
result mixture was purified by column chromatography (40-
50% EtOAc/hexanes) over alumina gel to give the correspond-
ing alcohol of 29 (25 mg, 96% yield).

Data for 28. Yellow oil; 1H NMR (500 MHz, CDCI3) 6 7.60 (d, J
= 7.1 Hz, 2H), 7.37 (s, H), 7.35 (tt, ] = 7.5, 1.8 Hz, 2H), 7.25 (dt, ] =
7.1,1.8 Hz, 1H), 5.87 (dd, J = 5.1, 2.6 Hz, 2H), 4.27 (ddd, ] = 11.2,
7.1, 3.8 Hz, 1H), 3.59-3.58 (m, 4H), 3.51 (dd, J = 4.1, 3.1 Hz, 1H),
2.96 (s, 3H), 2.89- 2.82 (m, 1H), 1.17 (d, / = 7.3 Hz, 3H); 13C{1H}
NMR (125 MHz, CDCl3) 6 201.9, 167.1, 147.3, 134.5, 133.4,
131.8,128.9,128.0,127.1,92.2,71.4, 50.6, 47.6, 40.3, 32.4, 18.5;
IR (CH2Cl2) 3065, 2957, 2926, 2876, 1735,1734.8, 1470, 1371,
1249, 1047, 899, 683 cm-1; HRMS (ESI-FTICR): m/z: [M + Na]*
Calcd for C19H21NO3SNa: 366.1134, found: 366.1132.

Data for corresponding alcohol of 29; colorless solid from
EtOAc/hexanes, mp = 130-132 °C; 'H NMR (600 MHz, CDCl3) &
7.57-7.55 (m, 2H), 7.39-7.33 (m, 3H), 7.17 (s, 1H), 5.78 (dd, ] =
12.2,7.3 Hz, 1H), 5.65 (dd, J = 12.2, 6.9 Hz, 1H), 4.54 (ddd, ] =
10.5,7.8,5.3 Hz, 1H), 4.14 (dd,/ = 6.9, 3.3 Hz, 1H), 3.76 (d,] = 7.9
Hz, 1H), 3.64 (s, 3H), 3.63 (dd,J = 3.3, 1.8 Hz, 1H), 3.14 (ddd, J =
8.0, 5.4, 2.6 Hz, 1H), 2.93 (dpentet, / = 7.5, 2.5 Hz, 1H), 2.78 (s,
3H), 1.44 (d,] = 7.6 Hz, 3H); 13C{1H} NMR (150 MHz, CDCl3) §
168.0, 145.5,139.5,134.1, 132.7, 129.5, 128.4, 122.7,97.8, 75.4,
59.6,50.6,48.4, 40.8, 39.9, 38.7, 23.3; IR (CH2Cl2) 3398, 3061,
3011, 2993,1676,1627,921, 733, 652 cm-1; HRMS (ESI- tim-
sTOF): m/z: [M + Na]* Calcd for C19H23NO3SNa: 368.1291,
found: 368.1288.

Methyl (15,65)-7-methyl-10-oxo-7-azabicyclo[4.3.1]deca-2,4,8-
triene-9-carboxylate (33). A mixture of endo-18 (34 mg, 0.073
mmol, 1.0 equiv.), Pd(0Ac)2 (2 mg, 0.0073 mmol, 0.1 equiv),
KOAc (14 mg, 0.14 mmo], 2.0 equiv), 4 A molecular sieves, and
DMF (1.5 mL, 0.05 M) was heated at 80 °C for 24 h (monitored
by TLC). When the reaction was complete, the crude mixture
was filtered through Celite® and extracted with diethyl ether
and water. The organic layers were combined, washed with
brine, dried over NazS04, and concentrated under reduced pres-
sure. The resulting mixture was purified by column chromatog-
raphy (30-35% EtOAc/hexanes) on silica gel to give 33 as a yel-
low oil (6 mg, 38% yield). 'H NMR (500 MHz, CDCl3) & 7.45 (s,
1H), 6.15 (dd, J = 15.0, 10.0 Hz, 1H), 5.88-5.80 (m, 2H), 5.74 (dd,
J=15.0,10.0 Hz, 1H), 4.17 (dd, J = 6.5, 3.3 Hz, 1H), 4.01 (dd, J =
7.2,3.3 Hz, 1H), 3.69 (s, 3H), 2.96 (s, 3H); 13C{1H} NMR (125
MHz, CDCl3) § 199.8,167.2,147.1,130.4, 128.1,122.4, 119.5,
96.9, 66.7, 51.2, 49.8, 39.8; IR (CH2Clz) 3036, 2950, 2938, 2912,
1729, 1680, 1613, 1440, 1323,1219, 1162, 1066, 761, 707 cm-3;
HRMS (ESI- timsTOF): m/z: [M + H]* calcd for C12H13NO3zH:
220.0979, found: 220.0978.

Methyl (3S,75)-4-methyl-14-oxo0-3,4,7,7a,8,13b-hexahydro-3,7-
methanochromeno[3,4-eJazonine-6-carboxylate (34). A mixture
of 14 (60 mg, 0.132 mmol, 1.0 equiv), Pd(0Ac)z (3 mg, 0.0132
mmol, 0.1 equiv), KOAc (26 mg, 0.264 mmol, 2.0 equiv), 4 A mo-
lecular sieves, and DMF (3.0 mL, 0.05 M) was heated at 80 °C for
24 h (monitored by TLC). When the reaction was complete, the
crude mixture was filtered through Celite® and extracted with
diethyl ether and water. The organic layers were combined,
washed with brine, dried over Na2S04, and concentrated under
reduced pressure. The result mixture was purified by column
chromatography (30-35% EtOAc/hexanes) over silica gel to
give the mixture of endo- and exo-34 as a colorless oil (28 mg,
65% yield).

Data for 34a/b. 1H NMR (600 MHz, CDCl3) 6 7.76 (s, 1H),
7.62 (s, 1H), 7.15-7.09 (m, 2H), 7.15-7.09 (m, 1H), 7.02 (dd, ] =
7.6,1.5 Hz, 1H),6.93 (td, /= 7.5, 1.2 Hz, 1H), 6.87 (td, /= 7.4, 1.1
Hz, 1H), 6.81 (dd,J = 8.1, 0.9 Hz, 1H), 6.28 (dd, J = 10.8, 4.8 Hz,
1H), 5.97-5.94 (m, 1H), 5.97 (ddd, J = 10.7, 7.9, 2.7 Hz, 1H), 5.89
(ddd,j=11.0,7.8, 3.0 Hz, 1H),4.33 (dt,J = 11.0, 3.5 Hz, 1H), 4.30
(ddd,j=11.1,3.1,2.1 Hz, 1H), 4.22 (dd,] = 11.4, 3.6 Hz, 1H),
3.94 (s, 1H), 3.90-3.84 (m, 1H), 3.90-3.84 (m, 2H), 3.75 (t,/ = 2.5
Hz, 1H), 3.66 (s, 3H), 3.66 (s, 3H), 3.61 (t,/ = 11.5 Hz, 1H), 3.61-
3.60 (m, 1H), 3.05 (s, 3H), 3.03 (s, 3H), 2.81 (dddd, J = 15.5, 11.4,
7.3,3.5 Hz, 1H), 2.66 (tdd, J = 11.4, 3.5, 2.5 Hz, 1H); 13C{1H} NMR
(150 MHz, CDCl3): 6 201.1, 199.6, 167.9, 167.3, 154.8, 153.7,
149.6,147.0,145.7,143.2, 129.4, 128.9, 128.5, 127.8, 126.8,
125.7,124.5,122.7,121.5,120.7,117.1,117.0,91.5, 89.1, 69.9,
66.9,65.7,65.2,51.1,51.1,49.3, 48.2, 45.4, 40.7, 40.5, 38.9, 37.1,
34.6; IR (CH2Cl2): 3011, 2984, 1730, 1685, 1622, 1492, 1280,
912,777, 724, 656 cm-l; HRMS (ESI-FTICR): m/z: [M +
Na]* Calcd for C19H19NOsNa+*: 348.1206, found: 348.1206.
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