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ABSTRACT: Mn(Ill)-mediated formal [3+3]-annulation has been developed - 1
using readily available vinyl azides and cyclopropanols with a wide range of R HO_ . Mn(m) W
substituents. Vinyl azides were successfully applied as a three-atom unit including =+ 7_<\ e || & N<;§
one nitrogen to prepare pyridines and 0-lactams by the reactions with monocyclic N3 ¥ i - 0';
cyclopropanols as well as to construct 2-azabicyclo[3.3.1] and 2-azabicyclo[4.3.1] N
frameworks with bicyclic cyclopropanols, bicyclo[3.1.0]hexan-1-ols, and bicyclo- ——=_. azaheterocycles

[4.1.0]heptan-1-ols. These reactions were initiated by a radical addition of -

_NZ

carbonyl radicals, generated by the one-electron oxidation of cyclopropanols with Mn(III), to vinyl azides to give iminyl radicals,
which cyclized with the intramolecular carbonyl groups. In addition, application of the present methodology to a synthesis of the

quaternary indole alkaloid, melinonine-E, was accomplished.

H INTRODUCTION

Nitrogen-containing heterocyclic compounds (azaheterocycles)
are essential components in numerous natural products, potent
pharmaceutical drugs, and various kinds of functional materials.
Although diverse synthetic approaches toward azaheterocycles
have been developed,' versatile and flexible methodologies to
construct azaheterocycles with selective control of substitu-
tion patterns using readily accessible building blocks are still
needed.

Intermolecular annulation reactions allow for rapid and selec-
tive construction of complex cyclic molecules in a one-pot manner
from relatively simple building blocks, which is an ideal process in
organic synthesis from atom-> and step-economical® points of
view. We have recently been interested in application of vinyl
azides as a three-atom unit including one nitrogen to develop new
types of annulation reactions for synthesis of azaheterocycles.*
Our reaction design involves the addition of a carbon radical
bearing a carbonyl group to the C=C bond of a vinyl azide to
provide a new C—C bond with generation of an iminyl radical.®
The iminyl radical then intramolecularly forms a C—N bond by
cyclization with the C=O bond, leading to various azahetero-
cycles (Scheme 1).°” This process could potentially be achieved
via a redox catalytic manner featuring two key redox steps:
(1) oxidative generation of the radical species by the reaction of
radical sources with metal oxidant [M"] (to become [M" '])
(oxidative initiation) and (2) reduction of the resulting iminyl
radical by [M" '] followed by cyclization and protonation to
afford azaheterocycles along with regeneration of metal oxidant
[M"] (reductive termination).

Our current study has focused on the use of cyclopropanols as a
precursor/equivalent of 3-carbonyl radicals and the investigation
of their addition reactions toward vinyl azides followed by C—N
bond formation (formal [3+3]-annulation).'® This article is a full
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Scheme 1. Concept for New Catalytic Annulation: Forma-
tion of Iminyl Radicals by Addition of C-Radicals to Vinyl
Azides and Successive C—N Bond Formation in a Redox
Catalytic Manner
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account of the Mn(IIl)-mediated/catalyzed reactions of vinyl
azides with cyclopropanols for a divergent synthesis of azahetero-
cycles with broad evaluation of the mechanisms, scope, and
limitations (Scheme 2), where we disclose (1) Mn(III)-mediated/
catalyzed synthesis of multisubstituted pyridines from vinyl
azides and monocyclic cyclopropanols; (2) synthesis of O-
lactams by Mn(IIl)-catalyzed reactions of vinyl azides and
1-ethoxycyclopropanol followed by NaBH;CN reduction;
(3) Mn(III)-catalyzed construction of 2-azabicyclo[#.3.1] systems
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Scheme 2. Mn(III)-Mediated Formal [3+3]-Annulation of
Vinyl Azides and Cyclopropanols
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(n =3 and 4) from vinyl azides and bicyclic cyclopropanols and
their facile chemical transformation; and (4) a synthesis of the
quaternary indole alkaloid, melinonine-E.

B RESULTS AND DISCUSSION

Mn(lll)-Mediated Synthesis of Pyridine Derivatives from
Vinyl Azides and Cyclopropanols. We embarked on an in-
vestigation of the reaction of a-azidostyrene (1a) and 1-phenyl-
cyclopropanol (2a) to target 2,6-diphenylpyridines (3aa).'"'> A
proposed reaction pathway for the pyridine formation is illu-
strated in Scheme 3. The reaction is initiated by the addition of -
keto radical I, generated by one-electron oxidation of 2a by the
metal oxidant [M"], to vinyl azide 1a, affording iminyl radical II
with elimination of dinitrogen. The reaction of II with M1
affords iminyl metal species III, nucleophilic attack of which to a
carbonyl group yields addition intermediate IV."® Subsequent
protonation affords tetrahydropyridine V along with regenera-
tion of [M"]. Dehydration of V forms dihydropyridine VI, which
is oxidized to afford the desired pyridine 3aa.

The study on the pyridine formation commenced utilizing a
stoichiometric amount of Mn(III) complexes for oxidation of
cyclopropanol 2a as well as dihydropyridine VI (Table 1, entries
1—4). Treatment of a mixture of vinyl azide 1a and 2a (1.5 equiv)
with 1.7 equiv of Mn(III) acetate [Mn(OAc);2H,0] in MeOH
led to rapid consumption of 1a within S min at room temperature

Scheme 3. Proposed Pathway for Pyridine Formation
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(entry 1). Stirring further 1 h with subsequent addition of
AcOH (2 equiv) afforded 2,6-diphenylpyridine (3aa) in 57%
yield. In the case of Mn(IIl) tris(2-pyridinecarboxylate)
[Mn(pic);]"* as an oxidant, the reaction was conducted in
acetonitrile at 40 °C without any additive for S h, and the yield
of 3aa was 58% yield (entry 2). The longer reaction time might
be due to low solubility of Mn(pic); in acetonitrile. Utilization of
Mn(III) acetylacetonate [Mn(acac);] was found to be essential
in rendering this process synthetically useful (entries 3 and 4).
Addition of Mn(acac); to a mixture of 1a and 2a led to rapid
consumption of 1a within $ min, providing 3aa in 74% yield after
additional heating at 40 °C for 3 h (entry 3). Addition of AcOH
(2 equiv) after consumption of 1a could accelerate the reaction,
affording 3aa in 84% yield within 1 h at room temperature (entry
4). Other metal oxidants such as Ag(I), Fe(1I1),"® or Cu(11)"’
complexes, which could work as one-electron oxidants for the
oxidative generation of 3-carbonyl radicals from cyclopropanols
or cyclopropyl silyl ethers, were not viable for this transforma-
tion. Next, we intended to use a catalytic amount of Mn(acac);
with another stoichiometric oxidant for aromatization of dihy-
dropyridine VI to 3aa (see Scheme 3). A brief study revealed that
treatment of a mixture of 1a and 2a with a catalytic amount of
Mn(acac); (0.2 equiv) in MeOH also consumed 1a within S min
at room temperature, and the subsequent addition of an oxidant
(O, as an atmosphere or DDQ) and AcOH (2 equiv) provided
the desired pyridine 3aa, although the yield of 3aa was moderate

Table 1. Optimization of Reaction Conditions for Pyridine Formation”

<70

Mn(llT)
2a conditions |
(1 5 equl\r) under Nz

entry Mn(III) (equiv) conditions I
1 Mn(OAc);-2H,0 MeOH (1.7) rt, S min
2 Mn(pic)s (1.2) CH,CN 40 °C, 5 h
3 Mn(acac); (1.7) MeOH 40 °C, 3 h
4 Mn(acac); (1.7) MeOH rt, 5 min
S Mn(acac); (0.2) MeOH rt, 5 min
6 Mn(acac); (0.2) MeOH rt, S min
7 Mn(acac);(0.1) MeOH rt, § min

oxidant =
additive U=
o g v
conditions Il Z  3aa >

oxidant (equiv) additive (equiv) conditions IT yield/%"
— AcOH (2.0) i, 1h 57
— — — 58
— — — 74
— AcOH (2.0) rt,1h 84
DDQ (1.5) AcOH (2.0) it,1h S3
0, (1 atm) AcOH (2.0) i, 1h 59
0, (latm) HCI (2.0) 40°C, 1h 80

“The reactions were carried out using vinyl azide 1a (0.3 mmol) and cyclopropanol 2a (1.5 equiv). " Isolated yields.
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Table 2. Mn(III)-Mediated Pyridine Formation from Vinyl
Azides 1 and Cyclopropanols 2a”

conditions A: Mn(acac) (1.7 equiv), rt, 5 min

i e then AcOH (2.0 equiv), rt / MeOH T
=t RN Y
Nz 2 conditions B: Mn(acac); (10 mol%), rt, 5 min | ™
f then HCI (2.0 equiv) 3

4 )
(1.5 equiv) under Oy, 40 °C / MeOH

ield/%?
entry vinyl azides 1 pyridines 3 —_ Y - —_
condition A condition B
R/~= | A
\_¢ NN
N2
N3
1 1a:R=H 3aa 84% 80%
2 1b: R = 4-Me 3ba 84%
3 1¢: R=2-OMe 3ca 71% 70%
4 1d: R = 4-OMe 3da 70%
5 1e:R=2-Br 3ea 47%C
6 1f: R=4-Br 3fa 70%
7 1g: R=4-COMe 3ga 70%
W, S
Y »
8 OO N O 75% 72%
N, 1h 3ha
e X
TsN { ! “
99 \\ N 70%
Na 1i Nrs
3ia
| S
109 T4 N7 O 66% 50%
oo O™
3ja
R2
EtO,C ‘ =
N)a ge Et0,C” "N
11 1k:Ry=H 3ka 51%
12¢ 11: R, =Ph 3la 30%
Me x
13¢ Me ‘ N7 45%
N3 im O 3ma O
‘ =
14¢ N/ 52%
in
N3 3na

“Unless otherwise noted, the reactions were carried out under either
conditions A or B. Conditions A: treatment of a mixture of vinyl
azides 1 (0.3 mmol) and cyclopropanol 2a (1.5 equiv) with Mn(acac);
(1.7 equiv) in MeOH at room temperature under N, atmosphere
for S min followed by addition of AcOH (2 equiv). Conditions B:
treatment of a mixture of 1 (0.3 mmol) and 2a (1.5 equiv) with
Mn(acac); (0.1 equiv) in MeOH at room temperature under N,
atmosphere for S min followed by addition of HCI (3 M in MeOH, 2
equiv).  Isolated yields.  Vinyl azide 1e was recovered in 30% yield. * A
solution of 2a and AcOH in MeOH was added to vinyl azides 1 and
Mn(acac); by a syringe pump over 1 h.  The reactions were run using
Mn(pic); (1.7 equiv) and AcOH (2 equiv) in CH3CN at 40 °C at room
temperature.

(entries S and 6). It was noteworthy that addition of HCI (3 M in
MeOH, 2 equiv) instead of AcOH could improve the yield of 3aa
to 80% with 0.1 equiv of Mn(acac); (entry 7).

With the optimized reaction conditions for the stoichio-
metric use of Mn(acac); (Table 1, entry 4) as well as the
catalytic manner with molecular oxygen (Table 1, entry 7), the
scope of this Mn(III)-mediated/catalyzed pyridine formation

was investigated utilizing various vinyl azides 1 (Table 2). By
applying Mn(acac); as the stoichiometric oxidant (conditions A),
reactions of a range of (t-aryl vinyl azides with cyclopropa-
nol 2a afforded 2,6-diarylpyridines in good to moderate yields
(entries 1—10). Especially, heteroaryl motifs such as pyrrolyl
and indolyl were successfully incorporated (entries 9 and 10).
The reaction of electron-deficient azido acrylate 1k provided
pyridine 3ka in 51% yield (entry 11). When the reactions of
trisubstituted vinyl azides (11, 1m, and 1n) were performed by
using Mn(acac); in MeOH, the generated [3-carbonyl radicals
underwent self-coupling or hydrogen abstraction preferen-
tially, leading to the desired pyridines in only a trace amount.'®
This indicated that the addition of the f-carbonyl radicals to
11—1n was extremely slow due to the steric hindrance of the
[-substituents on the vinyl azides. Interestingly, the reactions
with Mn(III) tris(2-pyridinecarboxylate) [Mn(pic);] in acet-
onitrile provided 2,3,6-trisubstituted pyridines in moderate
yields, probably due to the low solubility of Mn(pic); in
acetonitrile which could keep the concentration of the gener-
ated f3-carbonyl radicals low, preventing their side reactions
(entries 12—14).

Using vinyl azides 1a, 1¢, 1h, and 1j, pyridine formation under
the catalytic conditions (condition B) was examined (entries 1, 3,
8, and 10). The yields of the corresponding pyridines 3 were
almost comparable with those obtained under stoichiometric
conditions A.

The generality of cyclopropanols 2 was then surveyed using 0.-
azidostyrene (1a) under both the stoichiometric and catalytic
reaction conditions (conditions A and B), as shown in Table 3.
1-Arylcyclopropanols were converted to the corresponding 2,6-
diarylpyridines 3 in good yields (entries 1—3). Moreover,
some alkyl groups (entries 4—7), including strained cycloalk-
yls (3af, 3ag) as well as a piperidine moiety (3ah), could be
installed at C(2) of the pyridine ring. Introduction of alkenyl
and alkynyl groups on the pyridine ring was also a particular
feature of this method (entries 8 and 9). This method allowed
for the installation of alkoxycarbonyl groups as well as a
phenyldimethylsilyl moiety (entries 10 and 11). The catalytic
reaction (conditions B) provided comparable results for most
of the substrates, except for pyridines 3ah (entry 7) and 3aj
(entry 9).

On the other hand, the reaction of vinyl azide 1a and 1,2-
disubstituted cyclopropanols (2m, 2n) with Mn(pic); afforded
not only the desired 2,4,6-trisubstituted pyridines (3am, 3an)
but also dihydropyrroles (4am, 4an) as minor products
(Scheme 4). The formation of dihydropyrroles might commence
with the conversion of iminyl radical III to (t-carbonyl radical IV
through a 1,5-hydrogen shift,'” followed by cyclization of the a.-
carbonyl radical with N—H imine to afford a new C—N bond
with a tertiary radical V. Further oxidation of this tertiary radical
V to carbocation VI by the Mn(III) complex and subsequent
deprotonation could lead to dihydropyrroles 4. In these reac-
tions, secondary 3-keto radicals IT were found to be formed
predominantly via oxidative ring-opening of 2m and 2n via
cyclopropoxy radicals I, judging from the substituted patterns
of the products.

One-Pot Synthesis of d-Lactams from Vinyl Azides and
1-Ethoxycyclopropanol. Based on the finding that Mn(III)
complexes could promote the reaction of vinyl azides 1 and
monocyclic cyclopropanols 2 to produce substituted pyridines
3, we planned to broaden the reaction scope by utilizing the
other types of cyclopropanols. One-electron oxidation of
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Table 3. Mn(III)-Mediated Pyridine Formation from Vinyl
Azides 1a and Cyclopropanols 2°

- conditions A: Mn(acac); (1.7 equiv), rt, 5 min

\ ¢ b ol then ACOH (2.0 equiv), rt / MeOH | :
eeays ﬁ 'l/*‘*-» i, i
Ny conditions B: Mn{acac); (10 mol%), t, 5min  ©__~
. then HCI (2.0 equiv) 3
1a 1.5
{2edin under Og, 40 °C / MeOH
ield/%?
entry  cyclopropanols 2 pyridines 3 yeor
condition A condition B
7 \(R | S
HO, i
N g
1 2b: R=2-Br 3ab 70%
2 2c:R=4-Br 3ac 81% 82%
3 2d: R = 4-CgHs 3ad 66%
S
»
4 HO O N O 80% 70%
2e 3ae
| =
5 Hof of N? 73% 70%
3af
| S
6 Hogj N7 78% 70%
2g
3ag
>
7 HO_ |N/ R 82% 45%
Bn
2h 3ah
| =
8 HO. /= O NT~F O 54% 51%
2i 3ai
X
| .
9 vo A O N O 55% 21%
2j 3aj
=
HO_ Ra L.
A N"TR?
10 2k: R% = CO,Me 3ak 33%
11¢ 21: R® = SiMe,Ph 3al 45%

“Unless otherwise noted, the reactions were carried out under
either conditions A or B. Conditions A: treatment of a mixture of
vinyl azide 1a (0.3 mmol) and cyclopropanols 2 (1.5 equiv) with
Mn(acac); (1.7 equiv) in MeOH at room temperature under N,
atmosphere for 5 min, followed by addition of AcOH (2 equiv).
Conditions B: treatment of a mixture of la (0.3 mmol) and
cyclopropanols 2 (1.5 equiv) with Mn(acac); (0.1 equiv) in MeOH
at room temperature under N, atmosphere for S min, followed by
addition of HCI (3 M in MeOH, 2 equiv). " Isolated yields. * The
reaction was run using Mn(pic); (1.7 equiv) in CH3CN at room
temperature.

1-alkoxycyclopropanols could generate S-alkoxycarbonyl radi-
cals, which were also expected to add to viny azides. Actually, a
reaction of vinyl azide 1a and 1-ethoxycyclopropanol (5) pro-
ceeded smoothly and rapidly (within S min) using 10 mol % of
Mn(acac); in EtOH at room temperature, giving O-keto ester 6
in 96% yield (Scheme $).*° In this case, the generated iminyl
radical A was reduced by the resulting Mn(II) species to afford
iminyl-manganese(III) B, which could not cyclize with an
ethoxycarbonyl group. The subsequent protonation would
lead to regeneration of Mn(III) species and to give N—H

Scheme 4. Reactions of 1,2-Disubstituted Cyclopropanols
2m and 2n

= 7\ Mn(pic); (1.7 equiv)
W HO J== AcOH (2.0 equiv)
+
N)::: =T CHLCN, rt
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(1.5 equiv)

R"-
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Scheme 5. Mn(acac);-Catalyzed Formation of 9-Keto Ester 6
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imine C that was hydrolyzed to O-keto ester 6 during the
workup process.

In order to keep a nitrogen atom of the putative N—H imine C
in the final product, we tried reduction of the generated N—
imine C to amine, Wthh could readily undergo lactamization to
provide d-lactam 7a.>' Upon consumption of vinyl azide 1a by the
reaction with 1-ethyoxycyclopropanol (5) in the presence of
Mn(acac); as the catalyst, NaBH, (2 equiv) was subsequently
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Scheme 6. One-Pot Synthesis of d-Lactams 7 from Vinyl
Azides 1 and 1-Ethoxycyclopropanol 5
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PhSO,N,
o (n-BusSn), o
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1) In, NH,CI
EtOH, reflux
O’{:)\”"cs”m
2) EtgN H
EtOH, reflux 67% (2 steps)

added to the reaction mixture. Expectedly, 7a was isolated in
85% yield (Scheme 6). A series of Oi-aryl vinyl azides possessing
both electron-withdrawing and electron-donating groups were
transformed to O.-aryl-O-lactams 7 in good yields. The Renaud
group has developed an elegant procedure for synthesis of a series
of y-lactams and their derivatives by radical carboazidation of
alkenes followed by reduction of azides and subsequent lactam
formation.”>** These two-step processes are contrasting manners
to construct O- and y-lactams, respectively, via radical processes
involving organic azides.

Mn(acac)s-Catalyzed Synthesis of 2-Azabicyclo[3.3.1]-
non-2-en-1-ols from Vinyl Azides and Bicyclo[3.1.0]hexan-1-
ols. Next, we envisioned utilizing bicyclic cyclopropanols such as
bicyclo[3.1.0]hexan-1-0l (8a) as a source of [-carbonyl
radicals. Interestingly, an unusual 2-azabicyclo[3.3.1]non-2-
en-1-ol (9aa) was isolated in 89% yield by the reaction with
vinyl azide la using only a catalytic amount of Mn(acac);
(5 mol %), although slow addition of 8a through a syringe
pump to a mixture of 1a and the catalyst over 1 h was required
to complete the reaction (Scheme 7). A gram scale prepara-
tion of 9aa was also accomplished in good yield. It is
noteworthy that treatment of chiral bicyclic cyclopropanol
8a (85% ee)®* with la afforded racemic 9aa. The absence
of transmission of the chirality of 8a to 9aa would suggest
that generation of achiral ring-expanded f-carbonyl radical
I** from 8a followed by its radical addition to 1a is most
likely involved in the reaction mechanism, forming iminyl
manganese(IlI) compounds II-eq and II-ax, placing an
iminyl tether in the equatorial- and axial-like positions,
respectively. Conformational inversion of II-eq to II-ax
should be indispensable to achieve further cyclization of the
iminyl manganese II-ax with the carbonyl group to give alkoxy
manganese(I1I) species III that could be protonated to afford
9aa.

With the Mn(Ill)-catalyzed method to construct a
2-azabicyclo[3.3.1]non-2-en-1-ol structure in hand, the substrate
scope was next investigated (Table 4). A variety of 3-aryl-
2-azabicyclo[3.3.1]non-2-en-1-ols were prepared in good to
excellent yields. Heteroaryl moieties such as pyrrolyl and

Scheme 7. Formation of 2-Azabicyclo[3.3.1]non-2-en-1-ol

9aa
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feq g 40
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4 NJ)':?_r"' Mn!' M)
1 3
*NY W ;_1: ll-ax

[
Nz

indolyl were successfully incorporated, even though higher
catalyst loading (20 mol %) was needed to complete the
reaction (entries 8 and 9). The reaction of trisubstituted
vinyl azide 1m with 8a furnished the desired 9ma in only
28% yield, along with recovery of 1m (68%), even in the
presence of 40 mol % of the catalyst, probably due to the
steric hindrance of the -methyl group of 1m in the addi-
tion of f-carbonyl radical to 1h. Introduction of some
substituents, including alkyl, vinyl, and phenyl groups, at
C-4 of bicyclic cyclopropanols 8 did not retard the reac-
tions, providing the corresponding 2-azabicyclo[3.3.1]non-
2-en-1-ols 9 in high yields and diastereoselectivities (83:17
to 94:6 exo-selective) (entries 11—15). In these cases,
the addition of f-carbonyl radicals to vinyl azide la in the
C—C bond formation occurred preferentially in an anti
manner to the adjacent C-4 substituents to minimize 1,2-
steric repulsion.

Interestingly, for the reaction of 3-phenylbicyclo[3.1.0]hexan-
1-ol (8g), 2-azabicyclo[3.3.1]non-2-en-1-ol (9a%) was obtained
in 40% yield, along with 1,5-diketone 10ag®® in 28% yield
(Scheme 8). Both of the products 9ag and 10ag were obtained
as single diastereoisomers. The reaction of S-carbonyl radical I
generated from 8g could provide two diastereomers of iminyl
manganese complexes (or iminyl radicals) bearing the iminyl
tether in axial- and equatorial-like positions (II-ax and II-eq,
respectively). From II-ax, the cyclization occurred smoothly to
give 9ag, while II-eq needed ring-inversion for cyclization, which
might be disfavored due to 1,3-diaxial repulsion between the
iminyl radical moiety and the phenyl group. Noncyclized com-
pound 10ag was thus exclusively formed from II-eq via
hydrolysis.

Transformations of 2-Azabicyclo[3.3.1]lnon-2-en-1-ols 9.
Having developed a method for preparation of 2-azabicyclo-
[3.3.1]non-2-en-1-0ls 9, we then explored their transformations
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Table 4. Mn(III)-Catalyzed Synthesis of 2-Azabicyclo-
[3.3.1]non-2-en-1-ols 9

entry vinyl azides 1 cyclopropanols 8 products 9 yield/%?
Ry= OH
\ 7 OH O/&Jﬁ
e Aa
N, R H

1 1a:R=H 8a 9aa 89%°
2 1b: R = 4-Me 8a 9ba 95%
3 1c: R =2-OMe 8a 9ca 88%
4 1d: R = 4-OMe 8a 9da 93%
5 le: R =2-Br 8a 9ea 70%
6 1f:R=4-Br 8a 9fa 83%
7 19: R = 4-CO,Me 8a 9ga 75%

sa R N 9ia 83%°

qu: 1i
N3
OH
N- i a9
9d e ) 1j 8a N Sja  77%°
N H
N3

109 im 8a

Me N—
9ma 28%%°
(exo:endo = 85:15)"
OH

11 1a 8b: R® = CH(CH3), 9ab: 90% (exo:endo = 85:15)"
12 1a 8c: R% = CH=CH, 9ac: 82% (exo:endo = 83:17)9
13 1a 8d: R® = CH,CH=CH,  9ad: 86% (exo:endo = 86:14)""
14 1a 8e: R%=Ph 9ae: 91% (exo.endo = 94:6)%9
15 1a 8f: R® = CH,OMOM 9af: 74% (exo:endo = 85:15)

“ Unless otherwise noted, the reactions were carried out by addition of a
solution of cyclopropanols 8 (1.2 equiv) in MeOH via a syringe pump
over 1 h to a solution of vinyl azides 1 (0.3 mmol) and Mn(acac); (10
mol %) under NZ atmosphere at room temperature (see Supportxng
Information). ® Isolated yields. ©S mol % of Mn(acac); was used. 240
mol % of Mn(acac)3 was used. “Vinyl a21de 1h was recovered in
68% yield. / The ratio was determined by "H NMR, and the major
exo-isomer was shown above. ¢ The structures of exo-isomers of 9ma,
9ac, and 9ae were secured by X-ray crystallographic analyses; see
Supporting Information. "NMR yield using CL,CHCHCI, as internal
standard due to the instability of 9ad, which could be isolated as its
acetate in 73% yield by treatment of the crude mixture of 9ad with Ac,O
(8.0 equiv), EtsN (2.0 equiv), and DMAP (0.1 equiv) in CH,Cl, at
rooom temperature for 8 h.

to 2-azabicyclo[3.3.1]nonane (morphan)®” or 2-azabicyclo[3.3.1]-
non-2-ene frameworks, which are prevalent in some alkaloids as
well as pharmacologically valuable molecules.”®

Treatment of 9aa with NaBH;CN in the presence of
an acid induced the double hydride reduction of the
C=N and C—O bonds, affording 2-azabicyclo[3.3.1]nonane
(11aa) stereoselectively, where reduction using HCI affored
11aa in 70% yield (Scheme 9). The first hydride approached
the C=N bond entirely from the less hindered exo-face to
give aminal I. Subsequent dehydration of I gave the bridge-
head iminium species II, which could be reduced to afford
11aa.

It was found that a one-pot conversion starting from the
reaction of vinyl azide la and cyclopropanol 8a using Mn-
(acac); as a catalyst followed by treatment with NaBH;CN (3
equiv) and HCI (3 equiv) could produce 11aa in good yield

Scheme 8. Reaction of Vinyl Azide 1a and Cyclopropanol 8g

OH
=
\ Mn{acac)s (10 mol%)
+
N MeOH, i, 1 h
I'; (slow addition of 8g
8g through a syringe pump)
(1.2 equiv)
o]
A OH o
A = l/w/k_ ~
=/ H k: \ 4 N =z
4 10ag 28%
9ag 40% X-ray of 9ag -

» Proposed pathways of formation of 9ag and 10ag
OH o}

bl [MI"I“II

8" l

0 OH
O I
ﬁal ) 3 HWA%,PH i &
5 = —, ph4
Ph Ph \wN'iMnmI v % ) Bh

Ph llax

9ag 40%

(o]
[Mn'”] 0
[Mn'"i ....... “Nay™ Ph—, ]
?’ | Ph Ph

Ph H
theg 10ag 28%

Scheme 9. Double Hydride Reduction of 9aa

OH NaBHSCN (3 0 equiv)
MeOH, it, 2h T

acid

AcOH (10%)  34% X-ray of 11aa
HCI (3N in MeOH, 3 equiv)  70%

+ A proposed reaction palhway

H* H. u A" H*
9aa \J\ N’  ——
H

without isolation of 2-azabicyclo[3.3.1]non-2-en-1-ol (9aa).
This two-step process represented a particularly straightfor-
ward methodology to construct the morphan framework from
readily available vinyl azides 1 and bicyclic cyclopropanols 8
(Table 5).

Further methods for reduction of the C—O bond at the
bridgehead position were explored utilizing acetate 12 prepared
from 9aa as depicted in Scheme 10. Interestingly, it was found
that reduction of acetate 12 with Et;SiH in the presence of
TiCly induced selective C—O bond cleavage, affording
2-azabicyclo[3.3.1]non-2-ene (13) in excellent yield, keeping
the C=N bond intact. Similarly, treatment with allyltrimethyl-
silane—TiCl; or Me;Al provided a new quaternary carbon
center” at the bridgehead position (14 and 15). In order to
elucidate the mechanism of these chemoselective reductions,
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Table S. One-Pot Synthesis of 2-Azabicyclo[3.3.1]nonanes 11*

Scheme 11. Elucidation of the Reaction Mechanism

NaBH;CN
R— (3 equiv)
Y Mn(acac) HCl in MeOH H \H
W 3 i ; H
e {10 mol%) (3 equiv) r NAHR- ]
* + St R
Ny R MeOH, rt - e H
8 1
(1.2 equiv)
entry vinyl azides 1 cyclopropanols 8 products 11 yield/%?
R./= H
OH H
H
\_/ N B
A=
Na R H
1 1a:R=H 8a 11aa 70%
2 1b: R = 4-Me 8a 11ba 68%
3 1d: R = 4-OMe 8a 11da 58%
4 1f:R=4-Br 8a 11fa 76%
OH H H
H
N~ =]
N R3 H
5 1a 8b: R® = CH(CHy), 11ab 70% (exo:endo = 85:15)°
] 1a 8c: R® = CH=CH, 11ac 67% (exoendo = 81:19)¢
7 1a 8d: R® = CH,CH=CH, 11ad 80% (exo:endo = 81:19)°
8 1a 8e: R%=Ph 11ae 56% (exo:endo = 90:10)°

“The reactions were carried out by addition of a solution of cyclopro-
panols 8 (1.2 equiv) in MeOH via a syringe pump over 1 h to a solution
of vinyl azides 1 (0.3 mmol) and Mn(acac); (10 mol %) under N,
atmosphere at room temperature, followed by treatment with
NaBH3CN (3 equlv) and HCI (3 M in MeOH 3 equiv) for 3 h.

? Isolated yiels.  The ratio was determined by "H NMR, and the major
exo-isomer is shown above.

Scheme 10. Transformations of 2-Azabicyclo[3.3.1]non-2-
en-1-ol (9aa)”

H
a. Ac0 b. TiCl4 N-
86% Et;SiH 4
90% H
/ 13
H
12 \
¢. MeAl d. TiCl,
83%

="giMe,
82%
“Reagents and conditions: (a) Ac,O (8.0 equiv), Et;N (2.0 equiv),
DMAP (0.1 equiv), CH,CL, tt, 3 h, 86%; (b) TiCl, (1.5 equiv), Et;SiH
(2.0 equiv), CH,Cl, rt, 3 h, 90%; (c) Me3;Al (4.0 equiv), CHCly, rt, 1 b,
83%; (d) TiCl, (1.5 equiv), CH,=CHCH,SiMe; (2.0 equiv), CH,Cl,,
rt, 3 h, then 1 N HCI, THF, 0.5 h, 82%.

the reaction of acetate 12 with TiCl; in the absence of
nucleophiles was monitored by '"H NMR and '*C NMR in
CD,Cl, (Scheme 11). Acetate 12 disappeared immediately
upon treatment with TiCly to give chloride 12-Cl. The
chemical shift of the bridgehead carbon was shifted to higher
field, from 93.8 ppm (for acetate 12) to 80.5 ppm (for chloride
12-Cl). The formation of 12-Cl occurred presumably via
coordination of TiCly to the imino nitrogen and the acetate
carbonyl oxygen, followed by cleavage of the brldgehead
C—O bond to generate a bridgehead carbocation,*® which

6417

OH
H,0 N-
93.8 ppm 80.5 ppm H
\ OAc TiCl, (o]
N- . (N— -
7N CDOh 7 i
12 12-cl Z~Sea
A proposed mechanism
M? Nu
Lewis acids .
(LA)
12 Ph —3% Ph

Scheme 12. Mn(acac);-Catalyzed Reaction of Vinyl Azide 1a
with Bicyclo[4.1.0]heptan-1-ol (16a)

’-{= \ OH Mn{acac)s o it OH
ol {20 mol%) N-
= i BDa A
N MeOH,it = e T
16a 17 81%
(1.2 equiv) 15.0%
OH O
N- NH
f .= R A4
&/ H * &/
18 19

was then immediately trapped by a chloride ion. It was
confirmed that subsequent treatments of a mixture including
12-CI with water or allyltrimethylsilane led to the formation
of 9aa or 18§, respectively. Likewise, in the presence of
nucleophiles such as hydrosilane, allyltrimethylsilane, and
Me;Al, the bridgehead carbocation could immediately
be trapped to produce the desired bridgehead-substituted
products 13—185.

Synthesis of 2-Azabicyclo[4.3.1]decane Derivatives from
Vinyl Azides and Bicyclo[4.1.0]heptan-1-ols. The promis-
ing protocol to access 2-azabicyclo[3.3.1]non-2-en-1-ols 9
encouraged us to explore further methods to construct an-
other azabicyclic framework, 2-azabicyclo[4.3.1]dec-2-en-1-
ol, from vinyl azide la and bicyclo[4.1.0]heptan-1-o0l 16a
(Scheme 12). However, treatment of la and 16a with Mn-
(acac); (20 mol %) afforded 1,5-diketone 17 exclusively in
81% yield, without formation of desired 2-azabicyclo[4.3.1]dec-2-
en-1-ol (18).

It was envisioned that there might be an equilibrium be-
tween the desired 2-azabicyclo[4.3.1]dec-2-en-1-0l 18 and ring-
opened N—H imine 19, which should be driven to the imine
19 side. Stimulated by the one-pot process developed to
prepare 2-azabicyclo[3.3.1]nonanes 11 without isolation of
2-azabicyclo[3.3.1]non-2-en-1-ols 9 (Table $), the same proce-
dure was employed to the reaction of la and 16a to syn-
thesize 2-azabicyclo[4.3.1]decane derivatives. To our delight,
2-azabicyclo[4.3.1]decane 20aa was obtained as a single diaster-
eoisomer via double hydride reductions of the C=N and C—O
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Scheme 13. One-Pot Synthesis of 2-Azabicyclo[4.3.1]-
decanes

<_> OH Mn(acac)s T;BHSC?E H Y
L ¥ (10 mol%s) equiv H
, S | B asies
Na MeOH,rt  AcOH-MeOH \,, ¥
1a 16a (1:9)
(1.2 equiv) n 20aa
2
Ph"~0"Cl (2.0 equiv) cbz W H
EtN (2.0 equiv) ( \\’H‘:\';Ej
CHyCly, 0°C ST
21aa 74%

X-ray of 21aa

Table 6. Construction of 2-Azabicyclo[4.3.1]decane Frame-
works from Vinyl Azides 1 and Bicyclo[4.1.0heptan-1-ols 16"

entry vinyl azides 1 cyclopropanols 16 products 21 yield/%?
") '§ Coz \H
D B
A
Na R H
1 1a:R=H 16a 21aa 74%
2 1d: R = 4-OMe 16a 21da 58%
3¢ 1g: R =4-CO,Me 16a 21ga 62%
b H 4
N3 R HoR
4 1a 16b: R* = Ph 21ab 74% (exo.endo = >99:1)7
5 1a 16¢c: R* = CH,CH=CH, 21ac 83% (exo:endo = 84:16)7
\
Oy -
6 1a i !
16d 21ad 74% (exo.endo = >99:1)%¢
OH
v O
7 1
@ b@ 16

20ae 46%"

“Unless otherwise noted, the reactions were carried out by addition
of Mn(acac); (10 mol %) in one portion to a solution of vinyl azides
1 and cyclopropanols 16. After S min, NaBH;CN (3.0 equiv) and
AcOH were added, and then the mixture was kept stirring overnight.
After simple workup of the reaction mixture, the crude products were
treated with benzyl chloroformate (3.0 equiv) and Et;N (2.0 equiv) in
CH,Cl, for 1 h. *Isolated yields. © 15 mol % Mn(acac); was used, and
16a was added via a syringe pump over 1 h. “The ratio was determined
by GC and GC-MS, and the major exo-isomer is shown above. “ The
structure was secured by X-ray crystallographic analysis; see Supporting
Information. /20ae was isolated without protection as the N-Cbz
derivative.

bonds of 2-azabicyclo[4.3.1]dec-2-en-1-0l (18). Subsequent
protection of N—H amine with Cbz-Cl provided the N-benzy-
loxycarbonyl derivative 21aa in 74% yield from vinyl azide 1a
(Scheme 13).

The reactions of Q-aryl-substituted vinyl azides 1d and 1g pro-
ceeded smoothly to afford N-benzyloxycarbonyl-7-azabicyclo-
[4.3.1]decanes 21da and 21ga in moderate yields (Table 6,
entries 2 and 3). Introduction of a phenyl group at C-4 (16b) or
even at C-5S (16d) of the bicyclic cyclopropanol led to the

Scheme 14. Synthetic Plan of Melinoline E

» Lewis acid mediated cycliczation o
* reductive N-alkylation 1t
MeQ™ "CHO
+ [ +
o c N C-ring construction
w4 D} E H
@ B 7 OH _ N H_
N H B N
H H N D_LE "
melinonine-E 22 Ts H \
|
OH
Mn(lil) o OH
TsN { + ————— @ N\, ¢ 0| E on
[3+3]-annulation ™% N H
N3 OR Ts
1j 8 ]

azabicyclic compounds 21ab and 21ad as single diastereoisomers
(entries 4 and 6), while cyclopropanol 16c, bearing a less
hindered allyl group at C-4, provided 21ac in 83% yield with
slightly lower diastereoselectivity (entry S, exo:endo = 84:16).
The reaction with benzene-bridged cyclopropanol 16e also
afforded 7-azabicyclo[4.3.1]decane 20ae, but the yield was
moderate (entry 7).

Synthesis of (4)-Melinonine-E. Melinonine-E (22) was
originally isolated from the bark of Strychnos melinoniana,>
and its structure was characterized by a unique pentacyclic ring
system including indolo[2,3- a]qumohzldme and 2-azabicyclo-
[3.3.1]nonane (morphan) frameworks.** The first synthe51s of
(&£)-melinonine-E was achieved by the Bonjoch group.®* We
envisioned that the 2-azabicyclo[3.3.1]nonane moiety of me-
linonine-E would be readily constructed by Mn(III)-mediated
annulation of vinyl azide 1j and cyclopropanol 8, bearing a
hydroxymethyl tether, followed by reduction of the C=N and
bridgehead C—O bonds (see Il — I in Scheme 14). Reductive
N-alkylation with dimethoxyacetaldehyde followed by Lewis
acid-mediated cyclization of the acetal moiety at the C(3)
position of the indole ring would generate the C-ring at a
later stage.

[3+3]-Annulation of a-indolylvinyl azide 1j and bicyclic
cyclopropanol 8h afforded azabicyclic compound 9jh in 88%
yield on a 2 g scale with good diastereoselectivity (exo:endo =
85:15), while 1.6 equiv of Mn(acac); were necessary to
complete the reaction (Scheme 15). The two diastereoi-
somers of 9jh could be separated by silica gel column
chromatography. After conversion of 9jh into its acetate, the
bridgehead C—O bond was reduced by the Et;SiH—TiCl,
protocol to give cyclic imine 23.>* Subsequent reduction of
the C=N bond of 23 with LiAlH,—AICL,>® leading to not
only the complete reduction of imine and N-tosyl moieties
but also partial deprotection of the TBDPS group. Reductive
N-alkylation of the resulting N—H amines of 24 with
dimethoxyacetaldehyde in the presence of NaBH(OAc);
provided 25 and 26 in 43% and 12% yield, respectively.
The remaining TBDPS group of 25 was removed with
n-BuyNF. BBr;-induced cyclization of 26 took place cleanly
to afford the cyclic alcohol 27, which further underwent
dehydration with maleic acid in water followed by dehydro-
genation with palladium black in one-pot fashion,***” afford-
ing (£)-melinonine-E (22) as a perchlorate salt in 44%
yield from 26. The 'H and '*C NMR data of the synthetic
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Scheme 15. Synthesis of (£)-Melinonine-E*

2B

a. Mn(acac)S

b. Ac0 (87%)

OTBDPS
88% ¢. TiCly, Et;SiH
OTBDPS (83%)
. 9jh 23
1j 8h (exo:endo = 85:15)
MeO
LK & Me0™CHO MeO
H NaB(OAc)sH MeO H
d. LiAlH,, AICl; NN AcOH NP 9. BBry
’ N OR N
N H OR
24 (R = TBDPS or H)
25: R = TBDPS; 43% (from 23)
f. n-BuyNF
93% 26: R = H; 12% (from 23)
ClO4~ H
HO, H h. maleic acid, H,O T
Ao N- then Pd black N

" OH o OH
N H then ag. NaClO, H H nH
H H 44% (from 26) o

27 melinonine-E 22

“Reagents and conditions: (a) 8h (3.0 equiv, added by a syringe pump), Mn(acac); (1.6 equiv), MeOH, rt, 8 h, 88%; (b) Ac,O (8.0 equiv), Et;N (2.0
equiv), DMAP (0.1 equiv), CH,CL, rt, 12 h, 87%; (c) TiCl, (1.5 equiv), Et;SiH (2.0 equiv), CH,Cl,, rt, 4 h, 83%; (d) AlCl; (5.0 equiv), LiAlH, (15.0
equiv), rt, 30 h; (e) (MeO),CHCHO (1.5 equiv), NaB(OAc);H (1.5 equiv), CH,Cl,, 0 °C, 30 min, 25 (43% from 23) + 26 (12% from 23); (f) n-
Bu,NF (1.5 equiv), THF, rt, 36 h, 93%; (g) BBr; (8.0 equiv), CH,Cl,, —78 °C, 3 h; (h) maleic acid (6.0 equiv), H,O, rt, overnight, then Pd black

(excess), reflux, SO h; aqueous NaClO, (3.0 equiv), rt, 44% (from 26).

(+)-melinonine-E perchlorate were identical to the reported
ones.

Bl CONCLUSION

In summary, we have developed a divergent synthetic route to
construct azaheterocycles from readily available vinyl azides and
cyclopropanols via formal [3+43]-annulation using Mn(III)
complexes. A series of azaheterocycles such as pyridines, 0-
lactams, and azabicyclic compounds have been successfully
prepared by utilizing this promising strategy. Further investiga-
tion to explore other modes of annulation reactions of vinyl
azides to prepare azaheterocycles is currently underway.
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