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Synthesis of Bridged and Nonbridged N-Heterocycles by Cyclocondensation of
Bis(silyl enol ethers) with Iminium Salts
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Cyclization reactions of iminium salts with bis(silyl enol
ethers) — such as 1,3-bis(silyloxy)-1,3-butadienes and 1,1-
bis(silyloxy)ketene acetals — allow a convenient synthesis of
various bridged and nonbridged N-heterocycles. The imin-
ium salts were generated in situ from pyridines, quinolines,
isoquinolines, quinoxalines, pyrazines, quinazolines, and 2,5-
dimethoxypyrrolidines. The products include 4-oxa-9-aza-
7,8-benzobicyclo[3.3.1]nonan-3-ones, 7-oxa-1,4-diaza-2,3-

benzobicyclo[4.3.0]non-2-en-6-ones,
clo[4.3.0]non-2-en-6-ones, 3-hydroxy-9-aza-7,8-benzobicy-
clo[3.3.1]non-3-enes, 4-hydroxy-1,9-diaza-7,8-benzobicy-
clo[3.3.1]non-4-enes, alkylidene-7-oxa-1,4-diaza-2,3-benzo-
bicyclo[4.3.0]non-2-enes, and tropinones.

7-oxa-1,4-diazabicy-
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1. Introduction

One-pot cyclizations and domino reactions provide ver-
satile tools for the assembly of complex molecules from sim-
ple starting materials.['-?! Bis(silyl enol ethers) can be re-
garded as electroneutral equivalents of dianions (masked
dianions) and represent important synthetic building blocks
in one-pot cyclizations. 1,1-Bis(silyloxy)ketene acetal A, 1,3-
bis(silyloxy)-1,3-butadiene B, 2,3-bis(silyloxy)-1,3-butadi-
ene C, 2-(silyloxy)allyl-trimethylsilane D, 1,4-bis(silyloxy)-
1,3-butadiene E, and 1,5-bis(silyloxy)-1,4-pentadiene F, can
be regarded as equivalents of the dianions of acetic acid,

[a] Institut fiir Chemie, Universitdt Rostock,
Albert-Einstein-Str. 3a, 18059 Rostock, Germany
Fax: +381-4986412
E-mail: peter.langer@uni-rostock.de
[b] Leibniz-Institut fiir Katalyse e. V. an der Universitdt Rostock,
Albert-Einstein-Str. 29a, 18059 Rostock, Germany

methyl acetoacetate, butane-2,3-dione, acetone, dimethyl
succinate, and dimethyl adipate, respectively. The chemistry
of silyl enol ethers,®] Danishefsky’s diene, and of 1,3-
bis(silyloxy)-1,3-butadienest has been reviewed. Recent re-
views cover one-pot cyclizations of silyl enol ethers with
oxalyl chloridel® and [3+3] cyclizations of 1,3-bis(silyloxy)-
1,3-butadienes with 1,3-dielectrophiles.”? The present
microreview is focussed on cyclization reactions of bis(silyl
enol ethers) with iminium salts (Scheme 1). These reactions
allow an efficient approach to a variety of bridged and non-
bridged nitrogen heterocycles which are of considerable
pharmacological relevance.

2. 1,1-Bis(trimethylsiloxy)ketene Acetals

1,1-Bis(trimethylsilyloxy)ketene acetals — masked carbox-
ylic acid dianions — are available in one or two steps from
the corresponding carboxylic acids.®!
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Scheme 1. Bis(silyl enol ethers).

Pyridine

Pyridinium salts, generated by alkylation or acylation of
pyridine,®1% have been reacted with various nucleophiles,
such as organometallic reagents, cyanide (Reissert reaction),
trimethylsilylacetonitrile, allylsilanes, and diazoesters.l'!] In
their pioneering work, Wenkert et al. studied the twofold
functionalization of pyridinium salts by sequential double
nucleophilic addition reactions.'” Lavilla studied the syn-
thesis of polycyclic frameworks starting with pyridines.['3-14
Rudler et al. reported the synthesis of (dihydropyrid-4-yl)-
acetic acid 3 by MeOC(O)Cl-mediated condensation of 2,2-
dimethyl-1,1-bis(trimethylsilyloxy)ethene (1) with pyridine
(2).1'>16] Treatment of 3 with silica gel afforded lactone 4
(Scheme 2).>-191 The reaction of 3 with mCPBA gave 5
(Scheme 2). Treatment of 3 with iodine and sodium hydro-
gen carbonate (iodolactonization) afforded the iodinated
lactone 6 with very good frams-stereospecificity
(Scheme 2).11>161 A number of related transformations,
starting with substituted pyridines and related 1,1-bis(tri-
methylsilyloxy)ketene acetals, were reported.['>!1%] Notably,
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Scheme 2. Synthesis of lactones 4-6; conditions: i. 1 (1.4 equiv.),
2 (1.0 equiv.), CH,Cl,, CICO,Me (2.0 equiv.), 2 h; ii. SiO»; iii. 3
(1.0 equiv.), mCPBA (1.4equiv.), 2h, NaOH, H,O; i I,
(1.1 equiv.), CH,Cl,, NaHCOs, H,0, 20 °C, 12 h.
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(dihydropyrid-2-yl)carboxylic acids!!”? and dihydropyri-
dines!'®! are of considerable pharmacological relevance.

Quinoline

The MeOC(O)Cl-mediated condensation of quinoline (8)
with  2-phenyl-1,1-bis(trimethylsilyloxy)ethene  afforded
(quinolin-4-yl)acetic acid 9a by attack of the silyl enol ether
onto carbon atom C-4.'! In contrast, the reaction of 6 with
2-propyl-1,1-bis(trimethylsilyloxy)ethene =~ mediated by
methyl chloroformate resulted in attack on C-2 to give (qui-
nolin-2-yl)acetic acid 9b (Scheme 3). Treatment of 9a and
9b with iodine in the presence of sodium hydrogen carbon-
ate afforded 4-oxa-9-aza-7,8-benzobicyclo[3.3.1]nonan-3-
ones 10a and 10b, respectively.
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(R' = nPr, Ph)

o

: N
8
o}
P
OH
| OH
y L
MeO,C MeO,C nPr
9a (60%) 9b (38%)

10a (50%)

10b (B6%)

Scheme 3. Synthesis of 4-oxa-9-aza-7,8-benzobicyclo[3.3.1]nonan-
3-ones 10a and 10b: i. 8 (1.0 equiv.), 7 (2.0 equiv.), CICO,Me
(1.2 equiv.), CH,Cl,, 0°C, 2h, 20°C, 12h; ii. I, (2.0 equiv.),
CH,Cl,, NaHCOs, H,0, 20 °C, 12 h.

The reaction of quinoline with 1,1-bis(trimethylsiloxy)-
ketene acetal 1 mediated by methyl chloroformate afforded
a separable mixture of (quinolin-2-yl)acetic acids 11a and
11b. Treatment of a CH,Cl, solution of 11a with silica gel
afforded 4-oxa-9-aza-7,8-benzobicyclo[3.3.1]nonan-3-one
11c (Scheme 4).1'! In contrast, no lactone could be ob-
tained from 11b.

Isoquinolines

The MeOC(O)Cl-mediated reaction of isoquinolines 12
with 1,1-bis(trimethylsilyloxy)ketene acetals 7 afforded (iso-
quinolin-1-yl)acetic acids 13 which were transformed, by
iodolactonization, into 4-oxa-9-aza-7,8-benzobicyclo[3.3.1]-
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Scheme 4. Synthesis of 4-oxa-9-aza-7,8-benzobicyclo[3.3.1]nonan-
3-one 11¢: 7. 1 (1.4 equiv.), 8 (1.0 equiv.), CICO,Me (2.0 equiv.), 2 h;
ii. SiO; (10.0 equiv.), CH,Cl,, reflux, 2 h.

nonan-3-ones 14 (Scheme 5).?% Products 13 were formed
with very good regio- and diastereoselectivity. The iodolac-
tonization proceeded with very good regioselectivity and
trans stereospecificity.
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R?=H, Br, NO,, R*= CO,Me

Scheme 5. Cyclization of 1,1-bis(trimethylsilyloxy)ketene acetals 7
with isoquinolines 12: i. 7 (1.0 equiv.), 12 (2.0 equiv.), CICO,Me
(1.2 equiv.), CH,Cl,, 0°C, 2h, 20°C, 12h; ii. 1, (2.0 equiv.),
CH,Cl,, NaHCOs3, H,0, 20 °C, 12 h.
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Quinoxaline and Pyrazine

The reaction of 1,1-bis(trimethylsiloxy)ketene acetals 7
with pyrazine (15) and quinoxaline (16a) mediated by
methyl chloroformate afforded 1,4-diaza-7-oxabicyclo[4.3.0]-
non-2-en-6-ones 17 (Scheme 6).'%21-22] The formation of
these products can be explained by generation of an imin-
ium ion, attack of 7, generation of a second iminium ion,
and subsequent cyclization. In contrast to the reaction of 1,1-
bis(trimethylsilyloxy)ketene acetals with isoquinoline (vide
supra), the reactions of quinoxaline and pyrazine proceeded
with low 1,2-diastereoselectivity. However, the isomers
could be separated by chromatography.
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Scheme 6. Synthesis of 7-oxa-1,4-diaza-2,3-benzobicyclo[4.3.0]non-
2-en-6-ones 17: i. 15,16a (1.0 equiv.), 7 (1.4 equiv.), CICO,Me
(4.0 equiv.), CH,Cl,, 20 °C, 12 h.

3. 1,3-Bis(silyloxy)-1,3-butadienes

1,3-Bis(silyloxy)-1,3-butadienes — also termed as 1,3-
bis(silyl enol ethers) — are available in two steps from B-keto
esters and in one or two steps from 1,3-diketones.[>’! They
can be regarded as masked 1,3-dicarbonyl dianions and a
variety of cyclization reactions have been reported.>~71

Isoquinolines

The reaction of 1,3-bis(silyl enol ethers) 18 with isoquin-
olines 12 mediated by methyl chloroformate afforded prod-
ucts 19 (Scheme 7).4 Treatment of 19 with trifluoroacetic
acid (TFA) regioselectively afforded he 3-hydroxy-9-aza-
7,8-benzobicyclo[3.3.1]non-3-enes 20 by acid-mediated gen-
eration of an iminium ion and subsequent cyclization by
attack of the enol onto the iminium ion. The regioselectivity
can be explained by the higher stability of the iminium com-
pared to the benzylic ion. Parent 9-aza-7,8-benzobicy-
clo[3.3.1]non-3-ones were successfully prepared by decar-
boxylation (LiCl, DMSO, H,0). The related 9-aza-3,4;7,8-
dibenzobicyclo[3.3.1]nonanes, containing an isoquinoline
substructure, occur in a number of pavin alkaloids (isolated
from Papaver plant sources).l>>?¢l Notably, the MeOC(O)-
2235
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Cl-mediated condensation of 1,3-bis(silyl enol ethers) with
quinoline and pyridine afforded the corresponding open-
chain products in good yields. However, the acid-mediated
cyclization failed.
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Scheme 7. Cyclization of 1,3-bis(silyl enol ethers) 18 with isoquino-
lines 12: i. 12 (1.0 equiv.), 18 (2.0 equiv.), CICO,Me (1.2 equiv.),
CH,Cl,, 0°C, 2 h, 20 °C, 12 h; ii. TFA (2.0 equiv.), CH,Cl,, 20 °C,
12 h.

Quinazolines

The reaction of 1,3-bis(silyl enol ethers) 18 with quinazo-
lines 21, in the presence of methyl chloroformate, afforded
the 7,8-benzo-4-hydroxy-1,9-diazabicyclo[3.3.1]Jnon-4-enes
22 (Scheme 8).?7I The one-pot cyclization presumably pro-
ceeds by reaction of 21 with methyl chloroformate to give
an iminium salt, regioselective attack of the terminal car-
bon atom of 18 onto carbon atom C-4 of the quinazoline
moiety, generation of a second iminium ion, and subse-
quent cyclization via the central carbon of 18.
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MesSi0  OSiMe, R3 NT=
I H R
% P COaMe
18 22 (37-63%)
5 examples

R'= OMe, OEL O{CH,),OMe, Me; RZ= H, Me, Br; R? = CO,Me

Scheme 8. Cyclization of 1,3-bis(silyl enol ethers) 18 with quinazo-
lines 21: i. 21 (1.0 equiv.), 18 (1.4 equiv.), CICO,Me (4.0 equiv.),
CH,Cl,, 0°C, 2h, 20 °C, 12 h.

Quinoxalines

The MeOC(O)Cl-mediated reaction of 1,3-bis(silyl
enol ethers) 18 with quinoxalines 16 afforded the alkyl-
idene-7-oxa-1,4-diaza-2,3-benzobicyclo[4.3.0Jnon-2-enes 23
(Scheme 9).1?8 The formation of the products can be ex-
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plained by generation of an iminium salt, attack of the ter-
minal carbon atom of 18, formation of a second iminium
ion, and cyclization via the oxygen atom. The crude mate-
rial generally contains a mixture of 23 and of the product
derived from hydration of the exocyclic double bond of 23.
Treatment of the mixture with TFA resulted in transforma-
tion of the side product into the desired product 23 (by
elimination of water) which could thus be isolated in mod-
erate to good yields. The exocyclic double bond was formed
with very good E diastereoselectivity, due to the higher sta-
bility of the E- compared to the Z-configured exocyclic
double bond.

I

MeDAG H 1
16a (R? = Z R
16b (R = Me} —"'
N7z O
MesSI0  OSiMe, Me0,C
R 23 (30-73%)
18

11 examples
R! = OMe, OEL, DiBu, O{CH3),0Me, Me, Ph; R? = H, Me

Scheme 9. Cyclization of 1,3-bis(silyl enol ethers) 18 with quinoxa-
lines 16a,b: i. 16 (1.0 equiv.), 18 (1.4 equiv.), CICO,Me (4.0 equiv.),
CH,Cl,, 20 °C, 14 h; then: TFA (1.0 equiv.), CH,Cl,, reflux, 4 h.

2,5-Dimethoxypyrrolidine

The Me;SiOTf-mediated cyclization of 1,3-bis(silyl enol
ethers) 18 with 2,5-dimethoxypyrrolidine 24 afforded the
tropinones 25 (Scheme 10).°] The tropinone substructure

is present in pharmacologically relevant tropane alka-
loids.3%

Me;SIO  OSiMe;
A MeOC-y R
18 i \ o
coMe  ——»

. Mw\@fonne 5

25 (27-45%)

R' = OMe, OEL, QiPr, OiBu, OnBu, OsPent, Me, 1Bu

Scheme 10. Cyclization of 1,3-bis(silyl enol ethers) 18 with 2,5-di-
methoxypyrrolidine 24, i Me;SiOTf (0.3 equiv.), CH,Cl,,
-78—20 °C.

4. 1,5-Dimethoxy-1,5-bis(trimethylsilyloxy)-1,4-
pentadiene

1,5-Bis(silyloxy)-1,4-pentadiene 26 can be regarded as an
electroneutral equivalent of the dianion of dimethyl pro-

panedioate and can be readily prepared by silylation of the
latter.31 The MeOC(O)Cl-mediated cyclization of 26 with

Eur. J. Org. Chem. 2007, 2233-2238
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quinoxaline (16a) afforded the 1,4-diaza-2,3-benzobicy-
clo[4.3.0Jnonane 27 (Scheme 11).32 The cyclization of 27
with quinazoline (22) resulted in the formation of the corre-
sponding bridged bicyclic product.[*?]

e

MeO,C
N
16a i @[
MesSi0 OSiMe; &5 N2
Medy CMe MeOztli ; ke
26 27

Scheme 11. Cyclization of 1,3-bis(silyl enol ether) 26 with 16a: i.
16a (1.0 equiv.), 26 (1.4 equiv.), CICO,Me (4.0 equiv.), CH,Cl,,
20 °C, 14 h; ii. TFA (1.0 equiv.), CH,Cl,, reflux, 4 h.

The Me;SiOTf-mediated cyclization of bis(silyl enol
ether) 26 with bis(sulfide) 28 afforded the piperidine 29
(Scheme 12).31 The same product was obtained when
1,3,5-trimethyl-1,3,5-tetrahydrotriazine, rather than 28, was
employed.

P T
MeS r:i She o s}
Me )
! Med OMe
28 —_—
Me,Si0 OS5iMey r"'l
e
MeO OMe
26 29 (56%)

Scheme 12. Cyclization of 1,3-bis(silyl enol ether) 26 with bis(sulf-
ide) 28: i. Me;SiOTf, CH,Cl,, 20 °C, 5 h.

5. Conclusions

The cyclization of iminium salts with bis(silyl enol ethers)
allows an efficient synthesis of bridged and nonbridged N-
heterocycles. The MeOC(O)Cl-mediated reaction of 1,3-
bis(silyloxy)-1,3-butadienes and 1,1-bis(siloxy)ketene ace-
tals with pyridines, quinolines, isoquinolines, quinazolines,
pyrazines, quinoxalines, and 2,5-dimethoxypyrrolidines af-
fords 4-oxa-9-aza-7,8-benzobicyclo[3.3.1Jnonan-3-ones, 7-
oxa-1,4-diaza-2,3-benzobicyclo[4.3.0]non-2-en-6-ones,  7-
oxa-1,4-diazabicyclo[4.3.0]non-2-en-6-ones,  3-hydroxy-9-
aza-7,8-benzobicyclo[3.3.1Jnon-3-enes,  4-hydroxy-1,9-di-
aza-7,8-benzobicyclo[3.3.1]non-4-enes,  alkylidene-7-oxa-
1,4-diaza-2,3-benzobicyclo[4.3.0lnon-2-enes, and tropi-
nones. In general, the cyclization of bis(silyl enol ethers)
with heterocycles containing one nitrogen atom (pyridine,
quinoline, isoquinoline) has to be carried out in two steps.
In the first step, an open-chain product is formed which
subsequently is transformed into a bridged bicyclic product.
The cyclization of bis(silyl enol ethers) with heterocycles
containing fwo nitrogen atoms (pyrazine, quinoxaline, quin-
azoline) proceeds in one step and results in direct formation
of the final product.
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