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A range of 1-azaspirocycles, spiroaminals and 1,6-
diazaspirocycles has been synthesized, starting from simple
and readily accessible furan precursors, using a cascade
reaction sequence initiated by singlet oxygen.

10 Nitrogen-containing spirocycles of type D (Scheme 1) represent a
very important class of building blocks as the motif exists in an
elaborated form in many natural products and pharmaceuticals
including Cylindricine A,** Ansalactam A,*® and Grandilodines
A-C* (for X=C), Marineosins A and B,2* Armeniaspirols A-C,

s and Kleinhospitines A-D¥ (for X=0) and Pandamarine,®® and
Haplophytine®* (for X=N).

Out of the known methods for synthesis of 1-azaspirocycles
(D, X=C),* several proceed via N-acyliminium (NAI) formation
followed by cyclization with an alkene, or an aromatic =n-

20 nucleophile.5X® However, only one method for the one-step
construction of the complete spiro-scaffold (formation of both
N1-C5 and C5-C6 honds of D, Scheme 1), via NAI cyclization,
has been reported.’® This method, beginning from a keto amide,
was successfully applied to the synthesis of (-)-Lepadiformine,’

2 ¢ (+)-Cylindricine C"™% and (-)-Fasicularin™ and is similar to a
strategy originally developed by Speckamp,® and extended by
Vernon® to aromatic n-nucleophiles.

Fewer general methods concerning the efficient synthesis of
spiroaminals (D, X=0) have been reported.'* An acid-catalyzed

30 NAI-formation with subsequent cyclization in order to produce
the oxa-aza-spirocycle has been reported.*> Only one of these
examples was performed in one-step and in this case it began
from a specific hydroxy-keto-amide as part of efforts directed
towards the synthesis of Marineosin A.**f

s Reports dealing with the construction of 1,6-diazaspirocycles

(D, X=N) are more limited® and only one example utilizing NAI-

chemistry has been reported.’* Recently, a new method has been

developed for the construction of the 1,6-diazaspirocycle of

Haplophytine based on a semipinacol-type rearrangement™> and

then applied to the total synthesis of (+)-Haplophytine.t*>¢
The investigation described herein focuses on the facile one-

pot synthesis of all three of the azaspiro-frameworks introduced
above (D, Scheme 1). The reaction sequence is initiated by
singlet oxygen-mediated oxidation of very simple and easily

45 accessible 2-substituted furans.** The one-pot protocol begins
with the formation of 2-pyrrolidinone B,*” an intermediate which
is then protonated in situ to yield an NAI C that is attacked by a
pendant nucleophile to furnish the final spirocycle D (Scheme 1).
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so Scheme 1 General concept for the synthesis of 1-azaspirocyclic lactams.

The investigation began with simple 2-(y-hydroxyalkyl) and 2-
(6~hydroxyalkyl) furans as substrates (1, Scheme 2). Irradiation
of a solution of these furans (in MeOH containing 10* M rose
Bengal and with oxygen gently bubbling through it) with visible
light for 8 min, followed by treatment with 4 eq of dimethyl
sulfide (DMS) and 0.9 eq of an amine (2), resulted in the
formation of the intermediate 2-pyrrolidinone” (3, Scheme 2).
Treatment of this 2-pyrrolidinone 3 with a Brensted acid (TFA or
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60 Scheme 2 One-pot synthesis of spiroaminals starting from simple furans.
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Scheme 3 Pictet-Spengler cyclization to fused bicyclic lactams.

p-TsOH) followed by 5-exo, or 6-exo cyclization, of the
intermediate NAI of type C (Scheme 1) led to the exclusive
formation of both [5,5]- (4a-c) and [5,6]-spiroaminals (4d-h,
Scheme 2) in 60-70% isolated yield. p-TsOH (0.2 eq) was found
to be more suitable in the case of [5,6]-spiroaminal 4e (isolated as
single diastereoisomer) because the free hydroxy group of the
final product could easily be esterified with TFA.

Following the successful synthesis of spiroaminals 4f-h
(Scheme 2) using amines of type ArCH,CH,NH, each bearing an
aromatic unit with a different degree of nucleophilicity (a phenyl
ring activated by two methoxy substituents in 4f, an indole ring in
4g and a simple phenyl ring in 4h), our investigation moved on to
examination of the possibility of a 6-endo cyclization with the
amine’s aromatic ring (Pictet-Spengler’® aromatic substitution,
Scheme 3) of intermediates 3f-h by adjusting the type and the
amount of the acid used. In particular, by adding either HCOOH
(as solvent), or p-TsOH (0.4 eq), the Pictet-Spengler cyclization
was achieved furnishing exclusively the corresponding fused
bicyclic lactams 5f and 5g (Scheme 3). It is important to mention
here that both these reactions were performed as one-pot
processes starting from furan 1d (m=2, Ry;=R,=H, Scheme 2).
Moreover, if isolated, [5,6]-spiroaminals 4f and 4g could be
exclusively transformed to the corresponding fused bicyclic
lactams 5f and 5g if treated with HCOOH (as solvent), or p-
TsOH (0.4 eq), respectively. For the formation of bicyclic lactam
5h, isolation of spiroaminal 4h was necessary before treatment
with TiCl, (3.0 eq, Scheme 3).%°

Exploration of different nucleophiles appended to the 2-alkyl
side chain of the starting furans was next investigated with the
aim of preparing of 1-azaspirocycles (D, X=C, Scheme 1). For
this purpose, three alternative types of cyclizations (Pictet-
Spengler,®® aza-Prins?® and Mannich?) for the final stage of this
one-pot process were studied. Furans 6, 8 and 11 (Scheme 4)
were selected, bearing different nucheophiles on the 2-alkyl side
chain (a phenyl ring, an olefin and a f-ketoester, respectively).
Application of the developed protocol to furan 6 using AICI; as
the Lewis acid, afforded the Pictet-Spengler product 7 (Scheme
4). In the case of furan 8, two different azaspirocycles were
obtained through an aza-Prins cyclization by tailoring the choice
of acid at the final stage of the one-pot process. Use of HCOOH
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Scheme 4 One-pot synthesis of various 1-azaspirocycles.

s (as solvent)® afforded azaspirocycle 9, while termination of this
one-pot process with FeCly (2.0 eq)? gave azaspirocycle 10. Both
azaspirocycles 9 and 10 were obtained as single diastereoisomers
(Scheme 4). SnCl, mediated aza-Prins cyclization was also
attempted, but a mixture of regioisomers of 10 was isolated; this

so Observation is in agreement with a previously reported one
applying to a similar situation, but where TiCl, is used as the
Lewis acid.® Finally, pB-ketoester 11 was employed for the
formation of the [5,5]-1-azaspirocycle 12 through a Mannich
cyclization. The reaction proceeded smoothly leaving the

ss sensitive S-ketoester group untouched through the early stages of
this complex cascade reaction sequence producing the
intermediate 2-pyrrolidinone of type B (Scheme 1). Since
Brensted acid-mediated Mannich cyclizations are known to be
difficult,” efforts were focused on employing Lewis acidic

e conditions. After intensive screening (TiCly in the presence of
AcOHZ does not give reproducible results), AICI; (2.0 eq) and
SnCl, (3.5 eq) were found to be the best Lewis acids for the
formation of the desired compound 12.

Finally, our focus shifted to the construction of 1,6-

es diazaspirocycles (16a,b Scheme 5). As free amines are sensitive
to singlet oxygen-photooxygenation conditions,?* the application
of the developed protocol to a furan of type A (Scheme 1) where
Nu=-NHR, was not a viable option. Instead, the intermolecular
attack of a second amine on to the NAI arising from 2-

70 pyrrolidinones  14a,b and a subsequent intramolecular
substitution of an iodide at j-, or &-positions, of the alkyl side
chain of intermediates 15a,b (Scheme 5) was investigated. This
idea was successfully applied to iodo-furans 13a and 13b,° using
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Scheme 5 One-pot synthesis of 1,6-diazaspirocycles.
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MeNH, for the formation of 2-pyrrolidinones 14a,b, followed by
addition of a second amine (BnNH,) in refluxing chloroform. The
desired [5,5]- and [5,6]-1,6-diazaspirocycles 16a,b were isolated.
The total yields for these processes (62% for 16a and 64% for
16b) are remarkable if the intricate nature of the cascade reaction
sequence that leads to their formation is taken into account.
Crude *H NMR spectra, taken before completion of the final step
(15a — 16a) of this one-pot sequence, revealed the formation of
intermediate 15a, suggesting that the proposed sequence of
events (initial formation of 15a,b followed by the intramolecular
nucleophilic substitution of the primary iodide) is indeed correct.

We have developed a practical and highly controllable one-pot
reaction sequence for the synthesis of a variety of different 1-
azaspiro frameworks, including 1-azaspirocycles, spiroaminals
and 1,6-diazaspirocycles. The reaction sequence is initiated by
singlet oxygen-mediated oxidation of simple and readily
accessible furans. This novel technology answers the call for new
sustainable processes from a number of different perspectives;
namely, a dramatic increase in molecular complexity in one
synthetic operation has been achieved, protecting groups are not
required and the oxidant is metal- and toxic residue-free. In
addition, singlet oxygen is generated using benign conditions and
its employment maximizes atom-economy.

The research leading to these results has received funding from
the European Research Council under the European Union’s
Seventh Framework Programme (FP7/2007-2013)/ERC Grant
Agreement No. 277588.
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