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ABSTRACT: A strategy toward the synthesis of trans-4,5-diaminocyclopent-2-enones is described. This core motif is
embedded in the marine sponge derived alkaloids agelamadin B and nagelamide J. A variety of 2-substituted trans-4,5-
diaminocyclopent-2-enones were synthesized in good to quantitative yields using lanthanide(III) catalysis. The products were
formed exclusively as the trans-diastereomers via a mechanism in which the C4−C5 bond formation occurs through a 4π-
conrotatory electrocyclization. The precursor 3-substituted furfurals can be readily accessed using palladium(0)-catalyzed cross-
coupling between 3-bromofurfural and boronic acids, trifluoroborate salts, or alkynes.

Highly substituted cyclopentanes are found in a large
number of diverse, biologically active natural products

and their analogues. The rapid and stereoselective synthesis of
cyclopentanes has therefore been the subject of considerable
attention among the synthetic organic chemistry community.1

One important and synthetically extremely challenging class of
such compounds is the diaminocyclopentanes. Examples of
natural products that incorporate a trans-1,2-diaminocyclopen-
tane include the marine sponge derived alkaloids agelastatin A
(1),2−4 agelamadins A (2a) and B (2b),5 nagelamide J (3),6 the
Streptomyces-derived pactamycin (4)7,8 and related antibiotic
aminocyclopentitols (Figure 1).9 Agelastatin A, in particular, has
been the subject of considerable interest due to its interesting
structural features and biological activity.3,4 The biosynthetically
related natural products10 agelamadins A and B and nagelamide
J share many common features with agelastatin, including the
key trans-1,2-diaminocyclopentane core and bromopyrrole
amide functional unit. These molecules also incorporate an
additional functionalized aminoimidazole ring appended to the
cyclopentane core, while the urea functional group present in
agelastatin A is replaced by a guanidine group in 2 and 3.
The marine sponge alkaloids 1−3 thus constitute formidable

targets due to the presence of a densely functionalized
cyclopentane core, with three to five contiguous stereocenters
and unusual bromopyrrole and aminoimidazole heterocycles.10

Inspired by this structural complexity and the associated
antitumor and antimicrobial activity of these alkaloids, we are
interested in establishing general synthetic routes to this group
of alkaloids. We now report the development of a domino
reaction11 for the synthesis of aryl-substituted trans-diaminocy-
clopentenones from substituted furfurals and secondary amines

using lanthanide(III) catalysis, providing the first such approach
to the underlying diaminocyclopentenone structure of the
agelamadin and nagelamide alkaloids.
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Figure 1.Natural products containing a trans-1,2-diaminocyclopentane
motif.
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Previous studies in our group had demonstrated the feasibility
of using an AB2 coupling12/electrocyclization13 route to
synthesize the core trans-1,2-diaminocyclopentane structure
embedded within agelastatin A.3o,14 Mechanistically, the
reaction proceeds via a domino condensation/ring-opening/
ring-closure process of 2-furaldehyde or furfural 5a (R1 =H) and
a secondary amine 6 (Scheme 1). The addition of a second

equivalent of secondary amine at the 5-position of the initially
formed iminium ion 7, followed by ring-opening of 8, generates
the conjugated zwitterion 9.15 The key ring closure then
proceeds to give the product 10, which is only isolated as the
trans-diastereomer, consistent with a mechanism involving
conrotatory π4a-electrocyclic ring closure of 9 (R1 = H).14,16

The electrocyclization reaction is related to the well-known
Nazarov cyclization.17 Our initial studies demonstrated that the
use of catalytic Lewis acids such as lanthanide(III) salts [e.g.,
Dy(OTf)3] facilitates this reaction.18 Subsequent work has
established the use of other catalysts to effect this trans-
formation,19 the use of dysprosium(III)-catalyzed conditions for
the formation of 4-hydroxycyclopent-2-enones via the related
Piancatelli reaction,20 and the formation of 4-aminocyclopent-2-
enones via the reaction of 2-furylcarbinols with amines (the aza-
Piancatelli reaction).21

We envisaged an analogous approach to the alkaloids
agelamadin B and nagelamide J in which the differentially
functionalized core embedded within 2 and 3 would be
accessible from the diaminocyclopentenone 10 (R1 ≠ H). The
appended functionalized aminoimidazole moiety of these
molecules would necessitate the use of a 3-substituted furfural
precursor in the domino ring-opening/electrocyclization
reaction. Examples of this reaction using substituted furfurals
have not been achieved previously (i.e., for reaction of 5, R1 ≠
H). However, it is noteworthy that examples of the Piancatelli
reaction, using 3- and 4-substituted furyl carbinols under Lewis
acidic conditions [Ca(NTf2)2],

22 and the use of bromo-
substituted substrates in 4π-electrocyclizations have been
reported.23

Therefore, our aim in the current study was to establish the
feasibility of the AB2 coupling24/electrocyclization route for the
formation of diaminocyclopentenones 10 (R1 ≠ H) from 3-
substituted furfurals. Initially, we envisaged a late-stage
incorporation of the R1 group in 10 from an organometallic
derivative 11 and the corresponding substituted 2-bromodia-
minocyclopentenone 12 accessible from the precursor 3-
bromofurfural 13 (Scheme 2). Treatment of commercially
available 3-bromofuran with sodium hexamethyldisilazide
(NaHMDS) and DMF afforded precursor 3-bromofurfural

13.25 Reaction of 13 under lanthanide triflate catalysis afforded
adducts 12a and 12b in good yield as the trans-diastereomers
(≥95:5 by 1H NMR) (Scheme 3), consistent with a π4a

conrotatory electrocyclization of the intermediate 9 (R1 = Br).
Diallylamine or dibenzylamine was chosen as a secondary amine
to provide opportunities for deprotection to a primary amine
functional group and subsequent functionalization.3o In our
initial 2007 report14 on the reaction of furfural 5a (R1 = H), 10
mol % of Dy(OTf)3 was used to effect the transformation.
However, it was possible to use only 5mol % of Dy(OTf)3 with a
2:1 stoichiometry of 6/5 to provide the 3-substituted products
12 without any detectable decrease in yields or reaction times.26

Preliminary attempts using palladium(0) catalysis revealed 12
to be a challenging substrate for cross-coupling reactions (e.g.,
reactions using Pd(PPh3)4 and arylboronic acids under standard
conditions did not result in product formation). Therefore, an
alternative approach was explored in which the order of steps for
cyclopentenone formation and cross-coupling were reversed.
Thus, converting 13 to 5 (R1 ≠ H) followed by domino ring-
opening/electrocyclization with 6 would give 10 (Scheme 2). It
was first necessary to establish appropriate conditions for the
formation of substituted furfurals 5.27 A simple alkyl-substituted
example, 3-methylfurfural 5a, was synthesized by the reduction
of methyl 3-methyl-2-furoate with lithium aluminum hydride,
followed by oxidation with manganese(IV) oxide.28 For other 3-
substituted furfurals, a Pd(0)-catalyzed cross-coupling approach
between 13 and boron compounds was utilized (Table 1).
Optimal palladium-catalyzed conditions were established for the
Suzuki−Miyaura coupling29 of 13 with both arylboronic acids
and aryl and heteroaryltrifluoroborate salts30 using a variety of
ligand/base/Pd sources (Table 1, conditions A−C).31 In
addition to the aryl- and heteroaryl-substituted furfurals 5b−h,
an example of alkynyl-substituted compound 5i was generated
by Sonogashira coupling (Table 1, conditions D). The
aldehydes 5 constitute useful synthetic building blocks worthy
of further investigation.

Scheme 1. Proposed Electrocyclization Mechanism for the
Lewis Acid Catalyzed Reaction between 2-Furaldehydes 5
and Secondary Amines

Scheme 2. Dual synthetic routes toward 10

Scheme 3. Lewis acid catalyzed formation of 12
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A variety of secondary amines were found to provide the 2-
substituted trans-4,5-diaminocyclopent-2-enones 10 in good to
quantitative yields as the trans-diastereomers (≥95:5 by 1H
NMR) using the standard conditions26 and 3-substituted 2-
furaldehydes 5 as precursors (Table 2). The sterically least
encumbered substituted precursor, 3-methylfurfural 5a, was
converted to give 10a (R1 = CH3, NR2

2 = morpholine) in
quantitative yield. 3-Phenylfurfural was converted in good yields
to adducts 10b and 10c (Table 2, entries 2 and 3). Various
substituted 3-arylfurfurals 5c−f also underwent reactions using a
variety of acyclic and cyclic secondary amines to give products
10d−j (Table 2, entries 4−10). In addition, heteroaryl
functional units were also tolerated, as exemplified in the
formation of the 4-pyridyl- and 2-thienyl-substituted products
10k and 10l, respectively (Table 2, entries 11 and 12). Finally,
the TMS-alkynyl-substituted furfural 5i only afforded a relatively
low yield of 10m (Table 2, entry 13).32 In general, yields of the
diallylamine-derived adducts were slightly lower than those of
the other adducts (e.g., 10b versus 10c, 10d versus 10e).
In conclusion, we have demonstrated that 3-substituted

furfurals undergo a domino condensation/rearrangement
process with secondary amines. 2-Substituted diaminocyclo-
pentenone products 10 and 12 are obtained in good to
quantitative yields, exclusively as the trans-diastereomers,
through a π4a conrotatory electrocyclization mechanism that is
analogous to the Nazarov cyclization. The precursor 3-
substituted furfurals can be readily accessed directly from 3-
bromofurfural without the need for protection of the aldehyde
group using Pd(0)-catalyzed cross-coupling with boronic acids
or trifluoroborate salts. Overall, this method is an attractive
alternative to traditional approaches to synthesize highly
substituted cyclopentenones, involving a domino reaction, and
employing readily accessible furaldehyde precursors. Specifi-
cally, the 2-step protocol establishes that substituents are
tolerated in this reaction. As such, this opens up the use of this
strategy to the synthesis of the heretofore unaddressed highly
functionalized marine alkaloids agelamadin B and nagelamide J.
Further studies on applying this strategy to their synthesis, and

extending the method to related systems, including homochiral
synthesis, is the subject of ongoing research in our laboratory.

■ ASSOCIATED CONTENT
*S Supporting Information

Full experimental details and characterization data for all
compounds including copies of 1H and 13C NMR spectra. The
Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.orglett.8b02711.

Table 1. Formation of 3-Substituted 2-Furaldehydes 5

entry R1/precursor conditionsa R1/product yield (%)

1 C6H5 A 5b 75
2 p-MeC6H4 B 5c quant
3 p-MeOC6H4 B 5d 58
4 p-FC6H4 A 5e 74
5 o-MeC6H4 A 5f 48
6 4-pyridyl C 5g 45
7 2-thienyl C 5h 74
8 ethynyl TMS D 5i 64

aConditions A: Pd(OAc)2 (0.5 mol %), ArBF3K (1.3 equiv), K2CO3
(3.0 equiv), MeOH, reflux. Conditions B: PdCl2(PPh3)2 (1.7 mol %),
ArB(OH)2 (1.5 equiv), K2CO3 (2.5 equiv), DMF/H2O (3:1), 75 °C.
Conditions C: Pd(OAc)2 (3 mol %), RuPhos (6 mol %), HetArBF3K
(1.1 equiv), Na2CO3 (2.0 equiv), EtOH, reflux. Conditions D:
PdCl2(PPh32 (5 mol %), CuI (5 mol %), HCCSi(CH3)3 (1.2 equiv),
NEt3 (1.4 equiv), THF, 60 °C.

Table 2. Dy(OTf)3-Catalyzed Reaction between Substituted
Furaldehydes 5 and Secondary Amines 6

aProducts were exclusively obtained as the trans-diastereomers
(≥95:5 by 1H NMR).
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