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Small heterocycles provide the core structure of a vast range
of modern pharmaceuticals. The so-called privileged motifs
have been the engine of drug discovery and molecular probe
development.[1] During a discovery campaign, functional
groups designed to interact with biological targets of interest
are commonly built off electrophilic sites on the heterocyclic
scaffolds. Despite the commercial availability of a wide range
of nucleophilic reagents, this general strategy has a significant
shortcoming: introduction of an electrophilic handle such as
an acrylate, an epoxide, or an aziridine[2] often requires
methods with low functional group tolerance, which limits the
effectiveness of late-stage, diversity-oriented approaches.[3,4]

Amphoteric aziridine aldehydes, developed in our laboratory,
facilitate chemoselective transformations and can circumvent
protecting-group manipulations.[5] These molecules have led
us to consider processes that are characterized by high bond-
forming efficiency[6] and result in rapid synthesis of privileged
heterocyclic frameworks by “skeletal fusion”. The method
presented here demonstrates how we have reached this goal
by preparing and elaborating medicinally important tem-
plates that can be employed for the presentation of cis-amide
bonds.[7] Our method of fusing small heterocycles should
facilitate diversity-oriented synthesis of other stereochemi-
cally rich motifs.

Isocyanides, first synthesized in 1859, are the best known
amphoteric reagents. Two of the most widely used multi-
component reactions, the Passerini reaction and the Ugi four-
component condensation,[8] owe their efficiency to the
amphoteric nature of the isocyanide�s terminal carbon.
Isocyanides are (1,1) amphoteric molecules because the a-
carbon center can establish a connection with both nucleo-
phile and electrophile (for a conceptual representation, see
Scheme 1A). Our continuing efforts to expand the scope of
synthetically useful amphoteric molecules have led us to
examine systems in which the electrophilic and nucleophilic
nodes of reactivity are separated by one or more atoms. Of
particular interest are (1,3) systems exemplified by the
unprotected a-amino aldehydes in which NH aziridine, a
well-established precursor to complex amines, plays a pivotal
role.[4] We recently initiated a search for two-atom p-electro-
philic reaction partners for amphoteric aziridine aldehydes.

The goal was to build a bridge between the “Nu” and “E”
nodes, resulting in a net [3+2] annulation (Scheme 1B). To
the best of our knowledge, no such reactions of amphoteric
molecules have been reported.

We envisioned that aziridine aldehydes would act as
three-atom “connectors”, engaging the p-system of isocya-
nates in a [3+2] fashion. This fusion was projected to supply a
hydantoin scaffold equipped with a strategically placed
reduced imide bond and an electrophilic aziridine function-
ality suitable for further chemical modifications (Scheme 2).

Hydantoins are well represented in the structures of natural
products and synthetic bioactive compounds. Examples of
therapeutic agents containing the hydanoin core include
phosphenytoin, phenytoin, and ethotoin, to name a few. The
rigid and planar hydantoin group provides an excellent means
of presenting cis-amide bond conformers. This feature is the
main reason for sustained interest in this small heterocycle.
For instance, spirohydantion undergoes little loss of confor-
mational energy on binding to glycogen phosphorylase
glucopyranose.[9] The cis-amide group of spirohydantoin is
the determinant of both specificity and affinity by virtue of
hydrogen bonding to the protein core. Common methods of

Scheme 1. Examples of connectivity in amphoteric molecule-induced
transformations.

Scheme 2. Construction of the reduced-hydantoin scaffold by using
aziridine aldehydes.
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making hydantoins include the Bucherer–Bergs reaction,[10a–c]

the Read method,[10d] and methods using ureas and dicarbonyl
compounds.[11, 12] A particularly significant goal is to develop
approaches that would allow for late-stage structural modi-
fication of the hydantoin scaffold.

When aziridine aldehyde dimer 1 was exposed to phenyl
isocyanate in diethyl ether, compound 2 was obtained in
quantitative yield as a result of simple addition of the
aziridine aldehyde dimer on to the C=N bond of the
isocyanate (Table 1, entry 1). 2,2,2-Trifluoroethanol (TFE)

and 1,1,1,3,3,3-hexafluoroisopropyl alcohol (HFIP) promote
aziridine aldehyde dimer dissociation by disrupting the
intramolecular hydrogen bond that exists between the NH
aziridine and the OH of the hemiacetal.[5a,c,d,f, 13] HFIP was
thus tested in the reaction between aziridine aldehyde dimer 1
and phenyl isocyanate. Gratifyingly, besides a small amount
of the dimeric by-product 2, the reduced hydantoin 3a
posessing the urea motif equipped with three contiguous
stereocenters was obtained as the major product (Table 1,
entry 2). X-ray crystallography confirmed the structure of
3a.[14] The crystal structure revealed the severe strain result-
ing in the C�H bond of the hemiaminal adopting a nearly
orthogonal (dihedral angle: 948) orientation with regard to
the adjacent C�H bond on the aziridine ring (Figure 1). This
feature was also supported by the lack of coupling between
the two protons. The aziridine amide portion of the molecule
is tilted with respect to the carbonyl plane, which is evident in
the elongated C�N bond (1.420 �) of the aziridine amide,
compared to a typical C�N bond (1.380 �) of regular amides.

Further optimization of the reaction conditions revealed
that addition of water to HFIP caused an increase in the
production of reduced hydantoin 3 a (Table 1, entries 2–7).
This observation could be attributed to the generation of a
more polar protic medium, which would further promote the
dissociation of the dimeric aziridine aldehyde. The optimal
yield and selectivity were reached by using the solvent system

of 8:2 HFIP:H2O (v/v) (Table 1, entry 4). Additional water
resulted in a decreased product yield (Table 1, entries 5–7),
possibly due to the production of acyclic urea by-products.

The observation of 2 has given us additional insight into
the mechanism of the reduced hydantoin product formation.
Subjecting pure 2 to the optimized solvent system (8:2
HFIP:H2O) yielded final product 3a plus the starting material
1. This observation supports a proposed reaction pathway
operating through the mechanism shown in Scheme 3.
Following the initial nucleophilic attack of the aziridine

aldehyde dimer onto the isocyanate, the dimeric intermediate
A1/A2 rapidly collapses to generate the monomeric adduct B,
which proceeds to a 5-(enol-endo)-exo-trig cyclization to
afford the aziridine-fused five-membered heterocycle. The
monomeric aziridine aldehyde released from the intermedi-
ate re-dimerizes and re-enters the reaction.

In order to test the generality of this new synthesis, a
number of reduced hydantoins were made using the
HFIP:H2O (8:2, v/v) solvent system (Table 2). Yields are
good to excellent, with high levels of diastereoselectivity. In
all cases the product is isolated as a solid material that can be
readily purified by trituration with hexanes/acetone. The
commercial availability of aziridine aldehydes and isocya-
nates should facilitate convergent library synthesis.

Reduced hydantoins represent excellent starting points
for further transformations.[15] In one application, oxidation of
the hemiaminal moiety revealed a new class of heterocylic
scaffolds equipped with the structural features present in the

Table 1: Optimization of reduced hydantoin synthesis with mixed solvent
systems.[a]

Entry % Et2O % HFIP % H2O Product
ratio

(2 :3a)[b]

Combined
product yield

[%][c]

1 100 0 0 100:0 quantitative
2 0 100 0 27:73 56
3 0 90 10 16:84 81
4 0 80 20 0:100 85
5 0 70 30 0:100 80
6 0 60 40 0:100 63
7 0 50 50 0:100 55

[a] Reactions were performed at room temperature by using 1.0 equiv
aziridine aldehyde and 1.5 equiv isocyanate. [b] Product ratio was
determined by analysis of crude reaction mixtures by 1H NMR spec-
troscopy. [c] Yields of isolated products.

Scheme 3. Proposed mechanism for reduced hydantoin formation.

Figure 1. X-ray structure of 3a.
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anti-cancer agent Imexon.[16] Thus, subjecting compound 3 f to
the mild oxidation with TPAP/NMO, a novel aziridine-fused
hydantoin derivative 4 was isolated (Scheme 4). Importantly,
the strained aziridine functionality remained intact during
this transformation. Imexon-type scaffolds are used in the
treatment of various types of cancer including breast,
pancreatic, lung, and prostate.[17] Inspired by Imexon, com-
pounds such as 4 can open up new opportunities in the design
of DNA alkylating agents.

With the strategically placed reduced imide bond in hand,
we opted to evaluate if other kinds of reactivity could be
accessed through the intermediacy of iminium ions. When the
reduced hydantoin 3b was exposed to methyl acetoacetate in
the presence of Et3N, a six-membered urea 5a fused with the
dihydrofuran ring was isolated (Scheme 5). The reaction
mechanism likely operates by acetoacetate substituting the
hydroxy group at the hemiaminal carbon followed by a
nucleophilic ring-opening of the aziridine ring with the
nascent enol functionality. A variety of novel dihydrofuran-
fused cyclic ureas were subsequently obtained (Table 3).

The reduced hydantoins showed nucleophile-dependent
reactivity (Scheme 6). Pyrrolidine displaced the hydroxy
group of compound 3b in DCM, affording 6 in quantitative
yield and leaving the aziridine ring intact. When exposed to
thiobenzoic acid, which is a softer nucleophile, 3a was
converted to reduced hydantoin 7 by the aziridine ring

Table 2: Reduced hydantoin scope.[a]

[a] Reactions were performed at room temperature by using 1.0 equiv
aziridine aldehyde and 1.5 equiv isocyanate in HFIP:H2O (8:2, v/v).
[b] All values in parentheses represent yields of isolated products.

Scheme 4. Oxidation of aziridine fused reduced hydantoin 3 f.

Scheme 5. The reaction between 3b and methyl acetoacetate.

Table 3: Formation of fused urea dihydrofurans.[a]

[a] Reactions were performed at room temperature by using 1.0 equiv
reduced hydantoin, 1.5 equiv b-ketoester, and 2.0 equiv Et3N in DCM.
[b] All values in parentheses represent yields of isolated products.

Scheme 6. Site-specific reactivity of the reduced hydantoins with
nucleophiles.
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scission that did not interfere with the hemiaminal function-
ality.

In summary, we have shown that (1,3) amphoteric
molecules, exemplified by aziridine aldehydes, partake in
highly efficient annulations with readily accessible isocya-
nates. Our [3+2] chemistry delivered a new class of aziridine-
fused hydantoin derivatives equipped with three contiguous
stereocenters. A reduced imide bond was installed in the
course of the annulation, providing a strategic handle for
subsequent skeletal transformations that delivered small,
stereochemically rich heterocycles capable of presenting cis-
amide bonds in different structural contexts. Downstream
modifications of this hydantoin platform resulted in a series of
new heterocycles including dihydrofuran-fused cyclic ureas
and aziridine-fused hydantoins (Imexon analogues). Given
the availability of two-atom p-electrophilic building blocks,
such as aldehydes, imines, ketenes, carbodiimides, carbon
dioxide, carbon disulfide, to name a few, we expect that [3+2]
annulations involving amphoteric aziridine aldehydes can
open up extensive opportunities for the construction of novel
heterocyclic frameworks for use in chemical biology, catalysis,
and other endeavors. The reported reactivity may also form a
foundation for new multicomponent reactions.

Experimental Section
General procedure for the synthesis of reduced hydantoin 3 : The
aziridine aldehyde dimer (0.079 mmol, 1.0 equiv) was charged into a
vial equipped with a stir bar. A minimal volume (0.4 mL) of 8:2
HFIP:H2O (v/v) was added to dissolve the aziridine aldehyde dimer.
The isocyanate (0.119 mmol, 1.5 equiv) was added to the resulting
solution and the contents of the vial were allowed to stir at room
temperature for 45–60 min. CH2Cl2 (2 mL) and water (2 mL) were
added. The organic layer was separated and the aqueous layer was
washed with CH2Cl2 (2 mL � 2). The organic layers were combined,
dried with magnesium sulfate, filtered, and concentrated. The crude
material solidified upon concentration under vacuum and was
purified by triturating with a mixture of hexanes and acetone
(variable solvent ratio depending on the product). The solvent was
decanted and the collected solid product was allowed to dry under an
open atmosphere.
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