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Abstract: Synthetic organic chemists have long depend-
ed on protecting group manipulations when faced with
the challenges of chemoselectivity and functional group
incompatibility. Overcoming this dependence will im-
prove the overall efficiency of chemical synthesis. By
taking advantage of orthogonally reactive functional
groups, amphoteric molecules can afford access not only
to more efficient and strategic syntheses but also to the
development of novel chemical transformations.
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Introduction

Despite a seemingly infinite amount of reactions that in-
volve carbon-containing compounds, the vast majority can
be divided into one of two large groups: reactions in which
a carbon atom undergoes oxidation state change, and reac-
tions in which its oxidation state remains unaffected. Each
oxidation state of carbon has a set of reactions associated
with it. A subset of reactions relevant to carbon—nitrogen
bond formation illustrates this point (Scheme 1). For in-
stance, primary alcohols can undergo nucleophilic displace-
ment to generate amines, enolizable aldehydes can condense
with amines giving enamines, whereas carboxylic acids can
be converted into amides. Chemical synthesis of targets of
varied complexity is an exercise in interspersing non-redox
reactions with the carbon oxidation state adjustments. Che-
moselectivity, defined as the preferential reaction of a chem-
ical reagent with one of two or more different functional
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Scheme 1. Redox and non-redox domains of organic reactivity.

groups, is one of the biggest challenges facing chemical
synthesis. Avoiding the problems of chemoselectivity using
protecting groups is commonplace, but comes at the expense
of atom™ and step economy.”! In this regard, it is instructive
to observe that biosynthesis avoids the chemoselectivity
problems by molecular shape recognition.) The event of
binding into an enzyme active site allows precise positioning
of the functional group about to undergo transformation. In
comparison, very few synthetic reagents obey the Michaelis—
Menten kinetics. Instead, electronic and/or steric require-
ments of different functional groups present in a given reac-
tant have to be taken into account in order to reach high
levels of selectivity. Parameters such as pK,, redox potential,
and A values, are common metrics used by organic chemists
in order to compare and predict reactivity of different mole-
cules. None of these parameters come close to describing
the overall property of a given molecule. In contrast, enzy-
matic systems are holistic in their approach to chemical
transformations.

In order to find general solutions to protecting group-free
synthesis,””! one approach is to develop reagents and cata-
lysts that emulate enzymatic efficiency with regard to che-
moselectivity and practical turnover numbers. On the other
hand, new ideas about interrelationships between functional
groups are expected to play a significant role. In this article,
we outline a strategy for executing orthogonal amine/car-
bonyl transformations, underscoring a seamless bridge to
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protecting group-free synthesis. In a broader sense, we con-
tend that the search for molecules that are amphoteric on
the grounds of kinetics is a useful approach to the discovery
of new reactivity.

Discussion

In an ideal world, one would have a capability to chemose-
lectively manipulate molecules equipped with mutually reac-
tive functional groups. In the realm of acid/base chemistry,
the so-called amphoteric molecules have been known for
some time. The term amphoteric is of Greek origin: ampho-
teros literally means “both of two”.! Although the origin of
the word is not related to any particular chemical property,
this term has been mainly used in order to refer to a mole-
cule that can act as both acid and base. For instance, amino
acids are amphoteric compounds, characterized by an iso-
electric point at which the molecule exists in its zwitterionic
state (e.g. L-serine in Figure 1). Depending on pH, the posi-
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Figure 1. Selected examples of amphoteric molecules.

tion of proton can change, affecting the chemical behavior
of the amino acid. Accordingly, amphoterism has belonged
to the domain of thermodynamics since proton transfer is
typically diffusion-limited. The thermodynamics of proton
transfer can temporarily stabilize unstable molecules that
contain nucleophilic and electrophilic centres. Fischer, who
in 1908 prepared glycinal” from the reduction of its ester,
demonstrated that protection of the amine functional group
by proton at acidic pH stabilized the amino aldehyde, albeit
briefly. More recently, Myers and co-workers® have used a
similar method of amine protonation to establish the epime-
rization-free adduct formation between amino aldehydes
with nucleophilic solvent molecules. When the pH of the
medium was increased to value greater than 5, the amino al-
dehydes decomposed through self-condensation reactions.
There are few examples of synthetically useful molecules
one can consider amphoteric based on kinetic grounds. The
most mechanistically instructive case is that of the isocya-
nide (Figure 1), first synthesized in 1859.” Two of the
widely used multicomponent reactions owe their efficiency
to the amphoteric nature of the isocyanide. The Passerini re-
action involves a three component condensation between an
isocyanide, an aldehyde, and a carboxylic acid to generate
a-acyloxycarboxamides. By introducing another compo-
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nent—an amine—into the reaction, Ugi developed a four-
component process, which is used to generate dipeptides
and other valuable molecules.'” The critical mechanistic
point of this reaction is that the isocyanide carbon estab-
lishes a connection with both nucleophile (carboxylic acid)
and electrophile (imine) (Scheme 2). The unique amphoteric
nature of the isocyanide carbon centre facilitates the discov-
ery of multicomponent processes using simple building
blocks.!"!!

R'-CHO
R2-NH J?\ B o

) R* N‘JﬁfN‘Ri‘
R3®*-N=C é: 0
R*-COOH

Scheme 2. Strategic significance of isocyanide in the Ugi four-component
condensation.

We became interested in expanding the meaning of am-
photerism to embrace kinetic considerations that govern nu-
cleophile/electrophile chemistry. Recently, we initiated a
search for molecules that contain unprotected functionalities
that remain orthogonal to each other throughout their trans-
formations. If these functionalities are reactive towards
added reagents, there is a high probability to discover novel
processes. In our search for new amphoteric molecules, we
have focused our attention on the relationship between
amine and carbonyl groups. The latter is arguably the most
synthetically useful oxidation state of carbon (Scheme 1)
since condensations between amines and carbonyl groups
give rise to enamines, some of the most widely used synthet-
ic intermediates.'” Besides their utility as building blocks in
target-oriented synthesis, enamines have many other impor-
tant applications. For instance, many developments in an
active area of current research, organocatalysis, depend on
enamine generation for catalytic turnover.™ Ironically, in
the context of synthesis, enamine formation can be regarded
as a limitation: due to their inherent reactivity, a secondary
amine and an aldehyde or a ketone cannot be carried
through a synthetic sequence in their unprotected forms.
Unveiling a secondary amine in the presence of an aldehyde
or a ketone is done when an instant condensation resulting
in an iminium/enamine system is desired (Scheme 3). It is
easy to see that if the unprotected derivatives were to have
a kinetic barrier against condensation, they would afford a
number of strategic as well as tactical advantages.

We hypothesized that an increase in strain upon convert-
ing the simplest nitrogen heterocycle, NH aziridine, into an
iminium ion should decrease the rate of its formation from
an aldehyde. Accordingly, unprotected aziridine aldehydes
were prepared by simple reduction of aziridine esters
(Scheme 4).1* Upon formation, the aziridine aldehydes di-
merize to give stable products that were found to act as al-
dehydes under suitable reaction conditions. In doing so, we
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Scheme 4. Synthesis of aziridine aldehyde dimers from aziridine esters.

have generated bench-stable molecules equipped with sec-
ondary amine and aldehyde functionalities that resist imini-
um ion formation from the dimeric amino acetal adduct.
The aziridine aldehydes were found to be stable towards ep-
imerization. Because aziridine ring can be regarded as a
stepping stone towards a wide variety of amines via well
documented ring-opening chemistry,'® these unprotected
building blocks provide a solution to broad challenges faced
by protected amino aldehydes"” in complex amine transfor-
mations. Interestingly, the only prior mentioning of unpro-
tected aziridine aldehydes was in the work by Rheinhoudt,
who isolated a monomeric aziridine—aldehyde species as an
unstable by-product that decomposed during purification.['¥l

Which pattern of reactivity can be expected of a kinetical-
ly amphoteric molecule? Under the conditions where the or-
thogonal nodes of reactivity (indicated as Nu and E in

E'is a nascent electrophile

Nu'is a nascent nucleophile

Figure 2. Nascent reactivity triggered by amphoteric molecules.
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Figure 2) behave independently, attack by an external nucle-
ophile (Nu'! in Figure 2a) should lead to a nascent electro-
phile that should undergo cyclization. The overall process
can also be initiated at the other end of the molecule if the
external party is of electrophilic character. The ensuing
relay will then be driven by a nascent nucleophile. Impor-
tantly, upon reaction with an amphoteric molecule, all sub-
sequent nucleophile/electrophile interactions are no longer
orthogonal and should proceed with favourable kinetics.
Each of these processes can incorporate non-trivial steps,
such as skeletal rearrangements. It is therefore possible to
imagine that many complex reactions can be designed using
this simple principle. As a realization of just one of many
possibilities, we reported construction of pentacyclic mole-
cules reminiscent of many complex alkaloid skeletons!'”
from aziridine aldehydes in one step (Scheme 5). In the

mechanism:

electrophile Ph

NHB +E?\ N H
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N NN H [‘ . 3
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Scheme 5. One-step synthesis of complex heterocycles from amphoteric
aziridine aldehydes.

course of the reaction, iminium ion formation is followed by
intramolecular attack of the indole to generate a spirocyclic
intermediate. Subsequently, the aziridine nitrogen adds to
the iminium ion to generate the final product. As a result,
the bis-nucleophilic N-benzyltryptamine acts as a precursor
to a bis-electrophile through the action of an amphoteric
aziridine aldehyde.

Concluding Remarks

In effort to discover new reactivity, organic chemists strive
to separate kinetic and thermodynamic factors. We have
shown that imposing kinetic barriers on functional groups
that are known to engage in irreversible and thermodynami-
cally favourable processes can lead to stable molecules in
which reactive functional groups remain orthogonal to each
other. This concept was demonstrated on a specific example
of an aziridine/aldehyde system that does not display imini-
um ion chemistry on the basis of excess strain in the inter-
mediate iminium ion. Other combinations of functional
groups that satisfy the criteria of amphoterism on kinetic
grounds are likely to be identified. In fact, many of them al-
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ready exist (Figure 1), but their utility in the context of che-
moselective synthetic operations has been under-appreciat-
ed. Upon identification of the amphoteric pair of functional
groups, one can also anticipate creating a myriad of homolo-
gous molecules in which additional functional groups sepa-
rate the opposing nodes of reactivity. The amphoteric nature
of these compounds can lead to high bond-forming efficien-
cy indexes®™ and rapid generation of complex molecular
skeletons. Thereby, the amphoteric molecules will provide a
seamless bridge to atom and step economy and may contrib-
ute to the development of useful waste-free technologies.
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