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1. Introduction

At the beginning of the 21st century, the art and science of or-
ganic synthesis face the challenge of optimizing efficiency. Onemay
assert that the need for efficiency has always been tacitly un-
derstood; however, when confronting the complex structure of
a target molecule, a synthetic chemist has traditionally sought its
total synthesis at any price. Some total syntheses of complex nat-
ural products are among the best scientific accomplishments of the
20th century; these syntheses have had a strong impact not only on
the development of chemistry but also on biology, medicine,
pharmacology, materials science, and even philosophy. Yet, these
were more often than not lengthy procedures that consumed ex-
tended time and effort from devoted researchers, used hazardous
reagents, produced toxic waste and were very costly, to obtain
typically very small amounts of the desired products. In contrast,
nature seems to produce its molecules without effort, and it does so
in open vessels at room temperature without organic solvents and
usually with high optical purity. Indeed, after 3.5 billion years of
continuous experimenting, nature has evolved into an extremely
good synthetic chemist, whose efficiency surpasses by far the
current level of chemical science. The natural challenge to the hu-
man intellect is to emulate this efficiency by a rational design. The
question is no longer ‘canwe synthesize a particular molecule?’ but
rather ‘how can we synthesize it in the best possible way?’ The
focus is not to author the first synthesis of a molecule but to dis-
cover the best synthesis. This change of attitudedaiming for the
ideal synthesisdis a natural step forward in the development of the
field, inspired not only by academic thinking but also by the new
role of organic synthesis in the scientific community.1 Although
chemistry still creates its own object,2 it is increasingly involved in
interdisciplinary research, such as life science or materials science,
where it is expected to rapidly produce reasonable amounts of
desired compounds, in economically and environmentally accept-
able ways. These latter issues become of prime importance when
any industrial application is considered. Thus, along with the in-
creased use of domino, cascade, and multicomponent reactions to
rapidly increase molecular complexity, additional attention is paid
to other aspects, such as step-, atom- or redox-economy,3 green
chemistry, and protecting group-free synthesis (PGF synthesis). The
provisional classification of these otherwise interconnected issues
allows them to be analyzed separately and reviewed in more detail.

An important prerequisite for synthetic efficiency is to minimize
the use of protecting groups: using fewer protecting groups reduces
the number of steps, increases the overall yield, and improves the
economy of the process. Excellent reviews on this topic have stimu-
lated the creativity and invention of synthetic chemists in this
regard,4 andPGF syntheses have been reported at an increasingpace.
This review covers the PGF syntheses of natural products since 2009,
when the topic was comprehensively reviewed most recently.4b

For a successful PGF synthesis, several principles should be
followed: (1) If a target molecule contains several reactive func-
tional groups (FGs), the construction of the carbon skeleton should
rely on reactions that are known to be tolerant of a range of func-
tionalities. In this respect, the use of organotransition metal-
catalyzed reactions has found widespread application. Radical re-
actions are also known to tolerate groups that need protection
under ionic conditions, as well as most pericyclic reactions and
a number of rearrangements. (2) Reactive functional groups should
be introduced in later stages of synthesis. This logical principle has
become the basis for a new, two-phase retrosynthetic strategy. It

may also prove useful to implement reactive functional groups into
precursors in their latent form; while this may be considered a type
of protection, such FG equivalents do not have to be introduced into
the synthetic intermediates during synthesis but are present from
the beginning as synthetic equivalents. (3) A biomimetic approach
often allows for the most efficient and economical access to natural
products. It is not necessary to use enzymes, but the goal is to
emulate the mechanistic principle of the envisaged transformation
and the structural pattern of proposed biosynthetic intermediates.
(4) A deeper understanding of the reactivity of a substratemolecule
can allow for chemoselectivity to be achieved without the need to
block the centers of unwanted reactivity. In addition, new catalysts
and reagents are continuously being discovered that can alter the
order of reactivity of competitive FGs and modify the chemo-
selectivity of a given reaction. This understanding has led to the
modified chiron approach, in which chiral synthons from natural
sources are implemented in target compounds without PG ma-
nipulations. (5) Probably most importantly, the challenges of PGF
synthesis are also opportunities for invention, and the solutions of
particular problems that involve new reactions and strategies can
permanently enrich the synthetic armamentarium.

An attempt was made to group the examples from the literature
according to (one of the aforementioned) principles whose appli-
cation enabled PGF synthesis. However, and especially in the syn-
theses of complex molecules, it is usually not a single factor but
rather a combination of these that contributes to the success of the
PGF sequence. Therefore, some level of inherent inconsistency was
inevitable when arranging material for this review.

2. Syntheses based on metal-mediated reactions

Metal-mediated reactions have dominated PGF synthesis, with
a preponderance of organotransition metal-catalyzed reactions,
whereas reactions of organometallic nucleophiles were scarce and
usually limited to molecules with a low level of functionalization.5

Scheme 1. Reagents and conditions: (a) Zn powder, AcOH, reflux overnight, 80%; (b) n-
BuLi (1.0 equiv), ethylene oxide, BF3$Et2O, �78 �C to 0 �C, 3 h, 64%; (c) n-BuLi
(2.0 equiv), DMF, �78 �C to rt, 3 h, 64%; (d) allyl bromide, In, water, rt; (e) O3, MeOH,
�78 �C, then Me2S; (f) Ac2O, DMAP, 42% over three steps.
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