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Abstract: Aldol reactions belong to the most important methods for carbon-carbon bond formation and are also
involved in one of the most astonishing biosynthetic processes: the biosynthesis of polyketides governed by
an extraordinarily sophisticated enzymatic machinery. In contrast to the typical linear or convergent strategies
followed in chemical synthesis, this late-stage catalysis concept allows Nature to assemble intermediates that
are diversified into a broad range of scaffolds, which assume various crucial biological functions. To transfer this
concept to small-molecule catalysis to access products beyond the natural systems, a stepwise approach to dif-
ferentiate increasingly complex substrates was followed by investigating arene-forming polyketide cyclizations.
An outline of our efforts to develop and apply these concepts are presented herein.
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Introduction

Biomimetic cascade reactions fascinate chemists not only be-
cause of the drastically reduced number of synthetic steps required
for generating molecular complexity, but also since they provide
mechanistic insights that allow us to further understand the in-
tricate interplay of biochemical processes. Bioinspired strategies
were therefore studied for increasingly complex polycyclizations,
which efficiently lead to otherwise inaccessible structural diver-
sity.ll Since the pioneering work by Eschenmoser!?! and Stork, !
polyene cyclizations evolved to profoundly explored biomimetic
cascade reactions, providing numerous terpene products with
a low oxygenation degree.*-71 Following the seminal research
on steroid synthesis, 8! significant progress was thereby accom-
plished by mimicking terpene cyclases, culminating in highly
efficient and innovative processes catalyzed by small organic
molecules.>-791 Also the biosynthetic diversification of more oxi-
dized precursors is close to perfection when it comes to bestowing
different families of natural products with a defined oxygenation
pattern. For instance, polyether natural products frequently used
as antibiotic or anticancer agents, typically owe their structural
complexity from epoxide opening cascades. Their structure is
partially predefined in the assembly steps and the subsequent cy-
clization cascades provide further complexity. Elegant approach-
es were thus developed to guide selective polyether formation by
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chemical synthesis.[19-121 Polycyclizations of substrates with an
even higher degree of oxygenation provide a fascinating diversity
of polyketide natural products, which are commonly assembled
from acetate units. Aromatic polyketides are of pronounced im-
portance in pharmaceutical research and enormous progress was
achieved in investigating their biological activity and deciphering
biosynthetic cascade reactions.!!3-221

In polyketide biosynthesis, the folding of the polyketide
chains is precisely controlled in highly selective polyketide cy-
clizations, creating a broad range of aromatic polyketides such
as the pharmaceutically relevant anthracyclines or tetracyclines
(Scheme 1).1'5211 Nevertheless, not only the differentiation of a
remarkable number of reactive conformations, but also the high
reactivity of the substrates render the development of a biomi-
metic, small-molecule catalyzed polyketide cyclization distinctly
challenging. We thus approached this intriguing question by ex-
amining increasingly complex cyclizations. In our initial stud-
ies, which were summarized in an earlier Chimia article,[231 we
focused on cyclizations related to the biosynthesis of the atrop-
isomeric natural product fasamycin C (Scheme 1, bottom),[24:25]
which is characterized by a rotationally restricted biaryl bond.
Secondary amine-catalyzed aldol condensations thereby provided
several distinct families of atropisomers by means of a stereose-
lective arene-formation, giving access to various well-defined
molecular scaffolds.[26-29]

Atropisomeric architectures are routinely employed as cata-
lysts in stereoselective transformations providing a wide range of
indispensable products. Furthermore, rotationally restricted moi-
eties with a suitable configurational stability are increasingly tak-
en into consideration in drug discovery campaigns.3% Recently,
the incorporation of multiple stereogenic axes was established as
an inventive design step for drug candidates with a particularly
well-defined structure.3!]

Since a defined spatial orientation of functional groups is
crucial for designing bioactive compounds, tailored catalysts and
molecular building blocks in general, atropisomeric compounds
bearing several stereogenic axes are currently emerging as partic-
ularly promising core structures, as they allow the design of more
complex and distinct molecular geometries.[32-341 However, to se-
lectively access atropisomeric multiaxis systems, the configura-
tion of each stereogenic axis needs to be precisely controlled.[33]
In particular the selective formation of the unfavored stereoisomer
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Scheme 1. Folding and polycyclizations during the biosynthesis of the
aromatic polyketides doxorubicin, doxycycline and fasamycin C.

(P,) therefore requires a drastic lowering of the activation barrier
(AAG?) in order to overcome the substrate bias in the substrate-
catalyst mismatch scenario (Fig. 1).

Based on our previous findings for the atroposelective arene-
forming aldol condensation,[2¢-281 we hence examined the catalyst-
controlled stereodivergent synthesis of atropisomeric multiaxis
systems.331 In the final steps, the building block addition to a ter-
naphthalene carbaldehyde was followed by an in situ oxidation
and a first substrate-controlled aldol condensation revealed an
intrinsic substrate preference of 86:14, indicating the significant-
ly organized structure of the ternaphthalene substrate (Scheme
2).1351In order to override this preference and to invert selectivity,
a cinchonidinium catalyst was utilized at lower temperature under
otherwise identical conditions. This interesting finding highlights
the efficiency of ion-pairing catalysis for the substrate-catalyst
mismatch scenario in the stereodivergent synthesis of multiaxis
systems.

Nonetheless, the substrate preference for the fourth stereo-
genic axis led to a remarkable 97:3 diastereoselectivity under
substrate stereocontrol (Scheme 3). Extensive optimization stud-
ies uncovered that a combination of a Lygo-type catalyst with

Scheme 2. Catalyst-controlled
synthesis of an atropisomeric ste-
reotriad.
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Fig. 1. The requirement of catalyst-controlled stereodivergent catalysis to
overcome substrate bias in the substrate-catalyst mismatched scenario.

sodium hydride allows the inversion of selectivity to give the de-
sired helically shaped diastereomer (d.r. = 77:23). Methods for
diastereoselective catalysis were thus established to individually
address each stereogenic axis of atropisomeric multiaxis systems
with up to four stereogenic axes. Even in cases with a pronounced
substrate preference, stereodivergent catalysis is feasible by the
selection of a suitable catalyst for the desired diastereomeric at-
ropisomer.

Gratifyingly, an excellent configurational stability and a
uniquely compact helical secondary structure were first deter-
mined in solution and corroborated by crystallography.[3¢ Arriving
at entirely artificial polyaromatics with distinct molecular archi-
tectures after first considering polyketide natural products, there-
fore confirmed the virtues of transferring a biosynthetic concept
to small-molecule catalysis.[?2] Moreover, the well-defined struc-
tures of the stereochemically defined oligo-1,2-naphthylenes with
their polyketide pattern offered several fascinating applications.
Together with the Wenger group, we thus explored photoinduced
electron transfer (PET) processes through the secondary structure
of the helical atropisomeric multiaxis systems. The dependence of
the electron-transfer rate on oligomer length for different donor-
acceptor compounds as well as possible shortcuts were investigat-
ed after functionalizing the end groups of the oligomers (Fig. 2).
In contrast to previous studies that usually involved linear model
systems,37] multiple electron transfer pathways can now compete
with each other.[3! While PET through the covalent backbone of
the helical structure is feasible, also a superposition with PET
shortcuts through noncovalent contacts is possible. Interestingly,
the measurements showed that the electronic coupling is unusu-
ally insensitive to bridge elongation, counter to those usually ob-
served in linear systems. A possible rational for this observation
is that the oligo-1,2-naphthylene scaffolds orient the substituents
similar to tube-like objects. This will allow the electrons to depart
from their circular path through covalent bonds, rendering a su-
perposition with PET shortcuts feasible.[35-31

Having observed a high degree of modularity with the iterative
building block addition combined with a stereoselective arene-

i) IBX, MeCN
i) KOH, H,0, CHCI3, RT, d.r. = 86:14

(60% yield over 2 steps)

i) IBX, MeCN
ii) KOH, Hz0, CHCl3, ||

(57% yield over 2 steps)
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i) KOH, H;0, CHClg, RT, d.r. = 97:3

(39% yield over 2 steps)
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dr.=77:23
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Fig. 2. Spatial organization of donor-acceptor compounds to study elec-
tron transfer through the secondary structure of oligo-1,2-naphthylenes.

forming aldol condensation, we next assessed the well-defined to-
pology of the explored atropisomers for the design of a new class
monophosphine ligands named JoyaPhos (Scheme 4).1401 The syn-
thesis of the JoyaPhos ligands commences by the building block
addition[2841] to 2-bromobenzaldehyde. After an in sifu oxidation
and a stereoselective arene-forming aldol condensation, a subse-
quent functional group interconversion provided the enantiomeri-
cally enriched carboxylic acid ester with an 99:1 enantiomeric
ratio, which serves as optimal precursor for an ester-to-anthra-
cene transformation which we previously developed.*21 With this
chain termination strategy, an atropisomeric teraryl bromide was
obtained as common intermediate for the preparation of mono-
dentate diarylteraryl- and dialkylterarylphosphines with different
steric and electronic properties. Bromine-lithium exchange was
followed by treatment of the resulting organolithium species with
the corresponding chlorophosphines to provide different JoyaPhos
monophosphines, such as Cy, JoyaPhos. We subsequently evalu-
ated the performance of several JoyaPhos ligands and found that
the asymmetric allylic alkylation of (E)-1,3-diphenylallyl acetate

M
1) IBX, MeCN

Scheme 3. Inverting a notable
substrate bias by stereodivergent
catalysis and the ‘polyketide pat-
tern’ in helically-shaped atropiso-
meric multiaxis systems. EG: end
group

'Polyketide pattern’
in atropisomeric multiaxis systems

EG'

with dimethyl malonate at ambient temperature under standard
conditions provides the desired product in nearly quantitative
yield and an enantiomeric ratio of 95:5.

Having developed an iterative stereoselective arene-formation
for the synthesis of polyaromatics,*3471 we next tackled the si-
multaneous formation of two aromatic rings governed by small
molecule catalysis. Inspired by the natural biosynthetic pathways
to polyketide structures, we became further captivated by the cata-
lytic folding of more complex polycarbonyls.!'3-221 Considering
the B-oxygenation pattern of canonical polyketides and the conse-
quential limitations in enzymatic processes, we were intrigued by
the prospects of noncanonical polyketide cyclizations that allow
the synthesis of products with irregular oxygenation patterns.[43]
Interestingly, the required substrates were accessible by a fourfold
ozonolysis of biindene precursors that are obtained by an oxida-
tive dimerization of cinnamyl indenes and an indene double bond
isomerization with pyrrolidine (Scheme 5). In the course of the
biomimetic cyclizations, two viable folding modes proceeding
through a twofold 5-(enolexo)-exo-trigl*9-30 or the divergent dou-
ble 6-(enolendo)-exo-trig cyclization give rise to hydropentalenes
or the particularly valuable tetra-ortho-substituted atropisomeric
biaryls.

Upon exposure to catalytic amounts of a secondary amine that
allows for an extended hydrogen-bond network, a twofold arene-
forming aldol condensation reaction leading to highly enantioen-
riched biaryl atropisomers was identified (Scheme 6). The scope
of the reaction spans from symmetric binaphthyls to complex un-
symmetrical or tetrafluorinated derivatives that constitute catalyst
precursors of high interest.[*8! Gratifyingly, the products emerging
from the small molecule-catalyzed noncanonical polyketide cy-

Scheme 4. Synthesis and bench-
marking of the Cy,JoyaPhos
ligand.
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Scheme 5. Catalytic noncanonical Ph
polyketide cyclization. Z —
( I O CHO 5-enolexo
- > hydro-
n-BuLi pentalene
CuCly, then O Bh aldol
pyrrolidine Q = cyclization
56% Oy (exo-trig)
o —_— VS.
‘ PPh,
Ph T O 49%
L,
0 6-enolendo, E CHO biary!
S
OH

clization serve as particularly useful linchpins and a chiral diene
ligand,’5!1 an enantio-enriched [S5]helicenel>?! and the Maruoka
ion-pairing catalystl>3] were readily obtained.

In conclusion, catalytic cascade reaction inspired by polyketide
biosynthesis were found to be particularly versatile for de novo syn-
thesis of polyaromatic compounds. The approach allows the cycli-
zation of canonical as well as noncanonical polyketides to a broad
range of stereochemically complex atropisomers. By considering
the hidden polyketide pattern in otherwise unrelated polyaromat-
ics,122 strategies for an efficient construction of valuable products
often become discernible. Our ongoing studies focus on stereose-
lective methods for small-molecule catalyzed polyketide cycliza-
tion of native substrates, correlations with enzymatic processes
and the simultaneous construction of multiple stereogenic axes.
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