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ABSTRACT

Photo-induced dearomatization reactions offer efficient access to complex molecules
starting from abundant and inexpensive starting materials. Especially in case of
intramolecular addition of an olefin to an aromatic core, three-dimensional polycyclic
structures can be constructed within a single step. In contrast to the meta
photocycloaddition, synthetic applications of the ortho and para variant remained
underexplored. Within the scope of this PhD thesis, reaction cascades initiated by an
ortho photocycloaddition were investigated regarding synthetic applications and the

photocatalytic potential of this method.

The first enantioselctive total synthesis of (+)-atlanticone C was completed. A reaction
cascade induced by an intramolecular ortho photocycloaddition was employed as the
key step in this synthesis and a chiral resolution protocol was developed to access the
desired photoproduct in enantiopure form (>98% ee). The total synthesis was

completed in 10 subsequent steps and with an overall yield of 18%.

To study the potential of these transformations further, the arene photoactivation of
benzaldehyde derivatives was investigated. In this context, 2-alk-w-enyloxy-sustituted
benzaldehydes did not display photochemical reactivity at the arene core, whereas the
respective iminium ions were found to undergo photo-induced reactions. Three
pathways were described and can be performed under visible-light irradiation: a) Most
commonly, an ortho photocycloaddition led to a yet unprecedented reaction cascade
generating benzoxacyclic products (13 examples, 44-99% vyield). The reaction
cascade proceeded with high diastereoselectivity and was found to be
stereoconvergent. b) If the benzene ring was substituted in 3-position, a meta
photocycloaddition occured furnishing tetracyclic skeletons in excellent regio- and
diastereoselectivity (2 examples, 58-79% yield). c) If the tethered olefin was internally

substituted, an aza Paterno-Buchi reaction was preferred (2 examples, 95-98 % yield).



KURZZUSAMMENFASSUNG

Lichtinduzierte Desaromatisierungsreaktionen bieten einen effizienten Zugang zu
komplexen Molekilen ausgehend von leicht verfligbaren, kostenginstigen
Ausgangsmaterialien. Insbesondere im Fall der intramolekularen Addition eines
Olefins an einen Aromaten, kénnen dreidimensionale polycyclische Strukturen in
einem einzigen Schritt aufgebaut werden. Im Gegensatz zur meta-Photocycloaddition
sind synthetische Anwendungen der ortho- und para-Variante wenig erforscht. Im
Rahmen dieser Doktorarbeit wurden Reaktionskaskaden, initiiert durch eine ortho-
Photocycloaddition, hinsichtlich ihrer synthetischen Anwendungen und des

photokatalytischen Potenzials dieser Methode untersucht.

Dabei wurde die erste enantioselektive Totalsynthese von (+)-Atlanticon C
beschrieben. Als Schlusselschritt dieser Synthese wurde eine Reaktionskaskade
durchlaufen, die durch eine intramolekulare ortho-Photocycloaddition induziert wurde,
und es wurde ein Protokoll zur Racematspaltung entwickelt, um das gewinschte
Photoprodukt in enantiomerenreiner Form (>98 % ee) zu erhalten. Die Totalsynthese
wurde anschlieBend in 10 Folgeschritten und mit einer Gesamtausbeute von 18%

abgeschlossen.

Um das Potenzial dieser Transformation weiter zu untersuchen, wurde die Aren-
Photoaktivierung von Benzaldehydderivaten untersucht. In diesem Zusammenhang
zeigten  2-Alk-w-enyloxy-substituierte  Benzaldehyde keine photochemische
Reaktivitatt am Aromaten, wohingegen die entsprechenden Iminiumionen
photoinduzierte Reaktionen eingingen. Drei Reaktionsmuster wurden beschrieben und
kénnen unter Bestrahlung mit sichtbarem Licht durchgefiihrt werden: a) Am héaufigsten
beobachtet wurde eine ortho-Photocycloaddition die zu einer bis dahin unbekannten
Reaktionskaskade fuihrte und benzoxacyclische Produkte lieferte (13 Beispiele, 44—99
% Ausbeute). Die Reaktionskaskade verlauft mit hoher Diastereoselektivitat und ist
stereokonvergent. b) War der Benzolring in 3-Position substituiert, fand eine meta-
Photocycloaddition statt, die tetracyclische Geriiste mit ausgezeichneter Regio- und
Diastereoselektivitat lieferte (2 Beispiele, 58-79 % Ausbeute). c) Wenn das verkntipfte
Olefin intern substituiert war, trat bevorzugt eine Aza-Paterno-Bulichi-Reaktion auf (2
Beispiele, 95-98 % Ausbeute).
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1. INTRODUCTION

1.1 RELEVANCE OF SMALL MOLECULE SYNTHESIS

Pharmacological agents and their development are of great social and economic
importance. Whether it is anti-cancer drugs, substances with an antiviral effect, such
as drugs against Covid-19 or HIV, or antibiotics, life without them is hard to imagine.
From a molecular point of view, these pharmacological substances of organic origin
can be divided into two main groups: On the one hand small molecules which are
based on a carbon skeleton consisting of about 20-80 carbon atoms with a molecular
weight below 1000 g/mol (<1 kDa), and on the other hand so called biologics. These
are larger organic molecules, such as polynucleotides, peptides or antibodies with a
molecular weight larger than 1000 g/mol (>1 kDa). Small molecules are manufactured
by chemical synthesis. They are generally thermally and chemically more stable,
whereas biologics tend to be very target-specific, thereby reducing risks of side-effects,
but they typically require more complex and costly development processes.!*! Today
both drug types play important roles in the global drug market, naming Bristol Myers
Squibb’s small molecule drug lenalidomid (Revlimid®) (1) or AbbVie's antibody
adalimumab (Humira®) (2) with $ 12.8 bn and $ 20.7 bn blockbuster sales in 2021,
respectively (Figure 1a)./

With important advances in biotechnology over the last three decades, biologic drugs
have become increasingly important. However, due to them being more accessible to
patients, small molecules still make up the majority of overall global drug sales (90%)¢!
as well as of newly approved active ingredients. For example, in 2021 the FDA
approved 50 new active ingredients in the USA, of which 32 were small molecules
including e.g. maralixibat (Livmarli™) (3) against cholestatic pruritus and samidorphan
(with olanzapine Lybalvi®) (4) for the treatment of schizophrenia (Figure 1b).F!

Those active ingredients often feature complex, three-dimensional structures with e.g.
annulated arene cores and multiple stereogenic centers (highlighted in grey).
Synthesizing such scaffolds from simple and commercially available starting materials
is the key challenge in organic synthesis. This process usually involves the breaking
of existing and the formation of new bonds, which may require several individual
reactions. Each step usually involves a reaction at only one chemical bond in the

molecule but can also lead to undesired side reactions. Therefore, organic chemists



aim at finding methods that enable the formation of new chemical bonds selectively

and concisely.
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Figure 1: a) Two selected blockbuster drugs, the small molecule Revlimid® (1, C13H13N203, 259.3 g/mol)
and the antibody Humira®? (2, Ces28Ho912N169401087S46, 144190.3 g/mol) belonging to the class of
biologic drugs; b) split of FDA newly approved drugs in USA 2021, and two selected SM examples.?!

SM = small molecules, B = biologics, O = other (2), stereogenic centers are marked in grey.

Although the research field of organic synthesis is not directly focused on developing
new drugs, fundamental findings can later be beneficial for the development of new
pharmaceuticals. The key challenge in organic synthesis, and the basis of this PhD
work remains developing and understanding new reactions that enable the concise
assembly of small molecules and natural products with complex structures from simple

and easily accessible building blocks.



1.2 PHOTOCHEMISTRY: ACCESS TO COMPLEX SMALL MOLECULES

In this context, organic synthesis can be divided into several research fields, naming
for example: bioorganic chemistry, where enzymes can be applied to construct
complex molecules,™ or organometallic catalysis, where (transition-) metal catalysts
enable access to useful scaffolds.®! However, with respect to this PhD work, special
focus is put on the research area of organic photochemistry, where light is employed
to excite certain parts of a molecule (chromophores) selectively and to thereby induce
chemical reactions. Often this approach enables new chemical routes that would not
be accessible using thermal protocols.[f! An example is the total synthesis of the natural
product (-)-grandisol by Bach and coworkers (Scheme 1a).l’l Here, simple ethylene
gas was reacted with cyclohexanone 5 under light irradiation. Cyclobutene product 6

was formed which could be transformed into (-)-grandisol in five consecutive steps.
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Scheme 1: a) [2+2] Photocycloaddition™ of ethylene to ketone 5 as key step in the total synthesis of 7.
Conditions for 5—6: A = 366 nm, 50 mol% chiral Lewis acid catalyst, (CH2Cl2), —75 °C, 24 h;[l b) general

energy scheme for photochemical reactions. 1%

A central feature of this light-promoted transformations is the electronically excited
state [5]*, formed upon irradiation.[®! This excitation significantly alters the reactivity of

cyclohexenone 5 and subsequently allows the addition of simple ethylene by [2+2]

3



photocycloaddition to give product 6.° The observed reactivity cannot be achieved
using thermal energy sources as the highly reactive excited species [5]* can only be
accessed upon the absorption of photons.81% In this sense photo-induced reactions
offer powerful and efficient strategies for designing diverse organic frameworks starting
from material as simple as ethylene gas.P'l Among various photochemical
transformations,® photocycloadditions (PCA) and their synthetic potential are of

particular interest for this work.



2. PHOTOCYCLOADDITION REACTIONS

Photocycloadditions (PCA) are reactions in which upon light-induced addition of
another molecule a new molecular cycle is generated.l*? As shown in the previous
chapter, PCA reactions between two olefins give a cyclobutane product via a [2+2]
mechanism.®l However, these transformations are not limited to four-membered
carbon-based ring products only, but can be extended to diverse molecular scaffolds.
Those include heteroatoms and other ring sizes depending on starting materials and
reaction conditions.? However, in all cases flat double or triple bonds (sp? or sp
carbon atoms) are transformed into three-dimensional sp® centers enabling rapid
access to high structural complexity in a single step. Especially in cases of
intramolecular reactions, strained polycyclic scaffolds are rapidly constructed, as e.g.
Hoffmann and Pete demonstrated (Scheme 2).['31 Upon irradiation, flat arene 8 reacts
intramolecularly with the olefin moiety to polycyclic diene 9 generating three new

stereogenic centers in a single step (marked in grey).
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Scheme 2: Accessing polycyclic ring structures by an intramolecular photocycloaddition.*3!

The depicted example also displays a special type of PCA: An arene core is
photochemically excited and reacts with the olefin moiety in a formal [2+2]-addition
mechanism.¥l Aromaticity is broken up and the generated strained carbon scaffold of
9 is secured by tautomerization to ketone 10, preventing the reverse reaction.[*3l With
respect to the natural abundance of aromatic building blocks and the synthetic potential
offered by dearomatization reactions, arene photocycloaddtion reactions!*41% are of

particular interest in the context of this PhD research.



2.1 INTRAMOLECULAR ARENE PHOTOCYCLOADDITIONS AND SYNTHETIC
APPLICATIONS

Generally, one can imagine three ways of adding an olefine to an aromatic ring: In
ortho, meta or para position, which are formal [2+2], [3+2], [4+2] photocycloadditions,
respectively (Scheme 3).1161 As the addition is strongly dependent on electronic
properties as well as the geometry of the reaction partners, the reaction outcome often
remains unpredictable. However, as a rule of thumb, one can expect an electron-
deficient arene and an electron-rich olefin — or vice versa — to react in ortho position,
whereas a small difference in electronic properties favors the meta addition mode."]
The para-PCA is the least frequently observed reaction type, but may for example

occur when electron-poor arenes are reacted with allene building blocks. 5
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Scheme 3: Three potential photocycloaddition modes of ethylene to benzene.[*8

In all cases, three-dimensional structures are obtained and the level of molecular
complexity even increases when the olefin moiety is directly linked to the arene core.
Such intramolecular PCA reactions lead to polycyclic ring structures (see Scheme 2),
destined to be applied in total synthesis.'°1 In the past decades, the meta
photocycloaddition (mainly as its intramolecular version) has been elegantly applied to
the total synthesis of multiple natural products,!*® naming Wender’s synthesis towards
coreolin (13) as an early example (Scheme 4a).'®! Here, the photochemical
transformation (11—12) represents the key step in constructing the tricyclic carbon

skeleton of natural product 13.[1°:20]



In contrast to the meta PCA, applications of ortho and paral?tl photocycloaddition
reactions have remained underexplored. One of the few, yet recent applications of the
former addition mode was demonstrated by Gaich and co-workers, who elegantly
employed an intramolecular ortho PCA to access the carbon-core of tetracyclic
substrate 15 (Scheme 4b).?21 With respect to early reports on reaction cascades
initiated by intramolecular ortho PCAs,!?3 it is remarkable that in this case no
consecutive thermal reaction of the 1,3-cyclohexadiene moiety of 15 (marked in light
grey) was observed. Instead, the material could be isolated and transformed into

canataxpropellane (16) within further synthetic steps.??

a) Wender 1983

hv
meta PCA
—_—
15%
OEt
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b) Gaich 2020
TBSO hy TBSO
‘@O ortho PCA
) Wy
73% o
OTBS
14 15 canataxpropellane (16)

Scheme 4: Intramolecular arene photocycloadditions as key steps in total synthesis: a) meta PCA
(newly formed bonds and the central C highlighted in grey) in the total synthesis of 13;[*%2% pb) ortho
PCA to furnish the carbon skeleton of 16.2% (1,3-cyclohexadiene moiety marked in grey, TBS = tert-

butyldimethylsilyl).

As mentioned above, strained 1,3-cyclohexadiene intermediates formed upon ortho
PCA are prone to undergo further reactions. It became apparent that releasing
molecular strain through thermal ring expansions of the adjacent cyclobutane is the
preferred pathway and may lead to new intermediates continuing this cascade of
reactions.l?>2% In some cases, decomposition might be observed eventually, while in

other cases, unexpected products might be obtained.?] The unpredictability of such
7



ortho PCA induced reaction cascades might be a reason why chemists have avoided
their applications in synthesis. However, looking at it from a different perspective, an
array of intramolecular reactions induced only by light irradiation can offer concise and
innovative routes to complex molecules. Only in recent years, the synthetic and
catalytic potential of (intramolecular) ortho photocycloadditions have been further

investigated and formed the basis for this work.



2.2 RECENT ADVANCES IN ORTHO PHOTOCYCLOADDITION CHEMISTRY

The following chapter is divided into two sections: a) recent advances in the synthetic
application of intramolecular ortho photocycloadditions and b) further development of

this method with respect to photocatalysis and enantioselective approaches.
a) SYNTHETIC APPLICATIONS

Inspired by early work,?®l in 2016 our group became interested in photo-induced
reaction cascades on salicylic acid derivatives.l?®! In particular, esters?®! and
indanonel?l substrates A were prepared and indeed they were found to undergo an
intramolecular photochemical reaction cascade, concisely leading to complex
molecules D (Scheme 5a).[?326.27 This sequence of reactions is initiated by an ortho
photocycloaddition leading to the strained 1,3-diene intermediate B. In contrast to
Gaich’s synthesis (see chapter 2.1),[?? a consecutive thermal disrotatory ring opening
furnishes triene C, which upon further irradiation generates cyclobutene product D by
[4=] photocyclization. It is worth noting that three stereogenic centers are created within
this single operation (Scheme 5a, highlighted in grey). Initially, the developed method
was applied to salicylate derivatives,l?6! and was later expanded to indanone

substrates.[26.27]

a)
=0 hv
| — -
0) ortho
[2+2]
A
applicable for salicylate 15 examples
and indanone derivatives up to 87%
b) 1
5 \&O (x 350 nm)
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: § t, 20 h 18%
' © 60%
E 17 18 atlanticone C (19)

Scheme 5: a) ortho PCA initiated intramolecular reaction cascade developed in the group of Bach;26:27]

b) protoilludane core E and the key step in the total synthesis of atlanticone C.[?7:2%:30



If indanone substrates were irradiated, a further photoreactivity was observed?’! and
synthetically useful structures were obtained. In the particular case, indanone 17 was
employed to furnish product 18, featuring the carbon core E of protoilludane natural
products (Scheme 5b).[283% With this finding, Bach and coworkers were able to
synthesize racemic atlanticone C (19), a member of the protoilludane family in nine
steps and 18% yield.[?®!

b) PHOTOCATALYTIC AND ASYMMETRIC APPROACHES

The previously discussed total syntheses demonstrate how photo-induced
dearomatization reactions offer an efficient strategy to access complex molecules
starting from abundant and inexpensive starting materials. However, in all cases
breaking up aromaticity and constructing chiral molecules requires highly energetic
UV-light and proceeds racemically. Strategies utilizing visible light (A >400 nm),
another abundant natural resource,® have yet not been fully investigated and
developing asymmetric variants of such powerful transformations is of high interest in
the synthetic community.[®2 So far, few catalytic protocols for ortho photocycloaddition
reaction have been developed, but their applicability is limited to naphthalene and

phenanthrene building blocks.

One example is the ortho PCA-induced reaction cascade of naphthol
derivatives 20 under visible-light photocatalytic conditions published by the group of
Glorius in 2018 (Scheme 6).331 Here, an iridium-based photocatalyst (photosensitizer)
facilitates the initial ortho photocycloaddition (20—21). The respective catalyst gets
excited upon irradiation at A = 455 nm and subsequent triplet energy transfer to ketone
20 populates the reactive excited state 20* (sensitization).*¥l This photocatalytic
process allows the initial ortho PCA and consecutive reactions to proceed under

visible-light irradiation.

10
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20 21 22

Scheme 6: An ortho PCA-induced reaction cascade of naphthol derivatives under sensitizing

conditions.[*3]

Simultaneously, our group described an enantioselective intermolecular ortho
photocycloaddition of phenanthrene aldehydes 23 (Scheme 7).5% In this case,
coordination of a chiral Lewis acid catalyst (LA) to the carbonyl moiety introduces
chirality and leads to a bathochromic shift of the chiral complex 24.38 This concept
allows for the irradiation with visible light and the formation of enantiomerically enriched

cyclobutane 25.3%]

hv (A = 457 nm)
20 mol% LA catalyst

(CH2Cly)

78%
23 25 (94% ee)

24

Scheme 7: Lewis acid (LA) catalyzed enantioselective intermolecular ortho photocycloaddition of
phenanthrene aldehydes. Coordination to the chiral Lewis acid catalyst via 24 enables utilizing visible
light irradiation conditions.®!

The selected examples showcase how ortho photocycloadditions can be
photochemically catalyzed through energy transfer or Lewis acid catalysis. Yet,
attempts to apply the same principles to synthetically valuable intramolecular reaction
cascades of benzene derivatives (e.g. A—D, Scheme 5a) remained unsuccessful in

our group so far.

11



3. PROJECT AIM

Within the scope of this PhD thesis, two sub projects were defined: a) developing
enantioselective synthetic applications of the observed intramolecular ortho
photocycloaddition and b) further investigating this method with respect to

photocatalysis and enantioselective approaches.

3.1 oOPCA REACTION CASCADE AS KEY STEP IN TOTAL SYNTHESIS

While the racemic total synthesis of atlanticone C was successfully achieved by using
the photo-induced reaction cascade as key step in 2019 (see chapter 2.2),1%8] the aim
of this work was to develop an enantioselective version of this synthetic route. By
comparing analytical data of the enantiopure synthetic molecule and the natural
atlanticone C (19),2% the absolute configuration of the natural product was to be

determined.

For this purpose, we envisioned a slightly modified indanone substrate 26 as compared
to the racemic version, lacking the gem-dimethyl group to undergo the reaction
cascade furnishing rac-27 (Scheme 8). The sterically approachable carbonyl group at
C-10 should then be employed as a handle for chiral resolution. Utilizing catalyst 28,
an enantioselective Corey-Bakshi-Shibata (CBS) reduction®”1 would generate
diastereomers 29a and 29b. Chromatographic separation of the two alcohols followed
by re-oxidation would give access to enantioenriched photoproduct 27. Within ten
subsequent steps this material could then be transformed to (+)-atlanticone C (19). In
addition, this approach should give us the opportunity to improve some of the low-

yielding synthetic steps previously reported in the racemic version.[?8l

12
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Scheme 8: Envisioned approach for the enantioselective total synthesis of (+)-atlanticone C (19).
Access to enantioenriched photoproduct 27 via chiral resolution: enantioselective CBS reduction”! of

rac-27 followed by separation and re-oxdation of 29a.

3.2 ARENE PHOTOACTIVATION OF BENZALDEHYDE SUBSTRATES

Previous studies in our group on Lewis acid catalysis or the use of energy transfer
photocatalysts for ortho photocycloadditions of benzene-derived ester and indanone
substrates 30 remained unsuccessful (Scheme 9a). Seeking to further explore the
potential of intramolecular ortho photocycloadditions, we turned our attention to
benzaldehyde derivatives 31. However, early on it became apparent that for such
substrates reaction at the carbonyl moiety is preferred,[®® which often leads to
decomposition of starting material and leaves the arene core untouched. However,
inspired by work on [2+2] photocycloadditions of iminium ions,% derived from o,
unsaturated carbonyl compounds 32,13%l we planned to investigate this approach
further. When carbonyl compounds are transformed into iminium ions, they exhibit a
bathochromic shift of the nn* absorption and a decrease in triplet energy compared to
the respective aldehyde and imines.[*®! Applying this principle to arene substrates
would potentially increase population of the reactive triplet state and induce the desired
reactivity at the aromatic ring (Scheme 9b). We therefore envisioned benzaldehyde-
derived iminium ions 31a to be an alternative substrate class that could undergo ortho

photocycloaddition reactions and be activated towards energy transfer.
13
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Scheme 9: a) Aromatic photosubstrates 30 and 31 with respective photoactivity and the cyclohexene-
derived iminium ion 32 showcasing activation towards energy transfer,BJ LA = Lewis acid; b) envisioned

approach for arene photoactivation through iminium ions. Photoreactivity marked in grey.

To verify this approach, in a first step we would synthesize iminium ions 31a from
salicyclic aldehyde derivatives 31 and investigate their photophysical properties.
Because of the expected bathochromic shift and lower lying triplet state of such
compounds compared to the respective aldehydes,!*?! we expected an intramolecular
ortho photocycloaddition to occur upon irradiation (31la—33, Scheme 9b). Within
consecutive reactions, as observed previously (see chapter 2.2), highly reactive 1,3-
cyclohexadiene intermediates 33 could be transformed into complex molecular
scaffolds. With an appropriate photocatalyst for triplet sensitization,** those reactions
could be carried out with visible-light irradiation. In the long term, developing such a
method would offer new opportunities for enantioselective ortho photocycloadditions,
e.g. by using chiral amines,®%¢l counter ions!®? or a chiral catalysti*!l in this sense.
Against this background, we defined photochemical arene activation through iminium

ions as central research in this work.
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Abstract The first enanticsslective total synthesis of (<)-atlanticone C
is described. The complex tricyclic protoilludane core was rapidby as-
sembled by a photochemical reaction cascade starting from an easily
accessible indanone precursor (3 steps). Optimization of an enantiose-
lective Corey-Bakshi-Shibata reduction permitted a catalytic chiral
resolution of the racemic photoproduct (45% over two steps; up to
08% ea). The enantiomerically enriched photoprodect was efficiently
transformed into the (+}-enantiomer of atlanticone C (10 steps; 18%
yield), and the absolute configuration of naturally ocouming (-)-atlanti-
come Cwas thereby determined.

Key words asymmetric symthesis, total synthesis, photocydoaddition,
chiral resolution, protoilludanes, atlanticone C

Protoilludanes are sesguiterpene natural products with
a characteristic tricyclic [5.6.4]-skeleton A (Figure 1)." Al-
though they share this tricyclic core structure, protoillu-
danes differ in the oxidation states of their carbon atoms in
the three rings. Atlanticone C (1).? for example, contains a
carbonyl oxygen at the C-8 position of the six-membered
ring, whereas illudol (2 F and pasteurestin B (3)* feature hy-
droxy groups on the cyclobutane moiety (C-4) or on the
five-membered ring (C-10), respectively (Figure 1). For al-
maost 50 years, the unique molecular architecture of protoil-
ludanes and their promising biclogical activitiess® have
motivated organic chemists to target this class of natural
products for total synthesis.®

In all synthetic approaches to these compounds, the key
challenge remains to construct the characteristic tricyclic
protoilludane core.® In several reported syntheses, the rings
were built consecutively, frequently employing intermolec-
ular [2+2]-photocycloaddition reactions to access the oy-
clobutane moiety.™® In other cases, the tricyclic skeleton
was obtained through an intramolecular tandem reac-

mCame s

o
[ =350 =
\Cﬁkﬂ & MeOHLm 55 Y
o 5% Qf\ 2 staps, mL

s oo 0 "
e — N
{ o tmaaneC T a0

OH

Figure 1 The protoilludane skeleton A and representative sescuiter-
pene natural products: atlanticone C (1), illudol {2), pasteurestin B (3)

tion.*** In their pioneering work, Johnson and Vollhardt ac-
complished a total synthesis of illudol (2) through [2+2+2]-
cycloaddition of an enediyne precursor.'” Our synthetic ap-
proach was based on our recently reported work,'"'* in the
course of which we had found that certain indanone sub-
strates B undergo an unprecedented B —+ E — F intramalec-
ular photochemical transformation (Scheme 1). This key
step allowed us to access the protoilludane core E in a single
operation.

The photochemical reaction cascade is initiated by an
ortho-photocycloaddition™ of the indanone substrate B.
The resulting strained diene intermediate C undergoes a
thermal disrotatory ring opening, forming triene D. Upon
further irradiation, a [4x]-photocyclization occurs that con-
verts D into the desired cyclobutene product E featuring
three stereogenic centers.!12 We also observed that under
certain conditions, the product can undergo a third photo-
chemical step, a di-m-methane rearrangement leading to
the cyclopropane product F.** Whereas the above-men-
tinned approach led to a synthesis of racemic atlanticone C,
we have now attempted to synthesize the compound in an
enantiopure form. Apart from obtaining proof of the abso-
lute configuration of the product, we also expected to im-
prove some of the consecutive steps, and we wanted to
showcase the utility of the photochemical reaction cascade.

& 2020. Thieme. All rights reserved. Synlett 2020, 31, 15981802
Georg Thieme Verag KC, Ridigerstraie 14, 70463 Stuttgart. Germany
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Scheme 1 Mechanism of the photochemical reaction cascade fumish-
ingy the protoilledane core E'5™

Our modified approach commenced with the synthesis
of photosubstrate 4, which was easily accessible in three
steps starting from p-methylanisole (see Supporting Infor-
mation ).’ The idea was to resolve the putative reaction
product by a subseguent enantioselective reduction, which
required a steric distinction of the substituents at the car-
honyl carbon atom. The introduction of the gem-dimethyl
substitution at C-11 was therefore postponed to a later
stage after the resolution had been performed. With 4 in
hand, we focused on the key step of our synthetic strategy,
the photochemical reaction cascade furnishing the protoil-
ludane core. Previous experiments'"*'* had shown that
the desired photochemical transformation proceeds effi-
ciently in freshly distilled dry methanol as the solvent
(0.1 mM) and with irradiation at & = 300 or 350 nm. We
were pleased to detect reasonably zood conversions of 4 af-
ter irradiation at & =300 and 350 nm for two hours (Table 1,
entries 1 and 2, respectively). In both cases, formation of
the desired photoproduct rac-5, together with the unde-
sired di-m-methane rearrangement product rac-6, was oh-
served. Although the conversion of the starting material

Table 1 Conversion of Starting Material 4 and Comparison of the Ratio
roc-5]rac-6 upon Varation of the Iradiation Time and Wavalength

4
Entry A {nm} Tirme (b} & rrc-5 moc-6* Yiekd® (L) of roc-5
1 300 20 B:26:10 25
2 350 0 34T k)
3 350 b1 B:36:3E 48
4 350 14 0:27:73 Fii]

= Determined by integration of the appropriabe "H NMR sgnals.
5 Yield of Bolated product.

was similar regardless of the chosen wavelength, we ob-
served a better rac-5(rac-6 ratio upon irradiation at the lon-
ger wavelength (entry 2. However, due to the low conver-
sion, only 27% of the desired product rac-5 was isclated af-
ter two hours (entry 2), so longer irradiation imes were
investizgated. A reaction time of 14 hours led to full conver-
sion of 4, but to an unfavorable product ratio (entry 4). After
5.5 hours, starting material 4 was almost fully consumed,
and the desired product rac-5 was isolated in a3 moderate
yet acceptable yield of 48% (entry 3 ). These latter conditions
seemed most appropriate for the further course of the total
synthesis of atlanticone C (1) and permitted the prepara-
tion of rac-5 on a scale of up to 0.75 g

Before further conversion of the photoproduct roc-5,
the carbonyl group at C-10 was employed as a handle for a
chiral resolution by an enantioselective Corey-Bakshi-Shi-
bata (CBS) reduction.'® Subsequent reoxidation' of the sep-
arated diasterenisomers 7a and 7b was expected to provide
access to the enantiomerically enriched products 5 and ent-
5 (Tahle 2. We were pleased to detect a stereodivergent re-
duction upon exposure of rac-5 to CBS reduction conditions
[(5}-2-methyl-CBS-oxazaborolidine 8, BH,-(SMe,), THF].'8
Ketone roc-5 was converted into a separable mixture of al-
cohols 7a and 7b (dr = 46:54; '"H NMR) in 96 and 93% ee,
respectively and an overall yield of 85% (entry 1). Interest-
ingly, we ohserved improved yields and enantioselectivities
with substoichiometric amounts of BHz{ 5Me, ). Full conwver-
sion of rac-5 was achieved with just 0.6 equivalents of
BH,{5Me,), resulting in an improved combined yield of 97%
and excellent enantioselectivities of 98 and 94% ee (entry
2. This result indicates that BHy{5Me,) transfers more than
one hydride atom under the chosen conditions.' Further-
more, the stability of 7a and 7b in the presence of an excess
of the borane is guestionable. Although no significant by-
products were detected by 'H NMR analysis of the crude
material or could be isolated from the reaction mixture, it is
reasonable to assume that hydroboration of the cyclobu-
tene moiety by excess borane ocours and could result in by-
products, leading to decreased vields of 7a and 7b.2" We at-
tempted to improve the enantiomeric excess of product 7h
by repeating the experiment at a lower temperature (entry
3) or at room temperature (entry 4)°' Although the enantio-
selectivity of the reduction at —40 °C remained high (entry
3), adecrease in selectivity for both diastereomers occurred
at room temperature (entry 4). In a final set of experiments,
we investigated the influence of the loading of catalytic (5}
2-methyl-CBS-oxazaborolidine 8 (entries 5-7). Although
excellent yields and enantiomeric excesses of >90% were
maintained for 7a at a loading as low as 10 mol¥ (entry 7).
the enantioselectivity toward diastereomer 7b decreased.
Because of the overall better enantioselectivity toward al-
cohol 7a, we decided to pursue our total synthesis with this
diasterecisomer. The absolute configuration of alcohol 7a
was confirmed by Mosher analysis™* of the two epimeric
esters 9a and 9b, ohtained by esterification® with the ap-

© 2020. Thieme. All ights reserved. Synlett 2020, 37, 1598-1602
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Table 2 Chiral Resolution of Racemic Photoproduct roc-5 and Optimization of the Enanticselective CBS Reduction

’J%J conzaboroliding 8 —~ Q{j H E
z:l\ B#F}[mm] ?.:| '-‘:i:- [CHu'J::;-: E b . .
5 - d o wx “tE ?Q}E; ) E
roc-b T i
entry BH.-(SMe,) {aquiv) Temp (") B {molk) Yield(EyofTa  ee(X)ofTa Yisld (Ejof b se2(X) of Th
1 Lo a 103 42 96 43 93
2 06 a 103 44 98 53 34
3 il -4i 103 45 98 44 3=
4 06 rt 105 45 9 52 490
5 06 a 50 46 96 52 &7
1] 06 a ral 46 9 449 86
1 06 a 10 46 il 50 ka1
=Yieki of isolated product.
b Determined by chiral HPLC

propriate chiral acids (see Supporting Information). Be-
cause the stability of the esters was low and their purity
not completely satisfactory, the chiral alcohol 7a was crys-
tallized and its configuration was confirmed by anomalous
X-ray diffraction (Figure 2).*

With almost enantiopure (98% ee) alcohol 7a in hand,
the compound was oxidized to ketone 5. Interestingly, the
two diastereoisomers 7a and 7b reacted at different rates in
the oxidation step, with the latter being less reactive (Tahle
2). A gem-dimethyl substitution at C-11 was introduced by
a-alkylation of ketone 5 with iodomethane, giving ketone
10 in 97% yield (5cheme 2.*° Completion of the total syn-
thesis starting from ketone 10 followed our previously de-
scribed sequence,'’ but gave us the chance to Improve some
of the individual steps. Hydrogenation of the cyclobutene
ring to cyclobutane 11, followed by condensation with N-
tosylhydrazine, gave hydrazone 12 in 54% vield [ 44% recov-
ered 11). With the directing group at C-10 in place, we con-
ducted a reductive transposition, as described by Kabalka et
al.* Here, an initial hydride attack at C-10 from the desired
diasterentopic face and subseguent formation of the douhle

Fa3
t:-_h/l-\' Fh a

Figure 2 The structure of Mosher esters 9a and Ob obtained by esteri-
fication of alcohaod 7a and the absolute configuration of alcohol 7a as
detarmined by anomalous X-ray diffraction™

bond at the C-9/C-10 position with release of nitrogen fur-
nished alkene 13. At this point in the synthesis, all the ste-
rengenic centers present in atlanticone C (1) had been es-
tablished, so we turned our focus on the adjustment of the
oxidation states at C-6/C-7 and C-8.

NaoH
Ml
(THF)
7%
“'\}Ji - oatacholboranc
e HOAc, (CHCI):
H than MaO#c.3 He0

Buli, KD

5%

b1 OH
[l = + 147
Scheme 2 Completion of the total synthesis of (+j-atlanticone C (1)

(10 steps, 18% overall visld) from enantiomerically enriched ketone 5

© 2020. Thieme. All ights reserved. Synlett 2020, 31, 1593-1602
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Because of the instability of 13 under acidic condi-
tions, "t we continued with a basic acetal cleavage. Treat-
ment of acetal 13 with the Schlosser-Lochmann base (Bu-
Lift-BuQK) followed by a guench with BF{OMeL,-0Ft,* and
an oxidative workup afforded diol 14, Adjustment of the ox-
idation state at positions C-6/C-7 was achieved by an initial
Swern oxidation to an aldehyde intermediate and subse-
quent treatment with the Furukawa reagent,™ furnishing
15 in 78% vield. In this step, optimization of the substrate
concentration for the initial Swern oxidation and a shorter
reaction time for the dehydration step led to a 10% im-
provement in the yield compared with that of the previous-
Iy reported procedure.!! DIBAL-H reduction of the resulting
aldehyde gave allylic alcohol 16, which differed from the
target atlanticone C (1) only in the oxidation state at C-8.
With 16 in hand, we proceeded with an acetylation of the
hydroxy group. We were able to optimize the acetylation
conditions to provide efficient access to the relatively un-
stable acetate 17 in 99% vield. Key to the high yvield was a
decrease in temperature from room temperature’? to 0 °C
and a shorter reaction time (10 min). The reguired allylic
oxidation at the C-8 methylene group (17 — 18) had been
previously performed'! with pyridine{Cr0;, which gave an
unsatisfactory vield of only 44%. A more extensive screen of
conditions was now performed, from which 3,5-dimeth-
yilpyrazole [3,5-DMP) and Cr(); emerged as the best reagent
combination for conducting the desired oxygenation, giv-
ing ketone 18 in 87% yield. Saponification of the ester group
proceeded with another yield improvement [84% versus
68% previously), and resulted in the formation of the de-
sired alcohol (+)-1. The spectroscopic data of the synthetic
product [+)-1 perfectly matched the data reported for atlan-
ticone C? Furthermore, the specific rotation for (+)-1 al-
lowed us to determine the absolute configuration of natural
[-}-atlanticone C (see Supporting Information). The natural
product was levorotary ([a],® -224), whereas our com-
pound showed a strongly positive specific rotation. The rea-
son for the discrepancy between the absolute values (-224
vs. +147)is unclear, however. We validated the enantiopuri-
ty (>98% ee) of compound 10 by chiral HPLC analysis (see
Supporting Information ). Compound 10 and all successive
products contain at least two stereogenic centers, one of
which is quaternary. Any loss of enantiopurity would re-
quire simultaneous racemization at all stereogenic centers,
which appears unlikely. Although it is not possible to sepa-
rate racemic atlanticone C into its enantiomers by chiral
GLC and HPLC methods, we are nevertheless confident that
our final product is enantiopure [>98% ee).

In summary, we have successfully applied a recently de-
scribed photochemical reaction cascade to a yet-unex-
plored indanone substrate (Table 1). Efficient CBS reduction
of the resulting photoproduct furnished separable diaste-
reolsomers with an excellent enantiomeric excess [97%
vield; up to 98% ee), and subsequent reoxidation provided

access to the enantiomerically enriched photoproduct 5
(Table 2). With this material in hand, we were able to com-
plete the first enantioselective total synthesis of (+)-atlanti-
cone C in ten steps and 18% yield. The absolute configura-
tion of natural (-)}-atlanticone C (1) could thus be deter-
mined.® The reported photochemical reaction cascade
seems to be applicable to a variety of structurally diverse
substrates, leading to complex and easily convertible prod-
ucts. Accessing high structural complexity in a single oper-
ation proves to be a powerful method, and should be appli-
cable in total syntheses of more natural products.® Work in
this direction is currently underway in our laboratories,
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r ™
Abstract: While 2-alk-w-enyloxy-sustituted benzalde-

hydes do not display any photochemical reactivity at the
arene core, the respective iminium perchlorates were
found to undergo efficient reactions either upon direct
irradiation (A=366 nm) or under sensilizing conditions
(A=420 nm, 2.5 mol% thioxanthen-9-one). Three path-
ways were found: (a) Most commonly, the reaction led
to benzoxacyclic products in which the olefin in the
tether underwent a formal, yet unprecedented carbofor-
mylation (13 examples, 44-999% yield). The cascade
process occurred with high diastereoselectivity and was
found to be stereoconvergent. (b) IT a substituent resides
in the 3-position of the benzene ring, a meta photocyclo-
addition was observed which produced tetracyclic skel-
etons with fve stereopenic centers in excellent regio-
and diastereoselectivity (2 examples, 58-79% yield).
(c) If the tether was intemally substituted at the alkene,
an arene photocycloaddition was avoided and an
azetidine was formed in an arxa Paternd-Bichi reaction

(2 examples, 95-98 %, yield).
p _/

Introduction

Benzene and ils dervatives display a rich and diverse
photochemical reactivity. With olefins as substrates, three
different photocycloaddition pathways are possible which
have been classified —depending on the mode of addition—
as ortho (1,2), meta (1.3), or para (1,4) photocycdoaddition."
Benrene photocycloaddition chemistry has been studied
since the late 1950% and 1960 5! and a wealth of information
has been penerated regarding the different reaction modes
of the benrene core. The para photocycloaddition is the
least frequently observed reaction among the three arene-
alkene photocycloadditions and there is a relatively limited

[] M5c. |. Proessdorf, Dr. C. Jand|, M.5c. T. Pickl, Prof. Dr. T. Bach
Department Chemie and Catalysiz Research Center (CRC)
School of Matural Sciences, Technische Universitat Monchen
Lichtenbergstrafe 4, 85747 Garching (Germany)
E-mail: thorsten_bachg@ch tum.de
Homepage: hitp:/ fowaoc] chtum.de/home_enj

r.{"' © 2022 The Authors. Angewandte Chemnie International Edition
published by Wiley-YCH GmbH. This is an open access article under
the terms of the Creative Comimons Attributicn Mon-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is propery cited and is not used
for commerdial purposes.

Anges. Chern. Int. Ed 2002, 61, «202208372 [] of )

number of reporls on ils use in synthesis.” The meia
photocycloaddition displays a much broader scope and the
reactivity pattern of its components is well understood.
Typically, the reaction occurs belween electron rich arenes
and alkenes, ie. belween compounds with a comparable
electron-donating ability, evident by a small difference in
their redox potentials. The mefa photocycloaddition has
been—mainly as ils intramolecular version—elegantly ap-
plied to the total synthesis of natural products.™** Less
frequently, the mefa photocycloaddition is observed for a
combination of electron deficient arenes and alkenes ! In
most cases, the reaction occurs on the singlet hypersurface
and the formation of exciplexes has been invoked in several
examples.®! The ortho photocycloaddition occurs typically
between arenes and alkenes with opposite electronic proper-
ties, e.p. an electron deficient arene and an electron rich
olefin.™™ In contrast to the meia photocycloaddition, the
reaction has seen less synthetic applications®! which is
larpely due to the fact that the primary photocycloaddition
products of benzenes are rarely stable. Conseculive reac-
lions are observed due Lo the lability of the primary
cyclohexa-1,3-diene which is formed upon benzene orthe
photocycloaddition.™ We have recently investigated the
intramolecular ortho photocycloaddition of salicylic acid-
derived compounds 1 and could establish conditions under
which a single product 3 was [ormed [rom the primary
adduct 2 {Scheme 1)1 The reaction could be extended to
indanone derivatives and was successfully implemented in
the total synthesis of naturally occurring sesquiterpenes. ™!l
Altempts to involve the related 2-pent-4-enyloxy-sub-
stituted benzaldehyde (4) in an ormhe photocycloaddition

turned out to be fuiile and we found under various
COOR
cooR mep=aomm | §O98 A
@ mecr) | [ [ L
- x? ,J 65-T3% k H]/j
L ]
" e 2 3 o
H A
1 CHO ® M phodo- 1 » law Iying ripkat state
r_‘;\lL cycloaddition E;H“" [sansitization?)
e 2 ? /I’-"{' W arans '*;_u\__.-;-.D f:-
s 8 S cin®

Scheme 1. The orthe photocycloaddition of salicylic acd-derived com-
pounds 1 |eads—presumably via intermediates 2—to products 3 (top).
Benzaldehyde 4 shows no photochemical reactivity at the arene ring
which triggered the present study on the photochemistry of its iminium
ion derivative 5a (bottom).
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conditions no indication for a reaction at the benzene core.
Since we speculated that the nno® triplet, which is located
essentially at the aldehyde carbonyl group,™ was respon-
sible for this behavior, we considered iminium ions such as
compound 5a as polential surrogates. In analogy to the
iminium ions derived from of-unsaturated carbonyl
compounds,™ we hypothesized that the arene iminium ions
display a low Lriplet stale which might be accessible by
triplet energy transfer (sensitization). Iminium ions like 5a
have not been previously employed™ in photocycloaddition
reactions. Mariano and co-workers studied the reactivity of
cyvclic  2-phenyl-1-pyrrolinium — ions  towards  different
olefins™! They found mainly single electron transfer (SET)
reactions with tvpical olefins such as isobutene and cvclo-
hexene. A sensitization with benzophenone was nol possi-
ble. Only with some electron deficient olefins, e.g. acryloni-
trile, products were observed upon direct irradiation (k=
260 nm; Corex filter) which emanate from an ortho photo-
cycloaddition. In the present case, the electronic situation of
the substrates was different due o the electron donating
alkenyloxy subslituent in 2-position. Visible light irradiation
could be applied Lo initiate a reaction il a suitable sensitizer
was used. It was found that the reactivity patiern of the
iminium ions changed abruptly depending on some key
skeletal features. For most substrates, a yel unprecedented
reaction cascade was observed which is likely initiated by an
intramolecular erthe photocycloaddition. Benzoxepanes or
chromanes were isolated as products depending on the
length of the tether. For substrates with a substituent in 3-
positiion, a metd photocycloaddition was observed. Sub-
strates with a 4-methylpent-4-envloxy substituent in 2-
position delivered products of an ara Paternd-Bichi reac-
tion. The details of our studv are summarized in this
account.

Results and Discussion

Owr oplimization experiments commenced with the iminium
sall 53 which was available from aldehyde 4 by condensation
with rerr-butyl amine in dichloromethane!™ and subsequent
crystallization of the respective perchlorate from ether at
0°C (see the Supporting Information for details). The salt
was soluble in acetonitrile and methanol. Preliminary
experiments in both solvenis revealed that the reactions
were cleaner in acelonitrile and this solvent was used for the
ensuing oplimization. Since we expected the iminium salt of
the product to be difficult to isolate by chromatography, the
crude material was subjected o base-catalyred hydrolysis
(3 M NaOH in waler). Irradiation al 3= 350 nm revealed the
formation of a new product (Table 1, entry 1), the spectral
data of which did not maich the expected values for an
immediate ortho  photocycloaddition  product nor for a
product of the previously observed cascade reaction!™ (cf.
1—3. Scheme 1) The product was clearly an aldehyde and it
slowly oxidized to the respective carboxylic acid upon
standing al ambient temperature under air. The latter
compound produced crystals suitable for single crystal X-ray
analysis!"" It was found thal a benzoxepane had been

Anges: Chem. Int. Ed 2002, &1, e202208329 (2 of 1)
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Table 1: Optimization of reaction conditions for the intramolecular
photocycloaddition/rearrangement  cascade of iminium salt 5a to
benzoxepane 6a. The structure of compound 6a was corroborated by
single-crystal ¥-ray analysis of the respective acid 7a.

b, S table ~¥
=10 mM {MelN);

then MaOH jag) s‘_>

o .
Gia (¥ = H) Ta{ X = 0H)
Entry* L i Senz Tialg™ s.m.M
[nm] [h] [*6] [#]
1 350 65 - a1 -
2 J66 45 - 36 -
3 420 12 - &4 g
4 220 18 T4T od -
5 457 24 - - = O
B 457 27 Ir comiplex i} 18
7 457 7 Ir complax’™ &5 14
3 70 7 Ir cormplex &0 28

[a] Reactions were performed in acetonitrile by iradiation at the
indicated wavelength (c= 10 mM) at room temperature. The primary
photoproduct was subsequently hydrolyzed by addition of agueous
MalH zolution. [b] Emission maximum of the respective iradiation
source (for detailed emission spectra, see the Supporting Informa-
tion). [c] Iradiation time. [d] Sensitizer, TXT=thicxanthen-9-one
(2.5 mol%), Ir complex (2.5 mol%): [Ir{dF{CF,) ppyl,(dtbpyl]PF.; {dF-
(CF ) ppy)=3,5-difluore-245- [rifl uoromethyl) - 2-pyridinyd] phenyl;
ditphy= 4 4-di-tert-butyl-2, Z-bipyridine. [g] Vield of isolated product 6a
[f] Yield of recovered starting material as the respective aldehyde 4
(Scheme 1). [g] The product was not hydrolyzed but the iminium salt
5a was re-izolated. [h] After & b, another 2.5 mol% of the Ir complex
werg added.

formed which displayed a X-oxoethyl group in 5-position.
Except for the carboxyl group, aldehyde 6a showed the
same NMR pattern as carboxylic acid 7a, which is why the
depicted structure (Table 1) was assigned lo the former
compound. In addition, NMR spectra of the crude product
{prior to hydrolysis) revealed that the benzoxepane skeleton
was produced during the pholochemical reaction but not
during the hydrolysis step. Irradiation at =366 nm was
even more efficient than at = 350 nm and delivered product
6a in 86% yield (entry2). Al longer wavelength (A=
420 nm) the reaction slowed down notably and remained
incomplele even after 44 hours of irradiation (entry 3). The
addition of thioxanthen-9-one (TXT), which is a known
triplet sensilizer (triplel energy Ep=268 kImol™, 77K,
ELOH)™ accelerated the reaction al A=420nm signifi-
cantly. With as little as 2.5 mol% of TXT, full conversion
was allained after 18 hours and product 6a was isolated in
04 % vield (entry 4). Al =457 nm there was no conversion
in the absence of a sensitizer (entry 3). The iridium complex
[Ir|dF(CF;)ppyL(dtbpy)|PF, (2.5 mol%; E;=252 kIimol-",
i, MeCN)™ allowed Lo recover the reactivity of substrate
53 al A=457nm bul the conversion remained incomplete
after 27 hours (entry &). Since we speculated thal catalyst
degradation might be responsible for the incomplete con-
version, another 2.5 mol® of the iridium catalyst was added
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after eight hours. However, the outcome of the reaction
remained essentially unchanged (entry 7) as compared Lo
the reaction conducted with 2.5 mol®. of catalyst only. The
same holds true for an attempled reaction at longer wave-
length (A=470nm) which did not go to completion afler
27 hours and gave 69 % yield of product together with 28%
vield of recovered starting material.

Deespite the fact that the outcome of the irradiation
experiments was unexpected. il was exciling 1o recognixe a
product patiern not yet reported for photochemical arene-
alkene photocycloaddition reactions. The excitement about
this discovery was enhanced once we realized that benzox-
acyclic sesquiterpenes represent a  biologically relevant
compound class™ The common sunflower Heltanthus
annuus for example produces compounds named Helian-
nuols, which have been reporied to show allelepathic
properties.™! Several representalives of this class of natural
products were found to display either a benzoxepane {e.g.
Heliannuol C and ) or a chromane (e.g. Helianouol E)
skeleton (Figure 1),

Against this background, it seemed adequale Lo systemi-
cally study the scope of the newly discovered photochemical
transformation. Two  different sets of conditions  were
applied to the respective iminium perchlorates 5 (Scheme 2).
Conditions A included an irradiation with visible light (L=
420 nm) for 18 hours in the presence of catalylic quantities
(25mol%) of TXT. UV irradiation (L=366nm) was
employed within conditions B and was applied as long as
full conversion was recorded by TLC analysis (2-13 h).
Under both conditions, acetonitrile was emploved as the
solvent with a substrate concentration of =10 mM and the
crude material was hydrolyeed under basic conditions. To
our delight, we found that a shorter alkyl chain linking the
olefin to the arene was compalible with the reaction and
delivered chromane 6b in high vields.

When varying the substituent X within the arene part,
we noled that a sensitized reaction (conditions A) was nol
always successful and that the direct irradiation conditions &
gave higher vields (products 6c-6h). A modification of the
tether by either introducing an oxygen atom (product 6i) or
a pem-dimethyl substitution (product 6j) turned oul to be
compatible with the reaction conditions. With regard lo
Heliannuols C and D, the facial diastereoselectivity of the
reaction was interrogated. It was found that the outcome
malches the relative configuration at positions C3C5
(Heliannuol C) and at positions C2C3 (Heliannuol 1Y) of
the natural product. Subslituents al the respeclive posilions
were found to be trans for product 6k and cts for product 61
(d.r.=diastereomeric ralio). In the former case, the assign-

5
HO 3 MO 2= HO
"é"IDH | 'I:" l OH
) o K

Helannual G Heliznnaci D Heianrugl E

Figure 1. Structures of naturally occurring Heliannuels, which are
benzoxacyclic sesquiterpenes isolated from sunflowers.
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Scheme 2. Synthasis of various benzoxepanes and of a chromane (6b)
from iminium salts 5 mediated by visible light and thicxanthen-9-one
[TXT) as a sensitizer (conditions A) or by UV-& irradiation (conditions
B). Progucts 6f, 6h, and 6j could not be obtained completely free from
aliphatic impurities.

ment of the relative product configuration was based on
nuclear Overhauser enhancement spectroscopy (NOESY),
in the latter case the assignment rests on the crysial structure
of acid 71 derived from 61 by oxidation.™ In further studies
regarding the substrate scope (see the Supporting Informa-
tion for details), it was found that the oxygen substituent in
2-position of substrates 5 is crucial for the success of the
reaction. A carbon-lethered olefin was found to be un-
reactive, neither did a tethered alkyne (pent-4-ynyloxy
substituent in 2-position) produce any product. The arene-
alkene photocycloaddition reactivity also vanished for meth-
oxy-substituted arenes and for all substrales with a sub-
stituent in 3-position (exception §d—6d). It is likely that the
substiluenis alter the electronic properties of the arene and
render the triplet stale inaccessible. Since only the standard
conditions A and & were applied it is conceivable that
irradiation at shorler wavelength or with a different
sensitizer are more successful for these substrates.

As mentioned above, the immediale precursors 1o
aldehyde products 6 are the respective iminium ions and
there is no indication that the skeleton of the molecule is
altered in the hydrolysis step. For the reaction 5a—6a
{Scheme 3), a possible explanation for the formation of the
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Scheme 3. Mechanistic proposal for the formation of product 6a from
iminiurm salt 5a. An intramolecular orthe photocyclcaddition to cation
8a initiates a cascade of 1,2-migrations and a ring fragmentation to
imaniurm ion 11a which is hydrolyzed to the final product. For a better
orentation the terminal olefin carbon atom is highlighted by a blue
circle.

final product thus relates to the formation of iminium ion
1a

In this intermediate, the alkene double bond has been
inserted into the aryl-CNH'Bu bond, which is not feasible in
a single step. Rather, we postulate an ortho photocyeloaddi-
lion as the first step of the reaction forming cyclobutane 8a.
There is precedence for the first migration from previous
work™! bul in the present case it is impossible for
intermediale 9a o restore aromaticity by elimination of a
proton. We therefore propose thal a ring contraction
precedes the fragmentation of cyclobutane 10a to the
iminium ion 11a. The increase in ring strain is compensated
by the additional stabilization of cation 10a via the adjacent
oxygen atom™ The propensity of intermediale 8a (o
undergo a 1.2-migration enables the molecule to escape the
disrotatory cyclohexa-1.3-diene ring opening observed for
the respective esters and kelones (see above).

There is circumstantial evidence that the photochemical
step of the cascade reaction occurs on the triplet hypersur-
face. Although the lack of phosphorescence for maost
iminium ions 5 did not allow Lo assess their tiplel energy,
we found the bromo compound Sh o be luminescenl. Very
likely, the heavy alom effect facilitates inlersysiem crossing
{(15C) and enables to delect triplet emission al 77 K™
The energy of the (0.0) transition was calculated from the
emission in  the short-wavelength regime (point  of
inflection)™ and was found to be 257 kImol™ (77K,
EtOH). We expect the other iminium ions to display similar
triplet energies which renders energy transfer from TXT
thermodynamically [easible. A second picce of evidence
sugpesting triplel reactivity was found when we studied the
reaction of the hex-4-envloxy substituted arenes Sm. In this
case, both diastereoisomers were subjected individually to
the reaction conditions and provided products 6m and 6 m'
under either reaction conditions A or B (5cheme 4).

In both cases, product ém prevailed irrespective of the
double bond configuration. It was verified by "H NMR
analysis thal the dr. does not change in the hydrolysis step
which in turns means that the relative configuration between
the stereogenic cenlers is established en route to the
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Scheme 4. The cascade reaction of the two diasteregisomers (E)- and
[Z)-5m to products 6m and 6m’ proceeded stereoconvergently. The
product d.r. was identical before and after hydrolysis suggesting that
the sterecconvergence stems from the photocycloaddition step. A
putative triglet diradical 12m allows for free rotation around the
indicated single bond leading to the preferential formation of primary
photoproduct 8m. The relative configuration of this intermediate
translates into the relative configuration of product 6m. Acid 7 m’ was
obtained from the minor diasterecisomer 6m’ upon standing on air
and its structure was elucidated by single-crystal X-ray analysis.

benzoxgpane iminium ion. Since the 1.2-migration steps are
expected Lo occur stereospecifically™ it is likely that the
erosion of the relative configuration occurs in the orthe
photocycloaddition step. Indeed, a triplet pathway™! re-
quires formation of cyclobutane 8m Lo occur via 1.4
diradical intermediate 12m in which rotation around the
former double bond is feasible. For steric reasons, cyclo-
butane 8m should be preferred over its epimer 8m' {not
shown) and delivers in conseculive steps the major product
6m. The other epimer 6ém’ derives from Sm' and ils
configuration was established from the crystal structure of
carboxylic acid Tm' /=

The orthe photocycloaddition step of the putative
reaction cascade should also account for the relative
configuration of the newly formed stereogenic center(s).
The diastereoselective formation of products 6k and 61 is
suggested 1o rest on a selective approach of the tethered
olefin onto the aréne (Scheme 2). The situation for the
reaction of chiral substrate 51is depicted in Scheme 5. There
are two chair conformation conceivable leading o inter-
mediate products &1 and &1 with the tetrahydropyran cfs-
fused to the cyclobutane ring. The former intermediate
forms if the oxygen tether shows away from the iminium
group and the methyl group at the stereogenic center adapls
the equatorial position in a chair-type conformation. The
relative configuration of the stereogenic centers will not be
altered and the two indicated hydrogen aloms remain cfs-
positioned to each other in product 6l In analogy, the
altermative cycloaddition mode manifesis the opposile
relative configuration translating into product structure 61°
with the substituents being frans-positioned. A reason for
the preferred conformation of substrates 5§ in the ortho
photocycloaddition could be a hydrogen bond between the
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Scheme 5. The facial diastersozelactivity observed in the reaction of
subrstrates 5k and 51 can be explained by a six-membered chair
conformation of the side chain, in which the methyl group resides in
an equatorial position. For compound 5| the preferred chair conforma-
tion is depicted on the |eft. The preference is potentially due to
intramwolecular hydrogen bonding and intermediate 81 is formed with a
distinct relative configuration. According to the proposed mechanism
for subsequent transformations of intermediates 8 (Scheme 1), the
relative configuration at the two stereogenic centers is retained in
products 6.

iminium nitrogen and the oxygen atom. In the cryvstal
structure of compound Se™! the hydrogen bond is sug-
gested bul its existence in polar solvents such as acetonitrile
was not experimentally confirmed. NOESY measurements
support the proximity of the indicated hydrogen atoms al
the iming carbon atom and al carbon atom Cé.

The relative configuration of product 6k can be
explained in full analogy to the formation of 6L A related
chair conformation with the methyl group in an equatorial
position leads 1o an intermediate in which the hydrogen
atoms al the slereogenic centers are located frans (o each
olher and they remain franys in the final product. It should be
noted that the arguments provided for the preferred
formation of the intermediale erthe photocycloaddition
product (c.g. Bl) apply irrespective of whether cyclobutane
formation occurs as a triplet or as a singlet process.

As described in the previous chaplers, iminium ions
derived from various 2-pent-4-enyloxy-benzaldehydes Sc-5h
had given consistently benzooxepane products 6 irrespective
whether substituents were positioned in 4- (products 6e—6h,
Scheme 2, 3- (product 6d), or 6-position (product 6¢). This
oulcome changed dramatically when subjecting iminium
ioms to the reaction conditions thal displayed an alkyl
substituent in 3-position. Subsirates 5moand 5o (Scheme 6)
delivered under either conditions A and & structurally
different products the constitution of which was again
resolved by X-ray analysis. Aldehyde 130 obtained in 58%
yield upon sensitized irradiation (conditions A) of 123-

Anges. Chem. Int. Ed 2022, 61, £202208328 {5 of §)

Research Articles

g

& yHl
MH'Bu i
oy conditions O, ]
[ ity Aarl <-L-> !
b ]
7 B gl T
; I""-\._.-"'"'\-\.‘_‘-_."; RI ==y, )

8n R=Me A T¥ B 4X%(Bh) 13n
S8 R=Bu A:5B% B:20%(18h) 130

Scheme 6. Formal meta-photocycloaddition observed upon irradiation
of 1,2 3-trisubstituted benzene darivatives 5n and 5o and the structure
of acid 140 (derived from aldehyda 13@) in the crystal.

trisubstituted benrene So was oxidized upon standing and
produced crystals of the respective acid 140! The crystal
structure  revealed the product (o0 contain @
tricyclo|5.1.0.0¢¥|oct-2-ene core which is the hallmark of a
meta photocycloaddition. Likewise, the 3-methyl-substituted
iminium ion 5m delivered the letracyclic product 13m in
79 % under sensitizing conditions. Both products were also
obained by direct irradiation (conditions B) but the vield
was lower. In the case of 5m, direct irradiation resulled in
the formation of the benzooxepane product 6m as a side
product (23%). In the case of 5o, the reaction was
incomplete and 62 . of starting material was re-isolated.

The significantly higher yields obtained for products 13
under sensitizing conditions suggest thal product formation
occurs via a triplet reaction pathway, which is a rarely
observed reaction pathway for a meta photocycloaddition.
For substrate 5m, triplet 1.4-diradical 12n would be a likely
intermediate in which the initial bond formation has led Lo a
six-membered tetrahydropyran ring. If ring closure (o a
cyclobutane occurred (orthe transition state) the repulsion
between the methyl group and the oxygen atom would be
further increased because the tetrahydopyran ring is planar-
ized (Scheme 7). The repulsion should be even stronger if a
tert-butyl group is present and this pathway is nol accessible
for substrate So.

If the meta photocvcloaddition product is formed (et
transition state), the tetrahydropyran ring can remain in its
chair conformation avoiding torsional strain between the

BN

"Bu m‘E"

Scheme 7. Tentative explanation for the preferred formation of mets
photocycloaddition product 13 m, as opposed to the cascade product
6n derived from an initial ovthe photocycloaddition (TS =transition
stake).
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methyl group and the oxygen atom. The crystal structure of
compound 140 nicely illustrates the sirain release belween
the substituent al the former carbon atom C3 (feri-butyl)
and the tetrahvdropyran in its chair conformation. An
important feature of the substituenl B in substrates 5 is
associated with the fact thal they allow for the formation of
the tricyclo]5.1.0.0%|oct-2-ene core as a single regioisomer.
Cyelopropane formation occurs exclusively at the former
carbon atom C5 but not atl C3. While many intramolecular
meta photocycloaddition reaction suffer from a divergent
regioselectivity (linear vs. angular product),™* single iso-
mers were isolaled in the present case. Five slercogenic
cenlers are established in a dearomatization reaction™! with
perfiect control of the relative configuration.

Apart from the two reactivity modes already described,
a third photocycloaddition pathway was observed for
iminium ion Sq (Scheme 8). In this instance, the tethered
alkenyl group bears a substituent at the internal carbon
atom of the double bond. The reaction in the presence of a
sensitizer (conditions A) turned out to be sluggish and only
50% conversion was observed afler the standard reaction
time of 18 hours. Conditions B were better suited for the
conversion of this substrate and the reaction was complete
after 18 hours. It was noted, that the product was not an
iminium ion which is why we omitted the hydrolytic work-
up. Instead, the product was isolated simply by removal of
the solvent and turned oot (o be the protonated azetidinium
salt 15q. Iis structure was secured by single crystal X-ray
analysis.™!

In an analogous fashion, the 4-methylsubstituted deriva-
tive 5r produced under identical conditions product 15r.
Agetiding formation can be accounted for by a photo-
chemical |2+2| photocycloaddition at the iminium double
bond (ara Paterni-Bochi resction). = Due to its additional
substituent, an arene photocycloaddition would require for
subsirales 5q and 5r the formation of a quaternary carbon
atom in the congested environment of a tetrahydropyran (cf
Scheme 7) as the first reaction step. The 1.4-diradical
intermediate appears o be not formed but rather an
alternative attack of the alkene occurs at the C=N bond.

o b (5 = 366 nm) Gioy, i v
MH'Bu i
I 18R (MeCH} 1, M P . !
g —— ] Bun® e e v
| 0, H L , X
R [ ) XA
Y e L
it 95% g | 5y
S5F R =Mea QR 15¢ '

Scheme 8. Intramolecular aza Paternd—Bachi reaction of iminium ions
5qand 5rto azetidines 15q and 15r;, the constitution and relative
configuration of produwct 15q was elucidated by single-crystal X-ray
crystallography.
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In summary, it was found thal iminium ions derived from 2-
alk-w-enyloxy-substituted benzaldehydes show three clearly
distinct reaction modes. The reaction pathway observed for
most substrates leads to the formation of benzoxacyclic
products, which bear—after hydrolysis—a 2-oxoethyl sub-
stituent either in 5-position of a benroxepane or in 4-
position of a chromane skeleton. The reaction occurs with
excellent facial diastereoselectivity and provides access (o
2.5- or 35-disubstituted benzoxepanes. The latler observa-
lion bears relevance o a polential application for the
synthesis of biologically active benzoxepanes. A variation of
the typical reaction scheme was observed for two clearly
defined scenarios: IT the substrate displays an alkyl group in
F-position of the benzene ring, a mefa photocycloaddition
was the preferred reaction mode giving access Lo Letracyclic
products 13m and 130, The remarkable features of this
process arg the selective formation of a single alicvelic
skeleton (high regioselectivity) and the simullaneous gen-
eration of five stereogenic centers. Applications of this new
meta photocycloaddition variant are conceivable in the total
synthesis of diquinanes which bear a carbon and an oxyeen
substituent at the carbon atoms in positions C1 and C3 of
the bicyclo|33.0)octane ring. Eventually, an additional
substituent al the internal alkene double bond within the 2-
alk-g-egnyloxy tether avoids any arene photocycloaddition
but forces an ara Palerni-Bichi reaction al the iminium
C=N bond. The observed product diversity is nol random
but predictable and the reaction outcome of the arene
photocycloaddition reactions can be rationalized by assum-
ing a triplet reaction pathway.

Conclusion
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6. SUMMARY

Within this PhD work, two main projects were completed. a) The total synthesis of
atlanticone C was performed enantioselectively, highlighting the synthetic applicability
of the employed ortho PCA-induced reaction cascade. And b) benzaldehyde-derived
iminium ions were found to undergo efficient, yet unprecedented intramolecular
photoreactions resulting in a diverse range of carbon skeletons. These transformations
can be performed under direct irradiation or under sensitized conditions utilizing visible
light.

a) ENANTIOSELECTIVE TOTAL SYNTHESIS OF ATLANTICONE C

The synthetic route started similarly to the racemic version?8 with the synthesis of
photo substrate 26 (Scheme 10).14243 Subsequently, the photo-induced reaction
cascade was optimized, and the best result was obtained at A = 350 nm, in MeOH,
with a reaction time of 5.5 hours yielding 48% of rac-27 (Scheme 10). In this case, it
was particularly challenging to suppress the consecutive photoreactivity of ketone rac-
271271, The obtained racemic photoproduct lacked the gem-dimethyl group at the a-

position and thus enabled a steric distinction of the substituents at C-10.

H Ph
o)
10,
/28
(x 350 nm) s BH3 (SMey) .,

k f (MeOH) Z (THF)

it 5.5 h 09 oec 1h
48% rac-27 9a

45% 98% ee) (53%, 94% ee)

MI’]Oz
(CH,Cl,)
NaH Mel 97%
THF

97%

Scheme 10: Access to enantioenriched photoproduct 27 via chiral resolution: Enantioselective CBS

reduction®? of rac-27 followed by separation, re-oxdation of 29a and gem-dimethylation.
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Because of the higher enantiomeric purity of 29a, we continued our studies with this
enantiomer. Thus, we first confirmed the absolute configuration of alcohol 29a both by
Mosher analysis* and anomalous X-ray diffraction and subsequently continued with
synthetic steps. Upon re-oxidation of the alcohol to ketone 27, followed by a gem-
dimethylation, the desired compound 18 was obtained in enantiopure form (Scheme
10).

The completion of the synthetic route remained unchanged compared to the racemic
version,?8 but allowed the improvement of individual transformations, especially within
the final steps (Scheme 11). In particular, for the oxidation/dehydration sequence of
34—35 a 10% increase in yield was achieved by varying substrate concentration in the
Swern oxidation[*®! step, as well as by a reduced reaction time for the dehydration step.
Next, the obtained aldehyde 35 was reduced to alcohol 36 and acetyl protected. For
the latter step, we were able to optimize conditions reducing reaction temperature to
0 °C and reaction time to 10 minutes. This provided efficient access to the relatively
unstable acetate 37 in 99% yield and we could continue screening various reaction
conditions for the subsequent allylic oxidation. While 44% yield were reported for this
step in the racemic synthetic route,[?8! we found the combined use of CrOs and 3,5-
dimethylpyrazole (3,5-DMP)[*8] to perform best, furnishing ketone 38 in 87% yield now.
Finally, saponification of the acetate delivered 84% of the desired enantiopure (+)-
atlanticone C (19 >98% ee).

18
Swern, then
MsCl, H,0,
H DMAP Dibal-H
4steps /> (CHCly) (CH,Cl)
OH OH 78% 83% OH
34
ACQO
DMAP
CFO3 (py
K,CO3 35 DMP H 99%
- /II
(MEOH/Hzo) CH20|2
84% OAc  87%

38

Scheme 11: From diol 34, the total synthesis of enantiopure (>98% ee) atlanticone C (19) was

completed in five steps and an overall yield of 47%.
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Spectroscopic data matched those reported for natural atlanticone C, while the specific
rotation indicated the absolute configuration to be opposite to the configuration of
naturally occurring (-)-atlanticone C.E% The natural product was levorotary
([a]o?® = —224), B9 whereas our compound showed a strongly positive specific rotation
of [a]p?® = +147. In summary, starting from enantioenriched photoproduct 27, the first
enantioselective total synthesis of (+)-altlanticone C was completed in 10 steps and
with an overall yield of 18%, emphasizing the synthetic utility of this photo-induced

reaction cascade.

b) ARENE PHOTOACTIVATION THROUGH IMINIUM IONS

Within this work, we investigated the arene photoactivation through iminium ions of
benzaldehyde derivatives. We hypothesized that the respective iminium ions display a
lower triplet state as compared to the benzaldehyde moiety, which might be accessible
by triplet energy transfer (sensitization).l®* To test this hypothesis, we performed a
simple condensation/precipitation sequence*”8l to obtain iminium perchlorate 40 from
aldehyde 39 (Scheme 12a). To our delight, this material indeed showed a
bathochromic shift® compared to the respective aldehyde and initial irradiation
experiments led to clean conversion and formation of unexpected photoproduct 41
(Scheme 12a).

a) J< C\)
0P hx

i |
©\) 1. 'BuNH, hv
R _—
AN 2. HCIO NN then NaOH
o = 4 0 = o
39 40 M1
b) 40 41
_ . — _ ! _ B ~
1 N
HG’)N N-R R
hv N @ H—N\-)
‘) —_— —_—
ortho 1,2-shift alkyl shift ring opening
PCA o 0 ©) rearomat.,
] | B 0] hydrolysis
42 43 44

Scheme 12: a) Two step sequence to perchlorate substrate 40849 and the isolated product 41 obtained

upon initial irradiation experiments; b) proposed mechanism for the formation of 41.
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We propose the observed reaction pathway to be initiated by an ortho
photocycloaddition forming 1,3-cyclohexadiene 42 (Scheme 12b). Instead of a
previously observed disrotatory ring opening (see chapter 2.2), 1,2-migration to
intermediate 43 releases molecular strain.[*8l Next, we propose a ring contraction
where the increase in ring strain is compensated by additional stabilization of cation
44 via the adjacent oxygen atom.[*9 Finally fragmentation of cyclobutane 44 and
subsequent hydrolysis furnishes aldehyde 41.

With this finding, we continued screening irradiation conditions and found 40 to
undergo the photochemical transformation most efficiently under sensitizing conditions

(A) or upon direct irradiation (B) (Scheme 13).

=0

A: 94%
A: hv (. = 420 nm) 2.5 mol% TXT, 18 h B 86%
B:hv (A =366 nm), t=4.5h

U ¢ =10 mM (MeCN), then NaOH (aq) o

40 41

©
ClO4~ ®NHBu
I

Scheme 13: Efficient transformation of perchlorate 40 to 41 under sensitizing conditions A (TXT =

thioxanthen-9-one) or upon direct irradiation B.

We then turned our attention to the scope of this reaction and found 13 substrates (44-
99% vyield) to undergo this yet unprecedented formal carboformylation. The cascade
process occurred with high diastereoselectivity and was found to be stereoconvergent.
In addition, we noticed two other reaction pathways to occur under the selected
conditions (Scheme 14). Firstly, if the benzene ring was substituted in 3-position,
a meta photocycloaddition was observed, generating tetracyclic skeletons with five
stereogenic centers in excellent regio- and diastereoselectivity (46, 2 examples, 58—
79 % yield). Secondly, when the tether was internally substituted at the alkene, an aza
Paterno—Buchi reaction was preferred and the arene core remained untouched (47, 2
examples, 95-98 % vyield).
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© Chy (4 =
CI08 A: hv (A = 420 nm)

1 - _ ! — —
® 'l\lHtBu 2.5 mol% TXT or Rz R=alol Me,LlR "
B: hv (% = 366 nm), Ox : Bu. @
then NaOH (aq) H o
Ra 0 MeoN) - ClO,
R ' o)
45 46 47

Scheme 14: Within this study, two alternative reaction pathways were found: Structurally different
products 46 (meta photocycloaddition) and 47 (aza Paterno—Biichi reaction) were observed depending
on two key substituents (R, R1).

In summary, within this PhD work, the first enantioselctive total synthesis of atlanticone
C was completed. Employing a reaction cascade induced by an intramolecular ortho
photocycloaddition as the key step in this synthesis highlights once more which
enormous synthetic potential dearomatization reactions offer. To investigate this
powerful method even further, we have turned our attention towards the arene
photactivation of benzaldehyde derivatives through iminium ions and found yet
unprecedented photo-induced reaction pathways. Within this work we therefore
developed a first protocol for intramolecular ortho photocycloadditions of iminium
perchlorates, that can be performed under visible-light irradiation by triplet
sensitization. In the long term, these findings offer new opportunities for
enantioselective approaches, e.g. by using chiral amines,®% counter ionsl*? or a

chiral catalyst*! and research in this direction will be continued in the Bach group.
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