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Abstract

Driven by the demand of the pharmaceutical industry for enantiomerically pure, complex
organic molecules, asymmetric photocatalysis emerged in recent years as a powerful synthetic
platform. Among several important classes of photocatalysts, photochemically active chiral
phosphoric acids (PACPAs) gained notable attention. However, in the case of reactions
mediated by triplet energy transfer, they have mainly been used for [2+2] photocycloadditions.
In this work, the reaction scope of PACPAs was expanded to the enantioselective cis-trans
isomerization of cyclohept-2-enone-3-carboxylic acid (up to 38% ee) as well as the

photochemical deracemization of 2,3-allenoic acids (up to 71% ee).






Zusammenfassung

Angesichts der Nachfrage der pharmazeutischen Industrie nach enantiomerenreinen,
komplexen organischen Molekiilen hat sich die asymmetrische Photokatalyse in den letzten
Jahren zu einer leistungsstarken synthetischen Plattform entwickelt. Unter den verschiedenen
wichtigen Klassen von Photokatalysatoren haben photochemisch aktive chirale Phosphorsduren
(PACPAs) besondere Aufmerksamkeit erlangt, obwohl sie im Fall von Reaktionen, die durch
Triplett-Energietransfer vermittelt werden, hauptsachlich fiir [2+2]-Photocycloadditionen
verwendet wurden.

In dieser Arbeit wurde die Reaktionsbreite von PACPAs um die enantioselektive cis-trans-
Isomerisierung von Cyclohept-2-enon-3-carbonsidure (bis zu 38% ee) sowie die

photochemische Deracemisierung von 2,3-Allencarbonsduren (bis zu 71% ee) erweitert.
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1. Synthetic Chemistry as a Driver of Innovation in Drug Discovery

Historically, pharmaceuticals beneficial to mankind were obtained from natural sources as
plants or fungi and have been in use since thousands of years.['! Only the development of the
chemical industries around the world at the beginning of the 20th century gave rise to new and
more efficient drugs: Synthetically modified, naturally occurring molecules, or by the means of
organic synthesis de novo constructed scaffolds.[?! Since the early days of drug discovery,
advancements have been sparked by innovations in synthetic methods.

In modern times (21st century) this is reflected by five Nobel Prizes awarded for the
development of groundbreaking synthetic tools: The development of asymmetric
hydrogenation and oxidation reactions in 2001,1*) the development of metathesis reactions
awarded in 2005, palladium-catalyzed cross couplings in 2010, asymmetric organocatalysis
in 202101 and most recently for the development of click chemistry and bioorthogonal
chemistry in 2022."]

All these reactions significantly contributed to tackle the problems associated with the synthesis
of new, more efficient drugs, although certain challenges remain. Among these, small-molecule
drugs often contain heterocycles or unprotected, polar functional groups which are not well
tolerated by many synthetic methods.®] For example, highly desirable late-stage
functionalization of already complex molecules (giving fast access to broad libraries of
compounds) are only feasible, if specific functional groups are tolerated. Furthermore,
medicinal chemists discovered that Escaping from Flatland (changing sp>-rich, achiral aromatic
molecules towards more three-dimensional compounds containing sp*-hybridized carbon
atoms) increases the chance of a drug candidate to become a marketed drug.””) Due to the lack
of commercially available building blocks, and the absence of suitable methods for the
connection of these, Escaping Flatland still is considered a notable challenge.

Conclusively, in many cases molecules are investigated that chemists can synthesize, and not
necessarily the most promising candidates they could think of.['”! Nevertheless, there are trends
in the current research community to address these issues (Figure 1).

Maybe the most fundamental development of the last years is the rise of Al (Artificial
Intelligence), which connects all areas of industry and has the potential to change the day-to-
day life of everyone. More specifically, Al could help accelerating discovery timelines for

example through faster target validation or fewer cycles of molecule design and optimization.!!



One of the more synthetic trends observed over the past years is the use of bioisosteres a) to
replace aromatic moieties through more sp*-rich mimics.['?! This trend is fueled by a flow of

publications addressing the synthesis of useful bioisostere building blocks.!'?]
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Figure 1. Selection of synthetic and technological developments fueling innovation in drug discovery.

HTE (High Throughput Experimentation) b) enables chemists to screen reaction conditions for
a fraction of the cost and time of earlier days, allowing for rapid optimization of challenging
synthetic steps. Furthermore, HTE facilitates the accelerated screening of compound libraries
against therapeutical targets.!'*

Synthetically, another significant trend is skeletal editing ¢), which enables the modification of
the core skeleton of a target molecule at a late-stage, allowing for rapid access to the chemical
space around a lead compound. The de novo synthesis of each molecule is thereby
circumvented.[!?!

Photochemistry d), the main topic of the following chapters and this thesis, addresses synthetic
challenges in many unique ways. Certainly, of special value for the pharmaceutical industry are
novel methods for the formation of C-C bonds and other photoredox-mediated processes!'® but
also processes involving singlet excited states!!”! or triplet energy transfer!'®! are of special
interest. Considering the substantial need for homochiral compounds in the pharmaceutical

industry, methods leading to enantiopure molecules are highly desirable.[”]



2. Principles of Enantioselective Photocatalysis

In contrast to conventional (thermal) enantioselective catalytic processes, enantioselective
photocatalysis provides unique challenges, which often cannot be addressed by the same means
as in the realm of thermal catalysis. Most importantly, upon irradiation with light, molecules
gain a notable energy sufficient for fast subsequent reactions, which proceed without further
catalysis. Therefore, it is crucial for a successful enantioselective photochemical reaction to
ensure a chiral environment for the substrate molecule already in the excitation step.[>”!

Some of the most important concepts to achieve this goal are summarized in Scheme 1.2!!

a) Exciplex Formation b) Ground-State Assembly c) Chromophore Activation
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Scheme 1. Selected mechanisms of enantiocontrol in photocatalytic processes. PC = photocatalyst, S = substrate,

P = product, C = catalyst (without photocatalytic activity).

While historically exciplex formation @) played an important role in the development of some
of the first enantioselective photochemical reactions,'*”) ground-state assembly 5)!**% and
chromophore activation ¢)?®! are the more widely applied principles today.

In general, it is important to prevent racemic background reactions by selective excitation of
the substrate molecule (either by energy transfer or direct irradiation) within the vicinity of the
chiral catalyst. If the rate of excitation is higher for substrate molecules bound to the catalyst
than for non-complexed substrate and if the rate of the photoreaction is higher than the rate of
dissociation of the catalyst-substrate complex, this is the case.

Along these lines, another key aspect to prevent racemic background reactions is the appropriate
choice of the irradiation wavelength.

Figure 2 aims to give an overview of typical structures of chiral photocatalysts. They can be
divided into three classes: a) organocatalysts (1-4),2>?721 p) semimetal and metal-based
catalysts (5-8)P%3!321 and ¢) macromolecular catalysts as 93 which also include
photocatalytically active enzymes.*#

Apart from the distinction based on structural features, it is reasonable to further divide the most
often applied catalytic systems into three groups:

i) Chiral, non-photochemically active catalysts
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Figure 2. Selected examples of catalysts used for enantioselective photochemical reactions across a plethora of

structural diversity. Me = methyl, TMS = trimethylsilyl, tBu, = tert-Butyl, Ph = phenyl, acac = acetylacetonate.

ii) Chiral, non-photochemically active catalysts in combination with achiral
photocatalysts (Dual Catalysis approach)

iii) Chiral catalysts with photocatalytic activity

In the design of new catalysts for enantioselective photochemical transformations, thermal
enantioselective chemistry has certainly been an inspiration in terms of available structural

motives. In the design of a promising catalyst or catalyst class different factors play an



important role, but accessibility and price, as well as generality in terms of the reactions the
catalyst can perform, are among the main points of interest. Given the overwhelming success
of phosphoric acids and their derivatives in conventional enantioselective catalysis, it is little
surprise that this class of catalysts also conquered the field of enantioselective photochemistry

readily.



3. Chiral Phosphoric Acids as Privileged Catalysts for Enantioselective Photochemical
Transformations

While the use of chiral Lewis acids for enantioselective photochemical transformations was

3% the use of chiral Bronsted acids stayed underexplored for longer. An

established rather early,
early example is the asymmetric aza-pinacol cyclization reported by Knowles in 2013 [see
chapter 3.2 b)],%°! operating in the regime of photoredox catalysis. Other pioneering
contributions were made by Sibi and Sivaguru in 2014,°) when they used a chiral thiourea
derivative for an enantioselective intramolecular [2+2] photocycloaddition. Notably, in this
work the concept of chromophore activation was extended from Lewis acids towards Bronsted
acids, as the employed chiral catalyst led to a bathochromic shift in the absorption of the
substrate coumarins, allowing for a selective direct irradiation of the substrate-catalyst complex.
Other important seminal work by our group centered around the activation of dithianes by
strong Bronsted acids, although in this case the reactions stayed racemic.*®!

The Yoon group showed in 2020, that a dual catalysis approach involving a Bronsted acid in
combination with a ruthenium-based triplet sensitizer can lead to an improved racemic reaction.
The findings in this study led to the conclusion that under certain circumstances Bronsted acid
catalysts can lead to an improved rate of triplet energy transfer from a triplet sensitizer to an
activated substrate.7]

Based on these fundamental publications, the rapidly evolving field of enantioselective
photochemistry relying on chiral Bronsted acids formed. The following chapters aim to describe
the most recent developments with a focus on the most relevant chiral Bronsted acids, namely

chiral phosphoric acids and their derivatives.

3.1. Non-Photochemically Active Chiral Phosphoric Acids

The Yoon group extensively exploited the principle of chromophore activation for a variety of
highly enantioselective [2+2] photocycloadditions involving substrates like 10 (Scheme 2). The
basic idea involves protonation of the 3-alkyl imidazole unit of 10 by the chiral Bronsted acid
CPA 1, leading to a bathochromic shift of its absorption. By choosing a suitable irradiation
wavelength of A > 400 nm, the catalyst-substrate complexes are selectively excited leading to
high enantioselectivities.

In the first publication of this series [Scheme 2 a)], 2-acyl imidazole 10 was reacted with an
excess of styrene (11) in the presence of 20 mol% of the acid catalyst leading to the

corresponding enantioenriched cyclobutane 12 (33 examples, 37-85% yield, 62-99% ee).l*8]



a) Chromophore Activation by Chiral Brensted Acid

CPA 1 (20 mol%)

Me
Me @ hv (% > 400 nm) N ?
N / WJ s
<\/, Ph  (PhCH3) 78 °C, 5 h \ g
N1 =l
. Ph Ph
12
ZPh 11 (10 eq.) 78%, 7/1 d.r., 95% ee
b) Synthesis of Truxinate Natural Products
! o o
ve O CPA 1 (5 mol%) Me o o Me MeOTf (CH,Cly) | i
’\\l _ hv (7\, > 400 nm) NV{ N then aq. NaOH ! HO o, OH
<\/, Ph " (PhCH,) t, 24 h (\\,\’, ,\\,j 0% | 3
N ° ; PH 'Ph
Ph Ph ;
10 13 '+ &truxinic acid (14) ‘
74%, 6/1 d.r., 99% ee . ;
c) [2x + 25] Photocycloaddition
Me ? ? N
o CPA 1(10mol%)  MeO~y : Ph \\(/j
Ne o hv (A > 400 nm) i ‘ F3C©-"' N
<\/ (CH,Clp) =50 °C, 4 h ‘ iPr 18
N, 1
iPr 15 o

+ 0 3 AN :
N-OMe 70%, 311 r.r., 96% ee 1 N 19 |
| | / |
Me 16 (4.5¢eq.) i MeO i ‘

Scheme 2. Synthetic work by the Yoon group: a) Chromophore activation by chiral Bronsted acid, b) Synthesis of

Truxinate natural products, c)[2r + 20] photocycloaddition.

In a follow-up project [Scheme 2 b)], the same group elegantly demonstrated how the same 3-
alkyl imidazole was homo-dimerized under similar reaction conditions to the cyclobutane 13
(12 examples, 48-81% yield, 93-99% ee).*?! In a single step, they accessed the natural product
o-truxinic acid (14) from 13, underlining the synthetic utility of the developed methodology.
Impressively, not only the problem of enantioselectivity was addressed, but the reactions
proceeded also in a chemo-, regio- and diastereoselective fashion.

In the most recent synthetic study in this specific area [Scheme 2 c¢)], Plachinski et al. used the
closely related 3-alkyl imidazole 15 in a highly enantioselective [2n + 26] photocycloaddition
with BCB (bicyclobutane) 16.14% The thereby generated bicyclo[2.1.1]hexanes such as 17 were
afforded with exceptional enantioselectivities (22 examples, 35-87% yield, 88-98% ee). They
are considered important building blocks for the development of new pharmaceutical and
agrochemical active ingredients. Changing the substrate from 3-methyl imidazole 10 to 3-

isopropyl imidazole 15 reportedly led do a decreased rate of unproductive homodimerization.



Utilizing slightly different reaction conditions, it was shown that also the medicinally relevant
products 18 and 19 were accessible with excellent enantioselectivities (93% ee and 98% ee).

In a conceptually similar approach, the Akiyama group demonstrated the enantioselective
[2+2] photocycloaddition between the alkenyl 2-pyrrole ketones 20 and 21 to the respective
cyclobutane 22 upon irradiation with violet light (20 examples, 11-84% yield, 72-98% ee).[*!]
Key for the successful reaction was the use of 10 mol% of the BINOL (1,1’-bi-2-naphthol)
based phosphoric acid CPA 2, which can interact in a two-point hydrogen bond with the

substrates (Scheme 3).

CPA 2 (10 mol%)

H Ph hv (A =405 nm)
N | | I ] N\ MVK (5 eq.)
\ PhCH3) rt, 24 h I
pTol H ( 3
|
20 21 (3eq.)

Scheme 3. [2+2] photocycloaddition between the alkenyl 2-pyrrole ketones 20 and 21 catalyzed by CPA 2 upon
irradiation with purple light. pTol = para-tolyl, MVK = methyl vinyl ketone, Cy = cyclohexyl.

This interaction leads to a bathochromic shift in the absorption of 20, as previously described
in the context of chromophore activation, facilitating a selective excitation of the substrate-
catalyst complex. The authors proposed the formation of the shown dimer complex
CPA 2 -20- 21 - CPA 2 involving two molecules of catalyst CPA 2 in accordance with the
results of a non-linear correlation study. Furthermore, it was suggested that the reaction
proceeds from the singlet hypersurface, as it proceeds smoothly under oxygen.

In some cases, reactions are only possible or perform better, if the chiral phosphoric acid
catalyst employed in the reaction is supported by an (achiral) photocatalyst which facilitates the
photochemical reaction. Especially catalysts for triplet energy transfer (EnT) or photoredox

catalysis are commonly used.



3.2. Chiral Phosphoric Acids in Combination with Photocatalysts

a) Reactions mediated by EnT

Photochemical reactions operating by EnT typically involve the transfer of triplet energy from
a suitable sensitizer (which is directly excited) to a substrate molecule with a matching triplet
energy. For successful sensitization it is beneficial if the sensitization process is exergonic,
which is the case if the triplet energy (Et) of the sensitizer is higher than the triplet energy of
the substrate.[**]

The Yoon group showed in 2022 how the [2+2] photocycloaddition between vinylpyridine 23
and styrene (11) produces cyclobutane 24 (15 examples, 37-95% yield, 63-96% ee) in an

efficient way (Scheme 4).[*]
Ph A-25 (1 mol%)
= 11 (10eq) CPA 3 (10 mol%)
B hv (. = 427 nm)
7 (PhCHa/pentane 2/1) —40 °C, 16 h
23
BT R T TR ) matched: 90%, >20/1 d.r., 95% ee
' | mismatched: 34%, 18/1 d.r., 34% ee
MeO =
NS
=
N
MeO

Scheme 4. Cooperative stereoinduction in the [2+2] photocycloaddition between vinylpyridine 23 and styrene
(11) mediated by a combination of chiral irrdium catalyst A-25 and CPA 3.

Key for the stereoselective reaction outcome was the combination of CPA 3 and the chiral
iridium-based sensitizer A-25 in a matched fashion, meaning the right combination of the
enantiomers of both sensitizer and acid (when A-25 was used for the reaction, 95% ee were
observed for 24, while A-25 only lead to 34% ee). CPA 3 coordinates 23 via the nitrogen atom
in its chiral cavity, presumably lowering the Et of 23 and thereby generating a situation in which
energy transfer towards the substrate is only feasible in the chiral environment of CPA 3. The
authors explain the matching influence of the chiral sensitizer with the formation of a transient
complex A-25° - CPA 3 - 23 between the triplet® excited sensitizer A-25° and the pre-associated
complex CPA 3 - 23, which reacts more efficiently with styrene than the respective

diastereomeric complex A-25° - CPA 3 - 23.



The same group, together with the Mayer group and the Miller group, demonstrated the utility
of the vinyl pyridine binding motif in a similar study involving an enantioselective [2+2]
photocycloaddition event.*4!

Furthermore, the Yoon group showed how enantioselective di-z-methane rearrangements are
possible through the combination of a CPA and an achiral triplet sensitizer.[*"]

The Jiang group made a notable contribution in the field using anthracene (26) in a dearomative
[4+2] cycloaddition with alkenylazaarene 27 to afford the cycloadduct 28 with remarkable ee
(62 examples, 43-99% yield, 66-99% ee). In this study, CPA 4 was used in combination with

the dicyano pyrazine based triplet sensitizer 29 (Scheme 5).14¢!

\”/(? 29 (0.5 mol%)
12eq) CPA 4 (10 mol%)

hv (A= 455 nm)

(CH,Cl,) 35 °C, 36 h

Lo

Scheme 5. Dearomative [4+2] cycloaddition between anthracene (26) and alkenylazaarene 27 under visible light

photocatalysis.

Mechanistically, the authors propose triplet energy transfer from 29 towards anthracene (26),
followed by addition of the resulting anthracene diradical to the ground state association
complex between CPA 4 and alkenylazaarene 27. The formed diradical 30 undergoes
intersystem crossing (ISC) and after radical recombination product 28 is formed.

Further important contributions from the Jiang group include the enantioselective formation of
spirocyclic compounds,’! as well as an enantioselective version of the De Mayo reaction,**!
although in this case a mechanism involving both triplet energy transfer as well as electron
transfer is proposed. Furthermore, they showed very recently how the Dual Catalysis approach

was used successfully for the deracemization of axially chiral azaarylidene cycloalkanes.*!

10



b) Photoredox-mediated Reactions

Processes involving a catalyst which is able to undergo redox reactions in its excited state, in
combination with a subsequent turnover step, resulting in a light-driven catalytic redox cycle
are referred to as photoredox reactions.®” As previously described, this reactions possess a
significant synthetic potential for many applications and enantioselective variants have been
excessively studied.

A seminal contribution by the Knowles group is the asymmetric aza-pinacol cyclization of
hydrazone 31 to the alcohol 32 (14 examples, 45-96% yield, 77-95% ee) using HEH (Hantzsch
dihydropyridine) as a stoichiometric reductant and employing CPA 5 as well as photoredox

catalyst 33 as the catalytic system (Scheme 6).1*"

33 (2 mol%)
CPA 5 (10 mol%)

0 hv (. > 400 nm) P:_Q NHNMe;
2N-\me, _HEH (15 eq) <\:§ 1 5 :

(dioxane) rt, 3 h ! |

31 32 3 tBu 3

83%, 93% ee

| via (Ph);Si : 3
0 OO . tBu

oM%Y : | i
| OO | S B |
%/; !?Me(zPhkSi
| H 34.CPA 5 |

Scheme 6. Aza-pinacol cyclization of hydrazone 31 to the alcohol 32 using enantioselective photoredox catalysis.

Catalyst 33 becomes easily reducible by HEH in its excited state and the resulting Ir'' species
forms key intermediate 34 by PCET (proton-coupled electron transfer). The obtained ketyl
radical readily cyclizes in the chiral environment of CPA 5, determining the enantioselectivity
ofthe overall process. After HAT (hydrogen atom transfer) from HEH, the product 32 is formed.
A few years later, the group of Phipps elegantly combined photoredox catalyst 35 with CPA 6
to achieve a Minisci-type addition of the radical precursors 36 onto the heteroaromatic
compound 37 yielding the chiral coupling product 38 (30 examples, 58-98% yield, 84-97%
ee).5!1 Mechanistically, the prochiral secondary radical 39 is formed from 36 in the usual
way,*?) and CPA 6 coordinates the respective radical as well as the quinolone electrophile 37,
facilitating the C-C bond formation. The authors suggested a reversible addition, making this
step not the enantioselectivity determining step of the overall reaction. Instead, they assume the

subsequent deprotonation step to be decisive for the observed enantioselectivity (Scheme 7).

11



0 35 (1 mol%)
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Scheme 7. Photoredox mediated enantioselective Minisci reaction by the Phipps group.

Apart from strategies involving separate CPA and photocatalyst, also single catalyst approaches
combining both features are feasible. Research in this area is inspired by previous combinations

of chiral fragments with photocatalysts by our group!?’>* and others.[3>%

12



3.3. Photochemically Active Chiral Phosphoric Acids

The intriguing idea, to combine a CPA with a photocatalyst to form a bifunctional hybrid
catalyst was sparked by the wide repertoire of available binding motifs known from thermal

chemistry, >

giving access to a wide range of potential substrates. Considering the somewhat
limited number of available binding motifs for established photocatalytic systems, this seemed

highly desirable.
a) Reactions mediated by EnT

The initial report in this field was published in 2020 by our group and exploited preliminary

[56] which demonstrated how carboxylic acids can form heterodimers

studies by the List group,
with CPAs. The (R)-BINOL-based bifunctional PACPA 1 (PACPA = photochemically active
chiral phosphoric acid) catalyzed the reaction of carboxylic acid 40 with an excess of alkene 41
to afford, under irradiation with visible light and after benzylation of carboxylic acid 42, the

cyclobutane 43 (Scheme 8).1%7]

o) O o)

PACPA 1 (10 mol%) HH HH
| . @ hv (1 = 437 nm) P BnBr, K,CO;5 :
o) OH (CH,Cly) —40 °C, 4 h o: (DMF) rt o
o) HO\H Bno—\H
0 o]
40 42 43

55%, 68/32 d.r., 85% ee

PACPA 140

Scheme 8. First example of a PACPA, employed in the intermolecular enantioselective [2+2] photocycloaddition

between carboxylic acid 40 and alkene 41.
Mechanistically, a combination of NMR (nuclear magnetic resonance) spectroscopy studies and
DFT (density functional theory) calculations suggest a two-point hydrogen bonding interaction

between substrate 40 and PACPA 1, leading to a preferred EnT in the chiral environment of the

catalyst, followed by a Si face attack of the respective alkene. The authors also used carboxylic
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acid 44 in the scope study with different alkenes leading to a total of six examples with
enantioselectivities of 45-85% ee.

The unique reactivity of PACPA 1 was shortly after used in another synthetic study by our
group, involving the reaction between the N,0-acetal 45 and 2,3-dimethylbuta-1,3-diene (46)
to form the cyclobutane carbaldehyde 47 (19 examples, 54-96% yield, 84-98% ee).’8! The
reaction proceeds via the in equilibrium formed imine 45°, which associates with PACPA 1 to

form hydrogen bonding-assisted iminium ion pair PACPA 1 - 45’ (Scheme 9).

J\H/m (20 eq.) o
PACPA 1 (10 mol%) H
hv (& = 459 nm) HTN

(CH,Cly) =50 °C, 4 h
then 1 M aq. HCI Ph

Ph Ph
45 45' 47

Scheme 9. Enantioselective [2+2] photocycloaddition between N,O-acetal 45 and 2,3-dimethylbuta-1,3-diene
(46) facilitated by PACPA 1.

Upon irradiation, exergonic EnT from the sensitizing thioxanthone units of PACPA 1 towards
the bound iminium ion takes place, and after addition of the alkene from the Si face the product
1s formed.

The remarkable flexibility of PACPAs regarding the tolerance of different binding motifs was
demonstrated by Takagi et al.. Following up on initial studies in which they used stochiometric
amounts of a CPA as chiral complexing agent,®! they showed how the Ci-symmetric
Hs-BINOL (5,5°,6,6°,7,7°,8,8’-octahydro-1,1’-bi-2-naphthol) -based PACPA 2 can catalyze the
[2+2] photocycloaddition of quinolone 48 to the cyclobutane 49 (9 examples, 24-95% yield,
73-98% ee).[%% Decisive for the stereoselective reaction outcome were the formation of a
two-point hydrogen bond between the lactam moiety of 48 and the PACPA 2, as well as a n-n
interaction between the aromatic substrate and the thioxanthone group of the catalyst

(Scheme 10).
14



PACPA 2 (10 mol%)

\ S
o hv (% = 405 nm) H
7
N o (CH.Cl,) =78 °C, 1 h N 0
H H 7
48 49

86%, 96% ee
PACPA 2 -48

Scheme 10. [2+2] photocycloaddition of 48 mediated by PACPA 2.
b) Photoredox-mediated Reactions

Shortly after the initial report of a PACPA by our group, the Masson group used a similar
catalyst (PACPA 3) for the enantioselective photoredox mediated amination of enecarbamate
50 with azodicarboxylate 51 to form diamine 52 with excellent enantioselectivity (15 examples,

30-95% yield, 91-99% ee, Scheme 11).11:6%]

NHCbz
NHCbz  Cha. 1. PACPA 3 (10 mol%), EtSH :
o N (CH,Cl,), 45 °C, 16 h </ ‘N
+ 11 —ni
Nicpz 2. hv (x> 450 nm) Nobz~ N NHCbz
O, (1 atm), rt
50 51 — 52
\N'NH 55 76%, 713 d.r., 99% ee ,

‘ | via |
‘ ‘

NHCbz o-p
N.
Cbz” "NHCbz

53 L/\N
; /" PACPA 3.54.55

EtS)Y 7 (:)
| H
I

Scheme 11. Enantioselective amination of enecarbamate 50 mediated by PACPA 3 under irradiation with visible

light.

Mechanistically, the authors propose the thermal formation of a-carbamoylsulfide 53 followed
by a subsequent photocatalytic oxidation mediated by PACPA 3 to form the imine 54. Similar
to traditional CPA-catalyzed reactions, pyrazole (55) subsequently adds in a thermal reaction to
the imine, generating product 52.

A few years later, the Kénig and the Toste group showed in a proof-of-principle study how the
cyanoarene-based PACPA 4 can act as a photoredox catalyst as well as a catalyst for EnT.[%3]
To test their catalyst they used it in the already known!®*! Minisci reaction between 5-

arylpyrimidine 56 and amino acid derived redox-active ester 57 to afford Minisci product 58
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(33% yield, 21% ee, Scheme 12) with a notable although lower enantioselectivity as previously

reported (64% yield, >99% ee).

OO PACPA 4 (10 mol%) OO
hv (% > 400 nm) OTBS

= i (1,4-dioxane) 15 °C, 6 h | X
N N N

TN
56 57 (1.5 q.) 58

i | 33%,>19/1 d.r., 21% ee
‘: N N O |

Scheme 12. Enantioselective Minisci reaction mediated by the bifunctional cyanoarene-based PACPA 4.

As a proof-of-concept for a reaction mediated by EnT, they repeated Yoons [2+2]
photocycloaddition [Scheme 2 a)] with PACPA 4 (5 mol% catalyst, 63% yield, 54% ee, with a
slightly modified PACPA they obtained 80% yield and 65% ee).

Another study centering around the synthesis of bicyclo[2.1.1]hexanes was presented by the
Jiang group in 2024.1%] They used 2-vinylpyridine (59) in the [2n + 26] photocycloaddition
with BCB 60 employing the photoredox active PACPA 5, leading to the bicyclic product 61
with high enantioselectivity (52 examples, 46-99% yield, 83-99% ee, Scheme 13).

V2 PACPA 5 (10 mol%)
—/ hv (A = 365 nm)
= (CH,Cl,) —40 °C, 24 h

59 60 (2.5¢eq.)

SN O

2-Naph
1 P<0oH
J

77%, 93% ee

PACPA 5 '

2-Naph

O—-H O/ 3 3 ) O
o. ~ - ! 1

Px . 1 |

S © : ! “ O

PACPA 5 - 62

Scheme 13. Synthesis of bicyclo[2.2.1]hexane 61 through enantioselective [2r + 20] photocycloaddition mediated
by PACPA 5. 2-Naph = 2-naphthyl.
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Mechanistically, the authors propose excitation of the polycyclic aromatic moiety of PACPA S,
which undergoes PCET towards the ketone moiety of BCB 60. Subsequent ring opening and
electron back-transfer to the catalysts lead to the triplet intermediate 62, and upon addition of
alkene 59 in the vicinity of the chiral catalyst, the product is formed.

Considering the wide range of photochemical reactions unattained in an enantioselective
fashion, as well as the considerable interest of our group in reactions mediated by EnT, we were
deeply interested in further exploring the synthetic abilities of PACPAs in subsequent synthetic

studies.
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4. Expanding the Reaction Scope of Photochemically Active Chiral Phosphoric Acids
Inspired by work from our group!®’-** and others!®®! we envisioned that by careful design of the
respective PACPA catalyst also EnT mediated enantioselective reactions other than the
photochemical [2+2] cycloaddition should become feasible.

On a structural level, modifications of different key features of the PACPA are proposed to lead
to an improved performance in the desired enantioselective photochemical transformations
(Figure 3).

b) Linker

....................................

a) Chiral Backbone

< (0]

‘.

\ / .

X :

O\P//O O S O | \—RE
o* "oH SO o 7~
O e !

.......................................................

--0 o--
0. 0 :P\//N\/P\/
N --0" NHy' “o--
--0" NHTf 08, so
R R

....................................

Figure 3. Possible sites of structural modification of PACPA 1, a) Chiral Backbone, b) Linker, ¢c) Photocatalyst,
d) Coordinating Group. Tf = trifluoromethanesulfonyl, R = rest.

Chiral Backbone a) as well as the Linker b) and the Photocatalyst ¢) influence the exact nature
of the chiral pocket of the PACPA, which is decisive for a high degree of enantiodifferentiation.
The Linker also strongly influences the distance between the chromophore of the catalyst and
the substrate chromophore, which has been reported to be decisive especially in deracemization
reactions.[>*%¢! The Photocatalyst (or photocatalytically active group) is highly tunable
regarding steric demand, and most importantly, its triplet energy. The nature of the Coordinating
Group d) decides over the binding mode of the respective substrate (hydrogen-bonding vs. ionic
interaction), which is strongly dependent on its acidity.

Regarding possible reactions to test our new catalysts, seminal work by Corey!®”! and Eaton!®®!
caught our attention. They had shown that cyclohept-2-en-1-one (cis-63) isomerizes upon
excitation with light to the respective trans-isomer (¢trans-63). The highly reactive species can
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be trapped by a suitable diene in a thermal Diels-Alder reaction. Along these lines our group
investigated the racemic reaction,!® with the idea in mind to develop an enantioselective
version, intrigued by the inherent planar chirality of trans-63. We envisioned that a PACPA
could coordinate a suitable cycloheptenone derivative and facilitate the isomerization by EnT
in an enantioselective fashion. Stereospecific trapping of the enantiomerically enriched highly
strained alkene in a thermal Diels-Alder reaction should lead to the enantiomerically enriched

cycloaddition products [Scheme 14 a)].

a) Enantioselective Isomerization

0]

cis-63

b) Deracemization

0 5

0] O ) P 0 |

| 4 \O | i

‘QI,II\NHZ L‘/&-:ANHZ E i.ﬁl\o_H/o LA/&.*‘J\OH E

H I :

chiral |
H | . H
Ph catalyst Ph : Ph Ph
rac-64 64 ; rac-65a 65a

Scheme 14. a) Left: Seminal work on the isomerization of cyclohept-2-en-1-one, Right: PACPA catalyzed
enantioselective isomerization b) Left: Photochemical deracemization of primary allene amides by our group,

Right: Envisioned PACPA catalyzed deracemization of allene carboxylic acids. Sens. = sensitizer.

n,12324701 and our

Recently, photochemical deracemization reactions gained a lot of attentio
group reported the photochemical deracemization of primary allene amide rac-64 by a chiral
lactam catalyst.[°®) Inspired by this reaction, we anticipated a similar deracemization reaction,
using the respective axially chiral allene carboxylic acid rac-65a in combination with a PACPA
[Scheme 14 b)].

By the synthesis of structurally optimized PACPA catalysts, we aimed to unlock exciting new
reaction modes to expand the synthetic utility of bifunctional photochemically active chiral

phosphoric acids.
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Abstract: Cyclohept-2-enone-3-carboxylic acid undergoes a photochemical isomerization from its cis- to its trans-form
either upon direct irradiation (4 = 366 nm) or in the presence of a triplet sensitizer (A = 459 nm). The intermediate chiral
trans-isomer was detected by step-scan FTIR, displaying a lifetime of 130 ps (r.t., CH;Cl;). Ensuing Diels—Alder reactions
of the trans-isomer occurred smoothly and produced chiral trans-fused cycloaddition products (14 examples, 24%-98%
yield). Benzylation led to esters, which were separated by chiral HPLC and which were employed to evaluate a possible
enantioselective reaction course. It was discovered that a chiral phosphoric acid with a pendant sensitizing group induces
a notable enantioselectivity in the photoisomerization step. The planar chirality of the trans-cycloheptene translates into
point chirality in the Diels-Alder reaction (seven examples, up to 38% ee). Computational studies suggest that the chiral
conformation of the cis-isomer adopted within the assembly to the chiral phosphoric acid induces the enantioselectivity in
a one-bond flip (OBF) toward the trans-isomer. Trajectory surface hopping (TSH) simulations showed exemplarily how a
chiral trans-cyclohept-2-enone is formed from a chiral cis-conformer. For the Diels-Alder reaction, a weak ground state

selectivity was found to attenuate the enantioselectivity achieved in the photochemical step.

Introduction

Olefins can reach their first excited singlet state (5,) by
direct excitation or their first excited triplet state (T;) by
sensitization. Since either state is typically ax* in character,
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plane rotation of its substituents becomes feasible. While
the dihedral angle & of two frans-positioned, vicinal sub-
stituents R is typically approx. 180% in the ground state,
the substituents move away from each other in the excited
state and adopt a conformation in which the dihedral angle
approaches 90°. Once the olefin returns to the ground state,
the planar arrangement is restored, and the two substituents
can be either cis- (# = 0°) or trans-positioned (#@ = 180%).
For acyclic olefins, it has been shown that a counter-
thermodynamicl'! isomerization from a trans- to a cis-olefin
is feasible either by choosing an irradiation wavelength at
which the trans-isomer is excited but the cis-isomer is not or
by selecting a sensitizer (sens.) with a triplet energy which is
between the triplet energy of the trans- and the cis-isomer
(Scheme 1)1+

For cyclic olefins with a ring size n = 4-10, the cis-
isomer is typically more stable than the trans-isomert®! and
the ring restricts free rotation even in an excited wx®
state. Starting from cyclohexenes (n = 6), the trans-isomer
is sufficiently stable to be detected and to be trapped in
consecutive reactions (vide infra)!*"l An intriguing fact
pertinent to trans-cycloalkenes is their chirality, with the
plane of chirality defined by the carbon atoms and the
substituents of the olefin. It should, thus, be possible to
create trans-cycloalkenes enantioselectively and to perform
consecutive reactions which ideally occur with a high degree
of chirality transfer. Pioneering work by Inoue and co-
workers!'*17] has established the enantioselective formation
of trans-cycloheptene by singlet energy transfer from chiral
menthyl- and bornyl-derived catalysts (20 mol%). Although

i 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-WCH GmbH
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trans-cycloheptene.

the enantioselectivity of the process reached up to 77% ee
(enantiomeric excess), it suffered from the fact that the trans-
isomer remained the minor diastereoisomer formed in a ratio
of transicis = 10/90 at best (Scheme 2). A yield of 6%
was recorded in a preparative run in which racemic trans-
cycloheptene was trapped by 1,3-diphenylisobenzofuran in a
Diels—Alder reaction.!!]

While the enantioselectivities achieved by singlet energy
transfer catalysis are notable, the intrinsic issue that the cata-
lyst also promotes the reverse reaction to the cis-cycloalkene
has not been overcome. In situ trapping of the rans-isomer is
difficult due to the low reaction temperature and the short
wavelength employed in the transformation. Triplet energy
transfer could offer a solution to this challenge since it
occurs under more suitable conditions and is strongly distance
dependent. Geometric and thermodynamic constraints might
be favorably employed to steer the directionality of the
isomerization. However, there has been no conceptual proof
that triplet energy transfer can be successfully employed for
the enantioselective photoisomerization of cis-cycloalkenes.

Our group has for some time studied the photoisomer-
ization of substituted cycloheptenes 1 and their subsequent
Diels—Alder reactions (Scheme 3)"™*] The key idea was
to enforce the enantioselective formation of the strained
trans-isomer II from the cis-isomer I by employing either
a chiral Lewis acid™ or a chiral triplet sensitizer.?'l A
Diels—Alder reaction, schematically shown for 1,3-butadiene,
would deliver with high chirality transfer trans-fused product
I Accordingly, enantiomer emt-II would deliver the mirror
image em-III. Although we could show that the reaction
of the trans-isomers with various dienes proceeds in very
good yields both for cyclohept-2-enones! ™! and for cyclohept-
1-ene-1-carbaldehydes]'®! attempts to render the reactions
enantioselective remained futile. In the present study, we

Angew. Chem. Int. Ed. 2025, 64, 8202501433 (2 of 13)

to ent-ll (from ent-Il). Bottom: Previously studied cycloheptenes and a
selection of alternative substrates from which
cyclohept-2-enone-3-carboxylic acid (1) evolved as a suitable

Isomerization precursor.

have attempted to identify cycloheptene substrates that
would display a binding motif suitable for association with
a chiral phosphoric acid. If the latter compound displayed a
sensitizing substituent, an energy transfer would be possible,
which in turn would populate one of the enantiomeric trans-
isomers selectively. Several cycloheptenes were evaluated in
racemic reactions from which cyclohept-2-enone-3-carboxylic
acid (1) evolved as a suitable candidate.

It was found that the in situ generated trans-isomer reacts
with a variety of dienes, forming intripuing tricyclic lactones.
A comprehensive computational study suggests that a confor-
mational bias prior to the photoisomerization was responsible
for the formation of either enantiomeric trans-isomer. The
experiments culminated in the first enantioselective cascade
of a sensitized cis/trans isomerization and a Diels-Alder
reaction. A full account of the details of our study is presented
in this research article.

Results and Discussion

Nature of the excited state and racemic reactions. There are
several techniques available to determine the lifetime of
twisted trans-cycloheptenes. Early studies with UV illumina-
tion at temperatures of 113 K or lower showed the formation
of trans-cyclohepten-2-one, which was stable for more than
an hour!?#! Transient studies by Bonneau and co-workers
revealed a lifetime of hours for trans-1-phenylcycloheptene
at low temperatures as well and could even demonstrate
light-induced back-isomerization; at ambient temperature, a
lifetime of 250 s was reported in cyclohexane.™! For trans-
cyclohept-2-enone (c = 100 pM), room-temperature studies
yielded lifetimes of 45 s in cyclohexane, but much lower values
in polar protic solvents, e.g., 33 ms in methanol./*! Inoue and
his group determined the lifetime of trans-cycloheptene by

©) 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-WCH GmbH



Sp r—— - USRS ¢ D 4
! A4l
b) ! a) 3
44 Tramaiznt ot} i
| 1878 e ¥ 225
1Ta% am t 15
g3 1 :
I T
£ : 075
2| E ‘
| t ofE
| i 1.8
I
| I 235
[ L - i 3
43216 12 3 45y
AT 2| sim )
h L 1| e grsusdalle faeaed)
[=]
zn
3.
ol

0.1 i cmiemiied ce-pemar
Q.40 | Gk lried frasi-same
| Bum

;I:'c;.;' g
225!
a0t

1500 1550 1800 1850 1700 1750 1800 1350 1800
Wavenumbariom'

Fgure 1. a) Step-scan FTIR data for 1 in CH3Cly ¢ = 71.8 mM) at room
temperature. b) Evolution of bleached cis-isomer 1 at 1670 cm ! and
transiently formed trans-isomer (rac-2) at 1740 cm 1 as well as the
baseline at 1600 cm 1. c) Spectra directly after exatation (black], toward
the end of the measurement (red), and the steady-state spactrum of 1
(blue, inverted and scaled). d) Calculated spectra
{ICPCM[CHzCly) ] R?SCAN-3C/def2-mTZVPP, see the Supporting
Information for details} for 1 (blue, inverted), rec-2 (red), and their
difference mimicking the difference spectra after excitation (black). Note
that oscillatory signals of electronic origin had to be removed from the
raw data (see Supporting Information for details).

trapping experiments with methanol at various temperatures
(¢ = 0.01 m), which was extrapolated to 45 s at ambient
temperature.| ™71 A lifetime of 7.1 min at —78 °C was deter-
mined for cis.trans-cycloheptadiene by Inoue and co-workers
from transient UV-vis data (¢ = 0.12 mm) in isopentane-
methylcyclohexane (3:1).1%] We investigated cycloheptene 1
in CH:Ck at room temperature by step-scan FTIR spec-
troscopy with a ns pump laser.!”'l The transient [R data
showed the ground-state bleach of cis-configured 1 together
with a newly formed absorption associated with frans-isomer
rac-2 (Figure 1). While the former remained constant, the
latter decayed with a lifetime of about 130 ps toward yet
another carbonyl signal, which may be attributed to the [242]
photocycloaddition product (see the Supporting Information
for details). The relatively short lifetime appears to be
testimony to the higher strain induced by the additional sub-
stitution, but it also suggests that the transient intermediate
was sufficiently long-lived to participate in trapping studies.
Preliminary synthetic experiments were performed with
various cycloheptenes and 1,3-cyclopentadiene as the diene
component. It was found that some imine-derived cyclo-
heptenes (see Scheme 3) suffered from stability issues and
that pyridyl- and hydroxylcarbonyl-substituted derivatives
were not sufficiently reactive. In notable contrast, irradiation
of cyclohept-2-enone-3-carboxylic acid (1) at 4 = 366 nm
resulted in clean product formation, supporting the notion
that the lifetime of the transient isomer rac-2 allows for

Anpew. Chem. Int. Ed. 2025, 64, 8202501433 (3 of 13)
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a successful bimolecular reaction. Optimization revealed
dichloromethane as the superior solvent and a 1 m con-
centration of the diene (50 equiv.) as optimal (Scheme 4).
The Diels-Alder product!™ ! rac-3a displayed the expected
trans-configuration at the ring conjunction, and the endo-
isomer was clearly preferred, i.e., the approach of the diene
double bond had occurred endo to the carbonyl carbon atom.
The diastereomeric ratio (d.r. = endo/exo) was 91/9 in favor
of the endo-product, with the total yield being 90%. Due to
the frans ring fusion, the carboxylic acid group gets into the
proximity of the carbonyl group, enabling the formation of
a lactone-type hemiacetal, which was, for compound rac-3a,
the only detectable species. Single-crystal structure analysis
confirmed the constitution and relative configuration of the
compound.

The nowvel structural feature of the products from
the isomerization/Diels—Alder reaction/lactonization cascade
warranted a more extensive exploration of the reaction
scope. Several other dienes were employed in the sequence,
and the respective products rac-3 fully characterized. Six-
membered dienes reacted well and displayed—like 13-
cyclopentadiene—a preference for the endo product (prod-
ucts rac-3b and rac-3c). Furans were found to be suitable
dienes, and the parent compound produced a mixture of
two diasterecisomers, with the endo-product rac-3e prevail-
ing. 2.5-Disubstituted furans pave in full analogy to the
parent compound, the cascade products rac-3e-rac-3h in
high yields as single isomers. For representative product
rac-3e, it was shown by single-crystal X-ray crystallogra-
phy that the Diels—-Alder reaction proceeded in an endo-
fashion!™! 2 3-Dimethylfuran resulted in an inseparable
product mixture with the shown isomer rac-3i being pre-
dominant (r.r. = regioisomeric ratio). The two regioisomeric
products rac-3j and rac-3j° stemming from the reaction of
3-bromofuran could be separated and were free from any
diastereoisomers. 2-Substituted furans also underwent the
cascade reaction, but the regioselectivity was less pronounced.
For 2-acetoxymethylfuran, only a single product isomer,
rac-3k was isolated, but the low yield indicated that the
other regivisomer was likely lost during work-up or was
too unstable to be isolated. 2-Methylfuran delivered both
conceivable regioisomers as an inseparable mixture with a
preference for the shown isomer rac-3l. Acyclic dienes (2,3-
dimethylbuta-1,3-diene, 1,2-bismethylene-cyclohexane) were
competent reaction partners, but the respective products
rac-3m and rac-3n delivered poorly resolved NMR spectra.
It appeared as if there was an equilibrium between the
lactone and the free carboxylic acid form, which led to line
broadening of the NMR signals. To facilitate the isolation
of single compounds from Diels-Alder products rac-3m and
rac-3m, a consecutive benzylation of the carboxylic acid
was pursued. In addition, it was desirable to convert the
weakly UV-active compounds rac-3 into better detectable
products for HPLC analysis. In fact, racemic samples were
required for unequivocal ee determination in the projected
enantioselective reactions. Taking Diels-Alder product rac-
3a (dr. = 76/24) as a test case, we found treatment with
benzyl bromide and potassium carbonate in DMF to be an
operationally simple benzylation protocol (Scheme 5).
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Scheme 4. Scope and limitations of the photochemical isomerization of cyclohept-2-enone-3-carbaxylic acid (1) and subsequent trapping of the
racemic trans-isomer rac-2 by various dienes. In most cases, a lactonization fhemiacetal formation oocurs, and this structure is depicted for the

racemic products rec-3.
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Scheme 5. Consecutive reactions of the Diels-Alder products rac-3. Top:
Benzylation leads to products rac-4a and rac-5e, which can be detected
and are separable by chiral HPLC. Bottom: lodolactonization of
compound rac-3e provides iodide rac-6 in diastereomerically pure form.

The desired ester rac-da was obtained in 91% yield
(d.r. = 76/24). The reaction 3 — 4 is also applicable to
the other lactones, and the relative configuration of product
rac-4e was confirmed by single-crystal X-ray crystallogra-
phy (see the Supporting Information for details).*"l The
para-bromobenzyl ester rac-Se was obtained from Diels—
Alder product rac-3e by benzylation with para-bromobenzyl
bromide. The heavy atom was considered useful in the
enantioenriched series (vide infra) for determining the
absolute configuration. The same starting material, rac-3e,
delivered upon treatment with iodine!*!1 the halolactonization
product rac-6. The reaction confirmed the endo position of
the double bond in product rac-3e since an exo-positioned
double bond would not be available for halolactonization.

Angew. Chem._ [ni. Ed. 2025, 64, 202501433 {4 of 13)

The tetracyclic skeleton so generated has not been previously
reported.

Enantioselective reactions employing a sensitizing phos-
phoric acid. Our proup!**! and others!****! have for some
time studied chiral phosphoric acids with pendant sensitizing
groups as chiral catalysts for enantioselective photochemical
reactions. 8o far, the focus has been on the discrimination of
enantiotopic faces upon substrate binding to the phosphoric
acid. To the best of our knowledge, there have not been any
studies devoted to enantioselective photochemical isomeriza-
tion reactions!*™ ! In this regard, there was no clear rationale
as to the structure of a potential catalyst nor to its mode
of action. Since the known Cy-symmetric acid 7 had shown
promising results in [2+2] photocycloaddition chemistry,142431
it was taken as a blueprint for catalyst design (Figure 2).

The thioxanthone chromophore was considered suit-
able for energy transfer to cyclohept-2-enone-3-carboxylic
acid (1). Starting from (R)-(+)-5.5.6,6'7,7' 8.8 -octahydro-
1.1"-bi-2-naphthol {octahydrobinol} and from (R)-2.2".3,3-
tetrahydro-1,1"-spirobis[indene]-7.7-diol (spinol), the analo-
gous Cy-symmetric catalysts Ba and 9 were prepared (see the
Supporting Information for details). Another C;-symmetric
phosphoric acid 8b, lacking the phenyl spacer, was prepared
from octahydrobinol. In addition, a fifth catalyst, 8¢, was
added to the selection, which lacked Cz-symmetry but rather
displayed a lipophilic aryl group at position C3. Spectral
features for catalysts Ba, 8b, and 9 were similar in that all three
of them showed an absorption maximum around A = 400 nm
in their UV—vis spectrum with a tail extending in all cases
far into the visible range (A = 470 nm). The triplet energies
{Er) determined from their phosphorescence spectra (77 K,
CH:Clz) were found to be almost identical, with E'r varying

£ 2025 The Author(s). Angewandte Chemie International Edition published by Wiley VCH GmbH
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Flgure 2. Structure of chiral phosphoric acids 7-9 used for triplet energy
transfer to cyclohept-2-enone-3-carboxylic acid (1) in an attempted
photochemical isomenzation to the twisted isomer 2.

between 252 and 253 kI mol ! (£2 kI mol!'). The values
are higher than the previously determined triplet energy
of catalyst 7 (Ey = 235 + 2 kJ mol~").1*?l The red-shifted
emission is in line with a lower singlet state (51) energy of
the latter compound as compared to thioxanthenes 8a, 8b,
and 9. The energy for the 0-0 transition determined from the
crossing point of absorption and fluorescence emission was
E(5)) = 286 kJ mol™' for 7, E(S,) = 288 kJ mol™' for 8a,
E(S) =292 kJ mol™! for 8b. and F(S,) =290 kJ mol! for 9.

Studies toward an enantioselective photochemical isomer-
ization followed by a Diels—Alder reaction were performed
with 2,5-dimethylfuran as the diene component. Although
enone 1 displays no distinct absorption at a wavelength
A = 400 nm, there was some notable background reaction
upon irradiation with light-emitting diodes (LEDs) emitting
at A, = 437 nm. Thus, we selected an irradiation source
with an emission maximum (A, = 459 nm) that barely
touched the long-wavelength absorption of the catalyst. Not
surprisingly, the reaction 1 — 3efeni-3e was significantly
slower than in the racemic case. The primary cascade products
were directly taken into the benzylation reaction, and the
ratio of benzyl esters 4e and ent-de was quantified by chiral
HPLC after isolation. We were delighted to see that already
at ambient temperature, there was a notable preference for
one enantiomer over the other when employing 10 mol% of
catalyst 7 (Table 1, entry 1). The enantioselectivity improved
when decreasing the temperature to —20 °C (entry 2},
but no improvement was recorded when further lowering
the reaction temperature (entry 3) or when increasing
the catalyst loading (entry 4). Although the product yield
increased slightly when using other solvents (DCE = 1.2-
dichloroethane) but dichloromethane (entries 5 and &), the
loss in selectivity made a solvent switch unattractive. Among
the octahydrobinol- and spinol-derived catalysis (entries 7-
10), catalyst 8a clearly outperformed the others in terms of
yield while the enantioselectivity remained similar throughout
the series. The switch in the preference of ent-de over de for
spinol-derived catalyst 9 was no surprise given the fact that its
axis of chirality has an opposite direction than the stereogenic
axis of catalysts 7 and 8. The absolute configuration of the
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Tabie I: Optimization of reaction conditions for a sequence of enantiose-
lective EfZ-isomerization, Dials—Alder reaction, and benzylation to gener-
ate enantioenriched product 4e from cyclohept-Z-enone-3-carboxylic acid

(-

] e o
_fi 1 |_{> 50 equiv.) l_,—-"{':',-J_-. r—JJ'\g,J‘-.
P b (& = 269 nm), cat [ O] * {-. A D.l
p. ’h“n*'nH temip. (sohvent) ‘-—i“?" '-_':JQJJ
o B0 BnQ” iy
1 2. BnBr, K00, (DMF) 4z it
Temp. Time  Yield™
Entry  Cat  [(] Solvent  [h] [%] 4 fent-4e”)
1 7 rt CHO, 21 13 5545
2 7 -0 CH; G, 19 40 6139
3 7 —40 CH; O, 23 33 Sef42
49 7 —20 CHpCl; 19 33 5842
5 7 -0 DCE i 53 S6f44
3 7 —20 PhCl 19 42 5545
7 8a —20 CHpCl; 19 23 60/40
2 8b -0 CH:Chh 17 B 5347
9 8c —20 CHpCl; 17 34 6040
10 9 —20 CHaClz 16 45 4159

3 Optimization experiments were conducted on a 100 pmol scale under
the indicated conditions with 10 mol® catalyst in a previously described
set-up % Irradiation was performed with an LED displaying an
emission maximum at A = 459 nm. (3ee Supporting Information for
additional information). ¥ Yield of isolated product after
chromatography.  The ratio 4a/ent-42 was detarmined by HPLC on a
chiral stationary phase. ¥ The reaction was conducted with 20 mol% of
the catalyst.

major enantiomer was deduced from the reaction 1 — 3elent-
3e in the presence of catalyst Ba. Instead of derivatizing
the primary product with benzyl bromide as done in entry
7, the reaction mixture was treated with para-bromobenzyl
bromide, delivering a mixture of products Sefens-Se (vide
infra). Separation of the enantiomeric bromo compounds
by chiral HPLC delivered enantiomerically pure samples of
both enantiomers. The minor enantiomer ent-5e gave crystals
that were suitable to determine its absolute configuration by
anomalous X-ray diffraction (see the Supporting Information
for further details).*!

After extensive futile experiments with other cyclo-
heptenes (see Scheme 3) in an enantioselective sensitized
photochemical isomerization, the reaction 1 — 3e mediated
by catalyst 8a (entry 7) was a major breakthrough. It validated
the so far unproven hypothesis that triplet energy transfer is
a suitable vehicle to drive the reactions toward a single enan-
tiomer. It allowed for a quantitative photochemical isomer-
ization as opposed to previous work employing singlet energy
transfer. Although the enantiomeric excess was low (20% ee),
it seemed warranted to verify with other dienes the generality
of the approach (Scheme 6). The experimental approach
included the cascade reaction to compound 3 followed by ben-
zylation of the crude mixtures. Yields and enantioselectivities
were determined for benzyl esters 4, with the former depend-
ing to some extent on the success of the benzylation reaction.
1,3-Cyclopentadiene gave product 4a as an inseparable
endofexe mixture with a comparably high enantioselectivity
for the endo product endo-4a (38% ee). The enantioselectivity
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Scheme 6. Enantioselective cis-trans isomerization of
cydohept-2-enone-3-carboxylic acid (1) mediated by chiral catalyst 8a
and subsequent trapping of enanticenriched trans-isomer 2 by vanious
dienes. The enantiomeric excess (e¢) was determined after
derivatization to the respective benzyl esters 4 by chiral HPLC analysis.

of the furan cycloaddition reactions (products 4d, 4d°, de,
5e, 4h) varied around the 20% ee previously recorded for
product de. The final example with 23-dimethylbuta-1,3-
diene proceeded smoothly (product 4m, 25% ec) but suffered
from lower yields in the benzylation reaction.

A few additional experiments were performed to inves-
tigate the nature of the catalysis (see the Supporting
Information for details). With the benzyl ester of cyclohept-
2-enone-3-carboxylic acid and 2,5-dimethylfuran as the sub-
strate, product rac-de was obtained upon direct irradiation
at A = 366 nm (91% yield). However, a reaction of
the same substrate under the optimized conditions of the
sensitized irradiation (10 mol% 8a) did not lead to any
product, indicating the importance of the binding interac-
tion exerted by the carboxylic acid but not by its ester.
In the same vein, the reaction of cyclohept-2-enone-3-
carboxylic acid (1) and 2.5-dimethylfuran proceeded cleanly
upon direct irradiation in the presence of chiral phospho-
ric acid 3,3"-bis(2.4.6-triisopropylphenyl)-1,1"-binaphthyl-2,2"-
diylhydrogenphosphat (TRIF, 50 mol%). However, upon
benzylation, only the racemic Diels—Alder product rac-de was
isolated (83% yield), emphasizing the role of the pendant
thioxanthone in catalyst Ba.

While these experiments clearly supported the importance
of both coordination and sensitization for a successful reac-
tion, we felt that a deeper understanding of the photochemical
isomerization could only be obtained by having a closer look
at its progress by computational chemistry.

Computational  results:  General  considerations  and
cyclohept-2-enones as model substrates. In order to maximize
precision and to minimize computation time, we initially
performed a more elaborate study with cyclohept-2-

Angew. Chem. Int. Ed. 2025, &4, 8202501433 (6 of 13)

cyclohept-2-enone-3-carboxylic acid (1) in the chiral setting of
phosphoric acid 8a. The goal of the computational study was
to develop a comprehensive model of the reaction cascade.
We focused on the high-yielding, endo-selective reaction 1 —
3e mediated by catalyst 8a to rationalize the experimentally
observed enantioselectivity. While the photoinduced cisftrans
isomerization of alkenes is well understood,!®'! ring strain
and the presence of catalyst 8a increase the complexity of the
reaction. We pursued a reductionist approach:

(a) Building on the experimental evidence (Scheme 4),
the total reaction coordinate for the transformation of cyclo-
heptene 1 to product 3¢ was decomposed into an excited state
coordinate (1 to 2/ent-2) and a ground state (Sg) coordinate
(2/ent-2 to 3elent-3e), both of which were treated separately.

(b) Comparing the bond topologies of 1, 2ent-2, and
3elent-3e, we were able to partition the net enantioselectivity
into three consecutive contributions: (i) The excited state
dynamics, where two chiral depletion channels (one-bond flip
[OBF]) compete directly. (ii) Non-equilibrium ground state
dynamics after exciled state depletion: Population, in sepa-
rate enantiomeric channels, can branch between productive
conversion into the rrans-configured photoproduct 2/ent-2 or
return non-productively to 1 with a cis<configuration. (iii)
Equilibrium ground state dynamics (Diels—Alder reaction),
describing the productive conversion into product 3e or back-
isomerization into 1. Once formed, trans-configured species
are mon-interconverting, such that the relative effect of the
factor (i) is expected to be larger than that of (ii) and (iii).
These factors can be addressed separately, and results are
presented along the order of elementary steps from 1 to 3e.

() To keep the computational cost tractable, we com-
menced with a high-accuracy, unconstrained investigation of
a non-catalyzed subsystem reaction, revealing dominant reac-
tion pathways and identifying critical parameters modulating
enantioselectivity. Subsequently, we used this knowledge to
increase the system size while narrowing the full system’s
degrees of freedom to the essential stages only.

The presentation of computational results (Scheme 7)
starts by presenting explicit dynamic simulations on the pho-
toisomerization of the CHp model compound. The dynamic

€ 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Flgure 3. Results of the T5H simulations of the model system CHp. a) Sketch of the excited states Ty, 5, T, and 53 (solid-colored lines) and
respective diabatic state character (dashed lines) along the ERC of OBF motion toward the dominant enantiomer in OBF-configuration. The scheme
(top) illustrates the overall photoreaction cycle, which produces either the trans photoproduct or its enantiomer (emt-tranz). Colored dots in the
molecular structure highlight the H-C=C-H dihedral angle used to characterize the OBF mation. b) Population dynamics of TSH simulations from
the initially populated 57 state together with a global exponential fit of the dynamics. The timescale T characterizes the ISC process toward a
long-lived triplet species on Ty via a transient, short-lived Tz population. Population dynamics was averaged over an ensemble of 100 trajectories; all
trajectories that violated warious energy conservation criteria have been discarded in the analysis (for technical details, see Supporting Information).
c) Evolution of the OBF motion, characterized via the H-C=C-H dihedral angle as a geometric parameter. Shown are the 66 trajectories populating
the Ty state within 500 fs. The time evolution of OBF motion is synchronized with respect to entry into the Ty state. Trajectories were extended for an
additional 500 fs after population of the Ty. The color scheme characterizes each individual trajectory according to the sign of the dihedral at the end
of the simulation time. Interconversion between the faces was a rare event (two instances) and short-lived.

simulations reveal the interdependence of the dynamics recover the relevant aspects of the electronic structure and
along an OBF reaction coordinate and the alkyl backbone  conformational distribution of 1. The latter is relevant as we
(Figures 3 and 4). This is followed by an investigation of  will show that interactions between the chromophore and the
the photoreaction of compound 1 in the presence of catalyst  alkyl fragment induce conformer-specific asymmetry.
8a, rationalizing the influence exerted by hydrogen bonding Cycloalk-2-enones display a complex photoreactivity,
(Figures 5 and 6). Finally, the catalyzed Diels—-Alder ground  which is strongly influenced by ring size and substituent
state reaction leading to 3e is discussed (Figure 7) and  effects!®**| Yet, the electronic structure in the Franck—
compared to the uncatalyzed reaction. Condon (FC) region of the cis-configuration remains largely
Photochemical reaction dynamics of cyclohept-2-enone  unaltered (Figure 3a).! ! Highly accurate, wave function-
(CHp). In the following, we aim to construct a model which  based XMS-CASPT2/cc-pVTZ calculations showed that the
explains the selectivity (i) from a static perspective. As  lowest singlet excited state (8,) is always spectroscopically
we will demonstrate, this objective is met by a conformer-  dark and has '(nom*®) character, followed by a bright '(wm®)
specific projection of the photo-reactive *(zx¥) state along  state (S;) (see Supporting Information for the choices of
an essential motion twisting the C=C double bond (OBF  active spaces).!™'| Higher-lying states are of '(mn®) char-
reaction coordinate, cf. Scheme 7). We start by introducing  acter with significant contributions from double excitations.
the electronic structure of cycloalk-2-enones. CHp waschosen  The energetically lower-lying triplet excited states (T,) show
as the model system for 1 due to the smaller n-system the same ordering [*(ngpa*) followed by *(am*)]. For the
allowing for a significant reduction of computational cost.  following discussion, the nuclear motion in the excited states
As detailed in the Supporting Information, CHp is able to  is expressed through essential reaction coordinates ([ERCs];
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Figure 4. Fate of the chiral conformer CHp-2 formed by 1SC during the
surface hopping trajectories dynamics of cydohept-Z-enone [CHp). Top:
Gaussian-broadened distribution of geometries at the time point of the
51-Tz surface hop, projected onto a vector capturing the essential
motions along the emt-OBF fOBF reaction coordinate (see Supporting
Information). The two maxima correspond to the position of the 51Tz
crossing seam on either side. Bottom: Excited state energy landscape
along an IDPP-MEP reaction coordinate from the FC geometry to either
the OBF or ent-OBF Ty minima. Adiabatic surfaces Ty (red) and T
[yellow) are evaluated at the XM5-CASPTZ level of theory. The red
shading of methylene groups (molecular inlay) highlights intramelecular
repulsion between the reorganizing aliphatic methylene groups.

see the Supporting Information for a detailed description).
While a Norrish type I cleavage pathway'®! is not observed
for CHp, torsion about the C=C bond leads toward two chiral
one-bond flip (OBFient-OBF) channels (OBF-ERC). They
are responsible for cis-frans-isomerization reactions in flexible
cycloalk-2-enones and were investigated in closer detail for
both CHp and 1:

Figure 3a illustrates the excited-state reaction scheme
along the OBF coordinate. Starting in the cis-configuration of
CHp (left), the bright state §; has '{mx*) character, and the
5, state has '{n(,n’) character. Two triplet states, T, and T,
(*(ng*) and {7 *) character, respectively), are found close
to 5;. Elongation of the C=0 bond leads to local minima of
the 8; and Ty states of '(nomw*) and *(nom*) character. Close
by, interaction among 8, and T; states forms an energetically
accessible intersection, suggesting the importance of intersys-
tem crossing (1SC). According to El-Sayed’s rules, transitions
between §, l(n(}n *) and T, JI:J'!N.":) are allowed, which can

Angew. Chem. Int. Ed. 2025, 64, e202501433 (& of 13)

asymmetric confinement forces compound 1 to adopt a chiral
conformation, which predetarmines the direction of the OBF. Bottom:
Proposed relaxation model, starting from an initially excited state
(indicated by the blue wave) on either the TX; or TX; sides of catalyst 8a
and subsequent triplet excitation energy transfer ([TEET], indicated by
the red arrows) into the reactive triplet state of the enone fragment.

subsequently lead to relaxation dynamics within the triplet
manifold. In the OBF-configuration (right), minima of ' (xx*)
and *(m*) states are found at low energies.

The role of vibrational modes in guiding the excited state
relaxation cascade along these paths is essential, necessitating
explicit dynamical treatment. Trajectory surface hopping
{TSH) simulations allow to follow the nonadiabatic excited
state dynamics in full coordinate space while retaining some
quantum aspects, like the branching of population between
electronic states. We performed TSH dynamics within the
SHARC program suite on the XMS-CASPT2 level of theory
using a cc-pVIDZ basis set. Validation of the basis was per-
formed via comparison of the energetics of stationary points
to the superior cc-pVTZ basis set and via a systematic basis
sel expansion in static simulations to the aug-cc-pV5Z basis
(a detailed description of the workflow and a validation of the
basis set is provided in the Supporting Information))™! The
simulations treated the full conformer space of CHp within a
chiral standard orientation chosen to match the chiral frame
within the constraints of catalyst 8a. The dynamics simulations
were expected to allow insight into two questions: First, we
needed to track electronic relaxation to discern whether the
singlet or triplet manifold is the decisive relaxation channel
{see Supporting Information). Second, we sought to quantify
the competition of excited state depletion to 3; and OBF/ent-
OBF channel interconversion. With this, we discerned if

€ 2025 The Author(s). Angewandte Chemie International Edition published by Wiley- VCH GmbH
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Figure 6. Excited state distortion-interaction energy decompaosition
analysis of the dominant chiral conformer of the 1-8a complex along the
IDPP-MEP reaction coordinate linking the FC geometry (planar enone
configuration) with the related enone-OBF and enone-ent-OBF
configurations. In the top right corner, the ent-OBF geomaetry with the
highest barrier at the center of the pathway iz shown. Total (black)
denotes the total energy, strain enone (red) denoctes repulsive
contributions due to Pauli repulsion, strain catalyst (blue) denotes
destabilization due to deconjugation of the xr-system, and interaction
(yellow) denotes van der Waals interactions in the complex.

either the initial branching of population or the Boltzmann
distribution of the OBF-conformers is relevant for estimating
the enantioselectivity from the excited state dynamics [cf.
factor (i)]. An ensemble of 106 independent trajectories
was simulated of which 100 trajectories fulfilled all energy
conservation criteria during the propagation time of 500 fs
and were further employed for data analysis. Initial conditions
were obtained from sampling a Wigner distribution using a
restricted excitation window (3 > 300 nm) that reflects direct
excitation conditions (cf. Scheme 4). Under these conditions,
a probabilistic assignment of the initial electronic state via
transition dipole moments yielded the exclusive population
of the §; state with '(nym*) character (see the Supporting
Information for technical details). Transferred to the catalytic
experimental conditions (cf. Scheme &), where the reaction
dynamics are presumably initiated by triplet energy transfer
from the catalyst (see below), we consider initiating the
dynamics in 8; more realistic than initiating the dynamics
in the 8; state, which would involve substantial vibrational
excess energy. Electronic relaxation commences immediately
after initiation, as is evident from the evolution of state
populations (Figure 3b). The §, state shows, after population,
an exponential decay on the few hundred femtosecond
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Figure 7. Computed ground state reaction pathways relative to the
photachemically generated trans-isomers 2 fent-2 with 2, 3-dimethylfuran
as the reaction partner. The productive reaction coordinate describes
the Diels—Alder (DA) reaction to product Je, whilst the loss channel
describes the back-isomerization to 1. The energy diagram presents the
critical section along the reaction coordinates for the catalyzed reaction.
The catalyst 8a adds complexity due to the interconversion between a
shielded conformation 2-8a and a de-shielded {D5) conformation as a
local minimum; the main barrier is the DA-TS. Comparing the major
(dark blue) with the minor enantiomers (faint blue), a weak ground
state selectivity is suggested that opposes the photochemical selectivity.

timescale. The decay of §, is associated with the population of
the T; state, which almost immediately relaxes into the lowest
triplet T, state. The lifetime of the 5, state was determined
to be 446 fs (exponential fit), which is slightly faster than the
previously reported value of 746 fs for cyclohexen-2-enone %1
OBF-mediated internal conversion (IC) into 5, is observed
as a minor pathway (3%). Instead, ISC within the planar
configuration space accounts for the majority of the observed
S, population decay (IC:I8C = 5:95). The acceptor state in
the triplet manifold was almost exclusively T,, which quickly
decayed into a long-lived T, as the end point of the excited
state relaxation. Accordingly, we focused the attention on
the fate of the triplet species. The simulation time for the
66 trajectories undergoing [SC was extended until a stable
population of the T, was observed for 500 fs. This set of longer
trajectories revealed that the OBF motion was the only active
ERC, agreeing with the absence of Norrish type | side prod-
ucts (vide supra). To understand a possible preference toward
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one enantiomer of frans-CHp, we tracked several well-defined
geometric parameters. In particular, the chiral OBF-ERCs
were monitored through the H—C=C—H dihedral evolution
(Figure 3c; see Supporting Information for further details).
Upon entry into T, the ensemble underwent rapid and irre-
versible differentiation into the OBF and ent-OBF channels
(timescale 10 fs). This branching was observed to be asymmelt-
ric, favoring the OBF channel over the ent-OBF channel. In
addition, the aliphatic reorganization was monitored through
inversions of its dihedrals. While the conformer distribution
of the 8; was maintained throughout 8, occupancy, it decayed
toward the Boltzmann distribution of the OBF-space upon
population of T, with an 80 fs delay on a timescale of
100 fs (see Supporting Information). The moderate timescale
separation suggests an interaction between the chromophore
and aliphatic fragments, investigated in the following.

Combining the observations of a very short-lived T; and
immediate activation of the OBF-ERCs after population of
Ty, the system dynamics follow the diabatic character of
the *(mx¥) hypersurface (Figure 3a). As such, we suggest
that the early branching on the *(wm*) surface captures
the excited state enantioselectivity. For the vibrationally hot
OBF and en-OBF channels, cross-channel interconversion
was rare and the initially formed enantiomer ratio remark-
ably stable (Figure 3¢). We thus assume that the initial
Ty-branching ratio is upheld on the longer timescales of
excited state depletion!™ Intriguingly, the delay between
the chromophore and response of the aliphatic skeleton
indicates that the excited state dynamics may differ for
each conformer. Indeed, we found large alterations for their
intrinsic enantiomeric ratios (see Supporting Information).

A closer investigation was conducted for the most selective
chiral conformer [CHp-2, OBF/eni-OBF = 7030, correspond-
ing to 40% ee], which is also dominant upon binding to
the catalyst (vide infra). The critical pathway, interpolating
from the 5;-FC to both T,-OBF and T,-ent-OBF minima,
was investipated along a reaction coordinate described as
an image-dependent pair potential minimum energy path
(IDPP-MEP)I™! (Figure 4; see Supporting Information for
details).

Along the reaction coordinate, the surfaces of the T,
Tz, and 8, states (8, not shown) were evaluated at the
XMS-CASPT2 level of theory (see Supporting Information
for a detailed description).]”* 7] We found that the T, and
T; potential energy surfaces exhibit an asymmetry toward
the OBF channel, which induces a biased branching of
population via two mechanisms: First, a weak asymmetry on
the 8, surface shifts the population upon §,-T; transition
toward the ISC seam of the OBF-direction (Figure 4, top
panel). Nevertheless, such biased preparation does not fully
account for the observed ratio, as the majority of transitions
occur fairly centered. Second, propagation toward the OBF
minimum is favored via a steep gradient. The fraction of the
population that moves toward this direction is rapidly steered
away from the cis-configuration of the FC point and trapped
in the OBF minimum (Figure 4, lower panel). In contrast, a
barrier induces a slower evolution toward the ent-OBF-ERC,
suggesting that the OBF/eni-OBF asymmetry is imposed by
conformational constraints.
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Overall, we deciphered the necessary conditions to
explain the photochemical enantioselectivity in CHp: A
time scale separation between the chromophore and alkyl
reorganization is just close enough to prevent equilibration
between the enantiomeric channels, such that the initial
branching becomes decisive. It is, thus, sufficient to study the
ground state conformer distribution and the properties of the
3(mwm*) state toward the early-stape OBF-ERCs to explain
the excited state selectivity. The model CHp and compound
1 vary by the COOH substitution of the enone fragment {cf.
Scheme 7). Electronic structure simulations of excited states
(see Supporting Information) allow to quantify the influence
of the COOH group on the topology of the ERC and thus
assess the influence on the initial reaction dynamics. We find
that along the initial OBF reaction coordinate, the minima
are preserved, but the OBF minima of 1 are slightly more
stabilized. Also, the energy pap between the ' (7 *) minimum
with OBF-configuration and associated 50/8) crossing seams
is widened, which supgests that nonradiative relaxation to the
ground state is reduced. Both findings support the notion that
cross-channel interconversion of the competing chiral OBF
channels, found to be rare for the CHp model system, should
be even more reduced in compound 1. The model system
CHp thus provides valuable insight into the early steps of
the catalyzed photoreaction to be applied to a more complex
substrate.

Computational  results:  Isomerization of cyclohept-2-
enone-3-carboxylic acid (1) in the chiral pocket. In this
section, we analyze the influence of the catalyst on the
relaxation cascade toward an asymmetric photoproduct
distribution, considering substrate 1. The results on the model
system CHp suggest the following important conditions for a
high enantiomeric ratio of the 2fent-2 intermediate: First, it is
necessary to generate an asymmetric conformer distribution
in the S;. Yet, this is not sufficient for a satisfactory
performance of the overall photoreaction, as a vibrationally
hot ensemble could, in principle, undergo a random walk on
the photoreactive surface. Thus, either vibrational cooling is
required preceding the population transfer onto the enone
or enhanced asymmetry along the enone’s photoreactive
state. To describe the complex interactions between 1 and
catalyst Ba, we follow an efficient yet accurate protocol to
narrow the large conformer space. A previous study by Yepes
et al. validated a combination of metadynamics sampling,
ensemble optimization, and Boltzmann weight refinement
for a C,symmetric, chiral catalyst with similarities to
82|71 Extending beyond the work of Yepes et al., we
conceived an iterative, dynamically constrained refinement
of the initially obtained Boltzmann sum that succeeds in
removing intruder conformers from the prescreening on
the lower level of theory (see Supporting Information for
a detailed description). In a similar manner to Bickelhaupt
and Houk, we extended the IDPP-MEP reaction coordinate
approach by a distortion-interaction energy decompaosition
analysis of the excited state that provides an intuitive
explanation of the influence of the catalyst!®'! Comparing
both the ground and excited state perspectives, our results
suggest a crucial role of the flexibility of the linker segments
in 8a.
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Calculations on the 18a complex showed the clear
dominance of a specific binding motif (termed the sandwich
motif, top panel in Figure 5), which accounts for about 96%
of the Boltzmann sum. In this motif, the substrate is bound
to the phosphoric acid moiety via two hydrogen bonds. An
asymmetric catalyst interaction is achieved if at least three
binding anchors between the catalyst and the substrate are
provided, and the hydrogen bonding interactions account for
two. The third anchor is introduced by a key feature of the
catalyst: The Cp-symmetry of Ba is broken by an inward tilt
of the TX,-phenyl-linker, which allows for the thioxanthone
groups (TX; and TX;) to tightly fold around the binding
site. Both thioxanthone groups adopt a relative perpendicular
orientation, in turn generating a small and a large groove.
Upon capture of 1, the TX groups simultaneously engage in
stabilizing m-m interactions with the enone moiety within the
small groove (enone-TX, -distance: ~0.35 nm), while forcing
the alkyl fragment to bend into the large groove. This not
only induces a chiral conformer distribution but also narrows
it. Only for the CHp-2-like conformation of 1, predicted to
show an intrinsic selectivity, steric repulsion with the TX arms
is minimized, and its relative Boltzmann weight increases
substantially (from 36% in 1 to 94% in 18a). Electronic
excitation is spatially confined to either of the TX sites
(see Supporting Information for natural transition orbital
analysis). At the double-hybrid density functional level of
theory (SCS-RI-wPBEPP86), we found two nearly degener-
ate transitions to 8; (339 nm, TX, site) and S; (357 nm,
TX; site), both of which are spectroscopically accessible.
Their local orbital symmetry resembles the optically allowed
excited state of thioxanthone (TX). Previous studies on TX
outlined an initial relaxation cascade (Figure 3, bottom right):
Following excitation, a fast two-step process yields the lowest
triplet state, likely via initial IC toward ' (now*) (fs timescale)
followed by ISC (ps timescale)!®| Similar timescales are
expected for the complex 1-8a. Accordingly, we assume that
the excitation energy is transferred to the enone chromophore
via short-range triplet energy transfer/®*#1 Such a mechanism
is consistent with the loss of conversion upon O-benzylation
of 1 (vide supra) and highlights the catalytic efficacy of the
sandwich motif by bringing the donor and acceptor sites in
close proximity. Since triplet energy transfer is an exchange-
mediated process depending on orbital overlap, a transition
is most likely to occur into the 3(wx*) state, preparing the
substrate chromophore for photoisomerization. The potential
surface of the full system (Figure 6) exhibits strong asymmetry
between the enantiomeric channels, even more pronounced
than observed for the CHp model (cf. Figure 4).

The favored enantiomer shows barrier-less relaxation
toward the OBF channel, in agreement with the experimental
outcome. Such selectivity is found to be a strain-mediated
effect: Along the early OBF-ERCs (~ 0.4 Reaction Coor-
dinate), the TX, groups undergo a synchronous torsional
motion about the Cippe—Cix bond, maintaining 7—r inter-
actions. Hence, the interaction energies vary synchronously.
The decomposition analysis suggests that the strongest contri-
bution to the ent-OBF barrier stems from the enone fragment,
and it is caused by the reorganization of the alkyl fragment.
A minor contribution to the barrier further stems from a
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rearrangement of the catalyst. Rotation onto the OBF face
allows the alkyl backbone of 1 to escape confinement by
further bending into the large groove. In contrast, rotation
onto the em-OBF face induces a complete de-conjugation
of the phenyl and TX; m-systems, as the latter evades the
approaching, bulky alkyl fragment. These findings allow to
rationalize the experimentally observed outcome: The origin
of the systems’ excited-state selectivity is the formation of
the sandwich binding motif, which forces an asymmetric
conformer space.

Computational results:  Thermal Diels-Alder reaction
inside the chiral pocket. What remained to be determined
were selectivity effects of the equilibrium ground state
dynamics [cf. factor (iii})]. In a first step, we ruled out that
lactonization to 3e occurs before the Diels—Alder reaction
(see the Supporting Information for details). Rather, the
lactonization is an ensuing step without any influence on
the stereoselectivity. To identify critical reaction barriers
for the cycloaddition, we performed a high-level assay on
the achiral ground state reaction network of frans-isomers
2ient-2 (see Supporting Information). The results identify
productive reaction coordinates, which afford products 3e/eni-
3e, and nonproductive loss channels associated with the
back-isomerization to 1. It was found that the competition
of the OBF-TS (TS = transition state) against the DA-TS
is decisive at this stage of the reaction. The cycloaddition
proceeds over a thermally accessible barrier and affords
3e/ent-3e in a net exergonic cascade. In the reaction catalyzed
by 8a (Figure 7), the reorganization dynamics of both TX
groups increase the complexity of the productive reaction
coordinate compared to the uncatalyzed reaction. We identify
decisive barriers (DA-TS/ent-DA-TS, OBF-TS/ent-OBT-TS)
for both enantiomeric channels, for which the minor ent-
2-8a network appears to be stabilized along the productive
coordinate and destabilized along the loss channel.

While the calculated free energy differences of the barriers
should be considered with some care, the findings sugpest that
the equilibrium ground state selectivity [cf. (iii)] is opposed
to the photochemical selectivity of the reaction [cf. (i)]. This
could explain the erratic trend observed for varying diene
reaction partners (Scheme 4) and the relatively low overall
enantioselectivity. The final product, 3elent-3e, is sterically
bulky and thus interacts poorly with the catalyst, such that it
is readily exchanged for 1. The event closes the catalytic cycle
and guarantees a reasonable turnover. The prevalence of 3e
over eni-3e is a result of the excited state process.

Conclusion

In summary, we have shown for the first time that a cis-
cycloalk-2-enone can be enantioselectively converted into
its chiral trans-isomer. In a fundamental study employing
cis-cyclohept-2-enone-3-carboxylic acid (1) as the substrate,
the frans-isomer was identified by transient IR spectroscopy
and trapped in a stereospecific Diels-Alder reaction. Proof
of principle was obtained that a chiral thioxanthone with
an appropriate binding cavity can induce a notable enan-
tioselectivity. A suite of computational studies revealed the
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enantioselective reaction course to be linked to a chiral recog-
nition within the constraints of the catalyst-cycloalkenone
assembly. The cis-isomer 1is bound in a chiral conformation,
which then translates upon energy transfer via an OBF to
the chiral trans-isomer 2. The computational results clearly
associate the rotation around the former double bond with
the first excited *(war¥) triplet state of the enone and provide
a clear picture of how the trans-isomer is formed. Since
the reorganization of the aliphatic backbone is slower than
the bond flip, the chirality transfer is high. The findings
allowed access to the enantioselectivity of the process from
the binding properties of various conformers of substrate 1 to
the chiral phosphoric acid 8a with two pendant thioxanthone
groups. Triplet energy transfer was shown to be possible
for a preferred conformation and triggers the consecutive
reactions. The model so obtained (cf. Figure 6) can serve
as puidance for the design of future photoisomerization
mediated by chiral phosphoric acids. When studying the
further course of the trans-isomers 2 and ent-2 in the Diels—
Alder reaction, it became evident that the chosen catalyst
8a favors a preferred cycloaddition to the minor enantiomer
ent-2. In other words, the enantioselectivity achieved in
the photoisomerization erodes in the Diels-Alder reaction
depending on which diene traps the chiral trans-isomer and
which approach the diene takes (endo vs exo). This hypothesis
is supported by the fact that the enantioselectivity varied
between 16% and 38% ee for different dienes. Vice versa, it
is safe to assume that the enantioselectivity obtained in the
photoisomerization is at least 38% ee, which in turn provides
an excellent reference point for further work in the area.
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Photochemical deracemization of 2,3-allenoic
acids mediated by a sensitizing chiral phosphoric
acid catalyst

Max Stierle,? Daniel Bitterlich, (2'® Julia Westermayr " and Thorsten Bach (2 *2

Photochemistry opens the possibility to convert a racemic mixture of a chiral compound into a distinct
enantiomer in a single operation. Seven chiral phosphoric acids with a pendant thicxanthone
chromophore were synthesized and evaluated as catalysts for the visible light-driven deracemization of
2A4-disubstituted 2. 3-allenoic  acids. A catalyst derived from 11-spirobiindane- 7.7 -diol  (spinol)
performed best and delivered 2-benzyl-4-tert-butyl-2 3-allenoic acids in 58-97% yield and with
enantiomeric ratios {er.) varying between 71/29 and 85/15 depending on the benzyl substitution patterm.
The major enantionmer was shown 1o be (R]-configured, and other 2.3-allenoic acids were also probed in
the reaction. A mechanistic scenario for the observed enantioselectivity is provided that rests on
experimental and guantum-chemical studies.

Introduction

Since racemates of chiral compounds are typically available at
a lower cost than enantiomerically pure compounds, extensive
efforts have been undertaken to resolve racemic mixtures. A
wide arsenal of separation techniques has become available to
obtain the two enantiomers of a given chiral compound with
high purity." Alternatively, it is possible to differentiate two
enantiomers in a racemic mixture by kinetic resolution. Typi-
cally, chiral catalysts, often enzymes,? are employed to involve
one enantinmer in a chemical transformation while the other
enantiomer remains unchanged. For the preparaton of
enantiopure carboxylic acid derivatives, a kinetic resolution
reaction frequently involves either an esterification or an ester
hydrolysis.” Since ester and carboxylic acid are easily intercon-
vertible, the process can be iterated, eventually leading to
a single enantiomer. Alternatively, kinetic resolution reactions
can be performed under conditions which allow for an equili-
bration of the two enantiomers (dynamic kinetic resolution),*
thus facilitating complete conversion of a racemic mixture into
an enanticenriched or enantiopure product.

Allenes (1,2-propadienes) display an axis of chirality if they
carry two sets of different substituents at their terminal carbon
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atoms. The compound class has received great interest due to
its high synthetic utlity and its potential for creating chiral
structures with a defined absolute configuration.” In the latter
context, 2, 4-disubstituted 2,3-allenoic acids invite kinetic reso-
lutions by enzyme catalysis starting from an ester precursor.
Pioneering work by Jones and coworkers" revealed that
enanticenriched 2,3-allenoic acids 1 can be obtained by
hydrolysis of the respective allenoate (Scheme 1). Ethyl ester rac-
2a was reported to deliver the (S)-configured allenoic acid in
a low, yet detectable enantiomeric ratio (e.r.) of 53.5/46.5.
While subsequent work with wild-type enzymes delivered
improved results,” major breakthroughs were not achieved

Erantioeniched 2,4 disubsined | Q R

T R A
2 J-allenoic acids: LA }=_ "
4 ==, "OH OH
e TNy
Jones (1366 14R) ant-4 {5} O
nGs
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), fk ™ Al e o
. OE! = OH 5
H,— ] % N, = _|->‘_ =, AOH
S0% cam. ]
rac-2a ia ent-la
[er. = 46.5/53.5)
Rantz, Backval (2007
FAL mitant
{’ \, wo,  Leut6zPhe { \
a ﬁ]‘” pH=T5 / o
\_3=.=<La S [HOMaCH) =< oM
H A4% Can. H
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Scheme 1 Enantioenriched 2.4-disubstituted 2.3-allenoic acids (1)
obtained by enzymatic kinetic resolution of racemic esters 2. PLE = pig
liver esterase. PAL — Psewdomonas aeruginosa lipase.
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before directed evolution was applied to allenoate hydrolysis.
The Reetz and the Bickvall laboratories engineered a lipase by
site-specific mutagenesis which processes almost exclusively
one enantiomer of ester rac-2b to provide product (+)-1b with an
excellent e.r." Although a method for the racemization of alle-
noates had been previously reported,” a dynamic kinetic reso-
lution was to the best of our knowledge never applied to the
preparation of enantivenriched 2,4-disubstituted 2,3-allenoic
acids. Despite the development of highly powerful alternative
kinetic resolution methods,™* there is no direct access to this
compound class that allows for a complete conversion of the
respective racemate to a single enantiomer.

Given our interest in photochemical deracemization reac-
tions of allenes and related axially chiral compounds,*"* we
considered possible catalyst designs to be applicable to chiral
2,3-allenoic acids. Deracemization promises the complete
conversion of a racemic mixture to a given enantiomer under
photochemical conditions.™ A suitable photocatalyst requires
a binding motif for the carboxylic acid group and needs to
display chromophores that induce the desired deracemization
event. From previous work, it was known that thioxanthones are
competent to facilitate promotion of allenes into their triplet
state,"™ which in turn suggested that a catalyst with suitably
placed thioxanthones™ might enable the required differen-
tiation of enantiomeric starting materials (vide infra). We now
report on the synthesis of new chiral phosphoric acid-based™
thioxanthone catalysts'™™ and their application to the photo-
chemical deracemization of 2,4-disubstituted 2,3-allenoic acids
(1). A catalyst derived from 1,1"-spirobiindane-7,7'-diol (spinol)
evolved as best suited for this purpose, and its mode of action
was studied in more detail by mechanistc and gquantum-
chemical investigations.

Results and discussion

Preliminary experiments were performed with chiral allenoic
acid rac-1c, which was irradiated with light of fluorescent lamps
at an emission maximum of 4 = 420 nm (for details see the SI).
At this wavelength, the allenoic acid is transparent, while thi-
oxanthones typically absorb visible light in the blue region of
the electromagnetic spectrum (A = 450 nm). Since separation of
the two enantiomers of rac-1e by chiral HPLC was not feasible,
the acid was converted into its methyl ester by treatment with
trimethylsilyldiazomethane (TMS = mrimethylsilyl). The methyl
ester enantiomers 2e and ent-2c were separable and allowed for
an assessment of their relative ratio by chiral HPLC (Scheme 2).
Initial experiments were performed with previously reported
chiral phosphoric acids, which were derived from 1,1-bi2-
naphthol (binol, 3a)," 5,5'6,6,7,7 8,8 octahydro-1,1'-bi-2-
naphthol (octahydrobinol, 3b and 3d)™ or 1,1"-spirobiindane-
7,7'-diol (spinol, 3c)."® At first sight, the outcome of the reac-
tions was disappointing because there was no significant pref-
erence for one of the two enantiomers. Even prolonged
irradiation did not lead to an improvement. On the positive
side, we noted that the spinol-based catalyst 3¢ outperformed
the related catalysts 3a and 3b, and that it seemed beneficial to
mowve the thioxanthone chromophore closer to the chiral
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Scheme 2 Photochemical deracemization attempls performed with
2.3-allenoic acid rac-1c and known catalysts 3a-3d. The acd was
methylated to determine the enantiomernic ratio (e.r.) by chiral HPLC
analysis.

backbone. In catalysts 3a-3e, a meta-substimted phenyl group
acts as a hinge connecting the chromophore with the phos-
phoric acid, while the chromophore is directly attached to the
chiral backbone in catalyst 3d. The results indicated that it
might be beneficial to prepare new spinol-based catalysts to
which thioxanthone was directly artached at the 6 and &'-pos-
iton of the biindane skeleton.

The synthesis of the spinol derivatives commenced with the
respective mono- or diiodinated precursors 4a™ and 4b,™ the
hydroxy groups of which were protected by methoxymethyl
(MOM) substituents (Fig. 1). Subsequent Pd-catalysed cross-
coupling with known boronates 5a™ and 5b™ was immedi-
ately followed by remowval of the MOM protecting groups and
formation of the respective phosphates Je-3g.

Catalyst 3e was obtained in an overall yield of 52%. The
reaction to the 6,6'-disubstituted catalysts 3f (48% overall) and
3g (72% overall) mrned out to be equally efficient, but the
separation from impurities proved tedious in all cases. The
performance of the catalysts notably improved when compared
to the previous results obtained with catalysts 3a-3d in the
photochemical deracemization. Particularly, the two-fold
thioxanthone-substituted catalyst 3f combined a good
enantiodiscrimination in the reaction of chiral acid rac-1¢ (e.r.
= 76/24) with good availability on larger scale. Further optimi-
sation experiments were consequently performed with the latter
catalyst (Table 1). By choosing different reaction times (entries
1-4), it was confirmed that the photostationary state was

) 2025 The Aulhor(s). Published by Lhe Royal Sociely of Chernislry
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Fig.1 Starting materiaks 4-5 (top) required for the synthesis of spinol
based chiral phosphoric acids 3e-3g. The er. refers o the enantio
meric ratio obtained with the respective calalyst in the photochemical
deracemization of 2,3-allenoic acid rac-1c (cf. Scheme 2).

Tablel Reaction oplimisation for the photochemical deracemization
of 2.3-alencic acid rac-1e calalyzed by chiral Brensted acid 3f (of.
Scheme 2 and Fig. 1)

entry”  3f[mol%s]  Sohent T[] ¢[h]  Yield er”

1 10 CHyClL, 30 1 Quant  76/24
2 10 CHyCl, 30 2 Quant  74/26
3 10 CH,Cl, 30 & Quant  75/25
1 10 CH,ClL, 30 23 TA% TO/30
5 10 CH2Ck 30 4 88% 74/26
& 10 CH,CL, 30 4 93% 7621
7 5 CHyCl, 30 4 Quant 7327
8 20 CH,Cl, 30 4 6% 7426
9 10 CH,Cl, 10 4 97% RI/1E
10 10 CHyCl, 0 1 Quant  80/20
11° 10 TH,CL, 10 4 97 7921
12 10 DeE 30 4 6% 5842
13 10 Toluene 30 4 Quant  65/35
14 10 Acetone 30 1 97% 51/49
15 10 TFT® 30 4 89% T2/28
16 10 HFX® 30 4 7% 75/25

2 Unless otherwise noted, the reactions were performed at a substrate
concentration of € = 10 mM. The product was isolated as its methyl
ester 2efent-2e. © The enantiomeric ratio (er.) was determined after
methylation by chiral phase HPLC analysis. © ¢ = 5 mM. o= 20 mM.
® The irradiation was performed at A = 440 nm. ¥ 1,2 Dichlorocthane.
£ Trifluorotoluene. * 1,3 Bis(trifluoromethylbenzene.

reached after an irradiation time of four hours. There was no
improvement of the e.r. at longer reaction times.

The influence of the substrate concentration (c) was probed
by changing the concentration to ¢ = 5 mM (entry 5) and ¢ =
20 mM (entry &), respectively. There was no notable change
which is why a concentration of ¢ = 10 mM was routinely
chosen. Likewise the catalyst loading (entries 7, 8) had lintle
influence on the reaction outcome and the loading was kept at
10 mol%. The most significant parameter leading to an
improvement of the enantioselectivity was the reacton

© 2025 The Aulhor(s). Published by Lhe Royal Socely of Chemislry

View Ardide Online

Chemical Science

temperature. At —10 °C, the e.r. increased to 82/18 (entry 9) but
there was no further increase upon lowering the temperature to

40 °C (entry 10). Since the fluorescent light bulbs display
a relative broad emission spectrum, other light sources with
a narrower emission band were tested. One example is included
in Table 1 (entry 11). Here, a light emitting diode (LED) with an
emission maximum at A = 440 nm was used. The outcome was
somewhat inconsistent, possible due tw the littde overlap
between emission and absorption by the catalyst (vide infra). On
average, neither yield nor e.r. improved notably when choosing
other light sources (see the SI for details). The choice of solvent
was limited by the solubility of the chiral Brensted acid. all
tested solvents (entries 12-16) murned out to be inferior to di-
chloromethane, and we selected the conditions of entry 9 to
study different substrates in photochemical deracemization
reactions mediated by catalyst 3£,

Initial substrate modifications concerned primarily the
substituent in 2-position. Diversely substituted phenyl groups
were probed at the benzylic position and it was shown that the
protocol was compatible with alkyl (1g, 1i, 1j), fluoro (1d),
chloro (10), bromo (1e), iodo (1f), alkylsulfanyl (1h), phenyl (1k),
cyano (11) and alkoxy (1m) substitnents (Scheme 3). In some
cases, the ratio of the acid enantiomers could not be directly
assessed, and the acid was converted into the respective methyl
ester. Yields were consistently high but decreased for strongly
electron deficient (1p) and electron rich (1n) substituents.

Although steric bulk at the 2-benzyl substment did not
change the enantioselectivity of the deracemization, as seen for
example in the reaction of rac-1j, the 1-naphthyl group led to
a notable decrease in e.r. (product 1q). It was possible to scale-
up the reaction, and an improved yield was recorded when
running the reactions on larger scale. For instance, acid 1f was
obtained in 94% yield when the reaction was run on 0.5 mmol
scale while the small-scale reaction (50 pmol) gave only a yield
of 76%. Catalyst recovery was feasible, and 70% of the catalyst
was re-isolated in the mentioned 0.5 mmol scale reaction.

In general, the free acids elute relatively slowly from column,
and some product was likely lost because it was too diluted for
detection in late fractions or it remained on column. The issue
was particularly relevant on small scale, and the lower yields for
cases in which the acids were isolated are partially due to their
high polarity. For example, product il was obtained in only 64%
as the acid, but the yield was 95% for the methyl ester 21 under
otherwise identical reaction conditions.

Expectedly, the size of the substituents in 2- and 4-position
plays a significant role in the enantiomer discrimination by the
catalyst. If the size of the substituent R' at C4 was decreased, the
e.r. of the product acid was lower than for standard substrate 1¢
(R' = tert-butyl). The methyl-substituted acid 1r (R' = methyl)
was obtained in a comparably low e.r. of 65/35. When increasing
the steric bulk of R', the e.r. improved as seen for 1s, 1t, and 1u.
Likewise, small groups R at position C2 led to relatively low
enantioselectivity (Scheme 4).

For R = H (1v) and R = methyl (1w), the e.r. was lower than
for the standard substrate 1c with R = benzyl. A dimethylallyl
group at C2, however, seems to mimic the benzyl group well,
and acid ix was successfully deracemized in good yield (85%,
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Scheme 3 Photochemical deracemization of 2,3-allenoic acids rac-
1e to rac-1q as catalysed by chiral Brensted acid 3f (50 pmol scale).
* ¥ield and ef. of the product were oblained after methyl ester
formation as described in Scheme 2. When performed on 0.5 mimol
scale the yield was 94% (er. = B0/20).

e.r. = 84/16). Phenyl groups in position C2 or C4 of the allene
lead to a bathochromic shift of the UV/Vis absorpdon which
likely invites a direct excitation and hampers the enantio-
selectivity in an attempted deracemization reaction (see the SI
for details). Although an association of the carboxylic acid to the
catalyst by hydrogen bonding was assumed to be an integral
part of the mode of action, we confirmed the critical influence
of the binding site by subjecting other allenoic acid derivatives
to the deracemization conditions. Both amide rac-6c and ester
rac-2¢ resulted in low or no enantioselectivity.

The absolute configuration of the products was established
by comparison with authentic material of known configuration.
Enantioenriched acid if was converted to amide 6f which was
shown by chiral HPLC analysis to exist as an 80/20 mixture of
enantiomers 6ffent-6f. The absolute configuration of minor
enantiomer ent-6f was known from previous work.'™ On chiral
HPLC, the enantiomers are baseline separated which allowed to
assign the absolute configuration of the stereogenic axis as (R).
The same exercise was performed for acid 1h confirming the
assignment. All other configuration assignments were based on
analogy with the major enantiomer being [R)}-configured
(Scheme 5).

Mechanistically, the configurational instability of allenes 1
seems to be the result of a sensitized excitation leading to an
achiral triplet intermediate.” Experiments with enantio-
enriched (scalemic) substrate 1f (e.r. = 80/20) performed at A =
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Scheme 4 Influence of substitution and binding motif on the

outcome of the photochemical deracemization of 2,3-allenoic acids
rac-1r to rac-1x and of allenoic acid derivatives rac-6c and rac-2c.
? ¥ield and er. of the product were obtained after methyl ester
formation as described in Scheme 2. ® Yield of the isolated carboxylic
acid. the er.was determined after primary amide formation.

440 nm and at T = —10 °C showed the compound to be
configurationally stable. If achiral thioxanthen-9-one was added
and the reaction was performed under otherwise unchanged
conditions (Scheme &) a slight but clearly detectable racemiza-
tion was observed. The most likely scenario to account for the
racemization is a sensitization by thioxanthen-9-one, the triplet
energy |E(T,)] of which has been determined as E(T,) =
274 k] mol ' (77 K, methylcyclohexane-isopentane).® The
intermediate allene-derived diradical 7f is achiral and reforms
statistically either one of the two product enantiomers 1f and
ent-1f. The only small er. change is anributed to the low
absorption coefficient ¢ of thioxanthen-9-one at A = 440 nm (¢ =
1Lmol 'em !in CHCL,).

At shorter wavelength, employing fluorescent lamps emit-
ting at A = 420 nm, the racemization was more extensive (e.r. =
66/34) under otherwise identical conditions. However, it was

N Q e} !
1. EDCI, HOB — I, J \,"
. el ey
(CHZCI:1 0 *C > 7 HzN 4
2 NHy iag) H H
1 & P
84% y [ )
&f - ant-Bf
fmr. =80/20) | i {er. = 937)

Scheme 5 Proofl of absolute configuration: Enanticenriched carbox-
ylic acid was corwverted into amide 6f [EDCI = 1-ethyl-3-(3-di-
methylaminopropyllcarbodiimide, HOBt = 1-hydroxybenzotnazole)
which was compared on chiral HPLC with a sample of amide ent-6f"=
the absolute configuration of which was known.
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Scheme & 2.3-Allenoic acid 1f is not configurationally stable upon
excitation. In the presence of thioxanthen-9-one, irradiation at A =
440 nm leads 1o a decrease in the enantiomenic ratio, presumably via
achiral triplet intermediate 5.

surprisingly found, that substrate 1f undergoes a detectable
racemization (e.r. = 76/24) even in the absence of the catalyst.
We ascribe this observation to a minor emission band of the
fluorescent lamps occurring at A = 365 nm (for the spectral data
see the SI). In the deracemization experiments, this emission
should be inconsequential, since catalyst 3f has a far more
extensive absorption at this wavelength than substrate rac-1f
and it should be almost exclusively excited. The allenoic acid
ahsorbs minimally at 4 = 365 nm with ¢ = 1 L mol ' cm '
(CHCl;) while the absorption coefficient for 3f is £ — 5630 L
mol ' em ' (CH,CL,). In fact, the photophysical properties of
catalyst 3f (Fig. 2) are similar to parent thioxanthen-9-one.™

The energy of the lowest lying singlet state was determined
from the crossing point of the absorption and fluorescence
emission as E(S,) = 295 k] mol '. The compound shows an
intense luminescence at 77 K which is mostly due to phos-
phorescence. The triplet energy was calculated from the point of
inflection in the phosphorescence spectrum as E[T,) = 260 +
2 kf mol * (77 K, CH,Cl,).

The most coherent explanation for the observed enantiomer
differentiation is based on a preferred energy transfer to one
substrate enantiomer of allenoic acid. The situation is depicted
for the parent compound rac-1e in Scheme 7 and was further
corroborated by quantum-chemiecal caleulations. Dexter energy
transfer™ is strongly distance dependent, and proximity of the
triplet energy donor and the respective acceptor facilitate energy
transfer.™ We propose that enantiomer ent-1¢ is more readily
processed by photoexcited catalyst 3f* because the

350 400 453 500 550 GO0 400 450 500 550 &0
A [nen] & [nm]

Fig. 2 Pholophysical properties of catalyst 3i: Mormalized abserption
and emission spectra at ambient ternmperature in CHzCle solution (left).
Emission spectra recorded at r.t. (red solid line) and 77 K (blue solid line)
in CHCl; (Aey,e = 385 nm). The blue dotted line shows the phospho

rescence spectrum at 77 K (o = 385 nm, Loey, = 100 ps) in CHCl,.
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thioxanthone and the allene chromophore are spatially closer in
complex 3f-ent-1c than in the diastereomeric complex 3f-1c. If
this is correct the catalytic cycle involving the former complex is
preferred and the rate of racemization via achiral intermediate
7c is higher for allenoic acid enantiomer ent-1c. In the photo-
stationary state, the enantiomer 1e, which is more slowly pro-
cessed, prevails and is isolated in excess.

For theoretical investigations, minimum energy conformers
were computed using conformational sampling™ ™ of complexes
3f-ent-1c and 3f-1c with the GFN2xTB™ method, followed by
subsequent geometry optimization and frequency ealculation to
confirm the correct minimum energy structures. Therefore, the
PEEh-3c™ ™ composite method including implicit solvation™™
was used. In addition, thermodynamic corrections™** were
included to the electronic energies thatwere computed using the
PW6B95-D3(B])/def2-QZVP="= Jevel of theory. The most
stable minimum energy conformers of both complexes are
visualized in Scheme 7. The Gibbs free enthalpy of both diaste-
reomeric complexes is almost identical with a calculated AG of
only 0.473 k] mol '. Subsequent analyses were based on all
sampled ground-state minimum energy conformers (40 for
3f-ent-1c and 24 for 3f-1c) that were weighted by a Boltzmann
distribution. Computational details on the sampling procedure,
energy calculations, and analyses can be found in the SL

As Dexter-type triplet energy transfers are strongly distance
dependent, we analysed the interatomic distances of the two
distinct diastereomeric complexes as previous investigations of
similar allene deracemizations have shown that distances
observed in the ground-state equilibrium geometries are similar
to those in the triplet manifold." Analysis revealed that the
distance between the thioxanthone moiety and the conjugated
atoms in the allene is smaller in case of complex 3f-ent-1c
compared to complex 3f-1e, both for the lowest minimum
energy conformer as well as in the Boltzmann-weighted average.
To avoid dependencies on arbitrary reference points and the
resulting introduction of a bias, we used the overlap of scaled
van der Waals radii** as a measure for the proximity of the
relevant groups. A larger volume indicates a better overlap of the
radii and a greater proximity of the two components within the
assembly. The resulting volumes obtained for the minimum
structures, 2.98 A* for 3f- 1c and 3.81 A* for 3f-ent-1c, are plotted
in addition to the structures in Scheme 7 (green areas). The
Boltzmann-weighted averages, 2.97 A* for 3f-1c and 3.72 A® for
3f:-ent-1¢, confirm the observation obtained from the lowest
minimum energy conformers. The differences in the volumina
are clearly visible and are additionally supported by the
distances of each atom in the allene moiety to the thioxanthone
plane that are plotted in the SI. These results confirm previously
observed trends that shorter distances are in correlation with
lower barriers in Dexter-type triplet-energy transfers.™

Since the distance difference for the diastereomeric
complexes 3f-1 ws. 3fent-1 is relatively low, the achieved
enantioselectivity is not as high as in previous cases." While the
enantioselectivities obtained with spinol-derived catalyst 3f are
moderate, our computational analysis shows that the selectivity
correlates with differences in Dexter energy transfer efficiency
between diastereomeric complexes, quantified by Bolzmann-

Chermn. Sci.

39



This arficle i hesmsed undera Creative Commens Atimbuhon 3.0 Unported Licencs.

Open booess Arbcle. Published on 22 8eptember 2025, Dow rloaded on 912502025 2:33:48 PM.

(=)

40

Chemical Science

I

TR X o
0."’ -:::ro
0% o
® & 0 ctxe
}'... [ X ]
'..0 BB S

View Artide Online
Edge Article

Scheme 7 Mechanistic scenarnio for the deracemization of racemic allencic acid rac-1ec upon iradiation in the presence of catalyst 3f. Triplet
energy transfer is faster in complex 3f-ent-1c than in complex 3f-1c because the average distance of the thioxanthone chromophore Lo the
allene is smaller. Triplet energy ransfer from excited 3% 1o the allene keads 1o formation of achiral riplet intermediate 5e (cf. Scheme 6) which
dissociates from the phosphoric acid and forms either one of the two enantiomers 1e or ent-1e of the allenoic acid. The lowest minimum energy’
conformations of each enantiomer with catalyst 3f are shown below, in addition 1o the overlap of scaled van der Waals radii (green areas) o

visualize the proximity of the allenoic acids to the catalyst.

weighted proximityfoverlap descriptors. This mechanistic
handle suggests avenues for optimization, such as closer or
asymmetric placement of the thioxanthone unit, mning of the
chromophore's triplet energy, or reinforcement of the
hydrogen-bonding network. These strategies, together with
data-driven screening based on the computed descriptors™ or
machine learning optimization techniques,* provide a road-
map for future improvements in enantioselectivity.

An interesting twist of the Dexter energy transfer mechanism
relates to the fact that a dual catalytic system is conceivable, in
which achiral thioxanthen-9-one and a chiral phosphoric acid

o o
§ MBS, K00, I ff
a4, 005 2
.t [Hz0 (HD/MeCN) i ‘,\—\
Ny o wonon (T
B Y a0% a4 ]
p— . ('
\
Bler =811y | 1f (5.1, = BO/20) 9(er =723 !
1. TRSCHMN,, LV
05 =1t _k>_‘ ™ oH
(CH; ChMe0H) H 10
2. Dibal-H .
=78 °C [PhMe) (__J o
4% T —\{ .
P l =-=__"0TBS
. ;} ™, Iz TBSO, im H
._YJ“ T T, (HOMaCN) | (TH,CI) [" “‘“
! ! ! - R
o a1% are b
1 |
M {a.r. = TEIIE) 12 {.r. = THIZE)

Scheme B Consecutive reactions of scalemic allenoic acid 1f
Abbreviations: Dibal-H = dilsobutylaluminium hydride; im = imid-
azole; NBS = N-bromosuccinimide; TBS = tert- butyldimethytsilyl.
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with a suitable chromophore act synergistically. Preliminary
results showed the approach to be viable but the enantio-
selectiviies remained lower than with the sensitizing phos-
phoric acid 3f (see the SI for details).

The transformation of axially chiral allenes to products with
a stereogenic center has been studied extensively in prior work.
In particular, the Diels-Alder reaction has been broadly urilized
and was shown to occur with high chirality transfer." In the
present study, we have mainly investigated a consecutive halo-
lactonization™ or haloesterification (Scheme 8)."" We found the
bromolactonization of scalemic allenoic acid 1f to occur with
perfect chirality transfer generating lactone 8 in high yield. The
absolute configuration of the major enantiomer was assigned
based on the assumption that the temporarily formed bromo-
nium ion is substituted intramolecularly by the carboxylic
acid.™™ The iodolactonization to product 9 proceeded
smoothly but the enantiomeric purity was not fully retained.
Upon reduction of the acid to aleohol 10, the iodoetherification
delivered the desired ether 11 in an e.r. of 75/25. Since the e.r. of
aleohol 10 could not be determined by chiral HPLC, it was
transformed into silyl ether 12. Based on the fact that its e.r. was
identical to the e.r. of the indoetherification product, it seems
maost likely that the observed loss of enantiomeric purity is due
to the reduction step while the absolute configuration is
retained in the two consecutive reactions.

Conclusions
In summary, we have successfully shown that a chiral phos-

phoric acid can be employed as a single photocatalyst for
a photochemical deracemization reaction. The catalyst operates

) 2025 The Aulhor(s). Published by Lhe Royal Sociely of Chernislry
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likely by triplet energy transfer to the allenoic acid, inducing
a racemization vig the triplet state of the substrate. Proper
positioning of the thioxanthone chromophore in the catalyst is
crucial for the differentiation of the two substrate enantiomers.
The relatively high flexibility of catalyst and allenoic acid
precludes the catalyst from recruiting a single allene enan-
tiomer in the energy transfer step. Although there is a prefer-
ence for processing one enantiomer over the other, the degree
of differentiation and consequently the enantioselectivity are
yet not as optimal as previously seen for azabicyelo[3.1.1 nonan-
2-one-based energy transfer catalysts. Sill, the results provide
an excellent starting point for further catalyst optimization and
design.
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7. Summary

Based on previous reports by our group®’-3! and others!®*%2] a new generation of structurally
diverse PACPAs was synthesized in this thesis. Two novel enantioselective reaction modes were
thereby unlocked. Figure 4 aims to give a chronological overview of some of the prepared

PACPAs and the reactions they were employed for.

2023,
PACPA 1 PACPA 6 ' PACPA 7
E [2+2] Photocycloaddition ' cis-trans Isomerization

PACPA 12 PACPA 11
Deracemization

Figure 4. Chronological selection of some in this work prepared PACPAs 6-12 and the reactions they were used

or. “Prepared by Pecho and Zou, year of publication is stated. ®Year of first synthesis is stated.
74 y Yy p 34

We identified carboxylic acid 66 from a selection of possible compounds as the most suitable
model substrate for an enantioselective cis-trans isomerization (Scheme 15).[7") Because the
photochemically generated, chiral cis-alkene (rac)-67 is too reactive to be isolated, we studied
racemic trapping reactions under direct irradiation conditions (14 diene examples, up to 98%
yield). Finally, we were able to show how the utilization of PACPA 7 as catalyst, under visible-
light irradiation, lead to Diels-Alder products 68 with a notable degree of enantiodifferentiation.
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1. 50 equiv. diene
0 PACPA 7 (10 mol%)
hv (L =459 nm)
O —20°C(CH,Clp)

o4 2 BnBr, K,CO; (DMF)

5 examples
66 up to 38% ee

Scheme 15. Enantioselective, visible-light mediated cis-trans isomerization of acid 66 towards the highly strained

alkene 67. Thermal Diels-Alder reaction with a suitable diene and benzylation lead to the isolated products 68.

A detailed computational analysis by our collaboration partners suggests EnT from the
thioxanthene-9-one units of the chiral catalysts towards the coordinated substrate. The
calculations propose that the overall observed enantioselectivity is induced in the isomerization
step.

In a second synthetic study, we were able to show how tuning the exact nature of the PACPA

catalyst leads to an improved deracemization reaction (Scheme 16).17%!

PACPA 12 (10 mol%) + via
; O hv (A=420 nm) ; 0
R 1Iq ~10 °C (CH,Cly) R I |
>=-—\R2 OH >=.=\\R2 OH 3 HO
H H i
22 examples :
rac-65 up to 71% ee 65 l

Scheme 16. Photochemical deracemization of allenoic acids rac-65 mediated by PACPA 12 under irradiation with
visible-light.

By employing PACPA 12 we were able to deracemize the 2,4-disubstituted 2,3-allenoic acids
rac-65 under irradiation with visible light, leading to the enantioenriched allene carboxylic
acids 65. Computational input by our collaboration partners, as well as mechanistic experiments
suggest different sensitization rates for the two enantiomers of rac-65 in the two different
diastereomeric complexes formed by coordination to the phosphoric acid catalyst. Thereby,
ent-65 is processed faster by the catalyst to form achiral diradical intermediate 69, leading to
enantiomeric enrichment of 65 in the reaction solution.

In summary, this work contains the first example of the enantioselective cis-trans isomerization
of an enone ever reported, although the obtained enantioselectivities stayed on a proof-of-
principle level (up to 38% ee). Furthermore, a pioneering contribution to the still relatively
young field of photochemical deracemization was made by efficient catalyst design (up to 71%
ee). Thereby, previous limitations were surpassed and the reaction scope of photochemically

active chiral phosphoric acids was expanded.
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