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ABSTRACT: In the last two decades, hydrogen bonds have been established
as useful interactions to control the selectivity of various chemical
transformations. In this Perspective, the contributions by our group to this
growing eld of research are summarized and analyzed. In the rst section, a
chiral template is presented which displays a 1,5,7-trimethyl-3-
azabicyclo[3.3.1]nonan-2-one skeleton with a lactam binding site and that
has been used in superstoichiometric quantities in a variety of photochemical
and radical reactions. Chiral catalysts with a related architecture evolved from
the template by introducing a suitable chromophore for harvesting photons in
the ultraviolet (benzophenone, xanthone) or visible region (thioxanthone).
They act mainly by sensitization and allow for a high catalytic turnover in
enantioselective [2 + 2] photocycloadditions and in deracemization reactions.
Eventually, the concept of lactam hydrogen bonding was transferred to
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transition-metal catalysis, and catalysts have been developed which combine, in an enzyme-like fashion, a site for substrate
binding and a catalytically active site. Substrate binding has been mainly achieved by a V-shaped ligand based on a tricyclic
octahydro-1H-4,7-methanoisoindol-1-one sca old with a lactam hydrogen-bonding site. The catalytically active metal
(ruthenium, manganese, rhodium) is perfectly positioned to the substrate for a site- and enantioselective transfer of an oxygen
atom (oxidation, oxygenation) or a nitrogen-based fragment (aziridination, amination).

INTRODUCTION

Hydrogen bonds belong to the most important noncovalent
interactions and have been extensively explored for many
decades." Given the vast number of studies on the topic, it is
somewhat di cult to introduce the research eld of this
Perspective without involuntarily omitting many important
contributions. This section thus serves exclusively as a personal
re ection on how we became interested in the use of chiral
lactams for enantioselective transformations but not as a
comprehensive survey of work which has been done in the eld
of hydrogen-bonding catalysis.> Our work in the area
commenced in the nal years of the 20th century and was
stimulated by the discovery that several secondary amides and
dihydropyridones could be successfully used as ole n
components in the Paterno Buchi reaction.® Even sensitive
ole ns such as N-vinyl formamide turned out to be compatible
with the irradiation conditions, and this nding raised the
question whether hydrogen-bonding interactions might be
employed to induce an enantioface di erentiation at the
ole nic double bond. Encouraging precedence for the fact that
even a single hydrogen bond could be a control element to
induce facial diastereoselectivity (dr = diastereomeric ratio)
came from the early work of Masamune on the intermolecular
Diels Alder reaction of dienophile 1* and from a more recent
contribution by Crimmins on the intramolecular intra-
molecular [2 + 2] photocycloaddition of substrate rac-3.° In
both cases, hydrogen bonds were invoked in the respective
conformations 1 and rac-3 to explain the high diastereose-
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lectivity of the reaction toward products 2 and rac-4 (Scheme
1).

Even more closely related to our ole ns were the 2-
pyridones which Sieburth and co-workers had employed for
photochemical [4 + 4] photocycloaddition reactions.” There
was evidence that hydrogen bonding was important to control
the diastereoselectivity in the intramolecular [4 + 4]
photocycloaddition of substrates such as rac-5 (Scheme 2).
In the nonpolar solvent benzene, the reaction was proposed to
proceed via complex rac-5 to generate product rac-6.

As mentioned above, there was extensive additional work
which suggested the use of hydrogen bonds as control
elements in photochemical reactions. Two reviews which
report on noncovalent synthesis using hydrogen bonding and
which appeared at the turn of the centur¥ may serve to re ect
the state of the art at this period in time.” The lactam binding
motif with which we eventually chose to probe a potential
enantioface di erentiation in the Paterno Buchi reaction of
achiral ole ns rested on the 1,5,7-trimethyl-3-
azabicyclo[3.3.1]nonane skeleton. The precursor to ester rac-
7 could be readily synthesized from Kemp’s triacid® and related
imides had proven to exhibit a U-shaped three-point
interaction with various substrates.® Still, there was no
precedence that a two-point interaction would be su cient
to precoordinate a lactam to a 1,5,7-trimethyl-3-
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Scheme 1. Seminal Work on Diastereoselective
Transformations Mediated by a Single Hydrogen Bond as
Control Element
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Scheme 2. Intramolecular Two-Point Hydrogen Bonding in
the Diastereoselective [4 + 4] Photocycloaddition of
Substrate rach
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azabicyclo[3.3.1]nonan-2-one, and we were delighted to nd a
high diastereomeric excess for oxetane rac-10 (Scheme 3) in
the Paterno Buchi reaction with dihydropyridone 8. It was
assumed that the reaction proceeds via an initial C O bond
formation which occurs almost exclusively at the formal Re face
of dihydropyridone 8 (relative to carbon atom C-5). 14-
Diradical intermediate rac-9 gives oxetane rac-10 in which the
relative con guratlon was proven by single-crystal X-ray
crystallography.*

Encouraged by the promising diastereoselectivity of the
Paterno Buchi reaction, we wondered whether it would be
possible to employ a related chiral template (chiral complexing
agent) for enantioselective reactions. Such a template would
not be involved in the stoichiometry of the individual reaction
but would only transfer its chirality to the reaction products by
hydrogen bonding. The story of these templates, which are
used in stoichiometric quantities or in excess (up to 2.6 equiv),
will be told in the next section before continuing with related
chiral lactams, which can be employed catalytically.
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Scheme 3. Intermolecular Two-Point Hydrogen Bonding in
the Diastereoselective Paterno Buchi Reaction of Aldehyde
rac7 and Dihydropyridone 8
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CHIRAL COMPLEXING AGENTS

Discovery and Initial Applications. Compound 7 served
as a validated starting point to develop a chiral template.** The
challenge, however, was not only to bind a prochiral substrate
by two-point hydrogen bonding but also to provide su cient
enantioface di erentiation for an intermolecular approach of a
second molecule as opposed to the intramolecular attack of
the aldehyde in the Paterno Buchi reaction (Scheme 3). It
was quickly realized that the exible ester linkage had to be
replaced by a more rigid heterocyclic skeleton and that the
potential enantioface di erentiating entity had to be extended
to a tetrahydronaphthalene unit. The two enantiomeric
compounds 11 and ent-11 emerged from our studies and
turned out to be readily accessible’® on large scale in
enantiopure form (Figure 1). The absolute con guration of

7 N
5 /\NH
—5 J@O
(+)>-11 (-)-ent-11

Figure 1. Structure of the dextrorotatory complexing agent 11 and of
its levorotatory enantiomer ent-11 with a 1,5,7-trimethyl-3-
azabicyclo[3.3.1]nonan-2-one skeleton.

levorotatory compound ent-11 was proven by single-crystal X-
ray di raction (anomalous dispersion), and the compounds
were shown to be spectroscoplcally transparent at a wavelength
of 300 nm.*

Initial applications of the templates™* were performed with
4a|ken%/onyqumoIones such as compound 12 which were
known™ to undergo an intramolecular [2 + 2] photo-
cycloaddition. It was found that chiral complexing agents 11
and ent-11 induced a high enantioselectivity in this process.
With one equivalent of ent-11, the reaction already proceeded
in 78% enantiomeric excess (ee) at 15 °C, and the
enantioselectivity could be further increased at lower temper-
ature employing a superstoichiometric amount of the complex-
ing agent (Scheme 4). Since the recovery of the complexing
agent by chromatography is straightforward and recovery
yields are close to quantitative, a loading of 2 2.6 equiv has
been typically applied in many other enantioselective reactions
mediated by compounds 11 and ent-11 (vide infra).
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Scheme 4. Enantioselective Intramolecular [2 + 2]
Photocycloaddition of 4-Allyloxyquinolone (12) Mediated
by Complexing Agent ent1l
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N o 77%
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The absolute con guration of product 14 was in agreement
with the assumed complexation of substrate 12 and lactam ent-
11 in the hydrogen-bonded complex 13. The tetrahydronaph-
thalene unit avoids an intramolecular attack of the ole n from
the bottom face but rather the ole n approach to the
photoexcited quinolone occurs from the top face (Si face
relative to carbon atom C-3). The regioselectivity of the
reaction is determined by the facile ring closure to a ve-
membered ring which eventually leads to formation of crossed
photocycloaddition products. Indeed, the reaction proceeds on
the triplet hypersurface with initial C C bond formation to a
1,4-diradical and subsequent ring closure.*®

Binding Properties. The most striking feature of
templates 11 and ent-11 is the fact that they operate with
only two hydrogen bonds. As any substrate, such as quinolone
12, can also form two hydrogen bonds by dimerization, it
appears to be counterintuitive that lactam substrates would
bind exclusively to the template. A closer look at the binding
properties of 1,5,7-trimethyl-3-azabicyclo[3.3.1]Jnonan-2-ones
serves to resolve this apparent contradiction. Compound 11
does not form a 1:1 complex with another 1,5,7-trimethyl-3-
azabicyclo[3.3.1]nonan-2-one A of the same handedness
(Scheme 5). There is no dimerization of compound 11

Scheme 5. Molecular “Handshake” between Two 1,5,7-
Trimethyl-3-azabicyclo[3.3.1]nonan-2-ones of Opposite
Chirality (11, entA)
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(Kgm  0), and a solution of homochiral template 11 is

exclusively composed of the monomeric species.*® Addition of
1,5,7-trimethyl-3-azabicyclo[3.3.1]nonan-2-ones ent-A  with
opposite handedness leads to smooth formation of dimers
whose existence is apparent by an extensive shift of the NH
lactam *H NMR signal of compounds 11 and ent-A.*’

The heterochiral interaction can be extremely useful in
assigning the absolute con guration of 7-substituted 1,5,7-

8817

trimethyl-3-azabicyclo[3.3.1]Jnonan-2-ones and related com-
pounds.”® The enantiomer that forms hydrogen bonds with
template 11 exhibits an opposite handedness (ent-A), while
enantiomers A with the same handedness will not be involved
in an association. Unlike a human handshake, the molecular
“handshake” of 1,5,7-trimethyl-3-azabicyclo[3.3.1]nonan-2-
ones requires opposite chirality of the two components. The
fact that there are homochiral and heterochiral dimers of
compound 11 and its enantiomer ent-11 allowed for an
asymmetric ampli cation in reactions in which the template
was not enantiopure. A positive nonlinear e ect was observed,
i.e., the product ee was higher than the ee of the template.*’

It is qualitatively clear now why dimerization of lactam
substrates in the presence of template 11 is not preferred and
why these substrates rather bind to template 11. The former
interaction (dimerization) requires two substrate molecules to
form two hydrogen bonds while the latter interaction allows
for the total formation of four hydrogen bonds from two
substrate molecules. This phenomenon was quantitatively
accessed by studying 4-(4-iodobutyl)quinolone (159) and
template 11 in *H NMR titration experiments.'® The
dimerization constants were determined in toluene-dg at 25
and 0 °C as Ky, = 2001 + 160 M ! and Ky, = 5614 + 706
M 1, respectively. The association constants K, were in the
same ballpark re ecting the fact that the hydrogen bonds are of
similar strength. The equilibrium is shifted toward 11-15
because the equilibrium constant for the reaction (15), with 2
equiv 11 to form two molecules of dimer 11-15 is KKy *
and roughly equals K, if K, and Kg;,, are similar (Scheme 6).

Scheme 6. Representative Example for Binding of a Lactam
(Quinolone 15) to Complexing Agent 11
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The latter expression re ects quantitatively the qualitative
analysis that four hydrogen bonds are preferred over two
hydrogen bonds. The data recorded for dimer 11.15 suggest at
a typical substrate concentration of ¢ = 10 mM that more than
90% of the substrate is bound to the template at 0 °C. It is
conceivable that attractive noncovalent interactions (
stacking) enhance the stability of complexes such as 11.15,
but no attempts have yet been made to quantify this
interaction.

Template 11 is very sensitive toward unfavorable steric
interactions with its rigid tetrahydronaphthalene unit, and it
was shown that enantiomers of chiral lactams (vide infra) bind
di erently to template 11. The di erent binding properties
result in di erent *H NMR shifts for the lactam protons of the
individual enantiomers, and templates 11 and ent-11 can serve
as chiral shift reagents.”

Applications. Typically, complexing agents 11 and ent-11
have been used to facilitate enantioselective photochemical and

DOI: 10.1021/acs.joc.9b01299
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Scheme 7. Enantioselective Photochemical and Radical Reactions Promoted by Chiral Complexing Agents 11 and entll
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radical reactions.’> A few representative examples for
individual reactions are listed in Scheme 7. Several of the
early experiments were performed with a mercury high-
pressure lamp and a Duran glass Iter (> 300 nm). More
recently, light sources with a narrower emission spectrum have
been used, speci cally uorescent lamps or light emitting
diodes (LEDs). The [2 + 2] photocycloaddition of vinyl
acetate and 4-methoxyquinolone (16) to product 17
demonstrates that the above-mentioned intramolecular reac-
tions can be also performed intermolecularly.*?* The [4 + 4]
photocycloaddition of 2-pyridone (18) illustrates the fact that
this heterocyclic compound class is also suited for hydrogen
bonding to the lactam motif of templates 11 and ent-11.%
Even at a relative low loading (1.2 equiv) of template ent-11,
products 19 and 20 were obtained with high enantioselectivity.
A st indication that not only the enantiotopic faces of a
double bond could be di erentiated by hydrogen bonding but
also the enantiotopic faces of a prostereogenic carbon radical
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was realized when studying the Norrish Yang cyclization of
imidazolidin-2-ones such as 21. Excitation of the ketone
carbonyl group leads via hydrogen abstraction to a 1,5-
diradical which reacts enantioselectively to alcohol 22. This
study clearly showed the superior properties of templates 11
and ent-11 as compared to 1,5,7-trimethyl-3-azabicyclo[3.3.1]-
nonan-2-ones with an ester group in position C-7.2*

The [6 ] photocyclization of amides such as 23%° requires
the amide bond to be cis-con gured, which in turn should
enable two-point hydrogen bonding to chiral lactam templates.
Indeed, it was found that the reaction proceeds enantiose-
lectively to provide a mixture of the two diastereomeric
products 24 and 25.° Compound ent-11 served in this
reaction not only as a passive template but acted as a chiral
Bronsted acid in the protonation of the intermediate
zwitterions. When photochemically excited, ortho-substituted
aromatic aldehydes and ketones undergo an intramolecular
hydrogen abstraction and the intermediate (E)-dienols (o-
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quinodimethanes) are reactive components in a thermal
Diels Alder reaction.’” This photoenolization/Diels Alder
sequence was st performed with high enantioselectivity for
substrates such as aldehyde 26. In the depicted example,
methyl acrylate was employed as the dienophile and product
27 was formed.”® Apart from photochemical reactions, radical
reactions turned out to be particularly suited for an application
of chiral complexing agents 11 and ent-11. Triethylborane was
an ideal reagent to initiate radical reactions at low temperature
and gromoted the reductive cyclization of iodide 28 to product
29.%% In this case, the primary 5-exo-trig cyclization product is a
carbon-centered radical, and the attack of the hydrogen atom
donor, tributyltin hydride, occurs with high enantioselectivity,
presumably because the radical intermediate is bound to
template 11. Templated radical reactions are also enantiose-
lective for substrates which expose a prochiral double bond to
a radical.**>° Here, the radical addition step is enantioselective,
and in some cases, the enantioselectivity is enhanced by
hydrogen atom transfer to a second stereogenic center. The
radical cyclization of the above-mentioned iodide 15
represents a good example for a 2-fold enantiodi erentiation
by chiral template 11. Even at a relatively high temperature of
0 °C, the formation of trans-product 30 remained highly
enantioselective. It turned out in the studies on radical
reactions that template 11 can also be applied in catalytic
amounts (10 mol %) demonstrating its potential for a chirality
multiplication.*%*

In terms of irradiation conditions, the reactions of 5,6-
dihydropyridone 31 and 2-pyridone 33 represent rather
extreme cases. The former reaction was performed at very
short wavelength (= 254 nm) because , -unsaturated
lactams display a blue-shifted absorption as compared to
aromatic lactams, such as quinolones and pyridones. Despite
the fact that template ent-11 is not transparent for photons of
this wavelength, it survived the irradiation conditions
su ciently well to induce a high enantioselectivity in product
32.1%" |n the latter reaction, the addition of singlet oxygen to 2-
pyridones was induced by irradiation at long wavelength with
visible light and required a co-catalyst for singlet oxygen
formation. Tetraphenylporphyrine (TPP) was used, and the in
situ generated singlet oxygen®* added enantioselectively in a [2
+ 4] cycloaddition to 2-pyridones, such as 33.%? The primarily
formed endoperoxide was not isolated. Instead, it directly
underwent an acid-catalyzed Kornblum DelaMare rearrange-
ment®® to tertiary alcohol 34. Another visible-light-induced
reaction required a ruthenium catalyst to generate a radical
from an -silylated amine®* by single-electron transfer. While
the addition reactions to 3-alkylidene indolin-2-ones such as
35 were enantioselective in the presence of template ent-11, a
drawback was the insu cient control of the protonation event
which resulted in the formation of two diastereoisomers one of
which (36) is depicted.® In general, photoredox catalytic
reactions are frequently incompatible with the requirements of
a hydrogen-bonding lactam template. Electron transfer occurs
preferentially in polar solvents which preclude coordination of
the substrate to the template. Our most recent work with
templates 11 and ent-11 was concerned with the intra- and
intermolecular [2 + 2] photocycloaddition of isoquinolones.
The intramolecular reaction of substrate 37, for example, was
found to proceed to the crossed product 38 with excellent
enantioselectivity.* Isoquinolone itself (39) and some of its
substituted derivatives reacted with a wide array of alkenes to
a ord cyclobutanes such as 40 (ir = isomeric ratio).*’
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Although the isoquinolone [2 + 2] photocycloaddition
invites several applications in natural product synthesis, it has
not yet been successfully implemented into a complete
synthetic sequence toward isoquinoline alkaloids. The
enantioselective quinolone [2 + 2] photocycloaddition,
however, has proven to be a useful tool in organic synthesis.
It is particularly suited to access a 3,4-dihydroquinolin-2(1H)-
one (3,4-dihydroquinolones) with a high degree of function-
alization at carbon atoms C-3 and C-4. Since there are no
natural products with a cyclobutane that would be 34-
annulated to a dihydroquinolone, successive ring opening
reactions need to be implemented in the synthesis plan. In the
total synthesis of (+)-meloscine (44), quinolone 41 was
enantioselectively converted into [2 + 2] photocycloaddition
product 42 before a retro-benzilic acid rearrangement to 43
was applied that generated the central ve-membered ring of
the target molecule (Scheme 8).%°

Scheme 8. Enantioselective [2 + 2] Photocycloaddition
Reaction as a Key Step in the Total Synthesis of
(+)-Meloscine

Boc., .Bn OTMS Boc

N i OMe
MeOOC BN NC
. -OTMS
ent-11 (2.5 equiv)
B hv (1 = 370 nm)
-60 °C (PhCHj) H
N o ——— = 5 N o
H 76% H
41 ? 42 (>98% ee)

(+)-meloscine (44)

The naturally occurring 3,4-dihydroxylated 3,4-dihydroqui-
nolone ( )-pinolinone (49) was approached by a combination
of a [2 + 2] photocycloaddition and a Baeyer Villiger type
oxidation (Scheme 9).“° The pivotal photochemical step
commenced with quinolone 45 which was enantioselectively
converted into cyclobutanes 46 (dr 71/29). The
diastereomeric mixture was N-methylated and the acetate
was hydrolyzed under mild conditions to deliver free alcohols
47. Oxidation to lactone 48 erased the stereogenic center at
the acetal carbon atom and yielded a single product, the two
stereogenic centers of which resulted directly or indirectly from
the enantioselective [2 + 2] photocycloaddition step.
Reduction to the lactol and a Wittig reaction concluded the
total synthesis of ( )-pinolinone (49).

Over the years, a few variants of chiral templates 11 and ent-
11 have been synthesized for speci ¢ purposes. Alcohol 50
(Figure 2) was used to immobilize the lactam template by
attaching it either to a Wang resin or to a methoxypolyethylene
glycol (MPEG 2000). The transparent MPEG-supported
template was soluble in toluene and could be recovered
quantitatively by precipitation with ether. In ve successive
runs of the reaction rac-12  rac-14 (Scheme 4), there was no
deterioration in yield or enantioselectivity when using the
recovered MPEG supported template.**

DOI: 10.1021/acs.joc.9b01299
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Scheme 9. Enantioselective [2 + 2] Photocycloaddition
Reaction as a Key Step in the Total Synthesis of
( )-Pinolinone
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Figure 2. Structure of other complexing agents with a lactam binding
site.

The nor-analogue 51 of template 11 was prepared to
evaluate its binding properties toward 5,6-dihydropyridone,
which in turn underwent an intramolecular [2 + 2]
photocycloaddition (e.g., 31, Scheme 7). There was an
improved enantioselectivity but the e ect was not very
pronounced.*®” The C,-symmetric terphenyl template 52 was
designed as a complexing agent for dicarboxylic acids. Indeed,
it was successfully used to induce a moderate enantioselectivity
(up to 55% ee) in the [4 + 4] photodimerization of
anthracene-2,6-dicarboxylic acid.*?

CHIRAL PHOTOCATALYSTS (ELECTRON
TRANSFER, SENSITIZATION)

Basic Considerations. Many photochemical reactions do
not proceed from the directly accessible, excited singlet state S;
but from the triplet state T;. Since relaxation of a molecule
from the triplet hypersurface to the ground state (S,) is spin-
forbidden, the lifetime of a molecule in T, is long, which in
turn allows to utilize its reactivity in intra- and intermolecular
reactions. The majority of LZ + 2] photocycloaddition
reactions are triplet processes™ and the triplet state can be
populated by intersystem crossing (ISC) from the respective S;
state. As an example, 2-quinolone (53a) can be involved in an
intermolecular [2 + 2] photocycloaddition reaction if excited
within its typical absorption wavelength range that reaches up
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to 360 nm (Scheme 10).****3 Irradiation with a high-
pressure mercury lamp in Pyrex glass (> 280 nm) promotes

Scheme 10. Reaction Pathway for the Intermolecular [2 +
2] Photocycloaddition of 2-Quinolone (53a) and an
Electron-De cient Ole n®

hv San*
X X
A>280 nm |
N™ ~0 N~ ~0
H H
53a (Sg) 53a (T4)
« EWG EWG
ZEWG . SC H T
> p— s ,,
‘H
N N"So
H
rac-54 rac-55

3EWG = electron-withdrawing group.

the molecule into its singlet state from which ISC occurs
within less than 1 ns. ISC rates are governed by symmetry rules
(El-Sayed rules**) and I1SC from states of n * to states of ~ *
character is rapid. The long-lived triplet T, is quenched by
ole ns and the initial addition step is decisive for the
enantioselectivity of the reaction. In the absence of any chiral
information, the intermediate 1,4-diradical is racemic (rac-54).
The regioselectivity of the addition is governed by the stability
of the respective 1,4-diradical. The simple diastereoselectivity
of the reaction is determined by the constraints within the
cyclobutane ring and by the fact that the substituent, in this
case an electron-withdrawing group, will be positioned in the
least hindered position of product rac-55, i.e., trans to the
benzo group.

The relevance of the triplet state to catalytic enantioselective
photochemical reactions stems from the fact that it is not only
directly accessible via S; but also via an indirect excitation,
known as triplet energy transfer or sensitization. A typical
triplet sensitizer (Sens) that can catalyze a photochemical
reaction exhibits a long-wavelength absorption beyond the
absorption of the substrate (bathochromic). In other words, its
S, state must be lower in energy than the S, state of the
substrate. To be applicable to 2-quinolone (53a), an
appropriate sensitizer should therefore exhibit a signi cant
absorption at > 360 nm. The sensitizer must have a high 1ISC
rate to populate e ciently its T, state, which in turn should
have an energy E(T,) that allows an energy transfer as depicted
in Scheme 11 (left panel). Although it is recognized that the
energy transfer should be exothermic,”® a moderately
endothermic energy transfer is feasible if the T, state of the
sensitizer is long-lived and if the T, state of the substrate is
quickly depopulated. The tabulated triplet energy of 2-
quinolone (53a) is 276 kJ mol 1*® The mechanism of the
triplet energy transfer bears some analogy to a single electron
transfer as it is an electron exchange process*’ (Scheme 11,
right panel).

The unpaired electron which resides in the former LUMO of
the sensitizer populates the LUMO of the substrate, which for
quinolone is its * orbital. Simultaneously, the indicated
electron of the quinolone  orbital with antiparallel spin is
transferred to the single occupied orbital (former HOMO) of
the sensitizer. There is no change in the overall spin states and
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Scheme 11. Important Parameters of Triplet Energy
Transfer in Catalytic Photochemical Reactions
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the process is rapid, provided that there is a nite orbital
overlap. The latter requirement is responsible for the fact that
the rate kgr of energy transfer depends like electron
transfer on the distance between the sensitizer and the
substrate. If the molecules are within van der Waals contact,
the rate of energy transfer is in the order of k, = 10 s 1*® The
rate falls o exponentially to an increase in distance r beyond
van der Waals contact, and the rate of energy transfer kgt can
be roughly estlmated asker =koe ", with being typically in
a range of 10 2 pm 1%® The remarkable feature of the 1,5,7-
trimethyl-3-azabicyclo[3.3.1]Jnonan-2-one skeleton is the fact
that a substituent in the 7-position is spatially extremely close
to a bound substrate such as 2-quinolone (53a). Molecular
models and DFT calculations®® gave a rough estimate for this
distance as being ca. 400 pm. The van der Waals radius of a
carbon atom is 170 pm, which seemed for us to indicate that
the orbitals of a substrate, such as 2-quinolone (53a), and a
potential sensitizing entity attached to position C-7 of a 1,5,7-
trimethyl-3-azabicyclo[3.3.1]nonan-2-one are almost in van
der Waals contact. If the energy of the sensitizing unit was
properly chosen, there was an ideal scenario for e cient
sensitization and high enantioface di erentiation.

The aspect of enantioface di erentiation was actually even
more important than the energy-transfer criterion since all
previous attempts to employ chiral triplet sensitizers for
enantioselective photochemical reactions had failed to deliver a
high enantioselectivity (>50% ee).*° Initial experiments by our
group to attach the sensitizer to the lactam backbone by an
ester bond were equally futile as the respectlve catalysts did not
deliver a high enantioselectivity.” Linkage via a rigid oxazole
unit turned out to be a superior solution which in turn required
that the aromatic ketones are available as o-aminophenols or
appropriate analogues to allow for the condensation reaction
with the carboxylic acid. The rst compounds that succeeded
in the synthesis were benzophenones 56a and ent-56a%
(Figure 3) followed by xanthones 56b and ent- 56b°>* and
thioxanthones 56¢ and ent-56¢.>* Since all compounds 56 are
preferentially used in a nonpolar solvent to enforce hydrogen
bonding, we attempted to measure their triplet energy in a
matrix which mimics this environment. Triplet energies were
obtained from phosphorescence spectra at 77 K and were
found to be (solvent matrix in brackets) 291 k] mol *
(pentane/isopentane) for 56a,>> 316 kJ mol ' (pentane/
|sopentane) for 56b,>% and 263 kJ mol ! (tri uorotoluene) for
56¢.>*
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Figure 3. Structure of the chiral photocatalysts 56 and ent-56 with a
1,5,7-trimethyl-3-azabicyclo[3.3.1]nonan-2-one backbone.
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Applications in C C Bond-Forming Photochemical
Reactions. In preliminary [2 + 2] photocycloaddition
experiments with benzophenone 56a as the catalytic triplet
sensitizer,> the enantioselectivity remained relatively low
(39% ee).>* An explanation for this disappointing outcome
rested on an insu cient association due to the nonplanarity of
benzophenones Their aryl groups are twisted out of plane
both in the ground state and in the excited state.*® For
example, a twist angle of 44° was calculated for the phenyl
planes in the T, state of parent benzophenone It was hoped
that a radical process via a ketyl radical®® intermediate might
provide improved results, and 2-quinolone 57 was synthesized
which seemed amenable to single electron transfer to a
photoexcited benzophenone.®® To our delight, the respective
product 59 was obtained in 70% ee, and the enantioface
di erentiation could be explained by addition of an
intermediate  -amino radical to carbon atom C-4 of the
quinolone in complex 58 (Scheme 12).'%

Scheme 12. Enantioselective Formation of Tetracyclic
Product 59 from 2-Quinolone 57 by a Radical Cyclization

59 (70% ee)
via
N-H---O
0---H-N
58

Despite this initial success, benzophenones 56a and ent-56a
did not nd any additional applications and were not further
used for sensitization experiments after xanthones 56b and ent-
56b became synthetically available. The only disadvantage of
the xanthones was found to be their high instability in solvents
which are amenable to hydrogen abstraction. The xanthone T,
state in a nonpolar solvent has n * character® which translates
into a high electrophilicity of the oxygen atom. When
irradiated in toluene solution, xanthones 56b and ent-56b
decomposed instantaneously. Tri uorotoluene turned out to
be a suitable nonpolar solvent in which hydrogen abstraction
was minimized and which still has a low melting point of

29 °C. Intramolecular [2 + 2] photocycloaddition reactions
of various 4-alkenyloxy-2-quinolones (Scheme 13) established

hv (A >300 nm)
ent-56a (30 mol%) W
—60 °C (PhMe)
N

64%

(0]
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Scheme 13. Enantioselective Triplet-Sensitized [2 + 2]
Photocycloaddition Reaction of Various 4-Alkenyloxy-2-
quinolones 60 to Cyclobutanes 61%

hv (1 = 366 nm)
\\No

56b (10 mol%)
N —25 °C (PhCF3)

90%

61b
(90%,121 92% ee)

3Key: [a] rr = 88:12, [b] rr = 82:18, [c] rr= 77:23.

61c
(73%, 85% ee)

61d
(89%,°191% ee)

the powerful combination of energy transfer by the sensitizing
xanthone unit and high enantioface di erentiation due to
hydrogen bonding at the lactam motif of catalyst 56b.°* Two
observations should be mentioned in this context. (a)
Xanthone 56b remained prone to hydrogen abstraction: In
addition to product 61d, its regioisomer was detected after an
irradiation time of 1 h ( =366 nm, T = 25 °C), and the
regioisomeric ratio (rr) was found to be 78/22. After 4 h, the
other regioisomer could no longer be detected, and the
photocycloaddition yield decreased from 90% to 55%.
Simultaneously, a signi cant decomposition of the xanthone
was notable, which indicates that the catalyst deterioration is
linked to hydrogen abstraction at the minor regioisomer. (b)
The rate of C C bond formation is important for the
enantioselectivity. Although compounds such as 60a reach
their triplet state e ciently by energy transfer when bound to
sensitizer 56b the chirality transfer depends on the rate of
initial C C bond formation relative to the rate of dissociation
from catalyst 56b. The rst C C bond formation (cf. Scheme
10) leads to a 14-radical and establishes the rst stereogenic
center. If dissociation occurs prior to this step, there will be no
enantioselectivity. The fact that the 4-alkenyloxy-2-quinolones
with a 4-(pent-4-enyl)oxy but not a 4-(but-3-enyl)oxy
substituent reacted with low enantioselectivity was ascribed
to the fact that their cyclization is slower by 2 orders of
magnitude.®'® The dissociation rate constant of a photoexcited
quinolone substrate from 56b was estimated to be in the order
of 107 s L,

Despite the kinetic limitations of an enantioselective
photochemical reaction catalyzed by sensitizers 56 and ent-
56, intermolecular processes were discovered which proceed
with high enantioselectivity. A notable example is the [2 + 2]
photocycloaddition of 2-pyridones such as 62a with
acetylenedicarboxylates, which was performed with low
loadings (2.5 5.0 mol %) of catalyst ent-56b (Scheme 14).%
The reaction was performed with an excess of the alkyne (50
equiv) in a solvent mixture of hexa uoro-m-xylene (HFX) and
tri uorotoluene which allowed for irradiation at low temper-
ature (T 65 °C).” Products 64 represent densely
functionalized precursors for further reactions at di erent sites.

Preferable substrates for an application of catalysts 56b and
ent-56b exhibit a planar  system with prostereogenic carbon
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Scheme 14. Enantioselective Intermolecular [2 + 2]
Photocycloaddition of 2-Pyridones 62 and
Acetylenedicarboxylates to Cyclobutenes 64
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atoms. As depicted for complex 63, the xanthone ful lls nicely
its dual task of energy transfer and subsequent enantioface
di erentiation. Attempts to involve a sp*-hybridized epoxide in
an enantioselective rearrangement to 3-acylindolin-2-ones were
met with only limited success (16 33% ee).**

Given the Iarge scienti ¢ interest in visible light-mediated
transformations,”™ thioxanthones 56¢ and ent-56¢ represent
versatile analogues of xanthones 56b and ent-56b with the
added bene t that they can be excited with long-wavelength
light. The absorption maximum is shifted from 350 nm (
9200 M ! cm 1 in PhCF,) for xanthone 56b to 387 nm ( =
4540 M ' cm !, in PhCF;) for thioxanthone 56c. The
thioxanthones are yellow solids and turned out to be extremely
useful catalysts. Regarding [2 + 2] photocycloaddition
reactions, they initially proved their potential in the reaction
of the 4-alkenyl-2-quinolones 65 (Scheme 15).°* While these
substrates do not absorb visible light, they have triplet energles
which make their T, state accessible by sensitization® via
thioxanthone 56c¢.

Upon binding of substrate 65a, rapid energy transfer occurs
in complex 67 and the intramolecular ole n approaches the
prostereogenic double bond in the  *-excited quinolone from
the bottom face. Products 66 were obtained in good to
excellent yields with high enantioselectivity. It was probed
whether the reaction can be performed also with sunlight, and
an appropriate reactor was designed in which the reaction 65a

66a was performed. In the absence of any cooling device or
UV lter, the photocycloaddition reaction proceeded in 90%
yield (4 h di use sunlight irradiation) and with 80% ee. The
enantioselectivity improved when the UV part of the sunlight
was removed by an Fe,(SO,); solution (for the experimental
setup, see Scheme 15) and reached 94% ee if additional
cooling to 25 °C was applied (92% yield).” The UV lter
solution serves to avoid direct excitation of substrate 65a
which leads to a racemic [2 + 2] photocycloaddition.

Thioxanthone 56¢ also paved the way for the intermolecular
[2 + 2] photocycloaddition of 2-quinolones 53, including the
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Scheme 15. Enantioselective Visible-Light-Mediated [2 + 2] Photocycloaddition Reaction of Various 4-Alkenyl-2-quinolones

65 to Cyclobutanes 66

hv (& = 400-700 nm)
56¢ (10 mol%)
—25 °C (PHCF3)

66b (95%, 94% ee)

66¢C (97%, 94% ee)

66d (58%, 94% ee)

66e (82%, 88% ee)

66f (89%, 89% ee) 669 (95%, 87% ee) 66h (79%, 88% ee)

parent compound 53a (cf. Scheme 10), with electron-de cient
ole ns (Scheme 16).%

Scheme 16. Enantioselective Intermolecular [2 + 2]
Photocycloaddition of 2-Quinolones 53 and Electron-
De cient Ole ns to Cyclobutenes 55

0 o=
A~ =
hv (L =419 H,
N v(L= nm) /
56¢ (10 mol%) ‘H
N (¢} —25 °C (PhCF3) N (¢}
H H

53b
o~/ o~/
H., / H., /
) Br .
“H “H
N o N So
H H
55b (66%, 90% ee)  55¢ (80%, 91% ee)  55d (59%, 94% ee)
o~/ 0=/ o0~/
Hy1Cs., / H., / H., /
o - o
N o N o NS0
H H H

55d (94%, 90% ee) 55e (48%, 91% ee) 55f (47%, 88% ee)

In contrast to xanthone 56b, thioxanthone 56¢ has no
spectral overlap with the substrates, and a direct excitation of
2-quinolones can be avoided if the reaction is performed at >
360 nm. In this speci ¢ case, uorescent lamps were used with
an emission maximum at 419 nm. As pointed out
previously, an important requirement for intermolecular
enantioselective reactions for catalysts 56 to be successful is
a high rate constant for the reaction between the sensitized
substrate and the intermolecular reaction partner. It was found
by competition experiments for the reaction of 2-quinolones
that electron-rich ole ns (e.g., vinyl acetate) react roughly 1
order of magnitude slower than electron-de cient ole ns. As a
result, the enantioselectivities in their reaction do not reach the
high values obtained with electron-de cient ole ns.®®

Deracemization Reactions. It has been a continuing
theme of our research in photochemistry that we wish to access

8823

compounds which cannot be formed thermally and that we
wish to ideally access them in enantiomerically pure form. In
this regard, we were fascinated by an idea that had been
formulated for decades but had yet been properly realized: the
preparation of enantiopure compounds by a catalytic
deracemization reaction with a chiral sensitizer.***®° Trans-
formations of this type would indeed be extremely useful given
the fact that racemic chiral compounds are separated on a ton
scale to gain access to a single enantiomer”® and that
frequently the other enantiomer is not even needed. A major
requisite for this process is apart from a switchable
stereogenic element with a chiral molecule a more rapid
racemization of one enantiomer over the other. Given the
previously mentioned ability of 1,5 7-trimethyl-3-
azabicyclo[3.3.1]nonan-2-ones to distinguish between two
enantiomers via hydrogen bonding (vide supra), it was
conceivable that one enantiomer would indeed show a higher
association constant and a higher reaction rate. The choice for
allenes rac-67 turned out to be extremely fortuitous as they
underwent from the very start of our experiments an extremely
selective deracemization (Scheme 17).>* Surprisingly, the
reaction not only proceeded in the nonpolar solvent
tri uorotoluene but also in acetonitrile. The catalyst loading
was low (25 mol %) and a photostationary state was
established in all cases within less than 4 h. A total of 17
allenes were taken into the deracemization reaction several of
which bore a functional group. Enantioselectivities were in the
range of 89 97% ee, and very often the reactions proceeded in
close to quantitative yields.

Although our mechanistic understanding of the deracemiza-
tion has only started to emerge, it appears that both association
constants and sensitization rates are important parameters. The
major enantiomer 68a binds with a lower association constant
to the chiral sensitizer ent-56¢ than the minor enantiomer ent-
68a (Scheme 18). Sensitization of allenes occurs within
complexes 69 and 69 which induces the racemization process
(vide infra). DFT calculations suggest that the distance
between the two chromophores in 69 is in the range of a
van der Waals contact. In stark contrast, complex 69 not only
forms with a lower association constant but also displays the
allene chromophore to the sensitizer at an extended distance
with  r in the range of ca. 150 pm. As a crude estimate, the
energy transfer rate ker within 69 is by a factor of 0.2 (e 9)
smaller than the rate within 69 .
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