Downloaded viaTU MUENCHEN on April 3, 2020 at 07:16:30 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

®

ACS Editors' Choice

The Journal of Organic Chemist
OC‘ I f 18 Yy @ Cite This: J. Org. Chem. 2019, 84, 8815-8836

pubs.acs.org/joc

Lactam Hydrogen Bonds as Control Elements in Enantioselective
Transition-Metal-Catalyzed and Photochemical Reactions

Finn Burg and Thorsten Bach™

Department of Chemistry and Catalysis Research Center (CRC), Technical University of Munich, Lichtenbergstrasse 4, 85747

Garching, Germany

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 field of research are summarized and analyzed. In the first 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

EWG ¢
H Y Ar ) :
“H MR NHTces

.

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 scaffold 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).

B 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 difficult to introduce the research field of this
Perspective without involuntarily omitting many important
contributions. This section thus serves exclusively as a personal
reflection 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 field
of hydrogen-bonding catalysis.” Our work in the area
commenced in the final years of the 20th century and was
stimulated by the discovery that several secondary amides and
dihydropyridones could be successfully used as olefin
components in the Paterno—Bichi reaction.” Even sensitive
olefins such as N-vinyl formamide turned out to be compatible
with the irradiation conditions, and this finding raised the
question whether hydrogen-bonding interactions might be
employed to induce an enantioface differentiation at the
olefinic 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 olefins 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 century may serve to reflect
the state of the art at this period in time.” The lactam binding
motif with which we eventually chose to probe a potential
enantioface differentiation in the Paterno—Buchi reaction of
achiral olefins 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 sufficient
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 rac-5
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azabicyclo[3.3.1]nonan-2-one, and we were delighted to find a
high diastereomeric excess for oxetane rac-10 (Scheme 3) in
the Paterno—Biichi 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 configuration was proven by single-crystal X-ray
crystallography. '

Encouraged by the promising diastereoselectivity of the
Paterno—Biichi 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—Biichi Reaction of Aldehyde
rac-7 and Dihydropyridone 8
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B 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 sufficient
enantioface differentiation for an intermolecular approach of a
second molecule—as opposed to the intramolecular attack of
the aldehyde in the Paterno—Biichi reaction (Scheme 3). It
was quickly realized that the flexible ester linkage had to be
replaced by a more rigid heterocyclic skeleton and that the
potential enantioface differentiating 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 configuration of

7 e

(-)-ent-11

(+)-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 diffraction (anomalous dispersion), and the compounds
were shown to be spectroscopically transparent at a wavelength
of 1 > 300 nm."?

Initial applications of the templates'** were performed with
4-alkenyloxyquinolones 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).

DOI: 10.1021/acs.joc.9b01299
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Scheme 4. Enantioselective Intramolecular [2 + 2]
Photocycloaddition of 4-Allyloxyquinolone (12) Mediated
by Complexing Agent ent-11
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The absolute configuration 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 olefin from
the bottom face but rather the olefin 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 five-
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]nonan-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 §). 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, ent-A)
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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 configuration of 7-substituted 1,5,7-
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trimethyl-3-azabicyclo[3.3.1]nonan-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 amplification in reactions in which the template
was not enantiopure. A positive nonlinear effect 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 (15) 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}, respectively. The association constants K, were in the
same ballpark reflecting 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 K*Ky;,,™"
and roughly equals K, if K, and Ky, 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 reflects 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 (z
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
differently to template 11. The different binding properties
result in different "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 ent-11
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radical reactions.”’ A few representative examples for was realized when studying the Norrish—Yang cyclization of
individual reactions are listed in Scheme 7. Several of the imidazolidin-2-ones such as 21. Excitation of the ketone
early experiments were performed with a mercury high- carbonyl group leads via hydrogen abstraction to a 1,5-
pressure lamp and a Duran glass filter (1 > 300 nm). More diradical which reacts enantioselectively to alcohol 22. This
recently, light sources with a narrower emission spectrum have study clearly showed the superior properties of templates 11
been used, specifically fluorescent lamps or light emitting and ent-11 as compared to 1,5,7-trimethyl-3-azabicyclo[3.3.1]-
diodes (LEDs). The [2 + 2] photocycloaddition of vinyl nonan-2-ones with an ester group in position C-7.”*
acetate and 4-methoxyquinolone (16) to product 17 The [67] photocyclization of amides such as 23 requires
demonstrates that the above-mentioned intramolecular reac- the amide bond to be cis-configured, which in turn should
tions can be also performed intermolecularly.”** The [4 + 4] enable two-point hydrogen bonding to chiral lactam templates.
photocycloaddition of 2-pyridone (18) illustrates the fact that Indeed, it was found that the reaction proceeds enantiose-
this heterocyclic compound class is also suited for hydrogen lectively to provide a mixture of the two diastereomeric
bonding to the lactam motif of templates 11 and ent-11.* products 24 and 25.°° Compound ent-11 served in this
Even at a relative low loading (1.2 equiv) of template ent-11, reaction not only as a passive template but acted as a chiral
products 19 and 20 were obtained with high enantioselectivity. Bronsted acid in the protonation of the intermediate
A first indication that not only the enantiotopic faces of a zwitterions. When photochemically excited, ortho-substituted
double bond could be differentiated by hydrogen bonding but aromatic aldehydes and ketones undergo an intramolecular
also the enantiotopic faces of a prostereogenic carbon radical hydrogen abstraction and the intermediate (E)-dienols (o-
8818 DOI: 10.1021/acs.joc.9b01299
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quinodimethanes) are reactive components in a thermal
Diels—Alder reaction.”” This photoenolization/Diels—Alder
sequence was first 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 promoted the reductive cyclization of iodide 28 to product
29.”” In this case, the primary S-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 18§
represents a good example for a 2-fold enantiodifferentiation
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 §,6-
dihydropyridone 31 and 2-pyridone 33 represent rather
extreme cases. The former reaction was performed at very
short wavelength (4 = 254 nm) because a,f-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
sufficiently well to induce a high enantioselectivity in product
32.'%" In 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. Tetraphenylporphyrlne (TPP) was used, and the in
situ generated singlet oxygen' added enantloselectwely ina[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 a-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 insufficient 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
afford cyclobutanes such as 40 (ir = isomeric ratio).”’
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Although the isoquinolone [2 + 2] photocycloaddltlon
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 3,4-
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 five-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
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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 specific 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 five successive
runs of the reaction rac-12 — rac-14 (Scheme 4), there was no
deterioration in yield or enantloselectl\nty 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 S,6-dihydropyridone,
which in turn underwent an intramolecular [2 + 2]
photocycloaddition (e.g, 31, Scheme 7). There was an
improved enantioselectivity but the effect 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.”

B 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 [2 + 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 2 = 360 nm (Scheme 10)."*** Irradiation with a high-
pressure mercury lamp in Pyrex glass (4 > 280 nm) promotes

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

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

“EWG = 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 ISC from states of nz* to states of z7*
character is rapid. The long-lived triplet T, is quenched by
olefins 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, ie., 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 significant
absorption at 4 > 360 nm. The sensitizer must have a high ISC
rate to populate efficiently 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™'.** The mechanism of the
triplet energy transfer bears some analogy to a single electron
transfer as it is an electron exchange process47 (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 7% orbital. Simultaneously, the indicated
electron of the quinolone 7 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 finite orbital
overlap. The latter requirement is responsible for the fact that
the rate kgy of energy transfer depends—Ilike 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 ky = 10'> s™.** The
rate falls off exponentially to an increase in distance Ar beyond
van der Waals contact, and the rate of energy transfer kg can
be roughly estimated as kgt = k e P2 with being typically in
a range of 1072 pm_l.48 The remarkable feature of the 1,5,7-
trimethyl-3-azabicyclo[3.3.1]nonan-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
propetly chosen, there was an ideal scenario for eflicient
sensitization and high enantioface differentiation.

The aspect of enantioface differentiation 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 respective 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 first compounds that succeeded
in the synthesis were benzophenones $6a and ent-56a'™
(Figure 3) followed by xanthones 56b and ent-56b>" and
thioxanthones $6¢ 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 kJ mol™
(pentane/isopentane) for 56a,”> 316 kJ mol™' (pentane/
isop&;r&tane) for 56b,”* and 263 kJ mol™! (trifluorotoluene) for
S6c¢.
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Figure 3. Structure of the chiral photocatalysts 56 and ent-S6 with a
1,5,7-trimethyl-3-azabicyclo[3.3.1]Jnonan-2-one backbone.

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 insufficient association due to the nonplanarity of
benzophenones. Their aryl groups are twisted out of 6plane
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 benzophgnone.’7 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
differentiation could be explained by addition of an
intermediate a-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

N
4 B
b X
Nigo) N
H H
57 59 (70% ee)

b |

Despite this initial success, benzophenones $6a and ent-56a
did not find 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 nz* character® which translates
into a high electrophilicity of the oxygen atom. When
irradiated in toluene solution, xanthones 56b and ent-56b
decomposed instantaneously. Trifluorotoluene 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%)

—60 °C (PhMe)
o

64%
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Scheme 13. Enantioselective Triplet-Sensitized [2 + 2]
Photocycloaddition Reaction of Various 4-Alkenyloxy-2-
quinolones 60 to Cyclobutanes 61
hv (A = 366 nm)
\‘NO 56b (10 mol%)

N —25 °C (PhCFj)
_ >
N (@) 90%
H
60a

61b
(90%,121 92% ee)

61c
(73%, 85% ee)

61d
(89%,°191% ee)

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

the powerful combination of energy transfer by the sensitizing
xanthone unit and high enantioface differentiation 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 (4 = 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 significant 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 efficiently by energy transfer when bound to
sensitizer S6b the chirality transfer depends on the rate of
initial C—C bond formation relative to the rate of dissociation
from catalyst 56b. The first C—C bond formation (cf. Scheme
10) leads to a 1,4-radical and establishes the first 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 s7%.

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 hexafluoro-m-xylene (HFX) and
trifluorotoluene which allowed for irradiation at low temper-
ature (T —65 °C).” Products 64 represent densely
functionalized precursors for further reactions at different sites.

Preferable substrates for an application of catalysts 56b and
ent-56b exhibit a planar 7 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 fulfills nicely
its dual task of energy transfer and subsequent enantioface
differentiation. 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 lar§_e scientific interest in visible light-mediated
transformations,” thioxanthones S6¢ and ent-56¢ represent
versatile analogues of xanthones 56b and ent-56b with the
added benefit that they can be excited with long-wavelength
light. The absorption maximum is shifted from 350 nm (& =
9200 M~ cm™!, in PhCF,) for xanthone 56b to 387 nm (e =
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 energies
which make their T, state accessible by sensitization® via
thioxanthone 56¢c.

Upon binding of substrate 65a, rapid energy transfer occurs
in complex 67 and the intramolecular olefin approaches the
prostereogenic double bond in the z7*-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 filter, the photocycloaddition reaction proceeded in 90%
yield (4 h diffuse 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 filter
solution serves to avoid direct excitation of substrate 65a
which leads to a racemic [2 + 2] photocycloaddition.

Thioxanthone $6c¢ 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¢ (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-deficient
olefins (Scheme 16).°®

Scheme 16. Enantioselective Intermolecular [2 + 2]
Photocycloaddition of 2-Quinolones 53 and Electron-
Deficient Olefins to Cyclobutenes 55
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In contrast to xanthone S56b, thioxanthone 5$6c has no
spectral overlap with the substrates, and a direct excitation of
2-quinolones can be avoided if the reaction is performed at 1 >
360 nm. In this specific case, fluorescent lamps were used with
an emission maximum at 4 = 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 olefins (e.g., vinyl acetate) react roughly 1
order of magnitude slower than electron-deficient olefins. As a
result, the enantioselectivities in their reaction do not reach the
high values obtained with electron-deficient olefins.*®

Deracemization Reactions. It has been a continuing
theme of our research in photochemistry that we wish to access
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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
trifluorotoluene but also in acetonitrile. The catalyst loading
was low (2.5 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 Ar in the range of ca. 150 pm. As a crude estimate, the
energy transfer rate kgy within 69 is by a factor of 0.2 (& e™'*)
smaller than the rate within 69’.
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Scheme 17. Catalytic Deracemization of Allenes rac-67 by
Visible-Light-Mediated Sensitization with Chiral

Thioxanthone ent-S6¢
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Scheme 18. Key Features of the Enantioselective
Deracemization Reaction: Association and Sensitization
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So far, the intermediate triplet allene which is responsible for
the racemization has not been identified. However, based on
analogy to known allene triplets’" it is assumed to be a planar
species 70 (Figure 4) which can rotate in either direction to
form allenes 68 or ent-68.

Indeed, an important key element in any photochemical
deracemization reaction is the intermediacy of an achiral

R
. . .
1 WR
N OH X N @]
H 70 H 7

Figure 4. Intermediates 70 and 71 of photochemical deracemization
reactions.

intermediate from which the respective enantiomers are to be
populated. Accidentally, we came across the putative 1,3-
diradicals 71 when studying the di-z-methane rearrangement
of 3-alkenyl-2-quinolones 72 (Scheme 19).”* The substrates

Scheme 19. Enantioselective Formation of Cyclopropanes
73 by a Sequence of the Di-z-methane Rearrangement and
Deracemization
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are related to the 4-alkenyl-2-quinolones 65, but due to the
shorter alkenyl chain, they do not undergo an intramolecular
[2 + 2] photocycloaddition but rather form the respective
cyclopropanes via a 1,4-diradical intermediate.

It turned out, however, that products 73 are not configura-
tionally stable when irradiated in the presence of an
appropriate triplet sensitizer. The enantioselectivity of the
reaction was shown to originate from a deracemization
reaction but not from a kinetically controlled enantioselective
di-7m-methane rearrangement. Products 73 were obtained in
high yields but with only moderate enantioselectivity. In this
case, the most likely intermediates are 1,3-diradicals 71 (Figure
4) which are formed by sensitization within complexes 74 and
74’. Again, it was shown that the association constants of the
two enantiomers are different and that complex 74’ (K, = 2300
+ 130 M™' in benzene-ds at 25 °C) displays a higher
association constant than that complex 74 (K, = 253 + 14 M
in benzene-dy at 25 °C). Interestingly, preliminary DFT
calculation suggest that the distance between the chromo-
phores within 74 and 74’ is less pronounced than in complexes
69 and 69’. In addition, the short lifetime of 1,3-diradicals 71
might lead to a ring closure within the complex to the
sensitizer. Both factors would favor an increased formation of
cyclopropanes ent-73 which in turn might explain the lower
enantioselectivity of the cyclopropane deracemization as
compared to the allene deracemization.
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B TRANSITION-METAL CATALYSIS

Basic Considerations. Although initially conceived for
photochemical reactions, the concept of enantioselectivity
control by hydrogen bonding to a lactam binding motif
appeared to be also applicable to transition-metal-catalyzed
organic transformations. Again, it is beyond the scope of this
Perspective to review all previous studies which demonstrated
hydrogen bonding in transition-metal catalysis nor is it possible
to appropriately give credit to the extensive work on directed
functionalization by noncovalent interactions.”” Two pioneer-
ing studies that preceded our own work are mentioned here as
they made intentional use of molecular devices which display a
two-point or single-point hydrogen-bonding site (Scheme 20).

Scheme 20. Previous Examples on Regioselective and
Enantioselective Transition-Metal-Catalyzed
Transformations Mediated by Hydrogen Bonding
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The Breit group achieved a regioselective hydroformylation of
vinylacetic acid (75) by means of a phosphine ligand 76, which
was modified with a guanidinium-based recognition unit (acac
acetylacetonate). In this specific case, two-point hydrogen
bonding between the carboxylic acid and the guanidine in
rhodium complex 77 (L = ligand) aligns the olefin in a position
that favors almost exclusively formation of the linear product
78,7475

Notably, if the C—P bond was omitted and a 1:1 mixture of
triphenylphosphine and the respective pyridine derivative was
applied, there was no considerable regioselectivity (rr = 60:40)

Reek (2009)
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and the conversion dropped to 20%, clearly indicating that
precoordination of the substrate to the catalytic entity had a
rate acceleration effect. While the former system was not
designed for any enantioface differentiation, seminal work by
the group of Reek’®’” on hydrogenation reactions impressively
showed how a single hydrogen bond can facilitate an
enantioselective reaction. The in situ generated rhodium
complex 80 (1,4-cyclooctadiene ligand omitted for clarity)
was employed in the hydrogenation of alcohol 79 giving access
to the enantiomerically pure Roche ester’® 82 via a hydrogen-
bonded intermediate 81 (P represents the phosphorus atom
and its binol ligand).

Along these lines, we envisioned that the (thio)xanthone
moiety from our previously used photocatalysts could be
replaced by a catalytically active metal center. Based on what
we had learned from catalysts 56 and ent-56, we expected that
a catalyst B, once converted into its active form C by a
stoichiometric reagent, could coordinate to a prochiral lactam
to form complex D. Enantioface differentiation is now evident,
and moreover, only a single reactive site should be exposed to
the metal center. It was thus expected that the prefunction-
alized metal center M would deliver a functional group X in an
enantioselective and site-selective fashion (E) whereupon the
chiral product would be released and lead to closure of the
catalytic cycle. (Scheme 21). Catalyst B exhibits a substrate
binding site via lactam hydrogen bonding and a reactive metal
center which are linked by a U- or V-shaped skeleton.

Scheme 21. Proposed Catalytic Cycle for an
Enantioselective Transition Metal-Catalyzed
Functionalization Mediated by Hydrogen Bonding

catalyst
activation
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enantioselective substrate

functionalization coordination
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Initially, we attempted to employ the 1,5,7-trimethyl-3-
azabicyclo[3.3.1]nonan-2-one scaffold with a potential metal-
binding ligand to be attached to position C-7. The
bis(oxazoline) ligand 83 (Figure S) represents a typical ligand
of this type which was prepared from the previously reported

84

Figure S. Structure of the bis(oxazoline) ligand 83 and of alkynes 84
and 8S.
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methyl 1,5,7-trimethyl-3-azabicyclo[3.3.1]nonan-2-onyl-7-car-
boxylate.”” However, it turned out that this approach was
tedious and time-consuming as it required to adapt each and
every synthesis protocol individually to the ligand. Although
bond elongation at C-7 was possible, for example, by an aldol
condensation from the corresponding C7-aldehyde or by an
Sn2-type reaction from the respective C7-mesylated alcohol,
further steps were required to complete the synthesis. A
modular strategy seemed desirable which allowed to prepare
the hydrogen bonding lactam skeleton separately and to link
it—ideally in a single step—to a suitable building block with
the preformed ligand. It was therefore fortunate that the
previously mentioned C7-aldehyde was easily converted into
the terminal alkyne 84,'® whereupon a broad diversification
strategy via Sonogashira cross-coupling reactions proved to be
successful.

During our initial experiments with ligands derived from
alkyne 84 (vide infra), there were indications that the shape of
the molecular recognition unit influences the success of the
desired transformation (vide infra). Unlike in our photo-
chemical reactions, where the key for achieving high
enantioface differentiation was steric shielding induced by
close proximity of the substituent at C-7 to the prefunction-
alized substrate, transition-metal catalysts demand more spatial
flexibility for a functional group to be transferred from the
metal center to the prochiral lactam. Accordingly, it appeared
that the 1,5,7-trimethyl-3-azabicyclo[3.3.1]nonan-2-one scaf-
fold might not provide sufficient space due to its tight U-
shaped nature. Influenced by the work of Deslongschamps,*’
we anticipated that the octahydro-1H-4,7-methanoisoindol-1-
one skeleton 85 would exhibit a more accessible V-shape
geometry and might be the more favorable candidate. The
compound was accessible from 6,6-dimethylfulvene and maleic
anhydride®" and served in most future experiments as the
lactam component in the synthesis of templated chiral metal
complexes.

Oxidation and Oxygenation Reactions. Natural en-
zymes such as cytochrome P450 possess the unique capability
to catalyze highly selective oxidative transformations.®”
Although hydrogen bonds are frequently responsible for high
stereocontrol in biological oxidation processes,”’ similar
principles have rarely been adopted in modern organic
synthesis.®* Earlier contributions regarding selective oxidative
transformations mediated by a noncovalent interplay were
made among others”” by the groups of Breslow™ and
Crabtree.® However, the use of hydrogen bonding as a
general concept for an enantioselective approach had remained
unexplored prior to our work. The well-established oxidation
properties of manganese salen complexes®’ in combination
with an easily feasible derivatization thereof appeared to be a
reasonable starting point for preliminary experiments. The
terminal alkyne 84 was linked to a 3-tert-butyl-salicylaldehyde
via Sonogashira cross-coupling reaction and subsequently the
C,-symmetric manganese salen complex ent-87 was prepared
following a literature known procedure.”® The resulting
catalyst was probed in the enantioselective sulfoxidation of
commercially available 2H-benzo[e][1,4]thiazin-2-one (86)
and of other sulfides with similar structure to deliver the
respective sulfoxides such as 88 (Scheme 22).* The
enantioselectivity was remarkable (up to 71% ee) with respect
to the unprecedented mode of action but remained relatively
low compared to what we had expected from the results of our
photocycloaddition reactions.
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Scheme 22. Enantioselective Oxidation of Sulfide 86 to
Sulfoxide 88 Mediated by Mn—Salen Complex ent-87 with a
Remote Hydrogen-Bonding Motif

PhIO (1.3 equiv)

o
s ent-87 (1 mol%) e
X ew (L)
N NTo
86 88 (67% ee)

As previously alluded to, we anticipated that the initial U-
shaped 7-ethynyl-1,S,7-trimethyl-3-azabicyclo[3.3.1]nonan-2-
one backbone was less suited for enantioselective transition
metal catalysis due to the restricted space available for the
substrate at the active site. A subtle structural alteration was
required. Besides varying the lactam binding site to the
octahydro-1H-4,7-methanoisoindol-1-one skeleton , we envi-
sioned that a different choice of the catalytic entity might also
be beneficial. In this context, porphyrin ligands seemed to be
an excellent choice, not only because of their frequent use in
oxidation and oxygenation reactions,”’ but most importantly
due to their expansive but planar geometry. At the beginning,
we prepared ruthenium complex 89a,°'" in which the
porphyrin core is flanked by two 2,4,6-trimethylphenyl
(Mes) and a phenyl substituent (Figure 6). In a later version

Ar

Ar’

Ar
a M=Ru X=CO Ar=Mes, Ar' =Ph
b M=Ru X=CO Ar=Ar=CgFs

c M=Mn X=Cl Ar=Ar=CgFs
«Ph
N o
N—~F§u ————— N
ent-90 —N O

Figure 6. Structure of porphyrins 89 and of pybox complex ent-90
with an octahydro-1H-4,7-methanoisoindol-1-one backbone.

of this catalyst (porphyrin 89b),”" the substituents were
exchanged by three pentafluorophenyl groups with the aim to
increase the electrophilicity of the reactive metal-oxo-
intermediate by electron withdrawing substituents.”> Most
recently, we synthesized the manganese complex 89¢™ with a
different metal core because the ruthenium insertion step into
the porphyrin led to an extensive loss of material in the
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synthesis of 89a and 89b. Another promising candidate for the
oxidation of sulfides was the pyridine-2,6-bis(oxazoline)
(pybox) complex ent-90 in which the ruthenium center is
coordinated by an additional equivalent of 2,6-pyridinedicar-
boxylate.”

The first study related to enantioselective C—O bond
formation was performed with porphyrin catalyst 89a and
concerned the enantioselective epoxidation of 3-alkenylquino-
lones, such as compound 91a, with 2,6-dichloropyridine-N-
oxide (DCPNO) as the stoichiometric oxidant (Scheme
23).5"%%% Despite the fact that there is a free rotation around

Scheme 23. Enantioselective Epoxidation of
Vinylquinolones 91 to Epoxides 93 Catalyzed by a Chiral
Ruthenium Porphyrin Complex 89a with a Remote
Hydrogen-Bonding Site

DCPNO (1.1 equiv)
89a (0.2 mol%)
(PhH)

72% 93a
(96% ee)

93d (71%, 92% ee)

‘., rr=91/9

Iz
o]

93e (74%, 86% ee) 93f (62%, 92% ee) 93g (71%, 88% ee)

the C—C bond at quinolone carbon atom C-3, the activated
ruthenium complex transfers the oxygen atom with almost
perfect precision via complex 92 to a single enantiotopic face.
DFT calculations support the approach shown and make it
likely that a Ru"" oxo complex is the active catalyst but the
stereo- and regiochemical consequence would be identical with
a Ru’ oxo complex as the reactive species. As little as
0.2 mol % of catalyst was needed to furnish the corresponding
epoxides 93 in moderate to good yields and with excellent
enantioselectivity. The method tolerates substitution in 6- and
7-position of the quinolone substrate (products 93b—93d) as
well as 1,2-disubstituted olefins (products 93e—93f). Attack at
the C-3 vinyl double bond was favored with high preference (rr
=91/9) over the double bond at position C-7 (product 93g).
The regioselectivity is significantly higher with chiral catalyst
89a than with an achiral porphyrin catalyst illustrating the
importance of the hydrogen bond for substrate precoordina-
tion. When the N-methylated derivative of substrate 91a was
taken into the reaction, the enantioselecitivity of the

epoxidation was negligible (<5% ee), and the reaction
proceeded sluggishly.

The epoxidation conditions shown in Scheme 23 were also
applicable to other substrates including 3-alkenylpyridones and
primary alkenoic acid amides. In the former case, the
epoxidation products were unstable, and the enantiomeric
purity (77—87% ee) of the products had to be established after
derivatization. In the latter case, the respective products were
obtained with lower selectivity (70% and 45% ee) presumably
because the alkyl chain lends more flexibility for the approach
of the reactive catalyst to the olefinic double bond.

Preliminary attempts to apply catalyst 89a also to oxygen-
ation reactions at aliphatic C—H bonds were met with limited
success. The catalyst seemed to be insufficiently reactive, and
conversions remained low. In addition, when methylene
groups were successfully oxygenated, overoxidation of the
resulting chiral secondary alcohol to an achiral ketone erased
the newly created stereogenic center. The reactivity issue could
be overcome by attaching more strongly electron-withdrawing
groups to the porphyrin ring which in turn make the metal
center more electron deficient and, thus, the resulting oxo
complex more electrophilic. The selectivity issue was—at least
temporarily—resolved by designing C—H activation substrates
that would retain a stereogenic center even if the secondary
alcohol was further oxidized to a ketone. Along these lines,
oxindoles 94 contain a prostereogenic spiro center which
carries two enantiotopic methylene groups (Scheme 24).91
The reaction at one of the methylene groups leads to a
secondary alcohol which after further oxidation retains its
chirality provided that the oxygenation reaction had selectively
occurred at one of the two enantiotopic groups. Starting from

Scheme 24. Enantiotopos-Selective C—H Oxygenation of
Spirocyclic Oxindoles 94 to Ketones 96 Catalyzed by the
Supramolecular Ru—Porphyrin Complex 89b

O A: DCPNO (2.2 equiv)

89b (1 mol%)

50 °C (CH,Cly)
O B: oxidation

94a (Swern or PCC) 96a H

- —  A:20% (90% ee)
via 0.0 B: 70% (80% ee)
A
o H H
N i —

o
> -
%o

Iz

L H 95 _
MeO
OMe

e (o) e (0] e (o)
o o) o)

N N N

Br H H H

96b 96¢c 96d

A: 33% (92% ee)
B: 53% (82% ee)

A: 39% (90% ee)
B: 60% (86% ee)

A: 40% (94% ee)
B: 50% (94% ee)
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oxindole 94a and employing DCPNO as the stoichiometric
oxidant for the oxygenation reaction, the catalyzed reaction
delivered 20% of ketone 96a and significant quantities of the
respective alcohol as the initial reaction product. In order to
obtain exclusively a single product, the oxidation of the alcohol
to the ketone was performed in a second step by the Swern
protocol or with pyridinium chlorochromate (PCC).

The two-step protocol made several chiral ketones 96
accessible in high enantioselectivity. It could be shown that the
templated catalyst is likely to operate via the proposed complex
95, and DFT calculations (Figure 7) provided evidence on the

Figure 7. Proposed transition state for the reaction 94a — 96a as
calculated by DFT methods. Reprinted with permission from ref 91.
Copyright 2014 John Wiley and Sons.

selective attack of the Ru" oxo complex at a single C—H bond.
The oxygenation was suggested to proceed mechanistically by
initial hydrogen abstraction and subsequent rapid rebound of
the hydroxy group to the carbon radical center. The calculated
primary kinetic isotope effect (kyy/kp) for the reaction was 6.4,
which parallels the experimentally determined value of 6.1. The
hydrogen-abstraction step determines the enantioselectivity,
and the ligand directs the active site to a specific position
within substrate 94a. The loss of enantioselectivity when
comparing the enantiomeric excesses for products 96 before
(A) and after alcohol oxidation (B) is likely due to a
racemization via a retro-aldol reaction of the secondary
alcohol. This hypothesis is in line with the fact that electron-
withdrawing substituents at the oxindole showed diminished
enantioselectivity.

Given the enormous need for enantioselective oxygenation
reactions which allow for a late-stage functionalization of
organic compounds, we turned toward manganese porphyrin
complexes to achieve a selective oxygenation of secondary
alcohols. Literature reports indicated that the propensity for
overoxidation with manganese catalysts’>”” might be lower
than with the respective ruthenium porpyhrins. During the
preparation of complex 89, it was gratifying to note that the
catalytically active metal could be introduced into the
preformed porpyhrin in the very last step of the synthesis.
With ruthenium, all attempts to do so failed due to competitive
reduction of the triple bond. 3,4-Dihydroquinolones 97 were
selected as the first class of substrates to be tested in the
oxygenation reaction (Scheme 25). They exhibit the required
lactam binding site and were considered useful due to their
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Scheme 25. Enantioselective Hydroxylation of 3,3-
Disubstituted 3,4-Dihydroquinolones 97 to their
Corresponding Alcohols 99 Catalyzed by the Manganese
Porphyrin Complex 89¢

PhIO (2.0 equiv) OH
89c¢ (2 mol%) =
_0CEHCE
68% 97% conv. MO N O

97a 99a (99% ee)

OH OH OH
MeO” j N: io MeO” : :N io BnO~ : N: io
H H H

99¢ (97% ee)
60%, 91% conv.

99b (88% ee)
67%, 81% conv

OH OH OH
Et” i N io Bn” i N io TfO” : N :o
H H H

99f (93% ee)
56%, 76% conv.

99d (97% ee)
56%, 72% conv.

99e (96% ee)
51%, 59% conv.

999 (97% ee)
19%, 29% conv.

known biological activity.”® Todosobenzene was found to be a
superior oxidant and the reaction was performed with 2 mol %
of catalyst 89c at 0 °C.

For all substrates 97, the enantioselectivity was high but the
conversion depended strongly on the electronic properties of
the substrate. Electron-rich 3,4-dihydroquinolones reacted
most readily and the reaction was close to completion after a
reaction time of 16 h (products 99a—99c). We observed that
the more electron-deficient the substituent in position C-7 was,
the lower was the conversion (e.g, products 99d—99g). The
observed selective formation of product 99a with (S)-
configuration correlates with a transition state 98 in which
the putative Mn" oxo complex is directed to the substrate by
hydrogen bonding. The bent nature of the transition state in
Mn-catalyzed oxygenation reaction had been noted earlier and
was reflected for the transformation 97a — 99a by a relatively
low kinetic isotope effect (ky/kp = 3.0). The oxygenation is
selective for the methylene group at the C-4 site. There was no
notable oxygenation at the electronically favored benzylic
positions (cf. products 99d and 99f).

In the reactions of spiro compounds 94°" it was not possible
to identify and characterize the secondary alcohol intermedi-
ate, but the reaction had triggered our interest in oxidation
reactions which would be selective regarding one of the two
enantiotopic atoms and simultaneously enantioselective at this
very specific atom. Hence, it was a curiosity-driven set of
experiments we performed with spirodithiolane-indoles 100,
and we tried to identify which of the four possible
stereoisomeric sulfoxides was formed in an enantioselective
sulfoxidation protocol.”* Ruthenium complex ent-90 which was

DOI: 10.1021/acs.joc.9b01299
J. Org. Chem. 2019, 84, 8815-8836


http://dx.doi.org/10.1021/acs.joc.9b01299

The Journal of Organic Chemistry

derived from alkyne ent-85 was employed as the oxidation
catalyst and cumene hydroperoxide (CHP) as the stoichio-
metric oxidant (Scheme 26).

Scheme 26. Enantio- and Diastereoselective Sulfoxidation of
Spirodithiolane-Indoles 100 Catalyzed by Ruthenium
Complex ent-90

F.CO 3/1 CHP (1.5 equiv)
8 ent-90 (2.5 mol%)
o /—O
N (PhF)
H
100a 64% 101a (dr > 95 5)
99% ee
B
o o s ] o
F S/'O Sr,o S/.O
“® <) ~®
,~0 ~0 ,~0
N N N
H H H
101b (63%) 101c (68%) 101d (70%)
dr =83:17 dr =87:13 dr =955
96% ee 92% ee 94% ee

Remarkably, a single position was addressed with high
preference, and products 101 were obtained with a high degree
of stereoselectivity. It was found that the chirality of the pybox
ligand at the ruthenium complex has an influence on the
stereoselectivity and that the two elements of chirality (ligand
and lactam backbone) work synergistically. The observed
selectivity is in agreement with a hydrogen bonded substrate
which exposes a free electron pair at a defined sulfur atom to
the catalytically active ruthenium oxo complex.

Aziridination and Amination Reactions. Over the past
two decades, stereoselective catalytic C—H amination reactions
have gained considerable attention” owing to the abundant
presence of nitrogen atoms in secondary metabolites'® and
nitrogen- contalmng heterocycles in medicinal chemistry.'"’
Among others,"” seminal studies by the group of Che'*® have
shown that metal porphyrin complexes can be effective for the
introduction of sulfonamides via nitrene transfer from N-
sulfonyliminophenyliodinane precursors. Around the same
time, Du Bois and co-workers have made fundamental
contributions to the field when discovering rhodium-catalyzed
intramolecular C—H amination reactions of carbamates and
sulfamates'®* and illustrating their alpghcatlon to the total
synthesis of complex natural products.”~ The discovery of the
dicarboxylate-derived rhodium complex Rh,(esp), was partic-
ularly interesting as it provided superior activity in the C—H
functionalized process and moreover significantly expanded the
scope of this reaction type.'”® Encouraged by this work and
inspired by our own interest in diastereoselective amination
reactions,'”” we envisioned that a brominated version of the
corresponding diethyl a,a,a’,a’-tetramethyl-1,3-benzoldipropi-
onate (esp ligand) would be easily accessible and thus could be
tethered to our previously applied octahydro-1H-4,7-meth-
anoisoindol-1-one backbone by Sonogashira cross-coupling.
Indeed, the respective diethyl dicarboxylate could be obtained
and was readily saponified to the free acid. Rhodium
complexation furnished the desired C,-symmetric catalyst
ent-102, and its structure was unambiguously proven by X-
ray crystallography (Figure 8).'%"

Comparison of this structure with the structure of ligand ent-
103 that was derived from ethynyl-1,5,7-trimethyl-3-
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ent-102

Figure 8. Structure of the C,-symmetric Rh(II) catalyst ent-102
exhibiting two remote recognition sites for hydrogen-bond-mediated
coordination of prochiral quinolones.

azabicyclo[3.3.1]nonan-2-one (ent-84)'%° revealed the antici-

pated difference in shape (Figure 9). The angle of the ethynyl

ent-103

) angle o A

Figure 9. Structure of ligand ent-103 and angle a defining the relative
position of a ligand to the lactam plane.

linked substituent to the lactam can be defined as the angle a
of the straight line ¢ relative to the straight line a which in turn
is parallel to the lactam plane. The angle o as determined from
the mean value for the two lactam units in complex ent-102 (a
& 26°) is significantly different from the angle for ent-103 (@ =
16°). In both cases, the alkyne is not completely parallel to the
lactam plane (U-shape) but opens up like the letter V.
However, the angle is larger (Aar 2 10°) for the octahydro-1H-
4,7-methanoisoindol-1-one skeleton, thus providing more
space for a given ligated transition metal.

Based on our previous epoxidation experiments,”” we
anticipated that the new complex ent-102 would likewise be
capable of precoordinating quinolones and thus facilitate a
comparable binding mode that would allow for enantioface
differentiation. Accordingly, a methylene group in the C-3
position of the heterocyclic carbon skeleton was considered to
be an ideal prochiral element, which in turn could further be
activated by an electron rich aromatic substituent. We
eventually chose quinolone 104 for our preliminary experi-
ments and we were delighted to observe significant
enantioselectivity (up to 72% ee) in the rhodium catalyzed
amination to sulfonamide 106 (Scheme 27)."%*

The absolute configuration of product 106 was assigned by
anomalous X-ray diffraction, confirming the hypothesis that
hydrogen bonding is responsible for the differentiation of the
two hydrogen atoms in complex 10S. It was observed that the
enantioselectivity decreases significantly (30% ee) if the
methylene bridge was further extended by an additional
carbon atom as the amination proceeded adjacent to the 4-
methoxyphenyl moiety. In order to examine whether the
amination is both enantio- and site-selective, a second 4-
methoxybenzyl substituent was introduced at position C-7 of
the quinolone. Notably, a reversal of site-selectivity''® was
observed when ent-102 (rr [C3/C7] = 63/37) was applied
instead of the achiral amination catalyst Rh,(esp), (rr [C3/
C7] = 39/61).

The application scope of Rh(II) complex ent-102 was
further e lored regarding a potential catalysis of aziridination
reactions. ' 3- -Vinylquinolone derivative 91e was chosen as
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Scheme 27. Enantioselective Amination of 3-(4-
Methoxybenzyl)quinolone) 104 to Sulfonamide 106
Catalyzed by the Chiral Rh(II)-esp Catalyst ent-102

OMe OMe
H,NTces (1.0 equiv) O
Phl(OMe), (1.5 equiv)
ent-102 (1.0 mol%)
(PhH) O X" “NHTces
52% N0
H

104 (2.0 equiv) 106 (72% ee)

the substrate since it had provided an excellent enantiose-
lectivity in catalytic epoxidation reactions.®™”® In preliminary
experiments, it was observed that the racemic aziridination
with Rh,(esp), gave a clean conversion to the corresponding
aziridine rac-107e (R H, R' = Me) as a single
diastereoisomer. However, due to its electron-withdrawing
aryloxysulfonyl substituent, the aziridine rac-107e was
sufficiently electrophilic to undergo an intramolecular ring
opening reaction. In a cascade reaction the trans-substituted

heterotricycle rac-108e formed without isolation of the
112

intermediate aziridine. ~ The asymmetric construction of
2,3-dihydrobenzo[2,3-b]quinolines rac-108 had not been
investigated prior to our work, and accordingly, we further
optimized a new one-pot aziridiniation/ring opening protocol.
Polar solvents such as acetonitrile accelerated the cyclization
step and 1 mol % of Rh,(esp), was satisfactory to give rise to a
large variety of S-, 6-, and 7-substituted quinolines rac-108 (12
examples, 45—78% yield).

As previously mentioned, nonpolar solvents are beneficial to
establish sufficient hydrogen bonding of lactam-based catalysts
to prochiral quinolone. It was hence assumed that the
developed protocol had to be slightly altered for an
enantioselective approach using the chiral complex ent-102.
Indeed, it was found that the use of benzene instead of
acetonitrile had a significant impact on the enantioselectivity.
In addition, the reaction had to be run under dilute conditions
to render the enantioselectivity high (up to 89% ee). At this
point, other vinylquinolones 91 were examined (Scheme 28),
and it was found that ethyl- or n-propylsubstituted olefins
delivered superior enantioselectivity (108h—108i). Moreover,
it was found that electron-donating groups (108j—108k) and
electron-withdrawing substituents (1081—108m) were likewise
tolerated in both the 6- and 7-positions of quinolone 91 and
that even a benzo[q]quinolone delivered the respective
tetracyclic ring 108n in outstanding enantiomeric excess.

The removal of the 2,2,2-trichloroethoxysulfonyl (Tces)
group was easily accomplished using zinc in a mixture of
methanol and acetic acid without any racemization, and the
absolute configuration was assigned by Mosher ester
analysis." "’
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Scheme 28. Enantioselective Construction of 2,3-
Dihydrobenzo[2,3-b]quinolines 108 from 3-
Alkenylquinolones 91 Catalyzed by Rhodium Complex ent-
102

HoNTces (1.1 equiv)
PhI(OPiv), (1.3 equiv)
MgO (2.3 equiv)
ent-102 (1.0 mol%)
(PhH)

NHTces

T

108h (91% ee)

then 65 °C (THF)
76%

NHTces

-
N

108i (73%, 91% ee)

NHTces

GG

108j (69%, 95% ee)

NHTces NHTces

N7 O Cl N7 O

108k (78%, 94% ee) 108l (62%, 91% ee)

NHTces NHTces
L 999
F N7 O N~ O
108m (55%, 93% ee) 108n (63%, 95% ee)

B CONCLUSION

The quest for selectivity in chemical transformation can be
tackled in various ways, and there is no general solution nor is
there one approach which is intrinsically better than the other.
A substrate precoordination by hydrogen bonds has been one
of the strategies which we have chosen to entail selectivity, and
this Perspective describes how different ideas have developed
over the years. To this very day, it remains one of the most
appealing and scientifically satisfying aspects of this approach
that the use of lactam hydrogen bonds can be rationally
designed and that their mode of action can be understood at a
very fundamental level. It has turned out, however, that there
are several complex layers of comprehension beyond the very
fundamental two-point interaction which is responsible for
substrate binding. As in any scientific endeavor, we learn by
success and failure. To our delight, the learning curve in the
current project has remained steep over several years, and we
hope that this trend continues allowing us to take on even the
toughest and most challenging selectivity issues which are
imposed on us sometimes by curiosity and sometimes by
practical needs.
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