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Studies in organic and physical photochemistry —
an interdisciplinary approach

Michael Oelgemoller*® and Norbert Hoffmann*®

Traditionally, organic photochemistry when applied to synthesis strongly interacts with physical chemistry.
The aim of this review is to illustrate this very fruitful interdisciplinary approach and cooperation. A pro-
found understanding of the photochemical reactivity and reaction mechanisms is particularly helpful for
optimization and application of these reactions. Some typical reactions and particular aspects are reported
such as the Norrish-Type Il reaction and the Yang cyclization and related transformations, the [2 + 2]
photocycloadditions, particularly the Paterno—Buchi reaction, photochemical electron transfer induced
transformations, different kinds of catalytic reactions such as photoredox catalysis for organic synthesis
and photooxygenation are discussed. Particular aspects such as the structure and reactivity of aryl cations,
photochemical reactions in the crystalline state, chiral memory, different mechanisms of hydrogen trans-
fer in photochemical reactions or fundamental aspects of stereoselectivity are discussed. Photochemical

Received 19th April 2016,
Accepted 22nd June 2016

DOI: 10.1039/c60b00842a

reactions are also investigated in the context of chemical engineering. Particularly, continuous flow
reactors are of interest. Novel reactor systems are developed and modeling of photochemical transform-
ations and different reactors play a key role in such studies. This research domain builds a bridge between
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1 Introduction

When compared to reactions at the ground state, photochemi-
cal transformations are characterized by the fact that they
involve electronic excitation." Thus, by light absorption the
electron configuration of a molecule changes. Since the reac-
tivity of a chemical compound is defined by its electron con-
figuration, it is obvious that the photochemical reaction
conditions considerably augment the number of transform-
ations of a compound family. Often, photochemical reactivity
is even complementary to ground state chemistry. More basi-
cally, this phenomenon may be described by potential-energy
surface topology.”” Applying photochemical methods to
organic synthesis, products can be synthesized which are
difficultly or not available with conventional methods.**> Many
catalytic reactions with organometallic compounds or enzymes
are improved under these conditions. Since photochemical
reactions can be performed under mild conditions, they
further enable studying transformations in supramolecular
structures or investigating particular phenomena of absolute
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fundamental studies of organic photochemical reactions and their industrial application.

chiral induction or chiral memory.® Photochemical transform-
ations are also applied to the synthesis of unusual or strained
hydrocarbons.” Such investigations contribute to a profound
understanding of fundamental aspects of chemical structures
and bonds. Electronic excitation, often avoids chemical acti-
vation with acids, bases, metals, and so on. Side reactions and
waste products are thus limited. The photon is considered as a
“traceless reagent”.® Photochemical transformations provide a
lot of perspectives for sustainable chemistry. They even belong
to the standard methods of “green chemistry”.” They can
readily be optimized when performed in a microreactor or con-
tinuous flow systems. In many fields such as pharmaceutical
or agricultural chemistry or in materials science photochemi-
cal reactions are therefore highly appreciated.

Traditionally, the study of organic photochemical reactions
is strongly linked to physical chemistry. This intense
cooperation between two research domains enables a pro-
found and comprehensive understanding of reaction mechan-
isms and consequently a facile optimization of the reactions
and application to industrial production. Also more general
topics of chemistry are often elucidated by this research. It
further facilitates interaction with other scientific domains
such as materials science, medicinal and biochemistry, supra-
molecular chemistry, environmental science, etc. Although
photochemical transformations are investigated in many
different domains, we would like to focus the present contri-
bution on some reactions possessing high interest in the
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context of organic synthesis. After a period of stagnation,
activities in this field are increasing once again in academic
and industrial research. The aim of this article is therefore to
indicate and stimulate this fruitful interaction with some
examples related to synthetic organic photochemistry.

2 Norrish Type Il reaction and
cyclizations

The Norrish Type II reaction and the competing Yang cycliza-
tion are classical photochemical reactions of carbonyl com-
pounds.'® After photochemical nrn*-excitation of the carbonyl
function in 1, intramolecular hydrogen abstraction takes place
(Scheme 1). This reaction step occurs at both the singlet state
and the triplet state. It requires specific orientations of the car-
bonyl group and the hydrogen atom which will be abstracted.
The reactions were also performed in the solid state.''*?
Under these conditions the structure is rigid and the orien-
tation of the participating atoms is determined by X-ray struc-
ture analysis. Thus, it was found that the C=0---H-C dihedral
angles A, w and @ in 1 may vary greatly and that the O-H dis-
tance d is most relevant for the efficiency of this reaction step.
Radical intermediates such as the resulting 1,4-diradical 2 play
an important role in the outcome of many photochemical reac-
tions.”* Depending on the intersystem crossing (isc) rate, the
1,4-diradical 2 may either be formed at its singlet or triplet
state. At the singlet state, the intermediate undergoes cleavage
easily leading to the alkene 3 and the enol 4. The latter
product undergoes immediate tautomerization to the corres-
ponding ketone. This overall reaction corresponds to the
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Norrish Type II reaction. This cleavage step is favored by
entropy and it is not inhibited by intersystem crossing. At the
triplet state, three reactions are in competition. Hydrogen back
transfer may occur thus leading to substrate 1. The Norrish
Type II reaction may also be in competition with the Yang
cyclization by intramolecular radical combination. The latter
reaction leads to cyclobutanols 5. In all these cases, inter-
system crossing must occur since the final products possess
singlet multiplicity. This step is therefore accelerated by
efficient spin orbit coupling."* Such an efficient interaction is
linked to a particular transition state in which the two radical
carrying orbitals are orthogonally orientated (6).">'° As already
mentioned, hydrogen abstraction can also occur at the singlet
state. The quenching of the singlet state may even be faster
than the corresponding triplet state. However, the hydrogen
transfer is less efficient."”

Cyclizations of photochemically generated diradicals are of
particular interest since they may be applied to organic syn-
thesis. Therefore, details of the stereochemical influence on
such reactions have been intensively investigated. Thus, the
influence of the relative configuration on the competition
between the Norrish Type II fragmentation and the Yang cycli-
zation was studied. When the aromatic ketone 7 derived from
isoleucine was irradiated, hydrogen abstraction in the y posi-
tion at the ethyl group took place leading to the 1,4-diradical 8
(Scheme 2).'® Generally, in such aromatic ketones, intersystem
crossing is fast and the nz* triplet state is rapidly populated.
Two main conformers 9 and 10 of the diradical are in equili-
brium. Conformation 10 in which the two radical positions are
orientated syn with respect to each other dominates in this
equilibrium since it is 1.1 keal mol™" more stable than 9. For
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Scheme 1 Mechanism of the Norrish Type Il reaction and the competing Yang cyclization.
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Scheme 2 Stereoselectivity of the Norrish Type Il reaction and the competing Yang cyclization.

this reason, cyclization leading to the cyclobutanol derivative
11 is the only observed step. It must further be pointed out
that a hydrogen bond between the newly formed hydroxyl func-
tion and the carbonyl group stabilizes these conformers. The
corresponding diastereoisomer 12 after photochemical exci-
tation, intersystem crossing and y hydrogen abstraction is
transformed into the 1,4-diradicals 13 with the main confor-
mations 14 and 15. The anti configuration of the methyl
groups in the cyclobutanol derivative 11 is explained by the

7394 | Org. Biomol. Chem., 2016, 14, 7392-7442

structure of the transition state 18 of the cyclization step. In
this structure, the radical carrying orbitals are orthogonally
orientated as a means to minimize steric hindrance and spin
orbit coupling. In contrast to the previous case, the conformer
14 with anti orientation of the radical centers is more stable
than the corresponding syn conformer 15. The energy differ-
ence is 1.7 keal mol™". In this case, exclusively, the fragmenta-
tion product 16 is formed. No corresponding cyclobutane
product 17 was observed.

This journal is © The Royal Society of Chemistry 2016
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As already indicated, Yang cyclization has also been studied
by irradiation of crystalline solids. In solution, conformational
equilibria have a major influence on the competition between
Norrish Type II fragmentation and Yang cyclization. The
crystal lattice may also select and fix a conformation favoring
the Yang cyclization thus inhibiting the fragmentation. High
ee values are generally observed in photochemical reactions
when they are performed with solids crystallizing in chiral
space groups. In cases such as the present one, the crystal
lattice selects conformations favorable for Yang cyclization in
one enantiomeric form of the aromatic carboxylate. Photo-
chemical reactions in chiral solids thus are an efficient
method of asymmetric synthesis.'"*°

Studies of such transformations in crystals also provide
general and fundamental information on crystallography. The
chiral salt of the aromatic keto acid 19 crystallized in space
group P2,2,2,. In these crystals, the oxygen of the carbonyl
group is closer to H, than to the enantiotopic H, of the ada-
mantane substituent (Scheme 3).">*° Upon irradiation, there-
fore, only the hydrogen atom H, is abstracted and the
diradical intermediate 20 is formed. Cyclization leads to the
cyclobutanol 21. Only this endo isomer is generated. Further-
more, this compound is obtained in high enantiomeric excess.
It is particularly interesting to note that both the substrate 19
and the product 21 possess almost the same crystal structure
(Fig. 1) in terms of space group, crystal system and cell con-
stants. Thus, an X-ray crystal structure analysis of a mixed
crystal containing 40% of the substrate 19 and 60% of the
photoproduct 21 could be carried out.

The investigations of photochemical reactions in the solid
state also enable a deeper understanding of how organic com-
pounds crystallize depending on their structure. In a more
detailed study, a large number of X-ray structure analyses were
performed on single crystals containing substrate 19 and
photoproduct 21 in different proportions (Fig. 2).>* Although,
the space group does not change when the conversion
advances, the dimensions, in particular two cell constants of
the orthorhombic crystal system vary (Fig. 3). During the first
20 min of the irradiation, the conversion rapidly advances and
the percentage P of photoproduct increased until it reaches
80%. During this period, the value of cell constant a slightly

HO,,/I Ar

21

Scheme 3 Yang cyclization with an adamantane derivative in the solid
state using a chiral salt for asymmetric induction.
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Fig. 1 Crystal structures during a Yang cyclization in enantiomorphous
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Fig. 2 Transformation of compound 19 into 21. After 80% conversion,
the reaction rate slows down. (Reprinted with permission from:
I. Turowska-Tyrk, E. Trzop, J. R. Scheffer and S. Chen, Acta Crystallogr.,
Sect. B: Struct. Sci., 2006, 62, 128-134. DOI: 10.1107/5S0108768105034014.
Copyright (2006) IUCr.)

increases (Fig. 3(a)) while the value of constant b decreases
(Fig. 3(b)). Cell constant ¢ barely changes (Fig. 3(c)). During
this period, the volume of the unit cell rapidly increases to a
maximum of 2313 A® (Fig. 3(d)). An additional 70 min of
irradiation was necessary to complete the conversion. During
this period, the changes of the cell constants @ and b are much
larger and the constant ¢ decreases slightly. The cell volume
drastically diminishes to reach a final value of about 2300 A®.
All these changes are the result of the changes inside the cell
which are monitored by atom distances as well as bond and di-
hedral angles. These parameters evolve in a very discontinuous
manner. Some of them strongly change during the first period
and remain constant during the final period of the conversion.
Other parameters evolve in the opposite manner. Some para-
meters also change rapidly during the first period. They
remain constant for the following period of conversion in
order to evolve rapidly again at the end to attain their final
values.
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Fig. 3 Variation of cell constants during the transformation of compound 19 into 21. (Reprinted with permission from: |. Turowska-Tyrk, E. Trzop,
J. R. Scheffer and S. Chen, Acta Crystallogr., Sect. B: Struct. Sci., 2006, 62, 128—-134. DOI: 10.1107/50108768105034014. Copyright (2006) IUCr.)

Globally, the volume of the crystal structure increases
because it must host a large variety of different molecular
structures. In the anionic part, the adamantane moiety moves
more than the remaining part since it is less engaged in hydro-
gen bonding. When the conversion comes to its end, the struc-
ture seems to collapse because the number of different
molecular structures diminishes. Only the molecules of the
final product need to be packed in a crystal structure. The final
structural parameters of the cyclobutanol moiety are estab-
lished during this period. Although the changes at the mole-
cular level are very discontinuous, the changes of the cell
parameter are nevertheless very ordered. Cell constant a
increases, constant b decreases and cell constant ¢ remains
almost unchanged.

Crystal-to-crystal [4 + 4] photocycloadditions with anthra-
cene moieties were used to synthesize regular two dimensional
polymers.>” In the present case, the crystal structures act as a
template which orients three photoreactive centers of the
monomers in the desired manner. These monomers possess
D3, or Cs, molecular symmetry. Thus layers are formed. Such
polymers are of high interest, for example, in the domain of
materials science as it has been frequently shown for the gra-
phene prototype. Controlled two dimensional polymerization
is particularly difficult.”® The presented method provides
access to a larger variety of such compounds. These results are
also good examples for the use of particularly mild photo-
chemical reaction conditions for the construction of supra-
molecular structures.

7396 | Org. Biomol. Chem., 2016, 14, 73927442

Several electron active substitutions on the tether separ-
ating the two radical positions may affect the competition
between Norrish Type II fragmentation and Yang cyclization.>*
Such a competition has been observed in reactions of carbo-
hydrate derivatives.”> The presence of an additional ketone
function in o-diketones generally favors the formation of
hydroxycyclobutanones via Yang cyclization with respect to the
Norrish Type II cleavage. Such structures are also of high inter-
est for organic synthesis. For example, the glucose derivative
22 was efficiently transformed into the corresponding hydroxy-
cyclobutanone derivative 23 (Scheme 4).>® Only one anomer
was obtained which was generated under retention of con-
figuration. Furthermore, only one configuration was generated
at the quaternary center carrying the hydroxyl function. The
reaction was carried out with UV or sunlight with almost the
same results. When the diketone moiety is placed in the
former anomeric position of the glucose derivative 24, a
Norrish Type II reaction takes place.”” After hydrogen abstrac-
tion in the y position, in the resulting 1,4-diradical 25, a C-O
bond is cleaved. An enol and a ketone function are thus
formed in the intermediate 26. The final product 27 is then
obtained by intramolecular aldol reaction followed by the for-
mation of a half acetal.

Photochemically induced intramolecular hydrogen abstrac-
tion followed by cyclization may be carried out with a variety of
chromophores.”® Also macrocyclizations have been carried
out.”® Such reactions are valuable tools in organic synthesis.
The photochemistry of a,p-unsaturated carbonyl or carboxyl

This journal is © The Royal Society of Chemistry 2016
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Scheme 4 Reactions similar to the Norrish Type Il reaction and the Yang cyclization.

compounds resembles that one of the simple carbonyl com-
pounds. Photochemical transformations of these compounds,
particularly [2 + 2] photocycloadditions, were often applied to
organic synthesis.”® Most frequently, such reactions start at
the *nn* excited state which is the T, state. Intramolecular
hydrogen abstraction may also occur at this electronically
excited state.>® Due to the high energy of the singlet state S;,*!
such compounds are most frequently excited by sensitization,
for instance by triplet energy transfer from acetone, when
these reactions are applied to organic synthesis.

Such a reaction has been carried out with «,f-unsaturated
lactones carrying a tetrahydropyranyl substituent on the site

hv,
a PO A =300 nm
T\ H - =
0o O CH4CN
o)
28a,b P
6
a B OLZ2
—\.H ["H
™ (o)
0™
32a,b

S*,8*33 41%

chain (Scheme 5).*> Compounds 28a,b are excited to their nn*
triplet state (29) by triplet energy transfer from the nt* excited
acetone. In this state, the = bond is suppressed and the spin
density is particularly high in the p position (29).>*7** For this
reason, hydrogen abstraction occurs in this position and the
diradical 30 is formed. Hydrogen is exclusively transferred
from the anomeric center of the tetrahydropyranyl moiety.
Radical combination leads to the final products 31a and 31b
in a ratio of 1:1. When an alkyl substituent is present on the
site chain between the tetrahydropyranyl and the furanone
moiety as in compounds 32a,b, only one spirocyclic product 33
was isolated possessing the /k relative configuration (S*,S*) at

H
) — JILQ
. H
. H e
o-i;ﬁ‘yo 0o
% 30

§%8%37 0%

S*,R*-35 27%

Scheme 5 Regio- and stereoselective hydrogen abstraction followed by radical cyclization in a,f-unsaturated lactones.
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the anomeric center and the lactone ring. This results from
hydrogen abstraction at the anomeric center (34) and radical
combination. No stereoisomer possessing the ul relative con-
figuration (S*,R*) was obtained. In the case of the substrate
possessing the ul relative configuration (S*,R*), hydrogen
abstraction also occurs in the 6’ position of the tetrahydro-
pyranyl ring (36). Radical combination leads to the formation
of the macrocyclic compound 35. Product 37 resulting from a
radical combination in intermediate 38 with a /k configuration
(8*,5*) was not obtained.

The relative configuration at the tetrahydropyranyl (39) and
the furanone moiety and the equilibrium between equatorial
and axial conformations (Scheme 6) are the two structural
elements which mainly control the regioselectivity of hydrogen
abstraction. In order to determine the influence of each of
these elements on the outcome of the reaction, the transform-
ation was carried out with the glucose derivatives 40, 41, 42
and 43. Due to the equatorial position of all further substitu-
ents in glucose derivatives, the equatorial (40 and 41) and axial
orientations (42 and 43) at the anomeric center are locked.

Upon irradiation under sensitization conditions, com-
pounds 40 and 42 possessing R configurations at the furanone
moiety yielded the same spirocyclic compounds 44 and 45 in
almost the same diastereomeric ratio (Scheme 7). These pro-
ducts result from hydrogen abstraction at the 1’ position, the
anomeric center of the glucose moiety. The higher yield in the
case of the transformation of the p anomer 42 is explained by
the fact that hydrogen abstraction at the anomeric center is
easier than in 40.>®* When compound 43 possessing an S con-
figuration at the furanone moiety and o-configuration at the
sugar part was transformed, only the macrocyclic compound
46 was isolated in good yield. This product results from hydro-
gen abstraction at the 5’ position of the glucosyl substituent.
When the corresponding p-anomer 41 was transformed under
the same conditions, again spirocyclic compounds 47 and 48
were isolated. Moreover, the macrocyclic compound 46 was
also formed. The latter compound can only be formed when
an epimerization at the anomeric center takes place during the
transformation. Studies on reactions with partial conversion

O
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© o equatorial
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OAc
AcO N AcO
AcO B %
H’E)': 0 H\\\
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40 4
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confirmed this hypothesis. This epimerization is also photo-
chemically induced.

All detected mechanistic steps of these reactions are
present in the transformation of compound 41 (Scheme 8).
After excitation and hydrogen abstraction, the intermediates
49a and 49b are generated. They are in equilibrium. Radical
combination in the intermediates leads to the formation of
the spirocyclic compounds 47 and 48. In the case of the diradi-
cal intermediate 49b, hydrogen transfer from the lactone
moiety back to the glucosyl moiety may occur leading to the
formation of the a-anomeric compound 43. This compound
was indeed detected in considerable amounts in the reaction
mixture of 41 after 50% of conversion. As previously shown,
under the same conditions via hydrogen abstraction in the 5’
position (50), compound 43 reacts selectively to yield the
macrocyclic compound 46. It must be pointed out that signifi-
cant parts of this mechanism have been evidenced by a stereo-
chemical analysis.

In order to get a deeper insight into the stereochemical
requirements for hydrogen abstraction, DFT calculations have
been carried out. The *nn* excited and vibrationally relaxed
state has been modeled with structure 51 (Scheme 9). Tran-
sition states for hydrogen abstraction in positions 2' (acetal
center) and 6’ have been calculated. Due to different nomen-
clature systems, the positions 2’ and 6’ of these tetrahydro-
pyranyl structures correspond in glucose derivatives to the
positions 1" and 5’ respectively. Table 1 reports the calculated
differences in the free enthalpy of activation for hydrogen
abstraction in positions 2’ and 6’ in model structure 51. These
results confirm the experimental observation that in the case
of 40 and 42 (R configuration at the furanone moiety,
Scheme 9, model structures 51a,b, Table 1), hydrogen abstrac-
tion is favored at the anomeric center 52 (Scheme 9). In the
case of the model structure 51¢,d corresponding to the S con-
figuration at the furanone moiety, only in the electronically
excited a-anomer (51c), hydrogen abstraction in the 6’ position
(53) is favored. Thus the computational results reproduce the
experimental observations for the transformation of the glucosyl
compounds 40, 41, 42 and 43 (Schemes 6 and 7). In particular

axial

OAc

AcO
AcO

T
.,..../
@C’
(e}

42

Scheme 6 Stereochemical elements in «,f-unsaturated lactone derivatives and the corresponding glucosyl compounds.
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Scheme 7 Stereoselective triplet sensitized transformation of o,p-unsaturated lactone derivatives.

the high spin density in the p-position of the *nn* excited and
vibrationally relaxed state as modeled by structure 51 is essen-
tial for the observed regio- and stereoselectivity of the hydro-
gen abstraction step. Similar studies have been performed for
the reaction of compounds 32a,b (Scheme 5). These reactions
have also been discussed in the more general context of hydro-
gen transfer.>”?” The fact that the proton and the electron are
transferred simultaneously leads to the formation of a C-C
bond in the « position of the a,f-unsaturated lactone. A two-
step mechanism (electron transfer followed by proton transfer)
would have led to the formation of a C-C bond in the B
position.

In such reactions, the phenomenon of the spin-center
shift®® is also observed. After photochemical excitation of
the acetophenone derivative 54 hydrogen abstraction occurs
in one of the diastereotopic y positions leading to the dira-
dical intermediates R-55 and §-55 (Scheme 10).>° In contrast
to the previously described reactions, in this case, the tosyl
group in the o position is eliminated and the radical posi-
tion is shifted in this position leading to the 1,3-diradical
intermediates R-56 and S-56. Radical combination generates
the bicyclic final products R-57 and S-57. The enantio-
selectivity of the overall reaction is mainly determined when

This journal is © The Royal Society of Chemistry 2016

the 1,4-diradical intermediates R-55 and S-55 are formed.
The competition between hydrogen abstractions in the two
diastereotopic y positions depends on a ratio between con-
formers in an equilibrium. The enantioselectivity depends
on the solvent and the reaction temperature. The latter is
particularly interesting. When the reaction was carried out
in methanol, the enantioselectivity decreases when the reac-
tion temperature is diminished. When the reaction was
carried out in methylene chloride, the ratio between R-57
and $-57 was 2.5:1 at —40 °C while it was 1:2.5 at —56 °C.
Although often considered as unusual, such behavior is fre-
quently observed.’® From Eyring diagrams such as the one
depicted in Fig. 4, enthalpy and entropy effects are deduced.
An extensive discussion in this context has been performed,
for example, in the context of the diastereoselective [2 + 2]
photocycloaddition.>® For an example of a photooxygenation
see below.

Similar reactions have been carried out with aromatic
ketones or aldehydes. The reaction depicted in Scheme 11 ***?
can be carried out with numerous derivatives. After photo-
chemical excitation of the benzophenone derivative 58 and
intersystem crossing (isc), the triplet diradical intermediate 59
is generated by intramolecular hydrogen abstraction. The dienol
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Scheme 9 Model structures for the computational study of regio- and
stereoselective hydrogen abstraction in the triplet sensitized reaction of
o,p-unsaturated lactone derivatives.

species 60 is then formed. Both intermediates 59 and 60 may
be considered as the triplet and the singlet form, respectively,
of one species, the photochemically generated enol tautomer.
Intermediate 60 is placed on the singlet ground state potential

energy surface. It easily undergoes [4 + 2] cycloaddition with
alkenes such as 61. The final product 62 was obtained in high
yields in a stereospecific manner which is typical for a Diels-
Alder reaction at the ground state. This reaction was frequently
applied to the synthesis of organic compounds such as natural
and other biologically active compounds or organic
materials.*® Similar reactions also play an important role in
the photochemical removal of protecting groups.** Intermedi-
ates such as 60 are also called phototautomers.****™*” Con-
cerning the stability of tautomers, a complementary tendency
between the ground state and electronic state is generally
observed.”®*® Tautomers which are less stable at the ground
state can be generated via photochemical excitation. In this
context, photochemically generated achiral enols have been
transformed into the corresponding chiral ketone forms using
asymmetric catalysis.’® The determination of the enantio-
selectivity as a function of temperature was used to determine
the influence of enthalpy and entropy on the stereoselectivity
in such reactions.”

Table 1 Calculated energy differences for competing hydrogen abstraction in positions 2 and 6’ (Scheme 9)

Configuration at the

Configuration at the

Corresponding relative AAG™®

Compound furanone moiety anomeric center configuration of 51 (keal mol™)
51a R* o lk -2

51b R* i} ul -13

51c S* o ul 0.1

51d S* i} Ik b

“ AAG™ = AG” (position 2') — AG” (position 6'). ?

7400 | Org. Biomol Chem., 2016, 14, 7392-7442

No value for AG” (position 6') reported.
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Fig. 4 Stereoselective hydrogen abstraction involving a spin-center
shift (Scheme 10). Enantioselective formation of bicyclic derivatives
R-57 and S-57. ka: overall rate of the formation of R-57, kg: overall
rate of the formation of S-57, ® CH,Cl,, O MeOH as the solvent. RT:
room temperature. (Adapted with permission from: P. Wessig and
O. Muehling, Chem. — Eur. J., 2008, 14, 7951-7960. Copyright (2008)
John Wiley & Sons.)

Anthranilic acid derivatives have been transformed in a
similar manner. A typical example is depicted in Scheme 12.
In the intramolecular photochemical reaction of compound
63, the cycloaddition product 64 resulting from the [4 + 2]
photocycloaddition and product 65 resulting from a [4 + 4]
cycloaddition are formed. The formation of the latter com-
pound indicates that the reaction mechanism is different from
the one suggested in Scheme 11 for the transformation of a
similar benzophenone derivative. In contrast to the [4 + 2]
cycloaddition, a concerted [4 + 4] cycloaddition at the singlet
ground state is forbidden according to the Woodward-
Hoffmann rules.”® In order to get a deeper insight into the
mechanism, intensive photo-physical and theoretical studies
have been carried out.”* Based on the results the following
mechanism has been suggested (Scheme 13). After photo-

This journal is © The Royal Society of Chemistry 2016
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chemical excitation of 66, a proton is transferred to the S; state
and the corresponding imine-enol 67 is formed. Intersystem
crossing (isc) occurs and the triplet diradical 68 is formed.
This intermediate possesses lifetimes in the range of 7 =~
5.2-5.7 ns which is long enough to enable intramolecular trap-
ping. The highly reactive nitrogen centered radical adds to the
furan moiety which leads to the diradical intermediate 69.
Radical combination occurs in two competitive ways. Pathway
a generates the major compound 70 (formal [4 + 2] cyclo-
addition) while pathway b leads to the minor product 71
(formal [4 + 4] cycloaddition). Depending on structural vari-
ation in the substrates, the corresponding triplet diradical
intermediates of type 68 undergo typical side reactions such as
trapping with triplet oxygen or intramolecular hydrogen
abstraction. The isc step plays an important role in the
outcome of the reaction. The influence of the substitution
pattern in 66 on the quantum yield of the photocyclization has
been discussed in this manner (Table 2). When a bromine
atom is added the quantum yield considerably increased
(entries 2 and 3). Thus the introduction of bromine in position
5 (entry 2) leads to the highest value measured in this series of
substrates. This effect was explained by a higher spin orbit
coupling (SOC) due to a heavy atom effect. The significantly
stronger effect in the case of a substitution in position 5 (entry
2) when compared to the substitution in position 4 (entry 3)
was explained by the higher spin density on the bromine atom
in position 5 of the corresponding intermediate 68. The spin
densities have been determined by DFT calculations. As shown
in the case of chlorine substitution (entry 4), electronegative
atoms in the 5 position have also a favorable effect since they
diminish the stability of the nitrogen centered radical in the
intermediate 68. Concomitantly, its reactivity is increased.
However, the effect of SOC on a more efficient isc is stronger
in the case of chlorine. The SOC is also influenced by the
rotation of the hydroxyl alkyl radical position in intermediate
68. 1t should further be noted that the quantum yield also
depends on the R substituent. This should be small in the
case of cyclic (tetralone) derivatives. A significant decrease of
the quantum yield is also observed when hydrogen is replaced
by a methyl group (entry 5).
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Scheme 13 Mechanism of the intramolecular photocycloaddition with an anthranilic acid derivative.

These photochemical reactions are now intensively investi- or difficult to achieve by more conventional ground state
gated in the context of diversity oriented synthesis.®> They reactions. The previous examples also nicely illustrate how
provide an access to compound families which are not available the change of the addition of functional groups on the

7402 | Org. Biomol. Chem., 2016, 14, 7392-7442 This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c6ob00842a

Open Access Article. Published on 22 June 2016. Downloaded on 06/01/2017 00:13:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

Table 2 Quantum yields for photocyclization of compound 66

(Scheme 13)
Quantum yield ()
Entry Compound 66 of photocyclization
1 X=H,R=H 0.18
2 X =5-Br,R=H 0.75
3 X=4-Br,R=H 0.22
4 X=5-C,R=H 0.32
5 X =H, R = Me 0.058

side chain of an acetophenone moiety modifies the reaction
pathways and thus yield products of new compound families.
Recently, this has been demonstrated for the transformation
of epoxides.”® The photochemical generation of radical
species followed by hydrogen abstraction is also used
for pharmaceutical applications such as cancer therapy.
A typical example is the photo-Bergman reaction and related
processes.”’

3 Photochemical heterolytic
cleavage — the structure and the
reaction of aryl cations

Phenyl cations possess low stability. Only recently, the parent
compound was generated and its reactivity was studied in cryo-
genic argon matrices.>® When substituted with electron donor
groups such compounds become more stable. They are gener-
ated from the corresponding halogen derivatives (72) by
photolysis and can act as intermediates in photochemical
reactions (Scheme 14).>%°° The phenyl cation species possess
singlet (73) or triplet spin multiplicity (74). Upon direct exci-
tation by light absorption, the singlet state 73 is generated
after release of the CI” ion. For phenyl cations possessing
strong electron donor substituents such as amino functions,
the triplet energy is generally lower. Thus the triplet state 74 is
generated by intersystem crossing. In the case of the presence
of weaker electron donors such as 75 the singlet state is less
energetic (Fig. 5).°" Nevertheless, some typical structural para-
meters for each spin multiplicity remain comparable. Thus the
angle £(C3-C4-C5) for the singlet state (75) is larger than for
the triplet state (76). In the first case, the partial structure is
ketene-like while in the second case, it resembles a carbene.®?

G G G
hv isc

Cl

72 73 74

G: electron donating substituent

Scheme 14 Generation and structure of phenyl cation derivatives.
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Fig. 5 Calculated structures for the singlet and the triplet state of the
phenyl cation 75, 76. E(T;)—E(So) = 13.99 kcal mol™. Angle £(C3-C4-
C5) = 147° for the Sg and £(C3-C4-C5) = 127° for the T, state. (Adapted
with permission from: H. Qrareya, C. Raviola, S. Protti, M. Fagnoni and
A. Albini, J. Org. Chem., 2013, 78, 6016—-6024. Copyright (2013) Ameri-
can Chemical Society.)

Various computational studies have been carried out on these
structures.®?

The phenyl cations easily react with a variety of nucleophilic
species. In the case of a p-(N,N-dimethylamino)phenyl cation
at the singlet state and the triplet state, rates for the reaction
with different nucleophiles were determined.®® The results
have been discussed with the aid of Mayr’s parameters for
nucleophilicity and electrophilicity.®

The addition of such phenyl cations to nucleophilic
species is of great interest in organic chemistry. The reac-
tion of compound 77 with the pyrrole derivative 78 leading
to the coupling product 79 resembles a Suzuki Miyaura reac-
tion (Scheme 15).°° However no palladium catalysis is
needed. Furthermore, no borate substrates are involved
which considerably facilitates the transformation. Only minor
amounts of side products 80 and 81 are formed. The trans-
formation of 82 with 83 resembles a Sonogashira reaction.
Again the corresponding product 84 is formed avoiding any
metal catalysis.”® Various other nucleophiles have been suc-
cessfully transformed under similar conditions. Thus the
allyl silane compound 85 reacts with chloroanisole 86 (R =
Me) yielding 87.°” Interestingly, the unprotected chloro-
phenol 86 (R = H) was also efficiently transformed and
the corresponding products 87 were obtained in high
yields. Enol ethers such as 88 were transformed into 89
without any Lewis acid catalysis. The resulting ketone 90
was isolated in high yields.®® Reactions with alkenes
possessing further functional groups such as 4-pentenoic
acid 91 were successfully transformed, for example with
chlorophenol 92.°° In an intramolecular trapping reaction, a
butyrolactone derivative 93 is formed. It should be pointed
out that this reaction was also carried out with phenol or
aniline derivatives possessing other leaving groups such as
chlorine. Thus triflates, phosphates or
transformed.

mesylates were

4 [2 + 2] Photocycloadditions

The photochemical reaction between carbonyl compounds
and alkenes is certainly the most versatile method for the syn-
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Scheme 15 Reactions involving phenyl cations with various nucleophilic species.

thesis of oxetanes.””””> These small heterocycles are encoun-

tered in some natural products. But they are also interesting
synthesis intermediates. The generally accepted mechanism in
most of these reactions is depicted in Scheme 16.”>”? The reac-
tions start with the excitation of the carbonyl compound 94 to
the nn* state. The Paterno-Biichi reaction may take place at
the singlet state or the triplet state.”* In the first case, the
excited carbonyl function is added to the alkene leading to the
formation of the biradical intermediate 95. In the case of a
triplet reaction, intersystem crossing (isc) takes place. This
step is particularly fast in the case of aromatic compounds
such as benzaldehyde or benzophenone (ki ~ 10'" s7).
Therefore, many of the chemical reactions start at the triplet
state. The reaction with an alkene generates a 1,4-diradical
intermediate 95 by the formation of a C-O bond. In order to
get the final product at its singlet ground state, intersystem
crossing must take place. Radical combination leads to the
oxetanes 96. Alternatively, the diradical 95 may generate the
starting products. It must be pointed out that the second isc
and the formation of the oxetane 96 or the formation of the
starting products by cleavage of the newly formed C-O bond
are strongly coupled (see below). Depending on the redox

7404 | Org. Biomol. Chem., 2016, 14, 7392-7442

potentials of the substrates, photochemical electron transfer
may also occur which leads to a radical ion pair 97. In this
case, the oxetane 96 is formed preferentially via the singlet
diradical intermediates 95 or is directly generated. In such reac-
tions the intermediate possesses zwitterionic character.”>”®
Unsaturated alcohols 98 are typical competitive products of
this mechanism involving electron transfer. In this case, a C-C
bond may also be formed. The two reaction pathways, involv-
ing electron transfer or not, have a different impact on the
regioselectivity of the reaction.””

When electronically excited, the polarity of the carbonyl
group is inversed with respect to the ground state. Thus the
carbonyl oxygen becomes electrophilic and attacks an alkene
at its most nucleophilic side. Therefore, the oxetanes 99a,b are
the only products isolated from the reaction of dihydrofuran
100 with benzaldehyde 101 (Scheme 17).”® No electron transfer
is involved in the formation of this isomer.”® The formation of
a solvent separated ion pair is endothermic (AGe; = +0.62 eV).
The regioselectivity is again inversed when electron transfer is
involved’® as in the case of the transformation of benz-
aldehyde 101 with the more electron rich dihydrofuran deriva-
tive 102 possessing a ketenacetal moiety (Scheme 17).5° A

This journal is © The Royal Society of Chemistry 2016
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Scheme 17 Regioselectivity of the Paternd—Blichi reaction.

radical ion pair 103 and 104 is formed. This reaction step is
exothermic by AGe; ~ —0.3 eV (compare ref. 77). In the radical
cation 103, the positive charge is essentially localized on the
carbon atom carrying the two oxygen atoms. This polarity
determines the regioselective formation of product 105. This
orthoester is easily transformed into the butyrolactone deriva-
tive 106 by hydrolysis. It must further be pointed out that in
the reaction of dihydrofuran 100, the formation of the endo
isomer 99a is favored while in the case of the transformation
of compound 102, the thermodynamically favored exo diaster-
eomer 105 is mainly formed. Concerning the understanding of
the diastereoselection in the Paterno-Biichi reaction a lot of
investigations have been carried out. Thus it has been evi-
denced that the 1,4-diradical intermediate 95 (Scheme 16)
plays a key role in the diastereoselectivity of the reaction of
a-ketoesters carrying a chiral auxiliary. The competition
between the cyclization on the one hand and the formation of
the starting materials (ketone and alkene) on the other hand
contributes to the diastereoselectivity.>"®' By measuring the
temperature dependence of the stereoselectivity the contri-

This journal is © The Royal Society of Chemistry 2016
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bution of the enthalpy and the entropy to the activation free
enthalpy of each of the two steps have been determined and
discussed.

The herein reported Paterno-Biichi reactions have been
carried out with electron rich alkenes. The reaction was also
carried out with carbonyl compounds at the S; state and elec-
tron deficient alkenes. In this case, an interaction between the
alkene © system and the n* orbital of the carbonyl compound
was discussed.?® In such an interaction, the na* excited carbo-
nyl function acts a nucleophile. In this context, an amphoteric
nature was attributed to the excited carbonyl group.

The exo/endo selectivity was also investigated in detail.
When derivatives of benzaldehyde 107 were transformed with
dihydrofuran 100 the endo isomers of the oxetanes were
formed in excess (Table 3 and Scheme 18) and high
yields.'>’®®3 The endo isomers 108 are less stable than the
corresponding exo isomers 109 due to their higher steric hin-
drance. By increasing the steric encumbrance by increasing
the size of R, one should expect that endo/exo ratio is reduced.
However, the opposite effect is observed. By increasing the size
of this substituent (going from entry 1 to entry 3 in Table 3),
the endo/exo selectivity is even improved while the product
yield remains high. Increased steric hindrance on the olefinic
reaction partner only slightly affects this selectivity.** In con-
trast, the corresponding naphthalene derivatives 113 yielded
the exo isomers 114 selectively (entries 4 and 5). Unlike the
benzaldehyde derivatives, the naphthylaldehydes react at the
singlet state yielding the thermodynamically more stable exo
products. In the triplet reaction, 1,4-diradicals such as 110,
111 or 112 are formed themselves possessing triplet multi-
plicity also. In order to obtain the final products 108 or 109,

Table 3 endo-Selective Paterndo—Blchi reaction of aromatic aldehydes
106 and 113 with dihydrofuran 100 (Scheme 18)

Entry R endo : exo Yield (%)
1 Phenyl 88:12 98
2 o-Tolyl 93:7 97
3 Mesityl >98:2 90
4 1-Naphthyl <2:98 55
5 2-Naphthyl <2:98 87
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an intersystem crossing must take place (Scheme 18). As dis-
cussed in the previous section on the Norrish-Yang reaction
this process is favored by a strong spin orbit coupling.'* Spin
orbit coupling in such intermediates is increased when the
two p orbitals carrying the unpaired electrons are orthogonally
orientated (115). Among numerous possibilities, the three con-
formations 110, 111 and 112 are significant. Due to low
steric hindrance, conformer 110 is dominant in the confor-
mational equilibrium. Cyclization leads to the formation of
the thermodynamically disfavored endo product 108. Cycliza-
tion of conformers 111 and 112 in which the two p orbitals
carrying the unpaired electrons are also orthogonally orien-
tated would lead to the exo products 109. By increasing the
steric hindrance by modification of the phenyl substituent R,
the dominance of conformer 110 in the equilibrium is
enhanced and therefore the formation of the endo portion of
product 108 is increased. In the case of the transformation of
the naphthylaldehydes 113 which react at the singlet excited
state, the corresponding diradical intermediate 116 can react

le) 1 hv Et QH H QEt
| + B — +
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0.005 M 8 : 15

View Article Online

Organic & Biomolecular Chemistry

immediately. No change of the spin multiplicity is required.
The cyclization step occurs at the conformation 116 in which
the naphthyl substituent is placed in the sterically favored exo
position. It should further be pointed out that the product
yields are lower. The triplet multiplicity is advantageous for
the Paterno-Biichi reaction. A detailed analysis of confor-
mational equilibria and spin orbit coupling in these Paterno-
Buchi 1,4-diradicals using high level ab initio methods has
been recently performed.®’

In the case of aliphatic aldehydes such as propionaldehyde
117 the endo/exo selectivity depends on the concentration of
the alkene (dihydrofuran 100) in the reaction mixture
(Scheme 19 and Fig. 6).">%® At low concentrations, the endo
product 118 is mainly formed while at higher concentrations
both products are obtained in almost equal amounts.
Obviously, singlet and triplet diradical intermediates are gen-
erated. The triplet diradicals are formed in a unimolecular
process with ki, ranging from 10° to 10'* s™*. Thus diffusion
has an influence on the competitive bimolecular formation of
singlet or triplet diradicals. The fluorescence quenching rate
of propionaldehyde 117 by dihydrofuran 100 is kq = 2.2 x 10°
M~' 57! with a corresponding lifetime 7(S;) = 1.8 x 107° 5.*” In
the case of high concentrations, singlet diradicals are gener-
ated leading to low endo/exo selectivity while at low alkene con-
centration, unimolecular inter system crossing is faster and
117 is transformed only at its triplet state in a bimolecular
reaction with 100. In the latter case, the thermodynamically
disfavored product 118 was formed in large excess. A more
detailed kinetic evaluation of the plot in Fig. 6 revealed that at
a concentration of 0.05 M of alkene 100, almost equal
amounts of singlet and triplet excited propionaldehyde mole-
cules are trapped in the bimolecular reaction leading to an
endo/exo ratio of about 68 to 32. It must be pointed out that
the transformation of benzaldehyde 101 with 100 under the
same conditions (compare Scheme 18 and Table 3) yielded the
corresponding endo/exo isomers with ratios around 88:12
regardless of the concentration of the alkene 100. Aromatic
aldehydes generally possess low singlet lifetimes and particu-
larly high values of k;s. so that only triplet species of the carbo-
nyl compound are trapped in the bimolecular reaction. The
viscosity of the reaction mixture also has an influence on the
endo/exo selectivity. At higher viscosity, diffusion and conse-
quently the bimolecular trapping of the excited carbonyl
species are slowed down. The formation of endo isomers
resulting from triplet diradicals is thus favored.®”

' | |

hv isc
117 —— (117 — 3(117)*

l+1oo l+1oo

119 118

Scheme 19 Concentration dependence of the exo/endo-selectivity of the Paterno—Buichi reaction on aliphatic ketones.
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The viscosity is also influenced by the temperature. Thus it
was possible to change from a singlet reaction in a reaction
medium with low viscosity and favored formation of the exo
isomer to a triplet reaction in the same reaction medium with
high viscosity and favored formation of the endo isomer by
decreasing the temperature. Therefore, at a particular tempera-
ture, a sudden change of the temperature dependence of the
endo/exo selectivity occurs. Nonlinear Eyring plots are
observed. Such a phenomenon has frequently been observed

Ph.__H
(/\O
125 © endo
T isc
Ph

CY

Ph

|ise

H._Ph
o
/\>7
126 <O

endo

Q—’ g@

View Article Online

Review
in stereoselective reactions.'®®’ In the present case, it is
related to a change in mechanism induced by the reaction
medium.®®® Often such changes of selectivities in chemical
reactions depending on the temperature are linked to
enthalpy-entropy compensation.®*%°

Nonlinear Eyring plots are also observed for the regio-
selectivity of benzophenone with methylfuran.”* Two cases are
discussed. In the first one, the regioselectivity is determined
by the approach of the triplet excited carbonyl compound to
the furan derivative. In the second one, the regioselectivity
also depends on the conformation equilibrium in the 1,4-
diradical intermediates. Conformations leading to oxetanes via
cyclization are in equilibrium with conformers leading to the
starting products via fragmentation of the newly formed C-O
bond. Although there is no photochemical electron transfer
involved and in contrast to the reaction with dihydrofuran, the
carbonyl oxygen of benzaldehyde is added in position 2 to
furan derivatives such as in the case of 2-methylfuran 120
(Scheme 20).”>°' This regioselectivity is explained by the
higher HOMO coefficient in position 2. Furthermore, and also
in contrast to the same reaction with dihydrofuran, the
thermodynamically more stable exo isomers 121 and 122 are
formed in excess."®”>°! This particular exo/endo selectivity is
explained by the fact that the conformational equilibrium of
the 1,4-diradicals is shifted to the structures 123 and 124. The
benzyl radical is located above the furan moiety. This sterically
less favored arrangement is induced by an anomeric effect’
which is caused by the interaction of an n-orbital of the initial
oxygen atom with the o*-orbital of the C-O bond of the furan
moiety as indicated in structures 123 and 124 (compare also

th

OQ .
. ?o;o

124

Scheme 20 Electronic effects influencing the exo/endo-selectivity of the Paternd—Blichi reaction.
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ref. 85). The endo isomers 125 and 126 are formed
from the corresponding diradical intermediates 127 and 128
respectively.

Hydrogen bonding is a powerful directing element also in
photochemical reactions. Hydrogen bonding of the carbonyl
group has also an impact on the regio- and stereoselectivity of
the Paterno-Biichi reactions.”® It orients the substrates with
respect to each other. The effect was successfully applied, for
example, to the asymmetric Paterno-Biichi reaction.’ For
further examples of photocycloadditions see ref. 95. Concern-
ing hydrogen bonding at the *nn* excited carbonyl function, it
must be pointed out that such an interaction should be signifi-
cantly weaker than a hydrogen bond at the corresponding
ground state carbonyl function.’® Due to the inversion of
polarization at the excited state, the carbonyl oxygen is electro-
philic, the energy of the hydrogen bond and its influence on
the regio- and stereoselectivity in the Paterno-Biichi reaction
should therefore be low.>°”°® A recent and very detailed inves-
tigation provides deep insight into the different influences of
hydrogen bonding of an electronically excited carbonyl func-
tion in the Paternd-Biichi reaction. When the bicyclic furan
derivative 129 was transformed with benzophenone 130, only
trans adducts 131 and 132 were formed (Scheme 21).°° These
products result from the addition of *nm* excited benzo-
phenone 130. The reaction was carried out in toluene as a non-
polar and aprotic solvent. The regioselectivity slightly depends
on the temperature. At low temperature, the sterically less hin-
dered regioisomer 131 is formed in somewhat higher quan-
tities. Nevertheless, it remains the minor product. The
privileged formation of compound 132 may be explained by
the higher electron density at the higher substituted C=C
bond of the furan moiety. No major influence of the alkene
(129) concentration on the product ratio was detected. The
stereoselectivity is essentially controlled by the steric hin-
drance of the methoxy substituent.

When the same reaction was carried out with the unpro-
tected alcohol 133 in toluene as the non-polar and aprotic
solvent, both cis (134a,b) and trans products (135a,b) were
formed (Scheme 22 and Table 4).°° These products were
obtained in yields between 63% and 91%. Benzpinacol was a
major side product. The formation of considerable amounts of
the cis products 134a,b was attributed to a directing effect caused
by hydrogen bonds. The stereoselectivity and the regioselectivity
are influenced in a characteristic manner by the temperature and

Ph.__Ph Ph__Ph
R (o] hv
+ [, (0] + 9]
o ph)J\ph toluene \ H /
OMe 0" OMe (6) H
131

129 130 132 OMe
T=60°C 28 . T2
T=-75°C 40 : 60

Scheme 21 Temperature dependence of the regioselectivity of the
Paterno—Buichi reaction.
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Scheme 22 Regio- and diastereoselective Paterno—Blichi reaction by a
hydroxyl function.

the concentration of the alkene 133. Since the hydrogen bond
between the electronically excited benzophenone 130 and the
hydroxyl function of 133 is of low energy, its effect on the
regio- and stereoselectivity is reduced and hydrogen bond for-
mation with the reaction medium also becomes relevant. This
competition is nicely shown by the present results. When the
reaction is carried out in DMSO as the solvent (Table 4, entry
7), only trans products 135a,b were isolated as in the case of
the reaction of the methyl ether 129 (Scheme 21). The hydroxyl
function in 133 is thus “protected” from complexation by the
electronically excited benzophenone. Furthermore, it has been
shown by NMR studies that the complexation of benzo-
phenone at the ground state with compound 133 by hydrogen
bonds depends on the temperature and the concentration of
133.%° Significant complexation in dry dg-toluene was observed
at —60 °C and an alkene concentration of 100 mM. At higher
temperatures or at lower alkene concentrations, hydrogen
bond formation was considerably reduced. In light of these
additional studies, the results reported in Table 4 may be inter-
preted as follows. At high temperature (entries 1-3), no signifi-
cant influence of the alkene concentration on the stereo- and
the regioselectivity is detected. Formation of hydrogen bonds
between molecules of the alkene 133 is low. Therefore hydro-
gen bond formation between the substrates, the electronically
excited benzophenone and the hydroxyfuran 133 becomes
competitive at the transition state of the reaction. In the case
of the regioisomers 134b and 135b, the formation of the cis
isomer 135a dominates. In the case of the regioisomers 134a
and 135a, this effect is weaker and the formation of the trans
isomer is favored 135a. Hydrogen bonding also strongly directs
the ketone into a sterically disfavored position leading to the
formation of the regioisomers 134b and 135b in large excess.
At low temperature (entries 4-6), hydrogen bond formation
between the hydroxyl functions of molecules of alkene 133
becomes competitive to the complexation of electronically
excited benzophenone. At low alkene concentration (entry 6)
this effect is still weak and the product ratio still resembles
those at high temperature. However, at a high alkene concen-
tration (entry 4), the influence of hydrogen bonding between
alkene 133 and the excited benzophenone is low. Due to the
presence of larger amounts of the hydroxyl compound 133, the

This journal is © The Royal Society of Chemistry 2016
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Table 4 Temperature and concentration of stereo- and regioselectivity in the Paterno—Bulchi reaction induced by a hydroxyl function (compare

Scheme 22)

Stereoselectivity” Regioselectivity”

trans/cis trans/cis trans cis
Entry Temp (°C) [133] (mM) (135a/134a) (135b/134b) (135a/135b) (134a/134b)
1 60 1000 70/30 41/59 22/78 8/92
2 60 100 67/33 41/59 21/79 7/93
3 60 10 67/33 42/58 21/79 8/92
4 -75 1000 85/15 81/19 53/47 47/53
5 =75 100 81/19 63/37 47/53 26/74
6 -75 10 79/21 51/49 45/55 19/81
7° 20 340 >97/3 >97/3 31/69 —

“The selectivities are normalized to 100%. ” The reaction was performed in a dry and degassed DMSO solution.

reaction medium can’t be considered anymore as an aprotic
one. In all cases, the formation of the trans isomer is domi-
nant (entries 4-6). This result may be compared to the results
obtained from the transformation of the methylether deriva-
tive 129 (Scheme 21). Also, the formation of the sterically
hindered regioisomers 134b and 135b becomes less favorable.
Although, its influence has been reduced, hydrogen bonding
between the electronically excited benzophenone and the
hydroxyfuran derivative 133 remains important in the control
of the stereo- and the regioselectivity of this Paterno-Biichi
reaction.

In order to better characterize the unexpectedly strong
hydrogen bonding at the *nn* excited benzophenone, compre-
hensive computational studies were carried out. Early studies
estimated the stabilization energy of hydrogen bonded *nn*
excited formaldehyde with water to be 0.2-0.4 kcal mol™" while
the corresponding interaction at the ground state was esti-
mated to be 3.5 kcal mol ".°® Recent studies of the stabiliz-
ation energy of hydrogen bonded *nx* excited formaldehyde
with methanol was calculated to range between 0.5 and
0.7 kecal mol™" and the corresponding interaction at the
ground state was found to be 4.68 kcal mol™.”° Somewhat
higher stabilization energies were calculated for the hydrogen
bonds with benzophenone. Values between 2.1-3.2 kcal mol™
for the *nn* excited state and values between 4.5-6.0 keal mol ™
for the ground state were found. To get further infor-
mation on the interaction between *nn* excited carbonyl com-
pounds and furan derivatives, the Mulliken charge at the
carbonyl oxygen atom was determined during the addition of
the photochemical excited formaldehyde or benzophenone
130 to the furan 136. The benzophenone case is depicted in
Fig. 7. The approach occurs via transition state TS1 leading to
the formation of an exciplex. The diradical intermediate 137 is
then formed via transition state TS2. At the beginning of this
reaction step, the Mulliken charge on the oxygen is around
—0.13. This increases until reaching a maximum of —0.26 near
the transition state TS2. In the diradical intermediate 137 the
Mulliken charge of the initial carbonyl oxygen was calculated
to be —0.13. These results clearly show that this oxygen is par-
ticularly basic at TS2 and at this stage, hydrogen bonding is

This journal is © The Royal Society of Chemistry 2016

most efficient in controlling the stereoselectivity. The effect is
less pronounced before TS1 and, more importantly, in the 1,4-
diradical 137.

The hydrogen bonding influence on the cis/trans selectivity
in the reaction is described in Scheme 23 and Table 4. It is par-
ticularly strong at the exciplex and at its irreversible transform-
ation into the 1,4-diradical intermediate. A computational
study was carried out on the reaction of *nn* excited benzo-
phenone with the bicyclic hydroxyl furan derivative 133. The
results for the formation of the diastereoisomers 134b and
135b are depicted in Scheme 23.°° A considerable energy
difference of 1.4 kcal mol™" due to hydrogen bonding has
been calculated for the cis-TS and the trans-TS. For the corres-
ponding diradical intermediates cis-DR and trans-DR the
energy difference is only 0.2 kcal mol™ in favor of the cis
isomer. These two intermediates undergo either cyclization
leading to the final products or they undergo fragmentation
leading to the starting products 130 and 133. The intermedi-
ates are also in equilibrium with the anti conformers cis-anti-
DR and trans-anti-DR. The energy difference between the cis-
anti and trans-anti conformer is large (2.1 kcal mol™") in favor
of the trans isomer. This high energy difference is essentially
caused by steric hindrance in the case of cis-anti-DR. No influ-
ence of hydrogen bonding is detected for the anti conformers.
Apart from the equilibrium with the syn conformers, the anti
conformers may only undergo fragmentation. Thus the ten-
dency to form oxetanes from the cis-approach of the electroni-
cally excited benzophenone to 133 is enhanced by hydrogen
bonding at the stage of the exciplex and its transformation to
the diradical intermediate. This tendency is also increased by
the relatively high energy of the corresponding cis-anti-DR
which reduces fragmentation of the diradical intermediate to
the starting material.

The [2 + 2] photocycloaddition of a,p-unsaturated carbonyl
compounds is frequently applied to organic synthesis.'®® For
this reason, the stereoselectivity is particularly studied. More
recently, particular asymmetric catalysis was applied to these
reactions.'®" Chirality may be induced by complexation of the
substrate to a template via hydrogen bonds or Lewis acid
complexation.

Org. Biomol Chem., 2016, 14, 7392-7442 | 7409
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Fig. 7 UB3LYP/6-31+G(d) analysis of the energy profile and the distance dependent Mulliken charge of the carbonyl oxygen during the approach of
3nn* excited benzophenone to 136 and the C—O bond formation between the two species. (Adapted with permission from: Y. Yabuno, Y. Hiraga,
R. Takagi and M. Abe, J. Am. Chem. Soc., 2011, 133, 2592-2604. Copyright (2011) American Chemical Society.)

Also UV absorption of such nitrogen containing hetero-
cycles can also be shifted towards the visible (bathochromic)
when efficient Lewis acid complexation takes place. In Fig. 8,
UV spectra of compound 136 (Scheme 24) are depicted.'®® In
the absence of a Lewis acid, an absorption maximum is
observed around A = 290 nm. This maximum is shifted to 1 ~
345-350 nm. The photochemical reactivity of compounds such
as 136 is generally low when they are electronically excited by
direct light absorption. This is due to the fast internal conver-
sion from the first excited singlet state S; to the ground state
So. Lewis acid complexation increases the life time of the S;
state.'® Intersystem crossing to the T, state becomes competi-
tive which favors [2 + 2] photocycloaddition. Complexation
with the chiral Lewis acid 137 was used in the intramolecular
asymmetric [2 + 2] photocycloaddition of the cyclic enone 136
(Scheme 24). Chiral induction was efficient when 0.5 equi-
valent of the Lewis acid was used. The formation of the enan-
tiomer 138 is explained by structure 139. Recently, a
computational study on the effect of Lewis acids on the mech-
anism of such [2 + 2] photocycloadditions has been
published."*

Enantioselective [2 + 2] photocycloaddition with visible
light and Lewis acid activation was also carried out using
photoredox catalysis with [Ru (bpy);]** complexes.'®®> An intra-
molecular reaction with two different «,f-unsaturated carbonyl

7410 | Org. Biomol. Chem., 2016, 14, 7392-7442

compounds was studied. Eu®* complexes with peptide ligands
were used as Lewis acids. Dimerization of cinnamates via [2 +
2] photocycloaddition is difficult when it is carried out in solu-
tion. However, when such compounds are complexed by
thiourea derivatives, this reaction becomes efficient, especially
%6 1n this
case, the reactivity is increased by two hydrogen bonds

when it is carried out in a continuous flow reactor.

between the thiourea compound and the carboxyl group of the
cinnamate.

5 Photochemical electron transfer
induced reactions

Photoinduced electron transfer reactions play a dominant role
in the chemistry of life."”” Despite this, their application to
organic synthesis started only a few decades ago.'°® The under-
standing of electron transfer in general and of photoinduced
electron transfer (PET) processes in particular developed rela-
tively late in the middle of the twentieth century.'®>'** Before
that time, many PET reactions were originally thought to
proceed via homolytic steps.

Upon electronic excitation of a compound, its redox pro-
perties may become enhanced, either as an electron donor (D)
or an acceptor (A). The possibility of a subsequent electron

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Bathochromic shift of absorption maxima by Lewis acid com-
plexation. (Reproduced with permission from: R. Brimioulle and T. Bach,
Science, 2013, 342, 840-843. Copyright (2013) The American Associ-
ation for the Advancement of Science.)

transfer process can be estimated from the Rehm-Weller
approach (eqn (1))."*" Only for exergonic processes (AG < 0),
a PET process is considered thermodynamically favorable.

AG = AEexcit + AEcoul

[ED)5(D) — E3j5 (A)] — (1)

where E7)5(D) and E‘f,ezd(A) are the oxidation and reduction
potential of the donor or the acceptor; AE.,. represents the

This journal is © The Royal Society of Chemistry 2016

electronic excitation energy of the chromophore; AE.,, indi-
cates the coulombic interaction energy of the products, most
commonly radical ions.

In intermolecular PET reactions, radical ions are formed
either as close pairs or as free species from neutral molecules
(Scheme 25).""° These species can undergo a variety of sub-
sequent follow-up processes, for example, an addition (or
recombination) reaction of a radical or radical ion or a nucleo-
philic capture of a cation or radical cation, respectively.

In intramolecular PET processes, a donor and an acceptor
are connected via a linker (donor-bridge-acceptor molecules).
The photochemical behavior of these has been described as “a
bug that opens its mouth when struck by light, can hold it
open for only a short time, and during that time can swallow
anything within striking range of its open mouth including its
own tail”.'*?

Rapid back electron transfer (BET, also called return elec-
tron transfer RET) commonly limits the efficiency of the PET
process, resulting in low yields and prolonged irradiation
times.""* Consequently, various strategies have been developed
to circumvent this energy-inefficient process, among these
PET-sensitization, co-sensitization and salt effects.''**14 115
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Scheme 25 Photoinduced electron transfer between neutral donor
and acceptor molecules.

5.1 Cyclization and addition reactions

Due to its favorable photophysical and electrochemical pro-
perties,"'®'"” the phthalimide chromophore has been inten-
sively utilized for PET studies."'® From this data, the limiting
oxidizing power of phthalimides for an exergonic electron
transfer is ca. 2.4 V (vs. SCE) for the first excited singlet state
(Eoo = 3.8 eV) and ca. 1.7 V (vs. SCE) for the first excited triplet
state (Eoo = 3.1 eV). In some cases, electron transfer from the
spectroscopically non-detectable second triplet state (Eg, =
3.6 eV) has been suggested, thus increasing the oxidizing
power to ca. 2.3 V (vs. SCE).

Thioethers (Me,S: Eoy. = ca. 1.25 V vs. SCE'') are easily oxi-
dized by excited phthalimides. For example, irradiation of the
simple alkylthio-substituted phthalimide derivatives (140) in
acetone furnished the corresponding unbranched azathiacy-
clols (141) as major products in moderate to good yields
(Scheme 26)."*° The branched products 142 were obtained in
smaller amounts, if at all, thus demonstrating the higher
kinetic acidity of the primary vs. secondary a-CH group. Solely
the butylene-linked substrate exclusively gave the branched

0]

140 (n = 2-6, 8-10, 12)

S o~ J HO, ,~g
— hv : ~H*
©féN—(‘/)n —_— @QN‘G/);'Jr — @Ej;@)n +
acetone
(o} (¢] (¢]

product 142 and this was explained by a geometrically favored
e-CH,-activation.

The phthalimide/methylthioether system was successfully
utilized for the synthesis of medium to macrocyclic products
with a ring size of up to 38 atoms, among these sulfur contain-
ing amines, lactams, lactones, and crown ether analogues
(Scheme 27).12%12

Due to the very low oxidation potential of tertiary amines
(R3N: Eoy. = 0.7-1.3 V vs. SCE'"?), photoinduced electron trans-
fer reactions of aminoalkyl-substituted phthalimides are
highly exergonic. However, since amines are potent hydrogen
donors, photoreductions and photopinacolizations are com-
monly observed side reactions. As a result, yields and selectiv-
ities are generally low."*”> For dibenzylated aminoalkyl-
substituted derivatives, higher conversions and yields of up to
39% were obtained.'**

Efficiencies and selectivities of the above mentioned cycli-
zation reactions could be significantly improved by incorporat-
ing a suitable leaving group in the a-position to the electron
donor. The trimethylsilyl, trialkylstannyl or carboxylate func-
tion has been successfully utilized for this strategy.'**

Intramolecular PET reactions involving alkenyl phthali-
mides show a remarkable solvent dependence.'** When irra-
diated in MeCN, [r* + ¢*]-addition to the C(O)-N bond takes
place and benzazepinediones are isolated. In contrast,
irradiation in alcohol furnished alcohol-trapping products.
Their formations were explained by an anti-Markovnikov trap-
ping of the intermediary generated radical cations by the

141 (25-86%) 142 (3-85%)

Scheme 26 PET-cyclizations of simple alkylthio-substituted phthalimide derivatives.
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Scheme 27 Examples of sulfur containing medium to macrocyclic products.

nucleophilic solvent."® In an extension of this reaction, the

tetrachlorophthalimide (143) with a remote hydroxyalkyl
substituent furnished the macrocyclic lactone 144 in 50%
yield when irradiated in the presence of a-methylstyrene
(Scheme 28).'%¢

Despite their relatively high oxidation potentials (e.g.
acetate:'”” Eo, = 1.54 V in MeCN, 2.65 V in H,O vs. SCE),
carboxylates can be efficiently decarboxylated under PET con-
ditions. Due to the irreversible exclusion of carbon dioxide,
these decarboxylation reactions operate with high quantum
yields of up to 0.6 and enable short irradiation times."'® Using
this mechanistic feature, a range of phthalimido w-alkylcarb-
oxylates (145) have been successfully converted to ring systems
(146), among these medium and macrocyclic amines, poly-
ethers, lactams, lactones, as well as cycloalkynes and arenes
(Scheme 29)."*%'*° Examples of photodecarboxylations were
also realized in macro- and micro-formats.'?*"*!

The photodecarboxylation was furthermore applied to the
diastereoselective synthesis of [1,4]benzodiazepines and
pyrrolo[1,4]benzodiazepines (Scheme 30)."** Irradiation of the
chiral, a-amino acid-derived substrates 147 showed high
diastereoselectivities and the trans-diastereoisomers 148 were

o)
& 0)
Y hv N—&OH
o acetone / H,O R’
N
R-N )
7/002K o R
R
147 148 (54-83%)

Scheme 30 Memory-of-chirality in photodecarboxylative cyclizations.

solely formed. Using proline and the proline-analogue, a
remarkably high memory of chirality effects was furthermore
determined with ee values of 86% and >98%, respectively. The
memory-of-chirality concept has been recently expanded to
adamantane-type dipeptides.’*?

The intermolecular photodecarboxylative addition protocol
has been used for the synthesis of known and potentially bio-
active 3-(alkyl and aryl)methylene-1H-isoindolin-1-ones as
target compounds.’** As an example, the phthalimide deriva-
tive 149 was converted in two simple steps and in overall yields

o
,\/O
Cl o e) l‘iO oh
cl _>\—o o hy cl
N —/ OH + :( —_— N’\n/O
(¢]] Ph benzene Cl o
a © a ©
143 144 (50%)
Scheme 28 «-Methylstyrene trapping and macrocyclization of tetrachlorophthalimide 143.
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Scheme 29 Photodecarboxylative cyclizations of phthalimido w-alkylcarboxylates.
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of 19-65% into the corresponding products 150 (Scheme 31).
Some representatives of 150 have documented cardiovascular
activity.”**? This transformation was furthermore realized in
series in an advanced continuous-flow reactor.">*

O
N
0
OAc

149

Scheme 31 Photodecarboxylative alkylations and dehydrations cascade.
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At the ground state, electron transfer between naphthyl-
amine derivatives such as 151 and o,f-unsaturated lactones or

furanones such as 152 (Scheme 32) is not possible."*?
However, when irradiated with UV light an efficient transform-
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Scheme 32 Photochemical electron transfer induced addition of a naphthylamine derivative to an «,f-unsaturated lactone.
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ation was observed and products 153a,b were isolated in high
yields. When the 1-naphthylamine derivative 151 is electroni-
cally excited by irradiation 4 = 365 nm, fluorescence is efficien-
tly quenched (diffusion control) by electron transfer and a
radical ion pair 154 and 155 is formed. This process is
endothermic by —0.37 eV. From product quantum yield deter-
mination of the overall reaction, it was concluded that about
90% of these radical ion pairs undergo back electron transfer
leading to the substrates at their ground state. However, in the
presence of a proton donor (water was added to the reaction
mixture), the radial anion 155 is trapped by protonation in the
B position of the furanone and the electrophilic neutral radical
156 is formed. This regioselectivity is unusual since the basic
center of such a radical anion is generally located at the carbo-
nyl oxygen as is also the case for enolates. Based on previous
results, this observation was explained by different charge den-
sities in the radical anion depending on whether it is free in
solution or attached to another species. In the present case,
such an arrangement in a contact ion pair would induce an
unusual charge distribution on the anion part. The resulting
neutral radical 156 is electrophilic and thus added easily to
the naphthalene derivative 151 which is used in excess. Thus
the intermediate 157 is formed and after oxidation, the final
product 153a is obtained. The protonation of the radical anion
in the P position of 155 induces the unusual addition of a
nucleophile in the o position of an a,p-unsaturated carboxylic
compound (153a,b). The unusual regioselectivity of the proto-
nation was additionally proven by isotopic labeling experiments.

Electrophilic substitutions in 1-naphthylamine derivatives
generally take place in positions 4 and 2 of the naphthalene
system. It is therefore surprising that the addition of an elec-
trophilic species was observed in position 5 as in the for-
mation of compound 153b. In order to explain this
observation, a two-step process for the addition of the radical
intermediate 156 was proposed (Scheme 33). First an electron
transfer occurs from the naphthylamine compound 151 to the
electrophilic radical 156 leading to the radical cation 154 and

~p +e
N o ~p
s g | 0/0
oekis’ CYV-C
~ O —
5 4

151 156 154
+e
\N -
-0.128
-0.144 -0.172
-0.135 -0.139
-0.127 -0.106

Overall electron distribution

158
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the enolate 158. Charge combination then yields the radicals
157a,b. The overall electron distribution in the radical cation
154 has been calculated and the results indicate particularly
low negative charge in position 4. They also show low densities
in positions 5 and 8 while the negative charge density is high
in position 2. Thus the addition of the enolate 158 by charge
combination occurs preferentially in positions 4 and 5. The
reaction in position 8 is sterically hindered. In this context, it
must be mentioned that electrophilic neutral radicals may also
add directly to 1-naphthylamine derivatives without previous
electron transfer. Thus, the addition of electrophilic trifluoro-
methyl radicals to 1-naphthyl amine occurs in one step and
only in positions 2 and 4."*® Both regioisomers were obtained
in a 1:1 ratio. This latter result is in line with the regio-
selectivities observed in a large number of electrophilic aro-
matic substitutions. Compounds such as 153a possess a
variety of pharmaceutical activities. Conventionally they are
synthesized using methods of organometallic chemistry or
organometallic catalysis."*’

In a similar reaction, perfluoroalkylations of 1-naphthyl-
amine derivatives have been carried out (Scheme 34)."*% After
photochemical excitation, electron transfer from the excited
naphthylamine derivative 151 to the perfluoroalkyliodide 159
becomes exothermic (AGgr = —1.78 eV). Very fast release of
iodide leads to the neutral perfluoroalkyl radical 161 which
adds to the naphthalene derivative 151. The intermediate 162
is generated. Attempts to quench the reaction by trapping of
the radical anion by addition of dinitrobenzene failed which
indicates the formation of the neutral perfluoroalkyl radical
161 is fast. a-Aminoalkyl radicals such as 162 are easily oxi-
dized. In the present case, the perfluoroalkyliodide 159 is
reduced by a corresponding electron transfer from 162. This
procedure also allows the formation of perfluoroalkyl radicals
161 after release of iodide. The resulting cation 163 is a typical
Wheland intermediate of an electrophilic aromatic substi-
tution which yields the final product 160 after deprotonation.
The electrophilic radicals 161 add easily with the electron rich

N N,
) -
H H
0] o
157a © o 157b
9 1

Scheme 33 Regioselectivity of the photochemical electron transfer induced addition of a naphthylamine derivative to an o,p-unsaturated lactone.
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Scheme 34 Photochemical electron transfer induced addition of a fluoroalkyl radical to a naphthyl amine derivative involving a chain mechanism.

1-naphthylamine derivative 151. Thus a radical chain process
is established. The high product quantum yields of around
200 clearly indicate the efficiency of this process. The reaction
was also carried out with aniline derivatives. Depending on the
substrate structure and the precise reaction conditions,
product yields up to 88% have been observed.

5.2 Catalytic reactions

Catalytic reactions play an important role in synthetic chem-
istry. In particular, catalytic conditions accelerate transform-
ations with high activation energies. This effect is based on
the formation of energetically low reaction intermediates
between the substrate and the catalyst. In many catalytic pro-
cesses no activation with chemical reagents used in stoichio-
metric amounts is necessary. Thus the formation of side
products is considerably reduced. As already pointed out,
photochemical reaction conditions significantly alter the reac-
tivity of organic compounds. They also have an impact on the
elementary steps of catalytic reactions. It is therefore obvious
that the combination of both domains, catalysis and photo-
chemistry, should enable synergy effects."**'*® Many photo-
chemical reactions are induced by sensitization in which an
additive (sensitizer) transfers its excitation energy on a sub-

7416 | Org. Biomol Chem., 2016, 14, 7392-7442

strate.'142

This process may be compared to catalysis and
indeed definitions for a sensitizer and a photocatalyst are
often very similar. The next procedure well illustrates the proxi-
mity of these terms. It deals with the radical addition of
simple tertiary amines to electron deficient alkenes. Recently,
an efficient methodology has been developed to perform this
transformation.'*® Thus the N-alkylpyrrolidines such as 165
were added efficiently to a,f-unsaturated lactones or furanones
such as 164 (Scheme 35) when electron donor substituted aro-
matic ketones were used as sensitizers such as 4,4’-dimethoxy-
benzophenone 167.'** Product (166) yields up to 94% and
quantum yields up to 4 have been observed. However, reac-
tions with many acyclic tertiary amines such as triethylamine
were less efficient. Similar reactions have also been carried out
with unsubstituted benzophenone and this sensitizer has also
been used in this case. When comparing these two types of
sensitizers, it was observed that in the case of electron donor
substituted aromatic ketones as sensitizers such as 167, the
reactions were particularly fast. The sensitizer was used in
catalytic amounts and was recovered up to 80% after the reac-
tion. However, in the case of benzophenone for example, large
amounts, often more than one equivalent of the sensitizer,
were used and considerable decomposition via photoreduction

This journal is © The Royal Society of Chemistry 2016
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Scheme 35 Photochemically sensitized addition of tertiary amines to electron poor double bonds using electron donor substituted aromatic

ketones as sensitizers.

and photopinacolization were observed.'®® These are typical
reactions of these ketones in the presence of amines."*® Elec-
tron donor substituted aromatic ketones undergo such trans-
formations less efficiently. The difference in reactivity was
attributed to different excited states. While benzophenone pos-
sesses an nn* configuration for the T; state, compounds such
as 4,4'-dimethoxybenzophenone 167 possess a nn* configur-
ation at this triplet state. In order to check whether these
different excited states have an influence on the reaction,
among other parameters, the triplet quenching rates k, with
the reactive amine 165 and the unreactive triethylamine (TEA)
and the lifetime ¢;, of the corresponding ketyl radicals have
been determined (Table 5).'*” The luminescence quenching
occurs via electron transfer. Concerning these photophysical
steps, no significant difference between the two types of aro-
matic ketones on the one hand and between the reactive ter-
tiary amine 165 and the unreactive TEA on the other hand
have been detected.

Based on these observations the mechanism depicted in
Scheme 36 is discussed. After light absorption of the sensi-
tizer, electron transfer occurs from the tertiary amine 165 to
the sensitizer 167 and the radical ion pair 168 and 169 is gen-
erated. Proton transfer between the ions leads to the neutral
radicals 170 and 171 which enter into the radical chain reac-
tion. The nucleophilic a-aminoalkyl radical 171 easily adds to
the electron deficient double bond of the furanone 164 and
the electrophilic oxoallyl radical 172 is thus formed."*® After
hydrogen transfer from the tertiary amine 165 to 172 the final
product 166 is formed and an a-aminoalkyl radical 171 is also
generated. Such photochemically induced radical chain reac-
tions often afford very high quantum yields. In the present

Table 5 Rate constant for triplet quenching by amines and half-life of
the ketyl radicals

kq
(10°M's™

Ketone Amine ty/2 (ms)
Benzophenone 165 3.6 0.1-0.2
TEA 3.5 0.1-0.2
4,4-Dimethoxybenzophenone 167 165 1.5 0.1-0.2
TEA 0.8 0.1-0.2
Xanthone 165 5 0.1-0.2
TEA 4.4 0.1-0.2
Acetophenone 165 2 0.1
TEA 2.4 0.1
4-Methoxyacetophenone 165 1 >0.05
TEA 0.28 >0.05

This journal is © The Royal Society of Chemistry 2016

case, the relatively low quantum yield & = 4 indicates that the
termination step is also efficient. Thus the oxoallyl radical 172
may react with the ketyl radical 170 of the sensitizer leading to
the final product 166 and the sensitizer 167 is regenerated.
Due to the efficiency of this second radical cycle, the sensitizer
becomes an efficient photocatalyst. As the difference in
efficiency between the electron donor substituted aromatic
ketones such as 167 and unsubstituted aromatic ketones such
as benzophenone cannot be explained by the photophysical
primary processes, the observed effects must be linked to the
reactivity of the different ketyl radicals. Thus, the reaction of
ketyl radicals such as 170 with electrophilic radicals such as
172 must be particularly efficient. Perhaps, an electron transfer
is also involved in this step.

The same reaction was carried out with inorganic semi-
conductors such as TiO, and ZnS as photochemical electron
transfer sensitizers."*® Thus heterogeneous photocatalysis was
applied for this transformation.

In the context of asymmetric catalysis, the reaction has also
been carried out in an intramolecular manner with a chiral
In such reactions, the tertiary amine partner is
present in stoichiometric amounts with respect to the olefinic
partner and no radical chain process is possible. However due
to the proximity of the oxoallyl radical and the ketyl radical, an
efficient regeneration of the sensitizer is also possible and the
productiveness of the overall reaction is thus guaranteed.

Due to the fact that no further optimization of the reaction
seemed to be possible by modifying the structure of the aro-
matic ketone as a sensitizer or a photocatalyst, particular inter-
est was paid to the radical mechanism. The complex interplay
of different neutral radical intermediates may be affected by
the addition of thiocarbonyl derivatives. The addition of these
compounds to radical species is reversible'>! and this behavior
has been applied in polymer chemistry in order to control the
radical polymerization.'>® In the present case of the photoche-
mically induced radical addition of amines to electron
deficient alkenes, it was found that the addition of thiocarbo-
nyl compounds such as the thiocarbamide 173 to the reaction
mixture increases the reactivity of the tertiary amine
(Scheme 37)."* Thus, the addition of triethylamine (TEA) to
furanone 174 became possible and the adduct 175 was isolated
in high yield. As previously discussed, a-aminoalkyl radical
176 generated by a two-step hydrogen transfer forms the ter-
tiary amine to the photochemically excited sensitizer (compare
also Scheme 36). The addition of such radicals to furanones is
reversible. The equilibrium depends on the structure of the

sensitizer.**°
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Scheme 36 Mechanism of the photochemically sensitized addition of tertiary amines to electron poor double bonds.
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Scheme 37 Photochemically induced radical addition of unreactive amines to electron deficient alkenes in the presence of thiocarbonyl
compounds.
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tertiary amine. In the case of TEA, either the formation of the
intermediate 177 is less favorable or this intermediate is less
efficiently trapped by the reaction with a TEA molecule. In the
presence of thiocarbamide 173, the equilibrium is shifted to
the product side by efficient addition of 173 to the oxoallyl
radical 177 leading to the intermediate 178. The latter inter-
mediate also forms the thiocarbamide adduct 179. In the pres-
ence of TEA and the corresponding a-aminoalkyl radicals 176,
this adduct yields the final product 175 by release of the thio-
carbamide group. Thus, a second reaction channel to the final
product is opened. The thiocarbamide adduct 179 was
detected by mass spectroscopy. The corresponding signal
intensities and thus the stationary concentration of 179,
depend on the excess of TEA in the reaction mixture. When
the excess of TEA is diminished, the stationary concentration
of 179 increases and vice versa. The transformation of 179 into
the final product 175 is induced by such an addition. Under
these modified reaction conditions, a variety of less reactive
tertiary amines were successfully added to electron deficient
double bonds.'®*'** The addition of thiocarbamate 173 to
nucleophilic radicals, a-aminoalkyl radicals, 176 is less
efficient. Nevertheless, a corresponding adduct 180 was also
detected by mass spectroscopy.

In this context, it should be mentioned that photochemistry
generally provides a large variety of methods to generate
radical species and induce radical tandem or domino reactions
as they are often observed in radical chemistry.'> The pre-
sented method of the photochemically induced radical
addition of tertiary amines to alkenes was also applied to
related tandem addition cyclization reactions. Particularly
interesting transformations have been performed with aniline
derivatives. When a solution of N,N-dimethylaniline 182 and
the chiral furanone 181 was irradiated in the presence of the
electron donor substituted aromatic ketone 184 as the sensi-
tizer, the two diastereomers 183a,b of a tetrahydroquinoline
were isolated (Scheme 38).">® However, considerable amounts
of the side products 185 and 186 were also obtained. These
products result from partial reduction of the furanone 181.
Using isotopic labeling, it was shown that this side reaction is

View Article Online
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coupled to the formation of tetrahydroquinolines 183a,b.
When the reaction was performed with the aniline derivative
187 carrying deuterium atoms in the ortho and para positions,
deuterium was detected in the a-position of the lactone 188
and in one of the a-positions of the coupling product 189
(Scheme 39). When this reaction was carried out with the
derivative 190 carrying deuterium atoms on the methyl groups,
deuterium was detected in the f-position of the lactone 191
and again in one of the a-positions of the coupling product
189. The incorporation of one deuterium atom in the side pro-
ducts was between 45 and 60%. The results obtained from
these experiments are explained by the mechanism depicted
in Scheme 40. Photochemical electron transfer from the
aniline derivatives to the excited sensitizer 184 leads to a-amino-
alkyl radicals 192. They readily add to the electron deficient
double bond of the a,p-unsaturated lactone 181 and oxoallyl
radicals 193 are formed. After cyclization, the resulting tricyclic
radical 194 needs to be oxidized in order to generate the final
product 195. In this step, deuterium is transferred from the
intermediate 194 to the furanone 181. Most probably, this reac-
tion occurs in two steps. First, electron transfer occurs and in
the second step, a proton follows. This sequence explains well
the formation of the deuteroxyallyl radical intermediate 196.
After hydrogen abstraction in the p-position from one of the
methyl groups of the aniline derivative 187, and tautomeriza-
tion the reduction side product 188 carrying a deuterium atom
in the a-position is obtained. Intermediates such as 196 are
nucleophilic and may therefore be added easily to the
a,p-unsaturated carbonyl or carboxyl functions. Thus the oxoally
radical 197 is formed and after hydrogen abstraction, the
second side product 189, carrying a deuterium in one of the
a-positions is obtained. In the case of the aniline derivative
190, the deuterium transfer occurs one step later in the mech-
anism. Deuterium is transferred from the CD; group to the
hydroxyallyl intermediate 198. After tautomerization, the
lactone side product is obtained with deuterium in the $-posi-
tion (191). This mechanistic investigation was necessary to
optimize the process. In this reaction, the furanone substrate
acts as an oxidant in the rearomatization step when the
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Scheme 38 Radical addition cyclization reaction of aromatic tertiary amines with a furanone.
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labeling.
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tricyclic radical intermediate (194) is transformed into the
final product 195 or 183a,b. It was therefore concluded that
the furanone 181 needs to be replaced by another oxidant in
order to stop the consumption of this substrate in the side
reaction. This was achieved when simple ketones such as
acetone was added to the reaction mixture. Consequently, the
yield of the desired tetrahydroquinoline compounds 183a,b
was doubled and the formation of the undesired side products
185 and 186 was completely suppressed. Under the optimized
conditions, the reaction was successfully performed with a
variety of aniline derivatives.

The diastereoselectivity of addition reactions in the p-posi-
tion of the chiral furanone 181 at its ground state is almost
always complete. The presented tandem addition cyclization
reaction with N,N-dimethylaniline 182 is somewhat less selec-
tive. Due to this fact, the transformation was used to investi-
gate in detail the chiral induction in transformations with
such alkoxyfuranones.””

The tandem addition cyclization reaction of aniline deriva-
tives with furanones was also performed with inorganic semi-
conductors such as TiO, or ZnS as the photochemical electron
transfer sensitizer thus applying heterogeneous photocataly-
sis.”*®'%? As in the case of homogeneous photocatalysis, the
corresponding isotopic labeling experiments gave a deep
insight into some mechanistic steps of the reaction.
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Most of the previously discussed photoredox catalytic reac-
tions use UV light."**'®* These conditions were quite efficient
since a lot of chemical reactions of interest for application to
organic synthesis have been developed. For example, sophisti-
cated systems of photochemical co-catalysis have been develo-
ped. Photoredox catalysis using visible light is now frequently
applied to organic synthesis."*®'®" Coordination com-
pounds'®® such as ruthenium trisbipyridine complexes or
similar derivatives play a central role in this domain."®® Very
often [Ru(bpy);]** salts are used. The energetically lowest elec-
tronic excitation possesses a MLCT character. By light absorp-
tion the corresponding singlet state is populated. The values
given in Scheme 41 have been determined for aqueous solu-
tions. Intersystem crossing is very efficient and the triplet state
is reached. The luminescence quantum yield of this lowest
excited state is low and its lifetime is high. Thus many inter-
molecular quenching processes are possible. Among them
reductive and oxidative electron transfers are efficient. Photo-
chemical excitation facilitates both processes. Due to the
MLCT character of the excited state, electron transfer from the
ligand to the quencher takes place in the oxidative quenching
cycle. Consequently, in the reductive quenching cycle, an elec-
tron is transferred from the quencher to the metal center.
Similar properties are also reported for iridium complexes and
many applications to organic synthesis of photoredox catalysis
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¥(Ru(bpy)s**)*

m7/
hv

N Reductive A 45
[Ru(bpy)s]* | quenching max nm
cycle €= 14600

t=0.6us
hv'
®=0.04 -0 86 V

Oxidative
quenching

[Ru(bpy)s]**

cycle

e

[Ru(bpy)s]Cl5 :

, _
e

Scheme 41 Redox potentials of [Ru(bpy)s]?* salts at the ground and excited states.
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are also reported with such catalysts. The redox potentials also
depend on the substitution pattern of the ligands. A lot of
such compounds, in particular from ruthenium, are available
and the redox properties of the catalyst can easily be adapted
to the requirements of the organic reaction.

Although known for a long time,"** photoredox catalysis
with organometallic and coordination compounds was only
recently developed in a systematic manner by many research
groups. In particular the photoredox systems involving ruthe-

View Article Online
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nium or iridium complexes are very robust and thus a lot of
different reactions can successfully be performed. Further-
more, these systems can be combined with other types of
catalysis such as organocatalysis. A prominent recent example
is the asymmetric alkylation of aldehydes. Combining asym-
metric organocatalysis involving enamine intermediates with
[Ru(bpy);]** based photoredox catalysis with visible light, phe-
nacyl bromide 199 was added to aldehydes such as 200
(Scheme 42)."® The mechanism depicted in Scheme 43 has
been proposed. The organocatalytic cycle starts with the
addition of the organocatalyst 201 to octylaldehyde 200
leading to the enamine 202. Phenacyl bromide 199 is not elec-

h 20ma%am Q trophilic enough to be added to the enamine 202. However,
v, 20 mol% . . .
©)H the corresponding radical 203 possesses higher reactivity and
0.5 mol% [Ru(opy)alCly . L . . . .
m me 2[3%( PYliC: A © 206 its addition to 202 yields the a-aminoalkyl radical 204 with
o Lutidine, DMF high enantiomeric excess. In order to join the normal organo-
IN/ yield: 84% catalytic cycle this intermediate needs to be oxidized to an
N)"‘”’/\ enantiomeric 067 iminium ion 205. The latter yields the final product 206 and
excess: 96% . . . . .
201 H the catalyst 201 by hydrolysis. This oxidation is performed by
Scheme 42 Photoredox catalysis combined with asymmetric the photochemically excited [Ru(bpy)3:|2+. The oxidation poten-
organocatalysis. tials of a-aminoalkyl radicals such as 204 range between —0.92
O
b =
N W\%J) \(
201 N
Organo- )..,/,
catalytic o N
Cycle
206

[Ru(bpy)sl*

199

Photo-
catalytic
Cycle

Scheme 43 Mechanism of photoredox catalysis combined with asymmetric organocatalysis.
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and —1.12 V (SCE in acetonitrile).'®® The temporary partici-
pation of open shell intermediates in catalytic cycles which
otherwise only involve closed shell intermediates is also called
SOMO catalysis. During the oxidation of 204, a ruthenium()
species is generated. This intermediate is a strong reductant
(=1.33 V versus SCE in acetonitrile).'®” It is therefore capable
of reducing phenacyl bromide 199 which has an oxidation
potential of —0.49 V (SCE in acetonitrile).'®® The electrophilic
phenacyl radical 203 is formed after release of bromide.

The mechanism as is depicted in Scheme 43 needs an
initiation step. Most probably, the reaction starts with an elec-
tron transfer from sacrificial enamine 202 to the excited ruthe-
nium complex. Once, the first and more reactive a-aminoalkyl
radicals 204 are formed, the oxidation of the enamine inter-
mediate does not play an important role any more in the
overall reaction. It must be pointed out that in the present
example, both the oxidation and the reduction of the ruthe-
nium complex are involved in the formation of the final
product. A lot of other photoredox catalytic reactions have
been reported in which only one of these redox processes is
involved. In such cases, a stoichiometric amount of a sacrifi-
cial electron donor or acceptor is needed.

Similar reaction conditions have been applied to the asym-
metric fluoro alkylations.'®® In this case, somewhat better
results were obtained when the iridium complex [Ir( ppy),(dtb-
bpy)]" was used instead of [Ru(bpy);]**. This difference may be
explained by the fact that the corresponding [Ir( ppy).(dtb-bpy)]
intermediate of the photoredox catalytic cycle is a stronger
reductant (—1.51 V versus SCE in acetonitrile)."”® Furthermore,
such asymmetric alkylation combining photoredox catalysis
and organocatalysis is also performed with organic dyes as
photoredox catalysts with the same efficiency.'”" Thus the
whole catalytic system is organic and one may now distinguish
in the catalytic cycles a part with closed shell steps and a part
with open shell steps. Inorganic semiconductors such as
photoredox catalysts have also been successfully applied.'””

Interesting reactions have recently been performed with
perylenetetracarbox-3,4:9,10-disimides. These dyes are particu-
larly stable especially when electron transfer is involved. For
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this reason, many studies have been performed with such
compounds.'”® The photochemical and electrochemical pro-
perties have been intensively studied."”* Using the perylene
derivative 207 as a photoredox catalyst, a cross-coupling reac-
tion between ortho-chlorocyanobenzene 208 and pyrrolidine
209 was carried out (Scheme 44)."” The coupling product 210
was obtained in good yields. Under similar conditions,
efficient hydrodehalogenation was also carried out. In such a
reaction, the trifluoromethyl pyridine derivative 211 was trans-
formed in high yields into 212. It must be pointed out that in
these reactions aryl chlorides must be reduced and visible
light irradiation in combination with the corresponding photo
redox catalysts does not provide sufficient energy for such reac-
tion steps. Thus such reaction conditions cannot be applied.

The mechanism depicted in Scheme 45 was suggested to
explain the results. After photochemical excitation of the peryl-
ene derivative 207, electron transfer from the sacrificial elec-
tron donor trimethylamine (Et,N) takes place. The resulting
radical anion is not capable of reducing substrates such as 208
or 211 in Scheme 44. The reduction redox potential for the for-
mation of this radical anion is —0.88 V (vs. Fc'/Fc). In particu-
lar, in the absence of oxygen, such radical anions are
remarkably stable and they have been well characterized.'”®
Possessing a blue color (characteristic absorption at 1 ~
700 nm), these species are capable of absorbing a second
photon in the visible spectrum range. The electronically
excited radical ions reduce the arylchloride thus regenerating
the photocatalyst. The resulting radical anion 213 of the
arylchloride releases chloride and the aryl radical Ar’ reacts
either by hydrogen abstraction or by addition to pyrrole 209
leading to the coupling product 214. Under more standard
photochemical reaction conditions, only UV light provides
sufficient energy to generate intermediates for the cleavage of
the C-Cl bond. In the present reaction, such a UV photon is
replaced by two visible photons. This strategy might consider-
ably increase the application of visible light in organic photo-
chemical reactions.

A further process using two visible photons to generate a
higher excited species is photon upconversion.'”” Several types

2

CN hv, SN
Cl (7»=455 nm)
A N 0s_N._0O
H 207 61%
Et;N °
208 209 210
207 ‘
CF3 hv, CF3 OO
(A=455 nm)
| b | 0 N"0
_ 207
N | N~ "H 91%
c Et;N °

211

Scheme 44 Photoredox catalytic reactions using perylenetetracarbox-3,4:9,10-disimides as catalysts.
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Scheme 45 Mechanism of photoredox catalytic reactions using the perylenetetracarbox-3,4:9,10-disimide 207 involving two visible photon

activation.

of processes have been reported. In one of them two triplet
excited molecules interact with each other thus generating one
molecular at its singlet ground state and a second one at its
higher energetic first excited singlet state. Recently, this
process has been applied to photoredox catalysis using metal
free sensitizers.'”®

The previously discussed examples of photochemically sup-
ported or induced catalytic reactions involving organometallic
or coordination compounds are based on electron transfer. In
another type of metal catalysis, ligand exchange plays a key
role. These steps are also affected by photochemical reaction
conditions. A typical example is the Vollhardt reaction with in-
expensive cobalt catalysts.'”® Three acetylene moieties are com-
bined in a [2 + 2 + 2] cycloaddition to form an aromatic
compound. This reaction is an important method to syn-
thesize a large variety of such compounds. Although the reac-
tion occurs occasionally under thermal conditions, the best
results are obtained when the reaction mixture is irradiated
with visible light. The same reaction is also used to synthesize
pyridines by combining two acetylene moieties with a
nitrile."® In this case, detailed investigations have been
carried out in order to characterize the significant influence of
light'®" on the outcome. The enantiopure nitrile 215 was trans-
formed with two equivalents of acetylene to yield the corres-
ponding pyridine derivative 216 (Table 6)."*> Under
photochemical reaction conditions (irradiation with visible
light) and when compared to thermal reaction conditions,'®’
the catalyst concentration was reduced. The reaction was
carried out at room temperature and atmospheric pressure
instead of high temperature and high pressure. The reaction
was faster and the yields were increased. It must further be
pointed out that in this particular example, heating of the
acetylene containing reaction mixture under pressure causes

7424 | Org. Biomol Chem., 2016, 14, 7392-7442

Table 6 Comparison between thermal and photochemical conditions
for the [2 + 2 + 2] cycloaddition of acetylene to the chiral pyridine 216

{ dugy + 2 HoscH [SPCCOd] L N~

N hv or N lll y

CO,Bn Ap  BnOC

215 216

Conditions

Method  CpCo(cod) (mol%) T(°C) p(atm) ¢(h) Yield (%)
hy 0.5 25 1 4 90
Thermal 3.2 110 14 22 82

an explosion risk. Under these soft photochemical reaction
conditions, efficient asymmetric catalysis was also per-
formed."®* As visible light is used to promote this catalysis, a
similar reaction was performed with sunlight on an industrial
scale.'®

In order to characterize the influence of light on this cata-
Iytic reaction, detailed kinetic investigations have been carried
out."®*'®” The reaction starts with the generation of the cataly-
tically active species CpCo' by release of cyclooctadiene from
the cobalt complex 217 (Scheme 46). The addition of two mole-
cules of acetylene generates the cobalacyclopentadiene inter-
mediate 218."%° The addition of a nitrile molecule leads to the
formation of the intermediate 219 and then to the final
product 220. Under thermal reaction conditions the formation
of the cobalacyclopentadiene intermediate 218 is the rate
limiting step. The reaction is of zero order kinetics in nitrile
consumption and of second order in acetylene consumption.
Under photochemical conditions, first order kinetics is
observed for the consumption of the nitrile. That means that

This journal is © The Royal Society of Chemistry 2016
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Scheme 46 Mechanism of the photochemically supported [2 + 2 + 2] cycloaddition leading to pyridines.

the formation of the metallacyclic intermediate 218 is acceler-
ated and the addition of the nitrile to 218 leading to the inter-
mediate 219 has become the rate limiting step. Irradiation
with visible light accelerates the generation of the catalytically
active species CpCo' from the cobalt complex 217. Most prob-
ably, other mechanistic steps are also affected by the photo-
chemical conditions. The formation of benzene is a competing
reaction. In this case acetylene is added to the metallacyclic
intermediate 218 leading to the intermediate 221. Due to the
higher reactivity of the nitrile with intermediate 218, this side
reaction generally plays only a minor role. However, due to the
high acetylene pressure needed when thermal reaction con-
ditions are applied, the formation of benzenes may become
very disadvantageous. Using photochemical reaction con-
ditions, the concentration of acetylene may be kept low which
reduces the formation of benzene derivatives. Thus the trans-
formations may also be carried out in solvents such as water in
which the acetylene solubility is low."®°

Enzymatic catalysis may also be affected by photochemical
reaction conditions. Recently, a number of investigations have
been performed with peroxidases. Thus the chloroperoxidase
(CPO) isolated from Caldariomuces fumago is capable of oxidiz-
ing thioethers such as thioanisole 222 (Scheme 47 and
Table 7)."° The corresponding sulfoxide 223 is formed in high

.. O
\F
©/s\ hv, CPO, Flavin, EDTA, O, ©/s\
222 100% 223
>99% ee
1 [
©/s\ hv, CPO, Flavin, HCO,Na, O, ©/s’\
222 100% 223
78% ee

CPO: Chloroperoxidase from Caldariomuces fumago

Scheme 47 Photochemical co-catalysis in an enzymatic CPO catalyzed
oxidation.
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Table 7 Effect of photochemical co-catalysis on an enzymatic CPO
catalyzed oxidation of 222 (Scheme 47)

Conversion Turnover

(%) number (CPO)
H,0, 30 6720
hv/flavin/O, 100 22 400°

“Turnover number of the cocatalytic system: 1250.

yield and high enantioselectivity when a photochemical redox
reaction is involved as a co-catalytic process and when oxygen
is used as the oxidant. Furthermore, no overoxidation is
observed. Under normal conditions, this enzyme employs
hydrogen peroxide as the oxidant. When the reaction is per-
formed under these standard conditions with stoichiometric
amounts of H,0,, conversion and turnover number (for CPO)
remain low (Table 7). These observations are explained by the
mechanism depicted in Scheme 48. In a photochemical redox
reaction, flavin 224 is reduced. EDTA or HCO,Na are used as
sacrificial electron donors. The reduced flavin derivative 225 is
oxidized by molecular oxygen which leads to the formation of
hydrogen peroxide. The advantage of this process using a
photoredox process as co-catalysis is that the stationary con-
centration of H,0, is kept low which prevents the enzyme
from decomposition. Thus the high turnover numbers may be
explained.

The particularly difficult activation of a C-H bond is
involved in the highly enantioselective oxidation of tetrahydro-
naphthalene to tetrahydronaphthalen-1-ol which was accom-
plished with Agrocybe aegerita aromatic peroxygenase
(AaeAPO)."*" Using the same photoredox co-catalysis with
flavin derivatives, a turnover number of 17 520 and a turnover
frequency of 366 min~" (both values for the enzyme) were
determined. Using the same catalytic system, alkenes are oxi-
dized to epoxides. In biological systems, some of these oxyge-
nases use a natural redox reaction based on enzyme fixed
flavin derivatives to produce hydrogen peroxide. In this case,
the reduced flavin derivative can be generated by NADPH
which itself is generated from NADP' by a dehydrogenase, for
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Scheme 48 Mechanism of photochemical co-catalysis in an enzymatic CPO catalyzed oxidation.

example glucose dehydrogenase. Thus, two enzymes are
involved in the oxidation process. In the case of a phenyl
acetone monooxygenase mutant, the NADPH cofactor system
was replaced by an additional flavin based photoredox co-cata-
Iytic system.'®> In such a system, the enzyme bound flavin is
reduced by the added free flavin. Thus the expensive and
inconvenient dehydrogenase co-catalysis is avoided.

6 Photooxygenation with singlet
oxygen

In contrast to most organic molecules and many inorganic
molecules, the ground state of oxygen possesses triplet spin
multiplicity (Scheme 49)."**'** Two antibonding = orbitals are
occupied by one electron. Two configurations are possible for
energetically low singlet excited states. In the S; state, one of
the antibonding = orbitals is occupied by two electrons while
the other is unoccupied. At this state, the oxygen is particular
polarizable. Most of the reactions of singlet oxygen occur at
this state. In the S, state, the two antibonding orbitals are
occupied, each by one electron with opposite spin. Despite its
low electronegativity and due to spin forbidden interactions
between triplet and singlet species, the chemical reactivity of
oxygen at the ground state is reduced."®* Also for this reason,
biomolecules along with many other molecules at a singlet

s, i 'z S,  37.5kcal mol!
762 nm
=| S ‘H A S, 22.4kcal mol
@
[ =
w
1270 nm
To : ! £ To  Okeal mol”
7T2px* any*

Scheme 49 Electron configurations and energy levels of oxygen.

7426 | Org. Biomol. Chem., 2016, 14, 7392-7442

ground state are stable in an oxygen containing atmosphere
and most of the known living organisms could evolve under
these conditions (for some recent studies on these properties
see ref. 195). Reactions of triplet oxygen are often characterized
by radical intermediates. In contrast to this, singlet oxygen
should possess a much higher reactivity and polar intermedi-
ates should also play an important role in the reaction mech-
anism. Photochemically, singlet oxygen is most conveniently
produced by sensitization (Scheme 50). Since the excitation
energy is low (22.4 kcal mol™" for the S, state), dyes absorbing
visible light are most frequently used.

Photooxygenation with singlet oxygen considerably enriches
the oxidation methodology in organic synthesis."*®™°® Further-
more, the simple and cheap oxidants, air or molecular oxygen,
are used to perform sophisticated oxidations. In this context,
the reactions with alkenes are of particular interest. A certain
number of intermediates are involved in such transformations.
First, exciplexes are formed (Scheme 50). Depending on the
redox potentials of the reaction partners and the reaction
medium more or less stable ion radicals 226 are formed. For-
mation of o-bonds leads to intermediates such 227a,b,c
depending on the structure of the alkenes (Scheme 50). In
order to explain the outcome of organic photooxygenation,
these intermediates are of particular interest."*®'® In particu-
lar, the regio- and stereoselectivity of many transformations

hv i 3
sens —> 1(sens)*ﬁ> 3(sens)* 202 sens + 0,
’o o o
—~ oo — [
10, alkene Exciplex 227a 228
HY
o+ F@ © Z
|E +‘02'} — | _0-0 —» O/OH
226 227b 229
H H H G2
N o : ® O o]
i CI) 9 (|) L 0-0 — Cc')
%O ®\_O L_O
227
231 232 233 © 20
Scheme 50 Intermediates of photooxygenations.
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may be explained when considering these structures. Three
reactions of singlet oxygen and alkenes are most frequently
observed. The tricyclic intermediate 227a may rearrange to
form a dioxetane, the product of a [2 + 2] cycloaddition (228).
The same type of intermediate (227b) also may undergo
rearrangement leading to a hydroperoxide 229. In the case of
dienes the corresponding intermediate (227¢) leads to endo-
peroxides such as 230. Intermediates of transition states such
as 231, 232, or 233 are also discussed.

Asymmetric synthesis with photochemical reactions is par-
ticularly interesting since highly energetic states and inter-
mediates are involved.®?°®*°! In the past, photochemical
reactions were often considered as inherently unselective since
it was supposed that the loss of the activation energy excess
could only occur in an uncontrolled way via numerous reaction
channels. It was concluded that photochemical reactions are
only of little interest for application to organic synthesis.
However in the large majority of photochemical reactions, the
loss of the high electronic excitation energy occurs in a very
controlled or defined way and the reactions become highly
selective. This has already been shown by the previously dis-
cussed reactions. This topic is also well illustrated by the fol-
lowing example of an asymmetric photooxygenation of
encarbamates.””’ In this case, two processes, the ene reaction
and the formal [2 + 2] photocycloaddition (dioxetane for-
mation), are in competition (Scheme 51).°> In the case of
Z-234, the dioxetane 235 is the major product. The ene
product 236 is only formed in minor amounts. The ratio varies
between 75:25 and 87:13 in favor of 235 depending on the
substituent R. In the case of E-234, the formation of the ene
product 236 is favored with respect to 235. The product ratios
range between 64:36 and 92:8 in favor of 236. This product
selectivity was mainly explained by frontier orbital interactions
as depicted in structures 237 and 238 of the transition states
for the approach of singlet oxygen. Other directing effects have
been identified later. The nitrogen atom of 234 conducts the
oxygen to the alkene. In the case of Z-234, hydrogen transfer
from the distant methyl group is thus inhibited. In the case of
E-234 the methyl group is close to the approaching singlet
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oxygen. Hydrogen transfer is facilitated and the ene reaction is
favored. In the case of the ene reaction and the reaction of
Z-234, the diastereoselectivity ranges from 53:47 (R = Me) to
95:5 (R = ¢Bu) in favor of the u/ attack. In the case of the reac-
tion of E-234, it ranges from 56:44 (R = iPr) to 91:9 (R = ¢tBu).
In contrast to the diastereoselectivity of the ene reaction, that
one of dioxetane formation is very high, around 99:1 and
does not depend on the nature of R. Transition states of both
reactions and their impact on the stereoselectivity resemble
the corresponding epoxy like structures as depicted in
Scheme 50 (227a,b).>*®

Further remarkable effects were observed concerning the
stereoselectivity. This topic was studied in detail for the formal
[2 + 2] addition of singlet oxygen to ene carbamates leading to
dioxetanes. Compounds Z-239 and E-239 carrying an
additional chiral phenethyl substituent in position 2 have
been transformed (Scheme 52). The absolute configurations of
the dioxetanes 240 and 241 have been determined by chemical
correlation transforming them into diols 242. In many cases in
particular in the reactions of E-239, the resulting dioxetanes
are not stable and decompose into diphenylpropanone 243
and the oxazolidinone derivative 244. As already pointed out
and in contrast to the corresponding ene reaction, the
diastereoselectivity in this transformation is very high and
does not depend on the substituent R (Table 8). When R = Me
(entry 1) the same diastereoselectivity is observed than in the
cases of higher encumbering substituents such as R = iPr
(entries 2 and 3), R = ¢Bu (entry 5) or R = Ph (entry 6). This is
surprising because the oxygen molecule is small and the
stereodifferentiation of the attack in both diastereotopic half
spaces should not be very different as is the case for the corres-
ponding ene reaction. Only in the case of the deuterated sub-
stituent, the diastereoselectivity is lower. This effect will be
discussed later. The configuration at the center 3 or the rela-
tive configuration of both stereo-centers has no influence on
the diastereoselectivity (entries 2 and 3). At this stage, no effect
of double induction®®* is detected. Furthermore, it was found
that the E-239b reacts with the same diastereoselectivity than
the corresponding Z-239b which means that the chiral center

00 O 0 0.0 0.0
102 \f \f
N B — e N + N
< q O L
Ph © %‘1“’ Ph
Ph
Z-234 237 235 236 (minor product)
0.0 o 0 0.0 0.0
, g
N 0, N . N
—_— —_—
£ @ RH(;’D\ R g)
Ph @ Ph Ph Ph
E-234 238 H 236 235 (minor product)

Scheme 51 Photooxygenation of ene carbamates.
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Scheme 52 Chemical correlation for the determination of the chiral induction in the photooxygenation of ene carbamates, cleavage of dioxetanes

leading to diphenylpropanone 243 and the oxazolidinone derivative 244.

Table 8 Diastereoselectivity of the photooxygenation? of encarba-
mates 239 (Scheme 53)

Configuration Diastereomeric ratio

Entry Substrate R C-3 (15,25)/(1R,2R)

1 7-239a (R)}M (S) 99:1

2 7-239b (R)- 1Pr (s) 99:1

3” 7-239¢ (S)-iPr (s) 1:99

4P dg-Z-239¢ d,~(S)-iPr (s) 10: 90

5 7-239d (s )tBu (R) 1:99

6 7239 (S)-Ph (s) 1:99

7° E-239b (R)-iPr (s) 99:1°

“The transformations were carried out at —32 °C in CDCIl; until com-
plete conversion. No competing ene reaction was detected. ” The reac-
tions were carried out in CD,Cl, as the solvent. “ The corresponding
diastereomeric ratio is (15,2R)/(1R,2S).

N 1S
S O
R |
Ph O
2S

oy
HsC
* Pn

in position 1 in 240 or 241 of the dioxetane ring is formed
with the same relative configuration with respect to the chiral
center of the carbamate ring (entries 7 and 2). Concerning the
stereochemistry of the singlet oxygen approach to the enamine
moiety, X-ray structure analytical data were discussed and it
was assumed that similar privileged conformations exist in
solution.**"?°*2% 1t was found that in the case of the
Z-isomer, the oxazolidinone ring is placed almost in the plane
of the enamine moiety (Scheme 53). For steric reasons, the
attack of the singlet oxygen occurs anti with respect to the
R substituent of the oxazolidinone ring. In the case of the
E-isomers, the oxazolidinone ring is almost orientated orthog-
onally with respect to the enamine plane. The singlet oxygen
approaches preferentially from the same side leading to a diox-
etane with the same relative configuration with respect to the

R

\F
H,.R _CH
o\\(N\_/‘/ 8 239
0

Ph E-Isomer
H

102

Scheme 53 Diastereoselective photooxygenation of Z and E-ene carbamates 239. Structures of the substrates are based on X-ray structure

analysis.
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chiral center in the oxazolidinone ring. In this case, the singlet
oxygen is further conducted in this diastereomeric half-space
by an interaction with the carbonyl group of oxazolidinone.>®

As has already been pointed out, the chiral center in posi-
tion 3 of compounds such as 239 (Scheme 52) has no influ-
ence on the diastereoselectivity of dioxetane formation and
consequently, the decomposition product 1,2-diphenylpropan-
1-one 243 was obtained as a racemic mixture. A closer look at
this transformation revealed however that the two diastereo-
isomers react with different rates.>*>*°”>°® Consequently and
depending on the difference of these two rates, the ketone 243
is obtained in an enantiomeric excess when the reaction is
stopped before conversion is complete. For example, when a
1:1 mixture of the diastereoisomers E-239f and E-239b is
photooxygenated, in CD;OD as the solvent, at 50 °C and when
the reaction is stopped at a conversion of 30%, 243 is isolated
with 70% ee in favor of the R enantiomer (Scheme 54).>%7
When the same mixture of diastereoisomers is photooxyge-
nated in CD3;CN as the solvent, at 50 °C and when the reaction
is stopped at a conversion of 23%, 243 is isolated with 64% ee
in favor of the S enantiomer. In view of the asymmetric syn-
thesis of the chiral ketone 243, this transformation is a kinetic
resolution.”®® In such reactions the enantiomeric excess (ee)
depends on the progress of the conversion C. The product
ratio results from the rate ratio kz/ks which determines the
stereoselectivity s of the reaction. These parameters are com-
bined in eqn (2).

kg In[1 —C(1 + ee(243))]
STk Inl—C(1—ee(243))]

(2)

Based on this equation, the selectivity s or the rate ratio
kr/ks can be calculated when the conversion and enantio-
selectivity of a transformation are determined as is usually the
case. In Fig. 9, this relation is depicted. In particular when the
selectivity is high, best ee values are observed for conversions
around 50%.

To get a deeper insight into the mechanistic details of the
stereoselectivity, the selectivity s or the rate ratio kg/ks was
determined at different temperatures using different sol-
vents.”*® For the E isomeric substrates (Chart 1), a high depen-
dence of the enantioselectivity of 243 from these parameters is
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Fig. 9 Dependence of enantiomeric excess of 243 on the conversion in
the photooxygenation of ene carbamates (compare Scheme 54).
(Reprinted with permission from: J. Sivaguru, M. R. Solomon, H. Saito,
T. Poon, S. Jockusch, W. Adam, Y. Inoue and N. J. Turro, Tetrahedron,
2006, 62, 6707-6717. Copyright (2006) with permission of Elsevier.)

observed. This is not the case for the corresponding Z
isomers.””” Using the Eyring relation (eqn (3)) and a corres-
ponding plot, the enthalpy and the entropy contribution to the
free enthalpy AAG” of the diastereoselectivity are determined.

ke —AAG g _ —AAHT ¢ N AASE

In— =
ks RT RT R

3)

When s or the rate ratio In(kg/ks) is plotted against T~°,
linear relationships are observed and AAH” and AAS™ values
can be determined from the slope and the intersection with
the y-axis respectively. Fig. 10 shows such plots for the photo-
oxygenation of E-245a in different solvents and for E-245b in
CD,Cl,. The highest enantioselectivity is observed in CD;OD at
low temperatures. Particularly when the reaction is carried out
in CD;CN or in CD,Cl,, it was observed that by increasing the
temperature, the formation of R-245 is favored no more and
instead that of S-243 is. According to the Eyring equation, at
higher temperature, the entropy contribution increases and

o)
Os_Ph ) OJ\N Sl ) Oy_Ph
3R R / 3R R 3R
Ph 4R "/I_Pr Ph Ph | 70% ee
1O 1
R-243 2 E-239f 0, R-243
CD3CN o + CD3;0D
Ph Os_Ph
Os_Ph 07 SN
38 ks / lss ks 38
64% ee [ _Ph 4Rz, " "Ph " "Ph
S-243 E-239b S-243

Scheme 54 Kinetic resolution by photooxygenation of ene carbamates.
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Chart 1 Compounds used to determine the influence of the reaction temperature and the solvent on the stereoselectivity.
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Fig. 10 Photooxygenation of E-245a and E-245b (Chart 1) in different
solvents. (Adapted with permission from: J. Sivaguru, M. R. Solomon,
H. Saito, T. Poon, S. Jockusch, W. Adam, Y. Inoue, N. J. Turro, Tetra-
hedron, 2006, 62, 6707. Copyright (2006) with permission of Elsevier.)

may become dominant. Thus the privileged formation of the
S-243 is favored by the entropy while the privileged formation
of R-243 is favored by the enthalpy. Such behavior is generally
observed when conformational mobility plays a more impor-
tant role than simple steric hindrance (in rigid structures).
Indeed, these observations are in contrast to the more rigid
structure of Z-245b or Z-245¢ for which the AAH” and AAS™
are small and the temperature dependence of the enantio-
selectivity is low. Due to the fact that the chiral center at the
oxazolidone moiety is changed in E-245b with respect to
E-245a the corresponding lines for the photooxygenation in

7430 | Org. Biomol. Chem., 2016, 14, 7392-7442

CD,Cl, are mirroring. Their intersection is close to the x-axis
and the corresponding AAH” and AAS” values have opposite
signs.

As pointed out above, the entropy (AAS”) and the enthalpy
contribution (AAH”) to the free enthalpy (AAG™) of the
enantioselectivity is different for each system (molecular struc-
ture, solvent). It is further observed that the difference of the
enthalpy contribution between two systems is proportional to
the corresponding difference of entropy contribution which
means that there exists a linear relationship between AAH”
and AAS”. A change in entropy contribution is compensated
by a change in enthalpy contribution. When activation enthal-
pies and activation entropies are involved such compensation
phenomena are called isokinetic or isoselective
relationships.>8"88790:210
ship in the present case indicates that the photooxygenations
of investigated enecarbamates®*>*°” possess the same reaction
mechanism. In Fig. 11, the isoselective relationship is

The observation of such a relation-

20

10

y =1.3203 + 3.5864 x

'
'
' @ E-245d
-10 — :
' O e2452
! O Zz245a
20 4 :
J O E-245b
T T T f T T
-6 -4 -2 0 2 4
aHE
Fig. 11 Isoselective relationship for the photooxygenation of various

enecarbamates. (Adapted with permission from: J. Sivaguru,
M. R. Solomon, H. Saito, T. Poon, S. Jockusch, W. Adam, Y. Inoue,
N. J. Turro, Tetrahedron, 2006, 62, 6707. Copyright (2006) with per-
mission of Elsevier.)
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depicted. The photooxygenation of compounds E-245d and
E-245a have been performed in 4 different solvents as indi-
cated above while Z-245a and E-245b have been transformed
only in CD,Cl,.

It is surprising that the interaction of a small particle
such as singlet oxygen can cause such high enantioselectivi-
ties, even in conformationally labile systems as just outlined
above. In fact, 'O, is the smallest oxidation reagent com-
monly used in organic synthesis. Oxidations of chiral ene
carbamates with the somewhat more encumbering ozone
were much less selective.”’® Therefore, reasons other than
only steric interactions have been suggested in order to
explain the stereoselectivity increase of the photooxygenation
of ene carbamates. In particular, deactivation of singlet
oxygen has been discussed in this context. It is well known
that the lifetime of the singlet oxygen is much higher in
deuterated than in the corresponding non-deuterated sol-
vents.'””?'1?12 vibrations of a C-H bond more efficiently
quench singlet oxygen than C-D bonds. This effect has an
impact on the diastereoselectivity. In fact, the stereo-
selectivity of the photooxygenation of Z-239c is higher than
that of dg-Z-239c (Table 8). The photooxygenation in a dia-
stereotopic half-space containing a lot of C-H bonds is less
efficient than the one in a diastereotopic half space with
only few of such bonds since in the first case vibrationally
induced deactivation of singlet oxygen is more efficient. Or,
a diastereoisomer is slowly oxidized when it assembles a
large number of C-H bonds in the volume element in which
the singlet oxygen approaches the substrate. A competing
diastereoisomer that assembles a lower number of C-H
bonds in this volume element is rapidly oxidized. These
effects have been discussed in the photooxidation of E-245c
(Scheme 55 and Table 9).>°> When carried out in acetonitrile
as an aprotic solvent, the 3S-E-245c¢ epimer was more rapidly
transformed (kz < kg) at higher temperature (18 °C) while at
low temperature (—40 °C) R-243 was preferentially formed

O

-

CD,CN

H,c” S
3R-E-245c
CHs
N H, CHs
\, v’ E P\
\}) 7=

3S-E-245¢
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Table 9 Photooxygenation of E-245c at different temperatures
(Scheme 55)
Temperature (°C) 243 (% ee) Conversion (%) s¢
18 28 (S) 18 0.5
-15 0 55 1.0
—40 45(R) 33 3.3

“Selectivity calculated according to eqn (2).

(kg > ks). A closer inspection of the X-ray structures revealed
that in the case of the 3R-E-245c epimer, the methyl group
of the oxazolidone moiety and the phenyl substituent of the
phenethyl moiety are oriented opposite to each other in two
diastereotopic half-spaces. In the case of the 3S-E-245c
epimer, the methyl groups of the oxazolidone and the
phenethyl moieties are in the same diastereotopic half-space.
When it is assumed that the crystalline structure resembles
the privileged conformation in solution at low temperature,
the reactive center of the epimer 3S-E-245c is better pro-
tected by C-H bonds and consequently the deactivation of
singlet oxygen is more efficient. The photooxygenation of
this stereoisomer is slower and the formation of R-243 from
3R-E-245c¢ is faster. At higher temperatures, other confor-
mations may be favored inducing the opposite stereo-
selectivity as was indeed observed at higher temperatures
(18 °C). Furthermore, steric hindrance may become more
important with respect to the deactivation rates of singlet
oxygen.

These investigations nicely show how excess energy of an
electronically excited species can be released in a very con-
trolled manner leading to highly selective transformations. As
has already been pointed out, this property of photochemical
reactions is essential for application to organic synthesis.
Similar discussions may be performed for many other organic
photochemical reactions.

O ©
H
10, I Ph_2,CHs
— O N + R
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Scheme 55 Stereoselective photooxygenation of two ene carbamate epimers.
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7 Photochemical reactions in micro
and continuous flow reactors

Photochemical reactions on the laboratory-scale are tradition-
ally performed in batch mode using either immersion well or
chamber reactors.*'* Immersion well systems (Fig. 12a) enable
individual irradiations of larger volumes (<1 L) and comprise
a central mercury pressure lamp, an immersion well (effec-
tively a cooler for the lamp) and an outer reaction vessel.
Chamber reactors utilize an outer array of fluorescent tubes
and reaction vessels are inserted into the vacant inner
chamber (Fig. 12b). These more flexible systems are typically
used for small-scale synthesis (<250 mL).

Conventional batch photoreactors have a number of dis-
advantages that have restricted their applications on large,
technical scales. As a consequence of the Beer-Lambert law,*"*
light is rapidly absorbed by the chromophoric reagent. Conse-
quently, photochemical processes require high dilutions and
narrow reaction vessels. The constant irradiation of the reac-

(b)

Fig. 12 (a) Immersion well batch reactor (UV-LRS-1; UV-Consulting
Peschl, Germany). (b) Rayonet chamber reactor (RMR-600; Southern
New England Ultraviolet Company, USA).

(b)

View Article Online

Organic & Biomolecular Chemistry

tion mixture additionally favors degradations and polymeriz-
ations of light-sensitive products, thus reducing yields and
necessitating resource-demanding purifications. Iron and
polymer deposits on glass parts around the light source are
also common and demand constant cleaning and maintenance.
The intense heat generation of most mercury pressure lamps
furthermore demands excessive cooling.

Recently, continuous microflow reactors have emerged as
new, resource-efficient synthesis tools and have found wide-
spread applications in synthetic organic chemistry.*'> These
devices are characterized by very narrow inner dimensions (by
definition <1 mm in at least one direction, typically depth or
diameter), which makes them suitable for photochemical
applications.?*®*'” Fixed reactor models such as the dwell
device by Mikroglas Chemtech have the reaction channel
embedded in the reactor block (Fig. 13a). Complete commer-
cially available microreactor systems have now been developed.
The advanced UV-150 flow reactor by Vapourtec (Fig. 13b), for
example, utilizes a microcapillary unit in combination with
a 150 W mercury-lamp and allows for multi-gram scale
synthesis."** A flexible multi-microcapillary flow reactor (MpCFR)
(Fig. 13c) for parallel microflow photochemistry operations has
been recently described.>'® This reactor has been adopted for
process optimization, process validation, scale-up and parallel
library synthesis.

Although earlier examples of flow-photochemical reactions
exist, the photopinacolization of benzophenone 130 (0.5 M) in
isopropanol is regarded as the first comprehensive microreac-
tor comparison study (Scheme 56).>*° The initial microchip
reactor was fabricated by bonding a patterned silicon wafer to
a Pyrex plate and incorporated a serpentine reaction channel.
The device was coupled with a separate detection chip for on-
line UV detection. An improved model consisted of a sandwich
structure of a silicon wafer between two quartz plates. The
chip incorporated a serpentine reaction channel with an inte-
grated detection point for instant on-line UV analysis. The
reaction mixtures were pumped through the chips with a
syringe pump and irradiated with a small UVA lamp. With an

(©)

Fig. 13

(a) Dwell device (Mikroglas Chemtech GmbH, Germany) under a UV-panel (Luzchem Research Inc., Canada). (b) UV-150 E-series flow

chemistry system (Vapourtec Ltd, UK). (c) Multi-microcapillary flow reactor (MuCFR).
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hv (365 nm) Ph Ph
Q HO
2 I "o
Ph Ph PH Ph
130 IPFOH, cat. CH3COZH 247

conversion up to 60%

MicrochipType II:

self-made (quartz / Si / quartz)
500 mm x 500 mm (W x D)

Microchip Type I:
self-made (Si/ Pyrex)
500 mm x ~250 mm (W x D)

Scheme 56 Photopinacolization of 130 in isopropanol.

optimum flow rate of approximately 4 pl min™", high conver-
sions of 130 of 60% (by HPLC) were achieved without blockage
of the channel. The photodimer 247 readily crystallized in the
product vessel, thus allowing easy isolation.

The 4,4-dimethoxybenzophenone (DMBP) sensitized
addition of isopropanol to furanones 164 was chosen to inves-
tigate different flow reactor setups (Scheme 57).**° Reactor
Type I consisted of a commercially available dwell device,
which was placed under a UVA light panel (5 x 8 W). Reactor
Type II combined a microchip with a UVA-LED array (6 x
75 mW), while reactor Type III utilized a dual polytetrafluoro-
ethylene (PTFE) capillary tower equipped with a single UVA

View Article Online
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tube (8 W) at its center. The small UVA-LED microchip gave
high conversions of 164 with a residence time of just 2.5 min,
while all other microreactors and the conventional batch
reactor required 5 min. Despite high space-time-yields (STY)
and energy-efficiency estimations, however, the productivity of
the microchip remained low. The flexible and open capillary
system was thus further advanced into a 10-microcapillary flow
reactor (MpCFR) for parallel microflow photochemistry.*'®

The steroid myriceric acid (251), a potent endothelin A
receptor antagonist, is available from the intermediary nitrite
249 via the Barton reaction. The conversion of 249 to the
corresponding oxime 250 was therefore investigated
different microreactor setups (Scheme 58).>*' A glass-covered,
stainless steel microreactor (Type I) in combination with a 300 W
high-pressure mercury lamp was chosen for process optim-
ization. A soda lime cover gave the best yield of oxime 250 with
59% as its cut-off wavelength at >320 nm prevented further
photodegradation. Yields of 71% and 70% (by HPLC) were
increased when a 15 W black light (UVA) lamp or a UV-LED
array (48 x 35 mW) in combination with a Pyrex glass top were
used instead. Utilizing two stainless steel reactors in-series
(Type 1I), a set of 8 x 20 W black light lamps, DMF and a resi-
dence time of 32 min, continuous operation for 20 h gave 3.1 g

in

hv (350 or 365 nm) OH
g §
164a-c DMBP 248a-c
a:R=H 100% conversion after 2.5-5 min in p-reactor
b: R = rac-OEt 87-90% conversion after 5 min in batch
c: R =(-)-OMent

Microreactor Type I:
mikroglas chemtech

Dwell device (Forturan™)
2,000 pm x 500 pm x 1.15 m
(WxDxL)

Microchip (B:

(WxDxL)

Scheme 57 DMBP-sensitized addition of isopropanol to furanones.

hv (365 or 352 nm)
—{Ilmy—~
acetone or DMF O

60-71% yield
5.3 g after40 h

249

Microreactor I: Microreactor |
Dainippon Screen
(stainless steel/glass)
1,000 um x 107 um x 2.2 m
(WxDxL) (WxDxL)

16 lanes; 2 rea

Microreactor Type II:
Micronit Microfluidics

150 um x 150 pm x 757 mm

Dainippon Screen
(stainless steel/Pyrex)
1,000 um x 500 um x 0.5 m

Microreactor Type lil:
self-made capillary reactor
(PTFE)

558 um x 460 cm (ID x L)
2 capillaries

orofloat)

OH

251
myriceric acid A
I: Microreactor lli:
Dainippon Screen DS-AMS-1
(stainless steel/Pyrex)
1,000 um x 500 um x 0.5 m
(WxDxL), 16 lanes

ctors

Scheme 58 The Barton reaction as a key step in the synthesis of myriceric acid A (251).
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Scheme 59 Synthesis of doxercalciferol (255) from ergocalciferol (252).
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HCI
B —
EtOH

o

TBsO™ 0TBS HO'

254
1.6 mmx 15.25m up to 96% (by HPLC)
(IDx L), FEP

255
doxercalciferol
(~50% from 253; ~10% from 252)

TFA
25°C and 60°C
CO,H
Thermal-Microreactor: 258
0.8 mm (ID), 16+10 mL artemisinin

volume, PTFE 39% yield (from 256), 1.36 g

estimated 200 g/day

Scheme 60 Continuous synthesis of artemisinin (258) via a tandem photochemical—-thermal process.

of pure 250 (60% yield). In an extension, a fully automated
process for the synthesis of 250 was realized in a single multi-
lane stainless steel reactor (Type III) equipped with six evenly
positioned 15 W black light bulbs. After operation for 40 h and
using a residence time of 20 min, the reactor plant produced
5.3 g of 250 (61% yield).

The synthesis of doxercalciferol (1o-hydroxyvitamin D,; 255)
from ergocalciferol (252) has likewise been realized using a con-
tinuous flow photochemical key-step.>** The photoisomerization
of the bis-tert-butyldimethylsilyl (bis-TBS) ether 253 was accom-
plished in a fluorinated ethylene propylene (FEP) microcapillary
reactor using 9-acetylanthracene (9-AA) as a sensitizer
(Scheme 59). The capillary was wrapped around an immersion
well fitted with a Pyrex sleeve and a 450 W mercury pressure
lamp. Removal of the sensitizer was achieved in-line via filtration
over a short carbon/Celite (1 : 2 w/w) column. Consequent optim-
ization of the reaction conditions produced 254 in up to 96%
yield (by HPLC). Overall, 255 was obtained in about 10% from
ergocalciferol (252) without purification by chromatography.

The synthesis of the antimalarial compound artemisinin
(258) via a tandem photochemical-thermal continuous flow
process has been recently achieved (Scheme 60).>** Dihydro-
artemisinic acid (256) is converted by photooxygenation with
tetraphenylporphyrin (TPP) into the hydroperoxide intermediate
257. A slow stream of oxygen is injected into the liquid reagent
stream creating a slug flow pattern inside a FEP capillary.
Irradiation is conducted with a 450 W medium pressure
mercury lamp. Subsequently, trifluoroacetic acid (TFA) is
injected into the product stream from the photochemistry

7434 | Org. Biomol Chem., 2016, 14, 7392-7442

module. This mixture enters a second, thermal (60 °C) reactor
module made of polytetrafluoroethylene (PTFE) tubing, where
257 is converted into artemisinin (256). Using this continuous
flow plant, 258 is isolated in an overall yield of 39% with the
capability of producing 200 g of 258 per day.

8 Conclusion

In conclusion, photochemistry represents an elegant enabling
methodology for the synthesis of complex natural products,
commodity chemicals or novel chemical entities. Photo-
chemistry has thus expanded the synthesis portfolio of organic
chemistry. The traditionally strong links between organic
photochemistry and physical chemistry enable a high level of
understanding of these reactions.">* Profound investigations
of reaction mechanisms are frequently carried out in this
domain which significantly facilitates the optimization and
the application of these organic photochemical reactions.
Light can be easily tuned and controlled with a ‘flick of a
switch’, thus allowing safe operations. Despite these advan-
tages, industrial photochemistry is limited to certain commod-
ity chemicals.®®® With the development of novel reactor
systems and light sources,'?**'7??>22% it is hoped that photo-
chemical reactions will become more widespread in the future.
The recently established industrial synthesis of artemisinin
(A3) and the innovative Heraeus Noblelight process for the syn-
thesis of anti-cancer represent
examples,**”>%8

precursors encouraging

This journal is © The Royal Society of Chemistry 2016
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