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1 Common Ground and Divergence: OLED Emitters as

Photocatalysts
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This chapter has been submitted in a slightly modified version as a feature article and is under peer-review at the

time of submission of this thesis.



Abstract

any photocatalysts were initially developed or used as emitters for light emitting diodes (OLEDs). This feature article
summarizes the different generations of OLED emitters and connects the photophysical processes with those relevant
for photocatalysis. The focus is on the general properties OLED emitters and photocatalysts are designed for and
how photocatalysis has benefitted from OLED research. Sometimes, optimization of an OLED emitter leads to a better
photocatalyst while some properties are optimized into opposite directions. To discover new classes of photocatalysts in the future
it is important to consider what good OLED emitters and good photocatalyst have in common and where they diverge. Within
recent years, fully organic thermally activated delayed fluorescence (TADF) emitters had the most significant impact in both fields

and thus are discussed with specific focus.




1.1 Introduction

A catalyst is defined as “a substance that increases the rate of a reaction without modifying the overall standard Gibbs
energy change in the reaction.”! Traditional organic synthesis uses thermal energy to overcome reaction barriers and
thus a catalyst lowers the activation energy to increase the reaction rate. Photocatalysis utilizes a different concept to
overcome reaction barriers. A photocatalyst is a molecule or material that, upon absorption of a photon, is transferred
to an electronically excited state from which it triggers a chemical reaction either by photoinduced electron transfer
(PET) or photoinduced energy transfer (PEnT). Many currently used photocatalysts were initially developed in organic
light emitting diode (OLED) research and each milestone led to new or improved photocatalytic transformations.
Some photocatalysts initially used or developed in OLED research are depicted in Figure 1.1. Most organic molecules
capable of light emission in the visible range are fluorescent molecules. Thus, it is not surprising that first generation
OLED emitters are based on fluorescent emitters such as anthracene” and its derivatives (1).>* Second generation
OLEDs are phosphorescence emitters and a variety of phosphorescent ruthenium and iridium complexes were
developed for this purpose.® Since the photophysical characterization of Ru(bpy);Clz (2),° and the use of fac-Ir(ppy)s
(3) as OLED emitter’?® these phosphorescent precious metal complexes became prototypical photocatalysts and part
of a standard catalyst repertoire of organic chemists.” A breakthrough in OLED development was reached with the
design of the third generation fully organic thermally activated delayed fluorescence (TADF) emitter 4CzIPN (4)'?

which also turned out to be an efficient photocatalyst.!!

First generation:
Fluorescent emitters

Second generation:
Phosphorescent emitters

¥

Third generation:
TADF emitters
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N N
NC CN
= N N = = N N =
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Cz
Anthracene derivatives (1) Ru(bpy)s2* (2) fac-Ir(ppy)s (3) 4CzIPN (4)

OLED: OLED: OLED:

— Only singlet excitons used (25%)
— 75% of excitons wasted

Photocatalysis:
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— Short excited state lifetimes

+ usually fully organic molecules
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Photocatalysis:

+ Reactions from T4 state

+ Long excited state lifetime

— Usually platinum-group metal complexes

+ Singlet and triplet excitons used
+ High efficiency possible

Photocatalysis:

+ Reactions from T, state

+ Long excited state lifetime

+ Usually fully organic molecules

Figure 1.1. Photocatalysts based on anthracene, Ru(bpy)sClz, fac-1r(ppy)s, and 4CzIPN were initially used as emitters in organic

light emitting diodes before they found widespread use in photocatalysis.




1.2 The connection between OLED emitters and photocatalysts

The fact that many OLED emitters are also good photocatalysts is not a coincidence but a consequence of the
photophysical requirements for both applications. While OLEDs convert electrical energy into light, photocatalysts
convert light into chemical energy. Both processes proceed through an excited state of the respective molecule which
should not lose its energy as heat but utilize it for light emission (in OLEDs) or for chemical reactions (in
photocatalysis). Although light emission is an unproductive pathway for a photocatalyst, a high luminescence quantum
yield demonstrates that other deactivation pathways are not competing to notable extent. Thus, compounds for both
applications are designed for having low rates of non-radiative transitions to the ground state and being chemically
stable in their electronically excited states. A schematic representation of an OLED is depicted in Figure 1.2 together
with a Jabtonski diagram for the photophysical processes occurring within the emissive layer (EML). Some materials
unite properties of multiple layers and the introduction of additional layers can be beneficial depending on the
application.'>!* The simultaneous presence of electrons and holes in the EML generates excitons. In OLEDs, these

excitons are either excited state emitter molecules or electron/hole pairs within the host material which then transfer

their energy to generate excited state emitter molecules.
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ITO: Indium tin oxide anode S =
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HBL: Hole blocking layer So
ETL: Electron transport layer IC: Internal conversion ISC: Intersystem crossing
EIL: Electron injection Layer VR: Vibrational relaxation : Reverse intersystem crossing
Al: Aluminum cathode : Thermal activation

Figure 1.2. Schematic construction of an OLED and the corresponding Jabtonski diagram for the photophysical processes in the
emissive layer. Wavy arrows represent non-radiative transitions and straight arrows represent radiative transitions. Thin horizontal
lines represent vibrational levels of the respective electronically excited state (S1 and T1) or ground state (So). Depending on the
specific system different processes dominate. The most important aspects of OLED emitters are discussed in more detail in the
following sections.



1.3 First generation OLEDs

Due to spin statistics, excitons are generated in a 3:1 ratio of triplet and singlet states in the emissive layer.!* First
generation OLEDs are based on fluorescence emitters. As phosphorescence is not observed in these emitters at room
temperature only singlet excitons (25%) are used for light emission. Triplet excitons (75%) lose their energy to thermal
motion and only contribute to heating of the device. Thus, fluorescent OLEDs have a maximum internal quantum
efficiency (IQE) of 25% and are inherently limited in their efficiency. The IQE can be increased by triplet-triplet
annihilation to obtain a maximum exciton utilization of 62.5%. This has been utilized for OLED applications'> but

reports in photocatalysis are scarce!®

and will not be discussed in further detail in this chapter. For use of fluorescence
emitters as photocatalysts the limitations of fluorescent OLED emitters caused by triplet excitons do not apply because
excitation from singlet ground states by photon absorption leads to singlet excited states while excitation from the
singlet ground state to triplet states or intersystem crossing (ISC) from the S; to the T, state are spin-forbidden.
Additionally, photocatalysis can also occur from triplet states. Although not among the most efficient fluorescent
emitters, 9,10-diphenylanthracene (DPA) was identified as one of the first fully organic emitters for blue OLEDs* and
later found to be an efficient photoredox catalyst. In its S; state DPA is a strong oxidant and a strong reductant an thus

can undergo oxidative!” as well as reductive quenching'® as depicted in Figure 1.3.

Fluorescent OLED emitter: Fluorescent photoredox catalyst:
Triplet excitons wasted oxidative reductive Isc kisc << kg
VRi quenching quenching N\
A\ S 51 'PCY I
S A 5 _SVR
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— = 2 PC* PC-
e 3 e g
VR 2 & 3
— P e ™ D A
S S
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=< X
- > )
B a ’
= o D A
= b \i PC

So

PC: Photocatalyst
Desired: Fluorescence Desired: Electron transfer ISC: Intersystem crossing
D: Electron donor
A: Electron acceptor

Figure 1.3. 9,10-Diphenylanthacene (DPA, 1) is a first-generation OLED emitter and photoredox catalyst.



1.4 Second generation OLEDs

OLEDs of the second generation utilize phosphorescent emitters. Phosphorescence, as a spin-forbidden process, is
usually slow and at room temperature cannot compete with radiationless deactivation pathways in most organic
molecules. However, strong spin-orbit coupling in complexes of heavy metals such as platinum, ruthenium, and
iridium makes these transitions weakly allowed. This is known as the heavy atom effect.!®?° Consequently, a fast ISC
from the S; state to the T; state becomes possible and the radiative transition from T; to Sp can compete with
non-radiative relaxation pathways so that singlet and triplet excitons can be utilized by emission of phosphorescence.?!
The use of triplet excitons for light emission is known as triplet harvesting and can give IQEs of up to 100%. However,
platinum-group metals are among the least abundant metals on earth and, thus, they are rather expensive, and their
use is hardly sustainable. Despite these issues, ruthenium- and iridium-based complexes remain widely used in OLED
applications and are currently among the most widely used photocatalysts. Although the phosphorescence rate is
increased in phosphorescent OLED emitters, the T, lifetime is still well above the lifetime of >1 ns needed for
bimolecular reactions to be competitive with emission.?? Ru(bpy);** (2) and fac-Ir(ppy)s (3), for example, have
lifetimes from hundreds of nanoseconds up to a few microseconds, depending on the solvent.”%?* In the T; state these
complexes are stronger oxidants and stronger reductants than in the ground state. While in OLED applications electron
transfer can lead to degradation of the emitter,?* in photoredox catalysis electron transfer is the desired pathway. The
excited state photocatalyst undergoes either oxidative quenching or reductive quenching by an electron acceptor or
donor, respectively. To close the catalytic cycle an electron transfer in the opposite direction must occur at a later stage
as depicted in Figure 1.4. While the catalytic cycle is similar to that with fluorescence emitters (Figure 1.3) the T,
state of phosphorescent emitters is substantially longer-lived than the S; state of fluorescent emitters and usually the

excited state from which reactions occur.

Phosphorescent OLED emitter: Phosphorescent photoredox catalyst:
S ISC
R L A ! S — oxidative reductive
quenching quenching
Fast ISC: A D
- conversion of S to T4
3 0 - reactions from T4
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E g Large AEgt: SN \N =
o Q 2 |3 -no RISC | ~
5|18 R |® =
L b ~
& @ g kisc f>> ke A
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< x
) (0]
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[} =
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Y| F a| Y
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Desired pathway: Desired pathway: PC: Photocatalyst
Phosphorescence Electron transfer ISC: Intersystem crossing

D: Electron donor
A: Electron acceptor

Figure 1.4. Second generation OLED emitters such as fac-Ir(ppy)s (3) are among the most widely used catalysts in photoredox
catalysis.



1.5 Third generation OLEDs

Third generation OLEDs employ a strategy for triplet-harvesting called thermally activated delayed fluorescence
(TADF). In a TADF emitter the energy difference between S; and T state (AEsr) is small enough to repopulate the S;
state from the T, state in a Boltzmann equilibrium at room temperature. If fluorescence from the S state and reverse
intersystem crossing (RISC) from the T; state to the S; state are fast, while the lifetime of the T, state is long, all
excitons can be channeled into fluorescence. Thus, TADF emitters have internal quantum efficiencies of up to 100%.
TADF has initially been observed in eosin Y?> and more efficiently in transition metal complexes, especially copper-
based.?®?” Today, purely organic TADF emitters of the donor-acceptor type are more widely used in OLED research
and photocatalysis.?® For photocatalysis, there are three main reasons why TADF emitters are perfect candidates for
photocatalysts. First, as most excited state molecules reside in the T state the excited state lifetime is generally long.
In acetonitrile the prototypical TADF emitter 4CzIPN has a lifetime for the delayed fluorescence of 1390 ns,?’ similar
to platinum-group based emitters. The second reason for their success as photocatalysts arises from the small AEsr.
While both, phosphorescent and TADF emitters, lose this energy upon transition into the T state, AEsr is intrinsically
small in TADF emitters, thus, less energy is lost to vibrational relaxation after ISC, and more energy is available for
chemical reactions from the T; state. Additionally, RISC constantly provides excited state molecules for reactions
from the energetically higher S; state. The third reason for the success of TADF photocatalysts is their relatively easy
synthesis and structural modification, providing access to a variety of photocatalysts with different redox potentials

as will be discussed later.

TADF OLED emitter: TADF photoredox catalyst:

VR? I .
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VR§ ISC 4 ISC $VR quenching quenching
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Desired pathway: Desired pathway:

(Delayed) fluorescence Electron transfer

Triplet harvesting via TADF:
TA = RISC— fluorescence

PC: Photocatalyst
ISC: Intersystem crossing
: Reverse intersystem crossing
: Thermal activation
D: Electron donor
A: Electron acceptor

Figure 1.5. Third generation OLEDs use TADF emitters. Triplet harvesting is achieved via thermal activation (TA) and RISC to
the S state. Photocatalysis mainly occurs from the long-lived T1 state but the S; state can also participate in reactions.



1.6 Fourth generation OLEDs

Fourth generation OLED emitters utilize a sequence termed hyperfluorescence. A TADF dye collects singlet and triplet
excitons generated in the emissive layer and transfers their energy via Forster resonance energy transfer (FRET)
from the TADF dye’s S state to a fluorescent emitter. Triplet excitons are first upconverted via TADF and the energy
transferred from the singlet state of the donor (TADF dye) to the fluorescent dye as terminal emitter. Thus,
hyperfluorescent OLEDs also have an IQE of up to 100%. The benefit over third generation OLED emitters utilizing
the TADF dye directly as emitter are high color purity and improved performance at high current densities. High color
purity is especially desirable for display applications and is improved in hyperfluorescent OLEDs due to the narrow
emission of the fluorescent emitter compared to the broad emission of TADF emitters. The drop in efficiency upon

increased current density is known as efficiency roll-off.’! There are multiple mechanisms for efficiency roll-off, of

which some are caused by bimolecular reactions between two excitons or between excitons and polarons.*? The

t,33 t,34

efficiency roll-off due to exciton-exciton annihilation such as triplet-triplet,”” singlet-singlet,”* and singlet-triplet
annihilation® as well as exciton-polaron annihilation® is reduced by shorter lifetimes. In addition to reduction in
efficiency these processes also lead to device degradation.’*% The fluorescent terminal emitter with a high
fluorescence rate quenches the long-lived excited TADF sensitizer and thus reduces the buildup of excitons.

FRET proceeds through long-range dipole-dipole coupling and only occurs if there is spectral overlap between the
emission of the donor and the absorption of the acceptor, and transitions within both molecules follow the selection
rules for absorption and emission. FRET usually refers to FRETs.s in which the singlet state of the donor transfers its
energy to the acceptor in its Sy state which is excited to its S; state. With elaborate design of donor and acceptor
FRET+s can also occur by transfer of triplet energy to an acceptor which is excited to its S state.’ However, due to
the spin-forbidden nature of the TSy transition in the donor FRET s is a slow process and thus less practical for
OLED emitters. FRET in general is also rarely used in photocatalysis because it only gives excited singlet states also
accessible by direct excitation, but it is widely used for analytical purposes due to its distance dependence of 1/r°, and

thus high sensitivity for changes in molecular geometry and assembly.*® A general Jablonski diagram for FRETs.s and

FRETrs is depicted in Figure 1.6.
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Figure 1.6. Jabtonski diagram for FRET from an excited sensitizer (donor) to an acceptor. Wavy arrows represent non-radiative
transitions and straight arrows represent radiative transitions. FRET usually refers to the more common FRETs.s but in some cases
FRETT-s is also possible.

Besides FRET, energy can also be transferred via a Dexter mechanism (DET).*' While FRET cannot change the
multiplicity of the acceptor, DET is limited only by that the overall multiplicity of the system must be retained. Thus,
DET between the T, state of the donor and the Sy state of the acceptor generally yields the T; state of the acceptor
while the donor is converted back to its So ground state. This is due to DET proceeding via electron exchange between
donor and acceptor as schematically depicted in Figure 1.7. In hyperfluorescent OLEDs Dexter energy transfer must
be suppressed as it can generate non-emissive triplet states of the terminal fluorescent emitter and contributes to device
degradation.*®*? In energy transfer (EnT) photocatalysis however, DET is the desired pathway as it can generate

reactive triplet states of the acceptor inaccessible by direct excitation or FRET.*

Energy donor: Energy acceptor:

Dexter

Pty Substrate

otocatalys Energy Transfer
(DET)

LUMO £

by ISC DET
_ —
HOMO 47
so S1 T1 SO T1

Reactive, non-emissive
Desired in EnT catalysis
Undesired in OLEDs

Figure 1.7. Energy transfer via Dexter mechanism can generate triplet excited states of the acceptor inaccessible via direct
excitation or FRET.
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Triplet states of organic molecules undergo reactions such as [2+2] cycloadditions,***7 E/Z-isomerizations, and

o-bond cleavage.’*? Indole derivative 5 depicted in Scheme 1.1 does not absorb light in the visible range, but its



triplet energy is sufficiently low for sensitization by photocatalysts absorbing light in the visible range. By using triplet

4546

sensitizers such as phosphorescent Ir-complexes or TADF emitters with sufficient triplet energy* a [2+2]

cycloaddition is induced as depicted in Scheme 1.1.

ISC
1[6*] 36]
X X
{ s o
R! E——
‘) N , N R!
R 2
35] 7 R
2CzPN(

1[6]

Scheme 1.1. Triplet sensitization induced [2+2] cycloaddition. Initially developed with iridium-based phosphorescent emitters,
fully organic TADF emitters such as 2CzPN are also effective photocatalysts for the reaction.**

While FRET can occur over long distances of up to 10 nm, DET is limited to direct contact between substrate and
sensitizer (usually below 1 nm) because sufficient orbital overlap is needed to facilitate the electron exchange.*' The
addition of steric hindrance into the sensitizer was shown to improve the efficiency of hyperfluorescent OLEDs by
suppressing the generation of non-emissive emitter triplet states,*? while a triplet sensitizer for photocatalysis must be
accessible by the substrate. Although the short range of DET makes it less efficient over long distances, it is beneficial
for enantioselective triplet sensitizations by chiral sensitizers as the substrate must be in close proximity to the chiral
information for the sensitization to occur. This was utilized for a [2+2] cycloaddition by chiral phosphoric acid
catalysts bearing TADF emitting moieties®® and for deracemization of allenes>* and alkenes®® by a chiral thioxanthone
sensitizer. The substrate-catalyst assembly responsible for the enantioselectivity in the deracemization is depicted in
Scheme 1.2. Two reasons for the selectivity were found: First, one enantiomer has a higher affinity to the chiral
photosensitizer and thus is preferentially sensitized. This only explains part of the experimentally observed
enantiomeric ratio. Another reason is that within the substrate-catalyst complex the substrate enantiomer with the R-
group facing away from the thioxanthone photosensitizer moiety places the double bond to be sensitized closer to the
thioxanthone moiety and thus makes DET within the substrate-catalyst complex more efficient. The non-
stereoselective background reaction between unbound substrate and photosensitizer is suppressed by the strong
distance dependence of DET.

As an efficient triplet sensitizer, thioxanthone is a good example for where OLED research and photocatalysis have
fundamentally different requirements. The high rate of ISC with low rate of RISC prevents thioxanthone to be a
candidate for (hyper)fluorescent OLEDs and due to the low phosphorescent yield at room temperature from the long-
lived T state it cannot give efficient phosphorescent OLEDs either. However, high rate of ISC and long triplet lifetime
are exactly the properties needed for a triplet sensitizer. This does not generally exclude thioxanthone-based molecules
from being used as OLED emitters, but optimization for OLED applications led to molecules with reduced triplet

lifetime by increasing the rate of RISC and thus in opposite directions as for EnT photocatalysis.>
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Scheme 1.2. Deracemization of chiral allenes via triplet sensitization utilizes the distance dependence of DET. Free substrate is at
a larger distance compared to bound substrate and thus the racemic background reaction leading to racemization is substantially
slower.

1.7 Importance of TADF emitters as photocatalysts

Fully organic TADF emitters are especially desirable photocatalysts, not only due to their low cost of production but
also due to their easily tunable redox properties. The prototypical TADF emitter 4CzIPN (4) was disclosed in 2012.'°
In 2016, the photocatalytic potential of such donor-acceptor TADF emitters was demonstrated on the example of a
photoredox/nickel dual catalytic C-C cross coupling!! and in 2018 a rational approach to construct photocatalysts
based on such donor-acceptor TADF molecules was published.’” Since then, 4CzIPN and similar TADF molecules
became some of the most widely used photocatalysts. The basic design principle for such photocatalysts is based on
the spatial separation of HOMO and LUMO. This is only a crude approximation and usually not sufficient for the
design of efficient TADF emitters with a small AEst, large krisc, and large kg, where locally excited states need to be
considered.’® However approximation of HOMO and LUMO as donor and acceptor centered orbitals suffices for a
rather independent tuning of oxidation and reduction potentials in the context of photocatalysis as exemplarily
depicted in Figure 1.8.%7

Although high oxidation and high reduction potentials in a single photocatalyst are often desirable, a large redox
window necessitates a large excited state energy and thus a blueshift of the absorption. For visible light photoredox
catalysis 4CzIPN stands out as a rather general photocatalyst due to its balanced redox potentials and good absorption

of light in the blue range of the visible spectrum.
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Figure 1.8. The most widely used organic donor-acceptor TADF emitters consist of a cyanoarene acceptor core with carbazole or
diphenylamine donor substituents. The core structure has the largest influence on the reductive properties and the donor substituents
have the largest influence on the oxidative properties. Redox potentials vs. SCE in MeCN (10 and 4) or MeCN/DCM 5:1 v:v (11).57

Under certain reaction conditions 4CzIPN is not photostable. However, this can be beneficial due to formation of a
more reducing photocatalyst. If reduction of an intermediate radical is too slow, photosubstitution of a cyano group
substitutes an acceptor group by a neutral or weak donor group and thus in situ generates a photocatalyst with increased
reduction potential as depicted in Scheme 1.3.%°

In redox-neutral reactions generating reactive carbanions via reductive radical-polar crossover (RRPCO)***’ donor-
acceptor TADF emitters and their photosubstitution products stand out as particularly effective and often surpass the
previous benchmark photocatalysts based on platinum-group metals. Besides a large redox window, the excited state
lifetime and stability of the photocatalyst radical anion is important for both, photosubstitution and RRPCO to provide
sufficient time for the bimolecular reactions to occur. Transient absorption spectroscopy as described in Chapter 3
showed that the reductive quenching of the excited state of photocatalyst 13 as an example for a catalytically active
photosubstitution product of 4CzIPN proceeds on the timescale of a few microseconds and the RRPCO step on the

time scale of hundreds of microseconds.®* The required excited state lifetime and radical anion stability are reached
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in many TADF emitters. Radical anions of cyanoarene-based TADF emitters have been found to be rather stable in

solution®*® and the radical anion of structurally similar dicyanoanthracene has been characterized in the solid state.®
Photocatalyst with low reduction potential
Photosubstitution generates more reducing photocatalyst
Cz
_ NC OMe
BF;K MeO . R=CN
MeO
Cz Cz
Cz OMe
OMe 14
OMe
12 A
+ - " |
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NC R NC R Generation of superbasic carbanions via electron transfer
) c
Cz Cz Cz Cz NC R MeO ©
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Scheme 1.3. Dicyanobenzene-based donor-acceptor TADF emitters such as 4CzIPN undergo photosubstitution, exchanging one
of the cyano groups by an alkyl or benzyl group.5® The molecules generated upon photosubstitution are chemically more stable
under the reaction conditions, more reducing and often the actual catalytically active species if superbasic carbanions are generated
in the reaction. This is discussed in more detail in Chapters 2 and 3.

1.8 Conclusion

In conclusion, researchers working in photocatalysis acquired a significant part of their catalyst repertoire from OLED
research. This is understandable, considering that both applications are based on excited state molecules and many of
the processes occurring within the emissive layer of an OLED also occur in a photoreactor. Both applications need
photostable molecules with excitation energies usually within or close to the visible range of the electromagnetic
spectrum. Depending on the type of OLED, singlet or triplet excited states are utilized for emission or energy transfer
to a terminal emitter and often the same excited states can trigger photocatalytic reactions. However, some properties
are optimized in opposite directions for each application. The most critical differences are the desired excited state
lifetime, efficiency of energy transfer via Forster and Dexter mechanism (FRET and DET), and efficiency of electron
transfer. Long excited state lifetimes are desired for photocatalysts to allow bimolecular reactions, while short excited
state lifetimes are desired for OLED applications to prevent efficiency roll off and device degradation. Energy transfer
via FRET is desired for hyperfluorescent OLEDs while it has little use in photocatalysis. Energy transfer via DET is
the main mechanism in energy transfer photocatalysis as it generates reactive triplet states of organic molecules not
accessible via direct excitation, but in OLEDs it generates non-emissive triplet states and leads to device degradation.
The same holds true for photoredox catalysis where electron transfer from the excited state catalyst is the desired
pathway while this reduces the efficiency and lifetime of an OLED. However, often there is substantial overlap
between what is still acceptable for an OLED emitter and what is necessary for a photocatalyst. An excited state

lifetime of 1 us for example, is considered short for a phosphorescent or TADF OLED emitter, while this is a long

13



excited state lifetime for a photocatalyst. Thus, new classes of OLED emitters are generally good candidates for future
photocatalysts, but to select the best candidates it is important to consider the different requirements for each

application and that the perfect photocatalyst is not necessarily among the best OLED emitters.
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Abstract

photosubstitution of one cyano group in dicyanobenzene based photocatalysts and TADF emitters is

reported. The reaction is a general degradation pathway for some widely used organic photocatalysts such

as 4CzIPN and suggests that the active photocatalyst in many reactions is likely different from the
photocatalyst initially added to the reaction. On the other hand, the photosubstitution is a facile route to diverse highly
reducing photocatalysts and TADF emitters.
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2.1 Introduction

The organic dye 4CzIPN (1) was developed in 2012 by Adachi and co-workers as a highly efficient thermally activated
delayed fluorescence (TADF) emitter.! In 2016, Zhang and co-workers used 4CzIPN and analogous TADF emitting
organic dyes in photoredox/Ni dual catalysis.? Only 2 years, later Zeitler and co-workers reported a rational design to
tune redox potentials of 4CzIPN and similar cyanobenzene derived photocatalysts, thus, providing access to organic
dyes for a wide range of redox potentials.® Application of 4CzIPN as an organic photocatalyst has been reviewed in
2019.% In general, 4CzIPN and closely related organic dyes perform similar to classical ruthenium and iridium based
photocatalysts. In reactions including a reductive radical-polar crossover (RRPCQ)® 4CzIPN is often superior to
transition metal based photocatalysts. In recent years, the concept has gained increasing attention with the
development of methods for photocatalytic cyclopropanations,®’ carboxylations using CO2%1° and the Truce-Smiles
rearrangement.!! In previous work employing the concept of RRPCO 4CzIPN enabled the generation of benzylic
carbanions from phenylacetic acids.’> However, it was noticed that 4CzIPN is not the active catalyst. Instead, an
exchange of one of the cyano groups by a benzyl group was observed converting 4CzIPN to 4CzBnBN within the first
minutes of the reaction according to Scheme 2.1.

N BnCOOH e 2 Bh
NC CN Co.CO,
Cz Cz DMA Cz Cz
hv ¢
Cz (Amax = 451 nm) z
4CzIPN (1) 4CzBnBN (2a)

Scheme 2.1. Previously reported in situ photosubstitution of 4CzIPN (1) to 4CzBnBN (2a).

Photosubstitution in unsubstituted dicyanobenzenes using group 14 organometallic reagents®® or aliphatic carboxylic
acids™ has been reported previously. However, only 1,2- and 1,4-dicyanobenzenes gave corresponding products in
moderate to good yields while 1,3-dicyanobenzenes gave no photosubstitution product or poor yield and unselective
reaction.
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2.2 Results and discussion

This chapter provides deeper insights into this photosubstitution, focusing on the importance for photocatalysis where
dicyanobenzene based photocatalysts are widely used. First, the influence of solvent and water on photosubstitution
of 4CzIPN with 4-fluorophenylacetic acid (see experimental part 2.4.3 for details) was tested. The reaction performs
similarly well in different polar solvents (DMA, DMF, DMSO, MeCN) and is slower in EtOAc and THF. The long
reaction time in EtOAc and THF can be attributed to the low solubility of 4CzIPN. In DCM and 'PrOH no conversion
was observed. The presence of 0 — 20 equivalents of water does not influence the reaction. Thus, it can be concluded
that photosubstitution does occur via radical recombination of intermediates A and C with subsequent cyanide
elimination from anionic intermediate D and not in an SyAr-type reaction via a carbanion. This is important to note
as it implies that many reactions using 4CzIPN to generate carbanions via RRPCO exclusively form a
photosubstitution product of 4CzIPN before carbanions are generated and 4CzIPN itself does not at all participate in
the RRPCO step. A proposed mechanism is depicted in Scheme 2.2 in agreement with the reported mechanism for
photosubstitution in unsubstituted dicyanobenzenes.** In contrast to unsubstituted 1,3-dicyano benzene, 4CzIPN
yields the corresponding photosubstitution products cleanly. A likely rational is steric hindrance by the carbazole units
allowing radical recombination only at the positions of the CN-groups. However, a trend towards increased stability
of 4CzIPN in comparison to 1,2 and 1,4 dicyanobenzene based photocatalysts has already been observed earlier by
Zhang and co-workers.? These observations suggest that in the case of 4CzIPN in the presence of good radical trapping
reagents other reaction pathways dominate over photosubstitution.

Cz Cz

NC CN NC CN
. L
Cz Cz < Cz Cz
Cz Cz S CN NG R
Cz Cz g NC R | -CN_
1 o T 2 -
+ )k B A % Cz Cz Cz Cz
_ 7} Cz
R o L, i -CO, 4 Cz ,
R (o} D

Scheme 2.2. Mechanistic proposal for the photosubstitution of 4CzIPN.

Photosubstitution in 4CzIPN and 2CzPN takes place with a variety of carboxylic acids as depicted in Scheme 2.3. The
reaction is not limited to phenylacetic acids, but also proceeds with aliphatic carboxylic acids which give non-
stabilized or stabilized alkyl radicals upon oxidation. However, the synthesis of 2h and 2I proceeds via non-stabilized
primary alkyl radical intermediates, which lead to side reactions and reduced yield. The reaction mixture turned dark
orange or brown in these cases. If secondary alkyl radicals are formed as intermediates the reaction proceeds without,
or with only small amounts of side products and the solution remains transparent. Reaction completion can be
determined by the fading of the yellow/green fluorescence of 4CzIPN. The reaction fails when electron withdrawing
groups are present or steric hindrance prohibits the radical recombination. A noteworthy substrate that gave poor
conversion and selectivity is tetrahydronaphthoic acid leading to product 2r. The radical recombination step is likely
inhibited by steric hindrance. Tetrahydronaphthoic acid reacts cleanly with the sterically more accessible 2CzPN to
give photosubstitution product 4a. Even the sterically highly demanding adamantane carboxylic acid cleanly reacted
to photosubstitution product 4c while photosubsitution was not observed with 4CzIPN. The moderate isolated yield
is attributed to difficulties in workup. Under some reaction conditions photosubstitution occurs with solvent
fragments. In presence of DABCO in DMA as solvent one cyano group was substituted by DMA to give
photosubstitution product 2p and in presence of DIPEA and oxygen a methyl group from DMSO substituted one
cyano group providing 4CzMeBN (2q). These products are also observed in trace amounts in absence of DABCO and
DIPEA, respectively.
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A: Photosubstitution in 4CzIPN : B: Photosubstitution in 2CzPN
z Cz '
RCOOH (1-4 equiv) : RCOOH (4 equiv)
NC CN Cs,CO3 (1-4 equiv) R ' Cz CN Cs,CO3 (4 equiv) Ccz CN
DMA or DMSO ! DMSO
Cz Cz  hv (Apax =451 nm) Cz Cz ' Cz CN AV (Amax = 451 nm) Cz R
Cz Cz i
4CzIPN (1) 2 ' 2CzPN ( 4
2a, 73% 2b, 67% (75%) 2c¢, 60% 29, 64% |
' 4a, 67% 4b, 76% 4c, 40%
O 0} :
MeO MeO &/ /@/\/
BocHN ' Diastereomer 1:
. . 1 43% isolated
2h, 40%2 2i, 78% 2j, 93% 2d, 59% ; MeO o Isotate
: Diastereomer 2:
s (\O n-Cq7H3s | 39% isolated
QO OMe K/ PR
2e, 86% 2f, 77% 2K, 54%2 21, 41%3 :
= MeO o 5
\g/\©/\/ : Unsuccessful with 4CzIPN:
2m, 78%P 2n, 72% 20, 41% R 5
(82%) 5 !
Substitution by solvents and solvent fragments: i :
E 2r (0%) 2s (0%) !
DMA DMSO DMSO-dg ! ,
o ; Generally unsuccessful: !
L HaC DsC : 5
'}1/\;’! \)’f \if E o /@/y i
CHs ; EWG 5

P (21%)®¢  2q (46%)° 2q-d; (44%)¢

Scheme 2.3. Substrate scope for photosubstitution in 4CzIPN and 2CzPN. All yields are isolated yields; products were purified by
recrystallization of the crude product unless otherwise noted; yields in parentheses are from upscaling to 1 mmol; 2purified via
column chromatography; Pcyclopropylacetic acid was used as radical precursor; SDABCO was added instead of carboxylic acid;
dDIPEA was added instead of carboxylic acid and the reaction performed under air.

The method was also successfully applied to the synthesis of chiral BINOL-derivative 7a from the corresponding
literature known TADF emitter for circularly polarized light 6a.'®> Chiral BINOL derivative 7b was synthesized from
the isomer 6b.1® Both gave the corresponding photosubstitution product in good yield as depicted in Scheme 1.3.
However, it should be mentioned that the analogous reaction with cyclobutane carboxylic acid gave a complex mixture
of products despite a clean reaction occurred with 4CzIPN and 2CzPN to products 2j and 4b, respectively.
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Scheme 2.4. Synthesis of chiral carbazolyl dicyanobenzenes and their photosubstitution. 8Synthesized one-pot; bsynthe5|zed in two
steps with isolation of intermediate 9 (see experimental part 2.4.4.2 for details).

Substitution of a cyano group in and 2CzPN 4CzIPN and its isomers 4CzPN and 4CzTPN has been proposed as a
degradation pathway of these photocatalysts in the first report of 4CzIPN"s use in photocatalysis.? The activity of each
catalyst was correlated with its stability and it was concluded that 4CzIPN was among the most active catalysts due
to its higher stability. Under the reaction conditions used by Zhang et al. this conclusion was correct. However, the
findings presented in this work indicate that this is not due to lack of catalytic activity of the degradation products but
due to a blue-shifted absorption. The 2CzPN derived molecules (4) do not absorb light above 380 nm, as depicted in

Figure 2.1.
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Figure 2.1. Absorption spectra of 2CzPN and photosubstitution products; 20 pM in MeCN.

750

Photosubstitution products of 4CzIPN, however, start to absorb below 430 nm, as depicted in Figure 2.2. Thus,

standard blue LEDs with an emission maximum near 450 nm do still excite photosubstitution products of 4CzIPN,

although less efficiently. Photosubstitution products of 2CzPN need UV light for excitation.
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Figure 2.2. Absorption spectra of 4CzIPN and photosubstitution products; 20 uM in MeCN.

The blue LEDs and CFL used by Zhang and co-workers have only little emission in the range where the
photosubstitution products of 4CzIPN absorb and almost no emission in the rage where the photosubstitution products
of 2CzPN absorb. Thus, it is not surprising that photosubstitution of the catalyst shuts down the reaction and as a
direct consequence conversion and yield are depending on the catalyst stability. However, if irradiation is shifted to
the blue edge of the visible spectrum the photosubstitution products absorb some of the light. Previous reports on
photocatalytic carbanion generation'? and isotopic labeling®” demonstrate that photosubstitution of the initial catalyst
is necessary for these reactions to occur. Comparison of the cyclic voltammograms of 4CzIPN and 2CzPN with some
of their photosubstitution products show a strong increase in ground state reduction potentials while only minor
decrease in ground state oxidation potentials is observed (Table 2.1). This is in line with the observations presented
by Zeitler and co-workers for rational design of organic photocatalysts that HOMO and LUMO can be tuned rather
independently by substitution of the acceptor and donor part, respectively.® The increased reduction potential upon
photosubstitution also explains why 4CzIPN can be used in reactions that are not expected to occur based on 4CzIPN’s
reduction potential. Benzy| radicals for example, are reported to require a reduction potential of about -1.4 V vs. SCE
to be reduced to the corresponding anion,*® which is less than 4CzIPN's reduction potential of -1.2 V., but its
photosubstitution products with a reduction potential of approximately -1.7 V' vs. SCE are reducing enough. For
2CzPN photosubstitution products Ei12(PC/PC™) is increased by 0.6 V, up to -2.1V vs. SCE. This is especially
noteworthy as 4CzIPN is among the most effective photocatalysts for reactions including an RRPCO step. The
increased reductive power of 2CzPN derived catalysts suggest that the scope of these reactions might be expanded to
substrates with reduction potentials out of reach for 4CzIPN’s photosubstitution products. A comparison of the
catalytic activity of 2CzPN, 4CzIPN and their photosubstitution products can be found in the experimental part 2.4.5.
In summary, the results show that 2CzPN’s photosubstitution products are indeed ineffective if a 451 nm LED is used
but perform well when changing the light source to a 400 nm LED. In reactions where 2CzPN is used for energy
transfer!® instead of electron transfer blue light is sufficient because 2CzPN itself still absorbs in the visible range and
photosubstitution does not occur under these conditions. Although some organic photocatalysts such as anthrolates?
and N-phenylphenothiazines?* are known to have more reductive power, these are only poorly oxidizing.
Photosubstitution products of 4CzIPN and 2CzPN come with sufficient oxidation potentials to generate radicals from
common precursors such as alkylcarboxylic acids, alkyltrifluoroborates, and alkylsilicates.??
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Table 2.1. Ground state potentials and estimated excited state potentials of 4CzIPN, 2CzPN and some photosubstitution products.
Entry Molecule Ei2(PC/PC™)*  E1n(PC/PC)*  Eip(PC/PCT)°  Eip(PC*PC)*™  Eoo[V] 7 [ns]t

1 1 -1.44 1.49 137 1.42 286 85
2 4a 2.05 1.30 2.03 128 333 11.0
3 4b 2.06 137 21,95 126 332 107
4 4c 2.06 134 -1.98 126 332 104
5 3 123 153 114 144 267 127
6 2 1.63 147 143 127 200  18.1¢
7 28 1.63 143 147 127 2900 189
8 % 170 147 1,50 128 207 184
Cz
NC R N
~
R= T \(g ‘(D
Cz Cz \8\©
& 4CzZIPN (1)
SO A(? g A@
Cz R 2CZPN ( 4a, 67% 4b, 76% 4c, 40%

aHalf wave potentials from cyclic voltammetry in MeCN vs SCE; Pexcited state potentials were estimated from the ground state
potentials and the crossing point of the normalized absorption and emission spectra; excited state lifetime measured in air-saturated
MeCN; %for excited state lifetime in deoxygenated MeCN see appendix, Figure 2.32.

Other aspects to note are that yields are generally lower if 4CzIPN is used as a catalyst precursor instead of a
photosubstitution product due to 1 equivalent of the radical precursor being consumed upon formation of the active
catalyst. Some substrates do not or not cleanly form such highly reducing catalysts in situ and solubility of the
photosubstitution products is usually lower than for their dicyanobenzene precursor (see experimental part 2.4.6).
However, the method reported herein allows the introduction of different functional groups to tune physical properties
such as solubility, if necessary.

2.3 Conclusion

In summary, dicyanobenzene based photocatalysts such as 4CzIPN react with oxidatively generated radicals under
substitution of a cyano group. The photosubstitution products should not be mistaken as degradation products but
themselves are highly reducing photocatalysts and likely the active catalyst in many reactions previously thought to
be catalyzed by 4CzIPN and similar dicyanobenzene-based photocatalysts. 2CzPN derived catalysts were found to
have ground state reduction potentials of up to -2.06 V vs. SCE and thus are more reducing than currently used
cyanobenzene based photocatalysts and their photosubstitution products while oxidation potentials are only little
affected. Absorption- and emission spectra are blue shifted by up to 50 nm, which is important for choosing a suitable
irradiation wavelength for reactions were the photocatalyst is first converted to the active catalyst. The procedure
described herein allows for an easy synthesis of these photosubstitution products to be used as photocatalysts.
Described catalysts are TADF emitting in the blue range which offers an easy method to obtain blue shifted emitters
from currently known dicyanobenzene based TADF emitters and thus may also contribute to the development of
organic LEDs.
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2.4 Experimental part

2.4.1 General information

All reactions were conducted in dried and deoxygenated solvents unless otherwise stated. Solvents for column

chromatography were distilled prior to use. Commercially available starting materials were used as received.

NMR Analysis

NMR spectra were recorded using a Bruker Avance 400 (400 MHz for 'H, 101 MHz for 1*C, 376 MHz for '°F) except
for compound 2p which was measured on a Bruker DRX-500 (500 MHz for 'H, 126 MHz for '3C). Chemical shifts
are reported in ppm on the § scale with the solvent residual signal as internal standard (CDCls: 7.26 ppm for 'H and
77.00 ppm for '*C; CD,Cly: 5.32 ppm for 'H, 53.84 Hz for '3C). As abbreviations for the multiplicity were used: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet. Spectra were analyzed using Topspin 4.0.6.

Thin Layer Chromatography
Thin layer chromatography was done on with silica gel pre-coated aluminum sheets (Machery-Nagel, silica gel 60

G/UV254, 0.2 mm) and for visualization UV-light (254 nm and 365 nm) and potassium permanganate stain.

Cyclic Voltammetry

CV measurements were performed by Regina Hoheisel with the three-electrode potentiostat galvanostat
PGSTAT302N from Metrohm Autolab using a glassy carbon working electrode, a platinum wire counter electrode, a
silver wire as a reference electrode and tetrabutylammonium tetrafluoroborate (TBATFB) (0.1 M) as supporting
electrolyte. Potentials vs. Saturated Calomel Electrode with ferrocene added as internal standard with

E1p(Fc/Fc*)=0.380 V vs SCE.

UV/Vis

UV/Vis spectra were measured on a Cary 4000 UV/Vis at room temperature in air-saturated MeCN.

Fluorescence emission
Fluorescence emission spectra were measured on a Horiba FluoroMax-4 spectrometer at room temperature in air-

saturated MeCN at a concentration of 20 uM with an excitation wavelength of 350 nm.

Fluorescence lifetime
Fluorescence lifetime was measured on a Horiba DeltaFlex system with Horiba DeltaDiode DD-370 (370 nm) at room

temperature in air-saturated MeCN unless otherwise stated.

High resolution mass spectrometry
HRMS were measured at the Central Analytical Laboratory of the University of Regensburg on an Agilent Q-TOF
6540 UHD instrument and compound 2p at King Abdullah University of Science and Techlology (Thuwal, Saudi-

Arabia) on a Thermo LTQ Velos Orbitrap mass spectrometer equipped with an ESI source.
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Melting Points
Melting points were determined using an SRS MPA100 OptiMelt Automated Melting Point System.

2.4.2 Photoreactor setups

Photoreactions were performed in the reactor depicted in Figure 2.3. Reagents were put into 6 mL crimp-capped vials.
The vials fit into a cooling block kept at 25 °C by a thermostat. The vials were irradiated from below via OSRAM
Oslon SSL 80 LT-1960 royal-blue LEDs (Amax = 451 nm). Short wavelength irradiation was done with Edison EDEV-

SLC1-03 LEDs (Amax = 400 nm). Stirring was achieved via a magnetic stirrer placed below the reactor.

Figure 2.3. Photoreactor setup for small scale reaction. A: Cooling block front view; B: Cooling block and LED module top view;
C: Photoreactor setup in operation.

The reactions at 1 mmol scale were performed in a crimp-capped vial placed into the reactor depicted in Figure 2.4.
Stirring was achieved via a magnetic stirrer placed below the reactor. The reaction mixture was irradiated by 36 blue

LEDs.

Figure 2.4. Reactor for large scale reactions. A: Front view; B: Top view; C: Photoreactor in operation.
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2.4.3 Effect of water and solvent on photosubstitution in 4CzIPN

To investigate the mechanism of the photosusbtitution and to estimate in which solvents it occurs, the
photosubstitution reaction between 4CzIPN and 4-fluorophenylacetic acid (8a) was performed under different

conditions.

Table 2.2. Screening of solvents, carboxylic acid equivalents and water tolerance.

RG]

4CzIPN 8a 2b
Entry Solvent Carboxylic acid (8) (equiv.)  Water (equiv.) Reaction time Conversion
1 DMF 4 0  510min | Rl
2 MeCN 4 0 10-30 min Full
3 DMSO 4 0 5-10 min Full
4 EtOAC 4 0 16 h Moderate
5 DCM 4 0 16 h
6 THF 4 0 16 h Full
7 ProH 4 0 16h ﬁ
8 DMA, air 4 0 10-30 min Full
9 DMA 4 0 2-5min Full
10 DMA 4 4 2-5min Full
11 DMA 4 8 2-5min Full
12 DMA 4 12 2-5min Full
13 DMA 4 16 2-5min Full
14 DMA 4 20 2-5min Full
15 DMA 1 0 10 min Almost full
16 DMA 15 0 2-5min Full
17 DMA 2 0 2-5min Full
18 DMA 25 0 2-5min Full
19 DMA 3 0 2-5min Full
29 DMA 3.5 0 2-5min Full

General reaction conditions: Inside crimp-capped vial with 2 mL solvent (15 mM). All solid compounds added before closing the
vial. Solvent and water added through septum after flushing vial with Na. Degassed by 3 cycles of freeze-pump-thaw except for
entry 8 which was not degassed. Reaction end was determined by fading of 4CzIPN's green-yellow fluorescence.
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2.4.4 Synthetic procedures

2.4.4.1 General procedure 2-A: Synthesis of carbazole(9-yl)-dicyanobenzenes

Derived from literature procedure.?’

Carbazole (1.1 equiv. per substituted fluorine) is dissolved in anhydrous THF (0.14 M based on fluorinated
benzonitrile derivative). A solution of NaHMDS (2M in THF) is added via cannula while cooling in an ice bath. The
solution is stirred at room temperature for 30 min. Fluorinated benzonitrile derivative is dissolved in a few mL THF
and added dropwise. The reaction mixture is stirred for 24 h at 60 °C in an oil bath. The solvent is removed under
reduced pressure and the residue suspended in diethyl ether. The solid is filtered and washed with diethyl ether (40 mL
per mmol product). The solid is extracted with chloroform until the extract is almost colorless (roughly 70 mL per
mmol product). The solvent is removed under reduced pressure and washed with a 9:1 mixture of hexane/acetone

(vol:vol, 5 mL per mmol product) and hexane (5 mL per mmol product). The product is dried under high vacuum.

2,4,5,6-Tetrakis(9H-carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN, 1)

N
NC CN

N oY

Synthesized according to general procedure 2-A on 5 mmol scale. The product was obtained as a bright yellow powder
(3.20 g, 4.06 mmol, 81%).The 'H-NMR spectrum is in accordance with literature.?

H NMR (400 MHz, CDCL): & [ppm] = 8.23 (d, J = 7.72 Hz, 2H), 7.76 — 7.66 (m, 8H), 7.53 — 7.46 (m, 2H), 7.33 (d,
J=17.60, 2H), 7.25 — 7.20 (m, 4H), 7.13 — 7.04 (m, 8H), 6.87 — 6.79 (m, 4H), 6.67 — 6.60 (m, 2H).

4,5-Di(9H-carbazol-9-yl)phthalonitrile (2CzPN, 3)

)
=

N

&

Synthesized according to general procedure 2-A on 2.5 mmol scale. The product was obtained as greenish-yellow
needles (750 mg, 1.64 mmol, 65%).The '"H-NMR spectrum is in accordance with the previously reported spectrum. '’
'"H NMR (400 MHz, CDCl3): § [ppm] = 8.32 (s, 2H), 7.80 (d, J = 7.49 Hz, 4H), 7.15 — 7.04 (m, 12H).
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2.4.4.2 Synthesis of chiral BINOL containing carbazole(9-yl)-dicyanobenzenes

The procedure for synthesis of BINOL containing dicyanobenzenes was derived from literature procedure. '’

2,3-Di(9H-carbazol-9-yl)benzo[b]dinaphtho([2,1-e:1',2'-g][1,4]dioxocine-1,4-dicarbonitrile (6a)

o, s
(6]
O
L Loy

Literature known compound 6a was synthesized according to the procedure reported in literature. '

Tetrafluoro terephtalonitrile (100 mg, 500 umol, 1 equiv.) was dissolved in dry DMF (2.5 mL). Potassium carbonate
(138 mg, 1 mmol, 2.0 equiv.) and (S)-(-)-1,1’-bi(2-naphtol) (143 mg, 500 umol, 1 equiv.) were added and the reaction
mixture was stirred over night at room temperature under nitrogen. Potassium carbonate (2.5 mmol, 346 mg, 5 equiv.)
and carbazole (1.1 mmol, 184 mg, 2.2 equiv.) were added. The reaction mixture was stirred for 2.5 h at room
temperature under nitrogen. The reaction mixture was diluted with water (2 mL) and DCM (5 mL), and the organic
phase was washed with water (3 x 5 mL) and brine (1 x 5 mL). The organic phase was dried over Na,SOj, and the
solvent was removed under reduced pressure. The resulting yellow solid was purified via column chromatography
(25% EA in PE) to give the desired product as yellow solid (319 mg, 431 pmol, 86 %).

TLC: R;=0.38 (20% EA in PE). 'TH NMR (400 MHz, CDCl3): 3 [ppm] = 8.16 (d, J=8.84 Hz, 2H), 8.06 (d,
J=8.20 Hz, 2H), 7.82 — 7.73 (m, 4H), 7.67 — 7.57 (m, 6H), 7.52 — 7.45 (m, 2H), 7.28 — 7.16 (m, 6H), 6.99 — 6.93 (m,
2H), 6.82 — 6.69 (m, 4H) ¥C{'H} NMR (101 MHz, CDCl3): 6 = 151.1, 149.3, 138.9, 138.3, 135.0, 132.4, 132.0,
131.8, 128.6, 127.6, 126.7, 126.6, 125.8, 125.1, 124.9, 124.1, 123.9, 121.3, 121.0, 120.6, 120.3, 119.9, 114.4, 111.7,
109.7, 109.6.

1,4-Difluorobenzo[b]dinaphtho[2,1-¢:1',2'-g][1,4]dioxocine-2,3-dicarbonitrile (9)

o
CN
O
o}
CN
F

Tetrafluoro phtalonitrile (200 mg, 1 mmol, 1 equiv.) was dissolved in dry DMF (5 mL). Potassium Carbonate (276 mg,
2 mmol, 2.0 equiv.) and (S)-(-)-1,1’-bi(2-naphtol) (286 mg, 1 mmol, 1 equiv.) were added and the reaction mixture
was stirred over night at room temperature under nitrogen. The solution was diluted with dichloromethane, washed
with water (3 x 5 mL) and brine (5 mL) and dried over Na,;SO4. The solvent was removed under reduced pressure.
The product was purified via column chromatography (25% EA in PE) to give the desired product as a yellow solid.
(242 mg, 542 pumol, 54%).

Regioselectivity of the substitution was determined via NMR. 'H, '°F and '3C spectra are in accordance with a C»-

symmetric molecule and literature.'®
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TLC: R;=0.45(20% EA in PE). 'TH NMR (400 MHz, CDCl3): & [ppm] = 8.06 (d, J=8.88 Hz, 2H), 8.01 (d,
J=28.24 Hz, 2H), 7.61 — 7.54 (m, 2H), 7.50 — 7.44 (m, 2H), 7.44 — 7.36 (m, 4H). *C{'H} NMR (101 MHz, CDCl3):
8 =153.4 (dd, J=262.75, 3.30 Hz), 148.7, 143.8 (dd, J = 11.04, 5.00 Hz), 132.1, 131.8, 131.7, 128.4, 127.6, 126.5,
126.4,124.6, 120.0, 109.5, 99.0 (dd, J = 14.43, 6.34 Hz). F NMR (376 MHz, CDCl5): & =-122.86 (s). HRMS (FD+)
m/z: [M]" Calcd for CosH12N,O,F, 446.0861; Found: 446.0865.

1,4-Di(9H-carbazol-9-yl)benzo[b]dinaphtho([2,1-¢:1',2'-g][1,4]dioxocine-2,3-dicarbonitrile (6b)

A 10 mL Flask was loaded with difluorinated precursor S2 (200 mg, 432 umol, 1 equiv.) and dry DMF (5 mL).
Potassium carbonate (298 mg, 2.16 mmol, 5 equiv.) and carbazole (159 mg, 951 pumol, 2.2 equiv.) were added. The
reaction mixture was stirred for 2.5 h at room temperature under nitrogen. After completion of the reaction, the mixture
was diluted with water (2 mL) and dichloromethane (5 mL), the organic phase washed with water (3 x 5 mL) and
brine (1 x 5 mL). The organic phase was dried over Na,SO4 and the solvent removed under reduced pressure. The
solid was purified via column chromatography (25% EA in PE) and recrystallized from Et,O to give the desired
product as colourless solid (279 mg, 376 pmol, 87 %).

TLC: R; =0.25(20% EA in PE). 'H NMR (400 MHz, CDCls3): § [ppm] = 8.26 (d, J=7.72 Hz, 2H), 8.13 (d,
J=17.40 Hz, 2H), 7.86 (d, J = 8.28 Hz, 2H), 7.79 (d, J = 8.92 Hz, 2H), 7.74 — 7.68 (m, 2H), 7.52 (t, J = 7.36 Hz, 2H),
7.49 — 7.42 (m, 4H), 7.29 — 7.16 (m, 8H), 6.83 (d, J = 8.08 Hz, 2H), 6.60 (d, J=9.00 Hz, 2H), . BC{'H} NMR
(101 MHz, CDCl3): 6 = 152.9, 148.9, 140.6, 140.4, 135.3, 131.9, 131.6, 131.5, 128.3, 127.1, 126.8, 126.7, 126.6,
126.2, 124.6, 124.5, 124.1, 121.8, 121.3, 121.2, 120.6, 119.7, 114.3, 112.0, 109.9, 109.3. HRMS (FD+) m/z: [M]*
Calcd for Cs2H2sN4O» 740.2207; Found 740.220.
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2.4.4.3 General procedure 2-B: Photosubstitution in dicyanobenzene photocatalysts

Dicyanobenzene derivative (90 umol), carboxylic acid (1.5 — 4 equiv.) and Cs,COs (same equivalents as carboxylic
acid) are added to a 9 mL crimp vial. The vial is capped, evacuated via cannula and backfilled with nitrogen. Via
syringe 6 mL of DMSO is added. The reaction mixture is degassed by 3 cycles of freeze-pump-thaw. The solution is
irradiated with blue light (451 +20 nm) for 5 — 30. min. If 4CzIPN is used as substrate completion of the reaction can
be seen by the fading of 4CzIPN'’s characteristic yellow/green fluorescence (see Figure 2.5). The content of the vials
is diluted with DCM or EtOAc, washed with water and brine. The organic phase is dried over Na,SO4, and the solvent
evaporated under reduced pressure. Most products can be crystallized by dissolving the residue in an appropriate
amount of DCM, addition of approximately the same amount of EtOAc and evaporation of the DCM either under
reduced pressure or under ambient conditions, if higher quality crystals are needed. The crystals are filtered, washed
with EtOAc and Et,O and dried under vacuum. Additional product can be obtained from the remaining solution by
repeating the procedure or column chromatography. However, column chromatography with EtOAc/PE mixtures is
not recommended, as products tend to precipitate on the column. For some photosubstitution products DCM/PE
mixtures were later found to be suited solvent mixtures for column chromatography.

Reactions with phenylacetic acid derivatives can be performed in DMSO, DMA, DMF and MeCN if the phenylacetic
acid derivative is at least moderately soluble. Reactions with alkyl substituted carboxylic acids give best yields in

DMSO and poor to no yield of desired product in DMA, DMF and MeCN. DMSO turned out to be the most reliable

solvent.

2b

4CzIPN

Figure 2.5. A: Photosubstitution reactions in the photoreactor. Fading of the yellow/green fluorescence indicates full conversion
of 4CzIPN; B: TLC of photosubstitution in 4CzIPN with 4-fluorophenylacetic acid under 254 nm light; C: TLC under 365 nm
light.
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3-Benzyl-2,4,5,6-tetra(9 H-carbazol-9-yl)benzonitrile (4CzBnBN, 2a)

VR

Literature known compound.'? Synthesized according to general procedure 2-B from 4CzIPN and phenylacetic acid
on 540 umol scale (6 x 90 pmol) in DMA. The product was obtained as yellow, crystalline solid together with one
equivalent of ethyl acetate in the crystal (375 mg, 398 umol, 74%). Experimental spectra are in accordance with those
previously reported. Reported literature yield was 55%, likely due to poor solubility in EtOAC/PE mixtures used for
column chromatography.

TLC: R;= 0.35 (20% EA in PE). 'H NMR (400 MHz, CDCL3): § [ppm] = 8.19 (d, J= 7.7 Hz, 2H), 7.71 — 7.59 (m,
6H), 7.47 —7.38 (m, 4H), 7.27 (t, J= 7.8 Hz, 4H), 7.10 — 6.99 (m, 10H), 6.92 (d, J = 8.08 Hz, 2H), 6.76 (t,J = 7.4 Hz,
2H), 6.62 (t, J=7.5 Hz, 2H), 6.53 (t, J=7.24 Hz, 1H), 6.46 (t, J=7.42 Hz, 2H), 5.95 (d, J=7.16 Hz, 2H), 4.13 (q,
J=1.15 Hz, 2H), 3.80 (s, 2H), 2.05 (s, 3H), 1.26 (t, J=7.16 Hz, 3H). B*C{H} NMR (101 MHz, CDCl3): § = 171.1,
145.4, 142.0, 140.9, 140.1, 139.9, 138.8, 138.6, 137.8, 136.1, 127.7, 127.3, 126.7, 125.9, 125.42, 125.35, 124.2,

124.14, 124.06, 123.7,123.5, 121.2,121.1, 121.0, 120.6, 120.2, 120.1, 119.3, 117.6, 112.5, 110.1, 110.0, 109.8, 109.0,
60.4, 35.0,21.0, 14.2.

2,3,4,6-Tetra(9H-carbazol-9-yl)-5-(4-fluorobenzyl)benzonitrile (2b)

e

SRRV

Synthesized according to general procedure 2-B from 4-fluorophenylacetic acid on 270 umol scale (6 x 45 pmol) in
DMA. The product was obtained as a yellow, crystalline solid (158 mg, 181 umol, 67%).

TLC: R;=0.38 (20% EA in PE). '"H NMR (400 MHz, CDCl3): § [ppm] = 8.21 (d, J = 7.68 Hz, 2H), 7.72 — 7.63 (m,
6H), 7.49-7.41 (m 4H), 7.28 (t, J= 7.44 Hz, 4H), 7.14 - 7.00 (m, 10H), 6.94 (d, J = 8.24 Hz, 2H), 6.77 (t, /= 7.32 Hz,
2H), 6.69 — 6.61 (m, 2H), 6.22 — 6.12 (m, 2H), 5.94 — 5.85 (m, 2H), 3.77 (s, 2H). BC{'H} NMR (101 MHz, CDCl3):
8 =161.0 (d, J=245.03 Hz), 145.0. 141.9, 140.7, 140.1, 140.0, 138.8, 138.5, 137.8, 136.3, 132.3, 132.25, 128.9,
128.8, 126.8, 125.4, 124.2, 124.12, 124.07, 123.7, 123.5, 121.4, 121.1, 121.1, 120.8, 120.22, 120.18, 120.17, 119.4,
117.7, 114,6, 114.4, 112.5, 110.0, 109.9, 109.7, 107.0, 34.1. F NMR (377 MHz, CDCL): & [ppm] = -117.32 — -
117.42 (m). HRMS (+ESI) m/z: [M + H]" Calcd for Cs;H3oNsF 872.3184; Found 872.3182.
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2,3,4,6-Tetra(9H-carbazol-9-yl)-5-(1-phenylethyl)benzonitrile (4CzPEBN, 2¢)

CH,

O N
CN
oNoWg
SR

Literature known compound.® Synthesized according to general procedure 2-B from 4CzIPN and 2-phenylpropionic
acid on 360 pmol scale (4 x 90 umol) in DMA. The product was obtained as a yellow, crystalline solid (188 mg,
217 umol, 60%). NMR spectra are in agreement with those previously reported.
TLC: R; =0.29 (20% EA in PE). '"H NMR (400 MHz, CDCl3): § [ppm] = 8.19 (d, J=7.69 Hz, 1H), 8.05 (d,
J=17.53 Hz, 1H), 7.74 (d, J = 7.69 Hz, 1H), 7.70 — 7.62 (m, 3H), 7.54 (t, J = 8.21 Hz, 2H), 7.48 — 7.40 (m, 2H), 7.37
(t,J=17.67 Hz, 1H), 7.29 — 7.08 (m, 9H+2 from residual solvent peak), 7.02 (d, J = 8.25 Hz, 1H), 6.99 — 6.90 (m, 3H),
6.90 — 6.82 (m, 2H), 6.79 — 6.69 (m, 4H), 6.69-6.59 (m, 4H), 6.47 — 6.39 (m, 3H), 4.26 (q, J=7.39 Hz, 1H), 1.52 (d,
J=1.53 Hz, 3H). BC{'H} NMR (101 MHz, CDCl): & = 152.5, 142.5, 142.3, 142.2, 142.1, 140.6, 140.3, 140.1,
139.4,139.1, 138.5, 138.1, 138.02, 138.00, 127.8, 127.3, 126.4, 126.4, 126.0, 125.7, 125.4, 125.0, 124.8, 124.5, 124.1,

124.0, 123.9, 123.8, 123.6, 123.5, 123.5, 123.4, 121.1, 121.03, 121.01, 120.8, 120.7, 120.6, 120.4, 120.31, 120.29,
120.2, 120.1, 120.0, 119.7, 119.2, 119.2, 111.5, 110.7, 110.6, 110.5, 110.31, 110.28, 110.2, 109.9, 108.9, 38.8, 18.6.

tert-Butyl (4-(2,3,4,6-tetra(9H-carbazol-9-yl)-5-cyanobenzyl)phenyl)carbamate (2d)

Crs2
O N
BocHN O o
e S
SR

Synthesized according to general procedure 2-B on 360 umol scale (4 x 90 pmol) in DMA. The product was obtained
as a yellow, crystalline solid. Isolated yield: 206 mg, 213 pmol, 59%.
TLC: R/=0.23 (20% EA in PE). "H NMR (400 MHz, CDCl3): § [ppm] = 8.19 (d, J = 7.65 Hz, 2H), 7.72 — 7.64 (m,
4H), 7.64 — 7.57 (m, 2H), 7.44 — 7.36 (m, 4H), 7.30 — 7.22 (m, 4H, overlapping with CHCl; signal), 7.12 — 6.98 (m,
10H), 6.90 (d, J = 8.25 Hz, 2H), 6.76 (t,J = 7.33 Hz, 2H), 6.66 — 6.59 (m, 2H), 6.45 (d, J = 8.25 Hz, 2H), 5.92 (s, 1H),
5.84 (d, J=8.41 Hz, 2H), 3.71 (s, 2H), 1.46 (s, 9H). *3C{'H} NMR (101 MHz, CDCL): § = 152.4, 145.7, 141.9,
140.8, 140.1, 139.9, 138.9, 138.7, 137.8, 136.3, 136.2, 131.3, 128.1, 126.7, 125.5, 124.2, 124.1, 124.0, 123.7, 123.5,

121.2,121.03,121.01, 120.6, 120.14, 120.13, 120.1, 119.3, 117.7, 117.6, 112.5, 110.1, 110.0, 109.8, 109.1, 80.3, 34.3,
30.91, 28.3. HRMS (+ESI) m/z: [M + Na]* Calcd for Cs7H4sNsO>Na 969.3912; Found 969.3904.
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2,3,4,6-Tetra(9H-carbazol-9-yl)-5-(thiophen-2-ylmethyl)benzonitrile (2e)

O | O

Synthesized according to general procedure 2-B from 4CzIPN and 2-thiopheneacetic acid on 360 umol scale
(4 x 90 umol) in DMA. The product was obtained as a yellow, crystalline solid (266 mg, 309 pumol, 86%).

TLC: R;=0.31 (20% EA in PE). "H NMR (400 MHz, CDCl3): § [ppm] = 8.21 (d, J = 7.68 Hz, 2H), 7.72 — 7.62 (m,
6H), 7.51 (d, J=8.12 Hz, 2H), 7.46 — 7.40 (m, 2H), 7.30 — 7.25 (m, 4H + 1H from CHCI; signal), 7.11 — 7.01 (m,
10H), 6.92 (d, J=8.16 Hz, 2H), 6.79 — 6.74 (m, 2H), 6.66 — 6.61 (m, 2H), 6.52 (dd, /= 5.12, 1.12 Hz, 1H), 6.00 (dd,
J=5.12,3.48 Hz, 1H), 5.37 (dd, J = 3.40, 0.84 Hz, 1H), 4.02 (s, 2H). BC{'H} NMR (101 MHz, CDCl3): § = 144.6,
141.9, 140.7, 140.3, 140.2, 138.8, 138.7, 138.6, 137.8, 136.2, 126.7, 126.0, 125.44, 125.36, 125.1, 124.21, 124.17,
124.1, 123.7, 123.6, 123.5, 121.3, 120.7, 120.18, 120.16, 120.1, 119.3, 117.6, 112.5, 110.0, 109.9, 109.8, 109.1, 29.3.
HRMS (+ESI) m/z: [M + H]* Calcd for CeoH3sNsS 860.2842; Found 860.2840.

2,3,4,6-Tetra(9H-carbazol-9-yl)-5-(naphthalen-2-ylmethyl)benzonitrile (2f)

CN

®
Ny
SRV

Synthesized according to general procedure 2-B from 4CzIPN and 2-naphthaleneacetic acid on 30 umol scale in
DMA. The product was obtained as a yellow, crystalline solid (23 mg, 23 pmol, 77%).
TLC: Ry=0.35 (20% EA in PE). '"H NMR (400 MHz, CDCl3): & [ppm] = 8.16 (d, J = 7.69 Hz, 2H), 7.70-7.61 (m,
4H), 7.55 (t, J="7.03 Hz, 2H), 7.44 (d, J=8.13 Hz, 2H), 7.35 (t, J=7.29 Hz, 3H), 7.31 — 7.22 (m, 4H), 7.20 — 7.13
(m, 2H), 7.10 — 6.95 (m, 11H), 6.95 — 6.87 (m, 3H), 6.75 (t, J="7.35 Hz, 2H), 6.62 (t, J=7.25 Hz, 2H), 6.22 (dd,
J=18.39, 1.50 Hz, 1H), 6.03 (s, 1H), 4.13 (q, J=7.14 Hz, 2H), 3.95 (s, 2H), 2.05 (s, 3H), 1.27 (t, J="7.17 Hz, 3H).
3C{'H} NMR (101 MHz, CDCl3): § = 171.1, 145.2, 142.0, 140.8, 140.1, 140.0, 138.8, 138.7, 137.8, 136.2, 133.5,
132.5,131.6,127.7,127.0, 126.9, 126.7, 126.6, 125.6, 125.4, 125.3, 125.0, 124.17, 124.16, 124.1, 123.7, 123.5, 121.3,

121.01, 120.96, 120.7, 120.2, 120.1, 120.0, 119.3, 117.7, 112.5, 110.1, 109.9, 109.8, 109.0, 60.4, 35.2, 21.0, 14.2.
HRMS (+EST) m/z: [M + H]" Caled for CesHiNs 904.3435; Found 904.3429.
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2,3,4,6-Tetra(9H-carbazol-9-yl)-5-(4-oxocyclohexyl)benzonitrile (2g)

Synthesized according to general procedure 2-B from 4CzIPN and 4-oxocyclohexanecarboxylic acid on 180 pmol
scale (2 x 90 umol) in DMSO. The product was obtained as a yellow, crystalline solid (89 mg, 103 umol, 64%).
Melting point: 386 — 390 °C. TLC: R;=0.15 (20% EA in PE). '"H NMR (400 MHz, CDCl3): § [ppm] = 8.22 (d,
J=17.68 Hz, 2H), 7.75 (d, J = 7.32 Hz, 2H), 7.69 — 7.60 (m, 4H), 7.47 — 7.37 (m, 4H), 7.30 (d, J= 7.32 Hz, 2H), 7.20
(d,J=17.72 Hz, 2H), 7.18 — 7.12 (m, 4H), 7.12 — 7.06 (m, 2H), 7.04 — 6.98 (m, 4H), 6.94 (d, J = 8.28 Hz, 2H), 6.81 —
6.74 (m, 2H), 6.70 — 6.62 (m, 2H), 2.87 — 2.74 (m, 1H), 1.98 — 1.86 (m, 2H), 1.86 — 1.77 (m, 2H), 1.66 — 1.49 (m, 2H
+ 1H residual water), 1.38 — 1.25 (m, 2H). BC{!H} NMR (101 MHz, CDCl3): = 208.5, 150.2, 142.9, 142.5, 141.5,
140.8, 140.0, 138.7, 138.3, 138.1, 126.9, 125.7, 125.4, 124.5, 124.1, 124.1, 123.6, 123.5, 121.6, 121.5, 121.1, 121.0,
120.5, 120.2, 120.1, 119.8, 119.4, 111.5, 110.3, 110.0, 109.7, 41.4, 40.0, 31.8. HRMS (+ESI) m/z: [M + Na]* Calcd
for Cs1H41NsONa 882.3203; Found 882.3203.

Methyl 3-(2,3.,4,6-tetra(9H-carbazol-9-yl)-5-cyanophenyl)propanoate (2h)

CN

DI
SRRV
Synthesized according to general procedure 2-B from 4CzIPN and succinic acid monomethylester on 240 umol scale
(4 x 60 pmol) in DMSO. The crude product was purified via column chromatography (5>20% EA in PE) and the
product obtained as a yellow, crystalline solid, crystallized with 0.75 equivalents ethyl acetate (90 mg, 96 pmol, 40%.)
TLC: R;=0.23 (20% EA in PE). "H NMR (400 MHz, CDCl3): § [ppm] = 8.22 (d, J = 7.69 Hz, 2H), 7.73 — 7.63 (m,
6H), 7.60 (d, J = 8.05 Hz, 2H), 7.44 (t, J=7.45 Hz, 2H), 7.26 (t, J = 8.63 Hz, 4H), 7.14 (d, /= 7.89 Hz, 2H), 7.18 —
6.99 (m, 8H), 6.90 (d, J=8.05 Hz, 2H), 6.74 (t, J=7.39 Hz, 2H), 6.61 (t, J="7.61 Hz, 2H), 2.97 (s, 3H), 2.87 (4,
J=1.33 Hz, 2H), 1.72 (t,J = 7.35 Hz, 2H). BC{'H} NMR (101 MHz, CDCL): § = 171.2, 144.4, 142.2, 140.9, 140.4,
140.2, 138.7, 137.8, 136.3, 126.9, 125.51, 125.4, 124.2, 124.1, 124.0, 123.7, 123.4, 121.4, 121.2, 121.0, 120.8, 120.2,

120.12, 120.11, 119.3, 117.5, 112.4, 110.1, 109.97, 109.95, 109.3, 51.2, 32.8, 24.5. HRMS (+ESI) m/z: [M + H]*
Calcd for CsoHgoNsO2 850.3177; Found 850.3172.
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Methyl 4-(2,3,4,6-tetra(9H-carbazol-9-yl)-5-cyanophenyl)cyclohexane-1-carboxylate (2i)

o

CN

PINPINY,

Synthesized according to general procedure 2-B from 4CzIPN and 4-(methoxycarbonyl)cyclohexanecarboxylic acid

MeO

on 240 pmol scale (4 x 60 umol) in DMSO. The product was obtained as a yellow, crystalline solid (169 mg,
187 umol, 78%).

TLC: R;=0.18 (20% EA in PE). "H NMR (400 MHz, CDCl3): § [ppm] = 8.24 (d, J = 7.32 Hz, 2H), 7.75 — 7.65 (m,
4H), 7.65 — 7.59 (m, 2H), 7.45 (t, J=7.34 Hz, 4H), 7.27 (d, J=8.04 Hz, 2H), 7.18 — 6.96 (m, 12H), 6.91 (d,
J=8.08 Hz, 2H), 6.75 (t, J=7.32 Hz, 2H), 6.68 — 6.61 (m, 2H), 3.36 (s, 3H), 2.52 — 2.42 (m, 1H), 1.74 (d,
J=11.56 Hz, 2H), 1.55 — 1.42 (m, 3H), 1.33 — 1.18 (m, 2H). *C{!H} NMR (101 MHz, CDCl): § = 175.2, 151.8,
142.8,142.7,141.4, 140.4, 139.9, 138.8, 138.1, 138.0, 126.8, 125.4, 125.3, 124.4, 124.00, 123.98, 123.5, 123.4, 121.3,
121.2,121.0, 120.7, 120.3, 120.0, 120.0, 119.6, 119.3, 111.6, 110.3, 110.00, 109.98, 109.7, 51.3,41.7,41.0, 31.8, 29.2.
HRMS (+ESI) m/z: [M + H]" Caled for Cs3Ha6N50, 904.3652; Found 904.3642.

2,3,4,6-Tetra(9H-carbazol-9-yl)-5-cyclobutylbenzonitrile (2j)

N
CN

PR

Synthesized according to general procedure 2-B from 4CzIPN and cyclobutanecarboxylic acid on 360 umol scale
(4 x 90 umol) in DMSO. The product was obtained as a yellow, crystalline solid (273 mg, 343 pmol, 93%).

Melting point: 376 — 380 °C. TLC: Ry = 0.34 (20% EA in PE). "H NMR (400 MHz, CDCls): § [ppm] = 8.22 (d,
J=17.68 Hz, 2H), 7.80 — 7.64 (m, 8H), 7.46 (t, J=7.34 Hz, 2H), 7.29 (t, J=7.01 Hz, 4H), 7.18 — 7.01 (m, 10H), 6.88
(d, J=8.24 Hz, 2H), 6.77 (t, J = 7.34 Hz, 2H), 6.61 (t, J=7.46 Hz, 2H), 3.59 — 3.45 (m, 1H), 1.39 — 1.23 (m, 2H),
1.06 — 0.83 (m, 2H), 0.50 — 0.35 (m, 2H). *C{'H} NMR (101 MHz, CDCl): § = 147.7, 140.4, 140.3, 139.3, 139.2,
139.0,138.9,137.9, 135.5, 126.7, 125.42, 125.41, 124.2, 124.4, 124.0, 123.5, 123.5, 121.3, 121.1, 120.9, 120.6, 120.2,

120.14, 120.07, 119.3, 117.2, 112.8, 110.0, 109.9, 109.7, 109.4, 37.7, 29.7, 17.8. HRMS (+ESI) m/z: [M + H]" Calcd
for CsoHsoNs 818.3278; Found 818.3282.
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2,3,4,6-Tetra(9H-carbazol-9-yl)-5-((2-methoxyethoxy)methyl)benzonitrile (2k)

MeO\/\O N
CN

i L
I! N i
Synthesized according to general procedure 2-B from 4CzIPN and 2-(2-methoxyethoxy)acetic acid on 270 pmol scale
(3 x 90 umol) in DMSO. The product was obtained as a yellow, crystalline solid (125 mg, 147 pmol, 54%).
TLC: R;=0.18 (20% EA in PE). "H NMR (400 MHz, CDCl3): § [ppm] = 8.21 (d, J = 7.73 Hz, 2H), 7.74 — 7.64 (m,
6H), 7.59 (d, J=8.09 Hz, 2H), 7.43 (t, /= 7.35 Hz, 2H), 7.53 (d, /= 5.26 Hz, 2H), 7.25 - 7.21 (m, 2H), 7.19 - 7.13
(m, 2H), 7.11 — 7.01 (m, 8H), 6.89 (d, J=8.25 Hz, 2H), 6.77 (t, J=4.23 Hz, 2H), 6.63 (t, J=7.71 Hz, 2H), 4.15 (s,
2H), 2.72 (s, 3H), 2.48 (t, ] = 4.76 Hz, 2H), 2.31 (t, ] = 4.86 Hz, 2H). BC{'H} NMR (101 MHz, CDCl3): § = 142.3,
141.8, 141.2, 141.0, 140.9, 139.4, 138.8, 137.8, 136.0, 126.7, 125.5, 125.5, 124.3, 124.1, 124.1, 123.7, 123.6, 121.2,

121.1, 121.0, 120.8, 120.2, 120.2, 120.0, 119.3, 117.6, 112.5, 110.0, 109.9, 109.5, 70.5, 69.8, 66.1, 58.3. HRMS
(+ESI) m/z: [M + H]" Calcd for CsoH4oNsO, 851.3255; Found: 851.3255.

2,3,4,6-Tetra(9H-carbazol-9-yl)-5-heptadecylbenzonitrile (21)

Synthesized according to general procedure 2-B from 4CzIPN and stearic acid on 240 pmol scale (4 x 60 umol) in
DMSO. The crude product was purified via column chromatography (5->10% EA in PE) to give the product as a
yellow/orange, amorphous solid (98 mg, 98 umol, 41%). In contrast to 4CzIPN and most other photosubstitution
products the compound is well soluble in toluene.

TLC: R;=0.55 (20% EA in PE). '"H NMR (400 MHz, CDCl3): § [ppm] = 8.24 (d, J = 7.68 Hz, 2H), 7.74 — 7.66 (m,
6H), 7.57 (d, J = 8.08 Hz, 2H), 7.48 — 7.42 (m, 2H), 7.31 — 7.25 (m, 4H), 7.14 — 7.01 (m, 10H), 6.92 (d, /= 8.08 Hz,
2H), 6.77 (t,J = 7.16 Hz, 2H), 6.68 — 6.60 (m, 2H), 2.44 (t, J = 7.80 Hz, 2H), 1.33 — 1.14 (m, 16H+1H impurity), 1.12
—1.02 (m, 2H), 0.95 — 0.87 (m, 5H), 0.87 — 0.77 (m, 2H), 0.77 — 0.66 (m, 2H), 0.54 — 0.39 (m, 4H), 0.30 — 0.19 (m,
2H). BC{'H} NMR (101 MHz, CDCL): 5 = 147.5, 142.1, 140.7, 140.6, 139.5, 138.9, 137.9, 136.5, 126.8, 125.4,
125.4, 124.1, 124.1, 124.0, 123.6, 123.5, 121.3, 121.2, 121.0, 120.6, 120.2, 120.1, 119.3, 117.7, 112.6, 110.1, 110.0,
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109.9,109.2, 31.9,30.2,29.7,29.7,29.7, 29.6, 29.6, 29.4, 29.3,29.2, 29.1, 28.8, 28.5, 27.9, 22.7, 14.1. HRMS (+ESI)
m/z: [M + H]" Calcd for C7,HggNs 1002.5469; Found: 1002.5445.

3-(But-3-en-1-yl)-2,4,5,6-tetra(9 H-carbazol-9-yl)benzonitrile (2m)

= N
CN

DI,
SR

Synthesized according to general procedure 2-B from 4CzIPN and cyclopropylacetic acid (ring opening of the
intermediate cyclopropylmethyl radical) on 180 umol scale (2 x 90 umol) in DMSO. The product was obtained as a
yellow, crystalline solid (115 mg, 141 umol, 78%).

TLC: Ry=0.33 (20% EA in PE). '"H NMR (400 MHz, CDCl3): 5 [ppm] = 8.25 (d, J = 7.22 Hz, 2H), 7.77 — 7.65 (m,
6H), 7.60 (d, J = 8.24 Hz, 2H), 7.46 (t, J = 7.34 Hz, 2H), 7.33 — 7.23 (m, 4H, overlapping with CHCl; signal), 7.17 —
7.00 (m, 10H), 6.89 (d, J = 8.08 Hz, 2H), 6.77 (t, J = 3.42 Hz, 2H), 6.67 — 6.60 (m, 2H), 4.95 — 4.80 (m, 1H), 4.56 —
4.46 (m, 1H), 4.32 — 4.19 (m, 1H), 2.63 (t, J = 7.42 Hz, 2H), 1.58 (q, J = 7.28 Hz, 2H). BC{'H} NMR (101 MHz,
CDCl): 6 = 145.9, 142.2, 140.8, 140.5, 139.8, 138.9, 138.8, 137.8, 136.4, 136.2, 126.8, 125.4, 125.4, 124.2, 124.2,

124.0, 123.7, 123.5, 121.4, 121.2, 121.0, 120.7, 120.2, 120.1, 120.1, 119.3, 117.5, 116.1, 112.5, 110.0, 109.9, 109.3,
34.0, 29.2. HRMS (+ESI) m/z: [M + H]" Calcd for CsoHoNs 818.3278; Found 818.3267.

2,3,4,6-Tetra(9H-carbazol-9-yl)-5-cyclohexylbenzonitrile (2n)

N
CN

o S

Synthesized according to general procedure 2-B from 4CzIPN and cyclohexanecarboxylic acid on 90 umol scale in
DMSO. The product was obtained as a yellow, crystalline solid (55 mg, 65 umol, 72%).

TLC: R;= 0.34 (20% EA in PE). '"H NMR (400 MHz, CDCl3): & [ppm] = 8.25 — 8.20 (m, 2H), 7.72 (d, J = 7.43 Hz,
2H), 7.69 — 7.60 (m, 4H), 7.46 — 7.41 (m, 4H), 7.27 (d, J=7.72, 2H), 7.19 — 7.09 (m, 6H), 7.08 — 7.03 (m, 2H), 7.03
—6.95 (m, 4H), 6.91 (d, J=28.15 Hz, 2H), 6.78 — 6.71 (m, 2H), 6.68 — 6.59 (m, 2H), 2.48 — 2.36 (m, 1H), 1.62 (d,

J=11.41 Hz, 1H), 1.22 — 0.99 (m, 5H). *C{'H} NMR (101 MHz, CDCl): § = 152.9, 142.8, 142.7, 141.5, 140.1,
140.0, 138.9, 138.2, 137.9, 126.7, 125.4, 125.3, 124.4, 124.00, 123.96, 123.5, 123.4, 121.11, 121.08, 120.9, 120.5,
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120.1, 119.993, 119.986, 119.6, 119.2, 111.7, 110.4, 110.2, 110.1, 110.0, 42.1, 33.0, 26.9, 25.0. HRMS (+ESI):
[M + H]* Calcd for Cs1HasNs 846.3591; Found: 846.3584.

Methyl 2-(3-(2,3,4,6-tetra(9H-carbazol-9-yl)-5-cyanobenzyl)phenyl)acetate (20)

Q%
onedy
S

Synthesized according to general procedure 2-B from 4CzIPN and m-phenylenediacetic acid (1.3 equiv.) on 720 pmol

OMe

scale (8 x 90 umol) in DMSO. The product was obtained as a yellow, crystalline solid, crystallized with 1 equiv.
EtOAc (301 mg, 297 pmol, 41%).

'"H NMR (400 MHz, CDCl3): § [ppm] = 8.18 (d, J= 7.7 Hz, 2H), 7.72 — 7.64 (m, 4H), 7.61 (t, J= 7.6 Hz, 2H), 7.48
(d, J=8.1 Hz, 2H), 7.40 (t, J=7.44, 2H), 7.31 (d, J= 7.7 Hz, 2H), 7.28 (d, /= 7.6 Hz, 2H), 7.11 — 6.97 (m, 12H),
6.76 (t, J= 7.4 Hz, 2H), 6.63 (t, J= 7.5 Hz, 2H), 6.47 — 6.36 (m, 2H), 5.95 (s, 1H), 5.87 (d, /= 7.3 Hz, 1H), 4.13 (q,
J=17.1Hz, 2H, EtOAc), 7.36 (s, 2H), 3.65 (s, 3H), 2.96 (s, 2H), 2.05 (s, 3H, EtOAc), 1.27 (t, J= 7.2, 3H, EtOAc).
13C{'H} NMR (101 MHz, CDCl3): 6 = 171.7, 171.1 (EtOAc), 145.6, 142.0, 140.8, 140.1, 140.0, 138.9, 138.7, 137.9,
137.0, 136.2, 133.1, 128.8, 127.9, 126.7, 126.1, 125.4, 124.2, 124.1, 124.0, 123.6, 123.5, 121.2, 121.0, 120.9, 120.6,
120.14, 120.11, 120.0, 119.3, 117.6, 112.6, 110.2, 110.0, 109.8, 109.1, 60.4 (EtOAc), 51.8, 40.1, 34.8, 21.0 (EtOAc),
14.2 (EtOAc). HRMS (+ESI) m/z: [M + H]" Calcd for CssH44NsO, 926.3500; Found: 926.3490.

4,5-Di(9H-carbazol-9-yl)-2-(1,2,3,4-tetrahydronaphthalen-1-yl)benzonitrile (4a)

Synthesized according to general procedure 2-B from 2CzPN and tetrahydronaphthoic acid on 360 pmol scale
(4 x 90 umol) in DMSO. The product was obtained as a colorless, solid (136 mg, 238 umol, 66%).

TLC: R;=0.30 (10% EA in PE). '"H NMR (400 MHz, CDCls): & [ppm] = 8.15 (s, 1H), 7.83 (d, J=7.36 Hz, 1H),
7.76 (d,J = 7.68 Hz, 2H), 7.70 (d, J = 7.64 Hz, 1H), 7.43 (s, 1H), 7.31 — 6.85 (m, 16H+1H overlapping CHCl; solvent
peak), 4.85 (t, J=6.60 Hz, 1H), 2.90 (t, J = 6.32 Hz, 2H), 2.55 — 2.44 (m, 1H), 2.17 — 2.04 (m, 1H), 2.04 — 1.87 (m,
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2H). BC{'H} NMR (101 MHz, CDCl3): 5 = 152.0, 139.3, 139.00, 138.98, 138.7, 137.9, 137.8, 136.6, 134.5, 132.4,
131.9, 129.9, 129.8, 127.0, 126.6, 125.8, 125.7, 125.5, 125.4, 123.8, 123.8, 123.0, 123.5, 120.7, 120.6, 120.5, 120.4,
120.2, 120.0, 119.9, 119.9, 116.9, 112.0, 109.4, 109.3, 109.3, 109.2, 43.6, 32.2, 29.4, 20.6. HRMS (+ESI) m/z:
[M + Na]" Calcd for C41H29N3Na 586.2254; Found: 586.2249.

4,5-Di(9H-carbazol-9-yl)-2-cyclobutylbenzonitrile (4b)

)
-
Q)

Synthesized according to general procedure 2-B from 2CzPN and cyclobutanecarboxylic acid on 360 pmol scale
(4 x 90 umol) in DMSO. The product was obtained as a colorless, crystalline solid (133 mg, 273 umol, 76%).
Melting point: 265 — 267 °C. TLC: R;= 0.35 (10% EA in PE). 'TH NMR (400 MHz, CDCl3): & [ppm] = 8.07 (s, 1H),
7.92 (s, 1H), 7.83 — 7.77 (m, 4H), 7.18 — 7.04 (m, 12H), 4.11 (p, J=8.71 Hz, 1H), 2.70 — 2.60 (m, 2H), 2.41 — 2.28
(m, 2H), 2.27 - 2.13 (m, 1H), 2.03 — 1.92 (m, 1H). *C{'H} NMR (101 MHz, CDCL): § = 150.0, 139.3, 139.1, 138.4,
134.7,132.4,128.8, 125.72, 125.65, 123.8, 123.6, 120.6, 120.4, 120.09, 120.06, 116.9, 111.1, 109.4, 109.2, 38.6, 29.3,
18.2. HRMS (+ESI) m/z: [M + Na]" Calcd for C3sH»sN3Na 510.1941; Found 510.1941.

2-((1s,3s)-Adamantan-1-yl)-4,5-di(9 H-carbazol-9-yl)benzonitrile (4¢c)

N
CN

Synthesized according to general procedure 2-B from 2CzPN and 1-adamantanecarboxylic acid on 240 pmol scale
(4 x 60 umol) in DMSO. The product was obtained as a colorless solid (55 mg, 97 umol, 40%).

Melting point: 286 — 290 °C. TLC: R;= 0.53 (10% EA in PE). 'TH NMR (400 MHz, CDCl3): & [ppm] = 8.16 (s, 1H),
7.91 (s, 1H), 7.84 — 7.76 (m, 4H), 7.17 — 7.02 (m, 12H), 2.38 — 2.28 (m, 6H), 2.24 (broad s, 3H)1.94 — 1.82 (m, 6H).
3BC{'H} NMR (101 MHz, CDCl3): & = 153.98, 139.21, 139.10, 137.88, 137.25, 131.86, 128.68, 125.73, 125.66,
123.81, 123.66, 120.57, 120.44, 120.08, 120.05, 118.97, 110.10, 109.45, 109.30, 41.26, 37.83, 36.28, 28.77. HRMS
(+ESI) m/z: [M + H]" Calcd for C41H34N;3 568.2747; Found 568.2746.
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4,5-Di(9H-carbazol-9-yl)-2-((18,4S,65)-6-((R)-hydroxy(6-methoxyquinolin-4-yl)methyl)quinuclidin-3-
yD)benzonitrile (4d)

Synthesized according to general procedure 2-B from 2CzPN (4 x 60 pmol) and quitenine** (3 equiv.) in DMSO. An
additional washing step of the organic phase with concentrated aqueous KOH was added to the procedure to remove
excess quitenine. Purified via column chromatography (5% MeOH in DCM). The diastereomers were separable.
Diastereomer 1: Colorless solid (76 mg, 104 umol, 43%)

'"H NMR (400 MHz, CDCl3): § [ppm] = 8.62 (d, ] = 4.5 Hz, 1H), 8.06 (s, 1H), 7.98 — 7.86 (m, 2H), 7.84 — 7.67 (m,
4H), 7.54 (d, ] = 4.4 Hz, 1H), 7.30 — 7.19 (m, 2H, overlap with solvent residual signal), 7.19 — 6.91 (m, 12H), 5.73 (s,
1H), 3.87 (s, 3H), 3.72 (s, 1H), 3.65 — 3.48 (m, 2H), 3.49 — 3.35 (m, 1H), 3.22 —3.04 (s, 1H), 2.93 —2.75 (s, 1H), 2.26
(s, 1H), 2.17 (t, J=10.0 Hz, 1H), 1.85 — 1.59 (m, 3H). *C{!H} NMR (101 MHz, CDCL): § = 157.8, 147.4, 144.1,
139.1, 139.00, 128.97, 138.89, 138.0, 135.4, 132.8, 131.4, 128.6, 126.4, 125.9, 125.72, 125.67, 125.60, 123.9, 123.8,
123.7, 123.6, 121.6, 120.8, 120.7, 120.6, 120.5, 120.2, 120.14, 120.12, 120.0, 118.4, 116.7, 113.2, 109.20, 109.16,
109.12, 101.2, 59.6, 55.8, 54.7, 43.7, 39.2, 29.4, 20.5.

Diastereomer 2: Colorless solid (68 mg, 93 umol, 39%)

'H NMR (400 MHz, CDCls): 6 [ppm] = 8.57 (d, ] = 4.8 Hz, 1H), 8.10 (s, 1H), 7.88 — 7.76 (m, 2H), 7.76 — 7.66 (m,
4H), 7.46 (d, J =4.4 Hz, 1H), 7.17 — 7.05 (m, 5H), 7.02 — 6.79 (m, 8H), 6.58 (s, 1H), 5.68 (s, 1H), 3.81 — 3.48 (m,
6H), 3.34 — 3.23 (m, 1H), 3.23 — 3.11 (m, 1H), 2.99 — 2.81 (m, 1H), 2.37 (s, 1H), 2.17 — 1.85 (m, 3H), 1.61 (t,
J=11.3 Hz, 1H). BC{'H} NMR (101 MHz, CDCl3): & = 157.8, 147.2, 144.0, 139.1, 138.83, 138.81, 138.6, 138.0,
135.4,132.7,131.4 128.2, 126.2, 125.8, 125.62, 125.566, 125.53, 123.82, 123.78, 123.71, 123.5, 121.5, 120.9, 120.73,
120.66, 120.50, 120.2, 120.1, 120.0, 118.4, 116.8, 112.9, 109.1, 109.0, 108.5, 100.8, 60.5, 55.6, 43.4,39.7, 28.9, 27.6,
21.2.

HRMS (+ESI) m/z: [M + H]" Calcd for C49HsoNsO, 730.3177; Found 730.3185 and 730.3182.
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2,3-Di(9H-carbazol-9-yl)-4-(4-fluorobenzyl)benzo[bh]dinaphtho[2,1-e:1',2'-g] [1,4]dioxocine-1-carbonitrile (7a)
0, G
(A0
O
i W
OO oN )

Synthesized according to general procedure 2-B from chiral dicyanobenzene derivative 6a and 4-fluorophenylacetic
acid on 240 pumol scale (4 x 60 umol) in DMA. The crude product was purified via column chromatography (10>20%
EtOAc in PE) and the product was obtained as a colorless solid (168 mg, 204 pmol, 85%).

TLC: R;= 0.30 (20% EtOAcA in PE). '"H NMR (400 MHz, CDCl3): & [ppm] = 8.16 (d, J = 8.85 Hz, 1H), 8.08 (d,
J=28.17 Hz, 1H), 8.02 — 7.95 (m, 2H), 7.79 (d, J=8.81 Hz, 1H), 7.73 — 7.52 (m, 8H), 7.52 — 7.41 (m, 2H), 7.24 —
7.15 (m, 2H), 7.15 — 7.03 (m, 3H), 6.94 — 6.86 (m, 2H), 6.86 — 6.75 (m, 4H), 6.73 (d, J=8.81 Hz, 1H), 6.66 (d,
J=8.09 Hz, 1H), 6.56 (d, J=7.01 Hz, 4H), 4.25 (d, J = 14.89 Hz, 1H), 4.16 (d, J= 15.09 Hz, 1H). BC{'"H} NMR
(101 MHz, CDCl): 5 = 162.5, 160.1, 151.4, 150.1, 149.8, 148.5, 141.7, 139.8, 139.2, 139.1, 138.7, 135.5, 133.80,
133.77, 132.6, 132.3, 132.1, 132.0, 131.4, 131.2, 129.7, 129.6, 128.6, 128.4, 127.3, 126.8, 126.7, 126.23, 126.18,
125.5, 125.5, 125.4, 125.3, 124.8, 124.7, 123.7, 123.6, 123.4, 123.1, 121.0, 120.6, 120.4, 120.3, 120.2, 120.0, 119.6,
115.1, 114.9, 112.6, 110.2, 109.94, 109.92, 109.7, 109.3, 32.1. 'F NMR (377 MHz, CDCl3): § [ppm] = -116.94
—-117.05 (m). HRMS (+ESI) m/z: [M + H]* Calcd for CssH3sFN3O, 824.2708; Found 824.2708.

1,4-Di(9H-carbazol-9-yl)-3-(4-fluorobenzyl)benzo[b]dinaphtho[2,1-¢:1',2'-g][1,4] dioxocine-2-carbonitrile (7b)

O3
OOO ¢

N
Synthesized according to general procedure 2-B from chiral dicyanobenzene derivative 6b and 4-fluorophenylacetic

()

acid on 180 pumol scale (3 x 60 pmol) in DMA. The crude product was purified via column chromatography (10>20%
EtOAc in PE) and the product was obtained as a colorless solid. Isolated yield: 106 mg, 129 pmol, 71%.

TLC: Ry= 0.30 (20% EtOAc in PE). "TH NMR (400 MHz, CDCl3): 5 [ppm] = 8.32 — 8.24 (m, 2H), 8.19 — 8.12 (m,
1H), 8.08 (d, J=7.68 Hz, 1H), 8.08 (t, /= 7.68 Hz, 2H), 7.76 — 7.66 (m, 3H), 7.63 (t, /= 7.70 Hz, 1H), 7.55 — 7.45
(m, 2H), 7.45 — 7.34 (m, 3H), 7.29 — 7.11 (m, 8H), 7-06 — 7.00 (m, 1H), 7-00 — 6.93 (m, 1H), 6.61 — 6.47 (m, 6H),
6.45 (d, J=8.08 Hz, 1H), 4.17 (d, J = 14.72 Hz, 1H), 3.95 (d, J = 14.76 Hz, 1H). BC{'H} NMR (101 MHz, CDCl):
8=162.7,160.2, 153.5, 149.6, 149.5, 147.5, 143.6, 141.0, 140.9, 140.8, 140.2, 134.5, 132.8, 132.7, 131.74, 131.68,
131.66, 131.6, 131.1, 130.9, 130.5, 129.64, 129.56, 128.1, 126.8, 126.7, 126.6, 126.4, 126.2, 125.80, 125.76, 124.90,
124.85, 124.3, 123.9, 123.8, 123.0, 121.2, 121.1, 121.0, 120.7, 120.5, 120.3, 120.2, 120.1, 115.1, 114.9, 114.8, 111.0,



110.1, 109.6, 109.4, 109.3, 36.2. YF NMR (377 MHz, CDCL): & [ppm] = -116.68 — -116.83 (m). HRMS (FD+) m/z:
[M]* Caled for CssH34N;O5F 823.2630; Found 823.2644.

2.4.4.4 Scale-up to 1 mmol

Synthesis of photosubstitution products 2b and 2n was repeated at 1 mmol scale. Carboxylic acid equivalents were
lowered to 1.5 while still reaching full conversion. Concentration of starting material was doubled to decrease solvent
use.

4CzIPN (789 mg, 1 mmol), carboxylic acid (1.5 mmol, 1.5 equiv.) and Cs,CO3 (489 mg, 1.5 mmol, 1.5 equiv.) were
dissolved in 33 mL DMSO inside a crimp-capped vial. The vial was irradiated in the reactor depicted in Figure 2.4
for 1 h while stirring. The reaction might be completed earlier. However, due to the reactor design consumption of
4CzIPN cannot be determined by the change in fluorescence without removing an aliquot. The reaction mixture was
diluted with 100 mL EtOAc and washed with water (3 x 100 mL) and brine (1 x 100 mL). The organic layer was dried
over NaxSOg, and the solvent removed under reduced pressure. The residue was dissolved in 7 mL DCM and 7 mL
EtOAc were added. The DCM was slowly removed under reduced pressure (400 mbar, 50 °C). The solution was
cooled to 4 °C to increase crystallization. The product was filtered, the solution evaporated to half its volume and
cooled to 4 °C to afford additional product. Both, 2b and 2n were obtained in higher yields than on smaller scale. This

can be attributed to smaller losses during the recrystallization step if conducted on larger scale.

Total yield of 2b: 658 mg, 755 pmol, 75%. The product was obtained as a yellow, crystalline solid.
Total yield of 2n: 695 mg, 821 pmol, 82%. The product was obtained as a yellow, crystalline solid.
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2.4.4.5 Photosubstitution by solvent fragments

Photosubsitution by DMA

In presence of DABCO in DMA a product was observed with one cyano group substituted by DMA. The reaction
might proceed via abstraction of a hydrogen atom from DMA by a DABCO radical cation.

£

N
NC CN NC CH;

O . X O DABCO;:ASA(\)equiv.) O i X O
olg ¥ O C

Scheme 2.5. Photosubstitution of a cyano group in 4CzIPN by DMA.

N-Methyl-N-(2,3,4,6-tetra(9 H-carbazol-9-yl)-5-cyanobenzyl)acetamide (2p)

Lo
NC

1
CH,

S

O | O

Synthesized according to general procedure 2-B with only 4CzIPN (4 x 30 pmol) and DABCO (4 x 6 mmol, 150
equiv.) in 2 mL DMA per vial. Irradiated at 445 nm for 4 days. At this scale the reaction was not completed. No side
products were observed. The reaction mixture was diluted with EtOAc, washed with water and brine, dried over
Na SO, and the solvent evaporated under reduced pressure. A recrystallization of the crude mixture from
DCM/EtOAc was unsuccessful due to the large amount of unreacted 4CzIPN which could not be removed by
recrystallization. The product was purified via column chromatography (Hexane/DCM 1:1) until all 4CzIPN eluted,
then switched to 100% DCM to elute the product. Hexane/EtOAc mixtures were not suited for chromatography of the
compound due to very low solubility in this solvent mixture. Only moderately clean product was obtained after
column. Recrystallization from DCM/EtOAc yielded clean product as a yellow crystalline solid (21.0 mg, 24.7 umol,
21%).

'"H NMR (500 MHz, CD:ClL): § [ppm] = 8.27 (d, J = 4.57 Hz, 2H), 7.76 (d, J = 6.70 Hz, 6H), 7.66 (d, J = 7.95 Hz,
2H), 7.49 (t, J=7.20 Hz, 2H), 7.34 (dd, J= 18.15, 7.70 Hz, 4H), 7.22 (d, /= 7.95 Hz, 2H), 7.17 — 7.05 (m, 8H), 7.02
(d, J=8.05 Hz, 2H), 6.81 (t,J=7.15 Hz, 2H), 6.70 (t, J = 7.53 Hz, 2H), 4.16 (s, 2H), 1.56 (s, 3H, overlap with H,0).
3C{'H} NMR (126 MHz, CDCL): § = 170.8, 142.9, 141.9, 140.69, 140.67, 140.48, 139.35, 139.33, 128.5, 136.6,
127.4,126.1,126.0, 124.8, 124.5, 124.2. 124.0, 123.7, 121.8, 121.5, 121.4, 121.1, 120.6, 120.51, 120.45, 119.6, 117.7,
113.1,110.8,110.6, 110.5, 109.9, 48.3,37.0, 21.3. HRMS (+ESI) m/z: [M + Na]* Calcd for CsoH4NsONa* 871.3156;
Found 871.3196.
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Photosubstitution by methyl groups from DMSO

Upon irradiation of solutions containing 4CzIPN and an electron donor in DMSO a photosubstitution reaction was
observed, exchanging one of the cyano groups by a methyl group from DMSO, although the reaction needed multiple
hours instead of a few minutes compared to the photosubstitution reactions with carboxylates.

This might be explained by 4CzIPN reducing traces of molecular oxygen leaking through the septum to superoxide,
reacting with DMSO to form methyl radicals.?> Recombination with a 4CzIPN radical anion and cyanide elimination
yields 4CzMeBN. To test whether the reaction is caused by oxygen we compared the time for reaction completion
under air and in degassed DMSO (3 cycles of freeze-pump-thaw) on a 30 pmol scale. Indeed, under air the reaction
is completed within 10 minutes while under degassed conditions only traces of product are obtained after 10 min and
the reaction took 16 hours for almost full conversion. Without DIPEA photosubsitution to the same product occurs,

but the reaction is slower and does not reach completion within 24 h.

%
Y E R

1 2q

Scheme 2.6. Photosubstitution by a methyl group from DMSO.

2,3,4,6-Tetra(9H-carbazol-9-yl)-5-methylbenzonitrile (4CzMeBN, 2q)

N
NC CHs

oS
VR

Synthesized according to general procedure 2-B from only 4CzIPN and DIPEA (4 equiv.) on 360 pmol scale in DMSO
(4 x 90 umol in 4 mL DMSO). The solution was not degassed and irradiated for 2 h under air. The product was
obtained as a yellow solid (191 mg, 246 pmol, 68%).

The same reaction at 90 umol scale under nitrogen atmosphere took 16 h for almost full completion and gave an
isolated yield of only 46%. The product crystallized with 1 equivalent EtOAc which could not be removed under high
vacuum. By dissolving in a small amount of chloroform and removal under reduced pressure twice the EtOAc could

be removed.
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TLC: Ry= 0.35 (20% EtOAc in PE). '"H NMR (400 MHz, CDCl3): § [ppm] = 8.24 (d, J = 7.72 Hz, 2H), 7.76 — 7.65
(m, 6H), 7.53 (d, J=8.08 Hz, 2H), 7.45 (t, J=7.52 Hz, 2H), 7.33 — 7.25 (m, 4H), 7.15 — 7.01 (m, 10H), 6.96 (d,
J=28.04 Hz, 2H), 6.78 (t, J=7.42 Hz, 2H), 6.65 (t, J=7.62 Hz, 2H), 4.13 (q, J=7.15 Hz (q, EtOAc), 2.05 (s,
EtOAc), 1.78 (s, 3H), 1.27 (1, J = 7.14 Hz, EtOAc). BC{!H} NMR (101 MHz, CDClL): § = 142.1, 141.6, 140.8, 140.1,
139.1, 138.9, 138.6, 138.0, 136.0, 126.8, 125.5, 125.4, 124.3, 124.1, 124.0, 123.6, 123.5, 121.3, 121.2, 121.0, 120.7,
120.3, 120.20, 120.17, 119.4, 117.0, 112.7, 110.1, 109.93, 109.90, 109.2, 15.0. HRMS (+ESI) m/z: [M + H]" Calcd
for Cs¢H36Ns 778.2965; Found 778.2961.

2,3,4,6-Tetra(9H-carbazol-9-yl)-5-(methyl-ds)benzonitrile (2q-ds)

N
NC CD,4

DI,

SR
Synthesized according to general procedure 2-B from only 4CzIPN and DIPEA (4 equiv.) on 158 pmol scale in
DMSO-ds (2 x 90 pmol and 2 x 0.5 mL removed for NMR analysis before and after irradiation). The solution was not
degassed and irradiated for 2 h under air. The product was obtained as a yellow solid (78 mg, 100 pmol, 63%)
The same reaction at 90 pmol scale under nitrogen atmosphere took 16 h for almost full completion and gave an
isolated yield of only 31 mg, 40 pumol, 44%. The product crystallized with 1 equivalent EtOAc which could not be
removed under high vacuum. By dissolving in a small amount of chloroform and removal under reduced pressure
twice the EtOAc could be removed. NMR spectra fit to non-deuterated 4CzMeBN except for the missing methyl
signals. The expected septet in the *C NMR is not visible due to the low signal intensity.
TLC: Ry= 0.35 (20% EtOAc in PE). '"H NMR (400 MHz, CDCl3): § [ppm] = 8.24 (d, J = 7.72 Hz, 2H), 7.76 — 7.65
(m, 6H), 7.53 (d, J=8.08 Hz, 2H), 7.45 (t, J=7.52 Hz, 2H), 7.33 — 7.25 (m, 4H), 7.15 — 7.01 (m, 10H), 6.96 (d,
J=28.04 Hz, 2H), 6.78 (t, J = 7.42 Hz, 2H), 6.65 ( t, J= 7.62 Hz, 2H). BC{'H} NMR (101 MHz, CDCl3): § = 142.2,
141.5, 140.7, 140.1, 139.1, 138.9, 138.6, 138.0, 136.0, 126.8, 125.5, 125.4, 124.3, 124.1, 124.0, 123.6, 123.5, 121.3,
121.2, 121.0, 120.7, 120.3, 120.20, 120.17, 119.4, 116.9, 112.7, 110.1, 109.93, 109.89, 109.1. HRMS (+ESI) m/z:
[M + H]" Caled for CssH31D3Ns 781.3154; Found 781.3179.
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2.4.5 Comparison of the catalytic activity of 4CzIPN, 2CzPN and their

photosubstitution products

Reduction of electron rich benzylic radicals to the corresponding carbanions

Table 2.3. Dependence of decarboxylative benzylation on irradiation wavelength and choice of catalyst.
(0] OH HO

Cs,CO3 (1 equiv.
R . /\)< 2CO3 (1 equiv.) . R
o~ o

PC (5 mol%) 9

MeO DMA L MeO
R R
8b:R=H 11a 12a:R=H
8c: R = OMe 12b: R = OMe
Entry Substrate Product Catalyst Wavelength NMR vyield

1 8b 12a 2CzPN 451 nm 0%
2 8b 12a 4CzIPN 451 nm 32%
3 8b 12a 2CzPN 400 nm 73%
4 8c 12b 2CzPN 400 nm 56%
5 8c 12b 4CzIPN 400 nm 78%

2CzPN is ineffective if 451 nm LEDs are used for irradiation. In entries 1, 3, and 4 Table 2.3 the yellow color of
2CzPN faded within seconds of irradiation and a colorless solution was obtained. No product 12a was obtained after
irradiation for 16 h at 451 nm (entry 1). This is expected as the photosubstitution products of 2CzPN do not absorb
within the emission range of the LEDs. 4CzIPN's photosubstitution products, however, absorb some of the light and
moderate yield of 32% was obtained (entry 2). When switching to lower wavelength 2CzPN’s photosubstitution
products become effective. Irradiation with 400 nm LEDs gave 73% yield (entry 3). This was also observed with
3,4,5-trimethoxyphenylacetic acid as carbanion precursor (entry 4), although 4CzIPN’s photosubstitution products
gave higher yield (entry 5).

These experiments do not allow a general comment on whether one of the catalysts is superior to others. However, it
is important to note that 2CzPN’s photosubstitution products are active and stable photocatalysts if the blue shifted
absorption in comparison to 2CzPN is considered. The increased redox window and reduction potentials (see
Table 2.1) put these catalysts among the most reductive carbazolyl cyanobenzene photocatalysts, exceeding reduction

potentials reached by previously reported derivatives.?
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Substrate where in situ photosubstitution is impeded

Tetrahydronaphthoic acid (8d) reacts sluggishly with 4CzIPN. A likely rational is steric hindrance by the carbazole
units. Radical recombination can only occur with the benzonitrile core of the 4CzIPN radical anion and the ring system
of the tetrahydronaphthyl radical parallel to each other. The carbazole units are tilted, thus limit the space above the
benzonitrile core of 4CzIPN. The observation that the sterically more accessible 2CzPN cleanly reacts with

tetrahydronaphthoic acid 8d to product 4a is further evidence for this explanation.

Q5

N N
NC CN o OH Cs,CO;5 NG
v C owo (3 TL )
N N +
451 nm N N

O | O Ny Slow, unselective O O
D —

1 Recombination
sterically hindered

Scheme 2.7. Tetrahydronaphthoic acid (8d) reacts sluggishly with 4CzIPN under color change to dark green/brown.

Reacting 4CzIPN with tetrahydronaphtoic acid (8d) according to general procedure B leads to a color change to dark
green/brown within seconds of irradiation. After irradiation for 16 h moderate conversion and a mixture of products
is observed while other carboxylic acids usually react within minutes and give a clear yellow/orange solution.

To test whether this affects reactions where 4CzIPN is a pre-catalyst and acid 8d is a substrate we reacted 8a with
pentanal under our previously reported conditions for photocatalytic decarboxylative benzylation.!? The reaction with
4CzIPN turned dark within seconds of irradiation while the reaction with photosubstitution product 2j showed no
color change. After 1 h the dark color in the reaction with 4CzIPN began to cease and the solution was almost colorless
after 3 h. While the reaction with catalyst 2j was close to completion after 1 h the reaction with 4CzIPN showed only
small amounts of product. However, after 3 h both reactions were completed and did not show substantial increase in
yield upon irradiation for additional 13 h. If 4CzIPN is used as catalyst yields stay slightly below those for catalyst 2j.
This is expected as 1 equivalent of substrate with respect to 4CzIPN is needed for photosubstitution to convert 4CzIPN

into the active catalyst.
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CHAPTER 2
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Figure 2.6. NMR yield of the major diastereomer of product 13 with 4CzIPN and photosubstitution product 2j as catalyst. Two
diastereomers are formed in approximately 1.3:1 ratio. Only the major diastereomer was used for comparison of the yield due to
overlapping signals of the minor diastereomer. Total yield is by a factor of approximately 1.7 higher.
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2.4.6 Comparison of solubilities in MeCN

Solubilities were estimated by preparation of a saturated solution of the substance in approximately 1 mL MeCN,
filtration through a PTFE HPLC filter (Chromafil® O-20/15 MS, pore size 0.2 uM), dilution to approximately 20 uM
and measurement of the UV/Vis absorbance. Additionally, a 20 uM solution of each compound was prepared as
reference. Concentrations of the diluted solutions were then calculated using Beer-Lambert’s law and solubility was
obtained by correction by the dilution factor.

Solubility of photosubstitution products was found to be substantially smaller than solubility of their dicyanobenzene

precursor 4CzIPN or 2CzPN, respectively.

16.4

- A
A OO o

-
o N

solubility [mM]
[e0]

o N MO

H2CzPN m4a m4b m4c mA4CzIPN m2c m2j m2g m4CzMeBN

Figure 2.7. Solubility of 2CzPN, 4CzIPN and photosubstitution products in MeCN.
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3 Reactivity of Superbasic Carbanions Generated via
Reductive Radical-Polar Crossover in the Context of

Photoredox Catalysis
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Abstract

hotocatalytic reactions involving a reductive radical-polar crossover (RRPCO) generate intermediates with

carbanionic reactivity. Many of these proposed intermediates resemble highly reactive organometallic

compounds. However, conditions of their formation are generally not tolerated by their isolated
organometallic versions and often a different reactivity is observed. Our investigations on their nature and reactivity
under commonly used photocatalytic conditions demonstrate that these intermediates are indeed best described as
free, superbasic carbanions capable of deprotonating common polar solvents usually assumed to be inert such as
acetonitrile, dimethylformamide, and dimethylsulfoxide. Their basicity not only towards solvents but also towards
electrophiles, such as aldehydes, ketones, and esters, is comparable to the reactivity of isolated carbanions in the
gas-phase. Previously unsuccessful transformations thought to result from a lack of reactivity are explained by their
high reactivity towards the solvent and weakly acidic protons of reaction partners. An intuitive explanation for the
mode of action of photocatalytically generated carbanions is provided, which enables methods to verify reaction

mechanisms proposed to involve an RRPCO step and to identify the reasons for the limitations of current methods.
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3.1 Introduction

Within the last years, photocatalytic reactions involving a reductive radical-polar crossover (RRPCO)'? step were
reported by multiple groups. In an RRPCO a radical intermediate is converted to an anionic species, thus bringing the
catalytic cycle back into the singlet spin-state while retaining reactivity for subsequent reaction steps. This allows the
diversification of scaffolds obtainable by a single photocatalytic reaction. C-C bond formation through radical addition
can be subsequently coupled to nucleophilic addition to carbonyl groups,>® rearrangements,’ E1cB-type eliminations,®

and intramolecular Sx2 reactions’ as depicted in Scheme 3.1.
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Scheme 3.1. Selection of reactions proposed to involve a short-lived carbanionic intermediate.

Recently, reactions have been developed that focus especially on the generation of carbanions from easily accessible

3,5,10-12

precursors such as decarboxylative carbanion generation* and C-H activation, as well as carbanion generation

from C-N" and C-O bonds,' to allow Grignard-like reactions, carboxylations, and isotopic labeling with up to 100%

atom economy. As RRPCO is a common step to close photocatalytic cycles, Scheme 3.1 provides only some selected

examples. Other reactions proposed to proceed via an RRPCO step include photocatalytic dearomatizations,'>!8

Giese-type reactions,'??! 2

and electrochemical cross-electrophile coupling.”> Often, the carbanionic intermediate is
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not explicitly mentioned if a catalytic cycle is closed by reduction of a radical species to a carbanion with subsequent
protonation. These steps are then combined into a single reaction step described as electron-transfer, proton-transfer
(ETPT) or as a stepwise proton-coupled electron transfer (PCET). Despite the vast number of reactions achieved with
classic organometallic carbanions such as Grignard®® or organolithium reagents,?* intermolecular C-C bond-forming
reactions of photocatalytically generated carbanions seem to be restricted to carbon dioxide, aldehydes, and ketones
with already noticeable drop in reaction yield from aldehydes to ketones.>-1%11:21:25-27 Approaches to react carbanions
generated under previously reported conditions in intermolecular Sy2 reactions or Grignard-type reactions with esters
or similarly reactive electrophiles were generally unsuccessful. Here, we explore the nature of photocatalytically
generated carbanions in more detail to give a rationale for the difference in reactivity compared to their organometallic

analogs.

3.2 Results and discussion

3.2.1 Evidence for free carbanions in solution

The reports on reactions involving photocatalytically generated carbanions depicted in Scheme 3.1 provide clear
evidence for carbanionic reactivity. The usual control reaction for distinguishing between a radical pathway and
carbanionic reactivity is the addition of D,O to the reaction mixture, quenching the carbanion and incorporating
deuterium at the respective position. Although this experiment provides evidence for carbanionic reactivity and
generally excludes a direct radical pathway, it does not provide information about whether the carbanion is truly a free
carbanion or stabilized by some kind of interaction with a species present in the reaction mixture. Even classical
organometallic reagents show a pronounced difference in reactivity for different alkali and alkaline earth metal
compounds due to aggregation and ion pairing.?® However, a direct comparison of the reactivity in the same
environment with organometallic reagents is not possible due to the incompatibility of highly reactive organometallic
compounds with solvents generally used in photocatalytic reactions generating carbanions. This incompatibility of
classic organometallic reagents with high polarity solvents raised the question why photocatalytic reactions proposed
to involve a carbanion were possible under these conditions.

In this work, it was found that under absence of a suitable coupling partner for carbanions the corresponding
protonated species is formed as the major product. When using CD3;CN as solvent a high degree of deuteration at the
benzylic position can be obtained, depending on the electronic properties of the carbanion formed, thus demonstrating
that the solvent indeed cannot be assumed to be inert. The addition of H,O suppresses this deuteration while addition
of D,O leads to high deuteration even in non-deuterated solvents. The degrees of deuteration for a selection of
electronically different substrates is depicted in Scheme 3.2. dx describes the number of deuterium atoms in the
molecule, with the non-deuterated molecule labelled with do. A more detailed description on the determination of

deuteration degrees can be found in the experimental part 3.4.7.
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Scheme 3.2. Deuterium incorporation into the benzylic position. Deuteration degrees are determined by *H NMR spectroscopy
and based on the theoretically possible equivalents of deuterium that can be incorporated based on the mechanism (1 D per benzylic
hydrogen of the substrate in C-H activation, 1 D per molecule in carbanion generation from trifluoroborates and carboxylates);
photocatalyst 4c is formed in situ from 4CzIPN (4b) and trifluoroborate 2a (see chapter 2 for details);% 2deuteration without D20;
bdeuteration with 10 equiv. D20; €0.5 equiv. of H>0 added to provide 1 equiv. of protons; 9carboxylic acid with 1 equiv. Cs2COs
used instead of potassium salt, no D20 was added.

The deprotonation of the only slightly acidic acetonitrile C-H bonds (or C-D bonds) with a pK, of approximately 31
(dissolved in DMSO)*® by non-stabilized benzylic carbanions 1a~, 1b~, 1¢”, and 1f demonstrates that
photocatalytically generated carbanions can be highly basic. It was expected that compounds with higher C-H acidity
would generate less basic carbanions upon C-H activation. Indeed, benzylic C-H activation of diphenylmethane (1d)

and fluorene (1e) to the corresponding carbanions 1d™ and 1e”, respectively, was achieved under standard reaction
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conditions but only low D-incorporation was observed in dry CD3;CN, while deuteration was high in the presence of
10 equivalents D,O. Carbanions generated from carboxylates and trifluoroborate salts follow the same trend with high
incorporation of deuterium into non-stabilized benzylic carbanion 1f  and decreasing D-incorporation with better
stabilization of the negative charge, while D-incorporation remains high in all examples in the presence of D,0O. For
less reactive carbanions stabilized by electron withdrawing groups (1g) or an additional aryl group (1d~, 1e”, 1h")
under proton free conditions there is still moderate deuterium incorporation into the product. However, the lack of
abstractable protons likely leads to regeneration of the starting material by reaction of the carbanion with the formed
CO; or BF; which can then re-enter the photocatalytic cycle until either a deuteron is abstracted from CD3CN or a
proton from another source (e.g., residual moisture). The reaction of carbanions generated under similar conditions
with CO, was reported previously'? and is also observed in the gas phase (see experimental part, Figure 3.15). More
comparable results are obtained if one equivalent of abstractable protons is still present in the reaction mixture. For
carbanion generation from carboxylates this is achieved by using the carboxylic acid and a mild base instead of a
carboxylate salt, which resembles a previously described procedure for photocatalytic Grignard-type reactions.* For
trifluoroborates (2), 0.5 equivalents of water were added to provide 1 equivalent of protons. If carbanions are
generated from C-H bonds the abstracted hydrogen atoms remain in solution as hydrogen carbonate and silane thiol,
thus a small amount of acidic protons is always present under these conditions. Proton (or deuteron) abstraction from
the solvent by stabilized carbanions 1g~, 1d", and 1h™ is mostly suppressed if acidic protons are present, while
non-stabilized carbanions are less selective and abstract protons (or deuterons) from the solvent even in presence of
substantially more acidic protons. The difference in reactivity of non-stabilized and stabilized carbanions towards
moderately acidic protons has important synthetic implications for isotopic labelling, especially for tritium labelling
where it is desirable to quantitatively incorporate tritium from stoichiometric amounts of the tritium source into a
target molecule to minimize radioactive waste.’! Deprotonation of the solvent also occurs in DMSO, DMF and
acetone. Potassium trifluoroborate salt 2a was used as carbanion precursor because trifluoroborates generate
carbanions more reliably under different reaction conditions, while carbanion generation from carboxylates is more
sensitive to the reaction conditions. In DMSO-ds as well as in acetone-ds the corresponding 3,5-dimethoxytoluene
(1f-d1) was produced with high degree of mono-deuteration, similar to the outcome in acetonitrile-ds (Scheme 3) and
in DMF-d7 a moderate deuteration degree of 42% was observed. In acetone the corresponding tertiary alcohol 7b was
obtained in similar amounts as the toluene derivative 1f-d1, (Scheme 3.8). Deprotonation of the solvent generates the
corresponding solvent anion 57. We could indirectly detect this species formed from acetonitrile-dj in the presence of
1 equivalent D>O. Under these reaction conditions the deprotonated solvent was deuterated by D>O to form

acetonitrile-d; which was detected in the 2H NMR spectrum (see experimental part, Figure 3.33).
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Scheme 3.3. Photocatalytically generated non-stabilized benzylic carbanion 1f is able to abstract a deuteron from acetonitrile-ds,
DMSO-ds, DMF-d7, and acetone-de. MeCN-d1 was detected by deuterium NMR spectroscopy when the reaction was performed in
acetonitrile-do in the presence of D20. PC — photocatalyst 4c is generated in situ from 4CzIPN as described in chapter 2.2°

3.2.2 Comparison with gas-phase reactivity of isolated carbanions

Next, the reactivity of isolated/non-solvated carbanions generated via collision-induced dissociation (CID) was tested
in the gas phase (Figure 3.1, see experimental part section 3.4.6 for details). In agreement with the results obtained
under photocatalytic conditions in solution, non-stabilized benzylic carbanions readily deprotonate a-positions of
carbonyl and nitrile groups. Carbanions with additional stabilization by an electron withdrawing ester group (1g") on
the aryl group or additional phenyl groups (1d~, 1e”, 1h") at the benzylic position did not deprotonate acetonitrile in
the gas phase. A strong drop in reactivity under the photocatalytic conditions used to generate carbanions in solution
was also observed for all carbanions with conjugated acids with a pK, close to or below that of acetonitrile. Thus,
basicity of carbanions generated under photocatalytic conditions relative to acetonitrile is similar to isolated

carbanions in the gas phase.
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Figure 3.1. Gas phase reactivity between carbanions generated via collision-induced dissociation (CID) and acetonitrile and
comparison with solution reactivity. Molecules are grouped into high reactivity towards deprotonation of MeCN and low or no
reactivity towards MeCN. Molecules are placed at the approximate pKa values of the respective conjugate acid, where values of
the respective compound or closely related compounds in DMSO are accessible. 303233

In addition to qualitatively separating carbanions into high and low reactivity towards deprotonation of acetonitrile,
the deprotonation in the gas phase showed a pronounced kinetic isotope effect (KIE). Following KIEs for reactions
with acetonitrile-do/ds were found: for anion 1f~ 6.5+0.5, for 1b™ 3.2+0.5, for 1i— 3.0+1.0 and for 1¢™ 4.0+0.5, in
agreement with their relative pK, difference to acetonitrile.* The same experiment with photocatalytically generated
carbanion 1f  in solution with varying mixtures of acetonitrile-do/ds resulted in a KIE of 9.0. The theoretical KIE
calculated at the B97D3/Def2TZVP level of theory is 6.8 and, thus, in line with the experimental values of 6.5 in the
gas-phase and 9.0 in solution. Although exact pK, values cannot be derived solely from KIE data and vice versa, the
experimental results of gas phase and solution KIEs are in the range expected according to the Bell-Goodall curve
revised by Bordwell and Boyle.>* Extensive studies on proton transfer KIEs with photocatalytically generated
carbanions are outside the scope of this work, but the results suggest that the obtained KIEs are suitable for
experimental estimation of the basicity of carbanionic intermediates, which are too basic to be stable in the respective

solvent.
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3.2.3 Isotopic fractionation and Kinetic isotope effects

Recently, an isotopic fractionation method was described for determining the sequence of elementary steps in
hydrogen isotope exchange (HIE) reactions based on the observation that hydrogen atom abstraction usually has a
larger KIE than deprotonation.® If an HIE reaction proceeds via a reversible hydrogen atom transfer (HAT), the
H-atom abstraction and donation proceed via the same transition state and, thus, have the same KIE. As the KIEs of
both steps influence the equilibrium D/H fraction in opposing directions the D/H fraction is solely dependent on the
equilibrium D/H fraction of the HAT reagent, which usually does not show a strong isotope effect. Therefore, a direct
linear correlation between the equilibrium D/H ratio and the D/H ratio of a D/H reservoir is expected. A slope
substantially deviating from 1 indicates that H-atom abstraction and donation proceed via distinct transition states.

We applied this concept to the carbanion generation from benzylic C-H bonds on the example of ethyl anisole (1b),
in which the reaction does not reach its equilibrium state. Correlating the product D/H ratio with the isotopic
fractionation from partially deuterated starting material resulted in a slope of ca. 8.5, which is in agreement with the
value of 7.2 expected from the individual steps as determined according to Scheme 3.4. Indeed, a slightly higher
experimental D/H ratio than calculated from the individual steps is expected due to secondary KIEs. Abstraction of
an H-atom from 1b-dy is favored over abstraction of an H-atom from 1b-d1, while abstraction of a D-atom from 1b-di
is favored over abstraction of a D-atom from 1b-d>, thus, shifting the equilibrium D/H ratio further to the side of
deuterium. Moreover, the result of an H/D ratio clearly above 1.5 is in agreement with the proposed mechanism of an
HAT followed by an ETPT sequence. This demonstrates that the isotopic fractionation method is not only applicable

to reactions reaching equilibrium, but also enables approximate values for lower catalyst turnovers.
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Scheme 3.4. Kinetic isotope effects for HAT and protonation measured independently. If carbanions are generated via C-H
activation both steps are connected via a RRPCO step. PC — Photocatalyst 4b was used as pre-catalyst. The active catalyst was
formed in situ via photosubstitution as described in chapter 2.2°

The KIE of the HAT-step was determined from the coupling between ethyl anisole mono-deuterated at the benzylic

position (1b-d1) and benzophenone 6 as coupling partner because 6 can react in a radical-radical recombination with
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benzylic radical 1b° generated via HAT but can also react with carbanion 1b~ formed upon reduction of the radical
1b°.3¢ Since the reduction potentials for both, radical 1b° and benzophenone 6 are -1.8 V vs. SCE,3?37 they can be
reduced to the corresponding carbanion and radical anion, respectively, by the photocatalyst 3DPA2FBN with a
reduction potential of -1.9 V vs. SCE.?® Trapping carbanions by aldehydes or ketones with a-C-H bonds could give
misleading results due to deprotonation in o-position (Schemes 3.8 and 3.9) of the carbonyl reaction partner.
Additionally, protons from the solvent and residual water can be incorporated into the substrate, if carbanions are
generated preferentially, potentially leading to scrambling of the deuterium between substrate molecules and D-H

exchange between substrate and solvent, which should be minimized to reduce the experimental error.

3.2.4 Excited state dynamics of the photocatalyst

Transient absorption (TA) spectroscopy was used to observe short-lived intermediates. Although carbanion 1f"
generated under photocatalytic conditions could not be directly observed, the timescales of the individual processes
were estimated by following the transient species of photocatalyst 4d. Recording the transient absorption of
photocatalyst 4d excited at 355 nm under ambient conditions (ca. 23 °C) in acetonitrile, a broad positive absorption
of the triplet state *[4d] ranging from ca. 300 to 750 nm is observed within the temporal width of the excitation pulse,
intersected by a strong negative emission from the first excited singlet state '[4d"] peaking at 500 nm and a negative
ground state bleach (GSB) peaking at ca. 375 nm (experimental part, Figure 3.43). While the short emission signal
decays within the temporal width of the excitation pulse, the triplet absorption and GSB signals exhibit a decay on a
1 ps time scale indicative of reverse intersystem crossing (RISC) into the ground-state species without formation of
further intermediates and photoproducts, rendering 4d as a photostable compound, which is also evident from the
steady-state absorption prior and post the TA recording (Figure 3.44). Time-resolved emission studies of ![4d"]
disclose an excited-state lifetime of 18 ns (Figure 3.45a) that is not resolved in the TA data. The 3[4d] spectrum
(Figure 3.46a) decays under non-degassed conditions with a lifetime of 453 ns, in agreement with thermally activated
delayed fluorescence (TADF) decaying on the order of 400 ns (Figure 3.45a).

After removing molecular oxygen from the solution, the lifetime of '[4d"] is prolonged to 28 ns (Figure 3.45b). In the
TA data, identical spectral features are observed, but the triplet lifetime is prolonged to 19.7 ps, demonstrating that
the triplet >[4d] undergoes a diffusion-controlled reaction with molecular oxygen via energy transfer. Considering a

. . . e
concentration of molecular oxygen of ¢(O2) = 2.42 mM,*® the bimolecular rate constant is given to ko, = T;(TzT)l =

8.91:108 M"'s™! (kq, and k7 ? are the rate constants in the presence and absence of O», respectively), which is close
to the diffusion limit.

In the presence of the substrate 2a (10 mM, which is close to the solubility limit) under non-degassed conditions, no
further spectra of species other than the triplet state become obvious. However, the triplet state lifetime is quenched
to 397 ns indicating an additional reaction with a yield of 1—ky, /k%2 = 12.6% (kr; and k22 are the rate constants in
the presence and absence of 2a, respectively). Thus, the formed reaction products either do not absorb in the
experimental spectral detection window or molecular oxygen reacts faster with these intermediates forming new
species which also do not absorb significantly in the accessible spectral range. Comparing the steady-state absorption
spectra before and after the TA recordings, a new absorption contribution is evident, which confirms photoproduct

formation (experimental part, Figure 3.44).
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In the presence of 2a (10 mM) but in the absence of O, the intrinsic lifetime of *[4d] is quenched from 19.7 us to 5.0
us and the decay of the triplet spectrum is accompanied by the rise of new spectral contributions that persist on a time
scale longer than 1 ms (Figure 3.2). As the persisting difference spectrum is in striking agreement with the difference
spectrum of the electrochemically formed radical anion of 4d™ and its ground-state absorption (Figure 3.47), the
newly formed species arises from a diffusion-controlled electron transfer from 2a to the triplet >[4d], which in the
absence of molecular oxygen becomes highly efficient with 1-k352/ k%?,—oz = 74.6% (k:3% and k%?,—oz are the rate
constants in the presence and absence of 2a under degassed conditions, respectively) of the 3[4d] molecules being
quenched in this way. With a maximum 2a concentration of ¢(2a) = 10 mM, the bimolecular rate constant is given to

2a-02_, -02
_ kT Tk

kza c(2a)

=1.49-107 M's" (ky; and k7P are the rate constants in the presence and absence of O,

respectively). Since on this time scale the reaction with residual O, is negligible, 4d°~ can accumulate under these
conditions. The decay of 4d°~ can be well described by a bi-exponential ansatz with lifetimes of 231 us and >1 ms
(Figure 3.2). As the 4d°~ formation is accompanied by 2a° and subsequent 1f° formation to the identical amount the
first phase of the 4d”” decay may be attributed to RRPCO forming the carbanion 1f  and partially the initial 4d
(Scheme 3.5) while residual radicals 1f° undergo dimerization to bibenzyl 8a, leaving some 4d°" after consumption of
all benzyl radicals. Since all reactive intermediates 1f° have either dimerized or undergone electron transfer within

500 us, the second phase of the 4d°~ decay may result from reaction with residual O, forming a new photoproduct.
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Figure 3.2. Time-resolved absorption data of photocatalyst 4d in the presence of trifluoroborate 2a (10 mM) and absence of O2
following excitation at 355 nm. (a) Time-resolved spectra. The dashed rectangles indicate data ranges that were excluded from the
global analysis as described elsewhere.*° (b) decay associated difference spectra as a result from a global bi-exponential fit to the
data in (a). (c) Species associated spectra (SAS) contributing to the data in (@) as indicated. (d) Mole fraction-time profiles of the
SAS (open circles) contributing to the data in (a) and to data recorded in a 1 ms time window (Figure 3.43). The corresponding
global fits are shown as cyan lines.

As the steady-state absorption spectra after the TA recording of the degassed samples in the presence and absence of
2a differ (Figure 3.44), it is tempting that the latter scenario plays a significant role. Since neither spectral features of
1f° nor of 1 are observed, their lifetimes may only be estimated based on the dynamics of the accompanying counter
radical 4d°". As the 4d°~ dynamics is biphasic, dimerization and RRPCO compete on the time scale of the first phase

of the 4d”” decay. Since nucleophilic additions to aliphatic aldehydes* could be detected in a preparative ansatz, only
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accessible via bimolecular reactions, this requires a lifetime of the carbanion on the diffusion time scale of ns at

substrate concentrations in the mM range in solvents with similar viscosities as acetonitrile.
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Scheme 3.5. Proposed photocatalytic cycle for dimerization and carbanion formation of 1"~ mediated by triplet 3[4d] in MeCN.
4d is excited into the singlet state ![4d"], which then either fluoresces or undergoes intersystem crossing (ISC) and reaches the
triplet state 3[4d]. Reverse intersystem crossing (RISC) partially occurs, leading to thermally activated delayed fluorescence
(TADF). Initial electron transfer from 2a to 3[4d] forms a radical pair 3[4d"", 1f'] that partially proceeds via RRPCO regenerating
the 4d and forming the carbanion 1f~, which deprotonates MeCN. Dimerization of 1f significantly reduces carbanion formation,
so that 4d” partly reacts with residual oxygen. Both products could be identified by mass analysis (Figures 3.48 and 3.49).

3.2.5 Importance for reactions involving photocatalytically generated

carbanions

The high basicity of photocatalytically generated carbanions poses important consequences and limitations for their
utilization in organic synthesis. Standard solvents used in photoredox catalysis such as MeCN and DMSO possess
weakly acidic protons that can be abstracted by highly basic carbanions formed under photocatalytic RRPCO
conditions. Intermolecular C-C bond-forming reactions usually cannot compete with a fast deprotonation of the
surrounding bulk solvent unless the reaction partner is sufficiently electrophilic. An intramolecular example is the
photocatalytic C-H activation of phenylvaleric acid ethyl esters to the corresponding carbanions® where solvent
reactivity is expected to be the limiting parameter. When such cyclizations are conducted in acetonitrile-ds the
recovered starting material has a high degree of deuteration at the benzylic position. In agreement with a direct
competition between intramolecular Grignard reaction and solvent deprotonation, the increase in steric bulk on the
ester leads to a decrease in yield of cyclization product, while the degree of deuteration at the benzylic position
increases (Scheme 3.6). These findings demonstrate that formation of cyclization product 2-phenylcyclopentanone

(10) is primarily limited by the rate constant of carbanion protonation relative to cyclization.
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Scheme 3.6. 5-Phenylvaleric acid esters 9a-e cyclize to 2-phenylcyclopentanone (10). Solvent deprotonation competes with
Grignard-type cyclization. Yield and degree of deuteration determined by *H NMR spectroscopy.

In contrast to phenylvaleric acid ethyl ester (9b), the homolog which is shorter by one methylene group, phenylbutyric
acid ethyl ester, did not cyclize to the corresponding 2-cyclobutanone and the longer phenylhexanoic acid ethyl ester
did only give traces of the corresponding 2-phenylcyclohexanone (12).> While a four-membered ring is expected to
be thermodynamically unfavorable, formation of 2-phenylcyclohexanone (12) from 6-phenylhexanoic acid ester 11
should be energetically more favorable compared to cyclization of the corresponding phenylvaleric acid ester 9a to
phenylcyclopentanone 10. Subjecting deuterated phenylhexanoic acid ester 11-C2-d> to the conditions for benzylic
carbanion generation according to Scheme 3.7, no shift of deuterium from the o-position of the ester to the benzylic
position was observed and the deuteration degree of the starting material at C2 remained unchanged which excludes
an intramolecular deprotonation. Conducting the reaction in CD3CN gave additional 71% deuteration at the benzylic
position. The analogous reaction with deuterated phenylvaleric acid ester 9a-C2-d> confirmed no intramolecular
deuterium transfer also for the shorter homolog. This is in agreement with literature reports corroborating that

activation barriers for proton transfer reactions increase with deviation from a linear transition state.*!
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Scheme 3.7. Carbanion generation at the benzylic position of 6-phenylhexanoic acid ester 11-C2-d> results only in traces of the
corresponding 2-phenylcyclohexanone (12-dz) and no intramolecular deuterium-shift. A high degree of deuteration at the benzylic
position if CD3CN is used as solvent confirms benzylic C-H activation to the corresponding carbanion under the reaction conditions.

The barriers for cyclization of the carbanions derived from phenylvaleric acid methyl ester (9a) and phenylhexanoic
acid methyl ester (11) calculated at the M06-2X/6-31G(d) level of theory for optimization and frequency analysis and
at the wB97XD/Def2TZVP level of theory for single point are 5.9 kcal/mol and 2.1 kcal/mol, respectively, and thus
are contrary to the experimental trend. This suggests the relative rates of cyclization are primarily influenced by
diffusional motion between the reacting moieties. While the rate for carbanion protonation by the solvent is expected
to be independent of the alkyl chain length, cyclization will proceed faster for shorter chains due to significantly
shorter average distances between the benzylic position and the carbonyl group as well as due to less sampled
configurational space during diffusion.

The strong basicity of photocatalytically generated benzylic carbanions is not only relevant with respect to the solvent
but also towards reaction partners with weakly acidic protons such as acetone, a common reaction partner for
Grignard-type reactions, having mildly acidic a-protons and being readily available in its deuterated form. Indeed,
when generating carbanion 1f™ in acetone-ds according to Scheme 3.8, the corresponding mono-deuterated toluene
derivative 1f-d1 and the addition product 7b were obtained in a 1:1 ratio in near quantitative combined yield. The
toluene derivative had a high degree of mono-deuteration (94%) demonstrating that the yield of tertiary alcohol is
limited by the competing reactivity of the carbanion acting as base instead of nucleophile while factors such as residual

moisture or radical side reactions are negligible.
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Scheme 3.8. Benzylic carbanion 1f” reacts with acetone in a Grignard-type addition and in a deprotonation. 2In acetone-ds as
solvent; in 1:1 mixture acetone-ds/acetonitrile-do; PrsSiSH was used as HAT-reagent, 4CzIPN was used as pre-catalyst. The active
catalyst was formed in situ via photosubstitution as described in chapter 2.2°

When electron withdrawing groups (EWG) stabilize the carbanion, its nucleophilic reactivity is decreased and lower
yield for addition to aldehydes and ketones is observed (Scheme 3.9). However, basicity of the carbanion 1g~ is still
high enough to deprotonate the a-position of acetone resulting in protonation of the carbanion as the major reaction
pathway. On the other side, when using the less electrophilic reaction partner ethyl acetate as solvent in combination
with trifluoroborate 2a, giving more reactive carbanion 1f~, no addition product is observed while deprotonation is
still the predominant reaction pathway, which was indirectly observed in the 2H NMR spectrum in the presence of
D,0, showing a signal for mono-deuterated ethyl acetate (see experimental part Figure 3.34). This again demonstrates

that reactivity of photocatalytically generated carbanions is predominantly limited by their high basicity.
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Scheme 3.9. Stabilization of benzylic carbanions by electron withdrawing groups reduces their nucleophilicity. Despite reduced
basicity deprotonation of aldehydes and ketones is still possible, thus giving the corresponding toluene derivative as the major
product. Yields and deuteration determined by *H NMR spectroscopy.

To note, 4CzIPN itself acts as a photocatalyst only if substrates are substituted with electron withdrawing groups or

sterically hindered substrates are used, while primary benzylic radicals substituted with electron donating groups first
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react in a photosubstitution reaction substituting one of the CN-groups to form the active catalyst as described in
chapter 2.2° Accordingly, the reduction of electron poor benzyl radicals is favored over radical recombination with the
4CzIPN radical anion while neutral and electron rich benzyl radicals are difficult to reduce by the 4CzIPN radical
anion and rather trigger photosubstitution of 4CzIPN forming a more stable and stronger reducing photocatalyst. The
observation that electron withdrawing groups lead to favoring RRPCO over other reaction pathways even for only
moderately reducing photocatalysts explains previous reports.*? For instance, the reactivity of
benzyltriphenylphosphonium salts (14) under reductive photocatalytic conditions strongly depends on the electronic
nature of substituents on the aromatic ring. While electron-rich benzyl radicals dimerize to the corresponding
bibenzyls, benzyltriphenylphosphonium salts bearing electron withdrawing groups such as 14a exclusively form the
corresponding toluene derivative (substrate 14a gives toluene derivative 1g). Due to deuteration of the benzylic
position when CD3CN was used as solvent a HAT from the solvent acetonitrile or, depending on the electron donor,
from an amine radical cation to the benzyl radical was proposed to occur with electron deficient benzyl radicals, while
dimerization to the bibenzyl derivative was proposed to be unfavored due to a polarity mismatch. However, this could
not explain, for instance, a difference in the product distribution if started from a benzyl bromide instead of a
benzyltriphenylphosphonium salt. Furthermore, the proposed HAT is energetically not plausible, since the bond
dissociation energy (BDE) of toluenes (88 kcal/mol for unsubstituted toluene)*® is below that of acetonitrile
(96 kcal/mol).*

Based on the results presented in this work, we suggest revising the mechanism for electron-withdrawing group
substituted benzyltriphenylphosphonium salts according to Scheme 3.10. The iridium-based photocatalyst
[Ir(dtbbpy)(ppy)2]PFs used is slightly more reducing compared to 4CzIPN (-1.51 V¥ and -1.24 V*® vs. SCE). For
electron rich benzyl radicals reduction to carbanions is slow or not feasible (-1.43 V vs. SCE for unsubstituted benzyl
radical in MeCN)?*? so that benzyl radical build-up leads to dimerization as proposed. In contrast, electron-deficient
benzyl radicals such as 1g° are faster reduced to the corresponding carbanions than a critical benzyl radical
concentration for dimerization will build up. The carbanion is not able to form bibenzyl, but it is sufficiently basic to
deprotonate either the amine radical cation (if DIPEA is used as sacrificial electron donor) or just basic enough to
deprotonate the solvent acetonitrile (see Scheme 3.2) in the absence of more acidic protons. The different product
distribution for benzyl bromide substrates is also easily explained by that mechanism: Since electron deficient benzyl
bromides are more easily reduced to generate the corresponding radical (-1.29 V vs. SCE in MeCN), benzyl bromides
will mainly form benzyl radicals while radicals are first reduced to carbanions when triphenylphosphonium salts are

used as radical precursor, changing from radical to carbanionic reactivity depending on the radical source.
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Initially proposed mechanism: Revised mechanism:
CD3;CN
DAT from CD45CN to benzyl radical ~DAT Reduction of electron deficient benzyl radical to carbanion with
subsequent D* abstraction from acetonitrile-d3
Open questions: = Experimental evidence:
BDEs cannot explain D-transfer Reaction in CD3CN: >95% yield, 25% D
MeO Moderate deuteration by CD3;CN expected from basicity of stabilized
Unexpected substrate-dependent o) carbanion
product distribution 1g-d,

Reduction potentials explain substrate dependent product distribution

Scheme 3.10. Electron-withdrawing group substituted benzyltriphenylphosphonium salts undergo reduction to the corresponding
toluene derivative, while electron-donating group substituted benzyltriphenylphosphonium salts form bibenzyls under reductive
photocatalytic conditions. The initially proposed mechanism via HAT or DAT from acetonitrile is unlikely and instead an RRPCO
with subsequent protonation is more plausible as supported by data presented in this work. PC — photocatalyst =

[Ir(dtbbpy)(ppy)2]PFes.

3.3 Conclusion

In conclusion, it was demonstrated that carbanions generated via a photocatalytic RRPCO step are superbasic
intermediates capable of deprotonating common polar solvents such as acetonitrile, DMSO, and DMF. Their reactivity
is comparable to the gas-phase reactivity of isolated carbanions so that these are best described as monomeric, free
carbanions, answering the fundamental question about the nature of these often-proposed intermediates. The general
mechanism and methods used to analyze the individual steps are summarized in Scheme 3.11. Moreover, it was
demonstrated that previously unsuccessful nucleophilic addition and substitution reactions were not limited by the
nucleophilicity of the carbanions but by their high basicity towards solvents and abstractable protons commonly
present in electrophiles. The time-scale of the individual steps was determined by time-resolved spectroscopy and
identified the RRPCO step as rate-limiting with a lifetime of 231 us for the photocatalyst radical anion reducing a
benzyl radical to the carbanion. Kinetic isotope effects and selectivity for deprotonations by photocatalytically
generated carbanions can act as mechanistic probe to indirectly detect carbanionic intermediates by their specific
reactivity. This was demonstrated for carbanion generation from benzylic C-H bonds, supporting the initially proposed
mechanism. Further a substrate dependent change in the mechanism for photoreduction of
benzyltriphenylphosphonium salts was detected. Overall, the results provide an intuitive qualitative estimation of the
limits for reactions involving photocatalytically generated carbanions as reactive intermediates and will help to

rationally develop solutions to overcome these limitations.
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Scheme 3.11. Summary of the mechanistic cycle for generation of carbanions via photocatalytic reductive radical-polar crossover
(RRPCO) and methods used to elucidate the mechanism. Transient species of the photocatalyst (PC) 4d were followed via transient
absorption (TA) spectroscopy with trifluoroborate 2a as substrate. Decay times should only give an estimate as the bimolecular
rate constants are expected to vary depending on the specific substrate, photocatalyst, and concentration. The presence of benzyl
radicals was demonstrated in previous work by radical trapping.X® The reactivity of photocatalytically generated carbanions was
investigated with the focus on competing nucleophilicity and basicity. Tandem mass spectrometry was used to compare the basicity
in solution to the basicity of isolated carbanions in the gas phase.
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3.4 Experimental part

3.4.1 General information

All reactions were conducted in dried and deoxygenated solvents unless otherwise stated. Solvents for column
chromatography and recrystallization were distilled prior to use. Commercially available starting materials were used

as received.

NMR Analysis

NMR spectra were recorded using a Bruker Avance 400 (400 MHz for 'H, 101 MHz for '3C, 376 MHz for "°F,
128 MHz for "B) and a Bruker Avance III HD 600 (600 MHz for 'H, 92 MHz for 2H). Chemical shifts are reported
in ppm on the § scale with residual CHCl; as internal standard (7.26 ppm for 'H and 77.16 ppm for '*C). Abbreviations
for the multiplicity: s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sept = septet, m = multiplet. Spectra
were analyzed using Topspin 4.0.6 and 4.3.0. The degree of mono-deuteration of slightly overlapping signals was

determined via deconvolution using the mldcon -pp function of Topspin 4.3.0.

Thin Layer Chromatography
With silica gel pre-coated aluminum sheets (Machery-Nagel, silica gel 60 G/UV254, 0.2 mm) were used for thin layer
chromatography. Visualization of the separated compounds was achieved by UV-light (254 nm and 365 nm) and by

staining with potassium permanganate.

Cyclic Voltammetry

The CV was performed by Regina Hoheisel with the three-electrode potentiostat galvanostat PGSTAT302N from
Metrohm Autolab using a glassy carbon working electrode, a platinum wire counter electrode, a silver wire as a
reference electrode, and tetrabutylammonium tetrafluoroborate (TBATFB; 0.1 M) as supporting electrolyte. Potentials
vs. saturated calomel electrode were recorded with ferrocene added as internal standard with E1x(Fc/Fc™) = 0.380 V
vs. SCE. Half-wave potentials for irreversible peaks were estimated from the first derivative of the cyclic

voltammogram.*®

High resolution mass spectrometry
HRMS were measured at the Central Analytical Laboratory of the University of Regensburg on an Agilent Q-TOF
6540 UHD and a Jeol AccuTOF GCX instrument.

Gas-phase reactions

Gas-phase reactions were recorded using a TSQ-7000 quadrupole-octopole-quadrupole tandem mass spectrometer,
equipped with an mks Baratron® pressure meter. The exact gas-phase ratios of acetonitrile-do/d; present in the collision
cell during the experiments were determined through adduct formation with a mass-selected [Au(PPh3)]+.47’48 To

49,50

compensate for secondary collisions, a quadratic equation in a whole pressure range and separately in a range

between 15 and 70 pTorr was fitted to the intensity data of the product ions with the constrained to converge towards

zero at zero pressure (ax>+bx+c, where a is an arbitrary constant to compensate for secondary-collision events, ¢ = 0,
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REACTIVITY OF SUPERBASIC CARBANIONS GENERATED VIA REDUCTIVE RADICAL-POLAR
CROSSOVER IN THE CONTEXT OF PHOTOREDOX CATALYSIS

and b determines the slope at the zero pressure). The KIE values were determined from the slopes ratio of the fitted

curves at zero pressure. Experimental details can be found in section 3.4.6.
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3.4.2 Photoreactor setup

Photoreactions were performed in the reactor depicted in Figure 3.3. Reagents were placed in 6 mL crimp-capped
vials. The vials fit into a cooling block kept at 20 °C by a thermostat. The vials were irradiated from below via
OSRAM Oslon SSL 80 LT-1960 royal-blue LEDs (Amax = 440 nm). Stirring was achieved via a magnetic stirrer placed
below the reactor. Although the emission maximum is reported at 451 nm by the supplier it was determined to be at

440 nm with a range of approximately 400 — 500 nm.
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Figure 3.3. Photoreactor setup for small scale reactions. A: Cooling block front view; B: Cooling block and LED module top view;
C: Photoreactor setup in operation; D: Emission spectrum of the LEDs.
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3.4.3 Synthetic procedures

3.4.3.1 Synthesis of photocatalysts

General procedure 3-A: Synthesis of literature known cyanobenzene-based photocatalysts

Derived from literature procedure.’!

Carbazole or diphenylamine (1.1 equiv. per substituted fluorine) is dissolved in anhydrous THF (0.14 M based on the
fluorinated benzonitrile derivative). A solution of sodium bis(trimethylsilyl)amide (NaHMDS; 2M in THF) is added
via cannula while cooling in an ice bath. The solution is stirred at room temperature for 30 min. The fluorinated
benzonitrile derivative is dissolved in a few mL THF and added dropwise. The reaction mixture is stirred for 24 h at
60 °C (synthesis of 4CzIPN) or 3 h at 50 °C and 18 h at room temperature (synthesis of 3DPA2FBN). The solvent is
removed under reduced pressure and the residue suspended in diethyl ether. The solid is filtered and washed with
diethyl ether (40 mL per mmol product). The solid is extracted with chloroform until the extract is almost colorless
(roughly 70 mL per mmol product). The solvent is removed under reduced pressure and washed with a 9:1 mixture of
hexane/acetone (v:v 5 mL per mmol product) and hexane (5 mL per mmol product). The product is dried under high
vacuum. Photocatalysts 4CzIPN (4b) used in this work was synthesized in the same batch as used for chapter 2 and

analytical data can be found there.

2,4,6-Tris(diphenylamino)-3,5-difluorobenzonitrile (3DPA2FBN, 4a)

; CN ;
SHONE
F F
J0
Synthesized according to general procedure 3-A on 5 mmol scale from pentafluorobenzonitrile (5 mmol, 965 mg) and
diphenylamine (2.79 g, 16.5 mmol, 3.3 equiv.). The product was obtained as a bright yellow powder (800 mg,
1.25 mmol, 25%). The 'H- and '°’F-NMR spectra are in accordance with literature.®

'H-NMR (400 MHz, CDCl3): § [ppm] = 7.27 — 7.22 (m, 12+1 H, overlapping with residual CHCl5), 7.06 — 6.94 (m,
18H). ’F-NMR (377 MHz, CDCh): § [ppm] =-120.73 (s).

General procedure 3-B: Photosubstitution in dicyanobenzene photocatalysts

Photosubstitution of 4CzIPN for synthesis of the active catalysts was done according to the procedure reported in
chapter 2.

4CzIPN (90 umol), carboxylic acid (2 equiv.) and Cs;COs (2 equiv.) are placed in a 9 mL crimp vial. The vial is
capped, evacuated via cannula and backfilled with nitrogen. Via syringe 6 mL of DMSO are added. The reaction
mixture is degassed by 3 cycles of freeze-pump-thaw. The solution is irradiated with blue LEDs (Amax = 440 nm) for
0.5 — 2h until the fading of CzIPN's characteristic yellow/green fluorescence (see Figure 3.4) indicates full
conversion. Usually, the reaction is finished within 5-30 min. However, longer reaction times have no detrimental

effect and unreacted 4CzIPN is sometimes difficult to remove. The content of the vials is diluted with DCM, washed
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with water and brine. The organic phase is dried over Na,SO4 and the solvent evaporated under reduced pressure. The
crude products are recrystallized by dissolving in a minimum amount of DCM, approximately the same amount of

EtOAc is added and the DCM evaporated either under reduced pressure or under ambient conditions. The crystals are

filtered, washed with EtOAc and dried under vacuum.

4CZIPN (4a)

4c

Figure 3.4. A: Photosubstitution reactions in the photoreactor. Fading of the yellow/green fluorescence indicates full conversion
of 4CzIPN; TLC of photosubstitution in 4CzIPN with 3,5-dimethoxyphenylacetic acid to photosubstitution product 4c; B: TLC

illuminated at 254 nm; C: TLC illuminated at 365 nm.

2,3,4,6-Tetra(9H-carbazol-9-yl)-5-(3,5-dimethoxybenzyl)benzonitrile (4¢)

e

CN

OMeNN

SR

Synthesized according to general procedure 3-B from 4CzIPN (4a) and 3,5-dimethoxyphenylacetic acid on 240 pmol
scale in DMSO (4 x 60 umol). The product was obtained as yellow, crystalline solid with 0.9 equivalents of DMSO
which could not be separated by recrystallization (177 mg, 178 pmol, 74%). A tendency for similar compounds to
crystallize with 1 equivalent of solvents was also observed in previous reports.4’29

'"H NMR (400 MHz, CDClL3):  [ppm] = 8.18 (d, J = 7.7 Hz, 2H), 7.72 — 7.60 (m, 6H), 7.48 (d, J = 8.1 Hz, 2H), 7.41
(t, J=7.4Hz, 2H), 7.27 (t, J=7.4 Hz, 4H), 7.11 — 7.00 (m, 10H), 6.92 (d, J= 8.3 Hz, 2H), 6.76 (t, /= 7.4 Hz, 2H),
6.63 (t, J=7.6 Hz, 2H), 5.57 (s, 1H), 5.10 (d, J=2.0 Hz, 2H), 3.71 (s, 2H), 3.20 (s, 6H), 2.59 (s, 5.5H, 0.9 equiv.
DMSO). BC{'H} NMR (101 MHz, CDCl3): 5 = 159.9, 145.3, 142.1, 140.9, 140.3, 140.1, 139.0, 138.8, 138.7, 137.9,
136.3, 126.8, 125.6, 125.5, 124.4, 124.3, 124.2, 123.8, 123.6, 121.4, 121.2, 121.1, 120.8, 120.34, 120.31, 120.2, 119.5,
117.8. 112.7,110.2, 110.1, 109.9, 109.2, 105.7, 98.4, 54.8, 41.1 (DMSO), 35.4. HRMS (+ESI) m/z: [M + H]" Caled

for Ce4H44N502 914.3490; Found 914.3487.
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2,3,4,6-Tetra(9H-carbazol-9-yl)-5-(4-methoxybenzyl)benzonitrile (4d)

CN

MeO I O
AL

Synthesized according to general procedure 2-B from 4CzIPN and 4-methoxyphenylacetic acid on 180 pmol scale

(2 x 90 umol) in DMSO. The product was obtained as yellow, crystalline solid (130 mg, 147 pmol, 82%). Due to its

low solubility only very weak signals in the '*C NMR spectrum could be obtained.

'"H NMR (400 MHz, CDCL): § [ppm] = 8.19 (d, J=7.68 Hz, 2H), 7.72 —7.59 (m, 6H), 7.46 — 7.38 (m, 4H),

7.31-7.21 (m, 4H), 7.11 — 6.98 (m, 10H), 6.91 (d, J = 8.1 Hz, 2H), 6.76 (t, ] = 7.4 Hz, 2H), 6.62 (t, /= 7.6 Hz, 1H),

5.98 (d, J=8.4 Hz, 2H), 5.81 (d, J=8.6 Hz, 2H), 3.71 (s, 2H), 3.40 (s, 3H). HRMS (+ESI) m/z: [M + Na]"
Ce3HaNsONa* 906.3203; Found 906.3203.

3.4.3.2 Synthesis of benzyl trifluoroborates
Potassium trifluoro(3,5-dimethoxybenzyl)borate (2a)

BF;K
MeO

OMe
According to literature procedure:*
Bis(pinacolato)diboron (2.29 g, 9 mmol, 1.5 equiv.), triphenylphosphine (205 mg, 780 umol, 13 mol%), copper(l)
iodide (114 mg, 600 ummol, 10 mol%), and lithium methoxide (466 mg, 12 mmol, 2 equiv.) were dissolved in DMF
(10 mL). 3,5-dimethoxybenzyl bromide (1.38 g, 6 mmol, 1 equiv.) was added and the solution stirred overnight (16 h)
at room temperature. Water was added and the mixture extracted with EtOAc. The organic phase was washed with
water and brine, dried over Na;SOs, and the solvent evaporated under reduced pressure. Methanol (50 mL) and KHF,
(3.75 g, 48 mmol, 8 equiv.) dissolved in water at 0 °C was added to the residue. The mixture was stirred at room
temperature for 1 h, concentrated under reduced pressure and azeotroped with EtOH three times to remove most of
the water and pinacol. The residue was extracted with boiling acetone, the solvent removed under reduced pressure,
and the crude product washed with DCM and then hexane to yield the product as colorless, fine needles (1.35 g,
5.23 mmol, 87%). The 'H NMR spectrum is in accordance with literature.
'"H NMR (400 MHz, CD3CN): § [ppm] = 6.27 (d, J = 2.2 Hz, 2H), 6.10 (t, J = 2.3 Hz, 1H), 3.71 (s, 6H), 1.62 — 1.44
(m, 2H).
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Potassium trifluoro(4-(methoxycarbonyl)benzyl)borate (2b)

BF;K

MeO

(0]
According to literature procedure:*
Methyl 4-(bromomethyl)benzoate (1.15 g, 5 mmol, 1 equiv.), Pd>dbas (92 mg, 100 mmol, 2 mol%), p-tolsP (91 mg,
300 pmol, 6 mol%), potassium acetate (736 mg, 7.5 mmol, 1.5 equiv.), and bis(pinacolato)diboron (1.4 g, 5.5 mmol,
1.1 equiv.) were suspended in toluene (30 mL) and stirred for 24 h at 50 °C. The mixture was filtered through a plug
of silica and eluted with EtOAc. The solvent was removed under reduced pressure and the residue dissolved in a
mixture of EtOAc (20 mL) and MeOH (30 mL). A solution of KHF, (2.43 g, 30 mmol, 6 equiv.) in 7 mL H>O was
added at 0 °C and the mixture stirred at room temperature for 1 h. The solvent was removed under reduced pressure,
the residue azeotroped three times with EtOH and dried under high vacuum for 2 h. The product was extracted with
boiling acetone and the filtrate concentrated under reduced pressure. The crude product was recrystallized from
acetone/Et,O to yield the final product as colorless, fine needles (530 mg, 2.07 mmol, 41%). The 'H NMR spectrum
is in accordance with literature.
'"H NMR (400 MHz, DMSO-ds): & [ppm] = 7.67 (d, J = 8.26 Hz, 2H), 7.09 (d, J = 8.15 Hz, 2H), 3.79 (s, 3H), 1.66 —
1.48 (m, 2H). F NMR (376 MHz, DMSO-d6): = 135.9 — 136.8 (m). 'B NMR (128 MHz, DMSO-ds): 5 = 5.48
—2.43 (m).

Potassium trifluoro(1,2,3,4-tetrahydronaphthalen-1-yl)borate (2¢)
BF4K

According to literature procedure:>*

1,2-Dihydronaphthalene (976 mg, 7.5 mmol, 1 equiv.) in 2 mL THF was added dropwise to a solution of BH3*THF
(15 mL, 20 mmol, 2 equiv., 1 M solution in THF) at 0 °C and stirred for 2 h at room temperature. Water (1 mL) was
added, and the mixture stirred for another 3 h at room temperature. The solvent was evaporated under reduced
pressure, the residue dissolved in EtOAc, washed with saturated aqueous NaHCOs3 solution and brine, dried over
Na»S0Os, the solution concentrated under reduced pressure to a volume of approximately 4 mL, and petroleum ether
was added to precipitate the boronic acid. The boronic acid was then dissolved in MeOH (12 mL), and KHF2 (2.39 g,
37.5 mmol, 5 equiv.) in H>O (2.5 mL) was added at 0 °C. The suspension was stirred for 2 h and the solvent evaporated
under reduced pressure. The residue was extracted with boiling acetone and the solvent removed under reduced
pressure to a volume of approximately 5 mL. The product was precipitated by addition of diethyl ether as a colorless
solid (1.39 g, 5.84 mmol, 78 %). The 'H NMR spectrum is in accordance with literature.

"H NMR (400 MHz, DMSO-de): 5 [ppm] = 7.18 (d, J = 7.49, 1H), 6.90 — 6.73 (m, 3H), 2.57 (t,J = 6.4 Hz, 2H), 1.96
— 1.82 (m, 1H), 1.78 — 1.51 (m, 3H), 1.51 — 1.38 (m, 1H). ’F NMR (376 MHz, DMSO-ds): § = -138.6 — -139.6.
3C{'H} NMR (101 MHz, CDCl3): § = 145.2, 135.8, 129.50, 129.49, 127.8, 124.0, 121.9, 30.3, 25.7, 25.67, 25.66,
22.
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2-(1-(4-Methoxyphenyl)ethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (17)

MeO

According to literature procedure:*

1,3-Bis(diphenylphosphino)-propane nickel(II) chloride (271 mg, 500 pmol, 5 mol%) and potassium acetate (1.96 g,
20 mmol, 2 equiv.) were stirred in a mixture of toluene (60 mL) and MeOH (20 mL) for 5 min at room temperature.
Bis(pinacolato)diboron (5.08 g, 20 mmol, 2 equiv.) and p-methoxy styrene were added and stirred overnight at room
temperature. The reaction mixture was diluted with water (50 mL), extracted with EtOAc, and dried over Na,SOs.
The solvent was removed under reduced pressure and the crude product purified by column chromatography (5>20%
EtOAc in PE). The product was obtained as a colorless liquid (1.52 g, 5.8 mmol, 58%).

In the original procedure NiCly(dppe) is used instead of NiClo(dppp), which is reported to result in higher yields. Here,
NiCly(dppp) was only used as an available alternative.

'H NMR (400 MHz, CDCl): § [ppm] = 7.13 (d, J = 8.6 Hz, 2H), 6.81 (d, J= 8.6 Hz, 2H), 3.77 (s, 2H), 2.38 (q,
J=7.5Hz, 1H), 1.29 (d, J=7.5 Hz, 3H), 1.21 + 1.20 (2s, 12H).

Potassium trifluoro(1-(4-methoxyphenyl)ethyl)borate (2d)

BF3K

CHj

MeO
Pinacolborane 17 (1 g, 3.81 mmol, 1 equiv.) was dissolved in 12 mL MeOH. KHF; (1.34 g, 17.12 mmol, 4.5 equiv.)
dissolved in 6 mL H>O was added at 0 °C. The reaction mixture was stirred at room temperature for 3 h, then the
solvent was removed under reduced pressure and the residue azeoptroped four times with EtOH to remove most of
the pinacol. The residue was extracted with boiling acetone and the solvent evaporated. The crude residue was
dissolved in DCM (2 mL) and the product crystallized overnight as a colorless solid (437 mg, 1.81 mmol, 47%).
The 'H NMR spectrum is in accordance with literature.®
'H NMR (400 MHz, CDCl): & [ppm] = 7.09 — 7.02 (m, 2H), 6.75 — 6.69 (m, 2H), 3.72 (s, 3H), 1.62 (broad s, 1H),
1.08 (d, /= 7.4 Hz, 3H).
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3.4.3.3 Synthesis of Q-phenylalkylcarboxylic acid esters
General procedure 3-C: Esterification of carboxylic acids via the acyl chloride

e) pyridine (2 equiv.) le)

o}
SOCl, ROH (0.8-2 equiv.)
OH ——— cl OR
X X X

Carboxylic acid (2.5 mmol) is refluxed in SOCIl; (1.5 — 2.5 equiv.) for 2 h. Excess thionyl chloride is removed under

reduced pressure and the residue dissolved in 2 mL DCM. The alcohol (usually 2 equiv.) and pyridine (403 pL,
5 mmol, 2 equiv.) are added and the mixture stirred for 3 h at room temperature. The equivalents of alcohol in the
following reactions were chosen depending on whether the carboxylic acid or the alcohol is more readily available. If
not stated otherwise, 2 equivalents of alcohol were used. Depending on the alcohol, the reaction time might be reduced.
After completion of the reaction the suspension is diluted with EtOAc, washed with water, diluted HCI (1 M), saturated
aqueous K>COs3, and brine. The organic layer is dried over Na,SOs and the solvent evaporated under reduced pressure.

The crude product is purified via column chromatography (0->5% ethyl acetate in petrol ether).

General procedure 3-D: Acid catalyzed esterification of carboxylic acids

0 0
H,S0,
OH ———— OR
ROH
X X

Carboxylic acid is dissolved in the alcohol used for esterification (2.1 mL per mmol carboxylic acid). Sulfuric acid
(2 equiv.) is added and the reaction mixture stirred for 1 h at room temperature. The reaction mixture is quenched with
water, extracted with EtOAc, washed with saturated aqueous K,COj; and brine, dried with Na,SOj, and the solvent

removed under reduced pressure. Products were obtained in sufficient purity and used without further purification.

Methyl 5-phenylpentanoate (9a)
0}

©/\/\)L0Me

Literature known compound.’’ Synthesized according to general procedure 3-D on 2.5 mmol scale. The compound
was obtained as a colorless liquid (407 mg, 2.12 mmol, 85%). The NMR spectra are in accordance with literature.
"H NMR (400 MHz, CDCl):  [ppm] = 7.34 — 7.27 (m, 2H), 7.24 — 7.17 (m, 3H), 3.68 (s, 3H), 2.71 — 2.61 (m, 2H),
2.41-2.31 (m, 2H), 1.76 — 1.64 (m, 4H). *C{!H} NMR (101 MHz, CDCL3): § [ppm] = 173.9, 142.0, 128.25, 128.19,
125.6, 51.3, 35.4, 33.8, 30.8, 24.5.
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Ethyl 5-phenylpentanoate (9b)
O

©/\/\)‘\0Et

Literature known compound.® Synthesized according to general procedure 3-C on 10 mmol scale and according to
general procedure 3-D on 5 mmol scale. NMR spectra are in accordance with literature.

Procedure 1: The product was obtained as colorless liquid (1.77 g, 8.58 mmol, 86%).

Procedure 2: The product was obtained as a colorless liquid (920 mg, 4.46 mmol, 89%).

'"H NMR (400 MHz, CDCl3): § [ppm] = 7.33 — 7.25 (m, 2H), 7.25 — 7.12 (m, 3H), 4.14 (q, J = 7.2 Hz, 2H), 2.70 —
2.61 (m, 2H), 2.38 —2.29 (m, 2H), 1.75 — 1.63 (m, 4H), 1.27 (t, J= 7.1 Hz, 3H). BC{'H} NMR (101 MHz, CDCl3):
d [ppm] = 173.51, 142.07, 128.29, 128.22, 125.67, 60.11, 35.49, 34.10, 30.82, 24.52, 14.16.

Isopropyl 5-phenylpentanoate (9d)

Literature known compound.’® Synthesized according to general procedure 3-C on 2.5 mmol scale. The compound
was obtained as a colorless liquid (477 mg, 2.17 mmol, 87%).

The NMR spectra are in accordance with literature.

'"H NMR (400 MHz, CDCls): 3 [ppm] = 7.31 — 7.24 (m, 2H), 7.21 — 7.14 (m, 3H), 5.01 (sept, J = 6.3 Hz, 1H), 2.68
—2.60 (m, 2H), 2.33 - 2.26 (m, 2H), 1.72 — 1.63 (m, 4H), 1.23 (d, J = 6.2 Hz, 6H). BC{'H} NMR (101 MHz, CDCl3):
S [ppm] =173.3, 142.3, 128.5, 128.4, 125.9, 67.6, 35.7, 34.7, 31.0, 24.8, 22.0.

(S)-sec-Butyl 5-phenylpentanoate (9¢)
O CHs

Q/MOJ\/CHs

Synthesized according to general procedure 3-C on 2.5 mmol scale with 1 equiv. (S)-sec-butanol. The compound was
obtained as a colorless liquid (510 mg, 2.18 mmol, 87%)).

'H NMR (400 MHz, CDCl): 6 [ppm] = 7.32 — 7.23 (m, 2H), 7.22 — 7.14 (m, 3H), 7.91 — 4.77 (m, 1H), 2.70 — 2.58
(m, 2H), 2.36 — 2.28 (m, 2H), 1.75 — 1.47 (m, 6H), 1.29 (d, J = 6.3 Hz, 3H), 0.90 (t, J= 7.5 Hz, 3H). *C{!H} NMR
(101 MHz, CDCl): 6 [ppm] = 173.3, 142.2, 128.33, 128.25, 125.69, 35.55, 34.48, 30.87, 28.77, 24.68, 19.45, 9.65.
HRMS (EI+) m/z: [M]" Calcd for CisH2,0, 234.1614; Found: 234.1614.

82



Decyl 5-phenylpentanoate (9¢)
O

©/\/\)\Onc10H21

Synthesized according to general procedure 3-C on 2.5 mmol scale with 2 equiv. n-decanol. The compound was
obtained as a colorless liquid (705 mg, 2.21 mmol, 89%).

'"H NMR (400 MHz, CDCl3): & [ppm] = 7.38 — 7.32 (m, 2H), 7.29 — 7.21 (m, 3H), 4.14 (t, J = 6.8 Hz, 2H), 7.80 —
2.64 (m, 2H), 2.48 — 2.33 (m, 2H), 1.82 — 1.62 (m, 6H), 1.46 — 1.31 (m, 14H + 1H impurities), 0.97 (t, /= 6.9 Hz,
3H) BC{'H} NMR (101 MHz, CDCl3): § [ppm] = 173.8, 142.3, 128.48, 128.41, 125.9, 64.6, 35.7, 34.3, 32.0, 31.0,
29.648, 29.643, 29.42, 29.37, 28.8, 26.1, 24.8, 22.8, 14.2 HRMS (EI+) m/z: [M]" Calcd for C>1H340, 318.2553,
found: 318.2551.

Methyl 5-(4-methoxyphenyl)pentanoate (9f)
O

/©/\/\)L0Me
MeO

Literature known compound.®® Synthesized according to general procedure 3-D on 1.2 mmol scale. The compound
was obtained as a colorless liquid (262 mg, 1.18 mmol, 98%). NMR spectra are in accordance with literature.

'"H NMR (400 MHz, CDCl): § [ppm] = 7.09 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.5 Hz, 2H), 3.78 (s, 3H), 3.66 (s, 3H),
2.57 (t,J=7.2 Hz, 2H), 2.33 (t, J = 7.0 Hz, 3H), 1.73 — 1.54 (m, 4H). *C{'H} NMR (101 MHz, CDCl):  [ppm] =
174.1,157.7,134.2, 129.2, 113.7, 55.2, 51.4, 34.6, 33.9, 31.1, 24.5.

Methyl 6-phenylhexanoate (11)

OMe
O

Literature known compound.®’ Synthesized according to general procedure 3-D on 3 mmol scale. The compound was
obtained as a colorless liquid (614 mg, 2.98 mmol, 99%). The '"H NMR spectrum is in accordance with literature.

'"H NMR (400 MHz, CDCL3): § [ppm] = 7.32 — 7.23 (m, 2H), 7.22 — 7.13 (m, 3H), 3.67 (s, 3H), 2.61 (t,J = 7.7 Hz,
2H), 2.31 (t,J = 7.5 Hz, 2H), 1.75 — 1.56 (m, 4H), 1.44 — 1.31 (m, 2H).
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3.4.3.4 Synthesis of benzyltriphenylphosphonium bromides

General procedure 3-E:

Benzyltriphenylphosphonium bromides were synthesized according to literature procedure.*?

Triphenylphosphine (2.85 mmol, 1 equiv.) and substituted benzyl bromide (3.14 mmol, 1.1 equiv.) were refluxed in
toluene (10 mL) for 3 h. After cooling to room temperature, the product was filtered, washed with toluene and

n-hexane, and dried under vacuum.

[4-(Methoxycarbonyl)benzyl]triphenylphosphonium bromide (14a)

@ —
PPh; Br
MeO

(0]
Synthesized according to general procedure 3-E. The product was obtained as colorless powder (1.30 g, 2.65 mmol,
92%).
The 'H NMR spectrum is in accordance with literature.®!
'"H NMR (400 MHz, CD3CN): & [ppm] = 7.92 — 7.82 (m, 3H), 7.81 — 7.74 (m, 2H), 7.72 — 7.61 (m, 12H), 7.18 = 7.10
(m, 2H), 5.10 (d, J = 15.5 Hz, 2H), 3.83 (s, 3H).

(3,5-Dimethoxybenzyl)triphenylphosphonium bromide (14b)

©pphn, Br
MeO

OMe
Synthesized according to general procedure 3-E. The product was obtained as colorless powder (1.39 g, 2.82 mmol,
99%).
The '"H NMR spectrum is in accordance with literature.®?
'"H NMR (400 MHz, CD3CN): § [ppm] = 7.91 — 7.82 (m, 3H), 7.73 — 7.58 (m, 12H), 6.40 (q, J = 2.25 Hz, 1H), 6.17
(t, J=2.38 Hz, 2H), 4.81 (d, J= 14.68 Hz, 2H), 3.52 (s, 6H).

[4-Cyanobenzyl]triphenylphosphonium bromide (14¢)

©) -
Z

Synthesized according to general procedure 3-E. The product was obtained as colorless powder (1.25 g, 2.73 mmol,
96%).

'H NMR (400 MHz, CD3CN): § [ppm] = 7.92 — 7.85 (m, 3H), 7.73 — 7.59 (m, 12H), 7.55 (d, J= 7.9 Hz, 2H), 7.16
(dd, J= 8.4, 2.3 Hz, 2H), 4.96 (d, J = 15.5 Hz, 2H).

N
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3.4.3.5 Synthesis of deuterated substrates
General procedure 3-F: Deuteration in a-position to ester groups
0 CD3ONa %
R\/J\OMe CD;0D R7<J\OCDS
DD
Sodium (2 equiv.) is added to CD3;0OD (3 mL/mmol ester) and stirred until all sodium has reacted. After addition of
the ester (1 equiv.) the solution is stirred overnight. The reaction is quenched with D,O (100 pL/mmol), diluted with

EtOAc, washed with water and brine, dried with Na>SOj, and the solvent removed under reduced pressure to yield the

product without further purification.

Methyl-ds 5-phenylpentanoate-2,2-dz (9a-C2-dz)
(0]

0CD,
DD

Synthesized according to general procedure 3-F on 1 mmol scale. The product was obtained as colorless liquid
(154 mg, 781 mmol, 78%) with 87% deuteration at the a-position. NMR spectra match those of the respective non-
deuterated compound 9a except for the deuterated positions.

"H NMR (400 MHz, CD3OD): & [ppm] = 7.28 — 7.20 (m, 2H), 7.20 — 7.11 (m, 3H), 2.68 — 2.54 (m, 2H), 2.37 —2.27
(m, 0.27H, incomplete deuteration), 1.69 — 1.56 (m, 4H) 3C{'H} NMR (101 MHz, CD30D): § [ppm] = 175.9, 143 .4,
129.4, 129.3, 126.8, 51.2 (t, J=22.3 Hz), 36.5, 34.5 — 33.8 (overlapping deuterated and partially deuterated a-Cs)
HRMS (EI+) m/z: [M]" Calcd for C12H;1DsO2 197.1459; Found 197.1462.

Methyl-ds 5-phenylhexanoate-2,2-d> (11-C2-d5)

o)
0CD,4

D D

Synthesized according to general procedure 3-F on 2.5 mmol scale in 5 mL CD3;OD. The procedure was repeated
twice to improve the deuteration degree. The product was obtained as colorless liquid (402 mg, 1.92 mmol, 76%) with
>99% deuteration in a-position. NMR spectra match those of the respective non-deuterated compound 11 except for
the deuterated positions.

'"H NMR (400 MHz, CDCl3): & [ppm] = 7.32 — 7.26 (m, 2H), 7.23 — 7.15 (m, 3H), 2.63 (t, J= 7.7 Hz, 2H), 2.34 —
2.27 (m, 0.017H, residual H in a-position), 1.72 — 1.59 (m, 4H), 1.44 — 1.33 (m, 2H). C{'H} NMR (101 MHz,
CDCl): 6 [ppm] = 174.3, 142.6, 128.5, 128.4, 125.8, 50.8 (sept, J =22.4 Hz, peak at 50.11 ppm likely lost in the
noise), 35.8, 33.5 (quint, J = 19.6), 31.2, 28.8, 24.8. HRMS (EI+) m/z: [M]" Calcd for Ci3H;3D50, 211.1615; Found
211.1611.
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Synthesis of other deuterated substrates
Methyl 5-(4-methoxyphenyl)pentanoate-5,5-d; (9f-d)

D D ]

/Q)WJ\OMe
MeO

Synthesized according to general procedure 3-G on 400 umol scale.

The product was purified via column chromatography (10% EtOAc in PE) and obtained as colorless liquid (73 mg,
325 umol, 81%) with 83% deuteration at the benzylic position.

NMR spectra match those for non-deuterated compound 9f except for the deuterated position. Signals from the
monodeuterated compound show small chemical shift differences in the '*C NMR spectrum and are marked with d|.

'"H NMR (400 MHz, CDCL): § [ppm] = 7.13 — 7.04 (m, 2H), 6.87 — 6.78 (m, 2H), 3.78 (s, 3H), 3.66 (s, 3H), 2.61 —
2.51 (m, 0.333H, 83% D), 2.33 (t, J= 7.1 Hz, 2H), 1.72 — 1.54 (m, 4H) BC{'H} NMR (101 MHz, CDCl:3): § [ppm]
=174.2,157.9, 134.29 (d1), 134.26, 129.4, 113.9, 55.4, 51.6, 34.8 — 33.8 (m), 34.08, 31.2 (d}), 31.1, 24.61 (d1), 24.59
HRMS (EI+): [M]" Calcd for Ci13H;sD203 224.1376; Found 224.1376.

1-(Ethyl-1-d)-4-methoxybenzene (1b-d1)
D

MeO

Synthesized according to general procedure 3-H from trifluoroborate 2d with 10 equiv. D,O as deuterium source.
Purified via column chromatography (100% n-pentane). The product was obtained as colorless liquid (28 mg,
204 pmol, 68%) in moderate purity with >95% mono-deuteration. NMR spectra are in accordance with literature and
non-deuterated 1b except for the deuterated position.®

'H NMR (400 MHz, CDCls): § [ppm] = 7.15 — 7.08 (m, 2H), 6.86 — 6.80 (m, 2H), 3.79 (s, 3H), 2.58 (qt, J= 7.6,
2.07 Hz, 1H), 1.23 — 1.18 (m, 3H) BC{'H} NMR (101 MHz, CDCl3): § [ppm] = 157.8, 136.5, 128.8, 113.9, 55.4,
27.8 (t, J=19.3 Hz, benzylic C), 15.9.

1-(Ethyl-1,1-d;)-4-methoxybenzene (1b-d2)
D D

MeO

Synthesized according to literature.%

AICl; (1.42 g, 10.62 mmol, 1.77 equiv.) and LiAID4 (252 mg, 6 mmol, 1 equiv.) were suspended in 20 mL Et,0O.
4-Methoxyacetophenone (901 mg, 6 mmol, 1 equiv.) was added dropwise. The mixture was stirred for 1 h at room
temperature, then 20 mL H,O were added dropwise. After the H, evolution stopped the mixture was extracted with
n-pentane (3 x 20 mL), the organic phase washed with water and brine, dried over Na,SOs, the solvent removed under
reduced pressure (120 mbar, 40 °C to avoid evaporation of product), and the crude product purified via column
chromatography (100% n-pentane). The compound was obtained as a colorless liquid (692 mg, 5.01 mmol, 83%) with

a deuteration degree of >99%. NMR spectra are in accordance with literature and ethyl anisole-dj.
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'"H NMR (400 MHz, CDCl3): § [ppm] = 7.16 — 7.10 (m, 2H), 6.88 — 6.81 (m, 2H), 3.80 (s, 3H), 1.21 (s, 3H)
BC{'H} NMR (101 MHz, CDCL): § [ppm] = 157.8, 136.5, 128.8, 113.9, 55.4, 27.4 (quint, J = 19.3 Hz, benzylic
position), 15.8.

3.4.4 Generation of carbanions

General Procedure 3-G: Carbanion generation from benzylic C-H bonds

Carbanion generation from benzylic C-H bonds was done as previously reported on benzylic C-H activation:
Benzylic substrate (1 equiv., 100 pmol per mL solvent), K»CO3 (10 mol%) and photocatalyst 3DPA2FBN (4b,
3 mol%) are placed in a 6 mL crimp-capped vial with a stirring bar and closed. The vial is evacuated and backfilled
with nitrogen 3 times via cannula. HAT-catalyst ‘Pr3;SiSH (10 mol%) and solvent (MeCN or MeCN/acetone 1:1) are
added via syringe. Solid reaction partners are added before closing the vial and liquids via syringe after closing the
vial. The reaction mixture is degassed by 3 cycles of freeze-pump-thaw and irradiated by blue light (LEDs;
Amax = 440 nm) overnight.

Addition of molecular sieves as previously reported® can slightly increase the yield by binding residual water.
However, the heterogeneity of this system was detrimental to analysis and reproducibility. Thus, molecular sieves
were not used in this work to improve reproducibility. As the focus was on mechanistic investigations, maximizing
yields was not required.

For isolation of tertiary alcohol products, the reaction mixture is diluted with water, extracted with EtOAc, and dried
over NaySQOj. After solvent removal under reduced pressure the crude product is purified via column chromatography
with appropriate EtOAc/PE mixtures.

For isolation of alkyl benzyl compounds the reaction mixture is diluted with water, extracted with n-pentane, and dried
over Na;SOs. The solvent is removed under reduced pressure. Where necessary, column chromatography with
appropriate mixtures of EtOAc/PE can be used for purification. Most compounds in this work were obtained in

sufficient purity without further purification.

General procedure 3-H: Carbanion generation from carboxylic acids, carboxylates and trifluoroborates
Carbanion generation from carboxylic acids and benzyl trifluoroborate salts was done as previously reported:*
Carbanion precursor (1 equiv. 100 umol per mL solvent) and photocatalyst (5 mol%) are placed in a 6 mL crimp-
capped vial. If the carbanion precursor is a carboxylic acid, additional Cs,COs (1 equiv.) is added. The vial is evacuated
and backfilled with nitrogen 3 times via cannula. Solvent (MeCN for trifluoroborates and DMA for carboxylates, if
not stated otherwise) and reaction partners (acetone, H,O, D,0) are added, the reaction mixture degassed by 3 cycles
of freeze-pump-thaw and irradiated by blue light (LEDSs; Amax = 440 nm) for 3 — 16 h. Exact reaction times depend on
the substrate and conditions. Trifluoroborates usually give full conversion within 1 —4 hours, carboxylates within 3 —
10 h. If not stated otherwise, reactions with trifluoroborates were run for 4 h, with carboxylates and carboxylic acids
overnight (16 h) to ensure maximum conversion.

If products are isolated, the same isolation procedure as for carbanion generation via benzylic C-H activation is

followed. To note, in this work the focus is on the reactivity of the carbanions and not on maximizing yields. Thus, to
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give comparable data, conditions for some reactions were chosen to closely resemble other reactions, often not being
optimal for achieving maximum yield of the specific compound.
As photocatalyst, 4CzIPN can be used as pre-catalyst or the photosubstitution products can be used directly. A more

detailed explanation and comparison can be found in section 3.4.5.

Methyl 4-(methyl-d)benzoate (1g-d1)
and methyl 4-(2-hydroxy-2-(methyl-ds)propyl-3,3,3-ds)benzoate (7¢)

BF,K D DsC
o) 4CzIPN (4a)

+ —_— +

MeO D;C” CD, MeO
(0] O
2b 5b 19-d, 7c

The reaction was conducted according to general procedure 3-H in 2 mL of a 1:1 mixture acetone-ds/CH3CN on

100 pmol scale. Concentration was half of the general procedure due to the low solubility of the substrate.

Methyl 4-(methyl-d)benzoate

Methyl 4-(methyl-d)benzoate was obtained as a colorless liquid with 86% mono-deuteration at the benzylic position

(11.3 mg, 75 umol, 75%).

TH NMR (400 MHz, CDCl3): § [ppm] = 7.97 — 7.89 (m, 2H), 7.26 — 7.21 (m, 2H), 3.90 (s, 3H), 2.41 (s, benzylic CH3

of non-deuterated product), 2.39 (t, J= 2.1 Hz, CH,D, 2.25 H together with non-deuterated product). *C{'H} NMR

(101 MHz, CDCls): 6 [ppm] = 167.4, 143.7, 129.7, 129.2, 127.6, 52.1, 21.79 (benzylic C of 1g-do), 21.5 (4,

J=19.45 Hz, benzylic C of 1g-di. HRMS (+APCI) m/z: Calc. for CoH;0DO; 152.0816; Found 152.0816.

Methyl 4-(2-hydroxy-2-(methyl-ds3)propyl-3,3,3-ds)benzoate (7c)

Obtained as a colorless, viscous liquid (4.3 mg, 20 umol, 20%).

'"H NMR (400 MHz, CDCl): § [ppm] = 8.01 — 7.96 (m, 2H), 7.33 — 7.28 (m, 2H), 3.91 (s, 3H), 2.82 (s, 2H).

HRMS (+APCI) m/z: [M+H]" Calcd for Ci2H;1D6Os 215.1549; Found 215.1551 and [M+NH4]" Caled for

Ci2H14DgNO3 232.1814; Found 232.11815 (mass for [M + NH4]" shows that [M + H]" is indeed [M + H]" and not

[M*] of 7¢-ds).
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3.5.1 Comparison of the catalytic activity of 4CzIPN and its photosubstitution

products

Photosubstitution of one of the cyano groups in 4CzIPN proceeds rapidly with sterically unhindered carboxylates and
trifluoroborates unless electron withdrawing groups are present on the aryl group. Sterically hindered substrates such
as carboxylates 3a and 3¢ do not undergo photosubstitution with 4CzIPN. Electron deficient, neutral and electron rich
benzyl trifluoroborates and diphenylcarboxylates are oxidized by 4CzIPN to generate the corresponding radicals.
Electron poor and diphenylmethyl radicals are subsequently reduced to the corresponding carbanions. Electron rich
benzyl radicals are not reduced by 4CzIPN and instead undergo photosubstitution reaction so far steric hindrance
permits it. The addition of water does not influence the photosubstitution reaction and if equimolar ratios of 4CzIPN
and Molander borate 2a are irradiated only traces (<10%) of the corresponding toluene derivative are formed and
4CzIPN is quantitatively converted to its photosubstitution product 4c. This demonstrates that carbanion generation
does not start before most of the 4CzIPN has converted to its photosubstitution product.

The yield of carbanions (measured as Its toluene derivative after quenching with D,O) generated either from Molander
borate 2a or 2b is similar. Only 1 equivalent of substrate relative to the pre-catalyst 4CzIPN is required to generate
the active catalyst. Sterically hindered, electron rich carboxylate 3¢ forms the corresponding p-isopropylanisole in
only moderate yield, but without substantial difference when either using 4CzIPN or its photosubstitution product 4c¢.
Thus, for most substrates no pre-synthesized photocatalyst is required, which is adapted to the structure of the
substrate. 4CzIPN can be used to either directly catalyze carbanion generation or in situ generates a photocatalyst
capable of catalyzing carbanion generation, depending on the substrate as explained in chapter 2.

However, there are cases where 4CzIPN is superior to its photosubstitution products (4CzRBN). Potassium diphenyl
acetate gives diphenylmethane in poor yield of 13% if photosubstitution product 3¢ is used as photocatalyst while the
reaction is quantitative when 4CzIPN is used under otherwise identical reaction conditions. This may be attributed to
the slightly decreased oxidation potential of photosubstituted 4CzIPN derivatives compared to 4CzIPN.

For investigations by optical spectroscopy photosubstitution product 4d was used to observe the reductive

radical-polar crossover.

X
451 nm
L] K O/\
L~

Scheme 3.12. Phenylacetates and benzyltrifluoroborates generate carbanions under redox-neutral photocatalytic conditions.
Deuteration at the benzylic position by D20 was used as model reaction to compare the efficiency of carbanion generation by
4CzIPN and its photosubstitution products 4c and 4d.
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Table 3.1. Photocatalyst comparison for different carboxylic acids and trifluoroborates. Reaction conditions according to
general procedure 3-H on 100 pmol scale.

Entry Substrate Photocatalyst Photosubstitution NMR-yield Deuteration
1 2b 4CzIPN No >95% 93%
2 2b 4c No >95% 92%
3 3a 4CzIPN No >95% 79%
4 3a 4c No 12% 75%
5 2a 4CzIPN Yes 70% 87%
6 2a 4c No 87% 88%
7 2a 4d No >95% 88%
8 3c 4CzIPN No 53% 69%
9 3c 4c No 56% 71%
Substrate:
BF3K BF3K KO. O 0. OK
MeO
MeO O O
OMe o MeO
2a 2b 3a 3c
Photocatalyst:
¢ R = OMe
Cz Cz OMe OMe
Cz
4CzIPN (4a) 4c 4ac
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3.4.6 Gas-phase reactivity of carbanions

For assessing the involvement of isolated benzyl carbanions in solution, their gas-phase reactivity was explored on a
molecular level and compared to the corresponding in-solution reactivity. The carbanions proposed as intermediates
were generated from their precursors (benzyltrifluoroborates and carboxylates) by in-source fragmentation during

electrospray ionization mass spectrometry measurements (Scheme 3.13) .48

negative
a) electrospray © in-source e
x OK ionization x o} fragmentation - CH2
R " Rr{ <o, ~ R
= ¢] o -CO;
negative
b) electrospray in-source e

ionization <) fragmentation CH
N TBRk _omEEon N"pE, _egmentation 1 i
RT RT R4F
P = -BF3 P

Scheme 3.13. Generation of carbanions by in-source fragmentation during the electrospray ionization.

A TSQ-7000 quadrupole-octopole-quadrupole tandem mass spectrometer, equipped with an mks Baratron® pressure
meter was used as follows (Figure 3.5): Benzyl anions were generated in an electrospray ionization source and mass-
selected by the first quadrupole. The selected ions subsequently reacted in the octopole collision cell with a gaseous

substrate. The reaction products were analyzed by the second quadrupole.
15t Quadrupole Detector\

\
el

Electro-Spray Collision” .4 \
lonization source Octopole 2"° Quadrupole

L)

Figure 3.5. Simplified scheme of the TSQ-7000 mass spectrometer.

The kinetic energy of the ions and thus collision energy was changed by setting the DC potential of the octopole.®’

Zero kinetic energy of ions (Eixin) was determined by stopping-potential analysis (Figure 3.6) before each

measurement.5’

1e6 COFF
F1.50
-
c
= F1.00
o 4
o
§ il r0.50
r0.00
-6 -4 -2 0 2 4 6 8
Voltage (V)

Figure 3.6. Stopping-potential analysis of Exin distribution of carbanion 1f. The black curve describes the dependency of the ion
current on the DC potential of the octopole collision cell. The lowest average translational energy of the ions is in this case observed
at a collision cell DC potential of 1.6 V, as illustrated by the derivative of the ion current (red curve). The shape of the derivative
illustrates the energy distribution in the ion beam at the octopole entrance.
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REACTIVITY OF SUPERBASIC CARBANIONS GENERATED VIA REDUCTIVE RADICAL-POLAR
CROSSOVER IN THE CONTEXT OF PHOTOREDOX CATALYSIS

3.4.6.1 Qualitative gas-phase reactivity
We tested the reactivity of benzyl anions with a different degree of charge stabilization. We observed the products of
three types of reactions: addition, addition-elimination, and deprotonation (Scheme 3.14). Table 3.2 summarizes the

gas-phase reactivity of all tested compounds.

S
(0] CHj HsC Oe CHj; CH; 1) CH,
oH; ) J .
- 2
" ' MG 0 %O ¥ %\O +  HC™ O
Ar Ar
addition addition- deprotonation
elimination

Scheme 3.14. Observed gas-phase reaction pathways illustrated on the products of the reaction between benzyl anion and ethyl
acetate.

Table 3.2. Gas-phase reactivity of benzyl anions.

) S
S ) © MeO CH, CH, o
CH, CH
3
MeO MeO
; ; (¢
1d 1h

1i 1b 1c 1f 19

Substrate

deprotonation, addition- deprotonation,
H,C™ "OEt addition- elimination addition-
elimination elimination
i - - - addition- addition- addition
FiC" OEt elimination | elimination
o] - - - addition- - -
P -
H” “OEt elimination
o deprotonation - deprotonation | deprotonation
J\/CH3
H
j\ deprotonation | deprotonation | deprotonation | deprotonation
HsC”™ “CHj
o N deprotonation | deprotonation | deprotonation | deprotonation
’ (KIE 3.2) (KIE 3.0) (KIE 4.0) (KIE 6.5)
CO2 - - - addition

(-) ... not tested
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Gas-phase reactivity with acetone
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Figure 3.7. ESI-MS/MS spectrum of the gas-phase reactivity of carbanion 1i~ (parent, m/z 121) with acetone-do/ds (roughly 1:1
do:ds ratio), p(acetone-do/ds) = 0.26 mTorr (nom.), Exin=0¢€V.
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Figure 3.8. ESI-MS/MS spectrum of the gas-phase reactivity of carbanion 1b™ (parent, m/z 135) with acetone-do/de (roughly 1:1
do:ds ratio), p(acetone-do/ds) = 0.31 mTorr (nom.), Exin=0¢€V.
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Figure 3.9. ESI-MS/MS spectrum of the gas-phase reactivity of carbanion 1c™ (parent, m/z 131) with acetone-do/de (roughly 1:1
do:ds ratio), p(acetone-do/ds) = 0.28 mTorr (nom.), Exin =0 ¢€V.
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Figure 3.10. ESI-MS/MS spectrum of the gas-phase reactivity of carbanion 1f~ (parent, m/z 151) with acetone-do/ds (roughly 1:1
do:ds ratio), p(acetone-do/ds) = 0.53 mTorr (nom.), Exin=0¢€V.
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Gas-phase reactivity with acetonitrile
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Figure 3.11. ESI-MS/MS spectrum of the gas-phase reactivity of carbanion 1i~ (parent, m/z 121) with acetonitrile-do/ds (roughly
1:1 do:ds ratio), p(acetonitrile-do/ds) = 0.20 mTorr (nom.), Exin = 0 V. Peaks of m/z 57 and 62 belong to acetone-do/ds which was
present in the collision cell from previous experiments.
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Figure 3.12. ESI-MS/MS spectrum of the gas-phase reactivity of carbanion 1b™ (parent, m/z 135) with acetonitrile-do/ds (roughly
1:1 do:ds ratio), p(acetonitrile-do/ds) = 0.20 mTorr (nom.), Exin = 0 V. Peaks of m/z 57 and 62 belong to acetone-do/ds which was
present in the collision cell from previous experiments.
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Figure 3.13. ESI-MS/MS spectrum of the gas-phase reactivity of carbanion 1c¢™ (parent, m/z 131) with acetonitrile-do/ds (roughly
1:1 do:ds ratio), p(acetonitrile-do/ds) = 0.20 mTorr (nom.), Exin = 0 eV. Peaks of m/z 57 and 62 belong to acetone-do/ds which was
present in the collision cell from previous experiments. The peak of m/z 41 which fits to CHDCN ™ is presumed to be formed by
hydrogen exchange between acetonitrile-do/ds and acetonitrile-do/d2 anion.
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Figure 3.14. ESI-MS/MS spectrum of the gas-phase reactivity of carbanion 1f~ (parent, m/z 151) with acetonitrile-do/ds (roughly
1:1 do:ds ratio), p(acetonitrile-do/ds) = 0.30 mTorr (nom.), Ekin = 0 eV. The peak of m/z 41 which fits to CHDCN™ is presumed to
be formed by hydrogen exchange between acetonitrile-do/dz and acetonitrile-do/d2 anion.
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Figure 3.15. ESI-MS/MS spectrum of the gas-phase reactivity of carbanion 1f~ (parent, m/z 151) with CO2, p(CO2) = 0.10 mTorr
(nom.), Exin = 0 eV. The peak of m/z 195 corresponds to CO: addition to the benzyl anion.
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3.4.6.2 Determination of Kinetic isotope effects of benzylic carbanions reacting with acetonitrile-do/ds

KIEs in the gas-phase reactions of carbanions with acetonitrile-do/ds were determined for the following carbanions:

p-methoxybenzyl anion (1li, KIE =

3,5-dimethoxybenzyl

anion (1f, KIE = 6.5+0.5),

1,2,3,4-tetrahydronaphtalen-1-yl anion (1c¢”, KIE = 4.0+0.5) and p-methoxy-a-methylbenzyl anion (1b~, KIE =

3.240.5). The diphenylmethyl anion (1d7), triphenylmethyl anion (1h™), and p-methoxycarbonylbenzyl anion (1g")

did not react with acetonitrile. Reactivities were recorded at zero collision energy.

Acetonitrile-[Au(PPhs)]* adducts formations

Figure 3.16 shows the relative intensities of the product ions ([Au(PPh3)(CH3;CN)]* - green, [Au(PPh3)(CD;CN)]" -
red, [Au(PPh;)(CH3CH2SH)]" - blue) and the parent ion ([Au(PPh3)]* - black) in the reaction between [Au(PPh3)]"

and acetonitrile-do/ds. The majority of the data points was recorded under multiple-collision conditions. For instance,

at the pressure of 50 pTorr, only about 40% of the parent ions did not react. The rest of the ions collided with the

neutrals present in the trap, forming the product ions. If we assume that 60% of the ions collided at least once, then

roughly 36% of the ions collided multiple times.*’

S *  [Au(PPh3)]*
1 0.80 - *  [Au(PPh3)(CH3CN)]*
> 2P [Au(PPh3)(CD3CN)]*
o s
£ 0.60 Wk *  [Au(PPh3)(CzHsSH)T*
% ‘\z: kX ) p "
£ 0.40 - i oy A
“-U‘ g ”s-"? "fh
g 0.20 A Y "Yif‘" } Jl\'.'a
" * oL %J{" i Ot T el
A o w24 g
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Figure 3.16. Pressure dependence of the formation of the adducts between [Au(PPhs)]* and molecules of the gas mixture (mainly

acetonitrile-do/ds) present in the collision cell.
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Figure 3.17. Mass spectrum after [Au(PPhs)]* has passed the gas-mixture present in the collision cell. Spectrum shows that the
only compounds present in the collision cell were: acetonitrile-do, acetonitrile-ds, and minor traces of probably ethanethiol from
recent experiments with this compound on the same instrument.

Pressure-dependent reactivity of the carbanions with acetonitrile

The gas-phase KIEs were determined for a series of gas-phase reactions with the mixture of approximately 1:1
acetonitrile-dp:acetonitrile-d3. The precise ratio of acetonitrile-do/ds was determined from adducts formed with
[Au(PPh3)]*. A quadratic equation function was fitted to the experimental intensity data of the acetonitrile anions. As
one may expect the impact of the depletion of the parent ion and also a substantial contribution of higher-order
collisions at higher pressures, the fit was performed in the full data range and separately in a range between 15 and
70 pTorr.*” Values of the apparent KIEs were determined from the ratio of slopes of these fits at zero pressure. Values
were then compensated for the precise acetonitrile-do/ds ratio. The KIE was determined as an average of three
individually measured data sets, and the error was arbitrarily defined to be either £0.5 or +1 based on the difference
between the data sets, evaluations (fits to the restricted and full-range), and the apparent quality of the underlying data
(signal-to-noise, spread). The error range was set arbitrarily as the statistically calculated error of the average may be

misleading in this case due to a substantial overestimation of the quality of the underlying data.

Pressure-dependent reactivity of 3,5-dimethoxybenzyl anion (1) with acetonitrile
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Figure 3.18. Pressure dependence of the selected ions intensities in the gas-phase reaction of carbanion 1f~ with acetonitrile-do/d3
(2:1), measurement 1. Uncorrected KIE ratio: 7.49 (7.28 for fitting between 15 and 70 pTorr). The ratio corrected for the precise
acetonitrile concentration was 6.56 (6.37 for the smaller fitting region).
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Figure 3.19. Pressure dependence of the selected ion intensities in the gas-phase reaction of carbanion 1f~ with acetonitrile-do/ds
(2:1), measurement 2. Uncorrected KIE ratio: 7.36 (6.59 for fitting between 15 and 70 pTorr). The ratio corrected for the precise
acetonitrile concentration was 6.71 (6.00 for the smaller fitting region).
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Figure 3.20. Pressure dependence of the selected ion intensities in the gas-phase reaction of carbanion 1f~ with acetonitrile-do/ds
(2:1), measurement 3. Uncorrected KIE ratio: 7.06 (6.79 for fitting between 15 and 70 pTorr). The ratio corrected for the precise
acetonitrile concentration was 6.76 (6.50 for the smaller fitting region).

Based on three independently recorded datasets, the experimental KIE observed in the gas-phase reaction of carbanion

1f with acetonitrile is 6.5+0.5.

Pressure-dependent reactivity of p-methoxybenzyl anion (1i") with acetonitrile
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Figure 3.21. Pressure dependence of the selected ion intensities in the gas-phase reaction of carbanion 1i~ with acetonitrile-do/ds
(2:1), measurement 1. Uncorrected KIE ratio: 3.46 (3.39 for fitting between 15 and 70 uTorr). The ratio corrected for the precise

acetonitrile concentration was 3.15 (3.09 for the smaller fitting region).

101



p-methoxybenzyl, measurement 2

led

p-methoxybenzyl, measurement 2

led

6.00 TENE 6.00 TENE

5.00 5.00 CHDCN - 2
T T CD,CN ~ . >
g 4.00 g 4.00 -
> 3.00 1 > 3.00
G G
§ 2.00 $ 2.00 1
< <

1.00 1.00 4 by

0:00 0.00 1 -

100 150 200

Pressure | uTorr =

50

100 150 200
Pressure | uTorr =

Figure 3.22. Pressure dependence of the selected ion intensities in the gas-phase reaction of carbanion 1i~ with acetonitrile-do/d3
(2:1), measurement 2. Uncorrected KIE ratio: 3.44 (3.44 for fitting between 15 and 70 pTorr). The ratio corrected for the precise
acetonitrile concentration was 3.13 (3.13 for the smaller fitting region).
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Figure 3.23. Pressure dependence of the selected ion intensities in the gas-phase reaction of carbanion 1i~ with acetonitrile-do/ds
(2:1), measurement 3. Uncorrected KIE ratio: 3.32 (3.45 for fitting between 15 and 70 uTorr). The ratio corrected for the precise
acetonitrile concentration was 3.18 (3.30 for the smaller fitting region).

Based on three independently recorded datasets, the experimental KIE observed in the gas-phase reaction of

carbanion 1¢~ with acetonitrile is 3.2+0.5.

Pressure-dependent reactivity of p-methoxy-o-methylbenzyl anion (1b") with acetonitrile
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Figure 3.24. Pressure dependence of the selected ion intensities in the gas-phase reaction of carbanion 1b~ with acetonitrile-do/d3
(2:1), measurement 1. Uncorrected KIE ratio: 3.56 (2.92 for fitting between 15 and 70 pTorr). The ratio corrected for the precise
acetonitrile concentration was 3.25 (2.67 for the smaller fitting region).
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Figure 3.25. Pressure dependence of the selected ion intensities in the gas-phase reaction of carbanion 1b™ with acetonitrile-do/ds
(2:1), measurement 2. Uncorrected KIE ratio: 3.49 (3.01 for fitting between 15 and 70 pTorr). The ratio corrected for the precise
acetonitrile concentration was 3.18 (2.74 for the smaller fitting region).
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Figure 3.26. Pressure dependence of the selected ion intensities in the gas-phase reaction of carbanion 1b~ with acetonitrile-do/d3
(2:1), measurement 3. Uncorrected KIE ratio: 3.45 (-3.86 for fitting between 15 and 70 pTorr). Ratio corrected for the precise
acetonitrile concentration was 3.30 (-3.70 for the smaller fitting region).

Based on three independently recorded datasets, the experimental KIE observed in the gas-phase reaction of p-

methoxy-a-methylbenzyl anion with acetonitrile is 3.0+1.0 (the evaluation of the third dataset in the smaller fitting

region was omitted from averaging).

Pressure-dependent reactivity of 1,2,3,4-tetrahydronaphtyl anion (1¢”) with acetonitrile
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Figure 3.27. Pressure dependence of the selected ion intensities in the gas-phase reaction of carbanion 1c™ with acetonitrile-do/ds
(2:1), measurement 1. Uncorrected KIE ratio: 4.42 (4.59 for fitting between 15 and 70 uTorr). The ratio corrected for the precise
acetonitrile concentration was 3.86 (4.02 for the smaller fitting region).
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Figure 3.28. Pressure dependence of the selected ion intensities in the gas-phase reaction of carbanion 1c™ with acetonitrile-do/ds
(2:1), measurement 2. Uncorrected KIE ratio: 4.77 (4.18 for fitting between 15 and 70 pTorr). The ratio corrected for the precise
acetonitrile concentration was 4.35 (3.80 for the smaller fitting region).
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Figure 3.29. Pressure dependence of the selected ion intensities in the gas-phase reaction of carbanion 1c¢™ with acetonitrile-do/d3
(2:1), measurement 3. Uncorrected KIE ratio: 4.04 (4.39 for fitting between 15 and 70 pTorr). The ratio corrected for the precise
acetonitrile concentration was 3.87 (4.20 for the smaller fitting region).

Based on three independently recorded datasets, the experimental KIE observed in the gas-phase reaction of

carbanion 1¢~ with acetonitrile is 4.0+0.5.
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3.4.7 Isotopic labelling of substrates and solvents

Isotopic labelling of benzylic C-H bonds was conducted according to general procedures 3-G and 3-H for carbanion
generation. Unless otherwise noted, deuteration degrees were determined via 'H NMR spectroscopy. In isotopic
fractionation experiments deuteration degrees were determined via mass spectrometry. Depending on whether
deuteration occurred via C-H activation (general procedure 3-G) or from carboxylates or trifluoroborates (general
procedure 3-H) different approaches for the determination of the deuteration degree via 'H NMR spectroscopy were

used.

Chemical shifts of benzylic protons differ slightly for non-deuterated compounds compared to mono-deuterated
compounds. Thus, where only mono-deuteration was observed the degree of deuteration was determined by the ratio
of the integrals of benzylic protons corrected by the number of benzylic protons of the respective molecule. Due to
partly overlapping signals, the mldcon -pp function of TopSpin 4.3.0 was used to deconvolute the signals. This is
exemplarily shown in Figure 3.30 for toluene derivative 1f. 1f-dyp has a singlet at 2.27 ppm and 1f-d; a triplet at
2.25 ppm with J=2.2 Hz.

MeO
© MeO
H

3 =2.25ppm Le

OMe
1f-d,

T - r - - - - r - - - - T - r - - - - - - - - - T
232 2.30 228 226 224 222 [ppm]

Figure 3.30. Section of the 'H NMR spectrum showing the signals for the benzylic protons of toluene derivative 1f with a
deuteration degree of 67% (Scheme 3.15, entry 1, 0.5 h). blue: original spectrum; green: individual singlets obtained for each peak
by deconvolution; red: sum of singlets from deconvolution; black: residuals.

The deuteration degree of 1f from Figure 3.30 was determined as follows:

integrals(1f-d,) 8023886
benzylic H 1f-d, 2
0 — 0f, — 0f — 0
WD = A egral (1f-dy)  integrals(if-d,) 100% = £583259 , 8023886 100% = 67%
benzylic H 1f-d, ' benzylic H 1f-d, 3 2
Integral for 1f-do: 5983259 Integrals for 1f-d1: 2707330 + 2629666 + 2686890 = 8023886
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Figure 3.31. a: Mixture of 1b-di1, 1b-d2, and traces of 1b-do obtained under C-H deuteration conditions according to general
procedure 3-G in acetonitrile-ds. b: Section of the *H NMR spectra showing the signals for the benzylic protons of ethyl anisole
(1b) with different deuteration pattern. Red: non-deuterated compound 1b-do; blue: 1b-di with >95% mono-deuteration; black:
section of the *H NMR showing the benzylic protons of a mixture of 1b-do, 1b-d1, and 1b-d> depicted in a; green: double-deuterated
compound 1b-d2; The spectra are scaled to represent the relative intensities at same concentrations. ¢: section of the 3C NMR
spectra showing the signal for the benzylic carbon. Red: non-deuterated compound 1b-do; blue: mono-deuterated compound 1b-dz;
green: double deuterated compound 1b-d». Intensities of the 1C signals do not represent the relative intensities.
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Deuteration degrees of compounds where additional coupling to neighboring protons is present, multiple hydrogen
atoms can be exchanged by C-H activation, or only a single C-H bond is present could not be analyzed by comparing
the integrals of non-deuterated compound to deuterated compound. Instead, the deuteration degree was determined
from the decrease in the integral upon deuteration. However, the need for non-overlapping reference integrals makes
this method more prone to errors from other molecules present in the reaction mixture (catalysts and traces of side
products).

Figure 3.31a shows the 'H spectrum of ethyl anisole (1b) as a mixture of 1b-do, 1b-d1, and 1b-d; as obtained under
C-H deuteration conditions according to general procedure 3-G in acetonitrile-ds. The section for the benzylic protons
at different deuteration degrees and deuterium distribution is depicted in Figure 3.31b. 1b-dy gives a quartet at
2.59 ppm with J = 7.6 Hz, 1b-d1 gives a quartet of triplets at 2.57 Hz with J= 7.6 Hz and J= 2.1 Hz, and 1b-d> has
no benzylic hydrogen atoms and thus does not give a signal in the depicted range of the 'H NMR spectrum. Thus, the
difference between the blue line (1b-d1) and the black line (mixture of 1b-di and 1b-d2) corresponds to the relative

concentration of 1b-d>.

The deuteration degree of 1b from Figure 3.31a was determined as follows:

integral (1b)
number of benzylic H in 1b-d,

0.5643

%D=(1 >*100%=(1— )*100%=72%

The integral for the methoxy group was used as reference and set to 3.0000.
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3.4.7.1 Deuteration of photocatalytically generated carbanions by solvents

Influence of reaction time and residual moisture

CD4CN MeO

BF3K

MeO ) OMe
MeO PC \©/ ] 1f-d1
—_—
440 nm
OMe H
OMe H,0 MeO
2a 1f - - =

OMe
1f-dy

Reaction time: Entry 05h 1h 2h 3h 4h 24 h

1 67% 86% 86% 79%
Dry solvent, dry vial 2 81% 88% 90% 90% 92%

3 80% 87% 90%  90%
Non-dried solvent 4 67% 74% 76%  78%
Non-dried vial 5 64% 74% 5%  74%

Scheme 3.15. Deuteration of carbanion 1f~ competes with protonation by residual moisture. If solvent or reaction vial are not dried
the degree of deuteration is lower. PC — photocatalyst 4CzIPN was used as pre-catalyst. The active photocatalyst 4c was formed
in situ.

The degree of deuteration is lower in the beginning of the reaction, which may be attributed to residual protons in the
system which are more reactive than acetonitrile, as evidenced by a slightly lower degree of deuteration, in case
solvents or reaction vials are not dried properly. After full conversion of the substrate (after 1 — 2 h) the degree of
deuteration does not change with prolonged reaction time. Thus, reaction times of at least 2 h guarantee maximal

deuteration.

Influence of water on solvent deprotonation

The interfering influence of water on deuterium abstraction by photocatalytically generated carbanions from
acetonitrile was investigated following the general procedure 3-G in presence of different concentrations of water. At
low H,O concentrations deuterium incorporation was constantly high. Only at 1 equivalent H,O the deuterium
incorporation started to drop noticeably and linearly with the ratio of H,O:CD3CN. Therefore, the carbanions have a

high reactivity abstracting deuterons from CD3;CN even in the presence of moderate amounts of water.
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8
7
6

H/D in product
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Figure 3.32. At low H2O concentrations deuterium incorporation via D* abstraction by 1a™ from the solvent CD3sCN is high. At
H20 concentrations higher than 100 mM the ratio between protons and deuterium at the benzylic position increases linearly with
increasing ratio H2O/CD3sCN.
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3.4.7.2 Deuterium labelling of acetonitrile and ethyl acetate

Abstraction of a proton or deuteron from the solvent generates a solvent anion. While this is the species directly
observed in our gas-phase reactions (section 3.4.6), its high basicity makes a direct observation in solution difficult.
Its indirect observation can be achieved by adding D>O to the reaction depicted in Scheme 3.16 in CH3CN and ethyl
acetate, respectively, and recording the corresponding 2H NMR spectra. 1 equivalent of D,O with respect to the formed
carbanions was used to have solvent deprotonation as a major carbanion quenching pathway, while offering enough
D" to deuterate all solvent anions that might form under these conditions. In acetonitrile as well as in ethyl acetate the
mono-deuterated solvent 5a-di and Sb-di, respectively, and mono-deuterated toluene derivative as the major
deuterium containing products could be observed. To note, deuteration of ethyl acetate under these conditions explains

why intermolecular addition to esters is not observed.

N
H3C _ N
53 e Dzo //
BF4K —
MeO 3 MeO o CHch b
e PC 5a" 5a-d,

Solvent 0
440 nm OMe o° D,0
OMe A = HJ\ OEt

2a - MeO H,C” ~OEt

H;C~ TOEt 5b~ D5b-d1
5b detected via
D,0 OMe 2H NMR
1f-d -
D
MeO
OMe
1f-d,
detected via 'H NMR
and ?H NMR

Scheme 3.16. Photocatalytically generated carbanions can deprotonate acetonitrile and ethyl acetate. Deprotonated solvents are
deuterated by D20 to indirectly prove their formation. Reactions were performed according to general procedure 3-H in acetonitrile
and ethyl acetate, respectively. PC — 4CzIPN was used as a pre-catalyst to generate the active photocatalyst via photosubstitution
in situ as described in chapter 2.
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Figure 3.33. When generating carbanion 1f~ in CH3CN in presence of 1 equiv. D20 with respect to the formed carbanions the
corresponding toluene derivative 1f-d1 and mono-deuterated MeCN (4a-d1) are formed as evident by the 2H NMR spectra before
(red) and after irradiation (blue) in presence of D20. Arrows indicate emerging (up) and decreasing (down) signals.

T T T T T T T T T T T T T T T T T T T T T T T T T
2.8 2.6 2.4 2.2 2.0 18 [ppm]

Figure 3.34. When generating carbanion 1f~ in ethyl acetate in presence of 1 equiv. D20 with respect to the formed carbanions the
corresponding toluene derivative 1f-d1 and mono-deuterated ethyl acetate (4a-d1) are formed as evident by the 2H NMR spectra in
before (red) and after irradiation (blue) in presence of D20. Arrows indicate emerging (up) and decreasing (down) signals.
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3.4.8 Kinetic isotope effects and isotopic fractionation

Kinetic isotope effects (KIEs) provide valuable mechanistic information about bond-forming and bond-cleaving
elementary steps. In classical catalysis, KIEs can tell whether the isotopically labelled bond is involved in the rate-
determining step. In photocatalysis, these steps often occur from high energy intermediates after an electron transfer
from or to the excited photocatalyst and are not rate limiting. Additionally, other factors such as poorly dissolving
solid components (in our case KoCOs3), photobleaching, photosubstitution of the photocatalyst and fluctuating light
intensity can strongly influence rate constants.

Thus, only competitive KIEs were determined, which are not limited to rate determining steps and insensitive to

reaction parameters such as light intensity or incompletely dissolved solid K>COs.

3.4.8.1 Kinetic isotope effects of carbanion protonation

Reactions for measuring KIEs of carbanion protonation were set up on 100 umol scale in 1 mL solvent. All solvents
were dried over molecular sieves.

Potassium trifluoro(3,5-dimethoxybenzyl)borate (2a, 25.8 mg, 100 umol) and 4CzIPN (4a, 3.9 mg, 5 umol, 5 mol%)
were place in a 6 mL crimp-capped vial and sealed. The vial was evacuated and backfilled with nitrogen 3 times via
cannula. Solvent (1 mL) and the additional proton/deuterium source were added. Solvent mixtures of non-deuterated
and deuterated solvents were used without an additional proton/deuterium source if the KIE of solvent deprotonation
was measured. For determining the KIE in the protonation by water the reaction was performed in CH3CN and 50 uL
mixtures of H,O/D,O were added. Reactions were irradiated at 451 nm for at least 2 h in acetonitrile and at least 4 h
in other solvents. Solvents were then removed under reduced pressure (reactions in MeCN and acetone). The minimum
pressure was set to 120 mbar at 40 °C heating to avoid evaporation of the product. Full removal of the solvent was
not necessary as only the ratio of protonated to deuterated product was determined. The degree of deuteration was
determined via '"H NMR spectroscopy in CDCl; or via mass spectrometry, as specified. H/D-ratios of the products
were plotted against the H/D-ratios of the H/D-reservoir (solvent or added H,O/D,0) and the KIE determined from
the slope.

Calculated H/D ratios are based on the single H/D-atom that is incorporated during the reaction. Deuterated product
contains a CH,D group and non-deuterated product contains a CHs group. This differs from the isotopic fractionation
method in section 3.4.8.3 where 2 benzylic protons are exchanged.

Benzyltrifluoroborate 2a was used as model substrate for various reasons: The methoxy groups act as a reference point
in the NMR spectrum, an up-field shift of the aromatic protons reduce overlap with aromatic protons of the
photocatalyst or the CDCl; residual peak, and volatility of the corresponding toluene derivative is sufficiently reduced

to allow easy removal of the solvent after the reaction without evaporating too much of the compound.
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Kinetic isotope effect determination for deprotonation of acetonitrile

D
MeO
CD3;CN
BF3K
3
MeO ©
MeO PC © OMe
. | 1f-d,
440 nm
OMe H
OMe CH3CN — MeO
2a 1~
OMe
1f-dy

Scheme 3.17. Carbanion 1f generated from trifluoroborate 2a deprotonates acetonitrile. The KIE for the deprotonation was
determined from the H/D ratio in toluene derivative 1f in a mixture of acetonitrile-do/ds. PC — Photocatalyst 4CzIPN was used as
pre-catalyst to generate the active photocatalyst 4c in situ upon photosubstitution as described in chapter 2.

Values were determined via mass spectrometry and corrected for background protonation from traces of additional

protons. Values are corrected by subtraction of the protonated product at 100% deuterated solvent (17% H) from the

other values.

CH3CN/CDs;CN 3.00 1.00 0.33 0.05 0.00

H/D product 26.06 11.88 4.22 0.61 0.00

30
y =9.0478x

o5 R®=0.9873,.." ®

20

15

H/D product

10

0 0.5 1 1.5 2 2.5 3 3.5
CH,CN/CD,CN

Figure 3.35. Determination of the KIE for deprotonation of acetonitrile by carbanion 1f.
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Kinetic isotope effect determination for deprotonation of acetone
o) CD;

Py D HOJ 3,

DsC” “CD; MeO

5C'd6 + MeO
BF;K
oo 3 MeO o OMe OMe
e PC 1f-d, 7b-dg
I |
OMe H HO CHs
OMe CHj
2a 11 MeO
+ MeO
X
H,C CH oM
3 3 e OMe
SC'do 1f'd0 7b-d0

Scheme 3.18. Carbanion 1f reacts with acetone via nucleophilic addition to the carbonyl group or via deprotonation in the
a-position. PC — Photocatalyst 4CzIPN was used as pre-catalyst to generate the active photocatalyst 4c insitu upon
photosubstitution as described in chapter 2.

Reactions were performed analogously as in the case of acetonitrile as solvent. Beside deprotonation also nucleophilic
addition to the carbonyl group occurred. Values were determined via mass spectrometry and corrected for background
protonation from traces of additional protons. Values are corrected by subtraction of the protonated product at 100%
deuterated solvent (9% H) from the other values.

For deprotonation, a moderate KIE of 1.4 is observed.

Acetone-do/ds 3.00 2.00 1.00 0.33 0.10 0.00
H/D product 4.35 2.32 1.40 0.47 0.01 0.00
5
4.5 y =1.363x
2 _
4 R?=0.9904...
T Y K
T e
s 3
5= O
825 e °
Q 2t e
o R
15 e
T e
0.5 e
0 &%
0 0.5 1 1.5 2 2.5 3 3.5

Acetone-ay/ dg

Figure 3.36. Determination of the KIE for deprotonation of acetone by carbanion 1f".
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For nucleophilic addition of carbanion 1f™ to acetone no KIE (1.0) is observed. The datapoint for nucleophilic addition
at acetone-do/ds ratio of 3 is deviating from an expected linear correlation and thus may represent an outlier. Excluding
this point from the KIE evaluation gives a value of 1.2. Due to slightly different GC-retention times and fragmentation
pattern for the isotopomers these results give only a crude estimate. Result of no or only small KIEs is within
expectations for a secondary kinetic isotope effect.

Products with intermediate deuteration degrees between do and ds were not observed to notable extent under the
reaction conditions. Thus, scrambling of deuterium and hydrogen between acetone-dy and acetone-ds likely does not

have a considerable effect on the obtained KIE values.

Acetone do/ds 3.00 2.00 1.00 0.33 0.10 0.00
H/D product 2.62 2.40 1.20 0.42 0.17 0.00
3.5
3 y =0.9917x
R®=0.9748""
e
2.5 F
o
3 2
o
o
n 15
T .
1
0.5 o
[ S
0 e
0 0.5 1 1.5 2 2.5 3 3.5

Acetone-a,/ dj

Figure 3.37. Determination of the KIE for addition of carbanion 1 to acetone.
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Kinetic isotope effect determination for deprotonation of water

D
MeO
D,0
BF3K
3 MeO o
MeO PC OMe
440 nm 1f-d

H
OM
OMe © H,0 MeO
2a 1~

OMe
1f-d,

Scheme 3.19. Carbanion 1f™ generated from trifluoroborate 2a deprotonates water. The KIE for the deprotonation was determined
from the H/D ratio of toluene derivative 1f in a mixture of H.0/D20. PC — Photocatalyst 4CzIPN was used as pre-catalyst to
generate the active photocatalyst 4c in situ upon photosubstitution as described in chapter 2.

H>O/D,0O 3.00 1.00 1.00 0.33 0.00

H/D product 4.34 1.47 1.48 0.50 0.00

(¢)]

y =1.4523x
R*=0.9999

»
o

.o

H/D product
- N w
= o0 N O w o

0 0.5 1 1.5 2 2.5 3 3.5
H,0/D,0

Figure 3.38. Determination of the KIE for deprotonation of water by carbanion 1f".

Values were determined via mass spectrometry and corrected for background protonation from traces of additional
protons. Values were corrected by subtraction of the protonated product at 100% deuterated solvent (6% H) from the

other values. The reaction with 1:1 mixture of H,O/D,0 was conducted twice to check the reproducibility.
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1i-d.
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MeO
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Scheme 3.20. Carbanion 1c™ generated from trifluoroborate 2c deprotonates water. The KIE for the deprotonation was determined
from the H/D ratio in toluene derivative 1i in a mixture of acetonitrile-do/ds. PC — Photocatalyst 4CzIPN was used as pre-catalyst
to generate the active photocatalyst in situ upon photosubstitution as described in chapter 2.

H>0/D,0 3.00 2.00 1.00 0.50 0.33 0.00

H/D product 3.36 2.66 1.22 0.62 0.48 0.00

y=1.1873x
R®=0.9938 ..

N
o

H/D product
N

N
o

0.5

0 0.5 1 1.5 2 2.5 3 3.5
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Figure 3.39. Determination of the KIE for deprotonation of water by carbanion 1i™.

Values were determined via mass spectrometry and corrected for background protonation from traces of additional
protons. Values were corrected by subtraction of the protonated product at 100% deuterated solvent (20% H) from the
other values. In contrast to the analogous reaction with primary trifluoroborate 2¢ the 'H NMR spectrum of the crude
reaction mixture contains substantial amounts of side products. However, these side reactions are not expected to

influence the H/D ratio of the protonated carbanion.
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3.4.8.2 Kinetic isotope effect of benzylic C-H activation
The KIE for C-H activation was determined by trapping the corresponding radical 1b° and carbanion 1b~ by

benzophenone 6. Reactions were conducted according to general procedure 3-G with 10 equiv.

4,4’-dimethylbenzophenone on 200 pmol scale in 2 mL CD3;CN. The reaction mixture was irradiated for 3 h at
451 nm. The reaction was stopped at incomplete conversion to avoid product decomposition which might influence

the deuteration degree.

3DPA2FBN HsC CHj
H D iPrySiSH O OH
K,CO
— =, H/D
440 nm CH
MeO HsC CHy  KyKp=85 O 3
1b-d,
MeO
© Ta-dy/d,

Scheme 3.21. Tertiary alcohol 7a is formed upon radical generation from ethyl anisole (1b) in presence of benzophenone
derivative 6. The KIE of the C-H abstraction was determined from the H/D-ratio in the product when monodeuterated substrate
1b-d; is used.

Remaining ethyl anisole still contained 1 D per molecule which confirms the product’s deuteration degree is indicative
of the KIE for C-H abstraction and deuteration of the substrate does not occur to notable extent.
In the positive electrospray ionization (+ESI) the compound fragments almost exclusively to [M - OH]" for both,

deuterated and non-deuterated compound. A KIE of 8.53 was obtained.

With 1b-dy
x10 6 |*ESI Scan (rt: 3.556-3.631 min, 19 scans) Frag=120.0V grot161753.d Subtract
15 H,sC CH;  329.1922
1.251 O & O

1 H
i CH,
0.751
MeO

0.5
0.25+
0 147. 0915 | 21‘1_111‘5 | 2?7.08§1 | ‘ ‘369.12‘326 4‘14.32‘11 45‘8.3471‘3
125 150 175 200 225 250 275 300 325 350 375 400 425 450 475
Counts vs. Mass-to-Charge (m/z)

Peak List
m/z Abund m/z Abund
122.0964 1 |15945.93 332.1997 1 [4491.84
136.1117 1 |5318.6 345.1849 1 |19268.29
147.0915 1 |65600.74 346.1884 1 | 5481.75
148.0952 1 |6183.82 352.3393 1 |4735.35
161.1071 1 | 4968.75 369.1826 1 |16575.76
211.1115 1 [ 11355.28 385.174 1 |11051.53
237.1277 1 [6195.99 539.2714 2 ]5323.05
329.1922 1 |1503206.88 539.773 2 14545.44
330.1938 1 1479220.72 715.3759 1 | 18062.95
331.197 1 |56743.22 716.3793 1 19942.29
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With 1b-di

x10 €

+ESI Scan (rt: 3.555-3.617 min, 16 scans) Frag=120.0V grot161754.d Subtract

N HaC cH,  330.1974
0.81 ‘ @ O
H/D
0.6 O CHs
0.4 MeO
0.2
0 288.1957 311.0362 Il 346.1926 370.1887  388.2050
270 280 290 300 310 320 330 340 350 360 370 380 390

Counts vs. Mass-to-Charge (m/z)

Peak List

m/z z | Abund m/z z | Abund
122.0964 1 14810.97 371.1924 1 12732.27
136.1118 1 |1881.9 375.2505 1 |1905.86
147.0916 1 | 14806.37 378.1813 1 12129.5
148.0948 1 [2177.6 386.1828 2959.28
163.1118 1 |7205.05 387.1953 1757.7
254.2481 1 |104665.65 388.205 1 14155.79
255.2513 1 |18795.71 389.2095 1 11800.48
288.1957 1 ]1569.96 404.1266 1 12478.96
329.1905 2 1112429.45 414.3214 1 13958.12
330.1974 1 1994303.25 419.2767 1 12790.03
331.2 1 |242002.19 458.3474 1 |3668.43
332.1748 2 14257.95 463.3031 1 |1666.56
332.203 1 ]28499.43 502.3735 1 ]2339.26
333.2052 1 |2515.34 546.4 1 | 1650.55
346.1926 1 |6880.61 716.3835 1953.96
347.1948 1 [2104.6 717.3883 1 17946.8
370.1887 1 [10963.72 718.3917 1 ]14078.29
370.2949 1 |3316.65
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3.4.8.3 Isotopic fractionation with carbanions generated via C-H activation

Isotopic fractionation was conducted according to the procedure described previously*® using the reaction conditions
described in general procedure 3-G. Ethyl anisole was used as model substrate. D/H ratios of the products were plotted
against D/H ratios of the H/D-reservoir. The influence of water, methanol and acetonitrile as different H/D reservoirs
were tested. Reactions with water and methanol were conducted in 1 mL solvent mixtures with 9:1 acetonitrile:water
and acetonitrile:methanol, respectively.

The slopes differed substantially, with the same trend as the KIE values for carbanion protonation. In acetonitrile, less
deuterium was incorporated than with water or methanol of the same degree of deuteration as expected due to the
large preference of benzyl carbanions to abstract a proton over a deuteron from acetonitrile, while deprotonation of

water is rather unselective.

3DPA2FBN
CHs  ipr,sisH CHs
K,CO4 D
/@2 H/D-reservoir /©/%
MeO 440 nm MeO
1b 1b-d,

D/H reservoir | 0.00 0.33 0.50 1.00 2.00 3.00

water 0.04 025 035 0.63 1.46
D/H product methanol 0.03 0.20 0.55 0.74
acetonitrile 0.06 0.18 0.21 0.48 0.65
2.0
1.8 y=0.5885x +0.0494 _..-
1.6 R®=0.9993..""
g4 e e ®
312 e e y =0.5128x +0.0312
Sqo0 | e e R®=0.9998
D- Tl et e
T 0.8 e I
o6 [ .: .......................... @
0.4 S e PO y =0.1877x + 0.0965
. R%=0.9908
0 0.5 1 1.5 2 2.5 3 3.5

D/H reservoir
® Water @ Methanol @ Acetonitrile

Figure 3.40. Isotopic fractionation with ethyl anisole under the used conditions for photocatalytic carbanion generation via C-H
activation. At the highest D/H ratio (3:1) the reactions with water and methanol are substantially smaller than expected from the
other values and were not used for calculating the slope (red points).

When submitting a partially deuterated substrate to the reaction conditions the deuteration degree increased instead of
converging to the same value as when using a non-deuterated substrate. Accordingly, under the initial conditions the
system is far from equilibrium and, thus, the KIE for the protonation step dominates. Starting from a 3:1 mixture of

ethyl anisole-d>/dy the reactions with higher than 2:1 ratio of H,O:D,0 showed a strong increase in deuteration degree.
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Thus, the minimum value for the slope at equilibrium is 5.7 while the highest value would give a slope of 11.4.

Therefore, the slope of 8.5 when taking all data points into account is likely only a very crude estimate. However, the

real value is certainly larger than 1.5, in accordance with a HAT/ETPT sequence.
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Figure 3.41. Isotopic fractionation with partially deuterated 1b (mixtures of 1b-dz and 1b-do).
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3.4.9 Spectroscopy

The previously described in house built transient absorption spectrometer using a streak camera-based detection
system was used.*®’®7! The obtained transient absorption data were analyzed by a global fit using an exponential
ansatz, which is adequate for the description of the photophysics of a single chromophore in solution and a single
chromophore in the presence of a reaction partner at much higher concentrations fulfilling pseudo-first order

conditions. The global fits were performed using an in-house written program described previously.*%1-74

a o T T T T - T T T T T T
ok ad{ b | 2a -
F!LE) - v—<§ i
5| = ]
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=T = 7]
w [ T w [
20 ] 0.4 .
10} 1 o2 )
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Figure 3.42. Steady state absorption spectra of the photocatalyst 4d (a) and trifluoroborate 2a (b) in ACN.

122



CHAPTER 3

80 40 0 AA[107] 20 10 0 AA[103]

a mem—————em |, se————

400 500 600 A [nm] 400 500 600 X [nm]
60 30 08A[10%] 40 20 AA [107]
0.5} 50F
Lob 100}
300

400 500 600 X [nm] 400 500 600 A [nm]

Figure 3.43. Time-resolved absorption data of 4d in ACN in dependence on O and 2a following excitation at 355 nm. (a) in the
absence of 2a and presence of Oa. (b) in the absence of 2a and O:. (c) in the presence of 2a (10 mM) and O.. (d) in the presence of

2a (10 mM) and absence O2. To note the data shown in (d) are fused data from two different experimental time windows, i.e.,
100 ps and 1 ms.
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Figure 3.44. Electronic absorption spectra of 4d in MeCN in dependence on Oz and 2a prior and post illumination at 355 nm, used
to measure TA (100 laser pulses at pulse energies as indicated). (a) in the absence of 2a and presence of O>. (b) in the absence of
2a and Oq. (c) in the presence of 2a (10 mM) and Oz. (d) in the presence of 2a (10 mM) and absence of O2. The insets in ¢ and d
show the corresponding difference spectra.
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Figure 3.45. Time-resolved emission of 4d in ACN in presence (a) and absence (b) of Oz. The red line corresponds to a bi-
exponential fit to the data. The Poissonian-weighted (weighted by 1/AN where N is the number of counted photons in each channel)
residuals are shown in the lower panels.
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Figure 3.46. SAS of 4d in ACN (a) in the Ty state, T.«T1 transitions, and (b) in the Do state, Dn«Do transitions. The contribution
of the ground state spectrum, co, was varied between 0.015 (red) and 0.085 (blue). Below co = 0.033 the T1 spectrum becomes
negative and above 0.05 the contributions of the So spectrum arise. The electron transfer (¢T) yield, ®@er, was varied between 0.25

(red) and 1.0 (blue). The optimal and experimentally determined value is given to ®eT = 1—k}?2/k%f'_02 = 74.6% (k:$? and
kﬁ’"oz are the rate constants in the presence and absence of 2a under degassed conditions, respectively).
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Figure 3.47. (a) Electrochemical reduction of 4d to 4d°~ followed by steady-state absorption spectra in the UV/Vis spectral range.
In the inset, the difference spectrum post and prior reduction is shown in comparison to the second decay associated difference
spectrum from the global analysis on the transient absorption data (see Figure 3.2b). (b) The pure spectra of 4d and 4d” and the
corresponding mole fraction as a function of the applied voltage in the inset. The reduction starts from a voltage < -1.5 V.
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REACTIVITY OF SUPERBASIC CARBANIONS GENERATED VIA REDUCTIVE RADICAL-POLAR
CROSSOVER IN THE CONTEXT OF PHOTOREDOX CATALYSIS
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Figure 3.48. Gas chromatogram of the solution after the transient absorption measurement. The toluene derivative 1f (4.38 min)
resulting from protonation of carbanion 1f~ and bibenzyl 8a (9.45 min) resulting from dimerization of radical 1f" were detectable.

126



Subtract [MS: 4.3729-4,3763, MS: 4.0833-4.1598] / grot163872-Centroid / EI+ / CG-TAL, GC-MS (EI, 70 eV) /
4 1.00 -
*10

] MeO CH;

1 OMe

0.60

123.0805
0.50

Intensity

0.40

0.30
910543
77.0393
57.0701

0.20 710863

109.0680
43.0554

0.10 66.0467

85.1016

28.0061 |

(9663)
152.0834

. Ll [ \
oo 41—t T T T T T

20 30 40 50 60 70 &0 90 100 110 120 130 140

Subtract [MS: 9.4404-9.4637, MS: 9.2872-9.3205] / grot163872-Centroid / EI+ / CG-TAL, GC-MS (€I, 70 eV) /

x0* 1510754

1.20
OMe

l OMe

110

1.00

MeO O

OMe

0.90

0.80

0.70

0.60

Intensity

0.50

0.40

0.30
91.0545

0.20

77.0393
0.10

65.0294
200402 N ms'lom | 1640842 207.0338
I 1 | L 1 1

0.00 I I I 1 I I 1 I I I 1

150 160

(12016)

302.1495

25 50 73 100 1325 150 175 200 225 250 275
m/z

Figure 3.49. The mass spectra are in accordance with toluene 1f (top) and bibenzyl 8a (bottom).
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3.4.10 Carbanion generation from benzyltriphenylphosphonium bromides

Benzyltriphenylphosphonium salts substituted with electron withdrawing groups have been reported to react to the
corresponding toluene derivative under reductive photocatalytic conditions.*> A HAT from the solvent MeCN was
proposed. However, results presented in this work support an ionic mechanism via the corresponding carbanion.
Deuteration in CD3CN is moderate, in agreement with the reactivity of the same carbanion generated under
redox-neutral photocatalytic conditions from the corresponding trifluoroborate 2b. Although addition of D,0O gives a
high degree of mono-deuteration, some di-deuteration is observed, likely due to proton-deuteron exchange via the
corresponding phosphorus ylide under basic conditions. Moreover, in presence of D,O alkaline hydrolysis of
benzyltriphenylphosphonium salts generates the corresponding toluene derivative without irradiation.”® Thus,
addition of D>O cannot be used as mechanistic probe for the photocatalytic reaction. If N, N-diisopropylethylamine
(DIPEA) is used as sacrificial electron donor no deuteration is observed in CD3CN. Whether this is due to HAT from
the DIPEA radical cation to the benzyl radical or proton abstraction from the DIPEA radical cation by the benzyl

carbanion cannot be determined from the experimental results.

Initially proposed mechanism:

PPh; . D
PC DAT PC = [Ir(dtobpy)(ppy).]PFe
——— > MeO _— Amine = DABCO or DIPEA
MeO amine MeO D* = CD3CN or D,0
440 nm (0]
0 o}
14a 19’ 1g-d,
Revised mechanism:
®
PPh, . o D
PC RRPCO D*
— > MeO MeO —_—
MeO amine MeO
440 nm o o
o) o}
14a 19’ 19 19-d;
Entry Amine Additive Light Deuteration Background reactions in presence of D,0
1 DIPEA B yes 0% Deuteration via P-ylide
2 DABCO - yes 25% ® . ®
PPh; -H PPhg
3 DABCO D,0 yes 126% +D 5
4 DABCO D,0 no 114% MeO MeO
© 14a O14a-dx

Base-promoted hydrolysis

PPh, o D
oD
MeO -PPh0  MeO
o o)
14a 1g-d,

Scheme 3.22. Toluene derivative 1g generated under reductive photocatalytic conditions has a moderate degree of deuteration in
CDsCN. In presence of D20 non-photocatalytic processes can also lead to deuterated 1g.
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A difference in product distribution was described for benzyltriphenylphosphonium salts compared to benzyl
bromides. As the initially generated radical is identical, this difference in reactivity cannot be explained by the polarity
of the benzyl radical. It was mentioned that a change in mechanism might occur depending on the substrate, but no

specific mechanism was proposed.

N
X =
CH,3 ® _
X = PPh, X=Br
_
= PC, DIPEA PC, DIPEA O
N CH4CN NZ CH5CN ~Z
1 440 nm 440 nm N b

Toluene derivative 1j reported as major Bibenzyl 8b reported as major product
product for EWG-substituted (6:1 with toluene derivative 1j) for EWG-
benzyltriphenylphosphonium salts. substituted benzyl bromides

Scheme 3.23. Benzyltriphenylphosphonium bromides preferentially react to the corresponding toluene derivative while benzyl
bromides give the corresponding bibenzyl as major product.*?

The revised mechanism via carbanion generation explains the change in product distribution. CN-substituted
triphenylphosphonium salt 14¢ has a half-wave reduction potential of E1» =-1.58 V vs. SCE, similar to the reduction
potential of the photocatalyst (E1» =-1.51 V vs. SCE).* The corresponding benzyl bromide 17 can be reduced more
easily by 029V (Ei2=-129V vs. SCE). 4-Cyanobenzyl radical (1j°) is easily reduced to the carbanion
(E12=-0.77 V vs. SCE)’® and thus the ratio of bibenzyl 8b (resulting from radical dimerization) and toluene 1j
(resulting from deprotonation of the solvent MeCN) is expected to shift towards toluene for difficult to reduce
substrates and more towards bibenzyl for more easily reduced substrates as a direct consequence of competition
between carbanion generation via reduction of radicals already present and generation of more benzyl radicals which

can then undergo dimerization.
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REACTIVITY OF SUPERBASIC CARBANIONS GENERATED VIA REDUCTIVE RADICAL-POLAR
CROSSOVER IN THE CONTEXT OF PHOTOREDOX CATALYSIS
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Figure 3.50. Reductive part of the cyclic voltammograms of benzyltriphenylphosphonium bromides 14a-c and 4-cyanobenzyl
bromide (17). Approximate half-wave potentials for reduction of the corresponding benzyl radicals and the photocatalyst are
marked with arrows.
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3.4.11 DFT calculations

3.4.11.1 Kinetic isotope effects for hydrogen atom abstraction

Kinetic isotope effects (KIE) arise from the fact that bonds to different isotopes have different zero-point energies
(ZPE). The heavier an isotope the lower is the ZPE. Therefore, the dissociation barriers differ for different isotopically
labeled molecules. To calculate the KIE, the deuterated species and non-deuterated species were fully optimized along
with their respective transition states. All the optimization and frequency analysis of the transition state and the
substrates were done using the B97D3/Def2TZVP level of theory using Gaussian 16 C.01 software package.”’ 8!
Stationary points were characterized by a frequency analysis with a single imaginary frequency indicating a saddle
point of first order and zero imaginary frequencies a minimum energy structure. The reported enthalpies and Gibb’s

free energies remained unscaled and have been calculated assuming standard conditions. Cartesian coordinates of the

optimized structures can be found in the appendix.

i

>

Energy

v

Reaction Coordinate

Figure 3.51. Schematic ground state potential surface for a proton and deuteron abstraction and the definition of the

kinetic isotope effect.
The absolute difference between the free energies of reactants, substrate-catalyst assembly, and the transition states

(TS) were considered in the calculations. The underlying principle for calculation of KIE is schematically described

in Figure 3.51. Table 3.3 summarizes all free Gibbs energies of all calculated structures (all in kcal/mol).
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Figure 3.52. Transition states considered for calculation of kinetic isotope effects. (D/H) after the molecule number indicates

whether D or H is abstracted.

The reaction activation energy barriers were calculated by taking the difference between the transition state free energy

and the sum of free energies of the reactants. The KIEs calculated by this method are tabulated in table 3.3.

Table 3.3. Free Gibbs energies of all calculated structures (in kcal/mol) based on the difference between the transition state free

energy and the sum of free energies of the reactants.

AGY AG, AGh — AGY sle
1b-do (H) vs 1b-d1 (D) | 7.445287  8.64956 1.204172 7.632463
1b-do (H) vs 1b-d, (D) | 7.445287  8.69715 1.251862 8.272213
1b-ci (H) vs 1b-di (D) | 7.483565  8.64946 1.165890 7.154958
1b-d: (H) vs 1b-d; (D) | 7.483565  8.69715 1.213585 7.754684
1b-do (H) vs 1b-di (H) | 7.445287  7.483565 0.038277 1.066738
1b-d: (D)vs 1b-d» (D) | 8.64946  8.69715 0.047690 1.083820
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Another way of calculating the reaction barriers is by optimizing the pre-TS complex of the reactants and take its

difference of free energy or from that of the TS. The KIEs from these calculations are summarized in Table 3.4.

Table 3.4. Free Gibbs energies of all calculated structures (in kcal/mol) based on the energy difference between pre-TS.

AGY AG), AGh, — AGY KIE
~ 1b-do(H)vs1b-di (D) | 4738253 5.948072 120982 7.705562
1b-do (H) vs 1b-d2 (D) | 4.738253  5.82069 1.082437 6.214874
1b-di (H) vs 1b-di (D) | 4.604595  5.948072 1.343477 9.655527
1b-di (H) vs 1b-d2 (D) | 4.604595  5.82069 1.216095 7.787605
1b-do (H) vs 1b-di (H) | 4.738253  4.604595 -0.13366 0.798047
1b-di (D) vs 1b-d> (D) | 5.948072  5.82069 -0.12738 0.806544

3.4.11.2 Kinetic isotope effect for carbanion protonation

Similar KIE calculations were performed for acetonitrile deprotonation by benzylic carbanion 1f". The transition state
was optimized using the B97D3/Def2TZVP level of theory in Gaussian 16 C.01 software p?l.Cl(?J.ge.77_81

Since deprotonation is a very fast reaction, the difference in energy of substrates and the transition states are considered
for the computation of the KIE. Barriers were calculated for the proton and the deuterium isotopomers and the relative

activation barrier used for calculating the relative rate constants, i.e. the KIE.

Table 3.5. Relative free Gibbs energies in kcal/mol for proton and deuteron abstraction from acetonitrile-do/ds and the
corresponding theoretical kinetic isotope effect. The calculated KIE is in accordance with the experimentally determined KIE in
the gas phase.

AGSubstrates AGTSs AG?I‘S — AG*Substrates KIE EXp
ACN - ACN-d3 6.2 5.1 1.1 6.8 6.5
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3.4.11.3 Cyclization of phenylvaleric and phenylhexanoic acid esters

All geometry optimization and frequency analysis was done using the M06-2X/6-31G(d)*>*! level of theory and the

electronic energy was improved by performing single point energy calculation at the optimized geometries using the

wB97XD/Def2TZVP77782 Jevel of theory. The energies of an open and a folded (attack-conformer) conformer of the

carbanion were optimized along with two diastereotopic transition states. The closed conformer was obtained from

the internal reaction coordinates (IRC) of the transition state. The energies (all energies in kcal/mol) for ring closure

can be found in Tables 3.6 and 3.7. TS1 was the low-lying transition state for the 5S-membered ring and TS2 for the 6-

membered ring, hence these were considered for comparison.

Cyclization
—

protonation

Transition states:

TS1

t

TS2

Scheme 3.24. Cyclization of carbanions 7a™ and 9™ to cyclic ketones 8 and 10.

Table 3.6. Free Gibbs energies of carbanions 7a” and 9~ and transition state energies for their cyclization.

Substrate Method AGopen-ciose AGfl‘SZ—Close AGfl'Sl—Open AGfl‘SI—Close AGfl‘SZ—Close AAGrss
MO062X/6- 1.519178 5.341907 12.43768 3.82273 10.9185 7.095770

Ta- 31G(d)
Combination 3.308180 9.919915 14.57432 5.89097 11.26614  5.375165
MO062X/6- -3.426150 -1.00275 -2.35689 2.423405 1.06926 -1.35415

9 31G(d)
Combination | 0.822025 3.397913 2.926032 2.575888 2.104007  -0.47188
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Table 3.7. Absolute energies of substrates, products, and transition states. All energies are given in in Hartree.

Substrate M062X/6-31G(d) Free Energy wB97XD/Def2TZVP
Contribution
5-membered open -616.268023 0.199450 -616.784644
5-membered close -616.265602 0.205860 -616.785782
5-membered TS1 -616.259510 0.206962 -616.777496
5-membered TS2 -616.248202 0.205322 -616.767290
6-membered open -655.533420 0.225882 -656.100023
6-membered close -655.538880 0.234504 -656.107335
6-membered TS1 -655.535018 0.234628 -656.103354
6-membered TS2 -655.537176 0.235613 -656.105091
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Abstract

sequence consisting of photocatalytic hydrogen atom abstraction (HAT), reductive radical-polar crossover
(RRPCO), and protonation/deuteration for stereochemical editing at benzylic positions is described. A
systematic screening of substrates with benzylic C-H bonds provides trends in reactivity for C-H activation
by silane thiols. A cis/trans isomerization of dihydrobenzofurans proceeding under kinetic control in the HAT step is
presented and the concept transferred to a deracemization by chiral silane thiols as HAT reagents in a proof-of-concept

study.
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4.1 Introduction

The C-H bond is the most prevalent functional group in organic compounds and the cleavage of this bond is one of
the most atom- and step-economic ways to activate organic molecules.!? However, the low polarity and high bond
strength often necessitate the use of reactive hydrogen atom abstraction reagents or strong bases. While deprotonation
of acidic C-H bonds, for example in a-position to carbonyl groups, is a standard method in organic chemistry, less
acidic C-H bonds are more difficult to activate. In recent years, various photocatalytic methods emerged to enable the
activation of rather inert C-H bonds to the corresponding radicals. Despite the progress in C-H activation, selectivity
in the C-H abstraction and diastereo- or enantioselective reactions with the generated reactive intermediates are still
challenging. An especially appealing type of reactions conceivable with the utilization of photocatalytic C-H activation
are stereochemical editing methods and in particular deracemizations in which the product and substrate only differ
in the configuration at a single carbon atom. Although with AG = 0.40 kcal/mol between a racemic mixture and an
enantiomerically pure compound the energy that must be provided is small in absolute terms, microscopic reversibility
inevitably causes racemization in a thermodynamic equilibrium.> To enable deracemization via cleavage and
formation of a C-H bond, both steps must proceed via distinct transition states. In classical catalysis, this cannot be
achieved without the use of sacrificial reagents, although one-pot procedures using oxidation/reduction sequences®™®
and biocatalytic methods have been reported.'%'? In photocatalysis, however, at least one reaction step proceeds from
an excited state energetically out of reach for the back reaction. Thus, limitations caused by microscopic reversibility
in traditional catalysis can be avoided, making deracemizations and contra thermodynamic stereochemical editing in
general possible without the need of sacrificial reagents.'3 The same concept can be used in stereochemical editing
techniques in which one diastereomer is converted to another. Although both diastereomers are usually of different
energy, the diastereomeric ratio in hydrogen exchange reactions under photocatalytic conditions is not limited by the
relative thermodynamic stability of the diastereomers. This has been previously demonstrated on the examples of
selective epimerization for the synthesis of rare sugar isomers'* and in the epimerization of tertiary stereocenters. '
Both proceed under kinetic control via two distinct hydrogen atom transfer steps (HAT/HAT). Photocatalytic
epimerization reactions governed by thermodynamic control are also known,'®2° but the mechanistic concept is
fundamentally different from stereochemical editing under kinetic control. The first photocatalytic deracemization
using a chiral catalyst was reported in 1965 using energy transfer from a chiral photosensitizer, albeit only low
enantiomeric excesses were achieved.?! Similar reactions and mechanistic investigations were published in the
following years?>* but only recently more broadly applicable methods with good enantiomeric excess (ee) were

25-28

reported. Such methods utilize energy transfer from a chiral photosensitizer, photochemical E/Z isomerization,*

an electron transfer/proton transfer/HAT sequence,® photoredox deprotonation/protonation,’!2

and photoinduced
ring opening/closure by an Al-salen complex*} or BINOL-phosphate Ti-complex.** The proposed transition states and
steps responsible for the diasterco- and enantioselectivity of a selection of stereochemical editing and deracemization
reactions are depicted in Scheme 4.1. A more detailed overview and additional examples of photocatalytic

deracemization can be found in recent reviews.>>3¢
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Scheme 4.1. Selection of known methods for photocatalytic stereochemical editing including epimerization via a diastereoselective

HAT/HAT sequence,®® deracemization via energy transfer from a chiral photosensit

izer,® enantioselective PCET with chiral

phosphates,® enantioselective H-atom donation,®® photochemical E/Z-isomerization of chiral enamines,?® photoredox
deprotonation/enantioselective protonation332 and photoinduced cyclopropane opening/closure by an Al-salen complex.3® This
work: cis/trans-isomerization of dihydrobenzofurans and proof of concept for deracemization via a HAT/RRPCO/protonation

sequence.

In this work, we demonstrate that the same logic can be applied to a sequence consisting of a hydrogen atom transfer,

reductive radical-polar crossover, followed by protonation (HAT/RRPCO/protonation) in which the bond breaking

step proceeds via hydrogen atom abstraction and the bond forming step via protonation of a highly basic carbanion.
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In this sequence the RRPCO?’ connects the radical pathway to erase stereoinformation via HAT to a polar reaction
resetting the stereocenter via protonation. This sequence was applied to cis/frans-epimerization by an achiral HAT
reagent and subsequently transferred to a photocatalytic deracemization by chiral silane thiol HAT reagents. A general

overview of the concept of deracemization via a HAT/RRPCO/protonation sequence is depicted in Figure 4.1.

AG
Enantioselective HAT R* = chiral group Protonation not enantioselective
*R‘S' Highly basic carbanions
|
|1| 'S/R Irreversible protonation avoids limitations by
] I

microscopic reversibility

-9
/\C) o | Reductive radical-polar crossover

TIT-

-H*

B B
PC % |
hv H H

Reaction coordinate

Figure 4.1. Simplified energy diagram for photocatalytic deracemization via a HAT/RRPCO/protonation sequence. Activation of
the HAT catalyst by an excited photocatalyst starts the reaction sequence. RRPCO followed by protonation converts the C-centered
radical back to the substrate. The barrier for the back reaction is too high and thus limitations caused by microscopic reversibility
under non-photocatalytic conditions are avoided. If the barrier for C-H activation of enantiomer En2 is lower than for Enl, En2 is
preferentially racemized and Enl is enriched.
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4.2 Results and discussion

4.2.1 Identification of reactive benzylic C-H bonds

C-H activation of benzylic C-H bonds via a HAT/RRPCO sequence has been reported previously.*® However, the
focus was on the development of a photocatalytic version of the Grignard-reaction and the selectivity of the C-H
activation step was not included. The first step in the development of a diastereo- and enantioselective HAT/RRPCO
sequence, is a systematic screening of compounds with benzylic C-H bonds to understand the selectivity and to
rationally predict which C-H bonds can be activated. Deuteration by D>O was chosen as model reaction to efficiently
convert carbanions back to stable molecules with minimal steric interference and to keep the model system close to
later deracemization approaches as product and substrate only differ in the hydrogen isotope at the benzylic position.
In this work, deuteration serves primarily as a tool to investigate the activation to the corresponding carbanions under
HAT/RRPCO conditions. However, it is synthetically useful in the development of deuterated molecules for example
in drug discovery.*

C-H bonds in alkyl benzenes are activated to give the corresponding benzyl carbanions unless electron withdrawing
groups or bulky substituents in the a-position are present. While 2a and 2b give high degrees of deuteration at the
benzylic position, 2¢ with a sterically hindering isopropyl group next to the benzylic C-H bond does not give any
conversion. The same trend in reactivity is observed when comparing unhindered benzyl ethers 7a, 7b, and 7¢ to
sterically demanding benzyl ether 7d, and when comparing diphenylbenzene (6a) to triphenylbenzene (6b). This last
example is particularly interesting because the trityl radical is known to be a rather stable radical*’ and in chapter 3 on
the reactivity of photocatalytically generated carbanions the corresponding trityl anion formed cleanly from
triphenylacetic acid. This demonstrates that hydrogen atom abstraction from triphenylmethane does not occur while
the subsequent reductive radical-polar crossover step proceeds under similar reaction conditions.

Benzylic C-H bonds in 5-membered (3a, 3d, 3e, 6¢) and 6-membered carbocycles (3b, 3e, 6d) are similarly or more
easily activated compared to their acyclic analogs while the benzylic C-H bonds in the 7-membered ring of 3¢ are
inert towards C-H abstraction by silanethiol radicals. Benzylic positions adjacent to oxygen atoms can be activated if
part of an isochromane ring (5a), while similar acyclic benzylic positions are inert (7¢) but can be deuterated if
additional activation by a methoxy group in the para position (7b, 7¢) or another adjacent aryl ring (7a) is present.

In general, the reactivity of benzylic C-H bonds towards C-H abstraction under the respective reaction conditions is
only partially dictated by the bond dissociation energies (BDEs). While high BDEs do limit the reactivity, some
substrates with particularly low BDEs are unreactive. This is affirmed by the calculated BDEs for a selection of
reacting and inert substrates discussed in more detail in the experimental part section 4.4.4.1.

In the presence of a double bond adjacent to the benzylic position, isomerization to the corresponding styrene was
observed upon protonation of the corresponding carbanion. Subjecting 4-methoxyallyl benzene (8) to the deuteration
conditions of Scheme 4.2 gave cis-anethole ((£)-9-d1) with a high degree of deuteration at the terminal methyl group
as depicted in Scheme 4.3. Control reactions suggest that E/Z isomerization occurs via photosensitization of
trans-anethole ((E)-9-d1) by the photocatalyst while no deuteration of (E)-9 is observed under otherwise identical
reaction conditions. This is in agreement with literature reports.*! Whether an E/Z selectivity is present in the
deuteration step is not derivable from the results. Without the addition of photocatalyst, (E)-9 is configurationally

stable under irradiation with blue light.
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Scheme 4.2. Benzylic deuteration via C-H activation to the corresponding carbanions A~ and subsequent deuteration by D20O.
Positions marked in blue were efficiently labelled, positions marked in orange did not undergo deuteration to notable extent.
Reaction time: 16-18 h, unless otherwise noted. Experimental details and an expanded substrate scope can be found in the
supporting information section 4.1. 3DPA2FBN (1a) likely is not the active catalyst but rather converts to a catalytically active
species under irradiation, similar to previous reports.*2“3 For details see supporting information section 8.
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Allylbenzenes: Double bond migration via HAT/RRPCO/protonation and E/Z isomerization via sensitization

HAT
RRPCO E/Z isomerization

(E)9d1 (2)-9-d,

>90%D (mono-deuteration)
77% yied (69% isolated)
E/lZ=1:5

Scheme 4.3. Double bond migration via HAT/RRPCO/protonation sequence under reaction conditions identical to scheme 4.2.

4.2.2 Epimerization via diastereoselective hydrogen atom abstraction

In the next step, diastercoselectivity was investigated using dihydrobenzofuran cis-4c-do as an example. Under
conditions for hydrogen isotope exchange via a HAT/RRPCO/deuteration sequence epimerization to trans-4c-do is
observed with a diastereomeric ratio (d.r.) of 12:1 within 1 h of irradiation (Scheme 4.4). With longer reaction time a

trans/cis ratio of >20:1 is obtained, albeit at the cost of diminished yield.

e PrgsioH L'
Kr30|0 Deuteration at C2: 82%
o OMe 2 3 Deuteration at C3: 50%
MeCN
cis-4c-d, 1 h, 440 nm trans-4c

75%, d.r. = 12:1

Scheme 4.4. A HAT/RRPCO/deuteration sequence isomerizes cis-4c to trans-4c with good diastereomeric ratio of 12:1 and high
degree of deuteration in the 2-position and additional moderate deuteration in the 3-position within 1 hour. The diastereomeric ratio
(d.r.) is further increased with prolonged reaction time (see below). Yield, d.r. and deuteration degrees were determined via
'H NMR spectroscopy of the reaction mixture.

Two conceptually distinct scenarios to explain the franms-selectivity are conceivable: Preferential
protonation/deuteration of carbanion 4¢” to trans-4¢ over cis-4¢ (Scheme 4.5, scenario 1) would selectively set the
stereocenter in the protonation/deuteration step, analogously to known thermodynamically driven stereochemical
editing methods.!®!%2° In the other scenario, a faster C-H activation of cis-4¢ compared to trans-4¢ preferentially
epimerizes cis-4¢ with no selectivity for the subsequent protonation/deuteration step (Scheme 4.5, scenario 2),
analogously to previously reported HAT/HAT sequences.'*!3 Kinetic control was also observed to diminish the
diastereoselectivity under non-optimized reaction conditions in a HAT/HAT sequence for epimerization to the
thermodynamic product.'®

To differentiate between these scenarios in a HAT/RRPCO/protonation sequence, deuterium labelling was used as
mechanistic probe. When subjecting a 1:1 mixture of cis-4¢ and trans-4c to the conditions for benzylic deuteration by
D0, substrates cis-4¢-do and trans-4c-do are distinguished from the products cis-4c-di and trans-4c-di by the
hydrogen isotope in the benzylic position. Although both mechanistic scenarios can lead to the same trans/cis ratio in
a dynamic equilibrium, the intermediate trans/cis ratios are different. If C-H activation is unselective (scenario 1),
both, trans-4c-do and cis-4c-do would be converted with the same rate constant while the products trans-4c-d1 and

cis-4c¢-dy are generated with a constantly high frans/cis ratio. On the other hand, if scenario 2 is responsible for the
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trans-selectivity, cis-4¢-dy would be converted with a larger rate constant compared to trans-4c-do while the trans/cis
ratio of the product is initially close to 1 and rises with the reaction progress. If both scenarios complement each other,
a faster conversion of cis-4c-do would be observed while the product trans/cis ratio starts at a moderate level and
further increases with the reaction progress. The competitive deuteration experiment depicted in Scheme 4.5
confirmed that mainly scenario 2 is responsible for the observed trans-selectivity by favoring the epimerization of

cis-4¢ with only low trans-selectivity of <3:1lin the protonation/deuteration step.

CH, PC 1a CHs

iPrySiSH D
O O OMe KQCO3 ""@OMG
(0] D,0 (0]

MeCN
transicis-4c-d 1:1 440 nm

Scenario 1: Scenario 2:
CH3 CHj

ki =k; H . H
o Ly 0)oe oM s
No preference for activation o o Preferential activation of the

trans/cis-4c-d; >20:1

of one diastereomer cis-4c-d, trans-4c-dy cis-isomer
Selective subsequent No subsequent selective
protonation required HAT protonation required

. . k RRPCO k. . .
Selective deuteration 1 2 Unselective deuteration
Preferential protonation of carbanion to Carbanion deuteration to cis- and trans-isomer
trans-isomer in equal amounts CHj,

D
CHj selective CHj unselective 0

D deuteration deuteration trans-4c-d,
-—————— —_—
----@OM&: D,0 O © O OMe D,0 CHs
(0] 0] D
- oM
Carbanionic intermediate: O o O ¢

trans-4c-d,
Stereoinformation erased cis-4c-d,
Expected initial ratio trans/cis-4c-d, >20:1 by C-H activation step Expected initial ratio trans/cis-4c-d, close to 1:1
Does not fit to experimental observation In accordance with experimental observation

Scheme 4.5. Competitive deuteration experiment. C-H activation of a diastereomeric mixture of cis-4c-do and trans-4c-do to the
corresponding carbanion followed by RRPCO and protonation yields trans-4c-di and cis-4c-d: with high d.r. in favor of the
trans-isomer. The change in the ratio between cis-4c-do and trans-4c-do was used as mechanistic probe to distinguish between
scenario 1 and scenario 2. Deuteration in the 3-position is also observed, but to a lower extent (see Scheme 4.4)

A fast decrease in signal intensity for the proton in the 2-position of cis-4¢ (cis-4c-2-H) with a rate constant of
2.0*10"' min™' is observed while the proton in the 2-position of trans-4c (trans-4c-2-H) even shows a slight initial
increase (Schemes 4.6B and 4.6C, for a more detailed analysis of the observed behavior see experimental part,
Figure 4.28). Only after almost full conversion of cis-4¢-2-H, the signal intensity of #rans-4c-2-H starts to decrease
slowly with a rate constant of 1.1*102 min"' as depicted in Scheme 4.6B. The rate constants measured for the
diastereomerically pure compounds are 1.6*10"! min™' for cis-4c and 1.7*102 min™! for trans-4¢ (experimental part,
Figures 4.19 and 4.23) and thus in agreement with the rate constants obtained in the competitive deuteration
experiment. Deuteration also occurs in the 3-position of 4¢, contributing to the isomerization, albeit to lower extent.
For clarity, deuteration in the 3-position is not depicted in Scheme 4.6 and 4¢-2-H only refers to the respective proton

in the 2-position, irrespective of deuteration in the 3-position.
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Scheme 4.6. Competitive deuteration of a 1:1 mixture of trans-4c-do and cis-4c-do. For experimental details see experimental
part 4.4.6. cis/trans-4c-2-H = cis/trans-4c-do + cis/trans-4c-3-ds; cis/trans-4c-2-D = cis/trans-4c-2-d1 + cis/trans-4c-dz; A:
Relative concentrations of cis-4¢c (cis-4c-do, cis-4c-di, cis-4c-d2) and trans-4c (trans-4c-do, trans-4c-di, trans-4c-dz).
Concentrations were determined via *H NMR spectroscopy in CDsCN at a substrate concentration of 100 mM. B: At low degrees
of deuteration, consumption of cis-4c-do and trans-4c-do can be approximated by a first order kinetic with rate constants of
2.0%10 min't and 1.1*10-2 min‘%, respectively. For determination of the rate constant for trans-4c-do data points before 20 min
and after 60 min were excluded due to competition with cis-4c-doz and trans-4c-dusz, respectively, which cause deviation from a
first-order reaction. C: Concentrations of deuterated products were determined by *H NMR spectroscopy by comparison of benzylic
hydrogens at C2 with the methyl groups at C3. Both benzylic positions are activated by HAT catalyst 'PrsSiSH with a preference
for the 2-position. For clarity, only deuteration in the 2-position is depicted. D: The initial trans/cis-ratio is low and increases with
the reaction progress. This demonstrates that deuteration of carbanion 4c™ by D20 is only weakly stereoselective and selectivity is
mostly determined by the C-H activation step.

The trans/cis ratio is initially low and increases with reaction progress. A low trans selectivity of 1.5 in the protonation
step is obtained from extrapolation of the trans/cis ratio according to Scheme 6D. Due to low concentrations of
products in the initial minutes of the reaction trans/cis-ratios could not be obtained before 5 minutes. However, even

the trans/cis ratios at 5 min and 10 min are only 2.6 and 2.8, respectively, while a trans/cis ratio of 18:1 is obtained
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after 3 h of irradiation and >40:1 when starting from a 10:1 mixture trans/cis-4c-do. This demonstrates that the
deuteration step cannot explain the high trans-selectivity, but that the overall selectivity in the epimerization reaction
mainly occurs in the C-H activation step while only low selectivity is observed in the deuteration step. This is
particularly intriguing for the fact that unstabilized benzyl carbanions are short lived intermediates which are difficult
to be integrated into stercoselective reactions. The results demonstrate that shifting the focus from the unselective
bond-forming step to the bond-breaking step enables stereocontrol. The epimerization presented is not only useful for
mechanistic investigations, but late-stage stereochemical editing also allows different synthetic routes which initially
lead to the wrong isomer or isomeric mixtures, providing more general access to the desired products.'*> An example
of the synthesis of dihydrobenzofurans utilizing a photocatalytic C-C bond-forming reaction with subsequent

cis/trans-isomerization can be found in the experimental part 4.4.5.

4.2.3 Deracemization via enantioselective hydrogen atom abstraction

Based on the results from the diastereoselective C-H activation from the previous section, the stereoinformation was
subsequently transferred from substrate control to reagent control. As the selectivity in our approach is in the
bond-breaking step rather than the bond-forming step, an enantioselective reaction must be designed as a
deracemization or desymmetrization. To introduce enantioselectivity in the photocatalytic generation of carbanions
from benzylic C-H bonds, the stereoinformation needs to be on the HAT reagent. This sequence of enantioselective
HAT/RRPCO/protonation is yet unprecedented. During the development of a photocatalytic alternative to the
Grignard reaction via HAT/RRPCO, silane thiols were the only HAT reagents effectively catalyzing the reaction.?® In
this work triphenylgermanium thiol was found to also catalyze the reaction. However, it was less efficient than
triphenylsilane thiol and triisopropylsilane thiol. Thus, chiral silane thiols were targeted as HAT reagents. Chiral silane
thiols can be separated into two groups. Molecules with the silicon atom surrounded by chiral groups (Figure 4.2,
group 1) and molecules with the silicon as stereocenter (Figure 4.2, group 2). The limited reports on chiral silicon

compounds and silane thiols, even as achiral derivatives, limit the current accessibility of chiral silane thiols.
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Chiral silane thiols:

Group 1: Silicon bound to chiral alcohols Derived from menthol
Ar AT :
Derived from tartaric acid o 0 : \Q
. ) , )
i— : ~ "/
-Both enantiomers available >< Si~SH ' B (
0] o} : : o. .0
-Modular synthesis Ar Ar i (SBI‘SH
(S,S)-10 .
| 1
‘ Ph Ph 5
Ar \(@ O \(@ |
Ph Ph E
10a 10b 10¢c 10d 10e :

Group 2: Silicon-chiral silane thiols

CHs O
SH
HsCJ"f. SH I .OMe

. “. ,SH Si
si si ©/ j<
S &KL
Fe F'Ie
< <
d.r. =14:1 dr.=17:1 60% ee
12a 12b 13

Figure 4.2. Chiral silane thiols designed as HAT catalysts. Absolute configurations of catalysts of group 1 were set by the
configuration of the chiral alcohols. Absolute configuration of the major diastereomer of silicon-chiral silane thiols 12a and 12b
was determined by single crystal X-ray diffraction analysis. Synthesis of silicon-chiral silane thiol 13 was published elsewhere*
and the absolute configuration of the major enantiomer was not determined.

Tartaric acid derived TADDOL and monoterpenoid menthol were successfully incorporated into silane thiols.
Additionally, three silane thiols with silicon as chirality center were synthesized. However, partial racemization
occurred during the synthesis of silicon-chiral silane thiol 13 to give only moderate ee of 60%. Silane thiols 12a and
12b were obtained in diastereomeric ratios of 14:1 and 17:1, respectively. The yet unprecedented class of tartaric acid
based TADDOL silane thiols 10 was especially appealing due to the possibility of systematic modification and

accessibility of both enantiomers of tartaric acid.
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Table 4.1. Deracemization of isochromane derivative 5b by chiral silane thiols.

|O chiral cat O
0 3DPA2FBN ©

K,CO4 H/D
H,0 or D,0
O CD4CN ‘
440 nm
OMe OMe
5b (R)-5b
Entry HAT catalyst T H/D* time [h] ee

1 (R,R)-10a rt H,O 6h 4% (R)

2 (R,R)-10a -17 °C CDs;0D 6h 6% (R)

3 (R,R)-10a -17°C - 6h 7% (R)

4 (R,R)-10b -17 °C DO 6h 3% (R)

5 (R,R)-10b -17°C H,O 6h 2% (R)

6 (R,R)-10c -17 °C D,O 6h -19% (S)
7 (R,R)-10c -17°C HO 6h -13% (S)
8 (R,R)-10a -17 °C DO 16 h 7% (R)

9 (R,R)-10c -17°C D,O 16 h -32% (S)
10 (R,R)-10c -17°C - 16 h -25% (S)
1 (R,R)-10d -17°C D,O 16 h 13% (S)
12 (S,9)-10d -17 °C DO 16 h -11% (R)
13 (S5,5)-10e -17°C D,O 16 h 14% (S)
14 (S,5)-10c -17 °C D,O 16 h 32% (R)
15 (5,5)-10c -17°C D,O 24 h 33% (R)
16 (S,5)-10c -17°C D;0, acetone 16 h 37% (R)
17 13 -17°C - 16 h 10% (R)
18 13 -17 °C D,O 16 h 12% (R)
19 1 -17°C D,O 16 h 1% (R)

20 12a -17 °C D,O 16 h -

Reaction conditions: 100 mM substrate in CD3CN, 10 mol% chiral silane thiol, 10 mol% K2COs, 3 mol% photocatalyst and
10 equiv. HY/D" source. If no H"/D* source is added, protons/deuterons are abstracted from the solvent acetonitrile as described in
chapter 3. The absolute configuration of the major enantiomer in parentheses was determined by chiral HPLC analysis and
comparison with reported data.’

Under standard reaction conditions for benzylic C-H activation to carbanions, TADDOL-derived silane thiols 10,
trimenthoxysilane thiol (11), and silicon-chiral silane thiol 13 were effective HAT-catalysts. Ferrocene-based chiral
silane thiols 12a and 12b underwent decomposition under the reaction conditions within minutes of irradiation, likely
due to the ferrocene unit itself being redox active. Consequently, no deuteration of substrate was observed, indicating
that this structural motif cannot be used for HAT reagents under the reaction conditions. Table 4.1 summarizes the
results for deracemization of isochromane derivative 5b with various HAT catalysts and reaction conditions. An initial
screening of chiral benzyl ethers with silane thiols 10a-c gave mostly racemic mixtures, except for isochromane 5b

which was obtained with low enantiomeric excess of 4% with HAT-catalyst (R,R)-10a (entry 1) and up to 13% ee in
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favor of (S)-5b when the aryl groups were changed to sterically demanding terphenyl groups ((R,R)-10¢, entry 7) and
the temperature lowered to -17 °C (entry 2). Addition of D,0 to the reaction mixture instead of H,O slightly increased
the enantiomeric excess to 19% and additionally the benzylic deuteration could be used to confirm that C-H abstraction
is occurring. With prolonged reaction time of 16 h the enantiomeric excess was increased to 32% (entry 9) and no
significant further increase was observed at 24 h (33% ee, entry 15). The (S,S)-enantiomer of the most selective
HAT-catalyst (R,R)-10¢ gave an inverted enantiomeric excess of 32% in favor of the (R)-enantiomer (entry 14). A
slight further increase to 37% ee was achieved by using acetone as co-solvent (entry 16). However, more side-reactions
were observed, likely due to aldol condensation under the basic reaction conditions and nucleophilic addition of the
intermediate carbanion to acetone. Silicon-chiral silane thiol 13 gave a lower but measurable enantiomeric excess of
up to 12% (entry 18). Considering the only moderate enantiomeric purity of catalyst 13, this class of catalysts appears
promising. However, the synthesis of the corresponding naphthyl analog was so far unsuccessful. The observed partial
racemization during the synthesis of silicon-chiral silane thiols necessitates the development of improved synthetic

methods to access silane thiol-based chiral HAT-catalysts.

4.3 Conclusion

In conclusion, it was demonstrated that silane thiol-based hydrogen atom transfer catalysts can be used to
selectively activate specific benzylic C-H bonds to the corresponding carbanions based on general and
predictable steric and electronic conditions. Abstraction of diastereomeric hydrogen atoms can be highly
selective and, coupled with non-stereoselective protonation of the intermediate carbanion, enabling
stereochemical editing without the need for selective bond formation. The concept was then transferred to
deracemization of tertiary benzylic positions by chiral silane thiol HAT -catalysts. The utilization of a
photocatalytic HAT/RRPCO/protonation sequence avoids limitations of non-photocatalytic reactions due to
microscopic reversibility by enabling only the forward reaction. Although the enantiomeric excess of up to
37% is low and limited with regards to the substrate, it provides proof of concept for the yet unprecedented
redox neutral, fully catalytic deracemization sequence of enantioselective HAT/RRPCO/protonation. The
applicability is currently limited by the lack of easily accessible chiral hydrogen atom abstractors capable of
catalysing C-H activation to the corresponding carbanions and improvements are expected from future

development of new classes of chiral silane thiols and chiral HAT-reagents in general.
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4.4 Experimental part

4.4.1 General information

All reactions were conducted in dried and deoxygenated solvents unless otherwise stated. Ethyl acetate (EtOAc) and
petroleum ether (PE) for column chromatography and recrystallization were distilled prior to use. Commercially

available starting materials were used as received.

NMR Analysis

NMR spectra were recorded using a Bruker Avance 400 or Bruker Avance I1I HD 400 (400 MHz for 'H, 101 MHz for
13C, 376 MHz for '°F, 79 MHz for »Si) at a temperature of 298 K. Chemical shifts are reported in ppm on the & scale
with the solvent residual signal as internal standard wherever possible. Abbreviations for the multiplicity: s = singlet,
d = doublet, t = triplet, q = quartet, quint = quintet, m = multiplet. Spectra were analyzed using Topspin 4.3.0. The
degree of mono-deuteration of slightly overlapping signals was determined via deconvolution using the mldcon -pp

function of Topspin 4.3.0.

Thin Layer Chromatography
With silica gel pre-coated aluminum sheets (Machery-Nagel, silica gel 60 G/UV254, 0.2 mm) were used for thin layer
chromatography. Visualization of the separated compounds was achieved by UV-light (254 nm and 365 nm) and by

staining with potassium permanganate.

High Resolution Mass Spectrometry
HRMS were measured at the Central Analytical Laboratory of the University of Regensburg on an Agilent Q-TOF
6540 UHD and a Jeol AccuTOF GCX instrument.

Elemental Analysis

Elemental analyses were performed on a Vario MICRO cube apparatus.

Single-Crystal X-Ray Diffraction Analysis

The crystals were selected and measured on a SuperNova Dualflex diffractometer equipped with a TitanS2 detector.
Data collection and reduction were performed with CrysAlisPro {Version 1.171.43.36a}.*> An analytical numeric
absorption correction using a multifaceted crystal model, based on expressions derived by Clark and Reid*® and a
numerical absorption correction based on Gaussian integration over a multifaceted crystal model, and an empirical
absorption correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm was applied.
Using Olex2,*” the structures were solved with ShelXT*® and a least-square refinement on F? was carried out with
ShelXL.* All non-hydrogen atoms were refined anisotropically. Hydrogen atoms at the carbon atoms were located in
idealized positions and refined isotropically according to the riding model. Hydrogen atoms on sulfur atoms were

located from the difference Fourier map and refined without restraints. The figures were created with Olex2.4
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Chiral HPLC analysis

Chiral HPLC analysis was performed using a CHIRALPAK® AD-3 column (250 x 4.6 mm, 3 um) and CHIRALCEL®
OD-H column (250 x 4.6 mm, 5 pm)on an Agilent 1260 Infinity II system with photodiode array detector.
Enantiomeric excess of benzochromane derivative 5b was determined at a wavelength of 220 nm. Additionally,

absorption at 200 nm, 250 nm and 280 nm was measured to verify the results.

Graphical representation of stereochemical configuration

Stereochemistry in molecular structures is represented according to IUPAC recommendations. >

No stereochemistry specified: The structure or name refers to a mixture of all possible diastereomers in a racemic
mixture or is meant as a general comment true for any possible stereoisomer. If relevant, the diastereomeric ratio is
explicitly mentioned.

Straight bold or hashed lines: The structure refers to a specific diastereomer as a racemate.

Wedge-shaped lines: The structure refers to a specific enantiomer. Bold wedged bonds point from the stereocenter to
above the plain and hashed wedged bonds point from the stereocenter to below the plain. The directionality is from

the narrow end representing the atom in plain for both, the bold and the hashed bond.

. Not specified: . i Straight lines (bold or hashed): : . Wedge-shaped lines (bold or hashed):
E Racemate of all possible diastereomers | ' Relative configuration. ! ' Absolute configuration of the specific

H . ' Racemate of the specific diastereomer ! enantiomer

E CHs H CHs, H CHs
O O GO

, O : O : O

: 4c ¥ trans-4c X (R,R)-4c

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

Figure 4.3. Graphical representation of stereochemistry as used in this work.
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4.4.2 Photoreactor setups

Small scale room temperature photoreactions

Room temperature photoreactions were performed in the reactor depicted in Figure 4.4. Reagents were placed in 6 mL
crimp-capped vials. The vials fit into a cooling block kept at 20 °C by a thermostat. The vials were irradiated from
below via OSRAM Oslon SSL 80 LT-1960 royal-blue LEDs (Amax = 440 nm). Stirring was achieved via a magnetic
stirrer placed below the reactor. Although the emission maximum is reported at 451 nm by the supplier, it was

determined to be at 440 nm with a range of approximately 400 — 500 nm.
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Figure 4.4. Photoreactor setup for small scale reactions. A: Cooling block front view; B: Cooling block and LED module top view;
C: Photoreactor setup in operation; D: Emission spectrum of the LEDs.
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REGIO-, DIASTEREO- AND ENANTIOSELECTIVITY IN THE PHOTOCATALYTIC GENERATION OF
CARBANIONS VIA HYDROGEN ATOM ABSTRACTION AND REDUCTIVE RADICAL-POLAR CROSSOVER

Large scale room temperature photoreactions

Large scale room temperature photoreactions were performed in the reactor depicted in Figure 4.5. All reagents and
the solvent were put into the reaction flask together with a stirring bar. Reaction mixtures were degassed by purging
with nitrogen gas via a cannula for 20 minutes. Reactions were irradiated by 24 LEDs (Amax =455 nm). The

temperature was controlled via a cold finger connected to a thermostat.

Figure 4.5. Large scale reactor. The green cooling liquid (ethylene glycol/H20 1:1) can be seen inside the cold finger.
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Low temperature photoreactions

Low temperature photoreactions were performed in a TAK120 LC photoreactor from HK-Testsysteme GmbH.
Temperature was measured via a sensor inside the reaction vials and thus corresponds to the actual reaction
temperature. Reactions were irradiated by blue LEDs with an emission maximum at 441 nm at an optical power of

2.5 W/vial.

Figure 4.6. Low temperature photoreactor setup. A: complete setup with cryostat, photoreactor and control unit; B: Liquid cooled
reactor compartment.
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4.4.3 Synthetic procedures

4.4.3.1 Synthesis of photocatalysts
Photocatalysts 3DPA2FBN (1a) and 4CzIPN (1b) have been synthesized according to general procedure 3-A of
chapter 3. 4CzIPN was used from the previous batch synthesized for chapter 2. Characterization data can be found

there. 3DPA2FN (1a) was previously synthesized in chapter 3 but new 3DPA2FBN was synthesized for this project.

3DPA2FBN (1a)

; CN ;
0
F F
J0
Synthesized according to general procedure 3-A (see chapter 3) on 1.5 mmol scale from pentafluorobenzonitrile
(290 mg, 1.5 mmol) and diphenylamine (838 mg, 4.95 mmol, 3.3 equiv.). The product was obtained as a bright yellow
powder (731 mg, 1.24 mmol, 76%). The 'H and '°F NMR spectra are in accordance with literature.>!

'H-NMR (400 MHz, CDCl): § [ppm] = 7.28 — 7.21 (m, 12+1 H, overlapping with solvent residual signal), 7.07 —
6.93 (m, 18H). F-NMR (377 MHz, CDCls):  [ppm] = -120.73 (s).

4.4.3.2 Synthesis of substrates for C-H activation
Note: Synthesis of dihydrobenzofuran derivatives, including the corresponding intermediate carboxylic acids and
secondary alcohols, is described in section 4.4.5. Other substrates for C-H activation not mentioned in this section

were used as received from commercial suppliers.

Methyl 4-ethylbenzoate (2i)

CH3
MeO

(0]

4-Ethylbenzoic acid (1.5 g, 10 mmol) was dissolved in 10 mL methanol. Concentrated sulfuric acid (1.07 mL,
20 mmol, 2 equiv.) was added dropwise and the solution stirred at room temperature for 2 h. The solution was diluted
with 50 mL EtOAc, washed with water, saturated aqueous K>COj solution, and brine. The solvent was removed under
reduced pressure to yield clean product without further purification (1.61 g, 9.89 mmol, 98%). The NMR spectra are
in accordance with literature.>

'H NMR (400 MHz, CDCl3): & [ppm] = 8.02 — 7.92 (m, 2H), 7.31 — 7.23 (m, 2H), 3.92 (s, 3H), 2.72 (q, J= 7.6 Hz,
2H), 1.27 (t,J=7.61 Hz, 3H). BC{'H} NMR (101 MHz, CDCl3): § [ppm] = 167.3, 149.8, 129.8, 128.0, 127.7,

52.0, 29.0, 15.3.
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Methyl 5-phenylpentanoate (2s)

0O
OMe

Ester 2s was synthesized for chapter 3. The same batch was used in this work.

6,7,8,9-Tetrahydro-SH-benzo[7]annulene (3¢)

cO

Synthesized according to literature procedure.*

6,7,8,9-Tetrahydro-5H-benzo[ 7]annulen-5-one (985 mg, 6.16 mmol, 1 equiv.) was dissolved in 10 mL trifluoroacetic
acid. Triethylsilane (1.88 mL, 9.24 mmol, 1.5 equiv.) was added dropwise and the solution stirred at 60 °C overnight.
Most of the trifluoroacetic acid was removed under reduced pressure, the residue poured onto ice, exctracted with
EtOAc, the organic phase washed with water and brine, dried over Na,SOa, the solvent removed under reduced
pressure, and the crude product purified via column chromatography (PE) to give the product as a colorless liquid.
The yield was not determined. The '"H NMR spectrum is in accordance with literature.>

'H NMR (400 MHz, CDCl3): § [ppm] = 7.12 — 7.06 (m, 4H), 2.83 —2.75 (m, 4H), 1.88 — 1.79 (m, 2H), 1.70 — 1.59

(m, 4H).

1-(4-Methoxyphenyl)isochromane (5b)

L)

OMe
Synthesized according to literature procedure.>
Isochromane (2.0 mL, 15.9 mmol, 1 equiv.) and anisole (10 mL, 95.4 mmol, 6 equiv.) were mixed. 2,3-Dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ, 3.97 g, 17.49 mmol, 1.1 equiv.) and CuCl, (214 mg, 9.5 mmol, 10 mol%) were
added and the suspension stirred for 36 h at 100 °C. The solution was filtered, and the product purified via column
chromatography (0>10% EtOAc in PE). Recrystallization from EtOAc/n-hexane yielded the product as colorless
needles (2.39 g, 63%).
The '"H NMR spectrum is in accordance with literature.>
'H NMR (400 MHz, CDCl): § [ppm] = 7.25 — 7.19 (m, 2H), 7.19 — 7.14 (m, 2H), 7.12 — 7.05 (m, 1H), 6.90 — 6.85
(m, 2H), 6.76 (d, J= 7.7 Hz, 1H), 5.70 (s, 1H), 4.18 (ddd, J=11.3, 5.5, 3.9 Hz, 1H), 3.92 (ddd, J=11.4, 9.4, 4.0 Hz,
1H), 3.81 (s, 3H), 3.19 — 3.06 (m, 1H), 2.81 (dt, J=16.3, 3.9 Hz, 1H).
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6-(4-Methoxyphenyl)-6 H-benzo[c]chromen-6-ol (5¢)

21 22 23 5c

Synthesized according to literature procedure.*

Step 1: A Grignard-solution was prepared from 4-bromoanisole (608 mg, 3.25 mmol, 1.3 equiv.) and activated
magnesium turnings (91 mg, 3.75 mmol, 1.3 equiv.) in 3.25 mL THF. 6H-Benzo[c]chromen-6-one (21, 491 mg,
2.5 mmol, 1.0 equiv.) was dissolved in 5 mL THF and the solution cooled to -78 °C. The Grignard solution was added
dropwise, and the cooling bath removed. The solution was stirred for 2 h at room temperature, quenched with saturated
aqueous NH4Cl solution, extracted with EtOAc, the organic phase washed with brine, dried over Na,SQOy, the solvent
removed under reduced pressure, and the crude product purified via column chromatography (10->20% EtOAc in PE)
to yield the intermediate 23 as a slightly yellow solid (614 mg, 2.02 mmol, 81%).

Step 2: 6-(4-Methoxyphenyl)-6 H-benzo[c]chromen-6-o0l (23, 380 mg, 1.25 mmol, 1 equiv.), Hantz'sch ester (24,
380 mg, 1.5 mmol, 1.2 equiv.) and p-toluenesulfonic acid (25, 43 mg, 250 pmol, 20 mol%) were dissolved in 5 mL
DCM and the solution stirred at room temperature for 1 h. The Solution was then diluted with EtOAc (50 mL), washed
with saturated aqueous K,COs solution and brine, dried over Na,SOs, the solvent removed under reduced pressure
and the crude product purified via column chromatography (0>20% EtOAc in PE) to yield the product as slightly
yellow solid (350 mg, 1.21 mmol, 97%).

The NMR spectra are in accordance with literature.>

'"H NMR (400 MHz, CDCl): § [ppm] = 7.82 — 7.72 (m, 2H), 7.44 — 7.37 (m, 1H), 7.33 — 7.27 (m, 2H), 7.25 - 7.17
(m, 2H), 7.04 (td, J="7.5, 1.1 Hz, 1H), 6.98 (dd, /= 8.1, 1.0 Hz, 1H), 6.92 — 6.85 (m, 3H), 6.14 (s, 1H), 3.80 (s, 3H).
I3C{'H} NMR (101 MHz, CDCl:): & [ppm] = 159.8, 153.8, 134.3, 131.9, 130.2, 129.71, 129.66, 128.5, 127.7, 126.4,
123.2, 122.9. 122.20, 122.16, 118.1, 114.0, 79.5, 55.4.
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Synthesis of benzyl alcohol methyl ethers

R* “H 1) NaH
o] oM
B Mg A MBT 17 2) Mel °
R1_ _— R1_ AN R2 —_— AN RZ
1 _ ! _ R1_: R1_:
= =
26 22 18 7

General procedure 4-A: Synthesis of benzyl alcohols

A1 Mor 1.5 M (specified in the specific reaction procedures) solution of the respective aryl bromide (26, 1 equiv.) in
THEF is prepared. A small portion of the solution is added to activated magnesium turnings (1.1 equiv.) to just cover
the magnesium. A grain of iodine is added, and the solution heated with a heat gun until boiling without stirring. The
start of the reaction is evident by fading of the color. The heating is stopped, and the remaining solution added dropwise
while stirring to keep the reaction gently refluxing. After addition of all aryl bromide stirring is continued until the
solution has cooled to room temperature. The respective aldehyde (17, 1.2 equiv.) is dissolved in a small amount of
THF (solid aldehydes) or added directly to the Grignard solution (liquid aldehydes) at room temperature. The solution
is stirred at room temperature for 2 h, quenched with saturated aqueous NH4CI solution, extracted with EtOAc, the
organic phase washed with 1 M HCI, water and brine, dried over Na;SOs, and the solvent removed under reduced
pressure. The crude alcohol is purified via column chromatography with appropriate mixtures of EtOAc/PE. The

products were then methylated according to general procedure 4-B.

General procedure 4-B: Synthesis of benzyl alcohol methyl ethers

Sodium hydride (2 equiv.) is suspended in THF. A solution of secondary alcohol (obtained according to general
procedure 2-B or if available from a commercial supplier) in THF is added slowly while stirring and cooling in an ice
bath. The suspension is then stirred at room temperature until the hydrogen evolution stops (1 — 2 h). Methyl iodide
(1.5 equiv.) is added, and the reaction mixture stirred at room temperature for 2 h. Saturated aqueous NH4Cl solution
is then added, the mixture extracted with EtOAc, the organic phase washed with water and brine, dried over Na,SO4
and the solvent evaporated under reduced pressure. The crude product is purified via column chromatography with

appropriate mixtures of EtOAc/PE.

(4-Methoxyphenyl)(phenyl)methanol (18m)
OH

II II OMe

Synthesized according to general procedure 4-A from 4-bromoanisole (16.5 mmol scale) and benzaldehyde. The
Grignard solution was prepared as a stock solution on 150 mmol scale (1.5 M) and 11 mL (16.5 mmol) were used for
this reaction. The product was obtained as a colorless solid (2.64 g, 12.32 mmol, 75%). The NMR spectra are in
accordance with literature.>

'"H NMR (400 MHz, CDCls):  [ppm] = 7.40 — 7.24 (m, 7H), 6.90 — 6.84 (m, 2H), 5.80 (s, 1H), 3.79 (s, 3H), 2.25 (s,
1H). BC{'H} NMR (101 MHz, CDCl3): 5 [ppm] = 159.2, 144.1, 136.3, 128.6, 128.0, 127.5, 126.5, 114.0, 75.9, 55.4.
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1-Methoxy-4-(methoxy(phenyl)methyl)benzene (7a)
OMe

II II OMe

Synthesized according to general procedure 4-B from alcohol 18m (536 mg, 2.5 mmol). The product was obtained as
colorless liquid (454 mg, 1.99 mmol, 80%). The NMR spectra are in accordance with literature.”’

"H NMR (400 MHz, CDCl:): § [ppm] = 7.37 — 7.30 (m, 4H), 7.29 — 7.12 (m, 3H), 6.89 — 6.84 (m, 2H), 5.21 (s, 1H),
3.78 (s, 3H), 3.37 (s, 3H). BC{!H} NMR (101 MHz, CDCl): § [ppm] = 159.1, 142.5, 134.4, 128.5, 128.4, 127.5,
126.9, 113.9, 85.1, 57.0, 55.4.

1-(4-Methoxyphenyl)pentan-1-ol (18n)
OH

/©)\/\/CH3
MeO

Synthesized according to general procedure 4-A from 4-bromoanisole (16.5 mmol scale) and n-pentanal. The
Grignard solution was prepared as a stock solution on 150 mmol scale (1.5 M) and 11 mL (16.5 mmol) were used for
this reaction. The product was obtained as a colorless solid (2.64 g, 12.32 mmol, 75%). The NMR spectra are in
accordance with literature.>®

'H NMR (400 MHz, CDCl3): § [ppm] = 7.31 — 7.22 (m, 2H), 6.91 — 6.84 (m, 2H), 4.60 (t, J = 6.8 Hz, 1H), 3.80 (s,
3H), 1.89 — 1.75 (m, 2H), 1.74 — 1.62 (m, 1H), 1.42 — 1.28 (m, 3H), 1.28 — 1.14 (m, 1H), 0.88 (t, /= 7.1 Hz, 3H).
BC{'H} NMR (101 MHz, CDCl3): § [ppm] = 159.1, 137.2, 127.3, 113.9, 55.4, 38.8, 28.2, 22.7, 14.1.

1-Methoxy-4-(1-methoxypentyl)benzene (7¢)
OMe

/@)\/\/CH3
MeO

Synthesized according to general procedure 4-B from alcohol 18n (2.5 mmol). The product was obtained as colorless
liquid (450 mg, 2.16 mmol, 86%). The NMR spectra are in accordance with literature.>

'"H NMR (400 MHz, CDCl3): § [ppm] = 7.24 — 7.16 (m, 2H), 6.93 (m, 2H), 4.02 (t, J = 6.7 Hz, 1H), 3.81 (s, 3H),
3.17 (s, 3H), 1.87 — 1.74 (m, 1H), 1.66 — 1.54 (m, 1H), 1.40 — 1.24 (m, 3H), 1.24 — 1.13 (m, 1H), 0.86 (t, /= 7.1 Hz,
3H). BC{'H} NMR (101 MHz, CDCl3): 5 [ppm] = 159.1, 134.7, 128.0, 113.8, 83.8, 56.5, 55.4,37.9, 28.2, 22.8, 14.1.
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2-Ethyl-1-(4-methoxyphenyl)butan-1-ol (180)
CHj
HO CH,3

OMe

Synthesized according to general procedure 4-A from 4-bromoanisole (33.0 mmol) and 2-ethyl butanal. The Grignard
solution was prepared as a stock solution on 150 mmol scale (1.5 M) and 22 mL (16.5 mmol) were used for this
reaction. The product was obtained as a colorless liquid (4.10 g, 19.68 mmol, 60%). The NMR spectra are in
accordance with literature.®

'"H NMR (400 MHz, CDCl3): § [ppm] = 7.27 — 7.20 (m, 2H), 6.90 — 6.84 (m, 2H), 4.55 (d, J= 6.6 Hz, 1H), 3.80 (s,
3H), 1.79 (s, 1H), 1.60 — 1.38 (m, 3H), 1.33 — 1.21 (m, 1H), 1.20 — 1.07 (m, 1H), 0.90 (t, /= 7.3 Hz, 3H), 0.82 (t,
J=17.4Hz, 3H). BC{'H} NMR (101 MHz, CDCb): § [ppm] = 158.9, 136.3, 127.8, 113.7, 75.7,55.3,47.8, 21.7, 20.8,
11.3, 10.9.

1-(2-Ethyl-1-methoxybutyl)-4-methoxybenzene (7d)
CHj
MeO CHj

OMe

Synthesized according to general procedure 4-B from alcohol 180 (2.5 mmol). The product was obtained as a colorless
liquid (400 mg, 1.80 mmol, 74%).

TLC: R/=0.41 (hexanes/EtOAc 20:1). 'H NMR (400 MHz, CDCls): 5 [ppm] = 7.22 — 7.13 (m, 2H), 6.92 — 6.83 (m,
2H), 3.93 (d, J=6.9 Hz, 1H), 3.81 (s, 3H), 3.16 (s, 3H), 1.59 — 1.39 (m, 3H), 1.31 — 1.18 (m, 1H), 1.13 — 0.99 (m,
1H), 0.88 (t, J = 7.2 Hz, 3H), 0.78 (t, J= 7.4 Hz, 3H). BC{'"H} NMR (101 MHz, CDCl3):  [ppm] = 159.0, 133.5,
128.7, 113.6, 85.5, 56.8, 55.3, 47.3, 21.6, 21.1, 11.2, 10.9. HRMS (EI+) m/z: [M]" Calcd for Ci4H»0; 222.16143;
Found 222.16178.

(1-Methoxyethyl)benzene (7e)
MeO.__CHs

Synthesized according to general procedure 4-B from commercially available 1-phenylethanol (12.28 mmol). The
product was obtained as colorless liquid. The yield was not determined. The "H NMR spectrum is in accordance with
literature.®!

'"H NMR (400 MHz, CDCl3): & [ppm] = 7.38 — 7.25 (m, 5H), 4.30 (q, J = 6.5 Hz, 1H), 3.23 (s, 3H), 1.44 (d,
J=6.5Hz, 3H).
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1-(4-Methoxyphenyl)-2-phenylpropan-1-ol (18p)
OH

Meo/‘)\/\‘“

Synthesized according to general procedure 4-A from 4-bromoanisole (33.0 mmol scale) and 2-phenylethanal. The
Grignard solution was prepared as a stock solution on 150 mmol scale (1.5 M) and 22 mL (16.5 mmol) were used for
this reaction. The product was obtained as a colorless liquid (3.80 g, 15.68 mmol, 48%). The NMR spectra are in
accordance with literature.®

TLC: R/= 0.38 (PE/EtOAc 5:1). "H NMR (400 MHz, CDCl3): § [ppm] = 7.32 — 7.26 (m, 4H), 7.23 — 7.17 (m, 3H),
6.02 — 6.87 (m, 2H), 4.64 (t, J= 6.6 Hz, 1H), 3.82 (s, 3H), 2.79 — 2.60 (m, 2H), 2.21 — 2.08 (m, 1H), 2.08 — 1.95 (m,
1H), 1.89 (s, 1H). *C{'H} NMR (101 MHz, CDCl3): § [ppm] = 159.2, 142.0, 136.8, 128.6, 128.5, 127.3, 125.9,
114.0, 73.6, 55.4, 40.5, 32.2.

1-Methoxy-4-(1-methoxy-3-phenylpropyl)benzene (7k)
OMe

Meo/‘)\/\‘“

Synthesized according to general procedure 4-B from alcohol 18p (606 mg, 2.5 mmol). The product was obtained as
a colorless liquid (480 mg, 1.87 mmol, 75%).

TLC: R;/=0.28 (PE/EtOAc 20:1). 'TH NMR (400 MHz, CDCl3): § [ppm] = 7.37 — 7.31 (m, 2H), 7.30 — 7.20 (m, 5H),
6.98 — 6.92 (m, 2H), 4.10 (dd, J=17.6, 5.8 Hz, 1H), 3.87 (s, 3H), 3.25 (s, 3H), 2.82 — 2.63 (m, 2H), 2.27 — 2.13 (m,
1H), 2.04 — 1.91 (m, 1H). *C{!H} NMR (101 MHz, CDCl3): 3 [ppm] = 159.2, 142.1, 134.2, 128.6, 128.4, 128.1,
125.9, 113.9, 82.7, 56.5, 55.4, 39.7, 32.2. HRMS (EI+) m/z: [M]" Calcd for C17H200; 256.14578; Found 256.14529.

1-(Naphthalen-1-yl)-3-phenylpropan-1-ol (18q)

HO O

Synthesized according to general procedure 4-A from 1-bromonaphthalene (49.0 mmol scale) and 2-phenylethanal.
The Grignard solution was prepared as a stock solution on 150 mmol scale (1 M) and 49.0 mL (49.0 mmol) were used
for this reaction. The product was obtained as a colorless liquid (4.2 g, 16.01 mmol, 33%). The NMR spectra are in
accordance with literature.5

TLC: R/= 0.49 (PE/EtOAc 5:1). '"H NMR (400 MHz, CDCl3): § [ppm] = 7.96 — 7.85 (m, 2H), 7.79 (d, J = 8.2 Hz,
1H), 7.68 (d, J=7.1 Hz, 1H), 7.55 - 7.43 (m, 3H), 7.36 — 7.28 (m, 2H), 7.28 — 7.20 (m, 2H), 5.47 (dd, J= 7.4, 5.1 Hz,
1H), 2.96 — 2.79 (m, 2H), 2.33 — 2.18 (m, 2H), 2.05 (s, 1H). 3C{'H} NMR (101 MHz, CDCl3): § [ppm] = 141.9,
140.4, 133.9, 130.4, 129.0, 128.7, 128.1, 126.1, 126.0, 125.7, 125.6, 123.2, 122.9, 70.5, 39.8, 32.5.
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1-(1-Methoxy-3-phenylpropyl)naphthalene (7h)

MeO. O

Synthesized according to general procedure 4-B from alcohol 18q (656 mg, 2.5 mmol). The product was obtained as
a slightly yellow liquid (314 mg, 1.14 mmol, 45%).

TLC: R/= 0.40 (PE/EtOAc 20:1). "TH NMR (400 MHz, CDCl): 5 [ppm] = 7.96 (d, J= 8.0 Hz, 1H), 7.90 — 7.85 (m,
1H), 7.78 (d, J= 8.1 Hz, 1H), 7.56 (d, J= 6.4 Hz, 1H), 7.51 — 7.41 (m, 3H), 7.33 — 7.27 (m, 2H), 7.25 - 7.17 (m, 3H),
4.84 (dd, J= 8.4, 4.3 Hz, 1H), 3.31 (s, 3H), 2.92 — 2.73 (m, 2H), 2.32 — 2.11 (m, 2H). ®C{'H} NMR (101 MHz,
CDCl): 6 [ppm] = 142.0, 137.9, 134.1, 131.2, 129.0, 128.8, 128.5, 128.0, 125.98, 125.96, 125.6, 124.0, 123.4, 80.7,
57.0, 39.3, 32.5. HRMS (EI+) m/z: [M]" Calcd for CoH20O 267.15087; Found 267.15078.

1-(Naphthalen-1-yl)pentan-1-ol (18r)
HO

Synthesized according to general procedure 4-A from 1-bromonaphthalene (49.0 mmol scale) and pentanal. The

CHg

Grignard solution was prepared as a stock solution on 150 mmol scale (1 M) and 49.0 mL (49.0 mmol) were used for
this reaction. The product was obtained as a colorless liquid (6.00 g, 28.00 mmol, 57%). The NMR spectra are in
accordance with literature.®

TLC: R/= 0.56 (PE/EtOAc 5:1). '"H NMR (400 MHz, CDCl3): § [ppm] = 8.16 — 8.09 (m, 1H), 7.91 — 7.84 (m, 1H),
7.78 (d, J=8.20 Hz, 1H), 7.65 (d, J= 6.9 Hz, 1H), 7.56 — 7.44 (m, 3H), 5.47 (dd, /=7.7, 4.8 Hz, 1H), 2.03 — 1.86
(m, 3H), 1.62 — 1.29 (m, 4H), 0.92 (t, J= 7.2 Hz, 3H). BC{'H} NMR (101 MHz, CDCl3): & [ppm] = 140.8, 134.0,
130.6, 129.0, 128.0, 126.1, 125.63, 125.59, 123.3, 122.9, 71.5, 38.2, 28.6, 22.8, 14.2.

1-(1-Methoxypentyl)naphthalene (7i)
MeO

Synthesized according to general procedure 4-B from alcohol 18r (536 mg, 2.5 mmol). The product was obtained as

CHg

a slightly yellow liquid (430 mg, 1.88 mmol, 75%) in low purity.

TLC: R/= 0.48 (PE/EtOAc 20:1). "TH NMR (400 MHz, CDCl3): 5 [ppm] = 8.26 — 8.15 (m, 1H), 7.92 — 7.87 (m, 1H),
7.79 (d, J=17.7 Hz, 1H), 7.58 — 7.45 (m, 4H), 4.87 (dd, J = 7.5, 5.4 Hz, 1H), 3.29 (s, 3H), 2.01 — 1.83 (m, 2H), 1.43 —
1.27 (m, 4H), 0.89 (t, J= 7.1 Hz, 3H). BC{'"H} NMR (101 MHz, CDCl3): § [ppm] = 138.2, 134.1, 131.3, 129.0,
127.9, 125.9, 125.55, 125.53, 123.6, 82.1, 57.0, 37.6, 28.7, 22.8, 14.2. HRMS (EI+) m/z: [M]" Calcd for
Ci6H200 228.15087; Found 228.15082.
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2-Ethyl-1-(naphthalen-1-yl)butan-1-ol (18s)
CH,

HO CHs

Synthesized according to general procedure 4-A from 1-bromonaphthalene (49.0 mmol scale) and 2-ethylbutanal. The
Grignard solution was prepared as a stock solution on 150 mmol scale (1 M) and 49.0 mL (49.0 mmol) were used for
this reaction. The product was obtained as a colorless liquid (4.20 g, 18.39 mmol, 54%). The NMR spectra are in
accordance with literature.5

TLC: R/= 0.63 (PE/EtOAc 5:1). '"H NMR (400 MHz, CDCl3): § [ppm] = 8.15 — 8.08 (m, 1H), 7.92 — 7.86 (m, 1H),
7.28 (d, J=8.2 Hz, 1H), 7.64 (d, J= 7.1 Hz, 1H), 7.55 — 7.44 (m, 3H), 5.49 (d, /= 5.7 Hz, 1H), 1.89 (s, 1H), 1.87 —
1.79 (m, 1H), 1.66 — 1.29 (m, 4H), 0.99 (t, J= 7.4 Hz, 3H), 0.83 (t, J= 7.5 Hz, 3H). *C{'H} NMR (101 MHz,
CDCl): 6 [ppm] = 139.9, 134.0, 130.8, 129.1, 127.8, 125.9, 125.5, 125.4, 124.2, 123.5, 72.5, 46.7, 22.9, 20.5, 11.8,
11.2.

1-(2-Ethyl-1-methoxybutyl)naphthalene (7j)
CHs

MeO CH3

Synthesized according to general procedure 4-B from alcohol 18s (571 mg, 2.5 mmol). The product was obtained as
a slightly yellow liquid (494 mg, 2.04 mmol, 82%) in moderate purity.

TLC: R/=0.53 (PE/EtOAc 20:1). "H NMR (400 MHz, CDCL3): 5 [ppm] = 8.24 — 8.13 (m ,1H), 7.93 — 7.83 (m, 1H),
7.79 (d, J=7.9 Hz, 1H), 7.57 — 7.42 (m, 4H), 4.82 (d, /= 6.2 Hz, 1H), 3.24 (s, 3H), 1.87 — 1.74 (m, 1H), 1.62 — 1.45
(m, 2H), 1.41 — 1.20 (m, 2H), 0.90 (t, J= 7.5 Hz, 3H), 0.82 (t, J = 7.5 Hz, 3H). *C{'H} NMR (101 MHz, CDCl:):
d [ppm] =137.1, 134.1, 131.8, 129.0, 127.8, 125.7, 125.4, 125.3, 123.8, 83.4, 57.4, 46.6,22.6, 21.0, 11.7, 11.0. HRMS
(EI+) m/z: [M]" Calcd for C17H20 242.16652; Found 242.16596.
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1-(4-Methoxyphenyl)-2-phenylethan-1-ol (18t)

OH O
MeO I

Synthesized according to general procedure 4-A from anisaldehyde (1.22mL, 10 mmol, 1 equiv.) and
benzylmagnesium bromide (7.5 mL, 2 M in THF, 15 mmol, 1.5 equiv.). The product was obtained as a colorless solid
(1.72 g, 7.5 mmol, 75%). The NMR spectra are in accordance with literature.%

'"H NMR (400 MHz, CDCl): § [ppm] = 7.34 — 7.23 (m, 5H), 7.22 — 7.17 (m, 2H), 6.92 — 6.86 (m, 2H), 4.89 — 4.80
(m, 1H), 3.82 (s, 3H), 3.02 (d, J = 6.8 Hz, 2H), 2.05 (d, J = 2.6 Hz, 1H). 3C{'H} NMR (101 MHz, CDCl:): 5 [ppm]
=159.1, 138.3, 136.1, 129.6, 128.5, 127.3, 126.6, 113.9, 75.1, 55.4, 46.1.

1-Methoxy-4-(1-methoxy-2-phenylethyl)benzene (7f)

OMe O
MeO I

Synthesized according to general procedure 4-B from alcohol 18t (571 mg, 2.5 mmol). The product was obtained as
a slightly yellow liquid (628 mg, 2.75 mmol, 79%). The 'H NMR spectrum is in accordance with literature.®’

'"H NMR (400 MHz, CDCl): & [ppm] = 7.39 — 7.24 (m, 5H), 7.24 — 7.19 (m, 2H), 7.01 — 6.95 (m, 2H), 4.40 (t, J =
6.7 Hz, 1H), 3.93 (s, 3H), 3.29 (s, 3H), 3.25 (dd, J=13.7, 7.4 Hz, 1H), 3.00 (dd, J=13.7, 6.1 Hz, 1H) .
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4.4.3.3 Synthesis of chiral silane thiols
Synthesis of tartaric acid based chiral silane thiols

General procedure 4-C: Synthesis of TADDOL derivatives

9] Ar. Ar
O:.. MgBr O:..
N e St
(@) = (0]
[o) Ar Ar
27 22 28

A Grignard reagent is prepared by dropwise addition of a 1 M solution of the corresponding aryl bromide (6 equiv.
with respect to ester 27) in THF to activated magnesium turnings. First, enough of the solution is added to cover the
magnesium. A small grain of iodine is added, and the solution heated without stirring until it starts boiling. The heating
is stopped and checked if the reaction started, visible from immediate fading of the iodine color. If not, the heating
procedure is repeated until reaction is observed. Once the reaction has started, the remaining aryl bromide solution is
added dropwise under stirring to keep the reaction gently boiling. After complete addition, the mixture is further stirred
until it has reached room temperature.

Diethyl 2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate (27) is dissolved in a few milliliters THF (the exact amount
does not influence the reaction) and added dropwise to the Grignard reagent (strongly exothermic reaction). The
reaction mixture is stirred at room temperature for at least 2 h, usually overnight. The reaction is quenched by addition
of at least twice the volume of saturated aqueous NH4Cl solution, extracted with ethyl acetate, washed with water and
brine, dried over Na>SOs, and the solvent removed under reduced pressure. The crude product is purified by dissolving
it in a small amount of DCM and addition of n-hexane until the solution starts to become cloudy. Cooling at -18 °C
overnight completes the crystallization. If the product contains some sticky residues after the first crystallization an

additional recrystallization yields the clean product.

((4R,5R)-2,2-Dimethyl-1,3-dioxolane-4,5-diyl)bis(diphenylmethanol) ((R,R)-28a)

Ph_ Ph
><O~¢OH

o OH

Ph Ph
Synthesized according to general procedure 4-C on 6 mmol scale.
The compound was obtained as colorless crystalline solid (2.39 g, 5.12 mmol, 85%). The enantiomer (S,S5)-28a was
also synthesized on 6 mmol scale and obtained as a colorless crystalline solid (2.19 g, 4.69 mmol, 78%). The '"H NMR
spectra are in accordance with literature.®
'H NMR (400 MHz, CDCl): § [ppm] = 7.56 — 7.50 (m, 4H), 7.37 — 7.22 (m, 16H+2H solvent residual signal), 4.61
(s, 2H), 3.85 (s, 2H), 1.04 (s, 6H).
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((4R,5R)-2,2-Dimethyl-1,3-dioxolane-4,5-diyl)bis(di(naphthalen-2-yl)methanol) ((R,R)-28b)

Synthesized according to general procedure 4-C on 6.09 mmol scale.

The compound was obtained as colorless crystalline solid (2.70 g, 4.05 mmol, 66%). The '"H NMR spectrum is in
accordance with literature.%®

'H NMR (400 MHz, CDCl3): & [ppm] = 8.20 (s, 2H), 7.94 (d, J=1.2 Hz, 2H), 7.92 — 7.84 (m, 4H), 7.80 (d,
J=8.6 Hz, 2H), 7.76 — 7.64 (m, 6H), 7.56 — 7.47 (m, 6H), 7.47 — 7.38 (m, 4H), 7.28 — 7.22 (m, 2H), 4.99 (s, 2H), 4.31
(s, 2H), 1.19 (s, 6H).

((4R,5R)-2,2-Dimethyl-1,3-dioxolane-4,5-diyl)bis(di([1,1':3',1''-terphenyl]-5'-yl)methanol) ((R,R)-28c)

Terph  Terph I
Terph =
>C o ” ®
o OH |

Terph' Terph

Synthesized according to general procedure 4-C on 934 umol scale. 28c is literature known as an intermediate but no
NMR spectra were reported.”® "

The compound was obtained as colorless crystalline solid (629 mg, 585 umol, 64%). The enantiomer (S,S5)-28¢ was
synthesized on 6 mmol scale and obtained as colorless crystalline solid (4.78 g, 4.45 mmol, 74%).

'"H NMR (400 MHz, CDCl3): & [ppm] = 7.94 (d, J = 1.6 Hz, 4H), 7.80 (t, J = 1.6 Hz, 2H), 7.73 (d, J = 1.6 Hz, 4H),
7.69 —7.64 (m, 10H), 7.53 — 7.49 (m, 8H), 7.44 — 7.29 (m, 24H), 5.08 (s, 2H), 4.20 (broad s, 2H), 1.10 (s, 6H). BC{'H}
NMR (101 MHz, CDCl3): 6 [ppm] = 146.8, 143.9, 141.7, 141.3, 141.2, 141.0, 128.94, 128.89, 127.52, 127.50, 127.4,
126.5, 125.9, 125.58, 125.55, 110.22, 81.8, 78.7, 27.5.
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General procedure 4-D: Synthesis of TADDOL-silyl chlorides (30)

Ar. Ar Ar. Ar

O Cl NaHMDS [e] OR
OH I R \ s
+ .- _ Si-ClI
> Si’ > ;

o:i;o'* ci->cl o\ _0

Ar Ar Ar’ Ar

28 29 30

TADDOL-silyl chlorides (30) were synthesized by a modified literature procedure.”

The TADDOL derivative (28) is dissolved in toluene (0.2 M) and NaHMDS (2 M in THF, 2.1 equiv.) is added slowly
at 0 °C. The solution is stirred for 1 h at 0 °C and trichlorosilane derivative (29) is added at 0 °C. The solution is stirred
at room temperature for at least 1 h, usually overnight. Longer stirring (tested up to 4 d) does not influence the reaction
outcome. Within seconds after addition of the trichlorosilane the reaction mixture turns into a gel. The Solvent is
removed under reduced pressure, the residue extracted with boiling n-hexane and filtered. The solvent is removed
under reduced pressure and the crude product purified via recrystallization from n-hexane. The formation of a gel is
not reported in the literature procedure. Also, the literature procedure states that sodium chloride should precipitate
and can be filtered off. However, this did not happen in any of the reactions attempted. Still, the reactions proceed
quantitatively with losses in yield attributed only to the workup. No side products containing the TADDOL part are
observed in the crude NMR. In the literature report the crude product was used without further purification. It is also
not required for synthesis of the corresponding silane thiols. However, as purification of silane thiols 10 synthesized

in the last step is difficult it is recommended to recrystallize silyl chlorides before use.

(3aR,8aR)-6-Chloro-6-isopropyl-2,2-dimethyl-4,4,8,8-tetraphenyltetrahydro-[1,3]dioxolo[4,5-
e][1,3,2]dioxasilepine ((R,R)-30a)

Ph_Ph

> %
Si’
O\ O/ CI

Ph" pp

Synthesized according to general procedure 4-D from TADDOL (2.5 g, 5.36 mmol) and 'PrSiCls. The product was
obtained as colorless, crystalline solid (2.6 g, 4.55 mmol, 85%). The enantiomer (S,5)-30a was synthesized from
(S,S)-TADDOL (1.10 g, 2.36 mmol) and obtained as a colorless, crystalline solid (1.03g, 1.80 mmol, 76%). The NMR
spectra are in accordance with literature.”

'"H NMR (400 MHz, CDCl3): § [ppm] = 7.62 — 7.49 (m, 4H), 7.41 — 7.14 (m, 16H), 5.17 (d, J= 7.3 Hz, 1H), 5.11 (d,
J=72Hz, 1H), 1.16 — 1.02 (m, 1H), 1.02 — 0.90 (m, 6H), 0.56 (s, 3H), 0.52 (s, 3H). BC{'H} NMR (101 MHz,
CDCl): 8 [ppm] =147.0, 145.9, 142.1, 142.0, 129.6, 129.0, 128.2, 128.0, 127.7, 127.6, 127.29, 127.25, 127.18, 127.1,
114.2, 85.1, 83.0, 80.96, 80.91, 27.2, 16.3, 16.2. HRMS (EI+) m/z: [M]" Calcd for C34H35C104Si 570.19877; Found
570.19773.
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(3aR,8aR)-6-Chloro-6-isopropyl-2,2-dimethyl-4,4,8,8-tetra(naphthalen-2-yl)tetrahydro-[1,3]dioxolo[4,5-
e][1,3,2]dioxasilepine ((R,R)-30b)

Synthesized according to general procedure 4-D from TADDOL derivative (R,R)-28b (1.33 g, 2.0 mmol) and
isopropyltrichlorosilane. The product was obtained as a colorless, crystalline solid (1.40 g, 1.81 mmol, 91%).

'"H NMR (400 MHz, CDCl:):  [ppm] = 8.30 — 8.22 (m, 3H), 8.09 (s, 1H), 8.00 — 7.94 (m, 2H), 7.94 — 7.74 (m, 8H),
7.68 (dd, J=8.7, 4.3 Hz, 2H), 7.63 — 7.47 (m, 10H), 7.43 (dt, /= 8.7, 1.9 Hz, 2H), 5.55 (d, J= 7.3 Hz, 1H), 5.49 (d,
J=7.2 Hz, 1H), 1.34 — 1.22 (m, 1H + 1H overlap with traces of hexane), 1.13 (t, /= 7.81 Hz, 6H), 0.68 (s, 3H), 0.61
(s, 3H). BC{'H} NMR (101 MHz, CDCl3): 5 [ppm] = 144.1, 143.0, 139.6, 139.4, 132.98, 132.95, 132.94, 132.70,
132.67, 132.61, 131.1, 128.96, 128.95, 128.91, 128.73, 128.80, 128.24, 128.14,128.03, 128.01, 127.7, 127.6, 127.5,
127.3, 126.42, 126.39, 126.36, 126.27, 126.25, 126.23, 126.22, 126.17, 126.04, 125.99, 125.89, 125.2, 124.9, 114.4,
85.5,83.2,81.5,81.4,27.5,27.4,16.5, 16.4, 16.3. HRMS (FD+) m/z: [M]" Calcd for CsoH43C104Si 770.26137; Found
770.26037.

(3aR,8aR)-4,4,8,8-Tetra([1,1':3',1'""-terphenyl]-5'-yl)-6-chloro-6-isopropyl-2,2-dimethyltetrahydro-
[1,3]dioxolo[4,5-¢][1,3,2]dioxasilepine ((R,R)-30c)

Synthesized according to general procedure 4-D from TADDOL derivative (R,R)-28¢ (538 mg, 500 umol) and
isopropyltrichlorosilane. The product was obtained as a colorless, crystalline solid (480 mg, 407 pmol, 81%). The
enantiomer (5,5)-30d was synthesized from TADDOL derivative (5,5)-28¢ (1.04 g, 870 umol) and obtained as a
colorless, crystalline solid (622 mg, 527 pmol, 54%).

'H NMR (400 MHz, CDCl): § [ppm] = 7.98 (s, 4H), 7.89 — 7.74 (m, 9H), 7.72 — 7.62 (m, 17H), 7.50 — 7.33 (m,
27H), 5.69 (d, J=7.2 Hz, 1H), 5.63 (d, J= 7.2 Hz, 1H), 1.40 — 1.30 (m, 1H + 2H overlap with residual n-hexane),
1.17 (t,J = 8.1 Hz, 6H), 0.77 (s, 3H), 0.68 (s, 3H). 3C{H} NMR (101 MHz, CDCl3): 5 [ppm] = 147.8, 146.6, 143.0,
142.9, 141.7, 141.6, 141.54, 141.46, 141.35, 141.26, 141.25, 140.7, 140.5, 129.01, 128.97, 128.92, 127.59, 127.52,
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127.46, 127.43, 127.40, 127.31, 127.27, 126.9, 126.1, 126.0, 125.6, 125.4, 125.2, 114.6, 85.6, 83.4, 81.1, 81.0, 27.5,
27.3,22.8,16.42, 16.37, 16.32. HRMS (FD+) m/z: [M]" Calcd for Cg,Hg7C104Si" 1178.44917; Found 1178.44611.

(3aR,8aR)-6-Chloro-2,2-dimethyl-4,4,6,8,8-pentaphenyltetrahydro-[1,3]dioxolo[4,5-¢][1,3,2] dioxasilepine
((R,R)-30d)

Ph_Ph
oo [
Si’
><O\" O’ I C|

Ph' pp

Synthesized according to general procedure 4-D from (R,R)-28a (1.63 g, 3.5 mmol) and phenyltrichlorosilane. The
product was obtained as a colorless, crystalline solid (1.95 g, 3.22 mmol, 92%). The enantiomer (S,5)-30d was
synthesized from (S,5)-28a (467 mg, 1.00 mmol) and obtained as a colorless, crystalline solid (498 mg, 823 umol,
82%).

'H NMR (400 MHz, CDCl3): § [ppm] = 7.70 — 7.63 (m, 2H), 7.62 — 7.52 (m, 4H), 7.52 — 7.21 (m, 19H), 5.33 (d,
J=17.2Hz, 1H), 5.23 (d, J = 7.2 Hz, 1H), 0.67 (s, 3H), 0.58 (s, 3H). BC{'"H} NMR (101 MHz, CDCl3): § [ppm] =
146.4, 145.7, 141.82, 141.79, 134.0, 131.3, 131.2, 129.6, 129.1, 128.13, 128.05, 127.75, 127.72, 127.39, 127.36,
127.34, 127.19, 127.16, 114.2, 85.7, 83.8, 81.2, 81.0, 27.2, 27.1.

(3a$,8a5)-4,4,8,8-Tetra([1,1':3',1"'-terphenyl]-5'-yl)-6-chloro-2,2-dimethyl-6-phenyltetrahydro-
[1,3]dioxolo[4,5-¢][1,3,2]dioxasilepine ((S,S5)-30e)

Synthesized according to general procedure 4-D from TADDOL derivative (S,5)-28¢, (500 mg, 465 pumol) and
phenyltrichlorosilane. The product was obtained as a colorless, solid (320 mg, 264 umol, 57%).

'"H NMR (400 MHz, CDCls): § [ppm] = 8.07 — 8.00 (m, 2H), 7.95 — 7.89 (m, 4H), 7.87 — 7.83 (m, 2H), 7.81 — 7.73
(m, 6H), 7.72 — 7.66 (m, 8H), 7.62 — 7.57 (m, 4H), 7.53 — 7.48 (m, 4H), 7.48 — 7.29 (m, 30H), 5.81 (d, /=7.3 Hz,
1H), 5.69 (d, J= 7.3 Hz, 1H), 0.79 (s, 3H), 0.73 (s, 3H). BC{'H} NMR (101 MHz, CDCL): § [ppm] = 147.0, 146.4,
142.5, 141.7, 141.6, 141.5, 141.30, 141.27, 141.2, 140.7, 140.6, 134.0, 131.5, 131.0, 128.98, 128.93, 128.89, 128.2,
127.54, 127.48, 127.4, 127.3, 127.2, 127.0, 126.2, 126.0, 125.5, 125.43, 125.39, 125.3, 114.7, 85.9, 84.4, 81.6, 81.2,
27.4,27.4. HRMS (FD+): [M]" Calcd for CgsHesClO4Si 1212.4335; Found 1212.4443.
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General Procedure 4-E: Synthesis of TADDOL-silane thiols (10)

Ar_ Ar Ar Ar
n )
><O,,_ O\Si’R H,S, "BulLi ><O:.. O\Si’R
rCl / "SH
(o) 0 o) o]
Ar Ar Ar Ar
30 10

A septum capped Schlenk flask connected to a hydrogen sulfide gas cylinder is charged with THF (20 mL per mmol
chlorosilane). A second inlet for nitrogen is connected to avoid negative pressure in the apparatus and to remove excess
H,S after the reaction. A subsequent gas-washing bottle with aqueous NaOH solution is used for binding excess
hydrogen sulfide. The reaction flask is cooled in liquid nitrogen until the THF has frozen. A slow flow of H»S is started
until an excess of H>S has condensed into the flask. The liquid nitrogen is exchanged by a -78 °C cooling bath to melt
the THF and H.S. At -78 °C n-BuLi (4 equiv., 2 M in THF) is added dropwise and the solution warmed to 0 °C within
1 h. The solution is cooled to -78 °C again and the chlorosilane 30, dissolved in a few milliliters of THF, is added. The
solution is warmed to room temperature within 1 — 2 h. The reaction flask is purged with nitrogen for a few hours (or
overnight) to remove most of the hydrogen sulfide (this step is not necessary but reduced the amount of H»S released).
The solvent is then removed under reduced pressure and the residue extracted with boiling n-hexane. The solvent is
removed under reduced pressure to yield the product in sufficient purity.

If necessary, column chromatography (10% EtOAc in PE) can be used. However, slow hydrolysis to the corresponding

silanol is observed on silica which causes some product loss.

(3aR,8aR)-6-Isopropyl-2,2-dimethyl-4,4,8,8-tetraphenyltetrahydro-[1,3]dioxolo[4,5-¢][1,3,2]dioxasilepine-6-
thiol ((R,R)-10a)

Ph_Ph
SO
Si’
o \_g SH
Ph ph

Synthesized according to general procedure 4-E from chlorosilane (R,R)-30a (1.20 g, 2.10 mmol). The product was
obtained as a colorless foam (1.09 g, 1.92 mmol, 91%).

'"H NMR (400 MHz, CDCl): § [ppm] = 7.61 — 7.54 (m, 4H), 7.42 —7.17 (m, 16H), 5.27 (d, J= 7.3 Hz, 1H), 5.12 (d,
J=7.3Hz, 1H), 1.06 — 0.88 (m, 7H), 0.59 (s, 3H), 0.48 (s, 3H), -0.20 (s, 1H). BC{'H} NMR (101 MHz, CDCl3):
d [ppm] = 147.3, 146.4, 142.53, 142.46, 129.6, 129.1, 128.3, 128.1, 127.7, 127.6, 127.4, 127.25, 127.22, 127.20,
127.1, 114.1, 84.8, 82.6, 81.1, 81.0, 27.2, 27.1, 17.7, 16.5, 16.4. HRMS (FD+) m/z: [M]" Calcd for
C34H3604SSi 568.20981; Found 568.20892.
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(3aR,8aR)-6-Isopropyl-2,2-dimethyl-4,4,8,8-tetraphenyltetrahydro-[1,3]dioxolo[4,5-¢][1,3,2]dioxasilepin-6-o0l
((R,R)-31a)

Obtained as side product in the synthesis of (R,R)-10a in trace amounts.

'"H NMR (400 MHz, CDCl3): 5 [ppm] = 7.68 — 7.57 (m, 4H) 7.45 — 7.18 (m, 16H), 5.12 + 5.10 (d, J= 7.6 Hz + d,
J=17.6 Hz, 2H), 1.86 (s, 1H), 1.01 — 0.88 (m, 7H), 0.65 (s, 3H), 0.49 (s, 3H). *C{'"H} NMR (101 MHz, CDCl):
d [ppm] = 147.63, 147.56, 142.8, 142.5, 129.4, 129.0, 128.5, 128.0, 127.7, 127.4, 127.3, 127.13, 127.10, 127.04,
126.99, 126.8, 113.7, 83.1, 81.4, 81.4, 81.1, 27.3, 26.9, 16.6, 12.3. HRMS (FD+) m/z: [M]" Calcd for C34H3505Si
552.23265; Found 552.23170.

(3aR,8aR)-6-Isopropyl-2,2-dimethyl-4,4,8,8-tetra(naphthalen-2-yl)tetrahydro-[1,3]dioxolo[4,5-
e][1,3,2] dioxasilepine-6-thiol ((R,R)-10b)

Synthesized according to general procedure 4-E from (R,R)-30b (154 mg, 200 pmol). The product was obtained as a
colorless foam (98.0 mg, 127 umol, 64%).

'H NMR (400 MHz, CDCl3): § [ppm] = 8.34 (d, J= 1.2 Hz, 1H), 8.32 (d, J= 1.08 Hz, 1H), 8.30 (d, J= 0.96, 1H),
8.17 (d, J= 1.0 Hz, 1H), 8.04 — 7.98 (m, 2H), 7.98 — 7.93 (m, 1H), 7.93 — 7.82 (m, 7H), 7.73 (d, J = 8.7 Hz, 2H), 7.67
—7.61 (m, 2H), 7.61 — 7.46 (m, 10H), 5.70 (d, /=7.3 Hz, 1H), 5.55 (d, /= 7.3 Hz, 1H), 1.25 - 1.19 (m, 1H), 1.17 (d,
J=6.4Hz, 3H), 1.13 (d, J = 6.6 Hz, 3H), 0.75 (s, 3H), 0.61 (s, 3H), -0.02 (s, 1H). *C{!H} NMR (101 MHz, CDCl:):
S [ppm] = 144.3, 143.4, 139.93, 139.92, 133.04, 132.96, 132.92, 132.70, 132.65, 132.63, 131.0, 128.97, 128.91,
128.84, 128.75, 128.69, 128.29, 128.01, 127.99, 127.75, 127.70, 127.58, 127.51, 127.3, 126.5, 126.4, 126.33, 126.27,
126.21, 126.16, 125.95, 125.87, 125.5, 124.9, 114.3, 85.2, 82.8, 81.6, 81.5, 27.5,27.4,17.8, 16.7, 16.5. HRMS (FD+)
m/z: [M]" Calcd for CsoHasO4SSi" 768.27241; Found 768.27431.
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(3aR,8aR)-6-Isopropyl-2,2-dimethyl-4,4,8,8-tetra(naphthalen-2-yl)tetrahydro-[1,3]dioxolo[4,5-
e][1,3,2]dioxasilepin-6-ol ((R,R)-31b)

Obtained as side product in the synthesis of (R,R)-10b as a colorless foam (14 mg, 18.6 pmol, 9%).

'"H NMR (400 MHz, CDCl): & [ppm] = 8.23 (d, /= 1.2 Hz, 1H), 8.21 (d, J= 1.1 Hz, 1H), 8.19 (d, J= 1.0 Hz, 1H),
8.08 (d, /= 1.1 Hz, 1H), 7.97 — 7.89 (m, 2H), 7.88 — 7.73 (m, 8H), 7.66 — 7.56 (m, 4H), 7.55 — 7.36 (m, 10H), 5.42
(s, 2H), 1.94 (s, 1H), 1.10 — 0.99 (m, 7H), 0.68 (s, 3H), 0.50 (s, 3H). BC{'H} NMR (101 MHz, CDCl3): § [ppm] =
143.70, 143.67, 139.3, 139.0, 132.1, 131.97, 131.94, 131.87, 131.71, 131.67, 131.63, 127.96, 127.93, 127.8, 127.7,
127.5, 127.3, 126.9, 126.80, 126.75, 126.70, 126.6, 126.5, 126.3, 125.6, 125.4, 125.33, 125.28, 125.2, 125.1, 125.0,
124.9.,124.8,124.7, 123.9, 123.8, 113.0, 82.5, 80.8, 80.7, 80.6, 26.6, 26.2, 16.0, 15.9, 11.4. HRMS (FD+) m/z: [M]*
Calcd for CsoHs405Si 752.29548; Found 752.29673.

(3aS,8a95)-4,4,8,8-Tetra([1,1':3',1"-terphenyl]-5'-yl)-6-isopropyl-2,2-dimethyltetrahydro-[1,3]dioxolo[4,5-
e][1,3,2]dioxasilepine-6-thiol ((:S,5)-10c)

Synthesized according to general procedure 4-E from (S,5)-30c¢ (472 mg, 400 umol). The product was obtained as a
colorless foam (183 mg, 155 umol, 39%). The enantiomer (R,R)-10c¢ was synthesized from (R,R)-30c (354 mg,
300 pmol) and obtained as a colorless foam (249 mg, 211 pmol, 70%).

TH NMR (400 MHz, CDCl): & [ppm] = 7.99 (d, J = 1.6 Hz, 2H), 7.97 (d, J= 1.6 Hz, 2H), 7.89 (d, J= 1.5 Hz, 2H),
7.87 —7.83 (m, 3H), 7.81 — 7.76 (m, 3H), 7.74 — 7.62 (m, 16H), 7.49 — 7.33 (m, 25+1H), 5.82 (d, /= 7.3 Hz, 1H),
5.61 (d, J=7.2 Hz, 1H), 1.18 — 1.13 (m, 6H), 1.02 — 0.92 (m, 1H), 0.03 (s, 1H). *C{!H} NMR (101 MHz, CDCl):
d [ppm] = 148.1, 147.2, 143.4, 143.3, 141.8, 141.5, 141.41, 141.36, 141.33, 141.30, 140.63, 140.56, 128.99, 128.97,
127.53,127.51,127.49, 127.45, 127.41, 127.35, 127.28, 127.0, 126.1, 125.9, 125.5, 125.30, 125.25, 114.5, 85.3, 83.0,
81.3,81.2,27.6,27.2,17.9, 16.6, 16.5. HRMS (FD+) m/z: [M]* Calcd for C37H3404SSi 1176.4602; Found 1176.4630.
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(3aS,8a5)-4,4,8,8-Tetra([1,1':3',1"'-terphenyl]-5'-yl)-6-isopropyl-2,2-dimethyltetrahydro-[1,3]dioxolo[4,5-
e][1,3,2]dioxasilepin-6-ol ((S,$)-31c)

Obtained as side product in the synthesis of (5,5)-10c as a colorless foam (38 mg, 32.7 umol, 8%).

'"H NMR (400 MHz, CDCl3): 6 [ppm] = 7.97 (d, J= 1.6 Hz, 2H), 7.93 (d, J = 1.6 Hz, 2H), 7.83 — 7.76 (m, 4H), 7.74
—7.70 (m, 4H), 7.66 — 7.56 (m, 16H), 7.44 —7.27 (m, 24H), 5.57 (d, J= 7.4 Hz, 1H), 5.50 (d, /= 7.4 Hz, 1H), 1.22
(s, 1H), 1.12 — 1.04 (m, 7H), 0.74 (s, 3H), 0.57 (m, 3H). BC{'H} NMR (101 MHz, CDCl3): & [ppm] = 148.5, 148.4,
143.7, 143.4, 141.9, 141.49, 141.47, 141.45, 141.2, 140.6, 140.5, 129.00, 128.99, 128.96, 128.92, 127.6, 127.47,
127.43, 127.36, 127.28, 126.99, 125.96, 125.7, 125.4, 125.3, 124.8, 114.2, 83.5, 81.9, 81.42, 81.39, 27.6, 27.1, 17.0,
16.9, 12.4. HRMS (FD+) m/z: [M]* Calcd for Cs,HesOsSi 1160.4836; Found 1160.48628.

(3aS,8a5)-2,2-Dimethyl-4,4,6,8,8-pentaphenyltetrahydro-[1,3]dioxolo[4,5-¢][1,3,2]dioxasilepine-6-thiol ((S,S)-
10d)

Ph_Ph
0.0 @
Si’
><o g sH

Ph" pp

Synthesized according to general procedure 4-E from chlorosilane (S,5)-30d (60.5 mg, 100 pmol). The product was
purified via column chromatography (0> 10% EtOAc in PE) and obtained as a colorless foam (39.0 mg, 64.7 pmol,
65%). The enantiomer (R,R)-10d was synthesized from (R,R)-30d (454 mg, 750 pumol) and obtained as a colorless
foam (365 mg, 605 pmol, 81%).

"H NMR (400 MHz, CDCl): § [ppm] = 7.68 — 7.63 (m, 2H), 7.57 — 7.51 (m, 4H), 7.51 — 7.46 (m, 2H), 7.42 — 7.36
(m, 3H), 7.36 — 7.18 (m, 14H), 5.38 (d, /= 7.3 Hz, 1H), 5.21 (d, J=7.3 Hz, 1H), 0.67 (s, 3H), 0.50 (s, 3H), 0.10 (s,
1H). BC{'H} NMR (101 MHz, CDCl3): § [ppm] = 146.6, 146.2, 142.4, 142.1, 134.1, 134.0, 130.9, 129.6, 129.2,
128.4, 128.0, 127.92, 127.85, 127.60, 127.52, 127.42, 127. 31, 127.27, 127.19, 127.14, 114.1, 85.3, 83.3, 81.3, 81.2,
27.3,27.0. HRMS (FD+) m/z: [M]" Calcd for C37H3404SSi 602.19416; Found 602.19556.
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(3aS,8aS)-2,2-dimethyl-4,4,6,8,8-pentaphenyltetrahydro-[1,3]dioxolo[4,5-¢][1,3,2]dioxasilepin-6-0l ((S,5)-31d)

Ph_Ph
0.0 L
><O OISI‘OH

P ph
Obtained as side product in the synthesis of (S,5)-10d as a colorless foam (9 mg, 15.3 pmol, 15%) in low purity.
TH NMR (400 MHz, CDCL): é [ppm] = 7.71 — 7.66 (m, 2H), 7.57 — 7.51 (m, 4H), 7.50 — 7.45 (m, 2H), 7.42 — 7.36
(m, 3H), 7.35 — 7.18 (m, 14H + 11H overlap with solvent residual signal), 5.23 (d, J=7.44 Hz, 1H), 5.18 (d,
J=17.4Hz, 1H), 0.69 (s, 3H), 0.50 (s, 3H). The O-H proton is not visible, potentially due to overlap/exchange with
residual HO. HRMS (FD+) m/z: [M]* Calcd for C37H3405Si 586.21700; Found 586.21567.

(3a8,8a5)-4,4,8,8-Tetra(|1,1':3',1"'-terphenyl]-5'-yl)-2,2-dimethyl-6-phenyltetrahydro-[1,3]dioxolo[4,5-
e][1,3,2]dioxasilepine-6-thiol ((:S,5)-10e)

Synthesized according to general procedure 4-E from chlorosilane (S,5)-30e (243 mg, 200 pmol). The product was
obtained as a colorless foam (138 mg, 114 umol, 57%). The compound could not be fully separated from the
corresponding silanol and was used as a mixture.

Silane thiol (S,5)-10e: HRMS (FD+): exact mass calcd for CgsHesO4SSi" [M]™: m/z = 1210.4446, found: 1210.4271.
Silanol (8,S)-31e: HRMS (FD+): [M]" Calcd for CssHesOsSi 1194.4674; Found: 1194.4474.
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Synthesis of menthol-based silane thiol 11
Tris((1S,2R,55)-menthoxy)silane thiol (11)

ryy
“

. CI\ /Ol:. LiSH . HS\ /O':,
0—Si e o—Si
\ THF \
O 78°C 80 °C “ Pl
18 h
32 11

First, HoS (52.07 mL of a 1 M solution in THF, 52.07 mmol, 1.2 equiv.) was diluted in 100 mL of THF and cooled to
-78°C. Then n-Butyllithium (18.23 mL, 2.5 M in hexane, 45.57 mmol, 1.05 equiv.) was added dropwise. The reaction
mixture was stirred in the cooling bath until it reached a temperature of 0 °C, then it was cooled to -78 °C again. Next,
trimenthoxy(chloro)silane™ (32, 22.97 g, 43.40 mmol, 1 equiv.) was added. The reaction was allowed to stir for 18 h
at room temperature and then 18 h at 80 °C. The reaction mixture was then checked by NMR analysis, and since no
complete conversion was observed another portion of LiSH (26.4 mmol, 1.6 equiv.) in situ prepared in the
aforementioned manner was added. The reaction mixture was then stirred for 72 h at room temperature. Afterwards
all volatiles were removed in vacuo and the oily suspension extracted with 50 mL of hot toluene. The cloudy
suspension was filtered using a P3-Frit with added celite and silica. After removal of all volatiles in vacuo silane thiol
11 was obtained as a slightly yellow oil (20.8 g, 39.5 mmol, 91%).

'H NMR (400 MHz, C¢D¢): & [ppm] =4.10 — 3.83 (m, 3H), 2.69 — 2.23 (m, 6H), 1.66 1.45 (m, 6H), 1.44 — 1.19 (m,
9H), 1.12 - 65 (m, 33H), 0.19 (s, 1H, SH). BC{'H} NMR (101 MHz, CDCl3): 5 [ppm] = 74.4 (s, CH), 50.2 (s, CH),
45.3 (s, CHy), 34.7 (s, CHy), 31.9 (s, CH), 25.8 (s, CH), 23.1 (s, CH>), 22.4 (s, CH3), 21.5 (s, CH3), 16.3 (s, CHz).
2Si{!H} NMR (79 MHz, C¢Ds): 5 [ppm] =-59.2 (Si-SH). CHN Analysis: Calcd for C30Hs3sO3SSi: C, 68.38; H, 11.10.
Found: C, 68.69; H, 10.72.
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Synthesis of silicon-chiral silane thiols

Reactions were performed in an inert atmosphere of purified nitrogen by using standard Schlenk techniques or an
MBraun Unilab 1200/780 glovebox. Glassware was heated at 600 °C prior to use. DCM, n-hexane, n-pentane, THF,
and toluene were dried and degassed with an MBraun SP800 solvent purification system. (RSi, Sp)-
8,8 isopropyl(hydrido)benzosilolo[2,3-a]ferrocene and (RSi,-Sp)-8,8-cyclohexyl(hydrido)benzosilolo[2,3-a]ferrocene
were prepared according to literature procedures.” A stock solution of hydrogen sulfide in THF was prepared by
saturating THF with gaseous hydrogen sulfide and checking the concentration by NMR with 1,3,5-trimethoxybenzene
as internal standard. C¢Dg and CD,Cl, used for NMR spectroscopy were dried over 3 A molecular sieves and degassed

by a standard freeze-pump-thaw procedure.

8,8-Isopropyl(iodo)benzosilolo[2,3-a]ferrocene (34a)

Ay
Si

Si
S ey | &K
] > ]
Fe Mel Fe
RT, 1h
= =
33a 34a

Prepared according to a modified literature procedure.”

First (%Si, Sp)-8,8-isopropyl(hydrido)benzosilolo[2,3-a]ferrocene’ (150 mg, 0.45 mmol, 1 equiv.) was combined with
bis(triphenylphosphine)palladium(II) dichloride (15.84 mg, 0.022 mmol, 0.05 equiv.) in a flame dried Schlenk flask.
The mixture was then dissolved in methyl iodide (0.5 mL, 8.13 mmol, 18 equiv.) and stirred for 1 h at room
temperature. Afterwards all volatiles were removed in vacuo. The remaining red solid was immediately used in the

next reaction step without further purification.

12a

/< | J‘ SH
Si

Si
—
F:e THF F'Ie
-80°C —» RT
=7 20 h =
34a 12a

First H>S (8.99 mL, 0.5 M in THF, 4.5 mmol, 10 equiv.) was cooled to -80 °C and then n-butyllithium (0.9 mL, 2.5 M
in hexane, 2.25 mmol, 5 equiv.) was added, and the mixture stirred for 20 min. In a separate Schlenk flask 8,8-
isopropyl(iodo)benzosilolo[2,3-a]ferrocene’ (34a, 206 mg, 0.445 mmol, 1 equiv.) was dissolved in 10 mL of THF
and added to the cooled mixture. The reaction mixture was allowed to slowly warm up in the cooling bath, and then
stirred for 20 h at room temperature. Next all volatiles were removed in vacuo and the black-green residue suspended
with 5 mL of hot hexane and filtered using a teflon cannula. The filtrate was concentrated in vacuo and purified by

thin-layer chromatography (hexane, Ry = 0.4). Silane thiol 12a was obtained as a red powder (53.0 mg, 145 pumol,
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32%, d.r. = 14:1). Crystals of the major diastercomer suitable for single-crystal X-ray diffraction analysis were
obtained from a concentrated n-pentane solution at -30°C. The absolute configuration was determined as (3Si, Sp).
'H NMR (400 MHz, C¢Ds): § [ppm] = 7.51 (d, J=7.17 Hz, 1H), 7.23 — 7.12 (m, 2H, overlapping with solvent
residual signal), 7.03 (td, J= 7.1, 1.5 Hz, 1H), 4.59 — 4.56 (m, 1H), 4.35 (t, J=2.28 Hz, 1H), 4.30 — 4.27 (m, 1H),
3.83 (s, 5SH), 1.57 — 1.46 (m, 1H, Overlap with minor diastereomer), 1.37 (d, J= 7.1 Hz, 3H), 1.35 (d, /= 7.3 Hz, 3H),
-0.19 (s, 1H). *C{'H} NMR (101 MHz, CsD¢): & [ppm] = 147.8, 140.0, 133.7, 130.7, 126.3, 121.4,96.3, 74.4, 71.2,
71.0, 70.5 (probably diastereomer), 70.4, 64.9, 17.8, 17.7, 16.3. ¥Si{'H} NMR (79 MHz, C¢Ds): & [ppm] =9.5. CHN
Analysis: Calcd for Ci9HxoFeSSi: C, 62.6; H, 5.5. Found: C, 62.92; H, 5.80.

8,8-Cyclohexyl(iodo)benzosilolo[2,3-a]ferrocene (34b)

O QL

Si Si
S e, &K
] » ]
Fe Mel Fe
< RT, 1h <
33b 34b

Prepared according to a modified literature procedure.”®

First (RSi, Sp)-8,8-cyclohexyl(hydrido)benzosilolo[2,3-a]ferrocene’ (33b, 140 mg, 375 umol, 1 equiv.) was combined
with bis(triphenylphosphine)palladium(II) dichloride (13.2 mg, 18.0 pmol, 5 mol%) in a flame dried Schlenk flask.
The mixture was then dissolved in methyl iodide (0.42 mL, 6.77 mmol, 18 equiv.) and stirred for 1 h at room
temperature. Afterwards all volatiles were removed in vacuo. The remaining red solid was immediately used in the

next reaction step without further purification.

12b

oy O

Si S|
Fe » Fe
1 THF 1
< -80°C — RT <
34b 12h 12b

First, HoS (11.24 mL of a 0.5 M solution in THF, 5.62 mmol, 20 equiv.) was cooled to -80 °C and then n-butyllithium
(1.12 mL of a 2.5 M solution in n-hexane, 2.81 mmol, 10 equiv.) was added and the mixture stirred for 20 min. In a
separate Schlenk flask 8,8-cyclohexyl(iodo)benzosilolo[2,3-a]ferrocene (34b, 140 mg, 280 pmol, 1 equiv.) was
dissolved in 10 mL of THF and added to the cooled mixture. The reaction mixture was allowed to slowly warm up to
room temperature in the cooling bath, and then stirred for 12 h at room temperature. Next, all volatiles were removed

in vacuo, the residue suspended with 5 mL of hot n-hexane, and filtered using a teflon cannula. Crystals suitable for
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single-crystal X-ray diffraction analysis were obtained from the filtrate at -30°C. The product was isolated via filtration
and dried in vacuo to yield the product as an orange, crystalline solid (83 mg, 205 umol, 73%, d.r. = 17:1). Crystals
of the major diastereomer suitable for single-crystal X-ray diffraction analysis were obtained from a concentrated
n-pentane solution at -30°C. The absolute configuration was determined as (3Si, Sp).

'"H NMR (400 MHz, C¢D¢): 8 [ppm] = 7.53 — 7.49 (m, 1H), 7.23 — 7.18 (m, 1H), 7.04 (td, J = 7.2, 1.4 Hz, 1H), 4.58
(dd, J=2.3, 0.7 Hz, 1H), 4.26 (t, J =2.3 Hz, 1H), 4.31 (dd, J =2.2, 0.6 Hz, 1H), 3.87 (s, SH), 2.25 — 2.11 (m, 2H),
1.84 — 1.62 (m, 5H), 1.51 — 1.41 (m, 1H), 1.33 — 1.22 (m, 3H), -0.13 (s, 1H). BC{'H} NMR (101 MHz, C¢D¢): 3
[ppm] = 147.8, 140.1, 133.9, 130.7, 126.3, 121.5, 96.4, 74.3, 71.3, 71.2, 40.4, 70.1 (probably diastereomer), 64.8,
28.1, 28.00, 27.98, 27.87, 27.6, 26.9. ¥Si{'H} NMR (79 MHz, CsDs): & [ppm] = 6.0 (s, Si-SH). CHN Analysis:
Calcd for CyH4FeSSi: C, 65.34; H, 5.98. Found: C, 65.81; H, 6.35.
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4.4.4 Deuteration via benzylic C-H activation

General procedure 4-F: Benzylic deuteration

Carbanion generation from benzylic C-H bonds was done according to a slightly modified previous report on benzylic
C-H activation:3®

Benzylic substrate (1 equiv., 100 umol per mL solvent), K»CO; (10 mol%) and photocatalyst 3DPA2FBN (1a,
3 mol%) are placed in a 6 mL crimp capped vial with a stirring bar and closed. The vial is evacuated and backfilled
with nitrogen 3 times via cannula. HAT-catalyst (Pr;SiSH unless otherwise noted, 10 mol%), D,O (10 equiv.), and
solvent (CH3CN or CD3CN) are added via syringe. Solid reaction partners are added before closing the vial and liquids
via syringe after closing the vial. The reaction mixture is degassed by 3 cycles of freeze-pump-thaw and irradiated by
blue light (LEDs; Amax = 440 nm) for the time specified. Reactions were generally irradiated overnight (16 h) to ensure
maximum deuterium incorporation unless otherwise noted. However, for synthetic applications the optimal reaction
time is expected to vary depending on the substrate and higher yields are expected at shorter reaction times. The
optimal compromise between yield and degree of deuteration also depends on the specific application.

For isolation the reaction mixture is diluted with water, extracted with n-pentane, and dried over Na;SO4. The
solvent is removed under reduced pressure. Crude compounds are purified via column chromatography with

appropriate mixtures of EtOAc/PE.

For determination of deuteration degrees the reactions were conducted on 100 pmol scale in 1 mL CDs;CN.
1,1,2,2-Tetrachloroethane was added as NMR standard after the reaction to estimate the yield. For reactions where
aliquots were taken at different time points the residual solvent signal was used as internal standard. To note, benzylic
carbanions generated in this work are highly basic and most of them are expected to or have been shown to deprotonate
acetonitrile which can potentially influence the residual solvent signal. However, it has been demonstrated in chapter 3
that in the presence of at least 5 equivalents of H,O/D>O solvent deprotonation is outcompeted and the residual solvent

remains constant.”’

184



4.4.4.1 Extended substrate scope of benzylic deuteration
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Benzofurans and isochromanes
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Scheme 4.7. Extended substrate scope for benzylic deuteration via a HAT/RRPCO/deuteration sequence. Reaction conditions
according to general procedure 4-F. Positions deuterated to notable extent are marked in blue, positions not deuterated to notable
extent are marked in orange. NMR yield in parentheses. Photocatalyst 1a is not stable under irradiation and a photocyclization
product is likely the active catalyst. For details see section 4.4.8.
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4.4.4.2 Computational investigations

The trends in reactivity according to Scheme 4.7 follow C-H bond dissociation energies (BDEs) only to some extent.
For a more quantitative overview and to separate steric and electronic effects, density functional theory (DFT)
calculations were performed. All the optimization and frequency calculations were performed on the r?’SCAN-3¢ 7882
level of theory as implemented in the quantum chemical software ORCA version 5.0.4.83-% Fully optimized structures
were characterized to be either local minima or saddle points of first order, i.e. transition state structures by the number
of imaginary frequencies. Minimum energy structures feature zero imaginary frequencies, whereas transition states
have exactly one. The correct minimum energy pathways associated with the respective imaginary frequency of a
given transition state structure was traced by an IRC calculation in the back- and forward direction. Energy
values were derived from frequency analysis using the harmonic oscillator approach and include zero-point energy

(ZPE) correction. Values of enthalpy (H) and Gibb's free energy (G) are unscaled and are report for standard conditions
if not stated otherwise.

Transition State

Free Energy

Reactant- ! AG,

i \
Catalyst complex / ‘\\ /L )\
!
) ‘ \ i
—_—— T T T TTTTT T \‘ HS™
\ .
H /L )\ \‘ CH3
Independent CHa. 'o-Si \
Reactants ©)\ 3 S y\ \
—
>

Reaction Coordinate

Figure 4.7. Reaction free energy profile.

To establish a trend for benzylic C-H activation, the hydrogen atom transfer (HAT) reaction barriers were calculated
for a selection of substrates. To obtain the optimized reactant-catalyst pre-TS complex, the appropriate IRC end point

was optimized, and the local minima were confirmed by all positive frequencies.

For a HAT process to be thermodynamically favored, the C-H bond dissociation energy (BDE) of the substrate must
be lower than that of the X-H bond (S-H, in this case) of the catalyst. The BDEs were calculated by taking the
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difference of free energy of dissociated species (radical and hydrogen atom) and the substrate. The free energies

according to Figure 4.7 and BDE:s are tabulated in Table 4.2.

Table 4.2. Free energies of reactant-catalyst-complexes and transition states for the HAT-step relative to the substrates and BDEs
of the respective benzylic C-H bonds.

Substrates AG: (kcal/mol) AGy' (kcal/mol)  AGr' (kcal/mol)  BDE (kcal/mol)  Reactive
iPrsSiSH 84.56 Catalyst
toluene 5,51 6.71 12.22 83.81 No
2a 5.78 2.90 8.68 79.62 Yes
2b 79.63 Yes
2c 5.91 4.34 10.25 82.30 No
2e 6.66 1.82 8.48 80.29 Yes
2i 8.09 2.66 10.75 78.93 No
3b 5.19 2.59 7.78 79.09 Yes
3c 5.67 251 8.19 80.78 No
6b 7.37 -0.05 7.32 71.07 No
7b 6.30 0.31 6.61 76.67 Yes
Te 6.38 1.08 7.45 75.98 No

It is evident that the trends in BDEs only reflect the reactivity of the substrates to some extent. Toluene, 2¢, and 3¢
have the highest BDEs and are unreactive towards HAT. However, triphenylmethane (6b) and benzyl ether 7e have
the lowest BDE of all substrates calculated but are also unreactive. The transition state energy reflects the trend in
BDEs for the substrates with high BDEs and in addition identified ester substituted substrate 2i as kinetically
unfavored for HAT despite its rather low BDE. A possible explanation will be discussed later.

Substrates 2a and 2b are reactive towards benzylic HAT while 2¢ with an isopropyl group adjacent to the benzylic
position did not give any conversion. The low reactivity of 2¢ is reflected in the high BDE and transition state energy.
The high BDE suggests that the steric bulk of the isopropyl group interferes with stabilization of the radical due to
steric hindrance in the preferred orientation for stabilization of the unpaired electron by the n-system.

The role of steric effects is further highlighted by the non-reactivity of triphenylmethane (6b) despite having the lowest
BDE. The free-energy difference between the reactant-catalyst complex and that of independent reactants (AG)) is the
second highest calculated after the also unreactive ester substituted substrate 2i. This suggests that destabilization of
the substrate-catalyst-complex can prevent HAT even if the abstraction step itself is thermodynamically feasible. The
optimized structures for substrate-catalyst-complexes and transition states suggest the preferred orientation of the
triisopropylsilyl moiety is face-to-face above the aromatic system for all substrates with no substituents or electron
donating substituents on the arene while this orientation is unfavored for electron poor substrate 2i. Thus, dispersion
interactions between electron rich n-systems and the triisopropylsilyl group might be necessary for HAT to be feasible.
These interactions are prevented by electron withdrawing groups or by steric hindrance in the case of triphenylmethane
(6b) where the tilted phenyl groups block access to the n-system. Optimized structures of substrate-catalyst-complexes
and transition states for a representative selection of substrates is depicted in Figure 4.8. Electronically similar

substrates prefer similar orientation compared to the examples depicted in Figure 4.8.
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Figure 4.8. Substrate-catalyst-complexes and transition states for a selection of substrates.
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Another interesting observation is the effect of ring sizes. While the six-membered substrate 3b undergoes efficient
deuteration in the benzylic positions, benzylic positions in the seven-membered ring system of 3¢ do not. The reason
for this anomaly might be attributed to the steric hindrance offered by the 1,4-H interaction in the benzylic position
(Figure 4.9). The calculated BDE of 3¢ is also slightly higher compared to 3b (80.78 vs. 79.09 kcal/mol) which

suggests less stabilization of the unpaired electron in the seven-membered ring compared to the 6-membered ring.

1,4 - axial hydrogen proximity in 3¢
Figure 4.9. Inherent steric interactions in 3b and 3c.
Considering all these factors, it is concluded that the BDEs are not the only determining factor in the initial HAT

process and steric and electronic effects stabilizing or destabilizing the reactant complex play a definitive role in the

reactivity of substrates towards C-H abstraction.
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4.4.4.3 Isolated deuterated compounds
1,2,2a,3,4,5-Hexahydroacenaphthylene-1,1,2a,5,5-ds (3e-ds)

D
D

DD
Synthesized according to general procedure 4-F from hexahydroacenaphthylene (190 mg, 6 x 200 pmol) in CH3CN.
The product was obtained as a colorless liquid (86.8 mg, 538 pmol, 45%).
NMR spectra are in accordance with the non-deuterated compound. Most signals in the 3C{'H} NMR are doubled
and multiple multiplets from coupling to deuterium are visible. Due to the presence of different diastereomers and
compounds with different degree of deuteration no assignment to the individual benzylic positions was made.
According to the C{'H} NMR the benzylic methine C-H is almost fully deuterated while the methylene C-H bonds
are moderately deuterated.
'H NMR (400 MHz, CDCl3): § [ppm] = 7.19 — 7.05 (m, 2H), 6.97 (d, J= 6.9 Hz, 1H), 2.99 — 2.66 (m, 2.39H,
corresponds to 52% deuteration), 2.42 — 2.30 (m, 1H), 2.24 — 2.06 (m, 2H), 1.90 — 1.75 (m, 1H), 1.66 — 1.54 (m, 1H),
1.28 (t, J=12.6 Hz, 1H).
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Figure 4.10. Superimposed aliphatic region of the 3C{*H} NMR spectra of deuterated 3e (blue) and 3e-do (red). The full NMR
spectrum can be found in the appendix.

5-Methoxy-2-(4-methoxyphenyl)-2,3-dihydrobenzofuran-2-d (Corsifuran A-di, 4b-di)

MeO D
(0}

Synthesized according to general procedure 4-F from Corsifuran A (51.3 mg, 200 umol) in 2 mL CD3;CN and 500 pL
aliquots were removed for NMR analysis before irradiation and after 1 h of irradiation. The remaining solution after
1 h of irradiation was treated according to general procedure 4-F for isolation. The product was obtained as a colorless

solid (15.0 mg, 58.3 umol, 58%).
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The NMR spectra are in accordance with the non-deuterated compound 4b with differences only in the benzylic
position and adjacent positions as expected.

'"H NMR (400 MHz, CDCL): § [ppm] = 7.37 — 7.31 (m, 2H), 6.93 — 6.88 (m, 2H), 6.79 (d, J = 2.44 Hz, 1H), 6.75 (d,
J=8.60 Hz, 1H), 6.70 (dd, J = 8.64, 2.60 Hz, 1H), 5.69 (t, /= 8.80 Hz, 0.11H, corresponds to 89% deuteration), 3.81
(s, 3H), 3.77 (s, 3H), 3.54 (d, J=15.73 Hz, 1H), 3.19 (d, J= 15.69 Hz, 1H). BC{'H} NMR (101 MHz, CDCl3): 3
[ppm] = 159.6, 154.4, 153.9, 134.0, 127.8, 127.4, 144.1, 133.1, 111.3, 109.3, 84.3 (residual 4b-do) 83.9 (4,
Jep =23.0 Hz), 56.4, 55.4, 38.7. HRMS (EI+) m/z: [M]" Calcd for CisH;503D 257.11567; Found 257.11565.

Isochromane-1,1-d> (5a-d»)

e

DD
Synthesized according to general procedure 4-F from isochromane (53.7 mg, 2 x 200 umol) in CH3CN. The product
was obtained as a colorless liquid (26.0 mg, 191 umol, 48%). Due to its volatility the compound was not dried under
high vacuum and some petrol ether remained in the product.
NMR spectra are in accordance with literature®” and the NMR spectra of the non-deuterated compound 5a with
differences only in the benzylic position as expected.
'H NMR (400 MHz, CDCl): § [ppm] = 7.20 — 7.09 (m, 3H), 7.02 — 6.94 (m, 1H), 4.76 (s, 0.05H, corresponds to
98% deuteration), 3.98 (t, J= 5.7 Hz, 2H), 2.87 (t, J= 5.7 Hz, 2H). BC{'H} NMR (101 MHz, CDCL3): § [ppm] =
134.9, 133.4, 129.0, 126.5, 126.1, 124.6, 67.4 (quint, Jcp =21.9 Hz, almost lost in the noise), 65.5, 28.5. HRMS
(EI+) m/z: [M]" Caled for CoHsOD; 136.08517F Found 136.08471.

(R)-1-(4-Methoxyphenyl)isochromane-1-d (5b-d1)

¢

D

OMe
Synthesized according to general procedure 4-F from isochromane derivative Sb (48.06 mg, 200 umol) in CD3CN
with chiral HAT-catalyst (S,8)-10c. 500 pL of the solution were removed before irradiation for NMR analysis. The
remaining solution (150 pmol substrate in 1.5 mL CD3CN) was irradiated for 16 h at -17 °C and the product isolated
according to general procedure G. The product was obtained as a colorless liquid (29.71 mg, 123 pmol, 82%, 32% ee).
The enantiomeric excess was determined by chiral HPLC on a CHIRALPAK® AD-3 column (‘PrOH/n-hexane 10:1,
flow rate 0.8 mL/min). tminor = 7.284 min, tmajor = 8.365 min. The absolute configuration of the (S)-enantiomer was
determined by chiral HPLC on a CHIRALCEL® OD-H column. Racemic Sb-di was synthesized using
triisopropylsilane thiol as HAT catalyst but not isolated. The NMR spectra are in accordance with those of the
non-deuterated compound 5b with differences only in the benzylic position as expected. Compound 5b-di is

mentioned in the literature but was not characterized.®®
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"H NMR (400 MHz, CDCl3): § [ppm] = 7.25 — 7.20 (m, 2H), 7.19 — 7.14 (m, 2H), 7.11 — 7.05 (m, 1H), 6.91 — 6.85
(m, 2H), 6.76 (d, J="7.7 Hz, 1H), 5.70 (s, 0.12H, corresponds to 88% deuteration), 4.22 — 4.13 (m, 1H), 3.97 — 3.87
(m, 1H), 3.81 (s, 3H), 3.19 — 3.06 (m, 1H), 2.81 (dt, J=16.3, 3.6 Hz, 1H). BC{'H} NMR (101 MHz, CDCL): 3
[ppm] = 159.6, 137.7, 134.6, 124.1, 130.3, 128.8, 127.1, 126.7, 126.0, 113.9, 78.8 (t, Jcp = 21.4 Hz), 63.8, 55.4, 29.0.

6-(4-Methoxyphenyl)-6H-benzo|c|chromene-6-d (5c-d1)

OMe
Synthesized according to general procedure 4-F from isochromane derivative Sc¢ (57.7 mg, 200 umol) in CD3;CN. The
product was obtained as a colorless solid (49.1 mg, 170 umol, 85%).
The NMR spectra are in accordance with those of the non-deuterated compound Sc¢ with differences only in the
benzylic position as expected.
'H NMR (400 MHz, CDCl3): § [ppm] = 7.83 — 7.73 (m, 2H), 7.41 (td, J= 7.6, 1.17 Hz, 1H), 7.35 — 7.19 (m, 4H),
7.05 (dt,J=17.5,1.0 Hz, 1H), 7.00, (dd, /= 8.1, 1.0 Hz, 1H), 6.93 — 6.86 (m, 3H), 6.15 (s, 0.06H, corresponds to 96%
deuteration). *C{!H} NMR (101 MHz, CDCls): & [ppm] = 159.8, 159.7, 134.3, 134.2, 131.9, 131.8, 130.2, 129.7,
129.6, 128.5, 127.7, 126.4, 123.2, 122.9, 122.2, 122.1, 118.0, 114.0, 79.0 (t, Jc,p = 22.38 Hz), 55.4.

1-Methoxy-4-(methoxy(phenyl)methyl-d)benzene (7a-di)

OMe
D
MeO ‘

Synthesized according to general procedure 4-F from benzyl ether 7a (22.8 mg, 100 pmol) with chiral HAT-catalyst
(S,8)-10c in 1 mL CD3;CN. The product was obtained as a colorless liquid (19.0 mg, 82.9 umol, 83%).

The NMR spectra are in accordance with those of the non-deuterated compound 7a with differences only in the
benzylic position as expected.

'H NMR (400 MHz, CDCl3): & [ppm] = 7.38 — 7.31 (m, 4H), 7.29 — 7.23 (m, 3H), 6.89 — 6.84 (m, 2H), 5.21 (s,
0.04H, corresponds to 96% deuteration), 3.78 (s, 3H), 3.37 (s, 3H). *C{'H} NMR (101 MHz, CDCl3): § [ppm] =
159.1, 142.4, 134.4, 128.5, 128.4, 127.5, 127.0, 113.9, 85.1 (residual 5¢-do), 84.6 (t, Jop = 21.5 Hz), 57.0, 55.4.
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1-Methoxy-4-(1-methoxy-2-phenylethyl-1-d)benzene (7f-d1)

OMe O
L
MeO

Synthesized according to general procedure 4-F from benzyl ether 7f (24.2 mg, 100 pmol) with chiral HAT-catalyst
(5,5)-10c in 1 mL CD3;CN. The product was obtained as a colorless liquid (18.1 mg, 74.4 pmol, 74%).

NMR spectra are in accordance with those of the non-deuterated compound 7f with differences only in the benzylic
position and adjacent positions as expected.

'H NMR (400 MHz, CDCl): § [ppm] = 7.25 — 7.12 (m, 5H), 7.12 — 7.07 (m, 2H), 6.88 — 6.83 (m, 2H), 4.28 (t,
J=6.7Hz, 0.12H, corresponds to 88% deuteration), 3.81 (s, 3H), 3.17 (s, 3H), 3.12 (d, J=13.7 Hz, 1H), 2.87 (d,
J=13.7Hz, 1H). BC{'H} NMR (101 MHz, CDCl): § [ppm] = 159.2, 138.7, 133.7, 129.6, 128.2, 128.1, 126.2,
113.8, 84.6 (7f-do), 84.3 (t, J = 21.7 Hz), 56.6, 55.4, 44.8.

1-Methoxy-4-(1-methoxy-3-phenylpropyl-1-d)benzene (7k-d1)
OMe

SOA®

Synthesized according to general procedure 4-F from benzyl ether 7k (25.6 mg, 100 umol) with chiral HAT-catalyst

MeO

(S,8)-10c in 1 mL CD3;CN. The product was obtained as a colorless liquid (21.0 mg, 81.6 umol, 81%).

NMR spectra are in accordance with those of the non-deuterated compound 7k with differences only in the benzylic
position and adjacent position as expected and some small shifts for some of the signals in the '*C NMR. Due to the
only moderate deuteration degree signals for both, the deuterated and non-deuterated compound are visible with
similar intensity.

'H NMR (400 MHz, CDCl3): § [ppm] = 7.31 — 7.24 (m, 2H + 1H solvent residual signal), 7.24 — 7.15 (m, 5H), 6.92
—6.87 (m, 2H), 4.03 (dd, J= 7.7, 5.7 Hz, 0.52H, corresponds to 48% deuteration), 3.82 (s, 3H), 3.19 (s, 3H), 2.76 —
2.55 (m, 2H), 2.19 — 2.07 (m, 1H), 1.97 — 1.86 (m, 1H). ®*C{'H} NMR (101 MHz, CDCls): § [ppm] = 159.2, 142.1,
134.23 (7k-dv), 134.17, 128.6, 128.5, 128.1, 125.9, 113.9, 82.7 (7f-db), 82.2 (t, Jop =21.7 Hz), 56.8, 56.5 (7k-dv),
56.4, 55.4, 39.7 (7k-db), 39.6, 32.18 (residual 7k-dy), 32.15.

1-Methoxy-4-(prop-1-en-1-yl-3-d)benzene (9-d1, mixture of (E)- and (Z) isomer)

1L IO
MeO D MeO

Z-9 E-9
Synthesized according to general procedure 4-F from 1-allyl-4-methoxybenzene (8, 59.3 mg, 400 umol) in 4 mL
CD3CN. The product was obtained as a colorless liquid (41.0 mg, 275 umol, 69%, Z/E=3:1, >90%
mono-deuteration). The crude product had a Z/E ratio of 4:1. The crude product in the mechanistic investigations had
a Z/E ratio of 5:1 which indicates that the Z-selectivity is established in a separate energy transfer reaction after double

bond migration.

194



The NMR spectra of (£)-9 are in accordance with literature reports of the non-deuterated compound with differences
only in the allylic position and adjacent vinylic position as expected.®’ (£)-9-di was compared to commercially
available (E)-9-do and the NMR spectra also match except for differences in the allylic position and adjacent vinylic
position as expected. Following NMR-data refers to the (Z)-isomer.

'"H NMR (400 MHz, CDCL): § [ppm] = 7.19 — 7.14 (m, 2H, overlap with (E)-9), 6.84 — 6.78 (m, 2H), 6.33 — 6.27
(m, 1H), overlap with (E)-9), 5.68 — 5.56 (m, 1H), 3.74 (s, 3H), 1.84 — 1.71 (m, 2.47H, overlap with (E)-9,
corresponds to >90% mono-deuteration). *C{'H} NMR (101 MHz, CDCl3): § [ppm] = 158.2, 130.5, 130.1, 129.4,
125.2, 113.7, 55.4, 14.5 (t, Jcp = 19.4 Hz).
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4.4.5 Application of benzofuran isomerization via a photocatalytic

HAT/RRPCO/protonation sequence

The dihydrobenzofuran scaffold is a common motif in natural products and different synthetic methods have been
reported for their synthesis.’® A straightforward synthesis of 2,3-dihydrobenzofurans (4) starts from phenylacetic acid
derivatives and electron rich benzenes. After Friedel-Crafts acylation a divergent synthesis gives the cis- or the
trans-dihydrobenzofurans. However, the substitution pattern on the pendent aryl group is limited by the directing
effect of the substituents. Based on previous reports on photocatalytic Barbier and Grignard-like reactions a method
for a synthesis of 2,3-dihydrobenzofurans by decarboxylative C-C coupling between bromophenylacetic acids and

aromatic aldehydes was developed.

Diastereoselective syntheses: —>1) NaBH, EDG
Limited by regioselectivity of Friedel-Crafts acylation 2) NaH
CuCl
EDG trans-4
EDG SOCI,
/OH + ©/ B — /©/ ]
“Br g 1) Cul
15 CSzCO3
2) Pd/C
H2 cis-4

Synthesis via photocatalytic C-C formation:
Substitution pattern set by substitution pattern of the aldehyde

4CzIPN
0 C82C03 = ‘ NaH
oH DMA - -TR®*  cucCl —
+ AN H B —— B — ,
il R 440 nm <~ \_Fge
\Bro Z \BrOH
14 17 18 4
cis/trans 1:1
Stereochemical editing:
Enabling other synthetic routes Relative stereochemistry set in the last step:
3PPA2.FBN Separation of bond-forming steps and
R2 PrsSiSH R? stereodetermining steps
N __ K,CO3 N __
R1-L ) 440 R1-- ) Bond-forming steps do not need to be
O o \ 7R3 nm -~ o \ 7°R3 | stereoselective
4 (Diastereomeric mixture) trans-4

Scheme 4.8. Synthetic routes to dihydrobenzofurans.

In contrast to the non-photocatalytic pathways, the photocatalytic C-C coupling lacks diastercoselectivity. The
dihydrobenzofurans are obtained in a 1:1 diastereomeric mixture if a methyl group is present in the 3-position. Other
substituents at this position have not been tested but it is expected that diastereoselectivity is also low. By subjecting
the mixture of diastereomers to reaction conditions for isomerization via a HAT/RRPCO/protonation sequence the
trans-isomer is obtained selectively. In total, the sequence based on non-diastereoselective photocatalytic C-C
coupling and late stage stereochemical editing is short, provides the trans-2,3-dihydrobenzofurans with high atom
economy and access to substitution patterns not obtainable by Friedel-Crafts acylation. This is demonstrated on the
example of a diastereomeric mixture of meta-substituted dihydrobenzofuran 4d synthesized in this section which is

converted to pure trans-4d in section 4.4.6.
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4.4.5.1 Photocatalytic synthesis of 1,2-diarylethanol derivatives

1,2-Diarylethanols were synthesized according to general procedure 4-G via a previously published method®! and
obtained in moderate yields. However, no optimization of the reaction conditions for the specific substrates was
conducted. 4CzIPN acts only as precursor of the active catalyst which is generated in situ via a photosubstitution with
the respective carboxylic acid substrate as described in chapter 2. Thus, the active catalyst is different for each

substrate.

: Photocatalyst :

PC 1b Doy = 5

0 C52CO3 = N 3 ' i

DMA TR : N !

\n/OH . N N ' NG N '
3 : i

J RE 440 nm S | :

14 17 18 | Cz Cz
: Cz i

: 4CzIPN (1b) !

,

r Br
18a, (65%) 18b, (57%) 18c, 35% (49%) 18d, 36% (31%)
0 ™ )
.0 P C
o OH o OH 5, OH
18e, 51% (64%) 18f, 32% (37%) 189, 81% (72%) 18h, 65%
CHj O CHj
o
T T T
18i, 55% (63%) 18j, (24%) 18k, (0%) 181, (5%

Scheme 4.9. Photocatalytic synthesis of 1,2-diarylethanols (18). Isolated yields where isolated, NMR yields in parentheses,
determined via 'H NMR spectroscopy with 1,4-dicyanobenzene (0.25 equiv.) as internal standard for a separate reaction (150 pmol
scale in 2 mL MeCN). Compounds 18b, 18g, 18h and 18i were formed as diastereomeric mixtures (d.r. = 1:1). Isolated
diastereomeric ratios vary slightly mostly due to moderate separation of diastereomers during column chromatography.

With aromatic aldehydes the reaction likely proceeds via radical-radical coupling according to Scheme 4.10 as has

been proposed previously.®!
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\"/OH - C02
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14 Cz
NC = ; R3
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Cz Cz OH
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PC o
Q \ 1c 0 18
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RS*: H R37\ N H
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Scheme 4.10. Proposed reaction mechanism for coupling of phenylacetic acids with aromatic aldehydes. The active photocatalyst
1c is formed in situ via a photosubstitution reaction between 4CzIPN (1b) and the corresponding carboxylic acid as described in
chapter 2.

The proposed mechanism is supported by the observation that the reaction is insensitive to addition of water and by
the observed side products 19 and 20. Dimerization of the benzyl radicals to bibenzyl 19 and benzyl substitution in
the 4-position of the aromatic aldehydes are observed in low but notable yield. Isolated products and side products are

summarized in Scheme 4.11.

o Yo
g <

ey

14a

17b

Cs,CO3 (1 equiv.)

Desired products

4CzIPN (5 mol%)
Amax = 440 nm

Cs,CO3 (1 equiv.)

4CzIPN (5 mol%)
Amax = 440 nm

Cs,CO3 (1 equiv.)

4CzIPN (5 mol%)
Amax = 440 nm

Cs,CO3 (1 equiv.)

4CzIPN (5 mol%)
Amax = 440 nm

18f, 32%
Je
(T
18i, 55%
1) ‘
o) BrOH
18c, 35%
. g
AT T
18e, 51%

Isolated side products

OMe O
o J
e e

19, 9%

CHj
+
H
0]

20a, 8%

SCIC
(0]

20b, 6%

2CS RO

20c, 5%

Scheme 4.11. Reactions scaled up for isolation of products where side products were isolated. All yields are isolated yields.
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Synthesis of carboxylic acids (14)
2-(6-Bromobenzo[d][1,3]dioxol-5-yl)acetic acid (14c)
(@) OH

O
<0 Br
Synthesized according to literature procedure.”
Carboxylic acid 14a (1.80 g, 10 mmol, 1 equiv.) was dissolved in 10 mL CHCIl;. Bromine (615 puL, 12 mmol,
1.2 equiv.) was added dropwise and the solution stirred for 2 h at room temperature. The reaction was quenched with
saturated aqueous sodium thiosulfate solution, the organic phase extracted with 3 M aqueous NaOH solution
(3 x 10 mL) and the combined aqueous phases washed with Et,O. The aqueous phase was then acidified with
concentrated HCI to a pH of approximately 2. The suspension was extracted with Et,O (3 x 20 mL), the organic phase
washed with water and brine, dried over Na>SOs, and the solvent removed under reduced pressure to yield the product
as colorless solid (1.80 g, 6.95 mmol, 69%). The '"H NMR is in accordance with literature.”
'"H NMR (400 MHz, CDCL3): & [ppm] = 7.03 (s, 1H), 6.78 (s, 1H), 5.98 (s, 2H), 3.75 (s, 2H).

2-(2-Bromo-5-methoxyphenyl)acetic acid (14d)
(©) OH

MeO

Br
Synthesized according to literature procedure.®?
3-Methoxyphenylacetic acid (1.16 g, 7.0 mmol, 1 equiv.) was dissolved in 10 mL CHCls. Bromine (430 uL,
8.4 mmol, 1.2 equiv.) was added dropwise and the solution stirred for 2 h at room temperature. The reaction was
quenched with saturated aqueous sodium thiosulfate solution, the organic phase extracted with 3 M aqueous NaOH
solution (3 x 10 mL) and the combined aqueous phases washed with Et,O. The aqueous phase was then acidified with
concentrated HCI to a pH of approximately 2. The suspension was extracted with Et2O (3 x 20 mL), the organic phase
washed with water and brine, dried over Na>SOs, and the solvent removed under reduced pressure to yield the product
as colorless solid (1.55 g, 6.32 mmol, 90%). The 'H NMR is in accordance with literature.”
'"H NMR (400 MHz, CDC3): & [ppm] = 7.46 (d, J= 8.8 Hz, 1H), 6.85 (d, J= 3.0 Hz, 1H), 6.73 (dd, J = 8.8, 3.0 Hz,
1H), 3.80 (s, 2H), 3.78 (s, 3H).
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2-(2-Bromophenyl)propanoic acid (14e)

O~_OH

CHs
Br

Synthesized according to literature procedure.**
Diisopropylamine (1.49 mL, 10.45 mmol, 2.1 equiv.) was dissolved in 5 mL THF. n-BuLi (1.6 M in n-hexane,
6.59 mL, 10.54 mmol, 2.1 equiv.) was added at -78 °C and the solution stirred for 30 min at -78 °C.
Bromophenylacetic acid (5.02 mmol, 1.08 mmol, 1 equiv.) dissolved in 2 mL THF was added at -78 °C, the solution
warmed to 0 °C and stirred for 60 min. lodomethane (331 pL, 5.32 mmol, 1.06 equiv.) was added and the solution
stirred at room temperature overnight. The reaction was quenched with H>O (0.2 mL) and concentrated under reduced
pressure. The residue was dissolved in 10 mL H>O, acidified to pH 1 and extracted with Et;O. The solvent was
removed under reduced pressure and the crude product recrystallized from EtOAc to yield the product as a colorless,
crystalline solid (538 mg, 2.35 mmol, 47%). The 'H NMR is in accordance with literature.**
'"H NMR (400 MHz, CDCl): § [ppm] =7.58 (dd, J = 8.0, 1.1 Hz, 1H), 7.35 (dt,J = 7.3, 1.8 Hz, 1H), 7.31 (td, J = 7.4,
1.0 Hz, 1H), 7.17 = 7.09 (m, 1H), 4.29 (q, /= 7.2 Hz, 1H), 1.52 (d, /= 7.3 Hz, 3H).

General procedure 4-G: Benzylation of aromatic aldehydes to secondary alcohols

According to previously reported procedure.’! Phenylacetic acid derivative (14, 75 pmol per mL solvent, 1 equiv.),
aldehyde (3 equiv.), cesium carbonate (1 equiv.) and 4CzIPN (1b, 5 mol%) are added to a crimp-capped vial with
septum. DMA (1 mL per 75 umol of carboxylic acid) is added via syringe. The vials are degassed by three cycles of
freeze-pump-thaw and irradiated with blue LEDS (Amax = 440 nm) overnight at room temperature.

For isolation:

Multiple reactions on 300 pmol scale are combined, diluted with ethyl acetate, washed with water and brine, dried
over NaSOs, and the solvent removed under reduced pressure. The crude product is purified via column

chromatography (0>25% EtOAc in PE).

General procedure 4-H: Large scale benzylation of aromatic aldehydes to secondary alcohols

Carboxylic acid (14, 4.5 mmol), cesium carbonate (1.47 g, 4.5 mmol, 1 equiv.), and 4CzIPN (1b, 177.5 mg, 225 pmol,
5 mol%) are added to a reaction flask under nitrogen atmosphere. Dry DMA (60 mL) and aldehyde (17, 13.5 mmol,
3 equiv.) are added, and the solution degassed by purging with nitrogen for 20 min. The solution is irradiated in the

reactor depicted in Figure 4.5 for 5 h at room temperature. Isolation according to general procedure 4-G.
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2-(6-bromobenzo[d][1,3]dioxol-5-yl)-1-phenylethan-1-ol (18¢)

o O
o BrOH

Secondary alcohol 18c was synthesized according to general procedure 4-G from 2-(6-bromobenzo[d][1,3]dioxol-5-
yl)acetic acid and benzaldehyde on 2.4 mmol scale (8 x 300 pmol). The product was obtained as a colorless solid
(273 mg, 850 umol, 35%).

Melting point: T,, = 98 °C. TLC: R/= 0.50 (20% EA in PE). 'H NMR (400 MHz, CDCl3): & [ppm] = 7.43 — 7.33
(m, 4H), 7.33 —7.27 (m, 1H), 2.03 (m, 1H), 6.70 (s, 1H), 5.95 (d, J= 1.4 Hz, 1H), 5.94 (d, J= 1.4 Hz, 1H), 4.97 (dd,
J=28.8, 4.3 Hz, 1H), 3.11 (dd, J=13.9, 4.3 Hz, 1H), 2.98 (dd, J=13.9, 8.9 Hz, 1H), 1.83 (s, 1H). *C{'H} NMR
(101 MHz, CDCls): d [ppm] = 147.4, 144.0, 130.8, 128.6, 127.8, 125.8, 115.1, 112.9, 111.7, 101.8, 73.9, 46.1. HRMS
(EI+) m/z: [M]" Calcd for C;sH13BrO; 320.00426; Found 320.00415.

4-((6-Bromobenzo[d][1,3]dioxol-5-yl)methyl)benzaldehyde (20b)

LT
O:‘\/BT‘\”/H
(0]

Compund 20b was obtained as a side product of secondary alcohol 18¢ and obtained as a yellow liquid in low purity
(42 mg, 132 pmol, 6%).

TLC: R=0.53 (20% EA in PE). "TH NMR (400 MHz, CDCl3): § [ppm] = 9.97 (s, 1H), 7.83 — 7.78 (m, 2H), 7.36 —
7.31 (m, 2H), 7.04 (s, 1H), 6.64 (s, 1H), 5.96 (s, 2H), 4.10 (s, 2H). *C{'H} NMR (101 MHz, CDCl): § [ppm] =
191.9, 147.6,147.3,147.1, 134.8, 132.0, 130.0, 129.4, 115.0, 112.9, 110.7, 101.8, 41.8. HRMS (EI+) m/z: [M]" Calcd
for CisH1BrO; 317.98861; Found 317.98791.

2-(2-Bromo-5-methoxyphenyl)-1-(4-methoxyphenyl)ethan-1-ol (18d)
OMe
MeO O
O Br OH

Secondary alcohol 18d was synthesized according to general procedure 4-H from carboxylic acid (14d) and
aldehyde 17a at 4.5 mmol scale. The product was obtained as a slightly yellow colored solid as a 1:1 mixture of
diastereomers (545 mg, 1.62 mmol, 36%). The cooling system failed during the reaction which might be responsible
for the low yield. The 'H and '3C NMR spectra are in accordance with literature.”

Melting point: T,, = 72 °C TLC: R/= 0.53 (20% EtOAc in PE). 'TH NMR (400 MHz, CDCl): & [ppm] = 7.44 (d,
J=8.7Hz, 1H), 7.35 — 7.28 (m, 2H), 6.92 — 6.85 (m, 2H), 6.72 (d, J = 3.0 Hz, 1H), 6.66 (dd, J = 8.9, 3.2 Hz, 1H),
4.96 (dd, J= 8.6, 4.6 Hz, 1H), 3.81 (s, 3H), 3.72 (s, 3H), 3.13 (dd, /= 13.7, 4.78 Hz, 1H), 3.04 (dd, /= 13.7, 8.6 Hz,
1H) 2.03 (s, 1H). BC{'H} NMR (101 MHz, CDCl3): § [ppm] = 159.2, 158.8, 138.8, 136.1, 133.4, 127.1, 117.5, 115.3,
114.3, 113.9, 73.1, 55.5, 55.4, 46.4. HRMS (EI+) m/z: [M + Na]" Calcd for Ci¢H;7BrNaO; 359.0253; Found
359.0254.
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2-(Benzo|d][1,3]dioxol-5-yl)-1-phenylethan-1-o0l (18e)

.
o OH

Secondary alcohol 18e was synthesized according to general procedure 4-G from carboxylic acid 14a and
benzaldehyde (17b) on 2.1 mmol scale (7 x 300 pmol). The product was obtained as a colorless solid (260 mg,
1.07 mmol, 51%). The NMR spectra are in accordance with literature.”

Melting point: T, = 98 °C. TLC: R,= 0.38 (20% EtOAc in PE). 'TH NMR (400 MHz, CDCl3):  [ppm] = 7.35 (d,
J=43 Hz, 4H), 7.31 — 7.26 (m, 1H), 6.74 (d, /= 7.9 Hz, 1H), 6.79 (d, J= 1.5 Hz, 1H), 6.64 (dd, J = 7.9, 1.5 Hz,
1H), 5.93 (s, 2H), 4.4 (dd, J = 8.49, 4.9 Hz, 1 H), 2.96 (dd, J=13.8, 4.9 Hz, 1H), 2.90(dd, J = 13.8, 8.4 Hz, 1H), 1.96
(s, 1H). BC{'H} NMR (101 MHz, CDCl3): & [ppm] = 147.8, 146.4, 143.8, 131.8, 128.6, 127.8, 126.0, 122.6, 109.9,
108.4, 101.0, 75.5, 45.9. HRMS (EI+) m/z: [M]" Calcd for CisH1403 242.09375; Found 242.09360.

4-(Benzo|d][1,3]dioxol-5-ylmethyl)benzaldehyde (20c)
H (0]

0]
CI
Compound 20c was isolated as a side product in the synthesis of secondary alcohol 18e as a yellow liquid (27 mg,
112 pmol, 5%).
TLC: R;= 0.53 (20% EtOAc in PE). '"H NMR (400 MHz, CDCls): § [ppm] = 9.97 (s, 1H), 7.80 (d, J = 8.1 Hz, 2H),
7.33 (d, J = 8.0 Hz, 2H), 6.75 (d, J = 7.7 Hz, 1H), 6.68 — 6.62 (m, 2H), 5.92 (s, 2H), 3.96 (s, 2H). *C{'H} NMR

(101 MHz, CDCls): § [ppm] = 147.4, 144.0, 130.8, 128.6, 127.8, 125.8, 115.1, 112.9, 111.7, 101.8, 73.9, 46.1. HRMS
(EI+) m/z: [M]" Calcd for CisH 1205 240.07810; Found 240.07816.

2-(Benzo|d][1,3]dioxol-5-yl)-1-(4-methoxyphenyl)ethan-1-ol (18f)

OMe
. (]
<o O OH

Secondary alcohol 18f was synthesized according to general procedure 4-G from carboxylic acid 14a and
aldehyde 17a on 1.2 mmol scale (4 x 300 pmol). The product was obtained as a colorless solid (104 mg, 382 umol,
32%).

Melting point: T,, = 99 °C. TLC: R;= 0.25 (20% EtOAc in PE). '"H NMR (400 MHz, CDCl3): § [ppm] = 7.27 (d,
J=28.5Hz,2H), 6.88 (d, /= 8.6 Hz, 2H), 6.73 (d, J= 7.8 Hz, 1H), 6.69 (d, /= 1.0 Hz, 1 H), 6.66 — 6.60 (m, 1H), 5.93
(s, 2H), 4.79 (dd, J=17.1, 6.0 Hz, 1H), 3.81 (s, 3H), 2.97 — 2.85 (m, 2H), 1.93 (s, 1H). *C{'H} NMR (101 MHz,
CDCl): 3 [ppm] = 159.2, 147.8, 146.4, 136.0, 132.0, 127.3, 122.6, 113.9, 109.9, 108.4, 101.0, 75.1, 55.4, 45.8.
HRMS (EI+): [M + Na] Calcd for Ci16H16NaO4 295.0941; Found 295.0945.
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1,2-Bis(benzo[d][1,3]dioxol-5-yl)ethane (19)
0
o A
I
Bibenzyl 19 was obtained as a side product of secondary alcohol 18f as colorless needles. The NMR spectra are in
accordance with literature.”
TLC: R;=0.63 (20% EtOAc in PE). '"H NMR (400 MHz, CDCls): § [ppm] =6.72 (d, J= 7.8 Hz, 2H), 6.66 (d,

1.6 Hz, 2H), 6.60 (dd, J= 7.9, 1.7 Hz, 2H), 5.92 (s, 4H), 2.79 (s, 4H). 3C{'H} NMR (101 MHz, CDCl3): § [ppm] =
147.6, 145.8, 135.6, 121.3, 109.1, 108.3, 100.1, 38.3.

2-(2-Bromophenyl)-1-(4-methoxyphenyl)propan-1-one (16a)

oM
CH, O ©
(L1

Br
2-Bromophenylacetic acid (14e) (8.79 g, 38.38 mmol, 1 equiv.) was refluxed in 2.8 mL thionyl chloride for 30 min.
The excess SOCI, was then evaporated under reduced pressure and the residue redissolved in 70 mL DCM, cooled to
0 °C, and anisole (4.17 mL, 38.38 mmol, 1.0 equiv.) was added. AICl3 (5.12 g, 38.38 mmol, 1.0 equiv.) was added in
small portions, and stirred for 30 min at room temperature. The reaction mixture was then poured onto ice and
extracted with DCM. The organic layer was dried over Na,SO4 and the solvent removed under reduced pressure. The
crude product was purified via column chromatography (10->50% EtOAc in PE) to give the product as a light orange
solid (9.39 g, 29.43 mmol, 86%). The '"H NMR spectrum is in accordance with Literature.”’
'"H NMR (400 MHz, CDCI3): § [ppm] = 7.96 — 7.87 (m, 2H), 7.59 (dd, J = 7.9, 1.2 Hz, 1H), 7.22 — 7.11 (m, 2H),
7.09 —7.02 (m, 1H), 6.90 — 6.83 (m, 2H), 5.05 (q, J = 6.8 Hz, 1H), 3.82 (s, 3H), 1.46 (d, J = 6.8 Hz, 3H).

2-(2-Bromophenyl)-1-(4-methoxyphenyl)propan-1-ol (18g)

OoM
Jem
O and
OH
Br

Diastereomeric mixture:

Secondary alcohol 18g was synthesized according to general procedure 4-G from carboxylic acid 14b and
aldehyde 17a on 1.2 mmol scale (4 x 300 umol). The product was obtained as a colorless oil as a 1:0.77 mixture of
diastereomers not fully separated from aldehyde 17a (313 mg, 974 umol, 81%) and used as a mixture for the synthesis
of dihydrobenzofuran 4c.

trans-18¢g

Ketone 16a (400 mg, 1.25 mmol, 1 equiv.) was dissolved in 4 mL EtOH, NaBH4 (95.0 mg, 2.50 mmol, 2 equiv.) was
added, and the mixture stirred for 2 h at room temperature. The reaction was then quenched by slow addition of 1 M

HCI, extracted with EtOAc, the organic phase washed with H>O and brine, dried over Na;SQ4, and the crude product
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purified via column chromatography (5>20% EtOAc in PE) to give the product as a colorless solid (337 mg,
1.05 mmol, 84%).

'"H NMR (400 MHz, CDCI3): § [ppm] = 7.62 — 7.60 (m, 1H), 7.33 — 7.23 (m, 4H), 7.15 — 7.06 (m, 1H), 6.92 — 6.85
(m, 2H), 4.77 (dd, J = 8.5, 2.4 Hz, 1H), 3.81 (s, 3H), 1.03 (d, J= 7.0 Hz, 3H). BC{!H} NMR (101 MHz, CDCls):
S [ppm] = 159.5, 143.0, 134.5, 133.2, 128.4, 128.1, 127.9, 113.8, 78.6, 55.4, 17.7.

2-(2-Bromophenyl)-1-(3-methoxyphenyl)propan-1-ol (18h)

CHj O
O OMe
OH
Br

cisltrans = 1:1.5
Secondary alcohol 18h was synthesized according to general procedure 4-G from carboxylic acid 14b and
aldehyde 17¢ on 2.1 mmol scale (7 x 300 umol). The product was obtained as a colorless oil as a mixture of
diastereomers (441 mg, 1.37 mmol, 65%, d.r. = 1:1.5).
'"H NMR (diastereomeric mixture) (400 MHz, CDCI3): § [ppm] = 7.61 — 7.54 (m, 2.8H), 7.38 (dd, J= 7.8,
1.7 Hz, 1H), 7.34 — 7.28 (m, 5.2H), 7.25 — 7.22 (m, 1.5H), 7.13 — 7.06 (m, 3H), 7.03 — 6.99 (m, 2H), 6.94 — 6.89 (m,
1.7H), 6.89 — 6.83 (m, 3.6H), 6.82 — 6.77 (m, 1H), 4.97 (d, /= 4.0 Hz, 1H), 4.79 (d, /= 8.3 Hz, 1.5H), 3.81 + 3.80
(2xs,8.1H),3.76 - 3.63 (m, 3.1H), 1.84 + 1.73 (2 x 5, 2.7H), 1.22 (d, /= 7.1 Hz, 3H), 1.07 (d, /= 7.0 Hz, 4.5H).
BC{'H} NMR (diastereomeric mixture) (101 MHz, CDCL3): 5 [ppm] = 159.7, 159.6, 144.8, 144.0, 143.1, 142.8,
133.2, 133.1, 129.4, 129.3, 129.2, 128.4, 128.2, 127.8, 127.6, 126.1, 125.1, 119.6, 118.5, 113.8, 113.6, 112.9, 112.6,
111.6,55.4,45.2,17.7, 13.1. HRMS (+APCI) m/z: [M + NH4]" Calcd for C;6H2BrNO; 338.0750; Found 338.0752
and 338.0748.

1,2-Diphenylpropan-1-ol (18i)

CH, O
O OH

Secondary alcohol 18i was synthesized according to general procedure 4-H from 2-phenylpropanoic acid and
4-methoxybenzaldehyde (17a) on 4.50 mmol scale. The product was obtained as a slightly yellow colored viscous
liquid as a 1:1 mixture of diastereomers (561 mg, 2.64 mmol, 59%). The 'H NMR spectrum is in accordance with
literature.®® The corresponding p-benzylated benzaldehyde was obtained as an additional fraction but was not fully
separated from alcohol 18i. Purification of the side product was not attempted.

TLC: Ry=0.53 (20% EtOAc in PE). "H NMR (mixture of diastereomers) (400 MHz, CDCls): & [ppm] = 7.41 —
7.13 (m, 20H), 4.82 (d, /= 5.8 Hz, 1H), 4.67 (d, J= 8.7 Hz, 1H), 3.17 — 8.08 (m, 1H), 3.08 — 2.99 (m, 1H), 1.88 (s,
2H), 1.33 (d, J=7.1 Hz, 3H), 1.10 (d, /= 7.1 Hz, 3H).
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4.4.5.2 Synthesis of dihydrobenzofurans

General procedure 4-1: Cyclization of secondary alcohols (18) to dihydrobenzofurans (4)

N NaH
7R3 CuCl
N —
toluene N\ ¥
T 120 °C, 4 h ~0 7R3
18 4

According to literature procedure.”® Secondary alcohol (1 equiv.) dissolved in toluene and NaH (60% dispersion in
mineral oil; pre-washed with n-hexane; 1.25 equiv.) are added to a crimp vial. The solution is stirred for 1 h at room
temperature. CuCl (5 mol%), suspended in toluene, and ethyl acetate (1 pL) are added, and the mixture stirred at
120 °C for 4 h. The solution is diluted with ethyl acetate (20 mL), washed with water (3 x 15 mL) and brine (15 mL),
dried over Na,SO4 and the solvent removed under reduced pressure. The crude product is purified via column

chromatography (0> 15% EtOAc in PE).

5-Methoxy-2-(4-methoxyphenyl)-2,3-dihydrobenzofuran (Corsifuran A, 4b)

MeO
OMe
(0]

Synthesized according to general procedure 4-I with secondary alcohol 18d (303.5 mg, 900 pmol).
Dihydrobenzofuran 4b was obtained as colorless, crystalline solid (160 mg, 624.3 umol, 69%). The compound is
known as natural product Corsifuran A and the NMR spectra are in accordance with literature.®

Melting point: T,, = 83 °C. TLC: R;= 0.58 (20% EA in PE). "TH NMR (400 MHz, CDCl3): § [ppm] = 7.39 — 7.28
(m, 2H), 6.95 — 6.84 (m, 2H), 6.82 — 6.64 (m, 3H), 5.68 (t, /= 8.8 Hz, 1H), 3.81 (s, 3H), 3.77 (s, 3H), 3.55 (dd, J =
15.79, 9.18 Hz, 1H), 3.20 (dd, J = 15.77, 8.44 Hz, 1H). 3C{'H} NMR (101 MHz, CDCl3): & [ppm] = 159.6, 154.4,
153.9, 134.1, 127.8, 127.4, 114.1, 113.1, 111.3, 109.3, 84.3, 56.2, 55.4, 38.8.

2-(4-Methoxyphenyl)-3-methyl-2,3-dihydrobenzofuran (4c)
CHj CHj

and
OMe @g“”@OMe
(6} (6]

Synthesized according to general procedure 4-1 with a diastereomeric mixture of cis-18g and trans-18g and in a
separate batch with pure #rans-18g obtained in the non-photocatalytic synthesis. The NMR spectra are in accordance
with literature.®®%

With a diastereomeric mixture (1:0.71) of secondary alcohol 18g (161 mg, 500 pmol). Dihydrobenzofuran 4¢ was
obtained as yellow liquid (96 mg, 400 pmol, 80%) as a mixture of both diastereomers (1:0.77).

With trans-18g (360 mg, 1.12 mmol, trans/cis >9:1). trans-4¢ was obtained as a yellow liquid (221 mg, 920 pumol,
82%).

trans-4c: 'H NMR (400 MHz, CDCl3): & [ppm] = 7.41 — 7.35 (m, 2H), 7.22 — 7.13 (m, 2H), 6.96 — 6.90 (m, 3H),
6.87 (d, J= 8.0 Hz, 1H), 5.12 (d, /= 9.0 Hz, 1H), 3.83 (s, 3H), 3.45 (quint, J = 7.3 Hz, 1H), 1.42 (d, J = 6.8 Hz, 3H).
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2-(4-Methoxyphenyl)-3-methylbenzofuran (35)
CHj3

(6]

Synthesized according to literature procedure.'%

A mixture of secondary alcohol 18g (711 mg, 2.23 mmol), Cs,COs3 (1.54 g, 4.73 mmol, 2.2 equiv.), and Cul (212 mg,
1.11 mmol, 0.5 equiv.) in dry DMF (10 mL) was stirred at 105 °C for 48 h. After cooling to room temperature, water
(50 mL) was added directly to the reaction mixture over 15 minutes and the resulting orange slurry was extracted with
EtOAc (3 x 30 mL), the organic phases were combined, dried over MgSQs, filtered and the solvent evaporated under
reduced pressure. The crude product was purified via column chromatography (10% EtOAc in PE) to give benzofuran
35 as yellow oil (481 mg, 2.02 mmol, 68%). The 'H NMR spectrum is in accordance with literature.'?

TH-NMR (400 MHz, CDCl3): §(ppm) = 7.79 — 7.71 (m, 2H), 7.55 — 7.44 (m, 2H), 7.31 — 7.21 (m, 2H+overlap with
solvent residual signal), 7.06 — 6.98 (m, 2H), 3.87 (s, 3H), 2.45 (s, 3H).

cis-2-(4-Methoxyphenyl)-3-methyl-2,3-dihydrobenzofuran (cis-4c)
CH,

(0]

cis-4¢ was synthesized by hydrogenation of the corresponding benzofuran 35.

Benzofuran 35 (0.57 g, 2.38 mmol, 1 equiv.) was dissolved in a mixture of 5 mL isopropanol and 15 mL ethanol and
added to Palladium on activated charcoal (252 mg, 0.24 mmol, 10 mol%) in an autoclave reactor. The setup was
charged with 50 bar hydrogen gas and stirred at room temperature for 72 h. The mixture was then filtered through
celite, the solvent evaporated, and the product separated from unreacted starting material by column chromatography
(toluene/petrol ether, 5:1). The product was obtained as yellow oil (0.21 g, 0.87 mmol, 31%) with a d.z. of 6.5:1. The
use of a toluene/PE mixture for column chromatography was necessary due to the poor separation of product and
starting material with EtOAC/PE mixtures.

The 'H NMR spectrum is in accordance with literature.”

'TH-NMR (300 MHz, CDCl3): §(ppm) = 7.25 — 7.20 (m, 2H), 7.19 — 7.12 (m, 2H), 6.94 — 6.85 (m, 4H), 5.77 (d,
J=28.8 Hz, 1H), 3.81 (s, 3H), 3.66 (quint, J= 7.7 Hz, 1H), 0.83 (d, /= 7.1, 3H).

2-(3-methoxyphenyl)-3-methyl-2,3-dihydrobenzofuran (4d)
CHjy

PRSW,

OMe
cis/trans = 1:1.5

Synthesized according to general procedure 4-1 from 18h (cis/trans = 1:1.5) on 1.37 mmol scale.
The product was obtained as a yellow liquid with the same diastereomeric ratio as the starting material (282 mg,
1.17 mmol, 86%, cis/trans = 1:1.5). cis/trans isomerization to convert the diastereomeric mixture of 4d to pure

trans-4d is performed in section 4.4.6.
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'H NMR (diastereomeric mixture) (400 MHz, CDCls): §(ppm) = 7.30 (q, J = 7.9 Hz, 3H), 7.22 — 7.13 (m, 5.4H),
7.04 — 6.98 (m, 2H), 6.96 — 6.83 (m, 10H), 5.79 (d, /= 8.7 Hz, 1H), 5.15 (d, J=8.7, 1.5H), 3.82 + 3.81 (2 x s, 8.2H),
3.69 (p, J=7.6 Hz, 1H), 3.45 (p, J=7.3 Hz, 1.6H), 1.45 (d, J= 6.8, 4.7H), 0.85 (d, J= 7.2 Hz, 3H). BC{'H} NMR
(101 MHz, CDCl3): 6(ppm) = 160.0, 159.7, 159.3, 159.2, 142.7, 139.8, 132.9, 132.0, 129.8, 129.4, 128.4, 128.3,
124.5, 123.8, 120.98, 120.92, 118.9, 118.5, 113.9, 113.1, 112.1, 111.6, 109.7, 109.6, 92.4, 87.7, 55.41, 55.36, 45.7,
41.0, 18.3, 17.1. HRMS (EI+) m/z: [M]" Calcd for C;5H;,03 240.11448; Found 240.11475 and 240.11473.

6-Phenyl-6,7-dihydro-[1,3]dioxolo[4,5-f]benzofuran (4e)

O

Synthesized according to general procedure 4-1 with secondary alcohol 18¢ (96.35 mg, 300 umol). Dihydrobenzofuran
4e was obtained as a colorless liquid (55 mg, 229 pmol, 76%).

TLC: R;= 0.68 (20% EA in PE). 'TH NMR (400 MHz, CDCls): § [ppm] = 7.43 — 7.29 (m, 5H), 6.66 (s, 1H), 6.47 (s,
1H), 5.91 (dd, J=4.0, 1.3 Hz, 2H), 5.75 (t, /= 8.8 Hz, 1H), 3.53 (dd, J=15.2, 9.5 Hz, 1H), 3.13 (dd, J=15.1, 8.2 Hz,
1H). BC{'H} NMR (101 MHz, CDCl3): § [ppm] = 154.3, 147.5, 142.0, 141.8, 128.7, 128.2, 125.9, 117.3, 105.1,
101.2, 93.2, 85.0, 38.6. HRMS (EI+) m/z: [M]" Calcd for CsH;2,03 240.07810; Found 240.07825.
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4.4.6 Kinetic studies for dihydrobenzofuran cis/trans isomerization and

deuteration

Isomerizations and deuterium labelling of dihydrobenzofuran derivatives was conducted according to general
procedure 4-F. 50 pL aliquots were removed from the reaction mixtures and diluted with 550 pLL CDCl3 or CD3;CN.
Yields were determined via '"H NMR with 1,1,2,2-tetrachloroethane or the residual solvent signal as standard. The
methyl group at the 3-position was used to determine yield and cis/trans ratios. Deuteration degrees were determined
by comparison of the integrals for the benzylic hydrogens with the integrals for the methyl group in the 3-position.

The assignments of the signals and the procedure for determination of deuteration degrees is demonstrated exemplarily

for deuteration of a 1:1 mixture of trans-4c-do and cis-4c-do.

Major pathway: Minor pathway:
Activation of position 2 Activation of position 3

E CH3 D CH3 :

E @Eg/ @ @Eg @ Deuteration to .

! trans-4c-d;

E trans-4c-2-d, trans-4c-3-d, .

CH3 ) PC N o e o e !

'Pr3SiSH + .
O O OMe Keco;
o DZO 3 3
MeCN CHj D CHj
4c-dy 440 nm

cis/trans = 1:1

cis-4c-d,

. O2,.2
O
o
<
®
+
- Oz,.2
o
=
®

Deuteration to

Upon prolonged reaction time: Deuteration in both benzylic positions

E D CH3 D CH3 E
E cis-4c-d, trans-4c-d, ;

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

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

Scheme 4.12. A 1:1 mixture of cis-4c-do and trans-4c-do initially generates monodeuterated products cis-4c-2-d1, trans-4c-2-du,
cis-4¢c-3-d1, and trans-4c-3-di. With prolonged reaction time, the doubly deuterated products cis-4c-d> and trans-4c-d> form.
Product loss occurs predominantly due to oxidation of dihydrobenzofuran 4c to the corresponding benzofuran 35.
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Figure 4.11. 1:1 mixture of trans-4c-do and cis-4c-do. The individual areas relevant for determination of yields and deuteration
degrees are depicted individually in Figures 4.12 — 4.15.

Area 1: The aromatic region is crowded and due to overlaps between the diasterecomers, photocatalyst, and side
products it is less suited for analysis than other areas.

Area 2: This area contains the benzylic hydrogens of position 2. cis- and trans-isomer are well separated, and the area
is free of other signals that might interfere. These signals were used to determine the deuteration degrees in the
2-position by comparison of the respective integral with the integral of the methyl group of the 2-position (area 7).
Changes in area 2 during the reaction are depicted in Figure 4.12.

Area 3: Methoxy groups. The signals for both diastereomers are overlapping. Thus, they are less suited for analysis
than other areas. The signal for the methoxy group of side product 35 also appears in this area. Changes in area 3
during the reaction are depicted in Figure 4.13.

Area 4: This area contains the benzylic hydrogens in position 3 and was used to determine the deuteration degree in
position 3, where possible. The diastereomers are well separated, but in some reactions side products and impurities
are interfering, especially when the respective signals are of low intensity due to high degree of deuteration.
Deuteration in the 3-position can also be determined from the methyl group in position 3 (area 7). Changes in area 4
during the reaction are depicted in Figure 4.14.

Area 5: Residual H>O, and HDO. The intensity increases with reaction progress, as abstracted H-atoms end up in the
deuteron reservoir (D,0O). As these signals do not belong to the molecules of interest, no information was extracted
from this are.

Area 6: The solvent residual signal (residual acetonitrile-d>) was used as internal standard.
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Area 7: Methyl groups in position 3. The signals for both diastereomers are well separated and were used to determine
the relative concentration of cis-4¢ and trans-4¢. Upon H-D exchange in position 3, the doublet changes to a broadened
singlet, as expected. Deuteration in position 3 can be estimated from these signals and gives results consistent with

those obtained from the integrals for the protons in the 3-position. Changes in area 7 during the reaction are depicted
in Figure 4.15.

H
OC Hs cis-de-do trans-4c-do
(0]

/l \ \\ trans-4¢-3-di

L T
580 579 578 6577 576

T T
5.15 5.14 513 56.12 511 5.10

. .

T T
595 590 585 580 575 570 565 560 555 550 545 540 535 530 525 520 515 5.10

ppm
Figure 4.12. Area 2 during the HAT/RRPCO/deuteration reaction, starting with a 1:1 mixture of cis-4c-do and trans-4c-do,

(Scheme 4.12). The large spectrum shows the *H NMR spectrum before irradiation. Inserted superimposed spectra were measured
at t =0 min (blue), 10 min (red), 80 min (green), and 350 min (black). The fast consumption of the cis-isomer is evident by the
strong decrease in signal intensity within the first minutes of irradiation. C-H activation in the 3-position can be seen by the initial
appearance of a new singlet for trans-4c-3-dx at 5.124 ppm which later decreased again upon deuteration to trans-4c-dz. As this

signal grows substantially slower than the signal for cis-4c-do decreases, it is evident that C-H activation in the 2-position is faster
than C-H activation in the 3-position.
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Figure 4.13. Area 3 during the HAT/RRPCO/deuteration reaction, starting with a 1:1 mixture of cis-4c-do and trans-4c-do,
(Scheme 4.12). The large spectrum shows the *H NMR spectrum before irradiation. Inserted superimposed spectra were measured
att =0 min (blue), 10 min (red), 80 min (green), and 350 min (black). The concentration of the cis isomer decreases within minutes
of irradiation (signal at 3.78 ppm) while the concentration of the trans isomer increases (signal at 3.79 ppm). Upon prolonged
reaction time, the concentration of trans-4c also decreases, mostly due to formation of the oxidation product benzofuran 35. This
is evident by the appearance of a singlet at 3.86 ppm. The corresponding methyl group in position 3 of benzofuran 35 appears at
2.45 ppm. The *H NMR spectrum of benzofuran 35 in CD3sCN can be found in section 7.4.3.
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Figure 4.14. Area 4 during the HAT/RRPCO/deuteration reaction, starting with a 1:1 mixture of cis-4c-do and trans-4c-do,
(Scheme 4.12). The large spectrum shows the *H NMR spectrum before irradiation. Inserted superimposed spectra were measured
att =0 min (blue), 10 min (red), 80 min (green), and 350 min (black). The signal of cis-4c decreases within minutes of irradiation,
while the signal for trans-4c first increases slightly (due to cis/trans isomerization) and then decreases slowly, demonstrating an
increasing degree of deuteration in the 3-position. The multiplet structure for the trans-isomer changes from a quintet to a quartet
upon deuteration in the adjacent 2-position (inserted black spectrum, measured at 350 min). Additional signals for side products
appear in the range of 3.60 — 3.75 ppm over the course of the reaction and overlap with cis-4c, thus, making this signal not suited
for determination of the deuteration degree in the 3-position of cis-4c. The deuteration degree in the 3-position of trans-4c was
determined by comparison of the integral for the benzylic hydrogen atom with the methyl group in the 3-position. The integral for
the methyl signal of trans-4c at 350 min is 1.73. With an integral for the proton in the 3-position of 0.29 a deuteration degree of

50% is obtained. This is in agreement with the deuteration degree as determined solely from the methyl group (48%, see
Figure 4.15).
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Figure 4.15. Area 7 during the HAT/RRPCO/deuteration reaction, starting with a 1:1 mixture of cis-4c-do and trans-4c-do,
(Scheme 4.12). The large spectrum shows the *H NMR spectrum before irradiation. Inserted superimposed spectra were measured
at t =0 min (blue), 10 min (red), 80 min (green), and 350 min (black). Inserted black spectra show the respective methyl-signal
after 350 min of irradiation. The methyl groups of trans-4c-do and cis-4c-do give a doublet at 1.36 ppm (J = 6.8 Hz, trans-4c-do)
and 0.77 ppm (J = 7.2 Hz, cis-4c-do) which, upon deuteration in the 3-position, change to a singlet at 1.35 ppm (trans-4c-3-d1 and
trans-4c-dz) and 0.76 ppm (cis-4c-3-d1 and cis-4c-d2). The deuteration degree in the 3-position was determined by comparison of
the integral for the proton in the 2-position with the integral for the methyl group in the 3-position and additionally from the
coupling pattern of the methyl signal to verify the deuteration degrees determined by either method. The deuteration degree in the
3-position at 350 min as determined solely from the methyl signal is (1.29 — 0.45)/(1.29 + 0.45) = 48%. The deuteration degree in
the 3-position at 350 min as determined from the signal for the benzylic hydrogen is 50%. Thus, both methods give similar results.
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Kinetics with cis-4c¢

Major pathway: Minor pathway:
Activation of position 2 Activation of position 3
E CHs D, CHs E
; AP . ) :
' q o OMe " OMe Deuteration to !
! lo) (e} trans-4c-d; |
E trans-4c-2d, trans-4c-3-d, :
CHs _ PC e eeeoemmoooo- . - . . N ;
__PrsSiSH__ - -
O Q pome KOs T T
o] D20 : .
cis-4c-d, 440 nm ! D . '
H 3\ 3 ,
! O nea O OMe O n: O OMe Deuteration to |
: (o] (o] cis-4c-d, ;
: cis-4c-2d, cis-4c-3-d, 5
1

Scheme 4.13. Deuteration of cis-4c-do gives trans-4c-2-d1, trans-4c-3-di, cis-4c-2-di1, and cis-4c-3-di. With increasing reaction
progress, the corresponding species with deuteration in both benzylic positions (cis-4c-d2 and trans-4c-d>) are also formed. Product
losses can be attributed predominantly to oxidation of dihydrobenzofuran 4c to the corresponding benzofuran 35 (Scheme 4.12).
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Figure 4.16. Relative concentrations of cis-4c (sum of cis-4c-do, cis-4c-2-d1, cis-4c-3-d1, and cis-4c-d2) and trans-4c (sum of
trans-4c-do, trans-4c-2-ds, trans-4c-3-di, and trans-4c-dz) starting from cis-4c-do.
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Figure 4.17. Deuteration degrees of cis-4c and trans-4c in the 2-position and 3-position, starting from cis-4c-do. Due to the low
concentration and fast deuteration of cis-4c, deuteration degrees of cis-4c could not be determined after 15 min. The deuteration of
trans-4c in the 2-position during the first minutes of the reaction is almost twice as high as in the 3-position. This demonstrates a
2.0-fold preference for activation of the 2-position over the 3-position in cis-4c which is similar to the 2.4-fold preference for
activation of the 2-position over the 3-position in trans-4c (see Figure 4.22). The values for regioselectivity are under the
assumption that protonation of the carbanion in the 2-position and in the 3-position has a similar cis/trans-selectivity.
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Figure 4.18. Natural logarithm of the integral for the proton in 2-position of cis-4c. Deuteration of the substrate can be
approximated by a first order kinetic with a rate constant of 1.6*10°! min-t. Small deviations from a first order kinetic are expected
because cis-4c-d: and trans-4c-d; are also activated under the reaction conditions and constantly regenerate small amounts of
cis-4c-do. Conversion of cis-4c-do includes the reactions giving cis-4c-2-d1, trans-4c-2-ds, and trans-4c-3-ds.
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REGIO-, DIASTEREO- AND ENANTIOSELECTIVITY IN THE PHOTOCATALYTIC GENERATION OF
CARBANIONS VIA HYDROGEN ATOM ABSTRACTION AND REDUCTIVE RADICAL-POLAR CROSSOVER
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Figure 4.19. Ratio of trans/cis-4c during the reaction including all deuterated and non-deuterated species.
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Kinetics with trans-4c

Major pathway: Minor pathway:
Activation of position 2 Activation of position 3
E CH3 D, CH3 :
E 3 D + 3 \
: i OMe P OMe Deuteration to !
' (0] 0] trans-4c-d; .
E trans-4c-2d, trans-4c-3-d, 1
CH3 . PC L L L L oo o oo ool R | | | | _ _ _ _ _ _____ 4
_ PrgSiSH + +
o prome T RLO, T
of D0 )
MeCN ! CH CH i
trans-4c-d, 440 nm DS DU '
1 3\ + 3 I
! OMe OMe Deuteration to !
' 0 (o] cis-4c-d, '
: cis-4¢-2d, cis-4¢-3-d,

Scheme 4.14. Deuteration of trans-4c-do gives trans-4c-2-d1, trans-4c-3-ds, cis-4c-2-dy, and cis-4c-3-di. With increasing reaction
progress, the corresponding species with deuteration in both benzylic positions (cis-4c-dz and trans-4c-dz) are also formed. Product
losses can be attributed predominantly to oxidation of dihydrobenzofuran 4c to the corresponding benzofuran 35 (Scheme 4.12).
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Figure 4.20. Relative concentrations of cis-4c (sum of cis-4c-do, cis-4c-2-d1, cis-4c-3-d1, and cis-4c-d2) and trans-4c (sum of
trans-4c-do, trans-4c-2-ds, trans-4c-3-ds, and trans-4c-dz) starting from trans-4c-do (d.r. = 10:1).
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Figure 4.21. Deuteration degrees in the benzylic positions of 4c, starting from trans-4c-do. Due to the constantly low concentration
of cis-4c and fast deuteration, its deuteration degree in the 2-position could not be determined. The deuteration degree of cis-4c in
the 3-position was determined from the signal for the methyl group in the 3-position until the signal intensity became too low (after
120 min). The deuteration degree of trans-4c in the 3-position was determined from the integral for the proton in the 3-position by
comparison with the integral for the methyl group in the 3-position (trans-4c (3-position, via 3-H)), and additionally, from the
signal for the methyl group in the 3-position (trans-4c (3-position, via Me)). The initial fast increase in deuteration degree of cis-4c
in the 3-position is explained by the high reactivity of residual cis-4c in both benzylic positions.
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Figure 4.22. Natural logarithm of the signal intensities of the benzylic protons of trans-4c. C-H activation of the substrate can be
approximated by a first order kinetic with a rate constant of 1.7*102 min! for deuteration of the 2-position and a rate constant of
7.2*10- min! for deuteration of the 3-position. Small deviations from a first order kinetic are expected because cis-4c-di and
trans-4c-d:; are also activated under the reaction conditions and constantly regenerate small amounts of trans-4c-do. After
180 minutes, almost the final deuteration degrees are reached (Figure 4.21). Thus, data points after 180 min were excluded from
approximation of the rate constant.
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Figure 4.23. Ratio of trans/cis-4c during the reaction including all deuterated and non-deuterated species. The initial rapid increase
in trans/cis ratio followed by a slight decrease is likely due to a kinetic isotope effect leading to faster C-H abstraction compared
to C-D abstraction and, thus, a change in relative activation rates upon increasing deuteration degree of cis-4c. Kinetic isotope
effects under identical reaction conditions have been analyzed in chapter 3 for ethyl anisole.

Kinetics with a diastereomeric mixture of cis/trans-4c

Major pathway: Minor pathway:
Activation of position 2 Activation of position 3
E CHj D, CHs E
E P + 3 ,
' a2 OMe " OMe Deuteration to |
' (e} (0} trans-4c-d; |
E trans-4c-2d, trans-4c-3-d, i
CHs BRI EREREREEE ’
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Scheme 4.15. Deuteration of a 1:1 mixture of cis-4c-do and trans-4c-do gives trans-4c-2-di, trans-4c-3-di, cis-4c-2-di, and
cis-4c¢-3-di1. With increasing reaction progress, the corresponding species with deuteration in both benzylic positions (cis-4c-d2 and
trans-4c-dz) are also formed. Product losses can be attributed predominantly to oxidation of dihydrobenzofuran 4c to the
corresponding benzofuran 35 (Scheme 4.12).
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Figure 4.24. Relative concentrations of cis-4c (sum of cis-4c-do, cis-4c-2-d1, cis-4c-3-d1, and cis-4c-d2) and trans-4c (sum of

trans-4c-do, trans-4c-2-di, trans-4c-3-d1, and trans-4c-d) starting from a 1:1 mixture of cis-4c-do and trans-4c-do. Determined
from the methyl group in the 3-position.
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Figure 4.25. Deuteration degrees in the 2-position. After 20 minutes, the signal for cis-4c-do is not distinguishable from the noise
anymore. The actual degree of deuteration is likely between 95 — 100%. The deuteration degree was determined by comparison of
the integral for the proton in the 2-position with the integral of the methyl group in the 3-position. Deuteration in the 3-position
was also observed and is depicted in Figure 4.26.
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Figure 4.26. Deuteration degrees in the 3-position. After 60 minutes, the signal for cis-4c-do is not distinguishable from the noise
anymore. Deuteration in the 3-position of cis-4c was determined from the signal for the methyl group in the 3-position
(cis-4c (3-Me)). Deuteration in the 3-position of trans-4c was additionally determined by comparison of the integral for the proton
in the 3-position (trans-4c (3-H)). Both methods give similar results.
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Figure 4.27. Natural logarithm of the integrals for the benzylic protons in the 2-position of cis-4c and trans-4c (see Figure 4.13,
area 2). Deuteration in the 2-position can be approximated by a first order kinetic with rate constants of 2.0*10 min-* for cis-4c
and 1.1*10-2 min* for trans-4c. Deuteration of trans-4c can be separated into 3 parts: <20 min mostly cis-4c is activated and
isomerized to trans-4c due to the higher reactivity of cis-4c. The slight initial increase in signal intensity for the proton in 2-position
of trans-4c is explained by the activation of cis-4c-do in the 3-position, generating trans-4c-3-d: which still contains a proton in
the 2-position. Additionally, the presence of residual protons (residual H20, abstracted H-atoms, silane thiol) can protonate a small
fraction of the intermediate carbanions in the isomerization of cis-4-do to give some trans-4c-do. Between 20 — 60 min, the
predominant reaction is deuteration in the 2-position of trans-4c (trans-4c-do and trans-4c-3-d1) (orange) until C-D activation of
the 2-position of trans-4c-2-d1 and trans-4c-d2 becomes more dominant due to high degree of overall deuteration. Thus, the middle
part was used for an approximation of the rate constant for C-H activation in the 2-position of trans-4c in the mixture.
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Figure 4.28. Ratio of trans/cis-4c during the reaction including all deuterated and non-deuterated species. The trans/cis ratio
increases quickly until cis-4c-do is consumed (see Figure 4.24). As C-H activation of cis-4c-do is likely faster than C-D activation
of cis-4c-d: due to a primary Kinetic isotope effect the increase in trans/cis ratio in the intermediate part of the experiment is slower.
With increasing deuteration of trans-4c its activation slows down and the relative reaction rate for activation of cis-4c over trans-
4c increases again.

40
35
30
25
20
15 o
10 o

S

0

0 50 100 150 200 250 300 350 400

trans/ cis-(4c-2-d, + d,)

t[min]

Figure 4.29. Ratio of (trans-4c-2-di + trans-4c-dz)/(cis-4c-2-d1 + cis-4c-d2) during the reaction. The products deuterated in the
2-position have only a low trans/cis ratio of 1:2.6 after 5 minutes of reaction which increases 14-fold over 350 minutes. This
demonstrates that the cis/trans-isomerization is Kinetically driven in the C-H abstraction step and only a small part of the selectivity
arises from selective protonation/deuteration.
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Kinetics with a diastereomeric mixture of cis/frans-4d

Major pathway: Minor pathway:
Activation of position 2 Activation of position 3

P CHy pCHs ‘:
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K,CO4
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OMe MeCN
4d-d, 440 nm

cis/trans = 1:1.4 Deuteration to

cis-4c-d,
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Scheme 4.16. Deuteration of a 1:1.4 mixture of cis-4d-do and trans-4d-do gives trans-4d-2-dz, trans-4d-3-dy, cis-4d-2-d1, and cis-
4d-3-d1. With increasing reaction progress, the corresponding species with deuteration in both benzylic positions (cis-4d-d2 and
trans-4d-dz) are also formed. Product losses can be attributed predominantly to oxidation of dihydrobenzofuran 4c to the
corresponding benzofuran as observed for substrate 4c (Scheme 4.12).
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Figure 4.30. Relative concentrations of cis-4d (sum of cis-4d-do, cis-4d-2-d1, cis-4d-3-di1, and cis-4d-dz) and trans-4d (sum of
trans-4d-do, trans-4d-2-ds, trans-4d-3-dz, and trans-4d-dz) starting from a 1:1.4 mixture of cis-4d-do and trans-4d-do. Determined
from the integral for the methyl group in the 3-position.
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Figure 4.31. Deuteration degrees in the 2-position of 4d. Determined from comparison of the integral for the proton in the
2-position with the methyl group in the 3-position.
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Figure 4.32. Natural logarithm of the integral for the benzylic proton in the 2-position of trans-4d. As only few data points have
been collected, no exact rate constant can be extracted. Most of the cis/trans-isomerization is completed within 60 minutes and
high deuteration of trans-4d is reached within 120 minutes (see Figures 30 and 31). Thus, the rate constant for C-H activation of
the 2-position of trans-4d can be roughly approximated by the slope between 60 — 120 min with 1.0*102 mint which is close to
the 4-substituted derivative trans-4c-do (1.1*102, see Figure 4.27). Only deuteration in the 2-position was considered.
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Figure 4.33. Ratio of trans-4d/cis-4d during the reaction including all deuterated and non-deuterated species.

The influence of the d1 time in the 'H NMR experiments was tested on the example of compound 4d. The difference
in integrals of the signals for the hydrogen at the 2-position and the methyl group at the 3-position were chosen as
reference points and calibrated on 1,1,2,2-tetrachloroethane added as internal standard. As can be seen in Table 4.3

the difference in integrals with longer d1 time is small and the default d1 time of 2 s is sufficient for estimation of

yield and deuteration degrees.

Table 4.3. Difference in integrals in dependence to the d1 time, relative to d1 =2 s.

di[s] cis-H (0 h) trans-H (0 h) trans-Me (0 h) trans-H (1 h) trans-Me (1 h)
2 0% 0% 0% 0% 0%
5 6% -2% -4% -6% -6%
20 2% -2% -10% -5% -11%
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4.4.7 Deracemization via enantioselective HAT with chiral silane thiols

4.4.7.1 TADDOL-derived silane thiols as HAT reagents and their stability

Initial tests to evaluate whether TADDOL-derived chiral silane thiols are capable of catalyzing carbanion generation
via a HAT/RRPCO sequence were conducted with heptyl benzene (2w) and ethyl anisole (2e). Both substrates reacted
cleanly with good deuterium incorporation into the benzylic position under the reaction conditions of general

procedure 4-F with chiral HAT-catalyst (R,R)-10a as depicted in Scheme 4.17.
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Scheme 4.17. Chiral silane thiol (R,R)-10a is an efficient HAT catalyst for photocatalytic generation of benzyl carbanions.
Deuteration and nucleophilic addition®® were used as mechanistic probe. NMR yield in parentheses.

The hydrolytic stability of HAT catalyst 10a is sufficient for use under standard reaction conditions for benzylic
deuteration according to general procedure 4-F. After 16 h of irradiation 42% of the initial catalyst are still present in
the deuteration of ethyl anisole (2e). 53% of the corresponding silanol were detected. In the deuteration of heptyl
benzene (2w) 24% of the silane thiol remained after 16 h of irradiation together with 42% silanol.

No decomposition of silane thiols 10 was observed during storing at ambient conditions under air for up to 2 years.
The corresponding chlorosilanes in solid form can also be stored at ambient conditions without notable decomposition.
However, in solution hydrolysis to the silanols occurs within hours in the presence of water. The difference in chemical
shifts between both methine protons of the TADDOL backbone is substantially smaller in the silanols compared to the
corresponding chlorosilanes and even larger in silane thiols for all TADDOL-based silicon compounds synthesized in
this work. The lack of other signals in the range of 5 — 6 ppm makes these protons most suitable for following the fate
of these silicon compounds during reactions. A comparison of the signals for the methine protons of chlorosilane 30d,

silane thiol 10d and silanol 31d is depicted in Figure 4.34.
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Figure 4.34. Comparison of the methine protons of TADDOL-based silicon compounds 31d, 10d, and 30d. Only the section of
the *H NMR spectra showing the methine protons of the TADDOL backbone are depicted. The respective compounds have been
isolated and characterized in section 4.4.3.3. 400 MHz, CDCls. Chemical shifts in CD3CN differ only slightly and follow the same
trend.

4.4.7.2 Deracemization with chiral HAT-reagents

Deracemizations were performed according to general procedure 4-F for benzylic deuteration. Deuteration was used
as mechanistic probe to confirm benzylic C-H activation and evaluate the efficiency of the HAT catalysts. For easy
determination of NMR yield and deuteration degrees reactions were performed in CD3CN and the solvent residual
signal used as internal standard. Under anhydrous conditions proton/deuteron-abstraction from the solvent by highly
basic carbanions and reprotonation can change the deuteration degree of the solvent as reported previously. Solvent
deprotonation is outcompeted in the presence of 10 equivalents (corresponds to a concentration of 1 mol/L) D,O/H,O
and thus the residual solvent signal can be used as internal standard under the reaction conditions.

To minimize errors in the determination of the enantiomeric excess due to impurities, compounds subjected to chiral
HPLC analysis were purified via preparative TLC.

An initial screening of chiral compounds of Scheme 4.7 with TADDOL-based silane thiols 7a, 7b, and 7¢ gave a
notable enantiomeric excess only for isochromane derivative Sb. The enantiomers of acyclic benzyl ethers (7a, 7b,
7¢) did not fully separate on the chiral HPLC and low selectivity might have been overlooked. However, separation
was sufficient to exclude moderate enantioselectivity. Enantiomers of benzochromene derivative 5¢ and
dihydrobenzofuran derivative 4b showed good separation on the chiral HPLC but did not give any enantiomeric
excess. Thus, isochromane derivative Sb was chosen as model substrate for the optimization depicted in Table 4.4.

Table 4.4. Deracemization of isochromane derivative 5b viaa HAT/RRPCO/protonation sequence.
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. OD4OD (10 equiv), ODCN(solvent) £ S B 2 B
Entry HAT catalyst T H*/D* time[h] ee Config. deuteration yield

1 (R,R)-10a rt H.0 6h 4% (R) - 65%?

2 (RR)-10a  -17°C  CDsOD 6h 6% (R) 78% 81%?

3 (RR)-10a  -17°C - 6 h 7% (R) 89% 77%?

4 (RR)-10b  -17°C D0 6h 3% (R) 79% 78%%/94%"

5 (RR)-10b  -17°C H.0 6h 2% (R) - 75%?

6 (R,R)-10c  -17°C D0 6h  -19% (S 69% 87%7/89%"

7 (R,R)-10c  -17°C H.0 6h  -13%  (S) - 85%?

8 (RR)-10a  -17°C D0 16 h 7% (R) 93% n.d.

9 (R,R)-10c  -17°C D0 16h  -32% (S 90 79%?

10 (R,R)-10c  -17°C ; 16h  -25%  (S) 60% 77%?

11 (RR)-10d  -17°C D0 16h  13%  (R) 96% n.d.

12 (S,5)-10d  -17°C D0 16h  -11% (S 93% 87%?

13 (S,S)-10e -17°C D0 16h  14%  (R) 93% 64%?

14 (S,S)-10c -17°C D0 16h  32% (R) 88% 82%%/>95%"

15 (S,5)-10c -17 °C DO 24 h 33% (R) 92% n.d.

16 (S,S)-10c -17 °C  D,Olacetone 16 h 37% (R) 91% 40%*?

17 13 -17 °C - 16 h 10% (R) 76% 66%°

18 13 -17 °C DO 16 h 12% (R) 96% 44%"

19 11 -17 °C D0 16 h 1% (R) 91% 820%?

20 12a -17 °C DO 16 h - - <5% No conversion

Reactions were performed according to general procedure 4-F. *Isolated yield; "™NMR yield with solvent residual signal as internal
standard. The absolute configuration of the major product was determined via chiral HPLC analysis and comparison with literature

data.’
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Entry 14:

400-
3801
360
340
320
300
2801
2601
240

5 2201

£ 2001
180-
160-
140-
120-
100-

80-
601

40
20
0+

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Time [min]

d
6.365

47.284

Entry 9:

425
400
3757
3501
325-
3007
275
2501

2 225

E 200+
175
1501
1254
1004

751

50
254
0

T T T T T T T T T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Time [min]

> |
7.234

8.224
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Racemic Sb-do:

J

3201
3001 \
2801
260
2401
2201
2001
180-

2 160-

£
140
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80-
60-
40-

207
0

7.19

48.123

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Time [min]

Racemic Sb-di:

120+

7.093

o
47972

110+

100+

90

80

70
60

mAU

50

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Time [min]
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1:1 mixture of racemic Sb-do and 5b-di

170 ©

S
160 e
150
140
130+
1201

7.946

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Time [min]

It is worth mentioning that (R)-5b-do and (R)-5b-d1 have slightly different retention times. At moderate deuteration

degrees this leads to a slight broadening of the respective signal.
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4.4.7.3 Unsuccessful substrates
Substrates depicted in Scheme 4.18 were tested under the optimized reaction conditions (Table 4.4, entry 14).
However, only low or no enantiomeric excess was observed, or enantiomers were not sufficiently separable to

determine the ee.

3DPA2FBN (1a)

K,CO3 PC 1a : Photocatalyst: HAT catalyst: :
AW s R T O B

H ,ReSISH RsSIS D, | Ph,N NPhy | o 0 |
J<R1 J<R1 i | >< Si—SH '
R 451 nm R' 1 F Fooo o :
A-dy Ad, NPh; ; ;

OMe MeO D
D oM OMe
MeO ‘ CHs D¢ ‘ D
O MeO ‘ MeO I I

MeO
7a'd1 7b'd1 7f'd1 7k'd1
>95% D? 41% D 88% D 48% D
10% eeP 11% eed 6% ee®

OMe
4C'd1 50'd1
65% D 55% D
0% ee® 0% ee®

Scheme 4.18. Substrates tested for deracemization where only small or no enantiomeric excess was observed. 2Poor separation of
enantiomers; ee could not be determined. PModerate separation of enantiomers; ee is only a crude estimate. °Enantiomers
sufficiently separated. YImpurity overlapping with major enantiomer; ee is only a crude estimate.

The lower enantiomeric excess of the compounds depicted in Scheme 4.18 compared to isochromane derivative Sbh
might be explained by the higher flexibility (7a, 7b, 7f, 7k), smaller steric difference between the substituents at the
stereocenter and decreased reactivity (7b, 7f, 5¢). However, this is only speculation, and there is not sufficient data

to draw such conclusions at the current state.
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4.4.8 In situ generation of the active photocatalyst by photocyclization of
3DPA2FBN

The photocatalyst 3DPA2FBN used in this work is not stable under irradiation. Under the reaction conditions for
benzylic C-H activation it is converted within minutes. Multiple products were observed but could not be fully
separated by column chromatography. These products arise from an intramolecular condensation of one or two of the

diphenylamino groups onto the cyanobenzene core as has been reported for a similar photocatalyst.*?

Two products
formed by condensation of one diphenylamino group (1d-1 and 1d-2) and two products in which two diphenylamino
groups are condensed onto the acceptor part (1e-1 and 1e-2) were identified by high resolution mass spectrometry and
partially isolated in a separate batch where only 3DPA2FBN was irradiated in MeCN. The isomers were not separable
via column chromatography but a fraction containing a mixture of 1d-1 and 1d-2 and a fraction containing a mixture

of 1e-1 and 1e-2 were obtained.

© CN@ N @ CN ' Single condensation
N N N N N N 5

©/ O - . ©/ ©/ O O | m/z calc: 620.2376
F F 440 nm F Q F ' Found: 620.2373
: N. : MeCN N O '

3DPA2FBN (1a) 1d-1 1d-2

m/z calc: 640.2439
not found

' Double condensation

\ m/z calc: 600.2314
Found: 600.2317
3DPA2FBN
1d-1 + 1d-2
1e-1 + 1e-2

t[min] 0510 15 25 35 45

Scheme 4.19. Photocatalyst 3DPA2FBN undergoes intramolecular condensation under irradiation.
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PC

iPr,SiSH - PC (3 mol%):
CHs ﬂ, CcH 3DPA2FBN: 85%D
CD4CN/D,0 3 1d-1 + 1d-2: 89%D
20 1e-1 +1e-2: 10%D
440 nm

za'do 2a-d2

Scheme 4.20. The mixture of 1d-1 and 1d-2 is similarly active compared to 3DPA2FBN in photocatalytic deuteration of ethyl
benzene (2a). The mixture of 1e-1 and le-2 is almost inactive.

The mixture of 1d-1 and 1d-2 performed similar to pure 3DPA2FBN while the mixture of 1e-1 and 1e-2 was almost
inactive. Thus, 1d-1, 1d-2, or likely both, are catalytically active and as most of the conversion in the reactions
presented in this work occurs long after full photocondensation of 3DPA2FBN, these photocondensation products
should not be seen as decomposition products, but they are the actual photocatalysts in the reactions and probably also
in most other reactions where 3DPA2FBN is used. When using the mixture of 1d-1 and 1d-2 as photocatalyst, 1e-1
and/or 1e-2 are observed after the reaction. However, even after 16 h of irradiation 1d-1/1d-2 is still present, similar
to when 3DPA2FBN is used as catalyst. Thus, 3DPA2FBN can be used as pre-catalyst and the direct use of the

photocyclization products is not necessary.
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S  Summary

The concept of reductive radical-polar crossover (RRPCO) gained increasing interest within recent years. In a RRPCO
aradical intermediate is reduced to the corresponding anion, thus, changing from radical to polar reactivity. Previously
reported reactions utilizing a RRPCO include carbanion generation via decarboxylation or C-H activation, catalyzed
by fully organic TADF dyes as photocatalysts and silane thiols as hydrogen atom transfer (HAT) reagents. Reactions
of photocatalytically generated carbanions with aldehydes and ketones provide products usually obtained from
organometallic reagents such as Grignard- or organolithium reagents. However, their reactivity seemed to be limited
to rather reactive electrophiles such as aldehydes or ketones while esters do not provide the products obtained in
classical Grignard reactions.

Chapter 1 provides a comparison of organic light emitting diode (OLED) emitters of the different OLED generations
and photocatalysts originating thereof with a specific focus on thermally activated delayed fluorescence (TADF)
emitters used in third and fourth generation OLEDs. Some properties, such as photostability, excited state in the energy
range of visible light, and low rate of radiationless transitions to the ground state are generally desired for both, OLED
emitters and photocatalysts. Properties such as the rate of intersystem crossing, lifetimes and energies of singlet and
triplet excited states depend on the specific application. Fluorescence and phosphorescence rates, electron transfer and
mechanisms of energy transfer are generally designed in opposite directions depending on whether an OLED emitter
or photocatalyst is optimized. While light emission is the main goal in OLED emitters it is an unproductive pathway
in photocatalysts and high fluorescence or phosphorescence quantum yield is only a sign that other unproductive
relaxation pathways are not occurring to notable extent. Electron transfer and energy transfer via Dexter mechanism
leads to low efficiency and degradation of OLED devices while they are the desired pathways in photoredox and
energy transfer catalysis, respectively. The class of fully organic donor-acceptor type TADF emitters is of particular
interest with respect to photocatalytic carbanion generation as many of these organic dyes turned out to catalyze
reactions generating radicals, as well as RRPCO to reduce these radicals to the corresponding carbanions. In such
reactions TADF dyes are usually superior to classical platinum-group based photocatalysts used in second generation
OLEDs. The long excited state lifetime, low cost of production and general design principles for tuning of redox
properties in a wide range make donor-acceptor type TADF emitters an attractive class of photocatalysts.

Chapter 2 focuses on the stability of dicyanobenzene-based photocatalysts which are the most widely used class of
photocatalysts originating from TADF emitters. It was found that these photocatalysts can undergo photosubstitution
reactions under redox-neutral and reductive photocatalytic conditions, substituting one of the cyano groups by an alkyl
group. Moreover, under reaction conditions for photocatalytic carbanion generation this photosubstitution occurs
quantitatively in the initial phase of the reaction before carbanion generation starts. Thus, photosubstitution must not
be seen as a decomposition of the photocatalyst. Especially the photosubstitution products of the most widely used
TAFD dye 4CzIPN are stable photocatalysts with large redox window and likely the actual photocatalyst in most
reactions where 4CzIPN is employed. This also explains why previously published reactions reported to be catalyzed
by 4CzIPN were successful despite 4CzIPN not having suitable redox potentials. Photosubstitution in
dicyanobenzene-based photocatalysts generally leads to a blue shift in absorption. Thus, the use of an irradiation
wavelength not only exciting the pre-catalyst but also the photosubstitution product is necessary to enable
photocatalytic reactions. This was demonstrated on the example of 2CzPN which was initially reported as being

inferior to 4CzIPN. It turned out that 2CzPN forms photosubstitution products absorbing at wavelengths below those
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used in the initial experiments, while switching to slightly lower wavelength enabled photocatalytic reactions in some
examples even more efficiently than 4CzIPN and its photosubstitution products.

Chapter 3 focuses on the reactivity of carbanions generated via RRPCO. The seemingly low reactivity observed in
previously developed reactions was found to originate from a high basicity. Benzylic carbanions are sufficiently basic
to deprotonate many electrophiles such as aldehydes, ketones, and esters but also common organic solvents such as
acetonitrile, dimethylsulfoxide, and dimethylformamide. Thus, reactions previously assumed to be unsuccessful due
to lack of reactivity of the carbanionic intermediate are actually unsuccessful due to competing deprotonation of
reaction partners and solvents. Gas-phase experiments of carbanions, kinetic isotope effect studies, transient
absorption spectroscopy, and competitive deuteration experiments further support the conclusion that
photocatalytically generated carbanions are superbasic, short-lived, monomeric intermediates with distinct reactivity
compared to their organometallic counterparts. For future reactions this knowledge will be helpful for an intuitive
estimation of limitations regarding reaction partners and optimization of reaction conditions.

In chapter 4 the focus is shifted towards the selectivity in the C-H activation step. Due to the high reactivity and short
lifetime of photocatalytically generated benzylic carbanions, the C-H activation step was identified as the most
promising step to introduce diastereo- and enantioselectivity in reactions utilizing a RRPCO step. Deuterium labelling
was used as mechanistic probe to identify those benzylic C-H bonds that can be activated to the corresponding
carbanion and those that cannot. Bond dissociation energies (BDEs) explain why primary benzylic C-H bonds cannot
be activated by silane thiol HAT-reagents, but the general reactivity trends of secondary and tertiary benzylic C-H
bonds do not follow BDEs. However, steric hindrance in adjacent positions and electron withdrawing groups on the
arene generally explain reduced susceptibility towards benzylic C-H activation while conformational locking in ring
systems can render C-H bonds particularly reactive or unreactive, depending on the orientation of the respective C-H
bond.

The influence of steric hindrance was then investigated on the epimerization of dihydrobenzofurans. Selective
cis>trans isomerization was observed and kinetic studies and competitive deuteration experiments found the
selectivity to originate from kinetic effects in a dynamic equilibrium while the final protonation step setting the
stereocenter is unselective. This allows stereochemical editing independent of thermodynamic preferences of the
diastereomers. Late stage stereochemical editing such as cis/trans isomerization enables new synthesis routes to
complex molecules by opening easier non-diastereoselective pathways for bond-forming steps and epimerization to
the desired diastereomer at a later stage. This was demonstrated on the example of a dihydrobenzofuran derivative
with a substitution pattern not easily accessible by classical approaches.

Based on the observation that the product distribution in hydrogen exchange reactions can be determined by kinetic
selectivity in the bond-breaking step the concept was then transferred to photocatalytic deracemization at benzylic
stereocenters. Different classes of chiral silane thiols were developed as potential HAT-reagents. Silane thiols based
on tartaric acid derived TADDOL were found to be capable of inducing moderate enantioselectivity of up to 37%
under hydrogen exchange conditions. Although this enantioselectivity is far from being synthetically useful, it
provides proof of concept for the unprecedented deracemization concept of employing a photocatalytic
HAT/RRPCO/protonation sequence to separate bond-breaking from bond-forming steps and to enable the reaction
only in one direction, thus avoiding limitations caused by microscopic reversibility. Considering that chiral silane

thiols were not reported in literature and first examples of this new class of HAT-catalysts already provide moderate
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enantioselectivity it is expected that progress in asymmetric organosilicon chemistry will lead to more selective

catalysts for this deracemization approach.
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6 Zusammenfassung

Das Konzept des reduktiven Radikal-polaren Ubergangs (RRPCO) erhielt innerhalb der letzten Jahre besondere
Aufmerksamkeit. In einem RRPCO wird ein radikalisches Intermediat zum entsprechenden Anion reduziert, was
einen Wechsel von radikalischer zu polarer Reaktivitdt bewirkt. Bereits bekannte Reaktionen, die einen RRPCO
nutzen, sind unter anderem die Carbanionerzeugung durch Decarboxylierung, oder iiber C-H Aktivierung, die durch
vollstédndig organische TADF (thermisch aktivierte verzogerte Fluoreszenz) Farbstoffe als Photokatalysatoren und
Silanthiolen als Wasserstoffatomtransfer (HAT) Reagenzien katalysiert werden. Reaktionen von photokatalytisch
erzeugten Carbanionen mit Aldehyden und Ketonen ergeben Produkte, die fiir gewohnlich mit metallorganischen
Reagenzien, wie Grignard- oder Organolithiumreagenzien, erhalten werden. Jedoch scheint die Reaktivitdt dieser
unter photokatalytischen Bedingungen erhaltenen Carbanionen auf Aldehyde und Ketone limitiert zu sein, wahrend
Ester, die fiir gewdhnlich bereitwillig mit Grignard-Reagenzien reagieren, im Allgemeinen unreaktiv gegeniiber
photokatalytisch erzeugten Carbanionen zu sein scheinen.

Kapitel 1 vergleicht Emitter fiir organische Leuchtdioden (OLED) der verschiedenen Generationen und
Photokatalysatoren, die aus der OLED-Forschung hervorgegangen sind. Ein besonderer Fokus liegt dabei auf TADF-
Emittern, wie sie in OLEDs der dritten und vierten Generation verwendet werden. Manche Eigenschaften, wie
beispielsweise Photostabilitét, angeregte Zustinde mit Energien im Bereich des sichtbaren Lichts und geringe Raten
nicht-radiativer Ubergéinge zum Grundzustand sind allgemein sowohl fiir OLED-Emitter, als auch fiir
Photokatalysatoren gewiinscht. Eigenschaften wie hohe Interkombinationsraten (ISC) und Lebensdauern und
Energien von elektronisch angeregten Singulett- und Triplett-Zusténden sind abhéngig von der spezifischen
Anwendung. Fluoreszenz- und Phosphoreszenzraten, Effizienz von Elektronentransfer und der Mechanismus fiir
Energielibertragung werden fiir gewohnlich in entgegengesetzte Richtungen optimiert, je nachdem, ob OLED-Emitter
oder Photokatalysatoren entwickelt werden. Wéhrend die Emission von Licht das primére Ziel von OLED-Emittern
ist, stellt dies einen unproduktiven Weg der Relaxation eines Photokatalysators dar, sodass lange Fluoreszenz- oder
Phosphoreszenzlebensdauern nur ein Zeichen dafiir sind, dass andere unproduktive Wege vom angeregten in den
Grundzustand keinen groBen Beitrag besitzen. Elektronentransfer im Allgemeinen und Energieiibertragung iiber einen
Dexter-Mechanismus fithren in OLEDs fiir gew6hnlich zu Effizienzverlusten und geringer Haltbarkeit, wéahrend sie
das primédre Ziel in Photoredox- und Energietransferphotokatalyse sind. Vollstindig organische Donor-Akzeptor-
TADF-Emitter sind fiir die photokatalytische Erzeugung von Carbanionen besonders interessant, da viele dieser
Molekiile sowohl Reaktionen zur Erzeugung von Radikalen katalysieren, als auch ausreichende Reduktionspotentiale
fiir einen RRPCO besitzen. In solchen Reaktionen sind TADF-Photokatalysatoren den klassischen Photokatalysatoren
der zweiten Generation von OLED-Emittern, basierend auf Elementen der Platingruppe, fiir gewohnlich {iberlegen.
Die langen Lebensdauern der angeregten Zustinde, der geringe Preis in der Herstellung und das Verstédndnis dafiir,
wie einfache Modifikationen die Redoxpotentiale in einem weiten Bereich beeinflussen, machen TADF-Emitter eine
attraktive Klasse von Photokatalysatoren.

Kapitel 2 behandelt die Stabilitdt von Dicyanobenzol-basierten Photokatalysatoren, welche Teil der am weitesten
verbreiteten Photokatalysatoren aus der Gruppe der TADF-Emitter sind. Dabei wurde festgestellt, dass diese
Photokatalysatoren unter reduktiven und Redoxneutralen Bedingungen Photosubstitutionsreaktionen eingehen
kdnnen, wobei eine der Cyanogruppen durch eine Alkylgruppe ersetzt wird. Unter Reaktionsbedingungen zur

photokatalytischen Erzeugung von Carbanionen findet diese Photosubstitution in der initialen Phase der Reaktion
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statt, bevor die Bildung von Carbanionen einsetzt. Entsprechend darf die Photosubstitution nicht als Zersetzung des
Photokatalysators gesehen werden. Vor allem die Photosubstitutionsprodukte des bekannten TADF-Emitters 4CzIPN
stellen stabile Photokatalysatoren mit einem groBen Redoxfenster dar und sind vermutlich die eigentlichen
Photokatalysatoren in vielen Reaktionen, in denen 4CzIPN eingesetzt wird. Dies erklért auch, warum Reaktionen mit
4CzIPN als Photokatalysator funktionieren, die aufgrund der Redoxpotentiale des 4CzIPNs nicht moglich sein sollten.
Photosubstitution in Dicyanobenzol-basierten Photokatalysatoren fiihrt in der Regel zu einer Verschiebung der
Absorption zu niedrigeren Wellenldngen. Daher muss die Wellenlénge, mit der photokatalytische Reaktionen belichtet
werden, nicht nur auf den initial zugesetzten Vorldufer des Photokatalysators abgestimmt sein, sondern auch geeignet
sein, um das Photosubstitutionsprodukt anzuregen. Dies wurde in dieser Arbeit am Beispiel des 2CzPNs gezeigt, das
zu Beginn der Anwendung von TADF-Emittern als Photokatalysatoren fiir wenig aktiv gehalten wurde. Es wurde nun
festgestellt, dass 2CzPN Photosubstitutionsprodukte bildet, die erst bei niedrigeren Wellenldngen absorbieren, als in
den anfanglichen Experimenten verwendet wurden. Wird eine etwas kiirzere Wellenldnge zur Belichtung gewahlt,
werden die Photosubstitutionsprodukte des 2CzPNs katalytisch aktiv und in sind in machen Reaktionen dem 4CzIPN
sogar iiberlegen.

Kapitel 3 handelt iiber die Reaktivitit von Carbanionen, die iiber einen RRPCO erzeugt werden. Die scheinbar geringe
Reaktivitdt, die in vorherigen Reaktionen festgestellt wurde, konnte stattdessen auf eine hohe Basizitit der
Carbanionen zurilickgefithrt werden. Benzylische Carbanionen sind in der Regel basisch genug, um gingige
Elektrophile, wie beispielsweise Aldehyde, Ketone und Ester zu deprotonieren, aber auch klassische polare
Losungsmittel, wie Acetonitril, Dimethylsulfoxid und Dimethylformamid. Daher sind unerfolgreiche Reaktionen, die
zuvor auf eine geringe Reaktivitdt der carbanionischen Intermediate zuriickgefiihrt wurden, eher durch eine
konkurrierende Deprotonierung von Reaktionspartnern und Losungsmitteln zu erkldren. Gasphasenexperimente mit
Carbanionen,  kinetische  Isotopeneffekte,  transiente = Absorptionsspektroskopie = und  kompetitive
Deuterierungsexperimente bekréftigen die Schlussfolgerung, dass die photokatalytisch erzeugten Carbanionen
superbasische, kurzlebige, monomere Intermediate sind, mit Reaktivititen, die sich von den klassischen
metallorganischen Analoga unterscheiden. Dieses Wissen ist niitzlich fiir die zukiinftige Optimierung von Reaktionen,
die einen RRPCO beinhalten und erlaubt ein intuitives Verstdndnis fiir die Abschidtzung der synthetischen
Limitierungen.

In Kapitel 4 liegt der Fokus auf der Selektivitét der benzylischen C-H Aktivierung. Aufgrund der hohen Reaktivitét
von photokatalytisch erzeugten Carbanionen stellt der vorgelagerte Schritt zur C-H Aktivierung den
vielversprechendsten Ansatzpunkt dar, um Diastereo- und Enantioselektivitit in Reaktionen mit einem RRPCO-
Schritt zu erreichen. Dazu wurde zuerst Isotopenmarkierung mit Deuterium genutzt, um diejenigen benzylischen
Wasserstoffatome zu identifizieren, die eine C-H Aktivierung mit anschlieBender Reduktion zum entsprechenden
Carbanion zulassen. Die Bindungsdissoziationsenergien (BDEs) erkliaren dabei nur warum primére benzylische C-H
Bindungen nicht von Silanthiolen als HAT Reagenzien aktiviert werden kénnen, aber die Reaktivitdt von sekundiren
und tertidren C-H Bindungen folgt im Allgemeinen nicht den BDEs. Sterisch anspruchsvolle Gruppen in benachbarten
Positionen und elektronenziehende Substituenten am aromatischen System fithren zu einer Verringerung der
Reaktivitdt, wihrend die Fixierung in einer Konformation die Reaktivitdt steigern, oder verringern kann, je nach
Orientierung der entsprechenden C-H Bindung.

Der Einfluss sterischer Hinderung wurde dann im Hinblick auf die Epimerisierung von Dihydrobenzofuranen

untersucht. Die selektive cis—> trans Isomerisierung konnte anhand der Analyse der Reaktionskinetik und kompetitiver
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Deuterierungsexperimente auf eine kinetische Selektivitdt der C-H Aktivierung in einem dynamischen Gleichgewicht
zurilickgefiihrt werden, wéhrend die finale Protonierung, die die Konfiguration des Stereozentrums setzt, unselektiv
ist. Dies erlaubt eine stereochemische Bearbeitung, die nicht durch die thermodynamische Priaferenz fiir eines der
Stereoisomere limitiert ist. Stereochemische Bearbeitung in einem spiten Schritt einer mehrstufigen Synthese erdffnet
neue Synthesewege, indem einfache, aber nicht-stereoselektive Reaktionen fiir den Aufbau eines Molekiils genutzt
werden konnen und das ungewlinschte Diastereomer erst in einem spateren Schritt in das gewiinschte Diastereomer
umgewandelt wird. Dies wurde in dieser Arbeit anhand eines Dihydrobenzofurans gezeigt, dessen Substitutionsmuster
mit klassischen Methoden nur mit héherem Aufwand erhalten wird.

Basierend auf der Beobachtung, dass die Produktverteilung in Wasserstoffatomaustauschreaktionen durch eine
kinetische Selektivitdit im Schritt des Bindungsbruches beeinflusst werden kann, wurde das Konzept auf die
photokatalytische Deracemisierung von benzylischen Stereozentren iibertragen. Dazu wurden verschiedene Klassen
chiraler Silanthiole als HAT-Katalysatoren entwickelt. Silanthiole basierend auf dem von der Weinsdure abgeleiteten
TADDOL-Motiv erreichten dabei einen Enantiomereniiberschuss von bis zu 37%. Zwar ist diese Enantioselektivitit
zu gering, um synthetisch niitzlich zu sein, aber sie zeigt, dass das Konzept einer Deracemisierung, basierend auf einer
Sequenz aus HAT, RRPCO und darauffolgender Protonierung mdoglich ist. Wihrend nicht-photokatalytische
Methoden fiir Deracemisierungen durch mikroskopische Reversibilitéit limitiert sind, wird dies in der dargestellten
Deracemisierung vermieden, indem der RRPCO-Schritt Bindungsbruch und Bindungsbildung voneinander trennt und
der Photokatalytische Zyklus den Ablauf der Reaktion nur in eine Richtung erlaubt. Bedenkt man, dass chirale
Silanthiole in der Literatur bisher nicht vertreten waren unter den hier entwickelten Silanthiolen bereits moderat
enantioselektive HAT-Reagenzien sind, ist zu erwarten, dass Fortschritte im Bereich der Organosiliciumchemie noch

selektivere Katalysatoren fiir diesen Ansatz zur Deracemisierung hervorbringen werden.
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7  Appendix

7.1 Abbreviations

°C degrees Celsius

A wavelength

2-Bu 2-butyl

2CzPN 4,5-di(9H-carbazol-9-yl)phthalonitrile
3DPA2FBN 2,4,6-tris(diphenylamino)-3,5-difluorobenzonitrile
4CzBnBN 3-benzyl-2,4,5,6-tetra(9 H-carbazol-9-yl)benzonitrile
4CzIPN 2,4,5,6-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene
4CzMeBN 2,3,4,6-tetra(9H-carbazol-9-yl)-5-methylbenzonitrile
4CzPEBN 2,3,4,6-tetra(9H-carbazol-9-yl)-5-(1-phenylethyl)benzonitrile
a.u. arbitrary unit

APCI Atmospheric-pressure chemical ionization
Ar aryl

BDE bond dissociation energy

Bn benzyl

bpy 2,2’-bipyridine

CID collision-induced dissociation

(0)% cyclic voltammetry

cz 9H-carbazol-9-yl

dba dibenzylideneacetone

DCM dichloromethane

DET Dexter energy transfer

DFT density functional theory

DIPEA N,N-diisopropylethylamine

DMA N,N-dimethylacetamide

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

DPA 9,10-diphenylanthracene

dppe 1,2-bis(diphenylphosphino)ethane

dppp 1,2-bis(diphenylphosphino)propane
dtbbpy 4,4'-di-tert-butyl-2,2'-dipyridyl

Elcb Elimination unimolecular conjugated base
e.g. for example (lat. exempli gratia)

EIl electron ionization

EML emissive layer

EnT energy transfer

equiv. equivalent

ESI electrospray ionization

Et ethyl

et al. and others (lat. et alii)

EtOAc ethyl acetate

EtOH ethanol

ETPT electron-transfer, proton-transfer

eV electron volt

Fc ferrocene

FRET Forster resonance energy transfer

g gram

GSB ground state bleach

h hour(s)

HAT hydrogen atom transfer

H(D)AT hydrogen or deuterium atom transfer

HIE hydrogen isotope exchange

HOMO highest occupied molecular orbital

HRMS high resolution mass spectrometry
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ho
IC
iPr
IQE
ISC

kcal

LED
LUMO

MeCN
MeO
MeOH
mg
min
mL
mM
mmol
MS
n-Bu
n-dec
nm
NMR
OLED
PC

PE
PET
Ph
pKa
ppy
p-tol
R
RISC
RRPCO
S

SCE
Sn2
SNAI‘
SAS
TADDOL
TA
TADF
THF
TLC
TS
uv
ViV
Vis
VR
VS.
ZPE

incident photon energy
internal conversion
isopropyl

internal quantum efficiency
intersystem crossing
Kelvin

kilocalories

liter

light emitting diode

lowest unoccupied molecular orbital
molar (mol/L)

methyl

acetonitrile

methoxy

methanol

milligram

minute(s)

milliliter

millimolar (mmol/L)
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7.2 Appendix chapter 2

7.2.1 Cyclic voltammetry
4CzIPN (1)

N
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Potential [V]

Figure 2.8. Reductive half of the cyclic voltammogram of 4CzIPN with ferrocene as internal standard. E12(X/X™) = -1.23 V vs.
SCE.
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Figure 2.9. Oxidative half of the cyclic voltammogram of 4CzIPN with ferrocene as internal standard. E12(X™*/X) = 1.53 V vs.
SCE.
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Figure 2.10. Reductive half of the cyclic voltammogram of 2c¢ with ferrocene as internal standard. E12(X/X*) =-1.63 V vs. SCE.
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Figure 2.11. Oxidative half of the cyclic voltammogram of 2c with ferrocene as internal standard. E12(X"*/X) = 1.47 V vs. SCE.
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Figure 2.12. Reductive half of the cyclic voltammogram of 2g with ferrocene as internal standard. E12(X/X") = -1.63 V vs. SCE.
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Figure 2.13. Oxidative half of the cyclic voltammogram of 2g with ferrocene as internal standard. E12(X"*/X) = 1.43 V vs. SCE.
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Figure 2.14. Reductive half of the cyclic voltammogram of 2j with ferrocene as internal standard. E12(X/X*) =-1.69 V vs. SCE.
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Figure 2.15. Oxidative half of the cyclic voltammogram of 2j with ferrocene as internal standard. E12(X"™*/X) = 1.47 V vs. SCE.
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Figure 2.16. Reductive half of the cyclic voltammogram of 2CzPN with ferrocene as internal standard. E12(X/X™) = -1.44V vs.
SCE.
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Figure 2.17. Oxidative half of the cyclic voltammogram of 2CzPN with ferrocene as internal standard. E1(X"/X) = 1.49 V vs.
SCE.
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Figure 2.18. Reductive half of the cyclic voltammogram of photosubstitution product 4a with ferrocene as internal standard.
E12(X/X~) =-2.05 V vs. SCE.
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Figure 2.19. Oxidative half of the cyclic voltammogram of 4a with ferrocene as internal standard. E1>(X**/X) = 1.30 V vs. SCE.
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Figure 2.20. Reductive half of the cyclic voltammogram of 4b with ferrocene as internal standard. E12(X/X*) =-2.06 V vs. SCE.

250

200

<
=
=
I
5
O
-4 -3 3
-50
-100
-150

Potential [V]

Figure 2.21. Full cyclic voltammogram of 4b with ferrocene as internal standard. E12(X**/X) = 1.37 V vs. SCE.
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Figure 2.22. Reductive half of the cyclic voltammogram of 4c with ferrocene as internal standard. E12(X/X*) =-2.06 V vs. SCE.
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Figure 2.23. Full cyclic voltammogram of 4c with ferrocene as internal standard. E12(X"*/X) = 1.34 V vs. SCE.
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7.2.2 UV/Vis spectra, emission spectra, and fluorescence lifetime

UV/Vis absorbance and fluorescence emission between different photosubstitution products from the same
dicyanobenzene precursor show only minor differences. A superposition of UV/Vis spectra of some examples is
depicted in Figures 2.1 and 2.2 under results and discussion. All spectra were recorded at a concentration of 20 pM.
The excitation wavelength for recording of fluorescence emission spectra was 350 nm. The signal at 700 nm is a

technical artefact and does not arise from the compounds’ fluorescence. All emission spectra are normalized with

respect to the emission maximum.
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Figure 2.24. Superposition of the fluorescence emission of 4CzIPN and photosubstitution products. 20 uM in MeCN.
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Figure 2.25. Superposition of the fluorescence emission of 2CzPN and photosubstitution products. 20 pM in MeCN.
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Figure 2.26. UV/Vis absorption and fluorescence emission of 4CzIPN (1). 20 uM in MeCN.
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Figure 2.27. Fluorescence decay curve of 4CzIPN. 20 uM in MeCN.
Lifetime T in MeCN: 12.7 ns
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Figure 2.28. UV/Vis absorption and fluorescence emission of photosubstitution product 10. 20 uM in MeCN.
Eo-0: 2.95 eV (420 nm)
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Figure 2.29. Fluorescence decay curve of photosubstitution product 10. 20 uM in MeCN.
Lifetime T in MeCN: 17.3 ns
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Figure 2.30. UV/Vis absorption and fluorescence emission of photosubstitution product 2¢. 20 uM in MeCN.
Eo-0: 2.90 eV (428 nm)
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Figure 2.31. Fluorescence decay curve of photosubstitution product 2c. 20 uM in MeCN.
Lifetime T in MeCN: 18.1 ns
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APPENDIX

Photosubstitution product 2¢ was also measured in nitrogen saturated and oxygen saturated MeCN. In nitrogen
saturated solution 2¢ shows a prompt fluorescence on the nanosecond scale and a delayed fluorescence on the
microsecond scale. The delayed component is most likely based on thermally activated delayed fluorescence (TADF),
demonstrating that photosubstitution products of dicyanobenzene based TADF emitters are still TADF emitters.

In oxygen saturated MeCN prompt and delayed fluorescence lifetime are substantially decreased with a 4.7-fold

decrease of prompt fluorescence and a 30.1-fold decrease of delayed fluorescence. A similar effect of oxygen was

obtained for the fluorescence decay of photocatalyst 4d in chapter 3 (see Figure 3.45).

Figure 2.32. Fluorescence decay of photosubstitution product 2c in nitrogen saturated and oxygen saturated MeCN.
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Figure 2.33. UV/Vis absorption and fluorescence emission of photosubstitution product 2g. 20 uM in MeCN.
Eo-0: 2.90 eV (428 nm)
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Figure 2.34. Fluorescence decay curve of photosubstitution product 2g. 20 uM in MeCN.
Lifetime T in MeCN: 18.9 ns
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Figure 2.35. UV/Vis absorption and fluorescence emission of photosubstitution product 2j. 20 uM in MeCN.
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Figure 2.36. Fluorescence decay curve of photosubstitution product 2j. 20 uM in MeCN.
Lifetime 7 in MeCN: 18.4 ns
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Figure 2.37. UV/Vis absorption and fluorescence emission of 2CzPN. 20 uM in MeCN.
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Figure 2.38. Fluorescence decay curve of 2CzPN. 20 uM in MeCN.
Lifetime T in MeCN: 8.5 ns
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Figure 2.39. UV/Vis absorption and fluorescence emission of photosubstitution product 4a. 20 pM in MeCN.
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Figure 2.40. Fluorescence decay curve of photosubstitution product 4a. 20 uM in MeCN.
Lifetime 7 in MeCN: 11.0 ns
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Figure 2.41. UV/Vis absorption and fluorescence emission of photosubstitution product 4b. 20 pM in MeCN.
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Figure 2.42. Fluorescence decay curve of photosubstitution product 4b. 20 pM in MeCN.
Lifetime T in MeCN: 10.7 ns
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Figure 2.43. UV/Vis absorption and fluorescence emission of photosubstitution product 4¢. 20 uM in MeCN.
Eo.0:3.32 eV (374 nm)
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Figure 2.44. Fluorescence decay curve of photosubstitution product 4¢. 20 uM in MeCN.
Lifetime 7 in MeCN: 10.4 ns
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7.2.3 NMR spectra

2,4,5,6-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN, 1) '"H NMR (400 MHz, CDCls)
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3-Benzyl-2,4,5,6-tetra(9 H-carbazol-9-yl)benzonitrile (4CzBnBN, 2a) "H NMR (400 MHz, CDCl5)
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1F NMR (377 MHz, CDCl5)
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2,3,4,6-tetra(9 H-carbazol-9-yl)-5-(1-phenylethyl)benzonitrile (4CzPEBN, 2c)
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tert-Butyl (4-(2,3,4,6-tetra(9H-carbazol-9-yl)-5-cyanobenzyl)phenyl)carbamate (2d)

'H NMR (400 MHz, CDCls)
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The NMR tube was not sufficiently dried after cleaning and thus a signal for acetone is present.
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2,3,4,6-Tetra(9H-carbazol-9-yl)-5-(naphthalen-2-ylmethyl)benzonitrile (2f)
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Methyl 3-(2,3,4,6-tetra(9H-carbazol-9-yl)-5-cyanophenyl)propanoate (2h)
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Methyl 4-(2,3,4,6-tetra(9H-carbazol-9-yl)-5-cyanophenyl)cyclohexane-1-carboxylate (2i)
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2,3,4,6-Tetra(9H-carbazol-9-yl)-5-((2-methoxyethoxy)methyl)benzonitrile (2k)
'"H NMR (400 MHz, CDCl5)
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2 3 4,6- Tetra(9H—carbazol 9-yl) 5 heptadecylbenzonltrlle (01)) 'H NMR (400 MHz, CDC13)
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('H,3C)-HSQC
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Methyl 2-(3-(2,3,4,6-tetra(9H-carbazol-9-yl)-5-cyanobenzyl)phenyl)acetate (20)
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N-Methyl-N-(2,3,4,6-tetra(9H-carbazol-9-yl)-5-cyanobenzyl)acetamide (2p)

'H NMR (500 MHz, CD,Cl,)
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"H NMR (400 MHz, CDCl3)
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('H,3C)-HSQC
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'H NMR (400 MHz, CDCl5)

2 3 4 ,6- Tetra(9H—carbazol 9-yl) 5 (methyl d3)benzomtrlle (2q -d3)
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Green: Negative peak (CH, CH3), Blue: Positive peak (CH).

294



4,5-Di(9H-carbazol-9-yl)phthalonitrile (2CzPN, 3) "H NMR (400 MHz, CDCl5)
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4,5-Di(9H-carbazol-9-yl)-2-(1,2,3,4-tetrahydronaphthalen-1-yl)benzonitrile (4a)
'"H NMR (400 MHz, CDCl;
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'H NMR (400 MHz, CDCl5)
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4,5-Di(9H-carbazol-9-yl)-2-((1S,4S5,65)-6-((R)-hydroxy(6-methoxyquinolin-4-yl)methyl)quinuclidin-3-
yl)benzonltrlle (4d), diastereomer 1
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Diastereomer 2
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2,3-Di(9H-carbazol-9-yl)benzo[b]dinaphtho|[2,1-¢:1',2'-g][1,4]dioxocine-1,4-dicarbonitrile (6a)
"H NMR (400 MHz, CDCl3)
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1,4-Di(9H-carbazol-9-yl)benzo[b]dinaphtho[2,1-¢:1',2'-g][1,4]dioxocine-2,3-dicarbonitrile (6b)
"H NMR (400 MHz, CDCl3)
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2,3-Di(9H-carbazol-9-yl)-4-(4-fluorobenzyl)benzo[bh]dinaphtho[2,1-e:1',2'-g] [1,4]dioxocine-1-carbonitrile (7a)
"H NMR (400 MHz, CDCl3)
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1F NMR (377 MHz, CDCl5)
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1,4-Di(9H-carbazol-9-yl)-3-(4-fluorobenzyl)benzo[b]dinaphtho[2,1-¢:1',2'-g][1,4] dioxocine-2-carbonitrile (7b)
"H NMR (400 MHz, CDCl3)
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1F NMR (377 MHz, CDCl5)
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1,4-Difluorobenzo|[b]dinaphtho[2,1-¢:1',2'-g][1,4]dioxocine-2,3-dicarbonitrile (9)
"H NMR (400 MHz, CDCl3)
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1F NMR (377 MHz, CDCl5)
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7.3 Appendix chapter 3
7.3.1 Cyclic voltammetry

[4-(Methoxycarbonyl)benzyl]triphenylphosphonium bromide (14a)
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Figure 3.53. Reductive half of the cyclic voltammogram of 14a with ferrocene as internal standard. E12(X/X") = -1.63 V vs. SCE;
peak potential: -1.69 V vs. SCE.

(3,5-Dimethoxybenzyl)triphenylphosphonium bromide (14b)
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Figure 3.54. Reductive half of the cyclic voltammogram of 14b with ferrocene as internal standard. E12(X/X*) =-1.76 V vs. SCE;
peak potential: -2.63 V vs. SCE.
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[4-Cyanobenzyl]triphenylphosphonium bromide (14c)
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Figure 3.55. Reductive half of the cyclic voltammogram of 14b with ferrocene as internal standard. E12(X/X*) =-1.58 V vs. SCE;
peak potential: -1.64 V vs. SCE.

4-(Bromomethyl)benzonitrile (17)
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Figure 3.56. Reductive half of the cyclic voltammogram of 17 with ferrocene as internal standard. E12(X/X*) =-1.29 V vs. SCE;
peak potential: -1.39 V vs. SCE.
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2,3,4,6-Tetra(9H-carbazol-9-yl)-5-(4-methoxybenzyl)benzonitrile (4d)

sNoWy
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Figure 3.57. Reductive half of the cyclic voltammogram of 4d with ferrocene as internal standard. E12(X/X") =-1.66 V vs. SCE.
The reduction potential matches the value for similar photocatalysts synthesized in chapter 2.
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7.3.2 DFT calculations (optimized structures)

5.2.2.1 Kinetic isotope effects for hydrogen atom abstraction

Cartesian coordinates: (All optimized structures)

1b-d> (D) (TS):

312

S
1b-d: (D) : )\
|
Method: D
|
B97D3/Def2TZVP D
CHsy
MeO
Op 1 cartesian coordi
Si 2.38357400 -0.20976400 -0.06453600 H 0.93769000 -2.88240800 -0.30762400
C 2.69152200 1.39052300 0.94362100 H 0.92581100 -0.36758100 2.59262800
C 3.14931700 2.55527800 0.05250400 H -0.11783200 -1.18350600 1.41479500
C 3.63815800 1.21345500 2.14195000 H 0.59005100 -2.09916400 2.75436700
H 1.70088800 1.64974700 1.34508900 0.72155400 0.13086300 -1.38409900
H 2.50300300 2.67366000 -0.82353600 H(Iso=2) -0.22237900 0.90283900 -0.36345600
H 3.14956000 3.50187500 0.61035700 C -1.08339900 1.70715700 0.38864200
H 4.17207700 2.39334100 -0.30900300 H(Iso=2) -0.66810200 1.50971400 1.37918800
H 3.31769500 0.40813400 2.81115500 C -2.38450900 1.09393100 0.17821300
H 4.65863500 0.98565200 1.81350400 C -3.20513100 1.41440600 -0.92883400
H 3.69055700 2.13722700 2.73469300 C -2.84836800 0.09146400 1.05450500
C 3.89176300 -0.60825000 -1.17449400 C -4.41558500 0.77951500 -1.13630800
C 3.56270600 -1.44997600 -2.41809400 H -2.88007200 2.16997800 -1.63732100
C 5.04733000 -1.23902700 -0.37763100 C -4.06308800 -0.55442400 0.86008900
H 4.22784400 0.37707700 -1.53031800 H -2.23842200 -0.18017600 1.91246200
H 2.78992000 -0.97699100 -3.03248700 C -4.85888700 -0.21344500 -0.24458100
H 4.45891600 -1.58101200 -3.04040100 H -5.04206000 1.02914400 -1.98781100
H 3.20250300 -2.44822800 -2.14726400 C -0.77535200 3.08219200 -0.15322100
H 5.34747700 -0.62801200 0.47992500 H 0.25597200 3.36295400 0.07399900
H 4.77506800 -2.23011000 0.00338300 H -0.89462100 3.12855900 -1.24033800
H 5.93115400 -1.36833300 -1.01733200 H -1.44318300 3.83413100 0.29065200
C 1.98898200 -1.63707600 1.14043000 H -4.38106900 -1.31414700 1.56511400
C 1.75330700 -2.97305900 0.41946200 o -6.06245500 -0.77867100 -0.53680100
C 0.78252400 -1.29665700 2.02902500 C -6.55121700 -1.80655300 0.32457300
H 2.87375500 -1.74548400 1.78665900 H -6.70383300 -1.43069500 1.34496200
H 2.64352500 -3.31373300 -0.11830900 H -7.50883500 -2.11590400 -0.09788000
H 1.47799000 -3.75950300 1.13599300 H -5.86536400 -2.66352000 0.34853200
Thermodynamic Details:
Imaginary frequency: Vimaginary: -1047.84 cm™!
Electronic Energy (EE) -1468.5523  Hartree
Zero-point Energy Correction 0.453188 Hartree
Thermal Correction to Energy 0.481778 Hartree
Thermal Correction to Enthalpy 0.482722 Hartree
Thermal Correction to Free Energy 0.392659 Hartree
EE + Zero-point Energy -1468.0992  Hartree
EE + Thermal Energy Correction -1468.0706  Hartree
EE + Thermal Enthalpy Correction -1468.0696  Hartree
EE + Thermal Free Energy Correction -1468.1597  Hartree
E (Thermal) 302.32 kcal/mol
Heat Capacity (Cv) 105.552 cal/mol-kelvin
Entropy (S) 189.554 cal/mol-kelvin




1b-d> (D) pre-TS complex

S _Si
1b-do (D) (pre-TS) i )\
Method: '
D
B97D3/Def2TZVP D
CH,4
MeO

Op d cartesian coordi

Si 2.09484100 -0.18824900 0.01663300 H 2.34565900 0.02535600 -3.01725100
C 0.92129800 -0.47859200 1.50364700 H -0.64062500 -1.15356200 -0.90369800
C 1.32705000 0.31191500 2.75373900 H -0.12889000 0.09862700 -2.03569900
C 0.70678500 -1.96445800 1.83112800 H -0.34147500 -1.56506600 -2.59907700
H -0.04065300 -0.08370600 1.15482300 S 1.99891600 1.90088400 -0.45632800
H 1.47118900 1.37396600 2.53261100 H(Iso=2) -0.10259000 2.17587300 0.20744700
H 0.55773000 0.22469800 3.53402700 C -1.09823900 2.54757300 0.56809300
H 2.26306000 -0.06963100 3.18004900 H(Iso=2) -0.98076900 2.63720600 1.65413500
H 0.40256300 -2.54564000 0.95446600 C -2.12554000 1.50162200 0.26100500
H 1.61573300 -2.42163100 2.23885800 C -2.64146100 1.32139400 -1.03503000
H -0.07987700 -2.07643900 2.59055700 C -2.55385900 0.61178900 1.25362700
C 3.91494600 -0.57577600 0.48937300 C -3.53573900 0.30347900 -1.32367100
C 4.95945300 0.20178900 -0.32720000 H -2.32298500 1.98101900 -1.83713100
C 4.20396700 -2.08562600 0.45403200 C -3.45037900 -0.42243100 0.98536900
H 3.99289000 -0.23638500 1.53301300 H -2.17290100 0.72541900 2.26636000
H 4.80964500 1.28344400 -0.24365900 C -3.94570300 -0.58366200 -0.31514500
H 5.97389000 -0.03001000 0.02574000 H -3.92396300 0.16461100 -2.32851100
H 4.91496700 -0.05725500 -1.39060000 C -1.31795500 3.92518400 -0.05739000
H 3.50099900 -2.66285100 1.06325600 H -0.51328900 4.60643600 0.23721900
H 4.15347700 -2.47666200 -0.56856500 H -1.32169100 3.87755600 -1.15072400
H 5.21566600 -2.29049500 0.83097600 H -2.27372300 4.35316600 0.26649500
C 1.49189500 -1.23614800 -1.45661700 H -3.75304800 -1.08617000 1.78734700
C 2.34762700 -1.02906900 -2.71601900 (o) -4.81873600 -1.55890800 -0.69851100
C 0.01224500 -0.95225700 -1.75877500 C -5.24926000 -2.49734700 0.28528900
H 1.58657900 -2.28846400 -1.14664500 H -5.78721600 -1.99901400 1.10292700
H 3.38904700 -1.33067600 -2.56321200 H -5.92446900 -3.18121400 -0.23227600
H 1.95217000 -1.61621600 -3.55620200 H -4.40043700 -3.05996900 0.69670500

Thermodynamic Details:

Electronic Energy (EE): -1468.5623

Hartree

Zero-point Energy Correction: 0.456856 Hartree

Thermal Correction to Energy: 0.486187 Hartree

Thermal Correction to Enthalpy: 0.487131 Hartree
0.393325 Hartree

Thermal Correction to Free Energy:
EE + Zero-point Energy: -1468.1054 Hartree

EE + Thermal Energy Correction: -1468.0761 Hartree
-1468.0752 Hartree

EE + Thermal Enthalpy Correction:

EE + Thermal Free Energy Correction: -1468.169 Hartree

E (Thermal): 305.087 kcal/mol
105.942 cal/mol-kelvin

Heat Capacity (Cv):

Entropy (S):

197.432 cal/mol-kelvin
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1b-di (D) (TS)

314

s Si
1b-d; (D) (TS) : )\
|
Method: D
|
B97D3/Def2TZVP  H
CHj
MeO
Op d cartesian coordi
Si 2.38374400 -0.20972100 -0.06458400 H 0.93771600 -2.88259100 -0.30539300
C 2.69202100 1.39110800 0.94259700 H 0.92750300 -0.36636500 2.59358100
C 3.14915000 2.55548600 0.05064800 H -0.11679000 -1.18281600 1.41668300
C 3.63940200 1.21472000 2.14043800 H 0.59187600 -2.09788700 2.75623700
H 1.70159100 1.65037700 1.34453700 S 0.72107900 0.13001200 -1.38357100
H 2.50234000 2.67334100 -0.82509700 H(Iso=2) -0.22263600 0.90230900 -0.36295800
H 3.14956400 3.50235700 0.60803400 C -1.08355400 1.70665700 0.38918000
H 4.17173600 2.39352100 -0.31134100 H -0.66833100 1.50892500 1.37969900
H 3.31910800 0.41005200 2.81050900 C -2.38472500 1.09362000 0.17852400
H 4.65959200 0.98631400 1.81151600 C -3.20541300 1.41469800 -0.92829400
H 3.69249000 2.13896000 2.73238900 C -2.84858300 0.09076500 1.05436800
C 3.89148000 -0.60865800 -1.17500800 C -4.41595200 0.78002000 -1.13594500
C 3.56188300 -1.45067600 -2.41826600 H -2.88035400 2.17057200 -1.63645700
C 5.04728700 -1.23935800 -0.37842800 C -4.06338100 -0.55492000 0.85975900
H 4.22754500 0.37653800 -1.53120700 H -2.23856200 -0.18138100 1.91211200
H 2.78893800 -0.97776400 -3.03251400 C -4.85928000 -0.21331000 -0.24464600
H 4.45785600 -1.58199600 -3.04085400 H -5.04248600 1.03013500 -1.98726200
H 3.20164800 -2.44880800 -2.14703000 C -0.77535100 3.08177600 -0.15236900
H 5.34751700 -0.62841700 0.47915200 H 0.25597400 3.36242700 0.07496700
H 4.77521900 -2.23052100 0.00251200 H -0.89455700 3.12838200 -1.23948300
H 5.93101000 -1.36846800 -1.01830700 H -1.44314600 3.83367900 0.29162000
C 1.98988300 -1.63644700 1.14131600 H -4.38131500 -1.31500400 1.56440800
C 175388300 -2.97279500 0.42113000 o -6.06293400 -0.77830300 -0.53706100
C 0.78391900 -1.29568100 2.03044900 C -6.55186300 -1.80643700 0.32391900
H 2.87503400 -1.74448200 1.78709200 H -6.70399800 -1.43106400 1.34455100
H 2.64374900 -3.31357800 -0.11715300 H -7.50974500 -2.11516200 -0.09838700
H 1.47921800 -3.75895700 1.13822000 H -5.86635900 -2.66369600 0.34720100
Thermodynamics Details:
Imaginary frequency: Vimaginary: -1051.17cm’!
Electronic Energy (EE): -1468.5523  Hartree
Zero-point Energy Correction: 0.456419 Hartree
Thermal Correction to Energy: 0.484865 Hartree
Thermal Correction to Enthalpy: 0.485809 Hartree
Thermal Correction to Free Energy: 0.395984 Hartree
EE + Zero-point Energy: -1468.0959  Hartree
EE + Thermal Energy Correction: -1468.0675  Hartree
EE + Thermal Enthalpy Correction: -1468.0665  Hartree
EE + Thermal Free Energy Correction: -1468.1564 Hartree

E (Thermal): 304.257 kcal
Heat Capacity (Cv):

/mol

104.821 cal/mol-kelvin
Entropy (S): 189.052 cal/mol-kelvin




1b-d1 (D) (pre-TS complex)

S
1b-d; (D) (pre-TS) i )\
Method: |
D
B97D3/Def2TZVP H
CHj,
MeO
Op d cartesian coordi
Si 2.09484100 -0.18824900 0.01663300 H 2.34565900 0.02535600 -3.01725100
C 0.92129800 -0.47859200 1.50364700 H -0.64062500 -1.15356200 -0.90369800
C 1.32705000 0.31191500 2.75373900 H -0.12889000 0.09862700 -2.03569900
C 0.70678500 -1.96445800 1.83112800 H -0.34147500 -1.56506600 -2.59907700
H -0.04065300 -0.08370600 1.15482300 S 1.99891600 1.90088400 -0.45632800
H 1.47118900  1.37396600 2.53261100 H(Iso=2) -0.10259000 2.17587300 0.20744700
H 0.55773000 0.22469800 3.53402700 C -1.09823900 2.54757300 0.56809300
H 2.26306000 -0.06963100 3.18004900 H -0.98076900 2.63720600 1.65413500
H 0.40256300 -2.54564000 0.95446600 C -2.12554000 1.50162200 0.26100500
H 1.61573300 -2.42163100 2.23885800 C -2.64146100 1.32139400 -1.03503000
H -0.07987700 -2.07643900 2.59055700 C -2.55385900 0.61178900 1.25362700
C 3.91494600 -0.57577600 0.48937300 C -3.53573900 0.30347900 -1.32367100
C 4.95945300 0.20178900 -0.32720000 H -2.32298500 1.98101900 -1.83713100
C 4.20396700 -2.08562600 0.45403200 C -3.45037900 -0.42243100 0.98536900
H 3.99289000 -0.23638500 1.53301300 H -2.17290100  0.72541900 2.26636000
H 4.80964500 1.28344400 -0.24365900 C -3.94570300 -0.58366200 -0.31514500
H 5.97389000 -0.03001000 0.02574000 H -3.92396300 0.16461100 -2.32851100
H 4.91496700 -0.05725500 -1.39060000 C -1.31795500 3.92518400 -0.05739000
H 3.50099900 -2.66285100 1.06325600 H -0.51328900 4.60643600 0.23721900
H 4.15347700 -2.47666200 -0.56856500 H -1.32169100 3.87755600 -1.15072400
H 5.21566600 -2.29049500 0.83097600 H -2.27372300 4.35316600 0.26649500
C 1.49189500 -1.23614800 -1.45661700 H -3.75304800 -1.08617000 1.78734700
C 2.34762700 -1.02906900 -2.71601900 o -4.81873600 -1.55890800 -0.69851100
C 0.01224500 -0.95225700 -1.75877500 C -5.24926000 -2.49734700 0.28528900
H 1.58657900 -2.28846400 -1.14664500 H -5.78721600 -1.99901400 1.10292700
H 3.38904700 -1.33067600 -2.56321200 H -5.92446900 -3.18121400 -0.23227600
H 1.95217000 -1.61621600 -3.55620200 H -4.40043700 -3.05996900 0.69670500
Thermodynamic Details:
Electronic Energy (EE): -1468.5623  Hartree
Zero-point Energy Correction: 0.459876 Hartree
Thermal Correction to Energy: 0.489082 Hartree
Thermal Correction to Enthalpy: 0.490026 Hartree
Thermal Correction to Free Energy: 0.396448 Hartree
EE + Zero-point Energy: ~ -1468.1024  Hartree
EE + Thermal Energy Correction: -1468.0732  Hartree
EE + Thermal Enthalpy Correction: -1468.0723  Hartree
EE + Thermal Free Energy Correction: -1468.1658  Hartree

E (Thermal): 306.904
Heat Capacity (Cv):
Entropy (S): 196.952

keal/mol

105.261

cal/mol-kelvin

cal/mol-kelvin

315



1b-di (H) (TS)

316

1b-dy (H) (TS) 3 )\
|
Method: H
|
B97D3/Def2TZVP D
CHj
MeO

Op d cartesian coordi
Si 2.38373000 -0.20971800 -0.06456800 H 0.93733000 -2.88249500 -0.30540400
C 2.69207100 1.39106300 0.94266600 H 0.92730700 -0.36632000 2.59353800
C 3.14917300 2.55548000 0.05075500 H -0.11701000 -1.18260500 1.41654400
C 3.63949600 1.21461300 2.14046300 H 0.59149300 -2.09781400 2.75608500
H 1.70165500 1.65031800 1.34465600 S 0.72120700 0.13020600 -1.38368700
H 2.50232300 2.67338500 -0.82495300 H -0.22255400  0.90241900 -0.36305800
H 3.14962700 3.50232200 0.60819000 C -1.08351800 1.70669100 0.38912300
H 4.17173800 2.39351900 -0.31129300 H(Iso=2) -0.66831600 1.50894500 1.37964800
H 3.31925300 0.40987700 2.81047800 C -2.38466100 1.09359900 0.17842700
H 4.65968300 0.98628000 1.81148600 C -3.20520100 1.41442000 -0.92857400
H 3.69256500 2.13880600 2.73249100 C -2.84864000 0.09095600 1.05444900
C 3.89152800 -0.60878000 -1.17485800 C -4.41573800 0.77973300 -1.13620800
C 3.56196700 -1.45064600 -2.41822800 H -2.88001600 2.17007900 -1.63690800
C 5.04717100 -1.23970800 -0.37821500 C -4.06343800 -0.55473600 0.85985800
H 4.22776800 0.37639900 -1.53094300 H -2.23871800 -0.18102200 1.91231800
H 2.78920800 -0.97754300 -3.03256200 C -4.85920700 -0.21334700 -0.24470400
H 4.45801100 -1.58209300 -3.04068800 H -5.04216000 1.02964900 -1.98766700
H 3.20149900 -2.44872800 -2.14711800 C -0.77536100 3.08185100 -0.15234000
H 5.34697700 -0.62922700 0.47984000 H 0.25608600 3.36234600 0.07463400
H 4.77513500 -2.23114300 0.00203800 H -0.89500700 3.12865500 -1.23939500
H 5.93115200 -1.36828400 -1.01784300 H -1.44289100 3.83375800 0.29204400
C 1.98963600 -1.63643200 1.14126800 H -4.38147300 -1.31465700 1.56464200
C 175356200 -2.97274400 0.42104000 o -6.06288500 -0.77834400 -0.53706200
C 0.78365700 -1.29559000 2.03034900 C -6.55184600 -1.80626700 0.32414900
H 2.87473800 -1.74456600 1.78709500 H -6.70363900 -1.43075900 1.34478500
H 2.64337300 -3.31351200 -0.11734500 H -7.50991100 -2.11481100 -0.09787700
H 1.47895500 -3.75893700 1.13811800 H -5.86654000 -2.66368900 0.34733900
Thermodynamics Details:
Imaginary frequency: Vimaginary: -1397.44cm’!
Electronic Energy (EE): -1468.5523  Hartree

Zero-point Energy Correction:

Thermal Correction to Energy:

Thermal Correction to Enthalpy:

Thermal Correction to Free

EE + Zero-point Energy:

Energy:

-1468.0978

EE + Thermal Energy Correction:

EE + Thermal Enthalpy Correction:

EE + Thermal Free Energy
E (Thermal): 303.088 kcal
Heat Capacity (Cv):
Entropy (S): 189.04

Correction:

/mol

0.454572 Hartree
0.483001 Hartree
0.483945 Hartree
0.394126 Hartree
Hartree
-1468.0693 Hartree
-1468.0684 Hartree
-1468.1582 Hartree

104.679 cal/mol-kelvin

cal/mol-kelvin




1b-di (H) (pre-TS complex)

1b-d: (H) (pre-TS

complex)
Method:
D
B97D3/Def2TZVP CH
3
MeO

Op d cartesian coordi
Si 2.09484100 -0.18824900 0.01663300 H 2.34565900 0.02535600 -3.01725100
C 0.92129800 -0.47859200 1.50364700 H -0.64062500 -1.15356200 -0.90369800
C 1.32705000 0.31191500 2.75373900 H -0.12889000  0.09862700 -2.03569900
C 0.70678500 -1.96445800 1.83112800 H -0.34147500 -1.56506600 -2.59907700
H -0.04065300 -0.08370600 1.15482300 S 1.99891600 1.90088400 -0.45632800
H 1.47118900 1.37396600 2.53261100 H -0.10259000 2.17587300 0.20744700
H 0.55773000 0.22469800 3.53402700 C -1.09823900 2.54757300 0.56809300
H 2.26306000 -0.06963100 3.18004900 H(Iso=2) -0.98076900 2.63720600 1.65413500
H 0.40256300 -2.54564000 0.95446600 C -2.12554000 1.50162200 0.26100500
H 1.61573300 -2.42163100 2.23885800 C -2.64146100 1.32139400 -1.03503000
H -0.07987700 -2.07643900 2.59055700 C -2.55385900 0.61178900 1.25362700
C 3.91494600 -0.57577600 0.48937300 C -3.53573900 0.30347900 -1.32367100
C 4.95945300 0.20178900 -0.32720000 H -2.32298500 1.98101900 -1.83713100
C 4.20396700 -2.08562600 0.45403200 C -3.45037900 -0.42243100 0.98536900
H 3.99289000 -0.23638500 1.53301300 H -2.17290100  0.72541900 2.26636000
H 4.80964500 1.28344400 -0.24365900 C -3.94570300 -0.58366200 -0.31514500
H 5.97389000 -0.03001000 0.02574000 H -3.92396300 0.16461100 -2.32851100
H 4.91496700 -0.05725500 -1.39060000 C -1.31795500 3.92518400 -0.05739000
H 3.50099900 -2.66285100 1.06325600 H -0.51328900 4.60643600 0.23721900
H 4.15347700 -2.47666200 -0.56856500 H -1.32169100 3.87755600 -1.15072400
H 5.21566600 -2.29049500 0.83097600 H -2.27372300 4.35316600 0.26649500
C 1.49189500 -1.23614800 -1.45661700 H -3.75304800 -1.08617000 1.78734700
C 2.34762700 -1.02906900 -2.71601900 o -4.81873600 -1.55890800 -0.69851100
C 0.01224500 -0.95225700 -1.75877500 C -5.24926000 -2.49734700 0.28528900
H 1.58657900 -2.28846400 -1.14664500 H -5.78721600 -1.99901400 1.10292700
H 3.38904700 -1.33067600 -2.56321200 H -5.92446900 -3.18121400 -0.23227600
H 1.95217000 -1.61621600 -3.55620200 H -4.40043700 -3.05996900 0.69670500
Thermodynamic Details:
Electronic Energy (EE): -1468.5623  Hartree
Zero-point Energy Correction: 0.460162 Hartree
Thermal Correction to Energy: 0.489378 Hartree
Thermal Correction to Enthalpy: 0.490322 Hartree
Thermal Correction to Free Energy: 0.396732 Hartree
EE + Zero-point Energy: ~ -1468.1021  Hartree
EE + Thermal Energy Correction: -1468.0729  Hartree
EE + Thermal Enthalpy Correction: -1468.072 Hartree
EE + Thermal Free Energy Correction: -1468.1656  Hartree

E (Thermal): 307.089
Heat Capacity (Cv):
Entropy (S): 196.978

keal/mol

105.3

cal/mol-kelvin

cal/mol-kelvin

317



1b-do (H) (TS)

318

s Si
1b-do (H) (TS) : )\
|
Method: H
|
B97D3/Def2TZVP . H
CHj
MeO

Op d cartesian coordi
Si 2.38373000 -0.20971800 -0.06456800 H 0.93733000 -2.88249500 -0.30540400
C 2.69207100 1.39106300 0.94266600 H 0.92730700 -0.36632000 2.59353800
C 3.14917300 2.55548000 0.05075500 H -0.11701000 -1.18260500 1.41654400
C 3.63949600 1.21461300 2.14046300 H 0.59149300 -2.09781400 2.75608500
H 1.70165500 1.65031800 1.34465600 S 0.72120700 0.13020600 -1.38368700
H 2.50232300 2.67338500 -0.82495300 H -0.22255400 0.90241900 -0.36305800
H 3.14962700 3.50232200 0.60819000 C -1.08351800 1.70669100 0.38912300
H 4.17173800 2.39351900 -0.31129300 H -0.66831600 1.50894500 1.37964800
H 3.31925300 0.40987700 2.81047800 C -2.38466100 1.09359900 0.17842700
H 4.65968300 0.98628000 1.81148600 C -3.20520100 1.41442000 -0.92857400
H 3.69256500 2.13880600 2.73249100 C -2.84864000 0.09095600 1.05444900
C 3.89152800 -0.60878000 -1.17485800 C -4.41573800 0.77973300 -1.13620800
C 3.56196700 -1.45064600 -2.41822800 H -2.88001600 2.17007900 -1.63690800
C 5.04717100 -1.23970800 -0.37821500 C -4.06343800 -0.55473600 0.85985800
H 4.22776800 0.37639900 -1.53094300 H -2.23871800 -0.18102200 1.91231800
H 2.78920800 -0.97754300 -3.03256200 C -4.85920700 -0.21334700 -0.24470400
H 4.45801100 -1.58209300 -3.04068800 H -5.04216000 1.02964900 -1.98766700
H 3.20149900 -2.44872800 -2.14711800 C -0.77536100 3.08185100 -0.15234000
H 5.34697700 -0.62922700 0.47984000 H 0.25608600 3.36234600 0.07463400
H 4.77513500 -2.23114300 0.00203800 H -0.89500700 3.12865500 -1.23939500
H 5.93115200 -1.36828400 -1.01784300 H -1.44289100 3.83375800 0.29204400
C 1.98963600 -1.63643200 1.14126800 H -4.38147300 -1.31465700 1.56464200
C 175356200 -2.97274400 0.42104000 o -6.06288500 -0.77834400 -0.53706200
C 0.78365700 -1.29559000 2.03034900 C -6.55184600 -1.80626700 0.32414900
H 2.87473800 -1.74456600 1.78709500 H -6.70363900 -1.43075900 1.34478500
H 2.64337300 -3.31351200 -0.11734500 H -7.50991100 -2.11481100 -0.09787700
H 1.47895500 -3.75893700 1.13811800 H -5.86654000 -2.66368900 0.34733900
Thermodynamic Details:
Imaginary frequency: Vimaginary: -1402.76cm’!
Electronic Energy (EE) -1468.5523  Hartree
Zero-point Energy Correction 0.457802 Hartree
Thermal Correction to Energy 0.486086 Hartree
Thermal Correction to Enthalpy 0.48703 Hartree
Thermal Correction to Free Energy 0.39745 Hartree
EE + Zero-point Energy -1468.0945  Hartree
EE + Thermal Energy Correction -1468.0663  Hartree
EE + Thermal Enthalpy Correction -1468.0653  Hartree
EE + Thermal Free Energy Correction -1468.1549  Hartree

E (Thermal) 305.023
Heat Capacity (Cv)
Entropy (S) 188.536

keal/mol
103.957

cal/mol-kelvin

cal/mol-kelvin




1b-do (H) (pre-TS complex)

1b-do (H) (pre-TS S )\
[
complex) i
Method: H
H 5
B97D3/Def2TZVP CH
3
MeO
Op d cartesian coordi
Si 2.09484100 -0.18824900 0.01663300 H 2.34565900 0.02535600 -3.01725100
C 0.92129800 -0.47859200 1.50364700 H -0.64062500 -1.15356200 -0.90369800
C 1.32705000 0.31191500 2.75373900 H -0.12889000 0.09862700 -2.03569900
C 0.70678500 -1.96445800 1.83112800 H -0.34147500 -1.56506600 -2.59907700
H -0.04065300 -0.08370600 1.15482300 S 1.99891600 1.90088400 -0.45632800
H 1.47118900  1.37396600 2.53261100 H -0.10259000 2.17587300 0.20744700
H 0.55773000 0.22469800 3.53402700 C -1.09823900 2.54757300 0.56809300
H 2.26306000 -0.06963100 3.18004900 H -0.98076900 2.63720600 1.65413500
H 0.40256300 -2.54564000 0.95446600 C -2.12554000 1.50162200 0.26100500
H 1.61573300 -2.42163100 2.23885800 C -2.64146100 1.32139400 -1.03503000
H -0.07987700 -2.07643900 2.59055700 C -2.55385900 0.61178900 1.25362700
C 3.91494600 -0.57577600 0.48937300 C -3.53573900 0.30347900 -1.32367100
C 4.95945300 0.20178900 -0.32720000 H -2.32298500 1.98101900 -1.83713100
C 4.20396700 -2.08562600 0.45403200 C -3.45037900 -0.42243100 0.98536900
H 3.99289000 -0.23638500 1.53301300 H -2.17290100  0.72541900 2.26636000
H 4.80964500 1.28344400 -0.24365900 C -3.94570300 -0.58366200 -0.31514500
H 5.97389000 -0.03001000 0.02574000 H -3.92396300 0.16461100 -2.32851100
H 4.91496700 -0.05725500 -1.39060000 C -1.31795500 3.92518400 -0.05739000
H 3.50099900 -2.66285100 1.06325600 H -0.51328900 4.60643600 0.23721900
H 4.15347700 -2.47666200 -0.56856500 H -1.32169100 3.87755600 -1.15072400
H 5.21566600 -2.29049500 0.83097600 H -2.27372300 4.35316600 0.26649500
C 1.49189500 -1.23614800 -1.45661700 H -3.75304800 -1.08617000 1.78734700
C 2.34762700 -1.02906900 -2.71601900 o -4.81873600 -1.55890800 -0.69851100
C 0.01224500 -0.95225700 -1.75877500 C -5.24926000 -2.49734700 0.28528900
H 1.58657900 -2.28846400 -1.14664500 H -5.78721600 -1.99901400 1.10292700
H 3.38904700 -1.33067600 -2.56321200 H -5.92446900 -3.18121400 -0.23227600
H 1.95217000 -1.61621600 -3.55620200 H -4.40043700 -3.05996900 0.69670500
Thermodynamic Details:
Electronic Energy (EE): -1468.5623 Hartree

Zero-point Energy Correction:

Thermal Correction to Energy:

Thermal Correction to Enthalpy:

Thermal Correction to Free Energy:

EE + Zero-point Energy:

-1468.0991

EE + Thermal Energy Correction:

EE + Thermal Enthalpy Correction:

EE + Thermal Free Energy Correction:
E (Thermal): 308.889 kcal/mol

104.633 cal/mol-kelvin
Entropy (S): 196.467 cal/mol-kelvin

Heat Capacity (Cv):

0.463162 Hartree
0.492246 Hartree
0.49319 Hartree
0.399842 Hartree
Hartree

-1468.07 Hartree
-1468.0691 Hartree
-1468.1624 Hartree

319



1b-d,

320

1b-d2 D D
Method: CHj
B97D3/Def2TZVP MeO
Op d cartesian coordi
H(Iso=2)  3.27508200 0.66338600 -1.08261500
C 2.87065100 -0.17163700 -0.49601800
H(Iso=2)  3.09313300 -1.08687000 -1.05903000
C 1.37545500 -0.01472900 -0.35957600
C 0.79081000 1.25331700 -0.21993100
C 0.52944300 -1.12413600 -0.31462700
C -0.57810000 1.40722200 -0.04334200
H 1.42297500  2.13895000 -0.25381200
C -0.85121000 -0.99391600 -0.13768700
H 0.95177600 -2.12175500 -0.42263200
C -1.41186900 0.28054100 0.00041100
H -1.02547400 2.39203100 0.05833100
C 3.58285700 -0.22634300 0.86550900
H 4.66674500 -0.33700900 0.74237000
H 3.39434900 0.68861700 1.43846000
H 3.21609900 -1.07099900 1.45969400
H -1.47020900 -1.88389700 -0.11422500
[} -2.74675100  0.53051400 0.17529000
C -3.62976300 -0.58492000 0.22411200
H -3.38599800 -1.25309900 1.06189300
H -4.62872600 -0.16871800 0.36996300
H -3.60538900 -1.15714900 -0.71381500
Thermodynamic Details:
Electronic Energy (EE): -425.28808  Hartree
Zero-point Energy Correction: 0.178392 Hartree
Thermal Correction to Energy: 0.188703 Hartree
Thermal Correction to Enthalpy: 0.189647 Hartree
Thermal Correction to Free Energy: 0.14231 Hartree
EE + Zero-point Energy: ~ -425.10969  Hartree
EE + Thermal Energy Correction: -425.09938  Hartree
EE + Thermal Enthalpy Correction: -425.09844  Hartree
EE + Thermal Free Energy Correction: -425.14578  Hartree
E (Thermal): 118.413 keal/mol
Heat Capacity (Cv): 39.28 cal/mol-kelvin
Entropy (S): 99.63 cal/mol-kelvin




1b-di

1b-d1 D H
Method: CHj

B97D3/Def2TZVP MeO

Op d cartesian coordi

H(Iso=2)  3.27506600 0.66333200 -1.08268800

C 2.87065100 -0.17165900 -0.49603400

H 3.09312700 -1.08692500 -1.05899600

C 1.37545600 -0.01475100 -0.35957300

C 0.79081200 1.25329700 -0.21994800

C 0.52944900 -1.12415900 -0.31457700

C -0.57809600 1.40720100 -0.04334000

H 1.42297500  2.13893000 -0.25385300

C -0.85120200 -0.99393800 -0.13762500

H 0.95178200 -2.12178200 -0.42254800

C -1.41186600 0.28052100 0.00042700

H -1.02546800 2.39201100 0.05832200

C 3.58288200 -0.22628100 0.86548300

H 4.66676900 -0.33694600 0.74233000

H 3.39437800 0.68871100 1.43838400

H 3.21614100 -1.07090400 1.45972400

H -1.47019400 -1.88391900 -0.11410600

o -2.74673700 0.53051400 0.17529100

C -3.62981200 -0.58487300 0.22406200

H -4.62884600 -0.16857100 0.36910300

H -3.60486300 -1.15755800 -0.71356600

H -3.38661200 -1.25263300 1.06231900
Thermodynamic details:

Electronic Energy (EE): -425.28808  Hartree

Zero-point Energy Correction: 0.181689 Hartree
Thermal Correction to Energy: 0.191889 Hartree
Thermal Correction to Enthalpy: 0.192833 Hartree
Thermal Correction to Free Energy: 0.145711 Hartree
EE + Zero-point Energy: ~ -425.1064 Hartree

EE + Thermal Energy Correction: -425.0962 Hartree
EE + Thermal Enthalpy Correction: -425.09525  Hartree
EE + Thermal Free Energy Correction: -425.14237  Hartree

E (Thermal): 120.412
Heat Capacity (Cv):
Entropy (S): 99.176

keal/mol

38.643

cal/mol-kelvin

cal/mol-kelvin
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1b-do

322

1b-d0 H H
Method: CHj
B97D3/Def2TZVP MeO

Op d cartesian coordi

H 3.27506600 0.66333200 -1.08268800

C 2.87065100 -0.17165900 -0.49603400

H 3.09312700 -1.08692500 -1.05899600

C 1.37545600 -0.01475100 -0.35957300

C 0.79081200 1.25329700 -0.21994800

C 0.52944900 -1.12415900 -0.31457700

C -0.57809600 1.40720100 -0.04334000

H 1.42297500  2.13893000 -0.25385300

C -0.85120200 -0.99393800 -0.13762500

H 0.95178200 -2.12178200 -0.42254800

C -1.41186600 0.28052100 0.00042700

H -1.02546800 2.39201100 0.05832200

C 3.58288200 -0.22628100 0.86548300

H 4.66676900 -0.33694600 0.74233000

H 3.39437800 0.68871100 1.43838400

H 3.21614100 -1.07090400 1.45972400

H -1.47019400 -1.88391900 -0.11410600

o -2.74673700 0.53051400 0.17529100

C -3.62981200 -0.58487300 0.22406200

H -4.62884600 -0.16857100 0.36910300

H -3.60486300 -1.15755800 -0.71356600

H -3.38661200 -1.25263300 1.06231900
Thermodynamic Details:

Electronic Energy (EE): -425.28808  Hartree
Zero-point Energy Correction: 0.18496 Hartree
Thermal Correction to Energy: 0.195041 Hartree
Thermal Correction to Enthalpy: 0.195985 Hartree
Thermal Correction to Free Energy: 0.149097 Hartree
EE + Zero-point Energy: ~ -425.10312  Hartree

EE + Thermal Energy Correction: -425.09304  Hartree
EE + Thermal Enthalpy Correction: -425.0921 Hartree
EE + Thermal Free Energy Correction: -425.13899  Hartree
E (Thermal): 122.39 keal/mol

Heat Capacity (Cv): 38.015 cal/mol-kelvin
Entropy (S): 98.684 cal/mol-kelvin




Triisopropylsilyl radical

Triisopropylsilyl radical Y
Method: ‘s _Si
B97D3/Def2TZVP )\
o d cartesian coordi

L

%]

0.04618800 -0.04632800 0.18984400
1.92434200 -0.44236700 0.07231300
2.79255100 0.64101700 0.72630100
2.38540800 -0.73309700 -1.36579400
2.04393100 -1.36711700 0.65540500
2.46422300 0.86345000 1.74647700
3.84240100 0.32123300 0.76722900
2.76113200 1.57430100 0.15099400
1.79499200 -1.51990300 -1.84583800
2.32391800 0.16240800 -1.99446200
3.43488500 -1.05748100 -1.36875600
-0.31058700 1.75789500 -0.37968400
-1.57208700 2.37965400 0.23976000
-0.33552800 1.86295000 -1.91241300
0.55597800 2.32235700 -0.00773800
-1.51596000 2.39554500 1.33368200
-1.69764500 3.41360400 -0.10952700
-2.47615700 1.82756900 -0.03667700
0.58013500 1.48142500 -2.37521600
-1.17941000 1.30912200 -2.33871100
-0.44774100  2.91276400 -2.21729600
-0.94945800 -1.33860600 -0.79270000
-2.46458000 -1.09123300 -0.72955500
-0.61597700 -2.76191900 -0.31295900
-0.62895200 -1.24434400 -1.84175700
-2.74633600 -0.13506200 -1.18202700
-3.00898700 -1.88253800 -1.26226100
-2.81585600 -1.08762800 0.30911500
0.44994700 -2.99581300 -0.40844400
-0.89280400 -2.88863700 0.74087900
-1.17361500 -3.50869400 -0.89359600
-0.46495100 -0.11835900 2.26556800
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Thermodynamic details:

Electronic Energy (EE): -1043.2611  Hartree

Zero-point Energy Correction: 0.277737 Hartree
Thermal Correction to Energy: 0.294759 Hartree
Thermal Correction to Enthalpy: 0.295703 Hartree
Thermal Correction to Free Energy: 0.233373 Hartree
EE + Zero-point Energy: ~ -1042.9834  Hartree

EE + Thermal Energy Correction: -1042.9664  Hartree
EE + Thermal Enthalpy Correction: -1042.9654  Hartree
EE + Thermal Free Energy Correction: -1043.0278  Hartree
E (Thermal): 184.964 keal/mol

Heat Capacity (Cv): 61.07 cal/mol-kelvin
Entropy (S): 131.185 cal/mol-kelvin
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7.3.2.2 Kinetic isotope effects for carbanion protonation

Cartesian coordinates: (All optimized structures)

MeCN (TS)
B MeO -
MeCN (TS) OMe
Method:
|
BO7D3/Def2TZVP H
_<H
NZ H
Op 1 cartesian coordi
C -2.34163700 -0.00340700 -0.38987900
C -1.68863900 -1.20131500 -0.07305500
C -0.43946000 -1.21389500 0.53974800
C 0.22501500 0.00177700 0.86730200
C -0.44411200 1.21475800 0.53926900
C -1.69322200 1.19712400 -0.07357400
H -3.31548100 -0.00537400 -0.86660000
H 0.05895700 -2.14696000 0.77982000
H 0.05067500 2.14984800 0.77906000
o -2.38980300 -2.35043300 -0.41397000
o -2.39874400 2.34340000 -0.41507400
C -1.78099800 3.58834800 -0.15023900
H -0.82421000 3.69120100 -0.68396500
H -2.47822900 4.35460300 -0.50428500
H -1.59724900 3.73362000 0.92544900
C -1.76681400 -3.59287800 -0.14952500
H -2.46118900 -4.36192600 -0.50312900
H -0.80992600 -3.69184000 -0.68391500
H -1.58176500 -3.73744600 0.92607200
C 1.56690300 0.00440800 1.39219700
H 2.48978600 0.00506600 0.26653000
H 1.85835400 0.91272400 1.92819500
H 1.86155200 -0.90228900 1.92917800
C 3.34167300 0.00552800 -0.89132600
H 3.04366900  0.90583000 -1.43892400
H 3.04194700 -0.89304100 -1.44083800
C 4.71748200 0.00383800 -0.54765200
N 5.82776300  0.00236200 -0.16569900
Thermodynamic Details:
Imaginary frequency: Vimaginary: -1002.63cm!
Electronic Energy (EE) -632.60378  Hartree
Zero-point Energy Correction 0.213878 Hartree
Thermal Correction to Energy 0.229641 Hartree
Thermal Correction to Enthalpy 0.230585 Hartree
Thermal Correction to Free Energy 0.167755 Hartree
EE + Zero-point Energy -632.3899 Hartree
EE + Thermal Energy Correction -632.37414  Hartree
EE + Thermal Enthalpy Correction -632.37319  Hartree
EE + Thermal Free Energy Correction -632.43602  Hartree
E (Thermal) 144.102 keal/mol
Heat Capacity (Cv) 57.239 cal/mol-kelvin
Entropy (S) 132.236 cal/mol-kelvin
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MeCN

MeCN _N
7
Method:
B97D3/Def2TZVP H

Optimized cartesian coordi

C 0.00000000 0.00000000 -1.17778300

H 0.00000000 1.02765100 -1.55604300

H 0.88997200 -0.51382500 -1.55604300

H -0.88997200 -0.51382500 -1.55604300

C 0.00000000  0.00000000  0.27869900

N 0.00000000 0.00000000 1.43751900

Thermodynamic details:

Electronic Energy (EE) -132.72012

Zero-point Energy Correction 0.044237 Hartree

Thermal Correction to Energy 0.047883 Hartree

Thermal Correction to Enthalpy 0.048828 Hartree

Thermal Correction to Free Energy 0.021229 Hartree

EE + Zero-point Energy -132.67588

EE + Thermal Energy Correction -132.67224  Hartree

EE + Thermal Enthalpy Correction -132.67129  Hartree

EE + Thermal Free Energy Correction -132.69889  Hartree

E (Thermal) 30.047 keal/mol

Heat Capacity (Cv) 10.484 cal/mol-kelvin

Entropy (S) 58.087 cal/mol-kelvin
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MeCN-d; (TS)

326

— MeO 7
MeCN‘d3 (TS) OMe
Method:
|
B97D3/Def2TZVP D
_<D
NZ D
Op d cartesian coordi
C 2.34153900 0.00037700 -0.38987100
C 1.69064500  1.19943300 -0.07303900
C 0.44154800 1.21421400 0.53988900
C -0.22502300 -0.00028600 0.86751800
C 0.44198800 -1.21444400 0.53950900
C 1.69107700 -1.19901200 -0.07342000
H 3.31531000 0.00062800 -0.86673200
H -0.05520400 2.14816100 0.78003700
H -0.05441400 -2.14865500 0.77936000
o 2.39373000 2.34732400 -0.41411400
o 2.39457800 -2.34653800 -0.41486500
C 1.77432300 -3.59036000 -0.15064200
H 0.81743300 -3.69109200 -0.68459200
H 2.47009900 -4.35785000 -0.50486600
H 1.59007200 -3.73572600 0.92494700
C 1.77304200 3.59083700 -0.14944900
H 2.46854200 4.35869300 -0.50342100
H 0.81610500 3.69141800 -0.68334600
H 1.58875600 3.73576500 0.92619200
C -1.56691100 -0.00061100 1.39239500
H(Iso=2) -2.48962400 -0.00057700 0.26654600
H -1.85984600 -0.90826300 1.92870200
H -1.86017200  0.90675900 1.92899800
C -3.34127000 -0.00053700 -0.89140900
H(Iso=2) -3.04244500 -0.90006300 -1.43981400
H(Iso=2) -3.04212800 0.89880100 -1.43994900
C -4.71713400 -0.00027100 -0.54789600
N -5.82741300 -0.00004700 -0.16596300
Thermodynamics Details:
Imaginary frequency: Vimaginary: -747.38 cm’!
Electronic Energy (EE) -632.60378  Hartree
Zero-point Energy Correction 0.206216 Hartree
Thermal Correction to Energy 0.222385 Hartree
Thermal Correction to Enthalpy 0.223329 Hartree
Thermal Correction to Free Energy 0.159626 Hartree
EE + Zero-point Energy -632.39756  Hartree
EE + Thermal Energy Correction -632.38139  Hartree
EE + Thermal Enthalpy Correction -632.38045  Hartree
EE + Thermal Free Energy Correction -632.44415  Hartree
E (Thermal) 139.549 keal/mol
Heat Capacity (Cv) 59.024 cal/mol-kelvin
Entropy (S) 134.075 cal/mol-kelvin




MeCN-ds

ACN-ds; D 2 N
Method: D
B97D3/Def2TZVP D

Op d cartesian coordi

C 0.00000000 0.00000000 -1.17778300
H(Iso=2)  0.00000000 1.02765100 -1.55604300
H(Iso=2)  0.88997200 -0.51382500 -1.55604300
H(Iso=2) -0.88997200 -0.51382500 -1.55604300
C 0.00000000  0.00000000 0.27869900

N 0.00000000 0.00000000 1.43751900

Thermodynamic Details:

Electronic Energy (EE) -132.72012  Hartree

Zero-point Energy Correction 0.034978 Hartree
Thermal Correction to Energy 0.038849 Hartree
Thermal Correction to Enthalpy 0.039793 Hartree
Thermal Correction to Free Energy 0.01129 Hartree
EE + Zero-point Energy -132.68514  Hartree

EE + Thermal Energy Correction -132.68127  Hartree
EE + Thermal Enthalpy Correction -132.68033  Hartree
EE + Thermal Free Energy Correction -132.70883  Hartree
E (Thermal) 24.378 keal/mol

Heat Capacity (Cv) 11.898 cal/mol-kelvin
Entropy (S) 59.989 cal/mol-kelvin
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Carbanion 1f~
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©
i MeO
Method:
B97D3/Def2TZVP
OMe

Op d cartesian coordi
C 0.00000000 -1.27076800 0.00004300
C -1.19611300 -0.53011800 0.00009500
C -1.22295000 0.85308400 0.00005100
C 0.00000000 1.63104600 -0.00005200
C 1.22295000 0.85308500 -0.00010500
C 1.19611300 -0.53011700 -0.00005800
H 0.00000000 -2.35438800 0.00007800
H -2.16284400 1.39641600 0.00009400
H 2.16284500 1.39641700 -0.00018300
[} -2.35355100 -1.31943400 0.00019500
o 2.35355200 -1.31943300 -0.00010600
C 3.59083700 -0.64661300 -0.00020800
H 3.71572100 -0.01055800 0.89153700
H 4.36466200 -1.42369300 -0.00022900
H 3.71560900 -0.01062100 -0.89201300
C -3.59083800 -0.64661300 0.00024000
H -4.36466300 -1.42369300 0.00031400
H -3.71561500 -0.01055500 0.89199900
H -3.71571700 -0.01062300 -0.89155300
C -0.00000100 3.01972100 -0.00009600
H 0.93101300 3.58299300 -0.00017200
H -0.93101400 3.58299300 -0.00005200
Thermodynamic Details:
Electronic Energy (EE) -499.86681  Hartree
Zero-point Energy Correction 0.172142 Hartree
Thermal Correction to Energy 0.183701 Hartree
Thermal Correction to Enthalpy 0.184645 Hartree
Thermal Correction to Free Energy 0.135297 Hartree
EE + Zero-point Energy -499.69466  Hartree
EE + Thermal Energy Correction -499.68311  Hartree
EE + Thermal Enthalpy Correction -499.68216  Hartree
EE + Thermal Free Energy Correction -499.73151  Hartree
E (Thermal) 115.274 keal/mol
Heat Capacity (Cv) 44.035 cal/mol-kelvin
Entropy (S) 103.86 cal/mol-kelvin




7.3.2.3 Cyclization of phenylvaleric and phenylhexanoic acid esters

Cartesian coordinates (optimized Structures):

7a” TS1

MO062X/6-31G(d)
o)

Ph
MeO@(
H

=]

L

1 cartesian coordil
-2.88622900 0.86983800 1.01368700
-1.59043200 1.25830300 0.71225500
-0.93105900 0.84195800 -0.49522200
-1.75367200  0.07529400 -1.39064800
-3.04202700 -0.29859300 -1.06999800
-3.63913300 0.07190000 0.14735100
-3.32757500  1.20456200 1.95333300
-1.05597500 1.89355900 1.41361600
-1.30917500 -0.25997700 -2.32493200
-3.60432200 -0.90587300 -1.77946100
-4.65505300 -0.22545500 0.39099600
0.41939100 1.08313600 -0.76083200
1.28239100 1.89824600 0.15250700
1.15027600 -1.29604700 -0.21524400
0.77444200 0.93305800 -1.78082600
2.77355300 1.63265100 -0.06585100
1.05564000 1.63396400 1.19900300
1.11019300 2.99370200 0.08661500
2.59364400 -0.90814600 -0.48277600
3.20479500 0.22271800 0.34495300
3.37434600 2.35914400 0.50068000
3.01921600 1.78715100 -1.12782400
3.17109800 -1.83114600 -0.30661900
2.66446300 -0.69626800 -1.55373400
4.29848500 0.14852400 0.26331500
2.95490700 0.06003100 1.40029000
0.83764200 -1.19854600 1.10969600
0.50704800 -1.98211600 -0.98776200
-0.41955900 -1.77033500 1.44943400
-0.66381300 -1.39316000 2.44399600
-1.19466400 -1.47689100 0.74016400
-0.34137200 -2.86516700 1.46821600
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Thermodynamic Details:

Imaginary frequency: Vimaginary: -198.50cm-1

Electronic Energy (EE) -616.46647  Hartree

Zero-point Energy Correction 0.245712 Hartree
Thermal Correction to Energy 0.258049 Hartree
Thermal Correction to Enthalpy 0.258993 Hartree
Thermal Correction to Free Energy 0.206962 Hartree
EE + Zero-point Energy -616.22076  Hartree

EE + Thermal Energy Correction -616.20842  Hartree
EE + Thermal Enthalpy Correction -616.20748  Hartree
EE + Thermal Free Energy Correction -616.25951  Hartree
E (Thermal) 161.928 keal/mol

Heat Capacity (Cv) 48.946 cal/mol-kelvin
Entropy (S)  109.507 cal/mol-kelvin
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7a- TS2

330

Ph
MO062X/6-31G(d) O3,
O\
Op d cartesian coordi
C 3.81682900 -0.18072200 0.45050000
C 3.20578300 -1.21462100 -0.27894900
C 1.94309600 -1.07702100 -0.81503300
C 1.16986700 0.12422300 -0.66912900
C 1.81488200 1.15559300 0.09407600
C 3.08811200 0.99757000 0.62187200
H 4.81059700 -0.29844600 0.87265800
H 3.73785800 -2.15507200 -0.42352100
H 1.49423200 -1.90355900 -1.36248600
H 1.29892100 2.10278300 0.24102200
H 3.52667000 1.82285100 1.18414400
C -0.12072000  0.24246900 -1.19175900
C -1.56817600 -0.91589500 0.53348900
C -0.94200100 1.48110800 -1.02414600
H -0.48079800 -0.52798400 -1.86586800
C -1.34904400 0.40139300 1.26392000
C -1.44184800 1.69456700 0.44254500
H -1.81604900 1.41366900 -1.68502800
H -0.41432900 2.40408600 -1.32775100
H -2.02553600 0.44468400 2.13256000
H -0.33360800 0.29659100 1.65540700
H -2.45925500 2.10772700 0.45432000
H -0.81697500  2.44087400 0.94694200
o -2.68871400 -1.04601500 -0.28708800
o -1.00331700 -1.94176400 0.83431500
C -3.75148400 -0.13185000 -0.20130000
H -4.65247100 -0.67163600 -0.51056000
H -3.90696900 0.23568700 0.82036700
H -3.61781600 0.72909400 -0.86653200
Thermodynamic Details:
Imaginary frequency: Vimaginary: -101.82cm-1
Electronic Energy (EE) -616.45352  Hartree
Zero-point Energy Correction 0.244866 Hartree
Thermal Correction to Energy 0.257593 Hartree
Thermal Correction to Enthalpy 0.258538 Hartree
Thermal Correction to Free Energy 0.205322 Hartree
EE + Zero-point Energy -616.20866  Hartree
EE + Thermal Energy Correction -616.19593  Hartree
EE + Thermal Enthalpy Correction -616.19499  Hartree
EE + Thermal Free Energy Correction -616.2482 Hartree

E (Thermal) 161.642
Heat Capacity (Cv)
Entropy (S) 112.001

keal/mol

49.817

cal/mol-kelvin

cal/mol-kelvin




7a” (Open)

MOB2X/6-
31G(d)

OMe

o)

d cartesian coordi

L

-5.01635400
-3.69927200
-2.59530800
-3.01012500
-4.34215100
-6.42671300
-5.79478200
-3.46160900
-2.24492800
-4.58172700
-1.27201500
3.74500900
-0.13563500
-1.02780600
2.38340700
1.22467300
-0.16015700
-0.16003900
4.73083000
3.99067100
6.04700400
6.71933900
6.21575900
6.21616800
1.30187800
1.30191200
2.33290900
2.33276300

I I I n & I T Qoo IXInaoaorxaon0aQn - DI Oo0ananan

Thermodynamics Details:
Electronic Energy (EE)

Zero-point Energy Correcti

0.86478600
1.26650700
0.33167300
-1.05461500
-1.42769800
-0.80015800
1.62998200
2.33043700
-1.82847700
-2.49291000
0.72775700
0.10845900
-0.24464700
1.78898700
-0.53474600
0.45383700
-0.93061300
-0.93047000
-0.82669800
1.28930300
-0.29460400
-1.15281700
0.32251100
0.32282400
1.10857200
1.10811900
-1.19874300
-1.19935600

-616.46747

on

Thermal Correction to Energy

Thermal Correction to Enthalpy

Thermal Correction to Free

EE + Zero-point Energy

Energy
-616.22369

EE + Thermal Energy Correction

EE + Thermal Enthalpy Cor
EE + Thermal Free Energy
E (Thermal) 162.059
Heat Capacity (Cv)
Entropy (S) 125.757

rrection
Correction
keal/mol

52.585

-5.38506100 -0.49316400 -0.00022500

-0.00015200
-0.00001300
0.00007200
0.00000700
-0.00014000
-0.00033700
-0.00020800
0.00003800
0.00007800
-0.00019000
0.00018800
0.00007900
0.00026100
0.00023400
0.00040400
0.00010800
-0.87392500
0.87455200
-0.00000400
-0.00012400
-0.00040100
-0.00040800
-0.88692900
0.88583400
0.87636600
-0.87648000
0.87325600
-0.87198200

Hartree

0.258257
0.259201
0.19945
Hartree
-616.20922
-616.20827
-616.26802

0.243781 Hartree
Hartree
Hartree

Hartree

Hartree
Hartree
Hartree

cal/mol-kelvin

cal/mol-kelvin
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7a” (closed, attack-conformer)

332

MO062X/6-31G(d)

o)

L

d cartesian coordi
3.35831000 -0.22456700 0.31563200
2.80909300 -0.56874900 -0.93502300
1.61394400 -0.05086200 -1.37899100
0.81226700 0.86626100 -0.59393200
142985400 1.23138100 0.66559900
2.63946400 0.70007100 1.08137600
4.30190700 -0.63828100 0.65709300
3.33932400 -1.27489900 -1.57535600
1.21789600 -0.36319900 -2.34396500
0.92144900 1.93352600 1.32238200
3.03443900 1.01347200 2.04921400
-0.43224600 1.29452900 -1.02859800
-1.86082900 -1.04737700 -0.08163400
-1.37262000 2.12973900 -0.21426900
-0.79211800 0.92839800 -1.98802100
-1.89575800 -0.01607300 1.03615100
-2.46395800 1.31050800 0.52687200
-1.88549000 2.88519700 -0.83026800
-0.81300600 2.70186600 0.53838200
-0.92082400 -2.01904000 -0.05917900
-2.72618300 -1.12303600 -0.92339000
0.09406400 -2.03944600 0.93682700
0.68848600 -2.92916800 0.72224800
0.74024100 -1.16133700 0.88607700
-0.34413500 -2.13508700 1.93901500
-3.29105000 1.07586100 -0.15115000
-2.88153800 1.88630800 1.36529700
-0.90494600  0.13949300 1.47049000
-2.54490600 -0.43802500 1.81905200

I I I n & I T Qoo IXInaoaorxaon0aQn - DI Oo0ananan

Thermodynamics Details:

Electronic Energy (EE) -616.47146  Hartree
Zero-point Energy Correction: 0.245823
Thermal Correction to Energy: 0.259192
Thermal Correction to Enthalpy: 0.260136
Thermal Correction to Free Energy: 0.20586
EE + Zero-point Energy: ~ -616.22564  Hartree
EE + Thermal Energy Correction: -616.21227
EE + Thermal Enthalpy Correction: -616.21133
EE + Thermal Free Energy Correction: -616.2656
E (Thermal): 162.645 keal/mol

Heat Capacity (Cv): 51.627 cal/mol-kelvin
Entropy (S) 114.233 cal/mol-kelvin

Hartree
Hartree
Hartree

Hartree

Hartree
Hartree
Hartree




9" TS1

H
M062X/6-31G(d) o=~
MeO Ph
Op d cartesian coordi
C -2.88622900 0.86983800 1.01368700
C -1.59043200 1.25830300 0.71225500
C -0.93105900 0.84195800 -0.49522200
C -1.75367200 0.07529400 -1.39064800
C -3.04202700 -0.29859300 -1.06999800
C -3.63913300 0.07190000 0.14735100
H -3.32757500 1.20456200 1.95333300
H -1.05597500 1.89355900 1.41361600
H -1.30917500 -0.25997700 -2.32493200
H -3.60432200 -0.90587300 -1.77946100
H -4.65505300 -0.22545500 0.39099600
C 0.41939100 1.08313600 -0.76083200
C 1.28239100 1.89824600 0.15250700
C 1.15027600 -1.29604700 -0.21524400
H 0.77444200 0.93305800 -1.78082600
C 2.77355300 1.63265100 -0.06585100
H 1.05564000 1.63396400 1.19900300
H 1.11019300  2.99370200 0.08661500
C 2.59364400 -0.90814600 -0.48277600
C 3.20479500 0.22271800 0.34495300
H 3.37434600 2.35914400 0.50068000
H 3.01921600 1.78715100 -1.12782400
H 3.17109800 -1.83114600 -0.30661900
H 2.66446300 -0.69626800 -1.55373400
H 4.29848500 0.14852400 0.26331500
H 2.95490700  0.06003100  1.40029000
o 0.83764200 -1.19854600 1.10969600
o 0.50704800 -1.98211600 -0.98776200
C -0.41955900 -1.77033500 1.44943400
H -0.66381300 -1.39316000 2.44399600
H -1.19466400 -1.47689100 0.74016400
H -0.34137200 -2.86516700 1.46821600
Thermodynamic Details:
Imaginary frequency: Vimaginary: -133.25 cm-1
Electronic Energy (EE) -655.76965  Hartree
Zero-point Energy Correction 0.274392 Hartree
Thermal Correction to Energy 0.288068 Hartree
Thermal Correction to Enthalpy 0.289012 Hartree
Thermal Correction to Free Energy 0.234628 Hartree
EE + Zero-point Energy -655.49525  Hartree
EE + Thermal Energy Correction -655.48158  Hartree
EE + Thermal Enthalpy Correction -655.48063  Hartree
EE + Thermal Free Energy Correction -655.53502  Hartree
E (Thermal) 180.765 keal/mol
Heat Capacity (Cv) 54.165 cal/mol-kelvin
Entropy (S) 114.462 cal/mol-kelvin
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9" TS2

M062X/6-31G(d)

MeOxX -

Ph

334

o)

L

d cartesian coordi
2.77072600 -0.88760000
145551400 -1.19932100
0.87984400 -0.88953300
1.79259000 -0.30942700
3.10202000 -0.01381800
3.62242000 -0.27801500
3.14807200 -1.12635100
0.83212700 -1.66625300
1.41229000 -0.07124400
3.74085300 0.44208100
4.65348600 -0.04368500

-0.47788100 -1.04895000
-1.43569900 -1.81261600
-1.15280000 1.14159900
-0.76885000 -0.92604400
-2.88861900 -1.52273600
-1.30830600 -1.50889300
-1.27855400 -2.91045200
-2.48058800 1.01253400
-3.34846000 -0.10417000
-3.56927600 -2.23634800
-2.99738200 -1.67914900
-2.99666200 1.97814600
-2.30487700 0.88842300
-4.38386200 0.03537000
-3.34613700  0.01394100
-0.29327000 1.92865000
-1.02606300  0.95627100
0.86592000 2.31978200
1.35748000 1.46159500
1.53485000 2.77698700
0.59948900 3.04613400

I T T Q0o IIIrxTn T T IOQQII DT OO0 D DD I OQ000na0aAn

Thermodynamics Details:

1.16696800
0.86308000
-0.41419600
-1.35901900
-1.03795100
0.23853500
2.16161100
1.62003800
-2.35137200
-1.79493400
0.48694500
-0.71016200
0.15394000
0.25642700
-1.75550300
-0.24250200
1.20533300
0.13577100
-0.46962500
0.10857000
0.24378900
-1.32677000
-0.33413700
-1.54100100
-0.23137200
1.19896000
-0.45361800
145739100
0.26882300
0.73015200
-0.46242400
1.04740300

Imaginary frequency: Vimaginary: -161.99 cm-1

Electronic Energy (EE)

Zero-point Energy Correction
Thermal Correction to Energy
Thermal Correction to Enthalpy
Thermal Correction to Free Energy
EE + Zero-point Energy

EE + Thermal Energy Correction

EE + Thermal Enthalpy Correction
EE + Thermal Free Energy Correction
E (Thermal) 180.864 keal/mol
Heat Capacity (Cv) 53.886

-655.77279

0.288225
0.289169
0.235613
-655.49802
-655.48456
-655.48362
-655.53718

Hartree
0.274765 Hartree
Hartree
Hartree
Hartree
Hartree
Hartree
Hartree

Hartree

cal/mol-kelvin

Entropy (S) 112.717 cal/mol-kelvin




9~ Open form

MOB2X/6-
31G(d)

OMe

o)

d cartesian coor

L

4.87637500
3.56712600
3.22837500
4.38205500
5.67537500
5.96937500
5.05695800
2.76027500
4.20349400
6.49454200
6.99262500
1.92847300
0.73629900
-4.36543100
1.74428100
-0.57686900
0.71901700
0.71812800
-3.10653700
-1.82616900
-0.59404100
-0.59308700
-3.14846800
-3.14747200
-1.82261900
-1.82176400
-5.47046500
-4.43510200
-6.70043600
-6.77948800
-7.48553200
-6.78037800

I T T Q0o IIIrxTn T T IOQQII DT OO0 D DD I OQ000na0aAn

Thermodynamics Details:

Electronic Energy (EE)

1.49734900
1.05202700
-0.35500300
-1.22805600
-0.75458000
0.62125900
2.57411900
1.78227000
-2.30362800
-1.47614100
0.98495800
-0.82145400
0.08475200
0.18263800
-1.89526800
-0.69771700
0.76943500
0.76771000
-0.64627800
0.18025400
-1.36033100
-1.35867900
-1.31114700
-1.30976000
0.83936100
0.84085700
-0.60277200
1.38647600
0.10925000
0.74400700
-0.64674600
0.74270100

-655.7593

Zero-point Energy Correction

Thermal Correction to Energy

Thermal Correction to Enthalpy

Thermal Correction to Free Energy

EE + Zero-point Energy

-655.48666

EE + Thermal Energy Correction

EE + Thermal Enthalpy Correction

EE + Thermal Free Energy Correction

E (Thermal) 181.028
Heat Capacity (Cv)
Entropy (S) 133.75

keal/mol
57.368

-0.00072100
0.00062000
0.00074400

-0.00035000

-0.00166700

-0.00195000

-0.00075600
0.00171400
-0.00021400
-0.00252200

-0.00299200
0.00176500
0.00239400

-0.00028800
0.00202900
0.00099400

-0.87146900
0.87763300
-0.00019400
0.00115900
0.87884000
-0.87810400
0.87215000
-0.87364300
0.87757800
-0.87412900
-0.00138700
0.00045900

-0.00151500
-0.88789400
-0.00246000
0.88571400

Hartree

0.272647
0.288487
0.289431
0.225882

Hartree
-655.47082
-655.46987
-655.53342

cal/mol-kelvin

cal/mol-kelvin

Hartree
Hartree
Hartree
Hartree

Hartree
Hartree

Hartree
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9™ (closed, attack-conformer)

336

H
MO62X/6-31G(d) MeO= ©
Ph
Op d cartesian coordi
C 2.72829800 -0.77792500 1.22445900
C 143234200 -1.16045900 0.92729300
C 0.86505600 -0.99137600 -0.38953500
C 1.79114300 -0.46028500 -1.36239000
C 3.08040800 -0.09364800 -1.04062900
C 3.58522300 -0.22120800 0.26499300
H 3.08914000 -0.91748100 2.24444100
H 0.81460300 -1.58730800 1.71266400
H 1.43137800 -0.32607600 -2.38208100
H 3.71951000 0.31505100 -1.82487400
H 4.60308700 0.06625200 0.51077100
C -0.45705800 -1.26340500 -0.70785600
C -1.46504800 -1.84630700 0.23500000
C -1.16475000 1.27799100 0.23667900
H -0.75200000 -1.19389600 -1.75645600
C -2.90341800 -1.49881000 -0.17664300
H -1.30395500 -1.45437000 1.25198500
H -1.40164500 -2.95062100 0.33274900
C -2.44316700 1.02285500 -0.53654600
C -3.32019400 -0.05133800 0.10728200
H -3.61600300 -2.15858900 0.33981300
H -3.02054700 -1.70133700 -1.25224100
H -2.98498900 1.98280900 -0.54324100
H -2.19052000 0.78648200 -1.57225200
H -4.35520100 0.09169300 -0.23170900
H -3.31017500  0.12090500 1.19031800
o -0.26706000 1.94333600 -0.51453700
[} -1.03711700  1.10494600 1.43010000
C 0.93643200 2.29382800 0.16654000
H 1.35410500 1.43164800 0.68785300
H 1.62841500 2.62823800 -0.60615500
H 0.73661100 3.10086600 0.88202900
Thermodynamic Details:
Electronic Energy (EE) -655.77338  Hartree
Zero-point Energy Correction 0.274809 Hartree
Thermal Correction to Energy 0.289191 Hartree
Thermal Correction to Enthalpy 0.290135 Hartree
Thermal Correction to Free Energy 0.234504 Hartree
EE + Zero-point Energy -655.49857  Hartree
EE + Thermal Energy Correction -655.48419  Hartree
EE + Thermal Enthalpy Correction -655.48325  Hartree
EE + Thermal Free Energy Correction -655.53888  Hartree
E (Thermal): 181.47 keal/mol
Heat Capacity (Cv): 56.173 cal/mol-kelvin
Entropy (S):  117.085 cal/mol-kelvin




7.3.3 NMR spectra

'H NMR (400 MHz, CDCls)
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1F NMR (377 MHz, CDCl5)
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2,3,4,6-Tetra(9H-carbazol-9-yl)-5-(4-methoxybenzyl)benzonitrile (4d) "H NMR (400 MHz, CDCl3)

acetone
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The signal for acetone was likely introduced by an insufficiently dried NMR tube. Due to low solubility, only poor

signals could be obtained in the '3C.
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"H NMR (400 MHz, DMSO-dj)

Potassium trifluoro(4-(methoxycarbonyl)benzyl)borate (2b)
VoV | %
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"B NMR (128 MHz, DMSO-ds)
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Potassium trifluoro(1,2,3,4-tetrahydro

naphthalen-1-yl)borate (2 "H NMR (400 MHz, DMSO-dj)
BFaK
] J L.
T
9 8 7 6 5 4 2 1 0 ppm
19F NMR (377 MHz, DMSO-de)

ppm
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2-(1-(4-Methoxyphenyl)ethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (17)
"H NMR (400 MHz, CDCl3)
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Potassium trifluoro(1-(4-methoxyphenyl)ethyl)borate (2d)
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Methyl 5-phenylpentanoate

'H NMR (400 MHz, CDCl5)
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Ethyl 5-phenylpentanoate (9b)
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Isopropyl 5- phenylpentanoate (9d) 1H NMR (400 MHZ CDCl3)
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Decyl 5-phenylpentanoate (9¢)

'H NMR (400 MHz
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Methyl 5-(4-methoxyphenyl)pentanoate (9f)
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Methyl 6-phenylhexanoate (11) "H NMR (400 MHz, CDCl3)
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[4-(Methoxycarbonyl)benzyl|triphenylphosphonium bromide (14a) "H NMR (400 MHz, CD;CN)
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Methyl-d; 5-phenylpentanoate-2,2-d> (9a-C2-dz) '"H NMR (400 MHz, CD;0D)
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Methyl-ds 5-phenylhexanoate-2,2-d> (11-C2-d?) 'H NMR (400 MHz, CDCl5)
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1-(Ethyl-1-d)-4-methoxybenzene (1b-d;
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1-(Ethyl-1,1-d2)-4-methoxybenzene (1b-d2)

'H NMR (400 MHz, CDCl5)
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'H NMR (400 MHz, CDCl5)

Methyl 4-(methyl-d)benzoate (1g-d1)
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'H NMR (400 MHz, CDCl5)

Methyl 4-(2-hydroxy-2-(methyl-ds)propyl-3,3,3-ds)benzoate (7c)
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7.4 Appendix chapter 4

7.4.1 DFT calculations (optimized structures)

Toluene
Substrate

CH,

G: -271.38903891 Eh
H: -271.35376477 Eh
Charge: 0
Multiplicity: 1

Optimized cartesian coordinates:

C

I T O O O 0O O

Be

3.38784481547119
3.02359237360718
2.77343766662251
2.89843750132878
3.26335612346781
3.50933673783775
3.57731818602162
2.93041172286472

nzyl radical

-1.32301983790344
-0.28837550479583
0.99600754601848
1.21388540287309
0.17988408617984
-1.09254458599621
-2.31387333532258
-0.47625209902995

G: -270.75820463 Eh
H:-270.72187962 Eh

Char
Multi

ge: 0
iplicity: 2

Optimized cartesian coordinates

C

I 0O 0000

362

3.71310428901446
3.20693983597211
2.73247938823078
2.80086210175170
3.30949753883101
3.76967459175946
4.06983924758549

-1.31490218394319
-0.61847344793215
0.71462333042110
1.29693244334582
0.58923643648768
-0.72055613021753
-2.33229491591556

0.32765563708489
1.18096150471360
0.68732961085250
-0.68516001516021
-1.54396092869601
-1.04079146405051
0.73114733074215
2.24860334657928

-0.05490376270108
1.02537255384290
0.88014600163171

-0.41581337016017

-1.48757803241513

-1.31945609522200
0.07942929922528

I T T T T I O

I T I T T O I

2.38305814715681
3.35466150600551
3.79328936102206
1.48585575475855
3.18083624692708
2.17923386774684
2.70756398916160

3.16573860356866
2.21647989968816
3.35197917441023
4.16830279823108
2.16700400059385
1.85610777364212
2.44482069672087

2.10917542460885
0.37130611316951
-1.90049284014914
1.84746424549715
2.31278342522841
3.03451187590931
2.20602108371251

-1.08544666624680
1.42785048959587
1.05432773173312

-1.27227562740349
0.97777050958905
2.44401726394142
2.31481573654464

1.62228732574337
-2.60949698147357
-1.70869311945747
2.19401486726823
2.34579404795084
1.07721033201043
-1.08748849410751

2.00604768218542
1.97335934503146
-2.46852479049912
-2.16517223878051
2.95889357556623
1.85574861206009
-0.55228895976507



HAT transition state toluene

G: -1314.28009906 Eh
H: -1314.20699697 Eh

Charge: 0
Multiplicity: 2

-0

1

Optimized cartesian coordinates:

C

W » I T OII I OO0 OO0

I T T O I O I O I T O

3.71003528091204
3.16125575120387
2.66584417929403
2.75908622333959
3.31237261763523
3.78376058701512
4.08051080652014
3.09342755402647
2.02676752208954
3.37869218785871
4.21077689894244
-0.78521602510736

i -1.23704021315136

-0.88424641365147
0.07239878404849

0.66380363830374

-3.10051944003661
-3.54336470388447
-0.12480952035602
0.82594056123768

-3.76282166513851
-4.84793515720047
-3.59897639906980
-3.39201627897139

-1.31520870242546
-0.63237526465333
0.67957064720528
1.27867325447170
0.59184379346421
-0.71102853398669
-2.32686870385356
-1.11007710321132
1.35691709113606
1.07018591101054
-1.25013009613915
0.44444291162933
0.07137783600295
1.71748705467704
2.03841182322882
0.89207303285453
-0.33944614703239
0.48083609302372
-1.31826872611320
-0.81198290713884
-0.32697639570136
-0.46244747738115
0.61260017441095
-1.13962288275159

Reactant complex toluene

X

H

-0.05393963021528
1.01783785658399
0.86233235581105

-0.41235403959020

-1.48012068803248

-1.31001428294172
0.08370320581707
1.99178789879193
1.96034282528548

-2.45308110695351

-2.15021527394085
2.25706342405348
0.16840492606790
-0.73451951073145

-0.29357851554161
2.01252601862576

0.18829731017943
0.77485410162283
-0.52527546526204

-0.75733209854366
-1.19877411181201
-1.09940302490426
-1.73515433303304
-1.83147560659465

G: -1314.29079371 Eh
H: -1314.21445853 Eh
Charge: 0

Multiplicity: 2

Optimized cartesian coordinates:

C

O I T OO OO0

3.39092108540905
3.01573942239370
2.76818180492921
2.89136114943918
3.26047169399301
3.51559554907309
3.57953546004799
2.91288272083897
2.38729774949950

-1.32089673194552
-0.28837287175066
0.99729646370877
1.21259491399870
0.17909030605022
-1.09145865166262
-2.31147906251955
-0.47596610268030
2.11011321270341

0.32861311914585
1.18040120596520
0.68685784310065
-0.68727752260081
-1.54553978393741
-1.03994440679457
0.73314831856528
2.24692860509011
1.62361202737788

w I I

I O I T O

-3.41028910901392
-2.95872130296487
-4.49415974904324
-3.03662256730634
-1.92297479504327
-2.04706466916386
-1.61958667467456
-2.90322078906218
-0.66780482646713
-1.56700866629866
-0.41669235909208
0.15165809925828
-0.65557158825312
0.10253249555697
-1.54248156005688
-0.92545945402633
0.18271699407101
-0.71982060165620
0.91049354271228
0.59039991790101
2.27865744858439
1.83986824192659
2.39577119625261

3.35152702737798
3.80762579444574
-0.91413252339903

i -1.34866296727384

-0.87394675491637
0.09746718991969
1.48966758450219
-3.21123677445260
-3.69500804342101

-1.65540615457127
-1.69045769531471
-1.78770766523063
-2.51543327568864
2.79207837281302
2.89024641678331
3.76973055452108
2.55824855115973
1.61537537860272
1.26506261559412
2.59948189484911
0.93227312275343
-1.93012088954985
-2.58664504529307
-2.54513727240321
-1.17911713588000
-2.43641828251480
-3.00487920968772
-3.13992080699710
-2.04264620296831
1.02756871700765
2.42495350153489
2.29369582775319

0.36991039838097
-1.89818401218927
-0.14020459040103
-0.11324517805652
1.61382551780468
1.79090624459890
1.84663243907360
-0.48583814835444
0.22639489028224

0.91673391051570
1.91348355315853
1.03033120571802
0.34930841238259
-0.38519912685991
0.69844671498492
-0.78187427954858
-0.81574295897690
-2.25010493705043
-2.76987894657786
-2.66844779576705
-2.49835226981820
-1.83284772149495
-2.27978308047687
-1.64351865679924
-2.58171071561391
0.48009482362920
0.73149164482407
0.05397096617817
1.41453054158309
2.96761440616824
1.85890140959937
-0.55032433450003

-2.61139059689571
-1.70604480144465
2.34278782357870
0.23585492409179
-0.41507796413474

0.06945175322348

2.19549084403910
0.03922179759347
0.72670310139968
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C -0.17256262022659 -1.42920649615740 -0.51837664654646 H -1.55663362626291  1.49479420138355 -2.50228902888252
H 0.77156359830023 -0.87247852325287 -0.61847281078465 H -0.33790778152734  2.73433974773780 -2.19656514984792
C -3.77169408613767 -0.22222956308235 -1.36710481173211 H 0.13997125387156  1.03536792576836 -2.26641752232507
H -4.85487510804381 -0.40080322584386 -1.38008499011399 C -0.62389508493274 -1.87014514862619 -1.91768871740386
H -3.60712791207446  0.80810205805049 -1.69595255751402 H 0.17314558724523 -2.46220880081607 -2.38795228743892
H -3.32533682650650 -0.88697270373124 -2.11371897594183 H -1.51389422590963 -2.50668571108667 -1.86636396473927
C -3.56710191705912 -1.90082511950332  0.51422709422648 H -0.84570776891307 -1.03175431428224 -2.58474144051656
H -3.17140976817700 -2.10380318445368  1.51458667533192 C 0.09222597364241 -2.65450435736866  0.36345228137918
H -4.65603986123325 -2.03460929583741  0.54654203107282 H -0.82694836241323 -3.21478941642839  0.56569167003963
H -3.16791989222808 -2.65920344046617 -0.16899356326746 H 0.79255608599163 -3.33255697307579 -0.14222691811508
C -1.84740314205038  2.69018842414779  0.08430845089342 H 0.53057542293923 -2.37491395926311  1.32629310067459
H -1.95581324752889  2.66197543382911  1.17482465389087 H 3.19019737002311  2.30417552014477  2.34408508186418
H -1.49295405814897  3.69227035643781 -0.18938183451185 H 2.19041030763703  3.03917503256380  1.08112674076822
H -2.84535746247341  2.56830789451058 -0.35276796134716 H 2.69681947412277  2.20385213954527 -1.09065284310097
C -0.64910397140652  1.71549944490427 -1.92912049080723

2a

Substrate 2a

G: -310.66138785 Eh

H: -310.62191776 Eh

Charge: 0

Multiplicity: 1

Optimized cartesian coordinates:

C 3.54746406868165 -1.29050026529371 -0.26553538075926 H 3.09710460885453  1.20450905206139 -2.51421953468658
C 3.17842837049373 -0.61165757216360  0.89501548553773 H 3.80913332732501 -1.17509434784312 -2.39936196616907
C 2.77594890696199  0.72311335738409  0.84547092559511 H 1.29328863362768  1.76448382408941  1.96755796014730
C 2.75508880231854  1.36035991319515 -0.40072929692965 H 2.89572675726226  2.45641720309033  2.07510768118662
C 3.12078060691567  0.68743707519816 -1.55891799002333 H 2.44586359686725  2.40238428295390 -0.45821406264020
C 3.52014360623219 -0.64607994409720 -1.49589862327968 C 2.56565772684560  0.80159484452075  3.41316375383948
H 3.85882230033266 -2.32956253215633 -0.20277663599866 H 2.26832665481159  1.45990437988468  4.23488594877007
H 3.21014138314032 -1.13557353546177  1.84518681857874 H 1.96840906691923 -0.11288265009772  3.49072749693477
C 2.35499204833855  1.50043568619910  2.07425102655896 H 3.61692353407155 0.53305422853649  3.56280539333764

HAT transition state 2a

b
7_

CHj

Q

G: -1353.55808959 Eh
H: -1353.48162363 Eh
Charge: 0

Multiplicity: 2

Optimized cartesian coordinates:

C 3.70440007517578 -1.29576733481958 -0.18769152985394 C 3.28307273066335  0.71307337183357 -1.45197523859644
C 3.17942935305140 -0.69847670310383  0.94798371811833 C 3.75317929221829  -0.59940207450700 -1.39463714633367
C 2.68583481074008  0.61972715223671  0.90597343002510 H 4.07502777342400 -2.31547555127297 -0.13546798396881
C 2.75826167484397  1.31360342989474 -0.31937331838020 H 3.13817619671437 -1.25988219086863  1.87549837627392
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C 2.06555005070352
H 3.32929706863303
H 4.15993928070679
S -0.79407431686401
Si -1.24208548380988
C -0.88750053357966
H 0.07306063080453
H 0.71192612041584
C -3.10606685456526
H -3.55034538116915
C -0.12833678793385
H 0.82045890948869
C -3.76738375880939
H -4.85141674086773
H -3.61105120315344
H -3.38874024903583
C -3.41497638961158
H -2.96267336713367
H -4.49878305376313
H -3.04137201406245
C -1.91909904160666

1.25230789310711
1.26756819431300
-1.07337617710891
0.53599646109538
0.10055361119753
1.71266286928240
2.04229302107188
0.90123072703816
-0.31097639722376
0.52312527526933
-1.31116283526533
-0.81057252039431
-0.33335609519890
-0.47619732945931
0.59665148597607
-1.15540496444837
-1.60841443559240
-1.61779069624341
-1.73828518311631
-2.48235399318880
2.80359092457896

Reactant complex 2a

A

G: -1353.56272452 Eh
H: -1353.48364268 Eh
Charge: 0

Multiplicity: 2

Optimized cartesian coordinates:

C 3.54782882640275
3.19213953308648
2.78923751329521
2.76872327259452
3.12015854894952
3.50783624373025

2.35786658011461

W I I OI T O OO0 OO0

%]

0.77083296832915

O I T T OI O I O I IO

3.85501101761878
3.22518938578195

3.09371524668644
3.78298926730387
-1.20198771942364
i -1.36999427170204
-0.93413919551027
-0.00209060188623
1.28901340629544
-3.23894485389754
-3.76293287864701
-0.16835276711370

-3.70805276526888
-4.78976631573203
-3.52507807360332
-3.22144388986764
-3.59638650534253

-1.28995581318780
-0.60633360734624
0.72889090124901
1.36513122317148
0.68716203281729
-0.65031400772237
-2.33022257036555
-1.12845240226371
1.49907259625993
1.20343318522252
-1.18408561045775
0.40670974747760
0.04602492266063
1.68714704818027
1.98657077399018
1.74617760123846
-0.39208309505283
0.41176925617200
-1.32821581134812
-0.78211765574446
-0.36426619575245
-0.55056733522828
0.60006300286200
-1.13892351772630
-1.72804610372358

2.05938333379291
-2.38488511109753
-2.28289136502844
2.22726284441011
0.15233982872868
-0.80800593812055
-0.38207029341621
1.99447843812479
0.18223476445367
0.74789616966743
-0.49242516088931
-0.74452811636775
-1.20533994854675
-1.10401805791202
-1.76009602713211
-1.82118248429812
0.94335744508773
1.94030427444350
1.06062123283952
0.39752605612999
-0.49026059895735

-0.26473883553245
0.89662159328581
0.84760248724780

-0.40017845494057

-1.56034681052919

-1.49790273927677

-0.20133874007707
1.84746062167046
2.07473515921264

-2.51607332189946

-2.40291175738879
2.33506381565750
0.22401003815095
-0.65006134054833
-0.14468619600804
1.96789217526198

0.04243165424390
0.57924011661202
-0.33378349094453

-0.51445710200845
-1.41949954663779
-1.46009197079375
-1.90138418664398
-2.01953107716544

0.70595218259279
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-2.03772168991614
-1.61258687088754
-2.90252148163578
-0.67843875876941
-1.58078380358186
-0.42622404331531
0.13834165241255
-0.65746054021889
0.10168015029645
-1.54479326970247
-0.92570143423415
0.18189615755505
-0.71928735713726
0.91383241415797
0.58484403813892
1.93267275992408
2.39813452837522
2.38548094852426
1.78300417138416
2.17927423696867
3.44531398004354

-3.31221523507874
-4.67744987448170
-3.09809342971663
-1.97641703966443
-2.17942831479624
-1.62591102606708
-2.92588023658596
-0.60977957670071
-1.47676005099069
-0.30043508920869
0.20893379351265
-0.56937060513538
0.24751790810008
-1.45065231011668
-0.79097001645180
0.11532717003956
-0.78754321755665
0.86474905709285
0.49210548235195
2.88006743152330
2.47081790999675
2.56463445198531
2.24871600435859
1.97096084052294
3.61733893930073

2.93834948030423
3.76605725427072
2.56077567759982
1.55773457317295
1.19202635588737
2.52611745094510
0.86454944578338
-1.97269709387429
-2.64519893467515
-2.58038188859336
-1.25032245300319
-2.39001233725367
-2.95165276028092
-3.10619102843097
-1.95989292888011
2.33195516356796
2.33820822351108
0.79647696960237
1.34627495099888
-0.26869229045936
0.96990458472415

-1.75218707324821
-1.90726373441963
-2.56648613206400
2.77966076741376
2.88812209850337
3.74917890691315
2.56124951796592
1.55886350779609
1.22816469200168
2.53202941004259
0.85466871767007
-2.00517247479238
-2.64914393364395
-2.64241857207822
-1.29107623300185
-2.38814509888683
-2.95452980550329
-3.10170437927060
-1.94147552506809
2.46538633030926
2.41060547404522
0.79936927980168
1.45264350851268
-0.11817047932465
0.54200611333607

0.59005266922514
-0.92039601456094
-0.90852814208141
-2.32007387216965
-2.82370968174988
-2.77300038744008

-2.54822912289817
-1.77630695376079

-2.19705152957514
-1.56621281130089
-2.55328526060912
0.55384216613581

0.82474131315307
0.15692151104197
1.47447569185753
1.95033094235748

-0.36759471334611
3.45892247519597
4.18663698065793
3.59992704376869
3.68704053290204

1.76208603948014
0.63790745458765
0.20695648819507
-0.38452236826722
0.68618971466219
-0.76112602042843
-0.88697408901408
-2.14497561324581
-2.72776015944065
-2.54922553299699
-2.32356254880373
-1.65398097817636
-2.00471744594034
-1.52017083016826
-2.45317522982182
0.73685985635299
0.99286371605177
0.36970462266666
1.66078434924807
2.07712654800541
-0.45880297559352
3.41305783400588
4.23153090134127
3.48187747190667
3.57290789731474
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Radical 2a

G: -310.03723847 Eh
H: -309.99676631 Eh

Charge: 0
Multiplicity: 2

Optimized cartesian coordinates:

C

O I T OO O O0O0

2b
Su

3.77723687743787
3.33242381108650
2.81492218510958
2.77586872567426
3.22308314553367
3.72814408179146
4.16887914279067
3.37877517463591
2.35165247787560

bstrate 2b
CHs

CHj

G: -349.93794805 Eh
H: -349.89549105 Eh
Charge: 0
Multiplicity: 1

-1.26354677638206
-0.63212714111580
0.69013232514793
1.32878093567465
0.68744082422714
-0.61467423952793
-2.27525663829901
-1.15349906351928
1.36353259118610

Optimized cartesian coordinates:

C

I T O I I OO O OO0

366

4.10448601204513
3.80157079992375
2.82620135908205
2.16583693513961
2.46591357289632
3.43707744662920
4.86496824479651
4.33260378004349
2.49377173492558
1.93860938270362
3.67343149845487

-0.89282278220611
-0.12308438468997
0.87730563503864
1.08358864238810
0.31559390915725
-0.67659541838882
-1.66591646581350
-0.30563260765781
1.71869083294193
0.49404881249094
-1.27818701398274

-0.16940657175165
0.97849053301379
0.92981826708766

-0.33925691443188

-1.47778195501847

-1.40534843145629

-0.10741580553206
1.92979475194795
2.08116053322555

-0.28116416107275
0.83605648889947
0.77619239326912

-0.43569875517411

-1.55794067905880

-1.48434601569478

-0.21338546162190
1.76711648261035
1.99201831816413

-2.49098092917997

-2.35719671124498

I T T O I T I T

I I T O I T T O I T

3.18172689466087
4.07905051347871
1.97156913079800
2.38384267787160
2.35356763253227
1.94361067267133
1.75747367891298
3.36773862713870

1.69741088229874
1.40465289458069
1.95865751898505
1.65657783422128
1.09399891134607
2.72611757393346
3.70032605323939
4.08083171541699
3.42541124049836
4.51758930883978

1.19872601329512
-1.11679055822025
2.37398220091275
2.34102087296181
0.77505967302327
1.47433820111618
-0.14690194588706
0.50625272540644

2.41512756929135
1.85809944869722
0.85751159823657
1.48655955024173
0.26704821601645
0.16276839607793
2.55163361509519
3.17043868765328
3.20875586638112
1.90578052303123

-2.43557371823930
-2.30164849164973
1.95242519965029
-0.40205313338036
3.45086567231282
4.18282725659867
3.50035159379401
3.77826171382899

1.69468502729115
-0.50065658452075
3.14355589406344
3.98824179322685
2.82475303031849
3.50243388918629
2.44452459891869
1.62585311466804
3.27707583577793
2.78491790117408



Radical 2b
CHg

CH,

G: -349.31376769 Eh
H: -349.27135215 Eh
Charge: 0
Multiplicity: 2

Optimized cartesian coordinates:

C 3.77230389149377
3.31784125984625
2.80394699001066
2.78140936202204
3.23890636324167
3.73887305497345
4.15933391783965
3.35668104354165
2.33479309680952
3.20735425743786

I O I T O OO OO0

2c

-1.26167714340567
-0.60065911667605
0.72250618326905
1.32751369896113
0.65570808022000
-0.64377672975195
-2.27281903689593
-1.10679482847331
1.40868393619122
1.14781159893180

HAT transition state 2c

G: -1432.10773530 Eh
H: -1432.02617819 Eh
Charge: 0

Multiplicity: 2

Optimized cartesian coordinates:

C 3.58633812423323
3.04645509608613
2.63743135077569
2.79371884573540
3.33509945347555
3.73086913408092
3.88775645759276
2.92168138409594
2.01825577297325
3.45063070952300
4.14906907071645

w I T OI T OO O O0OO0

@

0.13626634745027
0.68600934764738

0.80852846112193

O I O I O I I O

-0.73144659310585
i -1.21809806218099
-0.83256901592884

-3.09407328448729
-3.50504815321337
-0.15923265479865

-3.76791691396591

-1.48259060841991
-0.78823559038129
0.55192548725323
1.16015892990479
0.46280910065048
-0.86496807517940
-2.51817516676244
-1.28955495170556
1.28490875953751
0.95421069101206
-1.41439037046240
0.18468607251543
-0.01998154426071
1.67875416794819
1.94732274133491
0.78371605373178
-0.37413554342733
0.42391442897345
-1.38833396663554
-0.89797597144376
-0.26220880643826

-0.14284914386730
0.98407726345405
0.90873937717233

-0.37702834992476

-1.49653534270838

-1.39446380283067
-0.04976171041139
1.94304446986592
2.06534407064296

-2.46492469773165

0.01442955573347
1.08546624831933
0.94404557035395
-0.31720537680668
-1.38604093896647
-1.22771717483946
0.14320853225704
2.04058711376821
2.03722397776529
-2.34787457131690
-2.06581047374631
2.26335409899094
0.16104691856783
-0.62628072339588
-0.17916984323503
2.04913728282092
0.17402087334558
0.81190700534651
-0.64786081987328
-0.84185307092762
-1.20234927164382

I T T O I T T O I T
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4.09683082440555
2.39851016993927
2.37126599412513
1.97042202296515
1.78491257489308
3.39393998010382
1.80037961090898
2.54929436642138
0.93235867648688
1.48769624253423

-4.85614005282533
-3.57709683629975
-3.43046826218190
-3.43902239218478
-2.98478423297149
-4.52578119520950
-3.09251328098914
-1.84257730317477
-1.95676455080399
-1.51877378442886
-2.83122075265496
-0.63527149279469
-1.54761062033540
-0.36607082325280
0.16553707662860

-0.71288408130848
0.02334228873396

-1.61628248523815
-0.96407437657739
0.11131497175751

-0.80795889617599

-1.16641702699108
2.33658851610010
0.74680782578090
1.40290201312326

-0.18234712922082
0.47227399144088
2.80423443318540
3.49978343811363
2.86022942700319
3.18555131909426

-0.36678950183166
0.69998049714964
-1.05025095548508
-1.71947234994756
-1.82360693794665
-1.82701071627420
-2.55684070968499
2.74963175585686
2.77277500676755
3.74563292298914
2.56950716097641
1.67530265613733
1.38103737225494
2.67982486352896
0.99233371787441
-1.87933873996898
-2.52132329034257
-2.48176449046631
-1.06565671984901
-2.59330648008595
-3.15570060456232

-2.27613657917232
-0.48907963169409
3.40920466071484
4.18501919106906
3.42521650347486
3.70324883908840
1.95723050189662
1.55386622840697
1.28567982437519
2.93174640817935

-1.09900177550707
-1.68727366235264
-1.88280812463206
0.82931753849442
1.82022549437524
0.94212596816102
0.21293579985474
-0.19198568003042
0.89697872469782
-0.52120727933945
-0.62923043511422
-2.14783805043937
-2.67934734690963
-2.50135270514133
-2.45123290475917
-1.99650300927446
-2.49792030020656
-1.84924605046662
-2.68374365926638
0.26376881612943
0.46279177179457

367



2.41954359530895

O I O I I I I

3.92214034780830

0.82100971002595
0.52571231241535
1.81668032143993
2.49176628561076

2.23036257494856

-3.27975113362383
-2.29044688230716
2.33689582342603
2.19666687929863
1.04187093020843
-0.01218189085841
1.31933108768163

Reactant complex 2c

G: -1432.11465988 Eh
H: -1432.03055130 Eh
Charge: 0

Multiplicity: 2

Optimized cartesian coordinates:

C 2.76463955817292
2.34426838119815
2.43343232425273
2.95690063302755
3.37942088186117
3.28235825054150

1.99116911175886

O I T OII T OO OO0

@

I I T O I T T O I O I O I IO

368

2.67945395256171
1.96570323870278

3.78207610469826
3.60359740141587
-0.75138571260879
i -1.26968402001327
-0.74153207667216
0.28476750383558
1.00370006378927
-3.18312342943522
-3.50549716362345
-0.35913683665965
0.62905413148771
-3.85843280900580
-4.94969129773533
-3.61190305733259
-3.58231276966731
-3.63502676510991
-3.18291135942604
-4.72640554262889
-3.37026237843315

-1.90023500804874
-0.83197842025459
0.48759940296355
0.70415675798558
-0.36096305354851
-1.66770731892201
-2.91468350733250
-1.01902732520369
1.62809078470176
-0.16974845819591
-2.49913993137196
-1.19257742670522
-0.54207980621230
1.28516540917678
1.26349560667168
1.39228143883844
-0.73332930390174
-0.23491337148435
-1.59255339739167
-1.10899595014237
-0.00958944884274
-0.09039384225094
1.05531011623484
-0.45003091682161
-2.19833421816597
-2.72986167821700
-2.25616431350486
-2.73812878884662

-0.21718958931558
1.22875222803912
1.80818288048089

-0.44584358618401
3.47958176590414
3.72923778924804
3.65862531303458

1.16720472406513
1.95824534799479
1.49287983053384
0.21763239680058
-0.57408631521854
-0.10206458251284
1.54589392383421
2.95964056791314
2.36810297104521
-1.56509985193760
-0.72257275182705
1.90327371585708
-0.08043057142059
-0.22788928578247
0.16713382107706
2.78711633604112
-0.08471398949540
0.84165559665479
-1.39086039222552
-1.46358233835934
-1.25973718083944
-1.16536254095750
-1.29406819784070
-2.22281293908488
-0.01765952551905
0.82503743975553
0.08719851046261
-0.93389519005575

CHg

I T T O I I T

I rroOoOIIIIrIOIO0OIIIIIIOIIIO0OIIITO0OIIITO0

4.21630151849065
4.52984112316191
4.15066528272009
1.59809770093604
0.52527165591066
1.87650875408616
1.78407302159697

-1.56652964569690
-1.60614360062704
-1.12947536393766
-2.59663687933736
-0.65704319106761
-1.63110230686692
-0.29628746825285
0.03740615802541
-1.01787274550405
-0.36812324074897
-1.96565465720401
-1.22308857962891
-0.12375771446034
-1.06893522428924
0.46886972707278
0.40594211620273
1.87315255557234
3.03227388646805
2.96671214554991
3.07259691302139
4.34716512158262
5.03365761092911
4.78705778735756
4.27739050869807
2.38734977800712
1.40684368295318
3.04997857259081
2.26440129541394

1.14789437899614
0.67702631808405
2.36214931860312
1.91416853976217
1.72998658323198
1.71632301643266
2.97639173622935

2.19690462516045
1.80656597848336
3.20327559520468
2.30564456328081
1.84444445444041
1.85203302095004
2.88149286734878
1.26997509018090
-1.563835123619605
-2.01264105753091
-2.08822332176992
-0.51885609447634
-3.05137366474242
-3.59504089290252
-3.56954901259530
-3.12152031267788
2.53634112614670
1.72162058139275
1.93445335790991
1.01710660988701
2.32719831109847
2.54249529598143
1.53175833024776
3.22886069262080
3.03073550384040
2.74651182357246
3.23943451808474
3.96296928378004

4.69990570941979
3.01469686371620
3.40978516374194
4.43059192774445
4.32307569485692
5.47051746199288
4.23016833473514

0.68845315738021
1.71119331902641
0.72932131605079
0.32942870195662
-1.65465860101354
-2.15671417782393
-1.63342958539169
-2.27660902257409
-2.77921099088079
-3.52624934568421
-2.78291557487448
-3.12012105999291
-0.97935924113137
-0.87035251183398
-1.74526942551422
-0.02638249159852
1.76042905947870
-0.16017828462181
3.52352684776033
4.12214165901971
2.99811538420847
3.82379064740587
2.38812396777423
2.37601134776042
4.41784365885934
4.81481022845630
5.26447637237655
3.85263460016725



Substrate 2¢

G: -389.21353649 Eh
H: -389.16834094 Eh

Charge: 0
Multiplicity: 1

Optimized cartesian coordinates:

C

I I I O I T OO O OO0

2.76012690902100
2.32228199984229
2.41682703996543
2.95891116055414
3.39833981876520
3.30137358933535
2.67431348689530
1.89482282464248
1.97830792592652
3.81534430031906
3.64134243196354
0.99747844538879

Radical 2c

s CHj3

CHj

G: -388.58510972 Eh
H: -388.53921505 Eh
Charge: 0
Multiplicity: 2

-1.89888351809006
-0.83782990210042
0.48034148341347
0.70607562125211
-0.35285246346266
-1.65957642578183
-2.91661617586620
-1.03325689987000
1.62195507887828
-0.15599872152808
-2.48742704188380
1.39173215544711

Optimized cartesian coordinates:

C

I I T O I T OO O OO0

3.62865570333547
3.28361889685867
2.82320917914247
2.73775447769086
3.08355035575547
3.53303395434221
3.97870939635146
3.36923688078682
2.46190005736109
3.00600297587649
3.80505902471418
2.14915970495479

-1.45190628333155
-0.68471354497953
0.65176224854963
1.15540817245337
0.37816829446347
-0.93380847521096
-2.46998037449612
-1.11075332722512
1.47369935934740
0.78993989154039
-1.54334653909909
2.49320183518043

1.16807295922618
1.95262765278375
1.49681364828535
0.23029420481445
-0.55952159911986
-0.09261293697408
1.53867542776915
2.93408617806437
2.37524472378766
-1.54331018453978
-0.70801597250939
2.81269622417062

-0.01946617960679
1.07836139145029
0.92155562410646

-0.40641582308974

-1.49384705509340

-1.31322738681183
0.12837930412585
2.07310575266162
2.00994333387035

-2.49632687773854
-2.16934124915309
1.78396285044487

I T T OI T T OI O I T

I T T O I T T O I O I

1.85025055895614
3.03892772280909
2.96684239298122
3.08131811052305
4.34121137282794
5.03731251089419
4.77242523764112
4.26456552769706
2.40092217017378
1.42563989499516
3.07536755461793
2.27104801326422

2.38959924761745
2.53746801429095
2.29032914792913
3.96554357393661
4.02891260585224
4.69580226258202
4.24711690194351
1.52861243585344
0.50651827693831
1.57070397767381
1.74817348821252

2.52825654639235
1.72581067441742
1.93322888377819
1.01662471903110
2.32448243947491
2.54081629769030
1.52751707192265
3.22503452391142
3.03216484627684
2.75085292353029
3.24223297215966
3.96344691100694

2.17476268553028
1.09133300930778
0.02465438935758
1.29617787861310
0.98713051865554
0.72045867343520
2.35342402608207
1.89151333398660
1.73429365670550
1.59940395676902
2.96434229436501

1.76749795664988
-0.13979354217946
3.51886226072408
4.11732118937694
2.97639924363675
3.79378029846898
2.36262475136068
2.35345842925488
4.41884818108814
4.83121645098273
5.25580208567133
3.85355036920665

-0.55445914413606
3.45495692457873
3.55717376352077
3.99742028966679
5.04724202669544
3.42045797214622
3.93498611749983
4.28469956340927
3.92562030376388
5.33922956948689
4.22477240820216

369



2e
Substrate 2e

G: -425.13871708 Eh
H: -425.09334334 Eh

Charge: 0
Multiplicity: 1

Optimized cartesian coordinates:

C

I T O I I OO O OO0

3.20965683830274
2.67088831499158
2.44926474189281
2.79037566413627
3.33495263486661
3.54649809659955
3.37427265355400
2.41031031423609
1.91129895513052
3.57974093628775
1.15494226378844

-1.53290730214255
-0.99092013610526
0.38548758569590
1.19775365402086
0.67517819125164
-0.69954286281326
-2.60145134751708
-1.65284633369655
0.96711426436571
1.34575301688257
0.29235961820822

HAT transition state 2e

I

G: -1468.03575054 Eh
H: -1467.95420525 Eh
Charge: 0

Multiplicity: 2

Optimized cartesian coordinates:

C

»w I OII T OO OO0

%]

O T T O

3.68424142566162
3.16458773032282
2.67605176674937
2.76175172855968
3.27789056928942
3.73463883747722
4.05239483420628
3.12100610025679
2.04282645970118
3.32163793341793
-0.83978334426254

i -1.24014647539191

-0.85581059949668
0.09253142117540
0.67816668537680
-3.10540224234511

370

-1.33235557259861
-0.72606545361370
0.59847063569015
1.27977017606392
0.68230037342903
-0.63935074084358
-2.35303969741589
-1.28884679164453
1.22895021380218
1.24795049469394
0.54268020062885
0.11090249850103
1.72191810500576
2.05003480123627
0.89351323951240
-0.29587227279312

-0.33538506483382
0.81924066865247
0.94676920318485

-0.13059238555016

-1.30378817229929

-1.40625858407283

-0.43360727729432
1.64270380271954
2.22905985909257

-2.11938461441074
2.64950080619616

oy

--I---»

/O/\CHa
MeO

-0.09406546132908
1.02924682337702
0.99038735756423

-0.23830228389559

-1.37750077821326

-1.31185862289361

-0.06268902878362
1.95581399609702
2.13163004807969

-2.30093946380659
2.24728530651766
0.16678409382880
-0.78757473238734

-0.33409074867061
2.04538766403057

0.13865271970941

I T T OO I I T O I I

O I X T OII I T OI I IT O IOTI

1.40284338521858
2.62682583709910
3.01596929816922
2.60731040790552
3.52559628973910
3.76893427598697
4.06807229991170
4.42245447603662
5.19802990892778
4.81502793947364
3.54878946774524

-3.56316496824312
-0.11411590249484
0.84190009585964

-3.72869468567655
-4.81509720608313
-3.565755361391003
-3.33279410873197
-3.43850127884955
-3.01164013512525
-4.52541847397837
-3.05365584420484
-1.89293278836324
-2.03955669899237
-1.57295406644744
-2.86567232377721
-0.60496807904503

1.91509396754573
2.27131612606039
1.20370490044653
1.62330766815867
0.26592491329360
1.89697435200721
-1.32660489448200
-0.51478742413527
0.21617473366696
-1.19726507309972
0.01323638238770

0.53810867250095
-1.30218737905058
-0.80162361159397
-0.31478032258210
-0.45839200204945
0.61678946857674
-1.13500701203978
-1.59355551777707
-1.60530710326405
-1.72041176802445
-2.46789708997971
2.81559072088755
2.95011195882687
3.77760645939820
2.57518804761768
1.56704077820171

2.01520519496326
-0.06265933660382
3.26742075508549
4.19296854806623
3.51255765159468
2.87809588442638
-2.50256057888975
-3.61501891098509
-3.34786305101329
-4.37083905050952
-4.02143334751900

0.69371818466712
-0.45663503553750
-0.67950397704869
-1.26624995002326
-1.19532136929483
-1.81415602688414
-1.87362081050120
0.88915625176611
1.89720110316124
0.97845600292909
0.35162175851294
-0.49862416858376
0.57829999686882
-0.92015635666203
-0.94255666648230
-2.29309696368411



I I T O I I T O I I T

-1.49336473218238
-0.33869263475424
0.21667137164044
-0.60811290025114
0.16137169927137
-1.50117838623975
-0.85681494485370
0.16578256170904
-0.74384107534918
0.90752229377991
0.54315520988255

1.20208754330305
2.53484125334677
0.87160882357669
-1.95938088668125
-2.63181105564906
-2.56669922028463
-1.23471882012019
-2.38499314007999
-2.94525672207024
-3.10127397228736
-1.95744100687023

Reactant complex 2e

G: -1468.03864815 Eh
H: -1467.95455259 Eh
Charge: 0

Multiplicity: 2

Optimized cartesian coordinates:

@

I O I I O OO OO0

@

I T T O I T T OI O I O I IO

3.67556997031381
3.19812771203766
2.73604811978151
2.80186083467033
3.27462630373301
3.70522189798297
4.02518157805878
3.16864760767901
2.10281200098974
3.30186537261838
-1.29093270523767

i -1.39208880521795

-0.90239118524109
-0.00239798684437
1.01015430857766

-3.24757857055893
-3.78424300206277
-0.17496897051042
0.77216444824127

-3.66732129946368
-4.75093399403767
-3.44414817054795
-3.17851205701498
-3.64960478106087
-3.40493039754481
-4.72960759674485
-3.14290385432877

-1.33302820296820
-0.72969122484679
0.59440103383602
1.29302076417486
0.70575951146296
-0.62295186792246
-2.36073807863186
-1.30843114260328
1.22756051948851
1.28837260069723
0.50692761565122
0.09512080141588
1.71526577954138
2.03195235133076
1.00161241171833
-0.33267294182035
0.49304822294778
-1.29381219419893
-0.75892884796702
-0.35041615768862
-0.51381880576675
0.59014194005845
-1.15779337488683
-1.64055459130319
-1.62948786132689
-1.81050121918226
-2.50215532517407

-2.82148597402825
-2.73983144590196
-2.49695460193208
-1.75638466257102
-2.15863589142656
-1.57101061870643
-2.53787137992579
0.59403912030590
0.83830641584800
0.21582583568587
1.52671396901747

V-
.

{ MeO

-0.20272749024836
0.94659217523806
0.93966939497045

-0.26789410992421

-1.43725654112858

-1.40824668221755
-0.19510875331352
1.86440304621048
2.14325781614736

-2.35079451782110
2.34808629233708

0.24167939504059
-0.64683472130603
-0.09539750594417
2.11269444799095
-0.02104356259396
0.46918071009310
-0.25346707957363

-0.42591935646556
-1.49828517997198
-1.57268952978351
-2.01020349783996
-2.05170510147996

0.67422233336420
1.74072057907692
0.57294949284590
0.22496174393168

I T T OO I T IT OI T

I rrTOo0oOIIrIrIrOIIIIIIITIxIxT O IITIOIIIOIITIO0

1.92276059578468
2.41163277046249
2.33040706065846
1.71709215665953
2.10863975565914
3.38646099391557
4.24612080849124
4.28008246054822
4.92433182303337
4.69602506010685
3.27115896939258

-1.95841797713756
-2.22363151456449
-1.58716141708293
-2.87660493775846
-0.49771042867410
-1.33372057756086
-0.16509928807523
0.32687877226465
-0.54276546131796
0.27756335654220
-1.43234854896082
-0.73922723983228
0.07844951063618
-0.83111330724253
0.84326899900313
0.41808510159355
2.16571221096266
2.46240198635132
2.62655627274644
2.14190543250670
2.41521075348050
3.70906382763110
4.17227552036292
4.17796161027296
4.84168077260240
4.55387774753039
3.16529167400258

2.31062222508536
2.30722047677344
0.75986288671737
1.30921947208525
-0.30399350681122
0.91954085996893
-1.33258453693833
-0.68553134408800
0.20309607576125
-1.41689737320908
-0.40253917083117

2.81253247096030
2.94276001994429
3.77456914341888
2.58117965741879
1.55238808218535
1.20862330850319
2.51506786631371
0.84159420946502
-2.00590636334118
-2.66575021123562
-2.63282028607701
-1.31185543212347
-2.32528758444431
-2.88811294625540
-3.04453843923511
-1.85207611859752
2.31905629719494
2.32584775626734
0.77279227432900
1.34005934543787
-0.28502727368605
0.92295903397249
-1.30913548108345
-0.63789451638223
0.23684497410171
-1.36297208418230
-0.32536386293609

2.02782289132007
-0.29672590160187
3.53453486208236
4.25367380671851
3.66331673831429
3.78929263447055
-2.36188705379969
-3.63229638420397
-3.61022064338667
-4.32659823140661
-3.96013504730030

-0.46755153414188
0.58689914100877
-0.84402326886003
-1.01997570042718
-2.11818741392975
-2.73776387077538
-2.52995697560988
-2.23707985982777
-1.56508569388107
-1.87677996775214
-1.43790978564189
-2.38847737247493
0.85237224674958
1.09231743597226
0.53042207098317
1.77796411351396
2.05535040760067
-0.30351698669190
3.50219008539371
4.30193084682917
3.68435591526005
3.57724549056226
-2.48734256039029
-3.74389579160332
-3.72730740119767
-4.46727583546483
-4.03218794383915

371



Radical 2e

MeO

G: -424.51348316 Eh
H: -424.46730210 Eh
Charge: 0
Multiplicity: 2

Optimized cartesian coordinates:

C

I T O I T OO O OO0

2i
Su

3.77278257757204
3.30862464820923
2.79918131271839
2.79609110268435
3.26124860249095
3.75502117624248
4.16040671905565
3.33339108264203
2.31737980528396
3.23634884973228
1.94644962175455

bstrate 2i

-1.28809016450591
-0.65926483540590
0.66935254732811
1.30723827050982
0.67977843441689
-0.62848019824688
-2.30163509671568
-1.19237510060129
1.33524707869083
1.21201211904420
2.34922620614714

-0.07438833446974
1.05925860714800
1.01649325001798

-0.25028814008188

-1.39259034848014

-1.31196034919450

-0.03492019218947
2.00477178807896
2.16214400145551

-2.33673076883302
2.03641569871463

G: -538.47850054 Eh
H: -538.42857252 Eh

Char
Mult

ge: 0
iplicity: 1

Optimized cartesian coordinates:

C

I T I O I T O O O OO0

372

3.64356037615759
2.90658198516688
2.61402032973534
3.08515494308838
3.81755467177228
4.10471327221040
3.86299366131795
2.56249602962060
1.80151989076992
4.18326376799838
0.83551960627073
2.30428902791502

-0.63437546984722
-0.63430120774387
0.55747356934218
1.75608890363203
1.76663362080371
0.56682184722876
-1.56984602701586
-1.58125950188349
0.60478458796592
2.69587614586672
1.07828978398825
1.28798258789993

-0.95065498930405
0.22840328008546
0.89411765368909
0.34211026085997

-0.83174845879189

-1.49126550153967
-1.45315327277023
0.63142924958645
2.16825642439338

-1.25713228697273
1.94048933077955
2.86551831083685

I T T OO I T T O I

I T T OO OO I I ITOTI

2.41436105036944
2.28797457194000
1.86379639447109
1.68796687687654
3.29383601060079
4.23750378888407
4.24317790489365
4.86886268180440
4.66536603663799
3.22601644513608

2.87021566222717
1.55830471033135
1.02195641528777
0.95390998872271
2.50168927261415
4.89670996694171
5.31551470252565
5.10809547924268
5.87576242488291
5.95246946758237
5.36775459564404
6.86792775197401

2.32266744197954
0.73144549115705
1.42480483880808
-0.18921715164340
0.45735583301985
-1.34435096023507
-0.71315519333228
0.18970564047164
-1.44314868377434
-0.45236672711242

2.69460422779799
-0.73416343280975
-0.58277135563370
-1.40620443733983
-1.24110501610869

0.63192110485421

1.65574903747814
-0.59277051987563
-0.58999180077789
-1.63606437722233
-0.00398888483519
-0.16371638576439

-0.32241128071483
3.52573209696942
4.25558004785720
3.55575165911609
3.87511529375510

-2.36915459041586

-3.64450789063069

-3.64216056796834

-4.33720635227635

-3.96715446785808

0.84876074872451
2.85732585227609
3.79864473683014
2.23969996575144
3.08643805827083
-2.74272725180743
-3.24110984795193
-3.28239341861025
-4.50112277331305
-4.79949449153237
-5.27235339688318
-4.32725818260698



Reactant complex 2i

G: -1581.37614270 Eh
H: -1581.28565596 Eh
Charge: 0

Multiplicity: 2

MeOzC

Optimized cartesian coordinates:

C 3.64715015370377
2.91015107353106
2.62266236317573
3.09790414228375
3.82820681540994
4.11039012010616

1.80552524113634

»w I O I T OO 0O OO0

%]

O I I T OI I T OIOIOITIO

3.86429942246052
2.56033432294039

4.19566504230809
-1.68025513345327
i -1.32900249131842
-0.60813314094661
0.21596699156623
0.82611797751230
-3.10100686432417
-3.71904198576515
-0.07843367133650
0.89970922126544
-3.21008469554103
-4.24990123189583
-2.92538291045272
-2.59052629424986
-3.64939130877646
-3.59933431635740
-4.69765597610146
-3.09455855215924
-1.62049393862659

-0.63759222851886
-0.64017748429451
0.55121495782944
1.75141931281270
1.76415634030544
0.56517039679261
-1.57148820389759
-1.58605561964365
0.59679334270090
2.69348664990361
1.09930078760647
3.02067403051047
2.72074564044527
2.01047761832812
1.04523612481440
3.76983901687091
2.96775806087647
4.02341651378769
3.68492751830450
4.98804686994401
5.34073829652495
4.75552331300784
5.82247060078696
4.09442447914312
3.23336914082141
4.41233607094788
4.91644485615497
2.02450982023224

T---0

CH,

-0.95099939149564
0.22704878180326
0.89725579613706
0.34986032185916

-0.82463312919613

-1.48803400301104
-1.45731820596210
0.62750680779260
2.16099423686211

-1.24818679028504
2.08816199864307

2.98062219827569
4.72269612575909
4.54299348223539
1.90510332358945
3.04325645093080
3.47306556454092
1.93296677380445
2.31619777484367
3.97261659412585
3.99276715500047
5.00227839673749
3.63002436475630
1.64734975758477
0.97438247851696
1.71812619101621
1.18173245326221
5.64141855358815

I rroo0oo0ooO0OIrrrOIIIIITIrxTO0OIIIxITOI I I OI I I

-2.04024363998596
-1.14505831364309
-2.45179340094275
0.01263134528679
-0.72504423402484
0.43368402307849
0.82495936469337
-0.16966644785488
0.66876424184428
-1.09006078594154
-0.14706203966401
-0.12760874930647
-1.10111400041973
0.63678093450144
0.03745548839225
2.27382493037101
2.88488592654492
1.56029205499114
0.99530115610394
0.97106732062699
2.50338525966412
4.89911891674705
5.31742338325826
5.10699570896686
5.86887881010689
5.94266855562443
5.35743929512287
6.86229192131561

1.12936300242572
1.72036435297835
2.69108214111347
3.95161524102214
4.74086674793222
3.67326645931808
4.38147911271258
5.53954137697296
6.05106166832441
5.94980477570847
5.80908634110471
3.72510301417509
3.99382522601711
4.30887969750168
2.66690682426655
1.31114608049540
2.68830697015645
-0.72991053592450
-0.56358461155155
-1.41358067576170
-1.22342529362605
0.63258560481987
1.65777258877946
-0.59043308994691
-0.58577927737691
-1.63122352255611
0.00262307004429
-0.16099256725447

5.17053498333076
6.58252756386980
5.89922927721026
5.40176444961872
5.58199318184893
6.37653424293214
4.80686648630122
2.17318395328955
1.68334501578407
1.74397614467110
3.23355140633152
0.42912255258117
0.00463537435322
-0.10031288750911
0.20967167763252
2.85107442916400
0.86022787490336
2.86822441524704
3.79003663601489
2.24950620436504
3.12689830091219
-2.74190450025735
-3.23787855067565
-3.28512273734713
-4.50771609964399
-4.80884217167105
-5.27480308437623
-4.33751712279838

373



Radical 2i

MeOzC

CHj

'*"?f}’

-

G: -537.85543685 Eh
H: -537.80467051 Eh
Charge: 0
Multiplicity: 2

Optimized cartesian coordinates:

C

I I T O I T O OO OO0

3.47586137314385
2.88286575271996
2.71407033104394
3.18214451250898
3.77213978537705
3.92888492084433
3.59571906465764
2.53980886589808
2.11134758318865
4.12721024325479
2.02770110591414
3.06519430701980

-0.63637130949531
-0.64033235594162
0.56434268617102
1.76809978833491
1.76573274664762
0.56439770077223
-1.56495855818381
-1.57927350304736
0.59265234165626
2.68547532933544
1.55918026532767
2.70196335432617

HAT transition state 2i

G: -1581.37189598 Eh
H: -1581.28480824 Eh
Charge: 0

Multiplicity: 2

Optimized cartesian coordinates:

C

»w T O I I O O0O0O0

@

I O I O I T O

3.33058202009007
2.67960929942224
2.56219053183593
3.11063885888605
3.75819330306012
3.87803048579162
3.41949357454689
2.25960633527274
1.86490583087234
4.18637117486312
-0.97937855214366

i -1.05107578971810

-0.47417731810723
0.43094016034107
0.55857787580850
-2.89529452934601
-3.41328769904745
0.14710680347159
1.12903115941199

374

-0.79501256943916
0.44954287660178
1.18689718238975
0.58825360874269

-0.65378922550121

-1.36666960787608
-1.34195355126504
0.87293237624899
2.45821802818126

-1.10775070059296
2.94946332429874
1.13218206559686

Si
SI/
f
1
CH,
M 602C
-0.61266418866089 -0.86745366273698
-0.60734073114941  0.35299501621062
0.57849034254396  1.10390289665966
1.76203716235647  0.56706240635395
1.75880609748281 -0.65138297196713
0.56953639979013  -1.38204301268982
-1.53405423865653  -1.43180485634428
-1.53199385278627  0.73514428758184
0.62554139042446  2.37642822670823
2.66731473584865 -1.06259624610557
1.14261608480206  1.80693338412723
3.04463998342291  2.83800213042035
2.71228702060222  4.62925910525608
2.09713951450589  4.49606054697044
0.93015063245172  2.02909850079497
3.52309198454433  2.75323830571473
2.61566798128517  3.10211416685131
4.28304319401833  2.00705721695748
4.04238236521517  2.45223143600284

I T T OO OO I I I O

I T OII I X OII I OIIIOIITIO0O

1.58651401531741
1.14676064124154
0.81512727813096
2.37755104043088
4.56820363641542
4.96864902374981
4.66445333923220
5.27982123613795
5.27912573126189
4.70664888915632
6.30171905335437

-3.30045199136134
-4.38607881325171
-3.04404489042696
-2.82434526825609
-3.36490522851828
-3.10216782724776
-4.45447692501618
-2.91875460839475
-1.48841204313414
-1.77232026917924
-1.07247260285647
-2.40273114849540
-0.06050878297066
-0.89903133283793
0.29652059453920

0.74680281959774

-0.16713543523405
0.63692299703605

-1.08833954720005

-0.60827987439329
-0.33881207991868
-1.12328887668264
-1.34710401145768
0.62488920506829
1.64279473256735
-0.59678764240188
-0.59541182986315
-1.63671465819836
0.02578809893414
-0.20985949955731

4.67327486576672
4.83056297725469
4.47337895750300
5.61643444775949
3.80359578426256
2.99082816807860
3.93322582201703
4.72601243268079
1.85817917160484
0.96298997688514
1.63675070211072
2.42293415988543
3.95101095472260
4.64034941604709
3.65650796240752
4.50818648227306
5.75093977554944
6.40726530859338
6.07123813775902

3.16727507384994
4.12969974550424
2.57874416847556
3.35668112699123
-2.69610677424469
-3.22457503000709
-3.27897677728658
-4.58051412562618
-4.90451954819671
-5.27481035846717
-4.52102276837820

3.68812331969696
3.64189944110467
4.73276770295350
3.40164359072825
1.31783378649560
0.63320143137742
1.28816372920672
0.92853013661206
5.40240933982077
4.83885785924412
6.36604998432001
5.61799232696948
5.43661364393229
5.58597540697145
6.43223589198913
4.95040944779350
2.34429056945973
1.98716120825530
1.84530098135419



I O I T T T I O I

-0.29034856315116
0.27105029343169
-0.67333887166278
1.03723446300774
0.53359372149683
2.07908425076692
3.01813059357461
1.66649021222616
1.08057785591909

3b

Reactant complex 3b

G: -388.03635104 Eh
H: -387.99522205 Eh
Charge: 0
Multiplicity: 1

5.93027661224557
4.11531218339553

4.35647350649851
4.79348484064064
3.09262478826388
1.53056697252778
2.68812193695369
-0.61567250345669
-0.38735380068357

Optimized cartesian coordinates:
C 3.46612038868204

I T T O I OO O OO0

3.11072997670188
2.72471841970933
2.70683598810431
3.06131689452929
3.44465167105927
3.76421960468461
2.30488073885078
3.04105055135602
3.72387439618255
1.20734551180410

-1.37863269194440
-0.62322235206071
0.71292315863507
1.25267498498659
0.49452186830877
-0.83358301772992
-2.41627393629187
1.57256550224837
0.93600648084817
-1.44033902414076
1.65445852670788

HAT transition state 3b

G: -1430.93450164 Eh
H: -1430.85677123 Eh
Charge: 0

Multiplicity: 2

Optimized cartesian coordinates:

C

I 0O 0000

3.75553637578805
3.23296118078829
2.65889778348071
2.67757947501418
3.21279225372093
3.74117237672243
4.18727873617334

-1.33146418309637
-0.68413396487279
0.59941740759955
1.20200657025054
0.54723754055796
-0.73599997841915
-2.32291169099107

3.41670808607767
0.48616766442988
-0.01416756819730
0.08687499667517
0.20340660939340
2.95176524203560
1.12905810536210
3.20619533300750
4.10042771658477

-0.09015380324987
1.03185335939811
0.85848539962412

-0.43156084880065

-1.53841310476308

-1.36620525175742
0.04802037199251
2.03086783162427

-2.53070288127013
-2.22285397568041
2.02979014184376

e
T

1

-0.01542339666250
1.10077394188525
0.94025754417891

-0.33405225273648

-1.42844257546451

-1.27326231400020
0.10468881175218

1.13175782370842
2.63493940208620
4.59130227304881
5.07780178812972
4.64482214245067
5.32787636205427
5.28316761516687
4.82829792964331
6.36554648599877

I T T O OO0 O I I

2.68540511579389
2.40820123556494
2.75958821694849
3.84746549918575
2.29656072502534
3.17684918453705
4.23266011958189
2.81305334461547
2.40417977023085
2.62803353488444
1.32396011196771

I T OIT I OI T O I I

2.01818173786296
3.21721772080431
4.14948830255145
-0.85420856383440
Si -1.29190436187332
C -0.95103134004733
H 0.00191779369229

»w T T O

-1.39542140902933
-1.02625147044357
0.62090341696270
1.62493227306568
-0.58922519461209
-0.60116805119535
-1.63458427275280
0.06549237876528
-0.27790758834829

2.59171217036398
2.29108180419774
1.01030596587942
1.12805748600914
1.57492771489962
-1.25594090207302
-1.32223065391516
-2.28933926254333
-0.47247093600152
-0.87124162657179
-0.59563525981228

1.26498996693197
1.02756748797525
-1.26568944474235
0.54963184582071
0.12880332853654
1.75657482064561
2.09291261351923

2.65614145413199

3.52085008390728
-2.68028362443372
-3.15712166312300
-3.28423873570652
-4.55310427785959
-4.89786513694964
-5.26163497393790
-4.43120198644890

1.88863810114024
-0.56271234635195
3.37611254858066
3.47948579639557
4.19383513173910
2.40486465069843
2.70852992547846
2.34666077471781
3.46446378303547
4.46083192078109
3.30360847482390

2.05942268257075
-2.40249309064166
-2.12894913587329
2.17360120842469
0.09465178507101
-0.84601037263725
-0.40895215282201

375



I T O I T OII I T OI I ITOIOIO I

0.66867813571079

-3.15529087498528
-3.60072634762864
-0.17860925902215
0.77147585267053

-3.81927045870443
-4.90411920883283
-3.65752822924372
-3.44789230433561
-3.46122623380545
-3.00715611629590
-4.54468029794547
-3.08726761353294
-1.99553792231577
-2.12002048778546
-1.69617796137982
-2.97467048831066
-0.73181995081208
-1.62881090991814
-0.48361190421691

0.91266144858949
-0.28962430201906
0.53725273273676
-1.27282827781269

-0.77183048657490
-0.29834907062855
-0.43411648828856
0.63357428409008
-1.11935107487434
-1.59576555220936
-1.61499638268220
-1.72864123704235
-2.46302912277659
2.83242409025261
2.95091875297676
3.80375332951116
2.58638234303167
1.62627587680369
1.26231574668501
2.60295374945561

Reactant complex 3b

G: -1430.93862421 Eh
H: -1430.85893141 Eh
Charge: 0

Multiplicity: 2

Optimized cartesian coordinates:

C

[}
C
(o}
C
(o}
H
C
H
H
S

%]

I T T O I T I O I O IO I IO

3.45833802078900
3.10786688963754
2.72667962696791
2.72219070682307
3.07191317275302
3.43888324299493
3.74833215132598
2.29704002466331
3.06123351857598
3.71189860122055
-1.30018399276747

i -1.42803128411403

-0.97493050679758
-0.05255790681957
1.19486915787445

-3.29153091586776
-3.82998949827726
-0.21435554298947
0.73250311525447

-3.73329468123979
-4.81318229810768
-3.54440716247725
-3.23153646854899
-3.65740358288268
-3.37462182753689
-4.73931669301618
-3.16297372908444

376

-1.38049711366299
-0.62382201307592
0.71496807733639
1.25755663349344
0.49749103134201
-0.83567426235731
-2.42035723477858
1.56741812663683
0.94199005315484
-1.44450579558528
0.23545154623014
-0.00192661276585
1.67986386814704
1.95011955952736
1.62466718111102
-0.43136877499416
0.33641907891069
-1.34930840709975
-0.79777634793211
-0.31504457024565
-0.50166379483102
0.67770183583428
-1.05038014957345
-1.80595964874942
-1.90163440350862
-1.97420950780823
-2.61168830484450

1.97221671917966
0.11981186766671
0.69508072951676

-0.57551037062664

-0.81879744784353

-1.26663871198260
-1.16407969070928

-1.81661140590364
-1.88810075556984
0.86699033101716
1.86295231025623
0.98454035101638
0.31076789339682

-0.51835772844414
0.56323936818945

-0.93330775783691

-0.94452780536407

-2.35880991112787

-2.87312082737082

-2.79586802441657

Si-S;
Y \H

oo

-0.09112712353472
1.03125575175992
0.85860847646108

-0.43113230074465

-1.53902152644862

-1.36812004032243
0.04710624226203
2.02931134121072

-2.53022896793588
-2.22533842444474
2.32727783036712

0.19513080372264
-0.58338780111835
-0.04439394310686
2.03681853680167
-0.04703497152643
0.52728353559111
-0.40289406693123

-0.51239743394248
-1.51361622027381
-1.58721669207743
-1.93079068526877
-2.14984800129615

0.52638737473478
1.57874381889090
0.44534045474651
-0.02747225485162

I T OIT T OI X OI I I I T OI I ITOI

I roIrrroOIIIxIrOIIIITITOIITIOIITIOIIT IO

0.09039401659029
-0.71395720237581
0.04368613775962
-1.59931708790187
-0.98760496166030
0.13297426498968
-0.76903460377738
0.85236687229818
0.55623140194516
1.88502688967735
2.26154725817770
2.33946693952240
3.32294301682067
1.60835381089986
3.34487323317998
4.37279178981168
3.22565101510138
2.35997043144414
2.62512146871510
1.34741688862820

-2.02000905419244
-2.23959811140665
-1.66201960567245
-2.96167820162827
-0.62570651815513
-1.48488131181939
-0.30178358398071
0.19007945536767
-0.57341603551732
0.26014820564391
-1.45022063750379
-0.78182333130322
0.02403046225041
-0.88626549685163
0.79508271055673
0.35129605182521
2.65121384146251
2.43769048518274
2.75900978907745
3.84617253475895
2.28902538623954
3.17557115953538
4.23366986610426
2.80521630509607
2.41456719667714
2.64930138724333
1.33101830654350

0.94133168404199
-1.90657719484319
-2.56885779848765
-2.51980161741168
-1.16815726701285
-2.37511820867588
-2.93321307595729
-3.09018572913510
-1.96605100608390
2.34395096639085
2.19979002027044
0.77718266741163
1.17718832876378
1.17338243790016
-1.31471587044006
-1.14950804854701
-2.40140316120391
-0.75032903866070
-1.10071233533536
-1.11454875192414

2.75822970726713
2.80501010916819
3.74733943343823
2.57200059025717
1.64313287845291
1.35705848019222
2.63669659425084
0.94383194965397
-1.93152712622270
-2.54058949758046
-2.58588867895790
-1.16422554195873
-2.48283561398278
-3.06939957145247
-3.16526943764323
-2.10498141279118
2.59568619974038
2.29991755108236
1.01345479598618
1.14290704318944
1.57574782549435
-1.25650047404676
-1.32943749994959
-2.28759466715809
-0.47072379562069
-0.86659284492464
-0.59577421134235

-2.59267026156152
-1.87099622346657
-2.31018949339914
-1.66888894272416
-2.63081675818949
0.44519611378450
0.72037041914328
0.02380060709662
1.36541438214497
1.94556807212319
-0.44839910907670
3.44988187436315
3.74593993006444
4.16429102992470
2.46827040075035
2.82712552439055
2.37971020857147
3.49200386129871
4.49568575602999
3.28138784264352

-0.27130555511774
0.80079616651563
-0.58450584928735
-0.80064815161640
-2.07768439863708
-2.69474220611832
-2.41521108653431
-2.28590471787391
-1.77923140975365
-2.15269957408896
-1.71494358389869
-2.53110100769690
0.60057724895527
0.76945689028328
0.21865011252687
1.57254812157241
1.88434388890525
-0.56294015357223
3.37463306043929
3.47602446952966
4.18949128512442
2.40348785229392
2.69786816274490
2.34460222072653
3.46912542186863
4.46403474291828
3.32464351513278



Radical 3b

G: -387.41303038 Eh
H: -387.37131685 Eh

Charge: 0
Multiplicity: 2

Optimized cartesian coordinates:

C

I I T O I O O O O O

3c

3.73776726214516
3.32859014152122
2.79889739637665
2.72962461396546
3.15194595074574
3.65704697015360
4.13347899312150
2.36096851607928
3.08776349457178
3.98345225219129
2.01973671019331

Substrate 3c

-1.35389680071434
-0.66470744573149
0.65598728971963
1.22089414320402
0.51498417828961
-0.78137395639731
-2.36160638601813
1.37126921850152
0.96570141775612
-1.34184435434535
2.39585502896235

-0.01792775397365
1.11229245434055
0.97668949146887

-0.32536334448769

-1.43368854467268

-1.28934836252848
0.09255696252063
2.10704248409906

-2.42008499135429
-2.16006381232132
1.97774269472315

G: -427.30124139 Eh
H: -427.25775319 Eh

Charge: 0
Multiplicity: 1

Optimized cartesian coordinates:

C

I T O I I T I O OO OO0

-2.22159368938972
-1.17745040069888
-0.77173957152894
-1.38313457576201
-2.44395870683117
-2.83980648872174
-2.55664397084203
-0.67824366471177
0.05123913970415

-3.66303989839233
-3.20231555974076
-4.18271261128426
-2.70439661368105

-2.89555574330983
-2.91913646801800
-1.73297904608154
-0.50609179240142
-0.48293391427358
-1.68769811411401
-3.80988422187195
-3.85170868632236
-1.74967099366845

-1.67028325744508
0.76901027872517
0.45008054337056
1.24674134612472

-0.53817445387430
0.37875028777921
0.97454835166533
0.68897875362098

-0.23692071733309

-0.83044113561266
-1.01941377325105
0.62559467606036

1.68596622398346

-1.54156601805333

-0.63771932562020

-1.00929391267282

-1.49540877643573

I T O I I OI T O I

I T OIT I OI T O I I O

2.32989010229343
2.35190005080925
3.24287325052697
1.49102103462496
3.45181052355986
4.42525647622756
3.44959941411517
2.34037276972615
2.45859063028789
1.37068079676373

-0.84324814485303
-1.39653646294390
0.18519730948535

-3.39614636315743
-4.29398125077677
-3.59244935298894
-0.85362281938106
-0.06910734587421
-0.58588748215863
-2.19878802140254
-2.22380429059995
-2.28849295346836

2.22611677778959
0.77178955886286
1.10592531609818
1.14509398341066
-1.25766005253188
-0.97027532438614
-2.35208959478191
-0.75836560654421
-1.17995711152066
-1.09693876962311

0.71969800741770
0.87874566184084
0.49156411374560
1.80430434279919
2.39917886678465
1.27516945224299
2.01512722206837
2.68653335936404
1.77703446232405
2.74590736793708
3.50497369677474
3.28628899598651

-0.43554050695318
3.47427723544730
4.03460146635061
4.04402995043686
2.49154634157489
2.91975146016273
2.42929853748428
3.41590830466436
4.42049747028930
3.02823408272867

1.40327823124663
2.34148060029798
1.70533264683452
0.47565022813049
0.26858565544135
1.41718452877565
0.58426682880503
0.95397967993790
-0.45321424206686
0.63297375504183
-0.16021638274696
1.58472582004627

377



HAT transition state 3c

Y

Si
S

H

G: -1470.19873587
H: -1470.11898801
Charge: 0
Multiplicity: 2

Optimized cartesian coordinates:

C

O I T OI I OI I OIIOIIOIIIIOOHOOO

%]

-1.66250201940223
-0.82155372800592
-0.45753087959424
-0.91570532729188
-1.76615966166916
-2.11601650455405
-1.96627739283007
-0.45315239649168
0.19915363431578

-2.77389316880004
-2.33513151898901
-3.13163039671350
-1.57390136228539
-0.51561416180061
-1.45800569322262
0.32535418302510

-2.88942508898143
-3.70124316960119
-3.33890727632938
-0.47521397198472
0.12224495160684

0.07844288834924

-1.83559412876698
-1.67682585606971
-2.21223599476991
-2.34352554703915

i -3.19695355082387

C -4.08701014474823

-4.42617510246895

-3.09597931781947
-2.97123773855372
-1.71050508487708
-0.53633894366059
-0.66859700543100
-1.95195865482054
-4.07707449094925
-3.85339277260996
-1.60562589873032
-2.05644042562629
0.51280475770953
0.13678146183890
0.93215432152937
0.73141543413556
0.99492234967069
0.61654065407026
1.62259731292507
2.14606493281450
1.16311396684426
2.01816977869530
2.75151179771136
1.81236953568718
2.64331607150839
3.37752745881908
3.19405744767882
1.50202021914826
-0.39040439976789
-1.14798424405130
0.16962440521599

Reactant Complex 3c

G: -1470.20273502
H: -1470.12051340
Charge: 0
Multiplicity: 2

Optimized cartesian coordinates:

378

-0.69956614146967
0.40431545422937
0.83885849261083
0.20196583824628

-0.92907439746423

-1.34879059141502
-1.05238945698826
0.91986549716878

1.69937675787215
-2.20835618246738

-1.68071878167281

-2.33182903021283

-2.35564142108553
0.79344788987606
1.81413039823985

1.48222001057061

-0.77539605864232

-1.29420943835725
0.11300220974129
0.00114063255461

0.55363160487908

-0.92773269119225

-0.34452215799007

-1.14490586100596
0.52459211740930

3.00273933328354
3.62814929387454
2.12034406149388
4.97993032089443

A

SI\S

\
|
H

I rIrIIrIrIIrIIIIxIIII I I I I ITOOIOOIOOTIO

-1.84884292857108
-3.35010290627409
-5.33064802178849
-4.40933714117848
-4.99861371561039
-5.43008149225951
-3.72509560543643
-1.54488647168284
-2.38614526450123
-0.60250572347075
-5.11615824901220
-5.71111022841441
-6.14120777958233
-5.12858727754176
-4.85143966714426
-3.51171580689534
-6.18051463113615
-5.96626851717553
-4.94092088514071
-3.03779712702657
-4.46181601910100
-3.14833739382478
-1.62579591220284
-2.63433712823770
-3.28304351197423
-0.84260752081623
0.15581758417098

-0.15896987223468

-1.60565259490289
-1.04552231345866
-0.34125127748201
-2.64561731717270
0.97027024022962
-0.90623070445233
0.78615745468463
-2.12960464445076
-2.66599652284890
-0.93181191086338
0.73127553758331
-0.66752999891490
-0.47574052696325
-2.85746520085732
-3.00501586812207
-3.24495287298143
-0.46777015454421
-1.35118194214677
-1.71705356311253
1.58905804686481
1.20295636803389
0.03225855692947
-3.43594934425647
-2.21819570478559
-3.16998899775688
-0.37614292255763
-1.68308192147144

-0.21498042932875

4.22847902552932
1.30814545380917
1.72327741410089
2.22781670295544
4.48537924496328
5.42240551909793
6.19968978143181
3.30839290625104
5.20400838744313
4.81525705887380
1.66159362773685
0.74621876007322
2.44915594573235
3.02769874461467
1.28905369387912
2.41309614115765
6.09355890724902
4.57884040735483
5.97117139718936
5.91473053846358
6.89893795688320
6.74805057439871
5.39024207962886
6.17255814705503
4.83025852857579
5.72897978856478
5.07461857270781
4.11778600129824



-1.70590084565954
-0.77749836376262
-0.38818733055409
-0.90411722565503
-1.83437328051280
-2.21727037284002
-2.03141236161450
-0.35737709564662
0.34364084250496

-2.94347768867724
-2.45604752406477
-3.37942918988993
-1.80306435943555
-0.44285175158395
-1.16419337676048
0.49545763026182

-2.77227532436540
-3.58837133500299
-3.15637545767942
-0.26927391157906
0.47107335452404

0.15364357280332

-1.57345781785842
-1.43482072288824
-1.79385356887772
-2.68182635103547

i -3.33239463252215

C -4.13849213469114

-4.60455726354624

Radical 3c

-3.20075589185695
-3.08895299190985
-1.82674400954021
-0.65467880045069
-0.76804289236441
-2.04900835452922
-4.17724396213816
-3.97568441943202
-1.73567237962793
-2.13900972033330
0.41318416681697
0.05573601647145
0.71929989379579
0.65826224734359
0.97899559707815
0.47834409437500
1.63341131460940
2.20329822964581
1.29663664468845
1.81187393898916
2.51846099647208
1.41158102351681
2.56294067391559
3.19357388017703
3.23797326881109
1.77963954118106
-0.22765399712595
-0.91210309993842
0.06116618333498

G: -426.67523491 Eh
H: -426.63105786 Eh
Charge: 0
Multiplicity: 2

Optimized cartesian coordinates:

@

I O I T I T O OO OO0

-2.31448106877636
-1.33437476976072
-0.87287799506612
-1.35447761265852
-2.38823273003035
-2.83150760911311
-2.68773573492403
-0.93445269746893
-0.10213481143366
-3.62329651822211
-3.08516513787168
-3.98835075270842

-2.89486648528740
-2.90259521770710
-1.70928159874444
-0.45104708447108
-0.45649349946384
-1.67655728991224
-3.82624907238503
-3.84331103155517
-1.71248112650883
-1.67677477770908
0.80907809261076

0.51448659218645

-0.69546112277351
0.33328956497307
0.75848400693230
0.18981426278139

-0.86432384919482

-1.27874784445858
-1.04244833272902
0.79928896855245

1.55861566656960

-2.08366535116680

-1.58437255074075

-2.05422364485118

-2.41614186430687
0.77420441573398
1.55689913040149

1.31084926101496

-0.71202103310953

-1.17249592315605
0.25898664595751

-0.21860332627271

0.17442410855695

-1.14965184858552

-0.50400067908269

-1.39215057181328
0.33311592267532

3.32002697467540
3.74466615056831
2.16030167614538
5.15878051867052

-0.42264882514651
0.57197540868736
1.08669585861565
0.62732946731664

-0.36520918489628

-0.86224008340044
-0.83721942519829
0.93964278634251
1.85356272502793
-1.60835461374095

-0.81384404904695

-1.35915528492413

I rIrIIrIIIIII I I I I I I I I ITOOIOOIOOTIO
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-1.84415308309907
-3.38961626821842
-5.42480698904572
-4.34140589850395
-5.25198866063315
-5.49299492851482
-3.94201299754222
-1.49090905432705
-2.23781958473444
-0.68493578574127
-5.27644839083677
-5.76278817016468
-6.24006020405229
-5.03878189967849
-4.75461453835657
-3.39673343616386
-6.23963694070661
-6.03532960142937
-4.91356499158743
-3.32658711543532
-4.70620412978035
-3.30062322116054
-1.38311188316717
-2.53009553721955
-3.06541785084148
-0.98529814508490
0.15202900001525

-0.32315339046857

-2.47083923522795
-0.77370896954680
-0.05822059681441
-3.46997635722586
-4.36570658372867
-3.74603407679665
-0.94260289136690
-0.22198375074819
-0.67994673627442
-2.35494491343737
-2.40199134267956
-2.51281818811917

-1.32984847933205
-0.68120643461496
-0.16142265793465
-2.43389142228575
0.86769323060050
-1.16351668134964
0.54694968041500
-1.68437792299999
-2.56678547991279
-0.58781488726883
0.92402524426117
-0.44289084644653
-0.39707790977420
-2.77795979593132
-2.73251184395708
-2.97258305716665
-0.91677261378513
-1.48902906167881
-2.01419272240916
1.43686861485068
0.79091806270089
-0.22857095978464
-3.25017760957491
-2.28675507083693
-3.12891589588697
-0.17107886624194
-1.27521264879737

0.24542694030559

1.36555299582695
0.72008769157825
0.57699090662271
1.72899306496086
2.30424121332011
1.09622278404149
2.10062102339533
2.77152962718034
2.09409014770549
2.69891091062872
3.60600916896278
3.01569432472401

4.21577150017948
1.38606827667469
1.79499709319528
2.12383658770378
4.78394716224544
5.42447874368960
6.45475744263440
3.23384188900015
5.03933633692757
4.89105938109157
1.80794908151708
0.78906477330920
2.48946323775962
2.89610615843279
1.15166829458183
2.24865450109685
6.19116819270162
4.53236315677920
5.79606898205991
6.29292713735439
7.20431686124478
6.88813082569790
5.12602987789893
6.05742476368158
4.59577847150659
5.85920577180033
5.07299969629603
4.28203785864476

-1.53588104535121
1.16723684943684
1.97417418399866
0.35863486294042
0.09593944687958
1.21074725732177
0.62308532369387
1.10294375455509

-0.44519051342306
0.77020540448946
0.15304090122376
1.80812367459826

379



6b

Substrate 6b

Ph

Ph

G: -733.23136565 Eh

H: -

733.17423835 Eh

Charge: 0
Multiplicity: 1

Optimized cartesian coordinates:

C

I OO0 0O O I I I I OIIOOOOOon

4.85872331486194
4.12652370210167
2.87536202503477
2.36964326267232
3.09656668367833
4.34736079074540
5.83162955770621
4.52779630035841
2.06218752767907
2.68617799444215
4.91645220998912
1.01271892318405
1.39791014702667
2.41985469324023
1.94984899630672
3.23657560175094
2.28744192269712
1.31896992075104

-0.92430842774806
-0.18131617527540
0.33327479815306
0.08589186825793
-0.65779933814838
-1.16575335049210
-1.31905590427565
-0.00371753102468
1.19197924538680
-0.84383360352224
-1.74968585327622
0.88458854205660
0.49128433971433
0.93190205263438
-0.23203862091721
1.79321942227862
-0.52936095122490
-0.91435844989574

HAT transition state 6b

G:-1776.13023535 Eh
H: -1776.03842838 Eh
Charge: 0

Multiplicity: 2

Optimized cartesian coordinates:

C

w I T OI T OO OO0

4.70492451728519
4.01886179906325
2.98214017749356
2.65813501906328
3.33709686347036
4.36561346541034
5.51236824065927
4.29841548623329
2.21154602814253
3.05901495326878
4.89775039731912
-0.57267663209503

380

-1.43946547290042
-0.60156842924899
0.21829884640446
0.16823930062670
-0.67235628788822
-1.48437488614015
-2.05962028272756
-0.56911572174720
1.12721974571012
-0.70277151973245
-2.14602934173658

0.07757662011184

0.44287999715938
1.36636283375515
1.02891058397284
-0.25025417038925
-1.17150474968819
-0.82724726889082
0.72200308712836
2.36013338235927
1.98812196858779
-2.16007411058421
-1.54481802725617
1.86627223897952
-0.52470751801152
3.44507937298195
4.05933679747893
4.17655147911617
5.37388131418969
3.49329219824809

0.73837356482507
1.61070746448473
1.14602764805881
-0.21834973069536
-1.08556308205961
-0.60994138245875
1.11704097499565
2.65864304948721
2.04500790489034
-2.13538370487568
-1.28711069188056
2.04976915422228

I T T OII OI OO OO I I I OIO

Si

I T T OI OI OI T O

3.57959080108368
3.60118290449761
3.10667850424123
1.90922544966416
4.21618480343666
3.37017213223836
2.11969918512016
1.09818454560214
3.17551370432664
1.13021335355151
0.27452384491020
3.21170125874772
3.97213355891740
2.19101096993962
0.32513799989108
4.04145246650632
2.21757994309931

-1.36140174195963
-1.06148454313982
-0.01640680475936
0.99225446113610

-3.22636646878682
-3.48046424757108
-0.53343214456776
0.33010234654563

-4.13739777083239
-5.19049632427665
-3.99129069810626
-3.97729710411600

1.49510442548561
2.70640592192788
0.33502630939482
-1.43636976598919
2.17723714196939
0.10618220430676
2.67190602345951
3.51314782572439
3.22710731372613
4.87668887822695
3.09011102953153
4.59525715669596
2.58517325768904
5.42403233200298
5.51447088574864
5.01169562976336
6.48953036765508

0.16883248389719
1.93517809291409
2.15941610833463
0.66721155518007
-0.15190027696837
0.57447605155296
-1.11431847110184
-0.58408335215899
0.13684963245907
0.05535781947931
1.14212410427692
-0.57755714143088

5.49337997436014
3.71436111321088
6.09663736709294
5.83708818729541
6.04992202583107
7.12519048596387
1.63433696970000
2.08468927909818
0.91294936395065
1.82122849274305
2.65629027858427
0.65107687869545
0.54719586906906
1.10260820859300
2.17527796067495
0.08681179005681
0.89342934594325

0.04277151720978
-0.62393858966505
-0.35439965108285

1.91830260710851
0.34795129033893
1.13532756747559
-1.11496100507182
-1.54499795604634
-0.85539623149167
-0.55456785299393
-1.26153182929781
-1.66847967632352



0.00880119279155

O I r T r O I I I OI I IOIIIOIIIO0ON

2.42979707292774

-3.50274405480734
-2.90755457712325
-4.56297069165246
-3.27521447415427
-1.93290420006382
-1.86038744571543
-1.61838253133698
-2.98849187219321
-1.17903040178435
-2.19535533427175
-0.93404870073919
-0.49851088121561
-1.42725962390618
-0.85514485234431
-2.26879193415748
-1.83658808247800

-0.79832394441554
0.50759056004229
0.72803168267934
1.85608517432460

-1.55604847123179
-1.76639759718266
-1.66237976208677
-2.33016428452342
2.97032759879467
2.86413925231231
3.98917769804145
2.87012838383976
2.08135742472636
1.87219839774161
3.10713799872824
1.40880422647284
-1.54006912277510
-2.15194398855696
-2.15032660255453
-0.68800513660671
-2.34949804081038
-2.91114392433683
-3.02433252612706
-2.07608869566178
0.79820202409438
0.94768476606628

Reactant complex 6b

G: -1776.13016202 Eh
H: -1776.03759999 Eh
Charge: 0

Multiplicity: 2

Optimized cartesian coordinates:

C 4.60615007539011
3.91231032571699
2.93434854358377
2.67204776066903
3.35874806948968
4.33108163308429

2.12189532351163

w » I T O T O OO OO0

I O I T T O I O I O I IO

5.36575641014184
4.13465399599195

3.13635317315852
4.87060925999315
-1.22194339923988
i -1.63930968529302
-1.22193730703053
-0.22416120272573
1.07019604995914
-3.53242502519852
-3.94537013841116
-0.57389642646539
0.32345219161001
-4.18902463636467
-5.27532799823367
-4.01699726064801
-3.83107687927569
-3.86498648573059
-3.45782355458240

-1.34497413661156
-0.56739120109624
0.33465075324564
0.44041343301939
-0.33638988665504
-1.23701761335447
-2.03927049041684
-0.66262598382001
1.17648197067738
-0.23961505940349
-1.84643659994236
0.14918924853784
0.10893232879452
1.84041215260714
2.04823704925041
0.81781950447598
-0.24357206628886
0.49325373345203
-1.19961810360743
-0.63595104461114
-0.00008034973833
-0.13743501814072
1.01391214161454
-0.70322316909084
-1.64592609118119
-1.81453892977680

0.90531518322360
1.79953799530878
1.17032101381453
0.16348837186311
0.10089763227501
1.18846701333566
-0.15914862395201
-0.17664365595951
-2.14815684402512
-2.50094589047873
-2.45349295305126
-2.68161534679975
-2.29138891275002
-3.00109497460327
-1.94666407882863
-2.84388624846726
-0.38502841950030
0.09924272444527
-1.09371500726300
0.39178550439281
-0.59285427314020
3.51511205163450

0.52267098938977
1.44761439578876
1.02655943131722
-0.34499302882856
-1.26711503417579
-0.83517733645035
0.87051158053781
2.50574442948750
1.99795024064077
-2.32636368746793
-1.55438121237981
2.25815469511375
0.15109039226264
-0.53552237556961
-0.11526157804253
1.90356050813708
0.14193241724995
0.84627940427537
-0.74960091721433
-1.04802778479882
-1.22454629642199
-1.13889312188229
-1.59657842400503
-1.98226114587906
0.66939980135367
1.67084469432372

I T T OI OI OO OO I I I OIOIOoOonoOo

2.13734436374658
2.94221991013644
2.35745381492167
1.71955249311337
3.17128888215278
3.17670017389070
2.87744157105922
2.11437518582114
3.58155357566401
3.04830857065709
2.06596019852954
1.03254093998045
2.94518290556843
0.87737250292302
0.33780515654091
2.79089749556475
3.76246204682009
1.75485500076791
0.06132265348766
3.48801971432086
1.63135548904716

-4.95282039190077
-3.46448324064487
-2.16249257268943
-2.24680809616645
-1.78988653435519
-3.17050532986750
-1.09463705575843
-2.04855687282616
-0.76811054112264
-0.36110730945553
-1.21497054772895
-0.49404535172215
-2.08330146503304
-1.54230443574416
-0.10487853307019
-0.95138110834943
0.53768183017233
0.46362672405707
1.92550759374924
2.49969951591985
1.95302637981635
3.42387150800585
2.32546811079276
1.22466070917879
3.80064002319381
3.84690635631046

-0.28473811223395
1.97837500431834
-0.48007848543878
-1.08494908379921
1.77647592259055
2.93747866818537
0.55002940894922
-1.43757083695193
2.58351743360629
0.39702474654722
2.54561796871687
3.33019571957599
3.13077780892133
4.65370061523435
2.87677594898195
4.46051080191877
2.54399395703637
5.22508015447596
5.24034629631140
4.90104304677243
6.26094822075179

-1.78715674345232
-2.42611907395635
2.92348475785286
2.87202710585299
3.92213137111057
2.82707031204076
1.91315287716722
1.71570297525996
2.91586613141016
1.19786778174168
-1.73653958901970
-2.35740566920803
-2.36812780438127
-0.93903569171294
-2.35535346103826
-2.93469236890588
-3.03789623148514
-1.99535829639230
1.15187184475121
0.95238527598269
-0.12754181583326
1.77337502315846
-0.38587555454508
-0.76634851875530
1.51323141182378
2.62367169691340

4.11797580191910
4.31161151130513
5.47354860124826
3.51288574217064
5.66828951636035
3.86022302140441
6.25531993603775
5.92505042754104
6.26858474969581
7.31700380030731
1.59093355060820
2.12384013146401
0.67195141808138
1.74072096645972
2.82586991287399
0.29371293236203
0.26434328535538
0.82039048767169
2.15282560219486
-0.41338126354567
0.51783524785643

0.71447483650219
0.01254475101793
0.00475893373015
1.09562250431482
-0.25700296449844
-0.41569479790481
-2.06380077872853
-2.56566341696311
-2.36846654895960
-2.45130823062777
-2.03942254868111
-2.58695863735531
-1.82281324575580
-2.71475926477099
0.14142096674267
0.52818422964581
-0.42976534183172
1.00376013768951
-0.68958862967359
3.45216806474632
4.14846291061396
4.09986116261103
5.46280744082878
3.65344222928696
5.41405229865919
3.57231423254438

381
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Radical 6b
Ph

G: -732.62082919 Eh
H: -732.56394671 Eh
Charge: 0
Multiplicity: 2

3.25338679662702
1.88472778571594
4.52021606361924
3.54191063879644
2.08088902208761
0.96742781472243
3.13827420307789
0.90689935597534

0.43368656837023
-1.22563140798256
2.16235832147102
0.23616337858865
2.65187469444085
3.40726469939146
3.29067890011958
4.76805681618323

Optimized cartesian coordinates:

C 4.69755299805550
4.24671800789685
3.25428773030329
2.73599903750353
3.18466525586730
4.16954717925837

2.78323712807873

2.71133035482410
2.38774857314490
2.96267503778456
2.31520625085747

I OO0 0O I I T O I IOOO0OOO0

Te
Substrate 7e
OMe

CH3

5.47461534793337
4.67750704869766

2.75628691401954

4.52168381312474
1.95545211610995

2.16842318424257

-1.55894451143441
-0.59637980044069
0.33390566678830
0.24437128301995
-0.72635652583982
-1.63358240294761
-2.25247817668388
-0.53544512341189
1.34829951940794
-0.78327171274796
-2.39080731925839
0.93445510189633
1.05231236414513
-0.24053427140529
2.04858193740362
-0.51736048892472
-1.01965002342783

G: -425.13006083 Eh
H: -425.08511788 Eh
Charge: 0
Multiplicity: 1

Optimized cartesian coordinates:

C 3.91776976572963
C 3.41811972281591

382

-1.07821009039483
-0.48076107326763

6.10008000743829
5.99252228696069
5.90512113500986
7.12847400906933
1.63953609202287
2.01746187607078
0.98928442955552
1.74415642243296

0.67815643787244
1.56800011584402
1.19322041490598
-0.11602740979577
-0.99804735628030
-0.60998249740535
0.98735032367565
2.56299831379516
2.12397205725839
-1.99488530322254
-1.30411738794579
-0.42232994142217
3.54728205925356
4.00991634595413
4.51401166472465
5.36630727201023
3.28586777033776

-0.19934622381537
0.95738138902428

0.13915431911133
3.08154585363600
4.00887886272597
1.96543241684738
0.02865231938283
3.91298820339288
1.91761490612237

I T T O I O I

2.89798243809184
3.23511219018663
2.57180710352541
2.04690049107742
3.11291309856709
2.51786119385427
2.38311058395356
1.33946566865341
3.02422513483444
0.95687209604222
0.81529412620504
2.64306333657382
3.84533807959812
1.60603932280097
0.13855641189577
3.16521733024835
1.30708861618917

I T T OI OI OO OO I I T O I O

C 2.68007779669252
C 2.45281507762636

2.91266359614707
4.65593206126076
2.71454801115816
5.39799744866864
5.33743804024661
5.13923729960666
6.46093650304518

1.76290723469896
3.04667947820231
0.47985694928101
-1.51745198083877
2.54461829237019
0.25952867768929
2.65845861252313
3.38130989436599
3.25185153291268
4.62711462110616
2.93715524811760
4.50228726188657
2.72602422979894
5.19856927980608
5.15476652218385
4.94349080703019
6.17633294272701

0.69987667814496
1.27210619938699

2.52122507087112
0.72138181138640
0.68722314270367
1.09351143241929
2.03537638475057
0.21598703757997
0.87525466250756

5.86899414641076
4.18396494156174
6.30609090137559
5.69531153143736
6.59230039550988
7.36808193874938
1.63326770859744
2.24871863112516
0.52538204646101
1.77643035777306
3.08968562836318
0.06385772553243
0.04725709834794
0.68298117686260
2.25844764623798
-0.78060487761104
0.31711595370547

0.88623027730675
-0.37023124694324



I T T T O I I OO

2.95128120664421
3.68716795112323
4.49123588320436
3.61235393147822
2.10204503978110
2.76466420638512
4.07709899371227
1.00727666105454
1.88872755001091

0.68049017748257
-0.50059310433765
-1.99792604234755
-0.94876396379311

1.40005079923819

1.13930911672055
-0.96570203603577

1.38140638456267

2.19928083533924

HAT transition state 7e

G: -1468.02872302 Eh
H: -1467.94692873 Eh
Charge: 0

Multiplicity: 2

Optimized cartesian coordinates:

C 3.62732635038837
3.05950773345751
2.66361199364154
2.85264362144258
3.42407880593272
3.81056990600026

1.99612306260784
3.56503033002914
4.24946119273990

O T T OII T O OO 00

@

0.16825493041933
0.75043937662594

0.82563464820852

I T O I I T O I O I O I I O

3.91979395825915
2.90533618495164

-0.68887942011554
i -1.19366588452167
-0.81186925904357

-3.06918357918928
-3.47623263509605
-0.13850904572385

-3.75781237766976
-4.84294271169768
-3.58940137218490
-3.41135818830007
-3.40074898683486
-2.93133212501639
-4.48548440032046

-1.43734840884081
-0.73697810046529
0.60145609143391
1.20983772918847
0.50428976124383
-0.82334981002198
-2.47370441364245
-1.24118613496728
1.33218385694514
0.99245904382377
-1.37633957326515
0.14833278806313
-0.02031054574686
1.68537487087382
1.94515361960801
0.79506105975926
-0.38381849108878
0.39105462244400
-1.37665602641772
-0.88014661174046
-0.22862081916347
-0.35870585733190
0.75726188409182
-0.98004383779249
-1.75141944062201
-1.88726363859178
-1.86641433844498

-1.52286892206942
-1.44135627816649
-0.12446065086263
1.91732959421520
2.10817629476916
-2.48985904014636
-2.34218981359272
2.01061563721412
-0.42949544021810

0.06025064061677
1.11415665589896
0.95420627028084
-0.29813770773504
-1.34773216443975
-1.17717187874295
0.20203416817550
2.06251002738576
2.05084798306979
-2.30790865497038
-2.00230522402869
2.29842526352630
0.19836424301787
-0.57011940150691
-0.14501251081329
2.04625377764312
0.21991197568687
0.88798129207794
-0.63982964333528
-0.83871766337089
-1.14478884177710
-1.03667868238848
-1.58827109777844
-1.86130781582851
0.83453223695095
1.81453774605660
0.95963834381856

I T T OO T IT T O
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2.46442804492047
2.05950767104640
2.02837559162741
3.54626054637990
2.39704700656838
3.77946838866522
4.38645112448637
3.86900477087525
4.16669306917218

-3.06129654626953
-1.79822675159968
-1.87481290839664
-1.47104494247350
-2.80261742122906
-0.65753480292094
-1.58305514527727
-0.39692630891757
0.13567037324887
-0.70563954721563
0.02390568560562
-1.60937433914929
-0.96102509472803
0.14746021232110
-0.76679742903585
0.85753348107825
0.56667403191183
2.54294130543235
2.39180145507253
1.76902993840407
2.23031460931584
3.44857753561972
1.73050211467035
2.71284392209396
3.70915750871534
2.40776513453582
2.75105556019695

0.76665776045110
1.38184852003478
-0.23391786766263
0.67679688459047
2.80579801436248
3.11941653321254
2.57223917357207
4.19131724862673
2.91236185211380

-2.56683016384248
2.75865546332280
2.76764799412309
3.75530293579172
2.59697348819527
1.70284615331259
1.41657485893303
2.71272223626089

1.02577455230242

-1.85243598459861

-2.49109777012585
-2.45390225753900
-1.03071311409037

-2.59290485547209
-3.16367564720525

-3.26828210531721

-2.30093026718856

2.24009939047505

1.03784419065468

1.62459841649715

-0.01638333604454
1.27023027149923
2.66922992878866
3.60975378060323
3.35028756736029
4.57755923602213
3.67492438794996

3.44598650755230
4.25477045600520
3.52651581696633
3.58562190014326
2.07606911206721
2.19115939664626
1.45474221752954
1.99745427530240
3.19927074107232

0.18549641383170
-0.09039149729278
1.00182703563030
-0.41401589329314
-0.49890763174791
-2.09682591218225
-2.60971314666851
-2.44163147784397
-2.43227180441743
-1.98835886862890
-2.50377985216541
-1.83902516745869
-2.66425125949685
0.25177556550946
0.45033940571207
-0.24433608250834
1.21804934228388
-0.43646459878326
3.47976050626031
4.16108506046475
3.71429049641023
3.66061189160356
1.76239512662562
2.20742042140922
1.82155644151458
1.80406593846876
3.30184739927291
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Reactant complex 7e

G: -1468.03043804 Eh
H: -1467.94657950 Eh
Charge: 0

Multiplicity: 2

D

\

-

1
5

Optimized cartesian coordinates:
C 3.69762123618153

W »w I T OII I OOO0OO0OO0

I T OI T T OI O IO I IO

3.26413850561699
2.75729374664204
2.71590960470578
3.15638050264314
3.64255924865861
4.08143512746374
3.30839996930400
2.15641350145270
3.11529652828157
3.98109086512717
-1.57235627988564

i -1.59071947976490

-1.17476972616765
-0.33377512116503
1.07303245712694

-3.36621585804777
-3.99010872066771
-0.21778524998390
0.68332838509290

-3.71114425276018
-4.76824237232877
-3.55519933034013
-3.11901281705294
-3.70430902342334
-3.51904672267134
-4.76168974682047

Radical 7e

OMe

G: -424.51170810 Eh
H: -424.46551442 Eh

Char
Multi

ge: 0
iplicity: 2

-1.24569507510909
-0.62759027607498
0.67359901408555
1.34885155303679
0.73632165363632
-0.56850624242964
-2.26141049891064
-1.17779020130048
1.32957720578667
1.27831275345231
-1.05051012912712
0.38920264719861
0.03418840296741
1.78356434766819
2.14355808875176
1.12900825923669
-0.50426049162024
0.25404938036345
-1.19597341360067
-0.56710369052794
-0.49323166872922
-0.75458791396281
0.48837356255583
-1.22193475559684
-1.86667094055579
-1.87702830457434
-2.11336121868091

Optimized cartesian coordinates:

C

O o0 o0

384

3.48628859925683
3.21383290514395
2.99375944131567
3.06190577736999
3.33289512244751

-1.57844482476505
-0.74955250100066
0.64343080421683
1.13685316228085
0.29117286284466

v
oS

H ome

-0.25499133457196
0.91536411738311
0.89079737442083

-0.33357600278859
-1.50087540518467
-1.46819305100657
-0.21549674478613
1.84986309916127
2.12509087704185
-2.44190829228158
-2.38081448011507
2.42896339358147
0.30767808034247
-0.38699535699142
0.22417698866857
2.09032050129537
-0.13881064483230
0.35885504428519
-0.18404539348307
-0.25093337293475
-1.63435683222049
-1.77619247929379
-2.09230211068459
-2.19639575153576
0.48578365500587
1.56568775516620
0.32464584176181

-0.01094059382660
1.06131602657074
0.87584583545881

-0.45871067286592

-1.51713460559315

CHj

I I r OO0 I IrITITOCIIIIOIIIOIIIO0OIIIOo0OI

I O I T O

-3.11085124299674
-2.34131565913541
-2.66161439515445
-2.04743797074325
-3.20984367127940
-0.69190419428947
-1.46988059213026
-0.41805972206813
0.19176289625387
-0.42803614746744
0.47379587349926
-1.25716065813301
-0.63596808506179
0.05603675659138
-0.80828484160443
0.90629281962996
0.29229965523506
2.32728203413108
2.67047525287907
2.28490734803876
2.30186855054801
3.76423096803446
2.23360384144595
3.54869465003421
4.26314742746988
3.49028018739119
3.91380668462480

3.54952510238630
3.65093464621160
3.17025125580768
2.71731307879253
3.37850139705182

-2.67071529698857
2.76420290550729
2.84529424705465
3.76407035621787
2.45816410126120
1.71952540118399
1.34929509588619
2.72789595200610

1.08477895091488

-1.85191758440841

-2.40704051265421
-2.56824840842309
-1.12727943863839

-2.27151200258023
-2.93253493008422

-2.89533339447328

-1.82790935262588
2.36285995569477
0.78264014277346
1.40299008567030

-0.23473956640229
0.76334681433527
2.75675092458686

3.27985888806465
2.79023671877870
4.34190985100005
3.18305786050224

-1.07390524679014
-2.63776844506887
-1.18415867195447
1.51970695218349
0.69913850357985

0.03569543331854
-0.22304348434627
0.81994037606057
-0.56741459443737
-0.81728613435120
-1.84306182302243
-2.51970804250239
-2.18218654053538
-1.95679274766860
-1.55755696467675
-1.84700863483640
-1.53227424442373
-2.35112849264807
0.87646675579177
1.01195164052168
0.57121824720872
1.84842448320103
-0.35739308321926
3.45293498649509
4.26731710653465
3.61251164741606
3.50239340087492
2.04977856017753
2.19668086972019
1.51809199814271
1.94460650296659
3.22901149807801

-1.31212612726565
0.16686208791356
2.05387822670270
1.95367202171453

-2.52348895797663



I T I O I T

3.76287869655341
2.89903019586603
2.58128052143396
1.55509795751951
2.81877245773722
3.24765426530885

-1.73159568828799
2.19305788137261
1.13913901856409
1.30263776680964
0.08726785301755
1.71859709212440

-2.14877085817481
-0.63609872109269
3.38677820772401
3.74658594217522
3.53711391834115
4.03799554636026

I T T O O

2.42172142163178
2.55972614031258
3.59125578501216
2.31010667876276
1.87411276407784

2.80887747537189
3.83675426981028
3.89532169905149
4.76826466366521
3.69959283297432

1.58940563807524
2.56676147441113
2.93900643536922
2.05511388486563
3.41197194111322
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7.4.2 Single-Crystal X-Ray Diffraction Analysis

Compound 12a: The asymmetric unit contains one molecule.

Compound 12b: The asymmetric unit contains one molecule.

Compound 12a 12b
Data Set
(internal naming) AF246 AF250new_commented12b
CCDC Number 2354889 2354890
Formula CigH20FeSSi C2H24FeSSi
Pcaic.! g-cm 1.403 1.413
wmm-t 8.731 7.984
Formula Weight 364.35 404.41
Color clear intense orange clear intense orange
Shape plate irregular
Size/mm? 0.38x0.22x 0.1 0.3x0.2x0.17
TIK 12.98(10) 123.00(10)
Crystal System orthorhombic orthorhombic
Space Group P2,2,2; P2,2,2;
a/A 7.5566(2) 8.348990(2)
b/A 13.3052(3) 12.90523(2)
c/A 17.1617(4) 17.6385(3)
a/ 90 90
B/ 90 90
a 90 90
VIA3 1725.47(7) 1900.458(6)
z 4 4
VA 1 1
Wavelength/A 1.54184 1.54184
Radiation Type Cu Ky Cu K4
20minl” 8.408 8.49
20maxl” 133.746 133.788
Measured Refl. 15492 1733445
Independent Refl. 3049 3366
Rint 0.0866 0.071224
Parameters 205 226
Restraints 0 910
Largest Peak 0.50 0.790
Deepest Hole -0.79 -0.935
GooF 1.031 1.03254
wR; (all data) 0.1217 0.158447
WR2 0.1175 0.155114
R (all data) 0.0538 0.0603588
R1 0.0475 0.057259
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APPENDIX

12a

Hydrogen atoms except S—H are omitted for clarity.

Selected Bond Lengths in A Selected Bond Angles in °
Si(1)-S(1) 2.122(2) C(1)-Si(1)-S(2) 105.9(2)
Si(1)-C(1) 1.868(6) C(1)-Si(1)-C(5) 118.4(3)
Si(1)-C(5) 1.857(6) S(1)-Si(1)-C(5) 112.72(17)
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APPENDIX

12b

Hydrogen atoms except S—H are omitted for clarity.

Selected Bond Lengths in A

Selected Bond Angles in °

Si(1)-S(1) 2.132(3) C(1)-Si(1)-S(1) 109.2(2)
Si(1)-C(1) 1.865(7) C(1)-Si(1)-C(6) 117.2(3)
Si(1)-C(6) 1.846(7) S(1)-Si(1)-C(6) 111.4(2)
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7.4.3 NMR spectra

7.4.3.1 NMR spectra of crude reaction mixtures for determination of deuteration degrees

NMR spectra were recorded with 1,1,2,2-tetrachloroethane or the CD3CN residual signal as standard for integration.

The large spectra are calibrated with respect to the standard. Inserted individual peaks are added for the benzylic

positions and neighboring positions influenced by the deuteration. These are calibrated on a well separated reference

proton in the molecule for determination of the deuteration degrees.

2a-d»

1.20

ppm
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'H NMR (400 MHz, CD;CN)

2b-d1
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CHs
D
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T T T T
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21-d>

T T T R A R
2.65 2.60 2.55 ’ 1.20 1.15
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2i-d> _ _ 'H NME (4(107 MHz, CD;CN)
@ T
D D
CHs
MeO
o}
N e
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1 l l
g @ B I g
° 8 7 6 5 a 3 2 1 o ppm
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285 280 275 270 265
I £
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2p-dz
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T
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3 2 1 0 ppm
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2s-d>

(e}
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3b-ds . ] 1?3\11\1[?}400 MHz, CD:CN)
- Df o S
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D
D
D
DD
N A
€5 (3 B el
~lele =3 o ~ Il ol e
1 ) 1 T 1 1 I L) 1 1
9 8 7 6 5 4 3 2 1 0 ppm

'H and '3C NMR of the isolated compound can be found in section 7.4.3.2. Due to overlaps in the benzylic positions

the deuteration was determined from the isolated compound.
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FEEL

'H NMR (400 MHz, CD;CN)

WU

.
i
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—————— —T T
3.55 3.50 3.15 3.10
] | N U A
E - E e
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T T T T T T T T T T
9 8 7 6 5 4 3 2 1 ppm

NMR spectra of the isolated compound can be found in section 7.4.3.2.
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de-ds "H NMR (400 MHz, CD;CN)

a

H
]
J

b ll,.d;

—
1.53 =

1 ) 1 I L) 1
9 8 7 6 5 a 3 2 1 0 ppm

This '"H NMR spectrum was part of the respective kinetics experiment in section 4.4.6. A 50 uL aliquot was taken
after 1 h of irradiation and diluted with 500 uL. CDCls. 1,1,2,2-tetrachloroethane was added as internal standard but

the solvent residual signal of CD3CN turned out to be more consistent as thus used as internal standard.
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For spectra of the isolated compound see section 7.4.3.2.
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'H NMR (400 MHz, CD;CN)
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The solvent residual signal was used as internal standard. For spectra of the isolated compound see section 7.4.3.2.
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For spectra of the isolated compound see section 7.4.3.2.
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6a-d;

'H NMR (400 MHz, CD;CN)
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'H NMR (400 MHz, CDCl5)

™ omom

{

T
9 8

| A VI 171

3 2 1

0 ppm
Due to low solubility of compound 6d in CD3;CN the solvent was removed under reduced pressure and the crude

product redissolved in CDCIs with 1,1,2,2-tetrachloroethane as internal standard.
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1
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The solvent residual signal was used as internal standard. For spectra of the isolated compound see section 7.4.3.2.
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Tb-di "H NMR (400 MHz, CD;CN)

MeO D
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For spectra of the isolated compound see section 7.4.3.2.
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The solvent residual signal was used as internal standard.

ppm
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B
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4.1

The solvent residual signal was used as internal standard. For spectra of the isolated compound see section 7.4.3.2.

1 1 1 1 1 I
27 26 25 24 23 22 21 20 19 1.8

-

.

6

1
8

4.45

~N

1'4/_
014 =
173~
—
o 4158

1

0.97
o 0.64\—
o
0.70 =
0.70,~

B -




'H NMR (400 MHz CDiCN)

SRR EEE)
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The solvent residual signal was used as internal standard.
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'H NMR (400 MHz, CDCl5)
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Crude product redissolved in CDCls after evaporation of the solvent CH3CN. The yield was not determined.
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7.4.3.2 NMR spectra of isolated deuterated compounds

1,2,2a,3,4,5-Hexahydroacenaphthylene-1,1,2a,5,5- z, CDCl3)
D
D
D
DD
20 28 26 24 22 20 18 16 14 12
L | 1
I B e
9 8 7 6 5 4 3 2 1 0 ppm
BC{'H} NMR (101 MHz, C
N N TR —
20 35 30 25
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411



1)-2,3-dihydrobenzofuran-2-d (4b-d)

'H NMR (400 MHz, CDCl5)
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Isochromane-1,1-d> (5a-d>) "H NMR (400 MHz, CDCl5)
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13C{'H} NMR (101 MHz, CDCls)
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'H NMR (400 MHz, CDCl5)
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6-(4-Methoxyphenyl)-6 H-benzo[c]chromene-6-d (Sc-d1) "H NMR (400 MHz, CDCl5)
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ne (7a-di)

'H NMR (400 MHz, CDCl5)
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"H NMR (400 MHz, CDCl5)
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1-Methoxy-4-(1-methoxy-3-phenylpropyl-1-d)benzene (7k-d1) "H NMR (400 MHz, CDCl3)
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1-Methoxy-4-(prop-1-en-1-yl-3-d)benzene (9, Z/E = 3:1) "H NMR (400 MHz, CDCl3)
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('H, 13C) HSQC (CDCl)
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7.4.3.3 NMR spectra of other isolated compounds

"H NMR (400 MHz, CDCl3)
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Methyl 4-ethylbenzoate (2i) "H NMR (400 MHz, CDCl3)
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6,7,8,9-Tetrahydro-5H-benzo[7]annulene (3¢)

'H NMR (400 MHz, CDCl5)
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BC{'H} NMR (101 MHz, CDCls)
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trans-2-(4-Methoxyphenyl)-3-methyl-2,3-dihydrobenzofuran (¢rans-4c)

'H NMR (400 MHz, CDCl5)

=}

o L
B E

T T
5.80 575

T T
515 5.10

el
@ oo o

Ry

I

T e

T T T T T T
3.70 365 3.60 355 3.50 345 3.40

| - - - -
9 8 7 6 5 a 3 2 1 0 ppm
ci2-d-Methoxyphenyl)-3-methyl-2.3 dibydrobenzofuran (cis-4e) ___'HNVIR (400 Mtz CDCL)
R TN Vv
CH,
OMe
0]
dr=71
U
S W
580 5.75 5.05 5.00 + 370 3.65 3.60
. I " M L. AL_A._aL 1
B m @ A [
9 8 7 6 5 a 3 2 1 0 ppm

425



2- (3-Meth0xyphenyl) 3 methyl 2 3 dlhydrobenzofuran (4d) "H NMR (400 MHZ CDCl3)
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('H, 3C) HSQC (CDCl)
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1- (4-Methoxyphenyl)lsochromane (Sb) "H NMR (400 MHZ CDCl3)
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'H NMR (400 MHz, CDCI;)
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'H NMR (400 MHz, CDCl5)
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1-(2-Ethyl-1-methoxybutyl)-4-methoxybenzene (7d)

'H NMR (400 MHz, CDCl5)
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'H NMR (400 MHz, CDCl5)
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3C NMR (101 MHz, CDCI)

— [ B

— o @ 1w e o — @

] B @ o ron w0 o o
: . ~ @ - m ~ —
=) I R

2} - ] IR o

— — — L e non

—139.
3

T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

436




'H NMR (400 MHz, CDCl5)
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1-(1-Methoxypentyl)napht
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1-(2-Ethyl-1-methoxybutyl)naphthalene (7j) "H NMR (400 MHz, CDCl3)
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'H NMR (400 MHz, CDCl5)
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(3aR,8aR)-6-isopropyl-2,2-dimethyl-4,4,8,8-tetraphenyltetrahydro-[1,3]dioxolo[4,5-¢][1,3,2]dioxasilepine-6-
"H NMR (400 MHz, CDCl3)
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(3aR,8aR)-6-Isopropyl-2,2-dimethyl-4,4,8,8-tetra(naphthalen-2-yl)tetrahydro-[1,3]dioxolo[4,5-

e][1,3 2]d10xas1lep1ne-6—thlol (R, R) 10b)
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(3aS,8a95)-4,4,8,8-Tetra(]1,1':3',1"'-terphenyl]-5'-yl)-6-isopropyl-2,2-dimethyltetrahydro-[1,3]dioxolo[4,5-

e][1,3,2] dioxasilepine-6-thiol ((S,S)-10c) 'H NMR (400 MHz, CDCls)
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(3aS,8a5)-2,2-Dimethyl-4,4,6,8,8-pentaphenyltetrahydro-[1,3]dioxolo[4,5-¢][1,3,2]dioxasilepine-6-thiol
((S55)- "H NMR (400 MHz, CDCl;)
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MR (400 MHz, C¢Ds)
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2Si{'H} NMR (79.5 MHz, CsDs)
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3C NMR (101 MHz, C¢Dg)
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12b

'H NMR (400 MHz, C6D6)
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2Si{'H} NMR (79.5 MHz, CsDs)
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'H NMR (400 MHz, CDCl5)
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2- (2-Br0mophenyl)propan01c ac1d (14e) "H NMR (400 MHz, CDCl3)

V
Os_OH
CH,
Br
I 1/' T 1 r‘j I I Ll ryj 1 I
9 6 5 4 3 2 1 0 ppm
2-(2-Br0mophenyl) 1 (4 methoxyphenyl)propan -1-one (16a) '"H NMR (400 MHz, CDCl3)

£
- -

v

ﬁ
1.03

507=
3.10 =

9 8 7 6 5 a 3 2 1 0 ppm

452



2-(6-Bromobenzo[d][1,3]dioxol-
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'H NMR (400 MHz, CDCl5)
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('H, 3C)-HSQC (CDCls)
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2-(2-Bromophenyl)-1-(4-methoxyphe
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2- (2-Br0mophenyl) 1-(3- methoxyphenyl)propan l-ol (18h

H NMR (400 MHz, CDCl5)
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1,2-Diphenylpropan-1-ol

'H NMR (400 MHz, CDCl5)
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'H NMR (400 MHz, CDCl5)
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1- (4-Meth0xyphenyl) -2- phenylpropan 1-ol (18p)

'HNMR (400 Mz, CDC13)
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'H NMR (400 MHz, CDC13)

1- (Naphthalen l-yl) 3 phenylpropan-l -ol (18q)
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2-Ethyl- 1 (naphthalen l-yl)butan 1 -ol (18s) 1H NMR (400 MHz, CDC13)
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'H NMR (400 MHz, CDCl5)
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19) 'H NMR (400 MHz, CDCl5)
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'H NMR (400 MHz, CDCl5)
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((4R,5R)-2,2-Dimethyl-1,3-dioxolane-4,5-diyl)bis(diphenylmethanol) ((R,R)-28a)

'H NMR (400 MHz, CDCls)
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((4R,5R)-2,2-Dimethyl-1,3-dioxolane-4,5-diyl)bis(di(naphthalen-2-yl)methanol) ((R,R)-28b)
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((4R,5R)-2,2-Dimethyl-1,3-dioxolane-4,5-diyl)bis(di([1,1':3',1''-terphenyl]-5'-yl)methanol) ((R,R)-28c)
'"H NMR (400 MHz, CDCl5)
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(3aS,8a5)-6-Chloro-6-isopropyl-2,2-dimethyl-4,4,8,8-tetraphenyltetrahydro-[1,3]dioxolo[4,5-
e][1,3,2]dioxasilepine ((S,$)-30a) "H NMR (400 M
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('H, 3C)-HSQC (CDCls)
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(3aR,8aR)-6-Chloro-6-isopropyl-2,2-dimethyl-4,4,8,8-tetra(naphthalen-2-yl)tetrahydro-[1,3]dioxolo[4,5-
e][1,3,2]dioxasilepine ((R,R)-30b)
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(3aR,8aR)-4,4,8,8-Tetra([1,1':3',1"'-terphenyl]-5'-yl)-6-chloro-6-isopropyl-2,2-dimethyltetrahydro-

\" O

[1,3]dioxolo[4,5-¢][1,3,2]dioxasilepine ((R,R)-30c)

n

Ppm

|

L

T
190

T
180

170

160

150

140

130

120

110

100

20

80

70

60 50

478




Ll

Ppm

('H, 3C)-HSQC (CDCls)

Al

20

40

60 |

80

100

140

160

lf.. ‘

..

2 1 0 PPmM

479



(3aR,8aR)-6-Chloro-2,2-dimethyl-4,4,6,8,8-pentaphenyltetrahydro-[1,3]dioxolo[4,5-¢][1,3,2] dioxasilepine

'H NMR (400 MHz, CDCls)
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(3aS,8a95)-4,4,8,8-Tetra([1,1':3',1""-terphenyl]-5'-yl)-6-chloro-2,2-dimethyl-6-phenyltetrahydro-
[1,3]dioxolo[4,5-¢][1,3,2]dioxa Oe) "H NMR (400 MHz, CDCls)
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(3aR,8aR)-6-Isopropyl-2,2-dimethyl-4,4,8,8-tetraphenyltetrahydro-[1,3]dioxolo[4,5-¢][1,3,2]dioxasilepin-6-o0l

((R,R) 3a)_ 'H NMR (400 Mz, Sh(Eh)
Ph_Ph
el
Si.
O\" C)’ OH
Ph ph
15 510
LA
o 8 7 6 5 4 3 2 1 o ppm
HMM
19’0 15’0 17"0 1éﬂ 1;0 150 1;30 12‘0 1';0 1["0 9‘0 8‘0 7‘0 6'0 5‘0 4‘0 3‘0 2‘0 1’0 ‘; ppm

482



(3aR,8aR)-6-Isopropyl-2,2-dimethyl-4,4,8,8-tetra(naphthalen-2-yl)tetrahydro-[1,3]dioxolo[4,5-

"H NMR (400 MHz, CDCl;)
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(3aS,8a95)-4,4,8,8-Tetra(]1,1':3',1"'-terphenyl]-5'-yl)-6-isopropyl-2,2-dimethyltetrahydro-[1,3]dioxolo[4,5-
e][1,3,2]dioxasilepin
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(3a8,8a5)-2,2-Dimethyl-4,4,6,8,8-pentaphenyltetrahydro-[1,3]dioxolo[4,5-¢][1,3,2]dioxasilepin-6-o0l ((S,S)-31d)
"H NMR (400 MHz, CDCl3)
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'H NMR (400 MHz, CDCl5)

3.874

=]

=Y

o1

HEEE

E
S
©
T T T T T T T T
9 8 7 6 5 4 2 0 ppm
' JLL JL I[l
EEEEE 8 H
~ll-lailled © ©
T T T T T T T
9 8 7 6 5 4 2 ppm

For comparison with the side product observed upon C-H activation of dihydrobenzofuran 4ec.

487




7.5 Curriculum Vitae

Personal Data

Name:

Date of Birth:
Place of Birth:
Nationality:

Education

Sascha Grotjahn
30.12.1995
Eggenfelden

German

05/2020 — 09/2024

10/2017 — 09/2019

10/2014 — 07/2019

09/2006 — 06/2014

Internships

Ph. D. thesis at the Institute of Organic Chemistry, University of Regensburg (Supervisor:
Prof. Dr. Burkhard Ko6nig)

“Reactivity of Carbanions Generated via Reductive Radical-Polar Crossover and Regio-,
Diastereo- and Enantioselectivity in their Generation”

Master of Science Advanced Synthesis and Catalysis, University of Regensburg

Master thesis: “Synthesis of Fluorinated Cannabinoids via Photocatalytic Birch-Type
Arylation” (Supervisor: Prof. Dr. Burkhard Kénig, in collaboration with Prof. Dr. Jimmie
Weaver, Oklahoma State University, USA)

Bachelor of Science in Chemistry, University of Regensburg

Bachelor thesis: “Synthesis of Phenyl-substituted Cyclopentenones” (Supervisor: Prof.
Dr. Oliver Reiser)

Allgemeine Hochschulreife at Karl-von-Closen Gymnasium Eggenfelden

01/2024 — 03/2024

03/2023

08/2018 —09/2018

488

King Abdullah University of Science and Technology, Thuwal, Saudi-Arabia
Group of Prof. Dr. Magnus Rueping

Radboud University Nijmegen, the Netherlands

Group of Prof. Dr. Jana Roithova

Oklahoma State University, USA

Group of Prof. Dr. Jimmie Weaver



Conferences

02/2022 BASF CaRLa Winter School, Heidelberg

10/2021 Exploratory Photochemistry: Light Creates Structure, Halle (Saale)

10/2019 Simpozij studenata kemicéara (SiSK6), University of Zagreb, Croatia

Memberships

01/2017 — present Gesellschaft Deutscher Chemiker

04/2021 — 09/2024 DFG — Graduate Research Training Group RTG 2620 “Ion Pair Effects in Molecular
Reactivity”

Publications

1. Sascha Grotjahn., Burkhard Konig “Photosubstitution in Dicyanobenzene-based Photocatalysts” Org.
Lett. 2021, 23, 8, 3146-3150

2. Jon I. Day, Sascha Grotjahn; Sameera Senaweera, Burkhard Konig; Jimmie D. Weaver
“Defluorodearomatization: A Photocatalytic Birch-Like Reduction That Enables C—C Bond Formation and
Provides Access to Unnatural Cannabinoids” J. Org. Chem. 2021, 86, 7928

3. Sascha Grotjahn, Christina Graf, Jan Zelenka, Aryaman Pattanaik, Lea Miiller, Roger-Jan Kutta, Julia
Rehbein, Jana Roithova, Ruth M.Gschwind, Patrick Nuernberger, Burkhard Koénig “Reactivity of
Superbasic Carbanions Generated via Reductive Radical-Polar Crossover in the Context of Photoredox
Catalysis” Angew. Chem., Int. Ed. 2024, ¢202400815

4. Sascha Grotjahn, Lea Miiller, Aryaman Pattanaik, Alexander Falk, Giorgia Barison, Jonathan O. Bauer,
Julia Rehbein, Ruth M. Gschwind and Burkhard Konig “Regio-, diastereo- and enantioselectivity in the
photocatalytic generation of carbanions via hydrogen atom transfer and reductive radical-polar crossover’
Org. Chem. Front., 2024, Advance Article

5. Sascha Grotjahn, Burkhard Konig (2024) “Common Ground and Divergence: OLED Emitters as
Photocatalysts” manuscript submitted

6. Randall L. Davis, Sascha Grotjahn, Burkhard Ko6nig, Daniel J. Buck, Jimmie D. Weaver (2024) “Novel
fluorinated cannabinoid analogs modulate cytokine and chemokine expression in human microglial cells”

il

manuscript submitted

489



8 Acknowledgements

First, I want to thank Prof. Dr. Burkhard Konig for supervision of my work and the many scientific discussions,
ultimately leading to many successful projects. But also for the freedom to develop my own ideas and the freedom to
investigate my projects not only with focus on a final publication, but also out of scientific curiosity. This freedom
made working on the projects very enjoyable and I think that productive science must be based on encouraging
curiosity and not on the pressure to produce as many publications as possible. Thank you for giving me the time and
opportunity to finish my projects in the best possible way. Also, thank you for providing opportunities to conduct part
of my research abroad to collect additional experience and conduct research that would not have been possible at
University of Regensburg alone.

Special thanks go to all collaborators at University of Regensburg: Lea Miiller, Aryaman Pattanaik, Christina Graf,
Roger-Jan Kutta, Alexander Falk, and supervisors Prof. Dr. Patrick Niirnberger, Prof. Dr. Ruth Gschwind, Prof. Dr.
Julia Rehbein, and PD Dr. Jonathan Bauer. The same thanks go to all international collaborators at KAUST and
Radboud University: Amir Gizatullin, Tingting Yuan, Chen Zhu, Prof. Dr. Magnus Rueping, Jan Zelenka, and Prof.
Dr. Jana Roithova. Your expertise was an integral part of making the projects as successful as they are.

Thank you to all members of the RTG 2620 — Ion Pairs in Molecular Reactivity, for providing insights into different
fields of chemistry and for all the fruitful collaborations originating from the personal interaction. Consequently, I
also thank the Deutsche Forschungsgemeinschaft for funding of all RTG activities and the research stay at Radboud
University.

Thank you to all members and former members of the Konig group that helped making the time of my PhD studies
so enjoyable. Special thanks go to Dominik Birnthaler, Lea Miiller, Jessica Stahl, Karsten Donabauer, and the
permanent staff.

I thank Prof. Dr. Oliver Reiser and Prof. Dr. Patrick Niirnberger for examination of this thesis and PD Dr. Jonathan
Bauer for serving as chairperson in my Ph.D. defense.

Apart from all colleagues I also want to thank my family. Especially my wife Sarah and my son Felix. It was not easy
to write the thesis with so much distraction, but I am so grateful that I had the possibility stay at home during my son’s
first months. The time this prolonged the submission of this thesis was totally worth it.

490



Eidesstattliche Erklarung

Ich erkldre hiermit an Eides statt, dass ich die vorliegende Arbeit ohne unzuldssige Hilfe Dritter und ohne Benutzung
anderer als der angegebenen Hilfsmittel angefertigt habe; die aus anderen Quellen direkt oder indirekt {ibernommenen
Daten und Konzepte sind unter Angabe des Literaturzitats gekennzeichnet.

Bei der Auswahl und Auswertung folgenden Materials haben mir die nachstehend aufgefiihrten Personen in der jeweils
beschriebenen Weise unentgeltlich geholfen:

1. Lea Miiller: Messung detailierter NMR Kinetiken und gemeinsame Auswertung der entsprechenden Daten in
Kapitel 4. Substrate fiir die Kinetiken wurden teilweise von Lea Miiller synthetisiert, wie angegeben.

2. Christina Graf und Roger-Jan Kutta: Messung und Auswertung von Transienter Absorptionsspektroskopie in
Kapitel 3. Der enstprechende Abschnitt und der experimentelle Teil wurden gréBtenteils von Christina Graf und
Roger-Jan Kutta geschrieben und von mir {iberarbeitet und formatiert.

3. Aryaman Pattanaik: DFT Rechnungen in Kapitel 3 und 4.

Alexander Falk: Synthese von trimenthoxysilanthiol und siliciumchiraler Verbindungen

5. Jan Zelenka: Gasphasenexperimente in Kapitel 3. Diese wurden fiir einen groben Uberblick anfangs gemeinsam
durchgefiihrt und detailierte Messungen und Auswertungen wurden von J. Zelenka alleine durchgefiihrt. Der
entsprechende experimentelle Teil wurde GroBtenteils von Jan Zelenka geschrieben und von mir iiberarbeitet
und formatiert.

6. Regina Hoheisel: CV-Messungen in Kapitel 2 und 3.

7. Folgende Personen haben im Rahmen von Bachelorarbeiten und Forschungspraktika unter meiner Aufsicht
beigetragen: Daniel Kolb, Kathrin Strunk, Jonathan Schiitte, Manuel Kobras, Lukas Welspillich, Thomas Tiefel,
Miriam Berreiter, Nicola Bopp, Indrasish Dey und Giorgia Barison.

Weitere Personen waren an der inhaltlich-materiellen Herstellung der vorliegenden Arbeit nicht beteiligt. Insbesondere
habe ich hierfiir nicht die entgeltliche Hilfe eines Promotionsberaters oder anderer Personen in Anspruch genommen.
Niemand hat von mir weder unmittelbar noch mittelbar geldwerte Leistungen fiir Arbeiten erhalten, die im
Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen.

Die Arbeit wurde bisher weder im In- noch im Ausland in gleicher oder &hnlicher Form einer anderen Priifungsbehorde

vorgelegt. Ich versichere an Fides statt, dass ich nach bestem Wissen die reine Wahrheit gesagt und nichts
verschwiegen habe.

(Ort, Datum) (Unterschrift)

491



