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Chapter 1

The Chemistry of Excited States:

Photochemistry







1.1 Introduction.

Light induced reactions have been taking place since the creation and evolution of
our world itself. Daily different photochemical reactions are occurring in absence of
human intervention and without being notice, i.e. photosynthesis in plants, the
perception of colors by human eyes, color changes in materials exposed to sunlight,
etc. In fact, thousands of years ago, in the ancient world wise men studied how to

properly use the power of sunlight.

During the 18th and 19t centuries scientists left their observation on photochemical
processes. First reported photoisomerization was described by Trommsdorff. He
was able to explain that the elemental analysis of Santonin before and after light
irradiation did not show any change in the composition of Santonin, while a white
powder became yellow before bursting after irradiation under a certain wavelength,
demonstrating the wavelength dependence of the photochemical reactions.? Those
pioneering studies and those performed by Sestini and Cannizzaro (20 years later)
were the first stone to impel Italian photochemistry. However, it was not possible to
elucidate and properly describe the formation of photosantonic acid and the

reaction intermediates until the early 1960s (Scheme 1.1).3

Santonin Photosantonic acid

Scheme 1.1. Photoreaction of Santonin and elucidated intermediates.

In the end of the 19t and beginning of 20t century, photochemistry raised as a
significant branch of chemistry. The next decades are recognized as the “gold age”
of photochemistry. Ciamician and Silber studied the chemical consequence of light
irradiation in diverse transformations like photoreduction of carbonyl groups or
intramolecular cycloadditions among others, introducing for the first-time the
concept of photochemical reaction. They studied the photo-reduction of
benzoquinone into hydroquinone and acetaldehyde in alcoholic solution after
sunlight exposure. Silber found the transformation of nitrobenzene in aniline,
acetaldehyde and surprisingly methylquinoline in an ethanol solution.}# Moreover,
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Paternd, Chieffi and Biichi observed the cycloaddition of carbonyl derivatives onto
olefins, a 2+2 photocycloaddition, for the formation of oxetanes (Paterné-Biichi

reaction, Scheme 1.2).5

Paterno-Biichi reaction: Cycloaddition 2+2

e B ) et

Singlet diradical

ISC ISC

o

Triplet diradical

Scheme 1.2. Paterno-Biichi cycloaddition. Reaction mechanism.

In the mid-1930s Norrish studied the chemistry of carbonyl group (aldehydes and
ketones) by explaining two different processes currently known as Norrish Type I
and Il reaction (Scheme 1.3).6 The first one is based on the photolysis (homolysis of
C-C bond). Those radicals can follow different paths. Both radicals can be
recombined to form the starting materials. Via a-H or B-H hydrogen abstraction it
can lead to the corresponding ketene or the formation of the aldehyde. In addition,
via CO extrusion and further recombination of both radicals a new C-C bond can be
formed. Norrish Type Il is described as an intramolecular y-hydrogen abstraction.
Ita can be followed by the C(3-Cy bond fragmentation obtaining an olefin and enol or
it can react via intramolecular recombination forming 1,2-polysubstituted

cyclobutanols (Norrish-Yang reaction).

Therefore, physical studies, directly related to photochemistry, were developed by
Planck leading to the concept of “quanta” or “quantum” of energy.” Einstein made
his contribution to the filed by explaining that light irradiation and subsequent
absorption of a “quanta” of light by a metal lead to the emission of one electron. This
theory is known as “photoelectric effect” as precursor of the first law of

photochemistry.8 Perrin proposed the existence of a “metastable” triplet state lower
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in energy than the excited state itself, later recognized by Lewis and Kasha.
Jablonsky correlated phosphorescent phenomena with this triplet state that is
involved in many photochemical processes, then corroborated by Lewis and Calvin.

These findings promoted new studies on triplet energy transfer (EnT) events.?

Norrish Type |
s1 T1
o hv o) ISC o
—_—
R../\HJ\,R R../\HJ\,R —_— R../\HJ\,R
\ RI \ / RI

Recombination extruslon
R /\H + =R R/\I + —R
R'

a-H or g-H l

abstraction
R"/\(\R
R'
R" /\f + R-CH, R /\) + =R

Norrish Type Il

B0
\l/\)LR N
R' Intramolecular
R'Y OH

v-H abstraction

H

—scission
R B

1,4-biradical R R Norrish-Yang reaction

Scheme 1.3. Norrish Type I and Type Il photoreaction and possible paths of reaction
intermediates.

In the 20t century photochemistry experimented a loose of interest in this field and
it is not until the end of the 20t and beginning of the 21st century when the
“renascence” of photochemistry took place, being even more important in the last
decades. The main reason is that the new chemical transformations can be explored
when chemists make use of the chemistry of the excited state, as from this chemical
species can react in unconventional from inconceivable paths from the point of view
of traditional ground state organic chemistry. During this new trend in
photochemistry, chemists found the manner to exploit the ability of absorbing
species to harness light energy to speed up chemical reactions by the merge of

photochemistry and catalysis.
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Figure 1.1. Plot of number of publications per year concerning “photocatalysis”. Source:
“Web of Science”.

Photocatalysis provoked interest and found application in a large variety of study
fields (Figure 1.1). Regarding Organic Chemistry, photocatalysis encompasses
different well-known manifolds that are still being studied, where Energy Transfer
(EnT), Electron Transfer (ET), Hydrogen Atom Transfer (HAT), Halogen Atom
Transfer (XAT) are the principal-studied mechanisms. The wide versatility of the
photochemical processes mentioned above expanded the synthetic toolbox for
synthetic organic chemistry accessing non-conventional products, via excited state
chemistry, in a more sustainable, easier and smoother manner. Photocatalysis is
being applied in combination to new chemical technologies (flow, high throughput
experimentation (HTE), automation, etc.) in relevant industries (pharmaceutical,

agrochemical, etc.) showing its power and convenience as synthetic organic tools.

1.2 Photochemistry fundamentals.

IUPAC defined photochemistry as “the branch of chemistry concerned with the
chemical effects of light”.19 Therefore, a photochemical process (reaction or
rearrangement) requires the absorption of electromagnetic radiation of the
appropriate wavelength.11 The absorbing molecule promotes one electron from its
ground state (So) to an excited state. From the singlet or triple excited state (Sn or
Tn), higher in energy (E). it subsequently undergoes a chemical transformation into

a more stable product or a reaction intermediate that further reacts with other
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species. Otherwise, the excited state can be photophysically deactivated without any

chemical change.

Visible light (400 nm - 800 nm) and near UV (200 nm - 400 nm) is the range of the
electromagnetic spectrum where photons have an E that promotes transitions of the
electrons between molecular orbitals (valence electrons). Lower wavelengths
correspond to more energetic radiation.

energy / kJ mol-?

101 1012 10 108 106 104 102 100 10-2 10-4 10-8 10-% 10-19 10-12
1 1 1 1 1 1 1 1 1 1 1 1 1 1

valence

nuclear transitions care electrons electrons Viorations rotations nuclear spin (NMR)
frequency / Hz
102 1022 100 10 108 10 1012 1w 108 108 10¢ 10 100
L l ! 1 1 L ! ! L 1 \ | !
y-rays & x-rays uv IR microwave radio wave
\ 1 T 1 T e ] T 1 1 1 T T
10-18 10-14 10-12 10-'0 108 10-¢ 104 10-2 100 102 104 108 102
o wavelength / m
I |
400 nm 500 nm 600 nm 700 nm

Figure 1.2. Electromagnetic spectrum of light.

The first law of photochemistry or Grotthuss-Draper law claimed that a compound
must absorb light to promote a photochemical transformation: “Only absorbed
photons can cause a chemical change”. The second law or Stark-Einstein law also
know as “quantum equivalence law”: “Each absorbed quantum of radiation

causes one equivalent of a chemical reaction”,12

h:Planck’s constant (6.6256 x 10-34
J-S-photon-1)

v: frequency of radiation [s1]

c:speed of light (2.9979 x 10-8 m-s1)
A:wavelength of radiation [m] (1.1

E=hv=nh c/A []-photon~] where

The interaction of a molecule with a photon results on its absorption by the molecule
promoting the electronic transition of one electron to an excited state. The
probability of being absorbed (absorbance, A) by the molecule depends on and the

molar extinction coefficient (£1) constant at a specific irradiation wavelength
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(wavelength dependent), the concentration of the sample (C) and the “path length”

(1) as described in Beer-Lambert Law.

g, molar absorption coefficient [L - mol-!- cm-1]

C: molar concentration of absorbing species [M]

[:“path length” traversed by light [cm]

lo/I: initial intensity/ experimental intensity (1.2)

lOgITO =A=¢g,IlC where

This law applies only if there are not interaction between absorbing species, in

homogeneous non-emissive diluted solutions.13

Molecules exist on the lowest energy state (ground state, So) where the electrons are
occupying the lowest energetic molecular orbitals: HOMO orbital, the highest
occupied molecular orbital and the empty LUMO orbital, lowest unoccupied
molecular orbital. In the occupied molecular orbitals only two electrons can be
contained characterized by antiparallel spins obeying “Pauli’s exclusion principle”,
so the minimum energy that a molecule needs to absorb (photon) to be excited is
the corresponding energy between the HOMO and LUMO orbitals.1# The transition
starts from the ground state (HOMO) to the excited state (LUMO*) which has a
different energy, structure and lifetime. In molecules the HOMO-LUMO transition is

not the unique available transition and other transitions are probable to occur.

E
A
ES — + '
hv ISC
—_— -
o 4
First excited First excited
ground singlet state triplet state
state (So) (S1) (T1)

Figure 1.3. Spin configuration of ground and excited states. (ES: excited state, GS: ground
state).

In accordance with Hund’s Law of maximum multiplicity the lowest energetic state
is the one that is fully occupied by paired electrons. Spin multiplicity (S) is the sum
of the spins in the molecular orbitals, easily calculated as 2S + 1. When S=0 (2S+ 1
= 1), the state is named as singlet, characterized by paired spins and shorter

lifetimes (10-12-10-¢ s). When S = 1 (2S + 1 = 3), the state is named triplet,
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characterized by unpaired parallel spins and a longer lifetime (10-7-10s). Triplet
states are lower in energy than the homologous singlet state as the electrons are
organized to minimize coulombic interactions between the charges (Pauli’s
exclusion principle). Two electrons in the same region, destabilizes the singlet state
being more energetic than the triplet state.1> The electronic structure of free radicals
is described by the presence of 1 unpaired electron when S =% (2S + 1 = 2), called

doublet.

The most important requirement for an electronic transition to be permitted is to
not have a change on the spin multiplicity (AS = 0), in other words, no “flipping”
electrons spin during the transition. This means that a transitions So = S1, while
So=> T1 is a spin-forbidden transition (Wigner’s rule). Although flipping of electron
spin is forbidden it can occur when Intersystem Crossing (ISC) processes take place.
One electron can transit from a singlet state to occupy a triplet state (S1 = T1).1¢ The
probability of this non-radiative transition (ISC) is proportional to the intensity of
the “spin-orbit coupling” and inversely to the energy of the transition S1 2 Ti. Itis

stronger when heavier atoms are present in the molecule (Cl, Br, S, etc.).

Delocalized © and non-bonding electrons are easy to excite, and they are basically
present in all organic molecules. In photochemistry there are two different types of
electronic transitions:

e m-> 7*: between a bonding m orbital and antibonding m* orbital. The
corresponding transitions are named as: So = S1, (m,m*) and So 2> Ty,
3(m,m*). Due to the orbital overlapping these transitions are more prone to be
produced.

e n - 7*: between a non-bonding n orbital and antibonding m* orbital. Non-
bonding orbitals are present in heteroatoms (N, O) containing non-bonding
electrons. The corresponding transitions are named as: So = S1, 1(n,7t*)
and So=> T1, 3(n,n*). Due to the poo orbital overlapping these transitions are
less probable to occur. However, the low energy difference between the
corresponding S1 1(n,m*) and T1 3(n,n*) excited states and the change of
orientation of the plane of symmetry during n = n* increases the effect of spin-
orbit coupling promoting the singlet-triplet ISC.1”
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Figure 1.4. Electronic transitions in A) & / w* in ethylene bond. B) Molecular orbitals in C=0
group.

When a molecule absorbs energy, it is excited to an excited state. The absorbed
energy must be dissipated by photochemical transformations or photophysical
processes. A photochemical reaction is a deactivation process of an excited state.
While molecules absorb and accumulate energy by promoting electronic transitions,
the reactivity of the excited state is different from one molecule to another. When
this energy makes thermodynamically favorable the conversion of the molecule into
products a photochemical process is taking place, even on the formation of products
that are not accessible by thermal synthetic strategies (rearrangements,
isomerization, bond fragmentation, radical formation, etc.). Additionally,

photophysical deactivation processes can occur by two different mechanisms:

o Radiative deactivation: when the emission takes place between states of the same

multiplicity (S1 = So) the process is named fluorescence. In this case the
frequency of the emissive process (0 = 0’) is the energy difference between the
two states. When emission is between states with different multiplicity (T1 => So)
it is known as phosphorescence.

e Non-radiative deactivation: the molecule loses vibrational energy through

vibrational relaxation to arrive to the most stable excited state (vibrational level
0’, lower in energy) caused by collisions with other molecules. Normally, the
electronic transition goes from So to a higher Sn excited state higher in energy
than Si1. In accordance with Kasha’s rule, the radiative and photochemical
processes are taking place from the lowest energetic excited state (S1), thus by
internal conversion (I1C) processes energy is dissipated from a higher Sn till reach

the more stable excited state S1 thanks to the overlap of the vibrational levels
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between those states (10-13-10-12s). The intersystem crossing (ISC) is an IC
between excited states with different multiplicity: S1 2 T1 (10-11-10-¢s) or T12>So
(10-7-10 s). As T1 = Sois slower than S1 = So the lifetime of triplet state (T1) is
longer than the singlet state (S1). This means that an important number of

photochemical reactions are taking place from the lowest T1.

E A — _
:F% IC — =
\ -
Er, —a A T2
k —_— —
ES1 IC ¢ 7 ISC T,—~ T, —
e | == S| ;id - —
. — — 1 f
—— p— T1‘
So— S
0 2 Y Yy Fluorescence
O Phosphorescence
i A . * Triplet-Triplet energy
S~ S, transfer
Eso| s, Y s,

Figure 1.5. Jablonsky diagram. Description of possible electronic transitions and radiative
and non-radiative deactivation paths.

1.3 Photocatalysis.

IUPAC defined the term photocatalysis as “change in the rate of a chemical reaction
or its initiation under the action of ultraviolet, visible or infrared radiation in the
presence of a substance—the photocatalyst—that absorbs light and is involved in the
chemical transformation of the reaction partners”.18 It is considered a photo-induced
process where the photocatalyst absorbs photons promoting one electron from
ground state to the excited state, the subsequent thermodynamic conversion of the
substrate produce chemical modifications in the reactant obtaining the

corresponding product.
h
A + Photocatalyst (PC) ——»= A + PC* — > B (1.3)

The photocatalyst is an organic molecule or a metal-based species that can act in the
same phase as the reactants (homogeneous) or in a different phase (heterogeneous).

The main advantages of photocatalysis reside in the use of photons (energy source)
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to promote the reaction. Photons are a greener trace-less agents and a more
sustainable energy source without evolving into undesired subproducts. There are

several activation manifolds have been described within the years.

A. Energy transfer (EnT): during this photophysical deactivation process a
molecule in excited state (donor, D) transfer the energy to another molecule
(acceptor, A). The donor returns to its ground state while the acceptor receives
the energy, being promoted to an excited state. This process is called
photosensitization, where D is a sensitizer while A is a quencher or
photoinhibitor. This process can follow three different paths. The first one is by
dipole-dipole interaction. The excited donor interacts with the acceptor
(quencher) that deactivates the donor returning to the ground state while the
acceptor is taking the energy by being excited: Forster resonance energy
transfer.12 The second manifold is Dexter energy transfer: there is a concerted
net electron exchange (double substitution of electrons) produced by the overlap
of the electronic clouds of the donor, in excited state, and the acceptor, in ground
state.1? The last one is the Triplet-Triplet annihilation: due to the forbidden
transition T1 > So, triplet states have a long lifetime. There is a deactivation mode
in which two triplet excited states can interact with the subsequent net electron

exchange forming a ground state species and a singlet excited state.

E E
ES —O- —_ —0 ES —i}/l —_— -
GS -l 1 00- -0— GS -o0— /\-oo- 00 0—
hd hd hd hd
D* + A — D + A* D* + A — D + A*
Forster resonance Energy Transfer Dexter Energy Transfer
E

GS £ o— 00 -0—

N N
D* + A — D + A*
Triplet-Triplet annihilation

Figure 1.6. Different paths for Energy transfer processes.
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B. Hydrogen Atom Transfer (HAT):

is characterized by the C-H bond dissociation

energy as driving force of the process.

H F
Ph.__CN CH3S—-H
@ ¥ methanethiol (88) ‘H EtO__H H H“/.‘ F"} ¢ H. 4H
< H # | . W7H Ra 9
phenylacetonitrile H tetrahydrofuran methane trifluoromethane water
i A e L I R (105) (10 19)
\ toluene (88) . . (95) 3 .
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pyrroiidine (90)

acelonitrile (96)
acetone (96)
methanol (96)

Figure 1.7. Experimental C-H and heteroatom-H bond dissociation energy (kcal mol-1).
Reprinted with permission under Creative Common License (CC-BY 4.0) from Capaldo,

2022.

The PC, usually aromatic ketones as benzoquinone or polyoxometalates as

tetrabutylammonium decatungstate (TBAD), can homolitically cleave the C-H

bond by abstracting H' releasing the corresponding C-centered radical. This is

possible due to the existence of an abstractor X-O" moiety in the PC* that allows

the hydrogen abstraction. When

the PC can abstract a hydrogen from the

molecule this process is described as a direct HAT even (d-HAT). However, when

the PC* generates, via single electron transfer events, a species that can act as

hydrogen abstractor (X'), an indirect HAT process is taking place. Highly reactive

species, due to its radical-like character and unstability are known to promote

HAT processes: alkoxyl radical (RO"), aminoxyl radical (RzN-0"), amidyl radical
(ArCON'-R), thiyl radical (RS"), halogen atom (X<), C-centered radical (C),

dioxirane, amine radical cation (R3N*) and metal-oxo species.20
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Scheme1l.4. Manifolds on HAT processes.

. Halogen Atom Transfer (XAT): an organic halide reacts with a halogen atom
abstractor promoting the homolytic C-X bond fragmentation with the subsequent
C-centered radical formation. Commonly, tin, silicon and C-centered radicals can
be used as halogen abstractor agents previously generated via photocatalyzed
processes. Even in this case, the XAT event is driven by the dissociation bond
energy of the C-X bond. Most common halogen abstractors are based on
organosilicon compounds and amines, that are previously oxidized forming the

corresponding radical that acts as halogen atom abstractor.2!

(Halogen Atom Transfer (XAT))

: . -
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Scheme1l.5. Halogen atom transfer (XAT).
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D. Photo-induced Electron Transfer (PET): single electron transfer (SET) events
are characterized by the transference of one electron from one species to another
forming radical charged species. The renaissance of photochemistry paved the
irruption of photoredox catalysis as an interesting organic synthetic tool. The PC
(organometallic or organic molecule) is excited by absorbing light irradiation.
The PC*can act as a strong reductant or oxidant. If it acts as an oxidant the
reaction mechanism follows a reductive quenching cycle, while if it acts as a
reductant, it follows an oxidative quenching pathway. The PC* interacts with
another molecule (electron donor (D) or electron acceptor (A)) oxidizing or
reducing the substrate forming the corresponding radical cation(R-X"*) or radical
anion(R-X") that upon further fragmentation can generate a radical specie (R*). A
second SET between the radical cation or radical anion specie derived from the
PC (PC*, PC-) and areaction intermediate or an external reductant (D) or oxidant

(A) enable the PC turnover.22

s N
X~ RX ¢ ﬁ :
i [PhPyrylium]® (BF,) O 3CzCIIPN
. Oxidative Reductive = - :
PC quench/ng Y quenching P * O O

4CzIPN
Schemel.6. Pathways in photoredox catalysis and common photocatalysts.

(Photoredox catalysis)

R-X R-X
PC*

+

[Ir(dF(CF3)ppy);(dtbpy)]* [Acr-Mes]*(BF,)"

The PC plays a key role in this process. It must absorb light irradiation in the
visible region, it must have a lifetime long enough to interact with the substrates
and to be characterized by reversible photophysical and reversible
electrochemical properties to avoid degradation. In addition, the oxidation

potentials of the PC should match the oxidation potentials of the substrates.23

Photoredox catalysis have gained importance in sustainable and green chemistry

enabling to obtain unconventional synthetic targets by employing smoother
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reaction conditions. The possibility of using a wide variety of different starting
materials (carboxylic acids, alcohols, aldehydes, etc.) makes this protocol an
emerging synthetic tool in organic chemistry and medicinal chemistry due to the
formation of C(sp3)-C(sp3) bonds through the generation of C-centered radicals

(alkyl radicals), currently a hot topic in synthetic organic chemistry.

Photocatalysis has been adopted even by important industries for the synthesis of
small molecules such as in Pharmaceutical and Agrochemical industry.24# The
possibility to modify bioactive compounds and drug-like molecules via Late-Stage
Functionalization (LSF) or to be able to access new chemical spaces, rapidly and
more efficiently, through photochemical processes, make these new synthetic

methodologies an attractive synthetic tool.z5
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Figure 1.8. Plot of number of publications and citations per year concerning “photoredox
chatalysis”. Source: “Web of Science”.

1.4 Radical Precursors in Photoredox Processes.

Alkyl radicals or C-centered radicals are nucleophilic open-shell species extensively
used in synthetic organic chemistry for the formation of C-heteroatom, C(sp)-C(sp3),

C(sp?)-C(sp3) and C(sp3)-C(sp3) bonds.26
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Scheme 1.7. Possible bonds formed by C-centered radicals.

Historically, in the mid-20th century, BusSnH was reported for the generation of alkyl
radicals via halogen abstraction, generating the corresponding C-centered radical
from alkyl halides.2” The generated radical is added onto an electron-poor olefin,
alkylating it and further being protonated by hydrogen abstraction from BusSnH,
promoting a chain reaction well known as Giese reaction (Scheme 1.7).28 The
driving force of the process is based on the bond energy dissociation of the different
bonds thar are broken and formed. Those new bonds formed, after recombination,
are stronger than those existing before bond fragmentation. 2° The main drawback
of this process resides on the use of stoichiometric amounts of organotin
compounds and the generation of highly toxic organotin coproducts.3? Several
studies were performed to substitute tin as reagent like the employment of metal
oxidants and reductants, as well as the use of different radical precursors.2%< When
Barton esters were reported as radical precursors it supposed a valuable impulse
on the replacement of tin derivatives as radical generator. The derivatization of a
carboxylic acid into a redox-active moiety, also known as electroauxiliary group,
allowed the transformation of a stronger O-H bond (440 k]J/mol) into a more labile
0-N bond (118 k]J/mol). Due to the colored aspect of Barton esters, it is possible for
them to absorb light irradiation, with a subsequent fragmentation of the labile O-N

bond when irradiated at 320 nm, therefore, harmful irradiation. 2%
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Scheme 1.8. a) Giese addition promoted by organotin derivatives. b) Bond energy
dissociation of different bonds. c) Barton ester as alternative reagent for alkyl radical
generation under thermal and/or photochemical conditions.

Photocatalytic approaches permit the generation of stabilized (a-oxy, a-amino,
benzylic, allylic) and unstabilized alkyl radical species giving access to
unconventional transformations in a more sustainable process by using photons as
traceless reagents, using and generating less toxic compounds under milder
conditions. While HAT or XAT gained more importance in synthetic chemistry,
photoredox catalyzed processes remained less utilized as common functional
groups (radical precursors) commonly have prohibitive oxidation pontentials (Eox,
Ered). It means that derivatization of functional groups needs to be done in order to
access more oxidizable or reducible compounds. This derivatization is known as
electroauxiliary group (EA), which confers a redox-active behaviour to the
molecule.3! The EA moiety is prone to be oxidized or reduced by the action of a

photocatalyst via photoredox catalysis (SET event).

Once the original functional group is converted into an EA group (functional group
interconversion, FGI) it can interact with a photocatalyst in its excited state. The
radical precursor can be oxidized or reduced via a SET event by the PC* following a
reducing quenching pathway or oxidizing quenching pathway respectively forming
the corresponding radical ions and electrofugal subproducts (EA*, EA-). The

unstable intermediate radical ion, upon further fragmentation, releases the alkyl
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radical (Scheme 1.9). Anionic species are prone to be oxidized, i.e. alkyl carboxylates,

while cationic species are prone to be reduced.

Reducible Oxidizable
radical precursor radical precursor
_ R-EA R-EA .
EA PC* EA
—e +e
<L R-EA A R-EA —A
Alkyl Alkyl
radical +o Oxidative @ Reductive _ —e radical
PC quenching ‘MY quenching
cycle cycle
D A
. PC .
D A

Scheme 1.9. Electroauxiliary groups (EA) as radical precursors on the photoredox-

mediated alkyl radical generation.

Several radical precursors have been developed within the renaissance of
photochemistry and photoredox catalysis. The generation of alkyl radicals can be
achieved via C-heteroatom or C-C bond cleavage and the corresponding radical

precursors can be divided in those oxidizable and those reducible (Figure 1.9). 3233
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Figure 1.9. Oxidizable and reducible radical precursors for photoredox-mediated alkyl

radical generation.

Carefully studying the reported radical precursors in Figure 1.9, it is worthy to
mention that there is a big variety of uncharged reducible radical precursors. On the
contrary, oxidizable uncharged radical precursors are underdeveloped. Due to
solubility concerns, salts and charged radical precursors are limited to be employed
when polar solvents are used, limiting factor on the application of this synthetic
methodology. However, the development of oxidizable uncharged radical

precursors via photoredox processes is certainly a niche to be covered. Due to this
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fact, we think there is a niche for the development of new uncharged radical

precursors to have access to more general C(sp3)-C(sp3) bond formation.

The main objective of this PhD dissertation is to discover new families of uncharged
radical precursors. Chapters 2, 4 and 5 described the development of different
uncharged radical precursors for the generation of alkyl radicals in a more effective,
sustainable and efficient manner. We have demonstrated the applicability of those
precursors on Late-Stage Functionalization (LSF) and in flow systems to synthesize
building blocks or drug-like molecules. The automated synthesis of building blocks
and drug-like molecules by using methodologies described in Chapter 5, is described
in Chapter 6 during a secondment in Johnson & Johnson. In Chapter 3 it is reported
a photoredox process for C1 homologation and synthesis of -arylethylamines by
using uncharged radical precursors demonstrating its potential in medicinal

chemistry by the photo-induced functionalization of polypeptides in solid-state.
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2.1 Introduction.

Photochemical carbon-centered radical generation is currently a hot topic since it
allows the forging of C-X bonds in a sustainable manner compared with traditional
methodologies, typically employing stoichiometric amounts of reductants or
oxidants, toxic species, and harsh conditions.! Organosilicon compounds found
application in the (photo)generation of reactive intermediates? even due to their
lower toxicity in comparison to organostannanes.!83 In this context, photogenerated
silyl radicals are key-intermediates in XAT reactions,*
benzoyldiisopropylchlorosilanes were purposely designed as photocleavable
protecting group for alcohols® and silanols were used to generate alkyl radicals via
B-scission of a LMCT complex by using Celll salts.® However, one of the main
advantages in having a silicon atom in organic derivatives is the profound effect
exerted on their electrochemical behaviour when they contain m-systems and/or
heteroatoms.” Thus, in compounds bearing heteroatoms such as oxygen, nitrogen,
and sulfur, the presence of a silyl group markedly makes them easier to be oxidized.
This is apparent from the Eox values of ethers (2.I) and (protected) amines (2.II) in
comparison with the corresponding a-silyl ethers (2.Ia) or (protected)
a-silylamines (2.Ila, see Figure 2.1a).” This has important implications in
photoredox catalysis since easily oxidizable silanes were used for the release of
carbon radicals. Indeed, the silyl moiety functions as a redox auxiliary group and is
able to promote the formation of the corresponding radical cation that in turn
fragments releasing the radical of interest.8 Typical cases are the release of a-oxy
radicals (from a-silyl ethers 2.1a%), a-amino radicals (from a-silylamines 2.I1I19),
allyl radicals (from allyl silanes 2.IV11), benzyl radicals (from benzyl silanes 2.VI12])
and acyl radicals (from acyl silanes 2.VI,13 Figure 1b). On the contrary, the reactivity
of unfunctionalized tetraalkylsilanes 2.VII towards monoelectronic oxidation is
very low, since the oxidation potential of such compounds is > 2.5 V thus requiring

harsh conditions.7¢14

Nevertheless, it was described in the early 90s detailing the photochemical
alkylation of pyrylium salts’> and of aromatic nitriles (e.g. 1,2,4,5
tetracyanobenzene, TCB)16 via photoinduced electron transfer with tetralkylsilanes.

In this case, the high reduction potential in the excited state of these aromatics

41



allowed for the oxidation of R4Si and the radical released from the resulting radical
cation is then able to couple with the aromatic radical anion. Despite this was an
interesting case of aromatic carbon-carbon ipso-substitution reaction,’ the only
fate of the radical is the functionalization of the absorbing species. A recent and
elegant strategy for the generation of alkyl radicals involves hypervalent bis-
catecholato silicates 2.VIII (Eox < 1 V vs SCE!c1l Figure 2.1b) including Martin
silicates 2.IX (Eox ca. 1.5 V vs SCE1?). However, the preparation of these charged

silicon derivatives is not so trivial.

Compound Eox (V vs SCE) Organosilanes as radical precursors
[o]
R RUASR @\( ;
. . 2 3 SiR3 )L 1
MeOAC-,H15 21 >2.50 R2,N\/SIR?, R2 6 R;3Si” 'R
o-Silyl amines (2.11) Allyl silanes (2.IV) Benzyl silanes (2.V) Acyl silanes (2.VI)
SiMes E,, <1Vvs SCE E, ca.1.6Vvs SCE E, =1.3-1.8VvsSCE E, =1.2-1.5V vs SCE
MeO” “C;H,5 2la 1.72 5
R - ) _ | :l
A 10 Si
R-Si-R R'Sl%oﬁ] Q R
: oR +
MeOOC.N/\/Ph 21 1.95 R 2 NEt,
I\Ille Tetralkylsilanes (2.VII) Bis-cathecolate silicates (2.VIIl) Martin silicates (2.1X)

E,y> 2.5V vs SCE E,y=0.3-0.9 Vvs SCE E,x<1.5Vvs SCE
MeOOC.N/\/Ph

L

SiMe,

2.lla 1.45 This work

RMe,Sio*s  E,,*> 2.0 V vs SCE

RMe,SiO-Ph E1,°*=1.7-1.9 V vs SCE

Figure 2.1. a) Comparison of the oxidation potential of organic compounds with those
incorporating a trialkylsilyl groups. b) Silicon based derivatives used in photoredox
catalysis and in this work.

On the other hand, despite alcohols are very difficult to oxidize (e.g. Eox EtOH >3.5V
vs SCE20, Figure 1b) their conversion into silyl ethers was found to be beneficial (the
Eox EtOSiMes was reported to be lower with respect to the corresponding alcohol; >
2.5 V vs SCE21). The oxidative capability of the silyl ether depends on the alcohol
chain and not on the different substitutions in the silyl group (as an example the Eox

Et3Si-H and BusSi-H are 2.15 V vs SCE22 and ca. 2.5 V vs SCEZ23, respectively).

In the frame of finding new neutral radical precursors,?* we deemed them
worthwhile to investigate a more accessible class of silyl derivatives namely silyl

ethers in the role of alkyl radical precursors.

Whereas the (direct) photochemistry of such compounds has received only few
attentions,2527 sparse examples were reported on the photocatalyzed generation of

alkyl radicals from silyl ethers by using cyanoarenes as photooxidants. Thus, 320
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nm irradiation of TCB, in the presence of tert-butyldimethyl(octyloxy)silane led to
the release of a tert-butyl radical 2.1 that coupled with the generated radical anion
of the cyanoarene to afford tert-butylated tricyano benzene 2.II as the exclusive
product.?28 However, when an electron-poor olefin was present in the mixture, Giese-
type reaction takes place, generating the radical adduct 2.III. Functionalization of
cyanoarene radical anion competes with the SET step, obtaining a mixture of
ipsosubstituted derivative 2.1V and 2.V in 58% yield (path a) and the hydroalkylated
product 2.VI in 84% yield (path b).2?

COOMe

& COOMe
cQome M ooc COOM
e
€ COOMe
path a
2 n 2.VIV, 58%
TCB'
TcB pathb . 00C COOMe H* MeOOC COOMe
J< 320 nm / —
\H/\o\,Si —_— /?\ ]
6 91 -ROSI* TCB"

-TCB~ 2.VI, 84%

~ ”‘@*
NC CN

TCB CN 2.1, 17%

Scheme 2.1. Precedents on the use of silyl ethers as alkyl radical precursor under light
irradiation.

In view of these premises, we thus reconsidered the potentialities of silyl ethers as
C and Si radical precursors under photoredox catalyzed conditions, by taking

advantage on the oxidizability of the Si-O bond in trialkylalkoxysilanes.

2.2 Results and discussions.

Two different families of silyl ethers were synthesized, namely phenyl silyl ethers
2.1a-g and alkyl silyl ethers 2.1h-o0 (Scheme 2.2). These compounds were easily
prepared in excellent to quantitative yields starting from phenols or alcohols by

treatment with the corresponding trialkyl silyl chloride in the presence of DBU.
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Scheme 2.2. Synthesis of silyl ethers tested in the present work.

We thus measured the oxidation potential of the synthesized silyl ethers (Table 2.1)
to have indication on the choice of the photocatalyst to be used. The corresponding
cyclic voltammetry of compounds 2.1e, 2.1i, 2.10 and biphenyl (BP) are shown in
Figures 2.1-2.2. As apparent from Table 2.1, compounds 2.1a-g, derived from
phenols, are markedly easier to be oxidized with respect to that formed from
alcohols 2.1h-o0. The aromatic silyl ethers have an Eox of about 1.7-1.9 V vs SCE
whereas the aliphatic ones have Eox values up to 2.4 V vs SCE except the case of

disilane 2.10 (Eox = 1.55 V vs SCE).
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Table 2.1. Oxidation potential of the silyl ethers tested in the present work.

Silyl ether E1/2® (R*/R) (V vs SCE) Silyl ether  E1,°* (R*/R) (V vs SCE)
2.1a +1.84 2.1h +2.03
2.1b +1.70 2.1i +2.27
2.1c +1.68 2.1j +2.32
2.1d +1.68 2.1k +2.44
2.1e +1.94 2.1l +1.95
2.1f +1.69 2.1m +2.45
2.1g +1.82 2.1n +2.05
BP +1.95 2.1o +1.55
100 -
80 ]
o .
2 @f:%
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ol oo
oo 05 10 15 20 25 1o 00 05 10 15 20 25 30 35
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E IV vs Ag/AgCl 3M NacCl

Figure 2.1. Cyclic voltammetry carried out on compound 2.1e and 2.i.
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Figure 2.2. Cyclic voltammetry carried out on BP and compound 2.10.
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To confirm our hypothesis, we focused on the tert-butylation of phenyl vinyl sulfone
by 2.1a to form compound 2.3 as the model reaction. We embarked on a deep
optimization process by screening different solvents and solvent mixtures, different
photocatalysts (including photoorganocatalysts Acr*-Mes and NMQ* salts) under
different conditions (Table 2.2).

The best conditions involved the use of Fukuzumi’s catalyst, (9-mesityl-10-
methylacridinium tetrafluoroborate, 10 mol%) having an Ered (*PC?/PCr-1) = +2.06
V vs SCE.30 As previously observed in the oxidation of silanes,[12b] a lithium salt
(LiClO4, 0.2 equiv.) and biphenyl (BP, 0.5 equiv.) as additives were beneficial for the
reaction. Upon irradiation of the solution containing phenyl vinyl sulfone 2.2a (1
equiv.), in acetonitrile, at 405 nm (Evoluchem lamp, 18 W) for 24 h gave product 2.3
in 94% yield (Table 2.2, entry 1).

The additives have a key role on the performance of the reaction because their
absence caused a yield drop (entry 6). Decreasing the amount of the acridinium salt
to 5 mol % (entry 18) or of the silyl ether to 1 equiv. (entry 15) had a deleterious
effect on the reaction yield. Addition of a protic solvent (water) to the reaction
mixture was likewise detrimental to the reaction course (entries 4, 5). When the
photocatalyst was replaced by other strong oxidizing PC such as NMQ* (Ered
(*PCr/PCr-1) = +2.7 V vs SCE)BY and pyrylium salt (Ered (*PC?/PC1) = +2.3 V vs
SCE)[32] the product was not formed (entries 9-12).
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Table 2.2. Optimization results for the synthesis of 2.3.

R
N [Acr*-Mes] (BF4) (10 mol%)
oS SO,Ph LiCIO, (0.2 equiv), BP (0.5 equiv)
+ ﬁ >

SO,Ph
ACN
2.2a 405 nm, air, r.t.,, 24 h
(1.5 equiv) 0.05M 23
Er:ltr Deviations from the standard conditions 2.3 (% Yield)
1 2.1a 94
2 2.1a, MeoH as solvent, No additives -
3 2.1a, MeoH as solvent, N,, No additives, 72 h -
4 2.1a, ACN/H,0 (9:1), N,, No additives -
5 2.1a, ACN/H>0 (9:1), No additives -
6 2.1a, No additives, 72 h 61
7 2.1a, only BP (0.5 equiv.) as additive 59
8 2.1a, only LiClO4 (0.2 equiv.) as additive 84
9 2.1a, NMQ*I" (10 mol%), N2, No additives -
10 2.1a, NMQ*I" (10 mol%), LiClO4 only (0.2 equiv.) as additive -
11 2.1a, NMQ* I (10 mol%), No additives -
12 2.1a, NMQ* I (10 mol%), BP (0.5 equiv.) -
13 2.1a, [PhsPy]*" (BF4) (10 mol%), No additives -
14 2.1a, [PhsPy]*" (BF4) (10 mol%), N2, No additives -
15 2.1a (1.0 equiv.) 63
16 2.1a (1.3 equiv.) 87
17 2.1b (1.5 equiv.) 71
18 2.1a (1.5 equiv.), [Acr*-Mes] (BF4) (5 mol%) 67
19 2.1c (1.5 equiv.) -
20 2.1d (1.5 equiv.) -
21 2.1a (1.5 equiv), No light -
22 2.1a (1.5 equiv.), No PC -
23 TEMPO (1.0 equiv) -
24 2.1h (1.5 equiv.) 64

NMQ?I has been prepared as described in literature.”

2
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We next evaluated the effect of the substituents on the aromatic ring of the tert-butyl
silyl ethers on the reaction outcome. Interesting is the fact that the substitution led
to a better oxidizability of the silyl ethers (compare the Eox of 2.1a with 2.1b-d, Table
2.1). Only in the case of chloroderivative 2.1b product 2.3 was obtained to some
extent (entry 17). No alkylation took place when the silyl ethers contained an
electron-donating group such as in compounds 2.1c or 2.1d that are not
significantly consumed in the reaction (entries 19, 20). The experiments performed
in the absence of light (entry 21) and of the PC (entry 22) suggested a light-induced
photocatalyzed process. Moreover, product 2.3 was likewise obtained (albeit in a
lower yield, 64%) starting from aliphatic silyl ether 2.1h. Sulfone 2.3 was likewise
prepared in almost quantitative yield under flow conditions allowing to double the
concentration of the olefin to 0.1 M and shortening the irradiation time from 24 h to
2 h (Table 2.3). The flow set-up used is shown in the experimental section Figure

ES2.2).

Table 2.3. Optimization results for the synthesis of 2.3.

PTFE microreactori
. '."'A'-'A'A'.' ‘
N - ((FE ‘
LSi SO,Ph ! = ! SO,Ph
0 + ﬁ . \Y{o;y)& : .
2.1a 2.2a [Acr*-Mes] (BF;")(10 mol%)

(1.5 equiv) 0.1M  |ici0, (0.2 equiv.), BP (0.5 equiv.), ACN 2.3
405 nm, air, r.t., 2 h

Entry Deviations from the standard conditions 2.3 (% Yield)
1 fr: 0.8 mL min 99
2 1h, fr: 1.6 mL min? 80
3 2.1a (1.15 equiv.), 1 h, fr: 1.6 mL min™ 64
4 2.1a (1.3 equiv.), 1 h, fr: 1.6 mL min* 72
5 [Acr*-Mes] (BF4) (5 mol%), fr: 0.8 mL min 37

With these results in hand the scope was extended by combining electron-poor
olefins 2.2a-f and different silyl ethers, as depicted in Scheme 2.3. At first, both
aromatic and aliphatic silyl ethers successfully generated different tertiary radicals
(tert-butyl and thexyl groups) and compounds 2.3-2.10 were obtained in moderate

to excellent yields.
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Secondary carbon-based radicals such as ‘Pr and cCsH11 were then obtained but only
from aliphatic silyl ethers (compound 2.1f is not consumed upon irradiation). This
fact gave us the opportunity to compare the performance of silyl ether 2.1j with the

triisopropyl silyl ether 2.1Kk.

@\o.SiMezR

2.1a, 2.1e
. . } o
(1.5 equiv) EWG BF)[Aoc; Me-S](BEé?(()1O(;n20| %) . EWG
or + ﬁ (0.5 equiv), Li 4 (0.2 equiv) - /r
) 2a-f 405 nm, ACN, air, r.t., 24 h R
Aho SRR (4 aquiv., 0.05 M) 2.3-2.22
2.1h-o
(1.5 equiv)

Tertiary radicals

SO,Ph Ph COOMe
\H/ \)Pi( COOMe

2.3, (from 2.1a) 94%%, 99%" 2.4, (from 2.1a) 76%? 2.5, (from 2.1a) 98%?2 2.6, (from 2.1a) 95%2 2.7, (from 2.1e) 40%?
(from 2.1h) 64% (from 2.1h) 46% (from 2.1h) 66% (from 2.1h) 45% (from 2.1i) 48%

Secondary radicals
Ph CN

SO,Ph Ph CN
CN
CN

2.8, (from 2.1e) 41%2 2.9, (from 2.1e) 82%2 2.10, (from 2.1e) 44%32 | 2.11, (from 2.1j) 75%% 2.12, (from 2.1j) 76%*
(from 2.1i) 74% (from 2.1i) 90% (from 2.1i) 43% (from 2.1k) 36% (from 2.1k) 43%

COOMe SO;Ph

Primary radicals
ﬁ/(COOMe
SO,Ph COOMe Ph ~ CN
I ©\/E @J_(c" 213, (from 2.1j) 76%* 5 44 (from 2.11) 74%
Et COOMe (from 2.1k) 95%

2.18, (from 2.1m) 0% 2.19, (from 2.1n) 81% 2.20, (from 2.1n) 51% 29

Ph CN
MeO OMe
CN
Silyl radicals

2.15, (from 2.11) 75% 2.16, (from 2.11) 30%

Ph CN
s /~SO:Ph
Si -Si CN CooMme
/ /7 N\

2.21, (from 2.10) 20% 2.22, (from 2.10) 27% COOMe

2.17, (from 2.11) 28%

Scheme 2.3. Scope on the alkylation of Michael acceptors. Conditions: 2.1a, 2.1e, 2.1h-o0
(0.075 M, 1.5 equiv., 0.375 mmol), 2.2a-j (0.25 mmol), [Acr+-Mes] (BF4-) (10 mol%), DCE (5
mL), air, under 18 W LED irradiation (405 nm) at r.t. for 24 h. Isolated yields. [l GC-yield
using undecane as standard. Pl Reaction performed under flow conditions: 2.2a (0.1 M), 2
h.

The release of the secondary radical (via Si-iPr bond fragmentation) was exclusive

even from 2.1j where no competitive liberation of the Me radical occurred. As a
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matter of fact, there is not a strict correlation between the formation yield of 2.11-
2.13 (> 75% in the favorable cases) and the silyl ether used. The trapping of the
cyclohexyl radical generated from 2.11 was largely affected by the Michael acceptors

employed (see the variable overall yields in the formation of compounds 2.14-2.17).

No alkylation product 2.18 was detected when testing silyl ether 2.1m as possible
ethyl radical precursor in the reaction with 2.2a (2.1m not consumed in the
reaction). Nevertheless, primary benzyl radicals were photogenerated and used for
the forging of a C-C bond in benzylated derivatives 2.19-2.20. Gratifyingly, silicon
centered radicals were generated as well via a Si-Si bond fragmentation in the

photocatalyzed oxidation of 2.10 to give silanes 2.21 and 2.22 in a modest yield.

Stern-Volmer quenching data on the photocatalyst employed33 have been collected
to have insights on the reaction mechanism. As a matter of fact, the photocatalyst
emission was quenched both in the presence of aromatic silyl ether 2.1a (Figure

2.3), and BP (Figure 2.4) but not with aliphatic derivative 2.1h (Figure 2.5).
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Figure 2.3. [Acr-Mes]+*(BF4)- Stern-Volmer quenching experiment in the presence of 2.1a
(ext. k =8x109).
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Figure 2.4. [Acr-Mes]*(BF4)- Stern-Volmer quenching experiment in the presence of 2.1h
(No interaction observed).
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Figure 2.5. [Acr-Mes]*(BF4)- Stern-Volmer quenching experiment in the presence of BP
(ext. k =9x109).
The effect of BP is apparent in the synthesis of ketone 2.9. The absence of BP caused
a dramatical decrease on the yield (40% by GC analysis) when starting from 2.1e,
but no reaction occurred when using the corresponding aliphatic derivative 2.1i. No
transformation of 2.1i was observed after irradiation. Based on the results obtained
we propose the mechanism summarized in Scheme 2.4. The photocatalyst absorbs

the visible light radiation supplied and upon excitation interacted, in a first SET
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event, with BP to release the corresponding radical cation BP**. The latter species
then is quenched by the silyl ether 2.1 (path a) allowing the regeneration of BP with

the concomitant formation of the radical cation 2.1°*.

Biphenyl has been previously used as secondary donor to ameliorate the
performance of a SET reaction between the PC and the electron donor.343> The
oxidant capability of the BP** has been measured by CV technique (E1/2°*BP = + 1.95
V vs SCE, Table 2.1, Figure 2.2) in accordance with the literature.3¢ This value is not
so different from that of the excited PC. This means that the oxidation of silyl ethers
2.1a-g by BP** is always thermodynamically favoured, contrary to aliphatic silyl
ethers 2.1h-o (except for 2.10) where Eox > 2.0 V vs SCE. Nevertheless, the difference
on the Eox of aliphatic silyl ethers and the oxidant capability of the BP** is, however
small, and the SET may likewise take place. BP has the role to separate the reacting
species formed following the initial SET between the PC and 2.1. The quenching
operated by BP on the excited PC (see Figure 2.5) avoids the unproductive back
electron transfer between PC*- and the silyl ether 2.1°*. The direct SET between PC*
and 2.1 (at least for aromatic derivatives, path b) is taking place during the process.
As a matter of fact, aliphatic silyl ethers (contrary to BP) poorly quenched the
excited acridinium salt confirming again the requirement of the secondary donor.
This fact could be explained by the different lifetime of the oxidizing species viz. ca.
6 ns for the excited acridinium salt3? and ca. 10 us (in acetonitrile) for the biphenyl.37
In addition, the use of LiClO4 is crucial to improve the overall yield (see entries 6, 8,
Table 2.2) since it is known to enhance the conductivity of the reaction media and
to stabilize the charged species formed.34 In analogy to tetraalkylsilanes, the radical
cation 2.1+, upon fragmentation, releases a carbon or a silicon centered radical
2.VII. The radical cation fragmentation leads in each case to the release of the more
stable radical (e.g. tertiary, secondary, benzyl) and there is no competition of the
methyl radical liberation in solution. Surprisingly, secondary radicals were
generated only when using aliphatic but not aromatic silyl ethers. This fact could be
justified by the higher stability of the radical cation intermediate in the latter case
hampering the Si-C bond fragmentation when a less stable radical is released. The

fate of the radical cation contrasts with that observed in the monoelectronic
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electrochemical oxidation of trialkylsiloxybenzenes in protic media known to give

quinones by a desilylation rather than a radical release.38

The photogenerated carbon or silicon-based radicals were engaged in a Giese
reaction with Michael acceptors to afford radical adducts 2.VIII'. The subsequent
SET event with the reduced form of the photocatalyst turned over the catalytic cycle
on one hand and formed the corresponding carbanion 2.VIII- on the other hand, that
upon protonation (proton came from traces of water present in the solvent) yields

the alkylated products 2.3-2.22.
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Scheme 2.4. Proposed mechanism.

2.3 Mechanistic studies.

2.3.1 Radical trapping experiments.

Two different experiments were performed by using TEMPO as radical scavenger:

Experiment A: 2.1a was used as radical precursor. No product formation was observed

when TEMPO (1 equiv.) was added to the reaction mixture. At the end of the reaction,
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both remaining starting material (2.2a) and traces of the silyl ether 2.1a were detected by

GC analysis.

Experiment B: 2.1h was used as radical precursor. No product formation was observed

when TEMPO (1 equiv.) was added to the reaction mixture. At the end of the reaction,
both remaining starting material (2.2a) and traces of the silyl ether 2.1a were detected by

GC analysis.

2.4 Conclusions.

The strategy reported herein represents an attractive approach for the generation
of carbon-based and silicon-based radicals under free-metal visible light conditions.
The uncharged radical precursors are easy to synthesize in excellent to quantitative
yields and in a high purity by using cheap and commercially available starting
materials. Besides, silyl ethers are bench stable compounds that can be stored with
no precautions. The protocol developed has been applied on the functionalization of
small molecules under batch or flow conditions and the thus formed derivative can
serve as building blocks for further synthetic applications. This method allowed to
forge mainly C(sp3)-C(sp3) bonds, currently a hot topic in synthetic chemistry, and
extremely demanded in drug development processes by increasing the Fsp3
(number of sp3 hybridized carbons/total carbon count) thus enhancing the
probabilities to obtain a bioactive compound.3? The reaction described could have
interesting implications in the degradation of thermally stable volatile methyl
siloxanes (toxic and environmental persistent derivatives) where the cleavage of the

inert Si-C bonds is mandatory for their complete degradation.#?

2.5 Experimental section.

1H and 13C NMR spectra were recorded on a 300 e 75 MHz spectrometer,
respectively. The attributions were based on 1H and 13C NMR experiments, chemical
shifts are reported in ppm downfield from TMS (6 ppm), multiplicity (s = singlet, bs
= broad singlet, d = doublet, t = triplet, q = quadruplet, quint = quintuplet, sext =

sextuplet, sept = septuplet, m = multiplet), coupling constant (Hz) and integration.
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GC analyses were performed using a HP SERIES 5890 II equipped with a fire ion
detector (FID, temperature 350 °C). Analytes were separated using a Restek Rtx-
S5MS (30 mx0.25 mmx0.25 pm) capillary column with nitrogen as a carrier gas at 1
mL min-1. The injector temperature was 250 °C. The GC oven temperature was held
at 80 °C for 2 min, increased to 250 °C by a temperature ramp of 10 °C min-1, and

held for 10 min.

GC/MS analyses were carried out on a Thermo Scientific DSQII single quadrupole
GC/MS system (TraceDSQII mass spectrometer, Trace GC Ultra gas chromatograph,
TriPlus autosampler - ThermoFisher Scientificc, Waltham, MA, USA).
Chromatography was performed on a Rxi-5Sil MS capillary column (30 m
lengthx0.25 mm IDx0.25 pm film thickness, Restek, Milan, Italy) with Helium
(>99.99 %) as carrier gas at a constant flow rate of 1.0 mL min-1. An injection
volume of 1 pL. was employed. The injector temperature was set at 250 °C and it was
operated in split mode, with a split flow of 10 mL min-1. The oven temperature was
programmed from 80 °C (isothermal for 2 min) to 220 °C at the rate of 10 °C min-1,
then from 220 °C to 300 °C (isothermal for 5 min) at the rate of 4 °C min-1. Mass
transfer line temperature was set at 260 °C. Total GC running time was 41 min. All
mass spectra were acquired with an electron ionization system (EI, Electron Impact
mode) with ionization energy of 70 eV and source temperature of 250°C, with
spectral acquisition in Full Scan mode, positive polarity, over a mass range of 35-
650 Da with a scan rate of 940 amu s-1. The chromatogram acquisition, detection of
mass spectral peaks and their waveform processing were performed using Xcalibur
MS Software Version 2.1 (Thermo Scientific Inc.). Assignment of chemical structures
to chromatographic peaks was based on the comparison with the databases for GC-
MS NIST Mass Spectral Library (NIST 08) and Wiley Registry of Mass Spectral Data
(8th Edition).

HRMS data were acquired using a X500B QTOF System (SCIEX, Framingham, MA
01701 USA) available at the CGS of the University of Pavia, equipped with the Twin
Sprayer ESI probe and coupled to an ExionLC™ system (SCIEX). The SCIEX OS
software 2.1.6 was used as operating platform. For MS detection the following

parameters were applied: Curtain gas 30 psi, lon source gas 1 45 psi, lon source gas
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2 55 psi, Temperature 450°C, Polarity negative, lon spray voltage -4500 V, TOF mass
range 50-1600 Da, declustering potential -60 V and collision energy -10 V.

Cyclic Voltammetry was carried out by means of a Amel model 4330 module
equipped with a 20 mL standard three-electrode cell with a glassy carbon (0.49 cm?
geometrical area) working electrode, a platinum wire as auxiliary electrode and an
Ag/AgCl, 3 M NaCl reference electrode, all obtained from BASi Electrochemistry.
Acetonitrile containing 0.1 M lithium perchlorate were used as solvent and
supporting electrolyte, scanning the potential in the range from 0 mV to + 2500 mV,

with a 5 mM compound concentration and a scan speed of 50 mV s-1.

2.5.1 Chart of starting materials.

The starting materials were commercially available and used as received.

Electron-poor olefins Alcohols

0 COOMe
4\,8' fo) E OH
’ N
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NC T( YLOM AN _OH
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2.5.2 General procedures.

2.5.2.1 General procedure 2.1. Synthesis of synthesis of aryl silyl ethers.

Aryl silyl ethers 2.1a-g have been synthesized according to reported procedures.#1
The corresponding silyl chloride (1 equiv.) was added dropwise to a stirred solution
of phenol (1 equiv.) and DBU (1.15 equiv.) in DCM (1 M) previously cooled in an ice
bath at 0 °C. The mixture was stirred for 3 h from 0 2C to room temperature. The
solution was then concentrated in vacuo and purified by flash column
chromatography (eluant: cyclohexane containing 1% v EtsN) to afford the

corresponding silyl ethers 2.1a-g.

2.5.2.2 General procedure 2.2. Synthesis of aliphatic silyl ethers.
Aliphatic silyl ethers 2.1h-o have been synthesized according to a reported

procedure.*! The corresponding silyl chloride (1 equiv.) was added dropwise to a

56



stirred solution of hexanol (1 equiv.) and DBU (1.15 equiv.) in DCM (1 M) previously
cooled in an ice bath at 0 °C. The mixture was stirred for 3 h from 0 °C to room
temperature. The solution was then concentrated in vacuo yielding the

corresponding silyl ether 2.1h-o, without further purification.

2.5.2.3 General procedure 2.3. Giese addition in batch.

A solution of the chosen silyl ether (2.1a-g or 2.1h-o, 1.5 equiv. 0.075 M), an
electron-poor olefin (2a-f, 1 equiv., 0.05 M), [Acr*-Mes] (BF4") (10 mol %), lithium
perchlorate (0.2 equiv.) and biphenyl (0.5 equiv.) in MeCN (0.05 M) was prepared
in a Pyrex glass vessel and irradiated for 24 h at 405 nm (18 W Evoluchem lamp).
By using 2.1a-g, the yield was determined by GC, adding a C11 standard solution and
injecting the mixture on the GC. By using 2.1h-o, the crude mixture was
concentrated in vacuo and the residue was purified by flash column

chromatography (SiO2z) yielding the desired products.

Figure ES2.1. (A) Reaction mixture before irradiation. (B) Reaction after irradiation. (C)
Lamp (Evoluchem 405 nm, 18 W). (D) Fan to avoid overheating.

2.5.2.4 General procedure for the preparation of compound 2.3 under flow
conditions.

A solution of silyl ether 2.1a (78.1 mg, 0.375 mmol, 1.5 equiv.), 2.2a (40.05 mg, 0.25
mmol, 1 equiv.) and [Acr*-Mes](BF47) (10 mg, 0.03 mmol, 10 mol %) in MeCN (2.5
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mL) was charged into a coiled tubing reservoir (PTFE, 1 mm internal diameter, see
Figure S7). Then, the reaction mixture was flown through a coiled reactor (PTFE, 1
mm internal diameter, 1.7 mL) by using a syringe pump while irradiated for 2 h with
a 405 nm lamp (EvoluChem, 18W). Fan cooling was applied to maintain the reaction
at room temperature. The resulting solution was collected and concentrated in
vacuo. The residue was purified by flash column chromatography (SiO2, DCM/MeOH
100/0 to 95:5) to yield compound 2.3 (yellowish oil, 56.0 mg, 99%). Space time yield
(STY) = 184 mmol LT h-1. Specific productivity: SP = 0.026 mmol W-1 h-1,

Figure S8. (A) Hand-made flow system. PTFE microreactor. (B) Syringe pump. (C) PTFE
precoil. (D) Back pressure valve. (E) Evoluchem Lamp (405 nm, 18W). (F) Fan to avoid

overheating due to light irradiation. (G) Erlenmeyer flask as a collector.

2.6 Characterization data.

o.lB
ot

tert-Butyldimethyl(phenoxy)silane (2.1a).

Dimethyl-tertbutyl-chlorosilane (801 mg, 5.31 mmol 1.0 equiv.) was added
dropwise to a stirred solution of phenol (500 mg, 5.31 mmol, 1 equiv.) and DBU (930
mg, 6.11 mmol, 1.15 equiv.) in DCM (5 mL). Purification by flash column
chromatography yielded 2.1a (colorless oil, 1 g, 90%). Spectroscopic data of 2.1a

are in accordance with the literature.42
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2.1a. 'H NMR (300 MHz, (CD3)2C0) § 7.30-7.15 (m, 2H), 6.99-6.93 (m, 1H), 6.90-
6.79 (m, 2H), 0.99 (d, J = 0.8 Hz, 9H), 0.21 (d, / = 0.8 Hz, 6H). 13C NMR (75 MHz,
(CD3)2C0) § 156.6, 130.3, 122.2, 120.9, 26.0, 18.8, -4.3.

o.l Bu
Si
ISR
Cl

tert-Butyl(4-chlorophenoxy)dimethylsilane (2.1b).
Dimethyl-tertbutyl-chlorosilane (586 mg, 3.89 mmol 1.0 equiv.) was added
dropwise to a stirred solution of 4-chlorophenol (500 mg, 3.89 mmol, 1 equiv.) and
DBU (680 mg, 4.47 mmol, 1.15 equiv.) in DCM (4 mL). Purification by flash column
chromatography yielded 2.1b (colorless oil, 810 mg, 99% yield). Spectroscopic data
of 2.1b are in accordance with the literature.*3

2.1b. TH NMR (300 MHz, (CD3)2C0) & 7.32-7.19 (m, 2H), 6.96-6.81 (m, 2H), 0.99 (s,
9H), 0.22 (s, 6H).13C NMR (75 MHz, (CD3)2C0) 6 155.5, 130.2, 126.7, 122.5, 29.1,

26.0, -4.4.
| t
P |
MeO

tert-Butyl(4-methoxyphenoxy)dimethylsilane (2.1c).
Dimethyl-tertbutyl-chlorosilane (607 mg, 4.03 mmol 1.0 equiv.) was added
dropwise to a stirred solution of 4-methoxy phenol (500 mg, 4.03 mmol, 1 equiv.)
and DBU (705 mg, 4.63 mmol, 1.15 equiv.) in DCM (4 mL). Purification by flash
column chromatography yielded 2.1c (colorless oil, 816 mg, 85%). Spectroscopic
data of 2.1c are in accordance with the literature.*4

2.1c. 'H NMR (300 MHz, (CD3)2€0) & 6.99-6.54 (m, 4H), 3.73 (s, 3H), 1.18-0.69 (m,
9H), 0.17 (s, 6H). 13C NMR (75 MHz, (CD3)2C0O) & 155.3, 150.1, 121.4, 115.3, 55.8,
26.1,18.7, -4.4.
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tert-Butyl(4-isopropylphenoxy)dimethylsilane (2.1d).
Dimethyl-tertbutyl-chlorosilane (553 mg, 3.67 mmol 1.0 equiv.) was added
dropwise to a stirred solution of 4-isopropylphenol (500 mg, 3.67 mmol, 1 equiv.)
and DBU (1.02 g, 4.22 mmol, 1.15 equiv.) in DCM (5 mL). Purification by flash column
chromatography yielded 2.1d (colorless oil, 841 mg, 92%). Spectroscopic data of
2.1d are in accordance with the literature.*>

2.1d. 'H NMR (300 MHz, (CD3)2C0) 6 7.19-7.03 (m, 2H), 6.83-6.72 (m, 2H), 2.84
(hept, /= 6.8 Hz, 1H), 1.20 (d, / = 6.8 Hz, 6H), 0.99 (s, 9H), 0.19 (s, 6H). 13C NMR (75
MHz, (CD3)2C0) 6 154.4, 142.5, 128.0, 120.6, 34.0, 26.1, 24.5, 18.7, -4.3.

ol
XY s
P |

(2,3-Dimethylbutan-2-yl)dimethyl(phenoxy)silane (2.1e).
(2,3-Dimethylbutan-2-yl)dimethyl-chlorosilane (960 mg, 5.37 mmol 1.0 equiv.) was
added dropwise to a stirred solution of phenol (500 mg, 5.37 mmol, 1 equiv.) and
DBU (940 mg, 6.18 mmol, 1.15 equiv.) in DCM (5 mL). Purification by flash column
chromatography yielded 2.1e (colorless oil, 1.02 g, 81%). Spectroscopic data of 2.1e
are in accordance with the literature.*6

2.1e. 'H NMR (300 MHz, (CD3)2C0O) 6 7.31-7.19 (m, 2H), 6.99-6.80 (m, 3H), 1.83-
1.68 (m, 1H), 1.01-0.93 (m, 12H), 0.24 (s, 6H). 13C NMR (75 MHz, (CD3)2C0) 6 156.4,
130.3,122.2,121.0, 35.0, 25.7, 20.6, 18.9, -2.3.

ipr

o“sli-iPr
iPr

Triisopropyl(phenoxy)silane (2.1f).

Chlorotriisopropylsilane (1.02 g, 5.31 mmol, 1 equiv.) was added dropwise to a
stirred solution of phenol (500 mg, 5.31 mmol, 1 equiv.) and DBU (930 mg, 5.31
mmol, 1.15 equiv.) in DCM (5 mL) Purification by flash column chromatography

60



yielded 2.1f (colorless oil, 1.03 g, 77%). Spectroscopic data of 1f are in accordance
with the literature.4”

2.1f. 'TH NMR (300 MHz, (CD3)2€C0) &§ 7.31-7.17 (m, 2H), 6.98-6.86 (m, 3H), 1.36-
1.19 (m, 3H), 1.11 (d, / = 7.2 Hz, 18H). 13C NMR (75 MHz, (CD3)2C0) 6 156.9, 130.3,
122.0,120.7,18.3, 13.4.

Cyclohexyldimethyl(phenoxy)silane (2.1g).
Chloro(cyclohexyl)dimethylsilane (0.94 g, 5.31 mmol, 1 equiv.) was added to a
stirred solution of phenol (500 mg, 5.31 mmol, 1 equiv.) and DBU (930 mg, 5.31
mmol, 1.15 equiv.) in DCM (5 mL). Purification by flash column chromatography
yielded 2.1g (colorless oil, 0.88 g, 70%).
2.1g. 'H NMR (300 MHz, (CD3)2C0) & 7.30-7.16 (m, 2H), 7.00-6.89 (m, 1H), 6.90-
6.78 (m, 2H), 1.87-1.64 (m, 6H), 1.33-1.16 (m, 5H), 0.19 (s, 6H). 13C NMR (75 MHz,
(CD3)2C0) 6156.4,130.3,122.2,120.8, 27.6, 27.3, -3.2. GC-MS (m/z) = 234 (25), 151
(100), 137 (10).

/HNQSIiEBu

I

tert-Butyldimethyl(hexyloxy)silane (2.1h).
tert-Butylchlorodimethylsilane (321.0 mg, 2.13 mmol 1.0 equiv.) was added to a
stirred solution of hexan-1-o0l (217 mg, 2.13 mmol, 1 equiv.) and DBU (372 mg, 2.45
mmol, 1.15 equiv.) in DCM (2.5 mL). Compound 2.1h (colorless oil, 460 mg, 99%)
was isolated without further purification. Spectroscopic data of 2.1h are in
accordance with the literature.*8
2.1h.TH NMR (300 MHz, (CD3)2C0) 6 3.63 (t,J/ = 6.3 Hz, 2H), 1.56-1.44 (m, 2H), 1.32
(dtt,/=11.0, 8.4, 4.5 Hz, 6H), 0.89 (s, 12H), 0.05 (s, 6H).13C NMR (75 MHz, (CD3)2CO)
0 63.6,33.6,32.4, 26.3, 26.3, 23.4,18.8, 14.3, -5.2.
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(2,3-Dimethylbutan-2-yl)dimethyl(hexyloxy)silane (2.1i).
Chloro(2,3-dimethylbutan-2-yl) dimethylsilane (347 mg, 1.96 mmol 1.0 equiv.) was
added to a stirred solution of hexan-1-ol (200 mg, 1.96 mmol, 1 equiv.) and DBU
(342 mg, 2.25 mmol, 1.15 equiv.) in DCM (3 mL). Compound 2.1i (colorless oil, 479
mg, 99%) was isolated without further purification.
2.1i. 1H NMR (300 MHz, CDCI3) & 3.57 (t, ] = 6.6 Hz, 2H), 1.69-1.56 (m, 1H), 1.55-
1.43 (m, 2H), 1.37-1.22 (m, 6H), 0.94-0.85 (m, 9H), 0.84 (s, 6H), 0.08 (s, 6H). 13C
NMR (75 MHz, CDCls) 6 63.2, 34.4, 33.0, 31.8, 25.7, 25.3, 22.8, 20.5, 18.6, 14.2, -3.2.
GC-MS (m/z) =159 (100), 89 (30), 84 (38), 75 (100), 73 (20).
/(44\/0~S|i,ipr

|
iso-Propyldimethyl(hexyloxy)silane (2.1j).
Chloro(isopropyl)dimethylsilane (314 mg, 2.30 mmol 1.0 equiv.) was added to a
stirred solution of hexan-1-ol (235 mg, 2.30 mmol, 1 equiv.) and DBU (402 mg, 2.64
mmol, 1.15 equiv.) in DCM (3 mL). Compound 2.1j (colorless oil, 460 mg, 99%) was
isolated without further purification.
2.1j. TH NMR (300 MHz, (CD3)2C0) & 3.60 (t,/ = 6.4 Hz, 2H), 1.56-1.43 (m, 2H), 1.41-
1.20 (m, 6H), 0.96 (d, J = 6.8 Hz, 7H), 0.92-0.85 (m, 3H), 0.04 (s, 6H). 13C NMR (75
MHz, (CD3)2C0) 6 63.3, 33.6, 32.4, 26.3, 23.3, 17.3, 15.4, 14.3, -4.3. GC-MS (m/z) =
159 (86), 89 (30), 75 (100), 59 (19).

‘Pr

/(")4\/0~S:i.‘Pr

iPr
Triisopropyl(hexyloxy)silane (1Kk).
Chlorotriisopropylsilane (377 mg, 1.96 mmol 1.0 equiv.) was added to a stirred
solution of hexan-1-ol (200 mg, 1.96 mmol, 1 equiv.) and DBU (342 mg, 2.25 mmo],
1.15 equiv.) in DCM (3 mL). Compound 2.1k (colorless oil, 510 mg, 99%) was
isolated without further purification. Spectroscopic data of 2.1k are in accordance

with the literature.49
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2.1k. H NMR (300 MHz, CDCl3) & 3.67 (t, ] = 6.6 Hz, 2H), 1.64-1.49 (m, 2H), 1.39-
1.22 (m, 6H), 1.14-0.95 (m, 21H), 0.92-0.85 (m, 3H). 13C NMR (75 MHz, CDCl3) § 63.7,
33.2,31.9, 25.7,22.8,18.2,17.85, 14.2, 12.2. GC-MS (m/z) = 215 (100), 187 (45), 159
(30), 145 (23), 83 (30), 75 (45), 61 (30), 59 (20).

/H4\/O~SIiO

Cyclohexyldimethyl(hexyloxy)silane (2.11).

Chloro(cyclohexyl)dimethylsilane (1.03 g, 5.87 mmol 1.0 equiv.) was added to a
stirred solution of hexan-1-o0l (600 mg, 5.87 mmol, 1 equiv.) and DBU (1.03 g, 1.15
mmol, 1.15 equiv.) in DCM (5 mL). Compound 2.11 (colorless oil, 1.33 g, 94%) was
isolated without further purification.

2.11. 'TH NMR (300 MHz, (CD3)2€C0) 6 3.59 (t,J = 6.4 Hz, 2H), 1.78-1.65 (d, /] = 9.3 Hz,
6H), 1.55-1.40 (m, 2H), 1.38-1.04 (m, 11H), 0.95-0.83 (m, 3H), 0.02 (s, 6H). 13C NMR
(75 MHz, (CD3)2C0) 6 63.2, 33. 6, 32.4, 28.6, 27.6, 27.6, 26.3, 23.4, 14.3, -3.4. GC-MS
(m/z) =159 (100), 89 (24), 83 (26), 75 (72).

Et
o

Et

Triethyl(hexyloxy)silane (2.1m).

Chlorotriethylsilane (295 mg, 1.96 mmol 1.0 equiv.) was added to a stirred solution
of hexan-1-ol (200 mg, 1.96 mmol, 1 equiv.) and DBU (342 mg, 2.25 mmol, 1.15
equiv.) in DCM (3 mL). Compound 2.1m (colorless oil, 420 mg, 99%) was isolated
without further purification. Spectroscopic data of 2.1m are in accordance with the
literature.>0

2.1m. 'H NMR (300 MHz, (CD3)2CO) 6 3.57-3.47 (m, 2H), 1.55-1.44 (m, 2H), 1.39-
1.21 (m, 6H), 0.96 (t, /] = 7.9 Hz, 9H), 0.91-0.83 (m, 3H), 0.66-0.49 (m, 6H). 13C NMR
(75 MHz, (CD3)2C0) 6 62.5, 33.8, 32.5, 26.4, 23.4,14.3,7.1,5.1.
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Benzyldimethyl(hexyloxy)silane (2.1n).

Benzylchlorodimethylsilane (1.81 g, 9.78 mmol 1.0 equiv.) was added to a stirred
solution of hexan-1-o0l (1 g, 9.78 mmol, 1 equiv.) and DBU (1.87 g, 11.25 mmol, 1.15
equiv.) in DCM (10 mL). Compound 2.1n (colorless oil, 1.91 g, 78%) was isolated
without further purification.

2.1n. 'H NMR (300 MHz, CDCl3) 6 7.25-7.17 (m, 2H), 7.12-7-02 (m, 3H), 3.57 (t,] =
6.7 Hz, 2H), 2.18 (s, 2H), 1.44-1.59 (m, 2H), 1.33-1.25 (m, 6H), 0.86-0.93 (m, 3H),
0.08 (s, 6H). 13C NMR (75 MHz, CDCls) & 139.3, 128.5, 128.3, 124.4, 63.3, 32.8, 31.8,
26.4,25.6,22.8,14.2,-2.3. GC-MS (m/z) = 250 (M*), 159 (100), 89 (20), 75 (100).

0. &

A si' N
1,1,1,2,2-Pentamethyl-2-hexyloxydisilane (2.10).
1-Chloro-1,1,2,2,2-pentamethyldisilane (979 mg, 5.87 mmol 1.0 equiv.) was added
to a stirred solution of hexan-1-ol (600 mg, 5.87 mmol, 1 equiv.) and DBU (1.03 g,
6.75 mmol, 1.15 equiv.) in DCM (5 mL). Compound 2.10 (colorless oil, 1.30 g, 95%)
was isolated without further purification.
2.10.1H NMR (300 MHz, (CD3)2C0) 6 3.58 (t,/ = 6.4 Hz, 2H), 1.59-1.42 (m, 2H), 1.42
- 1.19 (m, 6H), 0.94 - 0.82 (m, 3H), 0.18 (s, 6H), 0.09 (s, 9H). 13C NMR (75 MHz,
(CD3)2C0) 6 13C NMR (75 MHz, (CD3)2C0) 6 64.0, 33.6, 32.4, 26.3, 23.3, 14.3, -0.60, -
1.88. GC-MS (m/z) =232 (M*), 217 (5), 159 (13), 147 (100), 133 (25), 75 (50).

g

((3,3-Dimethylbutyl)sulfonyl)benzene (2.3)
10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiC104 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.) and 2.2a (42.0 mg, 0.25

SO,Ph

mmol, 1.0 equiv.) were added to a solution of 2.1h (81.2 mg, 0.375 mmol, 1.5 equiv.)

in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
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DCM/MeOH from 100/0 to 95:5) gave the desired compound 2.3 (pale yellowish oil,
36.2 mg, 64%). When 2.1a (78.1 mg, 0.375 mmol, 1.5 equiv.) was used as radical
precursor, 2.3 was obtained in 94% yield. When 2.1h (78.1 mg, 0.375 mmol, 10 mol
%) was used as radical precursor and the reaction was performed under flow
conditions, compound 2.3 was obtained in 99% yield (pale yellowish oil, 56.0 mg).
Spectroscopic data of 2.3 are in accordance with the literature.>!

2.3.1H NMR (300 MHz, CDCl3) 6 7.91 (m, 2H), 7.74-7.50 (m, 3H), 3.15-3.0 (m, 2H),
1.65-1.55 (m, 2H), 0.87 (s, 9H). 13C NMR (75 MHz, CDCIs) 6 139.4, 133.8, 129.4,
128.2,53.1, 35.8,30.2, 29.1.

Ph CN

CN

2-(2,2-Dimethyl-1-phenylpropyl)malononitrile (2.4)
10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiClO4 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.) and 2.2b (38.5 mg, 0.25
mmol, 1.0 equiv.) were added to a solution of 2.1h (81.2 mg, 0.375 mmol, 1.5 equiv.)
in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
Cyclohexane/AcOEt from 100/0 to 90:10) yielded compound 2.4 (white powder,
24,4 mg, 46%). When 2.1a (78.1 mg, 0.375 mmol, 1.5 equiv.) was used as radical
precursor, compound 2.4 was obtained in 76% yield. Spectroscopic data of 2.4 are
in accordance with the literature.>2

2.4.'H NMR (300 MHz, CDCl3) 6 7.39 (m, 5H), 4.22 (d, = 5.7 Hz, 1H), 3.01 (d, /= 5.7
Hz, 1H), 1.11 (s, 9H). 13C NMR (75 MHz, CDCl3) 6 136.4, 129.4, 128.9, 113.2, 56.9,
35.1, 28.6, 25.2.

3-Neopentylbicyclo[2.2.1]heptan-2-one (2.5).

10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiClO4 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.) and 2.2¢ (30.5 mg, 0.25
mmol, 1.0 equiv.) were added to a solution of 2.1h (81.2 mg, 0.375 mmol, 1.5 equiv.)

in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
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Cyclohexane/AcOEt from 100/0 to 90:10) gave compound 2.5 (pale yellowish oil,
29.7 mg, 66%). When 2.1a (78.1 mg, 0.375 mmol, 1.5 equiv.) was used as radical
precursor, compound 2.5 was obtained in 98% yield as the endo isomer.>3
Spectroscopic data of 2.5 are in accordance with the literature.>*

2.5.1H NMR (300 MHz, CDCl3) § 2.66-2.62 (m, 1H), 2.61-2.55 (m, 1H), 2.58-1.94 (m,
1H), 1.83-1.53 (m, 6H), 1.40-1.28 (m, 1H), 1.20-1.09 (m, 1H), 0.90 (s, 9H). 13C NMR
(75 MHz, CDCl3) 6 220.7, 51.6, 50.0, 40.5, 39.4, 37.5, 30.7, 29.9, 25.4, 21.5.

O O

MeO OMe

Dimethyl 2-(3,3-dimethylbutan-2-yl)malonate (2.6).
10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiClO4 (5.0 mg, 0.50
mmol, 0.2 eq), biphenyl (19.3 mg, 0.12 mmo], 0.5 equiv.) and 2.2d (35 pL, 0.25 mmol,
1.0 equiv.) were added to a solution of 2.1h (81.2 mg, 0.375 mmol, 1.5 equiv.) in
acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
Cyclohexane/AcOEt from 100/0 to 80:20) yielded compound 2.6 (pale yellow oil,
24.3 mg, 45%). When 2.1a (78.1 mg, 0.375 mmol, 1.5 equiv.) was used as radical
precursor, compound 2.6 was obtained in 95% yield. Spectroscopic data of 2.6 are
in accordance with the literature.>>
2.6 'H NMR (300 MHz, CDCls) & 3.84-3.64 (m, 6H), 3.56 (d, / = 5.3 Hz, 1H), 2.25 (m,
1H), 1.00 (d, / = 7.0 Hz, 3H), 0.89 (s, 9H). 13C NMR (75 MHz, CDCls) 6 170.7, 170.1,
53.2,52.7,52.2,43.1,33.7, 27.6, 12.2.

COOMe

COOMe

Dimethyl 2-(2,3-dimethylbutan-2-yl)succinate (2.7).

10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiC104 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.) and 2.2e (31 puL, 0.25
mmol, 1.0 equiv.) were added to a solution of 2.1i (91.7 mg, 0.375 mmol, 1.5 equiv.)
in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,

Cyclohexane/AcOEt from 100/0 to 80:20) afforded compound 2.7 (colourless oil,
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27.6 mg, 48%). When 2.1e (88.7 mg, 0.375 mmol, 1.5 equiv.) was used as radical
precursor, compound 2.7 was obtained in 40% yield.

2.7.'H NMR (300 MHz, CDCls) 6 3.68 (d, J = 1.2 Hz, 3H), 3.65 (d, /= 1.3 Hz, 3H), 2.97-
2.90 (m, 1H), 2.82-2.69 (m, 1H), 2.50-2.40 (m, 1H), 1.68-1.48 (m, 1H), 0.94-0.78 (m,
12H).13CNMR (75 MHz, CDCl3) § 174.6,173.4,51.9,51.5, 48.6, 37.8, 34.4, 32.3, 20.9,
20.7,17.5, 17.5. HRMS (EI) m/z: [M+Na]* calculated for C12H2204 253.1410, found

253.1407.
Ph CN

CN

2-(2,2,3-Trimethyl-1-phenylbutyl)malononitrile (2.8).
10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiClO4 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg 0.12 mmol, 0.5 equiv.) and
benzylidenemalononitrile (38.5 mg, 0.25 mmol, 1.0 equiv.) were added to a solution
of 2.11 (91.7 mg, 0.375 mmol, 1.5 equiv.) in acetonitrile (5 mL). Purification by flash
column chromatography (SiO2, Cyclohexane/AcOEtfrom 100/0 to 90:10) gave
compound 2.8 (colourless oil, 44.5 mg, 74%). When 2.1e (88.7 mg, 0.375 mmol, 1.5
equiv.) was used as radical precursor, compound 2.8 was obtained in 41% yield.
Spectroscopic data of 2.8 are in accordance with the literature.>6

2.8.1H NMR (300 MHz, CDCl3) & 7.47-7.34 (m, 5H), 4.20 (d, /= 5.1 Hz, 1H), 3.28 (d, ]
= 5.1 Hz, 1H), 1.70-1.53 (m, 1H), 1.12 (s, 3H), 0.98-0.77 (m, 9H). 13C NMR (75 MHz,
CDCI3) 6 136.2, 129.9, 128.8, 128.7, 113.5, 113.3, 53.5, 40.0, 34.2, 25.1, 21.7, 21.0,
17.6,17.3.

3-(2,2,3-Trimethylbutyl)bicyclo[2.2.1]heptan-2-one (2.9).

10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiClO4 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.) and 2.2¢ (30.5 mg, 0.25
mmol, 1.0 equiv.) were added to a solution of 2.1i (91.7 mg, 0.375 mmol, 1.5 equiv.)

in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
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Cyclohexane/AcOEt from 100/0 to 90:10) yielded compound 2.9 (pale yellow oil,
46.9 mg, 90%) as the endo isomer.>> When 2.1e (88.7 mg, 0.375 mmol, 1.5 equiv.)
was used as radical precursor, compound 2.9 was obtained in 82% yield.

2.9. 1H NMR (300 MHz, CDCl3) & 2.70-2.54 (m, 2H), 2.06-1.94 (m, 1H), 1.89-1.73
(m, 1H), 1.73-1.59 (m, 4H), 1.50-1.38 (m, 2H), 1.38-1.23 (m, 1H), 1.21-1.12 (m, 1H),
0.98-0.69 (m, 12H). 13C NMR (75 MHz, CDCls) 6 218.8, 51.1, 50.1, 40.8, 38.1, 36.2,
35.5, 35.4, 25.6, 24.6, 24.5, 21.7, 17.7, 17.6. HRMS (EI) m/z: [M+H]* calculated for
C14H240 209.1900, found 209.1898.

o)
o’\7

Allyl 2,4,4,5-tetramethylhexanoate (2.10).

10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiClO4 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.) and 2.2d (33 mL, 0.25
mmol, 1.0 equiv.) were added to a solution of 2.1i (91.7 mg, 0.375 mmol, 1.5 equiv.)
in acetonitrile (5 mL). Purification by flash column chromatography (SiO,
Cyclohexane/AcOEt from 100/0 to 80:20) afforded compound 2.10 (colourless oil,
22.8 mg, 43%). When 2.1e (88.7 mg, 0.375 mmol, 1.5 equiv.) was used as radical
precursor, compound 2.10 was obtained in 44% yield.

2.10.H NMR (300 MHz, CDCI3) 6 6.05-5.83 (m, 1H), 5.45-5.18 (m, 2H), 4.65-4.44
(m, 2H), 2.65-2.44 (m, 1H), 2.00-1.78 (m, 1H), 1.57-1.38 (m, 2H), 1.22-1.16 (m, 3H),
0.95-0.74 (m, 12H). 13C NMR (75 MHz, CDCl3) 6 177.8, 132.5, 118.2, 65.1, 43.9, 36.2,
35.8,35.2,27.1,24.4,23.7,20.7,17.6. HRMS (EI) m/z: [M+H]* calculated for C13H2402

213.1849, found 213.1848.

(iso-Pentylsulfonyl)benzene (2.11).
10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiClO4 (5.0 mg, 0.50

SO,Ph

mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.) and 2.1a (42.05 mg,
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0.25 mmol, 1.0 equiv.) were added to a solution of 2.1j (75.9 mg, 0.375 mmol, 1.5
equiv.) or in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
DCM/MeOH from 100/0 to 95:5) yielded compound 2.11 (pale yellowish oil, 39.8
mg, 75%). When 2.1k (96.9 mg, 0.375 mmol, 1.5 equiv.) was used as radical
precursor, compound 2.11 was obtained in 36%. Spectroscopic data of 2.11 are in
accordance with the literature.>”

2.11.'H NMR (300 MHz, CDCl3) 6 7.97-7.85 (m, 2H), 7.71-7.62 (m, 1H), 7.57 (t, ] =
6.5, 1.8 Hz, 2H), 3.15-3.01 (m, 2H), 1.66-1.55 (m, 3H), 0.87 (d, / = 6.2 Hz, 6H). 13C
NMR (75 MHz, CDCl3) 6 139.4, 133.7, 129.4, 128.2, 54.9, 31.1, 27.4, 22.1.

Ph CN

2-(2-Methyl-1-phenylpropyl)malononitrile (2.12).
10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiClO4 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.) and 2.2b (38.5 mg, 0.25
mmol, 1.0 equiv.) were added to a solution of 2.1j (75.9 mg, 0.375 mmol, 1.5 equiv.)
in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
Cyclohexane/AcOEt from 100/0 to 90:10) gave compound 2.12 (white powder,
37.7 mg, 76%). When 2.1k (96.9 mg, 0.375 mmol, 1.5 equiv.) was used as radical
precursor, compound 2.12 was obtained in 43% yield Spectroscopic data of 2.12
are in accordance with the literature.>8

2.12.1H NMR (300 MHz, CDCls) & 7.45-7.34 (m, 3H), 7.36-7.27 (m, 2H), 4.16 (d, ] =
5.6 Hz, 1H), 2.84 (dd, /] = 9.7, 5.6 Hz, 1H), 2.50-2.29 (m, 1H), 1.14 (d, ] = 6.6 Hz, 3H),
0.83 (d,J=6.6 Hz, 3H). 13C NMR (75 MHz, CDCI3) 6 136.7,129.3,128.9, 128.4, 112.3,

112.0,53.6,30.4,27.9,21.1, 20.5.
COOMe

jICOOMe

Dimethyl 2-isopropylsuccinate (2.13).

10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiClO4 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.) and 2.2e (31 mL, 0.25
mmol, 1.0 equiv.) were added to a solution of 2.1j (75.9 mg, 0.375 mmol, 1.5 equiv.)
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in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
Cyclohexane/AcOEt from 100/0 to 80:20) to yield the desired compound 2.13
(colourless oil, 35.8 mg, 76%). When 2.1k (96.9 mg, 0.375 mmol, 1.5 equiv.) was
used as radical precursor, compound 2.13 was obtained in 95% yield. Spectroscopic
data of 2.13 are in accordance with the literature.>?

2.13.1H NMR (300 MHz, CDCls) 6 3.68 (d, J = 8.6 Hz, 6H), 2.77-2.66 (m, 2H), 2.51-
2.33 (m, 1H), 2.07-1.89 (m, 1H), 0.99-0.85 (m, 6H). 13C NMR (75 MHz, CDCIs3) &
175.0,173.1,51.9,51.7,47.6, 33.0, 30.2, 20.2, 19.7.

SO,Ph

((2-Cyclohexylethyl)sulfonyl)benzene (2.14).

10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiC104 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.) and 2.2a (42.05 mg,
0.25 mmol, 1.0 equiv.) were added to a solution of 2.11 (90.9 mg, 0.375 mmo], 1.5
equiv.) in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
DCM/MeOH from 100/0 to 95:5) afforded compound 2.14 (yellowish oil, 46.7 mg,
74%). Spectroscopic data of 2.14 are in accordance with the literature.®0

2.14. 'H NMR (300 MHz, (CD3)2C0) 6 7.99-7.85 (m, 2H), 7.78-7.58 (m, 3H), 3.25-
3.11 (m, 2H), 1.72-1.45 (m, 7H), 1.35-1.05 (m, 4H), 0.94-0.76 (m, 2H). 13C NMR (75
MHz, (CD3)2C0) § 141.1, 134.5,130.4, 130.3, 129.0, 37.4, 33.6, 30.8, 27.2, 26.9.

Ph CN

CN

2-(Cyclohexyl(phenyl)methyl)malononitrile (2.15)

10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiC104 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.) and
benzylidenemalononitrile (38.5mg, 0.25 mmol, 1.0 equiv.) were added to a solution
of 2.11 (90.9 mg, 0.375 mmol, 1.5 equiv.) in acetonitrile (5 mL). Purification by flash
column chromatography (SiO2, Cyclohexane/AcOEtfrom 100/0 to 90:10) gave
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compound 2.15 (white powder, 44.7 mg, 75%). Spectroscopic data of 2.15 are in
accordance with the literature.®0

2.15.H NMR (300 MHz, CDCl3) § 7.47-7.35 (m, 3H), 7.34-7.27 (m, 2H), 4.19 (d, / =
5.5 Hz, 1H), 2.88 (dd, J=9.7, 5.5 Hz, 1H), 2.12-1.77 (m, 3H), 1.74-1.60 (m, 2H), 1.50-
1.25 (m, 2H), 1.20-0.99 (m, 3H), 0.96-0.74 (m, 1H). 13C NMR (75 MHz, CDCIs) 6
136.8,129.3,128.9,128.4,112.3,112.1, 51.8,39.4, 31.3, 30.7, 27.2, 26.0, 25.9, 25.9.

O O

MeO OMe

Dimethyl 2-(1-cyclohexylethyl)malonate (2.16).
10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiClO4 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.) and 2.2d (35 mL, 0.25
mmol, 1.0 equiv.) were added to a solution of 2.11 (90.9 mg, 0.375 mmo], 1.5 equiv.)
in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
Cyclohexane/AcOEt, from 100/0 to 90:10) yielded compound 2.16 (pale yellowish
oil, 10.3 mg, 30%). Spectroscopic data of 2.16 are in accordance with the
literature.61

2.16.1H NMR (300 MHz, CDCl3) 6 3.73 (d, J = 3.2 Hz, 6H), 3.44 (d, /] = 9.1 Hz, 1H),
2.28-2.09 (m, 1H), 1.77-1.50 (m, 5H), 1.35-1.06 (m, 6H), 0.93-0.86 (m, 3H). 13C
NMR (75 MHz, CDCI3) 8§ 169.9, 169.6, 55.6, 52.5, 52.4, 40.5, 38.8, 31.6, 27.6, 26.8,

26.7,26.6,13.1.
COOMe

COOMe

Dimethyl 2-cyclohexylsuccinate (2.17).

10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiClO4 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmo], 0.5 equiv.), and 2.2e (31 mL, 0.25
mmol, 1.0 equiv.) were added to a solution of 2.11 (90.9 mg, 0.375 mmo], 1.5 equiv.)
in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
Cyclohexane/AcOEt, from 100/0 to 80:20) gave compound 2.17 (colourless oil, 16.0

mg, 28%). Spectroscopic data of 2.17 are in accordance with the literature.>°
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2.17.1H NMR (300 MHz, CDCls) & 3.69 (s, 3H), 3.66 (s, 3H), 2.84-2.61 (m, 2H), 2.55-
2.38 (m, 1H), 1.85-1.60 (m, 5H), 1.40-0.93 (m, 6H). 13C NMR (75 MHz, CDCl3) §
175.1,173.1,51.9,51.7, 47.2, 40.1, 33.4, 30.8, 30.3, 26.5, 26.3.

COOMe

©\/ECOOMe
Dimethyl 2-benzylsuccinate (2.19).
10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiC104 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.), and dimethyl maleate
(31 mL, 0.25 mmol, 1.0 equiv.) were added to a solution of 2.1n (93.9 mg, 0.375
mmol, 1.5 equiv.) in acetonitrile (5 mL). Purification by flash column
chromatography (SiO2, Cyclohexane/AcOEt, from 100/0 to 85:15) gave compound
2.19 (pale yellowish oil, 47.8 mg, 81%). Spectroscopic data of 2.19 are in accordance
with the literature.62
2.19.1H NMR (300 MHz, CDCl3) 6 7.38-7.28 (m, 2H), 7.23-7.10 (m, 3H), 3.67 (s, 3H),
3.64 (s, 3H), 3.22-2.93 (m, 2H), 2.85-2.56 (m, 2H), 2.41 (dd, J = 16.8, 4.8 Hz, 1H). 13C
NMR (75 MHz, CDCI3) 6 174.8, 172.4, 138.3, 129.2, 128.7, 126.9, 52.1, 51.9, 43.2,

37.9,35.1.
Ph CN

@J—%N

2-(1,2-Diphenylethyl)malononitrile (2.20).

10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiC104 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.), and 2.2b (38.5 mg, 0.25
mmol, 1.0 equiv.) were added to a solution of 2.1n (93.9 mg, 0.375 mmol, 1.5 equiv.)
in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
Cyclohexane/AcOEt, from 100/0 to 85:15) afforded the desired compound 2.20
(white powder, 31.4 mg, 51%). Spectroscopic data of 2.20 are in accordance with
the literature.62

2.20.'H NMR (300 MHz, CDCls) 6 7.48-7.37 (m, 5H), 7.37-7.27 (m, 3H), 7.23-7.15
(m, 2H), 3.85 (d, ] = 5.1 Hz, 1H), 3.47 (td, ] = 7.8, 5.0 Hz, 1H), 3.27 (dd, /= 7.7, 1.8 Hz,
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2H). 13C NMR (75 MHz, CDCl3) 6 136.8, 136.6, 129.3, 129.3, 129.2, 129.1, 128.2,
127.7,112.2,111.6, 48.5, 38.7, 28.7.

\S ./ SO,Ph
/

Trimethyl(2-(phenylsulfonyl)ethyl)silane (2.21).
10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiC104 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmo], 0.5 equiv.), and 2.2a (42.05 mg,
0.25 mmol, 1.0 equiv.) were added to a solution of 2.10 (91.7 mg, 0.375 mmol, 1.5
equiv.) in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
Cyclohexane/MeOH, from 100/0 to 95:5) yielded the compound 2.21 (pale
yellowish powder, 12.1 mg, 20%). Spectroscopic data of 2.21 are in accordance with
the literature.®3

2.21.'H NMR (300 MHz, CDCI3) § 7.93 (s, 2H), 7.77-7.47 (m, 3H), 3.18-2.83 (m, 2H),
1.04-0.78 (m, 2H), 0.26- -0.17 (m, 9H). 13C NMR (75 MHz, CDCl3) 6 138.9, 133.7,

129.4,128.4,52.9,9.3,-1.9.

Ph CN
=—Si CN
/ \

2-(Phenyl(trimethylsilyl)methyl)malononitrile (2.22).
10-methyl-9-mesitylacridinium (10.0 mg, 0.03 mmol, 10 mol%), LiC104 (5.0 mg, 0.50
mmol, 0.2 equiv.), biphenyl (19.3 mg, 0.12 mmol, 0.5 equiv.), and 2.2b (30.5 mg, 0.25
mmol, 1.0 equiv.) were added to a solution of 2.10 (91.7 mg, 0.375 mmol, 1.5 equiv.)
in acetonitrile (5 mL). Purification by flash column chromatography (SiOz,
Cyclohexane/AcOEt, from 100/0 to 90:10) gave 2.22 (white powder, 15.4 mg,
27%). Spectroscopic data of 2.22 are in accordance with the literature.t*

22.1H NMR (300 MHz, CDCl3) 6 7.42-7.33 (m, 2H), 7.32-7.27 (m, 1H), 7.22-7.14 (m,
2H), 4.08 (d, ] = 7.8 Hz, 1H), 2.65 (d, ] = 7.8 Hz, 1H), 0.17 (s, 9H). 13C NMR (75 MHz,
CDCls) 6 137.3,129.3,128.0,127.5,113.4, 113.3, 38.0, 25.4, -2.0.
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3.1Introduction.

In drug discovery, the 3D structure of proteins is crucial for the success of drugs. The
increased use of sp3-hybridized carbon atoms (Fsp3) is key, as it correlates with a
drug's effectiveness and safety.l This trend, known as 'Escape from Flatland',?
involves increasing Fsp3 in drugs for better alignment with protein structures,
enhancing selectivity and efficacy.? This strategy improves target interaction and

reduces side effects, balancing effective treatment with minimal negative effects.

Historically, classical cross-coupling reactions have been a linchpin in synthetic
chemistry, enabling the straightforward construction of C(sp2)-C(sp?) bonds and
thereby propelling the production of planar, biaryl structures. This entrenched
reliance on cross-coupling has inadvertently sculpted a discernible bias in small
molecule drug design, steering the generation of libraries that predominantly
feature structurally analogous, two-dimensional compounds.* While there have
been laudable strides made within the domain of C(sp3)-C(sp3) cross-coupling,
contemporary methodologies are oftentimes plagued by several pragmatic
limitations.>¢ They typically necessitate sizable excesses of one coupling partner
and frequently hinge upon non-abundant starting materials, such as air- and
moisture-sensitive alkyl organometallics, thereby constraining the reaction scope
and practicality in a drug discovery context. Consequently, the quest for alternative
strategies that circumvent these limitations while facilitating the construction of
three-dimensional molecular structures persists as an imperative in medicinal

chemistry research.”

In recent years, nickel-mediated cross-electrophile (XEC) coupling has emerged as
a potent strategy for constructing C(sp3)-C(sp3) bonds, utilizing various native and
bench-stable aliphatic coupling entities, thus circumventing the use of moisture-
sensitive organometallic species.8-16 Despite substantial strides within this sphere,
exploiting varied, ubiquitous functional groups such as aldehydes as coupling
partners has lingered in a state of underdevelopment. Traditionally, aldehydes have
been harnessed as carbonyl electrophiles with Mg or Li-based organometallic
species or within Nozaki-Hiyama-Kishi (NHK) type reactivity to yield alcohols,17:18

yet their employment to forge C(sp3)-C(sp3) bonds via a reductive deoxygenative
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pathway remains, to our knowledge, uncharted. A pioneering approach, that enables
the direct coupling of sp? and sp?3 electrophiles, such as aldehydes and carboxylic
acids, heralds an attractive disconnection in the cross-electrophile coupling domain
(Figure 3.1a). Aryl sulfonyl hydrazones are considered as a bench-stable, activated
form of aldehydes due to their known propensity to undergo both radical and polar
addition, ultimately yielding deoxygenated, cross-coupled products upon thermal
decomposition of alkylated hydrazide intermediates (Figure 3.1b).19-28 Utilizing
abundant aliphatic carboxylic acids activated as NHPI-based redox-active esters
(RAEs) to serve as sp3 electrophiles, and employing visible light-mediated
decarboxylation to yield carbon-centered radicals,?°-32 we envisioned a trapping
mechanism with aldehyde sulfonyl hydrazones to, upon sulfinate and dinitrogen
extrusion, afford the coveted product (Figure 3.1c). In this study, we realize such a
metal-free cross-electrophile coupling, leveraging Eosin Y as an economical

organophotocatalyst under visible light irradiation.33

a) Decarboxylation Deoxygenation b)
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Figure 3.1. Design and applications of the cross-electrophile coupling of carboxylic acids
with aldehydes. a) Elusive cross-electrophile coupling between carboxylic acids and
aldehydes. b) Fast and scalable activation of aldehydes. c) Our strategy: visible light

promoted coupling of activated carboxylic acids and sulfonyl hydrazones.

[llustrating the potential of our synthetic strategy becomes particularly appealing
when reflecting upon the strategic C1 homologation of carboxylic acids, traditionally
achieved through the Arndt-Eistert reaction.34-37 Although this protocol, developed
in the 1950s, bears chemical reliability, significant limitations persist, particularly
those pertaining to the generation, purification, and utilization of toxic and explosive
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diazomethane, hindering its widespread adoption and applicability. While flow
technology has provided a partial answer to these safety challenges,38 a truly general
and practical alternative for such transformation has been elusive.3? Indeed, polar
variants such as the Kowalsky Ester homologation suffer from the use of
organolithium bases, strongly limiting the substrate scope of the transformation and
its scalability.4941 For seminal radical variants, Barton proposed a photoinduced C1
homologation of N-hydroxy-2-thiopyridone esters, although this strategy suffered
from low functional group compatibility, a narrow scope, and requisite lengthy

synthetic sequences.4243
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Figure 3.2. Design and applications of the cross-electrophile coupling of carboxylic acids
with aldehydes. a) Application: alternative approach to the classical Arndt-Eistert C1-
homologation. b) Application: retrosynthetic strategy for the synthesis of arylethylamines.
c) Late-stage alkylation of peptides on resin.

In this context, we present the utilization of ethyl glyoxalate-derived sulfonyl
hydrazone 3.2a as a bench-stable and easy-to-handle crystalline radical acceptor to

realize the C1 homologation of carboxylic acids under mild conditions (Figure 3.2a).

As a subsequent, potent application of this synthetic paradigm, our attention was
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drawn by the synthesis of B-arylethylamines, a prevalent structural motif within
numerous drugs and natural products.#* Although various synthetic routes have
been delineated, an intuitive retrosynthetic strategy entailing a cross-coupling
reaction between a benzyl electrophile and a-amino nucleophile has remained
underrepresented.#4+-46 We posit that the advanced cross-electrophile coupling
between NHPI esters and aldehyde sulfonyl hydrazones will provide a
straightforward and direct route for the efficient preparation of substituted cyclic
and acyclic fp-arylethylamines (Figure 3.2b). Concluding with a third robust
synthetic application of this strategy, the methodology demonstrates significant
utility in the late-stage functionalization (LSF) of peptides on solid-phase, enabling
the modification of complex peptides under mild conditions instead of proceeding

via classical de-novo synthesis (Figure 3.2c).47-49

3.2 Results and discussions.

We initially commenced to develop a direct decarboxylative C1 homologation,
beginning with N-Boc (L)-Proline, but we were met with failure to produce the
desired product 3.3. This result was linked to the noted sensitivity of aldehyde
sulfonyl hydrazones to bases, which are indispensable to promote the
decarboxylation process.2150 Consequently, our investigation focused on the use of
well-established N-(acyloxy)phthalimides (NHPI-based esters) as redox-active
esters (RAEs) in an effort to sidestep the necessity for bases during the
decarboxylative generation of nucleophilic carbon radicals. An exhaustive screening
of all reaction parameters (Table 3.1) led us to discover that the targeted
homologated product 3.3 could be obtained in excellent yields (Table 3.1, entry 1,
90% yield) when a dichloromethane (0.1 M) solution composed of ethyl glyoxalate-
derived 4-trifluoromethyl-phenyl sulfonyl hydrazone 3.2a (1.0 equiv.) as the radical
acceptor, N-Boc (L)-Proline RAE 3.1a (1.0 equiv.) as the radical precursor, Hantzsch
ester (HE, 1.5 equiv.) as the reductive quencher, and disodium Eosin Y (EYNaz, 10
mol%) as the photocatalyst was irradiated with blue LEDs (40W Kessil, 456 nm,
PR160L) for 12 hours. The yield reflects the one obtained for the final product 3.3,
achieved when the hydrazinyl intermediate was swiftly subjected to cleavage
conditions in ethanol, according to our previous report.2? Evaluating a two-step one-

pot procedure, with trifluorotoluene as the solvent, revealed diminished yields of
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3.3 (Table 1, entry 27). Surprisingly, an excess of radical acceptor 3.2a did not
markedly influence the reactivity (Table 1, entry 11). Noteworthy is the
underperformance of more expensive organophotoredox catalysts like 4CzIPN,
3DPA2FBN or the widely used transition-metal based photocatalyst Ru(bpy)sPFs
(Table 1, entries 2-7, 26-29).5152 HE played a major role in the transformation, as
other reductive quenchers, such as DABCO, DIPEA, or tetramethylguanidine entirely
inhibited the reaction (Table 3.1, entries 18-22). Remarkably, incorporating acidic
additives, such as HFIP, TFA, and various amino acids, did not substantially impact
the reactivity (Tables 3.1 entries 16, 17). Control experiments conducted to explore
the formation of donor-acceptor complexes between RAE 3.1a and HE, performed
at 456 and 390 nm without EYNa, either yielded no product or achieved lower
yields (Table 3.1, entries 30, 31), underscoring the crucial role of the photocatalyst
in photoinitiating the reaction, thus securing higher yields.>354 Running the reaction
in the dark resulted in the quantitative recovery of all starting materials (Table 3.1,
entry 32). Notably, applying the optimized conditions to the less electrophilic 4-CFs-
benzaldehyde-derived sulfonyl hydrazone 3.2c as the radical acceptor yielded the
corresponding [3-arylethylamine product 3.46 in a 58% NMR yield.

Table 3.1. Optimization of the photochemical step for the C1 homologation of RAE 3.1a.

FiC
o o \©\ o EYNaj, 10 mol%, 0=8=0 0~ OEt
N O-N S"~ HE (1.5 equiv.) I:II:I- Solvent switch
- + S > >
E O  ,N-NH CH,Cl, (0.1 M), 456 nm “NH TEA (3 equiv.)
P 7 30°C, 12h EtOH (0.1 M) N,
OEt 80°C, 1h Boc
N
. CF, 3.3

3.1a (1 equiv) 3.2a (1 equiv) Boc

Entry Deviations from the standard conditions 3.3 (% Yield)®
1 None 90
2 Ru(bpy)s(PFs)2 (1 mol%) 65
3 Ru(bpy)s(PFs)2 (1 mol%), 3.1a (2.0 equiv.) 44
4 Ru(bpy)s(PFs)2 (1 mol%), HE (2.0 equiv.) 67
5 Ir(ppy)s (1 mol%) 30
6 4CzIPN (5 mol%) 64
7 3DPALFBN (5 mol%) 54
8 Eosyn Y (Na), (5 mol%) 70
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Table 3.1. Table continues.

Entry Deviations from the standard conditions 3.3 (% Yield)?
9 Eosyn Y (Na)z (10 mol%) 81
10 Eosyn Y (10 mol%) 75
11 DCM as solvent, 3.2a (2.0 equiv.) 81
12 DCE as solvent 54
13 Toluene as solvent 68
14 THF as solvent Traces
15 Acetone, 3.2a (1.0 equiv.) 25
16 DCM, TFA (20 mol%) 90
17 DCM, HFIP (20 mol%) 84
18 DABCO as reductive quencher -
19 Tetramethylguanidine as reductive quencher -
20 DIPEA as reductive quencher -
21 No reductive quencher -
22 HE as reductive quencher 90
23 EtOH as solvent Messy crude
24 DMF as solvent Messy crude
25 ACN as solvent Messy crude
26 Ru(bpy)s(PFe)2 (1 mol%), ACN Messy crude
27 Ru(bpy)s(PFs)2 (1 mol%), TFT 64
28 Ru(bpy)s(PFs)2 (1 mol%), DMF 71
29 Ru(bpy)s(PFs)2 (1 mol%), DMF. Cleavage EtOH/DMF 1:1 (0.05 M) 63
30 No PC -
31 No PC, 390 nm 40
32 No light -

aThe yields were determined by tH-NMR using trichloroethylene as external standard (0.2
mmol scale, 0.1 M).

Having established optimal reaction conditions, we next investigated the scope of
the photochemical C1 homologation of RAEs derived from readily available
carboxylic acids (Figure 3.2). As expected, N-Boc protected cyclic amino acids
afforded the desired products (3.3-3.5) in good yields. Moreover, linear proteogenic
amino acids underwent homologation to the respective ethyl esters (3.6-3.13)
under the standardized reaction conditions. Noteworthy is the performance of
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challenging substrates, such as the redox-sensitive methionine and thiophene-
derived amino acid, which, despite providing the target compounds (3.8 and 3.10),

did so in somewhat attenuated yields.
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CH,CI, (0.1 M), 456 nm
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o) ' al;
2 z@ . H switch » O ° Br Q O
oo ) N EtOH (0.1 M) OEt

o?) . 8
g TEA (3 equiv.), 80 °C,1 h 3.3-3.26
OFt EYNaz
(o]
O, (o)
ont @j OEt o@—\_}—oa
Boc NBoc Boc BocHN A BocHN
3.3, 80%, 65%°2 3.4, 77% 3.5,55% 3.6, 65% 3.7, 56%
Ph Me-S o 0 o
S o N
woa o),-—\ }-OEt \—3_}_
BocHN BocHN
BocHN BocHN
3.8, 34% 3.9, 60% 3.10, 48% 3.1, 56% 3.12,55%
(o) (0] (0} o (o] Q
/_>\-oEt A >\-OEt gr}—oa wOEt : y-OEt (__>_}'°Et
BocN
BocHN NHBoc NHBoc NHBoc BocN
3.13,41% 3.14, 50% 3.15, 58% 3.16, 50% 3.17,42% 3.18,62%
0
Et
(0] o o (o)
OEt OEt OEt
(0] S BocN
NHBoc
3.19, 48% 3.20, 35% 3.21, 30% 3.22,50%  3.23, 47% (from Boc-Phe-Pro- OH)
o
{ e Mot
N
/SMO
NHBoc
3.24, 42% (from Boc-Met-Pro-OH)°® 3.25, 34% (from Biotin) 3.26, 30% (from Enoxolone)d

Figure 3.3. Scope of the C1 homologation. Coupling of carboxylic acid-derived redox-active
esters (RAEs) with ethyl glyoxylate-derived 4-trifluoromethylphenyl sulfonyl hydrazones
3.2a. Reaction conditions: redox active ester (0.3 mmol, 1 equiv.), 3.2a (1 equiv.), Hantzsch
ester (1.5 equiv.) and EYNa; (0.10 equiv.) in 3 mL of CH2Cl; (0.1 M). @lmmol reaction. b>
20:1d.r.<3:1d.r.42.5:1 d.r.

The protocol’s generality was highlighted through the homologation of sterically
hindered cyclic tertiary amino acids, producing the target products in synthetically

useful yields (3.14-3.16). A subsequent examination of various inactivated primary,

secondary, and tertiary RAEs revealed that all coupled with glyoxalate-derived
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sulfonyl hydrazones 3.2a, presenting moderate to good yields (3.17-3.22). In a
particularly notable development, two dipeptides underwent photochemical
homologation, yielding the targeted homoproline-analogues (3.23-3.24).5°
Importantly, the mild conditions of this photocatalytic C1 homologation protocol
facilitated the conversion of natural products like biotin and enoxolone—each
harboring different sensitive functional groups—to their corresponding ethyl esters

(3.25-3.26), not accessible by the aforementioned methods.

We next aimed to explore further the generality of our developed reaction
conditions, applying them to the cross-electrophile coupling of RAEs, derived from
a diverse set of carboxylic acids, with various aldehyde-derived sulfonyl hydrazones
(Figure 3.4). We envisioned providing streamlined access to cyclic and acyclic -
arylethylamines, thereby presenting a new, intuitive radical disconnection for
practitioners in the field.#* The reaction was optimized adopting the previous found

conditions for the C1 homologation process.

Table 3.2. Optimization of the photochemical step for the alkylation reaction. aExternal
standard: dodecane.

- cF, _
F1C
S:o0  EYNa, (10 mol%)
D—\(O-N:]@ . N,NH HE (1.5 equiv) 0:S:0 TEA (3 equiv)
- q —_—
I CH,Cl, (0.1 M HN{ EtOH (0.1 M)
NB °0 ©) 45%n2m(,12h) NH 80°C,1h N
ocC B
FsC m Boc
NBocnP cF, 3.45
3.1a (1.0 equiv) 3.2c (1.0 equiv) L —J
Entry Deviations from the standard conditions 3.45 (% GC-Yield)?
1 None 57
2 Acetone as solvent 43
3 EtOAc as solvent 37
4 ACN as solvent 50
5 Toluene as solvent 21
6 DCM + 20 equiv. H,0 as solvent 56
7 DCM + 50 equiv. H,0 as solvent 56
8 DCM (no degass) 54
9 Eosyn Y(H;) (10 mol%) 55
10 Eosyn Y(H,) (10 mol%), 3.2b (1.0 equiv.) 61
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Table 3.2. Table continues.

Entry Deviations from the standard conditions 3.45 (% GC-Yield)?
11 Green light 525 nm 57
12 0.05 M 58
13 Eosyn Y(Na) (20 mol%) 45
14 3.2a (2.0 equiv.) 52
15 Eosyn Y(Nas) (20 mol%), 3.2a (2.0 equiv.) 58
16 HE (1.0 equiv.) 45
17 HE (2.0 equiv.) 38
18 (L)-Boc-Phe-OH (1.0 equiv.) as additive 50
19 3.2p (1.0 equiv.) 25
21 3.1a (2.0 equiv.), 3.2p (1.0 equiv.) 50

Regarding the scope of the a-amino RAEs, a myriad of medicinally pertinent cyclic
structures—encompassing azetidine, piperazine, indoline, and isoquinoline—were

successfully coupled, achieving synthetically useful yields in all cases (3.27-3.33).56

Such methodology enabled the conversion of even challenging tertiary RAEs,
facilitating the creation of quaternary centers, albeit with somewhat reduced yields
(3.34-3.36). Beyond cyclic structures, the protocol also exhibited proficiency with
a range of linear amino acids, yielding the corresponding [3-arylethylamines in
moderate to good isolated yields (3.37-3.41). Noteworthily, the metal-free nature
of the protocol tolerated halogenated arenes and heterocycles, providing
convenient handles for subsequent synthetic elaboration (3.30, 3.47, 3.48, 3.50-
3.53). A noticeable limitation of the scope was observed: electron-rich sulfonyl
hydrazones yielded only traces of the desired product, with a notable reduction of
the carboxylic acid. Additionally, under slightly modified reaction conditions, Eosin
Y(H2) (10 mol%) and 3.2b (1.0 equiv.), unactivated aliphatic aldehyde-derived
sulfonyl hydrazones acted as effective coupling partners, delivering alkylated
secondary amines in synthetically useful yields, and underlining the method's

simplicity and versatility (3.54-3.58).
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Figure 3.4. Scope of the alkylation. Cross-electrophile coupling of RAEs with aromatic and
aliphatic aldehyde-derived sulfonyl hydrazones. Reaction conditions: RAE (0.3 mmol, 1
equiv.), Sulfonyl Hydrazone (1 equiv.), Hantzsch ester (1.5 equiv.) and EYNa; (0.10 equiv.)
in 3 mL of CH2Cl; (0.1 M). 21mmol scale. »1:1.4 d.r. <2 equiv. of N-Boc (L)-Proline RAE 3.1a
was used.

Having demonstrated the generality of the photochemical cross-electrophile
coupling between sulfonyl hydrazones and RAEs, we turned our inquiry toward the
potential extension of this protocol to facilitate the late-stage functionalization (LSF)
of more complex molecules, such as peptides. Given the increasing prominence of
peptides as therapeutic modalities, the development of methods capable of
functionalizing extensive amino acid sequences directly on resin becomes especially

valuable, enabling the generation of diversity without necessitating the

development of de-novo synthetic methods.57.58 Moreover, on-resin modification
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brings forth substantial practical advantages, addressing key challenges related to
purification and solubility that are often encountered in peptide chemistry in
solution. Specifically, considering the well-documented compatibility of redox-
active ester synthesis with solid-phase approaches,*75960 and the mild basic
condition of our two-step protocol, we hypothesized that adapting this
photochemical transformation to heterogeneous conditions on resin would be an

attainable objective.

At the outset of our investigation, a sensitivity/robustness screening was
undertaken to determine which amino acids would be compatible with the reaction
conditions and, consequently, could be possibly incorporated into the peptide

sequence (Table 3.3).

Table 3.3. Sensitivity assessment of the C1 homologation reaction.

o FsC EYNa, 10 mol%
é(?-o HE (1.5 equiv) orbeo 0o Ot
- v Additive (1 equiv) =9F TEA (3 equiv
D—\(O N¢© + n-NH > HNL #»
CH,Cl, (0.1 M) EtOH (0.1 M)
[ 2v12
N oo oﬁ) Blue Box (456 nm) O)\[roa 80 °C  1h N
OEt 12h N O

‘Bog 3.3
3.1a (1.0 equiv) 3.2a (1.1 equiv) — —
Entry Deviations from the standard conditions 3.3 (% Yield)®
1 None 91
2 Boc-Ph-OH 95
3 Fmoc-Ph-OH 95
4 Fmoc-Ala-OH 90
5 Fmoc-Lys(Boc)-OH 93
6 Fmoc-Arg(Pbf)-OH 70
7 Fmoc-Trp(Boc)-OH 88
8 Fmoc-Cys(Trt)-OH 77
9 Fmoc-Met-OH 82
10 Fmoc-Lys(Boc)-OH 93
11 Fmoc-Hyst(Trt)-OH 75

aThe yields were determined by 'H-NMR using trichloroethylene as external standard. The
corresponding aa was employed as an additive (1.0 equiv.).
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In the experiments, we opted for Fmoc-protected amino acids bearing fully
protected side chains due to their availability and low price. Despite Fmoc removal
was envisioned during the fragmentation of the intermediate, the goal of the
assessment was to evaluate the compatibility of the functional groups of amino acids

side chains, that being redox active, could disrupt the desired reactivity.

Pleasingly, all screened amino acid residues, when added as additives, did not
interfere with the model reaction and it could be readily engaged in the
photocatalytic alkylation (Figure 3.5). Illustratively, heptapeptide 3.P1 was
subjected to LSF, yielding the corresponding homoproline-containing analogue 3.59
in a 28% isolated yield after 21 steps from resin loading (74% LCAP for the
decarboxylative alkylation step, with LCAP defined as LC Area % of the product peak
in the ultra-performance liquid chromatography (UPLC) chromatogram of the
reaction crude, General procedure 3.6 and 3.7, Figure ES3.2-3.8). Highlighting the
efficacy of our method, a 28% yield robustly demonstrates the potential of our cross-
electrophile coupling for synthesizing complex structures with high selectivity and
notable yield conservation. Similarly, a late-stage incorporation of a benzylic unit
was accomplished efficiently, demonstrating utility in the context of lipophilicity
modulation (3.60) (72% LCAP for the decarboxylative alkylation step, with LCAP
defined as LC Area % of the product peak in the ultra-performance liquid

chromatography (UPLC) chromatogram of the reaction crude).

To our delight, a derivative of afamelanotide—a therapeutic peptide indicated for
patients affected by erythropoietic protoporphyria—was also successfully engaged
in the protocol, affording derivative 3.61 in an overall 9% yield from resin loading

(71% LCAP for the decarboxylative alkylation step.6?
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Figure 3.5. Scope of the cross-electrophile coupling of peptide RAEs on resin. Reaction
conditions: RAE (0.03 mmol, 1 equiv.), Sulfonyl Hydrazone (3 equiv.), Hantzsch ester (4.5
equiv.) and EYNa; (0.30 equiv.) in CHzCl; (33 mM).

Additionally, we demonstrate the scalability of our photochemical C1 homologation

using flow technology (Figure

3.6).

In batch settings above 1 mmol,

the

heterogeneous reaction mixture led to a significant drop in yield of the desired

product 3.3. Suspecting non-uniform irradiation and limited light penetration at

larger scales, we transitioned the photochemical alkylative step to continuous

flow.68-70

3.2a
(4.0 mmol)

o

Na
|

OEt
+

o

X
N O-N
Boc

o
3.1a (4.0 mmol)

alkylation

cleavage

@0

60% yield
3.3 (2.40 mmol)

Fast process (8 min)
Safe processing
User-friendly technology

Figure 3.6. Scale-up C1 homologation of 3.1a in continuous flow.

99



After an extensive optimization conducted at 0.2 mmol scale (Table 3.4), we
established conditions for the protocol using a Vapourtec UV-150 photochemical
flow reactor (ID: 0.8 mm; V = 3.33 mL, flow rate = 0.412 mL min-1, t = 8 min) set at
30 °C, irradiated with 60 W 450 nm LEDs. Subsequent thermal cleavage of the
alkylated hydrazide intermediate yielded the targeted C1 homologated product in
60% isolated yield.

Table 3.4. Sensitivity assessment of the C1 homologation reaction.

[ cF, ]
O :
_ 04, OFEt
mO-N + q TEA (3 equiv) Cj
) EtOH (0.1 M)
N 0O O |
Boc 0, Ru(bpY)s(PFg); (1 mol%) C’)\rroa 80 °C . 1h N
OEt HE (1.5 equiv.) N'B o oo
DCM/Acetone 1:1 (0.05 M oc )
3.1a (0.2 mmol) 3.2a (1.0 equiv) cetone 1:1 ( ) | i

Vapourtec, (I =450 nm)
PFA, ID: 0.8 mm, V =3.3 mL
fr: 0.41 mL min™', t, =8 min

Entry Deviations from the standard conditions 3.3 (% Yield)®
1 None 65
2 Eosyn Y(Naz) (10 mol%), DCM (0.1 M), tr: 10 min Not soluble
3 Eosyn Y(Naz) (10 mol%), DCM (0.05 M), tr: 10 min Not soluble
4 Eosyn Y(H;) (10 mol%), DCM (0.05 M), tr: 10 min Not soluble
5 Eosyn Y(H;) (10 mol%), DCM/DMSO (3:1) (0.1 M), tr: 10 min Messy crude
6 Eosyn Y(H,) (10 mol%), DCM/THF (1:1) (0.1 M), tr: 10 min Messy crude
7 Eosyn Y(H,) (10 mol%), DCM/Acetone (8:1) (0.05 M), tr: 10 min 45
8 Eosyn Y(H,) (10 mol%), DCM/Acetone (1:1) (0.05 M), tr: 10 min Messy crude
9 Ru(bpy)s(PFe)2 (1 mol%), DMF (0.1 M), tr: 2.5 min <10P
10 Ru(bpy)s(PFe)2 (1 mol%), DMF (0.1 M), tr: 8 min 50°
11 Ru(bpy)s(PFs)2 (1 mol%), DMF (0.1 M), tr: 15 min <10P
12 Ru(bpy)s(PFs)2 (1 mol%), DMF/EtOH (1:1) (0.1 M), tr: 8 min 40°
13 Ru(bpy)s(PFs)2 (1 mol%), DMF/Acetone (1:1) (0.1 M), tr: 8 min Not soluble

aThe yields were determined by 'H-NMR using trichloroethylene as external standard. The
corresponding aa was employed as an additive (1.0 equiv.). PCleavage conditions: Solvent
switch to EtOH (0.1 M), TEA (3 equiv.), 80 °C.

In our pursuit to elucidate the mechanism, we executed a series of experiments to
explore the radical pathway and identify the catalytic species facilitating the

photochemical transformation. Confirmation of the radical nature of the reaction
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was achieved through radical trapping and radical clock experiments (Figure 3.7).62
Indeed, ESI-HRMS analysis substantiated the formation of TEMPO adduct 3.62,
while GC-MS analysis convincingly demonstrated carbon radical formation through

the production of 3.64 via a 5-exo-trig radical cyclization.

Radical trapping experiment

(1.0 equiv)

F3C\©\
34a | NH —then 33 + O‘
Base I
OEt (3 equiv)

3.2a (1.0 equiv)

3.62, [M+H]* ; ESI*

Radical clock experiment
F5;C
0 @ 0
OIS, °
ONHPHIH + OEt +
— then— OEt
| Oﬁ’) @ Base I

OEt
3.63 (1.0 equiv) 3.2a (1.0 equiv) 3.64:3.65 = 10:1 (GC-MS)

Figure 3.7. Radical trapping and radical clock experiments.

In light of these observations and based on the reported Single Electron Transfer
(SET) mechanism of EYNaz, we propose the ensuing catalytic cycle (Figure 3.8).63.64
Upon absorption of visible light, the triplet excited state of EYNaz is reductively
quenched by the sacrificial electron donor HE to generate HE*. Following the
findings of Overmann and Konig,5-¢7 the redox-active ester is subsequently reduced
by the EYNaz radical anion, thereby completing the catalytic cycle and yielding the
nucleophilic alkyl radical 3.66 upon decarboxylation. The emergent alkyl radical is
then captured by the electrophilic site of sulfonyl hydrazone, resulting in the
formation of the hydrazinyl radical intermediate 3.67. Finally, a plausible Hydrogen
Atom Transfer (HAT) step from HE* or neutral HE to 3.67 is considered, generating
the pyridium co-product 3.68 and the targeted product 3.69.
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Figure 3.8. Proposed mechanism.

3.3 Mechanistic studies.

3.3.1 UV-Vis characterization.

—— 4CF3 sulfonyl hydrazone
—— Glyoxalate sulfonyl hydrazone
——HE

—— (8)-Proline RAE
Dichloromethane 5-8E-05 M

1,0 -

Absorbance

NsOZC Br
BV
HE NaO ° °

0,0 -
1 T T 1
250 300 350 400 450 500
Wavelength (nm)

Figure 3.9: Absorption spectra of each reaction component. The spectra were recorded
5-10-5-8-10-5M in dichlomethane (quartz cuvettes, optical path: 1 cm) with a bandwidth of

5 nm and a data pitch of 1 nm. Scan rate: medium.
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Figure 3.10: Absorption spectrum of the optimized reaction condition for the C1
homologation of 3.1a with glyoxalate-derived sulfonyl hydrazone 3.2a using EYNa; as PC.
The spectrum was recorded in dichloromethane (after filtration of the non-soluble
components) in quartz cuvettes (optical path: 1 cm) with a bandwidth of 5 nm and a data
pitch of 1 nm. Scan rate: medium.
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Figure 3.11: Absorption spectrum of the reaction mixture for the C1 homologation of 3.1a
with glyoxalate-derived sulfonyl hydrazone 3.2a using EYNa; as PC in presence of 50 mol%
TFA. The spectrum was recorded in dichloromethane (after filtration of the non-soluble
components) in quartz cuvettes (optical path: 1 cm) with a bandwidth of 5 nm and a data
pitch of 1 nm. Scan rate: medium.
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Figure 3.12: Absorption spectrum of the reaction mixture for the C1 homologation of 3.1a
with glyoxalate-derived sulfonyl hydrazone 3.2a using EYH; as PC. The spectrum was
recorded in dichloromethane (after filtration of the non-soluble components) in quartz
cuvettes (optical path: 1 cm) with a bandwidth of 5 nm and a data pitch of 1 nm. Scan rate:
medium.
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Figure 3.13: Absorption spectrum of the reaction mixture for the alkylation of 3.1a with
arylsulfonyl hydrazone 3.2c using EYNa; as PC. The spectrum was recorded in
dichloromethane (after filtration of the unsoluble components) in quartz cuvettes (optical
path: 1 cm) with a bandwidth of 5 nm and a data pitch of 1 nm. Scan rate: medium.
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3.3.2 TEMPO trapping experiment.
o

F3C )
Io) o (3.0 equiv.)
$-0 EYNa, 10 mol%
O-N N;' HE (1.5equiv) 0570 TEABequiv) (Q-OEt D—
D"\( + N” HN TEOHOAM) (0.1 M)

N 0 & o CH,Cl, (0.1 M), 456 nm *NH

Boc 12h oet 80 C th B°°
OEt
NBOCO 3.3 (n.d.) 3.61
3.1a (1.0 equiv.) 3.2a (2.0 equiv.) ) ) (327.2659 [M+H]*
intermediate 3.A found in ESI*)

To an oven-dried 7 mL vial equipped with a stirring bar were added 3.1a (0.300
mmol, 1.0 equiv.), 3.2a (0.300 mmol, 1.0 equiv.), Hantzsch Ester (1.5 equiv.), EYNaz
(10 mol%) and TEMPO (3.0 equiv.) and the vial was sealed with a rubber septum.
Subsequently, dry and degassed dichloromethane (3 mL) was added under N:
atmosphere (0.1 M). The vial was stirred and irradiated in the UFO photochemical
reactor for 12 h. The temperature was maintained at 30 °C during the course of the
reaction. Then, the vial was removed from the photochemical reactor and the
solvent was evaporated under reduced pressure. The obtained crude mixture was
then dissolved in 3 mL of ethanol (0.1 M), TEA was added (3.0 equiv.) and the vial
was placed in an oil bath at 80 °C for 1 h. The reaction mixture was cooled to r.t. and
the solvent was removed under reduced pressure. The obtained crude was diluted
with diethyl ether and washed with 1 M HCI. The combined organic layers were
dried over Na2S0s, filtered and the solvent was removed under reduced pressure.
The final crude reaction mixture was analyzed via 1H-NMR using trichloroethylene

as external standard and ESI-HRMS.

3.3.3 Radical Clock experiment.

CF;

F3C
\©\S o EYNa, 10 mol% 9 o

q\)( HE (1.5 equiv.) 0:S:=0 TEA (3 equiv.) OEt

, > U —_— OEt

CH,Cl, (0.1 M), 456 nm HN, EtOH (0.1 M) +
NH 80°C, 1h |

OEt
OEt 3.63 3.64

3.62 (1.0 equiv) 3.2a (1.0 equiv) intermc::diate 3.63:3.64=10:1(GC-MS)
To an oven-dried 7 mL vial equipped with a stirring bar were added 3.62 (0.300
mmol, 1.0 equiv.), 3.2a (0.300 mmol, 1.0 equiv.), Hantzsch Ester (1.5 equiv.), EYNaz

(10 mol%) and the vial was sealed with a rubber septum. Subsequently, dry and

degassed dichloromethane (3 mL) was added under Nzatmosphere (0.1 M). The vial
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was stirred and irradiated in the UFO photochemical reactor for 12 h. The
temperature was maintained at 30 °C during the course of the reaction. Then, the
vial was removed from the photochemical reactor and the solvent was evaporated
under reduced pressure. The obtained crude mixture was then dissolved in 3 mL of
ethanol (0.1 M), TEA was added (3.0 equiv.) and the vial was placed in an oil bath at
80° C for 1 h. The reaction mixture was cooled to r.t. and the solvent was removed
under reduced pressure. The obtained crude was diluted with diethyl ether and
washed with 1 M HCL The combined organic layers were dried over Na2S0s4, filtered
and the solvent was removed under reduced pressure. The final crude reaction
mixture was analyzed via 1TH-NMR using trichloroethylene as external standard and

GC-MS.

TIC
44.256.714 ‘gﬁ
- o (o]
EtO N OEt
P
Q Me” “N” “Me
OEt
(o]
3.63 HN
r—~
S
o) o o)
OEt l ;,_g
I 2 o
364 = | o
56 1 d |
T ﬁmﬁ#l ] l' ‘}k*‘“(‘_ T
10.0 20.0 220
min

Figure 3.14: GC trace of the crude reaction (formation of 3.63 and 3.64).

3.4 Conclusions.

In summary, we have developed a visible light mediated metal-free cross-
electrophile coupling approach that stands as a powerful and versatile
C(sp3)-C(sp3) cross-coupling platform. It combines carboxylic acid-derived redox-
active esters with aldehyde sulfonyl hydrazones, utilizing Eosin Y as an efficient
organophotocatalyst under visible light, leading to the desired cross-coupled
products through subsequent fragmentation. Our approach provides a safer
alternative to the traditional Arndt-Eistert reaction for C1 homologation of

carboxylic acids and enables direct synthesis of cyclic and acyclic $-arylethylamines
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using diverse aldehyde-derived sulfonyl hydrazones. Furthermore, the method
proves also effective for late-stage functionalization (LSF) of peptides on solid-
phase. Given these capabilities, we are confident our method will enable the
exploration of sp3-hybridized molecules in contemporary drug discovery and

development.

3.5 Experimental section.

All reagents and solvents were used as received without further purification, unless
stated otherwise. Reagents and solvents were bought from Sigma Aldrich, TCI,
Fluorochem and Fisher Scientific and, if applicable, kept under argon atmosphere.
Technical solvents were bought from VWR International and Biosolve and were
used as received. Photocatalyst 4CzIPN and 3DPA2FBN were prepared according to
a published procedure.’172 Aldehydes (3a-3d) were prepared according to a
published procedure.’374 Disposable syringes were purchased from Laboratory
Glass Specialist. Product isolation was performed manually, using silica (Pso,
SILICYCLE) or automatically, using Biotage® Isolation Four, with Biotage® SNAP
KP-Sil 4 or 10 g flash chromatography cartridges. Polygoprep 60-50 Cis silica from
Macherey-Nagel was used for reverse-phase chromatography. TLC analysis was
performed using Silica on aluminum foils TLC plates (F254, Supelco Sigma-
Aldrich™) with visualization under ultraviolet light (254 nm and 365 nm) or
appropriate TLC staining (cerium ammonium molybdate or potassium

permanganate).

1H (400 MHz), 13C (101 MHz), 1°F NMR (376 MHz) spectra were recorded unless
stated otherwise at ambient temperature using a Bruker AV400 or a Bruker AV300.
1H NMR spectra are reported in parts per million (ppm) downfield relative to CDCl3
(7.26 ppm) and all 13C NMR spectra are reported in ppm relative to CDCl3 (77.16
ppm) unless stated otherwise. The following abbreviations have been adopted to
describe the multiplicity: bs (broad singlet), s (singlet), d (doublet), t (triplet), q
(quartet), p (pentet), h (hextet), hept (heptet), m (multiplet), dd (double doublet),
td (triple doublet), tt (triplet of triplets). Coupling constants (]) are reported in hertz
(Hz). NMR data were processed using the MestReNova 14.1.0 software package.
Known products were characterized through comparison with the corresponding

1H-NMR and 13C-NMR from literature.
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High resolution mass spectra (HRMS) were collected on an AccuTOF LC, JMS-
T100LP Mass spectrometer (JEOL, Japen. UV-Vis spectra were recorded with a
double beam spectrophotometer Shimadzu UV2600 equipped with a deuterium
lamp (190-350 nm), a halogen lamp (330-900 nm) and a photomultiplier
(Hamamatsu R928). HPLC analyses were performed on a Shimadzu apparatus
equipped with a diode array detector (DAD) and column temperature control
module. Liquid chromatograph (LC-20AD); Autosampler (SIL-20A); Diode Array
detector (SPD-M20A); Column oven (CTO-20AC); Degasser (DGU-20A5). The names
of all products were generated using the PerkinElmer ChemBioDraw Ultra v.12.0.2

software package.

For the photochemical batch experiments and scale-up (1 mmol), a 3D-printed
(PLA) reactor internally coated with aluminum foil and equipped with a specific 3D-
printed (PLA) lid serving as vials holder and lamp holder was used (see section 4 for

details).
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3.5.1 Chart of starting materials.

Hydrazones used in the scope
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Redox Active Esters Used in the Scope N
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3.5.2 General procedures.

3.5.2.1 Synthesis of 4-(trifluoromethyl)benzenesulfonohydrazide.

Hydrazine hydrate (108 mmol, 5.3 mL, 3 equiv.) was added dropwise to a solution
of 4-(trifluoromethyl)benzenesulfonyl chloride (36 mmol, 8.81 g) in 180 mL of THF
at 0 ° C and stirred for 30 minutes at the same temperature. The reaction mixture

was then diluted with ethyl acetate and washed five times with brine. The organic
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layer was dried over Na2SO0s, filtered and the solvent was removed under reduced
pressure to afford the desired compound as a white solid (8.20 g, 34.0 mmol., 95%
yield).

1H NMR (500 MHz, DMSO-ds) & 8.67 (bs, 1H), 8.04 (d, ] = 8.3 Hz, 2H), 7.98 (d, ] = 8.3
Hz, 2H), 4.29 (bs, 2H).13C NMR (126 MHz, DMSO ds) 6 142.5, 132.4 (q, /] = 32.2 Hz),
128.7,126.2 (q,/ = 3.8 Hz), 123.6 (q, / = 272.8 Hz). 1°F NMR (470 MHz, DMSO ds) 6 -
61.77. HRMS (ESI+) (m/z): [M+H]* calcd. for C7H7F3N20:2S, 241.0259; found:
241.0269.

3.5.2.2 Synthesis of ethyl glyoxylate-derived 4-trifluoromethylphenyl sulfonyl
hydrazone 3.2a.

OEt

To a 0.3 M solution of 4-(trifluoromethyl)benzenesulfonohydrazide (1.20 g, 5.00
mmol, 1.0 equiv.) in dry ethanol, ethyl glyoxylate (50% soln. toluene, 1.02 g, 1.02
mL, 5.0 mmol, 1.0 equiv.) was added dropwise. The reaction mixture was stirred for
1.5 h, then the solvent was removed under vacuum. The resulting solid was washed
with Pentane:Ethyl Acetate 10:1. 3.2a was isolated as a white solid after filtration
(1.45 g, 89% yield). The protocol can be extended to a 20 mmol scale (80% yield).
3.2a. 'H NMR (400 MHz, CDCIs) 6 12.2 (s, 1H), 8.1 (d, / = 8 Hz, 2H), 7.8 (d, ] = 8 Hz,
2H), 6.8 (s, 1H), 4.3 (q,/ =7 Hz, 2H), 1.32 (t, / = 7 Hz, 3H). 13C NMR (101 MHz, CDCl3)
6161.8,141.9,135.5(q, /=33 Hz), 129.2,128.6,126.5 (q,/ =4 Hz), 123.2 (q,] = 273
Hz), 62.2, 14.0. 19F NMR (282 MHz, CDCls3) & -63.28.

3.5.2.3 General procedure 3.1. Preparation of (trifluoromethyl)
benzenesulfonyl hydrazone compounds 3.2b-3.20.

To a suspension of 4-(trifluoromethyl)benzenesulfonohydrazide (1.0 equiv.) in
ethanol (0.8 M), the corresponding aldehyde (1.0 equiv.) was added portionwise and
the reaction mixture was stirred at room temperature for 3-16 hours. In case a solid

crashed out of the solution, it was filtered, washed with pentane and dried to afford
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the desired aryl sulfonylhydrazone. For those compounds that did not precipitate,
the solvent was removed under reduced pressure and the obtained solid was
washed with pentane, filtered and dried to afford the desired aryl
sulfonylhydrazone. For all newly reported benzenesulfonyl hydrazones see
characterization data section. Aliphatic Sulfonyl Hydrazones 3.2p-3.2t were
prepared in accordance with a literature procedure and used without any further

purification.

3.5.2.4 General procedure 3.2. Preparation of NHPI Redox Active Esters 3.1a-
u, 3.1aa-af.

To a vigorous stirring solution of carboxylic acid (2.0-30 mmol, 1.0 equiv.), 4-
dimethylaminopyridine (0.1 equiv.) and N-hydroxyphthalimide (1.0 equiv.) in
CHzClz (0.3 M), N,N’-Diisopropylcarbodiimide (1.0 equiv.) was added dropwise.
Then, the reaction mixture was stirred overnight at room temperature. Upon
completion, the mixture was filtered, and the solvent was removed under reduced
pressure. Purification via silica gel column chromatography afforded the desired
product. For all newly reported redox-active esters see section 10.2 for
characterization data. RAEs 3.1v, 3.1z were prepared in accordance with literature

procedures.

3.5.2.5 General procedure 3.3. Photochemical radical addition to
benzenesulfonyl hydrazones and subsequent fragmentation of the
benzenesulfonyl hydrazide.

In a typical experiment, to an oven-dried 7 mL vial equipped with a stirring bar were
added 4-(trifluoromethyl)sulfonyl hydrazone (0.300 mmol, 1 equiv.), redox active
ester (0.300 mmol, 1.0 equiv.), Hantzsch ester (114 mg, 0.450 mmol, 1.5 equiv.) and
EYNa:z (20.8 mg, 10 mol%).and the vial was sealed with a rubber septum.
Subsequently, dry and degassed dichloromethane (3 mL) was added under N2
atmosphere (0.1 M). The vial was stirred and irradiated in the UFO photochemical
reactor for 12 h. The temperature was maintained at 30 °C during the course of the
reaction. The oven-dried 30 mL vial equipped with a stirring bar was irradiated
using the photoreactor described below. A 40W Kessil PR160L-456 nm was used as
LED lamp, while the temperature was maintained around 30 °C via a fan positioned

under the reactor. The assembled set-up was placed behind UV-light shielding
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amber acrylic for all duration of the reaction. 4 vials can be irradiated

simultaneously to ensure a productivity of 4 mmol scale on a per-reactor basis.

Figure ES3.1: Photoreactor used for the optimization and scope.

Then, the vial was removed from the photochemical reactor and the solvent was
evaporated under reduced pressure. The obtained crude mixture was then
dissolved in 3 mL of ethanol (0.1 M), TEA was added (3.0 equiv., 0.9 mmol, 125 pL)
and the vial was placed in an oil bath at 80° C for 1 h. The reaction mixture was
cooled to r.t. and the solvent was removed under reduced pressure. The obtained
crude was diluted with diethyl ether and washed with 1 M HCl. The combined
organic layers were dried over Naz2S0s, filtered and the solvent was removed under
reduced pressure. The crude reaction mixture was then purified by flash column

chromatography on silica gel.

3.5.2.6 General procedure 3.4. Scale-up on the synthesis of 3.3 in flow.

In a typical experiment, to an oven-dried 7 mL vial equipped with a stirring bar were
added 4-(trifluoromethyl)sulfonyl hydrazone 3.2a (65 mg, 0.20 mmol, 1 equiv.),
3.1a (72 mg, 0.20 mmol, 1.0 equiv.), Hantzsch Ester (76 mg, 0.30 mmol, 1.5 equiv.)

and the indicated PC (10 mol% or 1 mol%).and the vial was sealed with a rubber
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septum. Subsequently, dry and degassed solvent was added under N2 atmosphere,
and the corresponding solution was taken up with a syringe. Finally, the syringe was
mounted on a syringe pump and pushed into a Vapourtec UV-150 equipped blue
LEDs (1 =450 nm, 60 W) for the required residence time. The outflow was collected
in a 10 mL round-bottom flask. Then, the solvent was evaporated under reduced
pressure. The obtained crude mixture was dissolved in 2 mL of ethanol (0.1 M), TEA
was added (3.0 equiv.) and the vial was placed in an oil bath at 80° C for 1 h. The
reaction mixture was cooled to r.t. and the solvent was removed under reduced
pressure. The obtained crude was diluted with diethyl ether and washed with 1 M
HCl. The combined organic layers were dried over Na2S0s4, filtered and the solvent
was removed under reduced pressure. The final crude reaction mixture was

analyzed via 1H-NMR using trichloroethylene as external standard.

3.5.2.7 General procedure 3.5. Solid Phase Synthesis of Peptides and
Purification.

The peptides were synthesized via Fmoc solid-phase peptide synthesis using a
Biotage® Initiator+ AlstraTM automated peptide synthesizer. Peptide syntheses
were monitored by reversed-phase (RP) UPLC-MS. Analytical RP-UPLC-MS was
performed on a Waters Acquity UPLC system (PDA, sample manager, sample
organizer, column oven modules) and Waters SQD2 mass spectrometer using the
following column: Waters Acquity CSH C18 column, 1304, 1.7 um, 50 x 2.1 mm at a
flow rate of 0.5 mL/min at 45 °C.

Alinear gradient of mobile phase: A=H20 + 10 mM formic acid, 1 mM ammonia and
0.03% TFA and B=acetonitrile/H20 95/5 v/v + 10 mM formic acid, 1 mM ammonia
and 0.03% TFA was used with detection from 210 - 350 nm.

High resolution mass spectra of the purified peptides (HRMS) were collected using
a Water Synapt G2Si QTOF Mass Spectrometer. Column: Aquity UPLC CSH C19 100
mm x 2.1 mm, 1.7 pm particles. Mobile Phases: 1mM ammonium formate, 10 mM
formic acid, 0.03 % TFA, pH=3, in MilliQ (A) and MeCN (B), respectively. Flow Rate:

0.5 mL/min. Purity: Relative absorbance at 214 nm.

Water was purified using a Millipore MilliQ water purification system. Peptides

were synthesized using standard Fmoc SPPS. Fmoc-amino acids were purchased
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from Chem-Impex International, Inc., with the following side-chain protection:
Fmoc-Arg(Pbf)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Cys(Trt)-OH,
Fmoc-GIn(Trt)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-His(Trt)-OH, Fmoc-Lys(Boc)-OH,
Fmoc-Ser(tBu)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Trp(Boc)-OH, Fmoc-Tyr(tBu)-OH
amd Fmoc-(D)-Phe-OH. Oxyma was purchased from Chem-Impex International, Inc.,
DIPEA and FITC from Sigma-Aldrich. Acetic anhydride was purchased from Acros

Organics.

Peptide synthesis

General Protocol for SPPS. The peptides were synthesized via Fmoc solid-phase
peptide. The peptide chains were then assembled following method A and then N-
terminal acetylation was performed according to method B before being cleaved

from the resin, deprotected according to method C and purified.

Method A: Automated Fmoc SPPS, Biotage® Initiator+ AlstraTM automated
microwave peptide synthesizer. Rink Amide MBHA resin (final loading 0.77
mmol/g) was swollen in CH2Clz for 10 min and then the solvent was drained. The
Fmoc N-protecting group was removed with 20% piperidine in DMF (2 x 5 min) at
room temperature. The amino acids (4 equiv.) dissolved in DMF (0.2 M) were
repeatedly coupled with DIC (4 equiv.) in DMF (2 M) and OXYMA (4 equiv.) in DMF
(0.5 M) at 40 degrees for 10 min. Washing of the resin between the coupling steps
was performed with EtOAc.DMSO (9:1). The resin was finally washed with CH2Cl2 (2
x 5 mL).

Method B: Acetylation of the N terminal position. After the final Fmoc
deprotection, the resin was swollen with CH2Cl2 (2 x 5 mL) and drained. A solution
of NMP: acetic anhydride: 2,6 Lutidine 90:5:5, (9 mL) was added to the resin and
stirred at room temperature for 60 min before the mixture was drained. This
procedure was repeated twice, and the resin was washed with DMF (3 x 5 mL) and

CH2Cl2 (3 x 5 mL).

Method C: Cleavage from resin/side-chain deprotection. A solution of

TFA/water/DODT/TIS 90:2.5:2.5:5 (10 mL) was added to the dry resin. The
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reaction mixture was shaken at room temperature for 2 h. The resin was rinsed with
TFA (2 x 0.3 mL) and the TFA solution collected in a flask and concentrated under
reduced pressure to reduce the total volume. The solution was then poured in cold
diethyl ether. The precipitated peptide was centrifuged, and the crude peptide was

lyophilized from acetonitrile-water.

General method for Alloc deprotection
The resin bound peptide was suspended in anhydrous CH2Clz followed by the

addition of phenylsilane (25 equiv.) and Pd[(CeHs)3P]4 (0.25 equiv.) and the
suspension was shaken for 1 h followed by removal of the liquid and the addition of
fresh reagents. After 1 h, the peptidyl resin was drained and washed with CH2Clz (3
x 5mL), DMF (3 x5 mL).

Synthetic Route to Peptide 3.P0
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FmocHN-@) TMoSPPS_ NJL JL J\[rN—. _bem.rt.th NJL JL J\[rN—.
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Figure ES3.2: Synthesis of peptide 3.PO.
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Figure ES3.3. Synthesis of peptide 3.P1.
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Figure ES3.4: UPLC-MS Trace of the resin-bound crude peptide 3.P1. Analyzed by cleavage
of a fraction of resin beads by treatment with TFA/DODT/Water/TIS (90: 2.5: 2.5: 5, v/Vv)
for 1 h at rt. Conditions: (3 to 43 % B over 10 min).

Synthetic Route to Peptide 3.P2.

Iterative
Fmoc-SPPS
_—

28 steps

FmocHN-@

Pd(PPh3)
4PhSiH;
CH,Cly, rt, 1h
_

PyBOP
DIPEA
DMF, rt, 3h

[o]
CRLOM
NH,
€] FA

L-Proline

Pd(PPh3),
PhSiH3

CH.Cly, 1t, 1h
_—

Me. o Me
o M
SRy °
e 1
Me._Me HNg NH Me
Me
Me HN—@®
Me N\ )<l\'c|e NH MEM
N e o (o]
H H no 9 H ooy
Achn M N AN AN N\)LN/\n,N\)LD
POH P OH H H
o~ 0o~ ° ° 2
)<Me )<Me NBoc
Me’ Me Me’ Me o” ™o
NHBoc
(
o,
2
o:?
HNs NH
HN—@
o NH
N=\J< /g’&
N [o} o
1 H n 9 v 9 w0 Y™
Achn I N\)LH NI AN N N\)LH/\H,N\)LD
o~ o~ ° ° =
P G
HO" Yo
NHBoc
o
o
O\JSI
HN < NH
HN—@
o NH
N:\N)< /g&
o
] H H \H ] H v 9 Oy-tH
Y Y e Y
J o_/ o o o X
k& 2
o
. NHBoc
" O
=
o
I
o,
o
0¢$
HN o NH
HN—®
o NH
.y L
N o 0
o Y~ o u © Yy o w © w © N-NH
AcHN\:)vLN N\=)LN N\:)LN N AL N\:)LN/\rrN\)LD
B N R I N B H O & H
o o £ “ "NBoc
/i\ /i\ N0
NHBoc

3.P2

Figure ES3.5: Synthesis of peptide 3.P2.
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Figure ES3.6: UPLC-MS Trace of the resin-bound crude peptide 3.P2. Analyzed by
cleavage of a fraction of resin beads by treatment with TFA/DODT/Water/TIS (90:
2.5:2.5:5,v/v) for 1 h at rt. Conditions: (3 to 43 % B over 4 min).

3.5.2.8 General procedure 3.6. Synthesis of Redox Active Esters (RAEs) on
resin.

The resin-bound peptide (30 pmol), N-hydroxyphthalimide (NHPI) (98 mg, 0.6
mmol, 20.0 equiv.) and DMAP (7.3 mg, 0.06 mmol, 2.0 equiv.) were added to the the
fritted syringe. Then, a solution of DIC (94 pL, 0.6 mmol, 20.0 equiv.) in dry DMF (25-
50 mM concentration with respect to the resin-bound peptide) was withdrawn with
the syringe containing the solids. The syringe containing the resin and all the
activating agents was capped, sealed with Teflon tape, located in a plastic casing.
Then, was placed in a falcon tube containing water and agitated on a orbital shaker
at the indicated temperature for 2h. The activation solution was then drained, and

the resin washed with dry DMF (5 x 3 mL), dry CH2Clz2 (3 x 5 mL).

Figure ES3.7: Graphical procedure for the synthesis of redox active esters on resins.
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3.5.2.9 General procedure 3.7. On resin photochemical radical addition to
Aryl Sulfonyl Hydrazones 3.2a and 3.2b.

After the activation step (general procedure 3.6), the resin-bound peptide was
subjected to the photochemical coupling without any purification. After drying, the
resin (30 umol, 1 equiv.) was transferred to an oven-dried 7 mL vial equipped with
a stirring bar. Then, 4-(trifluoromethyl) sulfonyl hydrazone 3.2a or 3.2b (29 mg, 90
umol, 3 equiv.), Hantzsch Ester (34 mg, 135 umol, 4.5 equiv.) and EYNaz (6.2 mg, 9
umol, 0.3 equiv.) were added. The vial was sealed and 90 pL of dry CH2Clz were
added (33 mM concentration in respect to the resin bound peptide) and stirred for

12h in the Blue Box photochemical reactor.

Reactions for the On Resin Photochemical LSF of peptides carried out in AstraZeneca
were irradiated using the photoreactor described below. A 40W Kessil PR160L-456
nm was used as LED lamp, while the temperature was maintained below 30 °C via a
fan positioned under the reactor. The assembled set-up was placed behind UV-light

shielding amber acrylic for all duration of the reaction.

Then, the suspension containing the resin-bound peptide was transferred to a
frittered syringe, drained and washed with DMF (5 x 3 mL) and CH2Clz (5 x 3 mL).
After drying the resin, it was transferred to a falcon tube and a 90 mL (1:1 v:v)
solution of EtOH-DMF was added (33 mM final concentration) followed by the
addition of TEA (38 pL, 9 equiv., 270 pumol). The tube was closed and agitated on a
orbital shaker for 2 h at 80 ° C degrees. Next, the solution was transferred to a
frittered syringe, and the resin was drained, washed with dry DMF (5 x 3 mL) and
dry CH2Cl2 (5 x 3 mL). The reaction was analyzed by cleavage of a fraction of resin
beads by treatment with TFA/DODT/Water/TIS (90: 2.5: 2.5: 5,v/v) for 1 hatrtand
analysis by UPLC-MS.
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Figure ES3.8: Graphical procedure for the photochemical step on resin.

3.5.2.10 General procedure 3.8. Scale-up of the C1 homologation process in
flow.

In a typical experiment, to an oven-dried 7 mL vial equipped with a stirring bar were
added 4-(trifluoromethyl)sulfonyl hydrazone 3.2a (65 mg, 0.20 mmol, 1 equiv.),
3.1a (72 mg, 0.20 mmol, 1.0 equiv.), Hantzsch Ester (76 mg, 0.30 mmol, 1.5 equiv.)
and the indicated PC (10 mol% or 1 mol%).and the vial was sealed with a rubber

septum. Subsequently, dry and degassed solvent was added under N2 atmosphere,
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and the corresponding solution was taken up with a syringe. Finally, the syringe was
mounted on a syringe pump and pushed into a Vapourtec UV-150 equipped blue
LEDs (1 =450 nm, 60 W) for the required residence time. The outflow was collected
in a 10 mL round-bottom flask. Then, the solvent was evaporated under reduced
pressure. The obtained crude mixture was dissolved in 2 mL of ethanol (0.1 M), TEA
was added (3.0 equiv.) and the vial was placed in an oil bath at 80° C for 1 h. The
reaction mixture was cooled to r.t. and the solvent was removed under reduced
pressure. The obtained crude was diluted with diethyl ether and washed with 1 M
HCL The combined organic layers were dried over Na2SO0s, filtered and the solvent
was removed under reduced pressure. The final crude reaction mixture was

analyzed via TH-NMR using trichloroethylene as external standard.

Figure ES3.9. Photochemical step of the C1 homologation in Flow (450 nm, Vapourtec
reactor). Thermal cleavage step in batch (80 * C).
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3.5.3 Characterization data.

.NHSO,Ar
CN N

<
N'-(2-cyanobenzylidene)-4-(trifluoromethyl)benzenesulfonohydrazide
(3.2d).
Prepared according to GP1 using 4-(trifluoromethyl)benzenesulfonohydrazide (480
mg, 2.0 mmol, 1.0 equiv.) and 2-formylbenzonitrile (262 mg, 2.0 mmol, 1.0 equiv.).
Isolated as a pale brown solid after filtration (1.53 mmol, 77% yield).
3.2d. 'H NMR (400 MHz, DMSO-ds) 6 12.29 (s, 1H), 8.21 (s, 1H), 8.13 (d, / = 8.2 Hz,
2H),8.01 (d,/=8.2 Hz, 2H), 7.87 (dd, ] = 7.9, 4.1 Hz, 2H), 7.73 (t,] = 7.7 Hz, 1H), 7.58
(t,J=7.6 Hz, 1H). 13C NMR (101 MHz, DMSO-ds) & 143.3, 142.6, 135.6, 133.7, 133.5,
132.9 (q,/ = 32.3 Hz), 130.6, 128.3, 126.6 (q, / = 3.7 Hz), 126.4, 123.4 (q, ] = 273.0

Hz), 116.9, 110.3. 1°F NMR (282 MHz, DMSO-ds) 6 -56.98. HRMS (ESI+) (m/z):
[M+H]* calcd. for C1sH10F3N30:2S, 354.0524; found: 354.0515.

.NHSO,Ar
N

Nc\©)
N'-(3-cyanobenzylidene)-4-(trifluoromethyl)benzenesulfonohydrazide
(3.2e). Prepared according to GP1 using 4-
(trifluoromethyl)benzenesulfonohydrazide (480 mg, 2.0 mmol, 1.0 equiv.) and 3-
formylbenzonitrile (262 mg, 2.0 mmol, 1.0 equiv.). Isolated as a white solid after
filtration (600 mg, 85% yield).
3.2e.'H NMR (400 MHz, DMSO-ds) 6 12.06 (s, 1H), 8.13 (d, ] = 8.2 Hz, 2H), 8.00 (dd,
] =5.6,2.8 Hz, 4H), 7.92 (dt, ] = 8.0, 1.4 Hz, 1H), 7.84 (dt,] = 7.9, 1.4 Hz, 1H), 7.59 (¢,
] =7.8 Hz, 1H). 13C NMR (101 MHz, DMSO-ds) 6 145.7, 142.7, 134.7, 133.5, 132.8 (q,
] =32.4 Hz), 130.8, 130.6, 130.1, 128.2, 126.6 (q, ] = 3.9 Hz), 123.4 (q,] = 272.9 Hz),

118.3,112.0. 19F NMR (282 MHz, DMSO-ds) & -61.76. HRMS (FD+) (m/z): [M]* calcd.
for C1sH10F3N302S, 353.0446; found: 353.0436.
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N'-(4-cyano-2-fluorobenzylidene)-4-
(trifluoromethyl)benzenesulfonohydrazide (3.2f).

Prepared according to GP1 using 4-(trifluoromethyl)benzenesulfonohydrazide (480
mg, 2.0 mmol, 1.0 equiv.) and 3-fluoro-4-formylbenzonitrile (298 g, 2.0 mmol, 1.0
equiv.). [solated as a white solid after filtration (620 g, 84% yield).

3.2f. I1H NMR (300 MHz, DMSO-ds) 6 12.05 (s, 1H), 8.17 - 8.07 (m, 3H), 8.05 - 7.94
(m, 4H), 7.55 (t, / = 9.0 Hz, 1H). 13C NMR (101 MHz, DMSO-ds) 6 163.1 (d, J = 259.2
Hz), 144.8,142.7,133.6 (d,/=9.1 Hz), 132.8 (q, / = 32.3 Hz), 132.4,131.2 (d, /] = 3.4
Hz), 128.3,126.6 (q,/ = 3.8 Hz), 123.4 (q, /= 272.9 Hz), 117.3 (d, /= 20.2 Hz), 113.5,
100.9 (d, /= 16.0 Hz). 1°F NMR (282 MHz, DMSO0-ds) 6 -61.73, -106.35. HRMS (ESI+)
(m/z): [M+H]* calcd. for C1sH9F4N302S, 372.0430; found: 372.0426.

.NHSO,Ar
N

|
MeO,C

((4(trifluoromethyl)phenyl)sulfonyl)hydrazineylidene)methyl) picolinate
(3.2g).

Prepared according to GP1 using 4 (trifluoromethyl)benzenesulfonohydrazide

Methyl (E)-5-((2-

(360 mg, 1.5 mmol, 1.0 equiv.) and methyl 5-formylpicolinate (248 mg, 1.5 mmol,
1.0 equiv.). Isolated as a white solid after filtration (535 mg, 92% yield). 3.2g. 1H
NMR (500 MHz, DMSO-ds) 6 12.25 (bs, 1H), 8.86 (d, /= 2.1 Hz, 1H), 8.21 - 7.93 (m,
7H), 3.87 (s, 3H). 13C NMR (126 MHz, DMSO-ds) 6 164.7, 148.4, 147.9, 144.1, 142.6,
134.6,132.8 (q,/ =32.5 Hz), 132.3,128.2,126.6 (q,/ = 3.8 Hz), 124.9,123.4 (d,] =
272.9 Hz), 52.5. 19F NMR (470 MHz, DMSO-ds) & -61.78. HRMS (ESI+) (m/z):
[M+H]* calcd. for C1sH12F3N304S, 388.0579; found: 388.0571.
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N’-((4-bromopyridin-2-yl)methylene)-4-
(trifluoromethyl)benzenesulfonohydrazide (3.21).

Prepared according to GP1 using 4-(trifluoromethyl)benzenesulfonohydrazide (480
mg, 2.0 mmol, 1.0 equiv.) and 4-bromopicolinaldehyde (372 mg, 2.0 mmol, 1.0
equiv.). [solated as a pale pink solid after filtration (432 mg, 53% yield).

3.2]. TH NMR (400 MHz, DMSO-ds) 6 12.31 (s, 1H), 8.44 (d,J = 5.3 Hz, 1H), 8.12 (d, J
= 8.2 Hz, 2H), 8.02 (d, / = 8.3 Hz, 2H), 7.93 (s, 1H), 7.88 (d, / = 1.9 Hz, 1H), 7.67 (dd, J
= 5.3, 2.0 Hz, 1H). 13C NMR (101 MHz, DMSO-ds) 6 153.6, 150.8, 146.3, 142.6, 132.9
(q, /] = 32.4 Hz), 132.8, 128.2, 127.5, 126.71 (q, J = 3.8 Hz), 123.3 (q, /] = 273.0 Hz)
122.5.19F NMR (282 MHz, DMSO-ds) 6 -61.76. HRMS (ESI+) (m/z): [M+H]* calcd. for
C13H9BrFsN30:2S, 409.9609; found: 409.9593.

.NHSO,Ar
N

Cl

(E)-N'-((2-chloro-4-iodopyridin-3-yl)methylene)-4 (trifluoromethyl)
benzenesulfonohydrazide (3.2m).

Prepared according to GP1 using 4-(trifluoromethyl)benzenesulfonohydrazide
(360 mg, 1.5 mmol, 1.0 equiv.) and 2-chloro-4-iodonicotinaldehyde (401 mg, 1.5
mmol, 1.0 equiv.). Isolated as a white solid after filtration (624 mg, 85% yield).
(3.2m). 'H NMR (400 MHz, DMSO-ds) 6 12.33 (s, 1H), 8.10 (d, / = 8.3 Hz, 2H), 8.02
(d,J=7.9 Hz, 2H), 8.00 - 7.93 (m, 3H). 13C NMR (101 MHz, DMSO-ds) 6 149.5,
148.3,145.9,142.9,134.4,132.9 (q,/ =32 Hz), 131.5, 128.4, 126.6 (q, ] = 4 Hz),
123.4 (q,/ =273 Hz).111.6. 1F NMR (282 MHz, DMSO-ds) 6 -61.70. HRMS (ESI+)
(m/z): [M+H]* calcd. for C13HsCIF3IN302S, 489.9101; found: 489.91009.
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Boc

1-(tert-Butyl) 2-(1,3-dioxoisoindolin-2-yl) (S)-indoline-1,2-dicarboxylate
(3.1¢).

Prepared according to GP2 from (S)-1-(tert-butoxycarbonyl)indoline-2-carboxylic
acid (526 mg, 2.0 mmol, 1.0 equiv.), 2-hydroxyisoindoline-1,3-dione (326 mg, 2
mmol, 1.0 equiv.), N,N-dimethylpyridin-4-amine (24.4 mg, 0.2 mmol, 0.1 equiv.) and
diisopropylmethanediimine (313 pL, 2.0 mmol, 1.0 equiv.). Purified via flash column
chromatography on silica gel (from Heptane to Heptane:Ethyl Acetate 3:1) to afford
the product as a white solid (768 mg, 94% yield).

3.1c. 'H NMR (500 MHz, CDCls) 6 7.98 - 7.78 (m, 5H), 7.32 - 7.19 (m, 2H), 7.03 (t,J
=7.5Hz, 1H), 5.26 (dd, /= 11.8, 4.5 Hz, 1H), 3.77 (dd, /] = 16.8, 11.8 Hz, 1H), 3.57 (dd,
J=16.9, 4.6 Hz, 1H), 1.65 (s, 9H). 13C NMR (126 MHz, CDCI3) § 168.5, 161.7, 151.2,
142.2,135.0, 128.9, 128.2, 127.3, 124.7, 124.1, 123.0, 114.8, 82.8, 58.5, 33.1, 28.1.
HRMS (ESI+) (m/z): [M+H]* calcd. for C22H20N20¢, 409.1400; found: 409.1401

O o O'Bu

N=-0O NHBoc

o

1, 3-Dioxoisoindolin-2-yl (S)-2-((tert-butoxycarbonyl)amino)-3-(thiophen-2-
yl) propanoate (3.1e).

Prepared according to GP2 from  3-(4-(tert-butoxy)phenyl)-2-((tert-
butoxycarbonyl)amino)propanoic acid (1.69 g 5.0 mmol, 1.0 equiv.), 2-
hydroxyisoindoline-1,3-dione (816 mg, 5.0 mmol, 1.0 equiv.), N,N-dimethylpyridin-
4-amine (61.1 mg, 0.5 mmol, 0.1 equiv.) and diisopropylmethanediimine (783 pL,
5.0 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel (from
Pentane:Ethyl Acetate 20:1 to 3:1) to afford the product as a white solid (1.95 g, 81%
yield).

3.1e. 'H NMR (400 MHz, CDCl3) § 7.88 (dd, J = 5.5, 3.1 Hz, 2H), 7.78 (dd, / = 5.5, 3.1
Hz, 2H), 7.20 (d, ] = 8.4 Hz, 2H), 6.95 (d, J = 8.5 Hz, 2H), 5.08 - 4.57 (m, 2H), 3.38 -
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3.03 (m, 2H), 1.41 (s, 9H), 1.32 (s, 9H). 13C NMR (101 MHz, CDCl3) § 168.8, 161.5,
154.8, 134.9, 130.3, 129.6, 128.9, 124.3, 124.1, 80.5, 78.5, 52.8, 37.7, 28.9, 28.3.
HRMS (ESI+) (m/z): [M+H]* calcd. for C26H30N207, 483.2131; found: 483.2134.

S
O>\"" \ |

N-0 NHBoc

o

1, 3-Dioxoisoindolin-2-yl (S)-2-((tert-butoxycarbonyl)amino)-3-(thiophen-2-
yl)propanoate (3.1f).

Prepared according to GP2 from (S)-2-((tert-butoxycarbonyl)amino)-3-(thiophen-
2-yl)propanoic acid (543 mg, 2.0 mmol, 1.0 equiv.), 2-hydroxyisoindoline-1,3-dione
(326 mg, 2.0 mmol, 1.0 equiv.), N,N-dimethylpyridin-4-amine (24.4 mg, 0.2 mmol,
0.1 equiv.) and diisopropylmethanediimine (313 pL, 2.0 mmol, 1.0 equiv.). Purified
via flash column chromatography on silica gel (from Pentane:Ethyl Acetate 10:1 to
2:1) to afford the product as a white solid (566 mg, 68% yield).

3.1f.1H NMR (400 MHz, CDCls) 6 7.87 (dd, J = 5.5, 3.1 Hz, 2H), 7.78 (dd, ] = 5.6, 3.1
Hz, 2H), 7.20 (d, /= 5.1 Hz, 1H), 7.07 (d, / = 3.5 Hz, 1H), 6.98 (dd, J = 5.2, 3.5 Hz, 1H),
5.21 - 4.61 (m, 2H), 3.65 - 3.23 (m, 2H), 1.44 (s, 9H). 13C NMR (101 MHz, CDCI3) &
168.3,161.5, 154.7, 136.1, 135.0, 128.8, 127.7, 127.4, 125.3, 124.1, 80.7, 52.8, 32.4,
28.3. HRMS Failed to find the mass due to instability of the NHPI redox active ester.

3o
o o
oy

1,3-Dioxoisoindolin-2-yl (tert-butoxycarbonyl)-L-methionyl-L-prolinate
(3.1¢).

Prepared according to GP2 from (tert-butoxycarbonyl)-L-phenylalanyl-L-
prolineproline (1.14 g, 1.0 mmol, 1.0 equiv.), 2-hydroxyisoindoline-1,3-dione (163
mg, 1.0 mmol, 1.0 equiv.), N,N-dimethylpyridin-4-amine (12.2 mg, 0.1 mmol, 0.1
equiv.) and diisopropylmethanediimine (157 pL, 1.0 mmol, 1.0 equiv.). Purified via

126



flash column chromatography on silica gel (Dichloromethane:MeOH 95:5 to 90:10)
to afford the product as a white solid (238 mg, 47% yield).

3.1t. 1H NMR (400 MHz, CDCls) 6 7.35 (dd, J = 5.5, 3.1 Hz, 2H), 7.26 - 7.20 (m, 2H),
6.72 - 6.57 (m, 5H), 4.84 (d, / = 8.9 Hz, 1H), 4.30 (dd, J = 8.6, 4.6 Hz, 1H), 4.08 (t,] =
7.8 Hz, 1H), 3.05 (dt, J = 9.8, 7.3 Hz, 1H), 2.57 - 2.45 (m, 2H), 2.39 (dd, J = 13.6, 6.3
Hz, 1H), 1.85 - 1.63 (m, 2H), 1.50 - 1.38 (m, 2H), 0.84 (s, 9H). 13C NMR (101 MHz,
CDCl3) 6 171.2, 168.4, 161.7, 155.4, 136.3, 134.9, 129.8, 129.1, 128.6, 126.9, 124.2,
79.9, 57.1, 53.6, 46.8, 39.5, 29.5, 28.5, 25.1. HRMS (ESI+) (m/z): [M+H]* calcd. for
C27H29N307, 508.2084; found: 508.2081

0 0\\1,‘,.(:)
N-O

PN
0  Os_NH
>rj’/

1,3-Dioxoisoindolin-2-yl(tert-butoxycarbonyl)-L-methionyl-L-prolinate
(3.1u).
Prepared according to GP2 from (tert-butoxycarbonyl)-L-methionyl-L-proline (1.14
g, 3.3 mmol, 1.0 equiv.), 2-hydroxyisoindoline-1,3-dione (537 mg, 3.3 mmol, 1.0
equiv.), N,N-dimethylpyridin-4-amine (40.2 mg, 0.33 mmol, 0.1 equiv.) and
diisopropylmethanediimine (510 pL, 3.3 mmol, 1.0 equiv.). Purified via flash column
chromatography on silica gel (gradient from Dichloromethane:MeOH 100:0 to 98:2)
to afford the product as a yellow solid (924 mg, 57% yield).
3.1u. 'H NMR (400 MHz, CDCl3) 6 7.86 (dd, J = 5.5, 3.1 Hz, 2H), 7.78 (dd, ] = 5.5, 3.1
Hz, 2H), 5.41 (d,/ = 8.9 Hz, 1H), 4.89 (dd, ] = 8.6, 4.8 Hz, 1H), 4.69 - 4.56 (m, 1H), 3.89
-3.71 (m, 2H), 2.56 (t, ] = 7.2 Hz, 2H), 2.49 - 2.28 (m, 2H), 2.27 - 2.07 (m, 2H), 2.06
(s, 3H), 2.05 - 1.96 (m, 1H), 1.94 - 1.81 (m, 1H), 1.41 (s, 9H). 13C NMR (101 MHz,
CDCls) 6 171.3,168.5, 161.6, 155.7, 134.9, 129.0, 124.1, 80.0, 57.0, 51.0, 47.1, 32.4,

29.9, 29.4, 28.4, 25.2, 15.7. HRMS (ESI+) (m/z): [M+H]* calcd. for C23H29N307S,
492.1804; found: 492.1794.

127



NBoc

OO0
S A M)
(/ N-O N
Boc'
(0]

1,4-Di-tert-butyl 2-(1,3-dioxoisoindolin-2-yl) piperazine-1,2,4-tricarboxylate
(3.1ab). Prepared according to GP2 from 1,4-bis(tert-butoxycarbonyl)piperazine-
2-carboxylic acid (1.35 g, 4.1 mmol, 1.0 equiv.), 2-hydroxyisoindoline-1,3-dione
(667 mg, 4.1 mmol, 1.0 equiv.), N,N-dimethylpyridin-4-amine (50.0 mg, 0.41 mmol,
0.1 equiv.) and diisopropylmethanediimine (633 pL, 4.1 mmol, 1.0 equiv.). Purified
via flash column chromatography on silica gel (gradient Dichloromethane:Diethyl
Ether) to afford the product (mixture of rotamers) as a white solid (856 mg, 44%
yield).

3.1ab. 'H NMR (400 MHz, CDCl3) 8§ 7.89 - 7.81 (m, 2H), 7.81 - 7.73 (m, 2H), 5.21 &
4.97 (rotameric m, 1H), 4.79 - 4.54 (m, 1H), 4.25 - 3.76 (m, 2H), 3.37 - 3.12 (m, 2H),
3.10 - 2.69 (m, 1H), 1.54 - 1.40 (m, 18H). 13C NMR (101 MHz, CDCl3) § 167.2 & 166.9
(rotameric signals), 161.3, 155.0 & 154.7 (rotameric signals), 154.2, 134.9, 129.0,
124.0, 81.9, 80.8, 53.7 & 52.4 (rotameric signals), 44.3 & 43.4 (rotameric signals),
42.2 & 41.7 (rotameric signals), 40.4, 28.3, 28.1. HRMS (ESI+) (m/z): [M+H]* calcd.
for C23H29N30s, 476.2033; found: 476.2036.
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2-(tert-Butyl) 3-(1,3-dioxoisoindolin-2-yl) (S)-3,4-dihydroisoquinoline-
2,3(1H)-dicarboxylate (3.1ac).

Prepared according to GP2 from (S)-2-(tert-butoxycarbonyl)-1,2,3,4-
tetrahydroisoquinoline-3-carboxylic acid (1.14 g, 4.1 mmol, 1.0 equiv.), 2-
hydroxyisoindoline-1,3-dione (667 mg, 4.1 mmol, 1.0 equiv.), N,N-dimethylpyridin-
4-amine (50.0 mg, 0.41 mmol, 0.1 equiv.) and diisopropylmethanediimine (633 pL,
4.1 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(gradient Dichloromethane:Diethyl Ether) to afford the product (mixture of
rotamers) as a white solid (814 mg, 47% yield).
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3.1ac. 'H NMR (400 MHz, CDCls) 6 7.88 - 7.78 (m, 2H), 7.78 - 7.69 (m, 2H), 7.33 -
7.10 (m, 4H), 5.54 & 5.10 (rotameric t, Jminor = 4.8 HZ, Jmajor = 5.7 Hz, 1H), 4.81 - 4.58
(m, 2H), 3.45 - 3.27 (m, 2H), 1.57 - 1.52 (m, 9H). 13C NMR (101 MHz, CDCl3) § 168.9
& 168.3 (rotameric signals), 161.6 & 161.5 (rotameric signals), 155.0 & 154.5
(rotameric signals), 134.9 & 134.8 (rotameric signals), 134.4 & 132.8 (rotameric
signals), 131.7 & 131.2 (rotameric signals), 129.0 & 128.8 (rotameric signals), 128.0,
127.5 & 127.2 (rotameric signals), 127.5 & 127.1 (rotameric signals), 126.4 & 126.3
(rotameric signals), 124.0, 82.0 & 81.4 (rotameric signals), 53.4 & 51.6 (rotameric
signals), 44.7 & 44.1 (rotameric signals), 32.2 & 31.5 (rotameric signals), 28.5 & 28.3
(rotameric signals). HRMS Failed to find the mass due to instability of the NHPI

redox active ester.
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2-(tert-Butyl)3-(1,3-dioxoisoindolin-2-yl)(1R,3S,4S)-2-azabicyclo[2.2.1]-
heptane-2,3-dicarboxylate (3.1ad).
Prepared according to GP2 from (1R,3S,4S)-2-(tert-Butoxycarbonyl)-2-
azabicyclo[2.2.1]heptane-3-carboxylic acid (1.00 g, 4.1 mmol, 1.0 equiv.), 2-
hydroxyisoindoline-1,3-dione (667 mg, 4.1 mmol, 1.0 equiv.), N,N-dimethylpyridin-
4-amine (50.0 mg, 0.41 mmol, 0.1 equiv.) and diisopropylmethanediimine (633 pL,
4.1 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(gradient Dichloromethane:Diethyl Ether) to afford the product (mixture of
rotamers) as a pale brown solid (1.33 mg, 83% yield).
3.1ad. 'H NMR (400 MHz, CDCl3) § 7.91 - 7.83 (m, 2H), 7.82 - 7.73 (m, 2H), 4.40 &
4.24 (rotamerics, 1H), 4.22 & 4.10 (rotamerics, 1H), 3.05 - 2.97 (m, 1H), 2.05 - 1.96
(m, 1H), 1.92 - 1.74 (m, 2H), 1.74 - 1.51 (m, 2H), 1.48 & 1.46 (rotameric s, 9H), 1.44
-1.33 (m, 1H). 13CNMR (101 MHz, CDCI3) 6 167.6 & 167.5 (rotameric signals), 161.8
& 161.7 (rotameric signals), 154.1 & 153.0 (rotameric signals), 134.9 & 134.8
(rotameric signals), 129.1 & 129.0 (rotameric signals), 124.1 & 124.0 (rotameric
signals), 81.1 & 80.4 (rotameric signals), 62.4 & 62.2 (rotameric signals), 57.7 & 56.5
(rotameric signals), 43.6 & 42.7 (rotameric signals), 35.9 & 35.1 (rotameric signals),
30.6 & 30.3 (rotameric signals), 28.5 & 28.3 (rotameric signals), 28.0 & 27.7
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(rotameric signals). HRMS (ESI+) (m/z): [M+H]* calcd. for C20H22N20¢, 387.1556;
found: 387.1554.

1,3-Dioxoisoindolin-2-yl-1-((tert-butoxycarbonyl)amino)cyclohexane-1-
carboxylate (3.1ae).

Prepared according to GP2 from 1-((tert-butoxycarbonyl)amino)cyclohexane-1-
carboxylic acid (1.00 g, 4.1 mmol, 1.0 equiv.), 2-hydroxyisoindoline-1,3-dione (667
mg, 4.1 mmol, 1.0 equiv.), N,N-dimethylpyridin-4-amine (50.0 mg, 0.41 mmol, 0.1
equiv.) and diisopropylmethanediimine (633 uL, 4.1 mmol, 1.0 equiv.). Purified via
flash column chromatography on silica gel (gradient Dichloromethane:Diethyl
Ether) to afford the product as a white solid (1.12 g, 70% yield).

3.1ae. 'H NMR (400 MHz, CDCI3) 6 7.85 (dd, /= 5.5, 3.1 Hz, 2H), 7.76 (dd, ] = 5.5, 3.1
Hz, 2H), 4.94 (s, 1H), 2.20 - 2.02 (m, 4H), 1.77 - 1.64 (m, 2H), 1.64 - 1.55 (m, 2H),
1.51 (s, 9H), 1.46 - 1.32 (m, 1H). 13C NMR (101 MHz, CDCl3) § 170.8, 161.9, 154.5,
134.7, 129.2, 123.9, 80.8, 58.5, 33.3, 28.3, 25.2, 21.2. HRMS (ESI+) (m/z): [M+H]*
calcd. for C20H24N206¢, 389.1713; found: 389.1705.

1,3-Dioxoisoindolin-2-yl-(S)-2-((tert-butoxycarbonyl)amino)pent-4-enoate
(3.1af). Prepared according to GP2 from (S)-2-((tert-butoxycarbonyl)amino)pent-
4-enoic acid (431 mg, 2.0 mmol, 1.0 equiv.), 2-hydroxyisoindoline-1,3-dione (326
mg, 2 mmol, 1.0 equiv.), N,N-dimethylpyridin-4-amine (24.4 mg, 0.2 mmol, 0.1
equiv.) and diisopropylmethanediimine (313 pL, 2.0 mmol, 1.0 equiv.). Purified via
flash column chromatography on silica gel (from Heptane to Heptane:Ethyl Acetate
6:1) to afford the product (mixture of rotamers) as a white solid (504 mg, 70%
yield).

3.1af. 1H NMR (500 MHz, CDCl3) 6 7.88 (dd, ] = 5.5, 3.1 Hz, 2H), 7.79 (dd, /= 5.5, 3.1
Hz, 2H), 5.92 - 5.80 & 5.78 - 5.69 (rotameric m, 1H), 4.85 - 4.77 (m, 4H), 2.76 - 2.70
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& 2.63 - 2.47 (rotameric m, 2H), 1.54 - 1.36 (m, 9H).13C NMR (126 MHz, CDCIs) &
168.88, 161.60, 154.93, 134.98, 131.24, 128.96, 124.15, 120.70, 82.19 & 80.72
(rotameric signals), 52.77 & 51.45 (rotameric signals), 36.98 & 36.33 (rotameric
signals), 28.38 & 28.12 (rotameric signals). HRMS Failed to find the mass due to
instability of the NHPI redox active ester.
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tert-Butyl 2-(2-ethoxy-2-oxoethyl)pyrrolidine-1-carboxylate (3.3).

Prepared according to GP3 from 3.1a (108 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(Pentane:Ethyl Acetate 40:1) to afford the product (mixture of rotamers) as a
colorless oil (62 mg, 80% yield).

Flow reaction: An oven dried 250 mL Schlenk flask, equipped with a magnetic
stirring bar, was charged 4-(trifluoromethyl)sulfonyl hydrazone 3.2a (1.30 g, 4.0
mmol, 1 equiv.), 3.1a (1.44 g, 4.0 mmol, 1.0 equiv.), hantzsch ester (1.52 g, 6.0 mmo],
1.5 equiv.) and Ru(bpy)3(PFs)2 (34 mg, 0.04 mmol, 1 mol%) and sealed with a rubber
septum. Subsequently, dry and degassed CH2Cl2 (40 mL) and acetone (40 mL) were
added under nitrogen atmosphere to prepare a 0.05 M solution (both the solvents
were sparged with nitrogen for 20 min before the addition). The solution was taken
up with a 60 mL syringe, mounted on a syringe pump and pushed into a Vapourtec
UV-150 equipped blue LEDs (1 =450 nm, 60 W) for the required residence time. The
outflow was collected in a 250 mL round-bottom flask.Then, the solvent was
evaporated under reduced pressure. The obtained crude mixture was dissolved in
40 mL of ethanol (0.1 M) in a flask equipped with a reflux condenser. TEA was added
(3.0 equiv.) and the vessel was placed under stirring in an oil bath at 80 °C for 1 h
(set-up connected to the schlenk line. The reaction mixture was cooled to r.t. and the
solvent was removed under reduced pressure. The obtained crude was diluted with
diethyl ether and washed with 1 M HCl. The combined organic layers were dried
over NazS0g, filtered and the solvent was removed under reduced pressure. The

residue was purified via flash column chromatography on silica gel (Pentane:Ethyl
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Acetate 30:1) to afford the product as a colorless oil (620 mg 60%
yield).Characterization data are in accordance with literature.

3.3. lTHNMR (400 MHz, CDCl3) & 4.11 (d, J = 7.2 Hz, 3H), 3.42 - 3.23 (m, 2H), 3.01 -
2.70 (m, 1H), 2.28 (dd, J = 15.0, 9.9 Hz, 1H), 2.11 - 1.96 (m, 1H), 1.88 - 1.67 (m, 3H),
1.45 (s, 9H), 1.24 (t, / = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCI3) § 171.7, 154.4, 79.7
& 79.4 (rotameric signals), 60.5, 54.2, 46.7 & 46.3 (rotameric signals), 39.5 & 38.7
(rotameric signals), 31.4 & 30.6 (rotameric signals), 28.6, 23.6 & 22.9 (rotameric

signals), 14.3. o

N

Boc
tert-Butyl 2-(2-ethoxy-2-oxoethyl)piperidine-1-carboxylate (3.4).
Prepared according to GP3 from 3.1b (112 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(from Pentane:Ethyl Acetate 40:1 to 15:1) to afford the product as a colorless oil (63
mg, 77% yield).
3.4.1H NMR (500 MHz, CDCl3) 6 4.68 (d, ] = 8.1 Hz, 1H), 4.10 (q,/ = 7.1 Hz, 2H), 3.97
(d,/=13.2 Hz, 1H), 2.76 (t, ] = 13.3 Hz, 1H), 2.61 - 2.49 (m, 2H), 1.61 (d, / = 12.2 Hz,
4H), 1.54 - 1.35 (m, 11H), 1.23 (t,/ = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCI3) 6 171.5,
154.8, 79.6, 60.6, 48.0, 39.3, 35.4, 28.5, 28.3, 25.4, 19.0, 14.3.
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tert-Butyl 2-(2-ethoxy-2-oxoethyl)indoline-1-carboxylate (3.5).

Prepared according to GP3 from 3.1c (123 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(from Pentane:Ethyl Acetate 20:1 to 10:1) to afford the product as a colorless oil (50
mg, 55% yield).

3.5.1H NMR (500 MHz, CDCl3) 6 7.87 - 7.33 (m, 1H), 7.19 - 7.10 (m, 2H), 6.94 (t,] =
7.5 Hz, 1H), 4.86 - 4.68 (m, 1H), 4.16 - 4.05 (m, 2H), 3.40 (dd, J = 16.4, 9.7 Hz, 1H),
2.94 -2.77 (m, 2H), 2.51 (dd, J = 15.2,9.9 Hz, 1H), 1.57 (s, 9H), 1.22 (t,/ = 7.1 Hz, 3H).
13C NMR (126 MHz, CDCls3) 6 171.2, 152.1, 141.8, 129.8, 127.6, 125.1, 122.7, 115.4,
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81.4, 60.7, 56.2, 39.3, 34.0, 28.6, 14.3. HRMS (GC-FI+) (m/z): [M+H]* calcd. for
C17H23NO04, 305.1627; found: 305.1640.
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Ethyl 3-((tert-butoxycarbonyl)amino)-4-phenylbutanoate (3.6).

Prepared according to GP3 from 3.1d (123 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97.3
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(gradient from Pentane:Ethyl Acetate 98:2 to 90:10) to afford the product as a white
solid (60 mg, 65% yield).

3.6. 1H NMR (400 MHz, CDCl3) 6 7.29 (dd, J = 8.1, 6.6 Hz, 2H), 7.24 - 7.15 (m, 3H),
5.05 (s, 1H), 4.22 - 4.09 (m, 3H), 2.91 (d, J = 6.6 Hz, 1H), 2.81 (dd, J = 13.4, 7.6 Hz,
1H), 2.46 (qd, J = 15.8, 5.7 Hz, 2H), 1.40 (s, 9H), 1.26 (t,/ = 7.2 Hz, 3H). 13C NMR (101
MHz, CDCl3) 6 171.8, 155.2, 137.9, 129.5, 128.6, 126.7, 79.4, 60.7, 49.0, 40.5, 37.9,
28.5, 14.3.
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Ethyl 4-(4-(tert-butoxy)phenyl)-3-((tert-butoxycarbonyl)amino)butanoate
(3.7).

Prepared according to GP3 from 3.1e (145 mg, 0.3 mmol, 1.0 equiv.) and 3.2a
(97.3 mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica
gel (gradient from Pentane:Ethyl Acetate 98:2 to 90:10)) to afford the product as a
white solid (64 mg, 56% yield).

3.7.1H NMR (400 MHz, CDCI3) 6 7.09 - 7.02 (m, 2H), 6.94 - 6.86 (m, 2H), 5.14 - 4.84
(m, 1H), 4.18 - 4.08 (m, 3H), 2.90 - 2.69 (m, 2H), 2.48 (dd, J = 15.7, 5.5 Hz, 1H), 2.40
(dd, J = 15.7, 5.9 Hz, 1H), 1.39 (s, 9H), 1.31 (s, 9H), 1.25 (t, / = 7.1 Hz, 3H). 13C NMR
(101 MHz, CDCl3) 6 171.8, 155.2, 154.1, 132.7, 129.9, 124.3, 79.4, 78.4, 60.7, 49.0,
39.8, 38.0, 28.9, 28.5, 14.3. HRMS (ESI+) (m/z): [M+H]+ calcd. for C21H33NOs,
380.2437; found: 380.2428.
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Ethyl 3-((tert-butoxycarbonyl)amino)-4-(thiophen-2-yl)butanoate (3.8).
Prepared according to GP3 from 3.1f (125 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97.3
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(gradient from Pentane:Ethyl Acetate 98:2 to 90:10) to afford the product as a
colorless oil (32 mg, 34% yield).

3.8. 1H NMR (400 MHz, CDCl3) § 7.16 (dd, J = 5.1, 1.2 Hz, 1H), 6.93 (dd, ] = 5.2, 3.4
Hz, 1H), 6.82 (dd, ] = 3.5, 1.0 Hz, 1H), 5.22 - 4.85 (m, 1H), 4.21 - 4.09 (m, 3H), 3.21 -
2.96 (m, 2H), 2.58 - 2.42 (m, 3H), 1.42 (s, 9H), 1.26 (t,/ = 7.2 Hz, 3H). 13C NMR (101
MHz, CDCls) 6 171.6, 155.2, 139.7, 127.1, 126.4, 124.4, 79.6, 60.8, 48.8, 37.7, 34.3,
28.5, 14.3. HRMS (ESI+) (m/z): [M+H]+ calcd. for C1sH23NO4S, 314.1426; found:
314.1429

-0 o
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1-Benzyl 5-ethyl 3-((tert-butoxycarbonyl)amino)pentanedioate (3.9).
Prepared according to GP3 from 3.1g (141 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(from Pentane:Ethyl Acetate 60:1 to 20:1) to afford the product as a colorless oil (66
mg, 60% yield).
3.9. 1H NMR (400 MHz, CDCl3) § 7.39 - 7.32 (m, 5H), 5.39 - 5.25 (m, 1H), 5.12 (s,
2H), 4.40 - 4.29 (m, 1H), 4.12 (q, /] = 7.1 Hz, 2H), 2.80 - 2.53 (m, 4H), 1.42 (s, 9H),
1.24 (t,/=7.1 Hz, 3H). 13C NMR (101 MHz, CDCI3) 6 171.3,171.2,155.1, 135.7,128.7,
128.5,128.4,79.7,66.7, 60.8, 44.6, 38.3 (2C), 28.5, 14.3. HRMS (ESI+) (m/z): [M+H]*
calcd. for C19H27N20s, 366.1917; found: 366.1929
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Ethyl 3-((tert-butoxycarbonyl)amino)-5-(methylthio)pentanoate (3.10).
Prepared according to GP3 from 3.1h (118 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97.3
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(gradient from Pentane:Ethyl Acetate 98:2 to 90:10) to afford the product as a
colorless oil (42 mg, 48% yield).

3.10.1H NMR (400 MHz, CDClI3) 6 5.16 - 4.70 (m, 1H), 4.11 (q, /= 7.1 Hz, 2H), 4.06 -
3.89 (m, 1H), 2.59 - 2.41 (m, 4H), 2.06 (s, 3H), 1.86 - 1.70 (m, 2H), 1.40 (s, 9H), 1.23
(t,/=7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) § 171.6, 155.4, 79.4, 60.7, 47.0, 39.2,
34.2, 30.8, 28.4, 15.6, 14.3. HRMS (ESI+) (m/z): [M+Na]+ calcd. for C13H25NO4S,
314.1402; found: 314.1400.
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Ethyl 3-((tert-butoxycarbonyl)amino)-4-methylpentanoate (3.11).

Prepared according to GP3 from 3.1i (109 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97.3
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(gradient from Pentane:Ethyl Acetate 98:2 to 90:10) to afford the product as a
colorless oil (44 mg, 56% yield).

3.11. 'H NMR (400 MHz, CDCls) & 4.87 (d, J = 9.7 Hz, 1H), 4.11 (q, ] = 7.1 Hz, 2H),
3.80 - 3.68 (m, 1H), 2.53 - 2.37 (m, 2H), 1.84 - 1.71 (m, / = 7.8, 7.0 Hz, 1H), 1.40 (s,
9H), 1.23 (t, /] = 7.1 Hz, 3H), 0.89 (d, / = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) &
172.0, 155.6, 79.2, 60.6, 53.1, 37.5, 32.0, 28.5, 19.4, 18.6, 14.3. HRMS (FI+) (m/z):
[M]* calcd. for C13H25N0O4, 259.1784; found: 259.1785.
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Ethyl 3-((tert-butoxycarbonyl)amino)butanoate (3.12).
Prepared according to GP3 from 3.1j (100 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97.3

mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
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(gradient from Pentane:Ethyl Acetate 98:2 to 90:10) to afford the product as a
colorless oil (38 mg, 55% yield).

3.12. 'H NMR (400 MHz, CDClI3) 6 4.94 (s, 1H), 4.10 (q, J = 7.1 Hz, 2H), 4.05 (s, 1H),
2.53 - 2.37 (m, 2H), 1.40 (s, 9H), 1.22 (t,/ = 7.1 Hz, 3H), 1.17 (d, ] = 6.7 Hz, 3H). 13C
NMR (101 MHz, CDCl3) 6§ 171.6, 155.2, 79.3, 60.5, 43.6, 40.9, 28.5, 20.5, 14.3.

(o)
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Ethyl 3-((tert-butoxycarbonyl)amino)propanoate (3.13). Prepared according to
GP3 from 3.1k (96 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97 mg, 0.3 mmol, 1.0 equiv.).
Purified via flash column chromatography on silica gel (from Pentane:Ethyl Acetate
10:1 to 5:1) to afford the product as a colorless oil (27 mg, 41% yield).

3.13.1H NMR (400 MHz, CDCl3) 6 5.03 (s, 1H), 4.13 (q,/ = 7.1 Hz, 2H), 3.37 (t,J] = 6.1
Hz, 2H), 2.49 (t, ] = 6.1 Hz, 2H), 1.42 (s, 9H), 1.25 (t, ] = 7.1 Hz, 3H). 13C NMR (101
MHz, CDCl3) 6 172.6, 155.9, 79.4, 60.7, 36.2, 34.8, 28.5, 14.3.

O
OEt
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Ethyl 2-(1-((tert-butoxycarbonyl)amino)cyclopropyl)acetatecarboxylate
(3.14).

Prepared according to GP3 from 3.11 (104 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(Pentane:Ethyl Acetate 10:1) to afford the product as a colorless oil (36 mg, 50%
yield).

3.14. 'H NMR 'H NMR (500 MHz, CDCl3) & 5.23 (s, 1H), 4.14 (q, ] = 7.1 Hz, 2H), 2.53
(s, 2H), 1.41 (s, 9H), 1.25 (t, ] = 7.1 Hz, 3H), 0.89 - 0.80 (m, 2H), 0.74 - 0.63 (m, 2H).
13C NMR (126 MHz, CDCl3) 6 172.2, 155.7, 79.5, 60.5, 41.3, 30.1, 28.5, 14.4, 13.9.
HRMS (GC-FI+) (m/z): [M+H]* calcd. for C12H21NO4, 243.1471; found: 243.1480.
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Ethyl 2-(1-((tert-butoxycarbonyl)amino)cyclobutyl)acetate (3.15). Prepared
according to GP3 from 3.1m (108 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97.3 mg, 0.3
mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel (gradient
from Pentane:Ethyl Acetate 98:2 to 90:10) to afford the product as a colorless oil (45
mg, 58% yield).

3.15. 'H NMR (400 MHz, CDClIs3) 6 5.04 (s, 1H), 4.10 (q, J = 7.1 Hz, 2H), 2.81 (s, 2H),
2.32 - 2.20 (m, 2H), 2.17 - 2.06 (m, 2H), 1.99 - 1.84 (m, 1H), 1.84 - 1.71 (m, 1H),
1.40 (s, 9H), 1.23 (t,/ = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCls) § 171.6, 154.5, 79.2,
60.3, 54.4, 41.6, 33.0, 28.5, 14.8, 14.3. HRMS (ESI+) (m/z): [M+Na]+ calcd. for
C13H23NO04, 280.1525; found: 280.1529.
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Ethyl 2-(1-((tert-butoxycarbonyl)amino)cyclohexyl)acetate (3.16).

Prepared according to GP3 from 3.1ae (117 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(from Pentane:Ethyl Acetate 40:1 to 20:1) to afford the product as a colorless oil (33
mg, 50% yield).

3.16. 'H NMR (400 MHz, CDCI3) & 4.49 (s, 1H), 4.09 (q, J = 7.1 Hz, 2H), 2.72 (s, 2H),
2.05(dd,J=11.1,5.2 Hz, 2H), 1.56 - 1.38 (m, 16H), 1.23 (t,/ = 7.1 Hz, 4H). 13C NMR
(101 MHz, CDCls) 6 171.4, 154.7, 79.0, 60.2, 53.5, 42.8, 35.2, 28.6, 25.6, 21.6, 14.4.
HRMS (ESI+) (m/z): [M+H]* calcd. for C1sH27NOs4, 286.2018; found: 286.2011.

o)

OEt
Boc—-N

tert-Butyl 4-(2-ethoxy-2-oxoethyl)piperidine-1-carboxylate (3.17).
Prepared according to GP3 from 3.1n (112 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97.3

mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
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(gradient from Pentane:Ethyl Acetate 100:0 to 90:10) to afford the product as a pale
yellow oil (34 mg, 42% yield).

3.17. 1H NMR (400 MHz, CDCls) 6 4.10 (p, J = 7.0 Hz, 4H), 2.69 (t, /] = 12.6 Hz, 2H),
2.20 (d,J = 7.1 Hz, 2H), 1.90 (ttt,J=11.1, 7.2, 3.7 Hz, 1H), 1.70 - 1.61 (m, 2H), 1.42
(d,J=0.9 Hz, 9H), 1.23 (t, /= 7.1, 3H), 1.13 (qd, J = 12.4, 4.3 Hz, 2H). 13C NMR (101
MHz, CDCl3) § 172.5, 154.9, 79.4, 60.4, 43.8, 41.2, 33.2, 31.9, 28.5, 14.4.

(o)

N

4
Boc

tert-Butyl 3-(2-ethoxy-2-oxoethyl)piperidine-1-carboxylate (3.18). Prepared
according to GP3 from 3.10 (112 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97.3 mg, 0.3
mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel (gradient
from Pentane:Ethyl Acetate 100:0 to 90:10) to afford the product as a pale yellow
oil (50 mg, 62% yield).

3.18.1H NMR (400 MHz, CDCI3) 6 4.11 (q,/ = 7.2 Hz, 2H), 4.05 - 3.70 (m, 2H), 2.90 -
2.73 (m, 1H), 2.74 - 2.40 (br m, 1H), 2.23 (dd, J = 15.1, 7.0 Hz, 1H), 2.14 (dd, J = 15.1,
7.3 Hz, 1H), 2.04 - 1.88 (m, 1H), 1.87 - 1.76 (m, 1H), 1.68 - 1.56 (m, 1H), 1.42 (s,
10H), 1.24 (t,/ = 7.1 Hz, 3H), 1.21 - 1.09 (m, 1H). 13C NMR (101 MHz, CDCl3) § 172.3,
154.9,79.5,60.5,49.4,43.9,38.4,32.9, 30.6, 28.5, 24.6, 14.4. HRMS (FI+) (m/z): [M]*
calcd. for C14H25NO4, 271.1784; found: 271.1781.

(0]
OEt
o

Ethyl 2-(4-oxocyclohexyl)acetate (3.19).

Prepared according to GP3 from 3.1p (86mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97 mg,
0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel (from
Pentane:Acetone 12:1) to afford the product as a colorless oil (27 mg, 48% yield).
3.19. 1H NMR (400 MHz, CDCls) 6 4.15 (q, / = 7.1 Hz, 2H), 2.38 (dd, ] = 8.8, 4.6 Hz,
4H), 2.33 - 2.22 (m, 3H), 2.12 - 2.05 (m, 2H), 1.54 - 1.43 (m, 2H), 1.29 - 1.21 (m,
3H). 13C NMR (101 MHz, CDCI3) 6 211.4, 172.5, 60.6, 40.7, 40.4, 33.2, 32.5, 14.4.
HRMS (GC-FI+) (m/z): [M]* calcd. for C10H1603, 184.1099; found: 184.1099.
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(0]

Ethyl 4-phenylbutanoate (3.20).

Prepared according to GP3 from 3.1q (88.6 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97.3
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(gradient from Pentane:Ethyl Acetate 100:0 to 95:5) to afford the product as a
colorless oil (20 mg, 35% yield).

3.20.1H NMR (400 MHz, CDCl3) 6 7.32 - 7.26 (m, 2H), 7.24 - 7.14 (m, 3H), 4.13 (q,J
= 7.1 Hz, 2H), 2.70 - 2.59 (m, 2H), 2.32 (t,/ = 7.5 Hz, 2H), 1.96 (p, / = 7.6 Hz, 2H), 1.26
(t,J=7.2Hz,3H).13CNMR (101 MHz, CDCl3) § 173.7,141.6, 128.6, 128.5, 126.1, 60.4,
35.3,33.8, 26.7, 14.4.

o

OEt
Boc=N

tert-Butyl 4-(2-ethoxy-2-oxoethyl)-4-methylpiperidine-1-carboxylate (3.21).

Prepared according to GP3 from 3.1r (117 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97.3
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(gradient from Pentane:Ethyl Acetate 100:0 to 95:5) to afford the product as a
colorless oil (26 mg, 30% yield).

3.21.H NMR (400 MHz, CDCl3) 6 4.11 (q,/ = 7.1 Hz, 2H), 3.49 (ddd, /= 13.7, 6.7, 4.1
Hz, 2H), 3.29 (ddd, J = 13.7, 8.5, 3.8 Hz, 2H), 2.25 (s, 2H), 6 1.55 - 1.47 (m, 2H), 1.44
(s,9H), 1.43 - 1.35 (m, 2H), 1.25 (t,/ = 7.1 Hz, 3H), 1.07 (s, 3H). 13C NMR (101 MHz,
CDCl3) 6 171.8,155.1, 79.5, 60.2, 45.5, 39.8, 36.9, 31.9, 28.6, 24.2, 14.4. HRMS (ESI+)
(m/z): [M+H]+ calcd. for C1sH27NO4, 286.2018; found: 286.2015.

(0)

Ethyl (adamantan-1-yl)acetate (3.22).
Prepared according to GP3 from 3.1s (97.6 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97.3

mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
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(gradient from Pentane:Ethyl Acetate 100:0 to 95:5) to afford the product as a
colorless oil (33 mg, 50% yield).
3.22. 1H NMR (400 MHz, CDCls) 6 4.10 (q, J = 7.1 Hz, 2H), 2.05 (s, 2H), 1.99 - 1.92
(m, 3H), 1.74 - 1.57 (m, 12H), 1.25 (t, / = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) &
172.0,59.9,49.1, 42.5,36.9, 32.9, 28.8, 14.5.

(0]

O*\)LOEt

N

(@)
NHBoc

Ethyl 3-((tert-butoxycarbonyl)amino)propanoate (3.23).

Prepared according to GP1 from 3.1t (152 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(Pentane:Ethyl Acetate 4:1) to afford the product as a white solid (57 mg, 47%
yield). d.r. ratio of 3.23 was determined via 1H NMR to be > 20:1.

3.23.1H NMR (400 MHz, CDCl3) 6 7.22 - 7.12 (m, 5H), 5.30 (d,/ = 9.0 Hz, 1H), 4.52 -
4.41 (m, 1H), 4.20 (ddt,J = 10.2, 6.9, 3.2 Hz, 1H), 4.09 - 3.98 (m, 2H), 3.34 - 3.23 (m,
1H), 2.99 - 2.82 (m, 3H), 2.46 (dt, / = 9.8, 7.1 Hz, 1H), 2.16 (dd, J = 15.5, 9.9 Hz, 1H),
1.76 - 1.49 (m, 3H), 1.35 (s, 9H), 1.26 - 1.09 (m, 4H). 13C NMR (101 MHz, CDCI3) &
171.4,170.2,155.2,136.6,129.5,128.5,127.0, 79.7, 60.5, 54.3, 53.9, 46.6, 40.2, 37 .4,
29.8, 28.4, 23.4, 14.3. HRMS (ESI+) (m/z): [M+H]* calcd. for C22H32N20s, 405.2389;
found: 405.2380.

(o)

O*\)\‘ OEt

N
- o)
NHBoc

Ethyl 2-(1-((tert-butoxycarbonyl)-L-methionyl)pyrrolidin-2-yl)acetate
(3.24).

Prepared according to GP3 from 3.1u (148 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97.3
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel

(gradient from Pentane:Ethyl Acetate 80:20 to 60:40) to afford the two
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diastereomers as an inseparable mixture as a colorless oil (49 mg, 42% yield). d.r.
ratio of 3.24 was determined via 1H NMR to be 3:1.

3.24.1H NMR (400 MHz, CDCls) 6 5.36 & 5.32 (diastereomeric d, / = 8.8, 1H), 4.56 -
4.46 (m, 1H), 4.45 - 4.32 (m, 1H), 4.20 - 4.03 (m, 2H), 3.73 - 3.63 (m, 1H), 3.58 -
3.41 (m, 1H), 2.99 & 2.81 (diastereomeric dd, / = 15.4, 3.7 Hz, 1H), 2.59 - 2.48 (m,
2H), 2.41 & 2.29 (diastereomeric dd, J = 15.5, 9.8 Hz, 1H), 2.09 & 2.08
(diastereomeric s, 3H), 2.08 - 1.86 (m, 4H), 1.86 - 1.74 (m, 2H), 1.42 & 1.41
(diastereomeric s, 9H), 1.23 (diastereomeric t, / = 7.1 Hz, 3H). 13C NMR (101 MHz,
CDCI3) 6 171.4 & 171.3 (diastereomeric signals), 170.6 & 170.3 (diastereomeric
signals), 155.6, 79.8, 60.6 & 60.6 (diastereomeric signals), 54.6 & 54.3
(diastereomeric signals), 51.4 & 51.3 (diastereomeric signals), 47.2 & 46.8
(diastereomeric signals), 37.6 & 37.5 (diastereomeric signals), 33.1 & 32.7
(diastereomeric signals), 30.3 & 30.2 (diastereomeric signals), 30.0 & 29.9
(diastereomeric signals), 28.4, 24.3 & 23.8 (diastereomeric signals), 15.8 &15.8
(diastereomeric signals), 14.3. HRMS (ESI+) (m/z): [M+H]* calcd. for C1sH32N20sS,
389.2110; found: 389.2111.

NH H

0
HN >é»“\/v\nz°'5t
s

H o

Ethyl 6-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-
yl)hexanoate (3.25).

Prepared according to GP3 from 3.1v (117 mg, 0.3 mmol, 1.0 equiv.) and 3.2a (97.3
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(gradient from Dichloromethane:Methanol 98:2 to 95:5) to afford the product as a
pale yellow oil (29 mg, 34% yield).

3.25.1H NMR (400 MHz, CDCI3) &6 5.94 (s, 1H), 5.63 (s, 1H), 4.49 (dd, J = 7.8, 5.0 Hz,
1H), 4.33 - 4.25 (m, 1H), 4.11 (q, / = 7.1 Hz, 2H), 3.20 - 3.08 (m, 1H), 2.95 - 2.85 (m,
1H), 2.72 (d,]J = 12.8 Hz, 1H), 2.28 (t,/ = 7.5 Hz, 2H), 1.77 - 1.54 (m, 4H), 1.48 - 1.30
(m, 4H), 1.24 (t,/ = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) 6 174.0, 163.9, 62.2, 60.5,
60.3, 55.9, 40.7, 34.4, 29.2, 28.8, 28.5, 24.7, 14.4. HRMS (ESI+) (m/z): [M+H]* calcd.
for C13H22N203S, 287.1429; found: 287.1423.
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Ethyl (enoxolone)acetate (3.26).

Prepared according to GP3 from 3.1z (123 mg, 0.2 mmol, 1.0 equiv.) and 3.2a (65
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(gradient from Pentane:Ethyl Acetate 90:10 to 80:20) to afford the product with a
minor aromatic impurity. Further purification via reverse-phase column
chromatrography (gradient from Acetonitrile:Water 50:50 to 80:20) followed by
extraction with ethyl acetate yielded the pure product as an inseparable mixture as
a white solid (31 mg, 30% yield). d.r. ratio of 26 was determined via 'H NMR to be
2.5:1.

3.26. 'H NMR (400 MHz, CDCl3) & 5.58 (s, 1H), 4.10 (q, / = 7.2 Hz, 3H), 3.22 (dd, ] =
10.8, 5.5 Hz, 1H), 2.77 (dt, /= 13.5, 3.6 Hz, 1H), 2.32 (s, 1H), 2.20 - 1.99 (m, 5H), 1.94
-1.74 (m, 2H), 1.72 - 1.53 (m, 3H), 1.53 - 1.37 (m, 4H), 1.35 (s, 3H), 1.34 - 1.27 (m,
3H), 1.27 - 1.21 (m, 4H), 1.21 - 1.14 (m, 2H), 1.14 - 1.10 (m, 5H), 1.02 - 0.98 (m,
6H), 0.97 - 0.92 (m, 1H), 0.90 - 0.83 (m, 3H), 0.79 (s, 3H), 0.72 - 0.64 (m, 1H). 13C
NMR (101 MHz, CDCls) 6 200.4,171.9,170.0, 128.5, 78.9, 61.9, 60.2, 55.1, 49.7, 47.2,
45.6, 43.5, 42.7, 39.3, 37.2, 36.0, 34.1, 32.9, 32.5, 32.2, 29.8, 28.7, 28.2, 27.4, 26.5,

26.5,23.5,21.7,18.8,17.6,16.5, 15.7, 14.5.
CN

4

1
Boc

tert-Butyl 2-(4-cyanobenzyl)azetidine-1-carboxylate (3.27).

Prepared according to GP3 from 3.1aa (104 mg, 0.3 mmol, 1.0 equiv.) and 3.2b (106
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(gradient from Pentane:Ethyl Acetate 98:2 to 90:10) to afford the product as a white
solid (33 mg, 40% yield).

3.27.1H NMR (400 MHz, CDCl3) 6 7.59 (d,J = 8.11, 2H), 7.30 (d, / = 8.11, 2H), 4.48 -
4.36 (m, 1H), 3.79 (td, / = 8.8, 6.7 Hz, 1H), 3.61 (td, / = 8.8, 5.2 Hz, 1H), 3.18 (dd, ] =
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13.6, 4.2 Hz, 1H), 3.02 (dd, J = 13.6, 8.0 Hz, 1H), 2.23 - 2.10 (m, 1H), 1.90 - 1.77 (m,
1H), 1.44 (s, 9H).13C NMR (101 MHz, CDCIs) 6 156.5, 143.3, 132.3, 130.4, 119.1,
110.5, 79.7, 61.7, 46.4, 41.1, 28.6, 21.1.HRMS (ESI+) (m/z): [M+H]* calcd. for
C16H20N202, 273.1603; found: 273.1616.

CN

N
Boc

tert-Butyl 2-(4-cyanobenzyl)pyrrolidine-1-carboxylate (3.28).

Prepared according to GP3 from 3.1a (108 mg, 0.3 mmol, 1.0 equiv.) and 3.2b (106
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(Pentane:Ethyl Acetate 10:1) to afford the product (mixture of rotamers) as a
colorless oil (56 mg, 65% yield).

3.28. 1H NMR (400 MHz, CDCl3) 6 7.61 - 7.53 (m, 2H), 7.36 - 7.25 (m, 2H), 4.12 -
3.87 (m, 1H), 3.47 - 3.00 (m, 3H), 2.74 - 2.56 (m, 1H), 1.91 - 1.68 (m, 3H), 1.66 -
1.58 (m, 1H), 1.48 (s, 9H). 13C NMR (101 MHz, CDCl3) § 154.7 & 154.5 (rotameric
signals), 145.0 & 144.6 (rotameric signals), 132.3 & 132.2 (rotameric signals), 130.4
& 130.3 (rotameric signals), 119.1, 110.2, 79.7 & 79.5 (rotameric signals), 58.51,
46.92 & 46.43 (rotameric signals), 41.0 & 40.1 (rotameric signals), 30.0 & 29.2
(rotameric signals), 28.3, 23.6 & 22.8 (rotameric signals).

CN

N‘
Boc

tert-Butyl 2-(4-cyanobenzyl)piperidine-1-carboxylate (3.29).
Prepared according to GP3 from 3.1b (112 mg, 0.3 mmol, 1.0 equiv.) and 3.2b (106
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel

(gradient from Pentane:Ethyl Acetate 96:4 to 90:10) to afford the product as a white
solid (48 mg, 53% yield).
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3.29. 1H NMR (400 MHz, CDCl3) § 7.55 (d, ] = 8.0 Hz, 2H), 7.28 (d, ] = 7.7 Hz, 2H), 4.44
(s, 1H), 4.04 (s, 1H), 2.99 (dd, ] = 13.3, 8.2 Hz, 1H), 2.87 (td, ] = 13.2, 2.6 Hz, 1H), 2.77
(dd,J = 13.4, 7.2 Hz, 1H), 1.73 - 1.36 (m, 6H), 1.29 (s, 9H). 13C NMR (101 MHz, CDCls)
§154.8,145.3,132.2,130.2,119.1,110.1, 79.5, 52.0, 39.1, 36.5, 28.4, 27.9, 25.6, 19.1.
HRMS (ESI+) (m/z): [M+H]* calcd. for C1gH24N202, 301.1916; found: 301.1928.

Br
Boc‘ \ N
N
.
Boc

Di-tert-butyl-2-((5-bromopyridin-3-yl)Oethyl)piperazine-1,4-dicarboxylate
(3.30).

Prepared according to GP3 from 3.1ab (95.1 mg, 0.2 mmol, 1.0 equiv.) and 3.20
(81.6 mg, 0.2 mmol, 1.0 equiv.). Purified via flash column chromatography on silica
gel (gradient from Pentane:Ethyl Acetate 90:10 to 70:30) to afford the product
(mixture of rotamers) as a white solid (55 mg, 40% yield).

3.30.H NMR (400 MHz, CDCl3) 6 8.54 (s, 1H), 8.39 (s, 1H), 7.85 - 7.58 (m, 1H), 4.53
- 3.68 (m, 4H), 3.14 - 2.99 (m, 1H), 2.91 (dd, J = 13.6, 3.9 Hz, 1H), 2.86 - 2.68 (m,
3H), 1.48 (s,9H), 1.40 (s, 9H).13CNMR (101 MHz, CDCl3) 6 155.1, 154.4, 149.2, 148.9,
139.5, 135.7, 120.8, 80.6 (2C), 53.1 & 51.5 (rotameric signals), 45.0 & 42.9
(rotameric signals), 39.8 & 38.5 (rotameric signals), 32.6, 29.8, 28.5, 28.4. HRMS

(ESI+) (m/z): [M+H]* calcd. for C20H30BrN304, 456.1498; found: 456.1493.
CN

7
X~ N
Boc

tert-Butyl 2-(4-cyanobenzyl)indoline-1-carboxylate (3.31).

Prepared according to GP3 from 3.1c (123 mg, 0.3 mmol, 1.0 equiv.) and 3.2b (106
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(gradient from Pentane:Ethyl Acetate 98:2 to 85:15) to afford the product as a pale
yellow oil (50 mg, 50% yield).
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3.31. 1H NMR (400 MHz, CDCl3) & 7.94 - 7.40 (br's, 1H), 7.58 (d, ] = 7.9 Hz, 2H), 7.32
(d,] = 7.8 Hz, 2H), 7.17 (t, ] = 7.7 Hz, 1H), 7.11 (d, ] = 7.4 Hz, 1H), 6.94 (t, ] = 7.4 Hz,
1H), 4.65 (s, 1H), 3.23 (d, ] = 13.2 Hz, 1H), 3.15 (dd, ] = 16.2, 9.4 Hz, 1H), 2.77 - 2.63
(m, 2H), 1.57 (s, 9H).13C NMR (101 MHz, CDCls) § 152.2, 143.6, 141.7, 132.3, 130.4,
129.6, 127.7, 125.1, 122.8, 119.0, 115.5, 110.5, 81.4, 60.1, 40.5, 32.7, 28.5. HRMS

(ESI+) (m/z): [M+H]* calcd. for C21H22N202, 335.1760; found: 335.1750.
CN

N 5
N‘

Boc
tert-Butyl-3-(4-cyanobenzyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(3.32).

Prepared according to GP3 from 3.1ac (127 mg, 0.3 mmol, 1.0 equiv.) and 3.2b (106
mg, 0.3 mmol, 1.0 equiv.). Purified via flash column chromatography on silica gel
(gradient from Pentane:Ethyl Acetate 100:0 to 80:20) to afford the product (mixture
of rotamers) as a white solid (56 mg, 54% yield).

3.32. 1H NMR (400 MHz, CDCl3) 6 7.60 - 7.53 (m, 2H), 7.30 - 7.07 (m, 6H), 4.86 -
4.49 (m, 2H), 4.34 (br t,J = 13.7 Hz, 1H), 3.00 (dd, / = 15.9, 5.5 Hz, 1H), 2.83 (dd, J =
13.4,7.3 Hz, 1H), 2.64 - 2.52 (m, 2H), 1.47 - 1.37 (m, 9H). 13C NMR (101 MHz, CDCls)
0 154.7 & 154.6 (rotameric signals), 144.6, 1