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Abstract: Charge-Transfer Complexes for Amine Synthesis - Keishi Kohara

A method to generate a-amino radicals, via a photoinduced charge-transfer complex, is reported. A
multicomponent radical fragmentation-cyclization reaction was developed, combining secondary amines,
cyclopropyl carboxaldehydes and alkenes, to generate cyclopentyl methylamines. To initiate the fragmentation

step, single-electron reduction of alkyliminium ions to a-amino radicals was achieved, using an aromatic thiol
and visible light irradiation.
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Mechanistic and computational studies supported the formation of a transient, ion-pair charge-transfer
complex between iminium and thiolate ions. DFT calculations indicated that irradiation of the complex with
visible light could promote intra-complex electron transfer from the thiolate HOMO to the iminium LUMO.
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This method of a-amino radical formation was extended to acyclic aldehydes, by development of a radical
reductive amination, using thiol as the single-electron reductant and hydrogen atom source. Subsequently, the
chemoselective reductive amination of secondary amines over primary amines was attempted. Preliminary
studies on a di-amine drug indicated that the radical reductive amination had high selectivity for primary

aminothiazoles over secondary amines, contrasting with existing polar reductive amination techniques.
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1. Introduction

1. Introduction

1.1. Visible Light Photochemistry

A goal of modern organic synthesis is to achieve useful bond formations, with minimal handling of raw
materials and production of waste. These processes should utilize mild activation methods that limit energy
use, with limited undesired side-reactivity. Synthetic photochemistry is an advancing method that aims to
address these goals. In its purest form, photochemistry requires simply the input of photons, and can be used

to conduct multiple bond connections, generating high molecular complexity in a single step.**

At its core, synthetic photochemistry involves the promotion of a molecule to its excited state, to initiate radical
chemistry. The promotion of a molecule to its excited state is useful for the generation, or release, of strain in
the molecule. This has enabled the assembly of molecular structures, which may not be achievable by thermal
methods. A prototypical example is the [2+2] photocycloaddition, to generate strained cyclobutanes - a process
formally denied under thermal conditions according to Woodward-Hoffmann rules, due to symmetry-based

restrictions (Figure 1a).’

The ability to handle open-shell radical species enables new reactivity pathways, which can be distinct and
complementary to ionic pathways. For instance, photochemistry has been transformational in enabling the
generation and manipulation of high-energy alkyl radicals. In the pharmaceutical industry, this has directly
contributed to greater incorporation of sp® centers and desirable pharmacophores in drug molecules, thus
expanding accessible chemical space (Figure 1b).° Initially, the foundations of radical chemistry were
established by pioneering studies using stoichiometric redox reagents and UV irradiation, to form radical
species. In the last decade, methods have capitalized on the use of visible light and photocatalysts for their
generation (Figure 1c). This has allowed the use of exceptionally mild reactions conditions, enabling greater
chemoselectivity, thereby limiting unintended by-products and waste.

These factors have greatly encouraged the uptake of photochemistry (particularly photoredox catalysis) within
academic and industrial research. For instance, photochemistry is now commonly used in the pharmaceutical
industry, in the late-stage modification of drug candidates,” or in the kilo-scale production of active
pharmaceutical ingredients.® Overall, the development of further photochemical techniques continues to be an

exciting area of research, with the potential for high uptake and utility in wider society.

(0] (0]
Me [2+2] Me /k”' =
Semdd x| 3 e

b) Alkyl radicals for c) Mild radical formation
functionalized sp3 centers using visible light / catalysis

a) Excited state reactivity

Figure 1: Photochemistry for radical generation, in modern organic synthesis
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1. Introduction

Two fundamental laws of photochemistry are as follows:®

1) Only absorbed light is effective in a photochemical reaction (Grotthuss-Draper)
2) Lightabsorption is a quantum process, where conventionally, one photon is absorbed by one molecule
(Stark-Einstein)

Einstein formalized the photoelectric effect, which showed that electrons were ejected from a metallic surface
in an evacuated tube, when irradiated with light. It was observed that light below a certain frequency cannot
eject an electron, no matter how intense the light. The photon therefore contains a quantum of electromagnetic
energy E at a given frequency v, expressed by Equation 1:

Equation 1: Planck-Einstein relation

Photophysical processes can be visualized by a Jablonski diagram, shown in Figure 2. Absorption of a photon
leads to an electronic excitation from the Sy singlet state to an excited singlet state S,. Radiative processes
involve the absorption or emission of photons; upon absorption, the two possible emissive processes are
fluorescence from singlet state S, and phosphorescence from triplet state T.. Meanwhile, nonradiative
processes involve isoenergetic (i.e. horizontal) transitions between two states, such as internal conversion (IC)
and intersystem crossing (ISC). They also include nonradiative vertical transitions called vibrational relaxation
(VR), where excess vibrational energy is transferred to the surrounding medium through intermolecular
collisions. These processes map a molecule’s photoexcitation and relaxation process, without effecting

significant changes to the electronic and molecular ground state structure.

E S| —— - Electronic state
. —— Vibrational state
: —> Radiative process
~n~  Nonradiative process
IC VR
g
I J——
Sz —s —_—— IC —
H —— — T2
: ISC —&
SH ————
Fluorescence
ISC
T4
Absorption S S
S S— Phosphorescence
2
1 °
v ¥
So

Figure 2: Jablonski diagram of photophysical processes
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1. Introduction

Quenching of the excited state refers to any process that reduces the radiative quantum yield of the fluorophore.
These are bimolecular processes, where a quencher interacts with the excited state molecule, either through
energy or electron transfer. In energy transfer, the excess energy of the donor is transferred to the acceptor, by
Forster or Dexter transfer mechanisms. Forster energy transfer involves the transfer of energy through
nonradiative dipole-dipole coupling, whereas Dexter transfer involves the nonradiative bilateral exchange of
electrons. Meanwhile, electron transfer results in a new charge distribution, and can occur by inner and outer
sphere mechanisms, depending on the interacting molecules and the degree of orbital overlap. These
bimolecular processes can only occur if they are faster than the competing background photophysical processes

shown in the Jablonski diagram.

Another way to visualize these processes is through a molecular orbital treatment (Figure 3). When a molecule
in its ground state (F) is irradiated with light of energy AE, an electron can be promoted from the HOMO to
the LUMO, forming !F* in the excited singlet state. The excited state can either relax to the ground state or
undergo bimolecular energy/electron transfer processes. The excited state !F* has the property of being more
oxidizing and reducing compared to the ground state, since it has a relatively lower energy electron hole which
can accept an electron, and a relatively higher energy electron which can be donated.

LUMO ——
hv AE

HOMO

4t
Bt I

1F*

Figure 3: Orbital treatment of photoinduced electron transfer

The size of the HOMO/LUMO energy gap of most organic molecules means that small molecules can typically
only absorb light in the ultraviolet range (A = 200-380 nm). For instance, the n-n* excitation of 1-pentene has
a maximum absorption at Amax= 178 nm, observable by UV-vis absorption spectroscopy. Molecules with
heteroatoms, non-bonding electrons, or extended conjugation, enable mixing of molecular orbitals, which can
lower the HOMO-LUMO gap, shifting the absorption maximum to longer wavelengths (bathochromic shift).

For instance, isoprene, which has two double bonds in conjugation, has a red-shifted Amax 0f 222 nm.

Consequently, early synthetic applications of photochemistry required the use of high energy UV light for the
promotion of short wavelength transitions. These used broadband xenon and mercury arc lamps, which emit
light between 250 nm to 1000 nm, in combination with optical filters (e.g. Vycor, Pyrex) to limit spectral bands.
These lamps could reach temperatures as high as 600 °C, with significant emission of infrared radiation,

therefore water cooling and cuvette filters were often utilized. The requirement of dedicated equipment, safety
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1. Introduction

considerations of high-energy light and the possibility of deleterious side reactions arising from reagent/solvent
excitation, presented significant disadvantages of using UV light.

More recently, it has been possible to harness visible light for photochemistry, due to the development of the
fields of photoredox catalysis and charge-transfer complexation. These techniques have allowed safer and
more convenient sources of light to be used, such as incandescent and compact fluorescent lamps. As well as
wavelength of light, intensity is a key consideration since photonic flux decreases exponentially with the depth
of the medium (Beer-Lambert law). While CFLs are extremely cheap, their intensities are not as strong and
can be diffuse, with multiple emission bands existing, some of which is in the UVA region.'® As a result, light-
emitting diodes (LEDs) have become widespread as powerful sources of visible light. LEDs generally have
high intensities and narrow emission windows, which allow specificity in band irradiation (Figure 4).1* Further
advancements have included small-scale reactors that standardize the photoirradiation process,*? and
manufacturing-scale flow photoreactors for synthesis of active pharmaceutical ingredients.® The following
section will explore the processes of visible light mediated charge-transfer complexation and photoredox
chemistry in greater detail.

W 370nm M 390nm W 427nm W 440nm M 456nm M 467nm W 525nm
08

o
o

Radiant Flux (W/nm)

o s
27
o

370 390 410 430 450 470 490 510 530 550 570
Wavelength(nm)

Figure 4: Modern LEDs, with options for defined wavelength emission. Adapted from the Kessil website!?
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1. Introduction

1.2. Charge-Transfer Complexes

In the 1940s, Hildebrand and co-workers noted that solutions of iodine changed color dramatically upon
addition of aromatic hydrocarbons. They attributed this phenomenon to ‘an acid-base interaction, in the
electron donor-acceptor sense’.1*1® Several groups had observed that the mixing of electron-rich and electron-
poor molecules, which by themselves do not absorb visible light, led to the formation of new colored species.
Mulliken formalized these phenomena in the 1950s, resulting in the foundation of our current understanding
of charge-transfer complexes.%” Donor and acceptor molecules can undergo weak and reversible association
in the ground state, forming an electron-donor-acceptor (EDA), or charge-transfer (CT) complex. The mixing
of molecular orbitals results in a new HOMO and LUMO of the molecular complex, where the HOMO/LUMO
energy gap is typically smaller than the gap of the original molecules. Upon irradiation with visible light, an
electronic transition can occur from the HOMO to the LUMO.

A prototypical example is the interaction of tetracyanoethylene (TCNE) and acenaphthylene (ACN). In the
UV-vis absorption spectrum of TCNE, the absorption diminishes at Awit = 470 nm, while the absorption of
ACN diminishes at Ait = 500 nm (Figure 5).18 However, an equimolar mixture of the two shows the appearance
of a new, broad, charge-transfer band that extends to Awit = 700 nm. This represents the absorption of the CT
complex formed by TCNE and ACN, and the resulting photoinduced electron transfer occurring from the ACN
HOMO to the TCNE LUMO.

3 1.2 F

€ | NC  CN a

L0 L —

ls 1 —

t NC CN

F=] L

< r TCNE ACN
06 | W
04 '

' : Moo TCNE +ACN
02 | i

§ I TIPS | Il 1 bvebonndans k ]

400 450 500 550 600 650 700 750
Wavelength/nm

Figure 5: Appearance of charge-transfer band upon mixing donor and acceptor molecules. Adapted from Haga et al. 8

As shown in Path I of Figure 6, donor D can associate with acceptor A to form a CT complex.'®? Irradiation
of the complex with light induces excitation and single-electron transfer from D to A, generating a solvent-
cage enclosed radical cation and radical anion. Back-electron transfer (BET) is an extremely rapid process (up
to k in the order of 10! s?) that can reverse the electron transfer, generating the original donor and acceptor
molecules.?*?? For example in the case of ACN and TCNE, single-electron transfer (SET) continuously leads
to a back-and-forth process with BET, since there is no productive forward path from the radical species. When

a fragmentation or mesolysis process exists from the radical species, at a comparative rate to BET, the cycle
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1. Introduction

of ET/BET can be escaped. For instance, the radical anion A could fragment by mesolysis, to generate radical
Aand X"

An alternative route to SET (Path Il) starts with direct irradiation of the HOMO-LUMO transition of D,
generating photoexcited D*. Associative interactions with molecule A can lead to the formation of exciplex
(D*)A, which can undergo SET, generating the radical cation/anion pair. Again, BET is a deleterious process

which competes with productive radical reactivity.

SET
hv . . Mesolysis o+ .
D A D A D A
BET
A CT Solv X@
Path |
b SET
Path Il
* A
D A

[ 0

Figure 6: Single electron transfer by charge-transfer complex, and by local band irradiation

There are three main experimental probes that can be used to support the formation of a charge-transfer
complex. Firstly, a bathochromic shift in the spectroscopic absorption band, upon mixing donor and acceptor
molecules is a strong indicator of potential CT complexation. The method of continuous variation (Job plot)
can be used, to measure the change in light absorbance depending on the molar fraction of donor, thereby
determining the stoichiometry of the binding complex. Secondly, isolation of an X-ray crystal structure of the
complex can be informative, as it shows the orientation of the donor/acceptor molecules in the solid state,
which can potentially indicate the orbitals contributing to intracomplex interactions in the solution state.
Finally, selective laser-induced optical excitation of the HOMO-LUMO transition can be achieved with time-

resolved spectroscopy.?°

1.2.1. Early Synthetic Studies

The spectroscopic phenomena of charge-transfer complexes were evident from the 1950s; however,
applications towards synthesis developed significantly in the 1970s. Following a previous procedure involving
UV irradiation,® Cantacuzene reported that enamine 1 reacted with perfluoroalkyl iodide to generate the
perfluoroalkylated aldehyde 8, without use of an external initiator or UV irradiation (Scheme 1).2*?* The CT
complexation of amines and perfluoroalkyl iodides was known at the time,?® and it was envisaged that
complexation between the enamine and CeF 13l could lead to CT complex 2, resulting in SET from the nitrogen
lone pair to the perfluoroalkyl iodide o*c orbital. The most likely mechanism involved a chain propagation

pathway, where radical anion 3 expels iodide to form the CeF13 radical 4, which carries out radical addition to
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1. Introduction

another molecule of enamine 1. The resulting a-amino radical 5 abstracts a halide from CeFisl, to regenerate
the perfluoroalkyl radical. Finally, elimination of iodide from 6, followed by hydrolysis, generates aldehyde 8.
Shortly after this work, further related CT complex transformations were reported, including complexation
between enamines/p-nitrobenzyl chlorides (Russell)® and tertiary amines/p-nitrobenzyl chlorides
(Kornblum).#

Cantacuzene (1977)

C\ Me i) CgF13l, pentane Me Me
N\/\ O§)<

Me ii) HySO4 CoF13
1 8, 65%
l CeF 13l
Hs0*
L
N\/\Me @we
CeF13

cT
2

SETlInitiation C\ Me T
N
\/\Me Me M Me_Me

— Q
CeF 13l CeF13 \5)< CeF
\ CoF Y 613
3 4 o I~

Q 5
' 6
T Chain propagation

Scheme 1: Early synthetic example of visible light mediated charge-transfer complexes

(a) Radical nucleophilic aromatic substitution (b) Bunnett (1977)

Ar—Nu -
Nu
Ar—X
/ ©/I (E0),POK ©/PO(OE02
Initiation— A" % < 350 nm
X@ 9 10
K Ar—Nu

L = AT_X_

Scheme 2: Charge-transfer complexes as initiators in radical nucleophilic aromatic substitution

The association of aromatic molecules in CT complexes are often favorable, particularly when they are
functionalized with electron-donating/withdrawing substituents. This can be attributed to secondary orbital
interactions which promote complexation, and stabilization of the resulting radical species, through
conjugation into the aromatic ring. Radical nucleophilic substitution reactions (Sgn1) typically involve an
initiation step to generate an aryl radical or Ar—X radical anion, which undergoes mesolysis to form the aryl
radical (Scheme 2a).28 Nucleophilic attack results in Ar—Nu radical anion, which propagates the radical chain

reaction, through SET with another equivalent of Ar—X. One possible mechanism for the initiation step is
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1. Introduction

thought to be through a CT complex between the aryl halide and nucleophile. Bunnett reported in 1977 that
the reaction between iodobenzene 9 and phosphite ions proceeded through such a mechanism (Scheme 2b),2:%
later supported by light filter and UV-vis absorption experiments.®!

Studies conducted by Kochi in the late 1970s investigated the reaction of tetraalkyl tin 11 and
tetracyanoethylene 12 (Scheme 3).323® This study was significant, as it showed that both light or heat could
excite the charge-transfer complex, and Kochi was able to study these mechanisms independently. The reaction
proceeded at 22 °C in the dark, and at —35 °C only when visible light irradiation was applied. Their studies
showed that CT complex 13 was a likely common intermediate for both processes, leading to radical ion pair
14, which then fragmented to the tin cation and a methyl radical. Triad 15 then undergoes recombination to
form the alkene addition product 16. These studies also supported that the CT complex could be a critical
precursor in reactions, as opposed to an inactive resting state. Further examples of CT complexes that are
activated by thermal rather than photochemical initiation have been reviewed elsewhere. 336

Kochi (1976)

22 °C, dark
NC CN NC CN
MesSn  + >=< or Me%—esnMea
NC CN NC CN
1" 12 436 nm high pressure Hg lamp 16
-35°C
NC CN A or hv + NC CN @ QFN_C\) CN
Me,Sn >=< ——— > |MeySn ?—<® — [Me3Sn~ Me €
NC CN SET NC CN NC CN
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Scheme 3: Photoinduced and thermal activation of charge-transfer complex

These early, seminal examples were crucial in formalizing the types of donors and acceptors that could form
CT complexes, as well as understanding their thermodynamic, kinetic and spectroscopic properties.3"
Nonetheless, these measurements often required specialist equipment, which limited their use, and exploration

into the application of CT complexes for synthesis only developed substantially from 2010.

1.2.2. Contact lon Pairing

Up to now, the discussion has focused on instances where neutral donor and acceptor molecules associate,
resulting in CT complexation, and the generation of a radical ion pair (Figure 7a). Kochi, among others, have
closely studied cases where electrically charged partners form a contact ion pair (CIP) CT complex.3%-4?
Irradiation of the CIP complex results in electron transfer, which generates an uncharged geminate radical pair
(Figure 7b).
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Contact ion pair Geminate radical pair

Figure 7: Radical formation, from neutral and charged starting materials

An early example of CIP CT complexes can be attributed to Kosower, who studied the CT absorption bands
of pyridinium iodides.**¢ Kochi formally investigated the CT bands of metallocenium and pyridinium salts
of carbonylmetalates, such as [TI]*[Co(CO)4]™ and [Py]*[V(CO)s] .*"*® When colorless aqueous solutions of
pyridinium chloride 17 and [Na]*[Co(CO)4]” 18 were mixed together, burgundy colored crystals formed
immediately, which was attributed to the formation of CT complex 19 (Scheme 4).** Further X-ray
crystallographic evidence identifying the possible orbitals involved have also been reported.4°5°

Kochi (1988)

l\llle I\I/Ie

N © ® o N © ® 6

Xcl * Na Co(CO), —= X Co(CO)y * Na CI

= = 20
17 18 19

(Burgundy colored)

Scheme 4: Mixing of colorless salt solutions leads to colored precipitate

Regarding synthetic applications of CIP CT complexes, the combination of pyridinium salt 21 and
organoborate 22 was found to form a bright yellow precipitate, which upon light irradiation, gave the
methylated product 26 in 75% yield (Scheme 5).5! Irradiation of the CIP 23 generates radical pair 24, then
scission of the B-Me bond forms BHs and a methyl radical (25). Radical-radical recombination of pyridine

and methyl radicals was proposed to give the methylated product 26.
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Kochi (1999)

Ph Ph
AN o ® o A >370 nm AN
| ) Tio" * L BMey |
[\I|® 8h |}1 Me
Me 21 22 Me
26, 75%

|

Ph Ph Ph
N o SET N @ N (@
| g BMe,| — || N BMe, T’ | N Me
) © | BMe, o\ J
Me cIP Me Me
23 24 25

Scheme 5: Photoinduced methylation via contact ion pair charge-transfer complex

A further study by Kochi found the formation of colored charge-transfer salts between methylviologen 27 and
carboxylate anion 28.52%% Irradiation of the CT complex 29 led to electron transfer, followed by radical
decarboxylation, then oxidation under the reaction conditions, led to the quantitative formation of diarylketone
32. Methyl viologen acceptors are commonly used acceptors in CIP CT complexes, particular in the
development of electrochromic materials, forming complexes with donors including halides,>*>®
carboxylates,*® and benzenethiolates.>”*® The potential application of contact ion pairing in charge-transfer

complexes has been largely overlooked in organic synthesis, and recent examples will be discussed in Chapter
2.

Kochi (1996)

@y —\®
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Scheme 6: Methylviologen salts as effective charged acceptors
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1.3. Photoredox Catalysis

An alternative method to convert visible light into chemical energy is to use photoredox catalysis. This uses
catalytic amounts of polypyridyl metal complexes such as Ru(bpy)s?, or organic dyes such as Eosin Y (Figure
8), which are able to absorb visible light. This is due to appropriately sized energy level gaps between occupied
and unoccupied orbitals. After excitation of the photocatalyst, it can undergo electron transfer with organic
substrates, to generate radicals from substrates which cannot absorb visible light. In addition to electron
transfer, polypyridyl metal complexes®*® and other compounds such as thioxanthones®! have been used as
energy transfer catalysts, for example in photocycloaddition reactions. Overall, photoredox catalysis has been
significant in enabling radical reactivity of a diverse set of molecules, under mild reaction conditions.

[Ru(bpy)s]** Eosin ¥
33

Figure 8: Examples of photoredox catalysts

The use of photoredox catalysis in organic reactions was pioneered by groups of Kellogg,®? Deronzier® and
Okada® from as early as 1978, however there has been a significant resurgence since 2008 in their application

to modern synthesis.®>%® There are three main considerations when choosing a photocatalyst:®’

i.  Ground state and excited state redox potentials that are matched to substrate redox potentials
ii.  Effective absorption of light to give a sufficiently long-lived excited state, which allows intermolecular
electron transfer to be kinetically favorable

iii.  Stability of the catalyst under the reaction conditions

The catalyst Ru(bpy)s?* exhibits two absorption peaks at A = 290 nm (ligand & to m* transition) and 450 nm
(metal tyq to ligand n* charge-transfer, MLCT). Absorption of visible light (A > 380 nm) populates the MLCT
band, promoting an electron from the metal centered txq orbitals to the bipyridyl ligand * orbital, resulting in
an oxidized Ru"" metal center and reduced ligand center. The singlet state resulting from MLCT undergoes
rapid 1SC to the more stable triplet MLCT state (35, Figure 9). Direct relaxation of the excited triplet state
back to the ground state (phosphorescence) is slow because this process is spin forbidden, therefore the triplet
state has a substantially long lifetime of 1.1 ps. This allows useful electron transfer pathways to occur, prior
to catalyst decay. As before, the excited state has the property of being a stronger oxidant and reductant, than

the ground state species.
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Figure 9: Simplified molecular orbital picture of Ru(bpy)s?* electronic processes

In the case where the catalyst undergoes reduction (reductive quenching cycle), the acceptance of an electron
from donor D results in [Ru(bpy)s]*, which is now moderately reducing (Figure 10). Reduction of acceptor A
regenerates the ground state [Ru(bpy)s]?*, completing the catalytic cycle. The ability to carry out both reduction
and oxidation in this way offers flexibility in designing synthetic pathways. If a stoichiometric quantity of

exogenous reductant is used for catalyst turnover, a net reductive process, with respect to the target substrate,
can be achieved.

Eip=+077V “[Ru(bpy)sl?* Eyp=-081V
P
Reductive ,/ 3+ Oxidative
quenching [Ru(bpy)3] ﬁ [Ru(bpy)S] quenching
cycle F. cycle
D
Eip=-133V [Ru(bpy)s]** Eip=+129V

Figure 10: Photoredox cycles of Ru(bpy)s?*

The two generally accepted mechanisms for electron transfer are inner sphere and outer sphere transfer. These

are sometimes known as bonded and non-bonded electron transfer in the context of organic molecules. In
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Marcus theory, the extent of interaction between the donor and acceptor is determined by the overlap of
electronic wave functions. Electron transfer by charge-transfer complexes are inner-sphere process, where the
distance between donor and acceptor is expected to be r = 3.0 — 3.3 A. Conversely, photoredox catalysis occurs
via outer sphere electron transfer, where the electronic wave functions do not overlap significantly, and the

interatomic distance isr = 5.0 — 6.0 A.

Although the main body of this thesis begins with an investigation into photoredox-catalyzed reactions, the
focus turns to the development of a photoredox catalyst-free methodology. Recent examples of photoredox
catalyzed reactions have been reviewed elsewhere,% 7 and examples relevant to this thesis are described at

the start of Chapter 2.
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1.4. Recent Advances in Photoinduced Reactions

1.4.1. Charge-Transfer Complexes in Synthesis

Over the last decade, there have been significant advances in transformations involving visible light promoted
charge-transfer complexes.”*"® This has occurred alongside the development of photoredox catalysis; in fact
CT complex reactions were often initially discovered, when photoredox catalyzed reactions were found not to
require the photocatalyst. The MacMillan group reported in 2011 the photocatalytic trifluoromethylation of
enolsilanes 38 to give 40 (Scheme 7a).” The photoredox catalyst [Ru(bpy)s]** was used to reduce CFsl to the
CF; radical, and oxidize the substrate later in the catalytic cycle. To their surprise, they found that electron-
rich silylketene acetals derived from esters and amides, such as 41, could undergo trifluoromethylation without
using a photocatalyst (Scheme 7b). The authors presumed a photoinduced charge-transfer between the
silylketene acetal and CFsl was occurring, citing the works of Mariano’ and Fukuzumi,’® who had previously
studied the CT electron transfer of silyl ketene acetals using UV light. It may be that the CFL used by
MacMillan contains UV light, or the use of CF:l as a CT acceptor causes a redshift in the absorption to the

visible region, however further experimental evidence was not presented here.

(a) Photoredox trifluoromethylation - MacMillan (2011)

OTES o)
Ru(bpy)3Cly*6H,0 (0.5 mol%) f CFs
CFl
* iPrEtN, HpO
38 39 THF, 26 W CFL 40, 72%

(b) Photocatalyst-free trifluoromethylation

OTBS 0]

DMF CF,
A
* 26 W CFL

4 39 42, 85%

Scheme 7: Photoinduced trifluoromethylation with and without photocatalyst

In 2013, Chatani reported the iridium catalyzed arylation of arenes and heteroarenes using diaryliodonium salts
(Scheme 8).7" The reaction was initially developed with a photocatalyst, generating arylated products, such as
pyrrole derivative 45 in 88% yield (Scheme 8a). The excited photocatalyst was thought to reduce the iodonium
salt, generating the aryl radical, which could conduct radical addition with arenes. It was found that with N-
methyl pyrrole as the substrate, the reaction could be conducted without a photocatalyst, albeit with a lower
yield of 54% (Scheme 8b). It was proposed that CT complexation between the pyrrole and iodonium salt could
form complex 46, that undergoes electron-transfer.”® This was corroborated by UV-vis spectroscopic analysis,
which showed a new red-shifted band to Awii = 400 nm, upon mixing of the reactants. Mesolysis of the iodonium

salt generates a phenyl radical, which was proposed to recombine with the pyrrole radical cation (47).
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(a) Photoredox arylation of (hetero)arenes - Chatani (2013)
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(b) Photocatalyst-free arylation for pyrrole
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Scheme 8: Photoinduced arylation of N-methyl pyrrole via a charge-transfer complex

Melchiorre demonstrated, in their seminal 2013 study, the merger between organocatalysis and charge-transfer
complexes.”™ Inspired by historical studies conducted into enamines and di-nitro arenes, as CT donor and
acceptor moieties respectively, the group successfully performed the enantioselective a-alkylation of
aldehydes to form the product 52 in excellent yield and enantiomeric excess (Scheme 9a).8%8! Initially, the
group proposed a closed cycle mechanism, whereby catalytically generated chiral enamine was proposed to
form CT complex 53 with benzyl bromide 50, resulting in radical ion pair 54. It was thought that in-cage
mesolysis of the benzyl bromide could form radical pair 55, which undergoes recombination to generate

iminium 56, followed by hydrolysis to form 52.

Upon further mechanistic study, it was found that a radical chain process was the more likely mechanism
(Scheme 9b). Although the initiation required the same CT complex, radical ion pair 54 was thought to undergo
cage escape and mesolysis, generating benzyl radical 58. Radical addition occurs with another equivalent of
enamine 59, then chain propagation occurs with benzyl bromide 50, to form iminium 56 (also known as a
Kornblum-Russell Sgn1-type alkylation).828% Hydrolysis of the iminium would then give alkylated aldehyde
52. The same group also demonstrated later that indoles could also act as CT donors with electron deficient

benzyl bromide acceptors.®
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(a) Melchiorre (2013) - Closed cycle mechanism
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(b) Revised radical chain mechanism
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Scheme 9: Enantioselective alkylation operating via a radical chain mechanism

These studies exemplify that in many cases, electron transfer via a charge-transfer complex often acts as an
initiation step in a radical chain mechanism. The distinction between the two mechanisms can be an important

consideration in photochemistry and photoredox catalysis and can be useful in determining how a reaction is
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optimized, or in designing enantioselective processes. Principally, quantum yield measurements provide a way
of identifying radical chain reactions.®> Quantum yield (®) is the ratio of moles of product formed, over
einsteins of light absorbed. A reaction operating with a closed cycle, without chain propagation, can exhibit a
maximum @ of 1. This is a maximum value, since any non-productive photochemical processes (e.g.
phosphorescence, back electron transfer) can decrease the quantum yield. Consequently, a quantum yield less
than 1 does not unambiguously indicate a closed loop system. Radical chain processes can potentially form
multiple equivalents of product from every photon; therefore, a quantum yield greater than 1 is a strong

indicator of a chain process.

Melchiorre (2014)
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Scheme 10: Chain reaction for the perfluoroalkylation of aromatic rings

In 2014, Melchiorre used base to convert an electrophilic a-Ccyano ester 61 into an electron-rich enolate, which
could act as a CT donor with perfluoroalkyl halide 62 (Scheme 10).2%7 Instead of the expected o-
trifluoromethylated product from radical recombination, surprisingly, the trifluoromethyl group was found to
react with the aromatic ring, resulting in 4-, 2- and 4,2-substituted products (63, total yield = 81%). Upon

radical initiation by CT complex 64, fragmentation leads to radical pair 65, 66 . An observed @ > 1 and
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mechanistic experiments showed that homolytic aromatic substitution occurs via radical addition to the
aromatic ring. Chain propagation then occurs, either via single electron transfer with CeF131 or atom transfer
radical addition. Following this work, similar CT complexes between phenolate/perfluoroalkyl iodides,
hydrazones/perfluoroalkyl iodides,® and oxindolates/aromatic iodides have been reported.®® An
enantioselective variant has also been developed, using chiral quaternary ammonium salts as phase transfer

catalysts.%

The potential for CT complexation to functionalize biologically relevant macromolecules was shown by
Ragains in 2016, who initially discovered a photoredox catalyzed O-glycosylation reaction starting from
thioglycoside 74 (Scheme 11).%2 The reaction was found to proceed without the photocatalyst, and DFT
calculations found that a CT complex 75 between the electron-rich methoxystyrene and electron-poor
Umemoto’s reagent, was the likely source of radical formation. A putative mechanistic pathway started with
SET via a CT complex, followed by in-cage radical recombination between the trifluoromethyl radical and the
substrate benzylic radical. Intramolecular attack of the sulfur atom to the pendant carbocation would result in
the formation of thioacetal 76. The cyclic disulfide could also eliminate to form oxonium 77. Both 76 and 77
were considered possible intermediates towards the O-glycosylated product 78.

Ragains (2016)
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Scheme 11: Photoinduced glycosylation in biologically relevant systems

Miyake showed in 2017 that thiolate donors could form CT complexes with aryl bromide acceptors (81),
generating an aryl bromide radical anion and thiyl radical (Scheme 12).°* Upon mesolysis, radical
recombination (82) was proposed to afford the C-S cross-coupling product 83. Later, the same group showed
that phenolates could engage in CT complexation with ethynylbenziodoxol(on)es to form iodovinyl phenyl

ethers.%
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Miyake (2017)
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Scheme 12: Charge-transfer between aromatic bromides and thiolates

Konig has reported the mild C-H arylation of anilines utilizing CT complexation between aniline and
bromothiophenes,®® while Sundén has used the coordination of N,N-dimethylanilines and maleimides, to
generate a-amino radicals.?® Wang has also described the association of deprotonated aromatic sulfinic acid
and isocyanobiphenyls.®” Intramolecular CT complexation has also been achieved, for instance by Melchiorre,
who designed a catalyst that could deliver an electron-rich carbazole in close proximity to a conjugated
iminium,*® and by Unsworth who achieved an intramolecular charge-transfer between an indole and a tethered

ynone.%

Gilmour demonstrated in 2019 that phenyl ketoacids could complex to a,fB-unsaturated iminium ions,
generating radical pair 88 (Scheme 13).1%° Radical decarboxylation of the carboxyl radical moiety gave the
acyl radical, which could then recombine with the previously generated benzyl radical (89), resulting in
enamine 90. Hydrolysis of the enamine then afforded aldehyde product 91. Diphenyl conjugated secondary
aldimines, such as 92, have also been shown by Yu to be suitable CT acceptors, when associated with phenyl
ketoacids (Scheme 14).1% Yu demonstrated that aromatic ketoacids were most compatible, since non-aromatic
ketoacids produced acyl radicals, but also alkyl radicals, through decarbonylation of the acyl radical. This led

to complex and uncontrollable product distributions.
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Gilmour (2019)
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Scheme 13: Phenyl ketoacids as donors in charge-transfer complexes
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Scheme 14: Charge-transfer complex between aldimines and phenyl ketoacids

Finally, Chen has developed the radical addition of radical species (derived from trifluoroborates, boronic
acids and dihydropyridines) to aromatic ketoacids (Scheme 15).1%2 Boronic acid 97 could undergo radical
addition to 98, generating tertiary alcohol product 99 in 71% yield. The proposed mechanism envisaged that a
CT complex 102 forms between boronic acid 100 and ketoacid 101, generating alkyl radical 103 and initiating
the reaction. Radical addition to activated boronic acid 104 leads to intermediate 105, which undergoes

homolytic cleavage to generate alkyl radical 103, propagating the reaction. Boronic acid exchange followed

by hydrolysis led to the product 1009.
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Chen (2019)

M

Me

Me__B(OH),

97

Initiation

103

o} HO CO,M
i) CH,Cl,/H,0, 23 W CFL ZM:
+ CO,H
ii) TMSCHN,, CH,Cl,/CH;0H Me
MeO ) 2 2vl2 3 MeO
98 99, 71%
101 ©O OH 400
Ar” > CO,H R AA\COZH
.B. R
HO™ " “OH
100
h R
0 HOF “OH 0B 408
SOH RNO
Ar)kﬂ\/ Ar OH
0] B
o oT HO™~ “OH
102 Propagation 107
R
/B\
R OH HO™ " “OH
0-B 100

\ _OH
QB \
0/\
R RNO
r 106

| |
(0]

Ar)\ﬂ/ O

0 R
104 \\ Ounnl\B/OH
|
RNO
Ar

o
Propagation 105

Scheme 15: Radical addition to activated aromatic ketoacids

1.4.2. Exogenous Charge-Transfer Partners

The preceding examples have focused on cases where the interacting components in the charge-transfer

complex are ultimately incorporated into the product. This can sometimes restrict the range of compatible

substrates, since it may be necessary for donor or acceptor components to be polarized, forcing certain

functional groups to be present. One emerging method to overcome this is to use an exogenous CT component

or CT auxiliary, which are geared towards CT complexation, but are subsequently not incorporated into the

final product. For example, Jargensen first showed in 2013 that tristrimethylsilylsilane (TTMSS) could reduce

bromoacetophenone 110 to acetophenone 111, without incorporating the TTMSS radical into the final

product.'®® A radical cyclization was also conducted to generate 113 in 62% yield, and the role of TTMSS as

a CT donor was further substantiated by Paixao in 2015.1%
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Jorgensen (2013)
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Scheme 16: Photoinduced radical reduction and cyclization using exogenous donors

Inspired by the use of 2,4-dinitrosubstituted aryl rings as CT complex acceptors, the Leonori group connected

their oxime substrate to a dinitro-aryl CT auxiliary (114), that could associate with an exogenous triethylamine

donor to form CT complex 115 (Scheme 17).1% Electron transfer, followed by radical fragmentation of the

aryl moiety successfully gave the N-centered radical 117, which could cyclize onto the pendant alkene. The

product 120 was proposed to occur via alkyl radical 118 attacking the NO, group of the phenoxide 119,

followed by N-O homolysis, then hydrogen atom transfer. Wu has also reported sulfinic acids to be compatible

donors using this auxiliary strategy.%®
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Scheme 17: Charge-transfer complexation between an auxiliary acceptor and exogenous donor
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Aggarwal (2017)
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Scheme 18: Putative ternary complex enables electron transfer in borylation reaction

Since 2017, Aggarwal has studied the use of charge-transfer active auxiliaries to enable the reactivity of
commonly found functional groups. They first reported the photoinduced decarboxylative borylation of
carboxylic acids, starting with N-hydroxyphthalimide ester derivative 121 (Scheme 18).2%" It was found that
the reaction had a strong dependence on the presence of DMA, and based on UV-vis absorption studies, a
ternary CT complex involving N-hydroxyphthalimide, B.cat. and DMA was proposed (122). Radical
decarboxylation of 123 gave alkyl radical 124, which reacted with DMA-ligated Bcat, 125 to form boronic
ester 126, which was isolated as the pinacol boronic ester 127. This indicated a radical chain process, with the
CT complex SET acting as an initiation step. Glorius published a similar method in the same year using a

putative pyridine-diboronate ester donor, complexing with redox-active esters acceptors.1%

Meanwhile, Chen has conducted the CT complexation of N-alkoxyphthalimides and Hantzsch ester, to form
radicals from alcohol derivatives.'® Aggarwal later reported an alternative auxiliary for the deoxygenative
borylation of alcohols,*'° and the use of N-alkylpyridinium salts for the deaminative borylation of amines.!!
Regarding the donor component, Hantzsch ester!'? and thioester!'* donors have also been used for deaminative

transformations.

Furthermore, Fu disclosed in 2019 the activation of N-hydroxyphthalimide ester derivative 129 using a
combination of catalytic triphenylphosphine and sodium iodide (Scheme 19).1*4 Based on control and UV-vis
absorption studies, a speculative CT complex involving these three components was proposed (130). Upon
electron transfer and radical decarboxylation, a Minisci reaction could be carried out, to form 134 in 96% yield.
As well as N-hydroxyphthalimides, N-alkylpyridinium salts and Togni’s reagent could also be used to generate

radicals via similar CT complexes, showcasing the potential to replace traditional photocatalysts in several
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different scenarios. Bach also recently reported the activation of tetrachlorophthalimide esters using a catalytic
quinuclidine donor, which could act as a CT reductant and a ground-state oxidant in the reaction.!*®

Fu (2019)
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Scheme 19: ‘Catalytic’ reaction activation via a putative charge transfer complex

Finally, the utility of CT complexes has been extended to biocatalysis to achieve stereoselective radical
processes. In their first report in 2016, Hyster demonstrated the enantioselective dehalogenation of a-bromo
lactones using a photobiocatalytic system with nicotinamide-dependent ketoreductases (KREDs) (Scheme
20).118 In their mechanistic proposal, the NAD(P)H cofactor is bound to the enzyme active site (green oval in
scheme) and inclusion of a-bromo lactone 135 into the active site forms putative complex 136. Based on
absorbance measurements, the enzyme was proposed to be essential in enabling a CT complex to form between
the two components. Electron transfer generates radical ion pair 137, which undergoes mesolysis to form
radical pair 138. Hydrogen atom transfer then occurs in the chiral environment, providing the enantioenriched
product 140. The deactivated cofactor can then be regenerated using isopropyl alcohol and enzymatic processes.
Following these findings, the Hyster laboratory also reported the enantioselective hydroalkylation of alkenes

using a similar strategy with flavoenzymes.!!” These examples highlight the potential to selectively enable
charge-transfer complexation within an enzyme pocket.
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Hyster (2016)
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Scheme 20: Enzyme mediated charge-transfer complexation

1.4.3. Direct Substrate Excitation

The use of visible light to directly photoexcite organic molecules is relatively difficult since most molecules
typically only absorb light in the UV region. One method for the direct irradiation of molecules has been to
append visible light absorbing chromophores to the substrate. Pioneering work by Barton in 1962 established
S-acyl xanthates as photoactive species, which could be irradiated with visible light (Scheme 21).1811° These
compounds have an absorption band at around 400 nm, resulting in a distinctive yellow color. Light from a
tungsten lamp was used to effect photoexcitation of S-acyl xanthate 141 to 142, followed by fragmentation of
the relatively weak C-S bond, to generate acyl radical 144. This radical underwent further decarbonylation to
give alkyl radical 145, which then recombined with the initial xanthate radical 143 to form xanthates. Finally,
alkaline hydrolysis led to formation of thiol 147 in 97% yield. Although the related alkyl xanthates cannot
absorb visible light, the addition of catalytic S-acyl xanthate could initiate a radical chain process that could
enable radical reactivity for alkyl xanthates.'?® A wide variety of transformations, initiated by the visible light

irradiation of xanthates, have since been reported.!?
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Barton (1962)

s~ O OEt SH

Reflux, tungsten lamp
141 146, 97%

l T Hydrolysis

@QC)LQJSLOH *f' w ‘\Y\

142 144“

QY
S~ OEt

143

Scheme 21: Direct visible light photoexcitation of S-acylxanthates

Melchiorre (2019) ®
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Scheme 22: Catalytic generation of photoactive dithiocarbamates

These methods greatly expanded the availability of radical species using visible light, however they still relied
on stoichiometric quantities of pre-functionalized xanthates. They also often resulted in the inclusion of
xanthate in the final product. Melchiorre recently investigated a strategy involving the catalytic generation of
photoactive dithiocarbamate substrates from alkyl electrophiles (Scheme 22).122 In their proposed mechanistic
cycle, the dithiocarbamate catalyst 147 performs nucleophilic substitution on the alkyl halide substrate 148,

generating photoactive dithiocarbamate 149. Upon visible light irradiation, the C—S bond is cleaved and alkyl
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radical 150 undergoes radical addition with an electrophilic radical acceptor 152, generating radical 153.
Although this radical can be trapped by dithiocarbamate radical 151 to form 154, the C-S bond of 154 can also
be photochemically cleaved. Eventually, hydrogen atom transfer between 153 and cyclohexadiene 155 affords
product 156. This strategy was used to functionalize benzyl chloride 159 to 162 in 90% vyield and was
compatible with a wide range of electrophilic precursors.

Finally, it is important to differentiate whether a photochemical process is occurring due to charge-transfer
complexation, or direct band irradiation. This was encountered by Melchiorre, following their work on the
charge-transfer a-alkylation of aldehydes. In their original work, it was concluded that enamine 49 and
electron-deficient aromatic species 50 form CT complex 53 (Scheme 23a).%° Subsequently, a study was
conducted on the reactivity of enamine 49 and diethyl bromomalonate 164 (Scheme 23b).12® In this case, no
charge-transfer band was observed upon mixing the reaction components. The authors concluded that in the
absence of suitable CT properties on acceptor 164, enamine 49 could absorb visible light directly.*?* Upon
photoexcitation to 167, collision with ground-state 164 could induce electron transfer, generating radical ion
pair 168. The Melchiorre group have demonstrated further examples of direct photoexcitation with visible

light, including the formation of radicals using phenols?® and conjugated iminium ions.*?®

(a) Charge transfer complex

o NO, o) NO,
| 163 (20 mol%) I
\ + Br >
2,6-Lutidine (1 equiv. Et
Et NO, MTB(E ) NO,
49 50 52

SET N R
N
R
or EWG Ar
53 54 N Ar
------------------------------------------------------------------------------- H otMs [
(b) Direct band irradiation 163
Ar = 3,5-(CF3)2-C6H3
o Et0,C._CO,Et 163 (20 mol%) o GOE
* he KH\co Et
Et Br 2,6-Lutidine (1 equiv.) Et 2
MTBE
49 164 165

| | I

+e
N 164 N ) _<COZEt SET N E _<COZEt
/ —_— r —_— r b
H % CO,Et % CO,Et
R 166 R 167 164 R 168

Scheme 23: Enamine can undergo charge-transfer complexation and direct photoexcitation with visible light
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1.5. Summary

Over the last decade, the photochemistry of charge-transfer complexes has enabled new opportunities in
synthetic radical chemistry. Starting with the association of electronically polarized substrates, more general
platforms are being developed, which allow radical generation under very mild conditions, and increase the
potential for chemoselective and stereoselective transformations. The use of catalytic and exogenous charge-
transfer reactants has been enabling in opening a wider range of organic substrates to undergo photoinduced

activation.

Catalyst-free processes via charge-transfer complexes can be complementary to photoredox catalysis, for
instance, when advanced intermediates have several oxidizable/reducible functionalities, which the
photocatalyst may target indiscriminately. Large-scale syntheses may prefer to employ catalyst-free conditions,
since photocatalysts are often based on complexes of expensive precious metals such as iridium. Charge-
transfer strategies may offer opportunities for the mild derivatization of biological targets (e.g. bioconjugation),
by avoiding the use of traditional metal photocatalysts. The following chapters will describe our investigations
into novel photoinduced methods, which are proposed to occur via (exogenous) charge-transfer complex

processes.
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2. Generation of a-Amino Radicals via a Charge-Transfer Complex

2.1. Strategies for Aliphatic Amine Synthesis

Aliphatic amines are defined as molecules where only hydrogen or alkyl substituents are connected to the
nitrogen atom.*?” They range from primary amines (two hydrogens and one alkyl group), with increasing order
upon alkyl substitution, up to quaternary ammoniums (four alkyl groups). The amine group has hydrogen bond
donor and acceptor properties, making them critically important for the interaction between drugs and
biological targets of interest such as proteins and enzymes. At the same time, amines can modulate basicity,
lipophilicity, and solubility, to ensure favorable uptake by the body. Consequently, the aliphatic amine
functionality is present in over 40% of small molecule drugs, with other applications in detergents, emulsifiers,
fine chemicals and crop protection.?

Aliphatic amine synthesis can be broadly split into three methods (Figure 11). The first method involves
synthesis of the aliphatic amine scaffold, which uses lower order amine feedstocks to synthesize higher order
amines via C-N bond formation. Archetypal methods here include C-N alkylation,*?°*1% hydroamination%-
135 and reductive amination.®**13 Other methods include carbene N—H insertion,** transition metal catalyzed
allylic amination#®142 and functionalization (e.g. acylation/cyanation/azidation), followed by reduction to the
amine.*1% The second method involves post-functionalization strategies, which take an existing amine
backbone, and uses the amine functionality to direct reactivity onto the carbon chain. This includes transition
metal-catalyzed cyclometallation followed by functionalization,'#¢4® radical generation on the carbon
chain,'*® or carbenoid insertion.** The final method of amine synthesis could be considered a combination of
the two, increasing the order of alkylation whilst introducing further functionalization. Examples include the
Mannich?®?, Strecker'®? or Petasis'® reactions among others,*>* which are thought to involve condensation of
a secondary amine with a carbonyl species to form an iminium ion, which then undergoes addition, to generate

a tertiary amine.

\”/ (1) Scaffold synthesis N (2) Post-functionalization N
X Alkylation, hydroamination, .)\/\ C-H activation, .)\/\H
.)\/\ reductive amination radical/carbene methods

Aliphatic amine

Figure 11: Strategies for aliphatic amine synthesis

More recently, the generation of a-amino radicals has become an effective alternative for the multicomponent

construction of aliphatic amines.’ Starting with a primary, secondary or tertiary amine, many methods to
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generate these radicals have been developed, opening up previously inaccessible reactivity pathways.
Formation of a-amino radicals has been approached in three broad ways (Figure 12). Hydrogen atom
abstraction of the a-hydrogen of a tertiary amine 169 can form o-amino radical 170, enabling C-H
functionalization of a previously unreactive a-nitrogen center. Another method of generation is via oxidation
of amine 169, followed by deprotonation. Finally, the a-amino radical can be generated via single-electron

reduction of an iminium ion 171, originating from condensation between a secondary amine and an aldehyde.

®
\N/ HAT \N/ [Red] \N/
|
J [0x] %57 J 5
169 -H* 170 171

Figure 12: General methods of generating an a-amino radical

The generated a-amino radical is relatively nucleophilic in character, thus showing good reactivity with
electrophilic species. This nucleophilicity is attributed to the delocalization of the a-amino radical with the
adjacent nitrogen lone pair.**® This predicts that two of the electrons will be in a bonding orbital, with the third
in an energetically close antibonding orbital (three-electron bond). These MO interactions are also the basis of
why a-amino radicals are relatively stabilized, with stabilization increasing with greater degree of N-alkylation.
The nucleophilic character therefore offers complementary reactivity to the precursor iminium ion, which is

electrophilic in nature.

2.1.1. Methods to Generate a-Amino Radicals
Over several decades there has been a wealth of reported methods for a-amino radical formation, and
advancements in the field have been widely reviewed.!*>**""161 In summary, one could categorize the field into

three general methods of generation:

i.  Homolytic cleavage of a-amino C-X bond
ii.  Single-electron oxidation of amine

iii.  Single-electron reduction on imine
Homolytic cleavage of a-amino C—X bond

The earliest example of a-amino radical formation could be attributed to Urry in 1952,%? who used peroxide
and heat to abstract a hydrogen atom from the a-position in piperidine. One pitfall of this method is that
multiple C—H bonds adjacent to the nitrogen will have similar bond enthalpies, resulting in a mixture of radicals
being potentially formed. Therefore, regioselectivity must be controlled by substrate design (e.g. using
symmetrical amines) or by blocking the other undesired a-positions. For instance, MacMillan utilized a
symmetrical N-Boc protected pyrrolidine 172, in conjunction with photoredox catalysis and a quinuclidine

additive, to abstract the a-hydrogen atom of 174 (Scheme 24).1%3 This generated radical intermediate 176,
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which could participate in a nickel catalytic cycle, by reaction with in situ generated complex 177. Upon
formation of 178, reductive elimination was proposed to form the arylated amide product 179.

MacMillan (2016) 3-Acetoxyquinuclidine (1.1 equiv.)

Ir[dF(CF3)ppyl2(dtbbpy)PFg (1 mol%)

[ \ Br NiBrye3H,0 (1 mol%)
N N \©\ N
éoc CO,Me 4,7-Dimethoxy-1,10-phenanthroline (1 mol%) éoc CO,Me

H,O (40 equiv.), DMSO

172 173 34 W blue LED 179
\
[@OAC
N Br
118 L, Ni'-Ar .
{ M {3

N N L, Nil-Alk

| | |

Boc Boc Ar

174 176 178

Scheme 24: Hydrogen atom abstraction to generate a-amido radical

Another method of controlling regioselectivity is to pre-functionalize the starting materials. Homolytic
methods using a-heteroatom amides as precursors to a-amido radicals, using tributyltin hydride, was first
developed by Bachi in 1981.1%41¢7 This was inspired by prior studies on the reduction of selenides!®® and
sulfides®® with tributyltin hydride, via a homolytic cleavage mechanism. This method of radical formation
was extended by Padwa in 1983 for the generation of a-amino radicals from thioaminals (Scheme 25).17°
Heating of AIBN and BusSnH generated tributyl tin radicals, which could induce homolytic cleavage of the
C-S bond, favored by the strength of the generated Sn—S bond. a-Amino radical 181 was envisaged to cyclize
onto the pendant alkene, generating pyrrolidine 183. However, only the direct reduction product 182 was
observed, resulting from hydrogen atom transfer with tributyl tin hydride. Later reported methods have
continued to use tributyl tin hydride or tris(trimethylsilyl)silane, AIBN and stirring at 80 °C to form radicals
via homolytic cleavage.'’*172
Padwa (1983)

AIBN (4 mol%)
Ph N "X BuzSnH (1.4 equiv.) P SN X

| N
180 (/ESPh Benzene, reflux Me Ph NQ

\/Q 182, 89%
SnBuj 183 Me
not observed
ST~
.b ﬂ
H=SnBuj
181 \J

Scheme 25: Homolytic cleave of heteroatomic bonds for a-amino radical formation
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Single-electron oxidation

Another method to generate an a-amino radical from the existing amine scaffold is to carry out one-electron
oxidation of amine 184, to give aminium radical cation 185 (Scheme 26). This greatly acidifies the neighboring
a-hydrogen atom, and ensuing deprotonation gives a-amino radical 186.1”® The oxidative process has been
achieved in a number of way, for instance with one-electron oxidants,” and through electrochemistry!® and
photochemistry by UV irradiation.®

| [0x] ! H* .
N —_— /+.Y —_— /N
NS
! Y
184 185 186

Scheme 26: Oxidative method of a-amino radical formation

A potential pitfall of this method is that the regioselectivity of the deprotonation step must be controlled. One
solution was studied by Mariano, Davidson among others, through the use pre-functionalized amine substrates,
which have o-fragmentation patterns that are surrogates of a-deprotonation (Scheme 27). Initially, oxidation
of the amine substrate (187, 188, 189) generates the corresponding aminium radical cation (190, 191, 192).
Then, o-desilylation,'” a-decarboxylation'”” and other fragmentation processes!’® can occur, to generate o-
amino radical 194 with regioselective control.

o4 oy

I .
_N._SiMes N_SiMes  —

187 190

0 70
P PRI 7R R Y i 5

188 191 193 194

189 192

Scheme 27: Regioselective methods of a-amino radical formation

Recently, visible light mediated photocatalysis has greatly facilitated the formation and manipulation of radical
species. The oxidative method of generating a-amino radicals described above, was first translated to
photocatalysis by Stephenson in 2010. The group used an iridium photocatalyst to oxidize the amine to the
aminium radical cation, followed by deprotonation to a-amino radical 196 (Scheme 28).17° 196 is relatively
reducing, and is prone to further oxidation to iminium ion 197, which reacts with the nitronate anion to give
198. In this case, it was thought that adventitious oxygen or nitromethane acted as the terminal oxidant to
regenerate the photocatalyst. Many reports using this methodology have been disclosed, highlighting the wide

breadth of possible photocatalytic transformations. 18183
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Stephenson (2010)
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Scheme 28: Photocatalytic oxidation to generate a-amino radicals

Furthermore, photocatalytic variants of regioselective a-amino and a-amido radical formation have been
reported. Using similar precursors to those shown in Scheme 27, photocatalysis has been used for substrate
oxidation, followed by desilylation or decarboxylation processes.8

Single-electron reduction

Reductive methods typically involve the single-electron reduction of iminium and imine substrates to generate
the a-amino radical. (Scheme 29). Beginning in 1983, Kunai reported the electrochemical reduction of isolable
tetra-substituted iminium salt 199, utilizing the generated o-amino radicals in Giese reactions.’® Martin
showed that strong stoichiometric reductants such as Sml, could also be employed to reduce similar substituted
iminium ions (200).18 Later, it was shown by Enholm and Nishimura that aldimines (202) could be reduced
to the corresponding radical.®"'# Finally, instead of using isolable tetra-substituted iminium salts,
Aurrecoechea showed that alkyliminiums could be reduced by using a-aminobenzotriazoles (204) as in situ

precursors of iminium ions, thus preventing undesired reduction of the aldehyde starting material by Smi,.18°

Kunai (1983) Enholm/Nishimura (1990)
<N ®> Hg-electrode N Sml, HN~
| J ok
e -1.80 Vvs. SCE Ph Ph
ClO, _ 202 203
N
199 I ,kg
201 Aurrecoechea (1992)
Martin (1988)
Sm|2 ANNTe N~y o
® N N
\N )\ _N Sm|2 %
| N °N
S) 205
Ph clo, 204
200

Scheme 29: Reductive methods of a-amino radical formation

The photochemical single-electron reduction of iminium ion salts was studied during the 1970s and 80s,
particularly by Mariano.?%!°! The iminium ion possesses one photochemical transition, between the C=N n-

m* orbitals, which occurs in the UV region. For instance, alkyl-substituted (206), C-phenyl conjugated (207),

47



2. Generation of a-Amino Radicals via a Charge-Transfer Complex

and hydroxy-vinyl (208) substituted iminium salts have absorptions at Amax = 222 nm, 275 nm and 317 nm
respectively (Scheme 30a). The presence of the iminium positive charge significantly lowers the HOMO and
LUMO energies, in comparison to ethene. The relatively low lying LUMO of iminium salts thus facilitates the
process of single-electron reduction to give the a-amino radical. UV irradiation from a medium-pressure
mercury lamp could excite conjugated iminiums, which could be quenched by electron-rich donors, such as
olefins, arenes and alcohols.'®> A report by Mariano showed that irradiation of iminium salt 209, led to
exciplex-mediated electron transfer with 212, generating radical pair 213 and 214. Radical-radical

recombination and quenching with methanol gave 215 in 81% yield (Scheme 30b).1%

(a) Typical iminium absorption wavelengths

450 W Hanovia Hg lamp Ph

O+ ™ N
Vs
Ph
®N ®CIO Me MeOH Hme Me
4
209 210 215, 81%

| T
[#N S SO

Me

21 212 213 214

Scheme 30: Using UV irradiation for the reduction of iminium ions

The reduction of aromatic aldimines (216) using photoredox catalysis was first reported in 2014 by MacMillan
(Scheme 31),1% among other groups.'®>1*° The process was not extended beyond aromatic aldimines until
2018 where Wenger utilized in situ generated aliphatic aldimines and ketimine intermediates (218), in a radical
reductive amination reaction.?®® Later that year, Gaunt reported the single electron reduction of aliphatic
iminium ions derived from secondary amines and aldehydes, extending the reactivity of the generated a-amino

radicals to Giese additions.?®!
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MacMillan (2014) Wenger/Gaunt (2018)
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Scheme 31: Photocatalytic reduction to generate a-amino radicals

Finally, charge-transfer complexation has been used for the reduction of iminium ions. Melchiorre®® and
Gilmour'® have reported recently the charge-transfer reduction of a,B-unsaturated iminium ions to highly
stabilized radicals, described earlier in Chapter 1. In these cases, the radical was found to react exclusively at
the B-amino position, instead of the a-amino position. Charge-transfer mediated a-amino radical formation
was reported by Yu in 2019, who described the complexation between preformed aromatic aldimines (92) and
a-keto acids (85), via a putative cyclic transition state 93, to generate benzylic a-amino radical 220 (Scheme
32).202

Yu (2019)

OMe OMe
r 0 r
N . oH 90 W blue LED HN
o)
o 220
92 85

| N, 0% ‘
Ar—NHA |
"Ph\\

93 Ph O

Scheme 32: Generation of a-amino radical by a charge-transfer complex

The resurgence of visible light mediated photoredox catalysis and charge-transfer chemistry has greatly
facilitated the mild generation and manipulation of radical intermediates. By avoiding the use of typically
harsher, stoichiometric oxidants and reductants, these fields of photochemistry have provided significant
advantages in widening the scope of possible transformations for a-amino radicals. Charge-transfer manifolds
have the potential to exhibit high selectivity due to the bespoke interactions between donor and acceptor
molecules. Hence, the development of further methods of charge-transfer activation, would be a natural

progression in the field of a-amino radical generation.
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2.2. Project Aims

In 2018, the Gaunt group demonstrated the single-electron reduction of alkyliminium ions, generated by the
condensation of secondary amines and aldehydes (Scheme 33).2°* The photoredox catalyst Ir(ppy)s and
Hantzsch ester were used, to generate the reductive conditions necessary for the single-electron reduction of
alkyliminiums. The generated a-amino radicals were intercepted by electron-poor and highly stabilizing alkene

acceptors, such as butyl acrylate, to form tertiary amines in a concise fashion.

Ir(ppy)s (1 mol%)

Bn Bn (0} 0 HEH (1.5 equiv.) Bn\N,Bn
N7 + | +
N /\)\/\
; K/\Me \)J\OBU Propionic acid (20 mol%) Me CO,Bu
221 222 223 4A MS, CH,Cl, 40 W blue LED 224
Bn Ph
Bn., .B Bn
N~ 9] N ZC0Bu B, 4
221 H N B B ——
Bn Et
229 Et\)\/§\
o) 227 228 CO,Bu
|
Et
= l 1,5-HAT
it = 219 v Ph
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(' (ppy)sl IM(ppy) £t
? \)\/\0028u
R 231 [0X]
e 226
I = +0.31 v 2" Ph
s/ Bn\®/)
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232
Bn\N,Bn HEH
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225 \)\/\C028U
Hantzsch ester (HEH) 224

Scheme 33: Multicomponent synthesis of tertiary alkylamine using photocatalysis. R = CO2Et

In their mechanistic proposal, the reaction begins with visible light excitation of Ir'"!(ppy)s to the photoexcited
Ir''(ppy)s*, which is quenched by Hantzsch ester 225, resulting in the Hantzsch ester radical cation (226) and
[Ir'"ppys] 2% The highly reducing Ir'" species carries out reduction of in situ generated alkyliminium 227, to o-
amino radical 228 (Ir"'/Ir", E,* = —2.19 V vs. SCE in MeCN, cf. E;,** = —1.4 V to —2.0 V vs. SCE in MeCN
for iminium ions).2%* Radical addition of 228 into electrophilic butyl acrylate, results in stabilized radical 230,
which undergoes 1,5-hydrogen atom transfer (HAT) to give benzylic radical 231. Reaction termination was

proposed to occur via HAT with the Hantzsch ester radical cation 226 (or Hantzsch ester), to give tertiary
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amine 224. Alternatively, oxidation of 231 to the benzylidene iminium ion 233, via a separate photoredox
catalytic cycle, then polar reduction with Hantzsch ester could also give the desired product.

Based on the observed tertiary amine products, it was clear that the a-amino radical was the key intermediate
in the reaction, however the unequivocal validation of this species, was not conclusively determined.?®
Consequently, in our project design plan, we chose to investigate the nature of the a-amino radical species
further, primarily by means of a cyclopropyl radical clock. Investigation of the a,a-cyclopropyl amino radical,

and its subsequent fragmentation, would lead to two goals (Scheme 34):

i. It was envisaged that B-C—C bond scission of the cyclopropyl ring would produce an acyclic radical
species, that could be intercepted by olefins, to generate cyclic scaffolds.

ii.  The radical clock could be used as a probe, to discover novel methods of a-amino radical generation.

Fragmentation of
a,a-cyclopropyl-amino radical

@ ~ 7

/ J %
\ 1
\_\

New methods for a-amino

Cyclization reactions X i
radical generation

Scheme 34: Overarching project aims, using the fragmentation of a,a-cyclopropyl-amino radicals
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2.3. Photoredox Catalyzed Fragmentation-Cyclization

2.3.1. Introduction

Cyclic scaffolds are important structural elements, which have been incorporated into contemporary drugs to
modulate electronic distribution, three dimensionality and scaffold rigidity.?°%” To develop a new cyclization
reaction, we envisaged the condensation of secondary amine 234 with cyclopropyl carboxaldehyde 235,
forming alkyliminium 237 (Scheme 35). In the presence of reducing photocatalytic conditions, as reported
previously in our laboratory, single-electron reduction could form a-amino radical 238, initiating p-C—C bond
scission and forming acyclic radical 239. In a tandem process, the radical could be intercepted by acceptor 236
to give 240, then undergo intramolecular cyclization with the pendant enamine, to form a-amino radical 241.

Finally, reduction via hydrogen atom transfer would generate cyclopentyl methylamine 242.
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Scheme 35: Initial reaction design plan

Despite the prevalence of literature methods to manipulate a-amino radicals, the generation of a,a-cyclopropyl
amino radicals has been overlooked. In contrast, the radical fragmentation and reactivity of a,a-cyclopropyl-
ketyl radicals has been widely studied. One of the earliest reports was by Motherwell, who demonstrated the
single-electron reduction of a-cyclopropyl ketone 243 with Sml, (Scheme 36).2%® Upon fragmentation of the
ketyl radical 244, intermediate 245 was generated, which cyclized onto the pendant alkyne chain to form
spirocyclic 246, in 57% yield. The a-cyclopropyl ring is common in radical fragmentation reactions, due to
the relatively large ring strain of 28 kcalmol™ (due to angle and torsional strain). This allows B-C-C bond
scission to be kinetically favorable, compared to radical termination.?%® Using stoichiometric radical initiation
methods such as AIBN and Sml,, a wide range of cyclopentane ring forming reactions have been developed

to date.210-213
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Motherwell (1991)
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Scheme 36: Early example of radical-initiated tandem fragmentation-cyclization reactions

The resurgence of photoredox catalysis has led to a few related radical fragmentation cyclization
transformations.?** Most notably, Yoon reported an intramolecular,?'® and subsequently elegant intermolecular
enantioselective process, which utilizes the fragmentation of a cyclopropyl radical ketyl species (Scheme
38).216 They utilized a gadolinium Lewis acid with chiral ligand 249, which facilitated photocatalyst-mediated
single-electron reduction of 247 to 250, through coordination of the ligand to the ketone moiety. Fragmentation
provided intermediate 251, followed by radical addition to styrene, and cyclization to eventually give
cyclopentyl ketone 254, in high yield and enantioselectivity.

Yoon (2016)

0 [Ru(bpy)s](PFe)2 (2.5 mol%) O\ Ph
Gd(OTf)3 (10 mol%)
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Scheme 37: Photoredox catalyzed asymmetric radical fragmentation-cyclization

Finally, another class of ‘photocycloaddition’ was established by Zheng in 2012 (Scheme 38).2%° Their process
oxidized a tertiary amine 255 to its radical cation 256, to initiate cyclopropyl fragmentation to 257. Radical

addition to styrene generated 258, followed by intramolecular cyclization, to give the fused 5,5-product 259.
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Zheng (2012)

Ph
Me Ru(bpz)3(PFg), (2 mol%)
&H + /\Ph Me
Ph—N
MeNO,, 13 W CFL Ph—N H

255 248

259, 77%, 4:1 dr

SETl TT

Scheme 38: Radical fragmentation-cyclization reaction starting from the aminium radical cation

Regarding the fragmentation of a,a-cyclopropyl amino radicals, two related examples have been reported —
the first by Py, who described the single electron reduction of a-cyclopropyl nitrones using Sml, (Scheme
39).2Y7 Using the diphenyl substituted starting material 260, the o-nitrone radical 261 underwent B-C—C bond
scission, followed by HAT, then tautomerisation to form the acyclic nitrone 263 in 35% yield.

Py (2010)
On @ . .
O-N-Bn Sml; (3 equiv.), H,0 (16 equiv.) Ph ©
Ph | |
N
PhAV THF, -78 °C ph)\/\¢® BN
260 263, 35%
| . .B
SET \_» Pésmo N n Ph Qsmlz i
—_—
N.
ALV th Bn
262
261
Wenger (2018)
Q NH, [Ru(bpy)sICl; (1 mol%) o
+ :I
%Me Ascorbic acid (1.5 equiv.) Me/\)J\Me
264 265 CH3O0H, 470 nm blue LED 268, 16%

HAT
SET ©\ _H ©\ H Hydrolysis
ok T 1§
(V@Me

266 267

Scheme 39: Examples related to generating a,a-cyclopropyl-amino radicals

The second example, reported by Wenger in 2018, was part of their mechanistic experiments in their report on
a photoredox catalyzed reductive amination.?*® Single electron reduction of the in situ generated iminium ion

generated a-amino radical 266, and in the absence of HAT additive 3-mercaptopropionic acid, the radical

54



2. Generation of a-Amino Radicals via a Charge-Transfer Complex

species was found to undergo ring fragmentation to 267. Subsequently, HAT and hydrolysis led to the isolation
of acyclic ketone 268 in 16% yield.

In summary, while photocatalytic ‘cycloadditions’ have so far mostly focused on aromatic cyclopropyl ketones
as precursors, there have been limited reports related to the fragmentation of a,a-cyclopropyl-amino radicals.
One could hypothesize that compared to enyl radicals, it has been relatively difficult to control the reactivity
of enamyl radical resulting from B-C—C bond scission. This could be due to competitive or uncontrollable

hydrolysis of the enamine moiety during the reaction.

2.3.2. Reaction Discovery

Using piperidine and dibenzylamine as test amine substrates, radical acceptors 248, 271-279, of varying
electronic properties, were investigated (Scheme 40). Styrenyl acceptors 248 and 271 were found to be
completely unreactive, while acceptors 272-275 gave complex mixtures, with some indications of desired
product. Vinyl sulfone and acrylate acceptors 276-278 underwent conjugate addition with piperidine; however,
with the more sterically hindered dibenzylamine, the desired cyclopentane product could be detected by GC-
MS, as a complex mixture of products.

Ir(ppy)s (1 mol%)
HEH (1.5 equiv.)

Bn\N/Bn * \A /l\
H R2 Propionic acid (20 mol%) R
2

4A MS, CH,Cl,, 40 W blue LED

221 235 269 270 R
PR Ph Cl Q N
Z Ph (: < “OBn
)\Ph )\CN \ (6]
248 271 272 273 274
CO,iPr
=Cco,Me > 50,Ph 2 C0,E ZCN
COziPr
275 276 277 278 279

Scheme 40: Initial design plan and alkenes tested

Using acrylonitrile 279, it was possible to isolate cyclopropyl product 280 in 15% yield, and the cyclopentyl
product 281 in 42% yield, as a mixture of 4 diastereomers (Scheme 41a). Firstly, it was determined whether
cyclopropane 280 was an intermediate prior to cyclopentane formation, or part of a separate reaction pathway.
Cyclopropane 280 was re-subjected to the reaction conditions, which showed complete recovery of the starting
material (Scheme 41b). This indicated that the cyclopropane was likely not an intermediate in the desired

product pathway.
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(a) Initial reaction hit with acrylonitrile

Ir(ppy)s (1 mol%) Bn. _Bn By 2"
HEH (1.5 equiv.) N

Bn. _Bn

N O% + ZCN *
Propionic acid (20 mol%)  NC NC
221 235 279 4A MS, CHoCly 280, 15Y% NC
40 W blue LED ’ 0 281, 42%
20:15:1.2:1.0dr
(b) Resubjection of the cyclopropyl by-product to reaction
0,
Bn. _Bn Ir(ppy)3 (1 mOIA’) Bn. _Bn

HEH (1.5 equiv.)

+ O§A + /\CN
NC Propionic acid (20 mol%) NC

4A MS, CH,Cl, ,
280 235 279 40 W blue LED 280, 99%

Scheme 41: Initial signs of successful photocycloaddition

Based on previous reports from our laboratory, our working hypothesis for a catalytic cycle is shown in Scheme
42. The excited photocatalyst is reduced by Hantzsch ester to generate the Ir'" catalyst, which reduces
cyclopropyl iminium 282, generating a-amino radical 283. This radical can undergo radical addition to
acrylonitrile, then HAT with Hantzsch ester (or its radical cation 226), to generate undesired cyclopropane 280.
On the other hand, radical fragmentation of the cyclopropane 283 can generate intermediate 285, which is
trapped by acrylonitrile and undergoes cyclization to give a-amino radical 287. It was intended that radical
intermediate 287 would be quenched by Hantzsch ester here. However, the nucleophilic a-amino radical was

found to undergo further radical addition to acrylonitrile, generating 288, and ultimately 281 upon HAT.

The discovery of this reaction was significant in validating the presence of the a-amino radical intermediate
and providing a lead for a novel cyclization reaction. Two primary issues were identified — firstly, radical
addition of the cyclopropyl a-amino radical to acrylonitrile, was an undesired outcome of the reaction.
Secondly, the incorporation of an additional equivalent of acrylonitrile resulted in an uncontrollable level of
functionalization. To minimize the undesired pathways, the rate for cyclopropyl ring opening must be faster
than the rate of a-amino radical addition to acrylonitrile, which in turn, must be slower than the rate of HAT

for the a-amino radical.
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Bn. _Bn

Iz

221
Bn Bne. A\ ZCN =~
I s S 4
n n
235 OQA Bn
283

285 286
SET
Bn\N’Bn Bn..-Bn
III /\CN
[1r'epyar ] eeys |
)) 288 NC NC 287
A l1,5-HAT
:‘ § \" Ph
<. éﬁ Bn Bn\N'Bn
N HEH
Ir'"ppy —
NC or 226 NC
EtOZC CO,Et NC 281 NC
289
Me N Me
H
225

Scheme 42: Proposed catalytic cycle, affording cyclopropyl and cyclopentyl products
In addressing the first issue, it has been established that the rate of radical-initiated -C—C bond scission can
be accelerated by stabilization of the resulting radical species.?’®* As summarized by Newcomb, the rate of
radical fragmentation (290 to 291) can be increased by an order of magnitude, upon substitution of H with a

CHs group, and by three orders, upon substitution with a CO,CHs; group (Table 1).

R k (s

H 7x 107

k 8

: /\ CH, 1x10
S VTR MR CO,CH; 7 x 10%°
290 291 Ph 1.5x 101

Table 1: Rate of radical fragmentation, depending on cyclopropane substitution
It was envisaged that substitution of the cyclopropyl ring would similarly increase the rate of ring-opening,
potentially beyond the rate of direct radical addition to acrylonitrile. Synthesis of the dimethyl substituted
cyclopropane carboxaldehyde 294 was achieved in two steps starting from 3-methyl-2-buten-1-ol 292.
Subjecting 294 to the reaction conditions afforded cyclopentane 295 in an improved 56% yield, with no

cyclopropane by-product detected (Scheme 43a). While successful in preventing direct radical addition, over-

alkylation remained an issue.
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It was anticipated that by changing the electronic substitution of the cyclopropyl ring, the radical resulting
from fragmentation would have a different electronic character. This could allow radical reactivity with
electron-rich alkenes, which in turn, would slow down the rate of alkene addition, by the nucleophilic a-amino
radical.??® Cyclopropyl carboxaldehyde 298 bearing a geminal di-ester motif was synthesized, and upon
screening the reactant with a range of electronically distinct acceptors, it was found that
methylenecyclopentane 300 gave the spirocyclic product 301 in 29% yield (Scheme 43b). The uncyclized
product 302, resulting from radical fragmentation and HAT, was also isolated in 22% yield. No evidence of
double addition product was observed, even when dibenzylamine was used as the amine substrate (where the

second radical addition of alkene could be promoted by ensuing 1,5-HAT, forming a stabilized benzyl radical).

(a) Di-methyl substitution eliminates early radical addition

Me CHal, (2 equiv.) PCC (1 equiv.)
_ HO Me —  » O Me

HO Me  znEt, (2.5 equiv.) Me CHCl; Me

292 CHoCly/Cobra 293, 73% 294, 88%

Ir(ppy)s (1 mol%) By 2"
Bn Bn HEH (1.5 equiv.) Me
“N” + O§/AVMe + 20N ~Me

H Me Propionic acid (20 mol%) NC
221 294 279 4A MS, CH,ClI, NC
40 W blue LED 295, 56%

(4 diastereomers)

(b) Di-ester substitution eliminates double alkene incorporation

MeO,C.__CO,Me KoCO3 (2 equiv.)
OV\ + Y Ox CO,Me
Br DMF CO,Me
296 297 298, 42%

Ph
=)

Ph
h Ir(ppy)s (1 mol%)
HEH (1.5 equiv.)
+ O§ACOQM6 + /O N

COoMe * °N

N COMe Propionic acid ~Co,Me CO,Me
H (20 mol%) e
4AMS, CH,Cl, CO,Me
299 298 300 40 W blue LED
301, 29% 302, 22%

Scheme 43: Substitution of cyclopropane ring eliminates undesired pathways

2.3.3. Reaction Optimization
To further optimize the reaction conditions, polarity matching of hydrogen atom transfer was first considered.
This is where the rates and selectivity of hydrogen atom abstraction can be rationalized by polarity effects in

the transition state — the ‘electrophilic’ or ‘nucleophilic’ characters of the radical and the hydrogen atom

donor 221,222
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In the desired product-forming Path | shown in Scheme 44a, radical 303 undergoes reversible radical addition
of styrene, then reversible radical addition to the enamine, to form a-amino radical 305. The a-amino radical
must undergo HAT at a sufficiently fast rate to form the product 308. Considering the nucleophilic nature of
the a-amino radical and nucleophilicity of the Hantzsch ester hydrogen atoms, there exists a potential polarity
mismatch, reducing the rate of HAT. At the same time, if we consider the unproductive Path 11, there exists a
polarity-matched HAT between electron-deficient radical 303 and electron-rich HEH, resulting in undesired
by-product 311. Hence, we proposed that the addition of a catalytic quantity of an electrophilic hydrogen atom
source, such as 2,4,6-triisopropylthiophenol (TRIP-thiophenol, 306), could sequester a-amino radical 305,
driving the equilibrium towards product formation. The thiol could then be regenerated by a polarity matched
HAT between thiyl radical 307 and 309, generating thiol 306 and Hantzsch pyridine 310. Upon addition of 20
mol% TRIP-thiophenol to the reaction, an increase in yield of 301 from 29% to 49% was observed (Scheme

44b).

(a) Proposed hydrogen atom shuffling

CO,M Path ! SoaMe N CO;Me
SN aMe . NS coMe o . L0
'\HW /N/\@~ 2 CO,Me
CO,Me N
303 305
304
N @~ HEH (mismatched)

\\COQMG
HEH 308 COzMe TRIP-thiophenol (matched)
(matched) Path Il

e

o

S
iPr iPr
307
CO,Me

~ S iPr
NT XX - COQMe !
' /\/\r Matched

31
EtO,C CO,Et
: /

¥
309 Me N
H

(b) Effect of electrophilic HAT additive Ph
Ir(ppy)s (1 mol%)
HEH (1.5 equiv.)
Propionic acid (20 mol%)
N

Ph
o
ﬁj N ~ AVCOZMe + /O : CO,Me
N CO,Me TRIP-thiophenol (20 mol%) N

COo,M
4A MS, CH,Cl, 2vie
299 208 300 40 W blue LED

301, 49%

Scheme 44: Improved reaction yield using polarity-matched hydrogen atom transfer
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With our procedure improved, we could generate useful quantities of product, which was used to confirm the
connectivity of the product and the stereochemistry of the major diastereomer. Using dimethylamine and 4-
bromostyrene, combined with the more polar bis(2-methoxyethyl) Hantzsch ester (MeOEt-HEH, 314) to aid
in purification, it was possible to isolate 68% of a single diastereomer of 315 (Scheme 45). This was converted
to its perchlorate salt 317 using perchloric acid. Upon crystallization and single crystal X-ray diffraction, the
cyclopentyl connectivity was confirmed (318), with the major diastereomer being the cis isomer, matching our
putative NMR assignment by NOESY. The preference for cis is in line with other reported works on 1-hexenyl
radical cyclization, with bulky substitution at C1 and geminal substitution at C3. The transition state in such

cases has been shown to favor a cis-chair orientation (316 — putative transition state).??3

Me\N,Me
Ir(ppy)s (1 mol%) LO,Me
= MeOEt-HEH (1.5 equiv.) COsMe
Me\N’NIe + O§/AVCOZMG + /\©\
H COMe Br Propionic acid (20 mol%)
312 298 313 TRIP-thiophenol (20 mol%) 315, 68%
4A MS, CH,Cl,, 40 W blue LED By >20:1 dr
o 0 C1
Me2N /\
N .
H COzMe
314, MeOEt-HEH 316
R = CHQCHQOMe COZMe
H ‘7:,2‘ -
Me\N"VIe Me\NfMe wﬁj Yo g
O -
\\COQMG HCIO, (0.8 i ® \\\COZMe U e —§%
< Co,Me 4 (0.8 equiv.) 5 CO,Me J . \;\/(
Et,O/EtOH €104 % ¥
v(é{\ iy
' 9
Br Br 7a

Scheme 45: Confirmation of product structure via crystallization and X-ray diffraction

Next, a model system combining 4-phenylpiperidine 299, carboxaldehyde 298 and styrene 248 was devised,
to determine the optimal reaction conditions (Table 2). A selected summary of the results is described here.
The reaction was moderately successful in a wide range of solvents, with CH,Cl continuing to be the optimal
solvent (Table 2). More polar solvents were not effective, for example in promoting formation of the charged
iminium intermediate. Photocatalysts of varying reduction potentials were investigated, which did not show a
clear trend based on their reduction potentials (Table 3). Ir(ppy)s continued to be used as the photocatalyst,
based on its efficacy and availability.??* Intriguingly, it was also found that the reaction gave 36% yield without

photocatalyst. Though we did not investigate further at this point, we considered the possibility of Hantzsch
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ester acting as the photocatalyst,?® or as an electron-rich species, in the context of charge-transfer complexes,

as reported by Chen and others.?26:27

Ph
Solvent
Ph Photocatalyst (1 mol%)
Additive
+ O\ COQMe + /\Ph N
N CO,Me MeOEt-HEH (1.1 equiv.) LO2Me
H Propionic acid (20 mol%) CO,Me
299 298 248 40 W blue LED, rt, 12 h PH 319
(1 equiv.) (1.5 equiv.) (5 equiv.)
Entry Solvent Yield (%) dr
1 DMSO 7 5:1
2 MeCN 24 2:1
3 EtOAc 34 7:1
4 DMF 38 7:1
5 DCE 56 6:1
6 CH2C|2 63 7:1

Table 2: Screening of solvents. Additive = TRIP-thiophenol (20 mol%). GC-MS assay yield using dodecane as internal standard

Entry Photocatalyst Yield (%) dr
1 - 36 2:1 R2
2 Ir[dF(CF3)ppyl,(dtbpy)PFg 40 2:1 |
3 Ir(dtbbpy)(ppy,)PFs 46 6:1
4 320 53 5:1 R’ R?
5 321 55 31 320:R'=CF3 R?=H
6 322 59 4:1 321:R'=F, R2=F
7 Ir(ppy)s 63 7:1 322:R'=F, R?=H

Table 3: Screening of catalysts. Additive = TRIP-thiophenol (20 mol%). GC-MS assay yield using dodecane as internal standard

Entry HAT additive Equiv. Yield (%) dr
1 - - 0 -
2 1,4-Cyclohexadiene 1.0 0 -
3 2-Phenylmalonitrile 0.2 4 1:1
4 Phenylsulfinic acid 0.2 29 1:1
5 Triphenylsilanethiol 0.5 44 9:1
6 4-Mercaptobenzoic acid 0.5 46 9:1
7 4-Methoxythiophenol 0.5 52 9:1
8 Thiophenol 0.5 57 9:1
9 Triisopropylsilanethiol 0.5 61 9:1
10 TRIP-thiophenol 0.5 67 10:1
11 2,6-Dimethylthiophenol 0.5 77 9:1
12 Tetradecanethiol 2.0 80 9:1
13 Triisopropylsilanethiol 2.0 85 9:1

Table 4: Screening of hydrogen atom transfer additives. GC-MS assay Yyield using dodecane as internal standard
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Given the significant effect of TRIP-thiophenol on reaction yield, we looked to investigate changes in the
electronic and steric character of HAT additives. Additives were tested at different equivalencies, with more
equivalents being attempted when no yield was observed. It was found that 0% yield was observed with 1,4-
cyclohexadiene (155, BDE = 76 kcalmol™), while tetradecanethiol gave 80% yield (323, BDE = 87 kcalmol™)
(Figure 13). Given that the generated a-amino C—H bond has a BDE of ~93 kcalmol™ (324), HAT of the a-
amino radical is thermodynamically favored, regardless of HAT additive. This suggested that polarity
matching was a key factor in determining successful product formation. The final optimal conditions utilized
2 equivalents of triisopropylsilanethiol (TIPS-SH),?% giving a yield of 85% and 9:1 dr (Entry 13). Using these

conditions, charting the reaction progress showed that the reaction was complete in 3 hours, where 44% of

H

O

155, 0%
BDE(C-H) = 76 kcalmol™

e

323, 80%
BDE(S-H) = 87 kcalmol™’

324
BDE(C-H) ~ 93 kcalmol™

product formed within 5 minutes (Figure 14).

Figure 13: Bond dissociation energies of key reacting species.??8-230 GC-MS assay Yield using dodecane as internal standard

Ph

Ph Ir(ppy)s (1 mol%)
TIPS-SH (2 equiv.)

+ O§AC02MG + /\Ph N
N COMe MeOEt-HEH (1 equiv.) LOMe
H 208 248 Propionic acid (20 mol%) COMe
299 CH,Cl,, 40 W blue LED, 6 h o 319

100
E_D 4
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.
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Figure 14: Recording reaction progress over time, using optimal photoredox reaction conditions
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Prior to further reaction optimization, it was briefly questioned whether the Hantzsch ester was required for
the photocatalytic reduction step, or the hydrogen atom transfer step. We considered whether iminium
reduction could be achieved without Hantzsch ester, either by generating Ir' elsewhere in the catalytic cycle
(as shown in Scheme 46a), or excited Ir'" could reduce the iminium ion. By omitting Hantzsch ester and
molecular sieves, it was proposed that upon radical fragmentation and cyclization with an alkene, the highly
reducing a-amino radical 329 could be oxidized via the catalytic cycle to generate iminium 330. This species
could then be hydrolyzed to generate cyclopentyl aldehyde 331. A first attempt of this reaction was successful,
generating 331 in 18% yield (Scheme 46b). This reaction was not pursued further, due to the similarity of the
reaction products to Yoon’s cyclopentyl ketone synthesis.?!® However, given that the amine is not incorporated
into the final product, there remains the possibility for an enantioselective cyclopentyl carboxaldehyde

synthesis to be developed using secondary amine organocatalytic manifolds.?%?

(a) Envisaged Hantzsch ester free cycle

R
0 A\ come | BrNH- Q Bn
~ R
CO2MG B I W
298 n” @ Bn
327
R
= ~
Bn’,N R
Bn

Ph

Ir"(ppy)al‘

,Bn
~N
R
C\ ‘/i ™~R
Ph 329
\ Ir"(ppy)*
Bn\® Bn

o}
\ R H,0 \ \\\COZMe
330 R — CO,Me

(b) Isolation of cyclopentyl carboxaldehyde

.

la\\\\/“"

BnyNH (1 equiv.)

o
/\ Ir(Ppy)s (1 mol%) \ LCO,Me
O\ COzMe + /\Ph ~ CO2Me
COMe Propionic acid (20 mol%)

CH,Cly, 40 W blue LED Ph
298 248 331, 18%

Scheme 46: Net redox neutral photocatalytic cyclopentyl aldehyde synthesis. R = CO2Me

In summary, the photocatalytic conditions developed in this section effectively demonstrated the feasibility of

a-amino radical formation, radical fragmentation, addition, and cyclization, to generate highly functionalized
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cyclopentane products. At this point, the mechanistic rationale and atomic inefficiency of utilizing two
hydrogen atom donors — thiol and Hantzsch ester — in the reaction was questioned. The following sections
describe our efforts to understand and streamline the components necessary for the fragmentation-cyclization
reaction.
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2.4. Charge-Transfer Complex a-Amino Radical Formation

2.4.1. Reaction Discovery

Previously, the development of a photocatalytic fragmentation cyclization reaction was detailed, utilizing
triisopropylsilanethiol (TIPS-SH) to carry out polarity-matched HAT on the a-amino radical intermediate. The
thiol was subsequently regenerated in a hydrogen atom cycle with Hantzsch ester. Instead of using hydrogen
atom regeneration, the potential to use a stoichiometric quantity of thiol as the sole hydrogen atom donor was
considered (Scheme 47). The thiyl radical 333 generated from HAT in Path | could simply dimerize to form
disulfide by-product 334, thus negating the need for regeneration with Hantzsch ester. This would also have
the benefit of removing the possibility of polarity-matched HAT occurring between electron-deficient radical

303 and Hantzsch ester (Path 1), therefore reducing the quantity of by-product 311.

7/ 7/
~N ~N
N CHO,Me Pathl COMe Matched CO,Me
Ny — CO,Me CO,Me
303 CO:Me N
o
305 ®-sH s 308
HEH
332 333
(matched) Path Il
®-S
\
e CO,Me >‘< S—@
N AN = CO2Me 334
‘“/\Hr 309 310
311 R R R_~R
| .. | |
~
Me™ N Me Me” “N” “Me

Scheme 47: Use of stoichiometric thiol and removal of Hantzsch ester. R = CO2Et

When the reaction was attempted using 2 equivalents of TIPS-SH and no Hantzsch ester, desired product 319
was obtained in 18% vyield (Scheme 48a). Furthermore, it was found that the reaction with 2,6-
dimethylthiophenol (DMTP) resulted in 77% yield of 319. Hantzsch ester could, therefore, be removed from
the reaction. In the earlier screening of photocatalysts, the use of Hantzsch ester, TRIP-thiophenol and no
photocatalyst, gave 36% Yyield of the desired product. Now, attempting the cyclization reaction with 2
equivalents of TIPS-SH, whilst omitting Hantzsch ester and photocatalyst, a yield of 0% was observed
(Scheme 48b). However, using 2 equivalents of DMTP, without Hantzsch ester and photocatalyst, the desired
product was observed in 75% yield. The products were fully characterized and compared against compounds
verified by single crystal X-ray diffraction. In this way, it was possible to translate the radical cyclization

reaction, into a process that was free of photocatalyst and Hantzsch ester.
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(a) Without Hantzsch ester Ph

Ph Ir(ppy)s (1 mol%) C\)
HAT additive (2 equiv.)

N

ﬁj + O§/AVCOQME + Zpn \\\COZMe
N CO,Me Propionic acid (20 mol%) CO,Me
H

208 248 CH,Cl,, 40 W blue LED o

299 319
TIPS-SH: 18% (9:1 dr)
DMTP: 77% (9:1 dr)

(b) Without Hantzsch ester and photocatalyst bh

. ey ()
HAT additive (2 equiv.)

N
+ o§/AVC02Me + /\Ph > \\\COZMe
CO,Me Propionic acid (20 mol%) CO,Me
N CH,Cl,, 40 W blue LED
298 248 Ph
299 319
TIPS-SH: 0%

DMTP: 75% (9:1 dr)

Scheme 48: Towards a photocatalyst-free method of a-amino radical generation

Following these discoveries, a short optimization study was carried out. Using 1.5 equivalents of styrene and
DMTP, the reaction was found to be just as effective without propionic acid (Table 5, Entry 1, 2). Although
acid was previously required to catalyze iminium formation, we presumed that the thiol (pKa = 6.6 in H,0,
10.3 in DMSO) could serve a similar function, when present in stoichiometric amounts. Increasing the reaction
time had no effect by itself (Entry 3), however by increasing the time and equivalents of styrene and DMTP to
3, the yield was increased to 98% (Entry 4). We found that it was possible to reduce the equivalents of styrene
and DMTP to 2, without a reduction in yield (Entry 5). Lowering the quantity of styrene and thiol further had
a depreciative effect on yield (Entry 6-9). Following the reaction over time indicated a slower rate of reaction,
compared to the earlier photocatalytic variant, with 24 hours being required for maximum conversion (Figure
15). Regardless, lower equivalents of styrene could be used (2 equivalents) compared to photocatalytic
conditions (5 equivalents), since no Hantzsch ester was present, which previously favored undesired by-

product formation (Path 11, Scheme 47).
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Ph
Ph
DMTP N
+ O§ACOQMe +  ZOpn COzMe

CO,Me Propionic acid (20 mol%) CO,Me

N CH,Cl,, 40 W blue LED
298 248 Ph 319
299
Propionic acid
Entry Styrene (equiv.) DMTP (equiv.) ropionicaa Time (h) Yield (%) dr
(mol %)

1 1.5 1.5 20 12 70 10:1
2 1.5 1.5 - 12 75 10:1
3 1.5 1.5 - 22 74 10:1
4 3 3 - 22 98 10:1
5 2 2 - 24 99 10:1
6 2 1 - 24 72 10:1
7 1 1 - 24 60 10:1
8 2 0.5 - 24 27 10:1
9 1 0.5 - 24 19 10:1

Table 5: Optimization of photoinduced radical cyclization and reaction time study. Time study with 3 equivalents of DMTP

100 -

Tield (%)

20 4

5 10 15 20 25
Time {hr)

]
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0

Figure 15: Reaction progress over time for photocatalyst-free conditions. Conditions as above, using styrene (3 equiv.) and DMTP
(3 equiv.)

2.4.2. Control Studies

With optimal reaction conditions in hand, the origin of radical formation was investigated through control and
mechanistic studies. First, varying the light source showed a clear dependence on light (Table 6), with the
reaction performing best with the Kessil A1I60WE Tuna Blue 40 W blue LED (Entry 1).2* Strips of weaker
intensity Ledxon 467 nm LED strips could also be used to good effect (Entry 2),2%® while a standard 30 W
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white CFL gave a lower yield of 76% (Entry 3). The reaction was set up in darkened conditions (complete
exclusion of light was not possible in standard lab conditions) and the reaction vial covered with black tape.
The vessel was placed on a stirrer plate in front of a Kessil lamp, to mimic any incidental heating, without
irradiating with light. This gave a significantly reduced yield of 11% (Entry 4). Vials prepared in the dark and
placed in a 40 °C oil bath, and at ambient temperature, both gave yields of 6% (Entry 5, 6).

Ph
Ph
DMTP (2 equiv.) N
+ OQACone +  ZPnh COsMe
N COyMe CH,ClI,, light source CO,Me
H 298 248 P 319
299
Entry Light source Yield (%)
1 Kessil 40 W blue LED 99
2 Ledxon 14.4 W 467 nm blue LED strip 90
3 30 W white lamp 76
4 Black tape, Kessil 40 W blue LED 11
5 Black tape, 40 °C oil bath, dark 6
6 Black tape, dark 6
Table 6: Effect of light source on photoinduced cyclization
/h\
= =Kessil 40 W blue LED emission I\
1\
! \
! \
! \
1 \
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! \
/ \
/] \
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Figure 16: Kessil lamp emission spectrum®3
The Kessil lamps used in the laboratory are an earlier model which do not have the capability to select a
precisely tuned wavelength. The reported emission spectrum of the lamp shows the strongest lamp intensity at
L = 460 nm, with a shoulder at A = 430 nm, and a small peak at A = 380 nm (Figure 16).1® The wavelength of

light that enables a photochemical reaction is a crucial determinant of the type of mechanism in action, and a
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way to investigate this is to use light filters which block off regions of transmitted light. Longpass light filters
at 420 nm and 455 nm were obtained from Edmund Optics (SCHOTT GG-420/GG-455),%4 which block off
light below 420 nm and 455 nm, and transmits light above these wavelengths (Figure 17).

= =Kessil 40 W blue LED emission
=420 nm light filter transmission

=455 nm light filter transmission

220 270 320 370
Wavelength /nm

Figure 17: Effect of longpass filters on light transmission

Use of the 420 nm light filter gave a slightly reduced yield of 83%, indicating that light with wavelength around,
or above 420 nm was critical for radical formation (Table 7, Entry 3). Furthermore, 57% yield was observed,
using the 455 nm filter (Entry 4). This indicated that the reaction could still be promoted by light deep in the
visible region (A > 450 nm), where organic molecules typically cannot absorb. Furthermore, use of the Ledxon
LED strips (reported emission peak of 467 nm, tolerance of +3 nm), gave 90% yield, further indicating that

long wavelength visible light was capable of reaction activation (Entry 2).

Ph
DMTP (2 equiv.) N
+ O§ACOZMe + ZPh LOzMe
N COyMe CH,Cl,, light source CO,Me
H 298 248 P’ 319
299
Entry Conditions Yield (%)

1 40 W blue Kessil lamp 99

2 Ledxon 467 nm LED 90

3 Kessil lamp + 420 nm filter 83

4 Kessil lamp + 455 nm filter 57

Table 7: Investigating the effect of longpass light filters

Until now, reaction have been conducted using degassed CH,Cl., prepared by freeze-pump-thaw cycles; a
standard procedure for photochemical reactions, to prevent radical quenching by oxygen. Preparing the

reaction under air and using dry, but non-degassed CHCl,, gave a moderate yield of 67%, indicating a radical
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reaction was likely, with some tolerance of oxygen (Table 8, Entry 2). Adding 1 and 2 equivalents of the radical
quencher TEMPO to the reaction gave 35% and 0% yield respectively, indicating that a radical process was
being inhibited by TEMPO (Entry 3, 4). Unfortunately, the identity of TEMPO adducts could not be observed

by *H NMR or LC-MS.

Ph
o e
DMTP (2 equiv.) N
N CO,Me + #  Ph COzMe
N CO,Me CH,Cly, 40 W blue LED \\Q“COQMe
H 298 248 P 319
299
Entry Conditions Yield (%)
1 No variation 99
2 Non-degassed CH,Cl,, under air 67
3 TEMPO (1 equiv.) 35
4 TEMPO (2 equiv.) 0
Table 8: Investigating inhibitors of radical reactions
Ph
o S
Thiol (2 equiv.) N
+ Oy CO,Me + #  Ph COsMe
N CO,Me CH,Cly, 40 W blue LED \\Q“COQMe
H 298 248 P 319
299
Entry Thiol BDE (kcalmol™) Yield (%)
1 2,6-Dimethylthiophenol - 99
2 2,4,6-Trimethylthiophenol - 64
3 Thiophenol 79.1 (E) 34
4 3,5-Dimethylthiophenol - 31
5 4-Methylthiophenol 78.3 (E) 19
6 Triisopropylthiophenol - 18
7 4-Methoxythiophenol 76.9 (E) 14
8 4-Nitrothiophenol 81.4 (E) 0
9 Dodecanethiol 88.7 (E) 0
10 Triisopropylsilanethiol 88.2 (T) 0
11 Methyl thioglycolate 87.1(T) 0
12 2,2,2-Trifluoroethanethiol - 0
13 L-cysteine 87.7 (T) 0
14 N -Acetyl-L-cysteine - 0

Table 9: Effect of thiol on photoinduced cyclization. BDEs have been reported where available (E = Experimental, T =
Theoretical)?35-23%°

Next, a screening of thiols was conducted, investigating a range of aromatic and aliphatic thiols (Table 9).

Intriguingly, this showed that that only aromatic thiols led to product formation (Entry 1-7). This could be
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attributed to the lower BDE of the aromatic thiol S-H bond (~78 kcalmol™), due to n-cloud stabilization of the
thiyl radical. However, BDE was not useful in distinguishing the efficacy of different aromatic thiols - some
thiols with relatively low BDEs such as 4-methylthiophenol and 4-methoxythiophenol (Entry 5, 7) gave poorer
yields, compared to thiophenol (Entry 3).

Having varied the light source and additives, the reaction components were investigated in turn (Scheme 49).
Irradiating the aldehyde 298, in the presence of DMTP, showed complete recovery of the starting material,
indicating that ring opening of the aldehyde cannot occur (Scheme 49a). Irradiating the amine, aldehyde and
thiol, led to the disappearance of diagnostic cyclopropyl signals upon *H analysis of the crude reaction mixture
(Scheme 49b). Subjecting the crude mixture to aqueous HCI revealed acyclic aldehyde 338, obtained in assay
yield of 90% and isolated in 65% yield. This indicated that the amine is required for ring opening, and in the
absence of an alkene acceptor, radical intermediate 336 can undergo HAT to form enamine 337, and aldehyde
338 upon hydrolysis.

(a) Aldehyde and thiol

DMTP (2 equiv.)
O§ACOQMG OVAVCOZMG
CO,Me CH,Cl,, 40 W blue LED CO,Me

298 298, (99%)

(b) Amine, aldehyde and thiol

Ph
DMTP (2 equiv.) R_ CO;Me HCI (aq. CO,Me
+ O§/AVC02MG '}l A 2 4(Q)> O\ 2
N CO,Me CH,Cl, R CO,Me CO,Me
H 208 40 W blue LED 337 338, (90%) 65%
299
SET ‘ HAT
Il? R\NwCHOZMe
&N CO,Me & COM
AV co,Mme 336 CO:Me

335

Scheme 49: Control studies investigating reaction components. Brackets denote *H NMR yield using TCE as internal standard

Next, sequentially combined reaction mixtures were analyzed by *H/2C NMR, which showed that a mixture
of amine and thiol in deuterated CHCI; led to no change, compared to the starting materials (Scheme 50a).
This was also the case when aldehyde and thiol were combined (Scheme 50b). Meanwhile, mixing amine and
aldehyde led to the formation of hemiaminal 341 (Scheme 50c). Finally, mixing all 3 components showed

complete and rapid (<5 mins) conversion to thioaminal 342 (Scheme 50d).
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(a) Amine and thiol

o

N
H

339

CD,Cl,

No change

(b) Aldehyde and thiol

O§A002Me +

CO,Me
298

CD,Cl,

No change

SH
Me\©/Me
340

SH

Me. t Me
340

(c) Amine and aldehyde

MeO,C CO,Me
CD,ClI, § \ ¥,
+ Oy COyMe N
N

CO,Me »
339 298 OH

(d) Amine, aldehyde and thiol

MeoZC/’ COzMe
o CD,CI X /
O + O%/AVCOZMG + Me\@/Me #; N
N
H

COyMe S Me

0,
339 298 340 342, 99% M:Q

Scheme 50: NMR analysis of reaction mixtures. *H NMR yield determined by comparison with TCE internal standard

Given the full conversion of the reaction components to thioaminal 342, it was hypothesized whether the
thioaminal could absorb visible light, generating excited state 343 (Scheme 51). From the excited state, C-S
bond cleavage could potentially occur, generating a-amino radical 344.

. *

Me0,C_CO,Me MeO,C,_ CO,Me
\\: / \\: / MeO,C CO,Me
N > N C-S bond ; \ ~,
—_—
N

S. Me

V] cleavage 344
we X, ve X

342 343

'@\

[y

.

RN

Scheme 51: Possibility of thioaminal excitation, leading to C-S bond cleavage

2.4.3. Alternative Mechanistic Hypotheses

Photoinduced Thioaminal Excitation

To determine the visible light absorbing species, UV-vis absorption measurements for each reaction
component were conducted. The absorptions of: i) thiol (340), ii) thiol & amine (340, 339), iii) thiol, amine &

aldehyde (i.e. thioaminal 342) were measured between concentrations ¢ = 0.33 mM to 33 mM. At the lowest
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concentration, ¢ = 0.33 mM, a peak was observed at Amax = 237 nm for all three instances, indicating that the

thiol aromatic ring was responsible for this absorption (Figure 18).

XMGOzC,’ COzMe
W A

CO,Me S Me

SH
O OVATC%MG Me\©/Me
N
H

Amine Aldehyde Thiol Thioaminal Me\‘%
339 298 340 342
4
35
—Thiol
3
==Thiol + Amine
23 Aoy = 237
g ma = €24 TN —Thiol + Amine + Aldehyde
2
[=]
"
2
<<
15
1
05
0
220 270 320 370 420 470 520

Wavelength /nm

Figure 18: Absorption of mixtures in CH2Clz (c = 0.33 mM)
At higher concentrations, a small peak at Amax = 255 nm was visible for the aldehyde in isolation (Figure 19),

however this was dwarfed by the thiol absorption, upon addition of thiol. At ¢ = 33 mM, the thiol absorption

is sufficiently high to saturate the machine detector, and the peak diminishes at approximately Atwii = 385 nm.

3.5
3 o= 255nm —Aldehyde
—Aldehyde + Amine
2.5
—Aldehyde + Amine + Thiol
g 2
©
2
o
315
31
1
0:5
A =385 nm
0
220 270 320 370 420 470 520

Wavelength /nm

Figure 19: Absorption of mixtures in CH2Cl2 (¢ = 33 mM)
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When the thioaminal absorption was compared with the Kessil lamp emission, there was no overlap between
the two spectra (Figure 20). This was further accentuated when the 455 nm longpass light filer is considered.
Therefore, it was concluded that the thioaminal cannot absorb light to initiate the reaction. This was not
surprising, given that the molecule has no extended chromophores, and similar molecules have previously
required UV light from a mercury lamp to initiate photoinduced bond cleavage.?*

3.5
= Thioaminal (c =33 mM)
= =Kessil 40 W blue LED emission

56 =455 nm light filter transmission

Absorption

0.5 )

220 270 320 370 420
Wavelength /nm

Figure 20: Comparison of thioaminal absorption and lamp emission spectra

Disulfide Energy Transfer

It has previously been reported that the photoexcitation of diaryl disulfides require UV light (Amax = 250 nm).
Although unlikely, it is possible that an alternative mechanism involves excitation of the DMTP disulfide by-
product 345 (Scheme 52).%%° The disulfide could be present in trace quantities in commercial DMTP, or could
be generated from DMTP, either due to oxidation by adventitious oxygen, or light irradiation. One possible
pathway could involve photoinduced excitation of disulfide to 346, which could undergo energy transfer with
thioaminal 342, generating excited state thioaminal 343. This species could then undergo C-S bond cleavage,

generating a-amino radical 344.

Recording the *H NMR spectrum of commercial DMTP showed no DMTP disulfide 345 was present.
Furthermore, irradiation of DMTP, followed by *H NMR analysis, showed 91% recovery of DMTP and 0%
disulfide (Scheme 53). Finally, conducting UV-vis absorption analysis of DMTP disulfide at high
concentration (¢ = 33 mM) showed that the absorption band diminished at Awii = 440 nm (Figure 21).241242
Therefore, the absorption profile of the disulfide was not compatible with the reaction being operational with
a 455 nm longpass filter. Given the above evidence, the disulfide energy transfer mechanism was deemed

unlikely.
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Scheme 52: Possible mechanism involving energy transfer, mediated by excited diaryl disulfide
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Scheme 53: No disulfide generation under reaction conditions
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Figure 21: Absorption of DMTP disulfide 345 (CH2Clz, ¢ = 33 mM)
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Thiyl Radical Homolytic Substitution

Itis also possible that oxidation of thiolate, in the presence of adventitious oxygen, could generate thiyl radical
348 (Scheme 54). 1t may then be possible for the thiyl radical to carry out bimolecular homolytic substitution
(Sn2) at the thioaminal 342, leading to 344. Sy2 reactions at C—S bonds are known between tributyl tin radicals
and activated C-S bonds (e.g. thioaminals),?*® however these reactions require high temperatures and are made
favorable by the formation of a strong Sn—S bond (BDE = 112 kcalmol™).2* Thiyl radicals are also known to
react with disulfides, forming transient tri-atomic species, that fragment into crossed mixture of disulfide and
thiyl radicals.?® In this case, generation of radicals was achieved by pulses of high energy electrons from a

Van de Graaff generator.#

XMGOZCI’ COzMe
A

Me S Me
H 342 Me\% XMeOZCE CO,Me
Blue LED
Me ue 344
340
Blue LED | O, Sn2

MeO,C CO,Me
M Me X .
- s 342 @:S@ N =~
X WS
Me
Me 348 Mh
342

348
Scheme 54: Possible mechanism involving homolytic substitution at sulfur

On the other hand, Sh2 by a thiyl radical to form a relatively weak diaryl disulfide bond (BDE ~ 50 kcalmol
1), at the expense of a relatively strong C—S bond (BDE = 65 kcalmol™) has not been reported. Steric hindrance
due to the ortho dimethyl groups of DMTP would further disfavor the Sy2 mechanism. If a Sy2 mechanism
were operational, irradiation of the thiol with light should generate significant quantities of disulfide, via thiyl
radical formation. Furthermore, alkyl thiols should be more suitable for the reaction, since the dialkyl S-S
bond resulting from Su2 is ~15 kcalmol™ stronger, compared to aryl thiols (BDE = 65 kcalmol™ for dialkyl
disulfides, BDE = 50 kcal mol™ for diaryl disulfides).?°

Earlier, it was shown that irradiating DM TP with blue LEDs did not generate DMTP disulfide 345. Therefore,
it is unlikely that thiyl radicals can form spontaneously under light irradiation. Secondly, it was noted that a
control reaction using DMTP previously generated acyclic aldehyde 338 in 90% vyield, with 0% remaining
starting material 298 (Scheme 55a). The ring-opening reaction was attempted using benzyl mercaptan, which
gave 0% vyield of the desired acyclic product 338, and 76% yield of the starting material 298 (Scheme 55b). It

was also observed that both DMTP and benzyl mercaptan formed their respective thioaminal species (350 and

76



2. Generation of a-Amino Radicals via a Charge-Transfer Complex

351) upon mixing. Therefore, the lack of thiyl radical formation under LED irradiation, and the lack of
reactivity with alkyl thiols, suggested that Su2 of the thioaminal by thiyl radicals was an unlikely mechanistic
process.

(a) Aromatic thiol
i) 4-Phenylpiperidine

(1 equiv.)
CH,CI,, blue LED, 20 h CO,Me
Ox CO,Me + OV\)\ Ox CO,Me
CO,Me )HCI, 2 h CO,Me CO,Me
298 338, 90% 298, 0%
(b) Aliphatic thiol
i) 4-Phenylpiperidine
(1 equiv.)
CH,Cl,, blue LED, 20 h CO,Me
O\ CO,Me + ©/\ 0w O CO,Me
COzMe “) HCI, 2 h COzMe COZMB
298 338, 0% 298, 76%
KMeozc CO,Me PhKMe(bC" CO,Me
350 Me 351 S\_Ph
R

Scheme 55: a-Amino radical mediated ring-opening, using aromatic and aliphatic thiols

Photoinduced Thiol Excitation

A final mechanistic hypothesis involves direct excitation of the thiolate anion, followed by exciplex formation
with ground state iminium and SET. To probe this, the UV-vis absorption of the sodium salt of DMTP was
recorded (Figure 22). This showed that between the concentrations ¢ = 0.33 mM and 33 mM, Awi reached 380

nm, which again was not compatible with longpass filter data.?4
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Figure 22: Absorption of sodium salt of 2,6-dimethylthiophenol (MeCN, ¢ = 0.33 — 33 mM)

2.4.4. Computational Studies

After consideration of the above mechanisms, it was proposed that a charge-transfer (CT) complex could be
the origin of radical formation. It was envisaged that thioaminal 342 could dissociate into its constituent
iminium and thiolate ions (Scheme 56). Then, the electron-rich thiolate could act as a donor to the electron-
rich iminium, forming a CT complex 352. Visible light irradiation at an appropriate wavelength could induce
excitation to 353, which could lead to SET. This would reduce the iminium ion, whilst oxidizing the thiolate
ion, thus generating an a-amino radical and a thiyl radical (354).

— - *

MeO,C CO,Me MeO,C CO,Me MeO,C CO;Me

M902g CO2Me 3
; N L N

%@J

N= — g - —
S._ Me 0. Me. o Me, o Me,
Me S—T > S s—<" >
Me’ Me Me'
342 352 353 354

Scheme 56: Hypothesis for radical formation, by charge-transfer complex

A DFT study was conducted to investigate the feasibility of the proposed iminium-thiolate CT complex.?*’
While standard DFT can predict ground-state properties, development of time-dependent DFT (TD-DFT) was
extended in 1984, through derivation of a Hohenberg-Kohn-like theorem for the time-dependent Schrédinger
equation.?*® The resulting techniques in TD-DFT allowed predictions of the interaction of electromagnetic

fields with matter, and consequently the calculation of photo-absorption spectra.?4®-25

TD-DFT can give information on the electronic configurations that span the excited state wavefunction. This

includes: i) transition energy, ii) oscillator strength and iii) molecular orbital composition of the transitions.
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The transition energy gives the Amax, Where absorption of a photon could promote excitation. The oscillator
strength denotes the intensity of transition between two states, which determines transition rates for absorption,
and is correlated to the experimental molar absorption coefficient. The excited state wavefunction is not a
single excited configuration, rather, it is represented as a linear combination of coefficients of the orbitals
involved. The MO composition indicates the most important electronic configurations involved in the

transition, as expressed by the largest coefficients.

DFT calculations were performed with the Gaussian 16 package (Revision A.03),%2 and geometry
optimizations were performed with the B3LYP functional®? and Pople 6-311+G(d,p) basis set.?** Single-point
energies were further evaluated using the 6-311+G(2d,p) basis set. Optimizations were performed in CH.Cl»
solvent using the conductor-like polarizable conductor model (CPCM)?%2% of solvation, to account for
charged species. London dispersion interaction correction was accounted for using the D3 version of Grimme’s
dispersion with Becke-Johnson damping.?’” With TD-DFT calculations, the CAM-B3LYP?® and ®B97X-D?°
range-separated hybrid functionals were used to account for long and short range interactions — both gave

similar outcomes.

To begin, the structure of thioaminal 342 was subjected to geometry optimization, and TD-DFT (CAM-B3LYP
functional) was used to calculate its UV-vis absorption profile (Figure 23). We calculated 3 excited
configurations (denoted by the three vertical green lines in Figure 23), with an overwhelmingly high oscillator
strength transition at Amax = 239 nm, as shown by the relative heights of the green lines. This transition was
from the HOMO to the LUMO of the molecule, and visualization of the orbitals showed that these MOs were
the thioaminal 7 and 7* orbitals, respectively. This matched the measured absorption of Amax = 237 nm (Figure
18).
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Figure 23: TD-DFT calculated absorption spectrum for thioaminal. Green line denotes oscillator strength. GaussSum used for
visualization?6°

Next, geometry optimization was conducted on the putative iminium-thiolate complex, which successfully
converged to a local energy minimum (Figure 24). Frequency analysis for the optimized structure gave

exclusively positive frequencies, indicated a minimum energy point. The converged structure had a rn-s)

79



2. Generation of a-Amino Radicals via a Charge-Transfer Complex

interatomic distance of 3.63 A, which is comparable to the sum of the van der Waals radii of N and S atoms
(3.55 A).?8! The adjacent C(sp?) atoms had an interatomic distance of rc. 3.13 A, and while not a perfect
comparison, can be compared to the van der Waals distances for aromatic molecules of 3.40 A. Interatomic
distances, of the order of rp_a) = 3.1 + 0.3 A, have been reported to be indicative of the presence of charge-
transfer intermolecular forces.”2%? Subjecting other orientations of the thiolate, relative to the iminium, to
geometry optimization led exclusively to the thioaminal species. Additionally, increasing the interatomic
distance between the N/S atoms, or the distance between adjacent C(sp?) atoms, led to thioaminal convergence.
Finally, replacement of the iminium, with an imine derived from a primary amine (or its protonated variant)
and running the geometry optimization also resulted in convergence to the thioaminal. These findings indicated
that electrostatic attraction, due to the formal positive charge of the iminium ion, was necessary for the complex
to achieve a local energy minimum. Energetically favorable interactions due to the neighboring C(sp?)/C(sp?)

atoms were also relevant in the formation of a local energy minimum.

MeO,C_CO,Me
Nx

Figure 24: Local energy minimum found for iminium-thiolate complex. CY Lview used for visualization?%?

Free
thiolate + iminum MeOgC,// CO,Me
ions ©)
— r\ll NS
" 352 |
0.0 . !
. CH
WX
AG Py
(kcalmol™) . .-
MeO,C CO,Me _495
WK
342 S\ Me
Me

Figure 25: Calculated Gibbs free energy map for possible intermediates
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Plotting the relative Gibbs free energies of the free iminium & thiolate ions, thioaminal 342 and iminium-
thiolate CT complex 352, showed that the global energy minimum was the thioaminal at —19.5 kcalmol™
(relative to the free ions) (Figure 25). The CT complex was situated at —7.8 kcalmol?, indicating that
intermolecular forces were present between the iminium and thiolate, which provide energetic stabilization,
relative to the free ions. The —11.7 kcalmol™® energy difference between the CT complex and the thioaminal
highlights the potential transiency of the complex, with a predicted equilibrium constant of K¢q = 3.8x108 at
298 K.

r 0.06

(a) Calculated excitations for complex  *°°]

r 0.05

MeO,C_CO,Me 3000 =
; \ @\/A 0.045-*
N\ " @
: 20004 r 0.035
@é Me '§
Me 0.02
1000 H
352 F 0.01
ol
T . L T T T 0.00
100 200 300 400 500 600 700 800
Wavelength (nm)
Electronic Wavelength Oscillator Initial MO  Final MO  Contribution to
configuration (nm) strength (f) identity identity transition
1 283 0.063 HOMO-2 LUMO 80%
HOMO LUMO+5 2%
HOMO LUMO+7 12%
382 0.001 HOMO-1 LUMO 97%
3 453 0.042 HOMO LUMO 98%

(b) Visualization of HOMO and LUMO

LUMO
356

HOMO
355

Figure 26: Predicted electronic transitions for iminium-thiolate complex. Visualization with Avogadro?s*

Upon running TD-DFT calculations on complex 352, electronic transitions were calculated at Amax = 283 nm,
382 nm and 453 nm with oscillator strength f = 0.063, 0.001, 0.042 respectively (Figure 26a). The new

transition in the visible region at A = 453 nm was relatively intense (f = 0.042) and comprised solely of a
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transition between the HOMO and the LUMO of the complex (98% contribution). Visualization of the orbitals
showed that the HOMO was comprised of the thiolate S lone pair electrons/z bonding orbitals (355), and the
LUMO was comprised of the n*c=n) antibonding orbital (356) (Figure 26b). This indicated that irradiation at
A = 453 nm promotes an intracomplex electron transfer, from the thiolate to the iminium. In other words,
photoexcitation reduces the iminium to the a-amino radical and oxidizes the thiolate to the thiyl radical. This

was strongly supportive of our hypothesis of a charge-transfer complex mechanism.

Comparison of the calculated absorption (Amax = 453 nm), with the Kessil lamp emission and 455 nm longpass
filter, indicated that the filter partially blocks, but does not completely inhibit the calculated absorption (Figure
27). This could explain why the use of 420 nm and 455 nm light filters still allowed product formation to occur
in 83% and 57% yield, respectively.

3

25

Kessil 40 W blue LED emission
2 =455 nm light filter transmission

== Calculated absorption

Absorption

15

350 370 390 410 430 450 470 490 510 530 550

Wavelength /nm

Figure 27: Comparison of filtered lamp emission and calculated absorption

Conducting TD-DFT calculations on 4-methoxythiophenol, instead of DMTP, gave similar results that were
indicative of a CT complex (see Appendices). However, when the CT complex involving 4-nitrothiophenol
was studied (357), the corresponding transitions were markedly different (Figure 28a). Of the three transitions,
the dominant transition was transition 3 at A =410 nm, a HOMO to LUMO transition. Visualizing these orbitals
showed that the HOMO was made up of the thiolate n-orbitals (358), however the LUMO was now based on
the thiolate w*-orbitals (359) (Figure 28b). This is likely due to the nitro group lowering the energy of the
thiolate MOs. These findings were in agreement with the previously observed yield of 0%, when 4-
nitrothiophenol was used as the reductant (Table 9). It is also possible that the nitro group withdraws electron
density and lowers the reducing ability of the thiolate, thus making it thermodynamically incapable of reducing

the iminium ion.
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(a) Calculated excitations for complex
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(b) Visualization of HOMO and LUMO
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Figure 28: Predicted transitions for 4-nitrothiophenol complex
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Concurrently, the model reaction for the synthesis of 319 was conducted, using different solvents as the
reaction medium (Table 10). This showed that the reaction had a dependence on solvent polarity, where
solvents with low dielectric constants gave excellent yields (Entry 1-4), while more polar solvents gave lower
yield (Entry 6-8).

Ph
Ph @
Solvent
+ O§/AVCOZM6 + P N

CO,Me DMTP \\\COQMe
i 298 248 40 W blue LED \\Q‘COZMe
28 Ph 319

Entry Solvent 3 Yield (%)

1 CH,Cl 8.9 99

2 EtOAc 6.1 99

3 THF 7.5 99

4 Benzene 2.3 99

5 MeCN 36.6 85

6 H,O 80.1 12

7 DMF 38.3 8

8 DMSO 47.2 0

Table 10: Effect of solvent on photoinduced cyclization. & = Dielectric constant?*

The intermolecular forces in CT complexes are known to be less robust and directional than other weak forces
such as hydrogen bonding, therefore they are generally highly sensitive to reaction conditions, such as
solvent.”*2%® Both polar and non-polar solvents have been reported to be effective for CT complex-mediated
reactions. Most reports utilizing CT complexes describe the complexation of two uncharged species (361),
where upon electron transfer, two charged species are generated (362) (Scheme 57).84 In such cases, it has
been reported that polar solvents are effective in stabilizing the charged products of electron transfer (362) and

preventing detrimental back electron transfer.

Melchiorre (2015)

Me NO, » . Me
f Z_/< 2,6-Lutidine (2 equiv.)
\ + Br O \ O
N MeOH, 23 W CFL
H NO,

N NO,

NO,

360 50 364, 81%

e T
P P
P Br
Me
ET Q_ﬁ NO, Q_;@J NO,
+e
=, M3 ) Y O
4 NO
2
" P 362

BE

363

Scheme 57: Polar solvent could help stabilize charged intermediate after electron transfer. P: Polar solvent molecule
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2. Generation of a-Amino Radicals via a Charge-Transfer Complex

Whilst speculative, it is possible that since SET from the CT complex 352 results in uncharged radical species
354, non-polar solvents could be beneficial in favoring electron transfer, and disfavoring back electron transfer
(Scheme 58).

MeO,C CO,Me NP
: f P NP NP
N CHCl, ? MeO,C_CO,Me
S Me 40 W blue LED N\KA
342 NP
Me - NP
) 344 NP
.. Radical-radical
L “*~__ recombination T
NP NP NP
MeOQQ COZMe \‘\\
;\ @\/A MeO,C_CO,Me
'}'\ NP \ A
ol ET NP
S Me @
BET S_ Me
Me
NP Me NP
352
354 NP

Scheme 58: Putative effect of solvent on charge-transfer a-amino radical formation. NP: Non-polar solvent molecule

Separately, the model reaction below was conducted in the presence of a 1,3-dinitrobenzene additive (Scheme
59). This additive can be used as an efficient CT acceptor, that disrupts other CT complexes from forming.
The reaction gave 0% yield, which could be attributed to the formation of a competitive, strongly bound CT
complex between the DMTP thiolate and 1,3-dinitrobenzene.

Ph
Ph
1,3-Dinitrobenzene (2 equiv.)
+ O\ COzMe + /\Ph > N
N COzMe DMTP (2 equiv.) \\\CCOOZMIVT
H 298 248 CH,Cl,, 40 W blue LED 2vie
299 Ph

319, 0%

Scheme 59: Charge-transfer acceptor additive hinders reaction

Finally, we looked to test the significance of ion-pairing between the positively charged iminium and
negatively charged thiolate, in the CT complex. Using a primary amine 365 in the model cyclization reaction,
the desired product 366 was not observed (Scheme 60a). The reaction was also attempted with 0-1 equivalents
of trifluoroacetic acid, which could have encouraged iminium formation and CT complexation. Furthermore,
the ring-opening reaction of 298, in the absence of an alkene acceptor, was investigated with primary amines
(Scheme 60b). Running the reaction with and without addition of TFA, the starting material 298 was observed

in 80% yield, indicating that primary amines could not promote a-amino radical formation.
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2. Generation of a-Amino Radicals via a Charge-Transfer Complex

The potential CT complexes of the imine and protonated iminium were also studied with the aforementioned
computational methodology. Using a primary amine, successful convergence to a local energy minimum was
not possible for the corresponding CT complexes; instead, the experiments converged to the thioaminal species.
Both empirical and in silico evidence suggested that primary amines could not be used to generate a-amino

radicals, supporting our hypothesis that ion-pairing may play a part in enabling the CT complex.

(a) Model cyclization

o ~NH
DMTP (2 equiv.) CO,Me
HN PR+ Ox ACOZMe + A pp CO,Me
COzMe CH,Cl,, 40 W blue LED
365 298 248 (+ TFA 0-1 equiv.) Ph
366, 0%

(b) Ring-opening without alkene acceptor
DMTP (2 equiv.)
HZN/\Ph + Ox CO,Me O CO,Me
COzMe CH,Cl,, 40 W blue LED COMe
365 298 (+ TFA 0-1 equiv.) 298, 80%

Scheme 60: Attempted reactions with primary amines. *H NMR yield using TCE as internal standard

2.4.5. Mechanistic Discussion

The literature precedence for thiolate and iminium ions engaging in CT complexation was considered.
Regarding the thiolate component, Miyake has reported the complexation of thiolate ions with aryl bromides,
generating putative CT complex 81 (Section 1.4.1. Scheme 12).% UV-vis absorption measurements indicated
formation of a potential CT band, where the band absorption tailed off at Awii = 540 nm at high concentration
(0.1 M). Furthermore, TD-DFT calculations predicted CT transitions at A = 282 nm (high intensity) and A =
383 nm (very low intensity). Both these absorptions contained local and charge-transfer band characteristics,
which the authors cited as further evidence for a CT complex. Liao has also reported the CT complexation of
thiolate ions.?®® Therefore, it was found that thiolate ions could feasibly act as an electron donor in CT

complexes.

In these instances of thiolate donors acting as CT donors, the thiol component is incorporated into the final
product. An emerging process in modern charge-transfer chemistry is the use of exogenous donors/acceptors,
or redox auxiliaries, which prevent incorporation of the CT component in the final structure. In our reaction
manifold, it was possible to use the thiol as a putative CT donor, without incorporation of the thiol in the final
product. It is possible that there may be further instance where aromatic thiols can be utilized as photoinduced
reagents, which effect single-electron reduction on organic substrates, without further reaction of the thiyl

radical.
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2. Generation of a-Amino Radicals via a Charge-Transfer Complex

Melchiorre (2018)

(a) Initiation Q Q
i QN QN SET Q‘TN .
5B — | = O
Me @ 370 @Q
Me Me

Intramolecular CT complex
369

SET

s
oo o Qo

N
373
b 7 (Me)3Si) 372 (Me)3Si) 37

Me

Scheme 61: Melchiorre’s enantioselective radical conjugate addition, initiated by a charge-transfer interaction

Next, the iminium ion as a CT acceptor was considered. Melchiorre reported in their enantioselective radical
conjugate addition reaction, that an intramolecular CT complex was involved in the initiation step (Scheme
61).%8 Cyclic enone 367 condensed with primary amine 368, functionalized with a carbazole. Protonation of
the resulting imine with acid led to putative formation of intramolecular CT complex 369, involving
coordination between the carbazole donor and the a,fB-unsaturated iminium. Upon SET, radical intermediate
370 was thought to be generated. 370 was then reduced by alkyl silane 371, generating aminium radical cation
372, which fragmented to a-amino radical 373. This radical intermediate then conducted radical addition to
another molecule of a,B-unsaturated iminium 369, generating 375. Finally, SET with further alkyl thiol, then
hydrolysis, could afford the final ketone product 376. In support of the CT complex, the authors observed a
small peak in the UV-vis absorption spectrum, upon mixing the reaction components (Amax = 400 nm, A =

470 nm, ¢ = 1.0 mM).

Gilmour has also reported the complexation of a,-unsaturated iminium ions, with phenyl a-ketocarboxylates
(Section 1.4.1. Scheme 13). Condensation of organocatalyst 86 and cinnamaldehyde 84 produced an a,f3-
unsaturated iminium ion, which was proposed to form CT complex 87. Electron transfer was proposed to

generate an enamine radical species, and a carboxyl radical species (88). Decarboxylation to 89, followed by
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2. Generation of a-Amino Radicals via a Charge-Transfer Complex

radical-radical recombination, was proposed for the formation of enamine 90. Upon hydrolysis, the product 91
was generated. TD-DFT calculations were invoked to propose a CT absorption at Amax = 365 nm. Their
mechanistic hypothesis was supported by a UV-vis absorption study, which showed a slight bathochromic
shift, upon mixing the reaction components (Awit = 420 nm, ¢ = 5.0 mM) (Figure 29). This would imply that at
equilibrium, the phenyl conjugated a,-unsaturated iminium ions, and the corresponding CT complex, form in

sufficiently high concentration to be detected by the UV-vis absorption spectrometer.

Absorption [Abs]
; ~

(0] Me
N
Mo . )J\H/OH
H Me

86

¢ =0.5mM, 5.0 mM (inset) e A om] 0

Figure 29: UV-vis absorption for complexation between a,B-unsaturated iminiums and ketoacetate

The works of Melchiorre and Gilmour both involved participation of a phenyl-conjugated a,B-unsaturated
iminium ion, which presumably could form in sufficiently high concentration at equilibrium to participate in
CT complexation. SET also resulted in generation of a radical , stabilized by aromatic and allylic conjugation,
which reacted exclusively at the y-amino position. On the other hand, Yu has reported the single electron
reduction of conjugated aldimine 92, through putative complexation with phenyl ketoacid 85, to form CT
complex 93 (Section 1.4.1. Scheme 14).2°2 Upon light irradiation, formation of a-amino radical 94 was
proposed. Upon mixing the 3 reaction components, UV-vis absorption measurements showed a bathochromic
shift in the absorption band to Awii = 470 nm (Figure 30). Although the measurement concentration was not
reported, the authors determined that the complex had putative 1:1 stoichiometry, through a Job plot. In this
case, the protonated iminium is likely present in high concentration, allowing CT complexation to also occur

to an observable extent.
oM 0.5
0.45
— |N ©)‘\H/ 04
0.35
©) 92 0.3
5 0.25
< 02
0.15

0.1
| 0.05
0
©) 400 450 500 550 60

Anm

Figure 30: UV-vis absorption measurements for complexation between aldimines and ketoacetate
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During earlier UV-vis absorption measurements of reactant mixtures, it was noted that the presiding thioaminal
species did not absorb light beyond Awii = 385 nm, even at high concentration (c = 33 mM). Calculating the
Gibbs free energies of the thioaminal and the putative CT complex, indicated that the thioaminal was relatively
more stable (AG = —11.7 kcalmol™?) (Scheme 62). This suggested that at equilibrium, the concentration of
iminium species, and the corresponding CT complex, would be significantly lower than observed by Yu and
Gilmour, who utilized highly conjugated iminium species. The low concentration of alkyliminium ions present
at equilibrium, could explain why changes in the absorption band were not observable, during UV-vis

absorption studies.

MeO,C CO,Me
XMeozc, CO,Me MeiC,_ACOzMe e0,C 02
= -1 @
N\‘/A AG +117 kcalmol XN_ Charge %N
| >
H transfer
AR 0> s M
S
e -
Me Me
342 - . ey
lon pairing 354
352

Scheme 62: Potential effect of ion pairing in enabling transient charge-transfer complexation

To our knowledge, there have previously been no reports of the single electron reduction of unconjugated
iminium species, by a CT complex. In this context, it is possible that contact ion pairing between the iminium
and thiolate ions provides a stabilizing electrostatic force, which enables complexation of the transient iminium
species (352). Following early reports on contact ion pairing within CT complexes, which were described in
the introduction, the application of contact ion pairing to organic synthesis has been underdeveloped. The
reports by Gilmour and Yu represent recent examples of contact ion pairing within CT complexes. The putative
iminium-thiolate ion pair complex described here may play a role in enabling transient CT complexation to

occur.

2.4.6. Reaction Scope

Having concluded the optimization and mechanistic studies, the functional group tolerance of the activation
mode was studied. Starting with the secondary amine fragment, cyclic amine substrates commonly used as
building blocks in medicinal chemistry excelled in the reaction (Scheme 63) — tolerating 4-cyanopiperidine
(80% vyield, 379), morpholine (84%, 380), protected piperazine (77%, 381), ketals (78%, 382), free alcohols
(72%, 383) and thiazolidine (72%, 384). Acyclic amines were successful in the reaction, with N-
benzylmethylamine giving 81% yield (385), N,N-dibenzylamine giving 55% yield (386), and N-methylaniline
giving 77% vyield (387). Secondary amine drugs were subjected to the reaction, which showed that
desloratadine gave 388 in an acceptable yield of 62%, as a 1:1 mixture of diastereomers. The presence of

diastereomers was attributed to the reduced conformational mobility of the diaryl[a,d]cycloheptane ring. This
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2. Generation of a-Amino Radicals via a Charge-Transfer Complex

is because in its minimum energy conformation, the substituents of the bis-olefin are not in the same plane,
leading to helical chirality.?672¢8 Meanwhile, the reaction of fluoxetine afforded 389 in 72% yield and 1:1 dr.

°o,*
DMTP (2 equiv.)
o ® o%cone + /O
H CO,Me CH,Cl,
377 298 300
NC
CO,M
LOMe C(; I\/Iee
~CO,Me 2 CO,Me
379, 80% 380, 84% 381, 77%
Oh(%
N CO,Me
COyMe ~CO,Me
CO,Me
382, 78% 383, 88% 384, 72%
By ® By " Phy M
CO,Me CO,Me CO,Me
~CO0,Me ~CO,Me ~CO,Me
385, 81% 386, 55% 387, 77%*
o
7\ CF;
=8 3
Me\N ©

388, 62%, 1:1dr 389, 73%, 1:1dr

Scheme 63: Amine scope for charge-transfer radical cyclization. *3 equivalents of alkene

Some amine substrates were found to give poor or no reactivity, such as pyrrolidine 390 and azepane 391
which gave poor yields respectively (47%, 24%) (Scheme 64). Using L-proline methyl ester hydrochloride
392 as the amine, only trace amounts of the desired product was generated. Indoline 393 did generate the
corresponding product in 89% vyield; however, the result was an inseparable mixture with the oxidatively
aromatized indole by-product (1.0 : 0.6 ratio). Reactions using indole 394 and tetramethyl piperidine 395 did
not produce the desired products, reflecting the reduced nucleophilicity at nitrogen, due to conjugation and

steric encumberment. With sterically hindered amines like diisopropylamine and tetramethylpiperidine, pre-
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heating of the reaction vessel to 80 °C was conducted, before and/or during light irradiation; however, no
product was observed.

<N> Q <I>‘coz|v|e
H
H

H
390 391 392
T D Wl L
Me Me
H H Me H Me
393 394 395

Scheme 64: Amines which performed poorly or gave poor selectivity

The alkene scope was found to accommodate a variety of different functionalities (Scheme 65). The use of
simple olefin partners, such as methylenecyclopentane, is typically rare in radical addition reactions?® and is
not known for radical cyclization reactions to make cyclopentanes.?10213214216 Thjs is because there is no
potential for polarity matching between the incoming radical and the alkene acceptor. Furthermore, simple
olefin partners do not offer as much stabilization upon radical addition, compared to electron-withdrawing or

aromatic stabilizing groups.

Exocyclic alkenes were found to be effective in the reaction, generating spirocyclic products 379, 399 and 400
in 80%, 79% and 76% yield. For a number of these reactions, the highest yield could be obtained by using a
slightly higher equivalence of alkene acceptor (up to 5 equivalents). Reaction with an exocyclic alkene,
containing a protected piperazine, gave 78% yield of 401. Incorporation of acyclic alkene 2-ethyl-1-butene
gave 66% vyield of 402. Notably, the unactivated terminal alkene 1-hexene also gave 403, in 59% vyield and a
dr of 9:1. Styrenyl acceptors were found to work well; reactions using styrene, 4-bromostyrene and 4-
methoxystryene generated products 404, 405 and 406 in 80%, 68% and 59% yield respectively, all proceeding
with 9:1 dr. The electron-poor acceptor 4-vinylpyridine gave 407 in 60% yield and 9:1 dr, while butyl acrylate
gave 408 in 43% yield and 1:1 dr. Finally, the electron-rich acceptor 2,3-dihydrofuran was found to give the
corresponding 5,5-fused product 409 in 59% yield and >20:1 dr, confirmed by X-ray diffraction of a single
crystal 410.

Reaction with cyclohexene 411 gave no product, showing the difficulty of radical addition to 1,2-substituted
alkene sites (Scheme 66).2° It was also found that alkynes such as phenylacetylene 412 could not be
incorporated. The use of 4-nitrostyrene 413 gave no product, potentially due to charge-transfer complexation
between the electron-deficient alkene and electron-rich thiol, and/or competing thiol-ene reactivity between

thiyl radicals and 4-nitrostyrene.
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NC
CN
DMTP (2 equiv.)
N O§/AvCOZMe + }. N
N COZMe CH2C|2
H
396 298 397
NC
N N CO,Me
N Lo
COzMe COzMe COMe S CO,Me
L COZMe . CO2Me COzMe iy
379, 80% 399, 79%* 400, 76%* N 401, 78%*
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NC
NC Me—..-Me
\, COyMe
N ’ ~CO0,Me
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Scheme 66: Poorly performing alkenes

Regarding the cyclopropyl carboxaldehyde component, the reaction with mono-ester substituted 416 was

attempted. Using 416, N-methyl benzylamine and styrene, it was possible to observe the product in 54% vyield
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with some diastereoselectivity, however, it was not possible to cleanly isolate the products. Conducting the
reaction with simple cyclopropane carboxaldehyde gave the direct reductive amination product 417 in 82%
yield (as determined by *H NMR) and 64% vyield after isolation. In cases where there is no cyclopropyl
substitution, the rate of HAT between the nucleophilic a-amino radical and stoichiometric thiol likely
outcompetes the rate of cyclopropyl ring fragmentation. It is also possible that radical fragmentation of the

unsubstituted cyclopropyl ring is reversible.

DMTP (2 equiv.)
Sw® oo .o A. i
H CH,Cl,, 40 W blue LED
377 414 396

Ph
O\A U\/A
X CO,Et

417, 64%
(82% 'H NMR)

416

Scheme 67: Aldehyde scope for charge-transfer cyclization. Brackets denote *H NMR vyield using TCE and internal standard

It was proposed that the high concentration of thiol present in the reaction was preventing formation of the
desired di-substituted cyclopentane product. To lower the concentration of thiol to catalytic quantities, an
alternative radical formation method was required. Previously, it was shown that photocatalytic conditions and
an acrylonitrile acceptor, could be used to generate di-substituted cyclopentane 281 (Scheme 68a). Our studies
suggested that by using styrene, double incorporation of the alkene could be avoided. Furthermore, by using a
catalytic quantity of hindered thiol, premature HAT before cyclopropyl ring fragmentation could be disfavored.
Using styrene and TRIP-thiophenol, the di-substituted cyclopentane 418 was successfully obtained in 77%
yield and 3:1 dr (Scheme 68b).

(a) Original synthesis of di-substituted cyclopentane

Ir(ppy)s (1 mol%) Bn. _Bn By 2"
HEH (1.5 equiv.) N
Bn. _.Bn
NTT o+ o% + ZCN +
H Propionic acid (20 mol%) ~ NC NC
221 235 279 4A MS, CH,Cl, NG
40 W blue LED 280, 15% 281, 42%

(4 diastereomers)

(b) Optimized synthesis of di-substituted cyclopentane

Ir(ppy)s (1 mol%) Ph
Ph HEH (1.5 equiv.)
TRIP-thiophenol (20 mol%)
PN 418
t 0y * 7 Ph N 77%, 3:1 dr

N Propionic acid (20 mol%) ’

H 235 248 4A MS, CH,Cl,
299 40 W blue LED

Ph

Scheme 68: Photoredox catalyzed synthesis of di-substituted cyclopentanes
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In summary, the novel method of a-amino radical generation was tolerant of a wide range of functional groups,
including with late-stage drug fragments. A key issue is the underlying dependence on successful condensation
between the secondary amine and the carbonyl, which currently prevents reactivity of sterically hindered
amines with aldehydes, and with ketones in general.
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2.5. Summary

This chapter has described the development of a method for a-amino radical generation. This was initiated by

exploratory investigations into the activity of a,a-cyclopropyl-amino radicals, generated via photoredox

catalysis. The resulting radical could be intercepted using alkene partners, generating cyclopentyl

methylamines (319) in a multicomponent fashion (Scheme 69a). More significantly, the cyclopropyl ring

became a key probe, with which a-amino radical formation could be detected, leading to a photocatalyst-free

method of forming a-amino radicals. This was used to achieve the multicomponent synthesis of cyclopentyl

methylamines (379, Scheme 69b). Mechanistic experiments showed that radical formation could occur with

visible-light irradiation above A = 455 nm. Computational experiments rationalized the most likely mechanism

to be the formation of a visible-light promoted, charge-transfer complex, between iminium and thiolate ions

(Scheme 69c).

(a) Photoredox catalyzed cyclization

COgMe

298
299

(b) Charge transfer cyclization

CN
ﬁj . OQACOZMe
COzMe
N
H
298
395

(c) Proposed mechanism

— - *

XMGOzC] COzMe
A

Me

342

Scheme 69: Development of a fragment
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ation-cyclization reaction, via charge-transfer complex a-amino radical formation
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3. Radical Reductive Amination

3.1. Introduction

3.1.1. Hydrogenative and Hydridic Methods

Reductive amination is one of the foremost methods for C—N bond formation, suitable for accessing all classes
(primary, secondary, tertiary) of amine.?’* In this chapter, the method of ‘direct’ reductive amination will be
discussed. This is where the amine, carbonyl and reductant are mixed, leading to the generation of an
imine/iminium intermediate in situ, which is reduced to give the amine product. Reductive amination has
grown to be highly used in research and medicinal chemistry, reported as being the sixth most used reaction
by major pharmaceutical companies.?’? A wide variety of substrates can be employed, including aliphatic
aldehydes and ketones, aromatic aldehydes and ketones, which can be combined with amines, from ammonia
to aromatic amines. Some limitations are present, owing to steric hindrance on the amine or ketone components,
weakly electrophilic carbonyl groups, or poorly nucleophilic amines, which lead to sluggish reactivity. In these

cases, additives such as molecular sieves or Lewis acids can be used to increase the rate of reactivity.

In the case of direct reductive amination, the choice of reductant is crucial to the efficiency of the reaction
since the reductant must reduce the imine selectively, over the initial carbonyl compound. The first class of
reduction is catalytic hydrogenation using a metal catalyst and Hz, which is an atom economical method often
utilized in large scale reactions.?*2™* However, this relies on the corresponding carbonyl reduction being slow,
and the reaction can be hampered by low vyields, selectivity and tolerance to functional groups such as nitro,

cyano and sulfide compounds.

The second method utilizes hydride reducing agents — the first reports of reduction with Schiff bases appeared
in the late 1950s;%"> however, Schellenberg first reported in 1963 the use of sodium borohydride (NaBH,) as a
reducing agent.?’® The next advance came in 1971 by Borch and Durst, who reported the more selective sodium
cyanoborohydride (NaBH3CN) as a reducing agent.?’”” The utility of this reagent stemmed from the different
selectivity it exhibits at different pH, its stability under acidic media (pH =~ 3) and good solubility in standard
organic solvents. Importantly, the reductive amination could be carried out under neutral/weakly acidic
conditions, promoting imine/iminium formation, and limiting reduction of the carbonyl compound. While
highly convenient and high yielding, some limitations remained, such as the requirement of a large excess of
amine, and the production of toxic cyanide containing by-products. Subsequently, a host of modified
procedures have been developed, using Lewis acid additives,?”® resins,?”® metals,?®® metal hydrides?®* and

electrochemical methods.2%

A further advancement came in the development of sodium triacetoxyborohydride (STAB-H), which was
initially conceived in the large-scale synthesis of a drug candidate. STAB-H is now widely used as a convenient

reductant, whose use does not require preformation of the imine, and eliminates toxic cyanide
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contaminants.?®328 The steric and electron-withdrawing effects of the three acetoxy groups stabilize the boron-
hydrogen bond, making it a mild reductant, which reduces reduction of the carbonyl precursor.

3.1.2. Radical Methods

Recently, visible-light mediated photoredox catalysis has provided a platform to enable new synthetic
methodologies via single-electron transfer. This has led to the emergence of a third, mechanistically distinct
method of achieving reductive amination.?® The first report came from Wenger in 2018, who used the
photocatalyst [Ru(bpy)s]?*, to reduce the iminium species generated from the condensation of primary amine
265 and ketone 419, forming a-amino radical 421 (Scheme 70).2%¢ The key reductive Ru' state was generated
from initial reductive quenching with ascorbate. However, it was found that ascorbate was a poor hydrogen
atom donor for the HAT step, due to a polarity mismatch between the nucleophilic a-amino alkyl radical and
the electron-rich ascorbate. Therefore, the addition of mercaptopropionic acid 422 was required, which led to
polarity-matched HAT between the thiol and a-amino radical, to form product 426. A matched HAT between
the thiyl radical and ascorbate regenerated the thiol 422. The authors noted that a potential advantage over
thermal conditions, could be the ability to append a photoactive group with spatial control, by irradiating

certain parts of a cellulose support with light.

Wenger (2018)
[Ru(bpy)s]Cl (1 mol%)
Ascorbic acid (20 mol%) HN

? HoN
e -
3-Mercaptopropionic acid (3 equiv.) Mew)

Me MeOH, 470 nm blue LED
419 265 Me

426, 78%

H @/@ /@
N SET HN HAT

Me. ] - Meﬁ)g T

Me Me 0] 0
420 421 HS/\)J\OH QS/\)J\OH
422 HAT 423
HO oo HO
Ho\)\q HO \)\Si(v/o
424 90 OH 425 @O — o

Scheme 70: Radical reductive amination, by photocatalytic a-amino radical generation

Molander subsequently reported the reductive amination of benzaldehydes and secondary amines with a
photocatalyst, via generation of a-amino radical 430 (Scheme 71). Here it was proposed that aminal 428

undergoes oxidation to 429, followed by a putative deprotonation fragmentation process, generating the o-
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amino radical. The radical was then proposed to undergo reduction to the benzyl-stabilized anion 431, followed
by protonation. In cases where this reduction was thermodynamically unfavorable (e.g. with p-anisaldehyde),
a thiol additive was added, to conduct HAT on a-amino radical 430. Another method by Polyzos®’ and
Walsh?® conducted the reductive amination of diarylimines with triethylamine as the hydrogen atom source.
Peng has also used quantum dots as photocatalysts, to conduct reductive amination with anilines and
benzaldehydes.?® Finally, Gilmore reported the photoredox reductive amination of alkyl ketones using

ammonia gas, to generate the corresponding primary amines.?*

Molander (2018)
i
O + /@) IF[dfCF 3ppylo(bpy)PFs (2 Mol%) N
N
MeO,C B,05 (1 equiv.) /@)
427 MeO,C

H
339 CH3CN, blue LED
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| 428K/j 4r29 O Ar430 431
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Scheme 71: Reductive amination via single electron oxidation of aminal

Wenger (2018)
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Scheme 72: Enantioselective radical reductive amination with enzymatic catalysis
In terms of enantioselective reactions, Wenger reported in 2018 a strategy where a preformed cyclic imine 433
could be reduced, under acidic photocatalytic conditions, to the a-amino radical 434 (Scheme 72).2%! Hydrogen
atom transfer with ascorbic acid initially gave the racemic mixture of amines 435 and 436 with no steric

discrimination. Monoamine oxidase (MAO-N-9) was effective in catalyzing the oxidation of the (S)-
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enantiomer of the amine (435), back to the starting material (433). This repeated enzymatic recycling process
ultimately led to accumulation of the (R)-amine (436), which was obtained in excellent yield and
enantioselectivity, albeit over a limited range of substrates.
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3.2. Project Aims

The previous chapter discussed the development of a novel photoinduced method to generate a-amino radicals,
using aromatic thiols as a putative charge-transfer donor, to reduce iminium ions. Whilst attempting the radical
cyclization reactions, in certain cases, it was observed that the reductive amination product was obtained. For
instance, when an amine 221 was reacted with cyclopropyl carboxaldehyde 235, the reductive amination
product 439 was obtained in 64% yield (Scheme 73). However, it was found that when acyclic butyraldehyde
222 was used, only 8% of the product 440 was observed. Therefore, the development of a photoinduced

reductive amination, which could be extended to a wider class of aldehyde substrates, was investigated.

(0] iv. Bn. _Bn
Bn. _Bn I DMTP (2 equiv.) N

N +
H CH,Cl,

4 AMS, 40 W blue LED, rt, 15 h

221 235 439, 64%
i Bn Bn
Bn. _Bn (0] DMTP (2 equiv.) “N°
N~ + |
H I\/\Me CH2C|2 K/\Me
221 222 4 AMS, 40 W blue LED, rt, 15 h 440, 8%

Scheme 73: Preliminary results for photoinduced radical reductive amination

100



3. Radical Reductive Amination

3.3. Charge-Transfer Complex Reductive Amination

3.3.1. Reaction Discovery

Based on the observation that cyclopropyl carboxaldehyde 235 generated the desired product, while
butyraldehyde did not, it was hypothesized that the presence of a labile a-hydrogen was detrimental to the
reaction (Scheme 74). It was proposed that the a-hydrogen could facilitate formation of an enamine species,
which could act as an unfavorable resting state for the reaction. Attempting the reaction with benzaldehyde
441 showed successful reactivity, with isolation of tertiary amine 442 in 78% vyield.

DMTP (2 equiv.) Bn.-B"

o)
Bn. _.Bn |

N +

H \/ CH,Cl, %

4 AMS, 40 W blue LED, rt, 15 h

221 235 439, 64%
i Bn Bn
Bn Bn (0] DMTP (2 equiv.) “N°
SN” + |
H K/\'V'e CH,Cl, K/\Me
221 222 4 AMS, 40 W blue LED, rt, 15 h 440, 8%
O Bn., .Bn

N

Bn Bn | DMTP (2 equiv.)
e +
K@ CHyCl, K@

4 AMS, 40 W blue LED, rt, 15 h
221 441 442, 78%

Iz

Scheme 74: Significance of a-carbonyl hydrogen in radical reductive amination

To develop reaction conditions for the radical reductive amination, a screening study of the reaction conditions
was conducted, in conjunction with Philipp Pfliiger (Table 11). Upon investigating solvents, it was found that
DMSO and DMF were marginally better at promoting the reaction, giving 14% and 12% yield respectively
(Solvent Screen, Entry 8, 9). Using DMF as the solvent, a screening of various Lewis/Brgnsted acid and base
additives found that cesium carbonate was effective, giving an assay yield of 77% (Additive Screen, Entry 6).
A further screening of different bases found that most bases with a pKan of greater than 8 were effective, with
potassium tert-butoxide giving 89% yield (Base Screen, Entry 5). Concurrently, an equivalence screen using
cesium carbonate showed that 0.5 equivalents of this base could also be used (Base Equivalence Screen, Entry
3), with additional base (over 1 equivalents) leading to lower yield (Entry 4). The putative purpose of the base
is described later in the Mechanistic Discussion. A study of reaction concentration found that 0.1 M was the

optimal concentration (Concentration Screen, Entry 2).
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Reductant (2 equiv.)
Additive (20 mol%) Bn. .Bn

|
H i K/\Me Solvent K/\Me

4 AMS, 40 W blue LED, rt, 15 h

221 222 440
Entry Solvent Screen* Yield (%)
1 H,0 3
2 THF 4
3 EtOAc 4
4 MeOH 5
5 MeCN 5
6 CH,Cl, 8
7 DMA 8
8 DMF 12
9 DMSO 14
With DMTP (2 equiv.)
Entry Additive Screen* Yield (%)
1 Trifluoroacetic acid 4
2 1,1'-Binaphthyl-2,2'-diyl hydrogenphosphate 5
3 AICl; 5
4 - 8
5 B(CsFs)3 12
6 Cs,CO3 77
With DMTP (2 equiv.), DMF
Entry Base Screen* pKan Yield (%)
1 K;HPO, 7 13
2 Cs,CO5 10 77
3 DABCO 9 81
4 Lithium bis(trimethylsilyl)amide 26 86
5 KOtBu 17 89
With DMTP (2 equiv.), DMF
Entry Equivalence of Base Screen* Yield (%)
1 0.1 25
2 0.2 89
3 0.5 94
4 1.0 24
With DMTP (2 equiv.), Cs ,CO 3, DMF
Entry Concentration Screen (M)* Yield (%)
1 0.05 93
2 0.1 94
3 0.2 85
4 0.5 59

With DMTP (2 equiv.), KOtBu (0.5 equiv.), DMF

Table 11: Initial screening of conditions. GC-MS yield using dodecane as internal standard. *Conducted by Philipp Pfliiger.
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Reductant (2 equiv.)

Bn. _Bn o] Solvent Bn.-Bn
N + | -~
H K/\Me KOtBu (50 mol%) K/\Me
221 222 4 AMS, 40 W blue LED, rt, 15 h 440
Entry Solvent Screen* Yield (%)
1 MeOH 2
2 THF 5
3 CH,Cl, 13
4 EtOACc 36
5 DMSO 64
6 MeCN 80
7 DMA 83
8 DMF 94 (88)
With DMTP (2 equiv.), DMF
Entry Misc. Screen* Yield (%)
1 Dark 0
2 TEMPO (2 equiv.) 0
3 No molecular sieves 27
4 Air atmosphere 46
5 Heating at 60 °C in dark 46
With DMTP (2 equiv.), DMF
Entry Reductant Screen* Yield (%)
1 TIPS-SH 0
2 Cysteine 0
3 Thiobenzoic acid 0
4 3-Mercaptopropionic acid 0
5 2-Naphthalenethiol 48
With DMF
Entry Aromatic Thiol Screen* Yield (%)
1 4-Nitrothiophenol 0
2 2,4,6-Trimethylthiophenol 0
3 2,4-Dimethylthiophenol 6
4 4-Methylthiophenol 8
5 Thiophenol 13
6 4-Methoxythiophenol 26
7 2-Methoxythiophenol 66
8 3,5-Dimethylthiophenol 93
9 2,6-Dimethylthiophenol 94
With DMF

Table 12: Further screening of conditions. GC-MS yield using dodecane as internal standard. *Conducted by Philipp Pfliger.

With these basic conditions delineated, the solvent screen was repeated, which found that more polarized
solvents were the most effective, with DMF generating an assay yield of 94% (by GC-MS analysis) and an
isolated yield of 88% (Table 12, Solvent Screen, Entry 8). A control reaction conducted in darkness gave 0%
yield (Misc. Screen, Entry 1), which was also the case when 2 equivalents of TEMPO was included as an

additive (Entry 2). Omission of 4 A molecular sieves led to a fall in yield to 27% (Entry 3), whilst preparation
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in air led to a decrease in yield to 46% (Entry 4). Conducting the reaction in darkness with heating to 60 °C
led to an assay Yyield of 46% (Entry 5). This was potentially indicative of a charge-transfer complex, which
could be enabled by heat, as well as light.1%” A screening of various hydrogen atom transfer reagents showed
that 2,6-dimethylthiophenol (DMTP) remained the optimal reductant (Aromatic Thiol Screen, Entry 9).

3.3.2. Reaction Scope

With optimal reaction conditions in hand, a scope of compatible amines was investigated. Using butyraldehyde,
tertiary amine 446 could be isolated in 98% yield (Scheme 75). Aromatic aldehydes could also be used, giving
447 in 93% vyield. We were pleased to find that 1 equivalent of 37% aqueous formaldehyde solution could be
used to generated methylated product 448 in 93%. This represents a case where other hydride-based reagents,
such as sodium triacetoxyborohydride, may fail due to hydrolysis, or may be required in large excess.?®® Using
this methylation method, 449 could be generated in 78% yield. Increasing the steric hindrance of the amine
further, by using a tetramethyl piperidine substrate, resulted in 450 in 39% yield (61% based on recovered

starting material).

DMTP (2 equiv.)

RT R2 C')k KOtBu (50 mol%) RIN/R2
N .
H RS DMF, 4 A MS KR3
40 W blue LED, rt, 24 h
443 444 445

O OH
Bn Bn
SN Bn. .Bn
NK/\ 1 |\’\I/l| N MGQMG
e )
Me Me Me ’}j Me
Me

446, 98% 447, 93% 448, 93%* 449, 78%* 450, 39%

Br o 0
LENF P HON = N',V'e FW@H Bn.-B"
K/\Me o N N K/\Me

HoN Me’N\) "

0/ *
451, 529 452, 61% 453, 80% Gra?ns-:};gﬁe/txsin
’ ° from Ambroxol* from Ciprofloxacin* . 9
thiophenol

Scheme 75: Scope for photoinduced radical reductive amination. *Conducted by Philipp Pflliger

Reacting an amine substrate with a pendant alkene gave 52% of the uncyclized product 451, with no indication
of the cyclized product, which could arise from 1,5-trig cyclization. Conducting the reaction on secondary
amine pharmaceuticals, such as Ambroxol, gave 452 in 61% vyield, showing selectivity for the secondary
alkylamine in the presence of an aniline moiety. 453 was generated in 80% yield from Ciprofloxacin, using

aqueous formaldehyde solution. Finally, the reductive amination of butyraldehyde was performed on gram-
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scale, using the less expensive thiophenol as the reductant. This produced tertiary amine 454 in 69% vyield,
demonstrating potential applicability to large-scale industrial settings.

The radical reductive amination of secondary amines with ketones such as 455 was investigated, using acid
additives, and pre-heating before/during the reaction, in an attempt to force condensation (Scheme 76).
However, the direct reductive amination of ketones was not possible. Using the di-carbonyl substrate 457 could
generate the reductive amination product at the aldehyde position in 68% yield, with 0% yield of the ketone-
derived product (Scheme 76b). Furthermore, by using pre-formed enamine substrate 459, it was possible to
use the radical reductive amination to generate product 460 in 78% vyield (Scheme 76c). Therefore, it was

possible to generate the formal ketone reductive amination product when pre-formed enamines were utilized.

(a) Attempted reductive amination of ketones

o TFA (1 equiv.) and/or pre-heating Bn. _.Bn

Bn. _.Bn N
N + -
H Me)J\/\Me DMTP (2 equiv.) Me)\/\Me
KOtBu (50 mol%)
221 455 DMF, 4 A MS 456, 0%
40 W blue LED, rt, 24 h

(b) Selectivity using di-carbonyl substrate

1) DMTP (2 equiv.) Bn\N,Bn
Bn. _Bn | KOtBu (50 mol%)
N +
H DMF, 4 A MS Q)
221 o 40 W blue LED, rt, 24 h o
457 458, 68%

(c) From preformed enamine

N DMTP (2 equiv.) N
KOtBu (50 mol%)
X
DMF, 4 AMS
’}l 40 W blue LED, rt, 24 h '}1
Bn Bn
459 460, 78%*

Scheme 76: Investigating radical reductive amination of ketones. *Conducted by Philipp Pfliger

Finally, given the ubiquity of existing reductive amination procedures in the literature, methods to increase the
attractiveness of our procedure, were considered. One potential drawback was the use of two equivalents of
2,6-dimethylthiophenol as the reductant - a widely available, however still moderately priced reagent (£62/59
via Sigma-Aldrich).?®? Kavoos Kolahdouzan was investigating the utility of disulfides as precursors to thiyl
radicals, reported by Nicewicz?*® and Li.?** With Antonio Pedrina, it was found that instead of stoichiometric
thiol, a catalytic quantity of disulfide reagent 345 could be used (Scheme 77). In combination with super-
stoichiometric quantities of 1,4-cyclohexadiene (£21/5g via Sigma-Aldrich),?® it was possible to generate the
tertiary amine 461 in 98% vyield. As well as being potentially cheaper overall, the oxidation of 1,4-

cyclohexadiene in the reaction forms benzene as the primary by-product, which can be easily removed.
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Meanwhile, malodorous thiols can be excluded, in favor of catalytic quantities of crystalline, odor-free
disulfide.

M
Me ©
S. 345
Ph S (0.1 equiv.) Ph
S " ()
+ >
N K/\Me N

(3 equiv.)
H @ K/\Me

299 222 Cs,CO3 (0.2 equiv.), DMF 461, 98%
4 AMS, blue LED, rt, 24 h

Scheme 77: Use of catalytic disulfide and cyclohexadiene as a terminal reductant

3.3.3. Mechanistic Discussion

The mechanism of the radical reductive amination, including the catalytic disulfide variant, was considered.
As before, UV-vis absorption measurements of the mixtures of reactants did not show the appearance of a
charge-transfer band, which would be indicative of spontaneous formation of a high concentration of charge-
transfer complex. 'H NMR analysis of the reaction mixture containing N,N-dibenzylamine 221, butyraldehyde
222 and DMTP, indicated complete formation of enamine species 463 (Scheme 78). In the case when
piperidine was utilized, the corresponding thioaminal species could also be observed, indicating that the ratio

of enamine to thioaminal could be dependent on the steric bulk of the amine fragment.

t,
Bn\N,Bn . (?K/\ DMTP, KO'Bu Bn\N,Bn
H Me DMF, blue LED K/\Me
221 222 440
j TH—SAr
Bn
Bn—N Me Bn® «\Me Bn A Me
~ :/_ ~ J
Bn " lm B SET BN
| 1
N._~_Me Me — — — | Me,, T & Mey
S A g >
463 Me Me
CT
462 464 465

Scheme 78: Proposed mechanism for charge-transfer reductive amination

It was proposed that deprotonation of the iminium intermediate generated by condensation (or by elimination
from thioaminal 462) leads to enamine 463. The enamine 463 acts as an inactive resting state, which prevents
formation of the iminium-thiolate CT complex 464. Formation of the enamine also results in a relatively higher
concentration of protic thiol in the reaction. It is possible that the increased concentration of a proton source
could disrupt formation of the ion-pair CT complex 464. Therefore, it was hypothesized that catalytic base

could ensure deprotonation of the thiolate ion, as part of complex 464, and upon SET, a-amino radical 465 is
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formed. This radical then undergoes HAT with thiol to generate the product 440. Using 1 equivalent or more
of base led to a steep reduction in yield, since an equivalent of thiol must remain for HAT to occur. This led
to the rationalization that ‘buffered’ conditions, using 2 equivalents of thiol and 0.2 equivalents base, were

optimal for the reaction.

0.040
(a) Calculated excitations for complex 2500 | 0035
2000 ] 0.030
Bn® .M
Me 500 '
464 . 0005
00 200 30 40 0 b0 70 w00
Wavelength (nm)
Electronic Wavelength Oscillator Initial MO Final MO  Contribution to
configuration (nm) strength (f) identity identity transition
1 281 0.039 HOMO-2 LUMO+9 5%
HOMO LUMO+1 5%
HOMO LUMO+6 13%
HOMO LUMO+7 12%
HOMO LUMO+9 5%
HOMO LUMO+10 48%
HOMO LUMO+14 2%
2 377 0.000 HOMO-1 LUMO 98%
3 441 0.035 HOMO LUMO 98%

(b) Visualization of HOMO and LUMO

HOMO
466

LUMO
467

Figure 31: Predicted electronic transition for iminium thiolate complex in radical reductive amination

A computational analysis using TD-DFT was applied to the aliphatic aldehyde system, as described in the
previous chapter. This led to the calculation of a local minimum energy complex 464, with inter-atomic
distances of 3.49 A and 3.30 A between the N/S atoms and adjacent C(sp?) atoms respectively (Figure 31a).
Calculation of the electronic transitions of this complex showed transitions with high oscillator strengths
(probability) at A = 281 and 441 nm. At A = 441 nm, 98% of the transition could be attributed to an electronic
transition between the HOMO to the LUMO orbital. Visualization of these orbitals showed that the HOMO
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was largely made up of the thiolate m-orbitals (466) and the LUMO was largely made up of the iminium 7*-

orbitals (467) (Figure 31b). Like before, this indicated that irradiation at A = 441 nm could promote an

intermolecular transition from the thiolate to the iminium, generating thiyl and a-amino radicals.

Regarding the mechanism for the radical reductive amination using catalytic disulfide, the catalytic cycle

below is proposed (Scheme 79). Disulfide 345 is proposed to undergo homolytic cleavage upon LED

irradiation, to generate thiyl radical 348, reported by Nicewicz?®® and Li.?** The thiyl radical 348 can undergo

polarity-matched HAT with the nucleophilic hydrogen atom donor 1,4-cyclohexadiene 155, generating 157.

The thiol is then able to participate in formation of thioaminal 462, and the CT complex 464. Upon light

irradiation, this generates a-amino radical 468 and thiyl radical 348, whereby the thiyl radical can re-enter the

catalytic cycle. Meanwhile, the a-amino radical undergoes HAT with further available thiol, generating

product 440 and an equivalent of thiyl radical, which can re-enter the catalytic cycle.

M
Me ©
S\
M
Me ©
lhv
155 @ s“

15@ / Me\©/Me

348
SH Bhf&__ «Me
Me Me Bn—"

@S: Me,

340 MeE
464

Bn
Bn\NW/\/Me

CT

Bn. _.Bn
SET N
&/\Me H—SAr
468 HAT

Scheme 79: Proposed catalytic cycle for reductive amination, with disulfide initiator

3.3.4. Chemoselective Reductive Amination

When using sodium acetoxyborohydride to perform the reductive amination of aldehydes with primary amines,

formation of the dialkylated amine can be a problematic side reaction. A study of a broad range of primary

amines and aldehydes by Abdel-Magid et al. showed that this was usually not the case, and could often be
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suppressed by addition of excess primary amine.?®® However in certain cases, a considerable amount of di-
alkylation was observed, for instance when cinnamaldehyde, hydrocinnamaldehyde and some straight chain
aldehydes were used.

Given the competing reactivity of primary and secondary amines with aldehydes, reductive aminations are
rarely utilized in situations where two amine groups are present. This is due to the difficulty in controlling
selectivity, and in separating complex mixtures of typically polar, mixed products. Instead, di-amines are
constructed with orthogonally protected nitrogen atoms, and various protecting group manipulations are used
to independently modify each group. This strategy is often used for simple building blocks, which have widely
available protected variants. However, for more complex fragments or late-stage intermediates, several time

or material-intensive synthetic steps may be required, to functionalize di-amines selectively.

Few comprehensive studies on the selective reductive amination of secondary amines over primary amines
have been conducted. Previous cases have been limited to isolated examples involving the synthesis of
fragment analogues for structure-activity relationships, where di-amine substrates are utilized, however yields
are often not reported.?*-2% In one case a secondary amine selective Petasis bioconjugation has been reported,

where the N-terminal proline was selectively functionalized in the presence of free lysine residues.®

In this work, it was hypothesized that the formation of the putative charge-transfer complex could be favored
by a cationic iminium ion, originating from condensation between a secondary amine and an aldehyde.
Therefore, it may be possible to achieve the selective functionalization of secondary amines, in the presence
of primary amines. This was guided by earlier studies, which investigated the ring-opening reaction of 298
(Scheme 80). Secondary amines such as 299 led to successful ring-opening, via a-amino radical formation,
generating 338 in 90% yield. Meanwhile primary amines, with and without acid additives, led to recovery of
the starting material 298 in 80% vyield.

Ph
i) DMTP, CH,Cl,, blue LED
O§A002Me + ) o - 5 O:Me
COMe \ iiy HCI (aq.) S COMe
H
298 299 338, 90%

i) DMTP, CH,Cl,, blue LED
TFA (0-1 equiv.)
O§AC02MG + HZN/\Ph OVAVCOQME

298 365 298, 80%

Scheme 80: Ring-opening reaction using secondary and primary amines. *H NMR vyield using TCE as internal standard
For the radical reductive amination, various changes in reaction conditions were required. The solvent was
changed to DMF, and the addition of catalytic base (cesium carbonate or potassium tert-butoxide) and
molecular sieves was necessary. Therefore, further investigations were conducted into the proposed selectivity

for the radical reductive amination. Conducting the radical reductive amination with benzylamine 365 led to

109



3. Radical Reductive Amination

isolation of 28% of impure mono-alkylated product 469 (Scheme 81a). Other products, such as the di-alkylated
product 470 and enamine 471 were observed, as an intractable mixture. Using di-amine substrate 472, Phillip
Pfliiger found it was initially possible to isolate tertiary amine product 473 in 60% yield. This resulted from
radical reductive amination at the secondary amine, followed by Boc protection of the primary amine (Scheme
81b). However, assay yields could not be determined by spectroscopic methods, and it was later observed that
these results were irreproducible. A maximum consistent yield of 35% was later observed for 473. The
regiochemistry of the product was confirmed by X-ray diffraction of a single crystal 474. Reaction with the
di-amine substrate 475, which contains a less hindered primary amine, gave a consistent yield of 43% for 476,

after benzoyl protection.

(a) Reactivity with primary amine*

o DMTP (2 equiv.) Ph”  NH
H,N~ PR+ (PN > L~
Me KO'Bu (20 mol%) Me
365 222 DMF, 40 W blue LED 469, 28%

Unisolated K/\Me vMe

byproducts
470 471

(b) Reactivity with di-amine
i) DMTP (2 equiv.)

_Boc
NH, KO'Bu (20 mol%) HN
o} DMF, 40 W blue LED
+ |
K/\Me . .
N ii) Boc,0 (2 equiv.) N
H 222 .
NEt; (2 equiv.) K/\M
472 e
473, 35%
m
N \ \—
7 \ ¥
\ / \@(
/ Ja / N~ \@/\
474
i) DMTP (2 equiv.) H
NH, KO'Bu (20 mol%) N.g,
o DMF, 40 W blue LED
+ |
N K/\Me ii) BzCl (2 equiv.) N
H 222 NEt; (2 equiv.)
475 K/\Me
476, 43%

Scheme 81: Reactivity of primary amine in radical reductive amination. *Conducted by Philipp Pfliiger

It was proposed that acyclic di-amines, such as 477, could be suitable precursors for the reaction (Scheme 82).
However, it was found that intramolecular formation of aminal 479 was favored. This led to formation of 480

in 34% yield upon benzoyl protection, and 34% yield of the protected starting material 481.
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iy DMTP (2 equiv.), Cs,COj (50 mol%) o y
B~ NH | O DMF, 40 W blue LED fN L By ~NG
H K/Me N ! -
/ Bz
478 Bri

477 ii) BzCl (3 equiv.)
NEt; (3 equiv.) Me 480, 34% 481, 34%

H

Me/\N(\N>

7/

Bn
479

Scheme 82: Acyclic di-amines led to competitive aminal formation

Returning to the piperidyl substrates, it was necessary to accurately determine the products of the reaction and
the overall mass balance. It was not possible to analyze or isolate the various unprotected amine products,
arising directly from the radical reductive amination (482-486, 472). This was due to overlapping product
peaks by analytical methods (*H NMR, GC-MS), as well as some products having identical masses (Figure
32a). Therefore, by protecting the amines with a benzoyl group, identification and isolation of the amine
products was possible (487-492, Figure 32b).

(a) Unprotected amines

ﬁj2 HN/\Pr P\lj Pr Pr/\N/\Pr Pr ﬁNj Pr NH,
L y L y { y
Pr Pr Pr
482 483 484 485 486 472
m/z: 156.16 m/z: 156.16 m/z: 212.23 m/z: 212.23 m/z: 268.29 m/z: 100.10
Desired product

BzClI (3 equiv.)
NEt; (3 equiv.)

(b) Protected amines

.B Bz. NN
N ﬁj N ﬁNj N ﬁj
N N
§ ; § 2 N 5
Pr z Pr Pr z
487 488 489 490 491 492
m/z: 260.19 m/z: 364.22 m/z: 316.25 m/z: 316.25 268.29 m/z: 308.15
Desired product Starti
. . arting
Mono-alkylated Di-alkylated Tri-alkylated material

Figure 32: Structures and m/z data for alkylated di-amine products

Using 4-aminopiperidine 472, 1 equivalent of hydrocinnamaldehyde 493, and benzoyl chloride as the
protecting reagent, running the radical reductive amination led to isolation of the desired mono-alkylated
product 494 in 45% yield (Scheme 83). The protected starting material 495, undesired mono-alkylated 496
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and di-alkylated 497 were obtained in 26% vyield, as a co-eluting mixture of products. The other di-alkylated
product 498 was also isolated in 13% yield. This gave a total isolated mass balance of 84%.

.Bz
NH, i) DMTP (2 equiv.), KO'Bu (0.2 equiv.) HN
o 4 A MS, DMF, 40 W blue LED ﬁj
N PN
N Ph ii) BzCI (3 equiv.) N
H 493 NEt; (3 equiv.) K/\Ph
472
494, 45%

.B
_Bz F’h/\/\N/BZ Ph/\/\N/\/\Ph Ph/\/\N z

N N N N

| | !
Bz Bz Bz K/\Ph
495 496 497
26% combined 498, 13%

Scheme 83: Full isolation of reductive amination using 4-aminopiperidine

Having identified that total mass balance could be reasonably accounted for, the optimal method for reaction
assay was determined. Despite benzoyl protection, the product peaks could not be differentiated by *H NMR,
and product peaks overlapped when °F NMR was attempted (using a trifluoroacetyl protecting group). GC-
MS analysis led to similarly broad and overlapping product peaks. LC-MS analysis with authentically prepared
product calibration curves was initially promising, due to good peak separation. However, when compared to

isolated yields, analysis by LC-MS was deemed inconsistent.

Consequently, HPLC analysis was employed to assay the reaction mixture. The 4-(aminomethyl)piperidine
substrate 475 was chosen, since this presented a greater challenge in differentiating between a secondary amine
and a less hindered primary amine (Scheme 84). Authentic product samples were prepared for the possible
products: Desired mono-alkylated product 476, protected starting material 499, di-alkylated by-product 500
and mono-alkylated by-product 501. Using catalytic disulfide and stoichiometric 1,4-cyclohexadiene, analysis
of the crude mixture by HPLC gave an assay Yield of 43% for the desired product 476. This was corroborated
by an isolated yield of 43%, by flash column chromatography. Furthermore, the protected starting material
499 was observed in 22% yield (by HPLC analysis), with an isolated yield of 17%.

Whilst initially promising, the peaks for the other potential by-products (500, 501) could not be located within
the HPLC trace of the crude mixture. Instead, two new peaks were identified, and these products were isolated
using semi-preparative HPLC. These unknown compounds were related to known by-products 500 and 501,
however, each had m—2 m/z values, compared to their expected masses. Given these mass profiles, it was
likely that these products were the result of over-alkylation, followed by undesired oxidation of the product to

enamine species 502 and 503.
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Me Me
. S/S:© (10 mol%)

M
e Me
Cs,CO;3 (20 mol%) N
NH; 1,4-cyclohexadiene (3 equiv.) "Bz
OI 4 A MS, DMF, 40 W blue LED
N 476, (43%) 43%
K/\Me ii) BzCI (3 equiv.)
N quiv. N
H 999 NEt; (3 equiv.) K/\Me
475
Me = Me
N._~_Me N~ Me
500 502
m/z: 330.27 N m/z: 328.25
) )
H\ Bz Bz
Bz
Me Me
74
\ (\/ (\/
) N< N.
Bz Bz Bz
499
(22%) 17% 501 503
r}j m/z: 378.23 l}j m/z: 376.22
Bz Bz
Not observed Putative byproducts

Scheme 84: HPLC analysis and isolation of product arising from radical reductive amination of di-amine. Brackets denote assay
yield by HPLC analysis, against N,N-dibenzylaniline internal standard

To conclude, it was possible to validate that moderate selectivity could be achieved for the model substrate 4-
aminopiperidine, which contains a piperidyl secondary amine and a primary amine. The desired secondary
amine alkylated product could be obtained in 45% yield; however, the exact distribution of the remaining mass
balance could not be determined. Using 4-(aminomethyl)piperidine, which contains a less hindered primary
amine, it was possible to obtain the desired product in 43% yield. However, alkylation at the primary amine
continued to be observed, and analysis of the reaction mixture was hampered by the probable formation of

enamine byproducts.

Finally, while investigating the reaction scope for the radical reductive amination, a curious divergence in
selectivity was observed when using the drug pramipexole 504 (Scheme 85). Pramipexole is a di-amine,
containing a secondary amine and an aminothiazole derived primary amine. When the radical reductive
amination was conducted using 1 equivalent of butyraldehyde, reactivity was observed at the primary amine,
generating 505 in 83% yield (Scheme 85a). The regioselectivity was subsequently confirmed by X-ray
diffraction of a single crystal 506. Using propionaldehyde, similar reactivity was observed at the primary amine,
forming 507 in 95% vyield (Scheme 85b). In contrast, hydridic reductive amination with sodium

acetoxyborohydride was selective for the secondary amine, forming 508 in 67% yield (Scheme 85c). *H and
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13C NMR were used to differentiate between these products, aided by the symmetry inherent to the tertiary

amine in 508.

Regarding the origin of selectivity, it is possible that the relatively bulky cyclohexyl substitution of the
secondary amine moiety disfavors radical reductive amination. The steric bulk could disfavor thioaminal
formation, or formation of the CT complex. At the same time, it is possible that secondary orbital interactions
or conjugation, provided by the aminothiazole moiety, enable the radical reductive amination to occur at the
primary amine. Further study into the reactivity of aminothiazoles, and related aminoheterocycles, would be
of interest to further generalize this mode of selectivity.

(a) Radical reductive amination
DMTP (2 equiv.)

N S 0 Cs,CO03 (20 mol%) H . /_/*Me
Pr- + | > Pr” ‘o
NH
C[N/>_ 2 K/\Me 4AMS | N/>_NH
DMF, blue LED
504 222 505, 83%
N ._/ - \é‘;_‘/[\ (]l wp Jeeg ]
Wik S GV asnas
7 A |
© o 506
(b) Radical reductive amination with propionaldehyde
DMTP (2 equiv.)
H Cs,CO03 (20 mol%) H Me
pr NV S + 9 o i N s.
DMF, blue LED
504 478 » blue 507, 95%
(c) Hydridic reductive amination
H NaBH(OAc); (1.3 equiv.) Me/\
_N,,. S (0] AcOH (1 equiv.) N
Pr + | Pr/ /e, S
| />_NH2 K/Me | />_NH2
504 478 508, 67%

Scheme 85: Divergent regioselectivity using the drug pramipexole
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3.4. Summary

Starting from a relatively specialized method to generate a,a-cyclopropyl-amino radicals from iminium ions,
it was possible to generalize this method of a-amino radical formation to a wider class of acyclic aldehydes.
A radical reductive amination of secondary amines was developed, which is metal-free and comparatively
atom economical, when compared to existing techniques (Scheme 86a). A method using catalytic disulfide
and 1,4-cyclohexadiene as the terminal reductant was also developed (Scheme 86b). Attempts were made to
discover a general methodology, for the selective functionalization of secondary over primary amines.
However, this was hampered by complex product distributions and undesired side-reactivity. Finally,
promising regioselectivity for primary aminothiazoles over secondary amines was discovered using the radical
reductive amination (Scheme 86c¢). This contrasted with existing hydridic methods of reductive amination,
which was found to give the opposite selectivity.

(a) Radical reductive amination

DMTP (2 equiv.)
KOtBu (50 mol%) Bn., .Bn
Bn. _.Bn ] N
N + | -
H K/\Me DMF, 4 A MS K/\Me

40 W blue LED, rt, 24 h
221 222 440, 98%

(b) Catalytic disulfide conditions

S\
o ©: S (10 mol%) Ph
oI =)
+ >
K/\Me N
N
H

@ (3 equiv.) K/\
Me

299 222 Cs,C0O3 (20 mol%), DMF

. 461, 98%
4 A MS, blue LED, rt, 24 h
(c) Selective reductive amination
DMTP
NaBH(OAc); (2 equiv.)
Me™ (1.3 equiv.) N S 4 AMS ¥ Me
pr N S P | )—NH Pr | S>—NH
| N/>—NH2 AcOH N 2 CsyCO4 N
(1 equiv.) (20 mol%)
0, 0,
508, 67% CH,Cl, 504 DMF. blue LED 507, 95%

Scheme 86: Summary of radical reductive amination
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4. Conclusion and Outlook

In this thesis, the development of a-amino radical formation, via a proposed charge-transfer complex, has been
described. Using this radical generation method, a tandem fragmentation-cyclization reaction was realized,
resulting in the multicomponent synthesis of cyclopentyl methylamines (Scheme 87a). Regarding next steps,
one anticipates that there will be continued interest in the facile generation of cyclic, sp3-rich scaffolds, in the
context of medicinal chemistry. A further avenue of research could involve an expanded toolkit of cyclic
methylamine syntheses. This could involve the use of epoxides or aziridines, as strain-release precursors, for
the generation of tetrahydrofuran or pyrrolidine products (Scheme 87b).

(a) Charge transfer cyclization

NC
CN
DMTP (2 equiv.)
+ O§A002Me ¥ /O N
CO,Me CH,Cl,, 40 W blue LED LOMe
H CO,Me
298 300 "
396
379, 80%
(b) Multicomponent heterocycle synthesis
\N/
O 1
o_R
(O /AvR1 ~R!
R’ R
.\
509
N7 Fragmentation
H cyclization /J\. 513
2 511 2" 512

3 . g S - R2

N s=c N | R1
1 N
OVQVR N ~ 1
R’ R
510 *
514

Scheme 87: Proposed multicomponent synthesis of heterocycles

There has been significant research dedicated to the generation of a-amino radicals - starting with pioneering
stoichiometric studies, to more recent methods using visible light mediated photoredox catalysis. Consequently,
new platforms for a-amino radical generation will be required to demonstrate synthetic utility, beyond
currently existing techniques.

Following studies into the multicomponent cyclization reaction, a radical reductive amination procedure was
developed, using a related method of a-amino radical formation. This allowed the union on secondary amines
and acyclic aldehydes, to form tertiary amines in high yield (Scheme 88a). Research in the short term could
focus on the divergence in selectivity observed, when aminothiazoles were utilized. A wider investigation into

the reactivity of heterocyclic primary amines may reveal a further class of compatible amines for this
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methodology (Scheme 88b). Given the prevalence of aminoheterocycles as medicinal building blocks, the
selective reaction of these species could offer streamlined routes towards drug synthesis.

(a) Radical reductive amination

DMTP (2 equiv.)
Bn. _Bn o] KOtBu (50 mol%) Bn., .Bn

| >
- ’ K/\Me DMF, 4 A MS K/\Me

40 W blue LED, rt, 24 h
221 222 440, 98%

(b) Further studies in regioselectivity

R? Or other R
N vs. [ >—NH, > | >—NH
H R2 aminoheterocycles R2
515 516 517

Scheme 88: Proposed studies into reductive amination of heterocyclic primary amines

In terms of a longer-term outlook for the radical reductive amination, in industrial settings, continuous flow
hydrogenation with H gas is generally favored over hydric methods, due to better atom economy.*** By using
a flow photoreactor and 1,4-cyclohexadiene as the terminal reductant, it may be possible to develop the radical
reductive amination into a metal-free process, suitable for large scale reactions (Scheme 89a).

(a) Translation to flow process S,Ar, (cat.)

1,4-Cyclohexadiene
y ol TR \N/
N + i
H K/\ i K/\
Base, blue LED
518 519 520

(b) Deuteration/Tritiration

O D20/T20 \N/
\N/ + | >
H K/\ S,Ar, (cat.) R)\/\
1,4-Cyclohexadiene R=DorT
518 519 Base, blue LED 521

(c) Enantioselective reductive amination

Chiral thiol (cat.)

HoN™ * Me)J\/\ Me/K/\

1,4-Cyclohexadiene
522 523 Base, blue LED 524

Scheme 89: Future direction for radical reductive amination

Secondly, strong polarity matching between the a-amino radical and thiol may allow other functionality to be
incorporated at the a-nitrogen position. For instance, if the radical reductive amination could tolerate small
guantities of water, the addition of DO or T,O would generate deuterated or tritiated thiol, which would allow
facile access to a-deuterated or a-tritiated tertiary amines using this methodology (Scheme 89b).2%? Thirdly,

the ability to use catalytic disulfide/thiol as the reactive hydrogen atom source also opens up opportunities to
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achieve enantioselective reductive amination (Scheme 89c), a process which currently relies on the use of
transaminase chemistry.233%4 |t may be possible to exploit optically active thiol catalysts, based on binaphthyl,
cholesterol, or glucopyranose architectures, to achieve an enantioselective hydrogen atom transfer
process.3%>3% Bifunctional catalysts, for instance thiophenylalanine in a peptide-like structure, could also be
an interesting avenue to study.

More generally, there have been increasing interest in the use of charge transfer complexes where one, or even
none, of the components are incorporated into the final product. The continued development of this field may
even offer the promise to replace expensive photocatalysts with cheap, commercial organic small molecules,
in the future." In this thesis, it has been possible to exploit visible light and aromatic thiols to generate radical
species, whilst avoiding incorporation of the thiyl radical into the final product. This has also allowed the thiol
species to be used in catalytic quantities. In the future, it is possible that similar exogenous or transient charge
transfer complexes could be used, in conjunction with visible light, to enable radical chemistry with further

functional groups.
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5. Experimental Procedures

All reactions were conducted under an inert N2 atmosphere with oven-dried glassware fitted with a magnetic
stirrer bar, unless otherwise stated. Anhydrous dichloromethane was obtained from solvent stills (distilled from
CaH,). Dichloromethane used in the light-promoted reaction was dried using 4 A molecular sieves (beads),
degassed (freeze-pump-thaw) and stored in a Schlenk flask under N,. Comparable results were obtained using
commercial anhydrous dichloromethane (Sigma-Aldrich, Sure/Seal). Other solvents employed in light-
promoted reaction were used as supplied (Sigma-Aldrich, Sure/Seal). Anhydrous solvents were obtained from
solvent stills (diethyl ether was distilled from sodium triphenylmethane ketyl; tetrahydrofuran from lithium
aluminum hydride; acetonitrile, dichloromethane, hexane, and toluene from calcium hydride). All commercial
reagents were used as supplied unless otherwise stated. Clear glass vials (4 mL) with PTFE/silicon septum
lined screw caps were used as the standard reaction vessel (VWR, 548-0521). Irradiation of the reaction
mixture was conducted using a 40 W Kessil AL60WE LED (Tuna blue) aquarium light (max frequency, max
intensity). Organic solutions were concentrated by rotary evaporation below 40 °C. All reactions were
monitored by TLC, GCMS, LCMS and/or *H NMR spectra taken from reaction samples, GC yields determined
by reference to dodecane, and NMR yields determined by *H NMR with reference to 1,1,2,2-tetrachloroethane.

Analytical thin-layer chromatography was performed using Merck Kieselgel 60 F254 0.20 mm precoated
glass-backed silica gel plates. Visualization of the chromatogram was performed by UV absorbance (Amax =
254 nm) and/or by staining with aqueous potassium permanganate. Flash column chromatography was

performed using silica gel (Merck Geduran Si 60 [40-63 um]) with the appropriate solvent system.

Proton nuclear magnetic resonance (*H NMR) spectra were recorded on a Bruker DPX 400 (400 MHz)or
Avance 500 (500 MHz) spectrometer. Chemical shifts (3) are recorded in parts per million (ppm) and are
guoted to the nearest 0.01 ppm relative to the residual solvent protons (CDCl; = 7.26 ppm, DMSO-ds = 2.50,
CD;0D = 3.31, CD,Cl, = 5.32).3% Coupling constants (J) are quoted in Hertz (Hz), and data reported as
follows: Chemical shift (number of protons, multiplicity, coupling constant, assignment). Coupling constants
were reported to the nearest 0.1 Hz and multiplicity reported according to the following: s = singlet, d = doublet,
t = triplet, g = quartet, sep = septet m = multiplet, br = broad, with associated combinations e.g. dd = doublet

of doublets.

Carbon nuclear magnetic resonance (3C NMR) spectra were recorded on a Bruker DPX 400 (101 MHz) or
Avance 500 (125 MHz) spectrometer. Chemical shifts (3) are recorded in parts per million (ppm) and are
guoted to the nearest 0.1 ppm relative to the residual solvent protons (CDClz; = 77.2 ppm, DMSO-ds = 29.8,
CDsOD = 49.0, CD,Cl, = 53.8).2%® DEPT 135 and 2-dimensional experiments (COSY, HMBC, HSQC and

NOESY) were used to support assignments.
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Infrared spectra (FT-IR) were recorded using a Perkin-Elmer Paragon 1000 Fourier transform spectrometer
equipped with ATR and analyzed as thin films, with absorption maxima (vmax) quoted in wavenumbers (cm™).
High resolution mass spectrometry was carried out at the National Mass Spectrometry Facility (NMSF) at
Swansea University using an LTQ Orbitrap XL spectrometer, or at the Department of Chemistry, University
of Cambridge. UV-Vis analysis was conducted on a Shimadzu UV-1800 spectrophotometer. X-ray
crystallography was performed on a Nonius Kappa CCD at the Department of Chemistry, University of
Cambridge.

120



5. Experimental Procedures

5.1. General Procedures

GP A: Charge-transfer fragmentation cyclization

To a4 mL clear glass screw cap vial was added the solid reagents and a stirrer bar (10 mm, cylindrical). The
vial was sealed with a PTFE/Silicone-lined septa cap, a needle was inserted through the septa and the vial was
evacuated/backfilled with N.. Anhydrous degassed CH2Cl, was added, followed by the liquid reagents using
a microsyringe, in the order amine, aldehyde, acceptor, thiol. The N2 needle was removed, and the vial was
sealed with parafilm and placed on an upturned crystallization dish on a stirrer plate. A 40 W Kessil AL60WE
Tuna Blue lamp was placed 3 cm from the face of the vial with a desk-top fan positioned above for cooling.
The stirrer plate was set to 1000 rpm and the vial was irradiated for the specified time with the lamp set to max
frequency and max intensity. Upon completion, the reaction was analyzed, the solvent was removed in vacuo

and the crude residue was purified by flash column chromatography to give the desired product.

GP B: Radical reductive amination

To a4 mL clear glass screw cap vial was added the solid reagents (4 A molecular sieves and base) and a stirrer
bar (10 mm, cylindrical). The vial was sealed with a PTFE/Silicone-lined septa cap, a needle was inserted
through the septa and the vial was evacuated/backfilled with N.. Anhydrous SureSeal DMF was added,
followed by the liquid reagents using a microsyringe, in the order amine, thiol, aldehyde. The N needle was
removed, and the vial was sealed with parafilm and placed on an upturned crystallization dish on a stirrer plate.
A 40 W Kessil AL60WE Tuna Blue lamp was placed 3 cm from the face of the vial with a desk-top fan
positioned above for cooling. The stirrer plate was set to 1000 rpm and the vial was irradiated for the specified
time with the lamp set to max frequency and max intensity. Upon completion, the reaction mixture was filtered
over Celite and analyzed. The solvent was removed in vacuo and the crude residue was purified by flash

column chromatography to give the desired product.
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5.2. Characterization

5.2.1. Charge-Transfer Cyclization
2-(3-Cyano-1-(dibenzylamino)propyl)cyclopentane-1-carbonitrile (281)

To a4 mL clear glass screw cap vial was added Ir(ppy)s (1.6 mg, 0.0025 mmol), Hantzsch ester (95 mg, 0.375
mmol), 4 A MS (125 mg) and a stirrer bar (10 mm, cylindrical). The vial was sealed with a PTFE/Silicone-
lined septa cap, a needle was inserted through the septa and the vial was evacuated/backfilled with Na.
Anhydrous degassed CH,Cl, was added, followed by the liquid reagents using a microsyringe: Dibenzylamine
(48 uL, 0.25 mmol), cyclopropanecarboxaldehyde (28 pL, 0.375 mmol), acrylonitrile (33 pL, 0.5 mmol) and
propionic acid (4 pL, 0.05 mmol). The N2 needle was removed, and the vial was sealed with parafilm and
placed on an upturned crystallization dish on a stirrer plate. A 40 W Kessil A160WE Tuna Blue lamp was
placed 3 cm from the face of the vial with a desk-top fan positioned above for cooling. The stirrer plate was
set to 1000 rpm and the vial was irradiated for 5 hours with the lamp set to max frequency and max intensity.
Upon completion, the reaction was analyzed, the solvent was removed in vacuo and the crude residue was
purified by flash column chromatography to give the title product as a colorless oil (37.6 mg, 42%). The
diastereomers were separated by normal phase (hexane/isopropyl alcohol) HPLC (7.1 mg, 5.5 mg, 4.2 mg, 3.6
mg. 2.0:1.5:1.2:1.0dr). By-product 280 was also obtained as a colorless oil (11.4 mg, 15%). *H NMR (400
MHz, CDCls): § 7.32 (4H, m, Hy), 7.29 (4H, m, Hs), 7.26 (2H, m, H1), 3.77 (2H, d, J = 13.5 Hz, Hs), 3.64 (2H,
d, J=13.5Hz, Hs’), 3.08 (1H, m, H11), 2.89 (1H, td, J = 8.6, 4.2 Hz, H¢), 2.48 (1H, ddd, J = 16.8, 10.5, 5.0 Hz,
Hia), 2.19 (1H, m, H7), 2.07 (1H, m, His), 2.05 (1H, m, Hio), 1.95 (1H, m, Hg), 1.88 (1H, m, Hi3), 1.84 (1H,
m, Hio), 1.81 (1H, m, Hg), 1.77 (1H, m, Hi3), 1.73 (1H, m, Cy), 1.51 (1H, m, Hg). 3C NMR (101 MHz,
CDCla): 8 139.2 (Ca), 129.3 (Ca3), 128.7 (C2), 127.6 (C1), 121.6 (C12), 120.0 (C1s), 60.7 (Ce), 54.8 (Cs), 46.1
(C7), 34.5 (C11), 30.4 (C1o), 28.0 (Cs), 26.9 (C13), 22.5 (Cy), 15.5 (C1s). IR vmax (CDCl3) /cm™: 2956, 2243,
1717, 1494, 1453, 1270, 1122. HRMS (FTMS +p NSI) m/z: Ca4H27NsH [M+H]* requires 358.2278, found
358.2280.
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4-Cyclopropyl-4-(dibenzylamino)butanenitrile (280)

'H NMR (400 MHz, CDCls): & 7.32 (8H, d, J = 4.4 Hz, H, and Hs), 7.24 (2H, m, H1), 3.82 (2H, d, J = 13.6
Hz, Hs), 3.68 (2H, d, J = 13.5 Hz, Hs"), 2.55 (1H, m, H1), 2.22 (1H, m, Hi1), 1.93 (2H, m, Hes and Hig), 1.79
(1H, m, Hy), 0.89 (1H, m, H), 0.71 (1H, Hs), 0.46 (1H, m, Hy), 0.45 (1H, m, Hg), -0.07 (1H, Hy). *C NMR
(101 MHz, CDCls): 6 139.9 (C,), 128.8, 128.5, 127.2 (Cy1), 120.4 (C12), 61.5 (Cs), 54.2 (Cs), 28.3 (C1o), 14.8
(C11), 10.3 (Cy), 5.1 (Cg), 1.6 (Cy). HRMS (FTMS +p NSI) m/z: C1H24N2H [M+H]* requires 305.2012, found
305.2013.

(2,2-Dimethylcyclopropyl)methanol (293)

Me® Me
5

The title compound was prepared using a literature procedure.*® To a solution of 3-methyl-2-buten-1-ol (1.0
mL, 10 mmol), in CH2Cl; (33 mL) at —40 °C was added 1 M ZnEt; in hexane (25 mL, 25 mmol) dropwise
over 10 minutes. The mixture was stirred for 5 minutes, then CHal, (1.6 mL, 20 mmol) was added dropwise
over 5 minutes with a blast shield in place. The mixture was gradually warmed and stirred over 12 hours. The
reaction was quenched with NH4CI (ag.) and solids filtered with Celite. From the filtrate, the phases were
separated, and the aqueous phase was extracted by CH>Cl, (2x20 mL). The organic phases were dried, filtered,
concentrated then purified by flash chromatography (5% MeOH in CH,Cl.) to give the title compound as a
colorless oil (732 mg, 74%). *H NMR (400 MHz, CDCls): 6 3.75-3.63, 3.58-3.46, 1.27-1.18, 1.12, 1.08, 0.97-
0.84, 0.48, 0.13. °C NMR (101 MHz, CDCls): 5 64.3, 27.4, 26.9, 19.9, 18.4, 16.2. Data consistent with

literature.3%®
2,2-Dimethylcyclopropane-1-carbaldehyde (294)
3_2-1

4
Me Me
5

The title compound was prepared using a literature procedure.®® To an ice-cooled solution of alcohol 293 (836
mg, 8.4 mmol) in CH,CI; (25 mL) was added pyridinium chlorochromate (1.80 g, 8.4 mmol). The reaction

was stirred for 16 hours, then ether (3.5 mL) was added. The mixture was filtered through Celite, washed with
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ether (7 mL), then the filtrate was concentrated, keeping the temperature and pressure at 30 °C and 300 mbar.
Purification by flash chromatography (CH,Cl,) gave the title compound as a colorless oil (719 mg, 88%). ‘H
NMR (400 MHz, CDCls): 6 9.34, 1.71, 1.35, 1.29, 1.20, 1.08. Mass matched by LC-MS. Data consistent with

literature.3%®
Dimethyl 2-formylcyclopropane-1,1-dicarboxylate (298)

3 O—Me6

The above compound was prepared using a modified literature procedure.31°3!! To a solution of freshly distilled
acrolein (0.80 mL, 12.0 mmol) in DMF (30 mL) was added dimethyl bromomalonate (90%, 1.46 mL, 10.0
mmol) followed by potassium carbonate (2.76 g, 20.0 mmol). The heterogenous mixture was stirred vigorously
until the reaction was complete (5 hours). Note: When preparing on large scale, separate into smaller batches
at the above scale to ensure rapid stirring of mixture. The mixture was cooled to 0 °C and diluted with Et,O
and H>O. Glacial acetic acid (2.40 mL, 42.0 mmol) was added, neutralizing the mixture to roughly pH = 7.
The organic layer was separated, and the aqueous layer was extracted 5 times with Et,O. The combined organic
layers were washing with saturated NaHCO3 solution then brine, dried over MgSQOs, filtered and concentrated
in vacuo at 30 °C. Purification by flash column chromatography (9:1 to 3:7 PE/Et,0) gave the title product as
a colorless oil (861 mg, 42%). *H NMR (400 MHz, CDCls): 8 9.36 (d, J = 4.1 Hz, 1H), 3.78 (s, 6H), 2.77 (ddd,
J=8.8,7.0,4.2 Hz, 2H), 2.09 (dd, J = 6.8, 5.0 Hz, 1H), 1.83 (dd, J = 8.5, 5.0 Hz, 1H). *C NMR (100 MHz,
CDCl3) 6 196.4, 168.5, 166.5, 53.5, 53.3, 37.6, 35.0, 19.8. Data consistent with literature.3!2

Bis(2-methoxyethyl) 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (314)

The above compound was prepared using a literature procedure.®** A 250 mL round bottom flask was equipped
with a magnetic stirrer bar, reflux condenser and N inlet. The flask was charged with paraformaldehyde (0.60g,
20 mmol) and NH4OAc (3.08 g, 40 mmol). The flask was sealed and evacuated/backfilled with N> three times,
then water (40 mL) and methoxyethyl acetoacetate (11.8 mL, 80 mmol) was added. The mixture was sparged
with N for 45 minutes, heated to reflux for 3 hours, then cooled slowly in the dark. Once crystallized, the solid
was broken up and recovered by filtration. The solid was washed with a minimum amount of ice-cold water
(50 mL) to remove the bright yellow oxidized pyridine by-product. The title compound was obtained as a pale
yellow microcrystalline solid (1.33 g, 21%). *H NMR (400 MHz, CDCls): § 5.17 (s, 1H), 4.25 (t, J = 4.9 Hz,
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4H), 3.65-3.61 (M, 3H), 3.39 (s, 6H), 3.31 (s, 2H), 2.19 (s, 6H). HRMS (FTMS +p NSI) m/z: C15H2sNOgH
[M+H]* requires 314.1598, found 314.1601. Data consistent with literature.’s

Dimethyl 4-((4-phenylpiperidin-1-yl)methyl)spiro[4.4]nonane-2,2-dicarboxylate (301)

To a4 mL clear glass screw cap vial was added 4-phenylpiperdine (32.2mg, 0.2 mmol), Ir(ppy)s (1.4 mg, 0.002
mmol), 314 (94 mg, 0.3 mmol) and a stirrer bar (10 mm, cylindrical). The vial was sealed with a
PTFE/Silicone-lined septa cap, a needle was inserted through the septa and the vial was evacuated/backfilled
with Na. Anhydrous degassed CH.Cl, was added, followed by the liquid reagents using a microsyringe:
Aldehyde 298 (46.3 pL, 0.3 mmol), methylenecyclopentane (105 pL, 1.0 mmol) and propionic acid (3 pL,
0.04 mmol). The N2 needle was removed, and the vial was sealed with parafilm and placed on an upturned
crystallization dish on a stirrer plate. A 40 W Kessil A160WE Tuna Blue lamp was placed 3 cm from the face
of the vial with a desk-top fan positioned above for cooling. The stirrer plate was set to 1000 rpm and the vial
was irradiated for 5 hours with the lamp set to max frequency and max intensity. Upon completion, the reaction
was analyzed, the solvent was removed in vacuo and the crude residue was purified by flash column
chromatography (PE/EtOAc 6:4 to 3:7, then 100% CH.Cl; to 9:1 CH,Cl,/MeOH), to give the title product as
a colorless oil (24.4 mg, 29%). By-product 302 was isolated as a colorless oil (14.7 mg, 22%).

IH NMR (400 MHz, CDCls) § 7.33-7.25 (2H, m, Hy), 7.25-7.19 (2H, m, Hs), 7.19-7.15 (1H, m, Hy), 3.72 (3H,
s, His), 3.72 (3H, s, Hy7), 3.04 (1H, d, J = 11.5 Hz, Hy), 2.99 (1H, d, J = 2.6 Hz, Hg), 2.61 (1H, dd, J = 12.9,
6.1 Hz, Hiza), 2.53-2.45 (1H, m, Hs), 2.43 (1H, d, J = 13.8 Hz, Higa), 2.40-2.22 (2H, m, Hyo), 2.17-2.10 (1H,
m, Hu), 2.13-2.05 (1H, m, Hs), 2.07-2.01 (2H, M, Hzg.188), 1.94 (1H, td, J = 11.4, 2.8 Hz, H7), 1.86-1.70 (4H,
M, Hess), 1.71-1.61 (1H, m, Hao), 1.63-1.53 (4H, m, Ha1422), 1.50-1.44 (1H, m, Hap), 1.45-1.37 (1H, m, Hasn),
1.32-1.26 (1H, m, Hazs). 3C NMR (101 MHz, CDCls) & 173.8 (Cia), 173.5 (Cis), 146.7 (Cs), 128.5 (Cy), 127.0
(Cs), 126.2 (C1), 59.6 (C10), 58.0 (C13), 55.8 (Cs), 54.1 (C7), 53.0 (C1s), 52.9 (C1s), 52.8 (C17), 47.7 (Cis), 43.9
(C11), 42.9 (Cs), 39.9 (C12), 37.9 (Cz0), 33.8 (Ce), 33.7 (Ca), 31.8 (Cas), 24.8 (Cz1), 24.3 (C22). HRMS (FTMS
+p NSI) m/z: C25H35NO4H [M+H]+ requires 414.2639, found 414.2632.
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Dimethyl 2-(3-(4-phenylpiperidin-1-yl)propyl)malonate (302)

.
e

'H NMR (400 MHz, CDCls) & 7.33-7.25 (2H, m, Hy), 7.25-7.16 (3H, m, Hu:3), 3.74 (6H, s, Hig), 3.43 (1H, t,
J=7.5Hz, Hu), 3.03 (2H, d, J =11.4 Hz, H74), 2.49 (1H, tt, J = 10.3, 5.1 Hz, Hs), 2.40 (2H, m, Hg), 2.04 (2H,
td, J = 11.2, 3.7 Hz, Hsg), 1.95 (2H, q, J = 7.6 Hz, Hio), 1.87-1.71 (4H, m, He), 1.63-1.50 (2H, m, Ho). **C
NMR (101 MHz, CDCl3) 6 169.9 (C12), 146.5 (C4), 128.5 (Cz), 127.0 (C3), 126.3 (Cy), 58.5 (Cs), 54.5 (C7),
52.6 (C13), 51.7 (C11), 42.8 (Cs), 33.5 (Ce), 27.1 (C10), 24.9 (Cg). HRMS (FTMS +p NSI) m/z: C19H27NO4H
[M+H]+ requires 334.2013, found 334.2011.

Dimethyl 3-(4-bromophenyl)-4-((dimethylamino)methyl)cyclopentane-1,1-dicarboxylate (315)

To a 4 mL clear glass screw cap vial was added Ir(ppy)s (1.4 mg, 0.002 mmol), 314 (69 mg, 0.22 mmol) and
a stirrer bar (10 mm, cylindrical). The vial was sealed with a PTFE/Silicone-lined septa cap, a needle was
inserted through the septa and the vial was evacuated/backfilled with N,. Anhydrous degassed CH,Cl, was
added, followed by the liquid reagents using a microsyringe: Aldehyde 298 (55.8 mg, 0.3 mmol), 2,4,6-
triisopropylthiophenol (9.5 mg, 0.04 mmol), propionic acid (3 pL, 0.04 mmol), 4-bromostyrene (131 uL, 1.0
mmol), dimethylamine solution (40 weight % in H20, 25 pL, 0.2 mmol). The N2 needle was removed, and the
vial was sealed with parafilm and placed on an upturned crystallization dish on a stirrer plate. A 40 W Kessil
A160WE Tuna Blue lamp was placed 3 cm from the face of the vial with a desk-top fan positioned above for
cooling. The stirrer plate was set to 1000 rpm and the vial was irradiated for 5 hours with the lamp set to max
frequency and max intensity. Upon completion, the reaction was analyzed, the solvent was removed in vacuo
and the crude residue was purified by flash column chromatography (100% CHClI, to 19:1 CH>Cl,/MeOH),
to give the title product as a colorless oil (55.0 mg, 68%, >20:1 dr).
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'H NMR (400 MHz, CDCls) 8 7.39 (2H, d, J = 8.1 Hz, Hus), 7.04 (2H, d, J = 8.1 Hz, Hi3), 3.75 (6H, s, H749),
3.36 (1H, m, Hu1), 2.67 (1H, dd, J = 13.8, 7.3 Hz, Hioa), 2.60-2.48 (2H, m, nsa+108, 2.48-2.40 (1H, m, Hs), 2.25
(1H, dd, J = 13.5, 6.8 Hz, Hag), 2.05 (6H, s, H1), 1.84 (1H, m, Hza), 1.57 (1H, dd, J = 12.1, 4.9 Hz, Hg). °C
NMR (101 MHz, CDCls) 6 173.2 (Ce), 172.9 (Csg), 140.1 (C12), 131.3 (C14), 130.1 (Ca3), 120.2 (C1s), 60.4 (C»),
59.1 (Cs), 53.0 (Cr), 52.9 (Cy), 45.8 (C11), 45.8 (Cy), 40.7 (Cs), 38.2 (Cao), 38.0 (Ca0). HRMS (FTMS +p
NSI) m/z: C18H24BrNO4H [M+H]+ requires 398.0961, found 398.0961.

1-((1S,2R)-2-(4-bromophenyl)-4,4-bis(methoxycarbonyl)cyclopentyl)-N,N-dimethylmethanaminium
perchlorate (317)

H
Me <) ,Me
® CO,Me
~CO,M
S 2Vie
clo,
Br

To amine 315 (97.3 mg) dissolved in ether (2 mL) was added perchloric acid (70%, 8.4 L) dissolved in
ethanol (0.1 mL). Gentle heating of the solution followed by recrystallization by slow evaporation gave the

above product, which was characterized by single crystal X-ray diffraction.

Dimethyl 3-formyl-4-phenylcyclopentane-1,1-dicarboxylate (331)

To a4 mL clear glass screw cap vial was added Ir(ppy)s (1.6 mg, 0.0025 mmol), Hantzsch ester (95 mg, 0.375
mmol), 4 A MS (125 mg) and a stirrer bar (10 mm, cylindrical). The vial was sealed with a PTFE/Silicone-
lined septa cap, a needle was inserted through the septa and the vial was evacuated/backfilled with Na.
Anhydrous degassed CH,Cl, was added, followed by the liquid reagents using a microsyringe: Dibenzylamine
(48 pL, 0.25 mmol), dimethyl 2-formylcyclopropane-1,1-dicarboxylate (47 mg, 0.25 mmol), styrene (57 pL,
0.5 mmol) and propionic acid (4 pL, 0.05 mmol). The N, needle was removed, and the vial was sealed with
parafilm and placed on an upturned crystallization dish on a stirrer plate. A 40 W Kessil AL6OWE Tuna Blue
lamp was placed 3 cm from the face of the vial with a desk-top fan positioned above for cooling. The stirrer
plate was set to 1000 rpm and the vial was irradiated for 5 hours with the lamp set to max frequency and max
intensity. Upon completion, the reaction was analyzed, the solvent was removed in vacuo and the crude residue
was purified by flash column chromatography (19:1 PE/Et,O to 1:4 PE/Et,0) to give the title product as a
colorless oil (13.0 mg, 18%). *H NMR (400 MHz, CDCls): & 9.62 (1H, d, J = 2.0 Hz, Hi), 7.28 (5H, m,
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Hizr13+14), 3.78 (3H, s, He), 3.77 (3H, s, Hs), 3.45 (1H, m, Hig), 3.07 (1H, app. g, H2), 2.85 (1H, dd, J = 13.6,
7.6 Hz, Ho), 2.65 (2H, d, J = 8.8 Hz, Hs), 2.39 (1H, dd, J = 13.6, 11.6 Hz, Ho). *C NMR (101 MHz, CDCl):
§201.4 (Cy), 172.2 (Cs), 172.1 (C7), 141.0 (C11), 129.0 (C1s), 127.4 (C12), 127.3 (C1a), 59.2 (Cs), 58.2 (C),
53.2 (Ce), 53.2 (Cs), 46.2 (Cio), 42.6 (Cs), 34.5 (Cs). IR (CHsCI, cmt): 2955, 1733, 1434, 1267, 1202, 1168,
1101. HRMS (FTMS +p NSI) m/z: C16H1s0sH [M+H]* requires 291.1227, found 291.1228.

Dimethyl 2-(((2,6-dimethylphenyl)thio)(piperidin-1-yl)methyl)cyclopropane-1,1-dicarboxylate (342)
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In a vial, piperidine (10 pL, 0.1 mmol), aldehyde 298 (15 uL, 0.1 mmol), DMTP (13 pL, 0.11mol) and CD,Cl,
(1 mL) were combined. *H NMR (500 MHz, CD,Cly): & 7.09-7.06 (3H, s, Hi+2), 3.93 (1H, d, J = 8.7 Hz, He),
3.69 (3H, s, Hi4), 3.67 (3H, s, Hie), 2.88-2.79 (2H, m, Hza), 2.58 (7H, s, Ha+10), 2.46-2.38 (2H, m, H7g), 1.50-
1.37 (6H, s, Hs+o), 1.35 (1H, dd, J = 7.6, 4.9 Hz, H114), 1.19 (1H, dd, J = 9.2, 4.9 Hz, H1:8). *C NMR (126 MHz,
CD:Cl,): 6 170.1 (Ca3), 168.6 (Cas), 143.1 (Cs), 134.2 (Cs), 128.4 (Cy), 128.0 (Cy), 78.0 (Cs), 52.9 (C14), 52.6
(C16), 49.6 (Cy), 33.1 (Cy12), 32.4 (C10), 26.3 (Cg), 24.7 (Co), 22.6 (C4), 22.2 (C1a).

Dimethyl 2-(3-oxopropyl)malonate (338)

To a 4 mL clear glass screw cap vial was added 4-phenylpiperidine (32.2 mg, 0.2 mmol) and a stirrer bar
(10 mm, cylindrical). The vial was sealed with a PTFE/Silicone-lined septa cap, a needle was inserted through
the septa and the vial was evacuated/backfilled with N.. Anhydrous degassed CH,Cl, was added, followed by
the liquid reagents using a microsyringe, in the order dimethyl 2-formylcyclopropane-1,1-dicarboxylate (31.5
pL, 0.2 mmol), DMTP (53.3 pL, 0.4 mmol). The N2 needle was removed, and the vial was sealed with parafilm
and placed on an upturned crystallization dish on a stirrer plate. A 40 W Kessil A160WE Tuna Blue lamp was
placed 3 cm from the face of the vial with a desk-top fan positioned above for cooling. The stirrer plate was
set to 1000 rpm and the vial was irradiated for 18 hours with the lamp set to max frequency and max intensity.
Upon acid work-up, a single aldehydic product was observable by crude *H NMR. Purification by flash column
chromatography (7:3 PE/Et,0) gave the above alicyclic aldehyde as a colorless oil (24.6 mg, 65%). *H NMR
(600 MHz, CDCl»): 6 9.75 (1H, t, J = 1.1 Hz, H1), 3.74 (6H, s, H¢), 3.45 (1H, t, J = 7.3 Hz, Hy), 2.57 (2H, t, J
=6.8 Hz, Hy), 2.22 (2H, g, J = 7.3 Hz, H3). ®*C NMR (151 MHz, CDCls): § = 200.6 (C1), 169.5 (Cs), 52.8 (Ce),
50.4 (C4), 41.1 (Cy), 21.2 (Cs). Data consistent with literature.#

128



5. Experimental Procedures

Dimethyl 4-((4-cyanopiperidin-1-yl)methyl)spiro[4.4]Jnonane-2,2-dicarboxylate (379)

Following GP A, piperidine-4-carbonitrile (22.5 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (44.7 mg, 0.24 mmol), methylenecyclopentane (42.1 pL, 0.4 mmol) and DMTP (53.3 uL, 0.4
mmol) were reacted over 24 hours and purified by flash column chromatography (PE/Et,0O 1:1 to 1:4) to give
the title compound as a colorless oil (58.2 mg, 80%). 'H NMR (400 MHz, CDCls): § 3.69 (3H, s, Hi2), 3.68
(3H, s, Hua), 2.72-2.62 (1H, m, Haa), 2.62-2.45 (3H, m, Ha:sa+94), 2.38 (1H, d, J = 13.8 Hz, Hisa), 2.35-2.11
(4H, m, Hsg+7+48), 2.07-1.91 (3H, m, Hisg+s+98), 1.94-1.74 (4H, m, Ha:s), 1.63-1.48 (5H, m, Hi7a+18+19), 1.46-
1.30 (2H, m, Hizg+20a), 1.28-1.19 (1H, m, Hz). *°C NMR (100 MHz, CDCls): § 173.6 (C11), 173.3 (Cu3),
121.9 (Cy), 59.1 (C7), 57.8 (C10), 52.8 (Ci2+16), 52.8 (C14), 52.0 (Cs), 51.8 (Ca), 47.5 (C1s), 43.8 (Cs), 39.4 (Co),
37.9 (Cy7), 31.8 (Cz0), 29.0 (Csss), 26.3 (C2), 24.6 (Cus), 24.2 (C19). IR (CH2Cl,, cm™): 2951, 2866, 1729, 1434,
1384, 1253, 1197, 1170, 1138, 1103, 1047. HRMS (FTMS +p NSI) calculated for CzHsoN.O4H [M+H]*
363.2278, found 363.2280.

Dimethyl 4-(morpholinomethyl)spiro[4.4]nonane-2,2-dicarboxylate (380)

Following GP A, morpholine (17.5 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-dicarboxylate (44.7
mg, 0.24 mmol), methylenecyclopentane (42.1 pL, 0.4 mmol) and DMTP (53.3 pL, 0.4 mmol) were reacted
over 24 hours and purified by flash column chromatography (PE/Et,O 7:3 to 1:1) to give the title compound
as a colorless oil (57.3 mg, 84%). *H NMR (400 MHz, CDCls) & 3.79-3.61 (10H, m, Hi:g+10), 2.58-2.49 (1H,
m, Hsa), 2.49-2.16 (7H, m, Haa+11a+28+3), 2.11-1.91 (3H, m, Ha+118+s8), 1.66-1.46 (5H, m, Hizas+14+15), 1.46-1.33
(2H, m, Hisg+16a), 1.27-1.19 (1H, m, Hieg). °C NMR (101 MHz, CDCls) 8 173.7 (C7), 173.4 (Cy), 67.1 (Cy),
59.5 (Cs), 57.8 (Co), 54.2 (C2), 52.8 (Cg), 52.8 (C12), 52.8 (Cio), 47.5 (C11), 43.4 (Ca), 39.5 (Cs), 37.9 (Cua),
31.8 (Cis), 24.7 (C1a), 24.2 (C15). IR (CHCl,, cm™): 2952, 2863, 2809, 1731, 1435, 1257, 1198, 1173, 1117,
1070, 1034, 1009. HRMS (FTMS +p NSI) calculated for C1gH2NOsH [M+H]*: 340.2118, found 340.2120.

129



5. Experimental Procedures

Dimethyl 4-((4-(tert-butoxycarbonyl)piperazin-1-yl)methyl)spiro[4.4]Jnonane-2,2-dicarboxylate (381)

Following GP A, 1-Boc-piperazine (37.3 mg, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-dicarboxylate
(44.7 mg, 0.24 mmol), methylenecyclopentane (42.1 pL, 0.4 mmol) and DMTP (53.3 uL, 0.4 mmol) were
reacted over 24 hours and purified by flash column chromatography (PE/Et,O 7:3 to 1:1) to give the title
compound as a colorless oil (67.6 mg, 77%). *H NMR (400 MHz, CDCls) § 3.68 (3H, s, His), 3.67 (3H, s,
His), 3.42-3.31 (2H, m, Hy), 2.93-2.83 (2H, m, Ha), 2.53 (1H, dd, J = 12.4, 5.5 Hz, Hia), 2.42-2.33 (2H, m,
Hieas6a), 2.30-2.18 (3H, m, Heg+s), 2.10-2.92 (3H, m, Ho+16a+108), 1.66-1.47 (5H, M, Higa+10+20), 1.47-1.31 (11H,
M, Hi+se+214), 1.28-1.18 (1H, m, Hais). *C NMR (101 MHz, CDCls) 6 173.7 (C12), 173.4 (Cu4), 154.9 (Cs),
79.6 (Cy), 59.1 (Cs), 57.9 (C11), 53.5 (Cs), 52.8 (C13), 52.7 (Cus+17), 47.5 (Ca6), 45.9 (C4), 43.7 (Co), 43.5 (C),
39.5 (C1o), 37.9 (Cus), 31.8 (C21), 28.5 (C1), 24.7 (Cag), 24.2 (C20). IR (CH.Cl,, cm™) 2952, 2869, 2808, 1733,
1697, 1422, 1365, 1247, 1172, 1123, 1004. HRMS (FTMS +p NSI) calculated for CosHasN2OgH [M+H]":
439.2803, found 439.2796.

Dimethyl 4-((1,4-dioxa-8-azaspiro[4.5]decan-8-yl)methyl)spiro[4.4]nonane-2,2-dicarboxylate (382)

Following GP A, 1,4-dioxa-8-azaspiro[4.5]decane (25.6 uL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (44.7 mg, 0.24 mmol), methylenecyclopentane (42.1 pL, 0.4 mmol) and DMTP (53.3 uL, 0.4
mmol) were reacted over 24 hours and purified by flash column chromatography (4:1 PE/EtOAc to EtOAC) to
give the title compound as a colorless oil (61.5 mg, 78%). *H NMR (400 MHz, CDCl3) & 3.91 (4H, s, Ha),
3.68 (3H, s, Hio), 3.68 (3H, s, H1), 2.58-2.46 (2H, m, Hra+1a), 2.46-2.34 (3H, m, Hi:134), 2.34-2.19 (2H, m,
Hs), 2.08-1.94 (3H, m, He+138+78), 1.69 (4H, t, J = 5.8 Hz, H3), 1.63-1.48 (5H, m, Hisa+16+17), 1.46-1.32 (2H, m,
Hisg+18a), 1.27-1.18 (1H, m, Higg). 3C NMR (101 MHz, CDCls) & 173.7 (Cg), 173.4 (C11), 107.5 (C,), 64.3
(C4), 58.6 (Cs), 57.9 (Cs), 52.9 (Ci4), 52.8 (C10), 52.7 (C12), 51.8 (C1), 47.6 (C13), 44.1 (C¢), 39.6 (Cy), 37.9
(Cis), 34.9(C3), 31.7 (C1g), 24.7 (C1g), 24.2 (C17). IR (CH,Cl2, cm™) 2952, 2876, 2812, 1732, 1435, 1364, 1253,
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1198, 1166, 1144, 1088, 1040. HRMS (FTMS +c ESI) calculated for C21HssNOsH [M+H]* 396.2386, found
396.2365.

Dimethyl 4-((4-hydroxypiperidin-1-yl)methyl)spiro[4.4]Jnonane-2,2-dicarboxylate (383)

Following GP A, 4-hydroxypiperidine (20.2 mg, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (44.7 mg, 0.24 mmol), methylenecyclopentane (42.1 pL, 0.4 mmol) and DMTP (53.3 uL, 0.4
mmol) were reacted over 24 hours and purified by flash column chromatography (CH-Cl, to CH,Cl,/MeOH
19:1) to give the title compound as a colorless oil (62.4 mg, 88%). *H NMR (400 MHz, CDCls) & 3.73-3.65
(6H, m, Hi1413), 3.66-3.58 (1H, m, H1), 2.83-2.72 (1H, m, Hza), 2.71-2.62 (1H, m, Haa), 2.53 (1H, dd, J = 12.5,
5.7 Hz, Hga), 2.38 (1H, d, J = 13.8 Hz, Husa), 2.31-2.19 (2H, m, Hg), 2.17-2.08 (1H, m, Hag), 2.07-1.91 (4H,
m, Hr:3g+148+88), 1.89-1.78 (2H, m, Hy), 1.63-1.46 (7H, m, Higa+s+17+18), 1.45-1.31 (2H, m, Hieg+194), 1.25-1.20
(1H, m, Higg). °C NMR (101 MHz, CDCl3) § 173.7 (C1o), 173.4 (C12), 68.1 (Cy), 58.9 (Cs), 57.9 (Co), 52.9
(C1s), 52.8 (Ca11), 52.8 (C13), 52.0 (C4), 51.2 (C3), 47.5 (C1s), 44.0 (Cy), 39.7 (Cs), 37.8 (C16), 34.6 (Cas5), 31.7
(Cio), 24.7 (C17), 24.2 (Cig). IR (CHCl,, cm™) 2947, 2871, 1730, 1435, 1367, 1254, 1198, 1172, 1107, 1066,
1018. HRMS (FTMS +p NSI) calculated for C1gH3:NOsH [M+H]* 354.2275, found 354.2278.

Dimethyl 4-(thiazolidin-3-yImethyl)spiro[4.4]Jnonane-2,2-dicarboxylate (384)

Following GP A, thiazolidine (15.8 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-dicarboxylate (41.0
mg, 0.22 mmol), methylenecyclopentane (42.1 pL, 0.4 mmol) and DMTP (53.3 pL, 0.4 mmol) were reacted
over 24 hours and purified by flash column chromatography (9:1 to 3:2 PE/Et,0) to give the title compound
as a colorless oil (49.2 mg, 72%). *H NMR (400 MHz, CDCls): § 4.08-3.99 (2H, m, H3), 3.71 (3H, s, Ho), 3.71
(3H, s, Hi1), 3.11-2.97 (2H, m, Hy), 2.89-2.80 (2H, m, Hy), 2.63 (1H, dd, J = 13.5, 6.6 Hz, Hea), 2.46 (1H, dd,
J =123, 4.4 Hz, Hsa), 2.35 (1H, d, J = 13.8 Hz, Hi2a), 2.20-2.05 (3H, m, Haig+128+68), 2.01-1.90 (1H, m, Hs),
1.62-1.52 (5H, m, His+16+144), 1.50-1.44 (1H, m, Husg), 1.39-1.30 (1H, m, Hiza), 1.29-1.21 (1H, m, Hi7g). °C
NMR (101 MHz, CDCls): 8 173.6 (Cg), 173.4 (C11), 61.2 (Cs), 58.4 (C>), 57.9 (C7), 53.6 (Cs), 52.9 (C10), 52.8
(C12), 52.7 (Ci3), 47.5 (C12), 46.4 (Cs), 39.5 (Cs), 38.0 (C14), 32.1 (C17), 29.7 (C1), 24.7 (Css), 24.1 (Cye). IR
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(CH:Cl,, cm™) 2950, 2870, 1731, 1435, 1253, 1223, 1199, 1168, 1107, 1052. HRMS (ASAP SOLID)
calculated for C17H22NOsSH [M+H]* 342.1739, found 342.1741.

Dimethyl 4-((benzyl(methyl)amino)methyl)spiro[4.4]nonane-2,2-dicarboxylate (385)

Following GP A, N-benzylmethylaniline (25.8 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (44.7 mg, 0.24 mmol), methylenecyclopentane (63.1 pL, 0.6 mmol) and DMTP (53.3 uL, 0.4
mmol) were reacted over 24 hours and purified by flash column chromatography (PE to 7:3 PE/EtOAC) to give
the title compound as a colorless oil (60.8 mg, 81%). *H NMR (400 MHz, CDCl3) § = 7.34-7.27 (4H, m, Hz:3),
7.25-7.19 (1H, m, Hy), 3.72 (3H, s, H12), 3.70 (3H, s, H14), 3.54 (1H, d, J = 13.2 Hz, Hsa), 3.39 (1H, d, J = 13.1
Hz, Hsg), 2.65 (1H, dd, J = 13.0, 6.1 Hz, Hoa), 2.40 (1H, d, J = 13.8 Hz, Hisa), 2.37-2.30 (2H, m, H), 2.14
(3H, s, He), 2.13-1.99 (3H, M, Hg+158+98), 1.68-1.52 (5H, M, H17a+18+10), 1.50-1.43 (1H, m, Hizg), 1.40-1.31 (1H,
m, Haoa), 1.25-1.19 (1H, m, Hzee). *C NMR (100 MHz, CDCl3) § = 173.7 (C11), 173.5 (C13), 139.4 (C4), 129.0,
128.3,127.0 (Cy), 62.8 (Cs), 58.4 (C7), 57.9 (Cio), 52.8 (C12), 52.8 (C16), 52.8 (C14), 47.6 (C1s), 44.5 (Cg), 42.5
(Ce), 39.5 (Cy), 37.9 (C17), 31.8 (Ca0), 24.7 (Cis), 24.2 (Cio). IR (CH:Cl,, cm™) 2950, 2866, 2775, 1732, 1434,
1256, 1199, 1172, 1024. HRMS (FTMS +p NSI) calculated for C»H3;NO4sH [M+H]* 374.2326, found
374.2326.

Dimethyl 4-((dibenzylamino)methyl)spiro[4.4]Jnonane-2,2-dicarboxylate (386)

Following GP A with activated 4A molecular sieves (50 mg), dibenzylamine (38.5 pL, 0.2 mmol), dimethyl
2-formylcyclopropane-1,1-dicarboxylate (44.7 mg, 0.24 mmol), methylenecyclopentane (42.1 pL, 0.4 mmol)
and DMTP (53.3 uL, 0.4 mmol) were reacted over 24 hours and purified by flash column chromatography
(19:1 to 4:1 PE/Et,0) to give the title compound as a colorless oil (49.9 mg, 55%). 'H NMR (400 MHz,
CDCla): 6 = 7.38-7.27 (8H, m, Hz:3), 7.26-7.19 (2H, m, H1), 3.73 (3H, s, H11), 3.70-3.63 (5H, m, Hsa+13), 3.41
(2H, d, J = 13.6 Hz, Hsg), 2.72 (1H, dd, J = 13.5, 6.6 Hz, Hsa), 2.46-2.30 (3H, m, He+144), 2.22-2.12 (1H, m,
H7), 2.02 (1H, d, J = 13.7 Hz, Husg), 1.85 (1H, dd, J = 13.8, 11.3 Hz, Hgg), 1.68-1.37 (6H, m, Hisa+17+18+168),
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1.16-1.08 (2H, m, Hig). ®°C NMR (101 MHz, CDCls): § = 173.8 (Cio), 173.4 (C12), 139.7 (Cs), 129.0 (Cs),
128.2 (C,), 126.9 (Cy), 58.9 (Cs), 57.8 (Cs), 54.4 (Cs), 52.8 (C11), 52.8 (C13), 52.6 (C1s), 47.9 (C1s), 44.5 (C),
40.0 (Cs), 37.7 (Ci6), 31.5 (Cig), 24.5 (C17), 24.2 (C1s). IR (CH2Cl, cm) 2952, 2872, 2802, 1733, 1494, 1452,
1435, 1366, 1251, 1196, 1172, 1121, 1060, 1028. HRMS (FTMS +p NSI) calculated for CasHasNOsH [M+H]*
450.2639, found 450.2634.

Dimethyl 4-((methyl(phenyl)amino)methyl)spiro[4.4]nonane-2,2-dicarboxylate (387)

Following GP A, N-methylaniline (21.7 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-dicarboxylate
(44.7 mg, 0.24 mmol), methylenecyclopentane (42.1 uL, 0.4 mmol) and 2,6-dimethylbenzenethiol (53.3 pL,
0.4 mmol) were reacted over 24 hours and purified by flash column chromatography (100% PE to PE/Et,O
4:1) to give the title compound as a colorless oil (47.7 mg, 66%). *H NMR (400 MHz, CDCl3) 6 = 7.29-7.19
(2H, m, Hs), 6.74-6.65 (3H, m, Ha+1), 3.72 (3H, s, Hu1), 3.69 (3H, s, His), 3.48 (1H, dd, J = 14.5, 3.4 Hz, Hea),
3.13 (1H, dd, J = 14.5, 10.1 Hz, Hes), 2.94 (3H, s, Hs), 2.53 (1H, dd, J = 12.9, 6.2 Hz, Hsa), 2.38 (1H, d, J =
13.8 Hz, Hi4a), 2.30-2.21 (1H, m, H7), 2.20-2.11 (2H, m, Hgg+148), 1.75-1.54 (6H, m, Hisa+17+18+168), 1.53-1.44
(1H, m, Higa), 1.40-1.32 (1H, m, Higg). 3C NMR (101 MHz, CDCl3) § = 173.5 (C10), 173.3 (C12), 149.7 (Cy),
129.2 (Ca), 116.2 (C1), 112.3 (Cy), 58.0 (Cy), 53.6 (Cs), 52.9 (C11), 52.9 (C13), 52.8 (C1s), 47.3 (C14), 45.2 (C),
39.3 (C16), 39.1 (Cs), 37.6 (Cs), 31.7 (Cug), 24.7 (C17), 24.2 (C1s). IR (CHCl,, cm™) 2949, 2870, 1732, 1599,
1507, 1434, 1364, 1260, 1196, 1171, 1111. HRMS (FTMS +p NSI) calculated for CoiHzoNOsH [M+H]*:
360.2169, found 360.2173.

Dimethyl 4-((4-(8-chloro-5,6-dihydro-11H-benzo[5,6]cyclohepta[1,2-b]pyridin-11-ylidene) piperidin-1-
yl)methyl)spiro[4.4]nonane-2,2-dicarboxylate (388)

Following GP A, Desloratadine (62.2 mg, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-dicarboxylate (41.0
mg, 0.22 mmol), methylenecyclopentane (42.1 uL, 0.4 mmol) and 2,6-dimethylbenzenethiol (53.3 uL, 0.4
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mmol) were reacted over 24 hours and purified by flash column chromatography (PE/EtOAc 7:3 to 100%
EtOAC) to give the title compound as a light brown foam (69.5 mg, 62%, 1:1 dr).

!H NMR (400 MHz, CDCl3) & 8.40-8.34 (2H, m, H1), 7.40 (2H, d, J = 7.7 Hz, Hy), 7.16-7.08 (3H, m, Ha+10+11),
7.08-7.02 (1H, m, Has), 3.68 (6H, s, Has:27), 3.44-3.27 (2H, m, H17), 2.86-2.63 (4H, m, Hig+16a+194), 2.67-1.86
(13H, m, Haz+28+21420+5+6+168+198), 1.65-1.46 (5H, M, Haos33+314), 1.46-1.30 (2H, m, Haig+324), 1.28-1.17 (1H, m,
Hszg). *C NMR (100 MHz, CDCl3) § 173.7 (Cas+2s°), 173.4 (Ca7), 173.4 (Co7), 157.7 (Ciss14), 146.7 (Cri1),
139.6 (Coi+or), 138.0 (Cqo), 137.9 (Co2), 137.3 (C1), 137.3 (Cy), 133.5 (Cos+qs), 132.7 (Coarqs), 132.5
(Cos+os7), 130.9, 129.0, 129.0, 126.0 (Cssio+11+s8+10°+11°), 122.1 (Cs43°), 58.8 (Ca0), 58.8 (Cao7), 57.9 (Cazi23),
55.7(C16), 55.6 (C1e), 55.0 (Cu9), 54.9 (Cio'), 52.9 (C29), 52.9 (Cao’), 52.8 (Cas+25), 52.7 (Car427), 47.6 (Cas),
47.5 (Czs'), 43.9 (C21), 43.8 (Car), 39.7 (C22), 39.7 (Ca2), 37.9 (Cao), 37.8 (Cao’), 31.9 (Ceue7), 31.7 (C17), 31.7
(Ci7), 31.5 (Cs), 31.5 (Cs), 31.0 (Ccascss), 30.8(Ceus+cis’), 24.7 (Carsar), 24.2 (Cazsar). IR (CH2Clz, cm™):
2949, 1731, 1436, 1255, 1197, 1171, 1115. HRMS (FTMS +p NSI) calculated for Cz3H3sCIN2OsH [M+H]*
563.2671, found 563.2661.

Dimethyl 4-((methyl(3-phenyl-3-(4-(trifluoromethyl)phenoxy)propyl)amino)methyl)spiro[4.4] nonane-
2,2-dicarboxylate (389)

Following GP A, Fluoxetine hydrochloride (69.2 mg, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (41.0 mg, 0.22 mmol), methylenecyclopentane (63.1 uL, 0.6 mmol) and DMTP (53.3 uL, 0.4
mmol) were reacted over 24 hours and purified by flash column chromatography (PE/EtOAc 9:1 to 7:3) to
give the title compound as a yellow oil (82.1 mg, 73%, 1:1 dr).

IH NMR (400 MHz, CDCls): § 7.38-7.14 (11H, Hasgsor10:3+550107), 6.88-6.79 (4H, Ha:s), 5.23 (2H, dd, J =
8.4, 4.7 Hz, He:s), 3.66 (3H, s, His), 3.62 (3H, s, Hig), 3.61 (3H, 5, Ha1), 3.57 (3H, s, Har), 2.58-1.79 (22H,
M, Hitizesieraserozsssie o), 2.12 (3H, s, Hua), 2.12 (3H, s, His), 1.57-1.39 (10H, m, Hasa7+25),
1.37-1.19 (4H, M, Hasgi28n), 1.18-1.10 (2H, m, Hase). °C NMR (101 MHz, CDCls): § 173.7 (C1s), 173.6 (Cis),
1735 (Ca0), 173.4 (Cao), 169.4 (Cs), 160.8 (Cs), 1415 (C7), 141.4 (C7), 128.8, 128.8, 127.9, 127.8, 126.8,
126.8, 126.0, 125.9 (Casssvonono), 122.8 (t, J = 33.1 Hz, Cai2), 121.3 (d, J = 171.8 Hz, Cys17), 115.9 (Ca),
115.9 (C+), 78.4 (Cs), 78.4 (Cs), 58.7 (C1s), 58.6 (Cis), 57.9 (Cz2), 57.8 (C2), 54.6 (C12), 54.4 (C1»), 52.8
(Cis), 52.8 (C1°), 52.8 (Ca1), 52.7 (Car), 47.6 (Cz3), 47.4 (Ca3), 44.6 (Cie), 44.5 (C1¢), 42.6 (Cua), 42.5 (Cia),
39.8 (Cu1), 39.5 (Ci1?), 37.8 (Cu7), 37.7 (Ci7?), 36.8 (Czs), 36.6 (Cas?), 31.8 (Cs), 31.7 (Cas), 24.6 (Cas), 24.5
(Cas?), 24.2 (C7), 24.1 (Co7). °F NMR (376 MHz, CDCls): -61.5 (F1). IR (CH:Clz, cm): 2951, 1731, 1614,
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1517, 1453, 1435, 1324, 1248, 1199, 1159, 1109, 1067, 1009. HRMS (FTMS +p ESI) calculated for
Cs1H30sN1FsH [M+H]*: 562.2775, found 562.2767.

Dimethyl 4-((4-cyanopiperidin-1-yl)methyl)spiro[4.5]decane-2,2-dicarboxylate (399)

N
W

Following GP A, piperidine-4-carbonitrile (22.5 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (41.0 mg, 0.22 mmol), methylenecyclohexane (120 pL, 1.0mmol) and 2,6-
dimethylbenzenethiol (53.3 pL, 0.4 mmol) were reacted over 24 hours and purified by flash column
chromatography (PE/EtOAc 9:1 to 1:1) to give the title compound as a colorless oil (67.2 mg, 79%). *H NMR
(400 MHz, CDCls): 8 =3.69 (3H, s, Hi12), 3.68 (3H, s, H14), 2.72-2.44 (5H, m, Haa+2+15a+48+9n), 2.41-2.26 (2H,
m, Hsas7a), 2.26-2.11 (2H, m, H7g+28), 1.03-1.74 (7H, m, Hog+1s+3+6+8), 1.66-1.45 (4H, m, Higa+z0a+19a+174),
1.42-1.18 (4H, m, Higg+208+21a+178), 1.16-1.02 (2H, m, Higg+218). *C NMR (100 MHz, CDCls): 3 = 173.7 (C11),
173.4 (C13), 121.9 (C4), 58.7 (C7), 57.7 (C1), 52.9 (Cy12), 52.8 (Cu1s), 51.8 (Cuss), 46.1 (Cg), 44.8 (C16), 43.5
(C1s), 38.3 (Cy), 38.0 (C17), 29.7 (C21), 28.9 (Cs46), 26.4 (Cag), 26.3 (C2), 24.0 (Cx), 22.4 (C1o). IR (CH.CIy,
cm?): 2927, 2854, 1730, 1434, 1252, 1199, 1137, 1109, 1058. HRMS (FTMS +p NSI) calculated for
C21H32N20O4H [M+H]*: 377.2435, found 377.2434.

Dimethyl 8-((4-cyanopiperidin-1-yl)methyl)spiro[3.4]octane-6,6-dicarboxylate (400)

Following GP A, piperidine-4-carbonitrile (22.5 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (41.0 mg, 0.22 mmol), methylenecyclobutane (92.6 uL, 1.0 mmol) and 2,6-
dimethylbenzenethiol (53.3 plL, 0.4 mmol) were reacted over 24 hours and purified by flash column
chromatography (PE/EtOAc 9:1 to 1:1) to give the title compound as a colorless oil (53.2 mg, 76%). *H NMR
(400 MHz, CDCls): & = 3.69 (3H, s, Hiz), 3.69 (3H, s, Hia), 2.79-2.52 (4H, Hhaa25a154), 2.49-2.30 (3H, m,

1.66-1.57 (1H, m, Hi7g). °C NMR (100 MHz, CDCls): § = 173.39 (C11), 173.22 (C13), 121.98 (Cy), 59.46 (C»),
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57.64 (C1o), 52.80 (C12), 52.77 (C14), 51.98 (Ca), 51.87 (Cs), 48.64 (C1s), 47.21 (C1s), 43.97 (Cs), 38.04 (Cy),
31.82 (Cis), 29.01 (Cass), 27.75 (C17), 26.38 (Cz), 16.19 (Cis). IR (CHoClo, cm?): 2952, 2811, 1731, 1435,
1258, 1198, 1108. HRMS (FTMS +p NSI) calculated for C1oHzsN204H [M+H]* 349.2122, found 349.2125.

8-Benzyl 2,2-dimethyl 4-((4-cyanopiperidin-1-yl)methyl)-8-azaspiro[4.5]decane-2,2,8-tricarboxylate
(401)

Following GP A, piperidine-4-carbonitrile (22.5 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (41.0 mg, 0.22 mmol), benzyl 4-methylenepiperidine-1-carboxylate (231 mg, 1.0 mmol) and
2,6-dimethylbenzenethiol (53.3 pL, 0.4 mmol) were reacted over 24 hours and purified by flash column
chromatography (PE/EtOAc 8:2 to 100% EtOAC) to give the title compound as a colorless oil (79.0 mg, 78%).
'H NMR (400 MHz, CDCls): 8 = 7.38-7.27 (5H, m, Hxsx+x), 5.11 (3H, s, Has), 4.02 (2H, bs, Hisa+19a), 3.71
(3H, s, H12), 3.69 (3H, s, Hi4), 3.07-2.76 (2H, m, Higg+198), 2.68-2.46 (5H, M, Hias1sa+2+5a494), 2.37-2.10 (4H,
M, Hrassgsag+78), 2.06-1.70 (8H, M, Hisg:og+ssase+17a), 1.37 (1H, bs, Haoa), 1.29-1.16 (2H, m, Haos+178). *C
NMR (101 MHz, CDCls): 8 =173.2 (C11), 173.0 (C13), 155.3 (C21), 136.9 (C23), 128.5 (C2s), 128.0 (Cze), 127.9
(C24), 121.7 (C1), 67.0 (C22), 58.4 (C7), 57.6 (C10), 53.0 (C12), 52.9 (C14), 51.9 (Cs), 51.6 (Cs), 45.5 (Csg), 43.2
(Cig), 42.3 (Cis), 41.9 (Cug), 40.6 (C1s), 38.0 (Co), 36.7 (C17), 29.3 (C20), 28.8 (Cass), 26.2 (C2). IR (CHCly,
cm?): 2949, 2784, 1729, 1694, 1497, 1432, 1384, 1357, 1234, 1202, 1156, 1138, 1091. HRMS (FTMS +p
ESI) calculated for Co7H37N3O4H [M+H]* 468.2854, found 468.2857.

Dimethyl 4-((4-cyanopiperidin-1-yl)methyl)-3,3-diethylcyclopentane-1,1-dicarboxylate (402)

Following GP A, piperidine-4-carbonitrile (22.5 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (41.0 mg, 0.22 mmol), 2-ethyl-1-butene (122 pL, 1.0 mmol) and 2,6-dimethylbenzenethiol (53.3
uL, 0.4 mmol) were reacted over 24 hours and purified by flash column chromatography (PE/EtOAc 9:1 to
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1:1) to give the title compound as a colorless oil (48.4 mg, 66%). *H NMR (400 MHz, CDCls): § = 3.70 (3H,
S, Hi2), 3.69 (3H, s, Hi4), 2.77-2.64 (1H, m, Hap), 2.64-2.55 (1H, m, Hy), 2.55-2.43 (2H, m, Hsa+9a), 2.43-2.11
(5H, m, Hsg+15a+7448), 2.11-1.97 (3H, M, Hog+1ss+s), 1.97-1.74 (4H, m, Hsse), 1.47-1.35 (1H, m, Hiza), 1.35-
1.25 (1H, m, Hizg), 1.25-1.16 (2H, m, Hig), 0.87-0.72 (6H, m, Hig+20). *C NMR (101 MHz, CDCls): § =173.8
(C11), 173.4 (C13), 122.0 (Cy), 58.8 (C7), 57.7 (C10), 52.8 (C12), 52.8 (C14), 51.8 (Cass), 46.9 (Cis), 43.1 (Cs),
42.5 (Cis), 38.6 (Co), 29.0 (Cs), 29.0 (Ce), 28.9 (C17), 26.4 (C), 25.2 (C19), 8.7 (Cus), 8.6 (Cz0). IR (CH2Cl,
cm?): 2955, 2784, 1730, 1435, 1381, 1254, 1199, 1163, 1076, 1006. HRMS (FTMS +p ESI) calculated for
C2oH32N204H [M+H]* 365.2435, found 365.2437.

Dimethyl 3-butyl-4-((4-cyanopiperidin-1-yl)methyl)cyclopentane-1,1-dicarboxylate (403)

Following GP A, piperidine-4-carbonitrile (22.5 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (41.0 mg, 0.22 mmol), 1-hexene (124 pL, 1.0 mmol) and 2,6-dimethylbenzenethiol (53.3 uL,
0.4 mmol) were reacted over 24 hours and purified by flash column chromatography (PE/EtOAc 9:1 to 1:1) to
give the title compound as a colorless oil (42.7 mg, 59%, 9:1 dr). *H NMR (400 MHz, CDCls): § =3.71 (3H,
s, Hi), 3.70 (3H, s, Hi), 2.73-2.63 (1H, m, Hsa), 2.63-2.51 (2H, m, Hasa), 2.41-2.09 (8H, m,
Hoasse+1sa+7A+16+98+48478), 2.08-1.96 (2H, m, Hisess), 1.96-1.76 (4H, m, Hsw), 1.39-1.08 (6H, m,
Hi7a+19+18a+188+178), 0.88 (3H, t, J = 7.0 Hz, Hz). *C NMR (100 MHz, CDCls): 6 = 173.6 (C11), 173.5 (C13),
122.0 (C1), 58.8 (C10), 57.9 (C7), 52.9 (C12), 52.8 (Cu14), 51.7 (Cass), 41.6 (Cs), 38.9 (C1s), 38.7 (Cus), 37.9 (Co),
30.7 (Cis), 29.0 (Ca+6), 28.7 (C17), 26.4 (C2), 23.0 (Cag), 14.2 (C20). IR (CH2Cl,, cm™): 2952, 1731, 1435, 1257,
1198, 1167. HRMS (FTMS +p NSI) calculated for C0H32N.OsH [M+H]* 365.2435, found 365.2437.

Dimethyl 3-((4-cyanopiperidin-1-yl)methyl)-4-phenylcyclopentane-1,1-dicarboxylate (404)

Following GP A, piperidine-4-carbonitrile (22.5 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (44.7 mg, 0.24 mmol), styrene (46.0 uL, 0.4 mmol) and 2,6-dimethylbenzenethiol (53.3 puL, 0.4
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mmol) were reacted over 24 hours and purified by flash column chromatography (PE/Et,O 1:1 to 3:7) to give
the title compound as a colorless oil (61.2 mg, 80%, 8:1 dr). *H NMR (400 MHz, CDCls): § = 7.30-7.23 (2H,
m, Hio), 7.22-7.13 (3H, m, Hz0+18), 3.76 (3H, S, H12), 3.76 (3H, S, H14), 3.42 (1H, dt, J = 9.8, 7.6 Hz, Hie), 2.71
(1H, dd, J = 13.9, 7.5 Hz, Hisa), 2.62-2.37 (6H, M, Hisgsgroaszsanssa), 2.33-2.23 (1H, m, Hgg), 2.18-1.93 (2H,
m, Hagsse), 1.91-1.65 (6H, m, Hraszs+3+6). *C NMR (101 MHz, CDCls): & = 173.2 (C11), 173.0 (Ci3), 140.9
(C17), 128.4 (C1g), 128.2 (C1g), 126.4 (C2o), 122.0 (Cs1), 59.1 (Cu0), 58.8 (C7), 53.0 (C12), 52.9 (C14), 51.4 (Csss),
46.3 (Cis), 40.2 (Cs), 38.2 (C15), 38.1 (Cs), 29.0 (C3), 28.9 (Cs), 26.3 (C2). IR (CH.Cl, cm™): 2952, 2785, 1728,
1496, 1434, 1383, 1254, 1198, 1169, 1104, 1079, 1062, 1008. HRMS (FTMS +p NSI) calculated for
C22H2sN,0sH [M+H]*: 385.2122, found 385.2123.

Dimethyl 3-(4-bromophenyl)-4-((dimethylamino)methyl)cyclopentane-1,1-dicarboxylate (405)

Following GP A, piperidine-4-carbonitrile (22.5 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (44.7 mg, 0.24 mmol), 4-vinylanisole (53.2 pL, 0.4 mmol) and 2,6-dimethylbenzenethiol (53.3
uL, 0.4 mmol) were reacted over 24 hours and purified by flash column chromatography (PE/Et,O 9:1 to 1:9)
to give the title compound as a colorless oil (48.9 mg, 59%, 9:1 dr). *H NMR (400 MHz, CDCls): § = 7.40
(2H, d, J = 8.0 Hz, Hua), 7.05 (2H, d, J = 8.1 Hz, His), 3.75 (6H, s, Hr+9), 3.37 (1H, q, J = 8.4 Hz, Hu1), 2.67
(1H, dd, J = 13.9, 7.4 Hz, Hiona), 2.61-2.41 (3H, m, Huios+sa+3), 2.25 (1H, dd, J = 13.5, 6.8 Hz, Has), 2.06 (6H,
s, Hi), 1.84 (1H, t, J = 11.3 Hz, Hza), 1.57 (1H, dd, J = 12.1, 4.9 Hz, Hz). **C NMR (101 MHz, CDCls) § =
173.2 (Cs), 172.9 (Cs), 140.1 (C12), 131.3 (C14), 130.1 (Ca3), 120.2 (C1s), 60.4 (Cy), 59.1 (Cs), 53.0 (Cy), 52.9
(Co), 45.8 (C11), 45.8 (Cy), 40.7 (Cs), 38.2 (Cao), 38.0 (Cs). IR (CH2Cl,, cm™): 2951, 2817, 1731, 1489, 1434,
1267,1199, 1162, 1099, 1071, 1010. HRMS (FTMS +p ESI) calculated for C1sH24BrNO4sH [M+H]*: 398.0961,
found 398.0960.

Dimethyl 3-((4-cyanopiperidin-1-yl)methyl)-4-(4-methoxyphenyl)cyclopentane-1,1-dicarboxylate (406)
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Following GP A, piperidine-4-carbonitrile (22.5 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (44.7 mg, 0.24 mmol), 4-vinylanisole (53.2 pL, 0.4 mmol) and 2,6-dimethylbenzenethiol (53.3
uL, 0.4 mmol) were reacted over 24 hours and purified by flash column chromatography (PE/Et,0 9:1 to 1:9)
to give the title compound as a colorless oil (48.9 mg, 59%, 9:1 dr). *H NMR (400 MHz, CDCls): § = 7.07
(2H, d, J = 8.6 Hz, His), 6.81 (2H, d, J = 8.6 Hz, Hu), 3.78 (3H, s, H22), 3.76 (3H, s, H12), 3.75 (3H, s, Hu4),
3.42-3.31 (1H, m, Hss), 2.69 (1H, dd, J = 13.9, 7.6 Hz, Hisp), 2.58-2.37 (6H, m, Hisg+2+8+0a+4a+54), 2.30-2.22
(1H, m, Heg), 2.18-2.07 (1H, bs, Hag), 2.07-1.95 (1H, bs, Hsg), 1.91-1.67 (6H, m, H7a:7e+3:6). *C NMR (100
MHz, CDCls): 6 = 173.3 (Cu1), 173.1 (C13), 158.1 (Cz0), 133.0 (Cy7), 129.3 (C1s), 122.0 (C1), 113.6 (Cio), 59.1
(C10), 58.9 (Cy), 55.3 (C22), 53.0 (C12), 52.9 (C14), 51.8 (C4), 51.5 (Cs), 45.5 (Ca6), 40.2 (Cs), 38.5 (C1s), 38.1
(Co), 29.0 (C3), 29.0 (Cs), 26.3 (Co). IR (CH2Cl,, cm™): 2952, 2837, 1728, 1611, 1513, 1434, 1247, 1197, 1180,
1100, 1065, 1035, 1008. HRMS (FTMS +p ESI) calculated for CasHzoN.OsH [M+H]*: 415.2227, found
415.2224.

Dimethyl 3-((4-cyanopiperidin-1-yl)methyl)-4-(pyridin-4-yl)cyclopentane-1,1-dicarboxylate (407)

Following GP A, piperidine-4-carbonitrile (22.5 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (41.0 mg, 0.22 mmol), 4-vinylpyridine (43.1 pL, 0.4 mmol) and 2,6-dimethylbenzenethiol (53.3
uL, 0.4 mmol) were reacted over 24 hours and purified by flash column chromatography (EtOAc to
EtOAc/MeOH 9:1) to give the title compound as a colorless oil (46.5 mg, 60%, 9:1 dr). *H NMR (400 MHz,
CDCls): 6 = 8.48 (2H, d, J = 6.0 Hz, Hao), 7.10(2H, d, J = 6.1 Hz, His), 3.76 (3H, s, H12), 3.76 (3H, s, Hia),
3.38 (1H, q, J = 8.3 Hz, Hig), 2.72 (1H, dd, J = 14.1, 7.6 Hz, Hisa), 2.62-2.40 (5H, m, Hg+1ss+2+0a+4a), 2.39-
2.32 (1H, m, Hsa), 2.23 (1H, dd, J = 13.7, 7.6 Hz, Hog), 2.10-1.97 (2H, m, Hag+sg), 1.88 (1H, dd, J = 12.6, 8.7
Hz, H7a), 1.83-1.64 (5H, m, Hrgsas6). *C NMR (100 MHz, CDCls): 6 = 173.0 (C12), 172.7 (C14), 150.4 (C17),
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149.6 (Cis), 124.0 (C1), 121.8 (C1), 59.0 (C10), 58.5 (C7), 53.1 (Ci2), 53.1 (C14), 51.7 (Cs), 51.4 (Cs), 45.8 (C1s),
40.2 (Cs), 38.0 (Cs), 37.8 (Cis), 28.9 (Cs), 28.9 (Cs), 26.3 (Co). IR (CH.Cl, cm): 2952, 2779, 1728, 1598,
1434, 1415, 1384, 1255, 1198, 1169, 1111, 1065. HRMS (FTMS +p ESI) calculated for CaiHzzNsO:H
[M+H]*: 386.2074, found 386.2070.

3-Butyl 1,1-dimethyl 4-((4-cyanopiperidin-1-yl)methyl)cyclopentane-1,1,3-tricarboxylate (408)

Following GP A, piperidine-4-carbonitrile (22.5 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (41.0 mg, 0.22 mmol), butyl acrylate (57.3 pL, 0.4 mmol) and 2,6-dimethylbenzenethiol (53.3
pL, 0.4 mmol) were reacted over 24 hours and purified by flash column chromatography (9:1 PE/EtOAc to
100% EtOAc) to give the title compound as a colorless oil (23.9 mg, 29%, 1:1 dr). *H NMR (400 MHz,
CDCls): 6 4.12-3.94 (4H, m, His), 3.80-3.67 (14H, m, Hiz+12+14+14+4), 2.99-2.85 (1H, m, Hie), 2.71-2.11 (24H,
M, Haoigigri6t16maese57+7: 74949 1154157), 1.94-1.64 (8H, m, Hsiz6:¢7), 1.64-1.53 (4H, m, Hio+19), 1.38 (4H, h, J
= 7.4 Hz , Haya0), 1.44-1.32 (6H, t, J = 7.4 Hz, Ha1:21). C NMR (100 MHz, CDCls): § 174.4 (C17), 173.8
(Ci7), 173.0 (C11), 172.6 (Ci1°), 172.1 (Cu3), 172.1 (Ci37), 121.9 (C4), 121.9 (Cy-), 64.7 (Cag), 64.5 (Cis°), 62.7
(Cs+7), 59.2 (Cuo), 59.2 (Cio7), 59.1 (Cuass), 53.1 (C12), 53.0 (Ci27), 53.0 (Cus), 52.9 (Ci14°), 51.8 (C4), 51.8 (Cs)),
49.0 (Cas), 45.7 (Cis°), 40.8 (Cs), 39.3 (Cs'), 38.4 (Co), 38.1 (Co/15/15°), 38.0 (Cors15/15°), 36.4 (Co1515), 30.8 (C1g),
30.8 (Ci9°), 29.0 (Cs), 29.0 (C5'), 29.0 (C¢), 29.0 (Ce), 26.3 (C2), 26.3 (C>’), 19.4 (Cx), 19.3 (C20), 13.9 (Cars21°).
IR (CH2Cly, cm™): 2956, 2815, 1730, 1435, 1257, 1198, 1171, 1066. HRMS (TOF MS ASAP+) calculated
for Co1H32N20sH [M+H]*: 409.2339, found 409.2342.

Dimethyl 6-((4-cyanopiperidin-1-yl)methyl)hexahydro-4H-cyclopenta[b]furan-4,4-dicarboxylate (409)

N
W

Following GP A, piperidine-4-carbonitrile (22.5 pL, 0.2 mmol), dimethyl 2-formylcyclopropane-1,1-
dicarboxylate (41.0 mg, 0.22 mmol), styrene (30.2 pL, 0.4 mmol) and 2,6-dimethylbenzenethiol (53.3 pL, 0.4
mmol) were reacted over 24 hours and purified by flash column chromatography (PE/EtOAc 7:3 to 3:7) to
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give the title compound as a colorless oil (26.2 mg, 37%, >20:1 dr). *H NMR (400 MHz, CDCls): & = 4.32
(1H, t, J = 6.1 Hz, Hig), 3.87-3.80 (1H, m, Hi7a), 3.73 (3H, s, H12), 3.71 (3H, s, H1s), 3.54-3.43 (2H, Hi7g+1s),
2.70-2.54 (3H, Haassar2), 2.37-2.22 (2H, Hssag), 2.11-2.05 (2H, m, Hg), 1.04-1.79 (6H, m, Hisasg+z+6), 1.39-
1.28 (1H, m, Hies). *C NMR (100 MHz, CDCls) & = 172.5 (C11), 170.5 (C13), 122.0 (C1), 83.9 (Cis), 68.5
(C17), 63.1 (C10), 57.2 (Cs), 53.1 (C12), 52.6 (C14), 51.9 (C4), 48.3 (Cis), 39.6 (Cs), 35.9 (Cq), 30.5 (Cas), 28.9
(Cs+6), 26.3 (C2). IR (CH2Cl,, cm): 2953, 1730, 1435, 1275, 1249, 1232, 1195, 1161, 1074, 1035. HRMS
(FTMS +p NSI) calculated for C1gH26N2OsH [M+H]*: 351.1914, found 351.1917.

1-(Cyclopropylmethyl)-4-phenylpiperidine (417)

IH NMR (400 MHz, CDCls): § = 7.33-7.27 (2H, m, Hy), 7.27-7.22 (2H, m, Hs), 7.22-7.16 (1H, m, H1), 3.28
(2H, d, J = 11.9 Hz, Hya), 2.52 (1H, tt, J = 11.7, 4.2 Hz, Hs), 2.38 (2H, d, J = 6.6 Hz, Hg), 2.17 (2H, td, J =
11.7, 3.0 Hz, Hzs), 2.02-1.82 (4H, m, He), 1.04-0.91 (1H, m, Hs), 0.63-0.50 (2H, m, Hioa), 0.23-0.10 (2H, m,
His). 3C NMR (100 MHz, CDCls): & = 146.1 (C4), 128.6 (C2), 127.0 (Cs), 126.3 (Cy), 64.0 (Cs), 54.3 (C7),
42.6 (Cs), 33.1 (Cs), 8.2 (Co), 4.3 (C0). IR (CHoCl, cmt): 3402, 2931, 2767, 2740, 1494, 1453, 1377, 1329,
1125, 1100, 1017. HRMS (FTMS +p ESI) calculated for CisHauNH [M+H]*: 216.1747, found 216.1742.

5.2.2. Radical Reductive Amination

N,N-Dibenzylbutan-1-amine (446)

Following GP B, dibenzylamine (38.4 uL, 0.20 mmol), butyraldehyde (21.6 pL, 0.24 mmol), DMTP (53.3 uL,
0.40 mmol) and potassium tert-butoxide (11.2 mg, 0.10 mmol) were reacted over 24 hours and purified by
flash column chromatography (PE to 1:19 Et,O/PE) to give the title compound as a colorless oil (49.5 mg,
98%). 'H NMR (400 MHz, CDCls) & = 7.42 (4H, d, J = 7.4 Hz, H7), 7.36 (4H, t, J = 7.5 Hz, Hg), 7.27 (2H, t,
J = 7.3 Hz, Ho), 3.60 (4H, s, Hs), 2.47 (2H, t, J = 7.2 Hz, Ha), 1.55 (2H, m, Hs), 1.35 (2H, m, H,), 0.89 (3H, t,
J =7.3 Hz, H;). BC NMR (101 MHz, CDCls) § = 140.2 (Cs), 128.9 (Cs), 128.2 (Cs), 126.8 (C7), 58.4 (Cs),
53.3 (C4), 29.4 (Cs), 20.6 (Cy), 14.2 (C4). Data consistent with literature.3t
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Grame-scale reaction (454):

Fﬂ‘ s 7
2 N/\(© 8
Me/\) 4 9

HCI

To a 25 mL clear glass microwave vial was added 4 A molecular sieve (2.50 g). The vial was sealed with a
PTFE/Silicone-lined septa cap, set under vacuum, and heated to re-activate the molecular sieve. The vial was
charged with potassium tert-butoxide (561 mg, 5.0 mmol), sealed and a needle was inserted through the septa
and the contents evacuated/backfilled with N.. Anhydrous dimethylformamide (10 mL) was added, followed
by dibenzylamine (1.9 mL, 10 mmol), thiophenol (2.0 mL, 20 mmol) and butyraldehyde (1.1 mL, 12 mmol).
The vial was sealed with parafilm and placed of a stirrer/hotplate. Four 40 W Kessil AL60WE Tuna Blue lamps
were placed around the vial with a desk-fan positioned above for cooling. The stirrer plate was set to 1000 rpm
and the vial was irradiated for 48 hours with the lamp set to max frequency and max intensity. After 24 hours
additional thiophenol (2.0 mL, 20 mmol) was added to complete the reaction. Upon completion, the reaction
mixture was filtered, and the solvent was removed in vacuo. The residue was purified by flash column
chromatography (99:1 PE/EtOAC), followed by acidification of the product using HCI (2.6 M in MeOH,
30.0 mL). The solvent was removed in vacuo, CH2CI2 (4.0 mL) was added to solvate the product, followed
by hexane (20 mL). The CH.ClI, portion of the solvent was removed in in vacuo and the remaining solvent was
removed using a syringe. This procedure was repeated five times to give the title product as brown solid (1.99
g, 69%).

1-Benzylpiperidine (447)

Following GP B, piperidine (19.8uL, 0.20 mmol), benzaldehyde (24.3 pL, 0.24 mmol), 2,6-
dimethylbenzenethiol (53.3 pL, 0.40 mmol) and potassium tert-butoxide (11.2 mg, 0.10 mmol) were reacted
over 24 hours and purified by flash column chromatography (EtOAc/PE 1:9) to give the title compound as a
yellow oil (32.7 mg, 93%). *H NMR (400 MHz, CDCls): §=7.39 — 7.23 (5H, m, H123), 3.51 (2H, s, Hs), 2.41
(4H,t,J=5.2 Hz, He), 1.60 (4H, p , J = 5.2 Hz, H7), 1.46 (2H, d, J = 5.1 Hz, H). 3C NMR (100 MHz, CDCls):
3 =129.5 (Cs), 128.7 (C4), 128.3 (C»), 127.1 (Cy), 63.9 (Cs), 54.5 (Ce), 25.9 (Cv), 24.4 (Cs). Data consistent

with literature.316
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N-Benzyl-N-methyl-1-phenylmethanamine (448)

2 3 4
Ph/\’}l 5
Me 6
1

Following GP B, dibenzylamine (38.4 uL, 0.20 mmol), formaldehyde solution (37%, 17.9 uL, 0.24 mmol),
DMTP (53.3 pL, 0.40 mmol) and potassium tert-butoxide (11.2 mg, 0.10 mmol) were reacted over 24 hours
and purified by flash column chromatography (1:19 to 1:9 EtOAC/PE) to give the title compound as a colorless
oil (39.1 mg, 93%). *H NMR (400 MHz, CDCls): $ =7.41 (4H, d, J = 7.0 Hz, Ha), 7.36 (4H, t, J = 7.1 Hz, Hs),
7.29 (2H, t, J = 7.1 Hz, He), 3.57 (4H, s, Hy), 2.23 (3H, s, H1). *C NMR (100 MHz, CDCls): & = 139.4 (C3),
129.1 (Cs), 128.4 (Cs), 127.1 (C4), 6 (C2), 42.4 (C4). Data consistent with literature.3'

N-Cyclohexyl-N-methylcyclohexanamine (449)
L )
N"27~5 *
Me1

Following GP B, dicyclohexylamine (39.9 uL, 0.20 mmol), 37% aqueous formaldehyde solution (17.9 uL,
0.24 mmol), DMTP (53.3 uL, 0.40 mmol) and potassium tert-butoxide (11.2 mg, 0.10 mmol) were reacted
over 24 hours and purified by flash column chromatography (EtOAc to 1:9 2.6 M NH3 in MeOH/EtOAC) to
give the title compound as a colorless solid (31.2 mg, 78%). 'H NMR (400 MHz, CDCls): § = 2.56 (2H, m,
Hy), 2.29 (3H, s, H1), 1.80 (8H, m, Hsaseame), 1.63 (2H, d, J = 12.6 Hz, Hsass), 1.27 (8H, m, Hzassuas),
1.20 (2H, m, Hsasss). *C NMR (101 MHz, CDCls): 8 = 59.7 (Cz), 33.0 (C41) 30.5 (Cs), 26.4 (C4), 26.3 (Cs).

Data consistent with literature.3!8

1-Benzyl-4-(pyrrolidin-1-yl)piperidine (460)

Following GP B, 1-benzyl-4-(pyrrolidin-1-yl)-1,2,3,6-tetrahydropyridine (48.4 mg, 0.20 mmol), DMTP (53.3
uL, 0.40 mmol) and potassium tert-butoxide (11.2 mg, 0.10 mmol) were reacted over 24 hours and purified
by flash column chromatography (EtOAc to 1:9 2.6 M NH3 in MeOH/EtOAC) to give the title compound as a
colorless solid (31.2 mg, 78%). *H NMR (400 MHz, CDCls): & 7.33 (4H, m, Hz:3), 7.25 (1H, m, H1), 3.52 (2H,
s, Hs), 2.90 (2H, d, J = 12.0 Hz, Heaes), 2.58 (4H, m, Hg), 2.06 (3H, m, Heasss+s), 1.87 (2H, m, Hrazs), 1.80
(4H, m, Hao), 1.60 (2H, qd, J = 12.0, 3.8 Hz, Hrars). *C NMR (101 MHz, CDCls): § 138.9 (C4), 129.1 (Cs),
128.3 (Cy), 127.0 (Cy), 63.0 (Cs), 62.23 (Cs), 52.7 (Cs), 51.5 (Co), 31.4 (C7), 23.4 (C1o). Data consistent with
literature.31°
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4-((2-Amino-3,5-dibromobenzyl)(methyl)amino)cyclohexan-1-ol (452)

HO
1\0\4 0 NH2
8
) N 9_Br

1
Br

Following GP B, ambroxol hydrochloride (82.9 mg, 0.20 mmol), formaldehyde solution (37%, 29.8 uL,
0.40 mmol), DMTP (53.3 pL, 0.40 mmol) and potassium tert-butoxide (44.9 mg, 0.40 mmol) were reacted
over 24 hours and purified by flash column chromatography (CHCl. to 1:9 2.6 M NHs; in MeOH/EtOAC) to
give the title compound as a pale yellow solid (46.6 mg, 61%). *H NMR (400 MHz, CDCls): § 7.47 (1H, d, J
= 2.2 Hz, Hy), 7.04 (1H, d, J = 2.2 Hz, H1»), 5.42 (2H, s, NHy), 3.58 (3H, m, Hi+6), 2.45 (1H, m, Hs), 2.12 (3H,
s, Hs), 2.05 (2H, dd, J = 11.8, 3.8 Hz, Hza8), 1.86 (2H, m, Hsasss), 1.44 (2H, m, Hsass), 1.30 (2H, m, Haans).
3C NMR (101 MHz, CDCls): 8 144.1 (Cs), 133.2 (Cyo), 131.8 (C12), 125.9 (C7), 110.2 (Co), 108.3 (C11), 70.7
(Cy), 61.0 (C4), 58.2 (Cs), 36.6 (Cs), 34.8 (C2), 25.8 (C3). IR (CHCl,, cm™): 3435, 2930, 2856, 1666, 1605,
1550, 1459, 1384, 1259, 1232, 1195, 1096, 1063, 1029. HRMS (FTMS +p NSI) calculated for C1gH19FN3sOsH
[M+H]* 392.9995, found 392.9995.
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1-Cyclopropyl-6-fluoro-7-(4-methylpiperazin-1-yl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (453)
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Following GP B, ciprofloxacin (66.2 mg, 0.20 mmol), formaldehyde solution (37%, 22.4 pL, 0.30 mmol), 2,6-
DMTP (53.3 uL, 0.40 mmol) and cesium carbonate (97.7 mg, 0.30 mmol) were solved in DMF (10.0 mL) and
reacted over 48 hours. The reaction mixture was acidified using 1.0 HCI-solution (0.5 mL), filtered over Celite
and the solvent was removed in vacuo. After washing the residue with water (2 x 10 mL), CH2Cl, (2 x 2 mL)
and petroleum ether (2 x 10 mL) to obtain the product as white solid (55.3 mg, 80%). 'H NMR (400 MHz,
CDs0D): 6 8.84 (1H, s, Ho), 8.03 (1H, d, J = 12.9 Hz, Hy), 7.69 (1H, d, J = 7.3 Hz, Hy), 3.99 (2H, m, Hzass),
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3.79 (1H, m, Hi3), 3.69 (2H, m, Hzazs), 3.42 (4H, m, Haaresase), 3.03 (3H, s, Hi), 1.42 (2H, d, J = 6.2 Hz,
Hia), 1.24 (2H, s, Hig). *°C NMR (126 MHz, CD3;0D): § 178.5 (C11), 169.6 (Cis), 156.0 (Cs), 154.1 (Cs),
149.8 (Cy), 145.3 (Cs), 140.7 (C12), 122.1 (Cs), 113.01 (Ca4), 112.8 (C10), 108.4 (Cy), 54.5 (Cy), 48.2 (Cs),
43.7 (Cy), 37.0 (C13), 8.6 (C1s). **F NMR (376 MHz, CDCls): § -119.8 (Cs). IR (CH:Cl,, cm™): 3077, 3005,
2397, 1729, 1672, 1632, 1506, 1476, 1436, 1390, 1335, 1270, 1219, 1189, 1170, 1106, 1058, 1028. HRMS
(FTMS +p NSI) calculated for C1gH19FN3OsH [M+H]* 346.1561, found 346.1562.

tert-Butyl (1-butylpiperidin-4-yl)carbamate (473)

Me Me O
10
e ot
7
6

2 N ’
Following GP B, 4-aminopiperidine (21.2 uL, 0.20 mmol), butyraldehyde (18.0 pL, 0.24 mmol), 2,6-
dimethylbenzenethiol (53.3 pL, 0.40 mmol) and potassium tert-butoxide (4.5 mg, 0.04 mmol) were reacted
over 24 hours. Triethylamine (55.8 uL, 0.40 mmol) and di-tert-butyl dicarbonate (87.3 mg, 0.40 mmol) were
added, the reaction mixture was stirred for additional 3 hours and purified by flash column chromatography
(EtOAC to NHs (10% in MeOH)/EtOAc 1:9) to give the title compound as a colorless solid (30.6 mg, 60%).
'H NMR (400 MHz, CDCls): & = 4.44 (1H, bs, Hg), 3.44 (1H, bs, H7), 2.83 (2H, d, Hsa), 2.33-2.25 (2H, m,
H.), 2.09-1.96 (2H, m, Hsg), 1.91(2H, d, Hea), 1.52-1.35 (13H, m, Hs+11+68) 1.35-1.23 (2H, m, Hz), 0.90 (3H,
t, H1). ®°C NMR (101 MHz, CDCls): 8 = 155.3 (Cg), 79.3 (C10), 58.7 (C4), 52.6 (Cs), 48.0 (C7), 32.8 (Cg), 29.5
(Cs), 28.6 (C11), 21.0 (Cy), 14.2 (C41). HMBC between H4 and Cs, Hsg and C.. Crystal structure below.
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tert-Butyl ((1-butylpiperidin-4-yl)methyl)carbamate (524)
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Following GP B, 4-(aminomethyl)piperidine (24.0 uL, 0.20 mmol), butyraldehyde (18.0 pL, 0.24 mmol), 2,6-
dimethylbenzenethiol (53.3 pL, 0.40 mmol) and potassium tert-butoxide (4.5 mg, 0.10 mmol) were reacted
over 48 hours. After 24 hours additional 2,6-dimethylbenzenethiol (53.3 pL, 0.40 mmol) was added to
complete the reaction. Triethylamine (111.6 pL, 0.80 mmol) and. di-tert-butyl dicarbonate (174.6 mg,
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0.80 mmol) were added, the reaction mixture was stirred for additional 3 hours and purified by flash column
chromatography (EtOAc to 2.6 M NH3 in MeOH/EtOAc 1:9)/EtOAc 1:9) to give the title compound as a
colorless solid (24.8 mg, 46%). 'H NMR (400 MHz, Chloroform-d) & = 4.59 (1H, s, NH), 3.01 (2H, m, Hs),
2.92 (2H, dt, J = 12.0, 3.1 Hz, Hsa 0r Hsp), 2.30 (2H, m, Hy), 1.88 (2H, td, J = 11.9, 3.0 Hz, Hs, or Hsp), 1.66
(2H, m, Hez0r Hep), 1.51 — 1.39 (12H, m, Hs, Hz, Hi1), 1.35 — 1.23 (4H, m, Hy, Haa OF Hap), 0.90 (3H, t, J = 7.3
Hz, Hz). *C NMR (101 MHz, CDCls): § = 156.2 (Co), 79.2 (c10) 59.0 (C3), 53.7 (Cs), 46.2 (Cs), 36.6 (C7), 30.0
(Ce), 29.4 (C3), 28.6 (C11), 21.06 (Cy), 14.2 (Cy). IR (CH2Cl,, cm™): 2931, 2764, 1687, 1523, 1452, 1395, 1325,
1305, 1276, 1237, 1173, 1101, 1045. HRMS (FTMS +p NSI) calculated for C1sH19FN3OsH [M+H]* 271.2380,
found 271.2379.

N-((1-Butylpiperidin-4-yl)methyl)benzamide (476)

Me ,

IH NMR (400 MHz, CDCls) § = 7.37 (5H, bs, H1s), 4.71 (1H, bs, Hiea), 3.74 (1H, bs, Hioa), 2.96 (1H, bs,
Hios), 2.75 (1H, bs, Hiog), 2.58 (2H, t, J = 7.1 Hz, H1), 2.55-2.46 (2H, m, H7), 1.94-1.61 (3H, M, Hoaso'a:s),
1.50-1.40 (2H, m, Haz), 1.39-1.04 (4H, m, Hisom0s), 0.90 (3H, t, J = 7.23 Hz, H). *C NMR (100 MHz,
CDCls) 6 = 170.4 (Cs), 136.5 (C4), 129.5 (C1), 128.5 (Cas), 126.9 (Cs3), 55.8 (C7), 50.1 (Cu1), 48.0 (C1¢), 42.4
(Ci0), 31.2 (Co'), 30.4 (Cs), 36.9 (Cs), 32.4 (C12), 20.6 (C13), 14.1 (C1a). ). IR (CH.Clz, cmt): 2925, 2858, 1627,
1577, 1433, 1273, 1126. HRMS (FTMS +p NSI) calculated for CisH1FNsOsH [M+H]* 271.2380, found
271.2379.

N2-Butyl-N6-propyl-4,5,6,7-tetrahydrobenzo[d]thiazole-2,6-diamine (505)
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Following GP B, Pramipexole (43.2 mg, 0.20 mmol), butyraldehyde (18.0 pL, 0.24 mmol), DMTP (53.3 uL,
0.40 mmol) and cesium carbonate (13.2 mg, 0.04 mmol) were reacted over 24 hours and purified by flash
column chromatography (EtOAc to 1:19 2.6 M NHs in MeOH/EtOAC) to give the title compound as a yellow
solid (44.3 mg, 83%). *H NMR (400 MHz, CDCls): § 5.18 (1H, s, H1g), 3.18 (2H, t, J = 7.1 Hz, H11), 2.96 (1H,
m, Hz), 2.90-2.80 (1H, m, Hiea), 2.69-2.54 (4H, m, Hs.7), 2.44-2.34 (1H, m, Haieg), 2.02-1.95 (1H, m, Hea),
1.74-1.64 (1H, m, Heg), 1.63-1.55 (2H, m, Hi,), 1.54-1.46 (2H, m, Hy), 1.43-1.34 (2H, m, H13), 0.95-0.88 (6H,
m, His14). C NMR (101 MHz, CDCls): § = 168.2 (Co), 145.3 (Cs), 113.9 (C1s), 54.2 (Cs), 49.4 (Cs), 45.8
(Cs), 31.6 (Cs), 30.3 (Cs), 29.7 (C10), 25.3 (Cu1), 23.6 (Cz), 20.2 (Ce), 13.9 (C7), 12.0 (C1). IR (CH:Clz, cm™):
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3208, 3095, 2955, 2955, 2925, 2870, 1539, 1455, 1365, 1292, 1265, 1199, 1125, 1091. HRMS (FTMS +p
NSI) calculated for C11H19N3SH [M+H]* 268.1842, found 268.1840. Crystal structure below.
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(S)-N? Né-Dipropyl-4,5,6,7-tetrahydrobenzo[d]thiazole-2,6-diamine (507)
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Following GP B, Pramipexole (42.3 mg, 0.2 mmol), propionaldehyde (17.3 pL, 0.24 mmol), cesium carbonate
(13.0 mg, 0.04 mmol) and DMTP (53.3 uL, 0.4 mmol) were reacted over 24 hours and purified by flash column
chromatography (EAto 1:19 2.3 M NH3 in MeOH/EA) to give the title compound as a light yellow oil (49.5 mg,
95%). *H NMR (400 MHz, CDCls): § 3.20-3.10 (1H, m, Hs), 3.01-.291 (1H, m), 2.84 (1H, dd, J = 15.3, 4.9
Hz), 2.70-2.48 (4H, m), 2.43-2.32 (1H, m), 2.04-1.93 (1H, m), 1.74-1.41 (6H, m), 0.99-0.85 (6H, m). $3C
NMR (100 MHz, CDCls): 6 168.5 (Cy), 145.5 (Cg), 114.0 (C1s), 54.4 (Cs), 49.6 (Cs), 48.0 (C11), 30.5 (Cis),
29.9 (Ce), 25.5 (Cy), 23.9 (Cy), 23.1 (C12), 12.2 (C1), 11.8 (C13). IR (CHCl,, cm™): 3208, 3095, 2955, 2955,
2925, 2870, 1539, 1455, 1365, 1292, 1265, 1199, 1125, 1091.

(S)-N®&,NC-dipropyl-4,5,6,7-tetrahydrobenzo[d]thiazole-2,6-diamine (508)
Me
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To a round bottomed flask was added pramipexole (42.3 mg, 0.2 mmol), a magnetic stirrer bar, CH>Cl, (2 mL),
propionaldehyde (15 pL, 0.21 mmol) and acetic acid (11.4 pL, 0.2 mmol). Sodium triacetoxyborohydride (55.1
mg, 0.26 mmol) was added portionwise, then the mixture was stirred for 20 hours. The reaction was quenched
with 1% aqueous NaOH solution, the organic layer separated, and the aqueous layer extracted twice with
CH:Cl,. The combined organic layers were washed with brine, concentrated in vacuo, then the crude residue
was purified by flash column chromatography (EtOAc to 1:9 2.6 M NH3 in MeOH/EtOAC), to give the title
compound as a colorless oil (33.9 mg, 67%). *H NMR (400 MHz, CDCls): § 4.93 (2H, br. s, Hg), 3.05-2.95
(1H, m, Ha), 2.73-2.59 (2H, m, Hea+11a), 2.59-2.49 (2H, m, Heg+118), 2.48-2.35 (4H, m, Hs), 2.01-1.92 (1H, m,
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5. Experimental Procedures

Hsa), 1.75-1.61 (LH, m, Hsg), 1.43 (4H, h, J = 7.4 Hz, Hy), 0.86 (6H, t, J = 7.3 Hz, H1). 3C NMR (101 MHz,
CDCls): & 165.6 (Cs), 145.2 (C7), 117.6 (Cao), 57.6 (Cs), 52.9 (C3), 26.7 (Cena), 25.9 (Cs), 25.1 (Cena), 22.4
(C2), 11.9 (Cy). IR (CH:Cl,, cm®): 3208, 3095, 2955, 2955, 2925, 2870, 1539, 1455, 1365, 1292, 1265, 1199,
1125, 1091.
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Appendices

A.1.'H and *C NMR Spectra

A.1.1. Charge-Transfer Cyclization
2-(3-Cyano-1-(dibenzylamino)propyl)cyclopentane-1-carbonitrile (281)
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4-Cyclopropyl-4-(dibenzylamino)butanenitrile (280)
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(2,2-Dimethylcyclopropyl)methanol (293)
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2,2-Dimethylcyclopropane-1-carbaldehyde (294)
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Dimethyl 2-formylcyclopropane-1,1-dicarboxylate (298)
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Bis(2-methoxyethyl) 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (314)

5.17
4.25
~3.62
2.19

339

Z-331

4

0927  =—r
3.97-7
3.954
197

1 5.6

5.78=

171



Appendices

Dimethyl 4-((4-phenylpiperidin-1-yl)methyl)spiro[4.4]nonane-2,2-dicarboxylate (301)
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Dimethyl 2-(3-(4-phenylpiperidin-1-yl)propyl)malonate (302)
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Dimethyl 3-(4-bromophenyl)-4-((dimethylamino)methyl)cyclopentane-1,1-dicarboxylate (315)
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Dimethyl 3-formyl-4-phenylcyclopentane-1,1-dicarboxylate (331)
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Dimethyl 2-(((2,6-dimethylphenyl)thio)(piperidin-1-yl)methyl)cyclopropane-1,1-dicarboxylate (342)
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Dimethyl 2-(3-oxopropyl)malonate (338)
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2,6-Dimethylbenzenethiol (340)
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Dimethyl 4-((4-cyanopiperidin-1-yl)methyl)spiro[4.4]Jnonane-2,2-dicarboxylate (379)
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Appendices

Dimethyl 4-(morpholinomethyl)spiro[4.4]nonane-2,2-dicarboxylate (380)
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Dimethyl 4-((4-(tert-butoxycarbonyl)piperazin-1-yl)methyl)spiro[4.4]Jnonane-2,2-dicarboxylate (381)
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Dimethyl 4-((1,4-dioxa-8-azaspiro[4.5]decan-8-yl)methyl)spiro[4.4]nonane-2,2-dicarboxylate (382)
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Dimethyl 4-((4-hydroxypiperidin-1-yl)methyl)spiro[4.4]nonane-2,2-dicarboxylate (383)

mmmmmmmmmmmm

)5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5
1 (ppm)
-
R 3 32o3gsmognRen wd
4 g #nddaod E385%3 2%
v NN

L L T WWNWMWWWWMWWWMWWVLMWJW Wl lwwm“ oo

" T T T T T T T T T T T T T T T T T T T T T
10 200 190 180 170 160 150 140 130 120 110 _ 100
f1 (ppm)

184



Appendices

Dimethyl 4-(thiazolidin-3-ylmethyl)spiro[4.4]nonane-2,2-dicarboxylate (384)
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Dimethyl 4-((benzyl(methyl)amino)methyl)spiro[4.4]nonane-2,2-dicarboxylate (385)
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Dimethyl 4-((dibenzylamino)methyl)spiro[4.4]nonane-2,2-dicarboxylate (386)
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Dimethyl 4-((methyl(phenyl)amino)methyl)spiro[4.4]nonane-2,2-dicarboxylate (387)
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Dimethyl 4-((4-(8-chloro-5,6-dihydro-11H-benzo[5,6]cyclohepta[1,2-b]pyridin-11-ylidene) piperidin-1-
yl)methyl)spiro[4.4]nonane-2,2-dicarboxylate (388)
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Dimethyl 4-((methyl(3-phenyl-3-(4-(trifluoromethyl)phenoxy)propyl)amino)methyl)spiro[4.4] nonane-
2,2-dicarboxylate (389)
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Dimethyl 4-((4-cyanopiperidin-1-yl)methyl)spiro[4.5]decane-2,2-dicarboxylate (399)
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Dimethyl 8-((4-cyanopiperidin-1-yl)methyl)spiro[3.4]octane-6,6-dicarboxylate (400)
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8-Benzyl 2,2-dimethyl 4-((4-cyanopiperidin-1-yl)methyl)-8-azaspiro[4.5]decane-2,2,8-tricarboxylate
(401)
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Appendices

Dimethyl 4-((4-cyanopiperidin-1-yl)methyl)-3,3-diethylcyclopentane-1,1-dicarboxylate (402)
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Dimethyl 3-butyl-4-((4-cyanopiperidin-1-yl)methyl)cyclopentane-1,1-dicarboxylate (403)
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Dimethyl 3-((4-cyanopiperidin-1-yl)methyl)-4-phenylcyclopentane-1,1-dicarboxylate (404)
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Dimethyl 3-(4-bromophenyl)-4-((dimethylamino)methyl)cyclopentane-1,1-dicarboxylate (405)
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Appendices

Dimethyl 3-((4-cyanopiperidin-1-yl)methyl)-4-(4-methoxyphenyl)cyclopentane-1,1-dicarboxylate (406)
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Appendices

Dimethyl 3-((4-cyanopiperidin-1-yl)methyl)-4-(pyridin-4-yl)cyclopentane-1,1-dicarboxylate (407)
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3-Butyl 1,1-dimethyl 4-((4-cyanopiperidin-1-yl)methyl)cyclopentane-1,1,3-tricarboxylate (408)
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Appendices

Dimethyl 6-((4-cyanopiperidin-1-yl)methyl)hexahydro-4H-cyclopenta[b]furan-4,4-dicarboxylate (409)
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1-(Cyclopropylmethyl)-4-phenylpiperidine (417)
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A.1.2. Radical Reductive Amination

N,N-Dibenzylbutan-1-amine (446)
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1-Benzylpiperidine (447)
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N-Benzyl-N-methyl-1-phenylmethanamine (448)
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N-Cyclohexyl-N-methylcyclohexanamine (449)
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1-Benzyl-4-(pyrrolidin-1-yl)piperidine (460)
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4-((2-Amino-3,5-dibromobenzyl)(methyl)amino)cyclohexan-1-ol (452)
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1-Cyclopropyl-6-fluoro-7-(4-methylpiperazin-1-yl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (453)
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tert-Butyl (1-butylpiperidin-4-yl)carbamate (473)
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tert-Butyl ((1-butylpiperidin-4-yl)methyl)carbamate (525)
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(S)-Ne-butyl-N¢-propyl-4,5,6,7-tetrahydrobenzo[d]thiazole-2,6-diamine (505)
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(S)-N?,N¢-Dipropyl-4,5,6,7-tetrahydrobenzo[d]thiazole-2,6-diamine (507)
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(S)-N6,N6-dipropyl-4,5,6,7-tetrahydrobenzo[d]thiazole-2,6-diamine (508)
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A.2. Computational Data
Density functional theory (DFT) calculations were performed with the Gaussian 16 package, Revision A.03,
on the Darwin Supercomputer of the University of Cambridge High Performance Computing Service

(http://www.hpc.cam.ac.uk), provided by Dell, using Strategic Research Infrastructure Funding from the

Higher Education Funding Council for England.

Geometry optimizations were performed with the B3LYP functional and 6-311+G(d,p) basis set.**! Normal
vibrational mode analysis at the same level of theory confirmed that the optimized structures are minima (zero
imaginary frequencies). Optimizations were performed in dichloromethane solvent using the conductor-like
polarizable continuum model (CPCM) of solvation to account for charged species.®??32% Dispersion correction
was accounted for using the D3 version of Grimme’s dispersion with Becke-Johnson damping.®?* Single-point
energies were evaluated using the 6-311+G(2d,p) basis set. DFT-optimized structures were illustrated using
CYLView.3®

With the optimized geometries, single point time-dependent DFT (TD-DFT) calculations were conducting for
the first 3 excited singlet states using the CAM-B3LYP functional®?® and 6-311+G(d,p) basis set. The CPCM
solvation model for dichloromethane was used. Molecular orbitals were illustrated using Avogadro.®?

Calculation of electronic excitations was carried out using GaussSum. 32

A.2.1. Geometry Optimization
Energy profile
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Optimized structures
1-((2,2-Bis(methoxycarbonyl)cyclopropyl)methylene)piperidin-1-ium (526)

Me0,C CO,Me
X@ ﬁ
D _

B3LYP/6-311+G(d,p)/scrf(CPCM,solvent=dichloromethane)/EmpiricalDispersion=GD3BJ
Single point energy with 6-311+G(2d,p)

0.54605 0.18374 1.64383
1.53438 0.56776 0.52220
1.56995 1.25221 1.86535
1.08900 1.35658  -0.67200
257745  -0.48371 0.22244
1.22958 2.27894 1.89205
2.40857 1.01179 2.50405
-1.77457  -0.31416 1.10436
-1.47697  -1.65688 0.55137
-1.95240  -1.72700  -0.90324
-2.01187  -2.37659 1.17463
-0.41097  -1.84638 0.62518
-3.43147  -1.35481  -1.02911
-1.76949  -2.74239  -1.26052
-1.33910  -1.05479  -1.51045
-3.69766 0.01694  -0.40412
-4.04432  -2.11192  -0.52778
-3.72595  -1.34968  -2.08049
-3.20569 0.06978 1.04276

-4.76469 0.24901  -0.40344
-3.19423 0.79966  -0.97958
-3.74658  -0.64535 1.66671
-3.30737 1.06172 1.47828
-0.88189 0.50948 1.52157
0.74733  -0.78535 2.08486
-1.23039 1.48729 1.83123
1.71242 1.41565  -1.70378
3.66789  -0.53116 0.73727
210118  -1.37001  -0.65128
-0.05445 2.01029  -0.43517
-0.56267 2.85478  -1.49756
299907  -2.43433  -1.05074
0.16152 3.63472  -1.72760
-1.48070 3.28298  -1.10596
-0.76162 2.25192  -2.38231
3.28342  -3.02598  -0.18135
3.88549  -2.01206  -1.52248
243425  -3.03382  -1.75852

OTITIOIITIOIITOOZITITOOOOO
ITIITITOOO0O0OO0OO0OITOIITITT

2,6-Dimethylbenzenethiolate (527)

@S Me: :

Me
B3LYP/6-311+G(d,p)/scrf(CPCM,solvent=dichloromethane)/EmpiricalDispersion=GD3BJ
Single point energy with 6-311+G(2d,p)

-0.43147 0.00098 0.00000
0.29738  -1.22121 0.00001
1.69444  -1.20244 0.00001
2.40719  -0.00532 0.00000
1.69976 1.19496  -0.00001
0.30279 1.21996  -0.00002
2.23977 2.13733  -0.00003
3.49163  -0.00773 0.00001
2.23025  -2.14720 0.00003

-2.20294 0.00470 0.00000
-0.41506  -2.54738 0.00002
-0.40359 2.54939  -0.00002
-1.05487 2.65250  -0.87340
0.31732 3.37090  -0.00027
-1.05448 2.65272 0.87362
0.30204  -3.37221 0.00022
-1.06648  -2.64767  -0.87360
-1.06680  -2.64749 0.87341

TITTOOOOOO
TITIITITIOO®M
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Dimethyl 2-(((2,6-dimethylphenyl)thio)(piperidin-1-yl)methyl)cyclopropane-1,1-dicarboxylate (342)

MeOZC COzMe

N

B3LYP/6-311+G(d,p)/CPCM(CH2CL2)/EmpiricalDispersion=GD3BJ

Single point energy with 6-311+G(2d,p)

Cyclopropy! carboximinium thiolate complex (352)

Cc 2.76406  -0.56232
C 3.39602 0.62594
C 4.44416 1.13743
Cc 4.86454 0.49445
Cc 424951  -0.68734
C 3.20084  -1.24045
H 458857  -1.20091
H 5.67620 0.90822
H 4.93151 2.05282
S 1.37765  -1.20117
Cc 2.97452 1.36033
C 2.58292  -2.53356
H 1.67632  -2.35667
H 3.28027  -3.07575
H 2.30170  -3.16899
C -0.14993 0.81295
Cc -0.98459 1.55872
Cc 0.54596 1.64751
C -1.68462 0.73130
C -1.71302 2.80640
H 1.07343 1.14917
H 0.95797 2.59743
N -1.26141  -1.37222
Cc -1.94041  -1.09163
Cc -3.37816  -1.60782
H -1.39909  -1.56071
H -1.93652  -0.01506
C -3.42022  -3.09793

MeO,C CO,Me

e A

e: Me.

s—@

Me

-0.56427
-0.98857
-0.21952
0.94057
1.33562
0.59296
2.22865
1.52801
-0.53630
-1.51047
-2.23577
1.06227
1.64971
1.70292
0.22232
-0.35455
0.70562
0.65404
1.73865
0.31173
1.45481
0.34124
-0.52989
-1.79794
-1.76224
-2.63737
-1.96835
-1.41255

ITITITITTOOO0OO0OO0OOIIITITIOIIIIOIIOIIT

-3.84788
-3.93779
-2.65219
-2.96148
-4.45447
-1.23418
-2.60164
-3.17330
-0.65822
-0.71652
-0.03884
-0.24979

0.34034

3.61471

1.94030

3.03353
-2.88640
-2.44066
-1.41155
-0.82472
-1.40982
-1.96601
-2.02675
-0.56848
-2.01510
-1.62484
-3.05464
-1.59725

B3LYP/6-311+G(d,p)/CPCM(CH.CI2)/Empirical Dispersion=GD3BJ

-1.42348
-1.03719
-3.35967
-3.67393
-3.44168
-2.79923
-4.43141
-2.88352
-3.36145
-2.91665
-0.69114
1.23523
-0.99841
2.22892
1.70396
0.71889
0.65686
3.43597
3.19476
0.04040
-0.90912
4.45608
-0.39328
-1.39997
-1.63135
5.25922
4.41036
4.60120

-2.73260
-1.01348
-0.11364
-2.22587
-1.32296
-0.20015
0.09879
0.72410
-0.95332
0.75435
-0.29485
-1.34289
0.67364
-2.39809
-2.16547
-3.11802
1.85300
1.04602
-0.93798
2.50576
3.42149
-1.36877
4.15663
3.90329
2.87370
-0.71567
-1.35937
-2.38056
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Single point energy with 6-311+G(2d,p)

OITOOZITOOOOOIIITOONTITIITOOOOON

Cyclopropyl carboximinium thiolate complex, alternative geometry (528)

-3.11192
-2.33290
-2.12754
-2.65123
-3.43282
-3.68706
-3.86754
-2.46818
-1.53384
-3.34222
-1.75747
-4.60288
-4.13830
-4.90395
-5.50373
0.76656
2.21538
1.23597
2.65232
3.27061
0.87928
1.41254
-0.33708
0.44264
1.24968
-0.28737
1.09017
0.34510

@

-0.75587
-1.94080
-2.48464
-1.88401
-0.73691
-0.17663
-0.27066
-2.30612
-3.38833
-0.02688
-2.64622
1.01472
1.84788
1.35097
0.76446
1.08014
1.00755
2.04460
0.08186
1.43350
-1.91270
-3.06453
1.04631
1.34182
2.62670
1.45334
0.50104
3.79127

X =A,.\||C02Me
N

CO,Me

-0.52281
-0.36790
0.90458
2.04442
1.89891
0.64602
2.77770
3.02572
0.99682
-2.10833
-1.56560
0.55157
0.02073
1.54640
-0.01807
0.00474
0.52900
1.03641
1.45679
-0.46154
2.04866
0.72403
-0.39127
-1.61296
-1.41235
-2.41658
-1.83961
-1.00100

ITITITTITTOO0OO0OO0OCOIITITIITOIIIIOIIOIT

1.77011
2.01617
-0.47956
-0.32875
0.94681
-1.26120
-1.19715
0.17690
-1.99161
-1.77734
-0.19343
0.69590
-0.79758
-1.12654
-1.17503
-2.55385
3.79969
3.76185
3.55159
1.62585
1.93007
4.56496
2.59536
0.97192
2.39597
4.25206
5.51005
4.64904

B3LYP/6-311+G(d,p)/CPCM(CH.CI2)/EmpiricalDispersion= GD3BJ

OOVWITIITITOOOOOO0
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-1.65780
-0.31073
0.74913
0.52424
-0.79045
-1.87815
-0.97998
1.35519
1.76498
-3.00542
-0.00854

-2.09756
-2.02858
-2.19775
-2.42561
-2.51461
-2.37153
-2.71159
-2.54954
-2.13979
-1.84090
-1.80807

-0.50084
-0.96330
-0.06684
1.28754
1.74429
0.87970
2.79493
1.97087
-0.44264
-1.60698
-2.42021

OOIITOOOIIITO

-3.27097
-3.90521
-3.24628
-3.76622
0.78885
1.52714
2.16304
1.19990
1.94421
2.17344
3.36032

2.84310
2.45469
3.42253
4.03871
4.68054
2.12705
4.21000
3.30543
2.22142
1.80056
-0.00984
-1.45408
-0.08736
-3.48356
-1.96609
-3.02890
0.44346
-2.53544
-0.43294
0.58028
1.61514
-0.68976
1.22161
1.89617
2.46281
-1.51083
-0.93395
0.23371

-2.54879
-1.68392
-2.71958
-3.40067
1.07708
2.36611
1.05668
3.01796
2.84630
0.81665
0.59649

-2.34787
-0.65020
0.23547
-1.82864
-0.80022
0.01697
0.47663
1.10341
-0.78790
0.91598
0.32688
-1.00901
1.22192
-1.25886
-2.19302
-2.21182
1.57631
-0.51247
-1.29880
2.15611
3.12097
-2.29955
3.88834
3.54840
2.62034
-2.94367
-1.81564
-2.86510

1.42317
1.21677
2.50189
0.94631
-0.62788
-0.41813
0.02936
0.38029
-1.29295
1.51126
-0.75912
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1.42019 1.38792 2.27258
3.04017  -0.12068 1.87394
3.08216  -0.44770 3.28330
2.10253  -0.78994 3.61422
3.38597 0.42664 3.85763
3.81906  -1.24081 3.36908
4.50041 0.82063  -0.42732
3.01267  -0.03176  -1.88520
4.09256  -0.44169  -2.75608
4.67137 0.42740  -3.06682
3.60941  -0.90950  -3.60910
473590  -1.15251  -2.23889
-1.57945 1.22190  -0.11365
-1.87620 2.09770  -1.26818
-2.49270 3.41137  -0.78412
-2.57639 153794  -1.89206
-0.96267 2.26199  -1.83136

-3.72342 3.15683 0.08989
-2.75033 4.00445  -1.66431
-1.74062 3.97305  -0.22110
-3.37145 2.22134 1.24956
-4.51573 2.70552  -0.51737
-4.11210 4.10264 0.47385
-2.74831 0.92093 0.74532
-4.26075 1.96253 1.82865
-2.67125 2.71524 1.93127
-3.43767 0.34614 0.12362
-2.40530 0.28723 1.55889
-0.41549 0.75819 0.16444
0.77283 0.69390  -1.63987
-0.34290 0.12257 1.03817
1.06667  -1.72502  -2.58523
-0.50176  -0.90911  -2.80160
-0.39762  -2.63212  -3.02660

TTOOZIITOOOIITITOOO
ITITITITOIIIIOIIOIITO

Cyclopropyl carboximinium thiolate complex, nitro substituted (357)

MeO,C CO,Me

g A

N=
i
i
]
S

NO,

B3LYP/6-311+G(d,p)/CPCM(CH.CI;)/EmpiricalDispersion=GD3BJ

-2.68581 1.30108  -1.33622
-2.38367 0.04020  -1.92696
-2.71369  -1.15013  -1.31603
-3.36665  -1.13468  -0.07451
-3.72091 0.08575 0.52363
-3.39331 1.27005  -0.09960
-4.23988 0.08247 1.47206
-3.66096  -2.36754 0.58907
-2.46265  -2.09661  -1.77361
-2.17919 2.78455  -2.05905
-1.86788 0.02714  -2.87898
-3.66330 2.21004 0.36482
0.61937  -0.64901  -0.75607
1.82183  -1.49169  -0.27824
0.49363  -2.12879  -0.61364
2.26659  -1.47414 1.15192
294312  -1.59954  -1.28280
-0.08207  -2.50997 0.21905
0.45887  -2.71467  -1.52159
0.20839 1.52003 0.26557
1.27095 2.20848  -0.50198
2.28834 2.82332 0.46255
0.76495 297341  -1.09374
1.74368 1.49874  -1.17301

1.60770 3.74593 1.47653
3.02270 3.36799  -0.13473
2.82313 2.02049 0.97955
0.49101 3.00233 2.21348
1.18775 4.61385 0.95648
2.34233 412373 2.19098
-0.50531 2.38596 1.23164
-0.06200 3.67587 2.87181
0.91430 2.21035 2.83933
-1.01173 3.14917 0.63649
-1.25524 1.77987 1.73345
-0.05571 0.26747 0.17548
0.73125  -0.26423  -1.76203
-0.83210  -0.11578 0.82521
3.36299  -1.82475 1.51805
3.04557  -2.47877  -2.10406
3.77173  -0.56137  -1.16652
1.29058  -1.06103 1.96863
1.58066  -1.04432 3.38701
490606  -0.53401  -2.06532
1.80942  -2.05239 3.72972
0.67538  -0.67236 3.85792
242132  -0.38023 3.58293
456128  -0.50088  -3.09827

TTOOZITOOOOOIITOVIZTOOOOOO
ITTITTOOO0OO0OOOITITOIIIITOIIOIIO
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H 552611  -1.41564  -1.90652
H 5.45052 0.37071  -1.81098

Alkyliminium thiolate complex (464)

/A
\@ wMe

N:/_
]

@i Me::

Me

)
o)

-3.31258
-4.24659

B3LYP/6-311+G(d,p)/CPCM(CH.CI;)/EmpiricalDispersion=GD3BJ

-2.95733  -1.14493 0.70834
-3.35286  -0.02625 1.49579
-4.11878 0.99328 0.92528
-4.50716 0.95478  -0.41400
-4.11381  -0.12792  -1.19373
-3.34981  -1.17179  -0.66235
-4.40583  -0.17316  -2.23829
-5.09575 1.75840  -0.84069
-4.41204 1.83572 1.54400
-2.02073  -2.46240 1.41146
-2.97865 0.06705 2.95048
-3.01423  -2.34722  -1.54161
-1.95539  -2.60508  -1.48979
-3.28438  -2.14461  -2.58054
-3.55082  -3.24355  -1.21277
-1.17564 1.63430  -0.88103
0.13914  -0.38476  -0.37513
0.47996 0.09407 0.97863
1.74503 0.92434 1.06087
0.55647  -0.79310 1.60299
-0.37833 0.65433 1.34787
2.21515  -1.63427  -0.88340
0.71262  -1.69928  -0.78710
0.36761  -2.41971  -0.04698
0.26734  -1.95074  -1.74761
-0.63430 0.28486  -1.15773
-0.86491  -0.18134  -2.11005
-3.31963 1.01245 3.37848
-1.89783  -0.01728 3.09262
-3.41883  -0.75574 3.52261

ITITITOIITIOOIITIOOZOTIITOONTITOOOOOO
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-0.46263
-2.06864
-1.56139
-0.67976
-2.15836
-2.28573
-1.44329
-3.05442
-2.43571
3.01177
2.82180
4.39759
2.54799
4.99593
5.00769
4.20610
6.07367
2.20884
4.66833
2.36900
3.51737
1.95879
4.06074
3.99280
3.44385
4.96011
2.28896
3.86204
1.83861

-3.43264
-2.33481

2.21718
1.51052
2.38072
2.49306
3.75193
1.77681
4.37863
3.65300
4.27477
-2.02849
-1.13523
-1.90383
-2.42463
-1.39156
-2.20391
-1.01422
-1.29143
-0.83183
-0.62351
1.02603
1.79644
0.49112
2.47056
1.86219
2.36985
3.06349
1.60395
2.88215
1.52454

0.05494
1.68282

-0.29348
-0.25365
-2.16433
-2.80343
-1.85230
-2.71863
-1.31133
-1.23393
-2.77034
0.19266
-2.03878
0.12497
1.08883
-1.02472
0.96855
-2.11099
-1.07699
-2.88076
-3.00976
2.30771
2.46324
3.15739
1.36949
3.43484
0.12512
1.48607
-0.02740
-0.73325
-1.0081
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A.2.2. Time-Dependent DFT

Dimethyl 2-(((2,6-dimethylphenyl)thio)(piperidin-1-yl)methyl)cyclopropane-1,1-dicarboxylate (342)

MeO,C_ CO,Me A

R ¢

Me
Me \ %
)Ja

CAM-B3LYP/6-311+G(d,p)/CPCM(CH,Cly)

Excited . |Energy |Wavelength| Oscillator Sp!n . |Initial MO |Initial MO |Final MO | Final MO |Contribution| Percentage
Identity contamination . . . ) . .
state /eV /nm strength (f) <5**2> no. identity no. identity | coefficient |contribution
1 Singlet-A|4.8382 256.26 0.0570 0.000 104 HOMO-1 106 LUMO 0.59780 71%
105 HOMO 106 LUMO 0.26044 14%
2 Singlet-A|5.1075 242.75 0.0062 0.000 102 HOMO-3 108 LUMO+2 -0.19065 7%
102 HOMO-3 110 LUMO+4 0.11691 3%
103 HOMO-2 106 LUMO 0.51523 53%
104 HOMO-1 108 LUMO+2 0.12515 3%
105 HOMO 108 LUMO+2 0.29498 17%
105 HOMO 110 LUMO+4 -0.16233 5%
3 Singlet-A|5.2446 236.40 0.4006 0.000 102 HOMO-3 106 LUMO -0.16972 6%
104 HOMO-1 106 LUMO -0.21921 10%
105 HOMO 106 LUMO 0.61224 75%

HOMO

LUMO

Cyclopropyl carboximinium thiolate complex (352)

MeO,C CO,Me

CAM-B3LYP/6-311+G(d,p)/CPCM(CH,Cl>)
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Spi
Excited . | Energy [Wavelength| Oscillator p!n . Initial MO [Initial MO [Final MO | Final MO [Contribution| Percentage
Identity contamination . . . ) . .
state /eVv /nm strength (f) <5**2> no. identity no. identity | coefficient |contribution
1 Singlet-A|[2.7379 452.84 0.0421 0.000 105 HOMO 106 LUMO 0.69950 98%
2 Singlet-A|3.2456 382.01 0.0013 0.000 104 HOMO-1 106 LUMO 0.69726 97%
3 |Singlet-A|4.3887 | 282.51 0.0631 0.000 103 HOMO-2 106 LUMO 0.63247 80%
105 HOMO 111 LUMO+5 -0.11165 2%
105 HOMO 113 LUMO+7 -0.24417 12%
g @ :
HOMO LUMO
®B97X-D/6-311+G(d,p)/CPCM(CH,Cl,)*?
Spi
Excited . | Energy [Wavelength| Oscillator p!n . Initial MO |Initial MO |Final MO | Final MO |Contribution| Percentage
Identity contamination . . . ) . .
state /eV /nm strength (f) <5**2> no. identity no. identity | coefficient [contribution
1 [Singlet-A|2.7791| 446.13 0.0428 0.000 105 HOMO 106 LUMO 0.69673 97%
2 |Singlet-A|3.2965| 376.10 0.0014 0.000 104 HOMO-1 106 LUMO 0.69486 97%
3 Singlet-A|4.3948 282.12 0.0546 0.000 103 HOMO-2 106 LUMO 0.66740 89%
105 HOMO 111 LUMO+5 | 0.16635 6%
Cyclopropyl carboximinium thiolate complex, alternative geometry (528)
CAM-B3LYP/6-311+G(d,p)/CPCM(CH:Cl,)
Spi
Excited .. |Energy|Wavelength| Oscillator p!n . Initial MO [Initial MO [Final MO | Final MO |Contribution| Percentage
Identity contamination X R . . - .
state /eV /nm strength (f) <5**2> no. identity no. identity | coefficient [contribution
1 |[Singlet-A|2.8187| 439.87 0.0192 0.000 105 HOMO 106 LUMO 0.70350 99%
2 Singlet-A|3.3621 368.77 0.0015 0.000 104 HOMO-1 106 LUMO 0.70108 98%
3 Singlet-A|4.4043 281.51 0.0770 0.000 103 HOMO-2 106 LUMO -0.12426 3%
103 HOMO-2 113 LUMO+7 -0.12841 3%
105 HOMO 107 LUMO+1 0.34235 23%
105 HOMO 110 LUMO+4 -0.24495 12%
105 HOMO 112 LUMO+6 -0.17420 6%
105 HOMO 114 LUMO+8 0.42585 36%
105 HOMO 115 LUMO+9 | -0.12349 3%
105 HOMO 118 LUMO+12| 0.10575 2%
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HOMO LUMO

Cyclopropyl carboximinium thiolate complex, nitro substituted (357)

MeO,C CO,Me
X@ JA
D —
)
]
o
s—2>—NO;

CAM-B3LYP/6-311+G(d,p)/CPCM(CH,Cly)

Spin
Excited . |Energy |Wavelength| Oscillator p. . |Initial MO |Initial MO |Final MO | Final MO |Contribution| Percentage
Identity contamination . R . ) - .
state /eVv /nm strength (f) <SHEDs no. identity no. identity | coefficient |contribution
1 Singlet-A|3.0267 409.63 0.5966 0.000 108 HOMO 109 LUMO 0.68845 95%
2 |Singlet-A|3.0884 | 401.46 0.0046 0.000 107 HOMO-1 109 LUMO 0.65824 87%
107 HOMO-1 110 LUMO+1 0.10869 2%
107 HOMO-1 118 LUMO+9 -0.15566 5%
3 Singlet-A|3.1603 392.31 0.0234 0.000 108 HOMO 110 LUMO+1 0.70020 98%

= == =

HOMO LUMO LUMO+1

Analogous calculations were carried out for 4-nitrothiophenol. The 1% excited singlet state was found at
A=411.85nm with f=0.6051, significantly exceeding the other excited states’ oscillator strengths. This
transition was calculated to be between MO 108 (HOMO) and MO 109 (LUMO). MO visualization showed
that the HOMO was found to be largely located on the thiolate, while the LUMO was also located solely on
the thiolate. This indicates that visible light absorption promotes a local excitation involving thiolate w-orbitals
only. The 3" excited singlet state was found at A=394.57nm with 25x lower oscillator strength than the 1%

excited state. The transition between HOMO (thiolate) and LUMO+1 (iminium) displayed intermolecular
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charge-transfer characteristics. The low predicted probability of charge-transfer is corroborated by
experimental evidence which showed 0% yield when 4-nitrothiphenol was used.

Alkyliminium thiolate complex (464)

CAM-B3LYP/6-311+G(d,p)/CPCM(CH:Cl>)

Excited . Energy | Wavelength | Oscillator Sp!n . Initial MO | Initial MO | Final MO | Final MO |Contribution | Percentage
Identity contamination . . . . . L

state /eVv /nm strength (f) <5*%9> no. identity no. identity | coefficient |contribution
1 |Singlet-A|2.8145| 440.52 0.0346 0.000 105 HOMO 106 LUMO 0.70061 98%
Singlet-A|3.2908| 376.76 0.0003 0.000 104 HOMO-1 106 LUMO 0.69831 98%
3 [Singlet-A|4.4143| 280.87 0.0386 0.000 103 HOMO-2 115 LUMO+9 | 0.15740 5%
105 HOMO 107 LUMO+1 -0.16420 5%
105 HOMO 112 LUMO+6 0.25189 13%
105 HOMO 113 LUMO+7 0.24796 12%
105 HOMO 115 LUMO+9 | -0.15734 5%
105 HOMO 116 [LUMO+10| 0.48834 48%
105 HOMO 120 [LUMO+14| 0.10456 2%
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A.3. UV-Vis Absorption Spectra

O O§ACOQMG

N M
H COQ e
Amine Aldehyde
339 298

Concentration = 0.33 mM

MeOZC,, COzMe
SH \ E /
N

Me Me
S

Thiol Thioaminal Me
340 342

Absorbance of mixture in CH,Cl, (c = 0.33 mM)

Absorbance
94
~ o)

n

0.5

==Thiol
=Thiol + Amine
=—=Thiol + Amine + Aldehyde

Me

220 270 320

Concentration =1.7 mM

370 420 470
Wavelength /nm

Absorbance of mixture in CH,Cl, (c = 1.7 mM)

Absorbance

0.5

=Thiol
=——Thiol + Amine
=——Thiol + Amine + Aldehyde

520

220 270 320

370 420 470
Wavelength /nm

520
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Concentration = 3.3 mM

Absorbance of mixture in CH,Cl, at (c = 3.3 mM)

35 "
3
w==Thiol
Thiol + Amine
2 —Thiol + Amine + Aldehyde
—Aldehyde
o 2 —Aldehyde + Amine
g
3
g
2
<15
1
0.5
\
o e —
220 270 320 370 420 470 520
Wavelength /nm
Concentration = 33 mM
Absorbance of mixture in CH,Cl, (c = 33 mM)
35
3
—Aldehyde
Aldehyde + Amine
25
—Aldehyde + Amine + Thiol
o 2 ,
g
g
s
2
=15
1 l
05
0 ~
220 270 320 370 420 470 520

Wavelength /nm
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Final thioaminal at different concentrations

Absorbance of thioaminal mixture in CH,Cl, at different concentrations

3.5
3 =—C=0.33mM
c=17mM
25 —C=33mM
=—C =33 mM
v
g
]
£ 2
2
3
Ed
15
1
0.5
0
220 270 320 370 420 470 520

Wavelength /nm

Absorbance of possible sulfur by-products

S~ i ] SH

Diphenyl sulfide DMTP

(7]

Dlphenyl disulfide

Absorbance of disulfide, sulfide, DMTP in CH,Cl, (c =33 mM)

3.0 |
|
—Dipheny! disulfide
2.5
Diphenyl disulfide + DMTP

20 —Diphenyl sulfide
] —Diphenyl sulfide + DMTP
& . . .
215 —Diphenyl sulfide + DMTP + diphenyl disulfide
2
o
<

=
o

0.5

0.0
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Absorption of thiolate and thiol

Na.

DMTP sodium salt DMTP

Absorbance of DMTP and its sodium salt in MeCN

35
3
DMTP sodium salt (c = 0.33 mM)
25 DMTP sodium salt (c = 1.7 mM)
~==DMTP sodium salt (c = 3.3 mM)
g 2 ==DMTP sodium salt (c = 33 mM)
3 —=DMTP (c = 33 mM)
S
3
<15
1
0.5
0
210 260 310 360 410 460 510 560

Wavelength /nm

Emission spectrum of LED

Spectra of LED emission and light filter transmission

= =Kessil 40 W blue LED emission
~—=420 nm light filter transmission

=455 nm light filter transmission

Absorbance

220 270 320 370
Wavelength /nm
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A.4. X-Ray Crystallographic Data
1-((1S,2R)-2-(4-bromophenyl)-4,4-bis(methoxycarbonyl)cyclopentyl)-N,N-dimethylmethanaminium

perchlorate (317)

Me\H Me
® \\\COQMe
o CoMe -/ a2 s
Clo, R
Br
317
_chemical_formula_moiety 'C18 H25 Br _exptl_absorpt_correction_ T_min  0.4996
NO4+, ClO4 - _exptl_absorpt_correction_T_max  0.7528
_chemical_formula_sum '‘C18 H25 Br _exptl_absorpt_process_details 'SADABS
CIN 08 (Bruker, 2014)'
_chemical_formula_weight 498.75
_diffrn_ambient_temperature 180(2)
_Space_group_crystal_system monoclinic _diffrn_radiation_wavelength 1.54178
_space_group_IT_number 14 _diffrn_radiation_type CuK\a
_space_group_name_H-M_alt P21/’ _diffrn_source 'Incoatec I\mS Cu
_space_group_name_Hall '-P 2yn' microsource'
_diffrn_measurement_device type  'Bruker
_cell_length_a 6.5320(4) D8-QUEST PHOTON-100'
_cell_length_b 13.6779(8) _diffrn_measurement_method \w and \f-
_cell_length_c 23.8964(14) scans'
_cell_angle_alpha 90 _diffrn_detector_area_resol_mean ?
_cell_angle_beta 94.809(2) _diffrn_reflns_number 26810
_cell_angle_gamma 90 _diffrn_reflns_av_unetl/netl 0.0318
_cell_volume 2127.5(2) _diffrn_reflns_av_R_equivalents  0.0540
_cell_formula_units_Z 4 _diffrn_reflns_limit_h_min -7
_cell_measurement_temperature 180(2) _diffrn_reflns_limit_h_max 7
_cell_measurement_reflns_used 9723 _diffrn_reflns_limit_k_min -16
_cell_measurement_theta_min 3.71 _diffrn_reflns_limit_k_max 16
_cell_measurement_theta_max 66.95 _diffrn_reflns_limit_I_min -27
_diffrn_reflns_limit_|_max 28
_exptl_crystal_description block _diffrn_reflns_theta_min 3.712
_exptl_crystal_colour colourless _diffrn_reflns_theta_max 67.028
_exptl_crystal_density_meas ? _diffrn_reflns_theta_full 67.028
_exptl_crystal_density_method ? _diffrn_measured_fraction_theta_ max 0.996
_exptl_crystal_density_diffrn 1.557 _diffrn_measured_fraction_theta_full 0.996
_exptl_crystal_F_000 1024 diffrn_reflns_Laue_measured_fraction_max

_exptl_transmission_factor_min ?
_exptl_transmission_factor_max ?

0.996
diffrn_reflns_Laue_measured_fraction_full

_exptl_crystal_size_max 0.220 0.996

_exptl_crystal_size_mid 0.220 _diffrn_reflns_point_group_measured_fraction_m
_exptl_crystal_size_min 0.220 ax 0.996

_exptl_absorpt_coefficient_mu 4.189 _diffrn_reflns_point_group_measured_fraction_fu
_shelx_estimated_absorpt_T_min 0.459 11 0.996

_shelx_estimated_absorpt_T_max 0.459 _reflns_number_total 3784
_exptl_absorpt_correction_type multi-scan _reflns_number_gt 3646
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_reflns_threshold_expression 1 > 2\s(l)'
_reflns_Friedel_coverage 0.000

_reflns_Friedel_fraction_max
_reflns_Friedel_fraction_full

Dimethyl 6-((4-cyanopiperidin-1-yl)methyl)hexahydro-4H-cyclopenta[b]furan-4,4-dicarboxylate (409)

orR

/ ”‘i’

NC "\90; &
0s
N g “’E} \ |
\, LCOMe I o4 /
”Q‘cone }
|

S 409
% 59% (>20:1 dr)*

_chemical_formula_moiety 'C18 H27 N2
05+, Cl0O4 -

_chemical_formula_sum '‘C18 H27 CI N2
o9
_chemical_formula_weight 450.86
_Space_group_crystal_system triclinic
_space_group_IT_number 2
_space_group_name_H-M_alt 'P-1
_space_group_name_Hall “P1
_cell_length_a 8.2705(3)
_cell_length_b 11.2103(3)
_cell_length_c 12.7123(4)
_cell_angle_alpha 71.816(2)
_cell_angle_beta 80.032(2)
_cell_angle_gamma 72.745(2)
_cell_volume 1065.14(6)
_cell_formula_units_Z 2
_cell_measurement_temperature 180(2)
_cell_measurement_reflns_used 4980
_cell_measurement_theta_min 3.67
_cell_measurement_theta_max 66.79
_exptl_crystal_description plate
_exptl_crystal_colour colourless
_exptl_crystal_density_meas ?
_exptl_crystal_density_method ?
_exptl_crystal_density_diffrn 1.406
_exptl_crystal_F_000 476

_exptl_transmission_factor_min ?
_exptl_transmission_factor_max ?

_exptl_crystal_size_max 0.180
_exptl_crystal_size_mid 0.100
_exptl_crystal_size_min 0.020

_exptl_absorpt_coefficient_mu 2.058
_shelx_estimated_absorpt_T_min 0.708
_shelx_estimated_absorpt_T_max 0.960
_exptl_absorpt_correction_type multi-scan
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_exptl_absorpt_correction_T_min 0.6077
_exptl_absorpt_correction_T_max  0.7528

_exptl_absorpt_process_details 'SADABS
(Bruker, 2014)'

_diffrn_ambient_temperature 180(2)
_diffrn_radiation_wavelength 1.54178

_diffrn_radiation_type CuK\a
_diffrn_source 'Incoatec 1'\'mS Cu
microsource'

_diffrn_measurement_device _type  'Bruker D8-
QUEST PHOTON-100'
_diffrn_measurement_method \w and \f-
scans'

_diffrn_detector_area_resol_ mean ?
_diffrn_reflns_number 10125
_diffrn_reflns_av_unetl/netl 0.0460
_diffrn_reflns_av_R_equivalents  0.0466
_diffrn_reflns_limit_h_min -9
_diffrn_reflns_limit_h_max 9
_diffrn_reflns_limit_k_min -13
_diffrn_reflns_limit_k_max 11
_diffrn_reflns_limit_I_min -14
_diffrn_reflns_limit_|_max 15
_diffrn_reflns_theta_min 3.674
_diffrn_reflns_theta_max 66.802
_diffrn_reflns_theta_full 66.802

_diffrn_measured_fraction_theta_max 0.993
_diffrn_measured_fraction_theta_full 0.993
_diffrn_reflns_Laue_measured_fraction_max
0.993
_diffrn_reflns_Laue_measured_fraction_full
0.993
_diffrn_reflns_point_group_measured_fraction_m
ax 0.993
_diffrn_reflns_point_group_measured_fraction_fu
110.993

_reflns_number _total 3743
_reflns_number_gt 2967
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_reflns_threshold_expression
_reflns_Friedel_coverage

1> 2\s(1)’
0.000

_reflns_Friedel_fraction_max
_reflns_Friedel_fraction_full

4-((2-Amino-3,5-dibromobenzyl)(methyl)amino)cyclohexan-1-ol (452)

|
A T~ |
Ay L SN <
|
HoN Br
452, 61% D
from Ambroxol ’
_chemical_formula_moiety 'C1l4 H21 Br2
N2 O +, Cl -
chemlcal _formula_sum 'C14 H21 Br2
CIN20O
_chemical_formula_weight 428.60
_Space_group_crystal_system monoclinic
_space_group_IT_number 9
_space_group_name_H-M_alt 'Cc
_space_group_name_Hall 'C -2yc'
_cell_length_a 52.925(4)
_cell_length_b 6.0878(4)
_cell_length_c 10.8414(7)
_cell_angle_alpha 90
_cell_angle_beta 95.819(5)
_cell_angle_gamma 90
_cell_volume 3475.1(4)
_cell_formula_units_Z 8
_cell_measurement_temperature 180(2)
_cell_measurement_reflns_used 5984
_cell_measurement_theta_min 3.36
_cell_measurement_theta_max 66.72
_exptl_crystal_description plate
_exptl_crystal_colour colourless
_exptl_crystal_density_meas ?
_exptl_crystal_density_method ?
_exptl_crystal_density_diffrn 1.638
_exptl_crystal_F_000 1712

_exptl_transmission_factor_min ?
_exptl_transmission_factor_max ?

_exptl_crystal_size_max
_exptl_crystal_size_mid
_exptl_crystal_size_min

_exptl_absorpt_coefficient_ mu
_shelx_estimated_absorpt_T_
_shelx_estimated_absorpt_T_

0.120
0.100
0.020
7.312
0.474
0.868

min
max

—

/®
)

9
/
M~

\.

_exptl_absorpt_correction_type multi-scan
_exptl_absorpt_correction_T_min  0.4272
_exptl_absorpt_correction T_max  0.7528
_exptl_absorpt_process_details 'SADABS
(Bruker, 2014)'

_diffrn_ambient_temperature 180(2)
_diffrn_radiation_wavelength 1.54178
_diffrn_radiation_type CuK\a

_diffrn_source
microsource'

‘Incoatec 1\mS Cu

_diffrn_measurement_device_type  'Bruker D8-
QUEST PHOTON-100'
_diffrn_measurement_method \w and \f-
scans'

_diffrn_detector_area_resol_mean ?
_diffrn_reflns_number 14593
_diffrn_reflns_av_unetl/netl 0.1303
_diffrn_reflns_av_R_equivalents 0.1151
_diffrn_reflns_limit_h_min -62
_diffrn_reflns_limit_h_max 61
_diffrn_reflns_limit_k_min -7
_diffrn_reflns_limit_k_max 7
_diffrn_reflns_limit_|_min -12
_diffrn_reflns_limit_I_max 12
_diffrn_reflns_theta_min 3.357
_diffrn_reflns_theta_max 66.748
_diffrn_reflns_theta_full 66.748

_diffrn_measured_fraction_theta_max 0.998
_diffrn_measured_fraction_theta_full 0.998
_diffrn_reflns_Laue_measured_fraction_max
0.998
_diffrn_reflns_Laue_measured_fraction_full
0.998
_diffrn_reflns_point_group_measured_fraction_m
ax 0.879
_diffrn_reflns_point_group_measured_fraction_fu
110.879
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_reflns_number_total 5435 _reflns_Friedel_coverage 0.760
_reflns_number_gt 4312 _reflns_Friedel_fraction_max 0.759
_reflns_threshold_expression 1 > 2\s(l)' _reflns_Friedel_fraction_full 0.759
tert-Butyl (1-butylpiperidin-4-yl)carbamate (473)
HN,Boc .
):
A= ¢ —
ﬁNj \ / \d N /\é/@ \
473, 35%

_chemical_formula_moiety 'C14 H28 N2 _exptl_absorpt_process_details 'SADABS
02' (Bruker, 2014)'
_chemical_formula_sum 'C14 H28 N2
02' _diffrn_ambient_temperature 180(2)
_chemical_formula_weight 256.38 _diffrn_radiation_wavelength 1.54178

_diffrn_radiation_type CuK\a
_Space_group_crystal_system monoclinic _diffrn_source 'Incoatec I\mS Cu

_space_group_IT_number 14

_space_group_name_H-M_alt ‘P 21/c'
_space_group_name_Hall '-P 2ybc'
_cell_length_a 16.4938(11)
_cell_length_b 9.4001(7)
_cell_length_c 10.3091(8)
_cell_angle_alpha 90
_cell_angle_beta 103.424(4)
_cell_angle_gamma 90
_cell_volume 1554.7(2)
_cell_formula_units_Z 4
_cell_measurement_temperature 180(2)
_cell_measurement_reflns_used 5810
_cell_measurement_theta_min 2.75
_cell_measurement_theta_max 66.59
_exptl_crystal_description block
_exptl_crystal_colour colourless
_exptl_crystal_density_meas ?
_exptl_crystal_density_method ?
_exptl_crystal_density_diffrn 1.095

_exptl_crystal_ F_000 568
_exptl_transmission_factor_min ?
_exptl_transmission_factor_max ?

_exptl_crystal_size_max 0.220
_exptl_crystal_size_mid 0.120
_exptl_crystal_size_min 0.030
_exptl_absorpt_coefficient_mu 0.574
_shelx_estimated_absorpt_T_min 0.884
_shelx_estimated_absorpt_T_max 0.983
_exptl_absorpt_correction_type multi-scan
_exptl_absorpt_correction_ T_min  0.5693
_exptl_absorpt_correction_T_max  0.7528
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microsource'

_diffrn_measurement_device_type  'Bruker D8-
QUEST PHOTON-100'
_diffrn_measurement_method \w and \f-

scans'
_diffrn_detector_area_resol_ mean  ?

_diffrn_reflns_number 18605
_diffrn_reflns_av_unetl/netl 0.0521
_diffrn_reflns_av_R_equivalents 0.0817
_diffrn_reflns_limit_h_min -19
_diffrn_reflns_limit_h_max 19
_diffrn_reflns_limit_k_min -11
_diffrn_reflns_limit_k_max 11
_diffrn_reflns_limit_I_min -12
_diffrn_reflns_limit_I_max 11
_diffrn_reflns_theta_min 2.754
_diffrn_reflns_theta_max 66.947
_diffrn_reflns_theta_full 66.947

_diffrn_measured_fraction_theta_max 0.995
_diffrn_measured_fraction_theta_full 0.995
_diffrn_reflns_Laue_measured_fraction_max
0.995
_diffrn_reflns_Laue_measured_fraction_full
0.995
_diffrn_reflns_point_group_measured_fraction_m
ax 0.995
_diffrn_reflns_point_group_measured_fraction_fu
110.995

_reflns_number_total 2758
_reflns_number_gt 2042
_reflns_threshold_expression 1> 2\s(1)'
_reflns_Friedel_coverage 0.000

_reflns_Friedel_fraction_max
_reflns_Friedel _fraction_full



Appendices

(S)-N?-butyl-N¢-propyl-4,5,6,7-tetrahydrobenzo[d]thiazole-2,6-diamine (505)
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Qi
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505, 83%
_chemical_formula_moiety 'C14 H27 N3 _diffrn_radiation_wavelength 1.54178
S 2+, 2(Cl-)' _diffrn_radiation_type CuK\a
_chemical_formula_sum 'C14 H27 CI2 _diffrn_source 'Incoatec I\mS Cu
N3 S microsource’
_chemical_formula_weight 340.34 _diffrn_measurement_device _type  'Bruker D8-
QUEST PHOTON-100'
_Space_group_crystal_system monoclinic _diffrn_measurement_method \w and \f-
_space_group_IT_number 4 scans'
_space_group_name_H-M_alt P21 _diffrn_detector_area_resol_mean ?
_space_group_name_Hall 'P 2yb’ _diffrn_reflns_number 7845
_diffrn_reflns_av_unetl/netl 0.1656
_cell_length_a 5.2296(4) _diffrn_reflns_av_R_equivalents  ?
_cell_length_b 5.3817(5) _diffrn_reflns_limit_h_min -6
_cell_length_c 32.304(2) _diffrn_reflns_limit_h_max 6
_cell_angle_alpha 90 _diffrn_reflns_limit_k_min -5
_cell_angle_beta 92.055(5) _diffrn_reflns_limit_k_max 5
_cell_angle_gamma 90 _diffrn_reflns_limit_I_min -38
_cell_volume 908.57(13) _diffrn_reflns_limit_|_max 37
_cell_formula_units_Z 2 _diffrn_reflns_theta_min 2.737
_cell_measurement_temperature 220(2) _diffrn_reflns_theta_max 66.788
_cell_measurement_reflns_used 3287 _diffrn_reflns_theta_full 66.788
_cell_measurement_theta_min 2.74 _diffrn_measured_fraction_theta_max 0.937
_cell_measurement_theta_max 66.58 _diffrn_measured_fraction_theta_full 0.938
_diffrn_reflns_Laue _measured_fraction_max
_exptl_crystal_description plate 0.937
_exptl_crystal_colour colourless _diffrn_reflns_Laue_measured_fraction_full
_exptl_crystal_density_meas ? 0.938
_exptl_crystal_density_method ? _diffrn_reflns_point_group_measured_fraction_m
_exptl_crystal_density_diffrn 1.244 ax 0.856
_exptl_crystal_F_000 364 diffrn_reflns_point_group_measured_fraction_fu

_exptl_transmission_factor_min ?
_exptl_transmission_factor_max ?

_exptl_crystal_size_max 0.120
_exptl_crystal_size_mid 0.120
_exptl_crystal_size_min 0.020

_exptl_absorpt_coefficient_mu 4.236
_shelx_estimated_absorpt_T_min 0.630
_shelx_estimated_absorpt_T_max 0.920
_exptl_absorpt_correction_type multi-scan
_exptl_absorpt_correction_ T_min  0.513
_exptl_absorpt_correction_T_max  0.753

_exptl_absorpt_process_details "TWINABS
(Bruker, 2014)'
_diffrn_ambient_temperature 220(2)

110.856

_reflns_number _total 7845
_reflns_number_gt 5284
_reflns_threshold_expression 1 > 2\s(1)'
_reflns_Friedel_coverage 0.633
_reflns_Friedel_fraction_max 0.752
_reflns_Friedel_fraction_full 0.753
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