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1. Introduction

Green chemistry, also referred to as sustainable chemistry, is the way for chemists to prevent polluting
and harming our planet. The twelve principles of green chemistry, developed by Paul Anastas and John
Warner in 1998, provide a framework for learning about and applying green chemistry.! The principles
outline ways to reduce waste, design efficient reactions and perform safer chemistry. In this work, we
aim to implement these principles to develop a reaction, using light as an efficient green energy source
and organocatalysts instead of transition metal catalysts that may be toxic.

Organic photochemistry is the tool used by synthetic chemists to develop green reactions. The
absorption of light excites molecules of substrates, photosensitisers or photocatalysts, which often
leads reactions to occur without additional thermal activation. This makes the usage of
photochemistry a great advantage, since working at low temperatures usually increases the selectivity,
thus avoiding side reactions.

The chirality of a molecule is of utmost importance in the biochemistry of living organisms as well as
in the field of pharmaceuticals. There are many examples of chiral drugs, where one enantiomer has
the desired effect, but the other one is toxic or results in undesirable side effects. Hence, developing
highly enantioselective reactions is necessary for the development of new chiral drugs, which may help
combat illnesses in ways not possible before. Our objective was to combine enantioselective synthesis
with green chemistry. Developing an enantioselective reaction which is not wasteful, can easily be
scaled up and does not necessitate the use of expensive catalysts and reagents is a goal for current
and future organic chemists.

In this work we aimed to develop an asymmetric photochemical reaction of an electron-rich
cyclopropanol and an electron-deficient alkene without the addition of external photocatalyst
(Scheme 1). The Oseka group has recently shown the formation of an electron donor-acceptor (EDA)
complex between the cyclopropanol and the alkene, and their consequent reaction under the 370 nm
ultraviolet (UV) light.? Due to the reacting alkenes being Michael acceptors, we envisioned the
possibility of inducing enantioselectivity in this reaction with the addition of chiral bifunctional
organocatalysts.

HO HO .. o
370 nm LED
_ ‘l" —_— EWG
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EDA complex radical ion pair

Scheme 1. The outline of this work.



2. Literature review

2.1 Photochemistry and photoredox catalysis

According to the International Union of Pure and Applied Chemistry (IUPAC), a photochemical reaction
is a chemical reaction caused by absorption of ultraviolet, visible or infrared irradiation.® The first
reaction triggered solely by the absorption of light energy and not involving a thermal activation, was
carried out by Joseph Priestley in the eighteenth century (Scheme 2).% It was a reaction in the field of
inorganic chemistry, involving the light irradiation of nitric acid vapors, which converted into nitrogen
dioxide and dissolved into the liquid nitric acid, giving it a reddish color.

light
4HNO; —— 2H,0 + 4NO, + O,

Scheme 2. Light decomposition of nitric acid.

Giacomo Ciamician is widely regarded as one of the pioneers of organic photochemistry. In the
beginning of 20'" century, he stated that the world would need to move to renewable energy to make
itself independent from coal, which he claimed would be completely exhausted in the future.
Ciamician envisioned the possibility to use photochemical devices utilizing solar energy to power the
human civilization and urged humanity to develop such devices. His work on photochemistry included
discoveries of cycloaddition (Scheme 3 a) and geometric isomerization reactions (Scheme 3 b).”

a)
Ph light Ph o
1 —— | % —— 2m_0
o~ ~—0
Ph 0, Ph
b)
Br Br Br Br
light
N \
Br _N Br N.
NC T NN

Scheme 3. Examples of Giacomo Ciamician’s photochemical reactions. a) Photochemical cycloaddition reaction, b) Light-
induced geometric isomerization of a double bond.

Light is used in organic chemistry as a method of bringing molecules into an electronically excited state.
In such a state, the chemical properties of the molecules change, and various chemical reactions may
occur. Photochemical activation offer the formation of thermodynamically disfavoured products
compared to the thermal activation, therefore allowing reactivity otherwise inaccessible by thermal
methods.® In many cases, the photochemical transformation of organic molecules involves the
formation of radical species.

A radical is a molecule possessing an unpaired electron (Scheme 4 a).° A pair of radicals are formed
through breakage of weak bonds or electron transfer. After formation, radicals can undergo one of
three types of reactions — abstraction, addition, and elimination (Scheme 4 b).
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Scheme 4. a) The structure of a radical. b) Examples of the formation of the radicals and their reactions.

The development of precise light-emitting diodes (LEDs) has revolutionized the field of photochemistry
by providing researchers with an accurate (narrow-emission), energy-efficient, and easily adjustable
light source for a broad range of applications, driving increased interest and advancements in this field.
Photochemical reactions can be carried out under UV or visible-light irradiation. UV light can directly
activate the molecules (such as aromatic molecules) and trigger intramolecular or intermolecular
transformations, for example 47- and 6m-photocyclization, hydrogen-atom abstraction, and 2+2
photocycloaddition reactions.”

While generally not absorbed by most organic molecules, visible light can be utilized in light-mediated
reactions through the use of photocatalysts. Transition metal complexes or organic photocatalysts
(Figure 1) absorb light to transform into an excited state to then catalyse the reaction between
substrates. The use of transition metal complexes as catalysts for photochemical reactions in organic
chemistry has gained traction in the late 2000s, thanks to the efforts of the Yoon, Stephenson and
MacMillan groups.®

[Ru(bpy)s]** Rhodamine 6G

Figure 1. Examples of transition metal complexes and organic photocatalysts.



2.2 Reactivity of electron donor-acceptor (EDA) complexes

One important strategy in organic photochemistry is the use of EDA complex reactivity under
irradiation (Scheme 5).° An electron donor-acceptor complex can be formed from an electron-rich and
an electron-poor molecule. Under irradiation by UV or visible light, an electron transfer can occur
within the EDA complex without the need for a photocatalyst to be present. A generated radical ion
pair (radical anion and radical cation) can undergo different reaction pathways such as additions,
eliminations and rearrangements or generate free radical ions.*

—_— B —_— : — —_—

+ = =
Coloured EDA

Acceptor

Scheme 5. EDA complex reactivity under irradiation.

In 2013, the Melchiorre group showed that chiral EDA complexes can be an integral part of asymmetric
transformations, in their case the a-alkylation of aldehydes with alkyl halides (Scheme 6).1' The
reported reaction could not be realized through a thermal pathway and necessitated visible light to
complete the reaction. Hence, highly organized EDA complexes can be a connection between
asymmetric synthesis and photochemistry.
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Scheme 6. a-Alkylation of aldehyde with alkyl halide via EDA complex.

In 2023, the OsSeka group reported a tetrabutylammonium decatungstate (TBADT) photocatalyzed
reaction between cyclopropanols and electron-deficient alkenes (Scheme 7).2 The decatungstate anion
[W1003,]* is a widely used photocatalyst for promoting hydrogen atom transfer (HAT) reactions under
UV light irradiation.>*> However, the O$eka group found that TBADT is also able to directly oxidize
cyclopropanols via the single-electron transfer (SET) mechanism. The group also disclosed the
formation of EDA complexes between electron-rich aromatic cyclopropanols and electron-deficient
alkenes, which allow the reaction to proceed under UV light irradiation via the photoinduced charge
transfer without the usage of a photocatalyst to facilitate the reaction (Scheme 7).2

/ :R
R EWG
HO f 2 370 nm
R TBADT (1-2 mol%) or

no catalyst (EDA complex 1-2)

Scheme 7. The photochemical reaction between cyclopropanol and electron-deficient alkene and the structure of the TBADT
photocatalyst.
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2.3 Asymmetric organocatalysis

In organic synthesis, transition metal catalysts are often used for performing various transformations.
However, the transition metals catalysts can be toxic, expensive and they are often unstable to
atmospheric conditions or sensitive to moisture. For synthetic organic chemistry, the use of small
organic molecules known as organocatalysts can be the solution. Organocatalysts are generally not as
toxic compared to transition metal catalysts. For enantioselective synthesis, chiral organocatalysts may
be used, many of which are either easily available from biological sources as single enantiomers or are
cheap to prepare compared to the transition metals.®

Asymmetric organocatalysis can use several modes of activation: covalent-bonding (i.e. enamine
catalysis and iminium catalysis) and non-covalent bonding catalysis (such as hydrogen-bonding and
phase transfer catalysis). Hydrogen bonding (Figure 2) is an attractive interaction between a hydrogen
atom that is covalently bonded to a more electronegative atom, and another electronegative atom
with an electron pair which can accept the hydrogen bond. Nitrogen, oxygen and fluorine are the most
prevalent hydrogen bond acceptors in organic molecules. Hydrogen bonding can be both
intermolecular and intramolecular.

H
VO /O\
/O"""'HU+ H
H

Figure 2. Example of a hydrogen bond between two H,0 molecules.

Hydrogen-bond catalysis is a type of organocatalysis relying on hydrogen bonding interactions to
control and accelerate organic reactions. Bifunctional organocatalysts are an example, forming
multiple hydrogen bonds with the substrate in a reaction (Scheme 8). The functional groups in the
organocatalysts can both donate or accept hydrogen bonds, which stabilize the substrates in a specific
way to induce enantioselectivity.

CF,

CF3

Scheme 8. Examples of hydrogen bonding amine-thiourea catalysts and the substrate activation model.
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3. Results and discussion

Our research aimed to develop an asymmetric photochemical reaction of an electron-rich
cyclopropanol and an electron-deficient alkene. The Oseka group showed the reaction before with the
formation of an EDA complex between the cyclopropanol and the alkene under 370 nm UV light
irradiation.? As the reacting alkenes are also well-known Michael acceptors, we envisioned the
possibility of developing an asymmetric version of this reaction with the addition of bifunctional
hydrogen-bonding chiral organocatalysts.

3.1 Synthesis of starting materials

3.1.1 Cyclopropanol synthesis

The synthesis of cyclopropanol 5 was carried out by the Kulinkovich reaction.® First, the Grignard
reagent ethylmagnesium bromide was synthesized from ethyl bromide and magnesium turnings with
96% vyield. Then, methyl 4-methoxybenzoate 4 reacted with methylmagnesium bromide,
ethylmagnesium bromide and titanium isopropoxide (Ti(OiPr),) to form cyclopropanol 5 with 49% yield
(Scheme 9).

~
o EtMgBr, MeMgBr, Ti(OiPr), o
/@AO s /©)<]
Et;0,0°C > rit
N ~o
4 5
49% yield

Scheme 9. Synthesis of 1-(4-methoxyphenyl)cyclopropan-1-ol.

3.1.2 Synthesis of Michael acceptors

Commercially available benzaldehyde 6 and malononitrile 7 were treated with sodium methoxide
(NaOMe) to obtain benzylidene malononitrile 8 with 85% yield (Scheme 10).

(0] _N
N N NaOMe 7
H + XXz @ —
SZ EtOH I
N
6 7 8
85% yield

Scheme 10. Synthesis of benzylidene malononitrile.
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(E)-3-benzylideneindolin-2-one 10 was synthesized from commercially available benzaldehyde 6 and
indolin-2-one 9 using pyrrolidine as a catalyst with 63% yield (Scheme 11).

O

6 9 10
63% yield

Scheme 11. Synthesis of (Z)-3-benzylideneindolin-2-one.

Oxindole 13 was synthesized from commercially available isatin 11. First, the amino group was
protected with tert-butyloxycarbonyl (Boc) group to obtain Boc-protected isatin 12 with 31% vyield,
which then underwent the Wittig reaction with phosphonium ylide to obtain 13 with 70% vyield
(Scheme 12).

Ph\ (0]
P~ ~ MeO,C
O (Boc),0, DMAP O /
>
\ 0o MeCN, rt, 12 h PhCHs rt, 48 h . 0o

H Boc Boc

1" 12 13
31% vyield 70% yield

Scheme 12. Synthesis of tert-butyl (E)-3-(2-methoxy-2-oxoethylidene)-2-oxoindoline-1-carboxylate 13.

Another potential alkene for a photochemical reaction, difluorovinylbenzonitrile 15, was synthesized
from 4-formylbenzonitrile 14, sodium chlorodifluoroacetate and triphenyl phosphine (PPhs) with 40%
yield (Scheme 13).

(0]
F F
0] ONa F
H Cl , PPhg N
> // F
N// DMF, r.t, 16 h N
14 15

40% yield

Scheme 13. Synthesis of 4-(2,2-difluorovinyl)benzonitrile 15.
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3.1.3 Synthesis of catalysts

9-amino(9-deoxy)epihydroquinine 18 was synthesized according to the literature procedure.'® Quinine
16 was first hydrogenated under continuous flow conditions using H-Cube® (Figure 3) to obtain
dihydroquinine 17 with 75% yield (Scheme 14). H-Cube® is a flow reactor that generates hydrogen gas
on demand through water electrolysis using sealed palladium-carbon catalyst cartridges, enabling fast
reactions with a high level of safety.

Figure 3. ThalesNano H-Cube® flow reactor.

Then, Mitsunobu and then Staudinger reactions were consequently performed in one-pot on
dihydroquinine 17 to transform the alcohol group into amine and inverse its configuration, thus
obtaining 9-amino(9-deoxy)epihydroquinine 18. Compound 18 was transformed into its ammonium
chloride salt and recrystallized for purification and subsequently neutralized to obtain compound 18
back with 80% yield (Scheme 14).

H-Cube
H,, Pd/C, 2 bar >N /ji/\—N
1 mL/min L~ "\ sOH  DIAD, DPPA, PPh; N
—
MeOH THF
16 17 18
75% yield 80% yield

Scheme 14. Synthesis of 9-amino(9-deoxy)epihydroquinine 18.

To obtain squaramide-based organocatalyst 20 with 81% yield, amine 18 reacted with squaramide
derivative 19 (Scheme 15). Product 20 was later used in photochemical reactions.

CF;

18 19
81% yield

Scheme 15. Synthesis of organocatalyst 20.
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Thiourea-based organocatalyst 22 was synthesized from amine 18 and isothiocyanate 21 with 33%
yield, and was also used in photochemical reactions (Scheme 16).

_—N
CF3 /ji\ CF

SCN CF, b
3

18 21

33% yield

Scheme 16. Synthesis of organocatalyst 22.

3.2 Photochemical reaction optimization in batch

All photochemical reactions were conducted in 10 mL Schlenk tubes, using photochemical reactor A
(370 nm) or B (395 nm) depending on the irradiation wavelength with both reactors being air cooled
and placed on top of a magnetic stirrer (Figure 4). For reaction optimization, cyclopropanol 5 was taken
as a model electron-rich substrate. Five different bifunctional organocatalysts were tested in the EDA-
complex-based photochemical reactions (Figure 5). Additionally, Lewis acid catalysis (scandium
trifluoromethanesulfonate (Sc(OTf)s) with pyridine bis(oxazoline) (PyBox) ligand) was explored to
induce chirality in the product (Figure 6). The objective of this reaction optimization was to achieve as
high an enantioselectivity as possible while maintaining an acceptable yield.

%0 \

R(¢

Schienk tubes

1
/ UV-LED lamp
A -

[ 3

Figure 4. Photochemical reactors A and B used for reaction optimization.
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Cat. IV

HJLHW
/N\
CF; Cat.ll
F3C,
FsC

Figure 5. Bifunctional hydrogen-bonding organocatalysts used in this work.

X

|
b
O NN
AN N
L1

Figure 6. PyBox ligand used in this work.

First, control experiments were performed with alkenes 10 and 15. Their photochemical reaction with
cyclopropanol 5 showed no reactivity and due to those results the alkenes were not used for further

optimization.

Then, benzylidene malononitrile 8 and cyclopropanol 5 were used to perform the photochemical
reaction in dichloromethane under 370 nm irradiation. With all four different catalysts, this reaction
gave low yields and no enantioselectivity was achieved except for the catalyst lll, which gave a very
low enantioselectivity (ee 7%) of the product 23 (Table 1, entries 1-4). Due to these results, alkene 5

was not used for photochemical reaction optimization any further.

Cat. V

CF3

N
I|!

OH N catalyst (10 mol%) 0
A
+ > O
~ INI 0.1 M CH,Cl,, 23 h ~o
370 nm LED, Ar, 28 °C O
5 8 23
1.5 equiv 0.2 mmol

Entry Catalyst NMR yield, %! ee, %!
1 Cat. | 28 racemic
2 Cat. ll 26 racemic

3 Cat. lll 25 7
4 Cat. IV 26 racemic

Table 1.12] Reaction optimization in batch. [a] Reaction conditions: alkene 8 (0.2 mmol), cyclopropanol 5 (1.5 equiv.), catalyst
(10 mol%), 0.1 M CH,Cl;, 370 nm LED, under Ar, 28 °C, 23 h. The reactions were performed in reactor A with 370 nm
irradiation. [b] Yield was determined by 'H NMR analysis of the crude reaction mixture against triphenylmethane as an

internal standard. [c] ee was determined by chiral HPLC analysis.
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Next, a control experiment with alkene 13 was performed at 370 nm without addition of a catalyst.
Product 24 was obtained in 26% NMR yield and was racemic. (Table 2, entry 1). Then, Sc(OTf); together
with a PyBox ligand L1 were added to see if a Lewis acid catalyst could introduce enantioselectivity in
this reaction. This gave a low yield (17%) and enantioselectivity (ee 10%/14%) with a diastereomeric
ratio of 1.4:1 (Table 2, entry 2). Afterwards, the focus was put on using hydrogen-bonding
organocatalysts. Bifunctional thiourea-based catalyst V gave 21% yield of the ketone 24 (Table 2, entry
3) and only achieved major diastereomer enantioselectivity (ee 13%/0%) with a diastereomeric ratio
of 1.8:1, therefore catalyst V was no longer used. The reaction with bifunctional squaramide-derived
catalyst | gave product 24 with 24% vyield, very low enantioselectivity (ee 10%/3%) and a
diastereomeric ratio of 1.6:1 (Table 2, entry 4). Due to these results, the amount of catalyst | was
increased to 20 mol%, which gave a similar yield of the ketone 24 (26%), but higher enantioselectivity
compared to the previous experiments (ee 13%/19%) with a diastereomeric ratio of 1.2:1 (Table 2,
entry 5). The addition of TBADT as a photocatalyst gave a similarly low diastereomeric ratio of 1.3:1
and moderate yield (48%) but lower enantioselectivity (ee 6%/10%) (Table 2, entry 6). The addition of
catalyst Il was slightly more beneficial for the enantioselectivity (ee 13%/22%) and a diastereomeric
ratio of 1.6:1 (Table 2, entry 7). Lastly, two experiments were conducted at 395 nm in the reactor B.
This wavelength was chosen as a milder light source to avoid side product formation. Catalyst | was
used for both reactions, the difference this time being the solvent. In dichloromethane, a higher yield
(39%), slightly lower enantioselectivity (13%/12%) and diastereomeric ratio of 1.6:1 was achieved
(Table 2, entry 8). The usage of toluene gave a similar yield (29%), enantioselectivity (ee 16%/16%) and
diastereomeric ratio (1.4:1) (Table 2, entry 9). All experiments showed full conversions of starting
materials.

0
OH MeO2C
. / catalyst ~o O CO,Me
~o o 0.1 M solvent o
N LED, Ar, 28 °C
ocC
BocN

5 13 24
1.5 equiv 0.2 mmol
Entry Catalyst Solvent | Irradiation | Wavelength, NMR ee, %! d.r.l]
time, h nm yield, %!
1 - CH2Cl2 19 370 26 racemic -
2 5 mol% Sc(OTf)s CH2Cl> 22 370 17 10/ 14 1.4:1
6 mol% ligand L1
3 10 mol% cat. V CHCl> 22 370 21 13/0 1.8:1
4 10 mol% cat. | CHCl> 22 370 24 10/3 1.6:1
5 20 mol% cat. | CHCl> 20 370 26 13/19 1.2:1
6 1 mol% TBADT CH2Cl> 20 370 48 6/10 1.2:1
20 mol% cat. |

7 20 mol% cat. Il CHCl> 20 370 18 13/22 1.3:1
8 20 mol% cat. | CH2Cl> 22 395 39 13/12 1.4:1
9 20 mol% cat. | PhCH3 22 395 29 16/ 16 1.4:1

Table 2.[2] Reaction optimization in batch [a] Reaction conditions: alkene 13 (0.2 mmol), cyclopropanol 5 (1.5 equiv.), catalyst,
solvent (0.1 M), LED, under Ar, 28 °C. [b] Yield was determined by *H NMR analysis of the crude reaction mixture against
triphenylmethane as an internal standard. [c] ee and d.r. were determined by chiral HPLC analysis.
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In summary, the addition of bifunctional hydrogen-bonding organocatalysts did not influence the yield
of the reaction, which remained consistent for both alkenes employed. Notably, only the addition of
TBADT resulted in a significant yield increase, nearly doubling it compared to organocatalyzed
reactions. The structural composition of the alkene proved pivotal in determining enantioselectivity
outcomes: while the reaction of benzylidene malononitrile 8 primarily yielded racemic products,
oxindole 13 displayed moderate enantioselectivity. Utilizing Lewis acid catalysis with Sc(OTf)s/PyBox
ligand in the reaction of alkene 13 resulted in a lower yield compared to the control experiment (entry
1), albeit with similar enantioselectivity. Minimal enantioselectivity was achieved in the reaction of
alkene 13 with the addition of catalysts I and V. Increasing the amount of organocatalyst | improved
enantioselectivity, while yields remained unchanged. Altering the irradiation wavelength to 395 nm or
using toluene as a solvent instead of dichloromethane did not significantly impact the results. The
most favorable outcomes, obtained with alkene 13 and catalysts | and Il, yielded approximately 25%
NMR yield, up to 16% major diastereomer ee, 22% minor diastereomer ee, and a diastereomeric ratio
of 1.6:1 for product 24. We assume that enantioselectivity was low because the racemic reaction
proceeded quickly even without an added catalyst, and the addition of the catalyst did not create a
more favorable reaction pathway. We also speculate that the yield of the reactions, despite full
conversion of starting materials, was low due to the formation of side products.

18



4. Conclusions

e Starting materials (cyclopropanol 5, alkenes 8, 10, 13, 15) and the organocatalysts 20 and 22
were synthesised for the later use in photochemical reactions.

e The organocatalyzed photochemical reaction of electron-rich cyclopropanol and electron-
deficient alkene was screened using cyclopropanol 5 and alkenes 8 and 13, with the best
results giving the yield of 25% and enantioselectivity of 16%/22%.

e |t was observed that the enantioselectivity of the radical addition reactions via EDA complex
formation depended on the structure of alkene used. Alkene 8 gave almost only racemic
products, while usage of alkene 13 resulted in low enantioselectivities with all organocatalyzed
reactions.

e Increasing the amount of organocatalyst | from 10 to 20 mol% slightly improved the
enantioselectivity of the product 24.
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5. Experimental procedure
5.1 General information

'H and 3C spectra were recorded on a Bruker Avance Ill instrument at 400 MHz for *H and 100.6 MHz
for 3C. 'H nuclear magnetic resonance (NMR) spectra are reported in parts per million (ppm)
downfield relative to chloroform-d and methanol-d,. High-performance liquid chromatography (HPLC)
analyses were performed using Chiralpak AD-H and OD-H chiral columns. Precoated silica gel plates
from Merck (DC-Kieselgel 60 Fs4) were used for thin-layer chromatography (TLC) analysis. Flash
column chromatography was performed on a Biotage® Isolera Prime with VWR Chemicals silica gel
(0.040-0.063 mm). Commercial reagents were used as received.

5.2 Synthetic procedures for starting compounds and catalysts

5.2.1 Synthesis of 1-(4-methoxyphenyl)cyclopropan-1-ol (5)

EtBr + Mg ——— = EtMgBr
Etzo, r.t

Magnesium turnings (23.5 mmol, 0.6 g, 1.0 equiv.) were added to a 50 mL 2-neck flask equipped with
a condenser and the flask was filled with argon. An iodine crystal was then added and heated until
sublimated to activate the magnesium. Ethyl bromide (25.9 mmol, 1.9 mL, 1.1 equiv.) solution in dry
diethyl ether (16 mL) was added to the magnesium suspension at a controlled speed to maintain the
mixture at reflux. When the exothermic reaction stopped, the reaction mixture was stirred for 10
additional minutes to obtain 1.5 M EtMgBr solution in Et,0.

EtMgBr, MeMgBr, Ti(OiPr)4
o - T
Et,0,0°C ->r.t

4 5

A 3 M solution of MeMgBr (22.5 mmol, 7.5 mL, 1.5 equiv.) in diethyl ether (7 mL) was added within 5
min by syringe to a solution of titanium isopropoxide (4.3 g, 1.0 equiv.) in dry diethyl ether (7 mL). The
resulting yellow solution was cooled to 0 °C and methyl 4-methoxybenzoate 4 (15.0 mmol, 2.5 g, 1.0
equiv.) in diethyl ether (8 mL) was then added. A 1.5 M solution of EtMgBr (22.5 mmol, 15.0 mL, 1.5
equiv.) in diethyl ether (12 mL) was added over 30-40 min. The resulting reaction mixture was allowed
to warm to room temperature, then stirred overnight. The reaction was then quenched at 0 °C by
careful addition of cold 10% sulfuric acid solution (70 mL) and was extracted with diethyl ether (3 x 30
mL). The combined organic layers were washed with saturated sodium bicarbonate solution, brine and
dried with magnesium sulfate. After the evaporation of solvent under reduced pressure, 1-(4-
methoxyphenyl)cyclopropan-1-ol 5 (1.2 g, 49% yield) was isolated by flash column chromatography on
silica gel (gradient of 2->40% diethyl ether/petroleum ether). 'H NMR (400 MHz, CDCl3) § 7.26 (d, J =
8.8 Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H), 3.80 (s, 3H), 2.50 (s, 1H), 1.26 — 1.14 (m, 2H), 1.04 — 0.91 (m, 2H).
(Extra 1)
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5.2.2 Synthesis of 2-benzylidenemalononitrile (8)

0 _N

NaOMe U
Naw N
H + DN 7 B
©A T T o |
N

6 7 8

A solution of benzaldehyde 6 (47 mmol, 4.8 mL, 1.0 equiv.) and malononitrile 7 (47 mmol, 3.1 g, 1.0
equiv.) in ethanol (240 mL) was treated with NaOMe (4.7 mmol, 0.3 g, 0.1 equiv.) portion wise, stirred
at room temperature for 2 - 3 h, cooled to 0 °Cin an ice bath, and filtered. The precipitate was washed
with ethanol and the solvent was evaporated under reduced pressure to obtain the 2-
benzylidenemalononitrile 8 (6.2 g, 85% yield). *H NMR (400 MHz, CDCl5) § 7.95 - 7.88 (m, 2H), 7.78 (s,
1H), 7.68 — 7.59 (m, 1H), 7.59 — 7.50 (m, 2H). (Extra 2)

5.2.3 Synthesis of (E)-3-benzylideneindolin-2-one (10)

0 CNH O
” EtOH O o

N
H
6 9 10

A mixture of indolin-2-one 9 (4.7 mmol, 630 mg, 1.0 equiv.), benzaldehyde 6 (4.7 mmol, 500 mg, 1.0
equiv.) and pyrrolidine (0.50 mmol, 38 uL, 0.1 equiv.) in ethanol (16 mL) was heated to reflux for 2
hours and then quenched by water. A large amount of solid was precipitated, the filtered, and dried
under high vacuum to obtain (E)-3-benzyleneindolin-2-one 10 (650 mg, 63% vyield). The isolated
product was determined to be the E isomer after comparing with the isolated £ and Z isomer NMR
spectra from the literature.?’ *H NMR (400 MHz, CDCls) § 9.05 (s, 1H), 7.86 (s, 1H), 7.72 = 7.61 (m, 3H),
7.52—7.41 (m, 3H), 7.22 (td, J = 7.7, 1.2 Hz, 1H), 6.96 — 6.92 (m, 1H), 6.87 (td, J= 7.7, 1.1 Hz, 1H). (Extra
3)

5.2.4 Synthesis of tert-butyl (E)-3-(2-methoxy-2-oxoethylidene)-2-oxoindoline-1-carboxylate

(12)
0 (Boc),0, DMAP o
(-0 - (L
N MeCN, rt, 12 h N

Boc

1 12

Commercially available isatin 11 (8.0 mmol, 1.2 g, 1.0 equiv.) was dissolved in acetonitrile (40 mL) and
cooled to 0 °C. To this solution were added 4-(dimethylamino)pyridine (DMAP) (0.8 mmol, 0.1 g, 0.10
equiv.) and di-tert-butyl decarbonate ((Boc),0) (9.6 mmol, 2.1 g, 1.2 equiv.) and the mixture was stirred
at room temperature for 12 h. The reaction mixture was then cooled to 0 °C and quenched with
saturated aqueous ammonium chloride. The aqueous layer was extracted with ethyl acetate, the
combined organic layers were washed with 0.5 M hydrochloric acid solution and saturated solution of
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sodium bicarbonate and then dried over sodium sulfate. After the removal of solvent, the crude was
purified by flash column chromatography on silica gel (gradient of 2->25% ethyl acetate/petroleum
ether) to obtain the product N-Boc-protected isatin 12 (0.6 g, 31% yield).

Ph o)

~p? ~ MeO,C

o] Ph/l?/\n/ 2
Ph O y/

0 >
N PhCH3, r.t, 48 h N 0
Boc Boc
12 13

A solution of tert-butyl 2,3-dioxoindoline-1-carboxylate 12 (2.4 mmol, 0.61 g, 1.0 equiv.) and
phosphonium ylide (2.7 mmol, 0.89 g, 1.1 equiv.) in toluene (8 mL) was stirred at room temperature
for 48 hours. The solvent was evaporated under vacuum and crude product was purified by flash
column chromatography on silica gel (gradient of 2->15% ethyl acetate/petroleum ether) to obtain
tert-butyl (E)-3-(2-methoxy-2-oxoethylidene)-2-oxoindoline-1-carboxylate 13 (0.51 g, 70% vyield). *H
NMR (400 MHz, CDCls) 6 8.69 (dd, /= 7.8, 1.4 Hz, 1H), 7.92 (dt, J = 8.3, 0.9 Hz, 1H), 7.44 (ddd, J = 8.4,
7.6, 1.4 Hz, 1H), 7.20 (td, J = 7.7, 1.1 Hz, 1H), 6.92 (s, 1H), 3.88 (s, 3H), 1.65 (s, 9H). (Extra 4)

5.2.5 Synthesis of 4-(2,2-difluorovinyl)benzonitrile (15)

(@]
E F
O ONa F
H Cl , PPh3 X
> _ F
N// DMF, r.t, 16 h N7
14 15

To a solution of 4-formylbenzonitrile 14 (7.0 mmol, 0.92 g, 1.0 equiv.) and triphenyl phosphine (PPhs)
(8.4 mmol, 2.2 0g, 1.2 equiv.) in dimethylformamide (14 mL) was added sodium chlorodifluoroacetate
(14 mmol, 2.13 g, 2.0 equiv.) and the mixture stirred at room temperature for 16 hours. After the
aldehyde was consumed completely, water was added to the reaction slowly and the mixture was
extracted with aqueous 5% solution of lithium chloride and then a 1:1 mix of petroleum ether and
diethylether. The combined organic layer was dried over sodium sulfate, filtrated, and concentrated
under reduced pressure. The residue was purified by column chromatography on silica gel (gradient of
2->10% ethyl acetate/petroleum ether) to obtain 4-(2,2-difluorovinyl)benzonitrile 15 (0.48 g, 40%
yield). 'H NMR (400 MHz, CDCls) § 7.64 — 7.59 (m, 2H), 7.45 — 7.39 (m, 2H), 5.33 (dd, J = 25.6, 3.4 Hz,
1H). (Extra 5)
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5.2.6  Synthesis of 9-amino(9-deoxy)epihydroquinine (18)

H-Cube
H,, Pd/C, 2 bar g
1 mL/min .
>
MeOH
16 17

9-amino(9-deoxy)epihydroquinine 18 was synthesized according to a procedure reported in the
literature®®. Compound 16 (6.0 mmol, 1.95 g, 1.0 equiv.) was dissolved in methanol (110 mL) and then
hydrogenated in the H-Cube® at a pressure of 2 bar and with a flow rate of 1 mL/min to obtain (1S)-
((4S,5R)-5-ethylquinuclidin-2-yl)(6-methoxyquinolin-4-yl)methanol 17 (1.46 g, 75% yield). 'H NMR
(400 MHz, CDCl3) & 8.79 — 8.63 (m, 1H), 8.00 (d, J = 9.2 Hz, 1H), 7.52 (d, J = 4.5 Hz, 1H), 7.34 (dd, J =
9.2, 2.7 Hz, 1H), 7.25 (s, 1H), 5.55 (s, 1H), 3.91 (s, 3H), 3.51 — 3.25 (m, 1H), 3.15 (q, J = 8.9 Hz, 1H), 3.08
(dd, J=13.5,9.9 Hz, 1H), 2.95 (s, 1H), 2.73 — 2.55 (m, 1H), 2.40 (d, /= 13.5 Hz, 1H), 1.84 — 1.76 (m, 1H),
1.76 — 1.59 (m, 2H), 1.58 — 1.48 (m, 1H), 1.49 — 1.37 (m, 2H), 1.33 — 1.18 (m, 2H), 0.82 (t, J = 7.3 Hz,
3H). (Extra 6)

DIAD, DPPA, PPh3

THF

17 18

To (15)-((4S,5R)-5-ethylquinuclidin-2-yl)(6-methoxyquinolin-4-yl)methanol 17 (4.5 mmol, 1.5 g, 1.0
equiv.) was added half of the PPhs3 (2.7 mmol, 0.7 g, 0.60 equiv.). The air was evacuated under vacuum
and the flask was refilled with argon gas three times. Anhydrous tetrahydrofuran (18 mL) was added
to the flask with a syringe and stirred until the solid completely dissolved. The reaction mixture was
cooled down to 0 °C using a water-ice bath and stirred for a further 5 min. Diisopropyl azodicarboxylate
(DIAD) (5.4 mmol, 1.1 mL, 1.2 equiv.) was slowly added with a syringe to the cold solution during 5
minutes. 5 minutes after the addition, diphenylphosphoryl azide (DPPA) (5.4 mmol, 1.2 mL, 1.2 equiv.)
was added dropwise for 15 minutes and the mixture was stirred for a further 15 minutes at 0 °C. After
stirring, the cooling bath was removed, and the mixture was allowed to warm up to room temperature.
The mixture was stirred for 2.5 h at room temperature during which it became a yellowish suspension.
Then the mixture is heated to 50 °C and stirred for a further 2 h, during which it became homogenous
again. The rest of the PPhs (2.7 mmol, 0.70 g, 0.60 equiv.) was added to the solution. The mixture was
then stirred overnight at 50 °C. Water (3.5 mL) was added to the mixture. The mixture was then stirred
for 4 h at 45 °C and overnight at room temperature.
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18 25

The mixture was transferred to a round-bottom flask using dichloromethane and solvents were then
removed under reduced pressure. Dichloromethane (22 mL) was added to the mixture, which was
then stirred until homogenous. 2 M aqueous hydrochloric acid solution (22 mL) was slowly added to
the mixture while stirring vigorously for 10 minutes. Then the mixture was extracted with
dichloromethane and solvents were removed under reduced pressure to obtain a bright yellow solid.
To purify the hydrochloride salt via recrystallization, it was dissolved in a minimum amount of
methanol (5.5 mL) to fully dissolve it while heating the mixture to reflux. Ethyl acetate (2.4 mL) was
slowly added until the opalescence of the mixture becomes persistent. The flask was allowed to cool
down to room temperature before being refrigerated to 0-4 °C. Overnight, recrystallization was
allowed to take place. The mixture was filtrated to separate the solid crystals, which were then washed
by ethyl acetate previously cooled to 5-10 °C using an ice bath. The solvent in the mother liquid was
removed under reduced pressure and the recrystallization was performed using methanol (5 mL) and
ethyl acetate (2 mL). The solid was then dried under reduced pressure to obtain (1R)-((2S,4S,5R)-5-
ethylquinuclidin-2-yl)(6-methoxyquinolin-4-yl)methanaminium chloride 25 (1.1 g, 59% yield).*H NMR
(400 MHz, CDs0D) 6 9.22 (d, J=5.8 Hz, 1H), 8.63 (d, J = 5.8 Hz, 1H), 8.34 (d, /= 9.4 Hz, 1H), 8.20-8.06
(m, 1H), 7.96 (dd, J = 9.4, 2.5 Hz, 1H), 6.12 (d, J = 10.5 Hz, 1H), 4.41 — 4.25 (m, 1H), 4.23 (s, 3H), 3.83
(dd,J=12.9, 10.4 Hz, 1H), 3.58 — 3.45 (m, 1H), 3.41 —3.32 (m, 1H), 2.16 — 1.82 (m, 6H), 1.72 — 1.45 (m,
2H), 1.09 (dd, J = 13.8, 8.0 Hz, 1H), 0.94 (t, J = 7.4 Hz, 3H). (Extra 7)

S NH,OH
cl H
E— .
CH,Cl, -0
25 18

Previously obtained (1R)-((25,4S,5R)-5-ethylquinuclidin-2-yl)(6-methoxyquinolin-4-yl)methanaminium
chloride 25 (3.0 mmol, 1.1 g, 1.0 equiv.) was dissolved in dichloromethane (7 mL). While stirring the
mixture, 5 M aqueous solution of ammonium hydroxide (4 mL) was added slowly and stirred vigorously
for 5 min. The aqueous layer was extracted with dichloromethane, the combined organic layers were
dried with sodium sulfate and the solvent was removed under reduced pressure to obtain 9-amino(9-
deoxy)epihydroquinine 18 (0.80 g, 80% yield). *H NMR (400 MHz, CDCls) 6 8.75 (d, J = 4.5 Hz, 1H), 8.03
(d, J = 9.2 Hz, 1H), 7.65 (s, 1H), 7.47 (d, J = 4.6 Hz, 1H), 7.38 (dd, J = 9.2, 2.7 Hz, 1H), 4.59 (d, J = 10.2
Hz, 1H), 3.97 (s, 3H), 3.34 - 3.13 (m, 2H), 3.10 - 2.98 (m, 1H), 2.78 (ddd, J = 14.8, 10.4, 5.2 Hz, 1H), 2.52
(ddd, J = 13.6, 4.8, 2.5 Hz, 1H), 1.66 — 1.19 (m, 7H), 0.82 (t, J = 7.3 Hz, 3H), 0.74 (ddt, J = 13.7, 7.5, 1.8
Hz, 1H). (Extra 8)
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5.2.7 Synthesis of 3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-(((1R)-((4S,5R)-5-
ethylquinuclidin-2-yl)(6-methoxyquinolin-4-yl)methyl)amino)cyclobut-3-ene-1,2-dione
(20)

18 19

To a stirred solution of 9-amino(9-deoxy)epihydroquinine 18 (1.1 mmol, 360 mg, 1.0 equiv.) in
dichloromethane (13 mL) was added 3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-methoxycyclobut-3-
ene-1,2-dione 19 (1.1 mmol, 360 mg, 1.1 equiv). After stirring for 72 h, the solvent was evaporated
and the crude reaction mixture was purified by flash column chromatography on silica gel (gradient of
10->100% acetonitrile/H,0) to obtain 3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-(((1R)-((25,4S,5R)-
5-ethylquinuclidin-2-yl)(6-methoxyquinolin-4-yl)methyl)amino)cyclobut-3-ene-1,2-dione 20 (540 mg,
81% yield). 'H NMR (400 MHz, CD30D) 6 8.75 (d, J = 4.7 Hz, 1H), 8.03 — 7.93 (m, 3H), 7.90 (s, 1H), 7.66
(d, J=4.7 Hz, 1H), 7.49 (s, 1H), 7.46 (dd, J = 9.3, 2.6 Hz, 1H), 6.31 (d, J = 11.0 Hz, 1H), 4.02 (s, 3H), 3.59
(g,J=9.2 Hz, 2H), 2.84 — 2.71 (m, 1H), 2.61 (dd, / = 14.0, 3.6 Hz, 1H), 1.74 — 1.51 (m, 6H), 1.50 — 1.36
(m, 2H), 0.90 (t, / = 7.3 Hz, 3H), 0.72 (dd, / = 13.5, 7.2 Hz, 1H). (Extra 9)

5.2.8 Synthesis of 1-(3,5-bis(trifluoromethyl)phenyl)-3-((1R)-((4S,5R)-5-ethylquinuclidin-2-
yl)(6-methoxyquinolin-4-yl)methyl)thiourea (22)

SCN CF,

18 21

To a solution of 9-amino(9-deoxy)epihydroquinine 18 (1.3 mmol, 430 mg, 1.0 equiv.) in dry
tetrahydrofuran (4.0 mL) was slowly added a solution of 3,5-bis(trifluoromethyl)phenyl isothiocyanate
21 (1.3 mmol, 240 pL, 1.0 equiv.) in 2 mL of dry tetrahydrofuran at ambient temperature. The mixture
was stirred overnight, and the solvent was removed in vacuo. The residue was purified by flash column
chromatography on silica gel (gradient of 20->100% acetonitrile/H,0) to obtain 1-(3,5-
bis(trifluoromethyl)phenyl)-3-((1R)-((2S,4S,5R)-5-ethylquinuclidin-2-yl)(6-methoxyquinolin-4-
yl)methyl)thiourea 22 (260 mg, 33% yield). *H NMR (400 MHz,CDsOD) 6 8.69 (d, J = 4.8 Hz, 1H), 8.10
(d, J= 1.8 Hz, 3H), 7.95 (d, J = 9.2 Hz, 1H), 7.62 — 7.59 (m, 1H), 7.58 (d, J = 4.8 Hz, 1H), 7.46 (dd, J = 9.2,
2.7 Hz, 1H), 6.36 (d, J = 11.2 Hz, 1H), 4.03 (s, 3H), 3.60 (t, J = 13.7 Hz, 1H), 3.40 (q, J = 9.5 Hz, 1H), 2.93
—2.72(m, 1H), 2.53 (ddd, J= 13.5, 5.2, 2.4 Hz, 1H), 1.83 = 1.67 (m, 1H), 1.67 — 1.47 (m, 3H), 1.37 (dddd,
J=20.8,19.1,13.7, 8.4 Hz, 3H), 0.86 (t, J = 7.3 Hz, 3H), 0.84 (s, 1H). (Extra 10)
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5.3 General procedure and setup of the photochemical reactions.

5.3.1 Photochemical batch reaction setup

All photochemical experiments at 370 nm were carried out in 10 mL Schlenk tubes placed into a 3D
printed reactor designed by Noél group?! (Reactor A) and irradiated with a Kessil PR160 43 W 370 nm
lamp (Figure 4). A computer fan was attached to the bottom of the reactor for cooling. The intensity
of the light was regulated to 100% for each reaction, but could be regulated (25, 50 or 75%) differently.
All photochemical experiments at 395 nm were carried out in 10 mL Schlenk tubes placed into a
custom reactor (Reactor B) and irradiated by a 395 nm UV-LED strip (Figure 4). Air was blown into the
reactor via a tube for cooling.

5.3.2 General procedure for organocatalyzed photochemical reactions.

o) R,

OH
R catalyst
O P - Y e
\O R 0.1 M solvent, 19-23 h \O R4
5

370/395 nm LED, Ar, 28 °C
1.5 equiv 0.2 mmol

In an oven-dried 10 mL Schlenk tube equipped with a stirring bar, alkene (0.2 mmol), cyclopropanol 5
(0.3 mmol, 1.5 equiv.) and catalyst were dissolved in the solvent (1 mL, 0.1 M). The tube was capped,
and the reaction mixture was degassed three times via three cycles of freeze-pump-thaw and then
back-filled with argon gas. The Schlenk tube was then placed in the reactor and irradiated at 370 or
395 nm for 19-23 h at ambient temperature. After the completion of the reaction, the solvents were
removed by evaporation. The NMR of crude reaction mixture was measured against triphenylmethane
as standard.

5.3.3 Procedures for HPLC analysis

Crude reaction mixture and product was separated using a TLC plate with petroleum ether:ethyl
acetate 2:1 as an eluent. TLC silica gel containing product was scraped off the TLC plate into an
Eppendorf and the solid was extracted with a 2:1 mixture of n-hexane:i-propanol and filtered. 20 uL
of the filtrate was injected into the HPLC with the following methods:

e HPLC conditions for the compound 2-(4-(4-methoxyphenyl)-4-oxo-1-
phenylbutyl)malononitrile 23: Chiralpak AD-H, n-hexane:i-propanol 8:2, flow rate 1.0 ml/min,
25°C,A =210 nm.

e HPLC conditions for the compound tert-butyl 3-(1-methoxy-5-(4-methoxyphenyl)-1,5-
dioxopentan-2-yl)-2-oxoindoline-1-carboxylate 24: Chiralpak OD-H, n-hexane:i-propanol 9:1,
flow rate 1.5 ml/min, 35 °C, A = 254 nm.
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Abstract

Many molecules abundantly found in nature are chiral and can be easily used as building blocks for
chiral reagents. Their abundance makes these reagents ecologically friendly, which is why it is
important to develop chemistry that leverages them. The development of enantioselective reactions
is crucial for various fields, such as pharmacology and agrochemical manufacturing, because
enantiomers of molecules often have different effects. The more enantioselective the reaction, the
greener it is, since less purification is required, thereby reducing waste. Combining photochemistry
with asymmetric synthesis is another step towards greener chemistry due to the benefits and
efficiency of light irradiation compared to traditional thermal reactions.

The main objective of this work was to optimize the asymmetric photochemical reaction of electron-
rich cyclopropanols and electron-deficient alkenes proceeding via EDA complex formation, with the
aim of inducing enantioselectivity through the addition of an organocatalyst.

For this work, several starting compounds and organocatalysts were synthesized with low to high
yields. Two different electron-poor alkenes were used as substrates for photochemical reaction
optimization and five different bifunctional organocatalysts were used as additives among some
different reagents. The best results for optimization of the reaction were a 29% vyield with
enantioselectivities of 16% for the major diastereomer and 22% for the minor diastereomer and a
diastereomeric ratio of 1.6:1. The results of the asymmetric photochemical reaction optimization -
showing low yields and low enantioselectivities - indicate that there is still significant optimization
needed before the commercial use of such a reaction is feasible.
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Annotatsioon

Paljud looduses ohtralt leiduvad molekulid on kiraalsed ning neid on kerge kasutada kiraalsete
reagentide alustena. Molekulide rohkus teeb need 6koloogiliselt sGbralikuks ehk roheliseks, mistottu
on tahtis arendada keemiat, mis selliseid molekule kasutab. Enantioselektiivsete reaktsioonide
arendamine on Ulioluline valdkondades nagu farmakoloogia ja agrokeemiatd6stus, kuna molekulide
enantiomeeridel voivad tihti olla erinevad méjud. Mida suurem enantioselektiivsus, seda rohelisem
on reaktsioon, sest vihem puhastamist on vaja teostada ja seega tekib jadtmeid vahem. Fotokeemia
kombineerimine asimmeetrilise slinteesiga on jargmine samm rohelisema keemia poole tanu
valgusega indutseeritud reaktsioonide eelistele ja tdhususele vorreldes harilike soojusega
aktiveeritud reaktsioonidega.

Selle t66 peamine eesmark oli asimmeetrilise fotokeemilise reaktsiooni optimeerimine, mis toimub
elektron-rikaste tsiiklopropanoolide ja elektron-vaeste alkeenide vahel tanu elektron doonor-
aktseptor (EDA) kompleksile, ja enantioselektiivsuse saavutamine reaktsioonis labi
organokataliisaatori lisamise.

Mitu lahtereagenti ja organokatallisaatorit slinteesiti selle t66 raames, saavutades nii madalaid kui
korgeid saagiseid. Kahte erinevat electron-vaest alkeeni kasutati substraatidena fotokeemilise
reaktsiooni optimeerimiseks ning viite erinevat organokatallisaatorit kasutati lisanditena peale mdne
teise reagendi. Parimad tulemused reaktsiooni optimeerimisele olid 29% saagis, 16% peamise
diastereomeeri enantioselektiivsus, 22% vaiksema diastereomeeri enantioselektiivsus ja 1.6:1
diastereomeerne suhe. Asimmeetrilise fotokeemilise reaktsiooni optimeerimise tulemused —
madalad saagised ja enantioselektiivused — nditavad, et veel on vaja markimisvaarselt palju
optimeerimist |abi viia, enne kui sellise reaktsiooni kaubanduslik kasutus on teostatav.
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Extra 17. The HPLC chromatogram of 24 for Table 2, entry 2.
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Extra 18. The HPLC chromatogram of 24 for Table 2, entry 3.
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Extra 19. The HPLC chromatogram of 24 for Table 2, entry 4.
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Extra 20. The HPLC chromatogram of 24 for Table 2, entry 5.
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Extra 21. The HPLC chromatogram of 24 for Table 2, entry 6
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Extra 22. The HPLC chromatogram of 24 for Table 2, entry 7.
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Extra 23. The HPLC chromatogram of 24 for Table 2, entry 8.
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Extra 24. The HPLC chromatogram of 24 for Table 2, entry 9.
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