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Chapter 1 Light-induced Homolysis of Copper(ll)-complexes

Chapter 1 Light-induced Homolysis of Copper(ll)-complexes
1.1 Abstract

In the past ten years powerful strategies have been developed in the field of photocatalysis
regarding the functionalization of compounds via radical intermediaries in a selective manner.
The shift towards earth-abundant metal-based photocatalysts is currently less explored, in
comparison to the well-established iridium- or ruthenium-based photocatalysts, which fulfil the
requirements of a photocatalyst, such as long excited-state lifetimes and photostability.
Although only having excited-state lifetimes in the low millisecond range or below, the idea of
light-induced homolysis (LIH) for producing radicals has recently attracted significant interest
as a potential platform for initiating photoreactions using earth-abundant 3d-metal complexes.
Exploiting this idea involves the use of Cu(ll)-complexes, which will be presented by

demonstrating current advancements in organic synthesis with an eye toward the field's future.
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This chapter is based on: A. Reichle™ and O. Reiser’, Chem. Sci., 2023, 14, 4449. (*fA.R. and

O.R.jointly wrote the manuscript).

1.2 Introduction

One of the main goals of synthetic chemistry is to discover novel strategies for creating and
destructing chemical bonds in straightforward procedures. Thus, there is great interest in
developing catalytic techniques for the activation of tiny molecules in order to use resources
and feedstocks sustainably. Visible light photocatalysis has developed into a potent technology
to permit synthetic transformations in recent years. One of the newest fields in organic
chemistry, synthetic green chemistry was first envisioned by Italian chemist G. Ciamican in
1912, and its success and growth have since been predicted.) The simplest scenario for
forming a classical chemical bond involves an ionic path connecting electrophiles and
nucleophiles. The lack of selectivity associated with the relatively harsh conditions required to
generate such species, despite the background knowledge about how to synthesize new
chemical bonds using radical species, hindered the development of sustainable radical

pathways for organic synthesis!®l, despite impressive breakthroughs in this field.[*l Radicals of
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many different types have become available with recent advancements in using light as an
alternative to temperature conditions, opening up new avenues for designing organic
syntheses. The heavy transition-metal polypyridinyl complexes based on iridium and
ruthenium were undoubtedly the most frequently used as the major photocatalysts for this
purpose. These metal-based complexes have excellent characteristics, such long excited-
state lifetimes, high visible-light absorption coefficients, and strong oxidation and reduction
potentials that are necessary to activate substrates through single electron transfer events
(SET). However, they are disadvantageous in terms of sustainability and abundance.! As a
result, there is an increased strive to create a paradigm shift from expensive Ir- and Ru-based
photocatalysts to more environmentally benign and abundant 3D metals like Cu, Fe, Co, Ni, or
Mn.l71 Nevertheless, due to the typical ultrashort excited-state lifetimes of such metal
complexes in the pico- or at most in the low nanosecond range,® bimolecular processes via

an outer-sphere mechanism are unlikely.
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Figure 1. Abundance (atom fraction) of the chemical elements in Earth's upper continental crust as a
function of atomic number. (Figure adapted from Ref. [5], Creative Commons, public domain).

Notwithstanding, it is possible to create homo- and heteroleptic copper(l)-complexes with
excited-state lifetimes in the high nano- and even microsecond range. Mimicking the chemical
behavior of Ru(ll)- or Ir(lll)-complexes in oxidative quenching cycles, they can be successfully
used in synthetic transformations that include the reduction of a substrate and a single electron
transfer (SET) from Cu(l)* to Cu(ll).>19 In turn, comparable reductive quenching cycles
(Scheme 1) that are common for ruthenium (Ru(l)* to Ru(l) or iridium (Ir(11)* to Ir(ll)) are rare
for copper(l) complexes (Cu(l)* to Cu(0)).1%12 Similarly, Cu(ll)-complexes that undergo
photoinduced outer-sphere SET to generate Cu(l) and an oxidized substrate have not been
investigated due to the low oxidation potential of Cu(ll). The concept of light-induced homolysis
(LIH), typically triggered by a ligand-to-metal charge transfer (LMCT) transition, is one

alternative approach for the utilization of Cu(ll) as a photocatalyst:
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If a Cu(ll)-substrate complex Cu(ll)-S is excited by light, a homolytic dissociation to Cu(l) and
a substrate radical S* can occur. The radical S* can then be applied in future synthetic
transformations. A simple ligand exchange reaction with a nucleophilic substrate and a
sufficient Cu(ll)-precursor can create the required Cu(ll)-substrate complex. As a result, the
whole process is comparable to the nucleophile’'s one-electron oxidation. While
precoordination of the substrate is necessary, such activation is favorable due to the strong
chemoselectivity of the photochemical process. The ability of 3d metals to coordinate various
nucleophiles effectively and there are manifold possibilities to create molecular assembles by
the choice of ligand and metal combinations. Copper(ll) has been the most widely used 3d-
metal for this reaction mode,*3 which most likely is acting in thermal oxidation of substrates.[*4
So far, this concept has been successfully extended to various 3d-metals such as Mn, Fe, Co,
and Ni, and rare earth metals such as Ce.[*5H16]

Traditional Photoredox Activation with a Photocatalyst
common
Substrates S e.g.
RCO,H
RSO,H
RNH,
RBF3K

&
S

PC = Ir-, Ru- polypyridinylcomplexes

not abundant - high cost - unsustainable - long lifetime of excited state - heavy transition metal

Common Electronic Transistions of Transition Metals

d orbital T orbital d orbital T orbital

metal ligand 1
LMCT 19 metal MLCT ligand

Activation via (Visible) Light-Induced Homolysis (LIH)

_________________________________

R
+(S ® 9
inner-sphere
| nersphere, N, A ®L Alkyl

for 3d Transition Metals
M= Cu®*, Fe%*, ce**, Co® Ni®*
abundant - low cost - sustainable - ultrashort lifetime of excited state - 3d transition metals
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_<O
.
O
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Scheme 1. Traditional Photoredox Activation and the Concept of LIH.

Kochi's pioneering work in the 1960s demonstrated that metal complexes can undergo
photolysis processes, specifically for CuCl, that under UV-irradiation forms CuCl + CI-.[7]
Nevertheless, until recently, the use of metal-substrate homolysis for synthetic purposes had
received little attention. Now, due to the development of synthetic applications and insightful

mechanical investigations, several fundamental aspects are involved.
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Thus a coherent picture is emerging, which might serve as a toolbox for novel applications.

The following issues need to be considered:

= The types of metal-(ligand)-substrate complexes that are appropriate for light-induced
homolysis processes to create substrate radicals.

= The time scale of the homolysis process needs to be investigated. 3d-metal complexes
have short excited-state lifetimes in the low nanosecond or even picosecond range and
it needs to be clarified if they are appropriate to start synthetic transformations.

= The effectiveness of the homolysis process and in particular, if the potential
recombination of the formed substrate radical with the reduced metal prohibits the
ensemble from participating in subsequent transformations.

= The reduced metal complex formed during homolysis must be reoxidized for reactions
to be catalytic. If this is not achievable, synthetic transformations may still be viable and

beneficial, but stoichiometric quantities of the metal complexes must be used.

Hence, a design concept (Scheme 2) for Cu(ll)-photocatalyzed reactions via LIH may be
provided to guide future developments: To begin, a Cu(ll)-substrate complex must be
generated, which is most typically accomplished by ligand exchange of Cu(ll)L> species with
a nucleophilic substrate S. If exposed to light, this complex undergoes light-induced homolysis,
yielding Cu(l) and the radical S". In order to launch a successful synthetic transformation rather
than unproductive recombination with the reduced metal complex, the radical S° has to be
combined with a second substrate Y. To complete the catalytic cycle, the latter must be

oxidized via an appropriate electron acceptor.

Mechanistic Picture of LIH of Cu(ll)-complexes

hv/

Cu(ll)-catalytic cycle

EA= :
\ electron |
i acceptor:

__________

EA

__________

Scheme 2. The general concept of LIH of Cu(ll)-intermediates.

Notably, external ligands are not required in most of the described processes involving LIH
steps of Cu(ll)-substrate species. Nevertheless, near UV-light (365 nm) or violet light (427 nm)

irradiation is required in such scenarios because the LMCT transition of copper(ll)-substrate

4
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species requires higher energies to reach the dissociative states.[*8] Up to date, only a few
Cu(lh-intermediates have been reported to undergo light-induced homolysis (LIH). An
overview of the transformations that have been developed employing copper as a radical

promoter via the LIH mechanism will be shown in the following chapters.

1.3 LIH of Copper(ll) chloride-complexes

Given the significant potential for the oxidation ClI- — CI' (Eox > + 1.21 V vs. saturated calomel
electrode (SCE)),[*! the formation of chlorine radicals needs harsh conditions. However it is
still feasible using weakly oxidizing Cu(ll) (Cu(ll) — Cu(l), Ereq = +0.50 V vs. SCE).[2%21 Kochi
pioneered the field of light-induced homolysis in 1962 as he reported the reversible homolysis
of Cu(Il)Cl> to Cu(l)Cl and a chlorine radical when irradiated with a low-pressure mercury
lamp.*”1 Adding lithium salts such as lithium chloride was advantageous, explaining that
greater solubility of anhydrous cupric chloride (CuCly) leads to improved activity.
Mereshchenko and colleagues improved these discoveries by using spectroscopic techniques
to investigate the formation of several extreme labile copper(ll) chloride complexes more than
50 years later.?? It was found that the anionic complex [Cu"(MeCN)Clg] is formed in acetonitrile

(MeCN) and undergoes reversible photolysis at a significantly faster rate (Scheme 3).

Kochi (1962)

_ © hv O | e .
LiCl, L L ¢ LIH Lt _cl ' solubility of CuCl, !
CuCly ——— Cu_"Y _Cu I iy !
__________________ clIri ¢l ClI”~ "®Cl renhanced by LiCl !
EL = solvent, MeCN E _________________
""""""""" key species reversible photolysis
photolysis of CuCl, with hydrocarbons: photolysis of CuCl, with olefins:
CuCl, (1.0 equiv) Cl CuCl, (1.0 equiv)
LiCl (1.3 equiv) LiCl (1.2 equiv) cl
- Ph/\ cl
MeCN, hv (Hg lamp) 6.6 equiv THF, hv (Hg lamp) Ph
7.9 equiv Ny, 24-28 °C, 163 h 5 Np, 21-24 °C, 43 h 6, 82%
1 2, 55% ol
CuCl, (1.0 equiv) CuCl, (1.0 equiv)
OH LiCl (1.2 equiv) o) @ LiCl (1.3 equiv) @\ ©/CI
> > +
)\ hv (Hg lamp) )J\ MeCN, hv (Hg lamp) cl
31.6 equiv. N,, 20-23°C, 62 h 10.0 equiv N,, 24-25°C, 27 h
3 4, 86% 7 8, 35% 9, 20%

Scheme 3. Pioneering work of Kochi in 1962; photolysis of cupric chloride (CuCl2).

This observation corresponds to Kochi's investigations: Due to the poor reactivity of the
chlorine radicals towards solvents such as acetic acid and MeCN, competing with a quick
rebound with Cu(l) to regenerate the initial Cu(ll)Cl,, essentially no reaction occurred. Solvents
with structural motifs, such as secondary or tertiary C-H bonds or olefins, on the other hand,
undergo transformations induced by chlorine radicals: The production of benzyl chloride (2)

was reported with saturated hydrocarbons such as toluene (1). Similarly, isopropyl alcohol (3)

5
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was converted to acetone (4). Both reactions are initiated by hydrogen atom transfer (HAT) of
a chlorine radical from a mechanistic point of view. The photolysis of cupric chloride (CuCly) in
the presence of olefins such as styrene (5) or cyclohexene (7) yielded the corresponding
dichlorination products 6 and 8, as well as 9, in good to moderate yield, which may be
explained by the chlorine radical addition to the double bond. CuCl; is used in stoichiometric
levels in these reactions, indicating the problem in reoxidizing Cu(l) generated during

photolysis back to Cu(ll).

According to Kochi's proposal, copper(ll)-complexes such as [Cu'(dap)Cl.] (dap = 2,9-bis(4-
methoxyphenyl)-1,10-phenanthroline) or [Cu'"(dmp).CI|CI (dmp = 2,9-dimethyl-1,10-
phenanthroline) (13) as a convenient and more inexpensive precursor for the active Cu(l)-
photocatalyst and be successfully utilized in photocatalytic ATRA reactions (Scheme 4).
Following the mechanistic concept established for Cu(l)-photocatalyzed reactions.!®% Cu(ll)-
complexes undergo homolytic cleavage of the Cu-Cl bond to form in situ the catalytically active
Cu(l)-species, which can promote a variety of ATRA reactions such as chlorosulfonylation,

bromoalkylations, or iodoperfluoroalkylations of alkenes.[?!

As a representative example shown for complex 13, transient spectroscopy revealed that the
homolysis of the Cu-Cl bond is an ultrafast process, occurring in less than 100 fs,?4 indicating
that photoinitiation of transformations via such bond homolysis is feasible with metal
complexes with excited state lifetimes only in the picosecond range, e.g. accessing options for
iron being the most abundant transition metal on earth, to participate in photocatalytic

processes.l]

Reiser et al. (2019, 2020) Castellano, Reiser et al. (2020)

[Cu'"(dap)Cl,] (1 mol%) or
[Cu"(dmp),CIICI (1 mol%) cl
RX + TsCI Ts
MeCN, rt, 24 h
10 1 N, 530 nm 12
R = aryl, alkyl
spectroscopic and mechanistic investigations on photolysis of [Cu(dmp),CI]CI:
® 470 nm ® P L ECEEEEREEEEEEE :
2 MeMe g LIH | analogm;lls behavior
N\CI:I/,\j - N . Cl@ ! for [Cu''(dap)Cl,]
/CU\N PTT iy Q | precursor of the active
] N +|I\}Ie > iultrafasti N| D | Cul)- photocatalyst .
Me ' process ! ! [Cu'(dap),]CI
13 e 14 e
[Cu'(dmp),CIT* [Cu'(dmp),]*

Scheme 4. Cu(ll)-complexes as catalyst precursor: LIH of defined complexes.
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1.3.1 LIH of CuClz - chlorine radical addition to alkenes / alkynes

Wan et al. established the vicinal dichlorination of olefins 10 to get products 15 and 16 by
capitalizing on Kochi's discovery (Scheme 5).12%1 Under aerobic conditions, a combination of
substoichiometric quantities of copper(ll)-chloride (0.2 equiv) and hydrochloric acid (2.5 equiv)
was shown to be successful as an inexpensive and easily accessible chlorine source, yielding
compounds of type 15. The reoxidation of Cu(l) generated through homolysis of CuCl, was
postulated to take place via oxygen and thus, making the process catalytic. Following this logic,
it is unexpected that activated alkenes, i.e. vinyl arenes, required a significant excess of CuCl,
(4.0 equiv) to accomplish the reaction. It could be rationalized by the fact that benzylic radicals
17 (R = aryl) could be trapped by oxygen, as established e.g. in the Cu(ll)-catalyzed azido-
ketonization (vide infra, Scheme 11).

Wan et al. (2020)

Cl CuCl, (20 mol%) cl LIH o*
cl HCI (2.5 equiv) ; +l|
Alkyl)\/ R CuCl, (4 equiv) Ar)\/CI MeCN;Cu/Q{
15 MeCN, air, rt, 72 h 10 MeCN, air, rt, 72 h 16 cI”i_~cl
38 W white LED 38 W white LED
R = Alkyl R = Aryl key species

selected aliphatic examples

@Qﬂ @Eéﬁ o As wA

15a, 77% 15b, 9 0% 15¢, 70% 15d, 54%

selected aromatic examples:

O Cl Cl Cl Cl
Cl Cl (¢]] Cl
/@)\/ /©)\/ 0 /©)\/ ©4\/
F HO,C )J\O

16a, 70%, dr = 7:1 16b, 64% 16¢, 55% 16d, 80% 16e, 47%

proposed reaction mechanism:

+l

[LoCuCly |" L, Cuc

cu'cl,
hv CI
+1| CI
L = MeCN L,CuCl, HCI

15/16

Scheme 5. Vicinal dichlorination of activated and unactivated olefins.
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In 2022, the Hwang group reported visible-light-induced oxidative a-keto-dichlorination of aryl-
alkynes 18 enhanced by CuCl, at ambient temperature (Scheme 6).[?¢! The reoxidation of Cu(l)
by oxygen with the concurrent generation of O, through path A is also suggested, which
should recombine with 20 to yield the product 19. Although EPR investigations detected O™,
trapping it with 20 would result in the recombination of two short-lived species existing in low
concentrations. Path B allows for the direct trapping of 20 with O, followed by recombination
of the resultant peroxy radical with Cu(l) to intermediate 22, regenerating Cu(ll) (cf.
Scheme 11).

Hwang et al. (2022)

CuCl; (20 mol%) o) LIH o*
/// HCI (2.5 equiv) cl MeCN\+”/C|
Ar Ar Cu Y
MeCN, air, rt, 19 CI ClImi_~cl
18 blue LED °
R=Aryl key species
selected examples
N X g
Cl ClI Cl CI
19a, 80% (15h) 19b, 82% (15h)  19¢, 70% (15h) 19e, 71% (18h) 19d, 80% (18h)

___________

L, 0uc|2] L, Buc path 8
oxygen
path A :_ trapping | FCU“L,‘OH
+I
L CUC|2 02_ %
+Hel | & I ci > AF)S/CI

Cu”L OH 21 \J;| 19 Cl

Scheme 6. Synthesis of a-keto-dichlorination of arylalkynes.

LIH of CuCl, was successfully applied by Zhang's group in a synthetic method for the effective
regioselective chlorination of coumarins 22, as shown in Scheme 7.71 The direct regioselective
addition of CI' to the 3-position of coumarin 23a results in the formation of a stable benzylic
radical 25. (path A). The chlorinated product 24a is created by SET oxidation of the benzylic
radical with either oxygen or CuCl,, followed by deprotonation. The authors also suggest that
the chlorine radicals may recombine to produce Cl,. A further reaction with water yields
hypochlorite as a positive chlorine source. Thus, the chlorinated products 24 might be obtained
by selective electrophilic addition of CI* to the coumarin's double bond at the 3-position (path B)
and subsequent deprotonation. Due to the fact that CuCl, was applied in overstoichiometric
amounts, rather than catalytic amounts, it can be assumed that the reoxidation of Cu(l) to Cu(ll)

by oxygen is inefficient.
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Zhang et al. (2022)

CuCl, (1.5 equiv) LIH
LiCl (3.0 equiv)

©
+I
< C(IH TFA (2.0 equiv) R@(ICI [MGCN“CU/Q{
' T cIial
o N0 MeCN, air, 72 h o N0

20 W 460-465 nm LED

key species

23 24
selected examples: cl cl OH
N Cl N cl N Cl
LT b oYy’
o O ~
(O ©) N o” "0
Cl HO o” "0 | e} o)
24a, 68% 24b, 75% 24c, 69% 24d, 18% 24e, 89%
proposed reaction mechanism: N Cl
LIH : regioselectivity: more stablei ©jI24a
CI@ ' benzylic intermediate ! o~ o
o

X
o +| ¥ ath B
[LoCucl, | L,CuCl  Cl, o o P 0" o

23a 26
H,0
via HCIO [0] T cu'or 0O,
hv
Al O,, HCI e
L,CuCl, O
path A
L = MeCN 59 °

Scheme 7. Regioselective chlorination of coumarins.

Cai and colleagues developed a catalytic copper-catalyzed protocol for the synthesis of a-
chloroketones from aromatic alkenes, including electron-deficient olefins under an oxygen
atmosphere (Scheme 8), applying MgCl. as a chlorine source in the presence of trifluoroacetic
acid (TFA), inspired by previous work on LIH of Cu(ll)-intermediates.?8! Mechanistic
investigations, e.g. radical trapping experiments, revealed that the peroxo Cu(ll)-species is the

essential intermediary in the generation of hydroperoxyl (HOO") and chlorine (CI*) radicals.

The authors assume that a chlorine produced through LIH quickly reacts with the olefin 27 to
afford the benzylic C-centered radical 32. Subsequently intermediate 32 reacts with oxygen to
deliver an O-centered radical 33, which can bind to 31 to form the peroxo Cu(ll)-complex 34
(cf. Scheme 11) and subsequent generation of the intermediate 35. Elimination of water finally

results in product 28.
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Cai et al. (2022)

CuCl, (20 mol%) o UH )
) LiCI (1.5 equiv) +ll
R TFA (2.0 equiv) P R MeCN. . &L
R 27 R 28 crriCral
= MeCN, O, 10 °C to RT = Cl

R? = CO,PG, H, alkyl 8 W blue LED 36-72h key species

selected examples:

0 0 0 cl o 0 0

wcozsn WCOZBnWCOZBn @)\ /©)H /©)H
cl cl cl cl cl

o cl O,N cl

28a, 71% 28b, 21% 28c, 68% 28d, 65% 28e, 50% 28f, 53%
proposed reaction mechanism: [ 1~ T R
0 mecN.*.cir| _ (Ln) I

R hv MecN-CUcl e 2
Ar 30 cl ,\j
28 Cl
R
MeCNﬁ'l'J',Cl CuCh. MeCN MecCN.*! ci Ar
-
- H0 MeCN™_ Cl bl Me MeCN-"Y 32 Cl
29 31
MecN_*!lci .
HO. c o.
o TFA vieon CUeg o
R 34 7o R
Ar R Ar

Scheme 8. a-Chloroketonation of aromatic alkenes.

1.3.2 LIH of CuClz - chlorine radicals as HAT catalyst

In addition to the creation of C-C-double bonds, the chlorine radicals produced by light-induced
homolysis of Cu''Cl, are effective hydrogen atom transfer (HAT) reagents. Rovis et al.
successfully demonstrated the activation of C(sp®)-H bonds in alkanes 36 by forming a strong
H-Cl bond (BDE = 103 kcal mol?) through chlorine radicals (Scheme 9).2°1 Nucleophilic alkyl
radicals formed as a result can be coupled with electron-deficient olefins 37 to form
hydroalkylation products 38. Despite the use of a comparably high loading of CuCl, (20 mol%),
the total process is catalytic in Cu(ll) without the necessity for an additional oxidant such as
oxygen (cf. Schemes 7 and 8). The crucial reoxidation to Cu(ll) is afforded by the combination

of radical 43 with Cu(l), i.e. reversing the known one-electron oxidation of enolates by Cu(ll).
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Rovis et al. (2021)

CuCl, (20 mol%) RS LiH S
. : . )
R1\|/H . R LiCl (0.5 equiv) R’ R EWG MeCN\gLI/QWl
R2 R4J§/EWG MeCN, 60 °C, , 1 e el
RS 390 nm, Ny, 36h R R
36 37 38 key species

selected examples of alkane nucleophiles:

38a, 92% 38b, 69% o 38c, 94% 38d, 5 [ 38e, 59%

59%

selected examples of electrophiles:
COZ’Pr

[ \FO
O\/COﬂ\Ae O\/C02 O CO2PT O\/\SC)zPh O\\\.

38f, 96% 389, 83% 38h, 72% 38i, 77% 38j, 83%, >20:1 d.r.

proposed reaction mechanism: e

\HAT of chlorine!
o ]©  i...radical i  %a
MeCN__'.ClI H
Cu ® O 37a
MeCN" CI Cl
% “ HCl \)J\OR
%)

M CN +”
e o o
MeCN\+l|J|,CI
MeCN™™ \ OR __________.
+ Licl 0 43 ! Addition to!

FNOR| i . | m-system !
MeCN. +“c:| ! Metallation @ T
Mech a4 : Tautomerization

Scheme 9. CuClz-mediated activation of aliphatic feedstock chemicals.

In an analogous manner, amino radicals can be generated by H-abstraction from amine
derivatives 45, such as secondary and tertiary amines, sulfonamides, carbamates, and
ketoamides.% Subsequently, oxidation through O, with concurrent Cu(ll) regeneration occurs,
as previously stated (cf. Scheme 6-8). The final result of this process is either oxidation to N-
formyl derivatives 46 or demethylated adducts 47 under a more acidic environment through
further deformylation (Scheme 10). According to the authors, the essential reoxidation of Cu(l)
to Cu(ll) occurs directly by oxygen, which would require an extra hydrogen abstraction step of
peroxide 49 to 50. A feasible alternative here would be the oxidation of Cu' by peroxide 49

followed by the formal elimination of Cu'-OH, as discussed previously.
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Wan et al. (2022)

o o CuCl, (5 mol%) o} CuCl, (5 mol%) 0 LIH o*
NH,CI (20 mol%) HCI (2.0 equiv) H +|
AL, A et | weon e
| H,0/MeNO,, I acetone, I ciIicl
46 38 W white LED 45 38 W white LED 47
O ballon, 72h R =aryl, alkyl O, ballon, 72 h key species
selected bk'ia'a}i'éﬁ'éié.&{.&fés' """""""""""""""" ééie'&iéa'Nldéhiét'r{guh'tiéﬁ'é{(;;n'.éie's' """""""
46a, 83% 46b, 54% 46¢, 77% 47a, 90% 47b, 70% NO2 47¢, 42%
proposed reaction mechanism: 46
R = aryl, alkyl
----------- s Cu(l)
LIH OXYEEN - hath BT
_trapping . o
0, (0] o~
, — - A
[Locucl, |* L,CuCl pat | 49
L = MeCN l _OH
0, HO i 3
+11 2 -—
LnCUC|2 )J\H R 'il
50

Scheme 10. Photocatalytic derivatization of amine derivatives.

1.4 LIH of Copper(ll)-N3 — azide radicals

The first example demonstrating that complexes susceptible to LIH may be produced in situ,
permitting the use of a Cu(ll)-complex in catalytic levels, was successfully demonstrated in
2018 by Reiser and co-workers (Scheme 11).3U Utilizing TMS-N3 as a stoichiometric azide
source, azide/chloride substitution with [Cu'(dap)X2] generated the essential Cu(ll)-azide
intermediate 54. Azide radicals generated upon LIH were added to a large variety of vinyl
arenes to finally obtain products 62. Termination of the transformation was successfully
achieved with concurrent regeneration of the Cu(ll)-catalyst through 57 and 58 following the

lines previously mentioned.
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Reiser et al. (2018)

LIH

XX [Cu'(dap),]Cl or [Cu'(dap)Cl] (1 mol%) i N N+ Cl |

Z MeCN (0.25 M), Air, 25 °C RT N"\N;
51 green LED 12 h 52 2
key species

selected examples:
0 o) o) 0 NO, O o)
N N; Cl N3 Ns N3 ©)JVN3
\_s
F AcO AcO
52a, 76% 52b, 68% 52¢, 67% 52d, 78% 52e, 29% 52f, 59%

! Addition to |

i m-system .

oxygen
trapping

Scheme 11. Copper(ll)-photocatalyzed oxo-azidation of styrenes

1.5 LIH of Copper(Il)-CH2R - benzyl radicals

Gong and colleagues revealed that another ligand exchange process, particularly the in situ
transmetalation of benzyl trifluoroborate salts, can result in the formation of benzyl radicals 65
through LIH soon after the report of Reiser et al. (Scheme 12).1321 Because of the insufficient
reduction potential (Cu(ll) — Cu(l), Erea= + 0.50 V vs. SCE)?%24, the alternative formation of
65 via direct oxidation of the trifluoroborate (Eox=+ 1.34 V vs. SCE)[32 salts by Cu(ll) was ruled
out. Benzyl radicals 65 were trapped enantioselectively by sulfonlylimines 59 that were
activated by a chiral bis(oxazoline)-Cu(ll) complex 66. Interestingly, the intermediate 67
generated following the addition of 65 was shown to undergo Cu(l) reduction, releasing the
alkylated product 61 while simultaneously regenerating the Cu(ll)-catalyst 62. No external

oxidant was necessary, thus resulting in an overall catalytic process.
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Gong et al. (2018)

LIH
h CU(BF4)2'H20 (10 mol%) (o] *
§=0  BF4K L* (11 mol%) o) N/,,Ell/x 1
NoF < NH N(ku/\q/R
Ar CHCl; -20 °C, Ar 2 Ar
CO,Et blue LED, 12 h CO.Et
59 60 61 2 key species
selected examples:
Q Q Q Q
S/=O S/=O S/=O S/=O
NH cl NH/C\ NH CO,Me NH COyMe
iy Crny \ S CF3 Crny \o i
CO,Et CO,Et CO,Et CO,Et
61a, 96% ; 89% ee 61b, 89%; 75% ee 61c, 98%; 86% ee 61d, 97%; 88% ee
proposed reaction mechanism: L
N, +|/X ‘ .I -h E N~ A;g
’ 1 rexchange:
w (@) (TR ) exchange
/ N" 64 g/ product 61 O~ OEt
65 +I
N, +llx L*Cu
< cul” R!
R R
| |
N N
69

0
=y
)
>

Scheme 12. Enantioselective alkylation of imines.

1.6 LIH of Copper(ll)-enolates — enolate radicals

Guo and colleagues achieved the oxidative cleavage of a-phenyl-substituted cycloalkanones
70 to ketoacids 71 by relying on the known oxidation of enolates by Cu(ll) under thermal
conditions.® Under 10 W blue light irradiation, Cu(OTf); in catalytic dose in agueous MeCN
is sufficient for achieving the transformation, as depicted in Scheme 13.134 Also in this case,
oxygen is required to capture the enolate radical 65 generated by LIH of the excited copper(ll)-
enolate 73, which, in the absence of a a-hydrogen, causes a carbon elimination to the

acylcation 77, giving rise to 71 after the addition of water.
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Guo et al. (2021)
0] 0]

+ (Rosolic acid (5 mol%)
/&\gR Cu(OTf, (5 mol%) RMOH
N H,0 (5.0 equiv) o}
Oh MeCN, air, 48 h N 15 71
70 blue LED (10 W) R = H, alkyl, aryl, CO5R,

selected examples:

o) o} 0 OMe O
OH OH OHWOH
71a,73% O 71b,56% O 71c,68% O 71d,30% O
0 0 F o 0
@MODMOH ﬁj)wo” or
F 71e,62% O 7f,66% OFco 71g,66% O 71h,51% O
Cl
proposed reaction mechanism: +1
+Il *
(6] 70 H.0 /CU_OH O/CU OH
)J\/R : 0 h LIH +
7Y )\/R . xR o--Cu—OH
g T2 - Mg r
Al ' enolate | 73 N
HO-Cu—OH (formation; . oxygen | 74
+H* o-Cu-OH trapping |
~ +ll .
Y 0—0-Cu—OH 0-0 N
\. /R 76 \.__/R75 Oz
0 o? Ho o)
—olg =l S 2 - —goH
77 78 R™ M

Scheme 13. Aerobic oxidative cleavage of cycloalkanones.

Reiser and coworkers demonstrated that analogously radicals formed from 1,3-dicarbonyl
compounds 79 could be obtained using Copper(ll)-induced LIH (Scheme 14). The radicals are
employed to synthesize oxoalkylated viny arenes 80/81.13%1 Again Oxygen is required as a
terminal oxidant to regenerate the Cu(ll)-photocatalyst, probably via 84, i.e. creating a
peroxoradical trapped by Cu(l). The fact that when 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-
dicyanobenzene (4-CzIPN) is employed instead of Cu(ll), the reduced photocatalyst 4-CzIPN*-
may change 91 to its corresponding anion 92, resulting in hydroalkylated products 89/90
underlines the importance of this step. Hereby a divergent photocatalytic reaction is
achievable; on the one hand oxoalkylation is only achievable with Cu(ll), whereas on the other

hand hydroalkylation is only possible with 4-CzIPN.
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Reiser et al. (2022)

EWG

EWG.EWG cul) ?r%J(II o ﬁj&(
photocatalyst(1 mol%)
Ar/\ + R2
51

455 nm LED, rt Air,
79 solvent (0.05 M), 48 h 81

selected examples:
Et0,C.__CO,Et NC._ _CO,Et Et0,C.__CO,Et 81b, R = 4-CH,CI

Cu'=76%"
Cu'l=74bd
81c, R = 4-NO,
80a, 80b, 81a, Cu'=61%"
Cu'=66%2¢ Cu'=92%" Cu'=66%"° Cu'"=60%"
Cu'=65%= Cu'=90%> OAc Cu'=65%"* | “MeCN as solvent “MeOH as solvent
proposed reaction mechanism:
/Cu” 51
o o Av (LIH > ArX oI <|) cu(l)
I - 5 -
ROMOR ; ;' RO™ 7 OR . -----oom--- RO OR 0,
0 | .Addmon to I
79 Cu’OH cCu'X 82 : m-system E 83 o " oxygen
"""""" Ar i_ trapping
O O O O
R-O-Os 80 | [
photocatalysts: RO OR ‘7; RO OR
3[Cul(dap),]Cl, [Cu'(dap)Cl,], 0o A o._.cu"
bicu!(dmp),]CI or [Cu'{(dmp),ClICI 80 Cu'oH 84 0
Ar Ar
photocatalyst structures:
Cl A~ R Cl A~ R®
| R~ |
N+ N N\"'“/CI
Cu__ u._
I R3N' — {\j “
NS R3 NS R3
87 88
[Cu'(dap),]Cl [Cu''(dap)Cl,]
... R%=4-MeQphenyl ____ R®=4-MeOphenyl ___________
hydroalkylation with 4-CzIPN as photocatalyst ...........................
EWG EWG : via: Oe,
4-CzIPN (1 mol%) : /\° 4-CzIPN
K3PO4 (1.0 equiv) 191 A 5
51+ 79 ! !
455 nm LED, rt, N, ! S 4-CzIPN !
MeCN, 24 h 89 90 92 A 5

Scheme 14. Cu(ll)-photocatalyzed oxo-alkylation of vinylarenes.

1.7 LIH of Copper(ll)-amine-complexes — amino radicals

In 2021, Xia et al. reported a Cu(ll)-photocatalyzed intramolecular oxidative cyclization process
of substituted aromatic amines 93 and the C(sp®)-H bond next to nitrogen with alkynes or
alkenes, vyielding multi-substituted indoles 94 and quinolines 95 employing dioxygen as
terminal oxidant (Scheme 15).53% It was assumed that copper(ll) first oxidizes 93a to the radical

cation 98.
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UV investigations indicate the formation of an N-coordinated species with Cu(ll) of type 97.
Therefore, it seems reasonable that LIH of the Cu(ll)-N bond occurs, yielding following proton
loss amino radical 99, which promptly undergoes cyclization to carbon-centered radical 100.
Trapping of the latter by oxygen, along with reoxidation of Cu(l), finally results in product 94a.
From a mechanistic point of view, we argue that this may occur via 101 and 102 as previously

stated for oxo-azidation (Scheme 11) or oxo-alkylation (Scheme 14).

Xia et al. (2021)

_ R? CuBr, (10 mol%) R? L
1,10-phen (20 mol%) 0 *
s 3 - RN LN
Z R blue LED (40 W) Z>N R? )
N A
| 0, (air), DMF (dry) \ r
0
____________ ¥ Reaklay % TKeyseedes
with 20 mol% CuCl, as PC, 0.5h
5 OsPh
XN
E ~
' N
! 94e, R = 9
94a, 80%, 10 h 94b, 83%, 10 h 94c, 81%, 10h | 94d, 68% e R = OMe, 74%

94f, R = Me, 57%

96 X
N,,,'+|| ‘\\\N
A

product 78
B Ny, +ll N

/c\;“\

N N

/

Ph
O

N H Ph
L 102" -

Scheme 15. Cu(ll)-photocatalyzed oxidative cyclization reaction of aromatic amines.

Similarly, Verma, Reiser et al. showed that N-centered radicals can indeed be created from
Cu(ll)-amide complexes applying the principle of LIH, as depicted in Scheme 16.71 The
authors discovered that an aryl-sulfonyl group on nitrogen is critical for a successful
transformation, providing enough stability for the resultant nitrogen in contrasting N-benzoyl
protective groups. Furthermore, an N-cyclopropyl substituent enabled the rapid transformation
of the cyclopropyl-N-radical 107 at its inception by an irreversible ring opening. As a final
outcome, [3+2] cycloaddition of N-tosylcyclopropane 103 with various alkynes and alkenes

104 yielded aminocyclopentanes and aminocyclopentenes 105 with excellent regio- and
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diastereoselectivity. The last feature was linked to the ability of Cu(l) to interact with the radicals
created, for example, in intermediates 108 or 109, in contrast to analogous transformations
triggered by Ru(bpz)s(BF4)B® or 4-CzIPN.B? No external oxidant is required for these
transformations, raising the question of whether Cu(ll) behaved as a Lewis acid rather than a
photoredox catalyst or whether the reaction could be activated thermally in the absence of the
copper-catalyst. However, other mechanistic paths were ruled out by control studies: no

reaction occurred in the absence of light, as well as the absence of copper.

Verma, Reiser et al. (2022)

LIH
H Ts TS\ +]| *
N7 . CuCl (5 mol% NH Cl—Cu
g + /%\R ( 0) E\Q/TS
104 MeCN (0.25 M), R A
blue LED, rt, 3h
103 R= alkyl, aryl 105 key species
é’lééié&'éié?ﬁ.&iés' wi'th'éikyﬁé; """""""""""""""""""" ;éiééié& 'éiér}{p;lé's' of alkenes:
Ts_
NH CN NH
N (0]
Ph ”Bu CF3 E><Ph E>——/(
Ph
105a, 78% 105b, 83% 105c¢, 67% 105d, 66% 105e, 74%, 105f, 67%, 1059, 71%,
d.r. =99:1 d.r. =88:12 d.r. =95:5
proposed reaction mechanism:
103A ~., -8 hv | LIH
___________ T +| Q@
' ligand | A CuCl + Q,N
+lI | exchange ; 106 A
CuCl, TTTTTTTTTT ¢
107
Ts. i ! carbocupration | R
105d N-CuCl ‘tteeee- S 108
’\ll/
Ph Sl +Il radical
HCI 110 ———— CuCl CuCl ireboundi
Ph Z>ph
109 104a

Scheme 16. Visible-light-accelerated copper-catalyzed [3 + 2] cycloaddition of N-tosylcyclopropylamines with
alkynes/alkenes.

1.8 LIH of Copper(ll)-carboxylates

While the decarboxylation of carboxylic acids in the presence of Cu(ll)-salts has been known
for a long time,[*% it has not been utilized in synthetic processes. At first sight, this is surprising,
considering the capacity to create alkyl and aryl radicals from widely accessible feedstock,
which should hold promise for converting renewable resources to value-added building blocks.

Nevertheless, the critical issue in this scenario is achieving catalytic turnover, i.e. returning the
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resultant Cu(l) to Cu(ll), after LIH of the Cu(ll)-carboxylate. One probable explanation is the

generated radicals' significant reactivity to oxidants, especially oxygen.

Reiser, Rehbein, Castellano et al. (2022)
Cu(OAc), (10 mol%)

LIH
CO,H dmp (10 mol%) 0 NIl COQR
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S }—(
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Scheme 17. Decarboxylative oxygenation of carboxylic acids.

A recent study by Reiser, Rehbein, Castellano et al. on the photocatalytic decarboxylation of
phenylacetic or secondary carboxylic acids 111 revealed that a catalytic Cu(ll)/Cu(l)-cycle
could be accomplished in the presence of oxygen as the terminal oxidant (vide supra,
Scheme 17).141 However, the radicals 117 created by decarboxylation could only be trapped
by oxygen; all attempts to intercept them by other radicalophils, e.g., such as alkenes, which
was successful with malonyl radicals (cf. Scheme 14), were unsuccessful. This investigation
also indicated that monodentate coordination of a carboxylate to copper(ll), i.e. 114/121, is far

superior to the commonly found bidentate paddle-wheel type coordination 121 for establishing
LIH.
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MacMillan et al. (2022)
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Scheme 18. Decarboxylative borylation of (hetero)arylcarboxylic acids.

As shown in Scheme 18 (vide supra), MacMillan and colleagues successfully established an
alternative cooxidant that enabled catalytic turnover in copper(ll).*2 The decarboxylative
borylation of (hetero)arylcarboxylic acids 122 was accomplished by using a combination of
Cu(OTf)2 (20 mol%) and N-fluorobenzenesulfonimide 130 (NFSI, 3.0 equiv). Thereby the
authors discovered a method to regenerate Cu(ll)-carboxylate 125 from Cu(l) and carboxylic
acid 122, thus achieving the process catalytic in Cu(ll). Additionally, the procedure was also
suitable for further developments. One-pot couplings in Suzuki-Miyaura arylation, vinylation,
alkylation, or coupling of heteroaryl boronic ester were developed, highlighting the synthetic

value of the boronic ester products generated.

Furthermore, the same group developed the decarboxylative halogenation of (hetero)aryl
carboxylic acids.*¥ It was found that as terminal oxidant 1-fluoro-2,4,6-trimethylpyridinium
tetrafluoroborate (NFTPT) (138), which finally accomplishes the reoxidation of Cu(l) to Cu(ll),
enables the utilization of sub-stoichiometric levels of Cu(ll). Two distinct strategies for

introducing the halide nucleophile were explored (Scheme 19):
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On the one hand, atom transfer (AT) was utilized to achieve bromination with the reagent 1,3-
dibromo-5,5-dimethylhydantoin (136) and iodination with NIS (N-lodosuccinimide) (137) to
obtain products 132. Fluorination and chlorination, on the other hand, became possible with
NFTPT or ZnCl; as halogenating agent, which occurs by a rebound mechanism via a Cu(lll)-
intermediate 117, according to the proposed mechanism. However, It must be mentioned that
the fluorination protocol still needed stoichiometric amount of the copper salt as already
observed by Ritter et al. (vide infra, Scheme 20). Why the catalytic cycle is not closed in this

case remains unclear.

MacMillan et al. (2022)
Cu(MeCN)4BF,4 (20-100 mol%)
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X
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N
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____________________________

Scheme 19. Decarboxylative halogenation of (hetero)arylcarboxylic acids.

So far, the photooxidation of carboxylic acids by Cu(ll) as a starting point for alkyl and aryl
radicals is highly promising, making even the (over)stoichiometric usage of Cu(ll)-salts an
acceptable compromise for the synthetic transformations that may be accomplished through
this process. This method has been implemented in a series of elegant investigations for
various transformations that are challenging to carry out otherwise. As depicted in Scheme 20,

Ritter and co-workers demonstrated that copper(ll)-benzoates can be the starting point for
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obtaining fluorinated arenes by employing TBAF+(tBuOH), as the fluorine source.*4 Notably,
functional groups that are susceptible to oxidation, such as aldehydes, are tolerated in the
process, and the protocol can also be applied to derivatize bioactive molecules. According to
the proposed mechanism, Cu(ll) is involved in two processes: In each step, Cu(ll) is converted
to Cu(l). That indicates why a minimum of two equiv of Cu(OTf); is required for this
transformation. LIH of a copper(ll)-arylcarboxylate 125 generates 126 and after

decarboxylation an arylradical 127 and Cu(l).

The decarboxylation of aryl carboxyl radicals (k = 108 s1)“% is about 1000 times slower than
decarboxylation of alkyl carboxyl radicals (k = 10° s™1),l#¢ and therefore, it is assumed that the
LIH step is reversible. The aryl radical 127 is subsequently transformed to the arylcopper(lIl)-
species 141, either via direct trapping with Cu(ll) or trapping by Cu(l) accompanied by a one-
electron oxidation by Cu(ll) (path B). It does not make any difference which pathway is

occurring. Thus, both pathways require the employment of another equivalent of Cu(ll).

Ritter et al. (2021)

TBAF (‘BUOH), (2.5 equiv)

LIH
Cu(OTf), (2.5 equiv) I :
CO,H Cu(MeCN),BF, (2.5 equiv) F L Cu—~o-
ol " (YT
_ MeCN (0.25 M), 35 °C
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fenofibrate analogt;ej\ J\
ﬁj » @ vy Ij
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proposedreactlonmechamsm """"" I'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_1"""'""'":::::::.'_:_:::::::::::::\I' """"
i rebound to metal center | competitive processes:!
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Hl| T ' !
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LIH Cu pa
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hv 0,C—Ar "\ -CO; ?/\ +III 139
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Scheme 20. Cu(ll)-photocatalyzed decarboxylative fluorination of benzoic acids.

Apart from fluoride, it was shown in a subsequent investigation that the carboxylate itself might
function as the nucleophile, producing benzoates 146, which upon hydrolysis produce valuable
phenols 144 as depicted in Scheme 21. However, for this purpose, one equivalent of the

carboxylic acid is sacrificed, resulting in a maximum yield of just 50%. Ritter and colleagues
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discovered a solution to this challenge by utilizing thiophene-2-carboxylic acid (TC) 147 as the
nucleophile: it was recognized that Cu(ll)-TC may undergo LIH to give Cu(l) and the
corresponding thiophene-2-carboxyl radical, the latter cannot be decarboxylated.*”l As a
consequence, thiophene-2-carboxylate can be regenerated via back electron transfer (BET)
with Cu(l). Therefore Cu(ll)-TC is available for trapping of the aryl radical 127 to the Cu(lll)-
intermediate 145. Subsequent reductive elimination produces oxygenated arene 146 and
Cu(l). However, the catalytic cycle is also disrupted at this step, which explains why an excess

of Cu(ll)-salts is required to achieve a successful overall process.

Ritter et al. (2021)

1) Cu(OTf), (2.5 equiv) LIH .
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CO,li urple LED, MeCN, 35 °C OH L,Cu=0-CO,R
R{j/ — R "o ?
N 2) LiOH (aq.), THF/MeOH -
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selected examples:

OH OH
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144a, 70% 144b, 33% 144c, 52% 144d, 73% 144e 43% 144f, 45%

proposed reaction mechanism: 0 LiOH
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+Il y {[Cu]TC =——= Cu
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Scheme 21. Decarboxylative hydroxylation of benzoic acids.

In the same way, Ritter and co-workers reported a method for the decarboxylative
sulfoximination of benzoic acids 122 (Scheme 22).[481 To obtain high reaction efficiency, lithium
carboxylates with 2,6,-di-tert-butylpyridine (DTBP) (151) and LiOMe as additive were
necessary. To enable the transformation, it was necessary to overcome the formation of
undesired sulfoximine-ligated Cu(ll)-species and to suppress undesired oxidecarboxylation to
phenols. It was assumed, that the weak coordination of the ligand DTBP to Cu(ll) might favor
C-N over C-0O reductive elimination or aid the generation of photoactive Cu(ll)-carboxylate
species. The function of LiOMe is unknown. However, it was assumed that it could reduce the
concentration of free sulfoximines by forming weakly soluble lithium salts of sulfoximine.
Oxidizable groups, as well as strong coordinating groups, e.g. amines inhibited the
transformation, according to the authors.
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Ritter et al. (2022)
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Scheme 22. Decarboxylative sulfoximination of benzoic acids.
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Yoon et al. developed a copper-mediated decarboxylative coupling of arylacetic- and aliphatic
carboxylic acids 152 and nucleophiles under irradiation at 427 nm (Scheme 23), which was
reported at the end of 2021.149! The established process has an extensive scope, including
various nucleophiles, such as nitrogen-, oxygen- and carbon-based ones. The copper(ll) salt
performs two tasks in the protocol: the radical formation through LIH of Cu(ll)-carboxylate 154
and the subsequent oxidation of the benzylic radical 156 to the corresponding benzylic cation
157. As a result, two equivalents of copper(ll) must be utilized (stoichiometric amount), as it
was the case in similar work of this group.® 'PrCN was found to serve as an essential ligand
for Cu(ll) to form active monomeric copper(ll)-carboxylates. Dimeric copper(ll)-carboxylates
were suggested to be photocatalytically inactive, which indeed was demonstrated by Reiser et
al. (cf. Scheme 17).44
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Yoon et al. (2022)
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Scheme 23. Decarboxylative cross-coupling reaction with different nucleophiles.

1.9 LIH of Cu(ll)-sulfoximines — N-centered sulfoximinyl radicals
Furthermore, the Ritter group developed C-H-sulfoximination protocol of arenes 159
(Scheme 24).551 Because of the high oxidation potential (Eox = +1.92 to +2.00 V vs SCE) as
well as the high bond dissociation energy (BDE, BDEn-4 = 104-106 kcal/mol, by DFT
calculation),’4 the direct generation of sulfoximinyl radicals from NH-sulfoximines 158 (e.g.
through HAT or SET) is difficult.

Nevertheless, as previously demonstrated by Verma and Reiser et al. for N-tosylamines
(cf. Scheme 16), N-centered radicals are accessible from NH-sulfoximines 158 using the LIH
principle. It was shown that LiOMe served to be the optimum base for deprotonating 158, thus
resulting in more efficiently formed Cu(ll)-sulfoximine complexes. DTBP (151) was discovered
to be a critical ligand in preventing undesirable BET by stabilizing Cu(ll)-sulfoximine complex
161. The elaborated protocol involved a wide variety of electron-neutral and rich arenes:

Electron-deficient arenes were less reactive, leading to the unfavorable HAT of sulfoximinyl
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radicals with unproductive Cu(ll) consumption as a competing process. Consequently, the use

of NFTPT as an oxidant was shown to be advantageous to Cu(ll) regeneration.

Ritter et al. (2022)
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Scheme 24. C-H sulfoximination of arenes.

1.10 Outlook: Transformations involving Cu™/Cu"!transitions

Apart from depending on Cu(ll)* to Cu(l) for the dissociative LMCT process, another possible
copper transition for such transformation might be initiated by Cu(l)* - Cu(0). However, there
are only a few examples of this mode available. The photostable zwitterionic copper(l)-complex
165 was employed by Che and co-workersi*! in a reductive quenching cycle involving a Cu(0)
intermediate for the oxidation of amines (Scheme 25). Furthermore, Evano et al.'? reported a
heteroleptic copper-based photocatalyst 166 in the same way. Nonetheless, these oxidations

may be attributed to outer-sphere processes.
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Che et al. (2014) and Evano et al. (2017)

______________________________________________________________________

E Ph N Q = BH Ph N Ph Ph reductive

! Phy 15 ! quenching
| =N+ P, H _N_ 4| ' S cycle

! \Cu"“‘\ \Cu/ '

: / o] !

XY S AN e

. | ul*

P i PR l Phh Y

: 165 166 Ph | /

5 Eqp(Cu"/Cu®) = +1.01V Eq(Cu’/Cu®) = +0.63 V | Cu(0)
; Eqp(Cu/Cu®) = -1.60 V Eqp(Cu'/Cu®) = -1.64 V ' Cu(l)

reported substrate Z: Y %
: “Ar E

selected catalysis examples:
Photoreduction of Aryl halides:
complex 165 (5 mol%)

Cross-Dehydrogenative Coupling (CDC):

: complex 166
©/X 'ProNEt (10 equiv) ©/H ©i)\‘ (1 Spmol%
blue LEDs 167 AT hy 420 nm )\>420 nm
+

MeCN, tt, 16 h 0. 5
169 170; 10-93% RN NO,
X=1,Cl,Br . R ONO, R = alkyl 174’ 48-87%

Photoredox Cyclization of Aryl iodides: Mannich Reaction:

complex 166
(1.5 mol%)
N L-Proline (20%)
Ar

167 . hv, A>420 nm
o) MeOH, O,
Y 62 68%

Scheme 25. Heteroleptic complexes acting in Cu(l)* > Cu(0) cycle.
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©: iPr,NEt (10 equiv) Y,
N 420 nm

R1 MeCN rt 16 h 172’ R1
R' = Me, CH,CO,Me, Y = C, O, NR? 43-95%

Liu and co-workers!> proposed evidence for LIH via a dissociate LMCT involving a Cu(l) >
Cu(0) transition for the [3+2]-cycloaddition of N-arylaminocyclopropanes 176 with alkynes 177,
mirroring the transformation reported by Verma, Reiser and co-workers®”l via Cu(ll)/Cu(l)
cycles (cf. Scheme 16) as shown in Scheme 26. Stern-Volmer experiments show that the
excited Cu(l)-photocatalyst interacts with N-arylaminocyclopropanes, implying that a
precoordination of Cu(l) with aminocyclopropane 176 is plausible. Subsequent SET from 179
to Cu()* affords cyclopropyl radical cation 180. After that, ring opening delivers 181 followed
by cycloaddition to yield the products 178 and back electron transfer to renew the Cu(l)-

photocatalyst.
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Liu et al. (2022)
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Scheme 26. Copper-catalyzed [3 + 2] cycloaddition involving a Cu(l)*/Cu(0) cycle.

Cu(lin* = Cu(ll) could be another potential transition. Cu(lll)-intermediates are generally
challenging to isolate,® but they were successfully applied in photocatalytic transformations
via trapping of transient radicals by Cu(ll), which can be considered to be a persistent radical,
thus generating an efficient process. Reductive elimination results in Cu(l), which accounts for

the short-lived Cu(lll)-species.

Nonetheless, the visible-light promoted, stereoselective C(sp3)-H glycosylation for the
synthesis of C-glycoamino acids and C-glycopeptides was reported by Xu et al. in 2022
(Scheme 27).55%1 It was assumed that Cu(l) being generated in situ from Cu(ll). The catalytic
cycle starts with well-established elemental steps, such as SET of the Cu(l)-substrate complex
189 to the second substrate 185. This process generates radical intermediate 191, which
affords after a rebound to Cu(ll) the critical Cu(lll)-intermediate 193.

For the two organic moieties that need to be connected to afford overall the final product 186,
the intermediate 196 appears to be plausible. According to the authors, 196 can be obtained
from 193 by deprotonation and MLCT via a Cu(ll)-species of type 195. For this purpose, UV-
spectroscopy provides evidence for the presence of Cu(lll). Instead, it could be assumed that

a glycine moiety might undergo direct ligand exchange to 194 to obtain 195, which could be in
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equilibrium with 196 through LIH to adopt the most advantageous geometry guided by the

chiral ligand 187 for the final reductive elimination.

Wang, Xu et al. (2022)
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Scheme 27. Copper-promoted C(sp3) —H gylcosylation involving a Cu(lll)*/Cu(ll) cycle.
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1.11 Summary and Perspectives

Because of the readily accessible nature of 3d-transition metals, replacing them with their
valuable 4d- and 5d-congeners is an important but demanding research area. To address the
issue of ultrashort excited-state lifetimes in 3d-metal complexes, precoordination of substrates
that undergo light-induced homolysis (LIH, which is typically dissociative LMCT) seems to be
an attractive solution, as depicted in Scheme 28A.

The importance of excited-state lifetimes for radical production via SET has been pushed back
by spectroscopic data which suggest that such homolysis events are ultra-fast (< 1ps). Up to
date, copper(ll)-complexes containing azide, amine, sulfoximine, carboxylate, enolate, or alkyl
substituents have been successfully demonstrated as promising substrates for LIH due to the
flexible coordination chemistry of Cu(ll). Radicals S° may be produced under mild
circumstances, along with the ability of the copper catalyst to interact and hence stabilize
intermediates formed within a catalytic cycle. Overall, this enabled the development of unique

reaction pathways, as depicted in Scheme 28B:

ATRA or ATRA-like processes have been proven to initiate with addition to -systems
(pathway A). Hydrogen atom abstraction (HAT, route B) has been demonstrated as an
effective method for functionalizing feedstock hydrocarbons. Rapid fragmentation of the radical
S' to afford a new radical S™ might occur. This is best known for carboxyl radicals. Manifold
atom transfer reactions (XAT) have been demonstrated to be feasible from here (pathway C),

which may be preceded by the rebound of S* to Cu(l) or Cu(ll) (pathway D).

The oxidation of S* to the corresponding cation S™* in the presence of a suitable oxidant, often
achieved by applying overstoichiometric amounts of Cu(ll), establishes the conditions for the
coupling with nucleophiles (pathway E). Another option is a radical-radical coupling between
the transient radical S* or S* and a persistent radical, most commonly molecular oxygen, which

accesses ketones or aldehydes (pathway F).
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(A) LIH of Copper(ll)-Substrate-Complexes and Radical Pool
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Scheme 28. Perspectives: achieving a platform for synthetic transformations.

31



Chapter 1 Light-induced Homolysis of Copper(ll)-complexes

1.12 References

[1] a) M. H. Shaw, J. Twilton, D. W. C. MacMillan, J. Org. Chem. 2016, 81, 6898; b) L.
Marzo, S. K. Pagire, O. Reiser, B. Konig, Angew. Chem. Int. Ed. 2018, 57, 10034.

[2] G. Ciamician, Science 1912, 36, 385.
[3] M. Ramaiah, Tetrahedron 1987, 43, 3541.

[4] a) D. P. Curran, N. A. Porter, B. Giese, Stereochemistry of Radical Reactions. Concepts,
Guidelines, and Synthetic Applications With a Foreword by Ernest L. Eliel, Wiley-VCH,
Weinheim, 2008; b) C. P. Jasperse, D. P. Curran, T. L. Fevig, Chem. Rev. 1991, 91,
1237; c) A. Studer, D. P. Curran, Angew. Chem. Int. Ed. 2016, 55, 58.

[5] G. B. Haxel, J. B. Hedrick, G. J. Orris, Rare Earth Elements-Critical Resources for High
Technology, 2002.

[6] A.Hossain, A. Bhattacharyya, O. Reiser, Science 2019, 364.
[7] B. M. Hockin, C. Li, N. Robertson, E. Zysman-Colman, Catal. Sci. Technol. 2019, 9, 889.
[8] O.S. Wenger, J. Am. Chem. Soc. 2018, 140, 13522.

[9] J. Beaudelot, S. Oger, S. Perusko, T.-A. Phan, T. Teunens, C. Moucheron, G. Evano,
Chem. Rev. 2022, 122, 16365.

[10]S. Engl, O. Reiser, Chem. Soc. Rev. 2022, 51, 5287.

[11]B. Wang, D. P. Shelar, X.-Z. Han, T.-T. Li, X. Guan, W. Lu, K. Liu, Y. Chen, W.-F. Fu, C.-
M. Che, Chem. Eur. J. 2015, 21, 1184.

[12] B. Michelet, C. Deldaele, S. Kajouj, C. Moucheron, G. Evano, Org. Lett. 2017, 19, 3576.

[13]a) J. He, C. Chen, G. C. Fu, J. C. Peters, ACS Catal. 2018, 8, 11741, b) C. Uyeda, Y.
Tan, G. C. Fu, J. C. Peters, J. Am. Chem. Soc. 2013, 135, 9548; c¢) Y. Tan, J. M. Mufioz-
Molina, G. C. Fu, J. C. Peters, Chem. Sci. 2014, 5, 2831.

[14]a) S. D. McCann, S. S. Stahl, Acc. Chem. Res. 2015, 48, 1756; b) S. E. Allen, R. R.
Walvoord, R. Padilla-Salinas, M. C. Kozlowski, Chem. Rev. 2013, 113, 6234; ¢) R.
Trammell, K. Rajabimoghadam, I. Garcia-Bosch, Chem. Rev. 2019, 119, 2954.

[15]Y. Abderrazak, A. Bhattacharyya, O. Reiser, Angew. Chem. Int. Ed. 2021, 60, 21100.
[16]R. Zhao, L. Shi, Org. Chem. Front. 2018, 5, 3018.
[17]1J. K. Kochi, J. Am. Chem. Soc. 1962, 84, 2121.

[18]A. S. Mereshchenko, P. K. Olshin, A. M. Karimov, M. Y. Skripkin, K. A. Burkov, Y. S.
Tveryanovich, A. N. Tarnovsky, Chem. Phys. Lett. 2014, 615, 105.

32



Chapter 1 Light-induced Homolysis of Copper(ll)-complexes

[19]S. Rohe, A. O. Morris, T. McCallum, L. Barriault, Angew. Chem. Int. Ed. 2018, 57, 15664.
[20]S. E. Manahan, R. T. lwamoto, Inorg. Chem. 1965, 4, 14009.
[21]H. Roth, N. Romero, D. Nicewicz, Synlett 2016, 27, 714.

[22]A. S. Mereshchenko, P. K. Olshin, K. E. Karabaeva, M. S. Panov, R. M. Wilson, V. A.
Kochemirovsky, M. Y. Skripkin, Y. S. Tveryanovich, A. N. Tarnovsky, J. Phys. Chem.
2015, 119, 8754.

[23] A. Hossain, S. Engl, E. Lutsker, O. Reiser, ACS Catal. 2019, 9, 1103.

[24]R. Fayad, S. Engl, E. O. Danilov, C. E. Hauke, O. Reiser, F. N. Castellano, J. Phys.
Chem. Lett. 2020, 11, 5345.

[25]P. Lian, W. Long, J. Li, Y. Zheng, X. Wan, Angew. Chem. Int. Ed. 2020, 59, 23603.
[26] V. Pramod Charpe, M. Gupta, K. Chu Hwang, ChemSusChem 2022, 15, e202200957.
[27]W. Li, J. Liu, M. Zhou, L. Ma, M. Zhang, Org. Biomol. Chem. 2022, 20, 6667.

[28] X.-X. He, H.-H. Chang, Y.-X. Zhao, X.-J. Li, S.-A. Liu, Z.-L. Zang, C.-H. Zhou, G.-X. Cai,
Chem. Asian. J. 2023, 18, e202200954.

[29]S. M. Treacy, T. Rovis, J. Am. Chem. Soc. 2021, 143, 2729.
[30]P. Lian, R. Li, L. Wang, X. Wan, Z. Xiang, X. Wan, Org. Chem. Front. 2022, 9, 4924.

[31] A. Hossain, A. Vidyasagar, C. Eichinger, C. Lankes, J. Phan, J. Rehbein, O. Reiser,
Angew. Chem. Int. Ed. 2018, 57, 8288.

[32]Y. Li, K. Zhou, Z. Wen, S. Cao, X. Shen, M. Lei, L. Gong, J. Am. Chem. Soc. 2018, 140,
15850.

[33]J.-M. Brégeault, F. Launay, A. Atlamsani, C. R. Acad. Sci., Ser. llc: Chim. 2001, 4, 11.
[34]H. Xin, X.-H. Duan, M. Yang, Y. Zhang, L.-N. Guo, J. Org. Chem. 2021, 86, 8263.

[35] N. Katta, Q.-Q. Zhao, T. Mandal, O. Reiser, ACS Catal. 2022, 12, 14398.

[36] Q. Huang, M. Zhao, Y. Yang, Y.-N. Niu, X.-F. Xia, Org. Chem. Front. 2021, 8, 5988.
[37]M. Kumar, S. Verma, V. Mishra, O. Reiser, A. K. Verma, J. Org. Chem. 2022, 87, 6263.
[38]S. Maity, M. Zhu, R. S. Shinabery, N. Zheng, Angew. Chem. Int. Ed. 2012, 51, 222.
[39] D. H. White, A. Noble, K. I. Booker-Milburn, V. K. Aggarwal, Org. Lett. 2021, 23, 3038.

[40]a) J. Y. Morimoto, B. A. DeGraff, J. Phys. Chem. 1972, 76, 1387; b) J. Y. Morimoto, B. A.
DeGraff, J. Phys. Chem. 1975, 79, 326; c) P. Natarajan, G. Ferraudi, Inorg. Chem. 1981,
20, 3708; d) G. Ferraudi, S. Muralidharan, Coord. Chem. Rev. 1981, 36, 45; e) R.
Matsushima, Y. Ichikawa, K. Kuwabara, Bull. Chem. Soc. Jpn. 1980, 53, 1902.

33



Chapter 1 Light-induced Homolysis of Copper(ll)-complexes

[41]A. Reichle, H. Sterzel, P. Kreitmeier, R. Fayad, F. N. Castellano, J. Rehbein, O. Reiser,
Chem. Commun. 2022, 58, 4456.

[42]N. W. Dow, P. S. Pedersen, T. Q. Chen, D. C. Blakemore, A.-M. Dechert-Schmitt, T.
Knauber, D. W. C. MacMillan, J. Am. Chem. Soc. 2022, 144, 6163.

[43]T. Q. Chen, P. S. Pedersen, N. W. Dow, R. Fayad, C. E. Hauke, M. C. Rosko, E. O.
Danilov, D. C. Blakemore, A.-M. Dechert-Schmitt, T. Knauber et al., J. Am. Chem. Soc.
2022, 144, 8296.

[44]P. Xu, P. Lopez-Rojas, T. Ritter, J. Am. Chem. Soc. 2021, 143, 5349.

[45]a) J. Chateauneuf, J. Lusztyk, K. U. Ingold, J. Am. Chem. Soc. 1988, 110, 2877; b) J.
Chateauneuf, J. Lusztyk, K. U. Ingold, J. Am. Chem. Soc. 1988, 110, 2886.

[46]J. W. Hilborn, J. A. Pincock, J. Am. Chem. Soc. 1991, 113, 2683.
[471W. Su, P. Xu, T. Ritter, Angew. Chem. Int. Ed. 2021, 60, 24012.
[48]P. Xu, W. Su, T. Ritter, Chem. Sci. 2022, 13, 13611.

[49]Q. Y. Li, S. N. Gockel, G. A. Lutovsky, K. S. DeGlopper, N. J. Baldwin, M. W.
Bundesmann, J. W. Tucker, S. W. Bagley, T. P. Yoon, Nat. Chem. 2022, 14, 94.

[50]a) N. L. Reed, M. I. Herman, V. P. Miltchev, T. P. Yoon, Org. Lett. 2018, 20, 7345; b) B.
J. Lee, K. S. DeGlopper, T. P. Yoon, Angew. Chem. Int. Ed. 2020, 59, 197.

[51]W. Su, P. Xu, R. Petzold, J. Yan, T. Ritter, Org. Lett. 2023, 25, 1025.
[52] A. Wimmer, B. Kdnig, Adv. Synth. Catal. 2018, 360, 3277.

[53]L. Chen, Y. Li, M. Han, Y. Peng, X. Chen, S. Xiang, H. Gao, T. Lu, S.-P. Luo, B. Zhou et
al., J. Org. Chem. 2022, 87, 15571.

[54]L. M. Huffman, S. S. Stahl, J. Am. Chem. Soc. 2008, 130, 9196.

[55]R. Qi, C. Wang, Z. Ma, H. Wang, Q. Chen, L. Liu, Da Pan, X. Ren, R. Wang, Z. Xu,
Angew. Chem. Int. Ed. 2022, 61, €202200822.

34



Chapter 2 Copper(ll)-photocatalyzed Decarboxylative Oxygenation of Carboxylic Acids

Chapter 2 Copper(ll)-photocatalyzed Decarboxylative
Oxygenation of Carboxylic Acids

Abstract
Culllln  LIH Cu(Ln O i . - o
o o - o o T R R : Mechanistic Investigations
:/[ I . 2 19 examples E e UV-vis
R R R™ "R 47-99% yield + Solution Phase IR
""""""""""""""" OR * NMR
Cu(l)- Y Cu(l)- : + Crystallization
monodentate [~ (e} paddlewheel _/O,Cu O\_ : * Water Titration
active N<o” inactive R : * Radical Trapping
= X '
PR

Demonstrating the concept of light-induced homolysis (LIH) for the generation of radicals, the
Cu(l)-photocatalyzed decarboxylative oxygenation of carboxylic acids with molecular oxygen
as the terminal oxidant is described. Two Cu(ll)-carboxylate complexes, different in their
coordination geometries, were synthesized and characterized by X-ray analysis. Mechanistic
investigations were carried out, such as correlating their structure with their ability to undergo
light-induced homolysis. Based on mechanistic investigations, e.g., UV-vis absorption spectra,
solution-phase IR spectra, and EPR studies, it was found that the light-induced homolysis of
monodentate Cu(ll)-carboxylate, rather than paddle-wheel type chelation occurs. The
synthetic method can be successfully applied to nonsteroidal anti-inflammatory drugs
(NSAIDs) such as felbinac, ibuprofen, or naproxen, delivering the corresponding
decarboxylated products in high yields. Also, cyclohexyl-substituted carboxylic acids could be

converted to corresponding cyclohexanones.

This chapter is based on: A. Reichle, H. Sterzel, P. Kreitmeier, R. Fayad, F. N. Castellano, J.
Rehbein, O. Reiser, Chem. Commun. 2022, 58, 4456.
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2.1 Outline of this Study
This work utilizes UV-vis, FT-IR, EPR, NMR-spectroscopy and computational studies to

demonstrate Cu(ll)-carboxylates generally undergo a light-induced homolysis. It was
discovered that the specific coordination geometry of copper-carboxylate plays a pivotal role
in the decarboxylation process. Monodentate carboxylates are shown to be decisive for the
success of subsequent synthetic transformations, whereas bidentate carboxylates are less
effective. For a long time, thermal oxidative Cu(ll)-catalyzed decarboxylation reactions of
carboxylic acids have been established, and many synthetic transformations have been
developed.i In comparison, there were fewer reports of photochemical variants available.?
The underlying mechanism for such decarboxylations was based on light-induced homolysis
(LIH) as the critical step of a Cu(ll)-carboxylate species. Given the plentiful and varied options
for Cu(ll)-carboxylates in coordination geometry, the present project aimed to expand
knowledge of the process requirements to develop more effective catalysts. Decarboxylation
of copper(ll)-carboxylates is achieved via two main mechanistic scenarios, as depicted in
Scheme 1: After LIH, Monodentate Cu(ll)-carboxylate produces radicals through a homolytic
cleavage mechanism, whereas bidentate Cu(ll)-carboxylates of the paddle-wheel type lead to

an unproductive rebinding pathway after LIH.

(A) Monodentate Cu(ll)-carboxylates: Homolytic cleavage mechanism

* [ ]
0 0 0
N h LIH _co
[R—< Cu'l v o, [R—Q\Cu'i - [R—< Cu'] 2 Re+CU
O (o] 0

(B) Dinuclear paddle-wheel type Cu(ll)-carboxylates: Rebound mechanism

*

on-cy' oncy' omcu'|  _

hv LIH CO,

O et L el L B T
on-cu Om-cull Oe Cu'

T rebinding: unproductive pathway ‘

Scheme 1. Mechanistic proposal for the Cu(ll)-mediated oxidation of carboxylic acids.

2.2 Coordination Modes of Copper(ll)-carboxylates

Since the 1970s, copper(ll)-carboxylates have been the subject of intense research due to
their various structural properties and a broad range of applications, e.g. in the field of
molecular magnetism.®! Further, polymeric copper(ll) paddle-wheel carboxylates have been
used as model substances for DNA binding and display antifungal properties.”! The
carboxylate group can adopt various coordination modes, i.e. symmetric and asymmetric
chelation en route to monodentate complexation. Nevertheless, the dinuclear paddle-wheel-
type A coordination mode is very frequent (Scheme 2).5! This type of coordination has

previously been suggested to be the active species in the thermal decarboxylation of carboxylic
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acids, e.g. investigated by Reedijk, Oevering and Buijs in 1994 (complex B).[l Other examples
of dinuclear paddle-wheel type Cu(ll)-complexes C—F were, e.g. successfully characterized by

Monkowius et al.[l in 2020.

As demonstrated by Belfaitha (complex G)®l, or Dege et al. (complex H)®! the paddle-wheel
coordination can be converted into a monodentate one by way of modification of the
coordination sphere, e.g. by using sterically bulky ligands. Further, the coordination of water
to copper complexes can shift an equilibrium from a paddle-wheel coordination complex
towards a monodentate one. Cu(ll)-aqua complexes are generated, as Tsuboi and co-workers
demonstrated (complex 1).'% These could be considered to be part of the “monodentate type”

class.

Selected Examples for Chelation of Cu(ll)-carboxylates

O\ \ P PG I chetation mode of carboxylate figands |
4 ' chelation mode of carboxylate ligands .
R R R ' i
—<O\\‘Cu R_<O\\-Cu J<O\\‘Cu _<OI---C|)u" 1dependent on molecular environment of Cu(ll):
symmetric asymmetric monodentate dinucelar paddle-wheel type
chelate chelate

Selected Examples of dinuclear paddle-wheel type Cu(ll)-carboxylates
Reedijk, Oevering, Buijs et al. (1994). Monkowius et al. (2020)

general structure

Ph Ph ' of paddle-wheel
T | ; |
o O Ph : :
o1 o , O)\O/(R ' o| (6]
— Y i - R\ o7l 0O /~/—\.R
—=N—Cu—Cu—N= i o7 .0 N O N
/| 2 ' X—Cu—Cu ‘ N—Cu—Cu—N
os Lo | N | s | '\_/ oL o] N/
Ph 0__0 | o0 : -
B ; R 0__0O : 00 R=H c
Ph ' Y . 4-Et D
™ Ph i R A ! 4-COOMe E
'+ X =Donor, e.g. MeCN, H,O | 3.COOMe F

Cu(ll)-benzylacetate

Cu(ll)-alkylcarboxylate
Selected Examples of monodentate Cu(ll)-carboxylates

Belfaitha et al. (2018) Dege et al. (2019) Tsuboi et al. (2021)

O/ \\O / N'—}:U\ \ \/ H_o\/ \O/[L/ i{
O N\7) © "o, © 0
N (0] H ]
G\ H 1

Scheme 2. Common coordination modes in Cu(ll) carboxylates and representative examples: Reedijk, Oevering,
Buijs et al.,'Y] Monkovius et al.,["] Belfaitha et. al.,!®! Dege et al.,[® Tsuboi et al.[%,
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2.3 Synthesis of Copper(ll)-carboxylates

It was attempted to synthesize and crystallize copper(ll)-carboxylates to study the influence of
the coordination mode of copper(ll)-carboxylate complexes in photocatalytic decarboxylation
reactions. A straightforward method for generating copper(ll)-carboxylates is complexation. To
this end, generally, two different methods are used. Complexation of carboxylic acid in basic
media with a copper(ll)-salt, or the reaction of a copper(ll)-salt with the sodium salt of the
carboxylic acid.'? Based on a report from Lundgren and co-workers,[*3 we started our
investigations by deprotonating carboxylic acid 1a with aqueous NaOH and subsequent
complexing with CuSO4. The precipitate was directly obtained from the reaction mixture and

dried in vacuo to provide a water-free copper(ll)-carboxylate.

Synthesis of paddle-wheel Cu(ll)-complex

1) 1M aqueous NaOH (1.0 equiv) Crystallization
OH 25 °C, 30 min by vapor diffusion
5 [Cu,(1a)2,] [Cuy(1a)4(MeCN),]
~o0 2) CuSOy (0.5 equiv),then precipitation, MeCN/ Pentane 2
1 equiv, 1a 3h at 100 °C, 86% copper(ll)-arylacetate
precipitate
Synthesis of monodentate Cu(ll)-complex
o
| X
N [Cupx(1a),,] (1.0 equiv) O
o T A 0
Z>N 1) CHCI3 25 °C, 1h ~ _N Vs

S
Cu
N \N/
| —

95% 0
1 equiv, dmp 3 G
[Cu(dmp)(1a),]
O

Scheme 3. Synthesis of [Cu(1a)s(MeCN)z] and complex [Cu(dmp)(1a)2].

| 2) precipitation

[Cu'(dap)Cl,]
complexation type of
[Cu'(L1)(X)2]

Successful recrystallization from MeCN afforded dinuclear paddle-wheel type complex
[Cu(1a)s(MeCN);] (2). Previous work®4 inspired us to utilize dmp (dmp = 2,9-dimethyl-1,10-
phenanthroline) over dap (dap = 2,9-bis(para-anisyl)-1,10-phenanthroline) as a bulky ligand to
obtain monodentate coordination, due to its structural similarity, commercial availability and
low costs compared to dap. To obtain copper(ll) complexes of the general structure
[Cu(L1)(X):] (ligands = X, L1), one equivalent of copper(ll)-salt CuX; has to be complexed with
one equivalent of the ligand L1. For example, Wu, Yang and co-workers reported the synthesis
and characterization of similar phenanthroline-based complexes!*®! and Lankes!*¢! described
the synthesis of complex [Cu(dap)Cl.]. Following this principle, we obtained after precipitation

[Cu(dmp)(1a)] (3) as a bright greenish solid (vide supra, Scheme 3).
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2.3.1 Crystal Structures of Copper(ll)-carboxylates

From the uniform precipitates of Cu(ll)-carboxylate complexes, single crystals suitable for X-
ray analysis were afforded by vapor diffusion (pentane/MeCN for paddle-wheel complex 2;
CHCls/pentane for monodentate complex 3. The crystal structures gave valuable insight into
the different coordination modes of Cu(ll) in both compounds. The paddle-wheel complex
[Cuz(1a)s(MeCN);] (2) reveals a coordination mode that is generally expected for comparable
dinuclear copper(ll)-carboxylates.'”] As expected, the crystal structures revealed two
copper(ll)-metal centers surrounded by four carboxylate ligands (Table 1). The solvent ligands
acetonitrile (MeCN) are bound at the axial positions. A distorted octahedral geometry is
accomplished through Cu—Cu interactions. The Cu—Cu distance of 2.6206(6) A is in agreement
with analogous copper(ll)-paddle-wheel complexes.!*8l The four carboxylates are tightly bound
in a bidentate fashion (Cu—Ocarmoxy 197 pm). This syn-syn coordination mode and bond length

are typical for such complexes.[%

Unexpectedly, the Cu(ll)-complex [Cu(dmp)(1a);] (3) displays two monodentate coordinated
carboxylates and one molecule of 2,9-dimethylphenanthroline (dmp) as ligand coordinated via
the two nitrogen atoms (Cu—O 193 pm, interatomic distance Cu—O 272 pm). The copper-center
has a pseudo-tetrahedral geometry with a pronounced flattering distortion (Table 2). The
dihedral angle between the planes of the complex (N-Cu-N / O-Cu-O) is significantly increased
(for monodentate 3: 44.96(7) deg). This coordination geometry is unusual because the
pseudo-tetrahedral geometry is more comparable to the phenanthroline complex
[Cu(dap)Cl,].1*®! As expected, the methyl groups in complex 3 have a significant steric influence
since the carboxylate anions inhibit interactions with the methyl groups in positions 1 and 10

of the dmp ligand, which profoundly influences the overall coordination sphere.

39



Chapter 2 Copper(ll)-photocatalyzed Decarboxylative Oxygenation of Carboxylic Acids

Table 1. X-ray structure of [Cu(1a)a(MeCN)z]-(2).

2
l
T
I

[Cu(1a)s(MeCN),]-(2)
Bond Angle [deg]

010-Cul-06 91.35(10)
0O5-Cul-010 91.00(10)
03-Cu2-08 87.82(10)
0O7-Cu2-Cul 84.96(7)
010-Cul-Cu2 85.16(7)
03-Cu2-Cul 84.59(7)
N1-Cul-Cu2 174.59(7)
N2-Cu2-Cul 176.89(7)
09-Cu2-Cul 83.90(6)
O7-Cu2-Cul 84.96(7)
Bond Length [A]

Cul-010 1.972(2)
Cul-04 1.969(2)
Cu2-07 1.967(2)
Cu2-03 1.967(2)
Cul-Cu2 2.6206(6)
Cul-N1 2.204(3)
Cu2-N2 2.189(3)
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Table 2. X-ray structure of [Cu(dmp)(1a)z] (3).

0
0
< N;Cu,/o =
. N °
0
[Cu(dmp)(1a)2] (3)
Bond Angle [deg]
N1-Cul-N2 82.59(6)
N2-Cul-O4 148.71(27)
04-Cu1-03 96.82(7)
03-Cul-N1 147.27(7)
Cul-04-C10 107.73(13)
Cul-03-C9 109.89(14)
Dihedral Angle [deg]
N2-Cul-N1/ 0O4-Cul-O3 44.96(7)
Bond Length [A]
Cul-N2 2.0213(16)
Cul-N1 2.0256(16)
Cul-03 1.9267(15)
Cul-04 1.9323(15)
Interatomic Distance [A]
Cut--05 2.6956(17)
Cul-—02 2.7534(17)
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2.3.2 Electronic Properties of Copper(ll)-carboxylates
UV-vis absorption properties of copper(ll)-carboxylate complexes were investigated in
spectroscopic grade MeCN and recorded at 25 °C. The acquired spectra of compounds 2

and 3 are depicted in Figure 1.

The wavelengths and extinction coefficients are shown in Table 3. The complexes show next
to no absorption in the spectral range of green wavelengths (530 nm) being shifted to the blue
(455 nm) and red part of the spectrum (680 nm). Both complexes show enhanced absorption
at 367 nm. Both absorption shoulder bands of the complexes around 340 to 470 nm can be
assigned to metal-to-ligand charge-transfer transitions (LMCT). Around 450 nm, the
monodentate compound 3 exhibits a distinctive absorption attributed to the dmp-ligand.?%
Paddle-wheel complex 2 displays the typical d-d transitions of Cu(ll) around 550-900 nm, a
characteristic feature for Cu(ll) coordination compounds.?! Similarly, these absorptions can
be found for complex 3, but more red-shifted and very weak due to its chemical environment
on the copper(ll)-center.l??l The visible bands are characteristic metal-to-ligand or ligand-to-
metal charge transfer (MLCT or LMCT) transitions and are considerably weaker than the UV
bands.[?% Theoretically, both complexes can be excited via LMCT around 360 to 450 nm and

should therefore undergo desired LIH.

2,5
'E 2
(6]
5
€ 15
_
S 1\ Cu2(1a)4(MeCN)?2
w

Cu{dmp)(1a)2
0,5
\‘—d-/'/\
0 e e e

wavelength [nm]

Figure 1. Absorption spectra of Cu(ll)-complexes at ambient temperature (25 °C) (blue line: paddle-wheel 2, green
line monodentate complex 3).
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Both complexes have allowed molecular extinction coefficients. Characteristics are for the
paddle-wheel complex 2 the charge-transfer (CT) transitions in the range of € = 1.3 -10?
-‘L-mol-*-cm-* and d-d transitions in the range of € = 1.6 -102 -L-mol*-cm, which are in

agreement with other literature reports. 2423

Table 3. Photophysical properties of copper(ll)-carboxylates.

Complex Absorption Anax [nM] Molar Extinction Coefficient
€[10°-L - mol?*-cm™]
300 1.4-108
320 1.0-103
350 5.8:10?
370 3.5:107?
400 1.7-102
[Cuz(1a)s(MeCN),] 430 1.1-102
2 450 0.9-10?
550 0.7-10?
650 1.6-102
750 1.3-102
850 0.7-102
300 3.0-108
320 1.0-108
350 3.6-102
370 2.1-10?
400 1.3-102
[Cu(dmp)(1a)2] 430 1.3-102
3 450 1.3-102
550 0.4:10?
650 0.4:10?
750 0.5-102
850 0.4-102
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2.4 Evaluation of Paddle-Wheel vs. Monodentate Coordination

Table 4. Evaluation of Paddle-wheel (2) vs. monodentate Cu(ll) complex (3) in the oxidative decarboxylation of

carboxylic acid 1la.2
]
/©/\H/OH 10 mol% Cu(ll)-complex /@)
~0 o} ~0

ag. MeCN (0.125 M), rt, O,
1a 24 h, 367 nm 4a

77 [Cup(1a)4(MeCN),] (2) [Cu(dmp)(1a),] (3)
paddle-wheel coordination vs. monodentate coordination

Entry Cu(l)-complex Irradiation Power  Water Content Amax Yield®

[mW] [Vol%)] [nm] (%)
1 [Cuz(1a)s(MeCN),] (2) 160 - 367 11
2 [Cuz(1a)4(MeCN);] (2) 160 2.2 367 21
3 [Cu(dmp)(1a)2] (3) 160 - 367 86
4 [Cu(dmp)(1a)] (3) 160 2.2 367 91
5 No 160 - 367 10
6 Cu(OAc), + dmp (in situ) 160 2.2 367 60

7 Cu(OAc), + dmp (in situ) 400 2.2 367 95 (939
8 Cu(dmp)(1a)2 (3) 400 2.2 367 95
ge Cu(OAc), + dmp (in situ) 400 2.2 367 33
10¢ No 400 2.2 367 nr

aStandard conditions: 1a (0.25 mmol, 1.0 equiv), 10 mol% Cu(ll) (12.5 pmol, for complex 2 (Dimer) or 25 umol, for
complex 3) in MeCN (2.0 mL, 0.125 M), water (45 pL, 2.2 Vol%), Irradiation at 367 nm with a radiant power of
160 mW under Oz atmosphere for 24 h at room temperature (30 °C). °PNMR vyield using 1,1,2,2-tetrachloroethane
as internal standard. “Reaction time was 2.5 h. Yisolated yield on a 0.5 mmol scale.

We examined the Cu(ll)-complexes (paddle-wheel and monodentate) for their potential as
catalysts to promote decarboxylation reactions by irradiating 1a at 367 nm in an oxygen
atmosphere for 24 h (Table 4). While complex 2 produced p-methoxy benzaldehyde (4a) in a
low yield (entry 1), complex 3 had outstanding efficiency by creating 4a in 86% yield (entry 3).
The reaction was also conducted in aqueous solvents, following the example of Schroder et

al.’8l, who previously demonstrated that water breaks up the copper complex clusters,
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following the hypothesis that the paddle-wheel coordination might be the root cause for the low
efficiency of 2. The yield of 4a increased to 21%, as shown in entry 2, but it still pales compared
to complex 3, which also saw a benefit from adding water (entry 4). Further, it was discovered
that a background reaction (entry 5) was equally effective in the presence and absence of
copper complex 2. Additionally, we tested the combination of Cu(OAc), i.e. having an innocent
carboxylate ligand present together with the free dmp ligand, with an emphasis on creating a
generally applicable catalyst system. To our delight, converting la to 4a (entry 6) with this
reagent combination gave 60% of product 4a. A more intense light source successfully
increased the yield to 95% (entry 7). Applying the defined complex 3 in combination with a
stronger light source afforded 4a also in high yield (entry 8). To further investigate the
background reaction, the reaction mixture was irradiated in the presence and absence of the
photocatalyst for a period over 2.5 h (entries 9-10), showing that the product was only
generated in the presence of the photocatalyst.

2.5 Further Optimization Studies

To increase the synthetic applicability of the discovered copper-mediated decarboxylation
reaction, we performed optimization studies using the in situ combination of 10 mol% of
Cu(OAc): and dmp (Table 5). As described above, increasing the irradiation power to 400 mW
afforded 95% of 4a (entry 1). The reaction also worked well if Cu(l)(OAc) was used instead of
Cu(Il)(OAc),, suggesting that after oxidation by molecular oxygen?l to Cu(ll), the
decarboxylation reaction can be initiated (entry 2). Considering the use of higher wavelengths,
such as 400 nm and 455 nm, we observed a decrease in product formation (entries 3-4). A
possible explanation for this observation could be that the corresponding dissociative LMCT
transitions, which lead to LIH, are located exclusively at lower wavelengths. When the reaction
was performed open under air, a high yield of 90% was obtained (entry 5). Under a nitrogen

atmosphere, only traces of the product could be detected (entry 6).

Further, we recognized that the water content of the reaction solution plays an essential role
since a drastic increase in the amount of water led to a decrease in product formation
(entries 7-10). However, a small water amount was necessary to obtain the best yield
(entry 1). Corresponding EPR investigations on the copper(ll)-carboxylates present in the
solution are described in Chapter 2.8.2 Water Titration Experiment. Screening the solution
concentration showed an increased product formation in diluted solutions (entries 11-12),

most likely because of the solubility effects of the photoactive complex.
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Table 5. Additional Parameter Screening.?

in situ ?
/©/\H/OH "10 mol% catalyst" /@)
O
~o ~o

ag. MeCN (0.125 M), rt, O,

1a 24 h, 367 nm with 400 mW 4a
Entry Change from “standard conditions” Amax [Nm]  Yield® (%)
1 No changes 367 95 (939
2 With 10 mol% of Cu(OAc) instead of Cu(OAc)2 367 94
3 Irradiation at 400 nm (irradiation power = 440 mW) 400 28
4 Irradiation at 455 nm (irradiation power = 550 mW) 455 23
5 Open to air 367 90
6 Under N2 atmosphere 367 traces
7 Without water 367 83
8 Water content of 0.2 Vol% 367 88
9 Water content of 10.3 Vol% 367 34
10 Water content of 18.7 Vol% 367 44
11 MeCN (0.250 M) 367 88
12 MeCN (0.083 M) 367 95

aStandard conditions: 4-methoxyphenylacetic acid (1a) (0.25 mmol, 1.0 equiv), Cu(OAc)2 (25 pumol, 10 mol%), dmp
(2,9-dimethyl-1,10-phenanthroline) (25 pmol, 10 mol%) in MeCN (2.0 mL, 0.125 M), water (45 pL, 2.2 Vol%).
Irradiation at 367 nm with a radiant power of 400 mW under an Oz atmosphere for 24 h at room temperature (30°C).
bNMR yield using 1,1,2,2-tetrachloroethane as internal standard. °Isolated yield (0.5 mmol scale).

2.6 Substrate Scope of the Cu(ll)-photocatalyzed Decarboxylative

Oxygenation

To our delight, various electron-rich primary phenylacetic acids delivered the corresponding
aldehydes in high yield. Furthermore, secondary phenylacetic acids provided corresponding
ketones in high to quantitative yield (Scheme 4). With the intent to identify possible degradation
pathways of non-steroidal anti-inflammatory drugs (NSAIDs) applicable in pollution abatement,
widely used agents such as felbinac, ibuprofen, or naproxen gave rise to the corresponding
decarboxylated products 4j—4q in high vyields. In addition, cyclohexyl-substituted carboxylic

acids could be converted to the corresponding cyclohexanones 4r and 4s.
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OIOH 10 mol% Cu(OAc), + 10 mol% dmp O E E
R R1 R)’LR»] E = dmp E
1 aq. MeCN (4.0 mL, 0.125 M), rt, O, 4 ' |
24 h, 367 nm i 5
(A) from phenylacetic acids?®
)
NHBoc
Boc\
4a, 93% (95%") 4b, 88% 4c 85% 4d 97% 4e 89% 4f, 98%°
‘ 0O
©)k ©ij /©) Ph)‘\©/{k
Ph
4g, 98%" 4h, 82% 4i, 99% 4j, 76%° 4k, 66%
from felbinac from ketoprofen
) (@]
0]
/)
— 5 Yon
o
41, 47%° (53%") 4m, 99% 4n, 98%
’ O— from indometacin
from naproxen from ibuprofen
(@)
e /f f D* c@@*
o j
40, 56%° 94% 4q, 98%
from isoxepac from fluorblprofen from loxoprofen
(B) from aliphatic carboxylic acids? (C) unsuccessful acids
BOC 1t, ca. 20%" 1u, traces® 1v, traces 1w traces®
4r, 57% 4s, 72%

Scheme 4. Substrate scope for the decarboxylative oxygenation of carboxylic acids. Standard conditions?:
phenylacetic acid (0.5 mmol, 1.0 equiv), Cu(OAc)2 (50 umol, 10 mol%), dmp (50 umol, 10 mol%) in MeCN (4.0 mL),
water (95 pL, 2.2 Vol%), distributed over two Schlenk tubes. Irradiation at indicated Amax with a radiant power of
400 mW under an Oz atmosphere for 24 h at room temperature (25°C). °PNMR vyield using 1,1,2,2-tetrachloroethane
as internal standard (on an 0.250 mmol scale). °With a radiant power of 160 mW.

Low amounts of product were detected for chlorine-substituted carboxylic acid (1t) and only
product traces could be detected if an electron-deficient carboxylic acid such as 4-CFs-
phenylacetic acid (1u) was used. This led us to the concluding assumption that the
decarboxylation process is inefficient for these types of electron-poor substrates. Further,
primary alkyl carboxylic acid (1v) was not an appropriate substrate: Because of the low stability
of the resulting unstabilized primary alkyl radical, it appears that CO;-extrusion upon homolysis
of the carboxylate ligand from Cu(ll) is not accessible to the current methodology. Nonetheless,
the carboxyl radical recombining with Cu(l) may reverse the first homolysis.[?® It was also found

that an aryl carboxylic acid (1w), undergoing decarboxylation following the protocol by
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MacMillan and co-workers??, was no suitable substrate for the reported copper-mediated
method. It is assumed that the highly unstable phenyl radical resulting from a hypothetical
initial light-induced homolysis makes this pathway unfavorable. Further, the decarboxylation
of aryl carboxylic acids is reportedly a very slow process (k = 108 s71)i% about 1000 times
slower than the decarboxylation of alkyl carboxyl radicals (k = 10° s71)i28, It is currently believed
that the back electron transfer (BET) between the aryl radical and Cu(l)-photocatalyst is the

main competing pathway.

2.7 Upscaling and Synthetic Utility

(A) Gram-scale decarboxylative oxygenation

in situ 0

OH "10 mol% catalyst"
o ag. MeCN (0.125 M), rt, O,
18 h, 367 nm

batch-setup

1n 4n, 1.20 g, 6.81 mmol, 91%

(B) Reported representative synthetic utility of the ketone

oo @@Aﬁ‘o

JZP-327A (13)
hrFAAH IC5o = 11 nM

Ref.% Ref 3132
12, 91% ‘ Ref.40 / (R)-5, 99% (99% ee)
cytosporone analogue (S)-5 96%, (82% ee)
tyyrosin phosphatase 38 33
1B (PTP1B) inhibitor (11) ____ Ref _ Ret™
ICs0 = 1.03 yM 4n

6, 88%
Ref.3

: Ref.34
Ref.%¢ Ref.% \ B
OH o~ opin

m
10, 78% Q CN
ibuf

9,87% 8, 94%

Scheme 5. Gram-scale functionalization of aryl carboxylic acid with upscaling reactor on 7.5 mmol scale. Standard
conditions: carboxylic acid (1n) (1.0 equiv, 7.5 mmol), Cu(OAc)2 (10 mol%, 0.75 mmol), dmp (10 mol%, 0.75 mmol)
in MeCN/water (0.125 M); Irradiation at indicated wavelength A = 367 nm under Oz atmosphere for given time at
room temperature (25°C).
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An upscaling reaction was performed to demonstrate the synthetic utility (Scheme 5).
Therefore, irradiation took place in a photoreactor, where irradiation was achieved with 367 nm
3 W LEDs. Cooling of the LEDs was accomplished via water cooling of the outer mantle of the
reaction vessel, providing irradiation at room temperature (25 °C). The reaction solution was
additionally cooled with a cooling glass finger (for details of the reaction apparatus, see the
experimental part). We were pleased to see that decarboxylation of ibuprofen (1n) as model
substrate afforded the desired ketone 4n in 91% yield after column chromatography on a
7.5 mmol scale, and the reaction time could be decreased from 24 h to 18 h. The tremendous
synthetic utility of the synthesized ketone 4n is amply documented in the literature as shown
in Scheme 5: Representative transformations of the ketone are enantioselective reduction to
the alcohols (R)-5[3% and (S)-5,2 the Wittig reaction to obtain olefin 6,123 hydroboration to 7,34
conversion to nitrile 8(% or primary amide 9,1 ibuprofen derivative ibufenac 10,7 the
synthesis a of tyrosine phosphatase inhibitor (11)1%8! or cytosporone analog (12).13% Especially,
ketone 4n has been used as a key intermediate in synthesizing the fatty acid amide hydrolase
(FAAH) inhibitor JZP-327A (13),149 a highly potent drug candidate.

2.8 Mechanistic Investigations

With our collaboration partners in the groups of Professor Rehbein and Professor Castellano,
various experiments were conducted to acquire insight into the mechanistic pathway. Please
take note that while we synthesized the relevant copper(ll)-complexes, the Rehbein group
conducted mechanistic calculations and electron paramagnetic resonance (EPR) experiments
and the Castellano group additional spectroscopic investigations. A plausible mechanistic
picture for the decarboxylative oxygenation was successfully achieved by combining all the

results.

2.8.1 UV-vis, Soution phase IR- and NMR Studies

The Castellano group recorded time-resolved UV-vis absorption spectra, revealing the
formation of [Cu(dmp).]* after irradiation at 427 nm into the LMCT transition. A control
experiment of independently prepared [Cu(dmp)2]* successfully allowed the designation of the
UV-vis band (Figure 2 Left). As seen in the UV-vis spectra, the photochemical reduction is
consistent with the proposed LMCT excitation, leading to LIH of the Cu(ll) carboxylate bond in
[Cu(dmp)(1a).] (3). Additionally, changes can be recognized for the ligand field d-d transition
absorption band,?Y which is a characteristic feature for Cu(ll) coordination compounds and not

observed in Cu(l) d'° species.*1:42]
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The band of the Cu(ll) carboxylate during irradiation gradually shifted to 800 nm. Eventually, it
decreased, agreeing with indicated photoreduction of Cu(ll) to Cu(l) via LIH, over the course
of the reaction. Moreover, the extrusion of CO, was followed with solution-phase IR spectra of
fresh and irradiated [Cu(dmp)(la)2] (3) showing the emergence of the carbon dioxide
absorbance band at 2335 cm-! growing with irradiation time (Figure 2 Right). The proposed
CO; release upon decarboxylation of the 4-methoxyphenyl acetoxy radical species | is

assigned to the absorbance band (vide infra, Scheme 6).

1.0+ 0.25 4
Cu(dmp)(1a), Cu(dmp)(1a),
0.8 - 0.20
0.6 - 0.15+ — Fresh
: : —im
— 20 min
o © 0.10 — 40 min
0.4 — Fresh — 60 min
— 10 min
—— 60 min a
. X — 120 min 0.05
02, [Cu(@mp)al’
2
0.00 G
0.0- T T [ E— [ — T T \ T T \ T T
400 500 600 700 800 900 1000 2400 2380 2360 2340 2320 2300 2280
A/nm u/em’

Figure 2. Left: Time-resolved UV-vis absorption spectra of fresh and 427 nm photolyzed [Cu(dmp)(1a)2] (3) in
acetonitrile. Irradiation times are indicated in the legend. The spectrum of independently prepared [Cu(dmp)2]*
(dashed line) is overlayed for comparison. Right: Solution-phase IR spectra of fresh and 427 nm photolyzed
[Cu(dmp)(1a)] (3) in dichloromethane Irradiation times are indicated in the legend. Experiments were carried out
by the Castellano group and the shown graphics were kindly provided by them.
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Figure 3. *H NMR spectra (400 MHz) of fresh and 420 nm photolyzed Cu(dmp)(1a)2 (3) in MeCN. The photolysis
was carried out in situ using a 420 nm LED fiber optic coupled to a capillary jacket within the 5 mm NMR tube.
Irradiation times are indicated in the legend. Experiments were carried out by the Castellano group and the shown
graphics were kindly provided by them.
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Additionally, the reaction was monitored by 'H-NMR analysis following the formation of the
photolysis product at 420 nm (vide supra, Figure 3). Here 4-methoxy benzaldehyde (4a)
(6.95 ppm (doublet), 7.75 ppm (doublet)) and the Cu(l)-coordinated dmp proton peaks (8.47
ppm (doublet), 8.00 ppm (singlet) and 7.71 ppm (doublet)), were observable. The
[Cu()(dmp)2]* species lll, observed by 'H NMR, can be considered to be in equilibrium with a
[Cu((dmp)(1a)]* species Il, as shown in Scheme 6. This result further supports the
mechanistic proposal of light-induced homolysis of [Cu(dmp)(1a)2] (3) and corresponds to the

recorded UV-vis spectra.

+|| hv .'-"" i

R =4- MeOphenyI

equilibrium Cu(dmp),* Il

Scheme 6. Proposed LIH and formation of Cu(l)-species Il and 4-MeO-phenylacetoxy radical species |.

2.8.2 Water Titration Experiment

A water titration study was carried out to investigate the copper(ll)-species formed in the
presence of water. The study was conducted with substrate-catalyst complexes 2 (paddle-
wheel) and 3 (monodentate) (Figure 4). Since 2 showed diminished performance in catalysis,
we were interested if monomeric Cu(ll) complexes are the key to good turn-over rates.
— 0.2 Vol%
—2.2Vol%
1,0x107 —— 5.4 Vol%

——10.3 Vol%
18.7 Vol%

| = ]

3x10°

| (|
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Figure 4. Water titration experiment of Cu(ll)-complex. Left: Cu(ll)-complex 2 (12.5 mmol/L) or 3 (6.25 mmol/L)
formed in situ in MeCN (2.0 mL), water (45 pL, 2.2 Vol%) from Copper(ll)-carboxylate at room temperature (25 °C).
Right: Cu(ll)-complex 3 (12.5 mmol/L) formed in situ in MeCN (2.0 mL at room temperature (25 °C). Water: 0.2 Vol%
(4.5 pL), 2.2 Vol% (45 pL), 5.4 Vol% (115 pL), 10.3 Vol% (230 uL), 18.7 Vol% (461 pL). (Experiments were carried
out by the Rehbein group and the shown graphics were kindly provided by them).
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EPR-spectral analysis of the two complexes in MeCN with 2 Vol% of water indicated that a
significantly higher proportion of monomeric Cu(ll) species is present for complex 3 compared
to 2, as shown in Figure 4. Additional titration studies of water to complex 3 further support
that in MeCN solutions, clustering of Cu(ll) to an overall diamagnetic species is enhanced in
case of low water amount. Related studies by Schréder and co-workers on copper(ll) acetate
in acetonitrile revealed that complex species in solution are strongly dependent on the water
content within the solvent. By way of example, 5.0 Vol% of water resulted in the dominance of
monomeric copper(ll) complexes.?8 It was shown that monomeric Cu(ll) species are essential

for achieving good conversion rates in the decarboxylation step.

2.8.3 Radical Trapping Experiment and Reaction under N2 Atmosphere
Complementary radical trapping experiments with TEMPO under standard conditions revealed
a complete shutdown of the decarboxylation, and the formation of TEMPO-adduct 14 was

confirmed by mass-spectrometric analysis (Scheme 7, pathway A).

Performing the reaction under a nitrogen atmosphere (pathway B), we observed the coupling
product 15 that forms by trapping 4-methoxyphenylacetoxy radical species with carboxylic acid
la. However, in the absence of an oxidant, the necessary back oxidation to Cu(ll) cannot
occur, thus making such processes stoichiometric*®l rather than catalytic in copper. Thus,
identifying oxidative reaction conditions that won't obstruct the early coupling of

radicals or nucleophiles should be considered in future investigations.

pathway A pathway B R = 4-MeOphenyl
L O
in situ
/@/\O/N TEMPO (1.2 equiv) OH"10 mol% catalyst" /@/\OJ\/R
~o 14 standard conditions o standard conditions 15
detected by ESI-HRMS 1a N; atmosphere detected by EI-HRMS .
calc. for C47H,7NO, [M+H]*: calc. for C47H4604 [M+H]™:
278.2115, found 278.2120. 286.1120, found 286.1195.

Scheme 7. Mechanistic investigations under standard reaction conditions: Pathway A: reaction in the presence of
TEMPO. Pathway B: reaction under N2 atmosphere. Standard conditions: see experimental part for details.

2.8.4 EPR-Analysis

The Rehbein group successfully monitored the photolysis process by recording the electron
paramagnetic resonance (EPR). Spin trapping experiments of [Cu(dmp)(1a).] (3) and C-
phenyl-N-tert-butylnitrone (PBN) in agueous acetonitrile revealed the existence of 4-methoxy
benzyl radicals as adducts, agreeing with the TEMPO-trapping experiment (vide supra,
Scheme 7). As demonstrated by Figure 5A, the PBN signal forms after irradiation and further
allows the characterization of the organic radical PBN-R by its hyperfine coupling constants
(Figure 5B). Through these data, it was possible to visualize the decrease of complex
[Cu(dmp)(1a),] (3) upon irradiation at 367 nm (with Kinitias = 0.015 + 0.004 s) and the increase
in the formation of the spin trap signal of PBN-R (with kiniias = 0.013 + 0.002 s-1) (Figure 5C).
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Both initial rate constants match up. By following the time course, the (initial) photolysis seems
to be an extremely fast process. The concentration of Cu(ll) decreases upon irradiation,
agreeing with e.g. the photolysis study of complex [Cu(dmp)2.CD]CI reported by Castellano,

Reiser and co-workers.#2
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Figure 5. (A) EPR Spectra before and after irradiation. (B) Trapping signal of PBN-R. (C) Kinetic traces of Cu(ll)-
signal (black squares) with kinitai = 0.015 + 0.004 s and of the growth of the PBN-R signals (red squares) with Kinitia
= 0.013 + 0.002 s. Fitted at early times with a single exponential function and assuming pseudo-first order
conditions for the PBN-R formation (Experiments were carried out by the Rehbein group and the shown graphics
were kindly provided by them)
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2.8.5 Photostability Test of Decarboxylation Products

In principle, the decarboxylated product could undergo a further oxidation process under
oxidative conditions to afford the corresponding benzoic acids. Regarding ketones, e.g. the
photolysis of ibuprofen under UV-light irradiation initiated by hydroxyl-radicals in an aqueous
solution was investigated. However, this method led to no selective oxygenation, and a mixture
of oxygenation products was obtained.[*¥ To investigate the product stability and presence of
possible side reactions for the Cu(ll)-photocatalyzed process, irradiation experiments were
performed as shown in Table 6.

The product of the photoreaction 4-methoxybenzalhyde (4a) was irradiated in the presence of
10 mol% of the ,in situ“ photocatalyst (Cu(OAc), + dmp). After 24 h of irradiation, no
overoxidation product (benzoic acid) or other oxygenation products were observed (entry 1). If
solely dmp was applied as a photocatalyst (entry 2), quantitative overoxidation to benzoic acid

(16) was observed.

Table 6. Experiments on the photostability of decarboxylated products (4a and 4n as model substrates).2

hotocatalyst (10 mol%
product P yst( ) oxygenation
of photoreaction products
aq. MeCN (0.125 M), rt, O,

24 h, 367 nm with 400 mW

Decarboxylation Product .
Entry Photocatalyst _ Outcome / Yield®
(Product of the photoreaction)

Cu(OAC)2 (10 mol%)
+ dmp (10 mol%)

Starting material
recovered (100%)

O

ﬁ°”
o

16, 100%

]
]
- @2
Cu(OAC)2 (10 mol%) i Starting material
+ dmp (10 mol%) /k/(j)mK recovered (94%)
o)
/k/©)4nK

2 dmp (10 mol%)

4 d 10 mol% Starting material
e (o morY recovered (58%)

aStandard conditions: product 4 (0.25 mmol, 1.0 equiv), 10 mol% catalyst: (Cu(OAc)z + dmp) or (dmp) in MeCN
(2.0 mL), water (45 pL, 2.2 Vol%). Irradiation at indicated Amax with a radiant power of 400 mW under an Oz
atmosphere for 24 h at room temperature (25°C). °NMR vyield using 1,1,2,2-tetrachloroethane as internal
standard (on a 0.250 mmol scale).



Chapter 2 Copper(ll)-photocatalyzed Decarboxylative Oxygenation of Carboxylic Acids

The same experiment was carried out with product 4n as the model substrate. After 24 h, 4n
was recovered in 94% vyield revealing that no undesired oxidation process occurred under the
reaction conditions (entry 3). If the ligand dmp solely was applied as a photocatalyst, only 58%
of the starting material (4n) was obtained, and several unidentified degradation products were
formed (entry 4). Thus, it can be concluded that the reaction stops for benzylic carboxylic acids
at the aldehyde oxidation stage or for secondary carboxylic acids at the ketone oxidation state

and no overoxidation occurs.

2.8.6 Investigations on Selective Product Formation
Additionally, we performed corresponding *H-NMR investigations on the decarboxylation

reaction of ibuprofen (4n) and an aliphatic carboxylic acid (4r), as depicted in Table 7:

Table 7. Experiments on the decarboxylation of carboxylic acids (1n and 1s as model substrates)?

OIOH 10 mol% photocatalyst )(i
R™R! =~ R7OR!
1 ag. MeCN (2.0 mL, 0.125 M), rt, O, 4
4 h, 367 nm
Entry Photocatalyst Acid Outcome / Yield®

H o)

0._0

/k/©/j/nk /k/@iiﬂ%
Os_OH 50% 4n, but no selective

/k/©/j/nk

Cu(OAC)2 (10 mol%)
+ dmp (10 mol%)

2 dmp (10 mol%) product formation,
several side products
Cu(OACc)2 (10 mol%) BocN/\:>_40 BocN/\:>:O
+dmp (10 mol%) s 45, ca. 10%
0
4 dmp (10 mol%) BOCN/\:>_40H crm
1s

aStandard conditions: acid 1 (0.25 mmol, 1.0 equiv), 10 mol% catalyst: Cu(OAc)2 + dmp or solely dmp in
acetonitrile (2.0 mL), water (45 pL, 2.2 Vol%). Irradiation at indicated Amax with a radiant power of 400 mW under
an Oz atmosphere for 4 h at room temperature (25°C). °NMR vyield using 1,1,2,2-tetrachloroethane as internal
standard (on a 0.250 mmol scale).
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These experiments were designed to clarify whether the defined oxidation process requires
the photoactive complex consisting of Cu(ll) and dmp as the ligand. We irradiated the
corresponding acids in the presence of 10 mol% Cu(OAc). and dmp or the presence of solely
10 mol% dmp. As result, exclusive product formation was observable, if a combination of
Cu(OAc), and dmp was used (entry 1 and 3). For ibuprofen (1n), *H-NMR analysis clearly
indicated selective product formation if the combination of 10 mol% Cu(OAc), and dmp as a

photocatalyst was employed (vide infra, Figure 6).

V| o
L

JUUL L u_

T T T T T T T T T T T T T T T T T T T T T T T
11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
ppm

Figure 6. Crude *H-NMR in CDCIz of photolysis of ibuprofen (1n) in presence of 10 mol% Cu(Oac)2 + dmp as
photocatalyst showing the selective product formation (4n) (violet arrows); NMR of pure product 4n is shown for
comparison (red line); 5.95 ppm = signal of the internal standard 1,1,2,2-tetrachloroethane.

Contrary to this, unselective product formation was observed if 10 mol% of dmp was subjected
to the photocatalytic reaction conditions (vide infra, Figure 7). In the case of the aliphatic
carboxylic acid (1s), product formation (4s) was observed only in the presence of the in situ
formed Cu(ll)-complex (entry 3). In contrast, no product was detectable if just 10 mol% of dmp
was used as a photocatalyst (entry 4). The experiments confirm that the active photocatalytic
complex consisting of dmp and copper(ll) has to be formed to initiate successful
transformations. Thereby, the high efficiency of the photolysis via LIH goes hand in hand with

selective product formation.
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Figure 7. Crude H-NMR in CDClIs of photolysis of ibuprofen (1n) in presence of 10 mol% dmp as photocatalyst
showing unclean reaction mixture (blue arrows); NMR of pure product 4n is shown for comparison (red line);
5.95 ppm = signal of the internal standard 1,1,2,2-tetrachloroethane.

2.9 Proposed Reaction Mechanism

By combining all mechanistic investigations (UV/vis monitoring, trapping experiments, EPR)
as well as DFT calculations (as conducted and kindly provided by the Rehbein group), a
feasible proposal for a catalytic cycle for the oxidative decarboxylation, driven by the

monomeric Cu(ll)-dmp complex 3, is as shown in Scheme 8:

Complex 3 is excited by light to 3*. Subsequently, radical | is generated upon homolytic Cu-O
bond cleavage. This key step was calculated to be a significant up-hill process
(ARG = 41.3 kcal/mol) but is still feasible through irradiation at the wavelength at which 3
absorbs most strongly, i.e. Amax= 367 nm delivering approximately 78 kcal/mol per photon.
Arylcarboxyl radical | is too short-lived for direct observation or trapping, given that the release
of CO2, which was monitored by solution phase IR, giving rise to benzyl radical IV (trapped by
TEMPO as well as N-tert-butyl-a-phenylnitrone (PBN)), which is a strongly exothermic process
by —35.4 kcal/mol.
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Concurrently, a species of type Cu(l)dmp (1) is formed, which was confirmed by detecting
[Cu(hdmp2]* (1) by UV-Vis, TDDFT and NMR. In line with recent mechanistic studies of
oxygenase-catalyzed transformations,* coordination of O, and back-binding of IV to Il would
lead to the peroxo-complex VI, being again highly exothermic by — 21.1 kcal/mol. The catalytic
cycle is closed by the extrusion of product 4a and the formation of intermediate VII. Finally,

after ligand exchange, complex 3 is regenerated.

Proposed Reaction Mechanism

OMe

(0]
-57.2 NI OJ\/R ______________
C oV : obtained by :
IR 'crystalllzat:on-

Cu OMe hv (367 nm)
0—-0 *

(e}
Vi H R
— — . N +II/OJ\/
Cu(ll)-catalytic cycle Cu

[ +41.3
L]
02/ j\/@/OMe
11 !trapped by TEMPO! 0 [
o, \..andPEN | tos shoriived
-35.4 . for detection !
oMe 7 TTTTTETTITTTT
Jer
° C02
O + o
+dm
N +lI O)J\/R S + JI\/R P -
oy _N_ *Lo - RCH,CO,
7’ \ —~— /CU "
Ar -5.7 =N - dmp
>
+ RCH,CO,"

___________________________

_____________________________

Scheme 8. Proposed Reaction mechanism based on mechanistic experiments and DFT-calculations.
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2.10 Attempts towards Decarboxylative Coupling Reactions

We started our investigations inspired by the oxo-azidation of styrenes!“®! (vide chapter 1.4 for
reaction and mechanism) and aimed towards a decarboxylative oxo-alkylation. Therefore, we
changed the decarboxylation protocol by adding 2.0 equiv of a radical acceptor 17, as shown
in Table 8. With styrene (17a), no additional product (18) was observed, but benzaldehyde
(4a) was formed in high yield (entry 1). Next, considering the vast nucleophilicity of 4-
methoxybenzyl radical, electron-deficient 4-CF3-styrene (17b) was used to trap the radical, but
only decarboxylative aldehyde formation was observed (entry 2). Similarly, unactivated olefins
(17c and 17d) did not deliver any corresponding oxo-alkylated product (entries 3-4). As a
result of this observation, we concluded that radical trapping with oxygen is a highly efficient

process that is preferable to adding an acceptor in the presence of an oxygen atmosphere.

Table 8. Attempts towards decarboxylative oxo-alkylation of olefins.2

o]

in situ E \O
OH "10 mol% catalyst" R A
+ R X :
~ 12 O 17 18 O/ E ~o

(6] ag. MeCN (0.125 M), rt, O, '
24 h, 367 nm with 400 mW ' 4a
not observed observed
Entry Olefin Yield®
1 O/\ 91% 4a
17a
2 /©/\ 95% 4a
FsC
17b
3 S 94% 4a
5
17c
4 BocHN._~ 66% 4a
17d

aStandard conditions: 4-methoxyphenylacetic acid (1a) (0.25 mmol, 1.0 equiv), olefin 17 (0.5 mmol, 1.0 equiv),
Cu(OACc)2 (25 umol, 10 mol%), dmp (2,9-dimethyl-1,10-phenanthroline) (25 pmol, 10 mol%) in MeCN (2.0 mL,
0.125 M), water (45 pL, 2.2 Vol%). Irradiation at 367 nm with a radiant power of 400 mW under an Oz atmosphere
for 24 h at room temperature (30°C). °PNMR yield using 1,1,2,2-tetrachloroethane as internal standard.

After these initial results, it was considered to achieve decarboxylative addition under a
nitrogen atmosphere to prevent the radical trapping with oxygen. Recently, MacMillan et al.[?%
reported the decarboxylative halogenation of aryl carboxylic acids. From a mechanistic point
of view, as shown in Scheme 9, after light-induced homolysis of the copper(ll)-arylcarboxylate
21 followed by decarboxylation of 22, radical trapping was achieved by a copper(ll)-species to
afford copper(ll)-intermediate 24. The products 20 were released upon reductive elimination
from Cu(lll), affording Cu(l). To complete the catalytic cycle, the group identified NFTPT (27)

and other oxidants, such as NFSI as suitable oxidants regenerating Cu(ll).
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Motivated by this impressive literature, we tried to develop similar decarboxylative coupling
reactions by applying different reagents, such as TMSCN, TMSCF;, TMSN3; etc., which are
well known to undergo ligand exchange with copper(ll) in three-component atom transfer
radical addition (ATRA) reactions.[*”] As a result, reaction pathways via Cu(lll)-intermediates
should be feasible to investigate a new type of decarboxylative couplings, and the use of a
stoichiometric amount of an oxidant, for example NFSI, is thought to regenerate Cu(ll) to

achieve catalytic transformation.

MacMillan et al. (2022)

Cu(MeCN),BF4 (20-100 mol%)

NFTPT (2-2.5 equiv) +1.9 * + 0
COH halogenation reagent) Cu >—Ar ﬂ» Cu }—Ar
_ TN o O
R MeCN (0.1 M) R @ =1,Br,CIF
19/ 365 nm, rt, 6 h 2; generation of carboxyl radicals

proposed reaction mechanism:

| )

X ; O e}
. | \HN—Br ZnCl, N—I
hv 0,C-Ar \-co, .} X —
22 . atom . 25 26
+Il 5

O

BET

f 20

¢) . ! O
transfer

+| [ishipiaduh , @ @ (D
CULn+ 23

______________

+I i |
CuX A ! i
24 | N + halogenation
+ 1 | ' reagents
E c i+ and NFTPT

as oxidant

Scheme 9. Decarboxylative Halogenation protocol of MacMillan and co-workers[?9l,

As the model substrate, we used 4-cyano benzoic acid (21), 20 mol% of Cu(MeCN)4BF,4 as a
copper source for initial screening 1.0 equiv NFSI (which was reported by MacMillan and co-
workers also to be suitable oxidant)i?®! in combination with several reagents X. Unfortunately,
only low amounts of a homocoupling side product (22) as well as more unidentified side
products in trace amount were observed (Table 9, entries 1-6). The formation of a
homocoupling product was described as a side reaction in similar reports on photocatalytic
decarboxylation of arylcarboxylic acids by Ritter and co-workers.[*8] Although the reaction
solutions displayed a color change from blue to red, indicating a change in the corresponding
oxidation state of Cu(ll) to Cu(l), it appears that the catalytic cycle was not closed under the
given conditions. Hence, it was concluded that the overall success of a photocatalytic
decarboxylative coupling reaction seems highly dependent on the nature of the reagent X. At
the current point of time, it remains unsolved why no corresponding Cu(ll)-X species was
formed under the chosen reaction conditions. Due to that reason, further investigations were

stopped at this point.
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Table 9. Attempts on the two-component decarboxylative coupling reaction under Nz-atmosphere.@

O ey

oH Cu(MeCN),BF, (20 mol%) w CN'!

+ Reagent X NETPT (1.0 equiv) 5 o |

NC : /©/ :
1 NC 5

Q

MeCN (0.1 M), rt, N,  NC
21 4.5h, 367 nm 20 O 25

not observed observed

_____________________________

Entry Reagent X Expected Product Yield®

CN
1 TMS-CN /©/ 2% 23 + crm
20a
NC
CF,
2 TMS-CFs Q 9% 23 + crm
NC 20b

3 TMS-N3 9% 23 + crm

NO NO
4 Br—/ g ’ 8% 23 + crm
NG 20d

CN
5¢ N-CN /©/ nd¢
24 NC 20e
o)
o
SCN
6¢ N—SCN /©/ nde
25 NC 20f
e}

aStandard conditions: benzoic acid (21) (0.25 mmol, 1.0 equiv), Cu(MeCN)4BF4 (50 pmol, 20 mol%), NFTPT
(0.25 mmol, 1.0 equiv), reagent X (0.25 mmol, 1.0 equiv) in MeCN (2.5 mL, 0.1 M), Irradiation at 367 nm under
N> atmosphere for 4.5 h at room temperature (30°C). °NMR yield using 1,1,2,2-tetrachloroethane as internal
standard. °nd: not detected via thin layer chromatography (TLC). crm = complex reaction mixture.

2.11 Conclusion

In conclusion, we have developed a practical methodology for the oxidative decarboxylation of
phenylacetic acids to access the corresponding aldehydes or ketones using oxygen as the
terminal oxidant. The crucial step in the process was identified as the light-induced homolysis
of a Cu(ll)-carboxylate, which appears to require monodentate coordination rather than
chelation of the paddle-wheel type. This desired type of coordination can be successfully
accessed by employing the sterically demanding 2,9-dimethyl-1,10-phenanthroline (dmp) as a
ligand. After Cu(ll)-carboxylate is homolyzed and then decarboxylated, the resulting radical is
effectively trapped by oxygen and the reduced copper(l) species, which delivers the aldehydes/

ketones and copper in its initial Cu(ll) oxidation state, completing the catalytic cycle.
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Chapter 3 Cu(l)-photocatalyzed Bromonitroalkylation of

Olefins

Abstract

The vicinal difunctionalization of olefins utilizing bromonitroalkanes as atom transfer radical
addition (ATRA) reagents has been developed in a visible light-mediated copper-catalyzed
protocol. This procedure, which allows the rapid functionalization of activated and unactivated
olefins, excels with high yields, fast reaction times, environmentally benign reaction conditions,
and exceptional scope. Moreover, the methodology allows late-stage functionalization of
biologically active molecules and upscaling to gram quantities. Manifold possibilities for further
transformations exist, e.g. access to nitro- and aminocyclopropanes. In addition to the
synthetic value of the title transformation, this study undergirds copper's unique character in
photoredox catalysis by demonstrating its capability to stabilize and interact with radical
intermediates in its inner coordination sphere. According to EPR investigations, these
interactions can even outperform a favorable cyclization of transient radical intermediates to

highly stable persistent radicals compared to iridium-based photocatalysts.

E Mechanistic Investigations
« UV-vis
* Crystallization
/O

- ! - Radical Trappin
inner-sphere . pping
Br N02 ' « EPR

r” "R!' [L,Cu'l hv g\)\ [L Cu'Br]
+ n—> RzJ\/kR‘]
Synthetic Utility

R2X ) : * broad scope
u>p6t2 98% ylleld « various derivatizations
examples « gram scale synthesis

NO

N

This chapter is based on: A. Reichle**, M. Koch**, H. Sterzel, L.-J. Grol3kopf, J. Floss, J.
Rehbein, O. Reiser, Angew. Chem. Int. Ed., 2023, €202219086. ([**] Co-first authors.)
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3.1 Introduction and Outline of the Study

Atom transfer radical addition (ATRA) reactions are an effective method to functionalize olefins
in a step-economic and atom-efficient manner. The earliest examples of the development of
these reactions date back to Kharasch's pioneering work in the 1940s.l1 Up to this date,
especially in combination with visible-light photoredox catalysis,? ATRA reactions could be
developed in great variety.®l In general, suitable precursors RX are added across a double
bond of an alkene (especially effective for this type of transformation are Cu(l)-phenanthroline
complexes, in particular [Cu'(dap)2]Cl (dap = 2,9-bis(para-anisyl)-1,10-phenanthroline) as a
stand-alone photocatalyst or iridium-based photocatalysts in combination with Cu(ll)-
additives. This is based on the characteristics of Cu(ll) being a persistent radical. Therefore,
it can interact with a transient radical to ultimately deliver X-via a Cu(lll)-intermediate, as

depicted in Scheme 1.

cat. L,Cu(I)X X
1" + RX
RTSN R1J\/R
S RS
Re + X R1;\/R
RXQ/ L,Cu(I)Xy
L. Cu(l)X Cu(l)/Cu(ln)

catalytic cycle

k/ C
X R’
RR

___________________________________________________

c
=
PU
=]
X
N

Scheme 1. General concept of Cu(l)-photocatalyzed ATRA reactions.

Many ATRA processes that are not feasible with other photoredox catalysts, such as
ruthenium, iridium or organic dyes, have been shown to proceed in the presence of copper
because of the unique character of copper-based (photo)catalysts to act in such an inner-
sphere mode.B! Only a few reports of ATRA and associated reactions between organobromo
nitroalkanes and alkenes have been published so far.l678 We were intrigued by the report of
Ooi co-workersl®l who demonstrated the iridium(lll)-catalyzed, photodivergent addition of

bromonitroalkane 1d to styrenes 2 (vide infra, Scheme 2A).

In respect to density-functional theory (DFT) calculations, the persistent radical C was
proposed as the key intermediate, rapidly forming via B’s cyclization. It was demonstrated that
the major product produced via a disproportionation pathway is the isoxazoline-N-oxide 3 if the
oxidized photocatalyst cannot further oxidize C (i.e. E12(Ir'V/Ir'"< 1.0 V). On the other hand, for
iridium photocatalysts with E1(Ir'V/Ir' > 1.0 V), the ATRA product 4 is obtained as the major

product via oxidation of C to D. Based on this research, it was expected that copper(ll), for
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example in [Cu(dap)2]CIB! E12(Cu"/Cu'= 0.62 V vs. saturated calomel electrode (SCE)) having
lower oxidizing power such as comparable photocatalysts [Ir(tbppy)s]* Ei(Ir'V/Ir'"" = 0.69 V
vs. SCE)® or [Ir(ppy)s] E12(Ir'V/IM'=0.77 V vs. SCE)F should also afford 3 except if Cu(ll) could
successfully compete with the cyclization to C. The related thermal reaction between 1e and
2a initiated by Cu(OH)2 (50 mol%) solely produces isoxazoline-N-oxide 3ea in 84% vyield and
does not result in any ATRA-type products (Scheme 2B), as demonstrated by Iwasaki and co-

workers.[”]

(A) Previous work: Ooi et al. (2020) Redox-regulated product formation

S
NO2 IF_PC, 2,4,6-collidine ® 0 Br NO
/\ ) &y, ’N
Br)\R + PATOS B * Ph)\/kR
2 MeCN, blue LED, rt /l\)‘R
1d; R =Bn Ph
1 hv R = Bn; 3dj 59% for PC"  4dj 11% for PC’
. ' R = Bn; 3dj <5% for PC?  4dj 62% for PC?
oL 2A ! disproportionation A oxidation
R pathway ' pathway
Eqp(rfViry < +1.0 v : Eq (V> +1.0 v
ST e " Tyececcscece ‘
: o
OO | yoaion | 0N | o &
Cyclization I ' (ol
Ph/.\)\R AG = :Ph/K)\R ! ¢ R
y : : Ph
R =Bn B -2.9 kcal/mol | C R=Bn [ir' D\__Br®
persistent radical R =Bn

PC" = Ir(tbppy)s: E4p(IrV/Ir'") = +0.69 VRMEIPC? = Ir(dF CF 3ppy;(dtbbpy)]IBArF: Eqp(IrV/Ir") = +1.93 VReE]

(B) Previous work: Iwasaki et al. (2020) Synthesis of 2-Isoxazoline-N-oxides

O
NO Cu(OH), (0.5 1) o
2 u > (0.5 mmo _N®
L PR /Ol\>\R
Br™ R DMSO, 40 °C, 4 h oh
1e; R=Ph 2 3ea, R=Ph 84%
(C) This work: Inner-sphere controlled ATRA product formation
e
NII® [Cu'y i N/O E NO, [Cu'l Br  NO,
(O} 1 (o) ! .
/K)\R ! /k)\R : R1/\)\R ; R1J\/kR
R 'R : B inner-
D C ' sphere 4 up to 98%
persistent radical > 64 examples
not observed by EPR R =H, Me, Bn, Ph
PC = [Cu(dap),]Cl: E4/o(Cu'/Cu') = +0.62 VRe\E] R' = Aryl, Alkyl

Scheme 2. Divergent pathways in ATRA reactions between bromonitroalkanes and alkenes in previous work.
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3.2 Reaction Optimization

With an emphasis on the synthetic utility of the 1,3-functionalized compounds, we started our
investigations with bromonitromethane!? (1a) and styrene (2a) in the presence of [Cu'(dap)]ClI
as the photocatalyst under visible light irradiation with a green LED (Amax= 530 nm) (Table 1).
Typical solvents for ATRA processes, such as DCM or CDCIs;, gave moderate yields of the
desired product (Table 1, entries 1-2), whereas only traces of the product were formed in THF,
and no reaction was observed in the green solvent dimethyl carbonate (DMC) (entries 3—4).

Using MeOH as a solvent, 44 % of the product was observed (entry 5).

Switching to MeCN as solvent afforded the corresponding ATRA product 4a in high yield after
1 h of irradiation (entry 6). Next, we checked if a different starting material ratio would change
the reaction yield. However, a distinct decrease in yield was observable if bromonitromethane
(1a) was used in excess (entries 7-8). If the amount of styrene was increased, the yield
stagnated (entries 9-10). Thus, the optimal ratio of ATRA reagent and olefin was found to be

1.1, which is optimal from an economic point of view.

It was also tried to decrease the catalyst loading. To our delight, the reaction still worked well
with lower catalyst loading showing the high efficiency of the Cu(l)-photocatalyst. However, no
increase in yield with higher catalyst loading was detected (entries 11-12). Considering the
dilution as a reaction parameter, a change in product formation in higher or lower

concentrations was not observable (entries 13-14).

Applying blue light for irradiation increased the yield to 90% (entry 15). Using 10 mol% of Cu'Cl
or Cu''Cl, as a potential standalone catalyst revealed the requirement of the photocatalyst in
the reaction (entries 16—19). If solely 10 mol% of the ligand dap was used as the photocatalyst,
no product was observable under green light irradiation (entry 20), but 35% of the product
could be obtained under blue light irradiation (entry 21). Use of the ligand 2,9-dimethyl-1,10-

phenanthroline (dmp) in 10 mol% under 455 nm irradiation gave 8% of 4a (entry 23).

In the absence of any photocatalyst but with irradiation at 530 nm or 455 nm, no reaction was
detected, indicating the requirement of the copper photocatalyst (entries 23-24). In the
absence of light, but in the presence of the photocatalyst, neither with the Cu(l)- nor with the
Cu(ll)-complex product formation was observable, revealing the necessity of light (entries 25—
26). Initiating a radical chain process with AIBN under thermal conditions was unsuccessful,

confirming the importance of copper for the catalytic process (entry 27).
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Table 1. Reaction optimization of bromonitromethylation.?
Br

NO, AN 1.0 mol% PC
) + ©/\ . N02
Br solvent (0.25 M), rt, N, time
1a 2a 4a

visible light
Entry Photocatalyst Amax[nm] Solvent Variations Yield®
(%)
1 [Cu'(dap).]Cl 530 DCM - 55
2 [Cu'(dap)2]CI 530 CHCIs - 67
3 [Cu'(dap).]CI 530 THF - traces
4 [Cu'(dap).]CI 530 DMC - 0
5  [Cu'(dap).]Cl 530 MeOH - 44
6  [Cu'(dap).]Cl 530 MeCN - 87
7 [Cu'(dap),]CI 530 MeCN equivalents (la: 2a) = 2:1 57
8 [Cu'(dap),]CI 530 MeCN equivalents (la: 2a) = 1.5:1 51
9 [Cu'(dap),]CI 530 MeCN equivalents (la: 2a) = 1:1.5 81
10 [Cu'(dap).]CI 530 MeCN equivalents (la: 2a) = 1:2 86
11 [Cu'(dap).]CI 530 MeCN catalyst loading 0.25 mol% 78
12 [Cu'(dap).]CI 530 MeCN catalyst loading 1.5 mol% 85
13 [Cu'(dap)zCl 530 MeCN 0.5 M 87
14  [Cu'(dap)zCl 530 MeCN 0.125 M 86
15 [Cu'(dap)2]CI 444 MeCN wavelength 90
16 CuCl 530 MeCN catalyst loading 10 mol%, 3h nr
17 CuCl 455 MeCN catalyst loading 10 mol%, 2h nr
18 CuCl, no MeCN catalyst loading 10 mol%, 3h nre
19 CuCl; 455 MeCN catalyst loading 10 mol%, 3h nre
20 dap 530 MeCN catalyst loading 10 mol%, 3h nr
21 dap 455 MeCN catalyst loading 10 mol%, 2h 35
22 dmp 455 MeCN catalyst loading 10 mol%, 2h 8
23 no 530 MeCN - nr
24 no 455 MeCN - nre
25 [Cu'(dap),]CI no MeCN - nre
26  [Cu'(dap)Cl;] no MeCN - nre
27 no no MeCN AIBN (10 mol%), T=80°C, nrbe
24h

aStandard conditions: bromonitromethane (1a) (0.25 mmol, 1.0 equiv), styrene (2a) (0.25 mmol, 1.0 equiv),
photocatalyst (2.50 pmol, 1.0 mol%), in the solvent (anh., degassed, 1.0 mL, 0.25 M); Irradiation at indicated
wavelength A under N2 atmosphere for 1 h at room temperature (25°C). PNMR vyield using 1,1,2,2-
tetrachloroethane as internal standard. nr = no reaction. crm = complex reaction mixture. ®analyzed via TLC.
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3.3 Comparision with other Photocatalysts

Following these initial findings, we were interested in the catalytic activity of different copper-
based photocatalysts (Table 2). To our delight, with [Cu'"(dap)Cl.], which is readily reduced
under photochemical conditions to [Cu'(dap).]CI by homolysis of the Cu—Cl bond*4, the ATRA
product 4a was exclusively obtained in high yield (entry 3).

Table 2. Comparison with other photocatalysts.2

Br

NO, x 1.0 mol% PC
) + ©/\ , NO,
Br solvent (0.25 M), rt, N, time
1a 2a visible light 4a

Entry Photocatalyst Amax [NmM] Ei2(PC™/PC"  Reaction Yield®
[V] vs. SCE® time [h] (%)
1 [Cu'(dap)]CI 530 +0.62f 1 87
2 [Cu'(dap)2]CI 455 +0.629 1 90(90)¢
3 [Cu''(dap)Cl2] 530 - 2 87
4 [Cu'(dmp).]CI 455 +0.63" 2 80
5 [Cu'(dmp),]CI 530 +0.63f 2 75
6 [Cu"(dmp)CI]CI 455 - 2 80
7 [Cu'(Xanthphos)(dmp)]BF4 455 - 3 83
8 [Ru(bpy)s](BF2)- 455 +1.299 18 9
9 [Ir(dtbbpy)(ppy)2]PFs 455 +1.21h 3 68
10  (Ir[dF(CFs)ppyl2(dtbpy))PFs 455 +1.69" 18 52
11 4-CzIPN 455 + 1.52 3 59
12 Nao-Eosin Y 530 +0.78 18 nr
13 Naz-Rose Bengal 530 + 1.00K 18 nr
14 Rhodamine 6G 530 - 1.00' 18 nr
15 [Fe(phen)s](NTT). 530 - 18 nre

aStandard conditions: bromonitromethane (1a) (0.25 mmol, 1.0 equiv), styrene (2a) (0.25 mmol,
1.0 equiv), photocatalyst (2.50 umol, 1 mol%), in MeCN (anh., degassed, 1.0 mL, 0.25 M); Irradiation at
indicated wavelength A under N2 atmosphere for given time at room temperature (25 °C). °PNMR vyield
using 1,1,2,2-tetrachloroethane as internal standard. °“Reactions were stopped, after styrene was
consumed completely. Yisolated yield. nr = no reaction. ¢analyzed via TLC. 'Ref.[®l 9Ref .12 "Ref.[13] iRef.[14]
IRef.15T kRef.[16] IRef.[17]

Further, environmentally friendly and cheap complexes [Cu'(dmp).Cl] and [Cu"(dmp).CI]®! as
well as heteroleptic complex [Cu'(Xanthphos)(dmp)]BF4gave access to the desired product 4a
in high yield (entries 4-7). Finally, commonly employed photocatalysts, such as ruthenium(ll),
iridium(ll) or organic dye-based were tested on their activity. With [Ru(bpy)s](BF4)2 only 9% of
the product was observed, even after a long reaction time (entry 8). With higher oxidizing Ir(lll)-
based photocatalysts, such as [Ir(dtbbpy)(ppy)z]PFs or (If[dF(CF3)ppy]z(dtbpy))PFe the product

was delivered in moderate yields again with prolonged reaction time (entries 9-10).
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Considering organic-dye based photocatalysts as low-cost alternatives,!*8l several established
representatives were utilized under optimized reaction conditions. Whereas 4-CzIPN under
blue irradiation delivered the product in 59% after 3h (entry 11), no reaction was observable
for various organic dyes (with lower oxidation power), such as Eosin Y or Rhodamine 6G.
(entries 12—-14). When considering an iron-based photocatalyst for the title transformation, no
catalytic activity was observed (entry 15). Thus, the importance and strength of copper as a

photocatalyst promoting the title transformation were successfully demonstrated.

3.4 Substrate Scope

Nexto to having identified the superiority of Cu(l)-based photocatalysts in this transformation,
we next explored the scope of olefins (Scheme 3). To our delight, electron-donating alkyl
substitutions at the ortho, meta, or para positions of styrenes accessed the desired products
4b-4e in high yield. However, further increasing the electron-donating character, such as p-
OMe, resulted in a complex reaction mixture that agrees with previous studies on Cu(l)-
catalyzed ATRA reactions.[*®) When the methoxy group is placed in meta position, fulfilling
more the character of an acceptor, the product 4h was obtained in 74% yield. TMS-substituted
product 4i was obtained in 88% and successfully crystallized. While a-substitution on the
styrene-moiety led to a complex reaction mixture, we were pleased to see that (3-substitution
was tolerated and accessed product 4m in good yield. A benzyl-chloride-containing styrene,
which could have undergone a photoreduction to form a benzyl radical,”® successfully
underwent the ATRA process, providing product 4n in 59%. Employing heterocycles, we were
pleased to see that 2-vinyl pyridine delivered the corresponding product 4p with a yield of 58%.
However, a complex reaction mixture was observed when the vinyl-moiety was placed in p-
position. Styrene derivatives bearing electron-withdrawing halogen substitutions in different
positions were tolerated well and yielded products 4r—4w in high yields. Further increasing the
electron-withdrawing character of the substrates, such as p-CFs, p-CN, or p-NO- was possible,
and corresponding bromonitromethylated products 4x—4ab were obtained. A limitation
regarding the protocol was observed for alkynes. A complex reaction mixture for 4ac or no
conversion was observed in the case of 4ad. Moreover, this method could also be applied to
the substrate class of conjugated dienes, accessing a 1,4-radical addition pattern in product
dae in 73% yield with an E/Z ratio of 61:39. The protocol was also suitable to convert
a,B-unsaturated Michael systems, usually challenging for the addition of electrophilic

radicals!'®21 in moderate to good yields (Scheme 3B).
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Cl
NO2 Br
[Cu(dap),]CI (1 mol%)
1"
Br) RIS R1J\/\N02
1a 2 anhydr. MeCN (0.25 M) 4

1.0 equiv 1.0 equiv 455 nm, 1-30 h, N,

(A) Activated olefins, bromonitromethane?

Br
NO [A
4a; 90% 58%"° 4c; 87% — [Cu(dap),]CI

@?

Br Br
oI T
~
4d; 84% 4e; 84%" 4f; 41%° 0 4g; crm
| Br L/¥ Br
(0]
\©)\/\ /@)\/\No2 L /@)\/\No2
4h; 74%° 88% 4j; 76%
Br Br Br
/©)\/\NOZ NO2 ©)\[,JJ\N02 \/@)\/\Noz
BocO
4k; 91% 4l; crm® 4m; 88%P (d.r. = 52 : 48) 4n; 59%°
Br Br
N
NO, | X NO,
& MesN
40; crm® 4p; 58% €2 4q; crm® 4r; 90%°
Br Br Cl  Br Br
/@)\/\Noz /@)\/\NOZ @/K/\Noz NO,
Br F F
4s; 83% 4t; 75% 4u; 86%" F 4v; 87%
F Br Br Br Br
F
o J@MNoz R—'(j/\ﬂ NO Ph)\/\NOQ
N
F F R
F 4w; 79% 4x; R = CF3; 76% 4aa; R =p-NO,; 47% 4ac; crm
4y; R = CN; 73%" 4ab; R = m-NOy; 86%
4z; R = CO,Et; 83%° (B) Michael system?
Br o Br H Br
Ts o AN~ Br NO \H)\/\NO j‘)\/\Noz
N NOz o} o)

4ad; nr® 4ae; 73% (d.r. = 61:39) 4ba; 29% 4bb; 71%°

Scheme 3. Substrate Scope of activated olefins. 2Reaction conditions: 0.5 mmol scale in MeCN (degassed),
irradiation at 455 nm under an atmosphere of N2 for a given time at 25 °C. PPrepared by Magdalena Koch. ¢Prepared
by Lea-Joy GroRRkopf. (Bachelor Thesis under supervision by Alexander Reichle). abbreviations as follows: crm =
complex reaction mixture, nr = no reaction. Isolated yields are given unless otherwise stated.
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Besides activated olefins, we were also interested in applying unactivated ones as suitable
substrates (Scheme 4A). Indeed, various olefins with diverse functionalities, such as cyano-,
epoxide-or aldehyde substituents, were well-tolerated, affording the desired products 4cf, 4ci
and 4cj in good to high yields. Boc-protected allylamine 4cm was obtained in 81%, whereas
Tosyl-protected derivative 4cn was not accessible, stressing the importance of protecting
groups for these substrates. We also explored other alkyl-substituted geminal
bromonitroalkanes 1b—1e (Scheme 4B). It was found that with increased alkyl-substitution,
activated olefins can still be applied in this protocol, yielding the product in good to high yields,
compared to iridium catalysis.®l However, the necessity of prolonged reaction times arises (for
details, see chapter 5 experimental part). Notably, ATRA product 4do derived from
phenylbromonitromethane 1e can be accessed via a photocatalytic process, in contrast to the
thermal process mediated by Cu(OH)., which leads to the formation of the corresponding

isoxazoline-N-oxide 3.["

‘R’ = = Cu(dap),]CI (1 mol% ’
1;': ';, - : Fé _ ';HS Br/|\R + R [Cu(dap)2]Cl ( o) R1J\/k502
1c: R"= CH3; R=CHj; R’ anhydr. MeCN (0.25 M)
1d:R"=H,R=Bn 1 2 455 nm, 1-30 h, N, 4

1e:R’=H,R=Ph 1.0 equiv 1.0 equiv

(A) Unactivated olefins, bromonitromethane?

Br Br Br Br N Br
R PN W N
4ca: — 0, 2
ca; R =Bn, 67% 4cd; 74% 4ce; 80% 4cf; 71%
4cb; R = n-pentyl, 61% Br Br
4cc; R Me;Si, 78%P
o)
)\/\ w No2 ©/ \)\/\NOZ
R NO,
4ci; 739 4c, 649 = 54:46 4ck; 41%P
4cg; R = Cy, 54% 3% J; 64% {d.r. ) °
4ch: R = CH,-lbutyl, 78%P H EtO,C  Br EtO,C  Br
R/ \)\/\NOZ

Br 4cl;31%  4cm: R = Boc, 81% Et02C" \HBoc NO, BocHN . NO,
. 0, - = .
‘o,  demR=Ts, b 4co; 37% 4cp; 68% (d.r. = 56:44)

(B) Bromonitromethane derivatives?

Br L Br Bn HoBr L
N
NO, k Boc” N NO,

TN NO,

RU 4dm, 60%P (d.r. = 62:38)
4da; R = H, 88% (d.r. = 58:42) R U
4db; R = Bu, 74% (d.r. = 56:44) 4dh; R =H 96% (d.r. = 62:38) Ph NO,
4dc; R = m-Me 79% (d.r. = 55:45) 4di; R = tBu 91% (d.r. = 62:38) 4dn, 40%bc 24h
4dd; R = p-OAc, 88% (d.r. = 57:43) 4dj; R = OAc, 62% (d.r. = 60:40) Br
4de; R = p-CF3, 91%P (d.r. = 59:41) 4dk; R = CF3 98%" (d.r. = 59:41) /z\rrﬂk
4df; R = p-Cl, 82% (d.r. = 57:43) 4dl; R = CI 87% (d.r. = 56:44) Ph NO,
4dg; R = 0-CI 87% (d.r. = 58:42) 4do; 62%"° (d.r. = 57:43), 48h

Scheme 4. Substrate Scope of unactivated olefins and bromonitromethane derivatives. 2Reaction conditions:
0.5 mmol scale in MeCN (degassed), irradiation at 455 nm under an atmosphere of N2 for a given time at 25 °C.
bPrepared by Magdalena Koch. Abbreviations are as follows: crm = complex reaction mixture, nr = no reaction.
°NMR vyield using 1,3,5-trimethoxybenzene as the internal standard. Isolated vyields are given unless
otherwise stated.
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Moreover, we investigated the late-stage functionalization of more complex, biologically active
molecules (Scheme 5). Due to solubility issues, solvent mixtures of MeCN/DCM and CDCl;
were applied. Gratifyingly, theophylline- and fenofibrate derivatives delivered the
corresponding 1,3-functionalized products in excellent yields, highlighting the benefit of the
developed protocol in a multistep synthesis of complex molecules. Galactopyranoside
derivative 2ec, vitamin E derivative 2ed and estrone-derived substrate 2ef were

diastereoselectively transformed to the desired products 4ec—4ef in good to high yield.

NO, Br

[Cu(dap),]CI (1 mol%)
1
Br) RN _ R1J\/\NOZ
1a 2 solvent mixtures (0.25 M) 4
1.0 equiv 1.0 equiv 455 nm, 2-3 h, Np

(E) Late-Stage functionalizations, bromonitromethane?

Br 4eb; from fenofibrate

95%
O O
)\ 4ea; from theophylline Y

90%

4ed; from vitamine-E NO
)(O 80%
4ec from
0 O galactopyranosme
62% o
>< 4ee; from (-)-menthol 4ef; from estrone
849%P 61%"
O5N O
Br

Scheme 5. Substrate Scope for Late-Stage functionalization. 2Reaction conditions: 0.5 mmol scale in the solvent
mixtures (MeCN/DCM/CHCIs; see experimental part for synthetic details) (degassed); irradiation at 455 nm under
an atmosphere of N2 for a given time at 25 °C. "Prepared by Lea-Joy GroRRkopf (Bachelor Thesis under supervision
by Alexander Reichle). Isolated yields are given.

O

3.5 Upscaling and Synthetic Utility

After successful optimization and substrate scope investigation, we tested the protocol for
synthetic utility. Increasing the scale by a factor of 20 and using environmentally benign and
cheap complex [Cu'(dmp).]JCIl, the bromonitromethylation product 4a was obtained in
multigram amounts with a yield of 89% in a simple batch setup with a slightly prolonged
reaction time (Scheme 6). Along with product 4a, we performed upscaling with olefin 2ca and

2bb and obtained the corresponding products 4ca and 4bb in good to high yield.
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)NOZ Cu-photocatalyst (1 mol%) Br
u-photocatalyst (1 mol%
Br + R/\ > R)\/\NO2
1a 2 MeCN (0.25 M) 4
1.0 equiv 1.0 equiv 455 nm, x h, N,

batch-setup

10.0 mmol scale 10.0 mmol scale 14.0 mmol scale

Br Br y Br

_N
NO, NO,  Bn \H)\/\NOQ
(0]
4a 4ca 4bb
2.16 g, 89%? 1.39 g, 51%P 3.10 g, 74%°

[Cu(dmp),]CI, 5 h [Cu(dmp),]CIl, 19.5 h [Cu(dap),]Cl, 22 h

Scheme 6. Gram-scale functionalization of olefins. Standard conditions: olefin (2) (1.0 equiv), bromonitromethane
(1a) (1.0 equiv) photocatalyst (1.0 mol%), in MeCN (anh., degassed, 0.25 M); Irradiation at indicated wavelength
A =455 nm (blue LEDs) under N2 atmosphere for given time at room temperature (25°C). 2Prepared by Magdalena
Koch. "Prepared by Lea-Joy GroRkopf (Bachelor Thesis under supervision by Alexander Reichle) °Prepared by
Johannes FloB3.

3.5.1 Nucleophilic Substitutions and Eliminations

Benzylic halides are valuable intermediates in organic synthesis. Therefore, we were
interested in finding out how the synthesized benzylic bromide could be applied in various
transformations. Different nucleophiles could be successfully introduced, giving access to new
1,3-difunctionalized nitro compounds (vide infra, Table 3). Substitution with oxygen-based
nucleophiles accesses 1.3-nitroalcohol 5a (entry 1), which can be further converted to the
corresponding 1,3-aminoalcohol, according to a another literature report.?2 Nitroether 5b can
be accessed with high yield utilizing MeOH as nucleophile (entry 2). No reaction was
observable under the same conditions with phenol as a nucleophile (entry 3). With nitrogen-
based nucleophiles, we could observe the formation of 1,3-aminonitro compounds 5¢ and 5d
(entries 4-5) in good yield. A sulfur-based nucleophile 1,3-nitrothio-product 5e was readily
obtained (entry 6). As for a carbon-based nucleophile, we appreciated that adding an allyl
silane in the presence of iron chloride gave us substituted nitroolefin 5f in good yield (entry 7).
Applying NaCN as a nucleophile, nitrocyclopropane trans-6a was isolated, which is also
formed in the presence of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) as base (entries 8-9).
This could be explained by the fact that NaCN and DBU act both as a base rather than a
nucleophile by deprotonating the methyl group and thus allowing intramolecular reaction prior
to intermolecular reaction. Aiming towards a synthesis of a -nitro ketone, according to a
literature report,!?®l nitrocyclopropane trans-6a was again observed, although in low yield
(entry 10). Considering the benzylic bromide pattern for Grignard-type reactivity to access
deuteration or arylation??l showed no reactivity or resulted in a complex reaction mixture
(entries 11-12).
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Table 3. Nucleophilic substitutions and eliminations for compound 4a.

Br X
Reagent X
©)\/\N02 - ©)\/\N02
4a Conditions 5
Entry Reagent X Conditions Yield?
OH
acetone/ H2O (1:1) reflux,
12 H>O (solvent) oh NO,
5a, 69%
O/
22 MeOH (solvent) MeOH, 65 °C, 2 h ©)\/\N02
5b, 94%
3 PhOH (1.2 equiv) MeCN, reflux, 24h nr
o)
FeCls « 6 H20, (4.0 equiv), HNJK
4p MeCN (solvent)
MeCN, 80 °C, 2 h NO,
5¢, 70%
N3
5a NaNs (5.0 equiv) DMF, 2 h, rt NO,
5d, 69%
SCN
62 NaSCN (5.0 equiv) DMF, 1t, 2 h NO,
5e, 71%
X
2t _~_-SiMeg FeCls (5.0 mol%), DCM, rt,
(2.0 equiv) 2h NO,
5f, 75%
NO,
8 NaCN (5.0 equiv) DMF, rt, 2 h
trans-6a, 64%
NO,
9c DBU (2.0 equiv) THF, rt, 30 min
trans-6a, 70%
+ cis-6a, 7%
NO,
AgO (0.5 equiv), MeCN, rt, A
10¢  pyridine-N-oxide (1.0 equiv) 90 ( 27 h)
trans-6a, 30%
1,2-dibromoethane
11f D>O (workup solvent) (0.01 equiv), Mg nr
(1.05 equiv), THF, rt, 19 h
12¢f p-MeOPhMgBr (1.0 equiv) THF, rt, 19 h crm

Reaction conditions: reactions were conducted with 0.5 mmol of 4a in the solvent under stated conditions. rt =
room temperature = 25 °C, 2based on Ref.?%], Phased on Ref.[?%], cinspired by Ref.[?”l dpased on Ref.[?3], ehbased
on Ref.?4. fconduced by Lea-Joy GroRkopf (Bachelor Thesis under supervision by Alexander Reichle). nr = no
reaction. Yisolated yields are given. crm = complex reaction mixture.
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3.5.2 Hydrogenation and Reduction
Subsequently, after investigating nucleophilic substitutions, we aimed to synthesize aliphatic
nitro- or amino compounds using standard techniques, such as hydrogenation with Pd/C or

the reduction with Zn in aqueous acetic acid (Table 4):

Table 4. Hydrogenation and Reduction reactions of selected bromonitroalkylated compounds.

X
Conditions
R)\/\NOQ R/\/\NOZ o R/\/\NHZ
4or5 7
Entry Compound Reaction conditions Product

1d

10 mol% Pd/ C, MeOH, rt, ©/\/\NO2
H> (1013 mbar) 22 h 7a, 99%

3bc

Br
4a
Br .
ob “ Zn (24.0 equiv), aq. ©/\/\NH2
4a ’ ACOH, 1, 4 h 8a, 72%
NO,
/ 10 mol% Pd/ C, EtOH, rt, ©/\/\NH2
4h 8a, 86%

trans-6a

10 mol% Pd/ C, MeOH, rt,
H> (1013 mbar) 22 h

4° nr

10 mol% Pd/ C, MeOH, rt,
H2 (1013 mbar) 22 h

crm

Br
4ca
2 10 mol% Pd/ C, MeOH, rt,
5¢ NO, crm
5ca H> (1013 mbar) 22 h
Ng
NO,
oy

Reaction conditions: reactions were performed on a 0.5 mmol scale for compound 4 or 5 (1.0 equiv) under given
conditions at room temperature (25 °C). Pprepared by Magdalena Koch on a 2.0 mmol scale. con a 1.0 mmol scale.
Isolated yields are reported unless otherwise stated. 9conducted by Lea-Joy GroRkopf (Bachelor Thesis under
supervision by Alexander Reichle). nr = no reaction. crm = complex reaction mixture. e&compound 5ca prepared by
Lea-Joy GroRR3kopf (Bachelor thesis under supervision by Alexander Reichle).

We started our investigations with the hydrogenation of ATRA product 4a in the presence of
10 mol% of Pd/C in MeOH at 1013 bar. After 22 h, aliphatic nitro compound 7a was isolated in
guantitative amounts (entry 1), which is otherwise not straightforwardly accessible.l?8 Next, the
reduction of 4a with Zn in acetic acid was investigated. To our delight, 72% of aliphatic amine
8a was obtained (entry 2). Further, we noticed that hydrogenation of nitro cyclopropane

trans-6a with palladium could also access the ring-opened amine 8a in high yield (entry 3).
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Reduction of the aliphatic ATRA product 4ca with Pd/H, was not successful, and starting
material was reisolated (entry 4). Aliphatic diamines are useful compounds,? e.g., ligands for
metal complexes. Unfortunately, our attempts to reduce azide derivatives 5ca or 5d with Pd/
H. to access aliphatic diamines failed (entry 5-6), and a complex reaction mixture was

observed. Further attempts aiming at this type of compounds are ongoing in our laboratory.

3.5.3 Nitro- and Aminocyclopropane Synthesis

Given the importance of amino cyclopropanes as a structural motif in several bioactive
compounds,B% we investigated the formation of these synthetically valuable compounds
(Table 5). Treatment of bromonitromethylated product 4a with DBU as base leads to the
formation of nitrocyclopropane trans-6a, which can be easily converted according to a
literature report®Y to well-known monoamine oxidase inhibitor tranylcypromine (trans-9a)
(entry 1).132

According to another literature report,*3 histone demethylase LSD1 inhibitor 9k can be
accessed from nitrocyclopropane 6k (entry 2). In the same way, ATRA product 4v can be
converted into an amino-cyclopropane building block,®4 which is required to construct

ticagrelor?” (9v), an important platelet aggregation inhibitor (entry 3).

To highlight the synthetic methodology for synthesizing nitrocyclopropanes, aliphatic ATRA
product 4ca and acrylamide derivative 4bb were used to access nitrocyclopropanes 6bb and
6ca (entries 4-5). An attempt to reduce 6bb to the corresponding aminocyclopropane building
block using Zn in agueous acetic acid failed, but ring opening was observed (entry 4). Estrone
derivative 4ef was utilized to synthesize the highly substituted nitrocyclopropane 6ef in

diastereoselective fashion (entry 6).

Contrary to our expectations, treatment of ATRA product 4da with base under standard
cyclization procedures resulted in isoxazoline-N-oxide 3da as the major product, next to
nitrocyclopropane 6da as the minor in trans diastereoselective fashion (entry 7). This might be
caused by the fact that after initial deprotonation, the negative charge was stabilized by the
electron-withdrawing effect of the nitro-group towards the oxygen of the NO,-group, which
subsequently attacks the benzyl bromide to afford the isoxazoline-N-oxide product. In fact, this
represents the more stable product, due to less ring strain effect, compared to the

cyclopropane product.
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Table 5. Cyclization of ATRA products and reported follow-up transformations.2

further R!
Br DBU (2.0 equiv) NO, transformation(s) N—R?
R)\/\NOZ THF, rt, 30 min R<{ R<(
4 6 9
. Further (reported)
Entry ATRA product Yield : Ref.
transformations of 6
NO> NH»
Br A A
1 NO, (21
4a
trans-6a, 70% trans-9a
NO, NHBoc
Br h ~
2 /@)\/\NO2 /@A >|\ 0O [33]
BocO 4k BocO O)J\O
trans-6k, 62% trans-9k

trans-6v
accessible acc. to Ref.

HO OH

NO;

O
o Y\/\NHZ
0, NH -

Bn”
g M 9bb, not isolated

trans-6bb, 62%

4b

NO, F ‘\\\A
. S I I
F r F F NN [34]
3 NO, PP 34
av F SSTNTN o
9v
H Br
Bn~ \H)\/\N

O 4bb

NO,
Br /\FHA
S¢ PhW NO Ph - -

2
4ca 6ca, 72%
trans/cis = 60/40

NO;
NO,
6 - -
(@] trans-6ef, 67%
NO, D

Br - ~N*

0 A\
7 N02 - -

+
4da
trans-6da, 22% 3da, 65%

aReaction conditions: ATRA product 4 (0.5 mmol, 1.0 equiv), DBU (1.0 mmol, 2.0 equiv) in THF (0.25 M) stirred
for 30 min at 25 °C. (reaction condition inspired from Ref.2”]) PReaction condition for reduction of 6bb:
cyclopropane 6bb (0.5 mmol, 1.0 equiv), Zn (2.5 mmol, 5.0 equiv.) in 50% ag. AcOH (3.0 mL); compound 9bb was
observed by Magdalena Koch but not isolated. ‘cyclopropane 6ca prepared by Magdalena Koch on a 2.0 mmol
scale.
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After demonstrating the nitro cyclopropane syntheses starting from the isolated ATRA
products, we investigated the issue of whether if having the base directly present in the
photochemical process would lead to the cyclopropane product (Scheme 7). However, a
complex reaction mixture was formed when DBU participated in the elaborated standard
reaction conditions (the reaction mixture was followed via TLC and the time was increased
because a significant product formation was not observable). As the presence of base is not
possible in the photoreaction, we investigated if the base can be added in a one-pot fashion
into the reaction mixture. Notably, a one-port reaction sequence generated the corresponding
nitro-cyclopropane trans-6a yielding 75% by applying DBU immediately after the
photoreaction, followed by stirring for 30 minutes at room temperature.

1 mol% [Cu(dap),]CI
DBU (1.0 equiv)

NO 1) 1 mol% [Cu(dap),]CI
= 2| 2) DBU (2.0 equiv), 30 min

Br/\NO2 + Ph/\ Ph{] Ph/\ + Br/\NOZ
1a 2a MeCN (0.25 M) MeCN (0.25 M) 2a 1a
10equiv 1.0 equiv  455nm, 15h, Ny trans-6a 455 nm, 1 h, N, 1.0 equiv 1.0 equiv

75%

Br via: |1 ATRA !

| process |

Ph)\/\NOZ """"
4a
in situ

Scheme 7. One-pot route to obtain nitro cyclopropane trans-6a.
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3.6 Mechanistic Investigations

3.6.1 UV-vis Studies

An UV-vis investigation was conducted to obtain more insight into the photoreaction
mechanism (Figure 1). Consequently, the absorption spectrum of the copper(l)-photocatalyst
was measured. Every single component of the reaction mixture (bromonitromethane (1a) and
styrene (2a)) was subsequently added, and the corresponding absorbance spectra were
recorded. Given the copper(l)-photocatalyst's absorbance in the absence of a substrate, the
blue part of the spectrum shows considerably higher absorbance. As can be seen from the
recorded spectrum, if [Cu'(dap).]JCl and bromonitromethane (1a) are mixed (blue line), the
absorbance increases slightly in the absence of light, indicating an interaction between the
ATRA reagent and the photocatalyst. This can be perceived as a precoordination of both
components prior to single electron transfer (SET). If styrene (2a) is subsequently added to
the reaction mixture, an increase in the absorbance along with a red shift (yellow line) is
observed. After 1 h, the absorbance is even more red-shifted compared to the reaction mixture
before irradiation (green line). The absorption spectrum of product 4a (dark blue line) was
measured to exclude any photoactive process of the product with light. It revealed no
significant absorbance at the irradiated wavelength.

(A)
<«
a
2 [Culdap)2]Cl
[1°]
g [Cu(dap)2]Cl + NO2CH2Br (1a)
=1
[i°]
350 400 450 500 55(il_I 600 650 700 750
wavelength A [nm]
(B)
[Cu(dap)2]Cl
[Cu(dap)2]Cl + NO2CH2Br (1a)
f} [Cu{dap)2]Cl + NO2CH2Br (1a) +
g Styrol (2a)
2 ——reaction mixture irradiated for 1h
g
o product 4a
m
350 400 450 500 550 600 650 700 750

wavelength A [nm]

Figure 1. UV-Vis Investigations: (A) Comparison of absorbance of photocatalyst (red line) with a mixture of
photocatalyst and bromonitromethane. (Blue line). (B) Addition of styrene (2a) (yellow line) and absorbance after
irradiation (green line). ATRA product (4a) (dark blue line).
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3.6.2 Stern-Volmer Interaction Analysis

We investigated whether the photocatalyst [Cu'(dap)2]Cl is interacting with the ATRA reagent
bromonitromethane (1a) or styrene (2a). For this purpose, Stern-Volmer Analysis was
employed. The technology allows the analysis of the kinetics of the photophysical
intermolecular deactivation (fluorescence quenching) process. The presence of another
chemical species can speed up the decay rate of the photocatalysts in their excited state if an
interaction occurs. The fluorescence emission of the photocatalyst [Cu'(dap)2]Cl was
measured in dry MeCN with varying concentrations of bromonitromethane as a quencher. As
shown in Figure 2, increasing the concentration of bromonitromethane decreases the

photocatalyst's fluorescence emission.

Fluorescence Emission

1200000
1000000
—cCu
=
G 800000 0.4 mM
Q
£ ——0.6mM
Q
S 600000 1mM
3 3ImM
v
S 5mM
£ 400000
15 mM
20 mM
200000 55 m
——————— a
0
500 550 600 650 700 750 800

wavelength [nm]

Figure 2. Fluorescence emission spectra of a 0.2 mM solution of [Cu(dap)2]Cl in MeCN with varying concentrations
of the quencher bromonitromethane (1a).

Besides bromonitromethane, styrene could also interact with the excited photocatalyst, thereby
quenching it. To examine this type of interaction, fluorescence emission spectra of
[Cu'(dap).]Cl were recorded with varying concentrations of styrene in dry MeCN. Only in the
presence of ATRA reagent bromonitromethane (1a) an interaction was observable by the
decrease of the fluorescence signal, whereas in the presence of styrene, no decline was

observable (Figure 3A).
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In 2020, Daniel and co-workers reported Cu(l)-complexes of the type [Cu'(L).]X (L = alkyl-
substituted phenanthroline-derived ligand), which rapidly undergo ligand exchange in the
presence of MeCN as solvent.]

We performed additional quenching experiments to exclude this interaction for [Cu'(dap),]Cl
as a photocatalyst. The fluorescence emission of [Cu'(dap).]Cl in dry DCM was recorded, and
varying amounts of MeCN as possible quenching reagent were added. Figure 3B shows no
quenching occurred with MeCN as a possible quenching partner.

(A) Stern-Volmer Plot
3,50
3,00 ¥ =0,0711x+1 L
R? =0,956
2,50 ®
= 2,00 ® Bromonitromethan
[=) L
=) ® Styrene
150 o y =-0,0033x +0,9151
RE = weeseeane Linear (Bromonitromethan)
1,00 (!., ) 0,3139
. » «« Linear (Styrene)
0,50
0,00
0 10 20 30 40 50

c(quencher) [mM]

{B) 3,50
3,00
2,50
=

: 00 ® MeCN

1,50
y =-0,0054x +1
R?=0,3929
™ 2 ."l..

0,50

0 5 I

c(quencher) [mm}

Figure 3. (A) Stern-Volmer plot for [Cu'(dap)2]Cl and the ATRA reagent bromonitromethane (1a) (blue line) and for
[Cu'(dap)2]CI and styrene (2a) in dry MeCN. Quenching experiments of [Cu'(dap)2]Cl and styrene were performed
by Magdalena Koch. (B) Stern-Volmer plot for [Cu'(dap)2]Cl and MeCN (red line) recorded in dry DCM.
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3.6.3 Investigation on Radical Character/ Determination of the Quantum Yield

The following experiments were conducted to get further mechanistic insight into the radical
character of the photoreaction. Performing the title reaction on diene 2ae led to the formation
of product 4ae with exclusive 1,4-selectivity occasioned by the resonance of radical
intermediate 4ae’, resulting in the higher substituted double bond (Scheme 8) This result

further confirms the radical nature of the title reaction.
(A) 1,4-Selectivity on dienes
PN 1 mol% [Cu(dap),]CI R
Bre NO; =+ B NO,
MeCN (0.25 M), rt, Ny,
1a 2ae 1h, 455 nm 4ae, 73%
1.0 equiv 1.0 equiv (d.r. = 61:39)

via:
1a
L]
228 —— ° NO, - = NO, -
4ae’ 4ae"

(B) Deterimination of the Quantum Yield

1 mol% [Cu(dap),]ClI Br

N PN ' chemical yield: 47%
Br NO, + Ph7™ X ! ) '
2 MeCN , t, N, Ph)\/\NOQ | quantum yield: 7% :
1a 2a R > I} )
_ _ 0.5 h, 455 nm 42 s

1.0 equiv 1.0 equiv

Scheme 8. Additional mechanistic Investigations on the Cu(l)-photocatalyzed bromonitromethylation of olefins.
For detailed reaction conditions, see experimental part.

Additionally, the efficiency of the photoabsorption can give important indications regarding the
nature of a radical process of a photoreaction, e.g. a radical chain process. Hence, we
measured the quantum yield of the Cu(l)-photocatalyzed bromonitromethylation. The quantum
yield was found to be 7%, whereas the chemical yield was determined to be 47%. This
suggests that a photoinitiated radical chain process can be excluded, typically displaying
values greater than 100%. Nevertheless, such interpretations should be considered with great
caution, as they do not consider the participation of other photoinitiated shorter chain events

or processes that do not result in the formation of the ATRA product.

3.6.4 Investigations on the Homolysis of [Cu'(dap)2]ClI

An irradiation experiment was carried out to get a deeper insight into the activation of the ATRA
reagent bromonitromethane by the photocatalyst [Cu'(dap).]Cl. Therefore, a solution of
bromonitromethane (1a) in excess (1.25 mmol, 250.0 equiv) in MeCN and [Cu'(dap).]CI (5.0
umol, 1.0 equiv) was irradiated under a nitrogen atmosphere for 1 h with blue LED (455 nm).
The prior red solution changed upon irradiation to bright green. After 5 days, single crystals
suitable for X-ray analysis were obtained, showing the molecular structure of [Cu'(dap)BrClI]
(10) (Figure 5).
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The experiment shows that upon irradiation, dissociating one dap ligand from the copper
center leads to a vacant coordination side on the catalyst. The coordination side is occupied
by bromine anions, as seen in the X-ray structure. Hence, it was shown that upon irradiation,

a SET step in the presence of the ATRA reagent bromonitromethane and ligand homolysis of
[Cu'(dap)2]ClI occur.

Crystalization of [Cu'"(dap)BrCI]
Cl

MeO
NO,

Br
1a

_ >
MeCN, N2
455 nm, 1 h

[Cu'(dap)BrCl]

X-ray structure of 10

e No,
Br
- 1 solution
SET prior irradiation
Ligand

Dissociation

solution
after irradiation
and crystallization

[Cu'(dap),]CI*

Figure 4. Irradiation Experiment of the photocatalyst [Cu'(dap)2]Cl in presence of bromonitromethane (1a).

A corresponding control experiment (vide infra, Figure 5) by irradiating the Cu(l)-complex in
the absence of any substrate showed no ligand dissociation, proofing the photostability of the
photocatalyst via tH-NMR analysis.

85



Chapter 3 Cu(l)-photocatalyzed Bromonitroalkylation of Olefins
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Figure 5. Crude 'H-NMR of the photocatalyst [Cu'(dap)2]CI (0.375 mmol) in dry MeCN (3.0 mL, 0.125 M) after an
irradiation period of 3 h showed no dap ligand homolysis (no free dap ligand was detected).

3.6.5 Experiments on Product Formation with different Bromonitroalkanes

Ooi and coworkers reported a correlation between the formation of ATRA product compared
to the formation of the isoxazoline-N-oxide depending on the oxidation potential of the oxidized
photocatalyst species, as already stated in Chapter 3.1 Introduction and Outline of the Study.[®]
According to their observations, ATRA product from benzylbromonitromethane (1d) with
styrene would only be obtained if the oxidized photocatalyst species after single electron
transfer (SET) would show an oxidation potential equal or higher 1.0 V. Addition of a
photocatalyst which shows a lower oxidation potential of its oxidized species would result in
the formation of the isoxazoline-N-oxide. [Cu'(dap).]CI shows an oxidation potential of + 0.62 V
of its oxidized ground state species,?! applying Ooi’s correlation, it should thereby not form the
ATRA product but instead, lead to the formation of isoxazoline-N-oxide. Nevertheless, we
obtained only ATRA product using bromonitroalkane (1a) with styrene. Thus, we questioned
how these seemingly contradicting results could be explained. Consequently, the type of
product under photocatalytic conditions (isoxazoline-N-oxide 3 vs. ATRA product 4) for three
different bromonitroalkanes in combination with styrene (2a) as olefin was investigated

concerning the photocatalysts (Table 6):
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Table 6. Investigations on the product in comparison with the conditions reported by Ooi.2

j\ o photocatalyst 1 mol% O—NP_ ) /U
Br” "NO, dry MeCN (0.25 M) Ph/Q\R Ph NO,
1 2a 455 nm, 5 h, N, 3 4
1.0 equiv 1.0 equiv
Entry Catalyst E1(PCM1/ PCM) Additive ATRA Yield® 3 Yield® 4
[V]vs. SCE (1.0 equiv) Reagent (%) (%)
1 [Cu'(dap)Cl +0.62 - 0 99
2 fac-Ir(ppy)s +0.78 - Ph 0 44
3 [Cu'(dap),]CI +0.62 Collidine BFJ:NO2 traces 82
4 fac Ir(ppy)s +0.78 Collidine 1d 62 13 (18¢)
(40°)
5 [Cu'(dap)]CI +0.62 - 0 88¢f
6 fac Ir(ppy)s +0.78 - J\ 7 31
7 [Cu(dap)Cl +0.62 Collidine B 1bNO2 0 90’
8 fac Ir(ppy)s +0.78 Collidine 57 traces
9  [Cul(dap)2]CI +0.62 - 0 90¢f
10 fac Ir(ppy)s +0.78 - 0 40
11  [Cu'(dap),]Cl +0.62 Collidine Br” “NO, 0 66¢
12 fac Ir(ppy)s +0.78 Collidine 12 0 nd

aStandard conditions: bromonitromethane (1a) (0.25 mmol, 1.0 equiv), styrene (2a) (0.25 mmol, 1.0 equiv),
photocatalyst (2.5 pmol, 1 mol%), in MeCN (anh., degassed, 1.0 mL, 0.25 M); Irradiation at indicated
wavelength A under N2 atmosphere for given time at room temperature (25 °C). °PNMR vyield using 1,1,2,2-
tetrachloroethane as internal standard. °Reaction stopped after 2h. disolated yield. ¢Yield reported by Ooi and
co-workers.[®l'experiment carried out by Magdalena Koch. nd = not detected.

It was found that for all bromonitroalkanes in combination with styrene, only the ATRA product
was observable in high yield if [Cu'(dap).]CI was employed as a photocatalyst (entries 1, 5
and 9). Utilizing collidine (1.0 equiv) as an additive, as reported by Ooi and coworkers,®l again
gave only traces of cyclization products 3 and high amounts of ATRA products 4
(entries 3, 7, 11). On the other hand, if low-oxidizing fac-Ir(ppy)s was utilized as photocatalyst
according to the reported reaction conditions of Ooi and co-workers!® (1.0 equiv of collidine as
additive), the ATRA products 4 were not observable, but the isoxazoline-N-oxide products 3

(entries 4 and 8).

For bromonitromethane (1a) in combination with styrene, no product 3a was observed under
the catalysis of Ir(ppy)s and the presence of collidine (entry 12). A reasonable explanation
might be given through investigations of Tartakovsky and co-workers, who reported the
instability of the corresponding unsubstituted isoxazoline-N-oxide 3a.l%! On the other hand, if
the photoreactions were performed in the absence of collidine as an additive with low-oxidizing

fac-Ir(ppy)s, the ATRA products 4 were observed, but with low yield (entries 2, 6 and 10).
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In summary, the divergence in the type of product formation, as reported for the Ir-catalyzed
photoreaction, cannot be transferred to the Cu-photocatalyst. These observations indicate that
the Cu-photocatalyst must, in fact, catalyze the photoreaction from a mechanistic point of view
differently than the photocatalyst based on iridium,® e.g. through an inner-sphere type

mechanismb! (vide chapter 3.1).

3.6.6 EPR Studies

With our collaboration partner, the Rehbein group, EPR (electron paramagnetic resonance)
experiments were conducted to acquire insight into the mechanistic divergences between
Cu(l- and Ir(IV)-catalysis. Please take note that while we prepared the relevant reaction
solutions for EPR measurements (in collaboration with Magdalena Koch), the Rehbein group
conducted, analyzed, and interpreted the EPR measurements. Therefore, a plausible
mechanistic picture was obtained for the Cu(l)-photocatalyzed bromonitroalkylation,
contrasting Ir(IV)-catalysis. This chapter on EPR Studies is shown here for the sake of

completeness.

By using CW-EPR spectroscopy (X-band), additional mechanistic details on the postulated key
steps and intermediates under the Cu(l) catalysis were investigated in direct comparison to
Ooi's Ir(lll)-catalysis. Particular attention was paid to the experimental identification of the
postulated persistent radical C (R = Bn), which Oai et al. predicted based on DFT calculations
(Scheme 9).1#

Formation of the Persistent Radical C

* 1 '
)N\Oz [PC™] [PC™ [\IJ\OZ Ph;\ /\)N\OZ cyclization ! o N/O '
a ° ' - '
(U o y IR :
Br” "R R ——= |R R e R1J\)\R :
1d; R =Bn A, R=Bn B, R=Bn | .29 kca//moli C, R=Bn!

______________

persistent radical

Scheme 9. Persistent Radical C, as predicted by Ooi and co-workers.[8]

The opposing product selectivity of the Cu- vs. Ir(ppy)s-catalysis was found to be closely linked
to the presence (Ir) or absence (Cu) of the radical C based on the redox potentials of the
different catalysts and the unique ability of copper for ligand exchange. In fact, the formation
of an organic radical (giso = 2.006) was observed if Ir(ppy)s was utilized as a photocatalyst
(Figure 6). The detected typical triplet signature of a nitrogen-centered radical with a g-value
of 2.006 and ayn of 1.4 mT exhibited comparable parameters to TEMPO (ay = 1.6 mT) and

related nitronic ester radicals.3!
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Figure 6. EPR Spectra of Ir(ppy)s (5 pmol, 1 mol%), bromonitromethane (1a) (0.5 mmol, 1 equiv) and styrene (2a)
(0.5 mmol, 1 equiv) in MeCN (2 mL); Frequency: 0.4570 GHz; Modulation amplitude: 0.7 mT; MW attenuation:
10 dB; Gain: 10; Time constant: O s; Bo-field: 337 mT; Bo-sweep: 10 mT; Average of 5 runs. (Measurements were
carried out by the Rehbein group and the shown graphics were kindly provided by them).
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Figure 7. EPR spectra of photocatalyst (5 umol, 1 mol%), bromonitromethane (1a) (0.5 mmol, 1 equiv) and styrene
(2a) (0.5 mmol, 1 equiv) in MeCN (2 mL); Frequency: 0.4577 GHz; Modulation amplitude: 0.7 mT; MW attenuation:
10 dB; Gain: 10; Time constant: 1 s; Average of 3 runs; A) Photocatalyst: Ir(ppy)s; 60 min irradiation at 455 nm; Bo-
field: 340 mT; Bo-sweep: 40 mT; B) Comparison between photocatalyst [Cu'(dap)2]Cl (Bo-field: 310 mT; Bo-sweep:
150 mT) and Ir(ppy)s after irradiation at 455 nm. (Measurements were carried out by the Rehbein group and the
shown graphics were kindly provided by them).

The acyclic carbon-centered radical B was ruled out to cause this signal based on the EPR
signal's triplet signature. Additionally, the radical A generated by mesolytic cleavage of the
carbon-bromine bond of the radical anion of 1 was also excluded for the following three
reasons: the different splitting pattern, its expected short lifetime, as well as the fact that the
recorded EPR signals showed in Figure 6-9 only arose in the presence of styrene (2a). The
anisotropy in the hyperfine splitting and g-values and the coupling to the H-atoms of the
nitronic-ester radicals could be partially resolved by increasing the time constant (vide Figure
7-9A).
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Figure 8. EPR spectra of photocatalyst (5 umol, 1 mol%), bromonitroethane (1b) (0.5 mmol, 1 equiv) and styrene
(2a) (0.5 mmol, 1 equiv) in MeCN (2 mL); Frequency: 0.4568 GHz; Modulation amplitude: 0.7 mT; MW attenuation:
10 dB; Gain: 10; Time constant: 1 s; Average of 3 runs; A) Photocatalyst: Ir(ppy)s: 30 min irradiation at 455 nm; Bo-
field: 340 mT; Bo-sweep: 40 mT; B) Comparison between Photocatalyst [Cu'(dap)2]Cl (Bo-field: 310 mT; Bo-sweep:
150 mT) and Ir(ppy)s after irradiation at 455 nm. (Measurements were carried out by the Rehbein group and the
shown graphics were kindly provided by them).

The observed radical signature in the Ir-catalyzed reaction could not be detected when

[Cu(dap).]Cl was used as the photocatalyst (Figure 7B, 8B and 9B). It was demonstrated that

an emerging Cu(ll)-signal does not overlap with the organic radical signal (Figure 9B).

' 1
_ O ' - 1+ 2 + Cu(dap),Cl
1A L o-N 18 —— 142+ ppy)s
, R
y : Rlc, R=Bn!
(S ) ]
2 persistent radical 2
2 2
g 3 i\
E 7 =
T T T T T T T T T T T T T T T 1
330 332 334 336 338 340 342 344 220 240 260 280 300 320 340 360 380 400
B/mT B/mT

Figure 9. EPR spectra of photocatalyst (5 umol, 1 mol%), bromonitrobenzylmethane (1d) (0.5 mmol, 1 equiv) and
styrene (2a) (0.5 mmol, 1 equiv) in MeCN (2 mL); Frequency: 0.4569 GHz; Modulation amplitude: 0.7 mT; MW
attenuation: 10 dB; Gain: 10; Time constant: 1 s, average of 3 runs; (A) Photocatalyst: Ir(ppy)s: 60 min irradiation
at 455 nm; BO-field: 340 mT; BO-sweep: 40 mT; (B) Comparison between photocatalyst [Cu'(dap)2]Cl (BO-field:
310 mT; BO-sweep: 150 mT) and Ir(ppy)s after irradiation at 455 nm. (Measurements were carried out by the
Rehbein group and the shown graphics were kindly provided by them).
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Moreover, the radical signature (g = 2.006) only appears in the presence of both ATRA reagent

and styrene in the Ir-catalyzed reaction and grows over a period of at least 15 min (Figure 10).
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Figure 10. EPR spectra of Ir(ppy)s (5 pmol, 1 mol%), bromonitroethane (1b) (0.5 mmol, 1 equiv) and styrene (2a)
(0.5 mmol, 1 equiv) in MeCN (2 mL); Frequency: 0.4568 GHz; Modulation amplitude: 0.7 mT; MW attenuation:
10 dB; Gain: 10; Time constant: 1 s; BO-field: 340 mT; BO-sweep; Average of 3 runs; A) Comparison of the spectra
with (red line) and without styrene (2a) (black line) after 45 min irradiation at 455 nm. B) Signal growth from 15 to
30 min irradiation at 455 nm. (Measurements were carried out by the Rehbein group and the shown graphics were
kindly provided by them).

Next, the binary mixture of [Cu'(dap).JCl and bromonitroethane (1b) was measured in
stoichiometric amounts to further clarify the formation of a Cu(ll) species in the [Cu'(dap).]CI
catalyzed process. The equimolar mixture displayed a well-resolved Cu(ll) signal (Figure 11),
indicating the ligands’ octahedral coordination and axial elongation. Even low catalyst loadings,
using only 10 mol% of the Cu-catalyst, still generate a signal, indicating the formation of Cu(ll).

Styrene (2a) addition immediately reduces signal intensity while leaving the signal pattern

unchanged.
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Figure 11. EPR spectra of A) [Cu(dap)2]CI (50 ymol, 1 equiv), bromonitroethane (1b) (50 umol, 1 equiv) (black line)
and [Cu(dap)2]CI (50 umol, 10 mol%), bromonitroethane (1b) (0.5 mmol, 1 equiv) (red line) in MeCN (2 mL); B)
Addition of styrene (2a) (0.5 mmol, 1 equiv) to a mixture of [Cu(dap)2]CI (50 pmol, 10 mol%), bromonitroethane (1b)
(0.5 mmol, 1 equiv) in MeCN (2 mL); Frequency: 0.4575 GHz; Modulation amplitude: 0.7 mT; MW attenuation:
10 dB; Gain: 10; Time constant: 1 s; BO-field: 340 mT; BO-sweep; Average of 3 runs. (Measurements were carried
out by the Rehbein group and the shown graphics were kindly provided by them).
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A quick turnover of radical C in the presence of Cu(ll) may be another explanation for the
absence of the radical signature of C in the EPR under Cu(l) catalysis. To verify this,
[Cu'(dap)Cl;] (1 mol%) was added to the reaction solution after a nitronic ester radical had

been generated in situ via Ir-catalysis (vide Figure 12).

The reaction solution was monitored for 50 minutes. In the presence of Cu(ll), a weaker signal
intensity or even a total bleach of the nitronic ester radical signal would have suggested that
the radical had been consumed, either by oxidation to D (vide chapter 3.7 chapter proposed
reaction mechanism) or at the very least by binding of the radical. However, after the addition
of [Cu'(dap)Cl;] neither did it immediately, nor over 50 minutes quench the signal of the nitronic
ester radical. This suggests that Cu(ll) is either not trapping the nitronic ester radical at all or

not to a significant extent.

As a consequence, if C would be a key intermediate also under Cu-catalysis conditions
(neglecting here the fact that the redox potential of Cu(ll) is not sufficient to oxidize C to furnish
4 as the final product), a fast and effective binding would be required to explain the observed
quick conversion of the starting materials to 4 under Cu-catalysis conditions (1h reaction time

for 88% conversion).

— + Ir(ppy);1 mol%, 1b (1 eq), 2a (1 eq), 60 min irr. then 1 mol% Cu(dapCl,) spectrum after 15 min
10 4 — Ir(ppy); 1 mol%, 1b (1 eq), 2a (1 eq), 60 min irr. then 1 mol% Cu(dapCl,) spectrum after 50 min

signal intensity
N
1

T T T T T T T T T T T T 1
334 335 336 337 338 339 340
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Figure 12. EPR spectra of Ir(ppy)s (5 ymol, 1 mol%), bromonitroethane (1b) (0.5 mmol, 1 equiv) and styrene (2a)
(0.5 mmol, 1 equiv) in MeCN (2 mL); solutions as indicated with addition of [Cu(dap)Cl2] (1.0 mol%) after
conformation of the occurrence of the nitronic ester radical. Frequency: 9.4595 GHz; Bo-Field = 340 mT; Bo-Sweep
=40 mT,; Sweep-Time = 30 s; Number of runs = 3; Samples = 512; mod. Ampl. = 0.7 mT; MW Att. = 10 dB; Gain =
10; Time Const. = 0.1 s. (Measurements were carried out by the Rehbein group and the shown graphics were kindly
provided by them).
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Next, TEMPO was employed as a related radical to precisely examine the ability of nitroxyl-
type radicals to attach to [Cu'(dap)Cl.] in a defined manner. Radical stabilization energies can
be used to infer the thermodynamic stability similarities between TEMPO and the nitronic ester
radical. Their spin delocalization (more significant for the nitronic ester radicals) and shielding
of the spin center at the NO-unit affect their kinetic inertness (slightly higher for TEMPO). For
the EPR studies, a stock solution of [Cu(dap)Clz] (10 mM) in MeCN and two TEMPO solutions
(B1 1 mM and B2 0.1 mM) in MeCN was produced. As reference values, 0.2 mL aliquots of

these solutions were measured in the EPR (two-fold determination).

Cu(ll) solution and TEMPO solution (B1, B2) were mixed for the binding studies, and the results
were measured after 15 minutes (twofold-determination, vide Figure 13 for the aver-aged
spectra). Even in excess of 10- to 100-fold, the spectra reveal that only a small portion of free
TEMPO is bound by the photocatalyst [Cu'(dap)Cl.].

The TEMPO concentration was reduced by around 60% (or 40% of the initial signal strength)
in response to a 10-fold increase of Cu(ll). According to the hypothesized mechanism (see
Chapter 3.7 Proposed Reaction Mechanism), Cu(ll) would be present in the catalysis in a 1:1
stoichiometry with the organic radical preceding C, indicating that if C were to be generated at
all, Cu(ll) would bind to an even less fraction of it.

sol A: 5 mM [Cu(dap)Cl,]
—— sol B1: 0.5 mM TEMPO
—— sol B2: 0.05 mM TEMPO
- |= - =5 mM[Cu(dap)Cl,] + 0.5 mM TEMPO i.e. Cu:TEMPO 10:1

- MM [Cu(dap)Cl,] + 0.05 mM TEMPO, i.e. Cu:TEMPO 100:1
10000
5000 +
2
K7)
c
Q 0
=
-5000
-10000 H
T T T T T T T T T T T 1
330 332 334 336 338 340 342

B/mT

Figure 13. EPR spectra (averaged of two runs) of TEMPO and [Cu(dap)Clz] in MeCN and mixtures of TEMPO and
Cu(ll) stock-solutions. Frequency: 9.459 GHz; Bo-Field = 320 mT; Bo-Sweep = 80 mT; Sweep-Time = 60 s; Number
of runs = 3; Samples = 1024; mod. Ampl. =0.7 mT; MW Att. = 12 dB; Gain = 10; Time Const. = 0.1 s (Measurements
were carried out by the Rehbein group and the shown graphics were kindly provided by them).
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3.7 Proposed Reaction Mechanism

With all findings at hand, a plausible mechanistic picture can be proposed (Scheme 10A, Cu(l)-
photocatalyzed process): It starts with the coordination of ATRA reagent 1 to the
photocatalyst | as indicated by UV/Vis absorption shifts of the binary mixture of photocatalyst
[Cu'(dap).]Cl and bromonitroalkane 1 prior to irradiation. Single electron transfer from Il to
ATRA reagent 1 and subsequent C-Br bond cleavage results in intermediate Il and radical A.
Stern-Volmer studies demonstrate that only bromonitromethane (1a) can quench the
photocatalyst [Cu'(dap)2]Cl in its excited state; but not styrene (2a). X-ray analysis of single
crystals obtained from a solution of [Cu'(dap).]ClI in the presence of 1a, having the molecular
structure [Cu'(dap)CIBr] (10), provided additional evidence for this oxidation step. EPR
measurements of an equimolar solution of [Cu'(dap)2]CI and bromonitroethane (1b) in MeCN
provided a characteristic Cu(ll) spectrum showing octahedral coordination with an axial
elongation of the ligands, revealing "in situ" evidence of this redox change. This Cu(ll) species
was even detectable in the presence of 10 mol% [Cu'(dap)]Cl, indicating that this step is likely
to occur under catalytic conditions as well. Since an organic radical was not detected in the
EPR studies of the Cu-catalyzed photoreaction, it is assumed that Cu alters the radical
reactivity by coordination or by the formation of a (formal) Cu(lll)-intermediate8l394% |V (or ion
pair E representing the direct oxidation of radical B). Consequently, the cyclization pathway to
radical C is no longer competitive with the formation of the ATRA product. (Vide Chapter 3.6.6
EPR Studies). By Insertion of olefin 2 into the Cu-carbon bond of Il and subsequent reductive
elimination, the formation of 4 can be explained. A polar pathway that provided 4 along with
the high oxidation power Ir-catalysts would rely on the oxidation of B to the carbocation E’.
Due to its lower oxidation power, this polar pathway was shown to be inefficient for Cu(ll),

suggesting that the radical pathway similar to those in ATRA reactions is the most plausible.

In contrast to Cu-catalysis, the Ir-catalyzed process is believed to proceed by the following
mechanism, according to Ooi and colleagues (Scheme 10B, Ir(IV)-photocatalyzed process):
After SET to bromonitroalkane 1 with simultaneous photocatalyst oxidation followed by
addition of the generated radical A to styrene (2a), intermediate B rapidly cyclizes to the
persistent nitrosyl radical C in a highly favorable 5-exo-trig cyclization (in the presence of
collidine). The ATRA product 4 will only be produced if the oxidation potential of the oxidized
photocatalyst, iridium(lV), is sufficiently high, as in [Ir(dtbbpy)(ppy)2]PFes (Erea(Ir** / Ir3*) =
+1.21 V), to oxidize C further to D. (Nota bene: In the absence of collidine, we observed the
production of ATRA product 4 but in lower yield, indicating that concurrent oxidation of benzylic
radical B to E’ can take place as side reaction — an observation, which was not described by
Ooi et al.).

94



Chapter 3 Cu(l)-photocatalyzed Bromonitroalkylation of Olefins

Nevertheless, only a minor amount of the ATRA product 4 is observed if the oxidation potential
of the oxidized photocatalyst (Eeq < +1.0 V) is insufficient to oxidize radical C; instead,
isoxazoline-N-oxide 3 is the major product. Additionally, in combination with 2,4,6-collidine,
triphenylamine as a sacrificed electron donor reduces the oxidized iridium(lV) catalyst,
resulting once again solely in the formation of isoxazoline-N-oxide 3 instead of the ATRA
product 4.

Detailed mechanistic comparision of Cu(l)- and Ir(IV)-photocatalysis
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Scheme 10. Detailed mechanistic comparison/ proposed reaction mechanism of the bromonitroalkylation.
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3.8 Studies with Chiral Ligands

Encouraged by the high efficiency of copper-catalyzed inner-sphere ATRA processesi*!
compared to outer-sphere ionic mechanism, we aimed the development of an asymmetric
bromonitromethylation protocol by using a chiral ligand on the metal center. As starting point,
we used three chiral ligands belonging to the family of (aza)-bisoxazoline ligands and (R)-
BINAP (Table 7). Therefore, replacing the photocatalyst [Cu'(dap).]Cl with a combination of
10 mol% Cu'CI and the chiral ligand should enable the ATRA process in an enantioselective
fashion. We started our investigations under 455 nm irradiation. Since a reaction was not
observed, it might be the case that the in situ formed photocatalyst did not show sufficient
absorption at this wavelength. Therefore, we switched after 2h of irradiation to 400 nm and
again after 2h to 367 nm irradiation. Unfortunately, product formation was not detected in an
of these reactions. One plausible explanation could be that the chiral copper complexes do not
have the redox power required to activate bromonitromethane (1a). A suitable strategy might
be, e.g. to apply the well-established strategy of dual catalysis.*#2 The radical could be
successfully generated e.g. with an Ir(IV)-based photocatalyst and trapped by a chiral
copper(ll)-complex. Further studies about this type of activation are currently ongoing in our

laboratory.

Table 7. Studies with chiral ligands towards enantioselective ATRA process @

10 mol% chiral L* Br
NO, X 10 mol% CuCl .
P + NO,
Br MeCN (0.25 M), rt, Ny, 2 h
1a, 1.0 equiv 2a, 1.0 equiv 0°C, 455 nm 4a
Entry Ligand wavelengths [nm] Irradiation time [h] Yield®
H
o._N_ o
455 2
N
1 N N\? 403 2 nd
1Ma > 367 2
J—
5 455 2
y / 403 2 nd
1"’ P 367 2
w><r 495 .
3 \) 403 2 nd
367 2
OO z
4 PPh, 403 2 nd
2

PPh, 367
Ser

aReaction conditions: reactions were performed on a 0.25 mmol scale for ATRA reagent 1a (1.0 equiv) under given
conditions in an ice bath (0 °C) and N2 atmosphere. ®XH-NMR yield using 1,1,2,2-tetrachloroethane as the internal
standard. nd = not detected.
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3.9 Studies on Three-Component Type ATRA Reactions

During the last years, besides Iridium- or Ruthenium polypyridinyl complexes, especially
copper(l)-complexes are widely used photocatalysts in the reductive quenching cycles.*!] Due
to the benefits of these photocatalysts, acting as low-cost, more robust, easily accessible
alternatives, the focus has shifted from rare earth metal complexes towards 3d metals, e.qg.
copper. Because of the unique character of copper, the possibility of ligand exchange and the
ability to stabilize and interact with radical species through the inner-sphere type mechanism,
a unique opportunity to achieve new bond formation has been developed. Moreover, three-
component type ATRA reactions offer the possibility of achieving enantioselective product
formation using chiral Cu(l)-complexes, which is not possible using other photocatalysts, such
as iridium- and ruthenium-based, or organic dye photocatalysts.! Scheme 11 gives an
overview of the mechanistic details for a Cu(l)/ Cu(lll) photocatalyzed ATRA reaction with
respect to two- or three-component ATRA-type reactions. In principle, a Cu(l)-complex can
undergo ligand exchange with a suitable third component Z. After excitation by light, SET to
an ATRA reagent can occur. Thereby a radical R? is formed. Now either radical addition to an
olefin or radical rebound can take place. In the first pathway, the radical addition product binds
back to the Cu(ll)-intermediate, affording a Cu(lll)-species. In the second pathway, the
carbocupration of an olefin leads to Cu(lll)-species. Reductive elimination upon extrusion of

the two- or three-component ATRA product regenerates the photocatalyst.
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component three
ATRA component
ATRA

Scheme 11. Mechanistic picture for Cu(l)-photocatalyzed two- and three-component ATRA reactions.
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Motivated by the impressive literature, we aimed at achieving a photocatalytic ATRA reaction
with bromonitromethane (1a), styrene (2a) and [Cu'(dap).]JCl as photocatalyst in a three-
component type fashion to obtain other 1.3-difunctionalized organonitro products of type 12
(Table 8). Therefore, we started our investigations with TMSCN as the third component in the
photochemical process (Table 8, entry 1). Contrary to our expectations, the desired product
was nhot observed, but ATRA product 4a was obtained with good yield. Moving to other third
components, we also observed the formation of the two-component product 4a in good to high
yield (Table 8, entries 2—4).

Table 8. Attempts towards three-component ATRA reactions with nucleophiles.2

)NOZ . [Cu'(dap)ICI (1 mol%) Nu Br
Nu + B +
' ©/\ MeCN (0.25 M), rt, N, 1 h NO, ©f NO,
1a 2a 455 nm ’ 12 4a
2.0 equiv 1.0 equiv 1.0 equiv
Entry Nucleophile Yield Product 12°  Yield Product 4aP®
1 TMSCN 0 77
2 TMSN; 0 84
3 H.O 0 83
4 TMSCF3 0 87

aReaction conditions: reactions were performed on a 0.25 mmol scale for ATRA Reagent 1a (1.0 equiv) under given
conditions at room temperature (25 °C) and N2 atmosphere. °NMR vyield using 1,1,2,2-tetrachloroethane as the
internal standard.

In 2018, Fu, Peters and coworkers elaborated a visible-light mediated Cu(l)-photocatalyzed
three-component ATRA process using a combination of Cu(l) iodide and racemic BINOL as
the photocatalyst under blue LED irradiation in MeCN.[*3l They were able to activate donor-
acceptor substituted ATRA reagents (13) and gquaternary (alkyl)-ammonium salts (14) as the

third component to obtain products of type 15 in good yield (Scheme 12).

Fu, Peters et al. (2018)

Cul (10-20 mol%) ' NAkylsNu
BINAP (10-20mol%) Nu ! .
R'X + Ar-X + NAkylyNu R i NMe,SCF3
MeCN, rt R2 ' NBuyBr
13 2 14 blue LED 15 NBu4CN
' NBugNs
1
selected examples:
N3 CN R F SCF3 SCF3
OEt OEt Ph
CF,4
Ph © Ph © Ph ©
Ph 15a, 65% 15b, 54% 15c, 58% 15d, 78%

Scheme 12. Reported three-component ATRA process by Fu and Peters et al.[*3l,

98



Chapter 3 Cu(l)-photocatalyzed Bromonitroalkylation of Olefins

Intrigued by this literature, we questioned if the reaction conditions were transferrable to our
system using bromonitromethane (1a) to obtain products 12. Unfortunately, having neither
BINAP nor BINOL as a ligand in the reaction mixture gave the expected products, only
bromonitromethane as ATRA reagent was decomposed under these reaction conditions
(Table 9, entries 1-3).

Table 9. Attempts towards three-component ATRA processes based on Fu and Peters.2

NO
P 2 PC (10 mol%) Nu Br
Nu + g * ©/\ NO, or NO
MeCN (0.25 M), rt, N, 1 h 2 2
1a 2a 455 nm ' 12 4a
1.5 equiv 1.0 equiv 1.0 equiv
Entry Photocatalyst (PC) Nucleophile Product 12° Product 4aP
1 Cul + rac. BINOL NBusN3 0 0
2 Cul + rac. BINAP NBu4N3 0 0
3 Cul + rac. BINAP NBusCN 0 0

aReaction conditions: reactions were performed on a 0.50 mmol scale for bromonitromethane (1a) (1.0 equiv),
styrene (2a) (1.0 equiv), nucleophile (1.5 equiv) under given conditions at room temperature (25 °C). P2H-NMR
yield using 1,1,2,2-tetrachloroethane as internal standard.

Furthermore, we aimed toward a three-component-type process, using phenylacetylene as the
third component, which is amply documented in the literature.*y Therefore, different types of
ligands, such as dmp, terpyridine or 4,4"-di-tert-butyl-2,2"-dipyridy! (dtbbpy), were screened
since, usually the type of ligand plays a crucial role*#4 for the success of this type of reactions
(Table 10, entries 1-4).

Table 10. Three-component ATRA reaction with phenylacetylene.?

Ph
10 mol% Cul
10 mol% ligand ‘ ‘ Br
// N NO, K,CO3 (3.0 equiv)
. + ) NO, or NO,
Br MeCN (0.25 M),
2ac 2a 1a rt, Np, 1'h, 455 nm 16 4a
2.0 equiv 2.0 equiv
1.0 equiv
Entry Ligand Product 16° Product 4a®
1 dmp 0 0
2 terpyridine 0 0
3 bathocuproine 0 0
4 dtbbpy 0 0

aReaction conditions: reactions were performed on a 0.5 mmol scale for bromonitromethane (1a) (1.0 equiv)
phenylacetylene (2.0 equiv), styrene (2a) (1.0 equiv) and K2COs (3.0 equiv under given conditions at room
temperature (25 °C). "H-NMR yield using 1,1,2,2-tetrachloroethane as internal standard.
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However, in the presence of a base (which is necessary to obtain a copper(l)-acetylide
species*!initially) neither the desired product (16), nor the ATRA product (4a) was observable.
Instead the ATRA reagent was destroyed due to deprotonation by K,COsz; as a base.l*0
Therefore, no further investigations were carried out on three-component processes involving

phenylacetylene.

3.10 Conclusion and Outlook

In conclusion, a highly efficient visible light-mediated ATRA reaction of bromonitromethane
derivatives and olefins catalyzed by a copper(l)-photocatalyst was developed. Moreover,
evidence is provided for the highly effective rebound of Cu(ll) to radical intermediates that can
even outcompete a highly advantageous intramolecular radical cyclization to a persistent
radical, in addition to the synthetic value of the title reaction concerning the scope and further
transformations of the products. It is well known that the isolation of a Cu(lll)-intermediate
along the reaction pathway would serve as the mechanistic proposal's ultimate proof. However,
this poses a significant challengeI9l4% due to the rapid reductive elimination that can occur
to produce the ATRA product while concurrently regenerating the Cu(l)-photocatalyst. Further
investigations regarding three-component ATRA-type reactions with bromonitromethane and
other derivatizations of the bromonitroalkylated products are currently carried out in our

laboratory.
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4.1 Summary

Light-Induced Homolysis (LIH) of Copper(ll)-complexes

This chapter is based on: A. Reichlet and O. Reisert, Chem. Sci., 2023, 14, 4449. (fA.R. and
O.R. jointly wrote the manuscript).

In the past ten years powerful strategies have been developed in the field of photocatalysis
regarding the functionalization of compounds via radical intermediaries in a selective manner.
The shift towards earth-abundant metal-based photocatalysts is currently less explored, in
comparison to the well-established iridium- or ruthenium-based photocatalysts, which fulfil the
requirements of a photocatalyst, such as long excited-state lifetimes and photostability.
Although only having excited-state lifetimes in the low millisecond range or below, the idea of
light-induced homolysis (LIH) for producing radicals has recently attracted significant interest
as a potential strategy for initiating photoreactions using earth-abundant 3d metal complexes,
such as lIron, Cobalt, Nickel or Copper. Exploiting this idea involves the use of Cu(ll)-
complexes, which will be presented by demonstrating current advancements in organic

synthesis with an eye toward the field's prospects.
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Photocatalytic Decarboxylation of Copper(ll)-carboxylates

This chapter is based on: A. Reichle, H. Sterzel, P. Kreitmeier, R. Fayad, F. N. Castellano, J.
Rehbein, O. Reiser, Chem. Commun. 2022, 58, 4456.

In this chapter, we applied the concept of light-induced homolysis (LIH) of Cu(ll)-carboxylates
to generate radicals. A protocol for the decarboxylative oxygenation of carboxylic acids with
molecular oxygen as the terminal oxidant is described. Therefore, two Cu(ll)-carboxylate
complexes with different coordination geometries were synthesized and characterized by X-
ray analysis. Diverse mechanistic investigations (in collaboration with our partners, the
Castellano and Rehbein group) were carried out, e.g., UV-vis absorption spectra, solution-
phase IR spectra as well as EPR studies supporting the light-induced homolysis of
monodentate Cu(ll)-carboxylate, rather than paddle-wheel type chelation. The protocol can be
successfully applied to nonsteroidal anti-inflammatory drugs (NSAIDs) such as felbinac,

ibuprofen, or naproxen delivering the corresponding decarboxylated products in high yields.
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Copper(l)-photocatalyzed Bromonitroalkylation of Olefins — Evidence for Highly

Efficient Inner-Sphere Pathways

This chapter is based on: A. Reichle**, M. Koch**, H. Sterzel, L.-J. Grof3kopf, J. Floss, J.
Rehbein, O. Reiser, Angew. Chem. Int. Ed., 2023, €202219086. ([**] Co-first authors.)

A visible light-mediated copper-catalyzed protocol has been developed to enable the highly
economic, vicinal difunctionalization of olefins utilizing bromonitroalkanes as ATRA reagents.
This procedure, which allows the rapid functionalization of activated and unactivated olefins,
excels by high yields and fast reaction times under environmentally benign reaction conditions
with exceptional scope. Moreover, the methodology allows late-stage functionalization of
biologically active molecules and upscaling to gram quantities. Manifold possibilities for
subsequent transformations, e.g., access to nitro- and aminocyclopropanes are feasible. In
addition to the synthetic value of the title transformation, this study undergirds copper's unique
character in photoredox catalysis by demonstrating its capacity to stabilize and interact with
radical intermediates in its inner coordination sphere. According to EPR investigations, these
interactions can even outperform a favorable cyclization of transient radical intermediates to

highly stable persistent radicals compared to iridium-based photocatalysts.
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4.2 Zusammenfassung

Licht induzierte Homolyse (LIH) von Kupfer(ll)-komplexen

Dieses Kapitel basiert auf: A. Reichle™ und O. Reiserf, Chem. Sci., 2023, 14, 4449.

(fA.R. and O.R. haben das Manuscript gemeinsam erstellt).

Dieses Kapitel fasst die Entwicklungen auf dem Gebiet der lichtinduzierten Homolyse von
Cu(l)-Komplexen zusammen. In der letzten Dekade hat sich die Photokatalyse zu einer
leistungsfahigen Strategie fur die selektive Funktionalisierung von Molekilen durch
radikalische Intermediate entwickelt. Der Wandel hin zu Photokatalysatoren auf der Basis von
auf der Erde haufig vorkommenden Metallen ist derzeit weniger erforscht als die gut etablierten
Photokatalysatoren auf Iridium- oder Ruthenium-Basis. Diese erfillen die Anforderungen
eines Photokatalysators, wie z.B. eine lange Lebensdauer des angeregten Zustands und
Photostabilitat. Das Konzept der durch (sichtbares) Licht induzierten Homolyse (LIH) zur
Erzeugung von Radikalen hat kirzlich grof3es Interesse als neue Strategie zur Initiierung von
Photoreaktionen basierend auf Metallkomplexen mit nachhaltigen 3d-Metallen geweckt,
obwohl diese nur eine Lebensdauer des angeregten Zustands haben, welcher sich im
Obwohl die

lichtinduzierten Homolyse (LIH) zur Erzeugung von Radikalen nur Lebensdauern angeregter

niedrigen Nanosekundenbereich oder sogar darunter befindet. Idee der
Zustande im niedrigen Millisekundenbereich oder darunter aufweist, hat sie in jlingster Zeit
groBes Interesse als potenzielle Strategie zur Initierung von Photoreaktionen unter
Verwendung auf der Erde haufig vorkommender 3D-Metallkomplexe geweckt, z.B. Eisen,
Kobalt, Nickel oder Kupfer. Die Nutzung dieser Idee beinhaltet die Verwendung von Cu(ll)-
Komplexen, die anhand aktueller Fortschritte in der organischen Synthese mit Blick auf die

Zukunftsaussichten des Fachgebiets vorgestellt werden.
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Photokatalytische Decarboxylierung von Kupfer(ll)-carboxylaten

Dieses Kapitel basiert auf: A. Reichle, H. Sterzel, P. Kreitmeier, R. Fayad, F. N. Castellano, J.
Rehbein, O. Reiser, Chem. Commun. 2022, 58, 4456.

In diesem Kapitel wendeten wir das Konzept der lichtinduzierten Homolyse (LIH) von Cu(ll)-
Carboxylaten zur Erzeugung von Radikalen an. Eine Vorschrift fir die decarboxylative
Oxygenierung von Carbonsauren mit molekularem Sauerstoff als terminalem Oxidationsmittel
wird beschrieben. Daher wurden zwei Cu(ll)-carboxylat Komplexe mit unterschiedlichen

Koordinationsgeometrien synthetisiert und durch Réntgenstrukturanalyse charakterisiert.

Es wurden diverse mechanistische Untersuchungen (in Zusammenarbeit mit unseren
Partnern, der Castellano und Rehbein Gruppe) durchgefihrt, z.B. UV-Vis-
Absorptionsspektren, solution-phase-IR-Spektren sowie EPR-Studien, die die lichtinduzierte
Homolyse von einzdhnigen Cu(ll)-carboxylat unterstitzen, eher als die paddle-wheel
Koordination von Cu(ll)-carboxylat. Die Synthesevorschrift kann erfolgreich auf nichtsteroidale
entzindungshemmende Medikamente (NSAIDs) wie Felbinac, Ibuprofen oder Naproxen
angewendet werden, welche die entsprechenden decarboxylierten Produkte in hohen

Ausbeuten liefern.
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Kupfer(l)-photokatalyiserte Bromonitroalkylierung von Olefinen — Hinweise fir

hocheffizienten Innerspharen-Mechanismus

Dieses Kapitel basiert auf: A. Reichle**, M. Koch**, H. Sterzel, L.-J. GroRkopf, J. Floss, J.
Rehbein, O. Reiser, Angew. Chem. Int. Ed., 2023, €202219086. ([**] Co-Erstautoren.)

Es wurde ein durch sichtbares Licht vermitteltes kupferkatalysiertes Protokoll entwickelt, das
die aulerst wirtschaftliche, vicinale Difunktionalisierung von Olefinen unter Verwendung von
Bromnitroalkanen als ATRA-Reagenzien ermdoglicht. Dieses Verfahren, das die schnelle
Funktionalisierung sowohl aktivierter als auch inaktivierter Olefine ermdglicht, zeichnet sich
durch  hohe  Ausbeuten, schnelle Reaktionszeiten unter umweltfreundlichen
Reaktionsbedingungen und aul3ergewohnliche Anwendungsbreite aus.

Daruber hinaus ermdglicht die Methodik die Funktionalisierung biologisch aktiver Molekile im
spaten Stadium sowie die Hochskalierbarkeit der Reaktion in den Gramm-Malf3stab. Vielfaltige
Mdglichkeiten fir weitere synthetische Transformationen, z.B. Zugang zu Nitro- und
Aminocyclopropanen sind mdglich. Neben dem synthetischen Wert der Titelreaktion
untermauert diese Studie den einzigartigen Charakter von Kupfer in der Photoredoxkatalyse,
indem seine Fahigkeit zur Stabilisierung und Wechselwirkung mit radikalischen
Zwischenstufen in seiner inneren Koordinationssphare demonstriert wird. GemalR EPR-
Untersuchungen konnen diese Interaktionen im Vergleich zu Iridium-basierten
Photokatalysatoren sogar eine begunstigte Zyklisierung von transienten radikalischen

Intermediaten zu hochstabilen persistenten Radikalen tberwinden.
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* UV-vis
« Kristallisation
NO ! . .
2 <0 Innersphire Br NO. | * Radical Trapping
r” OR! [L,Cul hv g\)\ [LyCu'Br] J\/K 2 *EPR
e R2 R! |
! Synthetischer Nutzen
RZX bis zu 98% Ausbeute | - breites Substratspektrum

« verschiedene Derivatisierungen

> 64 Beispiell
eispiele « Gram-Malstab Synthesen

108



Chapter 5 Experimental Part

Chapter 5 Experimental Part

5.1 General Information

Commercially available chemicals were used without further purifications, unless otherwise
stated. Synthesized compounds were purified according to common standard procedures.!!
All photochemical reactions were carried out in oven-dried glassware. Reactions were carried
out under atmospheric conditions unless otherwise stated. Reaction mixtures were degassed
using three freeze-pump-thaw cycles. Petroleum ether (hexanes) and ethyl acetate (EtOAc)
were distilled prior to use. The reported yields are referred to isolated compounds unless

otherwise stated.
Chromatography

For thin layer chromatography (TLC), precoated aluminum sheets (Merck silica gel 60 F2s4)
were used. UV light (A = 254 nm) was applied for visualization. Staining was done with vanillin
(6.0 g vanillin, 100.0 mL ethanol (95%) and 1.0 mL conc. sulfuric acid), ninhydrin (300.0 mg
ninhydrin, 3.0 mL conc. acetic acid, 100.0 mL ethanol) or potassium permanganate (1.0 g
KMnOas4, 2.0 g Na2COs and 100.0 mL distilled water) followed by heating. Column
chromatography was performed with silica gel (Merck, Geduran 80, 0.063 — 0.200 mm particle
size) and flash silica gel (Merck, 0.040 — 0.200 mm patrticle size).

NMR-Spectroscopy

H-NMR- and *C-NMR Spectra were recorded on Avance Il Systems of the Company Bruker,

Rheinstetten:
Bruker Avance 300 FT-NMR (for 300 MHz *H -NMR- and 75 MHz *C-NMR)

Bruker Avance 400 FT-NMR (for 400 MHz 'H -NMR- and 101 MHz *C-NMR and 377 MHz
19F-NMR)

Field strengths are expressed in MHz and chemical shifts are reported relative to the solvent
residual peak of commercially available NMR-solvents CDCls: & ppm = 7.26. The designation
of the peak multiplicities is implemented as follow: s—singlet, d—doublet, dd—doublet of doublet,
ddd—doublet of doublet of doublet, dt—doublet of triplet, dtd—doublet of triplet of doublet, t—
triplet, td—triplet of doublet, g—quartet, p—pentet, m—multiplet.

IR-Spectroscopy

FTIR spectroscopy was performed on a Cary 630 FTIR spectrometer. Solid and liquid

compounds were measured neatly, and the wave numbers are reported as cm-.
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Mass Spectroscopy

Mass spectra were recorded by the Central Analytical Laboratory at the Department of
Chemistry of the University of Regensburg on a Varian MAT311A, Finnigan MAT 95,
Thermoquest Finnigan TSQ 7000 or Agilent Technologies 6540 UHD Accurate-Mass Q-TOF
LC/MS. High-resolution mass spectra were performed using electrospray ionization (ESI) or
electron ionization (EI) with a quadrupole time-of-flight (Q-TOF) detector.

Melting Point

For melting point measurements an SRS MPA 100 OptiMelt was used with a heating rate of
1 °C/min.

X-ray

X-ray crystallographic analysis was performed by the Central Analytic Department of the
University of Regensburg using an Agilent Technologies SuperNova, Agilent Technologies
Gemini R Ultra, Agilent GV 50 or Rigaku GV 50. Suitable crystals were mounted on a
Lindemann tube oil and kept at a steady temperature of T = 293 K during data collection. The
structures were solvet with the ShelXT (Scheldrick 2015) structure solution program using the
Intrinsic Phasing solution method and by using Olex2 as the graphical interface. The model
was refined with ShelXL using Least Squares minimization.

Light Source

All photochemical reactions were performed using a LED-stick as irradiation source. (for more

details, see chapter 5.2 Photochemical Setup).
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5.2 Photochemical Setup
5.2.1 Schlenk Tube Setup

The internal irradiation setup was developed by O. Reiser et. al. (Figure 1).[1 All photochemical
reactions were performed using a LED-stick as irradiation source. The LED is placed on a
glass rod (8 mm diameter; borosilicate glass; Schott Borofloat® 33) as fiber optics, which

directly immerses in the reaction mixture.

(A)

(B)

©

(D)

(E)

Figure 1. Irradiation setup for photochemical reactions: (A) LED; (B) glass rod; (C) Teflon
adapter; (D) Schlenk tube (10.0 mL size); (E) Teflon-coated stirring bar.

Light Source

For all photochemical reactions monochromatic light emitting diodes (LED) were used as
irradiation source. All relevant data are taken from the official data sheets provided by Osram,

which are available free of charge via the internet at the Osram web page.

UV light irradiation was performed using a Seoul Viosys CUN66A1B (3 W, 500 mA, Amax =
367 nm), NVSU233A (3 W, 700 mA, Amax = 367 nm) and a Luminus SST-10 (3 W, 720 mA,
Amax = 365 nm or 405 nm).

111



Chapter 5 Experimental Part

Determination of the radiant flux for the “Immersed light guide”

The radiant flux and emission spectra of the LED light sources were measured, mounted on a
glass or quartz rod (8 x = 150 mm), were determined using an integrating sphere (21T geometry)
with an Avantes AvaSpec 3648 spectrometer, coupled with a fiber optic. The spectrometer
response of this setup was referenced against LEDs with known radiant flux, determined
independently with a calibrated FieldMate Power Meter, Edmund Optics.

UV LED Emission Spectrum

350 355 360 365 370 375 380 385 390 395 400

wavelength [nm]

Figure 2. Emission Spectrum of Luminus SST-10.

Blue light irradiation was performed using an OSLO® 80 rb (3 W, 700 mA, Amax = 455 nm),
Osram OSLON® SSL deep blue (3 W, 700 mA, dominant wavelength Agom = 455 nm, spectral
bandwidth at 50% Imax = 20 nm, radiant power at 25 °C and 700 mA ~ 900 mW), CREE XP rb
LED (3 W, 700 mA, Amax = 455 nm).

Green light irradiation was performed using an Osram OSLON® SSL 80 green (3 W, 700 mA,

dominant wavelength Adgom = 530 nm, spectral bandwidth at 50% Imax = 30 nm, luminous flux at
25 °C and 700 mA ~ 250 lum).
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5.2.2 Upscaling Reactors

Photochemical upscaling reactions were performed in a Schlenk reaction vessel (40 mL),
custom designed at the university of Regensburg by O. Reiser et. al. (Figure 3). The setup
consists of an inner cooling mantle (A), cooling the reaction mixture during the reaction, giving
an internal reactor volume of 40 mL with a short irradiation path after solvent displacement by
the cooling mantle. The glass reaction vessel itself (C) sitting directly on top of the magnet
stirrer was irradiated from the outside by twenty Osram OSLON® SSL 80 deep blue ca.
3W/LED at 700 mA, Amax = 455 nm LEDs, arranged around the outside wall of the reaction
vessel in an LED array (D). The LEDs were air-cooled by a fan driven by the magnetic stir
plate. This LED array (D) contained the glass reaction vessel itself (C) sitting directly on top of

the magnet stirrer.

(A)

(B)
©

(D)

Figure 3. Irradiation setup for uscaling f phoohemical reactions: (A) Inner
cooling mantle; (B) glass stock (attached to schlenk line); (C) glass reaction
vessel; (D) LED array around the reactor.
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Next to the upscaling reactor for 455 nm also a setup for UV-irradiation (368 nm) was designed
by Dr. Peter Kreitmeier (Figure 4). Therefore, the photochemical upscaling reaction was
performed in a Schlenk reaction vessel (with adjustable filling volume). The setup consists of
an inner cooling mantle (A), cooling the reaction mixture during the reaction, giving an
adjustable internal reactor volume with a short irradiation path after solvent displacement by
the cooling mantle. The glass reaction vessel itself (C) sitting directly on top of the magnet
stirrer was irradiated from the outside by 4 x 12 Luminus SST-10 UV LEDs (SST-10-UV-B130-
G385-00) ca. 3W/LED at 700 mA, Amax = 455 nm LEDs, arranged around the outside wall of
the reaction vessel in LED Zones (D). The LEDs were water-cooled by a cooling block
circulating inbetween the Zones. The LED Zones (D) contained the glass reaction vessel itself
(C) sitting directly on top of the magnet stirrer. Depending on the filling volume of the reactor,
the corresponding LED Zones 1-4 were employed. To shield dangerous scatter light, an

aluminum mantle was used.

(E) (F) (D) (A) C) (B

o Scale Photoreactor

twrning on the LED,

Figure 4. Irradiation setup for upscaling of photochemical reactions at 368 nm: (A) Inner cooling finger; (B) glass
stock (attached to oxygen ballon); (C) glass reaction vessel; (D) LED Zones around the reactor with cooling block).
(E) Aluminium mantle, to shield dangerous scatter light (F) oxygen ballon.
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5.3 Experimental Part for Chapter 2

5.3.1 UV-vis Absorption Measurements

All UV-vis measurements were recorded on a SPECTRORECORD 200 PLUS of the company
analytikjena using a Macro cell type 110-QS quartz cuvette with PTFE stopper (Hellma
Analytics quartz cuvette, 10 x 10 mm, 3.5 mL). For UV-vis spectra of the Cu-complexes 2
and 3, stock solutions with a concentration of 2.5 « 10 mol/L. (referred to Cu(ll)) were
prepared. A volume of 200 pL was transferred to a cuvette, containing acetonitrile (2 mL) and

water (45 uL). Then the spectra were recorded.

For UV-Vis monitoring (Figure 5), 4-methoxyphenylacetic acid (1a) (41.5 mg, 0.25 mmol,
1.0 equiv) and [Cu(dmp)(1a)2] (3) (15.1 mg, 25.0 umol, 10 mol%) were dissolved in dry
MeCN (2.0 mL, 0.125 M) and water (45 pL, 2.2 Vol%). The mixture was irradiated at
367 nm under O, atmosphere for 24 h at room temperature (30 °C). After 24h, 10 pL of
the reaction mixture was dissolved into 2 mL of acetonitrile, showing the typical
absorption at 450 nm for [Cu(l)(dmp)]*. UV-vis spectra of 1a and the product 4a showed no
increased absorbance at 367 and 450 nm.

0.5 — 1a

— 3+1a
—— 3+1la+24hhv
— 4a

la + CuDAc + dmp

¢/ 10*L molt cm?

N

0,0 T T —— — 1
400 600 800
wavelength / nm

Figure 5. UV-vis monitoring of the reaction solution and absorbance spectra of 1a and 4a.
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5.3.2 Radical Trap Experiment and Reaction under N2-Atmosphere

5.3.2.1 TEMPO Trapping

For TEMPO trapping experiments, 4-methoxyphenylacetic acid (1a) (41.5 mg, 0.25 mmol,
1.0 equiv) and [Cu(dmp)(1la):] (3) (15.1 mg, 25.0 pmol, 10 mol%) and (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) (46.9 mg, 0.30 mmol, 1.2 equiv) were dissolved in
dry MeCN (2.0 mL, 0.125 M) and water (45 pL, 2.2 Vol%). The mixture was irradiated

at 367 nm under Oz atmosphere for 24 h at room temperature (30°C).

Spectrum Source i Fragmentor Voltage Collision Energy Ionization Mode
Peak (1) in "+ EIC(278.2132) Scan" 120 0 ESI
x10 5|C17 H27 N 02: +ESI Scan (rt; 2.853-2.861, 2.899-2.932 min, 12 scans) Frag=120.0V reic147524....
278.2120

.l ([C17 H27 N O2]+H)+

3

2.

1..

ol 800475 1'37-1107'3 2071240 | 3068522 3758700 419.0880

75 100 125 150 175 200 225 250 275 300 325 350 375 400 425
Counts vs. Mass-to-Charge (m/z)

Peak List
m/z z |Abund Formula Ion
123.0915 4011.93 .
124.088 1 |5014.13
126.1278 1 |1064.01 N
137.0598 1 |5358.82 0
137.1073 1 [21078.88
138.1103 1 [1756.84
151.1216 1 1925.1
207.124 1 |1082.74
262.8885 1048.68 _0O
278.212 1 1423226.25 C17 H27 N 02 (M+H)+ TEMPO-adduct
279.2157 1 [69601.73  |C17 H27 N O2 (M+H)+ -adduc

Figure 6. HRMS of TEMPO trap experiment (crude reaction mixture was submitted for analysis).

The decarboxylation reaction is completely suppressed and the TEMPO-adduct was observed
by ESI-HRMS (calc. for C17H27NO2 [M+H]*: 278.2115, found 278.2120). The result indicates

the formation of free radicals in the mechanistic pathway (vide supra, Figure 6).
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5.3.2.2 Reaction under Nz2-Atmosphere

For the reaction under Nz-atmosphere, 4-methoxyphenylacetic acid (1a) (0.25 mmol,
1.0 equiv), Cu(OAc)2 (25 pmol, 10 mol%) and dmp (2,9-dimethyl-1,10-phenanthroline)
(25 umol, 10 mol%) were dissolved in dry MeCN (2.0 mL, 0.125 M), water (45 pL,
2.2 Vol%). The reaction mixture was degassed three times applying freeze-pump-thaw-

cyles. Irradiation at 367nm under Nz atmosphere for 24 h at room temperature (30°C).

Spectrum
Subtract [MS: 8.8011-8.8244 MS: 11.9441-13.6588] / reic147523-Centroid /... (210906)
5 -4
1 e
B g7
] 121.0655
2.00
175
1.50
] 0 ONQ
g 125 :
g = 8 o}
E : -
1.00 ~ 0]
. coupling product under N, atmosphere
0.75
0.50 —
0.25 3
1 51.0241 286.1195
0.00 1 .‘.,".u.“lﬁ'-l,n .
50 100 150 200 250 300
m/z
Elemental Composition
Parameters Elements:
Tolerance: 10.00 ppm  Symbol C H N O Cl S Se Sen
Electron: Odd/Even  Min 0 0 0 0 0 0 0 0
Charge: +1  Max 100 100 0 5 0 0 0 0
DBE: -1.5-50.0
Results
Calculated Mass Mg
Mass Intensity Formula N Difference Difference  DBE
Mass
[mDal] [ppm]
286.11953 6713.13 C17 H18 O4 286.11996 -0.43 -1.52 9.0

Figure 7. HRMS of Reaction under N2-Atmosphere (crude reaction mixture was submitted for analysis).
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5.3.3 Synthesis of Copper(ll)-carboxylates

Cu2(4-MeOpa)s(MeCN)2 (2)

The procedure for the synthesis of copper-carboxylate was slightly modified from the
literature.®! 4-methoxy phenylacetic acid (1a) (2.0 g, 12.0 mmol, 1.0 equiv) and 1M ag. NaOH
(12.0 mL, 12.0 mmol, 1.0 equiv) were combined and sonicated for 5 minutes. Then copper(ll)-
sulfate pentahydrate (1.50 g, 6.02 mmol, 0.5 equiv) was added to the reaction mixture. The
product precipitated immediately. After stirring for 30 min, the precipitate was collected by
filtration and washed with water and diethyl ether. The precipitate was dried in vacuo for 3 h at

100 °C (heatgun), to afford copper(ll) arylacetate (2.05 g, 86%) as parise-greenish powder.

Characterization of the copper(ll) arylacetate precipitate:

mp: 215 °C (decomposition).

Elemental microanalysis (%): calculated for (Cu(la)2)n 2 (C1sH18CuOg)n: C 54.89, H 4.61
found: C 51.83, H 4.95.

IR (neat, cm?): 3541, 3429, 3008, 2914, 2840, 1580, 1513, 1464, 1431, 1401, 1304, 1248,
1177, 1032, 924, 861, 823, 738, 700.

Single crystals suitable for X-ray analysis of the paddle-wheel complex (2) were obtained by
crystallization of the precipitate via vapor diffusion of Et,O into MeCN solution (1.0 mL).

mp: 205 °C (decomposition).

Elemental microanalysis (%): calculated for [Cuz(1a)s(MeCN)z] & CaoHs2CuzN2012: C 55.23,
H 4.87 found: C 52.54, H 4.72.

IR (neat, cm™): 3046, 3000, 2937, 2911, 2836, 1584, 1513, 1464, 1394, 1300, 1244, 1177,
1107, 1032, 939, 857, 820, 730, 700.
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Bis(2-(4-methoxyphenyl)acetoxy) neocuproino cuprate (3)

o

= 0 -
SN0 A _
o .
/O §

A round-bottomed flask was charged with copper(ll) carboxylate (2) (200 mg, 508 umal,
1.0 equiv) followed by addition of CHCI; (3 mL). The suspension was placed in an ultrasonic
bath for 5 min. Afterward, neocuproine (dmp) (106 mg, 508 pumol, 1.0 equiv) was added to the
reaction mixture. A color change from dark greenish to bright greenish was observable. The
reaction mixture was stirred for 1 h at 25 °C. Cold diethyl ether was added to precipitate the
product. Filtration and subsequent drying in vacuo afforded the desired complex
[Cu(dmp)(1a),] (3) as a bright greenish solid (291 mg, 483 pmol, 95%).

mp: 254 °C (decomposition).

IR (neat, cm™): 3026, 2989, 2840, 1595, 1509, 1446, 1358, 1300, 1274, 1241, 1177, 1148,
1107, 1025, 924, 861, 823, 685.

Elemental microanalysis (%): calculated for Cs2H30CuN2Os: C 63.83, H 5.02, N 4.65 found:
C 62.97, H5.04, N 4.55.

HRMS (ESI-MS) exact mass calc. for [Cu(neocup)z]*: m/z 479.1297, found: m/z 479.1311.

Single crystals suitable for X-ray analysis of copper complex (3) were obtained by vapor

diffusion of pentane into CHCI; solution (1.0 mL).
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5.3.4 Synthesis of Compounds via Photocatalytic Decarboxylation
General Procedure for Cu(ll)-photocatalyzed Decarboxylative Oxygenation of
Carboxylic Acids (GP-A)

A flame-dried Schlenk tube (10.0 mL size) equipped with a magnetic stirring bar was charged
with anhydrous Cu(OAc). (4.5 mg, 25 pmol, 10 mol%), dmp (5.2 mg, 25 umol, 10 mol%) and
the carboxylic acid (0.25 mmol, 1.0 equiv). Subsequently, the solvent mixture MeCN (2.0 mL)
and water (45 pL, 2.2 Vol%) was added. The reaction tube was flushed with oxygen and a
balloon containing oxygen was added. A Teflon sealed inlet for a glass rod was placed on the
reaction tube, through which irradiation with LED took place from above. The mixture was
stirred in an aluminum block at room temperature (30 °C) for 24 h; for a detailed setup see
Figure 1, Chapter 5.2 Photochemical Setup. The reaction was monitored by TLC. Afterwards,
two equal reaction mixtures were united and the solvent was removed under reduced pressure
(200 mbar) to afford the crude.

Two different work-up procedures were used. Work-up Procedure A: The residue was
dissolved in DCM/ EtOAc and the solution was filtered through a pad of basic aluminum oxide
(washed three times) and the filtrate was concentrated in vacuo (200 mbar).
Work-up-Procedure B: The residue was purified by flash column chromatography on silica gel

(eluent hexanes/ EtOAC).

4-methoxybenzaldehyde (4a)

H (0]

o<

Following general procedure (GP-A) using 4-methoxyphenylacetic acid (1a) (83.1 mg,
0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 umol, 10 mol%), dry Cu(OAc): (9.1 mg, 50 umol,
10 mol%) in the solvent mixture at room temperature (30 °C) and irradiation with UV-LED
(Amax= 367 nm; radiant power of 400 mW) for 24 h yielded 63.5 mg (446 umol, 93%) of 4-
methoxylbenzaldehyde (4a) as a colorless oil, using work-up procedure A. Spectral data are
in accordance to literature.l Rf (5:1 hexanes / EtOAc) = 0.51.

H NMR (300 MHz, CDCls) d [ppm] = 9.85 (s, 1H), 7.81 (d, J = 8.8 Hz, 2H), 6.97 (d, J = 8.7 Hz,
2H), 3.85 (s, 3H). 3C NMR (75 MHz, CDCl3) & [ppm] = 190.9, 164.7, 132.0, 130.0, 114.4, 55.6.
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3-methoxybenzaldehyde (4b)

Following general procedure (GP-A) using 3-methoxyphenylacetic acid (1b) (83.1 mg,
0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 umol, 10 mol%), dry Cu(OAc), (9.1 mg, 50 umol,
10 mol%) and the solvent mixture at room temperature (30 °C) and irradiation with UV-LED
(Amax= 367 nm, radiant power of 400 mW) for 24 h yielded 60.0 mg (441 umol, 88%) of
3-methoxybenzaldehyde (4b) as a colorless oil, using work-up procedure A. Spectral data are
in accordance to literature.®! Rf (5:1 hexanes / EtOAc) = 0.51.

'H NMR (300 MHz, CDCls) & [ppm] = 9.98 (s, 1H), 7.49 — 7.44 (m, 2H), 7.41 — 7.37 (m, 1H),
7.22 — 7.14 (m, 1H), 3.87 (s, 3H). 13C NMR (75 MHz, CDCls) & [ppm] = 192.3, 160.3, 137.9,
130.2, 123.7, 121.7, 112.1, 55.6.

3,4,5-trimethoxybenzaldehyde (4c)

Following general procedure (GP-A) using 3,4,5-trimethoxyphenylacetic acid (1c) (113.1 mg,
0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 pumol, 10 mol%), dry Cu(OAc). (9.1 mg, 50 umol,
10 mol%) and the solvent mixture at room temperature (30 °C) and irradiation with UV-LED
(Amax= 367 nm, radiant power of 400 mW) for 24 h yielded 83.8 mg (427 umol, 85%) of 3,4,5-
trimethoxybenzaldehyde (4c) as a white solid, using work-up procedure B (hexanes / EtOAc
5:1). Spectral data are in accordance to literature.'® Rt (5:1 hexanes / EtOAc) = 0.24.

'H NMR (400 MHz, CDClz) & [ppm] = 9.83 (s, 1H), 7.09 (s, 2H), 3.89 (s, 9H). *C NMR
(101 MHz, CDCls) 6 [ppm] =191.1, 153.7, 143.6, 131.8, 106.8, 61.0, 56.3.
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tert-butyl (4-formylphenyl)carbamate (4d)

O

o
BocHN

Following general procedure (GP-A) using 2-(4-((tert-butoxycarbonyl)amino)phenyl)acetic acid
(1d) (125.6 mg, 0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 umol, 10 mol%), dry Cu(OAc):
(9.1 mg, 50 pmol, 10 mol%) and the solvent mixture at room temperature (30 °C) and
irradiation with UV-LED (Amax= 367 nm, radiant power of 400 mW) for 24 h yielded 107.3 mg
(485 umol, 97%) of tert-butyl (4-formylphenyl)carbamate (4d) as a white solid, using work-up

procedure B (hexanes / EtOAc 5:1). Spectral data are in accordance to literature.””) Rf (5:1
hexanes / EtOAc) = 0.39.

'H NMR (400 MHz, CDCls) & [ppm] = 9.88 (s, 1H), 7.81 (d, J = 8.2 Hz, 2H), 7.54 (d, J = 8.2 Hz,
2H), 6.94 (s, 1H), 1.52 (s, 9H). *C NMR (101 MHz, CDCl3z) & [ppm] = 191.1, 152.2, 144.4,
131.4,131.4,117.9, 81.6, 28.4.

3-methylbenzaldehyde (4e)

H.__O

Following general procedure (GP-A) using 3-methylphenylacetic acid (1€) (83.1 mg, 0.5 mmol,
1.0 equiv), dmp (10.4 mg, 50 umol, 10 mol%), dry Cu(OAc)2 (9.1 mg, 50 umol, 10 mol%) and
the solvent mixture at room temperature (30 °C) and irradiation with UV-LED (Amax= 367 nm,
radiant power of 400 mW) for 24 h yielded 53.3 mg (444 pumol, 89%) of 3-methylbenzaldehyde
(4e) as a pale yellow oil, using work-up procedure B (hexanes / EtOAc 1:2). Spectral data are
in accordance to literature.[ Ry (5:1 hexanes / EtOAc) = 0.82.

IH NMR (300 MHz, CDCls) & [ppm] = 9.96 (s, 1H), 7.49 — 7.36 (m, 3H), 7.17 (dt, J = 5.9, 2.8 Hz,
1H), 3.85 (s, 3H). 3C NMR (101 MHz, CDCls) & [ppm] = 192.3, 160.3, 138.0, 130.2, 123.7,
121.7, 112.2, 55.6.
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3,4-dihydronaphthalen-1(2H)-one (4h)

O

CO

Following general procedure (GP-A) using 1,2,3,4-tetrahydronaphthalene-1-carboxylic
acid (1h) (88.1 mg, 0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 pumol, 10 mol%), dry Cu(OAc)2

(9.1 mg, 50 pmol, 10 mol%) and the solvent mixture at room temperature (30 °C) and
irradiation with UV-LED (Amax= 367 nm, radiant power of 400 mW) for 24 h yielded 60.3 mg
(412umol, 82%) of 3,4-dihydronaphthalen-1(2H)-one (4h) as a yellowish oil, using work-up
procedure B (hexanes / EtOAc 5:1). Spectral data are in accordance to literature.® Rf (5:1
hexanes / EtOAc) = 0.67.

IH NMR (400 MHz, CDCls) & [ppm] = 8.03 (dd, J = 7.9, 1.4 Hz, 1H), 7.47 (td, J = 7.5, 1.5 Hz,
1H), 7.33 — 7.28 (m, 1H), 7.25 (d, J = 7.2 Hz, 1H), 2.97 (t, J = 6.1 Hz, 2H), 2.66 (dd, J = 7.3,
5.8 Hz, 2H), 2.14 (p, J = 6.5 Hz, 2H). *C NMR (101 MHz, CDCls) & [ppm] = 198.5, 144.6,
133.5, 132.8, 128.9, 127.3, 126.8, 39.3, 29.9, 23.4.

benzophenone (4i)

0]

Following general procedure (GP-A) using 2,2-diphenylacetic acid (1i) (106.1 mg, 0.5 mmol,
1.0 equiv), dmp (10.4 mg, 50 umol, 10 mol%), dry Cu(OAc): (9.1 mg, 50 pmol, 10 mol%) and
the solvent mixture at room temperature (30 °C) and irradiation with UV-LED (Amax= 367 nm,
radiant power of 400 mW) for 24 h yielded 90.2 mg (495 pumol, 99%) of benzophenone (4i) as

a colorless oil, using work-up procedure B (hexanes / EtOAc 5:1). Spectral data are in

accordance to literature.® Rf (5:1 hexanes / EtOAc) = 0.60.

IH NMR (400 MHz, CDCls) & [ppm] = 7.84 — 7.77 (m, 4H), 7.62 — 7.56 (m, 2H), 7.55 — 7.44
(m, 4H). 2*C NMR (101 MHz, CDCls) & [ppm] = 196.8, 137.6, 132.4, 130.1, 128.3.
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[1,2'-biphenyl]-4-carbaldehyde (4))

/©)J\H
Ph

Following general procedure (GP-A) using 2-([1,1'-biphenyl]-4-yl)acetic acid (1j) (106.1 mg,
0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 umol, 10 mol%), dry Cu(OAc): (9.1 mg, 50 umol,
10 mol%) and the solvent mixture at room temperature (30 °C) and irradiation with UV-LED
(Amax= 367 nm, radiant power of 160 mW) for 24 h yielded 68.8 mg (378 umol, 76%) of [1,1'-
biphenyl]-4-carbaldehyde (4j) as a white solid, using work-up procedure B (hexanes /
EtOAc 10:1). Ca. 15% of side product 4-methyl-1,1'-biphenyl were detected. Spectral data of

4j are in accordance to literature.®) Rf (10:1 hexanes / EtOAc) = 0.38.

IH NMR (400 MHz, CDCls) & [ppm] = 10.06 (s, 1H), 8.00 — 7.91 (m, 2H), 7.79 — 7.72 (m, 2H),
7.68 — 7.60 (m, 2H), 7.53 — 7.44 (m, 2H), 7.47 — 7.37 (m, 1H). 3C NMR (101 MHz, CDCls) &
[ppm] = 192.1, 147.3, 139.8, 135.3, 130.4, 129.1, 128.6, 127.8, 127.5.

1-(3-benzoylphenyl)ethan-1-one (4k)

0] O
Following general procedure (GP-A) using 2-(4-benzoylphenyl)propanoic acid (ketoprofen)
(1k) (134.1 mg, 0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 umol, 10 mol%), dry Cu(OAc):
(9.1 mg, 50 umol, 10 mol%) and the solvent mixture at room temperature (30 °C) and

irradiation with UV-LED (Amax= 367 nm, radiant power of 400 mW) for 24 h yielded 74.5 mg
(8332 umol, 66%) of 1-(3-benzoylphenyl)ethan-1-one (4k) as a white solid, using work-up

procedure B (hexanes / EtOAc 5:1). Spectral data are in accordance to literature.l® Rf (5:1

hexanes / EtOAc) = 0.38.

IH NMR (400 MHz, CDCls) & [ppm] = 8.36 (td, J = 1.8, 0.6 Hz, 1H), 8.18 (ddd, J = 7.8, 1.8, 1.2
Hz, 1H), 8.01 — 7.97 (m, 1H), 7.82 — 7.76 (m, 2H), 7.65 — 7.57 (m, 2H), 7.54 — 7.45 (m, 2H),
2.65 (s, 3H). 1°C NMR (101 MHz, CDCls) & [ppm] = 197.4, 196.0, 138.2, 137.3, 137.1, 134.4,
133.0, 131.9, 130.2, 129.8, 128.9, 128.6, 26.9.
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1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indole-3-carbaldehyde (4l)
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Following general procedure (GP-A) using indometacine (1I) (178.9 mg, 0.5 mmol, 1.0 equiv),
dmp (10.4 mg, 50 pmol, 10 mol%), dry Cu(OAc)2 (9.1 mg, 50 umol, 10 mol%) and the solvent
mixture at room temperature (30 °C) and irradiation with UV-LED (Amax= 367 nm, radiant power
of 160 mW) for 24 h yielded 76.5 mg (223 pmol, 47%) of 1-(4-chlorobenzoyl)-5-methoxy-2-

methyl-1H-indole-3-carbaldehyde (4l) as a white crystalline solid, using work-up procedure B

(hexanes / EtOAc 5:1). Spectral data are in accordance to literature.®! Rf (5:1 hexanes /
EtOAc) = 0.33.

'H NMR (400 MHz, CDCls) & [ppm] = 10.32 (s, 1H), 7.81 (t, J = 1.6 Hz, 1H), 7.72 — 7.68 (m,
2H), 7.53 — 7.47 (m, 2H), 6.73 (d, J = 1.6 Hz, 2H), 3.87 (s, 3H), 2.76 (s, 3H). 3C NMR
(101 MHz, CDCls) 6 [ppm] = 185.9, 168.4, 157.3, 148.6, 141.1, 132.2, 131.8, 130.8, 129.6,
127.1, 118.5, 114.4, 114.0, 103.5, 55.9, 12.8. Single crystals suitable for X-ray analysis

compound 2| were obtained by crystallization from CHCI; (1.0 mL).

1-(6-methoxynaphthalen-2-yl)ethan-1-one (4m)

0
\o

Following general procedure (GP-A) using 2-(6-methoxynaphthalen-2-yl)propanoic acid/

naproxene (1m) (115.1 mg, 0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 umol, 10 mol%), dry
Cu(Oac)2 (9.1 mg, 50 umol, 10 mol%) and the solvent mixture at room temperature (30 °C)
and irradiation with UV-LED (Amax= 367 nm, radiant power of 400 mW) for 24 h yielded 99.7 mg
(498 umol, 99%) of 1-(6-methoxynaphthalen-2-yl)ethan-1-one (4m) as a white crystalline solid,
using work-up procedure B (hexanes / EtOAc 5:1). Spectral data are in accordance to
literature.® Rf (5:1 hexanes / EtOAc) = 0.36.

IH NMR (300 MHz, CDCls) & [ppm] = 8.38 (d, J = 1.8 Hz, 1H), 8.00 (dd, J = 8.6, 1.8 Hz, 1H),
7.84 (dt, J = 8.9, 0.7 Hz, 1H), 7.79 — 7.70 (m, 1H), 7.20 (dd, J = 8.9, 2.5 Hz, 1H), 7.14 (d, J =
2.5 Hz, 1H), 3.94 (s, 3H), 2.69 (s, 3H). *C NMR (75 MHz, CDCls) & [ppm] = 198.0, 159.8,
137.4, 132.7, 131.2, 130.2, 127.9, 127.2, 124.8, 119.8, 105.8, 55.5, 26.7.
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1-(4-isobutylphenyl)ethan-1-one (4n)

A

Following general procedure (GP-A) using 2-(4-isobutylphenyl)propanoic acid / ibuprofen (1n)
(115.1 mg, 0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 umol, 10 mol%), dry Cu(OAc). (9.1 mg,
50 pumol, 10 mol%) and the solvent mixture at room temperature (30 °C) and irradiation with

UV-LED (Amax= 367 nm, radiant power of 400 mW) for 24 h yielded 86.0 mg (488 umol, 98%)

of 1-(4-isobutylphenyl)ethan-1-one (4n) as a colorless oil, using work-up procedure B (hexanes

/ EtOAc 5:1). Spectral data are in accordance to literature.[! Rf (5:1 hexanes / EtOAc) = 0.83.

'H NMR (300 MHz, CDCls) & [ppm] =7.91 — 7.80 (m, 2H), 7.25 — 7.20 (m, 2H), 2.58 (s, 3H),
2.52 (d, J=7.2 Hz, 2H), 1.89 (dt, J = 13.9, 7.0 Hz, 1H), 0.90 (d, J = 6.6 Hz, 6H). 13C NMR (75
MHz, CDCls) & [ppm] = 198.0, 147.7, 135.1, 129.4, 128.4, 45.5, 30.2, 26.7, 22.4.

11-ox0-6,11-dihydrodibenzo[b,e]oxepine-2-carbaldehyde (40)

Seriicwss

Following general procedure (GP-A) using 2-(11-oxo-6,11-dihydrodibenzo[b,e]Joxepin-2-

yl)acetic acid (10) (134.1 mg, 0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 umol, 10 mol%), dry
Cu(Oac)2 (9.1 mg, 50 umol, 10 mol%) and the solvent mixture at room temperature (30 °C)
and irradiation with UV-LED (Amax= 367 nm, radiant power of 160 mW) for 24 h yielded 67.0 mg
(281 pumol, 56%) of 11-oxo0-6,11-dihydrodibenzo[b,e]Joxepine-2-carbaldehyde (40) as a
yellowish solid, using work-up procedure B (hexanes / EtOAc 5:1). Spectral data are in
accordance to literature.l! Rf (5:1 hexanes / EtOAc) = 0.33.

'H NMR (300 MHz, CDClz) d [ppm] = 9.97 (s, 1H), 8.71 (d, J = 2.2 Hz, 1H), 8.00 (dd, J = 8.6,
2.2 Hz, 1H), 7.87 (dd, J = 7.6, 1.5 Hz, 1H), 7.59 (td, J = 7.4, 1.5 Hz, 1H), 7.49 (td, J = 7.6,
1.4 Hz, 1H), 7.40 (d, J = 7.4 Hz, 1H), 7.15 (d, J = 8.0 Hz, 1H), 5.27 (s, 2H). 2*C NMR (75 MHz,
CDCls) 6 190.5, 190.3, 165.6, 140.4, 137.5, 134.6, 133.5, 133.3, 131.0, 129.8, 129.5, 128.3,
125.1, 122.3, 73.7. Single crystals suitable for X-ray analysis compound 2n were obtained by
crystallization from CHCI; (1.0 mL).
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1-(2-fluoro-[1,1'-biphenyl]-4-yl)ethan-1-one (4p)

F

Following general procedure (GP-A) using 2-(2-fluoro-[1,1'-biphenyl]-4-yl)propanoic acid /
fluorbiprofen (1p) (122.1 mg, 0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 umol, 10 mol%), dry
Cu(OAC)2 (9.1 mg, 50 pumol, 10 mol%) and the solvent mixture at room temperature (30 °C)
and irradiation with UV-LED (Amax= 367 nm, radiant power of 400 mW) for 24 h yielded
100.7 mg (470 pmol, 94%) of 1-(2-fluoro-[1,1'-biphenyl]-4-yl)ethan-1-one (4p) as a white
crystalline solid, using work-up procedure B (hexanes / EtOAc 10:1). Spectral data are in
accordance to literature.l! Rf (10:1 hexanes / EtOAc) = 0.33.

'H NMR (400 MHz, CDCls) & 7.80 (dd, J = 8.0, 1.7 Hz, 1H), 7.74 (dd, J = 11.1, 1.7 Hz, 1H),
7.58 (d, J = 8.5 Hz, 2H), 7.54 (t, J = 7.9 Hz, 1H), 7.47 (t, J = 7.3 Hz, 2H), 7.42 (t, J = 7.2 Hz,
1H), 2.62 (s, 3H). 3C NMR (101 MHz, CDCls) & [ppm] = 196.5 (d, J = 1.9 Hz), 159.8 (d, J =
249.9 Hz), 137.9 (d, J = 6.5 Hz), 134.8 (d, J = 1.6 Hz), 133.9 (d, J = 13.7 Hz), 131.0 (d, J = 3.4
Hz), 129.1 (d, J = 3.1 Hz), 128.7, 128.6, 124.4 (d, J = 3.5 Hz), 116.0 (d, J = 24.0 Hz), 26.7. 1°F
NMR (376 MHz, CDCls3) 6 [ppm] =-117.19 (ddt, J =9.2, 7.5, 1.9 Hz).

2-(4-acetylbenzyl)cyclopentan-1-one (4q)
O
o

Following general procedure (GP-A) using 2-(4-((2-oxocyclopentyl)methyl)phenyl)propanoic
acid (1q) (123.2 mg, 0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 umol, 10 mol%), dry Cu(OAc):
(9.1 mg, 50 pmol, 10 mol%) and the solvent mixture at room temperature (30 °C) and
irradiation with UV-LED (Amax= 367 nm, radiant power of 400 mW) for 24 h yielded 106.5 mg
(492 umol, 98%) of 2-(4-acetylbenzyl)cyclopentan-1-one (4q) as a colorless oil, using work-up
procedure B (hexanes / EtOAc 3:1). Rf (3:1 hexanes / EtOAc) = 0.35.

H NMR (400 MHz, CDCls) & [ppm] = 7.85 (d, J = 8.3 Hz, 2H), 7.23 (d, J = 8.2 Hz, 2H), 3.15
(dd, J = 13.9, 4.3 Hz, 1H), 2.63 — 2.56 (m, 1H), 2.55 (s, 3H), 2.38 — 2.21 (m, 2H), 2.14 - 2.01
(m, 2H), 1.99 — 1.87 (m, 1H), 1.78 — 1.64 (m, 1H), 1.50 (dtd, J = 12.5, 11.0, 6.5 Hz, 1H).
13C NMR (101 MHz, CDCls) 8 [ppm] = 219.5, 197.8, 145.9, 135.4, 129.2, 128.6, 50.7, 38.1,
35.6, 29.2, 26.6, 20.6. IR (neat, cm™): 2963, 2877, 2363, 1736, 1681, 1606, 1572, 1412, 1360,

1267, 1185, 1121, 1017, 957, 861, 820, 693. HRMS (EI-MS) exact mass calc. for C14H160-
[M]*m/z 216.11448, found: m/z 216.11411.
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4-isopropylcyclohexan-1-one (4r)

0]

Following general procedure (GP-A) using 4-isopropylcyclohexane-1-carboxylic acid (1r)
(85.2 mg, 0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 umol, 10 mol%), dry Cu(OAc). (9.1 mg,
50 pumol, 10 mol%) and the solvent mixture at room temperature (30 °C) and irradiation with
UV-LED (Amax= 367 nm, radiant power of 400 mW) for 24 h yielded 39.9 mg (285 umol, 57%)
of 4-isopropylcyclohexan-1-one (4r) as a colorless smelly oil, using work-up procuedure B
(hexanes / EtOAc 10:1). Spectral data are in accordance to literature.l*? Rf (5:1 hexanes /
EtOAc) = 0.54. Vanillin-Stain.

IH NMR (400 MHz, CDCls) & [ppm] = 2.48 — 2.21 (m, 4H), 2.05 — 1.91 (m, 2H), 1.61 — 1.38 (m,
4H), 0.92 (d, J = 6.7 Hz, 6H). 3C NMR (101 MHz, CDCls) & [ppm] = 212.8, 42.7, 41.2, 31.9,
29.8, 20.1.

tert-butyl 4-oxopiperidine-1-carboxylate (4s)

0]

»

N
Boc

Following general procedure (GP-A) using 1-(tert-butoxycarbonyl)piperidine-4-carboxylic acid
(1s) (114.6 mg, 0.5 mmol, 1.0 equiv), dmp (10.4 mg, 50 pumol, 10 mol%), dry Cu(OAc)
(9.1 mg, 50 pmol, 10 mol%) and the solvent mixture at room temperature (30 °C) and
irradiation with UV-LED (Amax= 367 nm, radiant power of 400 mW) for 24 h yielded 72.0 mg
(361 umol, 72%) of tert-butyl 4-oxopiperidine-1-carboxylate (4s) as a colorless solid, using
work-up procedure B (hexanes / EtOAc 5:1). Spectral data are in accordance to literature.*!
Rf (5:1 hexanes / EtOAc) = 0.34. Vanillin-Stain.

IH NMR (400 MHz, CDCls) & [ppm] = 3.70 (t, J = 6.2 Hz, 4H), 2.42 (t, J = 6.2 Hz, 4H), 1.47 (s,
9H). 13C NMR (101 MHz, CDCls) & [ppm] = 208.0, 154.7, 80.6, 43.1, 41.3, 28.5.
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Gram-Scale Experiment

1-(4-isobutylphenyl)ethan-1-one (4n)
O

The oven-dried schlenk tube of the photochemical UV-upscaling reactor (Inlet A + Vessel A,

Irradiation Zones 1-3) (see chapter 5.2.2 Upscaling Reactors) equipped with a stirring bar was
charged with anhydrous Cu(OAc). (136.2 mg, 750.0 umol, 10 mol%), dmp (156.2 mg,
750.0 umol, 10 mol%) and 2-(4-isobutylphenyl)propanoic acid / ibuprofen (1n) (1.55¢,
7.5 mmol, 1.0 equiv). Subsequently, the solvent mixture MeCN (60.0 mL) and water (1.36 mL,
2.2 Vol%) was added. The reaction tube was flushed with oxygen, the corresponding cooling
finger was connected and a balloon containing oxygen was added. The stirring speed was 400
rpm and zones 1-3 were irradiated for 18 h with UV-light (Anax= 368 nm). Completeness of the
reaction was monitored via TLC. Subsequently, the reaction mixture was concentrated in
vacuo. Silica column chromatography (hexanes / EtOAc 10:1) yielded 1.20 g (8.82 mmol, 91%)
of 1-(4-isobutylphenyl)ethan-1-one (4n) as a colorless oil. Spectral data are in accordance to
literature.! Rf (5:1 hexanes / EtOAc) = 0.83.

IH NMR (300 MHz, CDCls) & [ppm] =7.91 — 7.80 (m, 2H), 7.25 — 7.20 (m, 2H), 2.58 (s, 3H),
2.52 (d, J = 7.2 Hz, 2H), 1.89 (dt, J = 13.9, 7.0 Hz, 1H), 0.90 (d, J = 6.6 Hz, 6H).
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5.4 Experimental Part for Chapter 3

5.4.1 Selected Olefins Photocatalyst Comparison

NO, 1.0 mol% PC Br
+ R/\ - )\/\
Br MeCN (0.25 M), rt, N, time R NO,
1a 2 455 nm LED 4
Br F Br Br
F \/\/\)\/\
©)\/\N02 NO, NO,
4a F F 4w 4chb
F
[Cu(dap),]Cl: 90%, 1h? [Cu(dap),]Cl: 79%, 1h? [Cu(dap),]Cl: 61%, 9h?
: 68%, 3h’ : 68%, 3h' : 27%, 22h’

Figure 8. Selected Photocatalyst Comparision Copper(l) vs. Iridium(lV).

Reaction was stopped when olefin consumed.* on 0.25 mmol scale. NMR vyield with 1,1,2,2-

tetrachloroethane as the internal standard. 2isolated yield 0.5 mmol scale.

5.4.2 UV-vis Absorption Measurements

For UV-vis absorption measurements, bromonitromethane (1a) (0.25 mmol, 1.0 equiv),
styrene (2a) (0.25 mmol, 1.0 equiv), and [Cu(dap)2]Cl (1 mol%) were dissolved in dry degassed
MeCN (1.0 mL, 0.25 M). After given time, 20 pL of the reaction mixture was dissolved into 2
mL of acetonitrile. All UV-vis measurements were recorded on a SPECTRORECORD 200
PLUS of the company analytikjena. using a Macro cell type 110-QS quartz cuvette with PTFE
stopper (Hellma Analytics quartz cuvette, 10 x 10 mm, 3.5 mL).

5.4.3 Quantum Yield Measurement

The quantum yield @ of the visible light-mediated Cu(l)-catalyzed bromonitromethylation of
bromonitromethane (1a) with styrene (2a) was determined using a method developed by
Riedle and co-workers.'2 For irradiation, a blue LED (1000 mA operating current, Amax =
451 nm, Osram OSLON SSL80 LD-CQ7P-2U3U) was used. The radiant power was detected
with a commercial power meter (PowerMax USB — PS19Q Power Sensor from Coherent) using
computer-aided read out with PowerMax software. The measurement was carried out in diluted

solution, since the undiluted reaction solution showed to high absorbance.
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An oven dried schlenk flask equipped with a stirring bar was charged with [Cu(dap)2]CI (4.4 mg,
1 mol%, 0.01 equiv) Then dry MeCN (10 mL) was added under positive ntrogen atmosphere.

The solution was degassed by three freeze-pump-thaw cycles.

Afterwards bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv) and styrene (2a)
(52.1 mg, 58.0 pL, 0.5 mmol, 1.0 equiv) were added under a slight nitrogen overpressure. An
oven-dried fluorescence cuvette equipped with a magnetic stirring bar and a septum was
flushed with nitrogen. Immediately prior to the quantum yield measurement, 2.0 mL of the
reaction solution was transferred to the fluorescence cuvette under nitrogen atmosphere. The
whole measurement was carried out in a dark room to minimize ambient light. First, the radiant
power of light transmitted by a fluorescence cuvette with blank solution Prf was measured.
After that, the fluorescence cuvette with the blank solution was exchanged by the fluorescence
cuvette containing the diluted reaction mixture and the transmitted radiant power Psampe Was
determined for an irradiation time of At = 30 min. Finally, the reaction yield or rather the molar
amount of product molecules generated npoduct Was determined by *H-NMR analysis with

1,1,2,2-tetrachloroethane as an internal standard.
The quantum yield ® was calculated as the following:

Nproduct _ Dproduct Nj-h-c _ Nproduct * Nj-h-c

o = = =
Nph,abs Paps © At - A (Pref — Psample)' At - A -f

Here, @ is the quantum yield, Nproduct IS the number of created product molecules, Nph abs is the
number of absorbed photons, Nprduct IS the molar amount of product molecules generated in
[mol], Na is Avogadro’s constant in [mol], h is Plank’s constant in [Js], c is the speed of light
in [m/s], Paps is the radiant power absorbed in [W], At is the irradiation time in [s], A is the
wavelength of the irradiation source in [m], P is the radiant power transmitted by a
fluorescence cuvette with blank solution in [W], Psampie iS the radiant power transmitted by the
fluorescence cuvette containing the reaction sample in [W] and f is a correction factor

depending on the reflection coefficient R of the air-glass-interface.

Neglecting second order effects, the correction factor f can be calculated from:

Psample
1+R - -SSmpe
f= Pref
1-R

The reflection coefficient R for a fused silica cuvette and an irradiation wavelength of

A=451 nm s equal to R = 0.0357.
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With this formula, the preceding data obtained from the measurement could be used to

calculate the final value for the quantum yield ® as the following:

Nproduct 0.235 - 1073 mol Na 6.022 - 1023 mol™?
Psample 58-1073W h 6.626 - 10734 Is
Pret 104.0- 1073 W o 2.998 - 108 ms
Psample 58-103 W
1+4R - ——— 209 Y W
‘o Pt _ "R 104 109W _ | 439
1—-R 1—0.0357 '

Nproduct _ Dproduct Nj-h -c _
Nph,abs l)abs' At - A

b =

0.235 - 1073 mol - 6.022 - 1023 mol™! - 6.626 - 1073*]s - 2.998 - 10® ms
(104.0-103W — 58-103W)- 1800s- 451 - 10~°m - 1.039

=0.06788 = 7%

132



Chapter 5 Experimental Part

5.4.4 Fluorescence Quenching Interactions (Stern-Volmer)

The interaction of the photocatalyst Cu(dap)2Cl with ATRA-reagent bromonitromethane (1a)
was measured recording fluorescence emission spectra. All measurements were recorded
with a HORIBA Fluoromax-4 of the company Horbia Scientific, using a High Precision Cell
117100F-10-40 quartz cuvette with scew cap (Hellma Analytics quartz cuvette, 10 x 10 mm,
3.5 mL).

Fluorescence Emission

1250000
1050000
850000 cu
ey —0.4 mM
‘@
S ——0.6 MM
£ 650000
- 1 mM
3
§ 3mM
@ 450000
et 5mM
S
T 15 mM
250000 20 MM
25m

50000 === __

500 550 600 650 700 750 800

-150000
wavelength [nm]

Figure 9. Fluorescence Emission Spectra of a 0.2 mM solution of [Cu'(dap)2]Cl in MeCN with varying con-centrations
of the quencher bromonitromethane (1a).

Stern-Volmer plots and quenching constants for the emission of [Cu(dap).]Cl quenched by
bromonitromethane (1a) showed an interaction between the photocatalyst and the ATRA
reagent prior to reaction. Solutions were prepared under nitrogen atmosphere immediately

prior measurement.

For excitation, mixtures were irradiated with 467 nm and the data at maximum of the
fluorescence emission (722 nm) was taken for preparing the Stern-Volmer plot. Interaction was

only detected between [Cu(dap)2]Cl and bromonitromethane (1a) not with styrene (2a).
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Stern-Volmer Plot
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Figure 10. Stern-Volmer plot for [Cu(dap)z]Cl and the ATRA reagent bromonitromethane (1a) (blue line) and for
[Cu(dap)2]CI and styrene (2a), showing interaction of photocatalyst and quencher in case of
bromonitromethane (1a).

Stern-Volmer Plot for [Cu(dap)2]Cl vs. MeCN recorded in DCM (degassed) showed no
quenching (Figure 11).

Stern-Volmer
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2,50
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Figure 11. Stern-Volmer plot for [Cu'(dap)2]Cl and MeCN (red line), recorded in degassed DCM to exclude ligand
exchange prior excitation.
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5.4.5 Investigations on Homolysis of [Cul(dap)2]CI

5.4.5.1 [Cu'(dap).]Cl in Presence of Bromonitromethane (1a)

An oven dried schlenk tube (10 mL size) equipped with a stirring bar was charged with
[Cu(dap),]Cl (4.4 mg, 5.0 umol, 1.0 equiv) Then dry MeCN (2.0 mL, 0.625 M) was added under
positive nitrogen atmosphere. The solution was degassed by three freeze-pump-thaw cycles.
Then bromonitromethane (1a) (175.0 mg, 1.25 mmol, 250.0 equiv) was added under nitrogen
atmosphere. A Teflon sealed inlet for a glass rod was placed on the reaction tube, through
which irradiation with LED4ssnm took place from above for a period of 1 h (for a detailed setup
see chapter 5.2.1 Schlenk Tube Setup). The mixture was stirred in an aluminum block at room
temperature (25 °C). After 5 days, greenish-blue crystals of complex 10 were growing. X-ray
analysis showed the incorporation of bromine (Scheme 1). Detailed X-ray parameter can be

found in chapter 6.4 Crystallographic Data for Chapter 3.

Crystalization of [Cu'(dap)BrCl]

cl

NO,

Br
1a

—_—
MeCN, N,
455 nm, 1h
| MeO OMe ] [Cu'(dap)BrCI]

X-ray structure of 10
via:

- dap
1a N02
BrJ
solution
SET prior irradiation
Ligand

Dissociation

solution
after irradiation
and crystallization

[Cu'(dap),]CI*

Scheme 1. Irradiation Experiment of the photocatalyst [Cu'(dap)2]Cl in presence of bromonitromethane (1a).
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3.4.5.2 [Cu'(dap)2]Cl in Absence of Bromonitromethane (1a)

An oven dried schlenk tube (10 mL size) equipped with a stirring bar was charged with
[Cu(dap),]CI (66.0 mg, 0.375 mmol) Then dry MeCN (3mL, 0.125 M) was added under positive
nitrogen atmosphere. The solution was degassed by three freeze-pump-thaw cycles. A Teflon
sealed inlet for a glass rod was placed on the reaction tube, through which irradiation with
LED4ssnm took place from above for a period of 3 h (for a detailed setup see chapter 5.2.1
Schlenk Tube Setup). Afterwards the solution was concentrated in vacuo. *H-NMR analysis

showed no homolysis of the complex, since no free dap ligand was detected (Figure 12).

+ cr

[Cu'(dap),]Cl ————

0.375 mmol  dry MeCN
(3 mL)
455 nm
N,, 3h

photostable in absence of substrate
via "H-NMR analysis

-
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-

T
6.

® {2031

T T T T T T
11.0 10.5 10.0 9.5 9.0

T
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Figure 12. Crude *H-NMR of the photocatalyst [Cu(dap)2]Cl after an irradiation period of 3h in MeCN showed no
dap ligand homolysis.
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5.4.6 Synthesis of Compounds

5.4.6.1 Synthesis of literature-known Compounds
[Cu(dap),]CI

-

~ ter

Ar = 4-OMe-Ph

\

A 50 mL round-bottom flask equipped with a magnetic stirring bar was charged with CuCl
(98.4 mg, 993.7 umol, 1.3 equiv) and dissolved in CHCI; (15 mL, 0.10 M) and
9-bis(4-methoxyphenyl)- 1,10-phenanthroline (dap) was added (600.0 mg, 1.53 mmol,
2.0 equiv). The solution was stirred at 60 °C for 1h. Then the reaction mixture was stirred for
24 h at room temperature (25 °C). Afterward, the solution was filtered over cotton. Addition of
cold diethyl ether resulted in precipitation of the product. Filtration and subsequent drying in
vacuo afforded the desired complex [Cu(dap);]Cl as a violet-black solid in 650.0 mg

(735.4 umol, 96%). Spectral data are in accordance with literature. 3]

IH NMR (400 MHz, CDCls) & [ppm] = 8.50 (d, J = 8.3 Hz, 1H), 8.02 (s, 1H), 7.86 (d, J = 8.3 Hz,
1H), 7.40 (d, J = 8.3 Hz, 2H), 6.05 (d, J = 8.3 Hz, 2H), 3.48 (s, 3H). *C NMR (101 MHz, CDCls)
5 [ppm] = 160.3, 156.5, 143.6, 137.2, 131.2, 129.3, 127.9, 126.2, 124.6, 112.7, 55.4.

[Cu(dmp)2]CI

-

\

Based on a slightly modified literature procedure,* a round-bottom flask equipped with a
magnetic stirring bar was charged with 2,9-dimethyl-1,10-phenanthroline (624.8 mg, 3.0 mmol,
2.0 equiv), dissolved in chloroform (40 mL) and stirred at room temperature (25 °C) for 30 min.
CuCl (148.5 mg, 1.5 mmol, 1.0 equiv) was added and the resulting mixture was stirred for 18
h at room temperature (25 °C). Afterwards it was concentrated in vacuo (to a volume of 25 mL)
and the complex was precipitated using diethylether. The red precipitate was collected by

vacuum filtration using a fritted funnel. The solid was washed with cold diethyl ether and dried
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in vacuo to yield 728.0 mg (1.4 mmol, 94%) of [Cu(dmp)2]Cl as a bright red solid. Spectral data

are in accordance with literature.!4

IH NMR (400 MHz, CDCls) & [ppm] = 8.54 (d, J = 8.3 Hz, 2H), 8.05 (s, 2H), 7.79 (d, J = 8.2 Hz,
2H), 2.41 (s, 6H). 13C NMR (101 MHz, CDCls) & [ppm] = 157.7, 143.1, 137.5, 127.7, 126.3,
125.7, 26.0.

[Cu(Xanthphos)(dmp)]BF4

+
BF,

Slightly modified from literature.*! [Cu(MeCN)4BF4] (220.2 mg, 0.7 mmol, 1 equiv) and
Xanthphos (405.1 mg, 0.7 mmol, 1 equiv) were dissolved in anhydrous DCM (50 mL) for 1h.
After 1 h, dmp (2,9-dimethylphenanthroline) (145.8 mg, 0.7 mmol, 1 equiv) was added. The
yellowish solution was stirred for 1 h at room temperature (25 °C), concentrated in vacuo to a
volume of 25 mL and the complex was precipitated by adding diethylether. The product was

collected by filtration to yield 561.7 mg (500.3 pumol, 86%) as a yellow solid.
Spectral data are in accordance to literature.[*5

IH NMR (400 MHz, CDCls) & [ppm] = 8.60 (d, J = 8.2 Hz, 2H), 8.09 (s, 2H), 7.89 (dd, J = 7.8,
1.4 Hz, 2H), 7.79 (d, J = 8.3 Hz, 2H), 7.53 — 7.39 (m, 6H), 7.26 (q, J = 3.3 Hz, 16H), 7.12 (dt,
J=17.8,3.8 Hz, 2H), 2.49 (s, 6H), 1.99 (s, 6H). 3C NMR (101 MHz, CDCls) & [ppm] = 158.5,
155.2, 142.9, 138.2, 133.0 (t, J = 7.7 Hz), 132.9, 131.5 (t, J = 16.3 Hz), 130.5, 130.1, 128.73
(t, J = 4.6 Hz), 127.9, 127.5, 126.2, 125.5, 125.4, 121.9, 121.8, 36.2, 28.6, 27.2.

bromonitromethane (1a)

Br
\no,

Commercially available, technical grade bromonitromethane was further purified via Kugelrohr

distillation at 40 °C and a pressure of 10 mbar.

'H NMR (400 MHz, CDCls) & [ppm] =5.71 (s, 2H). 13C NMR (101 MHz, CDCls) & [ppm] = 60.9.

138



Chapter 5 Experimental Part

Please note for the Bromonitroalkanes 1b-1d: all following bromonitroalkanes were
provided by Dr. Peter Kreitmeier and Johannes Floss according to optimized literature
procedures. The procedures and spectra are shown in the experimental part for the sake of

completeness.

1-bromo-1-nitroethane (1b)

Br
NO,

Following literature procedurel*®], sodium hydroxide (2.34g, 58.6 mmol, 1.0 equiv) was
dissolved in water (79 mL). Nitroethane (4.40 g, 4.19 mL, 58.6 mmol, 1.0 equiv) was added
and the mixture was cooled to -10°C by a salt-ice mixture. Bromine (9.37 g, 3.00 mL,
58.6 mmol, 1.0 equiv) was added, the mixture warmed to room temperature (25 °C) and stirred
for 20 min. Afterwards the pH was adjusted to acidic pH by addition of HCI solution (2M). The
mixture was extracted with saturated thiosulfate solution (3 X) and solvent removed under
reduced pressure. The crude was distilled at 42°C and 13 mbar yielding 4.74 g (30.8 mmol,

53%) of colorless liquid. Spectral data are in accordance with literature.['”]

'H NMR (300 MHz, CDCls) & [ppm] = 6.05 (g, J = 6.5 Hz, 1H), 2.18 (d, J = 6.5 Hz, 3H). 1*C NMR
(201 MHz, CDCls) & [ppm] = 74.6, 24.6.

2-bromo-2-nitropropane (1c)

Br
NO,

Following literature procedure,*! sodium hydroxide (784 mg, 19.6 mmol, 1.0 equiv) was
dissolved in water (27 mL). 2-Nitropropane (1.75 g, 1.84 mL, 19.6 mmol, 1.0 equiv) was added
and the mixture was cooled to -10°C by a salt-ice mixture. Bromine (3.13 g, 1.00 mL,
19.6 mmol, 1.0 equiv) was added, the mixture warmed to room temperature (25 °C) and stirred
for 20 min. Afterwards the pH was adjusted to acidic pH by addition of HCI solution (2M). The
mixture was extracted with saturated thiosulfate solution (3 x) and solvent removed under
reduced pressure. The crude was distiled at 42°C and 13 mbar yielding 3.29g

(19.6 mmol, 99%) of 2c as colorless liquid. Spectral data are in accordance with literature.[7]

IH NMR (400 MHz, CDCls) & [ppm] = 2.27 (s, 6H). 3C NMR (101 MHz, CDCls) & [ppm] = 89.0,
32.5.
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(2-bromo-2-nitroethyl)benzene (1d)

Br

Following modified literature procedurel®€], (2-nitroethyl)benzene (1.98 g, 13,1 mmol, 1.0 equiv)
was added to a mixture of solid KOH (735 mg, 13.1 mmol, 1.0 equiv), CHzOH (11 mL) and

H.0O (22 mL) at room temperature. The mixture was vigorously stirred until complete dissolution

of the starting nitro compound (30 min), and then cooled to 0 °C. Bromine (670 pL, 13.1 mmol,
1.0 equiv) in CH2ClI; (22 mL, precooled to — 78 °C) was added in one pot. The cooling bath
was removed, and the mixture was vigorously stirred for 5 min. The mixture was poured in a
separation funnel and shakened, subsequently adding small portions of Na;S-Os until all
remaining bromine was quenched. The phases were separated and the organic phase was
washed with water (30 mL) and brine (30 mL), dried over anhydrous Na>SO4, and concentrated
via rotary evaporation. The crude mixture was purified by filtration over a small plug of silica
eluting with hexanes. After removing the solvent via rotary evaporation the yellowish turbid oil
was distilled via Kugelrohr at 110°C and 4.4 mbar yielding 2.1 g (9.09 mmol, 69%) of 1d as a
colorless liquid. Spectral data are in accordance with literature.*8!

IH NMR (400 MHz, CCDCls) & [ppm] = 7.39 — 7.30 (m, 3H), 7.24 — 7.18 (m, 2H), 6.05 (dd, J =
8.2, 6.1 Hz, 1H), 3.76 (dd, J = 14.6, 8.2 Hz, 1H), 3.51 (dd, J = 14.6, 6.1 Hz, 1H). 3C NMR (101
MHz, CDCls) & [ppm] = 133.4, 129.3, 129.2, 128.5, 79.3, 43.6.

tert-butyl (4-vinylphenyl) carbonate (2k)

FEleon

Following literature procedure,i*? 4-vinylphenyl acetate (900 mg, 5.55 mmol, 1.0 equiv) was

dissolved in 25wt% tetramethylammonium hydroxide solution (5.06 g, 13.87 mmol, 2.5 equiv)
at 0 °C. The solution was allowed to stir for 2h at room temperature (25 °C). Then it was cooled
to 0 °C and di-tertbutyl-dicarbonate (1.21 g, 5.5 mmol, 1.0 equiv) was added to the reaction
mixture. It was stirred for 24 h. Afterwards the product was extracted with diethylether
(8 x 10 mL). The combined organic phases were washed with brine and dried over MgSO4 and
the solvent was removed under reduced pressure. Column chromatography (hexanes / EtOAc
9:1) followed by Kugelrohr distillation (5 mbar and 80 °C) yielded 660 mg (3.00 mmol, 54%) of
tert-butyl (4-vinylphenyl) carbonate as colorless oil. Spectral data are in accordance with
literature.?% Rf (hexanes / EtOAc 5:1 on silica) = 0.97, Staining: UV, KMnO,.
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IH NMR (300 MHz, CDCls) & [ppm] = 7.48 — 7.33 (m, 2H), 7.18 — 7.09 (m, 2H), 6.70 (dd, J =
17.6, 10.9 Hz, 1H), 5.70 (dd, J = 17.6, 0.9 Hz, 1H), 5.24 (dd, J = 10.8, 0.9 Hz, 1H), 1.56 (s,
9H). 13C NMR (75 MHz, CDCls) & [ppm] = 151.9, 150.7, 136.0, 135.4, 127.3, 121.4, 114.2,
83.7, 27.8.

tert-butyl allylcarbamate (2cm)

BocHN\/\ ’

Following literature procedure,?! a round-bottom flask equipped with a magnetic stirring bar
was charged with allylamine (1.87 mL, 1.43 g, 25.0 mmol, 1.0 equiv) and dissolved in DCM
(60 mL). Then a solution of Boc20 (6.0 g, 27.50 mmol, 1.1 equiv) in DCM (50 mL) was added
dropwise at 0 °C. The resulting reaction mixture was allowed to warm up to room temperature
(25 °C) and stirred for 18 h. Afterwards the solvent was removed under reduced pressure and
the product was dried in vacuo to yield 2.94 g (18.7 mmol, 75%) of tert-butyl allylcarbamate as
a white solid. Spectral data are in accordance to literature.?!] Rf (hexanes / EtOAc 5:1 on silica)
= 0.53, Staining: Ninhydrin.

IH NMR (300 MHz, CDCls) & [ppm] = 5.83 (ddt, J = 17.2, 10.3, 5.5 Hz, 1H), 5.23 — 5.03 (m,
2H), 4.60 (s, NH), 3.73 (d, J = 5.4 Hz, 2H), 1.44 (s, 9H). 2*C NMR (101 MHz, CDCls) & [ppm] =
155.9, 135.1, 115.7, 79.4, 43.2, 28.5.

1,3-dimethyl-7-(4-vinylbenzyl)-3,4,5,7-tetrahydro-1H-purine-2,6-dione (2ea)

According to a slightly modified literature procedure,?? a round-bottom flask equipped with a
magnetic stirring bar was charged with theophylline (1.82 g, 10.0 mmol, 1.0 equiv) and K2CO3
(2.76 g, 20.0 mmol, 2.0 equiv) and dissolved in DMF (24 mL). Afterwards, freshly distilled 1-
(chloromethyl)-4-vinylbenzene (3.05 g, 2.82 mL, 2.0 equiv) was added. The yellowish
suspension was stirred for 24 h at room temperature (25 °C). Followed by this, water (50 mL)
was added, and the reaction mixture was cooled to 0°C for 2 h. The formed, white precipitate
was collected by filtration, washed with water, and redissolved in DCM (40 mL). Then it was
reprecipitated using diethylether (20 mL). The product was collected by filtration and washed
with diethylether (10 mL). After drying under vacuum, 2.24 g (7.51 mmol, 75%) of 1,3-dimethyl-
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7-(vinylbenzyl)-3,4,5,7-tetrahydro-1H-purine-2,6-dione (2ea) was obtained as white solid.
R: (hexanes / EtOAc 1:2 on silica) = 0.51, Staining: UV; KMnQOs-solution.

'H NMR (400 MHz, CDCls) d [ppm] = 7.56 (s, 1H), 7.39 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 8.2 Hz,
2H), 6.68 (dd, J = 17.6, 10.9 Hz, 1H), 5.74 (dd, J = 17.6, 0.9 Hz, 1H), 5.47 (s, 2H), 5.26 (dd,
J =10.9, 0.8 Hz, 1H), 3.57 (s, 3H), 3.39 (s, 3H). 3C NMR (101 MHz, CDCl5) d [ppm] = 155.4,
151.8, 149.0, 140.9, 138.1, 136.1, 134.8, 128.3, 127.0, 115.0, 107.1, 50.2, 29.9, 28.1. IR (neat,
cm?): 3101, 3004, 2948, 1699, 1654, 1543, 1472, 1423, 1371, 1289, 1230, 1192, 1125, 1028,
976, 905, 875, 827, 749, 670. HRMS (ESI-MS) exact mass calc. for CisH16N4O2 [M+Na]*
319.1165 m/z, found: 319.1167 m/z.

isopropyl 2-methyl-2-(4-(4-vinylbenzoyl)phenoxy)propanoate (2eb)

el O

Based on literature procedure,?3 a dry round-bottom flask was charged with isopropyl 2-(4- (4-

chlorobenzoyl)phenoxy)-2-methylpropanoate (Fenofibrate) (721.7 g, 2.0 mmol, 1.0 equiv),
potassium vinyltrifluoroborate (468.8 g, 3.5 mmol, 1.8 equiv), Cs,CO; (1.95 g, 6.0 mmol,
3.0 equiv), PdCI, (17.7 mg, 0.1 mmol, 5.0 mol%), RuPhos (93.3 mg, 0.20 mmol, 10.0 mol%)
and THF / water (7:1, 5.33 mL) and stirred at 85 °C for 48 h. The reaction was monitored by
TLC. Afterwards, the reaction mixture was diluted with H,O (50 mL) and extracted three times
with diethylether (3 x 25 mL). The combined organic layers were dried over anhydrous MgSO4,
filtered, and concentrated in vacuo. The residue was purified by flash column chromatography
(hexanes / EtOAc 20:1) to yield 478.0 mg (1.36 mmol, 68%) of isopropyl 2-methyl-2-(4-(4-
vinylbenzoyl)phenoxy)propanoate (2eb) as a white solid. Spectral data are in accordance with
literature.?3] Rf (hexanes / EtOAc 5:1 on silica) = 0.52, Staining: UV, Vanillin.

IH NMR (400 MHz, CDCls) & [ppm] = 7.78 — 7.70 (m, 4H), 7.52 — 7.46 (m, 2H), 6.89 — 6.84 (m,
2H), 6.78 (dd, J = 17.6, 10.9 Hz, 1H), 5.88 (dd, J = 17.6, 0.8 Hz, 1H), 5.39 (dd, J = 10.9, 0.8 Hz,
1H), 5.09 (hept, J = 6.3 Hz, 1H), 1.66 (s, 6H), 1.20 (d, J = 6.3 Hz, 6H). 13C NMR (101 MHz,
CDCls) & 195.1, 173.3, 159.6, 141.3, 137.4, 136.2, 132.1, 130.9, 130.4, 126.1, 117.3, 116.5,
79.5, 69.5, 25.5, 21.7.
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(3aR,5R,5aS,8aS,8bR)-2,2,7,7-tetramethyl-5-(((4-vinylbenzyl)oxy)methyl)tetrahydro-5H-
bis([1,3]dioxolo)[4,5-b:4’,5’-d]pyran (2ec)

OLQ_//‘

According to a slightly modified procedure,? a dry round-bottom flask equipped with a
magnetic stirring bar was charged with 1,2,3,4-di-O-isopropylidene-a-D-galactopyranoside
(1.30 g, 5.0 mmol, 1.0 equiv) dissolved in dry DMF (7 mL). Followed by this, sodium hydride
(145 mg, 6.1 mmol, 1.2 equiv) was added and the yellowish solution was stirred for 2 h.
Afterwards, freshly distilled 1-(chloromethyl)-4-vinylbenzene (801 mg, 740 L, 1.1 equiv) was
added. The reaction mixture was heated in an oil bath at 50 °C for 6 h. Followed by this, the
solution was quenched with water (25 mL) and extracted with toluene (3 x 10 mL). The
combined organic layers were dried over anhydrous MgSOQs, filtered, and concentrated in
vacuo. The residue was purified by flash column chromatography (hexanes / EtOAc 20:1) to
yield 410.0 mg (1.09 mmol, 1.09 mmol, 22%) of (3aR,5R,5aS,8aS,8bR)-2,2,7,7-tetramethyl-
5-(((4-vinylbenzyl)oxy)methyl)tetrahydro-5H-bis([1,3]dioxolo)[4,5-b:4’,5’-d]pyran (2ec) as a
colorless sticky oil. Rf (hexanes / EtOAc 5:1 on silica) = 0.52, Staining: UV, Vanillin.

'H NMR (400 MHz, CDCls3) & [ppm] = 7.40 — 7.34 (m, 2H), 7.31 (d, J = 8.2 Hz, 2H), 6.71 (dd,
J=17.6, 10.9 Hz, 1H), 5.73 (dd, J = 17.6, 0.9 Hz, 1H), 5.55 (d, J = 5.0 Hz, 1H), 5.23 (dd,
J=10.9, 0.9 Hz, 1H), 4.64 — 4.51 (m, 3H), 4.31 (dd, J = 5.0, 2.4 Hz, 1H), 4.27 (dd, J = 7.9,
1.9 Hz, 1H), 4.00 (td, J = 6.3, 1.9 Hz, 1H), 3.69 (dd, J = 10.1, 5.9 Hz, 1H), 3.62 (dd, J = 10.1,
6.7 Hz, 1H), 1.54 (s, 3H), 1.44 (s, 3H), 1.33 (d, J = 2.0 Hz, 6H). 3*C NMR (101 MHz, CDCls)
o [ppm] = 138.1, 137.1, 136.7, 128.1, 126.3, 113.8, 109.4, 108.7, 96.5, 73.2, 71.3, 70.8, 70.8,
69.0, 67.1, 26.3, 26.1, 25.1, 24.6. IR (neat, cm): 3086, 2985, 2933, 1628, 1457, 1371, 1252,
1207, 1170, 1103, 1066, 998, 827, 764, 719, 678. HRMS (ESI-MS) exact mass calc. for
C21H2806 [M+H]* 377.1959 m/z, found: 377.1963 m/z and exact mass calc. for Cy1H2s0s
[M+Na]* 399.1778 m/z, found: 399.1783 m/z and exact mass calc. for C,1H2s0s [M+NH4]*
394.2224 m/z, found: 394.2230 m/z.
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(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-vinylbenzoate (2ed)

Based on a literature procedure,’”® a round-bottom flask was charged with (-)-menthol
(562.6 mg, 3.6 mmol, 1.2 equiv), 4-vinylbenzoic acid (444.5 mg, 3.0 mmol, 1.0 equiv), DCC
(N,N'-Dicyclohexylcarbodiimide) (742.8 mg, 3.6 mmol, 1.2 equiv) and DMAP (73.3 mg,
0.6 mmol, 20 mol%) and DCM (6 mL) was added. The resulting solution was stirred at room
temperature (25 °C) for 48 h. Afterwards, the reaction mixture was quenched with H.O (40 mL)
and extracted with DCM (3 x 25 mL). The combined organic layers were washed with brine,
dried over anhydrous MgSOy, filtered and concentrated in vacuo. The residue was purified by
flash column chromatography (hexanes / EtOAc 10:1) to yield 528.5 mg (1.85 mmol, 62%) of
(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-vinylbenzoate (2ed) as colorless oil. Spectral
data are in accordance to literature.?®! R; (hexanes/ EtOAc 5:1) on silica = 0.90, Staining:

KMnOg4-solution.

IH NMR (400 MHz, CDCls) & [ppm] = 8.00 (d, J = 8.3 Hz, 2H), 7.46 (d, J = 8.3 Hz, 2H), 6.76
(dd, J = 17.6, 10.9 Hz, 1H), 5.86 (dd, J = 17.6, 0.8 Hz, 1H), 5.37 (dd, J = 10.8, 0.8 Hz, 1H),
4.93 (td, J = 10.9, 4.4 Hz, 1H), 2.18 — 2.08 (m, 1H), 2.00 — 1.86 (m, 1H), 1.78 — 1.68 (m, 2H),
1.62 — 1.49 (m, 2H), 1.18 — 1.03 (m, 2H), 0.95 (m, 1H), 0.92 (dd, J = 6.8, 5.3 Hz, 6H), 0.79 (d,
J =7.0 Hz, 3H). 3C NMR (101 MHz, CDCls) & [ppm] = 166.01, 141.89, 136.23, 130.15, 130.01,
126.19, 116.46, 74.96, 47.45, 41.14, 34.49, 31.61, 26.69, 23.84, 22.21, 20.92, 16.72.

(8R,9S,13S,14S)-13-methyl-17-0x0-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthren-3-yl trifluoromethanesulfonate (2ef‘)

Based on literature procedure,?® a flame-dried round-bottom schlenk flask was charged with
estrone (1.35 g, 5.0 mmol, 1.0 equiv), pyridine (806 pL, 791 mg, 10.0 mmol, 2.0 equiv) and

anhydrous DCM (15 mL, 0.3 M). The resulting reaction mixture was cooled to 0 °C and triflic
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anhydride (1.01 mL, 1.69 g, 6.0 mmol, 1.2 equiv) was added dropwise. The reaction was
allowed to warm to room temperature (25 °C) and stirred for 1 h. Afterwards, the reaction
mixture was diluted with H,O (10 mL) and extracted three times with DCM (3 x 20 mL). The
combined organic layers were dried over anhydrous MgSQs, filtered, and concentrated in
vacuo. The residue was purified by flash column chromatography (hexanes / EtOAc 10:1 to
5:11) to vyield 1.74g (4.32mmol, 87%) of (8R,9S,13S,14S)-13-methyl-17-0xo0-
7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthren-3-yl trifluoromethane
sulfonate (2ef’) as a white solid. Spectral data are in accordance with literature.l?®! R (hexanes
/ EtOAc 5:1 on silica) = 0.56, Staining: KMnOg4-solution.

IH NMR (400 MHz, CDCls) & [ppm] = 7.33 (d, J = 8.7 Hz, 1H), 7.02 (d, J = 8.6 Hz, 1H),
6.99 (s, 1H), 2.93 (dd, J = 9.1, 4.3 Hz, 2H), 2.50 (dd, J = 18.7, 8.7 Hz, 1H), 2.39 (dt, J = 12.8,
3.6 Hz, 1H), 2.29 (td, J = 10.8, 4.2 Hz, 1H), 2.21 — 1.91 (m, 4H), 1.68 — 1.38 (m, 6H),
0.91 (s, 3H). 2*C NMR (101 MHz, CDCls) & [ppm] = 220.5, 147.7, 140.4, 139.4, 127.3, 121.3,
118.8 (d, J = 320.8 Hz), 118.4, 50.4, 47.9, 44.2, 37.8, 35.9, 31.6, 29.5, 26.2, 25.8, 21.6.
19F NMR (376 MHz, CDCls) & [ppm] = -73.52 (s, 3F).

(8R,9S,13S,14S)-13-methyl-3-vinyl-6,7,8,9,11,12,13,14,15,16-decahydro-17H-

cyclopenta[a]phenanthren-17-one (2ef)

0O

Based on literature procedure,?s! a round-bottom schlenk flask was charged with
(8R,9S,13S,14S)-13-methyl-17-0x0-7,8,9,11,12,13,14,15,16,17-decahydro-6H-
cyclopentafa]phenanthren-3-yl trifluoromethanesulfonate (1.61 g, 4.0 mmol, 1.0 equiv),
potassium vinyltrifluoroborate (535.8 mg, 4.0 mmol, 1.0 equiv), Cs>COs (3.91 g, 12.0 mmol,
3.0 equiv), PdCI>(14.2 mg, 0.08 mmol, 2 mol%), PPhs (67.2 mg, 0.26 mmol, 6 mol%) and THF/
water (9:1, 8 mL) and stirred under reflux conditions for 21 h. The reaction was monitored by
TLC. Afterwards, the reaction mixture was diluted with H,O (40 mL) and extracted three times
with DCM (3 x 25 mL). The combined organic layers were dried over anhydrous MgSQOa,
filtered, and concentrated in vacuo. The residue was purified by flash column chromatography
(hexanes / EtOAc 5:1) to yield 590.2 mg (2.10 mmol, 53%) of (8R,9S,13S,14S)-13- methyl-3-
vinyl-6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopentala]phenanthren-17-one (2ef) as a
white solid. Spectral data are in accordance with literature.[?¢! R (hexanes / EtOAc 5:1 on silica)
= 0.50, Staining: KMnOg4-solution.
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IH NMR (300 MHz, CDCls) & [ppm] = 7.29 — 7.19 (m, 2H), 7.15 (d, J = 1.7 Hz, 1H), 6.67 (dd,
J=17.6,10.9 Hz, 1H), 5.71 (dd, J = 17.6, 1.0 Hz, 1H), 5.20 (dd, J = 10.8, 1.0 Hz, 1H), 2.92 (dd,
J = 8.9, 4.2 Hz, 2H), 2.58 — 2.39 (m, 2H), 2.38 — 2.25 (m, 1H), 2.22 — 1.92 (m, 4H), 1.72 —
1.35(m, 6H), 0.91 (s, 3H). *C NMR (101 MHz, CDCls) & [ppm] = 221.0, 139.7, 136.7, 135.3,
127.0, 125.7, 123.7, 113.3, 50.6, 48.1, 44.6, 38.3, 36.0, 31.7, 29.5, 26.6, 25.9, 21.7, 14.0.

diethyl 2-((tert-butoxycarbonyl)amino)malonate (2co‘)

O O

P SN
Ak

Based on literature procedure,? a round-bottom schlenk flask was charged with

diethylaminomalonate hydrochloride (25.0 g, 118.2 mmol, 1.0 equiv), NaHCO; (10.4 g,
130.0 mmol, 1.1 equiv) and dissolved in water (150 mL) and dioxane (220 mL). DMAP
(144 mg, 1.2 mmol, 1 mol%) was added and a solution of Boc,O (27.07 g, 124.1 mmol,
1.1 equiv) in dioxane (80 mL) was added dropwise and stirred at room temperature (25 °C) for
18 h. Afterwards, the solvent was evaporated in vacuo and the reaction mixture was diluted
with EtOAc (100 mL) and washed with a solution of 5% KHSO4 (50 mL), sat. NaHCO3 (50 mL)
and brine. The organic layer was dried over anhydrous MgSQ., filtered, and concentrated in
vacuo to obtain 274 ¢ (118.12 mmol, 100%) of diethyl 2-((tert-
butoxycarbonyl)amino)malonate (2co) as a yellow oil. Spectral data are in accordance with

literature.[27]

IH NMR (400 MHz, CDCls) & [ppm] = 5.55 (d, J = 7.8 Hz, 1H), 4.94 (d, J = 7.7 Hz, 1H), 4.34 —
4.16 (m, 6H), 1.45 (s, 9H), 1.29 (t, J = 7.1 Hz, 4H). 3C NMR (101 MHz, CDCls) & [ppm] =
166.8, 154.9, 80.8, 62.6, 57.7, 28.4, 14.1.

diethyl 2-allyl-2-((tert-butoxycarbonyl)amino)malonate (2co)

0] 0]
”MO“
N—Boc
7

Based on literature procedure,® a round-bottom schlenk flask was charged with diethyl

2-((tert-butoxycarbonyl)amino)malonate (5.5 g, 20.0 mmol, 1.0 equiv), and dissolved in THF
(50 mL). NaH (60% w/w in mineral oil, 840 mg, 21.0 mmol, 1.1 equiv) and allylbromide (1.51 g,

1.08 mL, 21.0 mmol, 1.1 equiv) was added. The reaction mixture was stirred under reflux
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conditions for 1 h. Afterwards, the reaction mixture was diluted with H,O (40 mL) and extracted
with CHCI; (3 x 50 mL). The combined organic layers were dried over anhydrous MgSOy,
filtered, and concentrated in vacuo. The residue was purified by flash column chromatography
(hexanes [/ EtOAc 10:1) to vyield 6.0g (19.0 mmol, 95%) diethyl 2-allyl-2-((tert-
butoxycarbonyl)amino)malonate (2co) as a colorless oil. Spectral data are in accordance with
literature.?8l R; (hexanes / EtOAc 5:1 on silica) = 0.58, Staining: UV; KMnO4-solution.

IH NMR (400 MHz, CDCls) & [ppm] = 5.89 (s, 1H), 5.72 — 5.56 (m, 1H), 5.15 — 5.05 (m, 2H),
4.30 — 4.16 (m, 4H), 3.03 (d, J = 7.4 Hz, 2H), 1.42 (s, 9H), 1.25 (t, J = 7.1 Hz, 6H).
13C NMR (101 MHz, CDCls) & [ppm] = 168.0, 131.6, 119.8, 80.3, 66.3, 62.6, 37.6, 28.3, 14.2.

racemic ethyl 2-((tert-butoxycarbonyl)amino)pent-4-enoate (2cp)

\ J

Based on literature procedure,?® a round-bottom schlenk flask was charged with diethyl 2-
allyl-2-((tert-butoxycarbonyl)amino)malonate (2co) (3.01g, 9.54 mmol, 1.0 equiv) and
dissolved in EtOH (6.2 mL) and 1M NaOH (1.0 equiv) was added. The reaction mixture was
stirred at room temperature (25 °C) for 16 h under nitrogen atmosphere. Afterwards, the
reaction mixture was diluted with H.O (20 mL) and extracted with EtOAc (3 x 25 mL). The
combined organic layers were dried over anhydrous MgSQs, filtered, and concentrated in
vacuo. The residue was refluxed for 2h in xylene (20 mL). Then the solvent was removed in
vacuo. The crude product was purified by flash column chromatography (hexanes / EtOAc 6:1)
to yield 1.67 g (6.86 mmol, 71 %) of ethyl 2-((tert-butoxycarbonyl)amino)pent-4-enoate (2cp)
as a colorless oil. Spectral data are in accordance with literature.??! R¢ (hexanes / EtOAc 5:1

on silica) = 0.61, Staining: UV; KMnQOg4-solution.

IH NMR (300 MHz, CDCls) & [ppm] = 5.69 (ddt, J = 16.9, 9.6, 7.2 Hz, 1H), 5.19 — 5.07 (m, 2H),
5.07 — 4.95 (m, 1H), 4.35 (g, J = 6.8, 6.2 Hz, 1H), 4.27 — 4.10 (m, 2H), 2.63 — 2.37 (m, 2H),
1.43 (s, 9H), 1.27 (t, J = 7.1 Hz, 3H). 3C NMR (101 MHz, CDCls) & [ppm] = 172.2, 155.3,
132.5,119.2, 80.0, 61.4, 53.1, 37.0, 28.4, 14.4.
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5.4.6.2 Compound Characterization of Bromonitromethylation Products

General Procedure for Bromonitromethylation of Olefins (GP-A)

R2 . Br R?
)\ [Cu(dap),]Cl (1 mol%) )\)\
Br” "NO, *+ RTX: R NO;
dry MeCN (0.25 M)
1 2 455 nm, x h, N 4

1.0 equiv 1.0 equiv

An oven dried schlenk tube (10 mL size) equipped with a stirring bar was charged with
[Cu(dap)2]Cl (4.4 mg, 1 mol%, 0.01 equiv) Then dry MeCN (2 mL, 0.25 M) was added under
positive nitrogen atmosphere. The solution was degassed by three freeze-pump-thaw cycles.
Then bromonitromethane-reagent 1 (0.5 mmol, 1.0 equiv) and desired olefin 2 was added
(0.5 mmol, 1.0 equiv) under nitrogen atmosphere. A Teflon sealed inlet for a glass rod was
placed on the reaction tube, through which irradiation with LEDassnm took place from above (for
a detailed setup see, Figure 1, 5.1 General Information). The mixture was stirred in an
aluminum block at room temperature (25 °C). After completion of the reaction (monitored via
TLC), the reaction mixture was transferred to a round-bottom flask, concentrated in vacuo, and
the crude residue was purified by flash column chromatography on silica gel (eluent hexanes/
EtOAc) to afford the product 4.

Scope of Activated Olefins

(1-bromo-3-nitropropyl)benzene (4a)

Br

Following general procedure (GP-A) using styrene (2a) (52.1 mg, 58.0 yL, 0.5 mmol,

1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 yL, 0.5 mmol, 1.0 equiv), [Cu(dap)2]CI
(4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 1 h yielded 110.0 mg (450.6 umol, 90%) of
(1-bromo-3-nitropropyl)benzene (4a) as colorless oil after flash column purification (hexanes /
EtOAc 10:1). Rs (hexanes / EtOAc 5:1 on silica) = 0.63, Staining: UV; KMnOgs-solution.

IH NMR (300 MHz, CDCl3) & [ppm] = 7.48 — 7.30 (m, 5H), 5.05 (dd, J = 9.1, 5.9 Hz, 1H), 4.72 —
4.38 (m, 2H), 3.10 — 2.64 (m, 2H). 3C NMR (75 MHz, CDCls) & [ppm] = 140.2, 129.2, 129.2,
127.3,73.6,50.3, 37.1. IR (neat, cm™): 3063, 3034, 2922, 1546, 1494, 1453, 1427, 1379, 1289,
1159, 1088, 1058, 998, 961, 864, 831, 760, 693. HRMS (EI-MS) exact mass calc. for CoH10NO-
[M]*164.07060 m/z, found: 164.07018 m/z and exact mass calc. for C;HeBr [M]*+ 168.96474
m/z, found: 168.96489 m/z.
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1-(1-bromo-3-nitropropyl)-2-methylbenzene (4b)

Br

NO,

Following general procedure (GP-A) using 2-methylstyrene (2b) (59.1 mg, 65.0 pL, 0.5 mmol,
1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 uL, 0.5 mmol, 1.0 equiv), [Cu(dap).]CI
(4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 1 h yielded 75.0 mg (290.5 pmol, 58%) of 1-(1-
bromo-3-nitropropyl)-2-methylbenzene (4b) as pale yellowish oil after flash column purification
(hexanes / EtOAc 20:1). R¢ (hexanes / EtOAc 20:1 on silica) = 0.38, Staining: UV; KMnOg-

solution.

H NMR (300 MHz, CDCls) & [ppm] = 7.48 (dd, J = 7.1, 2.1 Hz, 1H), 7.23 (ddtd, J = 12.0, 9.3,
7.0, 2.2 Hz, 3H), 5.31 (dd, J = 9.5, 5.3 Hz, 1H), 4.76 — 4.48 (m, 2H), 3.07 — 2.71 (m, 2H), 2.39
(s, 3H). 13C NMR (101 MHz, CDCls) & [ppm] = 138.2, 135.7, 131.2, 129.0, 127.1, 126.6, 73.6,
46.8, 36.0, 19.1. IR (neat, cm™): 3026, 2922, 1550, 1490, 1461, 1427, 1379, 1155, 864, 760,
723. HRMS (APCI-MS) exact mass calc. for C1oH10BrNO2 [M+NH4]* 275.0390 m/z, found:
275.0392 m/z.

1-(1-bromo-3-nitropropyl)-3-methylbenzene (4c)

Br

Following general procedure (GP-A) using 3-methylstyrene (2c) (59.1 mg, 66.4 pL, 0.5 mmol,
1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv), [Cu(dap).]CI
(4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 2 h yielded 112.2 mg (434.7 pumol, 87%) of 1-(1-
bromo-3-nitropropyl)-3-methylbenzene (3c) as pale yellowish oil after flash column purification
(hexanes / EtOAc 20:1). Rs (hexanes / EtOAc 5:1 on silica) = 0.63, Staining: UV; KMnOg-

solution.

IH NMR (300 MHz, CDCls) & [ppm] = 7.31 — 7.23 (m, 1H), 7.23 — 7.11 (m, 3H), 5.02 (dd, J =
9.0, 5.9 Hz, 1H), 4.68 — 4.36 (m, 2H), 2.96 — 2.68 (m, 2H), 2.37 (s, 3H). 3C NMR (75 MHz,
CDCls) & [ppm] = 140.1, 139.0, 130.0, 129.1, 127.9, 124.3, 73.6, 50.4, 37.1, 21.5.
IR (neat, cm): 2922, 1550, 1427, 1379, 1159, 786, 700. HRMS (APCI-MS) exact mass calc.
for C1oH12BrNO, [M+NH,]* 275.0390 m/z, found: 275.0389 m/z.
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1-(1-bromo-3-nitropropyl)-4-methylbenzene (3d)

Br

Following general procedure (GP-A) using 4-methylstyrene (2d) (59.1 mg, 66.0 pL, 0.5 mmol,

1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv), [Cu(dap).]ClI
(4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 1 h yielded 107.8 mg (417.6 umol, 84%) of 1-(1-
bromo-3-nitropropyl)-4-methylbenzene (4d) as pale yellowish oil after flash column purification
(hexanes / EtOAc 10:1). Rs (hexanes / EtOAc 5:1 on silica) = 0.44, Staining: UV; KMnOg-

solution.

'H NMR (300 MHz, CDCls) & [ppm] = 7.30 (d, J = 8.2 Hz, 2H), 7.19 (d, J = 7.9 Hz, 2H), 5.04
(dd, J = 9.1, 5.9 Hz, 1H), 4.64 — 4.42 (m, 2H), 2.97 — 2.71 (m, 2H), 2.36 (s, 3H). 3C NMR
(75 MHz, CDCls) & [ppm] = 139.2, 137.3, 129.8, 127.1, 73.6, 50.4, 37.0, 21.3. IR (neat, cm):
3026, 2922, 1610, 1550, 1427, 1516, 1427, 1379, 1338, 1285, 1185, 1162, 1118, 1039, 969,
909, 868, 816, 734. HRMS (EI-MS) exact mass calc. for C1oH12NO2Br [M]+ 257.00459 m/z,
found: 257.00409 m/z.

2-(1-bromo-3-nitropropyl)naphthalene (4f)

Br

Following general procedure (GP-A) using 2-vinylnaphthaline (2f) (77.1 mg, 0.5 mmol,
1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv), [Cu(dap)2]CI
(4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 2 h yielded 59.5 mg (202.3 pmol, 41%) of 2-(1-
bromo-3-nitropropyl)naphthalene (4f) as pale yellowish oil after flash column purification
(hexanes / EtOAc 20:1). mp: 74 °C R¢ (hexanes / EtOAc 5:1 on silica) = 0.56, Staining: UV;
KMnOg-solution.

IH NMR (400 MHz, CDCls) & [ppm] = 7.93 — 7.77 (m, 4H), 7.58 — 7.47 (m, 3H), 5.24 (dd, J =
9.1, 5.9 Hz, 1H), 4.61 (ddd, J = 13.8, 7.3, 6.3 Hz, 1H), 4.51 (dt, J = 14.0, 6.4 Hz, 1H), 2.99 (ddt,
J=15.4,9.1, 6.3 Hz, 1H), 2.88 (ddt, J = 15.1, 7.3, 6.2 Hz, 1H). 3C NMR (101 MHz, CDCls)
& [ppm] = 137.3, 133.5, 133.1, 129.4, 128.2, 127.9, 127.1, 127.0, 126.3, 124.6, 73.5, 50.7,
36.9. IR (neat, cml): 3049, 2952, 2922, 2113, 1599, 1543, 1408, 1364, 1166, 1125, 1095,
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1021, 954, 864, 820, 752, 670. HRMS (APCI-MS) exact mass calc. for C13H12BrNO, [M+NH,]*
311.0390 m/z, found: 311.0391 m/z.

1-(1-bromo-3-nitropropyl)-3-methoxybenzene (4h)

O

Following general procedure (GP-A) using 1-methoxy-3-vinylbenzene (2h) (67.1 mg, 69.4 pL,

0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 L, 0.5 mmol, 1.0 equiv),
[Cu(dap)2]Cl (4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature
(25 °C) and irradiation with blue LED (Amax= 455 nm) for 2 h yielded 102.2 mg (372.8 umol,
74%) of 1-(1-bromo-3-nitropropyl)-3-methoxybenzene (4h) as colorless oil after flash column
purification (hexanes / EtOAc 20:1). R¢ (hexanes / EtOAc 5:1 on silica) = 0.46, Staining: UV;
KMnOg4-solution.

H NMR (300 MHz, CDCls3) & [ppm] = 7.29 (t, J = 7.9 Hz, 1H), 7.00 — 6.96 (m, 1H), 6.93 (t, J =
2.1 Hz, 1H), 6.87 (ddd, J = 8.3, 2.5, 0.9 Hz, 1H), 5.01 (dd, J = 9.0, 6.0 Hz, 1H), 4.52 (ddt, J =
20.4, 14.0, 6.5 Hz, 2H), 3.82 (s, 3H), 2.96 — 2.70 (m, 2H). *C NMR (75 MHz, CDCls) & [ppm]
= 160.0, 141.6, 130.2, 119.4, 114.5, 113.1, 73.5, 55.4, 50.1, 37.0. IR (neat, cm*): 3086, 3026,
2926, 2862, 1602, 1535, 1494, 1485,1364, 1319, 1181, 1095, 1051, 909, 857, 749, 700. HRMS
(APCI-MS) exact mass calc. for C10H12BrNO3 [M+NH,4]* 291.0339 m/z, found: 291.0341 m/z.

(4-(2-bromo-3-nitropropyl)phenyl)trimethylsilane (4i)

T|\/|S/E>)\ANO2 ,\':-i/zﬁ/ e

=

Following general procedure (GP-A) using trimethyl(4-vinylphenyl)silane (2i) (88.2 mg,
102.5 uL, 0.5 mmol, 1.0 equiv), bromonitromethane (l1a) (70.0 mg, 36.0 yL, 0.5 mmol,
1.0 equiv), [Cu(dap)2]CI (4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room
temperature (25 °C) and irradiation with blue LED (Amax= 455 nm) for 2 h yielded 138.9 mg
(439.2 umol, 88%) of (4-(1-bromo-3-nitropropyl)phenyl)trimethylsilane (4i) as a white solid
after flash column purification (hexanes / EtOAc 20:1). mp: 59 °C R (hexanes / EtOAc 5:1 on
silica) = 0.66, Staining: UV; KMnOgs-solution. Single crystals suitable for X-ray analysis of

compound 4i were obtained by vapor diffusion of pentane into DCM solution (1.0 mL).
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IH NMR (400 MHz, CDCls) & [ppm] = 7.54 (d, J = 8.1 Hz, 2H), 7.38 (d, J = 8.1 Hz, 2H), 5.05
(dd, J = 9.1, 5.8 Hz, 1H), 4.60 (dt, J = 13.8, 6.8 Hz, 1H), 4.51 (dt, J = 13.9, 6.3 Hz, 1H), 2.95 —
2.74 (m, 2H), 0.28 (s, 9H). 1*C NMR (101 MHz, CDCls) & [ppm] = 142.2, 140.6, 134.2, 126.5,
73.6,50.3, 37.0, -1.1. IR (neat, cml): 3019, 2952, 2896, 1599, 1546, 1423, 1382, 1289, 1244,
1166, 1110, 1062, 920, 823, 756, 723, 689. HRMS (APCI-MS) exact mass calc. for
C10H1sBrNO,Si [M+H]* 316.0363 m/z, found: 316.0359 m/z and [M+NH.]* 333.0628 m/z, found:
333.0629 m/z.

4-(1-bromo-3-nitropropyl)phenyl acetate (4j)

Br
AcO

Following general procedure (GP-A) using 4-vinylphenyl acetate (2j) (81.1 mg, 76.5 pL,

0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv),
[Cu(dap)2]Cl (4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature
(25 °C) and irradiation with blue LED (Amax= 455 nm) for 3 h yielded 115.1 mg (381.0 umol,
76%) of 4-(1-bromo-3-nitropropyl)phenyl acetate (4j) as pale yellowish oil after flash column
purification (hexanes / EtOAc 5:1). Rt (hexanes / EtOAc 20:1 on silica) = 0.29, Staining: UV;
KMnOg-solution.

'H NMR (300 MHz, CDCls) d [ppm] = 7.41 (d, J = 8.6 Hz, 2H), 7.10 (d, J = 8.6 Hz, 2H), 5.04
(dd, J = 9.1, 5.8 Hz, 1H), 4.71 — 4.37 (m, 2H), 2.94 — 2.67 (m, 2H), 2.30 (s, 3H). 3C NMR
(101 MHz, CDCl3) & [ppm] = 169.3, 151.0, 137.8, 128.5, 122.3, 73.5, 49.5, 37.1, 21.2.
IR (neat, cm): 2922, 1759, 1550, 1505, 1423, 1367, 1189, 1013, 909, 849. HRMS (APCI-MS)
exact mass calc. for C11H12BrNO4 [M+NH4]* 319.0288 m/z, found: 319.0289 m/z.

4-(1-bromo-3-nitropropyl)phenyl tert-butyl carbonate (4k)

Br
BocO

Following general procedure (GP-A) using tert-butyl (4-vinylphenyl) carbonate (2k) (110.1 mg,

0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pyL, 0.5 mmol, 1.0 equiv),
[Cu(dap)2]Cl (4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature
(25 °C) and irradiation with blue LED (Amax= 455 nm) for 3 h yielded 163.8 mg (454.7 umol,
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91%) of 4-(1-bromo-3-nitropropyl)phenyl tert-butyl carbonate (4k) as pale yellowish oil after
flash column purification (hexanes / EtOAc 5:1). R: (hexanes / EtOAc 20:1 on silica) = 0.45,
Staining: UV; KMnO4-solution.

IH NMR (300 MHz, CDCls) & [ppm] = 7.42 (d, J = 8.6 Hz, 2H), 7.19 (d, J = 8.7 Hz, 2H), 5.04
(dd, J = 9.2, 5.8 Hz, 1H), 4.67 — 4.44 (m, 2H), 2.93 — 2.67 (m, 2H), 1.56 (s, 9H). *C NMR
(101 MHz, CDCls) & [ppm] = 151.7, 151.4, 137.8, 128.5, 122.1, 84.1, 73.5, 49.4, 37.2, 27.8.

IR (neat, cm™): 2981, 2933, 1751, 1606, 1554, 1509, 1423, 1371, 1256, 1222, 1140, 1047,
1017, 961, 894, 838, 782, 663. HRMS (ESI-MS) exact mass calc. for C14H1sBrNOs [M+H]*
398.0000 m/z, found: 397.999 m/z and exact mass calc. for C14H1sBrNOs [M+Na]* 382.0261
m/z, found: 382.0264 m/z and exact mass calc. for Ci14H1sBrNOs [M+NH4]* 377.0707 m/z,
found: 377.0709 m/z.

1-(1-bromo-3-nitropropyl)-4-(chloromethyl)benzene (4n)

Br
NO,
Cl

Following general procedure (GP-A) using ethyl 1-(chloromethyl)-4-vinylbenzene (2n)
(76.3 mg, 66.1 pL, 0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol,
1.0 equiv), [Cu(dap)2]CI (4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room
temperature (25 °C) and irradiation with blue LED (Amax= 455 nm) for 1 h yielded 86.8 mg
(296.7 pmol, 59%) of 1-(1-bromo-3-nitropropyl)-4-(chloromethyl)benzene (4n) as pale

yellowish oil after flash column purification (hexanes / EtOAc 20:1). Rt (hexanes / EtOAc 5:1)
on silica) = 0.59, Staining: UV; KMnQOs-solution.

'H NMR (300 MHz, CDCls) & [ppm] = 7.41 (s, 5H), 5.04 (dd, J = 9.1, 5.8 Hz, 1H), 4.69 — 4.43
(m, 4H), 2.95 — 2.65 (m, 2H). *3C NMR (101 MHz, CDCls) & [ppm] = 140.5, 138.5, 129.4, 127.7,
73.5, 49.6, 45.6, 37.0. IR (neat, cm™): 3034, 2959, 2922, 1550, 1423, 1379, 1267, 1233, 1162,
1114, 1021, 981, 916, 834, 779, 745, 678. HRMS (APCI-MS) exact mass calc. for
C10H11BrCINO2 [M+NH4]* 310.0030 m/z, found: 310.0033 m/z.
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2-(1-bromo-3-nitropropyl)pyridine (4p)

Br

Following general procedure (GP-A) using freshly distilled 2-vinylpyridine (2p) (52.6 mg,
54.2 uL, 0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol,
1.0 equiv), [Cu(dap)2]CI (4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room
temperature (25 °C) and irradiation with blue LED (Amax= 455 nm) for 4 h yielded 71.3 mg
(290.9 umol, 58%) of 2-(1-bromo-3-nitropropyl)pyridine (4p) as brownish oil after flash column
purification (hexanes / EtOAc 5:1). Rt (hexanes / EtOAc 5:1 on silica) = 0.27, Staining: UV;

KMnOg4-solution.

H NMR (400 MHz, CDCls) & [ppm] = 8.58 (ddd, J = 4.8, 1.9, 0.9 Hz, 1H), 7.70 (td, J = 7.7,
1.8 Hz, 1H), 7.39 (dt, J = 7.8, 1.1 Hz, 1H), 7.23 (ddd, J = 7.6, 4.8, 1.1 Hz, 1H), 5.15 (dd, J = 8.2,
6.2 Hz, 1H), 4.72 — 4.53 (m, 2H), 3.07 — 2.87 (m, 2H). **C NMR (101 MHz, CDCls) & [ppm] =
158.1, 149.8, 137.4, 123.7, 122.9, 73.5, 49.8, 34.4. IR (neat, cm): 3052, 2926, 1587, 1546,
1472, 1435, 1379, 1289, 1151, 1103, 1051, 995, 961, 913, 868, 782, 745, 670. HRMS (APCI-
MS) exact mass calc. for CsHgBrN2O> [M+NH4]* 244.9920 m/z, found: 244.9921 m/z.

1-(1-bromo-3-nitropropyl)-4-chlorobenzene (4r)

Br
Cl

Following general procedure (GP-A) using 4-chlorostyrene (2r) (69.3 mg, 63.6 uL, 0.5 mmol,
1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 yL, 0.5 mmol, 1.0 equiv), [Cu(dap):]CI
(4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 1 h yielded 125.4 mg (450.2 pmol, 90%) of 1-(1-
bromo-3-nitropropyl)-4-chlorobenzene (4r) as pale yellowish oil after flash column purification
(hexanes / EtOAc 20:1). Rt (hexanes / EtOAc 9:1 on silica) = 0.25, Staining: UV,

KMnOg4-solution

H NMR (300 MHz, CDClz) d [ppm] = 7.35 (s, 4H), 5.01 (dd, J = 9.2, 5.8 Hz, 1H), 4.68 — 4.41
(m, 2H), 2.93 — 2.64 (m, 2H). ¥C NMR (75 MHz, CDCls) d [ppm] = 138.8, 134.9, 129.4, 128.6,
73.4,49.2, 36.9. IR (neat, cm™): 2922, 1550, 1490, 1427, 1379, 1162, 1092, 831. HRMS (APCI-
MS) exact mass calc. for CoHgBrCINO; [M+NH.4]* 294.9843 m/z, found: 294.9843 m/z.
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1-bromo-4-(1-bromo-3-nitropropyl)benzene (4s)

Br
Br

Following general procedure (GP-A) using 4-bromostyrene (2s) (91.5 mg, 65.3 pL, 0.5 mmol,
1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 yL, 0.5 mmol, 1.0 equiv), [Cu(dap):]CI
(4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 3 h yielded 133.9 mg (414.6 pmol, 83%) of 1-
bromo-4-(1-bromo-3-nitropropyl)benzene (4s) as pale yellowish oil after flash column
purification (hexanes / EtOAc 20:1). Rt (hexanes / EtOAc 20:1 on silica) = 0.24, Staining: UV;

KMnOg4-solution.

'H NMR (300 MHz, CDCls3) & [ppm] = 7.51 (dd, 2H), 7.28 (dd, J = 8.8, 2.4 Hz, 2H), 5.00 (dd, J
=9.2,5.8 Hz, 1H), 4.76 — 4.35 (m, 2H), 2.97 — 2.66 (m, 2H). 13C NMR (75 MHz, CDCls) & [ppm]
=139.3, 132.4, 128.9, 123.2, 73.4, 49.2, 36.9. IR (neat, cm?): 2926, 1587, 1550, 1490, 1338,
1170, 1073, 1010, 827. HRMS (APCI-MS) exact mass calc. for CgHgBroNO, [M+NH4]*
338.9338 m/z, found: 338.9343 m/z.

1-fluoro-4-(1-bromo-3-nitropropyl)benzene (4t)

Br
F

Following general procedure (GP-A) using 4-fluorostyrene (2t) (61.1 mg, 59.6 uL, 0.5 mmol,

1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 yL, 0.5 mmol, 1.0 equiv), [Cu(dap):]CI
(4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 1 h yielded 97.9 mg (373.6 umol, 75%) of 1-fluoro-
4-(1-bromo-3-nitropropyl)benzene (4t) as pale yellowish oil after flash column purification
(hexanes / EtOAc 20:1). R¢ (hexanes / EtOAc 5:1 on silica) = 0.66, Staining: UV; KMnO;-

solution.

IH NMR (300 MHz, CDCls) & [ppm] = 7.46 — 7.34 (m, 2H), 7.14 — 7.01 (m, 2H), 5.04 (dd, J =
9.2, 5.8 Hz, 1H), 4.73 — 4.42 (m, 2H), 2.98 — 2.68 (M, 2H). 3C NMR (75 MHz, CDCls) & [ppm]
=136.3 (d, J = 3.5 Hz), 129.2 (d, J = 8.5 Hz), 116.2 (d, J = 21.9 Hz), 73.5, 49.3, 37.2. 1°F NMR
(377 MHz, CDCls) & [ppm] = -112.35. IR (neat, cm): 3049, 2922, 1602, 1550, 1509, 1423,
1379, 1297, 1226, 1159, 1103, 1062, 961, 916, 834, 767. HRMS (APCI-MS) exact mass calc.
for CoHeBrFNO, [M+NH.]* 279.0139 m/z, found: 279.0140 m/z.
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4-(1-bromo-3-nitropropyl)-1,2-difluorobenzene (4v)

Br

NO,

Following general procedure (GP-A) using 3,4-difluorostyrene (2v) (70.1 mg, 62.0 L,
0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pyL, 0.5 mmol, 1.0 equiv),
[Cu(dap)2]Cl (4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature
(25 °C) and irradiation with blue LED (Amax= 455 nm) for 1 h yielded 121.9 mg (435.3 umol,
87%) of 4-(1-bromo-3-nitropropyl)-1,2-difluorobenzene (4v) as pale yellowish oil after flash
column purification (hexanes / EtOAc 20:1). R (hexanes / EtOAc 20:1 on silica) = 0.29,
Staining: UV; KMnOg4-solution.

'H NMR (400 MHz, CDCls) & [ppm] = 7.29 — 7.23 (m, 1H), 7.21 — 7.11 (m, 2H), 5.00 (dd, J =
9.1, 5.8 Hz, 1H), 4.61 (ddd, J = 13.8, 7.5, 6.1 Hz, 1H), 4.52 (dt, J = 14.1, 6.2 Hz, 1H), 2.86 —
2.68 (m, 2H). *C NMR (101 MHz, CDCls) & [ppm] = 151.7 (dd, J = 11.9, 6.6 Hz), 149.2 (dd, J
=11.9,5.2 Hz), 137.4 (dd, J = 5.5, 3.9 Hz), 123.5 (dd, J = 6.6, 3.7 Hz), 118.0 (d, J = 17.4 Hz),
116.6 (d, J = 18.2 Hz), 73.3, 48.4 (d, J = 1.7 Hz), 37.0. *F NMR (376 MHz, CDCI3) & [ppm] =
-136.09 (ddd, J = 21.6, 10.7, 6.4 Hz), -136.64 — -136.78 (m). IR (neat, cm*): 3063, 2922, 1610,
1550, 1517, 1435, 1379, 1282, 1207, 1162, 1118, 1073, 1039, 998, 956, 909, 857, 820, 782.
HRMS (APCI-MS) exact mass calc. for CoHgBrF2NO2 [M+NH4]* 297.0045 m/z, found:
297.0043 m/z.

1-(1-bromo-3-nitropropyl)-2,3,4,5,6-pentafluorobenzene (4w)

F Br

NO,

Following general procedure (GP-A) using 2,3,4,5,6-pentafluorostyrene (2w) (97.1 mg,
69.0 uL, 0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol,
1.0 equiv), [Cu(dap)2]CI (4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room
temperature (25 °C) and irradiation with blue LED (Amax= 455 nm) for 3 h yielded 132.5 mg
(396.7 umol, 79%) of 1-(1-bromo-3-nitropropyl)-2,3,4,5,6-pentafluorobenzene (4w) as
colorless oil after flash column purification (hexanes / EtOAc 20:1). Ry (hexanes / EtOAc 20:1
on silica) = 0.24, Staining: UV; KMnQOs-solution.
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IH NMR (300 MHz, CDCls) & [ppm] = 5.33 (dd, J = 10.3, 5.0 Hz, 1H), 4.77 — 4.40 (m, 2H), 3.15
—2.95 (m, 1H), 2.84 (ddt, J = 15.5, 8.3, 5.2 Hz, 1H). 3C NMR (101 MHz, CDCls) & [ppm] =
146.6 — 143.5 (m), 143.4 — 140.3 (m), 139.6 — 136.5 (M), 114.7 — 114.0(m), 34.2 (t, J = 3.4 Hz).

19 NMR (377 MHz, CDCls) 8 [ppm] = -140.58 (s, 2F), -152.32 (tt, J = 20.9, 3.0 Hz, 1F), -160.85
(td, J = 21.6, 8.0 Hz, 2F). IR (neat, cm’): 1664, 1558, 1505, 1427, 1371, 1133, 991, 957.
HRMS (EI-MS) exact mass calc. for CogHsNO2Fs [M]*+ 254.02350 m/z, found: 254.02356 m/z
and exact mass calc. for C7HFsBr [M]*258.91763 m/z, found: 258.91791 m/z and exact mass
calc. for CoHsFsBr [M]* 286.94893 m/z, found: m/z 286.94747.

1-(1-bromo-3-nitropropyl)-4-(trifluoromethyl)benzene (4x)

Br
FsC

Following general procedure (GP-A) using 4-trifluoromethylstyrene (2x) (86.1 mg, 73.9 pL,

0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv),
[Cu(dap)2]Cl (4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature
(25 °C) and irradiation with blue LED (Amax= 455 nm) for 1 h yielded 119.2 mg (382.0 umol,
76%) of 1-(1-bromo-3-nitropropyl)-4-(trifluoromethyl)benzene (4x) as pale yellowish oil after
flash column purification (hexanes / EtOAc 20:1). Rt (hexanes / EtOAc 20:1 on silica) = 0.20,
Staining: UV; KMnQg4-solution.

'H NMR (400 MHz, CDCls) & [ppm] = 7.65 (d, J = 8.2 Hz, 2H), 7.54 (d, J = 8.1 Hz, 2H), 5.07
(dd, J =9.3, 5.6 Hz, 1H), 4.64 (ddd, J = 13.8, 7.6, 6.1 Hz, 1H), 4.53 (dt, J = 14.1, 6.1 Hz, 1H),
2.96 —2.67 (m, 2H). 1*C NMR (101 MHz, CDCl3) d [ppm] = 144.2, 131.3 (g, J = 32.8 Hz), 127.8,
126.2 (q, J = 3.8 Hz), 123.8 (d, J = 272.3 Hz), 73.3, 48.7, 36.8. 1F NMR (376 MHz, CDCls)
0 [ppm] =-63.30 (3F). IR (neat, cm): 2922, 1617, 1554, 1423, 1379, 1319, 1244, 1162, 1110,
1066, 1017, 957, 913, 842, 760. HRMS (APCI-MS) exact mass calc. for CioHoBrFsNO;
[M+NH,]*329.0107 m/z, found: 329.0107 m/z.
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ethyl 4-(1-bromo-3-nitropropyl)benzoate (4z)

Br

NO,

Following general procedure (GP-A) using ethyl 4-vinylbenzoate (2z) (88.1 mg, 84.7 uL,
0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 uL, 0.5 mmol, 1.0 equiv),
[Cu(dap)2]Cl (4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature
(25 °C) and irradiation with blue LED (Amax= 455 nm) for 1 h yielded 131.6 mg (416.3 umol,
83%) of ethyl 4-(1-bromo-3-nitropropyl)benzoate (4z) as yellowish oil after flash column
purification (hexanes / EtOAc 20:1). Rt (hexanes / EtOAc 5:1 on silica) = 0.67, Staining: UV;

KMnOg4-solution.

H NMR (400 MHz, CDCls) & [ppm] = 8.04 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H), 5.06
(dd, J = 9.3, 5.6 Hz, 1H), 4.61 (ddd, J = 13.8, 7.5, 6.1 Hz, 1H), 4.51 (dt, J = 14.1, 6.2 Hz, 1H),
4.37 (q, J = 7.1 Hz, 2H), 2.93 — 2.70 (m, 2H), 1.38 (t, J = 7.1 Hz, 3H). 1*C NMR (101 MHz,
CDCls) 6 [ppm] = 165.8, 144.8, 131.2, 130.4, 127.3, 73.3,61.3,49.1, 36.7, 14.4. IR (neat, cm-1):
2981, 1710, 1610, 1550, 1420, 1387, 1274,1177, 1103, 1021, 916, 857, 823, 771, 700. HRMS
(APCI-MS) exact mass calc. for C1oH14BrNO4 [M+H]* 316.0179 m/z, found: 316.0182 m/z.

1-(1-bromo-3-nitropropyl)-4-nitrobenzene (4aa)

Br
O,N

Following general procedure (GP-A) using 4-nitrostyrene (2aa) (74.5 mg, 65.0 pL, 0.5 mmol,
1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv), [Cu(dap).]CI
(4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 1 h yielded 67.7 mg (234.2 pmol, 47%) of 1-(1-
bromo-3-nitropropyl)-4-nitrobenzene (4aa) as pale yellowish oil after flash column purification
(hexanes / EtOAc 10:1). Rs (hexanes / EtOAc 5:1 on silica) = 0.29, Staining: UV; KMnOg-

solution.

IH NMR (400 MHz, CDCls) = & 8.24 (d, J = 8.8 Hz, 2H), 7.60 (d, J = 8.8 Hz, 2H), 5.36 — 5.09
(m, 1H), 4.72 — 4.62 (m, 1H), 4.62 — 4.51 (m, 1H), 2.82 (dtd, J = 7.5, 6.0, 4.2 Hz, 2H). 3C NMR
(101 MHz, CDCls) & [ppm] = 148.1, 147.1, 128.4, 124.5, 73.1, 47.9, 36.6. IR (neat, cm'): 3112,
3082, 2959, 2858, 1606, 1550, 1520, 1427, 1379, 1349, 1293, 1230, 1166, 1100, 1066, 961,
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916, 853, 820, 752, 697. HRMS (APCI-MS) exact mass calc. for CgHgN2O4Br [M+NH.]*
306.0084 m/z, found: 306.0083 m/z.

1-(1-bromo-3-nitropropyl)-3-nitrobenzene (4ab)

OyN

Following general procedure (GP-A) using 3-nitrostyrene (2ab) (74.5 mg, 69.7 pL, 0.5 mmol,

1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv), [Cu(dap).]CI
(4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 4 h yielded 124.3 mg (429.6 pumol, 86%) of 1-(1-
bromo-3-nitropropyl)-3-nitrobenzene (4ab) as pale yellowish oil after flash column purification
(hexanes / EtOAc 5:1). R: (hexanes / EtOAc 5:1 on silica) = 0.35, Staining: UV; KMnO.-

solution.

'H NMR (400 MHz, CDCls) d [ppm] =8.29 (t, J = 2.0 Hz, 1H), 8.19 (ddd, J = 8.2, 2.2, 1.0 Hz,
1H), 7.79 - 7.73 (m, 1H), 7.59 (t, J = 8.0 Hz, 1H), 5.13 (dd, J = 9.1, 5.8 Hz, 1H), 4.68 (ddd,
J=13.9, 7.6, 6.1 Hz, 1H), 4.58 (dt, J = 14.2, 6.0 Hz, 1H), 2.94 — 2.73 (m, 2H). 13C NMR (101
MHz, CDCl3) & [ppm] = 148.7, 142.5, 133.4, 130.4, 124.1, 122.4, 73.2, 48.1, 36.7. IR
(neat, cm-1): 3086, 3015, 2922, 2873, 1550, 1524, 1427, 1349, 1230, 1203, 1162, 1099, 998,
965, 857, 805, 738, 685. HRMS (APCI-MS) exact mass calc. for CgHgN2O4Br [M+NH.]*
306.0084 m/z, found: 306.0086 m/z.

1-bromo-2,3-dimethyl-5-nitropent-2-ene (E/Z = 61:39) (4ae)

Br~ “*%\ANOZ

Following general procedure (GP-A) using 2,3-dimethylbuta-1,3-diene (2ae) (41.1 mg,

56.6 uL, 0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol,
1.0 equiv), [Cu(dap)2]CI (4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room
temperature (25 °C) and irradiation with blue LED (Amax= 455 nm) for 1 h yielded 81.2 mg
(3865.6 umol, 73%) of 1-bromo-2,3-dimethyl-5-nitropent-2-ene as an inseparable mixture of
diastereomers (E/Z = 61:39) (4ae) as colorless oil after flash column purification (hexanes /
EtOAc 20:1). Rf (hexanes / EtOAc 5:1 on silica) = 0.63 UV, KMnOg4-solution.

!H NMR (300 MHz, CDClg) d [ppm] = 4.48 (d, J = 7.4 Hz, 2H, minor diastereomer), 4.41 (t, J =

7.6 Hz, 2H, major diastereomer), 4.01 (s, 2H, minor diastereomer), 3.97 (s, 2H, major
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diastereomer), 2.87 (t, J = 7.5 Hz, 2H, minor diastereomer), 2.79 (t, J = 7.6 Hz, 2H, major
diastereomer), 1.84 — 1.76 (m, 9H, both diastereomers), 1.75 — 1.72 (m, 3H, minor
diastereomer). *C NMR (75 MHz, CDCl3) & [ppm] = 130.6 (minor diastereomer), 130.4 (major
diastereomer), 129.6 (both diastereomers), 73.1 (major diastereomer), 73.1 (minor
diastereomer), 35.2 (major diastereomer), 34.6 (minor diastereomer), 33.0 (major
diastereomer), 32.3 (minor diastereomer), 18.9 (minor diastereomer), 18.0 (minor

diastereomer), 18.0 (major diastereomer), 17.2 (major diastereomer).

IR (neat, cm?): 2922, 1654, 1550, 1431, 1379, 1278, 1203, 1080, 1013, 957, 920, 861, 756,
689. HRMS (APCI-MS) (minor diastereomer) exact mass calc. for C7H12Br0, [M+NH.4]*
239.0390 m/z, found: 239.0390 m/z and HRMS (APCI-MS) (major diastereomer) exact mass
calc. for C7H12Br202 [M+NH4]* 239.0390 m/z, found: 239.0392 m/z.

Scope of Michael Systems

phenyl 2-bromo-4-nitrobutanoate (4ba)

Br
o)
WNOZ
o)

Following general procedure (GP-A) using phenyl acrylate (2ba) (74.1 mg, 59.3 uL, 0.5 mmol,
1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pyL, 0.5 mmol, 1.0 equiv), [Cu(dap):]CI
(4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 30 h yielded 41.8 mg (145.1 umol, 29%) of phenyl
2-bromo-4-nitrobutanoate (4ba) as pale yellowish oil after flash column purification (hexanes /
EtOAc 10:1). Rs (hexanes / EtOAc 5:1 on silica) = 0.41, Staining: KMnO4-solution.

IH NMR (300 MHz, CDCls) & [ppm] = 7.51 — 7.36 (m, 2H), 7.35 — 7.22 (m, 1H), 7.19 — 7.09 (m,
2H), 4.74 — 4.62 (m, 3H), 2.89 (dtd, J = 15.5, 6.8, 5.5 Hz, 1H), 2.72 (ddt, J = 15.6, 8.6, 6.0 Hz,
1H). 3C NMR (101 MHz, CDCls) & [ppm] = 167.4, 150.3, 129.8, 126.7, 121.0, 72.3, 41.1, 31.5.

IR (neat, cm): 3019, 2922, 1751, 1591, 1550, 1490, 1427, 1367, 1315, 1259, 1230, 1189,
1133, 1069, 965, 913, 857, 812, 752, 685. HRMS (APCI-MS) exact mass calc. for C1o0H10BrNO4
[M+NH,]* 305.0131 m/z, found: 305.0133 m/z.
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N-benzyl-2-bromo-4-nitrobutanamide (4bb)

Br

H
Ph N

)

Following general procedure (GP-A) using N-benzylacrylamide (2bb) (74.1 mg, 59.3 pL,
0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv),
[Cu(dap)2]Cl (4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature
(25 °C) and irradiation with blue LED (Amax= 455 nm) for 22 h yielded 107.1 mg (355.7 umol,
71%) of N-benzyl-2-bromo-4-nitrobutanamide (4bb) as colorless oil after flash column
purification (hexanes / EtOAc 5:1). Rs (hexanes / EtOAc 5:1 on silica) = 0.08, Staining: KMnOg-

solution.

IH NMR (300 MHz, CDCls) & [ppm] = 7.50 — 7.30 (m, 5H), 7.04 (s, NH), 4.65 (td, J = 6.4,
1.4 Hz, 2H), 4.62 — 4.36 (m, 3H), 2.97 — 2.79 (m, 1H), 2.78 — 2.59 (m, 1H). *C NMR (101 MHz,
CDCls) & [ppm] = 167.5, 137.2, 128.9, 127.9, 127.7, 72.8, 45.1, 44.2, 32.3. IR (neat, cm-):
3399, 3287, 3067, 3034, 2926, 1654, 1546, 1453, 1423, 1371, 1271, 1241, 1207, 1162, 1107,
1028, 985, 909, 857, 805, 730, 697. HRMS (ESI-MS) exact mass calc. for C11H1sN203 [M+Na]*
323.0002 m/z, found: 323.0003 m/z.

Unactivated Olefins

(3-bromo-5-nitropentyl)benzene (4ca)

Br

Following general procedure (GP-A) using but-3-en-1-ylbenzene (2ca) (66.1 mg, 75.1 L,

0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv),
[Cu(dap)2]Cl (4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature
(25 °C) and irradiation with blue LED (Amax= 455 nm) for 9 h yielded 91.0 mg (334.4 umol, 67%)
of 1 tert-butyl (2-bromo-4-nitrobutyl)carbamate (4ca) as pale yellowish oil after flash column
purification (hexanes / EtOAc 5:1). Rt (hexanes / EtOAc 5:1 on silica) = 0.37, Staining: UV;
KMnOg-solution.

IH NMR (300 MHz, CDCls) & [ppm] = 7.37 — 7.28 (m, 2H), 7.26 — 7.14 (m, 3H), 4.62 (dd, J =
7.5, 6.2 Hz, 2H), 3.99 (dddd, J = 10.2, 8.2, 5.0, 3.1 Hz, 1H), 2.93 (ddd, J = 14.0, 8.4, 5.7 Hz,
1H), 2.78 (dt, J = 13.8, 8.0 Hz, 1H), 2.62 (dtd, J = 15.1, 7.5, 3.1 Hz, 1H), 2.39 (ddt, J = 15.1,
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10.2, 6.2 Hz, 1H), 2.23 — 2.12 (m, 2H). *C NMR (75 MHz, CDCls) & [ppm] = 140.2, 128.8,
128.6, 126.5, 73.6, 51.9, 40.8, 36.2, 33.6. IR (neat, cm™): 3063, 3026, 2926, 2862, 1602, 1550,
1498, 1431, 1386, 1297, 1237, 1177, 1084, 1028, 909, 849, 797, 752, 700. HRMS (EI-MS)
exact mass calc. for C11H14aNO2Br [M]*271.0202 m/z, found: 271.0209 m/z.

3-bromo-1-nitrononane (4ch)

\/\/\)\/\NO

2

Following general procedure (GP-A) using l-pente (2cb) (56.1 mg, 78.5 uL, 0.5 mmol,
1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 uL, 0.5 mmol, 1.0 equiv), [Cu(dap)2]CI
(4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 9 h yielded 76.8 mg (304.6 umol, 61%) of 3-bromo-
1-nitrononane (4cb) as colorless oil after flash column purification (hexanes / EtOAc 50:1).
Rf (hexanes / EtOAc 10:1 on silica) = 0.47, Staining: KMnOg4-solution.

'H NMR (400 MHz, CDCl3) & [ppm] = 4.69 — 4.55 (m, 2H), 4.04 (dddd, J = 10.6, 8.2, 5.3, 3.0
Hz, 1H), 2.61 (dtd, J = 15.1, 7.5, 3.0 Hz, 1H), 2.34 (dddd, J = 15.4, 10.2, 6.6, 5.5 Hz, 1H),
1.95-1.77 (m, 2H), 1.67 — 1.18 (m, 8H), 0.94 — 0.84 (m, 3H). *C NMR (101 MHz, CDCl3) &
[ppm] = 73.7, 52.8, 39.3, 36.2, 31.7, 28.6, 27.5, 22.7, 14.2. IR (neat, cm): 2929, 2858, 1550,
1461, 1431, 1379, 1289, 1218, 1170, 1125, 1058, 1006, 879, 842, 797, 723. HRMS (APCI-
MS) exact mass calc. for CoH1sBrNO2 [M+NH4]* 269.0859 m/z, found: 269.0858 m/z.

3,12-dibromo-1-nitrododecane (4cd)

/\/\/\/\)\/\NO

2

Following general procedure (GP-A) using 11-bromoundec-1-ene (2cd) (116.6 mg, 109.7 pL,
0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv),
[Cu(dap),]Cl (4.4 mg, 5.0 pmol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature
(25 °C) and irradiation with blue LED (Amax= 455 nm) for 6 h yielded 137.2 mg (367.7 umol,
74%) of 3,12-dibromo-1-nitrododecane (4cd) as colorless oil after flash column purification
(hexanes / EtOAc 50:1). Rs (hexanes / EtOAc 5:1 on silica) = 0.68, Staining: KMnOs-solution.

IH NMR (400 MHz, CDCls) & [ppm] = 4.69 — 4.53 (m, 2H), 4.03 (dddd, J = 10.6, 8.2, 5.3, 3.1 Hz,
1H), 3.39 (t, J = 6.9 Hz, 2H), 2.60 (dtd, J = 15.1, 7.6, 3.1 Hz, 1H), 2.33 (dddd, J = 15.4, 10.2,
6.5, 5.5 Hz, 1H), 1.95 — 1.75 (m, 3H), 1.62 — 1.49 (m, 1H), 1.51 — 1.33 (m, 3H), 1.29 (s, 9H).
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13C NMR (101 MHz, CDCls) & [ppm] = 73.7, 52.8, 39.2, 36.1, 34.1, 32.9, 29.4, 29.3, 28.9, 28.8,
28.2,27.4. IR (neat, cm): 2926, 2855, 1550, 1461, 1431, 1382, 1289, 1256, 1170, 1133, 1051,
998, 909, 853, 797, 723. HRMS (APCI-MS) exact mass calc. for Ci2H23BraNO2 [M+NH.4]*
389.0434 m/z, found: 389.0423 m/z.

3-bromo-7-chloro-1-nitroheptane (4ce)

Br

2

Following general procedure (GP-A) using 6-chlorohex-1-ene (2ce) (59.3 mg, 66.2 pL,
0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv),
[Cu(dap).]Cl (4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature
(25 °C) and irradiation with blue LED (Amax= 455 nm) for 6 h yielded 103.2 mg (399.2 umol,
80%) of 3-bromo-7-chloro-1-nitroheptane (4ce) as colorless oil after flash column purification
(hexanes / EtOAc 20:1). R: (hexanes / EtOAc 5:1 on silica) = 0.51, Staining: KMnOa-solution.

H NMR (300 MHz, CDCls3) & [ppm] = 4.71 — 4.52 (m, 2H), 4.03 (ddt, J = 13.2, 6.4, 3.0 Hz, 1H),
3.54 (t, J=6.3 Hz, 2H), 2.67 — 2.52 (m, 1H), 2.42 — 2.25 (m, 1H), 1.95 — 1.53 (m, 6H). 13C NMR
(75 MHz, CDCIls) 6 [ppm] = 73.6, 52.2, 44.7, 38.4, 36.0, 31.8, 24.9. IR (neat, cm): 2944, 2870,
1550, 1431, 1382, 1308, 1230, 1174, 1088, 995, 846, 790, 723. HRMS (APCI-MS) exact mass
calc. for C;H13BrCINO2 [M+NH4]*277.0134 m/z, found: 277.0137 m/z.

5-bromo-7-nitroheptanenitrile (4cf)

Br

N\/\)\/\
c NO

2

Following general procedure (GP-A) using hex-5-enenitrile (2cf) (47.6 mg, 56.6 pL, 0.5 mmol,
1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv), [Cu(dap).]CI
(4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 24 h yielded 83.9 mg (356.9 pmol, 71%) of 5-
bromo-7-nitroheptanenitrile (4cf) as pale yellowish oil after flash column purification (hexanes
/ EtOACc 5:1). Rs (hexanes / EtOAc 5:1 on silica) = 0.13, Staining: KMnOs-solution.

IH NMR (400 MHz, CDCls) & [ppm] = 4.61 (qd, J = 7.7, 7.3, 5.7 Hz, 2H), 4.07 — 3.96 (m, 1H),
2.61 (dddd, J = 15.1, 8.1, 6.8, 3.1 Hz, 1H), 2.46 — 2.27 (m, 3H), 2.08 — 1.92 (m, 3H), 1.88 —
1.71 (m, 1H). 3C NMR (101 MHz, CDCls) & [ppm] = 119.1, 73.3, 51.0, 37.7, 36.0, 23.5, 16.6.
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IR (neat, cm): 2933, 2247, 1550, 1427, 1382, 1304, 1233, 1177, 1092, 1036, 957, 909, 861,
793, 738. HRMS (APCI-MS) exact mass calc. for C7H11BrN2O2 [M+NH4]* 252.0342 m/z, found:
252.0344 m/z.

(1-bromo-3-nitropropyl)cyclohexane (4cg)

Br

Following general procedure (GP-A) using vinylcyclohexane (2cg) (55.1 mg, 68.5 pL,

0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv),
[Cu(dap)2]Cl (4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature
(25 °C) and irradiation with blue LED (Amax= 455 nm) for 2 h yielded 68.1 mg (272.3 umol,
54 %) of (1-bromo-3-nitropropyl)cyclohexane (4cg) as colorless oil after flash column
purification (hexanes / EtOAc 5:1). Rs (hexanes / EtOAc 5:1 on silica) = 0.24, Staining: KMnO,-

solution.

'H NMR (300 MHz, CDCls3) & [ppm] = 4.62 (dd, J = 7.6, 5.9 Hz, 2H), 3.96 (ddd, J = 11.0, 4.5,
2.6 Hz, 1H), 2.59 (dtd, J = 15.2, 7.7, 2.6 Hz, 1H), 2.44 — 2.28 (m, 1H), 1.97 — 1.71 (m, 4H),
1.72 — 1.44 (m, 2H), 1.38 — 0.95 (m, 5H). 3C NMR (75 MHz, CDCls) & [ppm] = 74.1, 59.6, 44.7,
33.5, 30.7, 29.5, 26.2, 26., 26.0. IR (neat, cm™?): 2929, 2855, 1550, 1446, 1382, 1304, 1241,
1170, 1095, 1066, 1028, 961, 857, 797, 715. HRMS (APCI-MS) exact mass calc. for
CoH16BrNO2 [M+NH4]* 267.0703 m/z, found: 267.0706 m/z.

10-bromo-12-nitrododecanal (4ci)

/O Br

NO,

Following general procedure (GP-A) using undec-10-enal (2ci) (84.1 mg, 102.0 pL, 0.5 mmol,
1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 L, 0.5 mmol, 1.0 equiv), [Cu(dap).]CI
(4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 3 h yielded 111.8 mg (362.7 umol, 73%) of 10-
bromo-12-nitrododecanal (4ci) as colorless oil after flash column purification (hexanes / EtOAc
20:1). R (hexanes / EtOAc 5:1 on silica) = 0.33, Staining: KMnOs-solution.

IH NMR (400 MHz, CDCls) & [ppm] = 9.75 (t, J = 1.8 Hz, 1H), 4.68 — 4.55 (m, 2H), 4.02 (dddd,
J=10.6, 8.2, 5.3, 3.0 Hz, 1H), 2.59 (dtd, J = 15.1, 7.5, 3.1 Hz, 1H), 2.41 (td, J = 7.3, 1.9 Hz,
2H), 2.38 — 2.27 (m, 1H), 1.94 — 1.76 (m, 2H), 1.67 — 1.58 (m, 2H), 1.58 — 1.48 (m, 1H), 1.48
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—1.37 (m, 1H), 1.37 — 1.25 (m, 8H). *C NMR (101 MHz, CDCls) & [ppm] = 203.0, 73.7, 52.8,
44.0, 39.2, 36.1, 29.3, 29.2, 29.2, 28.8, 27.4, 22.1. IR (neat, cm™): 2929, 2855, 2721, 1722,
1550, 1431, 1382, 1293, 1230, 1174, 1110, 853, 797, 723. HRMS (APCI-MS) exact mass calc.
for C12H22BrNO3; [M+NH4]* 325.1121 m/z, found: 325.1121 m/z.

2-(3-bromo-5-nitropentyl)oxirane (4cj)

/}/\/g\/\NO2

O

Following general procedure (GP-A) using 2-(but-3-en-1-yl)oxirane (2cj) (49.1 mg, 54.5 pL,
0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv),
[Cu(dap)2]Cl (4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature
(25 °C) and irradiation with blue LED (Amax= 455 nm) for 4 h yielded 75.7 mg (318.0 mmol,

64%) of 2-(3-bromo-5-nitropentyl)oxirane (4cj) as an inseparable mixture of two diastereomers

(d.r. = 54:46; diastereomeric ratio was determined using GC-MS) as pale yellowish oil after
flash column purification (hexanes / EtOAc 5:1). Rs (hexanes / EtOAc 5:1 on silica) = 0.15,

Staining: KMnOg-solution.

'H NMR (300 MHz, CDCls3) & [ppm] = 4.71 — 4.53 (m, 4H, both diastereomers), 4.15 — 3.99 (m,
2H, both diastereomers), 2.98 — 2.87 (m, 2H, both diastereomers), 2.80 — 2.72 (m, 2H, both
diastereomers), 2.70 — 2.54 (m, 2H, both diastereomers), 2.54 — 2.45 (m, 2H, both
diastereomers), 2.43 — 2.26 (m, 2H, both diastereomers), 2.15 — 1.62 (m, 7H, both
diastereomers), 1.61 — 1.45 (m, 1H, diastereomer). *C NMR (75 MHz, CDCl3) & [ppm] = 73.5,
73.5,52.1,51.8,51.6,51.1, 47.1, 47.0, 36.2, 36.0, 35.9, 35.3, 30.7, 30.2. IR (neat, cm): 2993,
2926, 1550, 1483, 1431, 1431, 1382, 1285, 1222, 1170, 1099, 1002, 972, 913, 838, 752, 667.

HRMS (APCI-MS) (minor diastereomer) exact mass calc. for C;H:12BrNOs; [M+NH]*
238.0073 m/z, found: 238.0069 m/z exact mass calc. for C7H12BrNO3z [M+NH,]* 255.0339 m/z,
found: 255.0348 m/z and HRMS (APCI-MS) (major diastereomer) exact mass calc. for
C7H12BrNO3z [M+NH]* 238.0073 m/z, found: 238.0079 m/z and exact mass calc. for
C7H12BrNO3 [M+NH4]* 255.0339 m/z, found: 255.0344 m/z.
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1-(2-bromo-4-nitrobutyl)-4-methylbenzene (4cl)

¢

NO,

Following general procedure (GP-A) using 1-allyl-4-methylbenzene (2cl) (66.1 mg, 43.8 pL,
0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv),
[Cu(dap)2]Cl (4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature
(25 °C)and irradiation with blue LED (Amax= 455 nm) for 3 h yielded 42.7 mg (156.9 pmol, 31%)
of 1-(2-bromo-4-nitrobutyl)-4-methylbenzene (4cl) as yellowish oil after flash column
purification (hexanes / EtOAc 20:1). R; (hexanes / EtOAc 5:1 on silica) = 0.66, Staining:

KMnOg4-solution.

'H NMR (400 MHz, CDCls) & [ppm] = 7.15 (d, J = 7.7 Hz, 2H), 7.10 (d, J = 8.1 Hz, 2H), 4.60
(dd, J=7.7, 6.1 Hz, 2H), 4.23 (dtd, J = 10.2, 7.1, 2.9 Hz, 1H), 3.26 (dd, J = 14.2, 7.1 Hz, 1H),
3.14 (dd, J = 14.2, 7.2 Hz, 1H), 2.62 (dtd, J = 15.2, 7.7, 2.9 Hz, 1H), 2.34 (s, 3H), 2.34 — 2.22
(m, 1H). C NMR (101 MHz, CDCls) & [ppm] = 137.1, 134.2, 129.5, 129.2, 73.7, 52.0, 45.3,
35.1, 21.2. IR (neat, cm?): 3022, 2922, 1550, 1500, 1431, 1382, 1300, 1162, 1110, 1043, 905,
805, 756. HRMS (APCI-MS) exact mass calc. for C11H14BrNO2 [M+NH.4]* 289.0546 m/z, found:
289.0545 m/z.

tert-butyl (2-bromo-4-nitrobutyl)carbamate (4cm)

Br

BocHN\)\/\NO

2

Following general procedure (GP-A) using tert-butyl allylcarbamate (2cm) (78.6 mg, 0.5 mmol,
1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 yL, 0.5 mmol, 1.0 equiv), [Cu(dap):]CI
(4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 9 h yielded 120.4 mg (405.2 yumol, 81%) of 1 tert-
butyl (2-bromo-4-nitrobutyl)carbamate (4cm) as pale yellowish oil after flash column
purification (hexanes / EtOAc 5:1). mp: 74 °C R (hexanes / EtOAc 5:1 on silica) = 0.20,

Staining: Ninhydrin-solution.

IH NMR (400 MHz, CDCls) & [ppm] = 5.00 (s, 1H), 4.61 (dh, J = 14.1, 6.7 Hz, 2H), 4.14 (tt, J =
9.5, 4.4 Hz, 1H), 3.55 (dt, J = 9.7, 5.9 Hz, 2H), 2.63 (dtd, J = 15.0, 7.4, 3.7 Hz, 1H), 2.33 (ddt,
J = 15.8, 10.0, 6.2 Hz, 1H), 1.44 (s, 9H). 13C NMR (101 MHz, CDCls) & [ppm] = 155.8, 80.2,
73.2,51.2, 47.0, 32.9, 28.3. IR (neat, cm'l): 3350, 2978, 2937, 1699, 1558, 1513, 1431, 1367,
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1252, 1166, 1043, 913, 861. HRMS (ESI-MS) exact mass calc. for CoH17BrN-OsNa [M+Na]*
319.0264 m/z, found: 319.0271 m/z.

diethyl 2-(2-bromo-4-nitrobutyl)-2-((tert-butoxycarbonyl)amino)malonate (4co)

— 0o
(@] S
Br (B)OC
'I\l/
H
O,N

Following general procedure (GP-A) using diethyl 2-allyl-2-((tert-butoxycarbonyl)-
amino)malonate (2co) (157.7 mg, 0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg,
36.0 L, 0.5 mmol, 1.0 equiv), [Cu(dap)2]Cl (4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL,
0.25 M) at room temperature (25 °C) and irradiation with blue LED (Amax= 455 nm) for 6 h
yielded 84.0 mg (184.5 pumol, 37%) of diethyl 2-(2-bromo-4-nitrobutyl)-2-((tert-butoxycarbonyl)-
amino)malonate (4co) as colorless oil after flash column purification (hexanes / EtOAc 5:1).
Rt (hexanes / EtOAc 5:1 on silica) = 0.43, Staining: KMnOg4-solution.

'H NMR (400 MHz, CDCls3) & [ppm] = 6.10 (s, NH), 4.65 — 4.48 (m, 2H), 4.34 — 4.13 (m, 2H),
4.09 - 4.00 (m, 1H), 3.10 (d, J = 15.6 Hz, 1H), 2.90 (dd, J = 15.8, 9.6 Hz, 1H), 2.64 — 2.50 (m,
1H), 2.47 — 2.34 (m, 1H), 1.42 (s, 9H), 1.25 (dt, J = 14.5, 7.2 Hz, 7H). 3C NMR (101 MHz,
CDCls) 6 [ppm] = 167.7, 167.6, 154.3, 81.0, 73.0, 65.2, 63.3, 62.8, 45.7, 41.5, 36.8, 28.2, 14.1,
13.9. IR (neat, cm™): 3414, 2981, 2937, 2359, 1736, 1714, 1554, 1483, 1367. 1312, 1252,
1203, 1159, 1095, 1025, 894, 857, 816, 782. HRMS (ESI-MS) exact mass calc. for
C16H27BrN2Og  [M+H]* 455.1024 m/z, found: 455.1018 m/z and exact mass calc. for
Ci6H27BrN2Os [M+Na]* 477.0843 m/z, found: 477.0841 m/z and exact mass calc. for
Ci16H27BrN2Og [M+NH4]* 472.1289 m/z, found: 472.1285 m/z.

ethyl 4-bromo-2-((tert-butoxycarbonyl)amino)-6-nitrohexanoate (4cp)

e N

Following general procedure (GP-A) using two schlenk setups loaded each with racemic ethyl
2-((tert-butoxycarbonyl)amino)pent-4-enoate (2cp) (121.7 mg, 0.5 mmol, 1.0 equiv),
bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv), [Cu(dap),]Cl (4.4 mg, 5.0
pmol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and irradiation
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with blue LED (Amax= 455 nm) for 22 h yielded 129.5 mg (337.9 umol, 68%) of ethyl 4-bromo-
2-((tert-butoxycarbonyl)amino)-6-nitrohexanoate (4cp) an inseparable mixture of two
diastereomers as colorless oil after flash column purification (hexanes / EtOAc 5:1).
Diastereomeric ratio was determined by crude *H-NMR analysis: d.r. = 56:44. R (hexanes /
EtOAc 5:1 on silica) = 0.17, Staining: KMnQOgy-solution.

!H NMR (400 MHz, CDCI3) & [ppm] = 5.22 (s, NH, major diastereomer), 5.04 (s, NH, minor
diastereomer), 4.72 — 4.56 (m, 4H, both diastereomers), 4.53 — 4.40 (m, 2H, minor
diastereomer), 4.27 — 4.09 (m, 6H, both diastereomers), 2.79 — 2.68 (m, 1H, minor
diastereomer), 2.69 — 2.57 (m, 1H, major diastereomer), 2.49 — 2.27 (m, 4H both
diasteromers), 2.17 (s, 1H, minor diastereomer), 1.45 (s, 18H, both diastereomers), 1.30 (td,
J = 7.1, 3.6 Hz, 6H, both diastereomers). *C NMR (101 MHz, CDCl5) & [ppm] = both
diastereomers: 171.7, 171.4, 155.3, 80.5, 73.3, 62.0, 61.9, 52.3, 51.8, 47.9, 46.9, 42.1, 41.9,
36.0, 35.3, 28.3, 28.3, 14.2, 14.1. IR (neat, cm?): 3373, 2981, 2933, 2359, 2258, 2132, 1707,
1554, 1509, 1431, 1367, 1252, 1215, 1162, 1095, 1025, 913, 857, 782, 734. HRMS (ESI-MS)
(minor diastereomer) exact mass calc. for CizH23BrN.Os [M+H]* 383.0632 m/z, found:
383.0801 m/z and exact mass calc. for CizH23BrN2Os [M+Na]* 405.0632 m/z, found:
405.0631 m/z and exact mass calc. for CisH23BrN2Os [M+NH4]* 400.1078 m/z, found:
400.1075 m/z and HRMS (ESI-MS) (major diastereomer) exact mass calc. for C13H23BrN2Os
[M+H]* 383.0812 m/z, found: 383.0808 m/z and exact mass calc. for Ci3H23BrN2Os [M+Na]*
405.0632 m/z, found: 405.0635 m/z and exact mass calc. for C13H23BrN2Og [M+NH4]* 400.1078
m/z, found: 400.1077 m/z.

Scope of NO2-Reagent Derivatives

(1-bromo-3-nitrobutyl)benzene (4da)

e

Following general procedure (GP-A) using styrene (2a) (52.1 mg, 58.0 uL, 0.5 mmol,
1.0 equiv), 1-bromo-1-nitroethane (1b) (77.0 mg, 0.5 mmol, 1.0 equiv), [Cu(dap)2]CI (4.4 mg,
5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and irradiation
with blue LED (Amax= 455 nm) for 3.5 h yielded 113.1 mg (438.0 umol, 88%) of (1-bromo-3-

nitrobutyl)benzene (4da) as an inseparable mixture of two diastereomers (d.r. = 58:42) as a

colorless oil after flash column purification (hexanes / EtOAc 20:1). Spectra data are in
accordance with literature.l®! Ry (hexanes / EtOAc 20:1 on silica) = 0.42, Staining: KMnQO,-

solution.
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!H NMR (400 MHz, CDCls3) d [ppm] = 7.41 — 7.29 (m, 10H, both diastereomers), 5.00 — 4.87
(m, 3H, both diastereomers), 4.47 (dqd, J = 8.2, 6.7, 5.5 Hz, 1H, minor diastereomer), 3.06
(ddd, J = 14.7, 8.1, 7.4 Hz, 1H, minor diastereomer), 2.79 (dd, J = 9.5, 4.0 Hz, 1H, major
diastereomer), 2.75 (dd, J = 9.5, 4.0 Hz, 1H, minor diastereomer), 2.59 — 2.45 (m, 4H, both
diastereomers), 1.63 (d, J = 6.8 Hz, 3H, major diastereomer), 1.56 (d, J = 6.8 Hz, 3H, minor
diastereomer). *C NMR (101 MHz, CDCls) d [ppm] = 140.6, 140.0, 129.2, 129.2, 129.1, 129.1,
127.4,127.2,81.8, 81.6,50.7, 49.0, 44.7, 44.7, 19.8, 19.1. HRMS (APCI-MS) exact mass calc.
for C10H12BrNO2 [M+NH4]* 275.0390 m/z, found: 275.0392 m/z.

1-(1-bromo-3-nitrobutyl)-4-(tert-butyl)benzene (4db)

L

NO,

Following general procedure (GP-A) using 4-tertbutylstyrene (2e) (80.1 mg, 91.0 uL, 0.5 mmol,
1.0 equiv), 1-bromo-1-nitroethane (1b) (77.0 mg, 0.5 mmol, 1.0 equiv), [Cu(dap).]Cl (4.4 mg,
5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and irradiation
with blue LED (Amax= 455 nm) for 3.5 h yielded 115.6 mg (367.9 pmol, 74%) of 1-(1-bromo-3-
nitrobutyl)-4-(tert-butyl)benzene (4db) as an inseparable mixture of two diastereomers (d.r. =
56:44) as a colorless oil after flash column purification (hexanes / EtOAc 20:1). Rt (hexanes /
EtOAc 5:1 on silica) = 0.68, Staining: KMnOgs-solution.

'H NMR (300 MHz, CDCl3) & [ppm] 7.43 — 7.27 (m, 8H), 5.02 — 4.84 (m, 3H, both
diastereomers), 4.56 — 4.42 (m, 1H, minor diastereomer), 3.06 (ddd, J = 14.6, 8.1, 7.5 Hz, 1H,
major diastereomer), 2.77 (ddd, J = 15.4, 9.5, 4.1 Hz, 3H, minor diastereomer), 2.62 — 2.44
(m, 3H, both diasteromer), 1.63 (d, J = 6.8 Hz, 1H, major diastereomer), 1.56 (d, J = 6.7 Hz,
3H, minor diastereomer), 1.32 (s, 9H, major diastereomer), 1.32 (s, 1H, minor
diastereomer).23C NMR (101 MHz, CDCls) & [ppm] = 152.4, 152.3, 137.6, 137.0, 127.1, 126.9,
126.2, 126.1, 81.8, 81.6, 50.8, 49.2, 44.7, 34.8, 34.8, 31.4, 19.8, 19.1. IR (neat, cm™): 2963,
2870, 1550, 1461, 1390, 1360, 1267, 1207, 1170, 1110, 1021, 894, 834, 752, 685. HRMS
(APCI-MS) (major diastereomer) exact mass calc. for C14H2BrNO; [M+NH,4]* 3331.1016 m/z,
found: 331.1015 m/z and HRMS (APCI-MS) (minor diastereomer) exact mass calc. for
C12H14BrNO4 [M+NH4]*331.1016 m/z, found: 3331.1015 m/z.
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1-(1-bromo-3-nitrobutyl)-3-methylbenzene (4dc)

@“

Following general procedure (GP-A) using 3-methylstyrene (2c) (69.3 mg, 60.0 pL, 0.5 mmol,
1.0 equiv), 1-bromo-1-nitroethane (1b) (77.0 mg, 0.5 mmol, 1.0 equiv), [Cu(dap).]Cl (4.4 mg,
5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and irradiation
with blue LED (Amax= 455 nm) for 3 h yielded 106.8 mg (392.4 umol, 79%) of 1-(1-bromo-3-

nitrobutyl)-3-methylbenzene (4dc) as an inseparable mixture of two diastereomers (d.r. =

55:45) as a colorless oil after flash column purification (hexanes / EtOAc 20:1). Rt (hexanes /
EtOAc 5:1 on silica) = 0.71, Staining: KMnO4-solution.

H NMR (400 MHz, CDCl3) & [ppm] = 7.29 — 7.11 (m, 8H, both diastereomers), 5.01 — 4.82 (m,
3H, both diastereomers), 4.48 (dqd, J = 8.2, 6.7, 5.5 Hz, 1H, minor diasteroemer), 3.05 (dt, J
= 14.6, 7.8 Hz, 1H, major diasteromer), 2.76 (ddd, J = 15.4, 9.5, 4.1 Hz, 1H, minor
diastereomer), 2.60 — 2.45 (m, 1H, major diastereomer), 2.40 — 2.33 (m, 3H, both
diastereomers), 1.63 (d, J = 6.8 Hz, 3H, major diastereomer), 1.56 (d, J = 6.7 Hz, 3H, minor
diastereomer). *C NMR (101 MHz, CDCls) 8 [ppm] = 140.5, 139.9, 139.0, 138.9, 130.0, 129.9,
129.1, 129.0, 128.1, 127.8, 124.4, 124.2, 81.8, 81.6, 50.9, 49.2, 44.7, 44.6, 21.5, 21.5, 19.8,
19.1. IR (neat, cm): 2989, 2922, 2363, 1550, 1453, 1394, 1356, 1259, 1174, 1129, 1095,
1051, 879, 790, 700, 670. HRMS (APCI-MS) (minor diastereomer) exact mass calc. for
C11H14BrNO2 [M+NH4]* 289.0546 m/z, found: 289.0547 m/z and HRMS (APCI-MS) (major
diastereomer) exact mass calc. for C11H14BrNO; [M+NH4]*289.0546 m/z, found: 289.0549 m/z.

4-(1-bromo-3-nitrobutyl)phenyl acetate (4dd)

L L
jUeRa:

Following general procedure (GP-A) using 4-vinylphenyl acetate (2j) (81.1 mg, 76.5 L,
0.5 mmol, 1.0 equiv), 1-bromo-1-nitroethane (1b) (77.0 mg, 0.5 mmol, 1.0 equiv), [Cu(dap).]CI
(4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 4.0 h yielded 139.0 mg (439.7 umol, 88%) of 4-(1-

bromo-3-nitrobutyl)phenyl acetate (4dd) as an inseparable mixture of two diastereomers (d.r.

=57:43) as a colorless oil after flash column purification (hexanes / EtOAc 20:1). Rs (hexanes
/ EtOACc 5:1 on silica) = 0.28, Staining: KMnOs-solution.
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!H NMR (400 MHz, CDCls) & [ppm] = 7.42 — 7.36 (m, 4H, both diastereomers), 7.09 (dd, J =
8.5, 5.9 Hz, 4H, both diastereomers), 5.00 — 4.85 (m, 3H, both diastereomers), 4.53 — 4.41 (m,
1H, minor diastereomer), 3.03 (ddd, J = 14.7, 8.2, 7.4 Hz, 1H, major diastereomer), 2.73 (ddd,
J=15.4,9.7, 3.8 Hz, 1H, minor diastereomer), 2.52 — 2.42 (m, 2H, both diastereomers), 2.30
(s, 3H, minor diastereomer), 2.30 (s, 3H, major diastereomer), 1.62 (d, J = 6.8 Hz, 3H, major
diastereomer), 1.55 (d, J = 6.7 Hz, 3H, minor diastereomer). *C NMR (101 MHz, CDCls)
o [ppm] = 169.3, 169.3, 151.0, 150.9, 138.2, 137.5, 128.6, 128.37, 122.3, 122.3, 81.7, 81.5,
49.9, 48.1, 44.8, 44.7, 21.2, 19.9, 19.0. IR (neat, cm™): 2989, 2940, 1759, 1502, 1546, 1505,
1453, 1367, 1192, 1013, 946, 909, 853, 786, 734. HRMS (APCI-MS) (minor diastereomer)
exact mass calc. for C12H14BrNO4 [M+NH4]* 333.0444 m/z, found: 333.0443 m/z and HRMS
(APCI-MS) (major diastereomer) exact mass calc. for C12H14BrNO4 [M+NH4]*333.0444 m/z,
found: 333.0444 m/z.

(1-bromo-3-nitrobutyl)-4-chlorobenzene (4df)

Br L
/@Aﬂd NO2
Cl

Following general procedure (GP-A) using 4-chlorostyrene (2r) (69.3 mg, 60.0 pL, 0.5 mmol,
1.0 equiv), 1-bromo-1-nitroethane (1b) (77.0 mg, 0.5 mmol, 1.0 equiv), [Cu(dap).]Cl (4.4 mg,
5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and irradiation
with blue LED (Amax= 455 nm) for 3.5 h yielded 120.3 mg (411.2 umol, 82%) of (1-bromo-3-

nitrobutyl)-4-chlorobenzene (4df) as an inseparable mixture of two diastereomers (d.r. =57:43)

as a colorless oil after flash column purification (hexanes / EtOAc 20:1). Rs (hexanes / EtOAc

5:1 on silica) = 0.71, Staining: KMnOs-solution.

'H NMR (400 MHz, CDCl3) & [ppm] = 7.38 — 7.29 (m, 8H, both diastereomers), 4.99 — 4.82 (m,
3H, both diastereomers), 4.44 (dqd, J = 8.3, 6.7, 5.4 Hz, 1H, minor diastereomer), 3.02 (ddd,
J =14.7, 8.3, 7.3 Hz, 1H, major diastereomer), 2.72 (ddd, J = 15.5, 9.7, 3.9 Hz, 1H, minor
diastereomer), 2.53 — 2.41 (m, 4H, both diastereomers), 1.63 (d, J = 6.8 Hz, 3H, major
diastereomer), 1.55 (d, J = 6.7 Hz, 3H, minor diastereomer). 3C NMR (101 MHz, CDCls)
o [ppm] = 139.2, 138.6, 135.0, 134.8, 129.4, 129.3, 128.8, 128.6, 81.7, 81.4, 49.6, 47.8, 44.6,
44.6,19.9, 19.0. IR (neat, cm): 2993, 2940, 2255, 1595, 1546, 1490, 1449, 1412, 1356, 1315,
1200, 1170, 1125, 1092, 1013, 909, 857, 827, 790, 730. HRMS (APCI-MS) (minor
diastereomer) exact mass calc. for CioH1:BrCINO2, [M+NH4]* 310.9978 m/z, found:
310.9978 m/z and HRMS (APCI-MS) (major diastereomer) exact mass calc. for
C10H11BrCINO; [M+NH4]* 310.9978 m/z, found: 310.9981 m/z.
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1-(1-bromo-3-nitrobutyl)-2-chlorobenzene (4dg)

Cl Br L
@Aﬁ .

Following general procedure (GP-A) using 2-chlorostyrene (2u) (69.3 mg, 60.0 pL, 0.5 mmol,
1.0 equiv), 1-bromo-1-nitroethane (1b) (77.0 mg, 0.5 mmol, 1.0 equiv), [Cu(dap).]Cl (4.4 mg,
5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and irradiation
with blue LED (Amax= 455 nm) for 3.5 h yielded 127.8 mg (436.8 pumol, 87%) of (1-bromo-3-

nitrobutyl)-2-chlorobenzene (4dg) as an inseparable mixture of two diastereomers (d.r. =

58:42) as a colorless oil after flash column purification (hexanes / EtOAc 20:1). Rs (hexanes /
EtOAc 5:1 on silica) = 0.56, Staining: KMnQO4-solution.

'H NMR (400 MHz, CDCl3) & [ppm] = 7.58 (dd, J = 7.8, 1.7 Hz, 2H, both diastereomers), 7.37
(ddd, J = 7.8, 4.6, 1.5 Hz, 2H, both diastereomers), 7.36 — 7.27 (m, 2H, both diastereomers),
7.31—-7.21 (m, 2H, both diastereomers), 5.49 — 5.40 (m, 2H, both diastereomers), 4.90 (ddd,
J=9.2, 6.7, 3.9 Hz, 1H, major diastereomer), 4.65 (g, J = 6.8 Hz, 1H, minor diastereomer),
3.05 (ddd, J =14.7, 9.0, 6.6 Hz, 1H, minor diastereomer), 2.80 (ddd, J = 15.3, 9.2, 4.5 Hz, 1H,
major diastereomer), 2.61 — 2.46 (m, 4H, both diastereomers), 1.62 (t, J = 6.7 Hz, 6H, both
diastereomers). *C NMR (101 MHz, CDCls) & [ppm] = 137.7, 137.4, 132.8, 132.7, 130.2,
130.2, 130.1, 130.1, 129.0, 128.8, 127.9, 127.8, 81.5, 81.4, 45.7, 44.6, 43.7, 43.3, 19.8, 18.7.
IR (neat, cm™): 3067, 2989, 2259, 1550, 1476, 1446, 1390, 1356, 1289, 1200, 1170, 1133,
1036, 1004, 946, 898, 834, 760, 693. HRMS (APCI-MS) (minor diastereomer) exact mass calc.
for C10H11BrCINO; [M+NH,4]*310.9978 m/z, found: 310.9982 m/z and HRMS (APCI-MS) (major
diastereomer) exact mass calc. for CioH11BrCINO2 [M+NH4]* 310.9978 m/z, found:
310.9980 m/z.

(1-bromo-3-nitrobutane-1,4-diyl)dibenzene (4dh)

Br

Following general procedure (GP-A) using styrene (2a) (52.1 mg, 58.0 yL, 0.5 mmol,
1.0 equiv), (2-bromo-2-nitroethyl)benzene (1d) (115.0 mg, 0.5 mmol, 1.0 equiv), [Cu(dap)]CI
(4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 3.5 h yielded 160.5 mg (480.3 pumol, 96%) of (1-
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bromo-3-nitrobutane-1,4-diyl)dibenzene (4dh) as an inseparable mixture of two diastereomers
(d.r. = 62:38) as a colorless oil after flash column purification (hexanes / EtOAc 20:1). Spectra
data are in accordance with literature.'® R; (hexanes / EtOAc 5:1 on silica) = 0.77, Staining:

KMnOgy-solution.

'H NMR (300 MHz, CDCls) & [ppm] = 7.42 — 7.25 (m, 16H, both diastereomers), 7.23 — 7.18
(m, 2H, major diastereomer), 7.13 — 7.06 (m, 2H, minor diastereomer), 5.21 (dddd, J = 9.7,
8.0, 6.3, 3.3 Hz, 1H, major diastereomer), 4.95 — 4.85 (m, 2H, both diastereomers), 4.53 (dddd,
J =292, 7.8, 6.6, 4.1 Hz, 1H, minor diastereomer), ), 3.37 (dd, J = 14.2, 8.1 Hz, 1H, major
diastereomer), 3.28 (dd, J = 14.1, 7.8 Hz, 1H, minor diastereomer), 3.17 (dd, J = 14.1, 6.3 Hz,
1H, major diastereomer), 3.12 — 3.00 (m, 2H, both diastereomers), 2.81 — 2.58 (m, 3H, both
diastereomers). *C NMR (75 MHz, CDClz) & [ppm] = 140.6, 139.5, 134.7, 134.6, 129.2, 129.2,
129.1, 129.0, 129.0, 129.0, 127.8, 127.8, 127.4, 127.1, 87.8, 87.2, 50.6, 48.6, 42.7, 42.6, 40.2,
39.6. HRMS (APCI-MS) exact mass calc. for C17H15BrFsN202 [M+NH4*]* 419.0577 m/z, found:
419.0580 m/z.

1-(1-bromo-3-nitro-4-phenylbutyl)-4-(tert-butyl)benzene (4di)

Br

NO,

Following general procedure (GP-A) using 4-tertbutylstyrene (2e) (80.1 mg, 91.1 uL, 0.5 mmol,
1.0 equiv), (2-bromo-2-nitroethyl)benzene (1d) (115.0 mg, 0.5 mmol, 1.0 equiv), [Cu(dap)2]CI
(4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 3.5 h yielded 176.9 mg (453.1 umol, 91%) of 1-(1-
bromo-3-nitro-4-phenylbutyl)-4-(tert-butyl)benzene (4di) as an inseparable mixture of two
diastereomers (d.r. = 62:38) as a colorless oil after flash column purification (hexanes / EtOAc
20:1). Spectra data are in accordance with literature.l*8] R; (hexanes / EtOAc 5:1 on silica) =
0.85, Staining: KMnOas-solution.

!H NMR (300 MHz, CDCls3) & [ppm] = 7.42 — 7.24 (m, 12H, both diastereomers), 7.24 — 7.15
(m, 4H, both diastereomers), 7.13 — 7.05 (m, 2H, both diastereomers), 5.20 (dddd, J =9.7, 8.0,
6.3, 3.4 Hz, 1H, major diastereomer), 4.94 — 4.84 (m, 2H, both diastereomers), 4.55 (dddd, J
= 9.1, 7.8, 6.5, 4.3 Hz, 1H, minor diastereomer), 3.36 (dd, J = 14.1, 8.0 Hz, 1H, major
diastereomer), 3.28 (dd, J = 14.0, 7.9 Hz, 1H, major diastereomer), 3.16 (dd, J = 14.1, 6.3 Hz,
1H, major diastereomer), 3.12 — 2.96 (m, 2H, both diastereomers), 2.81 — 2.55 (m, 3H, both

diastereomers), 1.34 (s, 9H, minor diastereomer), 1.33 (s, 9H, major diastereomer). 3C NMR
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(75 MHz, CDCl3) & [ppm] = 152.4, 152.2, 137.6, 136.5, 134.8, 134.7, 129.1, 129.0, 127.8,
127.8, 127.1, 126.9, 126.1, 126.0, 87.9, 87.3, 50.7, 48.8, 42.8, 42.7, 40.2, 39.6, 34.8, 34.8,
31.3.

4-(1-bromo-3-nitro-4-phenylbutyl)phenyl acetate (4dj)

Br

3

\ J

Following general procedure (GP-A) using 4-acetoxystyrene (2i) (81.1 mg, 76.5 pL, 0.5 mmol,
1.0 equiv), (2-bromo-2-nitroethyl)benzene (1d) (115.0 mg, 0.5 mmol, 1.0 equiv), [Cu(dap)2]CI
(4.4 mg, 5.0 umol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 3.5 h yielded 122.6 mg (312.6 pumol, 62%) of 4-(1-
bromo-3-nitro-4-phenylbutyl)phenyl acetate (4dj) as an inseparable mixture of two
diastereomers (d.r. = 60:40) as a colorless oil after flash column purification (hexanes / EtOAc
20:1). R (hexanes / EtOAc 5:1 on silica) = 0.39, Staining: KMnOs-solution.

!H NMR (300 MHz, CDCls3) & [ppm] = 7.40 — 7.21 (m, 10H, both diastereomers), 7.21 — 7.15
(m, 4H, both diastereomers), 7.13 — 7.02 (m, 4H, both diastereomers), 5.19 (dddd, J=9.7, 7.8,
6.5, 3.0 Hz, 1H, major diastereomer), 4.91 — 4.80 (m, 2H, both diastereomers), 4.51 (dddd, J
= 9.1, 7.7, 6.8, 4.1 Hz, 1H, minor diastereomer), 3.35 (dd, J = 14.1, 7.9 Hz, 1H, major
diastereomer), 3.27 (dd, J = 14.1, 7.8 Hz, 1H, minor diastereomer), 3.14 (dd, J = 14.1, 6.5 Hz,
1H, major diastereomer), 3.12 — 2.93 (m, 2H, both diastereomers), 2.75 — 2.47 (m, 3H, both
diastereomers), 2.31 (s, 3H, minor diastereomer), 2.30 (s, 3H, major diastereomer). *C NMR
(75 MHz, CDCls) & [ppm] = 169.3, 169.2, 151.0, 150.8, 138.2, 137.0, 134.6, 134.5, 129.1,
129.1, 129.0, 128.6, 128.3, 127.8, 127.8, 122.3, 122.2, 87.7, 87.1, 49.8, 47.7, 42.8, 42.6, 40.2,
39.5,21.2,21.2. IR (neat, cm™): 3063, 3034, 2926, 1759, 1602, 1550, 1505, 1423, 1367, 1192,
1080, 1043, 969, 909, 853, 730. HRMS (APCI-MS) exact mass calc. for CigHisBrNO4
[M+NH4*]*409.0757 m/z, found: 409.0755 m/z.
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1-(1-bromo-3-nitro-4-phenylbutyl)-4-chlorobenzene (4dl)

Cl

Following general procedure (GP-A) using 4-chlorostyrene (2r) (69.3 mg, 63.6 uL, 0.5 mmol,
1.0 equiv), (2-bromo-2-nitroethyl)benzene (1d) (115.0 mg, 0.5 mmol, 1.0 equiv), [Cu(dap)]CI
(4.4 mg, 5.0 ymol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room temperature (25 °C) and
irradiation with blue LED (Amax= 455 nm) for 3.5 h yielded 160.3 mg (480.3 pmol, 87%) of1-(1-

bromo-3-nitro-4-phenylbutyl)-4-chlorobenzene (4dl) as an inseparable mixture of two

diastereomers (d.r. = 56:44) as a colorless oil after flash column purification (hexanes / EtOAc
20:1). Spectra data are in accordance with literature.® R; (hexanes / EtOAc 5:1 on silica) =
0.58, Staining: KMnOa-solution.

'H NMR (300 MHz, CDCls) & [ppm] = 7.40 — 7.23 (m, 12H, both diastereomers), 7.21 — 7.13
(m, 4H, both diastereomers), 7.12 — 7.05 (m, 2H, both diastereomers), 5.17 (dddd, J = 9.8, 8.0,
6.4, 3.0 Hz, 1H, major diastereomer), 4.87 — 4.78 (m, 2H, both diastereomers), 4.45 (dtd, J =
9.5, 7.3, 3.9 Hz, 1H, minor diastereomer), 3.36 (dd, J = 14.3, 8.0 Hz, 1H, major diastereomer),
3.28 (dd, J = 14.0, 7.4 Hz, 1H, minor diastereomer), 3.15 (dd, J = 14.0, 6.5 Hz, 1H, major
diastereomer), 3.10 — 2.94 (m, 2H, both diastereomers), 2.76 — 2.48 (m, 3H, both
diastereomers). **C NMR (75 MHz, CDClz) & [ppm] = 139.1, 138.0, 135.0, 134.8, 134.6, 134.4,
129.4,129.3,129.1, 129.0, 128.8, 128.6, 127.9, 87.7, 87.1, 49.4, 47.3, 42.6, 42.5, 40.2, 39.6.
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Late-Stage Functionalizations

7-(4-(1-bromo-3-nitropropyl)benzyl)-1,3-dimethyl-3,4,5,7-tetrahydro-1H-purine-2,6-

dione (4ea)

o) T N

Following general procedure (GP-A) using 1,3-dimethyl-7-(4-vinylbenzyl)-3,4,5,7-tetrahydro-

1H-purine-2,6-dione  (Theophylline) (2ea) (149.2 mg, 0.5mmol, 1.0 equiv),
bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv), [Cu(dap):]CI (4.4 mg,
5.0 umol, 1. mol%) and solvent mixture (MeCN/DCM/CHCI; 2/1/1, 4.0 mL, dry) at room
temperature (25 °C) and irradiation with blue LED (Amax= 455 nm) for 2 h yielded 196.7 mg
(448.8 umol, 90%) of 7-(4-(1-bromo-3-nitropropyl)benzyl)-1,3-dimethyl-3,4,5,7-tetrahydro-1H-
purine-2,6-dione (4ea) as sticky yellowish oil after flash column purification (EtOAc). Rs
(EtOAc on silica) = 0.25, Staining: KMnOg-solution.

IH NMR (300 MHz, CDCls) & [ppm] = 7.61 (s, 1H), 7.37 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.3 Hz,
2H), 5.47 (s, 2H), 4.99 (dd, J = 9.1, 5.7 Hz, 1H), 4.64 — 4.39 (m, 2H), 3.55 (s, 3H), 3.36 (s, 3H),
2.90 — 2.62 (m, 2H). 13C NMR (101 MHz, CDCls) & [ppm] = 155.3, 151.7, 149.0, 140.9, 140.6,
136.5, 128.6, 128.0, 106.9, 73.4, 49.7, 49.4, 36.8, 29.9, 28.1. IR (neat, cmY): 3112, 2952, 2251,
1699, 1651, 1546, 1472, 1423, 1375, 1289, 1230, 1189, 1118, 1066, 1025, 909, 864, 805, 726.

HRMS (ESI-MS) exact mass calc. for Ci7H1sBrNsOs [M+Na]* 460.0416 m/z, found:
460.0416 m/z.

isopropyl 2-(4-(4-(1-bromo-3-nitropropyl)benzoyl)phenoxy)-2-methylpropanoate (4eb)

(0]
o NI T v
\(\[%O/‘)‘\‘\(\/Z
0 Br

Following general procedure (GP-A) using isopropyl 2-methyl-2-(4-(4-

vinylbenzoyl)phenoxy)propanoate (Fenofibrate Derivative) (2eb) (176.2 mg, 0.5 mmol,
1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 uL, 0.5 mmol, 1.0 equiv), [Cu(dap)2]CI
(4.4 mg, 5.0 ymol, 1. mol%) and the solvent mixture (MeCN/CHCIs 1/1, 2.0 mL, dry) at room
temperature (25 °C) and irradiation with blue LED (Amax= 455 nm) for 2 h yielded 234.2 mg
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(475.4 umol, 95%) of  isopropyl 2-(4-(4-(1-bromo-3-nitropropyl)benzoyl)phenoxy)-2-
methylpropanoate (4eb) as sticky yellowish oil after flash column purification (hexanes / EtOAc
10:1). Rt (hexanes / EtOAc 5:1 on silica) = 0.23, Staining: KMnO4-solution.

H NMR (400 MHz, CDCls) & [ppm] = 7.74 (dd, J = 8.6, 2.7 Hz, 4H), 7.52 — 7.45 (m, 2H), 6.90
—6.83 (m, 2H), 5.15 - 4.99 (m, 2H), 4.63 (ddd, J = 13.8, 7.5, 6.2 Hz, 1H), 4.53 (dt, J = 14.0,
6.2 Hz, 1H), 2.93 — 2.73 (m, 2H), 1.65 (s, 6H), 1.19 (d, J = 6.3 Hz, 6H). *C NMR (101 MHz,
CDCl3) & [ppm] = 194.5, 173.1, 159.9, 143.9, 138.8, 132.1, 130.5, 130.2, 127.2, 117.3, 79.5,
73.3, 69.4, 49.2, 36.8, 25.5, 21.6. IR (neat, cm™): 2989, 2933, 2251, 1554, 1427, 1379, 1308,
1252, 1166, 1066, 1002, 909, 820, 726. HRMS (ESI-MS) exact mass calc. for C23H26BrNOs
[M+H]* 494.0999 m/z, found: 494.1007 m/z and Cz3H26BrNOs [M+Na]* 516.0819 m/z, found:
516.0827 m/z.

(3aR,5R,5aS,8aS,8bR)-5-(((4-(1-bromo-3-nitropropyl)benzyl)oxy)methyl)-2,2,7,7-
tetramethyltetrahydro-5H-bis([1,3]dioxolo)[4,5-b:4’,5’-d]pyran (4ec)

Br
o/_©_<_\
NO,

Qo(o

Following general procedure (GP-A) using (3aR,5R,5aS,8aS,8bR)-2,2,7,7-tetramethyl-5-(((4-
vinylbenzyl)oxy)methyl)tetrahydro-5H-bis([1,3]dioxolo)[4,5-b:4’,5’-d]pyran (Galactopyranosid-
Derivative) (2ec) (188.2 mg, 0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL,
0.5 mmol, 1.0 equiv), [Cu(dap)2]Cl (4.4 mg, 5.0 yumol, 1. mol%) and the solvent mixture
(MeCN/CHCI3 1/1, 2.0 mL, dry) at room temperature (25 °C) and irradiation with blue LED
(Amax= 455 nm) for 2 h yielded 158.8 mg (307.5 umol, 62%) of (3aR,5R,5aS,8aS,8bR)-5-(((4-
(1-bromo-3-nitropropyl)benzyl)oxy)methyl)-2,2,7,7-tetramethyltetrahydro-5H-

bis([1,3]dioxolo)[4,5-b:4’,5’-d]pyran (4ec) as sticky yellowish oil after flash column purification
(hexanes / EtOAc 5:1 to 2:1). Rt (hexanes / EtOAc 5:1 on silica) = 0.13, Staining: KMnOg-

solution.

IH NMR (400 MHz, CDCl) & [ppm] = 7.36 (s, 4H), 5.54 (d, J = 5.0 Hz, 1H), 5.03 (dd, J = 9.1,
5.8 Hz, 1H), 4.64 — 4.43 (m, 5H), 4.31 (dd, J = 5.0, 2.4 Hz, 1H), 4.26 (dd, J = 7.9, 1.9 Hz, 1H),
4.01 (ddd, J = 7.3, 5.8, 1.8 Hz, 1H), 3.70 (ddd, J = 10.1, 5.7, 1.2 Hz, 1H), 3.63 (dd, J = 10.1,
6.8 Hz, 1H), 2.93 — 2.70 (m, 2H), 1.54 (s, 3H), 1.43 (s, 3H), 1.33 (d, J = 2.2 Hz, 6H). 3C NMR
(101 MHz, CDCls) & [ppm] = 139.6, 139.4, 128.3, 127.3, 109.4, 108.7, 96.5, 73.5, 72.8, 71.3,

177



Chapter 5 Experimental Part

70.8, 70.6, 69.3, 67.0, 50.1, 37.0, 26.2, 26.1, 25.0, 24.6. IR (neat, cm™): 2985, 2937, 2255,
1729, 1651, 1599, 1554, 1505, 1468, 1420, 1382, 1282, 1252, 1177, 1103, 972, 905, 767, 726.

HRMS (ESI-MS) exact mass calc. for C22H30BrNOg [M+H]*518.1211 m/z, found: 518.1220 m/z
[M+Na]* 540.1030 m/z, found: 540.1038 m/z and [M+NH4]* 535.1476 m/z, found:
535.1484 m/z.

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-(1-bromo-3-nitropropyl)benzoate (4ed)

PN NO,
Br

Following general procedure (GP-A) using (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-
vinylbenzoate (2ed) (143.2 mg, 0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg,
36.0 yL, 0.5 mmol, 1.0 equiv), [Cu(dap)2]Cl (4.4 mg, 5.0 ymol, 1 mol%) dry MeCN (2.0 mL,
0.25 M) at room temperature (25 °C) and irradiation with blue LED (Amax= 455 nm) for 3 h
yielded 179.8 mg (400.1 umol, 84%) of (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-(1-
bromo-3-nitropropyl)benzoate (4ed) as colorless smelly oil after flash column purification
(hexanes / EtOAc 20:1). R (hexanes / EtOAc 5:1 on silica) = 0.49, Staining: KMnOgs-solution.

H NMR (300 MHz, CDCls) & [ppm] = 8.05 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H), 5.07
(dd, J=9.2, 5.8 Hz, 1H), 4.93 (td, J = 10.8, 4.4 Hz, 1H), 4.72 — 4.39 (m, 2H), 2.98 — 2.62 (m,
2H), 2.22 — 2.04 (m, 1H), 1.93 (pt, J = 9.2, 4.6 Hz, 1H), 1.81 — 1.66 (M, 2H), 1.64 — 1.45 (m,
2H), 1.19 — 1.00 (m, 2H), 0.92 (dd, J = 6.8, 3.9 Hz, 7H), 0.78 (d, J = 6.9 Hz, 3H). *3C NMR
(75 MHz, CDCls) & [ppm] = 165.3, 144.7, 131.6, 130.4, 127.3, 75.3, 73.3, 49.1, 49.1, 47.3,
41.0, 36.8, 36.7, 34.4, 31.6, 26.6, 23.7, 22.2, 20.9, 16.6. IR (neat, cm™): 2955, 2926, 2870,
1707, 1610, 1554, 1453, 1420, 1371, 1274, 1177, 1110, 1039, 916, 857, 771, 734, 704, 663.
HRMS (ESI-MS) exact mass calc. for CyoH2sBrNOs [M+Na]t 450.1076 m/z, found:
450.1082 m/z.
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2,5,7,8-tetramethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-yl 4-(1-bromo-3-

nitropropyl)benzoate (4ee)

Br

NO,

Following general procedure (GP-A) using 2,5,7,8-tetramethyl-2-(-4,8,12-
trimethyltridecyl)chroman-6-yl 4-vinylbenzoate (2ee) (280.0 mg, 0.5 mmol, 1.0 equiv),
bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv), [Cu(dap):]Cl (4.4 mg,
5.0 umol, 1. mol%) and the solvent mixture (MeCN/CHCIl; 2/1, 3.0 mL, dry) at room
temperature (25 °C) and irradiation with blue LED (Amax= 455 nm) for 2 h yielded 281.0 mg
(401.0 pmol, 80%) of 2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl 4-(1-bromo-
3-nitropropyl)- benzoate (4ee) as sticky yellowish oil after flash column purification (hexanes /
EtOAc 10:1). Rs (hexanes / EtOAc 5:1 on silica) = 0.63, Staining: KMnO4-solution.

!H NMR (400 MHz, CDCls) d [ppm] = 8.26 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H), 5.11
(dd, J=9.2,5.7 Hz, 1H), 4.65 (ddd, J = 13.7, 7.5, 6.1 Hz, 1H), 4.60 — 4.48 (m, 1H), 2.97 — 2.75
(m, 2H), 2.62 (t, J = 6.8 Hz, 2H), 2.13 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H), 1.92 — 1.72 (m, 2H),
1.68 —1.02 (m, 16H), 0.89 — 0.80 (m, 12H). 13C NMR (101 MHz, CDCls) d [ppm] = 164.5, 149.7,
1455, 140.7, 131.1, 130.4, 127.6, 126.9, 125.2, 123.4, 117.7, 75.3, 73.4, 49.0, 39.5, 37.7,
37.6, 37.6, 37.5, 36.8, 33.0, 32.9, 32.9, 28.1, 25.0, 24.9, 24.6, 24.4, 23.9, 22.9, 22.8, 21.2,
20.8, 19.9, 19.9, 19.8, 13.2, 12.4, 12.0. IR (neat, cm): 2926, 2866, 1733, 1610, 1558, 1481,
1379, 1334, 1274, 1237, 1181, 1095, 1017, 916, 857, 767, 708. HRMS (APCI-MS) exact mass
calc. for C39HssBrNOs [M+NH4]* 719.3824 m/z, found: 719.3821 m/z and exact mass calc. for
C39HssBrNOs [M+H]* 702.3559 m/z, found: 702.3556 m/z.
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(8R,9S,13S,14S)-3-(1-bromo-3-nitropropyl)-13-methyl-6,7,8,9,11,12,13,14,15,16-
decahydro-17H-cyclopentala]phenanthren-17-one (4ef)

O

Br

Following general procedure (GP-A) using (8R,9S,13S,14S)-13-methyl-3-vinyl-
6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta[a]phenanthren-17-one (2ef) (140.2 mg,
0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol, 1.0 equiv),
[Cu(dap).]Cl (4.4 mg, 5.0 ymol, 1 mol%) and the solvent mixture (dry MeCN (1.0 mL) and dry
CHCI3 (1.0 mL)) at room temperature (25 °C) and irradiation with blue LED (Amax= 455 nm) for
3 h yielded 127.9 mg (304.3 umol, 61%) of (8R,9S,13S,14S)-3-(1-bromo-3-nitropropyl)-13-
methyl-6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta[a]phenanthren-17-one (4ef) as
colorless oil after flash column purification (hexanes / EtOAc 10:1 to 5:1). Rs (hexanes / EtOAc
5:1) on silica = 0.31, Staining: KMnOs-solution.

'H NMR (300 MHz, CDCls) & [ppm] = 7.30 (dd, J = 8.2, 1.0 Hz, 1H), 7.18 (dd, J = 8.1, 2.1 Hz,
1H), 7.12 (d, J = 1.9 Hz, 1H), 5.01 (dd, J = 9.1, 5.9 Hz, 1H), 4.67 — 4.41 (m, 2H), 2.96 — 2.70
(m, 4H), 2.51 (dd, J = 18.3, 8.4 Hz, 1H), 2.46 — 2.36 (m, 1H), 2.29 (td, J = 10.5, 4.3 Hz, 1H),
2.22 —1.91 (m, 4H), 1.67 — 1.38 (m, 6H), 0.91 (s, 3H). *C NMR (75 MHz, CDCls) rotamer 1
(rotamer 2) 6 [ppm] = 220.8, 141.1, 137.6, 137.5, (137.5), 127.8, 126.2, 124.5, 73.6, 50.5, 50.4,
(50.3), 48.0, 44.5, 38.0, (38.0), 36.9, (36.9), 35.9, 31.6, 29.5, 26.4, 25.7, 21.7, 13.9.
IR (neat, cm?): 2929, 2862, 1736, 1550, 1498, 1453, 1431, 1379, 1289, 1259, 1162, 1084,
1054, 1006, 961, 909, 823, 730. HRMS (ESI-MS) exact mass calc. for C21H26BrNO3z [M+H]*
422.1151 m/z, found: 422.1152 m/z and C,1H2BrNOs; [M+Na]* 444.0970 m/z, found:
444.0976 m/z and C21H26BrNO3[M+NH4]* 439.1417 m/z, found: 439.1416 m/z.
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Gram-Scale Experiments

General procedure B (GP-B) for upscaling reactions: The oven-dried schlenk tube of the
photochemical upscaling reactor (Figure 3, 5.2.2 Upscaling Reactors) equipped with a stirring
bar was charged with the Cu-photocatalyst (1 mol%,). Dry MeCN (40 mL) was degassed, using
three freeze-pump-thaw cycles. Then dry MeCN (40.0 mL) was added under positive nitrogen
atmosphere to the Schlenk tube. Then desired olefin (2) (10.0 mmol, 1.0 equiv) and
bromonitromethane (1a) (1.4 g, 710 pL, 10.0 mmol, 1.0 equiv) were added under nitrogen
atmosphere. The cooling finger was added to the photoreactor and irraditation at 455 nm took
place, while the mixture was magnetically stirred at room temperature (25 °C). The reaction
was monitored by TLC. After completion of the reaction, the mixture was transferred to a round-
bottom flask, concentrated in vacuo and the crude residue was purified by flash column

chromatography on silica gel (hexanes / EtOAC).

(1-bromo-3-nitropropyl)benzene (4a)

Br

Reaction performed by Magdalena Koch: Following general procedure (GP-B) using styrene
(2a) (1.40 g, 710.0 yL, 10.0 mmol, 1.0 equiv), bromonitromethane (1a) (1.4 g, 710.0 L,
10.0 mmol, 1.0 equiv), [Cu(dmp)2]CI (52.0 mg, 1 mol%,) and dry MeCN (40.0 mL, 0.25 M) at
room temperature (25 °C) and irradiation with blue LED (Amax= 455 nm) for 5 h yielded yield

2.17 g (8.89 mmol, 89%) of 4a as colorless oil after flash column purification (hexanes /
EtOAc 20:1). Rs (hexanes / EtOAc 5:1 on silica) = 0.63, Staining: UV; KMnOs-solution.

N-benzyl-2-bromo-4-nitrobutanamide (4bb)

Br

Ph H
~~ \[H\/\NO2

)

Reaction performed by Johannes Floss: Following general procedure (GP-B) using N-
benzylacrylamide (2bb) (2.26 g, 14.0 mmol, 1.0 equiv), bromonitromethane (1a) (1.96 g,
14.0 mmol, 1.0 equiv)), [Cu(dap)2]CI (124.0 mg, 140.0 umol, 1 mol%) and dry MeCN (56.0 mL,
0.25 M) at room temperature (25 °C) and irradiation with blue LED (Amax= 455 nm) for 22 h
yielded 3.10 g (10.3 mmol, 74%) of N-benzyl-2-bromo-4-nitrobutanamide (4bb) as colorless
oil after flash column purification (hexanes / EtOAc 5:1). Rs (hexanes / EtOAc 5:1 on silica) =
0.08, Staining: KMnOas-solution.
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5.4.6.3 Compound Characterization of Further Transformations

3-nitro-1-phenylpropan-1-ol (5a)

OH

A pressure tube equipped with a magnetic stirring bar was charged with (1-bromo-3-

nitropropyl)benzene (4a) (122.0 mg, 0.5 mmol, 1.0 equiv) and a mixture of MeCN and water
(1:1, 4.0 mL) was added. The reaction mixture was then refluxed for 2.5 h. After completion of
the reaction, it was concentrated in vacuo and the residue was purified by flash column
chromatography on silica gel (hexanes / EtOAc 5:1) to yield 62.9 mg (347.2 umol, 69%) of 3-
nitro-1-phenylpropan-1-ol (5a) as yellowish oil. R¢ (hexanes / EtOAc 5:1 on silica) = 0.25,
Staining: UV; KMnOg4-solution.

'H NMR (400 MHz, CDCls) 8 [ppm] = 7.44 — 7.27 (m, 5H), 4.81 (dd, J = 8.4, 4.7 Hz, 1H), 4.59
(dt, J = 13.7, 7.1 Hz, 1H), 4.44 (dt, J = 13.3, 6.5 Hz, 1H), 2.48 — 2.29 (m, 2H), 2.21 (s, OH).
13C NMR (101 MHz, CDCls) & [ppm] = 143.0, 128.9, 128.4, 125.7, 72.4, 71.2, 36.1. IR (neat,
cm): 3537, 3410, 1546, 1453, 1379, 1069, 913, 764, 700. MS (APCI-MS) exact mass calc.
for CoH1:NO3 [M+NH,]* 188.108 m/z, found: 199.108 m/z.

(1-methoxy-3-nitropropyl)benzene (5b)

OMe

Slightly modified from literature procedure,’% a pressure tube equipped with a magnetic stirring

bar was charged with (1-bromo-3-nitropropyl)benzene (4a) (122.0 mg, 0.5 mmol, 1.0 equiv)
and MeOH (4.0 mL) was added. The reaction mixture was then refluxed for 2.5 h. After
completion of the reaction, it was concentrated in vacuo and the residue was purified by flash
column chromatography on silica (hexanes / EtOAc 5:1) to yield 91.7 mg (496.7 umol, 94%)
of (1-methoxy-3-nitropropyl)benzene (5b) as pale yellowish oil. Rt (hexanes / EtOAc 5:1 on
silica) = 0.86, Staining: UV; KMnQas-solution.

IH NMR (400 MHz, CDCls) & [ppm] = 7.43 — 7.27 (m, 5H), 4.59 (dt, J = 13.3, 7.1 Hz, 1H), 4.43
(dt, J = 13.2, 6.4 Hz, 1H), 4.24 (t, J = 6.6 Hz, 1H), 3.22 (s, 3H), 2.46 — 2.24 (m, 2H). 3C NMR
(101 MHz, CDCls) & [ppm] = 140.5, 128.9, 128.4, 126.5, 80.4, 72.5, 57.0, 35.7. IR (neat, cm-%):
3063, 3030, 2985, 2937, 2829, 2363, 2340, 1738, 1554, 1494, 1453, 1382, 1285, 1177, 1110,
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909, 868, 700. MS (APCI-MS) exact mass calc. for C10H13NO3sNHs [M+NH.]* 213.124 m/z,
found: 213.124 m/z.

N-(3-nitro-1-phenylpropyl)acetamide (5c)

NHAc

NO,

Based on a literature procedure,®Y a round-bottom flask equipped with a magnetic stirring bar
was charged with irontrichlorid hexahydrate (540.6 mg, 1.2 mmol, 4.0 equiv) and dissolved in
MeCN (2.0 mL). To the latter a solution of (1-bromo-3-nitropropyl)benzene (4a) (122.0 mg,
0.5 mmol, 1.0 equiv) in MeCN (1.0 mL) was added dropwise at room temperature (25 °C). The
resulting reaction mixture was stirred for 2 h at 80 °C. The reaction was monitored by TLC.
Afterwards, the reaction mixture was quenched with water and extracted three times with
EtOAc. The combined organic layers were washed with water, brine, dried over anhydrous
MgSO04, filtered, concentrated in vacuo and the residue was purified by flash column
chromatography on silica (hexanes / EtOAc 1:2) to yield 77.7 mg (349.6 pumol, 70%) of N-(3-
nitro-1-phenylpropyl)acetamide (5c) as a white solid. mp: 114 °C Rs (hexanes / EtOAc 1:2 on
silica) = 0.29, Staining: UV (very weak).

H NMR (300 MHz, CDClz) & [ppm] = 7.40 — 7.24 (m, 5H), 6.54 (s, NH), 5.06 (dd, J = 14.9, 8.4
Hz, 1H), 4.38 (t, J = 7.2 Hz, 2H), 2.63 — 2.36 (M, 2H), 1.95 (s, 3H). 3C NMR (75 MHz, CDCls)
0 [ppm] = 170.2, 140.2, 129.2, 128.3, 126.5, 72.8, 51., 33.4, 23.3. IR (neat, cm*):3309, 3063,
2970, 2937, 2383, 1647, 1528, 1427, 1371, 1289, 1218, 1189, 1118, 1028, 935, 823, 752, 697.
MS (APCI-MS) exact mass calc. for C11H14aN2O3 [M+H]* 223.1077 m/z, found: 223.1078 m/z.

(1-azido-3-nitropropyl)benzene (5d)

N3

A pressure tube equipped with a magnetic stirring bar was charged with (1-bromo-3-

nitropropyl)benzene (4a) (122.0 mg, 0.5 mmol, 1.0 equiv), sodium azide (162.5 mg, 2.5 mmol,
5.0 equiv) and DMF (4.0 mL) was added. The reaction mixture was then stirred at room
temperature (25 °C) for 24 h. After completion the reaction was quenched with water and
extracted with diethyl ether (3 x 25 mL). The combined organic phases were washed with
water, then brine and dried over MgSOa. Concentration in vacuo and purification by flash
column chromatography (hexanes / EtOAc 20:1) yielded 71.6 mg (347.2 yumol, 69%) of 1-
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azido-3-nitropropyl)benzene (5d) as colorless oil. R (hexanes / EtOAc 5:1 on silica) = 0.57,
Staining: UV; KMnQOg4-solution.

'H NMR (300 MHz, CDCls) & [ppm] = 7.47 — 7.29 (m, 6H), 4.65 (t, J = 7.2 Hz, 1H), 4.53 (dt, J =
13.9, 7.0 Hz, 1H), 4.40 (dt, J = 13.8, 6.4 Hz, 1H), 2.40 (q, J = 6.9 Hz, 2H). 3C NMR (75 MHz,
CDCI3) d [ppm] =137.8,129.4,129.2,126.9, 72.1, 63.0, 33.8. IR (neat, cm):3063, 3034, 2933,
2359, 2102, 1554, 1494, 1453, 1382, 1312, 1244, 1062, 984, 887, 764, 700. HRMS (ESI-MS)
exact mass calc. for CoH1o0N4O2Na [M+Na]* 229.0696 m/z, found: 229.0693 m/z.

(3-azido-5-nitropentyl)benzene (5ca)

N3

A round-bottomed flask equipped with a magnetic stirring bar was charged with ((3-bromo-5-

nitropentyl)benzene (4ca) (408.2 mg, 1.5 mmol, 1.0 equiv), sodium azide (487.6 mg, 7.5 mmol,
5.0 equiv) and DMF (4.0 mL) was added. The reaction mixture was then stirred at room
temperature for 5 d. After completion of the reaction, the reaction was quenched with water
and extracted with diethyl ether (3x 25 mL). The combined organic phases were washed with
water and brine and dried over MgSO.. Then it was concentrated in vacuo and the residue
was purified by flash column chromatography on silica gel (PE/ EE 20:1) to yield 193.0 mg

(55%) (3-azido-5-nitropentyl)benzene (5ca) as colorless oil.

R (hexanes/ EtOAc 5:1) on silica) = 0.6, Staining: UV; KMnOs-solution. *H NMR (300 MHz,
CDCI3) & [ppm] = 7.36 — 7.28 (m, 2H), 7.26 — 7.17 (m, 3H), 4.60 — 4.43 (m, 2H), 3.44 (dddd, J
=9.4, 7.8, 5.4, 3.6 Hz, 1H), 2.90 — 2.66 (m, 2H), 2.32 (dddd, J = 14.9, 7.9, 7.2, 3.6 Hz, 1H),
2.14 — 2.00 (m, 1H), 2.00 — 1.82 (m, 2H). *C NMR (75 MHz, CDCls) & [ppm] = 140.4, 128.8,
128.5, 126.5, 72.3, 59.0, 36.3, 32.2, 32.0. IR (neat, cm?): 3036, 3026, 2929, 2862, 2098, 1602,
1550, 1494, 1453, 1382, 1259, 1092, 1051, 909, 872, 848, 805, 749, 700. HRMS (ESI-MS)
exact mass calc. for C11H14N4O, [M+Na]* 257.1009 m/z, found: 257.1008 m/z.

(3-nitro-1-thiocyanatopropyl)benzene (5e)

SCN

A pressure tube equipped with a magnetic stirring bar was charged with (1-bromo-3-

nitropropyl)benzene (4a) (122.0 mg, 0.5 mmol, 1.0 equiv), sodium thiocyanate (202.7 mg,
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2.5 mmol, 5.0 equiv) and DMF (4.0 mL) was added. The reaction mixture was then stirred at
room temperature (25 °C) for 3 h. After completion of the reaction , it was quenched with water
and extracted with diethyl ether (3 x 25 mL). The combined organic phase was washed with
water and brine and dried over MgSO,4. Concentration in vacuo and purification by flash column
chromatography (hexanes / EtOAc 5:1) yielded 78.4 mg (352.7 umol, 71%) of (3-nitro-1-
thiocyanatopropyl)benzene (5e) as pale yellowish oil. Rt (hexanes / EtOAc 5:1 on silica) = 0.27,
Staining: UV; KMnQOg4-solution.

'H NMR (400 MHz, CDCls) & (ppm) = 7.47 — 7.31 (m, 5H), 4.55 — 4.41 (m, 2H), 4.35 (ddd, J =
13.9, 7.7, 5.8 Hz, 1H), 3.02 — 2.87 (m, 1H), 2.80 (ddt, J = 15.0, 9.1, 6.2 Hz, 1H). 3C NMR
(75 MHz, CDCls3) & [ppm] = 136.1, 129.9, 129.7, 127.4, 110.5, 72.2, 49.5, 32.8. IR (neat, cm):
3034, 2929, 2154, 1722, 1550, 1453, 1431, 1379, 1181, 868, 764, 697. MS (APCI-MS) exact
mass calc. for C10H10N202S [M+Na]* 245.0355 m/z, found: 245.0357 m/z.

(1-nitrohex-5-en-3-yl)benzene (5f)

X

NO,

Based on a literature procedure,3? a round-bottom flask equipped with a magnetic stirring bar
was charged with iron trichloride (4.1 mg, 25.0 umol, 5 mol%) and (1-bromo-3-
nitropropyl)benzene (4a) (122.0 mg, 0.5 mmol, 1.0 equiv) in DCM (2.0 mL). Then
allyltrimethylsilane (114.2 mg, 158.9 L, 2.0 equiv) was added. The resulting reaction mixture
was stirred for 2 h at room temperature (25 °C).The reaction was monitored by TLC.
Afterwards, the reaction mixture was concentrated in vacuo and the residue was purified by
flash column chromatography on silica (hexanes / EtOAc 20:1) to vyield 76.8 mg
(374.2 pumol, 75%) of (1-nitrohex-5-en-3-yl)benzene (5f) as a colorless oil. R (hexanes / EtOAc
5:1 on silica) = 0.78, Staining: UV (very weak).

'H NMR (300 MHz, CDCl3) d [ppm] = 7.39 — 7.31 (m, 2H), 7.30 — 7.22 (m, 1H), 7.20 — 7.14 (m,
2H), 5.75 — 5.58 (m, 1H), 5.09 — 5.02 (m, 1H), 5.02 — 4.98 (m, 1H), 4.20 (dd, J = 8.0, 6.5 Hz,
2H), 2.72 (ddt, J = 11.4, 7.3, 3.6 Hz, 1H), 2.60 — 2.35 (m, 3H), 2.17 (ddt, J = 14.1, 11.0, 6.6
Hz, 1H). *3C NMR (75 MHz, CDCls) & [ppm] = 142.4, 135.8, 129.0, 127.6, 127.2, 117.1, 73.9,
42.8,41.2,33.2. IR (neat, cm): 3063, 3030, 2978, 2922, 1640, 1602, 1550, 1494, 1453, 1379,
1185, 1073, 995, 916, 764, 700. HRMS (ESI-MS) exact mass calc. for C1oH1sNO2 [M+NH4]*
223.1441 m/z, found: 223.1442 m/z.
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2-nitrocyclopropyl)benzene (6a)

0, NO,

iz

major minor

One-pot procedure from l1a and 2a: Following general procedure (GP-A) using styrene (2a)
(52.1 mg, 58.0 pL, 0.5 mmol, 1.0 equiv), bromonitromethane (1a) (70.0 mg, 36.0 pL, 0.5 mmol,
1.0 equiv), [Cu(dap).]CI (4.4 mg, 5.0 pmol, 1 mol%) and dry MeCN (2.0 mL, 0.25 M) at room
temperature (25 °C) and irradiation with blue LED (Anax= 455 nm) for 1 h. After irradiation DBU
(1,8-diazabicyclo[5.4.0lundec-7-ene) (152.4 mg, 148.4 pL, 1.0 mmol, 2.0 equiv) was added to
the reaction mixture, and stirred for 30 min at room temperature (25 °C). After completion, the
reaction acidified using 1 M HCI. The agueous phase was extracted with EtOAc (3 x 25 mL).
The combined organic phase was washed with water, brine and dried over MgSOa.. It was
concentrated in vacuo and the residue was purified by flash column chromatography on silica
(hexanes / EtOAc 20:1 to 10:1) to yield 61.2mg (375.1 umol, 75%) of trans-2-
nitrocyclopropyl)benzene (trans-6a). Corresponding cis-diastereomer was not isolated.
Diastereomeric ratio was determined by crude 'H-NMR analysis: d.r. = 85:15. R (trans-6a)
(hexanes / EtOAc 5:1 on silica) = 0.79, Staining: UV; KMnOs-solution.

Procedure starting from compound 4a: A pressure tube equipped with a magnetic stirring bar
was charged with (1-bromo-3-nitropropyl)benzene (4a) (122.0 mg, 0.5 mmol, 1.0 equiv), and
dissolved in THF (4.0 mL). DBU (152.4 mg, 148.4 uL, 1.0 mmol, 2.0 equiv) was added. The
reaction mixture was then stirred at room temperature (25 °C) for 30 min. After completion, the
reaction acidified using 1 M HCI. The agueous phase was extracted with EtOAc (3 x 25 mL).
The combined organic phase was washed with water, brine and dried over MgSOa.. It was
concentrated in vacuo and the residue was purified by flash column chromatography on silica
(hexanes / EtOAc 20:1 to 10:1) to vyield 57.0 mg (349.3 umol, 70%) of trans-2-
nitrocyclopropyl)benzene (trans-6a) and 5.5 mg (33.7 umol, 7%) of cis-
nitrocyclopropyl)benzene (cis-6a) colorless oil. Spectral data are in accordance with
literature.33 Diastereomeric ratio was determined by crude 'H-NMR analysis: d.r. = 85:15. Ry
(trans-6a) (hexanes / EtOAc 5:1 on silica) = 0.79, Staining: UV; KMnOg4-solution. R; (cis-6a)
(hexanes / EtOAc 5:1 on silica) = 0.40, Staining: UV; KMnQOas-solution.
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trans-6a: *H NMR (400 MHz, CDCls3) & [ppm] = 7.39 — 7.23 (m, 3H), 7.17 — 7.04 (m, 2H), 4.42
(ddd, J=7.1, 3.9, 3.0 Hz, 1H), 3.14 (ddd, J = 10.8, 7.9, 3.0 Hz, 1H), 2.25 (ddd, J = 10.5, 6.2,
3.9 Hz, 1H), 1.68 (ddd, J = 7.9, 7.3, 6.2 Hz, 1H). *C NMR (101 MHz, CDCls) & [ppm] = 136.5,
128.9, 127.8, 126.8, 61.8, 29.5, 18.9. IR (neat, cm): 3093, 3034, 1535 ,1431, 1360, 1077,
1017, 931, 752, 697. HRMS (APCI-MS) exact mass calc. for CogHgNO, [M+H]* 164.0706 m/z,
found: 164.0705 m/z.

cis-6a: 'H NMR (300 MHz, CDCls) & [ppm] = 7.37 — 7.27 (m, 5H), 4.64 (ddd, J = 8.4, 6.6, 4.2
Hz, 1H), 2.86 (g, J = 9.0 Hz, 1H), 2.36 (ddd, J = 9.0, 6.8, 4.1 Hz, 1H), 1.65 (dt, J = 9.5, 6.6 Hz,
1H). 3C NMR (75 MHz, CDCls) & [ppm] = 132.6, 129.3, 128.6, 128.1, 60.6, 28.7, 13.6.

trans-N-2-nitrocyclopropane-1-carbonyl)benzamide (trans-6bb)

A round-bottom flask equipped with a magnetic stirring bar was charged with N-benzyl-2-
bromo-4-nitrobutanamide (4bb) (150.6 mg, 0.5 mmol, 1.0 equiv), and dissolved in THF
(4.0 mL). DBU (152.4 mg, 148.4 pL, 1.0 mmol, 2.0 equiv) was added. The reaction mixture
was then stirred at room temperature (25 °C) for 30 min. After completion, the reaction acidified
using 1IN HCI. The aqueous phase was extracted with EtOAc (3 x 25 mL). The combined
organic phase was washed with water, brine and dried over MgSOa. It was concentrated in
vacuo and the residue was purified by flash column chromatography on silica (hexanes / EtOAc
2:1) to yield 67.7 mg (307.4 umol, 62%) of trans-N-2-nitrocyclopropane-1-carbonyl)-
benzamide (trans-6bb) as a white solid. mp: 132 °C R; (hexanes / EtOAc 5:1 on silica) = 0.16,
Staining: UV; KMnO4-solution.

'H NMR (400 MHz, CDCl3) & [ppm] = 7.38 — 7.21 (m, 5H), 6.49 (s, 1H), 4.54 (ddd, J = 7.5, 4.2,
2.6 Hz, 1H), 4.39 (d, J = 5.7 Hz, 2H), 2.53 (ddd, J = 9.9, 7.1, 2.7 Hz, 1H), 1.94 (ddd, J = 9.9,
5.6, 4.3 Hz, 1H), 1.73 (td, J = 7.3, 5.6 Hz, 1H). 3C NMR (101 MHz, CDCls) & [ppm] = 167.3,
137.4, 129.0, 128.0, 128.0, 59.3, 44.3, 26.8, 16.8. IR (neat, cm): 3298, 3123, 3060, 2922,
1636, 1535, 1467, 1423, 1364, 1222, 998, 939, 890, 805, 752, 693. HRMS (ESI-MS) exact
mass calc. for C11H12N203 [M+H]* 221.0921 m/z, found: 221.0919 m/z and exact mass calc.
for C11H12N2O3 [M+Na]* 243.0740 m/z, found: 243.0737 m/z.
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trans-tert-butyl (4-(2-nitrocyclopropyl)phenyl) carbonate (trans-6k)

NO,

@)
>‘\O)J\O

A round-bottom flask equipped with a magnetic stirring bar was charged with 4-(1-bromo-3-

nitropropyl)phenyl tert-butyl carbonate (4k) (180.1 mg, 0.5 mmol, 1.0 equiv), and dissolved in
THF (4.0 mL). DBU (152.4 mg, 148.4 uL, 1.0 mmol, 2.0 equiv) was added. The reaction mixture
was then stirred at room temperature (25 °C) for 30 min. After completion, the reaction acidified
using 1M HCI. The aqueous phase was extracted with EtOAc (3 x 25 mL). The combined
organic phase was washed with water, brine and dried over MgSQO.. It was concentrated in
vacuo and the residue was purified by flash column chromatography on silica (hexanes / EtOAc
10:1) to yield 86.1mg (308.3 umol, 62%) of trans-tert-butyl (4-(2-nitrocyclopropyl)phenyl)
carbonate (trans-6k) as colorless oil. The corresponding cis-diastereomer was not isolated.
trans-diastereomer was designated based coupling constants of literature®3 for

cyclopropanes. Rs (hexanes / EtOAc 5:1 on silica) = 0.78, Staining: UV; KMnOas-solution.

'H NMR (400 MHz, CDCls) & [ppm] = 7.13 (s, 4H), 4.37 (ddd, J = 7.2, 3.9, 3.0 Hz, 1H), 3.12
(ddd, J=10.8, 7.9, 3.0 Hz, 1H), 2.21 (ddd, J = 10.5, 6.3, 3.9 Hz, 1H), 1.68 — 1.60 (m, 1H), 1.55
(s, 9H). 3C NMR (101 MHz, CDCls) & [ppm] = 151.8, 150.6, 133.8, 127.9, 121.8, 83.9, 61.6,
28.8, 27.8, 18.7. IR (neat, cm*): 3101, 2981, 2933, 1751, 1543, 1476, 1364, 1256, 1222, 1140,
1051, 1013, 931, 894, 827, 782, 678. HRMS (ESI-MS) exact mass calc. for C14H17NOs [M+H]*
280.1179 m/z, found: 280.1179 m/z and exact mass calc. for C14H17NOs [M+Na]* 302.0999
m/z, found: 302.1002 m/z and exact mass calc. for C14H17NOs [M+NH4]* 297.1445 m/z, found:
297.1444 m/z.

trans-(8R,9S,13S,14S)-13-methyl-3-((1S,2R)-2-nitrocyclopropyl)-
6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta[a]phenanthren-17-one (trans-6ef)

NO,

A round-bottom flask equipped with a magnetic stirring bar was charged with (8R,9S,13S,14S)-
3-(1-bromo-3-nitropropyl)-13-methyl-6,7,8,9,11,12,13,14,15,16-decahydro-17H-
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cyclopenta[a]phenanthren-17-one (4ef) (229.6 mg, 0.5 mmol, 1.0 equiv), and dissolved in THF
(4.0 mL). DBU (152.4 mg, 148.4 pL, 1.0 mmol, 2.0 equiv) was added. The reaction mixture
was then stirred at room temperature (25 °C) for 30 min. After completion, the reaction acidified
using 1M HCI. The aqueous phase was extracted with EtOAc (3 x 25 mL). The combined
organic phase was washed with water, brine and dried over MgSO.. It was concentrated in
vacuo and the residue was purified by flash column chromatography on silica (hexanes / EtOAc
5:1 to 2:1) to vyield 114.4 mg (337.0 umol 67%) of trans-(8R,9S,13S,14S)-13-methyl-3-
((1S,2R)-2-nitrocyclopropyl)-6,7,8,9,11,12,13,14,15,16-decahydro-17H-
cyclopentala]phenanthren-17-one (trans-6ef) and 16.4 mg (48.3 umol, 9%) of cis-
(8R,9S,13S,14S)-13-methyl-3-((1S,2R)-2-nitrocyclopropyl)-6,7,8,9,11,12,13,14,15,16-
decahydro-17H-cyclopenta[a]phenanthren-17-one (cis-6ef) each as colorless sticky oil.
Diastereomeric ratio was determined by crude *H-NMR analysis: d.r. = 91:9. Diastereomers
were designated based coupling constants of literaturel®® for cyclopropanes. R (trans-7ef)
(hexanes / EtOAc 2:1 on silica) = 0.75, Staining: UV; KMnOs-solution. R (cis-7ef) (hexanes /
EtOAc 2:1 on silica) = 0.58, Staining: UV; KMnOas-solution.

trans-6ef: 1H NMR (300 MHz, CDClIs) & [ppm] = 7.26 (d, J = 8.0 Hz, 1H), 6.95 — 6.83 (m, 2H),
4.38 (dt, J = 6.8, 3.4 Hz, 1H), 3.08 (ddd, J =10.7, 7.9, 3.0 Hz, 1H), 2.90 (dd, J = 8.8, 4.2 Hz,
2H), 2.51 (dd, J = 18.3, 8.5 Hz, 1H), 2.45 - 2.35 (m, 1H), 2.35 -1.90 (m, 5H), 1.73 — 1.36 (m,
7H), 0.91 (s, 3H). 3C NMR rotamer 1+2 (101 MHz, CDClz) d [ppm] = 220.8, 139.6, 137.3,
133.9, 127.6, 127.5, 126.0, 124.1, 124.0, 61.8, 50.6, 48.1, 44.4, 38.2, 36.0, 31.7, 29.5, 29.3,
26.5, 25.9, 21.7, 18.8, 18.8, 14.0. IR (neat, cm): 3093, 2929, 2862, 2251, 1736, 1539, 1505,
1453, 1408, 1360, 1289, 1269, 1215, 1166, 1118, 1080, 1054, 1006, 950, 909, 846, 782, 730,
662. HRMS (EI-MS) exact mass calc. for CzHzsNOs; [M]* 339.18290 m/z, found:
339.18342 m/z.

cis-6ef: 'H NMR (400 MHz, CDCl3) & [ppm] = 7.23 (d, J = 8.1 Hz, 1H), 7.06 (dt, J = 8.1, 2.6
Hz, 1H), 7.01 (d, J = 2.6 Hz, 1H), 4.61 (ddd, J = 8.4, 6.5, 4.1 Hz, 1H), 2.89 (q, J = 4.5 Hz, 3H),
2.79 (q, J = 9.0 Hz, 1H), 2.50 (dd, J = 18.7, 8.6 Hz, 1H), 2.45 — 2.22 (m, 3H), 2.22 — 1.91 (m,
3H), 1.68 — 1.38 (m, 6H), 0.91 (s, 3H). *C NMR rotamer 1+2 (101 MHz, CDCls) d [ppm] =
221.0,139.7,136.7,129.9, 129.8, 126.6, 126.6, 125.6, 60.7, 50.7, 48.1, 44.4, 38.1, 36.0, 31.7,
29.4, 28.4, 26.6, 25.7, 21.7, 14.0, 13.6. IR (neat, cm™): 2929, 2862, 1736, 1539, 1453, 1408,
1367, 1259, 1215, 1118, 1084, 1054, 1006, 909, 823, 730. HRMS (EI-MS) exact mass calc.
for C21H2sNO3 [M]*339.18290 m/z, found: 339.18196 m/z.
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3-methyl-5-phenyl-4,5-dihydroisoxazole  2-oxide (3da) and trans-2-methyl-2-

nitrocyclopropyl)benzene (trans-6da)

A pressure tube equipped with a magnetic stirring bar was charged with (1-bromo-3-
nitrobutyl)benzene (4da) (129.1 mg, 0.5 mmol, 1.0 equiv), and dissolved in THF (4.0 mL). DBU
(152.4 mg, 148.4 pL, 1.0 mmol, 2.0 equiv) was added. The reaction mixture was then stirred
at room temperature (25 °C) for 30 min. After completion, the reaction acidified using 1 M HCI.
The aqueous phase was extracted with EtOAc (3 x 25 mL). The combined organic phase was
washed with water, brine and dried over MgSO.. It was concentrated in vacuo and the residue
was purified by flash column chromatography on silica (hexanes / EtOAc 20:1 to pure EE) to
yield 19.3 mg (108.9 umol, 22%) of trans-2-methyl-2-nitrocyclopropyl)benzene (3da) as
colorless oil and 57.4 mg (323.9 umol, 65%) of 3-methyl-5-phenyl-4,5-dihydroisoxazole 2-
oxide (trans-6da) as a white solid. Spectral data of isoxazoline-N-oxide are in accordance with
literature.l*8l, R¢ (trans-6da, cyclopropane) (hexanes / EtOAc 5:1 on silica) = 0.83, Staining:
UV; KMnOgs-solution. Rt (3da, isoxazoline-N-oxide) (hexanes / EtOAc 5:1 on silica) = 0.08,
Staining: UV; KMnQg4-solution.

trans-2-methyl-2-nitrocyclopropyl)benzene (trans-6da): *H NMR (400 MHz, CDCls) & [ppm]
=7.40-7.27 (m, 3H), 7.22 - 7.14 (m, 2H), 3.38 (dd, J = 10.5, 8.2 Hz, 1H), 2.36 (dd, J = 10.5,
5.9 Hz, 1H), 1.55 (dd, J = 8.2, 5.9 Hz, 1H), 1.44 (s, 3H). 13C NMR (101 MHz, CDCls) 5 [ppm] =
134.7, 128.9, 128.8, 127.9, 65.7, 35.0, 22.2, 15.4. IR (neat, cm™): 3034, 2985, 2940, 2870,
2363, 1736, 1531, 1449, 1394, 1353, 1319, 1207, 1092, 1054, 954, 894, 853, 756, 700.

3-methyl-5-phenyl-4,5-dihydroisoxazole 2-oxide (3da): *H NMR (300 MHz, CDClz) & [ppm]
=7.43-7.28 (m, 5H), 5.57 (dd, J = 9.6, 7.5 Hz, 1H), 3.47 (ddqg, J = 17.1, 9.6, 1.7 Hz, 1H), 3.06
(ddd, J=17.1, 7.6, 1.8 Hz, 1H), 2.00 (t, J = 1.8 Hz, 3H). *C NMR (75 MHz, CDCls) d [ppm] =
139.0, 129.0, 128.8, 125.7, 125.6, 112.4, 75.4, 42.3, 11.9.
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(3-nitropropyl)benzene (7a)

A pressure tube equipped with a magnetic stirring bar was charged with (1-bromo-3-

nitropropyl)benzene (4a) (122.0 mg, 0.5 mmol, 1.0 equiv), Pd on charcoal (5.3 mg, 50.0 pumol,
10 mol%) dissolved in MeOH (1.0 mL). The reaction mixture was then equipped with a balloon
containing Hz. The reaction was stirred for 22 h at room temperature (25 °C).The solution was
filtered over a pad of celite to obtain 82.2 mg (497.6 pumol, 99%) of (3-nitropropyl)benzene (7a)
as orange oil. Spectral data are in accordance with literature.® Ry (hexanes / EtOAc 5:1 on
silica) = 0.81, Staining: UV; KMnOgs-solution.

IH NMR (400 MHz, CDCls) & [ppm] = 7.31 (t, J = 7.3 Hz, 2H), 7.26 — 7.14 (m, 3H), 4.36 (t, J =
6.9 Hz, 2H), 2.71 (t, J = 7.5 Hz, 2H), 2.32 (p, J = 7.1 Hz, 2H). 13C NMR (101 MHz, CDCls)
5 [ppm] = 139.6, 128.9, 128.6, 126.7, 74.8, 32.4, 29.0.

3-phenylpropan-1-amine (8a)

©/\/\NH2

A round-bottom flask equipped with a magnetic stirring bar was charged with (1-bromo-3-

nitropropyl)benzene (4a) (195.3 mg, 0.8 mmol, 1.0 equiv), Zn dust (1.26 g, 19.20 mmol,
24.0 equiv) and aqueous acetic acid (50% V/V, 4 mL, 0.15 M) was added. The resulting
reaction mixture was stirred at room temperature (25 °C) for 18 h. The reaction solution was
then filtered over cotton to remove excess of Zn. Afterwards, the reaction mixture was
quenched with conc. NaOH solution till pH = 12. Celite was added and the solution was filtered
off. The filter was washed with EtOAc (3 x 20 mL). Followed by this, the mixture was extracted
three times with EtOAc. The combined organic layers were washed with conc. NaOH solution,
dried over anhydrous MgSQy, filtered, concentrated in vacuo to yield 78.3 mg (579.1 umol,
72%) of 3-phenylpropan-1-amine (8a) as a yellowish oil. Spectral data are in accordance with

literature.[3%

IH NMR (300 MHz, CDCls) & [ppm] = 7.34 — 7.14 (m, 5H), 2.72 (t, J = 7.1 Hz, 2H), 2.65 (t, J =
7.6 Hz, 2H), 2.01 (s, 2H), 1.85 — 1.69 (m, 2H). 3C NMR (75 MHz, CDCls) & [ppm] = 142.1,
128.4,128.4, 125.8, 41.7, 35.2, 33.3.
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Chapter 6 Scientific Appendix

This chapter contains copies of all NMR spectra, as well as detailed data for X-ray analysis.
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6.1 NMR Spectra for Chapter 2
4-methoxybenzaldehyde (4a)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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3-methoxybenzaldehyde (4b)
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3,4,5-trimethoxybenzaldehyde (4c)
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tert-butyl (4-formylphenyl)carbamate (4d)
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3-methylbenzaldehyde (4e)
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3,4-dihydronaphthalen-1(2H)-one (4h)
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benzophenone (4i)
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[1,1'-biphenyl]-4-carbaldehyde (4j)
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1-(3-benzoylphenyl)ethan-1-one (4k)
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1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indole-3-carbaldehyde (4l)
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1-(6-methoxynaphthalen-2-yl)ethan-1-one/ naproxene (4m)
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1-(4-isobutylphenyl)ethan-1-one (4n)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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11-ox0-6,11-dihydrodibenzo[b,e]oxepine-2-carbaldehyde (40)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-(2-fluoro-[1,1'-biphenyl]-4-yl)ethan-1-one (4p)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-(2-fluoro-[1,1'-biphenyl]-4-yl)ethan-1-one (4p)
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Third image: °F-NMR NMR; NMR solvent: CDCls
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2-(4-acetylbenzyl)cyclopentan-1-one (4Q)
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First image: *H-NMR; Second image: 3C-NMR: NMR solvent: CDCls;
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4-isopropylcyclohexan-1-one (4r)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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tert-butyl 4-oxopiperidine-1-carboxylate (4s)
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First image: *H-NMR; Second image: 3C-NMR: NMR solvent: CDCls;
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6.2 Crystallographic Data for Chapter 2

Table 1. Crystallographic Data for Chapter 2.

Isoxepac Indometacin
Compound Eg)uZ(la)4(MeCN)2] Eg)u(dmp)(la)z] Derivative Derivative
(40) (41)

CCDC 2144482 2144474 2144480 2144485
Formula Co0H21CuNOs¢ C32,H30CuN>Og C15H1003 C18H14C|N03
Dcac/ g cm™3 1.502 1.451 1.448 1.445

mm- 1.930 1.529 0.830 2.377
Formula Weight  1434.92 602.12 238.23 327.75
Colour clear blue clear green clear colorless |clear colorless
Shape plate-shaped plate plate-shaped prism-shaped
Size/mm?3 0.23x0.15%0.06  |0.15x0.10x0.05 |0.17x0.11x0.06 |0.09%x0.08x0.08
T/K 123.01(10) 123.01(10) 122.97(10) 123.00(10)
Crystal System triclinic monoclinic monaoclinic monoclinic
Space Group P-1 C2/c C2/c P2i/c
a/A 9.8246(2) 25.6472(6) 13.7617(9) 16.06989(7)
b/A 13.6030(3) 16.1411(4) 8.1050(4) 7.09422(3)
c/A 14.54570(10) 13.7447(3) 19.5997(12) 26.42930(11)
o/’ 83.192(2) 90 90 90
B/ 85.2690(10) 104.289(3) 91.551(6) 90.3024(4)
v/ 88.081(2) 90 90 90
V/A3 1923.11(6) 5513.9(2) 2185.3(2) 3012.99(2)
VA 4 8 8 38
Z' 2 1 1 2
Wavelength/A 1.54184 1.54184 1.54184 1.54184
Radiation type Cu K« CuK. Cu K. Cu K.
Oinl” 3.069 3.265 4.514 2.750
Omaxl” 73.028 74.143 73.956 74.433
Measured Refl. 52324 14926 11611 66058
Independent Refl. [7274 5395 2140 6106
Refl's | > & 2(1) 5785 4303 1916 5835
Rint 0.0848 0.0270 0.0445 0.0186
Parameters 511 374 163 419
Restraints 0 0 0 0
Largest Peak 0.607 0.941 0.310 0.263
Deepest Hole -1.121 -0.435 -0.260 -0.395
GooF 1.126 1.018 1.046 1.048
WR: (all data) 0.1544 0.1061 0.1339 0.0790
WR> 0.1461 0.0974 0.1311 0.0782
R: (all data) 0.0676 0.0506 0.0568 0.0297
R1 0.0536 0.0380 0.0525 0.0286
Solution Olex2 1.2-alpha
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6.3 NMR Spectra for Chapter 3
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First image: *H-NMR; Second image: 13C-NMR; NMR solvent: CDCl;
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First image: *H-NMR; Second image: **C-NMR; NMR solvent: CDCls;
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[Cu(Xanthphos)(dmp)]BF4
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First image: *H-NMR; Second image: **C-NMR; NMR solvent: CDCls;
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bromonitromethane (1a)
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First image: *H-NMR; Second image: **C-NMR; NMR solvent: CDCls;
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1-bromo-1-nitroethane (1b)
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First image: *H-NMR; Second image: **C-NMR; NMR solvent: CDCls;
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2-bromo-2-nitropropane (1c)
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First image: *H-NMR; Second image: **C-NMR; NMR solvent: CDCls;

219



Chapter 6 Scientific Appendix

(2-bromo-2-nitroethyl)benzene (1d)
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First image: *H-NMR; Second image: **C-NMR; NMR solvent: CDCls;
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tert-butyl (4-vinylphenyl) carbonate (2k)
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First image: *H-NMR; Second image: **C-NMR; NMR solvent: CDCls;
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tert-butyl allylcarbamate (2cm)
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First image: *H-NMR; Second image: **C-NMR; NMR solvent: CDCls;
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diethyl 2-((tert-butoxycarbonyl)amino)malonate (2co’)
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First image: *H-NMR; Second image: **C-NMR: NMR solvent: CDCls;
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diethyl 2-allyl-2-((tert-butoxycarbonyl)amino)malonate (2co)

(0] (0]
/\O O/\ r
—Boc

/N

. AJJ K ﬂ\ JJU\ -
7 by T T T
s @ 3 & & 8=
58 3 & g R
T T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

168.0
131.6
119.8
80.3
— 66.3
— 62.6
37.6
28.3
14.2

T T T T T T T T T T T T T T T T T T T T T T T T T
240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 0
ppm

First image: *H-NMR; Second image: **C-NMR: NMR solvent: CDCls;
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racemic ethyl 2-((tert-butoxycarbonyl)amino)pent-4-enoate (2cp)
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First image: *H-NMR; Second image: 3C-NMR: NMR solvent: CDCls;
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1,3-dimethyl-7-(4-vinylbenzyl)-3,4,5,7-tetrahydro-1H-purine-2,6-dione (2ea)
i KO/\

~ N

N

T

o) ITI N

I

T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5

ppm
«mg oan@ ma o a
BEg $28% 858 EAN 3 2%
SE% THRRH 88 I S ] 3%
FAY NN N (. \/

1.0

0.5

0.0

T T T T T T T T T T T T T T T T T T T T T T
240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30
ppm

First image: *H-NMR; Second image: **C-NMR; NMR solvent: CDCls;
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isopropyl 2-methyl-2-(4-(4-vinylbenzoyl)phenoxy)propanoate (2eb)
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First image: *H-NMR; Second image: 13C-NMR; NMR solvent: CDCl;
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(3aR,5R,5aS,8aS,8bR)-2,2,7,7-tetramethyl-5-(((4-vinylbenzyl)oxy)methyl)tetrahydro-5H-
bis([1,3]dioxolo)[4,5-b:4’,5’-d]pyran (2ec)
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First image: *H-NMR; Second image: 13C-NMR; NMR solvent: CDCl;
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(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-vinylbenzoate (2ed)
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First image: *H-NMR; Second image: 13C-NMR; NMR solvent: CDCl;
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(8R,9S,13S,14S)-13-methyl-17-0x0-7,8,9,11,12,13,14,15,16,17-decahydro-6H-
cyclopentala]phenanthren-3-yl trifluoromethanesulfonate (2ef’)
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First image: *H-NMR; Second image: 1*C-NMR; Thrid image: °F-NMR: NMR solvent: CDCl;
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(8R,9S,13S,14S)-13-methyl-3-vinyl-6,7,8,9,11,12,13,14,15,16-decahydro-17H-
cyclopenta[a]phenanthren-17-one (2ef)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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(1-bromo-3-nitropropyl)benzene(4a)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-(1-bromo-3-nitropropyl)-2-methylbenzene (4b)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-(1-bromo-3-nitropropyl)-3-methylbenzene (4c)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-(1-bromo-3-nitropropyl)-4-methylbenzene (4d)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;

236



Chapter 6 Scientific Appendix

2-(1-bromo-3-nitropropyl)naphthalene (4f)
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1-(1-bromo-3-nitropropyl)-3-methoxybenzene (4h)
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First image: 1H-NMR; Second image: 13C-NMR: NMR solvent: CDCI3
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(4-(1-bromo-3-nitropropyl)phenyl)trimethylsilane (4i)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCls;
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4-(1-bromo-3-nitropropyl)phenyl acetate(4))
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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4-(1-bromo-3-nitropropyl)phenyl tert-butyl carbonate (4k)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-(1-bromo-3-nitropropyl)-4-(chloromethyl)benzene (4n)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;

242



Chapter 6 Scientific Appendix

2-(1-bromo-3-nitropropyl)pyridine (4p)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-(1-bromo-3-nitropropyl)-4-chlorobenzene (4r)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-bromo-4-(1-bromo-3-nitropropyl)benzene (4s)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-fluoro-4-(1-bromo-3-nitropropyl)benzene (4t)
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First image: *H-NMR; Second image: 1*C-NMR; Third image: °F-NMR: NMR solvent: CDCl;

4-(1-bromo-3-nitropropyl)-1,2-difluorobenzene (4v)
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First image: *H-NMR; Second image: *C-NMR; Third image:
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4-(1-bromo-3-nitropropyl)-1,2-difluorobenzene (4w)
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First image: *H-NMR; Second image: 1*C-NMR; Third image: °F-NMR: NMR solvent: CDCl;

1-(1-bromo-3-nitropropyl)-4-(trifluoromethyl)benzene (4x)
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First image: *H-NMR; Second image: 1*C-NMR; Third image: °F-NMR: NMR solvent: CDCl;
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ethyl 4-(1-bromo-3-nitropropyl)benzoate (4z)

Br
NO,
] )ML | DA
hy iy O ) T by
o S o So~ S -
g g § 8&% g e
T T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
ppm
w « wem
w < SO ] L] bl N <
g p aeg R 3 ¢ 8 s
\0/

T T T T T T T T T T T T T T T T T T T T T T T T T
240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 0
ppm

First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-(1-bromo-3-nitropropyl)-4-nitrobenzene (4aa)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-(1-bromo-3-nitropropyl)-3-nitrobenzene (4ab)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-bromo-2,3-dimethyl-5-nitropent-2-ene (E/Z = 61:39) (4ae)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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phenyl 2-bromo-4-nitrobutanoate (4ba)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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N-benzyl-2-bromo-4-nitrobutanamide (4bb)
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First image: *H-NMR; Second image: 3C-NMR: NMR solvent: CDCls;
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(3-bromo-5-nitropentyl)benzene (4ca)

Br

NO,

—
—_—

11.0 105 100 95 90 85 80 75 70 65 60 55 50 45

» 41011

—140.2
128.7
128.6
73.6

51.9

T T T T T T T T T T T T T T T T T T
240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70
ppm

First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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3-bromo-1-nitrononane (4ch)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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3,12-dibromo-1-nitrododecane (4cd)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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3-bromo-7-chloro-1-nitroheptane (4ce)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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5-bromo-7-nitroheptanenitrile (4cf)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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(1-bromo-3-nitropropyl)cyclohexane (4cq)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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10-bromo-12-nitrododecanal (4ci)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCls;
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2-(3-bromo-5-nitropentyl)oxirane (4cj) (d.r. = 54:46)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-(2-bromo-4-nitrobutyl)-4-methylbenzene (4cl)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCls;
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tert-butyl (2-bromo-4-nitrobutyl)carbamate (4cm)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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diethyl 2-(2-bromo-4-nitrobutyl)-2-((tert-butoxycarbonyl)amino)malonate (4co)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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ethyl 4-bromo-2-((tert-butoxycarbonyl)amino)-6-nitrohexanoate (4cp) (d.r. = 56:44)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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(1-bromo-3-nitrobutyl)benzene (d.r. = 58:42) (4da)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-(1-bromo-3-nitrobutyl)-4-(tert-butyl)benzene (d.r. = 56:44) (4db)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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(1-bromo-3-nitrobutyl)-3-methylbenzene (d.r. = 55:45) (4dc)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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4-(1-bromo-3-nitrobutyl)phenyl acetate (d.r. = 57:43) (4dd)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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(1-bromo-3-nitrobutyl)-4-chlorobenzene (d.r. = 57:43) (4df)
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1-(1-bromo-3-nitrobutyl)-2-chlorobenzene (d.r. = 58:42) (4dQg)

Cl Br L

NO,

Ier e O red z
5523 3 R s 3 3 5
T T T T T T T T T T T T T T T T T T T T T T T
110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
ppm

NNANNOOSGSO®ININ w NenNm QN
REANS258R4aR% b s2ng EIN
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ e 5359 EP
He e Y &SP \/
" , WL v ’ .
T T T T T T T T T T T T T T T T T T T T T T T T T
240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
ppm

First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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(1-bromo-3-nitrobutane-1,4-diyl)dibenzene (d.r. = 62:38) (4dh)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-(1-bromo-3-nitro-4-phenylbutyl)-4-(tert-butyl)benzene (d.r. = 62:38) (4di)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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4-(1-bromo-3-nitro-4-phenylbutyl)phenyl acetate (d.r. = 60:40) (4dj)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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1-(1-bromo-3-nitro-4-phenylbutyl)-4-chlorobenzene (d.r. = 56:44) (4dl)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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7-(4-(1-bromo-3-nitropropyl)benzyl)-1,3-dimethyl-3,4,5,7-tetrahydro-1H-purine-2,6-
dione (4ea)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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isopropyl 2-(4-(4-(1-bromo-3-nitropropyl)benzoyl)phenoxy)-2-methylpropanoate (4eb)
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First image:

'H-NMR; Second image:

13C-NMR: NMR solvent: CDCls
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(3aR,5R,5aS,8aS,8bR)-5-(((4-(1-bromo-3-nitropropyl)benzyl)oxy)methyl)-2,2,7,7-
tetramethyltetrahydro-5H-bis([1,3]dioxolo)[4,5-b:4’,5’-d]pyran (4ec)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-(1-bromo-3-nitropropyl)benzoate (4ed)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCls;

283



Chapter 6 Scientific Appendix

2,5,7,8-tetramethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-yl 4-(1-bromo-3-
nitropropyl)benzoate (4ee)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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(8R,9S,13S,14S)-3-(1-bromo-3-nitropropyl)-13-methyl-6,7,8,9,11,12,13,14,15,16-
decahydro-17H-cyclopentala]phenanthren-17-one (4ef)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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3-nitro-1-phenylpropan-1-ol (5a)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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(1-methoxy-3-nitropropyl)benzene (5b)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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N-(3-nitro-1-phenylpropyl)acetamide (5c)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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(1-azido-3-nitropropyl)benzene (5d)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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(3-azido-5-nitropentyl)benzene (5ca)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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(3-nitro-1-thiocyanatopropyl)benzene (5e)
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(1-nitrohex-5-en-3-yl)benzene (5f)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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trans-((1S,2R)-2-nitrocyclopropyl)benzene (trans-6a)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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cis-((1S,2R)-2-nitrocyclopropyl)benzene (cis-6a)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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trans-N-2-nitrocyclopropane-1-carbonyl)benzamide (trans-6bb)

First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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trans-tert-butyl (4-(2-nitrocyclopropyl)phenyl) carbonate (trans-6k)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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trans-(8R,9S,13S,14S)-13-methyl-3-((1S,2R)-2-nitrocyclopropyl)-
6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta[a]phenanthren-17-one (trans-6ef)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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cis-(8R,9S,13S,14S)-13-methyl-3-((1S,2R)-2-nitrocyclopropyl)-6,7,8,9,11,12,13,14,15,16-
decahydro-17H-cyclopenta[a]phenanthren-17-one (cis-6ef)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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trans-2-methyl-2-nitrocyclopropyl)benzene (trans-6da)
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3-methyl-5-phenyl-4,5-dihydroisoxazole 2-oxide (3da)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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(3-nitropropyl)benzene (7a)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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3-phenylpropan-1-amine (8a)
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First image: *H-NMR; Second image: 13C-NMR: NMR solvent: CDCl;
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6.4 Crystallographic Data for Chapter 3

Table 2. Crystallographic Data for Chapter 3.

Compound 4i 10

CCDC 2192294 2192295
Formula ClelgBrNOQSi C23H235r0_59C|1_41CUN302
Dcac/ g cm™3 1.423 1.578

wmm- 4.511 3.983
Formula Weight  [316.27 594.33
Colour clear colorless clear blue
Shape plate-shaped prism-shaped
Size/mm?3 0.22x0.08x0.04  |0.33x0.21x0.13
T/IK 123.00(10) 123.00(10)
Crystal System monoclinic orthorhombic
Space Group P2i/c Pbcn

a/A 19.8325(4) 24.2587(3)
b/A 7.91390(10) 14.0308(2)
c/A 9.6475(2) 14.6985(2)
a/ 90 90

B/ 102.932(2) 90

y/ 90 90

V/A3 1475.79(5) 5002.91(12)
Z 4 te]

Z 1 1
Wavelength/A 1.54184 1.54184
Radiation type Cu Kq Cu Kq

Oninl” 2.286 4.723

Omaxl” 74.895 66.895
Measured Refl's. 22933 31203
Indep‘t Refl's 2964 4437

Refl's 122 & (1) 2568 4330

Rint 0.0555 0.0502
Parameters 157 330
Restraints 0 0

Largest Peak 0.707 0.706
Deepest Hole -0.724 -0.559

GooF 1.075 1.074

WR: (all data) 0.1013 0.0962

WR2 0.0980 0.0956

R: (all data) 0.0438 0.0358

R1 0.0372 0.0350
Solution Olex2 1.2-alpha  |Olex2 1.2-alpha
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