Technische Universitat Miinchen T”TI
TUM School of Natural Sciences

Photoredox Catalysis with Metal-Mabiq Complexes

Oaikhena Zekeri Esezobor

Vollstandiger Abdruck der von der TUM School of Natural Sciences der Technischen
Universitat Minchen zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften
genehmigten Dissertation.

Vorsitz: Prof. Dr. Klaus Kohler
Priifer*innen der Dissertation: 1. Prof. Dr. Corinna. R. Hess
2. Prof. Dr. Lukas Hintermann

Die Dissertation wurde am 23.11.2023 bei der Technischen Universitat Miinchen eingereicht
und durch die TUM School of Natural Sciences am 08.12.2023 angenommen.






“Darkness cannot drive out darkness; only LIGHT can do that”.

— Martin Luther King, Jr.

Don’t compete, take your place. — Oaikhena Zekert Esezobor



This dissertation describes the work carried out by Oaikhena Zekeri Esezobor at the Faculty
of Chemistry, Technical University of Munich from November 1, 2019, to April 30, 2023,
under the supervision of Prof. Corinna R. Hess.



Dedicated to:

Oshuwa Esezobor @ %
23 January 1992 — 28 December 2021.

Continue to Rest in Peace.



Acknowledgements

Thanks to Prof. Corinna R. Hess for giving me the opportunity to join the group for my doctoral
research. | want to also thank her for the insightful discussions, contributions to research and
guidance even in challenging times.

| appreciate all my lab colleagues: Raphael Lauenstein, Lukas Niederegger, Kerstin Rickmeyer,
Philippe lbouanga, Matthias Huber and Sayonika Chakraboty for the lively working
environment and willingness to engage in academic discussions. To my internship students,
Viktoria Lehmann, Wenyi Zeng, Hannah Elizabeth Kramer and Giorgia Gherardini, | say thanks
for their contributions at different stages of my research. Thanks to Jiirgen Kudermann for the
help with GC analysis and for his willingness to assist whenever there was a challenge.

Special thanks to my mum, Mrs. Lucy Esezobor for her sacrifices, prayers, and
encouragements. Thanks to my siblings, Ifidon, Oshuwa, Ohiokhuaobo and Ebohimai; and to
my brother’s wife, Jennifer for the prayers and support. To my nephews and nieces, Clarence,
Ephraim, Praise, Purity, and Aariana, thanks for your prayers.

My heartfelt thanks to my lovely wife, Uche; words are not enough to appreciate you for your
patience, prayers, encouragements, understanding and emotional support. | appreciate my
mother- and sister-in-law, Mrs. Ekene Okafor and Miss Onyinye Okafor for their prayers.

I am immensely grateful to Prof. Engr. O. Odia and Prof. Mrs. A. Odia for their financial
contributions to my journal in life. Their contributions towards my MSc study at the University
of Regensburg brought me this far. | am also grateful to Engr. Gerald O. Aziegbe for his financial
support, prayers, and encouragement. | appreciate Mr. and Mrs. Augustine Uroye for their
financial support.

To Dr. Janis Musso and his wife, Xue Yang; his mum Tamara and stepdad Lazlo, thanks for being
my family in Germany. Thanks to my friends, Synthia Ndeta, Nicolas Raube, Rok Narobe, Eva
Plut, Kirk Anton Moffatt, and Paul Blaise Daudu for being friends | could count on during my
time at TUM. Finally, thanks to my Nigerian friends, Dr. Omozojie Aigbogun, Victor
Oladunjuoye Thomas, and Mitotah Olarewaju for their encouragements and prayers.

Above all, gratitude to God Almighty for granting me good health and sound mind throughout
my time at TUM. He has been my strength and guide all through my academic journey.



List of Abbreviations

A Angstrom

BCB bicyclobutane

Boc tert-butyloxycarbonyl

Bpy bipyridine

CcT charge transfer

DBAD Di-tert-butyl azodicarboxylate
DIPEA diisopropyl ethylamine

Dtbbpy 4,4'-Di-tert-butyl-2,2'-dipyridyl
EA energy acceptor

ee enantiomeric excess

EnT energy transfer

Equiv. equivalents

ESI electrospray ionization

ET electron transfer

Er triplet energy

EtsN triethylamine

fs femtosecond

GC gas chromatography

HAT hydrogen atom transfer

ISC intersystem crossing

K Kelvin

kcal kilocalorie

kJ kiloJoules

LMCT ligand-to-metal charge transfer
max maximum

MC metal-centered

MeCN acetonitrile

MHAT metal-hydride hydrogen atom transfer
MLCT metal-to-ligand charge transfer



MO
mol
MS
NMR
ns
°C
PC
Ppy
So
S1
SCE
SET
T1
THF
™

UV Vis

VLIH

XRD

us

molecular orbital

mole

mass spectrometry

nuclear magnetic resonance
nanosecond

degree Celsius
photocatalyst
phenylpyridine

singlet state

singlet excited state
standard calomel electrode
single electron transfer
triplet excited state
tetrahydrofuran

transition metal
ultraviolet/visible region

Volts

visible light-induced homolysis

X-ray diffraction
wavelength

microseconds

Vi



Publication List

) Oaikhena Zekeri Esezobor, Wenyi Zeng, Lukas Niederegger, Michael Griibel, and Corinna
R. Hess. Co—Mabiq Flies Solo: Light-Driven Markovnikov-Selective C- and N-Alkylation of
Indoles and Indazoles without a Cocatalyst. J. Am. Chem. Soc. 2022, 144, 2994-3004.

) Raphael Lauenstein, Sophie L. Mader, Henrieta Derondeau, Oaikhena Z. Esezobor,
Matthias Block, Armin J. Rémer, Christian Jandl, Eberhard Riedle, Ville R. 1. Kaila, Jirgen
Hauer, Erling Thyrhaug and Corinna R. Hess. The central role of the metal ion for
photoactivity: Zn—vs. Ni-Mabiqg. Chem. Sci., 2021, 12, 7521 — 7532.

Conference Contributions

° Oaikhena Zekeri Esezobor and Corinna R. Hess. 17. Koordinationschemie-Treffen (KCT),
Jena 2022, Germany. “Visible Light Induced and Co-Mabiq Catalyzed C3- and N-
Alkylation of Indoles and Indazoles” (Oral Presentation).

° Oaikhena Zekeri Esezobor, Wenyi Zeng, Lukas Niederegger, Michael Griibel and Corinna
R. Hess. Gordon Research Conferences — 2022 Electron Donor-Acceptor
Seminar/Interactions, Salve Regina University in Rhode Island, United States. “Light-
Driven Reactions with Co-Mabiqg” (Poster Presentation).

° Oaikhena Zekeri Esezobor, Raphael Lauenstein, Michael Griibel and Corinna R. Hess.
Exploratory Photochemistry: Light Creates Structure. Nationale Akademie der
Wissenschaften Leopoldina, Jagerberg 1, 06108 Halle, Germany, 2021. “Photoredox
Catalysis with Metal-Mabig Complexes” (Poster Presentation).

) Oaikhena Zekeri Esezobor, Raphael Lauenstein, Michael Griibel and Corinna R. Hess.
Anglo-German Inorganic Chemistry Conference (2021 AGICHEM) — Online. “Photoredox
Catalysis with Metal-Mabig Complexes” (Poster Presentation).

) Oaikhena Zekeri Esezobor, Michael Gribel, Irene Bosque, Thorsten Bach, Corinna R.
Hess. 16. Koordinationschemie-Treffen (KCT), Freiburg 2020, Germany. “Redox and
photocatalytic properties of cobalt and nickel complexes of macrocyclic biquinazoline
(Mabiq) ligand” (Poster Presentation).

Vii



Table of Contents

Chapter 1
1.1 Introduction 1
1.2 Resurgence in Photocatalysis (Photoredox Catalysis) 2
1.3 Mechanisms in Photocatalysis 5
1.3.1 Single Electron Transfer (SET) 5
1.3.2 Energy Transfer (EnT) 7
1.4 Dual Catalysis 10
1.4.1 Metallaphotoredox Catalysis 10
1.5 Photoactive Complexes of Earth Abundant (3d) Transition Metals 13
1.5.1 Photoinduced SET Reactions Catalyzed by 3d TM Complexes 15
1.5.2 Beyond SET and EnT: VLIH in 3d TM Complexes 17
1.6 Aim and Scope of Research 20
1.7 References 23
Chapter 2
Co—-Mabiq Flies Solo: Light-Driven Markovnikov-Selective C- and N-Alkylation of
Indoles and Indazoles without a Cocatalyst 28
Chapter 3
The central role of the metal ion for photoactivity: Zn—vs. Ni-Mabiq 41
Chapter 4
Unpublished Results: Visible light induced and Co(Mabiq)-catalyzed acylation of styrenes
4.1 Introduction 54
4.2 Reaction Development 55
4.3 Substrate Scope 58
4.4 Mechanistic Investigations 59
4.5 Conclusion 62
4.6 References 63
Summary 65
Appendix 67

viii



Chapter 1

1.1 Introduction

The tremendous advances achieved in radical chemistry in the last 2 decades has been partly
due to the resurgence of interests in photoredox catalyzed transformations in synthetic
organic chemistry.? Although radicals were hitherto misconstrued as highly uncontrollable
intermediates, advances in transition metal catalyzed cross coupling reactions and light-
induced modes of substrate activation have demystified this misconception.'¢ Photoredox
catalysis offers myriads of substrate activation and mechanistic pathways, and as a result
provides access to challenging synthetic routes, complex structural motifs, and reduction in
synthetic steps. The mild reaction conditions, functional group tolerance and compatibility
with other catalytic methods (dual catalysis) have also underpinned the enormous interests
in photoredox catalysis.® ¢ 1. 1k 2

Nature’s inspiration with photosynthesis, the biological process that powers all life forms on
earth, is the foundation for photoredox catalysis. The key components of photosynthesis are
sunlight and the light-harvesting green pigment, chlorophyll 1 (Figure 1). Sunlight is a
renewable resource on earth and Nature found a way to harness it by deploying the
magnesium containing molecule, chlorophyll, for harvesting and transducing sunlight energy
into chemical energy.3 Chlorophyll is found in cyanobacteria and in the chloroplast of algae
and plants.?

a: R' & R® = CHj, R?= -CH=CHj, R* = -CH,CHj3, R® = -CO,CoH3q
b: R' = CHj, R? = -CH=CHj, R® = CHO, R* = -CH,CHj3, R® = -CO,CyoH39
¢1: R' & R®= CHj3, R? = -CH=CHj, R* = -CH,CHj, R® = -CH=CHCO,H

¢2: R' & R® = CHj3, R2 & R*= -CH=CHj3, R® = -CH=CHCO,H

d: R' & R® = CHj, R?= CHO, R* = -CH,CH3, R® = -CO,C5gH39

1 f: R' = CHO, R? = -CH=CHj, R® = CH3, R* = -CH,CHg, R® = -CO,Cy0H3q

Figure 1. Chlorin backbone in chlorophyll and all types of chlorophyll found in Nature.*?

The first step in photosynthesis is the splitting of H,0 into molecular O,, protons and electrons
with sunlight energy (equations 1 — 3). This is followed by a dark phase (Calvin cycle) which
involves the reduction of CO; to carbohydrates with electrons and protons generated in the
light reaction (equation 2).%b>

Light reaction

2H,0 + light = O, + 4H* + 4e~ (AG° = +317 kJ-mol™?) equation 1
Dark reaction

CO; + 4H* + 4e~ — CH,0 + 4H20 (AG° = +162 kJ-mol™) equation 2
Overall reaction

H,0 + light + CO2 — CH20 + 0, (AG® = +479 kl-mol™) equation 3



Equation 3 represents the beginning of many complex biological cycles which culminate in the
synthesis of sugars, amino acids, lipids, etc, that are essential for the sustenance of plants and
animals. Overall, photosynthesis plays the essential role of regulating the amounts of the
greenhouse gas, CO,, in the atmosphere, and in the production of oxygen, which is vital for
sustenance of life on earth.*>>

1.2 Resurgence in Photocatalysis (Photoredox Catalysis)

Until late 2008 when the groups of D.W.C. MacMillan (2021 Nobel Prize winner),® T.P. Yoon’
and C.R.J. Stepheson?® independently reported photoinduced transformations employing the
one-electron photoredox catalyst, [Ru(bpy)s]** 2, photoredox catalyzed synthetic
methodologies were sparingly reported in the literature.'’ Before 2008, most light-induced
reactions (referred to as photochemical reactions) involved the use of UV light.® The challenge
in the use of UV light is the low abundance of UV wavelength required for photochemical
reactions in the solar spectrum. As a result, to safely generate such UV radiation, specialized
devices had to be designed.'° Furthermore, even though the UV region is of high energy and
can initiate bond-breaking and -making steps, extending light-initiated reactions to lower
energy (i.e. visible region of the absorption spectrum) was desirable to expand the application
of light in chemical synthesis.’! However, the inability of many organic substrates to absorb
visible light and engage in desired reactivity posed a challenge.'® Hence, to drive chemical
reactions with visible light, photoactive catalysts are generally required. Thus, photoactive
transition metal complexes such as [Ru(bpy)s]?* 2, fac-(Ir(ppy)s) 3, and organic dyes, that can
be excited upon absorption of visible light energy and engage in SET or EnT processes were
deve|oped.1b, 1d, 1f, 1j-1, 2a, 10, 12

With regards to [Ru(bpy)s]®* 2 in particular, its photochemistry, photophysics and
chemiluminescence and applications in water splitting, CO; activation and energy storage
were already established as far back as 1959.'% Despite this knowledge, its use in core
synthetic organic chemistry was not explored. Nevertheless, since the “seminal” works by
MacMillan,®® Yoon” and Stephenson?, the field of photoredox catalysis has experienced a
resurgence and contributed tremendously to synthetic organic chemistry by utilizing
photoactive complexes such [Ru(bpy)s]** 2, fac-(Ir(ppy)3) 3, and organic dyes?s 1i. 1, 1l 63, 12a
(Figure 2), and more recently earth abundant transition metal complexes."

\ _|2+
N = .,
~,| |||
2, [Ru(bpy);]?* 3, fac-(Ir(ppy)s)
5, Anthraqulnone 6, 4CzIPN

Figure 2. Examples of photoactive complexes and organic dyes.



An intriguing aspect of the seminal report by MacMillan and Nicewicz® is that the
transformation was enantioselective and merged organo- and photoredox catalysis, even
though at that time, photoredox catalysis was still underdeveloped. They demonstrated the
asymmetric alkylation of aldehydes with alkyl bromides via enamine and alkyl radical
intermediates to furnish yields and ee as high as 93% and 99% respectively. Key aspects of the
mechanism include the condensation of the imidazolidinone and aldehyde to form enamine.
SET from the sacrificial electron donor (2,6-lutidine) or in situ generated enamine to excited
state *[Ru'(bpy)s]?* generates [Ru'(bpy)2(bpy*)]*. (In many literature, the formal notation for
[Ru"(bpy)2(bpy*)]1*is [Ru(bpy)s]* or Ru'-species. For convenience, [Ru(bpy)s]* is used in catalytic
cycles while Ru'-species is used in text describing catalytic cycles shown in this thesis). Ru'-
species transfers an electron to the alkyl halide to generate the alkyl radical. Alkyl radical
addition to the enamine and SET from the resultant a.-amino radical intermediate to excited
state *[Ru(bpy)s]?* furnishes the iminium ion intermediate. Finally, hydrolysis of the iminium
ion generates the enantioenriched product and regenerates the imidazolidinone catalyst
(Scheme 1). The utility of the organophotoredox methodology was further demonstrated in
the enantioselective a-trifluoromethylation and a-benzylation of aldehydes.

Ru(bpy);Cl, (0.5 mol%) o R
o R® organocatalyst (20 mol%) HJ‘H)\RZ
PR 2,6-lutidine (2 equiv.)
H + R2 Br > R!
DMF, 5-12 h, 23 °C
fluorescent light

R! 66 - 93% yield

up to 99% ee

Selected examples

0

[Ru(bpy)s]*

[Ru(bpy)s]*

R? 0  CO,Et
\<‘ R? H CO,Et
N
I Boc
P “t.Bu j ),,,4 66% yield
Me N r-aBu 91% ee
R
MRZ O CO.Et
Oy  Me H CO,Et

Ph

92% yield
90% ee

Q Me co,Et
er\coza

Hex

80% yield
88% ee

o Me Br e
Ig *HOTf R2”RE
Me! “t-Bu

A
=~

organocatalyst R? R

[Ru(bpy)sl Me :
o/
Hex O

70% yield
99% ee

Scheme 1. Organo- and photoredox catalyzed asymmetric a-alkylation of aldehydes with alkyl
bromides.®?

The report by Yoon and coworkers’ underlined the possibility to merge photoredox catalysis
with another mode of substrate activation, Lewis acid catalysis. The intramolecular
diastereoselective [2+2] cycloaddition of bis(enone), which they reported, involved the Lewis
acid activation of aryl enone and one electron reduction of the activated enone by Ru'-species.
A sacrificial electron donor (amine) was required to reduce the excited state Ru"-photocatalyst
(Scheme 2). They further developed an intermolecular [2+2] cycloaddition protocol in which
enantioselectivity was achieved with the use of a chiral Lewis acid. The functionalised
cyclobutanes reported in the work had enantiomeric excess of up to 97%.%



Ru(bpy);Cl; (5 mol%) o o Selected examples

o o i-PryNEt (2 equiv.) R R?
. - LiBF, (2 equiv.) o o
H
R | X | MeCN, 10 mins -2 h H o Ph Ph
275 W floodlight X 54 - 98% yield W "

>10:1 dr

i-ProNEt 89%, dr=>10:1

/_\( o o
ot Ph Ph
*IRu(bpy)s1?* SETI Pr,NEt H H

(&)
90%, dr = 5:1

68%, dr = 4:1

54%, dr = > 6:1

£ o [Ru(bpy)s]* Ph Ph
2+ R2 —‘ 1
[Ru(bPY):] ( )I/ J)L ~ R)i/ jl\ Me” Me

Scheme 2. Photoredox and Lewis acid catalyzed [2+2] cycloaddition.”
1.3 Mechanisms in Photocatalysis
1.3.1 Single Electron Transfer (SET)

The most common process encountered in photoinduced transformations is the single
electron transfer (SET), which result from the interaction between an excited photocatalyst
and a suitable organic substrate. The electron transfer to and from a substrate leads to the
generation of radical anions or cations, or a neutral radical if the substrate contains a leaving
group. Unlike the ground state of a photoactive compound, its electronically excited state is
both a stronger reductant and oxidant. This photoinduced ET pathway is known as photoredox
catalysis since both reductive and oxidative events occur and lead to intermediates which
react to form new bonds (Scheme 3).10- 1 18,16

sub or [red]j (sub or [red]” ]—>reactlon sub or [ox}) sub “or [ox] )—»react:on
Reductive Quenching Oxidative Quenchmg

/ SET SET
[PC]

[PC]

sub®or [ox] )] —reaction sub® or[red] *)——reaction

Scheme 3. Electron transfer pathway in photoredox catalysis.

Upon excitation, photoactive transition metal complexes undergo MLCT, LMCT, d—d, n—n*,
etc, electronic transitions. The lifetimes and redox potentials of the excited state species which
are formed during these transitions are crucial for the generation of reactive intermediates
upon interaction with organic substrates. Hence, long-lived excited state lifetimes and high
redox potentials are desirable for photoredox catalysts. For example, fac-(Ir(ppy)s) 3 (t = 1.9
us), when excited can act as both an oxidant (E1,™"/"' = +0.31 V vs SCE) and a reductant (E12™"

V'=—-1.73 V vs SCE. Ir'V is a formal notation; the actual species generated is [Ir"'(ppy).(ppy**)]*
(Scheme 4).1b 1f. 1g, 16
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Scheme 4. Molecular orbital diagram of Ir(ppy)s showing ground and excited state transition.

A myriad of transformations initiated by SET from photoredox catalysts are reviewed in the
literature.'” The dominant catalysts employed in these transformations are polypyridyl
complexes of Ru and Ir, and several organic dyes which have very long-lived excited state
lifetimes and high redox potentials.!” ¥ 2¢ The utility of photoredox catalyzed reactions
involving SET have also been extended to three-component reactions in which two groups are
introduced at vicinal positions of an alkene.*® An example of this strategy is the recent report
by Zhu and co-workers in which 1,3-dienes were difunctioalized by amide and azide groups.
They employed fac-(Ir(ppy)s) 3 as photoredox catalyst, N-amidopyridinium salt as amine
source and TMSN3 as azide source. The authors reported that with 1-aryl substituted 1,3-
dienes, 1,2-amidoazidation were exclusively formed as products, while their 1-alkyl
counterparts afforded moderate to high 1,2- vs 1,4-amidoazidation products. The mechanism
proposed for the reaction involves the reduction of N-amidopyridinium salt via SET from
excited state fac-(Ir(ppy)s) 3 to generate an amidopyridinium radical. Radical fragmentation
results in an NHBoc-radical which then adds onto the diene to furnish an alkyl radial
intermediate. Oxidation of the alkyl radical by Ir'V-species generates alkyl cationic species and
concurrent regeneration of the ground state Ir'". Finally, nucleophilic addition of the azide
affords the desired product regioselectively (Scheme 5).1°

R R N 3 (1 mol%) R? R4 N, Selected examples
RS | BE TMSN; (2 equiv.) \ NHBoc
—————eeeee
R1J§)\, + N 4 CHCl;, 3 h, N, R! N3
RS NHBoc 1y LED, 22 °C R® RS ©/\/\/NHB°°
81%
g
3 4
N3 N3
Tt
ph/\/\/NHBw‘% Ph/\'/\’NHB“\/ ©/\/\/NHB°°
SET 3> 6%

\ »
Ph/‘\fy\,NHBoc—/ v / ©/\4\/NHB°°

SET 90%
PR N
3

. fr tatic [y " - X NHBoc
NHBoc—e/T2gmentation [ o . | R BF,
NHBoc * “NHBoc
X

Scheme 5. Photoredox catalyzed three-component amidoazidation of 1,3-dienes.*?



1.3.2 Energy Transfer (EnT)

Energy transfer from an excited photocatalyst (PC) to a suitable substrate is also an intriguing
route for generating reactive intermediates and initiating photoinduced transformations. In
EnT catalysis, the photocatalyst, referred to as a photosensitizer, upon excitation transfers its
triplet energy to another molecule (energy acceptor, EA) rather than engage in SET. Unlike SET
processes, EnT pathways do not rely on the redox potentials of the substrates. The crucial
properties of the photosensitizer and EA relevant for efficient catalysis to occur via EnT is the
triplet-state energies of the molecules.’?® 125 The triplet energy, Et, of the photosensitizer
should be greater than or equal to that of the EA. The key steps in EnT catalysis are the
excitation of the PC from its ground singlet state (So) into the low-lying singlet excited state
(S1), followed by intersystem crossing (ISC) which generates the triplet excited state (T1) of the
PC.22 Upon collision of the PC in its T1 state with an EA, intermolecular EnT occurs which
promotes the EA from its So to T1 and returns the PC from T1 to So simultaneously (Scheme
3).22:123,12b At this point, the EA then engages in a reaction while the PC absorbs visible light,
and the catalytic process continues (Scheme 6).

Sy

‘-LL"I‘LS\C
I e
o T
: Energy
transfer
So So
PC EA

Scheme 6. Photoinduced EnT pathway.? 122

Utilizing the mechanistic understanding of EnT catalysis, several challenging transformations
have been demonstrated including enantioselective variants in which chiral photosensitizers
or achiral photosensitizers combined with a chiral cocatalyst were employed.?® 12 120 EnT
catalysis is frequently employed in the construction of very complex bicyclic compounds such
as bicyclobutanes (BCBs) via [2+2]-cycloaddition.?® Photoinduced EnT reactions such as
cycloadditions have been demonstrated to tolerate a wider range of functional groups and
substrates when compared with SET-initiated alternatives. Furthermore, other photoinduced
EnT reactions available in the literature include deracemization and dearomative cascade
reactions.?? 122,125, 21 Simj|ar to photoinduced SET reactions, EnT-initiated transformations can
also be merged with other types of substrate activation pathways. Such systems are referred
to as dual catalysis and examples are shown in the dual catalysis section.

In 2022, Glorious and co-workers employed [Ir(dF(CF3)ppy)2(dtbbpy)]PFe 8 (Er = 61.8 kcal/mol)
as an EnT photocatalyst in the synthesis of polysubstituted 2-oxabicyclo[2.1.1]hexanes from
benzoylformate esters and BCBs. The [21t + 20] photocycloaddition involved the sensitization
of benzoylformate esters (Er ~62 kcal/mol) via triplet EnT from 8 upon excitation with blue
LEDs (Amax = 450 nm). The EnT is followed by the reaction of the triplet excited state of the
benzoylformate esters with BCBs, ISC and radical-radical coupling of the diradical
intermediate. Intramolecular HAT, aryl group migration via an aryl-radical transition state, and
finally a second intramolecular HAT step produces the desired polysubstituted



2-oxabicyclo[2.1.1]hexanes (Scheme 7).%2 Although the yields reported were not above 56%,
the protocol provides a mild and atom-economical approach for the synthesis of 2-
oxabicyclo[2.1.1]-hexanes (2-oxa-BCHs), which are potential phenyl bioisosteres.

Selected examples

8 (2 mol%) R®

0 R® organocatalyst (20 mol%) N CO,Me
R SN CO,Me , RZ 2,6-lutidine (2 equiv.) R2 \0 | B &
L MeCN, 16 h, rt, Ar X, Y
Me0,C R

blue LED (450 nm) O o
33 - 56% yield

8* i
R;:(j)L CO;Me CO,M
g ¢ O
0o
, R® r? O cl
R V 'CO,Me
= R2°\ Y
v 0 R\ b 42%
BCBs ISC then MeO,C
X —= IO 2
J _: COoMe| ————— R1—:<j/i COMe Gical-radical =\ COMe
F coupling N\ 7~R!
10' *
R “>co,Me 4
Z
CO,Me
R 2
Aryl group migration \
o . X0 | %
MeO,C: MeO,C: MeO,C F o)
\_I~R!

MeOZC \-)\ ]

HAT ,, CO2Me

50%

Scheme 7. Photoinduced EnT [2mt + 20] photocycloaddition.??

Bach and co-workers have demonstrated the use of chiral xanthone and thioxanthone as
efficient catalysts for enantioselective EnT intramolecular [2+2] photocycloaddition and
deracemization reactions.??> Recently in 2022, they reported the photoinduced chiral
thioxanthone-catalyzed deracemization of alkenes via triplet EnT. Racemic mixtures of
alkylidenecyclobutanes and alkylidenecyclopentanes were irradiated with blue LEDs (A = 420
nm) in the presence of the chiral thioxanthone 9 (ET = 263 kJ mol™) to afford enantiopure
products with yields and ee up to quantitative and 96% respectively. Sensitization of the
substrate is proposed to occur intramolecularly after the formation of a catalyst-substrate
complex. This is possible due to the presence of a cyclic amide substituent on the parent
thioxanthone ligand backbone which can form hydrogen bonds with the substrate. The
formation of a hydrogen bond thus provides a window for intramolecular rather than
intermolecular EnT, which was previously proposed to promote efficient sensitization.
Furthermore, two diastereometric catalyst-substrate complexes (9a and 9b) were proposed
as possible transition states with 9b as the preferred transition state thus leading to efficient
sensitization of the enantiomer in the catalyst-substrate complex (Scheme 8).23® Also utilizing
the chiral thioxanthone 9 as an efficient EnT-catalyst, Bach and co-workers have reported the
enantioselective Aza Paterno-Biichi reactions of quinaxolinones with styrenes,?* and
deracemization of primary allene amides.?>
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Scheme 8. Photochemical deracemization of alkenes via triplet EnT.23"

Bach and co-workers further expanded the toolbox for photochemical deracemization to
hydantoins as substrates using the chiral benzophenone 10.2° The mechanism of the
transformation, apart from the already established formation of catalyst-substrate complex
which promotes EnT,23" 25 also includes a reversible HAT step which is crucial to the conversion
of the racemate to the enantiomer observed as products. The authors have also recently
reported a detailed theoretical and experimental study on the mechanistic steps involved in
the deracemization reaction (Scheme 9).26-%7
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Scheme 9. Photochemical deracemization of hydantoins via triplet EnT. Mechanistic
investigations were carried out with (-)-10.26-27



1.4 Dual Catalysis

For regio-, stereo- and enantio-selectivity, several catalytic platforms involving the
combination of a photoredox catalyst, and TM complex, organic molecule or Lewis acid have
been developed. In these catalyst systems, the photoredox catalyst or photoactive complex
plays the role of generating radical intermediates via SET, EnT or VLIH. The co-catalyst on the
other hand engages the radical intermediates and acts as the center for controlled bond
formation.1o & 23 63, 16 Thjs intriguing synergy has made formation of hitherto challenging
bonds, control of reactive intermediates, access to enantio- and stereo-selective products,
and multi-component reactions possible.

As earlier stated, the seminal report by Macmillan in 2008 described the possibility to merge
photoredox and organo-catalysis (Scheme 1).6? Since 2008, MacMillan and co-workers have
reported other transformations utilizing this dual mode of substrate activation.}* Dual
catalysis in photochemistry has been largely dominated by the merger of transition metal
catalysts with photoredox catalysts. This area, termed metallaphotoredox catalysis, has
become a toolbox for activation of difficult substrates and construction of challenging bonds.

1.4.1 Metallaphotoredox Catalysis

In 2007, Osawa and co-workers reported a photo assisted Sonogashira coupling by replacing
the Cul co-catalyst in the conventional methodology with Ru(bpy)s?* as EnT catalyst. The
report which was the first to describe the merger of TM and photocatalysis led to
improvements in the yields of the cross-coupling products as well as accelerated the rate of
the reaction. Despite the observable improvements provided by light in the Sonogashira
coupling compared to the conventional reaction, the utility of dual light- and TM catalyzed
reactions was not explored further for several years.?® In 2011, Sanford and co-workers revived
interests in the merger of photoredox catalysis with TM catalysis when they reported the Pd-
and photoredox catalyzed C—H arylation of 2-arylpyridine employing Ru(bpy)s** 2 as
photocatalyst and aryldiazonium trifluoroborates as source of aryl-radical. In contrast to
conventional methods which required high temperatures, the coupling reactions were
performed at room temperature. The protocol was also amenable to a broad substrate scope
and to different functional group. The authors thus provided the first mechanistic insights that
photoredox catalysis could assist in activation of challenging substrates and improve electron
transfer steps at metal centers when combined with TM catalysis.?® Based on the foundation
laid by Sanford and co-workers on the potentials of merging Pd-catalyst with photocatalysis,
several methods were subsequently developed extending the applicability of the dual Pd-
photoredox catalyzed reactions to aryl acylation, allylation, decarbonylation, carbonylation
and carboxylation reactions as well as Heck-type reactions.!¢

Despite the successes recorded with the dual Pd-photoredox catalyst platforms, attention
quickly shifted to the use of first row transition metals which are more abundant in the earth
crust. Amongst the first reports available in the literature is the merger of Cu and photoredox
catalysis for the trifluoromethylation of boronic acids with CFsl. The report by Sandford and
co-workers exploited the ability of Cu'-species to trap free radicals. The mechanism involves
the excitation of [Ru(bpy)s]** and oxidation of the Cu'-catalyst by the excited state
*[Ru(bpy)s]?* to generate Cu'"- and [Ru(bpy)s]*-species. SET from [Ru(bpy)s]*-species to CFsl
generates free CFs radicals and [Ru(bpy)s]**-species. The CFs-radical is then trapped by Cu'"



and the ensuing Cu"-CFs-species undergoes a base-promoted transmetalation with
arylboronic acid, followed by reductive elimination to afford the desired product and Cu'-
species (Scheme 10).3°
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Scheme 10. Dual Cu- and photoredox catalyzed trifluoromethylation of aryl bronic acids.3°

Ni-complexes have also found extensive use in dual photoredox and TM catalyzed reactions.
The attraction to Ni is its tendency to undergo oxidative addition to C—halide (Br, Cl, I) bonds
in its Ni° and Ni'-states. Also, some Ni'" and Ni"-complexes with suitable ligands are
photoactive and can undergo VLIH; in the case of Ni'"-aryl species, excitation leads to long-
lived 3d-d excited state which ultimately results in the homolysis of the Ni"-aryl bond. On the
other hand, Ni"-Cl species upon excitation can undergo MLCT transitions leading to the
homolytic cleavage of the Ni"-Cl/Br bond; in this case, the Cl/Br-radical generated can be used
as an HAT catalyst. These properties of some Ni-complexes in various oxidative states and their
behaviours when merged with photoredox catalysis have been exploited by the groups of
Molander,3! Doyle3? and MacMillan3? in the alkylation of aryl halides with ethers and
decarboxylative alkylation of aryl halide.

Specifically, the generation of Cl-radical from Ni"-Cl-species and its subsequently utility as an
HAT-catalyst was described by Doyle and co-workers in the methylation of (hetero)aryl
chlorides. The dual Ni- and photoredox catalytic tool which was used to generate methyl
radicals from orthoformate provided a mild strategy for installation of methyl-groups on
aromatic rings.3* The methyl group is a moiety of significant importance in the pharmaceutical
industry due to its role in improving bioavailability, metabolic stability and binding affinity of
drugs.?®> The mechanism of the methylation reaction is detailed in Scheme 11.3* Oxidative
addition of Ni%species to aryl halide generates Ni"-species which is oxidized by excited state
Ir-photocatalyst to Ni'-species. At this point, photoelimination of Cl-radical occurs from Ni'"-
intermediate which abstracts a H-atom from trimethyl orthoformate to afford orthoformate
radical. B-scission by the orthoformate radical liberates methyl radical which is then trapped
by the Ni'"-aryl species. Finally, reductive elimination occurs at the Ni"-methyl-aryl-
intermediate to furnish the desired product, generate a Ni'-species which is then reduced by
Ir'-intermediate to Ni%species.3* This strategy has been extended to acetals as alcohol-
derived radical source for methylation of aryl bromides and aziridines.3®
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Scheme 11. Dual Ni and photoredox catalyzed methylation of aryl and acyl chlorides.3*

Generally, metallaphotoredox catalysis involves the use of photocatalysts which engage in SET
or EnT processes for radical generation and a TM cocatalyst as center for catalysis. This means
a photocatalyst, usually of precious metals (Ir and Ru) or organic dyes is always required for
substrate activation. However, the possibility to combine two earth-abundant transition
metals, access other substrate activation pathways such as VLIH and regioselectively forge
new bonds is not just mechanistically attractive but also of economic relevance. This was the
case in the report by Gryko and co-workers who merged the photoactive vitamin B12 and NiCl;
as catalysts in the photo-induced activation of epoxides and coupling with aryl halides. The
authors reported that the supernucleophilic Co'-species generated via reduction of vitamin
B12 with Zn can engage in epoxide ring opening to produce Co'-alkyl intermediate. Due to the
weak Co"—C bond,?” the Co"-alkyl intermediate undergoes VLIH upon excitation to furnish
alkyl radical and Co'-species. The alkyl radical then adds to Ni"-aryl species generated upon
oxidative addition of Ni° to aryl halide. Finally, reductive elimination at the Ni"-intermediate
yields the desired products. Due to the bulky nature of vitamin B1, attack on the epoxide only
occurs from the less sterically hindered side, hence the generation of radicals and products
formation is regioselective (Scheme 12).3® This strategy has also been extended to the
activation of oxetanes and coupling with aryl halides.?®
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Scheme 12. Dual Co- and Ni-catalyzed regioselective ring opening of epoxides with aryl
halides.38
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1.5 Photoactive Complexes of Earth Abundant (3d) Transition Metals

Due to sustainability and economic concerns, there has been increased interest in the
development of photocatalysts based on earth abundant transition metals. In this regard,
complexes of Cr, Mn, Fe, Co, Ni and Cu, Zn have been investigated as potential alternatives to
noble metal complexes of Ir and Ru. Photoactive complexes of 3d transition metals are
advantageous since they are coordinatively unsaturated and can contain labile ligands, which
allow for ligand exchange. The significance of this is that substrates and intermediates can
directly interact with and bind the metal center. Mechanistically, these complexes are more
elegant as they can engage in both outer- and inner-sphere electron transfer processes, thus
offer different pathways for metal-ligand and/or substrate bond activation. The wide range of
oxidation states accessible with 3d transition metals also makes the complexes attractive for
catalysis as the different oxidation states could play divergent roles in catalytic cycles, thus
obviating the need for dual catalyst systems (Scheme 13).

a. Ligand exchange and SET. L
’ I (i -suo
—e”, sub'-X A
(:)—L + sub —>( i:)— —> +
( sub'®
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b. Substrate coordination and non-dissociative MLCT or LMCT.
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( @ +sub —>< ﬁj—\:ub—b( @‘-sub*
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c. Oxidative addition and Visible Light Induced Homolysis (VLIH).

<D®+ A —> ( \@'M VLIH (Lﬁ

photo-inactive
photo-active A = HAT-cat or substrate

Scheme 13. Mechanistic paradigms accessible with photoactive 3d-metal complexes

Despite the above advantages and the possibility of unlocking new reactions with 3d metal
complexes, the challenge of short-lived excited state lifetimes encountered with 3d metal
analogues (e.g. [Fe(bpy)s]?* 13, Figure 3a)* of polypyridyl complexes of Ru and Ir slowed down
progress in developing efficient photocatalysts based on these metals. If these complexes are
intended for the traditional SET mechanistic pathways, then long-lived excited states species
and high redox potentials are desirable. Except for Cu(l) with completely filled 3d subshell,
other 3d transition metals with partially filled d-orbitals undergo undesirable fast MLCT
excited state deactivation.*®® This is due to the presence of energetically low-lying metal-
centered (MC) states resulting from the partially filled d-orbitals, a situation which is not
observed in heavier 4d and 5d transition metals (Figure 3 b and c).%%® For example, the effect
of the low-lying MC states is evident in the short-lived emission lifetime of [Fe(bpy)s]?* with
Tem = 50 fs, compared to its noble metal analogue [Ru(bpy)s]?* with tem = 5 pus and 850 ns at
77 K and room temperature respectively.40b 41

12



o

By m— —

%g sl

13, [Fe(bpy)s**

(a) (b) (c)

Figure 3. (a) [Fe(bpy)3]?* 13 (b) Molecular orbital (MO) scheme for low spin d® metal
complexes, e.g. Ru" polypyridine, cyclometalated Ir'"!, and related noble metal-based
complexes (c) MO scheme for Fe' polypyridines.*2

Another challenge encountered in the early development of photoactive complexes based on
3d transition metals was the excited state flattening distortion observed for example in bis-
diimine Cu(l) complexes (e.g. [Cu(phen),]* 14, Figure 4a). This phenomenon switches the
geometry of bis-diimine Cu(l) complexes from tetrahedron-like D,q4 structures in the ground
(So) state to “flattened” square-planar-like structure in the excited state (Figure 4b). The
import of this non-radiative decay pathway is the reduction in the excited state lifetime of the
complex.40b, 412, 42

L_|+
(i o
L/\)WL/\

Dy flattened

14, [Cu(phen),]*

(a) (b)
Figure 4. (a) [Cu(phen);]* 14. (b) Flattening distortion observed upon excitation of 14.

Even though there were initial setbacks encountered in developing photoactive 3d transition
metal complexes, tremendous improvements have been made in increasing the excited state
lifetimes and improving the redox potentials of photoactive 3d-TM complexes in recent years.
The rationale to achieve long-lived excited states is to push the energy of the MC states higher.
The strategies that have been adopted to realise this include increasing the steric bulk in the
ligand backbone, strong o-donor and/or m-acceptor ligands and incorporating electron-
withdrawing and donating substituents on the ligand backbone to instigate push—pull
effects.?> 43 Examples of complexes that have been developed by implementing the
aforementioned strategies are shown in Figure 5.
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18, [Co(LENC) 3+
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Figure 5. Examples of 3d transition metal complexes with appreciably long-lived excited
state lifetimes.
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1.5.1 Photoinduced SET Reactions Catalyzed by 3d TM Complexes

Having achieved significant improvements in developing photoactive complexes of 3d metals
with long-lived excited states and high redox potentials, several bond forming reactions
utilizing these complexes have been developed. In reactions reported in the literature, the
complexes performed favourably as their 4d and 5d (Ru and Ir) counterparts earlier utilized
for such reactions. The Hess and Bach group in 2018 collaborated and developed a Ni'-
complex based on the non-innocent macrocyclic biquinazoline (Mabiq) ligand and explored
the redox and photocatalytic properties of the complex.*3® The authors reported that the Ni'-
Mabiq 15 complex can be photoreduced in the presence of amines as sacrificial electron
donors and estimated an excited state redox potential of > 1.25 V vs SCE. The excited state
oxidative properties of 15 were then explored in the cyclization of bromoalkyl-substituted
indoles, a reaction already demonstrated by Stephenson and co-workers with [Ru(bpy)s]?* 2.4
However, 15 outperformed 2, with product yields as high as 97% depending on the sacrificial
electron donor used. The mechanism of the reaction is similar to that reported for 2, which
includes excitation of 15 followed by reductive quenching of the excited state photocatalyst
by EtsN. The reduced 15-species then undergoes SET to the bromoalkyl-substrate to generate
the alkyl radical. Cyclization of the radical, oxidation of the ensuing benzylic radical and
elimination of H* or HBr affords the desired product (Scheme 14).43b44
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Scheme 14. Ni"-Mabiqg 15 photocatalyzed cyclization of bromoalkyl-substituted indole. N/'-
Mabiq (i.e. [15]* is a formal notation. The active species generated upon SET from EtsN is
Ni"(Mabiqg®).*3°

In 2022, Wenger and co-workers reproduced the photocatalytic aerobic hydroxylation of
arylboronic acids and pinacol esters to phenols with [Cr(dgp).]?* 16.%3¢ Although this reaction
had already been achieved with [Ru(bpy)s;]?* 24> and methylene blue?, they reported 91 —99%
yield of the phenols in 4 — 6 hours of irradiation in the presence of DIPEA as a sacrificial
electron donor and O; as oxidant. The mechanism reported, which is the same as what has
been reported with 2, involves the SET from DIPEA to the excited Cr'-complex. The generated
Cr'-intermediate is then oxidized by O to regenerate Cr'-species and superoxide anion. The
superoxide anion then reacts with boronic acid to furnish the peroxo-boronic intermediate
which abstracts a proton from the oxidized DIPEA. Finally, rearrangement, hydroxyl
elimination and hydrolysis furnished the desired phenol product (Scheme 15).43¢
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Scheme 15. Photocatalytic oxidation of arylboronic acids and pinacol esters to phenols.*3¢

Changing the ligand system from bpy to btz in Fe-complexes improved the excited state
lifetime and redox potential of the complexes from t = 50 fs ([Fe(bpy)s]?* 13) to T = 528 ps
(E(Fe"™/") = +1.94 V; E(Fe"") = —0.13 V; Fe(btz); 17). This opened a window for utilizing Fe-
complexes for photoinduced SET reactions. Accordingly, Kang and co-workers demonstrated
the efficiency of 17 in the photoinitiated radical [4+2] cycloaddition reaction of styrenes with
dienes.*’” The cycloaddition reaction reported by Kang and co-workers had earlier been
demonstrated by Yoon and co-workers with [Ru(bpz)s]?*,*® hence similar catalytic cycle was
proposed as shown in Scheme 16. The mechanistic aspects of the reaction involve the
excitation of the catalyst which results in LMCT followed by SET from the styrene (Eox = +1.27
V) to the excited Fe-complex (E(Fe""/") = +1.94 V). The SET generates a styrene radical cation
and a reduced Fe'-species. Addition and cyclization reaction then occurs between the styrene
radical cation and diene furnishing a cylcohexene radical cation. Reduction of the cylcohexene
radical cation by Fe'-species turns over the Fe''-catalyst and furnishes the desired product.
According to Kang and co-workers, high yields were obtained under aerated condition. They

claimed this could be due to ET from the excited Fe''-catalyst to singlet oxygen to produce Ox*~

and the 0;*" subsequently transferred an electron to the cyclohexene radical cation to furnish
the desired product (Scheme 16).%’
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Scheme 16. [Fe(btz)3]?* photocatalyzed [4+2] cycloaddition.*’
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1.5.2 Beyond SET and EnT: VLIH in 3d TM Complexes

As stated earlier, the attraction to 3d transition metal photoactive complexes goes beyond just
economic and sustainability reasons. The unique mechanistic pathways accessible with these
complexes as shown in Scheme 13 provides opportunities to form new bonds which are
challenging with SET and EnT pathways. Also worth noting is the possibility to generate in situ
photoactive complexes with 3d metals by ligand dissociation and substrate coordination
steps.!" Exploiting the uniqueness of 3d metal complexes, several intriguing catalytic
methodologies have been developed including the use of very common 3d metal salts as
sources of radicals (e.g. CI*) which can act as HAT catalysts. As far back as 1962, Kochi already
observed the photolysis of Cu—Cl bond in CuCl; upon irradiation with a Hg lamp. He exploited
this observation in the oxidation of alcohols to ketones and the chlorination of alkenes.*® More
recently, Rovis and co-workers demonstrated that with the same catalytic platform shown by
Kochi, the alkylation of alkanes with electron deficient alkenes which served as radical
acceptors was possible. Their mechanistic proposal includes the generation of CI* via LMCT
and VLIH of a Cu—Cl bond upon irradiation of a mixture of CuCl; and LiCl in MeCN. The CI*
abstracts an H-atom from an alkane, followed by addition of the ensuing alkyl radical to an
electron-deficient alkene. Subsequent steps in the catalytic cycle include metallation,
tautomerization and protodemetallation to afford the desired product (Scheme 17).*°
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Scheme 17. Photoinduced CuCl;-catalyzed alkylation of alkanes with electron-deficient
alkenes.”°

Also exploiting the LMCT properties of photoactive Cu-species, MacMillan and co-workers
reported the decarboxylative halogenation and borylation of hetero(aryl) acids. The in situ
generated photoactive Cu'-carboxylate species is formed via coordination of deprotonated
carboxylic acid to the Cu'-salt followed by oxidation to Cu'-carboxylate. Upon excitation, the
Cu'-carboxylate engages in an LMCT, which results in the formation of an aryloxyl radical and
Cu'-species. The aryloxyl radical then extrudes CO and the aryl radical formed is proposed to
(a) engage in an atom transfer with the halide (I and Br) source or (b) via a Cu-mediated
coupling is trapped by an already generated Cu-halide (Cl and F) intermediate followed by
reductive elimination of the desired product. In the case of the borylation, in situ generated
activated metal boronates deliver the —Bpin-moiety unto the aryl radical (Scheme 18).5?
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Similarly, in situ generated photoactive Fe-species which undergo LMCT excited state
transitions have also been employed in the generation of radical intermediates and for forging
new bonds.>> These species which are accessible via coordination of substrates such as
alcohols and carboxylic acids to simple Fe-salts (with or without added ligands) upon
irradiation undergo inner-sphere CT which results in VLIH.>3 Specifically, Zeng and co-workers
reported the remote amination of alcohols via Fe-alkoxide photoinduced 1,5-HAT. The
mechanism of the transformation involves coordination of alcohol to Fe(lll) and the ensuing
Fe-alkoxide intermediate undergoes a VLIH to generate alkoxide radical intermediate.
Intramolecular 1,5-HAT by the alkoxide radical furnishes a C-centered radical which then adds
on to DBAD to afford an N-centered radical species. Finally, SET from Fe(ll)-intermediate to
the N-centered radical species affords the desired product and regenerates the Fe(lll)-catalyst.
With the methodology, a range of alcohols were efficiently aminated in 26 — 92% yield
(Scheme 19).°32
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Scheme 19. Photoinduced Fe-catalyzed amination of alcohols.>3?

Photoactive Co"-complexes are also efficient sources of C—centered radicals due to the weak
Co—C bond (14 — 45 kcal mol™) in such molecules. Although organocobalt complexes have
been predominantly employed in light induced radical polymerization,3’? the complexes have
recently come to limelight in photoinduced organic reactions due to the unique catalytic roles
of the three oxidation states of four-coordinated cobalt complexes.!" The “supernucleophilic”
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Co', metalloradical Co", organo-, and hydro-Co'"'-species are all accessible in situ. The

supernucleophilic Co'-species can undergo oxidative addition to alkyl or acyl halides, acyl
thiols and bicyclic compounds to generate the corresponding photoactive organocobalt(ll1)—
species.>® When irradiated or subjected to significant amount of heat, the Co''-species
undergo VLIH of Co—C bond to generate C—centered radicals and metalloradical Co'-species.
The metalloradical Co'-species is capable of trapping in situ generated radicals, hence plays
the key role of reducing the amounts of free radicals as well as facilitate regiocontrol in
situations where rebound of radical species formed from radical addition or HAT to alkenes is
feasible.>>

In this regard, a handful of photoactive Co-complexes have been developed and utilized in
photoinduced C-centered radical generation and bond formation. Organocobalt complexes
such as Co-salen,>? >0 Co-salophen®® and the naturally occurring vitamin B1237° are most
often reported in the literature as efficient sources of C-centered radical. The generation of C-
centered radicals using Vitamin Bz in particular has been demonstrated extensively by Gryko
and co-workers.3”? In 2020, they reported the alkylation of strained bicycloalkanes (BCBs) with
electron deficient alkenes in a catalytic process through which the BCB is activated by in situ
generated supernucleophilic Co'. The Co"-BCB anion intermediate is first protonated and
upon excitation undergoes VLIH to afford a BCB-radical and Co'. BCB Radical addition to
electron deficient alkenes and protonation by NH4Cl affords the desired product. To generate
the Co'-species, stoichiometric amounts of Zn, which acts as a reductant is required.>* The
yields of the products ranged from 44 —98% (Scheme 20).

Co-cat (2.5 mol%) R
Rr2 Zn (3.0 equiv.) EWG
NH,4CI (3.0 equiv.) EWG:
Q—EWG + 1 e PO e
R\%\EWG MeCN, 20 - 22 °C R?

blue LEDs, Ar, 2-16 h 44 - 98% yield
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Scheme 20. Photoinduced Co-catalyzed alkylation of bicyclobutanes with electron-deficient
alkenes.>*
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1.6 Aim and Scope of Research

The development of photoinduced earth-abundant transition metal catalyzed reactions has
become very popularin recent years as the use of expensive Ir- and Ru-photocatalysts become
less appealing due to economic and sustainability concerns. Additionally, the possibility to
open new mechanistic paradigms with photoactive 3d complexes which are predominantly
unsaturated, contain labile ligands and hence can engage in inner- and outer-sphere reactions
also makes them very appealing for photoinduced reactions. Beyond the conventional
photoinduced SET and ET pathways for generating reactive radical intermediates, the VLIH
pathway, which is characteristic to 3d transition metals provides opportunities for activation
of strong bonds and forging of hitherto challenging bonds. These advantages of photoactive
3d TM complexes have thus led to the development of several intriguing photoinduced
reactions by employing 3d TM complexes that could serve as alternatives to Ir- and Ru-
photocatalysts both for small molecule activation and cross-coupling reactions.

In this regard, the Hess Group has been exploring the photocatalytic properties of 3d TM
complexes based on the macrocyclic Mabiq ligand (Mabig = 2-4:6-8-bis(3,3,4,4-
tetramethyldihydropyrrolo)-10-15-(2,2'-biquinazolino)-[15]-1,3,5,8,10,14-hexaene-1,3,7,9,
11,14-Ns). Following the successful synthesis and characterization of M"-Mabiq complexes (n
=0 — +3) of Fe, Co, Ni, Cu and Zn,*” the group went further to investigate the redox and
photocatalytic properties of Ni(Mabiq). The findings of the report, which is among the first
examples of a photoredox catalyst based on Ni, have already been summarized in section 1.5.1
(Scheme 14).3% In this context, we focused on expanding the utility of M-Mabiq complexes,
shown in Figure 6, for photoinduced reactions.

1 A N\ ;I \TN
N.zN_CIN NN,
Z \?I/ |~ Z

Co /X
NZONT LN NP N

[\ o
NN

15, Ni(Mabiq)OTf 22, X = H, Co(Mabiq)Cl, 24, Co(Mabiq)Cl 25, Co(Mabiq) 26, Zn(Mabiq)OTf

23, X = Br, Co(MabigBr)Cl,

Figure 6. M—Mabig complexes used in this work.

Thus, the primary aim of this work was to further explore the potentials of M—Mabiq
complexes as efficient photocatalysts and the mechanistic pathways which can be accessible
with the complexes since the ligand is redox active. As earlier stated, the attraction to earth-
abundant complexes as photoredox catalysts, apart from the economic and sustainability
concerns, also includes the myriads of substrate activation modes and mechanistic pathways
which can be accessible with such complexes, that are not feasible with Ir- and Ru-
photocatalysts. Photoredox catalysis with Ir- and Ru-complexes solely involve excited state SET
or EnT, which are highly dependent on the lifetimes, redox potentials, and excited state energy
of the photocatalyst. Thus, the excited state species are required to be long lived and highly
oxidizing or reducing to engage in outer sphere substrate activation.! However, with 3d-TM
complexes, other possibilities that aid SET are feasible. Such possibilities, which include n-mt-
stacking and substrate pre-association improves SET by bringing the substrate closer to the
catalyst, thus resulting in somewhat inner sphere SET rather than outer sphere SET. Hence,
even when the first row TM photocatalyst has short-lived excited state lifetime and low redox
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potential, such catalyst might still facilitate SET or EnT processes.*® 412 Another disadvantage
of the potent Ir- and Ru-photocatalysts is the lack of control of the ensuing reactive radical
intermediates upon SET. As a result, for regio-, diastereo- and/or enantio-control of products,
additional catalysts, e.g. 3d-metal complexes, are required. For example, the intermolecular
oxidative hydrofunctionalization reported by Zhu and co-workers®>? required the combination
of a [Ru(bpy)s]** as photocatalyst, Co-salen for regiocontrol and alkene activation, and
stoichiometric amount of silanes as H-atom donor to effect Markovnikov-selective
functionalization of indazoles, imidazoles, and pyrazoles with styrenes. Although the protocol
provided a mild dual Co- and photoredox catalyzed method for the functionalization of
medicinally relevant indazoles and imidazoles, the catalyst system still fell short of being
referred to as an overall atom economical and sustainable approach. Thus, the development
of an even more robust method that would employ a single catalyst that can play the roles of
a photocatalyst and metal centre for catalysis was desirable. To achieve this, a redox active
ligand capable of supporting a first-row TM in its variable oxidation states is required.
Intriguingly, we developed a catalytic method in which the Co-Mabig complex 23 could act as
both the photoredox catalyst and the metal center for regiocontrol of product. Our study
revealed that the Co-Mabiq complex 23 can catalyze the Markovnikov-selective alkylation of
indoles and indazoles without the requirement for a co-catalyst, an oxidant, or a H-atom
donor. The catalyst 23 thus adopted several roles in the catalytic cycle, i.e. induced SET upon
excitation, and intercepted radical intermediates, thereby ensuring regioselective product
formation in the presence of nucleophiles (Scheme 21).

@ 1l f
< @/\ /.) ot N Co"'(MabiqgBr) X H
- [ P — |- .
O @ - Markovnikov 2
selectivity
up to 96% yield
455 -460 nm ESI-MS: m/z - 813.6376 [M]* Nu = indoles and indazoles

R = electron-donating group

Scheme 21. Molecular structure of Co-Mabig-Br and photoinduced reactions catalyzed by the
complex.

Furthermore, substrate activation via coordination or oxidative addition, which do not involve
excited state SET or EnT are hardly observed with Ru- and Ir-photocatalysts. However, these
mechanistic steps which precede VLIH, a mechanistic event that furnish radical species is
feasible with some photoactive Ni- and Co-complexes. These substrate activation pathways
eliminate the challenge of mismatch of redox potentials and triplet energy encountered with
conventional photoredox catalysts. For example, the photocatalytic generation of acyl radicals
from acid chlorides, carboxylic acids, aldehydes, or o-keto acids require the use of a
combination of highly oxidizing Ru- or Ir-photocatalysts and radical initiator. Also, the ensuing
acyl radical, which is nucleophilic, only undergoes radical addition to electron-deficient
alkenes as there is no further interaction of the radical with the photocatalyst. To solve this
challenge, pre-functionalization of the alkene is required. Additionally, for Heck-type coupling
of acyl radicals to alkenes, additional co-catalyst such as oxidants, a base, or a 3d-TM-catalyst
is required for double-bond retention. In general, these types of transformations require
careful selection of photocatalyst, co-catalysts and a wide range of other additives.*
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The above challenges encountered with the generation of acyl radical and controlled addition
to alkenes can be solved with careful development of a photoactive 3d-TM metal complex
with suitable ligand architecture that predisposes the catalyst to different oxidation states in
which the catalyst can adopt several roles. Indeed, the Co-Mabiq can catalyze the activation
and controlled addition of acyl radicals to styrenes, furnishing Heck-type products with both
electron-rich and electron-deficient styrenes. The reactivity of the Co-Mabiq complexes
involves the different oxidative states supported by the redox active Mabigq ligand, i.e. Co' -
Co", with each playing different roles in the catalytic cycle (Figure 9). Hence, leveraging on the
ability to photo-reduce the Co'"-Mabiq to Co'(Mabiq®) (formally denoted as Co'-Mabig) and
the subsequent oxidative addition of the Co'-Mabiq to acyl chloride, photoactive acyl Co"'-
Mabiqg intermediate was formed. Although the subsequent steps, which include VLIH of the
Co"-acyl bond and addition to styrenes appeared straightforward, the products formed
(unsaturated ketones) suggested a secondary involvement of the Co-Mabiqg catalyst. This
direct approach to activation of acyl halides via elementary oxidative addition step and
subsequent controlled generation and addition of the acyl radicals to alkenes typifies the
uniqueness of the Co-Mabig complex (Scheme 22).
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Scheme 22. Co-Mabiq catalyzed acylation of styrenes.
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Summary: This work describes the synthesis and characterization of a Co-complex based on
the Br-modified macrocyclic biquinazoline (Mabiq) ligand, and its utilization in the
photoinduced regioselective alkylation of indoles and indazoles with electron rich styrenes.

Following a mechanism based approach, we explored the excited state interaction of
Co(Mabiq)Cl; 1 with organic molecules such as allyl bromide. We had initially found that 1 is
photoactive as it undergoes a visible light induced homolysis of the Co—Cl bond when a MeCN
solution of the compound is irradiated. When a MeCN solution of 1 and allyl bromide was
irradiated and monitored by UV-Vis, the final spectrum obtained was different from the
spectrum observed during the photolysis studies on 1. In the presence of 4-methoxystyrene,
the interaction between 1 and allyl bromide led to the head-to-tail dimerization of the styrene.
Furthermore, C3-alkylated indole was formed when a solution of 1, allyl bromide, 4-
methoxystyrene and indole was irradiated.
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On further probing the contents of the irradiated solution of 1 and allyl bromide by ESI MS,
we observed the transfer of Br from allyl bromide to the Mabiq ligand. We then successfully
synthesized the Br-modified Mabig ligand and complexation with CoCl, afforded
Co(MabigBr)Cl, 2. Compound 2 effectively catalyzed the dimerization of 4-methoxystyrene
and C3-alkylated indole in the absence of allyl bromide, thus confirming that this compound

N
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is the active species detected in the irradiated solution of 1 and allyl bromide. With these
results, the project then focused on C3-alkylation of indoles and N-alkylation of indazoles with
electron-rich styrenes. Mechanistic investigations revealed that upon excitation, an SET
ensues between 2 and styrene to generate metalloradical Co'"(Mabiq) and styryl radical cation.
A radical rebound of the styryl radical onto the Co'(Mabiq) then occurs. This step is critical to
controlling the regiochemistry of the final product. Nucleophilic addition of indole or indazole
to the coordinated styryl cation furnishes the alkylated indole product in a Markovnikov-
selectivity fashion.

The generation of styryl radical cation and regioselectively coupling to indoles and indazoles
demonstrated the ability of 2 to adopt a dual role in this reaction, acting as both the
photocatalyst and metal center for regioselective bond formation. Although only electron-rich
styrenes reacted favourably, a wide range of functional groups on the indole and indazole
partners were tolerated. Indoles also reacted freely without the requirement for N-protection
or directing group affording products with yields as high as 96%. Due to comparable N-
nucleophilicity, mixtures of N1 and N2-alkylated indazoles were obtained with combined
yields of up to 95% and selectivity slightly favouring N2 over N1. Compared to literature
reports, this methodology did not require protection of the C3-position of the indazoles. The
dual role adopted by 2 thus obviated the requirement for external oxidant/reductant,
cocatalyst and added photosensitizer.
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ABSTRACT: Indoles and indazoles are common moieties in
pharmaceuticals and naturally occurring bioactive compounds. The
development of light-driven methods using earth-abundant transition-
metal catalysts offers an attractive route for functionalization of such
compounds. Herein, we report a visible-light-induced method for the
C3- and N-alkylation of indoles and indazoles with styrenes, catalyzed
by Co complexes based on the macrocyclic Mabiq ligand (Mabiq =
2—4:6—8-bis(3,3,4,4-tetramethyldihydropyrrolo)-10—15-(2,2’-biqui-
nazolino)-[15]-1,3,5,8,10,14-hexaene-1,3,7,9,11,14-N;). The photo-
chemical behavior of two Co™ catalysts was examined: Co(Mabiq)-
Cl, and the newly synthesized Co(MabiqBr)Cl,, which contains the
Br-modified ligand. Both complexes undergo visible-light-induced

Nu

H
R—(j/§ + Nu=H ——Co)—> R‘©/'\/
ﬂ up to 96% yield
455 - 460 nm Merkovrilkov.
selectivity

homolysis that is significant to their activity but exhibit differences in reactivity. The alkylation reactions are regioselective, furnishing
the alkylated indole and indazole products in a Markovnikov fashion with excellent yields of up to 96% across a broad range of
substrates. Notably, in contrast to dual-transition-metal and photoredox-catalyzed cross-coupling reactions, our studies reveal that
the Co complex plays a dual role—as a photosensitizer and catalytically active metal center with the Mabiq ligand offering

regiocontrol.

B INTRODUCTION

The recent concentration of efforts to develop earth-abundant
metal complexes for photoredox catalysis' ~ is driven by both
sustainability concerns and the prospects for engendering
entirely new light-driven chemistry. Photoredox catalysis has
largely been dominated by expensive Ru- and Ir-based
complexes. However, these coordinatively saturated 4d and
Sd compounds can engage solely in outer-sphere electron
transfer processes. Hence, their combination with other
transition metals—a strategy known as metallaphotoredox
catalysis—has become a valuable tool for forming new C—C
and C—X bonds, which were hitherto difficult to generate with
single-photocatalyst systems."® The development of transi-
tion-metal catalysts capable of serving dual roles, ie., as
photosensitizers and catalytic centers, would be beneficial,
wherefore many earth-abundant complexes have attracted
extensive interest. First-row transition-metal complexes, for
example, frequently have unsaturated coordination spheres and
more readily undergo ligand exchange compared to their
heavier congeners. These attributes can be exploited in excited
state reactions and offer greater reactivity control via the inner
coordination sphere.

Several 3d complexes, including cobalt compounds, can
undergo visible-light-induced homolysis (VLIH).">*~"* In-
deed, such photochemical behavior of cobalt-salens, alkyl-
cobalamins, cobaloximes, and related macrocyclic cobalt
compounds is well-established: photoinduced homolysis of

© 2022 American Chemical Society
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the Co™—alkyl leads to the formation of radical pairs, i.e., Co"
species and alkyl radicals.'"*™>' Co—alkyl complexes have
consequently been investigated in several photocatalytic
processes, in which the ensuing C-centered radical inter-
mediates undergo dimerization, cyclization, dehalogenation,
and ring-opening/expansion reactions.'*”'®*>** Although the
cobalt complexes serve as photocatalysts and substrate
activation sites, all these processes nevertheless require an
additional transition-metal cocatalyst and reductant.

Our group is interested in exploiting the photocatalytic
potential of first-row transition-metal complexes based on the
Mabiq ligand (Mabiq = 2—4:6—8-bis(3,3,4,4-tetramethyl-
dihydropyrrolo)-10—15-(2,2’-biquinazolino)-[15]-
1,3,5,8,10,14-hexaene-1,3,7,9,11,14-Ng; Figure 1). We previ-
ously established the ability of the Ni—Mabiq complex to act as
a photoredox catalyst in several C—C bond forming
reactions.”*** Both the cationic and neutral [Ni(Mabiq)]" (n
=0, 1+) complexes involved in these reactions contain Ni(II)
ions that favor a four-coordinate square planar geometry. In
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A. Cu-H catalyzed C3-alkylation of indoles.
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Figure 1. Previous reports of C3-alkylation of indoles (A,B),* ~* N-alkylation of indazoles (C)** with styrenes, and reactions in this work (D).

EDG: electron-donating group.

contrast, the series of Co—Mabiq compounds support a richer
redox and coordination chemistry—anionic through dicationic
[Co(Mabiq)]" (n = 1— — 2+) with four-, five-, and six-
coordinate geometries available—and thus, we envisioned
these compounds would offer richer photochemistry.”**” We
have now explored the photochemical behavior of the Co™—
Mabiq complex, Co(Mabiq)Cl, (1, Figure 1). As part of these
studies, we have also generated and characterized a brominated
ligand variant, MabiqBr, and the Co compound thereof
(Co(MabigBr)Cl,, 2, Figure 1). We show that both Co™'—
Mabiq complexes undergo VLIH.

Notably, 1 and 2 act as catalysts for the visible-light-induced
C- and N-alkylation of indoles and indazoles with styrenes
(Figure 1D). Indoles and indazoles are among the biologically
relevant N-heterocycles in natural and pharmaceutical
compounds.”*~** Consequently, the development of strategies
for their functionalization is of interest to synthetic organic
chemists. Despite the large number of synthetic methodologies
available in the literature for the functionalization of
indoles®™* and indazoles,” the use of styrenes as direct
alkylating agents remains uncommon and requires a specific
substrate and/or catalyst control.”’ These protocols usually
need stoichiometric amounts of hydride donors (Figure
1AB*'™), while a reported light-driven process for N-
alkylation of indazoles also relied on a separate photosensitizer
(Ru) and organometallic cocatalyst (Figure 1C).** In contrast,
in the cobalt—Mabiq(Br)-catalyzed reactions described herein, the
Co center adopts both roles. The C3-alkylation of indoles
represents the first light-induced method for this functionaliza-
tion process. Initial mechanistic studies indicate that, upon
irradiation, the Co catalyst oxidizes the styrene substrate, and
the ensuing radical cation is trapped in a regioselective fashion
controlled by the coordination environment. Subsequent
addition of the nucleophile results in C—C or C—N cross-
coupled products.

B RESULTS AND DISCUSSION

Reaction Development. Given the related structure of
Mabiq to the aforementioned macrocyclic Co complexes,
particularly cobalamins, and the established ability to photo-
reduce the series of M"—Mabiq complexes (M = Fe! —
Zn'") 5% we reasoned that the trivalent Co—Mabiq
complex, Co(Mabiq)Cl, (1), might also be photoactive and
undergo VLIH. Indeed, irradiation of 1 even in the absence of
a sacrificial electron donor leads to photolysis of the Co—Cl

2995

30

bond, with formation of the COH-containing analogue as the
sole product based on the final absorption spectrum (Figures
2A and S3).%° In the absence of other substrates (vide infra)
the conversion of Co'" is very slow (ca. 6 h to completion, ¢ =
9.5 X 107%) and displays complex kinetics, which may be due
to the recombination of Co" and accumulated CI® over time
(see SI for details and Figure S4). The resultant Co" complex
is photostable: no evidence of degradation is observed in the
absorption spectrum, and the ESI mass spectrometry data
shows only a mass consistent with the intact cobalt compound
(Figure SS). Given the propensity of 1 for VLIH, we applied a
mechanism-based approach*®*” to investigate catalyst—sub-
strate interactions upon irradiation of 1 and to explore its
catalytic capacity for light-driven C—C bond formation. The
simple haloalkene, allyl bromide, was initially tested as a
substrate for photoinduced allylation.”® The absorption
spectral changes upon irradiation of a solution of 1 and allyl
bromide signified rapid depletion of 1 (within ca. 35 min under
the same conditions as for the photolysis) and clean evolution
to new species (Figures 2B and S6). The product spectrum is
different from that of Co'(Mabiq)Cl but with similar
absorption features in the region of 400—450 nm and above
550 nm (Figure S3). The additional band at A,,,, = 524 nm is
red-shifted by 11 nm compared to the dominant transition of 1
at 513 nm. These absorbance features suggest that the final
product may contain a mixture of Co™ and Co™ species. ESI
mass spectrometry (ESI-MS) analysis of the irradiated solution
shows a peak of m/z 678.7432 with a characteristic bromine
isotope pattern (Figures S7 and S8). The mass value fits to a
Br-containing complex in which the ligand has been
modified—i.e., m/z value corresponding to [Co-
(MabigBr)]*—rather than a complex containing a cobalt-
bromide bond (see the SI for further details, Figures S7 and
$8). A peak with m/z 642.0067 consistent with an allyl-bound
Co—Mabiq complex is additionally observed.

We reasoned that if Br and/or allyl radicals were generated
by the interaction of 1 and allyl bromide, regioselective
allylation of styrenes influenced by the inner coordination
sphere of the Co center could be achieved. Hence, to
investigate the catalytic potential of the in-situ-generated
photoproduct in the 1/allyl bromide reaction, various styrenes
(0.2 mmol) were added to MeCN solutions of 1 (2 mol %)
and allyl bromide (0.5 equiv), and the mixture was irradiated
for 24 h (3 W blue LED, 455—460 nm; Table SI).
Surprisingly, with 4-methoxystyrene (3a), we observed the

https://doi.org/10.1021/jacs.1c10930
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Figure 2. (A) Spectral evolution during the photolysis of 1. Red trace: spectrum of 1 (0.035 mM in MeCN) prior to irradiation. Green trace: final
spectrum obtained after irradiation of the solution with a blue LED (435 nm, P,.¢ = 340 mW, ¢ = 9.5 X 107°). (B) Dashed blue trace: spectrum of
allyl bromide. Red trace: spectrum of 1 (0.03 mM) and allyl bromide (0.3 mM, 10 equiv) in MeCN prior to irradiation. Green trace: final spectrum
obtained after irradiation of the solution with a blue LED (4SS nm, P, = 540 mW).

head-to-tail dimer 4a in 23% yield (Table S1, entry 4), rather
than any cross-coupling products between allyl bromide and
3a. No cross-coupling products were observed with the other
styrenes tested (Table S1, entries 1—3). Control experiments
(Table S2) revealed that 1, allyl bromide, LED illumination,
and inert atmosphere conditions are all necessary for the
formation of 4a. The product yield could be increased to 62%
using a higher amount of allyl bromide (1.5 equiv; Scheme 1
and Table S3). Thus, although no allyl-functionalized products
were obtained, the alkenyl halide plays an essential role in the
dimerization reaction catalyzed by 1.
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While screening for a suitable solvent for the styrene
dimerization reaction, we noticed that in methanol, 4a was
formed in very low yield (7%, Table S4, entry 4). Instead, a
significant amount of 1-methoxy-4-(1-methoxyethyl)-benzene
was produced (66% '"H NMR vyield, Table S4). With this
observation, we wondered if more nucleophilic substrates, such
as indoles, would react efficiently with styrenes to afford
alkylated indole products. Indeed, 88% NMR yield of the C3-
alkylated indole 6aa was obtained upon irradiation of a
reaction mixture containing 1 (2 mol %), 0.2 mmol each of 3a
and indole (Sa), and allyl bromide (Scheme 1). At least 1.5

https://doi.org/10.1021/jacs.1c10930
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Scheme 1. Initial Optimized Reactions Catalyzed by 1
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Figure 3. (A) Molecular structure of 2, 50% ellipsoids, H atoms removed for clarity. (B) Comparison of absorption spectra of 1 and 2 in MeCN.
(C) Cyclic voltammogram of 2 (1 mM in MeCN; 0.1 V s™', 100 mM [N(n-Bu),]PF;), WE/CE (glassy carbon), RE (Ag/AgNO;, 10 mM) under
Ar atmosphere. The formal “Co™" couple referred to in C corresponds to the ligand-centered reduction, MabiqBr/MabigBr®. (D) Spectral
evolution during the photolysis of 2. Red trace: spectrum of 2 (0.034 mM in MeCN) prior to irradiation. Green trace: final spectrum obtained after
irradiation of the solution with a blue LED (455 nm, P, = 540 mW; ¢ = 2.7 X 107°).

equiv of allyl bromide was again required to obtain high
product yields (Table SS). The Co complex thus also offered a
promising mild light-driven route for the functionalization of
pharmaceutically relevant indoles.

The ability of 1 to photocatalyze the above reactions already
supported our hypothesis that the complex can serve a dual
role as a photosensitizer and catalytic Co center for
regioselective-controlled catalysis. The light dependence of
the product formation signifies an excited state electron
transfer process. The regioselectivity of the head-to-tail
dimerization reaction, retention of the double-bond, and lack
of polymerization products in this reaction (Figures S9 and
$10) also evidence that the Co center of 1 acts as the catalytic
active site.”’™>°
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Co(MabiqBr)Cl, as the Active Catalyst. Intrigued by
these preliminary results, we sought to first understand the
nature of the catalytically active species generated in the
photodriven reaction of 1 with allyl bromide. As noted earlier,
the ESI-MS analysis of the reaction product suggested
formation of a modified Co—Mabiq species, [Co(MabigBr)]".
We deduced that the diketiminate moiety of the Mabiq ligand
was a possible site of Br addition—the photoaccessible one-
electron reduced [M(Mabig®)] complexes and M"* states
have significant electron density distributed over the
diketiminate site.”*° The bromine-functionalized Mabiq
ligand was successfully synthesized, and substitution of the
diketiminate C—H proton by a Br atom was confirmed by X-
ray crystallography (Figure S11), ESI-MS (m/z 621.3230 [M +

https://doi.org/10.1021/jacs.1¢10930
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Table 1. Optimization of Reaction Conditions for the C3-Alkylation of Indoles”

2 (1 mol%)

O OMe

/@/\ N ©f\> allyl bromide (0.2 equiv.) N
N MeCN, 12 h N
MeO H H

35 °C, Ar, blue LED

3a 5a 6aa
entry deviation from the standard conditions yield (%)
1 none 89 (85")
2 2 (2 mol %), allyl bromide (0.5 equiv), 24 h 90
3 2 (1 mol %), without allyl bromide, 12 h 24
4 2 (1 mol %), without allyl bromide, 24 h 40
S 2 (2 mol %), without allyl bromide, 24 h 59
6 2 (2 mol %), without allyl bromide, 48 h 83
7 without 2 0
8 no LED 0
9 air 0

“Reaction conditions (unless otherwise specified): 3a (0.2 mmol), Sa (0.2 mmol), MeCN (2 mL, dry, deoxygenated), blue LED (3 W, 455—460
nm). Yields were determined by "H NMR using mesitylene as an internal standard. Yields are the average from at least two experiments. “Isolated

yield.

H]*; Figures S12 and S13), and 'H NMR (Figure S14).
Subsequent treatment of MabigBr with CoCl, in aerated
DCM, followed by recrystallization of the complex (DCM/
hexane), provided Co(MabigBr)Cl, (2, 82% yield) as reddish-
brown needles suitable for X-ray diffraction. The molecular
structure of 2 (Figures 3A and S15) reveals substantial
buckling predominantly at the diketiminate unit of the
ligand—an effect seemingly induced by the Br atom. A larger
coplanarity difference of 38.57° between the quinazoline and
diketiminate groups results, compared to the 20.65° observed
in 1. However, the average Co—N (1.904 A), Co—Cl (2.258
A), and ligand bond lengths (Table S8) in 2 are comparable to
the analogous bond distances in 1.°° The ESI-MS data for 2
confirms that this compound is the product obtained in the
light-driven reaction of 1/allyl bromide (Figure S16).

The redox, spectroscopic, and photochemical properties of 2
were examined, as these properties correlate with its reactivity.
The Br-containing 2 features a lower 7—7* energy gap than 1,
with these transitions at A, = 544 nm (& = 1.5 X 10* MeCN;
Figure 3B) comparatively red-shifted (1, A, = 512 nm). A
broad, weakly intense band at 4., = 650 nm (¢ = 3.5 X 107,
MeCN) observed in the spectrum of 2 is tentatively assigned
to d—d transitions. Both the Co™" and formal Co™" redox
potentials of the brominated complex (E,/, = —0.38 and —0.80
V vs Fc*/*, respectively, Figures 3C and S19) are similar to
those of 1 (E,, = —0.40 and —0.88 V vs Ec*/", respectively,
Figure S20). The electron-withdrawing bromine atom appears
to have a negligible effect on the reductions, suggesting also
that the latter event involves a ligand-centered reduction. 2
also undergoes photolysis with a slightly higher quantum yield
value for Co—Cl bond homolysis (¢ = 2.7 X 107%, Figure 3D)
compared to 1 (¢ = 9.5 X 107%), and the conversion is
straightforward (Figure S21). The spectral evolution accom-
panying photolysis of 2 likewise depicts formation of the one-
electron reduced Co'-containing complex, assigned as Co-
(MabigBr)Cl based on the similarity of the final absorption
spectrum in this process to that of Co(Mabiq)Cl and
chemically generated Co(MabigBr)Cl (Figures S22 and
S27). The final Co" product is also photostable (Figure S23).

The photolysis of 2 is again significantly faster (¢ = 2.9 X
107*) in the presence of allyl bromide (Figures S24 and S25).
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But in contrast to the behavior of 1, the MS data indicates
clean conversion to the Co form, without any evident
degradation or modification of the complex (Figure S26). The
reason for the faster Co™ — Co" conversion in the presence of
allyl bromide is currently not clear.

With 2 in hand, we focused on its photocatalytic activity in
the C—C forming reactions initially observed with 1.
Compound 2 gave substantially higher yields in the light-
driven head-to-tail dimerization of 3a (80% 4a, Table S10,
entry 1), even using lower equivalents of allyl bromide (0.5
equiv). In fact, 4a was also obtained in control experiments
excluding allyl bromide (Table S10, entry 3), albeit with very
low yields (12%). ESI-MS analysis of the latter reaction
mixture revealed the presence of the debrominated Co
complex (m/z 600.3831 = [CoMabiq]*; Figure S29), which
is only observed under these specific reaction conditions and
not in the photolysis of 2 (Figure $23) or in the reaction with
only allyl bromide (Figure S26). The debrominated Co species
also is not observed in the MS data for the crude reaction
mixtures with all components included (i.e., 3a, 2, and allyl
bromide; Figure S31). Thus, the Mabiq diketiminate a-C
appears to be susceptible to photoinduced functionalization
under certain conditions. Overall, allyl bromide seems to play
several roles. In photocatalytic styrene dimerization by 1, allyl
bromide serves as the Br source to generate the catalytically
active 2. In the reactions photocatalyzed by 2, any potential,
minor side-reactions leading to debromination of the Mabiq
ligand can be suppressed with small amounts of added allyl
bromide. The molecule may further facilitate Co™ — Co'!
conversion.

Complex 2 also proved to be a more highly effective
photocatalyst for C-3 functionalization of indoles, with 90% 'H
NMR vyields of 6aa obtained (Table 1, entry 2) in the reaction
of 4-methoxystyrene (3a, 0.2 mmol) and indole (Sa, 0.2
mmol). The amount of allyl bromide could even be reduced to
0.2 equiv (Table 1, entry 1) without compromising product
yields. Other brominated compounds, including CBr,, could
be used instead of allyl bromide in the reaction (Table S13),
but these alternate Br sources were not as effective (30—65%
product yields, 12 h). When excluding allyl bromide entirely
from the reaction, 24—83% yield of 6aa was produced; the

https://doi.org/10.1021/jacs.1c10930
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higher yields corresponded to a longer irradiation time and
higher catalyst loading (Table 1, entries 3—6). The behavior is
in stark contrast to the reaction using 1 in the absence of allyl
bromide, for which formation of 6aa was not observed (Table
S14). The dimerization product 4a was not observed in any C-
3 indole alkylation reactions. The moderate-to-excellent yields
of 6aa obtained with 2 indicate that the nucleophilicity of the
coupling partner is crucial to obtaining high yields, irrespective
of potential generation of the debrominated Co species when
allyl bromide is excluded. We note that the Co—Mabig-
photocatalyzed route to the styrene-substituted indoles
represents an improvement over literature reports, which
usually require an excess of one of the coupling partners,
hydrogen-atom donors, and substrate/catalyst control for
regioselectivity."' ~* This method is also the first light-driven
single-catalyst route to indole functionalization with styrenes,
and further studies with 2 focused on this reaction.

Mechanistic Investigations. We next turned our
attention to the mechanistic pathways for the C3-indole
alkylation. The formation of 6aa in moderate-to-very good
yields (59%, 24 h and 83%, 48 h, Table 1, entries S and 6) even
in the absence of any additive is significant. Catalytic pathways
proposed for most alkene functionalization methodologies
involve metal hydride intermediates, usually generated with
reagents such as silanes,**™®" which are not involved here.
Under photocatalytic conditions, the oxidation of olefins by
organic photocatalysts and their subsequent coupling to
nucleophiles to give anti-Markovnikov products have been
reported.””"® The Markovnikov products obtained in this
report imply that the Co complex thus adopts a dual role—as a
photosensitizer and the catalytically active metal center.

To gain mechanistic insights into the processes occurring at
the Co center, we spectroscopically monitored the individual
interactions between 2 and each of the two substrates,
methoxystyrene and indole, under irradiation. As with allyl
bromide, irradiation of a solution of 2 and 3a led to more rapid
reduction of the Co™ complex (Figures S32 and $S33). The
Co™ consumption shows a clear dependence on styrene
concentration, suggesting direct reduction of the cobalt
complex by this substrate (Figure S34). The potential for
oxidation of methoxystyrene is E,, = 1.06 V vs Fc*’° (Figure
S35), which should be suﬂiaent to reduce Co™* (Co IH*/H
estimated at >1.27 V vs Fc'/® considering the longest
wavelength in the spectrum of 2). We note that C3-indole
functionalization by 2 is inhibited by added TBACI, whereas
the dark reaction of 3a and indole with HCI gives low product
yields and substantial amounts of unidentified side-product
(Table S12; Figure S28). Therefore, the low amount of
chloride anion that would be released from the Co" form
generated upon reaction of 2* with 3a is inconsequential for
the reaction. ESI-MS analysis of the 2/3a product solution
reveals the presence of new Co—styryl intermediates (m/z
735.7937 and 813.6376 [M]*, Figure S29). Based on the
Markovnikov regiochemistry of the C3-alkylated indole
product 6aa, we suggest that the styrene radical coordinates
to the Co center via the terminal styryl C atom. Coordination
of the Co ion to the benzylic position may be sterically
disfavored, despite a thermodynamic preference for benzylic
radical cation formation. Such catalyst-controlled regioselec-
tivity has been proposed in related vitamin-B,,-catalyzed
reactions.'® In contrast to styrene, the indole Sa has no effect
on the photochemical behavior of 2; the product and time
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scale of Co™ conversion are the same in the presence and

absence of indole (Figures S36 and $37).

Several studies were carried out to further probe the C3-
alkylation reaction pathway. A radical trapping experiment with
2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) as a radical trap,
and 3a and Sa as substrates, was carried out under the standard
reaction conditions with allyl bromide present (Scheme 2a).

Scheme 2. Control Experiments for C3-Alkylation of
Indoles by Styrenes Using 2 as the Catalyst
O OMe

2 (1 mol%) O N\

allyl bromide (0.2 equiv.) H

TEMPO (1 equiv.) 6aa not detected
MeCN (2 mL), 12 h,

35°C, Ar, blue LED /@/\,;Né
MeO

(a) Reaction in the presence of TEMPO.

o~en
MeO N

3a 5a

detected by ESI-MS
m/z 292.0902 [M + H]*

OMe
L

H
6aa 78% NMR yield
no deuterium incorporation

(b) Reaction in CD3CN
2 (1 mol%)

/@/\ @m yl bromide (0.2 equiv.)
e CDCN (2mL), 12h
3a

35 °C, Ar, blue LED

(c) Deuterium labelling.
OMe

2 1 mol%
MeCN (2mL), 24 h N
H 35 °C, Ar, blue LED H

6aa-d; 59% isolated yield

(d) Reaction in CD3;0D.

o
MeQ'

3a

ocD,
D

2 (2 mol%) o

CD,0D, 35°C H
24 h, Ar, blue LED MeO
13% "H NMR yield

6aa was not observed as a product, but the ESI-MS showed
evidence of radical adducts of TEMPO with both 3a (m/z
292.0902 [M + HJ*) and allyl (m/z 197.9869 [M + H]")
(Figures S38 and S39). The results of the experiments in the
presence of TEMPO (Scheme 2a) and air (Table 1, entry 9)
are indicative of radical intermediates in the reaction,
particularly the formation of alkyl radicals. The products
obtained from the reaction using CD;CN excluded the solvent
as a hydrogen-atom or proton source (Scheme 2b). However,
using deuterated methoxystyrene (3a’, Scheme 2c), 6aa’
bearing a single H-atom on the terminal styrene carbon was
obtained as the sole product in 59% isolated yield. The
nucleophile served as the only proton source in this
experiment, since no other additive was present. Similarly,
upon irradiation of a solution of 3a and 2 in CD,0D, we
obtained the alkoxylated product in Scheme 2d, in which both
the OCDj; group and D are transferred to the styrene in a
Markovnikov fashion.

Guided by our combined experimental results, we propose
the reaction cycle shown in Scheme 3. Upon excitation, the

https://doi.org/10.1021/jacs.1c10930
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Scheme 3. Proposed Mechanistic Pathway for Light-Driven C3/N-alkylation of Indoles 5 and Indazoles 7 with Styrenes 3

Catalyzed by 2
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debromination

Co"(Mabig)Cl 7,
n-1

Br !
Co"(MabigBr)Cl,_1 !

Co'" catalyst 2 oxidizes the styrene substrate,*” forming Co'!
and the substrate radical cation A. The Co" form can also be
generated by the light-driven homolysis of the Co—Cl bond in
the absence of substrate, which also yields a chlorine radical.
Substrate activation by halogen radicals, including chlorine
radicals generated by VLIH of other M—chloride complexes,
has previously been established.'”*°~*" However, the reported
photoredox catalytic reactions all involve H-atom abstraction
by chlorine radicals from an sp* carbon atom and frequently
require an added chloride source. Furthermore, although both
1 and 2 can undergo Co—Cl bond homolysis, only 2 can
catalyze the functionalization of indole with methoxystyrene in
the absence of allyl bromide. Thus, we consider any alternate
mechanisms involving chlorine radicals unlikely. At high
styrene concentrations—as present under the catalytic
conditions—the reaction between 2* and 3a predominates
over Co—Cl bond homolysis. We have not seen any evidence
of direct coordination of the substrate to the Co(III) complex
in the absence of light. Nonetheless, we cannot rule out weak
interactions between 2% and 3a that may facilitate electron
transfer. The subsequent regioselective recombination of the
radical pairs (Co" and styrene radical cation) leads to the
Markovnikov adduct B (detected by ESI-MS, m/z 813.6376
[M]*), where the terminal carbon of the styrene is kinetically
favored over the benzylic carbon. Structural features of the
Co—Mabiq complex may regulate the observed regiochemis-
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try."® Facile addition of the nucleophile affords C, followed by
reduction of the ensuing Co'" intermediate by another styrene
molecule and protonation of the alkyl adduct to give the
desired product. We speculate that the addition of the
nucleophile and subsequent reductive elimination of the
desired product involves concerted rather than stepwise
processes, as C was not detected by ESI-MS. Allyl bromide
may sustain the active Co—MabiqBr form (Scheme 3,
bottom), though the precise nature of the interaction between
this molecule and the cobalt complex, and its further role in
facilitating the reaction, remains to be ascertained.

We note that in related non-light-driven reactions by Co-
salen systems’’"’> and dual Co-salen/photoredox-catalyzed
hydrofunctionalization,** attack by a nucleophile was proposed
to occur only at a highly electrophilic Co(IV) intermediate.
However, the formation of Co(IV) species requires strong
oxidants, which we did not employ.

Substrate Scope. We finally turned our attention to
exploring the scope of the developed protocols, focusing on the
indoles as well as extending the methodology to the related
indazoles. Generally, the presence of an electron-donating
group at the para-position of the styrene phenyl ring was
relevant for reactivity in the reaction with indole Sa. This
reactivity was however unaffected by the moderately electron-
withdrawing F-substituent meta to the vinyl group (Scheme 4).
Monosubstituted styrenes 3a—3c and 3i afforded C3-alkylated

https://doi.org/10.1021/jacs.1c10930
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Scheme 4. Scope of Styrenes and Indoles for the C3-Alkylation of Indoles S with Styrenes 3 Photocatalyzed by 2
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“Reaction conditions: 3 (0.2 mmol), 5 (0.2 mmol, 1 equiv), MeCN (dry, deoxygenated, 2 mL), blue LED (3 W, 455—460 nm). bReaction time =
24 h. “The reaction was conducted without added allyl bromide. The yield given in parentheses represents the isolated yield after 24 h of
irradiation. “The reaction was conducted with 0.5 equiv of allyl bromide.

indole products in very good-to-excellent yields, 85—95%
(6aa—6ac, 6ai). The 3-F-and-4-OMe-disubstituted styrene
(3d) produced the alkylated indole product 6ad in high yield
(80%) after 24 h of irradiation. This demonstrates the utility of
the reaction in the synthesis of F-containing indole
pharmaceuticals.””> Notably, styrenes containing a meta-
OCH,; group in addition to para-OH or -benzyloxy groups
(3e, 3m) performed excellently, affording almost quantitative
yield of the desired products (6ae, 6am). The trisubstituted
and heterocyclic styrenes (3g, 3j) also furnished the desired
products in high yields (6ag, 6aj). a- and p-substituted
styrenes (3h, 3k, 31) reacted favorably at the benzylic position
to provide C3-alkylated products in very good-to-excellent
yields (6ah, 6ak, 6al).

Interestingly, the reaction using 4-vinylaniline (3f) yielded a
mixture of the expected product 6af and 6an, in which the
amine group was additionally functionalized. By excluding allyl
bromide from the reaction, 6af was obtained as the only
product in 35% (12 h) and 53% (24 h) isolated yields. By
increasing the allyl bromide equivalent to 0.5 equiv, 6an was
obtained in 45% isolated yield (12 h), with 6af in only 13% 'H
NMR vyield. The formation of 6an represents a mild one-pot
synthetic route for the allylation of aminostyrenes and
subsequent C3-alkylation of indole reaction. Finally, the
morpholino-styrene 3o afforded the alkylated indole product
6a0 in 50% yield.
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The scope of indoles that underwent C3-alkylation with
methoxystyrene 3a was also assessed (Scheme 4). Generally,
all indoles (5b—5h) examined furnished moderate-to-excellent
yields of the desired products (6ba—6ha). The tolerance of
this mild protocol to several functional groups on the indole
moiety is noteworthy, thus allowing opportunities for further
functionalization of these molecules.

The synthetic utility of this mild methodology was further
examined with indazoles, which reacted favorably to afford N-
alkylated indazoles (Scheme S) in contrast to the C3-alkylation
observed with indoles. The selectivity of the reaction is similar
to that previously reported in the dual Co- and Ru-
photocatalyzed alkylation,** with N2-selectivity slightly favored
over Nl-selectivity (combined yields of up to 95% and an
N2:N1 ratio of up to 3:1). However, our protocol does not
require protection of the indazole C3-position."* We also
carried out preliminary studies with a few other nucleophiles.
The reaction of 3a with carbazole likewise yields the N-
alkylated product 8ae in moderate yields (63%, Scheme 5),
whereas pyrrole is alkylated at the C3-position (42% yield,
Table S15). Using either PhOH or sulfonamide, only the head-
to-tail methoxystyrene dimer 4a was observed (Table S15),
which further highlights that, under the current conditions,
high yields of C3- and N-alkylated products generally require a
significantly nucleophilic coupling partner.

https://doi.org/10.1021/jacs.1c10930
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Scheme S. Scope for the N-Alkylation of Indazoles 7 and of
Carbazole with 4-Methoxystyrene 3a Photocatalyzed by 2

Nu
N 2 (1. mol%) ‘
NuH allyl bromide (0.2 equiv.)
MeO' MeCN, Ar, 12 h MeO’
3a 7 35°C, blue LED 8
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8ab' 55% 8ac 34% 8ac' 48%
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8ae 63%"

O[ OMe
o i
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“Reaction conditions: 3a (0.2 mmol), 7 (0.2 mmol, 1 equiv), MeCN
(dry, deoxygenated, 2 mL), blue LED (3 W, 455—460 nm). A 6%
yield ("H NMR) of 4a was detected in this reaction.

Bl CONCLUSION

In summary, we have shown that the Co(III) members of our
Mabiq family can undergo VLIH and that the metal center can
directly engage with substrates in the immediate coordination
sphere. The comparative properties of 1 and of the MabiqBr-
containing complex 2 demonstrate how ligand modification
leads to key differences in photochemical behavior. Co-
(MabigBr)Cl,, in particular, efficiently catalyzes the light-
driven C3-alkylation of indoles with styrenes, the first
photocatalytic example of this reaction. The chemistry
generally proceeds with high yields, excellent functional
group compatibility, as well as regioselectivity with respect to
indoles, precluding the need for indole protection. Moreover,
the reaction does not require any external oxidant/reductant,
hydride donor, or a cocatalyst. Small amounts of added allyl
bromide appear to facilitate the reaction, but the reaction
catalyzed by 2 also can proceed in the absence of this molecule.
Our work is thus particularly significant in the ability of the
Co—Mabiq complex to adopt a dual role as both the
organometallic and photoactive center. The observed activity
of 2 in both C—C and C—N bond forming reactions points to
further opportunities to utilize the Mabiq complexes for other
light-driven functionalization reactions, which we are currently
exploring. Overall, this work not only highlights the photo-
catalytic potential of the Mabiq complexes but underpins the
substantial opportunities in developing first-row transition-
metal photoredox catalysts that can adopt dual functions in
metallaphotoredox catalytic processes.
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Summary: This work describes the photophysical and photocatalytic properties of Ni- and Zn-
complexes based on the non-innocent macrocyclic biquinazoline ligand (Mabiqg). A
comparative study of both complexes employing steady state, time resolved optical
spectroscopy, time-dependent density functional theory (TDDFT) calculations and photoredox
catalyzed reactions was carried out. Although the [Ni(Mabiq)]OTf and [Zn(Mabiq)]OTf
complexes have comparable UV-Vis characteristics, photochemical studies revealed that both
complexes are different in the excited state. While [Ni(Mabiq)]OTf exhibits metal-centered
excited states, [Zn(Mabiq)]OTf on the other hand exhibit ligand-centered excited state, a
property that influences the activity of both complexes in photoredox catalyzed reactions. The
complexes were able to catalyze, via SET, the cyclization of bromo-alkyl substituted indole,
photo-driven aza-Henry reaction, and oxidative coupling of methoxybenzylamine, producing
different yields of the products. A fundamental difference between both complexes during
photoinduced catalysis is the stability of the complexes — the reduced Zn"(Mabiq®) (formally
denoted as Zn'(Mabig)), is unstable upon continued irradiation, while the Ni'"(Mabiqg®)
(formally denoted as Ni'(Mabig)), remains stable over a long period of time.
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Photoredox catalysts are integral components of artificial photosystems, and have recently emerged as
powerful tools for catalysing numerous organic reactions. However, the development of inexpensive and
efficient earth-abundant photoredox catalysts remains a challenge. We here present the photochemical
and photophysical properties of a Ni—Mabiq catalyst ([Ni"(Mabiq)]OTf (1); Mabiq = 2-4:6-8-bis(3,3,4,4-
tetramethyldihydropyrrolo)-10-15-(2,2-biquinazolino)-[15]-1,3,5,8,10,14-hexaenel,3,7,9,11,14-Ng)—and of
a Zn-containing analogue ([Zn"(Mabiq)OTf] (2))—using steady state and time resolved optical
spectroscopy, time-dependent density functional theory (TDDFT) calculations, and reactivity studies. The
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Accepted 21st April 2021 Ni and Zn complexes exhibit similar absorption spectra, but markedly different photochemical properties.
These differences arise because the excited states of 2 are ligand-localized, whereas metal-centered

DOI: 101039/d05c06096k states account for the photoactivity of 1. The distinct properties of the Ni and Zn complexes are manifest

rsc.li/chemical-science in their behavior in the photo-driven aza-Henry reaction and oxidative coupling of methoxybenzylamine.

Introduction

The breadth of light-driven chemical transformations has
rapidly expanded over the last decade, due to a surge of research
in photoredox catalysis."® Photoredox catalysts are used not
only for solar fuel applications,”** but also as components of
complex catalytic processes that couple photosensitizers with
secondary organic, transition metal or Lewis acid catalysts.**™¢
Consequently, contemporary developments in light mediated
catalysis have enabled unique reactivities beyond what organ-
ometallic catalysts alone can achieve. Photocatalysts thus have
emerged as important tools for sustainable chemistry and
renewable energy needs.

An ensuing challenge within the field is to develop an array
of photosensitizers for these varied catalytic processes. The
conventional noble metal complexes, Ru and Ir polypyridyl
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complexes, remain the ‘workhorses’ of photoredox catal-
ysis.»*”*® However, the scarcity and cost of these elements
significantly limits their applications. Alternative catalysts
based on low-cost, earth-abundant elements are clearly needed.

While chemical behavior is generally similar within a given
group of elements, the simple approach of replacing 2nd and
3rd row transition metal complexes with earth-abundant 1st
row analogues is not straightforward. A major complicating
factor is the often dramatically different photophysics of the
lighter elements. A striking example is provided by the Ru"
polypyridyl complexes, which tend to form metal-to-ligand
charge transfer (MLCT) states with lifetimes approaching
microseconds." In contrast, ferrous analogues are notoriously
short lived, with relaxation to high-spin metal-centered (MC)
states often proceeding on the sub-picosecond timescale.*
Nevertheless, there have been several exciting developments
with respect to earth-abundant photoredox catalysts, including
first-row transition metal complexes based on Zr, and Cr
through Zn.*>* Moreover, sophisticated efforts are being made
to design and tailor ligand scaffolds and impose desirable
electronic structure features on the coordinated metal. Varia-
tion of the transition metal clearly can also alter the photo-
physical and chemical properties among complexes based on
a given ligand system. However, systematic investigations with
a broad range of M-ligand complexes in this context are limited.

Our own efforts in this regard center on the development of
photosensitizers based on the macrocyclic biquinazoline
ligand, Mabiq. We recently demonstrated that both

Chem. Sci,, 2021, 12, 7521-7532 | 7521
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[Cu"(Mabiq)OTf] and [Ni"(Mabiq)]OTf (1, Fig. 1) can be pho-
toreduced in the presence of a sacrificial donor to the corre-
sponding neutral [M"(Mabiq’)]°—formally ‘M"“§—forms.>>2¢
Likewise, we have now verified the ability to photoreduce the
Fe-, Co-, and Zn-Mabiq complexes (vide infra). Furthermore, 1
acts as an effective photoredox catalyst for the cyclization of
a bromoalkyl-substituted indole.** To our knowledge, no other
ligand system can support similar photoredox behavior with
such a wide range of metal ions, but the excited state mecha-
nisms involved in these processes remain elusive.

In this work, we have focused our attention on the
detailed photochemical and photophysical studies of the Ni
complex 1, a confirmed photocatalyst. We aimed to obtain
a deeper understanding of the root of its photoactivity by
probing the excited state structure and dynamics of this
compound, using spectroscopic and computational
methods. As a benchmark, we compare the results with the
zinc-Mabiq analogue ([Zn'(Mabiq)OTf], 2, Fig. 1). In
contrast to the Ni compound, the fully occupied d-orbitals of
the redox-inert Zn ion are not expected to contribute signif-
icantly to the spectroscopic and redox properties of the
complex. Thus, a comparative study of these complexes is
expected to yield valuable information about how the overall
properties are altered by varied metal-ligand interactions.
We present results for both complexes using a combination
of steady state and transient optical spectroscopy, time-
dependent density functional theory (TDDFT) calculations,
and reactivity studies. In addition, we examined the
comparative activities of the two compounds in select pho-
tocatalytic reactions. The comparative properties and

"ot

Fig. 1 (Top) Chemical structure of 1 and 2. (Bottom) Molecular
structure of the newly synthesized 2 (50% ellipsoids; solvent molecules
and hydrogen atoms omitted for clarity).
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reactivity of 1 and 2—alongside select supporting studies of
the Fe- and Co-Mabiq complexes—provide insight into the
unique characteristics and potential applications of the
metal-Mabiq (M-Mabiq) system.

Results and discussion

Compound 2 was generated according to an established
procedure for M"-Mabiq synthesis,?” and its composition was
verified by mass spectrometry, "H NMR spectroscopy and CHN
analysis (see ESI and Fig. S17 for details).

In the solid state, complex 2 adopts a square pyramidal
geometry (Fig. 1), with the triflate ligand in the apical position
(Zn-0 = 2.0661(15) A). The ligand is significantly less buckled
than the uncomplexed HMabiq,”® as also observed in the
structure of 1.%* The '°F NMR spectra (Fig. S2 and S31) of 2 show
a single resonance in both DCM-d, (—79 ppm) and MeCN-d;
(—78 ppm), similar to the spectrum of 1 (—79 ppm, MeCN-d3;
Fig. S4t). Thus, the triflate molecule of 2 may dissociate in
solution. The "H NMR of the complex in MeCN-d; with added
Et;N (500 equiv., Fig. S6t) shows two species, which indicates
that the amine also may coordinate at high concentrations.

Optical properties: steady-state spectra

The absorption spectra of 1 and 2 (Fig. 2, top) are overall similar
in structure. Both feature a moderately intense progression of
bands in the blue-green spectral region (A, = 489 nm/2.53 eV
and 457 nm/2.71 eV, respectively), followed by more intense
transitions in the near-UV. These characteristic absorption
features also dominate the visible spectra of Co™- and Cu"-
Mabiq complexes,**** and are recognizable in the spectra of

Wavenumber (10° cm™)
28 24 20 16 12

Molar absorption (103 M'1cm'1)

30
25| R 1red
20 - 2red
15+
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5t
Ot L L L 1 L L
350 400 500 600 700 80!

Wavelength (nm)

Fig. 2 Top: Absorption spectra (1:1, THF : MeCN) of 1 (red) and 2
(blue). The emission spectrum of 2 (Amax = 505 nm) is shown by the
dotted trace. Bottom: Absorption spectra of the photoreduced forms
of 1 (1"% red) and of 2 (2"°¢; blue); 1: 1, THF : MeCN (see Fig. $13 and
S167 for photoreduction data).
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other M"-Mabiq compounds.?”” The similarity among a fairly
large range of coordination compounds suggests that these
features predominantly involve ligand-localized (singlet) states.
In support of this, we note that for both 1 and 2 (Fig. S8 and S97)
the absorption spectra are essentially solvent-insensitive,
implying that at least the initial excitation has negligible
charge-transfer (CT) character. Despite the similarities among
the absorption spectra, the photo-chemical and -physical
behavior of the complexes differ markedly and are strongly
dependent on the metal center, as illustrated by our studies
with 1 and 2 (vide infra).

Appreciable luminescence is only observed for 2, which has
an emission quantum yield approaching 0.7 in DCM. The
Stokes shift is modest and the emission spectrum (Fig. 2, top,
dotted line) exhibits mirror-image symmetry with the absorp-
tion. The emission wavelength is close in energy to the very
weak emission observed for the [Cu'(Mabiq)OTf] (513 nm),*® as
well as of the uncoordinated Mabiq ligand (501 nm; Fig. S7b¥),
as a further indication of the ligand-centered character of the
transitions. In stark contrast to this dye-like optical behaviour,
the Ni-containing 1—as well as the other open d-shell M"-
Mabiq compounds that we have examined (vide infra)—is
effectively non-emissive (quantum yield < 10™%). This might be
expected, as the open-shell configuration of 1 allows for relax-
ation pathways involving optically dark MC and MLCT/LMCT
states.

0O, sensitization

Structurally related Zn pyrrin- and pyrrole-based complexes act
as singlet oxygen photosensitizers, which has prompted interest
in such compounds for photodynamic therapy.**** To probe the
potential formation of triplet states in our system, we
examined singlet oxygen generation by 1 and 2, using
dihydroxynapthalene (DHN) as a 'O, scavenger (Fig. S28 and
S301). Based on the absorption of the oxidized product, juglone,
a reaction yield of 10% was determined using 2 as the photosen-
sitizer. In contrast to 2, 1 does not act as a 'O, photosensitizer: no
changes were observed in the absorption spectrum upon irradia-
tion of an aerated 1/DHN solution (Fig. S30t). This could suggest
that intersystem crossing (ISC) is not the primary luminescence
quenching route for 1. However, other factors should be taken into
consideration: the triplet excited state may be too short-lived to
efficiently participate in diffusion-controlled reactions with O,; the
Ni"™* energy may be insufficient for the sensitization; or triplet-
triplet annihilation may be sterically hindered. Our work (vide
infra), as well as recent work on other Ni" photocatalysts,* implies
that this lack of sensitization is predominantly due to the low
energy of the *Ni"* state.

Photoreduction

Compound 2 can be photoreduced in the presence of Et;N as
a sacrificial donor, in accord with the photochemical behaviour
of 1 and the Cu-Mabiq complexes (Scheme 1).>>>° Upon irra-
diation of a solution of 2 (A = 455 nm), a series of new bands
appears in the red spectral region, coincident with a decrease in
the higher energy absorption bands of [Zn(Mabiq)OTf] (Fig. 2,
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hv (455 nm)

EtgN

1red: M = Ni
2red: M = Zn

1: M =Ni
2:M=2Zn

Scheme 1 The series of M—Mabiq complexes (M = Fe, Co, Ni, Cu, Zn)
can be photoreduced upon irradiation at A = 455 nm, in the presence
of a sacrificial donor.

S15 and S16t). The product spectrum is identical to that of the
chemically generated [Zn"(Mabiq')] (2™%),” confirming that 2
undergoes one-electron reduction during the photochemical
reaction. The photoreduction to 2™¢ is both fast, reaching
completion within seconds (at [2] = 77 uM, Prs = 248 mW,
[Et;N] = 38.5 mM, MeCN : THF = 1 : 1; Fig. S15%), and efficient
(quantum yield of 0.79 as determined at P,.; = 1.4 mW, [Et;N] =
345 pM; Fig. S16 and S17t). The yield is three orders of
magnitude larger than the photoreduction yield of 1 (see ref. 25
and Fig. S13 and S14;F @ = 2.9 x 10 * at[1] = 67 uM, P, = 245
mW, [Et;N] = 33.5 mM). However, the photogenerated 2™
decays shortly after its formation, as seen by the disappearance
of its 550-800 nm features, and the concomitant emergence of
new bands below 500 nm. These latter bands also subsequently
decrease in intensity. We note that the ability to chemically
synthesize and isolate [Zn"(Mabiq’)]” indicates that the
reduced form of the Zn complex is not inherently
unstable, but that the decomposition is light-driven under the
photoreduction conditions. The photo-decomposition of 279 is
unique in the M"-Mabiq series, as the corresponding Ni and Cu
complexes are stable indefinitely under analogous condi-
tions.”*?¢ Similarly, the photoreduction of the two open-shell
Fe"- and Co"-Mabiq complexes, [Fe"(Mabiq)(MeCN),]PF, and
[Co"(Mabiq)(THF)]PFg, also leads to photostable reduced
products (Fig. S18 and S21t) with quantum yields comparable
to that of 1 (Fe: 1.8 x 10~ % Co: 3.6 x 10~ *). The ability of Et;N to
coordinate to 2, as evidenced by "H NMR, may contribute to the
rapid photoreduction of this particular complex in the series, as
well as the subsequent instability of 24,

In order to assess potential specific interactions
between the reducing agent and the M-Mabiq compounds, we
additionally examined the photoreduction of 1 by two
other sacrificial donors: dimethylaniline (DMA) and
N-(2,4,6-trimesitylbenzyl)dicyclohexylamine (N(CH,Mes)Cys,).
Structurally, the donors differ significantly from Et;N. The
nitrogen atom of N(CH,Mes)Cy, is hindered by the bulky
cyclohexyl and mesityl groups, which might (partially) inhibit
collisional quenching and ground-state pre-association. The
aniline moiety of DMA also is a poor ligand relative to trie-
thylamine. However, these molecules have comparable
oxidation potentials to Et;N (E°* (vs. SCE, MeCN): DMA = ca.
0.7 V;** N(CH,Mes)Cy, = 0.78 V (ref. 25)). Therefore, the
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amines should readily reduce Ni"'* if photoreduction occurs
in an outer-sphere, diffusion-controlled manner.

The NMR spectrum of the Ni complex was unaltered upon
addition of >100 equiv. (>0.5 M) of any of the three reductants
to solutions of 1 (see ESI and Fig. S5a and bt). Thus, as ex-
pected for the square planar d® complex we find no evidence of
ground-state coordination or non-covalent interactions of the
reductants to 1. Nevertheless, we observe substantial differ-
ences in the photoreduction efficiency. The photoreduction of
1 by N(CH,Mes)Cy, proceeds with a yield that is nearly iden-
tical to that using triethylamine (® = 2.1 x 10~ *at[1] = 67 uM,
P = 245 mW, [(N(CH,Mes)Cy,)] = 33.5 mM; Fig. S237).
However, only low yields of 1™® were obtained using DMA,
even with 10-fold higher concentrations of the reductant (¢ =5
x 107° at [1] = 51 uM, P, = 245 mW, [DMA] = 255 mM;
Fig. S24t). The oxidized forms of all three donor molecules
examined here should have limited chemical stability; a factor
which is critical to efficient photoreduction.** Nonetheless,
factors beyond the redox potential clearly have an impact on
the photoreduction.

Excited-state relaxation dynamics

The steady state absorption/emission spectroscopy, oxygen
sensitization, and photoreduction experiments described above
imply that, although the initial excitation of 1 and 2 is to states
of similar character, the subsequent relaxation dynamics are
substantially different. To elucidate these relaxation processes,
time-resolved optical spectroscopies are the method of choice.

Using time-resolved fluorescence spectroscopy, only the
excited state dynamics of 2 can be addressed conveniently
(Fig. S271). As 1 is essentially non-emissive, its relaxation
dynamics must be followed by ultrafast transient absorption
(TA) spectroscopy.***® To investigate both 1 and 2 on common
footing, and to monitor dynamics beyond the relaxation of the
Mabiqg-localized excited singlet state, we recorded their fs/ps TA
spectra in the 1: 1 MeCN : THF solvent system relevant to the
photocatalytic experiments (Fig. 3; noteworthy delay times and
spectral positions are indicated by the horizontal and vertical
lines in (a) and (d)). Spectra for both complexes during the
subsequent ns/us time range are shown in Fig. S35 and S38.71 All
decay constants determined from a comprehensive analysis,
along with our assignments, are summarized in Table 1. While
the statistical errors (see Table S117) in the multi-exponential fit
model are small, multi-component models are delicate. We
therefore supply this uncertainty estimate with an estimate of
the upper bound of possible parameter ranges from the peak-
widths of a maximum entropy analysis (vide infra). This anal-
ysis yields ranges of approximately 50% of the mean value.
Notably, even using this highly conservative upper bound the
time constants remain well separated and we can safely
consider the reported time-constants as meaningful.

A number of significant differences in the spectral evolution
of the two complexes are readily apparent—in particular, the
dynamics of 1 are faster and more complicated on the fs/ps time
scale. We outline these differences in detail in the following
sections.
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Time-evolution of transient spectra. The time-resolved fluo-
rescence of 2 shows that the initially populated state—a ligand-
centered singlet—decays mono-exponentially with a 1.1 ns
lifetime (Fig. S271). While fluorescence provides only limited
information about the excited-state behaviour, it suggests that
at least the initial photophysics is relatively simple.

The fluorescence properties can be compared with observa-
tions from TA. Immediately on excitation, both 1 and 2 feature
stimulated emission (SE) to the red of the excitation wave-
length—i.e., the longest wavelength absorption band—and
a broad featureless excited-state absorption (ESA) band
extending into the near-IR. These early time spectra can be
assigned to ligand-localized singlet states, referred to as 'Ni'*
and 'Zn"* respectively from here on (singlet and triplet nota-
tions refer to the overall spin state of the complex).

We can follow the dynamics of these initial singlet excited
states by the transient kinetics around the excitation wave-
length and in the long-wavelength region (magenta and brown
vertical cuts in Fig. 3a and d, respectively).

The initial TA kinetics of 2 semi-quantitatively matches the
time constant of the fluorescence decay, as the SE decays with
a time-constant close to the 1 ns length of the optical delay
stage. Beyond this loss of stimulated emission, only
subtle changes occur in the spectra during this time period, as
illustrated by both vertical (Fig. 3e) and horizontal cuts (Fig. 3f)
through the TA data. These changes can be attributed to
solvation dynamics and small-scale geometric relaxation.

The corresponding kinetic traces of 1 (Fig. 3b), on the other
hand, exhibit much faster and more complicated behaviour,
with a concomitant decay of the long-wavelength ESA and SE on
a timescale of only ~1 ps. This rapid decay of the SE signal of 1
explains the negligible luminescence: the population transfers
out of the initial, optically bright, 'Ni"* state with a rate
constant far larger than the radiative relaxation rate.

After the decay of the initial *Zn'"* excited state, the relaxa-
tion of 2 continues at longer timescales (see Fig. S38 and S397).
We assign these slower dynamics, as described in Table 1, to
processes within a ligand-centered *zn" state. This triplet state
decays on timescales of 580 ns and 1 ps, followed by formation
of lower-amplitude signals that decay on timescales up to 140
us. A possible explanation of the latter processes is ligand
dissociation and finally non-geminate re-association; unlike 1,
the Zn complex can coordinate a fifth ligand in the axial
position.

In contrast to 2, 1 displays substantial spectral dynamics
over much of the sub-ns range—also after the initial ~1 ps
decay phase. The complexity of the spectral time-evolution
clearly demonstrates that the 'Ni'™* state relaxes via multiple
distinct intermediates before the ground state is recovered. This
complexity contrasts with the essentially two-state relaxation
dynamics observed for bipyridyl (bpy) based Ni"
photocatalysts.*

To shed light on these dynamics, we show the transient
spectra of 1 at selected delay times in Fig. 3c. As the spectra
demonstrate significant time-dependent changes in the excited
states, we have subtracted the ground state bleach contribution

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) and (d) Transient absorption data of 1 and 2 in degassed 1: 1 MeCN : THF after excitation at 460 nm (70 fs pulse) and 493 nm (49 fs

pulse), respectively. Red-hued colors denote increased absorption due to, e.g., excited absorption or product absorption, blue-hued colors
denote decreased absorption due to, e.g., ground state bleach or stimulated emission. (b) and (e) Kinetic traces extracted along the areas marked
by the vertical lines. (c) and (f) Transient spectra extracted at selected probe-delays according to the horizontal lines. Note that in (c), the ground
state bleach was subtracted for clarity (see text for details), while the cuts in (f) were unaltered. The ESA features marked by the vertical dashed

lines in (c) are discussed in detail in the text.

Table 1 Summary of the dynamics observed for 1 and 2 in the tran-
sient spectroscopy

Assignment
1 (Ni")
0.37 ps Solvation dynamics
1.1 ps Ni'"* - MC/CT
2.5 ps MC/CT — MC
14 ps Spectral narrowing, e.g., vibrational relaxation
81 ps Combined MC — GS and MC — MC/CT
772 ps MC/CT — ground state (GS)
2 (zn")
2 ps Solvation dynamics
62 ps Geometric relaxation
1.1 ns” SE loss/"zn"™* — 3zn"
580 ns Relaxation within *Zn" manifold
1us Decay of ligand-centered *Zn" state
5 us Ligand dissociation (tentative)
140 ps Ligand re-association (tentative)

“ Fit statistics, selected traces and residuals can be found in the ESI, Fig.
S66, S67 and Table S11. ” Time constant determined from fluorescence
decay. The same constant as determined from the fs-ps TA
measurements is 770 ps with a large error, since this is close to the
full scanning range. For the ns-us experiment a value of 1.5 ns is
obtained, shorter than the 2.7 ns excitation pulse.

using a published weighting procedure®”** to clearly illustrate
these changes. As such, these spectra directly show the time-
evolution of the excited-state absorption spectra, distorted
only at early times by the stimulated emission contribution.
The excited-state spectrum we observe at the earliest times
(Fig. 3c, red trace, 0.2 ps) is, as noted above, typical for locally
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excited organic molecules—with a largely featureless photo-
induced absorption extending into the near-infrared (NIR).
Over the next ten ps, well-defined spectral structures emerge.
Two features of particular interest are highlighted with vertical
dashed lines in Fig. 3c: First, a relatively narrow ESA feature
appears at approximately 465 nm concomitant with the decay of
the ligand-localized 'Ni"* state. This is followed by the emer-
gence of a feature at 490 nm. Accordingly, kinetic traces from
the main ESA bands at 487 and 364 nm, which capture both of
these contributions (Fig. 3b, violet and green traces), are rela-
tively complex; an indication of the formation and decay of
several distinct spectral species. Such dynamics—fast decay of
SE and broad ESA features, followed by well-defined ESA bands
slightly red-shifted relative to the absorption spectrum—are
often seen in association with energy-transfer from optically
bright ligand-localized states to dark metal-centered states in
open d-shell transition metal complexes (exemplified, e.g., by
the photoinduced dynamics of nickel porphyrin).*>*® The time-
evolution of the spectra here shows, however, that this transi-
tion from ligand-localized to metal-centered states involves at
least one short-lived intermediate state.

Global kinetic analysis. A more complete picture of the
spectral evolution of 1, and thus the overall relaxation
dynamics, requires global analysis of the whole dataset. In order
to ensure maximal reliability of the extracted model, we per-
formed two independent analyses: a model independent
maximum entropy analysis (Fig. S347t),*"** as well as singular-
value decomposition followed by a global fit to a sum-of-
exponentials model.** We find good agreement of timescales
from both approaches, implying good consistency of the
extracted physical model. In agreement with the complex
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dynamics suggested by the single-wavelength kinetic traces, we
find that six components are necessary to describe the observed
spectra within an exponential decay model.

The wavelength-dependence of this multi-component fit is
best represented by the spectra associated with the decay
components. The two most common representations of these
“global” spectra are the Decay Associated Spectra (DAS) and the
Evolutionary Associated difference Spectra (EAS), where the
former is simply a plot of the amplitude of each decay compo-
nent as a function of wavelength, and the model can be inter-
preted as representing the parallel decay of six independent
species. In the EAS model, we rather assume a strictly sequential
organization of compartments—or “states” (not necessarily
electronic eigenstates of the system)—and the time-constants
refer to the (unidirectional) population transfer between
these. Hence, the EAS can be considered the spectra of these
individual “states”. In Fig. 4 we plot the DAS and EAS corre-
sponding to the decay-component of 1. The corresponding
global component spectra for 2 can be found in Fig. S41.1 The
effective picture emerging from the analysis of these global
spectra is summarized in Table 1 and depicted in Fig. 6.

At early times, the dynamics are dominated by components
with characteristic times of 370 fs and 1.1 ps (Fig. 4, top). The
faster component can be assigned to solvation, as it occurs with
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Fig. 4 Decay associated- (DAS, left column) and evolutionary asso-
ciated- (EAS, right column) decay spectra extracted from a global fit of
the relaxation dynamics of 1. DAS amplitudes are shown on absolute
scale, while the EAS are normalized to their maximum for easier
comparison of spectral shapes. The component spectra are organized
to highlight similarities in EAS component spectra. The time-constants
are component lifetimes extracted from the relaxation dynamics of 1.
SE contributions to the spectra are found only around the 460 nm
excitation wavelength at the earliest two times.
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the average solvation times of the two pure solvents.** The 1.1 ps
spectra on the other hand prominently contain the decay of the
SE contribution as well as the appearance of a characteristic ESA
feature close to the excitation wavelength. Thus, these spectral
dynamics reveal the transfer of the initially excited ligand-
localized 'Ni* state to states that are optically dark from the
ground state.

This energy-transfer step is accompanied by the (quasi-)
ground state recovery of the Mabiq ligand: i.e., after this initial
relaxation phase, the excited population resides almost
completely on the metal center, while the ligand is in a ground
state distorted by the excited metal center. Consequently, we
can assign the spectra of the intermediate time components (14
and 81 ps lifetimes. Fig. 4, central panels) to transitions of
ligand-localized m-m* character. The 14 ps component is
primarily associated with spectral narrowing—as demonstrated
by the second-derivative profile of the DAS and slightly broad-
ened EAS spectral profile—which suggests vibrational cooling*®
or heat dissipation.*®

Interestingly, the fast appearance and subsequent decay of
a 465 nm feature highlighted with a vertical dashed line in
Fig. 3c is clearly mirrored in the global analysis: immediately
after the 'Ni"* decay, the transient spectrum in Fig. 3 takes on
a shape similar to—although strongly distorted—the 81 ps EAS.
The global analysis captures this behaviour as a corresponding
EAS with 1.1 ps growth and 2.5 ps decay (Fig. 4, bottom panel).
The presence of a short-lived intermediate in the ligand — MC
transfer demonstrated by this component is by itself inter-
esting; in addition, we find that a state with an essentially
identical spectrum re-emerges at long times as the MC states
decay. This state subsequently decays on a much longer time-
scale, with a time constant of approximately 770 ps.

While short-lived intermediates as observed here
can be assigned to, e.g., vibrational cooling, we stress that the
re-emergence of long-lived states with essentially identical
spectral characteristics—as shown by the strong resemblance
between the 2.5 ps and 770 ps EAS—makes such an assignment
here highly implausible.

Earlier studies on macrocyclic nickel systems instead point
to contributions from charge-transfer (CT) states in the elec-
tronic structure—both indirectly through the relaxation rate
dependency on solvent polarity,* and through spectroscopic
signatures in ultrafast XANES experiments.”” While a complete
one-electron ligand-to-metal charge transfer in 1 is unlikely, as
one would then expect to observe the Mabiq cation spectrum,
we find admixture of states with CT character to the MC states to
be plausible in the relatively polar solvent environment in these
experiments. This contrasts with photocatalytically active Ni"-
bpy complexes, where the long-lived lowest energy states appear
to be of purely d-d character.****

Comparing the profiles of the DAS spectra, we find that both
the 80 ps component assigned to population of MC states and
the 772 ps component clearly contain the GSB signature in the
400-460 nm range. In other words, the ground state of the
complex recovers bi-exponentially, implying a branching in the
relaxation pathway: only a fraction of the initial excited state
population reaches the long-lived states with admixture of CT
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states, while the remainder presumably relaxes directly from the
fully metal-centered states.

We can compare the observed excited-state dynamics with
those inferred from the photoreduction of 1. The dependence of
the reaction quantum yield on TEA concentration was deter-
mined in our previous study.*® Based on analysis of the results
using a standard diffusion model** and a diffusion-limited
quenching rate typical of molecules comparable to our system
(~10™ M~' s71), the lifetime of the reactive excited state is
predicted to be between 580 and 900 ps. This is in excellent
agreement with the measured lifetime of 770 ps, which indi-
cates that the outer-sphere electron transfer (ET) process with
TEA can occur from this mixed MC/CT state.

Electronic structure

To correlate the spectroscopic signals with the electronic states
involved in the optical response of the complexes, we employed
electronic structure calculations at the linear response time-
dependent density functional theory (DFT) level. The TDDFT-
derived energy level diagrams for 1 and 2 are shown in Fig. 5a
(see also Fig. S42 and S43t). To highlight the electronic struc-
ture of the states—i.e., the parts of the complexes involved in
the photo-excitation and relaxation—we computed the electron
density differences between the ground and excited states (the
density differences; Fig. 5b, S44-S477), the spin density distri-
butions of the lowest energy triplet states (Fig. 5c), and per-
formed a Mulliken population analysis (Table S51).

Our interpretation that the absorption consists of m-m*
singlet transitions between Mabiq localized states is supported
by the TDDFT calculations. This is also consistent with the
observation that the optically bright transitions for 1 and 2 are
of similar character in both complexes, as well as in other
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transition metal-Mabiq complexes.>** The calculated excita-
tion energies of 1 and 2 are of similar magnitude (Fig. 5a; 1:
2.85eV S, — S4;2:2.77 €V S, — S,), and the density differences
associated with these transitions (Fig. 5b; corresponding
natural transition orbitals (NTO) in Fig. S48t) demonstrate
ligand-localized motion of charge. Similar vertical excitation
energies are also obtained at the second-order correlated
(ADC(2)/TZVP) level (Table S4+).

The DFT results also suggest an explanation for the experi-
mentally observed differences in the relaxation dynamics of the
two complexes. The spin densities of the *Zn™ triplet excited
states (Fig. 5¢) show that the excitation remains on the ligand,
regardless of spin state, upon excited-state relaxation of 2. The
minimal contribution of MC states to the electronic structure
and dynamics again suggests that 2 can be considered as an
organic chromophore (ie., Mabiq) confined to a limited
conformational range by the coordinating Zn>* ion. The ~1 ns
intersystem crossing to the Mabiq triplet state is reasonable for
an organic chromophore with an associated metal.

The structure and relaxation effects of 1 contrast with this
simple behaviour. The "Ni"*-’Ni"* energy gap is substantially
larger than the corresponding singlet-triplet energy difference
of 2. While the electronic structure of the *Zn'* and *Zn" states
are both predominantly ligand-localized, the corresponding
'Ni"* and *Ni" states are clearly different (Fig. 5b and c), with
a °Ni! state that is essentially metal-centered. Thus, the
computational data suggest that intersystem crossing in 1
involves energy transfer from the Mabiq ligand to the metal
center, in agreement with our experimental observations. A
large number of additional states are located between the
ground and the optically bright 'Ni'"* state, many of which are
also metal-centered, of both singlet and triplet character. The

b)

a) A 1 (Ni") 2 (zn")
4.0— ==z
S
)
>
o
® | s
C
W 1.55
Wassase . —=05=
1.0 T T
o5 T 5
0.0 S, S
sO T1 SO T1

Fig. 5

(a) Vertical excitation energies (VEEs) derived at the TDDFT/B3LYP level for 1 and 2 at the optimized singlet (Sp) and lowest energy triplet

(T1) geometries. Optically allowed states are shown with solid lines, optically dark states are denoted by dashed lines; MC states are shown in red,
and ligand-centered states in black. Note that the lowest energy optically allowed state in 1 is the ligand-centered S, state, whereas in 2 the
lowest optically active singlet is the ligand-centered S; state. (b) Total electron density difference upon photo-excitation into the lowest energy
optically bright state for 1 (S4, top) and 2 (S;, bottom), with positive and negative differences between the excited and ground states marked in
blue and red, respectively. The charge migration takes place almost exclusively on the ligand for both species. (c) Spin density (a.—p) for the lowest
energy triplet state of 1 (top) and 2 (bottom), with positive and negative differences between alpha and beta spin densities marked in red and blue,
respectively. Note that the excess spin is almost entirely metal localized for 1, while it is distributed on the ligand for 2.
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large number of states facilitates the observed rapid ligand-to-
metal energy transfer. A similar electronic picture is also ob-
tained at the TDDFT/CAM-B3LYP level (Fig. S437), suggesting
that the results are robust and do not arise from, e.g., DFT
charge transfer problems. The calculations also suggest that
spin-orbit coupling (SOC) effects are small for the Zn-Mabiq
complex, but could contribute into transition between singlet
and triplet states for Ni-Mabiq (Fig. S497).

The implicit assumption that intersystem crossing is an
efficient quenching channel for the *Ni"* state is well-founded,
given the typical behaviour of open-shell transition metals.**
The optical spectra themselves only reveal that the final state in
the relaxation cascade is (i) optically dark from the ground state
(at least in the UV/Vis spectral region), and (ii) has a prominent
ESA band slightly redshifted from, but close in energy to, the
(*Ni" — 'Ni"™*) ground state absorption band. In this regard,
the calculations support our expectation of relaxation via metal
centered states. All MC transitions with energies in the range of
the TA measurements, either from the singlet ground state or
from the triplet state, are dark; any optically active transitions
primarily involve the Mabiq ligand.

With the assignment of triplet character to the low-lying
energy levels of 1 and 2, we can reconcile and at least semi-
quantitatively explain the photoreduction quantum yields and
the time constants from the TA measurements. The quantum
yield, QY, of the photoinduced reduction of the M-Mabiq
catalysts by Et;N is given by:

kred

Y =
Q Ktot

with the effective quenching rate, k.4, and the total relaxation
rate, ki, as determined from the TA measurements. With a QY
of 2.9 x 10™* for Ni-Mabiq and k. = 1/772 ps, we obtain
a surprisingly long quenching time of ¢t = 1/k;eq = 2.7 us. The
low QY is therefore the consequence of a low electron transfer
rate and the rapid decay of the excited 1. Using the same value
of kreq as a first guess for 2, we predict a total decay time of 10 s,
which is well within the range of the slow time constants ob-
tained from the TA data for the Zn complex. In summary, the
reduction is rather slow, and the QY is limited by the lifetime of
the triplet states.

Catalysis

Given the distinctive photophysics, differing behaviour with
respect to photoreduction, and activity toward O,, we examined
the comparative ability of 1 and 2 to act as a photoredox catalyst
in a series of photo-driven reactions. The first of these is the
previously reported cyclization of an N-(w-bromoalkyl)-
substituted indole (dimethyl 2-(3-(1H-indol-1-yl)propyl)-2-
bromomalonate) by 1 (Table 2, top scheme; mechanism in
Scheme S1f), which gave the product in high yield.>® In this
case, irradiation of the reaction mixture facilitates reduction of
1 by Et;N, and the resultant 1™ triggers the ring closing in
a diffusive manner. A catalytic cycle for the formation of the
cyclized indole should also be feasible using 2, based on its
redox properties alone. However, low product yields were
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Table 2 Photoredox-catalysed cyclization of an N-(w-bromoalkyl)-
substituted indole (top), aza-Henry reaction (middle) and oxidative
coupling of 4-methoxybenzylamine (bottom)

©j catalyst (2 mol %) 1 coome
N DMF/THF, NEt5 (2 eq.) N COOMe
blue LED (455 - 460 nm, 3W)
COOMe
COOMe
Br
Entry Catalyst % yield”
1 1 86 &+ 5 (13 h)
35(13 h)

catalyst (3 mol %)

CH3NO2 air
blue LED (455 - 460 nm, 3W)

Lo

: OMe

Entry Catalyst % yield” (time)

1 1 82 + 7 (5 h)

2 1/without irradiation —

3 None 14+ 6 (5h)

4 2 36 + 13 (30 min)

catalyst (4 mol %)

N,
JOAR O
OMe’ OMe

MeCN, air
blue LED (455 - 460 nm, 3W)

OMe

Entry Catalyst % yield® (time)

1 1 27+£0(17 h)

2 1/without irradiation — (12 h)

3 None — (12 h)

4 2 73 + 12 (30 min)

“ For details see ref. 25 and 50. ? Yields are mean + standard deviation
of measurements performed at least in duplicate. Reactions were run on
a 0.05 mmol scale. Product yields were determined by '"H NMR using
mesitylene as an internal standard. ¢ For the oxidative coupling of
benzylamine, ESI-MS was further used to confirm the presence of the
desired product ([M + H]" m/z = 256.09).

obtained and degradation of the metal complex occurred, as
evidenced by bleaching of the solution throughout the reac-
tion.”* Conversely, while the photoreduction quantum yield is
relatively low, 1 is an effective photoredox catalyst, as it appears
resistant to degradation and remains active throughout the
extended reaction period.” In related preliminary work, we
observed that the Fe"-, Co"- and Cu”-Mabiq complexes all
exhibit varying reaction yields and selectivities,” further
demonstrating that the choice of metal center clearly influences
the activity.

We next examined the photocatalytic ability of 1 and 2 in two
reactions that do not rely on initial reduction of the catalyst by
a sacrificial donor: the oxidative C-H functionalization of N-
phenyl-tetrahydroisoquinoline (THIQ), and the oxidative
coupling of 4-methoxybenzylamine (Table 2; see ESIf for
details).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The THIQ functionalization represents a photoredox cata-
lysed aza-Henry reaction (Table 2, middle scheme; mechanism
in Scheme S271).°* In the initial step, reductive quenching of the
excited state of the catalyst by the isoquinoline leads to
formation of a cationic amine radical. As discussed above, this
step is expected to proceed on the low us timescale. The solvent
nitromethane (CH3;NO,) can serve to regenerate the catalyst,
and facilitates iminium ion formation. The resultant reduced
oxidant and amine cation radical will likely remain in close
proximity due to the lack of time for diffusion; alternatively the
reduced oxidant readily combines with CH3;NO, via a hopping
process. Either way, catalyst reoxidation and iminium ion
formation via a quasi-geminate step should be fast and
efficient.

The final product of the aza-Henry reaction is generated
upon addition of the nitromethane-derived CH,NO, to the
iminium. Thus, nitromethane also acts as the co-substrate. The
aza-Henry reaction exploits the direct reaction of M"* with the
substrate, unlike the previously examined indole cyclization,
which reflected the interaction of a substrate with the reduced
‘M"-Mabiq forms. The reaction also allowed us to probe the
ability to regenerate the reduced catalyst forms in the presence
of an oxidant, which would allow application of the Mabiq
complexes in a broader range of chemistry.

The product yields obtained in the photoredox catalysed aza-
Henry reaction by 1 and 2, using nitromethane as the solvent,
were 82% (1, after 5 h) and 36% (2, after 30 min). With the
illumination power and total time, we can estimate a lower limit
of the overall reaction quantum yield of 1.5 x 10>, The yields
obtained for the Ni-complex are comparable to those reported
using [Ru(bpy),]*" and [Ir(ppy).(dtbbpy)]".> Thus, 1 shows
promise as an effective catalyst for such C-H functionalization
reactions. The lower yields of 2 in the reaction are again due to
degradation of the Zn-complex. A significant decrease in the
absorption bands of 2 was already observed within the first 30
minutes reaction time (Fig. S551). This contrasts with the
behaviour of 1, which remained intact throughout the reaction,
as evidenced by both absorption and NMR spectroscopies
(Fig. S56 and S571). We note that irradiation of a solution of 1
and the isoquinoline in the absence of a suitable oxidant also
leads to rapid decomposition of the Ni-complex (Fig. S58 and
S59t), which we speculate is due to attack of 1°¢ by the iso-
quinoline radical.

The final reaction that was examined, the oxidative coupling
of 4-methoxybenzylamine (Table 2, bottom scheme), depends
on the participation of O, in the catalytic cycle (Scheme S31).
Both energy transfer and photoredox mechanisms have been
proposed for this reaction—in the latter case, O, would serve as
an oxidant and to generate an imine intermediate.”* The Ni-
Mabiq complex was able to catalyse the coupling reaction, albeit
with only 27% product yield even after 17 h. No significant
amount of side product was detected. Nevertheless, 1 remained
stable under these conditions (Fig. S60t). Using 2 as the pho-
tocatalyst, a larger amount of N-(4-methoxybenzyl)-1-(4-
methoxyphenyl)methanimine was obtained (73% yield, 30
min). However, complete degradation of the Zn compound was
again observed after 30 min (Fig. S61t).
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To supplement the basic reactivity studies, we examined the
ability of 4-methoxybenzylamine to photoreduce the Mabiq
compounds—the first step in the photoredox pathway. Both 1
and 2 can be photoreduced using 4-methoxybenzylamine under
inert atmosphere, indicating that an electron transfer pathway
is feasible (Fig. S62 and S63t1). However, after the initial
formation of some 24 by the amine, the spectrum of the Zn-
complex is further altered. Evaluation of the photoreduction
data shows that the reduction of Ni"™* by methoxybenzylamine
is photo-reversible, with comparable quantum yield values for
the forward and back electron transfer processes (ca. 1.7 X
107% Fig. S621). The low yield is consistent with the low
coupling product yields obtained with 1, even after 17 h. From
the illumination conditions of 4-methoxybenzylamine with 1 we
can estimate a lower limit of the overall reaction quantum yield
of 4.3 x 107", In comparison, for the quenching QY—taking
into account the concentration of methoxybenzylamine under
the reaction conditions (25 mM), and the linear dependence of
the process on the quencher concentration**—we obtain a value
of 8.5 x 10~*. Within the uncertainty of this estimate the two
yields are equal, showing that indeed all steps after the first ET
occur with near unity.

The quenching of the photo-excited 2 is associated with QYs
of 0.12 to the reduced form, and 0.20 to an unidentified side
product, both of which rapidly convert further to some final
species with an optical spectrum that is distinct from that of 2
or 2"4 (Fig. $637). Clearly any accumulation of 2 also leads to
degradation of the original form of the Zn catalyst. A slight shift
in both the "H NMR resonances and absorption spectrum of 2
in the presence of the substrate is observed (Fig. S64 and S657),
which suggests that the ability of the amine to coordinate to the
Zn may contribute to the activity and degradation of 2. However,
overall, the high reduction yields together with the ability of O,
to reoxidize any accumulated 29 enables significant product
formation before the catalyst is fully consumed.

While the above reactions are quite distinct, the photoredox
catalytic activity of the M-Mabiq complexes in all of the reac-
tions hinges on the ability of the excited states to engage in
single electron transfer with a sacrificial donor or the substrate.
Our model for the excited state relaxation pathways for 1 and 2,
based on spectroscopic characteristics and the calculated elec-
tronic structure, is summarized in Fig. 6. ET involving the
singlet states is precluded by the short lifetimes—the close
vicinity of the resulting ion pair also would likely lead to a rapid
back-ET and therefore be unproductive. Single electron transfer
between the amine substrates and M-Mabiq will occur via
the triplet states, where back ET is consequently blocked by
the Pauli principle.®® In the Zn-containing 2, all relevant
excited states, including the triplet states, are ligand-localized.
As a result, photoreduction results in formation of what is
essentially a Mabiq radical anion coordinated by a zn';
decomposition proceeds as is typical for organic radical ions.
The longer excited state lifetime of 2 should favor catalytic
activity, but the instability of 2 hinders its use as a photoredox
catalyst. Oxidants, as used in the light-driven aza-Henry and
oxidative coupling reactions, regenerate 2 to some degree.
However, even in the presence of excess oxidant the degradation
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Fig. 6 Effective relaxation model of the compounds 1 (a) and 2 (b) as
extracted from the time-resolved absorption data. Components
assigned to solvation and vibrational cooling omitted for clarity. Metal-
centered states are depicted in red; ligand-centered states are indi-
cated in black.

of 2% appears to outcompete its reoxidation. In contrast, the
initial ligand-centered excited state of 1 relaxes rapidly towards
states of metal-centered and partial CT character. The involve-
ment of metal-centered states in 1¢ appears to make this
complex more robust, further highlighting the synergy between
the metal and redox-active ligand.

Our preliminary studies with alternate electron donors and
select substrates demonstrate, however, that the nature of the
donor is crucial. Electron transfer between 1 and either DMA or
4-methoxybenzylamine was sluggish; in the latter case this
significantly limited the catalysis. Moreover, the isoquinoline
radical can destroy the complex if subsequent transformations
of the intermediate are not fast enough (Fig. S58 and S59%).
More detailed studies will be required to determine the specific
donor/M-Mabiq interactions and their importance in the
mechanism of excited state electron transfer. Finally, the
generally greater stability of 1°? allows this species to be more
effectively regenerated by oxidants, allowing 1 to engage in
various stages of a photoredox cycle.

The 3Zn™* state of the Zn complex may be more suited for
select energy transfer reactions, as for singlet O, sensitization.
With respect to singlet-oxygen sensitization, the (*Ni"-*Ni")
energy gap is much smaller than the (*0,-'0,) energy gap, and
consequentially the process is energetically disfavored. Thus, 1
may be less effective for energy transfer processes.

Overview of photodynamics

It is worth comparing the photophysics of our Mabiq complexes
to that of M-bpy based compounds. The bpy ligand is essential
to the functionality of [Ru(bpy);]*", whose underlying
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photophysical properties have been studied in great depth."”
Excitation of [Ru(bpy);]*" in the visible region leads to pop-
ulation of long-lived *MLCT excited states, which subsequently
engage in single electron transfer. The sub-ps excited state
lifetimes of the *MLCT states of [Fe(bpy);]** on the other hand
can be attributed to relaxation to MC states, which in contrast to
those of the Ru complex lie below the MLCT states.>® This
altered ordering reflects the general problem of first row tran-
sition metal complexes, where low lying d-d states lead to short
excited state lifetimes and limit the photoredox capacity of the
compounds. A notable exception is the behavior of the other
class of Ni"" photoredox catalysts (®*“bpy)Ni"(Ar)(X); X = halide
or OR™, also based on the bpy ligand.****5¢ The low-lying *d-
d states are not only long lived, but allow this complex to
undergo photoinduced Ni-aryl bond homolysis.

The Mabiq ligand likewise contains a bipyridine-like
moiety—as well as a second redox-active functionality in the
diketiminate. The presence of multiple redox-active units in the
macrocyclic M-Mabiq systems results in photophysics that are
more complex than the bipyridyl systems, with ligand-centered,
CT and MC character all involved (Fig. 6). The initially accessed
ligand-centered mw-m* state of 2 can also engage in single elec-
tron transfer, whereas the CT and MC states become more
relevant for 1. Our findings suggest that these latter states lie
closer in energy than what is observed in bpy-based
compounds. Interactions between CT, MC, and m-m* states
account for the complex photodynamics of 1, and further
underscores the synergy between the redox-active ligand and
the metal centers. The nature of the bound metal center may
alter the relative energies of these CT and MC states. For the Fe,
Co and Cu complexes, which possess additional axial ligands,
the d-d states might also enable M-L bond homolysis. Overall,
the unique features of the Mabiq ligand allow for rich and
varied photochemistry.

Conclusions

The nature of the coordinated metal ion clearly has a significant
influence on the photophysical properties and reactivity of the
Mabiq complexes, as exemplified by the Ni and Zn complexes 1
and 2. Our findings unravel contributions of the various ligand-
centered, charge transfer and MC states, and provide initial
insight into how the interactions between the metal and redox-
active ligands influence activity and stability of photoredox
catalysts. With the exception of the Zn complex, the chemical
stability of the M-Mabiq series is a notable feature of this class
of photocatalysts. Light-driven access to the reduced, stable
forms of M"-Mabiq complexes containing Fe — Cu may also
permit more diverse organic transformations.

In our system, the Mabiq system scaffold provides a highly
unique degree of freedom in a second metal binding site at the
complex periphery. Incorporation of a second metal ion may
enable alterations to the electronic structure of the core metal
complex, while circumventing the need to modify the ligand
backbone. As such, the second coordination site may have an
influence on stability and electron transfer efficiencies. The
photochemical properties of a series of bimetallic Mabiq

© 2021 The Author(s). Published by the Royal Society of Chemistry
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compounds can be systematically studied. The second coordi-
nation site also opens up entirely new possibilities for bifunc-
tional photoredox catalysis. Overall, we believe the properties of
the Mabiq system will allow these complexes to become valu-
able additions to the growing repertoire of earth-abundant
photoredox catalysts.
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Chapter 4

Unpublished Results
Visible light induced and Co(Mabiq)-catalyzed acylation of styrenes
4.1 Introduction

Organocobalt complexes are utilized as efficient sources of C-centered radicals due to the low
BDEs of the Co—C bonds which ranges from 14 — 45 kcal mol™.! Radical generation from these
compounds can be initiated either by heat or light and have been predominantly employed in
polymerization reactions.? The reversibility of the Co—C bond cleavage also makes these
compounds attractive sources of radicals as this reversibility reduces the concentration of free
radicals, thus reducing the possibility of free-radical initiated reactions. Organocobalt(lll)
intermediates generated in situ have therefore been used as sources of C-centered radicals in
cobalt catalyzed dimerization, polymerization,?> dehalogenation,® alkylation, and acylation
reactions.* The generation of organocobalt(l1l) compounds usually involves the addition of the
supernucleophilic Co(l)-intermediate across carbon-halide or pseudohalide bonds in alkyl and
acid halides. The accessibility of the supernucleophilic Co(l)-intermediate either chemically or
photochemically makes these compounds attractive for generation of C-centered radicals. The
commonly used Co-complexes are cobalamins (vitamin Bi;), Co-salens, Co-porphyrins and
cobaloximes.12 42 4b, 4d

Acylcobalt(lll) complexes are utilized as sources of nucleophilic acyl radicals upon exposure of
the compounds to heat or light. These compounds upon generation of the acyl radicals also
furnish the metalloradical Co(ll)-intermediates which can further engage the generated
radicals to reduce free-radical reactions or in the presence of alkyl radicals engage in
dehydrocobaltation reactions to generate alkenes.® > The use of Co-complexes for generation
of acyl radicals provides a mild route compared to the use of acids and other harsh conditions.
Photocatalytic methods have also been reported in the literature and these involves the use
of photocatalysts of precious metals such as Ir and Ru,® organocatalyst,” and HAT-catalysts
such as decatungstate,® N-hydroxyphthalimide,® and FeCls as CI-HAT source in combination
with a photosensitizer.*?

With regards to transformations in which acylcobalt(lll)-compounds were used to generate
acyl radicals and functionalize alkenes, only a few reports are available in the literature. In one
of the reports, Pattenden and co-workers utilized stoichiometric amounts of acyl-cobalt
salophen reagents for the generation of acyl radicals under light irradiation. Reaction of the
radicals with electron-deficient alkenes furnished mixtures of saturated and unsaturated
ketones (Scheme 1A).1! In another report, Gryko and co-workers utilized vitamin B1; as catalyst
in the photo-assisted generation of acyl radicals from acyl-thioesters. The acyl radical
intermediates only reacted with electron-deficient alkenes and saturated ketones were
formed as the sole products. The catalytic system also required stoichiometric amounts of Zn
as reductant, and as a result, commercially available acid halides could not be directly used as
acid radical precursors (Scheme 1B).*?
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A. Photogeneration of acyl radicals from acylCo-salophen reagents.
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R = alkyl and acyl; EWG = electron-withdrawing group.

B. Vit. Bio-photocatalyzed acyl radical generation from acylpyridylthioesters.
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Scheme 1. Generation of acyl radicals from organocobalt(lll)-complexes.

Mechanistically, the generation of alkyl or acyl radicals from organocobalt(lll) complexes upon
irradiation involves an LMCT event which then leads to homolytic cleavage of the Co—C bond.
This light-activation pathway for substrates usually involves first the oxidative addition of
Co(l)-species to suitable organohalides or pseudohalides and is known as visible light induced
homolysis (VLIH).1P: 1112 This is an alternative pathway for substrate activation that is different
from intermolecular SET or EnT processes. Generally, VLIH is predominant in photoactive 3d-
metal complexes and thus makes the development of catalysts based on these earth-
abundant transition metals attractive for photoinduced cross-coupling reactions.'3

4.2 Reaction Development

Our investigations into the photocatalytic activities of metal-Mabiq complexes have recently
led to the development of a Markovnikov-selective Co-Mabiq photocatalyzed alkylation of
indoles and indazoles with styrenes.* Following this report, we wished to further explore the
catalytic ability of Co-Mabiq complexes, this time, as direct sources of C—centered or halide
radicals for HAT or functionalization of alkenes. We had recently observed that the
Co'(Mabiq®) (formally denoted as Co'(Mabig)) 1 compound which can be generated chemically
via the one-electron reduction of Co'"(Mabig)Cl 2 with cobaltocene can also be
photogenerated in the presence of a sacrificial electron donor (Figure 1A). Furthermore, we
had already established that the trivalent Co(Mabiq)Cl; is photoactive and undergoes VLIH of
the Co—Cl bond in the absence of a sacrificial electron donor to furnish Cl radical and
metalloradical divalent Co(Mabiq)Cl 2.1* With these observations, we hypothesized that
oxidative addition of Co(Mabiq) to organohalide bonds should generate an organocobalt(lll)-
Mabiq compound which might also be photoactive and would undergo VLIH to release C—
centered or halide radical. The C-centered or halide radical could then be subsequently
employed as HAT-catalyst or for functionalization of alkenes. Finally, the reduction of the
ensuing metalloradical Co'-species in the presence of a sacrificial electron donor should
replenish the Co'(Mabiq) intermediate (Figure 1B).
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Figure 1. (A) Spectral evolution during irradiation of a solution of 2 (50 uM) in the presence of
EtsN (25 mM, 500 equiv.) in MeCN/THF (1:1). Green trace: spectrum prior to irradiation. Purple
trace: final spectrum obtained after irradiation of the solution with blue LED (455 nm, Pef: 364
mW, ¢ = 1.95 x 1074). (B) Mechanistic hypothesis.

Based on the mechanistic hypothesis, a THF solution of chemically synthesized 1 was added
to different organohalide solutions and the UV Vis spectra and ESI MS of the different solutions
were taken. The results revealed the formation of new organocobalt species in some of the
solutions (Figure 2). With these results, we then set up reactions with the organohalides which
formed new Co-Mabiq species and irradiated the solutions with added styrene. The reaction
containing 2 mol% of 1, 4-methoxystyrene 3a (0.2 mmol, 1 equiv.) and benzoyl chloride 4a
(0.2 mmol, 1 equiv.) in THF (2 mL) with blue LED (455 — 460 nm) irradiation under argon for
24 h at 25 °C afforded the chalcone 5aa in 10% yield as the sole product (Table 1, entry 2; also
see Table S1).
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Figure 2. Comparison of UV Vis spectrum of 1 and 1 with different organohalides (I — IV) in
THF as solvent.
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Table 1. Initial reaction screening.

A 1 (2 mol%
/@A + R—X ( 2 > product(s)
MeO THF, 24 h, Ar

25 °C, blue LED

0.2 mmol 0.2 mmol
entry R-X product yield (%)
1 CHCl3 NR -
(o]
X
2 Benzoyl chloride Ve O O 10
5aa

3 Benzyl chloride O = O 3

MeO

With the products obtained with acyl (10%) and benzyl chlorides (3%), we decided to focus
on the reaction with acyl chloride. The product, chalcone, hinted at a unique reactivity of 1
since the formation of this type of product requires the addition of an oxidant and a base; or
in the absence of additives, mixtures of saturated and unsaturated products would be
formed." ¥ Additionally, acyl radicals are nucleophilic radicals and preferentially react with
electron-deficient alkenes, hence the product formed also hinted on a catalyst-controlled
product formation step.

Control experiments in the absence of 1 and light confirmed the relevance of these
components in the reaction. Since we had already established that in the presence of a
sacrificial electron donor and under light irradiation, complex 1 can be generated from
complex 2, we decided to carryout further optimization of the reaction with 2. All
optimizations and final optimized reaction condition employed for different substrates are
shown in Table 2.
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Table 2. Optimization of reaction condition.

2 (0.25 mol%) Q

o]
/@/\ . cl Et;N (3 equiv.) O S O
MeO THF/MeCN, 24 h, Ar
3a 4a

25°C, blue LED MeO sa
entry deviation from the standard Yield (%)
conditions
1 none 73¢
2 1 (2 mol%) 10°
3 without 1 nrb
4 without light nr?
5 air nr?
6 EtsN (1.1 equiv.), 1 (2 mol%) 40°
7 2 (2 mol%), EtsN (1.1 equiv.) 27°
8 2 (2 mol%), Et3N (3 equiv.) 72¢
9 CoCl, instead of 2 nr?
10 CoCpz instead of 2 nrb

9Reaction conditions (unless otherwise specified): 3a (0.2
mmol, 1 equiv.), 4a (0.4 mmol, 2 equiv.), MeCN/THF (1 mL
each, dry, deoxygenated), blue LED (3 W, 455-460 nm). ©3a
(0.2 mmol, 1 equiv.), 4a (0.2 mmol, 1 equiv.). Yields were
determined by 'H NMR using mesitylene as an internal
standard. Yields are the average from at least two
experiments. nr = no reaction.

4.3 Substrate Scope

With the optimized reaction conditions in hand, we screened some styrene and acyl chloride
substrates to determine the scope of the reaction. Interestingly, all products obtained were E-
isomers of the respective chalcones. As earlier stated, the acylation of 3a, an electron-rich
styrene, prompted our interest in exploring further the reaction since traditionally, acyl
radicals are nucleophilic radicals and as such react with electron-deficient double bonds.
Generally, electron-rich styrenes afforded higher yields of the desired product (68 — 72%)
when compared to their electron-poor counterparts (36 — 50%). Furthermore, a-methyl 4-
methoxystyrene 3g afforded the desired product 5ga in 84% vyield. In contrast to the product
obtained with 3g, the styrene a-ethyl 4-methoxystyrene 3h rather yielded the [3,y-unsaturated
ketone 5ha in 53% yield. With respect to acyl chlorides, electron-rich substrates performed
slightly better than their electron-poor counterparts. Worth noting is that carbon-halogen
bond activation only occurred in acyl carbon and not at any other carbon bearing a halogen
bond.
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2 (0.25 mol%)

/©/\ Et3 (3 equiv.)
THF/MeCN 24 h, Ar

25 °C, blue LED

m BW%

5aa, 68% Sba, 72% 5ca, 46%
(o} (o} (o}
o0 O Q SAAe
Cl MeO O
5da, 38% 5ea, 50% 5fa, 84%
| o (¢] (0]
o0 OO SR
F MeO OMe  MeO o
5ga, 52% 5ab, 71% 5ac, 75%
= no oxidative addition
O X O at this position
/
MeO' Cl MeO \F O = no H-atom abstraction
5ad, 51% Sae, 45% at this position

Figure 3. Substrate Scope. “Reaction conditions: 2a (0.2 mmol, 1 equiv.), 3a (0.4 mmol, 2
equiv.), MeCN/THF (1 mL each, dry, deoxygenated), blue LED (3 W, 455-460 nm).

4.4 Mechanistic Investigations

Due to sensitivity to light and solvents, macrocyclic Co"-alkyl and acyl complexes are very
unstable. As such, isolation of these intermediates is very challenging.'> 1> Despite the
instability, we were able to isolate crystals suitable for X-ray structure determination when a
THF solution of 1 and piperonoyl chloride 4c and 4-chlorobenzoyl chloride 4d were stored in
the freezer (—35 to —40 °C) for several days. The molecular structures 6 (Figure 4) thus
confirmed the oxidative addition of 1 to 4 to furnish Co""Mabiq acyl chloride intermediates.
We hypothesize that irradiation of this intermediate leads to the formation of acyl radicals
and metalloradical Co"(Mabiq). The Co—C bond in 6a and b (1.950 A and 1.944 A, respectively)
is shorter than the Co—Cl bond in the same molecule (2.469 A and 2.444 A, respectively) but
comparable to those reported for Co—C bonds in vitamin Bi2—alkyl and other macrocyclic Co'"'-
alkyl compounds, which have also been reported to undergo Co—C bond homolysis.*>? Despite
the success achieved in obtaining molecular structures of 6, recording NMR spectra of the
intermediates was challenging. The compounds reverted to the parent Co'(Mabiq) when the
crystals were redissolved in NMR solvents such as THF-d8, CD3CN and benzene-d6.
Nevertheless, 'H NMR spectra of freshly prepared solutions provided further evidence for the
formation of Co(Mabiq)-acyl chloride intermediates (see Appendix Ill, Figures 7 and 10).

6a: ESI MS: m/z [M - CIJ*: 748.8805 6b: ESI MS: m/z [M - CIJ*: 738.9024

Figure 4. Molecular structures of Co(Mabiq) acyl chloride intermediates.
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In order to obtain more evidence to support the generation of acyl radical from Co(Mabiq)-
acyl chloride, the photo-behaviour of in situ generated Co(Mabiq)-benzoyl chloride species
(ESIMS: m/z [M — CI]* =705.0470; see Appendix llI, Figure 12) with and without added styrene
3a were monitored via UV-Vis. Indeed, we observed that the initial spectra obtained in both
experiments changed over time upon irradiation producing spectra similar to that of 2 after
several minutes of irradiation, indicating that the newly formed Co(Mabiq)-benzoyl chloride
species was photoactive (Figure 5A and B). Also, ESI MS analysis of the solution containing
styrene 3a indicated that the chalcone 5aa was formed (see Appendix Ill, Figure 13).
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Figure 5. UV-Vis spectral evolution: (A) Solution of Co(Mabiqg) 1 (50 uM) and benzoyl
chloride 4a (450 uM, 9 equiv.) in THF/MeCN (1:1). Red trace: spectrum of the solution prior
toirradiation. Green trace: spectrum obtained after irradiation of the solution with blue LED
(455 nm, Prer = 118 mW). (B) Solution of Co(Mabiq) 1 (50 uM), benzoyl chloride 4a (450 uM,
9 equiv.) and 3a (450 uM, 9 equiv.) in THF/MeCN (1:1). Red trace: spectrum of the solution
prior to irradiation. Green trace: spectrum obtained after irradiation of the solution with
blue LED (455 nm, Pret = 80 mW).

Further mechanistic experiments included a 2-step-one-pot stoichiometric reaction in which
1 and piperonoyl chloride 4c (1 equiv. each) in MeCN/THF (1:1) (ESI MS: m/z [M — CI]* =
748.8805; see Appendix I, Figure 14) was stirred in the dark for one hour after which styrene
3a (3 equiv.) was added. Irradiation of the solution for 17 hours and analysis by *H NMR
revealed the presence of the cross-coupled product 5ac in 56% yield (Scheme 2A). Control
experiments in the dark did not yield the desired product (Scheme 2A). Finally, a radical clock
experiment using styrene 3i, which afforded the ring-open product 5ia in 27% yield (Scheme
2B) further confirmed the generation of acyl radicals.
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A. Stoichiometric experiments.

THF/MeCN
(1 mL each)

25°C, 1 h, dark
glovebox

[e]
. sc 3a (3 equiv.) 0>
1 equiv.
(1 equiv.) blue LED o

25°C,17h 5ac, 56%

(o}

3a (3 equiv.) A o>
—>— 1J 70
MeO’ o

Dark
25°C, 17 h 5ac, ND

THF/MeCN
(1 mL each)

7 25°C, 1 h, dark
glovebox

ND: Not detected.

1 (1 equiv.)

B. Radical clock experiment.

(o] | o)
O)‘W (j)L o —Sandaeondione ® ®
+
MeO MeO

3i 4a 5ia, 27%

Scheme 2. Stoichiometric and radical clock experiments.

The results from the mechanistic investigations provide evidence in support of the catalytic
cycle proposed in Scheme 3. Upon excitation of 2, a SET ensues from the sacrificial electron
donor EtsN to generate 1 which then undergoes oxidative addition to acyl chloride to furnish
intermediate 6. Excitation of 6 leads to a VLIH to produce acyl radical and metalloradical Co'-
Mabiq species A. These types of radical species A are proposed to remain in an intermediate
solvent caged radical pair, in which they can recombine to form 6 or diffuse freely out of the
solvent cage.'® Since acyl radicals are traditionally nucleophilic and thus only react with
electrophilic double bonds, we speculate that both radicals remained in close proximity, thus
determining the regioselectivity of the radical addition step and reactivity of the radical in the
presence of styrenes 3. The proximity of the caged radical pair in A may reduce the
nucleophilicity of the acyl radical, ensuring that it reacts with styrenes 3 and even affording
higher yields of the desired product 5 with styrenes bearing electron-donating substituents
(Figure 3). The non-reactivity of the acyl radical intermediate in A with aliphatic alkenes and
even B-substituted styrenes further supports the assertion that the radical is not a free radical
species (see Appendix Ill, Figure 5 for unsuccessful substrate). Addition of the acyl radical to 3
generates the alkyl radical B and this undergoes a radical rebound unto the metalloradical Co'-
Mabiq species to produce C. At this stage, a dehydrocobaltation reaction (MHAT)1®: 3,5 11, 16-17
step is a plausible pathway that could furnish the desired product. This could occur when
intermediate C is excited and then undergoes VLIH to generate the alkyl radical and
metalloradical Co'"-Mabigq species D which remain as a solvent caged radical pair. The
metalloradical then abstracts a -hydrogen atom from the alkyl radical to furnish the desired
product 5 and hydridocobalt(lll) species E. Finally, excitation of E and SET from EtsN to E
furnishes the catalyst 1.
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Scheme 3. Plausible mechanism.

While these latter steps require further studies to verify, the mechanistic steps C — E above
is more plausible when compared to B-hydride elimination (BHE) at metal centers since BHE
requires a vacant cis site for such elementary step to occur. In the Co-Mabiq complex, a vacant
cis site is not available and due to the rigidity of the macrocyclic ligand, in situ rearrangement
to provide a cis site for BHE is highly unlikely. Also, a base assisted dehalo-dehydrogenation
was proposed for double-bond retention by Zhu and coworkers.*® However, since our strategy
did not employ external oxidants and the product 5aa was also formed when 1 was used as
the catalyst in the absence of EtsN, the pathway involving base-assisted dehalo-
dehydrogenation is thus excluded as a possible product forming step. Finally, E-isomers of a.,[3-
unsaturated ketones were exclusively formed, and this suggests that the Co-Mabiq complex
like plays a critical role in the E-diastereoselective step with the bulky Mabiq ligand influencing
the final isomer that is produced.

4.5 Conclusion

In summary, a visible-light induced protocol for the synthesis of o,p- and f3,y-unsaturated
ketones has been developed. The Co-Mabiq catalyzed reaction utilizes the ability of the
complex to adopt different roles both in its ground and excited states to forge C—C bonds.
Although inconclusive, preliminary mechanistic investigations revealed that the key steps
included oxidative addition of the complex to C—Cl bonds in acyl chlorides, generation of acyl
radicals via VLIH upon excitation and a plausible dehydrocobaltation to furnish the
unsaturated ketones. This mild protocol which precludes the requirement for
oxidant/reductants, bases or cocatalyst demonstrates the ability of Co-Mabig complexes not
just to act as metal centers for catalysis but also as photoactive complexes for radical
generation and controlled addition to suitable alkenes.
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Summary

In this PhD dissertation, photoinduced catalytic reactions utilizing Co, Ni and Zn complexes
based on the macrocyclic biquinazoline ligand (Mabiq) were developed. Building on the
already established photoredox ability of the Ni-Mabiq complex in the cyclization of
bromoalkyl-substituted indole, we further showed that the Ni-Mabig complex can catalyze
other reactions such as the photoinduced oxidative coupling of benzylamines and aza-Henry
reaction. A comparative study of the efficiency of the Ni- and Zn-Mabiq complexes in the
reactions revealed the distinct behaviours of both catalyst in the reactions studied. The
distinct photocatalytic behaviours of the complexes are linked to the excited states properties
of the complexes. For the Ni-Mabiq, the excited states are metal-centered while for the Zn-
Mabiq, the excited states are ligand centered. Although the Zn-Mabiq possesses a longer
excited state lifetime when compared to the Ni-Mabiq, the instability of its reduced form
offers a disadvantage for the use of the complex as a photocatalyst. However, the Ni-Mabiq is
stable and is as efficient as the well-established [Ru(bpy)3]?* and [Ir(ppy)2(dtbbpy)]*.?

OH
O catalyst catalyst (4 mol%)
blue LED, 3 h, air blue LED, air
OH

OH O
. . Ni-Mabiq: 27% (17 h)
Ni-Mabiq: 0% Zn-Mabiq: 73% (0 5 h)
Zn-Mabiq: 10%
c D
N CO,Me catalyst (3 mol%)
N catalyst (2 mol%) A\ COMe N CH3N02
blue LED, 13 h N blue LED, air
Br CO,Me Ni-Mabiq: 86% Ni-Mabiq: 82% (5 h)
Zn-Mabiq: 35% Zn-Mabiq: 36% (0.5 h)

CO,Me
Figure 1. Photocatalyzed reactions by Ni- and Zn-Mabig.

In the second project, we switched our attention to exploring the photocatalytic activity of Co-
Mabig complexes. Following a mechanistic approach, we observed that the Co'"(Mabiq)Cl; is
photoactive and undergoes homolytic cleavage of the Co — Cl bond. Also, the complex showed
a distinct behaviour when it was irradiated in the presence of allyl bromide. We further found
that upon addition of 4-methoxystyrene to the Co(Mabiq)Cl and allylbromide solution, a head-
to-tail dimer of the styrene was formed when the solution was irradiated. Further analysis of
the Co(Mabiq)Cl and allyloromide solution revealed the presence of a brominated Co-
complex. With this key information, the brominated ligand and subsequently Co(MabiqgBr)Cl,
were synthesized. The new complex was characterized and was found to catalyze the
Markovnikov-selective C3 and N-alkylation of indoles and indazoles with electron-rich
styrenes. Mechanistic investigations provided insights into the several roles of the Co-MabiqgBr
complex which include oxidation of the electron-rich styrenes upon irradiation, to generate
Co'-intermediate and styrene radical cation. Due to the bulky nature of the Mabiq ligand, a
controlled radical rebound ensues, affording a Co"-Mabiq alkyl intermediate which upon
nucleophilic attack by indole, indazoles or even alcohols produced the Markovnikov-selective
alkylated product.
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Figure 2. Photoinduced and Co-MabiqgBr catalyzed Markovnikov-selective C3 and N-alkylation
of indoles and indazoles with styrenes.

The final project in this PhD thesis explored the ability of the supernucleophilic Co'-Mabiq to
engage in oxidative addition to carbon-chloride bond in acyl chloride to furnish Co"-Mabiq
acyl adducts. These intermediates upon irradiation released acyl radical which were added to
styrenes to furnish a,B- and B,y-unsaturated ketones. UV-Vis, X-ray and H NMR analysis
confirmed the formation Co-Mabig acyl intermediate. Although further mechanistic
investigations are required to fully understand the further roles of the Co-Mabiq in the
catalytic cycle, preliminary studies revealed that the catalyst adopted several roles, including
a plausible dehydrocobaltation step.
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Figure 3. Photoinduced and Co-Mabiq catalyzed acylation of styrenes with acyl chloride.

The catalytic reactions presented in this dissertation highlight the ability of Co-, Ni- and Zn-
Mabiq as potent photocatalysts. Intriguingly, the studies employing Co-Mabiq revealed that
the complexes can adopt several roles in photoinduced catalytic reactions. This feature makes
the Co-Mabig complexes unique and opens new mechanistic paradigms for photoinduced
reactions and use of similar complexes.
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driven Markovnikov-selective C- and N-alkylation of indoles and indazoles without a
cocatalyst. . Am. Chem. Soc. 2022, 144 (7), 2994-3004.
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Appendix

1. ESI MS spectra of solutions of Co(Mabiq) and organohalides
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Figure 1. ESI MS spectrum obtained after addition of chloroform to a THF solution
Co(Mabiq).
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Figure 2. ESI MS spectrum obtained after addition of benzoyl chloride to Co(Mabiq) in THF.
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Figure 3. ESI MS spectrum obtained after addition of benzyl chloride to Co(Mabiq) in THF.

2. Description of General Procedure for the Photoinduced Synthesis of Chalcones.
I.  Preparation of Catalyst Stock Solution

In a glovebox under argon atmosphere, 0.5 mM solution of catalyst 2 was prepared in MeCN
and THF (10 mL each). From the stock solution, 1 mL was taken and made up to 2 mL with
MeCN/THF (0.5 mL each) as catalyst solution for all reactions.

Il. Reaction Procedure

In a glovebox, 1 mL of catalyst stock solution was added into a 5 mL crimp cap vial equipped
with a stir bar and made up to 2 mL with MeCN and THF (0.5 mL each). This gave a catalyst
concentration of 0.25 mM (318 ug, 0.25 mol% or 0.0025 equiv. with styrene (0.2 mmol) as
limiting reagent). The vial was crimped, removed from the glovebox and the remaining
reagents were subsequently added under Ar atmosphere as described below. All reagents and
solvents were deoxygenated prior to addition.

Addition of reagents — The styrene and acid chloride were purged with argon and 0.2 mmol
(1.0 equiv.) of the styrene and 0.4 mmol (2.0 equiv.) of the acid chloride were added to the
sealed vial containing the catalyst stock solution with a Hamilton syringe. Deoxygenated
triethyl amine (84 pL, 0.6 mmol, 3.0 equiv.) was added to the sealed vial with a Hamilton
syringe and the cap was covered with Parafilm. The reaction mixture was placed in the
photoreactor setup and irradiated (3 W, 455 — 460 nm LED; T = 25 °C) for 18 hours. After the
reaction time, solvent was removed in a rotary evaporator and the products were purified by
silica gel flash column chromatography using a mixture of hexane and ethyl acetate as eluent.
Alternatively, to directly determine the product yield by 'H NMR, the crude reaction mixture
was first filtered through a plug of aluminum oxide and concentrated in a rotatory evaporator.
The crude product was dissolved in CDCls and mesitylene was added as an internal standard.
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3. Reaction Optimization

Table 1. Screening for solvent and amount of EtsN.

2 (2 mol%)

(¢] (0]
/©/\ . @)J\Cl Et;N (x equiv.) - O S O
MeO solvent, 24 h, Ar
3a 4a

25 °C, blue LED MeO
5aa

entry  solvent EtsN equiv. yield (%)

MeCN (2 mL) 1.1 2542
2 THF (2 mL) 1.1 27+3
3 MeCN/THF (1 mL each) 1.1 40+2
4 MeCN/THF (1 mL each) 1.5 5544
5 MeCN/THF (1 mL each) 2.0 59+5
6 MeCN/THF (1 mL each) 2.5 57+2
7 MeCN/THF (1 mL each) 3.0 72+2%

Reaction conditions: 3a (0.2 mmol, 1 equiv.), 4a (0.2 mmol, 1
equiv.); *2 equiv. of 4a was used; Yields were determined by 'H
NMR using mesitylene as an internal standard and CDClz as NMR
solvent.

Table 2. Screening for sacrificial electron donor (SED).

* 2 (2 mol%) Q

AT O e OO
sa 4 25°C, blue LED MeO s
entry SED yield (%)
EtsN 7212

2 DIPEA 39+2

3 Triphenyl amine 0

4 DABCO

5 2,6-lutidine 2543

6 DMAP Traces

7 Zn Complex reaction mixture
8 CoCp2 61+3

Reaction conditions: 3a (0.2 mmol, 1 equiv.), 4a (0.4 mmol,
2 equiv.); MeCN/THF (1 mL each); Yields were determined
by 'H NMR using mesitylene as an internal standard and
CDCl3 as NMR solvent.
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Table 3. Screening for additives.

MeO

3a

4a

2 (2 mol%)
Et3N (3 equiv.)

additive (1 equiv.) S
MeCN/THF, 24 h, Ar

25°C, blue LED MeO

additive yield (%)
None 7212
K2COs 4514
NH4CI 2843
MgSOs 5545
KCl 5413
Molecular sieves 6219

Reaction conditions: 3a (0.2 mmol, 1 equiv.), 4a (0.4 mmol, 2
equiv.); MeCN/THF (1 mL each); Yields were determined by
'H NMR using mesitylene as an internal standard and CDCls
as NMR solvent.

Table 4. Screening for cobalt complexes.

if()*

entry
1

2
3

catalyst
2 (2 mol%)

CoCl; (10 mol%)
CoCp2 (10 mol%)

catalyst (x mol%)

0
Et;N (3 equiv.) - AN
MeCN/THF, 24 h, Ar O O
25 °C, blue LED MeO
5aa

yield (%)
7212

0
0

Reaction conditions: 3a (0.2 mmol, 1 equiv.), 4a (0.4 mmol, 2
equiv.); MeCN/THF (1 mL each); Yields were determined by
!H NMR using mesitylene as an internal standard and CDCl3
as NMR solvent.

Table 5. Screening for time (2 mol%).

ﬂfQ*

5

time (h)
6

12

15

18

24

2 (2 mol%) o

Et;N 3 equiv.) N
MeCN/THF, time (h), Ar O O

25 °C, blue LED MeO

72+2

Reaction conditions: 3a (0.2 mmol, 1 equiv.), 4a (0.4 mmol, 2
equiv.); MeCN/THF (1 mL each); Yields were determined by 'H
NMR using mesitylene as an internal standard and CDCl3 as
NMR solvent.
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Table 6. Screening for time (0.25 mol%).

(8 1 5 ¥ ' 2 (0.025 mol%) 2 RS T
A 4 /©/\ . al Et;N (3 equiv.) N |
ope 3 alE g | THF/MeCN, time (), Ar b A

25°C, blue LED MeO

.

5aa

entry Time (h) yield (%)
1 3 3149
2 6 48+1
3 9 54+1
4 12 5713
5 15 60+1
6 18 64+1
7 24 7313

Reaction conditions: 3a (0.2 mmol, 1 equiv.), 4a (0.4 mmol, 2 equiv.);
MeCN/THF (1 mL each); Yields were determined by 'H NMR using
mesitylene as an internal standard and CDCl3 as NMR solvent.

—&— 5 (2 mol %)
—e— 5 (0.025 mol%)

6 9 12 15 18 21 24
Time (h)

Figure 4. Comparison of yields obtained with different catalyst loading.
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Figure 5. Unsuccessful substrates.
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4. Mechanistic Investigations
4.1 Preparation of Stock Solutions

The samples were prepared under an argon atmosphere inside a glovebox and under red light
conditions. A cuvette fitted with a ChemGlass valve and stir bar was used for all
measurements. The sealed cuvette was removed from the glove box, ensuring that no light
reached the sample, and an absorption spectrum was taken. This measurement gave the
reference absorption spectrum prior to LED illumination (t = 0 spectrum). The cuvette was
then transferred to the QYDS setup and the sample was irradiated with blue LED (455 nm) at
various time intervals. An absorption spectrum was taken at each time interval until no further
change of the spectrum is observed.

Stock solutions of Co(Mabiq) 1 (0.4 mM in MeCN/THF, 5 mL each), Co(Mabiq)Cl 2 (0.4 mM in
MeCN/THF, 5 mL each), EtsN (50 mM in MeCN/THF, 5 mL each), 4-methoxystyrene 3a (5 mM
in MeCN/THF, 5 mL each) and benzoyl chloride 4a (5 mM in MeCN/THF, 5 mL each) were
prepared separately and stirred overnight for the catalyst complexes and reagent to dissolve
properly.

4.2 Photoreduction of 2

From the 0.4 mM stock solution of 2, 250 puL was measured with a Hamilton syringe into a J-
Young cuvette equipped with a magnetic stirring bar. Then, 1 mL was measured from the 50
mM EtsN stock solution and added to the cuvette. The combined solution was made up to 2
mL with equal volume of MeCN/THF such that the final concentrations of 2 and EtsN were 50
UM and 25 mM (500 equiv.) respectively. The sample was prepared under red light condition
and the experiment was carried out 3 times.

4.3 'H NMR and ESI MS Studies on Co(Mabiq) acyl chloride Intermediates
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Figure 6. 'H NMR spectrum of 1.

71



. e
u wu
F ==
B 0 nibwe
2 < r~rn e
g 3 GR%ER
| /7
4
‘
NN il
bl ¥ I L_LJUA
[ | S— JL, e r o VL
ML - )
834 & 8 ]
LK. ~ ~ L]

11,0 10.5 10.0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)

Figure 7. 'H NMR spectrum of in situ generated Co(Mabiq)-4-methylbenzoyl chloride. Grey
peaks with integrals correspond to protons of Co(Mabiqg)-4-methylbenzoyl chloride.
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Figure 9. ESI MS spectra of Co(Mabiq) 4-methylbenzoyl chloride B, m/z = [M—CI]*.
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Figure 11. ESI MS spectra of Co(Mabiq) 4-chlorobenzoyl chloride B, m/z = [M—CI]*.
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Figure 12. ESI MS of final solution from UV-Vis spectral evolution of a solution of Co(Mabiq)
1 (50 uM) and benzoyl chloride 4a (450 uM, 9 equiv.) in THF/MeCN (1:1).
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Figure 13. ESI MS of final solution from UV-Vis spectral evolution of a solution of Co(Mabiq) 1
(50 uM), 4-methoxystyrene 3a (450 uM, 9 equiv.) and benzoyl chloride 4a (450 uM, 9 equiv.)

in THF/MeCN (1:1).
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Figure 14. ESI MS spectra of Co(Mabiq) piperonoyl chloride
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5. Substrate Scope and Analytical Data

(E)-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (5aa)
~ 0 The title compound 5aa was synthesized according to the general procedure
using 4-methoxystyrene (27 uL, 0.2 mmol, 1 equiv.) and benzoyl chloride (46
Meo pL, 0.4 mmol, 2 equiv.). The crude was purified by silica gel flash column
chromatography (hexanes: ethyl acetate = 10:1) to afford 5aa as a yellow solid (33 mg, 68%). 1H NMR
(400 MHz, CDCls) 6 8.02 (d, J = 6.9 Hz, 2H), 7.79 (d, /= 15.6 Hz, 1H), 7.59 (dd, J = 16.2, 8.0 Hz, 3H), 7.50
(t, J=7.4 Hz, 2H), 7.42 (d, J = 15.7 Hz, 1H), 6.94 (d, J = 8.7 Hz, 2H), 3.86 (s, 3H). 3C NMR (101 MHz,
CDCl3) 6 190.6, 161.7, 144.7, 138.5, 132.5, 130.2, 128.5, 128.4, 127.6, 119.7, 114.4, 55.4. GCMS (m/z):

calc. 238.09, found 238.2.

(E)-3-(4-ethoxyphenyl)-1-phenylprop-2-en-1-one (5ba)

~ T The title compound 5ba was synthesized according to the general procedure
using 4-ethoxystyrene (30 pL, 0.2 mmol, 1 equiv.) and benzoyl chloride (46
F1o uL, 0.4 mmol, 2 equiv.). The crude was purified by silica gel flash column
chromatography (hexanes: ethyl acetate = 10:1) to afford 5ba as a pale-yellow solid (36 mg, 72%). 1H
NMR (400 MHz, CDCls) 6 8.01 (d, J = 7.0 Hz, 2H), 7.79 (d, J = 15.6 Hz, 1H), 7.58 (dd, J = 12.0, 8.1 Hz, 3H),
7.50 (t,J=7.4 Hz, 2H), 7.42 (d, J = 15.6 Hz, 1H), 6.93 (d, J = 8.6 Hz, 2H), 4.09 (q, / = 7.0 Hz, 2H), 1.44 (t,
J =7.0 Hz, 3H). 3C NMR (101 MHz, CDCls) 6 190.7, 161.2, 144.9, 138.6, 132.6, 130.4, 128.7, 128.5,

127.5,119.7, 115.0, 63.8, 14.8. GCMS (m/z): calc. 252.1, found 252.2.

(E)-3-(4-methyphenyl)-1-phenylprop-2-en-1-one (5ca)

« Q The title compound 4ca was synthesized according to the general procedure using

4-methylstyrene (26 pL, 0.2 mmol, 1 equiv.) and benzoyl chloride (46 uL, 0.4 mmol,

2 equiv.). The crude was purified by silica gel flash column chromatography

(hexanes: ethyl acetate = 10:1) to afford 5ca as a pale-yellow solid (21 mg, 46%).

1H NMR (400 MHz, CDCls) § 8.02 (d, J = 6.9 Hz, 2H), 7.80 (d, J = 15.7 Hz, 1H), 7.62 — 7.41 (m, 6H), 7.23

(d, J=7.8 Hz, 2H), 2.40 (s, 3H). *C NMR (101 MHz, CDCl3) & 190.6, 144.9, 141.1, 138.3, 132.7, 132.1,
129.7,128.6, 128.5, 128.5, 121.1, 21.5. GCMS (m/z): calc. 222.1, found 222.1.

(E)-3-(4-chlorophenyl)-1-phenylprop-2-en-1-one (4da)
~ i The title compound 4da was synthesized according to the general procedure
using 4-chlorostyrene (24 pL, 0.2 mmol, 1 equiv.) and benzoyl chloride (46 pL,
“ 0.4 mmol, 2 equiv.). The crude was purified by silica gel flash column
chromatography (hexanes: ethyl acetate = 10:1) to afford 4da as a yellow solid (18 mg, 38%). *H NMR
(400 MHz, CDCl3) 6 8.02 (d, J = 7.9 Hz, 2H), 7.76 (d, J = 15.7 Hz, 1H), 7.64 — 7.47 (m, 6H), 7.39 (d, J = 8.4
Hz, 2H). 3C NMR (101 MHz, CDCl5) § 190.3, 143.4, 138.1, 136.5, 133.4, 133.0, 129.7, 129.3, 128.8,

128.6, 122.5. GCMS (m/z): calc. 242.0, found 242.1.

(E)-3-(3-fluoro-4-methoxyphenyl)-1-phenylprop-2-en-1-one (4ea)
. ~ i The title compound 4ea was synthesized according to the general procedure
using 3-fluoro-4metoxystyrene (27 pL, 0.2 mmol, 1 equiv.) and benzoyl
Meo chloride (46 pL, 0.4 mmol, 2 equiv.). The crude was purified by silica gel flash
column chromatography (hexanes: ethyl acetate = 5:1) to afford 4ea as a yellow oil (25 mg, 50%). *H
NMR (400 MHz, CDCls) & 8.01 (d, J = 6.9 Hz, 2H), 7.73 (d, J = 16.0 Hz, 1H), 7.59 (t, J = 7.3 Hz, 1H), 7.51
(t,J=7.4 Hz, 2H), 7.45—-7.33 (m, 3H), 6.98 (t, J = 8.5 Hz, 1H), 3.94 (s, 3H). 3C NMR (101 MHz, CDCl3) §

76



190.3, 153.8, 151.3, 149.9, 149.8, 143.6, 143.6, 138.3, 132.9, 128.7, 128.7, 128.5, 128.3, 128.2, 126.2,
126.2,121.0, 115.0, 114.8, 113.3, 113.3, 56.4. GCMS (m/2): calc. 256.1, found 256.1.

3-(4-methoxyphenyl)-1-phenylbut-2-en-1-one (4fa)

“ i The title compound 4fa was synthesized according to the general procedure

using 1-methoxy-4-(prop-1-en-2-yl)benzene (30 mg, 0.2 mmol, 1 equiv.) and

MeO benzoyl chloride (46 uL, 0.4 mmol, 2 equiv.). The crude was purified by silica

gel flash column chromatography (hexanes: ethyl acetate = 10:1) to afford 4fa as a yellow oil (43 mg,

84%). 'H NMR (400 MHz, CDCls) § 7.99 (d, J = 8.2 Hz, 2H), 7.55 (t, J = 8.8 Hz, 3H), 7.48 (t, J = 5.0 Hz, 2H),

7.17 (s, 1H), 6.95 (d, J = 8.6 Hz, 2H), 3.85 (s, 3H), 2.61 (s, 3H). *C NMR (101 MHz, CDCls) § 191.9, 160.7,

155.0,139.8,135.0,132.5,128.6,128.3, 128.0,120.5,114.1, 55.5, 18.8. GCMS (m/z): calc. 252.1, found
252.1.

3-(4-fluorophenyl)-1-phenylpent-3-en-1-one (4ga)

19 The title compound 4ga was synthesized according to the general procedure
O O using 1-(but-1-en-2-yl)-4-fluorobenzene (31 uL, 0.2 mmol, 1 equiv.) and benzoyl
F chloride (46 pL, 0.4 mmol, 2 equiv.). The crude was purified by silica gel flash
column chromatography (hexanes: ethyl acetate = 5:1) to afford 4ga as a yellow oil (27 mg, 52%). H
NMR (400 MHz, CDCl3) 6 7.99 (d, J = 7.4 Hz, 2H), 7.58 (t, J = 7.4 Hz, 1H), 7.47 (t, J = 7.6 Hz, 2H), 7.26 —
7.20 (m, 2H), 6.95 (t, J = 8.6 Hz, 2H), 6.06 (q, J = 6.8 Hz, 1H), 4.17 (s, 2H), 1.79 (d, J = 6.9 Hz, 3H). *3C
NMR (101 MHz, CDCls) 6 197.1, 163.2, 160.7, 139.1, 139.1, 136.9, 133.3, 133.3, 128.8, 128.3, 127.7,
127.6,127.0,115.3, 115.1, 40.7, 14.8. GCMS (m/z): calc. 254.1, found 254.2.

(E)-1,3-bis(4-methoxyphenyl)prop-2-en-1-one (4ab)

~ i The title compound 4ab was synthesized according to the general

" OOM procedure using 4-methoxystyrene (27 uL, 0.2 mmol, 1 equiv.) and 4-

¢ ° methoxybenzoyl chloride (54 pL, 0.4 mmol, 2 equiv.). The crude was

purified by silica gel flash column chromatography (hexanes: ethyl acetate = 10:1) to afford 4ab as a

colourless solid (38 mg, 71%). *H NMR (400 MHz, CDCl;) 6 8.04 (d, J = 8.9 Hz, 2H), 7.78 (d, J = 15.6 Hz,

1H), 7.60 (d, J=8.7 Hz, 2H), 7.43 (d, J = 15.6 Hz, 1H), 6.96 (dd, /= 17.6, 8.8 Hz, 4H), 3.87 (d, J = 13.3 Hz,

6H). 3C NMR (101 MHz, CDCl3) § 188.8, 163.3, 161.5, 143.9, 132.9, 131.4, 130.7, 130.1, 127.8, 119.6,
114.4,114.1, 113.8, 55.5, 55.4. GCMS (m/z): calc. 268.1, found 268.2.

(E)-1-(benzo[d][1,3]dioxol-5-yl)-3-(4-methoxyphenyl)prop-2-en-1-one (4ac)

~ T o The title compound 4ac was synthesized according to the general

" 00> procedure using 4-methoxystyrene (27 pL, 0.2 mmol, 1 equiv.) and 4-

° piperonyol chloride (74 mg, 0.4 mmol, 2 equiv.). The crude was purified

by silica gel flash column chromatography (hexanes: ethyl acetate = 5:1) to afford 4ac as a yellow solid

(42 mg, 75%). "H NMR (400 MHz, CDCls) § 7.77 (d, J = 15.6 Hz, 1H), 7.68 — 7.55 (m, 3H), 7.53 (d, /= 1.8

Hz, 1H), 7.38 (d, J = 15.5 Hz, 1H), 6.91 (dd, J = 16.8, 8.4 Hz, 3H), 6.06 (s, 2H), 3.86 (s, 3H). *C NMR (101

MHz, CDCl3) 6 188.4, 161.7, 151.6, 148.4, 144.2, 133.4,130.3, 127.8, 124.6, 119.5, 114.5, 108.6, 108.0,
102.0, 55.5. GCMS (m/z): calc. 282.1, found 282.2.

(E)-1-(4-chlorophenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (4ad)
~ 0 The title compound 4ad was synthesized according to the general
procedure using 4-methoxystyrene (27 uL, 0.2 mmol, 1 equiv.) and 4-
Meo “ chlorobenzoyl chloride (51 pL, 0.4 mmol, 2 equiv.). The crude was purified

by silica gel flash column chromatography (hexanes: ethyl acetate = 10:1) to afford 4ad as a yellow
solid (28 mg, 51%). 'H NMR (400 MHz, CDCl3) § 7.96 (d, J = 8.6 Hz, 2H), 7.79 (d, J = 15.6 Hz, 1H), 7.61
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(d,/J=8.8Hz, 2H), 7.47 (d, /= 8.6 Hz, 2H), 7.37 (d, /= 15.6 Hz, 1H), 6.94 (d, J/ = 8.8 Hz, 2H), 3.86 (s, 3H).
13C NMR (101 MHz, CDCls) 6 189.4, 162.0, 145.4, 139.1, 136.9, 130.5, 130.0, 129.0, 127.6, 119.3, 114.6,
55.6. GCMS (m/z): calc. 272.1, found 272.1.

(E)-3-(4-methoxyphenyl)-1-(4-(trifluoromethyl)phenyl)prop-2-en-1-one (4ae)

« 2 The title compound 4ae was synthesized according to the general

O O procedure using 4-methoxystyrene (27 pL, 0.2 mmol, 1 equiv.) and 4-

CFs  trifloromethylbenzoyl chloride (59 uL, 0.4 mmol, 2 equiv.). The crude was

purified by silica gel flash column chromatography (hexanes: ethyl acetate = 10:1) to afford 4ae as a

yellow solid (28 mg, 45%). 'H NMR (400 MHz, CDCls) § 8.09 (d, J = 8.0 Hz, 2H), 7.92 — 7.70 (m, 3H), 7.62

(d, J = 8.8 Hz, 2H), 7.37 (d, J = 15.6 Hz, 1H), 6.95 (d, J = 8.8 Hz, 2H), 3.87 (s, 3H). 3C NMR (101 MHz,

CDCl;) 6 189.8, 162.2, 146.2, 141.5, 130.6, 128.8, 127.4, 125.8, 125.7, 119.4, 114.7, 55.6. GCMS (m/z):
calc. 306.1, found 306.1.

MeO

3-(4-methoxyphenyl)-1-phenylhex-3-en-1-one (4la)

1 9 The title compound 4ia was synthesized according to the general procedure

O O using 1-(1-cyclopropylvinyl)-4-methoxybenzene (26 uL, 0.2 mmol, 1 equiv.)

MeO and benzoyl chloride (46 uL, 0.4 mmol, 2 equiv.). The crude was purified by

silica gel flash column chromatography (hexanes: ethyl acetate = 10:1) to afford 4ia as a pale-yellow oil

(15 mg, 27%). *H NMR (400 MHz, CDCl3) § 7.91 (d, J = 6.9 Hz, 2H), 7.41 (t, J = 7.6 Hz, 2H), 7.11 (d, J =

8.6 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 5.56 (t, J = 7.3 Hz, 1H), 3.97 (s, 2H), 3.79 (s, 3H), 2.03 (p, /= 7.3 Hz,

2H), 0.93 (t, J = 7.5 Hz, 3H). 3C NMR (101 MHz, CDCl3) § 198.4, 162.4, 158.4, 134.5, 133.9, 132.9, 130.6,
129.5, 128.9, 128.5, 128.4, 113.5, 55.2, 48.9, 22.6, 14.4. GCMS (m/z): calc. 280.1, found 280.2.
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6. NMR Data

'H NMR spectrum of 4aa
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'H NMR spectrum of 4ba
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'H NMR spectrum of 4ca
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'H NMR spectrum of 4da
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'H NMR spectrum of 4ea
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'H NMR spectrum of 4fa

(=] w~ ~NO wn -
g R%aRd 2 g
«© ~ S L] - ~N
AP | |
o
YA’
MeQ
1
N i) N N
i1 O~ o~ (-]
(-] oo, (=] o
o ddda p> =
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)
13C NMR spectrum of 4fa
o ~ o Kownwemo <&
= -] uNWwE O oF n ]
a 23 naadss s o H ]
| T CERT T \ |
o
YA’
MeQ
. .
1 !
. I8
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)

84



'H NMR spectrum of 4ga
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'H NMR spectrum of 4ab
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'H NMR spectrum of 4ac
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'H NMR spectrum of 4ad
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'H NMR spectrum of 4ae

- Eulan BN o ™~
Q®ham A «Q
L Y "~ (]
NN i
o
9A®
MeO CF3
1 1
| 1
.
P B JLA—~
TONO < (-]
coococo (-] o
N - m
100 95 90 &5 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10
f1 (ppm)
13C NMR spectrum of 4ae
L] ~N ~N o0 woTONT N
@ o~ O o SN G -
-] -] < o L L LR n
- - - o ol o o n
| \ TR |
o
9A®
MeO CF3
.
.
\
v SRR
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

f1 (ppm)

89



'H NMR spectrum of 4ia
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