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Preface

The whole work presented in this dissertation has been carried out at the Institute of Chemical
Researcher of Catalonia (ICIQ), during the period of November 2014 to September 2018 under the
guidance of Professor Rubén Martin. The thesis contains five chapters: a general introduction, three
research chapters, and a last chapter with a general conclusion of all the research work. Each of the
research chapter includes an introduction and an aim of the presenting project, followed by a

discussion of experimental results, mechanistic analysis, conclusions, and experimental sections.

The first Chapter deals with the historical background and modern development of visible light
photoredox catalysis. A brief overview of photophysical properties and redox potentials of selected
visible light photocatalysts are presented, followed by the discussion of general catalytic manners of

commonly used visible light photocatalysts.

The second Chapter, ‘“Visible-Light-Promoted Atom Transfer Radical Cyclization of Unactivated
Alkyl Iodides’’, describes the synthesis of exo-cyclic trisubstituted vinyl iodides via visible light
photoredox promoted atom transfer radical cyclization of unactivated alkyl iodides. Preliminary
mechanistic studies and control experiments have indicated an activation mode challenging the
canonical photoredox catalytic cycle. The results in this chapter have been published in ACS Catal.
2017, 7, 409-412 in collaboration with Dr. Josep Cornella and Dr. Francisco Julia-Hernandez.

The third Chapter, ‘‘Catalytic Intermolecular Dicarbofunctionalization of Styrenes with CO> and
Radical Precursors’’, describes the synthesis of substituted phenylacetic acid with styrenes, radical
precursors and CO» via visible light photoredox catalysis. With the present work, many valuable
phenylacetic acids that are not easily accessible with traditional method can be efficiently synthesized
under mild conditions. Preliminary mechanistic studies and control experiments have indicated a
reductive quenching pathway. The results in this chapter have been published in Angew. Chem. Int.

Ed. 2017, 56, 10915-10919 in collaboration with Dr. Veera Reddy Yatham.

The last research Chapter, ‘‘sp? C-H Arylation and Alkylation Enabled by the Synergy of Triplet
Excited Ketones and Nickel Catalysts’’, presents our efforts toward the undirect sp® C-H
functionalizations with cheap diaryl ketone and nickel salt as catalytic combination. The successful
arylation and alkylation of hydrocarbons with our system holds promise for a more prolific use of
diaryl ketone as visible light photocatalyst in the context of metallaphotoredox arena. Preliminary

mechanistic studies and control experiments have suggested the ketone functions as HAT & SET

1Y%
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catalyst. The results in this chapter have been published inJ. Am. Chem. Soc. 2018, 140, 12200-12209

in collaboration with Yiting Gu.
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Abbreviations & Acronyms

acac = acetylacetonate

ATRA = atom transfer radical addition
ATRC = atom transfer radical cyclization
BDE = bond dissociation energy
Cy = cyclohexyl

equiv = equivalent

ET = energy transfer

h = hour(s)

HAT = hydrogen atom transfer
Int = intermidiate

LED = light emitting diode

o = othor

p = para

Piv = pivalate

PMP = para-methoxylphenyl

rt = room temperature

SET = single electron transfer

t = tert

THF = tetrahydrofuran

Ts = tosyl

TBDPS = tert-butyldiphenylsilyl
TBS = tert-butyldimethylsilyl

VI
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Abstract of This Doctoral Thesis

In recent years, visible light photoredox catalysis has become a powerful alternative to existing
methodologies for generating transient radical species via outer-sphere mechanisms. Consequently,
numerous well-known chemistry could be interwoven with visible light photoredox catalysis, thus
unlocking novel enabling techniques for both C-C and C-X bond formation under exceptionally mind

conditions with broad substrate scope and functional group tolerance.

In line with the research interest in Martin’s group of activating inert bonds or molecules, such as
unactivated halides, carbon dioxide or sp® C-H bonds, among others, this Doctoral Thesis focuses on
the development of novel techniques to make use of these functionalities via visible light photoredox
catalysis. The transformations realized herein contribute to the understanding of more prolific use of

inert chemical bonds to the synthesis value added compounds.

Visible light-mediated atom transfer cyclization of unactivated alkyl iodides

I
o Ir photocatalyst (1 mol%) RZ_Q
RI—== i-Pr,NEt, Blue-LEDs R
| -~ or 29 examples
Excellent chemoselectivity profile R up to 96% yield
R2 Wide scope & cascade scenarios \H)igj
Eoy<-25V Large energy mismatch (~1 V) I H E MV = 4.51 v

Scheme 1. Visible light-mediated atom transfer radical cyclization of unactivated alkyl iodide

Our very first effort in visible light photoredox catalysis aimed at developing a visible light-
mediated atom transfer radical cyclization of unactivated alkyl iodide. Due to the large mismatch in
reduction potential, unactivated alkyl iodide are challenging substrates to directly reduce with visible
light photocatalysts. The successful development of this transformation and preliminary mechanistic
studies challenge the perception that a canonical photoredox catalytic cycle is being operative. The
careful control experiments revealed that a rather elusive exciplex between tertiary amine and alkyl
iodide might come into play to facilitate the interaction of the substrate and photocatalyst via electron
transfer or energy transfer. This protocol operated under mild conditions and exhibits excellent

chemoselectivity profile while avoiding parasitic hydrogen atom transfer pathways.

R! CO, (1 atm)
):\ photocatalyst (1 mol%) HO,C
> ik
Ar  R? Blue-LEDs, rt Ii\r R2
styrenes radical precursor ~ No Pd, Ni, Rh or metal reductants 28 examples

Multiple C-C bond-formations % Vi
Wide scope & mild conditions up 1o 93% yield
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Scheme 2. Photoredox catalyzed dicarbofunctionalization of styrenes with CO: and radical

precursors

In 2017, we described a redox-neutral intermolecular dicarbofunctionalization of styrenes with inert
CO; at atmospheric pressure and carbon-centered radicals. At the outset of this work, the synthesis
of valuable phenylacetic acids with CO> remained confined to single bond formation with relatively
simple backbones. Our protocol took advantage of photoredox catalysis to generate open-shell
species that add across the double bond, setting the stage for generating a benzyl anion via single-
electron transfer prior CO; insertion. In this manner, this protocol offers the opportunity of triggering
a double C—C bond-formation with concomitant CO» insertion, and in the absence of any Ni catalyst
or sophisticated ligand backbone, thus exploiting a previously unrecognized opportunity that

complements existing catalytic carboxylations.

Ni catalyst / Ligand
sp® C—H precursor &

o

sp® C—H arylation

ketone catalysts

PO
‘2‘\3 R 59 examples
H L )\ upto 98% yield
+
-Br triplet ketone sp® C—H alkylation
catalysis o
organic bromide -LNW ZCgoegZQ}P/ijd
Excellent chemo- & site-selectivity R2 up °Y

Wide scope & mild conditions
Late-stage functionalization

Scheme 3. sp® C-H functionalization enabled by the synergy of diaryl ketone and nickel
catalyst

Our last venture into photoredox catalysis focused on the functionalization of native sp* C-H bonds.
At the outset of our study, the vast majority of visible light photocatalysts function as either electron
or energy transfer catalysts. Driven by the observation that diaryl ketones are capable of abstracting
a hydrogen atom from a hydrocarbon feedstock at the triplet excited state, we wondered whether we
could utilize simple ketones as photocatalysts within the context of sp* C—H functionalization under
visible light irradiation. Although the radical-type character of triplet excited states of diaryl ketones
suggests the viability for triggering hydrogen-atom transfer (HAT) and single-electron transfer (SET)
processes, among others, their use as multifaceted catalysts in C—C bond-formation via sp® C-H
functionalization of alkane feedstocks still remains rather unexplored. In this PhD thesis, we have
unlocked a modular photochemical platform for forging C(sp*)-C(sp?) and C(sp’)-C(sp’) linkages
from abundant alkane sp® C—H bonds as functional handles using the synergy between nickel catalysts
and simple, cheap and modular diaryl ketones. This method is distinguished by its wide scope that

VIII
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is obtained from cheap catalysts and starting precursors, thus complementing existing inner-sphere
C-H functionalization protocols or recent photoredox scenarios based on iridium polypyridyl
complexes. Additionally, such a platform provides a new strategy for streamlining the synthesis of
complex molecules with high levels of predictable site-selectivity and preparative utility. Mechanistic
experiments suggest that sp® C—H abstraction occurs via HAT from the ketone triplet excited state,

thus offering a new technique for bond-forming reactions within the metallaphotoredox arena.

In conclusion, we have developed new methods for the functionalization of inert chemical bonds or
molecules via photoredox catalysis under exceptionally mild conditions and with an excellent
chemoselectivity profile. We also carried out preliminary mechanistic studies to understand how and

why these reactions proceeded.

IX
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Chapter 1.

General Introduction
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1.1. General Background

““... And if in a distant future the supply of coal becomes completely exhausted, civilization will not
be checked by that, for life and civilization will continue as long as the sun shines! If our black and
nervous civilization, based on coal, shall be followed by a quieter civilization based on the utilization
of solar energy, that will not be harmful to progress and to human happiness.
The photochemistry of the future should not however be postponed to such distant times; I believe
that industry will do well in using from this very day all the energies that nature puts at its disposal.
So far, human civilization has made use
almost exclusively of fossil solar energy. Would it not be advantageous to make better use of radiant
energy?’’

---Giacomo Ciamician (1912)

One century ago, the Italian photochemist Giacomo Ciamician had the vision of transforming solar
energy into valuable compounds in a way similar to photosynthesis that nature does.! Taking into
consideration that photochemistry deals with chemical changes promoted by just the absorption of a
photon, it is reasonable to assume that the use of light as an abundant, clean and inexpensive natural
source for building up molecular complexity holds promise to revolutionize approaches in organic

synthesis, particularly if light can be used to change our dependence on fossil fuels.!

A (nm) E (kcal/mol) Group A (nm) BDE (kcal/mol)
[ 200 143 c=C 180 Cc-C 83
W 300
95 .
L C=C-C=C 220 0-0 35
™ 400
2 C-H 99
500 57 © 260
Vis O-H 111
600 48
C-N 73
700 41 ©/\ 282
[ 1,000 29 c-0 86
C- 280 )
IR 5000 6 © c=C 146
10000 3 C=C-C-0 350 c:0 180

Scheme 1.1. The absorption and bond dissociation energy of common organic scaffolds

Taking a close look at the literature data, there are certainly a wide variety of photochemical
reactions that proceed under UV irradiation, inevitably requiring a specialized photochemical device.?
However, the use of high energy UV-light can be rather problematic due to the ability of a wide range

of functional groups to absorb in the UV region, which may lead to deleterious side reactions arising
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from photoexcitation of the substrate itself.> Not surprisingly, chemists have been challenged to
utilize visible light energy in lieu of UV-light for C—C and C-heteroatom bond-forming reactions. To
such end, chromophores capable of collecting photons from visible light and transferring such
inherent energy to organic substrates have attracted considerable attention within the context of
organic synthesis.> As shown in Scheme 1.1, visible light has less energy than UV-light, thus
preventing decomposition pathways derived from the excitation of the substrate upon irradiation.
Conceptuality aside, the utilization of simple, and cheap visible-light emitting device such as compact
fluorescence light bulbs represents an important step-forward for improving the practicality and
generality of light-induced reactions, suggesting that these techniques might find immediate
application in various disciplines, including organic synthesis, material science or drug discovery,
among others.’

The utilization of chromophores for enabling visible light photocatalytic reactions can be traced
back to the work of Burstall when preparing tris(bipyridine)ruthenium(II) chloride [Ru(bpy);Cl2].*
While this field remained relatively dormant for a period of time, with notable exceptions by Kellogg,
Pac, Deronzier, Willner, Kern and Sauvage, Tanaka, Fukuzumi, Oda and Okada, '>?? the recent years
have witnessed an exponential growth in the area of visible light photocatalysis.>”” Indeed, this field
of expertise has undoubtedly entered into a new era of continuous development that have found

application in water splitting, energy storage, phototherapy or photovoltaic devices, among others.?
11

1.2. Photophysical and Redox Properties of Visible-Light Photocatalysts

k
T — T
Knr Ekf ' :
! spin-forbidden X Kor 1 Kp
Sy A : ¥ ¥

Figure 1.1. Generalized Jablonski diagram for photocatalyst

The optical and redox properties of visible light photocatalysts allow them to be employed in single-
electron transfer (SET) or energy transfer (ET) processes. The photophysical changes during the
irradiation could be summarized by the Jablonski diagram which is also applicable to other related
photocatalysts (Figure 1.1).?* The photochemical process is initiated by the absorption of a photon by

the singlet ground state PC(So), allowing the electron to occupy a higher energetic singlet excited
3
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state PC(*S1"), which then typically relaxes to the lowest vibrational levels of singlet excited state
PC(*S°) via internal conversion (ki). The PC(*S,°) state can return back to the singlet ground state
via radiative (fluorescence, k) or non-radiative (k) pathway. However, the PC(*S°) state can also
undergo an efficient intersystem crossing (ISC, ki) with high quantum yield to the triplet state
PC(*T") followed by internal conversion to produce the lowest triplet excited state PC(*T1°). Such
excited stage is reasonably long-lived (e.g. = 1100 ns for Ru-1) due to the spin forbidden transition
of the triplet state (PC(So) — PC(*T1%)). As for PC(*S,°), the PC(*T°) slow deactivation through the
radiative (phosphorescence, k,) or non-radiative (k,-) pathway might lead to the PC(So). From a
chemical standpoint, the long-lived triplet excited state PC(*T1°) serves both as a better single-
electron reductant or oxidant than the corresponding PC(So) ground state. While the enhanced
reducing ability is explained by shifting one electron from the HOMO into a higher energetic state,
the oxidizing feature derives from the singly occupied ‘HOMO’ in the ground state which is available
to meet an extra electron. In addition, it is worth noting that the long-lived triplet excited state can

participate in bimolecular quenching through triplet energy transfer sequences.

| -
-— —_— e *
S \w | A 1 °
!
/N' N 7 *
" Rull oxidant T
E(;/N( | TN
Ny Ejp(M*/\)
Ru-1* || =+0.77 V H
7 —
29
eg* eg* RU-1 (l)
- hv - - eg*
MLCT & ISC reductant | —— T
“ 1 Ejp(MTIM?)
=-0.81V
— t29 — t29 — t29
Ru-1 Ru-1* Ru-1(Ill)

Figure 1.2. Simplified molecular orbital and electron shift of photoexcited Ru-1

Taking Ru-1 as a model, visible light photoexcitation facilitates that an electron from a metal-
centered t2g orbitals shifts to a ligand-centered n* orbital. This process is better described as a metal
to ligand charge transfer (MLCT), generating a transient species in which the metal has formally been
oxidized to a higher oxidation state whereas the ligand backbone has been reduced to a radical anion
(Figure 1.2).2* As the photocatalyst has a fully coordinated metal center, a subsequent single-electron

transfer takes place via an outer sphere-type mechanism. Regardless of whether a single-electron
4
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reduction or oxidation event occurs, the presence of a singly occupied orbital suggests that the original

configuration will be recovered by a subsequent SET process.

1.3. Catalytic Functions of Visible-Light Photocatalysts

Upon photoexcitation, Ru(bpy)s:* typically facilitates a single electron transfer (SET) with organic
molecules. Depending on the reaction conditions and on the nature of the substrate, the SET of
Ru(bpy)s* proceeds via either reductive quenching or oxidative quenching (Scheme 1.2, leff).?* In a
reductive quenching, Ru(II)* serves as an oxidant by accepting an electron from an electron donor,
thus affording the reduced species Ru(I) species (Scheme 1.2, /eff). With such higher reducing ability,
the Ru(]) is particularly prone to regenerate the ground state Ru(II) in the presence of an appropriate
electron acceptor. Such reductive quenching scenario is typically facilitated by tertiary amines,
serving as effective quenchers for Ru(Il)*. If an oxidative quenching operates, however, Ru(Il)*
functions as a reductant by donating one electron to an electron acceptor, thus delivering Ru(III) that
is particularly predisposed to a SET from an electron-rich donor to recover back the ground state
Ru(Il). Common oxidative quenchers that accept electron from Ru(Il)* are viologens,
polyhalomethanes, polynitroarenes and persulfate. As the redox quenching depends on the redox
potentials of the photocatalyst, this can be modulated by a subtle change in the electronic parameters
of the latter; specifically, the presence of electron-donating substituents increases the reducing ability
of the photocatalyst whereas the inclusion of electron-withdrawing substituents improves its
oxidizing character.”®> While SET processes effectively quench the triplet excited state of the
photocatalyst, energy transfer (ET) can be used for similar purposes (Scheme 1.2, right). The long-
lived triplet excited state can effectively be quenched with appropriate substances possessing a lower
triplet energy than the triplet energy of photocatalyst. In this manner, the triplet energy of the
photocatalyst is transferred to the quencher, thus recovering back its ground state while delivering a
triplet state at the quencher. Such energetic triplet excited state may be used to participate in a myriad
of organic transformations, ranging from cycloaddition, to ring-opening or isomerization events,

among others. %3
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Scheme 1.2. Single electron transfer and energy transfer

In order to identify whether quenching occurs or not, Stern-Volmer luminescence is typically
employed. In the absence of a quencher, the photoexcited catalyst emits a stable emission, while in

the presence of increased concentration of the quencher, the emission is attenuated.
I/IO = 1 + quO[Q]

The formula that describes this phenomenon is the Stern-Volmer equation, in which Ip stands for
the luminescence intensity of the photocatalyst without quencher, I represents the intensity of
luminescence in the presence of the quencher, and 7o is the lifetime of photocatalyst. Plotting the ratio
of I/Ip against the quencher concentration would give a straight line in an ideal scenario. The
observation of this relationship between emission intensity of photocatalyst and concentration of a
quencher provides evidence that the quencher involves in single electron transfer with the

photocatalyst.

A number of commonly employed photocatalysts with selected redox potentials and photophysical

properties are listed in Table 1.1 and Scheme 1.3.%

Photocatalyst Eip(V) Eip (\{) Eip(V) Eip (\_/) Excitation ~ Emission I_Exc_ited state
(M*/M*) (M*M7)  (M*/M) (M/M)  Apax(nm)  Amax (nm) lifetime < (ns)
Ru(bpy)s* -0.81 +0.77 +1.29 -1.33 452 615 1100
Ru(bpm)z2* -0.21 +0.99 +1.69 -0.91 454 639 131
Ru(bpz)5* -0.26 +1.45 +1.86 -0.80 443 591 740
fac-Ir(ppy)s -1.73 +0.31 +0.77 -2.19 375 494 1900
Ir(ppy)o(dtbbpy)* -0.96 +0.66 +1.21 -1.51 581 557
Ir(dFCF3ppy),(dibbpy)*  -0.89 +1.21 +1.69 -1.37 380 470 2300
Cu(dap)o* -1.43 +0.62 670 270
Acridium* - +2.06 -—- -0.57 430 - -
Eosin Y -1.11 -0.83 +0.78 -1.06 539 2400
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Table 1.1. Redox potential and selected photophysical properties

Z |—| (PFg)2

Ir(ppy)2(dtbbpy)PFg (Ir-2)

@]

Meaclo, R R
O HO o)
Me Me R / R
LI
v g

Ar = p-MeOCgH, Me R = H, Fluoroscein
Cu(dap),Cl Acridinium R = Br, Eosin

Scheme 1.3. Commonly utilized visible light photocatalysts

1.4. The Renaissance of Homogeneous Visible Light Photoredox Catalysis

As judged by the wealth of literature data, it is evident that visible light photoredox catalysis has
witnessed a renaissance. This is largely due to the seminal work of MacMillan** and Yoon,>?
inevitably contributing to the adoption of visible light photocatalysis as a new tool to build up
molecular complexity under exceptionally mild reaction conditions.?*® It is worth noting that there is
a vast literature data on heterogeneous photoredox catalysis that have showed to be a powerful, yet
practical, alternative to the conventional homogeneous photoredox scenarios.?**2%® However, this
area of expertise will not be treated here, as this PhD thesis is focused on the development of

homogeneous photoredox scenarios.
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1.4.1 Merging Organocatalysis with Visible Light Photoredox

N
o Photocatalyst (0.5 %) 9] f Il
HL o Organocatalyst (20% mol%) R"‘\ﬂ/'u. HLH Me N) "'Bu Rubpy)s(lh
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/\/\j - o - COZMe

0 Iilex
84% (96% ee) 93% (90% ee) 80% (88% ee) 70% (dr = 5:1, 99% ee)

Scheme 1.4. The Synergy of organocatalysis and Photoredox
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Scheme 1.5. The mechanism of the synergy of organocatalysis and photoredox

MacMillan and Nicewicz made use of Ru(bpy)s (II) as visible light photoredox catalysts to meet the

long-standing challenge of an asymmetric alkylation of aldehydes that was particularly difficult via
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classical 2-electron pathways (Scheme 1.4).2* The reaction proceeded via generation of an electron-
deficient radical Int-2 that might react efficiently with an electron-rich chiral enamine Int-1. The
resulting oi-amino radical Int-3 can then be oxidized by photoexcited Ru(Il)* via SET to produce
ground state photocatalyst and an iminium ion Int-4 that ultimately deliver the alkylated aldehyde by
hydrolysis. The transformation proceeded in excellent yields and enantiomeric excesses (ee) for a
range of alkyl aldehydes and a-carbonyl bromides. While a canonical oxidative quenching was
claimed by MacMillan, the Yoon group demonstrated later on that this assumption was better
described as a chain-propagation event by measuring the quantum yield of these reactions (Scheme

1.5, bottom).*’
1.4.2. Visible Light Photoredox Promoted Cycloaddition

Concurrently with MacMillan’s work, Yoon and co-workers demonstrated the ability of Ru(bpy)s
(IT) photocatalysts to trigger intramolecular [2+2]-cycloadditions under visible light irradiation
instead of conventional UV-light (Scheme 1.6).>° The reaction was initiated by reductive quenching,
with the lithium salt proposed to facilitate the SET reduction of the enone to the radical anion,

followed by radical addition to furnish the desired product with excellent diastereoselectivities (dr).

o o
o) 0
Ru(bpy)sCl, (0.5 mol%) Ar Ar
Arw’“ LiBF, (2.0 equiv), DIPEA (2.0 equiv) H H
MeCN, 275 W sun lamp, rt
l Li. Li. T
Livg o o o o o
Ar X, Ar Ar Ar
X
A o~ H H H H
o o
Ph L
Me" Me

82% (dr > 10:1)

Scheme 1.6. Photoredox catalyzed [2+2] cycloaddition

In addition to the intramolecular [2+2] cycloaddition, Yoon and co-workers reported another system

using a more oxidizing photocatalyst Ru(bpz)s;(Il) to promote intermolecular radical cation Diels-

Alder cycloaddition.*® Specifically, the excited Ru(bpz)s(I1)* (E12™"' = +1.45 V vs SCE) was able to

directly oxidize the trans-anethole (E12¢ =+1.2 V vs SCE) (Scheme 1.7). The corresponding radical
9
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cation was found to couple isoprene, giving rise to a radical cation adduct that subsequently ends up
in the neutral species by a final single-electron transfer from either oxygen or Ru(bpz)s; (I).
Interestingly, higher yields were obtained under air, presumably because the turnover of the
ruthenium catalyst could be improved by oxygen. Importantly, the radical ionic Diels-Alder-type
reaction was found to be orthogonal with conventional thermal [2+4] cycloaddition, as the coupling

reaction efficiently delivers the targeted product with two electron-rich partners.*

RO
;\ u(bpz)s(BArF), (0.5 mol%)
Me air, DCM

u(bpz)s(Il)=—visible

light \

Ru(bpz)s(1l)

RO U(pr)s(I%z'

radical cation [4+2] cycloaddition

Me | 88%

Scheme 1.7. Radical cation Diels-Alder cycloaddition

1.4.3. Visible Light Photoredox Promoted Dehalogenation and Atom Transfer Radical Addition

Br COzMe H COQMG
Ru(bpy)sCl, (2.5 mol%)

N H COe'V'e HCO,H (10 equiv), DIPEA (10 equiv) N H COz'V'e

Boc DMF, 14 W CFL, rt Boc 95%

(0]
OJK(P“ Ru(bpy)sCl, (2.5 mol%) )krph
@E\ Cl Hantzsch ester (1.1 equiv) @E\
| DIPEA (2.0 equiv)

DMF, 12 W CFL, rt 88%

Scheme 1.8. Visible light photoredox catalyzed photodehalogenation

Independently from MacMillan and Yoon’s reports, Stephenson described a photodehalogenation

of activated halides under tin-free conditions, ** representing a complementary approach to the studies

19,21

reported by Kellogg,'® Fukuzumi-Tanaka,'?! and Kern-Sauvage (Scheme 1.8).2°

10
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Scheme 1.9. Classical Atom Transfer Radical Addition Procedure

Atom transfer radical addition (ATRA) reactions rank among one of the most fundamental reactions
within the organic synthesis toolbox, and is characterized by the formal addition of halogenated

compounds across a m-component such as alkenes or alkynes.®!-?

The synthetic interest of this
transformation relies on its high efficiency and atom-economy, in which two new C—C and C-halogen
bonds are simultaneously formed, thus constituting a rather powerful technique for preparing
complex halogenated species that can be used for further functionalization (Scheme 1.7). Historically
pioneered by Kharasch,>*-** this field has been extensively developed by the elegant contributions

from Curran®>°!, Oshima®?-64

or Renaud,%-%7 among others.®®%° Generally, ATRA reactions proceed
through a radical chain process, typically requiring stoichiometric amounts of toxic and hazardous
initiators such as peroxides, organotin reagents or triethylboron. While other initiators have been
employed for similar purposes, 77 the moderate functional group tolerance has hampered the

application profile of ATRA reactions.

Ru photocatalyst X
ATRA/ATRC -

Ru(bpy)sCl, (1 mol%), MeCN/MeOH, Na ascorbate (0.35 equiv)

| |
FSCM n—CsF17\)\/\@/ n-CBF”\)\AOH

90% 90% 96% (Z/E= 1.8:1)

Ru(bpy)sCl, (1 mol%), DMF or DMSO, LiBr (0-2 equiv)

Br.,,
EtO,C  Br Br 7(() cl
Cl;C EtO,C
EtOQC/K/l\/NHBoc s \)\HBAOH x
99% 95% 88% 80%
Donor PC’ . Reductive quenching:
Donor \ﬁx— broad range of quenchers
Activated hv substoichiometric quencher

Oxidative quenching:
redox neutral
little byproducts

Halides

11



UNIVERSITAT ROVIRA I VIRGILI
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS
Yangyang Shen

Scheme 1.10. Photoredox promoted ATRA/ATRC with activated halides

Prompted by its interest in photoredox catalysis, the Stephenson group disclosed an efficient atom
transfer radical addition or cyclization (ATRA/ATRC) enabled by visible light photoredox catalysis.
The reactions can be performed with either reductive quenching pathway or oxidative quenching
pathway with activated halides (Scheme 1.8).7%7° These transformations are distinguished by the mild
condition, broad functional group tolerance and excellent substrate scope, allowing to prepare a wide
range of fluorinated compounds. In a formal sense, this study showcased the potential of photoredox
catalysis for ATRA-type transformations, suggesting that the implementation of more complex

scenarios would a priori be within reach.>28!

1.4.4. Photochemical Transformations Enabled by Triplet Energy Transfer

Me Me
NC}bMe Ru(bpy)sCly Niﬁ/ Ve
7
NC MeCN, visible light NC

M M
€ 56%

Scheme 1.11. An Early Example of [2+2] Cycloaddition via Energy Transfer

Despite the advances realized in photoredox catalysis, it is somewhat surprising that a rather limited
number of organic transformations are driven by triplet energy transfer. In 1986, it was shown that
Ru(bpy)s promoted the intermolecular [2+2] cycloaddition of substituted norbornadiene under visible
light irradiation via triplet-triplet energy transfer (Scheme 1.9).82 The dramatic mismatch of redox
potential between the 1,3-diene (E12%!' =-1.39 V, E1p"0=+1.82 V, vs SCE) and Ru(bpy)s* (E1,""
=-0.81V, Eip,™™ = +0.77 V, vs SCE) indicated a disfavored electron transfer pathway. Further
evidence about triplet energy transfer pathway was gained under UV light irradiation, enabling the

transformation in a rather efficient manner.

Yoon and co-workers demonstrated that the success of previously reported cycloaddition reactions
(Scheme 1.6 and Scheme 1.7) highly relied on the redox potential of the substrates and photocatalysts.
Specifically, only electron-deficient alkenes that can be easily reduced or olefins that are particularly
prone to oxidation could be utilized. Driven by these observations, Yoon disclosed a [2+2]
cycloaddition via energy transfer (Scheme 1.12, fop), in which electron-rich, neutral and deficient
alkenes efficiently underwent the targeted cyclization.®® Taking into consideration the redox
potentials of the styrene (E1,"¢ = +1.42 V vs SCE) and the oxidation potential of Ir-3* (£, =
+1.21 V vs SCE), a pathway consisting of an electron transfer process was highly unlikely. A close
look at the triplet energies, however, indicated that a triplet-triplet energy transfer was more likely
(Er (styrene) = 60 kcal/mol vs Et (Ir-3*) = 61 kcal/mol). This interpretation gained credence by the
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observation that the more strongly oxidizing Ru-3 (E12"""!! = +1.45 V vs SCE) possessing a lower
triplet energy (ET = 47.4 kcal/mol) did not catalyze the cycloaddition reaction. These observations
suggested that orthogonal cycloadditions could be implemented by either electron transfer or energy
transfer; as shown in Scheme 1.12 (bottom), this turned out to be the case, obtaining different products

depending on the photocatalyst utilized.

Me Me Ph yim;
\@ Ir(dFCF3ppy),(dtbbpy)PFg (1 mol%) ’ y
m DMSO, visible light
Z o triplet triplet energy transfer o

84% (dr>10: 1)

% \ MeO
SN
H H
0 o)
71% (dr >10:1) 89% (dr>10:1)

Ru(bpy)s(PFg)> (5 mol%)
Dimethyl Viologen-(PFg), (15 mol% )

Ir(dFCF3ppy)o(dtbbpy)PFg (1 mol%)
DMSO, visible light

Scheme 1.12. Orthogonal Cycloaddition Enable by Energy Transfer
1.4.5. Photochemical Transformations Enabled by Non-Metal Based Visible Light Photoredox
1.4.5.1. Non-Metal Based Visible Light Photocatalyst Enabled Photochemical Reactions

Despite the versatility of Ru(Il) and Ir(Ill) photocatalysts in a wide number of chemical
transformations under visible light irradiation, the high price and limited supply of these noble metals

reinforce a change in strategy. Although some efforts have been made with earth-abundant Fe or Cu
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photocatalysts, chemists have recently been challenged to come up with non-metal-based alternatives

with improved practicality and generality.?

@\ S Newman-Kwart Rearrangement R@ o ; p-Tol

R : (L B

OJLNMeQ conditions S)J\NMe2 ' /@BF“
(0]

1 p-Tol p-Tol
Thermal conditions: 200-300 °C by Newman-Kwart 5 E =23V
Metal catalysed conditions: Pd(Pt-Bus), 100 °C by Lloyd-Jones ' MeCN, rt, Blue LEDs
O, O O LS
S” “NMe, S~ “NMe, oJ\NMe2 S)J\NMez
95% 73% Fp2 = % PC* &n&
SET SET
Me~ o) MeO 0 l\» PC’ /‘
)J\ )J\ MeO +e MeO
S” "NMe, S” "NMe, S @ S
MeO OHC O)J\ NM OJ\NM
95% 56% °2 e

Scheme 1.13. Visible light photoredox promoted Newman-Kwart rearrangement

84b _ undoubtedly one of the most

Driven by the observation that Newman-Kwart rearrangements
important methods to prepare thiophenols — typically require harsh conditions (200-300 °C) and
exclusion of air and moisture, a number of alternative methods have been proposed to trigger these
reactions. Although Lloyd-Jones described a rather powerful protocol for effecting Newman-Kwart
rearrangements based on Pd(0) catalysts, high temperatures and a rather limited substrate scope was
found.3*¢ Indeed, electron-rich substrates were not particularly prone for C—S bond-formation, thus
remaining an elusive goal in these endeavors. Aiming at providing a solution for these challenges,
Nicewicz demonstrated that a photoredox strategy based on pyrylium photocatalysts might provide a
conceptually new approach for Newman-Kwart rearrangements.®*¢ Specifically, it was found that
electron-rich substrates were particularly efficient for such transformation, an argument that goes in
line with the ease for triggering a SET-oxidation (Scheme 1.13). The resulting radical cation
facilitates an intramolecular attack at the ipso position, thus representing a complementary approach

to classical Newman—Kwart Rearrangements based on either electron-neutral or electron-poor

arenes.’4
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: Mes
O\ Photoatalyst (5 mol%) O\(VEWG E N
N NG CM. Blue LED N : +
O co.R DCM, Blue LEDs COR ! tBu NN tBu
5 Ph BF,
Ac 1
Ac Me Ac Ac ' O
“Boc N, e~ Boc Ph- "Cbz |  Epp=1.96V
Boc 'Ru-3 E*red=1.45V
83% 68% 39% 81% ' Ik:3E*red=1.21V

Scheme 1.14. Alkylation of amide enabled by selective oxidation potential

The versatility of organic photocatalysts capable of triggering a rather uphill SET oxidation was
further demonstrated by Nicewicz in the a-alkylation of amide backbones (Scheme 1.14).84 Indeed,
N-Boc amines typically require about 1.96 V to be oxidized to the corresponding a-amido radical, an
unrealistic scenario with classical Ir or Ru complexes; however, the utilization of acridinium salts as
photocatalysts enable the a-alkylation of N-Boc amines with a wide range of o,f-unsaturated
carbonyls, thus serving as a testament to the possibilities that organic photocatalysts might offer in

organic chemistry.

Inspired by the ability of biological photosynthesis to promote the oxidation of water via multiple
photon excitation, Konig described that consecutive photoinduced electron transfer could be used in
organic synthesis.?#¢ Specifically, it was found that the in situ generated radical anion of perylene
bisimide (PDI) is colored and reasonably stable in the ground state, thus being readily available for
an additional excitation by visible light, thus yielding a more reducing species (Scheme 1.15, bottom
left). Such ability to be engaged in successive photon excitations was turned into a strategic advantage
to promote the rather uphill reduction of aryl bromides, including the always-elusive aryl chlorides

via the formation of aryl radical species (Scheme 1.15, top).
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Scheme 1.15. Consecutive photoinduced electron transfer enabled reduction of aryl halides

As evident from the representative set of examples shown above, the utilization of organic
photocatalysts with a wider redox window offers the possibility of triggering photochemical reactions
under visible light irradiation that otherwise would be difficult to accomplish using classical metal-
based photocatalysts, suggesting the novel transformations might be within reach if the appropriate

organic photocatalyst is utilized.

1.4.5.2. Electron Donor-Acceptor Complex Enabled Photochemical Reactions

©) D *- ® @

Scheme 1.16. Generalized representation of EDA complex

While photocatalysts are often necessary to overcome the minimal, if any, absorption of organic
molecules in the visible light region, a number of photochemical transformations can also be triggered
by other reaction pathways. For example, the diffusion controlled, ground state association between
an electron rich donor (D) and an electron poor acceptor (A), produces an electron donor-acceptor
(EDA) complex; in many instances, such compounds can absorb light in the visible region, thus
enabling an electron transfer event without the need for any external photocatalyst (Scheme 1.16).84
Although such phenomena is known since the 1950’s,%4 this field did not gain momentum due to the

harsh conditions that typically were required to effect the corresponding photochemical event.’4
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Prompted by the inherent synthetic potential of EDA complexes to trigger SET, it comes as no

surprise that these transformations recently attracted considerable interest at the Community.

Ar., .
WH Ar,IX (1 equiv) WAr via A:z" *‘@
N

M White LEDs : Me
© Me EDA complex
(0.3 M) P
N N N N
Me Me Me H
41% (X=OTf) 18% (X=BF,) 18% (X=0OT¥) 32% (X=PFy)

Scheme 1.17. EDA complex enable arylation of pyrrole

An early example on the potential of EDA complexes was discovered by Chatani and co-workers
in 2013 (Scheme 1.17).84 Specifically, it was found that a photochemical arylation of pyrroles could
be effected with diaryl iodonium salts in the absence of an external photocatalyst under white LED
irradiation, suggesting the involvement of a colored EDA complex between the electron-rich pyrrole

and the electron-deficient diaryl iodonium salt.

Q o H CFs
Organo-Cat. (20% mol%) > - Ar
HLH B T 26-lutidine, MTBE HL H %Ar Ar= g—@
al 23 W CFL, 23°C R’ HH  orvs o
_ %—-{O @ organocatalyst °
R EWG

. “ ~--——N
O,N “r" H S via
o) 0 ~

Me R' Int5
86% (86% ee) 92% (87% ee€) 80% (93% ee) colored EDA complex

Scheme 1.18. Enantioselective alkylation of aldehyde enabled by EDA complex

In the same year, Melchiorre and co-workers uncovered complementary radical pathways by
irradiating in situ generated organic intermediates in the absence of photoredox catalysis, resulting in
a highly enantioselective a-alkylation of aldehydes with activated alky bromides and Hayashi-
Jorgensen type organic catalyst (Scheme 1.18).3* Control experiments indicated that none of the
starting precursors absorbed light in visible region; however, a ground-state colored substance was
obtained upon mixing both precursors, revealing a new absorption band in the visible range. Such

colored entity ended up being an EDA complex that resulted from the combination of electron-rich
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enamine and the electron-deficient alkyl bromide, leading to a single-electron transfer process via
inner-sphere mechanisms. The corresponding radical intermediate followed a similar reaction
outcome to that of Scheme 1.4 via either an organocatalytic cycle or a chain-propagation process.
While a significant step-forward, the catalytic a-alkylation of aldehydes with unactivated alkyl

electrophiles is still beyond reach.?*34

R2 R2 Br O
§ . 2,6-lutidine, MeOH w via >
r -
[ IN> ~ 23 W CFL, rt N H

S
5 ca.3.33A

1 NO2
B"/@NO2 X-ray

Scheme 1.19. EDA complex enabled alkylation of indole

In 2015, Melchiorre’s group reported the alkylation of indole following an otherwise identical
mechanistic rationale (Scheme 1.19).34™ In this case, however, the authors managed to isolate and
fully characterize the EDA complex by X-ray crystallographic analysis. The measured distance
between two aromatic rings was ca. 3.33A, which is significantly shorter than the usual van der Waals

radii between two aromatic molecules (3.40 A).

o o phase transfer % ~
PCT (20% mol%) organocatalyst . [N~ Br
R—I CO,tBu .
COQt‘BU CSQCO3, White LEDs . Rf
F
F
o)
Cogt Bu LCO,tBu CO,tBu LCO,tBu /E:éfozt-Bu
n-C4Fy nCeF1s  MeO n-CeFy3 n-CeF13
50% (96% ee) 62% (90% ee) 71% (93% ee) 38% (86% ee) 63% (87% ee)

Scheme 1.20. EDA complex enabled perfluoroalkylation of B-ketoester

Concurrently, the Melchiorre group described that the formation of EDA complexes was not limited

to the utilization of nitrogen-containing nucleophiles. Indeed, it was demonstrated that the o-
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alkylation of P-ketoesters with a wide range of perfluoroalkyl iodides could be affected in the

presence of phase transfer catalysis under visible light irradiation.®"

Simple tertiary amines could also form the EDA complex in the presence of an appropriate electron
acceptor. In 2015, the Leonori group (Scheme 1.21) disclosed an intramolecular iminohydroxylation
of alkene via cyclization of N-centered radical initiated by the formation of an EDA complex between
triethylamine (Ered">= -0.76V vs SCE in MeCN) and aryl hydroxylimine (Ar = 2,4-NO>C¢Ha, Ered'?
=-0.55V vs SCE in MeCN).3% In the absence of hydrogen donor, the nitro group in phenoxyl anion
leaving group served as oxidant to convert the carbon radical into a hydroxyl group. Interestingly, a
wide range of aryl oximes bearing either electron-rich or electron-deficient substituents could all

successfully afford the desired product.

. : EtsN (4 equiv) R?

ON R2 MeCN, 30 W CFL RX&X "
| eLN, OH
R1J\/\/\R3

hv
SET HAT
o -0
.\‘ oy ot !
_N NO N N NO
D T ey
Ph Ke) 0
N N N OH
Ph Ph Ph
= Ph (85%), PMP (61%) = 2-Np (63%), 2-Py (45%) = Ph, 66% (dr. = 1:1)

Scheme 1.21. EDA complex enabled intramolecular iminohydroxylation of alkene

1.5. Merging Photoredox with Transition Metal Catalysis: Metallaphoredox Catalysis

1.5.1. The Initiation: Palladium Metallaphotocatalysis

The prospective potential of combining visible light photoredox catalysis with transition metal
catalysis was first recognized in 2007 by Osawa, who successfully developed a protocol containing
both Pd(II) and Ru(II) catalysts for promoting a Sonogashira coupling of aryl bromides and terminal
alkynes (Scheme 1.22).3% This seminal contribution demonstrated that the inclusion of a photocatalyst
and high-energy irradiation dramatically enhanced the efficiency of the Sonogashira coupling in the
absence of conventional Cu catalysts, allowing to couple even sterically hindered substrate

combinations. Although no mechanistic investigations were conducted, the authors claimed that the
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photoexcited Ru(bpy):* catalyst had an effect on the oxidative addition of the aryl bromide to

Pd(0)L.,.
Pd(MeCN),Cl, (4 mol%)
PBuj (4 mol%)
Ru(b| PFg)2 (8 mol%
@Br — n (bpy)3(PFe)2 ( o) < : — r
EtsN: DMF (1: 4)
150 W Xenon Lamp
Me
0} (0}
O—=<) 3 —e =)
Me
94% 90% 74% 87%

Scheme 1.22. Dual photoredox/Pd-catalyzed Cu-free Sonogashira coupling

Inspired by Osawa’s seminal work,* Sanford designed a dual catalytic Pd/photoredox catalysis for
a directed sp’ C-H arylation with aryl diazonium salts, affording o-substituted biaryl compounds
under mild reaction conditions (Scheme 1.23). 3¢ Unlike classical two-electron oxidation techniques
requiring elevated temperatures and acidic media, ® the presence of Ru(bpy);Cl> in MeOH under
visible light irradiation provided the desired C-H arylation at room temperature with high
chemoselectivity profile. Based on the work of Deronzier,'® Sanford suggested that the aryl radical
generated from the aryldiazonium salt via oxidative quenching could be recombined with Int-6,
giving rise to Int-7 that could be further oxidized to Pd(IV) Int-8 by Ru(IIl) via SET. Finally, a fast
reductive elimination from Int-8 delivers the desired product. Theoretical calculations suggested that
an alternative mechanism involving reductive elimination from Pd(III) Int-7 and subsequent

oxidation of the Pd(I) species to Pd(II) catalyst by the oxidized photocatalyst could not be ruled out.®®
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Scheme 1.23. Dual photoredox/Pd-catalyzed ortho-directed C-H arylation with diazonium salt

Subsequently, Sanford described a follow-up protocol employing air and moisture stable

diaryliodonium salts in the presence of a stronger reducing photocatalyst Ir(ppy)2(dtbbpy)(PFs) (5
mol%) and Pd(NOs): (10 mol%) as precatalyst (Scheme 1.24).%° Beyond any reasonable doubt, the

seminal studies highlighted above provided the fundamental blueprint for inspiring the development

of metallaphotoredox reactions to build up molecular complexity. %7

X Pd(NOs), (10 mol%)
H Ir(ppy)(dtbbpy)PFg (5 mol%)
X

R [Ar,I]OTf, MeOH, 26 W CFL
OMe

@O 0 NH2 Ho N

Ph
o "
81% 40% 57%

Scheme 1.24. Dual photoredox/Pd-catalyzed ortho-directed C-H arylation with iodonium salt

1.5.2. Copper Metallaphotocatalysis

Prompted by the utmost significant relevance of trifluoromethyl arenes for enhancing metabolic

stability, Sanford designed a Cu-catalyzed trifluoromethylation enabled by Ru(bpy);Cl> species
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(Scheme 1.25).” The reaction was believed to proceed via a reductive quenching pathway, thus
generating a Cu(Il) intermediate and Ru(I) species upon visible light irradiation. A trifluoromethyl
radical is then generated via reduction of CFsl by the Ru(I) complex, leading to the regeneration of
Ru(Il). , Subsequently, the CF3 radical is captured by the Cu(Il) intermediate to afford a Cu(III) Int-
9 complex, setting the scene for a transmetalation with the aryl boronic acid under basic conditions

to give Int-10 followed by reductive elimination. '0%-101

CuOAc (20 mol%)

B(OH), _cF Ru(bpy)sCly6H,0 (2.5 mol%) CF;3
R{j 3 K,CO5, DMF R©/
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Scheme 1.25. Dual photoredox/Cu-catalyzed trifluoromethylation of aryl boronic acids
1.5.3. Gold metallaphotocatalysis

The merger of photoredox and gold catalysis was first recognized by Glorius and co-workers in
2013 (Scheme 2.26).192 Specifically, it was demonstrated that a dual catalytic system enabled the
oxyarylation/aminoarylation of unactivated y-hydroxyalkenes, y-aminoalkenes or 8-hydroxyalkenes
with aryldiazonium salts to give access to benzylated heterocyclic tetrahydrofurans, pyrrolidines and
tetrahydropyrans. In contrast to previous reports on oxidative gold-catalyzed heteroarylations of
alkenes, %194 this method avoided the use of strong external oxidizing agents such as Selectfluor,
hypervalent iodine reagents or tBuOOH, which limited the substrate scope of previously-reported
processes. Notably, high diastereoselectivities were observed when internal alkenes were used, an
observation that is consistent with a trans-selective oxyauration and a stereoretentive reductive
elimination from the Au(IIl) complex Int-13. In addition, the concept could be further expanded to

accomplish intermolecular, three-component couplings of alkenes, methanol and aryldiazonium (or
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diaryliodonium) salts.!% In their original report, aryl radical capture was initially proposed to occur
after Au(I)-mediated 5/6 exo-trig cyclization; however, subsequent computational and stoichiometric
studies!®-197 suggested that the aryl radical was trapped by Au(I) prior to cyclization, resulting in a
Au(Il) complex that was oxidized to Au(Ill) by the Ru(Ill) photocatalyst. A rapid oxyl/amino
cyclization followed by reductive elimination from Int-13 led to the targeted product while

recovering back the Au(I) complex. The ability to access Au(Ill) by means of photoredox catalysis

was particularly important, allowing to apply this technology in multiple endeavors.!®-117
PhsPAUNTT, (10 mol%) 5 0
Xj\/\ Ru(bpy)s(PFe)s (2.5 mol%) « :
[ArN,]BF, MeOH, 23 W CFL 5
o e ! 78%
X = OH, NHTs i Me
visible O, Me
/ light \
*Ru''  Photoredox Ru" 39%
Catalysis Me
@“NZ / L- Au'“X j\/\ 0
SET Int-12
@- Ry //
5 34%
I Gold A Iy : Me
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Int-11 Int-13 L ! N
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= By
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Scheme 1.26. Gold metallaphotoredox catalyzed intramolecular oxyl/amino arylation

1.6. Summary

This chapter describes the evolution of homogeneous photoredox catalysis from its inception,
including the general description of the photophysical and electrochemical properties of the
corresponding photocatalysts, showing the prospective potential that these technologies at the
Community. In a relatively short period of time, these methods have not showed only the ability to
improve existing non-photoredox transfomations, but also offered a conceptually new manifold to
build up molecular complexity via SET or ET processes, holding promise to revolutionize approaches
in organic synthesis. While this field has gained considerable momentum, several aspects need to
take into consideration: (1) the high cost and limited supply of noble iridium photocatalysts that are

commonly employed in photoredox transformations; (2) the implementation of scale-up processes
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necessarily require engineering such as flow chemistry techniques; (3) a cheap and convenient
standardized photochemical device remains to be invented for bench studies; (4) the pioneering vision
from Ciamician back in 1912 about the use of solar energy still remains to be fully implemented in

the photoredox arena.

1.7. General Objective of this Doctoral Thesis

The last decade has witnessed the dramatic development of visible light photoredox catalysis,
enabling the implementation of a wide number of previously inaccessible transformations that occur
via either SET or ET processes under exceptionally mild conditions. Despite the numerous advances
realized, the functionalization of particularly inert chemical bonds still remains rather underexplored.
Prompted by the inherent interest of the Martin group for designing new methods for activating a
priori unreactive chemical bonds, the following thesis is aimed at providing new photoredox
techniques capable of enabling a series of C—C bond-forming reactions that otherwise would be
beyond reach using classical metal-catalyzed manifolds. To such end, the following objectives will

be taken into consideration:

» To expand the visible light promoted ATRA/ATRC to accommodate the use of unactivated alkyl

halides, a current limitation not yet explored within the photoredox arena.

» To develop a dicarbofunctionalization of olefins with carbon dioxide as coupling partner under
photoredox conditions, allowing to meet an elusive goal in conventional metal-catalyzed

carboxylation technologies.

» To unlock new concept for functionalizing native sp’> C-H bonds by the synergy of non-noble

metal-based photocatalysts and nickel catalysts.
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Chapter 2.

Visible Light-Promoted Atom Transfer Radical Cyclization of Unactivated
Alkyl Iodides
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2.1. Introduction: Atom Transfer Radical Addition/Cyclization

2.1.1. Traditional Methods to Promote ATRA/ATRC

Atom transfer radical addition or cyclization reactions (ATRA/ATRC) of halogenated compounds
with m-components rank among the most fundamental transformations within our chemical portfolio.
Such interest arises from the high efficiency and atom-economy of these processes, enabling the
simultaneous generation of two new C—C and C-halogen bonds via the cleavage of a single covalent
C—-halogen bond, and allowing to access more complex organic halides that might be amenable for

further functionalization.!*

ATRA/ATRC X

_X A

Classical methods

! harsh conditions $
Lo limited functionalilit chain .
! initiation Yy process | X
y

""""""""""" > \‘;%\

radical addition
Scheme 2.1. Classical atom transfer radical addition

The development of ATRA reactions was pioneered by Kharasch when studying the addition of HBr
to alkenes. Specifically, Markovnikov selectivity® was expected for a classical mechanism consisting
of the intermediacy of carbocations by addition of a proton across the alkene. However, the addition
of peroxides resulted in a rather intriguing anti-Markovnikov scenario, contributing to the perception
that a “peroxide effect” came into play (Scheme 2.2).* Such a regioselectivity switch could be
explained by the generation of bromine radicals via hydrogen atom abstraction (HAT) that were added

across the double bond to generate an alkyl radical, thus setting the stage for a chain-propagation via

subsequent HAT to HBr.
Br H
HBr HBr
J\\/H -~ N _— J\\/Br
w/o peroxides with peroxides
Markovnikov addition ‘Peroxide effect’
H Br

%\/H vs )b@ Jb@ v JBr

Scheme 2.2. Markovnikov addition and the peroxide effect

Prompted by the seminal studies from Kharasch with peroxide as initiators of chain-radical

processes, this field has been extensively developed by elegant contributions of Curran, Oshima or
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Renaud, among others (Scheme 2.3).5! Despite the inherent synthetic interest in ATRA reactions,
these technologies typically need stoichiometric amounts of toxic or hazardous radical initiators such

as peroxides, organotin reagents or triethylboron, among others (Scheme 2.3.). These drawbacks have

partially been alleviated by the implementation of metal-catalyzed ATRA reactions.?%-2

x-9) X
N -
Conditions R )\/©

m AcOOACc as initiator (Kharasch, 1945)
B Bu3SnSnBuj as initiator (Curran, 1989)
W Et3B as initiator (Oshima, 1998)

R

Scheme 2.3. Classical ATRA conditions

Among various scenarios, particularly attractive was the method developed by Burton in 1991,
describing a new approach en route to o, c-difluoro-functionalized ester with cheap Cu powder under
solvent-free and mild conditions (Scheme 2.4).2° This transformation was particularly noteworthy
taking into consideration that these compounds were typically obtained from a prefunctionalized 3-
hydroxy derivative via Reformatsky reaction. Under these conditions, a wide variety of sensitive
functional groups, such as alcohol and terminal epoxides could all be well accommodated. Although

Cu was utilized as the catalyst, the reaction was proposed to operate via a radical chain mechanism.

CO,R CuP (10 mol%) .

|
B >
R2 X + |?<F jo\/‘VCOZR
50 - 60 °C, neat F
| F I F I F ol F
A _k-co,me A A-coEt  Ho K _A-cokt Wcoza
n-Bu ™S ; 5
F F F F
75% 83% 92% 80%

Scheme 2.4. Cu(0) promoted ATRA reactions with activated alkyl iodides

Another example make use of cheap Fe(0) to catalyze an otherwise similar transformation. In this
case, however, gentle heating was required to facilitate the SET from Fe(0) to the less activated alkyl

chlorides.??

Cl.__CO,Me Fe® (10 mol%) cl Cl
sz + > 2 CO,Me
Cl Me DMF/DCE, 100 °C R Me
cl cl cl ¢l cl ¢l cl ¢l
M Me TM
- Hox coMe . K _A-come TMs K _A-come K _L-come
Me Me Me Me
80% 39% 37% 60%

Scheme 2.5. Fe(0) promoted ATRA reactions with activated alkyl chlorides
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In 2008, Li and co-workers developed a novel system to mediate ATRA transformations with a
series of activated organic halides.?” Specifically, it was found that diazonium salts and TiCls as
catalysts can promote a wide range of ATRA reactions with broad scope and excellent functional
group tolerance in EtOH/H,O (Scheme 2.6).26 Even terminal alkynes can give rise to the desired
product in excellent regioselectivities, albeit with £/Z mixtures. The initiation relies on the generation

of aryl radical from an aryl diazonium salt and TiCl; followed by a chain-propagation process.

TiCls (10 mol%)

. X__EWG 4-MeOCgH,;N,-BF 4(10 mol%) X R
RS T g J\)\
R! EtOH/H,0 (4:1) R2 X% EWG
I I I I
H B
n—Bu)\ACOZEt OWcozEt rWas)\ﬁcoza n-Hex)\ACOZH
88% 80% 88% 67%
I I FEF Br O o
I
n-Hex)\ﬂcu n-Hex SO,Ph n-Hex)\/\cm3 Phﬂd@
86% 86% 91% 91% (E/Z =1.211)

Scheme 2.6. TiCl; and diazonium salt promoted ATRA with activated alkyl halides

Alternatively, bimetallic Rh—Ru complexes, Cr(OAc), or Mn2(CO)1o can be employed as catalysts
for initiating ATRA reactions.?’2¢ Still, however, ATRA reactions are typically restricted to relatively
activated substrates, thus lowering down the application profile of these transformations, particularly

within the context of late-stage functionalization.

B Pd/dppf-catalyzed ATRA reactions of alkenyl iodides

I 2
j R Pd(OAc), (10mol%) Rl R, & PPh;
R )q dppf (30 mol%) j\/jk( Fo
X
'%‘S Toluene, reflux _II\_IS X @—Pph2
L1, dppf
Me Bu M Me
e Me A
D
N N
Ts o ’é‘n 0 N

84% (X = H) 43% (X = H) 86% (X = H) 75% (X = D)
B Pd/QPhos-catalyzed ATRA reactions of aryl iodides

I R2 &= P(tBu);
Rﬂ@i , Pd(Q-phos), (5 mol%) , Ph. Fe ph
R > 1
X“”\W Toluene, 100 °C R « n Ph/@Ph
Ph L2, Q-phos
Me Me Me I
I
N o) \Q\ZB
0 Ts
95% 93% 86% 67% (PdP(t-Bug),)

Scheme 2.7. Pd-catalyzed iodine atom transfer cyclizations
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In 2011, Tong and Lautens independently reported a remarkable Pd-catalyzed iodine transfer
reaction from aryl or vinyl iodides (Scheme 2.7).27427° These reports are genuinely Pd-catalyzed
reactions, as shown by the stereochemical course of a deuterated analogue (Scheme 2.7, fop right)*’*
and in the presence of a norbornene backbone, suggesting a scenario consisting of a reductive
elimination from Pd(II) to form the targeted C(sp®)-I bond (Scheme 2.7, top).>’® No B-hydrogen
elimination takes place in the latter, probably due to the inability of adopting the necessary cis-agostic

interaction with the -hydrogen.

. R Pd(OAC), (10 mol%) R — &~ FPPhz
\L f dppf (30 mol%) d\ Fe
N Toluene, 130°C N @—PPh2
Ts Ts dppf
oo W o
N N Me™ ~N N
Ts Ts Ts Ts
82% 70% 81% (dr. = 4:1) 68%

Scheme 2.8. Pd(0)-catalyzed intramolecular iodine transfer

Interestingly, ATRC reactions could be extended to unactivated alkyl iodides under similar reaction
conditions to those reported by Tong in which a tether was required for the reaction to occur, most
likely due to a Thorpe-Ingold effect (Scheme 2.8).27¢

X Pd(PPhs), (10 mol%)
CSQCO3 (1 .0 equiv)

Toluene, 50 °C

71% (dr. > 20:1) 64% (dr. = 7:1) 82% (dr. = 14:1) 72% (dr. = 5:1)
radical clock experiments chiral substrates I
e "
1A —> Ar Ar — H,
= = Ar
56% 72% ee 76%, 0% ee

Scheme 2.9. Pd(0)-catalyzed iodine transfer with double cyclization

In 2013, Cook and co-workers described a ATRA-type reaction via multiple C—C bond-formations
with unactivated alkyl iodides and Pd(0) catalysts in the presence of Cs,CO; (Scheme 2.9).° In
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virtually all cases analyzed, the transformation gave rise to the corresponding double cyclization
event in excellent diastereoselectivities. The authors provided evidence of a radical pathway in the
presence of radical clocks as well as by the observation that racemic products were obtained with
chiral precursors (Scheme 2.X, bottom). While Pd-catalyzed reactions showed complementary
reactivity to that of classical ATRA triggered by other radical initiators, it is worth noting that these
procedures typically proceed with high catalyst loadings. Additionally, substrates susceptible to
oxidative addition such as aryl sulfides or aryl halides were not be tolerated, thus leaving ample room

to develop more applicable ATRA and ATRC-type reactions.

PhSe. _CN Method A: Sunlamp, CgHg, 60 °C PhSe Me
R+ > CN
Me CN Method B: AIBN, CHCl5, 60 °C R CN
PhSe Me PhSe Me PhSe Me PhSe Me
CN CN CN CN
BUMCN Ph)\)<CN Eto)\)<CN Phs)\XCN
20% (97%) 30% (84%) 97% (99%) 99%

Scheme 2.10. Selenium group transfer radical addition

From a mechanistic standpoint, ATRA reactions should by no means limited to halogen atom
transfer. Indeed, this concept has been expanded to other translocation scenarios. For example, Curran
reported that a selenium group can be utilized in ATRA reactions in high yields for a wide number of
substrates. Key for success was the utilization of methyl(phenylseleno)malonitrile, allowing to
significantly expand the scope of olefin partners, enabling the addition to electron-rich olefins which

are problematic in traditional ATRA reactions, such enol ethers and thioethers.?’
2.1.2. Visible Light Photoredox Promoted ATRA/ATRC with Activated Halides

In the past decade, visible light photocatalysis has gained considerable attention as a method for
generating carbon-centered radical intermediates via single-electron transfer (SET) processes.?®
Unlike classical SET protocols based on radical initiators or metal-catalyzed protocols initiated by a
chemical activation mode and inner-sphere mechanisms,?® photoredox catalysis is capable of
employing energy of visible light to promote otherwise analogous processes via outer-sphere
mechanisms under exceptionally mild conditions, holding promise for a more practical synthetic

benefit by using visible light.?

Among all the transformations enabled by photoredox catalysis, particularly illustrative is the
implementation of redox-neutral ATRA/ATRC, which might lead to elegant bond-disconnections for
rapidly advancing molecular complexity in both atom- and step-economical fashion. The

conventional methods to promote ATRA make use of toxic initiators, high energy UV light irradiation,
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high catalyst loadings of transition metals and/or elevated temperatures. As a consequence, these
reactions normally suffer from a wider application profile, and have found limited use within the
context of late-stage functionalization of complex molecules. Aimed at providing a solution to this
challenge, and prompted by the ability of visible light photoredox catalysis to trigger SET processes,
Stephenson and co-workers found that ATRA reactions could be realized at ambient temperature with
low catalyst loading, high chemical yielding and broad scope (Scheme 2.11).3? In this case, a rather
different mechanism to that of conventional ATRA reactions was proposed. Specifically, the
transformation occurred via oxidative quenching and a subsequent anionic halide recombination to

give rise the corresponding alkyl halides.

Ru photocatalyst X

-X 2 \v/l\

ATRA/ATRC

Ru(bpy)sCl, (1 mol%), DMF or DMSO, LiBr (0-2 equiv)

Br., Ts
EtO,C  Br Br Fio.c cl
NHB ClsCW 0,
Etozc/l\v/i\\/ oc 3 OH £

99% 95% 88% 80%
+ +X A
X = \)\
|/ PC&%T

Activated SET SET Oxidative

Halides l\ ol /‘

Quenching

Scheme 2.11. Photoredox promote ATRA via oxidative quenching

Chu and co-workers employed organic photocatalyst Eosin Y (Ereq+'’? =-1.15 V vs SCE In MeCN)
to functionalize a-olefins with tosyl cyanide (TSCN, Erd'? = -0.78 V vs SCE in MeCN). The
mechanism followed by the same oxidative quenching and ionic recombination proposed by
Stephenson, an assumption that was later on confirmed by quenching studies and the low quantum

yields observed in these processes (Scheme 2.12).3!2

34



UNIVERSITAT ROVIRA I VIRGILI
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS
Yangyang Shen

QCOZNa

Bf\\x/vir

NaO™ ¢ o& o}
Br Br

CN

Eosin Y (2 mol%)
— — T
DMSO, 90 W Blue LEDs AT

)

Ts—CN

CN CN CN ~CN CN
Bn/K/Ts Cl \M%\/Ts Bpin J\/Ts Eto)\/Ts

Ts
90% 82% 63% 60% 75%

Scheme 2.12. Sulfonylcyanation of alkenes enabled by organic photoredox catalysis

Apart from the conventional use of radical initiators and single electron transfer processes, there is
evidence that triplet energy transfer could also be used for triggering ATRA reactions. In 2014,
Melchiorre and co-workers described an ATRA reaction that operated via energy transfer
mechanisms by using an aromatic aldehyde as the formal catalyst (Scheme 2.13). They found that a
wide range of energy transfer agents (eg. benzophenone, carbazole) could promote the reaction with

moderate yield under CFL irradiation.3'®

p-Anisaldehyde (20 mol%) (0]

N 2,6-lutidine (1 equiv) Br @%H
—Br = /K/ MeO

MeCN, 23W CFL

p-Anisaldehyde
Br CO,Et Br CH,OH O CO.Et Br CO,Et
HO HO HO
4 MgozEt 4 B||'3 ' Me CO,Et 2 = CO,Et
from TMS enol ether
88% 94% 85% 60%

Scheme 2.13. Intermolecular ATRA enabled by energy transfer

Taken together, the current portfolio of photoredox ATRA/ATRC reactions remains confined to
activated organic halides possessing weak C(sp’)-X bonds adjacent to =-systems, electron-
withdrawing groups or heteroatoms, thus rapidly triggering a thermodynamically favoured SET

processes (Scheme 2.14).30-3

RS visible light R SN
' ' e- transfer ' ' (; R '
—_— . —
X=1,Br,Cl R? .
X—(.Rg carbon-centered X éYR1
B radical R
activated alkyl halides unactivated alkyl halides
X X X ;\/\
o o {x X
Ar EWG X H
m ample precedents W unprecedented
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Scheme 2.14. Visible light photoredox ATRA/ATRC of activated halides

In line of these precedents, one might easily argue that unactivated alkyl halides might not be within
reach in photoredox ATRA reactions due to the rather uphill SET process required to generate an
open-shell intermediate (n-Bul: Ereqa < —2.5V) that will subsequently trigger the addition across the
n-component. Although the use of a strongly reducing photocatalyst may be employed to drive the
reaction forward, the inherent similarities between the initial and the final C-halide bond or between
the initial and final alkyl radical leaves a reasonable doubt on whether this reaction could ever be
effected within the context of photoredox catalysis (Scheme 2.15).

v n-Bu-l (Ejeq < -2.5 V) W

1

| similar bond strength
l challenges x

///////’?ﬁﬁﬁQTEEEET\\\\\\\\
%9 BN . %g\/)\

Scheme 2.15. The challenges involved in photoredox ATRA with unactivated alkyl halide

2.2. Visible Light Photoredox Promoted Unactivated Halide Reduction

Photoredox catalysis has nicely shown the capability of reducing molecules by a downhill redox
SET process. However, there are not a wide number of photocatalysts capable of overcoming the
redox potentials required to effect the reduction of unactivated alkyl halides (n-Bul: Ereq < -2.5V ).
Stephenson’s group reported a seminal discovery by employing a strongly reducing photocatalyst
Jac-Ir(ppy)s (E12" WD = 2 19 V vs SCE in MeCN) together with excess amounts of different
reductants combination (Scheme 2.16).23 Under these conditions, a series of unactivated alkyl, vinyl
and aryl iodides were smoothly reduced at ambient temperature. These results are particularly
interesting when considering that conventional methods aimed at the same goal make use of toxic tin
reagents. As expected, the presence of aryl bromides and chlorides were tolerated, probably due to

the rather uphill SET process required to generate transient radical intermediates from these entities.
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Ir(ppy)s (1 - 2.5 Mol%)

— > —H
“hydride source”
Ir(ppy)s (1 mol%), MeCN, Blue LEDs Ir(ppy)s (1 mol%), MeCN, Blue LEDs
BusN & Hantzsch ester (2.0 equiv.) Bu3N & HCO2H (10 equiv.),
B Br H
r H 4 BnO § TBSO H
o’(J s N e n-CgFy7 A \_/} /-
82% 95% 95% 92%

Ir(ppy)s (1 mol%), MeCN, Blue LEDs

Bu3N & HCO,H (5.0 equiv.), TSN H
[
CO,Me Cl Q:\
H N
Ts
Br H HoN H
95% 94%

95% 94%

Scheme 2.16. Photoreduction of unactivated iodides with Ir(ppy);

Concurrently with Stephenson’s report, Lee and co-workers showed a rather similar transformations
and substrate scope (Scheme 2.17).33 Although the redox potential of Ir(ppy)2(dtbbpy)* (£}, /D
=-1.51 V vs SCE in MeCN) suggest that a SET might occur with aryl iodides (E12 = -1.71 to -1.55),
such a pathway was highly unlikely with unactivated alkyl iodides (Ei2 < -2.1 V). However, Lee
observed that unactivated alkyl iodides could be utilized as substrates, albeit longer reaction times
were required; intriguingly, no mechanistic explanation was provided. The SET to C(sp?)-I bond is
likely occurring at the o* (C-I) orbital prior C—I scission, whereas the reaction of C(sp?)-I bond may
involve a localized radical anion intermediate followed by orbital rotation to favor the subsequent
heterolytic cleavage of the C—I bond. Regardless of the mode of action, the seminal work of Lee

paved the way for designing ATRA reactions with unactivated alkyl iodides.

Ir(ppy)2(dtbbpy)PFg (3 mol%)
> —H

DIPEA (10 equiv.)

MeCN, Blue LEDs

H
H (@) H =] H
o) "N ’Hz\/
/ |
Br cl o Bn 7 Ts
92% 82% 95% 93%

Scheme 2.16. Photoreduction of unactivated iodides with Ir(ppy)(dtbbpy)PFs

2.3. General Aim of the Project

At the outset of this PhD thesis, the development of photoredox-mediated ATRA reactions remained
restricted to the utilization of activated alkyl halides. Driven by this observation, we aimed at
providing a solution to this challenge, hoping that such a pathway might open up new perspectives

for the utilization of wunactivated alkyl halides within the photoredox arena beyond
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photodehalogenation processes. In line with other metal-mediated ATRA reactions (see for example,
Scheme 2.9), we anticipated that we could tackle this challenge by incorporating a m-component

within the alkyl side-chain, thus enabling an ATRC process.

2.4. Visible Light-Photoredox Promoted ATRC of Unactivated Alkyl lodides

As indicated above, Stephenson and Lee’s independently work paved the way for the utilization of
unactivated alkyl halides in photochemical transformations under visible light irradiation,?
suggesting that the implementation of ATRC reactions might be within reach under appropriate
reaction conditions. However, we anticipated that this could not be particularly straightforward, as
the in situ generated alkyl radical might trigger a HAT process prior to intramolecular cyclization,
leading to otherwise similar products to those described by Stephenson and Lee. Additionally, we
should take into consideration that the product should be stable under the reaction conditions,
preventing a subsequent C—I homolysis, and that the overall transformation should be kinetically and
thermodynamically downhill. With all these considerations in mind, we decided to start our
investigations with unactivated alkyl iodides decorated with triple-bond on the side-chain as radical
acceptors. In principle, a 5-exo-dig radical cyclization should trap effectively the in situ generated
alkyl radical, thus changing the hybridization of the C-I bond (sp’ to sp”), making the reaction
thermodynamically and kinetically downhill. However, it was unclear whether the lower bond-

dissociation energy of the final sp? C—I bond would ultimately lead to a parasitic HAT process.

Itransfer I

e 1 / R?
R | photocatalyst R\
—_— >
visible light
R2 R2 \\\\\\\\‘ R1
Xs >_<— =
H-transfer H x-H

R2

Scheme 2.17. Challenges associated to the ATRC reaction with unactivated alkyl halides
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2.4.1 Optimization of the Reaction Conditions

Ph—— photocatalyst (1 mol%) Ph>:<:' Ph>:<j
I—\_> Amine, ACN (0.1 M) | < H >

3 days, Blue LEDs

1s 1 1-H
entry photocatalyst amine conversion yield of 1
1 fac-Ir(ppy)s DIPEA (0.5 equiv) 68% 39%
2 fac-Ir(ppy)s DIPEA (1.0 equiv) 78% 41%
3 fac-Ir(ppy)s Cy,NMe (0.5 equiv) 82% 34%
4 fac-Ir(ppy)s Cy,NMe (1.0 equiv) 96% 15%
5 Ir(ppy)o(dtbbpy)PFg DIPEA (0.5 equiv) 78% 45%
6 Ir(ppy)o(dtbbpy)PFg DIPEA (1.0 equiv) 100% 28%
7 Ir(ppy)2(dtbbpy)PFg Cy,NMe (0.5 equiv) 100% 20%
8 Ir(ppy)2(dtbbpy)PFg Cy,NMe (1.0 equiv) 83% 39%

Conversion, yield and ratio were calculated with GC-FID with decane as internal standard.

Table 2.1. Photoredox ATRC of unactivated alkyl iodides

Driven by our ongoing interest in cross-coupling reactions of unactivated alkyl halides,** and
encouraged by Stephenson and Lee’s contributions,*? we initiated our study with (6-iodohex-1-yn-1-
yl)benzene as model substrate under Ir(III) photocatalyst conditions with an appropriate tertiary
amine. As expected, the unactivated C(sp*)-I bond can be photocleaved to give reduced product 1-H
with the formation of the targeted ATRC product (1) after three days reaction time (Table 2.1).
Intriguingly, the use of 50 mol% of amine showed high reactivity, albeit in low chemoselectivity
(entry 1, 3, 5 and 7), as stoichiometric quencher was often required in a typical reductive quenching

scenario.

Ir(ppy)2(dtbbpy)PFg (1 mol%) Ph Ph
DIPEA (0.5 equiv) |>_<j ( H>_<j>

12-16 h, Blue LEDs

1s 1 1-H
entry solvent (0.1 M) conversion yield of 1

1 ACN 66% 40%
2 DMF 38% 16%
3 DMSO 74% 39%
4 NMP 30% 8%
5 DMAc 28% 13%
6 Toluene 0% 0%
7 Dioxane 7% 9%
8 tBuCN 32% 32%
9 ACN (2 mol% Ir) 63% 43%
10 ACN (1.0 equiv DIPEA) 73% 39%
11 ACN (0.2 M) 70% 51%
12 ACN (0.05 M) 62% 39%

Conversion, yield and ratio were calculated with GC-FID with decane as internal standard.
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Table 2.2. Solvent screening

With the conditions of entry 5 in hand (Table 2.1), we next focused on screening a wide variety of
solvents (Table 2.2). Polar solvents tended to give moderate to good reactivity (Table 2.2, entry 1 to
5) while apolar solvent showed way less or no reactivity (Table 2.2, entry 6 and 7), indicating that
the electron transfer event might be favored in the former and inhibited in the latter. Although high
conversions were found in DMSO, non-negligible amounts of aliphatic aldehyde (20% by H-NMR)
were obtained in the crude mixtures, suggesting that a Kornblum oxidation took place. Among all
solvents analyzed, ~BuCN without weak sp? C-H bonds provided the best specificity in terms of
chemoselectivity profile, as trace amount of reduced 1-H was observed, albeit in lower yields (entry
8). This might suggest the reduced product (1-H), at least partially, might derive from the weak sp*
C-H bonds present in the solvent via HAT.

Ph——= Ir(ppy)2(dtbbpy)PFg (1 mol%) Ph Ph
'; ) DMSO (02M) |>_<j ( H>_<j>

12-16 h, Blue LEDs

1s 1 1-H
entry reductant (0.25 equiv) conversion yield of 1
1 Et;N 63% 37%

2 BusN 71% 48%

3 BnNMe, 36% 1%
4 TMEDA 53% 6%
5 EDTA 25% 2%
6 DBU 42% 8%
7 Me,S 5% 1%
8 PhNMe, 23% 1%
9 B-1 30% 4%
10 B-2 14% 3%
11 B-3 48% 24%
12 B-4 20% 1%

Me
MeW@ BrONTMSZ DNM% CN—Ph
B-1 B-2 Me B-3 B-1

Conversion, yield and ratio were calculated with GC-FID with decane as internal standard.
Table 2.3. Reductant screening of photoredox ATRC of unactivated alkyl iodide

In light of these results, we decided to continue our optimization in DMSO with lower amounts of
tertiary amine in order to prevent parasitic HAT reactions. Not surprisingly, amines containing
relatively weaker C—H bonds gave rise to more reduced product (Table 2.3, entry 3 to 5) while the
utilization of aniline derivatives (Table 2.3, entry 8-12) turned out to be detrimental compared to the

corresponding alkyl series (Table 2.3, entry 1 and 3). Interestingly, the employment of bulky and

40



UNIVERSITAT ROVIRA I VIRGILI
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS
Yangyang Shen

nucleophile amine DBU showed some reactivity (Table 2.3, entry 6), but with considerable amounts

of the corresponding ammonium salt by reaction with 1s.

éar/
or Y St J HAT

a
| H

Scheme 2.17. When came out the reduction?

Taking into consideration the above data, it was unclear whether the reduced product derived from
a parasitic side-reaction from the final product under the reaction conditions or whether HAT
occurred prior to C—I bond-formation (Scheme 2.17).

Ph—— Ir(ppy),(dtbbpy)PFg (1 mol%) Ph>:<j Ph>:<j
I; > DIPEA (0.25 equiv) | H

DMSO (0.2 M), Blue LEDs

1s 1 1-H
entry time conv. % 1% 1/1-H
0.5h 32 29 5.5
2 0.5 h, then 2 days in dark 64 25 5.3

Ph):O Ir(ppy)2(ctbbpy)PFs (1 mol%) Ph}:O
X - I

DIPEA (1.0 equiv), 24h

+-BuCN (0.1 M), Blue LEDs
X/H=17:1 X/H=37:1

Scheme 2.18. Origin of the reduced product

Therefore, a series of experiments were designed to find out the pathway from which the reduction
event took place. It was found that after 30 min, the reaction of 1s in DMSO with DIPEA (0.25 equiv)
led to a good 1: 1-H ratio; interestingly, stirring the reaction for a longer time in the dark gave rise to
considerable amounts of aliphatic aldehyde via Kornblum oxidation. Particularly noteworthy was the
experiment shown in Scheme 2.18 (bottom), finding out that exposure of the ATRC product (1) under
t-BuCN in DIPEA (1 equiv) resulted in a non-negligible erosion in 1: 1-H ratio after 24 h irradiation,
thus suggesting that the product is amenable to C—I homolysis followed by HAT.
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Cy— Ir(ppy)»(dtbbpy)PFg (1 mol%) Cy>:<:‘ Cy>:<j
'; > DIPEA (1.0 equiv) | ¥

12 h, Blue LEDs

2s 2 2-H
entry solvent (0.2 M) conv. (%)@ 2 (%)?2 2-H (%)

1 ACN 98 68 25
2 EtCN 53 30 20
3 -PrCN 47 30 11
4 t+-BuCN 93 89 0
5 DMF 58 35 13
6 DMSO 100 82 7
7 Acetone 47 33 6
8b +BuCN 85 76 1

9° +BuCN 45 39 0

2 determined by GC using decane as internal standard. ? without freeze-pum-thaw. ¢ under air.
Table 2.4. Solvents screening with 2s

In light of these results, it was clear that the starting precursor we utilized in our optimization
delivered non-negligible amounts of reduced product. Therefore, we decided to slightly modify the
starting alkyl iodide with a cyclohexyl-end capped alkyne. As shown in Table 2.4, this seemingly
trivial modification resulted in a much more desirable outcome, obtaining significantly lower
amounts of reduced product. Specifically, it was found that 2 could be obtained in 68% yield together
with 25% of 2-H in MeCN after half day irradiation (entry 1). As expected, the solvent had a marked
influence on both yield and selectivity. For example, while 2-H was not observed with a protocol
based on -BuCN (Table 2.4, entry 4), solvents that can act as HAT donors generated substantial
amounts of 2-H such as MeCN, i-PrCN, DMF, DMSO or acetone (Table 2.4, entries 1 to 3 and 5 to
7).3” In addition, we found that exclusion of oxygen was necessary to obtain high yields of the targeted

product (entry 4 vs entries 8-9).

Cy—— Ir(ppy)(dtbbpy)PFg (1 mol%) Cy>:<j Cy>:<:|
'; ) tBUCN 02M) | ¥

12 h, Blue LEDs

2s 2 2-H
entry amine (equiv.) conv. (%)? 2 (%)? 2-H (%)?

1 DIPEA (1.0) 93 89 0
2 EtsN (1.0) 100 88 2
3 BusN (1.0) 100 87 0
4 Cy,MeN (1.0) 100 82 0
5 PMP (1.0) 100 85 5
6 DIPEA (0.5) 93 86 0
7 DIPEA (0.25) 84 84 0
8 DIPEA (0.13) 69 67 0
9b DIPEA (0.13) 88 83 0

a GC analysis using decane as internal standard. © 48.PMP: 1,2,2,6,6-Pentamethyl piperidine
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Table 2.5. Amines screening with 2s

Encouraged by these results, we next set up to explore the influence of the amine when using 2s as
starting precursor (Table 2.5). Although the nature of the amine did not have a significant influence
on reactivity and selectivity (Table 2.5, entries 1to 5), it is worth noting that catalytic amounts of
DIPEA delivered 2s in a remarkable 83% yield, but at a considerably lower rate (Table 2.5, entry 9).
This result indicated that a canonical photoredox cycle might not come into play, as a typical reductive

quenching requires stoichiometric amounts of the quencher.

Cy—= photocatalyst (1 mol%) Cy,
'; > DIPEA (1.0 equiv), +BuCN (0.2 M) ,> O

12 h, Blue LEDs

2s 2
entry photocatalyst emission E(M/M7) lightsource conv. (%)@ 2 (%)?
1 Ir(ppy)2(dtbbpy)PFg 581 nm -151V  Blue LEDs 93 89
2 Ru(bpy)s(PFe)2 615nm -1.33V  Blue LEDs 56 53
3 Ir(ppy)s 494nm -2.19V  Blue LEDs 63 58
4 Ir(dFCF3ppy),(dtbbpy)PFs 470 nm -1.37V  Blue LEDs 91 83
5 Ru(bpz)3(PFg), 591 nm -0.80V  Blue LEDs 12 8
6 Pt(ppy)(acac) - - CFL (2x 23 W) 98 86
7 Fluorescein 514nm -1.27V CFL(2x23W) 78 71
8 Fluorescein 514nm -1.27V  Green LEDs 32 26
9 Fluorescein Sodium 515 nm - Green LEDs 77 70

4 GC analysis using decane as internal standard.
Table 2.6. Photocatalysts screening

Putting everything into perspective, we questioned whether the efficiency of our photochemical
ATRC could be correlated to the redox potential of the Ir photocatalyst employed. Therefore, a
systematic screening of photocatalysts was our next goal. The results compiled in Table 2.6 are
particularly intriguing if one takes into consideration the remarkable mismatch between the redox
potential of 2s (E1," < -2.5 V vs. SCE in MeCN), and the redox potentials of the corresponding
photocatalysts. Indeed, we realized that stronger reducing complexes such as fac-Ir(ppy)3 (Ered Ir'™/Ir!!
= -2.19 V vs SCE in MeCN) resulted in a significant erosion in reaction rate (entry 3), whereas
strongly oxidizing Ir(dFCF3ppy)2(dtbbpy)PFe (Ereq Ir'/Ir = -1.37 V vs SCE in MeCN) delivered
otherwise identical yields (83%) (entry 4), thus challenging the perception that a conventional SET
photoredox catalytic cycle is operative. Control experiments revealed that the presence of both

DIPEA and Ir(IIT) under visible-light irradiation was absolutely critical for success (Table 2.7).
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Cy— Ir(ppy)2(dtbbpy)PFg (1 mol%) Cy, Cy,
'; > DIPEA (1.0 equiv), -BuCN (0.2 M) ,> <j H) <j

12 h, Blue LEDs

2s 2 2-H
entry deviation conv. (%)@ 2 (%)2 2-H (%)?

1 in the dark - trace -

2 no DIPEA - <1 -

3 no Ir(ll1) - 2 -

4 Ir(11) (0.5 mol%) 78 78 -

5 CFL (223 W) instead 87 78 2

@ determined by GC using decane as internal standard.
Table 2.7. Control experiments

Taking into consideration the results shown above, one might wonder whether an ATRC reaction
could be implemented by using alkyl bromides as starting precursors. Unfortunately, however, this
turned out not to be the case for a wide number of substrates analyzed with different substitution
patterns at the alkyne terminus. Therefore, alternative strategies should be necessary to

photochemically cleave inert unactivated alkyl bromides via visible light photoredox technique.

visible light PO N
photocatalyst ' (‘g R HAT : '
. _—
N R2 2
Br ("’Rz * Si— carbon-centered H ~2Y1 H—(ﬂz
R? \ radical RZ R R
sp® & sp? .
BDE: C-Br 76 kcal/mol Si—Br 85.6 kcal/mol

Condition: Ir(ppy).(dtbbpy)PFg (0.5 mol%), DIPEA (2 equiv), TTMSH (2 equiv), air, MeCN
Scheme 2.19. Visible light photoredox reduction of unactivated bromides

It is worth noting that in 2016, the Stephenson group described a photodebromination
transformation that made use of silyl radicals to abstract bromine atom from even unactivated organic
bromides (Scheme 2.19).3¢ Obviously, this strategy was not suitable for ATRA type reactions as the

corresponding product will react with the corresponding silyl radicals.
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— Kl (10 - 20 mol%) I
@ Ir(ppy)o(dtbbpy) PFg (1 mol%) E>—>:<:‘
DIPEA (1.0 equiv), t-BuCN (0.2 M)

4s-Br 12 h, Blue LEDs 4, trace

— Bn/@ 5 (10 mol%) I H I
Br _ 4):@ 4):<:| —
Ir(ppy),(dtbbpy)PFg (1 mol%) ~ Bn Bn

DIPEA (1.0 equiv), t-BuCN (0.2 M)
4s-Br 12 h, Blue LEDs 5, trace 5-H, trace 4, trace

= B I ) 5(100mol%) | :
Br J:G — Br
Ir(ppy)2(dtbbpy)PFg (1 mol%) Bn Bn):@

DIPEA (1.0 equiv), t-BuCN (0.2 M)
4s-Br 12 h, Blue LEDs 5, 82% 4, trace 5, trace

Scheme 2.20. Interrupted I-ATRC by unactivated alkyl bromide

Aiming at providing a solution to this challenge, we questioned whether the addition of KI would
trigger the ATRC reaction of an alkyl bromide. However, traces amount of 4 were observed in the
crude reaction mixtures (Scheme 2.20, up), suggesting that a halide exchange via conventional
Finkelstein reaction did not occur, or at least at a decent extent. Intriguingly, traces amount of 4 were
found when utilizing catalytic amounts of Ss in the ATRC reaction of 4s-Br (Scheme 2.20, middle)
whereas the utilization of stoichiometric amounts of § gave rise to traces of 5 (Scheme 2.20, bottom).
These results highlight the difficulty for conducting an ATRC reaction with unactivated alkyl
bromides in the presence of iodide species, probably due to the ease of C-I bond-homolysis and the

high-lying o* orbital of the C(sp*)-Br bond.
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2.4.2 Preparative Substrate Scope
Ri—= Ir(ppy)o(dtbbpy)PFg (1 mol%) R?
I\ > DIPEA (1 equiv), t-BuCN (0.2 M), Blue-LEDs |}_<:'

=0 e % sRatiiats

1,73% (R = Ph)
2,87% (R = Cy) 3, 96% 4,91% 5, 88% 6, 60%
HN
Me Me Me Me _\—Cl 0 =
- e
Me-Si s. 0
[ : | =
[
7,81% 8, 75%C 9, 66% 1o, 95% 1, 72%

% % %

12,61% 13, 89% 14, 90% X-ray of 14

aAs for Table 2.4, entry 1 (12-96 h). P Isolated yields, average of at least two runs. ¢8 (5.80 mmol scale) with Ir-2 (0.1 mol%).

Table 2.8. Scope of I-ATRC with Single Cyclization

With the optimized conditions in hand for our ATRC reaction of unactivated alkyl iodide (Table
2.4, entry 4), we next focused our attention on exploring the preparative scope of this reaction. As
evident from the results compiled in Table 2.8, our visible light photocatalytic ATRC of unactivated
alkyl iodides turned out to be highly chemoselective, as alkyl iodides possessing silyl groups (7, 8
and 12), nitriles (9), alkenes (11), carbamates (10 to 14), trifluoromethyl (13) or trifluoromethoxyl
(14) group among others, were accommodated quite well. Importantly, substrates with steric
hindrance showed good to excellent reactivity (6 to 8). Notably, aryl or alkyl halides do not interfere
(10, 13), providing an additional handle via iterative metal-catalyzed cross-coupling techniques.
Moreover, the reaction of 8 could be easily scaled up, even at 0.1 mol% loadings of Ir(III)

photocatalyst.
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