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Abstract

PhotoredoxCatalyzedSite-Selective Functionalization of Primary Amine Derivats

Melissa A. Ashley

Given the prevalence of primary amines in biologically active molecules, an important area of
research is devoted to creating methods tessitectively functionalize their €p’)-H bonds. For
simple aliphatic primary amines, manitbese CH bonds are chemically indistinguishable due

to their similar electronics and sometimes, steric environments. Through strategic choice of
activating group, sitselective functionalizativat botha- andd- positions is achieved. Exploiting
inductive effect allows for a photoredmatalyzed a-C(sp)-H alkylation of
trifluoromethanesulfonamides. In the case of trifluoroacetamides, functionalization is directed to
a distal C(sp-H site va [1,5}hydrogen atom transfer which results in a fornahl
aminomethylation andi-cyanation. Lastly, by subjecting primary amines to an elegtobn
benzaldehyde activating group, we leveraghl Gonds as a functional handle for deaminative

radical cros-couplings.
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Chapter 1: An Introduction to Photoredox Catalysis

1.1 A Brief Introduction to Photochemistry

Photochemistry is. powerful tool for addressing challenging transformations. Fascinatingly,
sunlight catains the energy to overcome high thermodynamic barriers associated with breaking
strong bonds. The sun emits a distribution of ragiiatilescribed by the electromagnetic spectrum,
which extends from high energy gamma rays to low energy radio wavese ttAére are many

uses for all areas of the electromagnetic spectrum, organic chemists have primarily focused on a

A (nm) 350 400 450 500 550 600 650 700 750
uv Visible IR
E (kcal/mol) 72 57 48 41
Absorption Ranges: Saturated Ketones UV Visible
270 - 280 nm

Simple Alkenes Cyclic Alkenes a,B-Unsaturated Ketones
190 - 200 nm 250 - 270 nm 280 - 300 nm

A (nm)
150 200 250 300 350 400 450
Acyclic Dienes Aromatic Comounds Common Photocatalysts
220 - 250 nm 250 - 280 nm 350 - 440 nm
Styrenes
270 - 300 nm

Figure 1.1 Electromagnetic Spectrum and Absorption Ranges of Organic Molecules.

small fraction of the spectrum, spanning from ulti@et to visible light radiation since many
organic mdecules interact with photons of these wavelengths via excitaioyure 1.1).
Excitation involves promoting an electron from a loweemgy orbital to a higher energy orbital
and can often provide the means for bypassing high activation baB#rsniel.1).! As shown

in Scheme 1.1the generation of an excited reagent may proceed to product formation in an

1



Photochemical Reaction

Uncatalyzed Reaction

R*
A A
bypass
high
activation
energies |
> high > | y downhill
S energy S hv L process
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Ciamician and Silber (1908)
Scheme 11 Photochemical Processes andEarly Examples.

exothermic, downhill process, which is the fundamental basis of photochemistry. Due to the
abundance of sunlighand the specificity of electronicamsitions within organic molecules,
photochemistry enables mild reaction conditions that target specific;aligarbing, functional
groups Figure 1.1) to give rise to highly strained componénts homolysis of strom bonds
(Schemel.1).® After decagés of advancement in the field of photochemistry, organic chemists
turned their focus toward catalytic processes. The optical properties of R@bmgve been
known since the early 1900s; however, it was not untiittireof the century that organibemists

began harnessing the redox properties of transition metal polypyridyl complexes.



1.2 Photophysical Processes and Properties of Photoredox Catalysts

There are multiple pathways of relaxation an excited electrompaeed by to reach its
ground stte (Figure 1.2)° If an excited species does not engage in productive quenching, either
radiative or norradiative decay from @ or (Ty) will occur. These relaxation pathways can be
further classified into spin allowdg®: A So) or spinforbidden (L A So) processes. FromShe
compound can relax back te@ $a spin allowed processes, fluorescence/thermal relaxation, or
undergo intersystem crossing (ISC) to a nearby triplet state. Relaxation pathwaysifrom T
experiace larger lifetime due to the spin forbidden nature of these processes. Many photoredox
catalyss engagein productive chemistryrom the excited tripledue to this increased lifetime

allowing for sufficient timefor a bimolecular event to occlir

Jablonski Energy Diagram Time-Scale Spin Processes
A E Excitation Sy T4
-15
Sz A (\ 10 s * . r
IC IC  Internal Conversion + L =
+ +  Vibrational Relaxation H !
VR VR 10-14_ 10-105 4_' 4_ '
~— Allowed Forbidden

Processes
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i —_— 07"-10"s Quenching

_ L A Fluorescence
o)
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c
5 .
Q Quenching * Chemical
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Phosphorescence
103 -1 ..
0 00 « Collision

Non-Radiative Decay
107 - 10 s (from S;)
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Yy Y

v v
E F Q P Q

Y

Figure 1.2 Jablonski Diagram and Time -Scale of Photophysical Processes.

In photocatalysis, an excited donor species, often a photocatalyst, can embark upon various

transformations, the most common being energy transfer photosensitization or electron transfer



photoredox catalysisF{gure 1.3). This can occur through either @rBter resonance ergy

transferor Dexter energy transférFor st er ener gy t r a mspfaecre 00 d cnures ave
and over long distances. The excited donor species forms a complex with the acceptor where the
relaxations from the excited seatof the donor provides the energy to promote a HOMO

L

2l

Donor Acceptor Donor* Acceptor

Excitation

Forster Resonance Energy Transfer Dexter Energy Transfer Electron Transfer

L I e b |

'
'

'

R R T | R I R I |

Donor* Acceptor Donor Acceptor* Donor* Acceptor Donor Acceptor*  Donor* Acceptor Donor™ Acceptor
occurs from S example from T, example of reductive electron transfer from T,
1 L ;
can occur from S; or T4 can be oxidative or reductive from S; or T,

Figure 1.3 Common Photochemical Transformations from an Excited Donor State.

LUMO excitation within the acceptor while conserving electran spgular momentum. Dexter
energy transfer can occur from either theitextsinglet or triplet state and requires the donor and
acceptor to be in close proximity. Through physical contact, electrons are simultaneously
exchanged between the excited dosiate to acceptor to produce an excited acceptor molecule.
The last cormon pathway for an excited donor molecule to proceed through is single electron

transfer, discussed in more detail in the following section.



1.3 General Mechanisn i PhotoredoxCatalysis

During an electron transfer process, an excited photocatalyst will aithes a reductant or

oxidant depending on thelectronic character of its reacting partnetJpon excitation of

CF3 PF6
N
[R] | Z O]
Ir”'
[+1.69 V] [-1.37 V]
[R] [0]
oxidative @ reductive
Irv quenching Y quenching Ir'
cycle ISC + MLCT cycle
- +
[C] [R]
CF; PFg
[-0.89 V] \‘\ // [+121 |

Ir'" * reductant Electron Transfer Ir't * oxidant

IV Acceptor® I *  Acceptor I Acceptor®

the excited state is both a stronger reductant and oxidant than the ground state species

Figure 1.4 Generic Photoredox Catalytic Cycle .

photocatalyst, for example, [Ir(6EFs-ppykdtbbpy]Pk (Figure 1.4), the excited " S is

generated thraah metaito-ligand charge transfer (MLCF).This excited state will then undergo



intersystem crossing to the excited TDue to its heteroleptic structure, the HOMO will reside
primary at the metal center and the LUMO will be delocalized around theydligbpd?® This

excited state is characterized as both a stronger oxidant and stronger reductant than its ground state
species allowing for the'ff triplet to proceed throughraductive quenching cycle, and act as an

oxidant, or an oxidative quenchiegcle and act as a reductaft.

1.4 A Brief History of Photoredox Catalysis in Organic Synthesis

Whereas photoredox catalysis has proven valuable for water splittoagbon dioxide
reductiont? and widespread application in inorganic and materials chemistryas not until the
1970s whenmesearcherbeganexamining photoredox catalysis address problems synthesis
Landmark transformations that signify modern photoredox catalysis eciugphotoredox
catalyzed reductive desulfuration by Kellogg in 897 a photocatalytic Pschorr reaction by
Derozier in 1984° and a reductive decarboxylative Giese reaction by Okada in the early 90s

Seminal Transformation - Organic Photoredox Catalysis

Reductive Desulfuration Kellogg (1978)
H H
Etozcré[coza
Q  Me | Ru(bpy);Cl,
1® O, + il N
ph)j\/&Me BF, Me” “N”"Me MeCN, hv ph)j\/H
Me
Photocatalytic Pschorr Reaction Deronzier (1984)
COZH C02
RU(pr 3Cla
MeCN hv
Reductive Decarboxylative Giese Reaction Okada (7991)

0 0 2 Co,R
0
o M1 e
o~ hv (>400 nm)
Y N
Bn

Scheme 12 Seminal Transformation s in Organic Photoredox Catalysis.



(Scheme 1.2 In addition to these key contributions, pioneering studies were combgted

Fukuzumi and TanakX,in addition to Pac during the same time pefidd.

Interestingly, it was not until the early 2000s that the field of photoredox catalysis saw a sharp

increase ofactivity, often attributed to three key reports by the Y&bnacMillan?® and

Stephensott groups Scheme 1.3

In 2008, Yoon anato-workers reported a Ru(bp@l.

Early Reports - Modern Organic Photoredox Catalysis

[2+2] Enone Cycloaddition

Yoon (2008)

(o) (0]
O 0 Ru(bpy)sCl, (5 mol %) Ph Ph
Ph | | Ph LiBF4, 'ProNEt o ’ H
MeCN 89%
275 W GE Sunlamp >10:1 dr
Asymmetric Alkylation of Aldehydes MacMillan (2008)

(6] Me
l—N
Me N)'”BU
H

(20 mol%) O  CO,Et

CO,Et Ru(bpy)sCl, (5 mol %)

0
+ — > H CO,Et
HJl\/\Ph Br)\COZEt 2,6-lutidine )‘j)\

Reductive Dehalogenation

Br

CO,Me
N
N

\ H \COZMe
Boc

DMF, 15 W CFL Ph 92%

90% ee
Stephenson (2009)

Ru(bpy)3Cl, (2.5 mol %) H

HCO,H. Pr,NE, WCOZMG
DMF, 14 W CFL NN
i H CO;Me
Boc 95%

Scheme 13 Landmark Examples Signifying the Beginning of Modern Photoredox

catalyzed [2+2] enoneycloaddition in which the excited state of the ruthenium catalyst performs

a singleelectron reductionfdhe enone. Notably, the Lewis acidic lithition is propose to assist

this redox event. A stepwise radical anion cycloaddition leads to cyat@bptoducts in high

yields Concurrentlyin 2008, MacMillan and cavorkers merged photoredox and organalysis

to perform an asymmetric alkylation of aldehydes.e Tdrmation of alkyl radicals was achieved



via a singleelectron reduction event of alkyl bromides. Radical addition into enamine coupling
partners and subsequent oxidation and hydrolysis edefiteers enantioenriched targets. The
following year, Stepbnson and cwvorkers reported a photoredoxcatalyzed reductive
dehalogenation of bromopyrroloindoline. Single electron reduction of the ehabogen bond

and subsequent hydrogatom abstraatin from eitherPLNEt/HCO:H or Hantzch ester quench
the radc a | and provides the r eduandedr pryqg Refein0sd.s

photoredox catalysis began to be considered a commonly employedfiponethod??
1.5 Organic Compounds: Redox Pagntials and Bond Dissociation
Strengths

A common aspect among early organic photorechialyzed transformations was the use of
a ruthenium photocatalyst. The growth of the field is linked to the expansion of available
polypyridyl metal complexes and ttability to finetune the luminescence pespes of these
species to manipulate their oxidizing/reducing pot®erlridium photocatalysts soon became
preferred due to their superior photophysical properties. Compared to ruthenium catalysts, iridium
has a leger redox range and greater photonpuin(~1615 kcal/mol).

Additionally, the introduction of iridium heteroleptic complexes allows for thetiuméeng of
oxidation and reduction capabilities. While transition metal polypyridyl complexes are sgilywid
utilized, there has been an emergeatorganic chromophoré$.The welkstudied photoinduced
electron transfer processes of these conjugated organic dyes are now being harnessed in
photoredoxcatalyzed transformations. Whereas these catalysts pravigore environmentaly
conscious optin, they can often be plagued by shorter excited state lifetimes, decreasing the
likelihood to promote desired photochemical reactivity. Ruthenium photocatalyst Ri{bpgs

an excited state singlet lifetime of 800 femtoseconds (fs) and an excistake triplet lifetime
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Figure 1.5 Electrochemical Series of Common Organic Functionalities and
Photocatalysts - Reductive.

of 1100 nanoseconds (rf8) Organic catalysts, which often participate in a PET process from the
excited singlet state, are characterized by fluorescence lifetime8®ng2® Given the sigificant

advancements in catalyst design, targeting specific functional groups to undergelsogtn
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Figure 1.6 Electrochemical Serie s of Common Organic Functionalities and

Photocatalysts - Oxidative.
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transformation is achievable given the available reduchigu(e 1.4) and oxidativeigure 15)

redox ranges of lib transitioametal and organiphotocatalysts’
1.6 Radical Philicity: Classification and Reactivity

When analyzing radical reactivity, these omell species can be classified as either
electrophilic ornucleophilic Gcheme1.4).2% Although there are expéions to this qualitative
trend, radicals that form a stable anion upon reduction, sutentdmitoxy radical, are classified
as electrophilic. Radicals in which an oxidation event forms a stabtcatich asert-butyl

radical, are denoted as numpdilic. Classifying radicals as either nucleophilic or electrophilic

Qualitative Designation - Radical Philicity electrophilic radical
I - O
leophili ® ) . BuO* —+ e - '‘BuO vs
nucleophilic < ce— O — L e—» O electrpphlllc
radicals ) radicals nucleophilic radical
o Radical
radical is more stable radical is more stable By+ - - e-—» ’Bu® vs
as the cation as the anion
Knowles (2019) Electrophilic Radical Coupling Partner

electrophile
2,4,6-triisopropylbenzenethiol (30 mol%) T\]'
H o+ [Ir(dF-CF3-ppy)y(4,4'-dCF3-bpy)IPFg (2 mol%) C
l}l' > ';I/D H
H H

H
1
Dioxane (0.05 M), Blue LEDs L (7

7% nucleophro

Noel (2020) Nucleophilic Radical Coupling Partner
Me CN me >—Me nucleophile

M CN M € (

Me>|\e . Ph/\r TBADT (1 mol%) - Mej\)\CN
Me” “H N CH4CN:H,0, 10 barr e D)
60 W 365 nm LEDs Ph X CN

; 0 Ph

continuous flow 91%

electrophile CN

Scheme 14 Classifying Radical Philicity.

also depicts their reactivity during a reaction. In 2019, Knowles anslockers performed a
photaedoxcatalyzed intermolecular artlarkovnikov hydr@amination between primary amines
and unactivated alkené$.The key carboitarbon bondorming step occurs when tipesystem

adds into the electrophilic nitrogen radical cation. Contrarily, a recéhtation by N@& and ce

11



workers demonstrate a photdoa-catalyzed radical coupling process in which alkenes act as the
electrophilic sourcé® Using TBADT as a dual photo/HAT catalysts, the generated nucleophilic
carboncentered radicals couple with various Michael acceptors. Analyzing radical phildasty ai

in designing reaction conditions, coupling partners, and exogenous reagents thatmaegdd to

turn over a catalytic cycle. In the Giese reaction, nucleophilic radicals add across €lectron
deficient olefins such as acrylates and enones. By cqgretastronrich alkenes are more likely

to act in a nucleophilic fashion and couple vatactrophilic radicals?

Bond Dissociation Energies

E (kcal/mol)
hydrocarbons a-heteroatoms
Me._H Me._H H MeO.__H MeHN.___H
HaC=H Me _H he > H
Me Me Me Me7<|\/le Me7<l\/le
Me Me
104 100 97 95 113 85 93 90
amines amides alcohols thiols silanes disulfide
Me .H Me.. .H Ph.. .H 0O
N N N L MeO-H MeS=H Me;Si=H PhS=SPh
H Me H Me NH»
102 95 90 99 105 87 95 51
halogens carbonyl groups
(0] (0] (0] (0] (0]
HsC=F  HsC=Cl  HsC=Br  HsC=I H H H H
Me)LO' \)LOMe \)LMe \)LOH Me)LH
109 84 70 56 112 97 96 93 89

Figure 1.7 Bond Dissociation Energies of Common Organic Functionalities.

Radical stability can be predicted through analysis of bond dissociation en€igia® (1.7).32
The weakeithe bond strength, the more stable the resulting radical. Contrarily, bonds that are

difficult to homolyze often result in high energy, reactive radical intermediates.
1.7 Hydrogen Atom Transfer

Hydrogen atom transfer (HAT) reactivity is ditgd not only ly the strength of the hydrogen

bond but also the identity of the abstractéig(ire 1.8). The active HAT reagent can either be

12



formed via direct excitation or through a redox event. The excited states oh-tetra
butylammonium decatungstafeBADT) and b&zophenone (BP) often directly engage in HAT,
allowing these reagents to act as both a photo and HAT catalyst. In contrast, most HAT catalysts
are formed via interaction with an exogenous photocatalyst, often through an oxidation event. In

Hydrogen Atom Transfer Catalysts and Reagents

P o o’| X Me 0 0 -
/,O'—.W O ==t V' o\ . .u 1 & Me;N—>B

o:w‘o_vaoil_o vlvo ——/W 0 O+M2Ae S=Ar -O’E’\OH r | >VMe
\o"c') 0 O0¢4lo 0 OH 'Pr Me
O\W‘/O\W/O

0} 0}

Figure 1.8 Selected Examples of Hydrogen Atom Transfer Catalysts and Reagents.

the field of dual photoredeMAT catalysis, the majority of reactions employ electrophilic HAT
reagents.Transformations that implement a nucleophilic hydrogen atom abstractor remain
challenging due to degradation pathways and ofterk iagdrogen bond® Hydrogen atom
transfer can be further classified as either a RiDiZzen process, polaritgiriven processor a
directed HAT event§cheme 1.h

BDE-Driven HAT:Ni cewi cz6s and Al tebbaycyciahedise demonstdates i o n
a BDEdriven process to functionalize the weakegt & An oxygencentered radical, formed
upon singleelectron oxidatiormf the tribasic phosphate, abstracts th€ 3p’)-H over stronger
and2° present in the molecule.

Polarity-Matched HAT: Work by the MacMillan group demonstrates a polarity matched process
where the HAT catalyst will activate the site with favoeadlectronics within the transition stage.

In this example, the electrophilic quinuclidine HAT catalyst abstracts, the strongerhyaividic
a-nitrogen GH (~92 kcal/mol) is abstracted in the presence of weaker bonds (beszytiggen

C-H ~ 86 kcal/mol) due to the polaritpatched nature of the transition state.

13



BDE-Driven HAT Polarity-Matched HAT Directed HAT

~90
~87 H
~98
@0 @ ()
~97 '
~100 ~97 ~90 Me
BDE values in kcal/mol BDE values estimated for neutral piperidine

BDE-Driven HAT
Nicewicz and Alexanian (2018)

KsPOy4 (1.1 equiv.) Me

Me
H ] Me SONs  [Mes-(1Bu),-Acr-PhIBF, (5 mol%) Ny | Me
Me + . Me
HFIP, 455 nm LEDs

51%

Polarity-Matched HAT
MacMillan (2017)

CF3 Ni(BF) * 6H,0 (10 mol%)

FsC
4,4-di('Bu)-2,2"-bpy (10 mol%) \O\
[Ir(dF-CF3-ppy),(dtbbpy)PFg (1 mol%) o
Quinuclidine (20 mol%) -
MeCN, 34W blue LEDs N

Boc 52%
<20:1rr
. Directed HAT
Rovis (2016)
ZC0,Bn
(e} K3PO4 O
[Ir(dF-CF 3-ppy),dtbbpy]PFg (2 mol%)
FsC)J\N/\/\rMe - E C)LNW\/COZBn
H PhCF3, blue LEDs 3 H

Me Me
69%

Scheme 15 Classification of Hydrogen Atom Transfer E  vents.

Directed HAT: The last classificain is directed hydrogen atom transfer, as implemeintedir
groups photoredoscatalyzed d-functionalization of trifluoroacetamidé$. Single-electron
oxidation produces a nitrogeentered radical which undergoes a [HBT to direct
functionalization athe distal position in a sigelective manner.. A summary of factors affecting

the selectivity witnessed during HAT catalyzed transfations can be found Figure 1.9.%7
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Inductive Effects

H H
H
N < I < Oi EWG/\/\Me
Rl
1° 2° 3° electron rich

/‘ H

O 1
Boc Me sterically
* * hindered
n—> oy ®cc ® e HAT event
Transition State Effects
).(,—,H' enthalpic barrier )-(,/,H' entropic barrier
’ B ’
:C}/ AAH: 6.6 kcal/mol ACI AAS: 2.5 kcal/mol
X=C X=0
[1,4]-HAT [1,5]-HAT
favored T.S.

Figure 1.9 Factors Affecting HAT.

1.8 Proton-Coupled Electron Transfer

Transitions inwhich both an electron and proton are exchanged in an elementas),sae@(
considered protoroupled electron transfers (PCETS). If this exchange happens simultaneously,
the event is classified as a concerted PCET, versus the alternative stepvase Bigare 1.10).
Central to many biological redox procesd®CET has only recently gained popularity, or
acknowledgment rather, within the synthetic commutfitfhe coupling of these two elementary
steps allows for the homolytic cleavage of strondrbgen bonds and reduction/oxidation often
considered thermodwmically challenging. Protonation/deprotonation can potentially drastically
alter redox potentials and vice varshe oxidized/reduced form of a reagent can significantly

change its a.*° PCET lowers the energetic barrier to activation and often precatd faster rate

electron poor

Steric Effects

H sterically
accessible
C-H bonds

Hl
"\
e
C-

[1,6]-HAT

when compared to the stepwise processes containing two elementafy steps.
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- - bond dissociation energies and redox potentials
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Figure 1.10 Concerted Proton-Coupled Electron Transfer .

1.9 Dual Photoredox and Transition Metal Catalysis

C(sp)) centers haveften been considered challenging to activate via transition metal catalyzed
crosscoupling reactions. These Cgyplerived organometallic reagents can suffer from
degradation/undesired pathways, exhibit challenging tranatieta steps during the cdydic
cycle due to steric hindrance, and can sometimes be considered difficult to ‘Rarite.
emergence of photoredox catalysis provides a mild method for producing alkyl radicals while
circumventing the challenges facingditional alkyl reagents uséadr C(sp) activation. Carbon
centered radicals are known to be trapped by Ni(ll) spétiesmed via oxidative addition of
Ni(0) catalyst into aryl, alkenyl, or alkyl halides. With this key precedent, the groups ofdéolan
Doyle, and MacMillan soughto intercept these Ni(ll) intermediates with a radical coupling
partner produced via a photoredaediated oxidative pathways. Subsequent reductive
elimination generates the desired product, and the reduced photocataaution would
regenerate thactive Ni(0) catalyst. Simultaneously, these groups demonstrated the feasibility of
merging the two catalytic cycles in a dual photoredox and nickel catalyzed decarboxylative cross

coupling with aryl halides (Doyle and Madlln; Scheme 16)** and the C(8%)-C(spf) cross
16



1-bromo-4-methylbenzene

NiCl; « glyme (10 mol%)
O\ [Ir(dF-CF3-ppy),(dtbbpy)]PFg (1 mol%)
N~ COzH > N
! dtbbpy (15 mol%), Cs,CO3 (1.5 equiv.) é Me
oc

Boc DMF (0.02 M), 26 W CFL
(1.5 equiv.) 78 %
Proposed Metallo-Photoredox Mechanism

O\COZH O

N N
Boc |'30,3

/\ SET
|rIII* |rII
\
Boc Me

L= Ni' = \ t
/ Reductive
SET Elimination
o |
L,— Ni'"' =Alk
) |
L= Ni° Ar

gy — Oxidative /
/@/ Ao/dit/c{A | Radical
| Addition
Me L= Ni' -Ar \ O

N
]

Boc

Scheme 16 Dual Photoredox Nickel Catalysis.

coupling between alkyl trifluoroborates and aryl bromides (Molarfddt)s important to mention
that the mechanism described above is likely oversimplified. Given recent work from Molander
and Gutierrez, it seems likely that many of these reactions operate via either a Ni(0)/Ni(ll) or
Ni(1)/Ni(lll) catalytic cycle depenthg on the identity of the carberentered radicdf
Nonetheless, it remains a useful way of describing how these reactions wonkaratdonclusive
mechanistic studiesppear

Since these seminal publications, many groups have expanded upon thisotogthad

perform dual photoredox/nickel catalyzed cross couplings starting from a variety of radical
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precursors (halide¥, silicates?® sulfinates?® oxalates? redox active pyridined
dihydropyridines? hydrocarbon®)>* and have translated dual photoredox/TM catalysis beyond
nickel (Pd>® Cu 8 Au®).

1.10 Summary

Photochemistry and photoredox catalysis allow for the selective generation ofereadioal
intermediates under mild conditions by-pgssing higlactivation energies. Productive pathways
can be achieved by either an energy transfer evérgtéf resonance or Dexter) or a single electron
transfer (SET). The merging of photoredoxatyis with various other methods, such as hydrogen

atom transfecatalysis and transition metal catalysis, has allowed for new reactivity and selectivity.
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Chapter 2: PhotoredoxCatalyzed SiteSelectivea-C(sp®)-H

Alkylation of Primary Amine De rivativ es

This workwas completed in collaboration withr. Chiaki YamauchiDr. John C. K. Chuand

Shinya Otsuka
2.1 A Brief Overview of Methods to Functionalizea-C(sp®)-H Bonds of

Amines.

The ubiquity of amine natural products and pharmaceutieaijetshas prompted a surge in
the development of methods which functionalize amines. Methods which accomplish the direct
functionalization ofa-C(sp’)-H bonds are particularly impactful. The main existing methods for
a-functionalization of amines ara-lithiation, metalcatalyzed GH activation, iminiurion
formation, as well aa-amino radical formationgcheme 2.}.1
a-Lithiation: a-lithiation methods transform aminesdeamino anions and react with a variety
of dectrophilic partners. Often, thisathod requires multiple steps, starting with the initial
lithiation, and followed by either trapping with an electrophile directly or undergoing
transmetallation, as in Campos andwo r k er s 6 raaylatianr af Boc-pmtected
pyrrolidines?
Metal-Catalyzed GH Activation:  Direct methods to achieafunctionalization of amines are
especially attractive since they remokie tequirement of harsh piactivation conditions, seen in
lithiation chemistry. There havbeen several important advances his tarea harnessing
transitionmetal catalysis, yet challenges remain when using this approach, such as issues with

regioselectivity and undesired reactivitye(b-hydride elimination). Transitiometalcatalyzed

23



\N)\O a—C(sp3)—H Functionalization of Amines

H
5 ~—N
Campos (2006) N H
1. s-Buli, (-)-sparteine b
1 & Br MTBE, -70 °C ( 5 \N)\o
a-lithiation ,}1 H + \© 2.2ZnCl, @ d)
Boc 3. PA(OAC), (4 mol%)
BusP-HBF, (5 mol%) 82%

dr 96:4
Yu (2017)

i i 9-anthracenyl
O

.0
SR (12 mol%)
OH

L 944 Lo X
metal-catalyzed  'pPr "N H 2 N © S

9-anthracenyl

(HO).,B
C-H activation + N
S Pd,(dba)s (5 mol%) d
i ; 1,4-Benzoquinone, KHCO3 84%
ipr

/P /P
' ' tamyIOH, 65 °C

Rovis (2012)

k/
Et m-dinitrobenzene
H CH,Cly, blue LEDs

iminium ion (5 mol%) ~
, NZ O
. N o Ru(bpy)sClz (1 mol%) @G ®y
~ +
Ph H
Et
\/\O

MacMillan (2011)

NaOAc
a-amino Ir(ppy)s (0.5 mol%) - .,
i ~
radical DMA, 26 W fluorescent light '}l N/\O
formation Ph CN 6

98%

Scheme 2.1Recent Site-Selective Methods to Activate d-C(sp3)-H Bonds of Amines.

C-H adivation occurs either by an inner sphere oxidatddition pathway, or concerted
metalationdeprotonation, as well as througlouter sphere mechanisms involving
carbenoid/nitrenoid* insertion into thea-C(sp’)-H bond® As seen in the transformation byY
and ceworkers, a directing group is often required to coordinate to the cezitdr and direct
activation to occur at the-C-H bond® In this example, coordination of the thioamide substrate

to the Pd metal center and oxidative addition intoake-H bond forms a stable-fmembered

24



palladacyclé which will readily undergo efficient crossoupling with aryl boronic acids.
Subsequent removal of thioamide directing group results in a farragllated pyrrolidine.
Iminium-lon and &-Amino Radical Formation: The last two modes of activation are iminlum

ion anda-amino radical formation. While these transformations can occur via traditional methods,
recent approaches have employed photoredox catalysis for its mild reaction conditions for amine
oxidation. In 2012, our group demonstrated a ddkheterocyclic carbne and photoredex
catalyzed asymmetria-acylation of tetrahydroisoquinoline derivaties.The excited state of
Ru(lll) performs a singkelectron oxidation of a tertiary amine and subseqgadmtdrogen atom
abstraction leads to iminium ion formatiavhich is intercepted with the Breslow intermediate. If

the oxidizedsamine undergoes a subsequent deprotonation insteadathsttactiona-amino

radical formation will occur, as seen in MacMillamd cewo r k er s 6 -gqatalyzeda-r e d 0 x
arylation ofN-phenylpipeiidine?®

2.2 Overview ofa-Amino Radical Formation via PhotoredoxCatalysis.

The majority of photoredegatalyzeda-C(sp’)-H functionalization of amines occur through a
a-amino radical intenediate!® Pioneering work includes transformation from Stephedon,

Nishibayasht:? Yoon'* Pandey and Reisét among others® The various methods to produce this

Amine Reactivity - Photoredox-Catalysis

M™* Mn-1
I \ A |
Et +
e er e,
Et +0.78 V vs SCE Bt
pK, = > 40 pK, = > ~14.7 (MeCN)
BDE = 90.7 kcal/mol BDE = 42 kcal/mol

Scheme 2.2Triethylamine Case Study t Amine Characteristics upon Single -
Electron Oxidation .
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Methods of Photoredox-Catalyzed Formation of a-amino Radicals

Oxidation-Deprotonation of AMiNes = -----=------cccocoooooooooooooo oo Nicewicz (2018)

v

DCM, blue LEDS N goc
82%

Hydrogen-Atom Transfer of AMiNes == ------- - -cccooooo oo Rovis (2018)

0
rH \)J\n—Bu
N)\O SET_> \g/\o N [Mes(-tBu),Acr-Ph]BF, (5 mol%) n-Bu

CO,Me
Quinuclidine (50 mol%)

H
\N)\o —HAT—= NN A/\ [Ir(dF-CF 3-ppy),(dtbbpy)]PFg (3 mol%) MS?
(5 6 NH

2 CO,, PhCH,//AmOH, blue LEDs

70%

Reduction of Imine Species----- === cmccenooooo ettt MacMillan (2014)
“OMe Ph
NT" Meooc” sH (20 mol%) HN”
. /io — HAT —» Ir(ppy)2(dtbbpy)PFg (1 mo|%)= Ph
N LiOAc (10 mol%)
OM
DMA, blue LEDs MeO e
83%
Preinstallation - Photocleavable Functionality- - - ----=---------cccccccccooooonoooooooooooooooonnn MacMillan (2014)
PhO,S
25 py,
(- {3
SET dtbbpy)]PFg (0.5 mol%) Ph
\N)\O —_ T — N/\O CO,H r(ppy)a( pYZ] 6 ( 0) - N
iN d dioxane, 50 °C, blue LEDs 1
Boc 76%
E:Z 94:6

Scheme 2.3Various Methods fo r a-Amino Radical Formation.

reactive intermediate include either an oxidaii@protomtion pathway, hydrogen atom transfer,
reduction of imines, or preinstallation of a photocleavélohetionality Scheme2.2).
Oxidation-Deprotonation The oxidatiordeprotonation pathway is often dominant under
oxidizing conditions due to the acidity tfie a-C-H bond upon oxidation. Amines, such as
triethylamine, frequently serve as sacrificial reductants in photoreal@atysis due to their ease
of oxidation. Upon singlelectron oxidation of the nitrogen lone pair, acidification ofah@-H

of theradical cation occurs. Nicewicz and-aorkers take advantage of this pathway in their
alkylation of Boeprotected secondary amin&cheme 2.3 Thissingleelectron oxidation evén

also dramatically weakens theC-H bond. If there is no suitable s®present, tha-C-H bond
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of the radical cation will undergo homolysis leading to iminium ion formation, as seen in our
g r o wmdylation of tertiary mines Scheme 2.1

Hydrogen Atom Transfer The second type ai-amino radical formation employs a hpden

atom transfer catalyst to abstracC(sp’)-H bonds. Our group has recently reported the selective
a-functionalization of primary aliphatic aminga the presence of even weaker boridsafford
glactams under dual photoredox and HAT catalysisthis work, weutilize CO; as an activating
group to promotea favorable electrostaticinteractionbetween the quinuclidinium cation and
carbamate anio(Scheme 2.B3during the HAT event®

Reduction of Imine In contrast to forming-amino radicals via agative-deprotonation or HAT
pathways, under reductive conditio@samino radicals can be formed from imine precursbors.
The innate electrophilic natel of imines can sometimes complicate their use under photoredox
conditions by radical addition into timine;'® however, tuning the reaction conditions to cater to
a singleelectron reduction event can reverse its philicity via formation of a nucleoakalimino
radical. MacMillan and cavorkers couple benzylic ethers to a variety of Schiff bases thraugh
proposedradicatradical coupling mechanism between the nucleophHimninoradical anda-

ether radicals§cheme 2.3!° While N-benzylideneanilinsubstrates were able to undergo direct
singleelectron transfer using strongly reducing [Ir(pigsibbpy)]PF , the majority of imines
exhibit reduction potentials beyond tlenge of most photocatalysts, and often require assistance
through either protaation of addition of a Lewis acH.

Pre-installation of a Photocleavable FunctionalityThe last common mode afamino radical
formation can either be via a reductive or @ide event of a preinstalled photocleavable
functionality. MacMillan and cavorkers take advantage of the natural structure of amino acids.

Boc-protected proline carboxylate will undergo a singlectron oxidation and subsequent
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extrusion of CQleads o formation of ara-amino radical $cheme 2.32! Successive addition
into vinyl sulfones and elimination of a sulfinyl radical delivers the desired allylic ani\ae.
(acyloxy)phthalimides have been employeddnalogous decarboxylative radical formatiomder
reductive condition$?

2.3 Challenges wih the a-Functionalization of Primary Amine Derivatives

The formation ofa-amino radicals using visiblégght photoredox catalysis has garnered

significant attention as a mild methtmconstruct @C bonds?® Electronrich tertiary amines can

3°amines 19/2° amines
H H H H

\+'Xo ~&—SET— \N/\O — SET—>» \+./’<O

N d N

1

é H
a-Functionalization Competitive
N-Alkylation

Figure 2.1 Tertiary and Secondary Amines under Oxidative Conditions

be oxidized to generate nitrogen radical cationswatig facile access ta-amino radicals after
deprotonation of tha-C-H bond?* Despite great advances, this area still faces several challenges.
CompetitiveN-alkylation events for primary and secondary amines can hinder the formasien of
amino radeals Figure 2.1).2° To address this, eeavable functionality at the-position maybe
pre-installed to circumvent undesired reactivitgcheme 2.2 We recognized, however, that
pre-installation of silanes, carboxylic acids, or triflruoroborate salts negdtional new
challenges, especiallg multi-step synthetic planning. For this reason, we explored the impact of
different activating groupen nitrogen, instead of carbon, which promsééectivea-alkylation

of primary amine derivativethrough GH bond a&tivation
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Current Methods:

. Jed . directed
pre-insta E.' ' A\ _ - \N/\O a-radical
cleavable functionality ” s H

formation

MacMillan (2014)

CsF (3.0 equiv.)
() CN ir(p-F('Bu)-ppy)s (2 mol%)
N NG DMSO (0.06M), rt, 26 W CFL B CN

(3.0 equiv.) 83%

Miyake and Nishibayashi (2014)

i. [Ir(ppy)2(dtbbpy)IBF 4 (1 mol%) EtO.C
; NMP (0.1 M), 25 °C, 18h 22
SiMes CO,Et - Ph
) 2 14 W white LED -
Phay + Pho N — ) > O
H CO,Et ii. KO'Bu (2 equiv.), rt, 4h N
: ! 89%
Ph
(1.2 equiv.) >20:1
Koike and Akita (2014)
N [Ir(dF-CF-ppy)o(bpY)IPFs (2 mol%) —  Boc, A~
Boc< ) + 27 CO,Me > N CO,Me
” acetone/MeOH (1:1 0.1M), rt H
(1.2 equiv.) 425 nm LEDs 85%

Scheme 2.4Pre-installed Cleavable Functionality to Direct  a-Functionalization .

2 4 Initial Discovery and Optimization

We sought to develop a protocol for amingiGunctionalization in which thsite-selectivity
can be achiewkthrough the judicious choice of the directing group on nénogndependently,
our group and the Knowles group demonstrated the robustness-(sp’)-H alkylation through
[1,5]-hydrogen atom transféf.Utilizing triflu oroacetamides, amidyl radicals are formed under
oxidative conditions to remotely activate tldeC-H bond an undesirable pathway fa-
derivatization. We reasoned that using a more acidifying functionality could pivot reactivity
towards the activation af-C-(sp’)-H bonds by leveraging the followirgffect a change in the

nature of the protectingroup results in a change in the bond strength and pKa of-thé®N
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After surveying a variety of amine protecting groups, we gratifyingly observed promising
reactivity and selectivity using trifluoromethanesulfonami@é¢s(Table 2.7). We were delighted
to observa-functionalization ofl in 50% yield with benzyl acrylaia the presence of a carbonate

base, [Ir(dFCR-ppy)(dtbbpy)PFE], and blue light Table 2.1, Entry 1). A superior yield was

Table 2.1 Optimization of a-Alkylation of Trifluoromethanesulfonamides
Initial Hit:
002'\/'8

SO,Ph CO,Ph
00 KoHPO, (2 equiv.) o 0
¥ AgMe Ir(dF-CFy-ppy),(dibpy)PFg (1mol%) ¢ Me
F L <
SN A DMF, Blue LEDs FoC™ N™ W,
17%
Optimization:

base (2.0 equiv.)

NHTF hotocatalyst (2 mol% NHTF
Et)\H r PcoR = DlvylF ((0.2 M) > Et CO,R
1 Y 40°C, 16h
Entry Photocatalyst R Base Yield (%)
1 [Ir(dF-CF3-ppy).(dtbbpy)]PFg Bn Cs,CO3 50
2 [Ir(dF-CF3-ppy),(dtbbpy)]PFg Bn K,CO3 54
3 [Ir(dF-CF3-ppy).(dtbbpy)]PFg Bn K3POy4 58
4 [Ir(dF-Me-ppy),(dtbbpy)]PFg Bn K3PO4 65
5 [Ir(dF-Me-ppy),(dtbbpy)]PFg Bu K3POy4 68
6 [Ir(dF-Me-ppy),(dtbbpy)]PFg Bu quinuclidine 77

obtained when using [Ir(dMe-ppy)(dtbbpy)PFE]?° as the photocatalyst, and subjecting
guinuclidine to the reaction conditions (77%able 2.1, Entry 6). Control experiments confirmed
photocatalyst, base, and light were all essential for successflklylation of triflamidel. No

productwas obtained when usingfluoroacetamidyl, tosyl, or acylitrogenprotecting groups.
2.5 Scope ofa-Functionalization of Trifluoromethanesulfonamides

With optimized conditions in hand, we sought to investigate the alkene scope-pvitpyh

triflamide as the substrat®8ghene 2.5). Both acrylates devoid @&-substituentsZ-5) as well as
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Et
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Et CO,Me
CO,Me
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(2.7:1 dr)
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Et CN

12 53%
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Et Ph
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CO,R

Quinuclidine (2 equiv.)
[Ir(dF-Me-ppy).dtbbpy]PFg (2 mol%)

A EwG >
. DMF (0.2 M)
(3 equiv.) & 40 °C
Alkene Scope
2R=Bu 77%
3R=Et 63% NHTTMe
4 R=Bn 59% Et CO,Me
5R=Me 51%
6 68%
(1.7:1 dr)
NHTf NHTf
Me
Et Et o)
0
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9 69% 10 (15_23/(;’0
NHTf NHTfMe
Et PO(OEt), Et CN
0,
13 32% 14(2 g'zfdr)
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CO,Me CF,
17 32% 18 45%

Scheme 2.5a-Alkylation Olefin Scope.

EWG

NHTf

Et CO,Me

Me
7 33%
(2.3:1dr)

NHTf /@
Et/k/\s

I\

o0
11 73%

Et Me

NHTf

Et
|

A/

19 33%

methylmethacrylate®) give product in acceptable yields. Acrylates contaibhsgibstituents 7)

lead to a moderate drop ieactivity (33%) except in the case of highly activated dimethyl fumarate

(8), which proceeds in moderate yield (53%). In addition to acrylates, enones provide the desired

a-functionalization 9-10). Additional

Michaelacceptors

including vinyl sulfone, wih

phosphonateand acrylonitrileare well toleratedeading to productd1-14. Dimethylacrylamide

is incorporated with a slightly compromised vyielthb,(38%). Of note is the successful use of

electrondeficient styrene derivatives as coupling partnersve as heteroarergubstituted

olefinsto produce substratd$-19.3°
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H (3 equiv.) & 40 °C EWG
Amine Scope
NHTf
NHTF 20 R="Pr 75% NHTf NHTf y co.f
21 R="Bu 70% /{\/\ ; f ke
t B CO,'Bu
R COBU 22 R=Chex 64% Me" e CO2Bu :
23 44% 24 44% CO,Bu 25 34%
NHTF NHTf
NHTf
COZ[BU COQ[BU
CO,Bu
COEt 26 34% < 27 55% S 28 59%
Site-Selectivity
NHTF
NHTf NHTf NHTF
: ; ; CO,Bu
; CO,Bu CO,Bu CO,Bu H
M H, H, o H=
e H— H_I/' o
Me 29 65% Ph 30 74% Ph 31 58% BocHN" T co,Me 32 (15_%’0
CO,'Bu
NHTf NHTF TfHN o
H, ; H MeO
H COZ Bu H COZtBU MeO % H
BocN NHBoc H OMe
0,
33 70% 34 53% 35 668%

(1:1dr)

Scheme 2.6a-Alkylation Trifluoroacetamide Scope.

We examined the amine scope using eitherletyl acrylate or ethyl acrylate as the coupling
partner Scheme2.6). Substrates containing secondarZ(sp3)}H bonds 20-22) provide product

in good yields, whereas tertiar®324) a-positions show lower levels of reactivity. Interestingly,
methyttriflamide @5) as substrate leads to a 34% yield of the dialkylated product as nearly the
sole product. Alteng the ratio oftriflamide and olefin coupling partner did not suppress di

alkylation. We reasoned the second alkylation event occurs at a faster rate due to the resulting
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radical stability from the first (primary carbon radical) versus second hydrogenadistraction
event (secondary carbon radical). Nearby electuithdrawing groups create a more difficult
alkylation event26, 34%) presumably due to decreased hydridicity of the triflami@eH bond.
Absence of ovealkylation in the formation of pragtts20 and21 can be attributed to this mode

of deactivation in conjunction with a sterically demanding environment. Furthermore, the
formation of fully branche®3 and 24 proceeds in lower yield. This methodology also proved
tolerant of heterocyclic desatives @7-28).

To demonstrate the robustness of our-sékectivea-alkylation, we sought to functionalize
sulfonamides bearing additional potential sites of activation. A glucose derivative containing
multiple abstractable tertiary-@p3)}H bonds aférds the desired-functionalization selectively
to form35in 68% yield. The inclusion of primarB4) and secondary Begrotected amines3g)
provide a competitive site fa-functionalization. Previous work from MacMillan demonstrates a
quinuclidine radtal cation canlastract a hydrogen atom from these stt&ratifyingly, alkylation
occurs siteselectively at thea-C(sp3)}H triflamide site. A lysinederived triflamide also
participates deliverin@2 as a single constitutional isomer in 58% vyield. erefce for the
selective formation of-amino radicals over [1,8AT pathways is further demonstrated with
products 29-31. This selectivity is quite remarkable considering our previous work with

trifluoroacetamide directing groups which activatedie-H bond via [1,5]HAT.

2.6 Mechanistic Interrogations

Several mechanistic experiments proved enlightening. -Stelmer quenching studies
(Figure 2.2 reveal a strong kinetic preference for the single electron oxidation of quinuclidine

(Ex2red= 1.1 V vSSCE in DMF) ovethe triflamide anion (Ez2red = 1.2 V vs SCE in DMF) by the
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Figure 2.2 Stern-Volmer Quenching Study .

excited statdlr(dF-Me-ppy)(dtbbpy)PF]. A deuterium labelling experiment reveals a lack of
appreciable deuteration at the position alptltaéeester suggesting that a chain transfer mechanism
by direct HAT from another molecule of substrate to the enoyl radical is a minor pathway at best.
Taken together, we propose the following mechanismxpae these observations. Under

quinuclidine coditions, a dual HATphotoredox catalytic cycle is propos&thene 2.79.32 The
TSN ™o Tno 2
O/|\H O/|\H Q/{ \\
— \/ HAT -/ C-C Bond Formation
P AT \
- +e

EWG

~92 kcal/mol

Tf
“NO
Pl photoredox hydrogen [©) O/i\/.\
catalysis SET atom transfer éN EWG
\ 100 kcal/mol .
*H Ir'
e YA L Tie \
SET I o PT NH SET/PT
~——— Ir +1.07 V & —— OM\
Tf / EWG
“NH
O/i\/\ EWG il
Deuterium Labeling
Tiw Quinuclidine (2 equiv.) Ti
NH [Ir(dF-Me-ppy),dtbbpy]PFg (2 mol%) NH H/D 6% D
/\/,\ + ZcoBu > W
Ph D @ DMF (0.2 M) Ph CO,Bu
D v 40 °C D

no H/D exchange

Scheme 2.7Proposed Catalytic Cycle and Deuterium Labeling Study
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highly electrophilic quinuclidinium abstracts an activated hydréditydrogen of the triflamide
anion to delivera-amino radical anio®® Subsegent radical trapping by an electrdeficient
olefin coupling partner will furnish a carbaentered radical. Single electron reduction dfie
resulting radicaby the reduced iridium photocatalystifeq= I'"'/Ir'" = -1.42 V vs SCE) and a

final protonation event affords the desing@educt,closing the catalytic cycle

Tf

O/|\H - o/i\ \\ 7

C-C bond formation

— / HAT <
=4 ||| \
/ T, Syvo

Pl photoredox hydrogen O/I\/.\
catalysis SE T atom transfer O/l\ EWG
\ H

\ Tie +H/ Ir!
L —\ NO© Tt [

e
SET " o/{\ PT SET/PT
SATV / EWG ‘7
T
“NH
EWG
Trfilamide Anion as Active HAT Reagent
CO,Bu
TS
NO® Ir(dF-Me- dtbbpy]PFg (2 mol%
K > co,Bu [ir( -PPY)2dtbbpy]PFe ( o) o
Me” 7 ; DMF (0.2 M) Tf. Me
(3 equiv. @ 40°C N M
*no exogenous base* 57%

Scheme 2.8Proposed Catalytic Cycle t Triflamaid e as the Active HAT Reagent.

More significant, perhaps, is the question of mechanism in the presence of phosphate as a base
(Table 2.1, entry 3). While phosphate has been imgiesd as a potential HAT catalyt,we
believe its dominant role is to deprotonate the acidic triflamide forming the anion in high
concentration. A control experiment revealed that the potassium salt of theitigflandergoes

the a-alkylation reactionn the absence of added phosphate or quinuclidine in similar yield
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(Schene 2.§. As mentioned above, SteWfolmer studies support triflamide oxidation by the
excited state of the photocatalyst. Thus, we suggest-teniéred triflamidyl radical undergoes
intermolecular HAT from another molecule of triflamide anion delivering tloer@ered radical

(Schene 2.9.

2.7 Mechanistic Interrogationsi a vs.d selectivity
We then became curious as to how wunder an:

methodologyemploying trifluoroacetamides as a primary amine activating group lead to

functionalization, whereas triflamidéed toa-functionalization.This divergence in reactivity can

be attributedo: (1) N-H bond strength(2) N-H pKa, and (3)a-C-H bond stregth Scheme 2.9

Under phosphate conditions, trifluoroacetamiaiesquilibrium are largelprotonated, thug-C-

a-functionalization o vs 8 Selectivity: Phosphate Conditions S-functionalization
CO,Bu
H H CO,'Bu
0,0 %, O HH
H -
hAd H “@ - \NW —® D
F,C7 7 N s H ve Me s F,C7 N
H ME Me = SO,CF,4 = COCF,4 H ME Me
66% 67%
intermolecular HAT intramolecular HAT
O\\Slf3 HoH O\\S,/O H;{'o K3PO, i HoH )OL
F4C” ‘NAQ — FsC” N Pka: 12.32 FsC NAO — F,¢” SN0
3 © 1 © H
pky N-H: ~7.6 Ir pky N-H: ~13.6
a-BDE: 91 kcal/mol a-BDE: 87 kcal/mol
O, 0OH H o
R xo Reductive )L H/’ H
FsC” N SET Quenching SET FsC NAO
© Cycle H
a-BDE: 82 kcal/mol a-BDE: 87 kcal/mol
equilibrium lies to deprotonated species equilibrium lies to protonated species
17!
QP M H 0 W H
a-functionalization - C/S\N/’QO F.C N A —_— S-functionalization
3 A\ 3 .
N-H BDE: ~104 kcal/mol N-H BDE: ~112 kcal/mol

Scheme 2.9 Mechanistic Dichotomy: a- vs. d- Functi onalization via inter - vs. intra-
molecular HAT.
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a-Functionalization of Trifluoroacetamides via Intermolecular HAT

|rIII* |rII

O HH O HH \ j o]
- L O HH Intermolecular
- P L .
F3CJLNAO -~ F3CJLNAO — SETE>» . CJ\NAO HAT —> Fst\N/\O
H © 3 . equilibrium lies to Q
i H/(FJ deprotonated species
| FsC 5
Control Reaction:
o K3PO, (2 equiv.) CO,tBu
[Ir(dF-Me-ppy).dtbbpy]PFg (2 mol%)
F CJ\NAEt + 2 co,Bu > JOL
3
H @ DMZSQ;(Z: M) FsC~ "N” TEt
= H 0%
Trifluoroacetamidyl Radical as a HAT Reagent:
CO,tBu
0 *no exogenous base*
[Ir(dF-Me-ppy),dtbbpy]PFs (2 mol%) 0
F3CJ\NAEt + 2 co,Bu > L
®0 (® pmF 02 M) F,c” N7 Et
K s 40 °C ®06
K 51%

Scheme 2.10a-Functionalization of Trifluoroacetamides via intermolecular HAT

H bond activation is minimized when compared to their trifimide coupdeis. The
trifluoroacetamide itvrogencenteed radical will experience a larger driving force for
intramolecularf1,5]-HAT due to nitrogen radical stability and the absence of activat€d H
bonds in solution.Computational studies suggest the nitrogen radical fromfiworoacetande
is less stable than that from a triflimjdaipporting the notion of a larger driving force to undergo
intramolecular HAT?® The more stable nitrogerentered radical present on triflamide acts as an
intermolecular hydrogen atom abstractor due to the activation ai4GeH bond by the anionic
chargeand equilibrium lying toward the deprotonated state in solutidiis pivot in reactivity
allows for the selective functionalization of b@handd-C-H bondsdepending on the installed
nitrogen protecting group.

To test whether trifluoroacetamides could undeagfanctionalization by activating this site,
the potassium salt &,2,2trifluoro-N-propylacetamidevas subjected to the reaction conditions
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without any exogenous bas8cheme 2.10) Ensuring that equilibriuntay to the deprotonated
state, by stoichiometric deprotonation,a-alkylation of trifluoroacetamidesnsuedvia an

intermolecular hydrogeatom transfer event from the nitrogen center trifouori@awsily| radical.
2.8 Summary

In summary, we have developed a sigdective, visibldight driven photocatalyad a-
functionalization of primary aminesThe use of a trifluoromethanesulfonyl group on nitrogen
allows full deprotonation of the 4N bond and enders thea-C-H bond more hydridic and
susceptible to intermolecular hydrogen atom transfer. Our reaction allows the formatiorCof a C
bond at thea-position of primary amirederivatives through coupling-amino radicals and

electrondeficient alkenes.
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Chapter 3: PhotoredoxCatalyzed Site-Selectived-Functionalization
of Trifluoroacetamides

3.1 Site-Selectived-C(sps)-H Functionalization of Primary Amine Derivatives

The siteselective functionalization of C(¥H bonds has been a longstling challenge
within the synthetic community. Chemists often relysteric and electronic bias within substrates

to achieveselectivity. When considering a simple aliphatic ami®eheme 3.}, C-H bondsa to

Directed C(sp;)-H Activation Challenges of Site-Selective Directed C(sp;)-H Activation
via Transition Metal Catalysis C(sp3)-H Functionalization via Hydrogen Atom Transfer
electronically biased

[DG (H’HH’HH’H
ol | A_A_>
N—M HoN™ > S H
o™ | H HH H sterically
N ; accessible
HH HH chemically

indistinguishable

Site-Selective 8-Functionalization of Primary Amine Derivatives

Shi (2016)
Ph
O COyMe Ph Pd(OAc), (15 mol%) O CO,Me | . 0 CO,Me
\\\K/\/H 2,6-dimethylbenxoquinone " . 2
N NS + || - > X N Y Ph: /(5 N Me
| H 2 NaHCO3, LiF | H . |
N M ' \ NiPd
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YU (2078) === m s s o m o CoCoeoolooscoooossooooecoocooeooeoooe--
O OMe
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e e HFIP, H,0, 120 °C Me Me L Ar
)\/l\/H + @ . 2 >
H,N | i HCI, THF BocHN : Me
10 M NaOH 65% .
Boc,0 dr>10:1

\\ //

SxN/Y\/Ph I, (2.5 mol%) Phl(mCBA),
M /©/ Humd Me DCE, visible light
e '

98%

Scheme 3.1Challenges and Current Methods fo r d-C(sp3)-H Functionalization of Primary
Amine s and Primary Amine Derivatives
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amines, areelectronically biased. The steric environment also affects wisp’)-H bond is
activated, where the kinetic preference is to activate the less sterically hindidred €electivity
issue arises for the vast majority ofHCbonds along aliphatic ches because they are chemically
indistinguishable, leading to diffidt siteselective functionalization. Given the prevalence of
amines in pharmaceuticals and biologically active molecules, the ultimate goal is to create a library
of methods to activateaeh position along the chain of amines selectively. Current mefood
d-C(sp)-H functionalization rely on a directed approach via transiti@tal catalysis or hydrogen
atom transfer§cheme 3.1

Directed @C(sp’)-H Activation via TransitionMetal Caftalysis: The use of directing groups in
transitionmetal catalyzedeactions allows for the distal functionalization oHbonds that are
often difficult to distinguish otherwise. A directing group (DG) can either bangtelled or
transiently generateduring a reaction to direct reactivity toward a particular bdrde synthetic
utility of DGs have been demonstrated for numemp@sp)-H due to the ease of forming 5
membered metaitycles upon coordination with the nitrogen centen order to ativate other
distal positions, a directing groups and ligands must be tailored to favor expanded or contracted
metallocycles. As demonstrated by the Shi and Yu gr&gpgme 3.}, through the strategic
choice of DG@-C(sp)-H is feasible.Shi and ceworkers showcase a Retalyzedd-alkenylation
between picolinamide protected isoleucine methyl ester and alkyne coupling partsirsy a
transiently installed DG, Yu and emorkers perform ad-selective Petatalyzed arylation of
primary amines® Both transformations rely on a-fiembered chelate formation between the
directing group and metal center to produceraginbered palladacycle, thereby activatingdhe

site.
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DirecteddC(sp)-H Activation via HAT: The formation of a nitrogen neered radical atiws for
HofmannL offler-Freytag reactivity, in which a [1,3JAT event will translocate the radical from
the nitrogen to the distal-center, allowing for further reactivity. Whereas early reports of this
transformation often requiredrfing conditions plarge excess of oxidafiylufiiz and ceworkers

use a catalytic amount afih the presence of PmiCBA)2 to produceN-iodinated amides situ®
Light irradiation promotes Nlbond homolysis, providing a nitrogeentered radical to engage in
a [1,5}HAT event while initiating a chain reaction. THecentered radical will abstract iodine
from anotheN-iodinated amide. Oxidation of this alkydlide gives rise to an I(lll) intermediate,

capable of displacement, leading to final pyrrolidine products.
3.2 PhotoredoxCatalyzedd-C(sps)-H Functionalization of Primary Amine

Derivatives

Photoredoxcatalysis allows for the formation ofitrogencentered radicals under mild
reaction conditions. Taking advantage of the entropic driving forc§l,6f-HAT, many
photoredoxcatalyzed d-selective transformations have been created, either through
prefunctionalization of the f bond or by direcnitrogen radical formationScheme 3.2 Yu
and ceworkers take a similar approach to that of thefiMugroup by the formation oN-
halogenated amides. Under photoredox conditions, t# bBbnd ofN-chlorosulfonamides is
reduced by the Ir(lll) excitedtate to generate the nitrogen centered radical and chloride®anion.
Subsequent [1,9HAT and oxidation of he resultingd-carboncentered radical allowed for
chloride trapping at this distal position. If treated with sodium hydroxide, the cyclizedgbsod
are obtained.

Leonori and ceworkers prefunctionalize the-N bond with an oxidizable functionality to
direct nitrogerradical formation’. Under basic conditions, the carboxylate will undergo a single
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electron oxidation event, triggering a radicatc@de leading to the release of £{Dd acetone
while subsequently forming the reactive nitrogen radical spe@absequent [1,5JAT produces

ad-carboncentered radical, which is coupled to a variety of radical traps.

Photoredox-Catalyzed §-Functionalization of Primary Amine Derivatives
Yu (2015)

Q0 Na,HPO, QP
0,
S\N/\/\/Ph [Ir(ppy)2(dtbbpy)]PFg (0.1 mol%) - S\N/\/\rph
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ROVIS (2079) === - -mmmmmmmmommm oo oo oiococcocooccoccccoocoocoooo-oo
B
I'\/\/\Ph
j\ Me (4,4'-dMe)ppy (12 mol%), K3PO, o
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Scheme 3.2Jablonski Diagram an d Time -Scale of Photophysical Processes.

In contrast to selected transformation by the Yu and Leonori group, our group is focused on
functionalizing tke d-center while circumventing 4§ prefunctionalization. In work published
alongside the Knowles group in 203@je form a nitrogertentered radical upon singééectron
oxidation of a trifluoroacetamidyl anionA subsequent [1,5HAT allowed for the capling with
electrondeficient okfins at this distal position. Shortly after, in 2019, our group trapped-the

centered radical with Ni to perform a dual photoredox/Ni catalyzed alkylation with alkyl
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bromides® Since these publications, a lestandinggoal in our group has been the expansion of
radical coupling partners to introduce various functionality in assltective manner.
3.3 Initial Exploration T Expansion of Coupling Partners

During the initial exploration of coupling partners, former Rayiaduate student Dr. John
Chu screened a variety of well documented radical tSgbéme 3.3 After initial attemts to
improve reactivity, many of the yields remained low. Optimizing reactions with new coupling

Me  Me @ Me  Me
H H

Me radical trap Me Me

_.OBn
Me Me Me, Me Me  Me Me Me COZ’Pr Me, Me HN
)WF Tfa )WM T W N\N,cogpr Tia w
Me Me Me Me Me Me H H Me Me

12% 23% 19% 23% 13%

Co,’P
PhOQS\N,SOQPh \\// /Ph N=N/ 2Fr NIOBn
F Ph” iPro,C I

Electron-Deficient Olefin Coupling Partners
£

Eyp=~07Vvs.SCE ©Q 0
Q 0 ' OR |, o 0 OR
J\ AR —F— JL —_— JL
FsC” 7N 5 hd FsC” N +H"  FC” N
A Co,R H R H R

k coupling partner does not quench PC*

Scheme 3.3Expansion of Coupling Partners for d-Functionalization of Trifluoroacetamides

partnes was unsuccessfaind can be rationalized throughcamparisonto electrondeficient
olefins which were successful (previous work seescimeme 3.2 Given that the carbecentered
radical formed after [1,5HAT from our trifluoroacetamidyl radical isucleophilic, the radical

trap should be electrophilic for two reaso 1) to create a polarity matched regime for trapping
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the radicaland?) to ensure that the resulting radical is reducible by the Ir(Il). Upon addition into
acrylates, the resultirg-carbonyl radical is easily reduced to regenerate the ground stheelof
photocatalyst. Along these lines, the electdeficient alkenes do not interact with the excited
Ir(111)* directly, rather they wait patiently for to be Ir(ll) generated. Whealgzing the various

radical traps that gave promising initial reeity, it was soon evident that many of these reagents
guenched the excited photocatalyst directly, leading to undesired reactivity due to an unbalanced
catalytic cycle. We became focuse radical coupling traps that were sufficiently electrophilic

andbehave predictably under photoredox conditions.
3.4 d-Aminomethylation Optimization and Proposed Mechanism

Given the prevalence of nitrogen in various small molecules and pbauticalswe screened
a variety of radical traps to introduce amine functionality selectively at#ite (azidating,

Initial Conditions

Me Me K3POy4 (2 equiv.) LO_Ph
Tie MM o , O~ Ph ldF-Me-ppy)dtbbpylPFs (3 mol%) Me Me  HN
N > Tf.
N e | wet DMF (0.1 M) @ \Nw
(3 equiv.) rt, 24 h v H ME Me  13%
(o] K3PO,4 (2 equiv.) o HN,O\/Ph
.0 Ph Ir(dF-Me- dtbbpy]PFg (3 mol%
F3C)LN/\/\rMe . NO [ir( PPY)2cltobpyIPFe (3 mol%) )il
H Me I solvent (0.1 M) @ FsC” N
(3 equiv.) rt, 24 h v H Me Me
Solvent Yield (%) S.M. Remaining (%) Remaining Mass Balance (%)
PhCF3; 40 38 22
Cyclohexane 24 75 1

Scheme 3.4Initial Optimization  d-Aminomethylation of Trifluoroacetamides.

aminating, and aminomethylating reagei@sheme 3.8 We observed initial desired reactivity
for d-aminomethiation at a 13% yield§cheme 3.1 By switching the nitrogen activating group

from triflamide to trifluoroacetyl, which preferentially engages in a fHBJl event under
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phosphate condition<hapter 2, Scheme 2.9 we saw a jump in yield to 40%. Highhted
results from a solvent screen indicate unaccounted mass balance, especially in trifluorotoluene
when compared to cyclohexane as solvent. To understand this result, we probed reaction by NMR
monitoring which revealed product degradation and benzaigeformation as byroduct. By
analyzing the catalytic cycle, we can rationalize how benzaldehyde is cr8ateine 3.5 The
(0] (0]
FSCJL”/\/\H(O ‘% FSCJ\(,:,)/\/\'/O

H
+0.77 Vvs SCE

=

/ Ir
SET
e
-
( F\C N/\/\|/O
N
[ I [1,5]-HAT
P i
SET
VTN FsC” N
0 Ph . Ph
)OL HNTX o) N-O~ 4
H H
FsC~ N . F3C)LN
H activated H
C-H bonds \C-Cbond—\ N-O~Ph
forming Il
Potential Degredation Pathway:
[1,5]-HAT
0 O Ph O_Ph
(0] HN \¢( 0 HNT N~
HJ\Ph A e JL/*\\
FsC N ;\ FsC~ "N
observed Me Me i / Me Me
byproduct intermolecular HAT
~S—————

Scheme 3.5Proposed Mechanism and Product Degradation Pathway ¢ d-Aminomethylation

deprotonated trifluoroacetamide quenches the excited state of the Ir(lll)* photocatalyst.
Subsequent [1,5HAT will produce a nucleophilid-carboncentered radical, which readily adds
across oxime cquling partners. A final reduction and protonation event results in desired product
formation while regenerating the ground state of the photigsataAs seen in our previous work

(Chapter 2, Scheme 2.1)) the trifluoroamidyl nitrogeftentered radical an engage in an
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Optimized Conditions

o} o Ph K3POy4 (2 equiv.) /O\th
E CJJ\N/\/\rMe + ’I\i/ H3 [Ir(dF-Me-ppy),dtbbpy]PFg (3 mol%) jj)\ HN .
H Me cyclohexane (0.05 M) @ FsC” N
M, 24 h = H Me Me 77%

Remaining SM: 22%

Scheme 3.60ptimized Conditions ¢ d-Aminomethylation of Trifluoroacetamides.

intermolecular HAT event when the [1;phthway is inaccessible. Under the reaction conditions,
the productanstill be depravnated and oxidized. We propose that this nitreggrtered radical

will undergo an intermolecular HAT event to abstract the activatexygen, benzylic hydrogens
present in the final product, leading to a radical cascade event todibgqabduct bemaldehyde.

We proposed that by synthesizing an oxime coupling partner which minimize the presence of
activated CH bonds, we could deter this undesired pathway. We envisioned doing so through
extension of the alkyl chain, increasing tlom8 strength othea-oxygen GHs. When subjecting
formaldehydeD-(3-phenylpropyl) oximeo reaction conditions, we saw an improvement of up to
77% Scheme 3.5 Additionally, the remaining mass balance was accounted for, and no aldehyde

by-product was dtected.

3.5 Scpe

With optimized conditions in hand, we examined the reaction scope of primary amine derivatives
(Scheme 3.Y. Simple aliphatic derived trifluoroacetamides are well tolerated to the reaction
conditions, proceeding in moderate to high yields. When mdkangd-3° centers tal-2° centers,

we observed a drop in yield. We attributed this to a more challengiblgHAT event, due to a

less stable resulting radical, when compared to 8aquivalent. Despite this trend, we do obtain
product formation fod-1°, albeit this site is electronically biased to push the intramolecular HAT

event forward. We then turdeour attention to the expansion of the coupling partner beyond
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paraformaldehyde derived oximes.

By introducing eleetigiicient moieties, thal-carbon

centered radical coulde efficiently alkylated We attributed the diminished yield to interaction

between the oxime directly with the Ir(lll)*, a common undesired pathway for many radical

coupling partnersScheme 3.1

3-Aminomethylation Scope

0 0 Ph K3POy4 (2 equiv.)
L P - lN' ™, [Ir(dF-Me-ppy),dtbbpy] (2 mol%)
F3C N
H R) cyclohexane (0.05 M)
(2 equiv.) rt, 24 h S
.0 Ph .0 Ph
JCLMe Me HN H3 JO]\ Me HN \(*’)’3
FsC NW FsC NW
H Me Me H Me Me
75% 75%
.0 Ph .0 Ph
0 SN )OL HN™ T,
F3CJ\N FsC7 N
H Et Bu H Me
61% TBSO 43%*
pre) Ph .0 Ph
o) HN™ j\ HN 4,
Me
F3CJ\N FsC~ N
H Me Me H OTBS
48% 44%
/ Ph /
0 HN-ON 0 IOt
J ’ P ’
FsC~ N CFs FsC~ N CeFs
H Me Me H Me Me

Scheme 3.7d-Aminomethy lation Scope.

3.6 Efforts toward d-Cyanation

34%

.0y 4 Ph
)Ol\ HN ‘H’s
F.C7 N R
* H
.0y 4 Ph
o) HN ‘H’3
FSCJ\N
H Me Me
73%*
.0y 4 Ph
)OL HN™ T,
o)
FsC” N7
H Me Me
66%
.0y +Ph
o) HN ‘H’3
o)
FstLN/\/
H
25%*
.0y +Ph
o) HN ‘H;
J N
FsC¢7 N S
H M Me U _
N
32%
*NMR yields

During the initial screening of radicalphiles, we realized the introduction of a distal cyano

group could provide the oxidized form of our aminomethylated products which is a valuable

functionality. After common @nide sources did not lead to desirecctigdy, we turned our

attention to exotic isocyanideS¢heme 38). Radical addition across isocyanides is a commonly
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employed method for synthesizing heteroarenes since the intermediate imidoyl radical readily add
across conjugated systerfs. We wordered if we could bias the fate of this imidoyl radical to
engage in ab-scission even. If so, a formal cyanation event could occur. Subjebting
methylbenzyl isocyanidéo the reaction conditions produced the desired product in 25% yield

while liberating a benzylic radical. As stressed in secidnto turn over the catalytic cyclic, it

8-aminomethylation §-cyanation

OR
(0] HN

(0] (0]
FaC)L”/\/\f - @ - FSCJLH/\/\/O - @ > Fsc)l\”/\/\(//’\‘

cyanide source
0 K3POy4 (2 equiv.)
[Ir(dF-CF3-ppy).dtbbpy]PFg (3 mol%)

o
J Me - J CN
FsC ”/\/\r PhCF3 (0.1 M) FsC H/\/Y

Me M
Me rt, 24h v e e
cyanide sources isocyanide sources
Me Me
Me, N © ®
_CN  Me-Si-CN |=CN  NaCN ¢, @9 <c Ne O
S /7 / Bu—N=C Ne
7\ Me le}
[oJNe) o
7% 11% 25%
Proposed Mechanism
S Ph ¥
o (-CSNGa Ph
B N

O
JJ\ Me )L N in
o | — O
RN e Fsc*u“/\f' N e

Scheme 3.8 Initial Reactivity + Photoredox-Catalyzed d-Cyanation.

is imperative the restihg radical is reducible. In this case, the resulting benzylic radical is
challenging to reduceef,>=-1.60 V vs SCBE), and much more likely to be oxidizefl1(=+0.37

V vs. SCE.1® We then gained inspiian from acrylate coupling partners and usedyanating
reagent in which the resulting radical veascarbonyl, reducible by the Ir(Il) photocatalyst to turn
the cycle ove(Scheme 3.8 Subjecting ethyl isocyanoacetébethe reaction conditions resulted

in the desired product formation in a 15%ldi Upon addition into the isonitrile moiety,
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subsequerti-scission leaslto a 1%-ester radical. While promising initial reactivity, we suspected
that theb-scission stepnay be sluggish since the resulting radical, albeit stabilized by the ester
moidy, resides on a 1° carbon center. An improvement in yield was observed when further
stabilizing this radical by moving to cyclohexytrived isocyanoacetate (35%). Aftertiili
optimization, we observe the desired product in a 65% yi€hds work wascompleted with the

help of visiting student Katharina Schléegl.

Reducible by Ir'! | in solution Reagent Design
O

S) 0
\\N\)l\ > )LOR CSNG\D)I\ \Nj/U\OEt
OR ! OEt Me

(0]
N@
OEt
: é
15% 28% 35%
0 C

N® Cs,CO3 (2 equiv) o
-| - 0,
. CJLN/\/\rMe . OEt  Ir(dF-Me-ppy),(dtbbpy)PFg (3 mol%) - Jj\ CN
8 H cyclohexane (0.05 M), blue LEDs, rt FsC HW

%0

)

40

o]

/7,

Me Me Me
(3 equiv.) 65% (NMR)

Scheme 3.9 Development of Isonitrile Reagent for d:Cyanation .

3.7 Summary

Using visible light, we have expanded the coupling partners for our photecatiyzedd-
functionalization of trilfuoroacetamides. Upon ngemradical formation, a [1,5H AT directs
reactivity to the distal site. This nucleophilic carbmantered radical then adds across oximes

and isonitrile couple partners to produce formal aminomethylated and cyanated products.
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Chapter 4: An Introduction into C -N Bond Activation

4.1 Classification of Nitrogen-Containing Compounds

Nitrogencontaining functionality is prevalent in a variety of agrochemicals, natural products,
and pharmaceutical compmis. Amines enable a host of molecutderactions within chemical
biology; therefore, their placement within a small molecule is often meticulously designed. The
introduction of a nitrogen can drastically alter a compound's sojybpibarmacokinetics
pharmacodynamics, and interaction wbiblogical targetsSince this privileged functionality has

Unactivated C-N Bonds

(0] (0]
pe)

—~NH, ~N’o ~g \NJI\O N N7

é $ 4
S

H CN

Me\ JL 7 N\ e I \N'

Ele © AN AV NN d

Figure 4.1 Selected Examples of Nitrogen -Containing Compounds .

a profound impact on the overall characteristics of a molecule, extensive effort is devoted to
method development for thgynthesis of amines and amine derivative§iven decades of
advancement, nitrogerontaining compounds are now easily accessible and readily available. For
these reasons, a revolution in how organic chemists view the nitrogen functionality has begun.
Instead of a perspective which views arsires a synthetic endpoint, they are now seen as
functional handles for further diversification viaNCbond cleavage events.

Within the context of €N bond activation, the nature of-IC bonds is often classifieds

unactivated or activated-8 bonds Figure 4.1). For activated species, the bond cleavage has
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lower energetic barriers due to a large polarization of tHé Kbnd, as seen in quaternary
ammonium salfsand diazonium saltspr due to a strain releadéving force, evident in triazoles
and azidine azaheterocyclés. The cleavage of these activated bonds are relatively well
understood, whereas the cleavage of unactivatbldbGnds in amines, amides, ureas, and other

stable nitrogertontaining functbnalities remains underexplored.

4.2 Transition Metal Catalyzed Cleavage of €N Bonds
Transition metatatalyzed &N bond cleavage can be classified five distinct mechanistic
pathways: (1) oxidative addition, (B)amino elimination, (3) dealkylation of ammonium species,

(4) insertion/dansertion mehanisms, (5) hydrolysis of imine/iminiugpecies $cheme 4.1

Transition Metal Catalyzed C-N Bond Cleavage
MacMillan (2003)

PhB(OH),
Oxidative 1109 @ Ni(COD), (10 mol%)
NP Addition - NP NMes  IMes * HCI (10 mol%)
- —_— -M = -
b M b O CsF, dioxane, 80 °C O
Bu Bu 98%
Loh (2015)
-Amino Br Q Pd(OAc), (10 mol%) f
M iminati Q JU PPh, (20 mol%), EtN NJLM
: Elimination /\O + N-M N Me 3 » El3 - h e
— d )\ DMF, 120 °C
d Ph s0%
Ph o
Takai (2010)
@p Dealké/flation Q Nzé\CO2Et
“N=0 ———> N- Me  FeCly (20 mol%) 7 COE
D Ammonium d N, EtOH. 115 °C > N,
Species Me ’ Me 83%
Beller (2011)
Ph.~CN

7 1
Insertion s

\-cn 2ednsertion C;N— M + NC-O BOOH):2 {Rh(OH)(cod)},] 1 mol%) CN
d M -0 . >
Me K,CO3 (1 equiv.) Me

dioxane, 80 °C 90%

=

Huang (2011)
anNvNan

Hydrolysis Pd(TFA), (2.5 mol%) 0

/Q(:\?/o + Coordination v Np AN DPPPen (3.0 mol%) o
8 M b NH,CH,CO,Me « HCI (10 mol%) NBn,
7

H,0 (55 mol%), CO (10 atm) 2%
anisole, 120 °C I:b 83:17

Scheme 41 Classification of Transition Metal Catalyzed C-N Bond Cleavages.
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Oxidative Addition: In 2003, MacMillan and cavorkers published the first Suzuki cressupling
between aryltrimethylamonium triflates and aryl boronic asifi The trialkylammonium salts
were easily obtained by the treatment of aniline derivatives with excess methyl triflate-N'he C
bond cleavage event is proposed to occur via oxidative addition.

b-Amino Elimination: b-amino elimination pathways have bbeienplemented to cleave theC
bond of tertiary amineS,as well as amide moieti@s. The Loh group demonstrated an
intramolecular MizorokHeck between aryl bromides ahdvinyl acetamid€. After oxidative
addition into the aryl halide, aéxocyclizaion primes the intermediate to undergb-amino
elimination, formally cleaving the-Gl bond.

Dealkylation of Ammonium Specie§ he formation of quaternary ammonium salts often leads to
dedkylation, with the driving force being neutralizatiohchargedspecies. Kuninobu, Takai, and
co-workers reveal the dmethylation of tertiary amines to generate glycine derivati¥eseCh
activates the diazoacetate to nucleophilic attack from anileading to the formation of the
ammonium species and eliminajiiN>. Protonating off the metal center primes the ammonium
species to undergo-8 bond cleavage via the elimination of a methyl group.
Insertion-deinsertion Upon cleavage of the &N bord of cyanamide through insertion
deinsertion pathways, both a cwding reagent and aminating reagent are genetatéu 2011,
Beller and ceworkers demonstrated how cleaving theCN bond of N-cyaneN-tosyk
sulfonamide liberates an electrophilic cyangburce? After transmetallation between the aryl
boronic acid ad rhodium catalyst, thel@ nitrogen will coordinate. Subsequent insertion of the
Rh-Ar into this cyano moiety and successive rearrangement leadsl toofid cleavage to liberate
the degied aryl nitrile product. In addition to insertion/desertion pathways, cyanaritié bbnd

cleavage can occur via Lewassisted oxidative addition routes.
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Hydrolysis of Iminium SpeciesCN bond cleavage via the formation of imine/iminium species is
commar among amines, diamines, and even amide functionalities. Theserezfttive
intermediatesare readily hydrolyzed under aqueous conditions. In 2011, Huang amdrker
reported a palladiumcatalyzed hydroaminocarbonylation of styrenyl coupling pastreand
aminals under an atmosphere of €&0The mechanistic proposalvolvesan acyl Pd spees,
formed upon insertion of alkene and CO into the palladium hydride, to assiit bo@d cleavage

of the diamine via the formation of am iminium byproduche Tminium species can then also be
trapped by addition acyl Pd in solution, and a final r&dacelimination leads to the desired

product formation.
4.3 Current Methods for Transition -Metal Catalyzed GN Activation of

Primary Amines

While primary amines offer immense synthetic leverage, harnessing {NebGnd as a
functional handle for deamingé transformations remains underutilizethis can be attributed
to the high N bond strength and inherent Lewis basicity of amines, often leadingrodugive
reactivity. While a handful of examples accomplish this goakt approacheselimited to allylic
or benzylic amine¢Scheme 4.p4
Cleavage vis Oxidativé&ddition: Tian and ceworkers activated the-8& bond of allylic amines
by coordinatia with boronic acid® Oxidative addition into the activatedCbond leads to O
bond cleavage anadmation of a palladiunp-allyl. Sulfinate salts then add across this allylic
electrophile. This electrophilic Ratallyl complex has been trapped byaxiety of nucleophilic
sources (boronaté8, phosphonium ylide§! hypophosphorous/phosphinic  acids,

malononitrilest® hydrazineg? nonallylic amine€?! and sulfonyl hydrazidé$.
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Tian (2012) C-N Bond Cleavage via Oxidative Addition

[Pd(allyl)Cl]2 (0.1 mol%)

0 dppb (0.4 mol%), B(OH
PR NH, * S gNa PeD { " o( LR P N
2 Ph”"N0 dioxane, 100 °C oo
82%
Jiang (2013) C-N Bond Cleavage via Iminium Species
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Ph
91%

z
N
Ph N

Jiang (2013) C-N Bond Cleavage vis Ammonium Species
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Scheme 4.2Transition Metal Catalyzed C -N Bond Cleavage of Primary Amines .

Cleavage via Hydrolysis of Iminium Specigs:N bond cleavage via hydrolysis of imine/iminium
species is common when starting from tertiary amsiace the-C-H bond are easily oxidizable.
This oxidation is more challenging in primary amine derivatives, resulting in more challenging
imine formation. Under aerobic conditions, Jiang andvodkers generated 2,4ifisubstituted
pyridines from bemylic amine starting materials and ketone coupliagrers®?

Cleavage via Dealkylation of Ammonium Specids:the same body of work from Jian and co
workers,they demonstratehen starting from pyridin€-yl methylamine deaminative alkylation
occurs. They propose drmation of an alkenyloxCu speciediberates HOTfallowing for
protonation of the free amirte sufficiently weaken the ®l bond Subsequendisplacemenof
the ammonium moietguring intramolecular nucleophilic attack lesdd alkylated poduct. This
approach to weaken theXCbond throuf the formation of ammonium ion mirrors the activation

of C-N bonds of quaternary ammonium salts.
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4.4 Activating the C-N Bond of Primary Amines through Pyridium Salt

Formation

The use of primary amineas alkyl precursors has garnered tremendous attenticetent
yearswith the reemergence of Katritzky salfé A trivial condensation between primary amines

Activation of Primary Amines via Pyridium Salt Formation

Ph o, Ph._~yPh
NH, BF, A
I e — C(sp®-N Bond Activation —» N 2 CNGS,
\¥}
7 r, I Ph

Ph O~ "Ph
C-N Cleavage

Watson (2017) Transition-Metal Catalyzed Deaminative Suzuki-Miyaura Cross-Coupling
Ni(OAC), * 4H,0 (10 mol%) Me
N o /©/ BPhen (24 mol%), KO-tBu, EtOH @
dioxane, 60 °C -
Ph BF4 (HO), O
78%
Glorius (2017) Photoredox-Catalyzed Deaminative Minisci Reaction

® | [Ir(ppy)2(dtbbpy)]PFg (2.5 mol% z

NS + > |
o | DMA, 5 W blue LEDs X
Ph "BF, SN N

83%

®)

Molander (2019) Dual Nickel/Photoredox-Catalyzed Deaminative Reductive Arylation
EtsN
CN 4CzIPN (3 mol%) CN @
N NiBry(dtbbpy) (5 mol%)
N THF, blue LEDs
Ph BF4 86%
Hong (2020) NHC-Catalyzed Deaminative Cross-Coupling of Aldehydes and Katritzky Salts
Ar
Ph \> C|04 0

®

o o)
0,
Me\ow = Me\o)‘\rk©
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Me Ph BF, e Me

68%

Scheme 4.3Activation of Primary Amines via Katritzky Salt Formation

and 2,4,6triphenylpyrylium tetrafluorobrate generates redeactive pyridinium salts $cheme
4.3. In 2017, Watson and emorkers demonstrated the first transition mettalyzed

deaminative crossoupling of unactivatedalkyl primary amines through the formation of
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pyridinium salts® Since this seminal publicatipthe use of primary amines as alkyl precursors
has garnered tremendous attention, and many groups have adapted and expanded upon
methodology employing Katrky Salts. In addition to transitiemetal catalyzed process€ghe

use of redoxactive pyridinum salts has expanded into the area of photoredtatysis when
Glorius and ceworkers translated this mode of-NC activation to a photoredesatalyzed
deamiative Minisci reactio! With a single electron reduction potential of approximatélg

V vs. SCE?® the C(sp)-N bond is homolyzed via a radical cleavage event to produce an alkyl
radical as well as 2,4iphenylpyridine. Watson proposed a Ni(besies reducing the Katritzky

salt, whereas Glorius demonstrated the excited state of highly rgdicium photocatalyst
capable of triggering the radical cleavage event. This methodology is compatible with phetoredox
catalysis and many groups have éomypd Katritzky salts as alkyl radical precursétsSoon
thereafter, in 2019, Molander and-sorkers merged the two methodologies to perform a dual
Ni/photoredoxcatalyzed deaminative reductive arylation between pyridinium salts and aryl
bromides®® Using triethylamine as a sacrificial reductant, this crelestrophile coupling
successfully tolerategarious alkylamines and (hetero)andupling partners.

Whereas transitiometal/photoredoxatalyzed processes dominate the vast majority of
catalyzeddeaminative @N activations’! Hong and ceworkers have recently reportedNa
heterocyclic carbeneatdyzed coupling between Katrizky salts and simple aldehyde starting
materials’?> The GN bond cleavage event is proposed to occur via a SET betweenetievB
intermediate and pyridinium salt. The resulting alkyl radical will then undergo raddiahl
coupling with the newly formed ketyl radical. Subsequent hydrolysis delivers the desired ketone

and regenerates the NHC catalyst. In this same ptibh¢ddong and cavorkers expand their
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methodology to a threeomponent coupling reaction between Kalyt salts, alkenes, and
aldehydes.

In all such instances in which Katritzky salts are subjected to either transiétah or
photoredoxcatalysis, the mode of activation occurs through a single electron reduction. There is
a single example where Loh@coworkers report a transitieometd-free deaminative vinylation

in which the GN bond is proposed to be cleaved under thermal conditiBoseme 4.4

Loh (2019) Transition-Metal-Free Deaminative Vinylation
Ph 6 | Ph HO)E _ -
NS + \/\@ —— - ™
St e
Ph BF, 78%
Aggarwal (2019) Photoinduced Deaminative Borylation via Formation of EDA Complexes
5
I
B plnaco BPin
DMA, blue LEDs Eta
Me Ph BF4 Me

81%

Scheme 4.4Catalyst Free Deaminative Transformations using Katritzky Salts

Subsequent trapping with vinyl boronic acids leads to desiredigirémrmation. Additionally, in
2019 Aggarwal and cavorkers demonstrated the Katritzky salt activation through the formation
of electrondonoracceptor (EDA) complexesS¢heme 4.13* An EDA complex between the
pyridinium salt and BCab facilitated a pbtoinduced SET to reduce the Katritzky salt leading to
C-N cleavage and oxidize-Bae to initiate the reactionUsing the same methodology, Aggarwal
and ceworkers performed a catalysee deaminatie Giese reaction in which a photoirshd

SET betweenhte pyridinium salts and Hantzsch ester leads-M lidnd cleavag
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4.5 Summary

A reinvigorated effort for €N bond activation over the last several years has caused chemists
to begin thinking of @N bondsasalkylating reagents. Whildnere are severast@blished ways to
activate GN bonds for cleavage such as diazonium formation, our community requires additional
methods to address the challenges facing this area. Current methods address activated amines, and
commonly use harsh oxidanbr acids. A shiftowards transforming unactivated, simple amine

building blocks into powerful alkylating reagents is ongoing.
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Chapter 5: PhotoredoxCatalyzed Deaminative Alkylation via GN
Bond Activation of Primary Amines

5.1 A Brief Overview of Alkylati ng Reagents

Crocssupling reactions are one of the most co
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Figure 5.1 Common Radical Alkylating Reagents .
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Building Block Availability
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Figure 5.2 Comparison of Commercial Availability between Alkyl Halides, Carboxylic Acids,
and Primary Amines.
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cresosupling transformations.

5.2 Closer Analysis of Katritzky Pyridinium Salts.
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Figure 5.3 Mechanistic Limitations of Katritzky Salts as an Activating Group
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