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2 ABBREVIATIONS 

 

Common abbreviations for chemicals and concepts are not always explained in the text but can 

be found from the tables shown below (Table 1 and Table 2). 

 

Table 1. List of abbreviations of concepts. 

Abbreviation Explanation Abbreviation Explanation 

* 
Used to indicate that 
species in question is 

excited 

GC-MS Gas chromatography 
coupled with mass 

spectrometer 

A Acceptor h Hour(s) 

atm 
Atmospheres (1.01325 

bar) 
h Planck’s constant 

ATR 
Attenuated total 

reflectance 
HRMS High resolution mass 

spectrometry 

B Base IC Internal Conversion 

c Speed of light IR Infrared spectroscopy 

CE Counter electrode ISC Intersystem Crossing 

CFL 
Compact fluorescence 

light 
L A neutral ligand 

CV Cyclic voltammetry LED Light emitting diode 

D Donor M Moles/L 

DFT 
Density Functional 

Theory 

mol % Percent of moles of 
catalyst or reagent in 
respect to the limiting 

reagent 

E Potential 
NMR Nuclear magnetic 

resonance 
spectroscopy 

EnT Energy transfer Nu Nucleophile 

equiv Equivalent OA Oxidative Addition 

ES 

Energy of the first 
vibrationally relaxed 
singlet excited state. 

OCP Open circuit potential 

ET 
Energy of the first 

vibrationally relaxed 
triplet excited state. 

PC Photocatalyst 

eV Electron volt 
PET Photoinduced electron 

transfer 

FID 
Flame ionization 

detector 
RE Reductive elimination 

FRET 
Föster Resonance 
Energy Transfer 

RE Reference electrode 

FT Fourier transfer rpm Rotation per minute 

GC Gas chromatography rt Room temperature 
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Table 1 continues    

Abbreviation Explanation Abbreviation Explanation 

S0 Ground singlet state W Watt 

S1 First excited singlet 
state 

WE Working electrode 

SCE Saturated calomel 
electron 

Å Ångström a unit of 
distance equal to 0.1 

nm 

SET Single electron 
transfer 

δ Chemical shift in ppm 

SNAr Nucleophilic aromatic 
substitution 

ΔG‡ Gibbs energy of 
activation 

Sub Substrate ΔrGPET Gibbs energy of 
photoinduced electron 

transfer 

T1 First excited triplet 
state 

λA,max Absorption maximum 

TAS Transient Absorption 
Spectroscopy 

λF,max Fluorescence 
maximum 

TOF Time of flight (a type 
of MS detector) 

τS Lifetime of the first 
excited singlet state 

UV-Vis Ultraviolet-visible light τT Lifetime of the first 
excited triplet state 

Vx Vibrational state 
where x = 0, 1, 2… 

ϕ Quantum yield 

 

 

Table 2. List of abbreviations of chemicals and groups/substituents. 

Abbreviation Explanation Abbreviation Explanation 

4DPAIPN-tBu 2,4,5,6-tetrakis(bis(4-(tert-
butyl)phenyl)amino)isophthalonitrile 

Ac Acyl 

4DPAIPN 2,4,5,6-
tetrakis(diphenylamino)isophthalonitrile 

Ar Aryl 

4DPAPN 3,4,5,6-
tetrakis(diphenylamino)phthalonitrile 

BF3∙OEt2 Boron trifluoro 
etherate 

4DPAPN-
OMe 

3,4,5,6-tetrakis(bis(4-
methoxyphenyl)amino)phthalonitrile 

BINAP 2,2’-
bis(diphenylphophin

o)-1,1’-binaphthyl 

4DPAPN-tBu 3,4,5,6-tetrakis(bis(4-(tert-
butyl)phenyl)amino)phthalonitrile 

Boc tert-
butyloxycarbonyl 

4DPATPN 2,3,5,6-
tetrakis(diphenylamino)terephthalonitril

e 

bpy 2,2’-Bipyridine 

4DPATPN-
OMe 

2,3,5,6-tetrakis(bis(4-
methoxyphenyl)amino)terephthalonitrile 

Bu Butyl 

4DPATPN-
tBu 

2,3,5,6-tetrakis(bis(4-(tert-
butyl)phenyl)amino)terephthalonitrile 

Cbz benzyloxycarbonate 

ACN Acetonitrile CDCl3 Deuterated 
chloroform 
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Table 2 continues 

   

Abbreviation Explanation Abbreviation Explanation 

CN-OA 
Oxamide-based 
carbon nitride 

polymer 

Ir[dF(CF3)ppy]2(dtbbpy
)PF6 

[4,4′-Bis(1,1-
dimethylethyl)-2,2′-

bipyridine-
N1,N1′]bis[3,5-
difluoro-2-[5-

(trifluoromethyl)-2-
pyridinyl-N]phenyl-

C]Iridium(III) 
hexafluorophosphate 

COD Cyclooctadiene m- Meta 

Cy Cyclohexyl Me Methyl 

DABCO 
1,4-

diazabicyclo[2.2.2]oct
ane 

MIC Methylisocyanide 

DBU 
1.8-

Diazabicyclo(5.4.0)und
ec-7-ene 

MTPD (7-Methyl-1,5,7-
triazabicyclo[4.4.0]dec

-5-ene 

DCM Dichloromethane 
Ni(acac)2 Nickel(II) 

bis(acetyacetonate) 

DIPA Diisopropylamine 
NiBr2●diglyme Nickel(II) bromide 2-

methoxyethyl ether 
complex 

DIPEA 
N,N-

Diisopropylethylamine 
  

DMAc Dimethylacetamide 
NiCl2●diglyme Nickel(II) chloride 2-

methoxyethyl ether 
complex 

DMF Dimethylformamide 
NMP N-methyl-2-

pyrrolidone 

DMSO Dimethylsulfoxide o- Ortho 

DMSO-d6 Deuterated DMSO OAc Acetate 

dppf 
1,1’-

Bis(diphenylphosphino
)ferrocene 

OMe Methoxy 

dtbbpy 
4,4’-Di-tert-butyl-2,2’-

bipyridine 
OPiv Pivalate 

EDTA 
Ethylenediaminetetraa

cetic acid 
OTf Triflate 

Et Ethyl OTs Tosylate 

EtOAc Ethylacetate p- Para 

Fc Ferrocene PC Photocatalyst 

FcBF4 
Ferrocenium 

tetrafluoroborate 
Ph Phenyl 

Hex n-Hexane PhCF3 Trifluorotoluene 

i-Pr Isopropyl ppy 2-Phenylpyridine 

Ir(ppy)3 
Tris[2-

phenylpyridine]iridium 
pyHI Pyridinium iodide 
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Table 2 continues    

Abbreviation Explanation Abbreviation Explanation 

R 

Alkyl, aryl or hydrogen 
(if not stated 
otherwise) 

THF Tetrahydrofuran 

TBAI 
Tetrabutylammonium 

iodide 
TMG 

1,1,3,3-
Tetramethylguanidine 

t-BIPA 
N-tert-

Butylisopropylamine 
X Halide 

t-Bu Tert butyl 
Y Generic group e.g. 

halide, heteroatom, 
alkyl. Specified in text. 
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LITERATURE PART 

3 INTRODUCTION 

 

Transition metal catalysis enables a wide range of carbon-carbon (C-C) and carbon-heteroatom 

coupling reactions. Many of these transformations rely on palladium1 but a wide selection of 

other metals including copper,2 gold,3 nickel,4 platinum,5 cobalt,6 rhodium,7 iron8 and 

ruthenium9 among others have been utilized. Copper and palladium are widely employed in 

cross-coupling of aryl halides with various heteroatom nucleophiles like amines and alcohols 

to yield corresponding aryl-heteroatom cross-coupling products.10-12 

Over the past decade, dual nickel/photocatalyst catalyzed cross-coupling has emerged as a 

highly attractive research area. While palladium is an expensive and rare metal, nickel is cheap 

and readily available. Nickel belongs to the same group in the periodic table as palladium and 

therefore has potential to catalyze similar transformations. Unfortunately, while thermal nickel 

catalysis is utilized for C-C coupling reactions, only a handful of thermal nickel-catalyzed aryl-

heteroatom cross-couplings exist.13-15 One reason for this is that the reductive elimination (RE) 

of the aryl-heteroatom product from Ni(II) is energetically more unfavorable than from Pd(II) 

(section 5). However, a photocatalyst in conjunction with light enables the transformation of 

the Ni(II) complex to the corresponding electronically excited Ni(II)* or oxidized Ni(III) 

complexes, both of which are much more reactive towards RE.16,17 

Although dual metal/photocatalyst C-C couplings with a variety of metals have been utilized 

for novel chemical transformations for over a decade,18-22 the first dual nickel/photocatalyst 

protocol for C-C coupling was published in 2014.23 Research is still active and many new C-C-

coupling methodologies have been developed.24-27 Shortly after the first dual 

nickel/photocatalyst C-C-coupling, the scope of these protocols was expanded to cover aryl-

alcohol coupling reactions.28 Today, an impressive amount of different heteroatom nucleophiles 

have been utilized in these coupling reactions, including amines,27,29-34 carbamates,35 amides,34 

sulfonamides and sulfamides,36,37 sulfoximines,38,39 sulfamates,40 hydrazines,41 sulfinate salts,42 

alcohols and thiols,27,28,34,43-45 phosphine oxides and phosphonates,46,47 and carboxylic 

acids45,48-50. Electrochemical nickel catalysis is also an active research area with similar benefits 

than the dual catalyst protocols.51-53 
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4 BASICS OF PHOTOCATALYSIS 

4.1 BASIC CONCEPTS OF PHOTOCATALYSIS 
 

When a molecule absorbs a photon of visible/UV light, the energy of the photon excites an 

electron to a higher energy orbital. While many different combinations of excited electronic, 

vibrational and rotational states can be accessed, these often decay rapidly (in about 10–12 s) to 

the vibrationally relaxed first excited electronic singlet state S1.
16 This singlet state can relax by 

emitting a photon in a process called fluorescence. The electron can alternatively undergo a 

conversion from S1 to the first excited triplet state (T1) in a process called intersystem crossing 

(ISC). Triplet states can also relax radiatively back to S0 in a process called phosphorescence. 

In Figure 1, the difference of singlet and triplet states are illustrated. 

 

 

Figure 1. Basics of spin and excited electronic states. 
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Both ISC and phosphorescence include a change in spin multiplicity. Because spin is a property 

of intrinsic angular momentum and angular momentum is always conserved, such transitions 

are forbidden.54,55 However, these transitions can occur if other forms of angular momentum 

are changed to account for the change in spin angular momentum. For example, the coupling 

of the orbital angular momentum with spin angular momentum (spin-orbit coupling) or the 

change in orbital occupancy can allow the change in spin multiplicity. In most organic 

molecules, such processes are very weak resulting in weak ISC and significantly increased 

lifetimes of triplet states in comparison with singlet states.54,55 

The electronically excited singlet or triplet states can also relax by transferring their energy to 

surrounding molecules by exciting their rotational and/or vibrational and/or electronic states. 

In the context of photocatalysis, these non-radiative decay processes, also called quenching, are 

responsible for the catalytic function of the photocatalyst (PC).16,17,56 While several quenching 

processes exist, two principle quenching mechanisms are involved in photocatalysis assisted by 

an added PC. The first one is single electron transfer (SET), in which a redox reaction between 

the PC and a substrate (Sub) takes place. Addition/removal of a single electron to/from the Sub 

creates a high-energy radical species that can participate in further reactions. The other principle 

catalytic function is energy transfer (EnT). In EnT, the energy of the excited state of the PC is 

transferred to the Sub, again, creating a high-energy excited state species (although not a 

radical). Both of these catalytic processes are bimolecular and require the Sub and excited state 

PC to be in close proximity to each other. Consequently, the lifetime of the excited state must 

be sufficiently long to allow the two molecules (PC and Sub) to diffuse together. It turns out 

that only the first excited states S1 and T1 have lifetimes (10-9-10-3 s) long enough to efficiently 

participate in photocatalysis.16 

All of the different transitions mentioned above can be illustrated in an energy level diagram 

(Figure 2). The diagram shows the relative energies of the different excited electronic states 

and the energies of vibrational states within a given electronic state. As the vibrational energy 

level increases, the maximum separation between atoms of the chemical bond increases until, 

at some point, the bond breaks. However, this phenomenon is not very important in the context 

of photocatalysis and attention should be concentrated on the relaxation processes instead. In 

Figure 2, the non-radiative relaxation processes (including possible SET and EnT) are 

summarized as internal conversion (IC). 



4 

 

 

Figure 2. Energy level diagram illustrating common relaxation pathways in a molecule. 

 

4.2 SINGLE ELECTRON TRANSFER AND PHOTOINDUCED ELECTRON TRANSFER 
 

Single electron transfer (SET) is one of the two common ways a PC operates. In SET, an 

electron is transferred from a donor (D) to an acceptor (A). In a photocatalytic cycle, the PC 

can act as either the donor or the acceptor by giving or taking up an electron to or from the Sub. 

The standard reduction potentials of the PC and Sub determine which way the electron is 

transferred in an SET event. In many publications, notations Ered and Eox are used to describe 

reduction potentials of PC:s or substrates.16 Generally, the notation Ered describes the reduction 

potential of the acceptor A + e– → A●– and Eox describes the reduction potential of the donor 

D●+ + e– → D. In this thesis, such notations are not used because they can be confusing. Instead, 

a notation where the electron change event is clearly visible, is used. For the reaction PC●+ + e– 

→ PC, the reduction potential is depicted as E(PC●+/PC) where the oxidized form is on the left 
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and reduced form on the right. Similarly, for a transition metal PC Ir(III) (excluding ligand for 

simplicity), E(Ir(III)/Ir(II)) describes the reduction potential of the reaction Ir(III) + e– → Ir(II). 

In photocatalysis, the electron transfer process includes an initial excitation step of the PC with 

a light source to the S1 or T1 state.16 After excitation, SET becomes more favorable in both ways 

as is illustrated in Figure 3. The process where the electron transfer is enabled by 

photoexcitation of a neutral molecule is called photoinduced electron transfer (PET). Very often 

PET processes are referred to as SET and, although little confusing, there is nothing wrong with 

this notation since PET can be seen as a subgroup of SET. In this thesis, whenever the electron 

transfer is initiated by excitation of an electron, the concept of PET is preferred over SET 

because it emphasizes that the redox reaction takes place through the excited state. An example 

of a PET/SET photocatalytic cycle is shown in Figure 4.57 

 

 

Figure 3. All possible outcomes of PET and ground state SET illustrating that PET is always more favorable. 
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Figure 4. Example of a catalytic cycle involving PET and SET steps.57 This dehalogenation cycle is often an 

unwanted side reaction when conducting aryl-heteroatom cross-couplings with a dual nickel/photocatalyst 

coupling protocol. In the mechanistic schemes, L represents a neutral ligand. 1 PC is excited with blue light. 2 

reductant, Et3N, reduces the excited PC in a PET step and is oxidized to Et3N●+. 3 the reduced PC acts as a powerful 

reductant and transfers an electron to the halide in an SET step. 4 the aryl halide radical dissociates forming a 

halide anion and an aryl radical. 5 the aryl radical abstracts a hydrogen atom from Et3N●+ forming the 

dehalogenation product. 
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The free energy data of PET is useful, for example, when evaluating whether a proposed 

catalytic cycle is reasonable. The free energy of PET involving a photocatalyst species and a 

substrate can be calculated as shown in equations (1) and (2).58 

 

 ΔrGPET = –F[E*(PC*/PC●–) – E(Sub●+/Sub)] (1) 

 

 ΔrGPET = –F[E(Sub*/Sub●–) – E*(PC●+/PC*)] (2) 

Where F is the Faradays constant and E*(PC*/PC●–) and E*(PC●+/PC*) are reduction potentials 

for the electron transfer to the excited photocatalyst PC* or to the PC●+ species creating PC* 

respectively. When calculating ΔrGPET, an electrostatic solvent dependent work term w should 

be included in the equations (1)  and  (2) if highly accurate values are needed. However, the 

work term is small (about 0.1 V in ACN) and in most cases can be neglected.16 

The reduction potentials E*(PC*/PC●–) and E*(PC●+/PC*) can be calculated from the 

corresponding ground level values E(PC/PC●–) and E(PC●+/PC) with equations (3) and (4) if 

the energy of the first excited state is known. The vibrational levels decay very fast so the 

excited energy state of interest corresponds to transition S1 (V=0) → S0 (V=0), where V is the 

vibrational state, depicted as E0,0. 

 

 E*(PC*/PC●–) = E(PC/PC●–) + E0,0 (3) 

 

 E*(PC●+/PC*) = E(PC●+/PC) – E0,0 (4) 

 

In equations (3) and (4), the E0,0 usually corresponds to the singlet state transition (E0,0
S1). In 

the actual mechanism, the triplet transition E0,0
T1 could also play a significant role. From here 

on E0,0
S1 and E0,0

T1 are simply depicted as ES and ET. 
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4.3 ENERGY TRANSFER 

 

There exists two photocatalytically significant energy transfer mechanisms: Dexter energy 

transfer and Föster resonance energy transfer (FRET). In Dexter EnT, a donor (PC) donates a 

high-energy excited state electron to the acceptor (Sub) and a low-energy ground state electron 

is transferred back to the donor. Overall, only energy is transferred. In Föster EnT, an initial 

excitation of the donor to its S1 state is followed by emission of a photon when the donor relaxes 

back to S0.
59 This photon is immediately absorbed by the acceptor, exciting the acceptor to its 

S1 state. The emitted photon is not a “regular” photon but a virtual photon, which means that 

the photon is absorbed so fast by the acceptor that its physical properties were not explicit in 

between.59 Both EnT processes are shown in Figure 5. 

 

 

Figure 5. Schemes of Dexter- and Föster-type energy transfers. 

 

In Figure 5, the Dexter EnT is shown to proceed from the triplet state of the PC to the triplet 

state of the substrate. This is called triplet-triplet energy transfer and it is catalytically much 

more significant than singlet-singlet energy transfer. The reason for this is that singlet states are 

much more short-lived which make S1-S1 EnT inefficient.17 Even if the singlet state energy is 

transferred to the substrate or the substrate is directly excited, at least partially because of the 

lower lifetime of S1, the substrate cannot undergo same reactions through its singlet state as it 

would through its triplet state.17 

  



9 

 

FRET often takes place between singlet states (S1-S1 FRET) as is illustrated in Figure 5, and 

therefore, is less significant in photocatalysis than Dexter EnT. FRET proceeding from triplet 

state (T1-T1 FRET) has been proposed as the EnT mechanism for dual nickel/photocatalyst 

enabled coupling of amines.33 This is also the only case (that the author knows) where a dual 

nickel/photocatalyst protocol is proposed to proceed by FRET rather than Dexter EnT. A 

generic dual nickel/photocatalyst cycle including an EnT step is shown in Figure 6.48,49 

 

 

Figure 6. A generic energy transfer mediated aryl-heteroatom cross-coupling catalyzed by a dual 

nickel/photocatalyst system.48,49 1 Oxidative addition to nickel(0) complex forming nickel(II) complex. 2 Ligand 

exchange between halide and the nucleophile. 3 Energy transfer to the [L2Ni(II)ArNu] complex to yield more 

reactive excited state [L2Ni(II)ArNu]*. 4 Reductive elimination of the product and regeneration of the active 

nickel(0) complex. 

 

If the enhanced reactivity of the substrate only requires the excitation to its T1 state, then it 

should be possible to directly excite the substrate to T1 without using a PC to transfer its triplet 

state. While this is definitely possible and has been utilized for several Ni-based photocatalytic 

protocols (chapter 6), in many cases, direct excitation is not viable because, as already stated, 

most organic substrates have very weak ISC and therefore cannot readily access the T1 state. 

Furthermore, most organic substrates absorb very weakly in the visible light spectrum, forcing 

the use of high energy UV light that negatively effects selectivity and substrate scope.60,61 
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To conclude, all of the relaxation mechanisms discussed in sections 4.1-4.3 are summarized in 

Figure 7. 

 

 

Figure 7. A simplified energy level diagram that summarizes photocatalytically significant processes and illustrates 

the function of an excited photocatalyst in creating high-energy substrates that can participate in further reactions. 

Each platform represents an orbital that can accommodate two electrons. The small arrows represent electrons 

within certain electronic energy states and their orientation represents the spin of the electron. For simplicity, 

vibrational states are not displayed. Three independent catalytic (quenching) processes are shown as well as other 
relaxation mechanisms. Sub1 represents a substrate that is oxidized by the PC. Sub2 represents a substrate that is 

reduced by the PC. Sub3 represents a substrate that accepts energy from the PC. Here, internal conversion (IC) 

sums up all non-catalytic quenching processes. 
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4.4 FACTORS AFFECTING THE SELECTION OF A PHOTOCATALYST 

 

A PC can be any molecule that readily absorbs photons and then uses the energy given by the 

photons to induce transformations to other molecules. Usually, if the catalytic action of the PC 

is EnT, the PC is called a photosensitizer. If the catalytic action is PET/SET, the PC is referred 

as a photoredox catalyst. The efficiency of a given PC to perform a known reaction can be 

estimated with several parameters. 

ES and ET: Both parameters tell how energetically downhill PET or EnT is. ET is often directly 

used to estimate the EnT ability of a certain photosensitizer. Usually, the higher the ET, the 

better the photosensitizer performs in cross-coupling reactions.17 For a PET event, ES and ET 

are indirectly used by calculating the reduction potential of the event with equations 1-4. It 

follows from equations 3-4 that the higher the ES or ET, the more favorable is the PET event. 

Lifetime of the first excited singlet or triplet state τS or τT: Since both PET and EnT are 

bimolecular processes the lifetimes of the excited states must be high enough to allow these 

quenching processes to take place. High τS or τT can indicate that bimolecular quenching 

processes have a chance to compete with fluorescence or phosphorescence. 

Quantum yield ϕ: Quantum yield is defined as the ratio of the number of photoinduced events 

to the number of photons absorbed. It is therefore an indicator of efficiency of a certain 

photoinduced event. For example, for a triplet state photosensitizer to efficiently access the 

triplet state, the quantum yield of fluorescence should be low and consequently the quantum 

yield of ISC should be high. 
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5 DUAL NICKEL/PHOTOCATALYST PROTOCOLS 

5.1 COMPONENTS AND REACTIVITY TRENDS 

 

While the components of optimal dual nickel/photocatalyst protocols varies between 

publications and intended use, the protocols generally consist of the elements shown in Figure 

8.29,34,37,47,49 

 

Figure 8. Components of dual nickel/photocatalyst aryl-heteroatom cross-coupling protocols and the scope of the 

protocols.29,34,37,47,49 

 

The PC is often iridium based with substituted phenylpyridine ligands. These PCs can act as 

powerful photosensitizers as well as photoredox catalysts owing to their wide range of reduction 

potentials and triplet state energies.62 The ligand of choice (if needed) is usually 4,4’-di-tert-

butyl-2,2’-bipyridine (dtbbpy) or other substituted bipyridine. Unlike in thermal nickel and 

palladium-based catalysis, phosphine ligands do not usually work at all. The nickel source is 

less significant than the ligand but inorganic Ni(II) salts, especially Ni(II) halides, seem to work 

best. NiCl2 or NiBr2 diethylene glycol complexes often work better than the bare salts probably 
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because their complexation with bipyridines is faster and does not require heating, as is the case 

with NiCl2 and NiBr2. The same applies to the halide hydrates, NiCl2∙6H2O and NiBr2∙3H2O, 

which also complex much faster. Apart from deprotonation of the nucleophile or neutralizing 

acids formed in the catalytic cycle, the base can have other significant roles like formation of 

the active catalyst. This is probably why the selection of the base often has a significant effect 

on the yields and selectivity. Bulky, non-nucleophilic, secondary or tertiary amines like 

tertbutylisopropyl amine or DABCO (1,4-diazabicyclo[2.2.2]octane) usually work best but 

alkali metal carbonates and superbases like TMG (1,1,3,3-tetramethylguanidine) are also often 

used. 

Oxidative addition (OA) of aryl iodides or aryl bromides to Ni(0) complexes proceeds readily 

as is evident from density functional theory (DFT) calculations and the synthesis of 

LnNi(II)ArX complexes at room temperature.63,64 Comparatively, OA to Ni(I) is also relatively 

facile, but with a higher energy barrier.63 After ligand substitution between the halide and the 

heteroatom nucleophile (Nu), RE of ArNu from LnNi(II)ArNu complex to yield the desired 

cross-coupling product is energetically more demanding.65 The access of Ni(II)* or Ni(III) by 

photocatalysis significantly lowers the energy barrier required for RE as is shown in Table 3.65 

This reduction in the RE barrier usually leads to OA being rate-determining or at least having 

a significant effect on the rate.64  

When OA is rate-determining, electron-donating ligands on Ni increase the reaction rate by 

donating electron density to the electron poor nickel center, lowering the energy of the transition 

state. When the electron donating ability of the substituted 2,2’-bipyridine is increased, an 

increase in yields in a given time is observed.34  This effect is illustrated in Figure 9C. 

Abnormally, an OMe-substituent on the bipyridine works better than t-Bu in the case shown in 

Figure 9C. Experiments on [Ni(COD)(dppf)] show that the order of reactivity of OA of PhY is  

I >> Br > Cl > OTs > OCO2Et ≈ OTf > CONEt2 > OSO2NMe2 > OPiv >> F > OMe.66 While 

aryl chlorides do work, the reaction times are significantly increased compared to iodides and 

bromides (Figure 9).34 The large difference in reaction rates of aryl iodides, bromides and 

chlorides also allows coupling without affecting the less reactive halide (Figure 9C). 

Normal laboratory equipment can be used in small-scale synthesis. However, scaling up the 

reaction can prove difficult because light penetration to the reaction solution decreases fast as 

a function of distance (Figure 9D). Using a flow reactor instead of batch allows for larger scale 

synthesis even in the kilogram scale.29,34,41,67 
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Table 3. Gibbs energies of activation for reductive elimination of aryl/heteroatom substrates from nickel(II) and 

nickel(III) complexes relevant to dual nickel/photocatalyst protocols.65 

Nickel(II) complex. The 

corresponding Ni(III) complex has 

a positive charge 

ΔG‡ of RE from the Ni(II) 

complex shown (kJ/mol) 

ΔG‡ of RE from the 

corresponding Ni(III)+ 

complex (kJ/mol) 

 

 

74.9 

 

9.2 

 

 

82.8 

 

2.9 

 

 

138.9 

 

43.9 

 

 

123.4 

 

41.8 

 

 

138.5 

 

9.2 

 

 

130.1 

 

20.0 

Values converted from kcal/mol with conversion factor 4.184 kJ/kcal. 
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Figure 9. Factors affecting the efficiency of dual nickel/photocatalyst protocols. A: Hammet-plot shows positive 

slope when electron withdrawing ability is increased.64 B: Proposed SNAr-like transition state of oxidative addition 

results in accumulation of negative charge on the aryl moiety.63 C: Increasing the donating ability of the 
substitutents on 4,4’-positions on the 2,2’-bipyridine increases the yield as is expected when oxidative addition is 

rate-determining.34  Reactivity of the aryl halide follows the trend I > Br > Cl. The difference in rate is often so 

big that coupling is possible without affecting the less reactive halide. D: Increasing the batch size decreases light 

penetration and makes the coupling process inefficient. In the scale calculations, a maximum concentration of 0.4 

M for the cross-coupling reaction was assumed based on tens of published protocols. Vial size was assumed to be 

20 ml or less and the flask size 50 ml or less. 
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5.2 COMPARISON WITH OTHER COMMON ARYL-HETEROATOM CROSS-COUPLING PROTOCOLS 

 

Palladium, belonging to the same group as nickel, also has relatively facile OA of aryl halide 

to Pd(0) but suffers from high energy demands of RE of ArNu from a Pd(II) complex.68,69 DFT 

calculations of RE from (Ph3)2MCH3X (where M = Ni(II) or Pd(II) and X = CH3, NH2 or OH) 

complex show that palladium has higher activation energy of RE for all X-species but the 

overall reactions are exergonic (ΔrG = –79.5, –40.2 and –18.8 kJ/mol for CH3, NH2 and OH 

respectively).69 On the contrary, RE of NH2 and OH from Ni(II) is endergonic (ΔrG = +37.7 

and +62.8 kJ/mol respectively) while RE of CH3 is slightly exergonic (ΔrG = – 17.2 kJ/mol).69 

This thermodynamically less feasible nature (compared to Pd) of aryl-heteroatom RE from 

Ni(II) can explain why most published thermal nickel cross-couplings are C-C couplings. Aryl-

heteroatom cross-coupling using thermal nickel catalysis is rare and requires temperatures over 

100 ℃.13-15 Although RE from Pd(II) has a higher energy barrier than from Ni(II) when the 

complexes are otherwise identical, today highly sophisticated ligand design on palladium helps 

to alleviate the energy requirements of RE and make palladium the dominant catalyst capable 

of catalyzing almost any cross-coupling reaction.70-72 Such ligand design is not present in dual 

nickel/photocatalyst protocols but the RE is made feasible by the light source/PC.  Oxidizing 

Ni(II) to Ni(III) not only reduces the energy barrier as is shown in Table 3, but also makes the 

RE more feasible thermodynamically.63 The same observations as above are also true with 

excited Ni(II)*.73 Apart from the energetic differences, a significant difference between nickel 

and palladium is that nickel can more readily access odd oxidation states.4,74 This makes nickel 

especially useful in tandem with photocatalysis because PET/SET allows the most common 

oxidation states, Ni(0) and Ni(II), to take part in radical pathways. Physical properties of 

common aryl-heteroatom coupling catalysts are shown in Table 4. 
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Table 4. Physical properties of different catalysts used for heteroatom-aryl cross-coupling reactions. 

 Ni/photocatalyst Ni Pd Cu (Ullmann) 

Oxidation statesa (-1), 0, 1, 2, 3, (4) (-1), 0, 1, 2, 3, (4) 0, (1), 2, (3), 4, 

(5), (6) 

(0), 1, 2, 3 

Radicals Easily accessed Easily accessed Less applicableb Easily accessed 

     

ΔG‡ ArX + Nu OA 

X = I, Br 

Relatively lowc Relatively lowc Relatively lowd Very high (230.1 

kJ/mol for 

MeNH/PhI)e 

ΔG‡  RE 
Low (Table 3) 

 

High (Table 3) 

 

High-low 

(ligand design) 

Very low 

ΔG  RE 
Generally 

exergonicf 

Endergonicg Exergonicg – 

Nu = NH2 or OH. a Oxidation states in parenthesis are not readily accessed.b Odd oxidation states are not readily 

accessed so single electron reactions are not so applicable.c  References 63,64.d Reference 68.e Reference 75.f 

Reference 63.g Reference 69. 

 

Development of palladium-catalyzed aryl-amine coupling reaction by Buchwald and Hartwig 

26 years ago has revolutionized catalytic amination reactions. Considerable efforts on several 

fields of chemistry, especially medicinal chemistry, have been made to perfect the system for a 

given amine or groups of amines.10 Still most Buchwald-Hartwig amination protocols suffers 

from relatively high temperature requirements (often over 80 ℃), oxygen sensitivity and high 

cost of palladium and the specialized ligands.10 Buchwald-Hartwig coupling is not only usable 

for amines; nucleophiles like alcohols, thiols and enolates are also efficiently coupled.76-78 

Unlike dual nickel/photocatalyst protocols which currently can use only aryl halides as the 

coupling partners, Buchwald-Hartwig protocols are more flexible and can also utilize aryl 

triflates, tosylates and mesylates.79-81 The catalytic cycle of Buchwald-Hartwig coupling is 

shown in Figure 10.10 

The third commonly used aryl-heteroatom cross-coupling catalyst is copper. Ullmann style 

copper-catalyzed reactions can perform many of the same transformations than palladium but 

with reduced cost.82 On the other hand, Ullman-couplings are generally less tunable by ligand 

design and require long reaction times, high temperature and high catalyst and ligand loading, 

the last of which can make isolation of the product difficult.82. It is, however, noteworthy to 

point out that especially amination protocols have seen a lot of progress in recent years and in 
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many cases, catalyst loading can be low, while temperature requirements and reactions times 

have dropped.11,83 Unlike in palladium- and nickel-based couplings, ligand design on copper 

can also induce unique O-selectivity in presence of nitrogen nucleophiles.84,85 While there is 

still some debate on how copper catalyzes the Ullmann-coupling, it is commonly accepted that 

a Cu(I)-Cu(III) cycle is involved (Figure 10).82 RE from Cu(III) is facile but OA of the aryl 

halide to Cu(I) has a high energy barrier and consequently limits the scope of aryl halides to 

aryl iodides and activated aryl bromides.75 A proposed catalytic cycle of the Ullmann coupling 

in presented in Figure 10.82 

Another common copper-catalyzed aryl-heteroatom cross-coupling protocol is the Chan-Lam 

coupling where aryl boronic acids (or equivalent reagents) are used instead of aryl halides.12,86 

The Chan-Lam coupling is mechanistically very distinct from all of the other introduced 

mechanisms (based on Pd, Ni and Cu (Ullmann)) which are net redox neutral. Chan-Lam 

coupling consumes one equivalent of molecular oxygen for every cycle meaning that it is net 

oxidative. Chan-Lam couplings generally proceed with much milder conditions than Ullmann 

couplings and without added ligand but generally the reaction times are long and catalyst 

loading is very high.86 Again, considerable progress has been made in recent years to overcome 

these issues.12 

Nickel/photocatalyst cross-couplings have a potential to solve many of the shortcomings 

associated with palladium- and copper-based methods. The reaction conditions are mild with 

weak base and low temperature. Reaction times are generally lower than with Ullmann or Chan-

Lam-couplings, catalyst loading is moderate and cost of catalyst and ligand is much lower 

compared to Buchwald-Hartwig couplings. Additionally, many nickel/photocatalyst protocols 

proceed without added ligands. Summary of the advantages and disadvantages of each type of 

aryl-heteroatom coupling is shown in Figure 11. 
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Figure 10.  Catalytic cycles of palladium/nickel and copper-catalyzed amination reactions. Buchwald-Hartwig 

style amination10: 1 oxidative addition to Pd/Ni(0) generating Pd/Ni(II) ArX complex. 2 ligand exchange between 

the nucleophile and halide. 3 deprotonation of the nucleophile. 4 energetically demanding reductive elimination 

of the product to regenerate Pd/Ni(0). Ullmann style amination82:<sup>82</sup><sup>82</sup> 1 coordination 

of the amine to the copper(I) complex as an L-type ligand. 2 deprotonation of the amine ligand and consequent 

detachment of iodide. 3 Energetically demanding oxidative addition of ArI to the copper(I)amine complex forming 

pentavalent copper(III). 4 facile reductive elimination to yield the product and regenerate Cu(I). 
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Figure 11. Summary of advantages and disadvantages of the common aryl-heteroatom cross-coupling protocols. 

 

In conclusion, dual nickel/photocatalyst systems can compete with other commonly used aryl-

heteroatom cross-coupling protocols. Dual nickel/photocatalyst protocols are certainly least 

researched out of the five aryl-heteroatom cross-coupling protocols summarized in Figure 11, 

which results in a lack of published methods for a given set of substrates. For this reason, most 

aryl-heteroatom cross-couplings are still conducted with the more researched palladium- and 

copper-based methods. However, the high volume of research on dual nickel/photocatalyst aryl-

heteroatom cross-coupling protocols in recent years should make these protocols familiar to 

more researchers and increase their use in synthesis. 
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6 SELECTED ARYL-HETEROATOM CROSS-COUPLING 

PROTOCOLS 

 

6.1 CROSS-COUPLING OF AMINES 
 

In 2016, Corcoran et al. (MacMillan) presented a ligand free protocol P1 for amination of aryl 

bromides utilizing a dual nickel/photocatalyst system (Figure 12).29 Very low photocatalyst 

loading of 0.02 mol % or even 0.002 mol % makes this system highly attractive. The authors 

proposed a closed Ni(0)/Ni(II)/Ni(III)/Ni(0) PET/SET cycle but recent discoveries have led to 

the revisal of the proposed mechanism (chapter 7.1). 

In P1, a ligand free approach actually works better than the commonly used dtbbpy ligand (1).29 

The system is effective at coupling electron poor ortho-, meta- and para-substituted aryl 

bromides (70-93 %, 10 examples). Electron rich aryl halides also give good yields but reaction 

times are increased substantially (3 and 9). It was discovered that to achieve good yields with 

electron rich aryl halides, lower PC loading and the use of MTBD (7-Methyl-1,5,7-

triazabicyclo[4.4.0]dec-5-ene) as the base is required. All tested amine coupling partners give 

good to excellent yields with 4-bromobenzotrifluoride (70-95 %, 15 examples). Nucleophilic 

amines react fast, but less nucleophilic amines show decreased reactivity (5 and 6). Interestingly 

anilines do not react without addition of catalytic amount of α-hydrogen bearing pyrrolidine 

(7). Tert-Butylamine fails to react even with addition of pyrrolidine presumably because of 

steric hindrance (8).29 

Also in 2016, Oderinde et al. (Johannes) developed an amination protocol P2 similar to the 

protocol P1 (Figure 12).30 The protocol uses the same photocatalyst PC2 but with a much higher 

catalyst loading. In the optimization, it was discovered that degassing did not affect the yields. 

The authors opted to use the dtbbpy ligand, although ligand free version also shows good yields 

(11B vs 11A). More reactive aryl iodides are needed for this protocol. The authors proposed a 

Ni(I)/Ni(II)/Ni(I)/Ni(III) PET/SET cycle similar to the one proposed by Corcoran et al.29 for P1 

but they suggested that the PET step involves formation of an aniline radical cation instead of 

oxidation of nickel(II) complex to nickel(III). This proposed cycle was also revised recently 

(chapter 7.1).30 
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Figure 12. The first dual nickel/photocatalyst catalyzed amination protocols P1 and P2 developed in 2016 by two 

independent research groups. P1: All Yields are isolated. Reactions were continued until all aryl bromide was 

consumed. DABCO = 1,4-diazabicyclo[2.2.2]octane. MTBD = (7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene). 

P2:  Yields are isolated if not stated otherwise. 

. 
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P2 is effective in coupling anilines with electron poor (14 and 15) and electron rich (10-13) 

iodo benzenes.30 There does not seem to be significant correlation between the yields and the 

location of substitution or the nature of the substituent (electron withdrawing vs electron 

donating) on the iodobenzene. OH-group is tolerated and no O-coupling product was observed 

(17). Many other synthetically useful substituents like organoborates are tolerated. Substituted 

pyridines and secondary anilines give poor yields (16, 18 and 19). Unfortunately, non-aromatic 

amines give very poor yields which the authors attribute to competitive deprotonation of the 

amine radical cation at the α-position (20-22).30 

In 2018, Lim et al (Miyake) conducted a very interesting study on direct excitation of nickel-

amine complexes (Figure 13).32 In protocol P3, PC is not needed to transfer energy to the amine 

nucleophile but high-energy UV light is required.32 P3 seems to be much more susceptible to 

electronic effects than P2. Chemoselectivity toward N-coupling is again observed (26).32 Most 

electron rich para-substituted bromobenzenes give good to excellent yields with morpholine 

and other cyclic amines (42-85 %, 14 examples, for example 5, 7 and 26). Impressively some 

reactions are complete in only 3 hours (5 and 26). Electron poor meta-substituted and ortho- or 

meta-substituted electron rich bromobenzenes react much slower and are mostly incomplete 

after 15 hours (7-83 %, 11 examples, for example 23 and 25). Non-cyclic primary amines give 

reduced yields even with 4-bromobenzotrifluoride (27). Aromatic heterocycles perform poorly 

even when more reactive aryl iodides are used (28).32 

In 2019, Kudisch et al. (Miyake) proposed an EnT mechanism for their ligand free amination 

protocol P4 backed up by thorough spectroscopic studies (Figure 13).33 However, despite their 

efforts, new observations indicate that the proposed mechanism is incorrect (section 7.2). The 

team used the PC free protocol P3 developed by Lim et al.32 (Miyake) and added a PC to achieve 

coupling with blue instead of UV light. What makes P4 especially interesting is that it can 

utilize an organic phenoxazine-based PC, PC4, which provides a cheap and environmentally 

more sustainable alternative to the commonly used rare metal-based PC:s like PC2 or the 

ruthenium based PC3, also tested for this protocol. The explored scope is almost identical to 

P3 with similar reactivity trends. 2-bromo toluene (ortho-substitution) was explored as a 

coupling partner and, as expected, it performed poorly.33 In P4, PC4 is superior to PC3. The 

authors discovered that adding stoichiometric amounts of KBr increased the yields in many 

cases.33 
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Figure 13. Ligand- and photocatalyst-free amination protocol P3 and corresponding ligand-free amination protocol 

P4 both developed by the same research group. All yields are isolated. 
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6.2 CROSS-COUPLING OF ALCOHOLS AND THIOLS 

 

In 2015, Terret et al. (MacMillan) developed the first alcohol coupling protocol P5 using dual 

nickel/photocatalysis (Figure 14).28 They proposed a PET/SET cycle identical to that proposed 

a year later for the very similar amination protocol P1. Interestingly, they found that using only 

K2CO3 without added quinuclidine resulted in poor yields with both nickel(II) and nickel(0) 

catalysts. Quinuclidine was hypothesized to act as an electron shuttle facilitating PET/SET steps 

and to take part in the formation of active nickel(0) catalyst by acting as an electron donor 

reducing the nickel(II) precatalyst.28 Later mechanistic studies however have showed that the 

active catalyst is actually Ni(I) and quinuclidine has an important role in forming it (chapter 

7.1). 

The protocol shows substantial flexibility towards the coupling partners.  All tested electron 

poor and rich aryl bromides (substituted benzenes and heteroaromatics) with para- and ortho-

substitution give excellent yields with a variety of primary and secondary alcohols (60-96 %, 

33 examples, for example 29-34).28 The worst performing aryl bromide coupling partner that 

was tested is 3-bromoquinoline and even it gives a moderate yield of 60 % (34). More complex 

alcohols also give excellent yields (36). Water can also act as a nucleophile producing phenols 

(35).28 

In early 2016, Oderinde et al. (Johannes) developed the first thiol coupling protocol P6 using a 

dual nickel/photocatalyst protocol (Figure 14).44 The protocol is almost identical to that of the 

amination protocol P2 also developed by the same research group later in the same year.30 The 

same mechanism was also proposed but was recently proved to be incorrect (section 7.1).44 

The system shows nice chemoselectivity towards S-coupling in the presence of amines, 

carboxylic acids, alcohols, bromine and organoborates (37-41, 46).44 Ortho-substituted aryl 

iodides also show good reactivity, although 1-iodo-1,3-dimethylbenzene fails to react (42-45). 

All tested primary and secondary aliphatic and aromatic thiols couple efficiently with 4-

iodotoluene (85-96 %, 10 examples, for example 46). Sterically hindered tertiary thiol gives a 

low yield (48). Apart from substituted iodobenzenes, a wide range of aromatic heterocycles are 

also coupled with excellent yields (47).44 
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Figure 14. The first dual nickel/photocatalyst catalyzed etherification and thioetherification protocols P5 and P6 

and a more recent universal cross-coupling protocol for etherification, thioetherification and amination. Yields are 

isolated. 
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In late 2020, Escobar and Johannes developed a unified protocol P7 for O-, S- and N-couplings 

(Figure 14).34 Here only the O- and S-coupling results are shown (N-coupling generally gives 

yields lower than 60 % with P7). The group proposed an EnT pathway based on their control 

and ligand screen studies. No additional spectroscopic or computational proof was presented.34 

Good to excellent yields are achieved between para-substituted bromobenzenes and benzylic 

alcohols (49-56).34 Other primary and secondary alcohols are less effective (57 and 58). Very 

interestingly, 4-bromoaniline is selective towards O-coupling and no homo-coupling was 

observed (59). The explored thiol scope was narrower, only covering benzylic and aromatic 

thiols (60-64).34  However, as demonstrated in P6, thiols are more effective coupling partners 

than alcohols and therefore it is reasonable to assume that most thiols work at least as well as 

the corresponding alcohols. Regretfully, the effect of the position of the substituent on the aryl 

bromide was not explored with all examples being para-substituted. 

6.3 CROSS-COUPLING OF CARBOXYLIC ACIDS 

 

While palladium is very effective for cross-coupling of amines and alcohols, little success has 

been seen with direct esterification using carboxylic acids. In 2018, a somewhat successful 

palladium-catalyzed O-aryl esterification was achieved with aryl iodides using an NHC (N-

heterocyclic carbene) ligand at 100 ℃.87 This catalytic system is efficient when coupling 

electron rich aryl halides with sterically hindered carboxylic acids (50-86 % isolated yields) but 

gives poor yields with less hindered carboxylic acids and electron poor aryl halides (0-40 % 

isolated yields). Recently, another palladium based system with a wider scope was developed.88 

The catalytic system efficiently couples electron rich and poor aryl iodides with various 

carboxylic acids (40-87 % isolated yields). However, high catalyst loading (Pd 10 and ligand 

20 mol %), the use of 2 equivalents of silver salt and a high temperature of 150 ℃ make this 

system expensive and unusable with thermally labile substrates. Chan-Lam couplings of 

carboxylic acids are also known. For example, one protocol affords esters in moderate to 

excellent yields at 60 ℃ but, as is usual with Chan-Lam coupling, requires very high catalyst 

loading of 40 %.89   Since palladium-catalyzed esterification protocols are not very successful, 

dual nickel/photocatalyst protocols can provide a novel synthetic route to O-aryl esters using 

aryl halides as reagents in mild conditions. Examples of these protocols are shown in Figure 

15. 
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In 2017, Welin et al. (MacMillan) were the first to develop a dual nickel/photocatalyst protocol 

P8 for direct synthesis of O-aryl esters from aryl bromides and carboxylic acids (Figure 15).48 

The group suggested an EnT pathway backed up by spectroscopic and control experiments as 

well as free energy calculations.48 

In 2018, Lu et al. (Zhang) synthesized a variety of new donor-acceptor fluorophores that were 

used for an EnT-mediated isomerization reaction of stilbene as well as nickel-catalyzed 

coupling of carboxylic acids with aryl bromides, also proceeding by EnT (Figure 15).49 The 

authors provided spectroscopic evidence to support the proposed EnT mechanism. Initially, the 

group tried to use PC6 (4DPAIPN) as the PC but, instead of the desired coupling product, the 

major product was dehalogenated. It was discovered that a competing PET/SET cycle (shown 

in Figure 4A) was behind the formation of the dehalogenation product. This cycle was 

suppressed by switching PC6 to the less oxidative PC5 (4DPAPN), the redox potentials 

(PC/PC●–) of which are +1.1 V and +0.93 V respectively.49 Unfortunately, even after optimizing 

the PC and other conditions, large excess (3 equiv) of the usually more expensive (compared 

to the carboxylic acid) aryl bromide is needed to achieve good yields. 

In 2019, Pieber et al. conducted esterification with protocol P10 using carbon nitride polymer 

CN-OA PC7 (Figure 15).50 PC7 is insoluble and during the reaction is mixed with the solvent 

to form a slurry that provides much more surface area to harvest light than a catalytic surface. 

What makes carbon nitrides very promising PC:s, compared to homogenous PC:s, is their low 

cost and ease of recycling. A drawback of PC7, however, is that it is less compatible with flow 

reactors. Although the group only synthetized esters, carbon nitrides have already been utilized 

for other nickel-based cross-couplings.90 The group suggests that the catalytic cycle involves 

EnT.50 

The esterification protocols P8-P10 have very similar scopes. All of the protocols can couple 

electron poor para-substituted aryl halides effectively (63, 65, 67, 68, 70 and 73) while more 

electron rich aryl halides are much less effective with some requiring 72 hour reaction times 

(64, 69, 71, 72, 76, 77).48-50 Meta-substituted species are generally less reactive than the para-

substituted counterparts (73 and 74). With P10 ortho-substitution is not tolerated (75) and with 

P8 and P9 its effects were not explored.48-50 
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Figure 15. The first dual nickel/photocatalyst catalyzed esterification protocol P8, esterification protocol P9 

utilizing a novel organic photocatalyst and esterification protocol P10 utilizing a semi-heterogenous photocatalyst. 

Yields are isolated. 
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6.4 CROSS-COUPLING OF OTHER NUCLEOPHILES 
 

As is evident from the introduction chapter 0, a variety of other nucleophiles have been coupled 

with dual nickel/photocatalyst protocols. Some of the more recent and interesting protocols are 

presented in Figure 16.  In early 2018, Kim et al. (MacMillan) developed a sulfonamidation 

protocols P11A and P11B.37 Protocol P11A is ligand-free, uses low PC loading and requires 

elevated temperature while P11B uses the usual dtbbpy ligand, requires a higher PC loading 

and proceeds at room temperature. The protocols are proposed to proceed by EnT but little 

evidence to support this claim was presented.37 The protocol is efficient at coupling a variety 

of electron poor and rich aryl bromides with ortho-substitution being tolerated (80 and 81). All 

tested sulfonamide coupling partners give excellent yields with the relatively electron rich 1-

bromo-4-tert-butylbenzene (10 examples, 63-99 % with P11B). Protocol P11B is superior in 

almost all examples but aromatic heterocycles give better results with P11A (79). Further 

optimization of the protocol by a high throughput screening system enabled coupling of a more 

demanding aryl halide (chemoselectivity vice) to yield the drug-like structure 82 in acceptable 

yield.37 

Later in 2018, Reddy et al. (Kuttappan) used a modified version of the protocol P11B in their 

aryl-carbamate cross-coupling protocol P12.35 They suggest an EnT pathway but do not provide 

any experimental proof.35 The authors focused on coupling of carbamates 83 and 84, which 

upon coupling give carbamate products where the carbamate moiety represents common amine 

protecting groups, benzyloxycarbonate (Cbz) and tert-butyloxycarbonyl (Boc) respectively. 

Therefore, protocol P12 is actually a convenient amination protocol in situations where the 

amine needs protection in subsequent steps. However, after deprotection 83 and 84 only 

produce simple primary anilines.35 It was not explored if structures that are more complex could 

be synthetized with different carbamate starting materials. Both 83 and 84 couple efficiently 

with all tested aryl bromides, including electron rich and meta-substituted species (71-94 % 

yields, 16 and 13 examples respectively).35 
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Figure 16. Dual nickel/photocatalyst catalyzed protocols P11-P14 for synthesis of aryl-sulfonamides, -carbamates, 

-hydrazines and -phosphine oxides/-phosphonates respectively. Yields are isolated. 



32 

 

In late 2020, Mata et al. (Kappe) developed a ligand-free flow chemistry protocol P13 for 

synthetizing aryl-hydrazines.41 Hydrazines are useful precursors, for example, to substituted 

pyrazoles, triazoles and pyradazines. The team first attempted coupling with aqueous hydrazine 

(N2H2) but only dehalogenation of the aryl halide was observed.41 Changing the nucleophile to 

tert-butyl-carbazate 91 resulted in formation of two products (both nitrogens can act as 

nucleophiles) that upon acidic deprotection of the Boc moiety formed a single hydrazine salt. 

It was discovered that a very high temperature of 120 ℃ and the use of UV light was required 

for the coupling to proceed efficiently. The tested aryl coupling partners mostly included 

electron poor aryl bromides (92) but the more electron rich 4-Fluorobromobenzene 93 gives a 

moderate yield. Demanding aryl chloride coupling partners also give moderate yields without 

the need to increase the residence time (92).41 

Finally, in early 2021, Zhu et al. (Li) utilized a cross-coupling protocol P14 for phosphine 

oxides and phosphonates with aryl halides.47 The protocol uses commercially available and 

inexpensive thioxanthen-9-one as the PC (PC10). Both electron poor and rich aryl halides work 

and, as usual, better results are achieved with the former (94-99). Interestingly, natural sunlight 

was sufficient to drive the coupling with only slightly reduced yields as compared to a CFL 

light (97). A Ni(0)/Ni(II)/Ni(III)/Ni(I) PET/SET cycle, including radical species, was 

proposed.47 This Ar-P cross-coupling protocol is not the only one of its kind; Xuan et al. 

published a similar protocol as early as in 2015.46 

To conclude, dual nickel/photocatalyst cross-coupling protocols are efficient and versatile. All 

protocols couple electron deficient aryl iodides or bromides with excellent yields. However, 

electron rich and sterically hindered ortho-substituted aryl halides remain challenging coupling 

partners in many protocols and usually require extended reaction times. Most protocols are very 

similar with the largest differences being in the employed PC and base and whether or not a 

ligand (almost exclusively dtbbpy) is used. It should be noted that the protocols presented here 

represent only a fraction of all published dual nickel/photocatalyst cross-coupling protocols. 

Recently, a more in-depth review on the subject was published.91 
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7 MECHANISTIC CONSIDERATIONS 

 

7.1 EVOLUTION OF THE MECHANISTIC UNDERSTANDING 
 

The catalytic mechanisms M1 and M2 proposed by MacMillan’s and Johannes’s research 

groups in 2015-2016 for amination (P1 and P2), etherification (P5) and thioetherification (P6) 

of aryl halides are shown in Figure 17.28-30,44 Another team independently from Johannes’s 

group also suggested mechanism M2 for their thioetherification protocol.43 The main difference 

between M1 and M2 is that in M2 a heteroatom radical, the existence of which was confirmed 

by formation of thiol 102 when thiol 100 and olefin 101 were irradiated in the presence of PC2  

(Figure 18), is involved in the mechanism. The unifying factor between M1 and M2 is that in 

both mechanisms PC2 acts as a powerful excited state oxidant in the PET step. 

While both teams conducted Stern-Volmer quenching studies to show that fluorescence 

quenching of PC2 by a model substrate was taking place, no efforts to differentiate between 

PET/SET and EnT was made. A computational study on the mechanism of P1 was performed 

in 2018.63 The study showed that the proposed mechanism M1 was reasonable with the strongly 

oxidizing PC2. The study also investigated if a Ni(I)-Ni(III) catalytic cycle would be feasible 

for P1. The results were mixed and no solid evidence against such a mechanism was delivered. 
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Figure 17. Catalytic cycles proposed by MacMillan's and Johannes's research groups in 2015-2016 for protocols 

P1, P2, P5 and P6. Amination protocol P129 and etherification protocol P528 is proposed to proceed by mechanism 

M1 and amination protocol P230 and thioetherification protocol P644 is proposed to proceed by mechanism M2. 
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Figure 18. Trapping of the thiol radical formed in P6.44 

 

In 2017, a study on highly reducing organic photocatalyst PC4 by Du et al. (Miyake)31  caused 

a serious setback to the proposed mechanisms M1 and M2. Using the amination protocol P1 

and photocatalyst PC4 instead of PC2 (albeit with higher catalyst loading), comparable yields 

were recovered compared to PC2. Similarly, when PC2 was replaced in P6 with PC4, again, 

comparable yields were recovered with only 0.2 mol % catalyst loading (as opposed to 2 mol 

%).31 As was pointed out by Kudisch et al. (Miyake), PC4 could not act as catalysts in M1 or 

M2 since its excited state oxidation potential is not high enough to allow the crucial reductive 

quenching step.33  For example, it can be calculated from Table 5 that oxidation of nickel(II)-

morpholine complex (relevant to M1) by excited  PC4 is endergonic with ΔrG = +73.3 kJ/mol 

(E = –0.76 V) making the electron transfer process very unfavorable. Similarly, oxidation of 

benzyl mercaptan (relevant to M2) by PC4 is endergonic with ΔrG = +63.7 kJ/mol (E = –0.66 

V). The popular photocatalyst Ir(ppy)3 (PC1) is also a weak oxidizer and therefore unlikely to 

take part in reductive quenching. The only viable closed PET/SET cycle (photon needed for 

every cycle), with strong photo reductants like PC1 and PC4, is oxidative quenching where the 

PC acts as a reductant in the PET step. To the author’s best knowledge, no such mechanism has 

been presented for any dual nickel/photocatalyst cross-coupling protocol. 
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Table 5. Redox potentials of common substrates and photocatalysts used in dual nickel/photocatalyst catalyzed 

amination, etherification and thioetherification protocols. 

Compound E(Y/Y●–) 

V 

E(Y*/Y●–) 

V 

E(Y●+/Y) 

V 

E(Y●+/Y*) 

V 

Reference 

Nickel(II)-morpholinea,b   0.93  33 

 

  0.83  29 

Benzyl mercaptanb   0.83  44 

Anilineb   0.8  30 

PC1 (Ir(ppy)3)
b –2.23 0.35 0.77 –1.81 92 

PC2b 

[Ir(dF(CF3)ppy2(dtbbpy)]PF6 

–1.23 1.5   29 

PC4c –2.26 0.17 0.65 -1.73 31,33 
All values are vs SCE.a Example of a substrate in ligand free amination protocol where with 1:70 Ni:morph 

[NiBr2(morpholine)3] is the major complex (73 %) and [NiBr2(morpholine)2] is a minor component (27 %).b 

Values determined in ACN.c Values determined in DMAc. Calculated values: E = 0.17 – 0.93 = –0.76 V and E = 

0.17 – 0.83 = –0.66 V. 

 

Recognizing the problems associated with the mechanisms M1 and M2, Kudisch et al. 

(Miyake) sought to gain mechanistic understanding on their amination protocol P4.33 In the 

very similar coupling protocol P3, no PC is used and therefore PC driven oxidation is 

impossible making RE likely to proceed from excited Ni(II)* rather than Ni(III). Since P3 and 

P4 are almost identical, with P4 utilizing PC rather than direct excitation, the authors argued 

that the success of P3 is a strong indicator in favor of an EnT mechanism with P4. Transient 

absorption spectroscopic (TAS) measurements showed that excited Ru PC (PC3) in the 

presence of Ni(II)-morpholine complex returned completely to baseline, indicating that full 

relaxation of PC3 back to its ground state had taken place. Kudisch et al. argued that in case of 

reduction or oxidation of PC3, this behavior would not be observed. The team proposed that 

the observed behavior can be explained by EnT and further experiments lead them to conclude 

that the EnT mechanism was Föster type EnT rather than Dexter. The proposed mechanism M3 

is presented in Figure 19.33 Other studies on amination, etherification, esterification and 

sulfonamidation among others have also concluded that EnT is the most likely 

mechanism.34,37,48,49 These studies have unanimously proposed Dexter EnT mechanism M4 

presented in Figure 20. 
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Figure 19. Simplified version of the energy transfer mechanism proposed by Kudisch et al. for their amination 

protocol P4.33 Excitation of nickel(II) amine complex (morpholine in the example) 103 by PC3 or PC4 leads to 

the intramolecular SET step forming a Ni(I) complex (formally) 104 with one oxidized morpholine radical cation 

as a ligand. After two steps, uncharged morpholine radical 105 and trivalent Ni(I) complex 106 is formed. The 

product formation can proceed by two routes. First is direct combination of 105 with the aryl bromide (forming 

bromide radical). In the second route OA of 106 to yield complex 107 is followed by RE of the product with 

consecutive oxidation of the initially formed Ni(I) complex by 105. Note: the mechanism was slightly modified. 

In structure 104 nitrogen was originally shown to be a cationic radical while nickel did not have a charge at all and 

the H originating from the N-H bond was not shown at all. This is likely just a small mistake by the authors because 

in the reaction one electron from the N-H bond is donated to Ni making its charge negative. The other electron of 

the N-H bond goes to N, which produces a neutral nitrogen radical and a proton. 
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Figure 20. Dexter energy transfer mechanism proposed by several groups for amination, (thio)etherification, 

esterification and sulfonamidation reactions.33-35,37,38,45,48-50 

 

In early 2018, Doyle et al. showed that a pair of Ni(II) aryl halide complexes can 

photoinducively  disproportionate to produce corresponding Ni(I) and Ni(III) complexes which 

can allow access to a Ni(I)/Ni(III) catalytic cycle.93 Inspired by this result, Sun et al. (Nocera) 

went on to use the etherification protocol P5 as a model and provided substantial evidence in 

favor of a self-sustained Ni(I)/(Ni(III) cycle where the action of the PC is an off-cycle process 

where Ni(II) is reduced to the active Ni(I).94 A summary of the most important findings is 

shown in Figure 21. 
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Figure 21. Summary of the most important results in the 2018 study by Sun et al.94 A: Quantum yield of the 

coupling between methanol and 4-bromoacetophenone using P5 with various output powers is > 1, indicating that 
the proposed cycle M1, where one photon is consumed for each cycle, cannot represent the main catalytic pathway. 

Lowering the power increases the quantum yield and consequently increases the turnover number (TON). B: Same 

absorption features are seen with both TAS of P5 reaction mixture excluding the substrates as well as with in-situ 

UV-Vis monitoring when substrates are present (methanol and 4-bromoacetophenone). C: Comproportionation 

of Ni(II) and Ni(0) produces a species with same absorption features as is seen with methods shown in B. 

Crystallization of the formed species produces a dimeric Ni(I)-Ni(II) complex (characterized by single-crystal X-

ray diffraction). D: Reaction of the dimeric complex (formed in situ) with 4-bromoacetophenone, methanol and 

DABCO produces the corresponding coupling product. More catalyst deactivation (and hence decreased TON) is 

observed with increased Ni(I) concentration. 

 

First, the authors measured the quantum yield (ϕ = moles of coupling products / moles of 

photons) of the reaction between methanol and 4-bromoacetophenone using P5 to be > 1 with 

various output powers (Figure 21A). They recognized that a closed catalytic cycle where a 

photon is consumed for every cycle would always give a quantum yield < 1. TAS experiments 

without substrates as well as experiments with specially built in-situ UV-vis monitoring 

apparatus in cross-coupling conditions (methanol and 4-bromoacetophenone) showed 

formation of an unknown species with absorption maxima at 670 and 840 nm after illumination 

(Figure 21B). The group postulated that the formed species was a nickel(I) complex. By using 

a comproportionation reaction between Ni(dtbbpy)(cod) and NiCl2(dtbbpy) in presence of 
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quinuclidine, a visible change in the reaction mixture color was observed and the absorption 

spectrum of the resulting product was identical to that observed with TAS and the in-situ UV-

Vis system (Figure 21C). From the reaction mixture, crystals were grown and their structure 

was determined by single-crystal X-ray diffraction. The observed complex was a dimer with 

both Ni(I) and Ni(II) centers. The team postulated that the dimeric structure was formed because 

excess of NiCl2 was used in the comproportionation reaction. When the dimer was exposed to 

the reaction conditions of P5, coupling products were recovered (Figure 21D). It was 

discovered that the principal deactivation pathway of the Ni(I) catalyst was comproportionation 

between Ni(I) and Ni(III) to yield inactive Ni(II) and that such deactivation can be reduced 

when using lower concentration of the dimeric complex. With these findings, the authors 

proposed that P5 proceeds with mechanism M5 (Figure 22) rather than M1.94 

 

 

Figure 22. Revised catalytic cycle M5 of the etherification protocol P5 that is more reasonable than the initially 

proposed mechanism M1.94 Red: Independent photocatalytic cycle. Quinuclidine, which proved to be the most 

potent quencher out of all of the components, quenches Ir(III)* and then the resulting quinuclidine radical re-

oxidizes the reduced Ir(II) back to Ir(III). Green: Similar to the red cycle but here Ir(II) reduces the nickel(II) 

precatalyst (instead of quinuclidine) to the active nickel(I). Blue: Self-sustained thermal cycle where both oxidative 

addition and reductive elimination are facile at room temperature. Comproportionation leads to formation of 

inactive nickel(II) and therefore the photon source is required to operate for the whole duration of the reaction. 

While the geometries of the complexes in M5 are probably correct, the location of the substituents might be 

different in the actual mechanism.33 
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In late 2020, after considerable mechanistic investigation, Till et al (MacMillan) concluded that 

the amination protocol P1 is also more likely to proceed with mechanism M5 rather than M1.64 

TAS experiments and Stern-Volmer quenching studies showed that DABCO is the main 

quencher of Ir(III)* (PC2) forming Ir(II) and DABCO●+. UV-Vis experiments showed that 

reduction of Ni(II) by Ir(II) is very inefficient and that back electron transfer from the initially 

formed DABCO●+ to Ir(II) is sufficiently fast that there is no buildup of these species. 

Experiments on Ni(II) complex 108 showed that RE did not take place even under illumination 

(Figure 23, entries 2-3), suggesting that Ni(0)/Ni(II)/Ni(II)* pathways, relevant for EnT, is not 

viable. Moreover, addition of a single electron oxidant FcBF4 (ferrocenium tetrafluoroborate) 

yielded the expected coupling product 109 in the dark, demonstrating the facile nature of RE 

from Ni(III) (Figure 23, entry 1). Finally, quantum yield measurements provided evidence that 

the main catalytic cycle was in fact a self-sustained Ni(I)/Ni(III) cycle and not the previously 

proposed closed Ni(0)/Ni(II)/Ni(III)/Ni(I) cycle. It was also experimented whether the 

Ni(I)/Ni(III) cycle could continue without light after initial formation of the active catalyst by 

light. Unfortunately, it was discovered that almost immediately after turning off the light source 

product formation seized, indicating that catalyst deactivation pathways are significant.64 The 

improved mechanistic understanding of the amination protocol allowed the authors to develop 

a new highly reducing Ir(III) photocatalyst PC11 that showed a 37 fold rate increase and 15 

fold increase in quantum yield compared to the originally used highly oxidative PC2.64 
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Entry Change Product yield 

1 None 68 % 

2 No FcBF4, 48 h < 1 

3 No FcBF4, 450 nm LED, 4 h < 1 

 

Figure 23. Reaction of Ni(II) complex 108 with single electron oxidant ferrocenium tetrafluoroborate (FcBF4) 

under thermal conditions.64 

 

 

Figure 24. Comparison of improved PC11 and initially used PC2 used in protocol P1.64 
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In early 2021, the mechanism M2 of the thioetherification protocol P6 was revised by Qin, Sun 

and Nocera.95 Again, a self-sustained Ni(I)/Ni(III) cycle was proposed based on quantum yield 

measurements. The revised mechanism M6 is shown in Figure 25. Stern-Volmer quenching 

studies and TAS showed that pyridine is an inefficient quencher of Ir(III)* and that iodide, 

originating from the aryl iodide, is the principal quencher. This result is in contrast to M5 where 

the base (quinuclidine or DABCO) is the main quencher. The important quenching function of 

iodide also explains why P6 does not work with aryl bromides. However, aryl bromides are 

able to react when iodide is added in the form of pyHI (pyridinium iodide) or TBAI 

(tetrabutylammonium iodide). A critical difference between M5 and M6 is that protonated 

pyridine was discovered to be a more potent SET partner with Ir(II) than with Ni(II) complexes. 

Therefore, pyridine is proposed to act as an electron shuttle mediating the reduction of Ni(II). 

In M6, thiol radicals are formed in a reaction between I2
●– and RSH. In M2, these radicals were 

proposed to be a key intermediate in the productive catalytic cycle while in the revised 

mechanism M6, the radical has an unproductive function, forming inactive Ni(II). It remains 

unclear whether the amination protocol P2, that was initially proposed to proceed with 

mechanism M2, also proceeds with M6. If the actual mechanism is M6, what is the underlying 

reason for the poor performance of aliphatic amines with P2? 
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Figure 25. Revised catalytic cycle of the thioetherification reaction first proposed in 2016 by Oderinde et al. 

(Johannes).95 Red: Independent photocatalytic cycle were iodide originating from the aryl iodide electrophile 

quenches Ir(III)* and then the resulting diodide radical ion, formed in excess iodide, reoxidizes the reduced Ir(II) 

back to Ir(III). Green: Similar to the red cycle but here Ir(II) either directly reduces nickel(II) precatalyst to the 

active nickel(I) or reduces protonated pyridine to form protonated pyridine radical which then goes on to do the 
reduction. The latter process is faster than the direct reduction. Blue: Self-sustained thermal cycle where both 

oxidative addition and reductive elimination are facile at room temperature. Deactivation pathways lead to the 

formation of inactive nickel(II) and therefore the photon source is required to operate for the whole duration of the 

reaction. While the geometries of the complexes in M6 are probably correct, the location of the substituents might 

be different in the actual mechanism.33 

 

Finally, in late 2020, Sun, Qin and Nocera provided very interesting results by accessing the 

Ni(I)/Ni(III) cycle without using light.96 By using sub-stoichiometric amounts of zinc powder, 

just enough nickel(II) is reduced to nickel(I) to keep Ni(I)/Ni(III) concentrations low enough to 

avoid significant comproportionation back to Ni(II). The catalytic system works for amines, 

alcohols and carboxylic acids, with different optimal conditions for each type of coupling. The 

coupling protocols and proposed catalytic cycle are shown in Figure 26. As is expected, the 

reactivity trends are identical to the photocatalyzed versions with electron deficient aryl halides 

and electron rich nucleophiles (without significant steric hindrance) being the best coupling 

partners. The group postulated that using earth abundant reductants instead of expensive rare 

metal based PCs and energy intensive light irradiation is a more sustainable option. 
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Figure 26. Photocatalyst- and light-free amination, etherification and esterification protocols developed by Sun, 

Qin and Nocera and the proposed catalytic cycle.96 While the geometries of the complexes in M7 are probably 

correct, the location of the substituents might be different in the actual mechanism.33 
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7.2 THE FATE OF THE ENERGY TRANSFER MECHANISM 
 

It is well known that direct excitation of Ni(II) aryl-nucleophile complexes can produce 

coupling products, and the reasoning goes that in such cases RE must proceed from Ni(II)* 

rather than Ni(III) because no external oxidants like a PC are present.32,37,48 These observations 

have been used as evidence to support EnT mechanisms in the presence of a PC by ruling out 

the possibility of PET/SET.32,37,48 However, this argument is flawed because of two factors: 

First, it assumes that, if after direct excitation the RE proceeds from Ni(II)*, this must also be 

the case in the presence of a PC. However, in the presence of a PC, Ni(II) can be oxidized or 

reduced by the PC before RE and a dark Ni(I)/Ni(III) cycle could be accessed. Second, it 

assumes that after direct excitation, RE necessarily proceeds from Ni(II)*. However, as was 

shown by Doyle et al., Ni(II) can participate in photoinduced disproportionation to access a 

dark Ni(I)/Ni(III) cycle (Figure 27A).93 The above example illustrates a problem in the 

mechanistic analysis of EnT mechanisms. The studies proposing EnT mechanisms do not 

acknowledge the possibility of a dark Ni(I)/Ni(III) cycle nor do the proof presented 

ambiguously rule out such a mechanism.33-35,37,38,45,48-50 

In early 2020, Tian et al (Scholes) experimented on a stable nickel aryl-acetate complex 113.73 

TAS experiments showed that PC1 was transferring energy to the complex to yield excited 

state 113, which reacted in a monoatomic fashion to yield the coupling product 114 (Figure 

27B). The team recognized that the excited state 113 could be oxidized in subsequent step 

before RE to yield 114 in a similar fashion as described by Doyle et al. (Figure 27A).93 

However, this disproportionation mediated pathway was not detected. Addition of the single 

electron oxidant, FcBF4, in dark environment yielded the coupling product, proving that a dark 

Ni(I)/Ni(III) cycle can also be a possibility (Figure 27B). These findings show that there can be 

two operational mechanisms for the same complex 113.73 The results do not show which cycle, 

the closed Ni(0)/Ni(II)/Ni(II)* (EnT) or dark Ni(I)/Ni(III), is predominant when all the 

components of the coupling protocol are present. It is possible, that both cycles can be 

significant at the same time. 
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Figure 27. Scheme of photoinduced disproportionation of a Ni(II) ArX complex and reductive elimination studies 

on Ni(II)(Ar)-acetate complex 113.73,93 

 

As was shown in chapter 7.1, quantum yield data can give excellent insight on mechanisms, 

providing information on whether or not a photon is consumed for every cycle as is the case 

with photocatalytic cycles. To the author’s knowledge, no study declaring EnT mechanisms 

have presented quantum yield data to rule out the possibility of a dark cycle.33-35,37,38,45,48-50 

However, some proposed EnT mechanisms have been put to question using quantum yield data.  

In late 2020, Sun, Qin and Nocera measured a quantum yield of 2.7 for a model amination 

reaction using the protocol P4 that is proposed to proceed by EnT.96 This result implies that a 

dark Ni(I)/Ni(III) cycle plays a significant role in the overall product formation and that the 

initially proposed mechanism M3 is not correct.96 

To conclude section 7, the mechanistic understanding on dual nickel/photocatalyst aryl-

heteroatom cross-coupling protocols has increased significantly in recent years. The knowledge 
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on the mechanisms has allowed researchers to optimize their already excellent coupling 

protocols and even unlock light free approaches. The discovery of the dark cycle has led to the 

revisal of alleged closed PET/SET cycles like M1 and M2. While there is no doubt that EnT to 

Ni(II) aryl-nucleophile complexes can facilitate RE of the coupling product, in many proposed 

EnT mechanisms it remains unclear how significant this process is as opposed to a possibly 

competing Ni(I)/Ni(III) cycle. 

 

8 FUTURE PROSPECTS: APPLICABILITY IN INDUSTRIAL 

CHEMISTRY 

 

Many studies have proved the applicability of dual nickel/photocatalyst systems to conduct 

small-scale coupling of simple aryl halides with various nucleophiles. Dual nickel/photocatalyst 

systems are not currently used in any industrial processes but recent reports suggest that they 

could be in the future. 

In 2020, the first kilogram scale dual nickel/photocatalyst catalyzed C-N cross-coupling 

utilizing a flow reactor was performed.67  Although other studies have used flow reactors to 

scale up their dual nickel/photocatalyst cross-coupling protocols, none of them has come even 

close to the kilogram scale.29,34,41  The team used a modified version of the protocol P1. First, 

the team developed a scaling factor based on the ratio of absorbed photons at a certain time to 

the initial amount of aryl halide. The factor was termed “photon equivalents”.  The scaling 

factor was tested with smaller flow reactors (10, 60 and 150 ml) and it could reliably predict 

the residence time needed for almost full conversion (about 90 %). Using the scaling factor, it 

was estimated that residence time of 20 minutes is enough to get 90 % yield of 115 with a 

specially constructed 3.5 l flow reactor.  The flow reaction was run for 10 consecutive runs (200 

minutes) to yield 1.4 kg of the coupling product in 82 % yield, a result that is in nice agreement 

with the prediction (Figure 28). 
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Figure 28. Utilization of a flow reactor to conduct dual nickel/photocatalyst aryl-amine cross-coupling in the 

kilogram scale.67 

 

Also in 2020, Till et al. assessed the applicability of the amination protocol P1 by using a set 

of 18 specially designed and particularly challenging aryl halides as coupling partners with 

piperidine (Figure 29).64 The set was developed by Kutchukian et al. and it aims to provide 

broad chemoselectivity challenges in substrates that have been targets in drug discovery and 

development programs.97 Almost all of the substrates shown in Figure 29 were able to couple. 

The yields are not as impressive as with simpler aryl halides but further optimization should 

allow for efficient coupling.  The results also clearly show that the improved PC11 gives better 

results than the original PC2 (see Figure 24). 
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 X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14 X15 X16 X17 X18 

PC2 0 39 20 29 3 0 0 53 0 5 14 30 13 37 37 1 1 1 

PC11 0 52 5 55 3 3 0 43 0 5 11 25 16 42 44 3 1 9 

 

    0 %  1-15 %  16-40 %  > 40 %     

 

Figure 29. Utilizing PC2 or improved PC11 in protocol P1 to allow coupling with challenging aryl halides. Only 

selected aryl halides are shown. Consult the study by Kutchukian et al. for structural information on the other aryl 

halides.97 

 

In conclusion, the above examples demonstrate that dual nickel/photocatalyst cross-coupling 

protocols are applicable for large scale synthesis and synthesis of more complex structures. 

Time will tell whether or not these protocols will see industrial use. The fact that palladium-

based aryl-heteroatom couplings (Buchwald-Hartwig) are used industrially and that dual 

nickel/photocatalyst protocols show similar efficiency with reduced price should be a strong 

incentive to consider transferring to the nickel-based cross-couplings.98 

  



51 

 

PRACTICAL PART 
 

9 INTRODUCTION 

 

O-aryl carbamates are vital chemicals used mainly in agricultural and medicinal industry as 

pesticides and acetylcholinesterase inhibitors.99,100 O-aryl carbamates have also found use in 

synthesis.101,102 O-aryl carbamates are produced industrially starting from phenols, amines and 

reactive carbonyl compounds like phosgene.103 In laboratory scale synthesis, the use of this 

toxic gas can be avoided by starting the synthesis with the appropriate commercial 

chloroformate or carbamoyl chloride. However, these compounds are also produced from 

phosgene or its derivatives. To avoid the use of these toxic reagents altogether, methodologies 

that are not based on nucleophilic acyl substitution must be developed.  

In one method, O-aryl carbamates are synthetized by copper catalyzed cross-dehydrogenative 

coupling starting from formamides and phenols (Figure 30).104,105 The problem with these 

methods is that the reactions are conducted in neat formamide making the procedure expensive 

and wasteful when more complex N-substitution is desired.  

 

Figure 30. Synthesis of O-aryl carbamates starting from phenols and carbonyl compounds. 
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Another way to approach the problem is to change the nature of the reagents by using carbamate 

ions as nucleophiles and appropriate aryl compounds as electrophiles. The carbamate ions can 

be made by reaction between CO2 and an amine. When an amine is exposed to CO2, a carbamic 

acid is formed which can be further deprotonated by another molecule of the amine or external 

base to produce the corresponding carbamate ion.106,107 This approach was used by Xiong et al. 

in two different coupling protocols. In 2015, a base promoted coupling of diaryliodium salts 

and carbamates was achieved (Figure 31A).108 The procedure is the first time that O-aryl 

carbamates were synthetized by using carbamate ions. The procedure is limited by the laborious 

preparation of the diaryliodium salt as well as the need for high pressure and relatively high 

temperature. In 2017, a copper catalyzed cross-coupling of carbamate ions with arylboronic 

acids was developed (Figure 31B).109 This protocol is more promising than the former because 

a wide range of aryl boronic acids are commercially available. However, high pressure and 

relatively high temperature is, again, needed. In 2019, Xiang et al. published a copper catalyzed, 

8-aminoquinoline-assisted, C-H carbamate coupling starting from aryl carboxamides (Figure 

31C).110 The coupling protocol has a wide tolerance of different substituents and achieves 

impressive yields at room temperature. A downside is that the coupling requires the presence 

of the 8-aminoquinoline group on the aryl carboxamide as it plays an important role in the 

proposed mechanism.  

Using aryl halides as coupling partners provides another way to yield the O-aryl carbamate. 

Usually aryl-nucleophile coupling is conducted with palladium. Carbamates, however, are 

problematic because they are less stable and therefore give poor yields of carbamate at the 

increased temperatures normally needed for palladium based couplings (usually >80 °C).107 

Indeed, to our knowledge, palladium has not been used for coupling of carbamate ions with aryl 

halides. One way to combat the degradation of the formed carbamate when operating at higher 

temperatures is to increase the pressure of CO2 but a more economical and convenient way is 

to use a coupling method capable of operating at lower temperatures.106 Here, nickel-based 

cross-coupling coupled with photocatalysis provides the desired low-temperature approach. In 

the past 10 years, these coupling protocols have emerged as an attractive field of research and 

have been shown to be effective for numerous C-C, C-O, C-N, C-S and C-P cross-coupling 

reactions.23-27,91 In purely thermal Ni-based catalysis, the product forming step, reductive 

elimination (RE), usually proceeds from Ni(II) and is energetically demanding, leading to the 

need to operate at high temperature.4 A photocatalyst (PC) reduces the energy requirement by 

enabling RE to proceed from the more facile excited state Ni(II)* or oxidized Ni(III).65,73  
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While N-aryl carbamates have been produced using the Ni/PC methodology starting from O-

substituted carbamates (ROCONH2),
34,35 we are glad to present the first synthesis of O-aryl 

carbamates starting from aryl halides, amines and CO2 (Figure 31D). As a photocatalyst (PC), 

we synthetized an organic PC 4DPAPN-tBu which offers better results than the often used 

expensive, noble metal based Ir(ppy)3 (Tris(2-phenylpyridine)iridium(III)). 

 

Figure 31. Synthesis of O-aryl carbamates by coupling of aryl compounds with carbamate ions produced from 

CO2 and amines. 
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10 GENERAL INFORMATION 

10.1 MATERIALS AND METHODS 
 

All reagents were purchased from commercial sources and were not purified further if not stated 

otherwise. Morpholine was distilled over KOH and all solvents were dried over 3Å molecular 

sieves. Ligands L1 and L2 as well as a pinzer complex (see Table 16 for structures) were 

synthetized by a co-worker. 

NMR experiments were run with Bruker AS400 NMR in CDCl3. Chemical shifts are reported 

relative to residual CHCl3 (δ = 7.26 for 1H and 77.16 for 13C) or C6F6 (δ = –164.9 for 19F). GC-

MS experiments were run with Agilent 6890N Network Gas Chromatograph coupled with 

Agilent 5973 Network Mass Selective Detector. HRMS (ESI) was recorded with Bruker Micro 

TOF system. IR spectra was recorded with Bruker Alpha Platinum-ATR FT-IR. 

10.2 ABSORPTION- AND FLUORESCENCE SPECTROSCOPY 
 

Absorption spectra were measured using Ocean Optics USB4000 spectrophotometer. 

Fluorescence measurements were done by using a Horiba Jobin Yvon FluoroMax-4 

spectrofluorometer. In both measurements, 0.1 mg/ml solutions were used or in the case of 

photocatalyst 4DPATPN-tBut, a saturated solution was used (this photocatalyst was not soluble 

enough to yield 0.1 mg/ml). In fluorescence measurements, 0.1 mg/ml solutions proved to be 

too concentrated to obtain accurate information of absolute intensities between different 

photocatalysts. However, in our use there was no need to compare the intensities of different 

photocatalysts and all intensities have been reported here as relative. 

10.3 CYCLIC VOLTAMMETRY 

 

Cyclic voltammetry (CV) measurements were performed as follows: Photocatalyst and 

ferrocene (Fc, sublimed under atmospheric pressure) were dissolved (both 1 mM) using an 

electrolyte solution (0.2 M Bu4NPF6 in acetonitrile pre-dried with 3Å molecular sieves and 

distilled over CaH2). An ALS SVC-3 voltammetry cell with glassy carbon working electrode 

(WE), platinum wire counter electrode (CE) and Ag/Ag+ (0.01 M AgNO3 in electrolyte 
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solution) reference electrode (RE) were used. The electrochemical cell was degassed by 

bubbling nitrogen for about 10 minutes. A pre-bubbler was used to avoid concentration and 

possible precipitation of the photocatalyst.111 The scan rate was set to 50 mV/s with a 10 mV 

step potential. In most scans, the scan area vs SCE (saturated calomel electrode) was –2.6 - 2.3 

V (some solvent reactions was observed at around +2 V). Scanning was started at open circuit 

potential (OCP) visible in the voltammograms. Only one scan per photocatalyst was run. 

Between runs, the system was thoroughly rinsed with distilled acetonitrile, the WE was re-

polished if necessary and a background run (2 cycles at 100 mV/s with 10 mV step potential 

and scan area of –2.6 - 2.3 vs SCE) was run. The voltammograms were rescaled vs SCE by 

setting Fc+/Fc at 0.38 V.112 The reversible reaction at around -1.5 V vs SCE visible for all 

photocatalysts was taken to be the PC/PC– conversion.  

E(PC*/PC–) can be calculated with equation 5. 

 

 𝐸(𝑃𝐶∗/𝑃𝐶–) = 𝐸(𝑃𝐶/𝑃𝐶−) + 𝐸00
𝑠  5 

Where Es
00 is the energy of the vibrationally relaxed first excited singlet state in electron volts. 

This energy can be estimated from the absorption and fluorescence maxima of the first excited 

singlet state.113 The absorption and fluorescence maxima that correspond to the S1 should be 

adjacent and have the highest wavelengths (lowest energy). Equation 6 was used for the 

calculations of redox potentials. 

 

 
𝐸(𝑃𝐶∗/𝑃𝐶–) = 𝐸(𝑃𝐶/𝑃𝐶−) + (

ℎ𝑐

λ𝐴,𝑚𝑎𝑥 + λ𝐹,𝑚𝑎𝑥

2

) ∙ (
1 𝑒𝑉

1.602177 ∙ 10–19𝐽
) 

6 

Where h is the Planck’s constant, c is the speed of light and λA,max and λF,max are the absorbance 

and fluorescence maxima corresponding to the S1 state respectively. 
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11 PHOTOCATALYTIC SETUP 

 

Optimization- and scope experiments were performed with two identical photoreactors. The 

setup and the emission spectrum of the lights is shown in (Figure 32). The reactor consists of a 

box (length 24.5 cm, width 15.5 cm and height 11.5 cm) with both ends open to allow the use 

of a cooling fan. A rack that can hold three 8 ml vials is placed between two 30 W 6700K CFL 

lights about 1.8 cm from the lights. When using the reactor, the reactor is placed on a magnetic 

stirrer, the vials are placed in the racks and a lid is put on the box. The proximity of the lights 

raises the temperature of the reaction solutions to about 43 °C. 

 

Figure 32. The photoreactor and the spectrum of the CFL lights used.  
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12 INITIAL OPTIMIZATION WITH AN ARYL BROMIDE 

COUPLING PARTNER 

 

Optimization of the dual catalyst system was done by selecting morpholine as the amine 

reacting with CO2 to form the corresponding carbamate. 4-bromobenzotrifluoride 116 was 

selected as the model aryl halide, since it is convenient to analyze with 19F NMR and it is quite 

electron poor, which is an indicator of high reactivity in dual nickel/photocatalyst cross-

couplings. DBU, TMG and other superbases have been shown to be beneficial in forming 

carbamate salts in high yields, especially with less basic amines like aniline.107,114 For this 

reason, DBU was selected as the initial base. Ir(ppy)3 (Tris(2-phenylpyridine)iridium(III)) was 

selected as the initial PC because it has been used successfully in coupling of carboxylic acids 

which are similar in structure and nucleophilicity to carbamates.34,48 

In a typical optimization reaction in an 8 ml vial were added DMF (3 ml), 4-

bromobentsotrifluoride (0.2 mmol, 0.05 M), morpholine (0.4 mmol, 2 equiv), NiBr2 and dtbbpy 

(10-20 µmol, 5-10 mol%) and photocatalyst (2 µmol, 1 mol %). The reaction mixture was 

diluted to 4 ml and capped with a septum cap. CO2 was bubbled for 10 sec-10 min. The vial 

was placed between two 30 W white CFL lights and stirred vigorously (1200 rpm) at 43 ℃ (due 

to proximity of the lights) for 18-22 hours. Yields were determined either with GS-MS or 19F 

NMR. GC-yields were determined by adding mesitylene (0.2 mmol) as an internal standard and 

then extracting a sample with ethyl acetate and analyzing with GC-MS. 19F NMR yields were 

determined by adding trifluoroethanol (0.2 mmol) as an internal standard and directly analyzing 

the resulting solution with 19F NMR using self-made DMSO-d6 inserts to get lock signal. 

12.1 COMMON SIDE PRODUCTS 
 

For convenience, most of the initial optimization studies were analyzed with GC-MS. In the 

cross-couplings, three side products are commonly observed (Figure 33). The aniline 118 and 

phenol 119 side products are usually minor. They were not isolated and therefore their exact 

yields were not evaluated with GC-MS. The dehalogenated side product 117 is very significant 

in the optimization experiments, almost making up the remainder of species originating from 

the starting material (Yield of 118 ≈ yield of 117 – unreacted 116). In optimization studies 

analyzed with GC-MS, the yield of 118 was not evaluated because it elutes faster than DMF 
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and, since the used GC device does not have FID, removal of DMF would be required making 

the sample preparation laborious.  

 

 

Figure 33. The desired product and common side products. 

 

12.2 OPTIMIZATION OF THE SOLVENT 
 

Optimization results are shown in Table 6. Less polar solvents failed to completely dissolve the 

catalytic system and consequently failed to give almost any product at all (entries 1 and 2). In 

the first set of reactions, DMAc and NMP seemed to work much better than DMF (first set of 

yields in entries 4-6). However, when these reactions were repeated, the yield with DMF more 

than quadruplet, yield with DMAc also increased and the yield with NMP slightly decreased 

(second set of yields in entries 4-6). This led us to suspect that variation in the CO2 bubbling 

time and pressure led to the loss of 4-bromobenzotrifluoride and consequently to bad 

reproducibility. This was corrected in the next optimization step by decreasing the bubbling 

time to exactly 5 minutes and reducing the flow of CO2. 
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Table 6. Optimization of the solvent. 

 

 

Entry Solvent Yield of 117 (%) 

1a THF 1.1 

2a PhCF3 0.0 

3 ACN 5.3 

4 NMP 21.1 and 19.3 

5 DMAc 23.0 and 37.0 

6 DMF 7.6 and 33.5 

Conditions: In an 8 ml vial were added NiBr2 (4.4 mg, 0.02 mmol, 10 mol %), dtbbpy (5.4 mg, 0.02 mmol, 10 

mol %) and 3 ml of solvent. The mixture was stirred in an 80 ℃ water bath until no solids were present. Ir(ppy)3 

(1.3 mg, 2 μmol 1 mol%) dissolved in 1 ml of solvent was added followed by 4-bromobenzotrifluoride (28.0 μl, 

0.2 mmol, 0.05 M), morpholine (34.8 μl, 0.4 mmol, 2 equiv) and DBU (59.7 μl, 0.4 mmol, 2 equiv). CO2 was 

bubbled for about 10 minutes (for some vials significantly longer), after which the vial was capped under CO2 

flow. The vial was placed between two 30 W white CFL lights and stirred vigorously (1200 rpm) at 43 ℃ for 18 

hours. Yields were determined with GC-MS using mesitylene as an internal standard.a Complexation was not 

complete even after extended heating period.  

 

12.3 INITIAL OPTIMIZATION OF THE PHOTOCATALYST 
 

Optimization results are shown in Table 7. As suspected, when decreasing the bubbling time 

and CO2 flow the yields went up and were more reproducible. The PC is essential for product 

formation (entry 1). DMF proved to be superior to DMAc. Only Ir(ppy)3 and an organic 

photocatalyst 4DPAPN49 were able to yield complete transformation of the starting material. 

Since 4DPAPN worked as well as Ir(ppy)3, if not better, and it is much cheaper and free of rare 

metals, it was chosen as the optimal photocatalyst (entry 4 vs entry 7). Even though using higher 

catalyst loading (entry 13) did improve the yield slightly, the lower catalyst loading of 1 mol% 

was kept to conserve 4DPAPN. 
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Table 7. Initial optimization of the photocatalyst. 

 

 

Entry Photocatalyst Solvent Yield of 117 (%) 116 

remaining (%) 

1 None DMF 0.0 92.8 

2a Ir(ppy)3 (1 mol%) DMF 16.4 47.3 

3a Benzophenone (5 mol%) DMF 5.0 80.4 

4 Ir(ppy)3 (1 mol%) DMF 49.6 0.0 

5 Benzophenone (5 mol%) DMF 32.4 22.2 

6 Michler’s ketone (5 mol%) DMF 43.6 14.5 

7 4DPAPN (1 mol%) DMF 50.8 0.0 

8 Ir(ppy)3 (1 mol%) DMAc 41.8 0.0 

9 benzophenone (5 mol%) DMAc 34.9 39.7 

10 Michler’s ketone (5 mol%) DMAc 27.3 49.0 

11 4DPAPN (1 mol%) DMAc 42.3 0.0 

12 4DPAPN (0.5 mol%) DMF 47.5 0.0 

13 4DPAPN (2 mol%) DMF 52.6 0.0 

14 Ru(bpy)3Cl2∙6H2O (1 mol%) DMF 0.0 94.1 

15 9-fluorenone (5 mol %) DMF 1.8 85.4 

16 Acetophenone (8.6 mol %) DMF 2.7 86.8 

Conditions: In an 8 ml vial were added a photocatalyst (as shown) and DMF or DMAc (3 ml). The mixture was 
stirred until no solids were present. 0.2 ml of a 1:1 NiBr2:dtbbpy solution (0.1 M DMF or DMAc solution, 0.02 

mmol, 10 mol %) was added followed by 4-bromobenzotrifluoride (28.0 μl, 0.2 mmol, 0.05 M), morpholine (34.8 

μl, 0.4 mmol, 2 equiv) and DBU (59.7 μl, 0.4 mmol, 2 equiv). The solution was diluted to 4 ml. CO2 was bubbled 

for 5 minutes and the vial was capped under CO2 flow. The vial was placed between two 30 W white CFL lights 

and stirred vigorously (1200 rpm) at 43 ℃ for 22 hours. Yields were determined with GC-MS using mesitylene as 

internal standard.a With fan cooling at 22 °C for 15 hours. 
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12.4 OPTIMIZATION OF THE LIGAND 
 

Optimization results are shown in Table 8. When the ligand is excluded, very small yields are 

observed (entry 1). 4,4’-substituted bipyridines were superior to all tested ligands with dtbbpy 

being optimal (entries 2-5). Other nitrogen ligands performed poorly (entries 6 and 7). All 

phosphine based ligands failed to give any product (entries 8-11).  

 

Table 8. Optimization of the ligand. 

 

Test Ligand Yield of 117 (%) 116 remaining (%) 

1 No ligand 4.0 83.8 

2 dtbbpy 50.8 0 

3 2,2’-bipyridine 22.8 0.0 

4 2,2’-bipyridine-4,4’-dicarboxylic 

acid 41.0 0.0 

5 4,4’-Dimethoxy-2,2’-bipyridine 41.0 0.0 

6 1,10-phenantroline 16.5 44.9 

7 Bathocuproine 0.0 60.1 

8 PPh3 0.0 81.5 

9 dppf 0.0 106.1 

10 Xantphos 0.0 80.7 

11 BINAP 0.0 73.2 

Conditions: In an 8 ml vial were added NiBr2 (4.4 mg, 0.02 mmol, 10 mol %), ligand (0.02 mmol, 10 mol %) and 

DMF (3 ml). The mixture was stirred and heated if necessary until no solids were present. 0.1 ml of a 4DPAPN 

solution (0.02 M in DMF, 2 μmol, 1 mol %) was added followed by 4-bromobenzotrifluoride  (28.0 μl, 0.2 mmol, 

0.05 M), morpholine (34.8 μl, 0.4 mmol, 2 equiv) and DBU (59.7 μl, 0.4 mmol, 2 equiv). The solution was diluted 

to 4 ml. CO2 was bubbled for 5 minutes and the vial was capped under CO2 flow. The vial was placed between 

two 30 W white CFL lights and stirred vigorously (1200 rpm) at 43 ℃ for 22 hours. Yields were determined with 

GC-MS using mesitylene as internal standard. 
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12.5 OPTIMIZATION OF THE NICKEL SOURCE 
 

Table 9. Optimization of the nickel source. 

 

Test Ni source Yield of 117 (%) 116 remaining (%) 

1 No nickel 0 101.2 

2 NiBr2 55.1 0 

3 NiBr2∙3H2O 49.3 0 

4 NiCl2 49.8 8.4 

5 NiCl2∙6H2O 49.8 0 

6 NiCl2∙glyme 53.6 0 

7 Ni(NO3)∙6H2O 43.8 0 

8 NiSO4∙6H2O 46.3 0 

9 Ni(OAc)2∙4H2O 35.5 0 

11 Ni(acac)2 9.8 35.7 

Conditions: In an 8 ml vial were added nickel source (0.02 mmol, 10 mol %), dtbbpy (5.4 mg, 0.02 mmol, 10 mol 

%) and DMF (3 ml). The mixture was stirred and heated if necessary until no solids were present. 0.1 ml of a 

4DPAPN solution (0.02 M in DMF, 2 μmol, 1 mol %) was added followed by 4-bromobenzotrifluoride  (28.0 μl, 

0.2 mmol, 0.05 M), morpholine (34.8 μl, 0.4 mmol, 2 equiv) and DBU (59.7 μl, 0.4 mmol, 2 equiv). The solution 

was diluted to 4 ml. CO2 was bubbled for 5 minutes and the vial was capped under CO2 flow. The vial was placed 

between two 30 W white CFL lights and stirred vigorously (1200 rpm) at 43 ℃ for 22 hours. Yields were 

determined with GC-MS using mesitylene as internal standard. 

 

Optimization results are shown in Table 9. Nickel is essential for product formation (entry 1). 

Inorganic nickel salts gave very similar results with anhydrous nickel halides and NiCl2∙glyme 

working best (entries 2, 4 and 6). Nickel salts with organic anions did not work as well (entries 

9 and 11). The initially selected anhydrous NiBr2 proved to be the optimal nickel source. 

However, it should be noted that complexation of anhydrous nickel salts with dtbbpy requires 

heating to about 80 ℃ for 5 minutes whereas other salts were complexed at room temperature. 

This extra heating step might not be worth the trouble if one wants to use a freshly made catalyst 

solution for each experiment. In our experience, however, precomplexed NiBr2 dtbbpy retains 
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its catalytic ability for at least 2 months as a 0.2 M DMF stock solution when stored in the 

fridge. 

12.6 OPTIMIZATION OF THE CATALYST LOADING 
 

Next, the effect of catalyst loading of the 1:1 NiBr2:dtbbpy catalyst was scoped by two reaction 

series (Figure 34). It was discovered that a lower catalyst loading of 5 mol % gave slightly 

higher yields than the initially selected 10 mol %. 

 

Figure 34. Effect of [NiBr2(dtbbpy)] loading. Conditions: In an 8 ml vial were added 0.1 ml of a 1:1 NiBr2:dtbbpy 

solution (0.1 M in DMF, 0.01 mmol, 5 mol %), 0.1 ml of a 4DPAPN solution (0.02 M in DMF, 2 μmol, 1 mol %), 

DMF (3 ml), 4-bromobenzotrifluoride  (28.0 μl, 0.2 mmol, 0.05 M), morpholine (34.8 μl, 0.4 mmol, 2 equiv) and 

DBU (59.7 μl, 0.4 mmol, 2 equiv). The solution was diluted to 4 ml and the vial was capped with a septum cap. 
CO2 was bubbled for 10 seconds after which the vial was sealed with parafilm. The vial was placed between two 

30 W white CFL lights and stirred vigorously (1200 rpm) at 43 ℃ for 22 hours. Yields were determined with GC-

MS using mesitylene as internal standard. 
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12.7 OPTIMIZATION OF THE BASE 
 

 

Table 10. Optimization of the base. 

 

Entry Base Base 

equivalents 

Yield of 117 (%) 116 remaining (%) 

1 None 0 6.9 83.7 

2 DBU 2 57.6 0 

3 DBU 3 7.7 0 

4 TMG 2 55.8 0.0 

5 TMG 3 56.9 0 

6 K2CO3 2 18.5 42.1 

7 Cs2CO3 2 56.9 0.0 

8 Cs2CO3 3 57.3 0 

9 CsF 2 25.1 49.4 

10 K3PO4 2 11.1 50.3 

11 t-BuOK 2 4.4 40.5 

12 Et3N 2 6.2 42.3 

13 DIPEA 2 4.9 35.0 

14 DIPA 2 26.3 41.9 

15 DIPA 5 35.5 41.3 

16 t-BIPA 2 27.4 52.9 

17 t-BIPA 4 37.3 27.3 

Conditions: In a 8 ml vial was added 0.1 ml of a 1:1 NiBr2:dtbbpy solution (0.1 M in DMF, 0.01 mmol, 5 mol 

%), 0.1 ml of a 4DPAPN solution (0.02 M in DMF, 2 μmol, 1 mol %), DMF (3 ml), 4-bromobenzotrifluoride  

(28.0 μl, 0.2 mmol, 0.05 M), morpholine (34.8 μl, 0.4 mmol, 2 equiv) and base (0.4 mmol, 2 equiv). %). The 

solution was diluted to 4 ml and the vial was capped with a septum cap. CO2 was bubbled for 10 seconds after 

which the vial was sealed with parafilm. The vial was placed between two 30 W white CFL lights and stirred 

vigorously (1200 rpm) at 43 ℃ for 22 hours. Yields were determined with GC-MS using mesitylene as internal 

standard. 
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Optimization results are shown in Table 10. When starting the base optimization, the CO2 

bubbling time was further reduced to only 10 seconds. Such a short bubbling time probably will 

not reduce the oxygen levels to the levels usually needed for oxygen sensitive reactions like 

palladium cross-couplings. However, as can be seen from the results on Table 10, this coupling 

protocol is not sensitive to small amounts of oxygen and full degassing is not required. 

Use of an external base is required (entry 1). Amine bases and most inorganic bases performed 

poorly (entries 6, 9-17). Results with DBU and TMG were essentially identical with DBU being 

slightly better (entries 2-5). Interestingly, adding three equivalents of DBU resulted in very poor 

yield and GC-MS showed significant amounts of various side products (entry 3). Cs2CO3 also 

gave identical yields to DBU and TMG (entries 7 and 8). 

13 FURTHER ATTEMPTS TO OPTIMIZE THE ARYL BROMIDE 

COUPLING PARTNER 

 

While yields close to 60 %, achieved with the model reagents, were adequate taking into 

consideration the added complexity of the amine-carbamate equilibrium, other tested secondary 

amine coupling partners gave significantly diminished yields and primary amines yielded only 

the corresponding directly aminated coupling products (Table 11). For this reason, further 

optimization was attempted. 

Table 11. Initial testing with other carbamate coupling partners. 

 

Entry Amine Product yield (%) 116 remaining (%) 

1 Piperidine 35.9 4.6 
2 Diethylamine 24.5 23.3 
3 Benzylamine 0 0 
4 Aniline 0 9.7 

Conditions: In an 8 ml vial was added 0.1 ml of a 1:1 NiBr2:dtbbpy solution (0.1 M in DMF, 0.01 mmol, 5 mol 

%), 0.1 ml of a 4DPAPN solution (0.02 M in DMF, 2 μmol, 1 mol %), DMF (3 ml), 4-bromobenzotrifluoride  

(28.0 μl, 0.2 mmol, 0.05 M), amine (0.4 mmol, 2 equiv) and DBU (59.7 μl, 0.4 mmol, 2 equiv). The solution was 

diluted to 4 ml and the vial was capped with a septum cap. CO2 was bubbled for 10 seconds after which the vial 

was sealed with parafilm. The vial was placed between two 30 W white CFL lights and stirred vigorously (1200 

rpm) at 43 ℃ for 22 hours. Yields were determined with GC-MS using mesitylene as internal standard. 
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13.1 MISCELLANEOUS OPTIMIZATION EXPERIMENTS 
 

It was recognized that the poor yields were probably due to a competing dehalogenation 

reaction that is independent of the nickel cycle (Figure 35).57 In the next optimization attempts 

we tried to eliminate this side reaction (Table 12).  

 

 

Figure 35. Possible mechanism for the formation of the dehalogenated product 118.57 1 PC is excited with light. 2 

reductant, morpholine (or base), reduces the excited PC in a PET step and is oxidized to morpholine●+. 3 the 

reduced PC acts as a powerful reductant and transfers an electron to the halide in an SET step. 4 the aryl halide 

radical dissociates forming a halide anion and an aryl radical. 5 the aryl radical abstracts a hydrogen atom from 

morpholine●+ forming the dehalogenation product. 
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Table 12. Miscellaneous optimization experiments. 

 

Entry Variation to the 

method 

Yield of 117 (%) 116 remaining (%) 

1 Cs2CO3, no 
morpholine 0.0 100 

2 DBU, no morpholine 0.0 73.8 

3 1 equiv of morpholine 

and DBU, 2 equiv 

PhCF3Br 59.3 (average of two runs) 98.1 

4a Slow addition of 

Morpholine-DBU 

solution (2 equiv) over 

10 hours 59.5 

0 

6a Slow addition of 

Morpholine-DBU 

solution (1 equiv) over 

10 hours 

51.8 0 

7 83 °C ≈4 0 

8 51 °C 48.4 0 

Conditions: In an 8 ml vial were added 0.1 ml of a 1:1 NiBr2:dtbbpy solution (0.1 M in DMF, 0.01 mmol, 5 mol 

%), 0.1 ml of a 4DPAPN solution (0.02 M in DMF, 2 μmol, 1 mol %), DMF (3 ml), 4-bromobenzotrifluoride  
(28.0 μl, 0.2 mmol, 0.05 M), morpholine (34.8 μl, 0.4 mmol, 2 equiv) and base (0.4 mmol, 2 equiv). The solution 

was diluted to 4 ml and the vial was capped with a septum cap. CO2 was bubbled for 10 seconds after which the 

vial was sealed with parafilm. The vial was placed between two 30 W white CFL lights and stirred vigorously 

(1200 rpm) at 43 ℃ for 22 hours. Yields were determined with GC-MS using mesitylene as internal standard.a 

Morpholine and DBU were dissolved in 1 ml of DMF and added with a syringe pump over 10 hours to a 3 ml 

solution of 4-bromobenzotrifluoride sparged with CO2. 

 

First, we tested that DBU can cause the dehalogenation but Cs2CO3 does not. This makes sense 

since carbonate is not easily oxidized. However, as is evident from the base optimization, 

Cs2CO3 gives no advantage over DBU (Table 10, compare entries 2-3 with 7-8). Therefore, 

morpholine is most likely oxidized much more easily than DBU or Cs2CO3, making it the 
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principle reductant. This also implies that the amine bases like Et3N performed poorly because 

they could reduce 2 more readily than morpholine.  

We hypothesized that it would be beneficial to add the carbamate to the reaction solution slowly 

so that its concentration would remain low during the course of the reaction and reduce the 

unwanted side reaction. Unfortunately, similar results were obtained than without slow 

addition. Finally, we increased the temperature to see if the coupling reaction would be 

accelerated with respect to the dehalogenation. Unfortunately, increase from 43 ℃ to 51 ℃ was 

already detrimental to the yields and presumably high amounts of dehaloganated species 4 was 

formed.  

13.2 REPLICATION OF PUBLISHED METHODS 
 

Since the catalytic protocol was not working very well, we replicated a couple published 

methods to make sure that our equipment was not to blame (Table 13).29,48 Comparable yields 

were achieved even though the published methods were slightly modified due to shortage of 

some chemicals (entries 1 and 2). We also tested if the published amination method could be 

directly applied to carbamates but no coupling was observed (entry 3).29 
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Table 13. Replication of published methods using our dual CFL photoreactor. 

 

 

Entry Reference Changes to the methoda Yield of 
reference 
(isolated) 

Own yield 
(19F NMR) 

1 28 With our photoreactor, NiBr2∙3H2O, no 
sonication, degassed by bubbling with Ar (vs 

free,pump,thaw) 

86 88.6 

2 31 With our photoreactor, NiBr2∙3H2O, Ir(ppy)3, no 
sonication, degassed by bubbling with Ar (vs 

free,pump,thaw) 

96 95.3 

3b 28 With our photoreactor, morpholine, NiBr2∙3H2O, 
Ir(ppy)3, no sonication, degassed by bubbling 

with CO2 (vs free,pump,thaw) 

- Only 
starting 
material 

a Refer to the references for further information on the reaction conditions.b Prepared in the same scale and with 

same method as entry 2 (with different amine) but degassing was done with CO2 to yield the carbamate. Yields 

were determined with 19F NMR using trifluoroethanol as internal standard. 
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13.3 TESTING OF MODIFIED 4DPAPN-LIKE PHOTOCATALYSTS 
 

To decrease the formation of the dehalogenated product 118, a set of donor-acceptor 4DPAPN-

like phthalo-, isophtalo-, and terephtalonitrile-based photocatalyst with electron donating 

groups were synthetized (Figure 36). The idea was to reduce the oxidizing power of the 

photocatalyst to suppress oxidation of the amine/carbamate and consequently reduce the 

unwanted dehalogenation reaction.49,115 We also tested a phenoxazine based PC. The 

optimization results are shown in Table 14. 

 

 

Figure 36. Synthetized donor-acceptor photocatalysts based on 4DPAPN and their excited state E(PC*/PC–) 

values in respect to SCE. See supporting information section 4 for the calculation of the excited state oxidation 

potentials. The oxidation potential of 4DPATPN could not be determined because the molecule is poorly soluble 

in ACN and other similar solvents and therefore the resulting voltammograms are too weak to be analyzed. The 

oxidation potential of the phenoxazine PC was not evaluated. 
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Table 14. Further optimization of the photocatalyst. 

 

Entry Photocatalyst Change 117 (%) 116 
remaining 

(%) 

118 (%) 119 + 
120 (%) 

1a 4DPAPN none 57.6 0 no info no info 
2 4DPATPN none 32.0 45.4 18.6 3.2 
3 4DPAPN-OMe none Trace 97.6 0 0 
4b 4DPATPN-

OMe 
none 5.8 97.0 0 0 

5 4DPAPN-tBu none 68.3 6.5 13.8 9.8 

6 4DPAIPN-tBu none 67.7 1.95 18.9 10.2 
7c 4DPATPN-tBu none 48.7 28.1 7.9 9.9 
8 Phenoxazine 

PC 
none 19.1 76.9 2.0 0.9 

9 4DPAPN-tBu 0.1 mol % PC 62.5 21.2 7.8 7.4 

10 4DPAPN-tBu 0.1 mol % PC, 40 
hours 

71.0 3.1 15.6 10.7 

11 4DPAPN-tBu 0.02 mol % PC, 40 
hours 

42.2 50.2 5.8 7.4 

12 4DPAPN-tBu Piperidine instead 
of morpholine 

43.2 30.1 28.8 5.0 

13 4DPAPN-tBu Ethylmethylamine 
instead of 

morpholine 

28.5 35.3 30.5 6.9 

14 4DPAPN-tBu No Ni or ligand 0 91.6 10.1 0 
15 4DPAPN-tBu No Ni or ligand, 1 

mol % PC, 72 h 
0 27.9 71.5 0 

Conditions: In an 8 ml vial were added photocatalyst (as shown) and DMF (3 ml). The mixture was stirred until 

no solids were present. 0.1 ml of a 1:1 NiBr2:dtbbpy (0.1 M in DMF, 0.01 mmol, 5 mol %) was added followed 

by 4-bromobenzotrifluoride  (28.0 μl, 0.2 mmol, 0.05 M), morpholine (34.8 μl, 0.4 mmol, 2 equiv) and DBU (59.7 

μl, 0.4 mmol, 2 equiv). The solution was diluted to 4 ml and the vial was capped with a septum cap. CO2 was 
bubbled for 10 seconds after which the vial was sealed with parafilm. The vial was placed between two 30 W 

white CFL lights and stirred vigorously (1200 rpm) at 43 ℃ for 22 hours. Yields were determined with 19F NMR 

using trifluoroethanol as internal standard. aYields determined by GC-MS using mesitylene as internal standard. 
bAverage of two runs. cPC did not dissolve completely. 

 

As hoped, some of the new photocatalysts were more effective than 4DPAPN. Both 4DPAPN-

tBu and 4DPAIPN-tBu increased the yields about 10 percentage units (entries 5 and 6). 

4DPATPN-tBu underperformed the latter PC:s probably because its solubility in DMF is less 
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than 0.1 mg/ml (entry 7). 4DPAPN-OMe and 4DPATPN-OMe could not catalyze the coupling 

reaction (entries 3 and 4). Decreasing the catalyst loading of 4DPAPN-tBu to 0.1 mol % did 

not decrease the yields significantly (entries 9 and 10). Carbamates of piperidine and 

ethylmethylamine reacted slower and gave significantly increased amounts of the 

dehaloganated product 118 as compared to morpholine carbamate (entries 12 and 13). It was 

tested that in the absence of NiBr2 and dtbbpy even the improved photocatalyst, 4DPAPN-tBu, 

produces significant amounts of 118 over time (entries 14 and 15).  

Looking at (Figure 36), it becomes apparent that there is no direct correlation between the 

oxidation ability of the excited state PC and the observed yields. The optimal catalyst 4DPAPN-

tBu has only slightly lower oxidation potential than its parent compound 4DPAPN. 4DPAIPN-

tBu has the lowest potential and still performs equally well as 4DPAPN-tBu. The OMe-

substituted catalysts have potentials less than 4DPAPN and 4DPATPN but are still essentially 

unable to catalyze the cross-coupling. It seems that the oxidation potential is only one variable 

and it is possible that further modifications of the PC might prove beneficial. Unfortunately, 

there was no time to explore the effect of substitution on the diphenylamines any further due to 

limited time in the laboratory. 

14 OPTIMIZATION WITH AN ARYL IODIDE COUPLING 

PARTNER 

 

Since the formation of the dehalogenation product 118 is independent from the Ni catalyst 

(Figure 35), the rate of the Ni-catalyzed cross-coupling should be increased to decrease its 

formation. Iodides are known to react faster than bromides in dual nickel/photocatalyst 

protocols, so 4-bromobenzotrifluoride 116 was replaced with 4-iodobenzotrifluoride 121 in the 

optimization. The concentration was also increased from 0.05 M to 0.1 M to better match the 

concentration needed for synthesis.   
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14.1 ARYL IODIDES VS -BROMIDES AND OPTIMIZATION OF THE BASE 
 

Table 15. 4-bromobenzotrifluoride vs 4-iodobenzotrifluoride and optimization of the base. 

 

Entry Amine Base Change Carbamate 
(%) 

121/ 
116 
(%) 

118 
(%) 

Aniline 
(%) 

120 
(%) 

1 Morpholine DBU  78.6 0 6.9 11.0 6.9 

2 Piperidine DBU  66.7 0 19.1 11.5 3.5 

3a Morpholine DBU 116 as 
halide 

63.1 21.5 8.1 4.9 2.9 

4a Piperidine DBU 116 as 
halide 

40,5 29.8 25.4 2.8 1.8 

5 Piperidine Cs2CO3  67.4 7.4 13.3 Trace 7.8 

6 Piperidine TMG  84.0 1.2 13.8 3.1 1.9 

7 Piperidine TMG 3 equiv 
base 

81.0 0 14.9 3.9 3.3 

8 Ethylmethylamine TMG  83.9 0 10.1 7.2 trace 
9 Piperidine Cy-

TMG 
 68.4 0.7 28.5 4.8 1.6 

10 Piperidine DBU PhCF3Br 
+  15 

mol % 
TBAI 

30.0 50.6 15.0 3.1 1.1 

11 Piperidine DBU 15 mol 
% of CuI 

+ KI 

0 101.7 0 0 0 

Conditions: In an 8 ml vial were added 0.2 ml of a 1:1 NiBr2:dtbbpy solution (0.1 M in DMF, 0.02 mmol, 5 mol 

%), 0.2 ml of a 4DPAPN-tBu solution (0.002 M in DMF, 0.4 μmol, 0.1 mol %), DMF (3 ml), 4-

iodobenzotrifluoride  (58.8 μl, 0.4 mmol, 0.1 M), amine (0.8 mmol, 2 equiv) and a base (0.8 mmol, 2 equiv). 

Solution was diluted to 4 ml and the vial was capped with a septum cap. CO2 was bubbled for 10 seconds after 

which the vial was sealed with parafilm. The vial was placed between two 30 W white CFL lights and stirred 

vigorously (1200 rpm) at 43 ℃ for 22 hours. a Same method but 0.05 M instead of 0.1 M. Yields were determined 

with 19F NMR using trifluoroethanol as internal standard. 

 

The optimization results are shown in Table 15. Switching from 4-bromobenzotrifluoride 116 

to 4-iodobenzotrifluoride 121 did indeed substantially accelerate the reaction. By using 0.1 mol 

% loading of 4DPAPN-tBu, reactions with 121 were complete after the 22 hour period (entries 

1 and 2) whereas coupling with 116 was incomplete (entries 3 and 4). As was hypothesized, 
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both morpholine and piperidine gave less of the dehalogenation product when 121 was used 

(entries 1 and 2 vs 3 and 4). However, with DBU, both amines showed significant increase of 

the corresponding directly aminated species as well as the phenol 120. When DBU was replaced 

with TMG, this problem was eliminated and yields increased accordingly. It is noteworthy to 

point out that TMG gave comparative yields to DBU with 4-bromobenzotrifluoride in the base 

optimization (Table 10). Cs2CO3 and the more basic version of TMG, 2-cyclohexyl-1,1,3,3-

tetramethylguanidine (Cy-TMG), give comparable yield to DBU (entries 5 and 8). 

We tested that the increased yields when using TMG as the base are also observed when a non-

cyclic secondary amine, ethylmethylamine, is used (compare entry 8 to Table 14, entry 13). 

Before discovering TMG as the optimal base, we also unsuccessfully tried to use 4-

bromobenzotrifluoride with TBAI (tetrabutylammonium iodide) to get the benefits of increased 

reaction rate without using the more expensive aryl iodide. In a similar attempt, CuI with KI 

was used. The idea was that Cu would enable the replacement of Br with I to form the more 

reactive aryl iodide, which unfortunately turned out not to be the case.  

 

14.2 OPTIMIZATION OF THE OTHER COMPONENTS TO ARRIVE AT THE OPTIMAL COUPLING 

CONDITIONS 
 

Since TMG increased the yield considerably with 4-iodobenzotrifluoride (7) and such effect 

was not seen with 4-bromobenzotrifluoride (2), we did a quick optimization of the other 

components of the coupling protocol to make sure that all other components were still optimal. 

As can be seen from Table 16, this was the case. 
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Table 16. Optimization of the other components of the aryl iodide coupling protocol. 

 

Entry Change 122 (%) 121 
remaining 

(%) 

118 (%) Aniline (%) 120 (%) 

1 None 84.0 1.2 13.8 3.1 1.9 

2 DMAc as the 
solvent 

83.3 trace 13.3 3.9 2.0 

3 DMSO as the 
solvent 

68.8 0 22.3 6.7 1.7 

4 NMP as the 
solvent 

70.6 15.9 9.9 2.0 1.0 

5 L1 as ligand 17.5 58.5 18.9 1.0 1.5 
6 L2 as ligand  11.0 61.8 26.1 0.9 2.0 
7 L3 as ligand 69.4 4.2 16.0 3.4 2.9 
8 L4 as ligand 60.8 18.8 13.1 3.8 3.1 
9 L5 as ligand 49.1 33.9 10.8 2.7 0.8 

10 L6 as ligand 9.1 61.1 34.8 0.6 0.2 
11 4DPAIPN-tBu 

as PC 
79.1 0 13.9 4.3 2.2 

12 Ir(ppy)3 as PC 74.2 5.5 14.6 1.8 1.2 
Conditions: In a 8 ml vial was added 0.2 ml of a 1:1 NiBr2:dtbbpy solution (0.1 M in DMF, 0.02 mmol, 5 mol 

%), 0.2 ml of a 4DPAPN-tBu solution (0.002 M in DMF, 0.4 μmol, 0.1 mol %), DMF (3 ml), 4-
iodobenzotrifluoride  (58.8 μl, 0.4 mmol, 0.1 M), piperidine (39.5 μl, 0.8 mmol, 2 equiv) and TMG (100.4 μl, 0.8 

mmol, 2 equiv). The solution was diluted to 4 ml and the vial was capped with a septum cap. CO2 was bubbled for 

10 seconds after which the vial was sealed with parafilm. The vial was placed between two 30 W white CFL lights 

and stirred vigorously (1200 rpm) at 43 ℃ for 22 hours. Yields were determined with 19F NMR using 

trifluoroethanol as internal standard. aSame method but 0.05 M instead of 0.1 M.  

 

In a 2020 study it was discovered that increasing the donor ability of the substituent at the 4,4’-

position of a 2,2’-bipyridine-based ligand resulted in increased yields (with alcohols).34 

Unfortunately, no such effect was observed with our protocol and both strongly donating 

(NHMe2 and pyrrolidine) and strongly withdrawing (NO2) substituents underperformed the 

optimal t-Bu substituent. 
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14.3 EFFECT OF CONCENTRATION 
 

For the actual synthesis, a more concentrated solution is beneficial to allow a higher volume of 

synthesis with the limited space of our photoreactors. This is why we scoped the effect of 

concentration on the reaction yields. As can be seen in Figure 37, the yields decrease with 

increasing concentration. For the synthesis of aryl carbamates, a concentration of 0.25 M was 

chosen because it allowed us to synthetize 3 compounds at once in 2 mmol scale with an 

acceptable drop in yields.  

 

Figure 37. Effect of concentration on the reaction yield after 15 hours. Conditions: Optimal coupling protocol 

(see Table 16). 4-iodobenzotrifluoride (0.4-1.4 mmol, 0.1-0.35 M), piperidine (2 equiv) and TMG (2 equiv), 1:1 

NiBr2:dtbbpy (5 mol %), 4DPAPN-tBu (0.1 mol %). Yields were determined with 19F NMR using trifluoroethanol 

as internal standard. 
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15 SCOPE OF THE COUPLING PROTOCOL 

 

With the optimal conditions determined, the scope of the cross-coupling protocol was next 

explored by synthetizing O-aryl carbamates with varying functionalities (Figure 38).  

 

 

Figure 38. Scope of cross-coupling of aryl iodides and bromides with carbamates. If the staring material was 

observed by GC-MS after the initial 22 hours reaction period, the reactions were continued for another 22 hours. 

Yields without parenthesis are isolated and yields in parenthesis were determined by 19F NMR. Optimal coupling 

protocol (see supporting information section 3). 4-iodobenzotrifluoride (1  mmol), piperidine (2 mmol, 2 equiv) 

and TMG (2 mmol, 2 equiv), 1:1 NiBr2:dtbbpy (5 mol %), 4DPAPN-tBu (0.1 mol %).  

 

Carbamates of secondary amines coupled well with 4-iodobentsotrifluoride and gave moderate 

yields with 4-bromobentsotrifluoride (117, 122-125). Notably, ethylmethylamine gave much 

lower isolated yield than the yield determined by 19F NMR, probably due to a sub-optimal 

isolation procedure (123). Surprisingly, 4-iodobentsaldehyde, although electron poor, did not 
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work well and gave high amounts of dehalogenated product, benzaldehyde that was observed 

by GC-MS (126). Nitrile at the 4-position gave a high yield as expected (127). When moving 

from the electron withdrawing groups to the slightly donating Cl, Br and B, increased reaction 

times were necessary and a drop in reaction yields was observed (128-130). Coupling was only 

observed at the iodide and no alternative coupling product was detected (128 and 129). Quite 

surprisingly, the halogenated species gave high amounts of directly aminated side products, 

which were observed by GC-MS (128 and 129). The effect of the electron donating ability of 

the substituent is further illustrated by the long reaction times and low yields observed with 

iodobenzene and 3-iodotoluene (131 and 132). Further exploration of the scope is still 

underway! 

16 UNSUCCESSFUL SUBSTRATES  

 

Unfortunately, many of the tested substrates did not give the desired coupling product or did 

not couple at all (Figure 39). Iodobenzenes with electron donating substituents are too 

unreactive and only give trace amounts of coupling products (desired and directly aminated) 

even with extended reaction times (133-135). Heterocycles, 4-iodopyridine and 5-iodoindole 

were also unreactive even though they are not electron rich (136 and 137).  

Primary amines only produce directly aminated coupling products and do not give any of the 

desired O-aryl carbamate (138-140 and 142). This behavior was also observed with copper 

catalyzed coupling of carbamates and arylboronic acids.109 We believe that with primary amines 

the formed carbamate is more reactive from the N-side than from the O–-side and therefore only 

aminated product is observed as is illustrated in Figure 40. While most secondary amines work 

well, some are too unreactive. These include amino acids (proline gives neither carbamate, ester 

or amine coupling product) and aromatic secondary amines (143-145). Ammonia was also too 

unreactive to give neither coupling product (141).  
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Figure 39. Unsuccessful substrates. Morpholine was used as the amine with the aryl iodides and 4-

iodobentsotrifluoride was used as the aryl iodide with the amines. Optimal coupling protocol (see supporting 

information section 3). 4-iodobenzotrifluoride (1  mmol), piperidine (2 mmol, 2 equiv) and TMG (2 mmol, 2 

equiv), 1:1 NiBr2:dtbbpy (5 mol %), 4DPAPN-tBu (0.1 mol %). 

 

 

Figure 40. The hypothesized mechanism of formation of directly aminated species when primary amines are used 

to form the carbamate. 
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16.1 ATTEMPTS TO MAKE PRIMARY AMINES REACT: COUPLING WITH DICARBAMATE SPECIES 
 

To achieve reactivity with primary amines, the amine should be protected to avoid the coupling 

from the N-side. We postulated that the simplest way to achieve this is to add more than two 

equivalents of TMG as opposed to the amine to form a dicarbamate species (Table 17).107 Upon 

bubbling of CO2 into the reaction solution, precipitation was observed and the magnet was 

jammed. After a couple minutes of irradiation in the photoreactor, the mixture started to liquefy 

and the magnet started spinning again. After the reaction period, undissolved salt was still 

present. Unfortunately, only aminated species was observed by 19F NMR. It seems that the 

formation of the dicarbamate species was successful (with 1:1 TMG:amine no precipitation is 

observed) but it was too unreactive and only aminated coupling product, formed by coupling 

of the “normal” carbamate as shown in Figure 40, was observed. Further attempts to achieve 

coupling of carbamates formed from primary amines by exploiting protection are underway.  

 

Table 17. Cross-coupling with high excess of TMG to form dicarbamate species that could possibly act as a easily 

removable protecting group. 

 

Entry Amine Base 
equiv 

Product PhCF3I Dehalogenated  Aniline Phenol 

14 Aniline 5 equiv 
TMG 

0 28.3 3.5 71.3 0 

9 Benzylamine  5 equiv 
TMG 

0 0 30.1 53.0 15.1 

Optimal coupling protocol (see Table 16). 4-iodobenzotrifluoride (0.4  mmol), piperidine (0.8 mmol, 2 equiv) and 

TMG (2 mmol, 5 equiv), 1:1 NiBr2:dtbbpy (5 mol %), 4DPAPN-tBu (0.1 mol %). 
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17 REACTION MECHANISM 

 

17.1 PLAUSIBLE MECHANISTIC SCHEMES 
 

From recent literature concerning the mechanisms of dual nickel/photocatalyst aryl-heteroatom 

cross-couplings, it can be concluded that two distinct product formation mechanisms are 

reasonable (Figure 41). The first is the thermal Ni(I)/Ni(III) mechanism in which the action of 

the PC is an off-cycle process where Ni(II) is reduced to the active Ni(I).64,94,95 The reason that 

the light source is needed for the whole duration of the reaction is accounted to deactivation of 

the cycle by backformation of Ni(II) by comproportionation or redox reactions between 

Ni(I)/Ni(III) and other components of the coupling protocol. The second plausible mechanism 

is energy transfer (EnT) where the PC takes part in the product forming cycle.73  
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Figure 41. Plausible mechanistic schemes of the carbamate coupling. Ni(I)/Ni(III): 64,94,95 1 The photocatalytic 

cycle reduces Ni(II) precatalyst to the active Ni(I) with the amine or TMG acting as the most probable reductant. 

2 oxidative addition of the aryl halide to the Ni(I) complex. 3 ligand substitution between halide and the carbamate 

ion. 4 facile reductive elimination from Ni(III) to form the cross-coupling product. EnT:73 1 oxidative addition of 

the aryl halide to Ni(0). There is no consensus on how nickel(II) precatalyst is reduced to the active nickel(0) but 

there are some explanations.63 2 ligand substitution between halide and the carbamate ion. 3 Energy transfer to the 

Ni(II) complex to form Ni(II)* that is more reactive towards reductive elimination. 4 Reductive elimination from 

Ni(II)* to form the cross-coupling product. 
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17.2 MECHANISTIC EXPERIMENTS 
 

If the mechanism of the reaction follows the thermal Ni(I)/Ni(III) pathway, using some other 

form of reduction to reduce Ni(II) to Ni(I) should allow access to this cycle. This was 

demonstrated by Sung, Qin and Nocera who were able to efficiently couple amines, alcohols 

and carboxylic acids by using zinc as the reductant.96 With their coupling protocols, yields up 

to 95 % were recovered after 18-hour reaction time at room temperature or 40-60 °C. We sought 

to replicate this with the carbamate coupling partner (Table 18). 

 

Table 18. Cross-coupling using zinc as a reductant to access the thermal Ni(I)/Ni(III) cycle. 

 

Entry X Nu Zn 
(equiv) 

Method Product PhCF3X PhCF3 Amine Phenol 

1 Br Piperidine 0.1 P1 9.9 37.2 57.4 - - 
2 Br Benzoic 

acid 
0.5 P2 11.8 58.4 17.8 0 1.1 

3 Br Piperidine 
carbamate 

0.5 P3 0 100 0 0 0 

4 Br Piperidine 
carbamate 

0.02 P4 0 100 0 0 0 

5 Br Piperidine 
carbamate 

0.3 P4 6.2 84.7 7.6 0 0 

6 Br Piperidine 
carbamate 

1 P4 13.4 14.1 67.6 0 trace 

7 I Piperidine 
carbamate 

0.02 P4 0.7 95.4 1.8 0 0 

8 I Piperidine 
carbamate 

0.2 P4 6.8 90.2 12.7 trace trace 

9 I Piperidine 
carbamate 

1 P4 6.5 69.5 19.3 0.2 0.2 

10 I Piperidine 
carbamate 

0 P4 0 100 0 0 0 

11 I Piperidine 
carbamate 

0 P4, placed in 
the 

photoreactor 

14.0 78.2 5.6 0.6 1.4 

Cross-coupling by protocols P1-P4.  

 

  



84 

 

Protocol 1 (P1): Slightly modified procedure from literature.96 

In an Ar filled glovebox, PhCF3Br (112 μl, 0.8 mmol, 1 equiv), piperidine (158 μl, 1.6 mmol, 

2 equiv), DABCO (162 mg, 1.44 mmol, 1.8 equiv), NiCl2∙diglyme (8.8 mg, 0.04 mmol, 5 mol 

%), zinc (5.5 mg, 0.08 mmol, 0.1 equiv) and DMAc (2 ml) were added to a 20 ml vial. The vial 

was sealed with parafilm and vigorously stirred at room temperature for 18 hours. Literature 

yield 93 %. 

Protocol 2 (P2): Slightly modified procedure from literature.96 

In an Ar filled glovebox, PhCF3Br (56 μl, 048 mmol, 1 equiv), benzoic acid (98 mg, 0.8 mmol, 

2 equiv), N-tert-butylisopropylamine (127 μl, 0.8 mmol, 2 equiv), NiCl2∙diglyme (4.4 mg, 0.02 

mmol, 5 mol %), dtbbpy (5.4 mg, 0.02 mmol, 5 mol %), zinc (13 mg, 0.2 mmol, 0.5 equiv) and 

DMF (2 ml) were added to a 20 ml vial. The vial was sealed with parafilm and vigorously 

stirred at 43 °C for 18 hours. Literature yield 67 %. 

Protocol 3 (P3) 

Same as P2 but with piperidine instead of benzoic acid and using an 8 ml vial. 10 second CO2 

bubbling was added at the end to form the carbamate.  

Protocol 4 (P4): With the optimized carbamate coupling protocol.  

In an 8 ml vial were added 0.2 ml of a NiBr2:dtbbpy solution (0.1 M in DMF, 0.02 mmol, 5 mol 

%), DMF (3 ml), PhCF3Br or PhCF3I (4.2 mmol, 0.05 M), piperidine (39.5 μl, 0.8 mmol, 2 

equiv), TMG (100.4 μl, 0.8 mmol, 2 equiv) and zinc (0.05-1 equiv). The solution was diluted 

to 4 ml and the vial was capped with a septum cap. CO2 was bubbled for 10 seconds after which 

the vial was sealed with parafilm. The vials were stirred vigorously at 43 °C in the dark for 5 

days.  

We were unable to reproduce the yields reported for the amine (piperidine) and carboxylic acid 

(benzoic acid) coupling partners when using the slightly modified literature protocols P1 and 

P2 respectively. After 18 hours reaction time, only about 10 % yields were observed for both 

piperidine and benzoic acid as opposed to the published yields of 93 and 67 % respectively.96 

Perhaps the activated zinc (acid washed and stored in the glove box) that we used was more 

granular than the one used by Sun, Qin and Nocera and therefore was much less efficient. 

Nevertheless, our results seem to indicate that in the absence of light and given enough time 

(about 5 days), zinc can promote the coupling of both 4-bromoentsotrifluoride and 4-

iodobenzotrifluoride with piperidine carbamate (entries 6 and 8). No coupling was observed 
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without zinc (entry 10). This observation supports the thermal Ni(I)/Ni(III) mechanism. 

Coupling was also observed in the absence of PC and zinc when the reaction mixture was 

irradiated for about 5 days with two 30 W CFL lights. Reactivity by direct excitation of the 

nickel complex can indicate that a Ni(I)/Ni(II)/Ni(II)* cycle is included in the product formation 

and therefore EnT is also possible in the presence of the PC. However, this is not necessarily 

the case because, as was demonstrated by Doyle et al., the Ni(II)ArX(dtbbpy) complex formed 

after oxidative addition to Ni(0) can also disproportionate photoinducively to access a 

Ni(I)/Ni(III) cycle.93 Our results indicate that both Ni(I)/Ni(III) and EnT are plausible 

mechanisms for our carbamate-aryl cross-coupling reaction. Further mechanistic experiments 

need to be conducted to differentiate between these mechanisms.  

18 SUMMARY 

 

We have demonstrated that carbamates produced from CO2 and an amine can be coupled with 

aryl iodides and bromides by using nickel in conjunction with an organic photocatalyst 

4DPAPN-tBu. The cross-coupling protocol is effective at cross-coupling of carbamates 

produced from aliphatic secondary amines with electron poor phenyl iodides. Phenyl bromides 

also work but they suffer from increased reaction times and decreased yields. Carbamates 

produced from primary amines only produce directly aminated coupling products. Phenyl 

iodides that bear electron donating groups, heteroaromatic iodides, as well as carbamates 

produced from secondary aromatic amines are not coupled. We are confident that further 

optimization of the PC, ligand, reaction temperature and CO2 pressure will allow coupling of 

these compounds in the future. From recent literature and experiments with using Zn(0) in place 

of the PC, we conclude that a thermal Ni(I)/Ni(III) cycle or an EnT-based Ni(0)/Ni(II)/Ni(II)* 

cycle is the most likely mechanism. Further mechanistic analysis are underway.  
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SUPPORTING INFORMATION 
 

1. LIST OF THE PHOTOCATALYSTS PRESENTED IN THE 

LITERATURE PART 

 

In Figure S1 is presented a collection of the photocatalysts introduced in the literature part of the text. 

 

 

Figure S1. Structures of all the presented photocatalysts. 
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2. SYNTHESIS OF PHOTOCATALYSTS 

 

4DPATPN (2,3,5,6-tetrakis(diphenylamino)terephthalonitrile) 

 

Modified procedure from literature.1 

In an oven dried 100 ml round bottomed flask, diphenylamine (1.692 g, 10 mmol, 5 equiv) was 

dissolved in a mixture of anhydrous DMF and anhydrous THF (20 ml + 20 ml). 60 % sodium hydride 

in mineral oil (600 mg, 15 mmol, 7.5 equiv) was added and the reaction mixture was left to stir at 

room temperature for 30 min. After this period, Tetrafluoroterephthalonitrile (400 mg, 2 mmol) was 

added and the reaction mixture was stirred at room temperature for 18 hours. The reaction mixture 

was poured to a beaker of water (about 100 ml) and the precipitated orange product was filtered and 

washed with water and ethanol. The product was purified by column chromatography with 1:1 

DCM:hex. Very low yield (< 10 %) was recovered.  

Note! Following the literature method with 40 ml anhydrous THF at room temperature did not yield 

any product. Increasing the temperature to 60 ℃ resulted in little product that was not isolated.  

1H NMR (CdCl3): 
1H NMR (400 MHz, CDCl3) δ 7.40 – 7.31 (m, 16H), 7.16 (tt, J = 7.4, 1.5 Hz, 8H), 

7.09 – 7.01 (m, 16H). 

IR (ATR): 2921, 2852, 2230, 1952, 1871, 1801, 1739, 1538, 1468, 1465, 1451, 1333, 1309, 1294, 

1267, 1248, 1211, 1172, 1155, 1075, 1034, 957, 924, 876, 836, 758, 736, 693, 672, 650, 633, 592, 

505, 490, 403 

HRMS (ESI): calculated for [M+Na]+ 819.3207, found 819.3218 

 

4DPAPN (3,4,5,6-tetrakis(diphenylamino)phthalonitrile) 
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4DPAPN was initially synthetized by the method described above for the synthesis of 4DPATPN 

with 19 % yield. 

Another batch was synthetized as follows: In the glove box, in an oven dried 120 ml Schlenk flask 

were added diphenylamine (464 mg, 2,75 mmol, 5.5 equiv), NaH (66 mg, 2.75 mmol, 5.5 equiv) and 

DMSO (10 ml). The mixture was stirred in the glove box for about 30 minutes until bubbling had 

seized.  Tetrafluorophthalonitrile (100 mg, 0.5 mmol) was added outside the glove box under argon 

flow and another 10 ml batch of dry DMSO was used to rinse the sides of the flask. The flask was 

then put to a 50 ℃ oil bath and stirred for 18 hours. After this period, the reaction mixture was poured 

to a beaker of water (about 100 ml) and the precipitated yellow product was filtered and washed with 

water and ethanol. The crude yellow product was purified by column chromatography with 1:1 

DCM:hex. Yield 44 % (183 mg). NMR spectra matches the published spectra.1 

1H NMR (400 MHz, CDCl3) δ 7.18 (t, J = 7.9 Hz, 10H), 6.96 (tt, J = 7.4, 1.3 Hz, 5H), 6.85 (t, J = 7.9 

Hz, 10H), 6.77 (dd, J = 7.6, 1.1 Hz, 10H), 6.69 (tt, J = 7.3, 1.5 Hz, 5H), 6.43 (dd, J = 7.6, 1.1 Hz, 

10H). 

13C NMR (101 MHz, CDCl3) δ 150.43, 148.02, 144.92, 143.90, 128.96, 127.71, 123.86, 123.55, 

122.41, 122.30, 116.95, 113.57 

HRMS (ESI): calculated for [M+Na]+ 819.3207, found 819.3185. 

 

 

 

4DPATPN-OMe (2,3,5,6-tetrakis(bis(4-methoxyphenyl)amino)terephthalonitrile) 
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In the glove box, in an 8 ml vial were added Bis(4-methoxyphenyl)amine (630.5 mg, 2.75 mmol, 5.5 

equiv), NaH (60 mg, 2.5 mmol, 5 equiv) and DMSO (4 ml). The mixture was stirred in the glove box 

for about 1 hour after which the mixture was still bubbling. The mixture was taken out of the glove 

box even though some NaH remained unreacted.  Tetrafluoroterephtalonitrile (100 mg, 0.5 mmol) 

was added slowly. When the vial was opened the remaining NaH reacted with moisture in the air and 

turned green and then black. Hydrogen formation and precipitation of product made the mixture 

viscous and jammed the stirring magnet. The mixture also warmed up gently. After about 10 minutes, 

the magnet started spinning again. The black mixture was strirred at room temperature for about 20 

hours. After this period, the reaction mixture was poured to a beaker of water (about 100 ml) and the 

precipitated violet product was purified by dissolving with DCM and layering with Et2O (about 1:3 

DCM:Et2O). Yield 52 % (270 mg). 

1H NMR (400 MHz, CDCl3) δ 6.72 – 6.60 (m, 32H), 3.70 (s, 24H). 

13C NMR (101 MHz, CDCl3) δ 155.51, 145.33, 139.10, 123.25, 121.35, 114.09, 113.99, 55.49. 

HRMS (ESI): calculated for [M+Na]+1059.4052, found 1059.4015 

4DPAPN-OMe (3,4,5,6-tetrakis(bis(4-methoxyphenyl)amino)phthalonitrile) 

 

In the glove box, in a 120 ml Schlenk flask were added Bis(4-methoxyphenyl)amine (630.5 mg, 2.75 

mmol, 5.5 equiv), NaH (66 mg, 2.75 mmol, 5.5 equiv) and DMSO (10 ml). The mixture was stirred 
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in the glove box for about 30 minutes until bubbling had seized.  Tetrafluorophthalonitrile (100 mg, 

0.5 mmol) was added outside the glove box under argon flow and another 10 ml batch of dry DMSO 

was used to rinse the sides of the flask. The flask was then put to a 50 ℃ oil bath and stirred for 18 

hours. After this period, the reaction mixture was poured to a beaker of water (about 100 ml) and the 

precipitated red product was filtered and washed with water and ethanol. The crude product was 

purified by column chromatography with 1:1 DCM:hex. Yield 50 % (259 mg). 

IR (ATR): 2989-2902, 2835, 1610, 1501, 1464, 1434, 1411, 1331, 1283, 1239, 1171, 1110, 1029, 

919, 821, 778, 740, 710, 673, 638, 597, 562, 522, 469, 417 

More spectra will be measured later! 

 

4DPAPN-tBu (3,4,5,6-tetrakis(bis(4-(tert-butyl)phenyl)amino)phthalonitrile 

 

In the glove box in 120 ml Schlenk flask 4,4’-Di-tert-butyldiphenylamine (735.5 mg, 2,75 mmol, 5.5 

equiv), NaH (66 mg, 2.75 mmol, 5.5 equiv) and DMSO (10 ml). The mixture was stirred in the glove 

box for about 30 minutes until bubbling had seized. Tetrafluorophthalonitrile (100 mg, 0.5 mmol) 

was added outside the glove box under argon flow and another 10 ml batch of dry DMSO was used 

to rinse the sides of the flask. The flask was then put to a 50 ℃ oil bath and stirred for 18 hours. After 

this period, the reaction mixture was poured to a beaker of water (about 100 ml) and the precipitated 

orange product was filtered and washed with water and ethanol. Crude product was purified by 

column chromatography with 1:1 DCM:hex. Yield 79 % (494 mg). 

1H NMR (400 MHz, CDCl3) δ 7.15 (dt, J = 8.8, 2.0 Hz, 8H), 6.78 (dt, J = 8.8, 2.9 Hz, 8H), 6.68 (dt, 

J = 8.7, 3.1 Hz, 8H), 6.28 (dt, J = 8.7, 2.0 Hz, 8H), 1.22 (s, 36H), 1.00 (s, 36H). 

13C NMR (101 MHz, CDCl3) δ 151.76, 148.37, 145.88, 145.75, 141.99, 141.30, 125.45, 124.13, 

121.67, 116.87, 114.21, 34.30, 34.02, 31.54, 31.30. 



S6 

 

IR (ATR): 3058, 2956, 2901, 2867, 1607, 1509, 1459, 1430, 1409, 1363, 1329, 1315, 1289, 1268, 

1232, 1193, 1113, 1039, 1016, 978, 925, 823, 730, 690, 665, 613, 576, 555, 479, 442 

HRMS (ESI): calculated for [M+Na]+ 1267.8215, found 1267.8203 

 

2,4,5,6-tetrakis(bis(4-(tert-butyl)phenyl)amino)isophthalonitrile 

 

In the glove box, in 120 ml Schlenk flask were added 4,4’-Di-tert-butyldiphenylamine (735.5 mg, 

2,75 mmol, 5.5 equiv), NaH (66 mg, 2.75 mmol, 5.5 equiv) and DMSO (10 ml). The mixture was 

stirred in the glove box for about 30 minutes until bubbling had seized.  Tetrafluoroisophthalonitrile 

(100 mg, 0.5 mmol) was added outside the glove box under argon flow and another 10 ml batch of 

dry DMSO was used to rinse the sides of the flask. The flask was then put to a 50 ℃ oil bath and 

stirred for 18 hours. After this period, the reaction mixture was poured to a beaker of water (about 

100 ml) and the precipitated orange-yellow product was filtered and washed with water and ethanol. 

The crude product was purified by column chromatography with 2:1 CHCl3:hex. Yield 32 % (200 

mg). Low yield is due to many impure fractions that were collected but not purified further as there 

was no need for more product. 

1H NMR (400 MHz, CDCl3) δ 7.29 (d, J = 8.6 Hz, 4H), 7.05 (t, J = 8.5 Hz, 12H), 6.82 (d, J = 8.6 Hz, 

4H), 6.61 (d, J = 8.4 Hz, 8H), 6.40 (d, J = 8.6 Hz, 4H), 1.27 (s, 20H), 1.15 (s, 36H), 1.03 (s, 18H). 

13C NMR (101 MHz, CDCl3) δ 154.75, 151.40, 146.32, 146.05, 144.86, 143.24, 141.93, 140.93, 

126.14, 125.22, 124.09, 122.24, 121.72, 120.60, 114.27, 113.44, 34.42, 34.23, 33.99, 31.50, 31.43, 

31.34. 

IR (ATR): 3036, 2959, 2901, 2867, 2223, 1606, 15081459, 1428, 1401, 1362, 1315, 1288, 1267, 

1242, 1193, 1114, 1016, 932, 823, 776, 729, 655, 654, 624, 577, 558, 507, 437 
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HRMS (ESI): calculated for [M+Na]+1267.8215, found 1267.8187 

 

2,3,5,6-tetrakis(bis(4-(tert-butyl)phenyl)amino)terephthalonitrile 

 

In the glove box, in 120 ml Schlenk flask were added 4,4’-Di-tert-butyldiphenylamine (735.5 mg, 

2,75 mmol, 5.5 equiv), NaH (66 mg, 2.75 mmol, 5.5 equiv) and DMSO (10 ml). The mixture was 

stirred in the glove box for about 30 minutes until bubbling had seized.  Tetrafluoroterephthalonitrile 

(100 mg, 0.5 mmol) was added outside the glove box under argon flow and another 10 ml batch of 

dry DMSO was used to rinse the sides of the flask. The flask was then put to a 50 ℃ oil bath and 

stirred for 18 hours. After this period, the reaction mixture was poured to a beaker of water (about 40 

ml) and the precipitated red product was filtered and washed with water and ethanol. Crude product 

was purified by column chromatography with 2:1 CHCl3:hex. Yield 39 % (243 mg). Low yield is due 

to many impure fractions that were collected but not purified further as there was no need for more 

product. 

1H NMR (400 MHz, CDCl3) δ 7.08 (dt, J = 8.8, 2.1 Hz, 16H), 6.69 (dt, J = 8.8, 2.1 Hz, 16H), 1.16 

(s, 72H). 

13C NMR (101 MHz, CDCl3) δ 146.56, 145.67, 142.21, 125.36, 123.71, 121.30, 113.47, 34.23, 31.43. 

IR (ATR): 3039, 2957, 2902, 2867, 1229, 1606, 1507, 1461, 1425, 1393, 1362, 1315, 1288, 1267, 

1195, 1114, 1017, 930, 822, 774, 728, 654, 618, 578, 662, 509, 494, 438 
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10-(naphthalen-1-yl)-10H-phenoxazine 

 

In a 120 ml oven dried Schlenk flask were added a stirring magnet, 10H-phenoxazine (1.464 g, 8 

mmol, 1 equiv), grinded Cs2CO3 (5.20 g, 16 mmol, 2 equiv), CuI (304 mg, 1.6 mmol, 20 mol %) and 

N,N-Dimethylglycine hydrochloride (224 mg, 1.6 mmol, 20 mol %). The flask was stoppered and 

cycled onto the Schlenk line using argon as the inert gas. 20 ml of degassed anhydrous DMSO was 

added under argon flow and the mixture was stirred for a few minutes. Finally, 1-iodonaphthalene 

(1.400 ml, 9.6 mmol, 1.2 equiv) was added under argon flow. The mixture was stirred at 90 ℃ for 48 

hours. The reaction mixture was then diluted with DCM, transferred to a separatory funnel and 

washed with water (1x 20 ml), 0.25 M EDTA in  2M NH3 (2x 10 ml) and brine (1x 20 ml). The 

organic phase was dried over anhydrous MgSO4 and the solvent was evaporated. The crude product 

was dissolved in DCM, layered with hexane (about 1:3 DCM:Hex) and placed in the freezer 

overnight. After filtering, a white solid was recovered. Yield 46 %, 1.14 g. NMR spectrums match 

those published previously.2 

1H NMR (400 MHz, CDCl3) δ 8.09 (d, J = 8.4 Hz, 1H), 7.99 (dd, J = 8.2, 3.2 Hz, 2H), 7.67 (t, J = 

7.8 Hz, 1H), 7.60 – 7.52 (m, 2H), 7.52 – 7.43 (m, 1H), 6.73 (dd, J = 6.5, 1.4 Hz, 2H), 6.64 (td, J = 

7.6, 1.5 Hz, 2H), 6.50 (td, J = 6.1, 1.5 Hz, 2H), 5.71 (dd, J = 8.0, 1.5 Hz, 2H). 
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3. SYNTHESIS OF O-ARYL CARBAMATES 

General procedure 

 

 

In an 8 ml vial were added DMF (sufficient amount to get 4 ml final volume), NiBr2 + dtbbpy (0.5 

ml of 0.1 M solution, 0.05 mmol, 5 mol %), 4DPAPN-tBu (0.5 ml of 0.002 M solution, 0.001 mmol, 

0.1 mol %), ArI (1 mmol, 0.25 M), amine (2 mmol, 2 equiv) and TMG (0.251 ml, 2 mmol, 2 equiv). 

The vial was capped with a septum cap after which CO2 was bubbled for 10 seconds. The vial was 

sealed with parafilm, placed between two 30 W white CFL lights and stirred vigorously (1200 rpm) 

at 43 ℃ for 22 hours. After the reaction period, a sample was taken for GC-MS. If significant amounts 

of starting material was detected (> 10 % of total peak areas), the reaction was continued for another 

22 hours. After the reaction was complete, the contents of two identical reaction mixtures were added 

to a separatory funnel containing 20 ml of water. The combined reaction mixtures were extracted 

with three 10 ml portions of ethyl acetate. The combined organic phases were washed with two 10 

ml portions of water and one 10 ml portion of brine. The organic phase was dried over anhydrous 

MgSO4 and the solvent was evaporated. The crude product was purified by column chromatography 

(about 50 g of 43-63 μ silica gel) using a EtOAc:hex solvent mixture.  

4-(trifluoromethyl)phenyl morpholine-4-carboxylate 

 

Synthetized using the general procedure. Reaction time 22 hours. Column run with gradient starting 

with 1:8 EtOAc:hex with 0.5 V% isopropyl alcohol. After evaporation of solvent and further drying 

in oil pump, a white solid was recovered. Yield 78 %, 429 mg. NMR spectra matches the published 

spectra.3 

1H NMR (400 MHz, CDCl3) δ = 7.63 (d, J=8.4, 2H), 7.24 (d, J=8.4, 2H), 3.76 (t, J=4.8, 4H), 3.71 – 

3.63 (bs, 2H), 3.62 – 3.51 (bs, 2H). 
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13C NMR (101 MHz, CDCl3) δ = 153.87 (q, J=1.4), 153.01, 127.72 (q, J=32.9), 126.77 (q, J=3.8), 

124.05 (q, J = , 271.8 Hz), 122.16, 66.68, 66.54, 45.04, 44.30. 

19F NMR (376 MHz, CDCl3) δ -65.32. 

HRMS (ESI) Calculated for [M+Na]+ 298.0661, found 298.0651 

 

4-(trifluoromethyl)phenyl piperidine-1-carboxylate 

 

Synthetized using the general procedure. Reaction time 22 hours. Column run with gradient starting 

with 1:15 EtOAc:hex with 0.5 V% isopropyl alcohol. After evaporation of solvent and further drying 

in oil pump, a white solid was recovered. Yield 81 %, 440 mg. NMR spectra matches the published 

spectra.4 

1H NMR (400 MHz, CDCl3) δ = 7.61 (d, J = 8.8 Hz, 2H), 7.23 (d, J = 8.3 Hz, 2H), 3.60 (t, J = 5.0 

Hz, 2H), 3.51 (t, J = 5.1 Hz, 2H), 1.70 – 1.57 (m, J = 5.3, 6H). 

13C NMR (101 MHz, CDCl3) δ = 154.26 (q, J=1.4), 152.96, 127.25 (q, J=32.7), 126.57 (q, J=3.8), 

124.12 (q, J = 271.7), 122.18, 45.66, 45.25, 25.94, 25.52, 24.25.  

19F NMR (376 MHz, CDCl3) δ = -65.06. 

HRMS (ESI) Calculated for [M+Na]+ 296.0869, found 296.0863 

 

4-(trifluoromethyl)phenyl ethyl(methyl)carbamate 

 

Synthetized using the general procedure. Reaction time 22 hours. Column run with gradient starting 

with 1:15 EtOAc:hex with 0.5 V% isopropyl alcohol. After evaporation of solvent and further drying 

in oil pump, a light-yellow oil was recovered. Yield 55 %, 270 mg.  
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1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 8.5 Hz, 2H), 7.24 (dd, J = 8.8, 3.5 Hz, 2H), 3.44 (dq, J = 

17.3, 7.2 Hz, 2H), 3.01 (d, J = 29.7 Hz, 3H), 1.23 (dt, J = 19.4, 7.2 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 154.21, 153.94, 153.78, 127.38 (dq, J = 28.6 Hz, 4.4 Hz), 126.64 (p, 

J = 3.7 Hz), 124.13 (q, J = 271.8 Hz), 122.21, 44.33, 44.28, 34.40, 33.95, 13.28, 12.46. 

19F NMR (376 MHz, CDCl3) δ -65.17. 

IR (ATR) 2978, 2940, 1720, 1614, 1456, 1400, 1323, 1286, 1215, 1154, 1118, 1102, 1062, 1015, 

940, 866, 751, 654, 591, 505, 412 

HRMS (ESI) Calculated for [M+Na]+  270.0712, found 270.0703 

 

4-(trifluoromethyl)phenyl dibenzylcarbamate 

 

Synthetized using the general procedure in a 1 mmol scale. Reaction time 22 hours. Column run with 

gradient starting with 1:8 EtOAc:hex with 0.5 V% isopropyl alcohol. After evaporation of solvent 

and further drying in oil pump, a light-yellow oil was recovered. Yield 85 %, 329 mg.  

1H NMR (400 MHz, CDCl3) δ 7.65 (d, J = 8.4 Hz, 2H), 7.44 – 7.37 (m, 4H), 7.37 – 7.32 (m, 4H), 

7.33 – 7.25 (m, 4H), 4.57 (d, J = 11.1 Hz, 4H). 

13C NMR (101 MHz, CDCl3) δ = 154.60, 154.03, 136.84, 136.76, 128.96, 128.90, 128.52, 127.96, 

127.88, 127.57, 126.78 (q, J=3.7), 124.08 (q, J=271.8), 122.24, 50.19, 49.76. 

19F NMR (376 MHz, CDCl3) δ -65.30. 

IR (ATR): 3082, 3062, 3028, 2928, 1718, 1611, 1601, 1492, 1450, 1420, 1367, 1332, 1306, 1232, 

1207, 1164, 1103, 1087, 1066, 1052, 1021, 1013, 954, 934, 899, 871, 851, 747, 727, 699, 675, 651, 

631, 603, 592, 576, 515, 448, 431, 411 

HRMS (ESI) Calculated for [M+Na]+ 408.1182, found 408.1185 
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4-(trifluoromethyl)phenyl diisopropylcarbamate 

 

 

Synthetized using the general procedure in a 1 mmol scale. Reaction time 22 hours. Column run with 

gradient starting with 1:25 EtOAc:hex with 0.5 V% isopropyl alcohol. After evaporation of solvent 

and further drying in oil pump, a light-yellow oil was recovered. Yield 47 %, 135 mg. NMR spectra 

matches the published spectra.5 

1H NMR (CDCl3): 
1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 8.4 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 

4.22 – 4.03 (bs, 1H), 4.03 – 3.81 (bs, 1H), 1.37 – 1.32 (bs, 6H), 1.32 – 1.24 (bs, 6H). 

13C NMR (CDCl3): 
13C NMR (101 MHz, CDCl3) δ 154.09 (d, J = 1.5 Hz), 153.13, 127.23 (q, J = 

32.6 Hz), 126.66 (q, J = 3.8 Hz), 124.17 (q, J = 271.7 Hz), 122.29, 47.20, 46.40, 21.65, 20.49. 

19F NMR (CDCl3): 
19F NMR (376 MHz, CDCl3) δ -65.24. 

HRMS (ESI): Calculated for [M+Na]+ 312.1182, found 312.1171 

 

4-cyanophenyl morpholine-4-carboxylate 

 

Synthetized using the general procedure. Reaction time 22 hours.  Column run with gradient starting 

with 1:4 EtOAc:hex with 0.5 V% isopropyl alcohol. After evaporation of solvent and further drying 

in oil pump, a white solid was recovered. Yield 92 %, 431 mg. NMR spectra matches the published 

spectra.6 

1H NMR (400 MHz, CDCl3) δ = 7.66 (d, J = 8.9, 2H), 7.26 (d, J = 8.9 Hz, 2.1, 2H), 3.75 (t, J = 4.6 

Hz, 4H), 3.67 (bs, 2H), 3.57 (bs, 2H). 
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13C NMR (101 MHz, CDCl3) δ = 154.63, 152.48, 133.63, 122.72, 118.43, 109.23, 66.60, 66.45, 45.03, 

44.28. 

HRMS (ESI): Calculated for [M+Na]+ 255.0740, found 255.0735 

 

4-formylphenyl morpholine-4-carboxylate 

 

Synthetized using the general procedure. Reaction time 22 hours. Column run with gradient starting 

with 1:4 EtOAc:hex with 0.5 V% isopropyl alcohol. After evaporation of solvent and further drying 

in oil pump, a white solid was recovered. Yield 51 %, 240 mg. GC-MS showed that benzaldehyde 

was a significant side product. NMR spectra matches the published spectra.6 

1H NMR (400 MHz, CDCl3) δ = 9.97 (s, 1H), 7.89 (m, 2H), 7.29 (m, 2H), 3.74 (bs, 4H), 3.67 (bs, 

2H), 3.57 (bs, 2H). 

13C NMR (101 MHz, CDCl3) δ = 191.11, 156.07, 152.76, 133.66, 131.26, 122.36, 66.65, 66.50, 45.03, 

44.26 

HRMS (ESI) Calculated for [M+Na]+ 258.0737, found 258.0736 

 

4-chlorophenyl morpholine-4-carboxylate 

 

Synthetized using the general procedure. Reaction time 44 hours. Column run with gradient starting 

with 1:8 EtOAc:hex with 0.5 V% isopropyl alcohol. After evaporation of solvent and further drying 

in oil pump, a white solid was recovered. Yield 66 %, 329 mg. GC-MS showed that the corresponding 

directly aminated coupling product was a significant side product. 

1H NMR (400 MHz, CDCl3) δ = 7.36 – 7.28 (m, 2H), 7.09 – 7.01 (m, 2H), 3.74 (t, J=5.2 Hz, 4H), 

3.70 – 3.61 (bs, 2H), 3.59 – 3.52 (bs, 2H). 



S14 

 

13C NMR (101 MHz, CDCl3) δ 153.44, 149.83, 130.86, 129.44, 123.15, 66.70, 66.57, 44.97, 44.26. 

IR (ATR) 3102, 3075, 2996, 2913, 2897, 2853, 1905, 1713, 1590, 1488, 1454, 1412, 1360, 1301, 

1278, 1239, 1194, 1157, 1119, 1087, 1058, 1010, 989, 929, 871, 858, 820, 795, 751, 708, 677, 647, 

571, 511, 474, 417 

HRMS (ESI) Calculated for [M+Na]+ 264.0398, found 264.0401 

 

4-bromophenyl morpholine-4-carboxylate 

 

Synthetized using the general procedure. Reaction time 44 hours. Column run with gradient starting 

with 1:8 EtOAc:hex with 0.5 V% isopropyl alcohol. After evaporation of solvent and further drying 

in oil pump, a white solid was recovered. Yield 57 %, 326 mg. GC-MS showed that the corresponding 

directly aminated coupling product was a significant side product.  

1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.5 Hz, 2H), 7.03 (d, J = 8.9 Hz, 2H), 3.76 (t, J = 5.1 Hz, 

4H), 3.71 – 3.64 (m, 2H), 3.61 – 3.54 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 153.35, 150.39, 132.44, 123.59, 118.56, 66.71, 66.58, 44.99, 44.27. 

IR (ART) 3092, 3058, 2969, 2921, 2900, 2854, 1708, 1588, 1488, 1456, 1421, 1366, 1304, 1277, 

1242, 1225, 1198, 1169, 1109, 1056, 1023, 1008, 987, 871, 845, 793, 749, 703, 665, 633, 573, 504, 

461, 420 

HRMS (ESI) Calculated for [M+Na]+ 307.9893, found 307.9883 

 

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl morpholine-4-carboxylate 
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Synthetized using the general procedure. Reaction time 44 hours. Column run with gradient starting 

with 1:4 EtOAc:hex with 0.5 V% isopropyl alcohol. After evaporation of solvent and further drying 

in oil pump, a white solid was recovered. Yield 55 %, 372 mg. NMR spectra matches the published 

spectra.3  

1H NMR (CDCl3): 
1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.5 Hz, 2H), 7.12 (d, J = 8.5 Hz, 2H), 

3.74 (t, J = 5.1 Hz, 4H), 3.69 – 3.65 (m, 2H), 3.60 – 3.54 (m, 2H), 1.33 (s, 12H). 
13C NMR (CDCl3): 

13C NMR (101 MHz, CDCl3) δ = 153.80, 153.41, 136.11, 120.98, 83.85, 66.61, 

66.52, 44.90, 44.12, 24.88. 

HRMS (ESI): Calculated for [M+Na]+ 356.1640, found 356.1627 

 

Phenyl morpholine-4-carboxylate 

 

Synthetized using the general procedure. Reaction time 66 hours. Column run with gradient starting 

with 1:4 EtOAc:hex with 0.5 V% isopropyl alcohol. After evaporation of solvent and further drying 

in oil pump, a white solid was recovered. Yield 26 %, 107 mg. NMR spectra matches the published 

spectra.7  

1H NMR (400 MHz, CDCl3) δ = 7.41 – 7.32 (m, 2H), 7.25 – 7.17 (m, 1H), 7.15 – 7.08 (m, 2H), 3.75 

(t, J=5.2 Hz, 4H), 3.70 – 3.64 (bs, 2H), 3.60 – 3.54 (bs, 2H). 

13C NMR (101 MHz, CDCl3) δ 153.82, 151.29, 129.41, 125.52, 121.75, 66.74, 66.61, 44.93, 44.18. 

HRMS (ESI): Calculated for [M+Na]+ 230.0788, found 230.0797 

 

m-tolyl morpholine-4-carboxylate 
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Synthetized using the general procedure. Reaction time 66 hours. Column run with gradient starting 

with 1:4 EtOAc:hex with 0.5 V% isopropyl alcohol. After evaporation of solvent and further drying 

in oil pump, a white solid was recovered. Yield 19 %, 85.8 mg.  

1H NMR (400 MHz, CDCl3) δ 7.24 (t, J = 7.8 Hz, 1H), 7.06 – 6.98 (m, 1H), 6.96 – 6.87 (m, 2H), 

3.74 (t, J = 4.5 Hz, 4H), 3.68 – 3.64 (m, 2H), 3.60 – 3.53 (m, 2H), 2.35 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 154.01, 151.25, 139.62, 129.18, 126.39, 122.44, 118.72, 66.79, 66.67, 

44.96, 44.21, 21.44. 

HRMS (ESI) Calculated for [M+Na]+ 244.0944, found 244.0941 

 

4. TABULATED VALUES FOR PHOTOCATALYSTS 

 

In Table S1 is collected the values determined from absorption and fluorescence spectra as well as 

cyclic voltammetry experiments (sections 5-6). 

 

Table S1. Tabulated values for the synthetized photocatalysts. 

Photocatalyst Absorption 
maximum (nm) 

Fluorescence 
maximum (nm) 

E(PC/PC–)  
(V vs SCE) 

E(PC*/PC–)b 
(V vs SCE) 

4DPAPN 447 574 –1.54 0.88 

4DPATPN 468 574 –1.22 1.16 

4DPAPN-OMe 455 533 –1.68 0.83 

4DPATPN-OMe 559 610 –1.54 0.58 

4DPAPN-tBu 455 596 –1.60 0.76 

4DPAIPNtBu 479 659 –1.67 0.51 

4DPATPN-tBu 537 605 N/Aa N/Aa 
Both the absorption and fluorescence maxima are the ones corresponding to the S1 state. In the fluorescence studies, 

excitation wavelength of 455 nm, corresponding to blue light, was used. All potentials are measured in acetonitrile 

solution and are referenced against SCE by setting Fc+/Fc at 0.38 V.  a4DPATPN-tBu is too insoluble to give a sufficiently 

concentrated solution for a CV measurement. bCalculated with equation 6. 
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5. ABSORPTION- AND FLUORESCENCE SPECTRA 

 

Figure S2. Absorption and fluorescence spectra of 4DPAPN. Excitation with 450 nm light.  

 

Figure S3. Absorption and fluorescence spectra of 4DPATPN. Excitation with 450 nm light. 
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Figure S4. Absorption and fluorescence spectra of 4DPAPN-OMe. Excitation with 450 nm light. 

 

Figure S5. Absorption and fluorescence spectra of 4DPATPN-OMe. Excitation with 450 nm light. 
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Figure S6. Absorption and fluorescence spectra of 4DPAPN-tBu. Excitation with 450 nm light. 

 

Figure S7. Absorption and fluorescence spectra of 4DPAIPN-tBu. Excitation with 450 nm light. 
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Figure S8. Absorption and fluorescence spectra of 4DPATPN-tBu. Excitation with 450 nm light. 

 

6. CYCLIC VOLTAMMETRY VOLTAMMOGRAMS 

 

Figure S9. Cyclic voltammetry voltammogram of 4DPAPN. Experiment performed in 0.2 M Bu4NPF6 
 ACN solution 

with concentration of PC and Fc being 1 mM. Scan rate of 50 mV/s with 10 mV/s step potential was applied. Potential 

scale adjusted against SCE by setting Fc+/Fc at 0.38 V. 
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Figure S10. Cyclic voltammetry voltammogram of 4DPATPN. Experiment performed in 0.2 M Bu4NPF6 
 ACN solution 

with concentration of PC and Fc being 1 mM. Scan rate of 50 mV/s with 10 mV/sec step potential was applied. Potential 

scale adjusted against SCE by setting Fc+/Fc at 0.38 V. 

 

Figure S11. Cyclic voltammetry voltammogram of 4DPAPN-OMe. Experiment performed in 0.2 M Bu4NPF6 
 ACN 

solution with concentration of PC and Fc being 1 mM. Scan rate of 50 mV/s with 10 mV/sec step potential was applied. 

Potential scale adjusted against SCE by setting Fc+/Fc at 0.38 V. 
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Figure S12. Cyclic voltammetry voltammogram of 4DPATPN-OMe. Experiment performed in 0.2 M Bu4NPF6 
 ACN 

solution with concentration of PC and Fc being 1 mM. Scan rate of 50 mV/s with 10 mV/sec step potential was applied. 

Potential scale adjusted against SCE by setting Fc+/Fc at 0.38 V. 

 

Figure S13. Cyclic voltammetry voltammogram of 4DPAPN-tBu. Experiment performed in 0.2 M Bu4NPF6 
 ACN 

solution with concentration of PC and Fc being 1 mM. Scan rate of 50 mV/s with 10 mV/sec step potential was applied. 

Potential scale adjusted against SCE by setting Fc+/Fc at 0.38 V. 
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Figure S14. Cyclic voltammetry voltammogram of 4DPAIPN-tBu. Experiment performed in 0.2 M Bu4NPF6 
 ACN 

solution with concentration of PC and Fc being 1 mM. Scan rate of 50 mV/s with 10 mV/sec step potential was applied. 

Potential scale adjusted against SCE by setting Fc+/Fc at 0.38 V. 
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8.  COPIES OF NMR AND IR SPECTRA 

 

Figure S15. 1H NMR spectrum of 4DPAPN. 

 

Figure S16. 13C NMR spectrum of 4DPAPN. 



S25 

 

 

Figure S17. 1H NMR spectrum of 4DPATPN. 

 

Figure S18. IR spectrum of 4DPATPN 
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Figure S19. 1H NMR spectrum of 4DPATPN-OMe. 

 

Figure S20. 13C NMR spectrum of 4DPATPN-OMe. 
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Figure S21. IR spectrum of 4DPATPN-OMe 

 

Figure S22. 1H NMR spectrum of 4DPAPN-tBu. 
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Figure S23. 13C NMR spectrum of 4DPAPN-tBu. 

 

Figure S24. IR spectrum of 4DPAPN-tBu 
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Figure S25. 1H NMR spectrum of 4DPAIPN-tBu. 

 

Figure S26. 13C NMR spectrum of 4DPAIPN-tBu. 
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Figure S27. IR spectrum of 4DPAIPN-tBu 

 

Figure S28. 1H NMR spectrum of 4DPATPN-tBu. 
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Figure S29. 13C NMR spectrum of 4DPATPN-tBu. 

 

Figure S30. IR spectrum of 4DPATPN-tBu 
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Figure S31. 1H NMR spectrum of 10-(naphthalen-1-yl)-10H-phenoxazine. 

 

Figure S32. 1H NMR spectrum of 4-(trifluoromethyl)phenyl morpholine-4-carboxylate. 
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Figure S33. 13C NMR spectrum of 4-(trifluoromethyl)phenyl morpholine-4-carboxylate. 

 

Figure S34. 19F NMR spectrum of 4-(trifluoromethyl)phenyl morpholine-4-carboxylate. 
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Figure S35. 1H NMR spectrum of 4-(trifluoromethyl)phenyl piperidine-1-carboxylate. 

 

Figure S36. 13C NMR spectrum of 4-(trifluoromethyl)phenyl piperidine-1-carboxylate. 
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Figure S 37. 19F NMR spectrum of 4-(trifluoromethyl)phenyl piperidine-1-carboxylate. 

 

Figure S38. 1H NMR spectrum of 4-(trifluoromethyl)phenyl ethyl(methyl)carbamate. 
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Figure S 39. 13C NMR spectrum of 4-(trifluoromethyl)phenyl ethyl(methyl)carbamate. 

 

Figure S40. 19F NMR spectrum of 4-(trifluoromethyl)phenyl ethyl(methyl)carbamate. 
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Figure S41. IR spectrum of 4-(trifluoromethyl)phenyl ethyl(methyl)carbamate. 

 

Figure S42. 1H NMR spectrum of 4-(trifluoromethyl)phenyl dibenzylcarbamate 
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Figure S43. 13C NMR spectrum of 4-(trifluoromethyl)phenyl dibenzylcarbamate. 

 

Figure S44. 19F NMR spectrum of 4-(trifluoromethyl)phenyl dibenzylcarbamate. 
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Figure S45. IR spectrum of 4-(trifluoromethyl)phenyl dibenzylcarbamate. 

 

Figure S46. 1H NMR spectrum of 4-(trifluoromethyl)phenyl diisopropylcarbamate. 
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Figure S47. 13C NMR spectrum of 4-(trifluoromethyl)phenyl diisopropylcarbamate. 

 

Figure S48. 19F NMR spectrum of 4-(trifluoromethyl)phenyl diisopropylcarbamate. 



S41 

 

 

Figure S49. 1H NMR spectrum of 4-cyanophenyl morpholine-4-carboxylate. 

 

Figure S50. 13C NMR sectrum of 4-cyanophenyl morpholine-4-carboxylate. 
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Figure S 51. 1H NMR spectrum of 4-formylphenyl morpholine-4-carboxylate. 

 

Figure S52. 13C NMR spectrum 4-formylphenyl morpholine-4-carboxylate. 
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Figure S 53. 1H NMR spectrum of 4-chlorophenyl morpholine-4-carboxylate. 

 

Figure S 54. 13C NMR spectrum of 4-chlorophenyl morpholine-4-carboxylate. 
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Figure S55. IR spectrum of 4-chlorophenyl morpholine-4-carboxylate 

 

Figure S56. 1H NMR spectrum 4-bromophenyl morpholine-4-carboxylate. 
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Figure S57. 13C NMR spectrum of 4-bromophenyl morpholine-4-carboxylate. 

 

Figure S58. IR spectrum of 4-bromophenyl morpholine-4-carboxylate. 
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Figure S59. 1H NMR spectrumf of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl morpholine-4-carboxylate. 

 

Figure S60. 13C NMR spectrum of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl morpholine-4-carboxylate. 
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Figure S61. 1H NMR spectrum of phenyl morpholine-4-carboxylate. 

 

Figure S62. 13C NME spectrum of phenyl morpholine-4-carboxylate. 
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Figure S63. 1H NMR spectrum of m-tolyl morpholine-4-carboxylate. 

 

Figure S64. 13C NMR spectrum of m-tolyl morpholine-4-carboxylate. 


