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ABSTRACT 
 
 
 
DESIGN AND APPLICATION OF STRONGLY REDUCING PHOTOREDOX CATALYSTS 

FOR SMALL MOLECULE AND MACROMOLECULAR SYNTHESIS 

 

The synthesis and application of new families of strongly reducing organic photoredox 

catalysts are described in this dissertation. These compounds provide a platform on which 

catalytically relevant properties including redox potentials and absorption profiles can be tuned, 

as well as predicted in silico. The critical photophysical and electrochemical characteristics have 

been established for both dihydrophenazine and phenoxazine catalysts which enable their ability 

to be used as green alternatives to commonly used transition metal photocatalysts. Specifically, 

phenoxazines have been utilized to mediate organocatalyzed atom transfer radical polymerization 

(O-ATRP) for the production of well-defined polymers using visible light. To this end, a catalyst 

system able to synthesize acrylic polymers with predictable molecular weights and dispersities less 

than 1.10 has been developed. In addition, dihydrophenazines were shown to mediate 

trifluoromethylation and atom transfer radical addition reactions, while phenoxazines were able to 

mediate C-N and C-S cross coupling reactions in the presence of a nickel co-catalyst. 
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Chapter 1 – Introduction 
 
 
 This dissertation is written in a journal-format style. The chapters discussed herein are 

modeled off of first-authored publications that have appeared in the Journal of the American 

Chemical Society, Macromolecules, Chemistry-A European Journal, and a manuscript that has 

been prepared for future submission. In the broadest sense, the theme of this dissertation is 

toward the synthesis and design of macromolecules and small molecules as well as their 

application. The scope of topics covered in this thesis are presented in four chapters: 

1. Synthesis and Characterization of Core-Modified Benzo[ghi]perylene Monoimides 

2. Organocatalyzed Atom Transfer Radical Polymerization Using N-Aryl Phenoxazines 

as Photoredox Catalysts  

3. Impact of Light Intensity on Control of Photoinduced Organocatalyzed Atom Transfer 

Radical Polymerization with Phenoxazine Catalysts  

4. Highly Reducing Organic Photocatalysts for Small Molecule Synthesis  

 

Motivations 

In chapter 2, the synthesis and characterization of a new class of perylene derivatives is 

described. This work was inspired by our group’s seminal work from 2014 which used perylene 

in one of the first reported organo-catalyzed atom transfer polymerization mediated by a visible-

light absorbing photocatalyst.1 To expand on this work, novel and previously reported perylene 

diimides (PDIs) were synthesized to investigate this family of compounds as candidates  for O-

ATRP. We hypothesized that through modification of the perylene “bay” region, or one of the two 

imides, the redox potentials could be tuned and catalyst loading (due to altered solubility) could 

be changed from the parent perylene compound through addition of various functional groups. To 
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this end, multiple PDIs were synthesized (Figure 1.1). Ultimately, these PDIs were unsuccessful 

in controlling O-ATRP, which we posit is due to the strong withdrawing effects the imide group 

on the perylene core, resulting in a less strongly reducing excited state for these catalysts which 

decreases the thermodynamic driving force for initiation and activation in O-ATRP. 

 

Figure 1.1. Perylenediimiides synthesized for use in O-ATRP 

 The poor performance of the PDIs led us to hypothesize that other polyaromatic 

hydrocarbons (PAHs) with more strongly reducing excited states may be required for efficient 

polymerization via O-ATRP. For example, we envisioned that application of coronene, which has 

a higher triplet reduction potential (-1.37 V vs. SCE) than perylene (-0.76 V vs. SCE), could offer 

insight into the importance of excited state reduction potential for O-ATRP catalysts. Surprisingly, 

application of coronene led to the synthesis of acrylic polymers with low disperities (<1.05), 

rivaling the performance of our best catalysts at the time. However, coronene catalyzed O-ATRP 
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with low initiator efficiency (< 30%) and relatively slow polymerization rates (>24 hours) (Figure 

1.2).  

 

Figure 1.2. Plot of Mn (black diamonds) and Đ (gold triangles) as a function of monomer 

conversion for the O-ATRP of Methyl Methacrylate by coronene using white light LEDs (left). Plot 

of the natural log of monomer consumption as a function of time for the O-ATRP catalyzed by 

coronene using white-light LEDs (right).  

 

While we were excited with the improvement over the perylene system, we wanted to find 

a system that enabled us to systematically tune the photophysical and redox properties to 

investigate their effects on O-ATRP. As such, it was hypothesized that benzo[ghi]perylene 

monoimide derivatives would provide similar handles for chemical functionalization compared to 

the PDIs without the presence of the diimide functionality, which was observed to lessen the 

reducing power of the excited state.  A new synthetic route was devised to selectively brominate 

the benzo[ghi]perylene core to install electron withdrawing and donating groups via cross-

coupling reactions, similar to our work with PDIs. The synthesis of these compounds is highlighted 

in chapter 2. The performance of these catalysts was similarly as poor as their PDI counterparts 

which motivated us to explore drastically different chemical scaffolds.   
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In pursuit of organic photoredox catalysts with strongly reducing excited states, we report 

N-aryl phenoxazines as photocatalysts for O-ATRP (Chapter 3). In this investigation, we 

systematically tune the redox properties of the N-aryl phenoxazines and use density functional 

theory to predict the geometries and charge densities of the ground and excited states which further 

informed our catalyst design. Based on trends observed with the phenoxazine catalysts, and similar 

families of photocataylsts such as N,N-diarylphenazines, and N-aryl phenothiazines, we 

demonstrated the importance of O-ATRP catalysts to access intramolecular charge transfer excited 

states and exhibit low reorganization energies between the ground state, excited state, and radical 

cation species for excellent performance  in  O-ATRP. Modification of the phenoxazine core with 

aryl groups at the 3- and 7- positions enabled the absorption profiles of these catalysts to red-shift 

from absorbing exclusively in the UV regime to the visible light regime as well as increasing the 

molar absorptivity 3-fold.   

Improving the ability of phenoxazine catalysts to absorb visible light through core 

modification was partially responsible for a significant improvement in the catalytic performance 

of these molecules in O-ATRP compared with their parent compounds. As such, we were 

interested in whether the performance of this catalyst could withstand modification of the photo 

reactors used. Chapter 4 addresses how the intensity of light impacts control over O-ATRP. In this 

study perylene and phenoxazine photocatalysts were employed in O-ATRP using a photo reactor 

that could be systematically dimmed. While the original co-first authored work between Ryan 

Pearson and Matthew Ryan discussed a significant improvement of the original perylene system 

through a systematic study of the mechanism and the active catalyst species in O-ATRP, only the 

work on phenoxazines is reported in this dissertation.  
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After our group demonstrated that N-aryl phenoxazines and N,N-diaryl dihydrophenazines 

effectively mediate O-ATRP with better control over the polymer molecular weight, initiator 

efficiency, and  dispersity than ruthenium- and iridium- containing transition metal catalysis, we 

turned to implementing these photocatalysts for small molecule syntheses (chapter 5).  To do this, 

we chose previously reported reactions such as a trifluoromethylation and atom transfer radical 

addition reported by Stevenson and co-workers, as well as dual-catalytic system developed 

independently by the MacMillan and Johannes groups.  

Chapter 6 provides a brief summary of the work presented in this dissertation, as well as 

work where the author of this dissertation is not the lead author. Lastly, vertical themes and future 

directions are discussed. For reference, a list of publications and oral presentations as a result of 

work completed during the course of this dissertation can be found in Appendix I and II 

respectively.  
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Chapter 2 – Synthesis and Characterization of Core-Modified Benzo[ghi]perylene Monoimides 

 

Overview 

The synthesis of 6,8,11 tri-substituted benzo[ghi]perylene monoimides was carried out in 

a 4-step synthesis with up to a 56% total yield providing a new scaffold for highly tunable perylene 

derivatives. A cyclization, imidization, and bromination were performed to synthesize the 

tribrominated benzoperylene core from perylene. Next, a Suzuki-Miyaura coupling was performed 

to install aryl substituents and obtain the target benzoperylene derivatives. DFT calculations were 

performed to visualize the HOMO and LUMO orbitals of these molecules, which was predictive 

of intramolecular charge transfer for all species in the excited state. Charge transfer characteristics 

were confirmed experimentally via large solvatochromic shifts, which in the case of the derivative 

possessing 4-methoxy phenyl substituents spanned an emission of 518-613 nm (0.37 eV) in 

hexanes to DMSO when excited with 365nm light. With the addition of biphenyl groups, molar 

absorptivity at the maximum wavelength of absorbance, was increased from 51,000 M-1 cm in the 

parent compound to 59,600 M-1 cm. Overall, installation of the aryl groups led to an increase in 

absorption of visible light and higher fluorescence quantum yields. The synthesis reported here 

provides entry to a new perylene scaffold that could be applied for a broad range of imaging, 

display, or electronic applications.    

 

Introduction  

Perylene dyes have garnered significant attention over the past century due to their 

chemical, thermal, and photophysical properties1 which allow for their successful application in 

industrial pigments,2 laser dyes,3 organic LEDs,4 light harvesting solar cells,5 liquid crystals,6 
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biological markers,7 supramolecular architectures,8 and photoredox catalysis.9 In particular, 

perylene diimides (PDIs) have become an intensely studied class of perylene dyes due to increased 

solubility and readily modifiable structure.10 For instance, attachment of branched alkyl chains or 

aromatic groups to the N-position of the imide group(s) enhances solubility.11 Additionally, the 

imide group allows for a tether point to attach macromolecular or biologically relevant compounds 

that can then be used in fluorescence imaging applications.12 Lastly, the PDI’s perylene core, 

typically referred to as the “bay region” (1,6,7,12 positions), can be broadly modified to add 

substituents which greatly alter the photophysical, optical, and electrochemical properties.13 

  

Figure 2.1. (A) Previous work toward the synthesis of benzo[ghi]perylene imides. (B) This work 

toward the synthesis of tri-bromo and tri-aryl substituted BPIs.  

Benzo[ghi]perylene monoimides (BPIs) constitute a lesser-studied subset of perylene 

derivatives with few variants explored to date.14 Due to the interesting photophysical 

characteristics of BPIs and its structural parallels to PDIs, we were motivated to develop a method 
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to modify the BPI core that would enable tuning of the photophysical and electrochemical 

properties of these molecules. To the best of our knowledge, there have been no reports for the 

direct substitution of the BPI core. Herein, we report the selective bromination at the 6- , 8- , and 

11- positions on the benzoperylene core, which provides a synthetic approach for modification of 

BPIs and allows for selective tuning of the photophysical properties. 

 

Results and Discussion 

Benzo[ghi]perylene-1,12-dicarboxylic anhydride was synthesized via a benzogenic 

oxidative Diels-Alder reaction between perylene and maleic anhydride. The resulting 

benzoperylene anhydride can undergo a condensation reaction with a primary amine to form a BPI 

(Figure 2.1A). 14d Here, 2-ethylhexyl amine was chosen due to the known ability of this motif to 

improve the solubility of molecules.15 To enable core functionalization, bromide groups were 

installed at the 6-, 8-, and 11- positions of the benzoperylene core by reacting the BPI with 

elemental bromine to synthesize 2 in a 91% yield (Figure 2.1B). This bromination was reliant upon 

imide formation, as it was unsuccessful on the parent anhydride. Lastly, Suzuki coupling was 

carried out with five different aryl boronic acids to give a family of BPIs bearing electron 

withdrawing groups (EWG): 4-cyanophenyl (3) and 4-trifluoromethylphenyl (4), neutral groups: 

phenyl (5) and biphenyl (6), as well as electron donating groups (EDG): 4-methoxy phenyl (7) and 

4-(dimethylamino)phenyl (8). Cross coupling yields remained consistently high (60-95%) despite 

strain on the benzoperylene core imposed by the newly installed substituents (Figure 2.2). Groups 

at the 6- and 11- positions were not predicted to induce any significant strain to the BPI core.   
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Figure 2.2. Crystal structure of (8) 

Density functional theory calculations were then used to gain insight into the photophysical 

properties of these BPIs. The highest occupied molecular orbitals (HOMOs) and lowest 

unoccupied molecular orbitals (LUMOs) were visualized using a single point energy calculation 

(M06/6-31G(d,p)) (Figure 2.2B). Similar to the case of 1, compounds 3-7 contain their HOMO 

residing on the benzoperylene core donor moiety and the LUMO localized to the maleimide 

acceptor moiety. The spatial separation of the HOMO (donor) and LUMO (acceptor) orbitals in 

the ground state is predictive of intramolecular charge-transfer (IMCT) a trait commonly seen in 

OLEDs and organo photoredox catalysis.16 This phenomenon can be seen experimentally by 

fluorescence studies, wherein the excited state emission is solvatochromically red-shifted with 

respect to increasing stabilization of the more polar IMCT species from more polar solvents.17 

The newly synthesized BPIs were characterized using UV-Vis and fluorescence 

spectroscopy to study the effects of aryl substitution on the photophysical properties of these 
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molecules. The absorbance was redshifted in all aryl substituted BPIs compared to the parent 

molecule, likely due to the lowering of the LUMO energy from the net increased  conjugation 

(Figure 2.3A). The maximum wavelength of absorption (Max abs.) was red-shifted by 15 nm (0.15 

eV) from that of the parent compound 1 (340nm) to the most redshifted species 6 & 7 (355nm). 

Molar absorptivity (εmax) at the λmax abs. of phenyl substituted 5 (εmax = 3,800 M-1 cm) was less than 

that of 1 (εmax = 51,000 M-1 cm). Compared to 5, compounds 3 and 4 (εmax = 53,400 M-1 cm, and 

48,700 M-1 cm, respectively) bearing aryl EWG possess higher εmax values whereas 7 (εmax = 

40,400 M-1 cm), bearing an EDG, had a εmax value less than 5. The increased conjugation provided 

by the biphenyl substituents in 6 provided the derivative with the largest molar absorptivity (εmax 

= 59,600 M-1 cm-1).  

Substitution of the parent molecule with aryl groups consistently improved the ability of 

compounds 3-7 to absorb lower energy visible light (>400 nm) (Figure 2.3 Table). Two local 

maxima (λLocal Max Abs) in and near the visible regime (390-425 nm and 481-507 nm) were compared 

between parent compound 1 and aryl substituted compounds 3-7. At the first local maximum (λ = 

390-425 nm), addition of phenyl groups increased the molar absorptivity at the local maximum 

(εLocal max) by 36% and red-shifted the absorbance 0.21eV from 1 (λ = 390 nm, εlocal max = 15,100 

M-1 cm) to 5 (λ = 417 nm, εlocal max = 20,500 M-1 cm). At the second most red-shifted local 

maximum (λ = 481-507 nm) a similar increase of 23% was observed in the εLocal max in addition to 

a red-shift of 0.10 eV from 1 (λ = 481 nm, εlocal max = 5,700 M-1 cm) to 5 (λ = 501 nm, εlocal max = 

7,000 M-1 cm). Similar redshifts and greater increases in εLocal max were seen with compounds 3, 4, 

6, and 7.  
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Figure 2.3. (Table) Emission data obtained from excitation with 355 nm light in chloroform.  

aQuantum yields obtained by comparing a fluorescence standard in 0.10M NaOH against 

compounds 1, 3-7 were taken in chloroform excited at 340nm (see SI). (A) Molar absorptivity vs. 

wavelength for compounds 1 (dotted blue line) and 5 (solid purple line) taken in chloroform. 

Photographs of compounds 1 & 3-7 in the solid state on a matte black surface (B), dissolved in 5 

mL of hexanes in a 20 mL scintillation vial (D), and dissolved in 5 mL of DMSO in a 20 mL 

scintillation vial (F), all of which are excited by 365 nm light. Emission spectra of compounds 1 
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& 3-7 taken in hexanes with dielectric constant (ε) = 1.882 (C), and in DMSO, ε = 46.70, (E) 

excited at 350 nm.  

A previous report, which investigated a non-core-substituted BPI with a different N-alkyl 

group (1-hexylheptyl), showed nearly identical results to 1, with a solvatochromic shift of 62 nm 

( = 0.30 eV) from the maximum wavelength of emission (λmax emission) in hexanes (470 nm) to 

DMSO (532 nm).14d After the installation of bromine onto parent compound 1, 2 no longer 

fluoresced. A larger bathochromic shift is seen in the emission of compounds 3-7 in hexanes, with 

dielectric constant (ε) = 1.882 (Figure 2.3 C and D), to DMSO, with ε = 46.70 (Figure 2.3 E and 

F). Similar to the absorption profiles, core modifications red-shifts the emission of the derivatives 

relative to 1, regardless of EDG or EWGs on the aryl substituents. The two derivatives bearing 

EWGs exhibit the smallest red-shift in their emission compared to 1. In DMSO compared to 1, 3 

exhibits a change in the maximum wavelength of emission (Δλmax emission) of 16 nm (0.08 eV) while 

a Δλmax emission of 22 nm (0.10 eV) is observed for 4. In contrast, the derivative bearing an EDG (7) 

exhibits the most red-shifted emission with a Δλmax emission from 1 of 95nm (0.32 eV) in DMSO. It 

is possible that aryl groups on the core stabilize the IMCT excited state yielding a lower energy, 

red-shifted emission spectra. Additionally, these compounds were observed to emit in the solid 

state (Figure 2.3B), a phenomenon which has seen successful use in OLEDs, data recording 

storage, and security printing.18 

Using the comparative method to measure the fluorescence quantum yields (ϕf), 

compounds 1, 3-7 were dissolved in chloroform and compared against a fluoroscene standard 

which was dissolved in 0.1M NaOH.19 With the addition of phenyl groups, the ϕf improved by 

20% relative to non-core modified 1 and in some cases, such as 3, gave an increase in the ϕf from 

0.15 to 0.34. Overall, addition of aryl groups increased the ϕf of the BPIs.  
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Conclusion 

 In sum, the BPI core was brominated at the 6-, 8- and 11- positions, allowing for further 

synthetic manipulations to modulate the photophysical properties of the BPI. Five different aryl 

groups were installed via a Suzuki cross coupling to yield compounds with larger molar extinction 

coefficients and fluorescence quantum yields than the parent compound. The HOMO and LUMO 

orbitals of each of the synthesized compounds was computationally predicted to be spatially 

separated, which was further confirmed experimentally via fluorescence solvatochromism. 

Ultimately, the BPIs could be tuned to span an emission profile across 470-613 nm (0.62 eV) 

wavelengths when dissolved in solvents of different polarity.  We foresee that our new synthetic 

route will enable this class of perylene derivative to find broad use in imaging based applications. 

 

Experimental 

Materials and Methods. Perylene and 4-(trifluoromethyl)phenylboronic acid were purchased 

from TCI. 4-Biphenyl boronic acid was purchased from Oxchem. Maleic anhydride, xylenes, p-

chloranil, bromine, phenylboronic acid, and 4-cyanophenylboronic acid were purchased from Alfa 

Aesar. All other reagents were purchased from Sigma Aldrich. THF was purified using an MBraun 

MB-SPS-800 solvent purification system and kept under nitrogen atmosphere.  

NMR spectra were recorded on a Varian 300 MHz, 400 MHz, or 500MHz NMR 

Spectrometer as noted for all characterizations. All 1H NMR are reported in δ units (parts per 

million – ppm) and were measured relative to the signals found in residual chloroform (7.26 ppm). 

All 13C NMR were measured relative to CDCl3 (77.16 ppm).  Ultraviolet-visible spectroscopy was 

performed on a Cary 5000 spectrophotometer using chloroform as the solvent scanning from 200-

800 nm at a scan rate of 600 nm/min. Emission spectroscopy was performed on a SLM 8000C 
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spectrofluorometer using hexanes or DMSO as the solvent. Emission data was collected exciting 

the compounds near lambda max of 350 nm scanning 400-750nm for hexanes and 400-800nm for 

DMSO all with an integration time of 0.50 seconds. Fluorescence quantum yield (Φf) was obtained 

in chloroform with the same spectrofluorometer exciting at 340nm. The internal standard used for 

Φf was fluorescein in 0.1M NaOH using the literature value of Φf = 0.79.20 

 

Computational Methods. Calculations were performed in CPCM-chloroform. The geometry and 

frequencies were optimized at M06/6-31+g(d,p), except for compound 6 wherein the frequency 

was performed with M06/6-31g(d,p) due to the size of the structure. All energies were computed 

with M06/6-311+g(d,p). Single point energy calculations were performed using M06/6-31g(d,p) 

to visualize the HOMO/LUMO orbitals. 

 

Synthesis of Substrates 

Benzo[ghi]perylene-1,2-dicarboxylic Anhydride The anhydride was synthesized according to a 

previously reported procedure.14d 

 

2-(2-ethylhexyl)-1H-peryleno[1,12-efg]isoindole-1,3(2H)-dione (1) Benzo[ghi]perylene-1,2-

dicarboxylic Anhydride (300 mg, 0.866 mmol, 1.00 eq) and a stir bar was added to a 250 mL round 

bottom flask followed by 50 mL of DMF. 2-Ethyl-1-hexylamine (0.213 mL, 1.30 mmol, 1.50 eq.) 

was added and the reaction was heated to 175 °C for 16 hours. After which the reaction was cooled 

down and 20 mL of concentrated HCl was added to the solution and a yellow-brown solid 

precipitated from solution. The solid was filtered and then washed with 100 ml of 1M KOH 

solution, followed by deionized water until a neutral pH was obtained to give an orange powder 
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(301 mg, 76% yield). A recrystallization can be carried out by dissolving the solid in DCM, adding 

10% methanol while the solution is still hot and allowing the solution to cool in the freezer. 1H 

NMR (300 MHz, Chloroform-d) δ = 8.23-8.16 (m, 4H), 7.61-7.55 (m, 4H), 7.34 (d, J = 9.0 Hz, 

2H), 3.60 (d, J = 7.1 Hz, 2H), 1.97-1.85 (m, 1H), 1.55-1.35 (m, 8H), 1.05 (t, J = 7.3 Hz, 3H), 0.98 

(t, J = 6.7Hz, 3H). 13C NMR (300 MHz, Chloroform-d) δ = 169.28, 130.55, 128.45, 128.20, 

126.20, 124.43, 122.35, 122.21, 121.79, 121.36, 120.22, 41.57, 39.10, 30.88, 28.86, 24.16, 23.33, 

14.36, 10.71 DART: Calculated for C32H27NO2 ([M+H+]) 458.2115, found 458.2118 

 

6,8,11-tribromo-2-(2-ethylhexyl)-1H-peryleno[1,12-efg]isoindole -1,3(2H)-dione (2). To a 100 

mL thick walled flask was added 1 (600 mg, 1.31 mmol, 1.00 eq.) and stir bar. Dichloromethane 

(DCM) was added to the solids then heated up to 60 °C until the solid was fully dissolved (~40 

mL). After which bromine (2.02 mL, 39.3 mmol, 30.0 eq.) was added. The bomb flask was capped 

and the reaction went from orange to a dark red. After 4 days, the reaction was concentrated and 

the bromine blown off. The product was recrystallized in DCM and filtered and washed further 

with hexanes to give a yellow solid (824 mg, 91% yield). 1H NMR (300 MHz, Chloroform-d) δ = 

8.42 (d, J = 8.7 Hz, 1H), 8.01 (d, J = 8.9 Hz, 1H), 7.98 (d, J = 8.9, 1H), 7.66 (s, Hz, 1H), 7.45 (d, 

J = 9.0 Hz, 1H), 7.30 (d, J = 9.0 Hz, 1H), 7.24 (d, J = 8.8 Hz, 1H), 3.56 (d, J = 7.1 Hz, 2H), 1.93-

1.77 (m, 1H), 1.55-1.33 (m, 8H), 1.07-0.93 (m, 6H). 13C NMR (75 MHz, Chloroform-d) δ = 

168.26, 168.17, 138.05, 129.08, 127.39, 127.32, 127.23, 126.64, 124.80, 124.44, 124.29, 123.94, 

122.97, 122.84, 122.69, 122.56, 122.46, 122.22, 121.98, 121.71, 121.55, 120.99, 116.33, 42.08, 

38.94, 30.85, 28.80, 24.14, 23.35, 14.39, 10.70. HRMS (ESI): Calculated for C32H24Br3NO2 

([M+]) 694.9321, found 694.9332 
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General Procedure for the Synthesis of TriAryl Substituted BPIs. To a 100 mL storage flask 

was added 2 (225 mg, 0.324 mmol, 1.00 eq.) and boronic acid (1.95 mmol, 6.00 eq.). The storage 

flask was put under vacuum and back filled with nitrogen, this process was repeated 2 additional 

times. After which ~15mL of THF was added followed by 6.2 mL of 2M potassium carbonate 

solution.  The solution was heated to 60 °C for 15 minutes wherein palladium tetrakis (57 mg, 

0.0049 mmol, 15% mol) was added in 20mL of THF (the solution turns red immediately upon 

addition of palladium). The reaction was then heated to 100 °C for 24 hours. DCM was added to 

the mixture and washed with water 3 times and washed a total of 3 times with water, then brine 

and dried with MgSO4.  All compounds were purified by recrystallization in DCM/Methanol.  

 

4,4',4''-(2-(2-ethylhexyl)-1,3-dioxo-2,3-dihydro-1H-peryleno[1,12-efg]isoindole-6,8,11-triyl 

)tribenzonitrile (3). The general procedure was followed exactly using 4-cyanophenylboronic acid 

(286 mg, 6.00 eq.).  After recrystallization in DCM/Methanol the product was filtered and washed 

sparingly with methanol to give a bright yellow solid (234 mg, 95% yield). 1H NMR (300 MHz, 

Chloroform-d) δ = 9.37 (d, J = 9.3 Hz, 1H), 9.30 (d, J = 9.4 Hz, 1H), 8.31-8.25(m, 3H), 7.95 (s, 

1H), 7.93-7.71 (m, 12H), 7.61 (d, J = 8.3 Hz, 1H), 3.73 (d, J = 7.2 Hz, 2H), 1.98 (m, 1H), 1.41 (m, 

8H), 0.98 (t, J = 7.4 Hz, 3H), 0.90 (t, J = 6.8 Hz, 3H). 13C NMR (75 MHz, Chloroform-d) δ = 

169.88, 169.82, 149.34, 144.55, 144.28, 138.10, 137.63, 137.11, 133.78, 132.59, 132.44, 131.15, 

131.13, 130.13, 129.44, 129.23, 129.13, 129.08, 128.35, 127.52, 127.37, 127.07, 126.51, 124.75, 

124.64, 124.49, 124.38, 123.72, 118.60, 118.52, 112.22, 111.98, 111.82, 42.07, 38.60, 30.66, 

28.62, 24.02, 23.04, 14.08, 10.53. HRMS (ESI): Calculated for C53H36N4O2 ([M+]) 760.2833, 

found 760.2822 
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2-(2-ethylhexyl)-6,8,11-tris(4-(trifluoromethyl)phenyl)-1H-peryleno[1,12-efg]isoindole-

1,3(2H)-dione (4). The general procedure was followed exactly using 4-

(trifluoromethyl)phenylboronic acid (237.0 mg, 6.00 eq.). The compound was purified with a 

column eluting with 10% hexanes in DCM. It was then recrystallized in DCM/Methanol, the 

product was filtered and washed sparingly with methanol to give yellow orange solid (173 mg, 

60% yield). 1H NMR (300 MHz, Chloroform-d) δ = 9.10 (d, J = 9.3 Hz, 1H), 8.97 (d, J = 9.3 Hz, 

1H), 8.23 (d, J = 8.4 Hz, 1H), 8.20 (d, J = 9.3 Hz, 1H), 8.14 (d, J = 9.3 Hz, 1H), 7.95 (s, 1H), 7.92-

7.66 (m, 12H), 7.56 (d, J = 8.3 Hz, 1H), 3.58 (d, J = 7.3 Hz, 2H), 1.97-1.83 (m, 1H), 1.50-1.27 (m, 

8H), 0.96 (t, J = 7.4, 3H), 0.89 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ = 169.81, 

169.74, 148.61, 143.66, 143.45, 138.36, 138.04, 137.68, 133.35, 130.93, 130.86, 130.62, 130.38, 

130.30, 130.06, 129.97, 129.72, 129.36, 129.24, 129.06, 128.93, 128.08, 127.65, 127.57, 127.55, 

127.45, 127.32, 127.09, 127.05, 126.82, 126.27, 125.89, 125.86, 125.75, 125.71, 125.70, 124.39, 

124.24, 124.19, 124.01, 123.88, 123.15, 122.97, 42.02, 38.71, 30.78, 28.77, 24.12, 23.20, 14.23, 

10.66. 19F NMR (282 MHz, Chloroform-d) δ = -62.40(3F), -62.43(3F), -62.45(3F). HRMS (ESI): 

Calculated for C53H36F9NO2 ([M+]) 775.3298, found 775.3287 

 

2-(2-ethylhexyl)-6,8,11-triphenyl-1H-peryleno[1,12-efg]isoindole -1,3(2H)-dione (5). The 

general procedure was followed exactly using phenylboronic acid (237 mg, 6.00 eq.).  After 

recrystallization in DCM/Methanol the product was filtered and washed sparingly with methanol 

to give an orange/red fluffy crystalline solid (173 mg, 78% yield). 1H NMR (300 MHz, 

Chloroform-d) δ = 9.16 (d, J = 9.3 Hz, 1H), 9.07 (d, J = 9.4 Hz, 1H), 8.34 (d, J = 9.2 Hz, 1H), 8.31 

(d, J = 8.1 Hz 1H), 8.29 (d, J = 9.4 Hz, 1H), 8.02 (s, 1H), 7.77-7.65 (m, 2H), 7.64-7.36 (m, 14H), 

3.68 (d, J = 7.2 Hz, 2H), 2.09-1.78 (m, 1H), 1.52-1.21 (m, 8H), 0.98 (t, J = 7.4 Hz, 3H), 0.90 (t, J 
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= 6.8 Hz, 3H). 13C NMR (75 MHz, Chloroform-d) δ = 169.89, 169.83, 145.29, 140.30, 140.17, 

139.22, 139.07, 139.04, 133.77, 130.68, 130.59, 129.92, 129.25, 129.04, 128.94, 128.74, 128.60, 

127.99, 127.88, 127.81, 127.69, 127.61, 127.54, 127.48, 127.45, 127.43, 126.59, 126.08, 124.17, 

123.66, 123.57, 123.51, 122.78, 122.28, 41.86, 38.68, 30.80, 28.78, 24.12, 23.21, 14.26, 10.67. 

HRMS (ESI): Calculated for C50H39NO2 ([M+]) 685.291, found 685.2967 

 

6,8,11-tri([1,1'-biphenyl]-4-yl)-2-(2-ethylhexyl)-1H-peryleno [1,12-efg]isoindole-1,3(2H)-dione 

(6). The general procedure was followed exactly using 4-biphenylboronic acid (385 mg, 6.00 eq.).  

After recrystallization in DCM/Methanol the product was filtered and washed sparingly with 

methanol to give an orange solid (263 mg, 89% yield). 1H NMR (400 MHz, Chloroform-d) δ = 

9.19 (d, J = 9.3 Hz, 1H), 9.09 (d, J = 9.3 Hz, 1H), 8.44 (d, J = 8.4 Hz, 1H), 8.43 (d, J = 9.3 Hz, 

1H), 8.38 (d, J = 9.3 Hz, 1H), 8.11 (s, 1H), 7.89-7.63 (m, 18H), 7.59 (d, J = 8.4 Hz, 1H), 7.55-7.46 

(m, 6H), 7.46-7.37 (m, 3H), 3.70 (d, J = 7.3 Hz, 2H), 2.03-1.93 (m, 1H), 1.50-1.30 (m, 8H), 0.99 

(t, J = 7.4 Hz, 3H), 0.90 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, Chloroform-d) δ = 170.30, 170.24, 

144.19, 140.81, 140.70, 140.57, 140.38, 139.24, 139.09, 138.88, 138.83, 133.77, 131.14, 131.08, 

129.77, 129.25, 129.20, 129.10, 129.06, 128.92, 128.62, 128.30, 128.09, 127.78, 127.68, 127.50, 

127.36, 127.34, 127. 31, 127.18, 127.03, 126.49, 124.60, 124.13, 124.01, 123.15, 122.67, 42.04, 

38.73, 30.81, 28.80, 24.14, 23.24, 14.28, 10.70. HRMS (ESI): Calculated for C68H51NO2 ([M+]) 

913.3920, found 913.3920 

 

2-(2-ethylhexyl)-6,8,11-tris(4-methoxyphenyl)-1H-peryleno[1,12-efg]isoindole-1,3(2H)-

dione (7). The general procedure was followed exactly using 4-methoxyphenylboronic acid (295 

mg, 6.00 eq.).  After recrystallization in DCM/Methanol the product was filtered and washed 
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sparingly with methanol to give a dark orange solid (224 mg, 89% yield). 1H NMR (300 MHz, 

Chloroform-d) δ = 8.85 (d, J = 9.3 Hz, 1H), 8.73 (d, J = 9.3 Hz, 1H), 8.21 (d, J = 8.4 Hz, 1H), 8.18 

(d, J = 9.3 Hz, 1H), 8.11 (d, J = 9.4Hz, 1H), 7.90 (s, 1H), 7.56 (d, J = 8.6Hz, 2H), 7.53-7.36 (m, 

5H), 7.12 (d, J = 8.7 Hz, 2H), 7.09 (d, J = 8.6 Hz, 2H), 7.02 (d, J = 8.7 Hz, 2H), 3.98 (s, 3H), 3.96 

(s, 3H), 3.91 (s, 3H), 3.53 (d, J = 7.2, 2H), 1.97-1.82 (m, 1H), 1.50-1.26 (m, 8H), 0.96 (t, J = 7.2 

Hz, 3H), 0.91 (t, J = 6.8 Hz, 3H). 13C NMR (75 MHz, Chloroform-d) δ = 169.92, 169.85, 159.44, 

159.30, 159.21, 138.67, 138.64, 138.60, 133.91, 132.68, 132.54, 131.80, 131.72, 130.34, 129.03, 

128.85, 128.80, 128.29, 127.97, 127.84, 127.64, 127.46, 127.22, 126.65, 126.11, 124.13, 123.55, 

123.34, 123.30, 122.43, 122.03, 115.32, 114.19, 114.08, 55.56, 55.53, 55.53, 55.47, 41.81, 38.68, 

30.80, 28.78, 24.12, 23.21, 14.25, 10.66. HRMS (ESI): Calculated for C53H45NO5 ([M+]) 

775.3298, found 775.3287 
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Chapter 3 – Organocatalyzed Atom Transfer Radical Polymerization Using N-Aryl Phenoxazines 

as Photoredox Catalysts 

 

Overview 

N-Aryl phenoxazines have been synthesized and introduced as strongly reducing metal-

free photoredox catalysts in organocatalyzed atom transfer radical polymerization for the synthesis 

of well-defined polymers. Experiments confirmed quantum chemical predictions that, like their 

dihydrophenazine analogs, the photoexcited states of phenoxazine photoredox catalysts are 

strongly reducing and achieve superior performance when they possess charge transfer 

character. We compare phenoxazines to previously reported dihydrophenazines and 

phenothiazines as photoredox catalysts to gain insight into the performance of these catalysts and 

establish principles for catalyst design. A key finding reveals that maintenance of a planar 

conformation of the phenoxazine catalyst during the catalytic cycle encourages the synthesis of 

well-defined macromolecules. Using these principles, we realized a core substituted phenoxazine 

as a visible light photoredox catalyst that performed superior to UV-absorbing phenoxazines as 

well as previously reported organic photocatalysts in organocatalyzed atom transfer radical 

polymerization. Using this catalyst and irradiating with white LEDs resulted in the production of 

polymers with targeted molecular weights through achieving quantitative initiator efficiencies, 

which possess dispersities ranging from 1.13 to 1.31.  

 

Introduction 

 Atom transfer radical polymerization (ATRP) is the most used controlled radical 

polymerization (CRP) for the synthesis of polymers with controlled molecular weight (MW), 



 25 

dispersity (Đ), architecture, and composition.1 Traditionally, metal catalysts have been employed 

to mediate the equilibrium between an alkyl halide and a carbon centered radical, produced by 

reduction of the halide, and deter bimolecular termination pathways.2 Concerns about metal 

contamination of polymers intended for biomedical or electronic applications have motivated 

efforts to lower metal catalyst loadings and enhance purification methods.3 Although CRPs exist 

that are mediated by organic catalysts and which thus entirely circumvent the issue of metal 

contamination,4 organic catalysts capable of mediating an organocatalyzed ATRP (O-ATRP) are 

limited because of the required significant reducing power required to reduce alkyl bromides 

commonly used for ATRP (∼ −0.6 to −0.8 V vs SCE).5  

Photoredox catalysis presents a strategy to drive chemical transformations under mild 

conditions through the generation of reactive open-shell catalysts via photoexcitation.6 Recently, 

work in this field has heavily focused on polypyridal ruthenium and iridium complexes because 

such metal complexes efficiently absorb visible light, possess sufficiently long excited state 

lifetimes as a result of metal to ligand charge transfer (MLCT), and have tunable redox properties. 

However, most photoredox catalysts (PCs) do not possess the reducing power to directly reduce 

an alkyl bromide through an outer sphere electron transfer mechanism. Commonly, supplemental 

sacrificial electron donors are required for alkyl bromide reduction through a reductive quenching 

pathway. The addition of sacrificial electron donors, however, introduces potential side-reactions7 

that impede the ability to synthesize polymers with low Đ.8 Select strongly reducing iridium9 or 

copper10 PCs can directly reduce an alkyl bromide through an oxidative quenching path- way, and 

elimination of the sacrificial electron donor can facilitate the synthesis of well-defined polymers.11 

Light mediated CRPs further introduce spatial and temporal control as an attractive interactive 

feature for the incorporation of added synthetic complexity.12 However, the concerns of metal con- 
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tamination and the sustainability of iridium or ruthenium metal PCs motivate the use of organic 

PCs.14,13 

In accord with transition metal PCs, few organic PCs are able to directly reduce an alkyl 

bromide without the addition of a sacrificial electron donor.14 Strongly reducing organic catalysts, 

including perylene,15 N-aryl phenothiazines,16 and N,N-diaryl dihydrophenazines17 have been 

demonstrated as organic PCs capable of mediating O-ATRP (Figure 3.1). Continued progress in 

this field is required to further understand the mechanism of this polymerization to realize even 

more efficient PCs.  
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Figure 3.1. (A) O-ATRP mediated by organic PCs using alkyl bromide initiators and aryl 

phenoxazines studied in this work. (B) Organic PCs examined in previous work. (C) Proposed, 

general photoredox catalytic cycle of O-ATRP. 

 

A proposed general photoredox O-ATRP mechanism involves photoexcitation of the PC 

to an excited state PC (PC*) which is capable of reducing alkyl bromides via an oxidative 

quenching pathway to generate the active radical for polymerization propagation, while yielding 

the radical cation PC (PC•+) and Br− ion pair complex, PC•+Br− (Figure 3.1C). Efficient 

deactivation is central to the production of well-defined polymers. Deactivation requires the 

PC•+Br− complex to be sufficiently oxidizing relative to the propagating radical to regenerate the 

alkyl bromide and ground state PC; subsequent photoexcitation of the PC reinitiates the catalytic 

cycle. Here, we report N-aryl phenoxazines as a new class of PCs for O-ATRP which produce 

well-defined polymers with low dispersities. Through following our maturing catalyst design 

principles, we report a visible light phenoxazine PC that produces polymers with Đ ranging from 

1.13 to 1.31 over a range of polymer MWs while achieving quantitative initiator efficiency (I*).  

To accelerate our progress in developing O-ATRP, we previously used quantum chemical 

calculations to guide the discovery and design of strongly reducing diaryl dihydrophenazines PCs 

for O-ATRP.17 We based our computationally directed strategy on the hypothesis that 

photoexcitation of the PC delivers, through intersystem crossing (ISC) from the singlet excited 

state PC (1PC*), a triplet excited state PC (3PC*) which is responsible for the alkyl bromide 

reduction. This hypothesis hinges on the necessity of the photoexcited species to possess a 

sufficiently long lifetime for photoredox catalysis.  
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Our continued work in this field has been piqued by the impressively strong excited state 

reduction potentials (E0* = E0(2PC•+/PC*)) of N,N-diaryl dihydrophenazines and N-aryl 

phenothiazines (∼−2 V vs SCE), which are even more reducing than commonly used metal PCs, 

such as fac-Ir(ppy)3 (−1.73 V vs SCE).18 These strong E0*s and the success of the diaryl 

dihydrophenazines in O-ATRP further drew our attention toward N-aryl phenoxazines as a 

potential class of organic PCs for O-ATRP. We hypothesized that phenoxazines possessed 

characteristic traits that would distinguish them as organic PCs and make them successful catalysts 

for O-ATRP. Interestingly, these N, S, and O containing heterocycles are found in biologically 

relevant molecules19 and organic electronic applications.20 

 

Results and Discussion 

DFT calculations predict that N-aryl phenoxazines possess similarly strong E0*s (∼ −2 V 

vs SCE) in their lowest lying triplet excited state as dihydrophenazines and phenothiazines, which 

was corroborated experimentally.21 Although dihydro- phenazines are stronger excited state 

reductants, the radical cations of phenoxazines and phenothiazines [E0(2PC•+/PC*) = ∼0.5 V vs 

SCE] are more oxidizing than those of dihydro- phenazines [E0(2PC•+/PC*) = ∼0.0 V vs SCE]; 

all three classes of PCs possess an oxidation potential capable of deactivating the propagating 

radical (e.g., ∼−0.8 V vs SCE for methyl methacrylate), as required for a successful O-ATRP. 

Lastly, reports on the photophysical properties of phenoxazines suggested their promise as PCs; 

the phosphorescence quantum yield of 10-phenylphenoxazine (1) at 77 K was reported to be 94% 

with a lifetime as long as 2.3s.22 These properties highlight the efficient ISC to the triplet manifold 

and slow non- radiative decay attributed to small Franck−Condon vibrational overlap factors 

between 3PC* and the ground state.  
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Our analysis of exchanging the sulfur in phenothiazines with the oxygen in phenoxazines 

identified several distinct phenomena that alter the physical properties of these molecules and 

which we propose manifest in improvements in PC performance for O-ATRP, qualitatively 

assessed through analysis of the polymer product. The significant distinction between these two 

systems is the conformation of their heterocyclic rings. The smaller van der Waals radius of oxygen 

(1.52 Å) relative to sulfur (1.80 Å) permits the ground state phenoxazine (e.g., PC 1) to access a 

planar geometry similarly to dihydrophenazines (nitrogen, 1.55, Å). In contrast, phenothiazine 

adopts a bent boat conformation in its ground state, observable in crystal structures23 and predicted 

by our computations (Figure 3.2). However, upon oxidation to the radical cation state 2PC•+, all 

three PCs adopt a planar conformation.  
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Figure 3.2. Geometric reorganization energies and reduction potentials (vs SCE) for 10-

phenylphenoxazine, diphenyl dihydrophenazine, and 10-phenylphenothiazine (bottom) 

transitioning from the 3PC* to 2PC•+ to 1PC species involved in the proposed mechanism for 

photoredox O-ATRP. Reduction potentials were computed here with the improved 6-311+G** 

basis set compared to 6-31+G** used in the previous report.17  

The consequences of phenothiazine adopting bent con- formations in the ground and triplet 

states, but a planar geometry in the radical cation state, introduce larger structural reorganizations 

during electron transfer (ET) as compared to the consistently planar phenoxazines and 
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dihydrophenazines. We calculated a structural reorganization penalty associated with oxidation of 

the bent 10-phenylphenothiazine triplet state to the planar radical cation of 8.2 kcal/mol. In 

contrast, the triplet and radical cation states of 1 are both planar, analogous to diaryl 

dihydrophenazines, which results in a lower reorganization energy of only 2.4 kcal/mol. As 

phenoxazine, dihydrophenazine, and phenothiazine derivatives, possess similar E0*s (−2.11, 

−2.25, and −2.03 V, respectively), we expect a kinetically faster activation (reduction of the alkyl 

bromide) in O-ATRP by phenoxazines and dihydrophenazines because of their lower 

reorganization energies for ET.  

Polymerization deactivation involves reduction of the planar phenylphenothiazine radical 

cation to regenerate the bent ground state. We calculate a reorganization energy for this ET of 4.1 

kcal/mol. For 1 or diphenyl dihydrophenazine, the same reduction process requires lower 

reorganization energies of 2.3 or 2.5 kcal/mol, respectively consistent with the conservation of the 

planarity of the cation radical and ground states. Given the similar ground state oxidation potentials 

for the phenoxazine and phenothiazine (0.58 and 0.49 V), the radical cation of 1 is likely kinetically 

faster in deactivation, which imparts better control in O-ATRP (vide infra). How this concept 

pertains to the less oxidizing dihydrophenazine PC•+ requires further investigation, although 

previous results demonstrated that dihydrophenazines are efficient PCs for O-ATRP.17  

Toward the goal of designing phenoxazines as PCs for O-ATRP we applied the concepts 

conceived from our previous study of diaryl dihydrophenazines, which revealed that PCs with 

spatially separated singly occupied molecular orbitals (SOMOs) in their 3PC* state yielded PCs 

with superior performance in O-ATRP in regards to achieving the highest I* and producing 

polymers with the lowest Đ. As such, we investigated strongly reducing N-aryl phenoxazines with 

spatially separated SOMOs (with the lower lying SOMO localized on the phenoxazine core and 
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the higher lying SOMO localized on the aryl substituent) and localized SOMOs (with both SOMOs 

localized on the phenoxazine core), to evaluate their performance as O-ATRP PCs and determine 

if this concept extends to phenoxazines (Figure 3.3).  

 

Figure 3.3. (A) N-Aryl phenoxazines studied in this work along with computed triplet state 

reduction potentials. (B) Computed triplet state SOMOs of phenoxazine derivatives.  

In the cases of diphenyl dihydrophenazine and 1, we calculate that neither exhibits spatially 

separated SOMOs. In contrast, incorporation of electron withdrawing trifluoromethyl 

functionalization on the para position of the N-phenyl substituents of the dihydrophenazine yielded 

spatially separated SOMOs whereas this substitution on phenoxazine (2) results in both SOMOs 

localized on the phenoxazine core. However, for both dihydrophenazines and phenoxazines, N-

aryl functionalization(s) with 1- or 2-naphthalene yielded molecules with spatially separated 

SOMOs and thus predicted intramolecular charge transfer from the heterocyclic ring to the 
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naphthalene substituent upon photoexcitation and subsequent intersystem crossing to the triplet 

state.  

All four phenoxazine derivatives were synthesized through C−N cross-couplings from 

commercially available reagents and employed in the polymerization of MMA.21 A screen of 

common ATRP alkyl bromide initiators revealed that diethyl 2-bromo-2-methylmalonate 

(DBMM) served as the superior initiator to produce polymers with the lowest Đ while achieving 

the highest I* (Table 3.7). To evaluate the PCs, polymerizations using DBMM as the initiator were 

conducted in dimethylacetamide and irradiated with a 365 nm UV nail curing lamp (54 W) (Table 

3.1). In accord with diaryl dihydrophenazines, N-aryl phenoxazines possessing localized SOMOs 

(PCs 1 and 2) did not perform as well as the PCs with separated SOMOs (PCs 3 and 4). 

Specifically, 1 and 2 produced poly(methyl methacrylate) (PMMA) with a relatively high Đ of 

1.48 and 1.45, respectively (runs 1 and 2). Polymerization results with PCs 3 and 4 were superior, 

and produced PMMA with lower dispersities (Đ = 1.22 and 1.11, respectively) while achieving 

high I*s of 92.6 and 77.3%, respectively (runs 3 and 4).  

Table 3.1. Results of the O-ATRP of MMA Using PCs 1 through 4a.  

 

a[MMA]:[DBMM]:[PC] = [1000]:[10]:[1]; 9.35 μmol PC, 1.00 mL dimethylacetamide, and 

irradiated with a 54 W 365 nm light source for 8 h.  
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Further, molecular weight control could be obtained using either PC through modulation 

of the monomer (runs 5 to 9 for PC 3; runs 13-17 for PC 4) or initiator (runs10-12 for PC 3; runs 

18-20 for PC 4) ratios (Table 3.2). Overall, PC 3 produced PMMA through higher I* (∼80−100%) 

while PC 4 produced PMMA with lower Đ (as low as 1.07). This 1-naphthalene versus 2-

naphthalene substitution effect influencing high I* or low Đ, respectively was also observed with 

diaryl dihydrophenazines.  

Table 3.2. Results of the O-ATRP of MMA Using PCs 3 and 4.a 

aSee the Supporting Information for experimental details.  

 

Our analysis of the polymerization of MMA by 3 and 4 showed that both PCs imparted 

control over the polymerization that is becoming expected from O-ATRP. Specifically, a linear 

growth in polymer molecular weight as well as a low dispersity during the course of 

polymerization was attained (Figure 3.4A and B). Additionally, temporal control was 

demonstrated using a pulsed irradiation sequence (Figure 3.4C−F). Monomer conversion was only 

observed during irradiation, which resulted in a linear increase in number-average MW (Mn) while 

producing PMMA with low Đ.  
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Figure 3.4. Plots of molecular weight (Mn, blue) and dispersity (Đ, orange) as a function of 

monomer conversion for the polymerization of MMA catalyzed by 3 (A) and 4 (B). Plots of 

conversion vs time using 3 (C) or 4 (E) (irradiation in white and dark periods in gray) and plots 

of molecular weight (Mn, blue) and dispersity (Đ, orange) as a function of MMA conversion using 

a pulsed-irradiation sequence and PC 3 (D) or 4 (F) (filled markers are data directly after 
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irradiation while open markers are data directly after the dark period) Conditions for all plots: 

[MMA]:[DBMM]: [PC] = [1000]:[10]:[1]; 9.35 μmol PC, 1.00 mL dimethylacetamide, and 

irradiated with UV-light.  

Both PCs also efficiently polymerized other methacrylates, including benzyl methacrylate 

(BnMA), isobutyl methacrylate (BMA), and isododecyl methacrylate (IDMA) (Table 3.5). As 

such, 3 was used to perform chain extension polymerizations from an isolated PMMA (Mw = 9.9 

kDa, Đ = 1.12) macro- initiator because the ATRP mechanism inherently reinstalls the bromine 

chain end group onto the growing polymer chain (Figure 3.5). Chain extensions from this PMMA 

macroinitiator with MMA, DMA, BnMA, and BMA were successful, both confirming high 

bromine chain end group fidelity and allowing the synthesis of block polymers. 

 
 

Figure 3.5. Chain extension polymerizations from a PMMA macroinitiator (A) with MMA (B), 

IDMA (C), BMA (D), and BnMA (E). Gel permeation chromatography traces of the polymers 

depicted by the chemical structures with corresponding color schemes (F).  
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To further establish these naphthalene phenoxazines as efficient PCs, we next directly 

compared 3 and 1-naphthalene- 10-phenothiazine as PCs for O-ATRP under our polymerization 

conditions (Figure 3.16). Both catalysts exhibited nearly identical rates of polymerization, 

achieving 85.1% and 88.4% monomer conversion after 10 h for 3 and the phenothiazine, 

respectively. Additionally, both PCs achieved high I*s of 93.5% and 95.6%, respectively. 

However, a significant difference in polymerization performance was observed when comparing 

the Đ of the resulting PMMA. When using 3, PMMA was produced with Đ = 1.26, while the 

phenothiazine produced PMMA with comparatively higher Đ = 1.66, consistent with previous 

reports16a,b using this PC.  

As inferred above, the higher Đ of the PMMA produced by the phenothiazine is attributed 

to the larger reorganization energies of the phenothiazines. Incorporation of O versus S in the core 

of phenoxazines versus the core of phenothiazines imparts distinct quantitative differences in the 

electronic and geometric structures of these molecules that affect their performance as PCs for O-

ATRP. As such, the planarity of phenoxazines throughout the photoexcitation and ET processes 

causes them to perform more closely to diaryl dihydrophenazines as PCs for O-ATRP. We 

hypothesize that the differences between these PCs specifically manifest in each of their abilities 

to balance the rates of activation and deactivation which results in the differences observed in the 

Đ of the resulting PMMA produced by each PC.  

An additional consideration when comparing phenoxazines, dihydrophenazines, and 

phenothiazines is that the planar core of phenoxazines and dihydrophenazines promotes intra- 

molecular charge transfer to charge separated SOMOs while the bent phenothiazine core limits 

electronic coupling between the heterocyclic ring and the N-aryl substituent and consequently the 

ability to form an intramolecular charge transfer complex.24 The planar phenoxazine core versus 
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the bent phenothiazine core can be visualized in the X-ray crystal structures of the PCs (Figure 

3.6). The electrostatic potential (ESP) mapped electron density of the 3PC* state of these 

compounds reveal that electron density is transferred to the naphthalene substituent (red region) in 

phenoxazine upon photoexcitation and ISC from 1PC, even more so with dihydrophenazines, while 

electron density remains localized on the phenothiazine core (Figure 3.7). 

 

 

 

Figure 3.6.. X-ray crystal structures of 1-naphthalene substituted planar phenoxazine (A) and 

bent phenothiazine (B). 
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Figure 3.7. ESP mapped electron density of 1PC and 3PC* of 1-naphthalene substituted 

phenoxazine (A), dihydrophenazine (B), and phenothiazine (C).  

We further envisaged that a visible light absorbing phenoxazine derivative would provide 

an even more efficient polymerization catalyst, as irradiation of the reaction with high energy UV-

light can initiate non-desirable reaction pathways, which may increase the Đ of the produced 

polymer and lower I*.25 To realize a visible light absorbing PC we explored a core substituted 

phenoxazine derivative. Computations predicted that PC 5, possessing 4-biphenyl core 

substitutions, would be an excellent target PC with 3PC* possessing a strong reduction potential 

and spatially separated SOMOs, while 1PC would exhibit an absorbance profile in the visible 

spectrum. The visible light absorbing PC 5 was synthesized in high yield from PC 3 through 

selective bromination at the 3- and 7-positions on the phenoxazine core using N-bromosuccinimide 
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followed by Suzuki cross-coupling.21 A similar synthetic strategy was recently reported to 

synthesize thiophene core substituted phenothiazines for use as visible light absorbing catalysts 

for cationic polymerization.26 The absorbance profile of PC 5 was not only red-shifted (Δλmax = 

65 nm versus noncore substituted PC 3) into the visible spectrum (λmax = 388 nm), but also 

exhibited an extremely enhanced molar extinction coefficient (ε = 26635 M-1cm-1 at λmax = 388 

nm), making it significantly more efficient at absorbing visible light than the noncore substituted 

1-napthalene functionalized phenoxazine, dihydro- phenazine, or phenothiazine (Figure 3.8).  

The polymerization performance of PC 5 confirmed our predictions that it would be an 

excellent PC for O-ATRP, demonstrating superior control over the polymerization than the UV-

absorbing phenoxazines or even previously reported dihydrophenazines. The polymerization of 

MMA using PC 5 irradiated by white LEDs was efficient and showcased characteristics of a 

controlled polymerization with a linear increase in polymer Mn and a low polymer Đ during the 

course of polymerization (Figure 3.8C). Furthermore, the molecular weight of the polymer could 

be tailored through manipulation of either the monomer or initiator loading, while keeping the 

polymerization otherwise constant, to produce polymers with Đ of 1.13−1.31 while achieving 

quantitative I* (Table 3.3).  
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Figure 3.8. Properties of PC 5. (A) Structure, computed triplet excited state reduction potential, 

and ESP mapped electron density of 3PC* 5. (B) Computed triplet state SOMOs of PC 5. (C) Plot 

of Mn and Đ as a function of monomer conversion for the polymerization of MMA by PC 5; 

[MMA]:[DBMM]:[5] = [1000]:[10]:[1]; 9.35 μmol PC, 1.00 mL dimethylacetamide, and 

irradiated with white LEDs. (D) UV−vis spectrum of PC 5 and 1-naphthalene functionalized 

phenoxazine, dihydrophenazine, and phenothiazine, with color coded structures, and extinction 

coefficients at their respective λmax with the visible absorbance spectrum highlighted in white.  

Table 3.3. Results of the O-ATRP of MMA Using PC 5a  
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aSee the Supporting Information for experimental details.  

 

Conclusion 

N-Aryl phenoxazines have proven to be efficient PCs for O- ATRP that produce polymers 

with controlled molecular weights and low dispersity. Through the culmination of computational 

and experimental results, we report a visible light absorbing phenoxazine photoredox catalyst that 

produces polymers with controlled molecular weights and low dispersities, achieving quantitative 

initiator efficiencies that out- compete previously reported organic PCs for O-ATRP. The 

continued establishment of design principles for PCs capable of mediating O-ATRP will further 

expand the scope and impact of this polymerization methodology, which we foresee will translate 

to an additional means for selective small molecule transformations. Our future work will 

investigate the intricacies of the charge transfer state that is responsible for efficient photoredox 

catalysis, which we hypothesize provides extended excited state lifetimes and minimizes 

undesirable back electron transfer.  

 

Experimental 

1. Materials and Methods 

 Phenoxazine was purchased from Beantown Chemical. 4-biphenyl boronic acid was 

purchased from TCI America. Glacial acetic acid was purchased from VWR. All other reagents 

were purchased from Sigma-Aldrich. Chemicals used in polymerizations, including isobutyl 
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methacrylate (BMA), benzyl methacrylate (BnMA), isodecyl methacrylate (IDMA), methyl 

methacrylate (MMA), diethyl 2-bromo-2-methyl malonate (DBMM), dimethylacetamide (DMA) 

were purified by vacuum distillation followed by three freeze-pump-thaw cycles and stored under 

nitrogen atmosphere. Dioxane was purified using an mBraun MB-SPS-800 solvent purification 

system and kept under nitrogen atmosphere. Dicyclohexylphosphino-2,6-diisopropoxybiphenyl 

(RuPhos) and chloro-(2-dicyclohexylphosphino-2,6-diisopropoxy-1,1-biphenyl) [2-(2-

aminoethyl)phenyl] palladium(II) - methyl-t-butyl ether adduct (RuPhos precatalyst) were stored 

under nitrogen atmosphere and used as received.  Aryl halides used in the catalyst synthesis were 

degassed and stored under nitrogen. A Vogue Professional Powerful & Double Wide 54 watt UV 

lamp Light Nail Dryer was used as the UV light source. One sixteen inch strip of double-density 

white LEDs, purchased from Creative Lighting Solutions (item no. CL-FRS1210-5M-12V-WH), 

was wrapped inside a 400 mL beaker and used as a visible light source.  

Nuclear magnetic resonance spectra were recorded on a Varian 300 MHz NMR 

Spectrometer for polymerization conversions and using a Varian 400 MHz or Varian 500 MHz 

NMR Spectrometer for all other characterizations. All 1H NMR experiments are reported in δ units, 

parts per million (ppm), and were measured relative to the signals for residual chloroform (7.26 

ppm) or benzene (7.15 ppm) in the deuterated solvent. All 13C NMR spectra are reported in ppm 

relative to CDCl3 (77.23 ppm) or C6D6 (128.62 ppm). Analysis of polymer molecular weights was 

performed via gel permeation chromatography (GPC) coupled with multi-angle light scattering 

(MALS), using an Agilent HPLC fitted with one guard column, three PLgel 5 μm MIXED-C gel 

permeation columns, a Wyatt Technology TrEX differential refractometer, and a Wyatt 

Technology miniDAWN TREOS light scattering detector, using THF as the eluent at a flow rate 

of 1.0 mL/min. Ultraviolet-visible spectroscopy was performed on an Cary 5000 
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spectrophotometer using DMA as the solvent. Emission spectroscopy was performed on a SLM 

8000C spectrofluorimeter using DMA as the solvent. Cyclic voltammetry was performed with a 

CH Instruments electrochemical analyzer with a Ag/AgNO3 (0.01 M in MeCN) reference electrode 

using DMA as the solvent for the working electrode. Samples were sparged with argon for 5 

minutes prior to both emission and electrochemical measurements. 

 

2. Procedures  

Synthesis of N-aryl phenoxazine catalysts: 

10-Phenylphenoxazine (1) A 50 mL storage flask was charged with a stir bar, flame dried under 

vacuum and back filled with nitrogen three times. The flask was then charged with phenoxazine 

(183 mg, 1.0 mmol, 1.00 eq.), NaOtBu (192.2 mg, 2.0 mmol, 2.00 eq.), and RuPhos (12 mg, 0.03 

mmol, 0.03 eq.). The flask was taken into a nitrogen filled glovebox where RuPhos Precat (21mg, 

0.03 mmol, 0.03 eq.), 1 mL dry dioxane and bromobenzene (0.11 mL, 2.0 mmol 2.00 eq.) were 

added. The flask was placed in an oil bath at 130º C while stirring for 48 hours. The flask was then 

cooled to room temperature, diluted with CH2Cl2, and the solution was washed with water three 

times, brine once, dried over MgSO4 and purified by recrystallization from CH2Cl2 layered with 

hexanes at - 25º C to give 60 mg of yellow crystals, 23% yield.  NMR matched that reported 

previously.27 

 

4-Trifluoromethylphenyl -10-phenoxazine (2) A 100 mL storage flask was charged with a stir 

bar, flame dried under vacuum and back filled with nitrogen three times. The flask was then 

charged with phenoxazine (800 mg, 4.37 mmol, 1.00 eq.), NaOtBu (840 mg, 8.74 mmol, 2.00 eq.), 

and RuPhos (52.4 mg, 0.13 mmol, 0.03 eq.). The flask was placed into a nitrogen filled glovebox 
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where RuPhos Precat (91.77 mg, 0.13 mmol, 0.03 eq.), and 4 mL dry dioxane and 4-

bromobenzotrifluoride (1.22 mL, 8.74 mmol, 2.00 eq.) were added. The flask was placed in an oil 

bath at 130º C while stirring for 48 hours. The flask was then cooled to room temperature, diluted 

with CH2Cl2, and the solution was washed with water three times, brine once, dried over MgSO4 

and purified by recrystallization from CH2Cl2 layered with hexanes on top at - 25º C to yield 987 

mg of yellow crystals, 69% yield.  Final purification was conducted via sublimation at 100 mTorr 

at 175º C. 1H NMR (CDCl3, 500 MHz) δ 7.87 (d, J = 8.20 Hz, 2H), 7.51 (d, J = 8.15 Hz, 2H), 6.73 

(dd, J = 7.85, 1.75 Hz, 2H), 6.68 (m, 2H), 6.62 (td, J = 7.85, 1.75 Hz, 2H), 5.90 (d, J = 8.20 Hz , 

2H). 13C NMR (CDCl3, 400MHz) δ 144.10, 142.73, 133.89, 131.76, 130.97, 130.64, 128.44, 

123.52, 122.09, 115.93, 113.39. 19F NMR (CDCl3, 300MHz) δ 62.55. HRMS (ESI): calculated for 

M+ C19H12F3NO, 327.0871; observed 327.0869. 

 

1-Naphthalene-10-phenoxazine (3) A stir bar was placed into a 100 mL storage flask, flame dried 

under vacuum and then back filled with nitrogen three times. The flask was then charged with 

phenoxazine (1.00 g, 5.46 mmol, 1.00 eq.), NaOtBu (1.054 g, 10.92 mmol, 2.00 eq.), and RuPhos 

(65.6 mg, 0.16 mmol, 0.03 eq.). The flask was taken into a nitrogen filled glovebox where RuPhos 

Precat (114.75 mg, 0.16 mmol, 0.03 eq.), 6 mL dry dioxane and 1-bromonaphthalene (1.53 mL, 

10.92 mmol, 2.00 eq.) were added. The flask was placed in an oil bath at 130º C while stirring for 

48 hours. The flask was then cooled to room temperature, diluted with CH2Cl2, and the solution 

was washed with water three times, brine once, dried over MgSO4 and purified by recrystallization 

from CH2Cl2 layered with hexanes on top at -25º C to yield 790 mg of yellow crystals, 47% yield. 

Final purification was conducted via sublimation at 100 mTorr at 190º C. 1H NMR (CDCl3, 500 

MHz) δ 8.08 (d, J = 8.35 Hz, 1H), 7.99 (dd, J = 8.20, 3.95 Hz, 2H), 7.66 (t, J = 7.25 Hz, 1H), 7.56 
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(m, 2H), 7.48 (m, 1H), 6.74 (dd, J = 7.90, 1.45 Hz, 2H), 6.63 (t, J = 7.85 Hz, 2H), 6.49 (td, J = 

7.85, 1.45 Hz, 2H), 5.71 (dd, J = 7.90, 1.45 Hz, 2H). 13C NMR (CDCl3, 400MHz) δ 144.09, 135.77, 

135.24, 134.48, 131.56, 129.35, 129.14, 128.95, 127.50, 127.07, 127.04, 123.57, 123.53, 121.47, 

115.58, 113.57. HRMS (ESI): calculated for M+ C22H15NO, 309.1154; observed 309.1152. 

 

2-Naphthalene-10-phenoxazine (4) A 100 mL storage flask was charged with a stir bar, flame 

dried under vacuum then back filled with nitrogen three times. The flask was then charged with 

phenoxazine (1.00 g, 5.46 mmol, 1.00 eq.), NaOtBu (1.054 g, 10.92 mmol, 2.00 eq.), and RuPhos 

(65.6 mg, 0.16 mmol, 0.03 eq.). The flask was taken into a nitrogen filled glovebox where RuPhos 

Precat (114.75 mg, 0.16 mmol, 0.03 eq.), 6mL dry dioxane and 2-bromonaphthalene (2.26 mg, 

10.92 mmol, 2.00 eq.) were added. The flask was placed in an oil bath at 130º C while stirring for 

48 hours. The flask was then cooled to room temperature, diluted with CH2Cl2, and the solution 

was washed with water three times, brine, dried over MgSO4 and purified by recrystallization from 

CH2Cl2 at -25º C to yield 890 mg of light yellow, flakey crystals, 53% yield. Final purification 

was conducted via sublimation at 100 mTorr at 195º C. 1H NMR (CDCl3, 400 MHz) δ 8.08 (d, J = 

8.60 Hz, 1H), 7.95 (d, J = 7.00 Hz, 1H), 7.88 (m, 2H), 7.57 (m, 2H), 7.42 (dd, J = 8.64, 2.04 Hz, 

1H), 6.73 (dd, J = 7.84, 1.56 Hz, 2H), 6.66 (t, J = 7.52 ,2H), 6.57 (td, J = 8.12, 1.60 Hz, 2H), 5.99 

(d, J = 7.96, 2H). 13C NMR (CDCl3, 400 MHz) δ 144.42, 136.74, 135.06, 134.78, 133.28, 131.55, 

130.29, 128.23, 128.15, 127.12, 126.78, 123.49, 121.66, 115.74, 113.78. HRMS (ESI): calculated 

for M+ C22H15NO, 309.1154; observed 309.1151. 

 

1-Naphthalene-10-phenothiazine A stir bar was placed in a 50 mL storage flask, flame dried 

under vacuum and then back filled with nitrogen three times. The flask was then charged with 
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phenothiazine (0.600 g, 3.01 mmol, 1.00 eq.), NaOtBu (0.578 g, 6.02 mmol, 2.00 eq.), and RuPhos 

(42.2 mg, 0.09 mmol, 0.03 eq.). The flask was taken into a nitrogen filled glovebox where RuPhos 

Precat (73.8 mg, 0.09 mmol, 0.03 eq.), 3 mL dry Dioxane and 1-bromonaphthalene (0.84 mg, 6.02 

mmol, 2.00 eq.) were added. The flask was placed in an oil bath at 130º C while stirring for 48 

hours. The flask was then cooled to room temperature, diluted with CH2Cl2, and the solution was 

washed with water three times, brine once, dried over MgSO4 and purified by recrystallization 

from CH2Cl2 layered with hexanes on top at -25º C to yield 253 mg of a yellowish solid, 26% 

yield. Final purification was conducted via sublimation at 100 mTorr at 155º C. NMR matched 

that reported previously.28 

 

3,7-Dibromo 1-Naphthalene-10-phenoxazine A literature procedure was adapted for this 

synthesis.29 1-Naphthalane-10-phenoxazine (800 mg, 2.58 mmol, 1eq.) was dissolved in 80mL of 

chloroform. 80mL of glacial acetic acid was then added to the stirring mixture. Aluminum foil was 

thoroughly wrapped around to cover the reaction vial, blocking out light. In the dark, powdered 

N-Bromosuccinimide (944 mg, 5.30 mmol, 2.05 eq.) was added in small portions over a 20 minute 

period. After 2 hours at room temperature the reaction mixture was concentrated under vacuum. 

The resulting solid was washed three times with water, brine, then dried with MgSO4. A light tan 

powder (1.0 g, 2.14 mmol, 82.8% yield) was collected. This was used for the Suzuki coupling 

without further purification. 1H NMR (C6D6, 500 MHz) δ 7.82 (d, J = 8.48 Hz, 1H), 7.57 (dd, J = 

25.02, 8.3 Hz, 2H), 7.19 (m, 1H), 7.12 (t, J =  8.03 Hz, 2H), 6.88 (dd, J = 7.32, 0.57 Hz, 3H), 6.84 

(d, J = 2.19 Hz, 2H), 6.36 (dd, J = 8.54, 2.21 Hz, 2H). 13C NMR (CDCl3, 400MHz) δ144.27, 

135.82, 134.22, 133.32, 130.91, 129.88, 129.15, 128.87, 127.83, 127.29, 127.06, 126.62, 123.02, 

118.86, 114.74, 113.06.  
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3,7-Di(4-biphenyl) 1-Naphthalene-10-Phenoxazine (5) A 200mL schlenk flask was flame dried, 

filled with nitrogen, and equipped with a stir bar and reflux condenser before 3,7-Dibromo 1-

Naphthalene-10-phenoxazine (225 mg, 0.48 mmol, 1 eq.), 4-biphenylboronic acid (381.8 mg, 1.9 

mmol, 4 eq.) was added, then dissolved in 20 mL of THF. 6 mL of K2CO3 (2M) was syringed into 

the solution and then heated to 80oC and stirred for 20 minutes. After which, Palladium 

tetrakis(triphenylphosphine) (93 mg, 15% mol) in a 20mL solution of THF was added then heated 

to 100oC and left to run for 24 hours. Once complete, the reaction was concentrated under vacuum, 

dissolved in DCM, and washed with water two times, brine, then dried with MgSO4. A bright 

yellow powder was collected (270 mg, 0.44 mmol, 91.6% yield) after recrystallization in 

DCM/Methanol. 1H NMR (C6D6, 500 MHz) δ 8.18 (d, J = 8.35 Hz, 1H), 7.69 (d, J = 8.09 Hz, 2H), 

7.66 (dd, J = 7.21, 2.22 Hz, 2H), 7.51 (d, J =  7.21 Hz, 4H), 7.46 (m, 8H), 7.37 (d, J = 2.0 Hz, 2H), 

7.25 (m, 8H), 6.73 (dd, J =  2.03 Hz, 2H), 5.88 (d, J =  8.28 Hz, 2H) . 13C NMR (C6D6, 300 MHz) 

δ 144.49, 140.93, 139.74, 139.02, 135.69, 135.17, 134.49, 133.60, 131.47, 129.06, 128.82, 128.72, 

127.52, 127.08, 126.95, 126.86, 126.76, 126.56, 123.38, 122.05, 114.23, 113.98.  

 

Control experiments 

 Control polymerizations revealed negligible or no polymerization in the absence of any of 

the components pertinent to the O-ATRP system (light, PC, or initiator) or in the presence of 

oxygen.  
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General procedure for O-ATRP of MMA using a UV light source 

A 20 mL scintillation vial equipped with a small stirbar was transferred into a nitrogen-atmosphere 

glove box. To this vial DMA, methyl methacrylate (MMA), photocatalyst from a stock solution in 

DMA and initiator were added in that order via pipette. The vial was tightly sealed and wrapped 

in aluminum foil. The vial was transferred out of the glove box, the aluminum foil was removed, 

then placed under UV irradiation while stirring (Figure 3.9). Timing of the polymerization started 

once the vial was placed under irradiation. To analyze the progress of the polymerization at a given 

time point, aluminum foil was wrapped around the vial, the timer was stopped and the sample was 

taken back into the glove box where a 0.1 mL aliquot of the reaction was removed via syringe and 

injected into a vial containing 0.7 mL CDCl3 with 250 ppm butylated hydroxytoluene (BHT) to 

quench the reaction. The reaction vessel was then transferred back under UV irradiation where the 

timer was once again started. This aliquot was then analyzed via NMR for conversion. After NMR, 

the volatiles were removed from the sample, re-dissolved in THF and passed through a syringe 

filter for analysis by gel permeation chromatography coupled with multi-angle light scattering.  

 

 

Figure 3.9. Photograph of the reaction setup for O-ATRP using UV irradiation. 
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Monomer scope  

 The polymerization of different monomers - BMA, BnMA and DMA - were carried out 

using the general polymerization conditions described above. A ratio of [1000]:[10]:[1], 

[monomer]:[initiator]:[catalyst] was used with 9.35 mmol of monomer used in each trial. An equal 

volume of DMA to monomer was used. After the polymerization was allowed to run for 8 hours 

an aliquot was taken for analysis of monomer conversion by 1H NMR, after which, methanol was 

immediately added to the reaction mixture to precipitate out the polymer. The resulting solid 

polymer was filtered then dried and used for analysis by gel permeation chromatography coupled 

with multi-angle light scattering. The results from these polymerizations are given in Table 3.5.   

 

General procedure for chain extension of poly methyl methacrylate with various monomers by 

photocatalyzed O-ATRP  

 

Synthesis of PMMA Macroinitiator 

Catalyst 3 (23.2 mg, .0748 mmol, 8 eq.) was dissolved in 8.00 mL DMA and stirred with MMA 

(8.00 mL, 74.8 mmol, 1000 eq.), and DBMM (143 µL, 0.748 mmol, 10 eq.) in a 20 mL scintillation 

vial in a nitrogen-filled glove box. The reaction mixture was then wrapped in aluminum foil, 

removed from the glove box and placed into the aforementioned UV apparatus. The reaction ran 

for 4 hours before the reaction media was poured into 800 mL of stirring room temperature 

methanol. The resulting polymer was stirred for an hour before being dissolved in a minimal 

amount of dichloromethane. The polymer was dissolved with dichloromethane and re-precipitated 

into stirring methanol a total of three times to remove unreacted monomer, initiator or catalyst (Mn 

= 8.83 kDa, Mw = 9.85 kDa, Ɖ = 1.12).  
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Synthesis of Block Copolymers from isolated macroinitiator 

 Block copolymers were synthesized using a ratio of [1500]:[10]:[1], 

[monomer]:[initiator]:[catalyst] using 0.100 g of macroinitiator in each trial, and catalyst 3. Each 

reaction was set up using the same method as the general polymerization procedure described 

above. The polymerizations were all run for 10 hours before the reaction media was poured into 

100 mL of stirring, room temperature methanol. The resulting polymers were collected via vacuum 

filtration and dried under vacuum. The results from these polymerizations are given in Table 3.6. 

General procedure for O-ATRP of MMA using a visible light source 

A 20 mL scintillation vial equipped with a small stirbar was transferred into a nitrogen-

atmosphere glove box. To this vial DMA, methyl methacrylate (MMA), photocatalyst from a stock 

solution in DMA and initiator were added in that order via pipette. Timing of the polymerization 

started once the vial was placed into an LED-lined beaker (Figure 3.10). To analyze the progress 

of the polymerization at a given time point, a 0.1 mL aliquot of the reaction was removed via 

syringe and injected into a vial containing 0.7 mL CDCl3 with 250 ppm butylated hydroxytoluene 

(BHT) to quench the reaction. This aliquot was then analyzed via NMR for conversion. After 

NMR, the volatiles were removed from the sample, re-dissolved in THF and passed through a 

syringe filter for analysis by gel permeation chromatography coupled with multi-angle light 

scattering.  

 

Figure 3.10. Photograph of the reaction setup for O-ATRP using visible light LED beakers. 
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3. Characterization of Catalysts’ Photoredox Properties  

UV-vis absorption spectroscopy 

   

Figure 3.11. UV-vis absorption spectrums of the phenoxazine photocatalysts. PC 1-4 were taken 

at 0.20 mM and PC 5 was taken at 0.06mM. Solvent = DMA. Path length = 1cm. 
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Figure 3.12. UV-vis absorption of the phenoxazine catalysts taken at different concentrations in 

DMA. Path length = 1cm. 
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Fluorescence spectroscopy 

 

  

 

Figure 3.13. Plot of the normalized emission spectrums of the phenoxazine photocatalysts in DMA. 

PC 1-4 were irradiated with 320 nm light while PC 5 was irradiated with 380nm light. 
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Cyclic voltammetry 

Work performed by co-author Chern-Hooi Lim 

 

Figure 3.14. Cyclic voltammograms of the phenoxazine photocatalysts performed in a 3-

compartment electrochemical cell. Reference electrode: Ag/AgNO3 (0.01M) in MeCN; electrolyte: 

0.1 M NBu4PF6; scan rate: 0.10 V/s. DMA is used as the solvent in the working electrode 

compartment for (b)-(e) while MeCN is used as the solvent in (a). Platinum is used as both the 

working and counter electrodes. 
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Experimental and theoretical determination of excited state reduction potentials 

Work performed by co-author Chern-Hooi Lim 

Table 3.4. Calculation of excited state reduction potentials of photocatalysts 1-5. 

PC 
abs λmax 

(nm)a 

ε λmax 

(M-1cm-1)b 

em λmax  

(nm)c 

E(em λmax)  

(V vs. SCE)d 

E(triplet), theo  

(V vs. SCE)e 

1 324 7729 392 3.16 2.69 

2 322 6719 504 2.46 2.63 

3 323 7848 524 2.37 2.39 

4 318 8047 509 2.44 2.45 

5 388 26635 506 2.45 2.41 

 

PC 
E1/2 (PC•+/PC)  

(V vs. SCE)f 

E0 (PC•+/PC), theo  

(V vs. SCE)e 

E0* (PC•+/PC*) 

(V vs. SCE) 

E0* (PC•+/3PC*), theo  

(V vs. SCE)e 

1 0.68 0.58 -2.48g -2.11 

2 0.73 0.59 -1.73 -2.03 

3 0.70 0.55 -1.67 -1.84 

4 0.69 0.55 -1.75 -1.90 

5 0.65 0.48 -1.80 -1.93 

aMaximum absorption wavelength; PC 3 and 4 exhibit another λmax at higher energy wavelengths 

of 283 nm and 278 nm, respectively. bMolar absorptivity at the reported λmax. cMaximum emission 

wavelength when irradiated with 320 nm light (PC 1-4) and 380 nm light (PC 5). dEnergy of 

emitted photons. eTheoretical predictions from DFT calculations at uM06/6-311+Gdp/CPCM-
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H2O//uM06/6-31+Gdp/CPCM-H2O level of theory. fObtained from cyclic voltammetry. gThe E0* 

of PC 1 is significantly more negative than PC 2-5 and deviates from the predicted trend. In the 

DFT calculations, the triplet excited state was explicitly assumed while the observed emission is 

likely fluorescence from the relaxed singlet excited state. 

 

4. Computational Details 

Work performed by co-author Chern-Hooi Lim 

 

Standard reduction potentials (E0) were calculated following previously reported 

procedures.30,31,32,33 A value of -100.5 kcal/mol was assumed for the reduction free energy of the 

standard hydrogen electrode (SHE) as described in Ref. 4. Thus, E0 = (-100.5 - ∆Gred)/23.06 (V 

vs. SHE); for E0 (PC•+/3PC*), ∆Gred = G(3PC*) - G(PC•+) while for E0 (PC•+/PC), ∆Gred = G(PC) - 

G(PC•+). The Gibbs free energies of 3PC*, PC•+, and PC (for PC 1-4) were calculated at the 

unrestricted M06/6-311+G** level of theory in CPCM-H2O solvent (single point energy) using 

geometries optimized at unrestricted M06/6-31+G** level of theory in CPCM-H2O solvent. The 

triple zeta basis set (6-311+G**) generally improves the E0 (PC•+/PC) by ~0.1V relative to 6-

31+G**, while the triplet energy is invariant for these two basis sets. To reference to the Saturated 

Calomel Electrode (SCE), E0 (vs. SHE) is converted to E0 (vs. SCE) using E0 (vs. SCE) = E0 (vs. 

SHE) - 0.24 V. Triplet energies (in eV) of PCs were obtained by [G(3PC*) - G(PC), in 

kcal/mol]/23.06. Population analysis was performed using electrostatic potential-derived charges 

with the CHELPG method34 performed at the unrestricted M06/6-31G** level of theory in CPCM-

H2O solvent. 
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Geometry optimization of PC 5 (3,7-Di(4-biphenyl) 1-Naphthalene- 10-Phenoxazine) was 

performed at the unrestricted M06/Lanl2dz level of theory in CPCM-H2O solvent; the smaller 

Lanl2dz basis sets was employed for computational efficiency due to its extensive structure. 

Singlet point calculation at the converged M06/Lanl2dz geometry was then performed at the 

unrestricted M06/6-311+G** level of theory in CPCM-H2O solvent. 
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5. Supplemental Polymerization Data 

Table 3.5. Polymerization Results of O-ATRP of Methacrylates.a 

 

 

 

 

 

aPolymerizations of vinyl monomers were performed at [1000]:[10]:[1] using DBMM as the 

initiator and the same volume of solvent as that of the monomer added.   

 

 

 

 

 

 

 

PC Monomer 

Time  

(h) Conv (%) 

Mn 

(kDa) 

Mw 

(kDa) 

Đ 

(Mw/Mn) 

I*  

(%) 

3 BMA 8 62.0 13.5 16.4 1.22 67.4 

3 BnMA 8 46.1 8.2 11.6 1.41 102 

3 DMA 8 87.5 20.9 28.3 1.35 42.9 

4 BMA 8 62 15.2 17.3 1.14 59.7 

4 BnMA 8 77.1 12.5 16.0 1.28 110 

4 IDMA 8 83.2 21.7 28.4 1.31 39.6 

3 4 DBMM BMA BnMA DMA
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Table 3.6. Polymerization Results of O-ATRP PMMA chain extensions.a 

aPolymerization chain extensions were performed at [1500]:[10]:[1] using a PMMA 

macroinitiator and the same volume of solvent as that of the monomer added.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PC Monomer A Monomer B Time (h) Mn(kDa) Mw(kDa) 

Ɖ 

(Mw/Mn) 

3 MMA MMA 10 38.8 49.4 1.27 

3 MMA BMA 10 38.8 43.8 1.13 

3 MMA IDMA 10 59.8 77.6 1.29 

3 MMA BnMA 10 46.8 67.1 1.43 
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Table 3.7. Polymerization Results of O-ATRP initiator screen for PC 1-4.a 

 

 

PC Initiator Time (h) Conv (%) Mn(kDa) Mw(kDa) 

Ɖ 

(Mw/Mn) 

I*  

(%) 

1 EBP 8 92.2 8.01 14.3 1.79 119 

1 DBMM 8 95.6 7.16 10.6 1.48 137 

2 EBP 8 61.2 15.4 20.7 1.34 41.2 

2 DBMM 8 55.3 6.54 9.48 1.45 85.5 

3 EBP 8 66.4 9.29 12.6 1.36 74.2 

3 MBiB 8 76.5 9.58 11.8 1.23 81.8 

3 MBP 8 70.7 10.9 14.1 1.29 66.4 

3 DBMM 8 78.8 8.79 10.8 1.22 92.6 

4 EBP 8 59.0 11.3 13.6 1.21 54.7 

4 MBiB 8 69.2 11.3 15.0 1.34 63.3 

4 MBP 8 31.7 5.80 6.87 1.19 57.6 

4 DBMM 8 80.2 10.7 11.9 1.11 77.3 

aPolymerizations were performed at [1000]:[10]:[1] for [MMA]:[Initiator]:[PC] using the same 

volume of DMA as that of the monomer added.   
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Figure 3.15. Gel permeation traces of PMMA produced using 3 (left) and 4 (right) reported in 

Table 3.2 of the Main Text. Color scheme corresponds to: (left plot) run 5 (light blue), run 6 ( 

gray), run 7 (orange), run 8 (red), run 9 (green), run 10 (blue), run 11 (purple), rune 12 (black); 

(right plot) run 13 (light blue), run 14 (orange), runt 15 (gray), run 16 (red), run 17 (green), run 

18 (blue), run 19 (purple), run 20 (black). 

20 2515 20 25
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Figure 3.16. Plots of number average molecular weight (blue) and dispersity (orange) as a 

function of monomer conversion in the polymerization of methyl methacrylate catalyzed by 1-

napthylene-10-phenoxazine (A) and 1-napthylene-10-phenothiazine (B). Conditions: 

[MMA]:[DBMM]:[PC] = [1000]:[10]:[1]; 9.35 µmoles PC, 1.00 mL dimethylacetamide, and 

irradiated with 365 nm light. 
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6. X-ray Crystallography Data 

Work performed by co-author Chern-Hooi Lim and Brian Newell 

Structures were determined for the compounds listed in Table 3.1. Single crystals were 

coated with Paratone-N oil and mounted under a cold stream of dinitrogen gas. Single crystal X-

ray diffraction data were acquired on a Bruker Kappa APEX II CCD diffractometer with Mo Kα 

radiation (λ = 0.71073 Å) and a graphite monochromator. Initial lattice parameters were obtained 

from a least-squares analysis of more than 100 reflections; these parameters were later refined 

against all data. None of the crystals showed significant decay during data collection. Data were 

integrated and corrected for Lorentz and polarization effects using Bruker APEX3 software, and 

semiempirical absorption corrections were applied using SCALE (Sheldrick, G. M. SADABS – a 

program for area detector absorption corrections). Space group assignments were based on 

systematic absences, E statistics, and successful refinement of the structures. Structures were 

solved using Direct Methods and were refined with the aid of successive Fourier difference maps 

against all data using the SHELXTL 6.14 software package (Sheldrick, G, M. SHELXTL, v. 6.12; 

Bruker AXS:  Madison, WI, 1999). Thermal parameters for all non-hydrogen atoms were refined 

anisotropically. All hydrogen atoms were assigned to ideal positions and refined using a riding 

model with an isotropic thermal parameter 1.2 times that of the attached carbon atom (1.5 times 

for methyl hydrogens). 

In the structure of ‘gm01’, there is a disordered solvate molecule that was found in Fourier 

difference maps. After numerous attempts to model the disorder failed, SQUEEZE (Spek, A. L. J. 

Appl. Crystallogr. 2003, 36, 7) was used to remove the remaining disordered components. 

According to the SQUEEZE output, approximately 4 dichloromethane solvent molecules are 
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present in the void space and were removed. The chemical data presented for ‘gm01’do not include 

the components removed by SQUEEZE.
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1-Naphthalene-10-phenoxazine 

Table 3.8.  Crystal data and structure refinement for gm01. 

Identification code  gm01 

Empirical formula  C22 H15 N O 

Formula weight  309.35 

Temperature  117(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 8.8713(6) Å a= 83.142(4)°. 

 b = 9.1631(6) Å b= 78.687(4)°. 

 c = 11.2812(9) Å g = 71.594(4)°. 

Volume 851.59(11) Å3 

Z 2 

Density (calculated) 1.206 Mg/m3 

Absorption coefficient 0.074 mm-1 

F(000) 324 

Crystal size 0.374 x 0.132 x 0.097 mm3 

Theta range for data collection 1.844 to 27.480°. 

Index ranges -11<=h<=11, -11<=k<=11, -14<=l<=12 

Reflections collected 13754 

Independent reflections 3908 [R(int) = 0.0632] 

Completeness to theta = 25.242° 99.9 %  
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Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7466 and 0.6543 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3908 / 0 / 217 

Goodness-of-fit on F2 1.030 

Final R indices [I>2sigma(I)] R1 = 0.0569, wR2 = 0.1236 

R indices (all data) R1 = 0.0976, wR2 = 0.1452 

Extinction coefficient n/a 

Largest diff. peak and hole 0.714 and -0.316 e.Å-3 

Table 3.9.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 

103) 

for gm01.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

_____________________________________________________________________________ 

 x y z U(eq) 

______________________________________________________________________________   

N(1) 6593(2) 5936(2) 2786(2) 20(1) 

O(1) 4626(2) 8354(2) 1482(2) 32(1) 

C(1) 7016(3) 7296(2) 2431(2) 18(1) 

C(2) 8383(3) 7524(3) 2705(2) 22(1) 

C(3) 8730(3) 8902(3) 2356(2) 27(1) 

C(4) 7728(3) 10074(3) 1732(2) 27(1) 

C(5) 6359(3) 9864(2) 1445(2) 24(1) 

C(6) 6018(3) 8490(2) 1783(2) 21(1) 
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C(7) 4389(3) 6910(2) 1653(2) 21(1) 

C(8) 3127(3) 6743(3) 1192(2) 26(1) 

C(9) 2788(3) 5348(3) 1372(2) 28(1) 

C(10) 3740(3) 4122(3) 1995(2) 25(1) 

C(11) 5026(3) 4285(2) 2450(2) 21(1) 

C(12) 5354(3) 5691(2) 2301(2) 18(1) 

C(13) 7645(3) 4684(2) 3414(2) 18(1) 

C(14) 7385(3) 4571(2) 4651(2) 22(1) 

C(15) 8427(3) 3356(3) 5281(2) 26(1) 

C(16) 9680(3) 2286(3) 4653(2) 24(1) 

C(17) 9978(3) 2366(2) 3362(2) 19(1) 

C(18) 11261(3) 1279(2) 2679(2) 22(1) 

C(19) 11520(3) 1396(2) 1442(2) 23(1) 

C(20) 10497(3) 2618(2) 816(2) 22(1) 

C(21) 9246(3) 3692(2) 1437(2) 19(1) 

C(22) 8944(3) 3600(2) 2728(2) 17(1) 

______________________________________________________________________________

Table 3.10.   Bond lengths [Å] and angles [°] for  gm01. 

_____________________________________________________  

N(1)-C(1)  1.404(3) 

N(1)-C(12)  1.407(3) 

N(1)-C(13)  1.442(3) 

O(1)-C(6)  1.389(3) 
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O(1)-C(7)  1.390(3) 

C(1)-C(2)  1.390(3) 

C(1)-C(6)  1.403(3) 

C(2)-C(3)  1.387(3) 

C(3)-C(4)  1.379(3) 

C(4)-C(5)  1.390(3) 

C(5)-C(6)  1.379(3) 

C(7)-C(8)  1.379(3) 

C(7)-C(12)  1.400(3) 

C(8)-C(9)  1.386(3) 

C(9)-C(10)  1.383(3) 

C(10)-C(11)  1.394(3) 

C(11)-C(12)  1.392(3) 

C(13)-C(14)  1.365(3) 

C(13)-C(22)  1.422(3) 

C(14)-C(15)  1.421(3) 

C(15)-C(16)  1.366(3) 

C(16)-C(17)  1.425(3) 

C(17)-C(18)  1.416(3) 

C(17)-C(22)  1.429(3) 

C(18)-C(19)  1.366(3) 

C(19)-C(20)  1.413(3) 

C(20)-C(21)  1.365(3) 
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C(21)-C(22)  1.425(3) 

 

C(1)-N(1)-C(12) 118.99(17) 

C(1)-N(1)-C(13) 119.37(17) 

C(12)-N(1)-C(13) 120.20(16) 

C(6)-O(1)-C(7) 117.86(16) 

C(2)-C(1)-C(6) 118.03(19) 

C(2)-C(1)-N(1) 122.80(19) 

C(6)-C(1)-N(1) 119.17(19) 

C(3)-C(2)-C(1) 120.6(2) 

C(4)-C(3)-C(2) 120.8(2) 

C(3)-C(4)-C(5) 119.4(2) 

C(6)-C(5)-C(4) 119.9(2) 

C(5)-C(6)-O(1) 117.30(19) 

C(5)-C(6)-C(1) 121.2(2) 

O(1)-C(6)-C(1) 121.44(19) 

C(8)-C(7)-O(1) 117.07(19) 

C(8)-C(7)-C(12) 121.4(2) 

O(1)-C(7)-C(12) 121.50(19) 

C(7)-C(8)-C(9) 119.9(2) 

C(10)-C(9)-C(8) 119.6(2) 

C(9)-C(10)-C(11) 120.4(2) 

C(12)-C(11)-C(10) 120.5(2) 
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C(11)-C(12)-C(7) 118.12(19) 

C(11)-C(12)-N(1) 122.76(18) 

C(7)-C(12)-N(1) 119.12(18) 

C(14)-C(13)-C(22) 121.46(19) 

C(14)-C(13)-N(1) 119.5(2) 

C(22)-C(13)-N(1) 119.06(19) 

C(13)-C(14)-C(15) 120.0(2) 

C(16)-C(15)-C(14) 120.2(2) 

C(15)-C(16)-C(17) 121.2(2) 

C(18)-C(17)-C(16) 122.86(19) 

C(18)-C(17)-C(22) 118.5(2) 

C(16)-C(17)-C(22) 118.7(2) 

C(19)-C(18)-C(17) 121.4(2) 

C(18)-C(19)-C(20) 120.1(2) 

C(21)-C(20)-C(19) 120.5(2) 

C(20)-C(21)-C(22) 120.7(2) 

C(13)-C(22)-C(21) 122.67(19) 

C(13)-C(22)-C(17) 118.47(19) 

C(21)-C(22)-C(17) 118.9(2) 

_____________________________________________________________  

 Table 3.11.   Anisotropic displacement parameters  (Å2x 103) for gm01.  The anisotropic 

displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  
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 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

N(1) 17(1)  17(1) 24(1)  2(1) -8(1)  -3(1) 

O(1) 22(1)  21(1) 53(1)  11(1) -17(1)  -4(1) 

C(1) 19(1)  19(1) 14(1)  -3(1) 1(1)  -4(1) 

C(2) 24(1)  27(1) 17(1)  -1(1) -6(1)  -8(1) 

C(3) 30(2)  33(1) 23(1)  -2(1) -5(1)  -16(1) 

C(4) 35(2)  22(1) 25(1)  -3(1) 1(1)  -13(1) 

C(5) 25(1)  18(1) 21(1)  0(1) 2(1)  0(1) 

C(6) 16(1)  21(1) 23(1)  -3(1) -1(1)  -3(1) 

C(7) 19(1)  21(1) 22(1)  1(1) -2(1)  -4(1) 

C(8) 19(1)  32(1) 23(1)  6(1) -8(1)  -5(1) 

C(9) 22(1)  44(1) 23(1)  -2(1) -8(1)  -13(1) 

C(10) 27(1)  27(1) 25(1)  -3(1) -3(1)  -11(1) 

C(11) 20(1)  19(1) 21(1)  -1(1) -5(1)  -3(1) 

C(12) 15(1)  22(1) 15(1)  -2(1) -2(1)  -3(1) 

C(13) 16(1)  18(1) 22(1)  2(1) -7(1)  -4(1) 

C(14) 20(1)  24(1) 20(1)  -4(1) -3(1)  -3(1) 

C(15) 26(1)  35(1) 17(1)  1(1) -6(1)  -8(1) 

C(16) 22(1)  29(1) 21(1)  3(1) -9(1)  -5(1) 

C(17) 16(1)  20(1) 24(1)  2(1) -8(1)  -6(1) 

C(18) 19(1)  19(1) 28(1)  2(1) -8(1)  -4(1) 

C(19) 17(1)  23(1) 28(1)  -7(1) -3(1)  -3(1) 
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C(20) 25(1)  24(1) 17(1)  -4(1) -2(1)  -8(1) 

C(21) 20(1)  20(1) 20(1)  2(1) -7(1)  -6(1) 

C(22) 16(1)  17(1) 21(1)  0(1) -6(1)  -7(1) 

______________________________________________________________________________ 

Table 3.12.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 

for gm01. 

______________________________________________________________________________ 

 x  y  z  U(eq) 

______________________________________________________________________________ 

  

H(2) 9085 6729 3135 27 

H(3) 9669 9040 2550 33 

H(4) 7971 11017 1499 32 

H(5) 5660 10666 1017 28 

H(8) 2490 7584 752 31 

H(9) 1907 5235 1069 34 

H(10) 3515 3162 2113 30 

H(11) 5682 3431 2865 25 

H(14) 6506 5305 5090 26 

H(15) 8253 3287 6141 31 

H(16) 10363 1474 5084 29 

H(18) 11955 450 3089 27 

H(19) 12390 655 1001 28 
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H(20) 10682 2692 -45 26 

H(21) 8569 4509 1005 23 

______________________________________________________________________________

1-Naphthalene-10-phenothiazine 

Table 3.13.  Crystal data and structure refinement for gm03. 

Identification code  gm03 

Empirical formula  C22 H15 N S 

Formula weight  325.41 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 14.790(5) Å a= 90°. 

 b = 6.904(2) Å b= 113.094(15)°. 

 c = 17.265(6) Å g = 90°. 

Volume 1621.5(10) Å3 

Z 4 

Density (calculated) 1.333 Mg/m3 

Absorption coefficient 0.201 mm-1 

F(000) 680 

Crystal size 0.202 x 0.200 x 0.063 mm3 

Theta range for data collection 1.542 to 24.710°. 

Index ranges -13<=h<=17, -8<=k<=8, -20<=l<=20 
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Reflections collected 28247 

Independent reflections 2763 [R(int) = 0.1046] 

Completeness to theta = 24.710° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7457 and 0.6585 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2763 / 0 / 217 

Goodness-of-fit on F2 1.045 

Final R indices [I>2sigma(I)] R1 = 0.0422, wR2 = 0.1143 

R indices (all data) R1 = 0.0633, wR2 = 0.1254 

Extinction coefficient n/a 

Largest diff. peak and hole 0.284 and -0.311 e.Å-3 

Table 3.14.  Atomic coordinates ( x 104) and equivalent  isotropic displacement parameters (Å2x 

103) for gm03.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

______________________________________________________________________________ 

 x y z U(eq) 

______________________________________________________________________________ 

C(1) -215(2)10115(3) 3208(1) 17(1) 

C(2) -763(2)9721(4) 3691(2) 20(1) 

C(3) -1586(2) 10817(4) 3604(2) 24(1) 

C(4) -1904(2) 12296(4) 3015(2) 25(1) 

C(5) -1365(2) 12699(3) 2535(2) 21(1) 

C(6) -508(2)11693(3) 2648(1) 18(1) 
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C(7) 781(2) 10373(3) 2016(2) 18(1) 

C(8) 1081(2) 10194(4) 1349(2) 21(1) 

C(9) 1590(2) 8574(4) 1279(2) 23(1) 

C(10) 1776(2) 7097(4) 1864(2) 23(1) 

C(11) 1450(2) 7249(3) 2517(2) 19(1) 

C(12) 948(2) 8881(3) 2608(1) 15(1) 

C(13) 990(2) 7543(3) 3922(1) 17(1) 

C(14) 459(2) 5917(3) 3893(2) 21(1) 

C(15) 852(2) 4420(4) 4489(2) 24(1) 

C(16) 1780(2) 4569(4) 5092(2) 24(1) 

C(17) 2362(2) 6237(3) 5140(2) 20(1) 

C(18) 3335(2) 6436(4) 5746(2) 25(1) 

C(19) 3872(2) 8066(4) 5792(2) 27(1) 

C(20) 3462(2) 9618(4) 5232(2) 24(1) 

C(21) 2528(2) 9473(4) 4630(1) 20(1) 

C(22) 1957(2) 7781(3) 4558(1) 16(1) 

N(1) 634(1) 9030(3) 3287(1) 17(1) 

S(1) 256(1) 12566(1) 2155(1) 21(1) 

______________________________________________________________________________

Table 3.15.   Bond lengths [Å] and angles [°] for gm03. 

_____________________________________________________  

C(1)-C(2)  1.398(3) 

C(1)-C(6)  1.407(3) 
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C(1)-N(1)  1.422(3) 

C(2)-C(3)  1.390(3) 

C(3)-C(4)  1.386(4) 

C(4)-C(5)  1.385(3) 

C(5)-C(6)  1.391(3) 

C(6)-S(1)  1.766(2) 

C(7)-C(8)  1.391(3) 

C(7)-C(12)  1.403(3) 

C(7)-S(1)  1.761(2) 

C(8)-C(9)  1.380(3) 

C(9)-C(10)  1.385(4) 

C(10)-C(11)  1.393(3) 

C(11)-C(12)  1.392(3) 

C(12)-N(1)  1.425(3) 

C(13)-C(14)  1.359(3) 

C(13)-C(22)  1.430(3) 

C(13)-N(1)  1.443(3) 

C(14)-C(15)  1.413(3) 

C(15)-C(16)  1.362(4) 

C(16)-C(17)  1.421(3) 

C(17)-C(18)  1.415(3) 

C(17)-C(22)  1.425(3) 

C(18)-C(19)  1.362(4) 
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C(19)-C(20)  1.410(4) 

C(20)-C(21)  1.368(3) 

C(21)-C(22)  1.418(3) 

 

C(2)-C(1)-C(6) 117.8(2) 

C(2)-C(1)-N(1) 122.5(2) 

C(6)-C(1)-N(1) 119.7(2) 

C(3)-C(2)-C(1) 121.1(2) 

C(4)-C(3)-C(2) 120.7(2) 

C(5)-C(4)-C(3) 118.5(2) 

C(4)-C(5)-C(6) 121.5(2) 

C(5)-C(6)-C(1) 120.1(2) 

C(5)-C(6)-S(1) 118.82(19) 

C(1)-C(6)-S(1) 120.86(18) 

C(8)-C(7)-C(12) 121.0(2) 

C(8)-C(7)-S(1) 119.34(18) 

C(12)-C(7)-S(1) 119.50(18) 

C(9)-C(8)-C(7) 120.4(2) 

C(8)-C(9)-C(10) 119.4(2) 

C(9)-C(10)-C(11) 120.2(2) 

C(12)-C(11)-C(10) 121.4(2) 

C(11)-C(12)-C(7) 117.5(2) 

C(11)-C(12)-N(1) 120.8(2) 
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C(7)-C(12)-N(1) 121.7(2) 

C(14)-C(13)-C(22) 120.8(2) 

C(14)-C(13)-N(1) 121.8(2) 

C(22)-C(13)-N(1) 117.3(2) 

C(13)-C(14)-C(15) 120.7(2) 

C(16)-C(15)-C(14) 120.3(2) 

C(15)-C(16)-C(17) 120.8(2) 

C(18)-C(17)-C(16) 122.6(2) 

C(18)-C(17)-C(22) 118.2(2) 

C(16)-C(17)-C(22) 119.1(2) 

C(19)-C(18)-C(17) 121.6(2) 

C(18)-C(19)-C(20) 120.2(2) 

C(21)-C(20)-C(19) 120.0(2) 

C(20)-C(21)-C(22) 121.1(2) 

C(21)-C(22)-C(17) 118.9(2) 

C(21)-C(22)-C(13) 122.9(2) 

C(17)-C(22)-C(13) 118.2(2) 

C(1)-N(1)-C(12) 121.29(18) 

C(1)-N(1)-C(13) 119.55(18) 

C(12)-N(1)-C(13) 115.79(18) 

C(7)-S(1)-C(6) 99.90(11) 

_____________________________________________________________  

Table 3.16. Anisotropic displacement parameters  (Å2x 103) for gm03. The anisotropic 
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displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

C(1) 15(1)  18(1) 16(1)  -5(1) 5(1)  -2(1) 

C(2) 20(1)  21(1) 19(1)  -4(1) 7(1)  -5(1) 

C(3) 21(1)  29(2) 25(1)  -9(1) 12(1)  -4(1) 

C(4) 19(1)  30(2) 26(1)  -5(1) 9(1)  3(1) 

C(5) 19(1)  20(1) 21(1)  -3(1) 5(1)  2(1) 

C(6) 18(1)  19(1) 15(1)  -5(1) 6(1)  -3(1) 

C(7) 12(1)  19(1) 20(1)  -2(1) 4(1)  -3(1) 

C(8) 20(1)  24(1) 18(1)  2(1) 7(1)  -2(1) 

C(9) 22(1)  29(2) 22(1)  -2(1) 13(1)  -1(1) 

C(10) 17(1)  28(2) 23(1)  -3(1) 8(1)  2(1) 

C(11) 15(1)  22(1) 19(1)  2(1) 5(1)  -1(1) 

C(12) 11(1)  19(1) 13(1)  -3(1) 3(1)  -4(1) 

C(13) 19(1)  18(1) 15(1)  0(1) 10(1)  3(1) 

C(14) 22(1)  23(1) 19(1)  -4(1) 10(1)  -3(1) 

C(15) 33(2)  20(1) 24(1)  -4(1) 16(1)  -5(1) 

C(16) 34(2)  19(1) 22(1)  4(1) 14(1)  3(1) 

C(17) 23(1)  22(1) 17(1)  1(1) 12(1)  6(1) 

C(18) 26(1)  28(2) 20(1)  6(1) 9(1)  9(1) 

C(19) 17(1)  36(2) 22(1)  2(1) 3(1)  2(1) 
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C(20) 21(1)  25(1) 24(1)  1(1) 7(1)  -3(1) 

C(21) 21(1)  22(1) 16(1)  4(1) 8(1)  3(1) 

C(22) 17(1)  19(1) 14(1)  -2(1) 9(1)  2(1) 

N(1) 14(1)  21(1) 15(1)  1(1) 6(1)  2(1) 

S(1) 24(1)  18(1) 24(1)  2(1) 12(1)  1(1) 

______________________________________________________________________________ 
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Table 3.17.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 

for gm03. 

______________________________________________________________________________ 

 x  y  z  U(eq) 

______________________________________________________________________________ 

  

H(2) -569 8688 4085 24 

H(3) -1934 10549 3951 29 

H(4) -2479 13016 2942 30 

H(5) -1586 13686 2119 25 

H(8) 934 11193 940 25 

H(9) 1812 8474 833 27 

H(10) 2125 5977 1819 27 

H(11) 1574 6216 2909 23 

H(14) -182 5786 3467 25 

H(15) 468 3304 4470 29 

H(16) 2040 3546 5485 29 

H(18) 3620 5408 6130 30 

H(19) 4526 8159 6202 32 

H(20) 3833 10763 5274 28 

H(21) 2258 10522 4254 23 

______________________________________________________________________________ 
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Chapter 4 – Impact of Light Intensity on Control of Photoinduced Organocatalyzed Atom 

Transfer Radical Polymerization with Phenoxazine Catalysts  

 

Overview 

N-aryl phenoxazines have shown to successfully mediate organocatalyzed atom transfer 

radical polymerization (O-ATRP) in the presence of white LEDs. In this work we investigate to 

what extent does light intensity effect control over photo mediated O-ATRP and the resulting 

materials. Through the use of controlled dimming of white LEDs, we were able to systematically 

evaluate how irradiation conditions effect polymerization performance.  In this work, 3,7-di(4-

biphenyl) 1-naphthalene-10-phenoxazine was investigated. This study demonstrated that the 

phenoxazine photocatalyst is a robust catalyst compared to earlier catalyst variants such as 

perylene and could outperform the perylene in irradiation conditions 50% of that in perylene, and 

25% of those employed in previous studies while being able to maintain control over the ATRP 

(disperities < 1.50). These findings show that robust catalysts have been realized and can be 

employed in a wide scope of conditions, including those which might necessitate low light 

intensity irradiation.  

 

Introduction 

The following introduction was taken directly from the text and was co-written by Matthew 

D. Ryan and Ryan M. Pearson. 

Controlled radical polymerization (CRP) methodologies have enabled the construction of 

well-defined and precise polymeric materials by providing synthetic approaches that produce 

polymers with well-defined molecular weight (MW), dispersity (Đ), and composition.1-5 



 89 

Organocatalyzed atom transfer radical polymerization (O-ATRP) has recently emerged as a 

methodology to produce well-defined polymers without the use of metal catalysts.6 Since initial 

reports that perylene7 and phenylphenothiazine8 could operate O-ATRP, more organic photoredox 

catalysts (PCs) have been introduced, including several diaryl dihydrophenazine,9-11 carbazole,12 

phenoxazine,13 anthracene/pyrene,14 and other phenothiazine15-18 derivatives. A proposed 

mechanism of O-ATRP proceeds through an oxidative quenching pathway which consists of five 

main processes: (1) photoexcitation of the ground state PC to a singlet excited state (1PC*); (2) 

intersystem crossing to a triplet excited state (3PC*);9,19 (3) direct reduction of an alkyl halide 

initiator or polymer chain end by 3PC*, generating an active radical for polymerization propagation 

and formation of a radical cation/halide anion “deactivator” complex (PC•+/X−); (4) polymer MW 

growth via polymerization propagation; and (5) oxidation of the active radical by PC•+/X− to 

reversibly deactivate the polymerization and regenerate PC (Figure 4.1).  

 

Figure 4.1. Proposed oxidative quenching cycle for O-ATRP mediated by photoredox catalysts 

Maintaining a low radical concentration by favoring dormant polymer chains through an 

efficient radical deactivation process is critical for CRPs to produce well-defined polymers. 

Minimizing bimolecular termination pathways allows for the synthesis of polymers with 
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predictable MW and low Đ through a controlled polymerization, achieving a linear increase in 

polymer MW with monomer conversion. In an ideal polymerization, no exogenous additives 

would be necessary for the system to be controlled, but in practice CRPs can be greatly improved 

by the addition of deactivating species or reagents that regenerate active catalysts.20,21 For example, 

a strategy to maintain a low radical concentration in copper ATRP is the addition of excess or 

exclusively22,23 deactivator in the form of Cu(II) salts at the beginning of the polymerization.24 

Further, if excess Cu(II) species are not added, it is proposed that a steady-state Cu(II) 

concentration must be met before control over the system can be realized.25 This approach 

influences the activation vs deactivation equilibrium to favor dormant polymer chains by 

increasing the concentration of the deactivating species that regenerates Cu(I) and the halide-

capped polymer. If this condition is not met, deviation of the polymer MW from the theoretical 

values can be observed as a consequence of poor deactivation.26 For O-ATRP, this translates to 

the requirement for a sufficient buildup of PC•+/Br− to be met to enable control over the 

polymerization. Holistically, the oxidizing power of this deactivator complex is also of importance, 

as the efficiency of deactivation is a function of both the concentration and reactivity of PC•+/Br−.  

In the O-ATRP mechanism, we hypothesize 3PC* is the predominant species responsible 

for reduction of the alkyl bromide and activation of the propagating radical for polymerization due 

to the longer excited state lifetime of the triplet state relative to the singlet state.27 Thereafter, the 

resulting PC•+Br− ion pair must be sufficiently oxidizing to deactivate the propagating radical and 

realize a CRP. Furthermore, as is the case in all CRPs, the rate of deactivation (kdeact) must be 

equal to or greater than the rate of activation (kact) to minimize undesirable termination 

pathways.28 An idealized scenario to realize this balance of rates would involve the oxidized PC, 

PC•+Br−, remaining associated with the same polymer chain after activating the radical and 
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rapidly deactivating the same radical. However, the ion pair can likely diffuse away from the 

neutral propagating radical and potentially deactivate other radicals in solution. Such diffusion 

between deactivating species and propagating radicals in CRPs has been experimentally confirmed 

through crossover studies in both polymerizations and model small molecule systems.29-32 As such, 

a critical concentration of the deactivating species is required to achieve control over the 

polymerization, which can either be added at the onset of the polymerization or generated through 

the activation step.33,34 In photoredox mediated ATRP, the PC•+Br− deactivator is produced 

through the alkyl bromide reduction, which is dictated by the reduction potential and [3PC*]. In 

turn, [3PC*] is influenced by a combination of the light intensity, initial PC loading, and the triplet 

quantum yield of the PC. In short, the [PC•+Br−], through controlling intensity of irradiation, in 

concert with the photophysical and thermodynamic properties of the photocatalyst, must be 

optimized for kdeact to be sufficiently large to realize a controlled process through efficient 

deactivation.  

The PC used in this study of the effects of light intensity on the control over O-ATRP, 3,7-

di(4-biphenyl) 1-naphthalene-10-phenoxazine, represents a successful PC designed to be highly 

reducing and absorptive under visible irradiation,13 respectively. By evaluating this PC directly 

under previously employed conditions, which have demonstrated different levels of success in the 

polymerization of methacrylate monomers, the impact of the light source on the control over O-

ATRP can be evaluated more completely. This reaction parameter has not been systematically 

explored for O-ATRP systems, even though the photoexcitation event adds a rich level of 

complexity to the polymerization mechanism. Recently, irradiation conditions have been shown 

to be key optimization parameters for small molecule reactions mediated by a variety of 

photocatalysts.35 For photoinduced O- ATRP, the photoexcitation process controls the efficiency 
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of activation directly and the efficiency of deactivation indirectly. The characteristics of absorption 

(PC → PC*), quantum yield, excited-state lifetime, and reduction potential of 3PC* are major 

factors in the efficiency of the polymerization catalytic cycle. Modulating the irradiation intensity 

influences the concentration of 3PC* in solution and the rate of initiation, with decreased light 

intensity lowering the rate of initiation. As such, the concentration of PC•+/Br− is decreased under 

lower irradiation, as this complex is generated through activation.36 Herein, the influence of light 

intensity and PC concentration are investigated as factors that affect the performance of O- ATRP 

by its modulation of [3PC*], using 3,7-di(4-biphenyl) 1-naphthalene-10-phenoxazine as a model 

catalyst for the polymerization of methyl methacrylate (MMA) (Figure 4.2). 

 

Figure 4.2. General reaction scheme for the O-ATRP of methyl methacrylate 

 

Results and Discussion 

The effects of varied light intensity on 3,7-Di(4-biphenyl) 1-naphthalene-10-phenoxazine 

(PC 1) were studied to investigate the activity of a photocataylst that previously demonstrated 

superior performance in O-ATRP. The phenoxazine catalyst consistently produced polymer 

products with relatively low Đ (<1.30) and predictable Mn in a highly efficient manner (I* > 

90%).11 In comparing the PCs, both perylene and phenoxazine have high molar extinction 

coefficients (>20000 L/(mol cm)) and absorption profiles in the visible region37 but differ in other 

photophysical characteristics. The more reducing triplet excited state reduction potential of 

phenoxazine vs perylene (−1.93 V vs −0.78 V, respectively) likely results in a more efficient 

reduction of the alkyl bromide.  
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Overall, the phenoxazine photocatalyst used in this study is robust to broad changes in 

experimental conditions, as shown by maintaining a controlled O-ATRP in a wide range of 

irradiation intensities (100−25%) and catalyst concentrations (0.01−0.2 mol %). The catalyst 

loading could be significantly lowered and still effectively catalyze O- ATRP (Table 4.1). At 0.05 

and 0.01 mol %, low Đ and I* > 80% are obtained, indicating maintained control over the 

polymerization across an order of magnitude of catalyst loading (runs 1−4). Increasing the amount 

of photocatalyst to 0.2 mol % also provides successful results (I* = 91.6% and Đ = 1.22), although 

0.2 mol % is beyond the solubility for this catalyst and the polymerization becomes heterogeneous 

in PC. A number of general trends are observed for polymerizations mediated by this photocatalyst 

under the different irradiation conditions. By decreasing the intensity of irradiation from 100% to 

5%, a significant decrease in I* is observed from 96.3% to 31.0%. This lower I* is accompanied 

by an increase in Đ from 1.20 to 1.80 (Table 4.1, runs 5-7). Maintaining a controlled O-ATRP in 

a wide range of irradiation intensities (100−25%) and catalyst concentrations (0.01−0.2 mol %) 

makes this photocatalyst an attractive candidate for future applications of O-ATRP.  

 

Table 4.1. Results of the O-ATRP of MMA Mediated by 3,7-Di(4-biphenyl) 1-naphthalene-10-

phenoxazine with Varied PC Concentrations and Irradiation Intensities. 
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a
See Supporting Information for details, polymerizations performed with 1.00 mL of MMA (1.87 

M). 
b
Molar ratio of initiator ([I]) to photocatalyst ([PC]). 

c
Measured by 

1
H NMR. 

d
Measured by 

GPC coupled with light scattering. 
e
I* = (theoretical number-average MW)/(experimentally 

measured number-average MW) × 100.  

 

Phenoxazine exhibits successful performance in O-ATRP under a much wider range of 

irradiation conditions (Figure 4.3). For O-ATRP mediated by phenoxazine, Mn growth is present 

from 100%, 50%, and 25% relative irradiation intensity (Figure 4.3A−C). When lowered to 5% 

relative intensity, there is a loss in control, as evidenced by a nonlinear growth in Mn with monomer 

conversion and high dispersity (Đ > 2.0) (Figure 4.3D). Additionally, lower light intensity leads 

to lower rates of polymerization, and the first-order kinetic plots for the four different intensity 

trials remained linear, even at 5% relative intensity (Figure 4.4). Further, the degree of control 

does not significantly differ for polymerization in a photoreactor cooled by a fan (33 °C) and not 

cooled (50 °C). These kinetic and MW data prove that the highly performing photocatalyst can 

mediate a successful O-ATRP across broad irradiation intensities.  
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Figure 4.3. Plots of Mn (blue ◆) and Đ (red ▲) as a function of monomer conversion at 100% 

(A), 50% (B), 25% (C), and 5% (D) relative irradiation intensity for the polymerization of 

MMA mediated by PC 2 (see Supporting Information for experimental details).  
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Figure 4.4. First-order kinetic plot for the polymerization of MMA using PC 2 at 100% (blue ●), 

50% (red ◆), 25% (green ■), and 5% (violet ×) relative irradiation intensities (see Supporting 

Information for experimental details). 

Conclusion 

The intensity of light employed in O-ATRP has shown to have a significant effect on the 

control achieved throughout the polymerization. The 3,7-Di(4-biphenyl) 1-naphthalene-10-

phenoxazine’s ability to maintain growth in polymer molecular weight with respect to monomer 

conversion and linear first-order kinetics under decreased irradiation intensity proves the catalyst’s 

ability to be implemented in a broad variety of applications.  

 
Experimental 

Materials: 3,7-bis(4-biphenyl) 1-naphthalene-10- phenoxazine was synthesized according to a 

previously reported procedure.1 Dimethylacetamide (DMA) and methyl methacrylate (MMA), 

were dried over calcium hydride for 24 hours, and purified via vacuum distillation followed by 

three freeze-pump thaw cycles at -78 oC then stored in a N2 glovebox. Ethyl α-

bromophenylacetate (EBP) and diethyl 2-bromo-2-methylmalonate (DBMM) were purified via 

vacuum distillation followed by three freeze-pump thaw cycles at -78 oC, then stored in a N2 

glovebox.  

General Polymerization Procedure For 3,7-Bis(4-biphenyl) 1-naphthalene-10-phenoxazine:  

In a N2 glovebox, a 20 mL scintillation vial equipped with stir bar was added phenoxazine catalyst 

(5.70 mg, 0.00935 mmol, 1.0 eq.) and 1.00 mL of DMA. Once the catalyst was fully dissolved, 

MMA (1.00 mL, 9.35 mmol, 1000 eq.) was pipetted into the vial followed by DBMM (17.9 μL, 

0.0935 mmol, 10 eq.). The vial was then sealed with a plastic lined cap and quickly placed into the 
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photo reactor shown in figure 4.5 with the indicated level of light intensity, as controlled by the 

LED dimmer. The temperature in the beaker with un-dimmed LEDs was approximately 50C.  

Time Point Collection for Kinetic Analysis: A 0.10 mL sample was taken from the 

polymerization reaction vial in an oxygen free environment and injected into a vial with 0.6 mL 

of CDCl3 and 25 ppm butylated hydroxytoluene (BHT). This solution was then used directly for 

analysis. Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 300 MHz 

instrument. Monomer conversions were determined by integrating the methyl ester protons of the 

monomer at ~3.50-3.55 ppm against polymer methyl ester protons at ~3.30-3.45 ppm.  

Molecular Weight Characterization: After collecting NMR spectra, the sample was transferred 

into a 20 mL scintillation vial and the volatiles were removed. The resulting solid polymer was 

dissolved in 1 mL of HPLC grade THF and passed through a syringe filter before analysis via gel 

permeation chromatography (GPC) coupled with multi-angle light scattering (MALS), using an 

Agilent HPLC fitted with one guard column, three PLgel 5 μm MIXED-C gel permeation 

columns, a Wyatt Technology TrEX differential refractomer, and a Wyatt Technology 

miniDAWN TREOS light scattering detector, using THF as the eluent at a flow rate of 1.0 

mL/min.  

Measurement of LED Emission: The emission spectrum of the white LEDs was measured with 

an Ocean Optics ADC1000 spectrometer. Light from the LEDs was attenuated as needed by use 

of a continuously variable neutral density filter to prevent saturation of the detector. Emission 

was measured at the seven different light intensities. The light was guided into the spectrometer 

with a fiber-optic cable. Data from the seven different measurements were processed with a 

home-built LabView program, and the spectra overlaid. 
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Photo Reactor Set Up: A 45 cm strip of double-density white LEDs purchased from Creative 

Lighting Solutions (item no. CL-FRS120-5M-12V-WH) was wrapped around the inside of a 400 

mL Pyrex beaker with a diameter of ~2.5 inches (Figure 4.5). The LED strip was powered by a 

12VDC power Supply – 2.1A Commercial, 25W Power Supply by Creative Lighting Solutions 

LLC. A Dragonpad 12V12A inline mini LED dimmer control for single color LED strip lights 

with 7 dimmer settings was installed between the power supply and LED strips. The outside of 

the beaker was wrapped in aluminum foil. In this study the LEDs were dimmed from 100% to 

50%, 25%, and 5% relative intensities (Figure 4.6). 

 

 

 

Figure 4.5. A picture of the photoreactor used for O-ATRP, constructed from a 400mL beaker 

lined with 45 cm of white LEDs.  
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Figure 4.6. Picture of the relative light intensities used in this study, controlled by an LED dimmer. 

From left to right: 100%, 50%, 25%, 5% relative light intensity. 

 

Measuring Light Intensity: To quantify the relative intensity of light emitted from the dimmed 

LEDs, lux readings were recorded by centering an LED lined beaker on the aperture of an 

integrating sphere diffuse reflectance accessory (Internal DRA-2500) equipped with a Amprobe 

LM-200 LED light meter with silicon photodiode and filter directed at the opening on the opposite 

side (Figure 4.7). The system was sealed to prevent light pollution from the surroundings. 

Measurement of the output from the various dimmer settings was repeated 10 times and the 

observed lux was averaged, with a standard deviation of ±0.22%. The readings were plotted against 

intensity to calibrate our system (Figure 4.8).  
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Figure 4.7. The set up used to measure lux at each dimmer setting, using an Amprobe LM-200 

LED light meter and an integrating sphere diffuse reflectance accessory. The sealed system is 

shown, with no observed light pollution from the surroundings.  

 

 

Figure 4.8.  Plot of Lux as a function of dimmer setting, measured using the set up in Figure 7. 

The relative percent intensity reported as data point labels. 
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Figure 4.9. Overlaid plots of the normalized LED emission spectra at 7 different dimming 

settings. (Data collected by Steven Sartur at University of Colorado Boulder) 

 
Figure 4.10. Overlayed normalized absorbance plots for PC 1 (red,  = 37,961 M-1cm-1 @ 436 

nm) and PC 2 (blue,  = 26,635 M-1cm-1 @ 388 nm), and the normalized spectral irradiance of 

the white LED without dimming (gray). 
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Chapter 5 – Highly Reducing Organic Photocatalysts for Small Molecule Synthesis 

 

Overview 

Photoredox catalysis has proven to be a versatile approach for the construction of 

challenging covalent bonds under mild reaction conditions. Much of this work has relied upon 

catalysts derived from iridium or ruthenium precious metals. As such, there is an urgent need to 

develop organic analogues as sustainable replacements. Although several organic photoredox 

catalysts have been introduced, there remains a lack of organic species that absorb visible light to 

yield a strongly reducing species. Herein, we report the critical photophysical and electrochemical 

characteristics of both a dihydrophenazine and a phenoxazine system that enables them to serve as 

strongly reducing visible light photoredox catalysts. Significantly, both the dihydrophenazine and 

the phenoxazine exhibit reversible redox behavior and access a charge transfer excited state, 

reminiscent of the metal-to-ligand charge transfer excited state in iridium and ruthenium 

complexes. While the dihydrophenazine possesses a sufficiently long excited state lifetime for 

photoredox catalysis of 4.3 µs, the phenoxazine efficiently absorbs visible light to access a triplet 

excited state in 90 ± 10 % quantum yield with an impressively long lifetime of 480 µs at room 

temperature while in solution. We further demonstrate that these organic photoredox catalysts 

catalyze demanding trifluoromethylations and dual photoredox/nickel catalyzed C-N and C-S 

cross-coupling reactions, which have been historically exclusive to precious metal photoredox 

catalysts.  
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Introduction 

Visible‐light photoredox catalysis has gained prominence orchestrating challenging 

chemical transformations under mild reaction conditions.1 A large majority of this work has 

employed precious‐metal polypyridyl iridium and ruthenium photoredox catalysts (PCs). The 

rapid establishment of these metal complexes as practical PCs leveraged their well‐studied 

photophysical and photoredox properties, which in turn have enabled their incorporation in a range 

of applications including photovoltaics,2 light emitting diodes,3 imaging and sensing in biological 

systems,4 therapeutics,5 and redox active antibiotics.6  

In regards to photoredox catalysis, these metal complexes exhibit essential characteristics, 

including strong absorption of visible light by means of spin‐allowed metal‐to‐ligand charge 

transfer (MLCT), efficient conversion to long‐lived triplet MLCT excited states (3MLCT),7 and 

redox reversibility.7a,8 Furthermore, ligand and metal modifications tailor the redox properties of 

the ground and excited states.9 For example, fac‐[Ir(ppy)3] (tris[2‐phenylpyridinato‐
C2,N]iridium(III), 1, [ppy=2‐phenylpyridine)]) is amongst the strongest reducing PCs, while 

[Ru(bpy)3]2+ (tris(2,2′‐bipyridine)ruthenium(II), 2, bpy=2,2′‐bipyridine) possesses redox 

properties that enable it to function either as a reductant or as an oxidant from the 3MLCT state. 

However, iridium and ruthenium are precious metals and amongst the rarest elements on earth, 

escalating their costs and presenting concerns related to sustainability and scalability, driving the 

need to realize new PCs incorporating non‐precious metals10 or to develop entirely organic 

replacements.11 Several organic molecules have proven successful as visible‐light PCs for small 

molecule and polymeric transformations.12 The majority of these organic PCs, such as Eosin Y,13 

rhodamine dyes,14 acridinium salts,15 perylene diimides,16 and carbazolyls17 are excited state 
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oxidants and operate through a reductive quenching cycle. Although a few strongly reducing 

organic PCs exist,18 many do not absorb visible light. PCs that operate using mild visible light and 

do not require sacrificial reductants are desired to minimize side reactions. 

Our interest in organic PCs19 initiated with the development of organocatalyzed atom 

transfer radical polymerization (O‐ATRP).20 ATRP has historically been mediated by transition‐
metal catalysts, most commonly copper or ruthenium complexes, which can contaminate the 

polymer product and restrict applications.21 A primary challenge in developing a photoredox‐
mediated O‐ATRP is presented by the strong reducing power that is required of the PC to activate 

a dormant alkyl halide.22 In general, PCs that possess such strong excited state reducing powers 

are rare, and this is particularly true for organic systems (vide supra). 

To address this challenge, we have introduced visible‐light organic PCs, including 

perylene,19a N,N‐diaryl dihydrophenazines,19b , 23 and N‐aryl phenoxazines,24 as organic PCs to 

mediate O‐ATRP through an oxidative quenching pathway.25 Dihydrophenazine and phenoxazine 

contain electron‐rich chromophore motifs that form stable radical cations upon oxidation and 

enable them to be strong excited state reductants.26 However, a detailed comprehension of the 

characteristics of these molecules in regards to catalysis or their ability to catalyze other 

transformations has not been established. Herein, through investigation of their photophysical and 

electrochemical properties, we report the critical characteristics of N,N‐5,10‐di(2‐naphthalene)‐
5,10‐dihydrophenazine (3) and 3,7‐(4‐biphenyl)‐1‐naphthalene‐10‐phenoxazine (4) that enable 

them to serve as successful PCs. We further establish 3 and 4 as PCs through their employment in 

atom transfer radical additions or substitutions with CF3I to alkenes and heterocycles as well as 

dual photoredox/nickel‐catalyzed C−N and C−S cross‐coupling reactions. 
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Results and Discussion 

The photophysical properties of 3 and 4 were investigated and compared to those of 

transition‐metal complexes 1 and 2 (Figure 5.1). As photoexcitation is the first step in photoredox 

catalysis, PCs should be strong light absorbers. In N,N‐dimethylacetamide (DMA), the molar 

absorptivities (ϵ) for transition‐metal complexes 1 and 2 are 13 100 and 12 500 m−1 cm−1 at their 

maximum peak wavelengths of absorption (λmax,abs) of 377 nm and 454 nm, respectively (Figure 

5.1 A). Dihydrophenazine 3 has a lower molar absorptivity (ϵmax,abs=5950 m−1 cm−1; λmax,abs=343 

nm) in comparison to 1 and 2, while phenoxazine 4 is an excellent light absorber, possessing a 

higher molar absorptivity in the visible spectrum than the other three PCs (ϵmax,abs=26 600 m−1 

cm−1; λmax,abs=388 nm). In a similar fashion to 1, although the λmax,abs values are <400 nm, the 

absorption profiles of organic PCs 3 and 4 extend into the visible region and enable them to 

function as visible light PCs. 
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Figure 5.1. Photophysical and electrochemical properties of precious metal and organic 

photoredox catalysts. (A) UV-vis absorption spectra of PCs 1-4 in N,N-dimethylacetamide (DMA). 

(B) Structures of precious metal and organic PCs. (C) Values enclosed in parentheses are from 

density functional theory (DFT) calculations, computed at the improved M06/6-

311+G(d,p)//M06/6-31+G(d,p) level of theory. Previously reported values for PCs 3 and 4 were 

computed at M06/6-31+G(d,p) and M06/6-311+G(d,p)//M06/Lanl2dz, respectively. All 

experimental values for PCs 3 and 4 were measured in DMA at room temperature. [a] Triplet 

excited state reduction potential,in units of V vs. SCE. [b] Ground state oxidation potential in units 

of V vs. SCE; typically approximated by the half wave potential E1/2 in cyclic voltammetry 

measurements. [c] Triplet energy (Etriplet), in units of V; estimated from the fluorescence 

wavelength of the charge transfer singlet state. We note that the fluorescence wavelength from the 

charge transfer singlet state is used to estimate the energy of the charge transfer lowest triplet 

state, as the energies of the charge transfer lowest singlet and triplet states are expected to be 

nearly degenerate.15b [d] Maximum absorption wavelength (λmax,abs), in units of nm; molar 

absorptivity (εmax,abs) at λmax,abs in units of M-1cm-1. Acquired in DMA.  [e] Emission maximum 

wavelength (λmax,em), in units of nm. [f] Triplet excited state lifetime (τtriplet), in units of µs. The 

reported lifetime is the average of three independently measured lifetimes with the error being 

twice the standard deviation of a given data set. [g] Quantum yield (Φtriplet) of charge transfer 

triplet excited state (3CT*), and metal-ligand charge transfer triplet state (3MLCT*). [h] λmax,abs 

and εmax,abs were measured in this work in DMA solvent. All other values were obtained from ref. 

8a, 9b, and were measured in acetonitrile, except for the λmax,em, which was measured in alcoholic 

solvent at 77K. [i] λmax,abs and εmax,abs were measured in this work in DMA solvent for 

[Ru(bpy)3](PF6)2. All other values were obtained from ref. 8b, 9a, and were measured in acetonitrile.  
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Complex 1 is known to be one of the strongest excited state transition‐metal PC reductants 

available, with an excited state reduction potential (E0*) of E0(IrIV/3IrIII*)=−1.73 V vs. SCE 

(Figure 5.1C). Excitingly, organic PCs 3 and 4 are similarly reducing with E0*=E0(2PC⋅+/3PC*) 

values of −1.69 and −1.80 V vs. SCE, respectively. Although 2 is not as reducing in the excited 

state [E0*=E0(RuIII/3RuII*)=−0.81 V vs. SCE], the RuIII generated after participating in a 

photoreduction event is strongly oxidizing, with an oxidation potential [E0ox=E0(RuIII/RuII)] of 

1.29 V vs. SCE. Notably, 1 and the organic PC 4 have similar E0ox values [E0(IrIV/IrIII)=0.77 

and E0(2PC⋅+/1PC)=0.65 V vs. SCE, respectively], while 3 forms a rather stable radical cation 

[E0ox=E0(2PC⋅+/1PC)=0.21 V vs. SCE]. In regards to triplet energy (Etriplet), both 1 and 4 have 

energetic triplets with Etriplet of 2.50 and 2.45 V, respectively. Meanwhile, Etriplet of 2 and 3 are 

lower, with respective values of 2.10 and 1.90 V. 

Upon photoexcitation, transition‐metal complexes 1 and 2 form a MLCT excited state, 

which is suggested to facilitate electron‐transfer mechanisms in photocatalytic cycles.8b,9 Recently, 

we reported that the lowest energy excited state of dihydrophenazine 3 is also CT in 

nature.23 Specifically, intramolecular CT occurs from the electron‐rich phenazine core (donor) to 

one of the 2‐naphthyl N‐substituents (acceptor). Here we show that phenoxazine PC 4 similarly 

undergoes photoinduced intramolecular CT, as evidenced by a significant solvatochromic effect 

in the emission (Figure 5.2A). Additionally, the broad and featureless emission peaks are 

characteristic of emission from a CT state (Figure 5.2B).27  

 

https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201702926#chem201702926-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201702926#chem201702926-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201702926#chem201702926-fig-0002
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Figure 5.2. Photophysical properties of organic photoredox catalysts. (A) Photograph showing 

solvatochromic shifts in the emission of 4 when irradiated with 365 nm light in solvents of 

increasing polarity; from left to right: 1-hexene (εr = 2.07), benzene (εr = 2.27), dioxane (εr = 

2.21), ethyl acetate (εr = 6.02), pyridine (εr = 13.0), and DMF (εr = 37.2); εr is dielectric constant 

of the solvent. (B) Normalized emission spectra of 4 in solvents of varying polarity. Transient 

absorption spectra of 3 (C) and  4 (D)  in DMA at room temperature. The spectra consist of the 

global exponential fit to the raw data at timepoints indicated in the legend, connected by a spline 

function. The insets show the kinetic trace and the global exponential fit at 450 nm.  Cyclic 

voltammetry (CV) experiments with various scan rates for (E) 3 and (F) 4. CV measurements were 

performed in a 3-compartment electrochemical cell: reference electrode is Ag/AgNO3 (0.01M) in 

MeCN and electrolyte is 0.1 M NBu4PF6. DMA was used as the solvent in the working electrode 
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compartment while platinum was used as both the working and counter electrodes. E (V vs. SCE) 

= E (V vs. Ag/AgNO3 [0.01M]) + 0.298V.  

 

The efficient access of a long‐lived excited species by the PC enables sufficient time for 

bimolecular electron transfer with the desired substrate(s). In the case of transition‐metal 

complexes 1 and 2, ultrafast intersystem crossing produces the 3MLCT and is useful by way of 

extending excited state lifetimes (τ). Photoexcitation leads to a long‐lived 3MLCT with 

quantitative yield. This 3MLCT state survives for 1.9 and 1.1 μs in acetonitrile for 1 and 2, 

respectively (Figure 5.1C). Using nanosecond transient‐absorption (TA) spectroscopy performed 

in DMA at room temperature, we identified long‐lived excited states for the organic PCs 3 and 4. 

The τ of 3 was determined to be 4.3±0.5 μs (Figure 5.2C) whereas for 4, it is a remarkable two 

orders of magnitude longer than that of 1, 2, or 3, with τ=480±50 μs (Figure 5.2D). By use of a 

triplet–triplet energy‐transfer method (see Supporting Information), we have determined the triplet 

quantum yield (Φtriplet) of 3 and 4 in DMA at ambient temperature: 3′s Φtriplet is relatively low at 

2.0±0.7 %, while 4 has an impressively high Φtripletof 90 % ±10 %. 

Another critical characteristic for successful PCs is radical stability following single‐
electron‐transfer events. Transition‐metal complexes 1 and 2 exhibit reversible waves in cyclic 

voltammetry (CV), a property that indicates stability of the redox‐altered catalyst.7a,8 Similarly, 

the CVs corresponding to the 2PC.+/1PC couple of 3 and 4 are reversible (Figure 5.2E and 5.2F). 

In particular, the difference between the anodic and cathodic peak potential (ΔEp) for 3 is 67 mV 

(compared to theoretical value of 59 mV),28 while the ratio of the peak anodic current (Ipa) to the 

peak cathodic current (Ipc) is 0.97 (compared to theoretical value of 1) (Figure 5.2E). Redox 

reversibility of 3 is in part attributed to the stability of 3′s 2PC.+, as indicated by low E0ox value of 

https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201702926#chem201702926-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201702926#chem201702926-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201702926#chem201702926-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201702926#chem201702926-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201702926#chem201702926-fig-0002
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0.21 V vs. SCE; this value is even lower than the redox couple producing ferrocenium (E0ox≈0.4 

V vs. SCE).29 Likewise, the CV of 4 reveals ΔEp=68 mV and Ipa/Ipc=1.28.30 Additionally, a linear 

relationship between Ipa and the square root of the scan rate (ν1/2) reveals that the CV of 3 and 4 are 

diffusion limited (Figure 5.2E and 5.2F, insets); this supports the idea that electron transfer 

between the PC and the electrode (for either 3 or 4) is fast and likely facilitated by small structural 

reorganization24 between 1PC and 2PC.+. 

With the confirmation that 3 and 4 possess key photophysical and electrochemical 

characteristics critical for photoredox catalysis, we set out to establish their broader catalytic 

ability and potential to replace precious metal PCs through performing challenging chemical 

transformations, particularly ones that have been previously directed by polypyridyl iridium and 

ruthenium PCs such as 1 and 2. 

First, we investigated if the strongly reducing dihydrophenazine 3 could directly reduce 

CF3I (peak reduction potential (Ep) of −1.52 V vs. SCE on glassy carbon),31 thereby generating 

CF3.for the trifluoromethylation of unsaturated substrates (Figure 5.3A).32 Using white LED 

irradiation of 3 (1 to 5 mol %) in the presence of 1.5 equivalents of potassium formate (HCOOK), 

CF3 was successfully installed onto five‐membered heteroarenes (indoles, pyrroles), arenes, and 

alkenes at moderate to excellent yields (42 % to 98 %). For alkenes, the presence of HCOOK base 

affords the substitution product, while the absence of HCOOK favors the addition product. The 

reduction of CF3CF2I was also accomplished, generating CF3CF2. for substitution onto indoles and 

alkenes. The trifluoromethylation of 3‐methylindole was achieved with similar yield using natural 

sunlight. The substitution reaction between 10‐undecene‐1‐ol and CF3I could be performed using 

lower catalyst loading (0.25 mol %, 69 % yield) or on a larger 10 mmol scale (1.74 g product, 73 % 

yield) while maintaining good yields. 

https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201702926#chem201702926-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201702926#chem201702926-fig-0003
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Figure 5.3. Photoredox‐catalyzed transformations using organic PCs 3 and 4. A) Radical 

trifluoromethylations using PC 3 on alkenes, five‐membered heteroarenes, arenes, and cross‐
addition on alkenes. B) Dual organic photoredox and nickel catalyzed C−N cross‐coupling 
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reaction scope. C) Dual organic photoredox and nickel catalyzed C−S cross‐coupling scope. Data 

reported as isolated yields. Values in parentheses are the ratio of Z:E:β‐hydride elimination 

product. [a] Reaction was also conducted using sunlight for 1 week (67 % yield for 

trifluoromethylation, 83 % yield for C−N coupling, 94 % yield for C−S coupling). [b] CF3CF2I 

was used instead of CF3I. [c] Reaction time 6 h. [d] Reaction was also conducted on a larger 10 

mmol scale (73 % yield for trifluoromethylation, 53 % yield for C−N coupling, 98 % yield for C−S 

coupling). [e] Reaction was also conducted at reduced catalyst loading of 0.25 mol %, instead of 

standard 1.0 mol % (69 % yield for trifluoromethylation after 24 h). [f] Performed without 

HCOOK. [g] Reaction performed with 10 mol % pyrrolidine as the ligand and reduced nickel 

loading to 1.0 mol %. [h] Reaction catalyzed by PC 4. [i] Reaction catalyzed by PC 3. 

 

Dual catalytic approaches integrating photoredox catalysis using iridium PCs and nickel‐
catalyzed cross‐coupling reactions have enabled access to C−O,33 C−S,34 C−N,35 and various 

C−C36 bond forming reactions. Incorporating the photoredox cycle introduces redox or energy‐
transfer37 mechanisms with the nickel complexes to complete otherwise demanding catalytic 

cycles. Cross‐coupling reactions have traditionally been catalyzed by palladium complexes at 

elevated temperatures to construct such critical bonds.38 Thus, to entirely remove precious metals 

out of cross‐couplings through dual catalytic reactions, we sought to determine if organic 

PCs 3 and 4 could also enable such challenging reactions. 

Previously, a dual photoredox/nickel catalytic approach employing 0.02 mol % of 

polypyridyl iridium PC [Ir{dF(CF)3ppy}2(dtbbpy)]PF6 [dF(CF3)ppy=2‐(2,4‐difluorophenyl)‐5‐
(trifluoromethyl)pyridine; dtbbpy=4,4′‐ditertbutyl‐2,2′‐bipyridine] in conjunction with 

NiBr2⋅glyme could efficiently catalyze C−N bond formation under mild reaction conditions.35a At 



 118 

similar reaction conditions, albeit using a higher catalyst loading (0.4 mol %), PC 3 or PC 4 in 

combination with NiBr2⋅glyme successfully catalyzed C−N coupling reactions at good to excellent 

yields (68 % to 96 %, Figure 5.3B). The scope of amines included both primary (aniline, 

furfurylamine, and propylamine) and secondary amines (pyrrolidine and morpholine) and were 

effectively coupled with electron‐rich, electron‐poor, and heterocyclic aryl bromides. For 

secondary amines, both PC 3 and 4 catalyzed C−N bond formations, although PC 3 generally gave 

slightly higher yields. Whilst PC 3 was unsuccessful in effecting C−N cross‐coupling involving 

primary amines, PC 4 proved to be effective to couple primary amines in high yields. 

In regards to C−S cross‐coupling, the dual photoredox/nickel catalysis with 2 mol % 

[Ir{dF(CF)3ppy}2(dtbbpy)]PF6 and NiCl2⋅glyme produced C−S coupled products under mild 

conditions.34 At analogous reaction conditions, phenoxazine PC 4 achieved C−S cross‐couplings 

at good to excellent yields (64 % to 98 %, Figure 5.3C), but proved efficient at a much lower PC 

loading of 0.2 mol %. Aryl thiol (thiophenol), alkyl thiol (4‐methoxybenzyl mercaptan, 1‐
octanethiol and cyclohexanethiol) and cysteine (N‐(tert‐butoxycarbonyl)‐l‐cysteine methyl ester) 

successfully coupled with a variety of aryl bromides. It is important to note that aryl bromide 

coupling partners were successfully incorporated with organic PC 4, which were shown to be 

inactive when using [Ir{dF(CF)3ppy}2(dtbbpy)]PF6.34 PC 3 was unsuccessful in C−S coupling 

reactions, presumably due to its stable radical cation (E0ox=0.21 V vs. SCE) being unable to 

generate a thiol radical involved in the coupling reaction.34  

These photoredox/nickel C−N and C−S cross‐coupling reactions could be driven by natural 

sunlight to obtain similarly high yield. Furthermore, both the C−N and C−S couplings could be 

performed on a larger 10 mmol scale reaction for C−N (1.22 g, 53 % yield) and C−S (2.92 g, 98 % 

yield) couplings. In these scaled reactions, C−S coupling maintained the high yield, while C−N 

https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201702926#chem201702926-fig-0003
https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201702926#chem201702926-fig-0003
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coupling suffered a 30 % drop in yield. This lower yield was attributed to limited light penetration 

owing to the opaque solution mixture compounded by the lower molar absorptivity of PC 3. 

 

Conclusion 

In summary, photophysical and electrochemical characterizations on dihydrophenazine 

and phenoxazine PCs 3 and 4 reveal that these molecules possess the key attributes vital to 

successful photoredox catalysis, including redox reversibility and strong visible‐light absorption 

to efficiently access a highly reducing triplet state through formation of CT excited state. The 

triplet excited state of these organic PCs are long‐lived and accessed in 90 %±10 % quantum yield 

by PC 4. Highlighting that 4 is an organic analogue of the iridium complex 1, both PCs have 

almost identical E0*, E0ox and Etriplet values. The potential for replacement of polypyridyl iridium 

and ruthenium complexes by organic PCs 3 and 4 is demonstrated by the ability of these organic 

analogues to catalyze trifluoromethylation reactions and dual photoredox/nickel C−N and C−S 

cross‐coupling reactions using visible light, including natural sunlight. 

 

Experimental 

Materials and Methods 

General Information 

Unless otherwise stated, all commercially available chemicals were used without further 

purifications. 4-Biphenyl boronic acid was purchased from TCI America. Phenoxazine was 

purchased from Beantown Chemical. Glacial acetic acid was purchased from VWR. All other 

reagents were purchased from Sigma-Aldrich. Dimethylacetamide (DMA), pyrrolidine, and 

aniline were dried over calcium hydride overnight, filtered then distilled under vacuum followed 
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by three freeze-pump-thaw cycles and stored under nitrogen atmosphere. Dioxane, 

dimethylformamide (DMF) and tetrahydrofuran (THF) were purified using an mBraun MB-SPS-

800 solvent purification system and kept under nitrogen atmosphere. Dicyclohexylphosphino-2, 

6-diisopropoxybiphenyl (RuPhos), tetrakis(triphenylphosphine)palladium(0), chloro-(2-

dicyclohexylphosphino-2,6-diisopropoxy-1,1-biphenyl)[2-(2-aminoethyl)phenyl] palladium(II) - 

methyl-t-butyl ether adduct (RuPhos precatalyst) were stored under nitrogen atmosphere and used 

as received.  

Nuclear magnetic resonance spectra were recorded on either a Bruker 300, Inova 400, or 

Inova 500 MHz instrument. Deuterated solvents were purchased from Cambridge Isotope 

Laboratories (Andover, MA) and used as received. All 1H NMR experiments are reported in δ 

units, parts per million (ppm), and were measured relative to the signals for residual chloroform 

(7.26 ppm) in the deuterated solvent. All 13C NMR spectra are reported in ppm relative to CDCl3 

(77.0 ppm). All 19F NMR spectra are reported in ppm using 1H NMR as absolute reference. The 

NMR yield of trifluoromethylation reaction was determined by 19F NMR spectroscopy using 1-

fluoro-3-nitrobenzene as an internal standard. Trimethyoxybenzene was used as an internal 

standard for NMR yields from proton analysis for the nickel catalyzed reactions. 

Flash column chromatography was performed by using a 100-150 times weight excess of 

flash silica gel 40-63 μm from Aldrich. Fractions were analyzed by TLC using TLC silica gel F254 

250 μm precoated-plates from Merck and permanganate stain was used for UV-inactive 

compounds.  

ESI mass spectrometry analysis was performed at the University of Colorado Boulder mass 

spectrometry facility using a Synapt G2 HDMS instrument, or Agilent 6220 TOF LC/MS with 

Agilent 1200 HPLC with multi-mode (combined ESI and APCI) at Colorado State University. 
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Photoreactor Setup 

For trifluoromethylation: one 41 cm strip of double-density white LEDs, purchased from 

Creative Lighting Solutions (item no. CL-FRS1210-5M-12V-WH), was wrapped inside a 400 mL 

beaker and used as a visible light source, the LEDs naturally heat the reaction to ~40 oC. The 

beaker was then wrapped with aluminum foil on the outside (Figure 5.4, A). For nickel catalysis 

and 10 mmol scale up reactions: one 110 cm strip of double-density white LEDs, purchased from 

Creative Lighting Solutions (item no. CL-FRS120-5M-12V-WH) was wrapped inside a 400 mL 

beaker and used as a visible light source. The beaker was then wrapped with aluminum foil on the 

outside (Figure 5.4, B). Air was blown into the beaker to maintain room temperature where stated, 

or no air was blown into the set up to allow the LEDs to naturally heat the reaction to ~ 60 oC.  Up 

to three 25 mL or 50 mL storage tubes were placed in one beaker on top of a stir plate (Figure 5.4, 

C). The reaction mediated by sunlight was shown in Figure 5.4, D. 
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Figure 5.4. The photoreactor setup for trifluoromethylation (A), and Ni catalysis (B). View of the 

photoreactor is placed on the top of a stir plate (C), and the reaction mediated by sunlight (D). 
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Procedures 

Photophysical Characterizations were performed by Collaborators at University of Colorado 

Boulder. 

All samples were prepared in 1 x 1 cm quartz cuvettes and dissolved in anhydrous DMA. 

Samples were degassed prior to the experiment by bubbling argon for 15 minutes. All samples 

measured had optical densities near or below 0.1 at the excitation wavelength and were at ambient 

temperature (~23-25 °C). All reported lifetimes are the average of three independent 

measurements. Error is reported as two times the standard deviation of the respective sets of data.

 Nanosecond to millisecond TA measurements were made using a home-built setup. A 

pulsed Nd:YAG laser (Continuum Surelite II) with a 10 Hz repetition rate, ~5 ns pulse width, and 

centered at 355 nm served either directly as the excitation source or was used to pump a Continuum 

Surelite optical parametric oscillator to obtain other excitation colors. The power was attenuated 

to between 0.5-8 mW at the sample as needed using neutral density filters and focused into the 

sample using a cylindrical lens (75 mm focal length). The spot size was measured with a knife-

edge measurement and fit to a Gaussian profile. In the measurement of the TA spectra shown in 

Figure S5.3, the spot size was approximately ~ 4 mm by ~ 1 mm. The emission of a 100 W xenon 

arc lamp served as a broadband probe. This was focused onto the sample with a plano-convex lens 

(75 mm focal length). The pump and the probe were incident upon the cuvette at 90° relative to 

each other. Individual kinetic traces were obtained by selecting the wavelength with a 

monochrometer (resolution of ± 1.7 nm) and measuring the signal from a PMT (Hamamatsu, 

R928-07) negatively biased at -1000 V with an oscilloscope (Lecroy, LC584AL). Traces were fit 

to a single-exponential model and in some cases were allowed to have a time-independent offset 

in order to account for longer-lived features. The model is global in the sense that a single lifetime 
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fit parameter is used to accommodate data at all wavelengths, while allowing the amplitudes to 

float. Shown spectra were created using wavelength-dependent values from the global exponential 

fit at a specified time-delay, connected by a spline function. 

                                                                                                                                                                                                                                                          

The long-lived TA feature of PC 3 in DMA 

It was found that the TA signal of PC 3 in DMA does not decay to baseline but rather forms 

a long-lived shelf that persists with a lifetime of ~1 ms. The power dependence of this feature was 

investigated by taking the ratio of the amplitude of the exponentially decaying feature and the 

amplitude of the long-lived feature (fit as a constant offset) as a function of pump power (Figure 

5.5). It was found that the long-lived feature becomes relatively less prominent as the pump power 

decreases. This behavior indicates that the long-lived component results from a multi-photon 

absorption event and thus is not considered to contribute to the photophysical understanding of the 

catalyst under typical catalytic conditions. It is the interpretation of the authors that the long-lived 

transient absorption signal following multi-photon absorption results from the transiently oxidized 

PC 3 with the most obvious redox partner being the solvent DMA. 
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Figure 5.5. The ratio of the amplitude of the exponentially decaying feature over the long-lived 

TA feature (Ao/A1) as a function of incident pump power. This data was collected at 480 nm where 

the amplitude of the long-lived feature is greatest. 

 

Triplet Yield Measurement and Calculation via Triplet-Triplet Energy Transfer 

The triplet yield (ΦT) of a molecule, M, following a pulsed excitation can be defined as: 

               ΦT = [3M*] / [M*]o                                                   (1) 

where [3M*] is the concentration of M in the triplet excited state, and [M*]o is the concentration 

of initially excited molecules. In a transient absorption (TA) experiment with a pulsed, 

monochromatic excitation source, the term [M*]o can be determined the following equation: 

               [M*]o = (energy / pulse) (λ / h c Na) (1 - 10-A) / (σ ℓ)                    (2) 

where λ is the wavelength of the excitation pulse, σ is the spot size of the pulse, A is the absorbance 

of the sample at λ, ℓ is the path length, h is Planck’s constant, c is the speed of light, and Na is 

Avogadro’s constant.  

The other term in eq. 1, [3M*], can be calculated using the Beer-Lambert law, but only 

provided that the molar absorptivity of 3M* (referred to as εtriplet) is known. One method for 

determining εtriplet is via a triplet-triplet energy transfer (TTET) experiment.3 In this TA method, a 

donor molecule (D) of known triplet yield, ΦT,D, is used to promote the molecule of interest M into 

the triplet excited state via energy transfer, as shown in the following equations: 

 

      D hυ→  1D* 
Φ𝑇,𝐷→   3D*                                                (3) 

  3D* + M 
Φ𝑡𝑟𝑎𝑛𝑠→      D + 3M*                                         (4) 
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In eq. 4, Φtrans refers to the yield of the TTET reaction (from 3D* to M) and it can be calculated in 

the following way: 

 

Φtrans = 1 – (3τ)/(3τ0)     (5) 

 

where 3τ0 is the triplet lifetime of D in the absence of M, and 3τ is the triplet lifetime of D in the 

presence of M. In order to determine [3M*], one first calculates the initially excited concentration 

of D via eq. 2. Multiplying this value, [1D*]o, by ΦT,D will yield [3D*]. [3D*] is then multiplied by 

Φtrans to obtain the quantity that of [3D*] that undergoes TTET, promoting M into the triplet excited 

state.  This is shown more succinctly in the following expression: 

 

 [3M*] = [1D*]o  ΦT,D  Φtrans       (6) 

    

 [3M*], thus calculated, is then related to an absorbance via the Beer-Lambert law in order to obtain 

εtriplet.. Since 3M* is only transiently populated, the absorbance is measured via TA spectroscopy. 

Therefore, the measured observable is not a pure absorbance but rather is a change in absorbance, 

ΔA, which contains excited state absorbance, ground state bleach, and emission. This is 

furthermore complicated by the fact that the system for TTET contains two distinct species (D and 

M) which have their own unique ΔA profiles. Therefore, it is imperative that one select a 

wavelength region for observation in which there is an absence of overlapping ground-state bleach 

and emission from M. In which case, one can assume that the measured ΔA at the selected 

wavelength is uncontaminated and consists of only the absorbance of 3M*. We will refer to this as 

AT,M(λ) Of course, one must also consider contribution in the measured absorbance from the donor 
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species. If the lifetime of 3M* is much longer than the timescale of its formation via TTET, one 

can simply measure AT,M(λ) via TA at a time delay that is chosen such that the signal is 

uncontaminated from the donor species. One can then calculate εtriplet via the Beer-Lambert law: 

 

εtriplet(λ) = AT,M(λ) / ([3M*] ℓ)    (7) 

 

On the other hand, if the lifetime of 3M* is not significantly longer than the timescale of 

its formation, one cannot measure AT,M(λ) in a temporal regime in which 3M* is constant. In those 

cases, it is useful to consider a kinetic model in order to associate a given AT,M((λ) signal with a 

corresponding [3M*].  

Once εtriplet(λ) is known, one can calculate the triplet yield of M by conducting a TA 

experiment in the absence of D. One can calculate [3M*] by rearranging eq. 7, and [M*]o can be 

calculated using eq. 2. The triplet yield of M can then be determined by taking the ratio of these 

two values, as shown in eq. 1. 

In the present work, Ir(ppy)3 is used as the triplet donor since it possesses a higher energy 

triplet than PC 3 and PC 4, has a known triplet yield of 1, and has a ground state absorption 

spectrum that is sufficiently distinct from PC 3 and PC 4 such that it can be selectively excited.4 

Furthermore, Ir(ppy)3 possess an intense phosphorescence band which provides a facile way to 

monitor its triplet lifetime. 

 

Triplet Yield of PC 3 

The triplet yield of PC 3 in DMA was determined using the TTET method described above. 

The triplet donor used was Ir(ppy)3, which possess a triplet state of quantitative yield and 
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sufficiently high energy to promote PC 3 into its triplet excited state. In all TTET measurements, 

Ir(ppy)3 was excited using 475 nm light, a wavelength at which PC 3 is negligibly absorptive. The 

quenching of the triplet excited state of Ir(ppy)3 (used to calculate Φtrans via eq. 5) was measured 

by observing the change in lifetime of Ir(ppy)3’s bright phosphorescence at 530 nm in the presence 

of PC 3. AT,M of PC 3 was determined by measuring ΔA at 450 nm at sufficiently long delays to 

ensure that the ΔA measured consisted of only the absorbance of the triplet excited state of PC 3. 

450 nm was selected due to the low ΔA signal of Ir(ppy)3 at this wavelength as well as the relatively 

strong ΔA of PC 3. However, due to the relatively short triplet lifetime of PC 3 (4.3 µs), the 

concentration of triplet species was not constant over the timescale measured. Therefore, the 

concentration of the triplet species had to be predicted using a kinetic model.   

 In the TTET system, the time-dependent concentration of the triplet state of the accepter 

species, M, can be predicted from the following three equations: 

 

D + M kT→   D + M 3 3       (8) 

M kM→  3  M       (9) 

 

D kD→  D 3        (10) 

 

where kT is the rate constant for TTET, and kM and kD are the rate constants for the spontaneous 

decay of the triplet states of M and D, respectively. 

From equations 8, 9, and 10, one can show that the time-dependent concentration of M can be 

represented by the following: 
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𝑑[ M 3 ]𝑑t = kT[ D 3 (t = 0)]e−t(kT[M]+kD)[M] − kM[ M 3 ]   (11) 

 

Integration of equation 11 yields: 

 

[ M 3 (t)]  =  kT ∗[M]∗[ D 3 (t=0)]∗ (ⅇ−kM𝑡−ⅇ−kD′t)kD′−kM      (12) 

 

where kD′  = kD + [M] ∗ kT. Since kD′ , kM, and [ D 3 (t = 0)] are determined in the TTET 

experiment, [ M 3 (t)] can be determined and used to calculate εtriplet. 

 

Table 5.1: Data from three independent TA experiments of PC 3 and Ir(ppy)3 mixture 

Experiment #1 #2 #3 

Abs @ 475 nm (OD) 0.103 0.124 0.087 

Energy/pulse (µJ) a,b 158 184 158 

Emissive lifetime of Ir(ppy)3, τ0 (µs) 1.50 1.50 1.50 

Emissive lifetime of Ir(ppy)3 in the presence of PC 3, 
τ (µs) 

1.00 1.20 1.09 

a Pump spot size FWHM: 2.41mm x 4.21 mm. b Pump wavelength: 475 nm 

 

 

 

Experiment 1 
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Experiment 2 

 

 

Experiment 3 
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Figure 5.6. Comparison of the measured TA trace of PC 3 and Ir(ppy)3 mixture with the kinetic 

model predicted by eq. 12. The orange curve is the normalized ΔA collected at 450 nm. The blue 

curve is the normalized concentration of PC 3 in the triplet excited state calculated using eq. 12.  

 

From the modeled concentration and measured ΔA, εtriplet was calculated using the Beer-

Lambert law at each time point. After the first ~ 2 µs, the calculated value of εtriplet was found to 

be constant for the duration of the ΔA signal. This value is reported in Table 5.2. The poor fit of 

the model at early times is attributed to contamination with a low intensity TA signal from Ir(ppy)3.  

Table 5.2: Calculated εtriplet for PC 3 

Experiment 1 2 3 Average % Error 

εtriplet (M-1 cm-1) @ 450 nm 15,042 17,565 14,873 15,827 15.56% 

 

The εtriplet (λ = 450 nm) of PC 3 is found to be 16,000 ± 2,500 M-1 cm-1. 

 

Table 5.3: The triplet yield of PC 3 using the average εtriplet calculated from data from TA 

experiments of PC 3 in DMA.  

Experiment 1 2 3 4 5 Average % Error a Total % 
Error b 

Abs at 355 nm 
(OD) 

0.177 0.138 0.122 0.182 0.094 ---- ---- ---- 

Energy / pulse 
(µJ) c,d 373 390 442 120 120 ---- ---- ---- 

ΔA at 450 nm 
(mOD) e 0.813 0.757 0.741 0.220 0.108 ---- ---- ---- 

Triplet Yield 0.0206 0.0225 0.0216 0.017 0.0147 0.0193 30.7 34.4 
a The % error of the calculated triplet yield measurements using the average εtriplet  at 450 nm.b The 

total % error takes the uncertainty of εtriplet into account.c Pump spot size FWHM: 1.53mm x 
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3.8mm. d Pump wavelength: 355 nm. eAll kinetic traces are fit to the exponential model: 𝐴(𝑡) =𝐴0𝑒−𝑡/𝜏 + 𝐴1. The reported ΔA values are the amplitude of the exponential portion of the fit, 𝐴0. 

 

The triplet yield of PC 3, as observed at 450 nm in the TA spectrum, is 0.019 ± 0.0066, or 

more conservatively, 0.02 ± 0.007. 

 

Triplet Yield of PC 4 

 The triplet yield of PC 4 in DMA was determined using the TTET method described above. 

The triplet donor used was Ir(ppy)3, which possess a triplet state of quantitative yield and 

sufficiently high energy to promote PC 4 into its triplet excited state. In all TTET measurements, 

Ir(ppy)3 was excited using 475 nm light, a wavelength at which PC 4 is negligibly absorptive. The 

quenching of the triplet excited state of Ir(ppy)3 (used to calculate Φtrans via eq. 5) was measured 

by observing the change in lifetime of Ir(ppy)3’s bright phosphorescence at 530 nm in the presence 

of PC 4. The quantity AT,M(λ) for PC 4 was determined by measuring ΔA(λ) at the probe 

wavelengths 500 nm, 550 nm, and 600 nm, and at sufficiently long delays (> 3 µs) to ensure that 

the ΔA measured consisted of only the absorbance of the triplet excited state of PC 4. Due to the 

long triplet lifetime of PC 4, the concentration of triplet species was constant over the timescales 

measured. 

Table 5.4: Data from three independent TA experiments for PC 4 and Ir(ppy)3 mixture 

Experiment #1 #2 #3 

Ir(ppy)3 Abs @ 475 nm (OD) 0.067 0.095 0.074 

[PC 4] (mM) a 0.11 0.22 0.31 

Energy/pulse (µJ) b,c 79 125 105 

Emissive Lifetime of Ir(ppy)3, τ0 (µs)  1.50 1.49 1.51 
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Emissive Lifetime of Ir(ppy)3 in the presence of PC 4,  τ (µs) 1.01 1.12 1.31 

ΔA @ 500 nm (mOD) 0.133 0.572 0.425 

ΔA @ 550 nm (mOD) 0.161 0.698 0.596 

ΔA @ 600 nm (mOD) 0.304 1.389 1.159 
    

a This value is not necessary for the calculations but is reported to demonstrate that these TTET 

experiments were conducted at a variety of concentrations of PC 4.b Pump spot size FWHM: 

2.41mm x 4.21 mm. c Pump wavelength: 475 nm 

Table 5.5. Calculated epsilons for PC 4 

Experiment #1 #2 #3 Average % Error 

εtriplet at 500 nm 
(M-1 cm-1) 7.1315103 7.5502103 6.3162103 7.00103 14.6 

εtriplet at 550 nm 
(M-1 cm-1) 8.6309103 9.2198103 8.8584103 8.90103 5.5 

εtriplet at 600 nm 
(M-1 cm-1) 1.6321104 1.8345104 1.7219104 1.73104 9.6 

 

From these epsilons, a triplet yield can be calculated from the TA data collected for PC 4 

in the absence of the triplet sensitizer Ir(ppy)3. This was done at 500, 550, and 600 nm using 355 

nm light for excitation. However, due to the lower error in the 550 nm measurements, only these 

are reported below in Table S6.  

 

Table 5.6. TA of PC 4 observed at 550 nm and calculated triplet yield 

Experiment #1 #2 #3 #4 Average % Error a Total % 
Error b 

Abs @ 355 nm 0.104 0.132 0.090 0.106 ---- ---- ---- 
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Energy / pulse 
(µJ) c,d 55 29 29 29 ---- ---- ---- 

ΔA @ 550 nm 
(mOD) 

1.539 1.065 0.695 0.800 ---- ---- ---- 

Triplet Yield 0.91 0.97 0.89 0.88 0.913 7.7 9.4 
a The % error of the calculated triplet yield measurements using the average εtriplet at 550 nm. b The 

total % error takes the uncertainty of εtriplet into account.c Pump spot size FWHM: 1.53mm x 3.8mm 

d Pump wavelength: 355 nm 

 

       The triplet yield of PC 4, as observed at 550 nm in the TA spectrum, is 0.91 ± 0.09, or, more 

conservatively, 0.9 ± 0.1. 

 

Cyclic Voltammetry (Performed by Chern-Hooi Lim) 

Cyclic voltammetry (CV) measurements were performed in a 3-compartment 

electrochemical cell: reference electrode is Ag/AgNO3 (0.01M) in MeCN and electrolyte is 0.1 M 

NBu4PF6. DMA was used as the solvent in the working electrode compartment while platinum 

was used as both the working and counter electrodes. E (V vs. SCE) = E (V vs. Ag/AgNO3 

[0.01M]) + 0.298V. At the scan rate of 0.02V/s, the ipa/ipc value of PC 4 in DMA is 1.28 (Figure 

5.8), which deviates from 1 for system that exhibits reversible redox behavior. We attribute this 

deviation to the fact that oxidation of PC 4 occurs near the oxidation window of DMA solvent. For 

example, CV of PC 4 was scanned from 0.3V to 0.9V vs. SCE (Figure 5.8) while the onset of 

DMA oxidation occurs around 0.8V vs. SCE (Figure 5.7). DMF and THF have increasingly wider 

oxidation window, where these two solvents have negligible oxidation currents even at 1.2V vs. 

SCE (Figure 5.7). The ipa/ipc value of PC 4 improves to 1.11 and 1.01, respectively in DMF (Figure 

5.9) and THF (Figure 5.10). 
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Solvent Blank 

 

Figure 5.7. Solvent blank. 

 

 

CV of PC 4 in DMA 

 

Figure 5.8. CV of PC 4 in DMA 

 

-5.00E-05

-4.00E-05

-3.00E-05

-2.00E-05

-1.00E-05

0.00E+00

1.00E-05

00.20.40.60.811.21.4

C
u

rr
e

n
t,

 A

Voltage, V vs. SCE

DMA_0.10V/s DMF_0.10V/s THF_0.10V/s

-1.00E-05

-8.00E-06

-6.00E-06

-4.00E-06

-2.00E-06

0.00E+00

2.00E-06

4.00E-06

6.00E-06

8.00E-06

00.10.20.30.40.50.60.70.80.91

C
u

rr
e

n
t,

 A

Voltage, V vs. SCE

PhenO_1N_BiPh_0.02V/s PhenO_1N_BiPh_0.05V/s

PhenO_1N_BiPh_0.08V/s PhenO_1N_BiPh_0.10V/s

V/s Epa (V) Epc (V) ipa (A) ipc (A) ipa / ipc ΔEp (V) E1/2 (vs. SCE)

0.02 0.680 0.612 -4.13E-06 3.22E-06 1.28 0.068 0.64

0.05 0.681 0.611 -6.37E-06 5.07E-06 1.26 0.070 0.64

0.08 0.681 0.610 -7.99E-06 6.43E-06 1.24 0.071 0.64

0.10 0.683 0.611 -8.93E-06 7.13E-06 1.25 0.072 0.65

DMA



 136 

CV of PC 4 in DMF 

 

Figure 5.9. CV of PC 4 in DMF 

 

CV of PC 4 in THF 

 

Figure 5.10. CV of PC 4 in THF  
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Optimization and Controls 

Trifluoromethylations and Atom Transfer Radical Addition experiments performed by Ya Du 

Optimization of Trifluoromethylation of 3-Methyl Indole 

 

Entrya PC Solvent Additive Yieldc 
1 S1 DMA - 17% 
2 S2 DMA - 31% 
3 3 DMA - 49% 
4 S3 DMA - 40% 
5d S4 DMA - 58% 
6d S5 DMA - 53% 
7 None DMA - NR 
8e 3 DMA  NR 
9 3 DMSO - 18% 
10 3 DMF - 48% 
11 3 ACN - 10% 
12 3 Dioxane - 9% 
13 3 THF - 36% 
14 3 DMA Et3N 58% 
15 3 DMA CH3COOK 53% 
16 3 DMA Cs2CO3 12% 
17 3 DMA HCOOK 66%(65%f) 
18g 3 DMA HCOOK 67%(67%f)  
19 None DMA HCOOK NR 
20 S3 DMA HCOOK 70% 
21d S4 DMA HCOOK 79% 
22d S5 DMA HCOOK 84%(82%f) 

a Reactions conducted in 25 mL storage tubes with 3-methyl indole (1 mmol, 1.0 eq.), CF3I (0.6 M 

), and PC 0.02 mmol (2% mol) in solution of the designated solvent (2 mL) under N2.  bAdditive 

1.5 eq. in relation to 3-methyl indole. c Yield determined by 19F NMR spectroscopy using the peak 

of 1-fluoro-3-nitrobenzene as an internal standard. d Light wavelength 365 nm. e Reaction in the 

dark (storage tube in aluminum foil). f Isolated yield. g Sunlight, with reaction time = 1 week. 
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Optimization of Trifluoromethylation of 4-Phenyl-1-Butene 

 

Entrya PC Solvent Additiveb Yieldc 
1 None DMA - NR 
2 None THF HCOOK NR 
3 None DMA HCOOK 14% 
4 3 DMA HCOOK 89% 
5d 3 DMA HCOOK NR 

a Reactions conducted in 25 mL storage tubes with 4-phenyl-1-butene (1 mmol, 1.0 eq.), CF3I (0.6 

M ), and PC 3 0.01 mmol (1 % mol) in solution of the designated solvent (2 mL) under N2.  

bAdditive 1.5 eq. in relation to 4-phenyl-1-butene. c Yield determined by 19F NMR spectroscopy 

using the peak of 1-fluoro-3-nitrobenzene as an internal standard. E isomer: Z isomer: β-hydride 

elimination product = 20 : 1.8 : 1. d  Reaction in the dark (storage tube in aluminum foil). 

 

Cross-addition of Alkenes Catalyzed by Photoredox Catalysis 

 

Entrya PC Solvent Yield 
1 None DMA NR 
2 3 DMA 42% 
3b 3 DMA NR 

a Reactions conducted  in 25 mL storage tubes with 4-phenyl-1-butene (1 mmol, 1.0 eq.),  CF3I 

(0.6 M ) and PC 3 0.01 mmol (1 % mol) in DMA(2 mL) under N2. b Reaction performed in the 

dark (storage tube in aluminum foil). 

 

Optimization of C-N Coupling Reaction  
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Entrya PC Nickel Cat. Yieldb 
1 0.2% mol 3 NiBr2*glyme 86% 
2 0.2% mol 4 NiBr2*glyme 65% 
3c 0.2% mol 3 NiBr2*glyme 92% 
4 0.2% mol 3 Ni(COD)2 79% 
5d 0.2% mol 3 NiBr2*glyme NR 
6 No PC NiBr2*glyme NR 
7 0.2% mol 3 No Nickel NR 
8 0.4% mol 3 5 NiBr2*glyme 95% 

a Reactions conducted in 50 mL storage tubes with 4-bromobenzotrifluoride (1.2 mmol, 1.0 eq.),  

dry pyrrolidine (1.8 mmol, 1.5 eq.), 1,4-diazabicyclo[2.2.2] octane (2.16 mmol, 1.8 eq) in DMA (3 

mL) under N2. b Yields were obtained via 1H NMR using trimethoxybenzene (100.9 mg, 0.60 mmol, 

0.5 eq) as an internal standard, which was added to the worked up reaction mixtures. The standard 

and remaining solids/oils were fully dissolved in the needed amount of deuterated chloroform 

(typically 2.0 mL). Aromatic peaks of the trimethoxybenzene and 1-(4(-trifluoromethyl) 

phenyl)pyrrolidine product were compared to get NMR Yield. c Run at 60 oC. d Reaction run in the 

dark (storage tube in aluminum foil).  

 

Optimization of C-S Coupling Reaction  
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Entrya PC Nickel Cat. Yieldb 

1 1.0% mol 3 NiCl2*glyme NR 

2 1.0% mol 4 NiCl2*glyme 98% 

3c 1.0% mol 4 NiCl2*glyme NR 

4 1.0% mol 4 Ni(COD)2 NR 

5d 1.0% mol 4 NiCl2*glyme NR 

6 None NiCl2*glyme NR 
7 1.0% mol 4 No Nickel NR 
8 0.2% mol 4 NiCl*glyme 98% 

a Reactions conducted in 50 mL storage tubes with 4-bromobenzotrifluoride (1.2 mmol, 1.0 eq.),  

4-methoxybenzyl mercaptan (1.8 mmol, 1.5 eq.) dry pyridine (2.4 mmol, 2.0 eq.), Nickel catalyst 

and photocatalyst in DMA (3 mL) under N2. b Yields were obtained via 1H NMR using 

trimethoxybenzene (100.9 mg, 0.60 mmol, 0.5 eq) as an internal standard, which was added to the 

worked up reaction mixtures. The standard and remaining solids/oils were fully dissolved in the 

needed amount of deuterated chloroform (typically 2.0 mL). Aromatic peaks of the 

trimethoxybenzene and 4-methoxyphenyl(4-(trifluromethyl)phenyl)sulfane product were 

compared to get NMR yield. c Run with DABCO instead of pyridine. d Reaction run in the dark 

(storage tube in aluminum foil). 

 

General Synthesis Procedures  

General Procedure A for C-CF3 Bond Formation of (Hetero) Arenes 

 

To an oven-dried 25 mL storage flask was added a stir bar, photocatalyst 3 (0.02 mmol, 2% mol.), 

potassium formate (126.2 mg, 1.5 mmol, 1.5 eq.), and (hetero) arenes (1.0 mmol, 1.0 eq.). The 

flask was degassed by quickly alternating vacuum evacuation and argon backfill (x3) before a CF3I 
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solution in DMA (CF3I/DMA solution is pre-made and stored under N2) (2 mL, 0.6 M, 1.2 eq.) 

was added by syringe. The flask was sealed and placed in the photo reactor with white LEDs as 

described for the trifluoromethylation reaction, and allowed to stir at 40 oC for 24 hours (Figure 

S5.2, A). After which the reaction was removed from light and quenched with water (10 mL) and 

extracted with Et2O (20 mL x 3) except when specified and the combined organic layers were 

dried over Na2SO4. The crude material was then purified by column chromatography on silica gel 

using the noted solvent mixture to isolate the desired product. 

 

General Procedure B for C-CF3 Bond Formation of Olefins  

 

This procedure is identical to General Procedure A except for the use of 1% loading of photoredox 

catalyst 3. 

 

General Procedure C for Cross Addition of Trifluoromethyl Iodide  

 

To an oven-dried 25 mL storage flask was equipped with a magnetic stir bar, PC 3(0.01 equiv), 

and olefin (1 mmol, 1eq.). The tube was degassed by quickly alternating vacuum evacuation and 

argon backfill (×3) before a CF3I solution in DMA (CF3I/DMA solution is prepaid and stored 

under N2) (2.0 mL, 0.6 M) was added by syringe. The tube was sealed and placed in a 400 ml 

beaker with one 41 cm strip of double-density LEDs (white), wrapped inside (Figure S5.2, A). 
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After 48 hours, the reaction was quenched with water (10 mL) and extracted with Et2O (20 mL×3) 

and the combined organic layers were dried over Na2SO4. The crude material was then purified by 

column chromatography on silica gel using the noted solvent mixture to isolate the desired cross-

addition products. 

 

 

General Procedure D for C-N Bond Formation 

 

To an oven-dried 50 mL storage flask was added a stir bar, PC 3 (2.1mg, 0.0048 mmol, 0.4% mol) 

for secondary amines or PC 4 (3.0 mg, 0.0048 mmol, 0.4%) for primary amines, aryl halide (1.20 

mmol, 1.0 eq.), and amine (1.80 mmol, 1.5 eq.). The reagents were then freeze pump thawed and 

backfilled with nitrogen three times before being brought into a glove box where Nickel(II) 

bromide 2-methoxyethy ether complex (18.5 mg, 0.06 mmol, 5.0% mol), in 1.0 mL of a DMA 

stock solution was added, 1,4-diazabicyclo[2.2.2]octane (242.3 mg, 2.16 mmol, 1.8 eq.) then an 

additional 2.0 mL of DMA. The flask was sealed then removed from the glove box and placed in 

a photo reactor described for nickel coupling and allowed to stir at the temperature of the LEDs 

(55-60 oC) for 24 hours (Figure S5.2, B). After which the reaction was removed from the 

photoreactor, diluted with 25 mL of dichloromethane, washed twice with approximately 50 mL of 

water, then a 50/50 mixture of saturated brine solution/water, dried over MgSO4 and concentrated 

under vacuum. The crude material was purified by column chromatography on silica gel using the 

noted solvent mixture to isolate the desired C-N coupled product. 
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General Procedure E for C-S Bond Formation 

 

To an oven-dried 50 mL storage flask was added a stir bar, PC 4 (1.5 mg, 0.0024 mmol, 0.2% 

mol), 4,4’-di-tert-butyl-2,2’-dipyridyl (16.1 mg, 0.06 mmol, 5.0% mol), pyridine (193.7 μL, 2.4 

mmol, 2.0 eq.), aryl halide (1.20 mmol, 1.0 eq.), and thiol (1.80 mmol, 1.5 eq.). The reagents were 

then degassed with two freeze pump thaw cycles and backfilled with nitrogen before being brought 

into the glovebox where nickel(II) chloride 2-methoxyethy ether complex (13.2 mg, 0.06 mmol, 

5.0% mol) in 1 mL of a DMA stock solution was added, then an additional 2 mL of DMA. The 

flask was sealed then removed from the glovebox and placed in a photo reactor described for nickel 

coupling and allowed to stir at the temperature of the LEDs (55-60 oC) for 24 hours (Figure S5.2, 

B). After which the reaction was removed from light, diluted with 25 mL of dichloromethane then 

washed twice with ~50 mL of water, then a 50/50 mixture of saturated brine solution/water, dried 

over MgSO4 and concentrated under vacuum. The crude material was then purified by column 

chromatography on silica gel using the noted solvent mixture to isolate the desired C-S coupled 

product. 

 

General Procedure F for Sunlight-driven Reactions 

Once all reagents were mixed followed the general procedure, instead of being placed in a 400 mL 

beaker with LEDs, the reaction vessel was put in a window-sill that received approximately 7 

hours of sunlight a day (Figure S5.2, D). These reactions were allowed to react for 7 days after 
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which the workup described in the general procedures for LED driven reactions was followed 

exactly.  

 

General Procedure G for Scale Up         

      To an oven-dried 100 mL storage flask was added a stir bar, and 8.34 times the amount 

specified reagents given for the nickel dual catalysis for both C-S and C-N coupling, or 10 times 

specified reagents for trifluoromethylation reaction (10mmol scale). These reactions were allowed 

to stir for 24 hours after which the workup described in the general procedures for LED driven 

reactions was scaled appropriately and followed.  

 

3. Substrate Scope 

Procedure of (Hetero)arenes and Olefins Preparation and Characterization 

 

Boc Protection Substrates Preparation 

Di-tert-butyl dicarbonate ((Boc)2O) (3.9 g, 17.85 mmol) and 4-(dimethylamino) pyridine (DMAP), 

(0.25 g, 2.24 mmol) were added to the (hetero)arenes (14.9 mmol) in THF (20 mL) under argon. 

After the addition was completed, the mixture was stirred at room temperature for two hours. 

Evaporation of the solvent and subsequent column chromatography afforded product as a colorless 

liquid.  

 

tert-Butyl 1H-pyrrole-1-carboxylate The general procedure was followed using pyrrole as the 

substrate. The purification was done by flash chromatography on silica gel, eluting with hexane: 

ethyl acetate = 40:1 (Rf = 0.43) to give the product tert-butyl 1H-pyrrole-1-carboxylate as a 
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colorless liquid, with 82% yield. 1H NMR (300 MHz, CDCl3) δ 7.24 (dd, J = 2.7, 2.0 Hz, 1H), 

6.22 (dd, J = 2.6, 2.1 Hz, 2H), 1.60 (s, 9H). 1H NMR data matched previously reported.5  

 

tert-Butyl 1H-indole-1-carboxylate The general procedure was followed using indole as the 

substrate. The product tert-butyl 1H-indole-1-carboxylate was purified by flash chromatography 

on silica gel, eluting with hexane: ethyl acetate = 100:1 (Rf = 0.13) as a colorless liquid with 72% 

yield. 1H NMR (300 MHz, CDCl3): δ 8.15 (d, J = 8.2 Hz, 1H), 7.70 – 7.49 (m, 2H), 7.39 – 7.13 

(m, 2H), 6.57 (dd, J = 3.7, 0.8 Hz, 1H), 1.68 (s, 9H). 1H NMR data matched previously reported.6 

 

tert-Butyl 3-methyl-1H-indole-1-carboxylate The general procedure was followed using 3-

methyl indole as the substrate. The product tert-butyl 3-methyl-1H-indole-1-carboxylate was 

purfied by flash chromatography on silica gel, eluting with hexane: ethyl acetate = 100:1 (Rf = 

0.13) as a colorless liquid with 75% yield. 1H NMR (300 MHz, CDCl3) δ 8.11 (d, J = 8.1 Hz, 1H), 

7.60 – 7.45 (m, 1H), 7.39 – 7.28 (m, 2H), 7.27 – 7.21 (m, 2H), 2.27 (d, J = 1.3 Hz, 3H), 1.66 (s, 

9H). 1H NMR data matched previously reported.6  

 

Protecting Product Preparation 

Undec-10-en-1-yl acetate Ac2O (7.04 mmol, 0.664 mL) was added into the 10 mL DCM solution 

of 10-undecene-1-ol (5.87 mmol, 1.0 g), Et3N (7.04 mmol, 0.98 mL) and DMAP (0.11 mmol, 14 

mg) at 0 oC. The above mixture was stirred for 1 h at r.t.. After completion, the reaction was 

quenched with water (50 mL), and the mixture was extracted with hexanes (50 mL× 3). The 

organic layer was separated, washed with water (50 mL× 2), brine (50 mL) and dried over 

anhydrous Na2SO4. Evaporation of the solvent under reduced pressure gave the crude product; 
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further purification using column chromatography gave the pure product with 86% yield. Rf = 0.76 

(hexane: ethyl acetate 4:1). 1H NMR (400 MHz, CDCl3) δ 5.81 (ddt, J = 16.8, 10.2, 6.6 Hz, 1H), 

5.07 – 4.83 (m, 2H), 4.05 (t, J = 6.8 Hz, 2H), 2.08 – 1.95 (m, 5H), 1.60 (dd, J = 14.2, 7.2 Hz, 2H), 

1.43 – 1.17 (m, 12H). 1H NMR data matched previously reported.7 

 

((Undec-10-en-1-yloxy)methyl) benzene At 0 oC, NaH (60%) was added into the 10 mL THF 

solution of 10-undecene-1-ol (5.87 mmol, 1.0 g). To the above solution, BnBr (5.58 mmol, 0.66 

mL) was added at 0 oC and the reaction was stirred at r.t. overnight. The reaction was quenched 

with water (50 mL), and the mixture was extracted with hexanes (50 mL× 3). The organic layer 

was separated, washed with water (50 mL × 2), brine (50 mL) and dried over anhydrous Na2SO4. 

Evaporation of the solvent under reduced pressure gave the crude product; further purification 

using column chromatography gave the pure product with 70% yield. Rf = 0.15 (hexane: ethyl 

acetate 50:1). 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.23 (m, 5H), 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 

1H), 5.05 – 4.87 (m, 2H), 4.50 (s, 2H), 3.46 (t, J = 6.7 Hz, 2H), 2.11 – 1.96 (m, 2H), 1.68 – 1.51 

(m, 2H), 1.44 – 1.08 (m, 12H). 1H NMR data matched previously reported.8 

 

tert-Butyldimethyl(undec-10-en-1-yloxy)silane TBSCl (6.457 mmol, 0.973) was added into the 

10 mL DCM solution of  10-undecene-1-ol (5.87 mmol, 1.0 g), Et3N (7.04 mmol, 0.98 mL) and 

DMAP (0.11 mmol, 14 mg) at 0 oC. The above mixture was stirred for 1 h at r.t.. After completion, 

the reaction was quenched with water (50 mL), and the mixture was extracted with hexanes (3×50 

mL). The organic layer was separated, washed with water (2×50 mL), brine (50 mL) and dried 

over anhydrous Na2SO4. Evaporation of the solvent under reduced pressure gave the crude 

product; further purification using column chromatography gave the pure product with 92% yield. 
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Rf  = 0.29 (hexane: DCM 12:1). 1H NMR (400 MHz, CDCl3) δ 5.97 – 5.58 (m, 1H), 5.11 – 4.80 

(m, 2H), 3.59 (td, J = 6.6, 0.8 Hz, 2H), 2.04 (tdd, J = 7.9, 6.0, 1.3 Hz, 2H), 1.60 – 1.19 (m, 14H), 

0.89 (d, J = 0.8 Hz, 9H), 0.04 (d, J = 0.8 Hz, 6H). 1H NMR data matched previously reported.9 

 

Radical Trifluoromethylation of (Hetero)Arenes 

3-methyl-2-(trifluoromethyl)-1H-indole General procedure A was followed using 3-methyl 

indole as the substrate. Purification was done by chromatography on silica gel, eluting with 

hexanes: dichloromethane = 10 : 1 (Rf = 0.12) to give the product as a white solid with 65% yield. 

1H NMR (300 MHz, CD3CN) δ 9.73 (s, 1H), 7.64 (dd, J = 8.0, 1.0 Hz, 1H), 7.46 (dt, J = 8.3, 1.0 

Hz, 1H), 7.31 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 7.16 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 2.42 (q, J = 1.9 

Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 135.33, 127.61, 124.86, 122.78 (q, J = 269 Hz), 121.61 (q, 

J = 36.81 Hz), 120.48, 120.20, 114.16 (q, J = 3.0 Hz), 111.70, 8.40. 19F NMR (282 MHz, CD3CN) 

δ -58.42 (q, J = 2.0 Hz). 1H NMR, 13CNMR and 19F NMR data matched those previously 

reported.10 

 

2-(trifluoromethyl)-1H-pyrrole The general procedure A was followed using pyrrole as the 

substrate. The 99% NMR yield in 6 h was determined by 19F NMR spectroscopy using 1-fluoro-

3-nitrobenzene as an internal standard. Purification was done by chromatography on silica gel, 

eluting with pentane: diethyl ether = 95:5 (Rf = 0.25) to give the product 2-(trifluoromethyl)-1H-

pyrrole as a colorless liquid. 1H NMR (400 MHz, CD2Cl2) δ 8.69 (t, J = 52.0 Hz, 1H), 6.93 (q, J = 

2.4 Hz, 1H), 6.60 (dq, J = 2.7, 1.3 Hz, 1H), 6.25 (dp, J = 2.7, 0.9 Hz, 1H). 19F NMR (376 MHz, 

CD2Cl2) δ -59.55 (s, 3F). HRMS (APCI): calculated for C5H4F3N ([M+Cl]-) 169.9990, found 

169.9992. 1H NMR and 19F NMR data matched those previously reported.11   
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tert-Butyl 2-(trifluoromethyl)-1H-pyrrole-1-carboxylate General procedure A was followed 

using tert-butyl 1H-pyrrole-1-carboxylate as the substrate. Purification was done by 

chromatography on silica gel, eluting with hexanes: ethyl acetate = 40:1 (Rf = 0.36) to give the 

product as a colorless liquid with 82% yield. 1H NMR (400 MHz, CDCl3) δ 7.44 (dd, J = 3.3, 1.9 

Hz, 1H), 6.73 (ddd, J = 3.7, 1.9, 0.7 Hz, 1H), 6.25 – 6.16 (m, 1H), 1.61 (s, 9H). 19F NMR (376 

MHz, CDCl3) δ -58.33 (s, 3F). 1H NMR and 19F NMR data matched those previously reported.12 

 

2-(trifluoromethyl)-1H-indole General procedure A was followed using indole as the substrate. 

Purification was done by flash chromatography on silica gel, eluting with hexanes: 

dichloromethane = 10:1 (Rf = 0.10) to give the sole product 2-(trifluoromethyl)-1H-indole as a 

white solid with 45% yield. 1H NMR (300 MHz, CDCl3) δ 8.40 (s, 1H), 7.69 (dt, J = 8.0, 1.0 Hz, 

1H), 7.44 (dq, J = 8.3, 1.0 Hz, 1H), 7.34 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.20 (ddd, J = 8.0, 7.0, 

1.1 Hz, 1H), 6.94 (dp, J = 2.4, 1.3 Hz, 1H), 13C NMR (101 MHz, CDCl3) δ 136.04, 126.55, 125.7 

(q, J = 38.9 Hz), 124.78, 122.08, 121.23 (q, J = 265 Hz), 121.13, 111.68, 104.27 (q, J = 3.4 Hz). 

19F NMR (376 MHz, CDCl3) δ -60.55 (d, J= 1.3 Hz, 3F). 1H NMR, 13C NMR and 19F NMR data 

matched those previously reported.13 

 

tert-Butyl 2-(trifluoromethyl)-1H-indole-1-carboxylate General procedure A was followed 

using tert-butyl 1H-indole-1-carboxylate as the substrate. Purification was done by 

chromatography on silica gel, eluting with hexane: diethyl ether = 100:1 (Rf = 0.18) to give the 

product tert-butyl 2-(trifluoromethyl)-1H- indole-1-carboxylate as a colorless liquid with 53% 

yield. 1H NMR (300 MHz, CDCl3) δ 8.28 (dq, J = 8.5, 0.8 Hz, 1H), 7.66 – 7.59 (m, 1H), 7.45 (ddd, 
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J = 8.6, 7.2, 1.3 Hz, 1H), 7.30 (ddd, J = 7.8, 7.2, 1.0 Hz, 1H), 7.14 (t, J = 0.7 Hz, 1H), 1.67 (s, 9H). 

19F NMR (282 MHz, Chloroform-d) δ -58.16(s, 3F). 1H NMR and 19F NMR data matched those 

previously reported.15 HRMS (ESI): calculated for C14H14F3NO2([M+Li]+) 292.1137, found 

292.1151. 

 

tert-Butyl 3-methyl-2-(trifluoromethyl)-1H-indole-1-carboxylate General procedure A was 

followed using tert-butyl 3-methyl-1H-indole-1-carboxylate as the substrate. Purification was 

done by chromatography on silica gel, eluting with hexane: diethyl ether = 100:1 (Rf = 0.20) to 

give the product tert-butyl 3-methyl-2-(trifluoromethyl)-1H-indole-1-carboxylate as a colorless 

liquid with 66% yield. 1H NMR (300 MHz, CDCl3) δ 8.19 (dt, J = 8.5, 0.9 Hz, 1H), 7.60 (dt, J = 

7.9, 1.0 Hz, 1H), 7.45 (ddd, J = 8.5, 7.2, 1.3 Hz, 1H), 7.31 (ddd, J = 8.0, 7.2, 1.0 Hz, 1H), 2.45 (q, 

J = 3.0 Hz, 3H), 1.66 (s, 9H). 19F NMR (282 MHz, CDCl3) δ -54.12 (q, J = 3.0 Hz, 3F). HRMS 

(ESI): calculated for C15H16F3NO2 ([M+Li]+) 306.1294, found 306.1295. 1H NMR and 19F NMR 

data matched those previously reported.16 

 

1,3,5-trimethyl-2-(trifluoromethyl)benzene General procedure A was followed using 1,3,5-

trimethyl benzene as the substrate. Purification was done by chromatography on silica gel, eluting 

with pure pentane (Rf = 0.62) to give the product 1,3,5-trimethyl-2-(trifluoromethyl) benzene as a 

colorless liquid with 54% yield. 1H NMR (400 MHz, CDCl3) δ 6.91 (s, 2H), 2.45 (q, J = 3.4 Hz, 

6H), 2.30 (s, 3H). 19F NMR (376 MHz, CDCl3) δ -53.73 (t, J = 3.7 Hz, 3F). HRMS (ESI): 

calculated for C10H11F3O ([M + Li]+) 195.0967, found 195.0965. 1H NMR and 19F NMR data 

matched those previously reported.17  
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1,3,5-trimethoxy-2-(trifluoromethyl)benzene General procedure A was followed using 1, 3, 5-

trimethoxy benzene as the substrate. Purification was done by chromatography on silica gel, 

eluting with hexane: ethyl acetate = 40: 1 (Rf = 0.20) to give the product 1,3,5-trimethoxy-2-

(trifluoromethyl)benzene as a white solid with 58% yield. 1H NMR (300 MHz, Chloroform-d) δ 

6.12 (d, J = 0.7 Hz, 2H), 3.82 (d, J = 1.2 Hz, 9H).  19F NMR (282 MHz, CD2Cl2) δ -54.04 (s, 3F). 

HRMS (ESI): calculated for C10H11F3O3 ([M+Li]+) 243.0821, found 243.0823. 1H NMR and 19F 

NMR data matched those previously reported. 17 

 

1,2,3-trimethoxy-5-methyl-4-(trifluoromethyl)benzene General procedure A was followed 

using 1,2,3-trimethoxy-5-methyl benzene as the substrate. Purification was done by 

chromatography on silica gel, eluting with  hexane: diethyl ether =100: 1 (Rf = 0.07) to give the 

product 1,2,3-trimethoxy-5-methyl-4-(trifluoromethyl)benzene as a colorless liquid with 33% 

yield. 1H NMR (300 MHz, CDCl3) δ 6.49 (s, 1H), 3.91 (s, 3H), 3.88 (s, 3H), 3.84(s, 3H), 2.42 (qd, 

J = 3.5, 0.7 Hz, 3H). 19F NMR (282 MHz, CDCl3) δ -54.29 (q, J = 3.5 Hz, 3F). HRMS (ESI): 

calculated for C11H13F3O3 ([M+Li]+) 257.0977, found 257.0981. 1H NMR and 19F NMR data 

matched those previously reported.18 

 

2,6-di-tert-butyl-4-(trifluoromethyl)phenol General procedure A was followed using 2, 6-di-

tert-butyl phenol as the substrate. Purification was done by chromatography on silica gel, eluting 

with hexane: diethyl ether = 200:1 (Rf = 0.54) to give the product 2,6-di-tert-butyl-4-

(trifluoromethyl)phenol as a colorless liquid with 23% yield. 1H NMR (300 MHz, CDCl3) δ 7.43 

(d, J = 0.8 Hz, 2H), 5.57 (s, 1H), 1.47 (s, 20H). 19F NMR (282 MHz, CDCl3) δ -61.15 (s, 3F). 
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HRMS (ESI): calculated for C15H21F3O ([M+H]+) 275.1618, found 275.1608. 1H NMR and 19F 

NMR data matched those previously reported.18 

 

3-methyl-2-(perfluoroethyl)-1H-indole General procedure A was followed using 3-methyl 

indole as the substrate, and the CF3CF2I instead of CF3I. Purification was done by chromatography 

on silica gel, eluting with hexane: CH2Cl2 = 9:1 (Rf = 0.20) to give the product 3-methyl-2-

(perfluoroethyl)-1H-indole as a white solid with 70% yield. 1H NMR (400 MHz, CDCl3) δ 8.15 

(s, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.40 (qd, J = 8.3, 1.5 Hz, 2H), 7.26 (ddd, J = 8.0, 6.4, 1.7 Hz, 

1H), 2.49 (t, J = 2.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 135.78, 128.33, 124.82, 120.35, 

119.99, 119.25(qt, J = 40.3, 284.2 Hz), 119.24 (t, J = 28.2 Hz), 116.14 (t, J = 3.3 Hz), 112.06 (tq, 

J = 40.3, 284.2 Hz), 111.49, 8.41. 19F NMR (376 MHz, CDCl3) δ -84.77 – -84.84 (t, J =3.5 Hz, 

3F), -112.86 (p, J = 2.9 Hz, 2F). HRMS (APCI): calculated for C11H7F5N ([M-H]-) 248.0504, 

found 248.0500. 

 

Radical Trifluoromethylation of Olefins 

(E)-1,1,1-trifluoronon-2-ene The general procedure B was followed using 1-octene as the 

substrate. The 98% NMR yield was determined by 19F NMR spectroscopy using 1-fluoro-3-

nitrobenzene as an internal standard. Purification was done by chromatography on silica gel, 

eluting with pure pentane to give the product 1,1,1-trifluoronon-2-ene as a colorless liquid (E : Z : 

β-hydride elimination product =11 : 1 : 1). 1H NMR (400 MHz, CDCl3) δ 6.37 (dddt, J = 13.7, 6.8, 

4.6, 2.2 Hz, 1H), 5.60 (dqt, J = 16.1, 6.5, 1.7 Hz, 1H), 2.15 (dddd, J = 12.1, 7.0, 2.5, 1.8 Hz, 2H), 

1.43 (dtd, J = 8.3, 7.0, 6.5, 3.5 Hz, 2H), 1.36 – 1.23 (m, 6H), 0.95 – 0.83 (m, 3H).13C NMR (101 

MHz, CDCl3) δ 140.83 (q, J = 6.6 Hz), 123.13 (q, J = 269.2 Hz), 118.22 (q, J = 33.1 Hz), 31.55, 
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31.45, 28.69, 27.91, 22.53, 14.04. 19F NMR (376 MHz, CDCl3) δ -63.49 (m, 3F). 1H NMR, 13C 

NMR and 19F NMR data matched those previously reported.19 

 

(E)-1,1,1-trifluorotridec-2-ene General procedure B was followed using 1-dodecene as the 

substrate. Purification was done by chromatography on silica gel, eluting with pure hexane (Rf = 

0.82) to give 1,1,1-trifluorotridec-2-ene as a colorless liquid with 85% yield (E : Z : β-hydride 

elimination product =11 : 1 : 1). 1H NMR (400 MHz, CDCl3) δ 6.37 (dtd, J = 15.9, 6.8, 2.4 Hz, 

1H), 5.60 (m, 1H), 2.22 – 1.92 (m, 2H), 1.50 – 1.04 (m, 16H), 0.88 (t, J = 6.6 Hz, 3H). 13C NMR 

(101 MHz, CDCl3) δ 141.00 (q, J = 6.5 Hz), 123.28 (q, J = 269.0 Hz), 118.37 (q, J = 33.1 Hz), 

32.05, 31.61, 29.73, 29.67, 29.51, 29.47, 29.19, 28.10, 22.84, 14.28. 19F NMR (376 MHz, CDCl3)) 

δ -64.07 (m, 3F). 1H NMR, 13C NMR and 19F NMR data matched those previously reported.20 

 

(E)-(5,5,5-trifluoropent-3-en-1-yl)benzene General procedure B was followed using 4-phenyl-

1-butene as the substrate. Purification was done by chromatography on silica gel, eluting with pure 

hexane (Rf = 0.60) to give the product 5,5,5-trifluoropent-3-en-1-ylbenzene  as a colorless liquid 

with 77% yield (E : Z:  β-hydride elimination product =20 : 1.8 : 1). 1H NMR (300 MHz, CDCl3) 

δ 7.50 – 6.96 (m, 6H), 6.42 (dtq, J = 15.7, 6.6, 2.1 Hz, 1H), 5.63 (dqt, J = 15.9, 6.4, 1.6 Hz, 1H), 

2.76 (dd, J = 8.9, 6.7 Hz, 2H), 2.56 – 2.39 (m, 2H). 19F NMR (282 MHz, CDCl3) δ -64.05 (m, 3F). 

HRMS (ESI): calculated for C11H11F3 ([M+Li]+) 207.0973, found 207.0974. 1H NMR and 19F 

NMR data matched those previously reported.21 

(E)-12-bromo-1,1,1-trifluorododec-2-ene General procedure B was followed using bromo-1-

undecene as the substrate. Purification was done by chromatography on silica gel, eluting with 

pure hexane (Rf = 0.63) to give the product 12-bromo-1,1,1-trifluorododec-2-ene as a colorless 
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liquid with 53% yield (E : Z : β-hydride elimination product =33 : 2.7 : 1). 1H NMR (300 MHz, 

CDCl3) δ 6.37 (dddt, J = 13.7, 6.9, 4.6, 2.2 Hz, 1H), 5.69 – 5.50 (m, 1H), 3.41 (t, J = 6.8 Hz, 2H), 

2.14 (dtd, J = 11.5, 4.6, 2.2 Hz, 2H), 1.95 – 1.76 (m, 2H), 1.43-1.30 (s, 12H). 13C NMR (75 MHz, 

CDCl3) δ 140.91 (q, J = 6.4 Hz), 123.27 (q, J = 269.1 Hz), 118.47 (q, J = 33.1 Hz), 45.31, 34.16, 

33.67, 32.95, 31.58, 29.41, 29.12, 28.86, 28.28. 19F NMR (282 MHz, CDCl3) δ -61.43 – -65.88 

(m, 3F), HRMS (TOF): calculated for C12H20BrF3 ([M+ Cl]-) 335.0394, found 335.0410. 

 

(E)-12-bromo-1, 1, 1-trifluorododec-2-ene General procedure B was followed using 10-

undecene-1-ol as the substrate. Purification was done by chromatography on silica gel, eluting 

with hexane: ethyl acetate = 4 : 1 (Rf = 0.32) to give the product 12-bromo-1,1,1-trifluorododec-

2-ene as a colorless product with 80% yield (E : Z : β-hydride elimination product 17 : 2 : 1). 1H 

NMR (300 MHz, CDCl3) δ 6.35 (dtq, J = 15.8, 6.8, 2.2 Hz, 1H), 5.58 (dqt, J = 15.9, 6.2, 1.6 Hz, 

1H), 3.60 (t, J = 6.6 Hz, 2H), 2.20 – 2.03 (m, 2H), 1.92 (s, 1H), 1.65 – 1.47 (m, 2H), 1.45 – 1.11 

(m, 12H). 13C NMR (75 MHz, CDCl3) δ 140.74 (q, J = 6.5 Hz), 123.09 (q, J = 269.02 Hz), 118.23 

(q, J = 33.2 Hz), 62.84, 32.68, 31.36, 29.39, 29.32, 29.22, 28.93, 27.89, 27.88. 19F NMR (282 

MHz, CDCl3) δ -63.95 (m, 3F). HRMS (ESI): calculated for C12H21F3O ([M+Li]+) 244.1696, 

found 244.1688. 

This reaction was also conducted using 10-undecene-1-ol (2 ml, 10 mmol), CF3I (0.6 M in DMA, 

20 mL) HCOOK (15 mmol, 1.264 g) in 50 mL storage flask. The reaction was allowed to stir for 

24 hours, after which was washed with 100 mL of water and extracted by ethyl acetate 3 times 

before being washed with brine, dried over MgSO4 and concentrated under vacuum. Purification 

was done by chromatography on silica gel, eluting with above noted solvents to give the product 
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12-bromo-1,1,1-trifluorododec-2-ene as a colorless product with 73% yield (1.74 g). This reaction 

was also conducted using cat.3 with 0.25% catalyst loading; the yield reached 69% after 24 h. 

.  

(E)-12,12,12-trifluorododec-10-en-1-yl acetate General procedure B was followed using undec-

10-en-1-yl acetate as the substrate. Purification was done by chromatography on silica gel, eluting 

with hexane: ethyl acetate =10:1 (Rf =0.52) to give the product 12,12,12-trifluorododec-10-en-1-

yl acetate as a colorless liquid with 88% yield (E : Z : β-hydride elimination product = 50 : 6.5 : 

1). 1H NMR (300 MHz, CDCl3) δ 6.37 (dtq, J = 15.9, 6.8, 2.2 Hz, 1H), 5.74 – 5.44 (m, 1H), 4.05 

(t, J = 6.8 Hz, 2H), 2.14 (ddt, J = 7.7, 4.0, 2.5 Hz, 2H), 2.04 (s, 3H), 1.57 (s, 3H), 1.50 – 1.20 (m, 

11H). 13C NMR (101 MHz, CDCl3) δ 171.15, 140.78 (q, J = 6.5 Hz), 123.16 (q, J = 268.9 Hz), 

118.32 (q, J = 33.1 Hz), 64.58, 31.46, 29.40, 29.29, 29.23, 29.02, 28.62, 27.96, 25.92, 20.90. 19F 

NMR (282 MHz, CDCl3) δ -63.92 (m, 3F). HRMS (ESI) calculated for C14H23F3O2 ([M+Li]+) 

287.1811, found 287.1811. 

 

(E)-(((12,12,12-trifluorododec-10-en-1-yl)oxy)methyl)benzene General procedure B was 

followed using ((undec-10-en-1-yloxy) methyl) benzene as the substrate. Purification was done by 

chromatography on silica gel, eluting with hexane: ethyl acetate = 50: 1 (Rf = 0.14 ) to give the 

product ((12, 12, 12-trifluorododec-10-en-1-yl) oxy) methyl benzene as a colorless liquid with 

75% yield (E : Z : β-hydride elimination product = 100 : 7 : 1).   1H NMR (400 MHz, CDCl3) δ 

7.41 – 7.26 (m, 5H), 6.39 (dddt, J = 13.7, 6.8, 4.6, 2.2 Hz, 1H), 5.62 (dqt, J = 16.1, 6.5, 1.7 Hz, 

1H), 4.52 (s, 2H), 3.49 (t, J = 6.6 Hz, 2H), 2.22 – 1.99 (m, 2H), 1.75 – 1.56 (m, 2H), 1.52 – 1.18 

(m, 12H). 13C NMR (75 MHz, CDCl3) δ 140.95 (q, J = 6.5 Hz), 138.86, 128.47, 127.74, 127.59, 

123.28 (q, J = 268.9 Hz), 118.42 (q, J = 33.1 Hz), 73.00, 70.63, 31.57, 29.91, 29.56(2C), 29.42, 
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29.13, 28.08 (q, J = 1.2 Hz), 26.32. 19F NMR (376 MHz, CDCl3) δ -63.88 (m, 3F). HRMS (ESI): 

calculated for C19H27F3O ([M+Li]+) 335.2174, found 335.2175. 

 

(E)-tert-butyldimethyl((12,12,12-trifluorododec-10-en-1-yl)oxy)silane General procedure B 

was followed using tert-butyldimethyl(undec-10-en-1-yloxy)silane as the substrate. Purification 

was done by chromatography on silica gel, eluting with hexane: DCM 12:1 (Rf = 0.28) to give the 

product as a colorless liquid with 70% yield (E : Z : β-hydride elimination product = 100 : 7 : 1). 

1H NMR (300 MHz, CDCl3) δ 6.37 (dddt, J = 13.7, 6.8, 4.5, 2.2 Hz, 1H), 5.69 – 5.51 (m, 1H), 

3.60 (t, J = 6.6 Hz, 2H), 2.14 (ddp, J = 9.1, 6.8, 2.1 Hz, 2H), 1.62 – 1.16 (m, 14H), 0.89 (s, 9H), 

0.05 (s, 6H). 19F NMR (282 MHz, CDCl3) δ -63.90 (dq, J = 6.8, 2.4 Hz). 13C NMR (101 MHz, 

CDCl3) δ 140.90 (q, J = 6.5 Hz), 123.29 (q, J = 269.0 Hz), 118.48 (q, J = 33.2 Hz), 63.42, 33.05, 

31.62, 29.67, 29.57, 29.48, 29.20, 28.14, 26.12(3C), 25.97, 18.53, -5.15(2C). 19F NMR (282 MHz, 

CDCl3) δ -63.90 (m, 3F). HRMS (ESI): calculated for C18H35F3OSi ([M+Li]+) 359.2570, found 

359.2569. 

 

(E)-12,12,13,13,13-pentafluorotridec-10-en-1-ol  General procedure B was followed using 10-

undecene-1-ol as the substrate, and the CF3CF2I instead of CF3I. Purification was done by 

chromatography on silica gel, eluting with hexane: ethylacetate = 5:1 (Rf = 0.20) to give the product 

12,12,13,13,13-pentafluorotridec-10-en-1-ol  as a white solid with 89% yield (E : Z = 7.36 : 1). 1H 

NMR (400 MHz, CDCl3) δ 6.59 – 6.20 (m, 1H), 5.54 (td, J = 16.0, 11.8 Hz, 1H), 3.59 (dt, J = 11.6, 

6.5 Hz, 2H), 2.23 – 2.07 (m, 2H), 1.65 – 1.10 (m, 14H). 13C NMR (101 MHz, CDCl3) δ 143.08 (t, 

J = 8.6 Hz), 118.96 (qt, J =285.2, 38.5 Hz), 116.41 (t, J = 23.0 Hz), 112.12 (tq, J = 285.2, 38.2 

Hz), 62.72, 32.65, 31.89, 29.40, 29.33, 29.21, 28.88, 28.87, 25.68. 19F NMR (376 MHz, CDCl3) δ 
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-85.51 (d, J = 4.7 Hz, 3F), -115.13 (dd, J = 10.6, 3.4 Hz, 2H). HRMS (APCI):  calculated for 

C13H21F5O ([M+Cl]–) 323.1207, found 323.1204. 

 

Cross-Addition Reaction of Olefins 

1,1,1-trifluoro-3-iodoheptane General procedure C was followed using 1-hexene as the substrate. 

Purification was done by chromatography on silica gel, eluting with pentane (Rf = 0.65) to give 

the product 1,1,1-trifluoro-3-iodoheptane as a colorless liquid with 45% yield. 1H NMR (400 MHz, 

CDCl3) δ 4.32 – 4.10 (m, 1H), 3.00 – 2.68 (m, 2H), 1.76 (dtt, J = 14.5, 9.7, 4.9 Hz, 2H), 1.58 – 

1.19 (m, 4H), 0.93 (t, J = 7.2 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 125.61 (q, J = 278.7 Hz), 

44.94 (q, J = 28.1 Hz), 39.41, 31.52, 21.75 (q, J = 2.9 Hz), 21.66, 13.85. 19F NMR (282 MHz, 

CDCl3) δ -63.98 (t, J = 10.3 Hz, 3F). 1H NMR, 13C NMR and 19F NMR data matched those 

previously reported.22 

 

1,1,1-trifluoro-3-iodononane General procedure C was followed using 1-octene as the substrate. 

Purification was done by chromatography on silica gel, eluting with pentane (Rf = 0.64) to the 

product 1,1,1-trifluoro-3-iodononane as a colorless liquid with 48 % yield. 1H NMR (400 MHz, 

CDCl3) δ 4.19 (d, J = 5.4 Hz, 1H), 2.99 – 2.67 (m, 2H), 1.91 – 1.64 (m, 3H), 1.30 (dt, J = 10.3, 3.3 

Hz, 8H), 0.89 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 125.59 (q, J = 278.7 Hz), 44.90 

(q, J = 28.3 Hz), 39.67, 31.56, 29.39, 28.19, 22.55, 21.93 (q, J = 2.7 Hz), 14.03. 19F NMR (376 

MHz, CDCl3) δ -63.99 (t, J = 10.3 Hz, 3F). HRMS (APCI): calculated for C9H16F3I ([M+ Cl] –)  

324.9943, found 324.9941. 
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1,1,1-trifluoro-3-iodotridecane General procedure C was followed using 1-dodecene as the 

substrate. Purification was done by chromatography on silica gel, eluting with hexane (Rf = 0.63) 

to give the product 1, 1, 1-trifluoro-3-iodotridecane as a colorless liquid with 42% yield. 1H NMR 

(500 MHz, CDCl3) δ 4.19 (ddd, J = 13.6, 8.3, 4.2 Hz, 1H), 2.90 (dtt, J = 16.7, 10.6, 5.3 Hz, 1H), 

2.78 (dqd, J = 15.5, 10.0, 7.6 Hz, 1H), 1.76 (dqd, J = 28.1, 9.7, 4.7 Hz, 2H), 1.59 – 1.07 (m, 16H), 

0.88 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 125.75 (q, J = 278.7 Hz), 45.06 (q, J = 

28.2 Hz), 39.83, 32.05, 29.71, 29.69, 29.58, 29.53, 29.47, 22.84, 22.08, 22.06, 14.28. 19F NMR 

(376 MHz, CDCl3) δ -64.01 (t, J = 10.3 Hz, 3F). 1H NMR, 13 C NMR and 19F NMR data matched 

those previously reported.21 

 

(5, 5, 5-trifluoro-3-iodopentyl)benzene General procedure C was followed using 4-phenyl-1-

butene as the substrate. Purification was done by chromatography on silica gel, eluting with pure 

hexane (Rf = 0.41) to give the product (5, 5, 5-trifluoro-3-iodopentyl) benzene as a colorless liquid 

with 43% yield. 1H NMR (300 MHz, CDCl3) δ 7.66 – 7.08 (m, 5H), 4.17 (t, J = 6.8 Hz, 1H), 3.15 

– 2.61 (m, 4H), 2.13 (dt, J = 8.3, 6.0 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 140.06, 128.75, 

128.63, 125.65 (q, J = 278.1 Hz), 126.52, 45.07 (q, J = 28.3 Hz), 41.28, 35.66, 21.15, 21.14 (q, J 

= 2.64 Hz). 19F NMR (282 MHz, CDCl3) δ -63.73 (t, J = 10.3 Hz, 3F). 1H NMR, 13C NMR and 

19F NMR data matched those previously reported.23 

 

Tert-butyldimethyl((12,12,12-trifluoro-10-iodododecyl)oxy)silane General procedure C was 

followed using tert-butyldimethyl(undec-10-en-1-yloxy)silane. Purification was done by 

chromatography on silica gel, eluting with hexane: DCM = 30: 1 (Rf = 0.15) to give the product 

tert-butyldimethyl((12,12,12-trifluoro-10-iodododecyl) -oxy)silane as a colorless liquid with 69% 
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yield. 1H NMR (300 MHz, CDCl3) δ 4.36 – 4.11 (m, 1H), 3.60 (t, J = 6.6 Hz, 2H), 3.07 – 2.59 (m, 

2H), 1.95 – 1.65 (m, 2H), 1.42 (d, J = 73.6 Hz, 14H), 0.90 (s, 9H), 0.05 (s, 6H). 19F NMR (282 

MHz, CDCl3) δ -63.96 (t, J = 10.3 Hz, 3F). 13C NMR (75 MHz, CDCl3) δ 125.60 (q, J = 278.7 

Hz), 63.28, 44.95 (q, J = 28.2 Hz), 39.71, 32.87, 29.48, 29.41, 29.36, 29.30, 28.50, 25.99, 25.77, 

21.80 (q, J = 2.9 Hz), 18.37, -5.26. HRMS (ESI): calculated for C18H36F3IOSi ([M+ H] +)  

481.1605, found 481.1611. 

 

12,12,12-trifluoro-10-iodododecyl acetate General procedure C was followed using undec-10-

en-1-yl acetate. Purification was done by chromatography on silica gel, eluting with hexane: ethyl 

acetate = 10: 1 (Rf =0.48) to give the product 12,12,12-trifluoro-10-iodododecyl acetate as a 

colorless liquid with 50% yield. 1H NMR (300 MHz, CDCl3) δ 4.19 (tdd, J = 8.1, 6.2, 4.6 Hz, 1H), 

4.05 (t, J = 6.7 Hz, 2H), 3.03 – 2.68 (m, 2H), 2.04 (s, 3H), 1.85 – 1.46 (m, 4H), 1.44 – 1.16 (m, 

14H). 13C NMR (75 MHz, CDCl3) δ 171.16, 125.58 (q, J = 278.7 Hz), 64.57, 44.90 (q, J = 28.2 

Hz), 39.64, 29.36, 29.33, 29.23, 29.14, 28.57, 28.44, 25.85, 21.77 (q, J = 3.0 Hz), 20.98. 19F NMR 

(282 MHz, CDCl3) δ -63.98 (t, J = 10.3 Hz, 3F). HRMS (ESI): calculated for C14H24F3IO2 ([M+ 

Li]+) 415.0928, found 415.0934. 

 

C-N Bond Formation Substrate Scope 

1-(4(-trifluoromethyl)phenyl)pyrrolidine General procedure D was followed using 4-

bromobenzotrifluoride as the aryl halide, and pyrrolidine as the amine. The reaction was run at 

room temperature instead of 60 oC. Purification was done by flash chromatography on silica gel, 

eluting with a gradient of 0-3% diethyl ether/hexanes to give the product as a white solid (207 mg, 

80%). 1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 8.5, 2H), 6.55 (d, J = 8.6, 2H), 3.32 (m, 4H), 
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2.04 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 149.9, 126.5 (d, JC-F = 3.8 Hz), 116.7 (q, JC-F = 32.5 

Hz), 110.9, 47.6, 25.6. 19F NMR (376 MHz, CDCl3) δ -60.6 (s, 3F). HRMS (ESI): calculated for 

C11H12F3N ([M+H]+) 216.0922, found 216.0995. 1H NMR, 13C NMR and 19F NMR data matched 

those previously reported.24 

 

N-phenyl-4-(trifluoromethyl)aniline General procedure D was followed with slight 

modification: 4-bromobenzotrifluoride was used as the aryl halide and analine as the amine.  Dry 

pyrrolidine (10.1μL, 0.12 mmol, 0.1 eq.) was added to act as a ligand. Ni(II)Br2*glyme (3.7 mg, 

0.012 mmol, 1.0% mol) was decreased by 80%. Purification was done by flash chromatography 

on silica gel, eluting with a gradient of 0-10% diethyl ether/hexanes to give the product as an off-

white solid (212 mg, 75%). 1H NMR (400 MHz, CDCl3) δ = 7.48 (d, J = 8.5 Hz, 2H), 7.34 (dd, J 

= 8.4, 7.3 Hz, 2H), 7.16(d, J = 7.3 Hz, 2H), 7.06 (m, 3H), 5.92(s, 1H). 13C NMR (101 MHz, CDCl3) 

δ = 146.9, 141.2, 129.7, 126.8, 124.7 (q, J = 270.7Hz) 123.1, 121.8 (q, J = 32.7 Hz) 120.1, 115.4. 

19F NMR (376 MHz, CDCl3) δ = -61.5 (s, 3F). HRMS (ESI): calculated for C13H10F3N ([M+H]+) 

238.0765, found 238.0839. 1H NMR, 13C NMR and 19F NMR data matched those previously 

reported.24 

 

4-(4-(trifluoromethyl)phenyl)morpholine General procedure D was followed using 4-

bromobenzotrifluoride as the aryl halide and morpholine as the amine. The reaction was run at 

room temperature instead of 60 oC. Purification was done by flash chromatography on silica gel, 

eluting with a gradient of 0-20% diethyl ether/hexanes to give the product as a white crystalline 

solid (223 mg, 81%, [230 mg, 83% yield using general procedure F]). 1H NMR (400 MHz, CDCl3) 

δ 7.50 (d, J = 8.4 Hz, 2H), 6.92 (d, J = 8.6Hz, 2H), 3.87 (m, 4H), 3.24 (m, 4H). 13C NMR (101 
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MHz, CDCl3) δ 153.5, 126.6 (q, J = 3.8Hz), 124.8 (q, J = 270.4 Hz), 121.2 (q, J = 32.7Hz), 114.4 

66.8, 48.3. 19F NMR (376 MHz, CDCl3) δ -61.4 (s, 3F). HRMS (ESI): Calculated for C11H13F3NO 

([M+H]+) 232.0871, found 232.0944. 1H NMR, 13C NMR and 19F NMR data matched those 

previously reported.24 

This reaction was also conducted using 4-bromobenzotrifluoride (10 mmol), as the aryl halide and 

morpholine as the amine. The reaction was run at room temperature for 24 hours. Purification was 

done by flash chromatography on silica gel, eluting with a gradient of 0-20% diethyl ether/hexanes 

to give the product as a white crystalline solid (1.216 g, 53%). 

 

1-(4-methoxyphenyl)pyrrolidine General procedure D was followed using 4-bromoanisole as the 

aryl halide and dry pyrrolidine as the amine. Purification was done by flash chromatography on 

silica gel, eluting with a gradient of 0-5% diethyl ether/pentane to give the product as an off-white 

solid (204 mg, 96%). 1H NMR (400 MHz, CDCl3) δ = 6.85 (d, J = 9.0 Hz, 2H), 6.54 (d, J = 9.0 

Hz, 2H), 3.76 (s, 3H), 3.24 (m, 4H), 1.99 (m, 4H). 13C NMR (101 MHz, CDCl3) δ = 150.8, 143.3, 

115.1, 112.7, 56.1, 48.4, 25.5. HRMS (ESI): Calculated for C11H15NO ([M+H] +) 178.1154, found 

178.1227. 1H NMR, 13C NMR and 19F NMR data matched those previously reported.25 

 

1-(2-naphthalenyl)pyrrolidine General procedure D was followed using 2-bromonaphthalene as 

the aryl halide and pyrrolidine as the amine. Purification was done by flash chromatography on 

silica gel, eluting with a gradient of 0-10% diethyl ether/pentane to give the product as an off-

white solid (202 mg, 85% yield). 1H NMR (400 MHz, CDCl3) δ 7.72 (m, 2H), 7.68 (d, J = 8.4 Hz, 

1H), 7.40 (t, J = 7.6 Hz, 1H), 7.21 (t, J = 7.5 Hz, 1H), 7.04 (dd, J = 9.0, 24 Hz, 1H), 6.81 (s, 1H), 

3.44 (m, 4H), 2.08 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 146.0, 135.4, 128.9, 128.0, 127.7, 
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126.2, 125.9, 121.3, 115.8, 104.7, 47.9, 25.6. HRMS (ESI): calculated for C14H15N ([M+H]+) 

198.1278, found 198.1276. 1H NMR, 13C NMR and 19F NMR data matched those previously 

reported.26 

 

2-(1-pyyrolidinyl)pyridine General procedure D was followed using 2-bromopyridine as the aryl 

halide and dry pyrrolidine as the amine. Purification was done by flash chromatography on silica 

gel, eluting with a gradient of 1:2 ethyl acetate/hexanes to give the product as a yellow liquid  

(121mg, 68%). 1H NMR (400 MHz, CDCl3) δ 8.15 (m, 1H), 7.41 (m, 1H), 6.50 (m, 1H), 6.34 (m, 

1H), 3.44 (m, 4H), 2.00 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 157.5, 148.3, 137.0, 111.1, 106.6, 

46.8, 25.7. HRMS (ESI): calculated for C9H12N2 ([M+H]+) 149.1000, found 149.1074. 1H NMR, 

13C NMR and 19F NMR data matched those previously reported.27 

 

N-[4-(trifluoromethyl)phenyl]2-furanmethanamine General procedure D was followed using 

4-bromobenzonitrile as the aryl halide and furfurylamine as the amine. Purification was done by 

flash chromatography on silica gel, eluting with a gradient of a gradient of 10% ethyl 

acetate/hexanes to give the product as a white solid.  (233 mg, 98%). 1H NMR (300 MHz, CDCl3) 

δ 7.50-7.32 (m, 3H), 6.69 (d, J = 8.7, 2H), 6.34 (dd, J = 3.2, 1.8 Hz, 1H), 6.25 (td, J = 3.0, 1.5 Hz, 

1H), 4.36 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 151.9, 150.1, 142.3, 126.7 (q, J = 3.7 Hz), 125.0 

(q, J = 270.4 Hz), 119.6 (q, J = 32.7 Hz), 112.3, 110.6, 107.5, 41.0. 19F NMR (376 MHz, CDCl3) 

δ -61.09.  HRMS (ESI): calculated for C12H10F3NO ([M+H]+) 240.0631, found 240.0636. 

 

N-propyl-4-(trifluoromethyl)Benzenamine General procedure D was followed using 4-

bromobenzotrifluoride as the aryl halide and propylamine as the amine. Purification was done by 
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flash chromatography on silica gel, eluting with a gradient of 10% ethyl acetate/hexanes to give 

the product as a yellow liquid  (210 mg, 86%). 1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 8.9, 

2H), 6.59 (d, J = 8.6, 2H), 3.99 (s, 1H), 3.12 (t, J = 7.1, 2H), 1.66 (m, 2H), 1.02 (t, J = 7.4, 3H). 

13C NMR (400 MHz, CDCl3) δ 151.0, 126.7 (q, J = 3.8), 125.2 (q, J = 270.2 ), 118.5 (q, J = 32.5), 

111.8, 45.4, 22.6, 11.6. 19F NMR (376 MHz, CDCl3) δ  -60.93. HRMS (ESI): calculated for 

C10H12F3N ([M+H]+) 204.1000, found 204.1011 

 

N-propyl-[1,1’-biphenyl]-4-amine General procedure D was adjusted slightly using 4-

bromobiphenyl as the aryl halide and propylamine as the amine. However the reaction was run for 

48 hours instead of the normal 24 h. Purification was done by flash chromatography on silica gel, 

eluting with a gradient of 0-10% ethyl acetate in hexanes to give the product as a yellow solid (172 

mg, 68%). 1H NMR (400 MHz, CDCl3) δ 7.65-7.52 (m, 2H), 7.53-7.37 (m, 4H), 7.33-7.20 (m, 

1H), 6.78-6.62 (m, 2H), 3.75 (s, 1H), 3.15 (t, J = 7.1 Hz, 2H), 1.96 -1.53 (m, 2H), 1.05 (t, J = 7.4 

Hz, 3H). 13C NMR (101MHz, CDCl3) δ 148.0, 141.4, 130.0, 128.7, 128.0, 126.4, 126.3, 126.1, 

113.0, 45.9, 22.8, 11.8. HRMS (ESI): calculated for C15H17N ([M+H]+) 212.1439, found 212.1438.  

 

C-S Bond Formation Substrate Scope 

4-methoxyphenyl phenyl sulfide General procedure E was followed using 4-bromoanisole as the 

aryl halide and thiophenol as the thiol. Purification was done by flash chromatography on silica 

gel, eluting with a gradient of 0-4% EtOAc/hexanes to give the product as a clear oil (114 mg, 

44%). 1H NMR (400 MHz, CDCl3) δ 7.42 (d, J = 8.8 Hz, 2H), 7.23 (d, J = 7.7 Hz, 2H), 7.20-7.10 

(m, 3H), 6.90 (d, J = 8.8 Hz, 2H), 3.82 (s, 3H). 13C NMR (101M Hz, CDCl3) δ 159.9, 138.7, 135.5, 
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129.1, 128.3, 125.9, 124.4, 115.1, 55.5. HRMS (ESI): calculated for C13H12OS ([M+H]+) 

217.0609, found 217.0687. 1H NMR and 13C NMR data matched those previously reported.28 

 

4-cyanophenyl phenyl sulfide General procedure E was followed using 4-bromobenzonitrile as 

the aryl halide and thiophenol as the thiol. Purification was done by flash chromatography on silica 

gel, eluting with 4% EtOAc/hexanes to give the product as a clear oil (233 mg, 92%). 1H NMR 

(400 MHz, CDCl3) δ 7.54-7.40 (m, 7H), 7.16 (d, J = 8.5 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 

145.8, 134.5, 132.4, 130.8, 130.0, 129.4, 127.3, 118.9, 108.7. HRMS (ESI): calculated for 

C13H9NS ([M+H]+) 212.0456, found 212.0534. 1H NMR, 13C NMR data matched those previously 

reported.28 

 

4-Phenylsulfanylacetophenone General procedure E was followed using 4-bromoacetophenone 

as the aryl halide and thiophenol as the thiol. Purification was done by flash chromatography on 

silica gel, eluting with a gradient of 4-10% EtOAc/hexanes to give the product as a white solid 

(174mg, 64%). 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.5, 2H), 7.54-7.46 (m, 3H), 7.44-7.35 

(m, 2H), 7.21 (d, J = 8.5 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 197.3, 145.1, 134.6, 134.0, 132.2, 

129.8, 129.0, 128.9, 127.6, 26.6. HRMS (ESI): calculated for C14H12OS ([M+H]) 229.0609, found 

229.0682. 1H NMR and 13C NMR data matched those previously reported.29 

 

4-Methoxyphenyl(4-(trifluromethyl)phenyl)sulfane General procedure E was followed using 4-

bromobenzotrifluoride as the aryl halide and 4-methoxybenzyl mercaptan as the thiol. Purification 

was done by flash chromatography on silica gel, eluting with 3.5% EtOAc/hexanes to give the 

product as a slightly yellow solid (347 mg, 96% [338 mg, 94% using general procedure F]). 1H 
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NMR (400 MHz, CDCl3) δ = 7.49 (d, J = 8.5 Hz, 2H), 7.35 (d, J = 8.9 Hz, 2H), 7.27 (d, J = 8.5 

Hz, 2H), 6.85 (d, J = 8.8 Hz, 2H), 4.15 (s, 2H), 3.80 (s, 3H). 13C NMR (101 MHz, CDCl3) δ = 

159.1, 142.4, 130.7, 130.0, 128.3, 128.0, 127.6, 125.7, 114.2, 55.4, 37.6. 19F NMR (376 MHz, 

CDCl3) δ -62.45 (s). HRMS (ESI): calculated for C15H13F3OS ([M+H]+) 299.0639, found 

299.0717. 1H NMR, 13C NMR and 19F NMR data matched those previously reported.28 

This reaction was also conducted using 4-bromobenzotrifluoride (10 mmol) as the aryl halide and 

4-methoxybenzyl mercaptan as the thiol. The reaction was run at room temperature for 24 hours. 

Purification was done by flash chromatography on silica gel, eluting with 3.5% EtOAc/hexanes to 

give the product as a slightly yellow solid (2.923g, 98% yield). 

 

1-methoxy-4-[(2-napthalenythio)methyl]benzene General procedure E was followed using 2-

bromonaphthalene as the aryl halide and 4-methoxybenzyl mercaptan as the thiol. Purification was 

done by flash chromatography on silica gel, eluting with 4% EtOAc/hexanes to give the product 

as a white solid (260 mg, 77%). 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 7.9 Hz, 1H), 7.79 – 

7.69 (m, 3H), 7.50 – 7.37 (m, 3H), 7.26 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 8.5 Hz, 2H), 4.19 (s, 2H), 

3.78 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 158.9, 134.2, 133.8, 132.0, 130.1, 129.3, 128.4, 127.8, 

127.8, 127.6, 127.3, 126.6, 125.8, 114.1, 55.4, 38.4. HRMS (ESI): calculated for C18H16OS 

([M+H]+) 281.0922, found 281.1000. 

 

4-(octylthio)1,1’-biphenyl General procedure E was followed using 4-bromobiphenyl as the aryl 

halide and 1-octanethiol as the thiol. Purification was done by flash chromatography on silica gel, 

eluting with 2% EtOAc/hexanes to give the product as a white solid (345 mg, 96%). 1H NMR (400 

MHz, CDCl3) δ 7.64-7.58 (m, 2H), 7.55 (d, J = 8.4 Hz, 2H), 7.49-7.31 (m, 5H), 2.98 (t, J = 7.4), 
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1.72 (p, J = 7.4 Hz, 2H), 1.54-1.41 (m, 2H), 1.40-1.20 (m, 8H), 1.07-0.78 (m, 3H). 13C NMR (101 

MHz, CDCl3) δ 140.6, 138.6, 136.4, 129.1, 128.9, 127.6, 127.3, 127.0, 33.6, 31.9, 29.3 (3C), 29.0, 

22.8, 14.3. HRMS (ESI): calculated for C20H26S ([M+H]+) 299.1755, found 299.1828. 

 

1-(octylthio)-4-(methoxy)benzene General procedure E was followed using 4-bromoanisole as 

the aryl halide and 1-octanethiol as the thiol. Purification was done by flash chromatography on 

silica gel, eluting with 2% EtOAc/hexanes to give the product as an oil (230 mg, 76%). 1H NMR 

(400 MHz, CDCl3) δ 7.33 (d, J = 8.8 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 3.79 (s, 3H), 2.81 (t, J = 

7.5), 1.58 (dt, J = 15.0, 7.3 Hz, 2H) 1.38 (m, 2H), 1.30-1.21 (s, 8H), 0.87 (t, J = 7.1 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 158.8, 133.0, 127.1, 114.6, 55.4, 36.0, 31.9, 29.5, 29.3 (2C), 28.9, 22.8, 

14.3. HRMS (ESI): calculated for C15H24OS ([M+H]+) 253.1548, found 253.1621. 

S-(4-trifluoromethylphenyl)-N-[(1,1-dimethylethoxy)carbonyl]-methyl ester General 

procedure E was followed using 4-bromobenzonitrile as the aryl halide and N-(tert-

butoxycarbonyl)-L-cysteiene methyl ester as the thiol. Purification was done by flash 

chromatography on silica gel, eluting with 1:9 ethyl acetate/hexanes to give the product as a white 

solid (394 mg, 98%). 1H NMR (400 MHz, CDCl3) δ = 7.52 (dd, J = 8.5, 1.7 Hz, 2H), 7.38 (dd, J 

= 8.5, 1.7 Hz, 2H), 5.36 (m, 1H), 4.60 (m, 1H), 3.65 (d, J = 1.6, 3H), 3.45 (m, 2H), 1.39 (d, J = 

1.39, 9H). 13C NMR (101 MHz, CDCl3) δ 170.6, 154.9, 143.0, 132.4, 128.4, 118.6, 109.3, 80.4, 

53.3, 52.7, 35.2, 28.3. HRMS (ESI): calculated for C16H20N2O4S ([M+Li]+) 343.1304, found 

343.1297. 

S-(4-cyanophenyl)-N-[(1,1-dimethylethoxy)carbonyl]-methyl ester General procedure E was 

followed using 4-bromobenzotrifluoride as the aryl halide and N-(tert-butoxycarbonyl)-L-

cysteiene methyl ester as the thiol. Purification was done by flash chromatography on silica gel, 
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eluting with 1:9 ethyl acetate/hexanes to give the product as a white solid (373 mg, 82%). 1H NMR 

(400 MHz, CDCl3) δ = 7.53 (d, J = 8.5 Hz, 2H), 7.46 (d, J = 8.3 Hz, 2H), 5.31 (d, J = 7.8 Hz, 1H), 

4.61 (dd, J = 8.2, 4.6, 1H), 3.62 (s, 3H), 3.45 (qd, J = 14.1, 4.8 Hz, 2H), 1.41 (s, 9H). 13C NMR 

(101 MHz, CDCl3) δ = 170.9, 155.0, 140.6, 129.5, 128.7 (q, J = 32.6), 125.9 (q, J = 3.8), 124.0 

(q, J = 271.8). 19F NMR (376 MHz, CDCl3) δ – 62.61. HRMS (ESI): calculated for C16H20F3NO4S 

([M+Li]+) 380.1226, found 380.1222. 

 

1-[(4-methylphenyl)thio]-4-(trifluoromethyl)-benzene General procedure E was followed using 

4-bromobenzotrifluoride as the aryl halide and 4-methylbenzenethiol as the thiol. Purification was 

done by flash chromatography on silica gel, eluting with hexanes to give the product as a white 

solid (267 mg, 83%). 1H NMR (400 MHz, CDCl3) δ 7.49 (m, 4H), 7.27 (m, 4H), 2.44 (s, 3H). 13C 

NMR (101 MHz, CDCl3). δ 144.1 (d, J = 1.6 Hz), 139.4, 134.4, 130.7, 128.4, 127.5, 125.8 (q, J = 

3.8 Hz), 124.3 (q, J = 279.6 Hz), 21.3. 19F NMR (376 MHz, CDCl3) δ -62.36. HRMS (ESI): 

calculated for C14H11F3S ([M+]) 268.0533, found 268.0522. 

 

1-(cyclohexylthio)-4-(trifluoromethyl)-benzene General procedure E was followed using 4-

bromobenzotrifluoride as the aryl halide and cyclohexanethiol as the thiol. Purification was done 

by flash chromatography on silica gel, eluting with hexanes to give the product as a colorless liquid 

(290 mg, 93 %). 1H NMR (400 MHz, CDCl3) δ 7.51 (m, 2H), 7.42 (m, 2H), 3.25 (m, 1H), 2.02, 

(m, 2H), 1.79 (m, 2H), 1.64 (m, 1H), 1.37 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 144.4 (d, J = 

1.6 Hz), 129.8, 128.0 (q, J = 32.6 Hz), 125.7 (q, J = 3.8 Hz), 124.3 (q, J = 279.6 Hz), 45.7, 33.2, 

26.1, 25.8. 19F NMR (376 MHz, CDCl3) δ -62.47. HRMS (ESI): calculated for 

C13H15F3S([M+]) 260.0847, found 260.0836. 
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Chapter 6 – Summary 
 

 The work presented in this dissertation focused on the design and synthesis of photoredox 

catalysts for organo-catalyzed atom transfer polymerization and a variety of small molecule 

reactions. These photoredox catalysts offer sustainable alternatives to precious metal-containing 

photoredox catalysts.  

 Since the report of the first phenoxazine photoredox catalysts, our group has further 

investigated how we could utilize both the N (10-) position of the phenoxazine core as well as the 

3- and 7- positions on the core to install substituents to modify the photoredox properties and 

ability to access a charge transfer excited state- a property which was shown to be important in the 

seminal N,N-diaryl dihydrophenazine paper.1-3 Through this study we have realized catalysts 

which have excited state reduction potentials ranging from -1.42 V vs .SCE to -2.11 V vs. SCE. 

In a later study we investigated how the nature of the charge transfer excited state affects the triplet 

quantum yield of these catalysts.   



 175 

 
 

Figure 6.1. Figure adapted from ref 1, designed by Blaine McCarthy. Structures, calculated triplet 

excited state reduction potentials (E0*T1calc [PC•+/3PC*]), calculated oxidation potential of 

2PC•+ (E0
calc =E0 [2PC•+/1PC]), and calculated triplet energies (ET) of phenoxazines investigated 

in this study. Catalysts colored in gray are UVA light absorbing and catalysts colored in blue are 

visible light absorbing.  

 

 Over the past 3 years, additional studies focused on employing these catalysts  in flow 

reactors for the O-ATRP of a myriad of monomers including benzyl methacrylate, di(ethylene 

glycol) methyl ether methacrylate, and isodecyl methacrylate.4 In the case of methyl methacrylate, 
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residence time of 90 minutes achieved initiator efficiencies of 90%, 71% monomer conversion, 

and  Ɖ of 1.27 while 10 times less catalyst than batch reactors.  Using a core-first approach to 

initiation, Buss et. al demonstrated that phenoxazines could synthesize advanced architectures such 

as 2, 3, 4, 6, and 8 arm stars.5 In the same year, McCarthy et. al. reported that phenoxazinies could 

mediate O-ATRP in a controlled fashion in the presence of oxygen, and Rao et al. presented the 

first report of a organocatalyzed, visible-light-driven conversion of CO2 to CH4 using phenoxazine 

as an organic sensitizer in tandem with an iron porphyrin catalyst.6,7 Lastly, in 2019,  a similar 

strategy to modifying the phenoxazine core (a bromination, followed by a cross coupling) was 

used by Cole et. al. to design core extended N,N- diaryl dihydrophenazinies.8 Similar to when the 

core  system of the phenoxazines were extended by aryl substituents, the max of absorption was 

redshifted, the molar absorptivity was increased, and catalyst loadings could be decreased, and in 

the case of phenazines the loadings decreased from 1000 ppm to 10 ppm with similar control for 

the O-ATRP of acrylic monomers.  

 The 3,7-di(4-biphenyl) 1-naphthalene-10-phenoxazine is now being commercialized along 

with 5,10-di(2-Naphthyl)-5,10-dihydrophenazine by New Iridium (Figure 6.2). Which will 

hopefully help lead to the next generation of pharmaceutical and chemical manufacturing.  

 

Figure 6.2. A picture of the sales page for the 3,7-Di(4-biphenyl) 1-naphthalene-10-phenoxazine 

catalyst on Sigma-Aldrich (left), a picture of the packaged catalyst (right).  
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