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ABSTRACT: Photoredox methods continue to transform modern synthetic chemistry yet there is a lack of detailed mechanistic 
information about these reactions. Using a combination of steady state photochemical measurements, transient laser spectroscopy, 
and electrochemical methods we rigorously characterize an α-aminoarylation mechanism that is the inspiration for a large number 
of photoredox reactions. While the overall product yield is high, the external quantum yield of the reaction is independent of light 
intensity only 15% to 30% depending on the length of the reaction. The reaction rate is also independent of light intensity when 
normalized to the number of incident photons. By assigning rate constants to the key productive and unproductive pathways, this 
allows us to identify and rationalize the rate-limiting step: deprotonation of an N-phenylpyrrolidine radical cation. Finally, we de-
velop a simple kinetic model that allows us to predict how changing different kinetic parameters can impact the quantum yield of 
the reaction.  

INTRODUCTION. 
By utilizing visible light to drive challenging syn-
thetic transformations, photoredox catalysis is 
profoundly changing modern synthetic chemistry.  
In the twelve years since the first simultaneous 
reports from MacMillan1 and Yoon,2 the number 
and scope of photoredox reactions has explod-
ed.3-7 While photoredox methods have developed 
at a remarkable pace, a detailed mechanistic un-
derstanding has lagged behind. Most reports typi-
cally offer a degree of mechanistic insight 
through some combination of Stern-Volmer 
measurements, redox potentials of the reaction 
components, bond dissociation energies, and var-
iation in reagent concentration. 8-11 While this can 
give information about the initial steps in the re-
action, subsequent steps are less well character-
ized. A detailed mechanistic understanding in-
volves direct knowledge of each intermediate as 
well as the kinetics of the productive and unpro-
ductive steps. This information can then be used 
to improve the reaction yields or reaction com-
pletion times.12,13 

Despite a wide variation in the details, all 
photoredox methods utilize a photocatalyst to 
absorb light and initiate the reaction. This photo-
catalyst is often a transition metal complex with 

long-lived excited states, though there are many 
examples using metal-free, organic photocata-
lysts.8,14,15 Once a photon is absorbed, the excited 
state of the photocatalyst can function as either a 
potent oxidant or reductant, which allows the 
photocatalyst to generate high energy intermedi-
ates that otherwise cannot be achieved by other 
thermal type reactions.16 Typically, photoredox 
reactions proceed via single electron transfer 
(SET) to a target substrate, which then generates 
a radical species that subsequently undergoes a 
bond-forming coupling reaction. Importantly, 
visible light allows reactions to occur without the 
use of harsh reaction conditions or reagents that 
are classically used in synthetic transfor-
mations.17  
 Mechanistic information on photoredox 
reactions rarely includes rate constants or direct 
observation of intermediates after the initial steps 
in the reaction. Nocera and coworkers used a 
combination of spectroscopic, electrochemical, 
and computational methods to fully characterize 
the catalytic cycle and rate constants of a hy-
droamidation photoredox reaction and with that 
information were able to address low quantum 
yields.12 In a related example, Orr-Ewing and 
coworkers were able to determine the rate con-
stants for electron transfer (ET) and radical prop-



 

agation steps for an atom transfer radical 
polymerization using transient IR techniques.18,19 
Several other groups have utilized transient ab-
sorption spectroscopy to observe reaction inter-
mediates in photoredox reactions.20-28  
 α-arylamines and substituted nitrogen 
heterocycles are important structural motifs in 
medicinal chemistry.29 Generation of these motifs 
using latent sp3 C–H bonds via cross-coupling of 
amines and aryl building blocks has attracted sig-
nificant attention,30,31 with photoredox reactions 
representing a particularly attractive approach.32 
The pioneering report on the photoredox genera-
tion of α-arylamines was first reported by Mac-
Millan and coworkers,33 though the use of cy-
anoarenes and α-amine radicals was subsequently 
generalized for a host of other photoredox trans-
formations34-42 and more recently to electrosyn-
thetic chemistry.43 All of these reactions build on 
the mechanism first proposed by MacMillan33 

using the prototype coupling of 1,4-
dicyanobenzene (DCB) and N-phenylpyrrolidine 
(NPP) to generate 4-(1-phenyl-2-
pyrrolidinyl)benzonitrile (Scheme 1). On the ba-
sis of Stern-Volmer emission quenching studies 
and redox potentials, they propose that upon ex-
citation of an iridium photocatalyst an electron is 
transferred to DCB to generate a radical anion 
and Ir(IV) species. The Ir(IV) species subse-
quently oxidizes NPP to generate the NPP•+ radi-
cal cation and regenerate the ground state cata-
lyst. In their mechanistic proposal, this NPP radi-
cal cation is then deprotonated by sodium acetate 
to give the NPP• radical, which couples with the 
DCB•– radical anion to form the target product.   
 

Scheme 1. Prototype α-aminoarylation reaction from 
MacMillan and coworkers.33 

 
 
 Despite the importance α-arylamines and 
related photoredox reactions, the reaction mecha-
nism and kinetics are poorly characterized. Re-
cently, Walker et al.44 examined the coupling of 
DCB and 2-methyl-1-phenylpiperidine. In that 
work they determined the rate constant for back 
electron transfer between DCB•– and [Ir(ppy)3]+, 

as well as the rate constant for the oxidation of 
the piperidine by [Ir(ppy)3]+, but the rest of the 
reaction mechanism was left unexplored. In this 
work, we utilize a combination of reaction quan-
tum yield measurements, transient absorption 
spectroscopy (TAS), and electrochemistry to 
characterize productive and unproductive path-
ways in the catalytic coupling of DCB and NPP 
and assign rate constants to all steps. From this 
we are able to identify and rationalize the rate-
limiting step in the catalytic cycle. Finally, using 
the rate constants obtained from TAS experi-
ments, we develop a kinetic model that is in good 
agreement with experimental measurements and 
allows us to predict the effect of changing differ-
ent reaction parameters.  

METHODS. 
Fac-tris(2-phenylpyridine C,N)iridium (III) 
(Ir(ppy)3), N,N-dimethylactemide (DMA), and 
1,4-dicyanobenzene (DCB) were purchased from 
Sigma Aldrich and used as received. N-
phenylpyrrolidine (NPP) was purchased from Al-
fa Aesar and used as received. 
  
Quantum Yield Measurements. DCB and sodi-
um acetate were crushed with a mortar and pestle 
and the sodium acetate was dried at 100 °C in a 
drying oven prior to use. A stirring flea was 
placed into a screwtop 1 cm pathlength cuvette 
along with Ir(ppy)3 (2.5 µmol, .005 equiv), DCB 
(0.5 mmol, 1 equiv), and sodium acetate (1.0 
mmol, 2 equiv), followed by 30 minutes of purg-
ing with argon. Degassed DMA (2 mL) and NPP 
(1.5 mmol, 3 equiv) were added via a syringe. 
The solution was then bubbled through with ar-
gon gas for an additional 45 minutes. For reac-
tions that varied in light intensity, the cuvette was 
placed on a stirring plate with a 3D printed cu-
vette holder in front of a collimated 415 nm LED 
(Thor Labs M15LP1) for 1-30 hours. The LED 
power was measured using a calibrated photodi-
ode (Thor Labs S120C). For wavelength-
dependent reactions, the cuvette was placed on a 
stir plate in front of a 950 W Xe arclamp (Oriel 
66921) equipped with a monochromator (Spectral 
Products CM110) for 2 hours. After illumination, 
0.25 mmol of triphenylmethane was added as an 
internal standard and the reaction allowed to stir 
for 30 minutes in the dark. 100-200 µL of reac-
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tion mixture was then dissolved in d-acetonitrile 
and the reaction yield calculated with quantitative 
1H Nuclear Magnetic Resonance. 
  
Stern-Volmer Kinetics. Stern-Volmer kinetics 
were characterized using solutions of 54 µM 
Ir(ppy)3 in DMA with varying concentrations of 
DCB. Samples were placed in a four-sided screw 
top cuvette with septum and purged under argon 
for 90 minutes. Emission data from 450-750 nm 
was collected using Shimadzu RF-6000 Spectro 
Fluorophotometer using an excitation wavelength 
of 425 nm.  
 
Transient Absorption Spectroscopy (TAS) 
Experimentation. Transient absorption experi-
ments were carried out using a Spectra-Physics 
Quanta-Ray Pro-290 pulsed Nd:YAG laser (10 
Hz) fitted with a PrimoScan OPO. An excitation 
wavelength of 415 nm (900 µJ/cm2) was used for 
all experiments. Laser pulses were chopped at 
every other pulse to improve the signal to noise 
ratio per the method of Rimshaw, et. al.45 The 
sample was illuminated with a broadband white 
light source (Energetiq EQ-99X), with a shutter 
before the sample to minimize light exposure. 
After the sample, probe light was collected by a 
monochromator (Spectral Products DK240) and 
passed onto a silicon photodiode (ThorLabs 
DET10A). Data was collected with a Pico Tech-
nology 6404C oscilloscope and analyzed using 
software written in LabView. 

Single wavelength traces were collected 
at 6.4 ns intervals up to 12 µs and at 1 µs inter-
vals up to 10 ms. The short-time and long-time 
data traces were stitched together before fitting. 
For short-time traces, data was collected with the 
probe on and off to remove any residual laser 
scattering. For TAS experiments, solution con-
centrations of 37 µM Ir(ppy)3, 50 mM DCB, and 
150 mM NPP in DMA were used. Solutions were 
prepared under an argon atmosphere for 90 
minutes in a four-sided screw top cuvette with 
cap and septum before TAS experiments. Sam-
ples were changed every two hours with stability 
confirmed by comparing single wavelength traces 
at the same wavelength collected at different 
times throughout the experiment. The TAS traces 
were fit to a kinetic model described in the sup-
porting information.  

 
Spectrochemical Studies. All spectroelectro-
chemical experiments were performed using a 
BioLogic SP-50 potentiostat, a platinum honey-
comb spectroelectrochemical cell (Pine) with a 
pathlength of 1.7 mm, and a Shimadzu UV-2600 
UV-Vis Spectrophotometer. Electrochemical po-
tentials were applied relative to a Ag/Ag+ refer-
ence electrode. For all spectroelectrochemical 
studies, 0.1 M tetrabutylammonium hexafluoro-
phosphate (TBAPF6) in DMA was used as the 
electrolyte. Concentrations of 83 and 590 µM 
were used for Ir(ppy)3 and DCB, respectively. 
Spectroelectrochemical studies of NPP failed to 
produce a stable spectrum for the radical cation 
and were not pursued.  
  

 RESULTS AND DISCUSSION 
Quantum yield measurements. Typically, pho-
toredox reactions fall into one of two categories:  
radical chain mechanisms or non-radical chain 
mechanisms. A radical chain mechanism in-
volves an initial formation of a radical species via 
the closed photoredox cycle, which then interacts 
with another neutral species to form subsequent 
radicals in a chain propagation step. These mech-
anisms reflect a quantum yield greater than one 
as a single photoredox cycle can yield multiple 
reactive radicals via chain propagation, which 
can translate to multiple products formed per ab-
sorbed photon. Non-radical chain mechanisms on 
the other hand correspond to formation of a sin-
gle product molecule with each photoredox cycle. 
Ideally, the internal quantum yield is one, indicat-
ing that every absorbed photon results in product 
formation. In practice, most quantum yields are 
less than one because of deactivation steps.  

We characterized the time dependent 
quantum yields (QY) and product yields at 10.4 
mW cm-2 (Figure 1) and 5.06 mW cm-2 (Figure 
S1) and observed a maximum product yield of 
86%. Though the overall reaction rate was slower 
at lower illumination intensities, the photon nor-
malized reaction rates were 2.75 mmol hr-1 W-1 
for 10.4 mW cm-2 and 2.76 mmol hr-1 W-1 for 
5.06 mW cm-2, which suggests that light intensity 
did not affect quantum yield in this intensity 
range.  



 

At an excitation wavelength of 415 nm, 
we observed QY in the range of 0.15-0.3, (Figure 
1) depending on the length of the reaction, which 
is consistent with the α-arylation reaction not 
proceeding through a radical chain pathway. At 
long reaction times, we observe a decrease in the 
quantum yield, which can be explained by a de-
crease in the concentrations of DCB and NPP. 
Interestingly, at short times we see a peak in the 
quantum yield around three hours (Figure 1). We 
propose this is related to sodium acetate acting as 
a proton scavenger and the generation of acetic 
acid (vide infra). Follow up studies to understand 
this mechanistic nuance are planned. 
 A reaction quantum yield of 0.15-0.3 is in 
good agreement with other studies on non-radical 
chain propagation reactions, where typical quan-
tum yields of photoredox reactions can range 
from 0.19 to 0.43.46–48 Ellman and coworkers 
partly explored the mechanism of a closely relat-
ed α-amino arylation reaction involving substi-
tuted piperidine analogues and observed 0.4-0.6 
at early timescales,44 which is in relatively good 
agreement with our quantum yields. These results 
were collected without the use of insoluble sodi-
um acetate, which may explain the higher quan-
tum yield.  

We also explored the quantum yield as a 
function of wavelength (Figure S2). In Ir(ppy)3, 
the main absorption band in the visible and near-
UV corresponds to the 1MLCT (d-π*) transition 

with a max absorption at λ=376 nm.49 The data 
demonstrates that quantum yield is independent 
of wavelength, as there was no significant varia-
tion in quantum yield until outside the absorption 
range of Ir(ppy)3. 
 
Electron transfer between DCB and Ir(ppy)3. 
Two possible pathways exist in the quenching of 
the excited photocatalyst. The first proceeds via 
an Ir(III)/Ir(II) cycle where the excited Ir(ppy)3 
first oxidizes NPP to generate an NPP radical cat-
ion and [Ir(ppy)3]– then transfers an electron to 
DCB. Alternatively, the reaction can go through 
an Ir(III)/Ir(IV) oxidative quenching pathway 
where DCB initially oxidizes the excited state 
photocatalyst to generate Ir(IV). McNally et al. 

suggest the Ir(III)/Ir(IV) pathway on the basis of 
the Stern-Volmer analysis of DCB and NPP with 
Ir(ppy)3.33 Our measurements of the quenching 
rate, kquench, of excited Ir(ppy)3 by DCB is 2.2 x 
109 M-1 s-1 on the basis of an excited state lifetime 
of 1.83 µs, which we determined via transient 
emission spectroscopy. This corresponds well 
with the values for kquench determined by McNally 
et. al.33 and Walker et al.44 of 2.3 x 109 M-1 s-1 and 
2.9 x 109 M-1 s-1, respectively. By contrast, we did 
not observe quenching of the excited Ir(ppy)3 
when using NPP as the quencher, which again is 
in good agreement with McNally and cowork-
ers.33  We also do not observe any changes in the 
TAS when exciting Ir(ppy)3 in the presence of 
NPP. This confirms that the reaction does not 
proceed via an Ir(III)/Ir(II) cycle but through an 
Ir(III)/Ir(IV) oxidative quenching pathway.  

Initially, we examined the rate at which 
the DCB radical anion can undergo back electron 
transfer (BET) with the Ir(IV) species to regener-
ate the ground state transition metal complex. In 
order to identify spectroscopic features of 
[Ir(ppy)3]+ and DCB•–, we utilized spectroelectro-
chemistry. Upon oxidation of Ir(ppy)3, positive 
absorption features appear at wavelengths shorter 
than 346 nm and longer than 478 nm, with a de-
crease in absorbance between those wavelengths 
(Figure S1). At wavelengths shorter than 450 nm, 
there are several large, positive absorption fea-
tures, which differ from the featureless ground 
state of DCB (Figure S3).50  
 

 

Figure 1. Percent yield (black circles) and external quantum 
yield (orange squares) of reaction illuminated by a 415 nm 
LED. (10.4 mW cm-2) 



 

 
 

 We collected TAS data from 100 ns to 10 
ms and from 340 to 1100 nm (Figure 2). Initially 
in the TAS spectrum there are positive absorption 
features at wavelengths longer than 460 nm and a 
bleach centered at 380 nm. Both are consistent 
with the formation of Ir(IV). There is also a new 
absorption at ~430 nm that we assign to the DCB 
radical anion.  At 100 ns, the transient spectrum 
could be reproduced by combining the difference 
spectra obtained from the spectroelectrochemical 
spectrum for [Ir(ppy)3]+ and DCB•–. From this, 
we determine an initial concentration of 3.55 µM 
for both species (Figure 3).  
 Unexpectedly, at longer times (>1 µs) we 
see changes in the transient spectra that are con-

sistent with the formation of a new species. Most 
notably, a new absorption at ~850 nm forms on a 
tens of millisecond timescale that cannot be as-
signed to either [Ir(ppy)3]+ or DCB•–. In addition, 
the bleach at 380 nm is replaced by a new ab-
sorption, and the absorption at 600 nm blueshifts 
and changes shape. Kinetic modeling using our 
measured value of kquench demonstrates that oxi-
dation of excited Ir(ppy)3 by DCB is complete 
within 70 ns and thus can be excluded on a mi-
crosecond timescale. Instead, we suggest the new 
species is a result of solvent oxidation by Ir(IV) 
to form the dimethylacetamide radical cation, 
DMA•+. Radical cations of N,N-dimethyl amides 
exhibit absorption bands in the near-UV (~360-
380 nm) as well as absorption features in the 

Figure 3. TAS spectrum at 100ns of Ir(ppy)3 and DCB excited at 
415 nm with simulated changes in absorption based on spectro-
electrochemical analysis using a concentration of 3.55 µM for 
Ir(IV) and DCB•–.. 
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Figure 2. Transient absorption spectrum of 37µM Ir(ppy)3 and 
50mM DCB at 415nm excitation from 100ns to 10ms. 

 

Figure 4. Single wavelength traces of 3.7 µMIr(ppy)3, 50 mM DCB at 360nm, 620nm, and 860 nm at 415 nm excitation (0.9 mJ/cm2 
per pulse, gray). Orange line is fit to kinetic model. 



 

near-IR,51,52 which is consistent with our observa-
tions.  

In order to understand the kinetics of 
electron transfer between Ir(ppy)3, DCB, and 
DMA we developed a kinetic model that incorpo-
rates BET between Ir(IV) and DCB•– (krecomb), ox-
idation of DMA by Ir(IV) (kscav), and electron 
transfer between DMA•+ and DCB•– (krecomb2)  and 
applied it to the single wavelength absorption 
traces (Figure 4). From the fit of ten different 
wavelengths, we calculated an average rate con-
stant for recombination, krecomb, of 1.1(±0.4) x 1010 
M-1 s-1. Though this recombination is nearly dif-
fusion controlled, the low concentration of Ir(IV) 
and DCB•– mean it is not the dominant pathway. 
Instead, the model suggests that Ir(IV) oxidizes 
the solvent to form DMA•+. Even though kscav is 
relatively small, 6.3(±0.8) x 105 M-1 s-1, the high 
concentration of the solvent means that most of 
the Ir(IV) is reduced back to Ir(III) by generating 
DMA•+. Subsequent electron transfer between 
DMA•+ and DCB•– resets the system in the ab-
sence of NPP. The kinetic model predicts that 
this process is also diffusion controlled (krecomb2 = 
1.5(±0.3) x 1010 M-1 s-1) but the electron transfer 
takes place over microseconds because of the low 
concentrations of DMA•+ and DCB•–. 
 
Electron transfer between DCB, NPP, and 
Ir(ppy)3. Following our TAS studies with only 
DCB and Ir(ppy)3, we then included NPP. It is 
immediately obvious that the transient spectra are 
remarkably different with NPP added (Figure 5).   
On short timescales (< 10 µs) there is a broad ab-
sorbance from 400-600 nm with a sharp peak at 
440 nm. There is also a slight increase in absorp-
tion in the near-IR. We assign the broad 400-600 
nm absorption to the formation of NPP•+ and the 
peak at 440 nm to DCB•–.53 We do not see any 
features that we can assign to [Ir(ppy)3]+, which 
suggests that oxidation of NPP is complete within 
100 ns. While this precludes us from making a 
definitive assignment for the rate constant of oxi-
dation, kox, we can use kinetic modeling to esti-
mate a minimum value of kox as 4 x 108 M-1 s-1, 
assuming an initial concentration of 3.55 µM of 
excited Ir(ppy)3.  
 At 10 µs and longer, the transient spectra 
change dramatically. Most notably a large transi-
ent absorption develops in the near IR from 700 

to 1100 nm as well as an increase in the absorp-
tion between 400 and 600 nm. While to the best 
of our knowledge the absorption spectrum for 
NPP• is not available, these absorption features 
are generally consistent with alkane radicals.54,55  

Single wavelengths traces (Figure 6) con-
firm the formation of a new species on a 10-100 
µs timescale, followed by decay over millisec-
onds. We could not fit these traces using a simple 
exponential model and so we expanded the kinet-
ic model used in the Ir(ppy)3/DCB experiments to 
include deprotonation of NPP•+, kdeprot, and cou-
pling of NPP• and DCB•–, kcouple. We also found 
that the data could not be fit unless we also in-
cluded a term that described electron transfer be-
tween DCB•– and NPP•+, krad recomb, which results 
in the regeneration of DCB and NPP. Using our 
expanded model, we were able to fit the TAS 
traces and extract the relevant rate constants. We 
obtain a value of 1.0(±0.1) x 1010 M-1 s-1 for kcou-

ple, 3.0(±0.1) x 1010 M-1 s-1 for krad recomb, and 
7(±1) x 105 M-1 s-1 for kdeprot. 

It is important to note that we did not in-
clude sodium acetate in our TAS experiments 
because we suggest that it is not the primary pro-
ton acceptor from NPP•+. For one, sodium acetate 
is completely insoluble in DMA, which would 
make rapid deprotonation of NPP•+ less likely. 
Also, we measured the apparent deprotonation 
rate of NPP•+ electrochemically and observed no 

Figure 5. Transient Absorption Spectrum of 37 µM Ir(ppy)3, 
50 mM DCB, and 150 mM NPP at 415 nm excitation from 
100 ns to 10 ms. 



 

difference in the rate with or without sodium ace-
tate (Figure S12). Lastly, Walker et al. observed 
that removal of sodium acetate from the coupling 
of 1,4-DCB and piperidines had no effect on the 
reaction.44 Instead, we suggest that NPP func-
tions as the primary proton acceptor in the reac-
tion as it is present as a higher concentration than 
sodium acetate and completely soluble in DMA. 
The slow deprotonation step is likely related to 
NPP being a weak base (reported pKa between 
3.24 and 5.68).56,57 Over time we do observe the 
formation of acetic acid, which suggests that the 
protonated NPP can subsequently transfer a pro-
ton to the sodium acetate.  
 
Kinetic Model. Our TAS data indicates that most 
of the reaction steps in the coupling of DCB and 
NPP occur at or near diffusion control, which is 
consistent with radical reactions.58 Interestingly, 
we can see from Figure 7 that the unproductive 
pathways (red) typically have larger rate con-
stants than the productive pathways (black). 
Product is produced, however, because in most 
cases the unproductive steps require two low 
concentration species (e.g., back electron transfer 
between [Ir(ppy)3]+ and DCB•–), while the pro-
ductive steps typically exploit one reagent at a 
high concentration (e.g., oxidation of NPP by 
[Ir(ppy)3]+).  
 Our results also allow us to explain why 
the quantum yield of the reaction is less than 1. 
Because the oxidized Ir(ppy)3 is rapidly reduced 
back to Ir(III) by NPP and no longer plays a role 
in the reaction, the only obvious way for the reac-
tion to exhibit a quantum yield less than 1 is ei-
ther through significant coupling of NPP• to form 

dimers or electron transfer between DCB•– and 
NPP•+. Within our NMR studies, we have not ob-
served significant NPP dimerization or other 
product formation, which supports electron trans-
fer between the two radical ions controlling the 
outcome of the reaction. This also explains why 
deprotonation of NPP•+ is the rate-limiting step in 
the reaction (Figure 7); the slower the deprotona-
tion, the more time for DCB•– and NPP•+ to un-
dergo recombination. 

We also investigated whether we could 
use the simple kinetic model used to fit the TAS 
data to also make predictions about the reaction. 
Using the rate constants we obtained from TAS 
experiments and assuming an initial pulse of light 
generates a concentration of 3.55 µM excited 
Ir(ppy)3, the kinetic model predicts a quantum 
yield of 0.584. Our steady state QY measure-
ments observed QYs in the range of 0.15-0.3, so 
this value is in good agreement. It is important to 
note that the value of 0.2-0.3 is an external quan-
tum yield, i.e., it is based on the number of inci-
dent photons. While at 415 nm nearly all those 
photons should be absorbed, the presence of the 
insoluble sodium acetate leads to scattering and a 
lower external QY. Additionally, our simple ki-
netic model does not account for off-cycle path-
ways such as dimerization of NPP• or proton 
transfer between sodium acetate and protonated 
NPP, which may or may not occur. For example, 
Figure S5 demonstrates that inclusion of dimeri-
zation of NPP• into the model could certainly 
shift the QY into the range of our observed num-
bers.  

As expected, the quantum yield of the re-
action is highly dependent on the rate of deproto-

Figure 6. Single wavelength traces of 3.7 µM Ir(ppy)3, 50 mM DCB, and 150 mM NPP at 540nm, 800nm, and 900 nm at 415 nm 
excitation (0.9 mJ/cm2 per pulse, gray). Orange line is fit to kinetic model. 



 

nation. The model suggests that if the rate depro-
tonation step were increased by just one order of 
magnitude then the reaction would give quantum 
yields near 1 (Figure S6). By contrast, slowing 
the rate by an order of magnitude would decrease 
the quantum yield by nearly two thirds. This pre-
dicts that adding a better proton acceptor than 
NPP should result in a higher quantum yield. The 
model suggests that if the radical recombination 
step was slower by two magnitudes, the reaction 
quantum yield could be near 1 (Figure S7).  

Interestingly, there is a significant amount 
of kinetic redundancy in this reaction. For exam-
ple, slowing the rate of quenching of excited 
Ir(ppy)3 by more than order of magnitude is pre-
dicted to have little impact on the reaction. (Fig-
ure S8). Likewise, the oxidation of NPP by Ir(IV) 
or rate of coupling between NPP• and DCB•– 
could be slowed by several orders of magnitude 
without impacting the reaction (Figures S9 and 
S10).   

The peak in the QY data (Figure 1) is 
likely related formation of acetic acid. As sodium 
acetate is protonated to form acetic acid, the size 
of the insoluble particles will decrease along with 
the scattering efficiency. We have observed that 
reactions that do not pre-grind the sodium acetate 
result in lower QY. As fewer photons are scat-
tered, the external QY should increase closer to 
the value predicted by the kinetic modeling, ex-

plaining the increase in QY over the first five 
hours of the reaction. At the same time, we sug-
gest that acetic acid can be oxidized instead of 
NPP. Oxidative decarboxylation is well known in 
photoredox catalysis,59,60 suggesting it is plausi-
ble that acetic acid can function as an electron 
donor to [Ir(ppy)3]+. Fragmentation to form a me-
thyl radical is unlikely, suggesting that electron 
transfer with DCB•– to regenerate acetic acid and 
DCB may occur. The increase in acetic acid over 
time would explain the decrease in QY we ob-
serve over time.  
 Using our modeling, we can also consider 
the QY results reported by Walker et al.44 for the 
coupling of piperidine with DCB and this report 
(0.4-0.6 vs. 0.15-0.3).  In that study, the authors 
report that oxidation of the piperidine, kox, is at 
least one magnitude slower (2.4 x 107 M-1s1) than 
what we observe (>4 x 108 M-1s-1). This differ-
ence in rate is likely related to the presence of a 
methyl group adjacent to the amine nitrogen. By 
extension, we also propose that recombination 
between the piperidine radical cation and DCB•– 
is also slowed by the same methyl group. Our 
kinetic modeling suggests that kox can be as slow 
as 106 M-1 s-1 without having a significant impact 
on the overall QY. The higher QY in that study 
may then be related to the lack of scattering from 
sodium acetate or slowing of electron transfer 
between the radical cation and DCB•–. This elec-
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Figure 7. Overall kinetic scheme with rate constants for the coupling of N-phenylpyrrolidine (NPP) and 1,4-dicyanobenzene (DCB). Red ar-
rows indicate steps that are catalytically unproductive.  
 



 

tron transfer step (krad recomb) is predicted to to 
have a profound effect on the QY of the reaction 
and may be slowed by the methyl group.  
 
CONCLUSION. 
 Through a combination of steady state 
photochemical measurements, laser spectroscopy, 
and electrochemical methods we have rigorously 
characterized a photoredox reaction that is broad-
ly relevant to wide range of transformations. 
While the overall yield of the reaction is high 
(86% in our hands) the external QY of the reac-
tion is more modest, only 0.15 to 0.3 depending 
on the length of the reaction. We also find that 
when normalizing for the number of photons, 
there is no difference in the reaction rate between 
high and low illumination intensities.  

Using transient laser spectroscopy and ki-
netic modeling, we have determined the rate con-
stants for the main productive and non-
productive pathways in a model α-aminoarylation 
cross-coupling reaction between DCB and NPP. 
Our studies reveal that deprotonation of the NPP 
radical cation is the rate-limiting step. This step 
acts as gatekeeper to coupling of the radicals and 
limits the reaction by enabling electron transfer to 
occur between the two radical anions, which es-
sentially resets the reaction.  
 Finally, we developed a simple kinetic 
model and using the rate constants we obtained, 
predicted a QY of 0.58, which is in good agree-
ment with our experimentally measured QY. We 
were then able to use that model to predict the 
effect of changing various kinetic parameters. As 
expected, changing the rate of deprotonation or 
electron transfer between the radical ions is pre-
dicted to significantly impact the QY of the reac-
tion. There is also significant kinetic redundancy 
in the reaction as the quenching, oxidation, and 
coupling rates can all be slowed several orders of 
magnitude without appreciable effects.   
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