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ABSTRACT: The use of photoredox catalysis for the synthesis of small organic molecules relies on harnessing and converting the 

energy in visible light to drive reactions. Specifically, photon energy is used to generate radical ion species that can be harnessed 

through subsequent reaction steps to form a desired product. Cyanoarenes are widely used as arylating agents in photoredox catalysis 

because of their stability as persistent radical anions. However, there are marked, unexplained variations in product yields when using 

different cyanoarenes. In this study, the quantum yield and product yield of an -aminoarylation photoredox reaction between five 

cyanoarene coupling partners and N-phenylpyrrolidine were characterized. Significant discrepancies in cyanoarene consumption and 

product yield suggested a chemically irreversible, unproductive pathway in the reaction. Analysis of the side products in the reaction 

demonstrated the formation of species consistent with radical anion fragmentation. Electrochemical and computational methods were 

used to study the fragmentation of the different cyanoarenes and revealed a correlation between product yield and cyanoarene radical 

anion stability. Kinetic modeling of the reaction demonstrates that cross-coupling selectivity between N-phenylpyrrolidine and the 

cyanoarene is controlled by the same phenomenon present in the persistent radical effect. 

INTRODUCTION. 

Visible light photocatalysis is used to drive 

different types of small molecule, bond-forming 

transformations.1-8 Photocatalytic transformations 

harness the oxidation or reduction potential of 

short-lived excited states that can undergo single 

electron transfer (SET), via reductive or oxidative 

quenching of excited state, to generate radical 

intermediates in redox-labile substrates.9-13 Often, 

transition metal photocatalysts, like tris(2-

phenylpyridine)iridium (III) (Ir(ppy)3) or 

tris(bipyridine)ruthenium(II) chloride 

([Ru(bpy)3]
2+), are used because of their long-

lived excited states, good visible light absorption, 

and tunable reduction potentials.14 Organic 

photocatalysts have also received significant 

attention due to the lack of precious metals and 

ability to drive a wide range of transformations, 

however, many of these photocatalysts exhibit 

shorter excited state lifetimes, and care must be 

taken in reaction design.15,16 

Careful design of the radical-generating 

SET event is necessary when developing 

photocatalytic transformations.17,18 Depending on 

the mechanism of quenching, the SET event 

generates a radical cation or radical anion 

intermediate, which are inherently less stable than 

their neutral counterparts.19 The added electron 

generally decreases the bond order of the 

substrate, decreasing bond strength.20,21 In many 

cases, the decrease in bond strength can be 

leveraged to direct subsequent reaction steps. For 

example, photochemical reduction of aryl halides 

leads to a rapid fragmentation to generate the aryl 
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radical and halide anion.22 Alternatively, the α-

amino position in amine radical cations becomes 

significantly more acidic when compared to the 

neutral molecule and is readily deprotonated to 

give a neutral radical species.  

Cyanoarenes are widely used as arylating 

agents in various photoredox reactions.23-33 When 

reduced, the cyanoarene radical anion 

intermediates are considered to be long-lived 

“persistent” radicals, and that stability enables 

radical cross-coupling.34,35 Though the cyano 

groups are strongly electron-withdrawing they are 

poor electron acceptors and the electron density is 

localized on the aromatic ring and not on the cyano 

group.36,37 Though generally assumed to be stable, 

there are some reports of cyanoarene radical 

anions undergoing hydrogen addition or C-CN 

bond cleavage after reduction.38-40 

A prototypical reaction using cyanoarenes 

as arylating reagents is the α-amino arylation 

photoredox reaction, first identified by MacMillan 

and coworkers.41 In this reaction, a photoredox 

cross-coupling between various cyanoarenes and 

amines resulted in range of α-amino aryl products, 

which are broadly useful in pharmaceutical 

synthesis. Recently, using the coupling of 1,4-

dicyanobenezene (1,4-DCB) and N-

phenylpyrrolidine (NPP), we thoroughly 

interrogated the reaction using photochemical 

measurements, transient laser spectroscopy, and 

electrochemical methods and were able to identify 

several new mechanistic pathways and assign rate 

constants to the individual steps within the 

reaction (Scheme 1).42  The reaction is initiated by 

electron transfer from a photoexcited Ir(ppy)3 

photocatalyst to give [1,4-DCB]•– and [Ir(ppy)3]
+ 

(kquench). NPP does not participate in the 

quenching reaction as the kq is on the order of 103 

M-1 s-1. Next, the oxidized photocatalyst is then 

regenerated by oxidizing NPP to give [NPP]•+ 

(kox), which is subsequently deprotonated to give 

[NPP]• (kdeprot). While this step has the smallest 

rate constant, kinetic modeling suggests that it is 

fast enough to outcompete recombination between 

the radicals (krad recomb and krad recomb2). Coupling 

between the radical anion and neutral radical 

(kcouple), followed by loss of cyanide, gives the 

final product. Transient absorption spectroscopy 

(TAS) data revealed that deprotonation of [NPP]•+ 

is the slowest step and also that [1,4-DCB]•– 

undergoes pairing with a neutral 1,4-DCB 

molecule to form a radical ion pair, [1,4-DCB]2
•−. 

However, kinetic modeling indicates that the 

external quantum yield (QY) of this reaction is not 

limited by the coupling chemistry, but by photons 

being lost to parasitic absorption of an NPP/DCB 

donor-acceptor complex as well as scattering by 

an insoluble sodium acetate base.  
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Implicit in the mechanism developed by 

this previous study is that given sufficient time the 

reaction should achieve product yields of 100%. 

In the case of 1,4-DCB that is largely accurate as 

we reported a product yield of 88% at 24 hr, which 

was in good agreement with the 96% yield 

obtained by MacMillan and coworkers.41 

However, using a cyanoarene other than 1,4-DCB 

leads to markedly lower product yields, which 

cannot be explained by the mechanism in Scheme 

1. This suggests a chemically irreversible 

unproductive step that was not identified in our 

previous report. In this study, we explore a wider 

range of cyanoarene coupling partners (Figure 1) 

and observe reduced yields compared to 1,4-DCB, 

even after 96 hr of illumination. Analysis of the 

reaction mixtures demonstrates the formation of 

side products consistent with radical anion 

fragmentation, which is supported by 

electrochemical and computational studies on the 

stability of the radical anions. The trends in 

cyanoarene radical anion stability and overall 

product yield, are consistent with the selectivity of 

the reaction being influenced by the stability of the 

persistent cyanoarene radical anion.  

 

RESULTS AND DISCUSSION. 

Steady-state photochemical studies. As a 

starting point, we determined the product yield 

(PY) and QY for the cross-coupling of NPP and 

our set of cyanoarene coupling partners (Table 

S1). Though our previous study utilized sodium 

acetate as the base in the reaction, in this study 

tetrabutylammonium acetate was used to remove 

scattering effects related to the base. Also, we note 

the external QY was measured, which is 

determined as the amount of product generated 

divided by the moles of incident photons. The 

concentration of photocatalyst is sufficiently high 

that it is capable of absorbing all incident photons. 

In addition, the cyanoarenes and NPP form 

 

Scheme 1. Overall kinetic scheme with rate constants for the coupling of N-phenylpyrrolidine (NPP) and 1,4-

dicyanobenzene (DCB). Red arrows indicate steps that are catalytically unproductive. 

   

Figure 1. Cyanoarene coupling partners used in this 

study. 
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ground-state donor-acceptor complexes that 

parasitically absorb light but do not lead to 

productive photochemistry42 (Figures S26-S30) 

The donor-acceptor complex also has little impact 

on the quenching as we measure a kq of 1.92 x 109 

M-1 s-1 for DCB in a donor-acceptor complex with 

NPP.  Thus, while we estimate ~40-45% of the 

incident photons go to the donor-acceptor 

complex, it is difficult to determine the value 

exactly. As a result, we prefer the use of external 

QY, which does not depend on knowing the exact 

number of photons absorbed by the photocatalyst.  

Figure 2 shows the plot of PY and QY for 

1,4-DCB over 48 hr. Generally, the QY is greater 

than in our previous study (0.3 to 0.15) because of 

the use of a soluble base in this study, which 

eliminates scattering. When TBA acetate was used 

in our previous study, 1,4-DCB had an initial 

quantum yield of 0.52 at 0.5 hr, which is consistent 

with the results in Figure 1.42 Also, in this study 

we extended the illumination time to 48 hr, which 

resulted in an increase of PY to 95%. As is typical 

for a photochemical reaction, the rate of product 

formation is controlled by the photon flux (Figures 

S35 and S36). 

 

Consistent with the observations of 

MacMillan and coworkers, we observe a decrease 

in PY when using the other cyanoarenes. Figure 

3a shows the PY and percent cyanoarene 

consumption for all  the cyanoarenes at the final 

measured time point. After 96 hr of illumination, 

Et-4-CNBZ had achieved complete cyanoarene 

consumption, though the product yield was only 

69%. 4-CNPY achieved nearly complete 

cyanoarene consumption within 48 hr but likewise 

exhibited a lower PY (65%). For 1,2-DCB, even 

after 90 hr of illumination, only 73% of the 

cyanoarene had been consumed for a PY of 48%. 

Finally, 2-CNPY achieved a maximum yield of 

22% after 48 hr, with 69% of the cyanoarene 

Figure 2. External quantum yields and product yields for 

cross-coupling reaction with 1,4-DCB. 
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having been consumed. Illumination of the 2-

CNPY for an additional 22 hr did not result in a 

statistically significant increase in the overall 

yield. Apart from 1,2-DCB, all of the PY were 

within 10% or less of the values reported by 

MacMillan and coworkers.41 We also note that 

except for 1,4-DCB, there is a significant 

discrepancy between the overall PY and the 

amount of cyanoarene consumed. This is 

consistent with a chemically irreversible pathway 

that is absent or insignificant for 1,4-DCB.  

The yield data collected in this current 

study allowed us to test a previous prediction 

about the impact of quenching on QY.42 Kinetic 

modeling on the coupling of 1,4-DCB and NPP 

suggested that the rate constant for quenching (kq) 

could be decreased by two orders of magnitude 

relative to 1,4-DCB and have minimal impact on 

the QY.  To that end, we determined kq for each 

cyanoarene using Stern-Volmer methods 

(Supporting Information).  Table 1 shows a 

significant variation in kq with a maximum value 

of 2.2 x 109 M-1 s-1 for 1,4-DCB and a minimum 

value of 2.1 x 106 M-1 s-1 for 2-CNPY. There is a 

rough correlation between the value of the kq and 

the standard reduction potential, E°, with more 

electron rich substrates showing smaller values of 

kq.  The initial QY yield (Figure 3B), however, 

does not show a dependence on kq, which is 

consistent with our predictions from kinetic 

modeling. For example, despite a nearly two 

orders of magnitude difference in kq for 1,4-DCB 

and 4-CNPY, they both exhibit nearly identical 

initial QY (0.55 and 0.53, respectively). The initial 

QY of 1,2-DCB (0.56) was also similar to 1,4-

DCB and 4-CNPY despite it having a kq one order 

of magnitude lower than 1,4-DCB and one order 

of magnitude greater than 4-CNPY. Likewise, Et-

4-CNBZ having the second largest kq has an initial 

QY of 0.34. 2-CNPY has the lowest kq and the 

lowest initial QY of 0.19. Typical for a 

photochemical reaction, we observe a decrease in 

the QY over the course of the reaction (Figure 

3B). As with the initial QY, we do not observe a 

dependence of the final QY on kq. Overall, there is 

a general correlation between final QY and PY. 

 
Table 1. Quenching Rate Constants and Standard 

Reduction Potentials for Cyanoarenes 

 kq 

(M-1 s-1) 

E0 

(V v. NHE) 

1,4-DCB 2.2 x 109 -1.18 

1,2-DCB 9.3 x 108 -1.42 

4-CNPY 1.4 x 107 -1.87 

2-CNPY 2.1 x 106 -1.79 

Et-4-CNBZ 1.6 x 109 -1.34 

 

 Finally, we note an unexpected 

observation for Et-4-CNBZ. Over the course of 

the illumination, quantitative NMR shows 100% 

consumption of Et-4-CNBZ after 48 hr of 

illumination, however, the PY for the coupling 

product with NPP continues to increase by 12% 

Figure 3. (A) Final PY and reactant conversions of cross-

coupling reactions with cyanoarene substrates. (B) Initial 

(15 min) and final QY of cross-coupling reactions. 

(A) 

(B) 
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over an additional 48 hr. Attempts to use ethyl-4-

benzoate (vide infra) instead of Et-4-CNBZ did 

not result in product formation, which suggests an 

unknown reaction pathway that we are unable to 

identify at this time.  

 

Stability of the cyanoarene radical anion. In 

analyzing the reaction mixtures, products were 

observed that were consistent with fragmentation 

of the cyanoarene radical anion. In order to 

identify these fragmentation products, gas 

chromatography-mass spectroscopy (GC-MS), 1H 

NMR, and 13C NMR were used. The GC-MS 

spectra for reactions using 1,2-DCB revealed one 

chromatographic peak at m/z 77 corresponding 

benzene (Figure S20). Further investigation into 

the 1H NMR of 1,2 DCB reactions led to the 

identification of peaks that also corresponded with 

benzonitrile and benzene. In reactions with Et-4-

CNBZ, a side product of ethyl benzoate was 

identified in both GC-MS and 1H NMR spectra. 

Reactions with 4-CNPY and 2-CNPY exhibited 

GC-MS peaks at m/z at 79 indicating the presence 

of pyridine as a side product. (Figure S23).  

 To investigate the fragmentation of the 

cyanoarene radical anion, we turned to 

computational and electroanalytical methods. 

Calculations demonstrated that while the free 

energies of reduction were all favorable, the 

fragmentation free energies are all uphill (Table 

2). Overall, substitution and heteroatoms lead to 

opposite free energy trends in reduction and 

fragmentation. The largest free energies changes 

for reduction are for 1,4-DCB and 1,2-DCB then 

followed by Et-4-CNBZ, 4-CNPY, and 2-CNPY 

(Table 2). The subsequent fragmentations have 

the inverse trend, where 2-CNPY is the most 

favorable and 1,4-DCB is the least favorable. This 

trend is consistent with other studies regarding the 

reduction potential trends of other aromatic-type 

molecules. It has been observed that as reduction 

potentials become more positive, the rate of 

fragmentation increases.43 

Fragmentation rates were determined from 

variable-rate cyclic voltammetry (CV). At slow 

scan rates, CVs for all of the coupling partners 

demonstrated some degree of irreversibility after 

reduction, with the 1,4-DCB only exhibiting a 

small amount of irreversibility. By varying the 

scan rate from .010 V/s to 1 V/s, a partial oxidation 

peak corresponding to the cyanoarene radical 

anion could be observed. Fits of the various CVs 

to an EC mechanism were then used to extract a 

value for kfrag.(Table S2 and Figure S33) 

 
Table 2. ∆Gred, ∆Gfrag, and kfrag for cyanoarenes  

 ∆Gred 

(kJ/mol) 

∆Gfrag 

(kJ/mol) 

kfrag 

(s-1) 

1,4-DCB -277.23 176.51 0.008 ± 0.003 

1,2-DCB -269.80 164.78 0.011 ± 0.003 

4-CNPY -244.89 138.40 3 ± 1 

2-CNPY -228.65 125.65 0.11 ± 0.06 

Et-4-

CNBZ 

-264.65 169.70 0.014 ± 0.002 

 

The observed fragmentation rates are 

shown in Table 2. Fragmentation of 1,4-DCB was 

the slowest with 0.008 ± 0.003 s-1, while 4-CNPY 

and 2-CNPY had the largest values of kfrag with 3 

± 1 s-1 and 0.11 ± 0.06 s-1 respectively. kfrag for 1,2-

DCB and Et-4-CNBZ were similar with values of 

0.011 ± 0.003 s-1 and 0.014 ± 0.002 s-1, 

respectively. The values of kfrag in this study are 

comparable to kfrag for some t-alkoxy radicals, 

where cleavage rates ranged from 0.003 to 1 s-1.44 

In contrast, the fragmentation of the cyanoarenes 

was significantly slower than reported 

fragmentation rates of aryl halides and 

polyfluorinated benzoates, which have recorded 

rate constants spanning from 104 to 109 s-1.44,45 The 

predicted trend of ∆Gfrag agrees well with the 

experimental kfrag data. Namely, 1,4-DCB is the 

least favorable toward fragmentation while the 

cyanopyridines coupling partners are the most 

favorable towards fragmentation.  

 There is a much stronger correlation 

between the observed PY and kfrag than there is 

between PY and kq. 1,4-DCB had an overall 95% 

percent yield with 99% reactant conversion. This 

is explained well since 1,4-DCB is the most stable 

of the cyanoarenes. With Et-4-CNBZ, the yield 

drops to 69% percent yield though 100% of the 

cyanoarene has been consumed. The other 30% of 
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Et-4-CNBZ was converted to fragmentation 

products in the reaction. Finally, 2-CNPY had a 

23% percent yield with 69% of the cyanoarene 

consumed. The remaining 46% of the consumed 

2-CNPY went into unproductive fragmentation 

pathways, as in the case of 4-CNPY. This 

production of fragmentation products explains the 

decrease in QY because some incident photons 

lead to an unproductive fragmentation event 

instead of generating the desired cross-coupled 

product.   
 

Impact of cyanoarene radical anion stability on 

selectivity. In reactions where transient and 

persistent radicals are formed at similar rates, the 

cross-coupling product is the dominant product 

when the persistent radical effect (PRE) 

dominates.46,47 The PRE occurs when the transient 

radical self-terminates (T•+T•→T–T) and the 

persistent radical does not self-terminate or self-

terminates at a much slower rate. In that case, the 

persistent and transient radicals are primarily 

consumed by the cross-coupling reaction 

(P•+T•→P–T) because the concentration of the 

persistent radical builds up and favors the 

formation of the cross-coupling product over self-

termination of the transient radical. However, in 

addition to the major cross-coupling product, 

other products such as T–H and P–H may be 

generated due to disproportionation.48  

In the reaction with NPP, the NPP radical 

cation can undergo an α-cyanation to form 1-

phenyl-2-pyrrolidinecarbonitrile.49 This side 

product was observed by GC-MS in reactions with 

ET-4-CNBZ, 4-CNPY, and 1,2-DCB reactions. 

The 13C NMR spectra for a 4-CNPY reaction also 

displayed peaks corresponding to the NPP-

cyanation product, providing further evidence for 

this unproductive pathway.  As this pathway will 

be common to all  the cyanoarenes, we suggest the 

contributing factor to the differences in yields is 

the stability of the cyanoarene persistent radical 

anions, in analogy with the PRE. Reactions with 

1,4-DCB as the cyanoarene coupling partner are a 

good example of this since the cross-coupling 

product is generated with very high selectivity. On 

the other hand, reactions with the four other 

cyanoarene substrates do not demonstrate the 

same level of product selectivity, due to the 

formation of side products, such as pyridine. This 

explains why 1,4-DCB has high product 

selectivity and yields 95% versus 4-CNPY with 

65% product yield and a nearly 100% cyanoarene 

consumption. As the cyanoarene radical anion 

becomes less stable, the likelihood of side 

products from fragmentation increases, thus 

decreasing the steady state of cyanoarene radical 

anion. In turn, the absolute rate of coupling 

between the NPP• and cyanoarene radical anion 

will decrease, allowing for more of the NPP• to 

form 1-phenyl-2-pyrrolidinecarbonitrile 

To investigate this, we used kinetic 

modeling. As a starting point, we modeled the 

reaction between 1,4-DCB and NPP and added in 

a fragmentation step with a rate constant of 0.008 

s-1. We also added a step for the reaction of the 

NPP• with –CN to form 1-phenyl-2-

pyrrolidinecarbonitrile. The rate constant for the 

formation of 1-phenyl-2-pyrrolidinecarbonitrile 

was varied until a good fit was achieved to the QY 

data for 1,4-DCB at 3 x 105 M-1s-1 (Figure 4a). We 

then adjusted the model for 4-CNPY to account 

for lower the lower kq, slightly less parasitic light 

absorption by the donor-acceptor complex with 

NPP, and faster kfrag. All of the other parameters 

were left the same as with 1,4-DCB since the 

majority are already diffusion controlled and 

previous kinetic modeling suggests varying these 

parameters would have minimal impact on the 

reaction performance.42 Though not quite as close 

Figure 4. Experimental QY for 1,4-DCB (A) and 4-CNPY (B) with predicted QY from kinetic modeling overlaid as well as the 

concentrations of cyanoarene radical ion pair and NPP• over the first 10s of the reaction for 1,4-DCB (C) and 4-CNPY (D).  
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as the match with 1,4-DCB, the match between the 

predicted QY and measured QY for 4-CNPY is 

nonetheless very good (Figure 4b). For the other 

cyanoarenes (Figure S34), the QY predicted by 

the kinetic modeling is satisfactorily close to the 

experimental QY for 1,2-DCB and Et-4-CNBZ 

but is an excellent match to the experimental QY 

for 2-CNPY.  

The steady state concentrations of radical 

anion and pyrrolidinecarbonitrile predicted by the 

kinetic modeling provide several important 

insights into the coupling reaction. When looking 

at the first 10 seconds of the kinetic modeling 

results, there is a buildup 1-phenyl-2-

pyrrolidinecarbonitrile over the course of both 

reactions, with a more significant concentration in 

the reaction with 4-CNPY. Importantly, there is 

also a buildup of cyanoarene radical anion, 

modeled as the radical ion pair, during the 

reaction. For 1,4-DCB, at short times, both NPP• 

and the cyanoarene radical anion (in the form of a 

radical ion pair) are generated at the same rate 

before the steady-state concentration of NPP• 

decreases due to the formation of 1-phenyl-2-

pyrrolidinecarbonitrile (Figure 4c). The radical 

anion species continues to build up over the first 6 

hours of the reaction to a maximum concentration 

of 35 µM. In the case of 4-CNPY, at short times 

there is little buildup of the radical anion species 

and the reaction never goes above a steady state 

concentration of 450 nM (Figure 4d). As a 

consequence, since the coupling step is a second 

order process dependent on the concentration of 

both species, the absolute rate of coupling will be 

faster with 1,4-DCB when compared to 4-CNPY. 

This is reflected the significantly higher 

concentration of undesired 1-phenyl-2-

pyrrolidinecarbonitrile generated in the case of 4-

CNPY compared to 1,4-DCB (49 mM and 11 mM 

respectively). It is worth noting that the curves in 

Figures 4c and 4d match the predicted curve 

shapes and approximate timescales for persistent 

and transient radicals in reactions controlled by the 

PRE.47  

 

CONCLUSION. 

The α-amino arylation reaction analyzed in this 

study yields differing amounts of the cross-

coupling product depending on which cyanoarene 

coupling partner reacts with NPP.  In a previous 

study we suggested the possibility of a breakdown 

pathway in this reaction, thus accounting for a 

decrease in product yield. Characterization of the 

post-illumination reaction solutions detected the 

formation of side products, providing evidence for 

alternate, unproductive pathways. We 

hypothesized that the diminished product 

selectivity is related to the stability of the 

cyanoarene radical anion. Experimental and 

computational studies supported the conclusion 

that cyanoarene coupling partners with increased 

rates of fragmentation from the radical anion 

exhibit decreased product selectivity.  

 Though the mechanism of this selectivity 

control differs from a classical example of the 

PRE, we suggest that it is nonetheless 

conceptually the same and represents a version of 

the PRE. Both the NPP• and cyanoarene radical 

anion are produced on nearly identical (< ms) 

timescales. While we do not observe evidence for 

the self-termination of NPP• (e.g., via 

dimerization) we do observe the formation of 1-

phenyl-2-pyrrolidinecarbonitrile, which 

represents a loss pathway for NPP•. The reaction 

features the same selection pressure for the desired 

cross-coupling, namely the increase in 

concentration of persistent radical species in 

comparison to the transient radical species. 

Finally, as in a classical demonstration of the PRE, 

the stability of the persistent radical species plays 

a key role in controlling the buildup of the 

persistent radical cross-coupling partner.  

   

 

EXPERIMENTAL SECTION. 

Fac-tris(2-phenylpyridine) Iridium (III), 1,2-

dicyanobenzene, 1,4-dicyanobenzene, ethyl-4-

cyanobenzoate, 4-cyanopyridine, 2-

cyanopyridine, tetrabutylammonium acetate 

(TBA Acetate), N, N-dimethylacetamide (DMA), 

triphenylmethane, and technical grade 60 A° pore 

size silica gel were purchased from Millipore 

Sigma and used as received. N-phenylpyrrolidine 

was purchased from Fisher Scientific and used as 

received. Deuterated acetonitrile (acetonitrile-d3) 

was purchased from Cambridge isotope 

laboratories and used as received. Hexanes was 

purchased from Pharmco-Aaper and used as 

received. Ethyl-acetate was purchased from 
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Macron Fine Chemicals and used as received. and 

used as received. HPLC grade methanol (≥99.9%) 

was purchased from Millipore Sigma and used as 

received. 

Kinetics for the Rate of Fragmentation. All 

electrochemical experiments were performed 

using BioLogic SP-50 potentiostat, with 1 mm 

gold working electrode, pseudo-Ag/Ag+ reference 

electrode, and platinum coiled counter electrode, 

referenced to ferrocene as an internal standard in 

.100M TBNPF6 in DMA as electrolyte. A water 

circulator jacketed single-cell electrochemical 

glassware was used, and the electrodes were 

inserted into a jacketed electrochemical cell using 

a septum to produce an airtight seal. Temperature 

control was maintained by using a PolyScience 6-

liter Analog Controller Refrigerated/Heated 

Circulating Bath apparatus. Sample 

concentrations of 100 mM in electrolyte solution 

were used for all cyanoarene coupling partners, 

and  cyclic voltammograms (CVs) from 0.10 mV/s 

- 5 V/s where possible. Slow scan rate CVs (10 

mV/s -  1V/s) were fit using CVfit software 

supplied with the BioLogic EC-Lab based on an 

EC-type mechanism to values for kf. 

Quantum Yield and Product Yield 

Measurements. Argon was bubbled through the 

DMA for 30 minutes prior to each use. 0.5 mmol 

(1 equiv) cyanoarene, 2.5 µmol (0.005 equiv) 

Ir(ppy)3, 1 mmol (2 equiv) TBA acetate, 1.5 mmol 

(3 equiv) NPP, 2 mL DMA (2.218 mL total 

volume, 0.225 M cyanoarene) and a stirring flea 

were added to a clean borosilicate Starna Cells 

special optical glass Rectangular 

Spectrophotometer Cell screw top cap 10mm 

pathlength cuvette. The reaction solution was 

degassed with argon for an additional 45 minutes.  

The cuvette was placed on a stirring plate with a 

3D printed cuvette holder 6.5 cm away from a 

collimated 415 nm LED (Thor Labs M415L4, full 

width half max of 12 nm ± 2 nm) and illuminated 

for 1-96 hours. The reaction solution was stirred 

for 30 minutes prior to illumination. The LED 

power was measured to 10.41 mW (14.65 

mW/cm2) using a calibrated photodiode (Thor 

Labs S120C). No LED filters were used. 

 For reactions involving 2-cyanopyridine a 

0.25 M stock solution was made under air-free 

conditions in a glovebox. First, a 100 mL round 

bottom flask, a 250 mL round bottom flask, and 

two 25 mL volumetric flasks were thoroughly 

cleaned and dried in an oven overnight. 100 mL of 

DMA and 50 g molecular sieves were added to the 

250 mL round bottom flask and degassed with 

nitrogen for 1 hour. In the glovebox, 0.6505 g 

(6.25 mmol) of 2-cyanopyridine was measured 

and added to one of the 25 mL volumetric flasks. 

The volumetric flask was filled up to the 

calibration mark with the degassed DMA using a 

beral pipet. This process was repeated with the 

second volumetric flask to afford 50 mL of 0.25 M 

2-cyanopyridine in DMA. This stock solution 

degassed for 45 min and then 2.0 mL was added 

via syringe to a clean Starna Cells special optical 

glass Rectangular Spectrophotometer Cell with a 

screw top cap 10mm pathlength cuvette along 

with  0.00165 g (2.5 µmol, 0.005 equiv) Ir(ppy)3, 

0.3016 g (1 mmol, 2 equiv) TBA acetate, and 

0.218 g (1.5 mmol, 3 equiv) NPP. The reaction 

solution was degassed with argon for an additional 

45 minutes. The cuvette was placed on a stirring 

plate with a 3D printed cuvette holder 6.5 cm away 

from a collimated 415 nm LED (Thor Labs 

M415L4, full width half max of 12 nm ± 2 nm) for 

1-70 hours. The reaction solution was stirred for 

30 minutes prior to illumination. The LED power 

was measured to 10.41 mW (14.65 mW/cm2) 

using a calibrated photodiode (Thor Labs S120C).  

After illumination, 0.0611 g (0.25 mmol) of 

triphenylmethane was added to the solution and 

stirred for 30 minutes to ensure homogeneity. 175 

µL of the reaction solution and 350 µL of 

acetonitrile-d3 were micropipetted into a Wilmad 

NMR tube (5 mm diameter, precision, 400 MHz 

frequency, 7 in. length). The sample was measured 

on a Bruker Avance III HD 400 and analyzed with 

Bruker TopSpin 4.1.0 software. 1H NMR spectra 

were calibrated to a singlet at 1.97 ppm 

corresponding to N,N-dimethylacetamide 

hydrogens. Quantum yield and product yield were 

calculated following the formula provided in the 

SI. 

Column Chromatography. Using a Pasteur 

pipet, silica gel, and a solvent system of 1:1 ethyl 

acetate and hexanes, column chromatography was 

carried out to separate the iridium photocatalyst 

from the reaction solution to perform gas-phase 
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mass spectroscopy (GC-MS). To prepare the 

Pasteur pipet, 5 g silica was dissolved in 

approximately 25 mL of the solvent system. Once 

homogenized, the slurry was pipetted into the 

Pasteur pipet and allowed to settle. Subsequently, 

the post-illumination reaction solutions were 

pipetted into the pipet column, and the purified 

solutions were collected for GC-MS analysis. 

Gas Phase Mass Spectroscopy. To prepare the 

sample for GC-MS analysis, one drop of the 

purified post-illumination reaction solution was 

dissolved in 1 mL of HPLC-grade methanol 

(≥99.9%). This mixture was filtered through a 

syringe filter using a 3 mL plastic syringe and 

collected in a 2 mL GC-MS glass vial. GC-MS 

spectra were measured on a Shimadzu GC-2010 

Plus instrument. 

Density Functional Theory. The relaxed ground 

state electronic structure of the neutral and 

reduced five coupling partners and their 

electrochemical fragments were optimized using 

the widely used M06-L functional with empirical 

dispersion (D3) 1 in conjunction with standard 

Gaussian type orbital (GTO) basis sets of triple-ζ 

quality, 6-311G(d,p), with a complete polarizable 

continuum model (PCM) solvent description for 

DMA. All calculations were performed using the 

Gaussian16 program.2 The fully optimized 

minima were run with no symmetry constraints 

applied and confirmed by no imaginary 

frequencies. All energies are thermally corrected 

Gibbs free energies, with redox potentials 

calculated via the Nernst equation. 
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