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ABSTRACT: Photochemistry provides paths to reactive inter-
mediates that are often inaccessible by any other means. Most
organic molecules, however, are colorless and require photo-
catalysts absorbing in the visible spectral region for transferring the
required energy and charges. The electrochemical potentials of a
photocatalyst, along with its optical excitation energy, guide its
selection for driving oxidative or reductive reactions. Such
selection criteria, however, frequently undermine the complexity
of the transformations and prove limiting. Herein, we demonstrate
how electron-rich and electron-deficient photoredox catalysts, with
distinctly different reduction potentials, successfully drive the same
reaction with similarly good yields. The analysis reveals that the
large differences between the optical and electrochemical frontier-
orbital energy gaps cause switching between two parallel reaction pathwaysoxidative versus reductive quenching. This finding
demonstrates a paradigm where reaction mechanism adjusts to the electronic properties of catalysts and opens doors for diversifying
and broadening of the applicability of photochemical transformations.
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■ INTRODUCTION

In the recent years, the renaissance of photochemistry has
made it one of the most dynamically growing branches of
organic chemistry. Encompassing endergonic reactions where
light can be viewed as a “reagent” driving the trans-
formations,1−3 the field of photocatalysis offers considerably
more than what “classic” catalysis does. Currently, dyes that
utilize absorbed light energy to drive endergonic chemical
transformations, via turnover cycling between ground and
excited states, are the focus of one of the fastest growing
branches of photocatalysis.4,5 The IUPAC recommendations
from the mid-2000s appear to reflect this important trend by
removing the limitation for exergonicity from the definition of
“photocatalysis”.1

Activation of organic molecules, mediated by visible light,
enables a large number of organic transformations including
oxidations,6−8 reductions,9 formation of carbon−carbon10−12
and carbon−heteroatom13,14 bonds, and functionalization of
inactivated C−H bonds.15,16 It is possible to sustain the pace
of breakthroughs in this field, however, only if deepening the
mechanistic understanding of light driven reactions accom-
panies the development of new synthetic methods in order to
fill the growing gap between utilitarian experimental results
and pursuits of fundamental knowledge.17−19

In the early years of photoredox chemistry, serendipity and
empirical deductions drove the selection of photocatalysts
(PCs). Nowadays, on the other hand, the relationships
between the electrochemical and optical properties of catalysts
and substrates typically defines the basis for choosing an
optimal PC. Previous reports provide guidelines how to
control the oxidizing and reducing propensities of both
transition-metal based20−22 and organic PCs.23−25 Depending
on its electrochemical properties, the photoexcited catalyst,
PC*, undergoes photoinduced-charge-transfer (PCT) with an
electron donor or acceptor, initiating a turnover cycle via
reductive or oxidative quenching, respectively.4

As discussed in recent years, chemical transformations can
proceed via oxidative and reductive quenching cycles depend-
ing on reaction settings such as the type of PC and redox-active
substrates present.4,5 Stephenson et al. report efficient
switching between oxidative and reductive pathways in
protocols for photoinduced atom-transfer radical addition
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(ATRA) catalyzed by [Ir{dF(CF3)ppy}2(dtbbpy)]PF6 (oxida-
tive quenching) or [Ru(bpy)3]Cl2 (reductive quenching).26,27

Similarly, both quenching manifolds can lead to photocatalytic
activation of N-(acyloxy)-phthalimides (NHPI esters), popular
sources of alkyl radicals, depending on the nature of a PC.28,29

Active promoting of one mechanistic pathway often affects the
overall result by, e.g., suppressing side reactions or broadening
applicability of the process.26 In exceptional cases, catalyst-
controlled divergent catalytic cycles allow for the formation of
different products as in the fragmentation of N-acyl-isoxazol-5-
ones reported by Zhou et al.30 Is it always necessary, however,
to actively control the exact reaction pathways by selecting PCs
with specific electronic properties? May we, under exactly the
same conditions, obtain similar results and switch between
alternative mechanisms, and even more, have these two
mechanism operate in parallel? What are the factors affecting
photoredox reaction pathways when both oxidative and
reductive quenching seems equally feasible?
To address such questions, herein we employ porphyrins as

photocatalysts where varying substituents and the state of
metalation allows for adjusting their electrochemical potentials
over ranges exceeding half a volt. These drastic changes in the
redox properties of the PCs do not alter by much the overall
yields of the light-driven reaction of a quaternary pyridinium
salt with an activated alkyne. The key step involves
photocatalytic reduction of the pyridinium cation (Py+). Our
analysis reveals an interplay between two parallel mechanisms
that allows electron-rich and electron-deficient photocatalysts
to drive the same reaction to completion, i.e., transforming the
same starting materials into the same product. That is, the
reaction mechanism and pathways adjust to the electronic
properties of a catalyst.

■ RESULTS AND DISCUSSION
Model Reaction. Deaminative alkynylation (DAA), a

reaction of activated alkynes with Katritzky salts, involves
reductive activation of Py+ via a sequence of photocatalyst-
mediated CT steps (Scheme 1).31 The photogenerated pyridyl
radical A releases an alkyl radical B essential for the alkylation
of alkyne 2. Subsequent elimination of a tosyl radical yields
product 3.
Preparative electrochemistry can, indeed, provide the means

for reducing Py+ and drive DAA without a PC, stoichiometric
amounts of sacrificial electron donors or acceptors and light
illumination. The required 100 s of mM of supporting
electrolyte presents formidable challenges when isolating and
purifying the product from electrochemical reaction mixtures.
In contrast, the minute amounts of colored PC can readily be
removed, which illustrates a key practical advantage of
photocatalysis, employing visible light irradiation to selectively
drive the reaction to completion.
Earlier mechanistic studies reveal that the prevalent pathway

of the reaction involves photoinduced electron transfer (PET)
from the excited PC* to Py+.31 A subsequent reduction of the
formed radical cation PC•+ by a hole transfer (HT) to DIPEA,
which acts as a sacrificial electron donor, closes the catalytic
cycle, i.e., PET-HT Mechanism (Scheme 1). Nevertheless, we
cannot exclude the possibility for initial oxidation of the
sacrificial donor via photoinduced hole transfer (PHT) from
the excited PC* leading to the radical anion, PC•‑. In this
scenario the generated highly reducing species transfers
electron to Py+ (ET), illustrating an alternative pathway
involving PHT-ET Mechanism.

What defines the preference of the PET-HT (oxidative
quenching) vs the PHT-ET (reductive quenching) pathways?
Is it the interplay between the thermodynamic and kinetic
control in regulating the preference for the reaction mechanism
when parallel pathways are possible? The answers to these
questions are important for designing and selecting PCs for
light-driven redox transformations.
In the model DAA reaction, the photocatalyst drives the

endergonic electron transfer from DIPEA to Py+. The
reduction potentials for oxidizing DIPEA and reducing Py+

(1) are, respectively, EDIPEA•+/DIPEA
(0) = 0.86 V vs SCE and EPy+/Py•

(0)

= −0.83 V vs SCE for DCM in the presence of 0.1 M
electrolyte. Thus, the optical excitation energy ( 00) of a PC
should overcome the hugely unfavorable driving force of this
CT process, i.e.

> Δ ≈ − =•+ + •G F E E( ) 1.69 eV00 CT
(0)

DIPEA /DIPEA
(0)

Py /Py
(0)

(1)

This “uphill” ΔGCT
(0) corresponds to 735 nm near-infrared

light radiation. Therefore, the bathochromic edge of the
absorption spectrum of the photocatalyst should be in the
visible spectral region, and many dyes meet this requirement.
Furthermore, the reduction potentials of a PC for this reaction
should bracket those of the pyridinium acceptor and of the
sacrificial donor, i.e.

<•− + •E EPC/PC
(0)

Py /Py
(0)

(2a)

and

>•+ •+E EPC /PC
(0)

DIPEA /DIPEA
(0)

(2b)

Scheme 1. Model Deaminative Alkynylation with Katritzky
Salts and Plausible Mechanistic Pathwaysa

aElectron transfer (ET) is CT that involves a transduction of an
electron to a lowest unoccupied molecular orbital (LUMO), HT is
CT involving a transfer of an electron from a highest occupied
molecular orbital (HOMO) to a singly occupied orbital, which is
equivaled to moving a vacancy from a singly occupied orbital (i.e., the
hole) to a higher lying HOMO.32
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The electrochemical and optical properties of tetraphenylpor-
phyrin (9, Figure 1) should meet the requirements for
photocatalyzing this DAA reaction.

The structure of porphyrin 9 provides a myriad of
possibilities for attaining derivatives with a wide range of
electronic properties via, for example, metalation or variation
of substituents on the phenyls, R1 and R2. For mechanistic
studies, therefore, we selected a series of porphyrinoids 5-16
taking under consideration their (1) commercial availability or
straightforwardness of their synthesis, (2) solubility, and, above
all, (3) diversity of their structural features and redox
properties (Figure 1). While varying substituents at the
periphery of the porphyrin macrocycle, along with incorporat-
ing different metal ions, does not truly alter the optical
excitation energy 00, but it drastically changes the reduction
potentials of oxidation between about 0.8 and 1.6 V vs SCE,
and of reduction, between −1.3 and −0.7 V vs SCE (Table 1).
As expected, porphyrins with electron-withdrawing substitu-
ents exhibit low reducing propensities, e.g., 12 and 13 while
the electron-rich derivatives can act as strong reductants, e.g., 5
and Zn-9.
For porphyrinoids the electrochemical HOMO-LUMO

gaps, PC, are up to 400 meV larger than the optical
HOMO-LUMO gaps, as represented by 00 (Table 1). It
suggests considerable differences between the energies of the
solvated ions and the photoexcited species as a corollary of
favorable interactions between electrons and holes on spatially
overlapping singly occupied molecular orbitals in the electroni-
cally excited states of the PCs.34 These large differences
between 00 and PC, which can exceed the thermal energy at
room temperature by more than an order of magnitude, i.e., for
some of the PCs, PC − 00 > 10kBT, illustrate the
shortcomings of the oversimplified considerations for design-
ing and selecting PCs (eqs 1 and 2). Specifically, even if eqs 1

and 2 are valid, the excited photocatalysts may not necessarily
be good enough electron donors to reduce Py+ or good enough
electron acceptors to oxidize DIPEA. Hence, while eqs 1 and 2
represent necessary criteria, they are not sufficient for ensuring
the feasibility of a PC for driving the desired chemical
transformation.
Employing reaction conditions for DAA of pyridinium salt 1

with alkynyl p-tolylsulfone 2 that we previously established31

reveals that all selected porphyrins exhibit good catalytic
activity in a mixture of MeOH and DCE (Table 1). The use of
chlorinated solvents ensure solubilization of the selected
porphyrinoids 5 to 16 along with Zn-9 and Ni-9, while polar
protic media is essential for the progress of the reaction.
Conversely, the N-confused porphyrins 14 and 15 and corrole
16, do not prove truly efficient in catalyzing the model
reaction, which we attribute to the lack of chemical reversibility
of their electrochemical reduction and oxidation (see SI).33,35

After the initial PCT, therefore side reactions, such as
degradation of radical ions of porphyrins 14−16, compete
with the second CT steps essential for the PC recovery. This
finding points to another important requirement for a
photoredox catalyst: it has to exhibit reversible electrochemical
oxidation and reduction behavior. Irreversibility of the
voltammograms, however, does not necessarily render the
PC unfeasible as the time scales of the electrochemical
measurements employing slow to moderate scan rates tend to
be orders of magnitude longer that the time constants of the
CT steps, especially at high substrate loading.

Mechanistic Considerations. The DAA reaction can
follow two distinctive pathways, PET-HT and PHT-ET,
depending on the catalyst used. Cyclic voltammetry suggests
that the generated pyridyl radical A is pronouncedly stable. In
DCM the electrochemical reduction of Py+ shows practically

Figure 1. Porphyrinoids selected as photocatalysts for mechanistic
studies.

Table 1. Electrochemical Potentials and Zero-to-Zero
Excitation Energy of the Tested Photocatalysts

PC
EPC/PC•−
(0)

[V]a
EPC•+/PC
(0)

[V]a
PC

[eV]b
00

[eV]c Φf τ [ns]
yield of
3e,f [%]

5 −1.24 0.91 2.15 1.90 0.065 8.12 59
6 −1.21 1.00 2.21 1.90 0.058 8.69 50
7 −1.17 1.06 2.23 1.96 0.042 10.5 54
8 −1.17 1.11 2.28 1.94 0.040 8.73 54
9 −1.20 1.04 2.24 1.91 0.048 8.31 55
10 −1.10 1.15 2.25 1.91 0.005 1.48 49
11 −1.05 1.21 2.26 1.91 0.037 8.88 53
12 −1.06 1.23 2.29 1.92 0.052 9.58 64
13 −0.74 1.63 2.37 1.94 0.021 10.20 66
Zn-9 −1.34 0.78 2.12 2.10 0.033 1.950 68
Ni-9 −1.24 1.11 2.35 1.90 0.010 8.76 56
14 −0.93d 0.96d 1.89 1.71 0.003 1.61 8
15 −1.19d 1.06d 2.25 1.73 0.001 0.64 9
16 −1.00d 1.10d 2.10 2.00 0.064 4.75 9

aFrom cyclic voltammetry measurements for DCM in the presence of
100 mM (n-C4H9)4NClO4, vs SCE. bElectrochemical HOMO−
LUMO gap, PC ≈ F(EPC•+/PC

(0) − EPC/PC•−
(0) ), where F is the Faraday

constant. cFrom steady-state optical absorption and emission spectra
for DCM. dFrom the inflection point of voltammogramic waves
showing irreversible behavior.33 eReaction conditions: alkyne 2 (0.10
mmol), pyridinium salt 1 (1.4 equiv), PC (0.1 mol %), DIPEA (3.25
equiv), MeOH/DCE (c = 0.033 M), 2:1 volume ratio that
corresponds to molar ratio, χDCE = 0.2, ambient temperature (20−
22 °C), 16 h, under Ar atmosphere, light source: green LED diode
(for more details see the SI). fGC yield.
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complete chemical reversibility at moderate scan rates (Figure
2). Conversely, MeOH induces a loss in the reversible
behavior, which is consistent with fragmentation of pyridyl
radical A to alkyl radical B and pyridine 4 occurring in time
scales of seconds. Radical-trapping studies confirm the
formation of intermediate B (see SI). These results concur
with a sequential formation of intermediates B, C, and product
3.
While the radical release, leading to product 3, occurs in

seconds, the PCT time scales are in the nanosecond and
subnanosecond time domains. That is, the rates of PET and
PHT have to be comparable or larger than the rates of
radiative and nonradiative deactivation of the electronically
excited states of the PCs. Therefore, considering the
thermodynamics of the different CT steps, i.e., ensuring that
ΔG(0) < 0, suffices as guidelines for selecting the PCs for this
reaction.
The excited-state lifetimes (τ) of almost all porphyrins range

between about 8 and 11 ns (Table 1), which appear to be long
enough for the PCT steps that drive the chemical trans-
formations. Even reactions catalyzed by porphyrins 10 and Zn-
9 with relatively short lifetimes (Table 1) give yields that are
quite comparable to those from the other PCs. These findings
strongly suggest that in this case the quantum yields of the
PCT steps are not the limiting factor for obtaining the large
overall reaction yields that we observe.
Conversely, the substituent-induced broad variation of the

electrochemical properties of the porphyrins reveals underlying
complexity of the mechanistic scenarios and an interplay of
alternative pathways. An increase in the electron-withdrawing
strength of the substituents, for example, should make a PC
electron-deficient enough to completely shut down the initial
PET with Py+ and make the PET-HT mechanism impossible.
Nevertheless, the electron-deficient tetra(pentafluorophenyl)
porphyrin (13) is as effective PC as the electron-rich porphyrin

5. The insufficiently negative reduction potentials of catalyst
13 (Table 1) indicate that it is not a good enough electron
donor to photoreduce Py+, which renders the PET-HT
mechanism implausible. An alternative pathway in which
strongly reducing radical anion PC•‑ is generated, however,
involving the PHT-ET mechanism (Scheme 1), can lead to the
observed high yields of the reaction catalyzed by porphyrin 13.
Upon photoexcitation of the PC in the reaction mixture,

PET and PHT are the two competing initial steps that
determine the pathway along which the reaction will progress.
Therefore, we employ Stern−Volmer (SV) analysis for
estimating the preference for PET-HT and PHT-ET
mechanisms for each of the PCs. While using pyridinium salt
1 as a quencher allows for quantifying the bimolecular PET
rate constants, quenching studies with DIPEA provide
information about the PHT rate constants.
Many of the porphyrin derivatives are inherently electron

rich with 00 < PC (Table 1), and they do not manifest
detectable quenching of their emission by DIPEA (Table 2 and
Figure 3), which precludes the PHT-ET pathway as a
possibility for these PCs. Furthermore, when kq(DIPEA) ≪
kq(1) (e.g., porphyrin 9 in MeOH and Zn-9 in DCE), it
suggests that the PET-HT mechanism dominates and PHT-ET
has a minor contribution to the overall yields of the reaction
driven by such electron-rich PCs. In contrast, while DIPEA
quenches the emission of electron-deficient PCs, such as
porphyrin 13, salt 1 does not. Therefore, for such PCs the
PHT-ET mechanism represents the only pathway toward the
final product 3.
For most PCs, the obtained values of kq range between

about 2 × 108 and 5 × 109 M−1 s−1, which is typical for
efficient bimolecular processes. For complex Zn-9, however,
kq(1) > 1 × 1010 M−1 s−1, which exceeds the diffusion limits for
biomolecular reactions in condensed phase and suggests for
ground-state aggregation between the zinc porphyrin and Py+.

Figure 2. Electrochemical behavior of pyridinium salt 1. (a and b) Cyclic voltammograms of 1 in the presence of various amounts of the alkyne 2
for DCM and MeOH recorded at a scan rate, ν = 100 mV s−1. (c) Cyclic voltammograms of salt 1 for MeOH at different scan rates. (d)
Dependence of the ratio between the anodic, ia, and the cathodic, ic, peaks (from c) on the scan rate and on the time delay between the two peaks,
Δtp, showing loss of reversibility when Δtp, exceeds about 2 s. All voltammograms are recorded in the presence of 100 mM N(n-Bu)4ClO4.
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The electronic properties of the PCs correlate well with the
outcomes from the SV studies that reveal the preferred
pathways for the light-driven formation of radicals. As
informative as the SV analysis is about the parallel mechanisms
at play, it can examine only the plausibility and the nature of
the initial PCT steps.
Charge-Transfer Analysis. Evaluation of the thermody-

namic driving forces, -ΔG(0), of the different CT steps involved
is essential for analyzing the feasibility and the interplay
between the PET-HT and PHT-ET mechanisms:36,37

PET-HT mechanism: oxidative quenching
PET: PC* + Py+ → PC•+ + Py•

Δ = − − + Δ +•+ + •G F E E G W( )PET
(0)

PC/PC
(0)

Py /Py
(0)

00 S

(3a)

HT: PC•+ + DIPEA → PC + DIPEA•+

Δ = − + Δ +•+ •+G F E E G W( )HT
(0)

DIPEA/DIPEA
(0)

PC /PC
(0)

S

(3b)

PHT-ET mechanism: reductive quenching
PHT: PC* + DIPEA → PC•− + DIPEA•+

Δ = − − + Δ +•+ •−G F E E G W( )PHT
(0)

DIPEA /DIPEA
(0)

PC/PC
(0)

00 S

(3c)

ET: PC•− + Py+ → PC + Py•

Δ = − + Δ +•− + •G F E E G W( )ET
(0)

PC/PC
(0)

Py /Py
(0)

S (3d)

where ΔGS is the Born solvation energy andW is the Coulomb
work term.36 The frequently used excited-state electrochemical
potentials of PCs, obtained from differences between their
ground-state reduction potentials and 00, do not account for
W, which depends on the donor and the acceptor rather than
only on the photocatalyst.
For the electron-rich complex Zn-9, ΔGPET

(0) assumes large
negative values, while the large positive estimates of ΔGPET

(0)

are apparent for the electron deficient porphyrin 13 (Figure
4a). These findings concur perfectly with the SV results.

Conversely, salt 1 quenches the emission of all PCs for which
the estimated values of ΔGPET

(0) cluster around zero, i.e., −
0.15 eV ≤ ΔGPET

(0) ≤ 0.15 eV. While small driving forces do
not preclude efficient CT,38−40 the quenching of the emission
of the relatively electron-deficient PCs, such as porphyrin 12,
appears counterintuitive. That is, the ΔGPET

(0) estimate for
catalyst 12 corresponds to about 6×kBT, which is substantial

Table 2. Emission-Quenching Results for Porphyrins
Measured in DCE and MeOH

PC solvent kq(DIPEA) [×10
8 s−1 M−1]a kq(1) [×10

8 s‑1 M‑1]a

5 DCE b 24.5 ± 0.50
6 DCE b 20.6 ± 0.70
7 DCE b 19.4 ± 0.50
8 DCE b 15.2 ± 0.70
9 DCE b 8.06 ± 0.71
9 MeOHc 4.68 ± 0.31 26.8 ± 1.8
10 DCE b 36.6 ± 0.40
11 DCE 3.29 ± 0.11 4.01 ± 0.23
12 DCE 6.63 ± 0.17 8.97 ± 0.18
12 MeOHc 9.15 ± 0.2 3.72 ± 0.22
13 DCE 41.1 ± 0.2 b
13 MeOHc 50.0 ± 0.6 b
Zn-9 DCE 25.2 ± 3.2 376 ± 11
Zn-9 MeOHc b 161 ± 28
Ni-9 DCE b 23.0 ± 1.1

aEmission-quenching rate constants, kq, for DIPEA and salt 1
obtained from the SV analysis. bEmission quenching is not detected.
cIn the presence of either only salt 1 or only DIPEA, all PCs, except
porphyrins 9, 12, 13, and Zn-9, exhibit instability in MeOH media.
Therefore, we employ DCE for the SV analysis and for porphyrins 9,
12, 13, and Zn-9, for others we also use MeOH.

Figure 3. Stern−Volmer (SV) analysis for electron-rich and electron-
deficient PCs 5 and 13, respectively, obtained from optical spectra
recorded for DCE. (λex = 518 and 506 nm for 5 and 13, respectively.)

Figure 4. (a and b) Correlation between the emission-quenching rate
constants (obtained from the SV analyses) and the driving forces for
the photoinduced charge transfer steps (estimated using eq 3) for
DCE and MeOH. (c) Driving forces for the CT steps involving the
different photocatalysts as estimated using eq 3 for MeOH/DCE
mixture, χDCE = 0.2.
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and should prevent the PET step from occurring, but it does
not.
Conversely, the estimates for ΔGPHT

(0) correlate truly well
with the emission quenching behavior with DIPEA, and shows
opposite trends in comparison to that with salt 1. As expected,
for the electron deficient porphyrin 13, ΔGPHT

(0) assumes large
negative values, reaching −20×kBT, and DIPEA efficiently
quenches its emission (Figure 3). DIPEA also quenches the
emission of the PCs with small PHT driving forces, i.e., − 0.18
eV ≤ ΔGPHT

(0) ≤ − 0.03 eV. Concurrently, it does not perturb
the emission of the PCs with small positive estimates for
ΔGPHT

(0), i.e., − 0.02 eV ≤ ΔGPHT
(0) ≤ 0.13 eV (Figure 4b).

These results illustrates a tight correlation between the
experimentally obtained kq(DIPEA) and the calculated
ΔGPHT

(0); something that we do not quite observe for kq(1)
and ΔGPET

(0).
The values of ΔGPET

(0) and ΔGPHT
(0), along with the SV

analysis, reveal which pathway, PET-HT or PHT-ET, prevails.
For operational PET-HT mechanism, however, ΔGPET

(0) and
ΔGHT

(0) should assume negative values (eq 3). If ΔGPET
(0) < 0

and ΔGHT
(0) > 0, the SV analysis would still reveal emission

quenching with salt 1, but the DAA reaction would not
proceed with detectable yields. Nonoperational HT causes
buildup of PET-generated PC•+ and prevents the turnover of
the catalyst. In a similar manner, ΔGPHT

(0) and ΔGET
(0) should

assume negative values for operational PHT-ET mechanism,
because ΔGPHT

(0) < 0 and ΔGET
(0) > 0 will lead to buildup of

PHT-generated PC•‑.
For the selected porphyrins 00 < PC, which indicates that

ΔGET
(0) < 0 if ΔGPET

(0) ≲ 0, and ΔGHT
(0) < 0 if ΔGPHT

(0) ≲ 0
(Figure 4 a,b). The very good DAA reaction yields are clear
evidence that for all porphyrin PCs in this study the HT and
ET steps will occur after the initial PET and PHT, respectively
(Figure 4c). Nevertheless, while porphyrin 13 shows ΔGET

(0) >
0 (Figure 4c), it catalyzes the reaction efficiently via PHT-ET
mechanism as the SV analysis and the estimated ΔGPCT

(0)

values indicate.
These discrepancies of efficient quenching by salt 1 and high

reaction yields when ΔGPET
(0) > 0 and ΔGET

(0) > 0,
respectively, point to two important consideration about the
interpretation of the thermodynamic results from eq 3. (1)
The electrochemical potentials are extracted from data for
samples with large amounts of supporting electrolyte inducing
ion pairing.41 It may affect the results for charged species, such
as Py+, sufficiently enough to produce unfavorable PET and
ET driving forces (eq 3) that do not necessarily reflect the
thermodynamics for in the absence of electrolyte (see the SI).
(2) For bimolecular reactions, the lack of precise information
about the donor−acceptor distances during the CT steps can
lead to sufficient uncertainties in the estimations of W, and
thus, of ΔG(0) (eq 3).
The outcomes for the most electron-rich porphyrins, Zn-9,

provide important examples in pertinence to these consid-
erations. While an increase in the solvent polarity causes a
small negative shift in ΔGPHT

(0) , the SV analysis reveals that
DIPEA quenches the Zn-9 emission in DCE but not in MeOH
(Table 2 and Figure 4b). Changing from DCE to MeOH
increases the reorganization energy by about 0.2 eV, which
places the PHT kinetics for this solvent further from the tip of
the Marcus curve. This trend, indeed, induces a decrease in the
rates of PHT for MeOH, but not to an extent where the
quenching of the Zn-9 emission by DIPEA is not detectable at
all. Conversely, the optical absorption spectra of Zn-9 show

ground-state aggregation in the presence of DIPEA for DCE
but not for MeOH (Figure 5). Concurrently, Zn-9 aggregates
with Py+ in both solvents (see the SI).

These binding trends are consistent with the outcomes from
the SV analysis and point to another important feature of
photoredox catalysis. More often than never, dynamic
collisional pathways may not provide a long enough residence
time of the photoexcited PC and the substrate in proximity to
each other, and sufficiently strong donor−acceptor electronic
coupling, to ensure efficient PCT. Regardless how favorable
the driving forces are (eq 3), a sufficient donor−acceptor
electronic coupling is essential for each of the CT steps to
occur, and bimolecular dynamics adds to this challenge.
Alternatively, static mechanisms, where the PC-substrate
binding prior to PCT is stronger than the PC-product binding
after it, illustrate an important bioinspired approach for catalyst
design.
The outcomes of the thermodynamic CT analysis (Figure 4)

illustrate the multifaceted complexity of driving multistep
endergonic electron transfer from the sacrificial donor to the
substrate. Favorable driving forces for all steps are indeed a
necessary, but not a sufficient condition. Collectively, the
outcomes from the thermodynamic CT calculations (eq 3), the
SV studies (Table 2 and Figure 3), and trends in the optical
spectra (Figure 5) unveil crucial mechanistic details that
neither of these individual analyses can readily predict on its
own.

■ CONCLUSIONS
Photochemical reactions provide a broad access to products
that are impossible to obtain by any other means and they are
extremely sensitive to the match between the electronic
properties of the photocatalysts and the substrates. The
presented example shows that the mechanism of light-driven
deaminative alkynylation adjusts to the electrochemical
properties of the dyes, in this case porphyrins. That is,
electron-rich and electron-deficient porphyrins drive the same
reaction with similar efficiencies via different CT routes
involving oxidative versus reductive quenching; specifically, the
substrate extracts an electron from the photoexcited or singly
reduced catalyst, i.e., PC* or PC•− (Scheme 1), depending on
the thermodynamic feasibility of the steps in each of the
pathways. Furthermore, our results indicate that the rational
selection of photoredox catalysts should involve multifaceted
analyses focusing not only on the electrochemical potentials

Figure 5. Solvent effects of the optical absorption spectra focused on
the Q-bands of Zn-9 (5.8 × 10−6 M) in the presence of various
amounts of DIPEA.
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and the optical excitation energies, but also on the nature of
the collision complexes in bimolecular interactions. In addition
to favorable driving forces, sufficient donor−acceptor coupling
is crucial for ensuring CT rates large enough to compete with
the dissociation of the CT complexes, for driving the chemical
transformations with acceptable yields.
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Clark, J. A.; Borchardt, D.; Beran, G. J. O.; Gryko, D. T.; Vullev, V. I.

Dipole Effects on Electron Transfer are Enormous. Angew. Chem., Int.
Ed. 2018, 57, 12365−12369.
(41) Bird, M. J.; Iyoda, T.; Bonura, N.; Bakalis, J.; Ledbetter, A. J.;
Miller, J. R. Effects of electrolytes on redox potentials through ion
pairing. J. Electroanal. Chem. 2017, 804, 107−115.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c00200
ACS Catal. 2020, 10, 5920−5927

5927

https://dx.doi.org/10.1021/acs.joc.6b01240
https://dx.doi.org/10.1021/ja108560e
https://dx.doi.org/10.1021/ja108560e
https://dx.doi.org/10.1021/ja300798k
https://dx.doi.org/10.1021/ja300798k
https://dx.doi.org/10.1002/anie.201700049
https://dx.doi.org/10.1002/anie.201700049
https://dx.doi.org/10.1002/anie.201700049
https://dx.doi.org/10.1021/acs.orglett.7b03587
https://dx.doi.org/10.1021/acs.orglett.7b03587
https://dx.doi.org/10.1021/acs.orglett.7b03587
https://dx.doi.org/10.1021/acscatal.6b03215
https://dx.doi.org/10.1021/acscatal.6b03215
https://dx.doi.org/10.1021/acscatal.6b03215
https://dx.doi.org/10.1021/ja00024a074
https://dx.doi.org/10.1021/ja00024a074
https://dx.doi.org/10.1021/ja00024a074
https://dx.doi.org/10.1039/C4CC06344A
https://dx.doi.org/10.1039/C4CC06344A
https://dx.doi.org/10.1039/C4CC06344A
https://dx.doi.org/10.1039/C7CC05910H
https://dx.doi.org/10.1039/C7CC05910H
https://dx.doi.org/10.1021/acs.orglett.9b00903
https://dx.doi.org/10.1021/acs.orglett.9b00903
https://dx.doi.org/10.1021/acs.orglett.9b00903
https://dx.doi.org/10.1021/acscatal.8b03437
https://dx.doi.org/10.1021/acscatal.8b03437
https://dx.doi.org/10.1021/acscatal.8b03437
https://dx.doi.org/10.1139/cjc-2017-0389
https://dx.doi.org/10.1139/cjc-2017-0389
https://dx.doi.org/10.1149/2.0241905jes
https://dx.doi.org/10.1149/2.0241905jes
https://dx.doi.org/10.1021/acs.jpclett.5b02881
https://dx.doi.org/10.1021/acs.jpclett.5b02881
https://dx.doi.org/10.1021/jp809105f
https://dx.doi.org/10.1021/jp809105f
https://dx.doi.org/10.1021/jp809105f
https://dx.doi.org/10.1002/ijch.197000029
https://dx.doi.org/10.1002/ijch.197000029
https://dx.doi.org/10.1021/jacs.6b04974
https://dx.doi.org/10.1021/jacs.6b04974
https://dx.doi.org/10.1021/jacs.6b04974
https://dx.doi.org/10.1021/ja505618n
https://dx.doi.org/10.1021/ja505618n
https://dx.doi.org/10.1021/ja505618n
https://dx.doi.org/10.1002/anie.201802637
https://dx.doi.org/10.1016/j.jelechem.2017.09.030
https://dx.doi.org/10.1016/j.jelechem.2017.09.030
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c00200?ref=pdf

