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ABSTRACT: Systematic exploration of reaction paths based on quantum chemical calculations revealed the entire mechanism of 

Knowles’s light-promoted catalytic intramolecular hydroamination via radical processes. Bond formation/cleavage competes with 

single electron transfer (SET) from the catalyst/substrate to substrate/catalyst. All these processes were theoretically described by 

reactions through transition states in the same electronic state and non-radiative transitions through the seam of crossings (SX) be-

tween different electronic states. This study determined the energetically favorable reaction path by combining the reaction path 

searches and the SX geometry searches, and then discusses the entire reaction mechanism. Such a calculation was achieved by es-

tablishing a novel computational approach that represents SET as a non-adiabatic transition between substrate's PESs for different 

charge states adjusted based on the catalyst's redox potential. Finally, we uncovered the whole picture of the reaction process, in 

which N atom of the substrate is oxidized by photoredox catalyst via SET, the resulting aminium radical is added to alkene, and the 

hydroamination product is produced after SET process accompanying protonolysis with MeOH. The present calculations showed 

that the reduction and proton transfer proceed concertedly. Also, in the reduction process, there are SET paths leading to both the 

product and the reactant, and the redox potentials of the catalyst change the contribution of the SET path leading to the product. 

INTRODUCTION 

The computational analysis and elucidation of chemical re-

action pathways provide important mechanistic insights into 

organic and biochemical reactions.1 These quantum chemical 

calculations could yield the geometries and/or energy relation-

ships among reactants, intermediates, products, and transition 

states (TSs).2–5 Conventionally, the calculations are carried out 

for known chemical processes based on the experimental re-

sults or chemist’s intuition. Nevertheless, without such “hints” 

it is very difficult to computationally elucidate plausible 

frameworks of the reactions. There have been significant pro-

gresses in methods that systematically explore the reaction 

paths, which may be used for reaction estimation toward new 

methodology development.6–8 

Theoretical investigations of free-radical transformations 

have been carried out extensively, and many photochemical 

reactions involving radical paths have been developed since 

Nicewicz and MacMillan’s study in 2008.9 A free radical with 

seven valence electrons that do not satisfy the octet rule is a 

highly reactive species; it has great potential to promote trans-

formations that are difficult using common ionic transfor-

mations. Therefore, precisely calculating the behavior of radi-

cal species is highly useful for designing and even predicting 

new radical transformations to produce fine chemicals, func-

tional molecules, complex molecules, etc.  

During the last two decades, photoredox catalysis has 

emerged as a tool to effectively generate radical species under 

visible light irradiation (Figure 1a).10 In this context, theoreti-

cally investigating the whole process of photoredox-catalyzed 

reactions,11–15 including bond formation/cleavage events (the 

radical propagation step) and the single electron transfer (SET) 

processes between catalysts and substrates/intermediates (the 

radical initiation/termination step in general) is undoubtedly 

beneficial for understanding radical reactions (Figure 1b). 

Such calculations would be even more valuable if the reaction 

outcome could be estimated by computing the energy relation-

ship among the minima and TSs. Although the photo-

responses of both organic molecules and transition metal com-

plexes have been widely investigated theoretically, there are 

several remaining problems. 1) Because photoredox-catalyzed 

reactions involve a different spin state of each reactant and 

catalyst (singlet, triplet, etc.), calculations must be conducted 

individually according to each spin state. 2) The SET process-

es between the photoredox catalyst and sub-

strates/intermediates involve a crossing of potential energy 

surfaces16–21 (i.e., the seam of crossing (SX)) in the framework 

of Marcus theory.22,23 However, most theoretical studies did 

not explore the SXs, presumably due to either a lack of effi-

cient methods or the relatively large size of catalysts. Instead, 

researchers just considered the reported redox potentials9 to 

assess the feasibility of SET. 3) Several radical paths to afford 



 

the different products often compete with each other.24 How-

ever, estimating the possible by-product paths in a radical re-

action is sometimes non-trivial, and thus a thorough explora-

tion of the reaction paths is necessary. 

 

 

Figure 1. Theoretical investigation of photoredox-catalyzed reac-

tions.  

As demonstrated in previous works on chemical reactions in 

the ground state, automated reaction path search enables the 

construction of reaction path networks. A reaction path net-

work contains many stable structures (MINs) connected by 

reaction paths, and kinetic analyses of the network can yield 

insights into the reaction mechanism.25,26 A recent advance in 

reaction path search is predicting reactant candidates starting 

from the product molecule27 to develop new reactions.28 Addi-

tionally, in studies of molecular photoresponses, systematic 

exploring the crossings of potential energy surfaces29,30 has 

revealed the mechanism of photoreactions such as, the lumi-

nescence of organic molecules,31 and ligand elimination reac-

tions.32 Therefore, we hypothesize that combining the reaction 

path search method with seeking the SXs might overcome the 

limitations listed above.  

Herein, we report a tactical exploration of the whole process 

of photoredox-catalyzed radical reaction based on quantum 

chemical calculations (Figure 1c). For practical calculations, 

we used the reported redox potentials33 of a photoredox cata-

lyst in its excited state instead of the real catalyst structure. 

This approach reduces the computational cost and thus enables 

the construction of multiple reaction path networks of different 

spin states as well as systematic exploration of the minimum 

energy SX (MESX) using the artificial force induced reaction 

(AFIR) method.34,35 These networks could then be connected 

in the MESX between the two states. For demonstration, we 

considered the intramolecular radical hydroamination reported 

by Knowles et al.36,37 as a model photochemical reaction. 

The reported catalytic cycle of Knowles’s photoredox hy-

droamination is shown in Figure 2a.36 The proposed mecha-

nism commences with excitation of the ground state Ir(III) 

complex ([Ir(ppy)2(dtbbpy)]PF6) by irradiation of blue light. 

The resulting *Ir(III) species causes oxidation of the substrate 

to form the corresponding aminium radical intermediate, 

which undergoes intramolecular radical addition to the alkene 

moiety. After the one-electron reduction followed by protona-

tion by MeOH (the reaction solvent), the targeted hydroamina-

tion product is obtained. The oxidation step of the amine 

moiety is thought to be at equilibrium and the C–N bond for-

mation is the rate-limiting step, as confirmed by Hammett 

analysis. From a theoretical point of view, we believe this 

reaction is divided is categorized into four stages (Figure 2b): 

1) relaxation of the catalyst to the triplet state (T1) after its 

photoexcitation to the singlet excited state (Sn), 2) a SET pro-

cess from the substrate to the catalyst (oxidation), 3) C–N 

bond formation between the aminium radical and alkene (cy-

clization), and 4) another SET process from the catalyst to the 

substrate (reduction) followed by protonation. We expect that 

these processes can be described by a combination of reactions 

via the TSs and non-radiative decays through the SX regions. 

Therefore, we started by exploring the reaction paths and the 

decay paths to determine the energetically favorable ones. To 

achieve this goal, we introduced a new practical approach that 

allows us to obtain the entire reaction mechanism of the target 

system using quantum chemical calculations.  
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Figure 2. Catalytic cycle of intramolecular hydroamination pro-

posed by Knowles et al.36 This reaction proceeds at 85% yield in 

MeOH solvent. 

METHODOLOGY 

Combination of catalyst/substrate behaviors 

Conceptual diagrams of our proposed method are shown in 

Figures 3a–3c. Figure 3a depicts a schematic potential ener-

gy profile of the paths from the reactant to the product, in both 

the S0 state and the electronic doublet state of cation species 

for the substrate generated by oxidation via SET (denoted by 

D0
cation or simply D0). D0

cation has a higher energy because it has 

one fewer electron than the substrate in the ground state (S0). 

This reaction does not proceed on S0 because of the high ener-

gy barrier along the reaction path. Figure 3b illustrates the 

three electronic states of the catalyst with stable structures (S0, 

T1, and D0
anion), and the energy gaps between these states are 

related to redox potentials of the catalyst. This study uses the 

experimentally measured values of T1–D0
anion = 490.3 kJ/mol 

(E1/2 = 0.66 V vs. SCE) and S0–D0
anion = 281.0 kJ/mol (E1/2 = –

1.51 V vs. SCE) as the oxidation and reduction potentials of 

[Ir(ppy)2(dtbbpy)]PF6 under the reductive quenching cycle.33 

Figure 3c combines the diagrams of 3a and 3b to show the 

reaction paths on three states: S0 substrate and T1 catalyst (de-

noted by S0+T1), D0
cation substrate and D0

anion catalyst 

(D0
cation+D0

anion or simply D0+D0), and S0 substrate and S0 cata-

lyst (S0+S0). The purple dash curve in Figure 3c describes the 

experimentally expected reaction path.36 Along this expected 

path, photoexcitation generates the T1 state of the catalyst, 

while SET from the substrate generates the D0
cation substrate. 

After bond formation in D0
cation, the substrate returns to the 

ground state S0 by SET and forms the product. 

 

Figure 3. Schematic potential energy profiles representing the 

current method. (a) Potential energy profiles of the substrate along 

the reaction coordinate. (b) Energy levels of the electronic states 

corresponding to redox potentials of the photoredox catalyst. This 

study uses the experimentally measured values of the redox poten-

tial.33 (c) Schematic energy profile in the proposed method. The 

purple dash curve corresponds to the expected reaction mecha-

nism, and cross marks indicate the SXs. 

The calculation model is described in Figure 3c based on the 

following three assumptions: 1) T1 of the catalyst is generated 

immediately after photoexcitation to Sn, 2) there is no other inter-

action between the substrate and the catalyst except the SET, and 

3) the substrate does not affect the redox potential of catalyst. 

Under these assumptions, the energies of the three states, S0+T1, 

D0+D0, and S0+S0, are calculated using the following equations: 

ES0+T1 =ES0 + 490.3 kJ/mol = ES0+490.3 

ED0+D0 = ED0 + 0.0 kJ/mol = ED0 

ES0+S0 = ES0 + 281.0 kJ/mol = ES0+281.0 

where ES0, ED0, ES0+ T1, ED0+D0, and ES0+S0 correspond to the 

S0 energy of the substrate, D0
cation energy of the substrate, and 

energies of S0+T1, D0+D0, and S0+S0, respectively. ES0+490.3 

and ES0+281.0 represent ES0+490.3 kJ/mol and ES0+281.0 kJ/mol, 

respectively. Shifting the energy by adding a constant value is 

equivalent to the energy shift (ES) method described in previ-

ous studies.38,39 The ES method was originally developed to 

analyze the non-radiative decay path from the 4fN excited state 

of lanthanide complexes. It dramatically reduces computation-

al costs by avoiding explicit consideration of the catalyst. Ad-

ditionally, this method allows us to approximate the potential 

energy surfaces involving three electronic states by using sim-

ple electronic structure calculations of the ground states (S0 

and D0
cation of the substrate). 

Exploration of reaction paths 

The reaction path search in this study consists of three indi-

vidual calculations for different processes: a reaction process 

considering the SET process between S0+T1 and D0+D0, a 

decay process from D0+D0 to S0+S0, and a process leading to 

products after the decay.  



 

For the SET process of S0+T1 and D0+D0, the two states are 

assumed to be switched around the SX region, and the mole-

cule should stay in the lower energy state. The avoided model 

function (AMF) approach40 is useful for computing the lower 

state among two electronic states when the lower one is un-

known in advance. In the AMF approach, the SX region of the 

potential energy surfaces is handled smoothly using the fol-

lowing formula: 
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where β = 30.0 kJ/mol and κ = 0.10. 

The mechanism of the deactivation process from D0+D0 to 

S0+S0 was examined by finding the non-radiation decay path 

through the SX regions, namely calculating the minimum en-

ergy seam of crossing (MESX) between D0+D0 and S0+S0. 

However, it is not easy to estimate the MESX geometries, 

which prevents one from determining the energetically most 

favorable decay paths. Thus, we used automated exploration 

of MESX geometries in this stage. Specifically, we systemati-

cally explored the conformation of MESX based on the cross-

ing search using the gradient projection (GP)/single compo-

nent-artificial force induced reaction (SC-AFIR) method and 

the conventional SC-AFIR method.30 The GP/SC-AFIR 

MESX search allows us to investigate the decay paths without 

prior knowledge of the molecular geometries. After obtaining 

the MESX geometries, the steepest descent path (meta-IRC) 

calculations provide the reaction path leading to the products 

from MESXs in S0+S0. 

Computational details 

In the target hydroamination reaction, experiments using 

MeOD solvent showed that deuterium (D) is fully incorpo-

rated at the benzylic position of the product.36 Since MeOH, a 

solvent in this reaction, works as a proton source, we used a 

molecular model that explicitly considers two methanol mole-

cules. In addition, all density functional theory (DFT) calcula-

tions incorporated the effect of MeOH by the implicit solva-

tion SMD model.41 Intramolecular hydroamination could form 

two possible types of five-membered-rings, B and B’, referred 

to as the trans- and cis-oriented cyclized product, respectively 

(Figure 4c). The reaction path exploration starts from each 

initial structure A (trans side and cis side). The initial struc-

tures were prepared by a conformational search in S0 using the 

SC-AFIR method, and a structure with stable free energy was 

selected. Computational details of the search are described in 

SI1. 

First, paths corresponding to the reaction processes at S0+T1 

and D0+D0 were explored using AMF functions40 and the SC-

AFIR method (denoted by the ES/AMF/SC-AFIR method). 

The ωB97X-D functionals42 and SV basis set were used (de-

noted by the ωB97X-D/SV level). Calculations at the ωB97X-

D/SV level employed the Grid=fineGrid option. The target of 

the SC-AFIR search was set to nine atoms related to the reac-

tion, i.e., N1, C5, C6, Hα, and Hβ of the substrate (see structure 

A of Figure 4c) and two OH groups of methanol molecules. 

The model collision energy parameter, γ, was set to 100.0 

kJ/mol. During the SC-AFIR search, the kinetic navigation 

method was employed to efficiently search for the kinetically 

accessible geometries under the specified conditions.43,44 Con-

ditions of the kinetic simulations were set at 1.0 s and 200, 300, 

and 400 K, and the search using these settings explored the 

geometries by starting from the MINs accessible in the given 

reaction time (1.0 s). Details on kinetic navigation have been 

described in our previous reports.43,44 The SC-AFIR searches 

terminated after computing 200 valid paths. 

Reaction paths that contribute to the mechanism were re-

optimized in D0
cation, using a larger basis set of 6-311G(d,p), 

the default grid, and the ωB97X-D functional (denoted by the 

ωB97X-D/6-311G(d,p) level). The MESX between S0+T1 and 

D0+D0 (denoted by D0/S0+490.3-SX), which is related to the 

initial SET, was also optimized based on the most favorable 

path structure. 

Next, the ES/GP/SC-AFIR method starting from the five-

membered ring intermediate structures (the trans types) sys-

tematically explored the MESX geometries between D0+D0 

and S0+S0 (denoted by D0/S0+281.0-SX), which correspond to 

paths of the SET process from the catalyst to substrate. In this 

MESX search, the ωB97X-D/SV level was used, and the SC-

AFIR search targeted all atoms within the substrate. The mod-

el collision parameter, γ, was set to 100.0 kJ/mol in the search. 

Finally, all obtained structures were re-optimized at the 

ωB97X-D/6-311G(d,p) level to produce a list of MESX geom-

etries. 

The search results revealed low-energy D0/S0+281.0-SXs near 

the intermediate structure bearing a five-membered ring sub-

structure in D0
cation. Thus, we thoroughly searched for confor-

mational isomers of D0/S0+281.0-SXs near this intermediate of 

both the trans and cis types. In the conformation search, the 

MIN structures in D0
cation (D0MIN) were explored using the SC-

AFIR method at the ωB97X-D/SV level, and the obtained 

D0MIN geometries were then optimized to the D0/S0+281.0-SXs at 

the ωB97X-D/6-311G(d,p) level. Connections to the decay 

paths were confirmed by steepest descent in the mass-

weighted coordinates (meta-IRC) starting from the obtained 

D0/S0+281.0-SXs structures in the S0 state at the ωB97X-D/6-

311G(d,p) level. The computational details of the conforma-

tional search are described in SI2 and SI3. 

In addition, reaction paths for the SET from the Ir(II) com-

plex to substrate in D0 were investigated by calculating the 

MESX geometries between the T1 state (Ir(II) complex with 

D0-substrate) and the S0 state (Ir(III) complex with S0-

substrate). These are denoted by T1/S0-SXs. In this study, 

T1/S0-SXs were optimized for the full system (141 atoms) 

including the substrate, two MeOHs, the catalyst, and its coun-

ter anion (PF6
–). The orientations of three parts, i.e., the cata-

lyst, PF6
–, and the substrate with two MeOHs, were sampled 

by optimizing 200 random initial structures assuming T1 in a 

vacuum at the GFN1-xTB level.45,46 During the sampling, an 

additional harmonic potential prevented the geometry defor-

mation within each part. Then, starting from the energetically 

most stable structure at the GFN1-xTB level, T1/S0-SX and the 

minimum of T1 (denoted by T1MIN) were optimized at the DFT 

level without the constrain. In the DFT calculations, the 

ωB97X-D functional and Def2-SVP basis set were employed, 

while MeOH solvent was incorporated by the SMD model 

(denoted by the ωB97X-D/Def2-SVP level). From the opti-

mized T1/S0-SX structure, meta-IRC calculation in the S0 state 

confirmed the decay path after the SET. 

DFT energies and gradients were computed using the 

Gaussian16 package.47 GFN1-xTB energies and gradients 



 

were calculated using the ORCA program package.48 Optimi-

zations of the minima and MESXs and the SC-AFIR explora-

tions were carried out using a developmental version of the 

GRRM program.26,49 

RESULTS AND DISCUSSION 

The reaction path networks (Figures 4a and 4b) starting 

from A (trans side) and A (cis side) were obtained by 

ES/AMF/SC-AFIR search at the ωB97X-D/SV level for the 

trans and cis types, respectively. A total of 229 MINs (393 

paths) were obtained for the trans type and 241 MINs (433 

paths) for the cis type. The key reaction pathways starting 

from A are depicted in Figure 4c, where the MIN and TS in 

D0
cation had been optimized at the ωB97X-D/6-311G(d,p) level 

for energetically favorable paths in the network of Figures 4a 

and 4b. In this calculation, the trans-oriented B was obtained 

as the most stable structure. Therefore, energies of D0
cation are 

shown relative to the intermediate B in kJ/mol. Important mo-

lecular structures and their energies are listed in SI4.  

 

Figure 4. Reaction path networks calculated using the 

ES/AMF/SC-AFIR method at the ωB97X-D/SV level for (a) 

trans-type and (b) cis-type. Energies for the important reaction 

paths at the ωB97X-D/6-311G(d,p) level are shown relative to the 

most stable D0MIN of intermediate B in kJ/mol.  

The reaction path networks for both the trans and cis types 

include the experimentally observed five-membered ring for-

mation path leading to B and B’ as the preferable path, respec-

tively. Paths leading to a six-membered ring (D and D’) are 

competing pathways. However, the TS energies for these paths 

are relatively high (89.2 and 76.8 kJ/mol, respectively), and D 

and D’ also have higher energies than A. This selective for-

mation of the five-membered cycle using this substrate is con-

sistent with the fact that products containing the six-membered 

ring were not observed experimentally at all. In addition, paths 

to generate C have a high energy barrier because it is difficult 

for neutral MeOH to abstract proton from the intermediate 

structures B and B’. Although there are also some C–H and C–

C bond dissociation paths in the reaction path network, their 

very high reaction barriers indicate that they do not contribute 

to the process in D0
cation. 

Energy profile along the path from A to B is shown in Fig-

ure 5. All geometries along the path were optimized in D0
cation 

using geometries obtained in the reaction path network, and 

the energies of D0 and S0+490.3 are indicated by green and red 

solid lines, respectively. Also, the cross mark indicates that 

optimization of D0/S0+490.3-SX (denoted by SX5a) started from 

a minimum of A in D0 (25.8 kJ/mol). Meta-IRC calculations 

from SX5a in both D0 and S0 states lead to the reactant, indi-

cating that the SET from the substrate to the catalyst, i.e., de-

cay from S0+T1 to D0+D0, occurs near the reactant region. 

Also, the TS energy for the five-membered ring formation 

(53.7 kJ/mol) is higher than the energy of SX5a (44.7 kJ/mol) 

and expected to make a larger contribution to the reaction rate 

than the SET process from the substrate to the catalyst. Fur-

thermore, there is no energetically preferred reaction path to 

reach the product in D0
cation. Therefore, the substrate is ex-

pected to stay in structure B during the reaction process and 

receives an electron from the catalyst around B. 

 

Figure 5. Energy profile of trans isomers at the ωB97X-D/6-

311G(d,p) level. Thick green and red solid lines indicate the ener-

gies of D0 and S0+490.3, respectively. The cross mark indicates the 

S0+490.3/D0-SX, SX5a. IRC and meta-IRC paths are indicated by 

thin solid lines. Energies are given in kJ/mol relative to the most 

stable D0MIN of intermediate B. The molecular structures and en-

ergies are shown in SI4. 

The MESX search using the ES/GP/SC-AFIR method start-

ing from B resulted in 71 D0/S0+281.0-SX structures, some of 

which are displayed in Figure 6. The structures are classified 

based on their bonding patterns, and the 16 energetically most 

favorable D0/S0+281.0-SX groups are shown by the lowest ener-

gy one. Note that the ES/GP/SC-AFIR method employs the 

FirstOnly option of the GRRM program26,49 from structure B; 

hence, it may miss some MESXs in the same direction and 

some MESXs with more than two steps of geometry change 

from the original shape. All obtained crossing structures and 

their energies are shown in SI5. 

Figure 6 shows that a stable D0/S0+281.0-SX, SX6a, exists in 

structure similar to intermediate B both structurally and ener-

getically. Additionally, the search resulted in structures corre-

sponding to the vicinity of the reactant A (SX6i), its proton 

transfer geometry (SX6j), and structures corresponding to C 

(SX6f) and the six-membered-ring structure D (SX6e). The 

list also includes MESXs involving C5-H hydrogen transfer, 

such as SX6b. Notably, the existence of these SX regions indi-



 

cates possible SET processes from the catalyst to substrate. In 

other words, the MESX search provided us with decay paths 

related to the SET processes. 

 

Figure 6. D0/S0+281.0-SX structures obtained by the ES/GP/SC-

AFIR method. The structures were classified by bonding patterns, 

and the 16 most stable groups are shown with the lowest energy 

geometry for each group. Energies are given in kJ/mol relative to 

the most stable D0MIN of intermediate B. All obtained MESX ge-

ometries and energies are shown in SI5. 

A comparison of these MESXs reveals that one MESX 

structure similar to intermediate B (SX6a) is about 50 kJ/mol 

more stable than the other MESXs. Therefore, the SX6a struc-

ture plays an important role in the reduction process of the 

substrate. Thus, the conformational isomers were thoroughly 

explored to investigate the energetically favorable SX struc-

ture. 

Conformational geometry search in the vicinity of structures 

B and B' provided 445 D0/S0+281.0-SX structures at the ωB97X-

D/6-311G(d,p) level. Among them, 436 had the same bonding 

pattern as the reaction intermediates B and B'. All obtained 

molecular structures and their energies are shown in SI6. From 

all obtained D0/S0+281.0-SX structures, meta-IRC in S0 was 

computed, and the D0/S0+281.0-SX structures were classified 

into the following three types: those going back to the reactant 

side (379/436), those forming ammonium ion intermediate B 

or B' in the S0 state (51/436), and those leading directly to 

products (6/436). These calculations confirmed the presence of 

local minima of the ammonium intermediate B in S0. Addi-

tionally, MESXs leading to the products are very rare in the 

list of obtained MESXs (6/436 = 1.4%). Therefore, a thorough 

exploration of MESXs is essential to find the decay path cor-

responding to the experimentally suggested reaction paths. 

Figure 7a depicts the most stable D0MIN structure obtained 

in calculations. Figure 7b illustrates the D0/S0+281.0-SX that is 

structurally close to the most stable D0MIN. The most stable 

D0/S0+281.0-SXs of the three types (leading to the reactant, in-

termediate B in S0, and the product) are shown in Figures 7c, 

7d, and 7e. Since SX7b to SX7e are all trans types, the cis-

type lowest D0/S0+281.0-SX structure is additionally shown in 

Figure 7f. 

 

Figure 7. (a) The most stable D0MIN geometry of the intermediate 

B. (b) SX7b: the MESX near the most stable geometry. (c) SX7c: 

the lowest MESX leading to the reactant. (d) SX7d: the lowest 

MESX leading to intermediate B in S0. (e) SX7e: the lowest 

MESX leading to the product. (f) SX7f: the lowest MESX of cis-

type. (g) Schematic potential energy profile around the intermedi-

ate structure. Energies are given in kJ/mol relative to the most 

stable D0MIN of intermediate B. 

Analysis focusing on D0/S0+281.0-SX geometries leading to 

the product (6/436 within the group of SX7e) revealed that 

they share a common molecular structure where the phenyl 

group is twisting to the outside, as shown in Figure 7e. SX7e 

is less stable than the two most stable D0/S0+281.0-SXs (SX7b 

and SX7c) where two phenyl groups face each other, as shown 

in Figures 7b and 7c. The six D0/S0+281.0-SX geometries within 

the group of SX7e have a hydrogen bond network among the 

N1-H, C6, and two -OH groups of methanol, as shown in Fig-

ure 7e. The formation of a hydrogen bond network allows the 

meta-IRC paths in S0 to directly lead to the product. 



 

As shown in Figure 7d, the D0/S0+281.0-SX leading to inter-

mediate B in S0, SX7d, also has the twisting phenyl group 

geometry like SX7e. However, the two MeOH configurations 

in SX7d do not form the hydrogen bond network that is neces-

sary to reach the product. Figure 7g depicts two TS structures 

and energies from intermediate B in S0 to reactants and prod-

ucts: the path S0-TSa leading to the reactant side has a lower 

reaction barrier than that to the product side (S0-TSb). Hence, 

SX7d is expected to yield the reaction product less frequently. 

Notably, there are several cis-type D0/S0+281.0-SXs leading to 

intermediate B’ in S0. However, the cis-type D0/S0+281.0-SX, 

e.g., SX7f in Figure 7f, is relatively unstable and would not 

contribute to the reaction process. 

The present method expresses the redox potential of the cat-

alyst by its energy shift value (VES), which allows easy exten-

sion to different catalysts. Figure 8 plots the variation of 

D0/S0+VES-SX energies against VES for the four structures 

(SX7b, SX7c, SX7e, and SX7f) indicated by black circles, red 

triangles, orange cross marks, and blue squares, respectively. 

Since the energies are shown relative to the most stable D0MIN 

(Figure 7a), the lowest point of the black line for the MESX 

near D0MIN, i.e., SX7b, is almost at zero. 

 

Figure 8. Dependence of MESX energies on the energy shift 

value (VES). The VES value corresponding to the reduction poten-

tial of the catalyst is plotted on the x-axis, and the energy of 

D0/S0+VES-SX is plotted on the y-axis relative to the most stable 

D0MIN of intermediate B. The four lines correspond to four 

MESXs (SX7b, SX7c, SX7e, and SX7f) in Figure 7. Black and 

red vertical dotted lines correspond to VES = 281.0 kJ/mol (–1.51 

V vs. SCE) and 298.3 kJ/mol (–1.33 V vs. SCE), respectively. 

As shown in Figure 8, the MESX energy takes a minimum 

value at a specific VES for each crossing. The existence of a 

minimum on the plot corresponds to the Marcus inverted re-

gion.22 In other words, specific energy matching is important 

for lowering the barrier of the SET path. As shown in Figure 

8, the shift value that provides a low MESX energy depends 

on the type of D0/S0+281.0-SX. In particular, SX7e leading to the 

product (orange cross marks) reaches the minimum at around 

283 kJ/mol, which is different from the other three cases of 

SX7b, SX7c, and SX7f. These four geometries have the same 

bonding pattern, and the small geometrical difference lies in 

their conformation. Thus, Figure 8 suggests that a change in 

the redox potential can affect the relative stability of the SET 

path (MESX energy). 

The experimental reaction yields36 measured by gas chro-

matography were 43% with the Ru catalyst (298.3 kJ/mol, –

1.33 V vs. SCE) and 88% with the Ir catalyst (281.0 kJ/mol, –

1.51 V vs. SCE). The corresponding redox potentials are indi-

cated by red and black vertical dotted lines, respectively. In 

fact, the photoinduced SET is affected by various factors in-

cluding counter anions of the Ir catalyst, reaction time, and 

employed solvents. Thus, the difference in redox potential 

alone does not necessarily explain the reaction yields. On the 

other hand, calculations showed that the energy of SX7e rela-

tive to SX7b or SX7c is lower at VES = 281.0 kJ/mol (Ir cata-

lyst) than that at VES = 298.3 kJ/mol (Ru catalyst) in Figure 8. 

In other words, when using the Ir catalyst (VES = 281.0 

kJ/mol), the SX leading to the product (SX7e, orange cross 

marks) is stabilized relative to the other MESXs. These results 

may explain the experimental observation that the Ir catalyst 

led to a high yield. Notably, in this discussion, the difference 

in the suitable VES for conformationally different MESX ge-

ometries may be a key factor in controlling the activity of the 

target reaction by selecting the photoredox. 

Finally, the reliability of the ES approach was investigated 

by calculating MESXs of the system using the explicit catalyst. 

The MESX geometries between the T1 (Ir(II) complex with the 

D0-substrate) and the S0 state (Ir(III) complex with the S0-

substrate) were calculated for a large system of 141 atoms 

including the substrate, two MeOHs, the catalyst, and PF6
–. 

The optimization started from the energetically favorable 

D0/S0+281.0-SXs, i.e., SX7c and SX7e. As a result, T1/S0-SXs 

were easily optimized using the proposed method, and the 

results are shown in Figures 9a and 9b for SX7c and SX7e, 

respectively. The energy is shown relative to T1MIN at relative-

ly lower energy among the geometry optimized from these 

two T1/S0-SXs. 

 

Figure 9. MESXs between T1 and S0 (T1/S0-SXs) and the terminal 

point of meta-IRC paths in S0 starting from them at the ωB97X-

D/Def2-SVP level. (a) SX9a is for the most stable D0/S0+281.0-SX 

(SX7c) and (b) SX9b is for the most stable D0/S0+281.0-SX leading 

to the product (SX7e) shown in Figure 7. Energies are given in 

kJ/mol relative to one of the optimized T1MIN. 

As shown in Figures 9a and 9b, the meta-IRC path in S0 

from T1/S0-SXs (i.e., SX9a and SX9b) led to the reactant and 

product sides, respectively, the same as the results calculated 

without catalysts. This agreement proves that results obtained 

using the present ES method represent the SET mechanism of 

the system including the explicit catalyst. The coordination 

structure searches were carried out at the GFN1-xTB level, but 

the obtained structure was not the most stable one at the DFT 



 

level. Therefore, in this study we did not compare the energies 

of these two crossing structures. Notably, finding the T1/S0-SX 

structure leading to this product requires an exhaustive search 

for T1/S0-SX, which is computationally impractical. In contrast, 

the present approach based on the ES method realized the 

MESX search and allowed us to find the decay path (the SET 

path) to the product in the target system. 

The present mechanism and the previously proposed one are 

compared in Figures 10a and 10b. Previous studies indicated 

that the reduction and protonation processes occurred sequen-

tially, i.e., in a step-wise mechanism (Figure 10a). However, 

in the present calculations the five-membered ring intermedi-

ate structure was unstable in S0. Additionally, the meta-IRC in 

S0 from SX9b lead directly to the product minimum, as shown 

in Figure 9b. This result indicates a competitive reaction pro-

cess, in which the protonation process and the reduction pro-

cess by SET proceed simultaneously (Figure 10b). In other 

words, the present calculation suggests a concerted mechanism 

of the reduction and protonation processes.  
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Figure 10. Schematics of reaction mechanisms (a) proposed in 

the literature36 and (b) based on the computational results here. 

 

Figure 11. Entire scheme of the present approach. Step 1: prepa-

ration of the reactant geometry in S0. Step 2: systematic explora-

tion of the reaction paths using the ES/AMF/SC-AFIR method 

from the reactant. Step 3: MESX search around the obtained in-

termediate. Step 4: meta-IRC in S0 calculated from the obtained 

MESXs. 

Finally, the entire scheme for analyzing the target reaction 

is illustrated in Figure 11. Step 1 prepares the reactant geome-

try. Step 2 performs systematic exploration of the 

ES/AMF/SC-AFIR search with the kinetic navigation method, 

which provides us with possible intermediate species in the 

generated cation of the substrate. Step 3 systematically ex-

plores MESXs corresponding to the SET path from the cata-

lyst to the products. Finally, Step 4 calculates the meta-IRC 

paths in S0 from the obtained MESXs, providing us with the 

decay path leading to the product after the SET. This scheme 

automates the analysis of the entire reaction mechanism of the 

target reaction, including the SET between the catalyst and 

substrate and bond reorganization in the substrate.  

 

CONCLUSIONS 

In this study, systematic reaction path exploration based on 

quantum chemical calculations revealed the entire complex 

reaction mechanism of photoredox-catalyzed Knowles’s in-

tramolecular hydroamination. There are three competing pro-

cesses: 1) oxidation of the substrate with SET from the sub-

strate to the catalyst; 2) reaction process involving ring for-

mation of the oxidized radical cation substrate; 3) the protona-

tion process promoted by MeOH, with the simultaneous re-

duction of the substrate by SET from the catalyst. In the actual 

calculation, the conventional reaction path search method was 

used to investigate reaction mechanisms involving bond-

formation/cleavage processes, while systematic MESX explo-

ration found the path for the SET between the catalyst and 

substrate. The obtained reaction mechanism along the energet-

ically most favorable path is almost consistent with the exper-

imentally proposed one. However, the present calculations 

showed that the protonation process occurs simultaneous to 

the reduction process of SET from the catalyst to substrate. 

Furthermore, systematic exploration of the MESX structures 

showed that conformational isomers near the intermediate 

structure play a key role in the path leading to the product.  

The analyses were enabled by a new approach using the ES 

method, in which the photoredox catalyst is replaced by its 

redox potentials in the calculation. This permits the systematic 

search for MESXs, which is not practical when explicitly con-

sidering the Ir complex catalyst and PF6
– with 92 atoms. The 

method also allowed us to express the redox potential of the 

complex by a simple ES value (VES). The variation of MESX 

energy against VES suggests that the suitable redox potential is 

different between the SET paths via MESXs leading to the 

product and reactant. This difference in suitable VES may be a 

key in controlling the reactivity of the target reaction by se-

lecting the photoredox catalyst. 

The advantage of the present approach is that all electronic 

state calculations are done using ground-state DFT calcula-

tions. Furthermore, the method is applicable to SET processes 

catalyzed by metal complexes and molecules of any size and 

any elemental composition, since the catalyst is not explicitly 

included in the calculation. Therefore, we believe that this 

approach is promising for the theoretical screening of photore-

dox catalysts. Additionally, the relationship between redox 

potential and electron transfer efficiency provides a design 

guideline for photoredox-catalyzed radical reactions. 
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