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Chapter 1: General Introduction 
 
    With the development in quantum chemical methodology, it becomes feasible to follow the 

change of molecular structure and energy in chemical reaction, and also to predict molecular 

properties including infrared absorption spectra, by computational chemistry. Furthermore, a 

target of quantum chemical calculations has extended to a large-scale system (such as protein 

etc.) with the advance of computational capability in recent years. Nowadays, quantum 

chemical calculation has become a powerful tool not only to reproduce experimental data but 

also to predict chemical phenomena. 

    In the field of organic chemistry, the importance of analysis with computational chemistry 

has also increased. Many researchers had reported the mechanism of organocatalyst reaction 

and transition-metal catalyzed reaction with ab initio or density functional theory (DFT) 

calculations.1, 2 For example, Houk and co-workers examined the mechanism of intramolecular 

asymmetric aldol reaction (i.e. Hajos-Parrish reaction).3 

 

Scheme 1. The proposed rate-limiting step in Hajos-Parrish reaction. Gas-phase energy values 

based on B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) calculations relative to the reactant (i.e. 1 and 

2) are shown in kcal/mol. Values in parentheses include solvation energies based on 

HF/6-31+G(d,p) in DMSO (PCM model & UAKS radii)//B3LYP/6-31G(d) calculations. 

 

Dehydration condensation reaction between the methyl ketone part in substrate 1 and 

(S)-proline (2) gives enamine 3, and intramolecular nucleophilic addition proceeds towards the 

carbonyl group on the five-membered ring. In this transition state (TS) 4, the proton of 

carboxylic acid is shared with the carbonyl group via chair-type conformation. Because of this 

stability of the reactive complex 4, the TS is ca. 10 kcal/mol more stable than the same 

conformation system without the catalyst. Moreover, the other proposed TS structures with 

experimental results are more unfavorable than 4. Thus, we can achieve the most favorable 

mechanism, which we can consider, with the discussion about the energetics given by quantum 

chemistry calculation. Here, it is important to comprehend the approximations applied to 
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electronic energy calculation and the difference between the real system and the model system 

for calculation (e.g. the estimation of solvation effect by PCM model4). 

    The important role in considering chemical reaction with computational chemistry is 

finding equilibrium and transition state (TS) structures on the reaction pathway connecting 

between reactant and product. Here, an equilibrium structure is located at a local minimum, and 

a TS structure is located at a first-order saddle point on the potential energy surface (PES).5 In 

the traditional approach to analyze reaction mechanism via computational chemistry, it is firstly 

required to assume the plausible reaction mechanism with careful consideration of experimental 

results. Then, the equilibrium and TS structures were optimized along this assumed mechanism. 

This approach has the possibility of overlooking the reaction pathways that cannot be 

extrapolated from this mechanism. 

    Secondly, it is necessary to make the initial guess for equilibrium and TS structures along 

the assumed reaction pathway, and to perform geometry optimization. Usually, optimization of 

TS structure is more difficult than that of equilibrium structure, because the initial guess must 

be close to the true TS structure. For example, it is easy to guess the TS structure for an SN2 

reaction6; the σ* orbital of C–X bond in alkyl halide and the lone-pair of nucleophile interact 

with each other. When the previous study has already reported a TS structure of the similar 

reaction, the specific initial geometry of TS structure can be confirmed by literature reference7. 

However, if there is little knowledge of TS structures when analyzing unknown reaction 

mechanism, it is really difficult to determine internal coordinate variables (3N–6 degrees of 

freedom where N is the number of atoms). The initial guess structure for TS is usually built 

through trial-and-error process. This has been the only one traditional approach to obtain TS 

structures for unknown chemical reactions. 

    In 2004, Ohno and Maeda developed the Anharmonic Downward Distortion Following 

(ADDF) method that can search dissociation / isomerization reaction pathways, starting from 

equilibrium structures.8 In general, potential-energy changes from the minimum to TS or 

dissociation channels (DC) become distorted downward from harmonic potential determined 

from Hessian matrix at equilibrium structure. It is referred as anharmonic downward distortion 

(ADD), and it is possible to change the structure uniquely by following ADD towards TSs and 

DCs. 
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Figure 1. Anharmonic downward distortion from harmonic potential at equilibrium structure 

(MIN): (a) model potential corresponding to bond rearrangement; (b) model potential 

connecting to dissociation channel (DC) 

 

Once the ADDF path is determined, the maximum energy point along the ADDF path is a good 

approximation for TS structure. Starting from this approximate TS, it is easy to find a true TS, 

and simultaneously one can be determined an intrinsic reaction coordinate (IRC) that is 

uniquely defined as a minimum energy path connecting minimum, TS, and another minimum. 

By combining ADDF and IRC calculations, all TS, DC, and equilibrium structures can be 

determined in a given molecular system. 

    In 2010, Maeda and Morokuma developed the Artificial Force Induced Reaction (AFIR) 

method, by which synthetic reaction paths were able to be discovered systematically.9 In the 

AFIR method, the special function referred as AFIR function (sum of potential energy and 

artificial force term) is minimized. For keeping the explanation as simple as possible, we 

consider the two atoms system (A + B � A–B) where the AFIR function is represented in 

equation (1). 

! !!" = ! !!" + !!!" ••• (1) 

 

When the atom A and B is put at sufficiently longer distance than the equilibrium bond length, 

the equilibrium structure corresponding to pre-reaction complex (A•••B) is generally given with 

minimizing the potential energy E(rAB). 



General Introduction 

 4 

  

 Figure 2. The AFIR method in two atoms system 

 

Here, the artificial force term, which is proportional to the distance between atom A and B, is 

added to E(rAB) for predicting the equilibrium structure (A–B). Minimization of the AFIR 

function F(rAB) gives the approximate equilibrium structure, when proportional constant α is 

large enough to remove the reaction barrier. By the geometry optimization performed from the 

approximate structure, the true equilibrium structure is located. Moreover, the structure, which 

gives the maximum E(rAB) in the process of F(rAB) minimization, can be a good initial guess of 

TS structure. By TS optimization from the initial guess and IRC calculation from true TS, 

reaction pathways can be connected without using any of human-made TS guesses. 

    For the reaction between the fragment A and B containing of many atoms, the approximate 

TS and equilibrium structures are found by using equation (2).  

 

! ! = ! ! + !
(!! + !!)!!"!!!∈!!∈!

! !!"
(!! + !!)!!"!!!∈!!∈!

!  

••• (2) 

In eq. (2), Q is atomic coordinates, R is covalent bond radii, rij is the distance between j-th atom 

in the fragment B and i-th atom in the fragment A, and p is the integer (set to 6 in default). In 

correctly applying the AFIR method, the way to set the fragments is very important: it is 

necessary to select the fragments carefully by considering (I) the reactivity of functional group 

around the reactive point and (II) the bond rearrangement from reactant to product. On the other 

hand, when substitution group, in which bond rearrangement does not occur, is selected in the 

fragment, unnecessary computational costs increase by simulating the unreal reaction. 

    In this study, I defined the fragments based on the knowledge of organic chemistry, and 
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conducted the systematic reaction path sampling from reactant to product for the following 

reactions. In chapter 2, the AFIR method was applied to the vinylogous Mannich-type reaction 

activated by a water molecule10. It was found that there were five working pathways involving 

two proposed reaction mechanism by the experimental group and three unexpected mechanisms. 

This reaction is strongly controlled by not only kinetic stability but also thermodynamic 

stability. That is, conformation analyses were performed toward products (anti and syn isomers) 

by using the ADDF method, and the Boltzmann distribution of obtained rotamers in free energy 

is well consistent with experimental ratio. 

    In chapter 3, the AFIR method was applied to the anomalous formal nucleophilic 

borylation of organic halides with silylborane in the presence of potassium methoxide11. The 

results of this analysis led to the identification of a unique carbanion-mediated mechanism 

involving the halogenophilic attack of silyl nucleophile on the bromine atom of the substrate. 

These calculations have therefore provided a mechanistic rationale for this counterintuitive 

borylation reaction. Furthermore, the good functional group compatibility and high reactivity 

exhibited by this reaction towards sterically hindered substrates can be understood in terms of 

the low activation energy required for the reaction of the silyl nucleophile with bromine atom of 

the substrate, and the subsequent rapid and selective consumption of the carbanion species by 

the in situ generated boron electrophile. 

    In chapter 4, the AFIR method was applied to the intramolecular C–S cyclization of 

thiobenzanilide by using PdCl2/CuI catalyst and Bu4NBr salt in DMSO/NMP solvent12. I found 

that addition of CuI to the PdCl2, Bu4NBr, DMSO/NMP and substrate mixture: (a) facilitates C–

H bond activation by DMSO and C–S bond formation initiated by Bu4NBr coordination to N–H 

bond of substrate, and (b) re-oxidizes Pd-center and re-generates the catalyst. 

    In chapter 5, general conclusion, this study is summarized finally. 
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Chapter 2 
 

Multiple Reaction Pathways Operating in the Mechanism of 

Vinylogous Mannich-type Reaction Activated by a Water Molecule 

 

 

 

ABSTRACT 

A systematic search for reaction pathways in the vinylogous Mannich-type reaction was 

performed by the artificial force induced reaction method. This reaction affords 

δ-amino-γ-butenolide in one-pot by mixing 2-trimethylsiloxyfuran (TMSOF), imine, and water, 

under solvent free conditions. Surprisingly, the search identified five working pathways. Among 

them, two concertedly produce anti- and syn-isomers of the product. The other two once give an 

intermediate, a regioisomer of the main product. This intermediate can undergo retro-Mannich 

reaction giving a pair of intermediates, imine and 2-furanol. The remaining path directly 

generates this intermediate pair. These imine and 2-furanol easily react to each other affording 

the product. Thus, all these stepwise paths finally converge to the main product. The 

rate-determining step of all these five (two concerted and three stepwise) paths have a common 

mechanism; concerted Si–O bond formation by a nucleophilic attack of a water molecule to the 

Si atom followed by a proton transfer from the water molecule to imine. Therefore, these five 

have comparable barriers and compete with each other. 
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Introduction 
 
The five-substituted γ-butenolide motif and their derivatives, which are seen in a number of 

natural products, are useful building blocks of various compounds. Therefore, different methods 

have been developed for synthesizing this skeleton.1-13 Recently, Landelle et al. reported 

efficient synthesis of δ-amino-γ-butenolide in a good yield by only mixing amine, aldehyde, and 

2-trimethylsiloxyfuran (TMSOF) at room temperature under solvent free conditions.14 This 

synthetic procedure easily affords the product in large quantities with only waste of 

trimethylsilanol (TMSOH), and thus is very powerful. Such a Mannich reaction which proceeds 

in nonacidic condition is novel, and a few cases have been found by several groups.15-17 

     

Scheme 1. Palusible Reaction Pathways 

 

    In the δ-amino-γ-butenolide synthesis, amine and aldehyde first give imine and water 

molecules by dehydration condensation reaction. This was confirmed experimentally by mixing 

prepared imine together with chemically equivalent amounts of water and TMSOF.14 It was also 

shown that the reaction between prepared imine and TMSOF does not proceed, implying that 

participation of water molecule(s) generated in the dehydration condensation is a key. For this 

reaction, the following two mechanisms involving a water molecule explicitly have been 

proposed as shown in Scheme 1: (a) a one-step concerted path via a 9-membered ring (neutral) 

transition state (TS), (b) a stepwise path involving charged ion-pair intermediates, that is, 

silicate and iminium ions.14 

    In designing better reactions, deep insights into reaction mechanisms are often very helpful. 

Hence, there have been theoretical studies concerning Mannich reaction.18-29 However, unlike 

usual Mannich reaction, the mechanism of the present reaction which proceeds in non-acidic 

condition without catalyst remains largely unknown. In general, there are many possible 

pathways in multicomponent reactions depending on approaching directions of multiple 

reactants. Finding all these by standard geometry optimization techniques using initial guesses 
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of TS geometries is not very easy. Recently, the artificial force induced reaction (AFIR) method 

has been developed by Maeda and Morokuma.30-32 The AFIR method can explore reaction 

pathways among multiple reactants automatically without needing any guess for TS structures. 

The AFIR method was successfully applied to Passerini three-component reaction, and 

elucidated an unexpected four-component mechanism.33 Since as noted above the mechanism of 

the present reaction has not been understood well, I studied the mechanism systematically by 

the AFIR method. It is demonstrated that systematic sampling of various reaction pathways by 

the AFIR method was essential to correctly describe the mechanism of the present 

multicomponent reaction. 

 

Results & Discussion 
 
In this study, possible reaction pathways for the imine 1 + TMSOF 2 + H2O 3 system were 

explored systematically by using the AFIR method. At first, the AFIR search at the 

ONIOM(B3LYP/6-31G:PM6) level discovered fourteen independent AFIR paths (see 

computational methods about the AFIR path) leading to six different species. Among the 

fourteen, some gave hemiaminal species with a HN–C–OR functional group, which is 

kinetically and thermodynamically unstable and can easily go back to imine and alcohols. 

Hence, pathways to hemiaminal species were not studied further. The other paths leading to five 

different species are illustrated in Figure 1. RT, PD, IM, and TS stand for reactant (separately 

optimized three molecules), product (separately optimised two molecules), intermediate 

(separately optimized two or three molucules), and transition state, respectively. Among them, 

paths (a) and (b) directly produce anti/syn products 4 with a C–C bond generation at the 

5-position, paths (c) and (d) give anti/syn regioisomers 6 with a C–C bond generation at the 

3-position, and path (e) causes decomposition of 2 into 5 and 2-furanol (7). 
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Figure 1. Five pathways obtained by the AFIR search. RT, PD, IM, and TS stand for reactant 

(separately optimized three molecules), product (separately optimized two molecules), 

intermediate (separately optimized two or three molecules), and transition state, respectively. 

Gibbs free energy ∆G (298.15 K, 1 atm) based on M06-2X calculations (see text) relative to RT 

is presented in kJ/mol. TS(RT/IM1), initially obtained at a low computational level, was not 

located at the final M06-2X calculation due to very flat potential energy surface in the TS 

region (see text). 

 

    These five pathways were further refined at the M06-2X level, where 6-31G(d) basis sets 

were applied to methyl and phenyl groups while 6-311+G(2d,p) to the remaining 

reaction-center parts. In this paper, energetics is discussed on the basis of Gibbs free energy in 

gas-phase, where free energy corrections were estimated assuming the rigid-rotor and the 
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harmonic approximations. I note that conclusions of this paper conserve even if relative 

electronic energy values with and without zero-point-energy corrections are used as shown in 

supporting information S1. Figure 2 presents optimized TS structures at the M06-2X level. 

Although path (a) has two TSs and one metastable intermediate, in Figure 2 only one TS which 

exhibits the higher free energy, i.e., TS(RT/PD1)A (∆G‡ = 131.8 kJ/mol), is shown and the 

metastable intermediate and the lower TS, i.e., IM4 (∆G = 129.6 kJ/mol) and TS(RT/PD1)B 

(∆G‡ = 129.1 kJ/mol), are discussed in the next paragraph. All of these paths including path (a) 

occur essentially in one step, supporting the concerted mechanism in Scheme 1 (a). Since the 

free energy barriers are ~130 kJ/mol in all paths, all these may compete as discussed in the 

section of overall mechanism. 

  

Figure 2. Ball-and-stick illustrations of optimized TS structures for the first step (see Figure 1 

for corresponding schematic representations). Important bond distances (in Å) are also shown. 

Methyl and phenyl groups are simplified and represented by one carbon atom for clarity. 

 

    In order to investigate the reaction mechanism in detail, an energy profile along the 

intrinsic reactions coordinate (IRC) for path (a) is shown in Figure 3. As seen in this figure, in 

terms of electronic energy ∆E relative to RT (separately optimized three reactant molecules), 

TS(RT/PD1)A (∆E‡ = 12.4 kJ/mol) is slightly lower than TS(RT/PD1)B (∆E‡ = 13.1 kJ/mol). At 

first, the water molecule nucleophilically attacks on the silicon atom of TMSOF, and through 

TS(RT/PD1)A an intermediate with a five coordinated Si atom is generated. This intermediate 

(IM4) is metastable as seen in the IRC profile. Actually, corresponding intermediate does not 
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exist as explicit local minimum along IRCs for the other paths (b), (d), and (e). After passing 

through TS(RT/PD1)B, the whole system polarizes significantly. Two extra (non-stationary) 

points (NSP1 and NSP2) along the IRC profile are shown in Figure 3: NSP1 in a flat region of 

the energy curve and NSP2 in a region where the energy curve starts to decrease. The total 

dipole moment varied from 6.2 Debye at IM4 to 8.9 Debye at NSP1. At NSP1, the partial 

charge on the iminium ion part and the silicate ion part, obtained by taking the summation of 

natural atomic charge, is +0.79 and –0.79, respectively. In other words, after the proton transfer 

through TS(RT/PD1)B, the charged ion-pair state as suggested in Scheme 1 (b) appears. This 

state is not stable enough to give an explicit local minimum along the IRC profile. Instead, there 

is a flat region ranging from just after TS(RT/PD1)B to around NSP2. In this region, the 

iminium and silicate ions seek for the most stable relative orientation and position and finally 

form a C–C bond at the 5-position giving the product PD1 (4 (anti) + 5). These features are 

commonly seen in IRC paths starting from TS(RT/PD2), TS(RT/IM2), and TS(RT/IM3). 

 

Figure 3. Potential energy (relative to RT) and structural changes along the IRC of path (a). See 

Figure 2 for the structure of TS(RT/PD1)A. 
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    An approximate TS leading to anti-regioisomer obtained in the initial AFIR search for 

path (c) converged to TS(RT/PD1)B during the re-optimization procedure at the M06-2X level. 

This is because the potential energy surface (PES) after the proton transfer from water molecule 

to nitrogen atom is pretty flat as seen in Figure 3. In this region, the ion-pair character is 

observed, i.e., the iminium and silicate ions can move and change their relative orientation and 

position easily in this region. This suggests that the new C–C bond may be generated at either 

3-position or 5-position from the ion-pair region on the PES if dynamical fluctuations of these 

ions are taken into account (cf. bifurcation of the path);34,35 consideration of the dynamical 

effects to see bifurcation of the path is beyond the scope of this study and will be a future 

subject. I suggest that path (c) also has certain contribution in the mechanism of the present 

reaction. 

    I checked TS(RT/PD1)B, TS(RT/PD2), and TS(RT/IM3) considering following further 

points: (1) DFT functional dependence for TS(RT/PD1)B and TS(RT/PD2), (2) proton transfer 

medium (imine, H2O, or TMSOH) dependence for TS(RT/IM3), (3) solvent effects on 

TS(RT/PD1)B, and (4) participation of one more water molecule in TS(RT/PD1)B. In these 

checks, TS(RT/PD1)B is chosen rather than TS(RT/PD1)A because B is higher than A in terms 

of electronic energy as noted above. Table 1 shows the functional dependence of structures and 

energies of TS(RT/PD1)B and TS(RT/PD2), by four different functionals, M06-2X,36 B3LYP,37 

and B3LYP with empirical dispersion corrections (B3LYP+D),38-44 and double-hybrid 

B2PLYPD.45 As seen in Table 1, the three modern funtionals, M06-2X, B3LYP+D, and 

B2PLYPD, gave similar structures and energies, and this suggests that the present results at the 

M06-2X level are at least qualitatively reliable. This also illustrates significance of weak 

interactions such as π-π interactions in these TSs, and B3LYP, which is known to significantly 

underestimate dispersion forces,40-44 gave very different results. 



Chapter 2 

 14 

Table 1. DFT functional dependence of structures and relative energies of TS(RT/PD1)B and 

TS(RT/PD2). 

 TS(RT/PD1)B [to 4 (anti)] b TS(RT/PD2) [to 4 (syn)] c  

r(C–C) (Å) d ΔE‡ (kJ/mol) e r(C–C) (Å) d ΔE‡ (kJ/mol) e 

M06-2X a  3.19 13.1 3.12 18.4 

B3LYP a 3.84 87.8 4.27 f 89.1 f 

B3LYP+D a 3.20 8.9 3.07 13.9 

B2PLYPD b, c – 9.1 – 16.1 

a 6-31G(d) for methyl and phenyl groups and 6-311+G(2d,p) for the others. b Single point calculation at optimized geometry by 

M06-2X. c cc-pVDZ for methyl and phenyl groups and cc-pVTZ for the others. d Distance between two carbons associated with the 

new C–C bond. e Electronic energy relative to the three reactants 1 + 2 + 3. f TS leading to 6 (syn) obtained by optimization starting 

from TS(RT/PD2) at the M06-2X level.  

 
    In path (e) through TS(RT/IM3), a proton once attaches to the nitrogen atom and finally 

transfers to the oxygen atom giving 2-furanol and TMSOH; imine is acting as a proton transfer 

catalyst. Although other species such as H2O and TMSOH can be alternative catalysts, imine 

was found to be the best one as shown in supporting information S2. The present reaction 

occurred in solvent-free conditions.14 Thus, I considered water solvent as an example with a 

large dielectric constant, and TS(RT/PD1)B was re-optimized at the M06-2X level with the 

C-PCM method.46,47 Nevertheless, the shape of the reaction profile as well as the barrier height 

did not change significantly even in C-PCM-water solvent as shown in supporting information 

S3. Although I considered participation of one more water molecule in TS(RT/PD1)B, its 

contribution to the barrier height is also small as shown in supporting information S4. 

 

Second and Third Steps 
 

I performed another AFIR search at the ONIOM(B3LYP/6-31G:PM6) level for 1 + 5 + 7, 

because these three were obtained as important intermediates through path (e) via TS(RT/IM3). 

This AFIR search found four different products, 4 (anti), 4 (syn), 6 (anti), 6 (syn), and some 

hemiaminal species. As noted above, pathways to hemiaminal species were not studied further 

in this study. Other TSs leading to 4 (anti), 4 (syn), 6 (anti), and 6 (syn) were re-optimized at the 

M06-2X level. As illustrated in Figure 4 and discussed in the next paragraph, these TSs, i.e., 
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TS(IM1/IM3), TS(IM2/IM3), TS(IM3/PD1), and TS(IM3/PD2), give the second and third steps 

of overall mechanisms through paths (c), (d), and (e) in Figure 1. As seen in Figure 5, C–C bond 

formation/cleavage occurs through these TSs with accompanying a proton transfer from/to 

2-furanol (7) to/from imine 1 relayed by TMSOH 5. 

 

Figure 4. Four pathways obtained by the AFIR search. PD, IM, and TS stand for product 

(separately optimized two molecules), intermediate (separately optimized two or three 

molecules), and transition state, respectively. Gibbs free energy ∆G (298.15 K, 1 atm) based on 

M06-2X calculations (see text) relative to RT (separately optimized three reactant molecules) is 

presented in kJ/mol. 
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Figure 5. Ball-and-stick illustrations of optimized TS structures for the second and third steps 

(see Figure 4 for corresponding schematic representations). Important bond distances (in Å) are 

also shown. Methyl and phenyl groups are simplified and represented by one carbon atom for 

clarity. 

 

    Paths (c) and (d) in Figure 1 give 6 (anti) and 6 (syn), respectively. 6 (anti) and 6 (syn) can 

undergo further reaction steps, because they are thermodynamically unstable compared to 4 

(anti) and 4 (syn). As seen in Figure 4, free energy barriers of retro-Mannich reactions, i.e., IM1 

→ TS(IM1/IM3) → IM3 and IM2 → TS(IM2/IM3) → IM3, are both around 90 kJ/mol. These 

are considerably lower than free energy barriers ~130 kJ/mol for their generation. In other 

words, 6 (anti) and 6 (syn) decompose into 1 and 7 more rapidly than their production. Once 

these retro-Mannich reactions take place as the second step, 1 and 7 can undergo the third step 

giving 4 (anti) and 4 (syn) through TS(IM3/PD1) and TS(IM3/PD2), respectively. In short, 6 

(anti) and 6 (syn) can be just transient intermediates. Once IM3 is generated through path (e) in 

Figure 1, 1 and 7 in IM3 can further react to each other through either TS(IM3/PD1) or 

TS(IM3/PD2) giving 4 (anti) and 4 (syn); these can be the second step of overall mechanisms 

through path (e) as well. 
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Overall Mechanism 
 

Finally, the full reaction mechanism and free energy profiles for anti- and syn-pathways can be 

illustrated as Figure 6(a), (b), and (c), respectively, by combining the above elementary steps. 

At the first step, there are five branches as discussed above and as seen in Figure 6(a). The path 

leading to IM1 (6 (anti) + 5) is shown by dashed line in (a) and (b) as the corresponding TS was 

not found at the M06-2X level as discussed above. The decomposition path of 2 via 

TS(RT/IM3) is shown both (b) and (c), because this path gives IM3 which can give both PD1 (4 

(anti) + 5) and PD2 (4 (syn) + 5) through TS(IM3/PD1) and TS(IM3/PD2), respectively. Since 

the free energy barriers at the first steps are higher than those in any other steps, this is the 

rate-determining step in this reaction. 

    Free energy barriers for the first step are commonly around 130 kJ/mol, and the lowest two 

paths are TS(RT/IM2) to IM2 (6 (syn) + 5) and TS(RT/IM3) to IM3 (1 + 5 + 7). Moreover, 6 

(anti) can also be generated by the reaction 1 + 5 + 7 through TS(IM1/IM3). It follows that 6 

and 7 can be byproducts. The experimental yield of the main product 4 is 86%, and the present 

automated search predicts that byproducts would be 6 and 7. Nevertheless, even 6 (syn) 

generated by the lowest path cannot be a major product because its generation through 

TS(RT/IM2) is slower than the retro-Mannich reaction of 6 (syn) decomposing into 1 + 7 via 

TS(IM2/IM3). Furthermore, 7 can be consumed rapidly by a reaction with 1 through 

TS(IM3/PD1) or TS(IM3/PD2) giving the main product 4. In other words, 6 and 7 never gain 

sufficient population due to existence of faster channels than their generation. Therefore, 6 and 

7 can be just short-lived intermediates. In conclusion, all the five paths in Scheme 2 located for 

the first step can finally converge to the main product 4. 

    In the experiment, no anti/syn selectivity was observed.14 The lowest paths (in terms of free 

energy barriers) leading to 4 (anti) and 4 (syn) are TS(RT/IM3) → TS(IM3/PD1) → PD1 (4 

(anti) + 5)) and TS(RT/IM2) → TS(IM2/IM3) → TS(IM3/PD2) → PD2 (4 (syn) + 5)), 

respectively, and these can compete. It is not easy to estimate the relative abundance of anti- 

and syn-products, as the number of steps is different and the other paths may also contribute. 

Moreover, even the products 4 (anti) and 4 (syn) can undergo the retro-Mannich reactions, PD1 

→ TS(IM3/PD1) → IM3 and PD2 → TS(IM3/PD2) → IM3. This is because free energy 

barriers for these reactions are smaller than those for the first step. That is, the anti/syn 

selectivity is more or less controlled by the thermodynamic stability of products 4 (anti) and 4 

(syn) as well. Here, I performed conformational analysis toward PD1 and PD2 by using the 
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anharmonic downward distortion following (ADDF) method32. (Details of this analysis are 

described in Supporting Information S5.) Since the anti/syn selectivity is well reproduced from 

the Boltzmann distribution of obtained rotamers in free energy, it is confirmed that this system 

is controlled by the thermodynamic stability of the products. 

 

 

Figure 6. The full reaction mechanism of the present vinylogous Mannich-type reaction. Panel 

(a) presents main pathways in this reaction. Panaels (b) and (c) represent free energy profiles 

leading to the anti- and syn-products, respectively. 

 



Chapter 2 

 19 

    The present AFIR search successfully sampled these multiple multistep pathways leading to 

possible byproducts as well as the main products automatically without using any guess about 

the reaction mechanism. This search predicted an interesting pathway through an unexpected 

intermediate 2-furanol (7). This suggests a possibility that the γ-butenolide motif and their 

derivatives may be constructed directly from 2-furanol. In other words, 2-furanol can be 

generated by any ways. Moreover, TS(IM3/PD2) is substantially lower in free energy than 

TS(IM3/PD1). It follows that a high syn-selectivity can be achieved if a reaction, in which the 

elemental process 1 + 7 → 4 is the rate-determining step, is developed. In short, a new reaction, 

which achieves both high stereo-selectivity and reduction of the TMSOH waste, can be 

designed by considering other ways to generate 2-furanol. 
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Conclusion 
 
I explored reaction pathways among imine 1, TMSOF 2, and a water molecule 3 systematically 

by using the AFIR method, in order to elucidate the mechanism of a recently found vinylogous 

Mannich-type reaction. The search located five reaction pathways including unexpected 

retro-Mannich and decomposition pathways as well as expected concerted ones. These 

pathways have similar berries and are expected to be working together. 

    Among these five paths, two lead to the products 4 (anti) and 4 (syn) directly with 

concerted mechanisms. The other three also converge to the products 4 (anti) and 4 (syn) taking 

stepwise mechanisms. Two of them once give a regio-isomer 6 with different diastereomer, 6 

(anti) and 6 (syn). 6 can undergo the retro-Mannich reaction into 1 and 2-furanol (7). The 

remaining path directly gives 1 and 7. 1 can react with 7 easily giving the products 4 (anti) and 

4 (syn). Moreover, a certain amount of the products 4 (anti) and 4 (syn) may go back to 1 and 

2-furanol (7) with the retro-Mannich reaction. The anti/syn selectivity is controlled by 

thermodynamic stabilities of 4 (anti) and 4 (syn) from the results of conformational analysis of 

the products. 

    The overall mechanism involves multiple pathways including repetition of C–C bond 

generations and breakings (retro-Mannich reaction) at different (3- or 5-) positions. The final 

existence ratio of each species, i.e., products and intermediates (byproducts), should be 

controlled by their thermodynamic stability. In short, multiple pathways are operating in the 

mechanism of the present reaction. I would conclude that it is essential for correct 

understanding of the mechanism of multicomponent reactions to make systematic sampling of 

various reaction pathways. 

    The unexpected paths through 2-furanol suggest possibilities of better reactions. Since 

2-furanol can be generated in the reaction system by any ways, by considering the other ways 

improvement of the anti/syn selectivity and/or reduction of the TMSOH waste may be achieved. 

 

Computational Methods 
 
By the AFIR method, reaction pathways among TMSOF, imine, and water molecules and those 

among imine, 2-furanol, and TMSOH were searched at the ONIOM(B3LYP/6-31G:PM6) level, 

where methyl and phenyl groups were treated by PM6 and the other reaction-center parts at the 

B3LYP/6-31G level. The AFIR method gives many approximate reaction paths called AFIR 
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paths as minimization paths of a special function called AFIR function.30-32 The AFIR paths at 

the ONIOM level were found to be too crude to be compared to the intrinsic reaction coordinate 

(IRC) path of the final computational level. Hence, AFIR paths were once refined by a 

conventional path optimization method, the locally updated plane48 (LUP) method, at the 

M06-2X level with small basis sets [6-31G(d) for methyl and phenyl groups and 6-31+G(d) for 

the others]. Since the AFIR path can be a good guess of the minimum energy path, LUP 

converges quickly and only five LUP iterations were considered. Peaks along the final LUP 

paths were then optimized to true TSs at the M06-2X level with lager basis sets; 6-31G(d) for 

methyl and phenyl groups and 6-311+G(2d,p) for the remaining reaction-center parts. Free 

energy corrections in gas-phase were estimated at optimized structures assuming the rigid-rotor 

and Harmonic approximations. As discussed in the main text, we examined some important TSs 

with different functionals B3LYP, B3LYP+D, and B2PLYPD. TS(RT/PD1)B was considered 

also with the C-PCM calculations for water solvent. 

    All DFT calculations were done with Gaussian 09 programs.49 Using DFT gradients and 

Hessians, automated searches as well as geometry optimizations were performed by a 

developmental version of the GRRM program.50 
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S1. Full representation of stationary points along IRC pathways 

 
Figure S1-1. Optimized complex (CP) and transition state (TS) structures for the reaction 1 + 2 

+ 3, at the M06-2X level (see main text for basis sets) 

 

In parentheses, three energy values at the M06-2X level are shown; electronic energy E 

(regular), E + zero-point-energy (italic), and free energy at 298.15 K (bold), relative to the 

reactants 1 + 2 + 3. Unit of these energies is kJ/mol.  
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Figure S1-2. Optimized complex (CP) and transition state (TS) structures for the reaction 1 + 5 

+ 7, at the M06-2X level (see main text for basis sets) 

 

In parentheses, three energy values at the M06-2X level are shown; electronic energy E 

(regular), E + zero-point-energy (italic), and free energy at 298.15 K (bold), relative to the 

reactants 1 + 2 + 3. Unit of these energies is kJ/mol. 
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S2. Different proton transfer catalysts in the TMSOF decomposition path 

 

 
 

Figure S2. Optimized complex (CP) and transition state (TS) structures (a) H2O and (b) 

TMSOH catalyzed TSs concerning the TMSOF decomposition path, at the M06-2X level (see 

main text for basis sets) 

 

In parentheses, three energy values at the M06-2X level are shown; electronic energy E 

(regular), E + zero-point-energy (italic), and free energy at 298.15 K (bold), relative to the 

reactants 1 + 2 + 3. Unit of these energies is kJ/mol. Imine was found to be the best catalyst (see 

path (e) in Figure 1). 
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S3. Solvent effects on TS(RT/PD1)B 

 

 

 

Figure S3. Optimized complex (CP) and transition state (TS) structures for the concerted path 

to the 4 (anti) in C-PCM-water solvent, at the M06-2X level (see main text for basis sets) 

 

In parentheses, three energy values at the M06-2X level are shown; electronic energy E 

(regular), E + zero-point-energy (italic), and free energy at 298.15 K (bold), relative to the 

reactants 1 + 2 + 3. Water solvent was considered as an example with a large dielectric constant, 

and TS(RT/PD1)B was re-optimized with C-PCM. As discussed in the main section, there is a 

metastable intermediate (IM4) in gas-phase. On the other hand, in C-PCM-water the IRC path 

was found to be one step. The barrier (the energy difference between the TS and the 

pre-reaction complex) in CPCM-water solvent is similar to that in gas-phase (see path (a) in 

Figure 1). 
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S4. Participation of an additional water molecule in TS(RT/PD1)B 

 

 

 

Figure S4. Optimized complex (CP) and transition state (TS) structures for the concerted path 

to the 4 (anti) with a single water catalyst, at the M06-2X level (see main text for basis sets) 

 

In parentheses, three energy values at the M06-2X level are shown; electronic energy E 

(regular), E + zero-point-energy (italic), and free energy at 298.15 K (bold), relative to the 

reactants 1 + 2 + 3. The additional H2O molecule is acting as a proton transfer medium. The 

barrier (the energy difference between the TS and the pre-reaction complex) is similar to that in 

the single water case (see path (a) in Figure 1). 



Chapter 2 

 31 

S5. Conformational analysis of PD1 and PD2 

 

Figure S5. Ball-and-stick illustrations of optimized rotamer structures resulting in the 

conformation analysis 

 

(a) the top three structures in PD1 (anti product); (b) the top three structures in PD2 (syn 

product). The values in parenthesis are the relative Gibbs free energy ∆G (298.15 K, 1 atm, and 

in kJ/mol unit) based on M06-2X calculations (see text) relative to RT (separately optimized 

three reactant molecules) and the Boltzmann distribution. The eleven anti rotamers and 

twenty-two syn rotamers were found in the analysis from the PD1 and PD2, respectively. Here, 

the Boltzmann distribution was estimated using all these free energy values, and the calculated 

anti/syn ratio was 52.6 : 47.4. This result is consistent with the experimental result: anti/syn = 

53 : 47. It is confirmed that this system is controlled by the thermodynamic stability of the 

products. 
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Chapter 3 
 

Theoretical Study in Reaction Mechanism of the Anomalous Formal 

Nucleophilic Borylation of Organic Halides with Silylborane 

 
ABSTRACT 

Theoretical study has been conducted to elucidate the mechanism of the formal nucleophilic 

boryl substitution of aryl- and alkyl bromides with silylborane in the presence of potassium 

methoxide. Density functional theory was used in conjunction with the artificial force induced 

reaction method in the current study to determine the mechanism of this reaction. The results of 

this analysis led to the identification of a unique carbanion-mediated mechanism involving the 

halogenophilic attack of a silyl nucleophile on the bromine atom of the substrate. These 

calculations have therefore provided a mechanistic rationale for this counterintuitive borylation 

reaction. Furthermore, the good functional group compatibility and high reactivity exhibited by 

this reaction towards sterically hindered substrates can be understood in terms of the low 

activation energy required for the reaction of the silyl nucleophile with the bromine atom of the 

substrate, and the subsequent rapid and selective consumption of the carbanion species by the in 

situ generated boron electrophile. The anomalous formal nucleophilic borylation mechanism 

reported in this study could be used to provide new insights in silicon and boron chemistry. 
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Introduction 
 

Organoboronate esters are important building blocks in organic synthesis and considerable 

research efforts have been focused on the development of synthetic methods for the 

construction of compounds containing this boronate ester group.1 In this regard, Ito et al.2 

recently reported the development of a novel formal nucleophilic boryl substitution reaction, 

which involved the borylation of aryl-, alkenyl-, and alkyl halides with a silylborane species in 

the presence of an alkoxy base. This method of borylation is generally referred to as 

base-mediated borylation with a silylborane (BBS method). The BBS method shows good 

functional group compatibility and high levels of reactivity toward sterically hindered aryl 

bromides, and can be conducted at ambient temperature in the absence of a transition metal 

catalyst. Many organometallic ate complexes (i.e. borate, silicate, cuprate, and zincate etc.) are 

often applied for transmetalation reaction.3 However, one of the most interesting features of this 

reaction is that it appears to exhibit a counterintuitive reaction profile. For example, the reaction 

of a silylborane reagent with an appropriate base or nucleophile leads to the generation of a silyl 

nucleophile.4 In addition, the nucleophilic aromatic substitution of aryl halides does not usually 

occur under low temperature conditions without a highly electron withdrawing group on the 

aromatic substrate.5 The borylation activity described in Ito’s work was therefore unexpected, in 

that it deviated considerably from the reactivity behaviors previously reported in silicon and 

boron chemistry.6 Although this reaction is of particular interest with regard to its synthetic 

utility, very little is known about the mechanism of this reaction, and further work is therefore 

required to develop a deeper understanding of the mechanism associated with this process. 

    Significant research efforts have been directed towards the development of borylation 

reactions for the synthesis of alkyl- and aryl boronate esters,7-10 and the borylation of 

organohalides represents one of the most reliable and widely used of these methods for the 

synthesis of organoboronate esters. Alkyl- and aryl boronate esters can generally be prepared by 

the reaction of boron electrophiles with organolithium or Grignard reagents, which can be 

readily prepared from the corresponding organohalides.7 However, the application of these 

reactions has been limited by their requirement for strongly basic and highly nucleophilic 

organometallic reagents, which invariably lead to poor functional group compatibility. The 

transition metal-catalyzed boryl substitution reaction of aryl- and alkyl halides or pseudo halides 

has emerged as a useful alternative for the formation of organoboronate esters, showing high 

levels of functional group compatibility.8-9 The application of these methods to the synthesis of 
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pharmaceutical agents or organic materials, however, has been limited because of the costs 

associated with the use of transition metals on a large scale and the potential for the 

contamination of the product with residual transition metals.11 

    The BBS method is a newly developed, transition metal-free reaction for the synthesis of 

organoboronate esters, but the mechanism of this reaction has not yet been elucidated. A 

tentative mechanism (Scheme 1) has been proposed for this reaction based on several 

experimental observations,2 which involves the formation of a carbanion species via a 

metal-halogen exchange.9i,12,13 The silyl substitution reaction of aryl halides with a silyllithium 

reagent was also reported by Strohmann et al.14 According to this mechanism,2 PhMe2Si–B(pin) 

(1) would initially react with potassium methoxide (2a) to give the silylborane/alkoxy base 

complex A. Subsequent nucleophilic attack of the silyl moiety of complex A on the bromine 

atom of the alkyl- or aryl bromide 3 would lead to the formation of complex B or C, which 

would contain a nucleophilic carbon moiety or carbanion species, respectively. The carbon 

nucleophile would then attack the boron electrophile rather than the silyl bromide (4) to give the 

corresponding organoborate intermediate [RB(pin)OMe]–K+, which would provide the 

organoboronate ester 5 through the reaction of [RB(pin)OMe]–K+ with the in situ generated silyl 

bromide 4, with silyl ether 6 and potassium bromide (7) being formed as by-products. There are, 

however, several issues with this mechanism. For example, this mechanism assumes that a 

thermodynamically and kinetically unstable organopotassium intermediate can be generated 

from a relatively unreactive, silyl borate species. Furthermore, the proposed generation of a 

highly reactive organopotassium intermediate is not consistent with the high level of functional 

group compatibility observed for this method. Based on these inconsistencies, it is clear that 

further comprehensive theoretical studies are required to provide a deeper understanding of this 

reaction mechanism. Extensive reaction path screening could be also used to exclude other 

possible reaction pathways.  
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Scheme 1. Proposed Reaction Mechanism of Formal Boryl Substitution of Organic Bromine 

Compounds (R = Aryl or Alkyl) with Silylborane and Alkoxy Base 

 

    Given that it is not easy to explain the products resulting from the BBS method according 

to our current understanding of silicon and boron chemistry, it may not be possible to apply our 

existing theoretical understanding of the borylation of C–X and C–H bonds by transition 

metals15 to this reaction. With this in mind, further studies are necessary to enhance our 

theoretical understanding to the extent that we can adequately explain this transformation. 

Nevertheless it can be difficult to apply conventional calculation methods to mechanistic studies 

involving novel or poorly defined reaction mechanisms because it may be necessary to consider 

multiple reaction pathways. Furthermore, this approach requires a large number of 

trial-and-error calculations to allow for the sequential identification of the intermediates and 

transition states (TSs) involved in the assumed mechanism. The artificial force induced reaction 

(AFIR) method is an automated reaction path search method16, 17 that can be used as a powerful 

tool in theoretical studies towards the elucidation of reaction mechanisms. The AFIR method 

pushes given chemical species, such as substrates, catalysts, bases, etc., together by applying an 

artificial force. In practice, a model function called AFIR function is used, where this function is 

given as the sum of the potential energy function of the reacting system and a force term. The 

force term eliminates potential barriers along a reaction coordinate, and allows for efficient 

identification of product’s geometry by minimization of this function. Moreover, along the 

minimization path of the model function (AFIR path), approximate TS geometries can be 

obtained. These approximate TSs are further optimized without the force in order to obtain real 
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TSs. I note that in the following all TSs as well as minimum energy structures discussed are real 

TSs and local minima which were reoptimized without the force term. By systematic 

applications, the AFIR method allows for the identification of working reaction pathways 

including unexpected ones from the many different possibilities without the need to estimate 

any of the TS structures. 

    Herein, I present the results of a detailed density functional theory (DFT) study on the BBS 

method using the AFIR method. The results of this comprehensive theoretical investigation 

have allowed for the construction of a complete reaction pathway. This new pathway shows 

several similarities to the carbanion-mediated mechanism in Scheme 1. The results of this study 

can also be used to rationalize the selectivity of the borylation/silylation process, as well as the 

good functional group compatibility and the high reactivity exhibited by the reactions towards 

sterically hindered substrates. The results of this study have also eliminated the possibility of a 

neutral radical or radical anion-mediated mechanism being involved in the reaction using CIS- 

and TDDFT-based electronic excitation energy calculations. 

 

Results 
 

My initial efforts focused on systematically exploring the pathways potentially involved in the 

reaction of (dimethylphenylsilyl)boronic acid pinacol ester [PhMe2Si–B(pin), 1] with 

(2-bromoethyl)benzene (3a) in the presence of potassium methoxide using the AFIR method. 

Further details of this process have been provided below in the Computational Details section. 

Based on the intermediates and TSs obtained for this set of substrates, the reaction pathways for 

the reaction of compound 1 with bromobenzene (3b) in the presence of potassium methoxide 

were computed using standard geometry optimization calculations. These reactions are 

described in Scheme 2 [case-A (eq 1) and case-B (eq 2), respectively]. 

 

Scheme 2. Boron Substitution Reactions of Compounds 3a and 3b Using the BBS Method 
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    All of the structures described in this paper were optimized at the M06-L18a/6-311+G(2d,p) 

level. It is important to mention that the energy profiles described in the current study have been 

discussed in terms of the Gibbs free energy in the gas phase. Furthermore, the free energy 

corrections used in the current study were estimated using ideal gas, rigid-rotor and harmonic 

approximations. Single-point calculations were made at the M0618b/6-311+G(3df,2p) level for 

all of the structures identified in the current study, and solvent effects were taken into account 

using the C-PCM19 method. The main features of the energy profiles discussed below do not 

change between these two computational levels, and information pertaining to the latter is 

shown in the Supporting Information. 

    Case-A (R = PhCH2CH2). The current mechanism was obtained by the application of a 

systematic reaction path search to the case-A reaction using the AFIR method.17 The range used 

in the current reaction path search is described below. An approximate upper energy barrier 

threshold can be specified in AFIR calculations, and the value used in the current study was set 

to 47.8 kcal/mol (= 200 kJ/mol). All of the atoms in the methyl and phenyl groups of the 

compound 1-3a, as well as the potassium atom and all the atoms in the pinacolate portion of the 

B(pin) moiety, were set as being inactive (i.e., reactions involving bond rearrangements in these 

areas of the substrates were ignored). A systematic search was then conducted at a low 

computational level (see Computational Details), which led to the identification of numerous 

reaction pathways. Reaction involving E2 elimination and α-proton elimination mechanisms 

with compound 3a were found but excluded without further consideration. These reactions were 

not seen in the experiment,2 and were therefore considered to be unimportant to the main 

mechanism of the BBS method. All of the other pathways were considered at a reliable 

computational level, and the results are discussed below. It is important to mention that 

pathways for conformational changes in the inactive parts were not examined systematically.20 

Although exhaustive sampling of the conformations present in the TS is required to 

quantitatively predict the selectivity of a given process,17b this work was considered to be well 

beyond the scope of this study, and was therefore not conducted. 

    Figure 1 shows the free energy diagram (373.15 K, 1.0 atm) obtained for the case-A 

reaction, which involved the borylation of an sp3 carbon. Five elementary reactions were 

identified during this process, including (I) the coordination of the methoxide ion (2a’) to the 

boron atom of compound 1 to give complex [PhMe2Si–B(pin)OMe]–K+ (A2 of Figure 1); (II-a) 

adsorption of PhCH2CH2Br (3a) to A2 giving A2’; (II-b) generation of PhMe2Si– (8) and 

MeOB(pin) (9) via the cleavage of the B–Si bond (A3 of Figure 1); (III) formation of 
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PhCH2CH2
– (10a) and PhMe2SiBr (4) by the reaction of 8 with PhCH2CH2Br (3a), which 

allowed for the initial anion charge to be transferred from the silicon atom to the carbon atom 

(A4 of Figure 1); (IV) production of [PhCH2CH2B(pin)OMe]–K+ (11a) via the reaction of 9 

with 10a (A5 of Figure 1); and (V) removal of the methoxy group in 11a by a nucleophilic 

substitution reaction to give the desired product 5a (A6 of Figure 1). I computed both paths with 

and without 3a for the reaction steps (I) and (II), and Figure 1 only shows the most feasible path 

in which 3a adsorbs at the step (II-a). In the steps from A3 to A5 or A7, there are also species 

that do not explicitly participate in the reaction, e.g., MeOB(pin) in TS(A3/A4). However, the 

barriers in all these reaction steps are tiny. These steps thus proceed rapidly without waiting for 

dissociation of such species. On this point, a detailed discussion is made for the case B reaction 

in Supporting Information. 

    Silyl and alkyl anions bearing alkali metals as their counterions generally exhibit high 

levels of nucleophilicity and basicity, which can lead to the occurrence of various side reactions. 

However, the theoretical energy profile suggested that this was not the case in the current 

reaction. The silyl anion 8 in A3 was rapidly consumed by the subsequent halogenophilic attack 

process, which proceeded via TS(A3/A4') with a very low energy barrier of only 0.4 kcal/mol. 

Furthermore, significant cation-π interactions existed between the potassium cation and the 

phenyl group of the PhCH2CH2 moiety in the metastable intermediate A4',21 which proceeds 

directly to the borylation reaction through TS(A4'/A5). The carbanion 10a reacted with 

MeOB(pin) (9) in A4' through TS(A4'/A5), which had a very low energy barrier of only 1.2 

kcal/mol. These results therefore indicated that the reactive carbanion species were short-lived 

intermediates that had very little chance of reacting with the other functional groups. 



Chapter 3 
 

 39 

 

Figure 1. Reaction Pathways Leading to the Boron Product. The use of “start” corresponds to 

the reactant (i.e., 1, 2a and 3a, which were separately optimized), An to an intermediate 

complex (local minimum),20 and TS(An/Am) to the transition state connecting An and Am. 

Gibbs free energy values (373.15 K, 1.0 atm) based on M06-L/6-311+G(2d,p) calculations 

relative to the “start” position are shown in kcal/mol. Schematic representations of the 

optimized structures corresponding to An or TS(An/Am) are shown in the current reaction. For 

steps from the “start” position to A2, profiles without 3a are presented as the most reasonable 

path. 

 

    Although A4 can undergo both borylation and silylation reactions, the ratio for the 

generation of A4 and A4' from A3 was determined to be 23:77, based on the free energy gap of 

0.9 kcal/mol between TS(A3/A4) and TS(A3/A4'), as well as the Boltzmann distribution at 

373.15 K. The Boltzmann distribution revealed that the reaction path through TS(A3/A4) was 

the minor component and that A3 was mainly consumed by the borylation reaction, which 
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proceeded through TS(A3/A4') and TS(A4'/A5). The energy difference between TS(A4/A5) and 

TS(A4/A7) was determined to be 1.5 kcal/mol, and this value was used to predict the ratio for 

the generation of A5 and A7 from A4, which was 88:12. The borylation/silylation ratio was 

then calculated by combining the two ratios described above for the two different branches of 

the reaction, and was found to be 97:3. This ratio was therefore consistent with the experimental 

borylation/silylation selectivity of 91:9.2 

    In the final step, [PhCH2CH2B(pin)OMe]–K+ (11a) would react with PhMe2SiBr (4) in A5. 

Although there was a substantial energy barrier to this step, there is no need to discuss this step 

in greater detail because the desired product was obtained from both A5 and A6 following an 

aqueous quench of the reaction. Of the five different reaction steps, step (II), which involved a 

heterolytic B–Si bond cleavage reaction, had the highest energy barrier and was therefore 

considered to be the rate-determining step in this reaction. 

    The possibility of the silyl substitution via an SN2 mechanism in the case-A reaction 

system was investigated. The combination of a silylborane species with a strong base can lead 

to the in situ production of nucleophilic silyl species.4 With this in mind, it was envisaged that 

PhMe2Si– (8) could react with compound 3a via an SN2 pathway.2 The AFIR search identified a 

reaction path corresponding to this SN2 mechanism. Two alternative SN2 pathways leading to 

the formation of C–O bonds were also identified during the AFIR search and TSs for all three of 

these SN2 pathways are described in Figure 2. The free energies (∆G‡) relative to the 

individually optimized reactants (“start” in Figure 1) are shown below each TS structure 

together with the activation free energies (∆∆G‡). The nucleophilic attack of the methoxide 

group through the TSs shown in Figure 2a and 2b, would require the formation of unstable TSs 

with high ∆G‡ values of 15.6 and 22.4 kcal/mol, respectively. The TS for the silylation, which 

would involve the nucleophilic attack of PhMe2Si– (8) in Figure 2c was also found to be 

unfavorable with a ∆G‡ value of −0.1 kcal/mol, which was higher than that of the TSs shown in 

Figure 1. Furthermore, the activation barriers (∆∆G‡) for these pathways were also high. Based 

on these results, the SN2 pathways were dismissed as having a negligible impact on the outcome 

of the current reactions. 
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Figure 2. TS Structures, Free Energies (∆G‡) Relative to the Reactants (i.e., 1, 2a and 3a), and 

Activation Free Energies (∆∆G‡) of the SN2 Reaction Pathways. Free energy values (373.15 K, 

1.0 atm) based on M06-L/6-311+G(2d,p) calculations have been given in kcal/mol. It was 

assumed that the molecule that did not participate in the reactions in (a) and (c) existed at an 

infinity distance. 

 

    Case-B (R = Ph). The free energy diagram (303.15 K, 1.0 atm) for the borylation and 

silylation reactions of the sp2 carbon in the case-B reaction is shown in Figure 3. It is 

noteworthy that different temperatures of 373.15 and 303.15 K were used to evaluate the 

free-energy profiles for the case-A and case-B reactions, respectively, to allow for the results to 

be compared with experimental results that were obtained at the same temperatures. Figure 3 

looks very similar to the diagram shown in Figure 1, in that the overall reaction is composed of 

five steps (i.e., steps I–V), which were discussed above for the case-A reaction. Given that the 

final step was considered to have very little impact on the outcome of the overall reaction, and 

the rate-determining step was therefore determined to be the step corresponding to the cleavage 

of the B–Si bond through TS(B2’/B3). 

    Detachment/attachment of PhBr (3b) at B3 is slower than the forward and backward steps. 

This was confirmed by evaluation of the free energy along their reaction coordinates. That is, I 

performed a constrained optimization fixing the distance between Br in 3b and K in the 

remaining part at RK–Br = 6 Å and the normal-mode analysis for the projected Hessian. This gave 

an estimate of the free energy –3.4 kcal/mol at RK–Br = 6 Å. This is higher than both TS(B3/B4) 

and TS(B2’/B3). On the other hand, the free energy at RK–Br = 6 Å along the 

detachment/attachment coordinate of 3b at B2’ was –20.9 kcal/mol. This is much lower than 

TS(B2’/B3). The profile shown in Figure 2 thus is the best path concerning existence or 

non-existence of 3b. Details of this analysis are described in Supporting Information, Figure S4, 

S6-1, and S6-2. 
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    Decomposition of reaction complexes with dissociation of species that do not directly 

participate in the reaction can be a favored process. However, this is not the case in the reaction 

steps from B3 to B5 and B7 of the present reaction. This is because activation free energies 

required in these steps are all very low. In other words, these steps proceed rapidly before 

dissociation of such species. In order to confirm this, I calculated free energy values along 

dissociation coordinates of these species. For example, for the reaction complex B4, the 

distance RK–B between the K atom and the B atom in (pin)B–OMe was chosen as the 

dissociation coordinate of (pin)B–OMe. Then, I performed a constrained optimization fixing the 

distance at RK–B = 8 Å and the normal-mode analysis for the projected Hessian. This gave an 

estimate of the free energy –27.0 kcal/mol at RK–B = 8 Å. This is much higher than the TSs for 

the forward reactions, –35.3 kcal/mol for borylation and –33.9 kcal/mol for silylation. Thus, the 

reaction proceeds before dissociation of (pin)B–OMe. In this way, I confirmed that the reaction 

proceeds with the path from B3 to B5 and B7 shown in Figure 3 without dissociation of any 

species. Details of this analysis are described in Supporting Information, Figure S6-1. 

    The possibility of radical reaction pathways was checked using several calculations. 

Strohmann et al.14a suggested the existence of a radical-mediated pathway in the reaction of silyl 

anions with organic halides, which is mechanistically related to the BBS method,14a and 

TS(B3/B4), which involves the halogenophilic attack step, could possess some radical 

characters. The results of a CIS-based MO-stability-check22 at the UM06-L/6-311+G(2d,p) 

level, however, indicated that TS(B3/B4) was closed-shell at the electronic ground state. 

Furthermore, TDDFT-based electronic excitation energy calculations for the complex composed 

B2 and PhBr revealed that the closed-shell electronic ground state was well separated from the 

first electronic excited state by 103.6 and 122.2 kcal/mol at the CAM-B3LYP23/6-311+G(2d,p) 

and LC-BLYP24/6-311+G(2d,p) levels, respectively. These results therefore excluded the 

possibility of an open-shell radical species being involved in this reaction. 
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Figure 3. Reaction Pathways Leading to the B/Si Products. The use of “start” corresponds to 

the different reactants (i.e., 1, 2a and 3b, which were optimized separately). Bn refers to an 

intermediate complex (local minimum),20 and TS(Bn/Bm) to a transition state connecting Bn 

and Bm. Gibbs free energy values (303.15 K, 1.0 atm) based on M06-L/6-311+G(2d,p) 

calculations relative to the “start” position have been presented in kcal/mol. Schematic 

representations of the optimized Bn and TS(Bn/Bm) structures in the current reaction. For steps 

from the “start” position to B2, profiles without 3b are presented as the most reasonable path. 

 

    A significant difference was found between the case-A and case-B pathways in terms of 

the complexes containing the anionic intermediates PhCH2CH2
− and Ph− (A4' and B4). In the 

case-B reaction, cleavage of the C–Br bond resulted in the formation of the stable intermediate 

B4 bearing a K–C bond. The interaction between the terminal C atom of the PhCH2CH2
− anion 

and the potassium cation in A4' was weakened, however, by the strong interaction between the 

potassium cation and the Ph group, which separated the potassium cation from the terminal C 
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atom. The relatively strong interaction between the potassium cation and the Ph group of the 

PhCH2CH2
− anion could explain why the metastable intermediate A4' was identified as a local 

potential energy minimum in the case-A reaction. 

    In a similar manner to the case-A reaction, the case-B reaction also involved two reaction 

pathways at B4 (i.e., borylation and silylation reactions). Experimental results showed that the 

borylation reaction occurred in preference to the silylation reaction. This preference can be 

understood in terms of the difference in the free energy values of TS(B4/B5) and TS(B4/B7), 

with the former being 1.4 kcal/mol lower in energy than the latter. This energy difference was 

very similar to the corresponding energy gap of 1.5 kcal/mol in the case-A reaction. Taken 

together, these results indicated that the borylation reaction was kinetically favored over the 

silylation reaction. Based on this free energy gap and the Boltzmann distribution, the B/Si 

branching ratio of the case-B reaction was estimated to be 92:8, and this ratio was consistent 

with the experimental borylation/silylation ratio of 94:6 from the BBS method. 

 

    Substrate and Base Dependence. I now have the major reaction path for the BBS method. 

Thus, it would be interesting to look energy profiles of this path for different substrates and 

bases. In practice, five aryl halides 3c-3g and four bases 2b-2e listed in Scheme 4 were 

considered. In the Supporting Information, all computed energy profiles are compared in Figure 

3. Some trends seen in these energy profiles provided several points that can be beneficial for 

further optimization of the BBS method. 

 
Scheme 4. Aryl Halides and Bases Used in Discussions on the Reactivity of the BBS Method 

 

    At first, the activation energy in the halogenophilic attack on sterically hindered 

2,4,6-triisopropylbromobenzene (3c) was investigated and found to be reasonably low (∆∆G‡ = 

1.9 kcal/mol, Figure 4). TS(B2’/B3) was slightly lower than TS(B3/B4) for 3c as shown in 

Figure S5-1, and the reaction thus is expected to proceed smoothly with 3c. This is consistent 
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with the high reactivity of the BBS method toward sterically hindered substrates.2 

 

 

Figure 4. TS Structures, Free Energies (∆G‡) Relative to the Reactants (1, 2a and 3b/3c), and 

Activation Free Energies (∆∆G‡) for the Halogenophilic Attack Reaction Steps. Free energy 

values (303.15 K, 1.0 atm) based on M06-L/6-311+G(2d,p) calculations are given in kcal/mol. 

 

    Second, the halide effect [PhBr (3b) vs. PhCl (3d) vs. PhI (3e)] and substitution effect of 

para-position [PhBr (3b) vs. p-MeO–C6H4Br (3f) vs. p-F–C6H4Br (3g)] were investigated 

theoretically (See Supporting Information: Figures S5-2, S5-4, S6-2, and S6-3 for energy 

profiles.) Experimentally, it was shown that the reactivity increases as 3e > 3b > 3d and 3g > 3b 

> 3f.26 These experiments also showed that reactions of different substrates are in competition 

when two substrates are combined together.26 Consistently, ∆G‡ at the rate determining 

TS(B2’/B3) are very close to each other for these substrates; ∆G‡ at TS(B2’/B3) are 7.5, 8.7, 7.3, 

6.9, and 7.2 kcal/mol for 3b, 3d, 3e, 3f, and 3g, respectively, in our best estimate with inclusion 

of the solvent effect by C-PCM. These values reproduce the experimental reactivity trends 

qualitatively; only the ∆G‡ for 3f showed deviation from the experimental trend. Nevertheless, 

these <1 kcal/mol energy differences are too small to be discussed with the present 

computational level. Moreover, the computational trend changed by inclusion of the solvent 

effect with C-PCM (See Supporting Information). The more accurate treatment with the more 

accurate ab initio theory and explicit consideration of movements of surrounding solvent 

molecules is required for further quantitative predictions. 

    Thirdly, the impact of the base is investigated. It was reported that KOMe (2a) gave the 

borylation and minor silylation products of p-MeO–C6H4Br (3f) in 92% yield with high B/Si 

ratio (95:5). The reaction with NaOMe (2c) resulted in 81% yield (5b+6b) with a B/Si ratio of 

80:20. It was also found that the borylation of PhBr (3b) with K(O-t-Bu) (2d), and Li(O-t-Bu) 



Chapter 3 
 

 46 

(2e) as the base gave moderate to high yield and B/Si selectivity [66% yield (5b+6b), B/Si = 

73:27, 94% yield (5b+6b), B/Si = 85:15, respectively] under previously reported reaction 

conditions.2, 26 Theoretical results showed that all the bases shown in Scheme 4 provide low 

∆∆G‡ values enough to promote the borylation reaction. However, it is difficult to fully 

elucidate the reactivity and selectivity trends of the experimental results. This is probably 

because of the solubility difference of the bases.26 KOMe (2a), LiOMe (2b), and NaOMe (2c) 

are only partially soluble in dimethoxyethane, whereas K(O-t-Bu) (2d) and Li(O-t-Bu) (2e) are 

fairly soluble in the solvent. It is noted that the reaction of LiOMe (2b) afforded no 

borylation/silylation products in the experiment, although the theoretical results for LiOMe 

indicate its moderate reactivity. This inconsistency is attributable to the very slow Si‒B bond 

cleavage in the real LiOMe reaction system because of the extremely low solubility of LiOMe 

in the reaction medium and relatively higher ∆∆G‡ value at the Si‒B bond cleavage step (B2’ → 

B3) (For details, see Supporting Information). Furthermore, in this study, I just optimized TSs 

obtained for the reaction with 2a after substituting the corresponding metal atom without further 

conformational analysis. The B/Si selectivity would be determined by a subtle energy gap 

between the silylation TS and the borylation TS, and its quantitative prediction further requires 

an extensive conformational sampling. Such an analysis for quantitative discussions of the B/Si 

selectivity will be a future subject. 
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Discussion 

 

The pathways computed in the current study for the case-A and case-B reactions provide 

adequate explanations of many of the characteristic features of the BBS method. The BBS 

method was initially highlighted for its good functional group compatibility and high reactivity 

toward sterically hindered substrates.2 In the reaction profiles shown in Figures 1 and 3, the step 

involving the cleavage of the Si–B bond through TS(AorB2’/AorB3) was identified as the 

rate-determining step. The reaction proceeded rapidly beyond this point, with unstable 

intermediates such as the silyl anion and carbanion species being immediately consumed with 

very low energy barriers (see the steps from AorB3 to AorB5 in Figures 1 and 3). This result 

indicated that all of these intermediates almost exclusively underwent the borylation reaction, 

even when they contained other reactive functional groups. Furthermore, the structures of the 

TSs involved in these steps provide some rationale for the high borylation reactivity observed in 

the BBS method towards sterically hindered aryl bromides. The TS(B3/B4) structure shows that 

the steric hindrance provided by the substrate would be too far removed from the reactive σ*(C–

Br) orbital to have a noticeable impact on the reactivity whereas catalysts usually interacts the 

carbon and bromo atoms in the C–Br bond directly in the transition-metal-catalyzed boryl 

substitution of aryl bromides. Actually, a bulky substrate 3c showed a reasonable potential 

profile with low barriers. 

    The BBS method proceeded to give a product with counterintuitive borylation reaction, as 

well as a small amount of the silylation product (5–10%).2 This distribution of products suggests 

that these two channels are competing with each other, and that the energy barrier for the 

borylation reaction must be slightly lower than that of the silylation reaction by a few kcal/mol. 

This feature of the BBS method was effectively reproduced in the current reaction profiles. 

Furthermore, the results of simple thermodynamic analyses on the basis of their free energy 

barriers and Boltzmann distributions predicted that the borylation/silylation ratios of the case-A 

and case-B reactions to be 97:3 and 92:8, respectively. These ratios were qualitatively consistent 

with the experimental ratios of 91:9 and 94:6. The energy profiles for these reactions showed 

that all of the borylation/silylation TSs existed along favorable pathways [i.e., TS(A4’/A5), 

TS(A4/A5), TS(A4/A7), TS(B4/B5), and TS(B4/B7)], with energy barriers in the range of 1–7 

kcal/mol. These low energy barriers were attributed to the carbanion species, PhCH2CH2
– and 

Ph–, which are highly reactive intermediates that can react spontaneously with B or Si. The B/Si 

selectivities observed in these reactions can therefore be understood in terms of the 



Chapter 3 
 

 48 

effectiveness of their inter-orbital attraction between the Ph– and B/Si species. The selectivity of 

an organic transformation can be understood and controlled in terms of the hard and soft acids 

and bases principle. With this in mind, the sp3/sp2 hybrid orbital of PhCH2CH2
–/Ph– would 

better overlap much more effectively with the empty 2p orbital of the MeOB(pin) moiety than 

the σ*(Si–Br) orbital of the PhMe2SiBr moiety. This would explain why carbanions prefer to 

react with B rather than Si. 

    These findings provide strong support for the proposed mechanism shown in Scheme 1.2 

Furthermore, the application of the current AFIR search to the case-A reaction allowed for the 

contributions from many other possible pathways to be eliminated in a systematic way, which 

provided further evidence in support of the validity of this mechanism. Although the mechanism 

shown in Scheme 1 may look unusual, in the sense that it involves highly reactive intermediates 

derived from silyl anion and carbanion species, it is important to realize that all of the 

theoretical and experimental results of the current study are consistent with this mechanism. 

. 

Conclusion 
 

A theoretical investigation of the BBS reaction has been conducted using the AFIR method. The 

resulting complete reaction pathway for the BBS method was shown to involve the 

halogenophilic attack of a silyl anion on the bromine atom of the substrate and the rapid and 

selective consumption of a resulting carbanion species by a boron electrophile. These 

calculations provided a rational explanation for the counterintuitive borylation reactivity, as 

well as accounting for the good functional group compatibility of the reaction and its high 

reactivity toward sterically hindered substrates. The use of the AFIR method in the current 

study not only provided a complete reaction pathway but also demonstrated the validity of the 

proposed reaction mechanism by comprehensively accounting for the other reaction 

mechanisms. It is hoped that this novel mechanism will allow us to expand our knowledge and 

understanding of silicon and boron chemistry. 

 

Computational Details 
 
For the case-A reaction, reaction pathways involving the conversion of the reactants (i.e., 1, 2a 

and 3a) to the major products and byproducts were searched systematically at the B3LYP27 

level with small basis sets (STO-3G for all of the methyl and phenyl groups, and 6-31G for all 
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of the other groups) using the AFIR method. It is necessary to determine an upper threshold for 

the energy barrier when the AFIR method is being used to conduct a systematic reaction 

pathway search. The upper threshold used in the current study was set to 47.8 kcal/mol (= 200 

kJ/mol) for the initial searches. These searches can be performed efficiently by choosing the 

reactive sites appropriately. Three reactive sites were defined in reactants for the case-A 

reaction, including (i) the ethylene moiety and Br atom in PhCH2CH2Br; (ii) the B and Si atoms 

in PhMe2Si–B(pin); and (iii) the O atom in potassium methoxide. These settings were employed 

consistently in all of the reaction steps. The AFIR method gives many approximate reaction 

pathways called AFIR paths as minimization pathways of the AFIR function.16 The AFIR paths 

at the low computational level were subsequently optimized using a conventional path 

optimization method known as the locally updated planes28 (LUP) method at the 

M06-L/6-311+G(d) level. Because the AFIR path can provide a good estimate of the minimum 

energy path, LUP calculations converge quickly and only five LUP iterations were considered. 

Peaks along the LUP paths were then optimized to the true TSs at the M06-L/6-311+G(d) level. 

Important pathways were further optimized at the M06-L/6-311+G(2d,p) level, and free energy 

corrections in the gas phase were estimated by assuming ideal gas, rigid-rotor and harmonic 

approximations. The natural population analysis was performed at the M06-L/6-311+G(2d,p) 

level. TSs for the case-B reaction were optimized using important TSs obtained from the case-A 

reaction by substituting the PhCH2CH2 group for a Ph group. Moreover, for discussions of the 

substrate and base dependences, these TSs were further optimized at the same computational 

level with different substrates and bases, where, only for I atom, the Stuttgard ECP46MDF29 

effective core potential and corresponding basis set were applied. All of the DFT calculations 

were performed with the Gaussian 09 programs.30 Automated searches as well as geometry 

optimizations were performed using a developmental version of the GRRM program with the 

DFT gradients and Hessians.31 

    Single point calculations were performed at the M06/6-311+G(3df,2p) level for all of the 

local minima and TSs shown in Figures 1 and 3, and TS(B2’/B3) shown in Figure S5-2 and 

S5-4. These solvent effects were considered using the C-PCM method.19 1,4-Dioxane was 

selected in the C-PCM calculations because it was the experimentally optimized solvent in the 

case-A reaction. THF was selected as the solvent for the case-B reaction in the C-PCM 

calculations because the C-PCM parameters for THF were available in Gaussian 09. 

Furthermore, experimental results have demonstrated that THF exhibits similar reactivity and 



Chapter 3 
 

 50 

selectivity properties to dimethoxyethane, which was employed as the optimized solvent in the 

experiment. Gas-phase free energy corrections were conducted at the M06-L/6-311+G(2d,p) 

level and added to the C-PCM single-point energies at the M06/6-311+G(3df,2p) level to allow 

for the free energy values to be estimated. In the case-A and case-B reactions, the free energy 

profiles from AorB2 to AorB5 in the C-PCM-solvents did not differ significantly from those in 

the gas-phase calculations. Most notably, the reaction steps following TS(AorB2/AorB3) to 

AorB5 possessed negligible barriers, which remained unchanged regardless of any solvent 

effects. The free energy profiles in the C-PCM-solvents are shown in the Supporting 

Information. 
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S2. Energy Profiles Including Solvent Effects Estimated by C-PCM 

 

 

Figure S2-1. Reaction Pathways Leading to the B/Si Products for 3a 

 

The use of “start” corresponds to the reactant (i.e., 1, 2a and 3a, which were separately 

optimized), An to an intermediate complex (local minimum), and TS(An/Am) to the transition 

state connecting An and Am. Single-point energies based on M06/6-311+G(3df,2p) calculations 

with the C-PCM-dioxane solvent plus Gibbs free energy corrections in gas phase (373.15 K, 1.0 

atm) at the M06-L/6-311+G(2d,p) level relative to the “start” position are shown in kcal/mol. 

From the “start” position to A2, PhCH2CH2Br (3a) does not explicitly participate the reaction 

(see Figure S4-1). 
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Figure S2-2. Reaction Pathways Leading to the B/Si Products for 3b 

 

The use of “start” corresponds to the reactant (1, 2a and 3b, which were separately optimized), 

Bn to an intermediate complex (local minimum), and TS(Bn/Bm) to the transition state 

connecting Bn and Bm. Single-point energies based on M06/6-311+G(3df,2p) calculations with 

the C-PCM-THF solvent plus Gibbs free energy corrections in gas phase (303.15 K, 1.0 atm) at 

the M06-L/6-311+G(2d,p) level relative to the “start” position are shown in kcal/mol. From the 

“start” position to B2, PhBr (3b) does not explicitly participate the reaction (see Figure S4-2). 
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S3. Energy Profiles in terms of Electronic Energy + Zero Point Vibration Energy 

 

 

Figure S3-1. Reaction Pathways Leading to the B/Si Products for 3a 

 

The use of “start” corresponds to the reactant (1, 2a and 3a, which were separately optimized), 

An to an intermediate complex (local minimum), and TS(An/Am) to the transition state 

connecting An and Am. Electronic energies plus zero-point vibration energy values based on 

M06-L/6-311+G(2d,p) calculations relative to the “start” position are shown in kcal/mol. From 

the “start” position to A2, PhCH2CH2Br (3a) does not explicitly participate the reaction (see 

Figure S4-1). 
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Figure S3-2. Reaction Pathways Leading to the B/Si Products for 3b 

 

The use of “start” corresponds to the reactant (1, 2a and 3b, which were separately optimized), 

Bn to an intermediate complex (local minimum), and TS(Bn/Bm) to the transition state 

connecting Bn and Bm. Electronic energies plus zero-point vibration energy values based on 

M06-L/6-311+G(2d,p) calculations relative to the “start” position are presented in kcal/mol. 

From the “start” position to B3, PhBr (3b) does not explicitly participate the reaction (see 

Figure S4-2). 
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S4. Pathways from “start” to Silyl Potassium Intermediate with Explicit 
Participation of 3a/3b 
 

 
Figure S4-1 Reaction Pathways Leading to the Silyl Potassium Intermediate with and without 

PhCH2CH2Br (3a) 

 

The use of “start” corresponds to the reactant (1, 2a and 3a, which were separately optimized), 

An to an intermediate complex (local minimum), and TS(An/Am) to the transition state 

connecting An and Am. Gibbs free energy values (373.15 K, 1.0 atm) at the 

M06-L/6-311+G(2d,p) level relative to the “start” position are shown in kcal/mol. 

Intermediates, A1’, A2’ and A3, and TSs, TS(A1’/A2’) and TS(A2’/A3), with 3a are indicted 

by the gray line. Compared to the path without 3a, the path with 3a seems not to be favorable 

because of entropic effects. However, 3a is expected to participate in the reaction from the step 

(II) as shown in the case B reaction (see Figure S4-2). 
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Figure S4-2 Reaction Pathways Leading to the Silyl Potassium Intermediate with and without 

PhBr (3b) 

 

The use of “start” corresponds to the reactant (1, 2a and 3b, which were separately optimized), 

Bn to an intermediate complex (local minimum), and TS(Bn/Bm) to the transition state 

connecting Bn and Bm. Gibbs free energy values (303.15 K, 1.0 atm) at the 

M06-L/6-311+G(2d,p) level relative to the “start” position are shown in kcal/mol. 

Intermediates, B1’, B2’ and B3, and TSs, TS(B1’/B2’) and TS(B2’/B3), with 3b are indicted by 

the gray line. Compared to the path without 3b, the path with 3b seams not to be favorable 

because of entropic effects. However, it was found that the free energy barrier for detachment / 

attachment of 3b at B3’ is higher than TS(B2’/B3) as shown in Figure S6-2 and S6-3. Thus, 3b 

will participate in the reaction from the step (II). 
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S5. Substrate and Base Dependence 

S5-1. Steric Effect (R = iPr3C6H2–) 

 

Figure S5-1. Reaction Pathways Leading to the B/Si Products with R = iPr3C6H2 

 

The use of “start” corresponds to the reactant (i.e., 1, 2a, 3b, and 3c which were separately 

optimized), Bn to an intermediate complex (local minimum), and TS(Bn/Bm) to the transition 

state connecting Bn and Bm. Gibbs free energy values (303.15 K, 1.0 atm) at the 

M06-L/6-311+G(2d,p) level relative to the “start” position are shown in kcal/mol. From the 

“start” position to B2, PhBr (3b) and iPr3C6H2Br (3c) do not explicitly participate the reaction. 

From B2’ to B5/B7, the red line shows that the reactant is 3c and the corresponding energy is 

displayed with black letters.  
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S5-2. Halide Effect  (X = Cl and I) 

 

Figure S5-2. Reaction Pathways Leading to the B/Si Products with Different Substrates Ph-X 

(X = Cl and I) 

 

The use of “start” corresponds to the reactant (i.e., 1, 2a, 3b, 3d, and 3e which were separately 

optimized), Bn to an intermediate complex (local minimum), and TS(Bn/Bm) to the transition 

state connecting Bn and Bm. Gibbs free energy values (303.15 K, 1.0 atm) at the 

M06-L/6-311+G(2d,p) level relative to the “start” position are shown in kcal/mol. (For I atom, 

the Stuttgard ECP46MDF effective core potential and corresponding basis set were applied.) 

From the “start” position to B2, the substrates (3b, 3d, and 3e) do not explicitly participate in 

the reaction. From B2’ to B5/B7, the green line shows that the reactant is 3d and the 

corresponding energy is displayed with green letters. On the other hand, the purple line shows 

that the reactant is 3e and the corresponding energy is displayed with purple letters. Single-point 

energies based on M06/6-311+G(3df,2p) calculations with the C-PCM-THF solvent plus Gibbs 

free energy corrections in gas phase (303.15 K, 1.0 atm) at the M06-L/6-311+G(2d,p) level are 

exhibited in parentheses at TS(B2’/B3). 
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S5-3. Base Effect (LiOMe, NaOMe, KOtBu, LiOtBu) 

 

Figure S5-3-1. Reaction Pathways Leading to the B/Si Products with LiOMe 

 

The use of “start” corresponds to the reactant (i.e., 1, 2a, 2b, and 3b which were separately 

optimized), Bn to an intermediate complex (local minimum), and TS(Bn/Bm) to the transition 

state connecting Bn and Bm. Gibbs free energy values (303.15 K, 1.0 atm) at the 

M06-L/6-311+G(2d,p) level relative to the “start” position are shown in kcal/mol. From the 

“start” position to B2, although PhBr (3b) does not explicitly participate in the reaction with 2a 

(KOMe), energy profiles for both B2’ to B3’ and B2 to B3 with and without 3b are shown by 

solid- and dashed-line, respectively. From B2 to B5/B7, the blue line and black letters show the 

profile for 2b (LiOMe) and the gray line and letters for 2a (KOMe). 
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Figure S5-3-2. Reaction Pathways Leading to the B/Si Products with NaOMe  

 

The use of “start” corresponds to the reactant (i.e., 1, 2a, 2c, and 3b which were separately 

optimized), Bn to an intermediate complex (local minimum), and TS(Bn/Bm) to the transition 

state connecting Bn and Bm. Gibbs free energy values (303.15 K, 1.0 atm) at the 

M06-L/6-311+G(2d,p) level relative to the “start” position are shown in kcal/mol. From the 

“start” position to B3, although PhBr (3b) does not explicitly participate in the reaction with 2a 

(KOMe), energy profiles for both B2’ to B3’ and B2 to B3 with and without 3b are shown by 

solid- and dashed-line, respectively. From B2 to B5/B7, the red line and black letters show the 

profile for 2c (NaOMe) and the gray line and letters for 2a (KOMe). 
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Figure S5-3-3. Reaction Pathways Leading to the B/Si Products with K(O-t-Bu) 

 

The use of “start” corresponds to the reactant (i.e., 1, 2a, 2d, and 3b which were separately 

optimized), Bn to an intermediate complex (local minimum), and TS(Bn/Bm) to the transition 

state connecting Bn and Bm. Gibbs free energy values (303.15 K, 1.0 atm) at the 

M06-L/6-311+G(2d,p) level relative to the “start” position are shown in kcal/mol. From the 

“start” position to B2, although PhBr (3b) does not explicitly participate in the reaction with 2a 

(KOMe), energy profiles for both B2’ to B3’ and B2 to B3 with and without 3b are shown by 

solid- and dashed-line, respectively. From B2 to B5/B7, the green line and black letters show 

the profile for 2d [K(O-t-Bu)] and the gray line and letters for 2a (KOMe). 
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Figure S5-3-4. Reaction Pathways Leading to the B/Si Products with Li(O-t-Bu) 

 

The use of “start” corresponds to the reactant (i.e., 1, 2a, 2e, and 3b which were separately 

optimized), Bn to an intermediate complex (local minimum), and TS(Bn/Bm) to the transition 

state connecting Bn and Bm. Gibbs free energy values (303.15 K, 1.0 atm) at the 

M06-L/6-311+G(2d,p) level relative to the “start” position are shown in kcal/mol. From the 

“start” position to B2, although PhBr (3b) does not explicitly participate in the reaction with 2a 

(KOMe), energy profiles for both B2’ to B3’ and B2 to B3 with and without 3b are shown by 

solid- and dashed-line, respectively. From B2 to B5/B7, the orange line and black letters show 

the profile for 2e [Li(O-t-Bu)] and the gray line and letters for 2a (KOMe). 
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S5-4. Substitution Effect (R = p-F-C6H4– and p-MeO-C6H4–) 

 

Figure S5-4. Reaction Pathways Leading to the B/Si Products with Different Substrates R–Br 

(R = p-FC6H4 and p-MeOC6H4) 

 

The use of “start” corresponds to the reactant (i.e., 1, 2a, 3b, 3f, and 3g which were separately 

optimized), Bn to an intermediate complex (local minimum), and TS(Bn/Bm) to the transition 

state connecting Bn and Bm. Gibbs free energy values (303.15 K, 1.0 atm) at the 

M06-L/6-311+G(2d,p) level relative to the “start” position are shown in kcal/mol. From the 

“start” position to B2, the substrates (3b, 3f, and 3g) do not explicitly participate in the reaction. 

From B2’ to B5/B7, the red line shows that the reactant is 3f and the corresponding energy is 

displayed with red letters. On the other hand, the green line shows that the reactant is 3g and the 

corresponding energy is displayed with green letters. Single-point energies based on 

M06/6-311+G(3df,2p) calculations with the C-PCM-THF solvent plus Gibbs free energy 

corrections in gas phase (303.15 K, 1.0 atm) at the M06-L/6-311+G(2d,p) level are exhibited in 

parentheses at TS(B2’/B3). 
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S6. Free Energy Values along Coordination / Decoordination Coordinates 

  

 

Figure S6-1. Free Energies at a Point along Dissociation Coordinates of (pin)B–OMe from B3’, 

(pin)B–OMe from B4, PhMe2Si–Br from B4, and PhBr from B2’ 
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In the former two cases, the distance RK–B between the K atom and the B atom was chosen as 

the reaction coordinate. In the latter two cases, the distance RK–Br between the K atom and the Br 

atom was chosen as the reaction coordinate. Along the reaction coordinate, free energy value 

was computed by constrained optimization fixing the chosen distance, at RK–B = 8.0 Å for the 

former two cases and at RK–Br = 6.0 Å for the latter two cases, and normal-mode analysis for the 

projected Hessian. Gibbs free energy values (303.15 K, 1.0 atm) at the M06-L/6-311+G(2d,p) 

level relative to the “start” position (i.e., 1, 2a, and, 3b which were separately optimized) are 

shown in kcal/mol. Free energy values at RK–B = 8.0 Å for the dissociation of (pin)B–OMe from 

B3 and B4, 1.9 and –27.0 kcal/mol, respectively, are much higher than the free energies of the 

corresponding TSs for forward steps, –10.1 and –35.3 kcal/mol, shown in Figure 3. Free energy 

value at RK–Br = 6.0 Å for the dissociation of PhMe2Si–Br from B4 –32.6 kcal/mol is also higher 

than the free energy of the corresponding TS for forward step –33.9 kcal/mol shown in Figure 3. 

Free energy value at RK–Br = 6.0 Å for the dissociation of PhBr from B2’ –20.9 kcal/mol is 

lower than the free energy of the corresponding TS for forward step –6.2 kcal/mol shown in 

Figure 3, and attachment / detachment of PhBr thus occurs rapidly before the TS(B2’/B3). 
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Figure S6-2. Free Energies at a Point along Coordination Coordinates of Ph–X (X = Br, Cl, and 

I) to B3 

 

The distance RK–X between the K atom and the X atom in Ph–X was chosen as the reaction 

coordinate. Along the reaction coordinate, free energy value was computed by constrained 

optimization fixing the chosen distance at RK–X = 6.0 Å and normal-mode analysis for the 

projected Hessian. Gibbs free energy values (303.15 K, 1.0 atm) at the M06-L/6-311+G(2d,p) 

level relative to the “start” position (i.e., 1, 2a, 3b, 3d, and 3e which were separately 

optimized) are shown in kcal/mol. (For I atom, the Stuttgard ECP46MDF effective core 

potential and corresponding basis set were applied.) These free energy values of TS(B3’/B3) for 

X = Br, Cl, I are –3.4, –3.7, and –4.3 kcal/mol, respectively. These are higher than those of 

TS(B2’/B3) for X = Br, Cl, I (–6.2, –5.5, and –4.9 kcal/mol shown in Figure S5-2, respectively). 

This suggests that the path through TS(B2’/B3) with participation of the substrate (3b, 3d, or 

3e) is preferred than the path with adsorption of them at B3’.
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Figure S6-3. Free Energies at a Point along Coordination Coordinates of p-Y–C6H4–Br (Y = H, 

F, and MeO) to B3 

 

The distance RK-Br between the K atom and the Br atom in p-Y–C6H4–Br was chosen as the 

reaction coordinate. Along the reaction coordinate, free energy value was computed by 

constrained optimization fixing the chosen distance at RK–Br = 6.0 Å and normal-mode analysis 

for the projected Hessian. Gibbs free energy values (303.15 K, 1.0 atm) at the 

M06-L/6-311+G(2d,p) level relative to the “start” position (i.e., 1, 2a, 3b, 3f, and 3g which 

were separately optimized) are shown in kcal/mol. The free energy values of TS(B3’/B3) for Y 

= H, F, and MeO are –3.4, –5.6, and –3.4 kcal/mol, respectively. These are higher than those of 

TS(B2’/B3) for Y = H, F, and MeO (–6.2, –6.0, and –6.3 kcal/mol shown in Figure S5-4, 

respectively). This suggests that the path through TS(B2’/B3) with participation of the substrate 

(3b, 3f, or 3g) is preferred than the path with adsorption of them at B3’. 
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S7. Natural Population Analysis 

 
Figure S7. Ball-and-stick Representation of the Charge Distribution in the Intermediates 

Formed from A2’ to A5 and B2’ to B5 

 

These charge distribution properties were derived using NPA at the M06-L/6-311+G(2d,p) level. 

The hydrogen atoms on the methyl groups have been omitted for clarity. Significant positive 

charges in the charge values have been indicated in blue, whereas negative charges have been 

indicated in red.  
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Chapter 4 
 

Key Mechanistic Details of Palladium(II) Catalyzed C–H 

Functionalization/Intramolecular C–S Bond Formation in 

Thiobenzanilide 

 

 
 

ABSTRACT 

The AFIR method was applied to the intramolecular C–S cyclization of thiobenzanilide by 

using PdCl2/CuI catalyst and Bu4NBr salt in DMSO/NMP solvent. I found that addition of CuI 

to the PdCl2, Bu4NBr, DMSO/NMP and substrate mixture: (a) facilitates C–H bond activation 

by DMSO and C–S bond formation initiated by Bu4NBr coordination to N–H bond of substrate, 

and (b) re-oxidizes Pd-center and re-generates the catalyst. 
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Introduction 
 
Transition metal catalyzed C–H functionalization/C–S bond formation in an aim for synthesis of 

N– and S–containing heterocyclic compounds (highly desirable for various pharmatheptic and 

materials applications) is challenging.1 Among these compounds, benzothiazole derivatives are 

important in the field of pharmaceutical compound for exhibiting excellent bioactivity.2 Hence, 

many organic chemists have studied the synthetic methods of these molecules.3-6 Recently, Doi 

and co-workers have reported the intramolecular C–S cyclization of substituted thiobenzanilides 

using PdCl2/CuI catalyst and Bu4NBr salt in DMSO/NMP solvent (scheme 1).4 This reaction 

affords the cyclization products in a moderate or good yield and has high functional group 

compatibilities. That is, the substrates involving the electron withdrawing group (i.e. CO2Et or 

CN) group on the phenyl group can be smoothly converted. It was just suggested that this 

reaction could be proceeded as the mechanism of similar reactions;4 the details of this reaction 

is not well understood in spite of the availability. Hence, the mechanistic investigation with 

theoretical calculation is required for the deep comprehension. 

 

 

Scheme 1. Palladium(II)-Catalyzed C–H Functionalization/Intramolecular C–S Cyclization 

 

    Jacobsen’s method and Hugershoff’s method, which include oxidative cyclization process, 

are widely accepted to synthesize the benzothiazole derivatives from thiobenzanilide.5 These 

two methods have a week point: low functional group compatibility. For example, it can be 

difficult to keep alcohoxycarbonyl or cyano group owing to the oxidation condition in 

Jacobsen’s method. Moreover, the stoichiometric or excess amount of toxic-reagents (i.e. Br2 

and metals) are inconveniently demanded for these methods. Thus, the catalytic intramolecular 

cyclization reaction of 2-halophenylthiobenzamides using Cu(I) or Pd(0) system has 

developed.6 It should be appreciated that a halogen atom has to be introduced on the phenyl 

group by transformation reaction. Under these backgrounds, the Doi’s method is superior 
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because this reaction can directly activate a C–H bond by the catalytic amount of 

palladium(II)/copper(I) system.4 

    The C–H functionalization/C–S bond formation reaction reported by Doi et al. is a new 

method: a catalytic C–H activation reaction for the synthesis of substituted thiobenzanilides. 

However, the mechanism of this reaction has not yet been elucidated. The key factor, based on 

the screening in the combination of reagents, is the addition of Bu4NBr salt. It is considerably 

exhibited that the enhancement effect in the palladium(II)/re-oxidant system. CuI is more 

suitable re-oxidant than Cu(II) salt [i.e. CuX2 (X = F, Cl, Br), Cu(OAc) 2, Cu(OTf)2, and 

Cu(acac)2]. In regard to a palladium source, PdCl2, PdCl2(cod), and PdBr2 have a comparable 

catalytic ability. Furthermore, when NMP was used as a co-solvent (1:1 ration), the yield was 

clearly improved in the optimized condition. Since extensive studies on this reaction mechanism 

have not been reported, further comprehensive theoretical studies are required to provide a 

deeper understanding of the reaction mechanism. 

    It is not easy to explain the products resulting from the C–H functionalization/C–S 

intramolecular cyclization according to our current understanding of organometallic chemistry. 

It may not be possible to apply our existing theoretical understanding of C–H activation by 

transition metals7 to this reaction. With this in mind, further studies are necessary to enhance 

our theoretical understanding and explaining this transformation adequately. The artificial force 

induced reaction method is an automated reaction path search method that can be used as a 

powerful tool in theoretical studies toward the elucidation of reaction mechanisms.8,9 It can be 

difficult to apply conventional calculation methods to mechanistic analyses involving novel or 

poorly defined reaction mechanisms because it may be necessary to consider multiple reaction 

pathways. Moreover, this approach requires a large number of trial-and-error calculations to 

consider the sequential identification of the intermediates and transition states (TSs) involved in 

the assumed mechanism. The AFIR method allows for the identification of working reaction 

pathways including unexpected ones from the many different possibilities without the need to 

estimate any of the TS structures. 

    Herein, I report the results of a detailed density functional theory (DFT) study on the 

present reaction. The results of this systematic theoretical investigation have explained the key 

role of each reagent: (a) facilitates C–H bond activation by DMSO and C–S bond formation 

initiated by Bu4NBr coordination to N–H bond of substrate, and (b) re-oxidizes Pd-center and 

re-generates the catalyst.  
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Results & Discussion 
 

All of the structures described in this paper were optimized at the B3LYP10+D311 level with 

6-31G(d,p) basis set for H, C, N, O, S, and Cl atoms, and SDD effective core potential and 

corresponding basis set for Cu, Br, Pd, and I atoms. It is important to mention that all the energy 

profiles described in the current study have been discussed in terms of the Gibbs free energy 

(298.15 K, 1.0 atm) in the gas phase. Furthermore, the free energy corrections used in the 

current study were estimated using ideal gas, rigid-rotor and harmonic approximations. 

    Step-I (Effect of Solvent). I firstly focused on confirming the reactive complex involved 

in palladium(II) chrolide (1), dimethyl sulfoxide (DMSO, 2), and N-methylpyrrolidone (NMP, 

3). The previous study has already found that compound 1 and 2 react each other and produce 

S-coordinated trans-PdCl2(DMSO)2 4.12 Here, I compared the thermodynamic stability of 4 and 

O-coordinated trans-PdCl2(NMP)2 4’ because the present system also contains 3 as co-solvent. 

It was confirmed that 4 is 19.2 kJ/mol more stable than 4’. Hence, I systematically explored the 

reaction pathways involving the reaction of 4 with thiobenzanilide (5) using the AFIR method. 

Further details of this process have been provided below in the Computational Details section. 

    The current mechanism was obtained by the application of a systematic reaction path 

search to the step-I by the AFIR method. The range used in the current reaction path search is 

described below. An approximate upper energy barrier threshold should be specified in AFIR 

calculations, and the value used in this step was set to 200 kJ/mol. All of the atoms in the 

methyl and phenyl groups that are not participated in bond rearrangement of the compound 4 

and 5 were set as being inactive. A systematic search was then conducted at a low 

computational level (see Computational Details). Then, all of the pathways were considered at a 

reliable computational level and the results are discussed below. 

    Figure 1 shows the free energy diagram obtained in the step-I reaction, which led to the 

reactive intermediate of C–H or N–H activation. Two elementary reactions were identified 

during this process, including (I-a) the substitution of sulfur atom on the thiobenzanilide (5) to 

the palladium atom in complex 4 to give complex [LPdCl2(DMSO), L = substrate, 6] and 

DMSO (CP2 of Figure 1); (I-b) the conformational change of LPdCl2(DMSO) and DMSO 

(between CP2 and CP3 of Figure 1). Since there are no high activation barriers, CP3 is easily 

given through these simple reactions.  
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Figure 1. Reaction Pathways Leading to the Reactive Intermediate. The use of “start” 

corresponds to the reactant (i.e., 1, 2, 3 and 5, which were separately optimized), CPn to an 

intermediate complex (local minimum), and TS(CPn/CPm) to the transition state connecting 

CPn and CPm. Gibbs free energy values (298.15 K, 1.0 atm) based on B3LYP+D3/6-31G(d,p) 

& SDD calculations relative to the “start” position are shown in kJ/mol. Schematic 

representations of the optimized structures corresponding to CPn or TS(CPn/CPm) are shown in 

the current reaction. 

 

    It is assumed that the intermediates generated by C–H activation and N–H activation 

reactions with DMSO 2, NMP 3, or Bu4NBr 7. Figure 2 shows the stability of these compounds 

estimated with traditional optimization technique. The generation of the C–H activated 

intermediate 8 is clearly more stable than the N–H activated intermediate 9 because of 

coordinative unsaturation. It was also found that these two reactions with Bu4NBr are 

unfavorable. Thus, TS structure corresponding to C–H activation in LPdCl2(DMSO) 6 with 

DMSO 2 or NMP 3 was found by the AFIR method and two TSs for these C–H cleavage 

pathways are described in Figure 3. In this AFIR search, an approximate upper energy barrier 

threshold was set to 750 kJ/mol. The free energies (∆G‡) relative to the individually optimized 

reactants (“start” in Figure 1) are shown below each TS structure together with the activation 

free energies (∆∆G‡). The attack of the oxygen on DMSO or NMP through the TSs shown in 

Figure 3a and 3b would require the formation of unstable TSs with high ∆G‡ values of –55.7 

and –44.6 kJ/mol, respectively. It is noted that this tendency is consistent with pKa value13. The 

C–H bond may be cleaved by DMSO, but the activation barrier (∆∆G‡ = 152.7 kJ/mol) for the 
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pathway was too much higher to proceed. Based on these results, the other reagents are 

necessary for the C–H activation reaction.  

 

     
Figure 2. Thermodynamic Stability of C–H or N–H Activated Intermediates. Free Energies 

(∆G) Relative to the Reactants (i.e., 1, 2, 3, 5 and 7) in kJ/mol. 

 

        
Figure 3. Important Parameter of TS Structures, Free Energies (∆G‡) Relative to the Reactants 

(i.e., 1, 2, 3 and 5), and Activation Free Energies (∆∆G‡) of the C–H Activation Reaction 

Pathways. Free energy values based on B3LYP+D3/6-31G(d,p) & SDD calculations have been 

given in kJ/mol.  
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    Step-II (Effect of CuI). I systematically explored the pathways involved in the reaction of 

LPdCl2(DMSO) 6, DMSO 2, and copper(I) iodide (10) using the AFIR method in same fashion. 

Figure 4 shows the free energy diagram for leading to cyclization product 11 involved in CP7.  

 

Figure 4. Reaction Pathways Leading to the Cyclization Product. The use of “start” 

corresponds to the reactant (i.e., 1, 2, 3, 5 and 10, which were separately optimized), CPn to an 

intermediate complex (local minimum), and TS(CPn/CPm) to the transition state connecting 

CPn and CPm. Gibbs free energy values (298.15 K, 1.0 atm) based on B3LYP+D3/6-31G(d,p) 

& SDD calculations relative to the “start” position are shown in kJ/mol. Schematic 

representations of the optimized structures corresponding to CPn or TS(CPn/CPm) are shown in 

the current reaction. 

 

The reasonable reaction pathway was obtained by adding CuI (10) to the AFIR search; (II-a) 

generation of [CuClI]– (12) and palladium(I) complex (13) via the cleavage of the Pd–Cl bond 

(CP5 of Figure 4); (II-b) cleaving the target C–H bond with DMSO giving Pd(II) complex (14) 

involving Pd–C bond (CP6 of Figure 4), (II-c) C–S bond formation by reductive elimination 

forming the cyclization product 11, which is coordinated to [(ClCuI)–Pd(DMSO)] complex 

(CP7 of Figure 4). It is significant that the activation barrier of C–H cleavage becomes lower by 

adding 10: the ∆∆G = ∆G‡ [TS(CP5/CP6)]– ∆G (CP4) value is 62.5 kJ/mol. However, the 
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reaction from CP4 to CP7 is endothermic process. This computational result is consistent with 

the experiment: this reaction requires existing of Bu4NBr salt for switching to exothermic 

process by stabilizing the protonated intermediates. 

    Step-III (Effect of Bu4NBr). Conformational analysis of [CP4 + Bu4NBr (15)] system and 

[CP7 + Bu4NBr (15)] system was performed to confirm the role of 15 by the AFIR method. In 

this AFIR search, an approximate upper threshold was set to 50 kJ/mol, and TS optimization 

process was skipped for just finding local minima, and all atoms were set to be active toward 

bond rearrangement. Figure 5 shows the resulting most stable conformer in free energy. In CP8 

composed of CP4 and 15, H•••Br coordination more strongly stabilizes the palladium 

intermediate (6) than hydrogen bond via DMSO. In CP9, connectivity of intermediate was 

changed from CP7 by the effect of week artificial force and addition of 15. That is, the Pd–Cl 

bond is regenerated and the proton eliminated from reactive phenyl group is shared with another 

DMSO molecule by a hydrogen bond. The same H•••Br interaction is also observed in CP9. 

Here, it is strongly suggested that Bu4NBr (15) is demanded for the exothermic process from 

comparison of thermodynamic stability in these intermediates: ∆∆G = ∆G(CP9)– ∆G(CP8) 

value is –31.5 kJ/mol.  

 

Figure 5. The Most Stable Structures of Intermediate in CP8 (=CP4•••15) and CP9 (=CP7•••15) 

system. Free Energies (∆G) Relative to the Reactants (i.e., 1, 2, 3, 5, 10 and 15). Free energy 

values based on B3LYP+D3/6-31G(d,p) & SDD calculations have been given in kJ/mol. 
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Conclusion 
 
I applied the AFIR method to explore key mechanistic details of the C–H 

functionalization/intramolecular C–S cyclization of thiobenzanilide. It is important for 

activating the target C–H bond on the substrate to participate DMSO solvent, CuI co-catalyst, 

and Bu4NBr salt in this system. That is, the chloride atom on the Pd(II) center reacts with CuI 

and the coordinative unsaturated Pd(I) and [CuClI]– species are generated. The C–H bond is 

subsequently cleaved by oxygen atom in DMSO and Pd–C bond is formed. Finally, the C–S 

bond is generated by reductive elimination reaction. Among these bond rearrangement steps, the 

bromine anion of Bu4NBr is coordinated to N–H bond on the substrate. Thus, the palladium 

intermediates and protonated product are stabilized through this coulomb interaction and the 

while reaction undergoes as exothermic process in free energy. 
 

Computational Details 
 
By the AFIR method, reaction pathways: (Step-I) among trans-PdCl2(DMSO)2 4 and 

thiobenzanilide (5): (Step-II) those among LPdCl2(DMSO) 6, DMSO 2, and copper(I) iodide 

(10): (Step-III) [CP4 + Bu4NBr (15)] and [CP7 + Bu4NBr (15)] system were searched at the 

ONIOM(B3LYP+D3/GENECP:PM6+D3) level, where the atoms in the methyl, buthyl, and 

phenyl groups that is not participated in bond rearrangement were treated by PM6+D3 and the 

other reaction-center parts were treated by B3LYP level with 6-31G basis set for H, C, N, O 

atoms and 6-31G(d) basis set for S, Cl atoms and SDD effective core potential and 

corresponding basis set for Cu, Br, Pd, I atoms. The AFIR method gives many approximate 

reaction paths called AFIR paths as minimization paths of a special function called AFIR 

function.8 The AFIR paths at the ONIOM level were found to be too crude to be compared to 

the intrinsic reaction coordinate (IRC) path of the final computational level. Hence, AFIR paths 

were once refined by a conventional path optimization method, the locally updated plane14 

(LUP) method, at the B3LYP+D3 level with small basis sets (6-31G basis set for H, C, N, O 

atoms and 6-31G(d) basis set for S, Cl atoms and SDD effective core potential and 

corresponding basis set for Cu, Br, Pd, I atoms). Since the AFIR path can be a good guess of the 

minimum energy path, LUP converges quickly and only five LUP iterations were considered. 

Peaks along the final LUP paths were then optimized to true TSs at the B3LYP+D3 level with 

lager basis sets; 6-31G(d,p) basis set for H, C, N, O, S, Cl atoms and SDD effective core 
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potential and corresponding basis set for Cu, Br, Pd, I atoms. Free-energy corrections in 

gas-phase were estimated at optimized structures assuming the rigid-rotor and harmonic 

approximations. All DFT calculations were done with Gaussian 09 programs.15 Using DFT 

gradients and Hessians, automated searches as well as geometry optimizations were performed 

by a developmental version of the GRRM program.16 
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Chapter 5: General Conclusion 
 
    In this study, the three organic synthetic reactions were analyzed by the automated reaction 

path search method. I employed the AFIR method and the ONIOM method together based on 

the knowledge of organic chemistry, which could reduce computational cost efficiently. The 

calculated results were well consistent with the experimental results, indicating that the 

unknown reaction mechanisms were discovered with the AFIR search. 

    In chapter 2, I explored reaction pathways among imine, 2-trimethylsiloxyfuran, and water 

molecules systematically by using the AFIR method to elucidate the mechanism of a recently 

discovered vinylogous Mannich-type reaction. The search identified five working pathways. 

Among them, two concertedly produce anti and syn isomers of the product directly. The other 

three also converge to the anti/syn products through stepwise mechanisms. Two of them give an 

intermediate, which is a regioisomer of the main product. This intermediate can undergo a 

retro-Mannich reaction to produce a pair of intermediates: an imine and 2-furanol. The 

remaining pathway directly generates this intermediate pair. The imine can easily react with 

2-furanol to afford the product. Thus, all of these stepwise pathways finally converge to achieve 

the main product and a certain amount of products can revert into a pair of intermediates 

through the retro-Mannich reaction; anti/syn selectivity in products is controlled by the 

thermodynamic stabilities. That is, the anti/syn ratio calculated by the conformational analysis 

of products using the ADDF method is consistent with experimental result. 

    In chapter 3, a theoretical investigation of the base-mediated borylation with silylborane 

(BBS) reaction has been conducted using the AFIR method. The resulting complete reaction 

pathway for the BBS method was shown to involve the halogenophilic attack of a silyl anion on 

the bromine atom of the substrate and the rapid and selective consumption of a resulting 

carbanion species by a boron electrophile. These calculations provided a rational explanation for 

the counterintuitive borylation reactivity, as well as accounting for the good functional group 

compatibility of the reaction and its high reactivity toward sterically hindered substrates. The 

use of the AFIR method in the current study not only provided a complete reaction pathway but 

also demonstrated the validity of the proposed reaction mechanism by comprehensively 

accounting for the other reaction mechanisms. It is hoped that this novel mechanism will allow 

us to expand our knowledge and understanding of silicon and boron chemistry. 

    In chapter 4, I applied the AFIR method to explore key mechanistic details of the C–H 

functionalization/intramolecular C–S cyclization of thiobenzanilide. It is important for 
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activating the target C–H bond on the substrate to participate DMSO solvent, CuI co-catalyst, 

and Bu4NBr salt in this system. That is, the chloride atom on the Pd(II) center reacts with CuI 

and the coordinative unsaturated Pd(I) and [CuClI]– species are generated. The C–H bond is 

subsequently cleaved by oxygen atom in DMSO, and thus Pd–C bond is formed. Finally, the C–

S bond is generated by reductive elimination reaction. Among these bond rearrangement steps, 

the bromine anion of Bu4NBr is coordinated to N–H bond on the substrate. Thus, the palladium 

intermediates and protonated product are stabilized through this coulomb interaction and the 

while reaction undergoes as exothermic process in free energy.  

    In this study, I challenged to shed light on the reaction mechanism, which is difficult to 

discuss because of its complexity, by using the automated reaction path search methods. The 

calculation results of this study led to find the unexpected intermediates in the three reactions 

and succeed to explain the experimental results. In the future, it is expected to design a new 

reaction based on these intermediates found in this study. Moreover, when applying the 

automated reaction path search method toward more complex reaction system, this study can be 

positioned as a pioneering research. 
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