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Abstract: 

 The mechanism of aryl propargyl ether Claisen rearrangement in gas and solvent 

phase has been investigated using DFT methods. The solvent phase calculations are 

carried out using N, N-diethylaniline as a solvent in PCM model. The most favorable 

pathways involves [3,3]-sigmatropic reaction followed by proton transfer in the first 

two steps and then deprotonation or [1,5]-sigmatropic reaction. Finally, the 

cyclization yields benzopyran or benzofuran derivatives. The [3,3]- sigmatropic 

reaction is the rate-determining step for benzopyran and benzofuran with ∆G‡ value of 

38.4 kcal/mol and 37.9 kcal/mol at M06/6-31+G**//B3LYP/6-31+G* level in gas and 

solvent phase, respectively. The computed results are in good agreement with the 

experimental results. Moreover, it is found that the derivatives of aryl propargyl ether 

proceeded Claisen rearrangement and the rate-determining step may be shifted from 

the [3,3]-sigmatropic reaction to the tautomerization step. The NBO analysis is 

revealed that the substitution of methyl groups on aliphatic segment has decreased the 

stabilization energy E (2) and favors the aryl propargyl ether Claisen rearrangement. 
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Introduction 

 The Claisen rearrangement is a versatile tool in organic synthesis to form 

carbon-carbon bond1 and the first recorded example of [3,3]-sigmatropic reaction2. 

Since it was discovered in 1912, this reaction has continued to be advanced in the 

methods or in the applications towards the total synthesis of natural products and 

pharmacologically relevant molecules. The benzofuran and benzopyran derivatives 

are ubiquitous in nature and also serve as versatile synthetic intermediates in 

pharmaceuticals. Those compounds can be obtained easily by aryl propargyl ether 

Claisen rearrangement3 and the mechanism has been speculated by Zsindely and 

Schmidt4. However, there are few experimental reports on the aryl propargyl ether 

Claisen rearrangement has been reported3,4,5-10 and there is a need of Quantum 

mechanical calculation to support the mechanistic speculation. In this paper, detailed 

Quantum mechanical calculations have been carried out for all the plausible 

mechanisms and presented. 

 There are a number of approaches for the synthesis of benzofuran and/or 

benzopyran11-24. However, most of the methods suffer from one or more 

disadvantages including low yield, toxic and expensive reagents, long reaction time 

and environmental pollutions and so on. In addition, some of these approaches are a 

lack of flexibility in terms of substituents. Otherwise, a simple route was reported by 

Iwai and Ide which was established for the rearrangement of simple aryl propargyl 

ether in N, N-diethylaniline at higher temperature yielded the benzopyrans3 but the 

yield was not ideal. Moreover, the substituent effect of aryl propargyl ether was also 

discussed to increase the yield5-9. After a number of detailed examination of aryl 

propargyl ether Claisen rearrangement, a route in presence of cesium fluoride (CsF) 

leading to formation of 2-methylbenzofuran in excellent yield was reported by Ishii et 
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al.10. Therefore, the thermal rearrangement of aryl propargyl ether leads to an 

effective and convenient procedure for yielding the benzopyran or benzofuran. 

Lingam et al. also explained that the rearrangement has highly functionalized 

property19. However, when the meta-substituent aryl propargyl ether proceeded via 

the Claisen rearrangement, it has been observed with two orientations can be carried 

out to yield two different products that we denoted as ortho- and para-cyclized 

product with regioselectivity. Anderson et al. have been attempted to provide the 

reasonable explanations for the regioselectivity8-9. Unfortunately, this is difficult 

without knowing which step is the rate-determining step that affects the substituent 

effects and then influences the final yield. Therefore, it is important to realize the 

complete mechanism of aryl propargyl ether Claisen rearrangement. 

 Since 1984 the Claisen rearrangement has been studied theoretically,25 which 

used MNDO to analyze the transition state structures. Since then, a number of Claisen 

rearrangements have been reported by semi-empirical, ab initio and DFT 

computational studies. But, most of the studies concentrated on allyl vinyl ethers and 

aryl vinyl ethers. The computational reports on Claisen rearrangement were such as 

Ireland-Claisen rearrangement for the effects of substituents on the transition state and 

for the stereoselectivity26-27, Gosteli-Claisen rearrangement for describing the 

substituent rate effect quantitatively28 and “on water” reaction to know the reactivity 

for the aromatic Claisen rearrangement by QM/MM methods29-30. However, there is a 

lack of theoretical aryl propargyl ether Claisen rearrangement and the reaction is an 

important for the synthesis of benzopyran or benzofuran. Moreover, the 

rate-determine step is also uncertain. Therefore, in the present work we set out to 

obtain the plausible mechanistic pathways and also to recognize the rate-determining 

step by the state-of-the-art quantum mechanical methods. 

 In this article, the reaction pathways in scheme 1 are examined and then the 
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rate-determining step is determined from the Potential Energy Surface (PES) by DFT 

calculations. Moreover, the rate constant of the reactions has also been calculated to 

examine which method is suitable to describe the systems. The rationalized discussion 

has also been presented for the product of benzopyran and benzofuran from aryl 

propargyl ether using the potential energy surface. Subsequently, the substituent 

effects, NBO analysis and pKa results have been discussed. 

Computational Methods 

1. Computational Methods 

 Geometry optimizations have been performed at B3LYP31-35 with the basis set 

6-31+G*. The same level of method was used for the frequency calculations at all the 

optimized structures. Zero Point Vibrational Energy (ZPVE) corrections are included 

in the total energy. The Intrinsic Reaction Coordinate (IRC) calculations have also 

been carried out to verify the identity of the Transition State (TS) structures and to 

obtain the potential energy surface profile connecting the TS to the two associated 

minima of the proposed mechanisms. Single-point energy calculation is performed by 

different DFT methods (M06-2X36, M05-2X37, M0636, M0538, ωB97XD39, BMK40, 

B2PLYP41) with the basis set of 6-31+G**. The solvation energies are computed 

using N, N-diethylaniline (ε = 5.5) as a solvent with Self-Consistent Reaction Field 

(SCRF) method using Polarized Continuum Model (PCM)42-43. All calculations have 

been performed with the Guassian 09 package44. 

 Natural bond orbital (NBO)45-46 analysis are performed at 

M06/6-31+G**//B3LYP/6-31+G* level using NBO 3.0 version included in Guassian 

09 package. All possible interactions between filled (donor) Lewis type and empty 

(acceptor) non-Lewis type NBOs, and estimating their energies by 2nd-order 

perturbation theory. For each donor NBO (i) and acceptor NBO (j), the stabilization 
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energy E(2) associated with delocalization i → j is estimated as  

E�2� = ∆E�� = 	

�F�i, j���

����

 

where qi is the donor orbital occupancy, εj, εi are diagonal elements (orbital energies) 

and F(i, j) is the off-diagonal NBO Fock matrix element. The larger E(2) value 

indicates that the interaction between donor and acceptor is stronger. 

2. Comparison for Different DFT Methods 

 A benchmark study has been carried out for aryl propargyl ether Claisen rearrangement 

in order to evaluate the DFT methods on the activation energy. Our computed activation 

energies can be compared with the experimental rate constants7. Recently, Ramadhar et al. 

has also reported a benchmark study to evaluate the performance of different DFT methods on 

the activation barrier (∆G‡) for the aliphatic-Claisen rearrangement and indicated that single 

point energies computed by M05, M06 and M08 functionals on B3LYP optimized structures 

could give better estimated values47. The optimization as well as frequency analysis are 

carried out at B3LYP/6-31+G* level, then the single-point energies are computed by different 

DFT methods (B3LYP, M06-2X, M06, M05-2X, M05, wB97XD, BMK and B2PLYP) with 

the basis set of 6-31+G** in the solvent -phase. The calculated results are shown in Table 2. 

 As seen in Table 2, M06 and M05 methods provide better results with the Root Mean 

Square Error (RMSE) of 1.4 kcal/mol and 1.2 kcal/mol, respectively, and Mean Unsigned 

Error (MUE) of 1.0 kcal/mol and 1.1 kcal/mol, respectively. The M06 functional is selected to 

further examine the basis set effects. The results of M06 with different basis set size are 

shown in Table 3. As seen in Table 3, while increasing the basis set size the RMSE and MUE 

values are decreasing slightly and levels out at 6-31+G** for M06 functional. It suggests that 

a more flexible basis set than 6-31+G** may not be beneficial to prediction of the energy 

barriers for aryl propargyl ether Claisen rearrangement. Based on the aforementioned analysis, 

the M06/6-31+G**//B3LYP/6-31+G* level has the best performance for the eleven aryl 
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propargyl ether Claisen rearrangement reaction barriers with a precision of 1.3 kcal/mol and 

0.9 kcal/mol for RMSE and MUE, respectively. Therefore, the 

M06/6-31+G**//B3LYP/6-31+G* level is adopted in our further analysis for aryl propargyl 

ether Claisen rearrangement. 

Results and Discussions 

1. Mechanism and Structures 

 The plausible mechanism of aryl propargyl ether Claisen rearrangement is 

described in Scheme 1 and the selected geometries in gas phase are shown in Figure 1. 

As shown in Scheme 1, the step 1 belongs to Claisen rearrangement with a cyclic 

transition state (TS 1 in Figure 1). This is a reaction with a σ bond which migrates 

from one end of a π system to the other, that is, the breaking of C3-O4 bond and 

forming C1-C10 bond. In proton transfer step (Step 2), there are two possible 

pathways: intramolecular or intermolecular proton transfer as proposed in the 

previous literature30,48. The calculated results of Yamabe et al. indicate that the 

intermolecular proton transfer has more reliable mechanism than the intramolecular 

proton transfer in the second step of the aromatic Claisen rearrangement.48 Our results 

also favor the intermolecular proton transfer (TS2-2) which is in good agreement with 

the previous report. Three possible mechanisms are then followed from Int2: one is 

[1,5]-sigmatropic reaction followed by an isomerization to form the benzopyran via 

cyclization, another is H abstraction followed by a cyclization to 2-methylbenzofuran 

and the third one is cyclization followed by [1,3]-sigmatropic reaction to 

2-methylbenzofuran. 

 As shown in Figure 1, in the first step, the C3-O4 bond length is elongated from 1.427 Å 

in reactant to 1.920 Å in TS1 and further to 3.747 Å in int1. Meanwhile, the C1-C10 bond 

length is shortened from 3.959 Å in reactant to 2.031 Å in TS1 and further to 1.535 Å int1. It 
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indicates that the C3-O4 bond breaks and C1-C10 bond formed simultaneously. In the 

intramolecular proton transfer process, the distances of O4-H11 and C10-H11 are 1.386 and 

1.431 Å in TS 2-1, respectively, where a four-member ring is formed. Moreover, the bond 

angle of O4-H11-C10 is 105.7°. In TS2-2, the proton H11 transfers from C10 to O4' of the 

second molecule and the proton H11' transfers from C10' of the second molecule to O4 in a 

stepwise manner. It is worth noting that the bond angle is 172.1° for ∠C10-H11-O4' and 

160.0° for ∠C10'- H11'-O4. These bond angles are larger than the bond angles in TS 2-1 and 

leading to a smaller ring strain. The results show that the intermolecular proton transfer is 

feasible than intramolecular counterpart. In TSa3 (pathway A) the O4-H11 bond length is 

1.260 Å and C2-H11 bond length is 1.335 Å. It shows that the hydrogen is shared by C2 and 

O4. Subsequently, the isomerization proceeds after [1,5]-sigmatropic reaction, and then the 

C3-O4 bond length is shortened about 1.474 Å via cyclization forming the benzopyran 

(product A). The pathway B is a dissociation reaction; in allenic phenol, Int 2, the 

deprotonation occurs to form the allenic phenolate Intb2. Finally, the last step is a cyclization, 

where O4-C2 bond length is shortened about 1.418 Å (Intb2 to product B) and forming the 

2-methylbenzofuran. For the pathway C, cyclization reaction, the O4-C2 bond length is 

shortened by 1.378 Å (Int2 to IntC3), and it undergoes the [1,3]-sigmatropic reaction in which 

H11 is partially coordinated between C1 and C3 (1.725 Å and 1.956 Å, respectively) of TSc4 

to form the 2-methylbenzofuran. In pathway B, one of the steps has proceeded through the 

O-H dissociation. Thus, the pKa49 is calculated to provide the ability of hydrogen abstraction. 

(See Table S10). The pKa results show that the Chloro- substituents at aryl group makes the 

proton abstraction easier and helps to proceed and facilitates the formation of 

2-methyl-benzofuran. 

2. Potential Energy Surface and Reaction Mechanism. 

 The relative potential energy surface for aryl propargyl ether Claisen rearrangement in 
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gas and N, N-diethylaniline phase is shown in Figure 2 and detailed informations are in Table 

1. The plausible mechanisms for aryl propargyl ether Claisen rearrangement is known to be 

pericyclic. The pericyclic reaction pathway can be observed from TS1, TS2-1 and TS2-2. As 

shown in Table 1, it can be observed that the difference between the Gibbs free energy of 

gas-phase and solvent phase is larger because the Intb2, TSb3 and Product B complex have 

ionic species. The variations for other TS and Int in gas-phase and solvent phase are not too 

large (about 0.8 kcal/mol). Therefore, following discussion is based on solvent phase results. 

Also, the experimental reactions have been carried out using the N, N-diethylaniline as a 

solvent. 

 As seen from Fig. 2, for TS1 in solvent phase, the energy barrier of C3-O4 bond 

breaking and C1-C10 bond forming is 37.9 kcal/mol with the loss of aromaticity. The 

intramolecular (TS2-1) & intermolecular (TS2-2) proton transfer occurs with the energy 

barrier of 52.1 and 33.6 kcal/mol, respectively. The lowest energy barrier of intermolecular 

proton transfer is energetically favorable than the intramolecular proton transfer. Three 

different pathways have been followed from the allenic phenol intermediate (Int2). For the 

pathway A, the energy barrier is 25.2 kcal/mol for [1,5]-sigmatropic reaction and 11.5 

kcal/mol for cyclization. Meanwhile, the isomerization requires overcoming the energy 

barrier of 10.7 kcal/mol. The isomerization takes place from s-trans conformation (Inta3) to 

s-cis conformation (Inta4) and finally yields benzopyran (Product A). The energy barrier has 

decreased chronologically from In2 to Product A, in pathway A, owing to the extended 

conjugation cycle and finally end up with the oxa-diels-alder reaction to form the benzopyran. 

Overall, the reaction in pathway A has to be considered as a concerted reaction. For the 

pathway B, the dissociation energy (De) of Intb2 is too high about 207 kcal /mol. Cyclization 

from allenic phenolate, Intb 2, to form the product B complex via TSb3 requires the energy 

barrier of 16.8 kcal/mol. Further, the abstraction of H+ yields the 2-methylbenzofuran, 

exothermic, with large formation energy. The pKa has been calculated for O-H dissociation in 
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allenic phenol (Int2). The pKa calculations have been performed at 

M06/6-31+G**//B3LYP/6-31+G* in gas and solvent phase which included both 

thermodynamic cycles. The pKa values have been listed in Table S10. The acidic nature of 

allenic phenol can be observed from the value of pKa. The acidity of allnenic phenol (Int2) is 

quite higher compared to phenol.50 The value of pKa has increased while increasing the 

number of methyl groups at C3 position, due to the steric hindrance near to the -OH group. 

The pKa cycle and results clearly suggests that the strong base is required to achieve the 

benzofuran product (Product B) experimentally. Also, the substitution of methyl and methoxy 

groups has increased the pKa value while chloro susbstitution has decreased the pKa along 

with methyl groups at C3 position due to the inductive effect. In the pathway C, allenic 

phenol (Int2) precedes the cyclization via 70.8 kcal/mol energy barrier, and follows 

[1,3]-sigmatropic rearrangement which requires the energy of 67.2 kcal/mol to form the 

2-methylbenzofuran. The energy barrier of the pathway C is higher and it has not been 

discussed further. 

The TS1, TS2-1 and TS2-2 may be considered as pericyclic reactions, due to their 

higher energy barrier than the rest of the successive pathways. Int2 onwards the mechanism 

has followed the three different plausible pathways to yield the benzofuran and benzopyran 

moieties. In pathway A, the TSa3 and TSa4 barrier energy is lower compared with the TS1 

and TS2-2. In TSa3 the phenolic bond is broken with one orbital disconnection at oxygen. 

Also, in TSa5 the ether bond is forming through oxa-diels-alder reaction. Overall, the 

pericyclic reactions (TS1, TS2-2) is followed by bond breaking and bond forming reactions 

with the low barrier energy due to the extended conjugation in TSa3 and TSa5. 

 From Figure 2 and Table 1, the energy barrier of [3,3]-sigmatropic reaction is 37.9 

kcal/mol for TS1. The energy barrier for the O4-C10 bond breaking and C1-C10 bond 

formation are key steps in aryl propargyl ether Claisen rearrangement. From the energy 

barrier, it can be concluded that the [3,3]-sigmatropic reaction is the rate-limiting step for the 
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pathway A and pathway B. In summary, the pathway A and B are more favorable for 

benzopyran and 2-methyl-benzofuran, respectively, in overall mechanism. 

From the thermodynamic properties, the Gibbs free energies of the final products 

benzopyran and 2-methyl-benzofuran are -37.1 kcal/mol and -51.1 kcal/mol in solvent phase, 

respectively. It is worth noted that only the energy of allenic dienone, Int 1, related to the 

reactant is positive owing to the loss of its aromaticity. The first step is the rate-determining 

step and its energy barrier is 37.9 kcal/mol, and the followed barrier of reaction is lower. 

Moreover, the energy barrier for the TSa4 is 10.7 kcal/mol which is a simple isomerization of 

-trans to -cis conformation. In pathway A, the exocyclic extended conjugation plays a crucial 

role for the low energy barrier. Therefore, once beyond the rate-determining step and followed 

step has enough energy to precede the reaction quickly. The formation of 

2-methyl-benzofuran is more exothermic than benzopyran formation, that is, the 

2-methyl-benzofuran is more stable than the benzopyran. 

3. Substituent Effects 

 In order to understand the substituent effects on the kinetics of aryl propargyl ether 

Claisen rearrangement, the substitutions on aryl and aliphatic segment are considered. 

Scheme 2 represents the possible substitution sites on aryl propargyl ether. The Methyl, 

Methoxy and Chloro have been considered as a substitution groups at ortho-, meta- and para- 

positions in aromatic ring for the study. The meta-substitution has two possible reaction 

orientations and gives a mixture of ortho- and para-cyclized products. 

Table 4-6 presents the energy barrier for the first two steps of bond breaking and new  

bond forming reactions for the Methyl, Methoxy and Chloro groups on aromatic and methyl 

group on aliphatic segment of the reactant in solvent phase at 

M06/6-31+G**//B3LYP/6-31+G* level. The substitution at meta-2 position favors the 

ortho-cyclized product due to the lower energy barrier. Moreover, the energy barriers are 
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found to be decreased when the number of methyl groups at C3 position has increased for the 

above mentioned three different functional groups on aromatic ring. From the results, it can 

be concluded that the Methyl, Methoxy and Chloro groups at o,m, and p positions on the 

aromatic segment decreases the energy barrier slightly and the methyl groups at C3 position 

has reduced the energy barrier greatly. However, these substituents do not affect the 

tautomerization of the reaction, remarkably. Therefore, step 2, the proton transfer reaction 

becomes the rate-determining-step. 

 Besides, the C3-O4 and O4-C5 bond can rotate freely for the aryl propargyl ether and 

produce different conformational isomers. Fig. 3 shows the geometric structures for the two 

lowest energy conformational isomers. As seen in Fig. 3, when the number of methyl group 

increases the energy difference become larger from 0.6 kcal/mol to 2.1 kcal/mol. Therefore, 

the substitution of more methyl groups at C3 position is found to be a better orientation for 

the reactant to facilitate the aryl propargyl ether Claisen rearrangement. 

 NBO analysis45-46 have also been performed to rationalize the aforementioned results as 

increasing the number of methyl groups at C3 position which facilitates the aryl propargyl 

ether Claisen rearrangement. NBO analysis are carried out for the transition state structures of 

A, B and C shown in Fig. 4. Donor-acceptor stabilization energies from NBO analysis for 

these three transition state structures are collected and listed in Table 7. As can be seen in 

Table 7, for each transition state structures, the donor-acceptor interaction involves π 
→ π* 

and π* 
→ π* between C5-O4 and C2-C3, the σ → π* between C1-C10 and C5-O4, and the σ 

→ π* between C1-C10 and C2-O3 contribute to their stabilization energy. The total 

stabilization energies are 157.08, 141.19, 126.71 kcal/mol for transition state structures of A, 

B and C, respectively. Larger stabilization energy results with higher energy barrier in step 1 

have blocked the aryl propargyl ether Claisen rearrangement. In other words, methyl group 

substitution at C3 position has revealed the smaller stabilization energy and thus decreases the 

energy barrier which helps to facilitate the aryl propargyl ether Claisen rearrangement. 
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Conclusion 

 Three possible pathways for aryl propargyl ether Claisen rearrangement have been 

investigated. The pathway A and pathway B are the most possible routes to form the 

benzopyran and benzofuran, respectively. The rate-limiting step is the first step in aryl 

propargyl ether Claisen rearrangement with ∆G‡ are 38.4 and 37.9 kcal/mol in gas and solvent 

phase, respectively, for parent aryl propargyl ether. Different DFT methods are performed to 

check the energy barrier and the results at M06/6-31+G**//B3LYP/6-31+G* level are in good 

agreement with the experimental values. At this level, the MUE and RMSE values are 1.0 and 

1.4 kcal/mol, respectively. For the substituent effects, one can find the energy barrier for the 

substituent in the para-position is higher than those in ortho- and meta- positions. The 

substitution of methyl groups at C3 position lead to decrease the energy barrier dramatically 

and change the rate-limiting step from the [3,3]-sigmatropic reaction to proton transfer step. 

According to the results of structural information, the substitution of methyl groups at C3 

position make the C3-O4 bond lengthen from 1.43 Å to 1.45 Å and C1-C10 bond shorten 

from 3.97 Å to 3.70 Å in the reaction center of aryl propargyl ether. In addition, the methyl 

groups at C3 position might lead to the correct orientation for the reaction to proceed. Also, 

the donor-acceptor NBO results suggest that the methyl group substitution at C3 position 

helps to precede the aryl propargyl ether Claisen rearrangement reaction smoothly. 
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Scheme 1: The schematic representation of the mechanism for the formation of 

benzopyran and 2-Methylbenzofuran in aryl propargyl ether Claisen 

rearrangement. 
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Scheme 2: Various possible substitution at aryl and C3 position of alkyl group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

X

O
CR1R2

R3

CHR1R2

O O

CHR1R2

X X

O
CR1R2

R3

O
CR1R2

R3

X

X

CHR1R2

O O

CHR1R2

X X

CHR1R2

O

O

CHR1R2

1) X= CH3

2) X= Cl
3) X= OCH3

R1,R2,R3 = H

R1=CH3

R2,R3 = H

1) X= CH3

2) X= Cl
3) X= OCH3

R1=CH3

R2=CH3

R3 = H

1) X= CH3

2) X= Cl
3) X= OCH3

R3
R3

R3

R3

R3

R3X

O

CHR1R2

X R3

X

CHR1R2

O

R3

X

ortho-

para-

meta-1

meta-2

Page 16 of 26Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



17 

 

 Figure 1: Optimized geometries at B3LYP/6-31+G* level in gas phase (bond lengths 

in Å and bond angles in °) 
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Figure 2: The computed Potential Energy Surface for aryl propargyl ether Claisen rearrangement in solvent phase at M06/6-31+G**// 

B3LYP/6-31+G* level of 

theory. 
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Figure 3: The geometries and the relative energies of reactant for different 

conformational isomerism in gas phase at M06/6-31+G**// B3LYP/6-31+G* 

level. 
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Figure 4: Three geometries of transition structures are chosen for NBO analysis to 

explore the substituent effect of the methyl group at C3-position. The bond 

distances are in Ao. 
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Table 1: Relative Gibbs free energy of the aryl propargyl ether Claisen 

Rearrangement at M06/6-31+G**//B3LYP/6-31+G* level (Unit: kcal/mol) 

 

 
M06/6-31+G **// B3LYP/6-31+G* 

 
Gas Solvent 

Reactant 0.0  0.0  

TS1 38.4  37.9  

Int1 4.3  3.0  

TS2-1 52.6  52.1  

TS2-2 34.0  33.6  

Int2 -20.5  -21.1  

TSa3 5.1  4.1  

Inta3 -20.2  -21.8  

Tsa4 -10.0  -11.1  

Inta4 -14.8  -16.6  

TSa5 -3.9  -5.1  

ProductA -36.4  -37.1  

Intb2 321.4  185.9  

TSb3 336.1  202.7  

Product B cpx 304.0  183.3  

TSc3 49.9  49.7  

Intc3 -37.3  -37.3  

TSc4 30.6  29.9  

ProductB -51.3  -51.1  
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Table 2: Theoretical activation free energies of aryl propargyl ether Claisen rearrangement at B3LYP/6-31+G* level optimization geometries and different 
DFT methods with the basis set 6-31+G* for single point energy in N, N-diethylaniline. (Unit: kcal/mol) 

 R1 R2 X k×106, sec-1 at 161.6 ℃ ∆G‡(exp.)d 
∆G‡(calc.)e 

 
B3LYP M06-2X M06 M05-2X M05 wB97XD BMK B2PLYP 

1 H H H 0.962 37.8 34.9 41.8 37.6 39.7 38.5  39.7 40.0 34.5 
2 H H Cl 0.722 38.2 35.1 42.3 37.8 40.3 38.9  40.1 40.6 34.6 
3 H H NO2 0.252 38.9 36.2 43.5 38.9 41.7 40.2  41.2 42.0 36.1 
4 H H OCH3 1.15 37.6 34.8 42.8 37.8 40.8 38.8  40.3 40.8 34.4 
5 CH3 H H 3.49 36.6 33.4 41.0 35.5 39.3 37.1  38.5 39.8 33.4 
6 CH3 H Cl 3.79 36.5 33.6 41.5 35.8 39.9 37.3  38.9 40.0 33.7 
7 CH3 H NO2 2.27 37.0 33.9 42.2 35.9 40.7 37.5  39.4 40.6 34.6 
8 CH3 H OCH3 9.98 35.8 33.4 42.0 35.7 40.3 37.2  39.2 40.2 33.5 
9 CH3 CH3 H 203 33.1 27.6 36.9 30.5 35.3 31.3  34.1 35.1 28.4 
10 CH3 CH3 NO2 350 32.7 27.2 37.2 29.7 35.9 30.5  34.1 35.0 29.1 
11 CH3 CH3 OCH3 628 32.2 27.5 38.0 30.8 36.7 31.0  35.1 35.3 28.6 

  
Ra 0.9861  0.9463  0.9825  0.9252  0.9847  0.9663  0.9627  0.9776  

  
RMSEb 3.7  4.9  1.4  3.2  1.2  2.3  3.1  3.3  

  
MUEc 3.5  4.8  1.0  3.1  1.1  2.2  3.0  3.2  

  
Max. abs. error 5.5  6.2  3.0  4.5  2.2  3.4  4.4  4.7  

Ra =Pearson correlation coefficient;   RMSEb = root-mean-square error;   MUEc = Mean Unsigned Error;  exp.d: experimental values;  calc.e =calculated 
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Table 3: Theoretical activation free energies of aryl propargyl ether Claisen rearrangement at B3LYP/6-31+G* level optimization geometries and M06 single 
point energy calculation with different basis sets in N, N-diethylaniline. (Unit: kcal/mol) 

 
R1 R2 X k×106, sec-1 at 161.6 ℃ ∆G‡(exp.)d 

M06 

 
∆G‡(calc.)e 

 
6-31+G* 6-31+G** 6-31++G* 6-311++G** 6-311++G(2d,p) 6-311++G(2d,2p) 

1 H H H 0.962 37.8 37.6  37.6 37.5  38.9  38.9  38.9  
2 H H Cl 0.722 38.2 37.8 37.8 37.8  38.9  39.0  39.1  
3 H H NO2 0.252 38.9 38.9 38.9 38.8  39.7  39.9  40.0  
4 H H OCH3 1.15 37.6 37.8 37.8 37.7  38.8  38.9  39.0  
5 CH3 H H 3.49 36.6 35.5 35.6 35.4  36.4  36.7  36.8  
6 CH3 H Cl 3.79 36.5 35.8 35.8 35.7  36.6  36.9  37.0  
7 CH3 H NO2 2.27 37.0 35.9 36.0 35.9  36.5  37.0  37.1  
8 CH3 H OCH3 9.98 35.8 35.7 35.8 35.7  36.6  36.9  37.0  
9 CH3 CH3 H 203 33.1 30.6 30.7 30.7  31.1  31.5  31.6  

10 CH3 CH3 NO2 350 32.7 29.7 29.9 29.6  30.2  30.7  30.8  
11 CH3 CH3 OCH3 628 32.2 34.8 33.3 34.9  34.8  34.7  35.1  

     
Ra 0.8662  0.9330  0.8585  0.8977  0.9161  0.9041  

     
RMSEb 1.5  1.3  1.5  1.4  1.3  1.4  

     
MUEc 1.1  0.9  1.1  1.1  1.1  1.2  

     
Max. abs. error 3.0  2.8 3.1 2.6 2.5 2.9 

Ra =Pearson correlation coefficient;   RMSEb = root-mean-square error;   MUEc = Mean Unsigned Error;  exp.d: experimental values;  calc.e =calculated 
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Table 4: The energy barrier of the first two steps of methyl group on aromatic segment with zero, mono and dimethyl groups on the aliphatic segment in N, 
N-diethylaniline at M06/6-31+G**//B3LYP/6-31+G* level. 

 
Parent 1a-o  1a-p  1a-m1  1a-m2  1b-o  1b-p  1b-m1  1b-m2  1c-o  1c-p  1c-m1  1c-m2  

Step1 37.9  37.0  38.2  37.7  36.7  35.3  36.7  36.1  35.5  29.9  31.4  31.9  30.3  

Step2 30.6  30.1  30.9  28.4  29.4  31.3  33.2  30.9  31.7  31.2  33.8  31.1  30.0  

* ortho- is denoted by o-; para- is denoted by p-; meta-1 is denoted by m1; meta-2 is denoted by m2.; a,b and c represents the zero, mono and dimethyl group on 
the aliphatic segment, respectively. 
 
Table 5: The energy barrier of the first two steps of chloro group on aromatic segment with zero, mono and dimethyl groups on the aliphatic segment in N, 

N-diethylaniline at M06/6-31+G**//B3LYP/6-31+G* level. 

 
Parent 2a-o  2a-p  2a-m1  2a-m2  2b-o  2b-p  2b-m1  2b-m2  2c-o  2c-p  2c-m1  2c-m2  

Step1 37.9  36.4  38.1  37.7  36.7  34.2  36.0  35.8  34.8  29.0  30.6  30.2  29.4  
Step2 30.6  30.3  31.5  29.7  31.1  31.5  32.9  30.3  32.1  31.9  33.7  30.1  32.9  

* ortho- is denoted by o-; para- is denoted by p-; meta-1 is denoted by m1; meta-2 is denoted by m2.; a,b and c represents the zero, mono and dimethyl group on 
the aliphatic segment, respectively. 
 

Table 6: The energy barrier of the first two steps of methoxy group on aromatic segment with zero, mono and dimethyl groups on the aliphatic segment in N, 
N-diethylaniline at M06/6-31+G**//B3LYP/6-31+G* level. 

 
Parent 3a-o  3a-p  3a-m1  3a-m2  3b-o  3b-p  3b-m1  3b-m2  3c-o  3c-p  3c-m1  3c-m2  

Step1 37.9  36.1 38.0 35.3 33.6 34.2 36.0 35.6 33.9 29.3 31.0 31.0 29.2 
Step2 30.6  31.8 32.5 27.7 25.9 32.0 34.3 26.4 28.3 32.0 35.5 25.4 27.8 

* ortho- is denoted by o-; para- is denoted by p-; meta-1 is denoted by m1; meta-2 is denoted by m2.; a,b and c represents the zero, mono and dimethyl group on 
the aliphatic segment, respectively. 
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Table 7: Selected donor-acceptor bond orbital interaction and ∆E2 values (kcal/mol) 

for transition state species (geometries in Figure 4) of aryl propargyl ether Claisen 

rearrangement.a 

 
species donor acceptor interaction E(2) 

A BD C1-C10 BD* C5-O4 σ → π* 27.25 

 BD C1-C10 BD* C2-C3 σ → π* 18.8 

 BD C5-O4 BD* C2-C3 π
 
→π

* 25.33 

 BD* C5-O4 BD* C2-C3 π
* 
→ π* 85.7 

     

B BD C1-C10 BD* C5-O4 σ → π* 30.89 

 BD C1-C10 BD* C2-C3 σ → π* 20.93 

 BD C5-O4 BD* C2-C3 π
 
→π

* 15.08 

 BD* C5-O4 BD* C2-C3 π
* 
→ π* 74.29 

     

C BD C1-C10 BD* C5-O4 σ → π* 33.24 

 BD C1-C10 BD* C2-C3 σ → π* 22.16 

 BD C5-O4 BD* C2-C3 π
 
→π

* 9.99 

 BD* C5-O4 BD* C2-C3 π
* 
→ π* 61.32 

a NBO analysis is performed at the M06/6-31+G**// B3LYP/6-31+G* level. BD and 

BD* denote the occupied bond and formally empty antibonding orbital, 

respectively. 
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