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Abstract  

 The aromatic nucleophilic substitution reaction in the Clayden rearrangement reaction 

has an abnormal Hammett linear free energy relationship
1
. Inspired by the concerted-

stepwise variation of the aromatic nucleophilic substitution reaction in 2018
2
, we determined 

the mechanism of Clayden rearrangement reaction under several conditions by DFT 

calculation then explained the mechanism diversity. We also found that there is a significant 

dynamic effect in the system due to the emergence of dynamic intermediates, which may be 

one of the reasons for the Hammett linear free energy relationship. 

Introduction 

Clayden et al. published a methodology research of amino acid synthesis in Nature at 

2018 
1
(Fig.1). The rearrangement reaction (called Clayden rearrangement) in this process has 

an abnormal Hammet linear free energy relationship. The reaction constant ρ is significant 

smaller than the normal aromatic nucleophilic substitution reaction in electron-rich area and 

it is minus in electron-deficiency area. 

 
Figure 1 General Formula of Clayden Rearrangement 

 

Clayden et al. demonstrated the existence of enol anions by experiments. The proton 

was extracted by the base to obtain an enol intermediate, then subjected to an aromatic 

nucleophilic substitution to obtain another anion intermediate. The product is obtained by 

work up. For the aromatic nucleophilic substitution reaction whose reaction constant is 

significantly smaller than normal, it is explained that the reaction mechanism will be different 

from the conventional aromatic nucleophilic substitution reaction mechanism and will not 

undergo the Meisenheimer complex(Fig. 2). However, due to lack of mechanism experiments 

and detailed calculation data, other intermediates have not been captured. The specific 

mechanism of this reaction has not yet been elucidated. 



 

 

Figure 2 Confirmed Reaction Mechanism 

  

Aromatic nucleophilic substitution reaction is a long-standing reaction between 

mechanism research and synthetic application. The process of addition-elimination reaction 

of a Meisenheimer complex has long been deeply rooted in the hearts of the people. However, 

in 2018, the aromatic nucleophilic substitution reaction was confirmed to have three 

mechanisms of stepwise, concerted, and borderline types, showing different dynamic 

properties
2
. We believe that the anomalous properties of Clayden rearrangement that do not 

conform to the classical mechanistic model may be related to the new understanding of the 

concerted/stepwise property of the aromatic nucleophilic substitution mechanism. 

Method & Design 

Unless otherwise stated In the calculation studies described below, all calculations use 

the Guassian16 B.01 software
3
 and the calculation level is B3LYP-D3(BJ)/def2-ma-TZVP 

SMD(THF)//B3LYP-D3(BJ)/def2-SVP SMD(THF)
4-8

.Frequency analysis was done to check the  

structure is stable substance or transition state. In the experimental work, Clayden et al. used 

the substrates of both configurations of the carbonyl α-position to obtain the product. S1 

and S2 (Fig. 3)may have similar mechanisms due to a shared aromatic nucleophilic 

substitution reaction. So in order to directly compare with the experimental linear free energy 

relationship, the conditions used in the calculation of the linear free energy relationship will 

be consistent when the linear free energy relationship is determined(S2, 5equiv LDA/THF/-

20℃), but the reaction of S1 will be calculated to establish the mechanism framework to verify 

the available of the reaction(the extraction of proton in S1 is more difficult). 

 

Figure 3. Structure of S1 and S2 

 

Results & Discussion 



1 Reaction Mechanism Framework of S1（X = H） 

The calculation is based on S1 (X = H), and the free energy diagram corresponding to 

the mechanism of KHMDS and LDA as the base is shown in Figs. 4 and 5 below. The dotted 

line in the figure represents a dynamic intermediate (also found in the intermediate 

mechanism in the research by Jacobsen et al.). The calculations show that the reaction of S1 

(X = H) with the participation of KHMDS is a classical nucleophilic addition-elimination 

mechanism, while the reaction with LDA participation is borderline type with the participation 

of dynamic intermediate. 

 

Figure 4 Reaction mechanism of S1 (X = H) with KHMDS 

 

 

Figure 5 Reaction mechanism of S1 (X = H) with LDA 

 

2 Discussion on Aromatic Nucleophilic Substitution Reaction 

For the enol lithium intermediate A obtained by deprotonation, the protonated amine in 

the structure can be substituted with THF to obtain another enol intermediate B. This process 

is greatly exothermic. After that, the enol lithium moiety in the intermediate B nucleophilic 



attack on the benzene ring moiety in the molecule, this step is the final step of the aromatic 

nucleophilic substitution process, and its energy barrier is 10.62 kcal/mol. After many attempts, 

we found that the corresponding Meisenheimer intermediates and dissociation transition 

states could not be optimized, which led us to speculate that this aromatic nucleophilic 

substitution reaction is likely to be a concerted mechanism with a dynamic intermediate. The 

results of the IRC calculations confirm the existence of dynamic intermediate which is 

consistent with the experimental facts reported by Clayden et al. that the Meisenheimer 

intermediates that are unable to intercept this reaction(Fig. 6). 

 
Figure 6 (1) Aromatic nucleophilic substitution reaction mechanism (Left) 

(2) IRC (Right, the appearance of flat areas implies the generation of dynamic intermediate) 

 

In the reaction involving KHMDS, the aromatic nucleophilic substitution reaction is 

carried out stepwise, which is a typical addition-elimination mechanism, and addition as a 

rate-determining step. 

To approximate the linear free energy relationship and compare it with the experiment, 

it is necessary to separately calculate the S2 that X=CN and X=OMe. Here, S1 was also 

calculated of the acid-base reaction as a reference. At this point, the potential energy surface 

of the entire Clayden rearrangement reaction and its apparent energy barrier can be obtained. 

When the substrate is S1_H or S2_H, the rate-determining step is the acid-base reaction and 

the apparent energy barrier is 12.88. Kcal/mol and 10.79 kcal/mol. Based on the above 

calculation, the reaction mechanism and the corresponding apparent activation energy when 

the substituent X=CN and X=OMe can be obtained. When X=CN, its rate-determining step 

is still acid-base reaction, and the corresponding apparent energy barriers are 15.71kcal/mol 

and 9.96kcal/mol respectively (corresponding to S1_CN and S2_CN). When X=CN, the 

aromatic nucleophilic substitution reaction is stepwise, which is also a classical addition-

elimination mechanism. 

When X = OMe, nucleophilic substitution becomes the rate-determining step of the  

rearrangement reaction, and its energy barrier is 16.23 kcal/mol. When X=OMe, the IRC of 

the aromatic nucleophilic substitution reaction also has a distinct flat zone, but there is a 

significant shortening compared to X=H(Fig. 7). 



 

Figure 7 IRC when X=OMe 

 

For the aromatic nucleophilic substitution step in this rearrangement reaction, when the 

substituent X is changed from CN to OMe, the classical stepwise mechanism to the borderline 

mechanism with dynamic intermediate can be clearly observed based on IRC. This 

phenomenon can be explained by Marcus theory
9
. When the substituent changes from  

electron withdrawing group to electron donating group, the stability of the Meisenheimer 

intermediate will gradually decrease, corresponding to the gradual increase of the relative 

energy of the intermediate. At this time, the potential energy curve of the intermediate will 

intersect with the potential energy curve of the product earlier, which leads to the emergence 

of dynamic intermediates. Moreover, as the ability of the substituents to give electrons 

increases, the lifetime of the dynamic intermediate will shortened to correspond to a narrower 

flat area in the IRC(Fig. 8). 

 

Figure 8 Explanation of Mechanism Variations with Different Substituents 
10

 

 

In addition, in this series of aromatic nucleophilic substitution reactions, there is another 



concerted-stepwise change.We also calculated the mechanism of aromatic nucleophilic 

substitution reaction under the condition of KHMDS as a base. Since only 1.5 equivalents of 

KHMDS were added during the reaction, the amide group in this process was not directly 

complexed with the metal ion. At this point, both the Meisenheimer intermediate and the 

dissociation transition state can be optimized, indicating that this reaction is accomplished via 

a classical stepwise mechanism. In this regard, we believe that here the nucleophilicity of the 

nucleophile and the leaving ability of the leaving group affect the mechanism. We proposes 

the following explanation: Approximately, the energy of the molecule depends on its most 

unstable part, so the energy of reactant depends on the enolate, the energy of intermediate 

depends on the benzene ring and the energy of product depends on the amide salt. LDA's 

Lewis acidity makes the enolate and amide salt more stable. Therefore, compared with 

KHMDS, the energy of the reactants and products is reduced while maintaining the same 

energy of the intermediate, which is equivalent to increasing the relative energy of the 

intermediate. As a result, the apparent activation energy rises and the mechanism change 

from stepwise to borderline, and a dynamic intermediate is present. The reason why the 

concerted mechanism is difficult to occur in this system is that the reaction is exothermal  

strongly, and the potential energy curve of the product is too low to inevitably intersect with 

the intermediate(Fig. 9). 

 

Figure 9 Effect of nucleophile and leaving group on mechanism
10 

 

The energy barrier corresponding to these three representative substituents can obtain 

the linear free energy relationship
11
 for S1 and S2 respectively(Fig. 10). For the reaction of S2, 

the linear free energy relationship obtained by theoretical calculation and the experimental 

research result (rich The electron region ρ=4.5, the slope of the electron-deficient region is 

negative), and it can be found that there is still a large difference between the two. 

 



 

Figure 10 LFER by Computation (Left:S1,Right:S2) 

 

In order to determine the effect of computational level on the reproducible of linear free 

energy relationship, we selected a concerted aromatic nucleophilic substitution reaction 

recently reported by Ritter et al
12
. Based on the reaction mechanism proposed by the author, 

we calculated the linear free energy relationship of this reaction at the same calculation level 

as before and compared it with the experimentally measured linear free energy relationship. 

Although the IRC also confirms the concerted mechanism of this reaction, the obtained ρ 

value is larger compared with the experimental results which reflects the insufficient of existing 

theoretical methods for the calculation of the linear free energy relationship(Fig. 11). We 

proposed that this systematic error may be derived from the error of the existing implicit 

solvation model which has been reported that may play a important role
13
. 

   
Figure 11 Calculation Error of LFER When Dynamic Effect Is Excluded 

 

However, the difference between ρ=1.79 and ρ=5.05 seems to be very large.In fact, 

because the slopes of both are small, it is an acceptable deviation. When X=H and X=CN, 

respectively, compared with the experimentally determined apparent activation free energy, 

they are actually in the range of chemical precision. Even considering the influence of such 

an error, it is impossible to explain the huge difference between the experimental value and 

the calculated value of the linear free energy relationship of the Clayden rearrangement. 

Considering the IRC shape described above, we suspect that this may be the effect of the 

dynamic effect. IRC represents the trajectory of the initial velocity of 0, so the longer the 

gradual zone in the IRC, the more representative of the trajectory of the system is likely to 



stay longer in the dynamic intermediate. The rate of reaction in the presence of a dynamic 

intermediate will deviate from the prediction of the transition state theory due to the longer 

trajectory. The more stable the dynamic intermediate is, the lower the prediction will be than 

the transition state theory. As for the case of stable intermediates after the transition state, it 

is foreseen that the trajectory is longer, and the rate of the total reaction is lower than the 

rate of the first-step reaction predicted by the transition state theory. When the rates of the 

three substrates decrease to varying degrees, the Hammett relationship may change: X=H is 

much lower than X=OMe, which makes the electron-rich region ρ smaller; X=CN is much 

lower than X=H. , the slope of the electron-deficient zone may become negative(Fig. 12). 

 

Figure 12 Schematic Diagram of the Dynamic Effect Affecting LFER 

 

 In order to confirm the existence of this dynamic effect, we used the quasi-classical 

molecular dynamic software PROGDYN
14
 to simulate the reaction when X=H and X=OMe, 

and investigated the dynamics effect through the shape of the trajectory. Due to limited 

computing power, we simplified the group complexed with cyclic amide O to dimethylamino 

lithium and the O complexing group of urea to lithium ion. The trajectory shapes of the two 

compounds are similar. We scheme a typical set to compare(Fig. 13). 

  

Figure 13 A Trajectory when X=H (Left) and X=OMe (Right) 

 

 It can be seen that when X=H, the system will stay at the dynamic intermediate for longer 

than X=OMe, and the other trajectories basically conform to this phenomenon. We believe 

that in this system with a gradual change in mechanism, the dynamics effect may be one of 



the reasons why the reaction constant is smaller than the classical stepwise or concerted 

reaction. However, since the real system is far more complicated than the model used for 

calculation, we still cannot assert that this is decisive, and only one possibility is proposed 

here. We will continue the research and look forward to further arguments and counter-

arguments. 
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