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On the Mechanism of the Shapiro Reaction: Understanding the 

Regioselectivity 

Ignacio Funes-Ardoiz, Raúl Losantos, Diego Sampedro* 

A detailed DFT-level mechanism elucidation of the two-step reaction of tosylhydrazones with alkyllithium reagents (the 

Shapiro reaction) is presented. A rationale of the experimental regioselectivity is offered together with some suggestions 

for modifying the experimental main regioisomer. Also, the proposed general mechanism was checked with a recent 

modification of the Shapiro reaction involving a fluorination reaction. 

Introduction 

Since the first report in 1967,1 the reaction of tosylhydrazones 

with alkyllithium reagents to yield alkenes (the Shapiro 

reaction) has been extensively employed in organic synthesis.2-

4 In its basic form, a ketone or aldehyde is reacted to yield a 

tosylhydrazone that subsequently is treated with two 

equivalents of an alkyllithium reagent. The first equivalent is 

used to deprotonate the hydrazone and the second one 

abstracts an α hydrogen to yield a carbanion. This 

intermediate subsequently evolves losing the tosylate group 

and molecular nitrogen and producing a vinyl lithium species. 

In the last step, this sp2 carbanion can be trapped with 

electrophiles or quenched with water or acid. The Shapiro 

reaction has proven to be a very efficient way to create new C-

C bonds while including a vinyl functionality in the product. 

This versatility, the easy handling of common reagents and 

relatively good yields allowed for the use of the Shapiro 

reaction in a good number of synthesis of natural products5-7 

including the total synthesis of Taxol8, 9 and other substituted 

alkenes10-14 difficult to obtain by other means. In a subsequent 

modification15 a catalytic version of the reaction was 

developed in which the stoichiometric amount of base was 

replaced by catalytic lithium amides. 

The mechanism of the Shapiro reaction has been also explored 

experimentally4 with the main aim of controlling the 

regioselectivity of the alkene formation. For many years, the 

mechanistic proposal depicted in Scheme 1 has been accepted 

in the literature. However, to the best of our knowledge, no 

detailed computational exploration of the Shapiro reaction has 

been performed to date and only a related reaction has been 

studied.16  

For this reason, we selected a model reaction under common 

conditions to check the mechanism of the Shapiro reaction in 

order to clarify the origin of the regioselectivity with the 

ultimate aim of increasing the versatility and scope of this 

transformation (Scheme 2). 

 

 
Scheme 1. Proposed mechanism for the Shapiro reaction. 

 

 

 

 

 

 

Scheme 2. Model reaction for characterizing the mechanism. 

 

Here we report our results on the Shapiro reaction mechanism 

using the density functional theory (DFT). First, we will present 

a general description of the computed mechanism. Then, we 

will apply the computed mechanism to a recent synthetic 

modification of the reaction. Finally, we will suggest some 

experimental modifications in order to alter the product 

regioselectivity.  

Results and discussion 

Several functional and basis sets were first evaluated in order 

to benchmark the theoretical results. For that, we chose one 
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of the key intermediates in the Shapiro reaction (see below) 

and we calculated the energies and geometries of the rate 

determining step using diverse model chemistries (Table 1). 

 

Table 1. Functional and basis set evaluation. 

 

 

 

 

 

 

Functional Basis Set ΔGǂ [a] dN-S[b] 

B3LYP 6-31G(d) 11.8 1.974 

B3LYP 6-31+G(d) 10.0 1.965 

B3LYP cc-PVTZ 13.3 1.996 

M06-L 6-31G(d) 16.1 2.034 

M06 6-31G(d) 16.8 2.024 

M06-2X 6-31G(d) 17.6 2.021 

SVWN 6-31G(d) 13.2 2.211 

[a] Free energy in kcal/mol. [b] Bond length between N-S in the TS (Å). 

 

In order to check the methodology used, we computed the 

tosyl dissociation step (rate limiting step, see below) with 

different basis sets and functionals. A small influence of the 

level of theory employed was found. The energy barrier can 

vary from 10.0 kcal/mol to 16.8 kcal/mol. We tested the 

influence of the percentage of Hartree-Fock exchange in the 

functional (M06 family) but this effect is minor. In addition, no 

direct correlation between the different functionals and basis 

sets was found. Also it is important to note that all the energy 

barriers are easily affordable for a thermal process under the 

reported experimental conditions. Also, the computed 

geometries for the transition structures are slightly different. 

The critical N-S distance for the tosyl dissociation varies in the 

TSs from 1.965 Å to 2.024 Å (except the LDA functional SVWN 

which overestimates it by 0.2 Å). Taking into account these 

results, we chose the B3LYP functional and the 6-31G* 

standard basis set for the complete mechanism evaluation as 

this level of theory offers intermediate values for the energy 

value and the geometry of the TS at a considerably lower 

computational cost taking into account the large number of 

atoms in our system (up to 132 atoms).  

In order to study the model reaction, we started by calculating 

the diverse deprotonation processes available for the 

tosylhydrazone 1 with BuLi 2. Tosylhydrazone 1 was chosen to 

mimic the experimental results. The alkyl chain conformations 

were studied in detail in the first step and the most stable one 

was chosen for the subsequent steps allowing in all cases a full 

reoptimization. It is important to remark that lithium species in 

organic coordinating solvents (such as THF) form aggregates 

with the solvent. The exact structure and reactivity of these 

aggregates is a relevant issue on its own and it has been 

extensively addressed through theoretical calculations 

before.17 For instance, it has been determined that higher 

aggregates (tetramers) are usually dominant in solution 

although they are less reactive than monomers due to steric 

effects. While MP2 was reported to yield good results for small 

aggregates,18 computation of larger species seems yet 

unpractical at this level of theory, especially for complex 

reactions. In contrast, affordable DFT calculations can yield 

also reliable results.19 Thus, for the proper description of the 

intermediates, we selected as the reference structure a dimer 

reported by McGarrity,20 which is in equilibrium which the 

tetramer. Based in previous calculations on related 

compounds,17 we assume that the dimer will be more reactive 

than the tetramer. Also, for the sake of energy comparison, we 

maintained in all points the tetracoordinated environment of 

the lithium atom, using explicit solvent molecules of THF. 

Although lithium species could be more complex, this 

approach allows us to compare similar structures arising from 

the deprotonation of the initial reactant. Therefore, 

throughout the paper we will take this structure as the most 

reactive lithiated species and we will maintain the composition 

of the species to allow energy comparison by computing also 

butane or THF in the different steps. 

Initially, the tosylhydrazone 1 has three different isomers 

which could eventually form three different products, namely 

the 1-alkene and 2-alkene in cis and trans configurations 

(Scheme 3). In one of them, the hydrazine moiety is syn with 

respect to the terminal methyl group (1a, the position of the 

alkyl chain is irrelevant as the same terminal alkene will form) 

and the other two (1b and 1c) are anti with a varying 

disposition of the alkyl chain. It is clear that the last two can 

equilibrate easily by rotation around the C-C bond, but the 

interconversion of the syn and anti forms of the C=N moiety is 

not clear. This issue has been discussed in the literature.21 

Experimental data show that the disposition of the hydrazone 

is important for the outcome of the reaction. Interestingly, our 

model reaction provides a mixture of the internal and terminal 

alkene products depending on the initial proportion of these 

two isomers (see below). However, this functional group can 

equilibrate if the synthetic procedure involves acid 

conditions.21 For this reason, assuming that the hydrazone is in 

equilibrium, we can extract information from the 

deprotonated species. It should be noted that all the species 

shown in Scheme 3 have the same composition. Along the 

reaction coordinate, the connectivity is quite different in some 

cases but the number of atoms remains the same in all cases 

by computing the required compounds. Also, the tetrahedral 

coordination of the lithium atom is included by using THF 

molecules. Thus, the energies of all the species included in 

Scheme 3 are comparable. 
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Scheme 3. Deprotonation pathways of the tosylhydrazone 1. Free energies in kcal/mol 

referred to 1a. 

In Scheme 3, we show the different possibilities that may arise. 

It is important to note that the regiochemistry of the reaction 

is determined in the first step and the relative stability of 

reactants 1 will control the experimental outcome. The energy 

difference of 1.1 kcal/mol between 1a and 1b/1c explains the 

mixture experimentally obtained under equilibrium conditions. 

These values of free energy predict a 86:14 ratio, while a 

mixture of about 80:20 for the terminal alkene was 

experimentally found. However, it should be noted that a 

slight variation in the reaction conditions also allows to obtain 

1 purely as the 1a isomer. In this case (without equilibration 

conditions), the product will be the 1-alkene due to the 

isomeric stability of the hydrazone (32 kcal/mol of 

isomerization barrier).21 Thus, although the internal 

deprotonation is usually favoured due to the higher acidity of 

the internal protons, this is not the case for 1. Even though the 

internal anion is usually thermodynamically favoured, our 

calculations show that the syn dianion 4a is the most stable (-

72.1 kcal/mol) compared to the anti conformers 4b (-70.5) and 

4c (-67.3).  We assign this behaviour to the steric interaction 

between the lithium environment and the alkyl chain (Figure 

1). Our results show a good agreement with the experimental 

data as the reaction outcome under both equilibrium 

conditions (in which the relative stability of the different 

isomers govern the regioselectivity) and non-equilibrium 

conditions (only 1a is formed) is explained. However, the little 

differences between 4a, 4b and 4c suggest that their relative 

stability could be controlled under the use of proper functional 

groups, especially if the internal protons are acid enough to be 

abstracted even if the hydrazone is in anti conformation. For 

this reason, we tried to develop via rational design a controlled 

version of the Shapiro reaction, increasing the acidity of the 

internal positions with acceptor groups (see below). 

From the dianionic species 4, a vinyllithium intermediate is 

produced that can be subsequently trapped by different 

electrophiles such as H+, CH2=O or, more recently, “F+”.22 

 

 

Figure 1. Computed structures for the intermediates 4a, 4b and 4c. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although the mechanism may appear simple, the dependence 

with the dianion structure is interesting in order to confirm the 

regioselectivity modification. The reaction starts with the loss 

of the tosyl group from 4 and the generation of the 

intermediate 5 (Scheme 4). The barrier for these processes is 

almost independent of the dianion structure (11.8 kcal/mol for 

4a, 9.8 kcal/mol for 4b and 10.3 kcal/mol for 4c). It suggests 

that once the dianion is formed, the reaction undergoes easily 

this step. Interestingly, during this reaction step, the relative 

stability of the different regioisomers is reversed, probably due 

to the intrinsic stability of the internal alkenes, especially of 

the trans one. However, the small differences in energy found 

for the three compounds make difficult to draw definitive 

conclusions. After that, intermediate 5a releases nitrogen with 

a small barrier (2.9 kcal/mol) yielding the terminal alkene 

product. The barriers for the other two products are only 

slightly higher, 4.7 and 7.2 kcal/mol. Again, the composition of 

all the species in Scheme 4 are the same as the coordination of 

the lithium atoms is maintained with THF molecules when 

required and the tosyl group and nitrogen molecule are also 
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included. The geometries of the computed structures for TS (4-

5)a and TS(5-6)a are shown in Figure 2. 

 
Scheme 4. Free energy profile of the reaction between 3 and methylpropiolate. All 

energies are in kcal/mol referred to 4a. 

 

Figure 2. Computed structures for the transition structures TS (4-5)a and TS(5-6)a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Then, we checked this general mechanism for the recent 

modification of the Shapiro reaction which features an 

electrophilic fluoride addition.22 To do this, we computed the 

addition of N-fluorobenzenesulfonimide (NFSI) to the resulting 

vinyllithium intermediate (Scheme 5). It is important to note 

that this reaction implies a variation of the common 

experimental conditions used for the traditional Shapiro 

reaction. Thus, it could be relevant to determine whether the 

mechanistic information accumulated through the years is also 

applicable in this specific case. As expected for the mild 

reaction conditions, the barrier could be easily surmountable 

(8.0 kcal/mol). The reaction is highly exothermic (124.3 

kcal/mol), probably due to the intrinsic instability of the 

anionic vinyl group and the stability of the TS2N- moiety in 8a 

due to charge delocalization. In contrast, other cationic 

electrophilic fluorides experimentally tested did not work.22 

The explanation could reside in the neutralization of charges in 

this specific reaction while with the other reagents, a cationic 

lithium remains in solution. 

 
Scheme 5. Electrophilic fluoride addition to the vinyllithium intermediate. 

 

 

 

 

 

 

 

Finally, in order to check the effect of the substituents on the 

regioselectivity of the reaction, we computed the suggested 

intermediate with different functional groups in the position 3 

of the alkyl moiety. To cover a representative range of 

functional group properties, we selected the amino, methoxy, 

phenyl, cyano and nitro groups as substituents (Table 2). 
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Table 2. Relative free energies of reactive intermediate with different 

substituents. Energies in kcal/mol relative to the lower energy isomer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

As we expected, there is a clear tendency on the stability of 

dianions, directly related to the acidity of the internal protons. 

Both nitro and cyano groups favoured considerably the 

internal dianion formation, even with the tosylhydrazone 

moiety syn to the terminal methyl group (12). This implies 

that, in those cases, only the internal product should be 

formed. In contrast, donor groups such as amino or methoxy 

substituents disfavour considerably the internal 

deprotonation, increasing the selectivity of the external 

position. It is important to notice that in the case of cyano and 

nitro groups, the selectivity does not depend on the relative 

position of the hydrazone because the chelated intermediates 

(9, 10, 11) are not favoured in this case. In both cases, the 

species 12 are more stable, suggesting an independent 

deprotonation of the nitrogen and α-carbon. Thus, we 

conclude that the regioselectivity of the Shapiro reaction could 

be controlled through the acidity of this position. This fact, if 

confirmed by experiments, could be useful in order to further 

control the regioselectivity of the reaction and, in turn, to 

increase the interest of an already extremely powerful 

synthetic tool. The complex mechanism of the Shapiro reaction 

and the intrinsic problems associated with the computational 

determination of organometallic reactions suggest that these 

predictions should be the subject of detailed experimental 

exploration, as it has recently done with the Morita 

Baylis−Hillman reacSon.23 

Computational details 

All calculations were carried out using the hybrid B3LYP 

functional24 under the density functional theory framework 

with the Gaussian09 program package.25 We used the 

standard basis set for organic compounds 6-31G* which 

include polarization functions for all atoms except H.26  Several 

other functionals and basis sets were also tested without 

relevant differences in the results. All geometry optimizations 

were computed in solution applying the SMD implicit solvation 

model with tetrahydrofuran as solvent (ε = 7.4257).27 In 

addition, frequency calculations were done for all points in 

order to include ZPE and free energy corrections and verify the 

stationary points as minima (zero imaginary frequencies) or 

transition states (one imaginary frequency). We also checked 

the transition states by relaxing them towards reactants and 

products or making IRC calculations. In order to allow energy 

comparison for all computed points we used explicit solvent 

molecules to ensure tetracoordination for all lithium 

intermediates.  

Conclusions 

We carried out a full theoretical study of the Shapiro reaction 

in order to understand the regioselectivity of the process. We 

calculated the whole mechanism, assessing the strong 

influence of the hydrazine conformation in the initial structure 

and the relative acidity of internal and external protons. We 

conclude that modifying the functional group in the internal 

position, specifically changing the acidity of the internal 

protons, the regioselectivity could be strongly affected and the 

internal alkene could be produced as the main isomer. For this 

reason, the scope of the reaction could be increased leading to 

a further improvement of the applicability of this 

transformation. 
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A DFT computational exploration of the mechanism of the 
Shapiro reaction is presented together with some 
suggestions to control the regiochemistry of the main 
isomer. 
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