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Abstract

We combine the effects of spirocyclization and hyperconjugation to increase the Diels–Alder 

reactivity of the 4H-pyrazole scaffold. A density functional theory (DFT) investigation predicts 

that 4H-pyrazoles containing an oxetane functionality at the saturated center are extremely reactive 

despite having a relatively high-lying lowest unoccupied molecular orbital (LUMO) energy.

Graphical Abstract

Spirocyclization and hyperconjugation activate 4H-pyrazoles as Diels–Alder dienes. The 

harmonization of spirocyclization and hyperconjugation was used to design a 4H-pyrazole that 

is predicted to be 730,000 times more reactive than an unactivated 4H-pyrazole.
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Introduction

Sauer and coworkers reported the rapid reactivity of 1,2,4,5-tetrazines as inverse-electron 

demand Diels–Alder dienes with strained dienophiles such as cyclopropene, trans-

cyclooctene, cyclooctyne, and norbornadiene.1,2 The Fox group took advantage of the 

reactivity of the tetrazine-trans-cyclooctene reaction, using it to modify a protein at low 

concentration.3 Since then, efforts have been made to enhance the reactivity of the tetrazine 

and trans-cyclooctene scaffolds without sacrificing stability.4,5

We have focused on developing 4H-pyrazoles as bioorthogonal reagents. Fluorination of 

the saturated center in a 5-membered diene invokes antiaromatic electron delocalization 

and increases Diels–Alder reactivity.6–9 We have reported a 4,4-difluoro-4H-pyrazole that 

reacts twice as fast as an equivalently substituted tetrazine towards the strained alkyne, 

bicyclononyne (BCN).10 Although fluorination increased the reactivity, it also compromised 

the stability of the 4H-pyrazole scaffold.11

A purely computational study predicted that spirocyclic 4H-pyrazoles were more reactive 

than their acyclic analogs.12,13 This study inspired the synthesis and experimental analysis 

of spirocyclic 4-oxo-4H-pyrazoles.14 Whereas the spirocyclic 4-oxo-4H-pyrazoles were not 

as reactive as the 4,4-difluoro-4H-pyrazole, they showed robust biological stability, allowing 

them to be utilized in biological applications. Herein, we further optimize the spirocyclic 

4-oxo-4H-pyrazole motif and disclose a new spirocyclic 4-oxo-4H-pyrazole with promising 

reactivity and suggestive stability.

Results and discussion

The structures of the 4H-pyrazoles included in this study are shown in Scheme 1. The 

lowest unoccupied molecular orbital (LUMO) energies of these compounds as well as 

their activation energies towards the strained alkyne BCN are reported in Figure 1. All 

calculations were carried out at the M06-2X/6-311++G(d,p)-SMD(H2O)//M06-2X/6-31G(d) 

level of theory.15 The M06-2X functional has been shown to accurately predict the reactivity 

of bioorthogonal cycloaddditions.16–20

The dimethyl 4H-pyrazole, 1, is the least reactive 4H-pyrazole with an activation energy 

of 24.9 kcal/mol. The difluoro 4H-pyrazole, 4, is predicted to be 6.2 × 105 times more 

reactive than 1 with an activation energy of 17.0 kcal/mol. The cyclobutane 4H-pyrazole, 2, 

has a calculated activation energy of 21.8 kcal/mol and is predicted to be 190 times more 

reactive than dimethyl 4H-pyrazole 1. The oxetane 4H-pyrazole, 3, combines the effects 

of spirocyclization and hyperconjugation in an optimal fashion to promote reactivity. This 

diene has a predicted activation energy of 16.9 kcal/mol, which is comparable to that of 

highly reactive difluoro 4H-pyrazole 4.

The computed LUMO energies are −1.3, −1.4, −1.5, and −2.1 eVs for 4H-pyrazoles 1, 2, 

3, and 4, respectively. It has been shown that the relevant unoccupied molecular orbitals of 

appropriate symmetry in 1,2,4,5-tetrazines correlate with their stability in biological media.5 

4H-Pyrazoles 3 and 4 have similar predicted reactivities towards BCN, but the LUMO 

of 3 is 0.55 eVs higher lying than the LUMO of 4. This increase suggests that oxetane 
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4H-pyrazole 3 will have greater stability towards biological nucleophiles relative to difluoro 

4H-pyrazole 410,11 and could expand the scope of bioorthogonal reactions based on the 

Diels–Alder reaction.21

Conclusions

We find that oxetane 4H-pyrazole 3 is a promising motif worthy of experimental study. 

The harmonization of spirocyclization and hyperconjugation in the oxetane 4H-pyrazole 

induces a synergetic effect that promotes the reactivity of the 4H-pyrazole scaffold without 

significantly disturbing the electronic properties of the diene. This computational studyx 

suggests that oxetane 4H-pyrazole 3 will have similar Diels–Alder reactivity and increased 

biological stability relative to 4H-pyrazoles that are activated by fluorination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Gibbs free energies of activation in kcal/mol for the Diels–Alder reaction of dienes 1–4 
with BCN. Relative rates were obtained from the Arrhenius equation. LUMO energies are 

reported in electron volts calculated from the diene ground state geometries. Forming bond 

lengths of the transition state structures are reported in Ångstroms.
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Scheme 1. 
Structures of 4H-pyrazoles 1–4 and BCN.
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