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ABSTRACT Photoactivation of tetrazoles to form nitrile imines primed for 1,3-dipolar cycloaddition reactions is of widespread utility 
in chemistry. In contrast, the corresponding thermal reactions usually possess prohibitively high barriers and have garnered signifi-
cantly less attention. Here computational chemistry at the M06-2X/6-31+G(d,p) level of theory with SMD solvent corrections, is used 
to show that these thermal activation barriers can be significantly reduced through the use of non-conjugated charged functional 
groups (CFGs). For 2,5-dimethyl-tetrazole, a positive CFG on the N-methyl (2-position) lowers the fragmentation barrier by around 
80 kJ mol–1 in the gas-phase, while a negative charge has a smaller opposite effect. These CFG effects remain significant even in polar 
solvent, with barrier lowering on the order of 30 kJ mol−1 in dimethyl sulfoxide and acetonitrile. In practical terms, the positive CFG 
decreases the fragmentation half-life of 2,5-dimethyl-tetrazole in refluxing o-xylene from 300,000 years to 1 week. While the resulting 
nitrile imine is stabilized, its subsequent 1,3-cycloaddition with N-methylmaleimide remains highly facile. Electrostatic effects on a 
range of 2-phenyl-5-methyltetrazoles, 2-methyl-5-phenyl-tetrazoles and 2,5-diphenyl-tetrazoles follow similar trends and are expli-
cable largely in terms of the stabilization of the developing dipole in the transition state.

INTRODUCTION 
Tetrazoles are an important class of poly-aza-heteroxy-
clic compounds, used in functional materials,1 as cata-
lysts,2 and as bioisosteres,3 among other applications. 4 
They can undergo thermal- or photo-activation to gen-
erate nitrile imines; important intermediates for five 
membered heterocyclic synthesis in organic chemistry.5 
Of particular importance is tetrazole-alkene 1,3 dipolar 
cycloaddition, which was first reported by Huisgen et al. 
in the 1960s.6 7 In this process, the tetrazole eliminates 
nitrogen under photochemical or thermal stimuli to 
form a nitrile imine, capable of undergoing 1,3 dipolar 
cycloaddition to double bonds (Scheme 1). Thermally, 
nitrile imine formation has a gas-phase Arrhenius bar-
rier of the order of 200 kJ mol–1 8 (see also Ref. 9 and 
10). Consequently, temperatures of 200 °C or more are 
typically required for activation,11-14 which limits syn-
thetic utility. In contrast, photochemical activation has 
found widespread applications as a photoligation reac-
tion in materials synthesis15-18 and bioorthogonal chem-
istry.19, 20 Under thermal conditions, nitrile imines for 
synthesis are normally generated via other methods, 
such as from the reaction of aldehydes with N1-alkyl-N2-
acyl hydrazines.21  

 
Scheme 1. Thermal and photochemical activation of a te-
trazole to form a nitrile imine and its subsequent 1,3 dipo-
lar cycloaddition to N-methyl maleimde. 

While the photochemical activation of tetrazoles is un-
doubtedly of widespread utility, it would nonetheless be 
useful to develop methods for thermally generating ni-
trile imines from tetrazoles under milder conditions for 
synthesis. One possible strategy for this is to utilize elec-
tric fields. The use of electrostatics for catalyzing non-
redox chemical reactions has been increasingly attract-
ing attention of chemists across diverse disciplines.22, 23 
Electrostatic catalysis makes use of an oriented electric 
field to stabilize or destabilize polar transition states and 
products, even for formally covalent species, by influ-
encing the stability of their minor charged-separated 
resonance contributors.24 This allows the electric field to 
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kinetically and/or thermodynamically favor or disfavor 
certain reaction pathways over others. A promising 
strategy for harnessing such effects is via the use of re-
mote acids or bases, placed on the substrate, auxiliary 
or catalyst. By choosing their position carefully, the field 
be optimally oriented relative to the reaction center, 
while the charge and hence field can be switched on or 
off through simple pH changes.25-27 
Previously, it has been shown that both external electric 
fields 28, 29 and the electric fields from remote charged 
functional groups (CFGs),30-32 on the substrate or exter-
nal catalyst, can catalyze 4+2 cycloadditions, as well as 
modify their regio- and diastereoselectivity. Moreover, 
in a computational study directly related to the present 
work, Datta and co-workers have recently shown that 
the reactivity of nitrile imines in cycloaddition with al-
kynes can be catalyzed by as much as 25 kJ mol–1 with 

external electric fields.33 These promising results sug-
gest that thermally promoting nitrile imine-based click 
reactions is feasible. Further, Montero-Campillo et al.34 
showed that the 1,3-dipolar cycloaddition reaction of N2 
with nitrile imines (i.e., the reverse of the reactions stud-
ied here) is promoted by Lewis acids. Although neutral 
species were used in that work, they are nonetheless 
polar and their success suggests that electrostatic ef-
fects, at least in part, are stabilizing the transition state. 
Inspired by these results, here we utilize use computa-
tional chemistry to ascertain if remote CFGs can electro-
statically activate tetrazoles under milder conditions, 
while retaining their reactivity in subsequent 1,3 dipolar 
cycloadditions.  
 

 

Figure 1. Gibbs free energy surface (25 °C, kJ mol–1) for the thermal reaction of 2,5-dimethyl-tetrazole (R1=CH3 and R2=CH3) 
with N-methylmaleimide in the gas-phase (black line). The blue and red lines show the corresponding reaction when the N-
methyl of 2,5-dimethyl-tetrazole is replaced with a positively-charged (R1=CH2NH3

+, blue) and negatively-charged (R1=CH2BF3
-

, red) functional group. Respective dipole moments (in Debye) for various species in the neutral 2,5-dimethyl-tetrazole reaction 
are also shown. The dipole arrows point from regions of negative charge to positive charge. 
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RESULTS AND DISCUSSION 
2,5-Dimethyl-tetrazole. We initially examined the sim-
plest compound, 2,5-dimethyl-tetrazole. Figure 1 shows 
the potential energy surface for its ground-state reac-
tion with N-methylmaleimide, which is a typical coupling 
partner in applications. Corresponding results when the 
N-methyl group (2-position) of 2,5-dimethyl-tetrazole is 
replaced by a negatively charged (CH2BF3

–) or positively 
charged (CH2NH3

+) group are also shown. These groups 
were chosen as simple models for the electrostatic ef-
fect of negatively or positively charged groups, and 
could be altered for more synthetically convenient 
charged species (quaternary amines, carboxylic acids, 
etc.) as required. The linker inhibits π-conjugation with 
the reaction center; although hyperconjugation and in-
ductive effects may contribute, previous work on other 
systems have shown that these are dwarfed by electro-
static effects.35, 36 Figure 1 also shows the dipole mo-
ments of each species in the absence of the CFGs. 
As Figure 1 illustrates, inclusion of a remote positive CFG 
at the N position dramatically lowers the energetics of 
the reaction across the entire surface, while a negatively 
charged group raises it somewhat. The effects are not 
equal and opposite which is indicative of polarization 
playing a role, and not unexpected given the extensive 
π system.31, 35-37 The trends fit with what would be ex-
pected based on the underlying dipoles of the various 
species. In all but the reactant tetrazole, the dipole 
points towards the carbon methyl substituent, indicat-
ing a delta positive charge at this position and a delta 
negative charge on the nitrogen side. This would natu-
rally be stabilized by the inclusion of a positive CFG at 
the N position. Because the dipole direction is reversed 
for the reagent, the positive CFG destabilizes it, and both 
reactant destabilization and transition state stabiliza-
tion, contribute to the lower barrier.  
For the subsequent cycloaddition process, the dipole di-
rections remain relatively consistent with that of the ni-
trile imine. Thus, CFGs effects on cycloaddition largely 
follow the same trends, though they are smaller and 
more variable due to cancellation between the reac-
tants and transition state. However, for the CH2NH3

+-
substituted nitrile imine, in the case of reactant pre-
complex other hydrogen-bonding interactions with the 
carbonyls of N-methyl maleimide lead to additional sta-
bilization. Stabilization of the pre-complex, then raises 
the subsequent barrier for the cycloaddition somewhat. 
Nonetheless it remains facile, and the ring-opening re-
mains rate determining. More generally, these problems 
could be overcome through the use of other charged 
groups (e.g. quaternary amines).  

In solution, the barrier-lowering is smaller due to solvent 
screening, an effect that increases with polarity of the 
solvent (see Figure 2). The 82 kJ mol–1 barrier reduction 
in the gas-phase (compared with the corresponding un-
modified reaction) drops to 56 kJ mol–1 in toluene, 39 kJ 
mol–1 in dichloromethane and 33 kJ mol–1 in acetonitrile 
and DMSO. These solvents were chosen to provide a 
wide range of polarities – in practical systems, other 
considerations such as solubility and potential side-re-
actions are important. The reduction in electrostatic ef-
fects within polar solvents is due to increased solvent 
screening of the CFG. The effects are non-monotonic 
because the polar solvents increase the inherent dipole 
of the transition state,33 which offsets screening to some 
extent. This interplay between solvent screening and 
polarizability has also been observed for other electro-
statically catalyzed reactions.30 Electrostatic effects on 
the barrier in the various solvents with both positive or 
negatively CFGs are almost perfectly correlated with the 
corresponding effects on the reaction energy (R2 = 0.98), 
consistent with the Bell-Evans-Polanyi rule. This is be-
cause the transition state and product nitrile imine have 
similar dipoles 
 

 
Figure 2. Effect of solvent on the difference in the Gibbs 
free energy barrier height and reaction energy (25 °C, kJ 
mol–1) for dimethyl-tetrazole ring-opening in the presence 
of positively (CH2NH3

+) and negatively (CH2BF3
-) charged 

functional groups in the 2-position (R1 in Figure 1). Tol = 
toluene, DCM = dichloromethane, MeCN = acetonitrile and 
DMSO = dimethyl sulfoxide. 

 
In practical terms, inclusion of a positive CFG drops the 
(rate determining) gas-phase barrier for nitrile imine for-
mation from an inaccessible 200 kJ mol–1 to 118 kJ mol–
1. While this would still afford a half-life of over a year a 
room temperature, it would be a minute at 100 °C. For 
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comparison, the half-life at 100 °C for the unmodified 
substrate would be 3 x 107 years. While barrier lowering 
is smaller in solution, in low polarity solvents, such as 
toluene, this effect remains large. Thus, for instance, a 
practical solvent could be o-xylene, which is non-protic 
and has a similar dielectric constant to toluene, but a 
higher boiling point (144 °C). Under conditions of reflux-
ing solvent, the barrier for the positively charged species 
is DG‡ = 153 kJ mol–1, which translates to a half-life of 1 
week. This timeframe is close to practical and suggests 
that a viable system would be accessible with minor sub-
stituent changes or techniques such as microwave 
chemistry. In any case, for comparison, the half-life of 
the unmodified substrate would be 3 x 105 years under 
the same conditions (i.e. refluxing o-xylene), which high-
lights the power of electrostatics in promoting previ-
ously unfeasible reactions. 
While our focus is on the impact of charged groups on 
the energetics of fragmentation, the charged functional 
groups also alter the geometry of the resulting nitrile 
imines. Six fundamental resonance structures have 
been postulated for nitrile imines (Chart 1). Of these, 

Begue et al.38 has recently suggested that the 
propagylic, allenic and carbenic species are predomi-
nant, though previous studies also show that 1,3-dipolar 
resonance plays a significant role, with all four reso-
nance forms required to describe 80% to 90% of the 
electronic properties.39, 40 We note that wavefunction 
stability analysis rules out singlet diradical character for 
all the species studied here. Figure 3 shows how the 
structures of the nitrile imines change with substitution 
and with solvent. 
 

 
Chart 1. Fundamental resonance structures of nitrile 
imines. 

 

Figure 3. Structures of the nitrile imines as a function of solvent. The dimensions provided are the C-N bond length and the 
ÐCCN and ÐCNN angles. When both angles are approximately 180°, the C-N bond length is closer to that of a CºN bond, and 
the species has dominant propagylic character (yellow shading). As theÐCCN angle approaches 120°, the C-N bond lengthens 
toward a C=N bond length and the ÐCNN remains close to 180°. These features suggest the species has more allenic character 
(grey shading). 
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From Figure 3, it is clear that the nitrile imines studied 
here fall loosely into two categories: (a) propagylic, as ex-
emplified by ÐCCN and ÐCNN angles approaching 180° 
and a C-N bond length approaching that of a CºN bond; (b) 
allenic, as exemplified by a ÐCCN angle that approaches 
120°, a ÐCNN angle approaching 180° and a C-N bond 
length approaching that of a C=N bond. Unsurprisingly, the 
sign and placement of the CFG determines which of these 
two structures are favored: a positive CFG on the C-side fa-
vors allenic, as does a negative CFG on the N-side. This is be-
cause the allenic structure has a formal negative charge on 
the carbon and positive on the adjacent N. For the 
propagylic form, the inherent dipole of the nitrile imine re-
verses and so now it is favored by a negative CFG on the C-
side or a positive CFG on the N-side. These results, which are 
essentially independent of solvent, can be compared with 
neutral 2,5-dimethyl imine (Figure 4). Now, the allenic form 
is favored in toluene and the gas phase, consistent with 
earlier reports,38 while the propagylic form is favored in po-
lar solvents, as these stabilize the dipole across the more 
polarizable NN bond. These stark differences in the struc-
ture of the nitrile imines with the different CFGs may have 
potential implications in controlling selectivity for the 1,3-
dipolar cycloaddition of asymmetric dipolarophiles. 

 
Figure 4. Structures of 2,5-dimethyl nitrile imine as a func-
tion of solvent. The dimensions provided are the C-N bond 
length and the ÐCCN and ÐCNN angles. There is a cross over 
from the allenic form (grey shading) to the propagylic form 
(yellow shading) as solvent polarity increases. 

 
Phenyl-substituted tetrazoles. In practical applications 
phenyl-substituted tetrazoles are normally used as they 
have better photoreactivity due to greater conjugation of 
the ππ* excited states. Thermally, however, the reactivity 
of neutral phenyl tetrazoles depends on whether the N- 
or C-position is substituted. Barriers for 2-phenyl-5-me-
thyl-tetrazole, 2-methyl-5-phenyl-tetrazole and 2,5-di-
phenyl-tetrazole are shown in Figure 5. Neutral forms, 
and results with CFGs are included. When the charged 
group is positioned on the phenyl, it is placed in the para-
position with a CH2 linker. Chart 2 shows the species stud-
ied. 
 

 
Figure 5. Gibbs free energy barriers (gas, 25 °C, kJ mol–1) for 
ring-opening of 2-methyl-5-phenyl-tetrazole (“C-phenyl”), 
5-methyl-2-phenyl-tetrazole (“N-phenyl”), and 2,5-diphe-
nyl-tetrazole (“diphenyl”) and the same species bearing re-
mote CFGs. The nomenclature is explained in Chart 2. 

 
Chart 2. Phenyl-substituted tetrazoles studied. The parent 
compounds are 2-methyl-5-phenyl-tetrazole (C-phenyl), 5-
methyl-2-phenyl-tetrazole (N-phenyl), and 2,5-diphenyl-te-
trazole (diphenyl). 
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Focusing first on the neutral species, it can be seen that 
the barrier when the phenyl is substituted at C (2-methyl-
5-phenyl-tetrazole, 199 kJ mol–1) is very similar to that ob-
tained for 2,5-dimethyl-tetrazole (200 kJ mol–1). In con-
trast, the barrier for N-phenyl (2-phenyl-5-methyl-te-
trazole) is much lower (178 kJ mol–1). The barrier for the 
2,5-diphenyl-tetrazole is essentially identical to 2-phenyl-
5-methyl-tetrazole. These trends can be explained 
through simple resonance arguments. The N-phenyl can 
delocalize the developing negative charge on the nitrogen 
into its π system. In contrast, due to lack of orbital overlap, 
the C-phenyl is unable to delocalize the corresponding de-
veloping positive charge on carbon without structural 
changes.  
Considering next the charged groups, the trends are in-
line with the dimethyl-tetrazole results in that a positive 
CFG on the N-side lowers the barrier, and a negative CFG 
raises it. As expected, when the CFGs are positioned on 
the opposite side, the C-side, the reverse trends occur. 
Solvent effects on the electrostatic effects in the phenyl 
substituted systems are also largely consistent with the 
2,5-dimethyl-tetrazoles, decreasing with the polarity of 
the solvent as expected. Nonetheless, these effects re-
main significant even in solvents such as acetonitrile (Fig-
ure 6). 
 

 
Figure 6. Barrier-lowering effects (25 °C, kJ mol–1) of either a 
positive CFG (pos) or negative CFG (neg) on 2-methyl-5-phe-
nyl-tetrazole (“C-phenyl”), 5-methyl-2-phenyl-tetrazole (“N-
phenyl”), and 2,5-diphenyl-tetrazole (“di-phenyl”) as a func-
tion of the solvent. The nomenclature is explained in Chart 
2. For simplicity, only the CFGs that lower the barrier are 
shown, all results are provided in Table S5 of the Supporting 
Information. Tol = toluene, DCM = dichloromethane and 
MeCN = acetonitrile. 

 
The magnitude of barrier-lowering induced by CFG incor-
poration is more variable across these Ph-substituted sys-
tems. In both cases substitution of a stabilizing charge at 

methyl (i.e. positive at N-methyl, negative at C-methyl), 
has a greater effect than a stabilizing charge on a phenyl 
group. This is largely due to a combination of proximity to 
the reaction center, and alignment to the transition state 
dipole (Scheme 2). The methyl is both closer and, through 
bond rotation, better at aligning the charge than the phe-
nyl. Based on the neutral systems, an ortho-substituent in 
either position would offer better alignment.  
 

 
Scheme 2. Dipole moments (in Debye) for the ring-opening 
transition states of 2-methyl-5-phenyl-tetrazole, 5-methyl-
2-phenyl-tetrazole and 2,5-diphenyl-tetrazole. The dipole 
arrows point from regions of negative charge to positive 
charge. 

 
To test if placement of CFGs at the ortho positions deliv-
ered better results, we examined the 5-methyl-2-phenyl-
tetrazole system with a positively charged CH2NMe3

+ placed 
on the ortho position. We chose this group in place of NH3

+ 
to avoid interference from hydrogen bonding. Unfortu-
nately, the steric effects from the CH2-linker bent the phenyl 
out of the plane, inhibiting resonance. As a result, the gas-
phase barrier (137 kJ mol–1) was only marginally better than 
the para-substituted species (143 kJ mol–1), and not as good 
as replacing the N-phenyl altogether with CH2NH3

+ (118 kJ 
mol–1). Likewise, in the 2,5-diphenyl-tetrazole, inclusion of 
an ortho-CH2BF3

– group on the C-phenyl gives a barrier (144 
kJ mol–1) marginally better than the para-position (154 kJ 
mol–1) but worse replacing the phenyl with a CH2BF3

– (131 kJ 
mol–1).  
Thus, it appears that the 2-CH2NH3

+-5-methyl-tetrazole rep-
resents a limit for electrostatic activation in this study. The 
barrier-lowering strategy itself could easily be generalized 
by using other positive CFGs. Because the CFG interacts elec-
trostatically, it can be incorporated into more complex te-
trazoles provided distance and orientation remain opti-
mized, and direct conjugation of the CFG and reaction cen-
ter is avoided. Because it is a through space-effect, CFGs can 
also be incorporated into an external catalyst, analogous to 
our work with Diels-Alder reactions.31 Alternatively metal 
complexation is another potential strategy to harness these 
electrostatic effects, and in this respect we note that Lewis 
acid complexation has been used to increase the rate of the 
reverse reaction,34 and the associated transition state stabi-
lization would also increase the forward reaction. Finally, we 
note that, combinations of CFGs and other barrier-lowering 
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strategies could yield further improvements in rate. In this 
respect we note that fluorine substitution and associated in-
creases in heavy atom tunneling has been shown to enhance 
the rate of the reverse (and hence forward) reactions.41  

 

CONCLUSION 
While tetrazoles can undergo photochemical ring opening 
to form nitrile imines, thermally this requires tempera-
tures of the order of 200 °C or more. Here we show that 
inclusion of non-conjugated charged functional group, 
can dramatically lower their ring opening barriers to the 
extent that their half-life in refluxing o-xylene decreases 
from 300,000 years to 1 week. Decreases in the gas-phase 
are even more dramatic, and lead to a half-life of seconds 
at the same temperature. Due to the developing dipole in 
the transition state, the barrier is lowered by positively 
charged groups on the N-substituent and negatively 
charged groups on the C-substituent; smaller opposite ef-
fects are observed when the charged groups are reversed. 
Generally, substitution of a methyl, rather than a phenyl 
is more effective due to alignment with and proximity to 
the developing dipole. Because the effects presented 
here are electrostatic in origin, they can be generalized to 
other charged functional groups according synthetic con-
straints, and could also be combined with more tradi-
tional substituent effects to further lower reaction barri-
ers. 

COMPUTATIONAL METHODS 
All calculations were performed using the M06-2X func-
tional 42 and 6-31+G(d,p) basis set with the SMD 43 solvent 
model. This level of theory has previously been shown to 
provide highly accurate predictions of electrostatic effects 
(from remote charged functional groups and external 
electric fields) on barriers and reaction energies. 27, 29 
Wavefunction stability analysis was performed to confirm 
that the species were all closed shell and not open-shell 
singlets. All geometries were confirmed to be local min-
ima (possessing no imaginary frequencies) or transition 
structures (possessing a single imaginary frequency), and 
where relevant complete conformational searches were 
performed at the same level of theory and based Gibbs 
free energies in solution. Gibbs free energies were ob-
tained via a thermocycle in which the gas-phase entropies 
and thermal corrections were calculated using the ideal 
gas partition functions. Frequencies were scaled by the 
recommended scale factors.44 All calculations were car-
ried out using Gaussian 16.C01.45  
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