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Steering the Azido-Tetrazole Equilibrium of 4-Azidopyrimidines 
via Substituent Variation – Implications for Drug Design and 
Azide-Alkyne Cycloadditions  

A. Thomann,
a
 J. Zapp,

b
 M. Hutter,

c
 M. Empting*

,a
 and R. W. Hartmann*

,a,d 

This paper focuses on an interesting constitutional isomerism called azido-tetrazole equilibrium which is observed in azido-

substituted N-heterocycles. We present a systematic investigation of substituent effects on the isomer ratio within a 2-

substituted 4-azidopyrimidine model scaffold. NMR- and IR-spectroscopy as well as X-ray crystallography were employed 

for thorough analysis and characterization of synthesized derivatives. On the basis of this data, we demonstrate the 

possibility to steer this valence tautomerism towards the isomer of choice by means of substituent variation. We show 

that the tetrazole form can act as an efficient disguise for the corresponding azido group masking its well known reactivity 

in azide-alkyne cycloadditions (ACC). In copper(I)-catalyzed AAC reactions substituent-stabilized tetrazoles displayed a 

highly decreased or even abolished reactivity whereas the azides and compounds in the equilibrium were directly 

converted. By use of an acid sensitive derivative, we provide, to our knowledge, the first experimental basis for a possible 

exploitation of this dynamic isomerism as a pH-dependent azide-protecting motif for selective SPAAC conjugations in 

aqueous media. Finally, we demonstrate the applicability and efficiency of stabilized tetrazolo[1,5-c]pyrimidines for 

Fragment-Based Drug Design (FBDD) in the field of quorum sensing inhibitors. 

Introduction 

Substituted pyrimidines represent important molecular 

scaffolds in the fields of biologically active entities,
1
 synthetic 

chemistry,
2
 coordination chemistry,

3
 and material sciences.

4
 

The azide functionality, on the other hand, is a highly useful, 

readily reactive, and easily prepared chemical moiety for 

bioorthogonal click chemistry,
5
 polymer research,

6
 and 

medicinal chemistry.
7
 

By the linkage of the azide group to the 2, 4 and/or 6 position 

of pyrimidines a phenomenon which is referred to as azido-

tetrazole equilibrium, can be observed.
8–14

 This constitutional 

isomerism is characterized by a ring closure of the azide with 

the ortho-nitrogen of the pyrimidine core, resulting in the 

corresponding tetrazole (Scheme 1) and has drawn enormous 

attention by NMR- and IR-analysts,
8–18

 
 

 

Scheme 1 Depiction of azido-tetrazole equilibrium at 2-substituted 4-
azidopyrimidines showing defined substituent effects to steer the equilibrium. 
Blue substituents fully steer the equilibrium towards the azide tautomer 
whereas orange groups steer to the tetrazole isomer. Residues which show both 
isomers are colored accordingly. EDG= electron-donating group, EWG= electron-
withdrawing group, SDG= sterically demanding group. 

synthetic chemists,
17–25

 researchers in drug discovery,
26,27,28

 

and scientists from the field of computational chemistry.
29–31

 

Already in 1978, Koennecke et al. provided a detailed analysis 

of substituent-dependent effects on this valence tautomerism 
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and suggested that besides solvent and temperature also 

electronic as well as steric effects should be considered when 

investigating the position of the equilibrium.
9
 They 

demonstrated that the electron density at the imino nitrogen 

ion pair is of particular importance driving the ratio of isomers 

towards the cyclic tetrazole form. Although their studies were 

based on a molecular scaffold possessing a different 

substitution pattern, we concluded that this is the parameter 

of choice to enforce either of the constitutional states. 

In the presented study, we systematically investigated the 

possibility to steer the equilibrium towards azide or tetrazole 

isomers by variations of the substituents at the 2 position of 4-

azidopyrimidine. To facilitate the establishment of a decent 

relationship between chemical structure and the position of 

the equilibrium, we selected different substituents covering a 

wide range of electronic properties and steric demand. To 

gather further insight, we conducted density functional 

calculations including a solvation model using the structures of 

synthesized derivatives.
32

 Such an isomerism should have an 

impact on reactivity of the azide group.
23

 In order to study this 

effect with our scaffold, we conducted model azide-alkyne 

cycloaddition (AAC) reactions with selected derivatives 

resembling both isomers as well as compounds in thermal 

equilibrium. Finally, such small compounds containing 

stabilized tetrazoles give rise to fragment-like structures which 

might be suitable for Fragment-Based Drug Design (FBDD). In a 

rational approach, we investigated whether these structural 

features could be exploited for FBDD. 

Results and Discussion 

Structure Elucidation and Substituent Effects 

The effect of substituents on the azido-tetrazole equilibrium of 

4-azidopyrimidines has been described for a small subset of a 

heterogeneously substituted series.
8,13,33

 In contrast to more 

intensely studied 2-azidopyrimidines
10,11,14

 this molecular 

scaffold displays only one possible cyclization geometry and, 

hence, just one tetrazole isomer. Notably, derivatives of 4-

substituted pyrimidines have recently moved into the focus of 

our research
34

 emphasizing their relevance as starting points 

for the design and synthesis of biologically active entities. The 

occurrence of the described constitutional isomerism in azido-

pyrimidines added another level of structural complexity and 

variability to the compounds which we wanted to investigate 

in more detail. To the best of our knowledge, no rational 

approach to steer the equilibrium in this system towards 

desired connectivity and, hence, activity by substituent 

variation has been described to date. Therefore, we chose nine 

functional groups, different in electronic and steric properties, 

as substituents in the 2-position to study the effect on the 

equilibrium (Scheme 1 and 2). 

As shown before, the equilibrium can be directly monitored by 
1
H-NMR and 

15
N-NMR.

8–10,13,15–18,35,36
 According to 

1
H-NMR 

spectral data the doublets for the two protons at C-5 and C-6 

of the pyrimidine ring are distant to each other for the azide 

 

Scheme 2 Synthesis of compounds 1-9. 

 

Table 1 Substitution pattern of compounds 1-9 and the observed effect on the 

equilibrium determined by 
1
H-NMR in DMSO, IR and X-ray crystallography. 

Cmpd Group Effecta 1H-NMRb IR X-Rayb 

1 SO2Me EWG/ 

SDG 

A Strong Azide - 

2 SOMe EWG KT = 33.3 Strong Azide - 

3 SMe EDG KT = 0.20 Intermediate 

Azide 

T 

4 NHMe EDG T No Azide T 

5 Carbonyl EDG T Weak Azide T 

6 NMe2 EDG/ 

SDG 

KT = 10.0 Strong Azide - 

7 OMe EDG KT = 1.5 Intermediate 

Azide 

- 

8 NH2 EDG T No Azide - 

9 Thionyl EDG T No Azide - 

a EDG= electron-donating group, EWG= electron-withdrawing group, SDG= 

sterically demanding group; b A= azide, T= tetrazole, KT = equilibrium constant11  

 (∆ppm = 1.0-1.9) and are closer and downfield shifted for the 

tetrazole-form (∆ppm = 0.2-0.8) (Figure 1A).
8,10,12

  

In case of compound 1, bearing a sulfomethyl-group in 2-

position, 
1
H- and 

15
N-NMR spectra provided a signal set of only 

one isomer with chemical shifts resembling the monocyclic 

variant (Figure 1A, Electronic supplementary information (ESI) 

section II.e). This finding was supported by IR data, as we 

observed the characteristic absorption band at 2100 cm
-1 

(Figure 1B).
37

 Hence, under the conditions used (ambient 

temperature, DMSO as solvent) only the azide form of 

compound 1 is detectable. 

The complete absence of the tetrazole valence tautomer is 

quite notable, as this cyclic isomer is considered to be the 

favored low temperature structure in case of pyridine, 

pyrazine, and pyrimidine cores.
38

 Both steric as well as 

electronic effects induced by the bulky, electron-withdrawing 

sulfomethyl moiety might be responsible for this result. To 

further investigate this, we synthesized compound 2 bearing a 

sulfoxide, which possesses a lower steric demand but has 

almost equal electron-withdrawing properties (Hammett 

constants are σm,SOMe = 0.52 and σm,SO2Me = 0.60).
39

 

Interestingly, we observed a signal subset of very low intensity  
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Figure 1 Analytical data of compounds 1 (green), 3 (blue) and 4 (red) allowing for 
the determination of azide and tetrazole isomers. 1H-NMR (A), IR (B), X-ray 
crystallography (3 and 4) and modeling of compound 1 (energy optimized using 
MM2 semi-empirical method) (C). 1H-NMR chemical shifts for protons at C5 and 
C6 of tetrazole tautomers are significantly closer to each other (3: ∆ppm= 0.4, 4: 
∆ppm= 0.8) than respective signals for azide isomers (1: ∆ppm= 1.5, 3: ∆ppm= 
1.7) (A). 15N-NMR chemical shifts (B) and azide-band appearance at ~2100 cm-1 in 
IR (B) support the structural proposals (4 only tetrazole, 3 both isomers, 1 only 
azide) shown in Table 1. In the crystal form only tetrazole tautomers were 
observed as determined by X-ray crystallography for compounds 3 and 4 (C). 

within the 
1
H-NMR-spectum belonging to the tetrazole form, 

while the main isomer for 2 was showing chemical shifts of the 

azide (Table 1). This finding suggests that bulky substituents in 

2 position may favor the azide. The sulfomethyl group of 1 

might cause steric clashes upon formation of the tetrazole 

which impair the degree of rotational freedom at the 

substituent site. This penalty would be less pronounced in case 

of sulfoxide 2 providing a possible explanation for the 

presence of the tetrazole at detectable levels. 

To investigate the effect of electron-donating groups (EDG) we 

introduced thiomethyl (3) and methoxy (7) substituents. 

Interestingly, both compounds were in the equilibrium state 

whereas the thiomethyl derivative showed more tetrazole 

character (Figure 1A, Table 1, ESI section II.a). Comparing the 

Hammett constants
39

 of both groups, the methoxy-substituent 

(σm = 0.15) is less electron donating compared to its thio 

isostere (σm = 0.12). These results are consistent with the 

hypothesis that EWGs in 2-position favor the azide over the 

tetrazole (Table 1). This trend can also be witnessed by 

comparing the IR-spectra as compounds 3 and 7 show weaker 

azide bands than 1 (Figure 1B, ESI section II.g). In addition to 

NMR and IR, we performed X-ray structure analysis with 

selected compounds that were readily crystallizable (Table 1). 

However, even for compound 3 only the tetrazole form was 

observed in the elucidated structure (Figure 1C). This might be 

a result of the crystallization procedure favoring those isomers 

which pack more densely. Notably, no crystals were obtained 

for compounds showing the most pronounced azide character 

(1, 2, 6, and 7). 

With the aim to further investigate the influence of EDGs, we 

decorated the 2-position with a series of substituents 

possessing ascending electron-donating properties by 

introduction of an amine (8), a methylamine (4) and a 

dimethylamine group (6).
39

 Again we collected 
1
H-NMR and IR 

data for these compounds and, additionally, elucidated the 

structure of compound 4 by 
15

N-NMR and X-ray 

crystallography. We found the equilibrium to be fully shifted 

towards the tetrazole in case of compound 4 (Figure 1, Table 1, 

ESI section II.e) and 8 (Table 1). Interestingly, dimethyl 

derivative 6 was found to exist mainly in the azido state as 

indicated by 
1
H-NMR and IR analysis (Table 1, ESI section II.a,g) 

although it is the group with the strongest electron-donating 

properties within this subset of compounds (4, 6, 8). As 

hypothesized before (in the case of compound 1 and 2, vide 

supra), the space demanding properties of the two methyl 

groups of compound 6 may force the equilibrium towards the 

azide. We found the proton at the amine within the crystal 

structure of closely related tetrazole 4 to be in proximity to the 

neighboring nitrogen of the tetrazole-ring (Figure 1C). Upon 

replacing this proton by a methyl group in silico (yielding the 

tetrazolo isomer of 6), intramolecular steric clashes occur 

between the newly introduced group and the tetrazole 

nitrogen (ESI section I.d). These results might explain the shift 

of the thermal equilibrium towards the azide form underlining 

the impact of steric factors in the likelihood of the cyclic 

valence tautomer. The involvement of an intramolecular 

hydrogen bond for stabilization of the tetrazole over the azide-

isomer in 4 was ruled out by monitoring of the N-H shift in 

CDCl3 under DMSO titration as described before (ESI section 

II.b).
40

 

As we were also interested in the thiol and hydroxy 

derivatives, we synthesized compounds 5 and 9. However, as 

reported before,
41

 these structures could not be obtained as 

the free hydroxy or thiol compounds but “trapped” in urea-like 

tautomers. For both compounds the equilibrium was fully 

shifted towards the tetrazole as indicated by 
1
H-NMR (Table 1) 

and X-ray crystallography (ESI section I.b). Previous studies on 

the structure of 5 were based on its UV spectrum and the 

authors Fox et al. could, therefore, only speculate that it might 

be the tetrazole derivative.
41

 As the structures of 5 and 9 are 

similar to 2-hydroxypyrimidine, which was reported to be NH 

acidic (pKa= 2.9),
42

 we hypothesized that 5 and 9 could also be 

acids. 
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Table 2 Calculated differences in solvation energy obtained by the COSMO solvent 

model. Library compounds 1-9 were energetically minimized at the B3LYP/aug-cc-pVDZ 

level of theory. Units are given in kcal/mol. 

Cmpd 
Water DMSO Chloroform 

A T A T A T 

1 -2.48 0 -2.14 0.0 - - 

2 0 -1.04 0 -1.02 0 -0.88 

3 0 -5.14 0 -5.88 0 -4.93 

7 0 -4.16 0 -4.14 0 -3.70 

6 0 -2.96 0 -3.26 - - 

4 0 -2.96 0 -3.62 - - 

8 0 -5.99 0 -6.77 - - 

5 0 -8.57 0 -10.48 - - 

9 0 -10.27 0 -8.68 - - 

A= Azide, T=Tetrazole 

To check this hypothesis, we determined pKa values for 

compound 5 and 9. Interestingly, 9 turned out to be even as 

acidic as acetic acid with a pKa of 4.6. Compound 5 (pKa = 6.8) 

is two orders of magnitude less acidic than 9. Furthermore, we 

concluded from these findings that the polarization of the 

hydrogen at N6 could lead to an increased electron density in 

the ring system, resulting in the preference for the tetrazole. 

In summary, we have shown that EDGs favor the tetrazole 

while electron-withdrawing-groups (EWGs) shift the 

equilibrium towards the azide (Scheme 1). However, sterically 

demanding substituents may suppress formation of the cyclic 

isomer even with strong EDGs being present. 

To further investigate the influence of substituents in 2-

position on the electronic properties and, hence, the stability 

of the corresponding constitutional isomers, we performed 

hybrid density functional theory (DFT) calculations including a 

continuum solvation model. Previous molecular modeling 

experiments in this field applied gas-phase DFT calculations to 

evaluate azido-pyridines and its tetrazolo analogues in silico.
29–

31
 As mentioned above, solvent effects may significantly 

contribute to the state of the equilibrium.
8,10

 In the present 

study, we used the COnductor-like Screening MOdel (COSMO) 

solvation methodology
32

 as implemented in NWChem (version 

6.1) to predict the contributions of water, DMSO and CHCl3. 

This procedure provides a high numerical efficiency facilitating 

fast calculations while retaining sufficient accuracy especially 

in solvents with high permittivity (e.g. water).
43

 For energy 

optimization we chose B3LYP/aug-cc-pVDZ level of theory. 

For the accurate computation of similar isomerization energies 

in vacuo, Grimme et al. showed that coupled-cluster methods 

are most reliable and pointed out some flaws of the popular 

B3LYP density functional for the determination of kinetic and 

thermodynamic energy terms.
44

 In particular the 

transformation of π into σ bonds shows substantial errors.
45

 

Likewise, Grimme and co-workers found that only triple-ζ basis 

sets such as the here applied aug-cc-pvdz basis set are 

necessary for obtaining precise results. On the other hand, the 

mentioned drawbacks of the B3LYP functional do not affect 

the prediction of molecular structures that are required for 

subsequent single-point energy computations, using for 

example other density functionals, higher-level methods, or 

solvent models. 

As a result, our computations suggested that the tetrazole 

form is mostly energetically favored except for derivative 1 

(Table 2). Hence, the absolute position of the equilibrium 

differed from that observed in our NMR and IR experiments. 

We attribute the systematic over-estimation of the stability of 

the tetrazole form to the fact that hydrogen-bonding and any 

other directional interactions with the solvent are not 

considered because the solvent is treated as continuum, 

whereby its dielectric constant is the decisive parameter. Thus, 

these kind of interactions, which are likely to shift the 

tautomeric equilibrium, are beyond the scope of conventional 

density functional methods and continuum solvation models. 

Nevertheless, several qualitative aspects of the constitutional 

isomerism could be reproduced in silico quite well. For 

example, our experimental data (ESI section II.b) and the 

literature suggested,
8,10

 that less polar solvents favor the azide 

form in contrast to polar ones. In case of compound 1 the 

predictions perfectly matched the experimental results with 

the azide being the predominant species. Additionally, for 5 

and 9 a rather high preference for the cyclic form was 

predicted with an energy difference of -8.57 kcal*mol
-1

 and -

10.27 kcal*mol
-1

, respectively. Hence, the calculations suggest 

that according to the Boltzmann distribution only one ppm or 

less of the compounds exists in the azide form at room 

temperature.
46

 In accordance with that, no signals for the 

azide-isomer have been observed for 5 and 9 by NMR 

characterization (vide supra). For compounds 3 and 7 we 

observed both isomers in our experiments. The former favors 

the tetrazole and the latter the azide form under the 

conditions used (Table 1). Our computational results, however, 

suggest that both forms preferably adopt the cyclic 

constitution. Nevertheless, the calculated energy difference 

for thiomethyl 3 was higher than for its methoxy congener 7 

which describes the general trend correctly. 

In case of amines 6, 4, and 8, all derivatives were predicted to 

favor the tetrazole form. While primary amine 8 displayed the 

strongest preference for the cyclic isomer in this subset, the 

secondary (4) and tertiary (6) variants both yielded similar 

values regarding calculated energy difference. Experimentally, 

we determined a ten-fold excess of azide form for the latter 

while the secondary amine was confirmed to be a tetrazole as 

predicted. We assume that the observed discrepancy between 

computational and experimental results is caused by a steric 

effect of the bulky dimethyl functionality attenuating 

cyclisation propensity which is not properly accounted for by 

the DFT method. 

For compound 2 only a small difference between the azide and 

the tetrazole isomer of about 1 kcal*mol
-1

 was predicted 

indicating that both forms are suggested to exists in a near 

equal ratio with a slight preference for the cyclic one. Our 

experiments, however, clearly show a strong shift of the 

equilibrium towards the azide. Nevertheless, in comparison 

with the other compounds predicted to be tetrazoles (3 - 9) 

sulfoxide 2 displays the lowest preference for the cyclic 

isomer. Hence, although the overall outcome of our 
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calculations is biased towards the tetrazole, the general trend 

is described quite well. 

 

Implications for copper-catalyzed azide-alkyne cycloaddition 

(CuAAC) 

The copper-catalyzed azide-alkyne cycloaddition (CuAAC) is 

the method of choice for the synthesis of 1,4-disubstituted 

1,2,3-triazoles and is known to proceed under mild conditions 

(e.g. in water at ambient temperature).
47

 Since its first 

appearance in the literature in 2002,
48

 it has had a huge 

impact in all fields of synthetic chemistry. Notably, a variety of 

applications in drug design and medicinal chemistry including 

fast compound library generation, bioconjugation, or 

bioisosteric replacements has been developed in the last 

decade. 

The effects of the constitutional isomerism on triazole 

formation was investigated for pyridine compounds,
17,23,25

 

quinazoline derivatives,
49

 as well as azidopurines.
18,24,35,36,50

 

Furthermore, in a computational study the effect of copper(I) 

species (in this case CuCl) on the azido-tetrazole equilibrium in 

pyridine and imidazole test systems was investigated.
51

 

Depending on the scaffold, the coordination of the transition 

metal can have a stabilizing effect on the tetrazole isomer 

(pyridine) but also the azide form (imidazole). Hence, a 

possible shift of the equilibrium under CuAAC conditions in the 

pyrimidine system described herein cannot be excluded. 

These results demonstrated that tetrazole formation has a 

detrimental effect on the yield of this reaction type. For 

pyrimidines, especially 2-azidopyrimidines, the impact of the 

tautomerization on CuACC has not been investigated, yet. Only 

few reports about the transformation of 2-azidopyrimidines
19

 

and 4-azidopyrimidines
20–22

 into the corresponding triazoles 

have been published to date. However, in the aforementioned 

studies usage of Huisgen conditions (high temperature, no 

catalyst) resulting in a mixture of 1,4- and 1,5-disubstituted 

regioisomers (for terminal alkynes) or trisubstituted triazoles 

(for internal alkynes) is described. To address the impact of 

heat on the equilibrium, we run a temperature gradient 
1
H-

NMR experiment and observed a shift from tetrazole to the 

azide species for compound 3 (ESI section II.f) upon raising 

temperature. This is in accordance with the literature as the 

azide is described to be the high-temperature species.
9
 Hence, 

Huisgen conditions intrinsically favor the open form directly 

facilitating thermal AAC. As ambient temperature is applicable 

for routine CuAAC reactions, we expected that the impact of 

the tautomerism and the state of the equilibrium would be 

more pronounced under these mild conditions. It has been 

reported that electronic as well as steric features of 

substituents at the azide group may influence the reaction rate 

of the CuAAC reaction.
52

 We were curious how our “stabilized” 

azide (compound 1), the equilibrium state (compound 3) and 

the “stabilized” tetrazole (compounds 4 and 5) behave in the 

click reaction. Therefore, we used phenylacetylene, 

CuSO4*5H2O, and sodium ascorbate in tertBuOH:water (1:1) as  

 

Scheme 3. Model CuACC reaction for the synthesis of triazoles 10-14, employing 
phenylacetylene, CuSO4 and sodium ascorbate (NaAsc). Compounds 1, 3 and 6 
readily undergo the reaction while compound 4 only reacts upon high catalyst 
load. Compound 5 remained “unclickable” under the applied conditions.  

Table 3 Isolated yields of model CuACC reactions for the synthesis of triazoles 10-15  

employing phenylacetylene, CuSO4 and sodium ascorbate. Compounds 1, 3 and 6 

readily undergo the reaction while compound 4 only reacts upon high catalyst load. 

Compound 5 remained “unclickable” under the applied conditions. 

Compound 2%a 20%a 

1 55% - 

3 81% - 

4 0% 51% 

5 0% 0% 

6 68% - 

 a mol% of CuSO4
●5H2O 

a model system and monitored the reactions via LC-MS 

analysis. 

Sulfone-containing compound 1, although being fully shifted 

towards the azide, gave lower isolated yield than its 

thiomethyl analogue 3. A possible explanation might be the 

different electronic properties of both groups which could 

influence azide reactivity (vide supra). Whether the azide 

group of  is more activated or not, it seems that as long as 

there is the open species present in a significant amount the 

CuAAC reaction proceeds (Scheme 3, Table 3). 

To corroborate these results, we employed 6 in the same 

reaction. Analogous to 1 and 3, compound 6, mainly existing as 

azide, was directly convertible towards triazole product 14 

(Table 3, Scheme 3, ESI section I.a) using 2 % copper(I) catalyst. 

For the stabilized tetrazoles 4 and 5 no product was found in 

our LC-MS analysis. Hence, tetrazole formation suppressed the 

CuAAC reaction under the used conditions. To increase  
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Figure 2 pH dependency of the azido-tetrazole equilibrium of compounds 4 (A, 
green spectrum D2O, red spectrum D2O + TFA, blue spectrum D2O + NaOH) and 5 
(B, green spectrum D2O, red spectrum D2O + TFA, blue spectrum: D2O + NaOH) 
monitored by 1H-NMR. Results indicate a tetrazole ring opening under acidic 
treatment of 4 whereas 5 remains as the tetrazole isomer. 

reaction speed and yield, we increased the amount of 

copper(I) catalyst by the factor of ten (Scheme 3 , Table 3). 

Indeed, we were able to obtain the triazole compound 12 

using aminomethyl 4 as educt. Interestingly, derivative 5 did 

not react even under these conditions indicating that tetrazole 

formation successfully abolished CuAAC reactivity of this 

compound (Scheme 3, Table 3). Nevertheless, access to the 

carbonyl-derivative decorated with a triazole in 4-position 

could be gained through treatment of 10 with sodium 

hydroxide in a dioxane/water mixture to transform the 

sulfomethyl group into the mentioned carbonyl compound. 

 

Implications for Strain-Promoted Azide-Alkyne Cycloaddition 

(SPAAC) 

Strain-promoted azide-alkyne cycloaddition has drawn 

enormous attention by the biological and chemical community 

because of its ability to be directly used in cellular systems
53

 

without the need of cytotoxic copper or ruthenium catalysts. 

It was described that acidic conditions lead to a ring opening of 

the tetrazole shifting the equilibrium towards the azide.
9,12

 To  

 

Scheme 4 SPAAC of pH-sensitive 4-azidopyrimidines 3, 4, 5 and pH-non-sensitive 
5-azidopyrimidine (15) and dibenzocyclooctyne-amine under varying pH 
environments in aqueous media. 

investigate the effect of acidic, basic, and neutral conditions on 

our stabilized tetrazoles we chose compound 4 and 5 to 

determine the equilibrium under the influence of TFA and 

sodium hydroxide. Under neutral and basic conditions, the 

compound remained in its tetrazole form. Noteworthy, under 

harsh basic conditions (1 M NaOH) an additional minor signal 

set occurred that was due to compound degradation (ESI 

section II.c). As expected, signals of 4 shifted under acidic 

treatment indicating a ring opening and formation of the 

azide. This was confirmed by the appearance of the 

characteristic band in the IR spectrum for the hydrochloric salt 

of 4 (Figure 2A, ESI section II.g). 
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Figure 3 Kinetic analysis of the SPAAC of compound 4 and dibenzocyclooctyne-
amine at pH 1.5 (●), 2.5 (■a) and 4.1 (▲ ) at room temperature. Conversion was 
monitored by LC-UV254 and products were identified by mass spectrometry. 

Interestingly, 5 was not convertible to the azide through TFA 

treatment. Under neutral and acidic conditions only NMR 

signals assigned to the tetrazole form were detected (Figure 

2B). 

Motivated by these results, we used compounds 4, 5, and 3 in 

a pH-dependent SPAAC reaction with dibenzocyclooctyne-

amine to see whether the pH sensitivity of the equilibrium 

effects reactivity (Scheme 4). As expected, 3 reacted under all 

conditions with the SPAAC reagent but with a significantly 

higher reaction rate in the acidic environment (Table 4, ESI 

section I.h). 

As suggested by the 
1
H-NMR results compound 4 readily 

reacted in 0.1 M HCl or 0.2% TFA but was almost unreactive 

under neutral or basic conditions (0.1 M NaOH) as indicated by 

LC-MS experiments. Moreover, stronger acidic conditions 

(0.1 M HCl) resulted in a higher reaction rate compared to the 

less acidic one (0.2% TFA), suggesting a clear pH dependency 

of the reactivity (ESI Section I.h). To confirm this hypothesis, 

we monitored the reaction of compound 4 and 

dibenzocyclooctyne-amine under different acidic pH 

conditions (Figure 3, Table 4). These results clearly 

demonstrate the pH-dependent acceleration of the reaction 

when shifting the milieu towards higher acidity. Finally, 

compound 5 was only able to undergo SPAAC in traces in the 

acidic or neutral environment but remained unreacted under 

basic conditions (ESI section I.h). However, differences in 

conversion could potentially also arise from a protonation 

leading to altered reactivity of the azide-group. To evaluate 

whether low pH has a direct effect on azide reactivity we 

synthesized 5-azidopyrimidine (15, Scheme 4, ESI section I.a). 

Compound 15 is not able to form a tetrazole and was used in a 

SPAAC reaction with dibenzylcyclooctyne-amine at pH 1.4 and 

pH 7.0 (Table 4, ESI section I.i). For these two environments no 

difference in product formation over time and total conversion 

after 3 hours was found. Hence, a direct influence of acidic pH 

on azide reactivity, e.g. via protonation of the pyrimidine core, 

can be excluded in this case. Moreover, these results indicate 

that the improved reactivity of 4 at low pH mainly depends on 

tetrazole ring opening. These results are in good accordance  

Table 4. LC-MS conversions of model pH dependent SPAAC reactions employing 

dibenzylcyclooctyneamine with 3, 4 and 5 after 1.5 hours of reaction time in 0.1 M HCl, 

0.2% TFA and 0.1 M NaOH in tertBuOH:water (1:1). 4 showed increased click-reactivity 

upon decreasing pH whereas pure azide 15 was equally reactive at pH 1.4 and 7.0 after 

3 hours at ambient temperature. 

Cmpd 
HClaq 

0.1M 

TFAaq 

0.2% 

NaOHaq 

0.1M 

pH 

7.0
a
 

pH 

4.1
b
 

pH 

2.5
c
 

pH 

1.4
d
 

3 32% 28% 4% - - - - 

4 51% 23% 1% - 3% 8% 36% 

5 <1% <1% <1% - - - - 

15 - - - 77% - - 77% 

aaqueous phosphate buffer + tertBuOH (1:1), baqueous acetate buffer + tertBuOH 

(1:1), c0.01 M HCl aq (tertBuOH:H2O, 1:1), d0.1 M HClaq (tertBuOH:H2O, 1:1), 
Conversions were monitored by LC-UV254-MS 

with our data on the “unclickability” of compound 5 in CuAAC 

reactions (Table 3). More importantly, our results gathered for 

compound 4 hint at the possibility to exploit this tautomerism 

effect as a pH-dependent atom-economic protection method 

for the azide group. This would allow to regioselectively 

address different azides within the same molecule simply by 

reversibly capping one of them as a tetrazole via simple pH 

adjustments. In light of the fact that CuAAC reactions are 

routinely carried out in the presence of a tertiary amino base 

(e.g. Hünig's base)
54

 a regioselective sequence of CuAAC and 

SPAAC might be achieved. 

 
Implications for Fragment-Based Drug Design (FBDD) 

FBDD has attracted huge attention in the past decade.
55

 The 

advantages of fragments lie in their low molecular weight and 

the possibility to generate high structural diversity by use of 

rather small libraries. In general, all ligands need to overcome 

the translational and rotational rigid body entropy barrier
56

 to 

attractively interact with a protein target. As fragment-like 

compounds possess only a few pharmacophore features due 

to their small size, they are supposed to display near optimal 

binding modes to be able to overcompensate the entropy term 

of the freely diffusing solute. As a result, fragment-sized 

binders usually display high ligand efficiencies, a metric used to 

evaluate inhibitors with regard to their molecular weight.
57

 

This, in combination with favorable physicochemical 

properties, renders such fragment hits as ideal starting points 

for further drug development.
58

 Several molecular parameters 

have been defined as guideposts for straightforward design of 

fragment libraries and are usually referred to as the Astex `rule 

of 3´.
59

 

With these concepts in mind, we hypothesized that our 

substituent-stabilized tetrazolopyrimidines might be suitable 

candidates for FBDD. Noteworthy, such molecular scaffolds 

can be found as substructures in pharmaceutically relevant 

entities
26,28

 and share some similarity with purine nucleobases 

present in many biologically active compounds. Coenzyme A 

(CoA), for example, is a molecule which incorporates an 

adenosyl moiety and is involved in many cellular processes.
60

 It 

is employed by nature as an acyl carrier to provide thioester-

activated substrates for a large variety of enzymes. One 

acetylase that is in the focus of our research and uses such  
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Figure 4. cLogD7,4, cLogP, IC50s, ligand efficiency indices and predicted 
interactions of 9 (B) and 5 (C) in comparison with the natural substrate 
anthraniloyl-CoA (A) in the adenosyl-pocket of PqsD (PDB-ID: 3H77). Both LE63 
and LLEAstex were calculated based on IC50s. HA= Heavy Atom Count. 

CoA-linked structures is called PqsD.
61,62

 It is a bacterial signal 

molecule synthase found in the opportunistic human pathogen 

Pseudomonas aeruginosa. PqsD is essential for the production 

of the so-called Pseudomonas Quinolone Signal (PQS).
62

 This 

autoinducer is the eponymous molecule driving the PQS 

quorum sensing (QS) system – a cell-to-cell communication 

apparatus regulating pathogenicity-determining factors of P. 

aeruginosa. In this regard, we have shown before that blocking 

PqsD by small molecule inhibitors leads to reduction of biofilm 

formation rendering this enzyme a potential novel target for 

anti-infective agents.
61

 Both substrates of this enzyme, 

anthraniloyl-CoA and malonyl-CoA, carry the adenosyl 

moiety.
62

 Guided by the above-mentioned rational that our 

fragments have a high degree of similarity towards this residue 

(Figure 4, Scheme 1) we assumed that these compounds may 

bind to PqsD and could potentially inhibit the enzyme reaction. 

Indeed, two of our tetrazole fragments (5 and 9) displayed IC50  

values in the lower micromolar range resulting in high ligand 

efficiencies (Figure 4B and 4C). The optimal starting point for 

FBDD is a LE score of at least 0.3
58,64

 whereas our fragments 

possess LE’s which are at least two-fold higher than this 

proposed mark (Figure 4B and 4C). 

Comparison of the IC50s of 5 and 9 (Figure 4B and 4C) revealed 

the carbonyl to be slightly advantageous for activity. Having in 

mind our working hypothesis that the fragments might occupy 

the adenosyl site at the surface of PqsD, we modeled the 

fragments into that pocket using the X-ray cocrystal structure 

of PqsD and anthraniloyl-CoA (PDB-ID: 3H77). 

The modeling results suggest that the carbonyl and thionyl 

moieties of 5 and 9 form a hydrogen bond with N154 (Figure 

4). This interaction might be weaker for the thionyl pendant 9 

which is known to be a less potent hydrogen bond acceptor.
65

 

Additionally, the protonated nitrogen of the pyrimidine core 

may act as a hydrogenbond donor to T28 (Figure 4B and 4C). 

With regard to acidic character of 5 and 9 it is also plausible 

that the compounds are deprotonated at the nitrogen in 6-

postion and, hence, could interact as hydrogenbond acceptors 

for the side chain of T28 like the adenosyl moiety in the crystal 

structure. Moreover, the electron-enriched 

tetrazolopyrimidines could form stronger pi interactions with 

R153 and F32. To derive further SAR (structure-activity 

relationship) information regarding the structural prerequisites 

for activity we also tested hypoxanthine and adenine for PqsD 

inhibition. Although being quite similar to 5 and 9, 

hypoxanthine showed only 9% enzyme inhibition at 50 µM 

while adenine was inactive at this concentration (see ESI 

section I.g). These findings underline the value of 5 and 9 as 

fragment-inhibitors of PqsD, but also shed light on the tight 

SAR at the tetrazolo substructure which demonstrates higher 

potency than the tested imidazolo congeners. 

It is well known that during a drug optimization campaign 

compounds tend to become larger and more lipophilic.
66

 

Therefore, it is of great importance to start from a core 

molecule with low cLogP and cLogD7,4 values. As lipophilicity is 

of great importance for solubility and passive diffusion over 

the plasma cellular membrane a new metric has been 

introduced: ligand lipophilicity efficiency (LLE).
67

 This metric 

evaluates compounds not only on their activity and molecular 

weight but also on their lipophilicity. Notably, our fragments 

perform even better with regard to this novel efficiency index 

than in the traditional ligand efficiency rating (Figure 4B and 

4C). 

Accordingly, both metrics suggest that these fragment 

inhibitors could be ideal starting points for further FBDD 

efforts towards novel drug-like inhibitors of PqsD and, hence, 

potential anti-biofilm agents. 

Conclusions 

In summary, the data presented in this paper provides the 

basis for a rational approach towards steering the azido-

tetrazole equilibrium within 4-azidopyrimidines. By choice of 

the substituent in 2-position either the azide or the tetrazole 

isomer can be efficiently stabilized. These findings provided 

insights into substituent effects like the electronic and steric 

parameters influencing this phenomenon. This information 

was used to evaluate azide-based compounds which are 

readily “clickable”, “poorly clickable” and “unclickable” in a 

model copper-catalyzed click reaction. In additional 

experiments, we demonstrated a pH-dependent protecting 

group characteristic of the acid-sensitive tetrazole in SPAAC 

reactions. These results may motivate the application of 

azidopyrimidine moieties for the regio-control of multi-step 

AAC reactions. Such a strategy could be exploited for the facile 

generation of heterovalent bioconjugates or may pave the way 

towards pH-selective labeling in acidic cellular environments 

like lysosomes
68

 as well as cancerous
69

 or inflammatory 

tissue
70

 via bioorthogonal click chemistry. 
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Despite the limitations of the applied solvent model in our DFT 

calculations general trends could be described quite well and 

experimental data for further optimization of these models 

towards better predictive power were provided. Finally, the 

analytical results were used for a FBDD approach towards 

inhibitors of PqsD, a reported anti-biofilm target. The 

usefulness of these fragments as potential analogues of 

adenosyl motifs has been demonstrated and may lead to 

further fragment-based drug development campaigns. 
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