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Abstract

Little is known about the reactivity of strain-promoted alkyne–azide cycloaddition (SPAAC) 

reagents with inorganic azides. We explore the reactions of a variety of popular SPAAC reagents 

with sodium azide and hydrozoic acid. We find that the reactions proceed in water at rates 

comparable to those with organic azides, yielding in all cases a triazole adduct. The azide ion’s 

utility as a cyclooctyne quenching reagent is demonstrated by using it to spatially pattern 

uniformly-doped hydrogels. The facile quenching of cyclooctynes demonstrated here should be 

useful in other bioorthogonal ligation techniques in which cyclooctynes are employed, including 

SPANC, Diels-Alder, and thiol-yne.

INTRODUCTION

Inorganic azides have long been known to react with alkynes, but the reaction is generally 

inefficient, requiring heat or catalysts. An early example is the cycloaddition of hydrazoic 

acid to acetylene, which upon heating yields un-substituted NH-1,2,3-triazole.1 The 

reluctant reactivity of sodium azide with alkynes, due to a large activation enthalpy2, is the 

basis of the success of the one-pot, two-step synthesis scheme3,4 in which sodium azide first 

reacts with an organic halide, yielding an organic azide that in a second step reacts with an 

alkyne via a Cu(I)-Catalyzed Azide–Alkyne Cycloaddition (CuAAC) reaction to generate 

the desired triazole, often in high yield. However, it was also noted that if the nucleophilic 

substitution of the halide is inefficient, then formation of an NH-triazole can occur as an 

undesired side reaction.4

More recently, Wang et al.5,6 described two novel cyclooctyne strain-promoted alkyne–azide 

cycloaddition (SPAAC) reagents useful as probes for detecting inorganic azide contaminants 

in solutions. Their results demonstrated that some SPAAC reagents can undergo a slow 
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reaction with sodium azide, but it remains unclear whether this is a distinctive feature of 

their specialized SPAAC reagents or whether SPAAC reactivity with inorganic azides is a 

general and potentially useful class of reactions.

In the years since Agard et al.7 introduced SPAAC as a copper-free ‘click reaction’ for 

protein labeling, many novel reagents have been developed, often in an attempt to enhance 

the azide reactivity and stability of cyclooctynes.8 The specificity and convenience of the 

cycloaddition reaction with an essentially limitless variety of organic azides has led to a 

steadily growing range of applications of SPAAC reagents in chemical synthesis and 

biology, usually as a selective conjugation tool. The popular SPAAC reagents ODIBO9, 

ADIBO10,11 (a.k.a DIBAC12 or DBCO), DIBO13, and BCN14 are known to differ 

dramatically in their respective reaction rates with organic azides9,10,13,15, but little is known 

about their reactivity with inorganic azides. Our interest in SPAAC reactivity with inorganic 

azides was provoked by the intermittent failure of a cyclooctyne labeling experiment. The 

culprit was identified as sodium azide, often used as a preservative in commercial 

antibodies, and the failure was found to be due to an efficient SPAAC reaction with the azide 

ion, effectively quenching the cyclooctyne by generating the triazole.

Scheme 1 provides a conceptual overview of the paper. We first characterize in detail the 

reaction of a variety of cyclooctynes with azide ion (Schemes 2–4), including measurements 

of the reaction kinetics and the chemical identification of the resulting products. Then we 

demonstrate that cyclopropenones and triazoles do not react with azide ions, allowing its use 

in quenching undesired background cyclooctynes without negatively impacting subsequent 

photopatterning applications. Then we illustrate the utility of the reaction with azide ions in 

patterning the conjugation of azide-coupled molecules to a hydrogel substrate.

The characterization of the general SPAAC reactivity with inorganic azides reported here 

adds an inexpensive, flexible, and effective quenching alternative to the use of low molecular 

weight organic azides (requiring organic solvents) or large expensive water soluble azides 

such as the PEG-azides.

RESULTS AND DISCUSSION

We found that each of the cyclooctynes of Scheme 2 readily reacts with sodium azide in 

PBS (containing 5% MeOH for cyclooctyne solubility) at pH = 7.4. HPLC analysis of the 

reaction mixtures starting with 2 or 4 showed complete consumption of the cyclooctyne and 

the formation of a single product in the reactions15. HRMS analysis15 confirmed that a 

single triazole product was formed in each of these two reactions (5 and 6 of Scheme 3, 

respectively). However, two products were observed chromatographically when a p-

iodobenzoate derivative of DIBO (DIBO-IBA, 3a) was reacted with sodium azide. Triazoles 

7a and 7b were isolated in 79% and 19% yields, respectively, from a subsequent preparative 

reaction of 3a with equimolar sodium azide (Scheme 3). In the absence of azide ion, 3a and 

7a were stable under ambient conditions in either PBS (containing 5% methanol) or in pure 

methanol. Therefore, since triazole 7b is the apparent product of phenyl ester hydrolysis, this 

indicates that the azide ion can act as a nucleophilic catalyst of cleavage of the otherwise 

stable ester. The 98% preparative yield of triazoles 7a,b indicates that 1,3-dipolar 
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cycloaddition of the azide ion across the triple bond of dibenzocyclooctynes 2–4 proceeds 

quantitatively.

A single triazole product (8) resulted from the reaction of sodium azide with ODIBO (1) at 

azide concentrations below 50 mM. However, at higher azide concentrations two minor by-

products were observed by HPLC in addition to the major adduct 8. In a scaled-up reaction, 

we managed to isolate 53% of the triazole 8 and 20% of the methyl vinyl ether 9, the latter 

the apparent product of methanol addition across the triple bond (Scheme 4).15 The second 

byproduct decomposes on the silica gel column during separation, but by analogy with the 

formation of 9, we suggest that it is produced by the hydration of 1 in the course of the 

reaction.

It is interesting to note, that triazole 8 and cyclooctyne 1 are stable in PBS with 5% 

methanol, their UV spectra15 showing no signs of decomposition after overnight incubation 

and no detectable amounts of 9 were seen by HPLC. This observation suggests that azide ion 

somehow catalyzes the methanol addition across the triple bond

The NMR spectral features15 of triazoles 7 and 8 are insufficient to assign a 1H- versus 2H-

triazole structure.16 Nonetheless, we have assigned the 2H-triazole structure because we 

found that the addition of butyl azide to ODIBO 1 results in the formation of two 

regioisomeric 1-butyl-1H-triazoles (head-to-head and head-to-tale adduct).15 The isomers 

are readily resolved by HPLC and produce different NMR spectra. We reasoned that two 

isomers would have similarly resulted if the addition of the azide ion or hydrazoic acid to 

ODIBO also yielded a 1H-triazole; however HPLC reveals only a single triazole product 

from this reaction, as well as from the DIBO-IBA (3a) reaction. In addition, NMR spectra of 

7a,b and 8 show no doubling of any signals. Therefore, it is reasonable to assign a 2H-
structure to both triazoles 7 and 8.

Kinetics of cycloaddition reactions with azide ion and hydrazoic acid

The progress of the reaction was followed by the disappearance of the characteristic UV 

absorbance of dibenzocyclooctynes 1–3, as illustrated for ODIBO (1) in Figure 1. The 

consumption of ODIBO (1) was followed by measuring the decay of its characteristic band 

at 321 nm, while the band at 309 nm was measured for ADIBO (2) and DIBO (3). Similar 

spectral changes were observed in reactions of cyclooctynes 1–3 with hydazoic acid at 

pH=1.15 The reactions were performed at 25.0±0.1 °C, using a 10 fold or higher excess of 

sodium azide to ensure pseudo-first order conditions, and hence improved accuracy of the 

resulting rate estimates. A single product was seen by HPLC in each case, under the 

conditions used for the kinetics reactions.

The experimental data were well-fit by a single exponential decay model, providing 

estimates of the pseudo-first order rate constants at each sodium azide concentration (Figure 

2). The observed rates, kobs, showed a linear dependence on the azide concentration (Figures 

3 and 4). The bimolecular rate constants presented in Table 1 are the slopes estimated from 

the data by linear regression.
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A different strategy was necessary to estimate the reaction rate for BCN (4) since it has no 

significant absorbance above 250 nm. Instead, BCN reaction rates with azide ion and 

hydrazoic acid were estimated using pseudo-first order competition experiments with DIBO 

as described in the supplement (3b, Table 1).

The reactivity of cyclooctynes 1–4 towards the azide ion and hydrazoic acid is correlated 

with their respective reactivity in the cycloaddition of organic azides (Table 1; Scheme 2) 
9,10,13,15. It is also interesting to note that the polarity of the alkyne seems to impact its 

reactivity with hydrazoic acid in comparison to azide ion. Thus hydrazoic acid is about five 

fold less reactive than azide ion in 1,3-dipolar cycloaddition to cyclooctynes whose triple 

bond is polarized (1 and 2), but more reactive than azide ion in reactions with cyclooctynes 

whose triple bond is non-polarized (3 and 4).

Stability of cyclopropenones and triazoles

No decomposition was detected following incubation of photo-ODIBO-TEG (S2) in the 

presence of 25 mM sodium azide at 25°C in PBS containing 5% of methanol for 24 h 

(Figure S1).15 Triazole 8 was also found to be stable under neutral conditions and in 0.1 M 

perchloric acid (Figure S2). It also does not react with sodium azide under these conditions.

Quenching and patterning

Our results show that azide ions are potent general purpose cyclooctyne quenching reagents, 

resulting in the formation of stable triazole. The stability of the resulting triazoles prompted 

us to explore the utility of azide ions in patterning model biomaterials. We tested using azide 

ion quenching to generate a pattern of molecules attached to a hydrogel scaffold. We used 6-

carboxyfluorescein-TEG-azide as a reporter, but any azide coupled molecule of interest 

could be similarly patterned into a hydrogel, including growth factors, adhesion factors, or 

drugs.

We first made a polyacrylamide hydrogel doped with allylamine as a source of primary 

amine to which we coupled photo-ODIBO-TEG-NHS (10)15, resulting in a uniform field of 

photo-ODIBO, the light-activated precursor of ODIBO (Scheme 5, Figure 5). This was 

converted to a uniform field of ODIBO by exposure to 350 nm light (Scheme 5). We then 

applied a solution of 20 mM NaN3 to one end of the hydrogel, and allowed it to migrate into 

the gel overnight, quenching ODIBO as it migrated along the gel. The formation of a spatial 

gradient of ODIBO along the gel was confirmed by direct spot measurements of the 

absorbance spectrum of the gel (Figure 5). The gel was then reacted with 6-

carboxyfluorescein-TEG azide, which yielded a fluorescein gradient across the gel that was 

seen by absorbance spectroscopy and fluorescence imaging (Figure 5).

Quenching and negative photopatterning

Negative photopatterning provides a second example of the utility of azide ion quenching. 

We prepared a hydrogel doped with a uniform field of photo-ODIBO as above (Figure 6A). 

We then projected the image of an iris diaphragm onto the hydrogel with 350 nm light. The 

resulting decarbonylation reaction within the illuminated disk generated a spot of ODIBO in 

the previously uniform field of photo-ODIBO. The ODIBO in the imaged disk was then 
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quenched by washing the whole hydrogel sample with sodium azide. The background photo-

ODIBO in the remainder of the hydrogel was unaffected, as expected from our observation 

that photo-ODIBO is stable in azide ions (Figure S1). A second image of the diaphragm was 

then projected onto an adjacent region of the hydrogel. This time, the gel was washed with 

Rhodamine B-azide, which reacted with the ODIBO in the second image of the diaphragm. 

Any residual ODIBO was then quenched by a second azide ion wash. Finally, the entire gel 

was uniformly irradiated with 350 nm light to generate a field of ODIBO in the surrounding 

unexposed areas of the hydrogel. The resulting global background of ODIBO was then 

labeled by washing the hydrogel with 6-carboxyfluorescein-TEG-azide. The final product is 

a hydrogel with a green fluorescent background surrounding the red fluorescent (Rhodamine 

B) and dark (azide ion-quenched) images of the projected diaphragm (Figure 6B). The black 

spot indicates the successful quenching of ODIBO by NaN3, and confirms that the products 

of the quenching reaction are relatively non-reactive with subsequently applied organic 

azides (in this case, 6-carboxyfluorescein-TEG-azide and Rhodamine B-azide).

CONCLUSIONS

Each of the SPAAC reagents tested reacted readily with inorganic azide ions, yielding the 

respective triazole. In addition, at higher concentrations, the dibenzocyclooctynes also 

yielded various side reactions likely catalyzed by the azide ion. Importantly, both the 

primary triazoles and the side products were unreactive with organic azides ensuring 

complete quenching of reactivity in downstream applications. This may be useful when there 

is a need to quench excess or contaminating cyclooctyne in preparation for downstream 

reactions, for example, in sequential click ligation of azide-tagged substrates,17–22 surface 

patterning,23 or layer-by-layer derivatization24. For example, SPAAC reagents are known to 

react slowly with thiol groups, resulting in non-specific labelling in many applications25. 

Sodium azide quenching provides a potentially useful means of alleviating this common 

problem. By such facile quenching of the residual cyclooctyne before initiating a second 

SPAAC or CuAAC reaction, unwanted homo-coupled byproducts can be avoided. 

Cyclooctynes are also employed in other bioorthoganol ligation reactions – including 

SPAAC, SPANC, Diels-Alder, and thiol-yne – and hence the facile cyclooctyne quenching 

reaction described here has utility beyond SPAAC-based techniques.

It is important to emphasize that we have shown that cyclooctynes react with azide ion, but 

that cyclopropenone-caged light-activated precursors do not. This discrimination is very 

useful in quenching the former without affecting the latter. Thus, for example, undesired 

background cyclooctynes can be easily and specifically quenched.

The relative reactivity of each SPAAC reagent with inorganic azide correlates with its 

reactivity with organic azide. Thus quenching of slow-reacting SPAAC reagents is 

comparatively slow; however, quenching reactions can be accelerated to some extent by 

simply increasing the azide ion concentration.

SPAAC chemistry has proven to be a powerful approach to the derivatization of hydrogels, 

which are used for studying cell-substrate interaction26–29. The facile quenching with azide 

ions demonstrated here should ease many applications of the method. The coupling of a 
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light-activated SPAAC reagent to an amine-doped hydrogel as demonstrated here provides a 

model of negative spatial patterning using azide ions, either alone or in concert with 

patterned photoactivation. The resulting negative patterning may frequently be helpful in 

generating complex patterns, adding a complementary tool to the powerful photo-patterning 

toolkit31–33. Potential applications include the patterning of hydrogels using SPAAC 

reagents with azide-conjugated bioactive reagents such as growth or cell adhesion factors, 

for use in cell cultures28–30.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
UV spectra showing the loss of the ODIBO (1) absorbance peaks during the reaction 

between ODIBO (0.05 mM) and NaN3 (2.5 mM) in PBS buffer with 5% methanol. Spectra 

were recorded every 30 s for 3 min.
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Figure 2. 
The kinetic traces of the reaction of ODIBO (1, red circles), ADIBO (2, black squares), and 

DIBO (3a, blue hexagons) with 2.5 mM sodium azide in PBS buffer. The curves represent 

the least squares fits of a single exponential decay model to the data, yielding a quasi-first 

order decay constant kobs for each curve.
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Figure 3. 
Linear dependence of the observed rates, kobs, of the reaction of ODIBO (1, circles), ADIBO 

(2, squares), and DIBO (3a, hexagons) on sodium azide concentration in PBS buffer (pH= 

7.4). The insert shows rate data for DIBO over the broader range of NaN3 concentrations.
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Figure 4. 
Dependence of the observed rates, kobs, of the reaction of ODIBO (1, circles), ADIBO (2, 

squares), and DIBO (3a, hexagons) on sodium azide concentration in 0.1 M perchloric acid.

Bjerknes et al. Page 11

Bioconjug Chem. Author manuscript; available in PMC 2018 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Gradient quenching of a uniform field of ODIBO in a hydrogel following localized 

application of sodium azide to the base of the hydrogel. The absorbance spectrum of the 

hydrogel was measured along the gel at various stages of the experiment demonstrating 

conversion of the initially uniform field of photo-ODIBO into a uniform field of ODIBO, 

followed by the graded quenching of the ODIBO, yielding the final gradient of fluorescein 

along the hydrogel.
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Figure 6. 
Photopatterning of a uniform field of photo-ODIBO in a hydrogel using a sequence of 

projected images of an iris diaphragm at 350 nm. A) The black spot was generated by 

quenching the first image with NaN3. The red spot by reacting the second image with 

Rhodamine B-azide. The green background by reacting with 6-carboxyfluorescein-TEG 

azide following a final global exposure to 350 nm light. B) Image of the resulting labeled 

hydrogel.
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Scheme 1. 
Selective quenching of cyclooctynes with sodium azide in the presence of cyclopropenones.

Bjerknes et al. Page 14

Bioconjug Chem. Author manuscript; available in PMC 2018 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 2. 
Relative reactivity of common SPAAC reagents towards organic azides.

Bjerknes et al. Page 15

Bioconjug Chem. Author manuscript; available in PMC 2018 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 3. 
2H-Triazoles formed in the reaction of cyclooctynes with NaN3.
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Scheme 4. 
Reaction of ODIBO with NaN3 in methanol.
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Scheme 5. 
Light-selective labeling or quenching of ODIBO linked to a hydrogel.
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Table 1

Second order rate constants for the reaction of cyclooctynes with sodium azide (at pH=7.4) and hydrazoic acid 

(at pH=1)

Cyclooctyne Rate of reaction with azide ion (M−1s−1)
Rate of reaction with hydrazoic acid 

(M−1s−1)
Rate of reaction with benzyl azide 

(M−1s−1)

ODIBO (1) 9.6±0.4a) 1.68±0.03 1.75±0.04

ADIBO (2) 1.95±0.03 0.299±0.004 0.36±0.01

DIBO (3b) 0.0198±0.0008 0.074±0.02 0.056±0.003

BCNb) (4) 0.009±0.002 ~0.013 0.060±0.003

a)
Standard errors;

b)
the rate constants for the reaction of BCN with azide and hydrazoic acid were evaluated by a competition experiment with DIBO15
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