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The transient formation of nitrilimine in aqueous conditions 5 

is greatly influenced by pH and chloride. At a basic condition 
(pH 10) with no chloride, a diarylnitrilimine precursor 
readily ionizes to form diarylnitrilimine that reacts almost 
instantaneously with an acrylamide-containing protein and 
fluorescently labels it.  10 

A recent mining of organic reactions for click labeling of proteins 
has revamped tetrazine-based Diels-Alder1-5 and cyclooctyne-
based 1,3-dipolar cycloadditions.6-9 Unlike the Cu+-catalysed 
click reaction,10-12 both tetrazine and cyclooctyne cycloadditions 
undergo spontaneously in aqueous conditions, avoiding side 15 

reactions potentially induced by a transition metal catalyst.13 A 
noteworthy advantage of tetrazine-based click reaction is its fast 
reaction kinetics. A hitherto fastest reported tetrazine-
transcyclooctene reaction has a second-order k as 2.8×106 M-1s-

1.14 Cyclooctyne was originally explored for its spontaneous 20 

reaction with azide and recently extended to react with nitrone 
and tetrazine.6, 15, 16 Cyclooctyne reacts rapidly with tetrazine.17 
Derivatives of cyclooctyne that react with azide rapidly and 
nitrone with a second-order k close to 50 M-1s-1 have also been 
developed.18-20 Another copper-free click reaction that has been 25 

recently explored but not yet highly appreciated is the nitrilimine-
alkene cycloaddition.21 On contrary to tetrazine and cyclooctyne 
that stably exist in aqueous conditions, nitrilimine reacts with 
water, therefore needs to be formed transiently.22 Two methods 
are generally used to transiently form nitrilimine. One is the 30 

photolysis of tetrazole and the other is the ionization of 
hydrazonyl halide.21, 23 Lin et al. have extended the first approach 
for photoclick protein labeling in living cells.24-26 The second 
approach was recently explored to undergo fluorescent turn-on 
labeling of proteins incorporated with norbornene, cyclopropene, 35 

and acrylamide moieties.22, 27, 28 Reaction kinetics of the 
nitrilimine-alkene cycloaddition that involved tetrazole and 
hydrazonyl chloride as nitrilimine precursors were previously 
characterized.22, 24 All these characterizations were performed in a 
PBS-acetonitrile (1:1) buffer. The high concentration of chloride 40 

(140 mM) in PBS potentially offsets the transient formation of 
nitrilimine and consequently curbs its reaction with alkene. Here 
we report a comprehensive study of pH and chloride dependences 
of the nitrilimine-alkene cycloaddition reaction and demonstrate 
that it is an ultra rapid click reaction for protein labeling at a basic 45 

condition (pH 10) with no chloride.  
We chose a hydrazonyl chloride (1 in Scheme 1) as a 

nitrilimine precursor for our kinetic analysis due to the difficulty 
of quantitative photolysis of a tetrazole to form a nitrilimine that 
nonetheless reacts with water and chloride in aqueous conditions 50 

to form a hydrazonyl chloride. In an aqueous buffer with a high 
chloride concentration, 1 presumably undergoes two parallel 
ionization processes to lose a proton and a chloride to generate a 

nitrilimine 4. 4 then reacts either with 5 to form a fluorescent 
cycloaddition product 6 or with water to produce 7. 7 can also be 55 

formed from the hydrolysis of 3. These two parallel ionization 
processes of hydrazonyl halide in aqueous conditions were 
studied and demonstrated previously.29 Assuming the ionization 
of 1 to 4 is a fast equilibrium, the 6 formation will follow eq. 1 

(ሾ૟ሿ = ௞೎∙ሾ૞ሿ௞೎∙ሾ૞ሿା௞೓ା௞೓ᇱ∙ൣಹశ൧಼ಹᇲ ∙ ሾ૚ሿ଴ ∙ (1 − ݁ି൬௞೎∙ ಼ಹ∙಼಴೗ൣಹశ൧∙ሾ಴೗షሿ∙ሾ૞ሿା௞೓∙ ಼ಹ∙಼಴೗ൣಹశ൧∙ሾ಴೗షሿା௞೓ᇱ∙಼಴೗ᇲሾ಴೗షሿ൰௧)) 60 

when 5 is excessive, [H+]>>KH, and [Cl-]>>KCl. In eq. 1, [1]0 
represents the initial concentration of 1. Based on eq. 1, the 
pseudo first-order k of the 6 formation can be described as eq. 2 
( ݇௔௣௣ = ݇௖ ∙ ௄ಹ∙௄಴೗ሾுశሿ∙ሾ஼௟షሿ ∙ ሾ૞ሿ + ݇௛ ∙ ௄ಹ∙௄಴೗ሾுశሿ∙ሾ஼௟షሿ + ݇௛′ ∙ ௄಴೗ᇱሾ஼௟షሿ ). This equation 

can be further simplified as eq. 3 (݇௔௣௣ = ݇௖(௢௕௦) ∙ ሾ૞ሿ + ݇௛(௢௕௦) ) 65 

where ݇௖(௢௕௦) = ݇௖ ∙ ௄ಹ∙௄಴೗ሾுశሿ∙ሾ஼௟షሿ (eq. 4). Since 6 is highly fluorescent, 

its formation can be facilely detected using a fluorescent 
spectrophotometer and analysed to obtain kapp. The determined 
kapp values at varied concentrations of 5 at a given pH and a 
chloride concentration can be applied to obtain kc(obs). In 70 

principle, the determined kc(obs) values at varying pH and chloride 
concentrations will allow to assess kc, the second-order k of the 
nitrilimine-alkene cycloaddition in aqueous conditions. 

Scheme 1: The nitrilimine-alkene reaction in the presence of chloride. 

We first studied the pH dependence of kc(obs) at 50 mM 75 

chloride. Reactions between 5 μM 1 and varying concentrations 
of acrylamide at five given pH values (6-10) were monitored 
using a PTI QM-40 fluorescent spectrophotometer with an 
excitation light at 320 nm and an emission detection at 480 nm. 
The fluorescent increment data were fitted to a single exponential 80 

increase equation to obtain kapp. The resolved kapp values were 
then plotted against the acrylamide concentrations. As shown in 
the inset of Figure 1A, kapp is linearly dependent on the 
acrylamide concentration at a given pH and the data were readily 
used to determine kc(obs), validating the mechanism proposed in 85 

Scheme 1. Although log(kc(obs)) shows a linear dependence on pH 
(Figure 1A) as eq. 4 predicts (eq. 4 can be transformed as ݈݃݋൫݇௖(௢௕௦)൯ = ݃݋݈ ቀ௞೎∙௄ಹ∙௄಴೗ሾ஼௟షሿ ቁ + ܪ݌ ),  the data can not be simply 
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fitted to eq. 4. They are best fitted to eq. 5 (݇௖(௢௕௦) = ݇௖ ∙ (௄ಹ)ೣ∙௄಴೗ሾுశሿೣ∙ሾ஼௟షሿ) 
with an x value as 0.64±0.01 and ݇௖ ∙ (௄ಹ)బ.లర∙௄಴೗ሾ஼௟షሿ  as (1.42±0.01)×10-

5. A deviation from eq. 4 may be due to the presence of chloride 
that changes the proton activity during the ionization process. 
This is highly possible since a similar deviation was not observed 5 

for reactions in conditions without chloride, which will be 
presented later. Figure 1A clearly shows that the observed 
cycloaddition rate constant increased about 200 fold when pH 
was changed from 6 to 10. Therefore, when an acrylamide-
containing protein is labeled with 1 at different pH, faster 10 

labeling rates are expected at higher pH values. To approve this, 
we performed the labeling of sfGFP2AcrK (a superfolder green 
fluorescent protein with Nε-acryloyl-lysine (AcrK in Scheme 1) 
incorporated at its S2 position) by 150 μM 1 for 15 min at 50 mM 
chloride and pH from 6 to 10. The expression of sfGFP2AcrK 15 

followed a method described previously.22 Presented in Figure 
1B, the labeling efficiency is clearly pH dependent, with higher 
pH leading to more efficient labeling.  

Figure 1: (A) the pH dependence of kc(obs). The inset shows the 
acrylamide concentration dependence of kapp at pH 8 and 50 mM chloride 20 

in acetonitrile-50 mM phosphate buffer (1:1). (B) The labeling efficiency 
of sfGFP2AcrK by 1 at different pH. The labeling reactions between 5 
μM sfGFP2AcrK and 150 μM 1 were carried out in acetonitrile-50 mM 
phosphate buffer (1:1) for 15 min before 500 mM acrylamide was added 
to sequestrate 1 from reacting with sfGFP2AcrK and then the labeling 25 

solutions were analyzed by SDS-PAGE. The top panel shows the 
Coomassie blue stained gel and the bottom panel presents a fluorescent 
image of the same gel before it was stained by Coomassie blue.  

Eq. 5 also indicates an inverse linear dependence of kapp on the 
chloride concentration, which has been approved by our kinetic 30 

analyses performed in varying chloride concentrations and pH 9. 
At a particular chloride concentration (10~100 mM), the 
determined kapp values are linearly dependent on the acrylamide 
concentrations, which were used to obtain kc(obs). Plotting kc(obs) 
against 1/[Cl-] indeed shows a linear dependence (Figure 2A). 35 

We also did similar kinetic analyses at 1 mM chloride. Although 
the determined kapp values are much higher than those determined 
at higher chloride concentrations, kapp values at different 
acrylamide concentrations are almost constant, and therefore not 
valid to calculate kc(obs). It is possible that at a low chloride 40 

concentration the two dechlorination processes (2 to 4 and 1 to 3) 
do not reach fast equilibria, invalidating Scheme 1 and eq. 1 in 
data analysis. This study clearly shows a strong inhibitory effect 
of chloride on the nitrilimine-alkene cycloaddition, indicating that 
applying the nitrilimine-alkene cycloaddition for protein labeling 45 

needs to avoid a high chloride concentration. This is exactly what 
we observed in labeling sfGFP2AcrK with 1 at pH 7 and different 
chloride concentrations (Figure 2B). A 30 min labeling reaction 
in the absence of chloride led to an intensely fluorescently labeled 

protein. The labeling efficiency gradually diminished to barely 50 

detectable when chloride was increased from 0 to 200 mM.  

Figure 2: (A) the chloride dependence of kc(obs). (B) The labeling 
efficiency of sfGFP2AcrK by 1 at pH 7 and different chloride 
concentrations. The labeling reactions between 5 μM sfGFP2AcrK and 
150 μM 1 were carried out in acetonitrile-50 mM phosphate buffer(1:1), 55 

pH 7, and varying chloride concentrations for 30 min before adding 500 
mM acrylamide and then SDS-PAGE analysis (top: Coomassie blue 
stained; bottom: fluorescent). 

Scheme 2: The nitrilimine-alkene reaction in the absence of chloride 

The aforementioned kinetic analyses at 1 mM chloride 60 

prompted us to look into the reaction kinetics of the nitrilimine-
alkene cycloaddition in the absence of chloride. Without chloride, 
the ionization of 1 and subsequent reactions with water and 
alkene will presumably follow a mechanism presented in Scheme 
2. The two dechlorination steps become rate limiting. Since 65 

chloride released from 1 at a concentration much lower than 1 
mM will not eviscerate the mechanism shown in Scheme 2. 
Scheme 2 ensues a formation of 6 following eq. 6 ( ሾ૟ሿ ᇲࡴࡷశ൧ࡴൣ∙ᇱࢎ࢑ାࢎ࢑ሾ૞ሿା∙ࢉ࢑ሾ૞ሿ∙ࢉ࢑= ∙ ሾ૚ሿ૙ ∙ (૚ − ∙࢒࡯࢑൬ିࢋ (࢚ᇱ൰࢒࡯࢑శ൧ାࡴൣࡴࡷ ) that results in an 

apparent rate constant defined as eq. 7 (࢖࢖ࢇ࢑ = ࢒࡯࢑ ∙ శሿࡴሾࡴࡷ +  70 .(′࢒࡯࢑

Eq. 7 shows that kapp is inversely proportional to the proton 
concentration but not related to the provided acrylamide, which 
was observed during our kinetic analyses of the nitrilimine-alkene 
cycloaddition in the absence of chloride. When reactions between 
5 μM 1 and different acrylamide concentrations were performed 75 

at a specific pH without chloride, all resulted in a same reaction 
rate constant (inset of Figure 3A). Raising pH led to higher 
reaction rate constants. The logarithms of determined kapp values 
as a function of pH are presented in Figure 3A, which can be 
well fitted to eq. 7. At pH 10 with no chloride, the determined 80 

kapp is 0.111±0.002 s-1. Since this rate constant is not related to 
the concentrations of both 1 and acrylamide, using 1 to label a 
protein with an acrylamide moiety at any concentrations of 1 and 
the protein will have a labeling half life close to 6 s when the 
chloride anion is absent in labeling conditions, achieving almost 85 
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instantaneous protein labeling. To demonstrate this rapid labeling 
process, we tested the labeling of sfGFP2AcrK by 1 at pH 10 for 
different lapses of time. As shown in Figure 3B, labeling 

sfGFP2AcrK with 1 for 1 to 4 min all led to an intensely 
fluorescently labeled protein with equally fluorescent intensities, 5 

implying labeling was mostly completed within 1 min. 

Figure 3: (A) the pH dependence of kapp in the absence of chloride. The 
data were fitted to eq. 7. The inset shows the acrylamide concentration 
dependence of kapp at pH 5-10 in acetonitrile-50 mM phosphate buffer(1:1) 
without chloride. (B) The labeling efficiency of sfGFP2AcrK by 1 at pH 10 

10 without chloride. The labeling reactions between 5 μM sfGFP2AcrK 
and 150 μM 1 were carried out in acetonitrile-50mM phosphate 
buffer(1:1) without chloride for different lapses of time (1-4 min) before 
adding 500 mM acrylamide and then SDS-PAGE analysis (top: 
Coomassie blue stained; bottom: fluorescent). 15 

Being a catalyst-free click reaction type, the nitrilimine-alkene 
cycloaddition has been explored for click and photo-click 
labeling of proteins. All previously kinetic characterizations of 
the nitrilimine-alkene cycloaddition were completed in PBS 
buffers. The current study clearly shows that all previously 20 

measured second-order k’s of the nitrilimine-alkene cycloaddition 
are apparent second-order k’s that are significantly influenced by 
pH and chloride. Based on eq. 5, one would need to determine KH 
and KCl to calculate kc. When we derived eq. 1, we put 
preconditions that are [H+]>>KH and [Cl-]>>KCl. When the 25 

conditions [H+]>>KH and [Cl-]>>KCl do not hold, the determined 
apparent k will in theory follow eq. 8 
(݇௖(௢௕௦) = ݇௖ ∙ ௄ಹ∙௄಴೗(ሾுశሿା௄ಹ)∙(ሾ஼௟షሿା௄಴೗)) but should be best described as 

eq. 9 (݇௖(௢௕௦) = ݇௖ ∙ (௄ಹ)బ.లర∙௄಴೗(ሾுశሿା௄ಹ)బ.లర∙(ሾ஼௟షሿା௄಴೗)) due to the proton activity 

deviation from what is indicated by pH. As indicated by eq. 9, in 30 

a specific chloride concentration, kc(obs) will reach to a plateau 
when [H+]<<KH. Since we did not observe the trend of kc(obs) to 
become saturated to pH 10, a safe guess of a KH value is small 
than 10-12. Similarly, kc(obs) showed an inverse proportional 
dependence of the chloride concentration to lower than 10 mM. A 35 

safe estimate of a KCl value is small than 10-3. We have 

determined that at 50 mM chloride ݇௖ ∙ (௄ಹ)బ.లర∙௄಴೗ሾ஼௟షሿ  is 1.42×10-5. 

With two estimated values of KH and KCl, we can easily 
determine a kc value higher than 3.4×104 M-1s-1. This rate constant 
is comparable to that of the rapid transcyclooctene-tetrazine 40 

cycloaddition and makes the nitrilimine-alkene cycloaddition as 
one of the fastest click reactions. Another implication of our 
study is different labeling kinetics in extracellular and 
intracellular spaces when the nitrilimine-alkene reaction is 
applied for in vivo labeling. Mammalian cells maintain 45 

intracellular chloride concentration much lower than their 
extracellular environments.30 This large chloride concentration  

variation may allow to apply the nitrilimine-alkene reaction to 
specifically achieve intracellular protein sensitization. 
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