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A Highly Efficient Oxidative Condensation Reaction 
for Selective Protein Conjugation 

Ao Ji,§ Wei Ren§ and Hui-wang Ai* 

We hereby report a mild and efficient coupling reaction 
between alkyl aldehydes and aryl diamines. In the presence of 
Cu2+ or Zn2+ ion, oxygen (O2) in air is able to promote the 
oxidative condensation of the two readily preparable 
functional groups, forming stable benzimidazole linkages in 
neutral aqueous solution at room temperature (RT). We 
demonstrated that the reaction could be utilized to label a T4 
lysozyme protein containing a chemically installed aryl 
diamine group with a fluorescent aldehyde dye molecule at 
37°C. 
 
In past decades, chemical coupling reactions that are 
compatible with common biomolecules have attracted intensive 
attention.1 Examples (ESI† Table S1) include azide-alkyne 
cycloaddition,2 thiol-ene coupling reactions,3 the Staudinger-
Bertozzi ligation,4 a photoclick tetrazole–alkene cycloaddition,5 
the cyanobenzothiazole condensation,6 and a few other Diels-
Alder cycloaddition reactions including the ones between 
tetrazines and ring-strained alkenes or alkynes.7 These reactions 
have now been widely utilized to assemble organic molecules 
and molecular libraries,8 label biomolecules with fluorescent 
dyes and other biophysical probes,9 and conjugate biomolecules 
with polyethylene glycols (PEGs), radioactive isotopes, toxins 
or drugs for medical applications.10 Despite the progress, a 
further expanded set of bioconjugation reactions are still in high 
demand to match diverse applications.1, 11 Furthermore, new 
expansion would provide additional, and sometimes better, 
choices when multiple mutually compatible reactions are 
employed to modify one or several biomolecules.12  
 Aldehydes may interact with biological nucleophiles such 
as amines and thiols, but the equilibrium in water favors the 
reverse hydrolytic reaction.13 Due to its small size and the 
availability of selective reactions, aldehyde has been utilized as 
a reactive chemical handle to label biomolecules in vitro and in 
living cells. In most existing examples, molecules containing an 
alkoxyamine, a hydrazide or a hydrazine functional group were 
utilized to react with aldehyde.9a, 14 However, these conjugation 
reactions often suffer from drawbacks such as the favoring of 
acidic conditions and incomplete conversion due to the 

reversible feature.15 To address the problems, anilines have 
been developed as nucleophilic catalysts to assist 
bioconjugation at neutral pH,15b, 16 but the general effectiveness 
of these catalysts remains to be investigated. Under some 
circumstances, aniline catalysts were reported to be neutral or 
even detrimental to reaction kinetics and equilibrium.14a, 17 
Recently, a modified Pictet-Spengler reaction has been 
developed:15a, 18 small molecules were conjugated to aldehyde-
containing proteins using the modified reaction to afford stable 
irreversible linkages, but a slightly acidic pH range was still 
required. In this context, we set to develop additional aldehyde 
coupling reactions that can be robustly operated in neutral 
aqueous solution. Herein we describe our recent effort in 
developing an oxidative condensation reaction between alkyl 
aldehydes and aryl diamines, and employing this highly 
efficient and mild coupling reaction to site-specifically label a 
model protein at the physiological pH and 37°C. 
 The direct condensation of aldehydes and aryl diamines is a 
popular route for synthesizing benzimidazoles, a group of 
heterocyclic aromatic compounds known for their antiviral, 
antimitotic and anthelmintic properties.19 The aryl diamine 
functional group is unreactive to all natural functional groups in 
proteins, which is a favorable property for applications in 
bioconjugation. However, existing condensation methods often 
require conditions (e.g. organic solvents, strong acids, elevated 
temperature, or microwave) that are too harsh for biomolecular 
labeling.20 In one example, boric acid was reported to catalyze 
the condensation between o-phenylenediamine and aromatic 
aldehydes in water at RT.21 However, we failed to obtain the 
reported benzimidazole products. Recently, Jiao and coworkers 
described an elegant 12-hour catalyst-free condensation of aryl 
diamines and cyclopropyl aldehydes in toluene,19b a solvent 
impropriate for bioconjugation. To identify reaction conditions 
suitable for biomolecular labeling, we examined various 
combinations of aldehydes, diamines and common Lewis acid 
catalysts in aqueous phosphate buffer (50 mM, pH 7.4). We 
were fortunate to find that, in the presence of oxygen (O2) in air 
and a catalytic amount of Cu2+ or Zn2+ metal ion, aryl diamines 
and alkyl aldehydes can react quickly to form corresponding 
benzimidazoles in good yields at RT. 
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Table 1. Oxidative coupling of aldehydes and aryl diamines in the presence of Cu2+ or Zn2+ catalyst (1 mol%). 

 
entry  R1 R3 Molar ratioa  

(diamine : aldehyde) 
Reaction time Product Catalyst Isolated Yieldb (%) 

1 H H Ph 1 : 2 5 h 3a CuSO4 Air: 0 

       ZnCl2 Air: 0 

2 H H n-Propyl 1 : 2 1.5 h 3b CuSO4 Air: 84 

       ZnCl2 Air: 66 

       No catalyst Air: 15 

       CuSO4 N2: < 5c 

3 Me H n-Propyl 1 : 2 1 h 3c CuSO4 Air: 84 

       ZnCl2 Air: 63 

4 H OMe n-Propyl 1 : 2 30 min 3d CuSO4 Air: 92 

       ZnCl2 Air: 94 

5 H COOMe n-Propyl 1 : 5 4 h 3e CuSO4 Air: 63 

       ZnCl2 Air: 55 

6 H NO2 n-Propyl 1 : 2 10 h 3f CuSO4 Air: 0 

       ZnCl2 Air: 0 

7 Me H cyclopropyl 1 : 2 1 h 3g CuSO4 Air: 81 

       ZnCl2 Air: 67 
a Additional volatile aldehydes were used to maximize diamine conversion.  b Isolated yields were calculated from the moles of the 
benzimidazole products after column chromatography and the initial moles of aryl diamines. c Residual benzimidazole product may 
form during workup procedures performed in air. 

 
 We further explored the substrate scope of this condensation 
reaction. Alkyl aldehyde seemed to be required. The reaction 
between benzaldehyde and o-phenylenediamine gave no 
benzimidazole product (entry 1, Table 1). In comparison, 
benzimidazoles could be synthesized from various aryl 
diamines and butyraldehyde (entry 2-5). In general, electron-
donating groups (e.g. -OCH3 and -CH3) substituted on the 
diamine aryl ring can accelerate the reaction and enhance the 
yields, while electron-withdrawing groups  (e.g. –NO2 and –
COOMe) disfavor the formation of benzimidazoles. The 
reaction between 4-methoxybenzene-1,2-diamine and o-
phenylenediamine completed nearly-quantitatively in 30 min 
(entry 4), while 4-nitrobenzene-1,2-diamine under the same 
reaction condition resulted in no significant amount of 
benzimidazole over 10 hours (entry 6). The reaction with 
cyclopropanecarboxaldehyde (entry 7) progressed equally well 
as the one with butyraldehyde (entry 3). It is also worth noting 
that, these condensation reactions (entry 2-5 and 7) can be 
performed in phosphate buffer, as well as in neat water and 
organic solvents such as tetrahydrofuran (THF), as long as Cu2+ 
or Zn2+ is supplemented. Both metal ions and O2 in air are 
essential for the excellent reaction yields to form 
benzimidazoles (entry 2).  
 We next investigated the kinetics of the metal ion-catalyzed 
reaction. A mixture of 4-methoxybenzene-1,2-diamine and 
butyraldehyde were stirred in neutral phosphate buffer 
containing 10 µM CuSO4 in open air at RT. In a 50-min time 
period, portions of the reaction mixture were removed and 
processed   immediately  for   NMR  analysis.   A  characteristic 

   
Figure 1. (a) 1H NMR time course showing the conversion of 
4-methoxybenzene-1,2-diamine to its corresponding 
benzimidazole. (b) Reaction kinetics of the formation of the 
benzimidazole product over time.  
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change in proton chemical shift of the methoxy group 
substituted in the aryl ring was observed (Figure 1a). By 
integrating the areas of the corresponding peaks, we determined 
the molar concentrations of the product and the reactants at 
each time point. A second-order kinetics model was utilized to 
fit the data (Figure 1b), and the rate constant of the coupling 
reaction was determined to be 1.61 M-1�s-1. The rate of the 
reaction is comparable to many commonly used bioconjugation 
reactions (Table S1).12b, 22 
 The two catalysts for the coupling reaction, Cu2+ and Zn2+, 
are essential elements for life and have reasonable compatibility 
with biomolecules.1, 23 We next explored the use of the 
oxidative condensation reaction to site-specifically label 
proteins. We acknowledge that a variety of elegant chemical, 
enzymatic and genetic methods may possibly be adapted to 
introduce alkyl aldehyde or aryl diamine functional groups into 
proteins.9a, 24 In our model experiment, we used a cysteine-
maleimide Michael reaction to chemically install an aryl 
diamine functional group to a T4 lysozyme protein. Briefly, T4 
lysozyme containing a single cysteine at the surface residue 68 
(T4L-N68C) was recombinantly expressed in E. coli. A 
bifunctional linker molecule containing an aromatic diamine 
and a cysteine-reactive maleimide was chemically synthesized 
(Scheme S1) and utilized to react with T4L-N68C. The 
successful conversion (Figure 2ab) was confirmed using 
electrospray ionization-time of flight mass spectrometry (ESI-
TOF MS). After obtaining the T4L protein with an installed 
aryl diamine group, we tested its reaction with an aldehyde-
containing Coumarin 343 dye (Scheme S2 & S3). The protein 
(50 µM) was incubated with the dye (200 µM) in phosphate 
buffer (50 mM, pH 7.4) supplemented with CuSO4 (2.5 µM). 
The mixture was left in open air at 37°C. The reaction was 
monitored with ESI-TOF MS in a direct infusion mode. It 
showed that the protein was quantitatively converted to a 
fluorescently labeled product in 2 hours (Figure 2c). In the 
control experiment when T4L-N68C and the aldehyde were 
directly mixed, no reaction was observed (Figure S1a). The 
proteins were also analyzed on a SDS-PAGE gel (Figure S2a). 
A fluorescent band was seen for the Coumarin 343-labeled 
protein. After removing the excess dye, the fluorescence of the 
protein was characterized (Figure S2b). The excitation and 
emission spectra matched the cyan fluorescence of Coumarin 
343. Efficient labeling was also observed in the presence of 
ZnCl2, but not in the absence of metal ions (Figure S1 and S2). 
All these results collectively support that the oxidative 
condensation reaction is a potent and selective method that can 
be utilized for site-specific protein conjugation.  
 In summary, we have identified a mild condition to couple 
aryl diamines and alkyl aldehyde in neutral aqueous solution. 
The resulting benzimidazole derivatives are a family of 
important bioactive compounds, whose preparation is being 
actively pursued by many researchers.19b, 25 The one-step 
transformation reported here is a very effective way to prepare 
these compounds. The coupling reaction has favorable kinetics, 
excellent conversion and good biocompatibility. We 
successfully used it to label a protein containing a pre-installed 
aryl diamine functional group. Since the two coupling 
functional groups are readily accessible and small in structure, 
broad applications of this novel bioconjugation reaction can be 
expected. We are currently developing strategies to genetically 
encode aldehydes and diamines in living cells, which are 
expected to further ease the use of the condensation reaction for 
selective protein modification. Because the metal ion 
concentration used here is considerably lower than that in 

previous studies which reduced Cu2+ for live-cell alkyne-azide 
click reactions,1, 14b, 26 an integration of this condensation 
reaction with strategies to introduce the functional groups into 
biomolecules may permit site-specific labeling of biomolecules 
on the surface of or inside living cells.  
 We gratefully acknowledge support from the University of 
California Riverside. We thank the UCR NMR Facility and the 
High Resolution Mass Spectrometry Facility for analysis of 
small molecules and proteins. 

 
Figure 2. Direct infusion ESI-TOF MS characterization of T4 
lysozyme proteins (a: T4L-N68C; b: T4L containing an 
installed aryl diamine functional group; c: T4L labeled with an 
aldehyde Coumarin 343 dye in the presence of 2.5 µM CuSO4). 
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