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中文摘要 

水催化 7-azaindole (7AI)進行激發態質子轉移的機制已經長期被研究但其結論

具有爭議性。由於最近成功的使用 7-azaindole (7AI)相似物 2,7-diazatryptophan 來

偵測蛋白質周圍的水分子，因此我們再回去研究 7AI 及其相似物之水催化激發態

質子轉移的機制，並將過去的論點及目前的結果整合整理出更合理的機制。藉由

合成一系列 7AI 相似物及其甲基化衍生物，並具有系統性的研究 pKa， pKa*以及

相關的螢光光譜及動力學探討。從量測出來的結果，我們認為所有 7AI 衍生物在

中性的水中都會經由水的催化進行激發態質子轉移。然而對於在三號位接推電子

基(包括氫)的衍生物經由水催化進行激發態質子轉移形成激發態互變異構體(T*)，

此互變異構體迅速發生質子化產生激發態陽離子，再經由快速的去活化過程回到

標準態(N)形式的基態。相反的，對於在二號或三號位接拉電子基或二號位的碳原

子被拉電子性較強的氮原子取代的衍生物(2,7-diazatryptophan)其激發態互變異構

體(T*)不會進行質子化形成陽離子，而會以激發態互變異構體(T*)形式產生綠色的

放光。同時藉由合成相關的 N(7)-CH3 異構體形式的分子來作為補充支持我們的論

點，對於其陽離子形式(N(7)-CH3N(1)-H+)的 pKa*值，如果是三號位接推電子基其

值大於 7，而接拉電子基則小於 7。7AI 之前於 pH 7-12 之間看不見互變異構體(T*)

的放光,但現在於pH 13.0 - 14.5之間可以很清楚的解析出放光峰在波長530nm互變

異構體(T*)的放光。 

關鍵字: 7-azaindole，pKa，pKa*，激發態質子轉移(ESPT) ，互變異構體 
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Abstract 

The mechanism of water-catalyzed excited-state proton transfer (ESPT) reaction 

for 7-azaindole (7AI) has long been investigated, but there are some controversial 

viewpoints. Recently, owing to the superiority of sensing biowaters in proteins by a 7AI 

analogue, 2,7-diazatryptophan, it is timely to reinvestigate water-catalyzed ESPT in 7AI 

and its analogues in an attempt to unify the mechanism. Herein, a series of 7AI 

analogues and their methylated derivatives were synthesized to carry out a systematic 

study on pKa, pKa* and the associated fluorescence spectroscopy and dynamics. The 

results conclude that all 7AI derivatives undergo water catalyzed ESPT in neutral water. 

However, for those derivatives with electron-donating substituent (including –H) at 

C(3), following water catalyzed ESPT to form an excited N(7)-H proton-transfer 

tautomer, T*, rapid protonation takes place to generate an excited cationic (TC*) 

species that subsequently undergoes a fast deactivation to the N(1)-H normal species in 

the ground state. Conversely, protonation in T* is prohibited for those derivatives with 

an electron-withdrawing groups at the C(2) or C(3), or C(2) atom replaced by an 

electron-withdrawing nitrogen atom (N(2) in e.g., 2,7-diazatryptophan), giving a 

prominent green T* emission. Additional support is given by the synthesis of the 

corresponding N(7)-CH3 tautomer species, for which pKa* of the cationic form, i.e., the 

N(7)-CH3N(1)-H+ species, is measured to be much greater than 7.0 for those with 

electron-donating C(3) substituents, whereas it is lower than 7.0 upon anchoring 

electron-withdrawing groups. For 7AI the previously missing T* emission is clearly 

resolved with peak wavelength at 530 nm in the pH interval of 13.0-14.5. 

keywords: 7-azaindole, pKa, pKa*, excited-state proton transfer (ESPT), tautomer 
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1. Introduction 

Excited-state proton transfer (ESPT) reactions have attracted considerable attention 

due to their occurrence in a wide variety of photophysical and photochemical processes. 

The mechanism of ESPT, which correlates with the strength of a hydrogen bond 

(H-bond) and dynamics of proton (or hydrogen atom) motion, provides valuable 

information on the fundamental of chemical reaction as well as mimicking 

proton-transfer processes that ubiquitously take place in biological systems.  

Scheme 1. Chemical structures of various 7AI derivatives and their methyl (N(7)-CH3) 

tautomer. analogues. 
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Among numerous ESPT molecules, 7-azaindole (7AI, see Scheme 1) has shown 

its photophysical uniqueness and hence great bio-significance. Azaindole is analogous 

to indole that forms the base of amino acid tryptophan and is akin to the adenine 

nucleobase. The photophysics of 7AI have been widely investigated in a variety of 

environments. In hydrocarbon solvents, Kasha and co-workers first demonstrated that in 

concentrated solution 7AI formed dual H-bond dimers, which upon electronic excitation 

undergo excited-state double proton transfer (ESDPT)1 to give a green proton-transfer 

tautomer emission. In this regard, the 7AI doubly hydrogen bonded dimer with its 

ESDPT has long been served as a prototype to illustrate the possible photoinduced 

proton transfer taking place in the DNA double helix and consequently the cause of 

mutation.2-4  

The excited-state tautomerization also proceeds efficiently in protic solvents such 

as alcohols. The ESDPT process in alcohol has been explained in terms of a two-step 

model,5-7 in which the formation of 7AI-solvent molecule cyclic H-bond complex is the 

prerequisite and rate-determining step, followed by the fast proton tunneling process. 

The rate of tautomerization reaction typically requires several hundred picoseconds, 
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which is two orders of magnitude slower than the reaction rate for its dual 

hydrogen-bonding dimer in hydrocarbon solvents.8,9  

The photophysical behavior of 7AI in water, however, appeared to be anomalous. 

In sharp contrast to the dual emission bands for 7AI in alcohols, consisting of two 

well-separated normal (~370 nm, N*) and proton transfer tautomer (~510 nm, T*) 

bands, only a single band maximized at ~385 nm is resolved in neutral water. Several 

research groups have studied the emission of 7AI in water and reached different 

conclusions regarding its origin and hence different mechanisms. On the one hand, 

Petrich and co-workers6 interpreted the photophysics of 7AI in water by proposing that 

only a small fraction (< 20%) of the 7AI molecules in pure water are capable of 

undergoing excited-state tautomerization on a 1 ns time scale. No appreciable emission 

intensity can be observed for 7AI in water at around 530 nm because very little 

tautomer is generated and is rapidly protonated to give a tautomer cationic emission 

(~440 nm) that is buried under the major normal (385 nm) emission. On the other hand, 

Chapman and Maroncelli also carefully analyzed the relaxation dynamics of 7AI in 

water and came up with somewhat different viewpoints.10 They concluded that even 

though the emission spectra for 7AI in alcohols (dual emission) and water (single 
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emission band) appear to be qualitatively different, there is intrinsically nothing 

anomalous about the behavior of 7AI in water. The spectral dissimilar is because of two 

quantitative differences in terms of rates. In water, while the rate of N* → T* proton 

transfer is much slower, the nonradiative deactivation for T* is very fast. The 

combination of these two effects leads to a consequence of only normal (N*) emission 

band being observed.  

In yet another approach in chemical biology, 7-azatryptophan, an analogue of 7AI, 

has long been applied as an alternative of tryptophan to probe the protein structure and 

dynamics.11-13 This is mainly due to the fact that 7-azatryptophan possesses both longer 

absorption spectral onset (cf. tryptophan) and polarity-sensitive emission peak 

wavelength. Unfortunately, similar to that of 7AI, 7-azatryptophan in water lacks 

proton-transfer tautomer emission and could not be used as a marker to probe the 

surrounding water environment in proteins. In proteins, water ubiquitously participates 

in dictating structure and functionality. Recent advances have provided more convincing 

evidence that water molecules in proteins are one of the key elements in activating 

bio-functionalities such as enzymatic reactions.14-17  



5 

 

In an aim to specifically probe water environment, we recently replaced C(2) of 

7-azatryptophan (see Scheme 1 for numbering) by a nitrogen atom (N(2)), forming 

2,7-diazatryptophan ((2,7-aza)Trp) that exhibits remarkable water-catalyzed 

proton-transfer properties.18 (2,7-aza)Trp exists in two isomers in the ground state, i.e., 

the N(1)-H and N(2)-H isomers, in which the N(1)-H isomer undergoes water-catalyzed 

ESPT, resulting in an N(7)-H tautomer emission maximized at 500 nm. This prominent 

proton-transfer emission thus serves as a unique fingerprint and has been successfully 

exploited for direct sensing of a site-specific water environment in the human 

thromboxane A2 synthase (hTXAS) without disrupting its native structure.18 We also 

noticed that upon removing the α-amino acid part from (2,7-aza)Trp, forming 

2,7-diazaindole, similar proton transfer emission was also resolved, which is in stark 

contrast to the lack of tautomer emission for 7AI in water. From the fundamental point 

of view, a core issue is thus raised regarding factors that govern the water catalyzed 

ESPT and hence the resolution of proton-transfer tautomer emission. This, together with 

the long-standing puzzle regarding mechanism of ESPT for 7AI in water, leads us to 

revisit water catalyzed excited-state proton transfer in 7AI. We also carried out a 

systematic study on pKa, pKa
* and the associated fluorescence spectroscopy/dynamics 
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for a series of 7AI derivatives and their methylated tautomer analogues. The results 

conclude that the luminescence properties are harnessed by the excited-state 

acidity/basicity properties of the proton-transfer tautomer and the overall ESPT 

mechanism in water can be unified among the titled 7AI derivatives. Detail of results 

and discussion is elaborated as follows.  
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2. Experimental Section 

2.1 Materials.  

Azaindole precursors and other reagents were commercially available and were 

used without further purification. All solvents were purchased from Acros and Merck. 

Silica gels were from Merck (230-400 mesh).   

Syntheses and Characterizations.  

General Procedure for the Synthesis of the methyl (N(7)-CH3) tautomer 

compounds.  

The corresponding azaindole (1 eq.) and MeI (3 eq.) were dissolved in THF into a 

sealed bottle, then the mixture was heated to reflux for 24 h. After cooling, the solid was 

formed and filtered. Then, the solid was dissolved in water and washed three times with 

dichloromethan. The aqueous solution was adjusted pH to 12 with NaOH(aq) and 

extracted by dichloromethane. The organic layer was dried over MgSO4 and filtered. 

The organic layer was evaporation under reduced pressure and dried under vacuum. The 

methyl (N(7)-CH3) tautomer compound was obtained without further purification. 
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7-methyl-7H-pyrrolo[2,3-b]pyridine (7M7AI) : Follow the general procedure. 

Yield: 38%. 1H NMR (400 MHz, CDCl3): δ 4.17 (s, 3H), 6.60 (d, J = 2.4 Hz, 1H), 6.72 

(t, J = 7.2 Hz, 1H), 7.43 (d, J = 6.0 Hz, 1H), 7.82 (d, J = 2.4 Hz, 1H), 8.02 (d, J = 7.2 

Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 39.7, 101.0, 108.5, 129.5, 129.6, 130.2, 144.7, 

148.5. FAB MS (m/z): 133 (M+H)+. 

 

 

3,7-dimethyl-7H-pyrrolo[2,3-b]pyridine (7M3MAI) : Follow the general procedure. 

Yield: 45%. 1H NMR (400 MHz, CDCl3): δ 2.35 (s, 3H), 4.24 (s, 3H), 6.78-6.82 (m, 

1H), 7.52 (d, J = 6.0 Hz, 1H), 7.60 (s, 1H), 7.98 (d, J = 7.2 Hz, 1H). 13C NMR (100 

MHz, CDCl3): δ 9.6, 39.9, 107.9, 110.7, 128.7, 129.5, 130.2, 142.8, 148.6. FAB MS 

(m/z): 147 (M+H)+. 
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7-methyl-7H-pyrrolo[2,3-b]pyridine-3-carbonitrile (7M3CAI) : Follow the 

general procedure. Yield: 32%. 1H NMR (400 MHz, CDCl3): δ 4.33 (s, 3H), 7.07-7.10 

(m, 1H), 7.78 (d, J = 5.6 Hz, 1H), 8.21 (s, 1H), 8.24 (d, J = 7.6 Hz, 1H). 13C NMR (100 

MHz, CDCl3): δ 40.7, 84.9, 112.1, 116.6, 129.6, 131.6, 132.3, 148.8, 152.3. FAB MS 

(m/z): 158 (M+H)+. 

 

 

7-methyl-2-(trifluoromethyl)-7H-pyrrolo[2,3-b]pyridine (7M2CF3AI): Follow the 

general procedure. Yield: 30%. 1H NMR (400 MHz, CDCl3): δ 4.31(s, 3H), 6.93-6.96 

(m, 2H), 7.72 (d, J = 6.0 Hz, 1H), 8.22 (d, J = 7.6 Hz, 1H). 13C NMR (100 MHz, 

CDCl3): δ 40.2, 100.5, 110.1, 121.5, 124.1, 128.5, 132.8, 134.1, 147.9. FAB MS (m/z): 

201 (M+H)+.  

 

 



10 

 

N N
N

Boc

Silica Gel / EA

Reflux,18 h

1a

NHAc

COOEt
COOEt

1c

1b

THF, MeI
Reflux, 24 h

7M(2,7-aza)Trp

HCl(aq)

Reflux,18 h

N N
N

H

NHAc

COOEt
COOEt

N N
N

NHAc

COOEt
COOEt

N N
N

NH2

COOEt

 

   

Diethyl-2-((1H-pyrazolo[3,4-b]pyridin-3-yl)methyl)-2-acetamidomalonate (1b). 

Compound 1a (1 g) was dissolved in ethyl acetate and silica gel (50 g) was added and 

refluxed for 18h. The solution was allowed to cool down to room temperature. The 

silica gel in the solution was filtered and washed using ethyl acetate (5 × 100 mL). The 

filtrate was evaporated under reduced pressure and 1b was obtained as a white solid. 

Yield: 90%. 1H NMR (400 MHz, CDCl3): δ 1.27 (t, J = 7.2 Hz, 6H), 1.88 (s, 3H), 4.05 

(s, 2H), 4.23-4.32 (m, 4H), 6.70 (s, 1H), 7.11 (dd, J = 8.0, 4.4 Hz, 1H), 7.98 (d, J = 8.0 

Hz, 1H), 8.51 (d. J = 4.4 Hz, 1H), 11.2 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 13.9, 
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22.9, 30.0, 62.8, 66.4, 115.6, 116.6, 129.5, 140.5, 148.7, 151.9, 167.4, 169.5. FAB MS 

(m/z): 349 (M+H)+.   

Diethyl-2-acetamido-2-((7-methyl-7H-pyrazolo[3,4-b]pyridin-3-yl)methyl)mal

onate (1c). Follow the general procedure. Yield: 15 %. 1H NMR (400 MHz, CDCl3): δ 

1.26 (t, J = 7.2 Hz, 6H), 1.87 (s, 3H), 4.08 (s, 2H), 4.27 (q, J = 7.2 Hz, 4H), 4.33 (s, 3H), 

6.87-6.90 (m, 1H), 6.96 (s, 1H), 7.79 (d, J = 6.8 Hz, 1H), 8.24 (d, J = 7.6 Hz, 1H). 13C 

NMR (100 MHz, CDCl3): δ 13.7, 22.8, 30.3, 40.3, 62.4, 66.4, 109.3, 123.2, 134.7, 136.1, 

143.4, 150.2, 167.4, 169.3. FAB MS (m/z): 363 (M+H)+. 

2-amino-3-(7-methyl-7H-pyrazolo[3,4-b]pyridin-3yl) propanoic acid 

(7M(2,7-aza)Trp): Compound 3c (0.89 g, 2.0 mmol) was dissolved in 12 M HCl and 

heated to reflux for 8 h. The reaction mixture was concentrated under reduced pressure 

to afford 7M(2,7-aza)Trp as a white solid in the HCl salt form. 1H NMR (400 MHz, 

D2O): δ 3.85 (d, J = 6.0 Hz, 2H), 4.44 (s, 3H), 4.68 (t, J = 6.0 Hz, 1H), 7.68-7.71 (m, 

1H), 8.81 (d, J = 6.0 Hz, 1H), 8.98 (d, J = 8.0 Hz, 1H). 13C NMR (100 MHz, D2O): δ 

26.6, 42.6, 51.6, 117.7, 120.2, 140.9, 142.4, 144.6, 145.4, 170.5. FAB MS (m/z): 221 

(M+H)+.  
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2.2 Spectroscopic Measurements. 

Steady-state absorption and emission spectra were recorded with a Hitachi 

(U-3310) spectrophotometer and an Edinburgh (FS920) fluorometer, respectively. The 

relative quantum yield measurement is used in the experiment. Quinine sulfate in 0.1M 

H2SO4, with a quantum yields of 0.57 respectively, were used as the standards for the 

quantum yield measurements. The equation 1 is used to calculate the relative quantum 

yield. 

Q = Qୖ ୍୍౎ ୓ୈ౎(λ)୓ୈ(λ) ୬మ୬మ౎     (Eq. 1) 

Q: quantun yield              

I: integrated area under the corrected emission spectrum         

OD: optical density     

n: refractive index of the solution   

Subscript R: standard of quinine sulfate 

Detailed time-resolved spectroscopic measurements were reported previously.19,20 In 

brief, nanosecond time-resolved studies were performed by using an Edinburgh FL 900 

time-correlated single photon-counting (TCSPC) system with a pulsed hydrogen filled 

lamp as the excitation light source. The pulse frequency is 40 kHz. Data were fitted with 
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sum of exponential functions using the nonlinear least-squares procedure in 

combination with the convolution method. 

Ultrafast spectroscopic study were performed by a femtosecond fluorescence 

up-conversion system (FOG100, CDP) pumped by the femtosecond oscillator (Tsunami, 

Spectra-Physics) with central output wavelength at 805 nm. In this measurement, 

fluorescence from a rotating sample cell, following the excitation at 268 nm (THG of 

805 nm), was collected, focused, and frequency summed in a BBO crystal, along with 

an interrogation gate pulse at designated delay time with respect to the pump pulse. A 

λ/2 waveplate was used to set the pump polarization at the magic angle (54.7˚) with 

respect to gate pulse for preventing the fluorescence anisotropy contributed by solute 

reorientation. Fluorescence up-conversion data were fitted to the sum of exponential 

functions convoluted with the instrument response function (IRF). The IRF was 

determined from the Raman scattering signal and its profile was fitted to a Gaussian 

function with full width at half maximum of ~150 fs. 
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2.3 Computational Methodology.  

For all title molecules, the geometries of the ground state were optimized by the 

density functional theory (DFT) method, and excited state structure with related 

photophysical properties were calculated by time-dependent density functional theory 

(TD-DFT) method with B3LYP hybrid function. The 6-31+G(d,p) basis set were 

employed for all atoms. All theoretical calculations were performed using Gaussian 09 

program.21  
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3. Results and Discussion  

The related evidence supports of ESPT for 7AI in water 

 In the early approach, El-Bayoumi et al. compared the isotope effect and emission 

quantum yield of 7AI with indole and N1-methyl-7-azaindole in H2O.22 They found that 

7AI had a relatively low emission quantum yield of 0.03 in H2O and a relatively large 

isotope effect (ΦD2O/ΦH2O = 3.63). They concluded that both the N(7) and N(1)-H sites 

were involved in the deactivation process. In addition, Chapman and Maroncelli 

observed nearly identical radiative decay rate constants for 7AI in H2O (3.7×107 s-1) and 

in D2O (3.6×107 s-1), but a larger non-radiative decay rate constant in H2O (1.2×109 s-1) 

than in D2O (2.9×108 s-1).10 To probe the water catalytic effect on 7AI, in an early 

approach, Chou and co-workers gradually added a small amount of water into the 

aprotic solvent containing 7AI and observed the growth of green proton-transfer 

tautomer emission. The result clearly proves that water molecules are capable of 

catalyzing the proton transfer reaction for 7AI in the excited state.23 Based on these 

observations, one would speculate that the quenching pathway of 7AI in water is highly 

related to excited-state water-catalyzed ESPT that is subject to the deuterium isotope 

effect.  
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The emission spectrum of 7AI is sensitive and can be red-shifted by increasing 

solvent polarity (Figure 1). The emission maximum of 7AI is 310 nm in cyclohexane 

and 385 nm in pure water. Although there is only a small difference in the normal form 

emission maximum of 7AI in DMSO (360 nm) and water (385 nm), the emission 

quantum yields and lifetimes are drastically different, being as high as 0.36 (Φem) and 

9.2 ns (τobs) in DMSO but as small as 0.03 (Φem) and 0.9 ns (τobs) in water. 
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Figure 1. Steady state emission spectra of 7AI in cyclohexane (black), acetonitrile (red), 

DMSO (green), and water (blue) at room temperature. 

In order to understand whether the much smaller emission quantum yield and 

shorter lifetime in water are due to ESPT, Zn2+ (in the form of ZnCl2(aq)) is added to the 
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solution to coordinate with 7AI at the N1 and N7 positions and increased emission 

quantum yields and extended lifetimes are observed (Figure 2 and Table 1). With a 

Zn2+ concentration of 0.02 M, the Φem increases from 0.03 to 0.09 and the emission 

decay kinetic trace shows two lifetimes: 0.9 ns for free (un-coordinated) 7AI and 26.1 

ns for Zn2+-coordinated 7AI. When the concentration of Zn2+ is increased to 0.5 M, the 

Φem increases to 0.5 and one emission decay lifetime of 18.4 ns is measured. The high 

Φem and long lifetime for Zn2+-coordinated 7AI are close to those for 

N1-methyl-7-azaindole (1M7AI) (Φem = 0.54 and τ = 26 ns in water).10 These results 

strongly suggest that ESPT is the major excited-state deactivation pathway for 7AI in 

water. 

Table 1. Emission quantum yields (Φem) and observed emission lifetimes (τobs) for 7AI 

in room-temperature water with the presence of different concentrations of Zn2+. 

[Zn2+] / M  Φem τobs / ns (% of pre-exp factors)  

0.02  0.09 0.9 (96 %); 26.1 (4 %)  

0.10  0.24 0.9 (83 %); 23.1 (17 %)  

0.25  0.38 0.9 (59 %); 20.6 (41 %)  

0.50  0.50 18.4 (100 %)  
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Figure 2. (a) Steady-state absorption (dashed lines) and emission spectra (solid lines) 

and (b) emission decay kinetic traces for 7AI in room-temperature water with the 

presence of different concentrations of Zn2+. 
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The direct evidence supports of ESPT for 7AI in water 

Despite a number of relevant supports of ESPT for 7AI in water, the direct support 

of ESPT, i.e. the observation of tautomer emission, is unfortunately missing (vide supra). 

The pKa
* of 7AI tautomer analogue 7-methyl-7H-pyrrolo[2,3-b]pyridine (7M7AI) (see 

Table 2 and Scheme 1) in protonated form 7M7AI was measured to be 10.3.6 Assuming 

similar pKa
* between 7M7AI cation (N(1)-H+) and the protonated 7AI tautomer 

(N(1)-H+), Petrich and co-worker thus proposed that 7AI tautomer should be in the 

protonated form at pH 7. In other words, the 7AI tautomer in the excited state, once 

being produced from water catalyzed ESPT, is promptly protonated in the neutral water 

so that the tautomer emission is absent. 

Table 2. Ground- and excited-state pKa for the protonated form of 7AI, 3MAI and 

various 7AI methyl (N(7)-CH3) tautomer analogues (See Scheme 1 for their structures).  

Compound pKa pKa* 

7AI 4.56 4.66 

3MAI 4.8a 4.6b 

7M7AI 8.924 10.36 

7M3MAI25 9.3a 9.4c 

7M(2,7-aza)Trp 5.8a 5.8d 

7M3CAI26 4.8 0.2 

7M2CF3AI 4.4a -0.3e 
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a. Determined by the half-neutralization method. b. The excitation wavelength was 285 

nm and the emission was monitored at 375 nm for the emission intensity titration 

experiment. c. The excitation wavelength was 350 nm and the emission was monitored 

at 550 nm for titration. d. The excitation wavelength was 342 nm and the emission was 

monitored at 400 nm for titration. e. The excitation wavelength was 315 nm and the 

emission was monitored at 500 nm for titration. 

The above thermodynamic interpretation based on acid-base property to govern the 

fate of proton transfer emission is sound. However, as for 7AI, crucial spectroscopic 

evidences have to be provided to verify the mechanism. First, if the excited N(7)-H 

tautomer of 7AI is in the protonated form at pH 7, the associated cationic emission 

should be resolvable. Second, assuming a similar pKa
* (10.3) with 7M7AI cation 

(N(1)-H+) for the protonated 7AI tautomer (N(1)-H+), the neutral N(7)-H tautomer 

emission should be observable at pH > 10.3; however, no tautomer emission could be 

resolved up to pH 12. Petrich and co-workers concluded that the lack of both tautomer 

and tautomer cation emission in neutral water was due to a small (< 20%) portion of 

7AI undergoing water catalyzed ESPT.6  

Because the 7AI tautomer emission has not been resolved so far we then suspect 
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that pKa
* of protonated 7AI tautomer (N(1)-H+) may be higher than that (10.3) predicted 

by using 7M7AI (N(1)-H+). We thus extended the fluorescence titration measurement to 

higher pH value. Figure 3 clearly shows that in addition to the 385 nm normal emission, 

the 530 nm N(7)-H tautomer emission gradually appears from pH 13.0 to pH 14.5. The 

assignment of the tautomer emission can be supported by its spectral feature being 

nearly identical with the emission spectrum of the tautomer analogue 7M7AI shown in 

Figure 4. Further support of ESPT is rendered by identical excitation spectra for both 

the normal and tautomer emission bands, which are also identical with the absorption 

spectrum (Figure 5), indicating that both emission bands share the common 

ground-state origin. 
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Figure 3. Steady-state absorption (dashed lines) and emission spectra (solid lines) for 

7AI in water at indicated pH values at room temperature.  
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Figure 4. Steady-state absorption spectra (dashed lines) and emission spectra (solid 

lines) for 7AI (black and blue) and 7M7AI (green) in water at room temperature. The 

pH values of the solutions are indicated in the figure. 
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Figure 5. Normalized excitation spectra for 7-azaindole (7AI) in a room-temperature 

aqueous solution monitored at the normal emission band (400 nm, blue curve) and the 

tautomer emission band (550 nm, green curve). The concentration of NaOH is 1.96 M 

and the pH is 14.3. A normalized absorption spectrum of 7AI is also included for 

comparison (red curve). 

Perhaps the firmest support of ESPT is given by the relaxation dynamics of the 

corresponding emission. At pH 14, the femtosecond fluorescence upconverted signal 

monitored at normal emission of e.g. 430 nm consists of an instant rise (< 150 fs) and a 

single exponential decay component with lifetime of 70 ps (Figure 6). Upon monitoring 

at the tautomer emission of 580 nm, the time resolved upconverted signal consists of a 
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small portion (< 15%) of instant rise component, a relatively slow rise of 68 ps and a 

population decay time of 190 ps. The rise time of 68 ps, within experimental error, is 

identical with the decay time (70 ps) of the normal emission, clearly demonstrating the 

behavior of a precursor-successor type of ESPT reaction. The instant rise component 

can be rationalized by the certain overlap between the normal and tautomer emissions 

so that decay (normal emission) and rise (tautomer emission) are cancelled out, causing 

a net result of instant rise. Under this condition, 7AI undergoes proton transfer by 

N(1)-H deprotonation accompanied by the N(7) protonation. The hydrogen-bonded 

7AI/H2O (1:1) cyclic configuration is not required for proton transfer to happen and the 

lifetimes observed are much shorter than the 0.9 ns. This argument is also supported by 

a similar behavior for 4-azaindole (4AI) at high pH value.27 A tautomer emission band 

around 500 nm can be observed for 4AI at pH 14.3 (Figure 7) and since N(1) and N(4) 

are far away from each other, it is not likely for 4AI to form a hydrogen-bonded cyclic 

configuration with a bridge of several water molecules. 



25 

 

0 100 200 300 400 500

0.0

0.5

1.0

0 20 40 60

0.0

0.5

1.0

N
o

rm
a

li
ze

d
 I

n
te

n
s

it
y

 

Time(ps)

 

430nm  τ = 70 ps

580nm  τ =  68 ps (rise)

                          τ =  70 ps (decay)

                          τ = 190 ps (decay)

N
o

rm
al

iz
ed

 I
n

te
n

si
ty

 

Time (ps)  

Figure 6. Femtosecond fluorescence up-conversion kinetic traces for the normal form 

emission (430 nm) and tautomer emission (580 nm) of 7AI in the NaOH(aq) solution (pH 

14) at room temperature. The excitation wavelength is 268 nm. 

Scheme 2. Chemical structures of 4-azaindole (4AI). 
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Figure 7. Steady state emission spectrum for 4-azaindole (4AI) in an NaOH(aq) solution 

(pH 14.3) at room temperature. 

Further increasing pH to 15.0 the deprotonation of 7AI in the ground state takes 

place, which is clearly indicated by the appearance of an absorption shoulder in the 

region of 350-400 nm (Figure 3), giving rise to a 7AI anion emission maximized at 465 

nm. Therefore, in the steady state measurement the 7AI tautomer emission can only be 

resolved in a narrow pH range of ~13.0-14.5, explaining why the 7AI tautomer was 

obscure in the previous studies.  

In the wake of resolving the 7AI tautomer emission, another core issue lies in the 

verification of the tautomer cationic emission in neutral water, which, according to 
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above proposal, results from the protonation of tautomer in the excited state. The 

cationic emission of the 7AI tautomer analogue, i.e., the 7M7AI (N(1)-H+), is around 

440 nm.6 In neutral water, because 7AI exhibits solely a 385 nm normal emission band 

at pH 7 (Figure 3), the cationic emission, if existing, must be very weak and associated 

with a fast non-radiative decay rate. Exploiting the fluorescence upconversion technique, 

we then made attempts to resolve the tautomer cationic emission of 7AI in the region of 

420-550 nm at pH 7. Upon monitoring the fluorescence upconverted signal at three 

wavelengths (420, 470 and 500 nm), the corresponding time-resolved profiles all reveal 

an instant rise (< 150 fs) and a long population decay that remains nearly constant in the 

region of 50 ps (Figure 8). The long decay component is further resolved to be ~900 ps, 

and is unambiguously ascribed to the population decay of the normal 7AI emission.6,10 

Thus, under a system response of < 150 fs we were not be able to detect any fast, 

resolvable component within the emission region of 420-500 nm. On the one hand, this 

may be rationalized by only a small population of the initial proton-transfer tautomer 

species in the excited state, as previously proposed by Petrich and co-workers (vide 

supra). However, because the 530 nm tautomer emission is well resolved within pH 

13.0-14.5 in this study, this possibility is discounted. Alternatively, it is more plausible 
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that the excited tautomer cationic species is an intermediate, which deactivates to 

normal 7AI ground state species in a rate faster than its formation. Kinetically, this 

implies that the population of tautomer cation achieves a steady state and its 

concentration is thus too small to be resolved. We will elaborate this viewpoint in the 

following section regarding the generalization of ESPT mechanism for 7AI. 
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Figure 8. Femtosecond fluorescence up-conversion dynamics of 7AI monitoring at 420 

nm, 470 nm and 500 nm in neutral water at room temperature. The excitation 

wavelength is 268 nm. 

The viewpoint of calculation 

To the viewpoint of calculation, upon photo-excitation, electronic charge 

redistribution is the major driving force for the ESPT reaction in 7AI and its analogues 



29 

 

to occur and it results in an electron density reduction on the N(1) atom and an increase 

on N(7) atom (see Table 3). Following ESPT, the 7AI tautomer is expected to have a 

very different acid-base property when compared with the normal form species. Based 

on computations, Catalan and coworkers showed that the ground-state tautomer form of 

7AI to be much more basic (pKa = 12 for its conjugate acid) than the normal form (pKa 

= 5.5 for its conjugate acid).28 Assuming the tautomer of 7AI and its N(7) methylated 

derative, 7M7AI, have similar excited-state photoacidity, the pKa* values are 10.3 for 

the 7AI excited-state tautomer and 4.6 for the excited-state normal form (Table 2). It 

can be seen that the computational results for 7AI tautomer in the ground-state and the 

experimental results for 7M7AI have the same trend. 

Table 3. The calculation of electron density distribution of N(1) and N(7) atoms in 

water for 7AI and its analogues (See Scheme 1 for their structures). 

Compound 
HOMO (ground state) 

LUMO (excited state) 
N(1) N(7) 

7AI 
HOMO 9.15% 4.75% 

LUMO 1.05% 22.95% 

3MAI 
HOMO 12.54% 4.78% 

LUMO  0.78% 23.28% 

3CAI 
HOMO 8.91% 5.22% 

LUMO  3.17% 19.68% 

2,7-diazaindole 
HOMO 28.25% 12.60% 

LUMO 2.82% 19.00% 

2CF3AI 
HOMO 10.46% 6.38% 

LUMO 2.74% 18.09% 
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Unification of the overall mechanism of ESPT     

Generalization of the above acidity-basicity correlated proton-transfer tautomer 

emission requires support of other 7AI derivatives. In 2001, we synthesized a 7AI 

derivative, 3-cyano-7-azaindole (3CAI)26, which revealed prominent proton-transfer 

emission at 480 nm (Figure 9), demonstrating that water catalyzed ESPT indeed takes 

place in pure H2O (pH 7) for 3CAI. We then synthesized the N(7)-CH3 tautomer 

analogue of 3CAI, namely 3-cyano-7-methyl-7H-pyrrolo[2,3-b]pyridine (7M3CAI, 

Scheme 1)26 and measured the pKa* of 7M3CAI (N(1)-H+) to be as low as 0.2 (Table 

2), indicating that 7M3CAI exists without protonation at pH 7. Likewise, assuming 

similar acid-base properties as 7M3CAI, the proton-transfer tautomer of 3CAI, i.e. the 

N(7)-H tautomer, is expected to exist in the excited state without protonation in neutral 

water, consistent with the observation of prominent green emission.26  

Chemically, the main difference between 7AI and 3CAI lies in the much higher 

acidity due to its strong electron-withdrawing –CN group at C(3) position, increasing 

the N(1)-H acidity. The water catalyzed pyrrolic N(1)-H → pyridyl N(7)-H proton 

transfer essentially results in the deprotonation of N(1)-H, forming a tautomer in which 

the imine N(1) nitrogen is a conjugate base of the N(1)-H+ acid. Accordingly, due to its 
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strong N(1)-H+ acidity, the basicity of N(1) nitrogen in the 3CAI tautomer is expected 

to be much weaker (cf. 7AI tautomer); therefore, protonation of 3CAI tautomer is 

thermally unfavorable.  

To further test the above viewpoint regarding thermodynamics governed 

deactivation of proton-transfer tautomer, we then provide several other 7AI derivatives 

and their N(7)-CH3 tautomer analogues, which are anchored by either electron-donating 

or withdrawing groups at the pyrrole site, and then carefully performed the spectroscopy 

and acidity (fluorescence titration) measurement. As a result, adding a methyl group at 

C(3) of 7AI, forming 3MAI, exhibits solely a normal emission band maximized at 420 

nm (Figure 9) in neutral water. The pKa
* of its tautomer analogue 7M3MAI (Scheme 1 

and Table 2) in protonated form 7M3MAI (N(1)-H+) is measured to be 9.4. Apply 

similar pKa
* to 3MAI proton transfer tautomer cation (N(1)-H+), the protonation of 

tautomer is expected, explaining the absence of tautomer emission in neutral water. 

Moreover, replacing C(2) by an electron-withdrawing N(2) nitrogen, we have reported a 

well resolved proton transfer emission in 500 nm for (2,7-aza)Trp in neutral water (vide 

supra).18 The prohibition of protonation on the (2,7-aza)Trp tautomer in the excited 

state well correlates with pKa* of 5.8 of its tautomer analogue 7M(2,7-aza)Trp 
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(Scheme 1 and Table 2) in the protonated form, 7M(2,7-aza)Trp (N(1)-H+). To provide 

additional example, we then add a substituent CF3 at C(2) of 7AI to form 2CF3AI (see 

Scheme 1), which also gives a well resolved tautomer emission at 500 nm (Figure 9). 

The existence of tautomer and hence the prominent green emission implies the low pKa
* 

(<< 7) of its conjugate acid. This is firmly supported by the pKa
* of as low as -0.3 for 

the protonated form of its methyl tautomer analogue 7M2CF3AI (N(1)-H+).  

Therefore, the results conclude that for those derivatives with electron-donating 

substituent (including –H) at C(3), following water catalyzed ESPT to form an excited 

N(7)-H proton-transfer tautomer, rapid protonation takes place to generate an excited 

cationic species at pH 7. Conversely, protonation of the tautomer is thermally 

unfavorable in the excited state for those derivatives with electron-withdrawing 

substituent at C(2) or C(3), or C(2) replaced with an electron-withdrawing nitrogen 

atom, giving a prominent green emission. 
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Figure 9. Steady-state absorption (dashed lines) and emission spectra (solid lines) for 

7AI (blue), 3MAI (black), 2CF3AI (green), 3CAI (red) in neutral water at room 

temperature.  

We then make attempts to combine the water catalyzed ESPT mechanisms for 7AI, 

which are respectively proposed by Petrich6 and Maroncelli10 with certain dissimilarity, 

and make one step further to bring up a generalized mechanism applicable to all titled 

7AI derivatives in neutral water. First of all, we adopt Chapman and Maroncelli's ESPT 

mechanism10 in that the entire 7AI, rather than a small portion of 7AI proposed by 

Petrich and co-workers6, undergo water catalyzed ESPT. Accordingly, polysolvated 7AI 

are the predominant species in the ground state, which upon electronic excitation have 
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to form the 1:1 7AI/water cyclic H-bond complex (Figure 10) prior to proton transfer. 

To rationalize the deuterium isotope effect, Chapman and Maroncelli10 further proposed 

the existence of pre-equilibrium between polysolvated 7AI and 7AI/water cyclic 

H-bond complex, in which forming the 7AI/water cyclic H-bond complex is an 

endergonic process. This is reasonable because molecular dynamics approach has 

concluded that the equilibrium toward the 7AI-water cyclic form is negligible and has 

to be formed in the excited state via thermal activation prior to executing proton 

transfer29-31. Using a steady state approach, the rate of ESPT, krxn, to form a tautomer in 

the excited can be expressed by  

krxn = kpt е
-∆G≠/RT                                           (Eq. 2) 

where G≠ is the difference in free energy between polysolvated 7AI and 7AI/water 

cyclic H-bond complex. Note that G≠ is not an activation free energy but a true 

equilibrium free energy. kpt may be treated as a proton tunneling rate constant and hence 

is expected to be deuterium isotope dependent. As a result, being different from 

conventional wisdom, the slope of krxn as a function of 1/T is deuterium isotope 

independent, while the extrapolation to 1/T ~ 0 is deuterium isotope dependent. This 
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pre-equilibrium reaction dynamics has been supported by the deuterium isotope studies 

of ESPT in the case of 3CAI.26  

Upon forming the proton transfer tautomer species in the excited state (the N(7)-H 

isomer denoted as T*, see Figure 10), we then adopt Petrich’s model in that the 

thermodynamic property of 7AI proton-transfer tautomer T* (see Figure 10) plays a 

key role to decide its relaxation pathways in water. We also prove in this study that this 

is generally applicable to all 7AI derivatives. The core of the model lies in the acidity 

scale of the N(7)-H cationic form in the excited state. In neutral water (pH 7), if pKa
*of 

the tautomer cation form (denoted as TC*, see Figure 10) is < 7, T* should not be 

protonated. One thus expects to observe tautomer T* emission. Conversely, for pKa
* of 

TC* > 7, the tautomer T* emission is not observable due to the protonation of T* at the 

-N(1) site (i.e., forming a TC*, see Figure 10). 

Using 7AI as a prototype, we were not able to resolve TC* emission in both 

steady-state and kinetic manners (vide supra). As for another case, 3-methyl-7-azaindole 

(3MAI) also exhibits solely the normal emission (Figure 9), and similarly neither 

tautomer (T*) nor its cationic emission could be resolved. In the early section we have 

tentatively proposed the excited tautomer cationic (TC*) species to be an intermediate, 



36 

 

which deactivates to certain ground-state species in a rate much faster than its formation. 

Kinetically, this implies that the population of the excited tautomer cation (T*) achieves 

a steady state and its concentration, and hence emission, is too low to be resolved. From 

chemistry point of view, the tautomer cation (TC*) has the same canonical structure as 

the cation of the normal species (N(7)-H+, see Figure 11). Thus, one plausible 

deactivation pathway is the internal conversion from TC* to the ground state of the 

normal cation (N(7)-H+). Due to the same canonical structure and hence the great 

vibronic overlaps, their state mixing must be very strong. In terms of quantum 

mechanics, if resonance should occur, the electron motion is no longer defined just 

zero-order function alone (ψ1 or ψ2), but a mixed state (ψ1 + ψ2). Such deactivation 

only requires the redistribution of the electron density and should be much faster than 

the rate of cation formation, i.e., kH+ (Figure 11). As a result, the tautomer cationic (TC*) 

emission is too weak to be resolved. Upon forming the normal cation (N(7)-H+) in the 

ground state, due to the low pKa value of 4.5 and 4.8 for protonated 7AI and 3MAI, 

respectively (see Table 2), further deprotonation takes place in neutral water to get back 

to the normal ground state, achieving a proton transfer cycle.  
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Figure 10. (a) The proposed water catalyzed ESPT for 7AI derivatives. (b) The 

mechanism of water catalyzed ESPT and the following deactivation pathways for 7AI 

derivatives in the neutral water. The asterisk * indicates the electronic excited state.   
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Figure 11. The proposed deactivation pathway of the proton-transfer tautomer cation in 

the excited state. The asterisk * denotes the electronic excited state.  
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4. Conclusion 

In sum, we have carried out the fluorometric pH titration, in combination with the 

corresponding relaxation dynamics, to resolve the proton-transfer tautomer 530 nm 

emission of 7AI within a narrow basic range of pH 13.0-14.5. This explains why the 

tautomer emission of 7AI has not been observed in neutral water during the past 

decades, whereas the tautomer emission is very prominent in e.g. alcohol solvents.5,7 

Realizing that the acid-base property of the tautomer is key for its excited-state 

deactivation process, we then systematically study a series of 7AI analogues and their 

methylated derivatives on pKa, pKa*, together with the associated fluorescence 

spectroscopy and dynamics. The results conclude that all 7AI derivatives undergo water 

catalyzed ESPT in neutral water. For those derivatives with electron-donating 

substituent (including –H) at C(3), following water catalyzed ESPT to form an excited 

proton-transfer tautomer, T*, rapid protonation takes place to generate an excited 

cationic species, TC*, due mainly to the pKa
* >> 7 for the cation form of T*. Conversely, 

protonation in T* is prohibited (pKa
* of TC* < 7) for those derivatives with 

electron-withdrawing substituent at C(2) or C(3), or C(2) replaced with an 

electron-withdrawing nitrogen atom (N(2) in e.g., 2,7-diazatryptophan), giving a 
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prominent green T* emission. For those 7AI derivatives with electron-donating 

substituent, the tautomer cation undergoes fast deactivation to the ground-state normal 

cationic form, followed by deprotonation to the original normal species to wrap up a 

proton transfer cycle. The information gathered is thus valuable for future strategic 

design of the tryptophan analogues as an ideal probe for sensing water in proteins.18 
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6. Supporting Information 
Determination of ground state dissociation constants (pKa) by UV spectroscopy  

The dissociation constant of the compound, pKa, is a measure of acid strength of 

the compound, and the pH above the pKa value result that the compound is mostly anion 

or neutral, and below the pKa value result that the compound is mostly neutral or cation. 

Therefore, this constant has an important role in estimating behavior of the compound 

in various pH-conditions.  

We show the relationship of pH and pKa in the below:  

HA+ + H2O  A + H3O
+  

Ka = 
[ୌయ୓శ][୅][ୌ୅శ]  

pH = pKa + log 
[୅][ୌ୅శ]  

[A] = [HA+] → pH = pKa  

Determination of the pKa value by use spectrophotometric titration, where a UV 

spectrum of the compound is taken for each point of the titration and the change in UV 

absorbance of the specific wavelength is plotted against the pH. The specific 

wavelength is not absorbance in most high or most low pH. In other words, the cation or 

neutral form is not absorbance in the specific wavelength. Therefore, the absorbance of 
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specific wavelength is liner relationship with the concentration of another component, 

such as cation or neutral form. The half of absorbance maximum of the specific 

wavelength is deliver that the concentration of the cation and neutral form is equal and 

the pH value is pKa.  

Determination of excited state dissociation constants (pKa
*) by fluorescence 

spectroscopy 

Determination of the pKa
* value by use fluorescence titration, where a fluorescence 

spectrum of the compound is taken for each point of the titration and the change in 

fluorescence intensity of the specific wavelength is plotted against the pH. If the proton 

transfer equilibrium is not rapid on the time scale of the excited-state lifetimes, then 

titration curves based on fluorescence measurements will not accurately measure the 

excited-state pKa*. We just use the pKa* value to determinate the possibility of 

protonated of tautomer, therefore, the deviation is not affect our result. 

 

 

 



49 

 

 

Figure S1. Spectral data analysis and pKa determination. (a) Steady-state absorption 

spectrum of 3MAI in different pH value. (b) Plot of the absorbance of 355 nm vs. pH to 

determine the pKa.  
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Figure S2. Spectral data analysis and pKa* determination. (a) Steady-state emission 

spectrum of 3MAI in different pH value with 285 nm excitation. (b) Plot of the 

emission intensity of 375 nm vs. pH to determine the pKa
*.  
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Figure S3. Spectral data analysis and pKa determination. (a) Steady-state absorption 

spectrum of 7M3MAI in different pH value. (b) Plot of the absorbance of 395 nm vs. 

pH to determine the pKa.  
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Figure S4. Spectral data analysis and pKa* determination. (a) Steady-state emission 

spectrum of 7M3MAI in different pH value with 350 nm excitation. (b) Plot of the 

emission intensity of 550 nm vs. pH to determine the pKa
*. 
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Figure S5. Spectral data analysis and pKa determination. (a) Steady-state absorption 

spectrum of 7M(2,7-aza)Trp in different pH value. (b) Plot of the absorbance of 405 

nm vs. pH to determine the pKa.  
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Figure S6. Spectral data analysis and pKa* determination. (a) Steady-state emission 

spectrum of 7M(2,7-aza)Trp in different pH value with 342 nm excitation. (b) Plot of 

the emission intensity of 400 nm vs. pH to determine the pKa
*. 
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Figure S7. Spectral data analysis and pKa determination. (a) Steady-state absorption 

spectrum of 7M2CF3AI in different pH value. (b) Plot of the absorbance of 360 nm vs. 

pH to determine the pKa.  

0 2 4 6 8
0.00

0.05

0.10
y = 0.0678x - 0.2333

     R2 = 0.99

  360 nm

A
b

so
rb

an
ce

pH

pK
a
 = 4.4

 

(a)

(b)

300 400
0.0

0.4

0.8
 pH 0.56
 pH 3.57
 pH 3.86
 pH 4.00
 pH 4.26
 pH 4.92
 pH 6.61
 pH 6.69
 pH 9.38
 pH 13.02

O
.D

.

Wavelength (nm)



56 

 

 

Figure S8. Spectral data analysis and pKa* determination. (a) Steady-state emission 

spectrum of 7M2CF3AI in different pH value with 315 nm excitation. (b) Plot of the 

emission intensity of 500 nm vs. pH to determine the pKa
*. 
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