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GRAPHICAL ABSTRACT 

 

 

HIGHLIGHTS 

 complete set of protonation constants determined for adrenaline and noradrenaline 

 1H NMR method and auxiliary compounds used to determine microscopic constants 

 protonation species populations reflect physicochemical behavior 
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ABSTRACT 

Adrenaline, noradrenaline, the biogenic catecholamines of vital importance, and four closely related 

compounds were studied by 1H NMR-pH titrations, and the resulting acid-base properties are 

quantified in terms of three macroscopic and twelve microscopic protonation constants for both 

molecules. The species-specific basicities are interpreted by means of inductive and shielding effects 

by comparing the protonation constants of the catecholamines, including dopamine. The site-specific 

basicities determined this way could be key parameters for the interpretation of biochemical behavior. 

 

KEY WORDS 

catecholamine; epinephrine; pKa; microspeciation; NMR-pH titration 

 

1. INTRODUCTION 

Adrenaline and noradrenaline are biogenic catecholamines of vital importance. The transport and 

biochemical reactions of these neurotransmitters in the central nervous system are influenced by the 

site-specific acid-base properties and the concomitant number and location of charges. Both 

compounds contain one amino and two phenolate sites as basic centers; the gross charge of these 

compounds therefore varies between -2 and +1. Both studied molecules exist in eight different site-

specific protonation states in aqueous solution. The analytical and physico-chemical properties of 

these compounds have been extensively studied since the 1950’s; the acid-base parameters have been 

reported in fourteen scientific papers [1-14], three of which contain site-specific protonation constants 

[5-7]. There is, however, a dearth of a reliable and complete set of microscopic protonation constants 

in the literature, and a great deal of uncertainty exists regarding the protonation constants, especially 

that of the first protonation step. This latter issue is mostly due to an important shortcoming of the 

reported studies: the lack of unbiased pH calibration, which is a typical source of errors in basic media. 

The first protonation process of these compounds takes place at a very high pH range in aqueous 

media. 
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The main objective of our work was to determine the protonation macro- and microconstant of 

adrenaline and noradrenaline. Since the two phenolates and the amino sites protonate in a highly 

overlapping fashion, microscopic protonation constants are crucial to elucidate the protonation 

pathways. In order to determine accurate protonation constants we used NMR-pH titrations with 

unbiased, referenced pH calibration and appropriate evaluation methods, including studies on closely 

related auxiliary compounds. 

 

Table 1. The protonation constants of adrenaline reported in the literature. The method of analysis is 

depicted as Pot for potentiometry, UV for UV-VIS spectrophotometry, NMR for 1H NMR 

spectroscopy. The macroscopic and microscopic protonation constants in the table are depicted as 

defined in the Results section. 

 

Ref Method logK1 logK2 logK3 logkO
O logkO

N logkON
O logkOO

N 

1 Pot - 9.9 8.71 - - - - 

1 UV - - 8.88 - - - - 

2 Pot 13 9.95 8.66 - - - - 

3 Pot/UV - 9.89 8.75 - - - - 

4 Pot 11.99 10.04 8.52 - - - - 

5 NMR - 10.5 9.3 10.4 9.9 9.9 9.4 

6 Pot - 10.49 9.23 - - - - 

6 NMR - 10.47 9.25 10.37 9.76 9.96 9.35 

7 Pot/UV 13.1 9.84 8.64 9.81 9.1 9.38 8.67 

8 Pot 13.15 9.87 8.63 - - - - 

9 Pot 12.1 10.01 8.74 - - - - 

 

Table 2. The protonation constants of noradrenaline reported in the literature. Abbreviations and 

remarks are identical with those in Table 1. 

 

Ref Method logK1 logK2 logK3 logkO
O logkO

N logkON
O logkOO

N 

1 Pot - 9.78 8.73 - - - - 

1 UV - - 8.9 - - - - 

2 Pot 13 9.7 8.64 - - - - 

10 Pot - 9.98 8.82 - - - - 

11 Pot 11.13 9.73 8.57 - - - - 

12 Pot - 9.64 8.62 - - - - 

4 Pot 11.56 9.59 8.73 - - - - 

5 NMR - - - 10.1 9.9 9.7 9.5 

13 Pot - 9.93 8.57 - - - - 

7 Pot/UV 12.9 9.53 8.58 9.42 9.00 9.11 8.69 

14 Pot - 9.78 8.82 - - - - 
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Table 1 and 2 contain the protonation constants reported for adrenaline and noradrenaline [1-14]. The 

data show that the most dubious value is logK1, which fluctuates in value between ca. 11 and 13. The 

main reason for this disparateness is that the determination of protonation constant values higher than 

logK≈12 requires special considerations when it comes to pH determination. With a 1H NMR-pH 

titration method using in situ pH indicators optimized for strongly basic media [15-16] we can 

determine the first macroscopic protonation constant with greater certainty. Using NMR spectroscopy 

also has the added benefit of being insensitive to oxidation of the compounds and the carbonate error 

of glass electrode. The microscopic protonation constants available in the literature are incomplete; 

therefore in the present work we elucidate the complete microspeciation scheme of adrenaline and 

noradrenaline using closely related auxiliary model compounds for some minor microspecies, and the 

case-tailored deductive method presented for dopamine in our recent paper [17]. 

 

2. MATERIALS AND METHODS 

2.1 Materials 

Adrenaline, noradrenaline and the model compounds, metanephrine, normetanephrine were purchased 

from Sigma-Aldrich, normacromerine was obtained from Alfa Aesar. All other reagents were of 

analytical grade. The deionized water was prepared with a Milli-Q Direct 8 Millipore system. 

 

2.2 NMR spectroscopy measurements 

All NMR measurements were carried out on a Varian Unity Inova DDR spectrometer (599.9 MHz for 

1H) with a 5 mm inverse-detection gradient (IDPFG) probehead at 25 °C. The solvent was an aqueous 

solution with H2O:D2O, 95:5, V/V% (1.0 mol∙dm-3 ionic strength), using DSS (sodium 3-

(trimethylsilyl)-1-propanesulfonate) as the chemical shift reference compound. The sample volume 

was 600 μL, titrand and pH indicator concentrations were ca. 5 mmol·dm-3. In 1H NMR experiments 

pH values were determined by internal indicator molecules optimized for NMR [15-16], and the water 

resonance was suppressed by a double pulse field gradient spin echo sequence (number of transients = 

16, number of points = 16384, acquisition time = 3.33 s, relaxation delay = 1.5 s). The 1H NMR 
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indicators used at 1.0 mol∙dm-3 ionic strength were imidazole (pH range 5.5-8.9 and >13), sarcosine 

(pH range 8.7-11.8), and acetone oxime (pH range 11.4-13.1). 

 

2.3 Data analysis 

For the analysis of NMR titration curves (proton chemical shifts versus pH), the software Origin Pro 8 

(OriginLab Corp., Northampton, MA, USA) was used. In all regression analyses the non-linear curve 

fitting option was used with the following function [18]: 

 

(1) 

i

i

i

n
log ipH

L H L

i 1
obs(pH) n

log ipH

i 1

+ 10

=

1+ 10

δ δ

δ
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


 

 

where δL is the chemical shift of the unprotonated ligand (L), 
iH L  values stand for the chemical shifts 

of successively protonated ligands, where n is the maximum number of protons that can bind to L, and 

β is the cumulative protonation macroconstant. The standard deviations of logβ values from the 

regression analyses were used to calculate the Gaussian propagation of uncertainty to the other 

equilibrium constants derived in the Results chapter. 

 

3. RESULTS 

The macro- and microscopic protonation schemes of adrenaline and noradrenaline can be seen in 

Figure 1. The top line indicates macroequilibria with the stoichiometry of the successively protonated 

ligand and the K1, K2, K3 stepwise macroscopic protonation constants. The microspeciation scheme is 

depicted below with the eight microspecies and their one-letter symbols (a, b … h), and the 12 

microscopic protonation constants (kpO, 
N

pOk , 
mO

pOk  …). The superscript of the microscopic protonation 

constants (k) indicates the protonating group, while the subscript (if any) shows the site(s) already 

protonated. The pO, mO and N symbolize the para-phenolate (at position 1 of the aromatic ring), 

ACCEPTED M
ANUSCRIP

T



6 

meta-phenolate (at position 2 of the aromatic ring) and amino sites, respectively. Some examples of 

the macro- and microconstants of catecholamines are: 

 

(2) 1 2
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Concentrations of the various macrospecies comprise the sum of the concentration of those 

microspecies that contain the same number of protons, for example: 

 

(4)  2L a     

(5)      HL b c d       

(6)        2H L e f g    

(7)  3H L h     

 

Equations (8)-(10) show the relevant relationships between the micro- and macroconstants to our 

calculations [19]: 

 

(8) pO mO N

1 =K k k k   

(9) pO mO pO N mO N mO pO N pO N mO

1 2 pO pO mO mO N N=K K k k k k k k k k k k k k      

(10) pO mO N mO pO N

1 2 3 pO pOmO mO pOmO= ...K K K k k k k k k   
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Equation (10) can be written in six different, equivalent ways depending on the path of protonation. 

For the determination of all microconstants, the introduction and utilization of auxiliary compounds 

are necessary. 

 

 

Figure 1. The protonation macro- and microequilibrium schemes of adrenaline. In the microspeciation 

scheme components of the major protonation pathways are in bold. The two model compounds, 

metanephrine and normacromerine are also indicated. The protonation scheme of noradrenaline is 

completely analogous to that of adrenaline. 

 

Since the microspeciation schemes of adrenaline and noradrenaline are analogous, the deductive 

method used will be described here for adrenaline only. First, the NMR-pH titration of adrenaline 

afforded the three macroscopic protonation constants (logK1, logK2, logK3). Concerning the two 

phenolate sites, their separate, specific basicities can not be determined by spectroscopic methods 

only, since no any spectroscopic parameter is selective of any of these sites. Therefore derivative 

compounds and deductive method had to be applied. The protonation of normacromerine (the 3,4-

dimethoxy derivative of adrenaline) models the adrenaline protonation step from microspecies e to 

microspecies h, thus the determined constant was introduced as 
N

pOmOlogk : 9.627 ±0.009. The 

replacement of phenolic –OH groups by methoxy groups does not perturb the amino protonation 

significantly, as seen in the case of dopamine [17]. The titration of metanephrine (the 3-methoxy 

derivative of adrenaline), whose most basic form models microspecies c, afforded the two 
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macroscopic protonation constants: 10.253 ±0.004 and 9.332 ±0.007. Using an analogous relationship 

to equation (10) with the macroscopic protonation constants of adrenaline and metanephrine, logkmO 

was calculated as follows: 

 

(11) mO

1 2 3log (log + log log ) (10.253 9.332) 0.216k K K K      

 

Te correction factor (-0.216) for the methylation of only one phenolate moiety was taken from the 

recent work on dopamine [17]. As seen from the protonation constants of catechol and guaiacol [17], 

the introduction of a methyl group on the dihydroxyphenyl moiety perturbs the real protonation 

constant by 0.216 log units. Subsequently, the value of 
pO

mOlogk  could be calculated with the help of 

the macroconstants of metanephrine: 

 

(12) pO N

mO pOmOlog (10.253 9.332) log 0.216k k     

 

The value of 
N

mOk  can be calculated using an equation analogous to equation (8) for metanephrine: 

 

(13) N 10.253 pO 0.216

mO mO10 10k k   

 

The value of 
pO

mOlogk  can be calculated as: 

 

(14) 
MTNP MTNP NRMCM

pO

mO 1 2 1log = log + log logk K K K  

 

where indices MTNP and NRMCM are abbreviations of metanephrine and normacromerine, 

respectively. 

 

Subsequently, the interactivity parameter between the pO and N moieties could also be calculated: 

ACCEPTED M
ANUSCRIP

T



9 

 

(15) N N

pO N mO pOmOΔlog log logE k k    

 

Finally, by using the interactivity parameters from dopamine [17] all the remaining microscopic 

protonation constants could be calculated with equations analogous to (15). The interactivity 

parameter is considered to be an invariant quantity in analogous moieties of different compounds [20]. 

The pO/mO interactivity parameter (between the two phenolates) can be taken directly from 

dopamine. The macroscopic and microscopic protonation constants and the interactivity parameters of 

adrenaline and noradrenaline are compiled in Table 3 and Table 4, respectively. 

 

Table 3. The macroscopic and microscopic protonation constants (25 °C, 1.0 mol·dm-3 ionic strength), 

and interactivity parameters of adrenaline in log units ±s.d. 

logK1 
13.022 

±0.005 
logkpO 

13.00 

±0.03 
logkpO

mO 
9.44 

±0.04 

logK2 
10.172 

±0.003 
logkmO 

12.70 

±0.02 
logkmO

pO 
9.74 

±0.02 

logK3 
8.879 

±0.005 
logkN 

10.30 

±0.05 
logkpO

N 
9.99 

±0.04 

logΔEpO/mO 
3.26 

±0.02 
logkpOmO

N 
9.627 

±0.009 
logkN

pO 
12.69 

±0.04 

logΔEpO/N 
0.32 

±0.03 
logkpON

mO 
9.08 

±0.06 
logkmO

N 
9.95 

±0.03 

logΔEmO/N 
0.36 

±0.04 
logkmON

pO 
9.42 

±0.04 
logkN

mO 
12.35 

±0.05 

 

Table 4. The macroscopic and microscopic protonation constants (25 °C, 1.0 mol·dm-3 ionic strength), 

and interactivity parameters of noradrenaline in log units ±s.d. 

 

logK1 
13.02 

±0.01 
logkpO 

12.85 

±0.03 
logkpO

mO 
9.27 

±0.05 

logK2 
9.75 

±0.01 
logkmO 

12.54 

±0.05 
logkmO

pO 
9.59 

±0.03 

logK3 
8.73 

±0.02 
logkN 

10.06 

±0.07 
logkpO

N 
9.74 

±0.06 

logΔEpO/mO 
3.26 

±0.02 
logkpOmO

N 
9.379 

±0.009 
logkN

pO 
12.53 

±0.04 

logΔEpO/N 
0.32 

±0.03 
logkpON

mO 
8.92 

±0.06 
logkmO

N 
9.70 

±0.06 

logΔEmO/N 0.36 logkmON
pO 9.27 logkN

mO 12.18 
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±0.04 ±0.04 ±0.06 

 

4. DISCUSSION 

A submolecular (i.e. site-specific) acid-base characterisation of catecholamines allows deeper insight 

into highly specific biochemical processes compared to the macroscopic pKa values [21]. It is 

generally accepted that the protonation state of the ligand is of cruical importance in the activation of 

the receptors, as it has been described previously for adrenergic receptors [22-24]. The first 

protonation step of catecholamines can be quantified by a macroconstant of 13.02, which is in 

agreement with some of the literature reports [2,7,8]. The first protonation step is mostly composed of 

the parallel protonations of the two phenolate groups, however the protonation of the para-phenolate is 

slightly more favoured, due to the activating ortho-para directing effect of the alkyl chain. The amino 

moiety protonates only with two orders of magnitude lower probability in the first step. The second 

and third protonation steps of adrenaline and noradrenaline involve the parallel and overlapping 

protonation of the remaining basic moieties; therefore the second and third macroscopic constants are 

much closer to one another in value. Figure 2 shows that following the protonation of one of the 

phenolates, the amino group is slightly more favoured in the second step compared to the remaining 

phenolate. The basicity of the amino group is influenced modestly only by the protonation of the 

phenolates, contrary to the two phenolates, which interact with each other strongly (as shown by the 

interactivity parameter values). The large pO/mO interactivity parameter causes the two successive 

phenolate protonations to fall relatively far from one another on the pH scale; this phenomenon is best 

explained by the presence of an intramolecular hydrogen bond between the –OH and –O– in the 

monoprotonated catechol part. It is a peculiarity of the catecholamines that almost all of the 

microspecies are involved in the major protonation pathways. 

By comparing the three catecholamines studied (dopamine, noradrenaline, adrenaline), one can 

understand the subtle differences in the inherent basicities of the three basic moieties. As seen on the 

Graphical Abstract, the presence of the hydroxyl group in noradrenaline exerts an electron 

withdrawing effect, thereby decreasing the inherent basicities of all three basic moieties relative to 

dopamine. This is in correlation with the covalent distance between the hydroxyl group and the basic 
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moieties, as follows. There are three covalent bonds to the amino group, decreasing its basicity by 1 

log unit, while the four covalent bonds to the meta phenolate group drops its basicity by 0.5 log units, 

and the five covalent bonds to the para phenolate group reduces its basicity by 0.3 log units. Another 

effect of the hydroxyl group is the shielding that occurs between the amino group and the two 

phenolates, as this manifests in lower pO/N and mO/N interactivity parameter values in noradrenaline 

and adrenaline relative to dopamine. The shielding capacity of the hydroxyl is able to somewhat 

diminish the electron-withdrawing effect of protonation, provided that the neighboring basic moiety is 

situated on the opposite side of the hydroxyl. Note, that the interactivity parameter between the two 

phenolates can be assumed to be constant across the three catecholamines, because these two moieties 

are uninterrupted in their relative position to one another. The additional methyl group on the 

adrenaline amino group is expected to have a positive electronic effect, thereby increasing the inherent 

basicity of the amino relative to noradrenaline. This is surely the case, as the presence of the methyl 

group results in approximately 0.3 log unit increase in the inherent basicity of the amino moiety. 

Furthermore, even the phenolate inherent basicities are increased by 0.15 log units, due to the methyl 

group, and the electron-transmitting effects of the hydroxyl and the aromatic ring. 

ACCEPTED M
ANUSCRIP

T



12 

 

Figure 2. The relative abundance of the adrenaline microspecies as a function of pH. Microspecies d 

almost merges into the baseline. 

 

5. CONCLUSIONS 

The twelve species-specific, and three macroscopic protonation constants as well as the three 

interactivity parameters determined for both adrenaline and noradrenaline, are important datasets for 

the understanding of the behaviour of these biologically important compounds. The acid-base 

properties of the studied compounds were determined with greater accuracy by using NMR 

spectroscopy and in situ pH indicators optimized for strongly basic media. It can be confirmed from 

the microspeciation schemes that catecholamines occur overwhelmingly in the fully protonated state 

near neutral pH, bearing nearly +1 gross charge in both compounds. This charge is needed for the 

receptor binding [25]; however, this charge poses a serious obstacle for membrane penetration, and 

hinders the pharmacokinetic features of these compounds. 
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