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ABSTRACT  

Objective: Investigate the mechanisms of L-ascorbic acid transforтmation and formation of coloured enamines in N, N-dimethyl-
formamide solutions. 

Methods: An automatic polarimeter Atago POL-1/2 was used for polarimetric investigation. Electronic spectra were recorded by UV-spectrometer 
Cary 60 (Agilent). The statistical analysis was carried out using the OriginPro 9.1 packages. 

Results: The Biot’s law violation was found in below 0.1% solutions of L-ascorbic acid (AA) in N, N-dimethylformamide (DMF). During the day, the 
specific rotation [a]D

20  of 1% AA solution varied from+37 to-1.0. Gradually, the solution acquired the red colour, and its intensity depended on the 
AA concentration. Spectrophotometrically, it was shown that after 15 min AA was absent in the n·10-3% solutions. The decomposition followed the 
first-order kinetics (k1=1.83·10-2с-1). At the same time, new absorption bands appeared at 273, 390, 533 nm. Model solutions containing 
dimethylamine (DMA) had a similar spectrum, and the intensity of the absorption bands increased in proportion to the concentration of DMA. 

Conclusion: The results show that the first step in the decomposition of ascorbic acid AA in DMF follows first-order kinetics. Numerous 
decomposition products are optically active compounds and reverse the sign of the optical rotation of the solution. The water resulting from the 
decomposition of AA is involved in the hydrolysis of the solvent. The hydrolysis product, the secondary amine DMA, interacts with the carbonyl 
groups of the AA decomposition products to form coloured enamines. Magnesium (II) accelerates the formation of coloured products. 
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INTRODUCTION 

About 25% of the world's total N, N-dimethylformamide (DMF) is 
used in pharmacy [1]. So, in the pharmaceutical industry, DMF is 
used as a solvent in the production and analysis of drugs such as 
hydrocortisone acetate, dihydrostreptomycin sulfate, amphotericin 
A, griseofulvin and several others. 

A large series of studies is devoted to the analysis of drugs 
containing a primary amino group in the presence of ascorbic acid 
(AA) in different solvents. Among them, in particular, such 
pharmaceutical substances and finished dosage forms as lisinopril 
[2], aminocaproic acid [3], penicillins and cephalosporins [4], 
including ampicillin and amoxicillin [5]. The electronic spectra of 
solutions of the products of the AA interaction with biologically 
active compounds have two absorption bands with maxima at 390 
and 530 nm [6, 7]. The authors interpret the mechanisms of the 
formation of coloured products as a result of the condensation of the 
primary amino group with the carbonyl groups of dehydroascorbic 
acid (DHAA). The catalysis of the process by metal cations — 
bismuth (III) and scandium (III) has also been reported [8]. Despite 
the widespread use of AA in the synthesis and analysis of 
pharmaceutical substances containing primary amino groups, the 
authors do not discuss the features of AA oxidation in DMF and the 
possibility of the solvent hydrolysis to N, N-dimethylamine (DMA). 
The formation of coloured compounds in a solution of AA in the 
presence of secondary amines in DMF is not described in the 
literature. 

The article is devoted to elucidating the role of ascorbic acid in the 
appearance of colour solutions in DMF in the absence of 
pharmaceutical substances of the amines class. As it was discovered 
DMA as the product of DMF hydrolysis [9], is the only possible 
source of the coloured enamine formation. It is formed as a by-
product from hydrolysis by trace amounts of water during AA 
degradation [1]. Hard acids, for example, Mg2+cations, should 
contribute to DMA formation [10]. Thus, the objective of this article 

is to investigate the mechanisms of L-ascorbic acid transforтmation 
and the formation of coloured enamines in DMF solutions. 

MATERIALS AND METHODS 

Materials 

L-ascorbic acid, N, N-dimethylformamide, dimethylamine hydro-
chloride and magnesium chloride were obtained from Sigma-
Aldrich. 

Methods  

The optical activity was determined using the Atago POL-1/2 
polarimeter (https://www. atago. net/en/company-aboutus. php, 
Japan), in a 100 mm cell, the measurement accuracy of±0.002 ° and 
the resolution of 0.0001°. The electronic Peltier module was used for 
setting the required temperature (T=20 °C).  

UV spectra were recorded using an Agilent Cary 60 Spectrometer 
(https://www.agilent.com/en/products/uv-vis-uv-vis-nir-
systems/cary-60-uv-vis). 

Statistics 

Each experiment was performed repeatedly. Results are presented 
as the mean±SD. Statistical analysis of all data was performed by 
Origin Pro 9.1. 

RESULTS AND DISCUSSION 

Due to the polarity of DMF molecules, it was of interest to study the 
initiation of optical activity in solvent associates under the influence 
of chiral substances, as was found for giant heterogeneous water 
clusters [9–12]. It turned out that in the region of low concentrations 
(≤0.1%), the specific optical activity of L-ascorbic acid solutions in 
DMF drops sharply (fig. 1). In the practice of pharmaceutical analysis 
of substances, it is not possible to identify a violation of Biot’s Law, 
since pharmacopoeia methods of polarimetric quality control 
involve the use of more concentrated solutions (2-10%) [13-15]. 
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Fig. 1: Violation of Biot’s law: inconstancy of specific optical rotation [𝒂𝒂]𝑫𝑫𝟐𝟐𝟐𝟐 in DMF solutions of ascorbic acid immediately after 
preparation. Insert–the increase in the angle of optical rotation with increasing concentration of ascorbic acid. mean±SD (n= 5) 

 

The change in optical rotation over time was found for more 
concentrated AA solutions (fig. 2). For example, the specific optical 
rotation of 1% AA during the first hour remained stable and had a 
positive value ([a]D

20 =+37.5±0.8). But in a day, the sign changed to 
the opposite ([a]D

20 =-1.6±0.9). The addition of magnesium salt into 

the test solution (nAA: nMg2+ = 2: 1) led to an increase in optical 
activity, which gradually decreased already from the first minutes of 
measurements. Measurements of α were carried out during the first 
hour and after 24 h. In the presence of Mg(II), the angle of optical 
rotation of the AA solution in DMF remained positive during the day. 

 

 

Fig. 2: Daily kinetics of specific optical rotation of 1% ascorbic acid solution in DMF without the addition of catalyst–a and in the 
magnesium chloride presence–b. Insert–the change in specific optical rotation of the solution (b) during the first 40 min. mean±SD (n= 5) 

 

Thus, the observed violation of the Biot law is explained by the 
instability of optically active AA in DMF. The kinetics of the optical 
rotation of solutions indicate a multistage mechanism of AA 
degradation with the formation of optically active products. 

Indeed, according to NMR studies in DMF, AA is converted to the 
dimeric form of DHA [16-19]. The key point of the multistage 
dimerization process is the formation of a second five-membered 
ring, similar to the furanose ring of carbohydrates [20]. 

It should be noted that the DHA dimer is an optically active 
compound with a large number of chiral centres (N = 8). The 

symmetric dimer is in equilibrium with the asymmetric anomer 
having other chiral characteristics (fig. 3). Optical activity is also 
exhibited by dimer decomposition products, for example, 
hydrated monomer, numerous radical particles, and other 
compounds [21]. 

Thus, the observed sharp change in the optical activity of AA in a 
DMF solution is explained by its degradation by the formation of 
numerous chiral compounds. 

To further study the behaviour of AA in DMF, the electronic spectra 
of solutions were recorded over time (fig. 4, table 1). 
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Fig. 3: Anomers of the dehydroascorbic acid dimer 

 

 

Fig. 4: The kinetics of ascorbic acid degradation in DMF–a, in DMF with Mg(II) (С=3·10-3%): 1-0 min, 2-1 min, 3–3 min,4–5 min, 5-7 min, 6–
10 min, 7–15 min 

 

Table 1: Ascorbic acid degradation rate constants in DMF 

№ С*103,% k1×102 s-1 
1 1.61 1.7±0.2 
2 2.03 2.13±0.12 
3 2.41 1.6±0.13 
4 3.03 1.83±0.18 
5 3.45 1.9±0.12 
Average value of the rate constant k1=(1.83±0.02)·10-2 s-1 

mean±SD (n= 5) 
 

As can be seen, AA has significantly less stability in DMF than in 
water, where its degradation has not minute but daily kinetics [22]. 
This is consistent with data for other organic solvents [23]. 

The absorption band of AA in DMF solutions (λmax = 270 nm) is 
asymmetric and decreases with time. After 15 min, its intensity 
decreases to almost zero, and the asymmetry increases. In this case, 
an unstable absorption band with a maximum of 255 nm appears in 
the short-wavelength region. 

For five solutions with concentrations in the same order n·10-3%, the 
rate constants for the AA decomposition in DMF were calculated. 
Straight lines were obtained in a semi-logarithmic coordinates "lnA-
t". The results showed that the decomposition followed the first-
order reaction. The AA conversion rate constants presented in the 
table probably correspond to the formation of the second five-
membered AA ring (fig. 5), the precursor of the DHAA dimer [20, 
21].
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Fig. 5: The formation of the second five-membered ring of ascorbic acid 

 

The obtained values of the first-order rate constant indicating that 
the half-time of AA into the bicyclic monomer t1/2 = ln2 k⁄ = 37.9 s 
does not depend on its initial concentration. This result made it 
possible to use more concentrated solutions for research. 

The addition of magnesium chloride in a molar ratio nAA: nMg(II) =
2: 1 led to an increase in optical density (fig. 4). The change in 
absorption occurred at a lower rate than in the absence of 
magnesium (II). It is likely that AA degradation in the presence of 
Mg(II) proceeds according to completely different mechanisms. This 

may be due to the impossibility of the formation of the second five-
membered AA ring due to the blocking by the coordination bond of 
the hydroxyl group at the C3 atom [20, 24]. Thus, AA in the presence 
of Mg(II) is less prone to degradation, which is consistent with the 
results of polarimetry. 

For some time after the preparation of AA solutions, a red colour 
appeared, the intensity of which gradually increased and 
depended on the concentration of AA, as well as on the presence of 
MgCl2 (fig. 6). 
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Fig. 6: The change in the optical density of solutions in DMF at 390 nm and 533 nm depending on the ascorbic acid concentration: in the 
absence of catalyst during 25 d–a (С%: 0.42-1; 0.85-2; 1.07-3; 1.22-4); with magnesium chloride in 6 d–b. Insert-the electronic spectrum 

of the solution №4. mean±SD (n= 5) 
 

The addition of a magnesium salt to the AA solution accelerated the 
appearance of the colour. For example, in a 0.4% solution, the 
intensity of the absorption band with a maximum at 390 nm reached 
0.6 after 6 d, while in the absence of Mg (II) the absorption remained 
close to zero even for 12 d. 

The electronic spectra of the solutions in which the red colour was 
formed had three absorption bands of different intensities with maxima 
at 273 nm, 390 nm, and 533 nm. Due to the revealed degradation 
kinetics, the absorption band at 273 nm could not correspond to AA. 

It is known [1, 25, 26] that in the presence of trace amounts of water, 
DMF slowly hydrolyzes to form dimethylamine:  

HCON (CH3)2+H2O = (CH3)2NH+HCOOH 

The source of water required for the hydrolysis of DMF may be the 
oxidation reaction of AA 

2C6H8O6+O2 = C12H12O12+2H2O, 

As well as the second five-membered AA ring, preceding the 
formation of the DHA dimer (fig. 5). 

The detected effect of magnesium salt on the formation of the colour of 
solutions can be related to the influence of the Mg2+ion on the rate of 
DMF hydrolysis. According to the HSAB theory [26], a magnesium ion as 
a hard acid form strong bonds with a rigid base-formate ion. In this case, 
the equilibrium of hydrolysis is shifted towards the reaction products 
and the amount of DMA increases. This explanation is confirmed by the 
fact that the addition of copper(II) and zinc(II) salts did not affect the 
reaction rate since the soft acids Cu2+ and Zn2+ did not form strong bonds 
with the carboxyl group of formic acid. 
 

 

Fig. 7: Electronic spectra of DMA·HCl solutions in the presence 
of AA (1%) in DMF, 24 h after mixing the reagents in molar 

ratios of 𝐧𝐧𝐃𝐃𝐃𝐃𝐃𝐃:𝐧𝐧𝐃𝐃𝐃𝐃: 1-4: 1, 2-7: 1, 3-10:1 

To confirm this hypothesis and find out the nature of the band at 
273 nm, a series of experiments was carried out. Different amounts 
of DMA· HCl were introduced into the solution with a constant 
concentration of AA (fig. 7). 

Absorption bands did indeed appear at 273 nm, 390 nm, and 533 nm 
in the solutions. In this case, the intensity of all three absorption 
bands increased in proportion to the DMA content in the solution. 
Thus, it was proved that the formation of a coloured product 
occurred with the participation of DMA. 

The resulting secondary amine interacts with carbonyl groups of various 
AA degradation products [27], with the formation of enamines:  

 

The mechanism of enamines formation with DMA participation can 
be presented in five stages (table 2). 

The resulting enamines exist in the form of resonance structures:  

 

The presence of enamines mesomers enhances the solution colour 
[28]. 

The degradation of ascorbic acid in aqueous solutions has been 
studied in sufficient detail [29], but information on its behavior 
in organic solvents is limited. The study of the participation of 
AA dissolved in DMF in the formation of a secondary amine with 
its subsequent interaction with the carbonyl groups of AA 
decomposition products is difficult to overestimate [30]. The 
processes described in the article can occur during the synthesis 
of pharmaceutical substances, their quality control and in 
lipophylic sites in vivo. Vitamin C in the human organism can 
undergo degradation by mechanisms different from the aquatic 
environment [25, 31]. In mammals, the non-enzymatic 
interaction that binds amines with carbonyl groups of various 
compounds (Maillard reaction) can lead to the formation of 
multicomponent mixtures of various chiral products. For 
example, in humans, diabetes complication is associated, inter 
alia, with the interaction of glucose carbonyl groups with amino 
groups of proteins [30]. 
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Table 2: Reaction mechanism between dimethylamine and carbonyl groups of the products of ascorbic acid degradation 

Reaction stage Mechanism 
1. Nucleophilic attack 

 
2. Proton transfer 

 
3. Protonation of OH 

 
4. Removal of water 

 
5. Deprotonation 

 
 

 

CONCLUSION 

The results show that the first step in the decomposition of ascorbic 
acid in N, N-dimethylformamide follows first-order kinetics. 
Numerous decomposition products are optically active compounds 
and reverse the sign of the optical rotation of the solution. The water 
resulting from the decomposition of AA is involved in the hydrolysis 
of the solvent. The hydrolysis product, the secondary amine DMA, 
interacts with the carbonyl groups of the AA decomposition 
products to form coloured enamines. Magnesium (II) accelerates the 
formation of coloured products. 
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