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Metampicillin is a cyclic aminal 
produced by reaction of ampicillin 
with formaldehyde
Raphael Reinbold  1,4, Tobias John  1,4, Paolo Spingardi  1, Akane Kawamura  1,2, 
Christopher J. Schofield  1* & Richard J. Hopkinson  1,3*

Metampicillin is a β-lactam antibiotic that is prepared by the reaction of ampicillin with formaldehyde. 
Although metampicillin has been studied for treatment of infections in animals and humans, 
its structure has been unclear. We report NMR studies revealing that metampicillin contains a 
formaldehyde-derived cyclic aminal. NMR time-course experiments with excess formaldehyde in 
solution show formation of another product with an additional exocyclic hemiaminal group formed 
by reaction with the cyclic aminal nitrogen. The exocyclic hemiaminal group is readily removed 
by reaction with the formaldehyde scavenger 1,3-cyclohexanedione, whereas the cyclic aminal 
methylene exhibits greater stability. The overall results assign the structure of metampicillin 
as containing a cyclic aminal and further reveal the potential for complexity in the reaction of 
formaldehyde with biomedicinally relevant molecules.

Metampicillin is a β-lactam antibiotic approved for use in human medicine as recognised by the World Health 
Organization1, and which is also used in veterinary medicine according to the European Medicines Agency2. It 
is prepared by the reaction of ampicillin (1) and formaldehyde (HCHO)3. Metampicillin is considered to be a 
prodrug that releases 1 after acid-catalysed fragmentation in the stomach. Metampicillin accumulates in bile4 
and is reported to be more stable in serum than in aqueous acidic conditions5. Whilst in most infections the 
clinical efficacy of metampicillin is comparable to that of 1, its accumulation in bile leads to greater efficacy 
in treatment of biliary infections6. Biliary concentrations of parenterally injected metampicillin are 300 times 
higher than concentrations of 1 administered under the same conditions, suggesting that the liver selectively 
secretes metampicillin over 14.

Given that metampicillin has been studied for use in human biliary infections, it is surprising that its struc-
ture has not been unequivocally assigned. The presence of the core ampicillin-derived scaffold of 1 is accepted; 
however, the structure of its HCHO-derived component(s) is contentious (2–5; Fig. 1A). Both imine7 (4) and 
hemiaminal8 (5) structures for metampicillin have been proposed, and there are other possibilities (2, 3; Fig. 1A). 
Studies on the stability of the HCHO-derived component(s) of metampicillin are also lacking, though ampicil-
lin (1) is reported to form 3-phenyl-6-ethyl-pyrazin-2-one with HCHO under acidic conditions (6, Fig. 1A)9.

We report NMR studies on the structure and stability of metampicillin in water. The results confirm the pres-
ence of the core scaffold of 1 in metampicillin and identify co-existing cyclic aminal and hemiaminal products in 
solution. The cyclic aminal is more stable and likely represents the major component of solid metampicillin (2).

Results
Initial studies focused on determining the structure of purified metampicillin after synthesis from 1 and HCHO. 
The preparation of metampicillin was adapted from reported procedures, in which 1 was reacted with an excess 
of HCHO in water8. Thus, the sodium salt of 1 (37 mg) was dissolved in water and reacted with an excess of 
HCHO (10-fold) for 2 h at room temperature. The resultant mixture was then purified by reversed-phase HPLC 
(Fig. S1). The major product was subjected to lyophilisation to give a white solid.

NMR analysis of the solid in D6-DMSO (Fig. S2) supported the presence of the β-lactam core ring structure 
(CHS and COCHNCO, δH 5.62–5.53 ppm; see SI for numbering and full assignment). The resonances at δH 
4.36, δH 1.65 and δH 1.49 were assigned to the remaining penicillin ring-derived hydrogens on the basis of 2D 
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1H-13C-HSQC and 1H-13C-HMBC correlations (Fig. S3). These resonances and the aromatic 1H resonances at 
δH 7.44–7.39 ppm, δH 7.38–7.33 ppm, and δH 7.31–7.26 are very similar to those in the 1H NMR spectrum of 1 
(Fig. 1D). 1H resonances at δH 4.82 ppm and δH 4.52 ppm, however, did not correlate with similar resonances 
in the spectrum of 1 and were therefore proposed to correspond to HCHO-derived protons; 2D 1H-13C HSQC 
analysis (Fig. S3) suggested these protons are attached to the carbon at δC 63.0 ppm (assigned to C-10), implying 
formation of a methylene group. 1H-13C HMBC correlations of δH 4.82 ppm with δC 60.9 ppm, and of δH 5.57 ppm 
with δC 63.0 ppm (Fig. S3) suggest formation of a cyclic aminal (2, Fig. 1A + C). Such a structure has not been 
proposed for metampicillin but was the only HCHO-derived product detectable after HPLC purification and 
lyophilisation under our conditions (Figs. 1A, S2 and S3).

We then conducted NMR time-course analyses on the reaction of 1 and HCHO in water. Initially, the reaction 
of 1 with a 5-fold excess of HCHO was monitored in D2O over 11 h at room temperature (Fig. S4). 1H resonances 
corresponding to the cyclic aminal of 2 (methylene at δH 4.88 ppm and δH 4.77 ppm) were observed at the first 
time-point (30 min) and reached a maximum intensity after 3 h. New lower-level 1H resonances, tentatively 
assigned to a hemiaminal, were also observed (δH 4.41 ppm and δH 4.28 ppm) which increased in intensity over 
time. To promote formation of the new species (3) and to enable NMR characterisation, a sample was prepared 
with a 10-fold excess of HCHO and reacted overnight. Under these conditions, the new species (3) was the major 
product. 1H-1H-COSY and 1H-13C-HSQC analyses on the mixture enabled assignment of the 1H resonances to the 
previously assigned cyclic aminal (δH 4.90 and 4.72 ppm) and, importantly, a novel HCHO-derived hemiaminal 
(3) (δH 4.40 and 4.27 ppm) (Figs. S5 and S6). 1H-13C-HMBC correlations between the hemiaminal (δH 4.40 ppm 
and δH 4.27 ppm) and both the cyclic aminal (δC 64.3 ppm) and the carbon attached to the side chain α-amino 
group (δC 63.7 ppm) suggest that the hemiaminal and aminal co-exist and are connected to the side-chain amine 
(3, Figs. 1A + B and S6; see SI for numbering and full assignment).

Time-course studies were then conducted at different HCHO concentrations (Fig. S7). When equimolar 
amounts of HCHO were added to 1, 1H resonances corresponding to the cyclic aminal (2) were observed at 
early timepoints (Fig. S8), whilst those for hemiaminal (3) were only observed at low intensity suggesting that 
cyclic aminal (2) forms prior to 3 under limiting HCHO. When a 2-fold excess of HCHO was added (Fig. 1E), 
cyclic aminal resonances corresponding to 2, as well as cyclic aminal and hemiaminal resonances corresponding 
to 3 were observed. The cyclic aminal resonances of 2 appeared rapidly and were present at a higher intensity 
throughout the time-course. Therefore, formation of the cyclic aminal-containing 2 appears most efficient under 
these conditions; further reaction of 2 with HCHO to form the cyclic aminal- and hemiaminal-containing 3 then 
occurs. The amount of 3 observed was increased at higher HCHO concentrations (Figs. 1F, S7 and S9). Repeating 
the time-course analyses under alkaline conditions (pD 9) also revealed formation of 3; under these conditions, 
reaction to give 3 was faster, presumably due to the increased nucleophilicity of the side-chain amine (Fig. S10).

The stability of the cyclic aminal and hemiaminal groups in 2 and 3 were then investigated using the HCHO 
scavenger 1,3-cyclohexanedione10. 1,3-cyclohexanedione reacts with HCHO to form quasi-stable hemiaminal 
and dimeric adducts10. Reaction mixtures containing 1 and a 2-fold excess of HCHO were prepared in D2O and 
reacted for 24 h at room temperature. Varying amounts of 1,3-cyclohexanedione were then added and the mix-
tures were transferred to an NMR tube and monitored by 1H NMR and 1H-13C-HSQC. When 1 or 2 equivalents 
of 1,3-cyclohexanedione were added, the hemiaminal group was readily removed from 3 to give 2 (Fig. S11A); 
however, the cyclic aminal group of 2 was unaffected. With 4 equivalents of 1,3-cyclohexanedione, the aminal 
1H resonances of 2 decreased to 40% intensity after 14 h (Fig. S11B), while complete loss of the aminal 2 was 
observed after 10 min when exposed to 20 equivalents of 1,3-cyclohexanedione (Figs. S11C and S12). Overall, 
these findings imply the hemiaminal group in 3 is labile but that the cyclic aminal is significantly more stable.

Discussion
NMR studies on the reaction of 1 and HCHO in aqueous solution reveal the formation of two products, i.e. 2 and 
3. We accrued no evidence for the previously proposed structures for metampicillin 4 and 5, though these may 
be intermediates en route to 2 and 3 (Fig. 1A). We also did not observe formation of 3-phenyl-6-ethyl-pyrazin-
2-one (6), which is formed by reaction of 1 and HCHO under prolonged acidic conditions (Fig. 1A)9. The results 
reveal that the cyclic aminal 2 is stable to lyophilisation whereas 3, which is observed in solution with an excess 
of HCHO, is likely not. These findings illustrate the intricacies in the reactions of HCHO in reactions with drugs 
bearing nucleophilic groups such as ampicillin.

The structural insights provided here may be relevant to understanding why metampicillin appears to be 
selectively delivered to the bile compared to its parent ampicillin drug 14 and, more generally, in identifying 
pro-drug-type derivatives of antibacterials and other drugs that are targeted at specific organs or tissues11. Given 

Figure 1.   | Ampicillin (1) reacts with formaldehyde (HCHO) to form cyclic aminals (2 and 3). (A) Previously 
proposed structures for metampicillin (4 and 5) and the metampicillin structure (2) identified in this work by 
NMR after HPLC purification/lyophilisation. Compound 3 is observed in solution but could not be isolated. 6 is 
obtained by reaction of 1 with HCHO in acidic conditions (100 °C) as reported9. B/C/D. 1H (700 MHz) spectra 
of 1 (D), 2 (C) and 3 (B) in D2O. (C) Adding a twofold excess of HCHO to 1 results in 2; trace amounts of 1 and 
3 are observed (in brackets). (D) In the presence of excess HCHO, further reaction to give 3 occurs. Structures 
were assigned using 2D NMR (Figs. S3, S5 and S6). (E) Plot of integrals of the cyclic aminal resonance of 
2 (blue) and the hemiaminal resonance of 3 (green) observed during reaction of 1 with a twofold excess of 
HCHO. (F) Magnified section of the 1H NMR spectra showing both hemiaminal protons (green, “m”) of 3 after 
reaction of 1 with different amounts of HCHO (4 h). The two overlapping singlets at δH 4.34 ppm are assigned 
to the CHCO2H hydrogens of 2 (higher field singlet, blue “a”) and 3 (lower field singlet, green “a”). Addition of 
further HCHO correlates with increased 3 and decreased 2.
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the relative lack of toxicity of HCHO at low doses and its use in many cosmetics and pro-drugs (acyloxymethyl 
groups are often attached to therapeutics to improve their bioavailability and stability12), we suggest further 
work on using HCHO and related reactive carbonyl compounds in targeting drugs to specific tissues is of inter-
est. Finally, the work provides further evidence for the potentially unique reactivity of the seemingly simple 
carbonyl compound HCHO with both small and large biologically relevant molecules. This can often occur in 
a manner that enables the reversible formation of cyclic structures. As exemplified in our work with ampicillin 
(1)/metampicillin (2), the HCHO-derived cyclic product can have different physiochemical properties to the 
parent drug in aqueous solution13–15.

Methods
Synthesis of metampicillin8.  Ampicillin (1) sodium salt (37 mg, 0.1 mmol) was reacted with aqueous for-
maldehyde (1 ml of a 1 M solution, 1 mmol, 10 equivalents). To obtain an aqueous formaldehyde solution, para-
formaldehyde was suspended in H2O and heated with a heatgun until a clear colourless solution was obtained14; 
the mixture was then stirred at room temperature for 2 h. The reaction mixture was subjected to HPLC puri-
fication (2% (v/v) MeCN (in H2O, 0.1% (v/v) aqueous formic acid) to 60% (v/v) over 12 min (reversed-phase 
column ACE5 C18, 100 × 21.2 mm, Hichrom)). The product was lyophilised to give a colourless solid, which was 
insoluble in D2O.

In situ NMR studies.  The ampicillin (1) sodium salt (18.5 mg, 0.05 mmol) was mixed with formaldehyde 
(500 μl of 1 M stock in D2O, 0.5 mmol, 10 equivalents) and reacted overnight at room temperature without 
adjusting the pD; analysis was by 2D NMR.

Time‑course studies.  The ampicillin (1) sodium salt (8.7 mg, 23.3 µmol) was dissolved in D2O and the pD 
was adjusted to 7.4 and 9 (corresponding to pH 7 and 8.6) using NaOD and DCl (total volume: 1 ml). Paraform-
aldehyde was suspended in D2O and heated with a heatgun until a clear colourless solution was obtained; the 
pD was adjusted to 7.4 or 9 using NaOD and DCl and D2O added to a final HCHO concentration of 0.33 M. For 
time-course analyses, the ampicillin stock solution (100 μl, 2.33 μmol) at pD 7.4 or 9 and D2O (400 µl) was mixed 
and a 1H NMR spectrum (700 MHz) recorded. Subsequently, HCHO (10 equivalents, 23.3 μmol; pD 7.4 or 9) 
was added and the reaction was monitored for the indicated time. Further time-course analyses were conducted 
for the formation of metampicillin without adjusting the pD using ampicillin sodium salt (2.33 µmol) and dif-
ferent amounts of HCHO (from a 0.67 M stock in D2O) as described above to a final volume of 675 μl. A plot 
1H NMR of integrals was made using GraphPad Prism Version 5.04, and a curve fit obtained using non-linear 
regression.

Stability studies.  The ampicillin (1) sodium salt (100 μl of a 23.3 mM stock of ampicillin in D2O, 2.33 µmol) 
was mixed with HCHO (7 μl of 0.67 M stock in D2O, 4.66 µmol, 2 equivalents) without adjusting the pD; D2O 
was added to a final volume of 675 μl. The reaction was allowed to proceed overnight at room temperature. 
600 µl (4.12 μmol formaldehyde, 2.06 μmol ampicillin) of this mixture was then transferred to an NMR tube and 
different amounts of a 1 M 1,3-cyclohexanedione solution were added (1:1, 1:2, 1:4, 1:8, 1:20, with respect to the 
total amount of HCHO). The intensity of proton signals corresponding to the HCHO-derived products 2 and 3 
was monitored by 1H NMR and 2D NMR (700 MHz, 400 MHz) over time.

Received: 28 May 2020; Accepted: 3 September 2020

References
	 1.	 Critically important antimicrobials for human medicine—5th revision. Geneva: World Health Organization; 2017. Licence: CC 

BY-NC-SA 3.0 IGO.
	 2.	 European Medicines Agency, European Surveillance of Veterinary Antimicrobial Consumption, 2018. ‘Sales of veterinary anti-

microbial agents in 30 European countries in 2016’. (EMA/275982/2018).
	 3.	 Sutherland, R., Elson, S. & Croydon, E. Metampicillin. Chemotherapy 17, 145–160 (1972).
	 4.	 Chardon, H. & Duval, J. Quelques aspects de la pharmacocinétique de la métampicilline chez l’homme: Son élimination biliaire 

comparée à celle de l’ampicilline. Méd. Maladies Infect. 4, 109–118 (1974).
	 5.	 Grayson, M. L. et al. Kucers’ The Use of Antibiotics Sixth Edition: A Clinical Review of Antibacterial, Antifungal and Antiviral Drugs 

(CRC Press, London, 2010).
	 6.	 Brogard, J., Pinget, M., Adloff, M., Dorner, M. & Lavillaureix, J. Experimental and clinical pharmacology of metampicillin in the 

biliary tract. J. Antimicrob. Chemother. 2, 363–371 (1976).
	 7.	 Ferrero, E. Méthode pour l’étude de la résistance des penicillines à la dégradation produite par la flore intestinale. Proceedings 5th 

International Congress of Chemotherapy vol. I/1. Verlag der Wiener Medizinischen Akademie, 201–205 (1967).
	 8.	 Stanley, G.E. N-methylol-alpha-aminobenzyl-penicillin. US Patent 3,198,788. Aug. 1965.
	 9.	 Reinbold, R. et al. Formaldehyde quantification using ampicillin is not selective. Sci. Rep. 9, 1–7 (2019).
	10.	 Spencer, D. & Henshall, T. The kinetics and mechanism of the reaction of formaldehyde with dimedone. Part I. J. Am. Chem. Soc. 

77, 1943–1948 (1955).
	11.	 Bragg, R. A. et al. Aortic binding of AZD5248: mechanistic insight and reactivity assays to support lead optimzation. Chem. Res. 

Toxicol. 28, 1991–1999 (2015).
	12.	 Lopes, F., Moreira, R. & Iley, J. Acyloxymethyl as a drug protecting group. Part 6: N-acyloxymethyl-and N-[(aminocarbonyloxy) 

methyl] sulfonamides as prodrugs of agents containing a secondary sulfonamide group. Bioorgan. Med. Chem. 8, 707–716 (2000).
	13.	 Hopkinson, R. J., Barlow, P. S., Schofield, C. J. & Claridge, T. D. Studies on the reaction of glutathione and formaldehyde using 

NMR. Org. Biomol. Chem. 8, 4915–4920 (2010).



5

Vol.:(0123456789)

Scientific Reports |        (2020) 10:17955  | https://doi.org/10.1038/s41598-020-74990-1

www.nature.com/scientificreports/

	14.	 Kamps, J. J., Hopkinson, R. J., Schofield, C. J. & Claridge, T. D. How formaldehyde reacts with amino acids. Commun. Chem. 2, 
1–14 (2019).

	15.	 Shishodia, S. et al. NMR analyses on N-hydroxymethylated nucleobases–implications for formaldehyde toxicity and nucleic acid 
demethylases. Org. Biomol. Chem. 16, 4021–4032 (2018).

Acknowledgements
We thank the Wellcome Trust (091857/7/10/7), the Biotechnology and Biological Sciences Research Council (BB/
L000121/1, sLoLa Grant BB/J001694/2), the Medical Research Council, the Engineering and Physical Sciences 
Research Council, and Cancer Research UK (C8717/A18245) for funding this work. RR was supported by the 
Oxford-GSK-Crick Doctoral Programme in Chemical Biology via the Interdisciplinary Bioscience DTP, BBSRC 
(BB/R506655/1) and GlaxoSmithKline. RR is grateful for support from the Freiburg Institute for Advanced 
Studies (FRIAS), ERASMUS Placement, the Verband-der-Freunde-der-Universitaet-Freiburg foundation and 
the Adolf-Haeuser foundation. TJ was supported by the Oxford-GSK-Crick Doctoral Programme in Chemical 
Biology, EPSRC (EP/R512060/1) and GlaxoSmithKline. RJH acknowledges a William R. Miller Junior Research 
Fellowship, St Edmund Hall, Oxford. We thank Manfred Jung (Albert-Ludwigs University of Freiburg) for sup-
port and helpful discussions.

Author contributions
C.J.S., A.K. and R.J.H. designed the study. R.R., T.J. and P.S. conducted the characterisation, time-course, and 
stability experiments. R.R., T.J., A.K., C.J.S. and R.J.H. analysed the data and co-wrote the manuscript. All authors 
reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-74990​-1.

Correspondence and requests for materials should be addressed to C.J.S. or R.J.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-74990-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Metampicillin is a cyclic aminal produced by reaction of ampicillin with formaldehyde
	Results
	Discussion
	Methods
	Synthesis of metampicillin8. 
	In situ NMR studies. 
	Time-course studies. 
	Stability studies. 

	References
	Acknowledgements


