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Summary 
 

‘I think, therefor I am’ – René Descartes, 1637 

 

Thinking, the most essential form of being, witnessed by Descartes, is a process of molecules. It is 
however a process of such high complexity that chemists are still far away of mimicking it. But at the 
same time, complexity is the way chemists are going.  

History has shown a shift from molecules to aggregates, and now is the time to synthesize complex 
structures. However, self-assembly might not suffice for the creation of complex structures, and another 
approach is needed. This new approach is embodied by non-covalent synthesis: combining covalent 
and non-covalent synthesis steps with the aim to create dynamic, complex structures.  

This research aims to obtain more insight in non-covalent synthesis. However, non-covalent 
synthesis is a broad concept and therefor the subject of this study is narrowed down to the detailed 
investigation of formamidines. Formamidines belong to an interesting class of dynamic molecules 
which can exhibit strong non-covalent interactions with carboxylic acids and perform dynamic covalent 
chemistry in the form of amine exchange. 

First, the synthesis and purification of both aromatic and aliphatic symmetrical disubstituted 
formamidines was studied, which resulted in successfully obtaining pure N,N’-disubstituted 
formamidines with phenyl, octyl, dodecyl and p-methoxyphenyl side groups. 

The interactions of these formamidines were studied using different NMR techniques. The 
interaction between formamidines and carboxylic acids could be demonstrated by NOESY, and the 
interaction strength could be quantified by 1H NMR.  

Lastly the ability of formamidines to exchange amines was studied by 1H NMR. Both aliphatic and 
aromatic formamidines were found to be able to exchange their amines. For aliphatic formamidines, 
exchange was only observed in the presence of one equivalent benzoic acid, whereas for aromatic 
formamidines exchange was observed both in presence and absence of a carboxylic acid. 

Conclusively, the distinct dynamic properties of formamidines have been studied in order to gain a 
complete and detailed understanding of this building block. The gained insights can be applied to use 
formamidines in non-covalent synthesis. 
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Chapter 1. Exploring formamidines: 
Towards non-covalent synthesis 

 

 ‘Chemists make and study molecules.’ – G.M. Whitesides et al., 1995 

 

1.1 Towards non-covalent synthesis 
Already in 1995, Whitesides et al. wrote that chemists are known for making and studying molecules. 

However, he envisioned that making and studying aggregates would become more important.1 The 
motivation is that new properties emerge from ensembles of molecules, giving more properties than the 
sum of the individual parts. And history has not proved Whitesides wrong. Instead, making complex 
and lifelike molecular systems and materials is even more complicated than, and builds further on the 
study on aggregates.2  

The ambition to make molecules and molecular systems with increasing complexity originates from 
what we see in Nature. First, there was the desire to make molecules of increasing complexity, which 
resulted in the synthesis of amongst others (the classical example) vitamin B12. And by now, organic 
chemists are capable of making almost any molecules with the right resources.3 Secondly, as stated by 
Whitesides et al., there was the desire to make aggregates of molecules, known as supramolecular 
chemistry. Our knowledge and understanding about supramolecular chemistry is still growing at a high 

Figure 1: Plea for a paradigm shift towards multi-step non-covalent synthesis. Figure from Vantomme and 
Meijer.2 
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speed.4–6 The knowledge and skills obtained over the last years by the community of scientists are very 
impressive, but Nature is still far ahead of us in terms of complexity.  

In Nature, we see higher level functions such as training, learning, and decision making, functions 
that we can still only admire.7 These complex functions originate from subtle interactions between 
complex molecular networks which are organized into hierarchical architectures.2 These networks 
combine into systems with ordered shape and structure, motion and information. These properties are 
promising for the application in synthetic tissues and soft robotics.2  

The complexity we see in Nature originates from dynamicity due to multiple forms of non-covalent 
interactions in combination with covalent processes. Attempts to mimic Nature in this dynamicity have 
hitherto only led to different forms of (self-)assembly in a limited amount of species.2, 8 In order to form 
complex non-covalent systems, we propose to do multi-step non-covalent synthesis (Figure 1). In 
contrast to self-assembly, multi-step non-covalent synthesis relies on reproducible procedures and 
predictive rules instead of mixing components in a single assembly step. Moreover, the idea is to 
combine covalent and non-covalent synthetic steps in the preparation of supramolecular structures and 
systems. 

1.2 Challenges on the road towards non-covalent synthesis 
This ambition to make and control increasingly complex systems brings along the necessary 

challenges. The non-covalent bond has its disadvantages with respect to the covalent bond: structures 
that are held together by non-covalent bonds are weaker than covalent structures and therefore harder 
or even impossible to isolate. The latter being a consequence of the dynamic nature of the complexes, 
which can express itself in an equilibrium between multiple complexes instead of one single unit.1 Such 

Figure 2: Synthesis of catenane 1 using Sauvage’s copper(I) template method. Figure from Fan et al.11  
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an equilibrium can be very sensitive to subtle changes in terms of e.g. solvent, temperature, 
concentration and pH.9 As a consequence, the sample preparation is of great influence, and therefore 
should be reported in great detail.2  

The characterization and purification of dynamic systems needs adjusting current methods or even 
using other techniques than the ones we use for covalent molecules.9 In contrast to covalent structures, 
which are generally kinetically stable, there exists an equilibrium for which the thermodynamic minima 
must be evaluated.1 

For example: in covalent synthetic chemistry, mass spectroscopy is the most-used technique for 
molecular weight determination, whereas for non-covalent chemistry this technique is often not viable 
as aggregates tend to dissociate during the ionization in the spectrometer.1  

1.3 The first non-covalent synthetic steps 
To reach high levels of complexity, all underlying mechanisms should be fully understood, such as 

the reaction mechanisms in covalent synthesis. Therefor an important first step in non-covalent 
chemistry is to study the separate non-covalent steps that have already been used in the past. 

1.3.1 Templated macrocycle synthesis 
Non-covalent chemistry has already been studied in the use of templates. Ligands form non-covalent 

interactions with a cationic metal center, which bias the formation of a specific product. For example, 
Fan et al. synthesized two interlocked Möbius rings using Sauvage’s copper(I) template synthesis 
(Figure 2).10, 11 Two pinacol boronate decorated phenanthroline molecules are coordinated to a copper(I) 
metal atom, intertwining the two sickle shaped molecules. Upon reaction of the boronic ester groups, 
two intertwined rings form, after which the metal atom is removed. The synthesis of this catenane 
combines non-covalent and covalent steps of bond formations. The non-covalent bond is used here to 

Figure 3: The helicity of a non-helical carboxylic acid decorated polymer can 
be induced by chiral amines. The helicity of the polymer is retained upon 

exchange of the chiral amines for achiral ones. Figure from Yashima et al.12 
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fix the shape of the ligand to ensure the creation of interlocked macrocycles during the formation of the 
covalent bonds. 

1.3.2 Template induced chirality 
The beauty of non-covalent interactions is their dynamicity. Yashima et al. used non-covalent 

templates for reversible induction of helicity.12 They prepared a polymer with pendant p-benzoic acid 
units which does not form a helix in solution. Upon addition of a chiral ligand bearing an amine group, 
one helix is formed, induced by hydrogen-bonding with the carboxylic acids. Helicity of the polymer 
is retained when the chiral ligand is exchanged for an achiral one (Figure 3). Similar interesting studies 
using dynamic non-covalent templates have been performed by Hasegawa et al.13 and Tanabe et al.14 

1.3.3 Templated self-assembly 
As Wilson et al. reported: ‘However, the kinetic lability of self- assembled architectures renders 

them subject to environmental stress.’15 Dynamicity has its advantages and disadvantages, therefore 
they used the earlier explained method of a non-covalent template for controlling the helicity of a 
polymer, but then fixated the polymer in a covalent way to retain the structure. In Figure 4, the achiral 

monomer decorated with acrylate units forms equimolar amounts of P and M helices. In presence of a 
chiral template, only one of the helicities is formed because upon copolymerization, the template biases 
the helicity of the supramolecular polymer. After the templated self-assembly, the supramolecular 
monomers are covalently fixated by polymerizing the acrylate units. The helicity of the polymers is 
then retained after removal of the chiral template. This is only one example, but modification of a 
formed assembly (post assembly modification) can have a variety of useful consequences.16 

1.3.4 Simultaneous covalent and non-covalent polymerization 
Instead of alternating covalent and non-covalent chemistry, the simultaneous use of covalent and 

non-covalent chemistry can give interesting results. Yu et al. studied the simultaneous covalent and 
non-covalent polymerization into cylindrical fibers.17 A covalent polymer is formed between an 
aromatic dialdehyde and an aromatic diamine both with peptide side-chains, forming a helicoidal 
polymer. The non-covalent monomers are equal except the polymerizable aromatic group is missing. 

Figure 4: Template-directed non-covalent polymerization followed by covalent 
fixation. Figure by Wilson et al.15 
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Polymerization of the covalent monomers gives one-dimensional structures and polymerization of the 
non-covalent monomers gives ribbon-shaped flat structures. However, the simultaneous polymerization 
of all monomers gives a one-dimensional structure with uniform diameter and a higher average 
molecular mass than that of the covalent polymer only (Figure 5).  

Not only non-covalent bonds, but also dynamic-covalent bonds are interesting in a complex dynamic 
system and in non-covalent synthesis. The covalent monomers used by Yu et al. are polymerized by the 
reaction of an amine with an aldehyde, forming an imine bond. This imine bond is a dynamic-covalent 
bond, however in this study its dynamic-covalent character is not used.  

1.3.5 Covalent dynamic chemistry in non-covalent synthesis 
Dynamic-covalent bonds enable the exchange of functional groups in a trigger-sensitive manner.18 

This exchange allows the creation of a diverse set of molecules, resulting from the combinations of all 
available pieces.7, 19, 20 The composition of such a library can be perturbed upon response to addition of 
a target for which certain species from the library have an enhanced affinity with respect to the other 
species. This dynamic combinatorial chemistry is investigated with the applications of biosensors, drug 
delivery and encoding chemical libraries with DNA.21, 22 

An example of use of dynamic covalent chemistry is the work of Kubota et al., who use a dynamic 
combinatorial library to find the combination of cyclic or cage-like complex with guest with the 
strongest interaction (Figure 6). First the guest molecule selectively binds to its optimal receptor 

Figure 5: Simultaneous covalent and non-covalent polymerization. 
Figure from Yu et al.17  
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(autoselection). Successively, the equilibrium is shifted to the optimal receptor as it is stabilized by the 
host-guest interaction (autoformation).23 

 

Figure 6: A dynamic receptor library in which the optimal receptor for a host is formed by autoselection and 
autoformation. Figure from Kubota et al.23 

Another example of the use of dynamic covalent chemistry is described by Herder and Lehn.24 A 
thermodynamic equilibrium is formed in a small library of molecules by means of dynamic covalent 
chemistry. However, the novelty of this work is that this small library can be brought out-of-equilibrium 
by a photochemically induced exchange process (Figure 7).25 

 

Figure 7: An equilibrium in a library with photodynamic covalent bonds which can be disturbed by light. 
Figure from Herder and Lehn.24 

 

1.4 The aim and outline of this thesis: a strategy towards non-
covalent synthesis 
In this introduction, it has been shown that the focus of organic chemists has shifted from molecules 

to assemblies, and now proceeds towards non-covalent synthesis. Still, there are many challenges to 
tackle. In this study we therefor aim to combine non-covalent interactions and dynamic covalent bonds 
in one system. We want to assemble a structure using non-covalent interactions, and then alter its 
properties using dynamic-covalent chemistry as a next step towards non-covalent synthesis.   

A perfect starting point for this study would be a small unit which forms both non-covalent and 
dynamic-covalent interactions. The formamidine is a class of molecules which exhibits both these 
features. Formamidines are important intermediates in amongst others pesticides26, 27 and histamine 
receptor antagonists.28–30 Moreover, formamidines are interesting molecules because 1) they  are strong 
bases that can effectively interact with carboxylic acids by forming hydrogen bonds13, 31–34 and 2) they 
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can reversibly exchange their two amine fragments using dynamic covalent chemistry (Scheme 1).35 
Besides, formamidines are very diverse in shape, exhibiting tautomerism and different forms of 
isomerism.18, 36–44 

We want to study in detail the dynamic properties of formamidines by the formation of hydrogen 
bonds with carboxylic acids and the dynamic exchange of amines. The goal is to create an elaborate 
understanding these dynamic properties, before we will combine them in proceeding towards non-
covalent synthesis. 

 

 

Scheme 1: Left: a formamidine and a carboxylic acid reversibly form hydrogen-bonds, right: a formamidine 
reversibly exchanges its amine fragment with a free amine. Bottom: side groups of the formamidines 

synthesized in this study.  

In chapter 2 of this report, we describe the synthesis, purification, characterization and stability of 
the formamidines depicted in Scheme 1. In chapter 3, we present the results of our study on the 
interaction of these synthesized formamidines with themselves and with carboxylic acids. In chapter 4, 
we discuss the amine exchange of the synthesized formamidines, and we study the dynamic covalent 
exchange by NMR spectroscopy. 

 

References 
1. G. M. Whitesides, E. E. Simanek, J. P. Mathias, C. T. Seto, D. N. Chin, M. Mammen, & D. M. 

Gordon, Noncovalent Synthesis: Using Physical-Organic Chemistry to Make Aggregates. Acc. 
Chem. Res., 28 (1995) 37–44. https://doi.org/10.1021/ar00049a006. 

2. G. Vantomme & E. W. Meijer, The construction of supramolecular systems. Science, 363 
(2019) 1396–1397. https://doi.org/10.1126/science.aav4677. 

3. P. S. Baran, Natural Product Total Synthesis: As Exciting as Ever and Here To Stay. J. Am. 
Chem. Soc., 140 (2018) 4751–4755. https://doi.org/10.1021/jacs.8b02266. 

4. M. F. J. Mabesoone & E. W. Meijer, Counterintuitive consequences of competitive pathways 
in supramolecular polymerizations. J. Polym. Sci. Part A Polym. Chem., 1 (2019) 1–5. 
https://doi.org/10.1002/pola.29456. 

5. T. F. A. De Greef, M. M. J. Smulders, M. Wolffs, A. P. H. J. Schenning, R. P. Sijbesma, E. W. 
Meijer, & C. Counterpart, Supramolecular Polymerization. (2009) 5687–5754. 

6. I. A. W. Filot, A. R. A. Palmans, P. A. J. Hilbers, R. A. Van Santen, E. A. Pidko, & T. F. A. 
De Greef, Understanding cooperativity in hydrogen-bond-induced supramolecular 
polymerization: A density functional theory study. J. Phys. Chem. B, 114 (2010) 13667–
13674. https://doi.org/10.1021/jp1072928. 

7. J. M. Lehn, Perspectives in chemistry - Steps towards complex matter. Angew. Chemie - Int. 
Ed., 52 (2013) 2836–2850. https://doi.org/10.1002/anie.201208397. 



8 
 

8. M. W. Hosseini, R. Ruppert, P. Schaeffer, A. De Cian, N. Kyritsakas, & J. Fischer, A 
molecular approach to solid-state synthesis: prediction and synthesis of self-assembled infinite 
rods. J. Chem. Soc. Chem. Commun., (1994) 2135. https://doi.org/10.1039/c39940002135. 

9. X. Chi, A. J. Guerin, R. A. Haycock, C. A. Hunter, & L. D. Sarson, The thermodynamics of 
self-assembly. J. Chem. Soc. Chem. Commun., (1995) 2563. 
https://doi.org/10.1039/c39950002563. 

10. C. O. Dietrich-Buchecker & J. P. Sauvage, Interlocking of Molecular Threads: From the 
Statistical Approach to the Templated Synthesis of Catenands. Chem. Rev., 87 (1987) 795–
810. https://doi.org/10.1021/cr00080a007. 

11. Y. Y. Fan, D. Chen, Z. A. Huang, J. Zhu, C. H. Tung, L. Z. Wu, & H. Cong, An isolable 
catenane consisting of two Möbius conjugated nanohoops. Nat. Commun., 9 (2018) 2–6. 
https://doi.org/10.1038/s41467-018-05498-6. 

12. E. Yashima, K. Maeda, & Y. Okamoto, Memory of macromolecular helicity assisted by 
interaction with achiral small molecules. Nature, 399 (1999) 449–451. 
https://doi.org/10.1038/20900. 

13. T. Hasegawa, K. Morino, Y. Tanaka, H. Katagiri, Y. Furusho, & E. Yashima, Temperature-
driven switching of helical chirality of poly[(4-carboxyphenyl) acetylene] induced by a single 
amidine enantiomer and memory of the diastereomeric macromolecular helicity. 
Macromolecules, 39 (2006) 482–488. https://doi.org/10.1021/ma052206w. 

14. J. Tanabe, D. Taura, N. Ousaka, & E. Yashima, Chiral Template-Directed Regio-, Diastereo-, 
and Enantioselective Photodimerization of an Anthracene Derivative Assisted by 
Complementary Amidinium-Carboxylate Salt Bridge Formation. J. Am. Chem. Soc., 139 
(2017) 7388–7398. https://doi.org/10.1021/jacs.7b03317. 

15. A. J. Wilson, M. Masuda, R. P. Sijbesma, & E. W. Meijer, Chiral amplification in the 
transcription of supramolecular helicity into a polymer backbone. Angew. Chemie - Int. Ed., 44 
(2005) 2275–2279. https://doi.org/10.1002/anie.200462347. 

16. C. T. Mcternan, T. K. Ronson, & J. R. Nitschke, Post-assembly Modification of Phosphine 
Cages Controls Host-Guest Behavior. J. Am. Chem. Soc., 141 (2019) 6837–6842. 
https://doi.org/10.1021/jacs.9b02604. 

17. Z. Yu, F. Tantakitti, T. Yu, L. C. Palmer, G. C. Schatz, & S. I. Stupp, Simultaneous covalent 
and noncovalent hybrid polymerizations. Science, 351 (2016) 497–502. 
https://doi.org/10.1126/science.aad4091. 

18. M. D. Capela, N. J. Mosey, L. Xing, R. Wang, & A. Petitjean, Amine exchange in 
formamidines: An experimental and theoretical study. Chem. - A Eur. J., 17 (2011) 4598–
4612. https://doi.org/10.1002/chem.201002389. 

19. N. Giuseppone & J. M. Lehn, Constitutional dynamic self-sensing in a ZincII/ 
polyiminofluorenes system. J. Am. Chem. Soc., 126 (2004) 11448–11449. 
https://doi.org/10.1021/ja0472883. 

20. S. Kulchat, M. N. Chaur, & J. M. Lehn, Kinetic Selectivity and Thermodynamic Features of 
Competitive Imine Formation in Dynamic Covalent Chemistry. Chem. - A Eur. J., 23 (2017) 
11108–11118. https://doi.org/10.1002/chem.201702088. 

21. S. Ladame, Dynamic combinatorial chemistry: On the road to fulfilling the promise. Org. 
Biomol. Chem., 6 (2008) 219–226. https://doi.org/10.1039/b714599c. 

22. S. Melkko, J. Scheuermann, C. E. Dumelin, & D. Neri, Encoded self-assembling chemical 
libraries. Nat. Biotechnol., 22 (2004) 568–74. https://doi.org/10.1038/nbt961. 



9 
 

23. Y. Kubota, S. Sakamoto, K. Yamaguchi, & M. Fujita, Guest-induced organization of an 
optimal receptor from a dynamic receptor library: Spectroscopic screening. Proc. Natl. Acad. 
Sci. U. S. A., 99 (2002) 4854–4856. https://doi.org/10.1073/pnas.082643499. 

24. M. Herder & J. M. Lehn, The Photodynamic Covalent Bond: Sensitized Alkoxyamines as a 
Tool to Shift Reaction Networks Out-of-Equilibrium Using Light Energy. J. Am. Chem. Soc., 
140 (2018) 7647–7657. https://doi.org/10.1021/jacs.8b03633. 

25. N. Giuseppone, G. Fuks, & J. M. Lehn, Tunable fluorene-based dynamers through 
constitutional dynamic chemistry. Chem. - A Eur. J., 12 (2006) 1723–1735. 
https://doi.org/10.1002/chem.200501037. 

26. V. K. S. Leung, T. Y. K. Chan, & V. T. F. Yeung, Amitraz poisoning in humans. J. Toxicol. - 
Clin. Toxicol., 37 (1999) 513–514. https://doi.org/10.1081/CLT-100102523. 

27. R. M. Hollingworth, Chemistry, biological activity, and uses of formamidine pesticides. 
Environ. Health Perspect., 14 (1976) 57–69. 

28. L. Anglada, M. Marquez, A. Sacristan, & J. Ortiz, Inhibitors of gastric acid secretion: N-
sulphonyl formamidines in a series of new histamine H2-receptor antagonists. Eur. J. Med. 
Chem., 23 (1988) 97–100. https://doi.org/10.1016/0223-5234(88)90174-2. 

29. M. Sheykhan, M. Mohammadquli, & A. Heydari, A new and green synthesis of formamidines 
by γ-Fe2O3@SiO2–HBF4 nanoparticles as a robust and magnetically recoverable catalyst. J. 
Mol. Struct., 1027 (2012) 156–161. https://doi.org/10.1016/j.molstruc.2012.06.009. 

30. D. D. Díaz, W. G. Lewis, & M. G. Finn, Acid-mediated amine exchange of N,N-
dimethylformamidines: Preparation of electron-rich formamidines. Synlett, (2005) 2214–2218. 
https://doi.org/10.1055/s-2005-872249. 

31. L. Pop, N. D. Hadade, A. Van Der Lee, M. Barboiu, I. Grosu, & Y. M. Legrand, Occurence of 
Charge-Assisted Hydrogen Bonding in Bis-amidine Complexes Generating Macrocycles. 
Cryst. Growth Des., 16 (2016) 3271–3278. https://doi.org/10.1021/acs.cgd.6b00246. 

32. S. F. Bureiko, N. S. Golubev, S. Y. Kucherov, & A. V. Shurukhina, Molecular structure of H-
bonded complexes of N,N-diphenylformamidine studied by IR and NMR spectroscopy and 
quantum chemical calculations. J. Mol. Struct., 844–845 (2007) 70–76. 
https://doi.org/10.1016/j.molstruc.2007.02.041. 

33. M. Morshedi, M. Thomas, A. Tarzia, J. Doonan, & N. G. White, Chemical Science 
Supramolecular anion recognition in water : synthesis of hydrogen-bonded supramolecular 
frameworks †. (2017). https://doi.org/10.1039/c7sc00201g. 

34. M. Morshedi, J. S. Ward, P. E. Kruger, & N. G. White, Supramolecular frameworks based on 
5,10,15,20-tetra(4-carboxyphenyl)porphyrins. Dalt. Trans., 47 (2018) 783–790. 
https://doi.org/10.1039/c7dt04162d. 

35. M. Ono, R. Todoriki, & S. Tamura, Amidines. II. Preparation of unsymmetrical N1,N2-
disubstituted amidines. Chem. Pharm. Bull. (Tokyo)., 38 (1990) 866–873. 
https://doi.org/10.1248/cpb.38.866. 

36. W. Zhao, R. Wang, N. J. Mosey, & A. Petitjean, Alkoxyamine-derived formamidines: 
configurational control and molecular folding. Org. Lett., 13 (2011) 5160–3. 
https://doi.org/10.1021/ol202032k. 

37. H. Komber, C. Klinger, & F. Böhme, 1H, 13C and 15N nuclear magnetic resonance studies of 
polyamidines prepared from di(4,4′-aminophenyl) methane and different triethyl orthoesters—
polymers with a prototropic tautomerism. Polymer (Guildf)., 38 (1997) 2603–2608. 
https://doi.org/10.1016/S0032-3861(97)85591-7. 



10 
 

38. H. Komber, H. H. Limbach, F. Böhme, & C. Kunert, NMR studies of the tautomerism of 
cyclo-tris(4-R-2,6-pyridylformamidine) in solution and in the solid state. J. Am. Chem. Soc., 
124 (2002) 11955–11963. https://doi.org/10.1021/ja0202762. 

39. E. D. Raczyńska & C. Laurence, Application of infrared spectrometry to the study of 
tautomerism and conformational and configurational isomerism in medical and biochemical 
agents: N,N′-disubstituted amidines. Analyst, 117 3 (1992) 375–378. 

40. L. Meschede, D. Gerritzen, & H. Limbach, Dynamic NMR Study of the Interference between 
Cyclic Proton Exchange , Selfassociation and Hindered Rotation of Diphenylformamidine in 
Tetra hydrofuran. 485 (1988) 469–485. 

41. L. Meschede & H. H. Limbach, Dynamic NMR study of the kinetic HH/HD/DD isotope 
effects on the double proton transfer in cyclic bis(p-fluorophenyl)formamidine dimers. J. Phys. 
Chem., 95 (1991) 10267–10280. https://doi.org/10.1021/j100178a009. 

42. K. F. Kalz, A. Hausmann, S. Dechert, S. Meyer, M. John, & F. Meyer, Solution Chemistry of 
N,N’-Disubstituted Amidines: Identification of Isomers and Evidence for Linear Dimer 
Formation. Chem. - A Eur. J., 22 (2016) 18190–18196. 
https://doi.org/10.1002/chem.201603850. 

43. M. D. Capela, N. J. Mosey, L. Xing, R. Wang, & A. Petitjean, ESI Amine Exchange in 
Formamidines: An Experimental and Theoretical Study. Chem. - A Eur. J., 17 (2011) 4598–
4612. https://doi.org/10.1002/chem.201002389. 

44. E. D. Raczyńska, W. Kosińska, B. Ośmiałowski, & R. Gawinecki, Tautomeric equilibria in 
relation to Pi-electron delocalization. Chem. Rev., 105 (2005) 3561–3612. 
https://doi.org/10.1021/cr030087h. 

 

  



11 
 

  



12 
 

 



13 
 

Chapter 2. Synthesis of symmetrical 
disubstituted formamidines 

 

‘Zwei Molekule Anilin reagiren zunachst mit einem Molekul Orthoameisenather unter Bildung von 
Diphenylformamidin.’ – L. Claisen, 1895 

One of the first reports on the synthesis of N,N’-diphenyl formamidine. 

 

2.1 Introduction 
Amidines are named the nitrogen analogue of carboxylic acids and esters.1 This analogy is well 

visible when comparing the tautomerization and resonance structures of N,N’-disubstituted 
formamidine (Figure 1 and Figure 2).2 

 
Figure 1: a) Tautomerization in N,N’-disubstituted formamidines and b) carboxylic acids. 

Formamidines are bases which are protonated on the imino-nitrogen with reported pKa’s of the 
conjugate acid varying from about 6 to 12.3 When protonated, two resonance structures can be drawn 
(Figure 2), which are equal when R1 = R2. These resonance contributors result in a resonance hybrid 
which is analogous to the deprotonated carboxylic acid resonance hybrid.  

 

Figure 2: a) Resonance contributors for a protonated formamidine and b) Resonance hybrid. c) Deprotonated carboxylic 
acid resonance hybrid. 

A second cation can be formed in a strong acidic solution, giving a localized carbon-nitrogen double 
bond (Figure 3a),1 whereas an anion can be formed in a strong basic solution, giving a delocalized 
double bond like in the singly protonated state (Figure 3b).2 
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Figure 3: a) Dication of the formamidine with a localized double bond. b) Resonance contributors of the formamidine 
anion. 

Already in 1895, Claisen reported the formation of N,N’-diphenylformamidine (DPF) from aniline 
and triethyl orthoformate.4 However, this compound was seen as an intermediate in the reaction towards 
ethyl N-phenylformimidate. In 1954, Roberts and DeWolfe studied the reaction with UV spectroscopy 
to elucidate the mechanism, and proved Claisen’s assumption wrong.5 

A wide variety of methods is available for the synthesis of formamidines. Syntheses have been 
reported starting from dimethylformamide,6 carbodiimides7 or orthoesters.8 The reaction from an 
orthoester with amines is the most convenient method for N,N’-disubstituted formamidines with two 
identical R-groups, as it only includes one reaction step (Scheme 1). However, in literature various 
conditions were reported for this reaction.9 Both concentrations, solvents, catalysts, temperatures, and 
reaction times differ significantly amongst literature.6–11 

 

Scheme 1: Reaction from triethyl orthoformate with amine (aniline in this case) gives the N,N’-disubstituted formamidine 
and ethanol. Reactions conditions are specified in the main text. 

In this chapter we describe the comparison of four of the reported reaction conditions of formamidine 
synthesis and we discuss which conditions and purification methods are the best to obtain different 
desired products in good yield and purity.  

 

2.2 Synthesis of formamidines 
We synthesized N,N’-disubstituted formamidines starting from triethyl orthoformate and aromatic 

or aliphatic amines in presence or absence of a carboxylic acid as catalyst and with thermal or ultrasonic 
energy applied. No solvent was used for the reactions. The conversion of the reactions was followed by 
measuring an aliquot of the reaction mixture by 1H NMR and integrating the central triethyl 
orthoformate- and formamidine peak (Figure 4) 

Triethyl orthoformate is reported to hydrolyze under acidic conditions to the ethyl formate ester 
(Scheme 2).12 The purity of the triethyl orthoformate was checked by 1H NMR and < 0.5 mol% ethyl 
formate ester was present. When working on a small scale, it is advisable to distill the triethyl 
orthoformate before use, to remove the formate ester, and to dry glassware and work in dry conditions 
to prevent hydrolysis during the reaction. 

 
Scheme 2: Hydrolysis of triethyl orthoformate under acidic conditions. 
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Figure 4: Portion of a 1H NMR spectrum of a reaction mixture aliquot showing a reaction conversion of 75%. 

2.2.1 Aromatic formamidine synthesis 
For studying the synthesis of formamidines with aromatic side groups, aniline was used as a starting 

material (Scheme 1).  

Thermal energy reaction 
When performing the reaction at 130˚C in the absence of acid, full conversion was observed after 2 

hours. In the presence of 1 equivalent acetic acid, already after 0.5 hours full conversion was observed. 

Ultrasonic energy reaction 
When performing the same reaction in a sonication bath for 1 hour without acid, only starting 

materials were observed. After sonicating the reaction mixture for 3 hours, about 4% conversion was 
observed. In the presence of one equivalent of acetic acid, almost full conversion (~95%) was observed 
after 1 hour. 

2.2.2 Aliphatic formamidine synthesis 
For studying the synthesis of formamidines with aliphatic side groups, octylamine was used as a 

starting material (Scheme 3).  

 

Scheme 3: Synthesis of N,N’-dioctylformamidine (DOF) from octylamine and triethyl orthoformate. Reaction conditions are 
specified in the main text. 

Thermal energy reaction 
The synthesis of an N,N’-dioctylformamidine (DOF) at 130˚C resulted in 53% conversion after 16 

hours in the absence of acid. In the presence of one equivalent benzoic acid, full conversion was 
observed after 3 hours.  

Ultrasonic energy reaction 
Octylamine and triethyl orthoformate were sonicated for 2.5 hours, but no conversion was observed. 

In the presence of 1 equivalent benzoic acid also no product could be observed after sonicating for 2.5 
hours. 

An overview of all performed reactions is given in Table 1. 
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Table 1: Overview of results obtained with different reaction conditions and purification methods. 

Amine Acid [eq] Energy 
source 

Reaction 
time (h) 

Conversion 
(%) a 

Purification Yield 
(%) 

Aniline - Thermal 24 100 Recrystallization from toluene 63 
Aniline - Thermal 2 100 Trituration from pentane 65 
Aniline Acetic [1] Thermal 0.5 100 b  
Aniline Acetic 

[0.5] 
Thermal 1 100 Filter over basic alumina, 

recrystallization from toluene 
46 

Aniline - Ultrasound 4 4 c  
Aniline Acetic [1] Ultrasound 1 95 b  
Octylamin
e 

- Thermal 16 53d Recrystallization from acetone 6.9 

Octylamin
e 

- Thermal 48 36 c  

Octylamin
e 

Benzoic 
[1] 

Thermal 3 100 Extraction with 1M NaOH, 
recrystallization from acetone 

31 

Octylamin
e 

- Ultrasound 2.5 0 c  

Octylamin
e 

Acetic [1] Ultrasound 2.5 0 c  

Dodecyl-
amine 

- Thermal 72 33 Recrystallization from acetone 1.4 

p-
Anisidine 

Acetic [3] Thermal 3 100 Extraction with 1M NaOH, trituration 
with diethylether, recrystallization 
from dichloromethane 

16 

a Conversion is calculated as [formamidine] / ([formamidine] + [triethyl orthoformate]) based on 1H NMR 
integrations. 100% conversion is reported when no triethyl orthoformate peak is visible (5.25-5.10 ppm). 
b No workup or yield is reported because of unsuccessful purification or degradation. 
c No purification performed. 
d Conversion was determined using the integration of α-protons of amine and formamidine because an excess of 
triethyl orthoformate was used. 

 

2.3 Purification of formamidines 
The diversity in reported purification methods is similar to the diversity in reported reaction 

conditions for formamidines. Some examples are purification by column chromatography,10,13 vacuum 
distillation6 or recrystallization from acetone, 3 diethyl ether,6 ethanol, petroleum ether7,8 or mixtures 
with petroleum ether.5 

We tried to purify formamidines using flash column chromatography both on silica and alumina, 
however we obtained degradation (Scheme 4) of the formamidine by hydrolysis. This degradation was 
confirmed by 1H NMR with the appearance of aniline proton signals. Degradation was also observed 
when formamidines were kept in acetone solution with the aim for recrystallization. 

 

Scheme 4: Expected hydrolysis of DPF based on the observation of aniline peaks by 1H NMR. 

The DPFs formed in the absence of acid were successfully purified by recrystallization from toluene 
or by trituration with pentane. The obtained products were both pure according to 1H NMR. However, 
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the off-white crystals obtained after purification by triturating with pentane, had a slightly darker color 
than the ones obtained after recrystallization with toluene. More extensive analysis is needed to identify 
the origin of this color. 

The aromatic formamidines formed in the presence of acid were purified by first removing the acid 
by extraction with 1 M NaOH solution followed by trituration with diethylether and recrystallization 
from dichloromethane. Another purification method was to filter the formamidine dissolved in 
dichloromethane over basic alumina to remove the acid and then concentrate and recrystallize from 
toluene. 

The aliphatic formamidines with and without acid were purified by recrystallization from acetone, 
or extraction with a 1 M NaOH solution followed by recrystallization from acetone, respectively. Due 
to the low melting point of the N,N’-dioctylformamidine, the recrystallization was performed at 3˚C. 

 

2.4 Discussion and conclusion 
We observed that the presence of a carboxylic acid during the reaction has a positive effect on the 

reaction rate. This has already been described by Roberts and DeWolfe:5 the proposed reaction 
mechanism consists of two steps (vide infra), of which the second step is acid catalyzed. Taylor and 
Ehrhart8 later described the different case for the reaction with aliphatic amines: in this reaction the 
carboxylic acid also removes the formed formamidines from the reaction by forming a salt, preventing 
the reverse reaction. 

C6H5NH2 + (C2H5O)3CH ⇄ C6H5N=CH-OC2H5 + 2 C2H5OH (1) 

C6H5N=CH-OC2H5 + C6H5NH2 ⇄ C6H5N=CH-NHC6H5 + C2H5OH (2) 
Equation 1+2: Proposed reaction order for the formation of diphenyl formamidine from aniline and triethyl orthoformate 

according to Roberts and DeWolfe.5 

Removing ethanol from the reaction is also beneficial by preventing the reverse reaction from 
occuring. Therefore, full completion is reached faster when thermal energy is applied (and thereby 
distilling off the formed ethanol) than when ultrasonication is used.  

In conclusion, for obtaining aliphatic formamidines in high yield and purity, one should heat the 
reactants in the presence of a carboxylic acid in order to reach a high conversion in a reasonable time. 
The reaction mixture should then be purified by extraction with an aqueous base followed by 
recrystallization from acetone. For obtaining aromatic formamidines, one should heat the reactants in 
the absence of acid, thereby simplifying the purification to a recrystallization from toluene. 

 

2.5 Experimental section 
Materials 
All chemicals were purchased from Sigma Aldrich or Acros Organics and used without further 

purification. Solvents were purchased from Biosolve or Acros Organics. 

Analysis and instrumentation 
NMR spectra were recorded on Varian Mercury Vx 400 MHz and Bruker 400 MHz Ultrashield 

spectrometers. Chemical shifts (δ) are reported in ppm downfield from tetramethylsilane (TMS). Peak 
multiplicity is abbreviated as s: singlet; d: doublet; t: triplet; q: quartet; p: pentet; m: multiplet; bs: broad 
singlet. Matrix Assisted Laser Desorption/Ionization Time-Of-Flight (MALDI-TOF) mass spectra were 
obtained on a Bruker Autoflex Speed spectrometer using α-cyano-4-hydroxycinnamic acid (CHCA) 
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and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malononitrile (DCTB) as matrix. 
Sonication reactions were performed in a Branson 2510-MT ultrasonic cleaner with a capacity of 2.81 
L operating at 40 kHz. The reaction was performed at room temperature, however due to the applied 
ultrasonic energy, the water in the sonication bath was heated up till about 30˚C. IR spectra were 
recorded on a Perkin Elmer Spectrum Two FT-IR spectrometer. 

General methods 
All reactions were performed under argon unless stated otherwise. For reactions performed while 

distilling off ethanol, a one-piece, water-cooled distillation setup with a ~6 cm Vigreux column was 
used (Figure 5). 

 
Figure 5: Photo of the used distillation glassware. 

Synthesis 
N,N’-diphenyl formamidine (DPF, Scheme 1). Aniline (2.5 mL, 27 mmol) and triethyl 

orthoformate (2 mL, 12 mmol) were charged to a distillation setup and heated to 130˚C for 24 hours 
while distilling off the formed ethanol. The remaining light brown solid was recrystallized from 15 mL 
toluene to obtain the product as 1.51 g off-white needles (63% yield).1H NMR (400 MHz, Chloroform-
d) δ 9.86 (bs, 1H), 8.21 (s, 1H), 7.27 (t, J = 7.9 Hz, 4H), 7.05 (t, J = 7.4 Hz, 2H), 7.01 (d, J = 7.7 Hz, 
4H). 13C NMR (101 MHz, Chloroform-d) δ 149.94, 145.38, 129.42, 123.37, 119.21. IR (cm-1): 3049, 
2849, 1657, 1580, 1484, 1436, 1304, 1207, 1170, 986, 899, 806, 752, 692, 593, 518.  

Other reaction conditions used to obtain the same product: 

Aniline (2.5 mL, 27 mmol), triethyl orthoformate (2 mL, 12 mmol) and acetic acid (0.7 mL, 1 eq.) 
were charged to the distillation setup and heated to 130˚C while stirring under argon for 30 minutes. 
Full conversion was observed by 1H NMR. 

Aniline (2.5 mL, 27 mmol) and triethyl orthoformate (2 mL, 12 mmol) were charged to a 20 mL 
white capped vial under argon and sonicated (in closed vial) for 1 hour at RT. No conversion was 
observed by 1H NMR. 

Aniline (2.5 mL, 27 mmol), triethyl orthoformate (2 mL, 12 mmol) and acetic acid (0.7 mL, 1 eq.) 
were charged to a 20 mL white capped vial under argon and sonicated (in closed vial) for 1 hour at RT. 
95% conversion was observed by 1H NMR. 

N,N’-dioctyl formamidine (DOF, Scheme 3). Triethyl orthoformate (1 mL, 6 mmol), octylamine 
(2 mL, 12 mmol) and benzoic acid (759 mg, 6 mmol) were charged to a distillation setup and heated to 
130˚C for 3 hours while distilling off the formed ethanol. The reaction mixture was extracted with 3 x 
25 mL DCM from 1M NaOH (30 mL), the organic layers were combined and extracted with 2 x 60 mL 
1M NaOH and dried over Na2SO4. The obtained yellow liquid was recrystallized from acetone to obtain 
the product as 508 mg white fluffy solid (31% yield). 
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1H NMR (400 MHz, Chloroform-d) δ 7.32 (s, 1H), 3.15 (t, J = 7.1 Hz, 4H), 1.50 (p, J = 7.0 Hz, 4H), 
1.36 – 1.21 (m, 20H), 0.92 – 0.84 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 151.92, 77.29, 31.87, 31.40 
(bs), 29.43, 29.31, 27.11, 22.68, 14.11. IR (cm-1): 3176(broad), 2953, 2916, 2847, 1660, 1641, 1539, 
1467, 1373, 1259, 1052, 720, 702, 532. 

Other reaction conditions used to obtain the same product: 

Triethyl orthoformate (3.8 mL, 23 mmol) and octylamine (4.6 mL, 28 mmol) were charged to a 
distillation setup and heated to 130˚C for 16 hours while distilling off the formed ethanol. The obtained 
yellow liquid was recrystallized twice from acetone by dissolving in 20 mL and 10 mL acetone and 
cooling to 3˚C to obtain the product as 256 mg white fluffy solid (7% yield). 

Triethyl orthoformate (1 mL, 6 mmol) and octylamine (2 mL, 12 mmol) were charged to a 20 mL 
white capped vial under argon and sonicated (in closed vial) for 2.5 hours at RT. No conversion was 
observed by 1H NMR. 

Triethyl orthoformate (1 mL, 6 mmol), octylamine (2 mL, 12 mmol) and benzoic acid (759 mg, 6.2 
mmol) were charged to a 20 mL white capped vial under argon and sonicated (in closed vial) for 2.5 
hours at RT. No conversion was observed by 1H NMR. 

 

 

N,N’-di(p-methoxyphenyl) formamidine (DpMF). 4-anisidine (2.06 g, 17 mmol), triethyl 
orthoformate (1.6 mL, 9.6 mmol) and acetic acid (1.5 mL, 26 mmol) were charged to a distillation setup. 
The reaction mixture was heated to 110˚C for 3 hours, concentrated in vacuo to give dark brown needles. 
The needles were extracted from 50 mL dichloromethane with 3 x 50 mL 1M NaOH, dried over MgSO4, 
filtered and concentrated in vacuo to give brown crystals. The crystals were triturated with warm (30˚C) 
diethyl ether, recrystallized from dichloromethane and dried in vacuo to obtain the product as 389 mg 
lilac/silver crystals (16% yield). 1H NMR (399 MHz, Chloroform-d) δ 8.05 (s, 1H), 6.98 (d, J = 8.3 Hz, 
4H), 6.89 – 6.81 (m, 4H), 3.79 (s, 6H). MALDI (+): calc. for C15H16N2O2.H+: 257.13; found: 257.13. 

 

 

N,N’-didodecyl formamidine. Dodecylamine (6.792 g, 37 mmol) and triethyl orthoformate (3.8 
mL, 23 mmol) were heated in a distillation setup for 3 days. The reaction mixture was first precipitated 
in and then recrystallized from acetone to give the product as 121 mg yellow crystals (1.4% yield). 1H 
NMR (399 MHz, Chloroform-d) δ 7.35 (s, 1H), 3.16 (t, J = 7.2 Hz, 4H), 1.57 – 1.43 (m, 4H), 1.36 – 1.19 (m, 
40H), 0.88 (t, J = 6.7 Hz, 6H). 
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Chapter 3. Non-covalent interactions with 
formamidines 

 

‘(…) the devil is in the details for noncovalent synthesis, too.’ – G. Vantomme and E.W. Meijer, 
2019 

 

3.1 Introduction 
N,N’-disubstituted formamidines are both hydrogen bond donors and acceptors. When the 

formamidine is protonated, it even forms two hydrogen bond donors (Figure 1c).1 In the E,E 
conformation, the hydrogen bond donor and acceptor of a neutral formamidine are situated next to each 
other, and a double hydrogen bond can be formed with a molecule which also has a hydrogen bond 
donor and acceptor next to each other. An example of this double hydrogen bond is obtained with water 
(Figure 1d).2  

 

Figure 1: a) Formamidine as a hydrogen bond donor, b) formamidine as a hydrogen bond acceptor, c) protonated 
formamidine as a double hydrogen bond donor, d) two hydrogen bonds between a formamidine and a water molecule. 

With this same type of double hydrogen-binding, formamidines can bind to themselves or to 
carboxylic acids (Figure 2).  The double hydrogen bond in combination with the resonance and 
tautomerization of the formamidines and carboxylic acids results in a resonance-assisted hydrogen bond 
(RAHB) (Figure 2b). The hydrogen bonds line up well with the directions of the lone pairs on the 
nitrogen and oxygen acceptors.3 This double hydrogen bond is even stronger than two separate 
hydrogen bonds, due to the π-bond cooperativity in which hydrogen bond and π-conjugated system 
cooperate to form a more stable bond.4 

 

Figure 2: a) Double hydrogen bonding between two formamidine molecules, b) delocalization of double bonds and 
hydrogen bonds to form a resonance-assisted hydrogen bond, c) double hydrogen bonding between a formamidine and a 

carboxylic acid molecule, d) double hydrogen bonding and ionic interaction between a formamidine and a carboxylic acid 
molecule. 

In most cases, hydrogen bond strengths can be calculated based on the pKa’s of the hydrogen bond 
donor and acceptor. The strength of the relation between this hydrogen bond and the ΔpKa depends on 
the type of hydrogen bond or Chemical Leitmotif. However, for the RAHB Leitmotif the ΔpKa cannot 
be used to determine the hydrogen bond strength. The formation of the hydrogen bond changes the 
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resonance structure of both the donor and the acceptor, thereby changing their pKa’s.5 In the case of the 
combination of formamidines and carboxylic acids, proton transfer can occur which results in a double 
hydrogen bond in combination with an ionic bond which is even stronger than the double hydrogen 
bond (Figure 2d).1 

 

3.2 Characterization of synthesized formamidines 
The synthesized formamidines were characterized by 1H NMR. Due to the delocalized double bond 

and tautomerization, the formamidines are observed as symmetrical in the central carbon atom at the 
NMR timescale. This is visible as the protons on the α-carbon of DOF show only one peak at 3.16 ppm, 
whereas two peaks would have been expected for a localized double bond (Figure 3).  

 
Figure 3: 1H NMR spectrum of DOF in chloroform-d shows only one peak for the α-protons. 

Further insight in the shape and dynamicity of the formamidine molecules in solution could be 
obtained by variable temperature NMR (VT NMR).6 

 

3.3 Dimerization 
In 1943, Post questioned the formation of formamidines from amines with triethyl orthoformate, 

because the molecular weight obtained from cryoscopy data was higher than expected. He therefore 
assumed that 3 equivalents of amine reacted with one equivalent triethyl orthoformate, resulting in a 
orthoformamide structure.7 However, this too high molecular weight turned out to be due to self-
association of the formamidines, as the apparent molecular weight was solvent- and concentration 
dependent.8 In 1955, White et al. studied the associative properties of DPF in benzene and found that 
formamidines associate into cyclic dimers.9 The dimer-to-dimer distance was determined to be 3.0 Å 
(N-H···N).10 

Petitjean et al. found that in the solid state, all reported formamidine crystal structures show 
dimerization. The only exception is N,N’-dipyridin-4-ylformamidine, the new compound they had 
synthesized.11 

The dimerization of amidines has also been studied using Raman spectroscopy. Raman spectra of 
N,N’-diethylacetamidine in different solutions showed different C=N vibration bands. In the polar 
solvent dioxane, a band is observed at 1675 cm-1, which is assigned to free amidine. In the nonpolar 
solvent hexane, the band is observed at 1592 cm-1 and assigned to dimeric associates.12 
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When the formamidines form a cyclic dimer, their particle size increases, leading to a lower diffusion 
coefficient. One method to determine this diffusion coefficient is 1H NMR diffusion ordered 
spectroscopy (DOSY). With the Stokes-Einstein equation, the diffusion coefficient can be related to the 
size of a spherical particle:  

𝐷 =
𝑘𝑏 𝑇

6 𝜋 𝜂 𝑟
 

With D the diffusion coefficient, kb the Boltzmann constant, T the temperature, η the viscosity of 
the solution and r the radius of the particle. However, this relation is only accurate for spherical particles 
that have a size more than five times bigger than the solvent molecules.13 Nevertheless, Hoffman et al. 
studied the diffusion coefficient of different sized aromatic hydrocarbons, and found that for similar 
molecules there is a reasonable qualitative correlation between the diffusion coefficient and molecular 
size.14  

We used Chem3D to predict the size of the different molecules. As expected, the sizes were small 
in comparison with the solvent molecules, so no quantitative conclusions can be drawn. We then studied 
the formamidines and reference molecules with DOSY to obtain the diffusion properties (Table 1).  

The diffusion coefficient of 49 mM DPF in chloroform-d was measured and found to be 1.06 ⨯ 10-

5 cm2/s. According to the Stokes-Einstein equation this results in a diameter of 7.68 Å (for a spherical 
particle). The aniline we found in a sample as a result of degradation, had a diffusion coefficient of 1.88 
⨯ 10-5 cm2/s, corresponding to a diameter of 4.3 Å for a spherical particle. 

Here the DOSY results agree with the Chem3D predictions, namely the aniline and DPF differ 
significantly in size. However, we still cannot say anything about the presence of monomers or dimers. 
We therefore also measured the diffusion coefficients of 4,4'-trimethylenedipyridine (11.7 Å according 
to Chem3D) and tetraphenyl methane (9.3 Å according to Chem3D). The first is in shape very similar 
to DPF, whereas the second is smaller in end-to-end distance, but more spherical.  

Table 1: Results of DOSY experiments in chloroform-d. 

Compound Name Diffusion coefficient 
(⨯ 10-5 cm2/s) 

Diameter 
(Å)1 

Predicted 
size (Å)2 

 

N,N’-diphenyl 
formamidine (DPF) 

1.06 7.7 11.9 

 

Aniline 1.88 4.3 5.8 

 
N,N’-dioctyl formamidine 
(DOF) 

1.05 7.8 24.3 

 
4,4'-
Trimethylenedipyridine 

1.17 7.0 11.7 

 

Tetraphenyl methane 1.02 8.0 9.3 

1 Diameter calculated using the Stokes-Einstein equation for a spherical particle. 
2 Largest distance between atoms calculated by Chem3D after optimization of the structure by the MM2 
function. 
 

Since the size of the DPF, based on the DOSY experiments, lies between that of the 4,4'-
trimethylenedipyridine and tetraphenyl methane, it is most likely that the DPF does not occur in dimers 
in this solution. However, as we are working in sub-optimal conditions, we cannot say this with 
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certainty. Performing IR spectroscopy or DOSY experiments on solutions with variable concentrations 
or at varying temperatures could give a more reliable conclusion. DSC measurements could elucidate 
on the dimerization in solid state.  

 

3.4 Interaction strength 
The interaction strength between two molecules A and B that form a complex AB is described by 

the reaction A+B ⇄ AB with the association constant 𝐾𝑎 =
[𝐴𝐵]

[𝐴][𝐵]
 with [x] the equilibrium concentration 

of compound x. The association constant is also the ratio between the dissociation- and association 
rates: 𝐾𝑎 =

𝑘𝑜𝑛

𝑘𝑜𝑓𝑓
, in which the dissociation rate 𝑘𝑜𝑓𝑓 =

1

𝜏
 , with τ the lifetime of the complex. This 

lifetime determines what the NMR spectrum looks like: For slow exchange, or long complex lifetimes 
(longer than the difference in chemical shift of the bound and unbound state), two distinct peaks are 
visible for the different states. For fast exchange, or short complex lifetimes (shorter than the difference 
in chemical shift of the bound and unbound state), the two peaks coalesce into a single peak (top of 
Figure 4).  

The association constant can be determined by observing the chemical shift in 1D NMR titrations. 
However, the association constant is strongly dependent on differences in pH, solvent and 
temperature.15–18 Therefore, we kept these conditions as constant as possible.  

In case of slow exchange, the concentrations of [A], [B] and [AB] can be determined by integrating 
the separate peaks (provided that the different species show different peaks that do not overlap). In case 
of fast exchange, the concentrations can be calculated based on the shift of the peak in relation to the 
peak of the pure compound (Figure 4). 

 

Figure 4: Figure from Becker et al.15 Left: in fast exchange, the peak of free and bound molecules coalesce into one peak, 
from which the relative concentrations can be calculated from the position. Right: in slow exchange, two peaks are present 

from which the relative concentrations can be calculated from the integrations. 

With the objective of determining the association constant, we measured 1H NMR spectra of 
solutions with both DPF and benzoic acid in different ratios, and a downfield displacement of the 
chemical shift upon increasing acid concentration could be observed (Figure 5). The job plot showed a 
maximum at 1:1 ratio of formamidine:acid, which indicates a 1:1 binding (Figure 6), as was expected. 
The chemical shifts were fit against concentration to obtain the association constant: 2.98 ⨯ 103 M-1 
(Figure 7).  

The association constants for the same formamidine with different acids were determined in the 
same way. We found that for acetic acid the association was weaker. For benzoic acid derivatives with 
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both an electron donating group (p-(N,N-dimethylamino) benzoic acid) and an electron withdrawing 
group (p-nitrobenzoic acid) we also found a weaker binding. 

The interaction of both N,N’-di(p-methoxyphenyl) formamidine with benzoic acid and DOF with 
acetic acid showed higher association constants than the association constants found with DPF.  

An overview of the data is given in Table 2. The calculated association constants are in the same 
range of the results obtained by Capela et al., who did a similar study with a different acid.19 

 

Figure 5: Stacked portions of 1H NMR spectra of DPF and benzoic acid in chloroform-d. The ratio formamidine:acid is 
shown in the figure. 

 

Figure 6: Job plot of the relative chemical shifts of the data retrieved from the spectra in Figure 5. χG is the fraction of the 
guest, in this case benzoic acid. 

 

Figure 7: Fit of the change in chemical shift from the spectra in Figure 5 plotted against the concentration of benzoic acid. 
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Table 2: Overview of calculated association constants. 

Formamidine Acid Solvent Log K Error (%) 
Diphenyl formamidine Benzoic acid CDCl3 3.5 3.3 
Diphenyl formamidine Acetic acid CDCl3 2.7 8.6 
Diphenyl formamidine Nitro benzoic acid CDCl3 2.7 16.1 
Diphenyl formamidine Amino benzoic acid CDCl3 2.6 2.5 
Dioctyl formamidine Acetic acid CDCl3 4.1 4.3 
Di(p-methoxyphenyl) 
formamidine 

Benzoic acid CDCl3 4.1 14.6 

 

NOESY  
In order to prove that formamidines and carboxylic acids form a complex in solution, we studied 

such a solution with 1H NMR nuclear Overhauser enhanced spectroscopy (NOESY), which measures 
spatial proximity of protons.  

 
Figure 8: 1H NMR spectrum of a 1:1 N,N’-di(p-methoxyphenyl) formamidine: 3,5-di(N-octylamide)benzoic acid solution in 

chloroform-d. 

 
Figure 9: 1H NOESY spectrum of a 1:1 N,N’-di(p-methoxyphenyl) formamidine: 3,5-di(N-octylamide)benzoic acid solution 

in chloroform-d showing with a zoom for 16-5.5 ppm. 

First, the 1H NMR spectrum of a 1:1 N,N’-di(p-methoxyphenyl) formamidine: 3,5-di(N-
octylamide)benzoic acid solution was measured in chloroform-d, which clearly showed all protons 
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including the dynamic NH/OH-protons (Figure 8). Then the 1H NOESY spectrum was measured, which 
showed crosspeaks between the dynamic NH/OH-protons and the protons of both the acid and the 
formamidine (Figure 9). 

It is remarkable that the cross peaks H-F1 and H-A1 are red (the same phase as the diagonal) which 
would indicate that the peaks arise from exchange or from a NOESY signal for a large molecule (MW 
>1200 g/mole). Also, it seems that the cross-peak H-A1 does not line up very well with the A1 peak. 
For more reliability and understanding of the system, more variations on this measurement should be 
executed. 

 

3.5 Conclusion and outlook 
We have determined the association constants between different carboxylic acids and formamidines. 

It would be very interesting to look further into the interactive properties of formamidines using 
additional techniques like IR spectroscopy, differential scanning calorimetry and different variations of 
NMR techniques.  

 

3.6 Experimental section 
Materials 
All chemicals were purchased from Sigma Aldrich or Acros Organics and used without further 

purification or synthesized as described in Chapter 2. Deuterated solvents were purchased from 
Cambridge Isotope Laboratories, Inc. Chloroform-d was filtered over basic alumina and stored over 
molecular sieves (4 Å). 

Analysis and instrumentation 
NMR spectra were recorded on Varian Mercury Vx 400 MHz and Bruker 400 MHz Ultrashield 

spectrometers. Variable temperature measurements were recorded on a Varian Inova 500 MHz 
spectrometer. Chemical shifts (δ) are reported in ppm downfield from tetramethylsilane (TMS). Peak 
multiplicity is abbreviated as s: singlet; d: doublet; t: triplet; q: quartet; p: pentet; m: multiplet; bs: broad 
singlet. 

General method 
Equimolar solutions of formamidine and acid were freshly prepared in CDCl3. The solutions were 

mixed in different ratios and 1H NMR spectra were measured the same day. The ratios were checked 
by integration. The chemical shift of the formamidine proton (Hf see Figure 10) was reported. The 
binding constant was determined with use of software similar to ChemEquili, provided by the Hunter 
group, Cambridge. 

 
Figure 10: The central formamidine proton used for Ka determination. 

For the prediction of the size of the molecules we used Chem3D in which we first optimized the 
structure with the MM2 minimization function, and then measured the distance between the atoms 
farthest away from each other.  

DOSY NMR spectra and 1H NMR spectra from the acid interaction studies can be found in the 
appendix. 
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Chapter 4. Amine exchange in 
formamidines 

4.1 Introduction 
Dynamic exchange of C=N double bonds has been studied extensively in imines,1 oximes,2 

hydrazones,3 acylhydrazones,4 and amidines and can be tuned by coordination to a cation.5 The amidine 
has the advantage of being capable of exchanging both amine fragments.  

 

Scheme 1: Amine exchange in formamidines 

Amine exchange in amidines, also called ammonolysis, is the reversible process depicted in Scheme 
1.6 The versatile property of amidines to exchange both their amine fragments was already used in 1877 
by Bernthsen to synthesize new amidines.7  

The exchange reaction in amidines is strongly dependent on the nature of the incoming nucleophile 
and the nature of the leaving group. Capela et al. studied this dependency and found three regimes for 
exchange in aromatic formamidines in the presence of carboxylic acids, based on the incoming 
nucleophile (Figure 1). The first regime is exchange with aliphatic amine nucleophiles. In this regime, 
both amine fragments are exchanged, and during the exchange reaction, the formamidinium-
carboxylate complex is disrupted. The second regime considers the exchange with alkoxyamine 

Figure 1: Three regimes for amine exchange in aromatic formamidinium-carboxylate complexes. Figure 
from Capela et al.5 
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nucleophiles, where only one amine fragment is displaced, thereafter the formamidinium-carboxylate 
complex is disrupted by the formation of a 5-membered hydrogen-bonded ring with the oxygen atom 
of the alkoxyamine. In the third regime, arylamines can exchange one or both amine fragments whilst 
retaining the formamidinium-carboxylate complex.5  

The nature of the leaving group plays an additional role in the rate of amine exchange: exchange 
starting from para-methoxyphenyl formamidines is slower than for meta- and ortho-methoxyphenyl 
formamidines which is as expected, for p-methoxyaniline is a stronger base, and thus would be a poorer 
leaving group. 

Because the amine exchange process is reversible, a thermodynamic equilibrium will eventually be 
reached. Therefore, the stability of the formed formamidinium-carboxylate complexes, and not only the 
stability of the formamidine itself, has an important role in the outcome of the exchange reaction.  

According to Capela et al. no exchange reaction takes place in the absence of a carboxylic acid. The 
carboxylic acid serves as a catalyst by shuttling a proton from the attacking nucleophile to the leaving 
amine group. Besides, carboxylic acids can serve as a template to direct the formation of particular 
architectures (Figure 2).5 

To investigate the exchange between formamidines and amines, we studied the exchange of aliphatic 
and aromatic formamidines with aliphatic and aromatic amines in the presence and absence of 
carboxylic acid. The aim is to determine the optimal exchange conditions of formamidines to eventually 
implement them in non-covalent systems. 

Figure 2: a) Amine exchange in formamidines with use of a diacid to direct the formation of a macrocyclic diformamidine 
b) MS (ESI) spectrum of the crude reaction mixture after exchange and washing off the biscarboxylate template. Figure from 

Capela et al.5 
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4.2 Amine exchange experiments 
The exchange of amines in formamidines can be studied using 1H NMR spectroscopy as long as the 

peaks shifts of the different amines and formamidines do not overlap. Capela et al. have already used 
this technique and studied the exchange in chloroform-d. We wanted to further explore amine exchange 
in formamidines and compare different conditions and starting materials.  

For the exchange experiments, a solution was made in chloroform-d with formamidine:acid:amine 
in the ratio 1:1:2 which was shaken and kept in an NMR tube at room temperature. This solution was 
then measured directly by 1H NMR and the progression of the exchange was followed.  

4.2.1 Amine exchange from aliphatic formamidines 
a) without acid 
The first envisioned amine exchange experiment had the aim of testing the ability of an aliphatic 

formamidine (DOF) to exchange its amine side groups with a different aliphatic amine (isopropyl 
amine). As a reference measurement, a mixture of DOF and isopropyl amine without a carboxylic acid 
was measured over the course of 28 days and no exchange was observed (Scheme 2). 

 

Scheme 2: Amine exchange between DOF and isopropyl amine was not observed in 28 days. 

b) with acid 
The aforementioned experiment was also performed in presence of one equivalent benzoic acid 

(Scheme 3) and resulted in an observable exchange. 

 

Scheme 3: Amine exchange between DOF and isopropyl amine in the presence of one equivalent benzoic acid.  

The measured NMR spectra (Figure 3) show a decreasing intensity of the initial peaks and the 
appearance of new peaks. The integrations of the decreasing and increasing peaks were plotted against 
time and shown in Figure 4. According to the integrations about 35% of the amine groups had been 
exchanged in 28 days. 

The decreasing intensity is observed in the peaks at 7.20 ppm (N=CH-N, DOF), 3.26 ppm (N-CH2, 
DOF), 3.11 ppm (N-CH, isopropyl amine), 1.66 ppm (N-C-CH2, DOF) and 1.08 ppm (CH3, isopropyl 
amine). At the same time, peaks are appearing at 7.24 ppm (N=CH-N, overlapping with chloroform), 
3.57 ppm (N-CH), 2.69 ppm (N-CH2, octylamine), 1.44 ppm (N-C-CH2, octylamine) and 1.35 ppm 
(CH3). The peaks at 7.24, 3.57 and 1.35 ppm are all part of a newly formed formamidine. However, 
with only NMR spectroscopy, it is hard to prove that the identity of this newly formed species is the 
mono- or disubstituted formamidine. The use of mass spectroscopy could confirm this identity. 
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Figure 3: Portions of the 1H NMR spectra of a mixture of DOF:benzoic acid:isopropyl amine 1:1:2 measured after 1 day, 1 

week and 1 month, showing decreasing starting material peaks and new peaks appearing due to amine exchange. 

In order to gain more insight in the potential and the limitations of amine exchange, the order of the 
reaction rate was investigated by fitting the integration for first and second order kinetics. Surprisingly, 
both orders fit equally well (Figure 5), so no conclusion can be drawn yet about the kinetics. 

Figure 4: Graph showing the amine exchange from DOF and isopropyl amine in the presence of one equivalent benzoic 
acid over time. The amounts of the present molecules are calculated normalized to the integration of benzoic acid. 

Capela et al. observed the disruption of the formamidinium-carboxylate complex during amine 
exchange with an aliphatic amine.5 The reason for this was the greater basicity of the amine in 
comparison with the aromatic formamidine that was used in the experiment. In our experiment an 
aliphatic formamidine is used, which is an even stronger base than isopropyl amine. Therefore, the 
formamidinium-carboxylate complex is likely to be held intact during this exchange reaction.  
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Figure 5: Left: Fit for first order kinetics; Right: fit for second order kinetics. 

When other amines were used (o-citronelloxy aniline and diethyl amine) in the presence of a 
carboxylic acid, also no exchange was observed (in 7 and 10 days respectively). However, more than 
one equivalent carboxylic acid was added in these experiments. This excess of acid could have 
protonated all amines, severely reducing their reactivity and thereby preventing the exchange reaction. 
Therefore, nothing can be concluded yet on the influence of these different types of amines. 

Both benzoic acid and acetic acid have been used in the different experiments. However, in practice 
it is not straight forward to obtain exact the right quantity of acetic acid in a small solution, therefore 
the use of benzoic acid was preferred. 

4.2.2 Amine exchange from aromatic formamidines 
a) with acid 
Amine exchange from aromatic formamidines was studied with N,N’-di-(p-methoxyphenyl) 

formamidine (DpMF) and octyl amine as a nucleophilic amine (Scheme 4). 

 

Scheme 4: Amine exchange in DpMF and octyl amine in the presence of benzoic acid. 

In the presence of one equivalent benzoic acid, amine exchange could be observed already after one 
hour. The reaction was followed over time for 57 days. The 1H NMR spectra are reported in Figure 6. 

When plotting the integrations over time, a faster change is observed than for the exchange 
experiment starting with DOF, isopropyl amine and benzoic acid. However, it is not clear which peak 
should be assigned to which molecule. In other words, it is not clear whether the observed change is the 
exchange of the first amine, or that this change has already taken place before or during the first 
measurement and that the second amine exchange is observed. Again, mass spectroscopy could offer a 
solution. 

 

 



38 
 

 

 

Figure 6: Portions of the NMR spectra of the amine exchange experiment with DpMF, octyl amine and benzoic acid. 

The average of the integrations is plotted against time in Figure 7. The integrations are normalized 
according to their place in the 1H NMR spectrum: Above 7.2 ppm peaks are assigned to the N-CH=N 
proton (1H); Between 7.2 and 6.6 ppm the protons are treated as aromatic protons (4H); between 4.0 
and 3.6 ppm are the methoxy protons (3H); and between 3.6 and 1.4 ppm are the CH2 protons (2H). 

 

Figure 7: Integrations of the amine exchange starting from DpMF and octyl amine in the presence of one equivalent benzoic 
acid plotted over time. 

 

Scheme 5: Amine exchange starting from DpMF and ethylene diamine in the presence of benzoic acid. 
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The same experiment with ethylene diamine instead of octyl amine (Scheme 5) did not give very 
satisfying results: Part of the ethylene diamine was protonated by the present benzoic acid and formed 
a salt which precipitated out of the chloroform-d.  

Surprisingly exchange could be measured over time despite the precipitation (Figure 8). However, 
from these results no conclusions can be drawn on the exchange rate of the formamidine-amine 
combination, for mass transfer might limit the exchange significantly.  

 

Figure 8: Portions of the 1H NMR spectra of DpMF and ethylene diamine in the presence of two equivalents benzoic acid. 

b) without acid 
For reference measurement without carboxylic acid, a solution was made of 1:2 DpMF: octyl amine 

in chloroform-d (Scheme 6). Despite the absence of a carboxylic acid, an exchange reaction could be 
observed (Figure 9). 

 

Scheme 6: Amine exchange without acid between DpMF and octylamine. 

In this particular case it was possible to correctly assign the different appearing and disappearing 
peaks to starting materials, mono- and disubstituted product.   

The disappearing peaks can be assigned to DpMF: 8.0 (N=CH-N), 7.0-6.8 (aromatic) and 3.8 ppm 
(O-CH3); and to octyl amine: 2.7 ppm (N-CH2). The first fast increasing and after 20 days decreasing 
peaks can be assigned to the monosubstituted product: 7.6 (N=CH-N), 6.9-6.8 (aromatic) and 3.75 ppm 
(O-CH3). The other increasing peaks are assigned to p-methoxy aniline: 6.8-6.6 (aromatic) and 3.7 ppm 
(O-CH3). Lastly the slower appearing peaks can be assigned to the disubstituted formamdine, DOF: The 
N=CH-N peak is probably hidden under the chloroform peak, 3.2 ppm (N-CH2) (Figure 10). 
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Figure 9: Portions of the 1H NMR spectra of DpMF and octyl amine in the absence of acid. 

 

Figure 10: Integrations of the amine exchange starting from DpMF and octyl amine in the absence of acid plotted over time. 
The monosubstituted product N-octyl-N’-p-methoxyphenyl formamidine is abbreviated as OpMF. OA stands for octyl amine. 

In the exchange experiment with ethylene diamine in the absence of benzoic acid (Scheme 7), no 
precipitate was formed, and an exchange reaction could be observed.  

 

Scheme 7: Amine exchange in DpMF and ethylene diamine in the absence of acid. 

More than 50% of the formamidine had exchanged after 4 days. The intermediate mono-substituted 
product was not observed. The second exchange is the intramolecular addition of the free amine to the 
mono-substituted formamidine. This intramolecular step is fast due to the high local concentration in 
amine.  
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Figure 11: Portions of the 1H NMR spectra of DpMF and ethylene diamine in the absence of acid. 

 

Figure 12: Integrations of the amine exchange starting from DpMF and octyl amine in the absence of acid plotted over time. 
pMA stands for p-methoxy aniline and EDA for ethylene diamine. 

Instead of an aliphatic nucleophile, an aromatic nucleophile, o-methoxyaniline, was used in presence 
of acetic acid. We were however not able to observe any exchange. This could be due to too much 
resemblance between the spectra of starting materials and products.  

 

4.3 Conclusion 
Different aspects of amine exchange were studied, and the following trends were observed: First of 

all, the presence of one equivalent of a carboxylic acid enables the exchange reaction or speeds up the 
reaction. An excess of acid present slows down the exchange reaction significantly or stops the 
exchange completely.  

The trends of the strength of nucleophiles and leaving group abilities seem to hold for the exchange 
reactions. The aniline derivatives are better leaving groups and the aliphatic amines are stronger 
nucleophiles, both leading to faster exchange. The fastest exchange observed was between an aromatic 
formamidine and an aliphatic amine. 
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The question remains whether it is the formamidinium-carboxylate salt bridge or just the acidity that 
facilitates the exchange reaction. A way to identify this is to perform exchange experiments in the 
presence of non-carboxylic acids.  

For further improvement of the NMR measurements of amine exchange, the choice of another 
deuterated, polar, aprotic solvent could circumvent the problem of the solvent residual peak overlapping 
with product peaks (for example using dichloromethane-d2 although it has the drawbacks to be more 
expensive and more volatile, which is detrimental for these type of long-time experiments). And 
pentafluoro benzoic acid could be used for the same reason.  

The use of other solvents can also elucidate on the influence of trace amounts of water or protic 
species present in the solvent which might facilitate proton shuttling during the exchange process in the 
absence of an acid.  

Mass spectroscopy could elucidate on the identity of the (intermediate) species that are formed 
during the exchange process.  

As this process is now very slow (in the course of days or even weeks), it would be very useful to 
heat up the reaction mixture and study its influence on the reaction rates. It is then also more viable to 
look at the formed equilibria in more detail and to study the reversibility of the exchange reactions.  

 

4.4 Experimental section 
Materials 
All chemicals were purchased from Sigma Aldrich or Acros Organics and used without further 

purification or synthesized as described in Chapter 2. Deuterated solvents were purchased from 
Cambridge Isotope Laboratories, Inc. Chloroform-d was filtered over basic alumina and stored over 
molecular sieves (4 Å). 

Analysis and instrumentation 
NMR spectra were recorded on Varian Mercury Vx 400 MHz and Bruker 400 MHz Ultrashield 

spectrometers. Chemical shifts (δ) are reported in ppm downfield from tetramethylsilane (TMS).  

General method 
For the exchange experiments, a solution of formamidine was measured first. Then (in some cases) 

an acid was added to create a solution with equal concentration acid and formamidine, which was 
measured. Thereafter an equal amount or excess of amine was added, and the solution was measured as 
soon as possible and then every now and then. After a few weeks, the chloroform-d had evaporated and 
the liquid level became too low to measure, so extra chloroform-d was added.  
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Conclusions and outlook 
 

‘Wait a minute, maybe chemistry is in charge of the biggest question of all, and that is: How does 
and did matter become complex?’ – J.-M. Lehn, 2013 

It’s not thinking about chemistry, but it’s the chemistry about thinking! 

 

Conclusions 
In the journey towards non-covalent synthesis we attempted to do a modest and small step. We 

investigated dynamic properties of formamidines as a starting point to explore its usability in non-
covalent synthetic steps.  

In chapter 2 we reported the synthesis and purification of several symmetrical disubstituted 
formamidines, which is not straight-forward due to their dynamic nature. We achieved the successful 
synthesis and purification of the symmetrical formamidines with phenyl, octyl, dodecyl and p-
methoxyphenyl side groups. We found that the use of acid during the reaction gives a trade-off between 
a faster reaction and a lower-yielding workup. For the synthesis of aliphatic formamidines we 
recommend the use of a carboxylic acid, whereas for an aromatic formamidine we dissuade its use as it 
complicates the purification more than it reduces the reaction time. 

In chapter 3 we studied the interactions of the synthesized formamidines with themselves and with 
carboxylic acids. We were able to observe spatial proximity between formamidine and carboxylic acid 
by means of 1H NMR NOESY. The interaction strength between different sets of formamidine and 
carboxylic acid was determined in terms of the association constant based on the 1H NMR peak shift.  

In chapter 4 the exchange reaction in formamidines is reported and we found that both aliphatic and 
aromatic formamidines are able to exchange their amines. For aliphatic formamidines, exchange was 
only observed in the presence of one equivalent benzoic acid, whereas for aromatic formamidines 
exchange was observed both in presence and absence of a carboxylic acid. 

 

Outlook 
For a deeper understanding, and for obtaining pure formamidines with higher yields, the further 

investigation of synthesis and purification with other acids might be beneficial. It would be interesting 
to synthesize the desired formamidine in presence of the acid that is desired to form a complex with. 

The influence of water, acid and base on the stability of the formamidines is still a topic of interest. 
Studying these influences in detail can lead to a better understanding of the dynamicity of the molecules 
and a more efficient preparation, purification and exploration of other properties. 

One of the properties that are still to be explored, is the complex formation with acids. In this work, 
only carboxylic acids have been studied. The question remains whether non-carboxylic acids are also 
able to form a complex with formamidines or will interfere with an already existing formamidinium-
carboxylate complex. Interesting techniques to study the interactions of formamidines with (carboxylic) 
acids in detail are IR, UV and NMR spectroscopy. 

As the study with NMR DOSY on the dimerization of the formamidines did not result in any 
conclusive statement, we recommend the use of other techniques as DSC, IR and NMR techniques with 
variable temperature and/or concentration to study this dimerization in detail.  
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Once the complexation of formamidines into dimers or into formamidinium-carboxylate complexes 
is understood, the influence of these complexes on the exchange of amines can be studied in greater 
detail in terms of kinetics and thermodynamics.  

The interesting dynamic properties of formamidines discussed so far would be a source for new 
research when combined in a non-covalent synthesis step. A formamidinium-carboxylate complex, of 
which the properties can be changed by mixing it with an amine. Properties like solubility, chirality, 
color, electronic conductance, interaction strength, size, the ability to interact with other molecules, 
(de)forming a (crosslinked) (supramolecular) polymer and so on. 

The ultimate goal is to obtain the ability to perform non-covalent synthesis and thereby gaining 
access to increasingly complex non-covalent systems and most of all, gaining understanding of that 
complexity.  
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Figure 1: 1H NMR spectrum of DPF. 

 
Figure 2: 13C NMR spectrum of DPF. 
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Figure 3: 1H 13C HSQC NMR spectrum of DPF. 

 

Figure 4: 1H 13C HMBC NMR spectrum of DPF. 
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Figure 5: IR spectrum of DPF. 

 

Figure 6: DOSY spectrum of DPF. 

 

 

4000 3500 3000 2500 2000 1500 1000 500
45

50

55

60

65

70

75

80

85

90

95
Tr

an
sm

is
si

on
 (%

)

Wavenumber (cm-1)



55 
 

 

Figure 7: 1H NMR spectrum of DOF. 

 

Figure 8: 13C NMR spectrum of DOF. 
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Figure 9: 1H 1H COSY Spectrum of DOF. 

 

Figure 10: 1H 13C HSQC spectrum of DOF.  
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Figure 11: 1H 13C HMBC Spectrum of DOF. 

 

Figure 12: IR spectrum of DOF. 
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Figure 13: DOSY spectrum of DOF. 

 

Figure 14: 1H NMR spectrum of DpMF. 
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Figure 15: MALDI-spectrum in positive mode of DpMF. 
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Figure 16: 1H NMR spectrum of N,N’-didodecyl formamidine. 

 
Figure 17: Portions of stacked 1H NMR spectra of different ratios of DpMF: benzoic acid. Ratios are given in the figure.  
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Figure 18: Portions of stacked 1H NMR spectra of different ratios of DPF: acetic acid. 

 

Figure 19: Portions of stacked 1H NMR spectra of different ratios of DPF: p-nitro benzoic acid. Ratios are given in the 
figure. 
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Figure 20: Portions of stacked 1H NMR spectra of different ratios of DPF: N,N-dimethyl amino benzoic acid. Ratios are 
given in the figure. 

 

Figure 21: Portions of stacked 1H NMR spectra of different ratios of DOF: acetic acid. Ratios are given in the figure. 
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