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ABSTRACT 

 

THERMAL STABILITY AND SOLID STATE CYCLIZATION OF DIPEPTIDES 

 

Farukh Iftakhar Ali                                                                 Advisor: 

University of Guelph, 2020                                                      Dmitriy V. Soldatov 

 

In this thesis, the thermal stability and thermally induced transformations of solid dipeptides 

were studied in a systematic way. Overall, 49 dipeptides were used with 15 different amino acids, 

including 10 hydrophobic and 5 hydrophilic, 14 standard (6 essential) and 1 non-standard, as well 

as 15 L- and 4 D-isomeric residues. The thermally induced reactions and their products were studied 

by TGA, TGA-FTIR, DSC, FTIR, NMR, ESI+, GC-MS, XRD and other methods. The steps of 

thermal decomposition were identified and the dependencies of the thermal stability and 

decomposition pathways on molecular structure, crystal composition and solid state structure were 

studied.  

In the TGA experiments, mass loss events <120°C were due to the dehydration producing 

dry dipeptides from their hydrates. Further heating resulted in the mass loss events due to chemical 

decomposition of the dry dipeptides producing the corresponding cyclodipeptides and water. It was 

followed by the sublimation or evaporation of the cyclic products, accompanied by irreversible 

decomposition side reactions. The chemical decomposition is a solid state endothermic process 

yielding a stereochemically pure cyclic product. For several dipeptides series, it was observed that: 

i) the higher the degree of hydration, the lower the temperature of the chemical decomposition; ii) 

the greater the number of hydrogen bonds in the dipeptide solid, the higher its thermal stability; iii) 

the smaller the side groups, the higher the thermal stability. 

The solid state synthesis of the cyclodipeptides, or diketopiperazines (DKPs), from the 

corresponding dipeptides was developed in this work as a new synthetic method. It is highly 

efficient, solvent free, producing no side products, stereospecific and environmentally friendly. The 

solid state synthesis of DKPs at microscale level was conducted in TGA, whereas at macroscale 

level it was achieved in oven. Both methods produced pure DKPs with quantitative yields. In 

contrast, the sublimed products of the dipeptides were mixtures of diastereomers of the 



corresponding DKPs. The solid state syntheses of DKPs were often complicated by polymorphism 

where two to three polymorphic forms of a DKP were detected and characterized. 
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Introduction 

 

This study deals with thermally induced solid state reactivity and solid state synthesis of 

organic compounds. In the organic solids the molecular movements are restricted hence the 

reactive functional groups are locked in a certain position and orientation. Molecules in organic 

molecular crystals are self-assembled in polymeric molecular associates (supermolecules). The 

reactions in solids can be induced by light, heat or pressure. Organic compounds can decompose 

or transform into a specific desired product on heating. The pathways depend on a number of 

factors including the solid state structure of the reactant. In this project, thermal stability, solid 

state reactivity and solid state cyclization of dipeptides were investigated. 

Chapter 1 is a literature review that introduces basic concepts, such as molecular crystals, 

supramolecular materials, thermal decomposition and thermoanalytical techniques used in this 

project, advances in the solid state reactivity of molecular crystals, and other examples of solid 

state reactions. Solid state synthesis contributes to Green Chemistry. The compliance of our 

synthetic strategy with the areas of Green Chemistry development is also discussed in this chapter.  

 Chapter 2 is a short literature review that introduces the molecular and solid state 

structure of peptides and cyclo-dipeptides, their biological activities, and cyclization of short 

peptides in solution and gas. Solid state degradation of some pharmaceutical dipeptides is 

discussed in the context of using some previous reactions as a key synthetic pathway studied and 

developed in this research project. Finally, the project motivation and goals are described in this 

chapter. 

 Chapter 3 is a general experimental description. The materials utilized in this research 

project along with the general thermoanalytical and characterization techniques are discussed. The 

specific experimental methods and techniques are described in Chapters 4-5. 

 Chapters 4 and 5 report and discuss the results on the thermal stability and solid state 

cyclization of hydrophobic and hydrophilic or glycine containing dipeptides, respectively. 

Thermal stability studies and decomposition products formed after heating were characterized with 

TGA, TGA-FTIR, DSC, GC-MS, LC-MS, NMR, FTIR and XRD. The trends in the thermal 

stability were evaluated as a function of molecular structure, crystal composition and solid state 
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structure of dipeptides. Based on the thermal stability and decomposition studies, a new synthetic 

method was developed. 

Finally, a summary and future outlook of this thesis is provided. 
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Chapter 1. Molecular Crystals and Solid State Reactions 

1.1   Molecular Crystals 

1.1.1 Molecular Crystals and Polymorphism 

Molecular crystals are composed of individual molecules held together by noncovalent 

interactions. Molecular crystals can be a one component system (e.g. crystals of ice) or 

multicomponent (e.g. clathrates, co-crystals). Unlike for other types (ionic, metallic and covalent), 

molecular crystals display all the properties of individual molecules from which they form (e.g. 

color, chemical reactivity, biological activity). However, there will be a new set of properties 

arising from the molecules being organized in a regular array with specific orientation, periodicity 

and intermolecular interaction pattern. One example of such properties would be a sharp and very 

specific melting point. Also, melting temperatures of molecular crystals are the lowest as compared 

to other types of crystals. Another example is the mechanical weakness: molecular crystals are the 

easiest to deform or break. They can transform from one structure to another (as solid-solid 

transformation), as well as easier to disintegrate and re-assembly under the influence of 

temperature, solvents, pH, or other external factors.  

Polymorphism is the ability of a solid with the same chemical composition to exist in more 

than one crystal structure. Polymorphism can potentially be found for any crystalline solid 

including molecular crystals. Different polymorphs (in spite of the fact that many properties come 

from individual molecules) can show drastically different physical, chemical and biological 

properties.  

Physical properties of different polymorphs can be seen as different colors, crystal 

morphologies, and other characteristics. For example, 5-methyl-2-[(2-nitrophenyl)amino]-3-

thiophenecarbonitrile is known as ROY for its red, orange and yellow crystals (Figure 1.1). Seven 

crystal structures for this molecule have been reported, the highest number of polymorphs in the 

Cambridge Structural Database1,2.  

Chemical properties of different polymorphs can be seen in their different reactivity in the 

solid state. Photodimerization of cinnamic acids (see section 1.4.2.2) is an excellent example where 

polymorphs show different reactivity when they are exposed to UV light. α and β polymorphs of 

trans-cinnamic acid yield α-truxillic and β-truxinic acids respectively, while γ polymorph does not 

show this kind of reactivity at all3. 
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Figure 1.1 Polymorphs of ROY (adapted with permission from2). 

Bioactivity of different polymorphs is important in the development of pharmaceutical 

forms. Ritonavir is a classic example of conformational polymorphism where its two polymorphs 

have different solubility. Ritonavir, trade name Norvir (AbbVie. Inc), is a potent inhibitor of the 

human immunodeficiency virus (HIV) protease. Originally, Norvir was distributed as semi-solid 

capsules.  In 1998, the supply of the Norvir was affected by the new less soluble crystalline form 

of the ritonavir that caused the removal of the oral capsule formulation from the market4,5,6. The 

studies showed that during the drug development when ritonavir was synthesized, it was form I 

which has good solubility. Later on the form I transformed into a stable form II which is not 

therapeutically effective because of poor solubility resulting in much lower bioavailability. 

Although both of these forms have the same number of hydrogen bonds, they exhibit 

conformational polymorphism with cis and trans conformations around the carbamate linkage 

leading to two different crystal structures4.  

1.1.2 Intermolecular Bonding in Molecular Crystals 

Noncovalent or nonbonding interactions include a variety of weak, reversible inter- or 

intramolecular forces. Although the energies of noncovalent interactions are much lower than 

those of covalent bonds, the former play critically important roles in many chemical and biological 

systems7. Major types of noncovalent interactions relevant to this project are summarized below. 

Van der Waals forces are the attractive or repulsive forces between the molecules (or 

between groups within the same molecule). They are different from those due to (covalent or ionic) 

bond formation or from the electrostatic interaction of ions or ionic groups with one another or 

with neutral molecules. The term comprises dipole – dipole, dipole – induced  dipole and London 

(instantaneous induced dipole – induced dipole) forces8. Van der Waals forces are high order 

noncovalent interactions that do not rely exclusively on permanent charges but instead on 

polarization of electron clouds. Van der Waals interactions are weak forces, but they are very 
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important because they are always present in a large number. Many properties of organic 

compounds are defined by van der Waals interactions, such as their solubility in polar and non-

polar media, or different boiling points of hydrocarbons. 

Van der Waals forces are short range, where the interacting atoms form as many contacts 

with each other as possible. It is understandable that van der Waals forces define the arrangement 

of molecules in many molecular crystals. Due to these forces, the molecules tend to pack densely 

in the solid to achieve the highest packing efficiency. 

The overall arrangement of organic molecules in molecular crystals can be explained by 

the theory of microphase separation9,10. This theory deals with the segregation of covalently 

bonded hydrophobic and hydrophilic blocks in ordered structures. These blocks get organized into 

microphase segregated structures due to competition between repulsion and attraction forces. For 

example, copolymers A-block – B-block (Figure 1.2) self organize in various morphological 

structures. When the length of B-block increases, there is a change of spherical morphology type 

to cylindrical one and then to layer microphase at the volume fraction of B-block of ≈ 0.5. Further 

increase of the block length outcomes in inverted structures. 

 
Figure 1.2 Schematic representation of microphase separation of diblock-copolymers (adapted with 

permission from10). 

Although this theory was originally developed for block-copolymers and liquid crystal 

systems, similar segregation was found in the crystals of organic compounds, with the only 

difference being that the hydrophobic and hydrophilic regions were formed by the corresponding 

fragments of the molecules. Studies have shown that the segregation phenomenon is universal for 

the description of the supramolecular structure and crystal topology. For example, isosteviol 

derivatives with small substituents and volume fraction of the hydrophilic fragments in the range 

of 0.13-0.30 display the sphere-shaped or cylindrical supramolecular organization of the fragments 

in the lipophilic matrix in the crystals10. 

Hydrogen bonds are another type of noncovalent interactions. Although the H-bond can be 

defined more comprehensively, it can be seen as a three-center-four-electron-shared-proton 

       A               B spheres      B cylinders     A, B layers       A cylinders     A spheres            B  
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interaction from two adjacent electronegative atoms or groups: R’-D---H+---A-R11,12, where D and 

A are the proton donor and proton acceptor electronegative atoms, respectively. Unlike the regular 

chemical bond, the H-bond is regarded as a specific nonvalent interaction (not a chemical bond). 

The proof for hydrogen bonding can be achieved by specific measurements, such as the frequency 

shift of the IR and Raman ν(D-H) stretching band, the 1H NMR chemical shift, δ(DH), and the D-

--A and H---A distances determined by X-ray or neutron diffraction, which are far shorter than 

expected from the atomic van der Waals radii12. 

H-Bonds can be classified by participating atoms (groups), energy (strength), 

intra/intermolecular character, and other parameters. In most cases, classification is based on the 

strength of the hydrogen bond; for example, strong, moderate and weak H-bonds. Very strong H-

bonds involving [F-H-F]- are likely covalent in nature (150-250 kJ/mol)13. 

Hydrogen bonds are abundant and versatile, moderately strong and directional (and so 

predictable), which makes them very important in supramolecular chemistry and crystal 

engineering. It is known that H-bonds tend to become increasingly linear with their increasing 

strength.  This phenomenon is dominant in short and proton-centered H-bonds of covalent type 

but also occurs in longer bonds of electrostatic nature. Weak H-bonds also show a trend to linearity, 

though with broader angular distribution12. 

H-Bond connectivity in crystals is extremely complex. Etter and coworkers14 studied the 

preferential H-bond patterns in molecular crystals and proposed a number of rules dictating the 

formation of hydrogen bonds in organic molecular crystals. The most general are the followings14: 

1.  “All good proton donors and acceptors are used in hydrogen bonding”. 

2. “Six-membered ring intramolecular hydrogen bonds form in preference to intermolecular 

hydrogen bonds”. 

3. “The best proton donor and acceptor remaining after intramolecular hydrogen bond 

formation will form intermolecular hydrogen bonds”. 

There is a variety of other noncovalent interactions responsible for the formation of 

molecular crystals, e.g -, X-H--- , C-H---, halogen---HC, halogen---halogen interactions. 

They play an important role in molecular assembly, crystal packing, and biological pattern 

recognition.  
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Extensive studies have been focused on the attraction in the -systems. It was found that 

the face-to-face parallel stacking of aromatic rings directly over one another is energetically 

unfavorable due to repulsion of the quadrupoles, but stacking in a T-shaped or parallel-offset 

manner is energetically favorable (Figure 1.3)15. The parallel offset and T-shape is a preferred 

stacking geometry observed in both the solid and solution states of benzene16,17. In the systems 

where donor and acceptor co-exist, face-to-face parallel - interactions can be observed, e.g. 

phenyl-perfluorophenyl stacking in olefins18. 

 

Figure 1.3: Favorable and unfavorable -interactions; A, face-to-face unfavorable parallel stacking; B, 

parallel-offset - stacking; C, T-shaped C-H--- interaction in arenes. 

 Cambridge Structural Database searches reveal a number of important X-H---(phenyl) 

interactions in organic compounds19. The investigations were conducted by varying the X atom, 

e.g. oxygen, sulfur, nitrogen, and sp1, sp2 and sp3 C-H. It was found that the bonding enthalpies 

follow this trend: N-H+ > O-H > N-H > sp3 C-H > sp1 C-H. Another study showed that in more 

than 77% organic crystals the CH-- interaction distance is shorter than 3.02 Å and determined 

the interaction as an important factor in the crystal structure formation20,21. 

 Other types of noncovalent interactions such as halogen-HC, halogen-halogen and 

halogen-X (X could be O, N) are less frequent but play a critical role in combination with above 

discussed noncovalent interactions in molecular crystals22,23. It was reported that the higher the 

polarizability of the halogen atoms, the more prominent halogen-halogen interactions are23.  

1.2   Supramolecular materials 

1.2.1 Introduction 

Supramolecular chemistry is defined as the “chemistry of molecular assemblies and 

intermolecular associates”24 or “chemistry beyond the molecule”25. In the same way as traditional 

chemistry creates molecules from atoms using the chemical bond, supramolecular chemistry 
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creates various oligomeric and polymeric molecular associates (“supermolecules” and 

“supramolecular ensembles”) using nonvalent (noncovalent) interactions26. These supramolecular 

structures result from additive as well as cooperative interactions. In supramolecular chemistry, 

the size, shape and functional groups complementarity of molecules, rather than their reactivity, 

play a dominant role. In 1978, the term “supramolecular chemistry” (from Latin supra “above, 

beyond”) was the first time used by Lehn24,27. In 1987, Cram, Lehn and Pedersen won the Nobel 

Prize in Chemistry for their “development and use of molecules with structure-specific interactions 

of high selectivity”28. Their work popularized the field of host-guest and supramolecular 

chemistry. Supramolecular chemistry makes use of a range of nonvalent interactions and other 

tools to create or study the complex chemical systems. 

1.2.2 Types of Supramolecular Solids 

In chemistry the term “soft materials” is often applied to put emphasis on weak bonding, 

nonvalent interactions, between the molecular species. In soft materials, the molecules stay 

together by weak bonding. The formation of such materials occurs through the process of self-

assembly, which is sensitive to external conditions. These materials can rapidly form once external 

conditions are suitable and easily transform into various forms when these conditions change. 

Renowned examples of soft materials are molecular and liquid crystals, organic polymers, 

inclusion compounds, co-crystals, dendrimers, fibrils and fibers, and gels. Some types of molecular 

solids are illustrated schematically in Figure 1.4. 

 According to Lehn, supermolecule is an organized, complex entity that is created from the 

association of two or more chemical species held together by intermolecular forces24. In spite of 

being based on weak interactions, the supermolecule usually is a well organized entity with some 

new properties as compared to the simpler components it is made of. In 1984, Kitaigorodsky 

coined the term “mixed crystals” for binary or multicomponent crystals built on packing principles 

rather than chemical interactions29. In particular, mixed molecular crystals comprise more than one 

type of molecules. Generally, mixed molecular crystals are of two types: solid solutions and 

packing complexes. Packing complexes of two types have attracted considerable interest in more 

recent research: crystalline inclusion compounds and so-called co-crystals.  

1.2.2.1 Solid Solutions 

One category of mixed molecular crystals is solid solutions. In solid solutions, molecules 

of one kind replace molecules of another kind in the crystal structure. In solid solutions, the 
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molecules of the two kinds have similar geometry. For example, diphenyl and 2,2ʹ-dipyridyl 

molecules have similar size and shape. The crystal phase of diphenyl may contain from 0-8% of 

2,2ʹ-dipyridyl, and similarly the crystal phase of 2,2ʹ-dipyridyl may contain from 0-5% of diphenyl. 

Another example is the solid solution of oligomeric or polymeric product in the crystal structure 

of the monomer upon polymerization in the solid phase. The molecules of a second component are 

distributed randomly within the crystal structure, and the molar ratio is not fixed. Solid solutions 

of this kind do not make a new compound; their formation is driven by entropy. 

1.2.2.2 Crystalline Inclusion Compounds 

Crystalline inclusion compounds form because of the inclusion of the molecules of one 

type (guest) in the cavities of host crystal or crystal-like 3D framework. Such a compound is called 

a cage clathrate. The formation of an inclusion compound is favored by enthalpy and disfavored 

by the entropy term. It means that all inclusion compounds will exist at lower temperature and 

become unstable when temperature is raised above a certain value. 

In cage clathrates, the host molecules dominate: the guest species (molecules) reside in the 

cavity space formed by the host crystal. The inclusion of the guest molecule in the host framework 

is facilitated by the noncovalent interactions; these are only van der Waals most of the 

time.  For this host–guest interaction, the guest molecule needs to be complementary to the cavity 

space. Sometimes, the guest molecules are active participants in the formation of crystalline 

inclusion compounds and may contribute significantly to the development of a particular host–

guest architecture.30. 

Categorization of the crystalline inclusion compounds by the topology of the cavity space 

of the host framework recognizes three major classes: "layer-type" (2D open), "channel type" (1D 

open), and "cage-type" (totally closed). These three categories are also recognized as 

"intercalates", "tubulates", and "cryptates," respectively31. 

1.2.2.3 Co-Crystals 

Co-crystal, a multicomponent crystal, was first defined in 196832 and later on popularized 

by Etter33,34 who studied small molecule co-crystals. Now the term is redefined as a 

multicomponent crystal system where all components are solid under ambient conditions in their 

pure forms35. These components are present in stoichiometric ratio in the co-crystalline solid. 

Aakeröy and Salmon36 proposed a set of rules to restrict the category of compounds for co-crystals:  
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1. “Only compounds constructed from discrete neutral molecular species will be considered 

as co-crystals”. As a result, all solids comprising of ions are excluded. 

2. “Only co-crystals made from reactants that are solid at ambient conditions will be 

included”. Consequently, all solvates, clathrates, or inclusion compounds are excluded 

because they contain solvent or a gas molecule as the other reactant (guest). 

3. “A co-crystal is a structurally homogenous crystalline material that contains two or more 

neutral building blocks that are present in definite stoichiometric amounts”. 

 

Figure 1.4:  Schematic representation of some types of molecular solids. 

1.2.3 Crystal Engineering of Supramolecular Materials 

Crystal engineering is the creation of new materials with desired properties through the 

rational design of functional molecular building blocks and the utilization of noncovalent 

intermolecular interactions37,38. The solid materials are designed to have a specific function such 

as chemical reactivity, optical, magnetic or electronic properties39. New materials can be created 

from previously existing molecules without adding or destroying covalent bonds40. Creation of the 

new materials involves the manipulation of intermolecular interactions, especially hydrogen bonds 

due to their relative strength and directionality41,42,43. For this purpose, a systematic variation of 

functional groups within a crystal structure motif  is useful in the design of molecular crystals with 

the desired physical and chemical properties44,45. Solvent, temperature, pH and concentration are 

other parameters that can be adjusted for the formation of the crystals. The formation of the desired 

molecular solids is controlled by the spontaneous association through self-assembly of the 

molecular species in an appropriate media39. 
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1.3 Green Chemistry 

Green Chemistry is defined by IUPAC as “the invention, design, and application of chemical 

products and processes to reduce or to eliminate the use and generation of hazardous 

substances”46. Generally, terms ‘Green Chemistry’ and ‘Sustainable Chemistry’ are used for a 

similar meaning. Both embrace research that attempts to reduce or eliminate the environmental 

impact of the chemical production. The ultimate goal is to develop sustainable technologies that 

are harmless to living organisms and the environment. 

The ideas related to modern green chemistry started to appear with the industrial revolution 

in 18th-19th century. On one hand, the benefits from the products of the chemical and related 

industries changed the way we live transforming all aspects of our life. On the other hand, well-

publicized disasters47,48 due to this industrial revolution were recognized as polluting and causing 

significant damage to our environment. It stemmed the environmental statutes and regulations. 

The implementation and commercialization of the green chemistry phenomena on a wide scale 

started in 1990s47 when economic, regulatory, scientific, and even social factors merged. The term 

“Green Chemistry” was first introduced by Anastas and Warner in their book “Green Chemistry: 

Theory and Practice” in 199848 and later on was redefined and promoted by IUPAC in 200046. 

In the last 30 years, green chemistry has been adopted as one of primary methods in pollution 

prevention. Green chemistry attempts to develop chemical technologies and processes that are 

designed to be incapable of causing pollution. According to Anastas and Warner, green chemistry 

is “the utilization of the set of 12 principles that reduce or eliminate the use and generation of 

hazardous substances in the design, manufacture, and application of chemical products”48. These 

12 principles demonstrate the green chemistry definition in a practical sense. 

1.3.1 Green Chemistry Principles 

The 12 Green Chemistry Principles introduced by Anastas  in 199848 and adopted by 

IUPAC in 200046 are summarized below in relation to the thesis project. For more details on the 

Green Chemistry Principles, a very recent review of Anastas on Green Chemistry can be seen49. 

1. Prevention: Reaction waste is the foremost cause of pollution. Therefore, the formation of 

the waste should be prevented at any stage of the reaction rather than cleaning up after. 

2. Atom Economy: Synthetic methods must be preferred that transform maximum of the 

starting materials into the final products. 



12 
 

3. Less Hazardous Chemical Syntheses: The ideal synthetic methods utilize and produce 

substances that are harmless to humans and the environment. 

4. Designing Safer Chemicals: The targeted/desired chemical product should have the 

lowest possible level of toxicity and hazard while maintaining its efficiency of function. 

5. Safer Solvents and Auxiliaries: Solvents/auxiliary substances are a major cause of waste. 

Therefore, solventless chemical reactions are preferred whenever feasible. If these 

substances are required, they must be innocuous. 

6. Design for Energy Efficiency: When a synthetic reaction is designed, its energy 

requirements must be evaluated for their effects on the environment and economy. 

Synthetic methods that require minimum energy should be preferred. 

7. Use of Renewable Feedstocks: Whenever feasible, the starting materials for a synthetic 

chemical reaction should be renewable. 

8. Reduce Derivatives: Derivatization (temporary modification of a chemical process by 

blocking, protecting/deprotecting, or activating the functional groups) requires additional 

reagents that means more waste. It should be minimized or completely avoided if feasible. 

9. Catalysis: Selective catalytic reagents should be preferred over stoichiometric reagents. 

10. Design for Degradation: The desired chemical products should be safe for the 

environment and living organisms. After the use, the chemical products should degrade 

into safe products. 

11. Real-Time Analysis for Pollution Prevention: The formation of hazardous substances 

can be avoided by the real-time, in-process monitoring of a chemical reaction. For this 

purpose, advanced analytical methodologies should be built and utilized in a chemical 

process. 

12. Inherently Safer Chemistry for Accident Prevention: Potential hazards for a chemical 

reaction, including the toxicity and release of substances, explosions, and fire must be 

recognized. By selecting safer starting materials and methodologies, chemical accidents 

can be prevented. 

1.3.2 Areas of Green Chemistry Development 

With the green chemistry synthetic design, the focus is on the alternative synthetic 

pathways rather than the target product. Thus, by modifying the synthesis, we can arrive at the 

same final product and yet reduce or eliminate toxic starting materials, by-products and wastes. In 
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order to develop alternative and improved chemical syntheses, either one or more of the main 

components of the syntheses, feedstocks, or the reaction conditions can be changed. Since the 

types of the chemicals and the types of transformations are so diverse, so too are the green 

chemistry solutions proposed.  For this purpose, areas for the development of the green chemistry 

have been comprehensively identified by the Organisation for Economic Co-operation and 

Development (OECD)50 as: 1. use of alternative feed stocks; 2. use of innocuous reagents; 3. 

employing natural processes; 4. use of alternative solvents; 5. design for safer chemicals; 6. 

developing alternative reaction conditions; 7. minimizing energy consumption. 

The focus of this thesis is on the synthetic organic transformations (Chapters 4 and 5). It is 

well-known that in organic synthesis for chemical manufacture, waste minimization is a major 

concern. Historically, even before the green chemistry principles, some solutions had been 

provided, such as through applying stoichiometric amounts of inorganic reagents with cleaner and 

catalytic alternatives, or through setting reaction efficiency (% yield) and product selectivity as a 

goal of the synthetic design. Although higher yield offers some environmental benefits, e.g. less 

waste, it is not the best measure of reaction efficiency in words of green chemistry. Synthetic 

transformation can achieve 100% yield of the product and still generate a substantial amount of 

waste48,51,52,53. To measure the “green” character of a reaction, a set of simple parameters have 

been proposed54. The E factor (Eq. 1)55 and atom utilization56 (atom efficiency or atom economy) 

(Eq. 2) concepts53 are generally accepted as useful quantitative parameters in green chemistry.  

The E factor is the actual quantity of waste generated in the whole chemical process; a higher 

E factor reveals more waste. The E factor takes the chemical yield, reagents, solvents, and all 

process aids (e.g. fuel) into account except for water as a waste. It is calculated after the production 

of a particular product on a production site55. The E factor is being widely adopted by the chemical 

and pharmaceutical industries.  

𝐸 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑅𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑘𝑔) − 𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑘𝑔)

𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑘𝑔)
 

% 𝐴𝑡𝑜𝑚 𝐸𝑐𝑜𝑛𝑜𝑚𝑦 =  100 ∗
(Molecular mass of desired product)

(Sum of the molecular masses of all reactants)
 

Atom efficiency can be calculated at the reaction planning stage from a balanced chemical 

equation. It is considered as an effective measure of the intrinsic efficiencies among various 

(Eq. 1) 

(Eq. 2) 
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chemical transformations53, as opposed to the % yields. Atom economy is calculated as a function 

of all reactants instead of products because there may be some reactants left unreacted57.  

In the following section, green chemistry developments to achieve the synthetic 

transformations with lower E factor and higher atom economy are discussed. The synthetic 

strategy of this thesis is also evaluated in the context of these green chemistry developments. 

1.3.3 Compliance of Our Synthetic Strategy with Green Chemistry Development Areas 

The synthetic strategy of this thesis project was selected and developed with the 

consideration of the OECD for the areas of the green chemistry development. Since OECD is a 

socio-economic organization and the thesis project was done in chemistry, we will discuss the 

areas of green chemistry development with regard to the organic synthesis. 

Use of alternative feed stocks: The design of new synthetic methods should be based on starting 

materials that are both renewable, instead of depleting, and less harmful to humans and the 

environment50.  The starting materials in our research project are short peptides, which may be 

seen as a bio-based renewable resource. 

Use of innocuous reagents: During the design of new synthetic methods, efforts should be made 

to use the reagents that are innocuous as well as catalytic50. Our research project is based on the 

solid state transformation of pure peptides which is expected to undergo without additional 

reagents. Also, the peptides will be utilized without any derivatization, hence neither additional 

reagents nor separation would be required.  

Employing natural processes: New synthetic methods should utilize natural processes, such as 

biosynthesis, biocatalysis, and biotech-based chemical transformations for efficiency and 

selectivity50. Diketopiperazines are found in several living organisms where biosynthesis of these 

compounds is thought to occur from peptide molecules. It is also known that peptide molecules at 

room temperature or on mild heating undergo a chemical change to form diketopiperazines. The 

synthetic strategy opted in this thesis is based on the chemical transformation of peptides into 

diketopiperazines. 

Use of alternative solvents: The use of solvents in new synthetic methods should be minimum. If 

they are required, alternative solvents must be utilized that are safe for the environment50. Our 

synthetic pathway is expected to be completely solventless, presenting no worries for the safety of 

solvents and auxiliaries. 
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Design for safer chemicals: Toxicity associated with the desired synthetic product should be 

identified. The chemical product should have the lowest level of toxicity while maintaining its 

efficiency of function50. The product of our synthetic reaction is cyclo-dipeptides, which have 

multiple applications in medicinal chemistry, pharmaceutical and food industry, while their 

toxicity and hazard are at the lowest possible level. 

Developing alternative reaction conditions: For the new synthetic methods, reaction conditions 

must be selected that increase the selectivity of the product and allow for dematerialization of the 

product separation process50. It is essential to evaluate the process and all the substances generated 

for the hazardous properties46. Our research project involves the use of mild heating for the solid 

state transformation of peptides to form cyclo-peptides and water. This intramolecular aminolysis 

cyclization reaction produces water as the only by-product, which makes the reaction even greener 

at the cost of slightly lower atom economy.  

Minimization of energy consumption: Energy requirement for a new synthetic method must be 

assessed in terms of their effects on the environment. Synthetic methods that require minimum 

energy input should be favored50. In terms of energy consumption, our solvent-free synthetic 

procedure is also a highly efficient reaction. All of the transformations are expected to be fast and 

occur in the medium temperature range (below 250°C).  

1.4     Thermal Decomposition and Synthetic Reactions in Organic Solids 

1.4.1   Thermal Decomposition 

1.4.1.1 Thermal Analysis and Decomposition Temperature 

According to ICTAC and IUPAC recommendations, thermal analysis (TA) is defined as 

“the study of the relationship between a sample property and its temperature as the sample is heated 

or cooled in a controlled manner”58. Thermal analysis is a range of thermoanalytical techniques 

that are used to measure physical and chemical properties as a function of temperature, time, and 

atmosphere. In most TA methods, one of three types of physical parameters is measured: mass, 

temperature or heat flow, or mechanical or other physical properties59. In this research project, the 

thermal stability studies of the peptide materials were conducted by thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC).  

TGA and DSC are most widely used thermoanalytical techniques. Very often, TGA is the 

first technique used to determine the composition and stability (thermal or oxidative) of a material.  
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Specifically, TGA instruments measure the change in weight as a function of temperature, time or 

atmosphere. Usually TGA is used to study solid materials, however it can be extended to liquid 

materials or gas-solid reactions. Most TGA experiments are conducted with linear heating, but 

other regimes, including isothermal, are also common. Weight change and the temperature of the 

weight change are the two most important measurements taken from a TGA experiment. The loss 

in weight may be due to the vaporization of free or associated water, release of other volatile 

components, and/or due to the formation of volatiles because of a chemical decomposition 

process60. The initial temperature for any weight change event (Δm) is described as the onset 

temperature (Ton). Ton is the temperature that is obtained by extrapolating the temperature of the 

maximum mass loss rate as illustrated in Figure 1.5. It is a point where the process starts in an 

ideal system. In TGA experiments, Ton is a reproducible quantity that is considered a measure of 

the thermal stability of a material. 

 

Figure 1.5 Interpretation of a TGA plot to determine the onset temperature (Ton) for the weight loss (Δm) of 

8.05 %. 

The interpretation of TGA observations can be made with the help of complementary 

information, such as reaction stoichiometry, evolved gas analysis (EGA) and structure or 

composition studies (X-ray diffraction, FTIR, NMR, GC-MS, LC-MS). 

DSC measures the difference between heat flow rates into the studied sample and a 

reference when they are heated, cooled, or held isothermally, together with the temperature where 

these changes take place60. Generally, differential measurements of heat flow are made by using a 

common furnace for both the sample and reference (heat flux design). Physical or chemical change 
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in the sample will cause either absorption (endothermic process) or release (exothermic process) 

of heat. DSC measures very small amounts (microwatts, μJ/s) of heat flow that makes it a very 

sensitive technique for measuring changes in the structure of a material60.  

DSC is very useful in the studies of organic polymers, pharmaceuticals, foods and for the 

industrial process analysis. DSC experiments are typically conducted on heating; however, 

measurements also are made while cooling or under isothermal conditions.  

For a thermal event in DSC, a common measurement includes a change in enthalpy (heat 

transfer) and the temperature for that event. Thermal events such as melting, crystallization, 

polymorphic transition, denaturation (proteins), gelatinization (starch), thermal and oxidative 

decomposition of organic compounds are well seen in DSC. Onset and maximum temperatures are 

generally recorded for an event. As shown in Figure 1.6, the onset temperature (Ton) is obtained 

by extrapolating the temperature of maximum heat flow rate, whereas the max temperature is the 

peak point. Usually, Ton is the most reproducible. In case of wide or shallow thermal events, Tmax 

is also considered. The total change in enthalpy (ΔH) is calculated for a clear event such as the 

shaded area under the endotherm shown in Figure 1.6. 

 

Figure 1.6 Obtaining Ton and Tmax for an endotherm on a DSC thermogram. 

1.4.1.2 Mechanisms of Decomposition 

The initial decomposition reaction mechanisms have been grouped into three broad types61. 

The first are reactions where the intermediate involves a concerted electron reorganization and 

follows simultaneous bond-breaking and bond-forming steps (Figure 1.7).  These reactions are 

considered to be: 1) thermally induced; 2) relatively insensitive to the structural features and 
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external agents; 3) following a low energy decomposition pathway; 4) having lower activation 

energies than the strength of the bonds being broken. Examples of these processes are the 

decomposition of cyclobutane62,63, decomposition of esters (containing a β-hydrogen atom)64–66, 

and possibly decomposition of alkyl phosphine oxides67. 

 

 

Figure 1.7: Decomposition proceeds by simultaneous bond-breaking and bond-forming steps. 

The second type thermal degradation reactions proceed by homolytic bond cleavage. These 

reactions produce radicals and a neutral species or two radicals. One example of these reactions is 

the decomposition of toluene (Figure 1.8). The activation energy for the reaction is a measure of 

the strength of the bond (bond dissociation energy) that is broken. Thus, the activation energy of 

the reverse reaction (recombination of radicals) may be assumed negligible. The values of 

dissociation energy are sensitive to the structural changes in the molecule61. 

 
Figure 1.8: Decomposition proceeds by homolytic bond cleavage to form two radicals. 

The thermal decomposition of paraffin has been studied extensively in the past. It is 

believed that the paraffin hydrocarbons crack through the formation of free radicals68 at elevated 

temperatures and pressures. Although the primary products of the cracking are olefins, the cracking 

process was optimized to produce specific products, such as hydrogen, higher boiling materials 

and coke, methane, small useful olefins, naphthene and aromatics69,70. 

The third type thermal degradation reactions proceed by the heterolytic bond cleavage 

(Figure 1.9). In these degradation reactions, the transition state has some charge separation in the 

bonds that are to be broken. Consequently, the reaction is considered more sensitive to the 

substituent effects than the concerted bond or homolytic cleavage reactions61. 

 
Figure 1.9: Decomposition proceeds by heterolytic bond cleavage. 
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It is not always evident ahead of time which of the three decomposition mechanisms will 

take place for a specific molecule. As an example, it is not true that cyclobutane or esters will 

always decompose by the concerted electron reorganization; instead they can proceed through the 

homolytic cleavage. For example, isopropenyl-cyclobutane decomposes in an aged reaction vessel 

kept at 304-348ºC to yield ethylene, isoprene and 1-methylcyclohexene as a (1:1:3) mixture 

(Figure 1.10). The formation of these products can be explained by the formation of biradical 

activated complex which can be stabilized by allylic resonance. Ring closure generates 

methylcyclohexene, whereas further rupture yields ethylene and isoprene71. 

 

Figure 1.10: Decomposition in isopropenyl-cyclobutane to yield ethylene, isoprene and 1-

methylcyclohexene in (1:1:3) ratio. 

It was found that decomposition can also be complicated by isomerization. As an example, 

studies on the pyrolysis of phenol reveal enol/keto tautomerization to form cyclohexadienone, 

which is followed by decarboxylation to produce cyclopentadiene (Figure 1.11). The 

cyclopentadiene molecule loses an H atom to generate the cyclopentadienyl radical, which is 

followed by further decomposition to yield acetylene and the propargyl radical72. 

 

Figure 1.11: Decomposition of phenol complicated by keto/enol tautomerism. 

1.4.1.3 Thermal Stability of Some Organic Compounds 

Johns and his group evaluated the thermal stability of simple organic compounds which 

were stable above 550°C. They found that heterocyclic, aromatic, certain substituted aromatic 

compounds, perfluorinated ring compounds, and aromatic silanes are very stable73. Later 

Schlosberg and his group studied the thermal decomposition of esters and ketones. They focused 

on esters which lack the β-hydrogen atom responsible for cis-elimination. Methyl acetate 

decomposed to produce acetone, methanol and water, while phenyl acetate decomposed to produce 

benzene as a major product. The decomposition pathway was proposed to occur through the 
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cleavage of the acyl-oxygen rather than the alkyl-oxygen cleavage. Similarly, decomposition in 2- 

and 4-decanones produced ethylene, propylene, carbon monoxide and 1-hexene74. 

Acetylsalicylic acid (aspirin) is an anti-inflammatory drug, widely used as a pain killer, or 

asthma and heart disease cure75. The thermal decomposition of solid aspirin under the inert 

atmosphere followed the illustrated scheme (Figure 1.12). In the first step of TG/DTG (160-

260°C), elimination of the ketene and the formation of salicylic acid occurs. Second step (295-

390°C) is a complex process which starts with the elimination of CO2 and formation of phenol; 

then finally phenol is decomposed, and the carbonated residue undergoes a complete burning76. 

Thermal analysis of aspirin under air and dry-air conditions also showed similar decomposition 

process except for the formation of the linear oligomeric salicylate esters with the removal of acetic 

acid during the first step77,78. 

 

Figure 1.12: Decomposition of acetylsalicylic acid (aspirin). 

L-Ascorbic acid (referred to as ascorbic acid) is a well-known natural antioxidant and the 

first vitamin (vitamin C) found that displays antiscorbutic properties. It is widely used as a food 

additive, cosmetic ingredient, and active pharmaceutical agent. The preparation and processing of 

the products containing ascorbic acid often done under heating; so many studies have been 

performed on the ascorbic acid thermal stability, decomposition mechanisms and products. The 

thermogravimetric studies of solid ascorbic acid from 25-800ºC under nitrogen flow revealed that 

ascorbic acid is stable in its solid form till it reaches the melting point of 191ºC79,80. The FTIR 

analysis of the volatiles revealed the formation of H2O, CO2, CO, CH4 and HCOOH. It is believed 

that the formation of H2O, CO2, CO, and HCOOH volatiles at 191–268°C is only possible after 

the fracture of the ascorbic acid molecule which turns into furfural79 (Figure 1.13).  

 

Figure 1.13: Decomposition of L-ascorbic acid. 
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Thermo-responsive compounds (usually polymers or pro-active drugs) show a sharp 

change in properties upon a small or mild change in temperature. Based on this behavior, smart 

drug delivery systems can be prepared, which mimic biological response behavior to a certain 

degree. Such materials are used in the development of various applications in the areas of 

regenerative medicine and drug delivery81,82.  

 

Figure 1.14: Proposed decomposition pathways in: a) amino acid esters, b) hydrophobic amino acid, c) 

threonine and serine. 

In the early 1990’s, Rodante conducted thermodynamic and kinetic studies on the thermal 

decomposition of some amino acids in their solid form83,84. The TG-DSC results were compared 

with GC-MS results of the same amino acids85 to determine their decomposition pathways. The 

decomposition of amino acids in the solid form was found to be primarily a decarboxylation 

process. The study of the fragmentation of amino acid esters in GC-MS revealed the preferred 

breakage of α bond (αC—COO-) resulting in the formation of positive ions. These positive ions 

are stabilized by the resonance structures, such as with terminal NH2
85 (Figure 1.14a). The 

decomposition of the hydrophobic amino acids in the solid form was found to be initiated with 

decarboxylation followed by deamination (Figure 1.14b). The decomposition of the hydrophobic 

amino acids was described to be influenced by the side chains. Similarly, decarboxylation was also 

an initial decomposition mechanism of glutamic and aspartic acids. On the other hand, deamination 

and dehydration were found to be the initial decomposition pathways of serine and threonine, 

respectively (Figure 1.14c).  Similarly, asparagine and glutamine decomposed with the 
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deamination of the side chain as the first step83,84. Weiss and his group have reported very recent 

results on the thermal decomposition of glycine, cysteine, aspartic acid, asparagine, glutamic acid, 

glutamine, arginine and histidine. DSC, TGA and QMS analysis of these amino acids between 

185-280°C confirmed that the decomposition process is neither melting nor sublimation. All these 

amino acids produced water, carbon dioxide, and ammonia, except for cysteine. Cysteine produced 

more water, some ammonia and no CO2. In the solid or liquid residue, they reported the formation 

of 5- or 6-membered  heterocyclic compounds: pyrrolidines, piperidines, pyrazolidines, and 

piperazines where the peptide bond is intact86. 

1.4.2   Synthetic Reactions in Organic Solids 

1.4.2.1 Introduction 

Traditionally, synthetic organic reactions are conducted in solution. Therefore, solvent is 

considered an essential part of the organic synthesis. The advantages of running a reaction in 

solution are evident. First, solution is easy to stir, shake, heat or cool uniformly. Second, the 

molecules in solution move fast and can meet to react. Third, reaction can be controlled or changed 

by choosing different solvents. It is clear that solvent has an influence on the chemical reactivity. 

A strong effect of solvent on an organic reaction is mainly due to the solvation of reactants, 

products, and transition-state species. In spite of such a strong involvement, solvent does not 

transform into the product, except for solvolysis reactions, and is recovered unchanged. 

Although several solid state organic reactions have been known, the solid state reaction or at 

least reaction under solvent-free conditions has received very little attention. This may be due to a 

misconception that a reaction in the solid state or under solvent-free conditions is not very feasible, 

or not very efficient. On the other hand, as described in the green chemistry section (1.3), solvents 

are a major cause of pollution. The development of environment-friendly synthetic procedures 

pushed chemists to minimize the usage of solvents. In the last three decades, a great deal of 

research and reinvestigation of known reactions has been conducted to establish organic syntheses 

in the solid state or at least under solvent-free conditions. Solid state organic reactions are generally 

thought to be occurring in the crystalline solids. Many reactions that were thought in the past to be 

the solid state reactions, upon closer inspection turned out to occur in a liquid, or a melt, or in a 

liquid layer on the surface of the crystal87-89. So, it became necessary to develop criteria that define 

if a reaction occurs in the solid. Based on Morawetz87 and Paul88 work on organic reactions in the 
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solid state, Byrn89 summarized the conditions for a solid state reaction. If one of the following 

conditions is met, the reaction occurs in the solid: 

1. “When the liquid reaction does not occur or is much slower than the corresponding solid 

reaction”. 

2. “When there are pronounced differences in the reactivity of chemically related compounds 

in the solid”. 

3. “When different reaction products are formed in the solid and liquid states”.  

4. “When different crystalline modifications (polymorphs or solvates) have different 

reactivity or lead to different reaction products, if the reaction occurs at a temperature 

below the eutectic of a mixture of the starting material and the products”. 

In traditional organic chemistry, chemical reactivity and the products of chemical reactions are 

defined by the molecular structure of the compounds involved. For the reactions in the solid state, 

an additional factor comes into play. It is how the molecules are oriented and packed in the crystal. 

Adjacent molecules can react if certain criteria are met, such as that they are sufficiently close to 

each other and in a right orientation. The reactant molecules are restricted to a specific spatial 

orientation or packing in the crystalline state. Therefore, the products of solid state reactions are 

different from those obtained in solution. Consequently, organic reactions in the solid state provide 

a unique opportunity to synthesize complex molecules with regio- and stereo-selectivity. The 

specific orientation of the molecules can be obtained in the crystals of a single component or in 

the co-crystals of two or more reactant molecules. The ordered structure in the host-guest 

complexes provides an amazing opportunity to synthesize chiral molecules. Furthermore, solvent-

free or solid state organic reactions can also be conducted by incorporating the reactants in the 

clays, zeolites, silica, alumina or other matrices. Solid state synthesis is a simple experimental 

procedure, which is carried out by grinding, heating or irradiating with UV, microwave or 

ultrasound. Evidently, solvent-free reactions reduce pollution and bring down the cost. 

Organic reactions in the solid state have been described in both crystals and amorphous solids. 

Crystals have long-range order of molecules and may exist as polymorphs or solvates. Amorphous 

solids show no long-range order, and the arrangement of molecules is more random. Therefore, in 

some respects, they are similar to a solution and more reactive than their crystalline counterparts89.  
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The general steps in a solid state reaction have been reviewed by Byrn89. In the first step, 

the molecules that are going to react acquire enough freedom of motion (molecular loosening). 

The reaction starts at one or more nucleation sites and spreads throughout the solid. Second step 

is the molecular change step where covalent bonds break and form. The second step is usually 

slower because of the restricted molecular motion in the solid. However, in some cases, favorable 

orientation of the reactant molecules accelerates the process. Third step is the formation of a solid 

solution of the product in the reactant crystal. This solution exists till the product is no longer 

soluble in the reactant crystal. The final step is when the product crystal separates. The first two 

steps are more significant because they control the chemical process. 

The available free space surrounding the reactant molecules strongly influence the 

reactivity of the crystals because a certain degree of molecular motion in the crystal lattice is 

required for a reaction to occur. Therefore, the reaction cavity and the lattice energy are also 

considered as important factors that influence the solid state reactivity90,91.  

Experimentally, when a single reactant is involved, it is heated or irradiated directly. When 

two or more reactants are involved in a reaction, they are thoroughly ground together or co-

crystallized before heating or irradiating. In recent times, more sophisticated ways to drive a 

reaction, such as mechanical grinding, microwave chemistry, sonochemistry and 

thermogravimetric methodologies have been adopted. For detailed studies on organic solid state 

reactions, the recently published review by Kaupp “Organic Solid State Reactions”92 can be 

consulted. The other reviews on solid state reactions under solvent-free organic synthesis are by 

Tanaka and Toda93, Tanaka94, and Nagendrappa95,96.  In the next section, reactions in molecular 

crystals are described that occur under the topochemical control followed by the reactions in the 

amorphous solids or where topochemical control is not applicable. 

1.4.2.2 Topochemically Controlled Solid State Organic Reactions 

Although the photodimerization of solid anthracene97,98 and coumarins99 is known since 

early 1900’s, the true understanding/prediction of solid state reactivity was developed with the 

application of X-ray analysis to organic molecular crystals. The term topochemistry was first 

introduced by Kohlschütter in 191991. In 1960s, extensive work by Schmidt on topochemical [2+2] 

photodimerizations of a variety of trans-cinnamic acids led to establishing the topochemical 

principles for such solid state photoreactions3,100. Schmidt defined rules for the orientation, 
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alignment and spacing of reactive groups for these photoreactions to proceed (see below 

Photodimerization of Cinnamic Acids and Other Photodimerizations).  

Topochemically controlled solid state reactions are usually induced by UV light or thermal 

heating leading to pure cyclic products, polymers, and asymmetrically pure compounds. Due to 

the steric factors imposed by a particular arrangement of the molecules in the crystal structure, 

stereochemical control of the chemical reaction is achieved. Usually, two types of effects are 

distinguished in topochemically controlled reactions: (a) intramolecular effects, where internal 

rearrangements, elimination, oxidation or cyclization reactions occur within a molecule and (b) 

intermolecular effects, where adjacent molecules react with each other to generate cyclic products 

or polymeric materials. 

Intramolecular Reactions: Molecular Packing Effects 

One of the best examples of a topochemically controlled solid-gas reaction is the oxidation 

of hydrocortisone tert-butylacetate to cortisone tert-butylacetate101,102 (Figure 1.15). This reaction 

occurs with a solvated hexagonal crystal form of the reactant, but does not occur with other crystal 

forms, including the monoclinic and orthorhombic. The hexagonal crystals undergo a 

pseudopolymorphic desolvation, leaving a "tunnel" by which oxygen can penetrate into the crystal. 

 
Figure 1.15: Oxidation of hydrocortisone tert-butylacetate to form cortisone tert-butylacetate. 

Intramolecular Reactions: Conformational Effects 

In the solid state, reactions may be defined by a particular conformation of the reactant 

molecule present in the crystal. For example, solid dimethyl and dibenzyl esters of meso-β,β’-

dichloro- and meso-β,β’-dibromo-adipates react quantitatively with gaseous dry ammonia, 

         

Figure 1.16: Elimination reactions in meso-β,β’-dihalo-adipates in the solid state and in liquid yielding 

stereospecifically the corresponding diesters of trans,trans-hexa-2,4-dienedioate and mixture of 2,4-trans,cis- 

and trans,trans-diesters respectively. 
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methylamine, and dimethylamine yielding stereospecifically the corresponding diesters of 

trans,trans-hexa-2,4-dienedioate103 (elimination) (Figure 1.16). In contrast, when these reactions 

were performed in ethanol or dimethylformamide solutions, a mixture of 2,4-trans,cis- and 

trans,trans-diesters and diamides was obtained.  

Intermolecular Reactions: Molecular Packing Effects 

In the solid state, molecules reside in essentially fixed positions and are present in very few 

mutual orientations. This would result into three consequences. It sets down strict and specific 

limitations on the ways wherein molecules can react with each other. It generates stereochemically 

pure products. It also can bring the molecules closer together so that the reaction may occur in the 

solid state. 

Photodimerization of Cinnamic Acid and Other Photodimerizations 

In the solid state, trans-cinnamic acid is found in three polymorphic forms, namely α-, β- 

and γ-forms. All these forms show distinct solid state reactivity upon irradiation. The α- and β-

forms show photoreactivity to form [2+2] dimers (Figure 1.17), whereas the γ-form is photostable. 

In the crystal structure of α-form, the two neighbor molecules are arranged in head-to-tail fashion, 

where the double bounds are parallel and separated by 3.65Å. In the crystal structure of β-form, 

the two neighbor molecules are arranged in head-to-head fashion, where the double bounds are 

parallel and separated by 4.02Å. The irradiation of the α-form and β-form leads to dimerization 

into α-truxillic acid and β-truxinic acid, respectively. The γ-form does not show photodimerization 

as the distance between the two double bonds of the adjacent molecules is greater than 4.2 Å3,100. 

                

 

                 

Figure 1.17: Photodimerization in the α-104 and β-polymorphs105 of trans-cinnamic acid. 

hν hν 

α-polymorph β-polymorph 

α-truxillic acid β-truxinic acid 
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Schmidt explored the photodimerization of several substituted cinnamic acids in a 

systematic way3,100. He studied and compared the photoreactivity in different structures. Based on 

these results, Schmidt postulated that two nearest neighbor molecules of cinnamic acid will 

undergo photodimerization if: 

1. The distance between centroids of two double bonds falls within 3.5–4.2Å. 

2. The double bonds are aligned in parallel. 

These guidelines act as a powerful tool to define the solid state photostability or photoreactivity of 

a given compound.  

In general, the solid state [2+2] photodimerization is a well-studied reaction in terms of the 

crystal engineering viewpoint106. If the molecules are arranged into a reactive orientation within a 

certain proximal distance, the solid state reaction can be conducted. The developments in organic 

crystal engineering suggest a number of methods for bringing the molecules together in the crystal 

lattice106 (Figure 1.18). These methods utilize various interactions, from weak (halogen bonds, 

halogen---halogen, π---π, cation---π) to strong hydrogen bonds (O–H---O, N–H---O, O–H---N and 

N–H---N) and coordination bonding. So far, many studies have been reported that utilize such 

strategies for conducting single, double, triple, or multiple [2+2] reactions106. 

In [4+4] photocycloaddition, four atoms from each unsaturated molecule connect by a 

covalent bond to form an eight-membered ring. Solid state photodimerization of anthracene was 

the earliest example of [4+4] cycloaddition97,98,107,108 (Figure 1.19a). Although exceptions for 

topochemical solid state photoreactions were found in the photocycloaddition of many crystalline 

anthracene derivatives, it was seen that < 4.20Å is essential between the CC-bond forming carbon 

atoms for [4+4] photocycloaddition109. The [4+4] photocycloaddition has been designed and 

conducted in various systems. For example, the irradiation of acridizinium salts yielded [4+4] anti-

head-to-tail photocycloaddition (Figure 1.19b). It was seen that directional π stacking leads to 

anti-head-to-tail orientation in the parent crystalline acridizinium salt. The distance between the 

reaction centers of photoreactive acridizinium species was found to be 3.78—3.89Å109. In another 

example, the molecules of 2-pyridone, in the co-crystal with 2-naphthylacetic acid, were found to 

have suitable alignment and orientation for the photochemical reaction, and the reacting carbon 

atoms were at the distance of 3.74 Å. Therefore, the irradiation of these co-crystals resulted in the 
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formation of a photo-adduct (Figure 1.19c). However, in the co-crystals with 1-naphthylacetic 

acid, the reactive carbons were at the distance of 4.46 Å, and therefore they were photostable110,111. 

 
Figure 1.18: Examples of reaction design strategies to bring the molecules together in organic crystals to 

achieve a specific [2+2] photodimerization106: a-d) utilize halogen---halogen interactions, e-g) utilize aromatic 

(π---π) interactions, h) utilizes π---cation interactions, i-j) utilize strong hydrogen bonding, k-l) utilize 

electrostatic interaction by salt formation. 
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The [4+2] cycloaddition is another category of topochemical solid state reactions that led 

to a six-membered ring112,113,114. For example, shape and size similarities and a charge transfer 

interaction between N-alkyl-substituted 1,4-dithiin (dienophile) and anthracene (diene) were used 

to prepare their co-crystal. The planar geometries of the reactants facilitate the formation of a 

charge–transfer interaction in alternate donor–acceptor stacks. In the stacks, the C=C bond of the 

1,4-dithiin is positioned above the center of the anthracene moiety at the distance of 3.34 Å. Due 

to the flexibility of one of the reactants, the [4+2] cycloaddition reaction proceeds in a single 

crystal to single crystal manner113,114 (Figure 1.19d).  

 

Figure 1.19: The examples of [4+4] and [4+2] cycloaddition reactions: a) [4+4] photodimerization in 

anthracene; b) [4+4] photocycloaddtion in acridizinium salts; c) [4+4] dimerization of 2-pyridone in its co-

crystal with 2-naphthylacetic acid; d) [4+2] cycloaddition in the co-crystal of  N-alkyl-substituted 1,4-dithiin 

and anthracene.  

Polymerization of Dienes and Acetylenes 

The polymerization reactions of 1,3-butadiene derivatives have been engineered using 

halogen substitution on the aromatic rings. The chloro- or bromo-substitution on the aromatic 

moieties of dibenzyl (Z,Z)-muconates was shown to promote the columnar packing and therefore 

induces the topochemical 1,4-addition to produce stereo-regular polymers (Figure 1.20a), whereas 

the unsubstituted benzyl derivative isomerizes to the corresponding (E,E)-muconate under similar 

conditions115. 

The polymerization reactions of solid 1,3-diacetylenes under photo or thermal conditions 

also proceed according to the topochemical principles90,116,117,118. Therefore, 1,4-addition reactions 

of solid diacetylenes occur when 1) the reactive C-atoms are separated by <3.8 Å, 2) the 

monomeric diacetylene molecules are aligned linearly within a distance of 4.7-5.2 Å and tilted at 

45° with regard to the translation axis119 (Figure 1.20b). The polymerization in diacetylenes have 

been engineered by co-crystallizing them with various components120,121,122,123,124,125. For example, 

a) b) 

c) d) 
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the oxalamide of glycine has been found to be ideal to align diacetylene molecules in a required 

fashion120,121,122. When the co-crystals of oxalamide glycine and pyridyl diacetylenes were heated 

or irradiated, pyridyl diacetylene molecules polymerized slowly in a single crystal to single crystal 

fashion (Figure 1.20c). This approach has been applicable to conduct 1,6-polymerization of the 

1,3,5-triacetylenes to give polytriacetylenes120. 

 

Figure 1.20: Polymerization of dienes and acetylenes: a) Stereo-controlled polymerization reaction in 

dibenzyl (Z,Z)-muconates; b) schematic representation of polymerization reaction in diacetylenes; c) 

polymerization of pyridyl acetylenes in the co-crystal of oxalamide glycine and pyridyl acetylenes. 

1.4.2.3 Topochemistry vs Molecular Migration 

In the topochemical control of the reactions, the arrangement of molecules in the solid is 

very important. According to this principle, the molecular and atomic movements within the 

crystal are restricted leading to a required distance between the reactive centers of <4.2Å.  It is 

seen that some reactions seem to violate the topochemical principles (e.g. very long distances and 

skew arrangements still allowing for reactivity, while short distances with parallel arrangement 

being unsuitable for photocycloaddition reactions). For example, photocycloaddition in anthracene 

crystals is considerably superseded with d=6.038 Å (Figure 1.19a). Furthermore, substituted 

anthracenes packed in head-to-head fashion yield head-to-tail [4+4] photodimers. For such 

reactions, Kaupp introduced the term “molecular migrations within the crystals”. According to this 

concept, solid state photoreactions require long-range anisotropic molecular migrations for relief 

of local pressure that would build up at the site of reaction with a geometric change92.  
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1.4.2.4 Other Solid State Reactions 

Solid state reactions are not an entirely new concept. Actually, the first known organic 

synthesis of urea (Figure 1.21a) by Wohler achieved in 1828 is a classic example of such 

reactions95. Ketones are still made by pyrolytic distillation of barium or calcium salts of carboxylic 

acids95 (Figure 1.21b-c). 

  

 

Figure 1.21: a) Solid state synthesis of urea; b-c) thermal treatment of the solid barium salts of carboxylic 

acids yielding ketones. 

There are a number of chemical transformations that proceed in the solid state but may not 

need topochemical control. The reactions have been observed in amorphous, crystalline, or in 

molten materials. The reactions have been conducted by heating, grinding, or irradiation in a 

microwave oven.  Solid state reactions have been described almost for all classes of organic 

compounds. In this section, a short overview of the representative solid state reactions is given. 

Reduction: Solid state hydrogenation of alkenes requires noble metal catalysis. As an example, 

when hydrogen was passed through the powdered crystals of N-vinylisatin, N-ethylisatin and N-

ethyldioxindole were recovered in 74 and 16%, respectively126 (Figure 1.22b). Furthermore, 

solvent-free (mostly solid state) reduction of aldehydes, ketones, esters and imines have been 

achieved by milling them with NaBH4 and solid acid (solid acid = boric acid, benzoic acid or p-

toluenesulfonic acid)92,127 (Figure 1.22a). 

Oxidation: Oxidation of solid alcohols and aldehydes was reported with gaseous NO2. As an 

example, gas-solid oxidation proceeds when solid benzaldehydes are exposed to NO2 to yield acids 

(Figure 1.22c). In another example, co-milling of 1,2-dihydroxy benzene and dichloro-dicyano-

parabenzoquinone (DDQ) yields orthobenzoquinone and DDQH (Figure 1.22d). Many other 

examples for solid state oxidation can be found in the Kaupp’s article92. 

C-C Bond Formation: Many reactions in the solid state have been reported for the C-C bond 

formation with carbonyl compounds. As compared to the solution reaction, the formation of C-C 

a) 

b) 

c) 
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bond in the solid state occurs at lower temperature. Some examples of representative reactions for 

the C-C bond formation are as follows: 

Temperature-controlled milling of solid enolates (e.g. lithium methyl-3,3-

dimethylbutanoate) with powdered benzaldehydes yields aldol adducts (aldol condensation)92 

(Figure 1.22e).  

Co-grinding of aldehydes with active methylene compounds produces alkenes or alkanes 

(Knoevenagel condensation or Michael addition). As an example, condensation of benzaldehydes 

with barbituric acids have been achieved through a solid state reaction by co-milling at 18–20∘C 

without any catalyst. A consecutive Michael addition occurs when benzaldehyde and dimedone 

are co-milled at 50ºC in 1:2 ratio92 (Figure 1.22f). 

When conjugated enamines are co-milled with 1,2-dibenzoylethene, condensation occurs 

in the solid state to yield bicyclic pyrrole derivatives (cascade reaction). For example, solid 1,4-

diphenyl-2-buten-1,4-dione and an enamine ketone were ball milled at 80°C for 3 hours to produce 

an indole derivative with a quantitative yield128 (Figure 1.22g). 

Co-milling of benzophenone and dried RMgX followed by aqueous work up has been used 

for the synthesis of alcohols (Grignard reaction) (Figure 1.22h). Furthermore, carboxylation with 

Grignard reagents has been achieved by treating solid PhMgX and solid CO2 (dry ice) followed 

by aqueous work up to yield PhCO2H
92. 

Co-grinding of triphenylphosphonium halogenides and K2CO3 (or K2PO4) yields 

triphenylphosphoranes. Temperature-controlled grinding of these phosphoranes with aldehydes or 

ketones yields alkenes (Wittig-Horner reaction)92 (Figure 1.22i).  

High-speed vibrating milling of fullerene C60 with condensed aromatics, such as 

anthracenes (Figure 1.22j), tetracene, pentacene, and naphtho[2,3-a]pyrene, has yielded [4+2] 

cycloadducts129. 

Photochemical linear dimerization has been achieved by C-H addition to a double bond. 

For example, solid 16-dehydroprogesterone dimerizes when irradiated (Figure 1.22k). 

Furthermore, dimerization has been seen in some aryl alkenes when HCl or HBr is passed through 

the solid92. 

C-N Bond Formation: Amines can be condensed with aldehydes, ketones, carboxylic acids and 

esters in the solid state to form alkyl amines. The uncatalyzed solid state amine condensations are 
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versatile in comparison to the solution reactions. These condensations have been conducted as gas-

solid and solid-solid reactions. Some examples of C-N bond formation are listed below: 

Temperature-controlled co-milling of 4-hydroxybenzaldehyde and 4-amino benzoic acid 

yields a linear condensation product (Figure 1.22l). Similarly, the stoichiometric milling of 

hydrazide (benzohydrazide) with isatin yields a linear condensation product (Figure 1.22m). The 

condensation of the 5-phenylpyrazolidin-3-one with aromatic aldehydes quantitatively produces 

azomethinimines by co-grinding and heating to 80°C130 (Figure 1.22n). Furthermore, the 

mechanical grinding of benzene-1,2-diamine with 1,2-diones  (phenanthrenequinone) showed the 

formation of the corresponding cyclic condensation products (1,4-diazines)131 (Figure 1.22o-a). 

This scheme was also utilized to form heterocycles (cascade condensations). Crystalline 

o-phenylendiamine was co-ground with 2-oxoglutaric acid and heated to 120–125°C for 30 min 

in vacuum; pure 2-quinoxalinone was obtained132 (Figure 1.22o-b). 

 The solid state condensation of amines and carboxylic acids has been used to form amide 

bonds. For example, when quasi-polymorphic salts of anthracene-9-carboxylic acid and allylamine 

crystals are sealed in a stainless still container and heated to 250°C, the reaction mixture shows 

amidation133 (Figure 1.22p). The solid state synthesis of some protected dipeptides have been 

achieved by co-milling α-amino acid hydrochloride salts and N-t-butoxycarbonyl (BOC) protected 

2,5-oxazolidinones, followed by neutralization with NaHCO3
92 ( Figure 1.22q). 

Solid state hydroxymethylation is achieved in the solid state. For example, co-milling of (L)-

proline and paraformaldehyde yield (L)-N-hydroxymethyl-proline130 (Figure 1.22r). 

Co-crystals: Solventless co-milling of two components has yielded co-crystallization. For 

example, solid phthalic anhydride and solid m-aminobenzoic acid easily form colored co-crystals 

by solventless co-grinding at room temperature. When these co-crystals are heated, amide 

formation by substitution and elimination happens134 (Figure 1.23a). 

Salt Formation: Co-milling of the carboxylic acids and metal carbonates has been used to obtain 

the carboxylic salt hydrates. For example, milling of L-tartaric acid with stochiometric sodium 

hydrogen carbonate yielded mono or disodium L-tartrate (Figure 1.23b). Furthermore, the gas-

solid reactions of CO2 or SO2 with solid sodium or potassium alcoholates have been used to make 

salts of carbonic acids92 (Figure 1.23c). 
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Figure 1.22: Examples of solid state reactions: a) reductions in aldehydes, ketones and esters; b) 

hydrogenation of alkene; c-d) oxidation of aldehydes and alcohols, respectively; e) aldol condensation; f) 

Michael addition of aldehydes and methylene compounds; g) cascade reaction of enamines with 1,2-

dibenzoylethene; h) Grignard reaction with benzophenone; i) Wittig-Horner reaction; j) [4+2] cycloaddition 

of fullerenes with condensed aromatics; k) photochemical linear dimerization in 16-dehydroprogesterone; l) 

condensation of amines with aldehydes; m) condensation of hydrazides with isatin; n) condensation of 5-

phenylpyrazolidin-3-one with aromatic aldehydes; o) condensation of 1,2-diamine with 1,2-diones to form 

heterocyclic structures; p) amidation by condensation of amine and carboxylic acid; q) peptide bond formation 

by the condensation of α-amino acid hydrochloride salts and (BOC) protected 2,5-oxazolidinones; r) 

hydroxymethylation of L-proline by milling with paraformaldehyde. 
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Figure 1.23: Examples of solid state reactions: a) solventless grinding of solid naphthalene anhydride and 

solid m-aminobenzoic acid yields a colored co-crystal, whereas heating of the co-crystal produces an amide 

bond; b) salt formation by grinding tartaric acid with NaHCO3; c) gas-solid reaction of CO2 with sodium 

alcoholate to form salt of carboxylic acid; d) intramolecular cyclization and rearrangement in (Z)-2-(9-

methylene)-1-tetralone; e) thermally induced [2+2] cycloaddition in diallenes; f-g) formation of 

poly(hydroxymethylbenzoic acid) after heating sodium salts of p-halogenomethylbenzoic acid; h) 3-oxo-1H-

pyrrolo[3,4-b]quinoline condensed with isatoic anhydride in the solid state to yield lutonin A. 

Intramolecular Cyclization and Rearrangement: Solid state cyclization and rearrangements have 

been reported in many reactions. For example, photolysis of the solid (Z)-2-(9-methylene)-1-

tetralone affords polycyclic dibenzocycloheptatriene after a [1,3/6,2]-rearrangement followed by 

a 1,5-H-shift along with ring enlargement92 (Figure 1.23d). The intramolecular cyclization in solid 

diallenes is an exciting case of [2+2] cyclization reaction. For example, highly substituted 

tetraallene undergoes the solid state [2+2] cyclization upon heating at 180∘C to give 

dicyclobuta[b,g]anthracene92 (Figure 1.23e). 

a) 

b) 

c) 

d) 
e) 

f) 
g) 

h) 



36 
 

Polymerization: Sodium and potassium salts of 3- and 4-halogenomethylbenzoic acids polymerize 

in the solid state when heated. The reaction products are the corresponding alkali halide (NaCl, 

KCl, NaBr, KBr) and poly(hydroxymethylbenzoic acid). Heating alkali salts of m- and p-

halogenomethylbenzoic acid above 100°C leads to elimination of alkali halide and the formation 

of the corresponding poly(hydroxymethylbenzoic acid)135,136 (Figure 1.23f-g). 

Geometrical Isomerization: At room temperature or upon heating, isomerization is frequently 

seen in organic compounds. For example, L-α-amino acids were found to loose optical activity 

(racemize) in their crystalline form at room temperature. As another example, photochemical 

cis/trans (E/Z) isomerization was found in cis-1,2-di(1-naphthyl)ethene crystals upon irradiation92. 

Condensation: Although various examples for the linear condensation reactions in the solid state 

are found in the literature, condensation of two cyclic components was also observed. For example, 

3-oxo-1H-pyrrolo[3,4-b]quinoline was condensed with isatoic anhydride in the solid state by 

microwave-assisted conditions to yield pentacyclic  luotonin A137 (Figure 1.23h). 

Other reaction types: In addition to the above-mentioned solid state reactions, there are various 

examples for solid state aromatic substitution, nucleophilic substitution, electrophilic substitution, 

elimination, halogen addition, hydrogen halides addition and nucleophilic addition in the literature. 

The majority of these reactions are gas-solid reactions92. 
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Chapter 2. Peptides and Cyclo-Dipeptides 

2.1 Peptides 

2.1.1 Molecular Structure of Peptides 

Peptides are oligomers or polymers formed from amino acids. Proteins are naturally 

occurring polypeptides made from α-amino acids. α-Amino acids have amine and carboxylic acid 

groups attached to a single carbon: the α-carbon atom. Based on the number of α-amino acid 

residues, peptides can be classified into dipeptides (two residues), oligopeptides (three to ten 

residues), and complex proteins. The nature of amino acids and their order along the polymeric 

chain define various properties and supramolecular structure of the resulting peptides and 

proteins1.  

 

Figure 2.1 a) Amino acid; b) dipeptide; the peptide bond is shown in red. 

All amino acids are comprised of three major components: an amine, carboxylic group, 

and a substituent group (R) that differs for each amino acid (Figure 2.1). The amide linkage formed 

between two amino acids through condensation is called the “peptide bond”. Once peptide bond 

forms, it is stabilized by the resonance between the C=O group and nitrogen adjacent to the bond, 

giving it double-bond-like characteristics and giving conformational rigidity to the molecule. This 

rigidity stabilizes the cis or trans configurations around the peptide bond (Figure 2.2). In the 

corresponding two geometric isomers, the α-carbon atoms are on the same or opposite sides of the 

bond, respectively. In proteins, almost all peptide groups are in trans arrangement. In a peptide 

molecule, the side having free amine group is referred to as the head (N-term) of the peptide, while 

the carboxylic acid side is called the tail (C-term). The terminal amino acids are referred as the N-

term and C-term residues. The single bonds between N - 𝐶𝛼 and 𝐶𝛼 – C allow free rotation within 

these structures; however, these rotations are hindered by side group interactions. By studying the 

angles of ψ and φ (Figure 2.2b), it is possible to make conclusions on the conformational structure 

and H-bonding patterns of a peptide molecule1. 
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Figure 2.2: A dipeptide in: a) cis conformation; b) trans conformation with torsion angles shown. In the 

drawings, the α1, α2 carbons and CONH group are in the plane of the paper. 

Amino acids and peptides often exist as zwitterionic species2. Zwitterionic species are 

formed by the relocation of the carboxylic acid hydrogen from the C-term to amine on the N-term 

(Figure 2.3). This results in the protonation of the amine to form the ammonium group (-NH3
+) 

and deprotonation of the carboxylic acid to form the carboxylate group (-COO-). The net charge 

of this dipolar species is generally zero. Since the pKa of the amine is close to 9 and carboxyl group 

is below 3, the zwitterionic species can be altered by changing the pH of the environment. The 

zwitterionic species contribute to a charge-assisted hydrogen bonding network the molecules form. 

 

Figure 2.3 Structure of a dipeptide as a function of pH. 

2.1.1.1 R Substitution 

α-Amino acids and peptides can be classified into several types based on the general 

properties and the chemical nature of the R groups. The 20 standard amino acids are illustrated in 

Figure 2.4. Glycine is the smallest and simplest amino acid as R is simply a hydrogen atom; 

glycine is the only acid that carries no chiral centre1. The stereochemistry of other amino acids is 

described by the L and D configurations. 

Aliphatic R Groups 

The R groups in alanine (Ala), valine (Val), leucine (Leu), and its structural isomer 

isoleucine (Ile) are saturated aliphatic. Alanine has methyl group; valine has isopropyl, leucine has 

isobutyl, and isoleucine has sec-butyl group. Ala, Val, and Leu have one asymmetric centre. Ile 

has two asymmetric centres at the α and β positions and could have four stereoisomers. The 

hydrophobic groups tend to stay away from water; they play a significant role in establishing and 

maintaining the 3D structure of peptides and proteins1.  

Ѱ 

φ 

a) b) 
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Proline is different from other amino acids because the three carbon atoms group is bonded 

to the α-carbon atom and α-amino group to form a cyclic structure. So, the proline has a secondary 

α-amine as compared to primary amines in other amino acids. This heterocyclic pyrrolidine ring 

can cause some abrupt changes in the direction of the peptide chain by restricting the 

conformational freedom of a polypeptide. Due to this cyclic structure, proline is less hydrophobic 

than Val, Leu and Ile1. 

Aromatic R Groups 

Phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp) have aromatic groups as their 

side groups.  Phe has hydrophobic benzyl group attached to α-carbon atom. Tyr is structurally 

similar to Phe but has a hydroxyl group in the para-position. Trp has a bicyclic indole group 

attached to β-carbon. Tyr and Trp are less hydrophobic than Phe because of their polar groups. 

These aromatic amino acids have delocalized π electrons that absorb in the UV (< 300 nm). Most 

proteins contain Tyr and Trp, which is used in practice to estimate the concertation of proteins1. 

Sulfur-containing R Groups 

Methionine (Met) and cysteine (Cys) have sulfur in their side groups. Met contains the 

methyl thioether group, whereas Cys is similar to alanine where one hydrogen on methyl is 

replaced by a sulfhydryl group. Met is very hydrophobic as compared to Cys. Cys is highly 

reactive. Sulfur atom is polarizable, can link through a weak hydrogen bond to oxygen or nitrogen1. 

In some peptides, cysteine residues covalently cross-link to stabilize a three-dimensional structure. 

Alcoholic R Groups 

Serine (Ser) and threonine (Thr) have β-hydroxyl as a side group. These uncharged polar 

groups are hydrophilic and weakly ionizable. Like Ile, Thr has two asymmetric carbons, which 

results in four possible stereoisomers. Naturally, L-Thr is the only of the four found in the proteins1. 

Basic R Groups 

Histidine (His), lysine (Lys) and arginine (Arg) have nitrogenous basic groups which have 

positive charge at neutral pH. His comprises an imidazole ring substituent. Lys is a diamino acid, 

which is protonated at pH 7 to form alkylammonium ion. Arg is the most basic among the standard 

20 amino acids. It contains a guanidinium ion which is protonated under most conditions1. Lys and 

Arg give positive charge to the overall protein structure. 
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Acidic R Groups and Amide Derivatives 

Aspartate (Asp) and glutamate (Glu) are dicarboxylic amino acid ions. Their carboxylic 

groups are negatively charged at neutral pH and give negative charge to the overall protein 

structure. Sometimes Asp and Glu are found as aspartic acid and glutamic acid, but most of the 

times they exist as conjugate bases. Asparagine (Asn) and glutamine (Gln) are their amide 

derivatives, respectively. Although the amide side groups are uncharged, these amino acids are 

still highly polar and strongly interact with water when found on the surface of proteins1. 

 

Figure 2.4 The 20 standard amino acids (zwitterionic forms). 

2.1.2 Structure of Proteins 

Proteins are macromolecules, polymers of α-amino acids. A total of 20 different amino acids 

(Figure 2.4) are linked (hundred to thousands of these amino acids) to each other in the long chains 

of proteins. These macromolecules are the highly abundant organic compounds in vertebrates 

(~50% of their tissue dry weight). They are of immense importance as nearly all biological 

processes rely on the function of proteins3. 
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The shape and structure of the protein is complex. On the molecular scale, proteins have 

several levels of organization. The primary structure of protein is the number and sequence of 

amino acids in the polypeptide chain (Figure 2.5). Since polypeptide chains are linear structures, 

proteins do not show branch chains. In the polypeptide chain, the covalent bonds (peptide bonds) 

restrict the conformational freedom of the molecule giving rise to the secondary structure of 

proteins3.  

The secondary structure of proteins describes the spatial and repetitive arrangement of the 

polypeptide chains held together by hydrogen bonds. The conformational rigidity of the molecules 

around the C—N peptide link and the orientation of adjacent bonds (cis or trans) create a specific 

spatial arrangement that the polypeptide chain has in a protein. In 1940s, Pauling and Corey 

conducted X-ray diffraction studies on proteins and proposed two types of periodic structure for 

proteins: the α-helix and the pleated β-sheet3 (Figure 2.6). The first of these types, α-helix, is a 

coiling of polypeptide chain on a central axis, which either has a clockwise or anticlockwise twist. 

The structure is stabilized by a large number of hydrogen bonds between the amine moiety and the 

carbonyl group of the same polypeptide chain. In β-sheets, the second structural motif, the 

polypeptide chains are more extended as compared to the α-helix and form ruffled sheet-like 

structure of two or more polypeptide chains. The protein strands that run either parallel or anti-

parallel to one another are held together by extensive hydrogen bonding between the amine group 

of one strand and carbonyl group of another3,4. 

The torsion angles discussed above are related to the secondary structure motif of the proteins. 

First generated by Ramachandran, the plot of both of the torsion angles against one another was 

used to group specific structures into key regions of the plot5. It is also known that extending chain 

length or thermal treatment can shift the structural motif from one to another6,7. 

The tertiary structure of a protein defines the complete 3D architecture of the molecule. 

Fibrillary and globular are the two major types of proteins. In the fibrillary or fibrous protein, the 

whole molecule is often arranged as an α-helix or β pleated sheet; in this case, the primary and 

secondary structures are sufficient to describe the whole structure. In the globular protein, the 

whole molecule can have segments of α-helix and β pleated sheet that are organized in a folded 

form to give a spherical shape. In the 3D arrangement and the stability of globular proteins, various 

interactions between the side groups of amino acids (hydrogen bonds, disulfide bridges, interaction 
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of hydrophobic, interaction of hydrophilic side groups, van der Waals forces, other electrostatic 

forces) play a critical role.  

The quaternary structure of proteins is referred to the spatial arrangement of different 

polypeptide subunits that form a complex to generate oligomeric protein. The interactions 

mentioned above are also present here and are responsible for maintaining the positioning of 

different subunits within the oligomeric protein3. Various proteins can form crystals. According to 

the Protein Data Bank (PDB), complex proteins crystallize mostly in low symmetry space groups; 

the reported structures of proteins belong to orthorhombic (32%), monoclinic (26%) and triclinic 

(7%) space groups from 149580 reported structures8. 

 

Figure 2.5 Schematic representation of a segment of a polypeptide chain. R1, R2, R3 and R4 represent the 

side groups of amino acid residues, whereas red lines show the peptide bond. 

          
 

 

Figure 2.6 Schematic representation of the secondary structure of protein: a) an α-helix segment of a 

single polypeptide chain (adapted with permission from
3
); b) a β-sheet of two paired polypeptide chains

3
. 

Intra- and intermolecular hydrogen bonding is shown by red dotted lines. 
 

2.1.3 Structure of Dipeptides 

Dipeptide has two amino acid residues linked together by a peptide bond (Figure 2.1b). When 

moving from protein to dipeptide molecules, the covalent bonds are effectively replaced with 

intermolecular interactions in the solid state to yield a molecular crystal. Generally, these 

intermolecular interactions, including electrostatic interactions due to the -COO- and -NH3
+ 

a) b) 
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groups, hydrogen bonding between neutral groups, charge-assisted hydrogen bonding involving 

the zwitterionic ends, and van der Waals forces, define the solid state structure of dipeptides. 

Charge-assisted hydrogen bonding becomes more and more dominating in shorter peptides, which 

leads to a head to tail arrangement of the molecules. Since the charge-assisted hydrogen bond is 

still not as strong as a covalent bond, the short peptide molecules have more freedom to pack in 

the crystal structure. It leads to a higher structural diversity as compared to proteins. Nevertheless, 

the two dominating motifs of the secondary structure of proteins are still seen in dipeptides, the 

layered and tubular structures9.  

Layered Dipeptides  

In dipeptides, the head to tail arrangement of the molecules results in a chain. The peptide 

chains can be crosslinked by hydrogen bonds to make 2D layers which are similar to the β-sheets 

in proteins. The layers are stacked in a 3D crystal structure of dipeptides. Sometimes solvent 

molecules are included in between these layers. One example of this arrangement is the crystal of 

L-Ala-L-Leu⸱0.5H2O10 (Figure 2.7).  This structure shows the charge-assisted hydrogen bonds 

between the zwitterionic ends of L-Ala-L-Leu forming a chain. The hydrogen bonds between 

adjacent chains produce a layer. The water molecules are bridging the layers by making hydrogen 

bonds with -NH3
+ and -COO- groups from adjacent layers. The solid state structure of L-Ala-L-Leu 

is also stabilized by the segregation of the hydrophobic (isobutyl and methyl) groups in the 

interlayer space. In a survey of hydrophobic dipeptides, Gorbitz found layered structures in Leu-

Ala, Phe-Val, Phe-Ile and their sequence isomers11. In most of the layered structures, the R residues 

were found in the trans positions. Larger φ values lead to almost planar sheets, whereas with 

smaller φ values the sheets are more undulating. Many of the dipeptide layered structures are 

hydrates or solvates containing organic molecules9,12. 

Tubular Dipeptides 

The other common pattern that is observed for solid dipeptides is the channel or tubular 

structure which has some similarity to the α-helix in proteins. For example, L-Ala-L-Ala forms a 

tetragonal structure, where the segregation of the hydrophobic methyl groups outcomes in the 

formation of columns13 (Figure 2.8). Gorbitz11 studied tubular structures of hydrophobic 

dipeptides and grouped them into the VA (Valyl-Alanine) and Phe-Phe classes of microporous 

dipeptides. The VA structural motif has the R groups of the two amino acid residues in the trans 
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Figure 2.7 a) The conformation of the L-Ala-L-Leu zwitterion in the crystal structure of L-Ala-L-

Leu⸱0.5H2O10 and b) the view of the structure along the crystallographic c axis to show the stacking of 

layers. The crystal structure is shown without hydrogens, whereas hydrogen bonds are shown with red lines. 
 

 

 

 

 

 

Figure 2.8 a) The conformation of the L-Ala-L-Ala zwitterion in the crystal structure of L-Ala-L-Ala and b) 

the view of the structure along the crystallographic c axis13 to show the tubular structure. The crystal structure 

is shown without hydrogens, whereas hydrogen bonds are shown with red lines. 

a) 

b) 

a) 

b) 

Dipeptide layer 

Dipeptide layer 

Water molecules 
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position, forcing one of them into the center of one channel and the other into another channel. 

The crystal packing in the VA class of dipeptides is hexagonal, with the molecules forming helices 

with six dipeptides per turn. The Phe-Phe class microporous dipeptides are composed of Leu and 

Phe residues. Contrary to the VA class, Phe-Phe class is more diverse from the structural point of 

view (i.e. monoclinic, orthorhombic, tetragonal and hexagonal), where the R groups are positioned 

on the same side of the peptide bond plane (amide link) resulting in hydrophilic pores.   Later on 

Soldatov14 studied the porosity of the 1D channels of the tubular dipeptides and found that the 

peptide matrices are not as rigid as other materials, allowing for expansion to take place. 

2.2 2,5-Diketopiperazines 

The smallest cyclic peptides form from two amino acids and have a six-membered 

piperazine ring. These molecules are known as piperazine-2,5-diones or 2,5-diketopiperazines 

(2,5-DKPs) (Figure 2.9). The substitutions on the 3 and 6 positions (R1 and R2) are the side groups 

of the residues; e.g. if R1 = R2 = H, it is the simplest 2,5-DKP produced by the condensation of two 

glycine amino acids. 

 

Figure 2.9 A general structure of piperazine-2,5-dione. 

2,5-DKPs are widespread in nature. In some natural products (e.g. alkaloids) from fungi, 

bacteria, plants and mammals15,16, the 2,5-DKP subunit is often present alone or incorporated in 

more complex structures. They frequently form as secondary functional metabolites commonly 

biosynthesized from amino acids by various organisms including humans15,16,17. These small 

heterocyclic molecules are ubiquitous as they are also frequently produced on the degradation of 

polypeptides, especially in processed foods and beverages18,19. In the lab, 2,5-DKPs have been 

synthesized from amino acids, dipeptides or from their derivatives through various pathways (see 

section 2.2.3). 
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DKPs are known since the 19th century. Recently, they have attracted attention due to their 

numerous biological activities and various therapeutic possibilities20,21,22. Due to their simplicity 

and limited conformational freedom, 2,5-DKPs are often used as models for larger peptides, and 

they are also considered as an important alternative to common peptides23,24. The hydrogen-bonded 

tapes of 2,5-DKPs, where a reversible aggregation arises from the non-covalent interactions, 

provide an exciting possibility for their application as environmentally responsive polymers25. 

Overall, the interesting properties of 2,5-DKPs, such as a rigid cyclic structure, hydrogen bonding 

donor and acceptor groups, substituent group stereochemistry, chiral nature, and resistance to 

proteolysis, are important for medicinal chemistry, pharmaceutical and food industries26.   

In this section, the structure and bioactivity of 2,5-DKPs, and the formation of 2,5-DKPs 

from amino acids and short peptides are discussed. Previously published reviews on DKPs had 

covered several specific topics: the review by Blunt (2014) overviews the 2,5-DKPs in marine 

natural products27; Wang (2013) summarizes bioactive DKPs in patents20; Borthwick (2012) 

discusses the synthesis, reactions, and medicinal chemistry of DKPs, as well as bioactive natural 

products having the DKP ring21; Lin (2012) reviews the solid state degradation of some 

pharmaceutically important dipeptides in DSC-FTIR experiments28; Martins (2007) focusses on 

the biological importance and synthetic methods of DKPs26; Gomes (2007) describes the prodrug 

activation via the DKP formation29; Davies (2003) reviews the developments in the cyclization of 

linear peptides30; Fischer (2003) talks about the combinatorial synthesis of DKPs from peptides31; 

Dinsmore (2002) sums up the advancements in the synthesis of DKPs32; Prasad (1994) describes 

bioactive cyclic dipeptides33; MacDonald (1994) reviews the solid state hydrogen bonded 

networks in DKPs34; Rajappa (1993) overviews the synthesis of DKPs and related lactam ethers35.  

2.2.1 Structure of 2,5-Diketopiperazines 

The molecular structure of 2,5-DKPs was studied extensively. The 2,5-DKPs have a 

conformationally constrained ring where substituent group stereochemistry can be controlled at up 

to four positions26,21. The geometry of the 2,5-DKP ring varies slightly as a function of the number 

and positioning of the substituent groups. The 2,5-DKP ring is described as cis when the R 

substitutions at the 3 and 6 positions of the ring are on the same side, e.g. the 2,5-DKP ring is cis 

when R1 and R2  H and they attach in L,L (S,S) or D,D (R,R) configuration. On the trans 2,5-DKP 

ring, the R substitutions at the 3 and 6 positions of the ring are on the opposite side, e.g. when R1 

and R2  H and they attach in D,L (R,S) or L,D (S,R) configuration. The central ring in cis 2,5-
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DKPs exists in a flat or planar conformation36,37,38,39,40,41,42,43,44 or is slightly distorted from 

planarity having a puckered board, screwed boat, flattened boat, or twisted boat  

form42,43,45,46,47,48,49,50,51,52,53. In trans substituted 2,5-DKPs (as well as in both cis and trans tetra-

substituted 2,5-DKPs), the central ring varies from a planar to flattened-chair 

conformation34,46,54,55. The energy optimizations on 2,5-DKPs show that the preferred is the boat 

conformation56. The difference in energy between the boat and planar forms is very small. In the 

simplest 2,5-DKP, the difference is 1.3-1.7 kcal/mol which is also true for symmetrically cis-3,6-

disubstituted 2,5-DKPs57. It means only a small effect is needed to transform a twisted boat 

conformation to the planar form. 

In the solid state, the mode of assembly is defined by hydrogen bonding. On the lactam 

ring of 2,5-DKPs, there are two H-bond donor and four H-bond acceptor sites from two amide 

functionalities. The amide functionalities allow the molecules to adopt a sequential intermolecular 

amide-amide hydrogen bonding resulting in hydrogen-bonded tapes in their crystalline solids34,58 

(Figure 2.10). This hydrogen bonding in 2,5-DKPs allows a predictable growth of molecular 

assemblies and as well as enables 2,5-DKPs to pack in a highly-ordered supramolecular structure 

that is important for crystal engineering59,58 and liquid gelators60,61,62. In 1938, Corey solved the 

first crystal structure of a 2,5-DKP, the simplest 2,5-diketopiperazine cyclo-(Gly-Gly)36. Since that 

time the molecular and crystal structures of 2,5-DKPs have been extensively studied to understand 

the factors that define their solid state structure. Some potential applications of the structure 

involve the design of materials with nonlinear optical properties or electrical superconductivity21.  

The X-ray diffraction crystal structure analysis of the simplest 2,5-DKP reveals the ring in 

a flat conformation and assembly of the molecules into a planar and linear “tape” structure36 

(Figure 2.10). The tapes are a common structural motif where each molecule is associated with 

two neighboring molecules by intermolecular hydrogen bonds in an 8-membered cyclic ring34. 

This structural motif is attractive for crystal engineering due to its predictability as there is only a 

limited number of intermolecular amide-amide hydrogen bonding combinations to make an 8-

membered cyclic ring.  It was found that the vast majority of substituted 2,5-DKPs pack as linear 

tapes along the longest unit cell axis in the solid state21,34,58,47,50,63.  
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Figure 2.10 Hydrogen bonded planar “tapes” found in 2,5-DKP36. 

Substituent groups and chirality not only affect the geometry of the 2,5-DKP ring, but they 

also affect the packing of 2,5-DKPs in their crystalline solids. Based on the chirality and geometry 

of 2,5-DKPs, the observed tape motifs can be classified into planar and nonplanar (Figure 2.11). 

Planar tapes occur when 2,5-DKP rings are themselves planar and occupy a common plane within 

the tape (Figure 2.11a). When the DKP ring is in nonplanar, boat, conformation, it forms 

nonplanar tapes in the solids (Figure 2.11b-c). The nonplanar tapes have different packing 

arrangements with enantiomerically pure molecules and racemates. Optically pure 2,5-DKPs give 

rise to only one kind of nonplanar tapes from two shown in Figure 2.11b (i.e. optically pure boat 

2,5-DKP, D,D or L,L 2,5-DKP, contains only one enantiomerically pure tape based on its chirality). 

For example, the 2,5-DKP ring in 7,9-diazabicyclo[4.2.2]dec-3-ene-8,10-dione  has a boat 

conformation forming only one nonplanar enantiomerically pure tape in the solid64 (Figure 2.12). 

Tapes made of racemic 2,5-DKPs (i.e. D,D and L,L 2,5-DKP rings in a mixture)  can have two 

different arrangements: i) racemates containing two enantiomerically pure tapes that pack as 

racemic pairs as shown in Figure 2.11b, e.g. the crystalline solid of (±)-3,6-

bis(cyclotrimethylene)-2,5-piperazinedione contains two enantiomerically pure tapes that pack as 

racemic pairs with each tape facing its opposite enantiomer58 (Figure 2.13); ii) racemates packing 

as racemic pairs within the tape (Figure 2.11c)58, e.g. the crystalline solid of bicyclic bis-lactam 

()-2,5-diaza-bicyclo[2.2.2]octane-3,6-dione contains nonplanar racemic tapes (Figure 2.14). 

DKPs reliably form the 1D tapes; the tapes pack into 2D sheets by interdigitation of substituents 

on adjacent tapes; the sheets stack into a 3D crystal structure. 

Normally the hydrogen bonded tapes exist as independent units in solid 2,5-DKPs having 

hydrophobic side groups58,65. When there are hydrogen bond donating and accepting groups (acid 

or amide) at C3 and C6 on 2,5-DKP, these tapes are cross linked by hydrogen bonds into 2D 

layers59. Recently, it was reported that cyclo-(Phg-Phg) self–assembles to form 2D meso- and 
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nanosheets66 (Figure 2.15). Here the tapes are effectively cross linked by aromatic - interactions 

between the side groups of adjacent tapes. 

 

Figure 2.11 Schematic view of the tapes58: a) planar tape, b) nonplanar, enantiomerically pure tapes, c) 

nonplanar, racemic tape.  

 

Figure 2.12 Nonplanar enantiomerically pure tape found in 7,9-diazabicyclo[4.2.2]dec-3-ene-8,10-dione64. 

 

Figure 2.13 Nonplanar enantiomerically pure tapes in (±)-3,6-bis(cyclotrimethylene)-2,5-piperazinedione 

solid are packed as racemic pairs58 (all hydrogens are omitted for simplicity).  
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Figure 2.14 Nonplanar racemic tape pattern in bicyclic bis-lactam ()-2,5-diaza-bicyclo[2.2.2]octane-3,6-

dione. 

 

Figure 2.15 Sheets formed by self-assembly of cyclo-(Phg-Phg) through (N—H---O) hydrogen bonding and 

- interactions66. 

Analysis of the previously reported crystal structures of the 2,5-DKPs also reveals the 

formation of a layer type structure. In a layer structure of 2,5-DKP, each of the two amides makes 

hydrogen bonds with two adjacent molecules (Figure 2.16a). Asymmetrically substituted67 or 

trans-2,5-DKPs like cyclo-(L-His-D-His)54, cyclo-(D-Ala-L-Ala)68 (Figure 2.16) form the layer 

structure.  

R 
S R S 
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In the bicyclo-2,5-DKPs, the enantiomeric excess of 2,5-DKP and the degree of 

unsaturation of the substituent groups were found to influence the preferred topology (layer or 

tape) in the solid state structure of 2,5-DKP, e.g. chiral (-)-2,5-diazabicyclo-[2.2.2]octane-3,5-

dione forms a layer, whereas its racemate (±) forms a tape69; saturated bicyclo-2,5-DKP like 7,9-

diazabicyclo[4.2.2]decane-8,10-dione64 forms a layer, whereas its olefin 7,9-

diazabicyclo[4.2.2]dec-3-ene-8,10-dione, forms a tape64. 

Under different conditions of crystallization, 2,5-DKPs can yield two polymorphic forms 

where one form is a layer type structure while the other forms tapes, e.g. cyclo-(D-Ala-L-Ala) in 

Form I builds a layer68 (Figure 2.16), while in Form II the molecules aggregate in a tape motif55. 

 a 

 

Figure 2.16 Layered structure of cyclo-D-Ala-L-Ala: a) schematic representation of a layer type structure 

in cyclo-D-Ala-L-Ala Form-I; b) cyclo-D-Ala-L-Ala Form-I layered structure. 

2.2.2 Bioactivities of 2,5-Diketopiperazines 

2,5-DKPs have long been known as the degradation products of peptides in processed 

foods and beverages70. It has been identified that the bitter taste of beer71, roasted chicken72 and 

beef19, roasted coffee73,74, cocoa nibs and chocolate18 is due to the presence of 2,5-DKPs. Their 

pleasant aroma and flavor make 2,5-DKPs attractive compounds for the food industry.  Aside from 

their flavor properties, 2,5-DKPs have a wide spectrum of biological activities and therapeutic 

applications in medicinal chemistry and pharmaceutical industry. As a molecule, 2,5-DKP is a 

small, conformationally rigid, chiral core that can be endowed with multiple hydrogen bond 

acceptor and donor functionalities and other diverse functional groups with defined 

stereochemistry. 

a 

c b 
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Due to these characteristics, the molecule binds to a variety of receptors with high affinity, 

and often has drug-like physicochemical properties. Recent reviews by Wang20, Borthwick21, Lin28 

and Martins26 discuss its biological activities in detail. A number of patents have been filed on 2,5-

DKPs and their biological activities. Examples of biologically active agents are: a wide range of 

antibiotics75,76,77, antifungals78,79,80, antivirals (including HIV drugs)81,82,83,84,85, oxytocin 

inhibitors86,87,88,89,90,91, anti-inflammatory drugs92,93,94, PDE5 inhibitors95,96,97, and cancer 

inhibitors98,99,100,101,102,103,104. 2,5-DKPs display many other bioactivities as well, such as: 

anticoagulant effect105, CNS activities106,107,108,109, plasminogen activator inhibition110,111, 

immunoregulatory inhibition activity112,113, insecticidal activity114,115, metabolic regulation116, 

vascular hyperpermeability inhibition117, FTAse inhibition118, collagenase-1 and stromelysin-1 

inhibition119, FBPase inhibition, and α–glucosidase inhibition120. 

2.2.3 Cyclization of Short Peptides 

In the literature, the synthesis of 2,5-DKPs has been described both in solution and gaseous 

phase from various starting materials. For the scope of this thesis, only the synthesis of DKPs that 

utilizes short peptides is described.  

2.2.3.1 Condensation of Amino Acids 

Direct Condensation of Amino Acids 

The direct condensation of amino acids has been achieved by simply heating amino acids 

to elevated temperatures in various solvents. This method produced symmetrical 2,5-DKPs but 

often showed low yields. Starting from optically active amino acids for this reaction, racemization 

occurs producing a mixture of optically active isomers. 

In the past, a direct condensation of amino acids had been carried out in ethylene glycol or 

glycerol121,122. More recently, simple 2,5-DKPs were synthesized by the direct condensation of 

amino acids in water and N,N-dimethylformamide (DMF) using microwave (MW) irradiation123 

(Figure 2.17).  

 

Figure 2.17 Synthesis of symmetrical 2,5-DKPs by the condensation of amino acids in a microwave. 
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Condensation of Amino Acid Esters 

  The direct condensation process of amino acids was improved by activating the COOH 

group. The use of methyl and ethyl esters of amino acids allowed a greater progress in this method 

to prepare symmetric 2,5-DKPs124,125,126. These esters can be heated with or without solvent in the 

oil bath or in a sealed tube to obtain the DKPs (Figure 2.18). 

 

Figure 2.18 Condensation of amino acid esters to yield 2,5-DKPs. 

During this reaction an intermediate product, a dipeptide derivative, is expected to form. 

Once this intermediate forms, the ring closes to yield the desired 2,5-DKP. The rate of 

condensation decreases if: i) the esters have bulkier groups such as isopropyl and butyl; ii) the 

number of carbon atoms increases in the residue R121. Any other functional group on the amino 

acid that is capable of forming a 5- or 6-membered ring can inhibit the formation of 2,5-DKPs. 

For example, ornithine and lysine esters produce 3-aminopiperidone and 3-

aminohomopiperidone127, respectively. 

Similarly, N,N-disubstituted 2,5-DKPs were produced by the condensation of N-substituted 

amino acid esters128 (Figure 2.19). 

 

Figure 2.19 Condensation of N-substituted amino acids to yield N,N-disubstituted 2,5-DKPs. 

Condensation of N-Carboxyanhydrides of Amino Acids 

To synthesize unsymmetrical 2,5-DKPs, various methods have also been reported that used 

protection of amino acid esters and strong basic reaction conditions31. These methods led to a high 
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amount of by-products and sometimes caused epimerization. To obtain quantitative amounts of 

unsymmetrical 2,5-DKPs, the reaction of appropriate N-carboxyanhydrides (NCAs) of amino 

acids and amino acid ethyl or methyl esters helped to achieve a great progress129,130,131,132 (Figure 

2.20). 

 

Figure 2.20 Condensation of N-carboxyanhydrides of amino acids to yield unsymmetrical 2,5-DKPs. 

 

Figure 2.21 Synthesis of sulfur-bridged 2,5-DKPs through the condensation of an activated amino acid. 

By modifying the above method, sulfur-bridged 2,5-DKPs were synthesized131 (Figure 

2.21). In this method, the first amino acid is activated with phosgene followed by a reaction with 

a second amino acid. 

Amino Acid Condensation by Peptide Coupling Reagents 

Condensation of the α-amino acids to produce 2,5-DKPs have also been described that 

utilized peptide-bond coupling reagents, o-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium- 

hexafluorophosphate/4-dimethylaminopyridine (HBTU/DMAP)133. The reaction was conducted 

both with conventional or microwave heating. In this reaction, the intermolecular coupling of the 

two C-terminal amino acids in a polypeptide chain produced a DKP ring (Figure 2.22). Under 

microwave heating, the reaction was quantitative and significantly faster. No epimerization was 

detected in this reaction. 

A further progress in this reaction was made to generate symmetrical and unsymmetrical 

2,5-DKPs utilizing peptide-bond coupling reagents  (HBTU or TSTU/DIPEA or TEA)134. In this 
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method, 2,5-DKPs were obtained from an fluorenylmethyloxycarbonyl (Fmoc)-protected amino 

acid and amino acid ester (Figure 2.23). 

 

Figure 2.22 Synthesis of N-substituted 2,5-DKPs by condensation of terminal amino acids in peptide chains 

through the use of coupling reagents. 

 

Figure 2.23 Synthesis of 2,5-DKPs by condensation of an Fmoc-protected amino acid and amino acid ester 

through the use of coupling reagents.  

 

Figure 2.24 Phosphite-promoted condensation of unprotected amino acids to yield symmetrical 2,5-DKPs. 

 

Figure 2.25 Phosphite-promoted condensation of unprotected amino acids to yield unsymmetrical 2,5-

DKPs. 

Stereoselective synthesis of optically pure symmetrical (Figure 2.24) and unsymmetrical 

(Figure 2.25) 2,5-DKPs was conducted by phosphite-promoted one-pot condensation of 

unprotected amino acids in a microwave. A significant improvement in the reaction times and 

yields were achieved by introducing the ionic liquid (1,3-dimethylimidazolium dimethyl 
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phosphate)135. The synthesis of heterodiketopiperazines was achieved by using a small excess of 

about 1.2 equiv. of one amino acid (Figure 2.25). 

Dimerization Reaction of Amino Acids by Pyrolysis 

Various studies on the pyrolysis of α-amino acids have been reported. Amino acids in the 

gaseous phase can condense together to form 2,5-DKPs. Simple pyrolysis of amino acids was 

conducted and studied using GC-MS and TGA-FTIR136,137,138. In TGA-FTIR experiments, the first 

gaseous product of the glycine pyrolysis was characterized as a mixture of NH3, H2O and CO2 

(260-308˚C). Above 400˚C, HNCO was the main product accompanied by HCN and CO (Figure 

2.26). In the GC-MS, the formation of 2,5-DKP was confirmed by detecting its fragment ions136. 

 

Figure 2.26 Amino acids condense to form 2,5-DKPs which produce HNCO, CO and HCN at a pyrolytic 

temperature. 

That study proved the liberation of HNCO, HCN and CO at higher temperature from 2,5-DKPs 

during the pyrolysis of glycine. Further studies on the pyrolysis of phenylalanine and tyrosine139 

also suggested the formation of the corresponding 2,5-DKPs. 

Gas – Solid Phase Condensation of Amino Acids 

In a gas – solid phase system, gaseous amino acids condense on the surface of minerals 

like silica140. This technique has been utilized to synthesize 2,5-DKPs from their corresponding 

amino acids at relatively low temperatures141,142,143. It was stated that silica surface plays a catalytic 

role in the condensation reaction of the adsorbed amino acids. This reaction on the surface of the 

silica takes place upon moderate temperature increase.  

Cyclodimerization of glycine on a silica surface was characterized as an endothermic 

process at 150-200˚C using differential thermogravimetry (DTG). Bulk α-glycine dimerizes to its 

DKP at higher temperature (up to 220˚C) under the same conditions. 2,5-DKP was found to be 

stable up to 300˚C where an oxidative degradation reaction begins144. 
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Figure 2.27 Condensation of amino acids on mineral surfaces (TMAH) to yield 2,5-DKPs. 

The above reaction procedure was further improved by using silica and 

tetramethylammonium hydroxide (TMAH). Amino acids mixed with silica and TMAH were 

pyrolyzed to yield 2,5-DKPs. Twenty amino acids listed in Figure 2.4 were pyrolyzed using this 

procedure. The dimerization products were analyzed using GC-MS.  Among these amino acids, 

asparagine, aspartic acid, proline and serine generated their dimerized cyclic products, while 

alanine and glycine produced both cyclic and non-cyclic dimerized products. Heating of amino 

acids in TMAH was observed without decarboxylation. The mechanism of the reaction was 

reported that involves the formation of a linear peptide intermediate. This synthetic method also 

yielded  monomethylated products of the both dipeptide and 2,5-DKP145,146,147 (Figure 2.27).  

2.2.3.2 Cyclization of Peptides 

2,5-DKPs have been synthesized by the cyclization of linear peptides or their derivatives. Since 

the free carboxyl group in peptides is not very reactive, a significant energy is needed for the 

reaction. Thermally induced intramolecular condensation of various oligopeptides in solution was 

reported31,29. This intramolecular cyclization is a concerted or stepwise intramolecular aminolysis 

that proceeds through various pathways. The type of leaving group, amino acid residue, pH, and 

temperature greatly affect the intramolecular aminolysis in solution148. Various studies suggest 

that first of all the peptide molecule folds in a way that the amine on the N-terminal and carbonyl 

of the second residue come close149. Then intramolecular cyclization occurs in short peptides by 

nucleophilic addition of the N-terminal amino group to the carbonyl moiety of the second residue 

of the peptide sequence. This nucleophilic addition results into a tetrahedral intermediate. A 

rearrangement with simultaneous proton transfer in the tetrahedral intermediate produces 2,5-DKP 
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with the liberation of HR148,150,151,152(Figure 2.28). This reaction can occur with or without high 

boiling solvents. Polypeptides can also form in this reaction, but it is easy to separate them. 

 

Figure 2.28 Schematic representation of intramolecular aminolysis of the oligopeptides through the 

formation of a tetrahedral intermediate. 

Dipeptide Ester Cyclization 

The simplest DKP was obtained on the degradation of glycine oligopeptides and by the 

cyclization of glycine oligopeptide esters150. Dipeptide derivatives such as esters can undergo 

intramolecular aminolysis, in the same way, to produce 2,5-DKPs at room temperature. Like in 

the case of amino acids condensation, ethyl and methyl esters of dipeptides are the most 

appropriate. In the aminolysis process, the alkoxy groups act as good leaving groups lowering the 

risk of linear condensation. First, the peptide molecule folds in a way that the amine and carbonyl 

get close, with this configuration being stabilized by a hydrogen bond149. This is followed by a 

nucleophilic addition of the amine (N-term) on the ester carbonyl (C-term) to form a tetrahedral 

intermediate that then transforms into a 2,5-DKP148,150,151,152.  

Poroshin and his group studied the kinetics of the Gly-Gly ethyl ester cyclization in dioxane 

at 30, 40, 60 and 80˚C153. The diglycine ethyl ester reacted in two ways: 

 

It was observed that the higher the temperature the higher the amount of the linear condensation 

products. At 40˚C the rate constant k1 = 1.29 . 10-7 sec-1. mol-1; k2 = 3.08 . 10-7 sec-1. mol-1. The 

activation energies for the reaction a, E1 = 14.0 kcal/mol; for the reaction b, E2 = 9.8 kcal/mol. 

These values are applicable between 30 and 60˚C. The activation energy for the formation of 2,5-

DKP is 4 kcal/mol lower than for the formation of the tetrapeptide. According to Poroshin, this 

difference nearly corresponds to the heat of formation of a hydrogen bond. It was also stated that 

this reaction (formation of 2,5-DKP) have certain induction period and it accelerates (due to 

autocatalysis) as the release of ethanol increases128.  
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Figure 2.29 pH dependent formation and degradation of 2,5-DKP. 

The kinetics of formation of cyclo-Phe-Pro from Phe-Pro-p-nitroaniline (Phe-Pro-pNA) 

dipeptide was discussed as a function of pH, temperature, buffer concentration and buffer species 

using HPLC154 (Figure 2.29). In this study, phosphate (pH 5-8) and glycine (pH 9-10) buffers 

were used; the degradation of the dipeptide showed the pseudo-first-order kinetics, significant 

dependence on pH, and dependence on the degree of the ionization of the N-terminal amino group. 

The unprotonated reactant was more reactive than its protonated form. The catalytic role of the 

buffers was observed, and the reaction was conducted in a range of pH values. At pH 3-8, DKP 

was the only product, while outside of this range, Phe-Pro-OH and Pro-Phe-OH were detected 

which formed by the hydrolysis of the cyclic product. At all the pH values, the rate of the DKP 

formation increased with the increase in temperature. For Pro-Phe-pNA, a sequence isomer of Phe-

Pro-pNA, a reaction associated with the formation of the corresponding DKP was not observed. 

In further studies, varying the N-terminal amino acid on X-Pro-pNA analogues (X = Gly, Ala, Val, 

Arg, Phe, β-cyclohexylalanine), a strong effect on the rate of the DKP formation was reported. 

Dipeptides having a substituted amine at one terminal and ester at another undergo 

cyclization in a range of pH’s. This could be a. base catalyzed cyclization; b. cyclization without 

any catalyst under neutral conditions; c. acid catalyzed cyclization. Careful selection of the 

conditions is required to reduce the racemization. Linear chiral dipeptides are easily synthesized 

from a large group of chiral amino acids using various coupling reagents (Figure 2.30). The 

preparation of 2,5-DKPs through this procedure is commonly used. 
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Figure 2.30 Condensation of protected amino acids to produce symmetrical or unsymmetrical dipeptides 

which can be converted to the corresponding 2,5-DKPs. 

 

Figure 2.31 Base catalyzed cyclization of a dipeptide155. A total synthetic approach. Two parallel arrows 

denote a multi-step transformation pathway. 

Base Catalyzed Cyclization 

This is the earliest method of cyclizing dipeptide esters reported by Fischer. In excess 

ammonia, dipeptide methyl esters produce 2,5-diketopiperazines with considerable  

racemization156. Later on, DMAP was used to synthesize 2,5-DKPs by the base catalyzed 

cyclization of dipeptide esters with quantitative yield157. There are many other examples in the 

literature for the base catalyzed synthesis of 2,5-DKPs from dipeptide esters. One recent example 

is the enantioselective total synthesis of okramine N (Figure 2.31). Through the use of excess 

diethylamine, pyrrolidinoindole ring system is closed after Fmoc cleavage155.    

Cyclization under Neutral Conditions (Autoaminolysis) 

A new synthetic method was described by Nitecki and his group158. In this method, N-t-

butyloxycarbonyl derivatives of dipeptide esters were deprotected with formic acid, and then the 

excess of formic acid was distilled off. The remaining formate salt of the dipeptide ester was heated 
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with sec-butanol and toluene to produce DKPs with 50-90% yield. Using this method, 

racemization was avoided, but only dipeptides having a hydrocarbon side group cyclized well.  

A significant development in the above procedure was the cyclization of dipeptide esters 

under the thermal conditions. This was normally done by refluxing in high boiling point solvents 

like toluene or xylene for 24 hours159. Although not so common, cyclization of smaller dipeptide 

esters (Phe-Gly-OMe) was achieved through this process by refluxing in methanol160. Further 

development in this synthesis came with the use of microwaves. Since 2000, general, efficient, 

and environmentally benign solution phase and solid state syntheses of 2,5-DKPs from dipeptide 

esters have been conducted under microwave assisted heating. The solution phase synthesis of 2,5-

DKPs using microwave assisted heating in water was described by Tulberg161 (Figure 2.32). In 

contrast to the classical thermal heating methods, the synthesis of DKPs in a microwave does not 

depend on the sequence of the amino acids, and proceeds much faster (<10 min) without 

epimerization. This procedure was further shortened by microwave irradiation of N-Boc protected 

dipeptide esters directly, causing N-Boc deprotection and a cyclization to produce 2,5-DKPs in a 

fast and efficient way. This modified procedure was used either in aqueous solution to make 

unsymmetrical 1,3,4,6-tetrasubstituted 2,5-DKPs162 or under solvent-free (solid state) conditions 

to achieve indolyl 2,5-DKP analogues163 and polysubstituted 2,5-DKP derivatives164.   

 

Figure 2.32 Microwave assisted cyclization of dipeptide esters under neutral conditions. 

Acid Catalyzed Cyclization 

Acetic acid-catalyzed cyclization of dipeptide ester reported by Suzuki has been the most 

useful method to make 2,5-DKPs. A wide variety of 2,5-DKPs having functional side groups have 

been synthesized with no racemization, short reaction times, and a high yield (>80%)165. The 

Suzuki procedure has been widely used both in solution and solid phase syntheses of 2,5-DKPs 

from dipeptide esters.  A recent example of this chemistry is from Zeng et al.166  and Durow et 

al.167. In Zeng’s procedure, triflouroacetic acid (TFA) was used as a catalyst. A Boc protected 

amino acid and amino acid ester were coupled to generate an N-Boc protected ester of a dipeptide. 

3,6-Disubstituted DKP was formed after heating this peptide ester in TFA (Figure 2.33).  
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Figure 2.33 Acid catalyzed intramolecular cyclization of dipeptides. 

Solid Phase Synthesis of 2,5-DKPs 

The solid phase synthesis of cyclic peptides was first reported in 1965168. Since then 

various combinatorial libraries of 2,5-DKPs have been developed utilizing this solid phase 

synthetic procedure21,31,169. It is a novel synthetic technique in which a peptide chain is developed 

on a high molecular weight polyalcohol carrier. These linker-bounded peptides are used as 

intermediates for the synthesis of DKPs168 (Figure 2.34). Further significant developments in the 

solid phase synthesis of 2,5-DKPs were due to new carrier molecules from multipins170 to modern 

resins31,171. Generally, there are three approaches in solid phase synthesis: i. cyclization on the 

linker followed by cleavage172,173; ii. cleavage of the acyclic precursor followed by cyclization in 

the solution phase125,174,175; iii. cleavage and cyclization in a single step.  

 

Figure 2.34 Solid phase synthesis of 2,5-DKP; cleavage is followed by cyclization. 

The solid phase synthesis commonly generates a low yield of 2,5-DKPs. To increase the 

yield by this synthetic procedure, various combinations of resins and solvents were studied, along 



69 
 

with both thermal and microwave assisted heating employed176.  The solid phase synthesis 

provides various advantages over traditional organic synthesis: i. It allows to make products that 

cannot be made in solution synthesis. ii. It allows to isolate molecules after synthesis without time-

consuming and additional purification steps177,178. On the other hand, this is a slow technique 

because reactants diffuse slowly through the polymeric support179.  

Pyrolysis of Dipeptides 

There were various reports in the literature on the thermolysis of the dipeptides and 

oligopeptides in the gaseous phase. It was stated that these peptides undergo degradation through 

the formation of DKPs (Figure 2.35). These studies were conducted using thermoanalytical 

techniques, mostly with TGA-FTIR or GC-MS, and often with LC-MS, XANES or Py-FIMS. It 

was observed that the pyrolysis of polyleucine180, diglycine137, glycylaspartic acid181 and 

oligoglycines136 commonly produces HNCO, HCN, CO at higher temperatures in TGA-FTIR. 

Recently, we conducted GC-MS analysis of oligoglycines keeping the oven temperature at 250˚C. 

In all of these analyses we found a molecular ion peak (m/z 114) for 2,5-DKP. It was concluded 

that all of the studied peptides undergo pyrolysis through the formation of 2,5-DKPs. 

  
Figure 2.35 Oligopeptides cyclize to form 2,5-DKPs which produce HNCO, CO and HCN at pyrolytic 

temperature. 

Solid State Degradation of Dipeptides 

It is well known that solid state reactivity of the active pharmaceutical ingredients (API) 

has a significant impact on the quality, stability and shelf life of the drug products in 

pharmaceutical industry, and it is a critical aspect in the drug developmental process182,183.  Many 

dipeptides such as carnosine, anserine, kyotorphin, and balenine are naturally found in the human 

body184,185, while they also have a number of commercial and industrial uses in the food and 

pharmaceutical industries. Aspartame, a well-known example of peptides, acts as an artificial 

sweetener in the food industry186,187,188. Many other dipeptides or their derivatives have 

antiviral189,190, antibiotic191,192, anti-tumor193, or anti-cancer194 activities. Many commercially 
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available dipeptides are angiotensin-converting enzyme (ACE) inhibitors; they have a clinical use 

in hypertension and congestive heart failure therapies195,196,197,198,199.   

 

Figure 2.36 Solid state degradation pathway of Lisinopril (Lis) dihydrate. 

During the synthesis of peptides and their long-term storage, 2,5-DKPs were found as 

major impurities due to intramolecular cyclization of dipeptides that involves the amino and 

carboxylic acid groups. This degradation of the peptides or proteins through the formation of DKPs 

was reported many times in the literature26,28,31,154,200,201,202,203,204,205,206,207. The solid state chemical 

stability studies were conducted on aspartame hemihydrate206,208, enalapril maleate209,210,211,212,213 

lisinopril dihydrate214,215, and quinapril207 using TGA, DSC, or DSC-FTIR. The physical and 

chemical changes were detected with DSC, while the products were characterized mostly by FTIR 

and often with HPLC and powder X-ray diffraction analysis. In all of these studies, 2,5-DKPs were 

found as major products after the drugs’ degradation (Figure 2.36). It was suggested that the 

degradation occurred through the intramolecular aminolysis, the nucleophilic addition of the amine 

of the N-terminal amino acid to carbonyl of the C-terminal amino acid in the peptide sequence. 

The detailed mechanism and kinetics of the solid state degradation of aspartame (APM) 

and aspertylphenylalanine (AP) were discussed by Suzanne and coworkers201 (Figure 2.37). They 

used DSC and TGA as thermoanalytical tools in their study. APM undergoes solid state 

intramolecular aminolysis at 190˚C with the release of methanol, while AP at 210˚C with the 

release of a water molecule, to form the same DKP. Activation energies calculated for the APM 
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and AP degradation were 266 and 234 kJ/mol, respectively. The activation energy of the APM 

solid state degradation was compared with the corresponding value for the reaction in solution, 

70 kJ/mol. In this study, the greater energy required for the solid state (solid → solid + gas) 

reactions was linked to the energy needed for the rearrangement of the molecules in the confines 

of a crystal lattice201,202. It was stated that the degradation of the both peptides proceeds through 

the nucleophilic addition of the N-terminal amino group to the carbonyl moiety of the second 

          

Figure 2.37  Solid state degradation pathways of aspartame and Asp-Phe producing the same DKP upon 

heating in DSC. 

residue of the peptide sequence resulting in a tetrahedral intermediate, and then there is a release 

of methanol or water. Later on, Cheng and Lin206 again studied the kinetics of the solid state 

intramolecular cyclization of aspartame with DSC-FTIR. They found almost the same activation 

energy for this reaction but, in contrast to the previously suggested mechanism, they stated it 

follows SN1 pathway for the intramolecular cyclization. In the first step, there is a release of the 

leaving group to form an acyl cation, and then the N-terminal amine attacks the cation to close the 

ring. After that Lick and coworkers213 studied the decomposition of enalapril maleate (EM) to 

diketopiperazine using TGA at different rates between 0.2 and 5 ˚C/min in a helium flow. The 

activation energy of 198 kJ/mol was obtained for this reaction. According to them, the reaction 

mechanism depends on the temperature; below 235˚C, the likely mechanism is nucleation; when 

the reaction overcomes the EM melting point, the reaction occurs in a liquid state and the kinetics 

is the first order. We have reported the synthesis of 2,5-DKP by the solid state cyclization of Gly-

Gly (2G) with the thermal stability comparison among oligoglycines136. The comparison was done 

using TGA-FTIR. It was concluded that with the chain length the stability limit increases as α2G 

< β3G < 4G < 5G. The enthalpy of the Gly-Gly cyclization reaction of 63 kJ/mol was obtained 

using DSC results.  

 

α2Gsolid = c2Gsolid +H2Ogas 
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ΔH492 = 63.7 kJ/mol 

The calculated standard enthalpy for this cyclization reaction was 18 kJ/mol. This reaction is 

thermodynamically unfavorable under ambient conditions but becomes possible at an elevated 

temperature. 

α2Gsolid = c2Gsolid +H2Oliquid 

ΔH298 ≈ 18 kJ/mol 

The bulk scale synthesis of 2,5-DKPs was achieved by heating solid Gly-Gly in a 

ventilation oven with >50% yield. It is well known that short peptides are packed as zwitterions to 

form β-sheets or tubular structures in their crystal lattice9. In contrast to solutions, intramolecular 

cyclization of peptides in the solid state is complicated by zwitterions, packing patterns, hydrogen 

bonding, and van der Waals forces. For intramolecular aminolysis, peptide molecules should not 

be zwitterions. The reaction could occur in more steps than one would expect. After initial heat is 

provided, hydrogen bonding is broken and a neutral peptide molecule is generated, and then it 

folds to make the tetrahedral addition of amine to the carbonyl carbon.  

2.3 Motivation and Project Goals 

 Peptides are one of the basic building blocks of life. In the form of proteins, not only they 

are the structural part of the living organisms, but also, they carry out catalytic and other critical 

functions in biological processes. The peptides, from shortest ones to proteins, have played a 

notable role as therapeutics in medicinal practice. Despite the importance of peptides, they have 

not been considered and studied as materials. It would be very interesting to investigate peptide 

bulk solids in the context of materials science, in particular how their properties depend on their 

solid state structure and composition. Dipeptides, the shortest peptides, are renewable and 

biodegradable, biocompatible and safe, and also very diverse to fit a particular task. The studies of 

the solid state thermal stability and solid state reactivity of dipeptides would be critical in 

developing fundamental knowledge on peptide based materials and defining their potential 

applications. 

Solid state synthesis is a green and sustainable synthetic approach. It promises many 

advantages over in-solution synthesis being easy to conduct, highly efficient and solvent free. 

Sometimes a desired product can only be obtained in a solid state synthesis. On the other hand, 

solid state reactions have some limitations. One such limitation is that they are typically applicable 
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to one reactant but not to its homologues, that is they are not universal. From the scarce literature 

data available, the solid state synthesis of diketopiperazines from dipeptides could be a more 

universal reaction than others reported so far.  

 Diketopiperazines (DKPs) are important because of their flavor properties, biological 

activities and therapeutic applications. Various methods have been reported to synthesize DKPs in 

solution and gas, but their synthesis in the solid state has not been developed. The solid state 

chemical decomposition of some pharmaceutical dipeptide esters into cyclo-dipeptides and 

alcohols implies an excellent opportunity for a novel synthetic method for DKPs. This new 

synthetic approach also provides an opportunity to study the solid state stability and reactivity of 

dipeptides in general. For this project, the following objectives were set: 

1. Investigate the thermal stability of a large and diverse series of solid dipeptides. In 

particular, what is the highest thermal stability limit of dipeptides at various conditions? 

2. Investigate thermally induced reactions and products for the series of dipeptides. In 

particular: How many and what are the main decomposition pathways? In case of multiple 

decomposition reactions, do they proceed in parallel or in a sequence? How good is the 

reproducibility of the decomposition reactions? How do the decomposition reactions 

depend on various conditions? What are the products after decomposition? Is the thermally 

induced decomposition of solid dipeptides a solid state reaction? 

3. Evaluate the dependencies of the thermal stability and reaction pathways on various 

factors, such as the molecular structure, crystal composition and solid state structure. 

4. Compare the solid state reactivity of the dipeptides with their reactivity in the gaseous 

phase. 

5. Identify thermally induced reactions leading to valuable products and attempt to scale up 

these reactions to develop new synthetic methods. Cyclo-dipeptides were found as a major 

impurity during the synthesis and long term storage of peptide based pharmaceutical drugs. 

If the decomposition of the dipeptides leads to a valuable product such as cyclo-dipeptides, 

can we convert that unwanted decomposition reaction into a new synthetic method? Is this 

reaction universal for all dipeptides? 

6. Find the relationship between the reaction pathways and the solid state structure of the 

dipeptides used; study the crystal structure of the products. 
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7. Make general conclusions based on the obtained results and data from the literature on the 

thermal stability and reactivity of peptides in the solid state. 

TGA and DSC are the excellent thermoanalytical techniques to study the thermal stability and 

solid state reactivity of the dipeptides. Upon heating, physical or chemical changes in the solid 

sample can be detected and analyzed as mass loss events in TGA, and as heat flow changes in 

DSC. Evolved gases during the TGA experiments can be identified/characterized using a coupled 

FTIR. Moreover, TGA or DSC experiments can be stopped at any stage to recover the sample. 

FTIR characterization of the evolved gases and the recovered samples is useful to identify a 

physical or chemical change at a certain stage. The obtained results from the TGA and DSC 

experiments can be analyzed to make conclusions on the thermal stability and solid state reactivity 

of the dipeptides. The stability and reactivity can also be visually monitored while heating the 

samples in Mel-Temp. GC-MS analysis of the vaporized dipeptide samples is useful to study 

gaseous phase reactivity of the dipeptides. Bulk dipeptide solids can be heated in an oven at a 

specific temperature for a specific time. The characterization of the recovered samples from oven 

is important to study the solid state stability and reactivity of solid dipeptides at a larger scale. The 

dipeptide samples can be sublimed in a glass tube to study their reactivity in gaseous phase or 

when the dipeptide sample is overheated.  

The dipeptide samples recovered after heating in TGA, oven or after sublimation can be 

directly characterized by PXRD and FTIR of the solid powder. Further characterization of the 

samples can be done through NMR, GC-MS and LC-MS. These techniques are important to 

characterize the molecular structure as well as to identify the purity of the products. The single 

crystals XRD studies of the reactants and their products are important to find and compare their 

solid state structures and composition before and after heating. 
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Chapter 3. Experimental 

3.1 Experimental 

3.1.1 Materials 

All chemicals were obtained from commercial sources: methanol (Fisher Scientific, HPLC 

grade, 99.99%), methanol-d4 (Sigma-Aldrich, 99.96 atom % D), dichloromethane (Fisher 

Scientific, HPLC grade, 99.98%), DMSO-d6 (Sigma-Aldrich, 99.9 atom % D), DMSO (Fischer 

Scientific, 99.5% for recrystallization), acetonitrile (Fisher Scientific, HPLC grade, 99.99%), 

acetic acid (Sigma-Aldrich, puriss p.a., for LCMS, ≥99.0 %), ethanol (commercial grade, ≥95.0 

%), D2O (Sigma-Aldrich, 99.9 atom % D), DMF (Fischer Scientific, 99.5%), ethyl acetate (Fluka, 

99.5%). Commercially obtained distilled water (H2O) was used whenever required. 

All dipeptides were commercially obtained and used without additional purification. The 

source of each dipeptide and lab code are listed in Table 3.1. 

Table 3.1 List of dipeptides utilized in this study along with their commercial source and lab code 

Dipeptide Source Lab code 

L-Alanyl-L-Alanine (Ala-Ala) Chem-Impex International Inc. (Lot # 0562247) P003 

L-Valyl-L-Valine (Val-Val) Chem-Impex International Inc. (Lot # 0511118) P006, P029 

L-Isoleucyl-L-Isoleucine (Ile-Ile) Chem-Impex International Inc. (Lot # 6107-122700-1) P016 

L-Phenylalanyl-L-Phenylalanine (Phe-Phe) Sigma (Lot # 073K0821) P043 

L-Leucyl-L-Leucine (Leu-Leu) Chem-Impex International Inc. (Lot # 0553214) P040 

L-Leucyl-D-Leucine (Leu-D-Leu) Sigma (Lot # 046F0452) P097 

L-Leucyl-L-Valine (Leu-Val) ICN Biomedicals, Inc (Lot # 2270F) P007 

L-Alanyl-L-α-Aminobutyric acid (Ala-Abu) Bachem (Lot # 0572178) P005 

L-α-Aminobutyric acid-L-Alanine (Abu-Ala) Bachem (Lot # 113844) P025 

L-Alanyl-L-Valine (Ala-Val) Chem-Impex International Inc. (Lot # 70014950323) P004 

L-Valyl-L-Alanine (Val-Ala) ICN Biomedicals, Inc (Lot # 8644F) P002 

D-Alanyl-D-Valine (D-Ala-D-Val) The Sigma-Aldrich Library of Rare Chemicals P011 

L-Alanyl-L-Isoleucine (Ala-Ile) ICN Biomedicals,Inc (3949F) P026 

L-Isoleucyl-L-Alanine (Ile-Ala) Chem-Impex International Inc. (Lot # 0555810) P031 

L-Alanyl-L-Leucine (Ala-Leu) Chem-Impex International Inc. (513213) P020 

L-Leucyl-L-Alanine (Leu-Ala) Chem-Impex International Inc. (Lot # 1021949) P056, P057 

L-Alanyl-L-Phenylalanine (Ala-Phe) Chem-Impex International Inc. (Lot # 120486) P017 

L-Phenylalanyl-L-Alanine (Phe-Ala) Chem-Impex International Inc. (Lot # 510979) P024 

L-Valyl-L-Isoleucine (Val-Ile) Chem-Impex International Inc. (Lot # 1000562) P024 

L-Isoleucyl-L-Valine (Ile-Val) Chem-Impex International Inc. (Lot # 1002145) P029 

L-Valyl-L-Phenylalanine (Val-Phe) ICN Biomedicals, Inc (Lot # 1783H) P010 

L-Phenylalanyl-L-Valine (Phe-Val) Chem-Impex International Inc. (Lot # 0570801) 
P012 
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L-Isoleucyl-L-Leucine (Ile-Leu) Chem-Impex International Inc. (Lot # 122918) P014 

L-Leucyl-L-Isoleucine (Leu-Ile) Bachem (Lot # 1054703) P110 

L-Leucyl-L-Phenylalanine (Leu-Phe) Bachem (Lot # 1035221) P113, P022 

L-Phenylalanyl-L-Leucine (Phe-Leu) ICN Biomedicals, Inc (Lot # 3684F) P018 

Glycyl-Glycine (Gly-Gly) Chem-Impex International Inc. (Lot # FIK02) P068 

L-Leucyl-Glycine (Leu-Gly) 
Chem-Impex International Inc. (Lot # 1102251, 130725-

11854) 
P055, P101 

Glycyl-L-Leucine (Gly-Leu) Chem-Impex International Inc. (Lot # 060108) P052 

L-Isoleucyl-Glycine (Ile-Gly) Chem-Impex International Inc. (Lot # 0554836) P035 

Glycyl-L-Isoleucine (Gly-Ile) Chem-Impex International Inc. (Lot # 20050904) P076 

Glycyl-L-Alanine (Gly-Ala) Chem-Impex International Inc. (Lot # 1011567) P079 

DL-Alanyl-Glycine (DL-Ala-Gly) Chem-Impex International Inc. (Lot # 517981) P091 

Glycyl-L-Methionine (Gly-Met) Chem-Impex International Inc. (Lot # 0555586) P071 

Glycyl-L-Serine (Gly-Ser) Chem-Impex International Inc. (Lot # 046215) P086 

Glycyl-L-Proline (Gly-Pro) Chem-Impex International Inc. (Lot # 0571244) P078 

L-Prolyl-Glycine (Pro-Gly) Chem-Impex International Inc. (Lot # 000127-1046674) P094 

Glycyl-L-Glutamine (Gly-Gln) Chem-Impex International Inc. (Lot # 060107) P075 

Glycyl-L-Phenylalanine (Gly-Phe) Chem-Impex International Inc. (Lot # 1014406) P081 

L-Phenylalanyl-Glycine (Phe-Gly) Chem-Impex International Inc. (Lot # 000424-130819-13319) P103 

Glycyl-L-Tyrosine (Gly-Tyr) Chem-Impex International Inc. (Lot # 060111) P069 

Glycyl-L-Tryptophane (Gly-Trp) Chem-Impex International Inc. (Lot # 122021) P084 

Glycyl-L-Asparagine (Gly-Asn) Chem-Impex International Inc. (Lot # 115971) P096 

Glycyl-L-Aspartic acid (Gly-Asp) Chem-Impex International Inc. (Lot # 000424-131016-16120) P104 

L-Alanyl-L-Glutamine (Ala-Gln) Chem-Impex International Inc. (Lot # 20030801) P082 

L-Alanyl-L-Tyrosine (Ala-Tyr) Chem-Impex International Inc. (Lot # 10412-10870) P073 

L-Leucyl-L-Serine (Leu-Ser) Chem-Impex International Inc. (Lot # 0517654) P042 

L-Valyl-L-Serine (Val-Ser) Chem-Impex International Inc. (Lot # 114353) P021 

L-Methinyl-L-Alanine formate (Met-

Ala.formate) 
Chem-Impex International Inc. (Lot # 523260) P001 

 

3.1.2  Thermal Analysis (TGA, DSC and TGA-FTIR) 

The differential scanning calorimetry (DSC) and thermo-gravimetric analysis (TGA) 

measurements were taken on a DSC Q-2000 and TGA Q-5000 IR analyzers, respectively 

(TA Instruments). The experiments were controlled using Q Advantage software and analyzed 

using TA Universal Analysis software and TA Instruments Trios software. 

The DSC measurements were conducted with linear heating (5°C/min) in the -20–500°C 

range (sometimes -90–500°C) under the flow of nitrogen (50 mL/min). The samples of dipeptides 

and crude products of various size (0.5 to 10 mg) recovered from oven were non-hermetically 

closed into Tzero aluminum pans. For the enthalpy measurements, the instrument was calibrated 
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with indium (sometimes water) before each experiment and two to six independent determinations 

were conducted.  

Full scan TGA measurements were performed with 2-20 mg of sample placed in 100 μL 

platinum pans and heated linearly (5°C/min) from 30 to 500°C in the flow of nitrogen. TGA 

syntheses were conducted for 10-30 mg samples placed in 100 μL platinum pans and heated 

linearly (10°C/min) from 30°C to a required temperature. Samples for DSC experiments were 

dried in TGA at specified temperatures isothermally for 10-30 min. 

The TGA-FTIR measurements were conducted with ~2-20 mg samples placed in 100 μL 

platinum pans and heated linearly from 30 to 500°C in the flow of nitrogen. Multiple sets of heating 

rates – N2 flow rate were used: 5°C/min – 25 mL/min, 15°C/min – 100 mL/min, and 20°C/min – 

200 mL/min. To analyse the released volatiles from TGA, the TGA furnace outlet was connected 

to the Thermo Scientific Nicolet iS10 FTIR spectrometer through a stainless steel transfer line (2 

mm internal diameter, coated with fused silica) heated to 220-230 °C and a TGA-FTIR accessory 

with 23 mL gas cell and 100 mm beam path length heated to 250 °C. The FTIR spectra were 

continuously collected, in real time, in parallel with a TGA experiment at 4 cm−1 resolution, 8 

scans per spectrum, and temporal resolution of 5.43 s. The FTIR experiments were monitored and 

analyzed using OMNIC Specta software package. 

3.1.3  NMR Analysis 

All samples were dissolved in DMSO-d6, and sometimes in methanol-d4 or D2O. All NMR 

spectra were recorded on a Bruker Avance 400 or 600 MHz spectrometer.  1H NMR (400 or 600 

MHz; DMSO-d6, methanol-d4 or D2O, 25°C). 13C NMR (101 or 150 MHz, DMSO-d6, 25°C). 

Experiments were monitored and analyzed by the Topspin 3.5 pl7 software provided with the 

instrument. 

3.1.4  Fourier-Transform Infrared (FTIR) Spectroscopy 

FTIR spectra were obtained using FTIR Nicolet iS10 Thermo Scientific spectrometer with 

a single reflection zinc selenide crystal ATR with the resolution of 2 cm-1. All FTIR data were 

recorded at room temperature. Experiments were monitored and analysed by the OMNIC Specta 

software provided with the instrument. 

3.1.5  GC-MS 

Approximately 5 mg sample dissolved in DCM, DMF or H2O were run on 7890A GC 

coupled to 5975C VLMSD Agilent Technologies (EI ionization source). In all of the experiments, 
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the sample was eluted with helium gas. Using a 50% (at 25.13 ml/min flow rate) split mode and 

6.3 psi pressure, 4-5 μL sample was injected at variable temperature (250 and 300°C). With 3 

ml/min septum purge flow, column flow was controlled at 0.5 ml/min at the corresponding injected 

pressure. Initially, oven was preheated at 150-180°C. This temperature was held for 2 minutes 

after injecting the sample. Then, oven was ramped up to 350°C in one to three steps and then GC 

oven was ramped at 200°C for 5 min, then ramped at 5°C/min to 250°C and then kept isothermally 

for 15 minutes. Experiments were monitored and analyzed by MassHunter workstation software. 

3.1.6  XRD 

For PXRD, a PANalytical Empyrean powder diffractometer equipped with a CuKα 

(λ=1.54184 Å) radiation line focus source and PIXcel1D linear detector was used. The data were 

analyzed using HighScore Plus software package associated with the PANalytical diffractometer. 

Experiments were conducted using a flat stage and a 0.5 mm deep copper holder. Samples were 

scanned in the 2θ range of 4-42°. 

For single crystal XRD experiments, a suitable crystal was mounted on the tip of a glass 

fiber and studied at 294 or 100 K on a SuperNova single crystal diffractometer using a microfocus 

CuKα (λ = 1.54184 Å) radiation source. Diffraction intensity data were collected using ω-scan to 

the maximum 2θ angle of 113o (resolution of 0.80Å). The unit cell refinements were done utilizing 

entire data sets, whereas absorption corrections were carried out by multiscan method. The 

acquired data for the single crystals were processed using CrysAlisPro software. The structures 

were solved (direct methods) and refined (full-matrix least-squares on F2) using SIR-92 and 

SHELXL-97. Geometric calculations were performed using the WinGX, Olex and Cambridge 

Mercury software packages; molecular graphics was prepared using ORTEP-3 for Windows. The 

solution and full description of the crystal structures studied (shortly discussed in Chapter 4, 

Section 4.4) is out of the scope of this thesis. 

3.1.7  Melting Points 

Melting points of all the samples were determined visually using a Mel-Temp Barnsted 

International instrument and digital Fluke 51 II thermometer. Before the experiments, the 

temperature measurement on the digital thermometer was verified by using a mercury-in-glass 

thermometer in parallel. Samples placed in glass capillary tubes were heated ~5°C/min to 400°C. 

The temperature of initial melting and that of when the whole sample melted were recorded. 
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Chapter 4. Hydrophobic Dipeptides: Thermal Stability and 

Solid State Transformations 

4.1 Introduction 

In this chapter, thermal stability and chemical transformations of 26 hydrophobic 

dipeptides are described. These dipeptides (listed in Table 4.13) are formed by six L-amino acids 

(Ala, Abu, Val, Leu, Ile, Phe) and some of their D-isomers.  

The first portion of this chapter (see section 4.2 for result and discussion) is devoted to the 

thermal stability of the dipeptides studied with TGA, TGA-FTIR, DSC and GC-MS analysis.  All 

the dipeptides were studied with TGA and DSC to reveal their limits of thermal stability and 

decomposition patterns. Thermally induced transformations were studied by doing: i) the 

stoichiometry calculations of the mass loss events; ii) the TGA-FTIR analysis of the volatiles; iii) 

the characterization of the samples recovered from TGA and DSC; iv) the GC-MS of the 

dipeptides. The thermally stability trends as a function of their molecular structure, crystal 

composition and solid state structure are discussed. 

The second portion of this chapter (see section 4.3 for results and discussion) is devoted to 

further exploration of the thermally-induced cyclization of the studied dipeptides. The reaction 

was recognized as a potential new synthetic method for cyclo-dipeptides (diketopiperazines). It 

was attempted to scale up the synthesis, optimize the conditions, and study the reaction in more 

detail. The 26 dipeptides were cyclized in both the solid and gaseous phase. The solid state reaction 

was achieved by heating the dipeptides in an oven under conditions selected based on the TGA 

results. Reactions in the gaseous phase were conducted by subliming the dipeptides in a furnace 

under conditions simulating the corresponding TGA events. The isolated products were 

characterized by FTIR, NMR, GC-MS, PXRD, single crystal XRD, LC-MS, DSC and polarimetry. 

Finally, the polymorphism of the cyclo-Leu-Ala and cyclo-Ala-Leu products was studied (section 

4.4).  

The overall conclusion and experimental details are given in sections 4.5 and 4.6, 

respectively.  
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4.2 Thermal Stability Studies 

4.2.1 TGA Patterns 

The TGA thermograms obtained for the 26 studied dipeptides exhibited one to four mass 

loss events within 35-315°C. One to two mass loss events (Δm before 106ºC) were identified as 

dehydration, a release of chemically non-bonded water. One to two small mass loss events (Δm 

after 106ºC with more or less defined initial and final plateaus) were identified as chemical 

decomposition. The very last effect to complete mass loss was interpreted as sublimation, although 

this could be a multiple process.  In all cases, the final mass residue was close to zero. Two to four 

TGA runs were conducted for each dipeptide. The studied dipeptides were divided into four 

categories based on the four distinguished types of their TGA patterns (as shown in Table 4.1).   

Category 1 

The TGA thermogram had distinctive, well separated mass loss steps. The mass loss values 

for the steps were reproducible (with the standard deviation of <0.1% for 2-3 measurements). 

Either a physical or chemical process could be assigned to each of these steps, with good 

correspondence between the experimental and calculated mass loss values. For example, the TGA 

plot of Phe-Phe (Figure 4.1) displays three very clear, distinct mass loss steps. Step 1 (35-100°C, 

Δm = 8.66%, 52°C onset), step 2 (100-180°C, Δm = 5.41% (5.92% normalized for dry dipeptide), 

146°C onset) and step 3 (180-320°C, Δm = 85.60%, 285°C onset).  By comparing the PXRD 

patterns of the stock chemical with the reported Phe-Phe⸱H2O
1, it was found that the initial sample 

is mostly pure Phe-Phe monohydrate. So, the first step can be identified as the dehydration of Phe-

Phe monohydrate (calculated Δm = 5.46% for Phe-Phe⸱H2O(s) = Phe-Phe(s) + H2O(g)). The observed 

additional loss could be due to the presence of an adsorbed water. The second step can be due to 

the loss of either H2O or NH3 from Phe-Phe (theoretical mass loss values are 5.77% and 5.45% 

respectively). The final step can be attributed to the evaporation of the sublimation of the resulting 

product.  

Among the 26 hydrophobic dipeptides, Leu-Ala, Phe-Ala, Val-Phe, Phe-Val, Leu-Phe and 

Phe-Leu were in this category. Most of these peptides were found to be in hydrated forms. 

Generally, these dipeptides show low thermal stability as their chemical decomposition starts at a 

relatively low temperature. 
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Figure 4.1 a) TGA plot of Phe-Phe⸱H2O 

(*decomposisition step), b) First derivative of mass loss 

(dWeight/dT (%/°C)) 

 

Figure 4.2 a) TGA plot of Leu-Val (*decomposisition 

step), b) First derivative of mass loss (dWeight/dT 

(%/°C)) 

Category 2 

All steps could easily be assigned each to a single process, but they were not well separated. 

Due to a partial overlap of the mass loss steps, standard deviations for Δm varied within 0.1-0.4%. 

The last two steps were usually close to each other resulting in partial overlap and often higher 

mass loss for the second last step. This partial overlap depended on the initial amount of sample, 

so the mass loss values were not well reproducible. This category can be represented by the TGA 

plot of Leu-Val (Figure 4.2). Here, three mass loss steps can be distinguished: step 1 (Δm = 5.36%, 

49°C), step 2 (Δm = 9.47% (10.01% normalized for dry dipeptide), 161°C), and step 3 (Δm = 

84.97%, 216°C). Step 1 is well reproducible (5.35 ± 0.07%), whereas step 2 shows a greater 

variation (9.46 ± 0.13%). It is clear that some decomposition process takes place for this dipeptide, 

but due to this uncertainty in mass loss, it is hard to assign a reaction just based on the TGA plot. 

The first step could be recognized as due to desorption of loosely, non-chemically bonded water 

because it occurs at low temperature and Δm is less than that for CO2/Leu-Val (19.13%), H2O/Leu-

Val (7.83%) or NH3/Leu-Val (7.40%). The second step could have higher mass loss than expected 

for a single main reaction due to a partial overlap with the last step or due to a parallel 

decomposition pathway. 

Among the 26 hydrophobic peptides, Ile-Ile, Leu-Leu, Leu-D-Leu, Ala-Leu, Leu-Ile, Ala-

Phe, Val-Ile, Ile-Val and Ile-Leu were in category 2. Most of these dipeptides were also found to 

be hydrates, with the degree of hydration being lower than for category 1. These dipeptides have 

higher thermal stability than category 1. 

a) 

b) 

* * 
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Category 3 

Mass loss steps could be assigned each to a single process, but they strongly overlapped 

resulting in a high standard deviation for Δm (up to 5% and higher). This strong overlap may result 

from much greater mass loss in the preceding step. In this kind of TGA thermograms, mass loss 

was assigned by considering the first derivative of the mass loss on temperature. This category is 

illustrated by the TGA plot of Val-Val (Figure 4.3), where two mass loss steps can be 

distinguished, step 1 (Δm = 67.65 ± 6.85%, 216°C) and step 2 (Δm = 25.32 ± 6.85%, 237°C). The 

indicated onset temperatures were well reproducible. It is clear that there is some decomposition 

reaction occurring simultaneously with evaporation/sublimation, but due to the uncertainty in the 

mass loss, the reaction cannot be reliably identified just based on the TGA plot. 

Among the 26 hydrophobic dipeptides, Ala-Abu, Ala-Val, Val-Ala, Ala-Ile, Ile-Ala were 

in this category. All the dipeptides were not hydrates except for Ala-Ile (~1% mass loss at low 

temperature). These are relatively thermally stable dipeptides as compared to the categories 

1 and 2. 

The TGA thermogram of Ala-Val is different from other dipeptides. The mass loss starts 

before 80°C and continues until the whole sample disappears. Distinct mass loss steps can be 

observed, but they are not isolated. By heating Ala-Val at 100°C for 18 hours, it was confirmed 

that decomposition does not start at 80ºC. The PXRD patterns of initial Ala-Val, pre-heated Ala-

Val (100°C for 18 hours) and the reported hexagonal structure2 were nearly the same. The H-

bonded organic framework in solid Ala-Val is very stable and it does not change or collapse even 

after taking or losing the solvent2. It seems like Ala-Val is slowly losing the solvent before 

decomposition starts. Therefore, all three steps: loss of solvent, decomposition and sublimation, 

overlap. 

Category 4 

No stepwise mass loss was observed in the TGA plot. For example, in the TGA plot of 

Ala-Ala (Figure 4.4), all mass is gone in one step (Δm = 99.96%, 230°C). From the 26 hydrophobic 

dipeptides, Ala-Ala, Abu-Ala and D-Ala-D-Val showed this type TGA plots. In this case, it is not 

clear if there is any decomposition or the dipeptides are just subliming. Thus, these dipeptides 

seem to have the highest thermal stability among the four categories. 
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Figure 4.3 a) TGA plot of Val-Val (*decomposisition 

step), b) First derivative of mass loss (dWeight/dT 

(%/°C)) 

 

Figure 4.4 a) TGA plot Ala-Ala, b) First derivative of 

mass loss (dWeight/dT (%/°C)) 

4.2.1.1   Decomposition of Dipeptides from TGA Patterns 

Degradation/decomposition of some dipeptides in the solid state was studied by Rodante3. 

According to his finding, dipeptides release carboxyl group as CO2 and amine as NH3 on 

decomposition in TGA and DSC. Dipeptides containing serine or threonine also loose CH2-OH 

and CH3-CH-OH, respectively. Later, a study on the decomposition of pharmaceutical drugs, 

aspartame hemihydrate4,5 and aspartyl-phenylalanine4, had shown the release of methanol and 

water, respectively, as a consequence of decomposition. Above 100°C, the losses of methanol 

(11.13%) and water (6.44%) were found to be very close to the theoretical losses of methanol from 

aspartame (10.55%) and water from aspartyl-phenylalanine (6.42%). Recent studies on diglycine 

decomposition in the solid state showed the excess release of water as a result of cyclization and 

polymerization of this dipeptide6,7.  

In the TGA analysis, we assumed the mass loss would be due to one of CO2, NH3 or H2O 

volatiles as a result of the chemical decomposition of the dipeptides. Any significant mass loss 

events at elevated temperature (>100°C) indicate chemical decomposition for all dipeptides in the 

categories 1-3. Among the categories 1-3 thermograms, category 1 displays stable and consistent 

mass loss events.  Therefore, stoichiometric losses of CO2, NH3 and H2O per mole of dipeptide 

were calculated to compare with the experimental values. Since all dipeptides in category 1 are 

hydrates (found from their FTIR and PXRD), their initial mass loss was considered as simple 

dehydration producing dry dipeptides. After dehydration, the next step was found to have very 

close % mass loss for the release of H2O or NH3 from the dehydrated Phe-Phe, Leu-Ala, Phe-Ala, 

Val-Phe, Phe-Val, Leu-Phe and Phe-Leu (Table 4.1). It is clear that in these dipeptides, 

decomposition is happening with the loss of either H2O or NH3. In category 2, some of the 

a) 

b) 

* 
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dipeptides are still hydrates, but their degree of hydration is lower than for category 1. In the 

category 2 dipeptides, the first chemical decomposition step showed a greater mass loss than 

calculated for a single component release of H2O or NH3 but smaller than for CO2 (Table 4.1). 

Therefore, this mass loss is not consistent with a single reaction in these dipeptides and it seems 

to be partially overlapping with the next step. The overall decomposition could follow two possible 

pathways: 1) the loss of a single component (H2O or NH3) shows a greater mass loss due to partial 

overlap with the last step; 2) decomposition occurs with multicomponent release of CO2, NH3 and 

H2O. The category 3 dipeptides are not hydrates, and any mass loss is a result of chemical 

decomposition. The first step shows a greater mass loss than expected for CO2, NH3 or H2O per 

dipeptide. Since the decomposition occurs at high temperatures, it results in the strong overlap of 

this decomposition and the next step, presumably sublimation. In this case, it is not possible to 

unambiguously determine the decomposition pathway. The category 4 dipeptides show only one 

step mass loss. The TGA thermograms do not show decomposition steps, but their first derivatives 

reveal complexity suggesting more than a single process.  

The decomposition steps are summarized in Table 4.1 for each dipeptide. The 

decomposition step mass loss for dipeptide hydrates is calculated for a normalized mass after 

dehydration. Based on the decomposition temperature in TGA, 26 hydrophobic dipeptides can be 

ordered by their thermal stability (Figure 4.5). 

From the TGA analyses, the decomposition temperatures of the dipeptides were determined. For 

some of the dipeptides, the first chemical decomposition step corresponded well to the release of 

either H2O or NH3. Due to the close molecular mass of H2O and NH3, it was not clear which one 

is released. For the majority of dipeptides, the first chemical decomposition step showed a greater 

mass loss than one H2O, NH3 or CO2 per dipeptide, evidently overlapping with the next step. For 

these TGA thermograms, it was not possible to assign the observed mass loss to a specific 

stoichiometric process. Even if the released volatile was known, it would not confirm the 

decomposition pathway because the same volatile can result from different decomposition 

pathways. The nature of the decomposition was studied by the characterization of the volatiles 

evolved and the product formed. The evolved volatiles were identified in TGA-FTIR experiments.  

To identify the product formed during the decomposition, a second TGA experiment was 

conducted; it was stopped after the expected decomposition step, and the sample was recovered 

and characterized. 
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Table 4.1 Observed TGA onsets for chemical decomposition and sublimation (Ton) and comparison of 

experimental mass loss (Δm) with calculated for the release of three different volatiles 

Dipeptide 

First Chemical 

Decomposition Step 
Expected Δm  (%) 

Sublimation 

Step 
Category 

Ton (°C) Δm (%) - H2O - NH3 - CO2 Ton (°C) 

1 

Phe-Phe 146 5.9 5.8 5.5 14.1 285 

Leu-Ala 142 9.5 8.9 8.4 21.8 222 

Phe-Ala 120 7.8 7.6 7.2 18.6 252 

Leu-Phe 120 6.6 6.5 6.1 15.8 242 

Phe-Leu 142 6.4 6.5 6.1 15.8 248 

Val-Phe 127 6.8 6.8 6.4 16.7 231 

Phe-Val 176 8.1 6.8 6.4 16.7 238 

Leu-Val 161 10.0 7.8 7.4 19.1 216 

2 

Ile-Ile 146 10.0 7.4 7.0 18.0 226 

Leu-Leu 165 10.0 7.4 7.0 18.0 209 

Leu-D-Leu 171 9.9 7.4 7.0 18.0 219 

Ala-Leu 192 18.9 8.9 8.4 21.8 228 

Leu-Ile 168 9.7 7.4 7.0 18.0 224 

Ala-Phe 213 17.0 7.6 7.2 18.6 248 

Val-Ile 185 18.1 7.8 7.4 19.1 223 

Ile-Val 189 15.6 7.8 7.4 19.1 229 

Ile-Leu 181 14.7 7.4 7.0 18.0 225 

Val-Val 216 74.5 8.3 7.9 20.4 237 

3 

Ala-Abu 206 49.0 10.4 9.8 25.3 230 

Ala-Val 180 27.5 9.6 9.1 23.4 234 

Val-Ala 201 42.5 9.6 9.1 23.4 232 

Ala-Ile 211 45.1 8.9 8.4 21.8 239 

Ile-Ala 191 52.9 8.9 8.4 21.8 209 

Ala-Ala 230 100.0 11.3 10.6 27.5 230 

4 Abu-Ala 216 100.0 10.3 9.8 25.3 216 

D-Ala-D-Val 214 100.0 9.6 9.1 23.4 214 
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Figure 4.5 Thermal stability of studied dipeptides: onsets for the first chemical decomposition step 

observed in TGA, in order of decreasing 

4.2.2  TGA-FTIR Studies 

Volatiles evolved on thermal decomposition of five hydrophobic dipeptides, Phe-Phe, Leu-

Leu, Abu-Ala, Ala-Leu and Leu-Ala, were characterized by TGA-FTIR analysis. Phe-Phe and 

Leu-Ala belong to category 1, Ala-Leu and Leu-Leu belong to category 2, and Abu-Ala belongs 

to category 4.  

Leu-Ala 

The TGA plot of Leu-Ala displays three distinct mass loss events (Figure 4.6). The first 

step is observed at 56°C (Δm = 24.69%), second at 142°C (Δm = 7.51%, normalized 9.97%), and 

third at 221ºC (Δm = 67.67%). The Gram-Schmidt (GS) plot of the volatiles from TGA also shows 

three distinct peaks (Figure 4.7). In real time GS of the volatiles, peaks 1 (5.81 min) and 2 (25.18 

min) coincide with TGA steps 1 and 2, respectively, whereas peak 3 (45.63 min) appears when the 

TGA run is over. The FTIR spectra for peaks 1 and 2 show the release of water vapors6 (Figure 

4.8). 

In the FTIR spectrum of peak 3, N-H stretching at 3420 cm-1, alkyl C-H stretching at 2964 

cm-1, very strong peak for lactam C=O stretching at 1720 cm-1, degenerate alkyl vibrations at 

1386 cm-1, and CONH plus C-N absorption at 1308 cm-1, are consistent with the release of cyclo-

Leu-Ala vapors (Figure 4.8).  
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Figure 4.6 TGA plot of Leu-Ala tetrahydrate 

 
Figure 4.7 Gram-Schmidt plot of volatiles from TGA 

of Leu-Ala tetrahydrate 

 The 3D plot of volatiles, time vs wavenumber vs absorptions, helps to understand the full 

picture of thermal decomposition of Leu-Ala (Figure 4.9). The maximum release of water is 

identified in step 1. It is followed by a small release of water in step 2 and vaporization of cyclo-

Leu-Ala in step 3. Since the initial dipeptide is a tetrahydrate (Leu-Ala∙4H2O, identified from 

PXRD analysis), step 1 in TGA agrees with the loss of four H2O from Leu-Ala∙4H2O (calculated 

mass loss of 26.28%). Step 2 agrees with the loss of one H2O per Leu-Ala 

  

 

Figure 4.8 Characteristic FTIR spectra for three 

steps on the GS data for TGA-FTIR of Leu-

Ala‧4H2O 

 

Figure 4.9 3D representation of volatiles from TGA-FTIR 

of Leu-Ala∙4H2O as the wavenumber and absorbance vs 

time 

(calculated 8.91%). Step 2 is identified as a decomposition step of Leu-Ala that generates cyclo-

Leu-Ala and water. The whole TGA thermogram of Leu-Ala corresponds to the sequence 

expressed by Equation 4.1. The first step is the release of chemically non-bonded water from Leu-

Ala, the second step is the dehydration due to cyclization, and the third step is the sublimation of 

the cyclic product. It can be explained why the third peak in Gram-Schmidt plot is not coinciding 

 

 

Step 1 (56°C, Δm = 25.74%) 
Step 2 (142°C, Δm = 7.51%  
           (9.97% normalized)) 
Step 3 (221°C, Δm = 66.67%)  

(5.81 min)  

(25.18 min)  

(45.63 min)  

Time (min)  

In
te

n
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Equation 4.1 

H2O  H2O  

3420 2964 
1720 

1386 
1308 
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with the third step in TGA. Since the temperature of the transfer line (220°C) was somewhat lower 

than that of the sublimation of cyclo-Leu-Ala (Ton 221°C), it first formed vapor in step 3 of TGA 

but condensed in the transfer line. Some amounts of the cyclic product were taken by the hot flow 

of the purge gas and reached the FTIR cell with a delay. 

Phe-Phe 

The TGA plot of Phe-Phe (Figure 4.10) displays three clear mass loss steps, where step 1 

is at 50°C (Δm = 8.45%), step 2 is at 151°C (Δm = 5.63%, normalized 6.16 %), and step 3 is at 

286°C (Δm = 85.34%). The GS plot of the TGA volatiles also shows three peaks (Figure 4.11). 

 

Figure 4.10 TGA plot of Phe-Phe 

 

Figure 4.11 Gram-Schmidt plot of the volatiles from 

Phe-Phe TGA 

Peaks 1 and 2 correspond to the TGA steps 1 and 2, respectively. Peak 3 appears when the 

temperature in TGA jumps to 800°C (100°C/min) after normal ramp of 10°C/min (40-500°C). The 

FTIR spectra extracted for these three peaks are shown in Figure 4.12. Peak 1 (3.41 min) shows 

the release of water vapor6 and negligible amounts of CO2. Peak 2 (13.06 min) is just the release 

of water vapor. Peak 3 (46.85 min) shows the release of CO2, HCN and a small amount of water 

vapors. When the TGA-FTIR experiment was completed for Phe-Phe, a white powder was 

recovered from the TGA outlet. The FTIR spectrum (Figure 4.13) of this white powder revealed 

cyclo-Phe-Phe condensed from the gaseous phase (see the FTIR section for the characterization of 

cyclo-Phe-Phe). The GC-MS analysis of this recovered product shows its similarity to the sublimed 

Phe-Phe (cyclo-Phe-Phe diastereomers). 

 Since the initial dipeptide is a monohydrate (identified by PXRD analysis), the first step is 

consistent with the release of chemically non-bonded H2O. The higher mass loss (8.45%) than 

calculated for 1 mole from Phe-Phe∙H2O (5.46%) and the FTIR of the corresponding step volatiles 

(3.41 min)  

(13.06 min)  

(46.85 min)  
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imply the desorption of chemically non-bonded water from the surface of Phe-Phe∙H2O. The 

second step (6.16%) is the release of water after the condensation of Phe-Phe into cyclo-Phe-Phe 

(calculated 5.77%). The third mass loss is due to the sublimation of the cyclo-Phe-Phe. The 

sequence of the TGA events can be expressed by Equation 4.2. Above 500°C, strong release of 

  

CO2 and H2O is observed, presumably due to the combustion of cyclo-Phe-Phe. This process is 

similar to the decomposition of cyclo-Gly-Gly at elevated temperatures6. 

 
Figure 4.12 Characteristic FTIR spectra for the three 

steps on the GS data for TGA-FTIR of Phe-Phe 

 
Figure 4.13  FTIR of the Phe-Phe hydrate before 

TGA and a white product from the TGA outlet 

Leu-Leu 

The TGA plot of Leu-Leu (Figure 4.14) displays four mass loss steps, where step 1 is at 

40°C (Δm = 1.84 %), step 2 is at 112°C (Δm = 3.92 %), step 3 is at 162°C (Δm = 7.29 %, normalized 

7.74 %), and step 4 is at 234°C (Δm = 85.48%). The GS plot of the TGA volatiles (Figure 4.15) 

displays four corresponding peaks at 1.92 min, 3.13 min, 4.48 min and 6.75 min. In real time 

comparison of TGA to GS, the first two GS peaks correspond to the TGA step 1 loss, the third 

peak corresponds to the step 2 loss, and the fourth peak corresponds to the step 3 loss. No peak is 

observed for step 4 loss. The FTIR spectra for all the observed peaks (Figure 4.16) show only the 

release of water. The 3D plot for the volatiles (Figure 4.17) also shows only water release in the 

whole range recorded. The first three peaks overlap and show a gradual increase in the release of 

water whereas peak 4 is discrete and shows even greater intensity of water release. When TGA-

FTIR experiment was completed for Leu-Leu, a white powder was recovered from the TGA outlet. 

The FTIR spectra of this white powder revealed cyclo-Leu-Leu condensed from the gas (see FTIR 

section for the characterization of cyclo-Leu-Leu). The GC-MS data for this recovered product are 

similar to the sublimed Leu-Leu (cyclo-Leu-Leu diastereomers). 

H2O  

H2O  
H2O  

CO2  

Equation 4.2 

H2O  
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Figure 4.16 Characteristic FTIR spectra for the four 

steps on the GS plot for TGA-FTIR of Leu-Leu 

hydrate 

 
Figure 4.17 3D representation of volatiles from TGA-

FTIR of Leu-Leu hydrate as the wavenumber and 

absorbance vs time 

The initial Leu-Leu sample is a hydrate (Leu-Leu∙0.87H2O, identified by PXRD analysis); 

steps 1 and 2 in TGA (5.76%) correspond to the release of hydrate water from Leu-Leu∙0.87H2O 

(calculated 6.03%). Step 3 (7.74%) is the release of water after the condensation of Leu-Leu into 

cyclo-Leu-Leu (calculated 7.38 %). The third step is due to the sublimation of cyclo-Leu-Leu 

which condenses in the TGA outlet. Overall sequence of the TGA events is illustrated by Equation 

4.3.  
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Figure 4.14 TGA plot of Leu-Leu hydrate 

 

Figure 4.15 Gram-Schmidt plot of volatiles from 

TGA of Leu-Leu hydrate 

1: 1.92 min 

2: 3.13 min 

3: 4.48 min 

4: 6.75 min 

Equation 4.3 

H2O  H2O  
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Ala-Leu 

The TGA plot of Ala-Leu displays three steps of the mass loss, where step 1 is at 100°C 

(Δm = 3.98%), step 2 is at 191°C (Δm = 21.10%), and step 3 is at 225°C (Δm = 74.99%) (Figure 

4.18). Step 1 is a discrete event while steps 2 and 3 seem to overlap. The GS plot of the TGA 

volatiles displays five peaks (Figure 4.19).  In real time comparison of GS to TGA, the first GS 

peak corresponds to the TGA step 1 loss, the second and third peaks correspond to step 2 loss, and 

peaks 4 and 5 correspond to step 3 

loss. Similar to the TGA plot, peak 

1 in the GS plot is a discrete step 

while all other peaks overlap with 

each other. The FTIR spectra for 

all the observed peaks are shown in 

Figure 4.20. Peak 1 (8.66 min) 

shows the release of water only. 

Peaks 2 and 3 show the release of 

water and cyclo-Ala-Leu. The 

release of water gradually 

decreases from peak 2 to 3. Peaks 

3 and 4 are just from the release of 

cyclo-Ala-Leu.  

 

Figure 4.18 TGA plot of Ala-Leu hydrate 

 

Figure 4.19 Gram-Schmidt plot of the volatiles from 

TGA of Ala-Leu hydrate 

 

Figure 4.20 Characteristic FTIR spectra for the five steps on the GS 

plot for TGA-FTIR of Ala-Leu hydrate 

1: 8.66 min 

2: 16.66 min 

3: 17.40 min 
4: 19.02 min 

5: 19.95 min 

3420 
2964 

1720 

1386 
1308 

H2O  H2O  



103 
 

Characteristic IR absorptions for cyclo-Ala-Leu are the same as observed for cyclo-Leu-

Ala (see TGA-FTIR of Leu-Ala). FTIR of stock Ala-Leu reveals it is a hydrate. A hemihydrate 

(Ala-Leu∙0.5H2O) was reported8, although PXRD of the stock Ala-Leu reveals a different 

crystalline form. The first step loss in TGA is consistent with the release of chemically non-bonded 

H2O (3.98%) from Ala-Leu∙0.5H2O (calculated 4.27%). Second step is consistent with the 

decomposition of Ala-Leu. It starts with the release of H2O due to decomposition of Ala-Leu and 

then is accompanied by the release of cyclo-Ala-Leu, presumably due to the simultaneous 

sublimation of cyclo-Ala-Leu. The decomposition gets completed in the second step, but the 

release of cyclo-Ala-Leu continues in step 3. The complete sequence of events for Ala-Leu is 

described by Equation 4.4. 

 

Abu-Ala 

The TGA plot of Abu-Ala displays only one mass loss step at 240ºC (Δm = 99.12%) 

(Figure 4.21). Contrary to the TGA plot, the GS plot of the TGA volatiles displays six peaks 

(Figure 4.22). In real time comparison of TGA and GS plot, the first three GS peaks correspond 

to the TGA step loss, whereas the last three peaks appear after. FTIR of each GS peak is shown in 

Figure 4.23. Peak 1 shows significant release of H2O and CO2. Peaks 2 and 3 show the release of 

water along with the release of cyclo-Abu-Ala and CO2. Peak 4 shows the release of cyclo-Abu-

Ala along with trace amounts of CO2. Peak 5 shows only the release of cyclo-Abu-Ala. Peak 6 

displays the release of CO2 with trace amounts of cyclo-Abu-Ala and water. FTIR of the released 

cyclo-Abu-Ala is similar to cyclo-Leu-Ala (see TGA-FTIR of Leu-Ala). 

The 3D plot for the volatiles evolution (Figure 4.24) shows decarboxylation as the initial 

step for decomposition of Abu-Ala, though no release of 2-amino-N-ethylbutanamide is detected 

(Figure 4.25a). The release of CO2 is recorded in the whole range for the TGA step loss. The 

release of CO2 is later accompanied by the release of H2O due to the decomposition of Abu-Ala 

into cyclo-Abu-Ala (Figure 4.25b). As soon as the rate of water release accelerates, cyclo-Abu-

Ala starts appearing, presumably due to the sublimation of cyclo-Abu-Ala. The decomposition of 

Abu-Ala is complete in the TGA step loss, but the release of cyclo-Abu-Ala continues. Since the 

temperature of the transfer line (220°C) was somewhat lower than that of the sublimation of cyclo-

Abu-Ala (Ton 240°C), it first formed vapor in the TGA step but condensed in the transfer line. 

Equation 4.4 
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Some amounts of the cyclic product were taken by the hot flow of the purge gas and reached the 

FTIR cell with a delay. The release of largely CO2 and water along with small amounts of cyclo-

Abu-Ala after 22 min indicates the controlled combustion of cyclic form in TGA at higher 

temperature. 

 

Figure 4.21 TGA plot of Abu-Ala 

 

Figure 4.22 Gram-Schmidt plot of the volatiles 

from TGA of Abu-Ala 

 

 

Figure 4.23 Characteristic FTIR spectra for the 

six peaks on the GS plot for TGA-FTIR of Abu-

Ala 

 

Figure 4.24 3D representation of volatiles from TGA-

FTIR of Abu-Ala as the wavenumber and absorbance vs time 

From the TGA-FTIR analysis, it is concluded that the decomposition of Abu-Ala initially 

proceeds with decarboxylation (Figure 4.25a) and then is accompanied by dehydration due to 

aminolysis (Figure 4.25b). It can be stated that: 1) decarboxylation is presumably happening in 

the linear dipeptide because as long as the dipeptide exists, significant CO2 continues to appear; 2) 

decarboxylation is a minor reaction because the amount of CO2 release is very small as compared 
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to the release of water; 3) decarboxylation leads to aminolysis in Abu-Ala; 4) combined release of 

CO2, water and cyclo-Ala-Abu leads to a single step loss in TGA. 

 

Figure 4.25: Possible decomposition pathways of Abu-Ala: a). decarboxylation; b). dehydration after 

cyclization. 

4.2.2.1    Key Points from TGA and TGA-FTIR of Dipeptides 

From TGA experiments and TGA-FTIR analysis of the five dipeptides, it can be 

concluded: 

1. Many solid dipeptides are hydrates. On heating, dehydration is the first process to happen 

for the hydrates producing dry dipeptides.  

2. Further heating results in chemical decomposition of the dry dipeptides into cyclo-

dipeptides and water. The decomposition starts in the 120-220 °C range. 

3. Dehydration step from dipeptide hydrates to dry dipeptides and dehydration due to 

chemical decomposition, are two clear and distinct steps. 

4. Degree of hydration seems to correlate with the thermal stability of dipeptides. The 

compositions of the hydrated dipeptides and their cyclization temperatures follow this 

trend: Abu-Ala∙0H2O (240°C) > Ala-Leu∙0.5H2O (191°C) > Leu-Leu∙0.87H2O (162°C) > 

Phe-Phe∙1H2O (151°C) > Leu-Ala∙4H2O (142°C).  

5. The very last event observed on further heating is a complete, or almost complete, 

sublimation of the cyclo-dipeptide, which results in a zero mass residue. 

6. For dipeptide hydrates, usually the decomposition step is also clear and distinct from the 

sublimation step. Therefore the amount of water released on the dipeptide decomposition 

can be calculated to confirm the reaction stoichiometry. 

7. In dipeptides that exist as non-hydrates, the decomposition starts with little decarboxylation 

to form CO2. This step may trigger a major decomposition of dipeptide into cyclo-dipeptide 

and water. 

8. For all dipeptides, second to last step can be considered as the decomposition step. In cases 

where only a single mass loss is observed, the decomposition seems to be completely 

overlapping with the sublimation. 
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9. Cyclo-dipeptides formed after the thermal decomposition of dipeptides are quite thermally 

stable and can be detected and recovered at higher temperature. 

10. Detection of cyclo-L-Phe-L-Phe along with cyclo-(LD)-Phe-Phe, and cyclo-L-Leu-L-Leu 

along with cyclo-(LD)-Leu-Leu, after their condensation in the TGA outlet, implies the 

formation of respective diastereomers right after the formation or during the sublimation 

of the cyclic dipeptides. 

4.2.3 Studies of the Chemical Decomposition  

4.2.3.1   Samples Recovered from TGA 

 To better understand the thermally induced chemical decomposition reaction (Table 4.1), 

further studies were conducted. A larger sample of dipeptide (up to 12 mg) was again run in TGA. 

The experiment was stopped right after the decomposition step, and the sample was recovered. 

Dipeptides along with their initial and recovered amounts and the recovery temperatures are listed 

in Table 4.14. Characterization of these recovered samples, primarily with FTIR, revealed a 

complete transformation of the dipeptides into the corresponding cyclo-dipeptides in most cases. 

The NMR analysis of some of the decomposed samples revealed the formation of pure cyclo-

dipeptides, however no diastereomers were detected. Either no or incomplete reaction was detected 

for Ala-Ala, Abu-Ala and D-Ala-D-Val.  The former two were pure, unchanged linear dipeptides, 

whereas D-Ala-D-Val was a partially decomposed product (~50% cyclo-D-Ala-D-Val along with 

the initial linear dipeptide). No decomposition of the Abu-Ala recovered sample after 31% loss at 

243°C seems to be inconsistent with the TGA-FTIR analysis where cyclo-Abu-Ala was detected 

in volatiles.  It can be concluded that cyclo-Abu-Ala sublimes immediately after it forms on 

heating.  Further details of the decomposition and characterization can be found in the section 5.3.1 

“Solid State Cyclization (TGA)”. 

4.2.3.2   GC-MS of Linear Dipeptides 

 Decomposition of the linear dipeptides in the gaseous phase has been studied by the GC-

MS analysis. Electron impact (EI) ionization mass spectrum (MS) was recorded for each dipeptide 

sample that was vaporized and pushed through the GC column.  It was found that all of the studied 

dipeptides show a single peak in GC. After searching the MS of the corresponding peak in 

‘NIST05a Database and Library’ provided with the Mass Hunter software, the obtained MS was 

found to show >90% resemblance to the corresponding cyclo-dipeptides. On further inspection of 

the NIST05a Database and Library for linear and the corresponding cyclo-dipeptides, the two again 
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Figure 4.26 GC-MS of linear Leu-Leu: a) GC plot; b) MS scan at 11.34 min 

Table 4.2 Linear dipeptides studied by GC-MS analysis and the corresponding cyclo-dipeptides formed  

Dipeptide Cyclo-Dipeptide Dipeptide Cyclo-Dipeptide 

L-Ala-L-Ala* Cyclo-L-Ala-L-Ala*13 L-Ile-L-Ala Cyclo-L-Ile-L-Ala 

L-Val-L-Val* Cyclo-L-Val-L-Val*14 L-Ala-L-Leu Cyclo-L-Ala-L-Leu 

L-Ile-L-Ile* Cyclo-L-Ile-L-Ile*14 L-Leu-L-Ala Cyclo-L-Leu-L-Ala 

L-Phe-L-Phe* Cyclo-L-Phe-L-Phe*15 L-Ala-L-Phe Cyclo-L-Ala-L-Phe*16 

L-Leu-L-Leu* Cyclo-L-Leu-L-Leu*9 L-Phe-L-Ala* Cyclo-L-Phe-L-Ala*16 

L-Leu-D-Leu Cyclo-L-Leu-D-Leu9 L-Val-L-Ile Cyclo-L-Val-L-Ile 

L-Leu-L-Val Cyclo-L-Leu-L-Val L-Ile-L-Val Cyclo-L-Ile-L-Val 

L-Ala-L-Abu Cyclo-L-Ala-L-Abu L-Val-L-Phe Cyclo-L-Val-L-Phe*14 

L-Abu-L-Ala Cyclo-L-Abu-L-Ala L-Phe-L-Val* Cyclo-L-Phe-L-Val*14 

L-Ala-L-Val Cyclo-L-Ala-L-Val L-Ile-L-Leu Cyclo-L-Ile-L-Leu 

L-Val-L-Ala Cyclo-L-Val-L-Ala L-Leu-L-Ile Cyclo-L-Leu-L-Ile 

D-Ala-D-Val Cyclo-D-Ala-D-Val L-Leu-L-Phe Cyclo-L-Leu-L-Phe*17 

L-Ala-L-Ile Cyclo-L-Ala-L-Ile L-Phe-L-Leu* Cyclo-L-Phe-L-Leu*17 

*Dipeptides and cyclo-dipeptides found in the NIST05a Database and Library. 

were found to show >90% likeness.  After comparing the obtained MS data of the linear dipeptides 

with the cyclo-dipeptides found in the literature, the same results were obtained.  For those 
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dipeptides and cyclo-dipeptides having no reference data in the literature and in the NIST05a 

Database and Library, the experimental data were analyzed by doing their fragmentation pattern 

according to the obtained MS. It was found that the obtained mass ionization patterns could only 

be obtained from the corresponding cyclo-dipeptides. For example, the GC-MS analysis of Leu-

Leu is shown here (Figure 4.26). GC of Leu-Leu (Figure 4.26a) shows a single peak. The MS at 

11.34 min shows a molecular ion peak for cyclo-Leu-Leu m/z = 226 (Leu-Leu minus H2O). The 

whole mass spectrum is similar to the reported MS of cyclo-Leu-Leu9. In NIST05a Database and 

Library, the MS of linear Leu-Leu and cyclo-Leu-Leu also look similar. 

From the GC-MS analysis of dipeptides, it can be concluded that dipeptides transformed 

into their corresponding cyclo-dipeptides in the gaseous phase before the MS spectra had been 

collected. These results are in close agreement with the Curie point pyrolytic studies on dipeptides 

with gas chromatographic – mass spectrometric analysis10–12. It was found that under pyrolytic 

conditions, dipeptides loose water to form the corresponding cyclo-dipeptides as a major product. 

The pyrolytic studies did not provide any information on the stereochemistry of the products. In 

our case, a single peak in GC suggests the formation of a single cyclo-dipeptide in the gaseous 

phase. By matching the RF values of the dipeptides with cyclo-dipeptides, it was confirmed that 

the decomposition of dipeptides into cyclo-dipeptides in GC-MS did not change the 

stereochemistry at the chiral carbons. 

4.2.4  DSC 

The DSC thermograms of the studied dipeptides were complicated showing a sequence of 

events (Table 4.3). In addition to the chemical decomposition, melting and sublimation, dipeptide 

hydrates showed effects due to dehydration, and often other events that could overlap with the 

chemical decomposition process. Pre-drying the dipeptide samples in TGA or oven often helped 

to generate cleaner DSC thermograms, especially for the decomposition process. For some of the 

dipeptides, the decomposition process in DSC was also verified by recovering the product after 

the decomposition effect and testing the product with FTIR. For most of the dipeptides, the melting 

and sublimation events were also very close or overlapped. In this section, the DSC results for the 

26 dipeptides are summarized, and the thermograms of Leu-Ala and four other dipeptides 

representing each category of TGA plots are elaborated in detail. 
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Leu-Ala 

In the overlay of TGA plot and DSC thermograms of Leu-Ala (Figure 4.27), a series of 

thermal events are seen. In DSC-1, two endotherms overlap over 45-100°C corresponds to the 

TGA step 1 dehydration of Leu-Ala⸳4H2O. Endotherm 1 is from the water release whereas 2 could 

be from liquidus in the Leu-Ala – H2O system (since water remains in the pan). Three thermal 

events, (3-5) at 135-180°C, correspond to the TGA step 2 dehydration after decomposition. These 

three events look like an overlap of exo- and endotherms. In DSC-2, endotherms 1 at 52.9°C (Tmax), 

and 3 at 148°C (Ton) are from simple dehydration and the chemical decomposition, respectively, 

while exotherm 2 at 129°C (onset) is most likely due to recrystallization. DSC-3 for pre-dried 

sample shows a very small endotherm for dehydration while recrystallization and the 

 

 

Figure 4.27 Overlay of TGA and DSC thermograms for Leu-Ala. DSC-1: DSC of Leu-Ala⸳4H2O using T-

zero aluminum pan and lid (semi-hermetic condition); DSC-2: DSC of Leu-Ala⸳4H2O using T-zero aluminum 

pan without lid (open pan); DSC-3: DSC of pre-dried Leu-Ala using T-zero aluminum pan and lid (semi-

hermetic condition) 

chemical decomposition process are the same as in DSC-2. The recrystallization and chemical 

decomposition processes were verified by recording the FTIR spectra of the samples recovered at 

140°C and 200°C from the DSC experiments. The sample recovered at 140°C shows an FTIR 

spectrum similar to dry Leu-Ala, whereas the sample recovered at 200°C shows the spectrum like 

for cyclo-Leu-Ala. The temperature and the total enthalpy change (DSC-3, effect 3) for the 
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chemical decomposition process of Leu-Ala were calculated for pre-dried samples for Equation 

4.5: 

L-Leu-L-Ala(s) = cyclo-L-Leu-L-Ala(s) + H2O(g)      ΔH = 20(1) kJ/mol (at 441 K)  

Phe-Phe 

In the overlay of TGA plot and DSC thermograms of Phe-Phe (Figure 4.28), the TGA plot 

displays three very distinct mass loss steps for dehydration, decomposition and sublimation. In 

DSC-1, endotherms 1-2 at 35-140°C correspond to the dehydration step, endotherm 3 at 151°C 

(onset) corresponds to the chemical decomposition, while endotherm 4 at 297°C (onset) is from 

the melting or sublimation process. In DSC-2, the dehydration effect is absent; endotherm 1 at 

132°C (onset) is from a phase change, while the decomposition and melting endotherms are the 

same as for DSC-1. The total enthalpy change (DSC-2, effect 2) for the chemical decomposition 

process was calculated for Equation 4.6: 

L-Phe-L-Phe(s) = cyclo-L-Phe-L-Phe(s) + H2O(g)        ΔH = 14(1) kJ/mol (at 424 K) 

Leu-Val 

In the overlay of TGA plot and DSC thermograms for Leu-Val (Figure 4.29), the TGA 

plot shows three mass loss events for dehydration, decomposition and sublimation. In TGA, 

decomposition and sublimation (2 and 3) partially overlap. Contrary to the TGA of Leu-Val, 

thermal events in the DSC thermogram are clear and well separated.  In DSC-1, endotherm 1 at 

65°C corresponds to the TGA step 1 dehydration; exotherm 2 at 145°C (onset) is presumably due 

to the recrystallization of dry Leu-Val; effect 3 endotherm at 175°C corresponds to the TGA 

chemical decomposition step; endotherm 4 at 278°C was assigned to melting followed by 

sublimation. In DSC-2, endotherm for dehydration is absent but the events of recrystallization, 

decomposition and melting are almost the same as in DSC-1. The total enthalpy change (DSC-2, 

effect 2) for the decomposition process was calculated for Equation 4.7: 

L-Leu-L-Val(s) = cyclo-L-Leu-L-Val(s) + H2O(g)        ΔH = 41(1) kJ/mol (at  448 K)  

Val-Val 

In the overlay of TGA plot and DSC thermogram of Val-Val (Figure 4.30), the TGA plot 

displays a strong overlap of decomposition and sublimation. Contrary to the TGA, in DSC 

thermogram of Val-Val the decomposition step is clear and well separated from sublimation. In 

the DSC, the first endotherm at 234°C (onset) corresponds to the decomposition process, whereas 

second endotherm at 322°C (onset) is from melting and/or sublimation.  The melting is followed 

Equation 4.6 

Equation 4.5 

Equation 4.7 
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by irregular endotherms, possibly due to further sublimation. The total enthalpy change for the 

decomposition process was calculated for Equation 4.8: 

L-Val-L-Val(s) = cyclo-L-Val-L-Val(s) + H2O(g)        ΔH = 46(1) kJ/mol (at  506 K) 

Table 4.3 Summary of all thermal events observed in DSC thermograms of studied dipeptides. The 

sequence of thermal events is from left to right* 

Dipeptide Dhd. P.T. Rcst. Dcmp. Rcst. P.T. Rcst. Melt. Sub. 

Ala-Ala    ✓    ✓ ✓ 

Val-Val    ✓    ✓ ✓ 

Ile-Ile ✓ ✓  ✓    ✓ ✓ 

Phe-Phe ✓ ✓  ✓    ✓ ✓ 

Leu-Leu ✓   ✓    ✓ ✓ 

Leu-D-Leu ✓ ✓ ✓ ✓    ✓ ✓ 

Leu-Val ✓  ✓ ✓    ✓ ✓ 

Ala-Abu ✓   ✓    ✓ ✓ 

Abu-Ala    ✓    ✓ ✓ 

Ala-Val    ✓    ✓ ✓ 

Val-Ala    ✓    ✓ ✓ 

D-Ala-D-Val    ✓    ✓ ✓ 

Ala-Ile    ✓ ✓   ✓ ✓ 

Ile-Ala    ✓ ✓   ✓ ✓ 

Ala-Leu ✓ ✓  ✓    ✓ ✓ 

Leu-Ala ✓ ✓ ✓ ✓    ✓ ✓ 

Ala-Phe ✓ ✓ ✓ ✓    ✓ ✓ 

Phe-Ala ✓ ✓ ✓ ✓    ✓ ✓ 

Val-Ile    ✓    ✓ ✓ 

Ile-Val    ✓    ✓ ✓ 

Val-Phe ✓ ✓ ✓ ✓    ✓ ✓ 

Phe-Val    ✓ ✓   ✓ ✓ 

Ile-Leu  ✓  ✓    ✓ ✓ 

Leu-Ile ✓  ✓ ✓    ✓ ✓ 

Leu-Phe ✓   ✓ ✓ ✓ ✓ ✓ ✓ 

Phe-Leu ✓   ✓    ✓ ✓ 

*Dhd. for Dehydration, P.T. for Phase Transition, Rcst. for Recrystallization, Dcmp. for Decomposition, Melt. for 

Melting, Sub. for Sublimation. 

Equation 4.8 
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Ala-Ala 

In the overlay for Ala-Ala (Figure 4.31), the TGA plot displays only one step for the whole 

mass loss, but in the DSC thermograms, decomposition endotherms from melting and sublimation 

are clearly observed. In DSC-1, endotherms 1 and 2 at 200-265°C correspond to the decomposition 

of Ala-Ala as decarboxylation and cyclization (based on results from the TGA-FTIR analysis). 

Endotherm 3 at 288°C is from melting, followed by the vaporization endotherm 4.  In DSC-2, the 

decomposition happens only by cyclization at 224°C, while endotherm 2 at 291°C was assigned 

to melting.  Melting in DSC-2 at 291°C vs 288°C in DSC-1 also suggests the decomposition as 

pure cyclization in DSC-2. The total enthalpy change (DSC-2, effect 1) for the decomposition 

process in Ala-Ala was calculated for Equation 4.9: 

L-Ala-L-Ala(s) = cyclo-L-Ala-L-Ala(s) + H2O(g)        ΔH = 38(5) kJ/mol  (at 497 K)   

4.2.4.1   Overall DSC Analysis 

The DSC analysis of the five representative dipeptides illustrates our studies conducted for 

all the 26 hydrophobic dipeptides. The comparison of DSC thermograms and TGA plots, analysis 

of the volatiles by TGA-FTIR, and FTIR of samples recovered from DSC indicate that the 

chemical decomposition process is an endothermic reaction. These decomposition studies on 

dipeptides are consistent with the previous reports on the decomposition of pharmaceutical drugs 

such as aspartame hemihydrate4, lisinopril dihydrate18 and enalapril maleate19. The list of 

dipeptides along with the temperatures and total enthalpy changes for the decomposition process 

is given in Table 4.19.  

The appearance of sublimation at much higher temperature in DSC than TGA resulted in 

clear separation and made it possible to identify the decomposition and melting processes. 

Dipeptides (Ala-Ala and Abu-Ala), whose decomposition was not observed at all in regular TGA 

or TGA recovered samples, displayed clear endotherms on their DSC thermograms for the 

decomposition process though it was very close to the melting. Dipeptides which showed an 

overlap of decomposition and sublimation (category 3 and some category 2 TGA plots) displayed 

very distinct endotherms for decomposition and melting. Dipeptides which allowed clear 

identification of the decomposition process in TGA (category 1 and some category 2 TGA plots), 

showed complex DSC thermograms. Since in these dipeptides decomposition temperature is 

lower, the endotherm for dehydration overlapped with the decomposition.  Further complications 

arose from the phase transitions such as recrystallizations after dehydration. 

Equation 4.9 
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Figure 4.28 TGA and DSC thermograms overlay 

for Phe-Phe (semi-hermetic pans). TGA and DSC-1: 

Phe-Phe from the stock bottle (P043), DSC-2: TGA 

dried Phe-Phe 

Figure 4.29 TGA and DSC thermograms overlay for 

Leu-Val (semi-hermetic pans). TGA and DSC-1: Leu-Val 

from the stock bottle (P007), DSC-2: TGA dried Leu-Val 

 

 

Figure 4.30 TGA and DSC thermograms overlay for 

Val-Val from the stock bottle (semi-hermetic pans) 

Figure 4.31 TGA and DSC thermograms overlay for 

Ala-Ala (semi-hermetic pans). TGA and DSC-1: Ala-

Ala from the stock bottle (P003), DSC-2: recrystallized 

Ala-Ala 

 

4.2.4.2   Agreement of Data from DSC and Other Methods 

 The TGA, TGA-FTIR, GC-MS and DSC studies all show a temperature–induced chemical 

decomposition of the 26 dipeptides into the corresponding cyclo-dipeptides, as well as high 

volatility of the latter at elevated temperatures. However, due the difference in the experimental 

conditions, the presence, sequence and temperature of various events, including dehydration, 

chemical decomposition and phase transitions, differ for the experimental methods. In particular, 

there are differences between the DSC and TGA results, of which the most important are those in 

the chemical decomposition and sublimation events. First, the decomposition temperatures in DSC 

are somewhat higher than in TGA (Table 4.4). Second, the sublimation temperatures of the 

products are much higher in DSC. Also, the thermal stability trends from TGA and DSC appear to 

be slightly different (Figure 4.32). 
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Table 4.4 TGA and DSC onsets for the chemical decomposition of the 26 hydrophobic dipeptides 

Dipeptide 

Decomposition 

in TGA 

Decomposition 

in DSC Dipeptide 

Decomposition 

in TGA 

Decomposition 

in DSC 

Onset (°C) Onset (°C) Onset (°C) Onset (°C) 

Ala-Ala 230 245 Ile-Ala 191 203 

Val-Val 216 234 Ala-Leu 192 202 

Ile-Ile 146 155 Leu-Ala 142 149 

Phe-Phe 146 151 Ala-Phe 213 221 

Leu-Leu 165 174 Phe-Ala 120 129 

Leu-D-Leu 171 188 Val-Ile 185 203 

Leu-Val 161 175 Ile-Val 189 197 

Ala-Abu 206 223 Val-Phe 127 155 

Abu-Ala 216 235 Phe-Val 176 189 

Ala-Val 180 197 Ile-Leu 181 194 

Val-Ala 201 221 Leu-Ile 168 183 

D-Ala-D-Val 214 231 Leu-Phe 120 119 

Ala-Ile 211 222 Phe-Leu 142 142 

 

The differences between the DSC and TGA results can be explained. In TGA, the sample 

is a loose powder heated in an open pan, whereas in DSC, sample is pressed in a pan with a semi-

hermetic lid. The reduced vapor pressure of water in TGA, where the open sample is constantly 

purged with the flow of nitrogen, can cause earlier decomposition of dipeptides. On the other hand, 

in DSC, where the sample is enclosed in a semi-hermetic pan, the released water vapor remains in 

the pan for long enough to affect the decomposition reaction. The dependence of the 

decomposition process on the vapor pressure of water explains why the decomposition was 

observed at different temperatures in TGA and DSC. Nevertheless, one can clearly see a good 

agreement in the overall thermal stability trend (Figure 4.32).  Similarly, due to the semi-hermetic 

conditions in DSC, the sublimation temperatures of the decomposition products (cyclo-dipeptides) 

are higher in DSC than in TGA. This delayed sublimation in DSC and made the DSC method 

especially useful in these studies as it helped to separate and identify the decomposition and 

melting processes.   
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Figure 4.32 Graphical representation of the TGA and DSC onsets for the chemical decomposition of the 

26 dipeptides 

4.2.5 Thermal Stability Trends 

The overall thermal stability order of the studied dipeptides is illustrated in Figure 4.32. 

The impact of the degree of hydration, density, and influence of the two amino acid residues on 

the thermal stability of the dipeptides were investigated in this study. The list of dipeptides with 

their degrees of hydration, crystal densities and decomposition onsets (TGA and DSC) are listed 

in Table 4.5. The dependence of the decomposition on the degree of hydration and crystal density 

is not straightforward but some general conclusions were drawn as described in the next sections.   

4.2.5.1   Degree of Hydration 

Dipeptides are hygroscopic in nature, and they often crystallize as hydrates. There seems 

to be a correlation between the degree of hydration and the chemical decomposition temperature. 

For example, Leu-Phe⸱0.77H2O decomposes at higher temperature than Leu-Phe⸱1.32H2O (Table 

4.5). When the thermal stability of the studied dipeptides is plotted in the order of their degree of 

hydration (Figure 4.33), the correlation is evident. Anhydrous dipeptides (dipeptide⸱0H2O) are 

among the most stable ones whereas highly hydrated dipeptides are among those having lower 

temperature for the decomposition. At the same time, the correlation is not strict, possibly due to 

significant involvement of other factors. 
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4.2.5.2   Packing Efficiency 

There is an empirical rule that the thermal stability of proteins is related to their packing 

efficiency. As the backbone and the side chains are more closely packed, it leads to smaller cavity 

volume and higher stability20. Like the proteins, dipeptides which make a β-sheet like structures 

are supposed to be stabilized by higher packing efficiency. Here, crystal density of dipeptides that 

is expected to correlate with the packing efficiency is compared with the thermal stability over the 

series. Densities for the dipeptides are listed in Table 4.5 for the reported crystal structures. 

Although the density of dipeptide hydrates is high and comparable to non-hydrates, the early 

dehydration is expected to generate cavity space and loose packing. This is why after dehydration 

many of the dipeptides undergo a phase transition such as recrystallization before decomposition 

(as observed in DSC). Since these dipeptides appear to need water molecules for better packing 

efficiency, recrystallization or a polymorphic phase transition at higher temperatures may not 

create a high density phase and the dipeptides are less stable than non-hydrates (Figure 4.33).  

A separate comparison was made for dipeptides existing as non-hydrates (Figure 4.34). 

Although the most dense dipeptide (Ala-Ala) is also the most stable, no general trend can be clearly 

seen. By comparing dipeptides having the same amino acids but in different order, Val-Ile vs Ile-

Val, Ala-Ile vs Ile-Ala, D-Ala-D-Val vs Val-Ala and homo-dipeptides Ala-Ala vs Val-Val, higher 

density seems to lead to higher thermal stability. From these results, it may be concluded that the 

packing efficiency may have some effect on the thermal stability. 

4.2.5.3   Electrostatic Interactions 

Packing efficiency may be related with electrostatic interactions (e.g. hydrogen bonds and 

salt bridges) that can also influence the thermal stability like in proteins21. Dipeptide hydrates 

generally have 8 to 9 hydrogen bonds whereas non-hydrates 6 to 8 hydrogen bonds per dipeptide 

molecule in their reported crystal structures. Nevertheless, dipeptide hydrates may be less stable 

than non-hydrates because, with the loss of bonded water, some electrostatic interactions are also 

gone. In non-hydrated dipeptides, greater number of hydrogen bonds means higher stability. For 

example, the number of hydrogen bonds per dipeptide (given in brackets) in the following pairs 

are: Ala-Ala : Val-Val (8:6), Ala-Ile : Ile-Ala (8:6), D-Ala-D-Val : Val-Ala (8:6). The 

corresponding dipeptides with 8 hydrogen bonds are more stable than those with 6 hydrogen 

bonds. Val-Ile : Ile-Val (6:6) are similar in the number, and so their thermal stabilities are also 

comparable (Figure 4.34).  
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Table 4.5  Dipeptides with their degree of hydration (moles of H2O per dipeptide calculated from TGA 

analysis) and density (from CSD) along with their decomposition temperatures from TGA and DSC 

Dipeptide⸳nH2O 

D
en

si
ty

 (
g

/c
m

3
) 

Dcmp. T (°C) 
Dipeptide⸳nH2O 

D
en

si
ty

 (
g

/c
m

3
) 

Dcmp. T (°C) 

Dipeptide 

n 

Dipeptide 

n 

T
G

A
 

D
S

C
 

T
G

A
 

D
S

C
 

T
G

A
 

S
in

g
le

 

C
ry

st
a

l 

T
G

A
 

S
in

g
le

 

C
ry

st
a

l 

Ala-Ala 0 (0)22 (1.281)22 230 245 Ile-Ala 0 (0)23 (1.106)23 191 203 

Val-Val 0 (0)23 (1.132)23 216 234 Ala-Leu 0.47* (0.5)*8 (1.202)8 192 202 

Ile-Ile 0.60 -- -- 146 155 Leu-Ala 3.90 (4)24 (1.181)24 142 149 

Phe-Phe 1.64 (1)1 (1.195)1 146 151 Ala-Phe 0.41 -- -- 213 221 

Leu-Leu 0.81 (0.87)25 (1.156)25 165 174 Phe-Ala 2.18 (2)26 (1.211)26 120 129 

Leu-D-Leu 3.31 -- -- 171 188 Val-Ile 0 (0)23 (1.176)23 185 203 

Leu-Val 0.72 (0.75)27 (1.122)27 161 175 Ile-Val 0 (0)23 (1.163)23 189 197 

Ala-Abu 0.33 -- -- 206 223 Val-Phe 1.16 -- -- 123 155 

Abu-Ala 0 -- -- 216 235 Phe-Val 0 -- -- 176 189 

Ala-Val 0 (0)28 (1.039)28 180 197 Ile-Leu 0 -- -- 181 194 

Val-Ala 0 (0)2 (1.027)2 201 221 Leu-Ile 0.16 -- -- 168 183 

D-Ala-D-Val 0 (0)28 (1.039)28 214 231 
Leu-Phe 1.32 -- -- 120 119 

Leu-Phe 0.77 -- -- 130 139 

Ala-Ile 0 (0)23 (1.119)23 211 222 Phe-Leu 1.10 -- -- 142 142 

*The crystal structure of the commercially obtained dipeptide was different from the reported crystal structure but the 

degree of hydration was similar (identified by PXRD analysis). 

4.2.5.4   Amino Acid Composition 

 In hydrophobic dipeptides, the side chains are expected to have a great impact on the 

thermal stability, either directly by increasing the ratio of van der Waals contacts to hydrogen 

bonds, or indirectly by building various aggregation patterns21. The overall thermal stability order 

of the studied dipeptides was shown in Figure 4.32. Dipeptides with smaller side chains (methyl, 

ethyl and propyl) are more stable than dipeptides with a bulky side chain (isobutyl, sec-butyl, 

benzyl). Moreover, the sequence of amino acids seems to be very important (e.g. Ala-Phe is much 

more stable than Phe-Ala). For this reason, the mutual influence of amino acids on the thermal 

stability of dipeptides was evaluated for various series of the dipeptides. In the first series, the 

combined effect of the side chains was evaluated for homo-dipeptides. In the second series, the 
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Figure 4.33 Temperature of the thermal decomposition of the studied dipeptides as a function of degree 

of hydration 

 

Figure 4.34 Temperature of the thermal decomposition of selected dipeptides as a function of density 

mutual influence of amino acids was evaluated for hetero-dipeptides. Here the two series of 

dipeptides were distinguished by keeping one amino acid constant while changing the other. 

Lastly, the mutual influence of amino acids was evaluated for isomeric dipeptides differing in the 

sequence of the amino acids (sequence isomers). 
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Homo-dipeptides 

In homo-dipeptides, thermal stability decreases with the increase in the size of the side 

chains (Table 4.6). It implies that two bulky groups significantly destabilize the dipeptide 

molecule.  The combined effect of two similar side chains on thermal stability of dipeptide can be 

ordered as methyl>isopropyl>isobutyl>sec-butyl>benzyl. In terms of stereochemistry, the 

comparison of Leu-Leu and Leu-D-Leu is interesting, as the (LD) configuration appears to be more 

stable than (LL). Another interesting observation is a low enthalpy change for the cyclization of 

Phe-Phe. The value is lower than could be expected assuming the entropy change remains 

approximately constant for the cyclization reactions throughout the series of dipeptides (Table 

4.6). Presumably, the deviation deals with the solid state structure of Phe-Phe itself or its cyclic 

product. 

Table 4.6  TGA and DSC onsets and total enthalpy changes for the decomposition of the homo-dipeptides 

Dipeptide 
Decomposition 

TGA Onset (°C) DSC Onset (°C) ΔH (kJ/mol) 

Ala-Ala 230 245 44.7±1.8 

Val-Val 216 234 45.9±1.1 

Leu-D-Leu 171 188 28.0±2.0 

Leu-Leu 165 174 33.7±0.4 

Ile-Ile 146 155 36.2±4.7 

Phe-Phe 146 151 14.2±0.6 
 

Dipeptides Having Alanine  

Alanine containing dipeptides are separated into two sets. In set 1 and 2, alanine is kept 

constant on the N- and C-term, respectively, while amino acid on the other side is changed (Table 

4.7).  In both sets, Ala-Ala is considered as a reference dipeptide. Overall, on changing the side 

chain from methyl to ethyl, isopropyl, sec-butyl, isobutyl and benzyl on the C-term in set 1, the 

decomposition temperature tends to decrease but the correlation is weak and inconsistent. On the 

other hand, for a similar change on the N-term in set 2, the decomposition temperature consistently 

drops down from 245 to 129°C. Therefore, the destabilizing effect of large groups is more apparent 

in the second case, when the group is on the N-term. 

Dipeptides Having Valine 

Valine containing dipeptides are separated into two sets. In sets 1 and 2, valine is kept 

constant on the N- and C-term, respectively, while amino acids on other side are changed (Table 

4.8). In both sets, the Val-Val dipeptide is a reference compound and it is the most stable 
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combination. In set 2, the thermal stability of the other combination of Val containing dipeptides 

is compared and no trend is seen. On the other hand, in set 1 the decomposition temperature drops 

down the group while changing the amino acid on the C-term. The change in the decomposition 

temperature is consistent from Val-Val (234°C) to Val-Ile (203°C), and a big jump is observed for 

Val-Phe (155°C). It can be stated that the destabilizing effect of changing the amino acids on the 

C-term is more apparent while Val is kept constant on the N-term. Presumably, the deviation in 

the decomposition of Val-Phe deals with the solid state structure of Val-Phe itself or its cyclic 

product. 

Table 4.7 TGA and DSC onsets and total enthalpy changes for the decomposition of the alanine containing 

dipeptides 

Dipeptide 

Set 1 

Decomposition 

Dipeptide 

Set 2 

Decomposition 

Onset (°C) ΔH 

(kJ/mol) 

Onset (°C) ΔH 

(kJ/mol) TGA DSC TGA DSC 

Ala-Ala 230 245 44.7±1.8 Ala-Ala 230 245 44.7±1.8 

Ala-Abu 206 223 48.1±1.8 Abu-Ala 216 235 63.4±2.2 

Ala-Val 180 197 37.0±2.7 Val-Ala 201 221 40.1±0.3 

Ala-Ile 211 222 56.7±0.5 Ile-Ala 191 203 48.4±1.8 

Ala-Leu 192 202 26.7±0.6 Leu-Ala 142 149 19.6±0.2 

Ala-Phe 213 221 30.6±0.1 Phe-Ala 120 129 14.0±0.9 
 

Table 4.8 TGA and DSC onsets and total enthalpy changes for the decomposition of the valine containing 

dipeptides 

Dipeptide 

Set 1 

Decomposition 

Dipeptide 

Set 2 

Decomposition 

Onset (°C) 
ΔH (kJ/mol) 

Onset (°C) 
ΔH (kJ/mol) 

TGA DSC TGA DSC 

Val-Val 216 234 45.9±1.1 Val-Val 216 234 45.9±1.1 

-- -- -- -- Leu-Val 161 175 41.2±0.7 

Val-Ala 201 221 40.1±0.3 Ala-Val 180 197 37.0±2.7 

Val-Ile 185 203 49.7±1.0 Ile-Val 189 197 46.3±0.7 

Val-Phe 127 155 -- Phe-Val 176 189 -- 
 

Dipeptides Having Isoleucine 

In Ile containing dipeptides, Ile is kept constant on the N- and C-term in sets 1 and 2, 

respectively (Table 4.9). For the both sets, Ile-Ile is a reference compound and it is the least stable 

combination. The thermal stability of the other combinations changes only slightly with the size 
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of the second residue. It seems like the mutual influence of the two residues causes low stability 

of the Ile-Ile dipeptide. Overall, any other combination increases the thermal stability. 

Table 4.9 TGA and DSC onsets and total enthalpy changes for the decomposition of the isoleucine 

containing dipeptides 

Dipeptide 

Set 1 

Decomposition 

Dipeptide 

Set 2 

Decomposition 

Onset (°C) 
ΔH (kJ/mol) 

Onset (°C) 
ΔH (kJ/mol) 

TGA DSC TGA DSC 

Ile-Ile 146 155 36.2±4.7 Ile-Ile 146 155 36.2±4.7 

Ile-Ala 191 203 48.4±1.8 Ala-Ile 211 222 56.7±0.5 

Ile-Val 189 197 46.3±0.7 Val-Ile 185 203 49.7±1.0 

Ile-Leu 181 194 40.8±0.5 Leu-Ile 168 183 33.6±0.1 
 

Dipeptides Having Phenylalanine 

Phenylalanine containing dipeptides are separated into two sets. In sets 1 and 2, Phe is kept 

constant on the N- and C-term, respectively, while amino acids on the other side are changed 

(Table 4.10). Overall, phenylalanine containing dipeptides showed the lowest temperatures and 

enthalpies of decomposition, except for Ala-Phe. In both sets, the thermal stability is comparable 

and no trend was observed. It is clear that Phe on both ends significantly reduces the thermal 

stability of the dipeptides. Relatively high decomposition temperature for Ala-Phe may be due to 

the combination of the smallest (Ala on the N-term) and the largest (Phe on the C-term) amino 

acids. A similar trend is seen with other dipeptides when a larger amino acid (Leu or Ile) is on the 

C-term and Ala is on the N-term. On the other hand, Phe and other large amino acids show the 

opposite effect when they are present on the N-term with Ala on the C-term.  

Table 4.10 TGA and DSC onsets and total enthalpy changes for the decomposition of the phenylalanine 

containing dipeptides 

Dipeptide 

Set 1 

Decomposition 

Dipeptide 

Set 2 

Decomposition 

Onset (°C) 
ΔH (kJ/mol) 

Onset (°C) 
ΔH (kJ/mol) 

TGA DSC TGA DSC 

Phe-Phe 146 151 14.2±0.6 Phe-Phe 146 151 14.2±0.6 

Phe-Leu 142 142 29.2±0.5 Leu-Phe 120 119 19.3±0.9 

Phe-Val 176 189 -- Val-Phe 127 155 -- 

Phe-Ala 120 129 14.0±0.9 Ala-Phe 213 221 30.6±0.1 
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Dipeptides Having Leucine 

In Leu containing dipeptides, Leu is kept constant on the N- and C-term in sets 1 and 2, 

respectively (Table 4.11). In both sets, Leu-Leu is a reference dipeptide. For the both sets, the 

thermal stability of the studied combinations is comparable and no clear trend is observed other 

than set 2 dipeptides showing somewhat higher thermal stability than set 1, and Phe on both ends 

decreasing the decomposition temperatures. It can be stated that the stabilizing effect of Leu on 

the C-term is more apparent while changing the amino acids on the N-term. Presumably, the 

deviation in the decomposition parameters of Leu-Phe and Phe-Leu deals with the solid state 

structure of these Phe-containing dipeptides themselves or their cyclic products. 

Table 4.11 TGA and DSC onsets and total enthalpy changes for the decomposition of the leucine 

containing dipeptides 

Dipeptide 

Set 1 

Decomposition 
Dipeptide 

Set 2 

Decomposition 

Onset (°C) 
ΔH (kJ/mol) 

Onset (°C) ΔH 

(kJ/mol) TGA DSC TGA DSC 

Leu-Leu 165 174 33.7±0.4 Leu-Leu 165 174 33.7±0.4 

Leu-Ala 142 149 19.6±0.2 Ala-Leu 192 202 26.7±0.6 

Leu-Ile 168 183 33.6±0.1 Ile-Leu 181 194 40.8±0.5 

Leu-Phe 120 119 19.3±0.9 Phe-Leu 142 142 29.2±0.5 

Leu-Val 161 175 41.2±0.7 -- -- -- -- 
 

Dipeptide Sequence Isomers 

Hetero-dipeptides can be grouped in pairs based on the sequence of the two amino acids. 

In these pairs, amino acid on the N-term on one dipeptide becomes the C-term on the other 

dipeptide (Table 4.12). The comparison of the thermal stability and enthalpy for the decomposition 

process in these sets of dipeptides is very valuable. Since both dipeptides in a pair produce the 

same cyclic product after the decomposition, the temperatures and enthalpies of the decomposition 

for these sets of dipeptides reveal the effect of the sequence on their reactivity. In nine studied 

pairs (Table 4.12), the order of amino acids in the dipeptides affected the thermal stability and 

thus propensity to cyclization substantially, with the difference in the onset temperatures varying 

from 6 to as much as 92°C.  

Although the effect is evidently strong, it is hard to identify any clear patterns. One 

observation is that the greatest difference is observed for two pairs where one amino acid has a 

small and another a bulky side group (Phe-Ala/Ala-Phe and Leu-Ala/Ala-Leu). However this 

observation does not expand into a clear trend for the whole series. In fact, the absence of a clear 
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trend may suggest that the differences arise not from the molecules themselves but rather from the 

solid state structures that form in each particular case. The chemical decomposition requires the 

crystal structure of the initial dipeptide to be destroyed, where the cost is the crystal lattice energy 

defined by a unique assembly of the molecules in the crystal through a complex system of 

hydrogen bonds and van der Waals interactions. The situation becomes even more complicated as 

many dipeptides at the start of the experiments exist as hydrates, where water molecules play an 

essential role in the crystal structure formation. For example, Phe-Val is anhydrous whereas Val-

Phe has 7.33% water content, and they decompose at 176 and 123°C, respectively. The same 

observation could be made for other dipeptides, e.g. Abu-Ala, Val-Ala, Ile-Val, and Ile-Leu are 

anhydrous and they show the decomposition temperatures 216, 201, 189, and 181°C, respectively. 

Their counterpart dipeptides, Ala-Abu, Ala-Val, Val-Ile and Leu-Ile exist as hydrates and they 

show the decomposition temperatures 206, 180, 185 and 168°C, respectively. The release of 

chemically non-bonded water can leave voids, which could facilitate the loss of water during the 

solid state cyclization. Then other factors such as crystal density may play a role as discussed in 

previous sections. 

Table 4.12 TGA and DSC onsets, and total enthalpy changes for the decomposition of the dipeptides 

paired as sequence isomers. 

Dipeptide 

Decomposition 

Dipeptide 

Decomposition 

Onset (°C)  
ΔH (kJ/mol) 

Onset (°C) 
ΔH (kJ/mol) 

TGA DSC TGA DSC 

Ala-Abu 206 223 48.1±1.8 Abu-Ala 216 235 63.4±2.2 

Ala-Val 180 197 37.0±2.7 Val-Ala 201 221 40.1±0.3 

Ile-Ala 191 203 48.4±1.8 Ala-Ile 211 222 56.7±0.5 

Leu-Ala 142 149 19.6±0.2 Ala-Leu 192 202 26.7±0.6 

Phe-Ala 120 129 14.0±0.9 Ala-Phe 213 221 30.6±0.1 

Ile-Val 189 197 46.3±0.7 Val-Ile 185 203 49.7±1.0 

Val-Phe 127 155 -- Phe-Val 176 189 38.8 

Leu-Ile 168 183 33.6±0.1 Ile-Leu 181 194 40.8±0.5 

Leu-Phe 120 119 19.3±0.9 Phe-Leu 142 142 29.2±0.5 
 

4.2.6  Mechanism for Dipeptides Decomposition 

We believe that in the studied dipeptides the chemical decomposition proceeds through 

intramolecular aminolysis to form cyclo-dipeptide and H2O (Scheme 4.1). The possibility of 

intermolecular aminolysis is ruled out due to the formation of a single, the corresponding cyclo-

dipeptide from a hetero-dipeptide isomeric pair.  
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With the FTIR and PXRD (by comparing PXRD with the reported crystal structure) 

studies, the dipeptides in  the solids exist as zwitterions. For the aminolysis, the dipeptide molecule 

has to be neutral (uncharged) because a protonated amine (ammonium ion) disfavors this process. 

Therefore, the first process is the breaking of hydrogen bonds with the transformation of the 

zwitterions to neutral dipeptides in the solid state. It is expected for two reasons. First, the low 

temperature interconversion of the zwitterion amino acids to their neutral forms in the solid 

state29,30 has been reported. Second, the slow chemical decomposition of dipeptides happens at 

relatively low temperatures. For example, Leu-Ala‧4H2O showed the chemical decomposition at 

142°C (Ton) in our TGA experiment. On isothermal heating at 110°C in TGA, the overall 

decomposition rate was 4.54 x 10-3 mg/min. 

The most common mechanism suggested for the cyclization of dipeptides is a nucleophilic 

addition of the N-term amino group to the C-term carbonyl moiety. It results in a 6-membered 

cyclic tetrahedral intermediate. A rearrangement with simultaneous proton transfer in the resultant 

intermediate outcomes in the cleavage of the leaving group producing 2,5-DKP31,32,33,34.  

The proposed mechanism for the solid state cyclization is shown in Scheme 4.1. The 

tetrahedral intermediate is a cyclic zwitterion which splits into a cyclo-dipeptide and H2O. Other 

than in solutions, the tetrahedral intermediate mechanism was also proposed for the gas phase35 

(mass spectrometry or pyrolytic studies), melt36 and solid state37,38 decomposition of short 

peptides. Although different mechanisms have been proposed for this intramolecular aminolysis, 

i.e. SN1 aminolysis in aspartame5 and the concerted nucleophilic addition39, the tetrahedral 

intermediate mechanism is believed to take place in this study for two reasons. (1) It complies with 

all the experimental observations and explains the resemblance of the decomposition process for 

the whole series. (2) Hydroxyl ion (HO-) is not considered as a good leaving group making the 

SN1 mechanism very unlikely.  

 

Scheme 4.1 Intramolecular aminolysis to produce DKPs 
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4.3 Solid State Synthesis 

From the thermal stability studies, we discovered that the thermally induced chemical 

decomposition is the transformation of dipeptides into cyclo-dipeptides (Scheme 4.2). We realized 

the process can have a potential application to synthesize cyclo-dipeptides (diketopiperazines). For 

this purpose, we attempted to scale up the reaction and to optimize the conditions. In this section, 

the transformation of dipeptides into the corresponding cyclo-dipeptides (Table 4.13) is described, 

first in the solid state and then in the gaseous phase. The solid state reaction was achieved by 

heating the dipeptides in the TGA apparatus or ventilation oven, whereas the gaseous phase 

reaction was conducted by subliming the dipeptides in a sealed glass tube. 

Scheme 4.2 Transformation of dipeptides into cyclo-dipeptides induced by heating 

4.3.1 Solid State Cyclization (TGA) 

After the parameters for the decomposition in the TGA experiment were obtained (Table 

4.1), the solid state synthesis of cyclo-dipeptides was performed in the TGA apparatus (Table 

4.14). Heating was stopped and the samples were recovered at the point corresponding to the end 

of the cyclization reaction. The recovered samples were characterized by FTIR (Table 4.17). 

Initial dipeptides along with the temperatures at which the samples were recovered after heating 

in TGA, as well as the identified products, are listed in Table 4.14. 

Most products showed a complete solid state transformation of the studied dipeptides into 

cyclo-dipeptides with only three exceptions. The recovered products of Ala-Ala and Abu-Ala were 

unchanged linear dipeptides whereas D-Ala-D-Val was only ~50% cyclized. Since TGA-FTIR of 

Abu-Ala and GC-MS of Ala-Ala and Abu-Ala confirm their transformation into the corresponding 

cyclo-dipeptides, it appears that cyclo-Ala-Ala and cyclo-Abu-Ala do form but immediately 

sublime, leaving linear dipeptide in the solid. The cyclization temperature for D-Ala-D-Val is also 

very high, so the cyclization is quickly followed by sublimation, leaving only a partially cyclized 

product.  

The results show that the cyclization is best achieved for dipeptides which have low 

temperature for the cyclization reaction and high temperature for the sublimation (e.g. cyclo-Phe-
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Phe and cyclo-Leu-Leu). Cyclo-dipeptides that form at higher temperatures were observed 

subliming into the flow of nitrogen gas and condensing in the outlet of TGA. The obtained products 

were pure in most cases, within the detection limits of FTIR, but the yields were within 77-100% 

due to some losses caused by the sublimation. 

This work also demonstrates that TGA is not only an excellent and quick analytical tool, 

but it can be utilized to synthesize cyclo-dipeptides from dipeptides in the solid state. However, 

the analyzer is an expensive instrument, and mass of the sample is limited down to a few 

milligrams. 

Table 4.13 List of dipeptides and the corresponding cyclo-dipeptides  

R1 R2 Dipeptide (Compound no) Cyclo-dipeptide (Compound no) 

CH3 CH3 L-Ala-L-Ala (1) Cyclo-L-Ala-L-Ala (27) 

CH(CH3)CH3 CH(CH3)CH3 L-Val-L-Val (2) Cyclo-L-Val-L-Val (28) 

CH(CH3)CH2CH3 CH(CH3)CH2CH3 L-Ile-L-Ile (3) Cyclo-L-Ile-L-Ile (29) 

CH2Ph CH2Ph L-Phe-L-Phe (4) Cyclo-L-Phe-L-Phe (30) 

CH2CH(CH3)CH3 CH2CH(CH3)CH3 L-Leu-L-Leu (5) Cyclo-L-Leu-L-Leu (31) 

CH2CH(CH3)CH3 CH2CH(CH3)CH3 L-Leu-D-Leu (6) Cyclo-L-Leu-D-Leu (32) 

CH2CH(CH3)CH3 CH(CH3)CH3 L-Leu-L-Val (7) Cyclo-L-Leu-L-Val (33) 

CH3 CH2CH3 L-Ala-L-Abu (8) Cyclo-L-Ala-L-Abu (34) 

CH2CH3 CH3 L-Abu-L-Ala (9) Cyclo-L-Abu-L-Ala (34) 

CH3 CH(CH3)CH3 L-Ala-L-Val (10) Cyclo-L-Ala-L-Val (35) 

CH(CH3)CH3 CH3 L-Val-L-Ala (11) Cyclo-L-Val-L-Ala (35) 

CH3 CH(CH3)CH3 D-Ala-D-Val (12) Cyclo-D-Ala-D-Val (36) 

CH3 CH(CH3)CH2CH3 L-Ala-L-Ile (13) Cyclo-L-Ala-L-Ile (37) 

CH(CH3)CH2CH3 CH3 L-Ile-L-Ala (14) Cyclo-L-Ile-L-Ala (37) 

CH3 CH2CH(CH3)CH3 L-Ala-L-Leu (15) Cyclo-L-Ala-L-Leu (38) 

CH2CH(CH3)CH3 CH3 L-Leu-L-Ala (16) Cyclo-L-Leu-L-Ala (38) 

CH3 CH2Ph L-Ala-L-Phe (17) Cyclo-L-Ala-L-Phe (39) 

CH2Ph CH3 L-Phe-L-Ala (18) Cyclo-L-Phe-L-Ala (39) 

CH(CH3)CH3 CH(CH3)CH2CH3 L-Val-L-Ile (19) Cyclo-L-Val-L-Ile (40) 

CH(CH3)CH2CH3 CH(CH3)CH3 L-Ile-L-Val (20) Cyclo-L-Ile-L-Val (40) 

CH(CH3)CH3 CH2Ph L-Val-L-Phe (21) Cyclo-L-Val-L-Phe (41) 

CH2Ph CH(CH3)CH3 L-Phe-L-Val (22) Cyclo-L-Phe-L-Val (41) 

CH(CH3)CH2CH3 CH2CH(CH3)CH3 L-Ile-L-Leu (23) Cyclo-L-Ile-L-Leu (42) 

CH2CH(CH3)CH3 CH(CH3)CH2CH3 L-Leu-L-Ile (24) Cyclo-L-Leu-L-Ile (42) 

CH2CH(CH3)CH3 CH2Ph L-Leu-L-Phe (25) Cyclo-L-Leu-L-Phe (43) 

CH2Ph CH2CH(CH3)CH3 L-Phe-L-Leu (26) Cyclo-L-Phe-L-Leu (43) 
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Table 4.14 Solid state synthesis of cyclo-dipeptides in TGA. Initial and recovered amounts are shown with 

the recovery (final) temperature. The assignment of the products was based on their FTIR spectra 

Dipeptide 

Mass T 

Exp. Code Product(s) Initial 

(mg) 

Loss 

(mg/%) 

Final 

(mg) 
(°C) 

Ala-Ala 15.10 2.56/16.9 12.54 248 FIA6-TGA Ala-Ala 

Val-Val 8.42 2.11/25.1 6.31 236 FIA3-TGA Cyclo-Val-Val 

Ile-Ile 19.59 2.57/13.1 17.02 188 FIA17-TGA Cyclo-Ile-Ile 

Phe-Phe 9.40 1.37/14.6 8.03 184 FIA15-TGA Cyclo-Phe-Phe 

Leu-Leu 10.42 1.35/12.9 9.08 180 FIA19-TGA Cyclo-Leu-Leu 

Leu-D-Leu 11.71 2.54/21.7 9.17 225 FIA25-TGA Cyclo-Leu-D-Leu 

Leu-Val 23.91 3.10/13.0 20.81 216 FIA8-TGA Cyclo-Leu-Val 

Ala-Abu 3.38 0.70/20.8 2.67 209 FIA5-TGA Cyclo-Ala-Abu 

Abu-Ala 10.05 3.11/31.0 6.93 243 FIA10-TGA Abu-Ala 

Ala-Val 20.28 6.17/30.4 14.11 242 FIA22-TGA Cyclo-Ala-Val 

Val-Ala 13.66 3.59/26.3 10.07 237 FIA20-TGA Cyclo-Val-Ala 

D-Ala-D-Val 5.83 1.96/33.7 3.86 234 FIA21-TGA 
Cyclo-D-Ala-D-Val & 

D-Ala-D-Val 

Ala-Ile 10.74 2.85/26.5 7.89 235 FIA1-TGA Cyclo-Ala-Ile 

Ile-Ala 14.55 2.50/17.2 12.05 225 FIA26-TGA Cyclo-Ile-Ala 

Ala-Leu 8.40 1.54/18.4 6.86 213 FIA9-TGA Cyclo-Ala-Leu 

Leu-Ala 14.29 4.64/32.5 9.65 187 FIA23-TGA Cyclo-Leu-Ala 

Ala-Phe 7.35 0.91/12.4 6.44 228 FIA24-TGA Cyclo-Ala-Phe 

Phe-Ala 20.62 3.60/17.4 16.32 164 FIA12-TGA Cyclo-Phe-Ala 

Val-Ile 12.28 1.29/10.5 10.99 212 FIA4-TGA Cyclo-Val-Ile 

Ile-Val 14.35 1.40/9.7 12.95 207 FIA2-TGA Cyclo-Ile-Ile 

Val-Phe 5.19 0.66/12.7 4.53 205 FIA11-TGA Cyclo-Val-Phe 

Phe-Val 17.54 1.26/7.2 16.28 206 FIA13-TGA Cyclo-Phe-Val 

Ile-Leu 10.74 0.98/9.2 9.76 201 FIA18-TGA Cyclo-Ile-Leu 

Leu-Ile 11.89 1.08/9.1 10.66 194 FIA7-TGA Cyclo-Leu-Ile 

Leu-Phe 9.28 1.32/14.2 7.96 192 FIA16-TGA Cyclo-Leu-Phe 

Phe-Leu 4.85 0.54/11.1 4.22 186 FIA14-TGA Cyclo-Phe-Leu 
 

4.3.2 Solid State Cyclization (Oven) 

After successful microscale solid state synthesis of cyclo-dipeptides in the TGA, the 

synthetic procedure was scaled up. A macroscale solid state synthesis of cyclo-dipeptides was 

achieved by heating the dipeptides in a ventilation oven. For this purpose, the reaction 

temperatures for dipeptides were selected from TGA and DSC (Table 4.4), and then further 

optimized, for the synthesis of pure cyclo-dipeptides (Table 4.15). All of the recovered products 

were characterized by FTIR, NMR, GC-MS (Table 4.17), PXRD and DSC, and were found to be 
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cyclo-dipeptides. The quantities (initial and recovered), temperature/time, and the identified 

products are summarized in Table 4.15.  

Therefore, the solid state conversion of dipeptides (up to ~0.5g) into their corresponding 

cyclo-dipeptides was accomplished. All dipeptides studied in this chapter cyclize in oven to yield 

the corresponding pure cyclic, single diastereomeric products except for Ala-Val, D-Ala-D-Val 

and Ala-Ile. The latter three not only yielded their corresponding diastereomeric cyclo-dipeptides 

but also produced additional diastereomers of the cyclo-dipeptides ((LD)-cyclo-dipeptides), 1, 2 

and 14%, respectively.  

The formation of the additional diastereomers in TGA and DSC experiments can be 

explained. The cyclization of D-Ala-D-Val and Ala-Ile is either very close or overlaps with the 

melting of the cyclic product which may result in the formation of the additional diastereomers. 

From the DSC thermogram of Ala-Val, the cyclization reaction was very well separated from 

melting, but it still produced another diastereomer. From the TGA thermogram of Ala-Val, the 

mass loss steps due to dehydration, chemical decomposition, and sublimation overlap. Some water 

released during the dehydration step can remain in the sample and be present during the chemical 

decomposition step catalyzing the formation of another diastereomer. Moreover, the presence of 

some Ala-Val⸱HCl salt (as an impurity) can lead to the formation of another diastereomer upon 

heating. However the corresponding pure cyclo-Ala-Ile and cyclo-Ala-Val can still be obtained by 

heating the isomeric Ile-Ala and Val-Ala in the oven. 

The ESI+ mass spectrometry analysis of some of the recovered samples (cyclo-Ala-

Abu/cyclo-Abu-Ala, cyclo-Ala-Ala, cyclo-Ala-Ile/cyclo-Ile-Ala and cyclo-Leu-Ala/cyclo-Ala-

Leu) detected only cyclo-dipeptides after heating in the oven. Since the initial dipeptides and their 

cyclo-dipeptide products are chiral molecules, specific rotation measurements of linear and cyclo-

Leu-Ala/cyclo-Ala-Leu were conducted, and they confirmed the conversion of Leu-Ala and Ala-

Leu into a single cyclic product. 

Therefore, the synthesis of cyclo-dipeptides was successfully scaled up with the new 

procedure utilizing a ventilation oven. The yields were within 92-100% (or about quantitative) as 

specified for each product in the experimental section. 

Overall, the macroscale solid state synthesis of cyclo-dipeptides in oven is a facile and 

highly atom efficient method with water as the only side product. Oven is available almost in every 
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lab, and it is the only equipment needed to synthesis cyclo-dipeptides, if the corresponding linear 

dipeptides are available. 

Table 4.15 Solid state synthesis of cyclo-dipeptides in the oven. Initial and recovered amounts of the 

dipeptides and the heating scheme are indicated. All hydrophobic dipeptides were successfully converted into 

cyclo-dipeptides 

Dipeptide 

Mass T/Time 

Exp. Code Product(s) Initial 

(mg) 

Final 

(mg) 

Loss  

(mg/%) 
(°C/min) 

Ala-Ala 245.81 213.48 32.43/13.2 210/65 FIA6C Cyclo-Ala-Ala 

Val-Val 141.01 126.70 14.31/10.2 205/35 FIA3C Cyclo-Val-Val 

Ile-Ile 261.04 225.89 35.15/13.5 170/40 FIA17C Cyclo-Ile-Ile 

Phe-Phe 179.54 149.02 30.52/17.0 170/40 FIA15C Cyclo-Phe-Phe 

Leu-Leu 133.54 115.96 17.58/13.2 170/40 FIA19C Cyclo-Leu-Leu 

Leu-D-Leu 287.84 227.90 59.94/20.8 190/35 FIA25C Cyclo-Leu-D-Leu 

Leu-Val 453.70 393.21 60.49/13.3 180/35 FIA8C Cyclo-Leu-Val 

Ala-Abu 91.74 77.25 14.49/15.8 200/35 FIA5C Cyclo-Ala-Abu 

Abu-Ala 187.52 163.03 24.49/13.1 200/65 FIA10C Cyclo-Abu-Ala 

Ala-Val 412.69 347.10 65.59/15.9 190/35 FIA22C 
Cyclo-Ala-Val & 

(LD)-Cyclo-Ala-Val 

Val-Ala 190.14 164.60 25.54/13.4 200/35 FIA20C Cyclo-Val-Ala 

D-Ala-D-Val 116.63 98.04 18.60/15.9 190/40 FIA21C 
Cyclo-D-Ala-D-Val &  

(LD)-Cyclo-Ala-Val 

Ala-Ile 232.62 200.09 32.53/14.0 200/35 FIA1C 
Cyclo-Ala-Ile & 

(LD)-Cyclo-Ala-Ile 

Ile-Ala 196.64 176.21 20.43/10.4 200/35 FIA26 Cyclo-Ile-Ala 

Ala-Leu 219.17 187.29 31.88/14.6 195/30 FIA9C Cyclo-Ala-Leu 

Leu-Ala 471.46 317.16 154.30/32.7 170/40 FIA23C Cyclo-Leu-Ala 

Ala-Phe 199.67 175.89 23.78/11.9 195/45 FIA24C Cyclo-Ala-Phe 

Phe-Ala 341.66 270.59 68.17/20.1 150/60 FIA12C Cyclo-Phe-Ala 

Val-Ile 218.11 198.24 19.89/9.1 200/35 FIA4C Cyclo-Val-Ile 

Ile-Val 173.31 157.89 15.42/8.9 190/35 FIA2C Cyclo-Ile-Ile 

Val-Phe 223.20 192.43 30.77/13.8 185/30 FIA11C Cyclo-Val-Phe 

Phe-Val 418.08 388.37 29.71/7.1 185/30 FIA13C Cyclo-Phe-Val 

Ile-Leu 128.66 116.91 11.75/9.1 190/35 FIA18C Cyclo-Ile-Leu 

Leu-Ile 278.17 248.19 29.98/10.8 185/30 FIA7C Cyclo-Leu-Ile 

Leu-Phe 175.31 150.44 24.87/14.2 170/40 FIA16C Cyclo-Leu-Phe 

Phe-Leu 414.96 360.71 54.25/13.1 170/40 FIA14C Cyclo-Phe-Leu 
 

4.3.3 Sublimation 

The GC-MS analysis of the linear dipeptides confirmed a clean conversion of the linear 

dipeptides into cyclo-dipeptides in the gaseous phase. In this study, the sublimation method was 

used to: a. evaluate it as a potential application for the synthesis of cyclo-dipeptides; b. compare 

the sublimation products with the cyclo-dipeptides obtained in the solid state synthesis; c. compare 
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the sublimation products with the cyclo-dipeptides in the solution40,41,32. The products obtained 

after the sublimation of the dipeptides were characterized by FTIR, NMR, GC-MS, DSC and 

PXRD.  The dipeptides, description of the sublimation procedure and identified products are listed 

in Table 4.16. 

The sublimation products were identified as the mixtures of mostly the corresponding 

cyclo-dipeptides (DKPs) and (LD)-cyclo-dipeptides (LD-DKPs). In addition to the cyclo-dipeptides, 

some of the sublimation products also contained (LD)-dihydropyrazine-2,5-diones. Initially, the 

cyclization products were characterized by the FTIR analysis. However FTIR did not allow to 

distinguish the diastereomers. The GC-MS and NMR analyses of the sublimation products were 

used to further confirm the cyclization as well as to identify the diastereomers in the mixtures. The 

formation of dihydropyrazine-2,5-diones occurred only during sublimation, as detected by the GC-

MS analysis. Later on, the comparison of the PXRD patterns and DSC thermograms of the initial 

dipeptides, oven synthesized cyclo-dipeptides and sublimation products showed that all three were 

different. The measurements of the specific rotation of linear Leu-Ala, Ala-Leu, cyclo-Leu-Ala, 

cyclo-Ala-Leu and the sublimation product of Leu-Ala were made. The specific rotation of the 

sublimation product (+5), as compared to cyclo-Ala-Leu/cyclo-Leu-Ala (+28), revealed the 

presence of other stereo isomers in the product in addition to the main (LL)-isomer. 

We believe that the formation of cyclo-dipeptides, diastereomers of cyclo-dipeptides and 

dihydropyrazine-2,5-diones is occurring through the formation of cyclo-dipeptides (Scheme 4.3) 

for three reasons. First, similar products were obtained after subliming the cyclo-dipeptides 

recovered from oven. Second, the analysis of the residues after the sublimation showed the 

formation of mostly cyclo-dipeptides, whereas the concentration of the diastereomers was higher 

near the top surface of the samples and on the walls than in the bulk sample. Third, oven heating 

of the dipeptides generated only the corresponding cyclo-dipeptides with retention of the reactants 

stereochemistry. The formation of (LD)-dihydropyrazine-2,5-dione is possible through the 

dehydrogenation of the cyclo-dipeptides. 

It was found that all the cyclo-dipeptides partially transformed into diastereomers (44-62). 

There was only one diastereomer detected for each cyclo-dipeptide except for cyclo-dipeptides 

containing isoleucine. Isoleucine has an extra stereocenter on the sec-butyl side chain, and it can 

have more than two diastereomers. Scheme 4.4 shows the formation of at least three diastereomers 
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from cyclo-Ile-Ala/cyclo-Ala-Ile. In the crude mixtures of FIA1-sub, FIA2-sub, FIA7-sub, and 

FIA17-sub (Table 4.16), three diastereomers were detected by the GC-MS and NMR analyses. 

 

Scheme 4.3 Expected transformations during the sublimation of the dipeptides. The products are the cyclo-

dipeptide enantiomers, their diastereomers and dihydropyrazine-2,5-dione 

 

                            Cyclo-Ile-Val (40)                    Cyclo-Ile-Val (40)        Cyclo-(LD)-Ile-Val (57-58)* 

*Additional diastereomers of 40. 

Scheme 4.4 Expected transformation of the isoleucine containing cyclo-dipeptides during sublimation 

producing more than two diastereomers 

The formation of the diastereomers during sublimation is similar to the epimerization of 

DKPs in solution40,41,32. DKPs epimerize in solution to racemize or generate diastereomers. It 

appears that the cyclization of dipeptides produces more than one cyclic isomer when conducted 

by sublimation or in solution. In contrast, the solid state cyclization is a stereospecific reaction. 

4.3.4 Characterization 

All products were characterized using FTIR (ATR accessory), NMR, PXRD, ESI, GC-MS, 

DSC analysis and by visually measuring the melting points. The FTIR spectra were recorded for 
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both the initial dipeptides and the recovered samples. The disappearance of some absorptions from 

the spectra of the initial dipeptides, and the appearance of new absorption bands for cyclo-

dipeptides, was used to characterize the crude products. The FTIR spectra obtained for the samples 

recovered from oven were also compared with the literature data for the known cyclo-dipeptides. 

1H- and 13C-NMR analyses were performed for the crude recovered products from the oven 

syntheses and the sublimation products. Since the crude products were completely dissolved in 

DMSO-d6, the NMR analyses also identified the impurities formed after heating. PXRD patterns 

were obtained for all the initial hydrophobic dipeptides, some dipeptides dehydrated in TGA, 

products recovered from oven and the sublimation products. The direct resemblance of the 

obtained PXRD patterns to the simulated powder patterns for cyclo-dipeptides with known crystal 

structures not only confirms the cyclic structure but also helps to identify the absolute 

configuration for those cyclic products. The GC-MS analyses were also carried out for the crude 

products from oven and the sublimation. The purity of the crude products was evaluated from by 

the GC plots, and the mass spectra for these peaks made it possible to identify the cyclic 

components. For the crude products from FIA6C, FIA10C and FIA5C, ESI (+) mass spectra were 

also obtained to find the exact mass of the molecule. DSC experiments were conducted for all the 

initial dipeptides, synthesized cyclo-dipeptides, and the sublimation products. The melting points 

from the DSC thermograms were used to compare the course of the reactions and products in DSC 

and oven. The details of the measurements and the results obtained are described in the following 

sub-sections. 

4.3.4.1   FTIR 

The comparison of the spectra obtained for the initial dipeptides and the oven heated 

products revealed significant differences. After cyclization, a symmetrical cyclic structure is 

obtained, which could have a smaller number of absorption bands as compared to the initial 

dipeptide. The disappearance of the ammonium (-NH3
+ at 1500 and 1600 cm-1)42, carboxylate (-

COO- at 1570 cm-1)43 and amide II region bands (1500-1600 cm-1) are characteristic for the 

cyclization of the dipeptides. In the literature, the reported amide I (C=O stretch) at (1650-1690 

cm-1)44,45,46, amide II (N-H in-plane vibration) at (1420-1460 cm-1 for cis amide)44,45,46,47, amide 

III (cis CONH) at (1300-1350 cm-1)45,48, amide (C-N stretch for cis amide) at (~1350 cm-1)46,44, 

amide (N-H stretching) at (3180-3195 cm-1)45,46 and second at (~3050 cm-1)9 for cis configuration, 

are the characteristic peaks for cyclo-dipeptides. In this study, cyclo-dipeptides were characterized 
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based on (1) complete disappearance of the absorptions for the ammonium, carboxylate and amide 

II region bands; (2) appearance of typical IR absorptions for DKP. These typical IR absorptions 

observed for cyclo-dipeptides are listed in Table 4.17. The cyclization reaction in the samples 

recovered from TGA, oven, DSC and after the sublimation was initially confirmed by the FTIR 

analyses.   

Table 4.16 Sublimation of the dipeptides (GC-MS). For the sublimation products, identification and the 

relative abundance of components are shown 

Dipeptide/ 

(Exp. Code) 

Sublimation 

Procedure: 

2°C/min-200°C, 

and then 

Products Identification* 

DKP** (LD)-DKP 

(LD)-

Dihydropyrazine-

2,5-dione 

L-Ala-L-Ala (1) 
(FIA6-Sub) 

0.2°C/min-280°C, 

hold 3 hours 

8.52 (85.89) 

(27) 
8.38 (100) (44) Not observed 

L-Val-L-Val (2) 

(FIA3-Sub) 
0.1°C/min-300°C, 

hold 3 hours 

17.74 (100) 

(28) 
17.17 (67.37) (45) 18.47 (2.01) (63) 

L-Ile-L-Ile (3) 

(FIA17-Sub) 
= 

21.81 (40.14) 

(29) 

21.45 (100) (46) & 

22.21 (38.37) (47) 
Not observed 

L-Phe-L-Phe (4) 

(FIA15-Sub) 
0.1°C/min-280°C, 

hold 3 hours 

16.47 (29.18) 

(30) 
15.28 (100) (48) Not observed 

L-Leu-L-Leu (5) 

(FIA19-Sub) 
0.2°C/min-270°C, 

hold 3 hours 

21.85 (100) 

(31) 

22.05 (~30-40%) 

(49) 
22.38 (~1-3%) (64) 

L-Leu-D-Leu (6) 

(FIA25-Sub) 
0.2°C/min-270°C, 

hold 3 hours 

21.63 (82.42) 

(32) 
21.46 (100) (49) 22.10 (5.12) (65) 

L-Leu-L-Val (7) 

(FIA8-Sub) 
= 

19.80 (92.61) 

(33) 
19.49 (100) (50) 19.98 (3.26) (66) 

L-Abu-L-Ala (9) 

(FIA10-Sub) 
0.2°C/min-250°C, 

hold 3 hours 
14.27*** (34) 14.27*** (51) Not observed 

L-Val-L-Ala (11) 

(FIA20-Sub) 
= 

15.41 (100) 

(35) 
14.99 (98.77) (52) Not observed 

D-Ala-D-Val (12) 

(FIA21-Sub) 
= 

15.53 (89.87) 

(36) 
15.10 (100) (52) Not observed 

L-Ala-L-Ile (13) 

(FIA1-Sub) 
0.2°C/min-240°C, 

hold 3 hours 

17.35 (39.97) 

(37) 

17.22 (100) (53) & 

17.41 (37.81) (54) 
Not observed 

L-Leu-L-Ala (16) 

(FIA23-Sub) 
0.2°C/min-250°C, 

hold 3 hours 

8.11 (58.47) 

(38) 
8.06 (100) (55) 8.35 (5.41) (67) 

L-Phe-L-Ala (18) 

(FIA12-Sub) 
0.1°C/min-280°C, 

hold 3 hours 

12.35 (59.04) 

(39) 
11.60 (100) (56) Not observed 

L-Ile-L-Val (20) 

(FIA2-Sub) 
0.2°C/min-290°C, 

hold 3 hours 

19.57 (84.91) 

(40) 

19.11 (100) (57) & 

19.70 (46.44) (58) 
Not observed 

L-Val-L-Phe (23) 

(FIA11-Sub) 
0.2°C/min-250°C, 

hold 3 hours 

16.24 (64.02) 

(41) 
14.97 (100) (59) Not observed 

L-Phe-L-Val (22) 

(FIA13-Sub) 
= 

16.37 (69.57) 

(41) 
15.08 (100) (59) Not observed 

L-Leu-L-Ile (24) 

(FIA7-Sub) 
0.2°C/min-280°C, 

hold 3 hours 

21.70 (70.96) 

(42) 

21.41 (100) (60) & 

21.85 (40.9) (61) 
Not observed 

L-Phe-L-Leu (26) 

(FIA14-Sub) 
0.2°C/min-250°C, 

hold 3 hours 

20.00 (100) 

(43) 
18.54 (29.23) (62) 20.34 (2.17) (68) 

*Retention time in minutes (% abundance) (compound no) 

**Stereochemistry retained 

***A broad peak was observed in the GC-MS 
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As an example, the spectra for Val-Val and samples recovered after its heating in TGA, 

DSC, oven and after sublimation are shown in Figure 4.35. In the spectrum of Val-Val, the 

absorption at 3045 cm-1 is for the amide N-H stretching which is forming hydrogen bond with 

C=O; 1660 cm-1 is for the amide C=O; 1499 cm-1 and 1594 cm-1 are for the ammonium group (-

NH3
+); 1582 cm-1 is for the carboxylate (-COO-); 1551 cm-1 is for amide II; and 1374 cm-1 is for 

the C-N stretching. In FIA3 (TGA), all the peaks for ammonium and COO- are absent, while a new 

sharp peak appears at 1656 cm-1 for lactam C=O. A relatively intense peak at 1443 cm-1 is for 

amide II N-H vibrations. Amide II (CONH) and C-N absorptions are observed at 1292 cm-1 and 

1346 cm-1. Two absorptions at 3188 cm-1 and 3055 cm-1 are for the N-H stretching that forms a 

hydrogen bond with C=O. The absorption band at 843 cm-1 in the recovered sample corresponds 

to the N-H in-plane bending. These typical absorptions characterize FIA3 (TGA) sample as cyclo-

Val-Val. 

 

Figure 4.35 FTIR spectra of Val-Val and its products after heating and sublimation. Val-Val (P006) is for 

the initial Val-Val; FIA3 (TGA) is for TGA sample recovered at 236°C; FIA3 (Oven) is for Val-Val pre-

heated in the oven for 35 min at 205°C (FIA3C); FIA3 (DSC) is for DSC sample recovered at 250°C; FIA3 

(Sub) is for Val-Val recovered after sublimation 

The FTIR spectra for FIA3 (TGA), FIA3 (Oven) and FIA3 (DSC) look identical. It implies 

that all these samples are cyclo-Val-Val after heating Val-Val in TGA, oven or DSC. The spectrum 
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of FIA3 (Sub) looks very similar to the above cyclized samples in the 1400-4000 cm-1 range, 

whereas the absorption peaks in the 550-1400 cm-1 region are broader. The disappearance of the 

ammonium and carboxylate peaks, and the appearance of most of the typical absorptions for DKP, 

confirm the cyclization has taken place in a sublimed Val-Val sample. The broadening of peaks in 

the region of amide II (CONH) and C-N vibrations implies the overlap of absorption peaks for 

cyclo-Val-Val and cyclo-(LD)-Val-Val. 

4.3.4.2   NMR 

The NMR spectra of cyclo-dipeptides have many distinctive δ values as compared to linear 

dipeptides. In pre-heated dipeptide samples, the disappearance of the 1H broad peak of -NH3
+ at 

~8-9 ppm, and upfield shift of 13C from ~180 ppm to ~170 ppm due to the conversion of -COO- to 

-(C=O)-, confirm the cyclization of the dipeptides. In 1H-NMR, typical lactam NH singlet(s) at ~8 

ppm and α-CH multiplet(s) at 3.4-4.2 ppm (positions 3 and 6 on the lactam ring), and lactam C=O 

at ~168 ppm in 13C-NMR, are the characteristic peaks of cyclo-dipeptides. All pre-heated samples 

from oven were identified as cyclo-dipeptides based on the chemical shifts listed in Table 4.17. 

Diastereomers in the sublimation products were characterized by comparing the NMR spectra of 

the products with cyclo-dipeptides recovered from oven. 

As an example, in the 1H-NMR spectrum of FIA3C (Figure 4.36b), 2N-H (s, 7.96 ppm), 

2α-CH (m, 3.69 ppm),  2CH for 2 and 2’ (m, 2.19 ppm), 2CH3 for 1 and 1’ (d, J = 7.1 Hz, 0.96 

ppm), 2CH3 for 3 and 3’ (d, J = 6.8 Hz, 0.84 ppm) are assigned to cyclo-Val-Val (Figure 4.36a). 

Similarly, in 13C-NMR of FIA3C (Figure 4.36c), 2C=O (167.37 ppm), 2αC (59.07 ppm), 2 and 

2’C (30.99 ppm), 3 and 3’C (18.62 ppm), 1 and 1’C (17.24 ppm) are assigned to cyclo-Val-Val.  

All oven heated crude samples were identified as pure cyclo-dipeptides except for FIA1C, 

FIA21C and FIA22C. In the latter three samples, the corresponding cyclo-dipeptide is a major 

product with the formation of ~1, ~2 and ~9% diastereomers, respectively. 

In the 1H-NMR spectrum of the sublimation product, FIA3C (sub) (Figure 4.37c), 2NH (s, 

8.04 ppm), 2α-CH (m, 3.67 ppm) are minor peaks from cyclo-(LD)-Val-Val (Figure 4.37b) that 

appear on a side of the major peaks of cyclo-Val-Val (Figure 4.37a). Similarly, in 13C-NMR of 

FIA3C (sub) (Figure 4.37d), 2C=O (168.18 ppm) and 2α-C (59.57 ppm) are from cyclo-(LD)-Val-

Val near the main peaks from cyclo-Val-Val. All peaks in 1H-NMR and 13C-NMR are consistent 

with the molecular structure of the cyclo-Val-Val as well as cyclo-(LD)-Val-Val. Diastereomers in 

other sublimation products were identified in a similar way.   
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Table 4.17 Characteristic peaks observed for cyclo-dipeptides in FTIR and NMR spectra 

Exp. Code 
(Identified product) 

IR Absorption Bands ν (cm-1) NMR Signals δ (ppm) 

Modes 1H-NMR 13C-NMR 
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FIA6C 
(Cyclo-Ala-Ala) 

1671 1481 1318 &1299 
3186 & 

3051 
8.11 (s) 3.92 (q, J = 7.0 Hz) 169.54 

FIA3C 

(Cyclo-Val-Val) 
1656 1443 1346 &1292 

3188 & 

3055 
7.96 (s) 3.69 (m) 167.37 

FIA17C 

(Cyclo-Ile-Ile) 
1654 1442 1327 

3186 & 

3054 
7.92 (s) 3.76 (m) 167.48 

FIA15C 

(Cyclo-Phe-Phe) 
1659 1459 1338 

3200 & 

3057 
7.95 (s) 3.97 (m) 166.15 

FIA19C 

(Cyclo-Leu-Leu) 
1665 1454 1323 

3188 & 

3050 
8.20 (s) 3.72 (m) 168.41 

FIA25C 

(Cyclo-Leu-D-Leu) 
1662 1451 1346 & 1325 

3189 & 
3050 

8.11 (s) 3.77 (m) 169.24 

FIA8C 

(Cyclo-Leu-Val) 
1661 1447 1346 & 1310 

3189 & 

3054 

8.19 (s) 

8.05 (s) 

3.76 (m), 3.62 (t, J = 2.9 

Hz) 

168.43 

166.84 

FIA5C 

(Cyclo-Ala-Abu) 
1667 1435 1322 

3187 & 
3049 

8.13 (s) 
8.06 (s) 

3.88 (tq, J = 1.6, 7.0 Hz), 
3.82 (tt, J = 1.5, 5.0 Hz) 

168.82 
167.46 

FIA10C 

(Cyclo-Abu-Ala) 
1668 1435 1326 

3189 & 

3050 

8.13 (s) 

8.06 (s) 

3.88 (tq, J = 1.6, 6.9 Hz), 

3.82 (tt, J = 1.5, 5.0 Hz) 

168.82 

167.46 

FIA22C 

(Cyclo-Ala-Val) 
1662 1448 1342 & 1315 

3187 & 

3047 

8.13 (s) 

8.00 (s) 

3.88 (tq, J = 1.7, 7.0 Hz), 

3.68 (m) 

168.66 

166.57 

FIA20C 

(Cyclo-Val-Ala) 
1665 1458 1342 & 1316 

3187 & 
3047 

8.13 (s) 
8.00 (s) 

3.88 (tq, J = 1.6, 7.0 Hz), 
3.68 (m) 

168.66 
166.57 

FIA21C 

(Cyclo-D-Ala-D-Val) 
1660 1446 1343 & 1310 

3187 & 

3047 

8.15 (s) 

8.01 (s) 

3.89 (tq, J = 1.4, 7.0 Hz), 

3.70 (m) 

169.05 

167.08 

FIA1C 

(Cyclo-Ala-Ile) 
1663 1443 1325 & 1312 

3188 & 
3051 

8.13 (s) 
8.00 (s) 

3.90 (tq, J = 1.7, 7.0 Hz), 
3.76 (p, J = 1.6 Hz) 

167.61 
166.12 

FIA26 

(Cyclo-Ile-Ala) 
1670 1424 1323 & 1310 

3186 & 

3048 

8.13 (s) 

8.11 (s) 

3.90 (tq, J = 1.5, 6.9 Hz), 

3.76 (m) 

169.05 

167.08 

FIA9C 

(Cyclo-Ala-Leu) 
1674 1440 1323 

3190 & 

3051 

8.12 (s) 

7.98 (s) 

3.84 (ddq, J = 0.9, 2.3, 

11.7 Hz), 3.77 (m) 

168.86 

168.35 

FIA23C 

(Cyclo-Leu-Ala) 
1669 1441 1325 

3189 & 

3049 

8.14 (s) 

8.12 (s) 

3.86 (ddq, J = 0.9, 2.3, 

11.7 Hz), 3.77 (m) 

168.86 

168.35 

FIA24C 

(Cyclo-Ala-Phe) 
1663 1465 1340 

3187 & 

3044 

8.11 (s) 

8.02 (s) 

4.19 (m), 3.63 (q, J = 6.7 

Hz) 

168.13 

166.27 

FIA12C 

(Cyclo-Phe-Ala) 
1662 1465 1338 

3185 & 
3033 

8.13 (s) 
8.02 (s) 

4.18 (m), 3.62 (q, J = 7.0 
Hz) 

167.63 
165.78 

FIA4C 

(Cyclo-Val-Ile) 
1658 1444 1347  

3186 & 

3052 

7.96 (s) 

7.95 (s) 
3.77 (m), 3.71 (m) 

167.99 

165.84 

FIA2C 
(Cyclo-Ile-Val) 

1658 1444 1347  
3185 & 

3052 
7.96 (s) 
7.95 (s) 

3.77 (m), 3.71 (m) 
167.99 
165.84 

FIA11C 

(Cyclo-Val-Phe) 
1661 1452 1343 

3186 & 

3048 

8.11 (s) 

7.91 (s) 
4.21 (m), 3.53 (m) 

166.51 

166.39 

FIA13C 

(Cyclo-Phe-Val) 
1660 1452 1343 

3186 & 

3047 

8.11 (s) 

7.91 (s) 
4.21 (m), 3.53 (m) 

166.51 

166.39 

FIA18C 

(Cyclo-Ile-Leu) 
1659 1448 1326 

3187 & 
3052 

8.17 (s) 
8.04 (s) 

3.76 (m), 3.69 (m) 
168.35 
166.82 

FIA7C 

(Cyclo-Leu-Ile) 
1657 1447 1324 

3187 & 

3051 

8.16 (s) 

8.03 (s) 
3.77 (m), 3.69 (m) 

168.34 

166.82 

FIA16C 
(Cyclo-Leu-Phe) 

1662 1455 1322 
3187 & 

3050 
8.11 (s) 
8.07 (s) 

4.15 (m), 3.45 (m) 
167.42 
166.08 

FIA14C 

(Cyclo-Phe-Leu) 
1663 1456 1323 

3187 & 

3050 

8.12 (s) 

8.08 (s) 
4.17 (m), 3.47 (m) 

167.42 

166.08 
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Figure 4.36 (a) cyclo-Val-Val, (b) 1H-NMR spectrum of FIA3C, (c) 13C-NMR spectrum of FIA3C 

4.3.4.3   GC-MS 

From the GC-MS analysis of the linear dipeptides (section 5.2.3.2), their clean conversion 

to cyclo-dipeptides was confirmed. The detection of cyclo-dipeptides in the gaseous phase revealed 

their sufficient stability at elevated temperature which led us to analyze oven heated and 

sublimation products by GC-MS. The GC-MS analysis of the samples recovered after heating in 

oven revealed pure cyclo-dipeptides except for FIA1C, FIA21C and FIA22C. Although in these 

three samples the corresponding cyclo-dipeptide was a major product, the formation of a cyclo-

(LD)-dipeptide (diastereomers, 1%, 2% and 9%, respectively) was also detected. The list of 
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samples recovered from oven along with retention times in GC, m/z of the molecular ion observed 

for cyclo-dipeptide and cyclo-(LD)-dipeptide, are listed in Table 4.18. 

                                         

             

Figure 4.37 (a) cyclo-Val-Val, (b) cyclo-(LD)-Val-Val, (c) 1H-NMR spectrum of FIA3C-sub, (d) 13C-NMR 

spectrum of FIA3C-sub 

As an example, the GC plot of FIA3C shows a single peak at RT = 17.78 min (Figure 

4.38a). The MS of this peak (Figure 4.38b) gives the molecular ion peak [M]˙+ (m/z) = 198, as 

expected for cyclo-Val-Val. The proposed fragmentation pattern for cyclo-Val-Val (Scheme 4.5), 

explains well the MS pattern of FIA3C. Fragmentation is mainly happening through homolytic 

cleavage or by kicking out a neutral molecule of CO, NHCO or a larger derivative.  

In a similar way, all the samples recovered from oven produced a molecular ion fragment 

that corresponded to a cyclo-dipeptide. The MS pattern was verified by drawing a fragmentation 
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pattern and comparing it with the literature data. Although MS of the cyclo-dipeptide and cyclo-

(LD)-dipeptide cannot be distinguished, the MS of the oven recovered samples were found to be in 

good agreement with the literature: FIA6C as cyclo-Ala-Ala13, FIA3C as cyclo-Val-Val14, FIA17C 

as cyclo-Ile-Ile14, FIA15C as cyclo-Phe-Phe15, FIA19C as cyclo-Leu-Leu9, FIA25C as cyclo-Leu-

Leu9, FIA12C and FIA24C as 3-benzyl-6-methylpiperazine-2,5-dione16, FIA13C and FIA11C as 

3-benzyl-6-isopropylpiperazine-2,5-dione14, and FIA14C and FIA16C as 3-(2-methylpropyl)-6-

(phenylmethyl)-piperazine-2,5-dione17. 

       

 

Figure 4.38 (a) GC plot of FIA3C, (b) MS of the GC peak  

GC-MS analysis of the samples recovered after sublimation reveals the presence of the 

corresponding cyclo-dipeptides, cyclo-(LD)-dipeptides, and dihydropyrazine-2,5-diones (Scheme 

4.3). In all recovered samples, the corresponding cyclo-dipeptide and its diastereomer were 

detected except for dipeptides containing isoleucine. The sublimation samples for the isoleucine 

containing dipeptides show the formation of two diastereomers in addition to the corresponding 

cyclo-dipeptides (Scheme 4.4). Due to the sec-butyl side chain, isoleucine containing dipeptides 

have more than two stereocenters, and they are expected to have 2n (n = number of stereocenters 

in a molecule) diastereomers.  In FIA1-sub, FIA2-sub, FIA7-sub and FIA17-sub, three 

17.78 min 

(b) 

(a) 
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diastereomers were detected from GC-MS. In FIA3-sub, FIA8-sub, FIA14-sub, FIA19-sub, 

FIA23-sub and FIA25-sub, dihydropyrazine-2,5-diones (63-68) were also detected in small 

amounts. 

 

Scheme 4.5 Proposed MS fragmentation pattern of cyclo-Val-Val 

For another dipeptide, the formation of diastereomers was confirmed by comparing the 

GC-MS of cyclo-L-Leu-L-Leu (FIA19C), cyclo-L-Leu-D-Leu (FIA25C), and the sublimation 

product (FIA19C-sub) (Figure 4.39). The peaks for cyclo-L-Leu-L-Leu and cyclo-L-Leu-D-Leu 

were observed for FIA19C-sub at 7.99 and 7.86 min, respectively. The similarity of the MS 

patterns of these two peaks also confirms the presence of cyclo-L-Leu-L-Leu, and cyclo-L-Leu-D-

Leu. The MS of the peak 3 (FIA3-sub) shows the molecular ion m/z = 224, for 3,6-diisobutyl-1,6-

dihydropyrazine-2,5-dione. 
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Table 4.18 GC-MS analysis of the oven heated crude products 

Sample* 

GC-MS 
Product 

GC-MS 
Product 

GC MS GC MS 

RT 

(min) 

[M]˙+ 

(m/z) 

Cyclo-Dipeptide (rel. 

abundance (%)) 

RT 

(min) 

[M]˙+ 

(m/z) 

Cyclo-(LD)-Dipeptide (rel. 

abundance (%)) 

FIA6C 8.39 142 Cyclo-L-Ala-L-Ala 27 (100) -- -- -- 

FIA3C 17.78 198 Cyclo-L-Val-L-Val 28 (100) -- -- -- 

FIA17C 21.90 226 Cyclo-L-Ile-L-Ile 29 (100) -- -- -- 

FIA15C 16.51 294 Cyclo-L-Phe-L-Phe 30 (100) -- -- -- 

FIA19C 21.60 226 Cyclo-L-Leu-L-Leu 31 (100) -- -- -- 

FIA25C 21.50 226 Cyclo-L-Leu-D-Leu 32 (100) -- -- -- 

FIA8C 19.75 212 Cyclo-L-Leu-L-Val 33 (100) -- -- -- 

FIA5C 14.23 156 Cyclo-L-Ala-L-Abu 34 (100) -- -- -- 

FIA10C 14.23 156 Cyclo-L-Abu-L-Ala 34 (100) -- -- -- 

FIA22C 15.60 170 Cyclo-L-Ala-L-Val 35 (100) 14.90 170** Cyclo-(LD)-Ala-Val 52 (1.14) 

FIA20C 15.60 170 Cyclo-L-Val-L-Ala 35 (100) -- -- -- 

FIA21C 15.46 170 Cyclo-D-Ala-D-Val 36 (100) 14.89 170** Cyclo-(LD)-Ala-Val 52 (2.04) 

FIA1C 17.32 184 Cyclo-L-Ala-L-Ile 37 (100) 17.16 184** Cyclo-(LD)-Ala-L-Ile 53 (9.01) 

FIA26 17.36 184 Cyclo-L-Ile-L-Ala 37 (100) -- -- -- 

FIA9C 8.18 184 Cyclo-L-Ala-L-Leu 38 (100) -- -- -- 

FIA23C 8.18 184 Cyclo-L-Leu-L-Ala 38 (100) -- -- -- 

FIA24C 12.29 218 Cyclo-L-Ala-L-Phe 39 (100) -- -- -- 

FIA12C 12.29 218 Cyclo-L-Phe-L-Ala 39 (100) -- -- -- 

FIA4C 19.80 212 Cyclo-L-Val-L-Ile 40 (100) -- -- -- 

FIA2C 19.80 212 Cyclo-L-Ile-L-Val 40 (100) -- -- -- 

FIA11C 16.23 246 Cyclo-L-Val-L-Phe 41 (100) -- -- -- 

FIA13C 16.23 246 Cyclo-L-Phe-L-Val 41 (100) -- -- -- 

FIA18C 21.85 226 Cyclo-L-Ile-L-Leu 42 (100) -- -- -- 

FIA7C 21.85 226 Cyclo-L-Leu-L-Ile 42 (100) -- -- -- 

FIA16C 20.00 260 Cyclo-L-Leu-L-Phe 43 (100) -- -- -- 

FIA14C 20.00 260 Cyclo-L-Phe-L-Leu 43 (100) -- -- -- 

*See Table 5.15 for codes and synthesis details. 

**The molecular ion was identified based on the whole fragmentation pattern rather than a single peak. 
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Figure 4.39 GC plots for cyclo-L-Leu-L-Leu, cyclo-L-Leu-D-Leu and FIA19C-sub. Peaks for cyclo-L-Leu-L-

Leu and cyclo-L-Leu-D-Leu are observed in FIA19C-sub  

The GC-MS analysis of samples recovered after sublimation is illustrated by FIA3C (sub). 

The GC plot of FIA3C (sub) shows three peaks at RT = 17.17, 17.74 and 18.59 min (Figure 4.40a). 

The MS scans of the first two peaks (Figure 4.40b and c) are similar to each other and to cyclo-

Val-Val (Figure 4.38b). Retention time comparison reveals the peak at 17.74 min is from cyclo-

Val-Val, while peak at 17.17 min was assigned to cyclo-(LD)-dipeptide. MS scan of the third peak 

at 18.59 min (Figure 4.40d) was assigned to 3,6-diisopropyl-1,6-dihydropyrazine-2,5-dione. The 

formation of dihydropyrazine-2,5-dione is expected through dehydrogenation from cyclo-Val-Val. 

The molecule has a higher conjugated system; that is why the molecular ion (m/z) = 256 is highly 

abundant in the MS. The major fragment ions, 125 and 154, agree with the proposed fragmentation 

of 3,6-diisopropyl-1,6-dihydropyrazine-2,5-dione (Scheme 4.6b). It is believed that the first step 

in sublimation is the formation of a cyclo-dipeptide. In the gaseous phase, some portion stays as 

the cyclo-dipeptide, some epimerizes to cyclo-(LD)-dipeptide, while a small portion 

dehydrogenates into 3,6-diisopropyl-1,6-dihydropyrazine-2,5-dione (Scheme 4.6a). 
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Scheme 4.6 (a) Sublimation of L-Val-L-Val through cyclo-L-Val-L-Val to yield cyclo-L-Val-L-Val (100%), 

cyclo-(LD)-Val-L-Val (67.35%) and 3,6-diisopropyl-1,6-dihydropyrazine-2,5-dione (2.01%). (b) Formation 

and proposed fragmentation of 3,6-diisopropyl-1,6-dihydropyrazine-2,5-dione 

(a) 

(b) 
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4.3.4.4   PXRD 

Powder X-ray diffraction (PXRD) analysis is a direct method to identify changes in the 

crystal structure. Most solid dipeptides are crystalline materials and therefore PXRD can be used 

to study changes in the course of thermal treatment. The comparison of the PXRD patterns of the 

initial linear dipeptides, pre-heated samples from oven, recovered samples after sublimation, as 

well as the simulated PXRD patterns of the reported crystal structures for linear and cyclo-

dipeptides, was used in interpretation of various experimental results and making conclusions, as 

summarized below: 

1. The crystal structures were confirmed, and crystal compositions were estimated for the 

dipeptides (Table 4.5) that were subjected to the thermal decomposition analysis. The 

effect of the degree of hydration, and hydrogen bonding and density obtained from the 

reported crystal structures, on the thermal decomposition were evaluated. 

2. The disappearance of the powder patterns of linear dipeptides in the final samples 

recovered from oven confirmed the completeness of a reaction.  

3. Cyclo-L-Ala-L-Ala49, cyclo-L-Ile-L-Ile50, cyclo-L-Phe-L-Phe51 have been directly identified. 

4. The intensity of PXRD patterns for pairs of samples (FIA5C – FIA10C, FIA22C – FIA20C, 

FIA9C – FIA23C, FIA24C – FIA12C, FIA4C – FIA2C, FIA11C – FIA13C, FIA18C – 

FIA7C, and FIA16C – FIA14C) proved not only the formation of the same cyclo-dipeptide 

but also the same crystalline form, after heating two isomeric linear dipeptides. For 

example, the heating of Ala-Abu (FIA5C) and Abu-Ala (FIA10C) produced the same 

compound (3S,6S)-3-ethyl-6-methylpiperazine-2,5-dione in the same crystalline form. It 

shows that dipeptides having different sequences of the same two amino acids produced 

the same cyclic product, both in terms of its molecular and crystal structure. All the above 

samples were crystalline except for cyclo-Leu-Phe (FIA16C) and cyclo-Phe-Leu (FIA14C) 

which were semi-crystalline. 

5. FIA1C did not match with FIA26 although the FIA1C sample contained all the peaks from 

FIA26. The extra peaks in FIA1C indicated partial recrystallization after cyclization which 

was further confirmed by a prolonged heating of Ala-Ile (FIA1D). 

6. FIA21C (cyclo-D-Ala-D-Val) displayed a PXRD pattern different from FIA20C/FIA22C 

(cyclo-Ala-Val/cyclo-Val-Ala). The cause of the difference was not understood and 

requires additional work. 
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7. Polymorphism of cyclo-Leu-Ala/cyclo-Ala-Leu was observed and studied (see next 

section) 

8. FIA3-sub, FIA25-sub and FIA10-sub PXRD patterns contained all peaks from FIA3C, 

FIA25C and FIA10C, respectively, with some new peaks. These new peaks may 

correspond to the corresponding cyclo-(LD)-dipeptide isomers. The PXRDs of all other 

sublimed samples were entirely different form their corresponding cyclo-dipeptides. It 

indicates the formation of a new phase due to the formation of the (LD)-isomer or co-

crystallization of cyclo-dipeptide and the cyclo-(LD)-dipeptide. 

9. Identical PXRD patterns for the sublimation products of Leu-Leu and Leu-D-Leu imply the 

formation of the same product which is a mixture if stereoisomers as found from GC-MS. 

That indicates a change of absolute configuration during the sublimation process. 

10. No change in powder patterns of Phe-Phe, Leu-Leu, Leu-Val, Ala-Val, Ala-Leu, Ala-Phe, 

Val-Phe and Leu-Phe before and after drying implies the preservation of the dipeptide 

crystal upon removal of the water solvent molecules.  

11. Ala-Abu showed sponge like properties. After drying, the crystal structure contracted and 

changed but under water vapors returned to the original hydrate.  

12. After drying, Leu-Ala, Leu-D-Leu and Phe-Ala solid dipeptides turned into semi-

crystalline materials; that implies the collapse of the initial crystal matrix. 

13. Ile-Ile and Leu-Leu undergo phase transition during drying.  

14. Leu-Val showed recrystallization before decomposition/cyclization. 

As an example, the PXRD patterns of Val-Val, FIA3C and FIA3-Sub are shown in Figure 

4.41. The obtained PXRD of Val-Val from the stock bottle and simulated for L-Val-L-Val 

(hexagonal crystal structure23) are alike. On the other hand, the obtained PXRD pattern FIA3C 

(cyclo-Val-Val) is entirely different than for the initial dipeptide. The peaks from Val-Val are 

completely absent from the PXRD of FIA3C that agrees with the completeness of the thermally 

induced reaction. The PXRD pattern obtained for FIA3-sub (identified by GC-MS as a mixture of 

cyclo-L-Val-L-Val, cyclo-(LD)-Val-Val and 3,6-diisopropyl-1,6-dihydropyrazine-2,5-dione) has 

significant similarity with the PXRD pattern of cyclo-L-Val-L-Val. The largest peak in FIA3C at 

2θ = 9.92° is shifted to 2θ=9.74° in FIA3-Sub. Some other peaks, 2θ =16.04°, 18.18°, 24.02° and 

25.76° that appear in FIA3-Sub are absent in the FIA3C pattern. It can be concluded that FIA3-
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Sub sample has a significant amount of cyclo-L-Val-L-Val in it. The extra peaks could be coming 

from cyclo-(LD)-Val-Val. 

 

Figure 4.41 PXRD patterns obtained for Val-Val, FIA3C and FIA3-Sub. HEGLUB23 is a simulated 

pattern for the crystal structure of Val-Val 

4.3.4.5   DSC 

Here, the DSC thermograms of the linear dipeptides, dipeptides pre-heated in oven, and 

samples recovered after sublimation are compared. These comparisons led to the following results: 

1. The disappearance of some characteristic thermal effects, especially from the chemical 

decomposition, implies the completeness of the reaction for the heated samples. None of 

the samples obtained after heating in oven or after sublimation showed any 

decomposition/cyclization effects. 

2. A melting endotherm in the DSC thermograms of linear dipeptides appears after the 

decomposition; therefore, it is for the cyclo-dipeptides. The closeness of the melting Tmax 

(~2°C) for the pairs of sequence isomeric dipeptides, i.e. Abu-Ala – Ala-Abu, Ala-Leu – 

Leu-Ala, Ala-Phe – Phe-Ala, Ile-Leu – Leu-Ile, and Leu-Phe – Phe-Leu, implies the 

formation of a single cyclic product for the each pair. 
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3. A higher melting point on the thermogram of Val-Ala than Ala-Val and D-Ala-D-Val 

implies the conversion of Val-Ala entirely into cyclo-Val-Ala, whereas the two latter 

dipeptides additionally produce (LD)-isomers.  

4. Both Ala-Ile and Ile-Ala show crystallization exotherms after decomposition into their 

cyclic product. Also, the decomposition and melting are very close in Ala-Ile which results 

in the formation of the cyclo-(LD)-isomer. Therefore, melting on the thermogram of Ala-

Ile is ~4°C lower than for Ile-Ala. 

5. On the DSC thermograms, the melting point for Ile-Val (311.8°C) is 11.5°C higher than 

for Val-Ile (300.3°C), although the chemical decomposition occurs at 199.3°C and 

204.6°C, respectively. Since both completely transform on their decomposition into the 

corresponding cyclic products, that difference in their melting points can be attributed to 

different cyclo-dipeptide polymorphs formed during heating in the DSC. 

6. A significant difference in melting Tmax for Val-Phe (254.2°C) and Phe-Val (269.1°C) was 

also seen. Here, crystallization after the chemical decomposition in both dipeptides was 

clearly observed on the DSC thermograms. The difference in the melting points suggests 

the existence of two crystalline forms.  

7. Higher melting Tmax for Ala-Ala (292.1°C, recrystallized) as compared to a commercially 

obtained Ala-Ala (288.1°C, P003), indicates the formation of cyclo-Ala-Ala is more 

quantitative when heating the recrystallized Ala-Ala.  

8. Leu-Leu and Leu-D-Leu can be distinguished by the comparison of melting Tmax of their 

cyclic products on the DSC thermograms. 

9. Pre-heated dipeptide samples recovered from oven, e.g. FIA6C, FIA17C, FIA8C, FIA10C, 

FIA5C, FIA20C, FIA9C, FIA23C, FIA4C, FIA7C and FIA16C had very close melting Tmax 

(within ~2°C) to their corresponding dipeptides in DSC. It implies that the produced cyclo-

dipeptides have the same crystalline form and similar particle size distribution after 

cyclization in both DSC and oven. 

10. Lower melting temperatures for the sublimation samples as compared to oven recovered 

samples imply the formation of diastereomers in the sublimation products. 

As an example, the DSC thermograms of L-Val-L-Val (Val-Val), cyclo-L-Val-L-Val from 

oven (FIA3C) and the sublimation product of L-Val-L-Val (FIA3-Sub) are shown in Figure 4.42. 

The DSC thermogram for Val-Val was discussed in the thermal stability section (5.2.4). 
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The DSC thermogram of Val-Val shows a melting endotherm at 323.7°C. The DSC thermogram 

of the cyclo-L-Val-L-Val sample (FIA3C) shows two thermal effects in this range. Effect 1 at 

313.9°C (Tmax) is for melting followed by broad effect 2 at 322°C (Tmax) for 

sublimation/degradation. During melting of the FIA3C sample, supercooling was observed. From 

the comparison of these thermograms, it could be stated that the products from DSC and oven are 

somewhat different. From GC-MS and NMR analysis, FIA3C was characterized as pure cyclo-

Val-Val. This difference in the melting points could have several explanations. First, there may be 

different particle/crystal size distribution in the DSC and oven products. Second, the supercooling 

effect observed in the FIA3C melting yields an irregular shape peak. Third, the supercooling effect 

may suggest a dependence of the process on the product vapor pressure that could be significant 

at this temperature (melting and sublimation events overlap). 

In the sample FIA3C, no other effects were observed, especially any effects close to the 

cyclization temperature, which means the cyclization reaction had been complete. The DSC 

thermogram of the sublimation product (FIA3-Sub) shows melting at 292.7°C (Tmax). FIA3-Sub 

has a mixture of diastereomers, which results into a much lower melting temperature.  

 

Figure 4.42 DSC thermograms obtained for Val-Val, FIA3C and FIA3-Sub 
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Table 4.19 Temperature and total enthalpy for cyclization (chemical decomposition) of the dipeptides and 

melting of the cyclo-dipeptides 

Dipeptide 

Cyclization Melting 

Ton 

(°C) 

Tmax 

(°C) 

ΔH 

(kJ/mol) 
Ton 

(°C) 

Tmax 

(°C) 

ΔH 

(kJ/mol) 
Cyclo-

dipeptide 
Ton 

(°C) 

Tmax 

(°C) 

ΔH 

(kJ/mol) 

Ala-Ala 245 257 44.7±1.8 287 288 38.4±3.6 

FIA6C 290 292 35.2±2.1 

Ala-Ala* 224 245 38.2±7.1 291 292 36.8±1.2 

Val-Val 234 236 45.9±1.1 322 324 -- FIA3C 313 314 -- 

Ile-Ile 155 163 36.2±4.7 307 308 55.3±9.7 FIA17C 305 307 43.3 

Phe-Phe 151 172 14.2±0.6 297 300 63.1±1.4 FIA15C 306 309 60.7±3.5 

Leu-Leu 174 173 33.7±0.4 274 276 31.6±1.0 FIA19C 272 272 33.7 

Leu-D-Leu 188 197 28.0±2.0 283 284 -- FIA25C 276 280 -- 

Leu-Val 175 176 41.2±0.7 278 279 38.1±0.1 FIA8C 280 280 -- 

Ala-Abu 223 228 48.1±1.8 262 263 31.3±4.5 FIA5C 259 261 32.7±2.1 

Abu-Ala 235 243 63.4±2.2 261 262 -- FIA10C 258 261 29.9±2.9 

Ala-Val 197 211 37.0±2.7 261 261 42.8±5.2 FIA22C 256 256 -- 

Val-Ala 221 227 40.1±0.3 264 266 45.0±6.6 FIA20C 258 263 36.4±1.2 

D-Ala-D-Val 231 238 50.4±0.7 258 259 38.5 FIA21C 238 249 -- 

Ala-Ile 222 224 56.7±0.5 243 245 35.7±4.3 FIA1C 216 228 -- 

Ile-Ala 203 215 48.4±1.8 246 249 33.2 FIA26 242 245 33.6±0.5 

Ala-Leu 202 208 26.7±0.6 257 258 48.2±0.1 FIA9C 255 256 40.8±2.1 

Leu-Ala 149 167 19.6±0.2 258 259 38.0±5.5 FIA23C 258 260 39.3±2.7 

Ala-Phe 221 225 30.6±0.1 281 284 -- FIA24C 285 288 46.1±2.6 

Phe-Ala 129 134 14.0±0.9 283 286 52.8±2.6 FIA12C 289 290 56.8±1.7 

Val-Ile 203 205 49.7±1.0 299 300 42.0±4.7 FIA4C 294 300 36.1±7.3 

Ile-Val 197 199 46.3±0.7 310 312 42.3±0.9 FIA2C 301 305 33.7±4.4 

Val-Phe 155 172 -- 251 254 47.1±0.8 FIA11C 268 268 49.4±3.6 

Phe-Val 189 189 -- 266 269 57.7 FIA13C 259 262 53.1 

Ile-Leu 194 197 40.8±0.5 292 293 40.8±0.6 FIA18C 285 285 -- 

Leu-Ile 183 184 33.6±0.1 287.94 290.60 34.6±2.2 FIA7C 289 289 -- 

Leu-Phe 119 125 19.3±0.9 264.97 268.64 40.0±0.6 FIA16C 263 268 42.3±0.5 

Phe-Leu 142 166 29.2±0.5 263.31 268.44 41.6±1.7 FIA14C 255 262 -- 

   *Recrystallized from DMF 



151 
 

4.3.4.6   Visual Melting Point Determination 

The melting points of the dipeptides were detected visually to compare with the 

corresponding cyclo-dipeptides recovered from oven. The measurements were conducted in a 

Mel-Temp apparatus with the samples placed in open capillary tubes. The closeness of the melting 

points (~3°C) in the pairs was found, which confirms the cyclization in the dipeptide samples 

before melting. Close melting points of the oven recovered cyclo-dipeptides from two sequence 

isomeric dipeptides supported the DSC observation of the formation of a single cyclic product for 

the each pair. The visually monitored melting points of the all samples recovered from oven are 

described in the experimental section of this chapter (see Cyclic Products). It can be stated that the 

Mel-Temp apparatus can be used for microscale synthesis of cyclo-dipeptides. The visually 

monitored heating of the dipeptides confirmed the melting was preceded by the cyclization 

process. The observations showed the cyclization occurs in the solid state.  

4.4 Polymorphism of Cyclo-Leu-Ala/Cyclo-Ala-Leu 

The solid phase obtained after heating in oven (Polymorph-A) was different from the 

recrystallized form (Polymorph-B). To study the phase transition of cyclo-Leu-Ala, a sample was 

dissolved in different solvents at elevated and room temperatures. Whenever a sample was let to 

evaporate slowly at room temperature, the PXRD pattern obtained for that sample was different 

from the sample obtained in oven.  When a sample was dissolved and saturated at 100°C in DMSO, 

the product obtained by fast cooling showed the same PXRD as the sample from oven (Polymorph-

A). In Figure 4.43, the pattern for Polymorph-B is for the cyclo-Leu-Ala recrystallized by slow 

evaporation, whereas Polymorph-A is the pattern for the cyclo-Leu-Ala recrystallized by fast 

cooling in DMSO. The powder pattern for Polymorph-A is identical with the powder pattern for 

the oven heated sample.  

The polymorphic transition was studied with DSC. The DSC thermograms were obtained for 

Polymorph-A and B (Figure 4.44). FIA23C is the oven recovered cyclo-Leu-Ala (Polymorph-A); 

FIA23C-DMSO is cyclo-Leu-Ala recrystallized form DMSO by fast cooling (Polymorph-A); 

FIA23C-EtAc:MeOH is cyclo-Leu-Ala recrystallized by slow evaporation from ethyl 

acetate/methanol (1:1) (Polymorph-B) (Figure 4.44).   
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The FIA23C thermogram shows an endotherm at 149.7°C (ΔH = 2.80 J/g). The FIA23C-

DMSO thermograms were obtained in three cycles. Cycle 1 was heating from -90–200°C, cycle 2 

cooling from 200 to -90°C and cycle 3 again heating from -90–200°C. The FIA23C-DMSO (cycle 

1, heat) thermogram shows an endotherm at 164.4°C with ΔH = 4.09 J/g.  The FIA23C-DMSO 

(cycle 2, cool) thermogram shows an exotherm at 152.9°C with ΔH = -4.19 J/g. The FIA23C-

DMSO (cycle 3, heat) thermogram shows an endotherm at 156.9°C with ΔH = 4.10 J/g. The PXRD 

patterns before and after the DSC cycles were identical and corresponded to Polymorph-A. It 

appears these thermograms show a reversible phase transition from Polymorph-A to a high 

temperature Polymorph-A’. The actual temperature at which this phase transition occurs varies 

within ~15°C since the transition between two solid phases depends strongly on kinetic factors 

(e.g. size of the crystals). 

The DSC thermograms for FIA23C-EtAc:MeOH were obtained in two cycles: cycle 1 was 

heating the sample from -90–200°C and then it was let to cool down slowly; cycle 2 was again 

heating of the same sample from -90–200°C. As seen from the FIA23C-EtAc:MeOH (cycle 1, 

heat) thermogram, the phase transition happens at 184.8°C with ΔH = 13.23 J/g. After slow cooling 

to -90°C, the cycle 2 heat thermogram shows a shift of transition to 154.9°C with ΔH = 2.39 J/g. 

Before the DSC experiment, the PXRD pattern was that of Polymorph-B, but after DSC, PXRD 

was that of Polymorph-A. From these experiments, it is clear that Polymorph-B transforms to the 

high-temperature Polymorph-A’ on heating and then to Polymorph-A on cooling.  

Figure 4.43 PXRD patterns of cyclo-Leu-Ala polymorph: Polymorph-A is the sample recovered from 

oven, Polymorph-B is a recrystallized sample 
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The single crystal XRD study for these polymorphs have disclosed their crystal structures. 

Polymorph-B is triclinic whereas Polymorph-A is orthorhombic. The polymorphic transitions of 

cyclo-Leu-Ala are summarized in Figure 4.45. After heating Leu-Ala in oven, the orthorhombic 

form of cyclo-Leu-Ala is recovered. On recrystallization of Polymorph-A, Polymorph-B is 

achieved. When these polymorphs are heated, both undergo a polymorphic transition to 

Polymorph-A’. On cooling Polymorph-A’, Polymorph-A is recovered. 

 

Figure 4.44 DSC study of the polymorphic transitions of cyclo-Leu-Ala. FIA23C is a sample recovered 

from oven, FIA23C-DMSO is a sample recrystallized from DMSO, FIA23C-EtAc is a sample recrystallized 

from ethyl acetate and methanol (1:1) 

In the crystal structure of cyclo-Leu-Ala for both of the polymorphs, hydrogen bonded 

tapes are observed. In Polymorph-A, cyclo-Leu-Ala molecules are arranged in tapes in such a way 

that all the leucyl groups are on one side and alanyl groups are on the other side, whereas in 

Polymorph-B, cyclo-Leu-Ala molecules are arranged in tapes in such a way that the alanyl or 

leucyl groups are upside down in every second molecule. This arrangement of the cyclo-Ala-Leu 

molecules gives insight into the possible mechanism of the polymorphic transition. It may be 

proposed that after heating Polymorph-B, every other molecule must rotate to form Polymorph-A, 
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while incompleteness of the process would lead to either the formation of an amorphous fraction 

or the formation of very small crystals (crystallites) of the new phase. 

 
 

 

4.5 Summary and Conclusions  

1) A large and diverse series of solid dipeptides decompose upon mild heating (120-220°C). 

2) All dipeptides decompose through intramolecular cyclization reaction as a major 

decomposition reaction. 

3) Thermally induced intramolecular cyclization of solid dipeptides is an endothermic process 

that proceeds in the solid state. 

4) The thermal stability and reaction pathways of solid dipeptides depend on their molecular 

structure, solid state structure and composition. 

5) The thermally induced decomposition reaction of dipeptides forms valuable products 

(cyclic products) that can be scaled up to develop a new synthetic pathway. 

6) The decomposition reaction of dipeptides in the solid form is different than in the gaseous 

phase leading to different products. 

7) Upon heating, the dipeptides in any solid form can cyclize to yield the corresponding cyclo-

dipeptides. The progress of the reaction and the products can be directly identified by 

PXRD. 

8) All the decomposition products can be characterized by FTIR, GC-MS, LC-MS and NMR. 

9) The cyclization of dipeptides in the solid state is a green synthetic method that complies 

with the 12 Principles of Green Chemistry. 

Figure 4.45 Schematic summary of polymorphic transitions of cyclo-Leu-Ala 

Polymorph A´ 
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Thermal Stability  

We carried out the thermal stability studies on 26 hydrophobic dipeptides. Many of the 

solid dipeptides exist as hydrates. In the TGA experiments, the 26 hydrophobic dipeptides showed 

up to four mass loss events in the 35-315°C range.  On heating of the hydrates, dehydration is the 

first process to happen (one to two mass loss events <110°C) producing dry dipeptides. Further 

heating in the 120-220°C range results in the chemical decomposition process of the dry dipeptides 

into the corresponding cyclo-dipeptides and water. The dehydration step of the dipeptide hydrates 

to dry dipeptides, and water release due to chemical decomposition, are two clear and distinct 

steps. The very last event observed on further heating is a complete, or almost complete, mass loss, 

presumably sublimation of the cyclo-dipeptides. It was found that all the mass loss events on the 

TGA thermograms occurred with the sample residue remaining in the solid state. Overall, the 

dipeptide hydrates show lower chemical decomposition temperatures, which results in clear and 

distinct mass loss events. On the other hand, the non-hydrated dipeptides show higher 

decomposition temperatures, which results in a partial or complete overlap of the chemical 

decomposition with the sublimation. 

The 26 hydrophobic dipeptides were classified into four categories based on their TGA 

patterns. These categories were distinct in terms of their thermal stability, mass loss events, 

reproducibility behavior, and the degree of hydration. The thermal stability trend showed an 

inverse correlation to the degree of hydration, and correlated with the number, clarity and 

reproducibility of the mass loss events.  

The dehydration step to dry dipeptides, dehydration due to the chemical decomposition, 

and sublimation of the product were confirmed by various methods. The stoichiometry calculations 

from the TGA thermograms confirmed the composition of the initial dipeptide hydrates and the 

stoichiometry of the cyclization reaction.  The TGA-FTIR analysis of the evolved volatiles at 

elevated temperatures confirmed the release of water during the dehydration and chemical 

decomposition, and the sublimation of the cyclic product. All of the dipeptides studied by TGA-

FTIR showed their chemical decomposition into the corresponding cyclic products and water as 

the main decomposition process. The characterization of the samples recovered from TGA 

revealed a complete transformation of the dipeptides into cyclo-dipeptides. The FTIR spectra and 

PXRD patterns obtained for the stock dipeptides, samples subjected to mild heating, and samples 

heated at elevated temperatures, identified the initial dipeptides, dry dipeptides, and the cyclic 
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products, respectively. Finally, the chemical decomposition of the dipeptides was identified as an 

endothermic process from the DSC experiments. The GC-MS analysis of the dipeptides showed 

their transformation into the corresponding cyclo-dipeptides in the gaseous phase. The GC-MS of 

products recovered from the TGA outlet during a regular TGA experiment confirmed the 

formation of diastereomers of the cyclic products in the gaseous phase. 

The chemical decomposition of the dipeptides in the solid state with the formation of cyclic 

products is quite contrary to Rodante3 studies but consistent with the decomposition of  

pharmaceutical drugs such as aspartame hemihydrate4, lisinopril dihydrate18, and enalapril 

maleate19. It is clear that at elevated temperatures the dipeptides undergo thermally-induced 

decomposition in the solid state to produce cyclo-dipeptides. This cyclization reaction is quite 

efficient and stereospecific producing a pure product, although it appears to be complicated by 

overlapping with sublimation in some cases. 

In the last part of the thermal stability section, the degree of hydration, electrostatic 

interactions, size, sequence and stereochemistry of the amino acids, were evaluated as factors that 

influence the thermal stability of the dipeptides. It was found that the higher the degree of 

hydration, the lower the temperature of the chemical decomposition; the greater the number of 

hydrogen bonds in the dipeptide solid, the higher its thermal stability. Generally, dipeptides with 

smaller side chains are more thermally stable than dipeptides with bulky side chains. In the homo-

dipeptide series, thermal stability decreases with the increase in the size of the side chains. For the 

Ala containing dipeptides, the decomposition temperature tends to decrease with the increase in 

the side chain on any end, whereas the destabilizing effect of a large group is more prominent and 

consistent when the amino acid on the N-term is changed. For the Val containing dipeptides, a 

consistent destabilizing effect of the other group on the C-term was seen. For the Ile, Leu and Phe 

containing dipeptide series, no clear trend was observed for the thermal stability. The Phe 

containing dipeptides were seen having unexpectedly low temperature and enthalpy of the 

decomposition. The mutual influence of the two amino acids on the thermal stability of the 

dipeptides is evidently strong in the dipeptide sequence isomers. Also, dipeptide stereoisomers 

display different stability, with the (LD) isomers being more stable than their (LL) counterparts. 

The study of the thermal stability as a function of the degree of hydration, electrostatic 

interactions, crystal packing, size and sequence of amino acids is the first systematic study of this 
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kind conducted on dipeptides. It can be stated that the thermal stability significantly depends on 

each of these factors but the dependence is not straightforward. The absence of a clear trend for 

any of the factors shows that they all make comparable contributions to the thermal stability of the 

dipeptides.  

We believe that the chemical decomposition of the dipeptides is an intramolecular 

aminolysis reaction. First, the zwitterionic dipeptide transforms into an uncharged dipeptide. It 

proceeds by the nucleophilic addition of the terminal amino group to the carbonyl moiety of the 

next residue in the peptide sequence resulting in a tetrahedral intermediate. After the transfer of 

the proton, the intermediate decomposes into a cyclo-dipeptide and water. 

All of the above studies were performed on zwitterions of the dipeptides. It would be 

interesting to examine and compare the thermal stability of the dipeptides in their acidic and basic 

forms. The acidic form is expected to be more stable than the zwitterionic and basic forms due to 

unavailability of the amine for the inter- or intramolecular aminolysis process. Although the 

chemical decomposition of a few pharmaceutical drugs indicated the reaction is zero or half order, 

a detailed investigation is necessary to be carried out on the kinetics of the decomposition on the 

series of dipeptides for two reasons. First, the pharmaceutical drugs are in the ester forms, whereas 

the dipeptides are not derivatives. Second, in our study of the chemical decomposition of the 

dipeptides, the TGA slopes are different for different dipeptides, and the DSC endotherms have 

different shapes (wide vs sharp) for different dipeptides.  

Solid State Synthesis  

Based on the thermal stability studies, we developed a solid state synthetic procedure for 

diketopiperazines (DKPs, cyclo-dipeptides). For this purpose, the reaction temperatures for the 

dipeptides decomposition were determined from TGA and DSC and then further optimized for the 

synthesis of the pure diketopiperazines. The microscale conversion of dipeptides into their 

corresponding DKPs was conducted by heating the dipeptide samples in the TGA apparatus, 

whereas the macroscale synthesis was achieved by heating the dipeptides in a ventilation oven. 

Both methods produced pure DKPs with quantitative yields.  

For further studies, the dipeptide samples were sublimed in a sealed glass tube. The 

sublimation products were identified as mixtures this time, mostly the corresponding cyclo-

dipeptides (DKPs) and (LD)-cyclo-dipeptides (LD-DKPs).  
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The samples recovered from TGA were characterized by the FTIR analysis. The 

disappearance of the ammonium (-NH3
+) and carboxylate (-COO-) peaks from the spectrum of 

initial dipeptides, and the appearance of the lactam -NH- and -CO- peaks, confirmed the 

cyclization. The samples recovered from oven and after sublimation were characterized by FTIR, 

NMR, ESI+, GC-MS, PXRD, DSC, and by visual measurement of the melting points. In the 1H 

and 13C-NMR spectra, lactam N-H, αC-H and lactam C=O are the characteristic peaks for DKPs. 

Diastereomers in the sublimation products were characterized by comparing the NMR spectra of 

the products with DKPs recovered from oven.  

GC-MS was used to determine the composition of all the dipeptide samples recovered after 

oven and heating after sublimation. GC showed a single peak for almost all the samples recovered 

from oven and the MS scan of this peak displayed the m/z of the molecular ion as well as the 

fragment ions corresponding to the cyclo-dipeptide. For some of the oven recovered samples, MS 

(ESI+) was also collected through LC-MS which determined and verified (GC-MS) the exact 

molecular ion for the cyclo-dipeptides at room temperature. From GC-MS of all samples recovered 

after sublimation, the corresponding cyclo-dipeptide and its diastereomer were detected as major 

compounds in the produced mixtures.  

The PXRD analysis of the samples before and after heating helped to identify any change 

in the crystalline phase. No change in the PXRD patterns after drying indicated the preservation 

of the dipeptide crystal upon removal of the water solvent molecules. The disappearance of the 

PXRD patterns of the initial linear dipeptides in the final samples recovered from oven was 

consistent with the completeness of thermally induced transformations. By comparing the obtained 

PXRD patterns with data from the literature, the produced DKPs were directly identified. The 

experiments showed that dipeptides having different sequence of the same two amino acids 

produced the same cyclic product, both in terms of its molecular and crystal structure. The PXRDs 

of most sublimation products were different from pure cyclo-dipeptides synthesized in oven.  

In DSC, the close melting of DKPs from oven and the corresponding linear dipeptides 

suggested the produced DKPs were in the same crystalline form and with similar particle size 

distribution after cyclization in oven and DSC. The closeness of the melting Tmax (~2°C) for the 

pairs of sequence isomeric dipeptides implies the formation of a single cyclic product for each 

single pair. The disappearance of some characteristic thermal effects, especially for the chemical 

decomposition, implies the completeness of the reaction for the oven heated samples. The lower 
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melting temperature for the sublimation samples as compared to the oven recovered samples 

suggested the presence of diastereomers in the mixture.  

The visually monitored heating of the dipeptides confirmed the melting was preceded by 

the cyclization process. The observations confirmed the cyclization occurs in the solid state.  

Finally, polymorphism was found by the PXRD analysis for cyclo-Leu-Ala/cyclo-Ala-Leu. 

The cyclic product immediately formed after the heating of the both dipeptides was a different 

crystalline form than the product recrystallized from various solvents. The single crystal XRD 

studies of both polymorphs were conducted to reveal the triclinic and orthorhombic crystal 

structures of the polymorphs. Using DSC, the phase interconversions of these two and one more 

polymorph were studied. This study revealed another complexity of the solid state synthesis of 

cyclo-dipeptides. It was obvious that the cyclo-dipeptide formed after heating would be a high 

temperature solid form, which could transform/recrystallize into a stable solid form in time or 

through recrystallization in a solvent. These observations show that the analysis of cyclo-

dipeptides, especially with PXRD and DSC, has to be taken with caution. For instance, it is useful 

to obtain the PXRD patterns of cyclo-dipeptides right after the synthesis and after annealing or 

recrystallization. 

Therefore, in the Solid State Synthesis section a successful solid state conversion of 

dipeptides into cyclo-dipeptides is described. As we saw in the Thermal Stability section, only few 

decomposition studies on dipeptides, mostly dipeptide esters, were reported in the literature. 

Pyrolytic studies on amino acids and dipeptides mentioned the formation of cyclo-dipeptides as 

intermediates. Later, the decomposition studies on dipeptide based pharmaceutical drugs described 

their solid state intramolecular aminolysis as an unwanted reaction. No attempt was made to use 

this decomposition as a synthetic tool till we achieved and published the solid state cyclization of 

diglycine. Very recently, an attempt was made to produce cyclo-Leu-Leu by heating Leu-Leu in 

TGA. We conducted the synthesis of cyclo-dipeptides from many dipeptides (all 26 hydrophobic 

dipeptides studied in this chapter). We studied the synthesis in detail and found that the solid state 

conversion of the dipeptides into cyclo-dipeptides is a general reaction. We also found that the 

conversion from dipeptides has an advantage over dipeptide esters not only because the esters are 

costly, but also they generate by-products from ester groups which would require additional steps 

like extraction or purification. These by-products can also interfere with the reaction and can 

generate (LD) isomers of the cyclo-dipeptides as the solvents do. On the other hand, simple 
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dipeptides just generate cyclo-dipeptide and water where water evaporates as soon as it forms 

leaving pure cyclo-dipeptides.  We also found that low thermal stability of dipeptides is an 

advantage in their solid state cyclization. The dipeptides are easier to cyclize at low temperatures, 

with the process being shorter in time and producing higher purity products without diastereomers. 

We described at least two methods for the synthesis of cyclo-dipeptides in the solid state. 

Microscale synthesis was achieved in TGA whereas macroscale conversion of dipeptides was 

conducted in the ventilation oven. 

TGA is generally considered as a destructive analytical technique but in our work it was 

utilized to synthesize cyclo-dipeptides from dipeptides in the solid state. After the cyclization mass 

loss step, the experiment can be stopped, and a pure product can be recovered. This makes TGA 

an excellent synthetic tool for the cyclo-dipeptides synthesis. For the macroscale synthesis of 

cyclo-dipeptides, a simple ventilation oven can be used. The conversion of dipeptides into cyclo-

dipeptides is reported here with 92-100% yield and ~100% purity. It was found that if the heating 

is continued or conducted at higher temperature, cyclo-dipeptides can epimerize to form 

diastereomers as it is seen in the sublimation samples. There is an extra advantage in synthesizing 

cyclo-dipeptides from dipeptide sequence isomers as heating of any of the two isomers yields the 

same cyclic product. 

Significance of the Studies 

For the first time the thermal stability and thermally induced transformations of solid 

dipeptides were studied in a systematic way. The detailed thermal decomposition study was 

conducted on 26 hydrophobic dipeptides with various amino acids. The relationship of their 

thermal stability with a range of factors was discussed. Based on the thermal stability studies, a 

new synthetic method was suggested. 

The significance of the DKP synthesis has a number of aspects. 

First, the DKPs themselves have multiple applications in medicinal chemistry, food and 

pharmaceutical industry, as extensively described in Chapter 2.  

Secondly, although various methods have been reported for the synthesis of DKPs in 

solution, solid state synthesis from dipeptides developed in this work is a unique and much easier 

method. It is highly efficient, solvent free, free from side product thus requiring no purification, 

stereospecific and environmentally friendly. Generally, cyclo-dipeptides are 5-10 times or even 

more expensive than the corresponding dipeptides. If the DKPs are required for any purpose, the 
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corresponding dipeptides can be bought for a much lower price. There is an extra advantage for 

producing a cyclo-dipeptide from dipeptide sequence isomers as heating of any of the two isomers 

yields the same cyclic product. For example, if one dipeptide is not available, expensive or 

generates side products, the synthesis from its isomer can be done. 

One more aspect is a unique tape like structure of solid DKPs that could have applications 

in supramolecular chemistry and crystal engineering, as reviewed in details in Chapter 2. 

Finally, the solid state synthesis of DKPs from dipeptides is a contribution to Green 

Chemistry that was reviewed in Chapter 1. As an illustration of the compliance of the developed 

method with the 12 principles of Green Chemistry, a list of short justifications is provided below. 

1. This synthetic strategy prevents the formation of waste. The transformation generates water 

as the only by-product. Also water does not interfere with the process because it evaporates 

as it forms during the reaction. The whole synthesis is in the solid state producing a pure 

product, with no need for solvents, or extraction and separation processes.  

2. This synthetic strategy is highly atom economical. As an example, the theoretical 

“incorporation” of Phe-Phe into cyclo-Phe-Phe is 94.2%. 

3. The starting materials are short peptides. No hazard or toxicity associated with their use 

and their products to human health and environment is expected. 

4. Cyclo-dipeptides have multiple applications in medicinal chemistry, pharmaceutical and 

food industry, while their toxicity and hazard are at the lowest possible level. 

5. This is a solventless reaction, so no worries exist for the safer solvents and auxiliaries. 

6. In terms of energy consumption, this solvent free synthetic procedure is also a highly 

efficient reaction. All of the transformations are fast (~30 min) and occur in the medium 

temperature range (120-220°C).  

7. The short peptides may be obtained from biological or plant base materials, which are 

renewable sources. 

8. All the starting materials in this synthesis are simple dipeptides that are used without 

derivatization. Therefore, no additional reagents are needed and no waste is produced. 

9. Although the use of a selective catalyst in synthesis is usually consistent with the Green 

Chemistry principles, sometimes it brings additional reagents and adds a separation process 

that can raise the cost of the products and produce extra waste. An ideal reaction is fast 
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transforming 100% of reactant into the product without a catalyst or any additional 

reagents, as we see in our synthetic procedure. 

10. All cyclo-dipeptides are expected to degrade once released to the environment. 

11. The progress of this reaction can be monitored and optimized in situ through control of the 

mass loss in TGA, TGA-FTIR or even in the ventilation oven. This provides a real time 

analysis and pollution prevention. 

12. The suggested method is relatively safe in terms of accident prevention. The process is 

conducted under relatively mild conditions (atmospheric pressure, 120-220°C temperature 

range). The use of solid materials minimizes the risk of an accident. 

4.6  Experimental  

TGA Measurements 

TGA experiments were conducted on each linear dipeptide (listed in Table 4.13) two times 

or more if it was necessary. The first experiment was conducted with 2.3-5.4 mg at 5°C/min from 

the standby temperature (35 or 40°C) to the temperature at which the sample mass went to zero. 

This experiment was used to determine the mass loss steps (dehydration, chemical decomposition 

and sublimation) and to set experimental conditions for the synthesis of the corresponding cyclic 

dipeptide in a second TGA experiment and in the oven. The second TGA experiment served to 

verify the parameters of the decomposition step leading to the cyclic product and to isolate the 

product for further verification and studies. The samples of linear dipeptides were ramped in TGA 

at 10°C/min, and the experiment was stopped immediately after the mass loss went over the loss 

of one mole of water per one mole of dipeptide (when the decomposition step was not clearly 

identified in the first TGA experiment). In case when the decomposition step was clear and did not 

overlap in the first TGA experiment, the second TGA experiment was stopped right after the 

completion of the decomposition step. The recovered/isolated product was characterized by FTIR 

to confirm its molecular structure and composition. 

The dipeptides studied are listed in Table 4.1 along with the decomposition temperatures 

and expected mass loss values for the cyclization and sublimation. For the second TGA 

experiment, the studied dipeptides along with initial and identified product formulas, mass loss 

values and the corresponding temperatures, are listed in Table 4.14. The characterization results 

for the successfully isolated cyclic products from the second TGA experiment are also listed in the 

section 5.3.1 “Solid State Cyclization (TGA)”. 
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Furthermore, TGA was used to study the kinetics of the decomposition of Leu-Ala and to 

dehydrate linear dipeptides for DSC measurements. For the kinetic study of Leu-Ala, 5.827 mg 

sample was ramped 5°C/min to 110°C and then held for 2000 min. To dehydrate linear dipeptides, 

a sample placed in T-zero aluminum pan with loose T-zero lid was ramped 5°C/min until the 

desorption step was complete (according to the first TGA experiment). The experiment was 

stopped, right after, and the recovered sample was sealed under the press. Using this procedure, 

all dipeptide hydrates were dried in TGA.  

DSC Measurements 

A DSC experiment was conducted on each linear dipeptide (listed in Table 4.13), TGA-

dried linear dipeptide, oven-dried linear dipeptide, oven heated dipeptide (the cyclo-dipeptides 

listed in Table 4.15), sublimed dipeptides (listed in Table 4.16), and to study polymorphic 

transitions of cyclo-Leu-Ala/cyclo-Ala-Leu. The DSC experiment was conducted with 1-5 mg 

sample, 2-6 times (or more if it was necessary) at 5°C/min from -80°C to the temperature at which 

the sample sublimed. The DSC experiments were used to study the thermal effects in linear 

dipeptides due to dehydration, chemical decomposition process, melting and sublimation. For a 

second DSC experiment, TGA or oven-dried linear dipeptides (1-2 mg, 2 times) were run in DSC 

to study the thermal effects for the chemical decomposition process not complicated with 

dehydration. Later on, a DSC experiment was conducted for oven heated (2-3 times) and sublimed 

dipeptides (0.2-0.5 mg, 1-2 times). This DSC experiment served to compare the melting points of 

oven-heated vs sublimed dipeptides vs linear dipeptides. Additionally, it also served to confirm 

the completeness of cyclization as the presence of unreacted linear dipeptide would show the 

cyclization effect again. 

The linear dipeptide hydrates were dried in TGA for the DSC measurements (see TGA 

Measurements). Similarly, some of the dipeptides were initially dried in oven. A dipeptide sample, 

packed in T-zero pan with a semi-hermetic lid on it, was placed in the oven for up to 10 min at the 

dehydration temperature found by TGA. The sample was taken off, allowed to cool down, weighed 

and analyzed by DSC. DSC thermograms for these dry dipeptides helped to understand the 

decomposition step.  

The linear dipeptides studied are listed in Table 4.19 along with the onset and maximum 

temperatures and total enthalpy changes for the chemical decomposition. The total enthalpy 

change was calculated for the chemical decomposition process (Equation 4.10). The melting 



164 
 

temperatures for the linear and oven-heated dipeptides are also listed in Table 4.19 along with the 

total enthalpy change for the melting process.  

Linear dipeptide(s) = cyclo-dipeptide(s) + H2O(g)      

TGA-FTIR Analysis of Volatiles 

Volatiles, produced while heating linear dipeptides in TGA, were analyzed using real time 

FTIR analysis. Five hydrophobic dipeptides including Phe-Phe, Leu-Leu, Abu-Ala, Ala-Leu and 

Leu-Ala were subjected to this study. Before each experiment, the transfer line and FTIR chamber 

were heated to 220°C and 250°C, respectively, and the TGA volatiles with the flow of nitrogen 

were passed through, while simultaneously running FTIR of the gas mixture. The FTIR data were 

collected at 0.4 cm-1 resolution over the 400-4000 cm-1 range with Gram-Schmidt output for 

volatiles intensity. In these experiments, TGA-FTIR data were collected for each peptide (~2-10 

mg) with various values of heating ramp, nitrogen flow and time. For Leu-Ala, TGA was ramped 

at 5°C/min (38-265°C) with 50 ml/min nitrogen flow, with FTIR collected for 58 min. For Ala-

Leu, TGA was ramped at 10°C/min (35-275°C) with 100 ml/min nitrogen flow, with FTIR 

collected for 22 min. For Abu-Ala, TGA was ramped at 15°C/min (40-330°C) with 200 ml/min 

nitrogen flow, with FTIR collected for 27 min. For Leu-Leu, TGA was ramped at 20°C/min (36-

350°C) with 50 ml/min nitrogen flow with FTIR collected for 28 min. For Phe-Phe, TGA was 

ramped at 10°C/min (40-500°C) with 100 ml/min nitrogen flow and then jumped to 800°C 

(isothermal for 10 min) with 200 ml/min nitrogen flow, with FTIR collected for 54 min. The details 

of the experiments, TGA thermograms, Gram-Schmidt plots, and FTIR spectra are provided in the 

TGA-FTIR section. 

Synthesis of Cyclic Dipeptides 

The cyclic dipeptides were prepared by a thermal treatment according to Equation 4.11. Three 

different methods were used: 

 

1. The first method was the preparation achieved in a TGA experiment as described in the section 

TGA Measurements. In that case the experiment was stopped at the point where the 

transformation was believed to be complete (see Table 4.14). 3-13 mg of off-white product 

was recovered from the TGA pan and characterized by the FTIR analysis. 

Equation 4.10 

Equation 4.11 
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2. The second method was the preparation by heating a larger sample in a ventilation oven. The 

procedure was developed based on the corresponding TGA experiment. The oven was 

preheated at a required temperature before placing the sample. ~92-450 mg of ground 

dipeptide was added on the bottom of a 20 ml scintillation vial with wide mouth and the open 

vial was placed near the center of the ventilation oven for the amount of time needed and at 

the temperature corresponding to the onset of the reaction (Equation 4.11) found from TGA 

(listed in Table 4.1). Then the vial was taken off from the oven, closed immediately and 

allowed to cool down to room temperature. Time and temperature required for the oven 

synthesis of pure cyclo-dipeptides were optimized through multiple experiments. The 

products were characterized by FTIR, NMR, GC-MS, LCMS, PXRD, single crystal XRD, 

polarimetry, and DSC. Final times and temperatures used for the oven syntheses of cyclo-

dipeptides along with the amounts used are listed in Table 4.15. Further details of the 

syntheses and characterization results are listed in Tables 4.16 to 4.18. 

3. The third method was the preparation by sublimation. ~50-60 mg sample of dipeptide was 

sealed in a glass tube (1.5 cm diameter, ~40 cm long) under helium. The glass tube was placed 

in the furnace from top hole in a way that half of the tube was sitting inside the furnace and 

the other half was exposed to room temperature. The furnace was first ramped slowly in two 

steps and then kept isothermal (see Table 4.16). After this, the sample was recovered for 

analysis. The final products were characterized by NMR, GC-MS, PXRD, single crystal XRD, 

polarimetry and DSC. The sublimation products are listed in Table 4.16 along with the 

experimental parameters and results. 

Yield Calculations 

 The yields were calculated not taking into account the water of hydration (water not bonded 

chemically). In a first TGA experiment, amounts of water of hydration were determined. For each 

dipeptide hydrate, the amount of water of hydration was subtracted from the total initial mass 

[initial weight – (% water × initial weight)] to get the normalized mass. This normalized mass was 

used for yield calculations. The % yield for each cyclo-dipeptide for both TGA and oven recovered 

samples is mentioned in the experimental section of this chapter.  

PXRD Measurements 

Most PXRD measurements were conducted according to the standard procedure described 

in Chapter 3. For dipeptide hydrates, a sample placed in a PXRD copper holder was heated in oven 
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up to 4 hours at the dehydration temperature found by TGA. Then the sample was taken off and 

the PXRD pattern  was immediately collected for this hot sample. Later on, for some of these oven 

heated samples, FTIR spectra were collected. These experiments helped to understand the 

compositional changes of the samples during the progress of the reaction. 

Cyclic Products 

In this section, the characterization data for the cyclo-dipeptides synthesized in this work 

are listed. When the same cyclo-dipeptide was obtained from two isomeric dipeptides, the data are 

given together, either for both products or for one of them if the numbers were the same within the 

experimental error.  

Cyclo-L-Ala-L-Ala ((3S,6S)-3,6-Dimethylpiperazine-2,5-dione) 

Oven Product (FIA6C) 
Off-white solid (97.85%), MP: 288-289°C (with sublimation), FTIR (smart iTR (ZnSe), cm-1): 3318, 3186, 3077, 

3051, 2982, 2939, 2889, 1671, 1509, 1481, 1431, 1374, 1318, 1299, 1189, 1153, 1118, 1030, 995, 963, 815. 1H-NMR 

(400 MHz, DMSO-d6) δ 8.11 (s, 2H), 3.92 (q, J = 7.0 Hz, 2H), 1.26 (d, J = 6.9 Hz, 6H). 13C-NMR (101 MHz, DMSO-

d6)  169.54, 50.23, 18.94. ESI-MS (acetone) 143 (M+1).  GC-MS (DCM, scan 8.13 – 8.66 min): m/z (rel. abund. 

%): 142 (M+ 17), 114 (4), 100 (4), 99 (81), 84 (1), 71 (16), 70 (3), 56 (15), 55 (3), 53 (3), 44 (100), 43 (10), 42 (15) .  

Cyclo-L-Val-L-Val ((3S,6S)-3,6-Diisopropylpiperazine-2,5-dione) 

TGA Product (FIA3-TGA) 
White solid (81.72%), FTIR (smart iTR (ZnSe), cm-1): 3314, 3187, 3090, 3055, 2964, 2937, 2876, 1657, 1443, 

1391, 1372, 1346, 1292, 1181, 1146, 1107, 1071, 1042, 1006, 972, 928, 908, 842, 821, 789, 652. 

Oven Product (FIA3C) 
White solid (98.01%), MP: 287-295°C (with decomposition/sublimation), FTIR (smart iTR (ZnSe), cm-1): 3317, 

3188, 3090, 3055, 2965, 2938, 2877, 1656, 1443, 1391, 1373, 1346, 1293, 1181, 1146, 1108, 1071, 1042, 1006, 973, 

929, 909, 842, 821, 790, 652 1H-NMR (400 MHz, DMSO-d6) δ 7.96 (s, 2H), 3.69 (t, J = 2.2 Hz, 2H), 2.19 (m, 2H), 

0.96 (d, J = 7.1 Hz, 6H), 0.84 (d, J = 6.8 Hz, 6H). 13C-NMR (101 MHz, DMSO-d6):  167.37, 59.07, 30.99, 18.62, 

17.24. GC-MS (DCM, scan 8.57 min): m/z (rel. abund. %): 198 (M+), 183 (3), 169 (1), 156 (100), 140 (5), 127 (25), 

113 (57), 99 (11), 85 (23), 82 (6), 72 (59), 69 (9), 55 (21). 

Cyclo-L-Ile-L-Ile ((3S,6S)-3,6-Di((S)-sec-butyl)piperazine-2,5-dione) 

TGA Product (FIA17-TGA) 
White solid (97.95%), FTIR (smart iTR (ZnSe), cm-1): 3317, 3185, 3090, 3051, 2963, 2936, 2877, 1653, 1441, 1388, 

1361, 1327, 1278, 1257, 1172, 1141, 1118, 1072, 1053, 1029, 1009, 966, 903, 836, 803, 786, 685, 632. 

Oven Product (FIA17C) 
Off-white solid (97.55%), MP: 295-298°C (with decomposition/sublimation), FTIR (smart iTR (ZnSe), cm-1): 3317, 

3186, 3091, 3054, 2963, 2936, 2876, 1654, 1442, 1388, 1361, 1327, 1278, 1258, 1171, 1141, 1117, 1072, 1052, 1028, 

1010, 966, 904, 838, 803, 786, 685. 1H-NMR (400 MHz, DMSO-d6) δ 7.92 (s, 2H), 3.76 (t, J = 2.0 Hz, 2H), 1.89 (m, 

2H), 1.42 (m, 2H), 1.20 (m, 2H), 0.93 (d, J = 7.1 Hz, 6H), 0.84 (t, J = 7.4 Hz, 6H). 13C-NMR (101 MHz, DMSO-d6) 

δ 167.48, 58.41, 37.68, 24.31, 14.97, 11.87. GC-MS (DCM, scan 11.64 min): m/z (rel. abund. %): 226 (M+, 0.4), 211 

(0.5), 197 (1), 183 (2), 171 (10), 170 (100), 155 (4), 154 (10), 141 (6), 126 (5), 114 (16), 113 (52), 97 (2), 96 (2), 86 

(28), 85 (13), 70 (4), 69 (10), 57 (11), 56 (5), 55 (2), 44 (3), 41 (10). 
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Cyclo-L-Phe-L-Phe ((3S,6S)-3,6-Dibenzylpiperazine-2,5-dione)  

TGA Product (FIA15-TGA)  
White solid (99.27%), FTIR (smart iTR (ZnSe), cm-1): 3314, 3199, 3087, 3056, 3036, 2968, 2928, 2870, 1955, 

1657, 1585, 1497, 1457, 1337, 1306, 1268, 1250, 1211, 1193, 1166, 1134, 1091, 1034, 1014, 945, 922, 899, 872, 

853, 799, 754, 697, 656, 621, 574. 

Oven Product (FIA15C)  
White solid (96.43%), MP: 295-298°C (with decomposition/sublimation), FTIR (smart iTR (ZnSe), cm-1): 3310, 

3200, 3086, 3057, 2966, 2928, 2872, 1955, 1659, 1605, 1585, 1497, 1459, 1338, 1308, 1268, 1249, 1211, 1194, 1092, 

1034, 1015, 945, 922, 899, 872, 853, 803, 756, 699, 659, 621, 613, 581, 558, 544, 517. 1H-NMR (400 MHz, DMSO-

d6) δ 7.95 (d, J = 2.0 Hz, 2H), 7.29 (t, J = 7.3 Hz, 4H), 7.21 (tt, J = 1.8, 7.3 Hz, 2H), 7.04 (dd, J = 1.2, 7.6 Hz, 4H), 

3.97 (dt, J = 2.2, 5.2 Hz, 2H), 2.57 (dd, J = 4.8, 13.6 Hz, 2H), 2.23 (dd, J = 6.2, 13.6 Hz, 2H). 13C-NMR (101 MHz, 

DMSO-d6) δ 166.15, 136.53, 129.81, 128.18, 126.48, 55.39. GC-MS (DCM, scan 16.32 – 16.90 min): m/z (rel. abund. 

%) 295 (9), 294 (M+, 44), 281 (2), 207 (6), 204 (2), 203 (23), 175 (37), 147 (3), 132 (2), 131 (4), 130 (2), 120 (15), 

103 (8), 92 (12), 91 (100), 89 (2), 78 (2), 77 (6), 65 (8), 57 (4), 44 (9). 

Cyclo-L-Leu-L-Leu ((3S,6S)-3,6-Diisobutylpiperazine-2,5-dione)  

TGA Product (FIA19-TGA) 
White solid (99.61%), FTIR (smart iTR (ZnSe), cm-1): 3317, 3188, 3050, 2957, 2871, 1664, 1453, 1387, 1368, 

1346, 1323, 1258, 1170, 1142, 1121, 1095, 1004, 953, 836, 769, 701. 

Oven Product (FIA19C) 
White solid (99.28%), MP: 275-277°C (with sublimation), FTIR (smart iTR (ZnSe), cm-1): 3319, 3188, 3050, 2957, 

2896, 2871, 1665, 1454, 1387, 1368, 1346, 1323, 1258, 1170, 1141, 1121, 1095, 1003, 966, 953, 922, 836, 769, 701. 
1H-NMR (400 MHz, DMSO-d6) δ 8.20 (d, J = 2.4 Hz, 2H), 3.72 (m, 2H), 1.80 (m, 2H), 1.59 (ddd, J = 4.8, 7.4, 13.6 

Hz, 2H), 1.46 (ddd, J = 5.3, 7.5, 14.0 Hz, 2H), 0.90 (d, J = 6.6 Hz, 6H), 0.87 (d, J = 6.6 Hz, 6H). 13C-NMR (101 MHz, 

DMSO-d6):  168.41, 52.64, 43.59, 23.60, 23.01, 21.66. GC-MS (DCM, scan 8.00 min): m/z (rel. abund. %): 226 

(M+, 0.5), 211 (3), 197 (0.2), 183 (7), 171 (10), 170 (100), 155 (5), 141 (14), 140 (24), 126 (1), 114 (17), 113 (21), 

112 (9), 98 (2), 86 (47), 85 (6), 70 (5), 69 (4), 57 (6), 55 (8), 44 (9), 43 (13), 41 (9). 

Cyclo-L-Leu-D-Leu, ((3S,6R)-3,6-Diisobutylpiperazine-2,5-dione) 

TGA Product (FIA25-TGA) 
 Off-white solid (97.08%), FTIR (smart iTR (ZnSe), cm-1): 3312, 3189, 3051, 2957, 2870, 1661, 1451, 1385, 1367, 

1347, 1322, 1268, 1255, 1172, 1141, 1121, 1088, 1003, 954, 922, 890, 822, 767, 708, 690, 627. 

Oven Product (FIA25C) 
Off-white solid (98.13%), MP: 274-278°C (with sublimation), FTIR (smart iTR (ZnSe), cm-1): 3314, 3189, 3050, 

2959, 2871, 1662, 1451, 1386, 1368, 1346, 1325, 1265, 1172, 1140, 1121, 1090, 1061, 1004, 957, 923, 890, 830, 767, 

690, 629, 604, 583, 557, 546, 529, 505. 1H-NMR (600 MHz, DMSO-d6) δ 8.11 (s, 2H), 3.77 (t, J = 5.1 Hz, 2H), 1.83 

(m, 2H), 1.61 (m, 2H), 1.53 (m, 2H), 0.89 (d, J = 6.8 Hz, 6H), 0.88 (d, J = 6.7 Hz, 6H). 13C-NMR (151 MHz, DMSO-

d6) δ 169.24, 52.90, 41.78, 24.07, 23.35, 22.43. GC-MS (DCM, scan 21.05-22.05 min): m/z (rel. abund. %): 226 (M+, 

0.5), 211 (2), 183 (6), 171 (10), 170 (100), 155 (4), 141 (14), 140 (22), 126 (1), 114 (17), 113 (21), 112 (10), 98 (3), 

86 (44), 85 (6), 84 (3), 70 (4), 69 (4), 57 (5), 55 (9), 44 (12), 43 (13), 42 (4), 41 (10). 

Cyclo-L-Leu-L-Val ((3S,6S)-3-Isobutyl-6-isopropylpiperazine-2,5-dione)  

TGA Product (FIA8-TGA) 
White solid (99.77%), FTIR (smart iTR (ZnSe), cm-1): 3321, 3189, 3053, 2961, 2874, 1659, 1446, 1388, 1369, 1346, 

1331, 1310, 1287, 1258, 1173, 1144, 1110, 1060, 992, 961, 924, 893, 842, 824, 763, 700, 678, 654. 
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Oven Product (FIA8C) 
White solid (99.35%) MP: 263-268°C (with sublimation), FTIR (smart iTR (ZnSe), cm-1): 3321, 3189, 3054, 2961, 

2874, 1661, 1447, 1388, 1369, 1346, 1331, 1310, 1287, 1258, 1233, 1173, 1145, 1111, 1061, 992, 960, 923, 893, 843, 

825, 763, 700, 677, 654, 605. 1H-NMR (400 MHz, DMSO-d6) δ 8.19 (d, J = 1.8 Hz, 1H), 8.05 (d, J = 1.8 Hz, 1H), 

3.76 (m, 1H), 3.62 (t, J = 2.9 Hz, 1H), 2.12 (m, 1H), 1.84 (m, 1H), 1.63 (ddd, J = 4.7, 8.4, 13.6 Hz, 1H), 1.45 (ddd, J= 

5.3, 8.4, 14 Hz, 1H), 0.94 (d, J = 7.1 Hz, 3H), 0.88 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 7.2 Hz, 3H), 0.84 (d, J = 7.6 Hz, 

3H). 13C-NMR (101 MHz, DMSO-d6)  168.43, 166.84, 59.47, 52.34, 43.92, 31.43, 23.50, 23.04, 21.69, 18.72, 17.29. 

GC-MS (DCM, scan 19.26 – 19.91 min): m/z (rel. abund. %): 212 (M+, 1), 197 (2), 170 (22), 169 (9), 157 (9), 156 

(100), 141 (15), 127 (7), 126 (20), 114 (21), 113 (40), 99 (5), 98 (11), 86 (24), 85 (13), 72 (30), 70 (5), 69 (6), 57 (8), 

56 (6), 55 (13), 44 (10), 43 (12), 42 (4), 41 (10). 

Cyclo-L-Ala-L-Abu/Cyclo-L-Abu-L-Ala ((3S,6S)-3-Ethyl-6-methylpiperazine-2,5-dione)  

TGA Product (FIA5-TGA) 
Off-white solid (91.18%), FTIR (smart iTR (ZnSe), cm-1): 3320, 3190, 3079, 3051, 2972, 2939, 2881, 1669, 1435, 

1376, 1325, 1281, 1257, 1213, 1184, 1147, 1120, 1070, 1033, 975, 945, 874, 822, 802, 762, 664, 615, 563. 

Oven Product (FIA5C/FIA10C) 
Off-white solid (97.12% from Ala-Abu), (96.97% from Abu-Ala) MP: 260-263°C (from Ala-Abu), 261-265°C (from 

Abu-Ala) (with sublimation), FTIR (smart iTR (ZnSe), cm-1): 3319, 3187, 3079, 3049, 2977, 2939, 2880, 1667, 1435, 

1376, 1344, 1323, 1280, 1257, 1184, 1151, 1117, 1071, 1044, 976, 945, 925, 825, 764, 667, 615, 586, 556, 527, 506. 
1H-NMR (400 MHz, DMSO-d6) δ 8.13 (s, 1H), 8.06 (s, 1H), 3.88 (tq, J = 1.6, 7.0 Hz, 1H), 3.82 (tt, J = 1.5, 5.0 Hz, 

1H), 1.70 (m, 2H), 1.26 (d, J = 7.0 Hz, 3H), 0.84 (t, J = 7.4 Hz, 3H). 13C-NMR (101 MHz, DMSO-d6):  168.82, 

167.46, 54.86, 49.73, 25.36, 19.54, 8.66. GC-MS (DCM, scan 13.42 – 14.43 min): m/z (rel. abund. %): 156 (M+ 1), 

141 (2), 129 (7), 128 (100), 113 (43), 99 (32), 85 (26), 71 (8), 70 (20), 58 (62), 56 (18), 55 (11), 52 (3), 44 (79), 42 

(13), 41 (11). 

Cyclo-L-Ala-L-Val/Cyclo-L-Val-L-Ala ((3S,6S)-3-Isopropyl-6-methylpiperazine-2,5-dione)  

TGA Product (FIA22-TGA/FIA20-TGA). 
White solid (76.92% from Ala-Val, 81.56 from Val-Ala), FTIR (smart iTR (ZnSe), cm-1): 3319, 3186, 3045, 2967, 

2935, 2884, 1661, 1512, 1448, 1392, 1372, 1342, 1332, 1316, 1292, 1264, 1173, 1138, 1107, 1091, 1061, 966, 926, 

898, 852, 830, 808, 765, 694, 644. 

Oven Product (FIA22C/FIA20C). 
Off-white solid (93.01% from Ala-Val, 95.73% from Val-Ala), MP: 260-263°C for FIA22C, 260-267°C for FIA20C 

(with sublimation), FTIR (smart iTR (ZnSe), cm-1): 3318, 3187, 3047, 2967, 2934, 2888, 1665, 1512, 1481, 1458, 

1392, 1372, 1342, 1333, 1316, 1292, 1264, 1173, 1138, 1107, 1090, 1062, 966, 926, 898, 855, 831, 808, 765, 695, 

643, 610. 1H-NMR (400 MHz, DMSO-d6) δ 8.13 (s, 1H), 8.00 (s, 1H), 3.88 (tq, J = 1.6, 7.0 Hz, 1H), 3.68 (m, 1H), 

2.16 (m, 1H), 1.28 (d, J= 7.0 Hz, 3H), 0.95 (d, J = 7.1 Hz, 3H), 0.84 (d, J = 6.8 Hz, 3H). 13C-NMR (101 MHz, DMSO-

d6)  168.66, 166.57, 59.33, 49.62, 31.02, 20.04, 18.45, 16.81. GC-MS (DCM, scan 15.12 – 15.80 min): m/z (rel. 

abund. %): 170 (M+ ,1), 155 (2), 129 (7), 128 (100), 127 (16), 113 (30), 99 (23), 85 (8), 84 (11), 72 (25), 71 (5), 70 

(4), 69 (8), 57 (5), 56 (10), 55 (7), 44 (44), 43 (7), 42 (8), 41 (7). 

Cyclo-D-Ala-D-Val ((3R,6R)-3-Isopropyl-6-methylpiperazine-2,5-dione)) 

Oven Product (FIA21C) 
White solid (92.96%), MP: 248-253°C (with sublimation), FTIR (smart iTR (ZnSe), cm-1): (Amide N-H stretch) 

3195, 3051, 2956, 2940, 2875, 2817, 2606, 2110, 1666, 1624, 1563, 1507, 1462, 1404, 1384, 1336, 1315, 1296, 

1245, 1234, 1176, 1145, 1123, 1065, 1014, 979, 941, 918, 847, 827, 803, 754, 710, 692, 662, 612, 590, 1H-NMR 

(400 MHz, DMSO-d6) δ 8.15 (s, 1H), 8.01 (s, 1H), 3.89 (qq, J = 1.4, 7.0 Hz, 1H), 3.70 (m, 1H), 2.19 (m, 1H), 1.29 

(d, J = 7.0 Hz, 3H), 0.96 (d, J = 7.1 Hz, 3H), 0.85 (d, J = 6.8 Hz, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 169.17, 
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167.08, 59.83, 50.12, 31.51, 20.54, 18.97, 17.31. GC-MS (DCM, scan 15.16 – 15.65 min): m/z (rel. abund. %): 170 

(M+, 1), 155 (1), 129 (7), 128 (100), 127 (17), 113 (27), 99 (26), 85 (7), 84 (8), 72 (26), 71 (5), 70 (5), 69 (6), 57 (6), 

56 (10), 55 (8), 44 (46), 43 (9), 42 (7), 41 (9). 

Cyclo-L-Ala-L-Ile/Cyclo-L-Ile-L-Ala ((3S,6S)-3-((S)-sec-Butyl)-6-methylpiperazine-2,5-dione)  

TGA Product (FIA1-TGA/FIA26-TGA)  
White solid (81.58% from Ala-Ile, 90.95% from Ile-Ala), FTIR (smart iTR (ZnSe), cm-1): 3321, 3187, 3049, 2964, 

2934, 2878, 1662, 1451, 1370, 1327, 1253, 1183, 1136, 1118, 1091, 1065, 1050, 969, 950, 852, 829, 766, 692, 637. 

Oven Product (FIA1C/FIA26) 
(Brown solid (95.45%), MP: 229-233°C with sublimation, from Ala-Ile), (Off-white solid, (98.37%), MP: 241-244°C 

with sublimation, from Ile-Ala), FTIR (smart iTR (ZnSe), cm-1): 3313, 3186, 3080, 3048, 2963, 2935, 2876, 1670, 

1424, 1379, 1323, 1310, 1283, 1178, 1149, 1110, 1063, 1042, 1012, 962, 893, 837, 818, 792, 772, 677, 620, 582. 1H-

NMR (600 MHz, DMSO-d6) δ 8.12 (s, 1H), 7.98 (s, 1H), 3.90 (tq, J = 1.5, 6.9 Hz, 1H), 3.76 (m, 1H), 1.86 (m, 1H), 

1.42 (m, 1H), 1.28 (d, J = 7.0 Hz, 3H), 1.20 (m, 1H), 0.93 (d, J = 7.1 Hz, 3H), 0.86 (t, J = 7.4 Hz, 3H). 13C-NMR (151 

MHz, DMSO-d6) δ 169.05, 167.08, 59.26, 50.09, 38.45, 24.62, 20.35, 15.48, 12.37. GC-MS (DCM, scan 5.44 min): 

m/z (rel. abund. %): 184 (M+ , 0.5), 169 (0.4), 155 (2), 141 (6),129 (7), 128 (100), 113 (32), 99 (6), 86 (13), 84(7), 69 

(7), 57 (8), 56 (6), 44 (27), 41 (7). 

Cyclo-L-Ala-L-Leu/Cyclo-L-Leu-L-Ala ((3S,6S)-3-Isobutyl-6-methylpiperazine-2,5-dione)  

TGA Product (FIA9-TGA/FIA23-TGA) 
White solid (93.41% from Ala-Leu, 99.81% from Leu-Ala), FTIR (smart iTR (ZnSe), cm-1): 3317, 3189, 3083, 3051, 

2958, 2872, 1672, 1440, 1388, 1377, 1346, 1325, 1259, 1238, 1151, 1124, 1111, 1049, 980, 957, 909, 887, 818, 762, 

669, 617. 

Oven Product (FIA9C/FIA23C) 
White solid (97.73% from Ala-Leu, 99.85% from Leu-Ala), MP: 254-257°C (FIA9C), 257-261°C (FIA23C) (with 

sublimation). FTIR (smart iTR (ZnSe), cm-1): 3317, 3189, 3049, 2962, 2872, 1669, 1441, 1388, 1376, 1345, 1325, 

1259, 1238, 1173, 1150, 1123, 1110, 1061, 976, 925, 885, 820, 761, 697, 669, 616, 586, 557, 506, 1H-NMR (400 

MHz, DMSO-d6) δ 8.14 (s, 1H), 8.12 (s, 1H), 3.86 (ddq, J = 0.9, 2.3, 11.7 Hz, 1H), 3.77 (m, 1H), 1.81 (m, 1H), 1.62 

(ddd, J = 4.9, 8.4, 13.6 Hz, 1H), 1.48 (ddd, J = 5.7, 9.9, 14.0 Hz, 1H), 1.27 (d, J = 7.0 Hz, 3H), 0.88 (d, J = 6.6 Hz, 

3H), 0.86 (d, J = 6.6 Hz, 3H). 13C-NMR (101 MHz, DMSO-d6)  168.86, 168.35, 52.56, 49.86, 42.56, 23.57, 22.92, 

21.82, 19.55. GC-MS (DCM, scan 8.16 min): m/z (rel. abund. %): 184 (M+, 0.3), 169 (1), 155 (1), 141 (10), 129 (6), 

128 (100), 113 (22), 99 (19), 98 (12), 86 (25), 71 (7), 70 (25), 57 (6), 56 (7), 55 (13), 44 (69), 43 (21), 42 (16), 41 

(18). 

Cyclo-L-Ala-L-Phe/Cyclo-L-Phe-L-Ala ((3S,6S)-3-Benzyl-6-methylpiperazine-2,5-dione) 

TGA Product (FIA24-TGA/FIA12-TGA) 
White solid (97.78% from Ala-Phe, 99.93% form Phe-Ala), FTIR (smart iTR (ZnSe), cm-1): 3314, 3184, 3033, 2980, 

2894, 1951, 1661, 1606, 1484, 1465, 1370, 1338, 1243, 1210, 1191, 1161, 1104, 1076, 1054, 1034, 969, 923, 857, 

776, 752, 695, 666, 621, 581. 

Oven Product (FIA24C/FIA12C) 
White solid (98.33% from Ala-Phe, 99.94% from Phe-Ala), MP: 284-287°C (FIA24C) and 286-289°C (FIA12C) with 

sublimation. FTIR (smart iTR (ZnSe), cm-1): 3314, 3185, 3033, 2980, 2897, 1951, 1662, 1605, 1484, 1465, 1370, 

1338, 1243, 1211, 1191, 1160, 1104, 1075, 1054, 1034, 969, 923, 860, 776, 752, 695, 666, 621, 582, 536, 516. 1H-

NMR (400 MHz, DMSO-d6) δ 8.13 (s, 1H), 8.02 (s, 1H), 7.28 (t, J = 7.2 Hz, 1H), 7.22 (tt, J = 1.5, 7.1 Hz, 1H), 7.16 

(dd, J = 1.6, 7.8 Hz, 1H), 4.18 (m, 1H), 3.62 (qq, J = 1.1, 7.0 Hz, 1H), 3.13 (dd, J = 3.7, 13.4 Hz, 1H), 2.86 (dd, J = 

4.9, 13.4 Hz, 1H), 0.46 (d, J = 7.0 Hz, 3H). 13C-NMR (101 MHz, DMSO-d6)  167.63, 165.78, 136.00, 127.99, 
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126.62, 55.31, 49.66, 38.27, 19.65. GC-MS (DCM, scan 12.03 – 12.53 min): m/z (rel. abund. %): 219 (6), 218 (M+, 

38), 201 (1), 175 (2), 147 (1), 127 (16), 120 (7), 104 (4), 103 (5), 99 (29), 92 (15), 91 (100), 89 (3), 77 (5), 71 (5), 65 

(8), 63 (2), 55 (2), 51 (3), 44 (16), 42 (3). 

Cyclo-L-Val-L-Ile/Cyclo-L-Ile-L-Val ((3S,6S)-3-((S)-sec-Butyl)-6-isopropylpiperazine-2,5-

dione)  

TGA Product (FIA4-TGA/FIA2-TGA)  
White solid (97.13% from Val-Ile, 97.95% from Ile-Val), FTIR (smart iTR (ZnSe), cm-1): 3316, 3186, 3052, 2965, 

2938, 2877, 1655, 1441, 1388, 1371, 1347, 1286, 1251, 1180, 1144, 1110, 1072, 1051, 1004, 981, 958, 928, 903, 840, 

813, 774, 680, 647 

Oven Product (FIA4C/FIA2C)  
[(Off-white solid 98.60%, MP: 283-289°C with sublimation) from Val-Ile], [White solid, 98.83%, MP: 283-292°C 

(with sublimation) from Ile-Val], FTIR (smart iTR (ZnSe), cm-1): 3316, 3185, 3089, 3052, 2965, 2937, 2877, 1658, 

1444, 1388, 1372, 1347, 1286, 1251, 1180, 1143, 1110, 1050, 1003, 981, 958, 904, 844, 815, 791, 775, 680, 648. 1H-

NMR (400 MHz, DMSO-d6) δ 7.96 (s, 1H), 7.95 (s, 1H), 3.77 (m, J = 1.8 Hz, 1H), 3.71 (m, J = 1.8 Hz, 1H), 2.23 

(m, 1H), 1.89 (m, 1H), 1.42 (m, 1H), 1.20 (m, 1H), 0.98 (d, J = 7.1 Hz, 3H), 0.94 (d, J = 7.1 Hz, 3H), 0.85 (t, J = 7.4 

Hz, 3H), 0.85 (d, J = 6.8 Hz, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 167.99, 167.84, 59.51, 58.97, 38.30, 31.33, 

24.82, 19.10, 17.71, 15.49, 12.39. GC-MS (DCM, scan 19.81 min): m/z (rel. abund. %): 212 (M+ , 0.4), 197 (1), 183 

(2), 170 (19), 169 (4), 157 (9), 156 (100), 141 (13), 140 (5), 127 (9), 114 (12), 113 (68), 112 (8),  99 (3), 86 (19), 85 

(16), 72 (21), 69 (10), 57 (10), 55 (8), 44 (3), 41 (10). 

Cyclo-L-Val-L-Phe/Cyclo-L-Phe-L-Val ((3S,6S)-3-Benzyl-6-isopropylpiperazine-2,5-dione) 

TGA Product (FIA11-TGA/FIA13-TGA) 
White solid (99.95% and 99.60% from Val-Phe and Phe-Val, respectively), FTIR (smart iTR (ZnSe), cm-1): 3317, 

3187, 3049, 2967, 2885, 1955, 1659, 1451, 1373, 1343, 1285, 1252, 1215, 1176, 1107, 1087, 1060, 1035, 1016, 923, 

892, 849, 829, 799, 759, 697, 636, 589. 

Oven Product (FIA11C/FIA13C) 
White solid [(99.84%, MP: 261-263°C (with sublimation) for FIA11C], [99.69%, MP: 259-261°C (with sublimation) 

for FIA13C], FTIR (smart iTR (ZnSe), cm-1): 3316, 3186, 3048, 2966, 2886, 1661, 1608, 1485, 1452, 1374, 1343, 

1314, 1284, 1252, 1214, 1174, 1118, 1107, 1088, 1060, 1036, 1019, 979, 925, 891, 852, 831, 800, 760, 697, 636, 589, 

558, 533, 516. 1H-NMR (400 MHz, DMSO-d6) δ 8.11 (s, 1H), 7.91 (s, 1H), 7.24 (m, 2H), 7.18 (m, 3H), 4.21 (m, 

1H), 3.53 (p, J = 1.8 Hz, 1H), 3.15 (dd, J = 4.3, 13.5 Hz, 1H), 2.87 (dd, J = 5.0, 13.5 Hz, 1H), 1.73 (m, 1H), 0.65 

(d, J = 7.1 Hz, 3H), 0.26 (d, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, DMSO-d6)  166.51, 166.39, 136.28, 130.28, 

127.91, 126.45, 59.53, 54.99, 37.76, 30.97, 18.19, 16.13, GC-MS (DCM, scan 15.63 – 16.58 min): m/z (rel. abund. 

%): 247 (9), 246 (M+ 61), 229 (4), 204 (12),175 (4), 155 (15), 131 (6), 128 (7), 127 (59), 120 (14), 113 (19), 103 (8), 

99 (17), 92 (8), 91 (100), 85 (26), 82 (5), 77 (6), 72 (17), 65 (8), 57 (9), 56 (4), 55 (9), 51 (2), 44 (5), 41 (5) . 

Cyclo-L-Ile-L-Leu/Cyclo-L-Leu-L-Ile ((3S,6S)-3-((R)-sec-Butyl)-6-isobutylpiperazine-2,5-

dione) 

TGA Product (FIA18-TGA/FIA7-TGA) 
White solid (98.07% from Ile-Leu), (99.99% from Leu-Ile), FTIR (smart iTR (ZnSe), cm-1): 3318, 3186, 3050, 

2962, 2937, 2876, 1656, 1447, 1387, 1363, 1343, 1324, 1276, 1256, 1172, 1142, 1119, 1102, 1061, 1007, 959, 894, 

841, 820, 763, 706, 685, 639, 555. 

Oven Product (FIA18C/FIA7C) 
White solid [98.10%, MP: 279-282°C (with sublimation) from Ile-Leu], [99.54%, MP: 276-283°C (with sublimation) 

from Leu-Ile], FTIR (smart iTR (ZnSe), cm-1): 3320, 3187, 3051, 2962, 2936, 2875, 1657, 1447, 1387, 1363, 1343, 

1324, 1276, 1256, 1172, 1141, 1119, 1101, 1061, 1007, 959, 893, 842, 820, 763, 706, 685, 638, 587. 1H-NMR (400 
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MHz, DMSO-d6) δ 8.16 (d, J = 1.8 Hz, 1H), 8.03 (d, J = 1.7 Hz, 1H), 3.77 (m, 1H), 3.69 (m, 1H), 1.83 (m, 2H), 1.63 

(ddd, J = 4.7, 8.8, 13.5 Hz, 1H), 1.44 (m, 2H), 1.17 (m, 1H), 0.92 (d, J = 7.0 Hz, 3H), 0.88 (d, J = 6.8 Hz, 3H), 0.86 

(d, J = 6.5 Hz, 3H), 0.84 (d, J = 7.4 Hz, 3H). 13C-NMR (100 MHz, DMSO-d6)  168.34, 166.82, 58.77, 52.29, 43.63, 

38.25, 24.29, 23.51, 23.05, 21.72, 15.12, 11.74. GC-MS (DCM, Scan 11.64 min): m/z (rel. abund. %): 226 (M+, 0.5), 

211(1), 197 (1), 197 (1), 183 (4), 171 (10), 170 (100), 169 (3), 155 (3), 154 (4), 153 (1), 141 (12), 140 (16), 126 (3), 

114 (30), 113 (41), 97 (4), 86 (43), 85 (14), 70 (6), 69 (12), 57 (19), 55 (8). 

Cyclo-L-Leu-L-Phe/Cyclo-L-Phe-L-Leu ((3S,6S)-3-Benzyl-6-isobutylpiperazine-2,5-dione)  

TGA Product (FIA16-TGA/FIA14-TGA) 
White solid (99.48% from Leu-Phe P113), (99.61% from Phe-Leu). FTIR (smart iTR (ZnSe), cm-1): 3313, 3188, 

3033, 2956, 2894, 1955, 1662, 1518, 1494, 1454, 1387, 1367, 1334, 1322, 1247, 1212, 1195, 1157, 1118, 1094, 1033, 

1012, 912, 837, 767, 752, 699, 613, 582. 

Oven Product (FIA16C/FIA14C) 
[White solid (99.45%), MP: 270-273°C (with sublimation) from Leu-Phe], [Off-white solid, (99.47%), MP: 265-

268°C (with sublimation) from Phe-Leu], FTIR (smart iTR (ZnSe), cm-1): 3314, 3187, 3050, 2957, 2922, 2895, 1955, 

1662, 1605, 1494, 1455, 1387, 1367, 1334, 1322, 1247, 1212, 1184, 1157, 1119, 1094, 1033, 1012, 965, 912, 886, 

837, 767, 752, 699, 630, 583, 558, 536, 517, 505. 1H-NMR (400 MHz, DMSO-d6) δ 8.11 (d, J = 1.8 Hz, 1H), 8.07 

(d, J = 2.1 Hz, 1H), 7.26 (tt, J = 1.2, 7.1 Hz, 2H), 7.21 (tt, J = 1.2, 7.2 Hz, 1H), 7.12 (dd, J = 1.1, 7.8 Hz, 2H), 4.15 

(m, 1H), 3.45 (p, J = 4.0 Hz, 1H), 3.12 (dd, J = 3.8, 13.3 Hz, 1H), 2.81 (dd, J = 5.0, 13.4 Hz, 1H), 1.40 (m, 1H), 0.73 

(ddd, J = 4.6, 9.0, 13.6 Hz, 1H), 0.62 (d, J = 6.5 Hz, 3H), 0.58 (d, J= 6.6 Hz, 3H), 0.08 (ddd, J = 4.9, 9.0, 13.7 Hz, 

1H). 13C-NMR (101 MHz, DMSO-d6) ; 167.47, 166.08, 136.04, 130.34, 128.04, 126.68, 55.39, 52.19, 43.58, 38.40, 

2.85, 22.76, 21.32. GC-MS (DCM, scan 19.26 – 20.39 min): m/z (rel. abund. %): 261 (M+1, 5), 260 (M+ ,13), 245 

(1), 243 (1), 217 (3), 205 (5), 204 (50), 174 (3), 169 (27), 146 (5), 141 (62), 131 (8), 120 (17), 113 (43), 103 (8), 92 

(18), 91 (100), 86 (9), 85 (17), 77 (7), 71 (4), 65 (7), 57 (7), 55 (5), 44 (10), 43 (8), 41 (9). 
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Chapter 5. Hydrophilic and Glycine Containing Dipeptides: 

Thermal Stability and Solid State Transformations 

5.1   Introduction 

In this chapter, thermal stability and chemical transformations of 23 hydrophilic, including 

glycine containing, dipeptides are described. The studied dipeptides are listed in Table 5.1 

indicating substituent groups in the general structure shown in Figure 5.1. The dipeptides 2-7, 10-

11, 13-14 and 16 are formed by Gly on one terminal and one of six hydrophobic L-amino acids 

(Ala, Leu, Ile, Pro, Phe, Trp) or an LD-isomer on the other terminal. Although one amino acid in 

these dipeptides has a hydrophobic side chain, the presence of glycine makes them more soluble 

in water than hydrophobic dipeptides studied in Chapter 4. Other 11 hydrophilic dipeptides are 

made from Gly and nine L-amino acids (Met, Ser, Gln, Tyr, Asn, Asp, Ala, Val, Leu) where at 

least one amino acid is hydrophilic. 

The first portion of this chapter (see section 5.2 for results and discussion) is devoted to 

the thermal stability of the dipeptides studied with TGA, TGA-FTIR, and DSC analyses. All the 

dipeptides were studied with TGA and DSC to reveal their limits of thermal stability and 

decomposition patterns. The occurrence of chemical transformations was studied by: i) doing the 

evolved gas analysis in TGA-FTIR; ii) doing the stoichiometry calculations of the mass loss events 

from TGA; iii) characterizing the dipeptides samples recovered from TGA. The thermal stability 

trends as a function of their molecular structure, crystal composition and solid state are discussed. 

The second portion of this chapter (see section 5.3 for results and discussion) is devoted to 

further exploration of the thermally-induced cyclization of the studied dipeptides. In general, 

thermal behavior of these 23 dipeptides was more complex than for the hydrophobic dipeptides of 

Chapter 4. Nevertheless, the reaction could have a potential as a synthetic method for cyclo-

dipeptides (diketopiperazines) with the hydrophilic side groups. Therefore, the reaction was 

studied in more detail in the context of scaling up the synthesis and optimizing the conditions. The 

solid state synthesis was attempted by heating the dipeptides in an oven under conditions selected 

based on the TGA results. The isolated products were characterized by FTIR, NMR, GC-MS, 

PXRD, single crystal XRD (the XRD results are not included in the thesis), LC-MS, and DSC 

methods. 
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The overall conclusions and experimental details are given in sections 5.4 and 5.5, 

respectively.  

 

Figure 5.1 General dipeptide structure 

Table 5.1 Hydrophilic dipeptides utilized in this study 

R1 R2 
Dipeptide  

(Compound no) 
R1 R2 

Dipeptide  

(Compound no) 

H H Gly-Gly (1) H CH2Ph Gly-L-Phe (13) 

CH2CH(CH3)CH3 H L-Leu-Gly (2) CH2Ph H L-Phe-Gly (14) 

H CH2CH(CH3)CH3 Gly-L-Leu (3) H CH2Ph-p-OH Gly-L-Tyr (15) 

CH(CH3)CH2CH3 H L-Ile-Gly (4) H CH2(1H-indole-3-yl) Gly-L-Trp (16) 

H CH(CH3)CH2CH3 Gly-L-Ile (5) H CH2CONH2 Gly-L-Asn (17) 

H CH3 Gly-L-Ala (6) H CH2COOH Gly-L-Asp (18) 

CH3 H LD-Ala-Gly (7) CH3 CH2CH2CONH2 L-Ala-L-Gln (19) 

H CH2CH2SCH3 Gly-L-Met (8) CH3 CH2Ph-p-OH L-Ala-L-Tyr (20) 

H CH2OH Gly-L-Ser (9) CH2CH(CH3)CH3 CH2OH L-Leu-L-Ser (21) 

H [CH2CH2CH2] Gly-L-Pro (10) CH(CH3)CH3 CH2OH L-Val-L-Ser (22) 

[CH2CH2CH2] CH3 L-Pro-Gly (11) CH2CH2SCH3 CH3 L-Met-L-Ala (23) 

H CH2CH2CONH2 Gly-L-Gln (12)    

 

5.2   Thermal Stability Studies 

5.2.1 TGA Patterns 

The TGA studies were conducted with linear heating; most experiments were run within 

35-400°C, while some within 35-600°C or 35-800°C. The TGA thermograms obtained for the 23 

studied dipeptides exhibited two to five mass loss events. In most of the dipeptides, one to two 

mass loss events (Δm before 120ºC) were identified as dehydration, a release of chemically non-

bonded water. One to two small mass loss events observed after the release of non-bonded water 
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(more or less defined initial and final plateaus) were identified as chemical decomposition. The 

very last mass loss effect was interpreted as sublimation in some cases, although this could be 

vaporization or a multiple events process. Contrary to the hydrophobic dipeptides (Chapter 4), the 

final mass residue was not close to zero in most cases. Another difference from the dipeptides of 

Chapter 4 was melting observed during the TGA experiments in some cases. The black color and 

insolubility of the residue in many solvents indicated the formation of polymers. Two to four TGA 

runs were conducted for each dipeptide to test reproducibility. The studied dipeptides were divided 

into five categories based on the five distinguished types of their TGA patterns (as shown in Table 

5.2).   

Category 1 

This category displayed TGA thermograms similar to Category 1 in Chapter 4 (see 

Category 1 in Section 4.2). The thermograms had distinctive, well separated mass loss steps. The 

mass loss values for the steps were reproducible (with the standard deviation of <0.2% for 2-3 

measurements). Either a physical or chemical process could be assigned to each of these steps, 

with a good correspondence between the experimental and calculated mass loss values. 

Among the 23 studied dipeptides, Gly-Trp, Gly-Tyr and Met-Ala were in this category. 

The former two were found to be in hydrated forms whereas Met-Ala was a formate salt (Met-

Ala⸳HCOOH). The TGA thermogram of Met-Ala⸳HCOOH (Figure 5.2) was similar to other 

dipeptides, but the first two mass loss steps (103 and 127°C) were due to the release of formic acid 

rather than dehydration.   

Category 2 

 This category showed TGA thermograms similar to Category 2 in Chapter 4 (see Category 

2 in Section 4.2). All steps could easily be assigned each to a single process, but they were not 

well separated. Due to a partial overlap of the mass loss steps, standard deviations for Δm varied 

within 0.2-0.4%. The last two steps were usually close to each other resulting in a partial overlap 

and often displayed a higher mass loss for the second last step. This partial overlap depended on 

the initial amount of sample, so the mass loss values were not well reproducible. 

 Among the 23 dipeptides, Ala-Tyr and Gly-Met were in Category 2. 
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Category 3 

This category showed TGA thermograms similar to Category 3 in Chapter 4 (see category 

3 in Section 4.2). Mass loss steps could be assigned each to a single process, but they strongly 

overlapped resulting in a high standard deviation for Δm (up to 5% and higher). The last two steps 

strongly overlapped suggesting the cyclization and sublimation occur almost simultaneously. For 

these TGA thermograms, the mass loss was assigned by considering the first derivative of the mass 

loss on temperature. 

Among the 23 dipeptides, Gly-Phe, Ile-Gly, Gly-Ile, Gly-Ala, Gly-Leu, LD-Ala-Gly, and 

Pro-Gly were in this category. All the dipeptides were anhydrous except for Pro-Gly.  

Category 4 

In some of the TGA thermograms of this category, the mass loss step due to the release of 

the non-bonded water and the sublimation step could be assigned each to a single process, but the 

assignment of the chemical decomposition was complicated. Instead of having a single mass loss 

step, two or more clear steps appeared at elevated temperature just before the greater mass loss 

step due to, presumably, sublimation. These small multiple mass loss steps completely or partially 

overlapped with each other and with the sublimation process. Due to this overlap, Δm was 

uncertain (standard deviation for Δm was up to 5% and higher) for each step, and it was hard to 

assign a reaction just based on the TGA plot. Therefore, the mass loss was assigned by considering 

the first derivative of the mass loss on temperature. This category is illustrated by the TGA plot of 

Val-Ser (Figure 5.3), where five mass loss steps can be distinguished: step 1 (Δm = 4.58 ± 0.2%, 

Ton = 68°C), step 2 (Δm = 8.56% (8.86% normalized for the dry dipeptide), 183°C), step 3 (Δm = 

6.92% (7.95% normalized for the dry dipeptide), 195°C), step 4 (Δm = 73.33%, 228°C), and step 

5 (Δm = 6.18%, 282°C). Step 1 is reproducible and it could be recognized as due to desorption of 

loosely, non-chemically bonded water because it occurs at low temperature and Δm is less than 

that for any expected decomposition (Table 5.2). Steps 2 and 3 show greater variations for 

temperatures, 180-187°C and 192-198°C, and for the normalized Δm (Δm = 8.86 ± 1% and 7.95 ± 

1%, respectively). The individual mass loss (%) for step 2 or 3 is close to the mass loss (%) for the 

release of H2O or NH3. The combined mass for steps 2 and 3 is close to the combined mass loss 

for the release of H2O and NH3 (Table 5.2) or CH2OH from Val-Ser (15.20% calculated). It is 

clear that steps 2 and 3 are due to a chemical decomposition which may happen through the release 

of mainly H2O and NH3 or CH2OH. Due to the uncertainty in the mass loss values, it was hard to 
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assign a reaction just based on the TGA plot. Step 4 was interpreted as sublimation, although this 

could be a more complex process. Step 5 could be due to further decomposition of the products 

formed in the previous steps. 

Among the 23 dipeptides, Leu-Gly (P101), Gly-Pro, Phe-Gly, Leu-Gly (P055) and Leu-

Ser were in this category. All of these dipeptides were found to be in a hydrated form. 

 

Figure 5.2 a) TGA plot of Met-Ala⸳HCOOH, 

(*decomposition step). b) First derivative of mass loss 

(dWeight/dT (%/°C)) 

 

Figure 5.3 a) TGA plot of Val-Ser, (*decomposition 

step). b) First derivative of mass loss (dWeight/dT 

(%/°C)) 

Category 5 

All the mass loss steps in the Category 5 thermograms could partially overlap but they were 

distinguishable. The mass loss steps were <30% with up to 5% standard deviation. Unlike in other 

categories, these TGA thermograms did not show any greater mass loss (>50%) that could be 

  

 

Figure 5.4 a) TGA plot of Gly-Gly. b) First derivative of mass loss (dWeight/dT 
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assigned to sublimation. The thermograms showed large mass residues (20-37%) even after 

reaching the 500-800°C range. This category is illustrated by the TGA plot of Gly-Gly (Figure 

5.4), where four mass loss steps can be distinguished: step 1 (Δm = 18.32, 213°C), step 2 (Δm = 

33.02%, 279°C), step 3 (Δm = 10.01%, 335°C) and step 4 (Δm = 9.89%, 374°C). The final mass 

residue is 28.76% at 500°C. The standard deviation for Δm for the first mass loss step is 0.2%, 

whereas for the later steps it was up to 2%. The Δm for the first mass loss step (18.32%) is greater 

than the loss of H2O (13.64%) or NH3 (11.36%), but smaller than the loss of CO2 (33.33%). On 

the other hand, Δm for the second mass loss step (33.02%) is very close to the theoretical loss of 

CO2. The Δm (%) for steps 3 and 4 are close to the loss of H2O and NH3. It is clear the series of 

mass loss steps in the 213-374°C range with a large mass residue at 500°C suggests chemical 

decomposition, but it was not possible to assign a specific chemical reaction just based on the TGA 

plot. 

Among the 23 dipeptides, Gly-Ser, Gly-Asn, Gly-Gln, Ala-Gln and Gly-Asp were in this 

category. Most of them were in hydrated forms except for Gly-Gly and Gly-Asn.  

5.2.1.1 Decomposition of Dipeptides from TGA Patterns 

The thermal stability studies on the 26 hydrophobic dipeptides of Chapter 4 revealed the 

chemical decomposition of the dipeptides into the cyclo-dipeptides and water. For the 23 

dipeptides studied in this chapter, categories 1-3 thermograms are similar to the categories 1-3 

thermograms of Chapter 4, respectively (see Section 4.2.1). Therefore, categories 1-3 dipeptides 

were anticipated to undergo a similar chemical decomposition reaction. The real challenge was to 

interpret the chemical decomposition events on the categories 4 and 5 thermograms. Both of these 

groups showed multiple decomposition steps at elevated temperatures (>144°C) with a substantial 

final mass residue (up to 40%) at the end of the 400-800ºC range. 

In the TGA analysis of the dipeptides, any significant mass loss event at elevated 

temperature (>120°C) is expected to be due to some chemical decomposition. The decomposition 

steps are summarized in Table 5.2 for each dipeptide. The mass loss values were calculated for a 

normalized mass after dehydration whenever the initial sample was a hydrate. All these mass loss 

events were compared in their values with the calculated stoichiometric losses of CO2, NH3 and 

H2O per mole of dipeptide (Table 5.2). Additionally, for the serine containing dipeptides, 

stoichiometric losses of CH2OH per mole of dipeptide were also calculated to compare with the 

experimental values. 
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In Category 1, the first two mass loss steps (54-112°C range) in both Gly-Trp and Gly-Tyr 

were identified as the release of non-bonded water. In the TGA thermogram of Met-Ala‧HCOOH, 

the first two mass loss steps (Δm = 15.87 and 1.27% at 103 and 127°C, respectively) were due to 

the release of formic acid. The third mass loss steps in Met-Ala and Gly-Tyr (Ton 162 and 154°C, 

respectively), third and fourth steps (together) in Gly-Trp (Ton 150 and 198°C) thermograms were 

found to be very close to % mass loss for the release of H2O or NH3 from the dehydrated (or after 

the removal of formic acid) dipeptide. It is clear that in these dipeptides, the first chemical 

decomposition event is happening with the loss of either H2O or NH3. After the chemical 

decomposition, greater mass loss steps (Δm 70-78%) are observed due to, presumably, the 

sublimation, although partial polymerization could have occurred in parallel during that step. The 

final mass residue was close to zero in the TGA thermogram of Met-Ala, whereas Gly-Trp and 

Gly-Tyr showed final mass residues (at 400°C) of 4 and 12%, respectively. The residue was black, 

charcoal type material, insoluble in a variety of solvents. It indicates further decomposition or 

polymerization of the first decomposition product during the sublimation.  

In the Category 2 dipeptides, the first chemical decomposition step showed a greater mass 

loss than calculated for a single component release of H2O or NH3 but smaller than for CO2 (Table 

5.2). The overall decomposition could follow two possible pathways: 1) the loss of a single 

component (H2O or NH3) showing a greater mass loss due to partial overlap with the last step; 2) 

decomposition occurring with multicomponent release of CO2, NH3 and H2O. After this chemical 

decomposition, the next greater Δm (>80%) was considered to be largely due to sublimation. In 

the Category 2 dipeptides, the charcoal type final mass residue (~ 4% at 400°C) indicates further 

decomposition (presumably polymerization) of the first decomposition product in parallel with the 

sublimation. 

The Category 3 dipeptides were anhydrous except for Pro-Gly. Pro-Gly showed the first 

mass loss step due to the release of chemically non-bonded water unexpectedly at 118°C (Δm = 

6.80 ± 0.06%). The dehydration was verified by collecting the FTIR of the sample recovered at 

150°C (from TGA and oven). Therefore, the first mass loss events in the Category 3 dipeptides 

(dried dipeptide in case of Pro-Gly) were a result of chemical decomposition. First, the Δm for 

these steps showed a greater mass loss than expected for CO2, NH3 or H2O per dipeptide. Second, 

the final mass residue in the Category 3 dipeptide thermograms was observed to be 1-8% (at 

400°C), except for Pro-Gly (final mass residue was close to zero). Based on these observations, 
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the overall decomposition could follow three pathways. First, since the decomposition occurs at 

high temperatures, it may result in the strong overlap of the first decomposition and the next step, 

presumably sublimation. There could be further decomposition of the first decomposition product 

during the sublimation process. Second, there may be two or more than two chemical 

decomposition pathways simultaneously going on before the sublimation process. The greater 

mass loss for the steps could be due to the overlap of the multiple decompositions and further 

overlap with the last step, presumably sublimation. Third, all mass losses could be due to 

overlapping multiple decomposition events. In this case, it is not possible to unambiguously 

determine the overall decomposition pathway.  

In Category 4, all the dipeptides were found as hydrated forms. The Δm at low temperatures 

(35-70°C) was considered to be due to the release of chemically non-bonded water. Second and 

third mass loss steps (Ton 142-195°C range) were considered to be due to a chemical 

decomposition, so they were assigned as the first and second chemical decomposition steps, 

respectively (Table 5.2). In most of the Category 4 dipeptides, Δm for each chemical 

decomposition step of a dry dipeptide had % mass loss close to the release of H2O or NH3 but 

smaller than of CO2 (Table 5.2) or CH2OH (calculated 14.22 and 15.20% for Leu-Ser and Val-

Ser, respectively). Furthermore, the combined mass loss for the both chemical decomposition steps 

was found to have very close % mass loss to the combined release of H2O and NH3, or CH2OH 

(release of CH2OH was only calculated for Leu-Ser and Val-Ser) but smaller than for CO2. The 

only dipeptide that did not show the pattern was Phe-Gly, it was found that the stock chemical 

contained some amount of hydrochloric salt. Based on these observations, the chemical 

decomposition may happen through the loss of H2O and NH3. Based only on the TGA 

thermograms, it is hard to say how exactly the chemical decomposition processes proceed. The 

mass loss steps due to the chemical decomposition events are followed by a greater mass loss (68-

80%) step due to, presumably, sublimation. One more mass loss step or final mass residue of 2-

12% after sublimation for the Category 4 dipeptides also suggest multiple decomposition 

processes. The residue product forms either during the first and second chemical decomposition 

steps or during the sublimation. 

In Category 5, most dipeptides were found as hydrated forms. The mass loss steps at low 

temperature (Ton < 120°C) were considered to be due to the release of chemically non-bonded 

water. Any mass loss step over 144ºC was considered to be due to a chemical decomposition 
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processes; up to four mass loss steps were observed. No step exceeded 30% mass loss, so no 

sublimation was assigned. The Δm for the first chemical decomposition step was lower than the 

expected loss of CO2 alone but it was greater than the individual loss of H2O or NH3 (Table 5.2). 

The Δm for the second chemical decomposition step was mostly close to or greater than for the 

loss of CO2. It was clear from these observations that each mass loss step is caused by multiple 

decomposition pathways. It was verified for Gly-Gly by doing the TGA-FTIR analysis of the 

dipeptide and studying its final mass residue1,2. The first mass loss step for Gly-Gly was found to 

be due to the release of H2O, NH3 and CO2. The loss of water in this step was found to result from 

cyclization and polymerization, whereas CO2 and NH3 were the result of decarboxylation and 

deamination, respectively. All these decomposition pathways overlapped during the first mass loss 

step of Gly-Gly. Later mass loss steps in the TGA thermogram of Gly-Gly were due to the release 

of H2O, NH3, CO2, NHCO, CO and HCN because of the further decomposition of the cyclo-Gly-

Gly and the polymeric material.  

From the TGA analyses, the decomposition temperatures of the dipeptides were 

determined. For some of the dipeptides, the first chemical decomposition step corresponded well 

to the release of either one mole of H2O or NH3. For the majority of dipeptides, the first chemical 

decomposition step showed a greater mass loss than one H2O or NH3 but less than one CO2 per 

dipeptide, evidently overlapping with the next step. For these TGA thermograms, it was not 

possible to assign the observed mass loss to a specific stoichiometric process. The studies were 

further complicated by multiple chemical decomposition reactions at elevated temperatures. 

Although some of the mass loss steps corresponded approximately to the stoichiometric loss of 

H2O, NH3, CO2 or CH2OH per dipeptide, due to the close masses of H2O and NH3, multiple 

decomposition steps, and the uncertainty in % mass loss due to the steps overlapping, a specific 

chemical reaction could not be reliably assigned to each step.  

The nature of thermal decomposition in the TGA experiments was studied by the 

characterization of the volatiles evolved and the residue products formed. The evolved volatiles 

were identified in the TGA-FTIR experiments. To identify the residue products, a second TGA 

experiment was conducted; it was immediately stopped after the corresponding decomposition 

step, and the sample was recovered and characterized. 
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Table 5.2 Observed TGA onsets (Ton) for chemical decomposition and sublimation and comparison of 

experimental mass loss (Δm) with calculated for the release of three different volatiles. The Δm values 

normalized to dry dipeptides are listed whenever the initial sample was a hydrated or solvated form. 

Dipeptide 

First Chemical 

Decomposition Step 

Second Chemical 

Decomposition Step 
Δm  (%) 

Sublimation 

or Vaporization Category 

Ton (°C) Δm (%) Ton (°C) Δm (%) - H2O - NH3 - CO2 Ton (°C) 

Met-Ala* 162 9.0 -- -- 8.2 6.8 20.0 225 

1 Gly-Tyr 154 7.8 -- -- 7.6 6.3 18.5 299 

Gly-Trp 198 7.5 -- -- 6.9 5.8 16.9 303 

Gly-Met 186 10.2 -- -- 8.7 7.3 21.4 236 
2 

Ala-Tyr 205 8.1 -- -- 7.1 6.0 17.5 290 

Ile-Gly 189 21.3 -- -- 9.6 8.0 23.4 227 

3 

Gly-Ile 166 11.7 -- -- 9.6 8.0 23.4 223 

Gly-Leu 214 46.3 -- -- 9.6 8.0 23.4 238 

Gly-Ala 180 20.8 -- -- 12.3 10.3 30.1 219 

LD-Ala-Gly 214 29.8 -- -- 12.3 10.3 30.1 229 

Gly-Phe 223 16.1 -- -- 8.1 6.8 19.8 256 

Pro-Gly 222 45.5 -- -- 10.5 8.7 25.6 235 

Val-Ser 183 8.9 195 8.0 8.8 7.4 21.6 228 

4 

Leu-Ser 154 10.8 172 4.2 8.3 6.9 20.2 232 

Leu-Gly (P101) 152 8.0 176 8.2 9.6 8.0 23.4 228 

Leu-Gly (P055)⁑ 145 3.7 175 16.6 9.6 8.0 23.4 222 

Gly-Pro 167 9.2 180 6.9 10.5 8.7 25.6 216 

Phe-Gly 142 2.9 179 24.7 8.1 6.8 19.8 251 

Gly-Gly 213 18.3 279 33.0 13.7 11.4 33.3 -- 

5 

Gly-Ser 163 38.9 308 33.4 11.1 9.3 27.2 -- 

Gly-Gln 177 10.9 240 28.5 8.9 7.4 21.7 -- 

Gly-Asn 199 17.9 320 19.1 9.5 7.9 23.3 -- 

Gly-Asp 144 5.1 178 13.2 9.5 7.9 23.2 -- 

Ala-Gln 199 10.0 265◆ 69.4◆ 8.3 6.9 20.3 -- 

*Formate salt. It was found to contain some acetone (presumably, an acetone clathrate). ⁑Hydrochloric acid salt. It 

was found to be partially a hydrochloric acid salt. ◆Decomposition was observed during melting in Mel-Temp. 

5.2.2 TGA-FTIR 

Volatiles evolved on thermal decomposition of four dipeptides, Gly-Gly, Leu-Gly, Gly-

Leu and Ile-Gly, were characterized by TGA-FTIR analysis. Gly-Leu and Ile-Gly belong to 

Category 3, Leu-Gly belongs to Category 4, and Gly-Gly belongs to Category 5. It should be noted 

that the observed values of temperatures and mass losses for the events observed were slightly 

different from those listed in Table 5.2 due to some differences in the experimental conditions 

(higher purge flow, higher heating rate, and greater initial sample mass). 
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Gly-Gly 

The TGA plot of Gly-Gly displays four mass loss events (Figure 5.5). The first step is 

observed at Ton 227°C (Δm = 18.92%), second at 277°C (Δm = 25.56%), third at 332ºC (Δm = 

9.52%) and fourth at 370-800ºC (Δm = 9.52%). All the mass loss events in the TGA thermogram 

overlap. The GS plot of the TGA volatiles displays five peaks (Figure 5.6).  In real time 

comparison of GS to TGA, the first, second and third GS peaks correspond to the TGA steps 1, 2 

and 3, respectively, whereas peaks 4 and 5 correspond to the step 4 mass loss. Similar to TGA, all 

peaks in the GS plot overlap. The FTIR spectra for all the observed peaks are shown in Figure 

5.7. Peak 1 (10.63 min) shows the release of H2O, NH3 and CO2. The release of H2O and NH3 

gradually decreases, whereas the release of CO2 gradually increases from peak 2 to peak 5. In 

addition to these three volatiles, peak 4 shows a slight release of HNCO. In addition to these four 

volatiles, the release of HCN and CO in peak 5 (24.52 min) was observed.  

 

Figure 5.5 TGA plot of Gly-Gly 

 

Figure 5.6 Gram-Schmidt plot of the volatiles from 

Gly-Gly TGA 

It is clear that the step 1 mass loss 

(Δm = 18.92%) in the TGA thermogram 

of Gly-Gly is due to the release of H2O, 

NH3 and CO2 together. The identification 

of both cyclo-Gly-Gly1 and a polymer 

(thermomelanoid)2 in the sample of Gly-

Gly recovered after 250°C from oven 

explains a larger release of water than just 

for cyclization (13.64% calculated for 

cyclization). The release of NH3 and CO2 
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was initially thought to be due to the deamination and decarboxylation from Gly-Gly, but no 

chemical decomposition product of Gly-Gly that could result from such reactions was observed. 

There is a possibility that NH3 and CO2 come from further decomposition of cyclo-Gly-Gly and 

the polymeric material as soon as they form. This is also supported by the release of H2O, NH3 

and CO2 in steps 2 and 3. In steps 2 and 3, the release of H2O, NH3 and CO2 comes from the 

decomposition of the cyclo-Gly-Gly and the polymeric material because there is no Gly-Gly left 

after step 1. Further decomposition of cyclo-Gly-Gly and the polymeric material at elevated 

temperature is the cause of HCN, CO and HNCO release. The formation of HCN, CO, HNCO and 

CO2 was verified by the decomposition of cyclo-Gly-Gly in the gaseous phase through GC-MS 

analysis1.  

Leu-Gly 

The TGA plot of Leu-Gly displays four mass loss events (Figure 5.8). The first step is 

observed at Ton 37°C (Δm = 2.21%), second at 160°C (Δm = 9.07%, normalized 9.28%), third at 

174ºC (Δm = 7.19%, normalized 7.35%) and fourth at 228ºC (Δm = 79.86%). Step 1 is a discrete 

step, whereas 2-4 overlap. The GS plot of the TGA volatiles also displays four peaks (Figure 5.9). 

In real time comparison of GS to TGA, the first GS peak (3.55 min) is a discrete peak, and it 

corresponds to the TGA event 1, whereas second (9.37 min) and third (12.71 min) GS peaks 

correspond to the steps 2 and 3 of mass loss, respectively. Peak 4 on the GS plot appears after the 

step 4 mass loss. Peaks 2 and 3 on the GS plot partially overlap. The FTIR spectra for all the 

observed peaks are shown in Figure 5.10. The FTIR spectrum for peak 1 confirms a small release 

of water. The FTIR spectrum for peak 2 shows the release of acetone and water together. The 

release of acetone was verified by comparing the gaseous FTIR of acetone (spectrum of gaseous 

acetone was collected in the TGA-FTIR) with the peak 2 FTIR spectrum. The FTIR spectrum for 

peak 3 shows the release of cyclo-Leu-Gly that is accompanied by a slight release of H2O. The 

FTIR spectrum for peak 4 corresponds to cyclo-Leu-Gly. Characteristic IR absorptions for cyclo-

Leu-Gly are similar to those observed for cyclo-Leu-Ala (see TGA-FTIR of Leu-Ala, Chapter 4).  

The 3D plot of volatiles, absorptions vs wavenumber vs time, helps to understand the full 

picture of the thermal decomposition of Leu-Gly (Figure 5.11). A small amount of water release 

is identified in step 1 at 3.55 min. Step 2 happens with the initial release of acetone accompanied 

by the release of water and presumably small amounts of cyclo-Leu-Gly. The release of acetone 
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Figure 5.8 TGA plot of Leu-Gly 

 
Figure 5.9 Gram-Schmidt plot of the volatiles from 

TGA of Leu-Gly 

 and water is maximal in step 2. It seems 

like the release of acetone is complete in 

step 2 but significant release of water 

continues in step 3. Step 3 shows large 

release of cyclo-Leu-Gly. The 

decomposition of Leu-Gly is complete 

in the TGA steps 2 and 3, but the release 

of cyclo-Leu-Gly continues. Since the 

temperature of the transfer line (220°C) 

was somewhat lower than that of the 

sublimation of cyclo-Leu-Gly (Ton 

~230°C), the cyclic product first formed 

vapor in the TGA run but then deposited 

in the transfer line. Some amounts of the 

cyclic product were taken by the hot 

flow of the purge gas and reached the 

FTIR cell with a delay. This gives the 

maximum release of cyclo-Leu-Gly in 

step 4. 

From the TGA-FTIR analysis of 

Leu-Gly, it is concluded that the thermal 

decomposition process of this dipeptide is complicated by the release of acetone. We believe that 

acetone may have been trapped inside the crystals of Leu-Gly clathrate with acetone. This could 
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Figure 5.10 FTIR spectra for each step in the GS plot from 

Leu-Gly TGA 

 

Figure 5.11 3D representation of the wavenumber and 

absorbance vs time of the volatiles produced during TGA of 

Leu-Gly 
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happen during the isolation of Leu-Gly from acetone. The release of water at low temperature is 

due to the release of chemically non-bonded water. Then the release of acetone happens which 

may initiate the decomposition of Leu-Gly. The decomposition of Leu-Gly proceeds as the 

cyclization reaction into cyclo-Leu-Gly and water. The release of acetone and the dehydration due 

to the decomposition steps overlap. These both steps may further overlap with the sublimation of 

cyclo-Leu-Gly. 

Gly-Leu 

The TGA plot of Gly-Leu displays two poorly resolved steps of the mass loss, where step 

1 is at Ton 220°C (Δm = 31.93%), and step 2 is at ~256°C (Δm = 65.59%) (Figure 5.12). The steps 

strongly overlap. The GS plot of the TGA volatiles also displays two peaks (Figure 5.13). In real 

time comparison of GS to TGA, the first GS peak (13.65 min) corresponds to the TGA step 1 mass 

loss, whereas the second GS peak (16.82 min) appears just after the step 2. The GS peaks overlap 

partially. The FTIR spectra for the observed peaks are shown in Figure 5.14. Peak 1 shows the 

release of H2O along with small amounts of CO2, NH3 and cyclo-Gly-Leu. Peak 2 shows the 

release of cyclo-Gly-Leu along with small amounts of H2O and CO2. FTIR of the released cyclo-

Gly-Leu is similar to cyclo-Leu-Gly (see previous section). 

The 3D plot for the volatiles evolution (Figure 5.15) shows the release of H2O as the initial 

step for chemical decomposition. Along with H2O as the main volatile product of step 1, small 

amounts of CO2, NH3 and, presumably, cyclo-Gly-Leu are observed. A significant release of CO2 

is seen in the whole range for the TGA step loss. Cyclo-Gly-Leu starts to appear in the step 1, 

presumably due to its sublimation. The decomposition of Gly-Leu is complete in the TGA step 1 

loss, but the release of cyclo-Gly-Leu continues. Since the temperature of the transfer line (220°C) 

 

Figure 5.12 TGA plot of Gly-Leu 

 

Figure 5.13 Gram-Schmidt plot of the volatiles from 

TGA of Gly-Leu 
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was lower than that of the sublimation of cyclo-Gly-Leu (Ton ~240°C), the cyclic product first 

formed vapor in the TGA cell but then 

deposited in the transfer line. Some 

amounts of the cyclic product were taken 

by the hot flow of the purge gas and 

reached the FTIR cell with a delay. This 

gives the maximum release of cyclo-Gly-

Leu in step 2 along with small amounts of 

H2O and CO2.  

From the TGA-FTIR analysis, it is 

concluded that the decomposition of Gly-

Leu initially proceeds into cyclo-Gly-Leu 

and water. Further decomposition of Gly-

Leu left in the sample is accompanied by 

decarboxylation, deamination, as well as 

vaporization of the produced cyclo-Gly-

Leu. It can be stated that: 1) intramolecular 

aminolysis of Gly-Leu is a major reaction 

for decomposition; 2) deamination is a 

minor decomposition reaction that is 

presumably happening in the linear 

dipeptide because as long as the dipeptide 

exists, significant NH3 continues to 

appear;  3) decarboxylation is also a minor decomposition reaction that may be happening in the 

linear dipeptide as well as in cyclo-Gly-Leu, because the release of CO2 continuously happens from 

step 1 to 2; 4) the release of H2O due to cyclization of Gly-Leu, deamination, decarboxylation and 

the vaporization of cyclo-Gly-Leu overlap in the step 1 mass loss. Step 2 is mainly the vaporization 

of cyclo-Gly-Leu. The small amounts of H2O and CO2 during step 2 indicate a controlled 

combustion of the cyclo-Gly-Leu. 

 

Figure 5.14 FTIR spectra for each peak on the GS plot 

from Gly-Leu TGA 

 

Figure 5.15 3D representation of volatiles from 

TGA-FTIR of Gly-Leu as the wavenumber and absorbance 

vs time 
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Ile-Gly 

The TGA plot of Ile-Gly displays two barely resolved steps of mass loss, where step 1 is 

at Ton 192°C (Δm = 15.34%) and step 2 is at ~240°C (Δm = 82.65%) (Figure 5.16). The steps 

strongly overlap. The GS plot of the TGA volatiles also displays two peaks (Figure 5.17). In real 

time comparison of GS to TGA, the first GS peak (11.66 min) corresponds to the TGA step 1 mass 

loss, whereas the second GS peak (17.75 min) appears after the step 2. The FTIR spectra for the 

observed peaks are shown in Figure 5.18. Peak 1 shows the release of H2O along with small 

amounts of CO2. Peak 2 shows the release of cyclo-Ile-Gly along with small amounts of H2O and 

CO2. FTIR of the released cyclo-Ile-Gly is similar to cyclo-Leu-Gly (see TGA-FTIR of Leu-Gly). 

 
Figure 5.16 TGA plot of Ile-Gly 

 
Figure 5.17 Gram-Schmidt plot of the volatiles from 

TGA of Ile-Gly 

The 3D plot for the volatiles evolution (Figure 5.19) shows the release of H2O as the initial 

step of the chemical decomposition. Later, the release of H2O is accompanied by the release of 

small amounts of CO2. The significant release of CO2 continues from this point throughout the rest 

of the TGA run. Some release of H2O is also observed after step 2. It seems like the dehydration 

due to decomposition of Ile-Gly is complete in the TGA step 1. Since the temperature of the 

transfer line (220°C) was lower than that of the sublimation of cyclo-Ile-Gly (Ton ~230°C), the 

cyclic product first formed vapor in the TGA run but then deposited in the transfer line. Some 

amounts of the cyclic product were taken by the hot flow of the purge gas and reached the FTIR 

cell with a delay. This confirms that the main product of step 2 is cyclo-Ile-Gly, along with small 

amounts of H2O and CO2. 

From the TGA-FTIR analysis, it is concluded that the decomposition of Ile-Gly initially 

proceeds into cyclo-Ile-Gly and water. Further decomposition of Ile-Gly is accompanied by 

decarboxylation. It can be stated that: 1) intramolecular aminolysis of Ile-Gly is a major reaction  
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for decomposition; 2) decarboxylation is a minor decomposition reaction that may be happening 

in the linear dipeptide as well as in cyclo-Ile-Gly, because the release of CO2 continuously happens 

from step 1 to 2; 3) the release of H2O 

due to the cyclization of Ile-Gly and the 

decarboxylation reactions overlap in 

the step 1 mass loss; 4) all or some of 

these processes may further partially 

overlap with the vaporization of cyclo-

Gly-Leu. Step 2 is mainly for the 

vaporization of cyclo-Gly-Leu. The 

small amounts of H2O and CO2 during 

step 2 indicate a controlled combustion 

of the cyclo-Gly-Leu.  

5.2.2.1 Key Points from TGA and TGA-FTIR of Dipeptides 

From TGA experiments and TGA-FTIR analyses of the four dipeptides, it can be concluded: 

1. Overall, the degree of 

hydration in these 

dipeptides tends to be 

smaller than in 

hydrophobic dipeptides 

studied in Chapter 4 (see 

Table 4.5). The 

temperature (Ton) for the 

dehydration of these 

dipeptide hydrates varies 

up to as high as 119°C. 

2. Further heating (142-223°C range) of many of these dipeptides results in chemical 

decomposition producing the corresponding cyclo-dipeptides and water. Some of the 

dipeptides decompose into polymeric materials in parallel with the cyclization reaction. 

These polymeric materials are responsible for a residue at 400°C and higher. 

 
Figure 5.18 FTIR spectra for each peak on the GS plot from 

Ile-Gly TGA 

 
Figure 5.19 3D representation of volatiles from TGA-FTIR of Ile-Gly 

as the wavenumber and absorbance vs time 
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3. Similar to hydrophobic dipeptides (Chapter 4), the dehydration of dipeptide hydrates to dry 

dipeptides and “dehydration” caused by the chemical decomposition are two clear and 

distinct steps. 

4. Similar to the dehydration of the dipeptide hydrates to dry dipeptides, the release of formic 

acid from the formate salts of dipeptides produces pure dipeptide. 

5. In anhydrous dipeptides, the cyclization is accompanied by some decarboxylation to form 

CO2, and sometimes deamination to form NH3. 

6. Some of the cyclo-dipeptides formed after the decomposition of dipeptides are quite 

thermally stable. In these cases, the chemical decomposition is followed by complete 

sublimation of the cyclo-dipeptide. 

7. Many of the cyclo-dipeptides formed after the decomposition of the dipeptides may 

decompose further during sublimation. Therefore, in many of the TGA thermograms of the 

dipeptides, a final mass residue is observed even after sublimation. 

8. In case of multiple decomposition steps (Category 4), all the mass loss steps overlap except 

for the release of the non-bonded water. 

9. Dipeptide materials can encapsulate solvent molecules (e.g. acetone) other than water. The 

release of these solvents at elevated temperature may interfere with the decomposition 

events. 

10. Many of the hydrophilic dipeptides (Category 5 dipeptides except for Gly-Gly) melt at or 

right after the first chemical decomposition step. Further decomposition of the melt results 

in the bubbling and expansion of the samples. 

11. In most of the hydrophilic dipeptides, continuous decomposition seen as a set of overlapping 

steps is observed. Instead of complete sublimation, a large final black residue (up to 40% of 

the initial sample mass) is recovered. 

5.2.3 Studies of the Chemical Decomposition 

From GC-MS analyses, we found that hydrophobic dipeptides transformed into their 

corresponding cyclo-dipeptides in the gaseous phase (see section 4.2.3.2, Chapter 4). The Curie 

point pyrolytic studies on glycine containing hydrophobic and hydrophilic dipeptides with gas 

chromatographic – mass spectrometric analysis3–5 also indicated the formation of cyclo-dipeptides 

by thermal cyclization in the gaseous phase prior to electron ionization. In the reported studies5, 
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the combination of glycine with each of aspartic acid, glutamic acid, and arginine was found to 

inhibit the formation of cyclo-dipeptides. 

To better understand the thermally induced chemical decomposition reactions (Table 5.2), 

further studies were conducted. A larger sample of a dipeptide (up to 12 mg) was again run in 

TGA. The experiment was stopped right after the decomposition step, and the sample was 

recovered. Dipeptides along with their initial and recovered mass and the recovery temperatures 

are listed in section 5.3 (Table 5.11). Characterization of these recovered samples, primarily with 

FTIR, revealed a complete transformation of the dipeptides into the corresponding cyclo-

dipeptides in most cases. In addition to cyclo-dipeptides, a polymeric material was also identified 

from the decomposition of Gly-Gly, Gly-Asp and Gly-Asn. 

5.2.4 DSC 

The DSC thermograms of the dipeptides studied in this chapter were complicated showing 

a sequence of events (Table 5.3). Most of the dipeptides showed distinct and clear effects for the 

release of the non-bonded water. The effects from the release of incorporated solvents (e.g. 

acetone, formic acid) overlapped partially with the chemical decomposition. In many of the DSC 

thermograms of the 23 dipeptides, the decomposition occurred in the melt (melting temperatures 

were measured visually using Mel-Temp, Table 5.4). Therefore, the effects of the chemical 

decomposition were not distinguishable from melting. For other dipeptides, the effect of the 

chemical decomposition was distinguishable, but it was overlapping partially with the melting. 

Furthermore, the effects from the melting overlapped with vaporization. Altogether, the melting 

process, chemical decomposition events in the melt, and sublimation or vaporization overlap and 

appear as a continuous process on the DSC thermograms.  

In this section, the DSC results for the 23 dipeptides are summarized. The DSC 

thermograms of Gly-Gly, Ile-Gly, Gly-Ala, Gly-Pro, Gly-Phe, Gly-Trp, Ala-Tyr and Val-Ser were 

similar to the hydrophobic dipeptides (see DSC section, Chapter 4). In these dipeptides, the thermal 

decomposition proceeded in the solid state and appeared as a single thermal effect distinct from 

the melting endotherm. The detailed analysis of DSC thermograms of this type can be seen in 

Chapter 4. Here, only those DSC thermograms of dipeptides are elaborated in detail that were 

different from hydrophobic dipeptides. 
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Gly-Met 

In the overlay of TGA plot and DSC thermograms of Gly-Met (Figure 5.20), a series of 

thermal events are seen. The TGA plot shows three mass loss events, first for the chemical 

decomposition (cyclization), and second and third for subsequent vaporization/further 

decomposition. Since Gly-Met was anhydrous, endotherms 1 (Ton 114°C) and 2 (Ton 135°C) on 

the DSC thermograms are presumably due to phase changes. On both DSC thermograms, the 

strongest endotherm 3 (Ton 201°C) corresponds to the first chemical decomposition step on the 

TGA plot. The melting of Gly-Met in Mel-Temp at 200-202°C suggests the first decomposition 

and melting happen together. Irregular thermal events after 210°C on the DSC thermograms 

correspond to vaporization and/or further decomposition of the melt. The final mass residue 

(polymeric material) at 400°C supports additional decomposition during melting and vaporization. 

The total enthalpy change (DSC-1 and DSC-2, effects 3) for the chemical decomposition was 

calculated for Equation 5.1. 

Gly-Met(s) = cyclo-Gly-Met(l) + H2O(g)        ΔH = 72(1) kJ/mol (at 474 K) 

Among the 23 dipeptides, Pro-Gly and Ala-Gln showed thermal effects similar to those 

on the DSC thermogram of Gly-Met. 

 

Figure 5.20 Overlay of TGA and DSC thermograms for Gly-Met. DSC-1: DSC of Gly-Met using T-zero 

aluminum pan and lid (semi-hermetic condition); DSC-2: DSC of pre-heated Gly-Met using T-zero aluminum 

pan and lid (semi-hermetic condition). 
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Gly-Asn 

In the overlay for Gly-Asn (Figure 5.21), the TGA plot displays two steps for the mass 

loss and a large mass residue of 53.52% at 400°C, whereas the DSC thermogram shows only a 

single endotherm. Endotherm 1 (Ton 203°C, Tmax 213°C) corresponds to the first decomposition 

step of Gly-Asn. The DSC thermogram is smooth until the endotherm 1 Tmax; after that a strong 

scribbling effect is observed. The endotherm indicates the initial decomposition process in the 

solid state. Later, the process is accompanied by melting and presumably additional decomposition 

pathways. The melting (in Mel-Temp) of Gly-Asn over 228-232°C with bubbling and expansion 

of the material also indicates additional decomposition reactions in the melt form. So, the post-

endotherm heating of the sample causes further decomposition of Gly-Asn rather than sublimation. 

Among the 23 dipeptides, the DSC thermograms of Gly-Ser, Gly-Gln and Gly-Asp showed 

the thermal effects similar to those of Gly-Asn. 

Leu-Gly 

The overlays of TGA plots and DSC thermograms for two solvated forms of Leu-Gly are 

shown in Figure 5.22. In the overlay of the TGA plot (TGA-1) and DSC thermograms (DSC-1 

and DSC-2) of Leu-Gly hydrate, a series of thermal events are seen. In DSC-1, shallow endotherm 

1 over 15-75°C corresponds to the TGA step 1 dehydration of Leu-Gly⸱0.27H2O. Two thermal 

events (2-3) at 100-135°C look like an overlap of an endo- and exotherm due to two phase change 

events. Shallow effect 4 at 140°C is followed by endotherms 5 and 6 at 161°C and 179°C 

corresponding to the TGA steps 2 and 3, respectively. Similar to the TGA steps 2 and 3, the 

endotherms 5 and 6 on the DSC thermogram overlap. Based on the TGA-FTIR analysis, 

endotherm 5 is likely due to the release of acetone, whereas endotherm 6 is due to a chemical 

decomposition. Endotherms 7 and 8 over 220-275°C seem to be part of a complex sequence of 

events presumably including sublimation, melting, recrystallization, vaporization, and possibly 

further chemical decomposition. The melting of Leu-Gly hydrate at 238-242°C (Mel-Temp) 

suggests the first chemical decomposition occurs in the solid state. It appears that the chemical 

decomposition in the solid state produces only the cyclic product rather than polymer, resulting in 

nearly zero residue at the end. DSC-2 for pre-dried Leu-Gly hydrate shows no effects for the 

dehydration and phase changes before 135°C, while all other effects from 135-300°C are the same 

as in DSC-1. Although TGA-FTIR analysis suggests the decomposition of Leu-Gly into 
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cyclo-Leu-Gly and water as a major decomposition pathway, the total change in enthalpy was not 

calculated due to the overlap of the decomposition and acetone release endotherms. 
 

 

Figure 5.22 Overlay of TGA and DSC thermograms for Leu-Gly. TGA-1: TGA plot of Leu-Gly hydrate 

(stock peptide P101); TGA-2: TGA of Leu-Gly hydrochloride (stock peptide P055); DSC-1: DSC of Leu-

Gly hydrate using T-zero aluminum pan and lid (semi-hermetic condition); DSC-2: DSC of Leu-Gly (pre-

dried) using T-zero aluminum pan and lid (semi-hermetic condition); DSC-3: DSC of pre-heated Leu-Gly 

hydrochloride using T-zero aluminum pan and lid (semi-hermetic condition). 
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In the overlay of the TGA plot (TGA-2) and DSC (DSC-3) of Leu-Gly hydrochloride, three 

mass loss steps were observed in TGA-2 (based on the first derivative of the mass loss on 

temperature). In DSC-3, endotherm 1 (Ton 111°C) is likely from a phase change, whereas 

endotherm 2 (Ton 156°C, Tmax 170°C) corresponds to the TGA steps 1 and 2 for the chemical 

decomposition. The melting of Leu-Gly hydrochloride over 167-171°C (Mel-Temp) indicates the 

decomposition in DSC is accompanied by melting. The effect 3 is most likely from vaporization 

of the melt. The overlap of the decomposition and melting may cause additional decomposition 

pathways resulting in a final mass residue (12%) at 400°C. 

The DSC thermogram of Phe-Gly was similar to Leu-Gly hydrochloride, whereas the DSC 

thermogram of Met-Ala was similar to Leu-Gly hydrate. 

Leu-Ser 

In the overlay of TGA plot and DSC thermograms of Leu-Ser (Figure 5.23), the TGA plot 

displays five mass loss steps for dehydration (step 1), decomposition (steps 2 and 3) and  some of 

sublimation, vaporization and further decomposition (steps 4 and 5). In DSC-1, endotherm 1 at 

25-125°C corresponds to the dehydration step; complex thermal effect 2 over 140-180°C 

corresponds to the chemical decomposition steps. The thermal effect 2 seems to be an overlap of 

an endo- and exotherm due to the chemical decomposition and, presumably, crystallization. 

Endotherm 3 (Ton 219°C) is from melting and possibly partial sublimation. Wide exotherm 4 over 

235-305°C is likely from a recrystallization process. Thermal effect 5 over 315-350°C is an overlap 

of multiple endotherms of melting and vaporization. These results are supported by the behavior 

of Leu-Ser in the Mel-Temp experiment. Upon heating in the Mel-Temp, Leu-Ser first melted at 

220-223°C, solidified or recrystallized at 274-284°C, and then melted and vaporized again at 

340-345°C. In DSC-2, the endotherm seen for the dehydration of Leu-Ser hydrate is absent while 

a new endotherm 2 of unknown nature appears at Ton 193°C. Aside from these two, all other 

thermal effects in DSC-2 are the same as in DSC-1. 

The DSC thermogram of Ala-Tyr also shows an overlap of decomposition and 

crystallization over 145-180°C. It is followed by a phase transition and then melting at Tmax 207 

and 286°C, respectively. 

Gly-Leu 

In the overlay of Gly-Leu (Figure 5.24), the TGA plot displays a strong overlap of the 

decomposition and vaporization steps and the final mass residue of 2% at 400°C. The DSC 
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thermogram shows a number of events where endotherm 1 at Ton 107°C is from a phase change. 

Shallow effect 2 at Ton 174°C is followed by the thermal effects 3 (Ton 196°C), 4 and 5 (220-

260°C) corresponding to the decomposition and vaporization steps. These overlapping endotherms 

are consistent with the several overlapping events, presumably some of sublimation, melting, 

evaporation, and possibly some further decomposition. The melting and vaporization of Gly-Leu 

in Mel-Temp at 232-237°C is inside this range. It is concluded that decomposition overlaps with 

the melting process here that may result in additional decomposition pathways. 

The DSC thermograms of Gly-Ile and LD-Ala-Gly showed the close cyclization and 

melting temperatures like Gly-Leu.  

 

Figure 5.23 Overlay of TGA and DSC thermograms for Leu-Ser. DSC-1: DSC of Leu-Ser hydrate using T-

zero aluminum pan and lid (semi-hermetic condition); DSC-2: DSC of pre-dried Leu-Ser using T-zero 

aluminum pan and lid (semi-hermetic condition) 

5.2.4.1 Overall DSC Analysis 

The endothermic effect from the chemical decomposition and the formation of cyclo-

dipeptides as a major decomposition product show similarities of the studied dipeptides with the 

hydrophobic dipeptides of Chapter 4 and some pharmaceutical drugs6,7,8. The difference of the 
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decomposition in parallel with the cyclization. The dipeptides that showed multiple decomposition 

steps on their TGA plots also showed complex effects on their DSC thermograms. The 

decomposition temperatures were recorded for all the dipeptides, whereas the enthalpy change was 

determined only when clear distinct endotherm for the first decomposition process was observed.  

The list of dipeptides along with the enthalpy changes for the decomposition process is given in 

Table 5.16. 

Table 5.3 Summary of all thermal events observed on DSC thermograms of the studied dipeptides. The 

sequence of thermal events is from left to right* 

Dipeptide Dhd. P.T. Rcst. Dsv. P.T. Dcmp. Rcst. P.T. Melt. Vap. Dcmp. Rcst. Melt. 

Gly-Gly - - - - - ✓ - ✓ ✓ - ✓ - - 

Leu-Gly (P055) - ✓ - - - ✓
♦
 - - ✓

♦⁑
 ✓

⁑
 ✓

⁑
 - - 

Leu-Gly (P101) ✓ ✓ ✓ ✓
a⁑
 ✓ ✓

⁑
 - - ✓

⁂
 ✓

⁂
 ✓

⁂
 - - 

Gly-Leu - ✓ - - ✓ ✓
⁑
 - - ✓

⁑
 ✓

⁑
 ✓

⁑
 - - 

Ile-Gly - ✓ - - - ✓ - - ✓
⁑
 ✓

⁑
 ✓

⁑
 - - 

Gly-Ile - - - - - ✓ - ✓ ✓
⁑
 ✓

⁑
 ✓

⁑
 - - 

Gly-Ala - - - - - ✓ - - ✓ ✓
⁑
 ✓

⁑
 - - 

LD-Ala-Gly - - - - - ✓
⁑
 - - ✓

⁑
 ✓

⁑
 ✓

⁑
 - - 

Gly-Met - ✓
▼
 - - - ✓

♦
 - - ✓

♦
 ✓

⁑
 ✓

⁑
 - - 

Gly-Ser - - - - - ✓
♦
 - - ✓

♦
 - ✓

♦
 - - 

Gly-Pro ✓ - - - - ✓

 - - ✓

⁑
 ✓

⁑
 ✓

⁑
 - - 

Pro-Gly ✓ - - - - ✓
♦
 - - ✓

♦⁑
 ✓

⁑
 - - - 

Gly-Gln ✓ - - - - ✓
♦
 - - ✓

♦⁑
 - ✓

⁑
 - - 

Gly-Phe - - - - - ✓
⁑
 - ✓

⁑
 ✓

⁑
 ✓

⁑
 ✓

⁑
 - - 

Phe-Gly ✓ - - - - ✓
♦
 - - ✓

♦
 ✓

⁑
 ✓

⁑
 - - 

Gly-Tyr ✓ - - - - ✓
⁑
 ✓

⁑
 ✓ ✓

⁂
 ✓

⁂
 ✓

⁂
 - - 

Gly-Trp ✓
▼
 ✓ ✓

⁑
 ✓

⁑
 - ✓ - - ✓

⁂
 ✓

⁂
 ✓

⁂
 - - 

Gly-Asn - - - - - ✓
♦
 - - ✓

♦
 - ✓

♦
 - - 

Gly-Asp ✓ - - - - ✓
♦
 - - ✓

♦
 - ✓

♦
 - - 

Ala-Gln ✓ - - - - ✓
♦
 - - ✓

♦
 - ✓ - - 

Ala-Tyr ✓ ✓
⁑
 ✓

⁑
 - - ✓ - - ✓

⁂
 ✓

⁂
 - - - 

Leu-Ser ✓ - - - - ✓
♦
 ✓

♦
 ✓ ✓ - - ✓ ✓ 

Val-Ser ✓ - - - - ✓ - - ✓
⁑
 ✓

⁑
 - - - 

Met-Ala - ✓ - ✓
f⁑
 - ✓

⁑
 - - ✓

⁂
 ✓

⁂
 ✓

⁂
 - - 

*Dhd. for Dehydration, P.T. for Phase Transition, Rcst. for Recrystallization, Dcmp. for Decomposition, Melt. for 

Melting, Vap. for Vaporization, Dsv. for Desolvation from solvents other than water.  
aAcetone. fFormic acid. ⁑For the given dipeptide, these overlapping steps are distinguishable. ⁂For the given dipeptide, 

these overlapping steps are distinguishable. ▼For the given dipeptide, two distinct consecutive effects for phase 

transition or dehydration. ♦Steps are simultaneous and completely overlap 
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Table 5.4 Melting temperature (Mel-Temp), TGA onset, and DSC onset and maximum for the first chemical 

decomposition of the 23 dipeptides.  
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Ton (°C) Ton (°C) Tmax (°C) (°C) Ton (°C) Ton (°C) Tmax (°C) (°C) 

Gly-Gly 213 219 234 -- Gly-Gln 177 200 201 202-206 

Leu-Gly (P055) 145 156 170 167-171 Gly-Phe 223 239 243 270-273 

Leu-Gly (P101) 152 179 187 238-242 Phe-Gly 179 170 177 175-177 

Gly-Leu 214 196 211 232-237 Gly-Tyr 154 155 165 287-288 

Ile-Gly 189 201 211 250-260 Gly-Trp 198 214 227 293-298 

Gly-Ile 166 183 196 244-246 Gly-Asn 199 203 213 228-232 

Gly-Ala 180 196 205 230-235 Gly-Asp 144 146 ** 156* 

LD-Ala-Gly 214 221 223 227-230 Ala-Gln 199 214 218 223-227 

Gly-Met 186 201 204 200-202 Ala-Tyr 205 219 230 273-278 

Gly-Ser 163 178 ** 179* Leu-Ser 154 154 ⁂ 220-223 

Gly-Pro 167 180 195 199-202 Val-Ser 183 202 206 231-238 

Pro-Gly 222 233 236 231-235 Met-Ala 162 145 155 180-184 

*Starts bubbling due to the decomposition in melt/solution form and then expands. **Irregular multiple endotherms 

for decomposition. ⁂Appears as an endo- and exotherm overlap 
 

 

Figure 5.24 Overlay of TGA and DSC thermograms for Gly-Leu. DSC: DSC of Gly-Leu using T-zero aluminum 

pan and lid (semi-hermetic condition) 
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5.2.4.2 Agreement of Data from DSC and Other Methods 

In many of the DSC thermograms of the studied dipeptides of this chapter, the endotherms 

from decomposition and melting partially or completely overlap. Based on the melting tests in 

Mel-Temp, melting endotherms on the DSC thermograms were interpreted. The melting 

temperature data from both instruments were quite consistent. There were some differences 

between the TGA and DSC results, particularly for the temperature of the chemical decomposition 

and sublimation. The decomposition temperatures in DSC are somewhat higher than in TGA 

(Table 5.4) (see Section 4.2.4.2 in Chapter 4 for detailed discussion on the reasons for these 

differences). The difference in decomposition temperatures from DSC and TGA could be due to a 

partial or complete overlap of the decomposition and melting events in addition to other factors 

discussed. Due to this overlap, a multi-step or continuous decomposition happens upon further 

heating. Nevertheless, one can clearly see a good agreement in the overall thermal stability trends 

in Figure 5.25. 

 

Figure 5.25 Graphical representation of the TGA and DSC onsets for the chemical decomposition of the 23 

dipeptides 

5.2.5 Thermal Stability Trends 

The overall thermal stability order of the dipeptides studied in this chapter is illustrated in 

Figure 5.25. The impact of the degree of hydration, density, and influence of the two amino acid 

residues on the thermal stability of the dipeptides were investigated. The list of dipeptides with 

their degrees of hydration, crystal densities and decomposition onsets (TGA and DSC) are listed 

in Table 5.5. The dependence of the decomposition on the degree of hydration and crystal density 
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is not straightforward but some general conclusions were drawn as described in the following 

sections. 

Table 5.5 Dipeptides with their degree of hydration (moles of H2O per dipeptide calculated from TGA 

analysis vs CSD data) and density (from CSD) along with their decomposition temperatures from TGA and 

DSC 

Dipeptide⸳nH2O 

D
en

si
ty

 (
g

/c
m

3
) 

Decomp. T 

(°C) 

Dipeptide⸳nH2O 

D
en

si
ty

 (
g

/c
m

3
) 

Decomp. T 

(°C) 

Dipeptide 

n 

Dipeptide 

n 

T
G

A
 

D
S

C
 

T
G
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D
S

C
 

T
G

A
 

S
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C
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a
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T
G
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S
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g
le

 

C
ry
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a
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Gly-Gly 0 (0)9 (1.516)9 213 219 Gly-Gln 1.04 (1)10 (1.501)10 177 200 

Leu-Gly (P055) 0 -- -- 145 156 Gly-Phe 0 -- -- 223 239 

Leu-Gly (P101) 0.27 -- -- 152 179 Phe-Gly 0.21 -- -- 179 170 

Gly-Leu 0 (0)11 (1.178)11 214 196 Gly-Tyr 1.92 (2)12 (1.388)12 154 155 

Ile-Gly 0 -- -- 189 201 Gly-Trp 1.69 (2)13 (1.381)13 198 214 

Gly-Ile 0 -- -- 166 183 Gly-Asn 0 (0)14 (1.504)14 199 203 

Gly-Ala 0 (0)15 (1.399)15 180 196 Gly-Asp 1.67 -- -- 144 146 

LD-Ala-Gly 0 -- -- 214 221 Ala-Gln 0.28 -- -- 199 214 

Gly-Met 0 -- -- 186 201 Ala-Tyr 0.12 -- -- 205 219 

Gly-Ser 0.1* (0)16 (1.549)16 163 178 Leu-Ser 0.50 -- -- 154 154 

Gly-Pro 0.46 (0.5)17 (1.408)17 167 180 Val-Ser 0.55 -- -- 183 202 

Pro-Gly 0.70 (1)18 (1.368)18 222 233 Met-Ala 0 -- -- 162 145 

*It is anhydrous dipeptide (proved by comparing the PXRD pattern with the reported crystal). The mass loss on the TGA plot 

could be due to water adsorbed on the surface. 

 

Figure 5.26 Temperature of the thermally induced chemical decomposition of the studied dipeptides as a 

function of degree of hydration 
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5.2.5.1 Degree of Hydration 

When the thermal stability of the studied dipeptides is plotted in the order of their degree 

of hydration (Figure 5.26), no solid correlation is seen. The stability varies both among anhydrous 

peptides and among hydrates, although one can notice that the lowest thermal stability is observed 

for some hydrates as well as for the hydrochloride and formate salts (Leu-Gly⸱HCl and 

Met-Ala⸱HCOOH). It should be noted that a similar analysis for the 26 hydrophobic dipeptides 

described in Chapter 4 revealed an evident correlation. 

5.2.5.2 Packing Efficiency 

 The dipeptides studied in this 

chapter show higher density (Table 5.5) 

than the hydrophobic dipeptides (see Table 

4.5 in Chapter 4).  A thermal stability 

comparison was made based on the density 

for dipeptides existing as non-hydrates 

(Figure 5.27) (see Section 4.2.5.2 in 

Chapter 4 for detailed discussion). Based 

on the DSC Ton for the decomposition, a 

weak correlation is seen. Other than Gly-Ser, the thermal stability increases with the higher 

density. From these results, it may be concluded that the packing efficiency may have some effect 

on the thermal stability. 

5.2.5.3 Electrostatic Interactions 

In glycine containing dipeptides, hydrated crystals generally have 7 to 13 hydrogen bonds 

whereas non-hydrates 8 to 13 (including one intramolecular in Gly-Asn) hydrogen bonds per 

dipeptide molecule in their reported crystal structures. Dipeptide hydrates are generally expected 

to be less stable than non-hydrates because, with the loss of bonded water, some electrostatic 

interactions are also gone. In non-hydrated dipeptides, a greater number of hydrogen bonds are 

expected to be of higher strength. Nevertheless, no such trend is seen for the thermal stability 

versus the number of hydrogen bonds. For example, the number of hydrogen bonds per dipeptide 

with Ton (DSC) for decomposition (given in brackets) in the following dipeptides are: Gly-Ser (12, 

Ton 178ºC), Gly-Gly (8, Ton 219ºC), Gly-Asn (13, Ton 203ºC), Gly-Ala (8, Ton 196ºC), Gly-Leu (8, 

Ton 196ºC). 

 
Figure 5.27 Temperature of the thermal decomposition 

of selected dipeptides as a function of density 
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5.2.5.4 Amino Acid Composition 

The type and sequence of amino acids define nearly all other parameters that affect the 

thermal stability, although the relationship is not always clear (see Section 4.2.5.4 in Chapter 4). 

In this section, the mutual influence of amino acids on the thermal stability of the 23 studied 

dipeptides was evaluated for several series to reveal possible trends. 

Dipeptides Containing Glycine on N-term 

Dipeptides containing glycine as the N-term amino acid are listed in Table 5.6. In sets 1 

and 2, glycine is kept constant on the N-term, while amino acid on the C-term is a hydrophobic 

(non-polar) and more hydrophilic (polar) amino acid, respectively. In both sets, Gly-Gly is 

considered as a reference. Overall, the thermal stability of dipeptides with a hydrophobic amino 

acid is higher than with a hydrophilic amino acid.  In set 1, Gly-Gly is one of the most stable, while 

changing Gly on the C-term with more hydrophobic amino acids decreases the thermal stability, 

except for Gly-Phe. It seems like amino acids with bulkier hydrophobic groups on the C-term (e.g. 

Trp, Phe) increase the stability. This might be due to the steric hindrance provided by the bulky 

hydrophobic groups for the cyclization reaction. 

Table 5.6 TGA and DSC onsets and total enthalpy changes for the decomposition of the N-term glycine 

containing dipeptides 

Dipeptide 

Set 1 

Decomposition 
Dipeptide 

Set 2 

Decomposition 

Ton (°C) 
ΔH (kJ/mol) 

Ton (°C) 
ΔH (kJ/mol) 

TGA DSC TGA DSC 

Gly-Gly 213 219 66.4±1.4 Gly-Gly 213 219 66.4±1.4 

Gly-Pro 167 180 41.0±0.9 Gly-Asp 141 146 -- 

Gly-Ile 166 183 32.3±1.4 Gly-Tyr 154 155 -- 

Gly-Leu 214 196 -- Gly-Ser 163 178 -- 

Gly-Ala 180 196 52.7±1.4 Gly-Gln 175 200 -- 

Gly-Trp 198 214 29.3±0.1 Gly-Met 186 201 -- 

Gly-Phe 223 239 58.1±1.1     

  

In set 2, Gly-Gly is the most stable dipeptide, whereas changing Gly on the C-term with 

hydrophilic amino acids reduces the overall thermal stability. Going down the group in set 2, the 

thermal stability increases. The hydrophilic amino acids on the C-term can be arranged for the 

increasing thermal stability effect as Asp < Tyr < Ser < Gln < Met. The stabilization effect along 

the series can be correlated with the number of CH2 groups between the alpha carbon and the 
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functional group of the side chain: Asp (R = CH2COOH), Tyr (CH2Ph-p-OH), and Ser (CH2OH) 

have only one CH2 group, while Gln (CH2CH2NH2) and Met (CH2CH2SCH3) have two.  

Dipeptides Containing Glycine on C-term 

 Glycine is kept constant on the N-term while the C-term amino acid is changed in these 

dipeptides (Table 5.7). The series starts with the reference Gly-Gly and has the N-term replaced 

with several hydrophobic amino 

acids. Among these dipeptides, 

Pro-Gly is the most stable. Going 

down the group, the temperature of 

decomposition (DSC) reduces with 

increasing size of the side group 

(H, Ala, Ile, Leu, Phe). It seems 

like bulky side groups on the N-

term reduce the thermal stability. 

Dipeptides Containing Serine and Alanine 

 In set 1, Ser is kept constant on the C-term while the N-term amino acid is changed. In set 

2, Ala is kept constant on the N-term, while the C-term amino acid is changed (Table 5.8). In set 

1, the temperature for the decomposition of Val-Ser is much higher than for Leu-Ser. It seems like 

a bulkier side group on the N-term reduces the thermal stability. This is consistent with the 

decomposition trend for dipeptides containing glycine on the C-term. 

 In set 2, the decomposition temperatures for the two dipeptides are comparable. 

Dipeptide Sequence Isomers 

Hetero-dipeptides were grouped in pairs based on the sequence of the two amino acids. In 

these pairs, amino acid on the N-term on one dipeptide becomes the C-term on the other dipeptide 

(Table 5.9). The comparison of the thermal stability and enthalpy for the decomposition process 

in these sets of dipeptides is very valuable (see Dipeptide Sequence Isomers, Chapter 4). In four 

studied pairs (Table 5.9), the order of amino acids in the dipeptides affected the thermal stability 

and thus propensity to cyclization substantially, with the difference in the onset temperatures 

varying from 17 to as much as 69°C. 

Table 5.7 TGA and DSC onsets and total enthalpy changes for the 

decomposition of the C-term glycine containing dipeptides 

Dipeptide 

Decomposition 

Ton (°C) 
ΔH (kJ/mol) 

TGA DSC 

Gly-Gly 213 219 66.4±1.4 

Pro-Gly 222 233 -- 

LD-Ala-Gly 214 221 -- 

Ile-Gly 189 201 39.2±2.3 

Leu-Gly 152 179 -- 

Phe-Gly 179 170 -- 

Leu-Gly‧HCl 145 156 -- 
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Table 5.8 TGA and DSC onsets and total enthalpy changes for the decomposition of the Ser and Ala 

containing dipeptides 

Dipeptide 

Set 1 

Decomposition 
Dipeptide 

Set 2 

Decomposition 

Ton (°C) ΔH 

(kJ/mol) 

Ton (°C) ΔH 

(kJ/mol) TGA DSC TGA DSC 

Gly-Ser 163 178 -- Ala-Tyr 205 219 35.9±0.9 

Val-Ser 183 202 -- Ala-Gln 199 214 -- 

Leu-Ser 154 154 --     

 

Similar to the dipeptide sequence isomers of Chapter 4, the effect is evidently strong, but 

it is hard to identify a clear pattern. The greatest difference in the decomposition temperatures is 

observed for two pairs where one amino acid has a small and another a bulky side group (Phe-

Gly/Gly-Phe). In this case, the dipeptide with a bulky group on the C-term (Phe-Gly) shows higher 

stability. However this observation does not develop into a clear trend. Secondary amine on the N-

term may increase the stability (Pro-Gly vs Gly-Pro).  

Conclusions 

The above analysis on the thermal stability trends suggests the molecular structure of the 

dipeptides does not define the stability of the corresponding crystalline solids in a simple, evident 

way. The relationship is complex and requires taking into consideration various parameters of the 

solid state structure and composition, such as the degree of hydration (additional discussion on this 

was given in Dipeptide Sequence Isomers, Section 4.2.5, Chapter 4). For example, Gly-Leu is 

anhydrous whereas its counterpart Leu-Gly exists as Leu-Gly‧0.27H2O, and they decompose at 

196 and 179°C, respectively. On the other hand, Gly-Ile and Ile-Gly, which are isomeric to Leu-

Gly and Gly-Leu and anhydrous, show entirely different trend for the thermal decomposition as 

183 and 201°C, respectively. 

Table 5.9 TGA and DSC onsets, and total enthalpy changes for the decomposition of the dipeptides paired 

as sequence isomers 

Dipeptide 

Set 1 

Decomposition 
Dipeptide 

Set 2 

Decomposition 

Ton (°C) ΔH 

(kJ/mol) 

Ton (°C) ΔH 

(kJ/mol) TGA DSC TGA DSC 

Leu-Gly 152 179 -- Gly-Leu 214 196 -- 

Ile-Gly 189 201 39.2±2.3 Gly-Ile 166 183 32.3±1.4 

Pro-Gly 222 233 -- Gly-Pro 167 180 41.0±0.8 

Phe-Gly 179 170 -- Gly-Phe 223 239 58.1±1.1 
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5.3 Solid State Synthesis 

From the thermal stability studies, we found that the thermally induced chemical 

decomposition of the 23 studied dipeptides is the same type of transformation into cyclo-dipeptides 

as described in Chapter 4 (Scheme 5.1). The reaction is a potential application to synthesize cyclo-

dipeptides (diketopiperazines), particularly some of the hydrophilic cyclo-dipeptides that have 

never been obtained by any synthetic method. In our further studies, we attempted to scale up the 

reaction and to optimize the conditions. In this section, the transformation of the 23 hydrophilic 

dipeptides into the corresponding cyclo-dipeptides (Table 5.10) in the solid state is described. The 

solid state reaction was achieved by heating the dipeptides in the TGA apparatus or ventilation 

oven. 

5.3.1 Solid State Cyclization (TGA) 

After the parameters for the decomposition in the TGA experiment were obtained (Table 

5.2), the solid state synthesis of cyclo-dipeptides was performed in the TGA apparatus (Table 

5.11). Heating was stopped and the samples were recovered at the point corresponding to the end 

of the cyclization reaction. The recovered samples were characterized by FTIR (Table 5.13). 

Initial dipeptides along with the temperatures at which the samples were recovered after heating 

in TGA, as well as the identified products, are listed in Table 5.11.  

Most products showed a complete solid state transformation of the studied dipeptides into 

cyclo-dipeptides except for six dipeptides. The recovered products of Gly-Gly, Gly-Ser, Gly-Gln, 

Gly-Asn, Gly-Asp and Ala-Gln were found as mixtures of the corresponding cyclo-dipeptide and 

a polymeric substance. The six dipeptides melted in TGA. It appears that melting adds other 

decomposition pathways to the cyclization that yield some polymeric substances. Aside from the 

six, the obtained products were pure in most cases, within the detection limits of FTIR, but the 

yields were within 84-100% due to some losses caused by the sublimation. 

The results showed that the cyclization was best achieved for Categories 1 and 2 (see Table 

5.2). The recovered products from some Category 3 and few from Category 4 dipeptides also 

showed comparatively high cyclization yields (~95%) although their TGA plots showed 

complexity. The DSC experiments for these dipeptides showed the decomposition was distinct 

from melting. 
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                        Dipeptide                                                 Cyclo-Dipeptide 

Scheme 5.1  Solid state transformation of dipeptides into cyclo-dipeptides induced by heating  

Table 5.10 List of synthesized cyclo-dipeptides 

R1 R2 
Cyclo-dipeptide 

(Compound no)  
R1 R2 

Cyclo-dipeptide 

(Compound no) 

H H Cyclo-Gly-Gly (24) H CH2Ph Cyclo-Gly-L-Phe (33) 

CH2CH(CH3)CH3 H Cyclo-L-Leu-Gly (25) CH2Ph H Cyclo-L-Phe-Gly (33) 

H CH2CH(CH3)CH3 Cyclo-Gly-L-Leu (25) H CH2Ph-p-OH Cyclo-Gly-L-Tyr (34) 

CH(CH3)CH2CH3 H Cyclo-L-Ile-Gly (26) H 
CH2(1H-indole-3-

yl) 
Cyclo-Gly-L-Trp (35) 

H CH(CH3)CH2CH3 Cyclo-Gly-L-Ile (26) H CH2CONH2 Cyclo-Gly-L-Asn (36) 

H CH3 Cyclo-Gly-L-Ala (27) H CH2COOH Cyclo-Gly-L-Asp (37) 

CH3 H Cyclo-LD-Ala-Gly (28) CH3 CH2CH2CONH2 Cyclo-L-Ala-L-Gln (38) 

H CH2CH2SCH3 Cyclo-Gly-L-Met (29) CH3 CH2Ph-p-OH Cyclo-L-Ala-L-Tyr (39) 

H CH2OH Cyclo-Gly-L-Ser (30) CH2CH(CH3)CH3 CH2OH Cyclo-L-Leu-L-Ser (40) 

H [CH2CH2CH2] Cyclo-Gly-L-Pro (31) CH(CH3)CH3 CH2OH Cyclo-L-Val-L-Ser (41) 

[CH2CH2CH2] CH3 Cyclo-L-Pro-Gly (31) CH2CH2SCH3 CH3 Cyclo-L-Met-L-Ala (42) 

H CH2CH2CONH2 Cyclo-Gly-L-Gln (32)    

 

5.3.2 Solid State Cyclization (Oven) 

After successful microscale solid state synthesis of cyclo-dipeptides in the TGA, the 

synthetic procedure was scaled up. The macroscale solid state synthesis of the cyclo-dipeptides 

was achieved by heating the dipeptides in a ventilation oven. For this purpose, the reaction 

temperatures were selected based on the TGA and DSC data for the dipeptides (Table 5.4) and 

then further optimized for the synthesis of pure cyclo-dipeptides (Table 5.12). All of the recovered 

products were characterized by FTIR (Table 5.13), NMR, GC-MS, LC-MS (Table 5.14), PXRD 

and DSC, and were found to be cyclo-dipeptides. The quantities (initial and recovered), 

temperature/time, and the identified products are summarized in Table 5.12. 
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Table 5.11 Solid state synthesis of cyclo-dipeptides in TGA. Initial and recovered amounts are shown with 

the recovery (final) temperature. The assignment of the products was based on their FTIR spectra 

Peptide 
Mass T 

Exp. Code Result(s) 
Initial (mg) Loss (mg / %) Final (mg) (°C) 

Gly-Gly 

26.30 4.86 / 18.5 21.44 253 FIA250-TGA 
Cyclo-Gly-Gly & 

Polymer  

22.93 10.95 / 47.8 11.93 337 FIA320-TGA Polymer 

21.05 15.00 / 71.3 6.05 500 FIA500-TGA -- 

Leu-Gly 17.95 3.22 / 18.0 14.73 200 FIA101-TGA Cyclo-Leu-Gly 

Gly-Leu 11.68 2.43 / 20.8 9.24 237 FIA102-TGA Cyclo-Gly-Leu 

Ile-Gly 11.51 1.59 / 13.8 9.92 218 FIA103-TGA Cyclo-Ile-Gly 

Gly-Ile 22.27 4.56 / 20.5 17.71 243 FIA104-TGA Cyclo-Gly-Ile 

Gly-Ala 20.20 3.03 / 15.0 17.17 217 FIA108-TGA Cyclo-Gly-Ala 

LD-Ala-Gly 9.96 2.37 / 23.8 7.59 241 FIA119-TGA Cyclo-LD-Ala-Gly 

Gly-Met 11.21 1.01 / 9.0 10.20 210 FIA109-TGA Cyclo-Gly-Met 

Gly-Ser 14.19 4.03 / 28.4 10.16 205 FIA111-TGA 
Cyclo-Gly-Ser & 

polymer 

Gly-Pro 17.82 3.14 / 17.6 14.68 209 FIA112-TGA Cyclo-Gly-Pro 

Pro-Gly 16.88 4.93 / 29.2 11.95 249 FIA203-TGA Cyclo-Pro-Gly 

Gly-Gln 21.40 1.80 / 8.4 19.61 152 FIA113-TGA1 Gly-Gln dry 

Gly-Gln 23.25 4.19 / 18.0 19.06 220 FIA113-TGA2 
Cyclo-Gly-Gln & 

polymer 

Gly-Phe 20.36 2.30 / 11.3 18.06 259 FIA114-TGA Cyclo-Gly-Phe 

Phe-Gly 19.61 4.34 / 22.1 15.27 246 FIA204-TGA Cyclo-Phe-Gly 

Gly-Tyr 21.41 4.17 / 19.5 17.24 216 FIA115-TGA Cyclo-Gly-Tyr 

Gly-Trp 28.51 5.09 / 17.9 23.42 241 FIA116-TGA Cyclo-Gly-Trp 

Gly-Asn 17.02 3.22 / 18.9 13.80 246 FIA117-TGA 
Cyclo-Gly-Asn & 

polymer 

Gly-Asp 7.52 1.95 / 25.9 5.57 220 FIA118-TGA 
Cyclo-Gly-Asp + Gly-

Asp + Polymer 

Ala-Gln 13.97 1.60 / 11.4 12.37 230 FIA200-TGA 
Cyclo-Ala-Gln & 

polymer 

Ala-Tyr 25.72 2.50 / 9.7 23.22 236 FIA201-TGA Cyclo-Ala-Tyr 

Leu-Ser 24.76 3.65 / 14.8 21.11 197 FIA105-TGA Cyclo-Leu-Ser 

Met-Ala 9.17 2.14 / 23.3 7.04 179 FIA107-TGA Cyclo-Met-Ala 

 

The scaled-up solid state conversion of the dipeptides (up to ~0.7 g) into their 

corresponding cyclo-dipeptides was attempted, and the products were analyzed. Most of the 

dipeptides studied in this chapter cyclized in oven to yield the corresponding pure cyclic products.  

Some of the dipeptides, Gly-Gly, Leu-Gly⸳HCl, Gly-Ser, Gly-Gln, Phe-Gly⸳HCl, Gly-Asn, Gly-

Asp, Ala-Gln, Leu-Ser, yielded their corresponding cyclo-dipeptides with some by-products. The 

dipeptides Met-Ala and Leu-Ser yielded their corresponding cyclo-dipeptides (40, 42) along with 

some amounts of (LD)-cyclo-dipeptides (diastereomers) (44-45), ~17 and ~8%, respectively. Leu-
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Gly⸳HCl (2’) transformed into the corresponding cyclo-dipeptide (as a hydrochloride salt 46) as 

well as (LD)-dihydropyrazine-2,5-diones (47), 11%. However the pure cyclo-Leu-Gly (25) could 

still be obtained by heating the isomeric Leu-Gly or Gly-Leu hydrate in the oven.  

Table 5.12 Solid state synthesis of cyclo-dipeptides in oven. Initial and recovered amounts of the 

dipeptides and the heating scheme are indicated. All the 23 dipeptides were converted into cyclo-dipeptides, 

completely or partially 

Dipeptide 

Mass T/Time 

Exp. Code Product(s) Initial 

(mg) 

Final 

(mg) 

Loss 

(mg / %) 
(°C/min) 

Gly-Gly 
274.12 223.99 50.13 / 18.3 250 / 30 FIAGG250 Cyclo-Gly-Gly & polymer 

457.90 369.89 88.01 / 19.2 2880 / 200 FIAGG200 Cyclo-Gly-Gly & polymer 

Leu-Gly⸳HCl 605.35 543.60 61.75 / 10.2 165 / 90 FIA101 
Cyclo-Leu-Gly & 

Dihydropyrazine-2,5-diones 

Leu-Gly* 184.92 153.91 31.01 / 16.8 175 / 30 FIA101B1 Cyclo-Leu-Gly 

Gly-Leu 203.70 174.30 29.4 / 14.5 208 / 30 FIA102B Cyclo-Gly-Leu 

Ile-Gly 330.30 291.89 38.41 / 11.6 190 / 60 FIA103B Cyclo-Ile-Gly 

Gly-Ile 320.28 278.02 42.26 / 13.2 190 / 60 FIA104B2 
Cyclo-Gly-Ile & 

Cyclo-(LD)-Gly-Ile 

Gly-Ala 354.96 308.26 46.70 / 13.2 185 / 45 FIA108 Cyclo-Gly-Ala 

LD-Ala-Gly 345.37 288.96 56.41 / 16.3 208 / 30 FIA119B Cyclo-LD-Ala-Gly 

Gly-Met 393.21 353.85 39.36 / 10.0 185 / 45 FIA109B Cyclo-Gly-Met 

Gly-Ser 621.98 473.64 148.34 / 23.8 165 / 60 FIA111B Cyclo-Gly-Ser & polymer 

Gly-Pro 355.44 300.92 54.52 / 15.3 180 / 30 FIA112 Cyclo-Gly-Pro 

Pro-Gly 213.07 167.19 45.88 / 21.5 205 / 30 FIA203B1 Cyclo-Pro-Gly 

Gly-Gln 507.14 421.66 85.48 / 16.9 185 / 60 FIA113B 
Cyclo-Gly-Gln (32) + (49) + 

(53) + (55) 

Gly-Phe 448.37 409.33 39.04 / 8.7 230 / 30 FIA114 Cyclo-Gly-Phe 

Phe-Gly* 165.32 132.37 32.95 / 19.9 160 / 120 FIA204B Cyclo-Phe-Gly & Phe-Gly 

Gly-Tyr 367.48 294.53 72.75 / 19.8 200 / 40 FIA115B Cyclo-Gly-Tyr 

Gly-Trp 665.91 542.19 123.72 / 18.6 225 / 30 FIA116B1 Cyclo-Gly-Trp 

Gly-Asn 456.76 371.80 84.96 / 18.6 205 / 60 FIA117B 
Cyclo-Gly-Asn (36) + (37) + 

(58) 

Gly-Asp 225.19 183.96 41.29 / 18.3 170 / 30 FIA118 
Cyclo-Gly-Asp (37) + (58) + 

(59) 

Ala-Gln 269.13 241.77 27.36 / 10.2 195 / 30 FIA200 
Cyclo-Ala-Gln (38) + (50) + 

(54) + (56) 

Ala-Tyr 382.13 337.92 44.21 / 11.6 220 / 35 FIA201B Cyclo-Ala-Tyr 

Leu-Ser 206.74 169.02 37.72 / 18.2 180 / 65 FIA105B 
Cyclo-Leu-Ser & Cyclo-(LD)-

Leu-Ser 

Val-Ser 63.43 44.40 19.03 / 30.0 185 / 30 FIA106 Cyclo-Val-Ser 

Met-Ala⸳HCOOH 202.60 159.24 43.36 / 21.4 165 / 60 FIA107B 
Cyclo-Met-Ala + Cyclo-(LD)-

Met-Ala 

*See Table 5.2 for impurities in these dipeptides. 

Upon heating, Gly-Gly transformed into a black ‘charcoal like’ material. After 

recrystallizing the raw material from water, cyclo-Gly-Gly (24) (45%) was recovered, whereas the 
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black material (55% residue) was identified as a polymer of glycine, thermomelanoid (43). 

Similarly, heating Gly-Ser yielded cyclo-Gly-Ser (30) (72%) along with a black polymer (28%). 

Recovered products of the dipeptides Gly-Gln, Ala-Gln, Gly-Asn, and Gly-Asp revealed 

the formation of multiple products in addition to the corresponding cyclo-dipeptides. Ala-Gln and 

Gly-Gln transformed into their corresponding cyclo-dipeptides (38, 32) (59 and 80%, respectively) 

along with the corresponding N-glycine and N-alanine pyroglutamates (49-50) (24 and 12%, 

respectively), and fused bicyclic diketopiperazines (55-56) (18 and 7%, respectively). Gly-Asn 

transformed into its cyclo-Gly-Asn (36) (60%), N-glycyl-aspartyl anhydride (57) (11%) and fused 

bicyclic diketopiperazine (58) (29%). Recovered product from Gly-Asp showed the formation of 

cyclo-Gly-Asp (37) (66%), fused bicyclic diketopiperazine (58) (20%), and oxo piperazine 

carboxylic acid (59) (13%).  

The stock Phe-Gly chemical contained large amounts of Phe-Gly⸳HCl salt. Upon heating, 

the dipeptide salt melted at low temperature during cyclization. To avoid the melting, the sample 

was heated at lower temperature; the reaction took much longer time (>120 min), and significant 

amount of the uncyclized dipeptide was found in the recovered sample. However pure cyclo-Phe-

Gly was still obtained by heating the isomeric Gly-Phe in the oven. 

The overall yield of the cyclo-dipeptides obtained by heating the 23 dipeptides was from 

45-100%. Lower yields were obtained from the dipeptide hydrochloride salts and most of the 

hydrophilic dipeptides because they cyclized and melted at the same time. Lower yields were also 

obtained when the formation of 5- or 6-membered rings favored side products. 

5.3.3 Characterization 

All products were characterized using FTIR (ATR accessory), NMR, PXRD, ESI, GC-MS, 

DSC analysis and by visually measuring the melting points. A summary of characterization data 

for each product is given at the end of this chapter. The FTIR spectra were recorded for both the 

initial dipeptides and the recovered samples. The disappearance of some absorptions from the 

spectra of the initial dipeptides, and the appearance of new absorption bands for cyclo-dipeptides, 

was used to characterize the crude products. The FTIR spectra obtained for the samples recovered 

from oven were also compared with the literature data for the known cyclo-dipeptides. 1H and 

13C NMR analyses were performed for the crude recovered products from the oven syntheses. 

Since the crude products were completely dissolved in DMSO-d6 (except for polymers), the NMR 

analyses also helped to identify the side products. PXRD patterns were obtained for the initial 
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dipeptides, some dipeptides dehydrated in TGA, and the products recovered from oven. The direct 

resemblance of the obtained PXRD patterns to the simulated powder patterns for cyclo-dipeptides 

with known crystal structures not only confirmed the cyclic structure but also helped to identify 

the absolute configuration for those cyclic products. The GC-MS analyses were also carried out 

for the crude products from oven. The purity of the crude products was evaluated from by the GC 

plots, and the mass spectra for these peaks made it possible to identify the cyclic components. For 

the crude products, which decomposed further during the GC-MS, from FIA111B, FIA113B, 

FIA117B, FIA118, FIA200 and FIA105B, ESI (+) mass spectra were also obtained to find the exact 

mass of the molecule. DSC experiments were conducted for all the initial and synthesized cyclo-

dipeptides. The melting points from the DSC thermograms were used to compare the course of the 

reactions and products in DSC and oven. The details of the measurements and the results obtained 

are described in the following sub-sections. 

5.3.3.1 FTIR 

The cyclization reaction in the samples recovered from TGA and oven was initially 

confirmed by the FTIR analyses. The confirmation was based on: (1) complete disappearance of 

the absorptions for the ammonium, carboxylate and amide II region bands; (2) appearance of 

typical IR absorptions for DKP (see Section 4.3.4.1, Chapter 4 for detailed discussion). The IR 

absorptions observed for cyclo-dipeptides are listed in Table 5.13.  

As an example, the FTIR spectra for Ala-Tyr and samples recovered after its heating in 

TGA and oven are shown in Figure 5.28. In the spectrum of Ala-Tyr, the broad absorption at 3224 

cm-1 is for the aromatic OH stretching; 3079 cm-1 is for the amide N-H stretching; 1673 cm-1 is for 

the amide C=O; slight broad absorption at 1558 cm-1 is for the amide-I (NH3
+ and -COO-) 

vibrations; strong absorption at 1389 cm-1 (symmetric stretch) is for carboxylate -COO-. In 

FIA201-TGA and FIA201B, the peaks for ammonium and COO- (1558 and 1389 cm-1) are absent, 

while a new sharp peak appears at 1661 cm-1 for C=O. A relatively intense peaks at 1474 and 1438 

cm-1 are for the amide II N-H vibrations. A broad peak at 3265 cm-1 is for the aromatic OH 

stretching that has formed new hydrogen bonds. Two absorptions at 3212 and 3034  cm-1 are for 

the N-H groups (in-cis configuration) that form a hydrogen bond with C=O. 

The FTIR spectra of Gly-Gly and its products after heating are shown in Figure 5.29. The 

FTIR spectrum of FIAGG250 shows broad peaks that correspond to the glycine polymer, 

thermomelanoid2 (43).  After recrystallization of FIAGG250 from water, the FTIR spectrum of the 
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filtrate (45%) (cGG/H2O) corresponds to cyclo-Gly-Gly (24) whereas the spectrum of black 

residue (55%) (Residue-FIAGG250) corresponds to the polymer, thermomelanoid (43). On the 

other hand, the FTIR spectrum of FIAGG200 is similar to cyclo-Gly-Gly (24). After recrystallizing 

FIAGG200 from water, the FTIR of the filtrate (69%) corresponds to cyclo-Gly-Gly (24) whereas 

the black residue (30%) gives IR absorptions for the polymer (43). It is clear that the heating of 

the Gly-Gly produces its cyclic product and the polymer (Scheme 5.2). It appears the FTIR 

spectrum of FIAGG250 is dominated by the polymer (43) whereas FIAGG200 is dominated by 

cyclo-Gly-Gly (24). It was also determined that two heating schemes of Gly-Gly, 250°C for 30 

min and 200°C for 2880 min yielded 45 and 69% cyclo-Gly-Gly (24), and 55 and 30% polymer 

(43), respectively. 

 

Figure 5.28 FTIR spectra of Ala-Tyr and its products after heating. Ala-Tyr (P073) is for the initial Ala-

Tyr; FIA201-TGA is for TGA sample recovered at 236°C; FIA201B is for Ala-Tyr heated in the oven at 

225°C for 35 min. 

The similarity of the FTIR spectra of FIAGG200 and GG250-TGA (heated Gly-Gly sample 

recovered from TGA at 253°C) indicate different solid state reactivity of Gly-Gly in TGA and 

oven. It was determined that the heating of Gly-Gly in TGA at 250°C produces more cyclo-Gly-

Gly than in oven. This may be due to two reasons: (1) the dependence of the cyclization on the 

vapor pressure of water; (2) the cyclic product formed in oven at 250°C may be decomposing 

further in time to form the polymer. Since there is nearly zero vapor pressure of water vapors due 

to the continuous flow of nitrogen in TGA, it may favor the formation of cyclo-Gly-Gly. The more  
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Table 5.13 Characteristic peaks observed for cyclo-dipeptides in FTIR and NMR 

 Exp. Code 

(Identified Product) 

IR Absorption Bands ν (cm-1) NMR Signals δ (ppm) 

Modes 1H NMR 13C NMR 
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 FIAGG250 

(Cyclo-Gly-Gly) 
-- -- -- -- 8.03 3.72 (s) 166.58 

FIAGG200 

(Cyclo-Gly-Gly) 
1663 

1466 & 

1538 
1337 

3185 & 

3033 
8.03 3.72 (s) 166.58 

 FIA101B1 

(Cyclo-Leu-Gly) 
1663 1460 

1367 & 

1327 

3190 & 

3049 

8.26 (s) 

7.98 (s) 

3.84 (d, J = 17.3 Hz), 3.67 (m), 3.63 

(dd, J = 3.0, 17.4 Hz) 

169.16 

166.80 

 FIA102B 

(Cyclo-Gly-Leu) 
1663 1461 

1368 & 
1329 

3189 & 
3047 

8.25 (s) 
7.98 (s) 

3.84 (d, J = 17.3 Hz, 1H) 3.67 (m), 
3.63 (dd, J = 3.0, 17.3 Hz) 

169.23 
166.87 

 FIA103B 

(Cyclo-Ile-Gly) 
1658 1452 1334 

3189 & 

3047 

8.17 (s) 

8.00 (s) 

3.82 (d, J = 17.7 Hz), 3.64 (dd, J = 

2.8, 17.7 Hz), 3.61 (m) 

167.67 

166.50 

 FIA104B2 

(Cyclo-Gly-Ile) 
1659 1453 1333 

3189 & 
3046 

8.17 (s) 
8.01 (s) 

3.82 (d, J = 17.7 Hz), 3.64 (dd, J = 
3.2, 17.7 Hz), 3.61 (m) 

167.60 
166.44 

 FIA108 

(Cyclo-Gly-Ala) 
1660 1452 1325 

3190 & 

3045 

8.17 (s) 

7.98 (s) 

3.86 (tq, J = 0.9, 11.6 Hz), 3.77 (m), 

3.71 (m) 

169.31 

166.72 

 FIA119B 

(Cyclo-LD-Ala-Gly) 
1673 

1467 & 

1448 
1333 

3188 & 

3045 

8.15 (s) 

7.97 (s) 

3.86 (q, J = 1.0, 6.9 Hz), 3.76 (m), 

3.72 (m), 

169.33 

166.73 

 FIA109B 

(Cyclo-Gly-Met) 
1659 1461 1333 

3188 & 
3045 

8.24 (s) 
8.04 (s) 

3.89 (dt, J = 2.1, 8.4 Hz), 3.80 (ddd, 

J = 0.8, 1.1, 17.4 Hz) 3.70 (ddd, J = 

0.8, 1.9, 17.2 Hz) 

168.21 
166.72 

 FIA111B 

(Cyclo-Gly-Ser) 
1650 1456 1323 

3190 & 
3084 

8.00 (s) 
7.99 (s) 

3.81 (d, J = 17.2 Hz), 3.75 (dd, J = 
3.0, 10.8 Hz), 3.68 (m) 

167.63 
166.76 

 FIA112 

(Cyclo-Gly-Pro) 

1674 & 

1641 
1455 

1338 & 

1294 

3195 & 

3090 
8.08 (s) 

4.13 (t, J = 7.8 Hz), 4.00 (d, J = 

16.2 Hz), 3.52 (dd, J = 4.5, 16.4 Hz) 

169.75 

164.31 

 FIA203B1 

(Cyclo-Pro-Gly) 

1674 & 

1639 
1455 

1339 & 

1294 

3197 & 

3090 
8.08 (s) 

4.13 (t, J = 7.4 Hz), 4.00 (dd, J = 

1.1, 16.4 Hz), 3.52 (dd, J = 4.5, 16.4 

Hz) 

169.75 

164.32 

 FIA113B 

(Cyclo-Gly-Gln) 
1649 

1459 & 

1414 

1332 & 

1297 

3203 & 

1297 

8.19 (s) 

8.03 (s) 
3.68-3.81 (m) 

168.26 

166.64 

 FIA114 

(Cyclo-Gly-Phe) 
1669 

1460 & 
1452 

1334 & 
1326 

3177 & 
3045 

8.18 (s) 
7.91 (s) 

4.08 (m), 3.37 (dd, J = 3.1, 16.9 
Hz), 3.11 (dd, J = 4.5, 13.5 Hz) 

167.61 
166.12 

 FIA204B 

(Cyclo-Phe-Gly) 
1672 

1462 & 

1452 

1333 & 

1323 

3171 & 

3049 

8.17 (s) 

7.91 (s) 

4.09 (m), 3.37 (dd, J = 2.5, 17.2 

Hz), 3.11 (dd, J = 4.6, 13.8 Hz) 

167.61 

166.12 

 FIA115B 

(Cyclo-Gly-Tyr) 
1660 

1466 & 
1440 

1331 
3206 & 

3039 
8.09 (s) 
7.85 (s) 

3.98 (m), 3.33 (dd, J = 3.0, 17.3 
Hz), 2.99 (dd, J = 4.2, 13.7 Hz) 

167.80 
166.16 

 FIA116B1 

(Cyclo-Gly-Trp) 
1659 

1459 & 

1440 
1325 

3183 & 

3041 

8.10 (s) 

7.77 (s) 

4.03 (m), 3.32 (dd, J = 2.9, 17.2 

Hz), 3.25 (dd, J = 4.7, 14.5 Hz) 

168.44 

166.17 

 FIA117B 

(Cyclo-Gly-Asn) 
1654 1402 1324 

3186 & 

3066 

8.08 (s) 

7.93 (s) 
4.08 (m), 3.08-3.73 (m) 

168.45 

166.49 

 FIA118 

(Cyclo-Gly-Asp) 
1651 1460 1324 

3226 & 
3066 

8.08 (s) 
8.01 (s) 

4.09 (m), 2.93-3.75 (m) 
167.92 
166.41 

 FIA200 

(Cyclo-Ala-Gln) 
1660 

1476 & 

1448 

1350 & 

1326 

3211 & 

3049 

8.16 (s) 

8.09 (s) 
3.89-4.00 (m) 

169.41 

168.16 

 FIA201B 

(Cyclo-Ala-Tyr) 
1661 

1474 & 
1438 

1330 
3212 & 

3034 
8.04 (d) 
7.99 (d) 

4.09 (m), 3.63 (q, J = 1.1, 7.0 Hz) 
168.23 
166.67 

 FIA105B 

(Cyclo-Leu-Ser) 
1663 1463 

1368 

&1345 

3186 & 

3046 

8.22 (s) 

7.91 (s) 
3.73 (m), 3.51 (m) 

168.67 

166.75 

 FIA106 

(Cyclo-Val-Ser) 
1651 

1456 & 

1440 

1368 

&1347 

3191 & 

3043 

8.06 (s) 

7.91 (s) 
3.80 (m), 3.59 (d, J = 10.6 Hz) 

167.17 

166.75 

 FIA107B 

(Cyclo-Met-Ala) 
1668 1441 1325 

3188 & 

3051 

8.20 (s) 

8.17 (s) 

3.97 (tt, J = 1.5, 5.4 Hz), 3.92 (q, 

J = 1.3, 7.0 Hz) 

169.52 

168.17 
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flattened FTIR spectrum of GG320-TGA was similar to Residue-FIAGG250 spectrum, which 

indicated further decomposition of cyclo-Gly-Gly into the polymer. The FTIR spectrum of GG500-

TGA is even more flattened, without distinct peaks, which was an indication of further 

decomposition of the polymer. 

Taking into account the TGA-FTIR analysis along with the analysis of the samples 

recovered from TGA and oven, it was concluded that the initial heating of Gly-Gly produces cyclo-

Gly-Gly and the polymer (Scheme 5.2). The formation of the polymer is a secondary and 

unavoidable reaction that can be reduced by a lower temperature heating for longer time. Further 

heating (250-500°C) shows first the decomposition of the cyclo-Gly-Gly into, presumably, the 

polymer, and then decomposition of the polymer itself.   

 

Scheme 5.2 Cyclization and hyper-condensation of Gly-Gly to yield cyclo-Gly-Gly and a polymer, thermomelanoid 

By the FTIR analysis, most of the samples recovered from TGA were identified as pure 

cyclo-dipeptides except for FIA250-TGA, FIA320-TGA, FIA500-TGA, FIA111-TGA, FIA113-

TGA2, FIA117-TGA, FIA118-TGA and FIA200-TGA (Table 5.11). In these samples, the peaks 

broader than expected indicated the formation of polymeric products in addition to the cyclo-

dipeptides.  

By the FTIR analysis, most of the samples recovered from oven were pure cyclo-dipeptides 

with only two exceptions for FIAGG-250 and FIA111B (these samples showed broad peaks from 

a polymeric product). The FTIR spectra of the corresponding cyclo-dipeptides obtained in this 

study were consistent with the molecular structure and the literature FTIR of cyclo-Leu-Gly19, 

cyclo-Ile-Gly19, cyclo-Pro-Gly20,21, cyclo-Phe-Gly22, cyclo-Gly-Tyr23, cyclo-Gly-Trp24 and 

cyclo-Tyr-Ala25. 
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Figure 5.29 FTIR spectra of Gly-Gly and its products after heating. Gly-Gly is for the initial Gly-Gly; 

GG250-TGA is for TGA sample recovered at 253°C; GG320-TGA is for TGA sample recovered at 320°C; 

GG500-TGA is for TGA sample recovered at 500°C; FIAGG200 is for Gly-Gly heated in the oven at 200°C 

for 2880 min; FIAGG250 is for Gly-Gly heated in the oven at 250°C for 30 min; cGG/H2O is the dried filtrate 

from FIAGG250 solution; Residue-FIAGG250 is the water-insoluable residue from FIAGG250 

5.3.3.2 NMR 

The NMR spectra of the cyclo-dipeptides have several distinctive δ values as compared to 

the corresponding linear dipeptides. In heated dipeptide samples of this study, the disappearance 

of the 1H broad peak of -NH3
+ at ~8-9 ppm, and upfield shift of 13C from ~180 ppm to ~170 ppm 

due to the conversion of -COO- to -(C=O)-, confirmed cyclization of the dipeptides. In 1H NMR, 

typical lactam NH singlet(s) at ~8 ppm and α-CH multiplet(s) at 3.4-4.2 ppm (positions 3 and 6 on 

the lactam ring), and lactam C=O at ~168 ppm in 13C NMR, are the characteristic peaks of cyclo-

dipeptides. All heated samples from oven were identified as cyclo-dipeptides based on the 

chemical shifts listed in Table 5.13. 

5001000150020002500300035004000

%
 T

ra
n

sm
it

ta
n

ce
 

Wavenumber (cm-1)

Gly-Gly

GG250-TGA

GG320-TGA

GG500-TGA

FIAGG200

FIAGG250

cGG/H2O

Residue-FIAGG250



217 
 

 

As an example, in the 1H NMR of FIA201B (Figure 5.30b), N-H-4 (d, J = 1.6 Hz, 8.04 

ppm), N-H-1 (d, J = 1.6 Hz, 7.99 ppm), α-CH-3 (m, 4.09 ppm) and α-CH-6 (m, 3.63 ppm) confirms 

the cyclo-Ala-Tyr (Figure 5.30a). Similarly, in 13C NMR of FIA201B (Figure 5.30c), C=O-5 

 

 

Figure 5.30 a) cyclo-Ala-Tyr; b) 1H NMR spectrum of FIA201B; c) 13C NMR spectrum of FIA201B  

c) 

2(CONH) 
α-CH α-CH 

2(N-C=O) 

a) 

b) 
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(168.23 ppm), C=O-2 (166.67 ppm), α-C-3 (56.04 ppm) and α-C-3 (50.23 ppm) are the 

characteristic peaks for the cyclo-Ala-Tyr structure.  

Most of the oven heated crude samples were identified as pure cyclo-dipeptides except for 

FIAGG250, FIAGG200, FIA101, FIA111B, FIA113B, FIA204B, FIA117B, FIA118, FIA200, 

FIA105B and FIA107B (Table 5.12). The NMR analysis of the samples FIA107B and FIA105B 

identified the corresponding cyclo-dipeptide as a major product and diastereomer as a minor 

product in the amount of ~17 and ~8%, respectively. The NMR analysis conducted for the dried 

water-soluble fractions of FIAGG250, FIAGG200 and FIA111B shows the formation of the 

corresponding cyclo-dipeptides. In the NMR spectra of FIA101, FIA113B, FIA204B, FIA117B, 

FIA118, and FIA200, the corresponding cyclo-dipeptide was found as the major product, whereas  

by-products were identified by GC-MS and LC-MS analysis (Tables 5.14 and 5.15). The NMR 

spectra of the corresponding cyclo-dipeptides were in good agreement with the molecular structure 

and reported NMR of cyclo-Leu-Gly/cyclo-Gly-Leu22, cyclo-Ile-Gly/cyclo-Gly-Ile22 and cyclo-

Phe-Gly/cyclo-Gly-Phe22,26. 

5.3.3.3 GC-MS 

GC-MS analyses were conducted for the samples recovered after heating in oven. The 

analyses revealed the formation of pure cyclo-dipeptides except for FIAGG250, FIAGG200, 

FIA101, FIA111B, FIA113B, FIA117B, FIA118, FIA200, FIA105B, FIA106, and FIA107B. The 

GC-MS of the FIAGG250 and FIAGG200 samples recrystallized from water showed pure cyclo-

Gly-Gly in the filtrate fraction, whereas the residue was detected as a polymer by the FTIR 

analysis. In FIA101, the corresponding cyclo-dipeptide was the major product, but the formation 

of cyclo-dihydropyrazine-2,5-dione (7%) was also detected. The GC-MS of FIA107B and 

FIA105B showed the formation of the corresponding cyclo-dipeptides as major products and their 

diastereomers in the amounts of ~17 and ~8%, respectively. Although in the samples FIA111B, 

FIA113B, FIA117B, FIA118, FIA200, FIA105B and FIA106 the corresponding cyclo-dipeptides 

were the major products, they seemed to be unstable at elevated temperature in GC-MS undergoing 

further decomposition. These samples were also analyzed at room temperature in LC-MS (see the 

next section). The list of samples recovered from oven along with retention times in GC, m/z of 

the molecular ion observed for cyclo-dipeptide, cyclo-(LD)-dipeptide, dihydropyrazine-2,5-dione  

and tetrahydropyrrolo[1,2-a]pyrazine-1,4,6(7H)-trione, are listed in Table 5.14.  
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As an example, the GC plot of FIA201B shows a single peak at the retention time RT = 

6.52 min (Figure 5.31a). The MS of this peak (Figure 5.31b) gives the molecular ion peak [M]˙+ 

(m/z) = 234, as expected for cyclo-Ala-Tyr. The proposed fragmentation pattern for cyclo-Ala-Tyr 

(Scheme 5.3) explains well the major fragmentation at 234, 107, 128 and 191. Other fragments at 

91, 77 and 65 are typical for the benzylium cation. Fragmentation is mainly happening through 

homolytic cleavage or by kicking out a neutral molecule of NHCO.  

In a similar way, all the samples recovered from oven produced a molecular ion fragment 

that corresponded to a cyclo-dipeptide. The MS pattern was verified by drawing a fragmentation 

pattern and comparing it with the literature data. The MS of the oven recovered samples were 

found to be in good agreement with the literature: cyclo-Gly-Gly1, cyclo-Gly-L-Leu/cyclo-Leu-

Gly27, cyclo-Gly-Ala28, cyclo-LD-Ala-Gly28, cyclo-Gly-L-Met29, cyclo-Gly-Ser30, cyclo-Gly-

Pro/cyclo-Pro-Gly31, cyclo-Phe-Gly/cyclo-Gly-Phe32, and cyclo-Met-Ala29. 

The GC-MS analysis of FIA101 (heated Leu-Gly∙HCl), revealed the formation of the 

corresponding cyclo-dipeptide and dihydropyrazine-2,5-dione (Scheme 5.4). On the other hand, 

the analysis of FIA101B1 (heated Leu-Gly) and FIA102B (heated Gly-Leu) showed the formation 

of  pure cyclo-Leu-Gly and cyclo-Gly-Leu, respectively, that is the same single product. 

FIA107B and FIA105B showed the formation the corresponding cyclo-dipeptide as a major 

product and a diastereomer, ~17 and ~8%, respectively (Scheme 5.5). Although GC-MS shows 

only one peak for FIA107B, the diastereomer was detected from the NMR analysis. 

FIA105B and FIA106 showed the formation of the corresponding methylenepiperazine-

2,5-diones 59-60 (Scheme 5.6) in addition to their cyclo-dipeptides and diastereomers. It seems 

like the dihydropyrazine-2,5-diones form during the GC-MS of the samples. 

The GC-MS of the FIA113B and FIA200 samples revealed the formation of the 

corresponding tetrahydropyrrolo[1,2-a]pyrazine-1,4,6(7H)-triones as the major product and the 

corresponding cyclo-dipeptides (Scheme 5.7). Further heating of the samples in GC-MS seemed 

to cause deamidation of the cyclo-dipeptides to form tetrahydropyrrolo[1,2-a]pyrazine-1,4,6(7H)-

triones (see LC-MS for further details). 

The GC-MS analyses of FIA117B and FIA118 samples showed the formation of the 

corresponding cyclo-dipeptides as a major product, and further deamidation and dehydration of 
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the cyclo-dipeptides to form 1,4-diazabicyclo[4.2.0]octane-2,5,8-triones (Scheme 5.8) (see LC-

MS for further details). 

Table 5.14 GC-MS analysis of the crude products recovered after heating in oven 

Sample* 

GC-MS 

GC MS 
Cyclo-Dipeptide (rel. 

abundance (%)) 

GC MS 
Other product 

(rel. abundance (%)) 
RT (min) [M]˙+ (m/z) 

RT 

(min) 
[M]˙+ 

(m/z) 

FIAGG250 2.73 114 Cyclo-Gly-Gly (100) -- -- -- 

FIAGG200 2.74 114 Cyclo-Gly-Gly (100) -- -- -- 

FIA101 5.75 170 Cyclo-Leu-Gly (100) 5.93 168 
3-isobutyl-1,6-dihydropyrazine-

2,5-dione (7) 

FIA101B1 5.79 170 Cyclo-Leu-Gly (100) -- -- -- 

FIA102B 5.78 170 Cyclo-Gly-Leu (100) -- -- -- 

FIA103B 5.90 170 Cyclo-Ile-Gly (100) -- -- -- 

FIA104B2 5.88 170 Cyclo-Gly-Ile (100) -- -- cyclo-(LD)-Gly-Ile▼ 

FIA108 3.87 128 Cyclo-Gly-Ala (100) -- -- -- 

FIA119B 3.90 128 Cyclo-LD-Ala-Gly (100) -- -- -- 

FIA109B 10.52 188 Cyclo-Gly-Met (100) -- -- -- 

FIA111B 4.82 144 Cyclo-Gly-Ser***(100) -- -- -- 

FIA112 5.80 154 Cyclo-Gly-Pro (100) -- -- -- 

FIA203B1 5.78 154 Cyclo-Pro-Gly (100) -- -- -- 

FIA113B 4.43 185** Cyclo-Gly-Gln***(51) 5.53 168 
tetrahydropyrrolo[1,2-

a]pyrazine-1,4,6(7H)-trione (100) 

FIA114 13.20 204 Cyclo-Gly-Phe (100) -- -- -- 

FIA204B 13.05 204 Cyclo-Phe-Gly (100) -- -- -- 

FIA115B 7.00 220 Cyclo-Gly-Tyr (100) -- -- -- 

FIA116B1 10.25 243 Cyclo-Gly-Trp (100) -- -- -- 

FIA117B 4.23 171 Cyclo-Gly-Asn*** (100) -- -- -- 

FIA118 8.13 172 Cyclo-Gly-Asp*** (100) 5.60 154 
1,4-diazabicyclo[4.2.0]octane-

2,5,8-trione (65) 

FIA200 4.21 199 Cyclo-Ala-Gln***(60) 5.17 182 
3-methyltetrahydropyrrolo[1,2-

a]pyrazine-1,4,6(7H)-trione (100) 

FIA201B 6.52 234 Cyclo-Ala-Tyr (100) -- -- -- 

FIA105B 28.25 200 Cyclo-Leu-Ser*** (100) 

28.45 200** 
cyclo-(LD)-Leu-Ser (11) 

 

14.00 182 
(S)-6-isobutyl-3-methyl-1,6-

dihydropyrazine-2,5-dione (4) 

FIA106 6.95 186 Cyclo-Val-Ser*** (100) 4.92 168 
(S)-6-isopropyl-3-methyl-1,6-

dihydropyrazine-2,5-dione (4) 

FIA107B 9.45 202 Cyclo-Met-Ala (100) -- -- cyclo-(LD)-Met-Ala▼ 

*See Table 5.12 for codes and synthetic details. ** The molecular ion was identified based on the whole fragmentation 

pattern (and ESI+ spectrum) rather than a single peak. *** More than one peak on the GC plot. ▼The diastereomer of 

cyclo-dipeptide was detected in NMR spectra, whereas no peak was observed for the diastereomer in GC-MS. 
Recrystallized from water 
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5.3.3.4 LC-MS 

The LC-MS analyses were conducted for the samples recovered from oven that produced 

other products in GC-MS (Table 5.14). The codes for the samples recovered after heating in oven, 

expected cyclo-dipeptides, LC scan (min) along with the molecular ion peaks and products 

identified are listed in Table 5.15. The LC of these samples showed much broader peaks, therefore 

the whole peaks region was scanned for electro spray ionization (ESI+) mass spectrum. The LC-

MS analysis of these samples shows the corresponding cyclo-dipeptide as the most abundant peak. 

Contrary to GC-MS, the LC-MS analysis of FIA111B and FIA105B shows only the corresponding 

cyclo-dipeptides molecular ion peak. This confirms that the extra peaks in GC-MS, except for the 

diastereomers, arose due to the decomposition of the corresponding cyclo-dipeptides in GC. 

The LC-MS analysis of FIA113B and FIA200 shows three molecular ion peaks 

corresponding to the cyclo-dipeptides 32, 38, products 49-52, and fused bicyclic compounds, 

tetrahydropyrrolo[1,2-a]pyrazine-1,4,6(7H)-trione derivatives 55-56 (Scheme 5.7). It seems like 

the deamidation of Gly-Gln and Ala-Gln results into the products 49-52. As shown in Scheme 5.7, 

two nucleophilic attacks are most likely to occur in the deamidation reaction of Gly-Gln and Ala-

Gln. The first possibility is the attack of amide bond nitrogen on the carbonyl of the glutamine side 

chain resulting in 49-50, having a 5-membered γ-lactam ring. The second possibility is the attack 

of C-term oxygen on the glutamine side chain leading to 51-52, having a glutaric anhydride ring. 

The formation of the 5-membered γ-lactam ring is in good agreement with the previous results33,34, 

however the formation of the glutaric anhydride ring cannot be excluded for two reason: 1) both 

molecules have the same mass; 2) both undergo further condensation to yield bicyclic compounds 

55-56. Glutaric anhydrides may transform into cyclo-Gly-Glu 53 and cyclo-Ala-Glu 54 upon the 

nucleophilic attack of the N-term nitrogen on the carbonyl-2 of glutaric anhydride. Furthermore, 

the bicyclic compounds 55-56 are most likely formed by the deamidation and dehydration of the 

cyclo-dipeptides. In the cyclo-dipeptides 32 and 38, the nucleophilic attack of the nitrogen-1 of the 

lactam ring on the carbonyl of the glutamine side chain may lead to the elimination of NH3 and 

produce bicyclic compounds 55-56. Similar nucleophilic attack is possible for the dehydration of 

cyclo-dipeptides 53-54 to form bicyclic compounds 55-56. The dehydration of N-Gly-γ-lactam 

rings 49-50 by the nucleophilic attack of the N-term nitrogen on the carbonyl of carboxylic group 

may result into bicyclic compound 55-56. Overall, deamidation and dehydration are most likely 

the mechanisms that yield all the detected products in LC-MS. In GC-MS analysis of these 
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samples, the detection of the bicyclic compounds as the major products along with small amounts 

of the corresponding cyclo-dipeptides suggests that the prolonged heating of Gly-Gln and Ala-Gln 

can lead to the formation of the bicyclic compounds as major products. 

Table 5.15 LC-MS analysis of the crude products recovered after heating in oven* 

Sample 
Expected 

Cyclo-dipeptide (m/z) 

LC-MS Product(s) Assignment 

LC ESI+ 

[M]+nH Identified Product(s) 
Scan 

(min) 

m/z (rel. 

abundance (%)) 

FIA111B 
Cyclo-Gly-Ser (144) 2.12-6.11 145 (100) M+H Cyclo-Gly-Ser 

-- = 147 (51) M+M+H** -- 

FIA113B 

Cyclo-Gly-Gln (185) 1.55-7.05 186 (100) M+H Cyclo-Gly-Gln 

-- = 187 (32) M+H 

1-Glycyl-5-oxopyrrolidine-2-carboxylic acid 

or 

3-(3,6-dioxopiperazin-2-yl)propanoic acid 

-- = 169 (44) M+H 
Tetrahydropyrrolo[1,2-a]pyrazine-1,4,6(7H)-

trione 

FIA200 

Cyclo-Ala-Gln (199) 1.54-5.32 200 (100) M+H Cyclo-Ala-Gln 

-- = 201 (37) M+H 

1-Alanyl-5-oxopyrrolidine-2-carboxylic acid 

or 
3-(5-methyl-3,6-dioxopiperazin-2-yl)propanoic 

acid 

-- = 183 (26) M+H 
3-Methyltetrahydropyrrolo[1,2-a]pyrazine-

1,4,6(7H)-trione 

FIA117B 

Cyclo-Gly-Asn (171) 4.56-5.94 172 (100) M+H Cyclo-Gly-Asn 

-- = 173 (25) M+H 
2-Amino-N-(2,5-dioxotetrahydrofuran-3-

yl)acetamide 

-- = 155 (47) M+H 1,4-Diazabicyclo[4.2.0]octane-2,5,8-trione 

FIA118 
Cyclo-Gly-Asp (172) 2.02-5.29 173 (100) M+H Cyclo-Gly-Asp 

-- = 155 (20) M+H 1,4-Diazabicyclo[4.2.0]octane-2,5,8-trione 

FIA105B Cyclo-Leu-Ser (200) 7.32-19.86 201 (100) M+H Cyclo-Leu-Ser 

*LC-MS was conducted only for the crude samples from oven that showed multiple products in GC-MS. **Dimer of 

DMF+H 

Similarly, the LC-MS analyses of the FIA117B and FIA118 samples showed the formation 

of the corresponding cyclo-dipeptides 36-37 as the major products along with the formation of 5-

membered succinic anhydride 57 and a bicyclic compound 58 (Scheme 5.8). The formation of the 

succinic anhydride 57 is clearly shown by FIA117B. The product 57 is considered most likely to 

form by the deamidation of Gly-Asn.  The succinic anhydride may transform into cyclo-Gly-Asp 

after the nucleophilic attack of the N-term nitrogen on the carbonyl-2 of 5-membered succinic 

anhydride. Overall, cyclo-Gly-Asn 36 and cyclo-Gly-Asp 37 yielded bicyclic compound 58 upon 

further deamidation and dehydration, respectively. It is clear that prolonged heating of Gly-Asn 
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and Gly-Asp results into bicyclic compound 58 as a major product. This may be the reason why 

succinic anhydride is not detected in the GC-MS analysis. 

 

 

Figure 5.31 a) GC plot of FIA201B; b) MS of the GC peak  

 

Scheme 5.3 Proposed MS fragmentation pattern of cyclo-Ala-Tyr 

a) 

b) 
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Scheme 5.4 Formation of cyclo-Leu-Gly and dihydropyrazine-2,5-dione after heating Leu-Gly⸱HCl in oven 

 
Scheme 5.5 Formation of the corresponding cyclo-dipeptides and cyclo-(LD)-dipeptides after heating Met-Ala and 

Leu-Ser in oven 

 
Scheme 5.6 Conversion of cyclo-Leu-Ser and cyclo-Val-Ser into their corresponding methylenepiperazine-2,5-

diones during the GC-MS analysis 

As an example, the ESI+ scan of LC at 7.32-19.86 min for FIA105B is shown in Figure 

5.32. The ESI spectrum shows only one molecular ion peak at m/z = 201. This M+H peak 

corresponds to the molecular ion of cyclo-Leu-Ser (m/z = 200). 
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Scheme 5.7 Suggested dehydration and deamidation of Gly-Gln and Ala-Gln  
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Scheme 5.8 Suggested dehydration and deamidation of Gly-Asn and Gly-Asp  

 
Figure 5.32 ESI+ mass spectrum of FIA105B 

5.3.3.5 PXRD 

The comparison of the PXRD patterns of the initial linear dipeptides, heated samples 

recovered from oven, as well as the simulated PXRD patterns of the reported crystal structures for 

linear and cyclo-dipeptides, was used in the interpretation of various experimental results and 

making conclusions, as summarized below: 
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1. The crystal structures were confirmed and the ideal crystal compositions were noted for 

the dipeptides (Table 5.5) that were subjected to the thermal decomposition analysis. The 

effect of the degree of hydration, hydrogen bonding patterns, and density obtained from 

the reported crystal structures on the thermal decomposition were evaluated. 

2. The disappearance of the powder patterns of linear dipeptides in the samples recovered 

from oven confirmed the reactant had been fully consumed. 

3. Cyclo-Gly-Gly35, thermomelanoid2, cyclo-Pro-Gly/cyclo-Gly-Pro36, cyclo-Gly-Gln37 and 

cyclo-Gly-Trp38 have been directly identified. 

4. FIA101B1 (heated Leu-Gly) did not match FIA102B (heated Gly-Leu) although FIA102B 

contained most of the peaks from FIA101B1.  It meant the cyclo-dipeptides obtained from 

the two isomeric linear dipeptides were different crystalline forms. It was further confirmed 

by the DSC experiments. 

5. FIA103B (heated Ile-Gly) did not match FIA104B2 (Gly-Ile) however FIA104B2 

contained all the peaks from FIA103B. The extra peaks in FIA104B2 were most likely due 

to the formation of cyclo-(LD)-dipeptide. It was further confirmed by the prolonged heating 

of Gly-Ile. 

6. FIA203B1 (heated Pro-Gly) showed broader peaks as compared to FIA112 (heated Gly-

Pro). This was most likely due to partial melting during the cyclization of Pro-Gly. 

7. Baseline broadening in the powder pattern of FIA113B suggests the formation of an 

amorphous solid during the cyclization of Gly-Gln.  

8. A drastic change of the powder patterns of Pro-Gly and Gly-Gln after drying indicated the 

contraction or change of the crystal structure upon removal of the water solvent molecules.  

9. FIA101 (cyclo-Gly-Leu⸱HCl) was found to be semicrystalline whereas FIA204B, 

FIA117B, FIA111B, Gly-Asp, FIA118 were amorphous solids. The complete loss of 

crystallinity also confirms melting during heating in oven. 

10. FIA114 did not match FIA114B although both samples were characterized as pure cyclo-

Gly-Phe. It was  most likely due to the formation of the polymorphs of cyclo-Gly-Phe after 

heating Gly-Phe at 230 and 240°C.  

11. The stock Phe-Gly was found to be a hydrochloride salt; it melted during the cyclization 

and turned into an amorphous solid in spite of heating at low temperature (160°C). 
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12. GG250-TGA and FIAGG200 not only had similar powder patterns, but also they showed 

the formation of cyclo-Gly-Gly as a major product. FIAGG250 showed small amounts of 

cyclo-Gly-Gly along with thermomelanoid as the main product. GG320-TGA displayed 

only the polymer, thermomelanoid, whereas GG500-TGA was a totally amorphous solid. 

The results suggest the formation of cyclo-Gly-Gly as the main product at low temperature. 

Upon further heating, cyclo-Gly-Gly starts decomposing, most likely into the polymer. At 

higher temperature, the polymer also decomposes to form an amorphous charcoal like 

material. 

13. FIA115B was most likely the polymorph of cyclo-Gly-Tyr39. 

14. The powder pattern of FIA116B1 did not match the simulated powder pattern of cyclo-

Gly-Trp38, however FIA116B1 contained all the peaks from cyclo-Gly-Trp38. The extra 

peaks in FIA116B1 suggested the existence of another polymorph of cyclo-Gly-Trp. The 

disappearance of the extra peaks upon prolonged heating confirmed the initial formation 

of the other polymorph. 

 

Figure 5.33 PXRD patterns obtained for Ala-Tyr and FIA201B. GUTQOD25 is a simulated PXRD pattern 

for cyclo-Ala-Tyr monohydrate from the crystal structure data 

As an example, the PXRD patterns of Ala-Tyr and FIA201B (heated Ala-Tyr) are shown 

in Figure 5.33. The obtained PXRD of Ala-Tyr from the stock bottle and FIA201B are entirely 

different. The peaks from Ala-Tyr are completely absent from the PXRD of FIA201B that agrees 

with the completeness of the thermally induced reaction. Furthermore, the obtained PXRD of 
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FIA201B (cyclo-Ala-Tyr) and simulated for cyclo-Ala-Tyr monohydrate (monoclinic crystal 

structure)25 are also different. It is concluded that FIA201B is anhydrous cyclo-Ala-Tyr. 

5.3.3.6 DSC 

At this time, the DSC thermograms of the linear dipeptides and samples of dipeptides that 

were heated in oven are compared. The observations and conclusions are summarized below. 

1. The disappearance of some characteristic thermal effects, especially from the chemical 

decomposition, implies the completeness of the reaction for the oven heated samples. None 

of the samples obtained after heating in oven showed the cyclization endotherm. 

2. Melting endotherms on the DSC thermograms of most of the linear dipeptides appeared 

very close to, or partially overlapped with, the cyclization endotherm. The formation of 

melt evidently was facilitated by water released from the cyclization.  It is clear that the 

corresponding cyclo-dipeptides formed, but the overlap of cyclization and melting brought 

additional products, cyclo-LD-dipeptides (diastereomers) and dihydropyrazine-2,5-diones. 

In the thermograms of the hydrophilic (polar) dipeptides, the complete overlap of 

cyclization and melting resulted in a scribbling effect due to intense decomposition in the 

melt. On the other hand, the heated hydrophilic dipeptides did not show melting 

(irreproducible melting in few cases) but still showed some scribbling effect due to further 

decomposition. 

3. On the thermograms, the melting endotherms for FIAGG250 and Gly-Gly were very close 

but lower than for cyclo-Gly-Gly. It implies that: 1) the products produced in oven and 

DSC were the same and the observed enthalpy changes refer to the gross process 

(Gly-Gly(s) → cyclo-Gly-Gly(s) + thermomelanoid(s) + H2O(g)) (Table 5.16); 2) pure cyclo-

Gly-Gly melts at higher temperature with decomposition. 

4. On the DSC thermograms, the Tmax for the cyclization of Gly-Met and for the melting of 

the pre-heated Gly-Met (FIA109B) were found at 204 and 202°C, respectively. Moreover, 

the melting of Gly-Met at 200-202°C in Mel-Temp confirmed the cyclization of Gly-Met 

and melting of cyclo-Gly-Met occur together.  

5. Similarly, the DSC thermogram of Pro-Gly revealed the cyclization and melting occurring 

together at Tmax 236°C. On the other hand, the thermogram of Gly-Pro displayed 

cyclization (Tmax 195°C) and melting (Tmax 215°C) as two distinct events, although they 

were close. The thermograms of the pre-heated Pro-Gly (FIA203B1) and Gly-Pro (FIA112) 



230 
 

showed the melting temperatures at Tmax 169 and 213°C, respectively. Although both pre-

heated samples were identified as pure cyclic products by FTIR, NMR, and GC-MS, the 

broad peaks in the PXRD along with the lower melting temperature of FIA203B1 revealed 

a partial loss of crystallinity or different crystal size distribution in the sample. In contrast 

to Pro-Gly, cyclization of Gly-Pro in DSC and oven produced the same product.  

6. On the DSC thermograms, Gly-Ser, Gly-Gln, Gly-Asn, Gly-Asp, and Ala-Gln displayed 

overlapped cyclization, melting and further decomposition in the melt, whereas the 

corresponding heated samples of the dipeptides showed just scribbling presumably due to 

further decomposition. 

7. The DSC thermogram of Met-Ala⸱HCOOH showed clear effects for desolvation, 

cyclization and melting. A clear effect for cyclization was also seen on the thermogram of 

desolvated Met-Ala but further heating of this desolvated peptide and heated Met-Ala 

(FIA107B) showed no melting. Instead a scribbling effect due to the decomposition of 

cyclo-Met-Ala was noticed. 

8. The thermogram of Gly-Phe displayed a clear endotherm for the cyclization at Tmax 243°C, 

whereas the melting effect at Tmax 268°C overlapped with a phase change and sublimation. 

The thermograms of the two heated samples of Gly-Phe recovered at 230°C (FIA114) and 

240°C (FIA114B) displayed melting at Tmax 266 and 269°C, respectively. However, the 

thermogram of FIA114B showed a phase change at Tmax 258°C. The different PXRD 

patterns for these two heated samples confirmed there are two polymorphs of cyclo-Gly-

Phe. 

9. Dipeptides found as hydrochloride salts (Gly-Leu⸱HCl and Phe-Gly⸱HCl) showed an 

endotherm for cyclization but not for melting. Despite the cyclization at a low temperature, 

these salts displayed further decomposition right after. On the other hand, the samples 

recovered after heating of Gly-Leu⸱HCl (FIA101) and Phe-Gly⸱HCl (FIA204B) in oven 

showed no melting but continuous scribbling effects due to decomposition. 

10. Heated dipeptide samples recovered from oven, FIA101B1, FIA102B1, FIA103B, 

FIA104B2, FIA115B, FIA116B1, FIA105B, FIA114, FIA112, FIA201B and FIA106, had 

very close melting Tmax (within ~2°C) to their corresponding dipeptides in DSC. It implies 

that the produced cyclo-dipeptides had the same crystalline form and similar particle size 

distribution after cyclization in both DSC and oven. 
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11. Higher melting Tmax were recorded for FIA108 (heated Gly-Ala) and FIA119B (heated LD-

Ala-Gly) by 3 and 5°C, respectively, as compared to their corresponding dipeptides. A 

higher melting Tmax for FIA108 as compared to Gly-Ala was most likely due to the cyclo-

dipeptide formed after heating in oven was dry. The cyclization and melting were close on 

the DSC thermograms of Gly-Ala causing the released water to lower the melting 

temperature. The same was true for FIA119B but a crystallization exotherm was observed 

before melting suggesting that cyclo-LD-Ala-Gly formed in oven was in a different 

crystalline form than that formed in DSC.  

12. A significant difference in melting Tmax for Leu-Gly (241°C) and Gly-Leu (211°C) was 

seen. The corresponding heated samples (FIA101B1 and FIA102B1) showed melting at 

239 and 232°C, respectively. It was clear that the cyclic products formed in DSC from 

isomeric dipeptides were different. Since both heated dipeptide samples were identified as 

the same cyclo-dipeptide in NMR and GC-MS, the difference in their PXRD patterns and 

the melting Tmax suggests the existence of two or more polymorphs of the cyclic product.  

13. A significant difference in melting Tmax for Ile-Gly (259°C) and Gly-Ile (239°C) was also 

seen. The corresponding heated samples (FIA103B and FIA104B2) showed melting Tmax 

at 259 and 239°C, respectively. It was clear that the cyclic product formed in DSC and 

oven for each dipeptide was the same, but the products of the two isomeric dipeptides were 

different. The NMR analysis of FIA103B showed it is pure cyclo-Ile-Gly (which is 

identical to cyclo-Gly-Ile), while FIA104B2 showed cyclo-Gly-Ile along with small 

amounts of cyclo-LD-Gly-Ile. Moreover the PXRD pattern of FIA104B2 contained all the 

peaks from FIA103B plus extra peaks showing it is a mixture. The lower temperature for 

melting Tmax for FIA104B2 was most likely due to the presence of cyclo-LD-Gly-Ile along 

with cyclo-Gly-Ile.  

14. On the thermogram of Gly-Tyr, a crystallization exotherm right after the cyclization 

endotherm and then a phase transition endotherm indicate the existence of polymorphs of 

cyclo-Gly-Tyr. 

15. The thermogram of Leu-Ser showed clear effects for a phase transition and melting after 

cyclization. Similar effects were seen on the thermogram of heated Leu-Ser (FIA105B). 

These observations suggest the existence of polymorphs of cyclo-Leu-Ser. Moreover, the 
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thermograms for Leu-Ser and pre-heated Leu-Ser (FIA105B) showed solidification and 

melting upon further heating which are difficult to interpret at this time. 

As an example, the DSC thermograms of stock Ala-Tyr, dried Ala-Tyr (TGA80) and cyclo-

Ala-Tyr from oven (FIA201B) are shown in Figure 5.34. In the DSC thermogram of stock Ala-

Tyr, a broad effect 1 over 30-100°C is due to the release of chemically non-bonded water. Effects 

2 and 3 over 150-200°C are likely a partial overlap of a phase transition endotherm and 

crystallization exotherm. Effect 4 (Tmax 230°C) is for the cyclization followed by effect 5 

(Tmax 268°C) for melting. A broad effect 6 over 270-335°C is presumably due to vaporization. The 

DSC thermogram of dried Ala-Tyr (Ala-Tyr (TGA80)), shows a clear effect 1 over 125-160°C for 

a phase change, and effect 2 (Tmax 180°C) for the crystallization. The effects of cyclization and 

melting are the same as in Ala-Tyr. The DSC thermogram of heated Ala-Tyr (FIA201B) shows 

effect 1 (Tmax 271°C) for melting followed by a broad effect 2. The absence of other effects for 

FIA201B suggests the cyclization reaction had completed during heating. The close melting Tmax 

for the stock Ala-Tyr and FIA201B suggest the formation of the same cyclic product in DSC and 

oven. The observed melting of cyclo-Ala-Tyr in DSC was consistent with the reported melting of 

cyclo-Ala-Tyr in DSC25. The phase change and crystallization after the initial dehydration of Ala-

Tyr implied a collapse of the initial crystal structure. 

 

Figure 5.34 DSC thermograms obtained for the stock Ala-Tyr, Ala-Tyr dried in TGA at 80°C for 10 min 

(TGA80) and an oven-heated sample FIA201B 
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Table 5.16 Temperature and enthalpy of cyclization (chemical decomposition) of the dipeptides and melting 

temperatures of the corresponding cyclic dipeptides recovered from oven 

Dipeptide 

Cyclization Melting 
Cyclo-Dipeptides 

(crude products) 

Melting 

Ton 

(°C) 

Tmax 

(°C) 
ΔH (kJ/mol) 

Ton 

(°C) 

Tmax 

(°C) 

Ton 

(°C) 

Tmax 

(°C) 

Gly-Gly 219 233 66.4±1.4* 297 303 

FIAGG250 297 304 

Cyclo-Gly-Gly 

(rcst.) 
318 319 

Leu-Gly‧HCl  156 170 -- -- -- FIA101 -- -- 

Leu-Gly 179 187 -- 231 241 FIA101B1 222 239 

Gly-Leu 196 211 -- -- 233 FIA102B1 224 232 

Ile-Gly 201 211 39.2±2.3 256 259 FIA103B 252 259 

Gly-Ile 183 196 32.3±1.4 236 239 FIA104B2 230 239 

Gly-Ala 196 205 52.7±1.4 230 236 FIA108 234 241 

LD-Ala-Gly 221 223 -- -- 237 FIA119B 235 240 

Gly-Met 201 204 72.0±0.6** -- -- FIA109B 190 202 

Gly-Ser 178 *** -- -- -- FIA111 -- -- 

Gly-Pro 180 195 41.0±0.9 214 215 FIA112 204 213 

Pro-Gly 233 236 -- -- -- FIA203B1 162 169 

Gly-Gln 200 201 -- -- -- FIA113B -- -- 

Gly-Phe 239 243 58.1±1.1 -- 268 FIA114 262 266 

Phe-Gly 170 177 -- -- -- FIA204B -- -- 

Gly-Tyr 155 165 -- 284 286 FIA115B 284 287 

Gly-Trp 214 227 29.3±0.1 295 299 FIA116B1 294 299 

Gly-Asn 203 213 -- -- -- FIA117B -- -- 

Gly-Asp 146 *** -- -- -- FIA118 -- -- 

Ala-Gln 214 218 95.0±2.4** -- -- FIA200 198 213 

Ala-Tyr 219 230 35.9±0.9 261 269 FIA201B 265 271 

Leu-Ser 154  -- 219 224 FIA105B 211 222 

Val-Ser 202 206 20.7 230 232 FIA106 229 232 

Met-Ala 145 155 37.2±6.3 214 216 FIA107B -- -- 

*For the gross decomposition of Gly-Gly (Scheme 5.2); **cyclization in the melt form (see Equation 5.1); 

***irregular and multiple endotherms for cyclization and further decomposition;T  not recorded due to overlap of 

exo and endotherms; for one experiment 

5.3.3.7 Visual Melting Point Determination 

The behavior of the studied dipeptides on heating was monitored visually to compare with 

the corresponding cyclo-dipeptides recovered from oven (More details on visual melting can be 

seen in Section 4.3.4.6, Chapter 4). The visual melting points corresponded well to the melting 

events in DSC. In case when melting temperature was not clear from DSC, it was assigned based 

on the visual melting. The scribbling effects on the DSC thermograms due to additional 

decomposition in the melt were seen in the Mel-Temp as melting, boiling and expansion of the 

samples. The visually detected melting points of the dipeptides are listed in Table 5.4, whereas all 

samples recovered from oven are described in the experimental section of this chapter (see Cyclic 

Products). Like the dipeptides discussed in Chapter 4, the visually monitored heating of most of 
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the dipeptides confirmed the melting occurs at a temperature above cyclization (as found by TGA 

and DSC). Unlike for the dipeptides of Chapter 4, the observations showed that cyclization can 

occur in the melt although in this case it is accompanied with side reactions to yield additional 

products.  

5.4 Summary and Conclusion 

Thermal Stability 

We carried out the thermal stability studies on the 23 dipeptides based on glycine and/or 

various hydrophilic (polar) amino acids. In the solid state, many of the dipeptides exist as hydrates. 

In the TGA experiments, the 23 dipeptides showed up to five mass loss events within 35-800°C.  

The studied dipeptide hydrates were more stable than the hydrates of the hydrophobic dipeptides 

of Chapter 4. On heating, dehydration was the first process to happen (one to two mass loss events 

<120°C) producing dry dipeptides. Further heating (>120°C) resulted in the chemical 

decomposition process mostly into the corresponding cyclo-dipeptides and water. Contrary to the 

hydrophobic dipeptides (Chapter 4), the final mass residue was not close to zero in most cases, 

ranging from 2-55%. Also, melting was observed during the TGA of some of the dipeptides at 

higher temperatures.  

The studied dipeptides were divided into five categories based on the five distinguished 

types of their TGA patterns. These categories were distinct in terms of the displayed thermal 

stability, mass loss events, and reproducibility behavior. First three categories were similar to the 

first three categories defined for the hydrophobic dipeptides (Chapter 4). Categories 4 and 5 

showed more complicated TGA plots. Category 4 showed multiple events for the chemical 

decomposition just before the vaporization of the cyclo-dipeptides, whereas Category 5 showed 

multiple decomposition events and a large mass residue (20-30%) even at 800°C. 

The dehydration step to dry dipeptides, dehydration due to the chemical decomposition, 

and vaporization of the products were confirmed by various methods. The stoichiometry 

calculations from the TGA thermograms confirmed the composition of the initial dipeptide 

hydrates and the stoichiometry of the cyclization reaction.  The TGA-FTIR analysis of the evolved 

volatiles at elevated temperatures confirmed the release of water during the dehydration and 

chemical decomposition, and vaporization of the cyclic product. All of the dipeptides studied by 

TGA-FTIR showed their chemical decomposition into the corresponding cyclic products and water 
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as the main decomposition process except for Gly-Gly. The characterization of the samples 

recovered from TGA revealed a complete transformation of the many dipeptides into cyclo-

dipeptides. The FTIR spectra and PXRD patterns obtained for the stock dipeptides, samples 

subjected to mild heating, and samples heated at elevated temperatures identified the initial 

dipeptides, dry dipeptides, and the cyclic products, respectively. 

Similar to the hydrophobic dipeptides in Chapter 4, the chemical decomposition of the 

dipeptides was identified as an endothermic process from the DSC experiments. In contrast to the 

Chapter 4 dipeptides, the dipeptides studied in this chapter showed complex DSC thermograms. 

In addition to other factors, the chemical decomposition and melting events overlapped. 

For several dipeptide series, the thermal stability showed some dependency on the 

molecular structure although no clear trend was observed. 

Solid State Synthesis  

Based on the thermal stability studies, we proposed and tested solid state synthetic 

procedure for diketopiperazines (DKPs, cyclo-dipeptides) having glycine and/or hydrophilic 

amino acids. Similar to the solid state synthesis of Chapter 4, the reaction temperatures taken from 

TGA and DSC were further optimized for the synthesis of pure DKPs. The microscale conversion 

of dipeptides into their corresponding DKPs was achieved in the TGA apparatus, whereas this 

reaction was scaled up in a ventilation oven. Both methods produced DKPs as a major product, in 

many cases with a quantitative yield. The samples recovered from oven were characterized by 

FTIR, NMR, GC-MS, LC-MS, PXRD, DSC, and by visual measurement of the melting points. 

The FTIR analysis of most of the dipeptide samples recovered from TGA revealed the 

formation of the corresponding cyclo-dipeptides as the only product. The formation of a polymer 

was indicated in some of the samples in addition to the cyclo-dipeptides. By the FTIR and NMR 

analysis, many of the samples recovered from oven contained the corresponding cyclo-dipeptides 

as the only product, whereas some of them showed the existence of DKPs as a major product.  

GC-MS analysis of many of the samples recovered from oven showed a single peak for the 

the corresponding cyclo-dipeptide. The cyclo-dipeptides having hydrophilic side chains (e.g., Ser, 

Asn, Asp, Gln) were unstable in the GC-MS analysis. The ESI+ scan (in LC-MS) of the LC peaks 

determined the actual molecular ion corresponding to the cyclo-dipeptides at room temperature. 



236 
 

Overall, GC-MS and LC-MS analyses identified many of the samples having cyclo-dipeptides as 

a single product, but the formation of side products was clearly detected in some cases (see below).  

The PXRD analysis revealed another complexity of the solid state synthesis of cyclo-

dipeptides. The samples recovered after heating the hydrophilic dipeptides showed an amorphous 

solid resulted from melting during or after the cyclization. Overall, by comparing the obtained 

PXRD patterns with data from the literature, the produced DKPs were directly identified. 

Polymorphism was found and confirmed by comparing the PXRD patterns obtained for the cyclo-

dipeptides with data from the literature, cyclo-dipeptide products obtained at different 

temperatures, and the cyclic product immediately formed after the heating of the isomeric 

dipeptides.  

In DSC, the close melting temperatures of DKPs obtained from oven and those observed 

in DSC of the corresponding linear dipeptides suggested the produced DKPs were in the same 

crystalline form and similar particle size distribution after cyclization in oven and DSC. Some of 

the dipeptides showed cyclization and melting as distinct and clear effects, whereas many 

dipeptides showed very closely spaced or partially to completely overlapping cyclization and 

melting. In the former case, the cyclo-dipeptide was always the only product, whereas in the latter 

case, many of the samples showed the formation of cyclo-LD-dipeptides, dihydropyrazine-2,5-

diones and bicyclic DKPs in addition to the cyclo-dipeptides (from GC-MS and LC-MS). The 

overlap of cyclization and melting was mostly observed in very hydrophilic dipeptides. The DSC 

thermograms of these pre-heated hydrophilic dipeptides showed no melting effect. It is clear that: 

1) the cyclization in hydrophilic dipeptides happened partially or completely in the melt; 2) cyclo-

dipeptides obtained from hydrophilic dipeptides were unstable. 

The visually monitored heating of most of the dipeptides confirmed the melting was 

preceded by the cyclization process. Although for some dipeptides cyclization was found to occur 

in the melt, solvent free synthesis is also often considered as a solid state synthesis. 

To conclude, in the Solid State Synthesis section a successful solid state conversion of 

dipeptides into cyclo-dipeptides is described. Most of the glycine containing dipeptides yielded 

pure cyclo-dipeptides. The dipeptides having Asn, Asp, Gln and Ser showed further deamidation 

and dehydration after cyclization to form a bicyclic or methylene derivatives of the DKPs. Low 

temperature heating of the hydrophilic dipeptides helped to improve the yield. 
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5.5 Experimental 

TGA Measurements 

TGA experiments for the dipeptides of this chapter were similar to the hydrophobic 

dipeptides of Chapter 4 (see section 4.6 Experimental, TGA Measurements). At this time, TGA 

experiments were conducted until the whole mass disappeared or up to 600ºC. Some of the 

dipeptides did not show a complete mass loss even at higher temperatures. As with the hydrophobic 

dipeptides, a second TGA experiment served to verify the parameters of the decomposition step 

leading to the cyclic product and to isolate the product for further verification and studies. 

The dipeptides studied are categorized in Table 5.2 along with the Ton and Δm for the 

observed chemical decomposition events; expected Δm for the release of H2O, NH3 or CO2; and 

vaporization Ton. For the second TGA experiment, the studied dipeptides along with their initial 

and recovered amounts and recovery temperatures are listed in Table 5.11. The characterization 

results for successfully isolated cyclic products from the second TGA experiment are also listed 

in Table 5.11. 

DSC Measurements 

 The methodology of the DSC experiments conducted for the dipeptides of this chapter is 

the same as for hydrophobic dipeptides (see section 4.6 Experimental, DSC Measurements). Here, 

DSC experiments were conducted for linear dipeptides (listed in Table 5.16), TGA-dried linear 

dipeptides, and samples recovered from oven (cyclo-dipeptides listed in Table 5.16).  

The linear dipeptides studied are listed along with the Ton and Tmax and total enthalpy 

changes for the chemical decomposition. Total enthalpy changes were calculated when the 

decomposition step was clear (no overlap, no side products). The melting temperatures for the 

cyclic products produced in DSC and oven are also listed in Table 5.16.  

TGA-FTIR Analysis 

Four Gly-containing dipeptides including Gly-Gly, Leu-Gly, Gly-Leu and Ile-Gly were 

subjected to this study. Basic data collection methodology was the same as in the previous chapter 

(see section 4.6 Experimental, TGA-FTIR Analysis of Volatiles). TGA-FTIR data were collected 

for each of the dipeptides (~4-10 mg) with various values of ramp, nitrogen flow and time. For 

Gly-Gly, the sample was ramped at 20°C/min (40-800°C) with 100 ml/min nitrogen flow in TGA, 

and FTIR was simultaneously collected for 38 min. For Leu-Gly, Gly-Leu and Ile-Gly, the samples 

were ramped at 15°C/min (35-500, 35-400 and 35-400°C, respectively) with 100 ml/min of 
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nitrogen flow. Some experiments parameters for specific dipeptides, TGA thermograms, Gram-

Schmidt plots, and FTIR spectra are given and discussed in the TGA-FTIR section. 

Synthesis of Cyclic Dipeptides 

The cyclic dipeptides were prepared by thermal treatment according to Equation 5.2. This 

time two methods were used: 

 

1. The first method was the preparation achieved in a TGA experiment as described in the 

above TGA Measurements section. The experiment was monitored and stopped 

immediately after the cyclization endotherm (Table 5.11). 6-23 mg of off-white to 

brownish product were recovered from the TGA pan and characterized by the FTIR 

analysis. 

2. The second method involved heating a larger sample in a ventilation oven. A specific 

procedure for each peptide was developed based on the TGA experiments. The oven was 

preheated at a required temperature before placing the samples. ~63-666 mg of ground 

dipeptide was placed on the bottom of a 20 ml scintillation vial with wide mouth and placed 

in the center of the ventilation oven for the amount of time and at the temperature 

corresponding to the onset of the reaction (Table 5.12) found from TGA (listed in Table 

5.2).  Then the vial was taken off from the oven, closed immediately and allowed to cool 

down to room temperature. Time and temperature required for the oven synthesis of pure 

cyclo-dipeptides were optimized through multiple experiments. The products were 

characterized by FTIR, NMR, GC-MS, LC-MS, PXRD, single crystal XRD (the XRD 

results are not included in the thesis), and DSC. The finally defined time and temperature 

used for the in-oven synthesis of cyclo-dipeptides along with the amounts used are listed 

in Table 5.12. Further details of the synthesis and characterization results are listed at the 

end of this chapter. 

LC-MS 

 ~1 mg sample dissolved in 2 ml of DMF or H2O was run on LC with a gradient flow of 

acetonitrile and water of 10-90%. The coupled mass spectrometer (electrospray ionization, ESI+) 

was used to detect the positive molecular ions. The results are listed in  Table 5.14. 

Equation 5.2 
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Yield Calculations 

 The yields were calculated without taking into account the water of hydration (water not 

bonded chemically). In a first TGA experiment, the amounts of water of hydration were 

determined. For each dipeptide hydrate, the amount of water of hydration was subtracted from the 

total initial mass [initial weight – (% water❌initial weight)] to get the normalized mass. This 

normalized mass was then used for the yield calculations. For the impure cyclo-dipeptide samples 

(purity <98%) that is cyclo-dipeptides obtained after heating the corresponding dipeptides in oven, 

purity (%) was determined by LCMS.  The % yields for each cyclo-dipeptide for both TGA and 

oven recovered samples are listed in the next section.  

Cyclic Products 

Cyclo-Gly-Gly (Piperazine-2,5-dione) 

Oven Product (FIAGG250) 
Off-white solid (45%). FTIR (smart iTR (ZnSe), cm-1): 3324, 3187, 3154, 3036, 2980, 2910, 2873, 1662, 1466, 

1437, 1335, 1249, 1071, 994, 909, 810, 802. 1H NMR (400 MHz, DMSO) δ: 8.03 (s, 2H), 3.72 (s, 4H). 13C NMR 

(101 MHz, DMSO) δ: 166.58, 44.80. GC-MS (H2O, scan 3.09 – 3.42 min): m/z (rel. abund. %): 114 (M+, 100), 86 

(9), 73 (4), 72 (2), 71 (46), 58 (4), 56 (5), 44 (15), 42 (22), 43 (22). 

Cyclo-Leu-Gly/Cyclo-Gly-Leu ((S)-3-Isobutylpiperazine-2,5-dione) 

TGA Product (FIA101-TGA/FIA102-TGA) 
Off-white solid (93%) from Leu-Gly (P101), white solid (87.54%) from Gly-Leu. FTIR (smart iTR (ZnSe), cm-1): 

3318, 3190, 3048, 2958, 2931, 2871, 1663, 1559, 1515, 1460, 1386, 1368, 1329, 1258, 1171, 1113, 1084, 1007, 989, 

953, 937, 836, 800, 762, 685, 622, 558. 

Oven Product (FIA101B1/FIA102B) 
Off-white solid (94%, MP: 230-240°C with decomposition and sublimation) from Leu-Gly. Light-brown solid (95%, 

MP: 229-234°C with sublimation) from Gly-Leu. FTIR (smart iTR (ZnSe), cm-1): 3320, 3189, 3049, 2955, 2925, 

2871, 1667, 1519, 1457, 1388, 1368, 1326, 1171, 1111, 1086, 1006, 989, 936, 827, 793, 760, 691. 1H NMR (600 

MHz, DMSO) δ: 8.24 (s, 1H), 7.98 (s, 1H), 3.84 (d, J = 17.3 Hz, 1H), 3.67 (dt, J = 2.8, 6.6 Hz, 1H), 3.63 (dd, J = 3.0, 

17.3 Hz, 1H), 1.78 (m, 1H), 1.54 (t, J = 7.0 Hz, 2H), 0.91 (d, J = 6.6 Hz, 3H), 0.88 (d, J = 6.5 Hz, 3H). 13C NMR (101 

MHz, DMSO) δ: 169.23, 166.87, 53.35, 44.65, 42.56, 24.06, 23.34, 22.20. GC-MS (DCM, scan 5.55 – 5.92 min): 

m/z (rel. abund. %): 170 (0.4), 168(1), 155 (1), 142 (0.4), 127 (11), 115 (5), 114 (100), 113 (7), 99 (7), 86 (5), 85 (18), 

84 (16), 70 (4), 57 (9), 56 (10), 55 (6), 44 (6), 43 (11), 41 (8). 

Cyclo-Ile-Gly/Cyclo-Gly-Ile ((S)-3-((S)-sec-Butyl)piperazine-2,5-dione) 

TGA Product (FIA103-TGA/FIA104-TGA) 
White solid (95%) from Ile-Gly, off-white solid (88%) from Gly-Ile. FTIR (smart iTR (ZnSe), cm-1): 3190, 3046, 

2963, 2926, 2877, 1659, 1516, 1452, 1381, 1333, 1281, 1249, 1170, 1103, 1057, 998, 958, 814, 682, 625. 
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Oven Product (FIA103B/FIA104B2) 
Off-white solid (98%, MP: 254-258°C with sublimation) from Ile-Gly. Brown solid (96%, MP: 245-250°C with 

sublimation and decomposition) from Gly-Ile. FTIR (smart iTR (ZnSe), cm-1): 3189, 3047, 2962, 2922, 2876, 1658, 

1516, 1452, 1379, 1334, 1281, 1248, 1169, 1103, 1057, 999, 958, 814, 679, 633, 588, 578. 1H NMR (600 MHz, 

DMSO) δ: 8.17 (s, 1H), 8.00 (s, 1H), 3.82 (d, J = 17.7 Hz, 1H), 3.64 (dd, J = 2.8, 17.7 Hz, 1H), 3.61 (t, J = 3.6 Hz, 

1H), 1.83 (m, 1H), 1.45 (m, 1H), 1.17 (m, 1H), 0.91 (d, J = 7.0 Hz, 3H), 0.87 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, 

DMSO) δ: 167.67, 166.50, 59.47, 44.59, 24.63, 15.43, 12.07. GC-MS (AcN, scan 5.55 – 6.04 min): m/z (rel. abund. 

%): 170 (0.4), 155 (0.5), 141 (1), 127 (3), 115 (5), 114 (100), 113 (2), 99 (4), 86 (6), 85 (9), 84 (5), 70 (6), 69 (3), 57 

(15), 56 (4), 55 (2), 43 (2), 42 (3), 41 (8). 

Cyclo-Gly-Ala ((S)-3-Methylpiperazine-2,5-dione) 

TGA Product (FIA108-TGA) 
Brown solid (97%). FTIR (smart iTR (ZnSe), cm-1): 3320, 3189, 3045, 2985, 2924, 2878, 1660, 1523, 1483, 1452, 

1373, 1326, 1294, 1246, 1185, 1167, 1095, 1044, 993, 979, 960, 885, 822, 800, 760, 699, 666, 608, 590, 569. 

Oven Product (FIA108) 
Light-brown solid (99%, MP: 235-240°C with sublimation and decomposition). FTIR (smart iTR (ZnSe), cm-1): 

3190, 3045, 2987, 2922, 2878, 1660, 1484, 1452, 1372, 1325, 1316, 1294, 1244, 1185, 1093, 1043, 993, 959, 886, 

822, 800, 758, 699, 665, 597, 561, 553. 1H NMR (400 MHz, DMSO) δ: 8.17 (s, 1H), 7.98 (s, 1H), 3.86 (tq, J = 0.9, 

11.6 Hz, 1H), 3.77 (dd, J = 2.2, 17.3 Hz, 1H), 3.71 (dd, J = 2.5, 17.4 Hz, 1H), 1.27 (d, J = 7.0 Hz, 3H). 13C NMR (101 

MHz, DMSO) δ: 169.31, 166.72, 50.16, 44.97, 19.12. GC-MS (DCM, scan 3.81 – 3.98 min): m/z (rel. abund. %): 

129 (2), 128 (35), 113 (1), 100 (3), 86 (5), 85 (100), 70 (2), 58 (3), 57 (24), 56 (13), 55 (4), 44 (30), 43 (11), 42 (17), 

41 (4). 

Cyclo-(LD)-Ala-Gly ((rac.)-3-Methylpiperazine-2,5-dione)  

TGA Product (FIA119-TGA) 
Brown solid (87%, melted in TGA). FTIR (smart iTR (ZnSe), cm-1): 3193, 3052, 2983, 2945, 2879, 1664, 1516, 1448, 

1375, 1324, 1308, 1180, 1096, 1048, 994, 972, 885, 821, 796, 763, 663, 613, 603, 555. 

Oven Product (FIA119B) 
Light-grey solid (95%, MP: 225-238°C with sublimation and decomposition). FTIR (smart iTR (ZnSe), cm-1): 3188, 

3045, 2985, 2914, 2877, 1673, 1525, 1467, 1409, 1380, 1368, 1333, 1318, 1297, 1246, 1176, 1122, 1093, 1049, 985, 

965, 887, 831, 797, 758, 682, 622, 600, 583, 558. 1H NMR (600 MHz, DMSO) δ: 8.15 (s, 1H), 7.97 (s, 1H), 3.86 

(tq, J = 1.0, 6.9 Hz, 1H), 3.76 (dd, J = 2.2, 17.3 Hz, 1H), 3.72 (dd, J = 2.4, 17.2 Hz, 1H), 1.27 (d, J = 7.0 Hz, 3H). 13C 

NMR (101 MHz, DMSO) δ: 169.33, 166.73, 50.17, 44.97, 19.12. GC-MS (DCM, scan 3.81 – 4.11 min): m/z (rel. 

abund. %): 129 (2), 128 (32), 113 (0.4), 100 (2), 86 (3), 85 (100), 70 (2), 58 (2), 57 (28), 56 (7), 55 (3), 44 (35), 43 

(12), 42 (19), 41 (5). 
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Cyclo-Gly-Met ((S)-3-(2-(Methylthio)ethyl)piperazine-2,5-dione) 

TGA Product (FIA109-TGA) 
Brown solid (100%, melted in TGA). FTIR (smart iTR (ZnSe), cm-1): 3317, 3188, 3046, 2971, 2914, 2876, 1660, 

1515, 1459, 1332, 1286, 1190, 1137, 1088, 991, 951, 804, 555. 

Oven Product (FIA109B) 
Light-brown solid, (99%, MP: 202-206°C with sublimation and decomposition). FTIR (smart iTR (ZnSe), cm-1): 

3188, 3045, 2972, 2913, 2876, 1659, 1547, 1515, 1461, 1333, 1286, 1190, 1138, 1087, 1024, 990, 948, 805, 610, 594, 

576, 559. 1H NMR (600 MHz, DMSO) δ: 8.24 (s, 1H), 8.04 (s, 1H), 3.89 (dt, J = 2.1, 8.4 Hz, 1H), 3.80 (ddd, J = 0.8, 

1.1, 17.4 Hz, 1H), 3.70 (ddd, J = 0.8, 1.9, 17.2 Hz, 1H), 2.55 (m, 2H), 2.05 (s, 3H), 1.95 (m, 2H). 13C NMR (101 

MHz, DMSO) δ: 168.21, 166.72, 53.58, 44.76, 32.62, 29.12, 14.92. GC-MS (DCM, scan 3.81 – 3.98 min): m/z (rel. 

abund. %): 190 (1), 189 (2), 188 (26), 140 (4), 127 (17), 115 (5), 114 (100), 113 (3), 99 (14), 88 (2), 86 (5), 85 (10), 

75 (3), 62 (6), 61 (12), 58 (2), 57 (12), 56 (11), 55 (3), 54 (2), 47 (3), 42 (4), 41 (4). 

Cyclo-Gly-Ser (3-(Hydroxymethyl)piperazine-2,5-dione) 

TGA Product (FIA111-TGA) 
Black solid (82%, melted with decomposition in TGA). FTIR (smart iTR (ZnSe), cm-1): 3211, 3097, 3091, 2936, 

2877, 1652, 1453, 1392, 1321, 1222, 1148, 1066, 1007, 946, 881, 666, 659, 644, 628, 612, 578. 

Oven Product (FIA111B) 
Black solid (87%, MP: 150°C complex melting with decomposition). FTIR (smart iTR (ZnSe), cm-1): 3190, 3084, 

2945, 1650, 1456, 1395, 1323, 1148, 1065, 1009, 947, 883, 652, 604, 595, 552. 1H NMR (600 MHz, DMSO) δ: 8.00 

(s, 1H), 7.99 (s, 1H), 5.16 (s, 1H), 3.81 (d, J = 17.2 Hz, 1H), 3.75 (dd, J = 3.0, 10.8 Hz, 1H), 3.68 (q, J = 2.9 Hz, 1H), 

3.58 (dd, J = 2.5, 17.1 Hz, 1H), 3.53 (dd, J = 2.4, 10.8 Hz, 1H). 13C NMR (101 MHz, DMSO) δ: 167.63, 166.76, 

63.70, 57.72, 44.88. GC-MS (DMF, scan 4.67 – 4.94 min): m/z (rel. abund. %): 144 (0.4), 126 (2), 115 (5), 114 (100), 

113 (3), 101 (1), 98 (1), 91 (1), 86 (3), 85 (17), 84 (1), 73 (3), 71 (2), 70 (2), 69 (2), 60 (4), 58 (3), 57 (12), 56 (3), 55 

(4), 44 (4), 43 (5), 42 (8), 41 (3). ESI(+) (DMF) m/z (rel. abund. %): 145 (100, M+H). 

Cyclo-Gly-Pro/Cyclo-Pro-Gly ((S)-Hexahydropyrrolo[1,2-a]pyrazine-1,4-dione)  

TGA Product (FIA112-TGA/FIA203-TGA) 
Off-white solid (96%, melted in TGA) from Gly-Pro. Off-white solid (85%) from Pro-Gly. FTIR (smart iTR (ZnSe), 

cm-1): 3198, 3163, 3090, 2989, 2954, 2878, 1674, 1642, 1500, 1454, 1409, 1336, 1294, 1268, 1238, 1226, 1198, 1174, 

1159, 1110, 1063, 1002, 969, 925, 906, 892, 854, 777, 654, 620, 578. 

Oven Product (FIA112/FIA203B1) 
Light-brown solid (99%, MP: 199-206°C with sublimation) from Gly-Pro. Light-brown soild (94.03%, MP: 168-

170°C with sublimation) from Pro-Gly. FTIR (smart iTR (ZnSe), cm-1): 3197, 3163, 3090, 2989, 2954, 2878, 1674, 

1639, 1501, 1455, 1408, 1337, 1294, 1268, 1239, 1225, 1198, 1174, 1160, 1111, 1063, 1004, 970, 926, 906, 892, 855, 

779, 655, 620, 603, 578, 551. 1H NMR (600 MHz, DMSO) δ: 8.08 (s, 1H), 4.13 (t, J = 7.8 Hz, 1H), 4.00 (d, J = 16.2 

Hz, 1H), 3.52 (dd, J = 4.5, 16.4 Hz, 1H), 3.43 (m, 1H), 2.15 (q, J = 7.5 Hz, 1H), 1.84 (m, 3H). 13C NMR (101 MHz, 

DMSO) δ: 169.75, 164.31, 58.46, 46.37, 45.11, 28.34, 22.54. GC-MS (DCM, scan 4.67 – 4.94 min): m/z (rel. abund. 
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%): 155 (8), 154 (95), 126 (10), 125 (5), 112 (9), 111 (100), 99 (2), 98 (29), 97 (6), 96 (3), 84 (9), 83 (95), 82 (6), 81 

(2), 80 (1), 71 (4), 70 (60), 69 (43), 68 (32), 67 (3), 57 (4), 56 (12), 55 (29), 54 (5), 53 (2), 44 (2), 43 (7), 42 (23), 41 

(39), 40 (6). 

Cyclo-Gly-Gln ((S)-3-(3,6-Dioxopiperazin-2-yl)propanamide) 

TGA Product (FIA113-TGA2) 
Orange solid (98%, melted in TGA). FTIR (smart iTR (ZnSe), cm-1): 3207, 2944, 1645, 1538, 1453, 1412, 1325, 

1249, 1200, 1085, 1026, 999, 634, 611, 601, 585, 569, 556. 

Oven Product (FIA113B) 
Brown solid (99% (~55% pure by LC-MS), MP: 190°C complex melting with decomposition). FTIR (smart iTR 

(ZnSe), cm-1): 3392, 3203, 3071, 2958, 1649, 1542, 1459, 1414, 1332, 1297, 1287, 1235, 1201, 1148, 1112, 1085, 

1025, 998, 943, 911, 873, 810, 631, 622, 617, 603, 589, 580, 568, 553. 1H NMR (600 MHz, DMSO) δ: 8.19 (s, 1H), 

8.03 (s, 1H), 7.31 (s, 1H), 6.78 (s, 1H), 3.68-3.81 (m, 3H), 2.14 (m, 2H), 1.90 (m, 2H). 13C NMR (101 MHz, DMSO) 

δ: 174.00, 168.26, 166.64, 54.17, 44.74, 30.75, 29.09. ESI(+) (H2O) m/z (rel. abund. %): 187 (32%), 186 (100%, 

M+H), 169 (44%). 

Cyclo-Gly-Phe/Cyclo-Phe-Gly ((S)-3-Benzylpiperazine-2,5-dione) 

TGA Product (FIA114-TGA/FIA204-TGA) 
Off-white solid (97%) from Gly-Phe. Brown solid (88.77%, melted in TGA) from Phe-Gly. FTIR (smart iTR (ZnSe), 

cm-1): 3325, 3189, 3044, 2975, 2927, 2879, 1958, 1664, 1455, 1332, 1245, 1209, 1190, 1157, 1133, 1085, 1033, 1004, 

925, 837, 794, 753, 698, 621, 577. 

Oven Product (FIA114/FIA204B) 
Light-brown solid (99%, MP: 164-268°C with sublimation) from Gly-Phe. Light-brown solid (66%, MP: 180°C with 

decomposition) from Phe-Gly. FTIR (smart iTR (ZnSe), cm-1): 3323, 3177, 3045, 2968, 2916, 2872, 1958, 1669, 

1604, 1494, 1460, 1452, 1334, 1326, 1247, 1235, 1208, 1191, 1156, 1132, 1085, 1030, 1003, 924, 907, 841, 796, 755, 

700, 619, 611, 602, 590, 578, 558, 551. 1H NMR (400 MHz, DMSO) δ: 8.18 (s, 1H), 7.91 (s, 1H), 7.29 (m, 1H), 7.18 

(dd, J = 1.9, 7.5 Hz, 1H), 4.08 (q, J = 3.9 Hz, 1H), 3.37 (dd, J = 3.1, 16.9 Hz, 2H), 3.11 (dd, J = 4.5, 13.5 Hz, 1H), 

2.90 (dd, J = 5.0, 13.5 Hz, 1H), 2.77 (d, J = 17.4 Hz, 1H). 13C NMR (101 MHz, DMSO) δ: 167.61, 166.12, 136.45, 

130.53, 128.60, 127.24, 55.95, 44.13. GC-MS (AcN, scan 12.70 – 13.39 min): m/z (rel. abund. %): 205 (6), 204 (41), 

161 (2), 147 (1), 146 (1), 132 (1), 131 (2), 128 (1), 120 (1), 118 (2), 117 (2), 113 (4), 104 (2), 103 (4), 92 (13), 91 

(100), 90 (1), 89 (3), 85 (13), 78 (2), 77 (3), 65 (7), 63 (2), 57 (1), 56 (1), 51 (3), 50 (1), 42 (1). 

Cyclo-Gly-Tyr ((S)-3-(4-Hydroxybenzyl)piperazine-2,5-dione) 

TGA Product (FIA115-TGA) 
Orange solid (100%, melted in TGA). FTIR (smart iTR (ZnSe), cm-1): 3300, 3205, 3074, 3039, 2974, 2925, 1657, 

1616, 1593, 1515, 1466, 1440, 1358, 1330, 1305, 1273, 1220, 1183, 1130, 1101, 1073, 1001, 953, 936, 917, 837, 817, 

797, 729, 688, 648, 634, 559. 
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Oven Product FIA115B  
Brown solid (99%, MP: 287-288°C). FTIR (smart iTR (ZnSe), cm-1): 3303, 3206, 3075, 3039, 2965, 2927, 2870, 

1660, 1617, 1594, 1516, 1466, 1440, 1358, 1331, 1304, 1274, 1221, 1183, 1130, 1101, 1073, 1019, 1000, 952, 936, 

918, 837, 816, 797, 729, 689, 648, 635, 618, 576, 559. 1H NMR (600 MHz, DMSO) δ: 9.31 (s, 1H), 8.09 (d, J = 2.4 

Hz, 1H), 7.85 (d, J = 2.3 Hz, 1H), 6.95 (d, J = 8.5 Hz, 2H), 6.67 (d, J = 8.9 Hz, 2H), 3.98 (q, J = 3.8 Hz, 1H), 3.33 

(dd, J = 3.0, 17.3 Hz, 1H), 2.99 (dd, J = 4.2, 13.7 Hz, 1H), 2.76 (dd, J = 4.8, 13.7 Hz, 1H), 2.71 (d, J = 17.3 Hz, 1H). 

13C NMR (101 MHz, DMSO) δ: 167.80, 166.16, 156.73, 131.51, 126.18, 115.42, 56.21, 44.11, 38.64. GC-MS (DMF, 

scan 6.40-7.55 min): m/z (rel. abund. %): 220 (9), 207 (3), 191 (1), 162 (0.2), 147 (1), 135 (1), 135 (1), 133 (1), 120 

(1), 119 (1), 115 (1), 114 (21), 108 (9), 107 (100), 106 (1), 105 (1), 91 (2), 89 (1), 79 (2), 78 (2), 77 (10), 73 (1), 65 

(1), 63 (1), 57 (2), 56 (1), 53 (2), 51 (1), 44 (1), 42 (1). 

Cyclo-Gly-Trp ((S)-3-((1H-Indol-3-yl)methyl)piperazine-2,5-dione) 

TGA Product (FIA116-TGA) 
Off-white solid (99%). FTIR (smart iTR (ZnSe), cm-1): 3406, 3329, 3183, 3154, 3039, 2958, 2901, 2863, 1659, 1557, 

1508, 1458, 1423, 1356, 1345, 1324, 1299, 1257, 1230, 1199, 1145, 1086, 1029, 1008, 994, 929, 840, 821, 783, 748, 

664, 630, 590, 574, 558. 

Oven Product (FIA116B1) 
Light-brown solid (98%, MP: 290-294°C with decomposition). FTIR (smart iTR (ZnSe), cm-1): 3405, 3331, 3183, 

3153, 3041, 2964, 2903, 2865, 1659, 1557, 1508, 1488, 1459, 1440, 1425, 1356, 1345, 1325, 1298, 1258, 1230, 1199, 

1148, 1085, 1072, 1030, 1009, 993, 941, 929, 840, 822, 810, 783, 763, 750, 737, 665, 631, 621, 602, 592, 573, 553. 

1H NMR (600 MHz, DMSO) δ: 10.93 (s, 1H), 8.10 (d, J = 2.5 Hz, 1H), 7.77 (s, 1H), 7.55 (d, J = 8.0 Hz, 1H), 7.34 

(d, J = 8.0 Hz, 1H), 7.06 (m, 2H), 6.97 (dt, J = 0.6, 7.5 Hz, 1H), 4.03 (q, J = 3.9 Hz, 1H), 3.32 (dd, J = 2.9, 17.2 Hz, 

1H), 3.25 (dd, J = 4.7, 14.5 Hz, 1H), 3.03 (dd, J = 4.6, 14.5 Hz, 1H), 2.79 (d, J = 17.2 Hz, 1H). 13C NMR (101 MHz, 

DMSO) δ: 168.44, 166.17, 136.41, 127.96, 125.08, 121.38, 119.17, 118.92, 111.66, 108.83, 55.92, 44.32, 29.64. 

GC-MS (DMF, scan 6.40-7.55 min): m/z (rel. abund. %): 244 (1), 243 (9), 208 (1), 207 (4), 191 (1), 156 (1), 131 

(11), 130 (100), 129 (3), 128 (3), 117 (1), 115 (1), 114 (1), 103 (5), 102 (3), 85 (1), 77 (6), 75 (1), 44 (2) . 

Cyclo-Gly-Asn (2-(3,6-Dioxopiperazin-2-yl)acetamide)  

TGA Product (FIA117-TGA) 
Black solid (~60%, melted in TGA). FTIR (smart iTR (ZnSe), cm-1): 3575, 3276, 3186, 3063, 2992, 2946, 1786, 

1677, 1658, 1531, 1401, 1322, 1166, 1081, 1022, 966, 919, 697, 627. 

Oven Product (FIA117B) 
Orange solid, (90% (~55% pure by LCMS), MP: 230-258°C with decomposition). FTIR (smart iTR (ZnSe), cm-1): 

3537, 3444, 3255, 3186, 3066, 2946, 1785, 1705, 1676, 1654, 1535, 1402, 1324, 1263, 1167, 1081, 1022, 966, 920, 

692, 662, 630. 1H NMR (600 MHz, DMSO) δ: 8.08 (s, 1H), 7.93 (s, 1H), 7.41 (s, 1H), 6.92 (s, 1H), 4.66 (m, 1H), 

4.03 (m, 2H), 2.69 (dd, J = 5.3, 17.2 Hz, 1H), 2.61 (dd, J = 4.4, 16.7 Hz, 1H). 13C NMR (101 MHz, DMSO) δ: 171.70, 

168.45, 166.32, 51.56, 45.05, 37.74. GC-MS (DMF, scan 3.98 – 4.24 min): m/z (rel. abund. %): 171 (9), 156 (4), 154 

(100), 147 (5), 135 (7), 133 (11), 127 (7), 126 (56), 119 (2), 113 (12), 112 (10), 99 (10), 98 (6), 97 (5), 96 (11), 85 (8), 
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84 (7), 83 (6), 82 (3), 73 (52), 71 (4), 70 (14), 69 (5), 59 (28), 56 (13), 55 (15), 44 (100), 43 (27), 42 (33). ESI(+) 

(H2O) m/z (rel. abund. %): 172 (100, M+H), 173 (25, M+H). 

Cyclo-Gly-Asp ((S)-2-(3,6-Dioxopiperazin-2-yl)acetic acid) 

TGA Product (FIA118-TGA) 
Orange solid (~80%, melted in TGA). FTIR (smart iTR (ZnSe), cm-1): 3495, 3226, 3067, 2944, 2508, 1788, 1704, 

1657, 1535, 1399, 1322, 1261, 1165, 1084, 1022, 966, 920, 696, 627. 

Oven Product (FIA118) 
Orange solid (99% (~81% pure by LCMS), melted in oven, MP: 239°C complex melting with decomposition). FTIR 

(smart iTR (ZnSe), cm-1): 3498, 3226, 3066, 2949, 2505, 1787, 1709, 1651, 1540, 1460, 1423, 1400, 1324, 1266, 

1169, 1086, 1023, 964, 920, 788, 694, 632. 1H NMR (600 MHz, DMSO) δ: 8.92 (s, 1H), 8.08 (s, 1H), 8.01 (s, 1H), 

4.09 (t, J = 4.5 Hz, 1H), 3.75 (m, 2H), 2.72 (dd, J = 5.0, 17.0 Hz, 1H), 2.63 (dd, J = 5.0, 17.0 Hz, 1H). 13C NMR (151 

MHz, DMSO) δ: 172.23, 167.92, 166.41, 51.31, 45.08, 37.08. GC-MS (H2O, scan 7.65 – 8.61 min): m/z (rel. abund. 

%): 173 (3), 172 (49), 163 (3), 155 (7), 154 (45), 149 (3), 147 (3), 135 (7), 133 (14), 127 (15), 126 (100), 119 (3), 115 

(4), 113 (31), 112 (40), 111 (16), 101 (14), 100 (8), 99 (9), 98 (12), 97 (9), 96 (14), 88 (14), 85 (24), 84 (9), 83 (11), 

82 (10), 73 (18), 72 (14), 70 (28), 69 (8), 68 (6), 60 (16), 58 (10), 58 (10), 57 (9), 56 (38), 55 (40), 44 (31), 43 (24), 

42 (35). ESI(+) (H2O) m/z (rel. abund. %): 173 (100, M+H), 155 (47). 

Cyclo-Ala-Gln (3-((2S,5S)-5-Methyl-3,6-dioxopiperazin-2-yl)propanamide) 

TGA Product (FIA200-TGA)  
Off-white solid (~70%, melted in TGA). FTIR (smart iTR (ZnSe), cm-1): 3208, 2984, 2939, 1773, 1647, 1543, 1446, 

1416, 1322, 1258, 1201, 1150, 1107, 1044, 964, 909, 628, 595, 574, 559. 

Oven Product (FIA200)  
Brown solid (96% (~59% pure by LCMS), MP: 210-214°C with decomposition). FTIR (smart iTR (ZnSe), cm-1): 

3423, 3329, 3211, 3080, 3049, 2950, 2879, 1660, 1626, 1529, 1476, 1448, 1431, 1411, 1380, 1350, 1326, 1311, 1283, 

1234, 1193, 1174, 1117, 1059, 1039, 1010, 963, 918, 858, 809, 770, 755, 661, 617, 587, 578, 571, 561. 1H NMR (600 

MHz, DMSO) δ: 8.16 (s, 1H), 8.09 (s, 1H), 7.32 (s, 1H), 6.78 (s, 1H), 3.90 (m, 2H), 2.15 (m, 2H), 1.90 (m, 2H), 1.28 

(d, J = 7.0 Hz, 1H). 13C NMR (151 MHz, DMSO) δ: 174.16, 169.41, 168.16, 54.04, 50.22, 30.77, 28.70, 19.63. ESI 

(+) (DMF), m/z (rel. abund. %): 201 (37),  200 (100, M+H), 183 (26). 

Cyclo-Ala-Tyr ((3S,6S)-3-(4-Hydroxybenzyl)-6-methylpiperazine-2,5-dione) 

TGA Product (FIA203-TGA)  
Off-white solid (97%). FTIR (smart iTR (ZnSe), cm-1): 3263, 3212, 3082, 3034, 2994, 2964, 2934, 2877, 2579, 2492, 

1882, 1659, 1616, 1596, 1515, 1473, 1438, 1362, 1329, 1263, 1237, 1211, 1192, 1181, 1161, 1106, 1050, 972, 928, 

895, 836, 798, 775, 728, 686, 644, 586, 566. 

Oven Product (FIA203B) 
Light brown solid (95%, MP: 282-284°C with sublimation). FTIR (smart iTR (ZnSe), cm-1): 3265, 3212, 3082, 3034, 

2995, 2961, 2933, 2874, 2577, 2491, 1883, 1661, 1616, 1595, 1516, 1474, 1438, 1361, 1346, 1330, 1292, 1263, 1237, 
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1211, 1192, 1180, 1159, 1106, 1050, 1030, 991, 972, 928, 895, 836, 796, 775, 727, 687, 642, 600, 592, 578, 565. 1H 

NMR (600 MHz, DMSO) δ: 9.23 (s, 1H), 8.04 (d, J = 1.6 Hz, 1H), 7.99 (d, J = 1.6 Hz, 1H), 6.95 (d, J = 8.5 Hz, 2H), 

6.67 (d, J = 8.5 Hz, 2H), 4.09 (tt, J = 1.0, 4.7 Hz, 1H), 3.63 (qq, J = 1.1, 7.0 Hz, 1H), 3.02 (dd, J = 4.0, 13.7 Hz, 1H), 

2.75 (dd, J = 4.8, 13.6 Hz, 1H), 0.55 (d, J = 7.0 Hz, 2H). 13C NMR (151 MHz, DMSO) δ: 168.23, 166.67, 156.88, 

131.77, 126.43, 115.30, 56.04, 50.23, 38.07, 20.28. GC-MS (DMF, scan 6.10-6.81 min), m/z (rel. abund. %): 234 

(10), 192 (1), 191 (1), 147 (2), 129 (4), 128 (59), 120 (2), 119 (2), 113 (11), 108 (9), 107 (100), 91 (4), 85 (2), 79 (2), 

78 (4), 77 (11), 73 (3), 65 (2), 51 (2), 44 (10), 42 (2). 

Cyclo-Leu-Ser ((3S,6S)-3-(Hydroxymethyl)-6-isobutylpiperazine-2,5-dione)  

TGA Product (FIA105-TGA) 
Off-white solid (97%). FTIR (smart iTR (ZnSe), cm-1): 3444, 3334, 3186, 3045, 2958, 2896, 2873, 1661, 1462, 1388, 

1369, 1329, 1260, 1229, 1171, 1128, 1098, 1067, 1030, 1004, 945, 838, 807, 766, 726, 708, 628, 594, 571. 

Oven Product (FIA105B) 
Off-white solid (93%, MP: 224°C and 340-345°C complex melting in the two ranges). FTIR (smart iTR (ZnSe), cm-

1): 3440, 3334, 3186, 3046, 2957, 2896, 2871, 1663, 1516, 1463, 1388, 1368, 1345, 1330, 1257, 1226, 1171, 1129, 

1099, 1087, 1068, 1029, 1003, 944, 921, 882, 839, 808, 766, 726, 706, 668, 634, 627, 614, 607, 590, 581, 567, 557. 

1H NMR (600 MHz, DMSO) δ: 8.22 (s, 1H), 7.91 (s, 1H), 5.12 (t, J = 4.9 Hz, 1H), 3.73 (m, 3H), 3.51 (m, 1H), 1.83 

(m, 1H), 1.63 (m, 1H), 0.88 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.5 Hz, 3H). 13C NMR (151 MHz, DMSO) δ: 168.67, 

166.75, 62.75, 57.72, 53.16, 45.13, 23.77, 23.62, 22.11. GC-MS (AcN, scan 7.86 - 8.20 min): m/z (rel. abund. %): 41 

(18), 42 (14), 43 (21), 44 (21), 45 (1), 53 (3), 54 (2), 55 (15), 56 (3), 57 (14), 58 (3), 59 (2), 60 (26), 61 (2), 67 (1), 68 

(3), 69 (7), 70 (8), 71 (7), 72 (3), 73 (1), 80 (1), 81 (2), 82 (3), 83 (3), 84 (6), 85 (36), 86 (39), 87 (4), 95 (1), 96 (3), 

97 (16), 98 (7), 99 (2), 100 (1), 111 (2), 112 (5), 113 (67), 114 (67), 115 (10), 125 (4), 126 (19), 127 (3), 129 (4), 139 

(2), 140 (1), 141 (14), 142 (1), 143 (5), 144 (100), 145 (5), 146 (2), 157 (8), 158 (1), 170 (90), 171 (9), 185 (2), 200 

(1). ESI(+) H2O) m/z (rel. abund. %):  201 (M+H). 

Cyclo-Val-Ser ((3S,6S)-3-(Hydroxymethyl)-6-isopropylpiperazine-2,5-dione) 

Oven Product (FIA106) 
Off-white solid (81%, MP: 229-231°C with decomposition). FTIR (smart iTR (ZnSe), cm-1): 3331, 3191, 3043, 2955, 

2931, 2874, 1651, 1502, 1480, 1456, 1440, 1394, 1368, 1347, 1289, 1265, 1225, 1182, 1167, 1130, 1107, 1076, 1038, 

996, 960, 928, 845, 831, 811, 774, 677, 659. 1H NMR (600 MHz, DMSO) δ: 8.06 (s, 1H), 7.91 (s, 1H), 4.96 (t, J = 

5.7 Hz, 1H), 3.80 (s, 1H), 3.67 (dd, J = 4.6, 10.7 Hz, 1H), 3.63 (s, 1H), 3.59 (d, J = 10.6 Hz, 1H), 2.18 (m, 1H), 0.96 

(d, J = 7.1 Hz, 3H), 0.86 (d, J = 6.8 Hz, 3H). 13C NMR (151 MHz, DMSO) δ: 167.17, 166.75, 62.91, 59.91, 57.31, 

32.13, 19.31, 17.86. GC-MS (H2O, scan 6.71 – 7.09 min): m/z (rel. abund. %): 186 (2), 168 (5), 157 (9), 156 (100), 

144 (28), 143 (5), 127 (10), 126 (37), 115 (10), 114 (43), 113 (79), 99 (5), 98 (6), 97 (17), 96 (3), 85 (35), 84 (4), 83 

(6), 82 (5), 72 (22), 71 (4), 70 (7), 69 (7), 60 (11), 58 (6), 57 (17), 56 (9), 55 (13), 54 (4), 44 (10), 43 (13), 42 (13), 41 

(14). 
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Cyclo-Met-Ala ((3S,6S)-3-Methyl-6-(2-(methylthio)ethyl)piperazine-2,5-dione) 

TGA Product (FIA107-TGA) 
White solid (99%). FTIR (smart iTR (ZnSe), cm-1): 3314, 3188, 3050, 2967, 2919, 2881, 1667, 1478, 1441, 1377, 

1353, 1323, 1302, 1281, 1227, 1192, 1167, 1114, 1045, 1008, 948, 904, 809, 771, 674, 636, 568. 

Oven Product (FIA107B) 
Brown solid (75%, MP: 180-195°C with decomposition). FTIR (smart iTR (ZnSe), cm-1): 3308, 3188, 3051, 2964, 

2917, 2882, 1668, 1534, 1443, 1378, 1325, 1297, 1283, 1227, 1167, 1114, 1008, 947, 811, 771, 682, 673, 635, 615, 

582, 569, 557, 551. 1H NMR (400 MHz, DMSO) δ: 8.20 (s, 1H), 8.17 (s, 1H), 3.97 (tt, J = 1.5, 5.4 Hz, 1H), 3.92 

(tq, J = 1.3, 7.0 Hz, 1H), 2.53 (m, 2H), 2.05 (s, 3H), 1.94 (m, 2H), 1.27 (d, J = 7.0 Hz, 3H). 13C NMR (101 MHz, 

DMSO) δ: 169.52, 168.17, 53.48, 50.20, 32.41, 29.15, 19.46, 14.91. GC-MS (DCM, scan 9.04 – 9.72 min): m/z (rel. 

abund. %): 202 (34), 154 (3), 141 (23), 129 (6), 128 (100), 127 (2), 114 (3), 113 (51), 111 (3), 99 (5), 88 (2), 85 (8), 

75 (4), 71 (3), 70(3), 62 (4), 61 (15), 55 (5), 44 (25), 42 (6). 
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Summary and Future Outlook 

This systematic study on 49 dipeptides forms a base for understanding the thermal stability 

and reactivity of peptides in the solid state. The study included the dipeptides having hydrophobic 

and hydrophilic, standard and non-standard, as well as L and D isomeric residues. The solid forms 

included anhydrous dipeptides, solvates (mostly hydrates), and some salts. The large array of 

dipeptides studied, both in number and diversity, could be used as a starting point to study stability 

and reactivity of solid oligopeptides of greater length. 

Several characteristic steps were identified on the TGA thermograms of the dipeptide 

solids. The stoichiometric calculations from the TGA thermograms, the TGA-FTIR analysis of the 

volatiles, the characterization of the samples recovered from TGA, the DSC analysis of the 

dipeptide samples, and the visual thermal analysis in Mel-Temp confirmed three major stages of 

thermally induced transformations: (1) Dehydration or desolvation. Mass loss events <120°C are 

due to dehydration producing dry dipeptides. (2) Chemical decomposition (cyclization). Further 

heating results in a distinct mass loss event due to chemical decomposition of the dry dipeptides 

producing the corresponding cyclo-dipeptide and water. (3) Vaporization and irreversible 

degradation. The decomposition step (2) is followed by the sublimation or evaporation of the 

cyclic products, accompanied by irreversible decomposition side reactions. 

Overall, the chemical decomposition (2) is a solid state endothermic process producing a 

stereochemically pure cyclic product (except for few hydrophilic dipeptides). The chemical 

decomposition in hydrophilic dipeptides proceeds in the melt form producing polymeric or 

bicyclic compounds in addition to the cyclo-dipeptides. The GC-MS analysis of the dipeptides 

showed their transformation into the corresponding cyclo-dipeptides in the gaseous phase as well; 

on the other hand, the GC-MS analysis of the sublimed dipeptide samples showed that the cyclo-

dipeptides also formed during the sublimation but along with additional diastereomers. 

The dependencies of the thermal stability and thermally induced reaction pathways on 

molecular structure, crystal composition and solid state structure were investigated. The thermal 

stability significantly depends on each of these factors, although the dependence is not always 

straightforward. The cyclization in the hydrophobic dipeptides was found easier and cleaner (high 

yield, less side products) as compared to hydrophilic dipeptides. The dipeptide salts with HCl 

always showed lower temperature for chemical decomposition. For several dipeptide series, it was 
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observed that: i) the higher the degree of hydration, the lower the temperature of the chemical 

decomposition; ii) the greater the number of hydrogen bonds in the dipeptide solid, the higher its 

thermal stability; iii) the smaller the side groups, the higher the thermal stability. It is also worth 

mentioning that: a) the Phe containing dipeptides showed unexpectedly low temperature and 

enthalpy of the chemical decomposition; b) in the dipeptide sequence isomers, the thermal stability 

of the dipeptides was evidently affected by changing the order of amino acids; c) the (LD) isomers 

showed higher thermal stability than their (LL) counterparts. 

Based on the thermal stability studies, we developed a solid state synthetic procedure for 

diketopiperazines (DKPs, cyclo-dipeptides). For this purpose, the reaction temperatures for the 

dipeptides’ decomposition were determined from TGA and DSC and then further optimized for 

the synthesis of the pure diketopiperazines. The microscale conversion of dipeptides into their 

corresponding DKPs was conducted by heating the dipeptide samples in the TGA apparatus, 

whereas the bulk synthesis was achieved by heating the dipeptides in a ventilation oven. Both 

methods produced quantitative yields of the corresponding cyclo-dipeptides. The mild heating of 

the hydrophobic dipeptides yielded cyclic products with >85% yield. Contrary to the hydrophobic 

dipeptides, hydrophilic dipeptides produced some bicyclic diketopiperazines. It was found that if 

the heating is continued or conducted at higher temperature, cyclo-dipeptides can epimerize to 

form diastereomers as it is seen in the sublimation samples. Extensive polymorphism was found 

by the XRD and DSC analysis of the cyclic products. In this study the triclinic and orthorhombic 

crystal structures of the polymorphs for cyclo-Leu-Ala/cyclo-Ala-Leu were studied. 

The solid state synthesis of DKPs from dipeptides is a major achievement of this project. 

Although various methods have been reported for the synthesis of DKPs in solution, the solid state 

synthesis developed in this work is a unique and much easier method. It is highly efficient, solvent 

free, free from side product thus requiring no purification, stereospecific, and environmentally 

friendly. Generally, cyclo-dipeptides are 5-10 times or even more expensive than the 

corresponding dipeptides. If the DKPs are required for any purpose, the corresponding dipeptides 

can be bought for a much lower price. There is an extra advantage for producing a cyclo-dipeptide 

from dipeptide sequence isomers as heating of any of the two isomers yields the same cyclic 

product.  

DKPs are important due to their flavor properties, numerous biological activities and 

various applications in medicinal and pharmaceutical industry, while their toxicity and hazard are 
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at the lowest level. This work opens new exciting opportunities for bulk synthesis and production 

of important biologically active substances, drugs, flavors and nutraceuticals. The DKPs also show 

a predictable and reversible tape like structure in their solid state structure that could have 

applications in supramolecular chemistry and crystal engineering to design new materials with 

desired properties. 

Solid state reactions are important, provide many advantages, but the main problem is that 

they do not work in series of homologues. The cyclization solid state reaction studied in this project 

occurs consistently with a very diverse set of dipeptides. Therefore, detailed study of this reaction 

could help to advance our understanding of solid state reactions in general, and our results can be 

applied to other systems.  

With the Green Chemistry synthetic design, by modifying the synthesis, we can arrive at 

the same final product and yet reduce or eliminate toxic starting materials, by-products and wastes. 

The solid state synthesis of DKPs is an alternative and improved chemical synthesis that complies 

with the 12 principles of Green Chemistry, as well as with the areas of Green Chemistry 

developments set by OECD. 

The solid state synthesis of DKPs was developed taking into account the decomposition 

studies on dipeptides. An unwanted reaction was turned into a new synthetic route. On the other 

hand, the TGA technique that is usually a destructive method, was used as a synthetic tool in this 

work. These innovative approaches can be applicable to other systems, not necessarily peptides. 

In this project, thermal stability and solid state reactivity in peptide solids was studied in a 

systematic way. Peptides may have prospects in using them as a host matrix or co-crystallizing 

agent to incorporate other molecules to create new materials, to store unstable molecules, or to 

make new forms of pharmaceuticals. In this respect, the basic knowledge of reactivity of the 

peptides themselves is essential and needed in the design of such materials. On the other hand, the 

incorporation of other molecules in the solid peptides could change/modify the solid state 

reactivity of the peptide molecules that could become a new direction of research to better 

understand the mechanism and factors affecting the solid state cyclization reaction. The facile 

decomposition/cyclization of the dipeptides can also be used to develop drugs with targeted 

delivery of a medicine as well as to create thermally responsive compounds. 
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Dipeptides are also important due to their various biological activities and therapeutic 

applications, but they degrade during synthesis and storage. This thermal stability and solid state 

reactivity study on a very diverse set of dipeptides can help to understand and enhance the stability 

of peptide based pharmaceutical drugs. 

All of the above studies were performed on zwitterions of the dipeptides. A few dipeptides 

were found as HCl salts. These salts showed an early decomposition temperature yielding cyclic 

products with additional diastereomers. It would be interesting to examine and compare the 

thermal stability of the dipeptides in their acidic and basic forms. The acidic form is expected to 

be more stable than the zwitterionic and basic forms due to unavailability of the amine for the 

inter- or intramolecular aminolysis process. Although the chemical decomposition of a few 

pharmaceutical drugs indicated the reaction is zero or half order, a detailed investigation is 

necessary to be carried out on the kinetics of the decomposition on the series of dipeptides. 

Overall, the studies described in this thesis may be used as a starting point in various future 

studies on peptide materials and their applications.  


