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Abstract 

Reaction of CS2 and CO2 with Amidines and Guanidines 

 

    Neutral organic bases such as amidines and guanidines are very useful in studies of the reactivity 

of heterocumulenes such as carbon disulfide (CS2) and carbon dioxide (CO2) to build C-C or C-N 

bonds. Reaction of amidines with CS2 in the absence of water and without adding desulfurization 

reagents or solvents is less documented. In this research I have investigated different types of sulfur 

and nitrogen containing products obtained upon reaction of carbon disulfide with cyclic and 

acyclic amidines. The reactivity behaviour and the resulting products depend on the structure of 

the starting amidines. Our observations for the contrasting reactivity were supported by 

calculations of the free energy of the reaction. 

 

     1,4,5,6-Tetrahydropyrimidine derivatives, as examples of cyclic amidines, follow different 

reactivity compared to acyclic amidines. They also follow different patterns of reaction with CS2 

depending on their structures. Possessing an N-H bond allows the cyclic amidine to form a 

dithiocarbamate salt {[BH+] [(B-CS-2)-(H)]}, where B is the starting amidine, analogous to those 

formed by secondary amines [R2NH2][R2NCO2] and [R2NH2][R2NCS2] with CO2 or CS2, 

respectively. If the molecule does not possess an N-H bond then observed reactivity depends on 

whether there is a methylene alpha to the amidine carbon. Having such a methylene group 

promotes the formation of trithioanhydride. A tetrahydropyrimidine having neither an N-H bond 

nor an alpha methylene forms an unstable zwitterionic adduct (B-CS2). 
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     The acyclic amidines and their analogues (e.g., acetamidines and TMG) have the ability to 

rotate around the (C=N) bond to form a four-membered cyclic transition state which cleaves to 

form two molecules: isothiocyanates (RNCS) and thioacetamide or tetramethylthiourea (TMTU) 

in the case of the guanidine. Such rotation cannot happen in cyclic amidines due to their rigidity.  

 

        Alkylation reactions performed on the products of the reaction of 1,4,5,6-

tetrahydropyrimidines and CS2 lead to the formation of dithiocarbamate salts and dithiocarbamate 

esters and other interesting compounds. Compounds structurally related to these products have 

significant medical applications. The alkylation products also serve to confirm the proposed 

structures of some of the products obtained from the initial reactions with CS2. 

 

      Both cyclic and acyclic amidines and their analogues were exposed to different CO2 pressures 

(1 or 60 bar) under various temperatures (room temperature or 60 oC) in order to form carbamic 

acid or carbamate products, but either bicarbonate salts or no reactivity were observed. 
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Chapter 1 

General Introduction 

     Over decades, the chemistry of amidines and guanidines has attracted attention due to their 

great utility. They are used as promoters or catalysts in organic synthesis due to their high basicity. 

They are commonly used in coordination chemistry where they behave as donor ligands. They are 

also used as nucleophile reagents in many reactions. These compounds have also been synthesized 

for their biological effects.  

     On the other hand, CS2 and CO2 have attracted attention as abundant carbon sources. CS2 and 

CO2 are valence isoelectronic. They can be used to form organic C-C and C-N bonds or to promote 

some reactions because of their high reactivities. Although they have similar chemical properties, 

they sometimes follow different reactivity with basic nitrogen-containing compounds such as 

amidines and guanidines. The main goal of the research described in this thesis was to explore the 

reactivity of amidines and their analogues with the heterocumulenes carbon disulfide (CS2) and 

carbon dioxide (CO2) as small electrophile reagents as a function of the structure of the amidines.  

      Chapter I will introduce the literature related to the research. Firstly, one section highlights 

selected examples of some common methods for the preparation of cyclic and acyclic amidines 

and guanidines (Section 1.2). The choice of substituents on the amidine or guanidine often 

determines the choice of synthetic method, and, as shall be described, determines the reactivity 

and reaction pathway of the amidine or guanidine. In general, the properties of compounds also 

play a significant role in their reactions. Therefore, the discussion will include a brief explanation 

about the properties and the reactivity of amidines and guanidines (Section 1.3). I will also 
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highlight some of their useful applications in organic synthesis and biochemistry (Section 1.4). 

Also, in chapter I will introduce the main sources of CS2 and CO2, their roles in global warming 

and their environmental impacts, and some methods for reducing the concentration of CO2 in the 

atmosphere (Sections 1.5 and 1.6).  

 

1.1. Amidines and Guanidines  

      Amidines and guanidines are neutral organic bases, similar to but more basic than amines. 

Amidines contain an imine functional group (=NH or =NR) alpha to the amine carbon in their 

structure (Figure 1.1). They are diaza analogues of carboxylic acids and esters. Guanidines bear 

three nitrogen atoms in their structure; two imino and one amine (Figure 1.1).1 Guanidines are 

triaza analogues of carbonic acid diesters. Most guanidines are superbases with high pKaH values.2 

pKaH is a term that characterizes the basicity of the bases and is defined as the pKa value of the 

protonated species or the conjugate acid of neutral base.3  

 

Figure 1.1. Chemical structures of a) amine, amidine and guanidine, where R could be H or a C-containing 

substituent and b) examples of acyclic and cyclic amidines. 
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     The term superbase, as defined by Caubere refers to “bases resulting from a mixing of two (or 

more) bases leading to new basic species possessing inherent new properties. The term superbase 

does not mean a base is thermodynamically and/or kinetically stronger than another, instead it 

means that a basic reagent is created by combining the characteristics of several different bases.”4 

Amidines and guanidine are considered to be superbases because they are not only a combination 

of two basic functional groups (amine and imine groups), but the way that they link to each other 

enhances their basicity due to the presence of resonance stabilization in the conjugate acid. 

 

1.2. Synthesis of Amidines  

1.2.1. Synthesis of Cyclic Amidines 

 

    1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), and 

imidazole are among the most common used cyclic amidines in industry and academia. They have 

been used as catalysts and transfer reagents to promote many reactions. Also, they have been used 

as catalysts and promoters for the fixation of CO2. In part, the goal of this research is to study the 

chemistry of 1,4,5,6-tetrahydropyrimidine derivatives as monocyclic amidines and the relation 

between their structure and their reactivity with CS2 and CO2. First, however, some of the common 

methods for their synthesis will be introduced in the following section.  

 

      Recent reports detailing the syntheses of 1,4,5,6-tetrahydropyrimidine derivatives have 

attracted attention due to their biological effects and their wide range of applications (elaborated 

in Chapter 2). The following reported syntheses will introduce how to synthesize different types 
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of 1,4,5,6-tetrahydropyrimidines. The aim here is to classify the synthetic methods into different 

categories based on the product structures.  

 

1.2.1.1. Synthesis of 1,4,5,6-Tetrahydropyrimidine  

 

      1,4,5,6-Tetrahydropyrimidine is a strong base (pKaH = 13) which is unstable in water (Figure 

1.1). In contact with water it decomposes into 3-formamidopropylamine at room temperature in 

about 15 minutes. However, when the hydrogen atom at position 2 (the carbon between the two 

nitrogen atoms) is replaced by other groups (e.g. Ph, CH3), the compound becomes more stable 

under similar conditions.5  

 

1.2.1.1.1. From 1,3-Diaminopropane 

The main unit of 1,4,5,6-tetrahydropyrimidine can be prepared by condensing 1-tosyl-3,4-

dimethylimidazolinium iodide with 1,3-diaminopropane under reflux conditions in acetonitrile 

(Scheme 1.1). The reaction leads to the formation of 1,4,5,6-tetrahydropyrimidine with a good 

yield (81%) via a one-carbon transfer pathway.6   

 

 Scheme 1.1. Preparation of 1,4,5,6-tetrahydropyrimidine by addition of 1-tosyl-3,4-dimethylimidazolinium iodide 

to 1,3-diaminopropane.6     
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     Aoyagi et al. treated 1,3-diaminopropane with N,N-dimethylformamide dimethyl acetal to 

synthesize 1,4,5,6-tetrahydropyrimidine (Scheme 1.2). However, the reaction required a long time 

(24 h) to complete.7 Alici et al. reported that the compound can be obtained in a good yield (90%) 

via the condensation of 1,3-diaminopropane with formamide acetate for an hour.8  

 

 

Scheme 1.2. Reaction of acetal with diaminopropane to generate 1,4,5,6- tetrahydropyrimidine.7 

 

1.2.1.2. N-Substituted-1,4,5,6-Tetrahydropyrimidine  

1.2.1.2.1. From Acetal or Formamidine 

 

      A mixture of a N-substituted diamine (such as N-methyl-1,3-diaminopropane) and N,N-  

dimethylformamide diethylacetal is heated to a high temperature (90-110 oC) (Scheme 1.3). The 

final product (N-methyl-l,4,5,6-tetrahydropyrimidine) is obtained via elimination of two molecules 

of methanol and one dimethylamine. This method is capable of synthesizing various N-substituted 

l,4,5,6-tetrahydropyrimide derivatives using short reaction times as shown in Scheme 1.3) and 

Table 1.1.8 N-Methyl-1,4,5,6-tetrahydropyrimidine could be prepared from the same reactants; 

Reflux (24 h), 
 80 oC

88 %

OMe

NMe2

OMeH + +  2 MeOH    +    NHMe2

anhydrous 
toluene

NH2NH2 HN N
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however, the reaction was performed at lower temperatures (~ 80 oC) and required a longer time 

for completion (up to 24 h).7  

 

 

 

Scheme 1.3. Synthesis of N-substituted l,4,5,6-tetrahydropyrimide from acetal and diamine.8 

 

Table 1.1. Isolated yields of N-substituted-1,4,5,6-tetrahydropyrimidines.8 

Entry R Time of reaction Yield % 

1* H 30 min 90 

2 Me 30 min 95 

3 Et 30 min 90 

4 CH2 -Ph 30 min 91 

5 C6H4NO2-p 1 h 80 

6 C6H4NCH3-p 1 h 72 

7 CH2CH2OMe 30 min 82 

*1,4,5,6-tetrahydropyrimidine 

 

 

 

 

 

NH2NHR N N
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NMe2
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- 2 MeOH - NHMe2

N NH 190 - 200 oC

H NMe2

R R
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1.2.1.3. Synthesis of 1,2-Di-substituted 1,4,5,6-Tetrahydropyrimidines 

1.2.1.3.1. From Acetonitrile  

 

     1,2-Di-substituted tetrahydropyrimidine was prepared indirectly from acetonitrile. The 

acetonitrile is initially converted to an imino ether which could then be refluxed with an equimolar 

amount of N-methyl-1,3-diaminopropane for15 h (no solvent is necessary). The reaction leads to 

the formation of 1,2-dimethyl-1,4,5,6-tetrahydropyrimidine (Scheme 1.4).9 While Ye and his co-

workers employed a catalyst (e.g., ZnCl2 8% mol) in the presence of nitrile to convert N-methyl-

1,3-diaminopropane directly into 1,3-dimethyl-1,4,5,6-tetrahydropyrimidine within 24 h and 

required high temperatures (100-120 oC), unfortunately  the amidine was obtained in low yield (45 

%).10   

 

 

 

Scheme 1.4. Synthesis of 1,2-substituted-1,4,5,6-tetrahydropyrimidine from imino ether.9    

 

1.2.1.3.2. From Secondary Amines 

 

     Zhu and Angelici reported the production of 1,2-dimethyl-1,4,5,6-tetrahydropyrimidine from 

NH2

OC2H5

H2N

HN

N

N

+Cl
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the dehydrogenation (H2) of the saturated cyclic secondary amine by gold powder-catalyst, where 

the catalyst showed high reactivity in converting the amine group into an imino group. The reaction 

was carried out in the presence of acetonitrile under atmospheric O2 (Scheme 1.5).11  

 

 

 

Scheme 1.5. Gold powder catalyzed oxidation of secondary amines to obtain 1,2-dimethyl-1,4,5,6-tetrahydro-

pyrimidine.11   

 

1.2.1.4. Synthesis of 2-Substituted 1,4,5,6-Tetrahydropyrimidines  

1.2.1.4.1. From Carboxylic Acid or Ester 

 

     The preparation of 2-alkyl-1,4,5,6-tetrahydropyrimidine can be achieved by the condensation 

of carboxylic acid or its derivatives with 1,3-diaminopropane. Pews et al. reported that the reaction 

was performed at high temperatures (225 oC), and required long reaction times of up to 7 h to 

obtain 2-alkyl-1,4,5,6-tetrahydropyrimidine in 90 %  yield (Scheme 1.6).12   

 

 

 

N NH

CH3CN, 60 oC, 40 h

Au powder (1.0 g)/ O2 N N

97 %
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Scheme 1.6.  Formation of 2-tert-butyl-1,4,5,6-tetrahydropyrimidine by treating of 2,2-dimethylpropionic acid with 

1,3-diaminopropane at 225 oC.12    

 

     Aspinal and his co-workers prepared 2-alkyl (or aryl)-3,4,5,6-tetrahydropyrimidines (e.g. 2-

methyl-1,4,5,6-tetrahydropyrimide) via condensation of ethyl acetate with 1,3-diaminopropane to 

produce mono-acetyltrimethylenediamine (N-acetyl-1,3-dipropanamine). This was followed by a 

dehydration step at high temperature (100-105 oC) to produced 2-methyl-1,4,5,6-

tetrahydropyrimidines in a good yield (90 %) (Scheme 1.7).13   

 

Scheme 1.7. Synthesis of 2-methyl-1,4,5,6-tetrahydropyrimidine by condensation of ester and diamine.13   

 

1.2.2. Synthesis of Acyclic Amidines 

      

     Acetamidines are perhaps the most important class of acyclic amidines (Figure 1.1), and are 

used as starting materials for the formation a variety of other organic compounds such as 

pyrimidines imidazoles, and triazines.14 The most important compound is acetamidine chloride. In 

(CH3)3CCOOH    +    NH2(CH2)3NH2                                   (CH3)3CCONH(CH2)3NH2 N NH

C(CH3)3

- H2O

 H2O
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CH3COOEt  +   NH2CH2CH2CH2NH2                         CH3CONHCH2CH2CH2NH2 CaO

- H2O- HOEt
N NH

CH3
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industry, it is commonly used to synthesize vitamin B1 and antihypertensive drugs such as 

moxonidine.15,16  

 

       Acyclic amidines are classified according to the substituents attached to the imino and amino 

nitrogen atoms in their structure: A) un-substituted, B) mono-substituted, C) symmetrical 

substituted, D) asymmetrical substituted, and E) tri-substituted (Fig.1.2). 

 

  

 

 

Figure 1.2. Types of acyclic amidines: A) un-substituted, B) mono-substituted, C) symmetrical substituted, D) 

asymmetrical substituted, and E) tri-substituted. 

      

     There are many approaches for the synthesis of amidines.  The most commonly used methods 

to synthesize acetamidines and guanidines from nitriles, amides, and thioamides are briefly 

introduced in the following section.  
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1.2.2.1 Amidines from Active and Inactive Nitriles 

 

      Both activated and inactivated nitriles have been used to synthesize amidines. A mixture of 

nitrile and anhydrous ethanol can be converted to an imidate ester in the presence of dry hydrogen 

chloride. The amidine is then generated by treating the resultant imidic ester hydrochloride with 

ammonia or amine, as shown in Scheme 1.8. This classic method is known as the Pinner 

procedure.17,18   

 

 

Scheme 1.8. Reaction of nitriles with anhydrous ethanol to form amidines.17 

     Amidines can also be produced from nitriles in mild condition. For example, Garigipati et al. 

reported formation of amidine by addition of alkylchloroaluminum amides to nitrile (Scheme 1.9). 

This method is also reported to be useful for the synthesis of guanidine when alkylchloroaluminum 

was added to N-substituted cyanamides.19   
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Scheme 1.9.  Formation of amidines by treating of nitriles with alkylchloroaluminum amides.19   

 

     Lewis acids such as AlCl3 or ZnCl2 are able to activate nitriles at elevated temperatures (150-

200 °C) to prepare amidines.20 Forsberg et al. have reported that amidines can be obtained by this 

method in an excellent yield (80-100 %). The reaction is performed in one step by addition of 

equimolar of copper (1) chloride to a solution of inactivated nitriles in the presence of amines 

under  an inert atmosphere (Scheme 1.10).21  

 

 

 

Scheme 1.10. Preparation of amidines from nitriles in the presence of copper (1) chloride below 80 oC.21  

 

      Amidines can also be prepared in two steps by the addition of thiophenol to nitriles. Then the 

resulting intermediate is converted to the amidine by adding amine and methanol at 20 oC (Scheme 

1.11).22  
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Scheme 1.11. Synthesis of amidines from imidate salt in the presence of thiophenol and HBr. 

  

     When N-acetylcysteine as a catalyst is added to the nitriles in methanol (solvent) at 60 oC, an 

intermediate “imino-thioether” forms. Then, the desired amidine is released by addition of 

ammonia to the solution (Scheme 1.12). The reaction mechanism is similar to the Thio-Pinner 

reaction mechanism. Good yields are obtained from aromatic, heteroaromatic, and aliphatic 

nitriles. However, the final products are obtained as amidinium salts of N-acetylcysteine. The 

presence of N-acetylcysteine is to stabilize the amidine, because it can be hydrolyzed into ammonia 

in basic media.23  

 

 

 

Scheme 1.12. Using N-acetylcysteine as a catalyst to generate amidines from nitriles.23 
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Although nitriles are commonly used for synthesis of amidines, they are either expensive or need 

to be synthesized prior to use.24 

 

1.2.2.2. Amidines from Carboxylic Acids or Esters 

 

     The addition of amines to carboxylic acids  in the presence of polyphosphoric acid 

trimethylsilyl ester (PPSE) produces amides as intermediates which then can be converted to 

amidines (Scheme 1.13).25  

 

 

Scheme 1.13. Conversion of carboxylic acids to amidines.25    

 

     The synthesis of amidines from carboxylic acids sometimes requires high temperatures (above 

230 oC), and the presence of transformation reagent.26 Therefore, researchers sought methods to 

amidines from esters at ambient or at least moderate temperatures. Gielen et al. reported a direct 

method to generate desired amidines from available aliphatic, benzylic, and aromatic esters. The 

process includes addition of 1–5 equiv. of methylchloroaluminium amide to esters. Then was 

followed by hydrolysis step in the presence of methanol to form the corresponding amidine 

hydrochloride salts in good yield (43- 86 %) (Scheme 1.14).24 
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Scheme 1.14. Conversion of ester to acetamidine in the presence of methylchloroaluminium and methanol, where R’ 

= aliphatic, benzylic, or aromatic.24   

 

1.2.2.3. Amidines from Amides   

 

     Triethyloxonium fluoroborate was used to form imidate fluoroborates from amides at ambient 

temperature. Then, the imidate fluoroborate salts could then be converted to amidines by adding 

amines to the mixture (Scheme 1.15). This method is considered a direct method for the 

preparation of imidate salt.27  

 

 

 

Scheme 1.15. Generation of amidines from imidate methofluoroborate salts using amines.27 

 

     Charette and Grenon utilized fluoromethanesulfonic anhydride (Tf2O) to activate secondary or 

tertiary amides and pyridine to form the iminium salt, which can be converted to amidines by the 

addition of amines under mild conditions (Scheme 1.16).  This method is reported to be suitable 

for the synthesis of several types of amidines under mild conditions.28 
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Scheme 1.16. Formation of amidines from activated amide using fluoromethanesulfonic anhydride (Tf2O).28  

 

     The synthesis of amidines is also achievable by reacting amines with primary carboxamides in 

the presence of 2.8 equivalents of trimethylaluminium (AlMe3) in a one-pot reaction method. The 

primary amine reacts as a nucleophile which attacks the electrophile site on the carboxamides to 

form the amidine. Various primary amines, including hindered heterocyclic, aromatic and less 

nucleophilic amines, and secondary amines can be converted to substituted amidines using this 

method. In comparison reacting secondary carboxamides with amines cannot form amidines by 

this method (Scheme 1.17). 29 

 

 

 

 

Scheme 1.17. Reaction of amides with primary amines in trimethylaluminium (AlMe3).29 

 

      Amides can also be activated by PCl5 to form imidoyl chlorides, which can be converted to 

amidines when it is heated with primary or secondary amines. This method is useful for 

synthesizing both di and tri-substitutes amidines, but not un-substituted amidines (Scheme 1.18).30 
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Scheme 1.18. Synthesis of substituted amidines from amides in the presence of PCl5 and amines.30  

 

1.2.2.4. Amidines from Acetal 

  

     Many papers in the literature have reported the synthesis of acetamidines from acetal.31 In the 

Jessop lab, several acetamidines have been synthesized by reaction of primary amines with N,N-

dimethylacetamide dimethyl acetal at ambient temperature. The reaction was adjusted to ‘force’ 

the reaction towards the formation of acetamidines without formation of the “imidate ester”  by-

product, either by adding an excess of dimethyl amine, or by increasing the temperature (60 oC) 

(Scheme 1.19).31  

 

 

Scheme 1.19. Synthesis of amidines by reacting amines with N,N-dimethylacetamide dimethyl acetal in the presence 

of NHMe2 at ambient temperatures.31  
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1.2.3. Synthesis of Guanidines 

 

     Guanidines are analogues of amidines and contain three nitrogen atoms, where two are amino-

nitrogens and one is an imino-nitrogen all three are attached to a central carbon (Figure 1.3). 

Guanidines are considered more basic than amidines due to resonance stabilization of their 

conjugate acids (Section 1.3). Therefore, they are more commonly used as organo-catalysts in 

organic and non-organic synthesis. 

 

 

 

Figure 1.3. The structure of the simplest guanidine. 

 

     There are many different ways to synthesize guanidines. For example, guanidines can be 

prepared from tetraalkylureas. Substituted ureas can be treated with phosgene to produce Vilsmeier 

salts. The salts can then be transformed into pentaalkylguanidines by the addition of an excess of 

a primary amine to the solution (Scheme 1.20).32,33  

 

 

Scheme 1.20. Synthesis of pentaalkylguanidines from urea and COCl2.32   
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      Raab and co-workers synthesized 1,8-bis(tetramethylguanidino) naphthalene (TMGN) by 

adding 1,8-diaminonaphthalene in acetonitrile (MeCN) to tetramethylchloroformamidinium 

chloride in triethylamine/acetonitrile solution. TMGN was produced from its hydrochloride salt 

upon addition of the de-protonation reagent (KOH) (Scheme 1.21). TMGN is a very strong and 

stable guanidine with a high pKaH of 25.1 in MeCN, and is commonly used as a proton sponge in 

proton transfer reactions.34  

 

 

 

Scheme 1.21.  Synthesis of TMGN by treating 1,8-diaminonaphthalene with tetramethylchlorformamidinium 

chloride in MeCN in the presence of NEt3.34 

 

1.3. Properties and Reactivity of Amidines and Guanidines  

1.3.1. Basicity of Amidines and Guanidines  

 

     Amidines and guanidines are considered to be ‘superbases’ because of a combination of two 

amino and imino bases groups. They also have great basicity due to resonance stabilization of their 

conjugate acids (Fig.1.4). 
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Figure 1.4.  The resonance structures of protonated amidine (above) and guanidine (below).35,36 

 

      The basicity of the acetamidines has been measured under standard conditions are shown in 

Table 1.2. Their basicity is highly dependent on the types of the substituents on both the imino and 

amino nitrogen atoms, as well as on the central amidine carbon. Protonation occurs more favorably 

on the imino-nitrogen. Therefore, substituents at this site have the greatest influence on the basicity 

(pKaH) of the amidine and guanidine. The measured pKaH values for certain N,N-

dimethylacetamidines in 95.6 % EtOH at 25	  ±	  0.1 oC  are listed in Table 1.2.33  
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Table 1.2. pKaH values of N-substituted-N’N’-dimethylacetamidines [R-N=CMe(N(Me)2] in 95.6 % EtOH at 25 ±	  0.1 

o C.33   

R  pKaH 

Values 

R  pKaH 

Values 

R pKaH 

Values 

p-C6H4NO2 5.69	  ± 0.02 Ph 8.32	  ± 0.07 Bui 12.30 ±	  0.05 

m-C6H4Br 7.19	  ± 0.02 m-C6H4Me 8.41	  ± 0.06 n-C6H13 12.37	  ± 0.07 

m-C6H4Cl 7.25	  ± 0.04 p-C6H4Me 8.65 ±	  0.06 Bun 12.34 ±	  0.05 

p-C6H4Br 7.55 ±0.04 p-C6H4OEt 8.09 ±	  0.05 Prn 12.46 	  ±	  0.07 

p-C6H4Cl 7.65	  ± 0.04 p-C6H4 OMe 8.96 ±	  0.08 Cyclo-

C6H11 

12.55	  ± 0.07 

m-C6H4OMe 8.22 ±0.06 p-CH2C6H4 Cl 11.70	  ± 0.05 Pri 12.56 	  ±	  0.05 

m-C6H4OEt 8.26	  ± 0.06 CO-Ph 11.70 ±	  0.05   

 

      

     The basicity of guanidines is greater than acetamidines, one reason being the presence of three 

resonance structures for protonated guanidines compared to only two for protonated amidines 

(Fig.1.4).  For example, the pKaH of acyclic guanidine derivative [PhCH2N=C(NMe)2] is 14.19 in 

EtOH,1 and which is higher than the pKaH values of the acetamidines listed in Table 1.2.  

      

     Cyclic guanidines are more basic than acyclic guanidines. For example; the pKaH values of 

cyclic guanidine TBD and acyclic guanidine 1,1,3,3,-tetramethylguanidine (TMG) in MeCN are 

26 and 23.3, respectively. Figure 1.5 shows the different pKaH values for acyclic guanidine TMG 

and some commonly used cyclic amidines and guanidines. Note that the five-membered ring 

amidine is a weaker base than the seven-membered ring.37  
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Figure 1.5.  The experimental pKaH values of some guanidines and amidines in MeCN.37   

 

1.3.2. Hydrolysis of Amidines and Guanidines 

 

     Acyclic amidines can be hydrolyzed in water, and the resulting fragments depend on factors 
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converted into esters, nitriles, acetic acid and ammonia upon heating in aqueous solution.38 A 

1,4,5,6-tetrahydropyrimidine, when hydrolyzed, ring opens to form 3-formamidopropylamine.5  

 

 

 

 

Scheme 1.22. Hydrolysis of acetamidine and 1,4,5,6-tetrahydropyrimidine in water.5,38 

 

1.3.3. Pyrolysis of Amidines and Guanidines  

 

     When un-substituted and substituted amidines are exposed to high temperatures, they tend to 

decompose to nitriles, ammonia and/or other amine derivatives (Scheme 1.23).38  

 

 
 

Scheme 1.23. Pyrolysis of acetamidines.38 
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1.3.4. Nucleophilicity of Amidines and Guanidines 

 

     Amidines and guanidines are neutral compounds. However, with the considerable development 

in their chemistry some of their reactions were observed to be dependent on their nucleophilic 

character. The lone pair of electrons located on the imino-nitrogen atom attacks the electrophilic 

atoms, commonly to be the carbon atoms in many reactions.37, 40 An example of a nucleophilic 

reaction of amidines was reported in 1993 by Bertrand and co-workers.39 1,5-

diazabicyclo[4.3.0]non-5-ene (DBN) or, 8-diazabicyclo[5.4.0]undec-7-ene (DBU) reacted with 

chloro bis(diisopropylamino)phosphane, to form cationic phosphanes (Scheme 1.24).39  

 

 

 

Scheme 1.24. Using DBU and DBN as nucleophiles through the reaction with chlorophosphanes.39 

 

     Biplab et al. measured the nucleophilicity of a range of compounds in acetonitrile; the 

measurement is based on the second order rate constant.40 The bicyclic amidine DBN was found 

to be more nucleophilic than the amine 4-(dimethylamino)pyridine (DMAP), while the 

nucleophilicity of bicyclic amidine DBU was found to be lower than (DMAP) but greater than 

isothiourea derivatives. Figure 1.6 shows the nucleophilicity order of the selected compounds 

including DBN and DBU.40  
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Figure 1.6. Reported nucleophilicities of selected bases that can act as nucleophilic catalysts.37,40 

 

 
1.4. Applications of Amidines and Guanidines 

1.4.1. Applications of Amidines and Guanidines in Synthesis 
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their wide range of applications. They are used in organic and inorganic synthesis.41,42 As 
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intermediate for many chemical transformations and synthesis of heterocyclic compounds.40,43 In 

coordination chemistry, they have been commonly used as N-bases ligands in the form of anionic 

amidinate and guanidinate chelating ligands [RC{NR’}2]−M+ and [R2NC{NR’}2]−M+ (Figure 1.7). 

Their complexes have been used widely as catalysts.36,44,45  

 

 

 

Figure 1.7. Amidines and guanidines ligands in coordination chemistry.45 

 

1.4.2. Applications of Amidines and Guanidines in Biochemistry and Medicine 

 

     Amidines and their analogues are very important compounds in nature, and some of their 

derivatives have demonstrated important biological activities. An example of a natural amidine 

compound is noformycin, which has been isolated and shows as anti-microbial activity. Some 

tetrahydropyrimidine derivatives are reported to be neuromuscular and cardiovascular blocking 

reagents. There are numerous reports of the use of amidines and guanidines in medicinal chemistry 

due to their biological effects.37,47,48  
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amidines with CS2 have various biological effects such as enzyme inhibiting for the HIV virus and 

antifungal and antitumor activity.49 Another example is the thioureas such as tetramethylthiourea 

(TMTU) which result from the reaction of guanidines and CS2. Complexes of this compound (eg., 

{[SbCl3(TMTU)]n}) is reported to have antitumor activity.50 More detail about the compounds 

interest and biological effects will be in the introductions to Chapters 2 and 3.   

 

 

Figure 1.8. Functional groups resulting from the interaction of amidines with CS2 and CO2, X= S, O. 

 

     In this study, we have restricted our effort to discover the reactivity of amidines and their 

analogues with molecules such as CS2 and CO2 under different conditions. Both CS2 and CO2 are 

considered chemical waste products in flue gas streams.51 They are both valence isoelectronic, and 

therefore have some reactivity in common on the central electrophilic carbon. CS2 and CO2 are 

widely used to create new C-C, N-C bonds. The reactivity of these two small molecules is 

attributed to their inherent acidity.  However, sometimes they can differ in how they react with 

amidines. In the next two sections (1.6 and 1.7), the sources of CS2 and CO2 as waste products will 

be discussed. Also, to be discussed is how to reduce their emissions to the atmosphere by 

understanding their properties, and thereby enabling research on their re-usage to produce useful 

chemical and materials in both laboratories and industry.  
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1.5. Carbon Disulfide (CS2) 

 

     Carbon disulfide (CS2) is considered a waste gas and a hazardous air pollutant (HAP) (based 

on the U.S. Clean Air Act Amendment of 1990 (CAAA)). CS2 can be released into the atmosphere 

from different natural sources as well as during certain human activities. The main source of 

released CS2 is the oceans with other sources being decaying animal faeces and metabolic 

processes of plants. Volcanic phenomena and geothermal sources are blamed for increasing the 

accumulation of CS2 in the atmosphere. Natural gas, oil, and petroleum can also produce CS2 as a 

by-product. The process of sulfur recovery also generates CS2 as it involves conversion of the 

sulfur-containing by-products (e.g., H2S) from natural gas production and oil refining into CS2 in 

the presence of hydrocarbons. CS2 can also be emitted from degrading organic matter and from 

soils and marshes depending on the temperature (see Table 1.3.).52  
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Table 1.3. Estimated global sources of CS2.52   

CS2 Sources * Tg (CS2), y-1 

Ocean 0.18 (0.09-0.36) 

Soil and marsh 0.023 (0.012-0.045) 

Volcano 0.02 (0.006-0.09) 

Chemical production 0.31 (0.16-0.47) 

Sulfur recovery 0.0026 (0.0013-0.0052) 

Automobile 0.0003 (0.0002-0.0006) 

Total (arithmetic) 0.54 (0.27-0.97) 

Total (statistical)                                         1.57 (0.34-0.82) 

  

 

     CS2 can directly or indirectly generate greenhouse gases (GHGs) during combustion, photolysis 

and hydrolysis processes, which leads to production of COS, CO, and SO2. All these gases are 

believed to increase the concentration of CO2 in the atmosphere.53 However, the most significant 

environmental impact of CS2 and COS emissions is acidification of rain.  

 

     Industrial demand for the production of CS2 started in the early 1880’s. The first traditional 

method to produced CS2 was the reaction of charcoal with sulfur at high temperatures such as 850 

oC. All other alternative methods such as coke, wood charcoal, and artificially prepared reactive 

charcoal, either required higher temperature (1000 oC) to complete the conversion of sulfur to CS2 

or gave poor yields. CS2 can also be produced by treating carbon monoxide with sulfur at 500 

oC.54 

     CS2 can be used in the industry for the production of carbon tetrachloride, cellophane, and 

rayon. Also, it can be used as a solvent for bromine, sulfur, phosphorus, and rubber.53 It is also 
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used to synthesize various heterocyclic compounds such as isothiocyants, dithicarbamates, 

thioureas, and others. 

     CS2 is chemically an active molecule has been used widely in both organic and inorganic 

synthesis. In some reactions, the carbon atom of carbon disulfide is considered to be an active 

electrophile and is attacked by nucleophiles (e.g. hydroxide ion and organometallic reagents) while 

in other reactions the sulfur atom acts as an active nucleophilic site. CS2 can also be used as a 

solvent (e.g. in the Friedel Crafts reactions).55 CS2 is considered to be more electrophilic than CO2 

(Figure 1.9). Therefore, many of the common reactions of CS2 with nitrogen-containing 

compounds such as amines and amidines to form N-C-S, or NCS2 bonds are more achievable than 

with CO2. 

 

 

Figure 1.9.  The dithiolate dianion resonance structure of CS2.55 
 
 
 

1.6. Carbon Dioxide (CO2)  

 

     The emission of CO2 is considered as one of the most important problem both environmentally 

and scientifically. In order to reduce the CO2 emissions and subsequently reduce the impact of 

global warming, strategies to liquefy the gaseous CO2 and store or use it have been vigorously 

studied and debated in the scientific community in order to reach a positive solution for curbing 

this problem. In this part of the chapter I shall discuss the sources of emitted CO2 and methods to 

trap, store CO2, and utilize CO2. 

S SCS SC
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     The world has been significantly suffering from a serious environmental issue, global warming, 

especially the beginning of the 21st century.56 The average global temperature has rapidly increased 

due to the increase in the net greenhouse gas (GHG) emissions. Even though there are other 

environmental related issues that exist such as the rise in sea levels and the frequent occurrence of 

floods and droughts, the rise of CO2 emissions and its subsequent influence on the global 

temperature should be considered the most serious problem that needs to be tackled immediately. 

In 2015, around 82.2% of the total greenhouse gas emissions (GHG) in the US were CO2 based.57  

 

      Several sources have led to the increased concentration of CO2 gas in the atmosphere. CO2 gas 

that mixes with the atmosphere has its origin from both natural sources as well as manmade 

sources. Burning the fossil fuels, waste decomposition, and ocean releases constitute the natural 

sources. The emissions from various industries as well as the usage of chlorofluorocarbons (CFCs), 

and hydrofluorocarbons (HFCs) as propellants in aerosols and refrigerants are widely regarded as 

the manmade sources. The manmade sources of CO2 have increased since the industrial revolution, 

whereby they greatly influence in the global climate changes. By-products of various industries, 

such as residues of the cement industry, residues of the refineries, formation of synthetic ammonia 

production units, pollute the atmosphere quite heavily.58 The power plants that burn fossil fuel, 

such as oil and coal plants, account for about 80 % of the total global emissions of the greenhouse 

gas.59 
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1.6.1. CO2 Capture  

1.6.1.1 CO2 Capture and Storage (CCS) 

 

     CO2 capture and storage (CCS) is the process in which CO2 is separated from both industrial 

and energy-related sources, then compressed and transported to be stored underground.60,61 The 

CO2 generated from power plants burning fossil fuel is trapped, compressed and pressurized to 70 

bar and stored in its liquid form.60,61 There are several methods of CO2 capture are currently being 

used. One of the important methods is the post combustion capture. The post-combustion capture 

method separates the CO2 with the use of chemical solvents. 62 It is widely believed that the post-

combustion technologies present the greatest near-term potential for reduction of CO2 emissions 

because they can be retrofitted to existing fossil fuel power plants and may be applied to other 

emitters of CO2 as well as for industrial purposes (e.g. the cement industry, the iron and steel 

production industry etc.).63  

      

     To remove CO2 from the flue gas subjected to the post-combustion capture method, many 

different methods are used, but the most commonly used method is the usage of the chemical 

absorbents. Chemical absorbents, such as amines, and alkali salt are mainly used (Figure 1.10).64  
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Figure 1.10. A representation of CO2 capture via the absorption method. 64   

 

 

1.6.1.2. Current Methods of CO2 Capture  

 

     Capturing of CO2 by an absorbing material, such as aqueous solutions of amines, is the most 

common method used in industry. When the stored CO2 is introduced to the aqueous solution of 

amine, a reversible reaction occurs at both low and high pressures points of CO2. As a result, salts 

bicarbonate or carbamate salts are formed in the solution. The most commonly used industrial 
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amines are alkanolamines, the tertiary amines, such as 2-[2-hydroxyethyl(methyl)amino]ethanol 

(MDEA), the secondary amines, such as, 2-(2-hydroxyethylamino)ethanol (DEA), and the primary 

amines, such as 2-aminoethanol (MEA).65,66 One of the chief advantages of alkanolamines is that 

they structurally contain at least one hydroxyl group, which helps to reduce vapour pressure, and 

increase the solubility of the amines in the aqueous solution.  

     

     After the capture of CO2 by aqueous amine, the stability of the formed salts is a function of the 

molecular structure of the amine. Primary amine and secondary amines, such as diethanolamine 

(DEA), are able to form quite stable carbamate salts.67 However, both MEA and DEA consume 

more energy for the reverse reaction which regenerates CO2 (~ 66.7-76.9 kJ mol-1). This causes 

reduction of the amine volume during the process, as the volatility of the amine is high. Corrosion 

or degradation of the amines is also possible during such processes. Although MEA has been 

widely used, and showed a good performance for rapid CO2 capture at low pressure, these 

disadvantages of using MEA in aqueous amine solutions have been demonstrated previously. 

There are many environmental impacts associated with this process.65 During the thermal 

regeneration process for releasing the trapped CO2 and obtaining free amines for another cycle of 

CO2 capture, some unwanted by-products are also obtained. The carcinogenic nitrosamine, for 

example, is one of the undesirable products that form due to the degradation of the amine.65  

 

      In terms of the economic costs, the most challenging aspect is the consumption of energy that 

occurs during the process. Therefore, a lot of effort is currently being exerted by researchers to 

overcome this issue and make the reversible reaction consume the least amount of energy possible. 
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 1.6.1.3. New Methods of CO2 Capture  

 

     Another method that can be used for the fixation of CO2 is the usage of guanidine bases such 

as the tetramethylguanidine (TMG) and 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]-pyrimidine 

(TBD). This process is reported to be kinetically reversible, and the proposed carbamic (1a) and 

bicarbonate (1b) products are useful as trans-carboxylating compounds (Scheme 1.25).67  

 

 

 

Scheme 1.25. Fixation of CO2 by TMG.67 

 

     Room-temperature ionic liquid-amine solutions (RTILs) and commercial amines can be used 

as viable solutions for capturing CO2 as carbamate salts. Using this approach, the properties of 

RTILs can be retained. Though RTILs are more like the water-based counterparts, these solutions 

offer a bevy of advantages. They have increased energy efficiency compared to the water-based 

solutions,65,66 The nonvolatility of ILs eliminates evaporative loss of solvent during regeneration 

(the CO2 release process), while the low heat capacity of the ILs, compared to water, reduces the 

energy cost of heating the solvent during regeneration.  
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1.6.1.4. CO2 Capture and Utilization (CCU) 

 

     Carbon capture and utilization (CCU) complements CCS. Both reduce CO2 emissions but CCS 

has the potential to eliminate a much greater volume of CO2 emissions in the short term, while 

CCU has a greater potential to be profitable in the short term. In the long term, if CCU for the 

production of fuels is adopted, it too could eliminate a large volume of CO2 emissions. Captured 

anthropogenic CO2 as a raw material is already important in commercial industries, such as the 

food and beverage productions, oil extraction, and chemical manufacturing. For instance, in the 

food and beverage industry trapped CO2 is used in the form of carbonated water and drinks. Also, 

CO2 in its solid form as dry ice is widely used as a refrigerant, cooling agent in wine production, 

and coolant for the preservation of ice cream to prevent spoilage during transportation and storage.6 

Additionally, CO2 is used to extinguish fires, especially electrical ones. Captured CO2 is highly 

utilized in energy production.68   

 

1.6.2. Reduction of CO2 

 

     One of the most important strategies that can be utilized to diminish CO2 emissions is the 

reduction of CO2 into chemicals or fuels. This process can be achieved by using a good renewable 

electricity or hydrogen source. That source must not produce significant CO2 emissions or the 

overall benefit will be reduced or eliminated. To resolve the overall global warming and 

widespread energy crisis, efforts should be directed at not only reducing the concentration of 

emitted CO2, but also decreasing the overall energy consumed by this process.69,70 Selected 

electrochemical catalysts should have good durability and energetic efficiency for the conversion 
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of CO2. For example, the spinel-type oxide of Co3O4 was found to be a good electrochemical 

catalyst with a good performance for this purpose.71 Co3O4 has an active surface to adsorb high 

amounts of CO2 with no rapid loss and reduce it to formates.  

 

1.6.3. Other Methods of Fixation of CO2 

 

     There is much interest in fixation of CO2 in order to build new C-C and C-N bonds. Using CO2 

as a source of carbon or carbonyl minimizes the use of highly toxic C1 resources such as CO and 

phosgene.73 CO2 is a weak Lewis acid and, when dissolved in water, a weak Bronsted acid.74 It 

can be reacted with strong bases such as amidines, guanidines, and amines. In many cases, cyclic 

and acyclic amidines and guanidines are used as catalysts or promoters in order to enhance the 

reactivity of CO2. For example, these bases have catalyzed or promoted a variety of reactions (e.g 

hydrogenation, carbonylation, and formylation).75,76,77 For example, N-alkylcarbamates have been 

successfully synthesized by using the complex of 1,8-diazabicyclo-[5.4.0]undec-7-ene (DBU) and 

CO2 as a proposed intermediate (DBU -CO2 adduct) (Scheme 1.26).78 
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Scheme 1.26. Conversion of amines into N-alkylcarbamates in the presence of the proposed adduct DBU-CO2.78  

 

1.7. The Chapters of the Thesis 

      The goal in this study was to react several types of cyclic and acyclic amidines and their 

analogues with CS2 and CO2 in the absence of water and without other reagents or catalysis in 

order to build C-C or N-C bonds. Studying the reactivity of CS2 with cyclic amidines having 

different structural features will be discussed in Chapter 2. Research involving the reactivity of 

CS2 with acyclic amidines and their analogues without and with N-H bonds is described in 

Chapters 3 and 4, respectively. Reactivity of CO2 with both cyclic and acyclic amidines and 

guanidines will be discussed in Chapter 5. 
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Chapter 2 

Reactivity of Carbon Disulfide with 1,4,5,6-Tetrahydropyrimidine and its 

Derivatives 

 

 

2.1. Abstract 

      The type of products obtained upon reaction of CS2 with tetrahydropyrimidine derivatives in 

neat conditions depends on the structure of the starting compound. 1,4,5,6-Tetrahydropyrimidine, 

the parent compound, reacts via its N-H bond to form a carbamate salt analogous to those formed 

by secondary amines [R2NH2] [R2NCO2] and [R2NH2] [R2NCS2] with CO2 or CS2, respectively. 

If, however, the starting material does not possess an N-H bond, then carbamate formation is 

prevented; the observed reactivity then depends on whether there is a methylene alpha to the 

amidine carbon. An unstable zwitterionic adduct was produced when CS2 reacted with N-methyl-

1,4,5,6-tetrahydropyrimidine, which lacks such a methylene. In contrast, a trithioanhydride 

resulted when CS2 was added to a tetrahydropyrimidine that has such a methylene group alpha to 
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the central amidine carbon. Further alkylation reactions have been done on these products leading 

to the formation of dithiocarbamate salts and dithiocarbamate esters.  

 

2.2. Introduction 

 

     Neutral organic bases, such as amines and amidines, are very useful for studies of the reactivity 

of heterocumulenes such as CS2 and CO2. Since CO2 and CS2 are valence isoelectronic, they have 

similar chemical features. Recently, due to their high reactivities, they have been widely selected 

to promote the formation of organic C-C or C-N bonds.1, 2, 3, 4, 5 However, CS2 and CO2 sometimes 

differ in how they react with basic nitrogen-containing compounds such as amidines. The 

differences can be understood based on several factors.6, 5 One of these reasons is difference in 

𝜋 −bond dissociation energies, which is much higher for a C-O 𝜋-bond than a C-S 𝜋-bond. The 

C=O bond length is 1.16 Å shorter than the C=S bond length (1.55 Å). CS2, because of the poorer 

p-p orbital overlap in the 𝜋-bonds, is typically more reactive than CO2, and this general trend is 

observed in reactivity with amidines. The greater bond length also results in greater steric 

accessibility of the carbon atom for compound or complex formation with CS2.  For these reasons, 

observed classes of reactions of nitrogen-containing bases with CS2 often fail when CO2 is used 

instead. 

     

      In our previously published work, our focus was to study the reactivity of CS2 with a variety 

of acyclic (Chapter 3) and bicyclic amidines that lacked N-H bonds in their structures.7 CS2 tends 

to cleave C=N bonds in acyclic amidines to form an isothiocyanate and thioamide (Scheme 2.1a). 
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It was found that cyclic amidines, in contrast, did not exhibit that reactivity because ring strain 

prevented a key step in the C=N bond cleavage mechanism. The reactivity of CS2 with selected 

bicyclic amidines such as 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) has also been previously 

reported (Scheme 2.1b).8, 7 

 

     As part of our continuing studies of the reactions of CO2 and CS2 with amidines, I now report 

the reactivity of CS2 with 1,4,5,6-tetrahydropyrimidine and its derivatives in order to further 

elucidate the effect of amidine structure on its reactivity with CS2. In general, 1,4,5,6-

tetrahydropyrimidine compounds are of interest in organic synthesis.9 In addition, they have a wide 

range of medical applications depending on the attached substituents.9, 10 Studying the reactivity 

of CS2 with these amidines, despite the fact that some of the products are often quite unstable, is 

of interest to understand how the amidine structure affects the pathway of the reaction with CS2 

and potentially, by analogy, CO2. In addition, the alkylation of the reaction products was explored 

to form alkyl dithiocarbamate derivatives that are much more stable than the immediate products. 

The pharmacological action of these dithiocarbamates may be similar to the 1-

(alkyldithiocarbonyl)-imidazole derivatives.11, 12, 13 
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Scheme 2.1. Reported reactions of CS2 with a) acyclic amidines having no N-H bond, b) bicyclic amidines with no 

N-H bond.8, 7 

2.3. Results and Discussion 

2.3.1. Reactions with CS2 

2.3.1.1. A tetrahydropyrimidine with an N-H Bond  

 

     The reactivity of 1,4,5,6-tetrahydropyrimidine, which has an N-H bond, with CS2 was the 

subject of our first tests. We anticipated the formation of a dithiocarbamate salt, even though such 

a product has not been made from an amidine, because dithiocarbamate salts are known to form 

when amines or guanidines containing an N-H bond are reacted with CS2 (Scheme 2.2). 

Dithiocarbamates salt are commonly obtained from secondary amines, which upon exposure to 

CS2 produce dialkylammonium dialkyldithiocarbamate salts [R2NH2+] [R2NCS2-]. Cavell et al. 

prepared dialkylammonium dialkyldithiocarbamate salts from CS2 and two equivalents of 
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secondary amines, when an excess of CS2 was slowly added to a 25 % (V/V) of solution of amines 

in acetone at 10 oC (Scheme 2.2a).14  

 

 

Scheme 2.2.  Reported methods for the synthesis of dithiocarbamate salts from (a) a secondary amine where (R = Et, 

Pr, Me2CH, Bu, Me2CHCH2),14 (b) guanidine,15 (c) TBD.16  

Gattow and co-workers have documented a similar reaction with a guanidine (Scheme 2.2b).15 

Guanidinium guanidinodithioformate resulted from a combination of 2 equivalents of guanidine 

with CS2 in the presence of acetone at a lower temperature -18 oC (Scheme 2.2b). This reaction is 

notable because the conjugation present in the anion of the product suggests that the CS2, given a 

choice between four amino N-H bonds and one imino N-H bond, preferentially reacts with the 

latter. However, the actual mechanism can not be determined from the presence of conjugation in 
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the product because reaction of CS2 at an amino site could have occurred and then been followed 

by isomerization.15 Very recently Wolff and his co-workers reported a new reactivity for the 

guanidine 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) with CS2.16 The reaction of this N-H bond-

containing guanidine gave a dithiocarbamate salt [TBDH+][TBD(-H)CS2-] (Scheme 2.2c). This 

salt was particularly stable because of two hydrogen bonds between the cation and anion, a 

situation that unfortunately would not exist for the dithiocarbamate salts from most other 

guanidines or amidines. CS2 was inserted into the NH amino bond while the molecule was 

deprotonated by a second TBD molecule. The second protonated molecule [TBDH+] was able to 

form two intermolecular hydrogen bonds (N+- H…..N and N+- H…..S bonds) with the anion 

molecule [TBD(-H)CS2-]. The presence of such interactions in the product dithiocarbamate salt 

[TBDH+][TBD(-H)CS2-] stabilize it (Scheme 2.2c).16   

 

While the formation of a dithiocarbamate salt from the reaction of CS2 with an N-H bond-

containing amidine can reasonably be expected in analogy to the chemistry of guanidines, it has 

not been previously observed. In the present work, monocyclic amidine (Scheme 2.3, 1a) was  

 

dried and then reacted with CS2, forming a yellow precipitate of an air-sensitive amidinium salt 

(Scheme 2.3, 2a) in a similar manner to TBD. 
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Scheme 2.3.  The dithiocarbamate salt (2a) obtained upon adding CS2 to1,4,5,6-tetrahydropyrimidine. 

 

Unfortunately, while the sample was spectroscopically pure, a good elemental analysis of 2a could 

not be obtained. The structure of 2a was determined based on the spectroscopic analysis. In 

addition, the crystallographically determined structure (Figure 2.1) confirms the proposed 

structure of 2a shown in Scheme 2.3. The structure of the salt was analyzed by NMR, IR, and 

HRMS. The 13C NMR spectrum shows three important peaks in the downfield region. The peaks 

at 150.9 and 146.7 ppm correspond to NCHN in the anion and cation respectively, while a new 

peak at 220.4 ppm corresponds to the NCS2 group in the anion. In the upfield region of the 13C 

NMR spectrum, the nearby carbon (NCH2) to this (NCS2) group in the anion has shifted to 47.1 

ppm compared to 41.2 ppm in the starting material.17 The IR spectrum also confirms the formation 

of the new functional groups. Because this is the first example of the formation of a 

dithiocarbamate salt from a cyclic amidine, there were no analogous compounds against which to 

cross-check the position of the IR absorption bands. Thus, the IR peaks observed for 2a were 

compared with IR absorptions of the dithiocarbamates formed from amines (Table 2.1).14 

However, some of these absorption bands of 2a differ slightly from those observed for 

[R2NH2+][R2NCS2-]. This can be attributed to the location of nitrogen atom (e.g. if it is in a ring 

compared to part of an aliphatic chain). The anion of salt 2a has not been previously reported, but 

salts containing this cation are known.17  
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HN NHN NH
+     CS2 THF

Ar, R.T.
2

1a                                                                                       2a



 

 

52 

Table 2.1. The main IR absorption bands of dithiocarbamate 2a compared to the reported IR absorption bands of 

dithiocarbamates formed from amines. 

*Due to coupled vibrations within the NCS2 group, where st. = strong, med = medium 

 

X-ray crystallography (Figure 2.1) confirmed the structure of 2a as proposed in Scheme 2.3. 2a 

was obtained as a clear intense yellow, plate-like crystal by the slow diffusion of hexane into a 

solution of 2a in dry CHCl3 under strictly anhydrous conditions and an inert atmosphere (Ar in 

this case). 

 

Band [R2NH2+][R2NCS2-]14 
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Figure 2.1. Molecular ellipsoid plot of 2a showing asymmetric cation and anion units. 

     Figure 2.1 shows that 2a contains asymmetric units. The interatomic distances and angles are 

listed in Tables C3a and C3b respectively (see the appendix).  In the anion, near-identical bond 

lengths were observed between S(8)-C(7) and S(9)-C(7) (1.6902(9) Å and 1.7036(10) Å), 

indicating that the charge and 𝜋 bonding is delocalized across the S-C-S unit. In addition, the S(8)-

C(7)-S(9) angle is 121.79(6) °, consistent with the expected sp2 hybridization of the carbon atom. 

The C-N bond lengths N(5)-C(6) and N(1)-C(6) are different. They are 1.2744(13) and 1.3917(12) 

Å, respectively, consistent with typical bond lengths for sp2 C=N double and sp2 C-N single bonds, 

respectively.28 While the bond between N(1)-C(6) is single, and N(1) is bounded to CS2. This 

observation supports our proposed structure, where the CS2 insertion occurs at the amino-nitrogen 

of the amidine and the imino-nitrogen remains as in the starting material. Also, note that the N(1)-

C(7) bond length (1.3966(12) Å) is also consistent with a single bond, showing that there is 

essentially no conjugation or cross-conjugation in the anion.   
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      In the cation, the bond lengths between N(10)-C(15) and N(14)-C(15) are 1.3070(14) Å and 

1.3039(14) Å, respectively. These are also almost identical, and shorter than a normal single bond 

and longer than a normal double bond. These observations are consistent with delocalized charge 

between N(10)-C(15)-N(14) (in the cation) and a bond angle between these atoms of 123.39(10) 

°. Additional information including the anisotropic displacement parameters (Å2 ´ 103), the 

hydrogen coordinates (´ 104) and the isotropic displacement parameters (Å2 ´ 103), and selected 

torsion angles [°] for 2a can be found in Tables C4, C5, and C6 respectively (in the appendix).  

 

     The results from X-ray crystallography also show the presence of hydrogen bonds linking the 

asymmetric cation and anion units of 2a (Figure 2.2), although the two units are not facing each 

other. Table 2.2 shows the bond lengths [Å] of the hydrogen bonds N(14)-H(14)∙∙∙N(5)* and N(10)-

H(10)∙∙∙S(9)’ and their angles [°] in the crystal structure of 2a. 

 

Table 2.2. Hydrogen bonds [Å] and angles [°] for 2a. 

D-H∙∙∙A d(D-H) d(H∙∙∙A) d(D∙∙∙A) <(DHA) 

N(14)-H(14)∙∙∙N(5)*  

 

0.863(16) 1.934(16) 2.7926(12) 173.6(16) 

N(10)-H(10)∙∙∙S(9)' 0.779(18) 2.692(18) 3.3671(10) 146.3(16) 
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Figure 2.2. Molecular ellipsoid plot of 2a showing the hydrogen bonds between the cations and anions. 

The instability of 2a under air compared to the products in Scheme 2.2 is unsurprising because the 

anion of 2a likely lacks any conjugation similar to the parent guanidine (Scheme 2.2, b).  Although 

2a has intermolecular hydrogen bonds, the cation and anion units are not facing one another; this 

could explain its low stability compared to the dithiocarbamate salt formed from TBD (Scheme 

2.2, c). However, 2a is stable under inert gas.  

 

2.3.1.2.  A tetrahydropyrimidine without an N-H Bond 

     The second amidine is 1-methyl-1,4,5,6-tetrahydropyrimidine (Scheme 2.4, 1b), which is 

structurally similar to 1a except for the lack of an N-H bond. The amidine was prepared according 
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to the method reported by Alici and co-workers.18 When CS2 was added to 1b, an unstable product 

having the proposed structure 2b was obtained in a moderate yield (Scheme 2.4). 

 

Scheme 2.4.  The proposed structure for the N-methyl-1,4,5,6-tetrahydroamidinium zwitterionic adduct (2b) upon 

addition of CS2 to 1b. 

 

     Isolation of a stable zwitterionic adduct between an amidine and CS2 has not yet been reported. 

However, a stable adduct (e.g. TBD-CO2) analogues of amidine with CO2 which is a similar small 

molecule to CS2 has been isolated, thanks to the extra stability afforded by an intramolecular 

hydrogen bond.19 On the other hand, no such zwitterionic adducts of amidines have been 

crystallographically characterized due to the instability of such species. Aoyagi et al. reported 

some spectroscopic evidence for unstable zwitterionic adduct 1b-CO2 under dry conditions 

(Scheme 2.5). It is converted to a bicarbonate salt in the presence of water.17 However, the 

zwitterionic adduct of 1b with CS2 has not been reported. In light of the report by Aoyagi, I 

anticipated that a zwitterionic adduct of 1b-CS2 could form and might even be stable due to the 

higher reactivity of CS2 compared to CO2.  
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Ar, R.T.
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Scheme 2.5.  The reported unstable zwitterionic adduct formed from 1b and CO2.17 

 

The presence of a methyl group on the amino nitrogen atom of 1b not only blocks the formation 

of a carbamate salt, but also is expected to increase the basicity and presumably the nucleophilicity 

of the imino-nitrogen. The pKaH of 1a has been found to be equal to 13;20 therefore, we predict 

that the pKaH value of 1b is likely to be higher due to the methyl-substituent on the nitrogen atom. 

As a result, there could be interaction between the imino-nitrogen of the amidine and the 

electrophilic reagent (CS2). In this case the amidine reactivity with CS2 could be similar to the 

interaction between the amidine and the electrophilic group of  an alkyl halide reagent (R+).18 Thus, 

we anticipate that the interaction between the nucleophilic imino-nitrogen of 1b and the 

electrophilic carbon of CS2 is favourable and potentially strong. The reaction of amidine 1b with 

CS2 under argon leads to the formation of the unstable zwitterionic 2b at room temperature. 2b 

was determined to be in equilibria with 1b. When the crude mixture is analyzed using 13C{H} 

NMR spectroscopy at room temperature, a broad peak which is attributed to CS2 is observed at 

192.5 ppm, which is the normal position for dissolved CS2. However, the broadness of the peak, 

in contrast to the normally very sharp peak for dissolved CS2, suggests that some exchange is 

happening between the dissolved CS2 and another species such as the adduct. Additionally, the 

spectra contained broad peaks at 151, 40, and 20 ppm, and a very broad peak at 42 ppm (Figure 

2.3b). The unstable adduct 2b could be detected when NMR was recorded at –10 0C but not room 

temperature (see Figure 2.3a). 
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Figure 2.3. The 13C NMR spectra at 400 MHz in CDCl3 of a) and A) the crude mixture of 1b and 2b at -10 oC 

(equilibria), b) and B) a crude mixture of 1b and 2b at room temperature, c) and C) 1b. 
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 The 13C NMR spectrum at -10 oC supports the structure for 2b proposed in Scheme 2.4 (Figure 

2.3a). A new peak was observed at 218.7 ppm, which is attributed to the NCS2 carbon. This 

chemical shift of NCS2 in 2b is similar to the NCS2 chemical shift in the anion unit of 2a (220 

ppm). Also this chemical shift is close to that in the guanidinium guanidinodithioformate reported 

by Gattow (224 ppm)  (Scheme 2.2b).15 The similarity of chemical shifts supports the contention 

that the CS2 in 2b is nitrogen-bound. The peak of 1b at 150.4 ppm for the nearby carbon (NCHN) 

has shifted to 151.2 ppm in 2b.17, 18 New peaks with low intensity appear at 46, 43.9, 43.3 and 19.3 

ppm, and belong to 2b (Figure 2.3a). An HMBC spectrum showed a long-range coupling between 

the CS2 carbon and the nearby NCH and NCH2 carbons. The IR peaks include C-S 735 cm-1, C=S 

1050 cm-1, C=N 1656 cm-1, and 2962-2998 C-H cm-1. The mass spectrum (HRMS/ ESI) also 

supports this identification. The calculated and the observed (M, m/z) for C6H11N2S2 are 

175.03498 and 175.03582, respectively. The instability of 2b made it impossible to isolate, to 

obtain a satisfactory elemental analysis, or to grow crystals, even though many attempts were 

made.  

2.3.1.3. A tetrahydropyrimidine without an N-H Bond but with an 𝜶-methylene 

     1,2-Dimethyltetrahydropyrimidine (1c) does not have an N-H bond, but has an 𝛼-methylene 

group to the amidine carbon. We therefore wondered whether it would have the same reactivity 

with CS2 as amidine 1b or would, because of the alpha-methylene, copy the reported reactivity of 

bicyclic amidines (discussed in Section 3.4).8,7 Amidine 1c has been previously synthesized 

through either many steps,21 or by a ZnCl2-catalyzed reaction between N-alkyl-1,3-

propanediamine and nitrile.22 Instead, it was successfully prepared by a combination of N,N-
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dimethyl acetamide dimethyl acetal and N-methylpropane-1,3-diamine in the absence of solvent 

(Scheme 2.6). The mixture was left under reflux for an hour at 90-110 oC followed by purification 

by vacuum distillation (46-49 oC/ 2 Torr).  

 

 

Scheme 2.6. A new approach for the synthesis of 1,2-dimethyl-1,4,5,6-tetrahydropyrimidine (1c). 

     Compound 1c reacts readily with CS2, leading to formation of carbamic carboxylic 

trithioanhydride 2c. Excess CS2 acted as both solvent and reagent (Scheme 2.7). When CS2 was 

added to amidine 1c, the mixture turned from colourless to a dark red and viscous solution. A 

mixture of anhydrous methanol and acetonitrile (2 mL) was added to the product after removal of 

the residual CS2. Then it was stirred until a yellow precipitate of 2c formed and was isolated from 

a presumed by-product hydrogen sulfide salt [BH+][HS-] by filtration. Upon the full 

characterization using 1H and 13C {H} NMR, IR, HRMS, and elemental analysis, the isolated 

precipitate was identified as a carbamic carboxylic trithioanhydride, and obtained with a good 

yield (81 %). 
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Scheme 2.7. Reaction of CS2 with 1c ((above, where B = 1c) and the proposed reaction mechanism for the formation 

of carbamic carboxylic trithioanhydride (2c) (below), in analogy to the reported mechanism for the reaction of CS2 

with DBU.7 

The 13C{H} NMR spectrum of the carbamic carboxylic trithioanhydride (2c) in CDCl3 showed 

new peaks, which are consistent with the proposed trithioanhydride structure. New peaks are 

observed at 195.5 and 194.2 ppm corresponding to the two new (C=S) carbon atoms. The most de-

shielded peak belongs to the thiocarbonyl carbon near the nitrogen atom (N-C=S). The amidine 

carbon N=CN(CH3) at 156 ppm in the starting material22 has shifted to 149.8 ppm for (=CNN) and 

the new olefin carbon (=CH) was observed at 106.0 ppm. These 13C{H} NMR chemical shifts are 
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similar to the reported chemical shifts of carbamic carboxylic trithioanhydride compounds.7 The 

mass and IR spectra and elemental analysis support the assigned structure. 1c has no sensitivity to 

air or water and it is soluble in most polar organic solvents. The compound does not melt but rather 

thermally decomposes above 200 oC.  

     The reaction mechanism shown above in Scheme 2.7 was published, for bicyclic amidines, in 

our previous work.7 In the first step (A), the lone pair of electrons on the imino-nitrogen attacks 

the active central carbon of CS2 making a zwitterionic adduct analogous to compound 2b. Then 

de-protonation occurs on the methyl group α to the amidine carbon by a second amidine molecule 

(B= 1c). Now, the active α -methylene group attacks the second molecule of CS2, step (C). Finally, 

a cyclic trithioanhydride forms upon elimination of the hydrogen sulfide (steps D and E Scheme 

2.7). 

     Product 2c has been characterized using X-ray crystallography. A crystal of 2c was grown by 

the slow diffusion of dry hexane into a CHCl3 solution. The prepared sample contained clusters of 

inter-twined block-like crystals. One side of these crystals appeared to be yellow, whereas the 

opposite side appeared to be yellow-brown. X-ray crystallography a thin plate-like crystal structure 

(Figure 2.4), which corresponds to the proposed structure for 2c (Scheme 2.7). The bond distances 

between N(3)-C(8) and N(7)-C(8) are 1.399(4) and 1.337(4) Å, respectively. These bonds are 

single, although the angle between them is 117.8(3) °. The two C=S double bonds [i.e., S(11)-C(2) 

and S(13)-C(10)] are identical [1.648(3), 1.672(3) Å]. The central   C(2)-S(1)-C(10) linkage has a 

bond angle of 106.51(15) ° and bond lengths [(1.721(3), 1.740(3) Å)] consistent with C-S single 

bonds (1.8 Å). All other details pertaining to the crystallographic study of 2c are listed in the 

appendix (see Tables C7-C12). 
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Figure 2.4.  Molecular ellipsoid plot of 2c showing the asymmetric unit. 

2.3.2. Alkylation 

       In order to give further evidence for the proposed structures of products 2a, 2b, and 2c, and to 

demonstrate the synthesis of stable organic products from 2c, the air sensitive species 2a, and the 

unstable species 2b, this study also included alkylations of compounds 2a-2c to form 

alkyldithiocarbamate esters of 2a-2b, and the alkylated derivative of 2c. Recently, synthesized 

dithiocarbamate derivatives have attracted many scientists due to their wide range of medical 

applications, such as effects against cancer.11 Moreover, they have been reported to have anti-

bacterial, anti-Candida, and antiprotozoal activity against Trichomonas vaginali.11, 12, 23 

Additionally, some of these compounds were introduced as active intermediate reagents in organic 

synthesis. For example, (1-methyldithiocarbonyl)-imidazole has been successfully used to produce 
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other compounds such as dithiocarbamates (I), dithiocarbonates (II), and different symmetric (IV) 

and anti-symmetric (III) thioureas  (Scheme 2.8).24 

 

 

Scheme 2.8. Example of using (1-methyldithiocarbonyl)-imidazole and 3-methyl-1-(methyldithiocarbonyl)- 

imidazolium iodide as intermediates reagents in organic synthesis to produce different compounds.24 

 

      Dithiocarbamates have been synthesized by different methods.11, 12, 13 Yi-Qiangz and his 

coworkers synthesized dithiocarbamates such as 1-(alkyldithiocarbonyl)-imidazoles, by reacting 
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CS2 with imidazoles and alkyl halides in the presence of bases such as anhydrous potassium 

phosphate (K3PO4) (Scheme 2.9). The reaction was performed in the presence of acetone at room 

temperature, and gave the desired compounds in good yield (74-95 %).13  

In another literature report, CS2 was reacted with amidines and their analogues in the presence of 

NaH and THF, followed by addition of alkyl or alkenyl halides to produce a variety of 

dithiocarbamates.12  

 

Scheme 2.9. Example of the synthesis of (1-alkyldithiocarbonyl)-imidazole in the presence of anhydrous K3PO4 where 

X = halide, and R= alkyl.13  

2.3.2.1. Alkylation of 2a 

     The alkylation of amidinium dithiocarbamate salt 2a with 1.2 equivalents of methyl iodide 

produced a mixture of N-methyl-N’-(methyl-dithiocarbonyl)-1,4,5,6-tetrahydropyrimidinium 

iodide 3 and the known amidinium salt 1a∙HI (Scheme 2.10, example 1). 

 

We anticipated that the electrophilic methyl group would bind to the more nucleophilic atom (S-) 

in the anion species to form a neutral 1-(methyldithiocarbonyl)1,4,5,6-tetrahydropyrimidine plus 

some 1,4,5,6-tetrahydropyrimidinium iodide salt (1a∙HI) from the alkylation of the cation of 2a 

plus any 1a that existed in the sample. However, upon characterization of the product, we found 

that the excess amount of methyl iodide led to methylation at two positions. One methyl group 

NHN NN S

S

Ra) CS2,  RX

Acetone, R.T.



 

 

66 

bonded to the anionic sulfur atom, and the other attached to the imino-nitrogen.  

 

 

Scheme 2.10. The proposed dithiocarbamate structures obtained upon alkylation of 1) 2a or 2) 2b with methyl iodide.  

     The 13C{H} NMR spectrum shows two new peaks for the methyl groups. The more deshielded 

peak at 46.1 ppm represents the N-bound methyl group. The peak due to the S-bound methyl group 

appears at 21.8 ppm, and coupled (long range) with the thiocarbonyl carbon at 205.19 ppm. Both 

of the methyl groups experience long-range couplings with the central carbon of the amidine 

group. Therefore, both methyl groups are in the same compound (3). Their peaks in the 1H NMR 

spectrum occur at 3.6 and 2.8 ppm for NCH3 and SCH3, respectively, similar to the chemical shifts 

of the quaternary salt 3-methyl-1-(methyldithiocarbonyl)imidazolium iodide which was reported 

in literature by Mohanta et al. (Scheme 2.8), where NCH3 and SCH3 peaks appear at 4.02 and 2.96 

ppm in CDCl3, respectively.24 The crude contains 1a∙HI in addition to 3 (Figure 2.5, a and b).  
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Figure 2.5. The 13 C NMR spectra of a) and A) salts 3 and 1a∙HI, b) and B) 1a∙HI salt, c) and C) salts 3 and 4, and d) 

and D) salt 4. 

 

     Such quaternary dithiocarbamate salts are reported to be more reactive than the neutral 

dithiocarbamate.24 They can be used as methyldithiocarbonyl transfer reagents alternatives to some 

more conventional reagents such as  trithiocarbonate S,S-dioxide which is reported to prepare from 

toxic reagents (e.g. thiophosgene, isothiocyanates).   

For example, N-methyl-N’-(methyldithiocarbonyl) imidazolium iodide (Scheme 2.8) is reported 

to be very reactive toward nucleophilic groups such as amines, and can be used to synthesize both 

symmetrical and unsymmetrical thioureas and methyl dithiocarbamates. Thioureas have important 

biological effects, and are used as intermediates in heterocyclic synthesis.25, 26 

 

A)

B)

C)

D)

j
i,kh,l

dfec b

bc e f d

n,p
o

n,p
o

ji,kh,l

THF
1a. HI

HN NH

I

+N N

I

S

S
3

ab

c
d

e

f m

n
o

p

1a. HI

HN NH

Im

n
o

p

N N

I

S

S

+

3

N N

I

4

ab

c
d

e

f gh

i
j

k

l

N N

I

4

gh

i
j

k

l



 

 

69 

In order to prepare a pure sample of 3, several different methods were tested (see in the appendix 

Section D.1). The difficulty of the separation of 3 from 1a∙HI is attributed to the fact that both of 

them are organic salts of comparable polarity.  

 

2.3.2.2. Alkylation of 2b      

     Similarly, alkylation of the zwitterionic adduct (2b) with methyl iodide leads to formation of 

dithiocarbamate salt 3. However, due to the instability of 2b this reaction tends to produce two 

iodide salts (Scheme 2.10, example 2) where salt 4 is the major product, in addition to a small 

amount of 1b appearing in the spectra. In the 13C{H} NMR spectrum, the intensity of the amidine 

carbon peak at 152.3 ppm in dithiocarbamate salt 3 was smaller than the peak at 153.8 ppm for 

1,3-dimethyl-1,4,5,6-tetrahydroamidinum salt 4. Salt 4 has been reported in the literature.18 The 

1H and 13C{H}NMR spectra of salt 4 were acquired in the same NMR solvent that was used in the 

literature. Unfortunately, analytically pure samples of 3 and 4 (separately) could not be obtained 

from this reaction due to difficulty in separating the organic salts from one another. The salts were 

therefore characterized spectroscopically using the crude product mixture. The spectra in Figure 

2.5 shows these species, where a) presents a mixture of 3 and 1a∙HI (produced from the alkylation 

of 2a), b) is the ‘pure’ 1a∙HI salt, c) is a mixture of salts 3 and 4 (produced from the alkylation of 

2b), and d) is salt 4.  
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2.3.2.3. Alkylation of 2c        

     Alkylation of carbamic carboxylic trithioanhydride (2c) by a similar procedure tends to form 

yellow solid 5 and red oil 6 depending on the alkyl group. Salt 5 was obtained when 2c was reacted 

with methyl iodide, and it was isolated in moderate yield (71 %). There are two non-equivalent 

methyl groups in the NMR spectra. The signal for the new methyl group (SCH3) clearly appears 

at 2.7 ppm in the 1H NMR spectrum, and 16.2 ppm in 13C {H} NMR spectrum. The quaternary 

carbons C8 and C10 of 2c shifted from 149.8 and 194.2 ppm to 166.1 and 178.5 ppm in for 5. The 

peak at 178.5 ppm was observed in the 2D spectra.  

 

     Alkylation of 2c with benzyl bromide produced 6 59 % yield. All assigned new peaks for the 

benzyl group attached to the nucleophilic sulphur atom are shown in the spectra in appendix 

(Figure C7) with significant change in C8 and C10 to 153.2 and 163.2 ppm. As suggested by 

resonance form 2c(II) (Scheme 2.11), the exo-sulfur doubly bonded to C10 is more nucleophilic 

than the other sulfur atoms in 2c; which explains why alkylation occurs at that sulfur.  
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Scheme 2.11. The proposed structure of 5 and 6 upon alkylation of 2c with 1.2 equivalents of alkyl halide at room 

temperature and under Ar. 

The crystal structure shown in Figure 2.6 confirms the structure of 5. By a crystal growing 

procedure similar to that of 2c, very thin green-yellow needle-like and yellow, elongated thin plate-

like crystals (single and grown together) were formed. A single crystal of 5 was successfully 

isolated as a yellow, elongated thin plate-like crystal. The crystallographic characterization shows 

that the bond lengths of N(3)-C(8) and N(7)-C(8) are 1.393(2) and 1.312(2) Å, respectively. The 

latter bond is shorter than that in the starting material (2c) due to the resonance and formation of a 

double bond. The S(11)-C(2) bond length is 1.6527(19) Å, which implies that the bond between 

S(11) and carbon C(2) remains a double bond in 5 as in 2c. The S(13)-C(10) bond length is 

1.7418(18) Å; it has changed from a double to a single bond. Presumably, such a change in 2c 

during the reaction mechanism makes S(11) particularly nucleophilic, and allows it bound to the 

electrophilic alkyl group (methyl in 5). Also, the C(8)-C(9) and C(9)-C(10) bond lengths changed 

from 1.395(4) and 1.374(4) in 2c to 1.432(2) and 1.345(2) Å in 5, respectively, meaning that  both 

are different from those in 2c. C(8)-C(9) converted from a double to a single bond, and the opposite 

occurred in the C(9)-C(10) bond because of the resonance. As a result, the observed bond lengths 
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are compatible with the suggested structure according to the resonance form 2c(II) (Scheme 2.11), 

with the alkyl group bounds to the anionic sulfur S(13).   

 

 

Figure 2.6. Molecular ellipsoid plot of 5 showing the asymmetric unit.  

2.4. Conclusions 

      The reactivity of 1,4,5,6-tetrahydropyrimidine derivatives with CS2 is highly dependent upon 

the substituents on the ring. The presence or absence of a methyl group at the 1-N or 2-C positions 

dramatically affects the nature of the reaction. Amidines 1a-1c showed different reactions toward 

CS2. We observed that the reaction of 1,4,5,6-tetrahydropyrimidine with CS2 occurs through the 

N-H bond. Effective insertion of CS2 into the N-H bond, creating a carbamic acid, leads to the 

formation of a carbamate salt in analogy to the chemistry commonly found with secondary amines. 

If the amidine does not possess an N-H bond, then the amidine reactivity is dependent on whether 

it has a methylene group alpha to the amidine carbon. The presence of an active 𝜶 methylene is 
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the deciding factor that triggers the formation of a carbamic carboxylic trithioanhydride 2c. The 

cyclic amidine containing neither an NH bond nor an active 𝜶 methylene group can form neither 

a carbamate salt nor a trithioanhydride upon reaction with CS2. N-Methyl-1,4,5,6-

tetrahydropyrimidine, which is such an amidine, instead forms an unstable amidine-CS2 adduct. 

     Dithiocarbamate esters and other alkylated products were synthesized from CS2 reaction 

products 2a, 2b and 2c upon addition of alkyl halide. These alkylation products support the 

proposed structures of the compounds 2a, 2c and unstable 2b.  

2.5. Experimental Methods 

2.5.1. Materials 

     All the chemicals (N,N-dimethyl acetamide dimethyl acetal, N,N-dimethyl formamide dimethyl 

acetal, N-methyl-1,3-diaminopropane, 1,4,5,6-tetrahydropyrimidine, alkyl halides and CaH2, CS2, 

anhydrous tetrahydrofuran (THF), and the NMR solvents) were purchased from Sigma Aldrich. 

Diamine, 1,4,5,6-tetrahydropyrimidine, and the NMR solvents were dried by standard methods 

over calcium hydride and purified by distillation. Anhydrous tetrahydrofuran (THF) was degassed 

under Ar. Anhydrous carbon disulphide was kept in the fridge before use, and it was used under 

Ar with care because of its toxicity and flammability. All reactions and purification steps were 

performed under argon using standard Schlenk techniques or a glove box. 
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2.5.2. Instruments and Glassware 

     Melting points were measured on a MEL-TEMP® electrothermal capillary melting point 

apparatus. 1H and 13C NMR spectra were recorded with a 400.13 MHz Bruker AVANCE NMR 

spectrometer. Chemical shifts are reported in ppm (δ) relative to tetramethylsilane (TMS). The 

compounds were analyzed with an Easy-nLC/HESI Hybrid Ion Trap-Orbitrap Mass Spectrometer 

(EI). The IR spectra (𝜈max in cm-1) were obtained using a Bruker Alpha Platinum ATR-IR equipped 

with the diamond ATR crystal, (resolution = 4 cm-1, 8 scans). Elemental analysis was performed 

at the Université de Montréal using an EA 1108 Fisons. All crystallographic data were collected 

using a Bruker AXS D8 Venture Duo diffractometer. Glassware was dried overnight in an oven 

(110 ℃). The NMR tubes were dried in the oven for 15 min before transfer to the glove box where 

the NMR samples were prepared for most of the compounds. 

 

Synthesis of 1,4,5,6-tetrahydropyrimidinium 1,4,5,6-tetrahydropyrimidine dithiocarbamate 

salt (2a). In the glove box, 0.35 mL (0.57 g, 6.78 mmol) of 1,4,5,6-tetrahydropyrimidine (dried 

over calcium hydride) was added to a dry Schlenk flask. Under Ar and at room temperature, 3 mL 

of anhydrous THF was added to the amidine. Three equivalents of CS2 (1.22 mL, 20.22 mmol) 

were added dropwise to the homogeneous mixture over 5 min with stirring. A yellow precipitate 

started to form immediately. The reaction mixture was stirred overnight under Ar at room 

temperature. The residue of CS2 was removed under slow vacuum. The isolation of the yellow 

precipitate was achieved by vacuum filtration by using a cannula and glass fibre prefilter. Both the 

cannula and the glass fibre prefilter were dried in the oven overnight before use. The precipitate 

was left to stir under slow vacuum for 1 h to dry.  
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Dithiocarbamate salt 2a. Isolated yield 97 % (0.807 g, 3.3 

mmol), yellow solid. The mole ratio of the anion to the 

cation was 2:3, presumably due to a small amount of 1a in 

the product. in the crude mixture.  a) the cation: 1H NMR (400 MHz, CDCl3/ TMS):	  δ =	  8.00 (s, 

1H), 3.45 (t, 4H), 1.91 (quin, 2H) ppm. 13C{1H} NMR (100 MHz, CDCl3/ TMS): δ	   =	  146.7 (CH), 

38.8 (2CH2), 19.0 (CH2) ppm. HRMS (ESI) calculated for C4H9N2: (M+, m/z) 85.07602 observed: 

85.07592, b) the anion: 1H NMR (400 MHz, CDCl3/ TMS): δ =	  9.57 (s, 1H), 4.30 (t, 2H), 3.33 (t, 

2H), 1.89 (quin, 2H) ppm, 13C{1H} NMR (100 MHz, CDCl3/ TMS): δ =	  220.4 (C=S), 150.9 (CH), 

47.1 (CH2), 43.9 (CH2), 21.9 (CH2) ppm. HRMS (ESI) calculated for C5H7N2S2: (M-, m/z) 

159.00561 observed: 159.00632. IR (neat, cm-1): 3102, 1456, 1441, 1298, 1276, 1221, 1162, 980, 

930, 753. 

 

Synthesis of zwitterionic adduct 2b. In a dry Schlenk flask, 3 equiv. of CS2 (1 mL, 1.26 g, 16.5 

mmol) was added dropwise over 5 min to a solution of N-methyl-1,4,5,6-tetrahydropyrimidine 

(0.57 g (5.79 mmol) in anhydrous THF (3 mL). The mixture immediately produced a reddish 

precipitate, but, was nevertheless stirred overnight under Ar and at room temperature. Then, the 

residue of CS2 was evaporated under slow vacuum for 1-2 min. The THF was removed by filtration 

through a dry cannula and a dry glass fibre prefilter. The product was left under Ar until it was 

completely dry. 

 

Zwitterionic adduct 2b. The yield of the crude zwitterionic adduct 

(C6H10N2S2) was 69 %, (0.69 g, 3.96 mmol). Reddish precipitate. 1H NMR 
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(400 MHz, CDCl3/TMS): δ =	  7.19 (s, H), 3.30 (t, 2H), 3.15 (t, 2H), 2.89 (s, 3H), 1.88 (quin, 2H) 

ppm. 13C{1H} NMR (100 MHz, CDCl3/TMS): δ = 218.4 (C=S), 151.2 (CH), 46.0 (CH3), 43.9 

(CH2), 43.3 (CH2), 19.3 (CH2). IR (neat, cm-1): 2962, 2874, 1693, and 1656. HRMS (ESI) 

calculated for C6H11N2S2 (M, m/z) 175.03582 observed 175.03498.  

 

Synthesis of 1,2-dimethyl-1,4,5,6-tetrahydropyrimidine (1c). In a dry Schlenk flask, 13.84 mL 

(12.6 g, 95 mmol) of N,N-dimethylacetamide dimethylacetal were added to 10 mL (8.4 g, 95.3 

mmol) of N-methyl-1,3-diaminopropane (both were dried over CaH2). The mixture was stirred 

under reflux at 90°C for 0.5 h, and then was heated to 110°C for 0.5 h. The desired amidine was 

purified by distillation (47- 49 oC/ 2 torr), and collected as a colorless liquid (7.19 g, 64.10 mmol, 

yield 67 %). The 1H and 13C {1H} NMR spectra matched those in the literature.22  

 

Synthesis of carbamic carboxylic trithioanhydride (2c). In the glove box, 0.4 mL (0.43 g, 3.8 

mmol) of dried 1,2-dimethyl-1,4,5,6-tetrahydropyrimidine was added to a dry Schlenk flask. 

Under Ar at room temperature, 3 equivalents of CS2 (0.69 mL, 0.87 g, 11.4 mmol) were added 

dropwise to the amidine over 5 min with continuous stirring. The color started to change 

immediately. The mixture was stirred under Ar at room temperature overnight. The residue of CS2 

was removed under slow vacuum. Then, 4-5 ml of anhydrous methanol was added with continous 

grinding of the mixture by a clean dry glass rod. A yellow precipitate started to form in the dark 

brown solution. The product was collected by Buchner filtration using filter paper, was washed 3 

times using 3 mL of methanol, and left to dry.  
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Carbamic carboxylic trithioanhydride (2c). Isolated yield of 

trithioanhydride 81 %, (0.35 g, 1.5 mmol), yellow powder, 

decomposition temperature = 208 oC. 1H NMR (400 MHz, CDCl3/ TMS): 

δ =	  6.57 (s, 1H), 4.57 (t, 2H), 3.56 (t, 2H), 3.19 (s, 3H), 2.18 (quin, 2H) 

ppm. 13C{1H} NMR (100 MHz, CDCl3/TMS):	  δ =	  195.5 (C=S), 194.2 (C=S), 149.8 (=CNN), 

106.0 (=CH), 50.4 (CH3), 46.1 (CH2), 41.3 (CH2), 20.8 (CH2) ppm. IR (neat, cm-1): 2963-2866, 

2378-2346, 1636, 1562, 1344, 1317, 1208, 1003 and 782. HRMS (ESI) calculated for C8H11N2S3: 

([M+H]+, m/z) 231.00789, observed 231.00707. Calculated elemental analysis for C9H13N2S3+: N 

12.16, C 41.71, H 4.38, S 41.76; found: N 12.12, C 41.72, H 4.38, S 40.95. 

 

Alkylation  

Synthesis of N-methy-N’-(methyl-dithiocarbonyl)-1,4,5,6-tetrahydropyrimidinium iodide (3) 

and 1,4,5,6-tetrahydroamidinium iodide (1a∙HI). In a dry Schlenk flask, 3 mL of anhydrous 

THF was added to 0.2 g (0.8 mmol) of dithiocarbamic salt 2a. Under Ar at room temperature (21 

oC), 1.2 equiv. of CH3I (0.06 mL, 0.136 g, 0.958 mmol) was added to the immiscible mixture. In 

the dark, the mixture was stirred overnight. It became a dark yellow oil in a yellow liquid. The 

solvent was removed by decantation. The crude product was left under vacuum to evaporate the 

residue of THF. The NMR sample was prepared in CDCl3. The crude has two species. The 

spectrum of the 1,4,5,6-tetrahydroamidinium iodide salt (1a∙HI) matched the literature report.17  

 

N N

S

S
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N-Methy-N’-(methyl-dithiocarbonyl)-1,4,5,6-tetrahydropyrimidin-

ium iodide (3). The mole ratio of salt 3 to salt 1a∙HI is 4:7 in the 

yellow oil crude mixture. 1H NMR (400 MHz, CD2Cl2 /TMS): δ =	  9.6 

(s, 1H), 4.35 (t, 2H), 3.77 (t, 2H), 3.66 (s, 3H), 2.80 (s, 3H), 2.41 (quin, 2H) ppm. 13C{1H} NMR 

(100 MHz, CD2Cl2 /TMS): δ	  = 205.2 (C=S), 152.3 (=CH), 48.9 (CH2), 46.1 (NCH3), 46.1 (CH2), 

21.9 (SCH3), 19.5 (CH2) ppm. HRMS (ESI) calculated for C7H13N2S2+: (M+, m/z) 189.05147 

observed 189.05067.  

1,4,5,6-Tetrahydroamidinium iodide (1a∙HI). The spectra data below was 

taken from the spectra of the mixture of 3 and (1a∙HI). These data match these 

of isolated (1a∙HI) in CD2Cl2. 1H NMR (400 MHz, CD2Cl2/TMS): δ =	  9.10 (s, 

2NH), 8.20 (s, 1H), 3.48 (t, 4H), 2.04 (quin, 2H) ppm. 13C{1H} NMR (100 MHz, CD2Cl2/TMS): 

δ =	  151.6 (=CH), 38.8 (2CH2), 18.6 (CH2) ppm. HRMS (ESI) calculated for C4H9N2+: (M+, m/z) 

85.07602 observed: 85.07569.  IR (neat, cm-1) for the crude mixture of 3 and 1a∙HI: 3175, 3001, 

2963, 1687, 1650, 1574, 1369, 1204, 1092, and 797.  

Synthesis of N-methy-N’-(methyl-dithiocarbonyl)-1,4,5,6-tetrahydropyrimidinium iodide 

(3), and 1,3-dimethyl-1,4,5,6-tetrahydropyriamidinium iodide (4). In a dry Schlenk flask, 3 mL 

of anhydrous THF was added to 0.12 g (0.7 mmol) of the zwitterionic adduct 2b. Under Ar at room 

temperature (21 oC), 1.2 equiv. of CH3I (0.05 mL, 0.114 g, 0.8 mmol) was added to the immiscible 

mixture. The mixture was stirred in the dark overnight. The mixture became dark red oil in an 

orange liquid. The orange liquid was removed by decantation; the crude product (dark red oil) was 

left under vacuum to evaporate the residue of THF. The crude product contained two species.  

HN NH
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N N
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 N-methy-N’-(methyl-dithiocarbonyl)-1,4,5,6-tetrahydro-

pyrimidinium iodide (3). The mole ratio of salt 3 to 4 is 1: 3 in the dark 

red oil crude mixture (0.2 g, 0.8 mmol). 1H NMR (400 MHz, 

CD2Cl2/TMS): δ =	  9.56 (s, 1H), 4.35 (t, 2H), 3.76 (t, 2H), 3.27 (s, 3H), 2.78 (s, 3H), 2.39 (quin, 

2H) ppm, 13C{1H} NMR (100 MHz, CD2Cl2/TMS): δ =	  205.2 (C=S), 152.4 (=CH), 48.9 (CH2), 

46.6 (NCH3), 46.1 (CH2), 21.9 (SCH3), 19.5 (CH2) ppm. HRMS (ESI) calculated for C7H13N2S2+: 

(M+, m/z) 189.05147, observed: 189.05090.  

 1,3-dimethyl-1,4,5,6-tetrahydropyriamidinium iodide (4). The spectra data 

below was taken from the spectra of the mixture of 3 and 4. These data match 

these reported in literature18 and for an authentic sample of 4 which was 

synthesized by the literature method in CD2Cl2/. 1H NMR (400 MHz, CD2Cl2/TMS): δ =	  8.95 (s, 

1H), 3.35 (t, 4H), 3.32 (s, 2CH3), 2.15 (quin, 2H), 13C{1H} NMR (100 MHz, CD2Cl2//TMS): δ =

	  153.8 (=CH), 45.2 (2CH3) 42.3 (2CH2), 19.2 (CH2) ppm. HRMS (ESI) calculated for C6H13N2+: 

(M+, m/z) 113.1068, observed: 113.1073. IR (neat, cm-1) for the crude (3 and 4) 2964, 2942, 1695, 

1612,1510, 1210, 1162, 1101, and 798. 

Synthesis of 5. In a dry Schlenk flask, 3 mL of anhydrous THF was added to 0.03 g (0.31 mmol) 

of trithioanhydride 2c. Under Ar and at room temperature (21 oC), 1.2 equiv. of CH3I (0.01 ml, 

0.023 g, 0.16 mmol) was added to the immiscible mixture. The suspension was stirred in the dark 

overnight. The yellow precipitate was separated from the liquid by filtration through a Buchner 

funnel, washed 3 times using THF (2 mL), and left to dry under air.  
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Product 5. Isolated yield 71 %, (0.034 g, 0.091 mmol), dark yellow 

powder. Decomposition temperature = 173.8-175 oC. 1H NMR (400 

MHz, CD2Cl2/TMS): δ =	  6.87 (s, 1H), 4.59 (t, 2H), 3.9 (t, 2H), 3.65 (s, 

3H), 2.75 (s, 3H), 2.37 (quin, 2H) ppm. 13C{1H} NMR (100 MHz, 

CD2Cl2/TMS): δ =	  195.4 (C=S), 178.5 (C-S), 166.1 (=CNN), 103.9 (=CH), 52.8 (CH3), 47.9 

(CH2), 44.8 (CH2), 19.9 (CH2), 16.2 (CH3) ppm. IR (neat, cm-1): 2995, 2952, 2893, 1588, 1534, 

1427, 1337, 982, 943, 831. HRMS (ESI) calculated for C9H13N2S3+ (M+, m/z): 245.02236, 

observed: 245.02354. Elemental analysis for C9H13N2S3+: N 7.52, C 29.03, H 3.52, S 25.84; found: 

N 7.47, C 29.10, H 3.48, S 25.59.  

 

Synthesis of 6. In a dry Schlenk flask, 3 mL of anhydrous THF was added to 0.02 g (0.087 mmol) 

of trithioanhydride 2c. Under Ar and at room temperature (21 oC), 1.2 equiv. of benzyl bromide 

(0.013 ml, 0.02 g, 0.11 mmol) was added to the immiscible mixture. The suspension was stirred 

in the dark overnight. The brown oily was separated from the liquid by decantation, and dry under 

vacuum, after drying the crud the NMR sample was prepared in CD2Cl2 solvent. 

 

Compound (6). Yield of crude product 59 %, (0.023 g, 0.051 mmol) dark 

brown viscous oil. The ratio of 6:2c in the crude is 9:1. 1H NMR: (400 

MHZ, CD2Cl2/ TMS): δ	  (ppm)  7.53–7.52 (d.d, 2H), 7.41–7.34 (m, 3H), 

7.10 (s, 1H), 4.70 (s, 2H), 4.56 (t, 2H), 3.9 (t, 2H), 3.64 (s ,3H), 2.31 (q, 

2H). 13C{1H} NMR: (100 MHZ, CD2Cl2/ TMS): 𝛿 ppm 187.7 (C=S), 

163.2 (C-S), 153.2 (NCN), 133.4 (=CH), 129.14 (2CH), 129.09 (2CH), 

128.5 (CH), 104.8 (CH), 52.2 (SCH2), 47.3 (CH3), 44.2 (CH2), 37.6 (CH2), 19.3 (CH2). IR (neat, 
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cm-1): 3386, 2931, 2760, 2430, 1618, 1580, 1494, 1379, 971, 729, 702. HRMS (ESI) calculated 

for C15H17N2S3+: (M+, m/z) 321.0541, observed 321.0548.   
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Chapter 3 

Contrasting the Reactivity of CS2 with Cyclic Amidines versus Acyclic Amidines 

 

3.1. Abstract  

      The interaction between carbon dioxide (CO2) and nitrogenous organic bases such as 1,8-

diazabicyclo[5.4.0]undecane (DBU) has been extensively studied, but the reaction of valence 

isoelectronic CS2 with such bases has been largely ignored, apart from a single crystallography report. 

Acyclic acetamidines are cleaved by CS2 at room temperature to give an isothiocyanate and a 

thioacetamide. Because the pathway to that cleavage involves a rotation that is difficult for cyclic 

amidines, the reaction of CS2 with cyclic amidines produces an entirely different product: a cyclic 

carbamic carboxylic trithioanhydride structure. The path to that product involves sp3 C-H activation 

leading to the formation of a new C-C bond at a carbon α to the central carbon of the amidine group. 

The chemistry of a cyclic carbamic carboxylic trithioanhydride from DBU was firstly synthesized by 

Vlasse at high temperature. It was later synthesized in the Jessop lab at room temperature by Mr. Lam 

Phan, as will be discussed in the introduction to this chapter. The reactivity of CS2 with acyclic 

amidines which was studied as a collaborative project between the first author and me, will be discussed 

in detail in the results and discussion section.  

3.2. Introduction 

     The two gases CO2 and CS2 have much in common, including being isoelectronic, being recoverable 

as waste products from power plant flue gases, and having the ability to react with organic bases such as 

amidines. Jessop group 1-7 and others8-13 have published extensively on reactions of CO2 with amidines 

and reactions of CO2 promoted by amidines. For many of these studies, the readily available cyclic 
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amidine DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) is used, but in some cases acyclic amidines such as 

acetamidines are preferred.  However, the reactivity of CS2 with amidines has been largely neglected in 

our work and in the literature.14 Because CS2 is substantially more electrophilic than CO2, CS2 is far 

more reactive and therefore could undergo chemistry that is either slow or impossible with CO2. We 

therefore chose to explore the reactions of CS2 with cyclic and acyclic amidines. The study in this 

chapter is restricted to amidines having no N-H bonds, in order to avoid other reactivity that such bonds 

would introduce. A short study about discovering the reactivity of CS2 with an acyclic guanidine having 

an N-H bond in its structure will be described in Chapter 4. 

 

3.2.1. Reactions of CS2 with Amidines  

3.2.1.1. Reactions of CS2 with Cyclic Amidines 

 

     In certain examples of nucleophilic promoters or catalysts for CO2 conversion, it has been proposed 

that hindered amidine bases may form an intermediate base-CO2 adduct (Scheme 3.1, left), which may 

explain the catalytic or promoter activity of the nitrogen containing bases.15-20 While no such amidine-

CO2 adduct has been crystallographically characterized, Villiers and co-workers reported the structure 

of an adduct of CO2 and a structurally similar guanidine, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) 

(Scheme 3.1, right).21 An adduct between DBU and CO2 (as shown in the scheme) has yet to be 

conclusively detected3, 22, 23 but if this adduct were to exist, it would not have the stability of TBD-CO2 

because it lacks the stabilization afforded by the intramolecular hydrogen-bonding.  Reacting DBU with 

CO2 in the absence of water gives no isolable product.3 
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Scheme 3.1.  The structures of the hypothetical DBU-CO2 zwitterionic adduct and the proven and isolated TBD-CO2 adduct, 

highlighting the site α to the amidine carbon atom.  

While DBU does not react with CO2 in dry conditions, it does react with CS2, and in a manner that 

involves activation of the acidic methylene C-H α to the amidine carbon. Vlasse and co-workers24 in 

1986 refluxed a solution of DBU in CS2 for 6 h and then removed the CS2 by distillation, leaving 

behind an orange viscous material from which a cyclic carbamic carboxylic trithioanhydride was 

precipitated (Scheme 3.2). They also found that the DBU hydrogen sulfide salt was formed as a 

byproduct. In the Jessop lab, it was found that the reaction proceeds readily at room temperature. The 

obtained molecular structure of carbamic carboxylic trithioanhydride (Figure 3.1) was in good 

agreement with that produced by Vlasse and co-workers.24 Structures that feature a cyclic carbamic 

carboxylic trithioanhydride ring are known (Scheme 3.3), but the synthesis of trithioanhydride is the 

only example where the use of CS2 affords the cyclic carbamic carboxylic trithioanhydride without 

additional reagents and occurs readily at room temperature.  
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Scheme 3.2.  The reaction of DBU with CS2.24  

 

Figure 3.1. Crystal structure of cyclic carbamic carboxylic trithioanhydride formed from DBU and CS2. 

     The reactions of CS2 with cyclic amidines lead to C-H activation, the formation of new C-C bonds, 

and the synthesis of a new carbamic carboxylic trithioanhydride ring. The formation of the new ring 

depended on the methylene α to the central amidine carbon. The protons at the α- site are less labile 

than those found in TBD, but it can be easily deprotonated which could have implications for the 

reactivity of DBU and CO2.  
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Scheme 3.3. Literature methods for the formation of carbamic carboxylic trithioanhydride rings: a) with CS2 and 

phenylisothiocyanate.25, 26 b) 4-arylthiazolidene-2,5-dithiones (top)27 and 1,3-thiazine-2,6-dithiones (bottom).28 c) from 

diaminobenzene and CS2.29 

Upon the formation of a carbamic carboxylic trithioanhydride, one equivalent of dihydrogen sulfide is 

evolved by this route; the amidinium hydrogen sulfide is formed as a byproduct. The amidinium 

hydrogen sulfide salt that forms during the synthesis of a carbamic carboxylic trithioanhydride was 

described by Vlasse and co-workers as a red oil.24, 30, 31 

3.3. Results and Discussion 

3.3.1 Reactions of CS2 with Acyclic Amidines 

      We have seen that the formation of carbamic carboxylic trithioanhydride by reaction of CS2 with an 

amidine occurs if both the basic nitrogen and the acidic methylene are in rings. However, is the same 

reactivity observed if neither the acidic site nor the basic site is in a ring? To answer this question, we 
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turned our attention to the reaction of acyclic amidines with CS2: a reaction that has not been studied 

previously to our knowledge. For our initial exploration of this chemistry, we selected N,N-

dimethylacetamidines because they are easily-prepared from the corresponding primary amine. 

 

N,N-Dimethylacetamidines react with three equivalents of CS2 at room temperature for 18 h to give 

nearly exclusive formation of isothiocyanate (1a-k) and dimethylthioacetamide (2) (Scheme 3.4).  NMR 

spectroscopy of the crude reaction mixtures confirmed the near exclusive formation of the amide and 

isothiocyanates. The reaction is amenable to a variety of substituents on the imino nitrogen. 

 

 

Scheme 3.4. The preparation of N,N-dimethylacetamidines and their reaction with CS2. 

 

The reaction of acetamidines that featured an alkyl chain at the imino nitrogen (entries 1-3, Table 

3.1) gave the corresponding isothiocyanates as an oil and dimethylthioacetamide (2) as insoluble beige 

crystals. The 1H and 13C{1H} NMR spectra of 2 and the isothiocyanates correspond to those reported in 

literature.32, 33 The crude 1H NMR spectrum of the red supernatant shows that the isothiocyanates were 

present with minimal impurities (see Supporting Information). Further purification of the 

isothiocyanates with an alkyl group (entries 1-3, Table 3.1) can be done by simple flash-column 

chromatography with dichloromethane as the eluent, yielding yellow oils. For those isothiocyanates 
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bearing benzylic or more complex groups (entries 4-11, Table 3.1), the separation of 2 from the 

isothiocyanate was achieved by column chromatography. 

 

Lower yield or even no reaction were observed when certain amidines were mixed with CS2.  The 

higher volatility of n-butylisothiocyanate or tert-butylisothiocyanate in comparison to the other N-

alkylisothiocyanates, may be the cause of the lower isolated yield of 1a or the detection of no product at 

all, as has been observed in reaction involving tert-butylisothiocyanate.  

 

If one prepares the acetamidine from the facile reaction of primary amine with N,N-

dimethylacetamide dimethyl acetal,34, 35 then the combination of that step with the reaction with CS2 

gives a particularly convenient two-step synthesis of isothiocyanates from primary amines. Neither step 

requires elevated temperature, an added base, a chlorinated solvent, a chlorinated or toxic reagent, or a 

desulfurization agent. The amidine head-group acts as a scaffold for the addition of CS2 and the 

concurrent desulfurization of the dithiocarbamate zwitterionic intermediate.   

 

 

 

Table 3.1. Synthesized isothiocyanates and isolated yields. 

Entry Isothiocyanate 1 
Yield 

(%)a 

1  a 44 

2  b 74 

3  c 83 

N N
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4 
 

d 57 

5 
 

e 85 

6 
 

f 91 

7 
 

g 86 

8 
 

h 73 

9 
 

i 79 

10  j 46 

11  k 64 

aIsolated yields from acetamidines 

 

3.3.2.1. Methods of Synthesis of Isothiocyanates  

 

      Isothiocyanates can be synthesized by treatment of amines with different thiocarbonyl reagents. An 

example of that is using thiophosgene.36 However, this approach has largely been avoided due to the 

volatility and extreme toxicity of thiophosgene. Alternatively, there are other thiocarbonyl reagents such 

as di-2-pyridyl thiocarbonate (DPT)37 and thiocarbonyl diimidazole38 that can be used for 

thiocarbonylation reaction. Although these are not commonly used as they are either expensive or not 

commercially available. There are also other observes drawbacks (e.g. need a long reaction time and 

low obtained yield. In addition, the use of thiocarbonayl reagents has been associated with thiourea 

N
C
S
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formation. In 2000, Burke et al. reported the successful formation of isothiocyanates by treating amines 

with the commercial available o-phenyl chlorothiono-formate.  The desired isothiocyanates were then 

released from the phenylcarbamothioates formed in the first step by adding a deprotonating reagent.39 Li 

and co–workers reported two efficient methods to synthesize isothiocyanates, the one-pot method (path 

A) and the two-step facile method (path B) (Scheme 3.5).40 Both approaches involve treating alkyl and 

aryl amines with o-phenyl chlorothionoformate in the presence of sodium hydroxide and the 

corresponding isothiocyanates were obtained in yields of (21-95) % and (85-99) %, respectively depend 

on the substitution on the starting amines. 

 

 

 

 

Scheme 3.5. Two facile approaches to synthesize isothiocyanate by reacting alkyl and aryl amines with o-phenyl 

chlorothionoformate.40  

 

     CS2 has been used as a thioncarbonyl reagent to form isothiocyanates from amines, but only with the 

assistance of a desulfurization agent. However, this in-appropriate method is associated with formation 

of by-products and others halogen content. For example, dithiocarbamic acid salts were produced when 

primary amines were reacted with CS2 in the presence of a base (Scheme 3.6). In the second step of the 

reaction process, ethyl triphenylphosphine tribromide (ETPPTB) acts as a desulfurizing reagent, 

resulting in the formation of the isothioacyanate.41  

R NH2 +

S

ClPhO

Path A

Path B

NaOH

CH2Cl2 ,  R. T.

CH2Cl2 ,  R. T.
S

N
H

PhO
R

NaOH

CH2Cl2, R.T.
 N= C= SR

 N= C= SR



 93 

 

 

Scheme 3.6. Conversion of amines to isothiocyanates using CS2, where R = alkyl or aryl groups.41, 42 

 

     In the literature, the isothiocyanates listed in Table 3.1 have been made from primary amines and 

CS2 by the decomposition of thiocarbamate salts in the presence of an added desulfurization agent. A 

recent report described the synthesis of some of the isothiocyanates in Table 3.1 (entries 4-6 and 9), 

using cyanuric trichloride (cyanuric chloride (2,4,6-trichloro-1,3,5-triazine, TCT) as a desulfurization 

agent, in relatively good yields (Scheme 3.7).43  

 

 

Scheme 3.7. Formation of isothiocyanates using cyanuric trichloride [cyanuric chloride, or 2,4,6-trichloro-1,3,5-triazine 

(TCT)] as a desulfurization agent.43  

 

While the authors reported solvent free conditions, the yield of isothiocyanate relied on the choice of an 

appropriate base, to prevent the formation of thiourea. The reactions were carried out at 0 ˚C, whereas 
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the new method described above occurs at room temperature and in neat conditions. Isothiocyanate 1d 

has in the past been synthesized from phenyl dithiocarbamate triethylammonium salt following the 

addition of methyl acrylate in a solution adjusted to pH 10 (Scheme 3.8).44  

 

 

Scheme 3.8.  a) Reaction showing the in situ-generated dithiocarbamate salt with methyl acrylate in aqueous buffer over a 

range of pHs. b) Reaction of dithiocarbamate triethylammonium salt with methyl acrylate in aqueous buffer over a range of 

pHs.44  

      Isothiocyanates also were obtained when amines were treated with CS2 in the presence of catalyst. 

Munch et al. reported the synthesis of thiocarbamic acid salts by the reaction of CS2 with alkyl or aryl 

amines in stoichiometric amounts (Scheme 3.9).  The reaction was promoted by adding 1-3 mol % of a 

catalyst such as 4-(dimethylamino) pyridine (DMAP) or 1,4-diazabicyclo[2.2.2]octane (DABCO), and 

successfully carried out under ambient conditions for 15 minutes. Thiocarbamic acid salts decompose to 

the desired isothiocyanates in the presence of di-tert-butyldicarbonate (Boc2O), which is typically used 

as a desulfurization agent. The formation of isothiocyanates from aliphatic amines such as 1b and 

activated aromatic amines occurs over a relatively short time span (a few minutes). However, 
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unactivated aryl amines such as aniline and benzyl amine, require longer reactions times to realize the 

complete conversion of the amine functionalities to isothiocyanates (i.e., the formation of 1d and 1e). 

However, an advantage of the extended reaction time is that it prevents the formation of any side 

products e.g., thiourea).45   

 

Scheme 3.9.  a) General reaction of the synthesis of isothiocyanates in the presence of catalyst (where R= aryl or alkyl); b) 

the proposed mechanism of the base-catalyzed synthesis of the desired product with di-tert-butyl dicarbonate, (B: Base 

catalyst).45   

Isothiocyanate 1e can also be synthesized by reacting benzyl amine and CS2 in a polar solvent such as 

dimethylformamide (DMF). The reaction can be catalyzed by (benzotriazole-l-yl-oxy-

tris(dimethylamino)phosphonium hexafluorophosphate (BOP) (Scheme 3.10), and thus occurs under 

mild conditions, and is completed in 30 minutes.46  
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Scheme 3.10.  The synthesis of benzylisothiocyanate from benzylamine using CS2 and BOP in DMF.46 

 

Alternatively, for the synthesis of isothiocyanates 1e and 1f, dicyclohexylcarbodiimide (DCC) has been 

employed as a desulfurization agent (Scheme 3.11).47-49 The reaction proceeds at -10 ˚C after which the 

reaction mixture was slowly warmed to room temperature and left to stir for 18 h.48 

 

 

Scheme 3.11. The synthetic route to benzyl isothiocyanate and ethyl benzyl isothiocyanate using the desulfurization agent 

dicyclohexylcarbodiimide (DCC).48  

 

Isothiocyanates 1g and 1k have been synthesized in the literature using ethylchloroformate as a 

desulfurization agent.50, 51 The reaction to produce 1k by the ethylchloroformate method occurs in a 

chlorinated solvent and distillation at high temperatures is required for purification (Scheme 3.12).51  
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Scheme 3.12. Synthesis of bis[oligo( ethyleneoxy)isothiocyanates.51 

 

There have been other attempts to find less toxic routes to isothiocyanates. For example, it was 

reported that isothiocyanate 1j can be made with less toxic hydrogen peroxide as a desulfurization agent 

in the presence of triethylamine.52, 53 Tajima and co-worker reported an isolated yield of 92%,52 while in 

a more recent article by Chen and co-workers reported an isolated yield of 37%.53 The inconsistent 

reported yields for isothiocyanate 1j made from the same method could be related to the sensitive 

reaction conditions. Tajima and co-worker reported that the change in temperature range from 0-10 ˚C 

to 43-45 ˚C and the use of water immiscible solvents markedly lowered the yield of isothiocyanate 

(Scheme 3.13).52 As a result, the lower isolated yield of 44% isothiocyanate 1j could be related to a 

decomposition of the compound.  

 

To the best of our knowledge, the synthesis of isothiocyanate 1h has not been clearly described in 

the literature. It has been used for the synthesis of benzimidazole derivatives,54 though it is unclear as to 

how it was prepared. 
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Scheme 3.13.  Synthesis of hydroxyl isothiocyanate c from CS2 and hydroxyl primary amine a, via the hydroxyalkyl 

dithiocarbamate b.52  

 

Some compounds (e.g., tert-butylacetamidine) did not form the corresponding isothiocyanate (or it 

formed and quickly evaporated) using our current approach, when CS2 was reacted with acetamidine. 

The reaction of 4-methylpyridineacetamidine with CS2 led to the formation of the corresponding 

isothiocyanate, but in a poor yield (22 %). However, the formation of the isothiocyanate was confirmed 

using mass spectrometry (in particular, LC-MS) where a signal of very low intensity (22%) was 

observed corresponding to a m/z = 151.033, corresponding to [M+H]+. A signal of high intensity (67%) 

representative of the by-product thioacetamide appears at m/z = 103.045. The lower peak intensity (e.g. 

4-methylpyridineisothiocyanate and tert-butylisothiocyanate) can be attributed to the volatility or 

viscosity of the product compared with other alkylisothiocyanates. 

  

 3.3.2.2. Methods of Synthesis of Thioacetamide 

 

     N,N-dimethylthioacetaamide was obtained in this reaction as a by-product. Acetamide was 

previously converted to thioacetamide (TAA) using phosphorous pentasulfide as a thionation reagent in 

a solution of benzene (Scheme 3.14).55, 33 

 

HO RNH2 +     CS2

Cat., Base

water- miscible org. solv.
HO RNHCS2       HBase

HO RNCS
aq. H2O2, low temp.

High yield

a                                                                                                              b

c



 99 

 

 

Scheme 3.14. Synthesis of thioacetamide from acetamide using P2S5.55 

 

     Different types of thioamides, including TAA, have been synthesized by reacting a wide range of 

primary, secondary, and tertiary amides with commonly-used thionating reagents (e.g., P4S10) at room 

temperature.56 The reaction occurs through the nucleophilic attack of the sulfur atom in the thionating 

agent on the carbonyl of the amide, which leads to chalcogen substitution. Despite the higher frequency 

use of these thionating agents compared with CS2, they pose several disadvantages. For example, in 

some cases, high temperatures and long reaction times are required to achieve the desired products and 

a complicated purification procedure is necessary to isolate the thioamides from the side-products.57, 58 

By contrast, many studies have reported the synthesis of thioacetamide with thionating reagents in the 

presence of a solvent or a base59 resulting in a completed conversion (99%) of the amide to the 

dimethylthioacetamide. In one case, the amide was added to a pre-microwaved mixture of PSCl3/water 

(180W, TEA), before being reacted 70-75 oC for a further four minutes, with the reaction being 

accelerated by the addition of bases (Scheme 3.15).5 

 

 

Scheme 3.15. Thionation of amide using PSCl3 under microwave conditions.59 

Fluorous Lawesson’s reagent can also be used to convert dimethylacetamide to TAA via a thermal 

thionation method followed by a solid–phase extraction purification method.33, 58 Our reported facile 
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two-pot method, occurring at room temperature and in the absence of solvent, generates dimethylthio-

acetamide (2) with the simultaneous production of the corresponding isothiocyanates, as shown in 

Scheme 2.3. 

 

3.4. The Cause of the Difference in Reactivity 

     Why do the cyclic amidines have different reactivity than the acyclic amidines?  Proposed 

mechanisms for the reactions are shown in Scheme 3.16. All three mechanisms begin with the 

formation of a zwitterionic adduct between the amidine and CS2, analogous to the hypothetical adduct 

between amidine and CO2 shown in Scheme 3.16. Path A, in which that adduct undergoes an internal 

rotation and an intramolecular nucleophilic attack by an anionic sulfur atom, is analogous to a 

mechanism proposed by Barton and co-workers for the reaction of acyclic guanidines with CS2.60  Path 

B, in which that same anionic sulfur reacts with a second CS2 molecule, is an elaboration of Vlasse's 

mechanism 24  for the reaction of DBU with CS2. We propose a third mechanism, path C, in which the 

zwitterionic adduct is deprotonated (by another amidine) at the acidic methylene α to the central 

amidine carbon.  
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Scheme 3.16. Proposed mechanisms for the reaction of CS2 with cyclic or acyclic amidines.  Path A is analogous to Barton’s 

mechanism60  for the reaction of guanidines. The Vlasse mechanism24 for DBU is path B. Our proposed mechanism for 

cyclic amidines is path C. 

The free energies of the reactants, intermediates, and products along each of these pathways at 

298.15 K and 1 atm were evaluated at the M06-2X/aug-cc-pvDZ level of theory in conjunction with a 

continuum-level representation of the tetrahydrofuran solvent using model cyclic and acyclic amidines. 

The relative free energies obtained through these calculations are shown in Figure 3.2. The 

computational work was done, with thanks, by Dr. Mosey. 
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The calculated free energies indicate that path B is energetically disfavored relative to the 

alternative pathways for acyclic and cyclic reagents, with the free energies of structures B3, B4, and B5 

lying much higher than those of all species along paths A and C for both types of reagents. The large 

increase in free energy upon moving from M2 to B3, which is sufficient to prevent the system from 

following path B, can be attributed to an entropic penalty associated with adding a CS2 molecule to M2. 

Analysis of the free energies of the species involved in this process indicate that the entropic change 

contributes -TDS = 45.6 and 48.5 kJ/mol to the increase in the free energy upon moving from M2 to B3 

with the cyclic and acyclic reagents, respectively. 

 

The calculated free energies also show that the products formed along path A are 

thermodynamically favored when the reaction is performed with the acyclic reagent, whereas those 

formed via path C (or B) are favored when the reaction is performed with the cyclic reagent. These 

results are consistent with the experimental observations that the reaction of CS2 with acyclic amidines 

yields bimolecular products, whereas the reaction with cyclic amidines yields carbamic carboxylic 

trithioanhydrides. The thermodynamic preference for path A in the reaction with acyclic reagents can be 

understood in terms of entropic contributions to the free energy of reaction. When acyclic reagents are 

used, path A converts two reacting molecules into two product molecules, whereas path C converts four 

reactant molecules (two amidines and two CS2 molecules) into two product species (the ring and an 

ionic complex). This interpretation is supported by the calculations, which show that changes in entropy 

contribute -46.024 kJ/mol and 98.3 kJ/mol to the reaction free energies along path A and B, 

respectively, with the acyclic reagent (Figure 3.2, a). 

 

In the case of cyclic reagents, path A converts two reactant species into one product molecule while 

path C converts four reactant molecules into two products. As such, entropic factors do not play such 

adefining role in favoring the progress of the system along either reaction pathway. Instead, the 
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preference for path C over path A with cyclic reagents stems from the relative abilities of the system to 

progress from M2 to either of A3 or C3, with the free energies showing that C3 is 10.9 kJ/mol lower in 

free energy than A3. The relatively high energy of A3 can be attributed to the presence of the 6-

membered ring in the reagent, which restricts the ability of the system to easily accommodate 

distortions induced through the formation of the 4-membered ring in A3. The apparent energetic penalty 

associated with accommodating these distortions renders A3 higher in free energy than all structures 

along path C with the cyclic reagent, and thus path C is preferred (Figure 3.2, b). 

 

Finally, it is noted that the energetics obtained with the cyclic reagent indicate that C4 is slightly 

more stable than the products (C6), which may suggest that path C is incompatible with the 

experimental observation of C6. However, the difference in the free energies of C4 and C6 is small 

relative to the precision of the methods used in the calculations, particularly considering the 

approximate manner in which the solvent and complexes are treated compared to the environment that 

is present in the experimental system. 

 

                            



 104 

 

Figure 3.2. Calculated relative free energies along paths A, B, and C with (a) acyclic and (b) cyclic amidines. Labels 

correspond to those used to indicate species in Scheme 3.16.  Values in parentheses correspond to free energies in kJ/mol 

relative to the separated reactants.  
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3.5. Conclusions 

The formation of carbamic carboxylic trithioanhydrides is not observed when CS2 is reacted with 

acyclic N,N-dimethylacetamidines. Instead, reaction with CS2 leads to the formation of isothiocyanates 

and N,N-dimethylthioacetamide. The reaction occurs at room temperature and avoids the use of 

chlorinated or toxic desulfurization agents. A facile two-pot sequence, as shown in Scheme 3.4, 

converts primary amines to isothiocyanates at room temperature. Mechanistic path A was found to be 

energetically reasonable and more favourable for these acyclic amidines than the pathways leading to 

trithioanhydride rings. 

 

While both cyclic and acyclic amidines are postulated to react via the same initial step, the 

formation of an unstable zwitterionic intermediate adduct with CS2, the subsequent reactivity of that 

adduct is believed to be the cause of the difference in chemistry observed with cyclic versus acyclic 

amidines. While a key rotation step in the zwitterionic adduct is facile in the acyclic amidines, that 

rotation in the adduct of the cyclic amidines is hindered enough to disallow that pathway in favour of 

the zwitterionic adduct reacting to form the trithioanhydride product. The mechanism leading to the 

trithioanhydride product is not that published previously (reaction of the zwitterionic adduct with 

another CS2 molecule, path B) but rather a new mechanism starting with deprotonation of the acidic 

methylene, α to the central amidine carbon (path C).  

3.6. Experimental Methods 

3.6.1. General Considerations 

     All reactions were performed under an atmosphere of argon, unless otherwise indicated. All reagents 

were purchased from Sigma-Aldrich with the exception of N,N-dimethylacetamide dimethyl acetal 

which was purchased from TCI America, Carbon disulfide (CS2) was used as received and all other 
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reagents were dried and purified according to literature protocols.61 High resolution mass spectra 

(HRMS) ESI and EI for all compounds were obtained on a Qstar XL QqTOF from Applied 

Biosystems/MDS Sciex. Proton nuclear magnetic resonance (1H NMR) and proton-decoupled carbon-

13 nuclear magnetic resonance (13C{1H} NMR) spectra for all compounds were recorded with a Bruker 

AVANCE-400 (400.13 MHz) NMR spectrometer. Each sample was referenced to tetramethylsilane 

unless the NMR solvent used was dimethylsulfoxide-d6, in which case the 1H and 13C chemical shifts 

were referenced to residual solvent peaks where possible.  

Researchers using CS2, which is quite toxic and flammable, should take suitable precautions to avoid 

exposure to the liquid or vapour and to avoid spark sources. 

 

3.6.2. Synthesis of Isothiocyanates (1a-k) and Dimethylthioacetamide (2) 

 Acetamidines were synthesized according to the literature procedures34, 35 and purified by 

vacuum distillation. In a flame or oven-dried Schlenk-flask, three molar equivalents of CS2 were added 

at room temperature to the neat acetamidine with stirring. The solution darkened in colour and was left 

to stir overnight. Beige crystals precipitated out of solution in a dark orange to red oil. The subsequent 

separation and purification steps were different for isothiocyanates 1a-c than for the others, as explained 

below. 

 For the purification of the alkyl isothiocyanates (1a-c), a minimal amount of ether was added to 

the reaction mixture in order to precipitate more beige crystals. The crystals were confirmed to be 1 by 

1H and 13C NMR spectroscopy; chemical shifts corresponded to the literature values.32 Vacuum 

filtration was used to collect the crystals of 2, which were washed with a minimal amount of ether and 

hexanes. The organic solvent and remaining carbon disulfide were removed from the filtrate under 

reduced pressure at room temperature, leaving a red oil. The red oil following the reaction of CS2 with 
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n-butyl, n-hexyl, or n-octyl acetamidine was confirmed to be the corresponding alkylisothiocyanate; the 

NMR spectra matched literature chemical shifts.33 Further purification of the alkylisothiocyanates can 

be achieved by silica gel flash chromatography with dichloromethane as the eluent. 

For the purification of isothiocyanates 1d-k, residual carbon disulfide was removed from the reaction 

mixture under reduced pressure, leaving a dark orange oil behind. Separation of 2 from the 

isothiocyanate was afforded by column chromatography using a mixture of ethyl acetate: 

dichloromethane: hexanes in the ratio of 3:2:1 by volume as eluent.  

The isolated isothiocyanates matched literature NMR shifts (compounds 1a – 1c33, 8d62, 1e, 1f and 1i43, 

1g,40  1j,52  and 1k63). 

Notes: ap = apparent pentet or “quintet”., ah = apparent hextet. Because the isothiocyanate carbon is 

sometimes difficult to detect in the normal 13C{1H} NMR spectrum, HMBC 2D NMR spectroscopy was 

used to detect that signal for two of the products (1b and 1c). 

n-Butyl isothiocyanate (1a). (starting with 1.2 mmol of amidine) isolated yield: 44%, 

yellow oil. 1H NMR (400 MHz, CDCl3) δ 3.52 (t, J = 6.8 Hz, 2H), 1.69 (ap, J = 6.8 Hz, 

2H), 1.46 (ah, J = 7.6 Hz, 2H), 0.96 (t, J = 7.6 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 129.5, 44.8, 

31.9, 19.8, 13.3. HRMS (EI) calculated for C5H9NS [M]+ 115.0456, found: 115.0453. 

n-Hexyl isothiocyanate (1b). (1.6 mmol of amidine) isolated yield: 74%, yellow oil. 

1H NMR (400 MHz, CDCl3) δ 3.51 (t, J = 6.6 Hz, 2H), 1.72 (ap, J = 7.0 Hz, 2H), 1.53 

– 1.27 (m, 6H), 0.93 (t, J = 6.6 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 144.6,* 45.1, 31.0, 29.9, 

26.3, 22.5, 14.0. HRMS (EI) calculated for C7H13NS [M]+ 143.0769, found: 143.0772. *Quarternary C 

signal observed by 2D-NMR HMBC. 

n-Octyl isothiocyanate (1c). (1.3 mmol of amidine) isolated yield: 83%, yellow oil. 

N C
S

C4H9
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1H NMR (400 MHz, CDCl3) δ 3.51 (t, J = 6.6 Hz, 2H), 1.70 (ap, J = 7.0 Hz, 2H), 1.49 – 1.15 (m, 10H), 

0.89 (t, J = 6.3 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 145.0,* 45.1, 31.7, 30.0, 29.1, 28.8, 26.6, 

22.6, 14.1. HRMS (nLC) calculated for C9H18NS [M+H]+ 172.1155, found: 172.1149. *Quarternary C 

signal observed by 2D-NMR HMBC. 

Phenyl Isothiocyanate (1d). (0.8 mmol of amidine) isolated yield: 57%, yellow oil. 

13C{1H} NMR (100 MHz, CDCl3) δ 135.4, 131.2, 129.7, 127.5, 125.9. HRMS (EI) 

calculated for C7H5NS [M]+ 135.0143, found: 135.0148. 

Benzyl isothiocyanate (1e).  (1.8 mmol of amidine) isolated yield: 85%, yellow oil. 

1H NMR (400 MHz, CDCl3) δ 7.45 – 7.28 (m, 5H), 4.71 (s, 2H). 13C{1H} NMR 

(100 MHz, CDCl3) δ 134.3, 129.0, 128.4, 126.8, 48.7. HRMS (EI) calculated for C8H7NS [M]+ 

149.0299, found: 149.0294. 

1-Phenylethyl isothiocyanate (1f). (1.0 mmol of amidine) isolated yield: 91%, 

yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.4 – 7.26 (m, 5H), 4.91 (q, J = 6.8 Hz, 

1H), 1.68 (d, J = 6.8 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3): δ 140.39, 128.93, 128.23, 125.44, 

57.05, 24.98. HRMS (EI) calculated for C9H9NS [M]+ 163.0456, found: 163.0462. 

2-Thienyl-methyl isothiocyanate (1g). (1.5 mmol of amidine) isolated yield: 86%, 

yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.31 (dd, J = 5.1, 1.0 Hz, 1H), 7.08 – 7.03 

(m, 1H), 6.99 (dd, J = 5.1, 3.6 Hz, 1H), 4.84 (s, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ 136.6, 127.1, 

126.6, 126.2, 43.9. HRMS (EI) calculated for C6H5NS2 [M]+ 154.9863, found: 154.9857. 

 (2-Isothiocyanatoethoxy)benzene (1h). (2.1 mmol of amidine) isolated yield: 

73%, yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.31 (t, J = 7.8 Hz, 2H), 7.00 (t, J 

= 7.4 Hz, 1H), 6.92 (d, J = 7.8 Hz, 2H),  

N
C
S
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4.16 (t, J = 5.4 Hz, 2H), 3.88 (t, J = 5.4 Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ 157.9, 129.6, 

121.7, 114.9, 66.0, 44.8. HRMS (EI) calculated for C9H9NOS [M]+ 179.0405, found: 179.0410. 

Cyclohexyl isothiocyanate (1i). (4.4 mmol of amidine) isolated yield: 79%, 

colourless oil. 1H NMR (400 MHz, CDCl3) δ 3.66–3.57 (m, 1 H), 1.87–1.78 (m, 2 H), 

1.71–1.52 (m, 4 H), 1.46–1.26 (m, 4 H). 13C{1H} NMR (100 MHz, CDCl3) δ 129.8, 55.4, 33.2, 25.0, 

23.2. HRMS (EI) calculated for C7H11NS 141.0612, found: 141.0617. 

2-(2-Isothiocyanatoethoxy)ethanol (1j). (2.3 mmol of amidine) isolated 

yield: 46%, yellow oil. 1H NMR (400 MHz, CDCl3) δ 3.99 – 3.47 (m, 8H), 

2.03 (brs, 1H).13C{1H} NMR (100 MHz, CDCl3) δ 134.1, 72.5, 69.3, 61.8, 45.4. HRMS (EI) calculated 

for C5H9NO2S [M]+ 147.0354, found: 147.0350. 

1,2-Bis(2-isothiocyanatoethoxy)ethane (1k). (1.2 mmol of 

amidine) isolated yield: 64%, yellow oil. 1H NMR (400 MHz, 

CDCl3) δ 3.75 – 3.68 (m, 12H). 13C{1H} NMR (100 MHz, CDCl3) δ 132.7, 70.9, 69.4, 45.3. HRMS 

(EI) calculated for C8H12N2O2S2 [M]+ 232.0340, found: 232.0347. 

Dimethylthioacetamide (2). 1H NMR (400 MHz, CDCl3) δ 3.50 (s, 3H), 3.31 (s, 3H), 

2.66 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 199.79, 44.36, 42.18, 32.74. HRMS 

(EI) calculated for C4H9NS [M]+ 103.0456, found: 103.0451. 

 

3.7. Calculations  

     Geometry optimizations were performed to evaluate and compare the relative energies of 

structures along possible reaction pathways. The calculations focused on comparing relative energies of 

the minima along these pathways, which is sufficient to assess the thermodynamic details associated 

N

S
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with product formation. All minima were characterized by frequency calculations, which also provided 

corrections required to obtain free energies at 298.15 K and 1 atm. The calculations were performed 

using Kohn-Sham density functional theory64, 65  with the M06-2X exchange-correlation functional66  in 

conjunction with the aug-cc-pvDZ basis set.67, 68 Solvent effects were incorporated through the IEFPCM 

method69  using parameters for tetrahydrofuran. All calculations were performed using the Gaussian09 

software package.70  These computational calculations were performed, with thanks, by Dr. Mosey. 

 

3.8. References 

 

 1. P. Munshi, A. D. Main, J. Linehan, C. C. Tai and P. G. Jessop, J. Am. Chem. Soc., 2002, 124, 7963-

7971. 

2. P. Munshi, D. Heldebrant, E. McKoon, P. A. Kelly, C.-C. Tai and P. G. Jessop, Tetrahedron Lett., 

2003, 44, 2725- 2727. 

3. D. J. Heldebrant, P. G. Jessop, C. A. Thomas, C. A. Eckert and  C. L. Liotta, J. Org. Chem., 2005, 

70, 5335-5338. 

4. P. G. Jessop, D. J. Heldebrant, L. Xiaowang, C. A. Eckert and  C. L. Liotta, Nature, 2005, 436, 

1102. 

5. Y. Liu, P. G. Jessop, M. Cunningham, C. A. Eckert and C. L. Liotta, Science, 2006, 313, 958-960. 

6. B. J. Flowers, R. Gautreau-Service and P. G. Jessop, Adv. Synth. Catal., 2008, 350, 2947-2958. 

7. P. G. Jessop, L. Phan, A. Carrier, S. Robinson, C. J. Dürr and J. R. Harjani, Green Chem., 2010, 12, 

809-814. 

8. E. Haruki, M. Arakawa, N. Matsumura, Y. Otsuji and E. Imoto, Chem. Lett., 1974, 427-428. 

9. H. Mori, Bull. Chem. Soc. Jpn., 1988, 61, 435-439. 

10.  W. D. McGhee, D. P. Riley, M. E. Christ and K. M. Christ, Organometallics, 1993, 12, 1429-1433. 



 111 

11.   M. Costa, G. P. Chiusoli, D. Taffurelli and G. Dalmonego, J. Chem. Soc., Perkin Trans. 1., 1998, 

1541-1546. 

12.   T. Mizuno and Y. Ishino, Tetrahedron, 2002, 58, 3155-3158. 

13.   M. Yoshida, Y. Komatsuzaki and M. Ihara, Org. Lett., 2008, 10, 2083-2086. 

14. S. Patai; An excellent source of information on amidine chemistry is: The Chemistry of Amidines 

and Imidates, Volumes 1 and 2, John Wiley & Sons, London, 1975. 

15.   W. McGhee and D. Riley, J. Org. Chem., 1995, 60, 6205-6207. 

16.   T. Mizuno, N. Okamoto, T. Ito and T. Miyata, Tetrahedron Lett., 2000, 41, 1051-1053. 

17.   C. J. Dinsmore and S. P. Mercer, Org. Lett., 2004, 6, 2885-2888. 

18.   Y. Kishimoto and I. Ogawa, Ind. Eng. Chem. Res., 2004, 43, 8155-8162. 

19.   R. L. Paddock, Y. Hiyama, J. M. McKay and S. T. Nguyen, Tetrahedron Lett., 2004, 45, 2023-

2026. 

20.   N. Aoyagi, Y. Furusho, Y. Sei and T. Endo, Tetrahedron, 2013, 69, 5476-5480. 

21.   C. Villiers, J.-P. Dognon, R. Pollet, P. Thuéry and M. Ephritikhine, Angew. Chem. Int. Ed., 2010, 

49, 3465-3468. 

22.   F. S. Pereira, D. L. D. Agostini, R. D. D. Santo, E. R. deAzevedo, T. J. Bonagamba, A. E. Job and 

E. R. P. Gonzalez, Green Chem., 2011, 13, 2146-2153. 

23.   E. R. Pérez, R. H. A. Santos, M. T. P. Gambardella, L. G. M. de Macedo, U. P. Rodrigues-Filho,   

J.-C. Launay and D. W. Franco, J. Org. Chem., 2004, 69, 8005-8011. 

24.    M. Vlasse, S. Giandinoto, S. T. Attarwala and Y. Okamoto, Acta Cryst., C 1986, 42, 487-490. 

25.   R. Gompper and W. Elser, Angew. Chem. Int. Ed. Engl., 1967, 6, 366-367. 

26.   R. Gompper, B. Wetzel and W. Elser, Tetrahedron Lett., 1968, 9, 5519-5522. 

27.   T. Yamamoto, M. Itoh, N. U. Saitoh, M. Muraoka and T. Takeshima, J. Chem. Soc., Perkin Trans. 

1, 1990, 2459-2464. 



 112 

28.  M. Muraoka, T. Yamamoto, S. Yamaguchi, F. Tonosaki, T. Takeshima and N. Fukada, J. Chem. 

Soc., Perkin Trans. 1, 1977, 1273-1280. 

29.  Y. Yu, H.-P. Zhong, K.-B. Yang, R.-B. Huang and L.-S. Zheng, Acta Cryst., 2005, E61, o387- 

o388. 

30.  J. Rolfe, Appl. Phys. Lett., 1965, 6, 66-67. 

31.  P. K. Koech, J. E. Rainbolt, M. D. Bearden, F. Zheng and D. J. Heldebrant, Energy  Environ. Sci., 

2011, 4, 1385-1390. 

 32.   C. Heyde, I. Zug and H. Hartmann, Eur. J. Org. Chem., 2000, 3273-3278. 

33.    J. Nath, H. Ghosh, R. Yella, and B. K. T. Patel, Eur. J. Org. Chem., 2009, 1849-1851. 

34.    J. Oszczapowicz and E. Raczynska, J. Chem. Soc., Perkin Trans. 2, 1984, 1643-1646. 

35.    J. R. Harjani, C. Liang and P. G. Jessop, J. Org. Chem., 2011, 76, 1683-1691. 

36.    E. Dyer and T. B. Johnson, J. Am. Chem. Soc., 1932, 54, 777-787. 

37.    S. Kim and K. Y. Yi, Tetrahedron Lett., 1985, 26, 1661-1664. 

38.    M. Sato and C. H. Stammer, J. Med. Chem., 1976, 19, 336-337. 

39.    X. Zhang, Y. K. Lee, J. A. Kelley and T. R. Burke, Jr., J. Org. Chem., 2000, 65, 6237-6240. 

40.    Z.-Y. Li, H.-Z. Ma, C. Han, H.-T. Xi, Q. Meng, X. Chen and X.-Q. Sun, Synthesis, 2013, 45, 

1667-1674. 

41.  L. Jamir, B. Alimenla, A. Kumar, D. Sinha and U. B. Sinha, Synth. Commun., 2011, 41, 147-155. 

42.  X. Zhang, Y. K. Lee, J. A. Kelley and T. R. Burke,  J. Org. Chem., 2000, 65, 6237-6240. 

43.  N. Sun, B. Li, J. Shao, W. Mo, B. Hu, Z. Shen and X. Hu, Beilstein J. Org. Chem., 2012, 8, 61-70. 

44.  L. Jamir, A. R. Ali, H. Ghosh, F. A. S. Chipem and B. K. T. Patel, Org. Biomol. Chem., 2010, 8, 

1674-1678. 

45.  H. Munch, J. S. Hansen, M. Pittelkow, J. B. Christensen and U. Boas, Tetrahedron Lett., 2008, 49, 

3117-3119. 

46.  U. Boas and M. H. Jakobsen, J. Chem. Soc., Chem. Commun., 1995, 1995-1996. 



 113 

 47.  S. L. Cao, H. Xu, Y. Wang, J. Liao, J.-J. Zhang, Z.-F. Li, Y.-W. Guo, X.-R. Li, X.-M. Cui and X. 

Xu, Med. Chem., 2012, 8, 163-173. 

 48.  R. B. Ferreira, C. F. Tormena and W. P. Almeida, J. Mol. Struct., 2013, 1037, 186-190. 

49.  O. Bassas, J. Huuskonen, K. Rissanen and A. M. P. Koskinen, Eur. J. Org. Chem., 2009, 1340-

1351. 

50.  S. W. Kim, S. S. Jun, H. G. Cheon, K. R. Kim, S. D. Rhee, W. H. Jung and J. C. Lee, WO 

2010044582 A2, 2010.  

 51.  N. G. Lukyanenko, T. I. Kirichenko and S. V. Scherbakov, J. Chem. Soc., Perkin Trans. 1., 2002,    

2347-2351. 

52.   H. Tajima and G. Li, Synlett., 1997, 773-774. 

53.   K. Wei, J. Li, G. Chen and M. Jiang, ACS Macro. Lett., 2013, 2, 278-283. 

54.  G. W. Shipps, Jr., Y. Ma, B. R. Lahue, W. Seghezzi, R. Herbst, C.-C. Chuang, D. A. Annis, and  

M.   Kirtley, WO 2008153701 A1, 2008.  

55.  W. F. O'Connor, G. W. Cogswell and E. J. Moriconi, J. Chem. Educ., 1958, 35, 405-406. 

56.  K. Hartke and H. D. Gerber, J. Prakt. Chem. Chem.-Ztg., 1996, 338, 763-765. 

57.  Z.-M. Zong, Y.-L. Peng, Z.-G. Liu, S.-L. Zhou, L. Wu, X.-H. Wang, X.-Y. Wei and C. W. Lee, 

Korean J. Chem. Eng., 2003, 20, 235-238. 

58.  Z. Kaleta, G. Tarkanyi, A. Goemoery, F. Kalman, T. Nagy and T. Soos, Org. Lett., 2006, 8, 1093-

1095. 

59.  U. Pathak, L. K. Pandey and R. Tank, J. Org. Chem., 2008, 73, 2890-2893. 

60.  D. H. R. Barton, J. D. Elliott and S. D. Géro, J. Chem. Soc. Perkin Trans. 1, 1982, 2085-2090. 

61.  W. L. F. Armarego and C. L. L. Chai, Purification of Laboratory Chemicals, 5th ed., Elsevier 

Science, Burlington, MA, 2003. 

62. J. R. Mays, R. L. W. Roska, S. Sarfaraz, H. Mukhtar and S. R. Rajski, ChemBioChem., 2008, 9, 

729-747.  



 114 

63.  S. Kumar, L. Xue and D. P. Arya, J. Am. Chem. Soc., 2011, 133, 7361-7375. 

64.  W. Kohn and L. J. Sham, Phys. Rev., 1965, 140, A1133-A1138. 

65.  P. Hohenberg and W. Kohn, Phys. Rev., 1964, 136, B864. 

66.  Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 2008, 120, 215-241. 

67.  T. H. Dunning Jr., J. Chem. Phys., 1989, 90, 1007-1023. 

68.  D. E. Woon and T. H. D. Jr., J. Chem. Phys., 1993, 98, 1358-1371. 

69.  J. Tomasi, B. Mennucci, E. Cancès, J. Mol. Struct. (Theochem), 1999, 464, 211-226. 

70.  M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. 

Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, 

A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. 

Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. J. A. Montgomery, J. 

E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. 

Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, 

N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. 

Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. 

Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. 

Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian, Gaussian 09, 

revision D.01, Gaussian, Inc., Wallingford CT, 2013. 

 



 

 



 

 

115 

Chapter 4 

Reactions of CS2 with Acyclic Guanidines Containing an N-H Bond  

 

4.1. Introduction 

4.1.1. Reaction of CS2 with Acyclic Guanidines   

 

     This a short chapter describes a focussed study on the reactivity of CS2 with an acyclic 

guanidine such as 1,1,3,3-tetramethylguanidine (TMG) which contains an N-H bond in its 

structure. There are literature reports of the reaction of CS2 with acyclic guanidines that contain 

an imino N-H bond and/or amino N-H bonds. For example, Gattow et al. reported the reaction of 

guanidine derivatives without sterically hindered groups with CS2 in different conditions.1 They 

found that the presence  of N-H bonds in the amino and imino groups belonging to such 

guanidine derivatives can affect their reactivity with CS2,  although this also depends on the 

conditions used (e.g., the choice of solvent and applied temperature). The treatment of guanidine 

with CS2 in acetone at 50 oC results in the formation of guanidinium trithiocarbonate and the 

guanidinium salt of 4-imino-2,6-dithio-1,3,5-thiadiazine (Scheme 4.1.a). It is apparent that at 50 

oC both amino nitrogens act as reactive sites. In contrast, guanidinium guanidinodithioformate 

(Scheme 4.1.b) was obtained when the reaction was performed in the same solvent at low 

temperatures (-18 oC), implying that at low temperature only the imino nitrogen was activated. 

The pathway of the reaction was also affected by a change in the solvent. The formation of 

guanidinium ethyl xanthate was observed when the reaction was carried out in ethanol at room 

temperature (Scheme 4.1.c).1  
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Scheme 4.1. The effect of solvent and temperature on the reaction of CS2 with guanidine.1 

 

      Reaction of CS2 with an acyclic guanidine containing an imino N-H bond has been found to 

follow another reactivity in a different solvent. Nematpour et al. reported that 1,1,3,3-

tetramethylguanidine dithiocarbamic acid or [bis(dimethylamino)methylene] carbamodithioic 

acid (Scheme 4.2) can form as an intermediate upon treating 1,1,3,3-tetramethylguanidine 

(TMG) with CS2 in acetonitrile at room temperature. This intermediate is useful for the synthesis 

of thiazine derivatives. The dithiocarbamic acid was added to a second intermediate, ketenimine.  

Ketenimine was formed separately by the reaction of alkyne with sulfonyl azide in the presence 

of a copper catalyst. Reaction of the two intermediates under a nitrogen atmosphere resulted in 

the formation of 2-thioxo-2H-1,3-thiazine derivatives.2  
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Scheme 4.2. 1,1,3,3-tetramethylguanidine dithiocarbamic acid being used as an intermediate for the formation of 2-

thioxo-2H-1,3-thiazine derivatives.2  

 

     When TMG was reacted with an equimolar of CS2 in the presence of an alkali (e.g., NaOH or 

KOH) the basic compound bis(dialkylamino)methylene dithiocarbamatic acid alkali salt was 

formed. That converted to zwitterionic adduct TMG-CS2. The zwitterion has been used as a 

precursor for the synthesis of 5-dialkylamino-1,2,4-dithi-azole-3-ones and 3-thiones upon 

addition of non-oxidizing acids such as acetic or hydrochloric acids (Scheme 4.3). 3  
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Scheme 4.3. Reaction showing the formation of the zwitterionic adduct (TMG-CS2) from the reaction of 1,1,3,3-

tetramethylguanidine (TMG) with CS2 in the presence of NaOH and CH3COOH.3    

 

     Reaction of CS2 with an acyclic guanidine containing an imino N-H bond in the presence of 

amines showed a contrasting reactivity, where the guanidine serves only as a Bronsted base. 

Adding CS2 to an equimolar mixture of a neutral base such as TMG and a non-tertiary amine 

leads to the formation of dithiocarbamic salt [TMGH+] [RHNCS2-] via the insertion of CS2 into 

the N-H bond of the amines (Scheme 4.4).4 Dithiocarbamates [TMGH+] [RHNCS2-] are room 

temperature ionic liquids (RTILs) and more stable at room temperature than guanidinium 

carbamates [TMGH+] [RHNCO2-]. [TMGH+] [RHNCS2-] cannot reconvert to TMG and amines, 

even at high temperatures (e.g. > 80 oC). In contrast, the carbamate salts lose CO2 close to their 

decomposition temperature. As such, carbamate salts can switch back to their starting non-ionic 

form at 50 oC.  
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Scheme 4.4 The formation of dithiocarbamates and carbamate salts when a mixture of TMG/amine is treated with 

CS2.4    

 

4.2. Results and Discussion 

4.2.1.   Reaction of CS2 with 1,1,3,3-Tetramethylguanidine (TMG) 

 

     Our objective is to discover the reactivity of CS2 with TMG (which possess an N-H bond) at 

room temperature in the presence of solvent and the absence of base or other reagents. First, 

TMG was reacted with CS2 in THF. We anticipated the reaction of the N-H bond with CS2, 

based upon literature reports of similar reactivity (Schemes 4.1 and 4.2) according to the 

mechanism proposed by Gattow et al., the lone pair of electrons of the imino nitrogen attacks the 

central carbon of CS2. The H-N bond cleaves, and the proton released forms a bond with the 

imino nitrogen in the second molecule to form guanidinuim cation.1 However, the spectra of the 

crude mixture did not correspond to the anticipated structure, but rather showed the formation of 

1,1,3,3-tetramethylthiourea (TMTU) (Scheme 4.5.b). TMTU was in the crude in addition to 

some of the starting material. Additionally, there are two peaks appear at 40.01 and 162.99 ppm 

in the 13C NMR and HMBC, respectively. They belong to a single unidentified species, and have 

a coupling to each other (Figure 4.1). However, this species does not match any of the proposed 

structures in Scheme 4.5a, and no observed peak belongs to CS2 or C=S in this species.  
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Scheme 4.5. Reaction of 1,1,3,3-tetramethylguanidine with CS2 a) the anticipated result; b) the observed product 

TMTU.  

 

 The resulting crude material is a yellow precipitate, which remains a solid when kept in dry 

conditions, but if exposed to moisture, it became oily upon exposure to air.  The 1H and 13C 

NMR spectra include signals having chemical shifts very close to those reported for (NMe2)2CS 

(the slightly difference is likely due to the use of a different NMR solvent (DMSO)).5 The 13C 

NMR  spectrum of the crude mixture in CDCl3/TMS  did not show the C=S peak, but HSQC and 

HMBC spectra showed a peak in the downfield region at 194.5 ppm which is attributed to  the 

C=S carbon. The CH3 peak appears at 43.11 ppm (13C NMR spectrum), and its protons as a 

singlet at 3.02 ppm in the 1H NMR spectrum. A long-range coupling was observed between the 

protons of the CH3 groups and the C=S carbon in the 2D spectrum (Figure 4.1). However, the 

crude mixture contains some of the starting material, which means the reaction was not complete 

at these conditions.  
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Figure 4.1. The HMBC spectra of the crude product mixture after the reaction of CS2 with TMG, where the peak at 

3.05 ppm is the CH3 groups of TMTU and the peak at 194.45 ppm is C=S. The peaks at 163 and 2.93 ppm 

correspond to the unidentified by-product. 

 

Based on this product identification and by analogy to the chemistry observed with N-t-butyl-

N’,N’,N”,N”-tetramethylguanidine, which does not contain N-H bond (Scheme 4.6),6 I assume 

that the second product was HNCS as shown in Scheme 4.5.b which would likely evaporate 

during the vacuum filtration step due to its volatility. This hypothesis is consistent with the 

Barton’s mechanism (Scheme 4. 6) in which the C=N bond is cleaved by CS2 to produce two 

molecules ((NMe2)2CS and HNCS).  
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Scheme 4.6. Schematic showing the formation of N,N,N,’N’-tetramethylthiourea (TMTU) and tert-

butylisothiocyanate from N-t-butyl-N’,N’,N”,N”-tetramethylguanidine and CS2.6 

 

The guanidine molecule in Scheme 4.6 shows its ability to rotate around the imine bond (N=C) 

to produce the transition state, which then cleaves by CS2 to form the two molecules rather than 

the dithiocarbamate. 

 

4.3.   Conclusions 

 

     Based upon the observed reactivity of TMG with CS2 in the absence of base or other reagents, 

which surprisingly matched that of the reactivity of t-butyltetramethylguanidine, it seems that the 

presence or absence of an N-H bond at the imino nitrogen in this acyclic guanidine does not 

make any difference in the reactivity with CS2, at least at the applied conditions. According to 

Barton and our studies, both structures (with and without an NH bond) were cleaved by CS2 to 

form tetramethylthiourea. 
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4.4.   Experimental Methods 

 

General Procedure for Reaction of CS2 with 1,1,3,3-Tetramethyguanidine (TMG). In a 

glove box and in a dry Schlenk flask, 3 mL of anhydrous THF was added to 1.23 g (11 mmol) of 

TMG. Under Ar and at room temperature (21 oC), 3 equiv. of CS2 (2 mL, 2.44 g, 32 mmol) was 

added drop-wise to the miscible mixture of THF and TMG. The mixture turned from colorless to 

orange before becoming a yellow precipitate, which was not soluble in THF. This mixture was 

left to stir overnight at room temperature, and the residue of CS2 was evaporated under vacuum. 

The yellow precipitate was separated by filtration under vacuum and left to dry under slow 

vacuum. The crude product (1.18 g) stored in the glove box. An NMR sample was prepared in 

CDCl3 in the glove box.   

 

1,1,3,3-Tetramethylthiourea (TMTU) (1). Yellow solid, 1.18 g, 8.9 mmol, 

yield of crude mixture 83 %. 1H NMR (400 MHz, CDCl3): δ 3.0 (s, 4CH3); 

13C{1H} NMR (100 MHz, CDCl3) δ 194.56 (C=S), 43.16 (CH3).5   
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Chapter 5 

Reaction of CO2 with Cyclic and Acyclic Amidines and their Analogues 

 

5.1. Introduction 

     Fixation of carbon dioxide (CO2) using nitrogen containing-compounds as responsive materials 

has attracted much attention in both academic laboratories and industrial processes. CO2 is a cheap, 

abundant, and clean raw material, which is usable for the synthesis of organic carbonates. CO2 is 

an environmentally friendly source of carbon compared to the toxic carbon monoxide, phosgene 

and its derivatives.1–5 Many studies have reported the capture of CO2 using primary and secondary 

amines at room temperature and CO2 atmosphere to produce ammonium carbamates. This process 

is reversible, and CO2 can be slowly released upon heating. Bases (nitrogen containing 

compounds) have been used in the presence of catalysts to successfully activate CO2. Interest has 

increasingly turned towards the use of hindered amidines and guainidines to activate CO2 in order 

to build new C-C and C-N bonds. These bases serve as efficient promoters or catalysts to activate  

CO2 for the synthesis of organic carbonates.4 The more known examples are the reaction of CO2 

with the nucleophilic amidines and guanidines such as 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 

3,3,6,9,9-pentamethyl-2,10-diazabicyclo-[4.4.0]dec-1-ene (PMDBD), and 1,5,7-

triazabicyclo[4.4.0]dec-5-ene (TBD). TBD reacts with CO2 to form the zwitterionic adduct (base–

CO2). However, early literature erroneously claimed that DBU similarly reacts with CO2 to make 

an adduct. For example, Perez proposed that this adduct could be used as a transferring 

carboxylation reagent to synthesize N-alkyl carbamates.4,6 Also, Perez and his co-workers reported 

that the DBU-CO2 zwitterionic adduct was converted by water to a bicarbonate salt (Scheme 5.1).7 
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However, the reaction of CO2 with DBU was examined in a detailed spectroscopic study in the 

Jessop lab; they found that the product detected in prior studies had been the bicarbonate salt, not 

a zwitterionic adduct, and that such a zwitterionic adduct (DBU-CO2) is not detected in the 

presence or absence of water.8  

 

 

Scheme 5.1. Reaction of CO2 with DBU in anhydrous and wet conditions.7,8    

 

     Perez et al. also reported that 3,3,6,9,9-pentamethyl-2,10-diazabicyclo-[4.4.0]dec-1-ene 

(PMDBD) captured CO2 to form PMDBD-CO2, for which they provided NMR evidence. They 

assumed a carbamic zwitterion adduct such as this would form a hydrogen bond with a water 

molecule (PMDBD+-COO- …..H2O) as shown in Scheme 5.2.  However, they found that during the 

crystallization step, the adduct hydrolyzed and was converted into bis [PMDBDH+|][HCO3-] salt. 

The X-ray structure shows the presence of hydrogen bonding between the two nitrogen atoms of 

the cation and the two oxygen atoms in the anion unit of the dimer bicarbonate salt (Figure 5.1).7  
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Scheme 5.2. The reported PMDBD-CO2 carbamic zwitterion adduct.7    

 

 

 

Figure 5.1. The reported X-ray structure for bis[PMDBDH+][HCO3-].7    

 

Another catalyst, 7-methyl-1,5,7-triaza-bicyclo[4.4.0] dec-5-ene (MTBD), trapped CO2 (5 bar) to 

form an intermediate zwitterionic complex MTBD-CO2, which then was used to produce cyclic 

carbamate. The formation of MTBD-CO2 was detected by ATR-FTIR; two signals were detected 

at 1648 cm−1 and 1602 cm−1 for (C=O) and (C=N), which corresponded to the adduct.9   

 

      In contrast, so far, the only reported isolated stable zwitterionic adduct (base-CO2) of amidines 

and their analogues is TBD–CO2.10 Villiers and his co-workers demonstrated that TBD can 

activate and trap CO2. When CO2 was introduced to a solution of TBD in THF under strict 

N
H

N

CH3CN
CO2 saturated

CO2 stream
0-5 oC

2h
N
H

N

PMDBD- CO2

O O



 

 

128 

anhydrous conditions at room temperature, an off-white powder of TBD–CO2 formed. Under CO2 

atmosphere, the powder was heated to form a TBD–CO2 crystal (Figure 5.2). The crystal was 

stable at room temperature under Ar for a month, and released CO2 when it was heated to 40 oC. 

The isolated adduct was fully characterized including X-ray structure determination as well as 

elemental analysis. The stability of this adduct is likely due to the formation of an intramolecular 

hydrogen bond.10  

 

 

 

 

Figure 5.2. The X-ray molecular structure of TBD-CO2.10,11   

 

With respect to acyclic amidines and guanidines, a study has been done by Aoyagi et al. to 

investigate capturing CO2 by acetamidine and formamidine under dry conditions. It was found that 

exposing a solution of amidine in dry acetonitrile to CO2 (CO2 bubbling 200 mL/min) did not form 

any carbamic zwitterion adduct. Interestingly, there was no observation of the bicarbonate salt 

formation from formamidines under dry conditions (CO2 bubbling 200 mL/min, H2O content <5 

ppm). However, there was a minor white precipitate of bicarbonate salt detected in the presence 

of a trace amount of water in the case of acetamidine (Scheme 5.3).12 
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Scheme 5.3.  Fixation of CO2 by acetamidine (R’= CH3) and formamidine (R’ = H) under dry conditions, R= n- 

C8H17, or Cy.12 

 

 

     To date there has been no isolation of any zwitterioinc adduct of acyclic guanidine-CO2. 

Acyclic guanidines such as 1,1,3,3-tetramethyguanidine are commonly used as an assistant reagent 

where it can fix CO2, possibly by forming an intermediate zwitterionic complex (TMG -CO2). 

According to Nicholls and co-workers, TMG showed an ability to fix CO2 (5 bar) at 50–75 °C to 

form such a zwitterionic complex. The complex activity was highly dependent on the solvent, with 

DMSO being more appropriate.9 However, a TMG -CO2 adduct has not been isolated. 

        

     Much research has indicated that TMG requires a weak acid to be present in order to be able to 

react with CO2, since TMG is a weak nucleophile reagent and a hydrogen bond donor.13 Adding 

an alkanol to the guanidine  or reacting an alkanolguanidine with CO2 produce an ionic or 

zwitterionic product (Scheme 5.4). The reaction of alcohols with CO2 forms unstable alkylcarbonic 
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acids. Therefore, functionalization of the guanidine with an alcohol group increases the 

nucleophilicity of the guanidine and enhances its reaction with CO2. In other words, adding a 

strong base (such as TMG) to the reaction mixture stabilizes the resulting normally unstable alkyl 

carbonic acid as its conjugate base. It was found that TMG can form homo-conjugated complexes 

due to the presence of hydrogen bonding ( N+- H…..N  ⇋  N…..H- N+).13,14   

 

 

 

Scheme 5.4.  The reversible reaction of TMG with CO2 in the presence of alcohol.8,15 

     

When hexanol-guanidine was reacted with anhydrous CO2, a zwitterionic alkylcarbonate was 

formed (stoichiometrically) (Scheme 5.5).14 However, in both previous examples, the presence of 

an alkanol group enables the binding of CO2 to the oxygen of the alkanol to form an O-CO2 bond 

rather than NCO2. 
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Scheme 5.5. Activation of CO2 by hexanol guanidine.14    

 

    Differences in the structure of amidines and guanidines could be exploited in a search for 

appropriate bases to activate and trap CO2. The previous examples demonstrate how the structures 

of amidines, the presence of solvent, and other reagents can affect the binding and release of CO2. 

Therefore, the goal in this research is to capture CO2 by 1,4,5,6- tetrahydropyrimidine derivatives 

as examples of cyclic amidines and acetamidine and TMG as examples of acyclic amidines in the 

absence of water while applying CO2 under high pressure at different temperatures. 

 

 5.2. Results and Discussion 

5.2.1. Fixation of CO2 by Cyclic Amidines Having Different Features  

 

     Different types of monocyclic amidines (1a-c) {1,4,5,6- tetrahydropyrimidine (1a) contains an 

N-H bond, N-methyl-1,4,5,6- tetrahydropyrimidine (1b) contains no N-H bond, and 1,2- dimethyl-

1,4,5,6- tetrahydropyrimidine (1c) contains no N-H bond, but has an alpha methylene group to the 

amidine carbon} reacted with CO2 under varying CO2 pressures in the absence of water. They were 

found to result in a bicarbonate salt (3a-b), and with no reaction in the case of 1c as shown in 

Scheme 5.6. Amidines 1a and 1b were expected to form an amidinium carbamate and a 

zwitterionic adduct, respectively, if they followed the same reactivity with CO2 as they are believed 

to follow with CS2. However, based on the NMR characterization, it appears that bicarbonate salts 
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were formed because of the sensitivity of the compounds to moisture and due to the presence of 

adventitious water during the NMR analysis. New peaks have appeared at 162.8 and 161.9 ppm in 

both the 13C NMR spectra of 3a and 3b, respectively, which represented the bicarbonate anion 

HCO3-. The chemical shifts of 3a and 3b are very close to the chemical shifts of these similar 

reported compounds with slight acceptable differences due to the use of different NMR solvents.11 

It is possible that both the amidinium carbamate salt and the zwitterionic adduct were formed, but 

that they are hydrolytically unstable, thereby converting to the bicarbonate prior to the 

spectroscopy. No reaction was observed when 1c was reacted with CO2.  

 

 

          

Scheme 5.6. The proposed product structures formed upon the reaction of CO2 with 1,4,5,6-tetrahydropyrimidine 

derivatives (1a-c), where   a) R = R' = H, b) R = -CH3, R' = H, c) R = R' = - CH3. 
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5.2.2. Fixation of CO2 by an Acyclic Amidine with no N-H Bond 

 

     Fixation of CO2 by cyclohexylacetamidine was attempted under two conditions (Scheme 5.7). 

Firstly, the reaction was attempted at room temperature (22 oC) under 60 bar of CO2. The second 

attempt was at a higher temperature (60 oC) under 60 bar of CO2. As expected, no reactions were 

observed under either condition. We attributed the lack of reactivity to the same reasons described 

previously in the introduction (Section 5.1). 

 

                                              

Scheme 5.7. N-Cyclohexyl-N,N-dimethylacetamidine has been observed not to react with CO2 either i) at room 

temperature or ii)  at 60 o C (both reactions in the absence of water). 

 

 

5.2.3.  Fixation of CO2 by an Acyclic Guanidine Having an Imino N-H Bond 

 

     1,1,3,3-Tetramethyguanidine (TMG), which contains an imino N-H bond, was reacted with 

CO2 at room temperature in anhydrous conditions with no solvent or any other reagent (Scheme 

5.8), and no reaction was observed based on the 1H and 13C NMR analyses.  
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Scheme 5.8.  No reaction was observed by reacting TMG with CO2 at room temperature. 

 

5.3. Conclusions   

 

      The reaction of CO2 with cyclic and acyclic amidines and guanidines in the absence of water 

has attracted significant attention in the past decades. An objective of this research is to understand 

the reactivity of CO2 with amidines and guanidine in the absence of water and other reagents. It 

was anticipated that the reaction of anhydrous CO2 with amidines and guanidine in the absence of 

any reagents and at a high pressure could activate the CO2 and lead to the formation a new bond 

between the base on the nitrogen site and the electrophilic carbon of the CO2. However, the 

experimental observation did not support this prediction in our experimental cases. No new signal 

indicating an N-CO2 bond was observed in the 1H and 13C NMR spectra of the crude mixture for 

all types of examined amidines. However, the presence of bicarbonate salts in some cases could 

have been preceded in the reaction mechanism by formation of the carbamate zwitterionic adduct, 

which then converted during the analyses to bicarbonate ionic salt. Unfortunately, the formation 

of the bicarbonate salt can not be taken as evidence that such an adduct was formed, no matter how 

briefly. The failure of a stable zwitterionic adduct to be observed can be attributed to the following 

reasons. The examined amidines and guanidines are not sufficiently strong nucleophilic reagents 

to activate the CO2 bond in the absence of water and other reagents (such as alcohol), it was not 

possible even under high pressure or high temperature conditions. The guanidine-CO2 zwitterionic 
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adducts are more stable than amidines-CO2 adduct, possibly because of the greater nucleophilicity 

of the guanidines and the existence of stabilizing hydrogen-bonding interactions in those adducts. 

It is believed that the structure of amidines and guanidines plays a role in t determining the stability 

of base-CO2 zwitterionic adducts. Also, CO2 is difficult to trap in the applied conditions.  

 

    In a comparison of the reactivity of CO2 and CS2 with amidines and guanidine, it has been found 

that CO2 is less active than CS2 when treated with amidines and guanidine (both cyclic and acyclic) 

to create N-C bonds under anhydrous conditions. The structure of the amidines and their analogues 

and the presence or absence of an N-H bond in the structures do not affect their reactivity with 

CO2 under dry conditions. In this study, adding CO2 to amidines and guanidine led to bicarbonate 

salts or no reaction was observed in some cases, but no N-COO bond was observed. The fact is 

that amidines and guanidines are weak nucleophiles and, in most cases, lack the ability to use 

internal hydrogen bonds to stabilize products when reacted with CO2 in the absence of any other 

reagents. To enhance their reactivity, approaches should be taken such as the addition of a weak 

acid or alcohol.   

5.4. Experimental Methods 

5.4.1. Materials 

     All the chemicals (N,N-dimethyl acetamide dimethyl acetal, N,N-dimethyl formamide dimethyl 

acetal, N-methylpropyl-1,3-diamine, cyclohexyl amine, acetamidine hydrochloride, TMG, NMR 

solvent, and 1,4,5,6-tetrahydropyrimidine) were purchased from Sigma-Aldrich. Amines, 

acetamidine hydrochloride, TMG, and the NMR solvent were dried by standard methods over 
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calcium hydride and purified by distillation.18 Cyclohexylamidine, N-1,4,5,6-

tetrahydropyrimidine, and N,N-di-1,4,5,6-tetrahydropyrimidine were synthesized using the 

literature methods16,17 or their syntheses were described in Chapter 2 (section 2.5). All drying and 

purification steps were performed under argon using standard Schlenk techniques.  

 

5.4.2. Instruments and Glassware 

      The addition of the reactants into a high-pressure vessel was performed in a glove box. The 

reactions were performed using dry vials each containing a stir bar and was placed into a dry high-

pressure vessel (A Parr 31 mL T316SS Stainless Steel Vessel (Parr part no. N4742, modified to 

31 mL)). The vessel, vials, and stir bar were dried overnight in an oven at 110 ℃. The NMR tubes 

were dried in the oven for 15 min before transferring to the glove box where the NMR samples 

were prepared. 1H and 13C NMR spectra were recorded with a 400.13 MHz Bruker AVANCE 

NMR spectrometer. Chemical shifts are reported in ppm (δ) relative to tetramethylsilane (TMS).  

 

General Procedure for Reaction of Cyclic Amidines (1a-c) with CO2. In a glove box, amidine 

was added into vials containing a stir bar (no solvent), and was placed in a dry 31 mL high-pressure 

stainless-steel vessel. After the vessel was sealed and removed from the glove box, the amidine 

was stirred overnight at room temperature under 60 bar of CO2. Then the vessel was CO2-

depressurized slowly and, subsequently, opened in the glove box. The NMR samples for products 

3a-c (Scheme 5.6) were prepared in dry CDCl3 and tightly sealed. 
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Spectroscopic Data of Products (3a-b) 

 1,4,5,6-Tetrahydropyrimidinium bicarbonate salt (3a). 1H NMR 

(400 MHz, CDCl3/TMS): δ  7.1 (s, 1H), 3.26 (t, 4H), 3.18 (q, 2H) ppm. 

13C{1H} NMR (100 MHz, CDCl3/TMS): δ  161.9 (HCO3-), 148.3 

(NCHN), 40.7 (2CH2), and 20.8 (CH2) ppm.11 

 

 N-Methyl-1,4,5,6-tetrahydropyrimidinium bicarbonate salt (3b). 

1H NMR (400 MHz, CDCl3/TMS): δ  7.31 (s, 1H), 3.34 (t, 2H), 3.16 

(t, 2H), 2.92 (s, CH3), 1.89 (q, 2H) ppm. 13C {1H} NMR (100 MHz, 

CDCl3/TMS): δ  162.8 (HCO3-), 150.8 (NCHN), 45.6 (NCH3), 41.8 (NCH2), 40.2 (NCH2), and 

20.7 (CH2) ppm.11 

 

General Procedure for Reaction of Cyclohexylacetamidine with CO2. a) In a glove box, 0.54 

g (3.2 mmol) of n-cyclohexylacetamidine was added into vials containing a stir bar and 3 mL of 

CDCl3, and placed in a dry 31 mL high-pressure stainless-steel vessel. The mixture was allowed 

to stir overnight at room temperature under 60 bar of CO2. Then the vessel was depressurized until 

5 bar of CO2 remained, and the sample was then transferred to the glove box. An NMR sample 

was prepared in dry CDCl3. No reaction was observed (according to 1H and 13C NMR 

spectroscopy). 

 

b) A similar procedure to (a) was applied, but in this case the mixture was stirred at 60 o C.  

 

HN NH HCO3

N NH HCO3
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General Procedure for Reaction of TMG with CO2. In a glove box, 0.54 g (4.7 mmol) of 

guanidine (TMG) was added into vails containing a stir bar (no solvent), and was placed in a dry 

31 mL high-pressure stainless-steel vessel. The mixture was allowed to stir overnight at room 

temperature under 60 bar of CO2. Then the vessel was depressurized until 5 bar of CO2 remained, 

and the sample was then transferred to the glove box. An NMR sample was prepared in a dry 

CDCl3. No reaction was observed (according to 1H and 13C NMR spectroscopy). 
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Chapter 6 

Conclusions and Recommendations for Future Work 

 

6.1. General Conclusions 

 

     Amidines and guanidines with different structures are useful function groups to activate CS2 

and CO2 in order to create C-C and N-C bonds. Generally, nucleophilic attack by the base 

nitrogen atom takes place on the central carbon of the CS2 or CO2. The examined amidines and 

their analogues (cyclic and acyclic) have shown different reactivity with CS2 and CO2 in the 

absence of water, and produced different important sulfur or oxygen and nitrogen containing 

products. These products may have active biological applications according to the similar 

obtained functional group reported by other groups.  

 

     In this research, CS2 reacted with 1,4,5,6-tetrahydropyrimidine derivatives (as examples of 

monocyclic amidines) under anhydrous conditions at room temperature. Based on the obtained 

results, the reactions required adding solvent in some cases to complete the reaction, and they 

formed different products depending on the substituents on the amino-nitrogen or central carbon 

of the amidine. 1,4,5,6-Tetrahydropyrimidines form an amidinium salt {[(B-CS-2)-(H)][BH+]}, 

an unstable zwitterionic adduct (B-CS2), or a trithioanhydride, depending on their structures. The 

amidinium salt forms via the insertion CS2 into the N-H bond of the amidine. An amidine with 

no N-H bond and no methylene alpha to the amidine carbon reacts via the nucleophilic imino-

nitrogen atom which attacks the carbon of carbon disulfide to form the unstable zwitterionic 

adduct (B-CS2). A 1,4,5,6-tetrahydropyrimidine with a methylene alpha to the amidine carbon 
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follows a different reactivity compared to the other cyclic amidines from same family of 

compounds, resulting in a trithioanhydride.  

 

     Upon reaction with CS2, acyclic amidines having no N-H bond (e.g., acetamidines) and linked 

to bulky and non-bulky groups, tend to form two linear molecules: isothiocyanates (RCNS) and 

thioacetamide (Me2NC(S)Me), simultaneously. Reaction of CS2 with guanidine contains an =N-

H bond (e.g., TMG) led to formation of tetramethylthiourea (TMTU) and assumed isothiocyanic 

acid (HNCS). The products were obtained under neat conditions without addition of base or 

desulfurization reagents.      

 

     The difference in reactivity of CS2 with cyclic versus acyclic amidines is attributed to the 

ability of the acetamidines and guanidine (acyclic) molecules to rotate around the imine (N=C) 

bond and allows the anionic sulfur atom to bind to the amidine carbon atom giving the transition 

state. This mechanism cannot happen in the case of the cyclic amidines where the rigidity in the 

cyclic form prevents that rotation as in the case of DBU in the reported literature1,2, and as in 1,2-

dimethyl-1,4,5,6-tetrahydropyrimidine in this research. Therefore, in this research cyclic 

amidines (e.g. 1,4,5,6-tetrahydropyrimidine derivatives) form a carbamate salt, an unstable 

zwitterionic adduct, or a cyclic trithioanhydride depending on the substitution on the amino-

nitrogen, imino-nitrogen, and the amidine carbon (Figure 6.1).    
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Figure 6.1. The influence of the structure of 1,4,5,6-tetrahydropyrimidine derivatives on their reaction with CS2.  

 

          In terms of reactions with CO2, all types of examined amidines were less reactive with CO2 

under dry conditions. In the case of the reaction of cyclic amidines with CO2, there were no 

observations of formation of any desired carbamic salt or adduct when CO2 was introduced to 

1,4,5,6-tetrahydropyrimidines. The desired products might form as unstable intermediates which 

easily converted to bicarbonate salts if any water is present (as observed in this work). On the 

other hand, there was no reaction observed when CO2 was added to either TMG or the 

acetamidine lacking an N-H bond.  

 

6.2. Future Work 

 

     Upon literature review and the current observation based on this research, there are many 

factors that can affect the reactivity of amidines and guanidines with CS2. Conditions such as 

solvent, temperature, and most importantly, the structure of amidines and guanidines all can 

influence the pathway of reaction with CS2. In this research, the reactions of amidines with CS2 
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were performed at room temperature. However, Gattow et al., for example, performed reactions 

of amidines and guanidines at both moderate and low temperatures, which led to the formation of 

different compounds (Chapter 4, Section 4.1.1.).3 Some literature reports describe the reaction of 

amidines with CS2 in the presence of another reagent or base.4  

 

     All the reactions in this research were performed under dry conditions. 1,4,5,6- 

Tetrahydropyrimidines can be hydrolysed in water; therefore, amidines were dried in prior to 

use. However, we have not tried reacting CS2 with cyclic and acyclic amidines in hydrated 

conditions. Not all of the amidines are hygroscopic or readily hydrolyzed in the presence of 

water at room temperature or lower temperature (Chapter 1, Section 1.3.2). Therefore, a question 

that should receive attention is what are the effects of structure and conditions on the products 

obtained when CS2 react with selected amidines in the presence of water. 

 

     The reaction of CS2 with tetrahydropyrimidine having both an N-H bond and a methylene 

alpha to the amidine carbon with CS2 was not included in this study (Figure 6.2). The question is 

which one of these features has the strongest influence on the pathway of the reaction with CS2? 

Is the insertion into the N-H of amino nitrogen more favorable, or the nucleophilic attack via the 

imino-nitrogen followed by cyclization the reaction that would take the place in this case? On the 

other hand, the possibility of both reactions happening at the same time, forming more than one 

product, should be entertained.   
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Figure 6.2. Structure of a 2-substituted 1,4,5,6-tetrahydropyrimidine.5 

 

     Studying the reactivity of amidines and guanidines with similar small molecules such as COS 

should receive wide attention.  Mizuno et al. and others reported the reaction of amidine DBU 

with COS.6,7 The latter reaction in DMF, at room temperature and under argon, led to the 

formation of a white solid. They assumed that an unstable DBU-COS complex formed (Scheme 

6.1), but it was not isolated. This unstable complex has been reported to be used as an 

intermediate in the carbonylation reaction. However, they did not mention drying the DBU prior 

to use. DBU is normally highly contaminated with water as received, and notoriously difficult to 

fully dry.7  

 

 

Scheme 6.1. The hypothesised un-isolated unstable DBU-COS adduct.7 
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     Reaction of COS with anhydrous amidines such as DBU, 1,4,5,6-tetrahydropyrimidine, or 

TBD might be useful for discovering the reactivity of amidines with COS compared to CS2 and 

CO2. Scheme 6.2 represents two proposed structures which could be formed when TBD reacts 

with COS in the absence of water.  

 

 

Scheme 6.2. Proposed products for reaction of TBD with COS. 

 

Reaction of COS with 1,4,5,6-tetrahydropyrimidine contains N-H bond could also follow the 

same reactivity as that with CS2 as shown in Scheme 6.3. 
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Scheme 6.3. Proposed product structure for reaction of 1,4,5,6-tetrahydropyrimidine with COS. 

 

     1,4,5,6-Tetrahydropyrimidines which have a methylene alpha to the carbon of the amidine 

could also copy the reactivity of CS2, and in this case could form the dithioanhydride in addition 

to the shown by-product (Scheme 6.4, path A). Because H2S is much more acidic than H2O, it is 

be expected to form a [BH+][SH-] by-product. That suggests that the cyclic product would be a 

monothioanhydride rather than a dithioanhydride as shown in path B.  

 

 

Scheme 6.4. Proposed product structures for the reaction of 1,2-dimethyl-1,4,5,6-tetrahydropyrimidine with COS, 

where B is the starting amidine. 
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     Based on the reported literature, reactivity of CS2 with TMG can be affected by the presence 

of solvent or another reagent. One of the recommendations in the light of this research is to react 

CS2 with TMG in a solution of DBU in THF under inert atmosphere at room temperature or at 

low temperature (e.g., -10 oC). Because the basicity of DBU is higher than that of TMG (Figure 

1.5), it might allow CS2 to bind to the active imino-nitrogen site (Scheme 6.5). 

 

 

 

Scheme 6.5. Proposed structure that might form upon reaction of TMG with CS2 in the presence of DBU. 

 

      In terms of the reaction of amidines with CO2, I believe that the structure of amidines and 

guanidines play a role in determining the stability of base-CO2 zwitterionic adducts such as 

TBD-CO2. Also, to enhance their reactivity, we recommend trying other steps such as the 

addition of a weak acid or alcohol. 
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Appendix A 

A Guide to the Selection of Switchable Functional Groups for CO2-

Switchable Compounds 

 

      I performed another different project during my PhD. The project was completed and 

published, but is not included in the main body of the thesis. However, for the sake of 

completeness, a brief summary of the study is presented here. Readers wanting more 

details can find them in in the published paper. 

 

A1. Summary 

 

       Calculations based upon multiple simultaneous equilibria provide guidance for the 

selection of appropriate switchable function groups (SFG) for applications of CO2-

switchable materials. The basicity of the basic group in the CO2-switchable material must 

be appropriate for facile switching in both directions. I studied the change in the degree 

of protonation (%P) in water in the absence and presence of CO2. Many applications, 

such as purification of water by forward osmosis can be easily done by selecting an 

additive with the right ideal SFG in switchable water solution. According to the theory, 

the SFG should be only slightly protonated in the absence of CO2, while the additive in 

the presence of CO2 should be mostly converted from the neutral form to an ionic form 

(the bicarbonate salt). I found that equations derived by considering multiple 

simultaneous equilibria can be used to identify the most appropriate SFG for different 

scenarios and conditions. I derived the below basic cubic equations (1) and equation (3) 
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to calculate the theoretical pH of bases under air and under CO2 respectively, and an 

equation (2) to calculate the the present of protonation (%) under both conditions, these 

equations also could be modified for other switchable scenarios’ applications.  

 

  
0 = [H3O+]3 + (KaH+[B]0)[H3O+]2 – Kw[H3O+] – KwKaH                                                   (1) 
 

 
  

                                                                                                                      (2)  

  

0 = [H3O+]3 + (KaH+[B]0)[H3O+]2 – (K*a1KHPCO2+Kw)[H3O+]  – 

(K*a1KHPCO2+Kw)KaH     

 
(3) 

 

     Simple equilibrium calculations can be used to predict how basic an SFG needs to be 

in order to switch from largely unprotonated to largely protonated when CO2 is added to 

the aqueous solution.  If one chooses a switchable compound having the right basicity, 

for the planned temperature and concentration, then simply adding that compound to 

water will give a pH at which the % protonation is low, and then adding an atmosphere of 

CO2 will give a pH at which the % protonation is high. Finding the right basicity or pKaH 

to guarantee this ideal behaviour can be achieved by trial and error, but the aim to show 

that simple equilibrium considerations can tell us what pKaH values will be appropriate.1  

 

% protonation =
[H3O+] + KaH

[H3O+] x 100%
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     When under air, the pH of the solution can be calculated using eqn (1). Then, the % 

protonation can be calculated from equation (2). The % protonation of the base under 

CO2 is calculated theoretically from eqn (2), using [H3O+] concentrations calculated 

using eqn (3). Based on these equations I designed a graph (Figure D1) which can serve 

as a guide to finding the right basicity (pKaH ) or selecting the ideal SFG for the needed 

application under certain conditions. 

 

 

Figure A1. The pKaH required for a base to have a specified % protonation when mixed with water at a) 25 

˚C. The dashed lines show the required pKaH to obtain the specified % protonation in the absence of CO2. 

The solid lines show the pKaH required to obtain the specified % protonation values in the presence of 0.1 

MPa of CO2.1 

 

     The ideal SFG would be only slightly protonated under air, while in the presence of 

CO2 would be mostly converted to the bicarbonate salt. The restrictions on the choice of 
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pKaH, can be summarized in a single figure. Fig. D1 shows the % protonation of bases 

having different pKaH values as a function of [B]o in the absence and presence of CO2 at 

25 oC and 0.1 MPa CO2. The dashed lines represent the % protonation under air. For 

example, the red dashed line represents 5% protonation under air. Any base having a 

pKaH below that red dashed line would have an acceptably-low protonation under air. 

Note that this limiting line is concentration dependent. However, the base must also have 

a high % protonation (preferably >	  95%) when CO2 is present. The solid lines represent 

the % protonation under 0.1 MPa of CO2. The solid blue line represents 95% protonation; 

any base having a pKaH above that solid blue line would have an acceptably-high 

protonation under CO2. Thus, the ideal switchable group would have a pKaH between the 

red dashed line and the solid blue line, although those having pKaH values slightly outside 

this range would probably suffice for many applications. 

 

    I have also studied the effect of the concentration, the pressure of CO2, and the 

temperature on the recommended range of pKaH for CO2-switchable functional groups, 

for more details see the related information in the published paper under the scenario 1, 

and for the derivations of equations 1, 2, and 3 see the SI of the published paper.  

 

A2. References 

(1)  Alshamrani, A. K.; Vanderveen, J. R.; Jessop, P. G. A Guide to the Selection of 

Switchable Functional Groups for CO2-Switchable Compounds. Phys. Chem. 

Chem. Phys. 2016, 18 (28), 19276–19288. 
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Appendix B 

Spectroscopic Data of the Products 

 

B1. 1H NMR, 13C NMR and HMB Spectra of the Products 

 

A)   1H NMR (400 MHz, CDCl3/ TMS)  
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B)   13C{1H} NMR (100 MHz, CDCl3/ TMS) 

 

Figure B1: A) 1H NMR and B) 13C{1H} NMR spectra of 1,4,5,6-tetrahydropyrimidinium 1,4,5,6-

tetrahydropyrimidine dithiocarbamate salt (2a). 
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A)   1H NMR (400 MHz, CDCl3/ TMS) 
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B)   13C{1H} NMR (100 MHz, CDCl3/ TMS) 

 

 

 
 

Figure B2: A) 1H NMR and B) 13C{1H} NMR spectra of zwitterionic adduct 2b. 
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A)   1H NMR (400 MHz, CDCl3/ TMS) 

 
B)   13C{1H} NMR (100 MHz, CDCl3/ TMS) 

 
 

Figure B3: A) 1H NMR and B) 13C{1H} NMR spectra of carbamic carboxylic trithioanhydride (2c). 
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A)   1H NMR (400 MHz, CD2Cl2/ TMS) 
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B)   13C{1H} NMR (100 MHz, CD2Cl2 / TMS)

 

Figure B4: A) 1H NMR and B) 13C{1H} NMR spectra of N-methy-N’-(methyl-dithiocarbonyl)-

1,4,5,6-tetrahydropyrimidinium iodide (3) and 1,4,5,6-tetrahydropyramidinium iodide (1a∙HI). 
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A)   1H NMR (400 MHz, CD2Cl2 / TMS) 
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B)   13C{1H} NMR (100 MHz, CD2Cl2/ TMS): 

 

 
 

 

 
Figure B5. A) 1H NMR and B) 13C{1H} NMR spectra of N-methy-N’-(methyl-dithiocarbonyl)-1,4,5,6-

tetrahydropyrimidinium iodide (3), and 1,3-dimethyl-1,4,5,6-tetrahydropyriamidinium iodide (4). 
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A)   1H NMR (400 MHz, CD2Cl2/ TMS) 
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B)   13C{1H} NMR (100 MHz, CD2Cl2/ TMS) 

 
 

Figure B6. A) 1H NMR and B) 13C{1H} NMR spectra of product 5. 
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A)   1H NMR (400 MHz, CD2Cl2/ TMS) 
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B)   13C{1H} NMR (100 MHz, CD2Cl2/ TMS) 
 

 
 
Figure B7. A) 1H NMR and B) 13C{1H} NMR spectra of product (6), where the small peaks represent the 

residual of the starting material 2c and are indicated by asterisks.  
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A)   1H NMR (400 MHz, CDCl3 + TMS) 

 

 
 

B)   13C{1H} NMR (100 MHz, CDCl3 + TMS) 

 
 

Figure B8. A) 1H NMR and B) 13C{1H} NMR spectra of n-butyl isothiocyanate (1a). 
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A)   1H NMR (400 MHz, CDCl3 + TMS) 

 

 
 

B)   13C{1H} NMR (100 MHz, CDCl3 + TMS) 
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C)   HMBC spectrum (400 MHz, CDCl3 + TMS).  

 

 
 

Figure B9.  A) 1H NMR, B) 13C{1H} NMR, and C) HMBC NMR spectra of n-hexyl isothiocyanate (1b). 

 

 

A)    1H NMR (400 MHz, CDCl3 + TMS) 
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B)   13C{1H} NMR (100 MHz, CDCl3 + TMS) 

 

 
 

C)   HMBC spectrum (400 MHz, CDCl3 + TMS) 

 
 

Figure B10. A) 1H NMR, B) 13C{1H} NMR, and C) HMBC NMR spectra of n-octyl isothiocyanate (1c). 
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A)   1H NMR (400 MHz, CDCl3 + TMS) 

 
 

B)   13C{1H} NMR (100 MHz, CDCl3 + TMS) 

 

 

 
 

Figure B11. A) 1H NMR and B) 13C{1H} NMR spectra of phenyl isothiocyanate (1d). 
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A)   1H NMR (400 MHz, CDCl3 + TMS) 
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B)   13C{1H} NMR (100 MHz, CDCl3 + TMS) 

 

 
 

Figure B12. A) 1H NMR and B) 13C{1H} NMR spectra of benzyl isothiocyanate (1e). 
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A)   1H NMR (400 MHz, CDCl3 + TMS) 

 
 

 

 

B)   13C{1H} NMR (100 MHz, CDCl3 + TMS) 

 

 
 

Figure B13. A) 1H NMR and B) 13C{1H} NMR spectra of 1-phenylethyl isothiocyanate (1f) 
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A)   1H NMR (400 MHz, CDCl3 + TMS) 

 

 
 

 

B)   13C{1H} NMR (100 MHz, CDCl3 + TMS) 

 

 
 

Figure B14. A) 1H NMR and B) 13C{1H} NMR spectra of 2-thienyl-methyl isothiocyanate (8g). 
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A)   1H NMR (400 MHz, CDCl3 + TMS) 

 
 

B)   13C{1H} NMR (100 MHz, CDCl3 + TMS) 

 

 
 

Figure B15. A) 1H NMR and B) 13C{1H} NMR spectra of 2-isothiocyanatoethoxybenzene (1h). 
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A)   1H NMR (400 MHz, CDCl3 + TMS) 

 

 
 

 

B)   13C{1H} NMR (100 MHz, CDCl3 + TMS) 

 

 

 
 

Figure B16. A) 1H NMR and B) 13C{1H} NMR spectra of 2 cyclohexyl isothiocyanate (1i). 
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A)   1H NMR (400 MHz, CDCl3 + TMS) 

 

 

 
 

B)   13C{1H} NMR (100 MHz, CDCl3 + TMS) 

 

 
 

Figure B17. A) 1H NMR and B) 13C{1H} NMR spectra of 2-(2-isothiocyanatoethoxy)-ethanol (8j). 
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A)   1H NMR (400 MHz, CDCl3 + TMS) 

 

 
 

B)   13C{1H} NMR (100 MHz, CDCl3 + TMS) 

 

 
 

Figure B18. A) 1H NMR and B) 13C{1H} NMR spectra of 1,2-bis(2-isothiocyanatoethoxy)ethane (8k). 
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A)   1H NMR (400 MHz, CDCl3 + TMS) 

 

 
 

B)   13C{1H} NMR (100 MHz, CDCl3 + TMS) 

 

 
 

Figure B19. A) 1H NMR and B) 13C{1H} NMR spectra of dimethylthioacetamide (2). 
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A)   1H NMR (400 MHz, CDCl3 + TMS) 
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B)   13C{1H} NMR (100 MHz, CDCl3 + TMS) 

 

 
C)   HMBC spectrum (400 MHz, CDCl3 + TMS) 

 
 

Figure B20. A) 1H NMR, B) 13C{1H} NMR, and C) HMBC spectra of tetramethylthiourea (1) in crude 

mixture. 
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A)   1H NMR (400 MHz, CDCl3/TMS) 

 

 
B)   13C{1H} NMR (100 MHz, CDCl3/TMS) 

 
Figure B21. A) 1H NMR and B) 13C{1H} NMR spectra of 1,4,5,6-tetrahydropyrimidinium bicarbonate salt 

(3a). 
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A)   1H NMR (400 MHz, CDCl3/TMS) 

 
B)   13C{1H} NMR (400 MHz, CDCl3/TMS) 

 
Figure B22. A) 1H NMR and B) 13C{1H} NMR spectra of N-methyl-1,4,5,6-tetrahydropyrimidinium 

bicarbonate salt (2b). 
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Appendix C 

 X-Ray Crystallographic Data  
 

C1. 1,4,5,6-Tetrahydropyrimidinium 1,4,5,6-tetrahydropyrimidine dithiocarbamate 

salt (2a) 

 

Table C1. Crystal data and structure refinement for 2a.  

                                  A. Crystal Data 

Identification code  pjAA_53C_27Oct2017 (saved as 

mo_pjAA_53C_27Oct2017_0m_a) 

Empirical formula  C10H17Cl3N4S2 

Formula weight  363.74 

Crystal Color, Habit clear intense yellow, plate-like 

Crystal dimensions (mm) 0.126 ´ 0.112 ´ 0.079 

Crystal system  monoclinic 

Space group  P21/c [14] 

Unit cell parametersa  

 a (Å) 10.1387(3) 

 b (Å) 13.1790(4) 

 c (Å) 12.2960(4) 

 a (°)  90 

 b (°) 101.1740(10) 
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 g (°)  90 

 V (Å3) 1611.82(9) 

 Zb 4 

F(000) 752 

Density (rcalcd) 1.499 Mg/m3 

Absorption coefficient (µ)                               0.819 mm-1 

B. Data Collection and Refinement Conditions 

Diffractometer Bruker AXS D8 Venture Duo 

diffractometer 

Radiation monochromated Mo Ka 

Wavelength (Mo Ka) 0.71073 Å 

Temperature  -93(2) °C [180(2) K] 

Scan type w-and φ-scans (0.5º/frame, 12 s 

exposure/frame, 5 sets) 

Theta range for data collection 2.289 to 33.142° 

Completeness to theta = 25.242° 99.9%  

Reflections collectedc 10412 

Index ranges -15 £ h £ 15, -19 £ k £ 19, -18 £ l £ 18 

Independent reflections [Fo2 ³ -3s (Fo2)]d 6119 [Rint = 0.0338]e 
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Observed reflections [Fo2 > 2s (Fo2)]f 5072 

Absorption correction method multi-scan [SADABS]g 

Anomalous Dispersion For all non-hydrogen atoms 

Structure solution method Direct methods (SHELXT-2014)h 

Refinement method Full-matrix least-squares on F2  

 (SHELXL-2014/7)i 

Function Minimized Sw(|Fo|2-|kFc|2)2 (k: overall scale factor) 

Weighing scheme, w w = [s (Fo2) + (0.0286 P)2 + (0.4871 P)]1 

 w = [s (Fo2) + (a P)2 + (b P)]-1 

P-factor [Max(Fo2,0) + 2 Fc2]/3 

Data / restraints / parameters 6119 [Fo2 ³ -3s (Fo2)] / 0 / 180 

Reflection (observed)/parameter ratio       28:1 

Reflection (data)/parameter ratio 34:1 

Goodness-of-fitj on F2 1.048 

 GooF = {S[w(Fo2-Fc2)2]/(n - p)}1/2 

 n: number of reflections, p: number of parameters 

Final R indicesi 

  R1 = [S||Fo|-|Fc||]/[S|Fo|] for [Fo2 > 2s (Fo2)] 0.0284 

wR2 = {[Sw(Fo2-Fc2)2]/[Sw(Fo2)2]}1/2 [all data] 0.0740 

Max. Shift/Error in Final Cycle 0.001 

Largest difference peak and hole 0.571 and -0.433 e-/Å3  
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Transmission factor (min) 0.6826 [SADABS]g 

Transmission factor (max) 0.7465 [SADABS]g 

 

Table C2. Atomic coordinates (´ 104), equivalent isotropic displacement parameters (Å2 

´ 103) and site occupancy factors for 2a. 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________ 

Atom x y z U(eq)  

________________________________________________________________________ 

S(8) 5506(1) 1985(1) 5647(1) 25(1) 

S(9) 6408(1) 2541(1) 3571(1) 25(1) 

N(1) 4260(1) 1369(1) 3657(1) 20(1) 

N(5) 3286(1) 679(1) 1892(1) 26(1) 

C(2) 3346(1) 803(1) 4236(1) 24(1) 

C(3) 2098(1) 472(1) 3423(1) 28(1) 

C(4) 2500(1) -25(1) 2426(1) 28(1) 

C(6) 4057(1) 1300(1) 2508(1) 23(1) 

C(7) 5324(1) 1935(1) 4252(1) 19(1) 

N(10) 3047(1) 5730(1) 3223(1) 30(1) 

N(14) 3069(1) 4553(1) 4606(1) 25(1) 

C(11) 2579(2) 5007(1) 2333(1) 37(1) 
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C(12) 3006(1) 3949(1) 2728(1) 35(1) 

C(13) 2596(1) 3739(1) 3824(1) 30(1) 

C(15) 3267(1) 5468(1) 4268(1) 26(1) 

Cl(1) 9829(1) 1324(1) 445(1) 49(1) 

Cl(2) 10023(1) 3485(1) 110(1) 51(1) 

Cl(3) 9407(1) 2714(1) 2157(1) 39(1) 

C(16) 9202(1) 2525(1) 723(1) 30(1) 

________________________________________________________________________



 

 

 

Table C3a. Interatomic Distances [Å] for 2a. 

S(8)-C(7)  1.6902(9) 

S(9)-C(7)  1.7036(10) 

N(1)-C(6)  1.3917(12) 

N(1)-C(7)  1.3966(12) 

N(1)-C(2)  1.4751(13) 

N(5)-C(6)  1.2744(13) 

N(5)-C(4)  1.4598(14) 

C(2)-C(3)  1.5169(15) 

C(3)-C(4)  1.5127(16) 

N(10)-C(15)  1.3070(14) 

N(10)-C(11)  1.4593(16) 

N(10)-H(10)  0.779(18) 

N(14)-C(15)  1.3039(14) 

N(14)-C(13)  1.4583(14) 

N(14)-H(14)  0.863(16) 

C(11)-C(12)  1.5120(18) 

C(12)-C(13)  1.5105(17) 

Cl(1)-C(16)  1.7632(13) 

Cl(2)-C(16)  1.7626(12) 

Cl(3)-C(16)  1.7537(12) 

______________________________________________________________________  



 

 

 

Table C3b. Interatomic Angles [°] for 2a.  

C(6)-N(1)-C(7) 120.96(8) 

C(6)-N(1)-C(2) 118.28(8) 

C(7)-N(1)-C(2) 120.74(8) 

C(6)-N(5)-C(4) 117.75(9) 

N(1)-C(2)-C(3) 110.41(8) 

C(4)-C(3)-C(2) 109.72(9) 

N(5)-C(4)-C(3) 110.25(9) 

N(5)-C(6)-N(1) 126.79(10) 

N(1)-C(7)-S(8) 118.27(7) 

N(1)-C(7)-S(9) 119.94(7) 

S(8)-C(7)-S(9) 121.79(6) 

C(15)-N(10)-C(11) 122.22(10) 

C(15)-N(10)-H(10) 119.2(13) 

C(11)-N(10)-H(10) 118.4(12) 

C(15)-N(14)-C(13) 121.42(9) 

C(15)-N(14)-H(14) 119.3(11) 

C(13)-N(14)-H(14) 119.2(11) 

N(10)-C(11)-C(12) 109.28(10) 

C(13)-C(12)-C(11) 110.13(10) 

N(14)-C(13)-C(12) 109.97(10) 

N(14)-C(15)-N(10) 123.39(10) 

Cl(3)-C(16)-Cl(2) 110.75(6) 



 

 

 

Cl(3)-C(16)-Cl(1) 110.24(7) 

Cl(2)-C(16)-Cl(1) 110.13(6) 

______________________________________________________________________  

 

Table C4. Anisotropic displacement parameters (Å2 ´ 103) for 2a.   

The anisotropic displacement factor exponent takes the form: 

[-2p2(h2a*2U11 + k2b*2U22 + l2c*2U33 + 2klb*c*U23 + 2hla*c*U13 + 2hka*b*U12)] 

__________________________________________________________________ 

Atom U11 U22 U33 U23 U13 U12 

__________________________________________________________________ 

S(8) 37(1)  26(1) 12(1)  -2(1) 4(1)  -4(1) 

S(9) 28(1)  31(1) 16(1)  -3(1) 5(1)  -8(1) 

N(1) 24(1)  21(1) 14(1)  -1(1) 4(1)  -2(1) 

N(5) 29(1)  31(1) 17(1)  -3(1) 2(1)  -4(1) 

C(2) 29(1)  25(1) 19(1)  0(1) 8(1)  -4(1) 

C(3) 26(1)  31(1) 28(1)  -2(1) 8(1)  -5(1) 

C(4) 33(1)  27(1) 23(1)  -3(1) 2(1)  -7(1) 

C(6) 27(1)  28(1) 14(1)  -1(1) 4(1)  -1(1) 

C(7) 25(1)  18(1) 14(1)  -1(1) 3(1)  2(1) 

N(10) 37(1)  24(1) 29(1)  5(1) 9(1)  -1(1) 

N(14) 32(1)  26(1) 17(1)  0(1) 3(1)  2(1) 



 

 

 

C(11) 49(1)  41(1) 20(1)  3(1) 4(1)  0(1) 

C(12) 45(1)  35(1) 25(1)  -8(1) 8(1)  3(1) 

C(13) 41(1)  23(1) 26(1)  -1(1) 4(1)  -2(1) 

C(15) 26(1)  25(1) 25(1)  -4(1) 4(1)  1(1) 

Cl(1) 45(1)  48(1) 57(1)  -12(1) 17(1)  8(1) 

Cl(2) 53(1)  59(1) 43(1)  6(1) 16(1)  -15(1) 

Cl(3) 39(1)  52(1) 26(1)  -4(1) 5(1)  -2(1) 

C(16) 24(1)  39(1) 26(1)  -2(1) 4(1)  -2(1) 

__________________________________________________________________ 

 

Table C5. Hydrogen coordinates (´ 104) and isotropic displacement parameters (Å2 ´ 

103) for 2a. 

________________________________________________________________________ 

Atom x  y  z  U(eq)  

________________________________________________________________________ 

H(2A) 3084 1238 4815 28 

H(2B) 3816 199 4602 28 

H(3A) 1577 -13 3787 34 

H(3B) 1522 1069 3182 34 

H(4A) 3037 -641 2663 34 

H(4B) 1684 -232 1892 34 



 

 

 

H(6) 4543 1764 2144 27 

H(10) 3216(17) 6280(14) 3064(14) 45(5) 

H(14) 3166(16) 4437(12) 5307(13) 42(4) 

H(11A) 2966 5179 1676 44 

H(11B) 1587 5039 2117 44 

H(12A) 2580 3446 2171 42 

H(12B) 3993 3883 2814 42 

H(13A) 1605 3687 3713 36 

H(13B) 2985 3085 4127 36 

H(15) 3588 5970 4808 31 

H(16) 8220 2549 392 36 

 

 

Table C6. Selected torsion angles [°] for 2a. 

C(6)-N(1)-C(2)-C(3)                                                        -15.79(13) 

C(7)-N(1)-C(2)-C(3) 166.06(9) 

N(1)-C(2)-C(3)-C(4) 48.72(12) 

C(6)-N(5)-C(4)-C(3) 33.74(14) 

C(2)-C(3)-C(4)-N(5) -58.52(12) 

C(4)-N(5)-C(6)-N(1) 1.63(17) 

C(7)-N(1)-C(6)-N(5) 166.81(10) 

C(2)-N(1)-C(6)-N(5) -11.34(16) 



 

 

 

C(6)-N(1)-C(7)-S(8) 179.96(7) 

C(2)-N(1)-C(7)-S(8) -1.94(12) 

C(6)-N(1)-C(7)-S(9) -0.79(12) 

C(2)-N(1)-C(7)-S(9) 177.31(7) 

C(15)-N(10)-C(11)-C(12) -25.77(17) 

N(10)-C(11)-C(12)-C(13) 51.05(15) 

C(15)-N(14)-C(13)-C(12) 26.45(15) 

C(11)-C(12)-C(13)-N(14) -51.68(14) 

C(13)-N(14)-C(15)-N(10) 0.94(17) 

C(11)-N(10)-C(15)-N(14) -1.23(18) 

____________________________________________________  

 

C2. Carbamic Carboxylic Trithioanhydride (2c) 

 

Table C7. Crystal data and structure refinement for compound 2c.  

A. Crystal Data 

Identification code  pjAA_0264_14Oct2017 (saved as 

mo_pjAA_0264_14Oct2017_0m_a) 

Empirical formula  C8H10N2S3 

Formula weight  230.36 

Crystal Color, Habit yellow, thin plate-like 



 

 

 

Crystal dimensions (mm) 0.122 ´ 0.087 ´ 0.047 

Crystal system  triclinic 

Space group  P1% [2] 

Unit cell parametersa  

 a (Å) 6.7737(6) 

 b (Å) 7.9807(8) 

 c (Å) 9.7777(10) 

 a  (°) 104.448(4) 

 b (°)  93.032(2) 

 g (°) 105.631(3) 

 V (Å3) 488.99(8) 

 Zb 2 

F(000)                                                                  240 

Density (rcalcd)                                                    1.565 Mg/m3 

Absorption coefficient (µ)                             0.709 mm-1 

B. Data Collection and Refinement Conditions 

Diffractometer Bruker AXS D8 Venture Duo 

diffractometer 

Radiation monochromated Mo Ka 

Wavelength (Mo Ka) 0.71073 Å 



 

 

 

Temperature  -93(2) °C [180(2) K] 

Scan type w-and φ-scans (2º/frame, 15 s 

exposure/frame, 7 sets) 

Theta range for data collection 2.168 to 26.020° 

Completeness to theta = 25.242° 99.9%  

Reflections collectedc 10412 

Index ranges -8 £ h £ 8, -9 £ k £ 9, -12 £ l £ 12 

Independent reflections [Fo2 ³ -3s (Fo2)]d 1931 [Rint = 0.0792]e 

Observed reflections [Fo2 > 2s (Fo2)]f 1393 

Absorption correction method multi-scan [SADABS]g 

Anomalous Dispersion For all non-hydrogen atoms 

Structure solution method Direct methods (SHELXT-2014)h 

Refinement method Full-matrix least-squares on F2  

 (SHELXL-2014/7)i 

Function Minimized Sw(|Fo|2-|kFc|2)2 (k: overall scale factor) 

Weighing scheme, w w = [s (Fo2) + (0.0426 P)2 + (0.4970 P)]1 

 w = [s (Fo2) + (a P)2 + (b P)]-1 

P-factor [Max(Fo2,0) + 2 Fc2]/3 

Data / restraints / parameters 1931 [Fo2 ³ -3s (Fo2)] / 0 / 119 

Reflection (observed)/parameter ratio 26:1 



 

 

 

Reflection (data)/parameter ratio                   12:1 

Goodness-of-fitj on F2 1.059 

 GooF = {S[w(Fo2-Fc2)2]/(n - p)}1/2 

 n: number of reflections, p: number of parameters 

Final R indicesi 

  R1 = [S||Fo|-|Fc||]/[S|Fo|] for [Fo2 > 2s (Fo2)] 0.0438 

wR2 = {[Sw(Fo2-Fc2)2]/[Sw(Fo2)2]}1/2 [all data] 0.1161 

Max. Shift/Error in Final Cycle 0.000 

Largest difference peak and hole 0.489 and -0.401 e-/Å3  

Transmission factor (min) 0.6557 [SADABS]g 

Transmission factor (max) 0.7457 [SADABS] 

 

Table C8. Atomic coordinates (´ 104), equivalent isotropic displacement parameters (Å2 

´ 103) and site occupancy factors for 2c. 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

________________________________________________________________________ 

Atom x y z U(eq)  

________________________________________________________________________ 

 

S(1) 2761(1) 2170(1) 2540(1) 31(1) 

S(11) 6249(2) 2618(1) 4461(1) 38(1) 



 

 

 

S(13) -537(1) 2413(1) 717(1) 34(1) 

N(3) 6204(4) 5012(3) 2974(3) 25(1) 

N(7) 6226(4) 7493(3) 2096(3) 26(1) 

C(2) 5220(5) 3448(4) 3317(3) 27(1) 

C(4) 8381(5) 5891(5) 3655(4) 33(1) 

C(5) 9504(5) 7219(5) 2909(4) 36(1) 

C(6) 8298(5) 8505(5) 2800(4) 40(1) 

C(8) 5212(5) 5832(4) 2159(3) 24(1) 

C(9) 3218(5) 4993(4) 1442(3) 25(1) 

C(10) 1897(5) 3378(4) 1503(3) 24(1) 

C(12) 5209(5) 8452(5) 1321(4) 34(1) 

________________________________________________________________________ 

 

Table C9a. Interatomic Distances [Å] for 2c. 

______________________________________________________________________ 

S(1)-C(2)  1.721(3) 

S(1)-C(10)  1.740(3) 

S(11)-C(2)  1.648(3) 

S(13)-C(10)  1.672(3) 

N(3)-C(2)  1.378(4) 

N(3)-C(8)  1.399(4) 

N(3)-C(4)  1.490(4) 
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N(7)-C(8)  1.337(4) 

N(7)-C(6)  1.453(4) 

N(7)-C(12)  1.468(4) 

C(4)-C(5)  1.497(5) 

C(5)-C(6)  1.493(5) 

C(8)-C(9)  1.395(4) 

C(9)-C(10)  1.374(4) 

______________________________________________________________________  

 

Table C9b. Interatomic Angles [°] for 2c. 

______________________________________________________________________  

C(2)-S(1)-C(10) 106.51(15) 

C(2)-N(3)-C(8) 123.5(3) 

C(2)-N(3)-C(4) 115.0(3) 

C(8)-N(3)-C(4) 121.3(3) 

C(8)-N(7)-C(6) 124.8(3) 

C(8)-N(7)-C(12) 119.9(3) 

C(6)-N(7)-C(12) 115.2(3) 

N(3)-C(2)-S(11) 124.4(3) 

N(3)-C(2)-S(1) 121.4(2) 

S(11)-C(2)-S(1) 114.18(19) 

N(3)-C(4)-C(5) 110.9(3) 

C(6)-C(5)-C(4) 109.8(3) 



 

 200 

N(7)-C(6)-C(5) 109.4(3) 

N(7)-C(8)-C(9) 119.7(3) 

N(7)-C(8)-N(3) 117.8(3) 

C(9)-C(8)-N(3) 122.5(3) 

C(10)-C(9)-C(8) 127.1(3) 

C(9)-C(10)-S(13) 127.4(2) 

C(9)-C(10)-S(1) 118.3(2) 

S(13)-C(10)-S(1) 114.20(17) 

______________________________________________________________________  

 

Table C10. Anisotropic displacement parameters (Å2 ´ 103) for 2c.  

The anisotropic displacement factor exponent takes the form: 

[-2p2(h2a*2U11 + k2b*2U22 + l2c*2U33 + 2klb*c*U23 + 2hla*c*U13 + 2hka*b*U12)] 

__________________________________________________________________ 

Atom U11 U22 U33 U23 U13 U12 

__________________________________________________________________ 

S(1) 33(1)  30(1) 32(1)  17(1) 1(1)  7(1) 

S(11) 45(1)  45(1) 31(1)  21(1) 0(1)  19(1) 

S(13) 31(1)  33(1) 36(1)  16(1) -3(1)  3(1) 

N(3) 26(2)  29(2) 21(2)  9(1) 2(1)  10(1) 

N(7) 25(2)  25(2) 30(2)  11(1) 0(1)  5(1) 
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C(2) 35(2)  30(2) 22(2)  9(1) 6(1)  15(2) 

C(4) 29(2)  41(2) 29(2)  11(2) -2(2)  9(2) 

C(5) 26(2)  45(2) 37(2)  18(2) 0(2)  5(2) 

C(6) 28(2)  35(2) 52(3)  14(2) -6(2)  0(2) 

C(8) 26(2)  25(2) 23(2)  7(1) 6(1)  10(1) 

C(9) 28(2)  24(2) 23(2)  9(1) 2(1)  9(1) 

C(10) 31(2)  24(2) 19(2)  8(1) 7(1)  10(1) 

C(12) 35(2)  28(2) 42(2)  17(2) -2(2)  8(2) 

 

 

Table C11. Hydrogen coordinates (´ 104) and isotropic displacement parameters (Å2 ´ 

103) for 2c. 

________________________________________________________________________ 

Atom x  y  z  U(eq)  

________________________________________________________________________ 

H(4A) 9097 4955 3624 40 

H(4B) 8392 6523 4666 40 

H(5A) 10887 7897 3444 43 

H(5B) 9693 6567 1944 43 

H(6A) 8225 9244 3763 48 

H(6B) 8991 9331 2249 48 

H(9) 2719 5605 847 29 
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H(12A) 4901 7789 310 51 

H(12B) 6127 9671 1430 51 

H(12C) 3921 8536 1707 51 

 

Table C12. Selected torsion angles [°] for 2c. 

____________________________________________________  

C(8)-N(3)-C(2)-S(11) -170.7(2) 

C(4)-N(3)-C(2)-S(11) 3.5(4) 

C(8)-N(3)-C(2)-S(1) 10.1(4) 

C(4)-N(3)-C(2)-S(1) -175.7(2) 

C(10)-S(1)-C(2)-N(3) -5.7(3) 

C(10)-S(1)-C(2)-S(11) 175.01(18) 

C(2)-N(3)-C(4)-C(5) 163.1(3) 

C(8)-N(3)-C(4)-C(5) -22.6(4) 

N(3)-C(4)-C(5)-C(6) 52.4(4) 

C(8)-N(7)-C(6)-C(5) 30.1(5) 

C(12)-N(7)-C(6)-C(5) -152.4(3) 

C(4)-C(5)-C(6)-N(7) -55.6(4) 

C(6)-N(7)-C(8)-C(9) 179.7(3) 

C(12)-N(7)-C(8)-C(9) 2.4(5) 

C(6)-N(7)-C(8)-N(3) 0.8(5) 

C(12)-N(7)-C(8)-N(3) -176.6(3) 
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C(2)-N(3)-C(8)-N(7) 169.0(3) 

C(4)-N(3)-C(8)-N(7) -4.9(4) 

C(2)-N(3)-C(8)-C(9) -9.9(5) 

C(4)-N(3)-C(8)-C(9) 176.2(3) 

N(7)-C(8)-C(9)-C(10) -173.4(3) 

N(3)-C(8)-C(9)-C(10) 5.5(5) 

C(8)-C(9)-C(10)-S(13) 176.5(3) 

C(8)-C(9)-C(10)-S(1) -1.7(5) 

C(2)-S(1)-C(10)-C(9) 1.7(3) 

C(2)-S(1)-C(10)-S(13) -176.82(18)  

 

C3. Compound 5 

 

Table C13. Crystal data and structure refinement for compound 5.  

A. Crystal Data 

Identification code  pjAA_0251_11Oct2017 (saved as 

mo_pjAA_0251_11Oct2017_0m_a) 

Empirical formula  C9H13I1N2S3 

Formula weight  372.79 

Crystal Color, Habit yellow, thin elongated plate-like 

Crystal dimensions (mm) 0.128 ´ 0.079 ´ 0.049 
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Crystal system  triclinic 

Space group  P1% [2] 

Unit cell parametersa  

 a (Å) 7.3710(3) 

 b (Å) 9.3177(4) 

 c (Å) 9.8090(4) 

 a (°) 96.0450(10) 

 b (°) 93.032(2) 

 g (°) 102.3390(10) 

 V (Å3) 652.49(5) 

 Zb 2 

F(000) 364 

Density (rcalcd) 1.895 Mg/m3 

Absorption coefficient (µ)                               2.905 mm-1 

B. Data Collection and Refinement Conditions 

Diffractometer Bruker AXS D8 Venture Duo 

diffractometer 

Radiation monochromated Mo Ka 

Wavelength (Mo Ka) 0.71073 Å 

Temperature  -93(2) °C [180(2) K] 
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Scan type w-and φ-scans (2º/frame, 12 s 

exposure/frame, 18 sets) 

Theta range for data collection 2.254 to 30.494° 

Completeness to theta = 25.242° 99.8%  

Reflections collectedc 37234 

Index ranges -10 £ h £ 10, -13 £ k £ 13, -13 £ l £ 13 

Independent reflections [Fo2 ³ -3s (Fo2)]d 3966 [Rint = 0.0565]e 

Observed reflections [Fo2 > 2s (Fo2)]f 3623 

Absorption correction method multi-scan [SADABS]g 

Anomalous Dispersion For all non-hydrogen atoms 

Structure solution method Direct methods (SHELXT-2014)h 

Refinement method Full-matrix least-squares on F2  

 (SHELXL-2014/7)i 

Function Minimized Sw(|Fo|2-|kFc|2)2 (k: overall scale factor) 

Weighing scheme, w w = [s (Fo2) + (0.0085 P)2 + (0.4650 P)]1 

 w = [s (Fo2) + (a P)2 + (b P)]-1 

P-factor [Max(Fo2,0) + 2 Fc2]/3 

Data / restraints / parameters 3966 [Fo2 ³ -3s (Fo2)] / 0 / 138 

Reflection (observed)/parameter ratio             26:1 

Reflection (data)/parameter ratio      28:1 
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Goodness-of-fitj on F2      1.083 

 GooF = {S[w(Fo2-Fc2)2]/(n - p)}1/2 

 n: number of reflections, p: number of parameters 

Final R indicesi 

  R1 = [S||Fo|-|Fc||]/[S|Fo|] for [Fo2 > 2�(Fo2)]     0.0206 

wR2 = {[Sw(Fo2-Fc2)2]/[Sw(Fo2)2]}1/2 [all data]     0.0472 

Max. Shift/Error in Final Cycle     0.001 

Largest difference peak and hole     0.535 and -0.629 e-/Å3  

Transmission factor (min)     0.6190 [SADABS]g 

Transmission factor (max)     0.7485 [SADABS]g 

 

Table C14. Atomic coordinates (´ 104), equivalent isotropic displacement parameters (Å2 

´ 103) and site occupancy factors for 5. 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

  

Atom x y z U(eq)  

________________________________________________________________________ 

I(15) 7270(1) 3692(1) 2501(1) 26(1) 

S(1) 2673(1) 343(1) 4029(1) 25(1) 

S(11) 2702(1) -633(1) 1205(1) 33(1) 
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S(13) 2294(1) 1914(1) 6763(1) 31(1) 

N(3) 2337(2) 2115(2) 2030(2) 20(1) 

N(7) 2542(2) 4654(2) 2603(2) 21(1) 

C(2) 2544(2) 762(2) 2348(2) 22(1) 

C(4) 2290(3) 2283(2) 539(2) 27(1) 

C(5) 1529(3) 3596(2) 254(2) 30(1) 

C(6) 2599(3) 4940(2) 1160(2) 30(1) 

C(8) 2405(2) 3335(2) 2999(2) 18(1)  

C(9) 2286(3) 3171(2) 4429(2) 22(1) 

C(10) 2399(2) 1936(2) 4995(2) 21(1) 

C(12) 2665(3) 5969(2) 3597(2) 30(1) 

C(14)                              2388(3)      41(2)     7018(2) 30(1) 

 

Table C15a. Interatomic Distances [Å] for 5. 

 

S(1)-C(10)  1.7305(19) 

S(1)-C(2)  1.7367(19) 

S(11)-C(2)  1.6527(19) 

S(13)-C(10)  1.7418(18) 

S(13)-C(14)  1.804(2) 

N(3)-C(2)  1.367(2) 

N(3)-C(8)  1.393(2) 
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N(3)-C(4)  1.487(2) 

N(7)-C(8)  1.312(2) 

N(7)-C(12)  1.467(2) 

N(7)-C(6)  1.469(2) 

C(4)-C(5)  1.496(3) 

C(5)-C(6)  1.500(3) 

C(8)-C(9)  1.432(2) 

C(9)-C(10)  1.345(2) 

______________________________________________________________________  

 

Table C15b. Interatomic Angles [°] for 5. 

______________________________________________________________________  

C(10)-S(1)-C(2) 103.69(9) 

C(10)-S(13)-C(14) 103.83(9) 

C(2)-N(3)-C(8) 124.28(15) 

C(2)-N(3)-C(4) 115.05(15) 

C(8)-N(3)-C(4) 120.17(15) 

C(8)-N(7)-C(12) 121.52(15) 

C(8)-N(7)-C(6) 123.66(16) 

C(12)-N(7)-C(6) 114.82(15) 

N(3)-C(2)-S(11) 124.57(14) 

N(3)-C(2)-S(1) 122.50(14) 

S(11)-C(2)-S(1) 112.92(11) 
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N(3)-C(4)-C(5) 111.03(15) 

C(4)-C(5)-C(6) 109.42(16) 

N(7)-C(6)-C(5) 109.27(16) 

N(7)-C(8)-N(3) 120.00(15) 

N(7)-C(8)-C(9) 119.03(16) 

N(3)-C(8)-C(9) 120.95(15) 

C(10)-C(9)-C(8) 124.93(17) 

C(9)-C(10)-S(1) 122.34(14) 

C(9)-C(10)-S(13) 119.88(14) 

S(1)-C(10)-S(13) 117.78(10) 

 

Table C16. Anisotropic displacement parameters (Å2 ´ 103) for 5.  

The anisotropic displacement factor exponent takes the form: 

[-2p2(h2a*2U11 + k2b*2U22 + l2c*2U33 + 2klb*c*U23 + 2hla*c*U13 + 2hka*b*U12)] 

__________________________________________________________________ 

Atom U11 U22 U33 U23 U13 U12 

__________________________________________________________________ 

I(15) 25(1)  26(1) 26(1)  4(1) 3(1)  6(1) 

S(1) 35(1)  22(1) 22(1)  4(1) 2(1)  11(1) 

S(11) 46(1)  25(1) 26(1)  -4(1) 0(1)  11(1) 

S(13) 50(1)  24(1) 19(1)  6(1) 6(1)  8(1) 
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N(3) 21(1)  22(1) 16(1)  2(1) 1(1)  5(1) 

N(7) 22(1)  22(1) 20(1)  5(1) 2(1)  6(1) 

C(2) 20(1)  22(1) 22(1)  2(1) 0(1)  4(1) 

C(4) 35(1)  29(1) 17(1)  2(1) 3(1)  8(1) 

C(5) 37(1)  37(1) 19(1)  7(1) 0(1)  14(1) 

C(6) 45(1)  28(1) 21(1)  10(1) 5(1)  14(1) 

C(8) 16(1)  19(1) 19(1)  2(1) 0(1)  4(1) 

C(9) 26(1)  20(1) 19(1)  3(1) 4(1)  4(1) 

C(10) 20(1)  22(1) 19(1)  3(1) 2(1)  3(1) 

C(12) 43(1)  18(1) 26(1)  2(1) 2(1)  4(1) 

C(14) 34(1)  31(1) 28(1)  13(1) 5(1)  10(1) 

 

Table C17. Hydrogen coordinates (´ 104) and isotropic displacement parameters (Å2 ´ 

103) for 5. 

________________________________________________________________________ 

Atom x  y  z  U(eq)  

________________________________________________________________________ 

H(4A) 1504 1379 13 32 

H(4B) 3565 2402 231 32 

H(5A) 195 3420 434 36 

H(5B) 1636 3754 -724 36 

H(6A) 3907 5177 916 36 
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H(6B) 2044 5799 1025 36 

H(9) 2115 3997 5023 26 

H(12A) 3583 5972 4357 45 

H(12B) 1445 5953 3955 45 

H(12C) 3047 6861 3142 45 

H(14A) 2348 -72 7999 45 

H(14B) 3547 -176 6693 45 

H(14C) 1321 -647 6502 45 
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Table C18. Selected torsion angles [°] for 5. 

____________________________________________________  

C(8)-N(3)-C(2)-S(11) -172.81(13) 

C(4)-N(3)-C(2)-S(11) -1.0(2) 

C(8)-N(3)-C(2)-S(1) 7.0(2) 

C(4)-N(3)-C(2)-S(1) 178.88(13) 

C(10)-S(1)-C(2)-N(3) 2.06(17) 

C(10)-S(1)-C(2)-S(11) -178.09(10) 

C(2)-N(3)-C(4)-C(5) 163.78(16) 

C(8)-N(3)-C(4)-C(5) -24.0(2) 

N(3)-C(4)-C(5)-C(6) 53.3(2) 

C(8)-N(7)-C(6)-C(5) 29.4(2) 

C(12)-N(7)-C(6)-C(5) -150.99(17) 

C(4)-C(5)-C(6)-N(7) -55.4(2) 

C(12)-N(7)-C(8)-N(3) -178.43(16) 

C(6)-N(7)-C(8)-N(3) 1.2(3) 

C(12)-N(7)-C(8)-C(9) 2.9(3) 

C(6)-N(7)-C(8)-C(9) -177.51(17) 

C(2)-N(3)-C(8)-N(7) 167.26(16) 

C(4)-N(3)-C(8)-N(7) -4.2(2) 

C(2)-N(3)-C(8)-C(9) -14.1(3) 

C(4)-N(3)-C(8)-C(9) 174.44(16) 
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N(7)-C(8)-C(9)-C(10) -170.35(17) 

N(3)-C(8)-C(9)-C(10) 11.0(3) 

C(8)-C(9)-C(10)-S(1) -1.0(3) 

C(8)-C(9)-C(10)-S(13) 178.24(14) 

C(2)-S(1)-C(10)-C(9) -4.83(18) 

C(2)-S(1)-C(10)-S(13) 175.88(10) 

C(14)-S(13)-C(10)-C(9) 177.42(15) 

C(14)-S(13)-C(10)-S(1)                              -3.27(13) 
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Appendix D 

Purification Methods 

 

D1. Unsuccessful Purification Methods of 3 and 1a∙HI 

 

      In order to prepare a pure sample of 3, several different methods were tested. First the 

product was prepared by another method. Three equivalents of CS2 were added to a solution of 

amidine 1a in 3 mL of THF over 4-5 minutes. Then the mixture was stirred for 15 min under Ar 

at room temperature, during which time a yellow precipitate formed. Then 1.2 equivalents of 

methyl iodide were added, and the mixture was left to stir overnight in the dark. Residual CS2 

was removed under vacuum, and the solvent was removed using a pipet. The 1H and 13C {H} 

NMR spectra of the collected yellow oil from this method are identical to those formed by the 

previous method when methyl iodide was added directly to 2a. A small amount of the crude was 

washed and ground in 2 mL of ether in order to dissolve one of the species. This was repeated 

three times, and then the solvent was removed using a pipet. The residual solid was dried under 

vacuum. No improvement in the purity of 3 was observed in the new 1H and 13C {H} NMR 

spectra.  

 

     In another attempt to purify compound 3, some of the crude mixture of 3 and 1a∙HI was 

dissolved in ethyl acetate (EtOAc). The result mixture was extracted three times with 3 mL of 

H2O. The collected yellow aqueous layer was left to dry under vacuum, and a bright yellow oil 

was obtained. Similarly, the organic layer was dried by the same procedure and tiny amount of 
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yellow oil was collected. Neither of the collected samples contained 3 in greater purity than the 

crude mixture.  

 

     A mixture of CHCl3: MeOH (8:2) was used to dissolve the crude. NMR spectroscopy showed 

the presence of both species in the solution mixture of 3 and 1a.HI. A chromatographic column 

was filled with silica gel and a mixture of 80:20 CHCl3: MeOH was used as eluent. The product 

mixture was loaded on the column and one compound was successfully eluted. The observed 

peaks in the 1H NMR and 13C NMR spectra belong to 1a∙HI. Even when the experiment was 

repeated using neutral alumina rather than silica gel, compound 3 failed to elute. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


