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The chess-board is the world: the pieces are the phenomena of the universe; the 

rules of the game are what we call the laws of nature. The player on the other side 

is hidden from us. We know that his play is always fair, just and patient. But also 

we know, to our cost, that he never overlooks a mistake, or makes the smallest 

allowance for ignorance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

By Thomas Henry Huxley 
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1. Introduction 

 

Boronic acids are used extensively in organic chemistry as chemical building blocks 

and their derivatives are the most useful classes of organoboron molecules. Boronic 

acids are an important building block for saccharide sensing and the molecular 

recognition of saccharides is a major area of sensing. Boronic acid sensors can be 

used in medical applications for the diagnosis of diabetes or the detection of 

pathogens and cancer. An introduction of some methods concerning the synthesis of 

amines is given. Amines are one of the most common compound classes in organic 

chemistry and most of them are ammonia derivatives. The last section introduces 

direct coupling methods, non-metal catalysts, metal catalysts and enzymatic 

methods that are used for amide formation.  

 

1.1  Introduction to Boronic Acids 

  

Boronic acids are very useful building blocks for organic synthesis. The first isolation 

of a boronic acid was reported by Frankland and published by the Royal Society of  

Chemistry of London in 1860.[1] The highly air-sensitive triethylborane was obtained 

by treating diethylzinc with triethylborate, and it would slowly oxidise in a normal 

atmosphere environment to provide ethylboronic acid. Boronic acids are the 

products of the second oxidation of boranes. The product of the first oxidation 

produces a borinic acid and the third oxidation is boric acid. Boronic acids are more 

stable than borinic acids, but less stable than boric acid. Soon afterward, the first 

synthesis of phenylboronic acid was performed by Michaelis and Becker in 1880.[2] 

Boron trichloride was reacted with diphenylmercury to form dichlorophenylborane, 

and then hydrolysed to phenylboronic acid and recrystallised as colourless needles 

(Scheme 1.1).  
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Scheme 1.1. Organoboron compounds 

 

From 1911 to 1940, Böeseken and co-workers discovered that boric acid complexes 

with hydroxyl groups in solution, favourably forming boronic ester 1,2- or 1,3-diol 

configuration. A rise was also observed in both conductivity and pH. In 1954, Kuivila 

and co-workers found the formation of a cyclic boronic ester by adding 

phenylboronic acid to a solution of mannitol, similar to the formation between boric 

acid and polyols.[3]  

 

 
 

Figure 1.1. The planar structures of boric acid and phenylboronic acid. 

 

In 1959, in an experiment by Lorand and Edwards, different polyols were added to a 

solution of phenylboronic acid to clarify the structure of the phenylboronate anion. 

They inferred that the conjugate base of phenylboronic acid has a tetrahedral 

structure rather than a trigonal form. Because the pH is matching with the pKa, the 

pKa of the boronic acid can only be measured from the interaction of the boron atom 

with a molecule of water where the dissociation of a hydrogen ion from 

phenylboronic acid occurs. The pKa of phenylboronic acid was initially reported to 

fluctuate between 8.7 and 8.9 by several papers and later defined via a 

potentiometric titration study as 8.7 in water at 25 0C.[4]  
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Scheme 1.3. The equilibrium for boronate ester formation to generate a thermodynamic cycle. 

 

In 1909, the classical synthesis of boronic acids from Grignard reagents and trialkyl 

borates was established (Scheme 1.4).[6] 

 

 

 

Scheme 1.4. The classical synthesis of boronic acid 

 

In the late 20th century, the Suzuki-Miyaura coupling reaction was developed for C-C 

bond formation, using a palladium catalyst and boronic acid with a halide or triflate 

(Scheme 1.5).[7] 
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acid compounds are very difficult to purify. There are two major problems; the first is 

that free boronic acids are complicated by the equilibrium formation of boroxines 

(trimeric cyclic anhydrides, Scheme 1.6).[11]  

 

 

 

Scheme 1.6. Boronic acid equilibrium 

 

Due to this problem, it is very difficult to determine the percentage of boronic acid 

and boroxine in a mixture. Therefore, most of the Suzuki-Miyaura coupling reactions 

and some similar reactions need to use excess boronic acids to ensure a complete 

reaction. Secondly, boronic acids strongly interact with silica gel making 

chromatographic purification problematic. In order to avoid these problems, many 

different kinds of protecting group are used in reactions to protect the free boronic 

acid before starting the main reaction (Scheme 1.7).[12]   
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Scheme 1.7. Examples of boronic acid protecting groups. 
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1.2  Introduction to Amines 

 

Most basic amines are derived from alkaloids which exist in nature. Morphine was 

the first individual alkaloid, isolated from opium poppy in 1804.[13] Some 

representative alkaloids like Colchicine 1.1, Caffeine 1.2 and Nicotine 1.3 are shown 

in Figure 1.2 and their basic nature can produce a strong physiological activity.[14] 

 

 
 

Figure 1.2. Structures of some representative alkaloids. 

 

Amines are very important organic compounds and functional groups in chemistry. In 

the industry, amines can be prepared from ammonia by alkylation with alcohols. 

There are also lots of methods to prepare amines on a laboratory scale, such as 

Hofmann degradation, the Buchwald-Hartwig reaction and aminolysis of halides. 

Amines are fundamental starting materials for many organic syntheses to create new 

compounds. Comparing aliphatic amines with aromatic amines, the aromatic amine 

is more reactive due to an electron donating effect from the aromatic ring. Aniline is 

one kind of primary aromatic amine which is the basis for the synthesis of a whole 

class of synthetic dyes (Figure 1.3).[15]  
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Figure 1.3. Structures of some representative dyes. 

 

Primary aromatic amines can react with nitrous acid to form a diazonium salt. The 

diazonium salt can do a further coupling reaction to form azo compounds which are 

used industrially as dyes. 

  

Lots of drugs and biological compounds are designed to imitate or interfere with the 

natural action of amines. Many of them have a strong physiological activity and 
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Amines are also used in the preparation of some solvents, fine chemicals and are 

used in the agrochemical industry. In general, amines are naturally occurring 

compounds of biological activity present in large number of compounds and are thus 

important intermediates in the chemical industry. 

 

 

1.2.1 Amine formation 

 

Amines can be made from halogenoalkanes when heated in ethanol with a 

concentrated solution of ammonia.[20] However, excessive alkylation can lead to a 

mixture of primary, secondary, tertiary amines and quaternary ammonium salts in 

the final products (Scheme 1.8). This causes the purification of the product to be 

difficult and the method is very expensive.  

 

 

 

Scheme 1.8. Overalkylation of amines. 

 

The overalkylation of amines is wasteful and expensive. In 1881, an organic reaction 

was discovered by August Wilhelm von Hofmann to create a primary amine from a 
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primary amide. (Scheme 1.9) In the reaction, bromine reacts with sodium hydroxide 

first to form sodium hypobromite which can react with the primary amide to form an 

intermediate isocyanate. The isocyanate can be hydrolysed by H2O to form the 

primary amine.[21]  

 

 

Scheme 1.9. Hoffman rearrangement. 

 

In 1887, another method for the generation of primary amines was developed by a 

German chemist Siegmund Gabriel (Scheme 1.10). In the Gabriel synthesis, 

potassium phthalimide is reacted with a primary alkyl-halide to give the 

corresponding N-alkylphthalimide. The N-alkylphthalimide can be hydrolyzed by 

aqueous base or acid into the primary amine.[22]  

 

 

Scheme 1.10. Gabriel synthesis. 

 

It is also very important to find efficient synthetic methods to prepare secondary 

amines as they are particularly important in the area of drug discovery. Traditional 

methods of forming secondary amines have different problems, such as low chemical 

selectivities, very poor yields and difficult reaction conditions. In Scheme 1.11, there 

is a brief classification of some traditional methods for making secondary amines as 

described by Salvatore.[23]  
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Scheme 1.11. Major traditional methods for the synthesis of secondary amines. 

 

Salvatore and co-workers also developed a method using cesium bases in DMF for 

the mono-N-alkylation of primary amines, diamines and polyamines, efficiently 

preparing secondary amines (Scheme 1.12). The free primary amines of dimer 1.9 

reacted with protected amino bromide 1.10 selectively leaving secondary amine and 

hydroxyl untouched, indicating the high chemoselectivity and diminished reactivities 

of secondary amines. This formed product 1.11 cleanly, proceeding though an 

aziridinium intermediate 1.12. Advantages of this method are mild reaction 

conditions and the possible application in generating large compound libraries, but it 

is limited to the syntheses of non-aromatic amines.[24]  
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Scheme 1.12. CsOH-promoted N-alkylation of dimer 1.9 with protected amino bromide 1.10 to 

afford trimer 1.11 cleanly via aziridinium intermediate 1.12. 

 

Fukuyama and co-workers introduced the 2-nitrobenzenesulfonyl group which can be 

used as an amine protecting group and reacts with thiolates in DMF at room 

temperature to give secondary amines in high yields. As shown in Scheme 1.13, 

amide 1.14 can be prepared from starting amide 1.13 under Mitsunobu conditions or 

under the more general base mediated conditions (RX, K2CO3, DMF in 23 °C). Treating 

amide 1.14 with PhSH and K2CO3 in DMF at 23 °C gives the target secondary amine 

1.16 in good yield, via the Meisenheimer complex intermediate 1.15.[25]  

 

 

Scheme 1.13. Preparation of secondary amines and protection of amines. 
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Scheme 1.15. Direct alkylation of a secondary amine with an alkyl halide in the presence of 

Hünig's base. 

 

As demonstrated by Overman, the TBDPS group is able to selectively functionalise 

secondary and tertiary amines in the presence of primary amines. Diamine 1.21 is 

easily silylated at the primary amine to generate silyamine 1.22. Silyamine 1.22 can 

undergo direct formation of tertiary amine 1.23 via N-alkylation by using 1 

equivalent of allyl-bromide and 10 equivalents of diisopropylethylamine in 

acetonitrile. Finally, acetic acid (80% HOAc) is used to deprotect and generate 

product 1.24 (Scheme 1.16).[28]  

 

 

 

Scheme 1.16. TBDPS group selective functionalization of a tertiary amine. 














































































































































































































































































































































































































































































































