Amidation
The amide bond is a ubiquitous functionality; occurring in natural products, polymers
and pharmaceutical molecules. In publications by Carey et al.[1] and Roughley et
al.[2] investigating the most commonly used chemical transformations in industrial
Research and Development (R&D) departments (process and medicinal chemistry) at
three large pharmaceutical companies, both included amide bond formation as one of
the top ten transformations in these fields. It is therefore unsurprising that amide bonds
feature in more than 25% of known pharmaceutical molecules. The top selling drug in
2008 atorvastatin (trade name Lipitor®) with sales of $12.4 billion contains a single amide
bond. Other important drug molecules that carry an amide bond include penicillin
(antibiotic), paracetamol (analgesic) and chloramphenicol (broad-spectrum antibiotic),
Figure 1.

Figure 1: Examples of drug molecules carrying an amide bond functionality
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Condensation
Amide bond formation between an acid and an amine are formally condensations. The
related esterification reactions are governed by equilibrium however, the mixing of an
amine with a carboxylic acid or an acid base reaction forms a stable salt. This means that
amide bond formation between these reactants is thermodynamically disfavoured as the
equilibrium lies on the side of hydrolysis rather than bond formation, Scheme 1.

Scheme 1: Amide bond formation by reaction of an amine with a carboxylic acid is
thermodynamically disfavoured
The subsequent condensation of the salt to give the amide bond can be achieved at high
reaction temperatures ~160-180 °C, which is not only energy demanding but can be
incompatible in the presence of other functionalities. These forcing reaction conditions
have been circumvented by activating the carboxylic acid by using a good leaving group
bound to the acyl group of the acid, allowing the necessary attack by the amine group,
Scheme 2.

Scheme 2: Amide bond formation through activating of the acyl carbon
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Synthetic methods
Given the importance of amide bonds there is a plethora of synthetic methods and
strategies available for their synthesis. The most popular industrial methods for amide
bond formation rely on the aforementioned acylation method which account for 16% of
all reactions carried out by the pharmaceutical industry, a breakdown of these methods is
shown in Table 1.[1]
Table 1: Breakdown of acylation
methods for amide bond formation in
the pharmaceutical industry [1]
Method

Frequency (%)

Acid Chloride

52

Coupling reagent

21

Mixed carbonic
anhydrides

11

Carbonyl Diimidazole

9

Other

6

The use of acid chlorides is the most common method for amide bond formation in
industry, and in the majority of cases, the procedure involves in situ generation of the acid
chloride. Mixed carbonic anhydrides provide a cheap and readily scaled method for Nacylation.[1] In recent years the use of carbonyl diimidazole (CDI) has grown in popularity,
as it is moderately priced and also readily scaled and worked up, however its use is
limited as CDI is a sensitiser and its use on large scale is costly.[1] The use of acyl
chlorides and mixed anhydrides is an economical approach to the synthesis of amides,
however all of these acylation methods use stoichiometric quantities of coupling agents,
which make them expensive, wasteful and inefficient.
Amide bond formation using enzymatic catalysis circumvents the poor atom economy
associated with coupling agents, as well as the potential hazards related with the use of
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non-aqueous media chemical approaches. Methods such as lipase-catalysed amidation
of carboxylic acids and the hydrolysis of nitriles catalysed by nitrile hydrolases are clean,
efficient and safe routes to the synthesis of primary amides. Equally, the use of peptidases
and acylases circumvents the need for protection/deprotection steps, which has a
positive impact on the mass intensity of the process. The use of enzyme catalysed amide
bond formation has the advantage of operating under mild reaction conditions and their
specificity leads to excellent regio- and stereoselectivity. Despite the progress made in
the area of biocatalytic amide bond formation and some commercial success, enzyme
catalysed amide synthesis still suffers from a narrow substrate specificity and material
intensive isolation stages, which limit their application.[2]
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Case studies
There has been an increased interest in the development of catalytic oxidative amidation
reactions to form amide bonds through the coupling of aldehydes to amines. The
reactions are thought to proceed via oxidation of the resultant imine or hemi-aminal
intermediates and are catalysed by transition metals such the platinum group metals,
base metals such as iron and copper,[1][2][3][4][5][6][7] lanthanides as well as organocatalysts.[8][9] These are normally associated with stoichiometric terminal oxidants such
as tert-butyl hydroperoxide (TBHP), hydrogen peroxide or oxone.
It is possible to achieve the product amide from the alcohol derivative (usually used in
large excess), which would undergo oxidation to the aldehyde in situ as shown in Scheme
1.[10] Coupling methods from the aldehyde starting material give good to excellent yields
however, aliphatic and heteroaryl aldehydes are known to give a lower yield and as such
require higher reaction temperatures. Therefore, the development of a catalytic
methodology for the formation of amides from such starting materials without the need
for stoichiometric chlorinating agents or a large excess in aldehyde could offer an
attractive alternative.

Scheme 1: Iron catalysed tandem reaction for the formation of amides from benzylic
alcohols (De Luca et al., 2013 [10])
CHEM21 researchers have developed a one-pot tandem reaction for the Bio-Chemo
catalytic conversion of benzylic alcohols to aldehydes in the first step, with subsequent
reaction with an amine in the presence of TBHP to give the product tertiary amide. The
reaction proceeds at mild temperatures (25-37 ˚C), and proceeds as a one-pot, two-step
process (Scheme 2).[11]

This resource has been created as part of the IMI funded CHEM21 project (Chemical Manufacturing Methods for the 21st Century Pharmaceutical Industries). CHEM21 has received
funding from the Innovative Medicines Initiative Joint Undertaking under grant agreement n°115360, resources of which are composed of financial contribution from the European
Union’s Seventh Framework Programme (FP7/2007-2013) and EFPIA companies’ in kind contribution.
The educational material is licensed (unless otherwise specified) under Creative Commons licenseCC BY-NC 4.0, which gives permission for it to be shared and adapted for noncommercial purposes as long as attribution is given. For full details please see our legal statements.
The views expressed in regards to education and training materials represent the aspiration of the CHEM21 consortium, although may not always be the view of each
individual organisation. Referencing of external sources does not imply formal endorsement by the CHEM21 consortium.

Scheme 2: Catalytic Bio-Chemo Cascade for the formation of amides (Turner et al.
2014[11])
The system tolerates a wide range of benzylic alcohols containing electron deficient
aromatic rings, with 4‑nitrobenzene exhibiting the highest yield in product amide at 91%.
This bio-chemo cascade offers mild reaction conditions, material efficiency and
circumvents the need for air and moisture exclusion. Although method the shown in
Scheme 1 is an excellent example of where the synthetic community is beginning to move
away from the use of catalysts based on precious metals and making use of the more
earth abundant metals such as iron, one could argue on closer scrutiny of the both
approaches, that there is little difference between them. However, we chose such an
example to highlight the energy and material savings that can be made when biocatalysts
are considered over chemocatalysts.
1. W. - K. Chan, C. - M. Ho, M. - K. Wong and C. - M. Che, Oxidative Amide Synthesis
and N-Terminal α-Amino Group Ligation of Peptides in Aqueous Medium, J. Am.
Chem. Soc., 2006, 128, 14796-14797.
2. Y. Suto, N. Yamagiwa and Y. Torisawa, Pd-catalyzed oxidative amidation of
aldehydes with hydrogen peroxide, Tetrahedron Lett., 2008, 49, 5732-5735.
3. J. Wei Wei Chang and P. Wai Hong Chan, Highly Efficient Ruthenium(II) Porphyrin
Catalyzed Amidation of Aldehydes, Angew. Chem. Int. Ed., 2008, 47, 1138-1140.
4. S. Muthaiah, S. Chandra Ghosh, J. - E. Jee, C. Chen, J. Zhang and S. Hyeok Hong,
Direct Amide Synthesis from Either Alcohols or Aldehydes with Amines: Activity of
Ru(II) Hydride and Ru(0) Complexes, J. Org. Chem., 2010, 75, 3002-3006.
5. S. Chandra Ghosh, J. S. Y. Ngiam, A. M. Seayad, D. Thanh Tuan, C. L. L. Chai and A.
Chen, Copper-Catalyzed Oxidative Amidation of Aldehydes with Amine Salts:
Synthesis of Primary, Secondary, and Tertiary Amides, J. Org. Chem., 2012, 77,
8007-8015.
6. J. Li, F. Xu, Y. Zhang and Q. Shen, Heterobimetallic Lanthanide/Sodium
Phenoxides: Efficient Catalysts for Amidation of Aldehydes with Amines, J. Org.
Chem., 2009, 74, 2575-2577.
7. C. Qian, X. Zhang, J. Li, F. Xu, Y. Zhang and Q. Shen, Trisguanidinate Lanthanide
Complexes: Syntheses, Structures, and Catalytic Activity for Mild Amidation of
Aldehydes with Amines, Organometallics, 2009, 28, 3856-3862.
8. H. U. Vora and T. Rovis, Nucleophilic Carbene and HOAt Relay Catalysis in an
Amide Bond Coupling: An Orthogonal Peptide Bond Forming Reaction, J. Am.
Chem. Soc., 2007, 129, 13796-13797.
This resource has been created as part of the IMI funded CHEM21 project (Chemical Manufacturing Methods for the 21st Century Pharmaceutical Industries). CHEM21 has received
funding from the Innovative Medicines Initiative Joint Undertaking under grant agreement n°115360, resources of which are composed of financial contribution from the European
Union’s Seventh Framework Programme (FP7/2007-2013) and EFPIA companies’ in kind contribution.
The educational material is licensed (unless otherwise specified) under Creative Commons licenseCC BY-NC 4.0, which gives permission for it to be shared and adapted for noncommercial purposes as long as attribution is given. For full details please see our legal statements.
The views expressed in regards to education and training materials represent the aspiration of the CHEM21 consortium, although may not always be the view of each
individual organisation. Referencing of external sources does not imply formal endorsement by the CHEM21 consortium.

9. J. W. Bode and S. S. Sohn, N-Heterocyclic Carbene-Catalyzed Redox Amidations
of α-Functionalized Aldehydes with Amines, J. Am. Chem. Soc., 2007, 129, 1379813799.
10. S. Gaspa, A. Porcheddu and L. De Luca, Iron-catalysed oxidative amidation of
alcohols with amines, Org. Biomol. Chem., 2013, 11, 3803-3807.
11. B. Bechi, S. Herter, C. McKenna Shane and Riley, S. Leimkühler, N. J. Turner and
A. J. Carnell, Catalytic bio–chemo and bio–bio tandem oxidation reactions for
amide and carboxylic acid synthesis, Green Chem., 2014, 16, 4524–4529.

This resource has been created as part of the IMI funded CHEM21 project (Chemical Manufacturing Methods for the 21st Century Pharmaceutical Industries). CHEM21 has received
funding from the Innovative Medicines Initiative Joint Undertaking under grant agreement n°115360, resources of which are composed of financial contribution from the European
Union’s Seventh Framework Programme (FP7/2007-2013) and EFPIA companies’ in kind contribution.
The educational material is licensed (unless otherwise specified) under Creative Commons licenseCC BY-NC 4.0, which gives permission for it to be shared and adapted for noncommercial purposes as long as attribution is given. For full details please see our legal statements.
The views expressed in regards to education and training materials represent the aspiration of the CHEM21 consortium, although may not always be the view of each
individual organisation. Referencing of external sources does not imply formal endorsement by the CHEM21 consortium.

Case study 2
There is a huge interest in the development of efficient synthesis of secondary amides
that involve the construction of C(sp2)-N bond. In the late 1990’s, Ramsden et al. [1][2][3]
described a phenyliodine(III) diacetate (PIDA)-mediated oxidative rearrangement of Nsubstituted amidines, however they found that the reaction product is dictated by the
nature of the substituents on the amidine (Scheme 1).[4]

Scheme 1: Ramsden and CHEM21 approaches to the synthesis of secondary amides
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from aliphatic and aromatic nitriles [4] [5]
Building on these preliminary results by Ramsden, the CHEM21 researchers investigated
whether Ramsden’s protocol could be optimised to allow the efficient, direct and high
yielding rearrangement of N‑substituted amidines to their corresponding secondary
amides without side product formation. This was achieved by modifying the manner in
which the experiment was executed. By using other hypervalent iodine reagents than
PIDA, other secondary acetamides were also accessible. N-Substituted amidine substrates
are accessible from nitriles through the Pinner reaction or by direct activation with Lewis
acids;5 and as such reagents are commercially available, this approach provides a general
and simple access route to amides from nitriles and hypervalent iodine reagents.[4]
Through this research the CHEM21 researchers developed an efficient tandem oxidative
rearrangement-elimination reaction that allows access to secondary amines, especially
those based on hindered carboxylic acids, or bulky/electron deficient amines that cannot
be obtained efficiently from condensation reactions.[4]
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Summary and further reading
In their survey of the reactions used by the pharmaceutical industry in the production of
drug candidates, Carey et al.[1] note that not a single catalytic method was used for the
synthesis of amides. There is still a pressing need for scalable catalytic methodologies for
the synthesis of amides that are atom efficient and avoid the production of waste; this has
encouraged research into the efficient preparation of amide bonds.
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