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Amides

Bioactive Natural products Pharmaceuticals

Polymers Peptides

• Penicillins

• Ciclosporin

• Capsaicin

• Echinacea

• Kevlar

• Aramid

• Nylons

• Tennis 

rackets

• Brakes

• Lipitor

• Lidocaine

• Nicorandil

• Atazanavir

• Imatinib

• Proteins

• Enzymes

• Spider silk

• Hair

Amide bond linkages are present in ca. 25% of top 200 selling pharmaceuticals

(and in 60% of all newly approved drugs in 2017).
Lanigan, R. M; Sheppard, T. D. Eur. J. Org. Chem. 2013, 7453–7465; Jarvis, L. M. Chem. Eng. News 2018, 96, 26−30. 



Direct Amidations

D. J. C. Constable, P. J. Dunn, J. D. Hayler, G. R. Humphrey, J. L. Leazer, Jr., R. J. Linderman, K. Lorenz, J. 

Manley, B. A. Pearlman, A. Wells, A. Zaks and T. Y. Zhang, Green Chem., 2007, 9, 411.

Conditions?

Reagents?

Catalysts?

“Amide formation avoiding poor atom economy 

reagents” was voted as the top priority research area 

by the ACS GCI Pharmaceutical Roundtable.



Thermal Amidations
100% 67% (100)  mesitylene 6% (44)  xylenes 30% (73%)* xylenes

58% 39% <1% 0%

94%% 91% 94% 95% 49%/51%

92%% 73% 75% traces 75%% 49

Aryl boronic acids

96 99 99%(mesitylene) 95% (mesitylene) 99 (mesitylene)

95 95 98 (xylene)

70 67 59 (75 toluene) 21 46 (toluene)

76 1 2% 0% 16% 20%

99% 76%/97% 0% 24%

98% 91% 0% 30%

99% 81% 99% (with heating) 34%

98% 60% 52% 0%

48% 99% (xylene)

98% 68% 83% (xylenes) 98 (azeotrope)

98% 92% 92 90 91

90/79/72/86 32

86/89/88/90/93 87/85/85/74/81/84/95/91/70/89 90 86 89

Boronates
91% 27-71%

99% 97% 82% (2 equiv) 30-70% (100 ˚C selaed tube) 50-60%

87% 27-78% (125 ˚C) 22-79% 36-85%

Boric acid

99% 95% 85% 92%/83/92/90

89% 80% 86% 49% 74% 35%

95% 75% 44% 87 86 (xylene, 30h)

95%

up to 86%

Group IV metals
99 (only case examined)

91 74/69/76 82 (xs acid, 20 mol5 catalyst)

99% 83/70/82 85/76/88

45-95%

95%(1.6 M 39%/96% 4 eq amine 10%/82% 4 eq amine

71% 52/80% 4 eq amine

100% 100 83% 37

Miscellaneous 
(homogeneous)

99% 99% 92%/70% 35% 18%

91 74 62-58 68

64/60/58/61/68/54/75 77/52 25

99 99% 92%/70% 89

Mukaiyama (+ others)
88 96 96 71 82 53/71 (50 ˚C)

98 97 93 84 73

92 92 83 72 97 81

88/89 95/88 65 76 70 0

94%

Silica Gels
98 65 74/81/72 47

70 55 77 74 90 62

99 94 3 93

78/83/94 62 96 64 98/75/63 84

99 99 99 78 99 58 (mesitylene)

only this case examined

90 80 80/78/90/94/95/95/98/80 75

70% upto 99%

Other heterogenous
96 72 81 33 72 45

90 96

87/95/80 73/75 94 80 94/82/76/81 92/85

88 81 98% 80% (xylene, 30 h, azeotrope)

94% excess aniline

Direct Amidations in the Literature

“The ideal reagent is inexpensive, widely available, nontoxic, 

safe, simple to handle, easy to purge from reaction mixtures, 

and contributes only minimally to waste streams”

Dunetz, J. R.; Magano, J.; Weisenburger, G. A. Org. Process Res. Dev. 2016, 20, 140−177.

1˚ amine cyclic
2˚ amine

aliphatic carboxylic acid +

acyclic
2˚ amine

aromatic carboxylic acid +

1˚ amine cyclic
2˚ amine

acyclic
2˚ amine

 Aniline +

RCO2H ArCO2H
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Dr Steve Fussell

Tetramethylorthosilicate

(TMOS)



Direct Amidations with Tetraalkoxysilanes as 

Overlooked Reagents

Entry Reagent mol% %Conversion
1 - - 11
2 TEOS 25 45
3 TEOS 100 70
4 TEOS 200 85
5 TMOS 25 55
6 TMOS 100 77
7 TMOS 200 100 (100)a

These compounds react slowly with water at neutral pH but more rapidly in acidic conditions and even more so in 
basic solution. They can be stored without special precautions and handled in air without significant hydrolysis.

The amide product is obtained in pure form directly after work-up

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.



Direct Amidations with Tetraalkoxysilanes:

The Work-up

The work-up procedure provides the amides directly in pure form

even for incomplete amidations: 

- Unreacted carboxylic acid removed by basic wash;

- Aq. HCl wash can be applied to remove unreacted aliphatic amines.

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.



‘Crude’ Products are Pure!

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.



Direct Amidations of Aliphatic Carboxylic Acids 

with TMOS

98%

(1h)

96%

(2h)

81%

(11h)

84%

(7h)

250 mol% TMOS, 0.5M

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.
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‘Crude’ Products are Pure!

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.

• Unreacted non-basic aniline removed by trituration with hexanes



Direct Amidations of Aromatic Carboxylic Acids  

with TMOS

98%

(6h)

98%

(7h)

96%

(17h)

53% conversion

(24h)

250 mol% TMOS, 2M

46% conversion

(24h)

250 mol% TMOS, 2M

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.
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‘Crude’ Products are Pure!

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.



Silyl Ester as de facto Activated Species?

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.

• Identification of activated ester?

• Position of equilibrium?

OBSERVED

29Si NMR:

1H NMR:13C NMR:

Equilibrium position established as ca. 9:1



Observation under Reaction Conditions?

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.

NH

1H

Methanol removal will be beneficial to position of equilibrium 

& to prevent methyl ester formation when amine nucleophilicity is low 



Challenging Amidations Revisited

53% conversion

46% conversion

84%

(4Å MS)

75%

(4Å MS)

Quant.

(4Å MS +

2 eq. ArCO2H)

The first quantitative 

direct amidation of an 

aromatic carboxylic 

acid with an aniline

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.
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‘Crude’ Products are Pure!

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.



TMOS
100% 100% 100% 100% 87% 46% (2M)

Thermal Amidations
100% 67% (100)  mesitylene 6% (44)  xylenes 30% (73%)* xylenes

58% 39% <1% 0%

94%% 91% 94% 95% 49%/51%

92%% 73% 75% traces 75%% 49

Aryl boronic acids

96 99 99%(mesitylene) 95% (mesitylene) 99 (mesitylene)

95 95 98 (xylene)

70 67 59 (75 toluene) 21 46 (toluene)

76 1 2% 0% 16% 20%

99% 76%/97% 0% 24%

98% 91% 0% 30%

99% 81% 99% (with heating) 34%

98% 60% 52% 0%

48% 99% (xylene)

98% 68% 83% (xylenes) 98 (azeotrope)

98% 92% 92 90 91

90/79/72/86 32

86/89/88/90/93 87/85/85/74/81/84/95/91/70/89 90 86 89

Boronates
91% 27-71%

99% 97% 82% (2 equiv) 30-70% (100 ˚C selaed tube) 50-60%

87% 27-78% (125 ˚C) 22-79% 36-85%

Boric acid

99% 95% 85% 92%/83/92/90

89% 80% 86% 49% 74% 35%

95% 75% 44% 87 86 (xylene, 30h)

95%

up to 86%

Group IV metals

99 (only case examined)

91 74/69/76 82 (xs acid, 20 mol5 catalyst)

99% 83/70/82 85/76/88

45-95%

95%(1.6 M 39%/96% 4 eq amine 10%/82% 4 eq amine

71% 52/80% 4 eq amine

100% 100 83% 37

Miscellaneous 
(homogeneous)

99% 99% 92%/70% 35% 18%

91 74 62-58 68

64/60/58/61/68/54/75 77/52 25

99 99% 92%/70% 89

Mukaiyama (+ others)
88 96 96 71 82 53/71 (50 ˚C)

98 97 93 84 73

92 92 83 72 97 81

88/89 95/88 65 76 70 0

94%

Silica Gels

98 65 74/81/72 47

70 55 77 74 90 62

99 94 3 93

78/83/94 62 96 64 98/75/63 84

99 99 99 78 99 58 (mesitylene)

only this case examined

90 80 80/78/90/94/95/95/98/80 75

70% upto 99%

Other heterogenous
96 72 81 33 72 45

90 96

87/95/80 73/75 94 80 94/82/76/81 92/85

88 81 98% 80% (xylene, 30 h, azeotrope)

94% excess aniline

1˚ amine cyclic
2˚ amine

aliphatic carboxylic acid +

acyclic
2˚ amine

aromatic carboxylic acid +

1˚ amine cyclic
2˚ amine

acyclic
2˚ amine

 Aniline +

RCO2H ArCO2H

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.;Fussell, S. J. Org. Lett. 2018, 20, 950-953.
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Challenging Direct Amidations

100%

(2h)

90%

(24h)

99%

(20h)

87%

(66h)

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.

78%

(48h)

250 mol% TMOS, 2M,

(2 eq. Acid)



‘Crude’ Products are Pure!
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Medicinally Relevant Direct Amidations

100%

(1h)

99%

(3h)

86%

(5h)

53%

(16h)

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.

84%

(2h)

93%

(5h)

(Anti-depressant) (Antiarrhythmic agent) (Anti-inflammatory)
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Direct Amidations of Protected Amino Acids

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.

• Protecting group stability?

• Epimerisation?

Fmoc deprotection

N
H

t-Bu transfer

H
N

O

N
H

O

O 87%

(1.5h)

No epimerization is observed under the reaction conditions



Direct Amidations of Unprotected Amino Acids

Braddock, D. C.; Lickiss, P. D.; Zhu, S. Unpublished results.

Stereochemical 

Integrity?

Chemoselectivity?

Solubility of

zwitterionic 

amino acid?

Opportunity to

employ green

solvent?



Anisole as a “recommended” solvent:

Prat, D.; Wells, A.; Hayler, J.; Sneddon, H.; McElroy, C. R.; Abou-Shehadad, S.; Dunn, P. J. Green Chem. 2016, 18, 288-296.

78%

>98:2 er

78%

(21h)

HN

R

O

O

Si
O

O

Activated 
ester?

Improved 
solubility?

Non-nucleophilic
 nitrogen?

Direct Amidations of Unprotected Amino Acids

Braddock, D. C.; Lickiss, P. D.; Zhu, S. Unpublished results.

Solubility of

zwitterionic 

amino acid?

Opportunity to

employ green

solvent?

Stereochemical 

Integrity?

Chemoselectivity?

From L-phenylalanine

From DL-phenylalanine



Large Scale (1 Mole) Amidation

210 g

99.3%

Process Mass Intensity (PMI): 20

[c.f., via acid chloride (PMI: 292) vs HATU (PMI: 178) vs boric acid catalysis (PMI: 89)]
See: Fennie, M. W.; J. M. Roth, J. M. J. Chem. Educ. 2016, 93, 1788−1793. 

Braddock, D. C.; Lickiss, P. D.; Rowley, B. C. Pugh, D.; Purnomo, T.; Santhakumar, G.; Fussell, S. J. Org. Lett. 2018, 20, 950-953.

500 mL bottle
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