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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

R_/<O@ Hsﬁ_R “Amide formation avoiding poor atom economy
0 reagents” was voted as the top priority research area
e by the ACS GCI Pharmaceutical Roundtable.

, Conditions?
Reagents?
Catalysts?
O O
R + H.N—R R— + H,O
OH HN—R
(Often) Acidic waste streams
Requires HX Poor Atom Economy
prior activation ) Expense
o) Toxicity issues
R— + H.N—R

X

2 Step protocol
(monitoring required)

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.



aliphatic carboxylic acid + aromatic carboxylic acid + Aniline +
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B(OCH,CF3); Sheppard 2016
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B(OH); Tang 2005 safe, simple to handle, easy to purge from reaction mixtures,

tributes.oulymiftimaly'to waste streams”

Group IV metals
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Direct Amidations with Tetraalkoxysilanes as

Tetramethylorthosilicate | Tetraethylorthosilicate
(TMOS) (TEOS)
OMe OEt
MeO-Si-OMe EtO-Si-OEt
OMe OEt
b.p. 121 °C b.p. 168 °C
$14 per mole $5 per mole

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.

Aliphatic acid + primary amine

'Class: Al-1"
0.2 M in Toluene o)
©\)Ci HZN/\©\ Reflux, 1h @
+ —_— N
OH mol% Reagent H/\©\
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)°

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

_ _ TMOS (Xs)
Acid + amine Amide + MeOH + SiO,
Toluene
At complete conversion: MeOH Toluene Amide SiO, TMOS Other silicon species
l Evaporate
Amide SiO, TMOS Other silicon species
Add THF and aq K,CO4
(Homogenous solution -> rapid basic hydrolysis of Xs TMOS
I and other silyl esters)
MeOH THF Amide SiO, H,0
Add Solid NaCl - > separate layers
) (Causes phase separation, silica resides in aqueous layer) %
MeOH THF Amide

l Evaporate

Amide

The work-up procedure provides the amides directly in pure form
even for incomplete amidations:
- Unreacted carboxylic acid removed by basic wash;
- Ag. HCIl 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!
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Direct Amidations of Aliphatic Carboxylic Acids
with TMOS

200 mol% TMOS
0.2M in Toluene, reflux

RCO,H + amine S Pure Amide (after work-up)
xh
Aliphatic acid + cyclic secondary amines Aliphatic acid + acyclic secondary amine
'Class: Al-c2" 'Class: Al-a2”

Oy Ok O

98% 96% 81%
(1h) (2h) (11h)

Aliphatic acid + aniline
'Class: Al-An'

sB Vsl

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!
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‘Crude’ Products are Pure!
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Direct Amidations of Aromatic Carboxylic Acids
with TMOS

200 mol% TMOS

0.2M in Toluene, reflux i
RCO5H + amine . Pure Amide (after work-up)

xh

Aromatic acid + primary amines
'Class: Al-1”

0]

L

98%
(6h)

Aromatic acid + acyclic secondary amine
'Class: Al-a2”

Saas

53% 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.

Aromatic acid + cyclic secondary amines

'Class: Al-c2"
(0] O
N N
oD
98% 96%
(7h) (17h)

Aromatic acid + aniline
'Class: Al-An'

2 Q.
©)LN
H

46% conversion

(24h)
250 mol% TMOS, 2M
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Silyl Ester as de facto Activated Species?

0 o’ 2 Mo . oo #) - Identification of activated ester?
S e

+ .Si-0O D .. e
om0 o R™™0""0Me . « Position of equilibrium?

(0] O OM
;g O Toluene, reflux, 1h C?Me
\/ OH N SII o OMe OBSERVED
' 1 0" o™ 28 M
: |

(then evaporation & KNOWN COMPOUND
re-dissolution in CDCly) ('H, 13C, 2°Si NMR, CDCl;)
29S| NMR: Equilibrium position established as ca. 9:1
I P W WS
¢ 13C NMR: | IH NMR: .
W Mmﬁ J||| |'I IJ,: _N I ]: J "‘ '-Jk B
[ * 7 '
— e . 2 s 2 |

=0 100 10 172 171 170 169 168 167 166 165 81 80 79 78 727 76 75 74

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



Observation under Reaction Conditions?

,gijo A

OH — | \) N/\H/\ -
H
HzN/\© N N
Toluene, reflux, 5h

(aliquot removal, evaporation & ArNHZX(KNOWN)
re-dissolution in CDCl5)

Q SQiMOeMe RNH, 9 P A
— 0"~ "OMe O
MeOH

Undergoes ester
hydrolysis in work-up

Methanol removal will be beneficial to position of equilibrium
& to prevent methyl ester formation when amine nucleophilicity is low

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



Challenging Amidations Revisited

250 mol% TMOS
2M in Toluene, reflux

ACO.H + amine R Pure Amide (after work-up)
24 h
Aromatic acid + acyclic secondary amine Aromatic acid + acyclic secondary amine
'Class: Al-a2” 'Class: Al-a2”
Q Q The first quantitative
©)LT© dLT@ direct amidation of an
aromatic carboxylic
53% conversion 84% acid with an aniline
(4A MS)
Aromatic acid + aniline Aromatic acid + aniline Aromatic acid + aniline
'Class: Al-An' 'Class: Al-An’ 'Class: Al-An'
©)LN ©)kN ©)kN
H H H
46% conversion 75% Quant.
(4A MS) (4A MS +

2 eg. ArCO,H)

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!
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‘Crude’ Products are Pure!
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aliphatic carboxylic acid + aromatic carboxylic acid +

Aniline +

1° amine cyclic acyclic
2° amine 2° amine

1° amine cyclic acyclic

2°amine  2° amine RCOH ~ ArCOH

32

Aryl boronic acids

27-71%
30-70% (100 °C selaed tube) 50-60%
27-78% (125 °C) 22-79% 36-85%

Boronates

aa

Boric acid

74/69/76
83/70/82

|

39%/96% 4 eq amine 10%/82% 4 eq amine.

Group IV metals I — ;
. L sewmeawpron 35% 18%

Miscellaneous ] = =

(homogeneous) I S [

53/71(50°C)

Mukaiyama (+ others)

58 (mesitylene)

Silica Gels

70%

upto 99%

I a I

33

Other heterogenous [ e

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



Challenging Direct Amidations

200 mol% TMOS
0.2M in Toluene, reflux

RCO5H + amine — > Pure Amide (after work-up)
xh
(@] O O
TEO @O Y0
H H H
100% 90% 99%
(2h) (24h) (20h)
o) /©/ )
@)ku @A“ﬁo
78% .
(48h) 81 go
250 mol% TMOS, 2M, (66h)
(2 eq. Acid)

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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Medicinally Relevant Direct Amidations

200 mol% TMOS

0.2M in Toluene, reflux i
RCO,H + amine e Pure Amide (after work-up)

xh
o>/®/0|
(0]
o) (\o [ J
H H MeO N
Cl O,5N

(Moclobemide) (Procainamide pre-cursor) (Indomethacin amide) o)
(Anti-depressant) (Antiarrhythmic agent) (Anti-inflammatory)
100% 99% 86%
(1h) (3h) (5h)

B Hﬁ @j@

~

N N~ N7
H

o)

84% 53% 93%
(2h) (16h) (5h)

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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Direct Amidations of Protected Amino Acids

0 0] R’
200 mol% TMOS
PHN\)J\ + — PHN\)J\
7 OH HaN 0.2 M in Toluene, reflux : H

» Protecting group stability?
* Epimerisation?

x OIHJLOH Fmoc deprotection

Fmoc-Ala

H O
A >
SOy om N’ T) t-Bu transfer
x B(Zc-AIa
O
V @\/OTH%OH @OTHJNJ\Q 87%
o ° o i H (1.5h)

Cbz-Ala

No epimerization is observed under the 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.



Direct Amidations of Unprotected Amino Acids

Solubility of
zwitterionic 0 -
. . i L PNTR I Stereochemical
amino aCId’) 2 Y OH Conditions . H R’ D
: i i Integrity”
Opportunity to \ ?
employ green Protectéétir%n \\‘\ = T Deprotection
solvent? §A N Ho Q ch lectivity?
. N emoselectivity’
FmocHN 2 AXNOR
e Muplmg Oﬁ RH
R R Reagent

. ] j oligomers
diketopiperazines

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



Direct Amidations of Unprotected Amino Acids

Solubility of
zwitterionic o) ~ o! .
: . HN R Stereochemical
amino acid? HZN%OH Conditions HzN%HAR’ Intearity?
Opportunity to R ? ? grity:
employ green -
solvent? o o
- _di-o Chemoselectivity?
O o\
0 0 0

® (4eq) | o—
. O,
WAoo - S P R TS0 Actvatec
: 1:1 HN ofion -0, | ---- HNvgO ester?

: +
;" OH PON :
R | Non-nucleophilic 5 Improved
nitrogen?

solubility?

999999

-------

3 e From L-phenylalanine

0000000

........
RT: o MA: 7687527
MA: 7504532

From DL-phenylalanine

Time (min)

Anisole as a “recommended” solvent:
Prat, D.; Wells, A.; Hayler, J.; Sneddon, H.; McElroy, C. R.; AboBSkieciadD .SC.Puikiss, P.GreedhGhemlU2(ilh|-8e288sp98.



Large Scale (1 Mole) Amidation

o TMOS (152 g)
OH + HoN Toluene (130 mL) 100% conversion after 3h of MeOH collection
- = ("H NMR analysis)
Reflux
Fractional distillation of MeOH
122 g 107 g
(1 mole) (1 mole)
Work-up
Work-up:
1. Dilute with THF (1L); o
2. Add aqueous K,CO4 (0.73M, 1L);
3. Stir 2h (Xs TMOS converted to silica); ©)LNK©
4. Filter; H
5. Add sat. ag. brine solution (100 mL) - causes phase separation;
6. Separate layers and evaporate organics;
7. Redissolve in CH,Cl, (500 mL); White solid
8. Wash with water (500 mL);
9. Separate, extract aqueous with CH,Cl, (2 x 50 mL); 210 g

10. Combined organics, dried over MgSO4(20 g), filtered and evaporated.

99.3% j
Process Mass Intensity (PMI): 20 500 mL bottle

[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.



Acknowledgements

The Pharmacat EPSRC
CO n SO rtl U m Fnﬂ_:nrrrinﬁ and F‘h'!.-*qiral Sriennes
Rescarch Coundcil Dr Steve FUSSE”

TMOS as a Reagent

) o9 Large Scale Amidations
for Direct Amidation

Dr Ben Rowley

Amidations of Unprotected

Challenging & Amino Acids

Medicinally Relevant
Amidations

Ms Shijia Zhu

Dr Gajan Santhakumar



1
AstraZenecaCE? A R R{P W

EPSRC  Acknowledgements

Fnﬂ.nrrrinﬁ and Fh'!.-*qir.'-ll o a0 W ]
Kescarch Coundcil »
ClaxosmithKline

Enantiospecific polyene cyclisations: Bromoallene epoxidation &  Stable bromoallene Rearrangements of

Marilzabicycloallenes: oxides: Areeb Mahtey ~ Bromoallene oxides:
e Dan O'Reilly

Jared Marklew

(EPSRC Arrow/AZ James Clarke
CASE award) (EPSRC DTG)
Medium Ring

Ethers: (a:)nd "

Karl Bonney obtusallenes

synthesis)

(EPSRC DTA)
Mohammad Yaqgoob
(EPSRC PDRA)

Dan-Tiberiu
Shircea
(MSci project)

Direct Amidations:

Ben Rowley

Ed Moore (MSci project)
Dyotropic rearrangement

Bromophycolides
and prenyl RCM:
Karim Bahou
(CSIRO/IC award)

Mariko Whyte &

) Tim Barrett &
Alison Gao

GSK CASE award) Anna Monta
Catalytic asymmetric bromolactonisations

Alex Jones (EPSRC DTA/




