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ABSTRACT: The amide bond is one of the most fundamental functional groups in chemistry and biology, and plays a central 
role in numerous processes harnessed to streamline the synthesis of key pharmaceutical and industrial molecules. Although the 
synthesis of amides is one of the most frequently performed reactions by academic and industrial scientists, the direct transami-
dation of tertiary amides is challenging due to unfavorable kinetic and thermodynamic contributions of the process.  Herein, we 
report the first general, mild and highly chemoselective method for transamidation of unactivated tertiary amides by a direct 
acyl N–C bond cleavage with non-nucleophilic amines. This operationally-simple method is performed in the absence of transi-
tion-metals and operates under unusually mild reaction conditions. In this context, we further describe the direct amidation of 
abundant alkyl esters to afford amide bonds with exquisite selectivity by acyl C–O bond cleavage. The utility of this process is 
showcased by a broad scope of the method, including various sensitive functional groups, late-stage modification and the syn-
thesis of drug molecules (>80 examples). Remarkable selectivity towards different functional groups and within different amide 
and ester electrophiles that is not feasible using existing methods was observed. Extensive experimental and computational 
studies were conducted to provide insight into the mechanism and the origin of high selectivity. We further present a series of 
guidelines to predict the reactivity of amides and esters in the synthesis of valuable amide bonds by this user-friendly process. In 
light of the importance of the amide bond in organic synthesis and major practical advantages of this method, the study opens 
up new opportunities in the synthesis of pivotal amide bonds in a broad range of chemical contexts.  

Introduction 

The amide bond is a quintessential functional group in 
chemical synthesis, biology and drug discovery.1–3 Because of 
the importance of amide bonds, the amide bond forming 
reactions rank as the most frequently executed reaction in 
the synthesis of active pharmaceutical ingredients.4,5 The 
central role of amides in natural products, synthetic inter-
mediates and biological and synthetic polymers means that 
the development of new methods for the synthesis of amides 
is an important direction in chemical industry.6–8 Transami-
dation reactions are particularly promising in this respect as 
a way to diversify the amide bonds intrinsic to many biologi-
cally-active molecules9 and provide unconventional discon-
nection for the synthesis of broadly valuable amides.10  

The high stability of the N–C(O) linkage resulting from 

nN→*
C=O conjugation has significantly hindered the utility 

of amides in direct transamidation reactions (Figure 1A).11–13 
The direct transamidation of tertiary amides is extremely 
challenging due to unfavorable kinetic and thermodynamic 
contributions of the process.14 Recent years have witnessed 
the development of new methods for the construction of 
amides by transamidation reactions, including ground-state-
destabilization that triggers the amide bond towards uncon-
ventional N–C(O) cleavage reactivity.15–17 In these examples, 
the secondary carboxamide bond is preactivated to kinetical-
ly and thermodynamically favor amide exchange reactions.18  

However, in contrast to secondary amides, N-preactivation of 
the tertiary amide bond is not easily feasible and the N–C(O) 
linkage suffers from significant steric hindrance around the 
amide bond, which collectively render the selective transam-
idation a formidable challenge. 

Very few examples of the efficient transamidation of ter-
tiary amides have been reported (Figure 1B). Early studies 
demonstrated that selective transamidation of tertiary am-
ides under thermodynamic equilibrium conditions is feasible 
using Al- or Zr-catalysis;19.20 however, these conditions typi-
cally afforded equilibrium mixtures. More recently, a reduc-
tive transamidation process mediated by Mn in the presence 
of phen ligand was developed.21 Despite being a major ad-
vance, this chemistry highlighted a number of limitations, 
including the necessity for high temperature (120 °C) to 
overcome the kinetic barrier for transamidation as well as 
the use of expensive ligands and toxic NMP as a solvent.  

A direct amidation of abundant alkyl esters using non-
nucleophilic amines has only recently begun to be ad-
dressed.22,23 Studies have shown that the direct amidation of 
esters is feasible using Ni-catalysis.22 However, this chemistry 
requires high loading of toxic and air-sensitive transition-
metal, extremely high temperatures (140 °C) and is feasible 
only with more reactive methyl and ethyl esters. Similar to 
amides, esters can be primed towards high reactivity by 
ground-state-destabilization that partially overcomes  
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Figure 1. Recent progress in amidation reactions. A. Amide bond 
resonance prevents facile nucleophilic addition to amides. B. The 
challenge of transamidation of tertiary amides. C. This study: highly 
chemoselective, transition-metal-free transamidation of tertiary 
amides and amidation of alkyl esters. 

nO→*
C=O donation.24 A general and practical approach to 

ester amidation would involve the use of abundant methyl 
esters in the more valuable from the environmental and op-
erational standpoint transition-metal-free amidation pro-
cess.25,26  

Herein, we report a major advance in the direct synthesis 
of amides from unactivated amides and esters and report the 
first general, mild and highly chemoselective method for 
transamidation of unactivated tertiary amides by a direct acyl 
N–C bond cleavage with non-nucleophilic amines and the 
direct amidation of abundant alkyl esters to afford amide 
bonds with exquisite selectivity by acyl C–O bond cleavage 
(Figure 1C). This operationally-simple method is performed 
in the absence of transition-metals and operates under ex-
tremely mild reaction conditions.  

In principle, transamidation reactions represent a funda-
mental chemical process involving interconversion of one 
amide functional group into another.1–3 The amide bond is 
one of the most prevalent functional groups in chemistry, 
biology and synthetic polymers.1–5 As a consequence, there 
has been a major interest from the academic community in 
transamidation reactions as a mean to prepare amide bonds 
in synthetic contexts,9 in functionalization of synthetic poly-
amides,32 in dynamic amide exchange reactions19,20 or in the 
development of methods for late-stage functionalization of 
pharmaceuticals.21 Since the amide group is robust due to 
amidic resonance, and transamidations are hampered by 
thermodynamic factors, these reactions typically require 
harsh conditions or are limited in substrate scope. While the 
previous studies found that transamidation of tertiary amides 

requires harsh reaction conditions and is limited in scope, 
our report demonstrates that these reactions are feasible 
under much milder and general conditions. This represents a 
significant contribution to the progress of transamidation 
reactions of tertiary amides. In addition, our work realized 
cleavage of the C–O bond in esters to form new C–N amide 
bond. The classical amidation of esters is limited by substrate 
reactivity and also requires harsh conditions.22 Our study 
reports general and mild conditions for both C–N transami-
dation and C–O amidation, and as such it supersedes the 
classical methods for transamidation and amidation reac-
tions. The extensive selectivity and mechanistic studies sug-
gest that it might be possible to execute transamidations 
with unprecedented selectivity within different classes of 
amides and develop processes with high group tolerance by 
transformations of the typically robust amide bond. 

There are three features that distinguish our study: (1) un-
precedented transamidation and amidation reactions of un-
activated substrates that offer major practical advantages 
over existing methods that utilize transition-metals, non-
benign additives and require harsh conditions;15,17,19–21,27 (2) 
remarkable selectivity towards different functional groups 
and within different amide and ester electrophiles that is not 
feasible using existing methods;28,29 (3) extensive studies on 
the mechanism that provide insight into the reaction mech-
anism and the origin of high selectivity and establish a set of 
broadly general guidelines for using unactivated amide and 
ester electrophiles in amidation reactions of key relevance to 
synthesis, drug discovery and synthetic polymers.30–33 

 

Results and Discussion 

Our interest in the design of new amide bond forming re-
actions stems from the premise that traditionally considered 
inert amide bonds provide a powerful opportunity in the 
synthesis of valuable molecules by discrete N–C functionali-
zation.1–3,12,34 Our laboratory has recently applied the amide 
bond activation paradigm to the design of several previously 
elusive bond forming reactions of activated amides by transi-
tion-metal-free and metal-catalyzed pathways.16,17,35,36 For the 
outset, we realized that unactivated amides could undergo 
effective bond forming reactions with amine nucleophiles 
generated under mild conditions. Initial studies were con-
ducted using N-methyl-N-phenyl benzamide 1a (eq 1), a less 
reactive variant of N,N-diphenyl benzamide used in a recent 
study that required 120 °C to effect transamidation.21  

 

To our delight, we found that the use of non-nucleophilic 
4-toluidine (2.0 equiv) in the presence of LiHMDS (LiHMDS 
= lithium hexamethyldisilazane, 3.0 equiv) in toluene provid-
ed the desired transamidation product in 97% yield on gram 
scale at ambient conditions, without formation of any by-
products (see Table S3 in the SI for optimization data). The 
standard method involves charging a reaction vessel with 
amide, amine, and solvent, followed by a dropwise addition 
of LiHMDS. It is crucial to note that this reaction proceeds in 
the absence of toxic transition-metal-catalysts and using a 
practical bench-top set-up without the need for strict pre-
cautions to exclude air (i.e. glove-box set-up).25,26 The use of 
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inexpensive and readily available reagents that are much 
preferred from the pharmaceutical industry viewpoint29,30 
and the high selectivity for the N–C(O) bond cleavage17,24 in 
unactivated tertiary amide confer further benefits on this 
mild amidation method. Control experiments established the 
importance of the base, as 2a was not formed in its absence. 
Optimal reactivity was observed using LiHMDS with 
NaHMDS, n-BuLi and KHMDS providing inferior results in 
terms of reaction efficiency and selectivity. Kinetic studies 
established a remarkably facile transamidation processes at 
ambient conditions (5 min, >95% conversion), which com-
pares very favorably with the previous limited examples of 
the direct transamidation of tertiary amides and is consistent 
with a facile and irreversible transamidation of 1a (vide infra).  

With optimal conditions in hand, we next explored the 
scope of this transamidation (Figure 2). As shown in Figure 2, 
a remarkably broad array of non-nucleophilic amines and 
amide electrophiles can serve as suitable substrates. A gamut 
of functional groups that serve as privileged motifs in medic-
inal chemistry,4,5 including ethers, amines, unprotected alco-
hols, amides and sulfonamides, is tolerated. Furthermore, we 
found that sterically-hindered anilines leading to valuable N-
ortho-substituted anilides are readily tolerated. It is notewor-
thy that ortho-substitution is typically not tolerated in the 
transition-metal-catalyzed approaches despite harsh reaction 
conditions, providing another clear benefit of this mild room 
temperature transamidation. Perhaps most important is the 
capacity of this method to enable facile transamidation with 
privileged heterocyclic motifs,37 including both electron-rich 
heterocycles, such as carbazoles, and electron-deficient, such 
as quinolines and pyridines, as well as sensitive to 1,2-
cleavage isoxazoles and electronically-deactivated aliphatic 
amines. It is worthwhile to note a tertiary amide to a tertiary 
amide interconversion (3q). We hypothesize that this reac-
tivity is feasible through different kinetic barriers for the 
nucleophilic addition to these amides (vide infra). Moreover, 
a variety of amides were explored, including a thorough sur-
vey of aliphatic amides. Electronically-varied substitution, 
steric-hindrance, sensitive halides, polyfluorinated38 and 
heterocyclic amides were all well-tolerated. Furthermore, it is 

important to note that aliphatic amides, including linear, -
branched and sterically-hindered tertiary amides all proved 
to be suitable substrates, even though metal-catalyzed meth-
ods often require time-consuming ligand optimization with 

aliphatic substrates;15 note that -branched aliphatic amides 
serve as models for radical polymerization/post-
polymerization transamidation,31,32 thus establishing a signif-
icant potential of unactivated amides to participate in this 
process.  

Perhaps most remarkable is the potential of this method to 
transamidate a broad variety of amides, irrespective of the N-
substitution (Figure 3). In general, transamidation reactions 
involving transition metals are limited to a single subset of 
N-substitution,15,17 which represents a major synthetic draw-
back. We were delighted to find that the present method is 
amenable to a broad range of acyclic amides to afford the 
transamidation products in high yields. N-Alkyl anilides, 
N,N-diphenyl amides as well as unactivated N,N-dialkyl am-
ides resulted in high transamidation selectivity, albeit in lat-
ter cases slightly elevated temperatures were required. This 
selectivity observed in the optimization processes provides a 
segue to the remarkable chemoselectivity within  

 
Figure 2. Transition-metal-free transamidation of N-alkyl-N-aryl 
amides: reaction scope. Amide (1.0 equiv), 2 (2.0 equiv), LiHMDS 
(3.0 equiv), toluene (0.25 M), 23 °C, 15 h. Isolated yields. a60 °C. b2 
(3.0 equiv), LiHMDS (4.0 equiv). See SI for details. 

different amides in present transamidation (vide infra). Fur-
thermore, alicyclic amides including strained aziridine and 
azetidine amides as well as five- and six-membered pyrroli-
dinyl, piperidinyl, morpholinyl, piperazinyl, indolinyl and 
tetrahydroquinolinyl resulted in high selectivity for transam-
idation. Finally, we note, that N,N-di-isopropyl benzamide 
(PhCONi-Pr2) was unreactive under our reaction conditions. 
Complete recovery was observed, which may prove useful in 
selective transamidations in the presence of this class of am-
ides. Furthermore, alkanamides featuring two N-alkyl sub-
stituents perform well under our conditions. For example, 
transamidation of N,N-dimethyldecanamide with aniline 
proceeds in 95% yield. 
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Figure 3. Transition-metal-free transamidation of tertiary amides: 
amide scope. Amide (1.0 equiv), 2 (2.0 equiv), LiHMDS (3.0 equiv), 
toluene (0.25 M), 23 °C, 15 h. Isolated yields. a60 °C. b2 (3.0 equiv), 
LiHMDS (4.0 equiv), 110 °C. See SI for details. 

Overall, the presented examples show the utility of the 
present transamidation method and illustrate the fact that 
similar amides are inaccessible by the direct transamidation 
using other methods. Adding the fact that the method is 
transition-metal-free, operationally-simple and uses readily-
available, non-toxic reagents brings about the environmental 
and practical benefits that may enable broad application in 
organic synthesis to produce valuable amides averting poten-
tial scale-up or contamination issues.25,26,29 

Direct amidation of esters. To further enhance the utili-
ty of the developed amidation method, we examined the 
direct amidation of unactivated esters (Figure 4). Over the 
past years, fundamental studies have described the utility of 
activated aryl esters as electrophiles in selective acyl C–O 
cleavage mediated by transition-metals.39 However, the di-
rect amidation of common unactivated alkyl esters remains a 

formidable challenge due to much higher nO→*
C=O isomeri-

zation than their aryl counterparts.18 The application of 
abundant alkyl esters allows the particularly attractive direct 
amide bond formation from common ester moieties.40 We 
were delighted to find that the proposed amidation of methyl 
benzoate proceeded in 93% yield on gram scale using aniline 
(1.2 equiv) and LiHMDS (LiHMDS = lithium hexamethyldisi-
lazane, 2.0 equiv) in toluene at ambient conditions (Figure 
4). This process provides the first example of an efficient 
transition-metal-free approach to amide bond construction  

 
Figure 4. Transition-metal-free transamidation of methyl esters: 
reaction scope. Ester (1.0 equiv), 2 (1.2 equiv), LiHMDS (2.0 equiv), 
toluene (0.25 M), 23 °C, 15 h. Isolated yields. a2 (3.0 equiv), LiHMDS 
(3.0 equiv). bUsing ethyl acetate. See SI for details. 

 

 
Figure 5. Transition-metal-free transamidation of alkyl esters: ester 
scope. Ester (1.0 equiv), 2 (1.2 equiv), LiHMDS (2.0 equiv), toluene 
(0.25 M), 23 °C, 15 h. Isolated yields. a2 (3.0 equiv), LiHMDS (3.0 
equiv). See SI for details. 

from unactivated alkyl esters using non-nucleophilic amines. 
This result supersedes analogous reactions that require tran-
sition-metals, expensive and non-benign additives and harsh 
reaction temperatures.22,23 
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Figure 6. Transition-metal-free transamidation of twisted amides. 
Amide (1.0 equiv), 2 (2.0 equiv), LiHMDS (3.0 equiv), toluene (0.25 
M), 23 °C, 15 h. Isolated yields. See SI for details. 

We determined that this transition-metal-free amidation 
method is remarkably broad in scope and tolerates a wide 
palette of functionalities, including electronically-
differentiated anilines, sensitive electrophilic functional 
groups, such as esters and nitriles, sterically-hindered ani-
lines, halides, deactivated anilines, medicinally-relevant 
amines, tertiary amines, deactivated alkyl amines as well as a 

broad range of alkyl esters, including challenging -branched 
and sterically-hindered esters (Figure 4). Perhaps most re-
markable is the compatibility with different ester precursors 
(Figure 5), including prone to the O–C(sp3) cleavage OBn 
esters and sterically-hindered i-Pr and t-Bu esters. Note that 
these esters are not compatible with related transition-metal-
catalyzed approaches,22 highlighting the unique capacity of 
the present method to effect amidation reactions under am-
bient conditions.  

Overall, the direct amidation of esters demonstrates that 
(1) abundant alkyl esters can be routinely employed along 
amides to enable highly chemoselective construction of the 
amide bond by acyl C–O bond cleavage superseding transi-
tion-metal-catalyzed approaches on several levels; (2) the 
study delineates the concept of reactivity of common unacti-
vated amides and esters by kinetically-controlled N–C and 
O–C cleavage of the acyl group (vide infra).  

Transamidation of twisted amides. Twisted bridged lac-
tams have attracted intense interest over the decades as the 
perfect transition-state models of non-planar amide 
bonds.1,2,41  Considering the unique capacity of the transition-
metal-free transamidation of unactivated amides, we were 
intrigued to examine the reactivity of model twisted bridged 
lactams under the reaction conditions (Figure 6). We select-
ed the twisted amide embedded in a 1-
azabicyclo[3.3.1]nonan-2-one scaffold, which is well-
established in the literature as a model for half-twisted amide 

bond ( = 30.7°, N = 49.7°; (+N) = 80.4°).42 When twisted 
amide 1ad was used in the transamidation reaction, the acy-
clic product corresponding to the selective acyl N–C cleavage 
was formed in high yield, with products corresponding to the 

non-selective  C–N bond cleavage not observed (Figure 6). 
More importantly, intramolecular competition experiments 
established that transamidation of the twisted amide 1af 
proceeds with a relative rate of 3:1 vs. anilide 1a. An addition-
al mechanistic probe using the most-twisted Stoltz’s amide2 

( = 89.1°, N = 59.5°; (+N) = 148.6°) was selected to com-
pare the barriers for nucleophilic addition (vide infra). Thus, 

the study allows to correlate and quantify for the first time 
the relative reactivity of classic twisted bridged lactams1,2,41,42 
with acyclic non-activated amides11,12,17 in the extremely valu-
able acyl addition reactions under transition-metal-free reg-
imen.  

Selectivity studies. The transition-metal-free amide ex-
change reactions of unactivated amides and amidation reac-
tions of esters permit for a remarkable reaction selectivity 
within different classes of amide and ester electrophiles that 
is not feasible using existing methods. To understand the 
selectivity difference observed in transition-metal-free ami-
dation reactions, extensive competition studies were con-
ducted between various amides and esters with kinetic dif-
ferences in N–C and O–C bond cleavage (see SI for details, 
Table S5). In a typical experiment, two amide, ester or am-
ide/ester electrophiles were reacted with a limiting amount 
of aniline in the presence of LiHMDS (eq 2).  

 

A summary of the chemoselectivity studies is presented in 
Charts 1-3. Several features of this class of reactions should be 
noted:  

(1) Remarkable selectivity in reactions of unactivated am-
ides (Chart 1). This includes, but is not limited to, (i) 
full selectivity in reactions of N-Ph/Me amides vs. N-
morpholinyl amides as well as N-Ph/Me amides vs. 
NMe2 amides; (ii) further, full selectivity is observed 
in reactions of N-morpholinyl amides vs. NMe2 am-
ides; (iii) further, full selectivity is observed in reac-
tions of NMe2 amides vs. NEt2 amides. Collectively, 
this leads to unprecedented levels of selectivity within 
different amide classes and these experimental find-
ings are supported by energy barriers in the nucleo-
philic addition reactions to the amide N–C acyl bond 
(vide infra).  

(2) High selectivity in reactions of activated secondary 
amides (i.e. amides in which the nitrogen atom is 
connected to an electron withdrawing sulfonyl or ac-
cyl group)15,16 versus unactivated esters increasing 
with an increased steric hindrance of the ester bond 
(Chart 2). Note that an excellent linear correlation in 
the reactivity of unactivated esters with the Charton 
steric parameter has been observed (Y = 2.2027X + 
1.05, R2 = 0.996, see SI, Figure S1).43 For comparison, 
full selectivity is also observed in reactions of activat-
ed secondary amides vs. the most reactive unactivated 
amide, namely, indolinyl amide, favoring the activated 
counterparts (vide infra).   

(3) Remarkable selectivity in reactions of activated am-
ides and esters versus unactivated amides (Chart 3).  
In these cases, exclusive reactivity of the activated am-
ide bond is observed, which is consistent with the nu-
cleophilic addition to the N–C acyl bond (vide infra).  
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Chart 1. Selectivity in transition-metal-free transamidation of unac-
tivated amides. Note that the selectivity ratios are presented from 
smallest to largest (i.e. the most reactive amides are shown in the 
top-left corner).  

 
Chart 2. Selectivity in transition-metal-free transamidation of acti-
vated secondary amides vs. unactivated esters. Note that the selectiv-
ity ratios are presented from smallest to largest (i.e. the most reac-
tive amides/esters are shown in the top-left corner). 

It should be noted that in addition to the unique selectivi-
ty within different amide classes, these reactions also show 
broad functional group tolerance, including moieties that are 
typically not tolerated under transition-metal-catalyzed con-
ditions, which collectively holds great appeal for the prepara-
tion of valuable amide bonds in organic synthesis. Ultimate-
ly, the observed reactivity between different amides is highly 
chemoselective44 and well-poised to find numerous applica-
tions in chemical contexts, including sequential and orthog-
onal amide bond forming processes. The vertical and hori-
zontal axes Charts 1-3 present a comparative summary of the 
relative reactivity of amide and ester electrophiles in this 
transformation (vide infra).  

 

 
Chart 3. Selectivity in transition-metal-free transamidation of acti-
vated amides and esters vs. unactivated amides. Note that the selec-
tivity ratios are presented from smallest to largest (i.e. the most 
reactive amides/esters are shown in the top-left corner). 

 

Figure 7. One-pot N-activation/transamidation via stable tertiary 
amides.  

Applicability of the direct transamidation and ami-
dation reactions. The immense commercial value of amides 
stems from their utility as key building blocks throughout 
organic, medicinal and materials chemistry.1–3 The present 
amidation process exploits amide exchange and amidation 
reactions under exceedingly mild conditions. The common 
presence of tertiary amides and simple alkyl esters through-
out organic synthesis gives them intrinsic advantages as acyl-
ating reagents.4–8 For example, one-pot N-activation 
/amidation is readily feasible (Figure 7). This highly-
selective, one-pot process advances simple secondary N-alkyl 
and N-aryl carboxamides to amide exchange reactions19,20 
using stable N-alkyl linkage; however, note that in these ex-
amples, the secondary amide bond still needs to be prepared 
by established methods. Likewise, the facile amidation of 
esters permits the use of an alternative disconnection in or-
ganic synthesis (Figure 8). Since alkyl esters are obtained 
from acid-catalyzed esterification or O-alkylation reactions,40 

Page 6 of 12

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

the present approach circumvents the use of classic acylating 
reagents or less sustainable coupling partners. 

The utility of this process is further highlighted in the rap-
id diversification of biologically-active products. A pertinent 
example involves the modification of amide 1ai, a novel tu-
bulin inhibitor (Figure 9).45 For comparison, transamidation 
of 1ai under previous conditions occurred in 42% yield at 120 
°C,21 clearly demonstrating the practicality and potential of 
the present method in the production of biologically-active 
building blocks by amide exchange. It could be readily as-
sumed that this approach might be used for the diversifica-
tion of libraries of amides for testing biological activity. 
Likewise, the ester bond is often inherent as a synthetic han-
dle in the preparation of heterocyclic motifs that serve as 
privileged synthons in drug discovery.46 The versatility of the 
present method is illustrated by a rapid preparation of amide 
analogues from five-membered benzofused heterocycles that 

rely on -keto-ester moiety for their synthesis (Figure 10); 
note that the method is compatible with both acidic NH and 
extremely sterically-bulky anilines, comparing very favorably 
with existing amidation methods. It is worthwhile to note 
that the examples in Figure 10 illustrate the complementary 
utility of the reaction, wherein esters naturally arise in a syn-
thesis. 

 

Figure 8. (A) Well-established methods for amidation in organic 
synthesis. (B) Orthogonal disconnection in amide synthesis.  

 

Figure 9. Application in medicinal chemistry: synthesis of tubulin 
inhibitors by diversification.  

 

Figure 10. Application in heterocyclic chemistry: esters as a synthet-
ic handle in the synthesis of privileged heterocycles.  

 

Figure 11. Application in medicinal chemistry: synthesis of moclo-
bemide (antidepressant) from stable tertiary amide and alkyl ester 
electrophiles.  

 

Figure 12. Direct amidation of enantiopure amino acid derivative.  

This methodology can also be applied to the synthesis of 
amide-containing drugs as illustrated by the synthesis of 
moclobemide, a powerful antidepressant,30 from either the 
tertiary unactivated amide or alkyl ester (Figure 11). In this 
case, the approach avoids the use of wasteful activating rea-
gents, while the high stability of amide and ester linkages 
could permit for further transformations prior to the ami-
dation step. Pleasingly, we found that these very mild ami-
dation conditions are also well-compatible with direct ami-
dation without significant loss of enantiopurity (Figure 12). It 
is noteworthy that the present transition-metal-catalyzed 
approaches require temperatures as high as 140 °C22, thus 
clearly showing the inherent benefits of this process. Ami-
dation and alpha-deprotonation represent two competitive 
reactions. In case of esters, amidation is faster than alpha-
deprotonation, thus alpha-deprotonation does not occur to a 
significant extent under the reaction conditions (Figure 12). 
In case of amides, alpha-deprotonation is faster than trans-
amidation; in which case racemization occurs under the re-
action conditions (i.e. the analogous reaction using N-
methylanilide proceeds with full racemization). An intri-
guing scenario would involve a ketene intermediate. Indeed, 
these intermediates have been suggested in hydrolysis of 
twisted amides.41 To address this point, we have explored the 
feasibility of forming a ketene by computations. We found 
that the formation of ketene is thermodynamically unlikely 
(vide infra). Work is currently in progress to develop trans-
amidations with tolerance for alpha-chiral substrates. 

Mechanism studies. We next explored the reaction 
mechanism and origins of reactivity with density functional 
theory (DFT) calculations. The DFT-computed free energy 
profile is shown in Figure 13, using the experimental N-
Ph/Me amide substrate as model. We found that the dimer 
5d and trimer 5t of LiHMDS have comparable stabilities, 
which is consistent with previous literature.47–50 Therefore, 
both LiHMDS dimer (blue pathway) and trimer (black path-
way) were considered in the reaction mechanism. LiHMDS 
first deprotonates aniline, leading to the complex with 
deprotonated aniline anion (6d and 6t). Subsequent com-
plexation with amide generates the intermediates 7d and 7t, 
in which the lithium cation activates amide as a Lewis acid. 
From 7d and 7t, the intramolecular nucleophilic addition is  
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Figure 13. Computed free energy profile of LiHMDS-mediated transamidation. All C−H bonds are hidden for simplicity. 

 

more favorable in the dimer pathway (TS8d vs. TS8t), lead-
ing to the C−N bond formation in intermediate 9d. Subse-
quent transformations are more favorable in the trimer 
pathway, which is probably related to the ring strain in the 
four-membered ring species in the dimer pathway (9d to 
TS12d). Thus, 9d complexes with an additional LiHMDS to 
the corresponding intermediate 9t. 9t isomerizes to 11t, and 
subsequent C−N bond cleavage through TS12t generates the 
product-coordinated complex 13t. 13t then undergoes a pro-
ton exchange to liberate the (TMS)2NH and form the more 
stable complex 14t with amidate anion. We want to empha-
size that the formation of the stable amidate anion provides 
a strong thermodynamic driving force for the overall trans-
formation since the tertiary amide substrate does not contain 
acidic N-H. Indeed, in some cases we have noticed precipita-
tion of lithium amides from the solution.  Based on the com-
puted free energy changes of the overall transformation, the 
nucleophilic addition via TS8d is the rate-limiting step, with 
a 19.2 kcal/mol barrier (7d to TS8d). We have also consid-
ered the possible pathway involving ketene intermediate for 
the amides containing α-proton, which is unlikely due to the 
unfavorable thermodynamics (Scheme S2). 

This mechanistic model provides a molecular basis to un-
derstand the amide reactivities (Charts 1-3). Figure 14A shows 
the free energy changes of the rate-determining nucleophilic 

addition step for the twisted amides 1ad and 1af, and the 
optimized geometries of transition states are included in 
Figure 14B. The computed barriers indeed corroborate the 
high reactivities observed in experiments (Figure 6). Com-
paring the geometric features of the X-ray crystal structures 
of the two twisted amides,2,42,51 1af is more twisted than 1ad 

( and N). This leads to the different elongation of the amide 
C−N bond and the change of resonance stabilization energy 
(ER),52 which explains the higher reactivity of the fully twist-
ed amide 1af as compared to that of the half-twisted amide 
1ad. These results highlight the important role of geometric 
twisting on the amide reactivities in the transamidation reac-
tion.  

Based on the rate-determining nucleophilic addition step, 
we further studied the reactivities of a wide array of amides 
(Figure 14C). The amide reactivities are ranked from the 
same LiHMDS dimer intermediate 5d. Both LiHMDS dimer- 
and trimer-mediated C−N bond formations were considered, 
and the barrier details are included in the Supporting Infor-
mation (Table S1). We chose the same intermediate 5d as the 
reference to rank the amide reactivities instead of using a 
distinctive resting state for each amide, because this reactivi-
ty ranking reflects the Curtin-Hammett scenario in the ex-
perimental measurements. The amide reactivities were de-
termined by the competitions in the same reaction mixture 
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Figure 14. Computed reactivities of selected amides. All free energies in kcal/mol are compared with intermediate 5. All C−H bonds are hidden 
for simplicity. 

 

(Charts 1-3). The DFT computed trend agrees well with the 
experimental observations, which provides a useful guide to 
rationally utilize the amides in this transformation.53,54 To 
provide the information of the intrinsic reactivities of am-
ides, the reactivity ranking using the resting state reference 
are also included in the Supporting Information (Scheme 
S4). 

In addition to amide, the same reaction mechanism also 
applies to ester. The DFT-computed free energy changes of 
the amidation of ester is included in Figure 15, using methyl 
benzoate as the model substrate. The C−N bond formation 
between ester and the deprotonated aniline proceeds via the 
dimer pathway (TS22d), leading to the four-membered ring 
intermediate 23d. Subsequent transformations proceed via 
the trimer pathway, eventually generating the complex with 
amidate anion 28t. The rate-limiting step is the nucleophilic 
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Figure 15. Computed free energy profile of LiHMDS-mediated amidation of ester. All C−H bonds are hidden for simplicity. 

 

addition via TS22d, with an overall barrier of 18.3 kcal/mol 
(21t to TRS22d). 

 

Conclusion 

In summary, we have developed the first general, mild and 
highly chemoselective method for transamidation of unacti-
vated tertiary amides and the direct amidation of abundant 
alkyl esters to afford amide bonds with exquisite selectivity 
by C–N and C–O bond cleavage. Kinetic control of the ami-
dation process permits for the exceptional chemoselectivity 
within different amide and ester electrophiles that is not fea-
sible using existing methods. The broad utility of this meth-
od is illustrated by remarkable functional group tolerance, 
the synthesis of bioactive agents, late stage diversification 
and compatibility with chiral amino acid. This amidation 
process is operationally-simple, obviates the use of transi-
tion-metals and operates under exceedingly mild reaction 
conditions. Extensive computational studies were conducted 
to provide insight into the reaction mechanism and investi-
gate the origin of the high reaction selectivity. We found that 
the LiHMDS-mediated nucleophilic addition is the rate-
determining step, which differentiates the amide reactivities. 
Based on the extensive experimental and computational 
studies, we have provided a set of guidelines to predict the 
reactivity of amides and esters in the synthesis of valuable 
amides. Considering the fundamental role of the amide bond 
in organic synthesis, biochemistry and polymer synthesis, we 

anticipate that this user-friendly process will be of broad 
interest in various facets of chemical science. It is anticipated 
that the powerful roadmap outlined in this study will be ap-
plicable to the development of novel resonance-guided trans-
formations of unactivated amide and ester electrophiles. 
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