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ABSTRACT: We report the Pd-catalyzed Suzuki-Miyaura cross-coupling of aliphatic amides. Although tremendous advances 

have been made in the cross-coupling of aromatic amides, C–C bond formation from aliphatic amides by selective N–C(O) cleav-

age has remained a major challenge. This long-standing problem in Pd-catalysis has been addressed herein by a combination of (1) 

the discovery of N,N-pym/Boc amides as a class of readily accessible amide based reagents for cross-coupling, and (2) steric-tuning 

of well-defined Pd(II)-NHC catalysts for cross-coupling. The methodology is effective for the cross-coupling of an array of 3°, 2° 
and 1° aliphatic amide derivatives. The catalyst system is user-friendly since the catalysts are readily-available, air- and bench-

stable. Mechanistic studies strongly support amide bond twist and external nN→*
C=O/Ar delocalization as a unified enabling feature 

of N,N-pym/Boc amides in selective N–C(O) bond activation. The method provides a rare example Pd-NHC-catalyzed cross-

coupling of aliphatic acyl amide electrophiles. 
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Since 2015, marking the first reports on selective N–C(O) 

bond activation of amides by transition-metal-catalysis, tre-

mendous progress has been achieved in the development of 

powerful methods for cross-coupling of amide bonds (Figure 

1A).1,2 The selective activation of amides is particularly attrac-

tive due to the ubiquitous presence of amides in all facets of 

organic synthesis.3,4 In this context, major advances in the 

oxidative addition of N–C(O) bonds to transition metals have 

been achieved by ground-state-destabilization of the amide 

bond,5,6 enabling to overcome the nN→*
C=O conjugation bar-

rier (amidic resonance, 15-20 kcal/mol in planar amides) by 

twist and electronic delocalization.7  

Nevertheless, despite significant progress, C–C bond for-

mation from aliphatic amide derivatives has remained a major 

challenge.8 At present, there is only report by Garg and co-

workers on a Ni-catalyzed Suzuki–Miyaura cross-coupling of 

aliphatic amides (Figure 1A).9 In this elegant study, Garg’s 

group developed a Ni(0)-NHC-catalyst system using a combi-

nation of Ni(cod)2 and benzo-fused benz-ICy (ICy-bimy) as 

supporting ligand [Ni(cod)2, 5 mol%; benz-ICy, 10 mol%, 

K3PO4, H2O, toluene, 120 °C]. Later, to address the inherent 

sensitivity of Ni(0) to air, the same group reported a clever 

solution by employing paraffin capsules.10 This scarcity of 

methods for the selective C–C bond formation from aliphatic 

amides is not surprising since previous computational studies 

showed that aliphatic amides suffer from high activation barri-

er of the N–C(O) bond to oxidative addition (cf. aromatic 

amides).11  

Our laboratory has studied amide bond activation and tran-

sition-metal-NHC catalysis.12 As a part of these efforts, herein, 

we report the first Pd-catalyzed Suzuki-Miyaura cross-

coupling of aliphatic amides (Figure 1B). This method has  
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Figure 1. (A) Challenges in cross-coupling of amides by selective N–C 

cleavage. (B) Pd-NHC-catalyzed cross-coupling of aliphatic amides by 

ancillary ligand steric matching and amide development (this work). 

been achieved by a combination of (1) the discovery of N,N-

pym/Boc amides as a new class of readily accessible amide 

based reagents for cross-coupling, and (2) steric-tuning of 

well-defined Pd(II)-NHC catalysts for cross-coupling.13 The 

method is effective for the cross-coupling of a broad array of 

3°, 2° and 1° aliphatic amide derivatives. The method takes 

advantage of the highly-reactive, air- and moisture-stable 

Pd(II)–NHC precatalysts by steric matching with the proper-

ties of the amide bond, offering a new platform for Pd-

catalyzed cross-coupling of aliphatic amide derivatives.14 The 

method represents the first Pd-catalyzed cross-coupling of 

amides with potential applications ranging from functionaliza-

tion of amides in biomolecules and pharmaceuticals to indus-

trial N–C cross-coupling. The method further introduces a new 

activating group that allows for tuning of amide resonance by 

a combined N-acyl and N-pyrimidyl activation for a broad 

range of cross-couplings.   

Reaction Design. From the outset of our study, we ques-

tioned whether highly reactive Pd-NHC catalysts bearing 

strongly -donating NHC ligands, which have shown to be 

effective in C(acyl)–N activation, could promote productive 

cross-coupling of aliphatic amides. Such a method would be 

highly advantageous due to the accessibility of Pd(II)-NHC 

precatalysts and their well-established tuning potential through 

modification of ancillary and throw-away ligands.12–14  

Table 1. Optimization of Pd-NHC-Catalyzed Suzuki–

Miyaura Cross-Coupling of Alkyl Amidesa 

 

amide  entry catalyst  
yield 

(%) 

 

1 [Pd(IPr)(3-Cl-py)Cl2] <2 

2 [Pd(IPent)(3-Cl-py)Cl2] <2 

3 [Pd(IPr)(cin)Cl] <2 

4 [Pd(IPr)(1-t-Bu-ind)Cl] <2 

5 [Pd(IMes)(3-Cl-py)Cl2] >95 

6 [Pd(ItBu)(3-Cl-py)Cl2] 31 

7 [Pd(IMes)(allyl)Cl] 42 

8 [[Pd(IMes)(-Cl)Cl]2 79 

9 [[Pd(IPr)(-Cl)Cl]2 14 

 

10 [Pd(IPr)(3-Cl-py)Cl2] 60 

11 [Pd(IPent)(3-Cl-py)Cl2] <2 

12 [Pd(IPr)(cin)Cl] 17 

13 [Pd(IPr)(1-t-Bu-ind)Cl] 46 

14 [Pd(IMes)(3-Cl-py)Cl2] 92 

15 [Pd(ItBu)(3-Cl-py)Cl2] 20 

16 [Pd(IMes)(allyl)Cl] 37 

17 [[Pd(IMes)(-Cl)Cl]2 72 

18 [[Pd(IPr)(-Cl)Cl]2 26 

 

19 [Pd(IPr)(3-Cl-py)Cl2] 95 

20 [Pd(IPent)(3-Cl-py)Cl2] 31 

21 [Pd(IPr)(cin)Cl] 28 

22 [Pd(IPr)(1-t-Bu-ind)Cl] 40 

23 [Pd(IMes)(3-Cl-py)Cl2] 86 

24 [Pd(ItBu)(3-Cl-py)Cl2] 18 

25 [Pd(IMes)(allyl)Cl] 30 

26 [[Pd(IMes)(-Cl)Cl]2 55 

27 [[Pd(IPr)(-Cl)Cl]2 37 

aConditions: 1 (1.0 equiv), 4-Tol-B(OH)2 (2.0 equiv), [Pd] (3 mol%), 

K2CO3(3.0 equiv), dioxane (0.20 M), 80 °C, 15 h. See SI for details. 

Initial attempts using a range of typical amides employed 

for C(acyl)–N activation, such as N-Ts, N-Boc or N-acyl-

glutarimides, were ineffective resulting in no or trace quanti-

ties of the cross-coupling products (see SI). Evidently, the 

combination of ground-state-destabilization and steric proper-

ties of the N-substituents required to alter the nN→*
C=O con-

jugation is not compatible with the cross-coupling of aliphatic 

amides. Thus, we set out to devise a new class of amides that 

would (1) electronically and sterically facilitate oxidative ad-

dition by decreasing amidic resonance, and (2) accommodate 

sterically-demanding substitution. After very significant ex-

perimentation, we found that N,N-pym/Boc amides undergo 

effective cross-coupling under Pd(II)-NHC conditions. Select-

ed optimization results are presented in Table 1.  

 

A. 

B. 

C. 
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Figure 2. Structures of palladium-NHC precatalysts. 

Figure 3. Yield vs. Taft steric parameter. Blue squares indicate cross-

coupling of 3°, 2° and 1° amide using [Pd(IMes)(3-Cl-py)Cl2] system; 

green indicate cross-coupling using [Pd(IPr)(3-Cl-py)Cl2] system.  

Reaction Optimization. Although no productive coupling 

was observed using [Pd(IPr)(3-Cl-py)Cl2] as a catalyst bearing 

IPr ligand (IPr =1,3-bis(2,6-diisopropylphenyl)imidazol-2-

ylidene), as well as more sterically-demanding [Pd(IPent)(3-

Cl-py)Cl2] and analogues with allyl-type throw-away ligands, 

such as [Pd(IPr)(cin)Cl] and [Pd(IPr)(1-t-Bu-ind)Cl](Figure 

2), we were delighted to find that less sterically-demanding 

[Pd(IMes)(3-Cl-py)Cl2] afforded the cross-coupling products 

in excellent yield (Table 1A). Furthermore, [Pd(ItBu)(3-Cl-

py)Cl2] and [Pd(IMes)(allyl)Cl] bearing an aliphatic N-wingtip 

and allyl throw-away ligand on Pd, respectively, were less 

effective, while high conversion was observed using the fast-

activating chloro dimer precatalyst, [[Pd(IMes)(-Cl)Cl]2. In 

contrast, the use of analogous [[Pd(IPr)(-Cl)Cl]2 resulted in 

low conversion. Overall, these results suggest that for the cou-

pling of sterically-demanding aliphatic amide derivatives, Pd–

NHC catalysts bearing less bulky ancillary ligands, such as 

IMes (%Vbur = 36.5%) are preferred over more sterically-

demanding ancillary ligands, such as IPr (%Vbur = 45.4%) or 

IPent (%Vbur = 49.0%).15  

Interestingly, the optimization using 2° and 1° aliphatic am-

ides indicated a major change in catalyst reactivity (Table 1B 

and 1C).  As such, in the cross-coupling of a 2° amide, a grad-

ual shift of the reactivity towards less sterically-demanding 

NHC ligands was observed (Table 1B). While [Pd(IMes)(3-

Cl-py)Cl2] bearing the IMes ligands is still the preferred cata-

lyst, there is a significant improvement of [Pd(IPr)(3-Cl-

py)Cl2], including its allylcongeners, while [Pd(IPent)(3-Cl-

py)Cl2] is still ineffective.  Further, in moving to a 1° amide, 

now [Pd(IPr)(3-Cl-py)Cl2] bearing IPr ligand is the preferred 

catalyst, closely followed by [Pd(IMes)(3-Cl-py)Cl2]. Like-

wise, moderate reactivity is finally observed using the most 

sterically-demanding in the series [Pd(IPent)(3-Cl-py)Cl2]. 

Interestingly, the dimeric NHC–Pd give relatively low perfor-

mance compared with pyridinyl-chelated monomeric NHC–

Pd. We hypothesize that nitrogen ligands might play a role in 

affecting the activity of Pd by re-coordination to monoligated 

Pd(0) and stabilizing the reactive species.12b  

There is an excellent Taft correlation between the Taft steric 

parameter (ES) of the aliphatic substituent and the cross-

coupling yield of 3°, 2° and 1° amides using [Pd(NHC)(3-Cl-

py)Cl2] catalysts bearing IMes and IPr ligands in Table 1 (Fig-

ure 3).16 Overall, the optimization results (1) provide the first 

examples of Pd-catalyzed cross-coupling of sterically-

hindered aliphatic amides, and (2) demonstrate that a steric 

match between the NHC ancillary ligand and steric properties 

of the aliphatic amide bond is required for effective coupling.  

Reaction Scope. With the optimized conditions in hand, we 

investigated the scope of this novel Pd-catalyzed cross-

coupling of aliphatic amides (Schemes1-4). As such, the cross-

coupling of most demanding 3° amides proceeded with excel-

lent levels of efficiency using a range of electronically- and 

sterically-differentiated aryl boronic acids (Scheme 1), includ-

ing neutral (3a), electron-rich (3b-3c), electron-deficient (3d-

3f), naphthyl (3g), ortho-substituted (3h), meta-substituted (3i-

3j) and heterocyclic boronic acids (3k). It is noteworthy that 

sensitive electrophilic functional groups that could be prob-

lematic in conventional methodologies, such as an ester (3d) 

or halide (3j) are tolerated in the coupling. The scope of cross-

coupling of 2° amides proceeded with equally high levels of 

efficiency (Scheme 2). For comparison, exactly the same set 

of aromatic boronic acids was employed, delivering the cross-

coupling products 4a-4k in 72-92% yields using [Pd(IMes)(3-

Cl-py)Cl2] as a catalyst. Furthermore, the scope could be ex-

tended to the least sterically-demanding 1° amides (Scheme 3) 

using representative electron-neutral (5a), electron-rich (5b), 

electron-deficient (5c) and sterically-hindered (5d) aryl bo-

ronic acids. Finally, different aliphatic amides have been sub-

jected to the reaction conditions to demonstrate generality of 

the cross-coupling (Scheme 4). As such, phenethyl derivative 

that is poised for decarbonylation/-hydride elimination was 

well-tolerated in the coupling (6a).17 Moreover, heterocyclic 

substitution such as 4-tetrahydro-2H-pyranyl (6b) and 4-

piperidynyl (6c) was well accommodated in the coupling. Fur-

thermore, the scope could be extended to sterically-hindered 

3° adamantyl amides (6d). Finally, aromatic amides (6e) are 
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also suitable substrates for the cross-coupling without modifi-

cation of the reaction conditions, attesting to the generality of 

the catalyst system. Preliminary studies indicate that 3-

pyridinyl and 3-furyl boronic acids undergo cross-coupling in 

25% and 79% yield, respectively (3° amide).  

Mechanistic Studies. In consideration of the unique activi-

ty of aliphatic amides in the cross-coupling, preliminary ex-

periments were conducted (Scheme 5). (1) Intermolecular 

competition experiments demonstrated that electron-rich bo-

ronic acids react preferentially with 3° amides (4-MeO:4-CF3 

= 76:24) and 2° amides (4-MeO:4-CF3 = 64:36), while similar 

reactivity is observed with 1° amides (4-MeO:4-CF3 = 50:50). 

There is an excellent Taft correlation between the Taft steric 

parameter (ES) of the aliphatic substituent and the 4-MeO/4-

CF3 cross-coupling selectivity (Y = -1.39X + 1.05, R2 = 0.99, 

see SI). We have further found that the coupling proceeds 

more rapidly when the amounts of boronic acid and K2CO3 are 

increased. A yield of 26% was obtained after 15 min with 2.0 

equiv of 4-Tol-B(OH)2, while a yield of 48% was obtained 

after the same time with 4.0 equiv of 4-Tol-B(OH)2 and 6.0 

equiv of K2CO3 (3b). Overall, these studies indicate that 

transmetallation might become a rate-determining step in the 

cross-coupling of more sterically hindered aliphatic amides. 

(2) Further competition experiments between different aliphat-

ic and aromatic amides indicate the following order of the 

relative reactivity: 3° < 2° << 1° ≈ Ar, highlighting the chal-

lenge of the cross- coupling of 3° and 2° aliphatic amide de-

rivatives and underscoring the high efficiency of the present 

system. 

Scheme 1. Pd-NHC-Catalyzed Suzuki–Miyaura Cross-

Coupling of 3°Alkyl Amidesa 

 

aConditions: amide (1.0 equiv), Ar-B(OH)2 (2.0 equiv), [Pd-NHC] = 
[Pd(IMes)(3-Cl-py)Cl2] (3 mol%), K2CO3 (3.0 equiv), dioxane (0.20 M), 

80°C, 15 h. Isolated yields. c120 °C. b[Pd-NHC] (6 mol%). See SI for 

details. 

 

Scheme 2. Pd-NHC-Catalyzed Suzuki–Miyaura Cross-

Coupling of 2° Alkyl Amidesa 

 

aSee Scheme 1. 

Scheme 3. Pd-NHC-Catalyzed Suzuki–Miyaura Cross-

Coupling of 1° Alkyl Amidesa 

 

aSee Scheme 1. [Pd-NHC] = [Pd(IPr)(3-Cl-py)Cl2] (3 mol%). 

Scheme 4. Pd-NHC-Catalyzed Suzuki–Miyaura Cross-

Coupling of Various Amidesa 

 

aSee Scheme 1. b[Pd-NHC] = [Pd(IPr)(3-Cl-py)Cl2] (3 mol%). 
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Scheme 5. Competition Experiments 

 

 

Structural Studies. To gain insight into the structural pa-

rameters that enable high reactivity of N,N-Boc/pym amides, 

the x-ray structure of a model amide was determined (Figure 

4). Interestingly, the amide bond is moderately twisted ( = 

28.7°, N = 9.3°, C = 2.5°) and the N–C(O) and C=O bond 

lengths are 1.404Å and 1.220Å, which corresponds to approx-

imately 30% of the maximum possible twist value as deter-

mined by Winkler-Dunitz parameters (see SI for description of 

structural parameters of amide bond).18 The C(O)–N bond is 

antiperiplanar to the C=O bond of the Boc moiety (161.6°), 

and the N–C(pym) bond is antiperiplanar to the C–O bond of the 

Boc group (148.9°). These values can be compared with the 

model N-acyl-glutarimide ( = 87.5°, N = 5.6°, C = 1.3°; N–

C(O) = 1.475Å, C=O = 1.200 Å) and the model N,N-pym/Me 

amide ( = 20.9°, N = 5.2°, C = 3.9°; N–C(O) = 1.378 Å, 

C=O = 1.225Å), both of which are ineffective in the coupling 

of alkyl amides.  

It is further interesting to note that the amide shows early 

stage of acylium formation as determined by carbonyl bending 

angle () parameter recently introduced by Stoltz and co-

workers.19 As such,  of 2.1° can be compared with the most 

twisted 7-hypoquinuclidone BF3 complex ( of 5.8°) and rep-

resentative acyclic twisted amide, N-benzoyl-glutarimide,  of 

3.5°. Thus, the structure of N,N-Boc/pym amide indicates 

early stage of N–C breaking triggered by amide bond twist and 

external nN→*
C=O/Ar delocalization. 

Amidic Resonance. Computations were employed to de-

termine the effect of N,N-Boc/pym substitution on amide bond 

destabilization (Scheme 6). (1) Resonance energy (RE) of the 

amide bond determined by the COSNAR method established 

by Greenberg and co-workers (RE = 6.4 kcal/mol) indicate 

strong destabilization of the N–C bond.3a,20 This value can be 

compared with RE of representative N,N-pym/Me amide (RE  

 
Figure 4. (a) Crystal structure of 1h. (b) Newman projection along the N–

C(O) bond. Bond lengths (Å) and angles (deg): N1–C1, 1.404; C1–O1, 

1.220; C2–C1, 1.478; N1–C8, 1.422; N1–C12, 1.444; C2–C1–N1–C8, 

154.70; O1–C1–N1–C12, 147.84; O1–C1–N1–C8, –22.85; C2–C1–N1–
C12, –34.62. See SI for details. The structure has been deposited with the 

Cambridge Crystallographic Data Center, CCDC, 2114044. 

Scheme 6. A) Effect of Amide Twisting; B) Graphical Rep-

resentation of Double Destabilization Mechanism 

Figure 5. Rotational profile of 1h and planar DMAc (N,N-

dimethylacetamide). Expanded rotational profile of 1h is shown in the SI.  

 

= 6.7 kcal/mol) and N,N-Boc/Ph amide (RE = 7.1 kcal/mol). 

This value is much lower than in typical N,N-dialkyl amides 

(RE = 18.3 kcal/mol, DMAc). (2) Rotational profile deter-

mined by systematic rotation along the O–C–N–C(Boc) dihedral 

angle identified energy minimum at ca. 30° O–C–N–C angle 

( = 40.33°; N = 18.28°) in an anti O–C–N–C(Ar) confor-

mation (ca. 131.7° O–C–N–C(Ar) dihedral angle), and energy 

maximum (3.5 kcal/mol) at ca. 180° O–C–N–C dihedral angle 

( = 8.89°; N = 12.81°) in a syn O–C–N–C(Ar) conformation 
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(ca. 12.8° O–C–N–C(Ar) dihedral angle) (Figure 5). The plot 

further indicates a significantly lowered barrier to rotation 

compared with planar amides. (3) Determination of N-/O-

protonation affinities (PA) indicates that the amide strongly 

favors coordination at the amide oxygen (vs. amide nitrogen, 

PA = 12.0 kcal/mol). Interestingly, protonation of the oxygen 

of the Boc moiety is favored over the amide oxygen (PA = 

18.8 kcal/mol vs. amide nitrogen) and protonation of the py-

rimidine ring nitrogen is favored over amide nitrogen (PA = 

25.0 kcal/mol vs. amide oxygen). Thus, O-coordination of the 

external groups at the nitrogen atom is an additional factor 

activating the N–C(O) bond for cleavage.  

Thus, we conclude that the combination of N-Boc and N-

pym activation results in an attractive framework that enables 

altering of amidic bond resonance through nN→*
C=O/Ar delo-

calization and enhances external conjugation of the nitrogen 

lone pair outside the amide acyl bond undergoing N–C scis-

sion.  

In conclusion, we have reported the Pd-catalyzed Suzuki-

Miyaura cross-coupling of aliphatic amides. Most crucially, 

this generic approach advances the versatile Pd-NHC-

catalyzed amide N–C(O) bond activation platform of aromatic 

amides to aliphatic amides. This approach was shown to be 

effective for an array of 3°, 2° and 1° aliphatic amide deriva-

tives. Another important aspect of this work involves steric 

matching of the properties of amide bond and NHC ancillary 

ligand as well as introduction of N,N-Boc/pym amides as dou-

bly-activated class of amide electrophiles for general N–C(O) 

bond cross-coupling manifolds. The catalyst system is robust, 

air-stable, well-defined and amenable to facile modification by 

ancillary and throw-away ligand tuning. Given the importance 

of amide bond cross-coupling methods, we anticipate that this 

approach will find broad application in organic synthesis and 

complement nucleophilic yet inherently air-sensitive Ni(0)-

NHC systems.  
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