
 1 

 REVIEW 
DOI: 10.1002/adsc.201((will be filled in by the editorial staff)) 

Base Metal Catalysis in Directed C(sp3)–H Functionalization 

Sahra St John-Campbella and James A. Bulla* 
a Molecular Sciences Research Hub, White City Campus, Wood Lane, London, W12 0BZ (UK) 

E-mail:j.bull@imperial.ac.uk, Homepage: http://www3.imperial.ac.uk/people/j.bull 

Received: ((will be filled in by the editorial staff)) 

Abstract. Directed C(sp3)–H functionalization has made 
enormous progress in recent years, but has largely been 
restricted to catalysis using noble metals, particularly 
palladium. However, since 2013, there have been prominent 
advances that exploit the reactivity of abundant first row 
transition metals for a multitude of new bond formations. The 
use of base metal catalysis for C–H functionalization can 
provide huge advantages in terms of cost and sustainability 
compared to methods using noble metals. This review covers 
all examples, to end 2018, of auxiliary assisted, base metal 
catalyzed C(sp3)–H functionalization reactions. Successful 
examples are reported with Fe, Co, Ni and Cu catalysis with 
monodentate or bidentate directing groups for C–N, C–O, C–
S and C–C bond forming reactions. This review aims to 
highlight the current state of this field and potential for 
expansion and so scope and limitations are highlighted.  

Notably, examples to date have required sterically 
activated α-disubstituted substrates, particularly 
propanamide derivatives with bidentate directing 
groups, such as 8-aminoquinoline amides. Monodentate 
quinoline and thioamide directing groups have also 
been used with Co catalysis for C–N and C–C bond 
formations. Mechanistic details are provided to outline 
the nature of the proposed organometallic intermediates 
and potential reaction pathways. We hope this review 
will stimulate further development in this growing and 
important field. 

Keywords: C–H functionalization · homogeneous 
catalysis · nickel · cobalt · iron · copper 

Introduction 
Transition metal catalyzed C–H functionalization is 

one of the most important bond forming strategies in 
modern organic synthesis.[1] The direct 
functionalization of C–H bonds presents huge 
potential advantages in step and atom efficiency in 
comparison to methods that require starting materials 
pre-functionalized at the reactive site. However, site-
selectivity for the desired C–H bond over many others 
on the substrate is a particular challenge in C–H 
functionalization. This is often addressed through the 
use of directing groups (DGs), containing 1 or 2 Lewis 
basic sites to coordinate the metal catalyst at a position 

proximal to the targeted C–H bond, leading to 
regioselective activation.[2] Directed C–H 
functionalization is particularly challenging on 
aliphatic substrates, owing to increased degrees of 
freedom and less favourable orbital interactions 
between the C–H σ* and metal d-orbitals compared to 
sp2-centers.[3] However, direct functionalization of sp3 
centers is of prominent interest due to a push towards 
greater 3-D character in drug compounds, aiming to 
confer improved selectivity and potency.[4]  

Due to well understood catalytic reactivity, directed 
functionalization of challenging C(sp3)–H bonds has 
largely been limited to noble metals including Rh, Ir 
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and Ru, but predominantly palladium.[2] Palladium 
catalyzed C(sp3)–H functionalization is extensive in 
terms of the number of bond forming reactions 
available, as well as the diverse range of directing 
group structures that can be used.[3] For example, 
‘next-generation’ transient imine directing groups 
have emerged recently for palladium catalyzed 
C(sp3)–H functionalization of aldehydes and amines 
without needing additional steps to install directing 
groups.[5]  

Although palladium catalysis has been shown to be 
hugely versatile, the limited supply and the increasing 
price of this precious metal cannot be ignored.[6] 
Additionally, only very low levels of palladium are 
permitted in drug compounds (<100 µg/day), requiring 
highly efficient removal of Pd-residues.[7] As a 
consequence, catalytic C–H functionalization methods 
using highly abundant and, in some cases less toxic 
first row transition metals are in high demand.  

The use of first row transition metals for catalysis 
has seen great progress in recent years,[8] including 
directed C(sp2)–H functionalization.[9] While C(sp3)–
H transformations with abundant metals are much less 
developed, Fe, Co, Ni and Cu catalysts have been used 
to promote a number of bond formations since the 
seminal example in 2013. Site selective C(sp3)–H 
functionalization invariably proceeds through 
cyclometallated intermediates, enabled by 
coordination of directing groups. 8-Aminoquinoline, 
developed as a highly directing group for palladium 
catalyzed C(sp3)–H activation by Daugulis,[11] is 
prominent using these base-metals. The broad field of 
C–H functionalization with base metals has been the 
subject of recent reviews,[9] including a recent major 
work by Ackermann.[9e] 

This review focuses explicitly on C(sp3)–H 
functionalization using abundant, first row transition 
metals (Fe, Co, Ni, Cu). Works up to the end of 2018 
are covered, from the first reports in 2013. The review 
is organised firstly by metal, and then nature of the 
bond formed (C–N, C–O, C–S, C–C). Catalytic cycles 
are included to illustrate reaction mechanisms and 
cyclometalated intermediates. Non-directed C–H 
functionalization methods, such as those proceeding 
by hydrogen atom transfer (HAT) mechanisms and 
reaction at activated positions (such as benzylic, allylic, 
α-heteroatom) are outside of the scope of this 
review.[10] 

This review will give the reader a valuable concise 
resource for C(sp3)–H specific functionalization 
reactions using base metals. This aims to rapidly assess 
the current state of progress in this up-and-coming 
field to highlight current limitations and stimulate 
further development. Currently most examples require 
α-disubstitution of a propanamide scaffold for 
reactivity, limited DG structures have been exploited. 
These, along with the relatively harsh reaction 
conditions required for these tranformations highlight 
potential future directions in the field. 

 

Iron  
Iron is the second most abundant metal in the earth’s 

crust. Additionally, iron and its compounds are often 
non-toxic, and it is present as metalloproteins in many 
biological systems.[12] Due to its interesting redox 
properties and Lewis acidity, iron catalysis has been 
exploited for a number of chemical reactions,[13] 
including C–H functionalization at sp2 centers.[14] 
However, for C(sp3)–H functionalization, there are 
currently only four examples with iron catalysis, all C–
C bond forming reactions with organometallic 
coupling partners and strong bidentate directing 
groups.  

 
C–C bond forming reactions 
 

The seminal example of using base metal catalysis 
in  directed C(sp3)–H functionalization was developed 
by Nakamura in 2013.[16] Here, iron(III) catalysis 
coupled with the powerful amide-linked 8-
aminoquinoline directing group,[11,15] enabled the β-
arylation of carboxylic acid derivatives using 
diarylzinc reagents, formed in situ from ArMgBr and 
ZnBr2·TMEDA, to form new C–C bonds in good to 
excellent yields (Scheme 1a). The aminoquinoline 
directing group and dppbz ligand were both crucial for 
reactivity, with alternative amide directing groups and 
other phosphines giving no product or trace yields for 
the arylation. The reaction was also highly sensitive to 
changes on the substrate, only amides bearing full 
substitution on the α-carbon were tolerated, as the 
pivalamide or derivatives. α-cyclobutyl or cyclopropyl 
groups could not promote a small enough bite-angle to 
facilitate the reaction. Electron-donating substituents 
on the arylzinc were most successful; meta-
substituents led to lower yields and ortho-substituted 
aryl groups were unreactive. The exclusive reactivity 
of β-methyl over β-benzylic positions suggested the 
formation of organoiron intermediates and excluded a 
radical mechanism. A high KIE suggested the C–H 
activation step was turnover limiting.  

 

 

Scheme 1. Iron catalyzed C(sp3)–H arylation with 
Grignard-derived arylzinc reagents. DCIB = 
1,2-dichloroisobutane. 

Aminoquinoline directing groups can be difficult to 
cleave,[17] hence new directing groups have been 
designed to enable more facile cleavage steps towards 
the desired C–H functionalized products.[18] 
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Considering this, Ackerman showed that Fe catalyzed 
β-arylation with diarylzincs could also be promoted by 
a triazole amide directing group (Scheme 1b).[19] 
Although the majority of examples were for C(sp2)–H 
centers, nine examples were given for C(sp3)–H 
arylation of α-disubstituted propanamides using the 
same conditions. Generally yields were slightly lower 
than using Nakamura’s 8-aminoquinoline directed 
reaction.[16] The directing group was cleaved in good 
yield using concentrated HCl at 130 °C for 48 h. 

Nakamura later showed that organoboronates could 
also be used for β-arylations (Scheme 2a) and 
alkenylations (Scheme 2b) with iron catalysis and Zn 
co-catalysis.[20] The high reactivity of organozinc 
reagents used previously (Scheme 1a) was proposed to 
lead to incorporation of two aryl ligands on iron, which 
caused the reduction of Fe to an inactive species, along 
with the formation of a biaryl side-product.[16] The 
subsequent use of less reactive organoboronates as the 
coupling partner suppressed this competing 
mechanism, enabling both arylation and alkenylation 
in good yields with only trace amounts of 
homocoupling of the aryl or alkenyl boronates. The 
organoboronates were, in both cases, formed in-situ 
from the corresponding RB(pin) boronic pinacol esters 
with BuLi. The catalytic zinc acetate was thought to 
facilitate deprotonation of the amide nitrogen and 
transfer the phenyl (or alkenyl) group to the Fe center. 
Transfer of the butyl group on the boron was not 
observed in any case. The dppen phosphine ligand was 
key to a successful coupling reaction, with only trace 
yields using PPh3 and no reaction in the absence of a 
phosphine. In both reactions, 4 equivalents of the 
organoborane were required. Trace yields were 
observed when using only 3 equivalents. This 
observation suggested a multifaceted role of the 
organoborane, to deprotonate the amide, as a base for 
C–H cleavage, and for the arylation/alkenylation. 
1,2-Dichloroisobutane (DCIB) was the optimal 
oxidant, however it was not required for reactivity, 
suggesting its role is simply to reoxidise any inactive 
reduced iron species.  

 

 

Scheme 2. Iron catalyzed C(sp3)–H arylation and 
alkenylation with organoboronates. dppen = 
cis-1,2-bis(diphenylphosphino)ethylene, DCIB = 
1,2-dichloroisobutane. 

For the arylation reactions, organoborates bearing 
electron rich or poor aryl groups were used effectively, 
and a 3-thiophene could also be introduced in 80% 
isolated yield. α-Methyl-α-phenyl propanamide was 
reactive under these conditions, unlike with the 
organozinc reagents.[16] With simple 
E-alkenylorganoboronates, the alkenylation was 
stereospecific with retention of the E-configuration. 
However, Z-propenylboronate led to 83% retention of 
stereochemistry with some degree of conversion to the 
E-product. The proposed mechanism begins with zinc-
assisted deprotonation giving a zinc-amide species. 
The zinc amide and the organoborane both undergo 
transmetallation onto the FeIII catalyst to give a 
monophenyl complex with an associated stabilising 
dppen ligand. Oxidative addition to the C–H bond to 
give a FeV complex is unlikely, suggesting σ-bond 
metathesis with the aryl group is the mechanism of C–
H activation, to give a cyclometallated organoiron 
species. A third equivalent of the organoboronate 
displaces a ligand on the FeIII complex to give the C–
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C reductive elimination substrate. Arylation of the β-
C–H through reductive elimination gives an FeI 
intermediate. On dissociation of the Fe and 
protonation of the amide, the arylated product is 
generated. The FeI species is reoxidised to the active 
FeIII catalyst to complete the catalytic cycle. 

Trimethylaluminium, or its air-stable diamine 
complex, can enable the β-C(sp3)–H methylation of 
aminoquinoline amides with iron(III) catalysis 
(Scheme 3).[21] Like the organoborates,[20] AlMe3 is a 
milder reducing agent than organozinc or Grignard 
reagents, so there is less inhibition of the reaction via 
reduction of the iron catalyst. Comparable to other Fe 
catalyzed C(sp3)–H functionalization reactions, the 
substrate scope was limited to amides with full 
α-substitution.. 

 

 

Scheme 3. Iron catalyzed C(sp3)–H methylation with 
trimethylaluminium. DCIB = 1,2-dichloroisobutane. 

Cobalt  
Cobalt and its complexes have been exploited as 

catalysts for many C(sp2)–H functionalization 
reactions,[22] however there are few examples of 
directed C(sp3)–H functionalization.[23] Thus far, 
auxiliary assisted cobalt catalyzed C(sp3)–H 
functionalization has been utilised for C–N and C–C 
bond forming reactions with monodentate quinoline or 
thioamide directing groups and bidentate 
8-aminoquinoline directing groups.  

 
C–N bond forming reactions 

 
In 2015, Ge first demonstrated directed Co 

catalyzed C(sp3)–H functionalization, which used 
8-aminoquinoline amides in an intramolecular 
amination, to form β-lactams (Scheme 4).[24]  
Propanamides with full substitution at the α-position 
gave highest reactivity, however α-monosubstituted 
propanamides with large substituents could also be 
cyclised to the corresponding β-lactams in good yields 
(i.e. tBu = 75% whereas Me = 0%). When one of these 
β-substituents was phenyl, competitive C(sp2)–H 
functionalization led to indolinone derivatives as the 
major products. Notably, methylene C–H 
functionalization could be achieved on β-benzylic 
systems in lower yields. High yields were observed 
across the scope, and various functional groups 
(N-phthalimide, CF3, CN, AcO, sulfone, ester, Ar-Br) 
were well tolerated. Interestingly, for substrates 
bearing a γ-benzylic position, γ-functionalization 
occurred preferentially to form γ-lactams via a 
different (radical) mechanism. 

 

 

Scheme 4. Co catalyzed C(sp3)–H amidation for β-lactam 
formation. 

In the catalytic cycle, Ge proposed the cobalt(II) 
precatalyst first to be oxidised to CoIII by silver 
carbonate. The propanamide amide then coordinates in 
a bidentate fashion to the CoIII species with 
deprotonation of the amide-NH. C–H activation 
occurs, likely through concerted metallation 
deprotonation mediated by the benzoate base, to form 
a cobaltacycle intermediate. The cobalt center is then 
further oxidised by Ag2CO3 to CoIV, which undergoes 
reductive elimination to generate the β-lactam. A 
simpler CoII/CoIV redox cycle could not be ruled out, 
while a radical mechanism was considered unlikely 
due to both the preferential reactivity of β-methyl over 
β-benzylic C–H bonds and a minimal effect of added 
TEMPO. In contrast, for the γ-lactamisation, favored 
when a γ-benzylic position was present, TEMPO 
addition significantly decreased the reaction yield. 

In the same study, under modified conditions, an 
intermolecular dehydrogenative amidation with 
primary amide coupling partners containing 
per-fluorinated R groups was developed (Scheme 
5).[24] Higher yields were obtained for 
heptafluorobutanamide compared to smaller 
trifluoroacetamide, and α-disubstitution of the amide 
was required for reactivity. Addition of TEMPO as a 
possible radical trap had little effect. 
 

 

Scheme 5. Co catalyzed dehydrogenative C(sp3)–H 
amidation with primary amides. 

Sundararaju developed a Co catalyzed C(sp3)–H 
amidation of 8-methylquinolines using dioxazolone 



 5 

coupling partners (Scheme 6a).[25] Here the directing 
group is monodentate, with the Co bound only by the 
quinoline nitrogen atom. Various substitutions around 
the quinoline were well tolerated, including 
5-phenylalkenyl and 5-phenylalkynyl groups 
achieving 78% and 78% yield respectively with a 
thiophene dioxazolone. However, an electron 
withdrawing 5-nitro group led to a reduced (30%) 
yield. For the installed amide group from the 
dioxazolone, electron withdrawing and donating 
aromatics were well tolerated but use of an alkyl 
substituent led to a low (23%) yield.  

Seayad and Dixon showed that thioamides can also 
direct selective C(sp3)–H amidation with dioxazolones 
using cobalt catalysis and relatively low temperatures 
(40–60 ºC, Scheme 6b).[26] Various dioxazolones 
could be used to incorporate aryl, heteroaryl and 
alkylamides in good yields in all cases, except for 
electron poor 4-trifluoromethylphenylamide, which 
formed the product in only 32% yield. Additionally, 
many tertiary thioamides including coordinating 
amino, ether and acetyl groups were well tolerated. 
Higher substitution at the α-position led to improved 
yields and fully α-unsubstituted or cyclohexyl or 
cyclopropyl groups in this position led to no reactivity. 
A proposed mechanism was supported by DFT studies. 
η2-Coordination of benzoate forms the catalytically 
active cationic CoIII species. This coordinates to the 
thioamide through the sulfur atom. A second benzoate 
promotes C–H activation by an outer sphere concerted 
metallation deprotonation and conversion of the 
coordinated carboxylate from an η2 to an η1 ligand. 
Association of the dioxazolone, migratory insertion 
with loss of CO2 and protodemetallation generates the 
observed products in this CoIII redox neutral process. 

Very recently, Yoshino and Matsunaga developed 
the first base-metal catalyzed enantioselective C(sp3)–
H functionalization in the form of Co-catalyzed 
amidation of thioamides with dioxazolones 
(Scheme 6c).[27] This was achieved using a chiral 
carboxylic acid ligand with a hindered CoIII catalyst at 
40 °C in ortho-dichlorobenzene solvent. The inclusion 
of Zeolite MS13X led to increased reactivity. For the 
scope, various aromatic and some alkyl α-substituents 
on the thioamide were well tolerated. The less 
substituted isobutyric acid-derived amide gave a very 
low yield and er of the desired product (5%, er = 
66:34). A non-cyclic amide (N,N-diethylamine) could 
also be used. Dioxazolone scope showed good 
tolerance of heteroaromatic (2-furyl and 2-thienyl) 
substituents but lower yields were obtained for alkyl 
compared to aromatic groups. Values for the er were 
consistently above 90:10 throughout the scope, and the 
reaction could be conducted on a gram scale. 
Deuteration studies suggested an enantioselective 
irreversible C–H activation step. 

 

Scheme 6. Co catalyzed C(sp3)–H amidation of 
8-methylquinolines and thioamides with oxazolones. 

C–C bond forming reactions 
 
Cobalt can also be used to facilitate C–C bond 

forming reactions with various coupling partners. The 
first of these, by Zhang in 2015, used terminal alkynes 
in an atom-efficient β-alkenylation of propanamides, 
with an 8-aminoquinoline auxiliary, to form 
pyrrolidinones (Scheme 7).[28] Sodium carbonate was 
the optimal base, and a pyridine ligand gave slightly 
enhanced yields. Notably, Ni catalysis could also be 
employed to form the same product in lower yields. 
Alkynes with various steric and electronic properties 
were tolerated forming the E-alkenyl pyrrolidinones in 
good yields. α-Disubstitution of the propanamide 
substrates were required for reactivity, and a 
cyclopropyl derivative, with a less favourable bite 
angle, could be tolerated to form the pyrrolidinone 
product in low (22%) yield.  
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Scheme 7. Co catalyzed C(sp3)–H alkenylation with 
alkynes to form pyrrolidinones. TBAI = 
tetrabutylammonium iodide. 

The alkenylation reaction is thought to progress via 
an initial alkynylation, involving an alkynyl radical, 
followed by silver mediated intramolecular cyclization. 
The CoII pre-catalyst is first oxidised to CoIII by silver 
carbonate. The catalyst coordinates the bidentate AQ 
amide to promote C–H activation to form a 
cyclometalated intermediate. This intermediate reacts 
with an alkynyl radical, generated from reaction of the 
terminal alkyne with silver, to give a CoIV complex. 
Reductive elimination affords an alkynylated product, 
which cyclizes with the amide N via a Ag2CO3 
catalyzed mechanism. 

Sundararaju showed that a monodentate directing 
group could also enable cobalt catalyzed alkenylation, 
using 8-methylquinolines with internal alkynes 
(Scheme 8).[29] Various quinolines were well tolerated 
with 5-decyne, including those with electron 
withdrawing substituents (for example 5-NO2, 76%). 
Competition experiments determined a preference for 
electron rich alkynes and quinolines. Lower yields 
were observed for alkynes conjugated with aromatic 
groups and moderate to good E-selectivity was 
achieved in all cases. In the mechanism, migratory 
insertion from a cyclometallated species occurs into 
the coordinated alkyne to afford the alkene products.  

 

 

Scheme 8. Co catalyzed C(sp3)–H alkenylation of 
8-methylquinolines with alkynes. 

B-F. Shi showed that directed Co-catalyzed C(sp3)–
H activation could be combined with metal carbene 
formation using diazo compounds, for the alkylation 
of 8-methylquinolines (Scheme 9).[30]  

 

 

Scheme 9. Co catalyzed C(sp3)–H alkylation of 
8-methylquinolines with diazo compounds. 

The alkylation had high yields for halo, alkene, 
alkyne and boronic ester substituents around the 
quinoline ring allowing for further manipulations. 
5-Nitro and amino groups were also tolerated but gave 
reduced yields (5-NO2 = 21% and 5-NH2 = 30%). 
Various esters and a sulfone were tolerated on the 
diazo compound however, β-keto esters, β-diketo or 
α-aryl ester diazo compounds did not form the 
alkylated product. Subjecting the deuterated quinoline 
(8-CD3) to the reaction conditions in the absence of the 
diazo with 5 equivalents of added methanol, gave 
significant amounts (59%) of H-incorporation. 
However, in the presence of the diazo compound the 
deuterium-content was largely retained, suggesting 
that the carbene formation and migratory insertion 
steps were significantly faster than the reverse of the 
C–H activation. Large parallel and competition KIEs 
suggested that C–H activation was turnover limiting. 
The lack of reactivity on any methylene or tertiary 
benzylic C–H supports a mechanism through a 
cobacycle intermediate. In the catalytic cycle, the 
active cationic cobalt(III) catalyst is formed by ligand 
extraction with AgSbF6, which then cyclometalates 
with the 8-methylquinoline. A cobalt carbene complex 
is proposed to form on reaction with the diazo 
compound and then migratory insertion and 
protodemetallation furnish the alkylated product. Very 
recently, Sharma used 8-methyl or ethyl quinolines as 
substrates for CoIII catalyzed alkylation with 
maleimides.[31]  

Carbonylation has been achieved by Sundararaju 
with cobalt catalysis using 8-aminoquinoline amide 
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substrates, CO and a silver oxidant to form 
succinimides (Scheme 10).[32] Critically this study 
presents the first (and only) reactivity of fully 
α-unsubstituted propanamide, which forms 
unsubstituted N-quinoline succinamide in 31% yield 
under slightly modified conditions (36 h, PhCl 
solvent). Improved yields were observed with amides 
bearing bulky α-groups. Small amounts of C(sp2)–H 
activation products were observed on substrates with 
an α-phenyl group. No deuterium scrambling 
suggested an irreversible C–H activation and a high 
KIE suggested this step was rate-limiting. In the 
proposed mechanism, reductive elimination from a 
CoIII species is thought to form the ring closing C–N 
bond (path a). A CoIV/CoII cycle is also possible (path 
b). Two subsequent cobalt catalyzed C(sp3)–H 
carbonylations to form succinimides under similar 
conditions and with comparable scope, by Gaunt[33] 
and Lei,[34] were reported at a very similar time. 
Gaunt’s work reported similar conditions, except an 
alternate solvent (PhCl) and higher temperature of 
160 °C.[33] Gaunt also demonstrated the use of more 
functionalities on the amide substrate such as protected 
N groups, an acetate and an α-CF3 group. Lei achieved 
a very high yield (82%) on the α-unsubstituted 
propanamide, and also showed the reaction could 
occur on methylene C–H bonds of cycloheptyl and 
cyclooctyl groups.[34] Conditions were also milder, 
using sodium acetate as the base in PhCl at a lower 
temperature of 120 °C with 1 atm CO. 

 

 

Scheme 10. Co catalyzed C(sp3)–H carbonylation of 
8-methylquinolines to form succinimides. 

B-F. Shi demonstrated that cobalt catalyzed C(sp3)–
H functionalization of alkene bearing propanamides 
could be used to furnish cyclopropyl containing fused 
aliphatic bicycles (Scheme 11).[35] On coordination of 
the alkene in the cobaltacyclic intermediate, migratory 
insertion and reductive elimination furnished the 
cyclopropyl moiety. The methodology could be 
exploited to form 6,3- or 5,3-bicyclic compounds 
however, 7-membered ring formation was inaccessible.  

 

 

Scheme 11. Co catalyzed C(sp3)–H intramolecular 
alkylation towards fused cyclopropanes. DBHQ = 2,5-
dihydroxy-1,4-benzoquinone, TOAB = tetraoctyl-
ammonium bromide. 

Nickel  
Owing to its high natural abundance and somewhat 

comparable reactivity compared to palladium, 
considering the II/IV oxidation states,[36] nickel has 
been the most used base metal in a diverse number of 
directed C(sp3)–H functionalization reactions.[37] 
Examples have been reported forming C–N, C–S and 
C–C bonds, all using aminoquinoline amide as a 
bidentate directing group,[11] In many cases substrates 
are limited to methyl C–H activation of α-disubstituted 
propanamides.  

 
C–N bond forming reactions 
 

Ge reported an intramolecular C(sp3)–H amidation 
using nickel catalysis and TEMPO as a single electron 
oxidant, towards β-lactams (Scheme 12).[38] Ni(OAc)2 
gave low yields of the desired product, however when 
using NiI2 or [Ni(dme)2I2] the yields increased 
dramatically. Yields were also improved by adding a 
phase transfer catalyst (TBAI) and by using a mixture 
of nitrile solvents. The reaction was successful for 
α-disubstituted propanamides, and a variety of 
functional groups (OAc, CF3, phenyl and ester) were 
well tolerated. β-Benzylic C–H bonds could also be 
activated to give highly substituted β-lactam products 
in good yields, although in the presence of an α-methyl 
group the methyl C–H bonds react preferentially over 
the benzylic position. Similar to the cobalt catalyzed 
process (see Scheme 4), the mechanism was proposed 
to proceed through both 2-electron organometallic and 
SET steps. The NiII catalyst first coordinates to the 
aminoquinoline amide with base-assisted 
deprotonation of the amide NH. Cyclonickelation 
generates a C–Ni bond, this intermediate undergoes 
single electron oxidation by TEMPO to NiIII prior to 
reductive elimination to form NiI and the β-lactone.  
The NiI is then oxidised by TEMPO to complete the 
catalytic cycle. 
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Scheme 12. Ni catalyzed C(sp3)–H amidation towards 
β-lactams. TBAI = tetrabutylammonium iodide. 

When subjecting aromatic 5-Cl-8-aminoquinoline 
amides to a reaction with iodine under nickel catalysis, 
Chatani achieved selective ortho-iodination. Under 
comparable conditions however, aliphatic amides 
instead spontaneously cyclised to form β-lactams 
(Scheme 13).[39] 

 

 

Scheme 13. Ni catalyzed C(sp3)–H amidation towards 
β-lactams mediated by iodine. 

The amide scope required α-disubstitution, and 
lower yields were observed on α-cyclic systems. C–H 
activation was proposed to be rate determining by 
deuteration experiments, and both TEMPO and BHT 
terminated the reaction implying the presence of 
radicals. The reaction was proposed to proceed via a 
b-iodide intermediate and subsequent cyclization, as 
opposed to direct reductive elimination to furnish the 
C–N bond as in other examples in this review. 
Formation of the proposed β-iodide intermediate 
through other methods verified ring closing of the 
lactam by substitution with the amide nitrogen.  
 
C–S bond forming reactions 
 

In February to March 2015, four independent 
studies demonstrating C–S bond formation through Ni 
catalyzed C(sp3)–H functionalization with an 
8-aminoquinoline directing group were reported 
(Scheme 14). Zhang showed that Ni(OTf)2 with 
sodium carbonate and an acyl amino acid ligand 
enabled sulfide (and one example of selenide) 
formation with a selection of (hetero)aromatic 

disulfides, with α-disubstituted aminoquinoline 
propanamides (Scheme 14a).[40]  

 

 

Scheme 14. Ni catalyzed C–S bond formation through 
aminoquinoline directed C(sp3)–H activation. TBAI = 
tetrabutylammonium iodide. BINOL = 1,1'-bi-2-naphthol. 

B.-F. Shi then showed the sulfide formation with 
disulfides could be promoted by [Ni(dppp)2Cl]2 using 
silver oxide and potassium trifluoroacetate additives 
with a BINOL ligand (Scheme 14b).[41] 
α-Disubstitution of the propanamide was required, 
though α-phenyl and α-cyclic aliphatic groups were 
tolerated. Aromatic disulfides had much improved 
reactivity, however diethyl disulfide could be used as 
a coupling partner to afford the ethyl sulfide in low 
(15%) yield. TEMPO added to the reaction had 
minimal impact on the yield, suggesting that radicals 
were not involved in the mechanism.  Qiu, Xu and Yin 
showed that NiBr2 with a bulky carboxylate ligand and 
sodium carbonate base was most effective, and here 
phosphine ligands gave slightly lower yields (Scheme 
14c).[42] The reaction scope was somewhat broader 
compared to B.-F. Shi’s study,[41] as benzylic and alkyl 
disulfides could be used while maintaining good yields, 
though the same α-disubstitution was critical. Again, 
radical scavengers did not impact the reaction yield. A 
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proposed mechanism (Scheme 14c) involved first the 
NiII catalyst coordinating to the AQ amide, followed 
by base-assisted C–H activation. Oxidative addition of 
the disulfide gives a high valent NiIV intermediate, 
which reductively eliminates to form the C–S bond 
and a NiII species. 

Finally, X. Shi showed that the Ni catalyzed 
disulfide coupling could also be promoted in good 
yields by Ni(OTf)2 and LiOtBu as the base 
(Scheme 14d).[43] Additionally, they demonstrated that 
thiols could also be used as the coupling partner. 
Interestingly, although marginally lower yields were 
found when running the disulfide coupling under air, 
when using thiols, the presence of air gave almost 3´ 
the yield suggesting initial oxidation to the disulfide. 
The disulfide coupling demonstrated similar 
limitations in scope to the other examples, and for the 
aryl thiols the best yields were obtained with electron 
withdrawing groups on the ring. Very recently Weng 
and Lu reported one alkyl example demonstrating that 
a pyridine-acylhydrazine directing group could also 
mediate β-sulfenylation of a tert-butyl substrate, 
forming the product in 44% yield as a 2:1 mixture of 
the mono and difunctionalized species (Scheme 15).[44]  

 

 

Scheme 15. Ni catalyzed C–S bond formation with a 
pyridine-acylhydrazine directing group. 

C–C bond forming reactions 
 

In 2014, Chatani reported the first directing group 
assisted C(sp3)–H functionalization with nickel 
catalysis, in the aminoquinoline directed 
monoarylation of propanamides with aryl iodides 
(Scheme 16).[45] The process was thought to proceed 
via a NiII/NiIV redox cycle, and the aminoquinoline 
directing group displayed unique reactivity amongst 
those tested. Crucially, amides with only one 
α-substituent could be used, and on cyclic systems 
methylene C–H bonds could be arylated effectively. 
Electron rich aryl iodides were more reactive, and 
when hindered 2-iodoanisole was used no arylation 
occurred. Phenyl bromides or triflates were unreactive. 
Deuteration experiments revealed a reversible C–H 
activation step. Deuterium scrambling of both the 
starting amide and product occurred with and without 
the ArI. This implied that the C–H activation step 
occurred prior to reaction with the aryl iodide when 
using NiII precatalysts. When using a Ni0 precatalyst, 
which also gave high yields for the reaction, no 
deuterium scrambling occurred in absence of the ArI, 
revealing that the Ni0 precatalyst required activation 
through oxidation to the aryl iodide. The mechanism 
for the reaction starting from a NiII catalyst, is given in 
Scheme 16. The cyclometallated nickel(II) complex is 
formed through base assisted C–H activation. This is 

oxidised to NiIV by oxidative addition to the aryl iodide, 
which subsequently undergoes reductive elimination 
to form the arylated product. TEMPO had little effect 
on the reaction, supporting the proposed mechanism 
over an SET process. Sunoj completed a DFT study on 
this reaction, which showed the oxidative addition was 
turnover limiting.[46] Later Lui looked further into the 
potential radical vs oxidative addition mechanisms 
computationally, also showing that aryl halides are 
likely to proceed through oxidative addition to support 
a NiII/NiIV mechanism. [47] 

 

 

Scheme 16. Ni catalyzed arylation of 8-aminoquinoline 
amides. MTHP = 4-methyltetrahydropyran. 

A Ni0 catalyzed C(sp3)–H arylation was developed 
by You, using either aryl iodides or aryl bromides, 
with triphenylphosphine as a ligand (Scheme 16b).[48] 
The reaction proceeded smoothly on α-disubstituted 
propanamides containing many different functional 
groups (ketones, ester, tertiary amide, aldehyde, 
nitrile). As stated by the authors, this is likely to be the 
first example using aryl bromides as coupling partners 
for directed C(sp3)–H arylation with any metal, which 
reacted in only slightly lower yields.  

Chatani also showed that diaryliodonium salts could 
be suitable coupling partners for AQ directed Ni 
catalyzed C(sp3)–H arylation (Scheme 14c).[49] The 
product was found to be formed predominantly from 
reaction with the diaryliodonium salt, however 
diaryliodonium salts can break down into the aryl 
iodide, which is another potential (less productive) 
arylation pathway under the optimised conditions. The 
diphenyliodonium triflate salt was optimal for the 
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reaction, with the chloride salt giving a lower yield 
(30%) and no reaction observed with either the 
tetrafluoroborate or hexafluorophosphate salts. The 
electronics of the aryl group had little effect on the 
yield however ortho-substituents were not tolerated. 
As for Chatani’s arylation reaction with aryl 
iodides,[45] amides with only one α-substituent could 
be used, and for some cyclic systems methylene C–H 
bonds could also be functionalized. Mechanistically 
the catalytic cycle is similar to that proposed using aryl 
iodides, but with a more facile and irreversible 
oxidative addition with the reactive diaryliodonium 
salts. 

You developed a nickel catalyzed dehydrogenative 
coupling of azoles with an aminoquinoline directing 
group (Scheme 17a).[50] Various α-disubstituted 
propanamides with aryl, thiophenyl and ether 
substituents were well tolerated, as were azoles with 
electron withdrawing and donating substituents. 
Diarylation was not observed.  

Nickel catalyzed dehydrogenative coupling of 
aminoquinoline amides with electron-rich aromatics 
was later exemplified by Xia and Yin (Scheme 17b).[51] 
A variety of thiophenes and furans could be introduced 
in good yields throughout, and full α-substitution of 
the propanamide was required for reactivity. 
Interestingly, when using 2-bromothiophene, in the 
absence of silver, arylation occurred through the C–Br 
bond in good yields, however when Ag2CO3 was used, 
the arylation occurred via dehydrogenative coupling 
leaving the C–Br bond intact. KIE experiments 
suggested a rate determining C(sp3)–H activation step. 
The proposed mechanism indicates a NiI/NiII/NiIII 
catalyzed process. Silver oxidises the cyclometallated 
NiII intermediate to NiIII, which then reacts with the 
thiophene (presumably through electrophilic aromatic 
substitution) to give an aryl nickel species which 
undergoes reductive elimination to form the product 
and a NiI species. Oxidation of the NiI by silver 
regenerates the NiII species to complete the cycle. On 
the basis of DFT studies Ni(H2PO4)2 was thought to be 
the catalytically active species.  

 

 

Scheme 17. Ni catalyzed dehydrogenative arylation of 
8-aminoquinoline amides. TBAB = tetrabutylammonium 
bromide. 

B.-F. Shi demonstrated that alkenylation of C(sp3)–
H bonds by nickel catalysis was possible when using 
alkenyl iodides and BINOL as a ligand (Scheme 
18a).[52] Various styryl iodides could be used, with few 
trends observed related to the sterics and electronics of 
the aromatic group. Selective functionalization of the 
α-methyl group on the α-disubstituted propanamides 
occurred, and dialkenylation proceeded in significant 
quantities where substrates contained multiple reactive 
centers.  

 

 

Scheme 18. Ni catalyzed alkenylation and alkylation of 
8-aminoquinoline amides. BINOL = 1,1'-bi-2-naphthol, 
dppbz = 1,2-bis(diphenylphosphanyl)benzene. 

Ge showed that alkyl halides were suitable coupling 
partners for Ni catalyzed C(sp3)–H functionalization, 
forming β-alkylated amide products in good yields 
using alkyl iodides (or bromides and chlorides in the 
presence of 5 equivalents of CsI), Ni(acac)2, dppbz as 
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a phosphine ligand and Cs2CO3 as a base 
(Scheme 18b).[53]  

Good to excellent yields were observed across the 
amide scope using a variety of α-disubstituted 
propanamides, however methylene C–H activation 
could not be achieved. Alkyl halides of various lengths 
containing alkenyl, aryl, ester, OAc, nitrile and 
trifluoromethyl groups were very well tolerated. 
Secondary alkyl halides or benzyl bromide were 
incompatible however, due to either steric effects or 
lower stability of the intermediates. Two possible 
reaction pathways were proposed, either a) a NiII/NiIV 
route via oxidative addition to the R–X bond, or b) 
formation of an alkyl radical that reacts with the 
cyclometallated NiII intermediate to generate a NiIII 
alkyl species for reductive elimination to generate NiI 
and the C–C bond, then reoxidation of NiI by an alkyl 
halide to generate NiII and the alkyl radical. TEMPO 
inhibited the reaction, and an alkylated adduct was 
isolated, supporting the latter mechanism b). 

Maiti developed an NiII catalyzed alkenylation 
(Scheme 19a) and alkylation (Scheme 19b) with 
alkyne or alkene feedstocks.[54]  

 

 

Scheme 19. Ni catalyzed alkenylation and alkylation of 
8-aminoquinoline amides with alkynes or alkenes. 

For the alkenylation (Scheme 19a) using 
symmetrical diphenylacetylene, slightly lower yields 
were obtained when replacing one of the α-methyl 
groups on the amide with a longer alkyl chain. Two 
examples were given in which instead of 
α-disubstitution of the amide, an alkene at this position 
fixed the geometry to the extent that the reaction could 
proceed in 35-40% yields. E-Isomers of the installed 
alkene were favoured in all cases. Unsymmetrical 
alkynes were also tested, which also gave good yields, 
with the major isomer being that with the more 
electron rich aryl group proximal to the amide. 
Terminal alkynes gave excellent regioselectivity but 
low yields, however these products could also be 
generated in an improved yield from alkynyl acids, 
through decarboxylation. Dialkylalkynes gave low 
yields. Alkylation with activated (electron poor) 
alkenes was possible on the 
aminoquinoline-propanamides with vinyl esters, aryls 
and nitriles (Scheme 19b). The reactions were then 
shown to work sequentially, first with monoalkylation 
and subsequent alkenylation forming highly 
functionalized aminoquinoline amides in 34–54% 
yield over two steps. In the mechanism, a series of 
redox neutral (NiII) steps are envisaged. Firstly, the 
amide-nickel complex undergoes C–H activation with 
loss of AcOH. The alkyne (or alkene) then associates 
to the cyclometallated species and migratory insertion 
and subsequent protodemetallation generates the 
alkenylated or alkylated products. In both reactions, 
the C–Ni bond formed on migratory insertion is on the 
face of the alkyne or alkene with the most electron 
withdrawing group. 

Terminal alkynes were later found to be suitable 
coupling partners for the Ni catalyzed alkylation by 
Zhang (Scheme 19c).[55] The acetic acid additive 
proved key to reactivity, with no alkenylation 
occurring in its absence. The best yields were also 
acquired with MePh2P as a ligand. The reaction was 
highly E-selective and could tolerate various 
α-disubstituted amides including those with α-cyclic 
systems. Many aromatic, heteroaromatic and alkyl 
terminal alkynes were suitable coupling partners. 
Cobalt catalysis could also be used in lower (30%) 
yield using the pivalamide. A significant KIE 
suggested a rate determining C–H activation and 
TEMPO did not impact the final yield, supporting the 
same mechanism as proposed by Maiti.[54]  

Later, Z.-J. Shi showed that using dual nickel and 
copper catalysis, terminal alkynes could also be used 
for the formation of alkynylation products 
(Scheme 19d).[56] A selection of α-disubstituted 
propanamides could form the product in good yields, 
however the scope of alkynes was not investigated. 
The role of the copper additives is thought to be to 
form an alkyne radical, and mediate oxidation of the 
nickel catalyst. Experiments with TEMPO supported 
the presence of radicals and a significant KIE implied 
a rate determining C–H activation by nickel. 

Ge showed that a dual nickel and copper catalyzed 
system enabled the C(sp3)–H carbonylation of AQ 
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propanamides with DMF as the carbonyl source 
(Scheme 20).[57]  

 

 

Scheme 20. Ni catalyzed C(sp3)–H carbonylation to form 
succinimides. 

α-Disubstitution was required for reactivity and 
complete selectivity of α-CH3 groups was observed. 
The role of the copper catalyst was proposed to be to 
break down DMF into 
N-methyl-N-methylenemethanamiminum 
([(CH3)2N=CH2]+) which reacts with a cyclometalated 
NiII intermediate through migratory insertion. 
Subsequent oxidations and migratory insertions into 
iminium intermediates and final hydrolysis forms the 
succinamide.  

Copper  
Owing to its variety of oxidation states, the 

chemistry of copper is diverse and used extensively, 
notably in Ullman-type cross couplings.[58] 
Additionally Cu is tolerated at much higher levels in 
drugs and upper dietary intake than Co or Ni, which in 
turn are improved from most noble metals.[9e] Copper 
can be used for directed ortho- and meta- C–H 
functionalization reactions of aryl substrates,[59] 
however examples of C(sp3)–H functionalization are 
rare.[60] In many of the examples developed so far, 
stoichiometric and even superstoichiometric quantities 
of copper and high temperatures are used to generate 
the C(sp3)–H functionalized products, using 
aminoquinoline or pyridine N-oxide amides or imine 
directing groups. 

 
C–N bond forming reactions 

 
Ge showed that copper catalysis could be used to 

promote β-amidation of aminoquinoline propanamides 
though C(sp3)–H activation, to form β-lactams 
(Scheme 21a).[61] Both copper(II) and copper (I) salts 
could promote the reaction in the presence of an 
oxidant, and the best yields were observed with 
copper(I) chloride, duroquinone and PhCO2Na as a 
base. Selectivity was observed for α-CH3 groups, 
however in their absence, cyclisation at β-methylene 
groups (unactivated or benzylic) of the α-disubstituted 
propanamides occurred with only a slight drop in yield. 
Mechanistically, base assisted cyclometallation with a 
copper(II) species gave C–H activation. A second 
equivalent of CuII oxidises this species to CuIII, to 
allow reductive elimination to form the β-lactam. The 
duroquinone reoxidises the CuI to CuII to complete the 
catalytic cycle. 

Similarly Kanai showed that a combination of 
Cu(OAc)2 and Ag2CO3 in DCE was also effective for 
the β-lactam formation (Scheme 21b).[62] For the scope, 
α-disubstituted propanamides with various alkyl 
groups were cyclised in good yield. In the presence of 
both β-CH3 and β-benzylic groups, a mixture of 
products were obtained with a preference for the 
benzylic C–H activation. With an α-phenyl group 
some C(sp2)–H activation occurred, which could be 
promoted in higher yield by using an oxygen 
atmosphere.  

You showed that oxygen gas could be the sole 
oxidant for the β-lactamisation (Scheme 21c).[63] In 
this instance, oxidation of the CuI precatalyst by 
oxygen forms a copper(II) superoxide radical, to begin 
the catalytic cycle similar to that proposed by Ge. The 
generation of such radical intermediates is supported 
by sequential depletion of reactivity when adding 
increasing amounts of BHT as a radical trap. 
Cyclisation at β-methylene groups was again shown to 
be competitive.  

 

 

Scheme 21. Cu catalyzed intramolecular amidation for β-
lactam formation of 8-aminoquinoline amides. 
Duroquinone = 2,3,5,6-tetramethyl-1,4-benzoquinone. 

Qin developed the first copper mediated C(sp3)–H 
amination, using unactivated secondary amines, and 
O2 as an oxidant (Scheme 22a).[64] Other amide 
directing groups could not promote the reaction, and 
omission of oxygen led to only trace amounts of 
product. On all amide substrates the amination was 
mono selective when using morpholine as the coupling 
partner, and displayed excellent selectivity for β-CH3 
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groups over β-methylene, γ-sp2 and β- or γ-benzylic 
positions. Many alternative cyclic amine coupling 
partners could be used, containing acetals, esters, N-
Boc groups and ethers, and a single acyclic secondary 
amine was tolerated in reduced (21%) yield. A 
significant KIE suggested the C–H activation was rate-
determining, and TEMPO inhibited the reaction, 
implying radical amine intermediates.  

Yang developed a copper(II) mediated amination of 
aminoquinoline propanamides under air 
(Scheme 22b).[65] Interestingly Cu(OAc)2 was found to 
be uniquely reactive, and other copper or nickel salts 
gave no reactivity, an atmosphere of air was also 
crucial for good yields. Similar to Qin’s work, the 
amination was monoselective. For the amines, both 
acyclic and cyclic secondary amines were 
incorporated in good yields, and even a primary amine 
could be used to form the aminated product in low 
(26%) yield. BHT and TEMPO radical trapping 
experiments suggested an amine radical might be 
present in the catalytic cycle, which reacts with a CuII 
amide metallacycle. 
 

 

Scheme 22. Cu catalyzed C(sp3)–H amidation. 

C–O bond forming reactions 
 
Copper catalyzed C(sp3)–H acetoxylation 

(Scheme 23a) and acyloxylation (Scheme 23b) of 
aminoquinoline amides was reported by Ge in 2014.[66] 
When using copper acetate as the catalyst, 
acetoxylation occurred in good yields, however other 
ester groups could be incorporated when using copper 
iodide and aryl or alkyl carboxylic acids. On 
α-disubstituted amides with two reactive methyl 
groups, significant diacetoxylation occurred. α-
Cyclobutyl and α-cyclopentyl substrates were well 
tolerated. Less substituted propanamides however 
were unreactive.  

 

 

Scheme 23. Cu catalyzed C(sp3)–H acetoxylation. 

Kanai demonstrated that stoichiometric Cu(OAc)2 
could be used for directed C(sp3)–H acetoxylation 
using AgOAc as the oxidant (Scheme 22c).[67] 
Diacetoxylation occurred readily on less hindered 
substrates, and acetoxylation of β-benzylic positions 
did not occur. The C–O bond is formed on reductive 
elimination of an associated acetate ligand of a 
cyclometallated copper intermediate, and a low KIE 
suggested C–H activation was not rate determining.  

Also with superstoichiometric amounts of copper, 
Zhang developed a C(sp3)–H reaction to form aryl 
ethers of α-disubstituted propanamides with 
organosilanes (Scheme 24).[68] The aryloxylation was 
monoselective, and only electron rich arylsiloxanes 
gave good reactivity. A simple vinyl ether could also 
be incorporated in good yield. α-Disubstitution of the 
amide was required and interestingly the 
1-methylcyclohexane-1-carboxamide substrate did not 
form any C–O reductive elimination product, but 
instead the β-lactam from C–N bond formation. The 
oxygen in the product was shown to be from the 
acetate ligands on copper acetate by 18O labelling 
experiments. An acetoxylated species is proposed to 
be an intermediate in the reaction, formed from 
reductive elimination of an acetate ligand of a 
cyclometallated CuIII intermediate (Scheme 23). After 
oxidation by silver of the resulting CuI species to CuII, 
the acetate is proposed to be hydrolysed to form a 
copper alkoxide. Further oxidation, transmetalation of 
the arylsilane via the ate-complex and reductive 
elimination of Ar-O forms the observed product. 
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Scheme 24. Zhang’s Cu mediated C(sp3)–H aryloxylation. 

Inspired by preliminary (2003) work by 
Schönecker,[69] Baran developed an efficient directed 
hydroxylation mediated by copper(I) or copper(II) on 
complex steroidal substrates (Scheme 25).[70] In this 
instance, the directing group was an imino-pyridine 
moiety, which was hydrolysed on completion of the 
reaction. An external reductant was key to good yields, 
with Na ascorbate being optimal.  

 

 

Scheme 25. Baran’s Cu mediated C(sp3)–H hydroxylation. 

The hydroxylation was compatible with steroid 
substrates containing silyl ethers, esters and tertiary 
amines, forming the ketone products in good to 
excellent yields using either CuI or CuII pre-catalysts. 
The mechanism is proposed to proceed via bimetallic 
Cu2O2-imine complexes, and further details were 
disclosed in a subsequent mechanistic study.[71]  

 
C–C bond forming reactions 
 

In 2015, Ge demonstrated that cross-
dehydrogenative coupling could be effected between 
α-disubstituted propanamides and fluoroarenes by 
copper with a peroxide oxidant (Scheme 26).[72] Other 
bidentate N-ligands could promote the reaction 
however pyridine was most effective, and Cu(OAc)2 
had unique reactivity compared to other copper(I) or 
(II) salts. Using a mixture of solvents also resulted in 

a significantly improved yield. A selection of 
fluoroarenes, including pyridines, could be 
incorporated onto α-disubstituted propanamide 
substrates. In the mechanism proposed by Ge, the 
pyridine ligands are key to promoting directed C–H 
cupration following formation of CuII aryl species. The 
cyclometalated aryl species is then oxidised by the 
peroxide or CuII to CuIII for reductive elimination to 
furnish the C–C bond. The CuI then undergoes 
arylation and oxidation steps in either order. 

 

 

Scheme 26. Cu mediated C(sp3)–H dehydrogenative 
arylation. 

You showed that copper could promote 
dehydrogenative coupling of α-disubstituted 
propanamides, directed by a pyridine N-oxide amide, 
which is reduced to the pyridine during the course of 
the reaction.[50] A variety of O- and S-azoles as well as 
imidazoles and triazoles could be incorporated in good 
yields.  

Zhang reported copper catalyzed decarboxylative 
alkenylation of 8-aminoquinoline propanamides with 
alkyne carboxylic acids to form pyrrolidinones 
(Scheme 27).[73] The reaction also worked with 
terminal alkynes but in lower yields. Alkyne 
carboxylic acids bearing aryl, thienyl, and alkyl groups 
formed the products in good to excellent yields in all 
cases. High selectivity for reaction at methyl C–H 
bonds over any β-benzylic position was observed. 
α-Monosubstituted propanamides were incompatible 
substrates. The mechanism is proposed to be via a 
copper or silver alkyne species, with the rest of the 
mechanism comparable to the cobalt catalyzed process 
(see Scheme 7).  
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Scheme 27. Cu catalyzed C(sp3)–H alkenylation with 
alkenes to form pyrrolidinones. TBAI = 
tetrabutylammonium iodide. 

Ge reported nitromethane as a novel carbonyl 
source for the directed C(sp3)–H carbonylation of 
aminoquinoline amides to form succinimides, enabled 
by stoichiometric copper (Scheme 28).[74] Alkyl and 
phenyl groups on the α-disubstituted propanamides 
were well tolerated, including cyclic examples, with 
excellent selectivity on the β-C–H of the methyl group. 
Deuteration experiments suggested a reversible C–H 
activation step. The nitromethane group was 
incorporated through deprotonation of nitromethane 
so it could act as an anionic ligand for reductive 
elimination. The alkyl-nitro species then undergoes 
dehydration and iminium formation in the presence of 
a Lewis acid which is then attacked by the amide 
nitrogen. The loss of a nitroso group formed an acyl 
iminium intermediate, which is attacked by water, and 
oxidation affords the succinimide product. 

 
 

 

Scheme 28. Cu mediated C(sp3)–H carbonylation. DMPU = 
N,N'-dimethylpropyleneurea. 

Conclusions 
An impetus to move from scarce second and third 

row transition metals such as palladium has driven the 
development of a variety of iron, cobalt, nickel and 
copper catalyzed C(sp3)–H functionalization reactions 
in recent years. Iron catalysis has been exploited for 
C–C bond forming arylations, alkenylation and 
methylation with organometallic coupling partners 
using bidentate aminoquinoline or triazole amide 
directing groups. Cobalt catalysis has been used for 
intra- and intermolecular amidations, alkenylations 
and alkylations with both monodentate and bidentate 
directing groups. Ni has been shown to be the most 
versatile catalyst to date, and can catalyze a variety of 
C–N, C–S and C–C bond formations, although all 
examples used an 8-aminoquinoline amide directing 
group. Copper is generally less reactive, with 
stoichiometric amounts of this metal sometimes 
required for good reactivity across in the C(sp3)–H 
functionalization reactions developed to date.  

A common feature amongst many of these examples 
is the presence of both a) the powerful but potentially 

difficult to cleave 8-aminoquinoline directing group 
and b) aside from a couple of select examples, the 
substrates must be highly sterically activated through 
the Thorpe-Ingold effect to facilitate C–H activation.  

These two limitations point to areas of study that 
can lead to highly valuable further developments in the 
field of base metal catalyzed directed C(sp3)–H 
functionalization. New catalytic methods with 
abundant metals which exploit bespoke, easily 
cleavable directing groups as well as a broader range 
of substrates is a prominent need, and will present a 
breakthrough for sustainable C–H functionalization. 
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