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1. Introduction

The borrowing hydrogen (BH) approach, also known as hydro-
gen autotransfer, combines a transfer hydrogenation process
with a concurrent reaction on the in situ generated reactive
intermediate." This one-pot oxidation-reaction-reduction
sequence has received much attention due to its inherent high
atom economy, permitting alcohols or amines to be employed
as alkylating agents, generating water or ammonia as the sole
by-products, respectively (Scheme 1).*> Traditionally, borrowing
hydrogen processes have employed precious second and third
row transition metal catalysts, specifically those based on Ru,
Os, Rh and Ir, to perform hydrogen transfer.> However, in line
with the increasing global challenge to develop more sustain-
able catalytic methodologies for the production of chemicals
for society, there has been a concerted effort within the scienti-
fic community to seek alternatives to catalysts based on pre-
cious metals by diversifying the utility of earth-abundant first
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Scheme 1 Generalisation of the borrowing hydrogen approach.
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metals in homogeneous borrowing hydrogen catalysis. The utility of catalysts based on Mn, Fe, Co, Ni and
Cu to promote a diverse array of important C—C and C—N bond forming reactions is described, including
discussion on reaction mechanisms, scope and limitations, and future challenges in this burgeoning area

row transition metals in catalysis.* In this context, this review
will describe the recent advances (2013-present) in homo-
geneous borrowing hydrogen catalysis using earth-abundant
first row transition metal catalysts based on Mn, Fe, Co, Ni
and Cu for various C-C and C-N bond forming processes.”
Heterogeneous borrowing hydrogen catalysis,® in addition to
net (de)hydrogenative processes,” which have been previously
reviewed,® are outside the scope of this review.

2. lIron-catalysed borrowing
hydrogen
2.1 N-Alkylation processes

The ability to access higher amines via the N-alkylation of
primary and secondary amines is a fundamental transform-
ation in synthetic chemistry. However, the reaction of primary
amines with toxic alkyl halides or alkyl sulfonates generates
waste and can result in over alkylation, whereas reductive
amination requires the use of a stoichiometric reducing agent.
Employing the borrowing hydrogen approach, amines can
undergo selective mono-N-alkylation using bench stable and
inexpensive alcohols as the alkylating agent, generating water
as the sole by-product.’

In 2013, Singh and co-workers reported Fe(u) phthalo-
cyanine 1 as catalyst for the N-alkylation of various heteroaryl
amines using primary benzylic alcohols, accessing the corres-
ponding secondary amines in high isolated yields
(Scheme 2)."® When isoamyl alcohol was used as the alkylating
agent, the corresponding secondary amine was obtained in
only 20% isolated yield. No background reaction was observed
in the absence of Fe(u) phthalocyanine 1. Mechanistic experi-
ments confirmed that both the oxidation of benzyl alcohol to
benzylaldehyde and the transfer hydrogenation between
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Scheme 2 Fe-Catalysed N-alkylation of heteroaryl amines (Singh).

benzyl alcohol and an aldimine occur under the specified reac-
tion conditions, providing some evidence for the proposed
borrowing hydrogen mechanism.

Feringa, Barta and co-workers subsequently employed
(cyclopentadienone)iron carbonyl precatalyst 2 for the
N-alkylation of amines using alcohols (Scheme 3).
Employing CPME as a green solvent, it was found that elec-
tron-rich anilines undergo N-alkylation using primary aliphatic
alcohols, with the exception of methanol. When secondary
alcohols including isopropanol and cyclohexanol were used,
only low conversions to the N-alkylated amines were observed.
Various benzylamines also shown to undergo
N-alkylation with pentan-1-ol, and diols were employed to
access 5-, 6- and 7-membered N-heterocycles. It was also noted
that secondary amines undergo N-alkylation with benzylic
alcohols and this applied to the synthesis of
N-arylpiperazine drug Piribedil, a dopamine antagonist used
in the treatment of Parkinson’s disease. Employing closely
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Scheme 3 Fe-Catalysed N-alkylation of aryl-
(Feringa, Barta).

and benzylamines

related catalytic systems, the same group subsequently
described a generalised approach for the N-alkylation of
various secondary and primary amines with benzylic alco-
hols,"> and the direct N-alkylation of unprotected a-amino
acids (glycine, alanine and proline) with long-chain aliphatic
fatty alcohols to form bio-derived surfactants.™® The proposed
mechanism for borrowing hydrogen N-alkylation processes
involving (cyclopentadienone)iron carbonyl complexes begins
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with CO decoordination, which can be achieved thermally,
photochemically, and/or by using activators such as Me;NO
and PPh;. The resulting active iron complex abstracts hydro-
gen from the alcohol to form a transient reactive aldehyde
intermediate. A subsequent condensation with the amine
forms an imine, which then undergoes hydrogenation by the
iron-hydrogen complex to give the N-alkylated product with
regeneration of the active iron complex. In order to support
the proposed borrowing hydrogen mechanism, the authors
performed a detailed in situ NMR study, which detected the
simultaneous presence of the alcohol starting material, the
aldehyde and imine intermediates, and the amine product.

Soon after the initial report from Feringa and Barta,"" Wills
and co-workers reported the use of (tetraphenylcyclopenta-
dienone)iron carbonyl precatalyst 3 for the N-alkylation of
amines via borrowing hydrogen catalysis (Scheme 4).'* The
N-alkylation of aniline and 4-methoxyaniline with benzylic and
aliphatic alcohols was demonstrated, accessing the corres-
ponding secondary amines in high yields. Secondary alcohols
were tolerated, as illustrated by the N-alkylation of aniline with
cyclohexanol, giving product in 77% isolated yield. In a sub-
sequent detailed study by the same group, a family of (cyclo-
pentadienone)iron carbonyl precatalysts were synthesised con-
taining various aromatic groups flanking the C=O of the
cyclopentadienone to probe the effect of electronic variation
on the efficiency of N-alkylation reactions.'® In general, no
clear reactivity trends could be identified across a selection of
substrates, although the N-alkylation of aniline with a broader
selection of secondary alcohols and diols was demonstrated.
In many cases, it was found that the Knolker precatalyst 2 (cf.
Scheme 3), containing trimethysilyl groups flanking the C=0
of the cyclopentadienone, proved optimal across a broader
range of substrates.

In 2015, Zhao and co-workers developed a general approach
for N-alkylation of amines with secondary alcohols by using
AgF (40 mol%) as a Lewis acid additive, accessing the corres-
ponding secondary amines in good yields (Scheme 5).'® The
method was somewhat limited to the use of electron-rich aryl-
amines, with benzylamine and piperidine giving lower isolated
yields. N-Alkylation was also demonstrated using primary ali-
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Scheme 4 Fe-Catalysed N-alkylation of arylamines (Wills).
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Scheme 5 Fe-Catalysed N-alkylation using silver fluoride as an additive
(Zhao).

phatic alcohols, benzylic alcohols and diols. Importantly, no
background reaction was observed in the absence of Knolker’s
complex 4, supporting a borrowing hydrogen mechanism. It
was proposed that AgF facilitates both imine formation and
imine hydrogenation via coordination to the ketone and imine
respectively.

Building on these reports, Sundararaju and co-workers
employed (cyclopentadienone)iron carbonyl precatalyst 2 for
the N-allylation of a diverse array of primary and secondary
amines using allylic alcohols via the borrowing hydrogen
approach (Scheme 6)."” This process is noteworthy due to the
possible side reactions that could occur, but do not, including
isomerisation of the allylic alcohol followed by reductive amin-
ation, or 1,4-conjugate addition of the metal hydride to the
a,p-unsaturated aldehyde intermediate followed by reductive
amination. Impressively, terpenoids prenol, geraniol and far-
nesol were employed as allylating agents, giving the corres-
ponding tertiary amines in synthetically useful yields. Enal
intermediates were commonly observed as by-products, provid-
ing evidence for a borrowing hydrogen mechanism over a poss-
ible m-allyl species. The authors directed their methodology
towards the synthesis of antihistaminic drug, cinnarizine, and
antifungal drug, nafetifine, in good yields. The same group
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Scheme 6 Fe-Catalysed alcohols
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N-allylation using allylic
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Scheme 7 Fe-Catalysed reductive N-ethylation of imines (Gandon,
Bour).

later extended this approach towards the synthesis of pyrroles,
which involves an initial borrowing hydrogen N-allylation of
amines (aryl, benzylic and aliphatic) with substituted but-2-
ene-1,4-diols followed by dehydrogenative cyclisation and sub-
sequent aromatisation."®

Very recently, Gandon, Bour and co-workers reported the
reductive ethylation of imines with ethanol, catalyzed by
(cyclopentadienone)iron carbonyl precatalyst 5 (Scheme 7)."°
A variety of electron-rich aryl and alkyl N-substituted aldi-
mines participate in the reductive ethylation protocol, giving
the corresponding tertiary amines in good isolated yields. It
is proposed that an initial transfer hydrogenation between
ethanol and an aldimine generates acetaldehyde and the
corresponding secondary amine, which react together to form
an enamine that undergoes hydrogenation to afford the
N-ethyl tertiary amine products. The authors suggest that the
interesting exclusive selectivity for ethanol may be attributed
to the need for rapid trapping of the formed aldehyde (which
would be slower for larger alcohols) and enamine hydrogen-
ation (which would not be possible for methanol). Density
functional theory (DFT) calculations confimed that the
required free energy of activation for the proposed enamine
hydrogenation was only 8.0 kcal mol™", indicating its
feasibility.

Inspired by these reports, our group subsequently disclosed
the iron-catalysed N-methylation of amines using methanol via
the borrowing hydrogen approach (Scheme 8).° Despite the
increased energy of methanol dehydrogenation (AH = +84
k] mol™) in addition to Feringa, Barta and co-workers high-
lighting that methylation was not successful in their study
using (cyclopentadienone)iron carbonyl precatalyst 2,'' we
found that simply employing methanol as solvent and using
K,COj; (2 equiv.) as base permitted the efficient N-methylation
of various primary arylamines in high yields. Furthermore, a
selection of cyclic and acyclic secondary amines also undergo
N-methylation. Interestingly, these reactions do no proceed in
the absence of base. Employing Renaud’s (cyclopentadienone)
iron carbonyl precatalyst 6, which contains a more electron-
rich cyclopentadienone framework, the N-monomethylation of
sulfonamides was also demonstrated.
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Scheme 8 Fe-Catalysed N-methylation using methanol (Morrill).

In 2016, Kirchner and co-workers disclosed the use of a Fe(u)
PNP pincer precatalyst 7 for the N-alkylation of amines using
alcohols (Scheme 9).*' A variety of primary amines (aryl, benzylic
and aliphatic) and primary alcohols (benzylic and aliphatic) were
employed in the substrate scope, accessing a selection of second-
ary amines in excellent yields. It was noted that the addition of
3 A molecular sieves, which promote imine formation by the
removal of water and may also serve as a Lewis acid, was impor-
tant for obtaining the products in high yield. The proposed
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Scheme 9 Fe-Catalysed N-alkylation of amines (Kirchner).

This journal is © The Royal Society of Chemistry 2019
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mechanism involves initial treatment of precatalyst 7 with base
to generate a coordinately unsaturated iron complex, which con-
tains a deprotonated PNP ligand, one hydride ligand and one
inert CO ligand. This active complex can abstract hydrogen from
the alcohol to form the corresponding aldehyde (dehydrogena-
tion cycle) and reduce the in situ formed imine to access the
N-alkylated product (hydrogenation cycle) via an insertion
mechanism. The same group subsequently employed a related
Fe(u) complex containing a triazine-based PNP pincer ligand for
N-alkylation of amines with alcohols.*?

2.2 C-Alkylation processes

In 2013, Quintard and Rodriguez developed an innovative
iron/organo dual catalysis approach for the enantioselective
y-functionalisation of allylic alcohols.>®> Employing (cyclopenta-
dienone)iron carbonyl precatalyst 2 in combination with a
Jorgensen-Hayashi type secondary amine organocatalyst 8, a
selection of y-functionalised alcohols were formed in modest
yields and enantioselectivities (Scheme 10). It is remarkable
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| o Ph
™s N kel

F
oc®~co H otms
oc

(1.5 equiv) [Fe] precatalyst 2 (6.5-10 mol %)
R"MOH MegNO (8-11 mol %) R2 R?

3 organocatalyst 8 (13-20 molg;) R0,C OH
.0 (o} 10-22 °C, toluene, 21-69 h Rs [e}
(1 equiv)
R1 OR3 10 examples, 50% avg

5 66:33 to >90:10 d.r.
R 89.5:10.5 to 95:5 e.r.

B) Representative examples

9 o EtO,C. Me EtO,C.  n-Pr
COMe COLE
2 OH 2 0Bz OH OH
Me 0 Ph o
Me

n-Pr
42% 34% (after OH protection) 59% 59%
75:25d.r. 2:1dr. >90:10d.r. >90:10 d.r.
928 e.r. 89.5:10.5e.r. 928 e.r. 89.5:10.5e.r.
C) Proposed mechanism [Fe] precatalyst 2
MeNO +—Me3N, -CO,
Nuc
)\/\ TMS
B oH (=0 RTN"oH

| T™MS

hydrogenation dehydrogenation

.wFe
ey~
oC
TMS
OH
" | T™S
uc \Fe
OC*" )"~
A o " RTINS0
R™* o
Ph
N Ph
H,0 H g OTMS
Ph organocatalytic Ph
N Ph cycle N Ph
OTMS | OTMS
Z ‘7_(
I o
R Nuc H,0 NucH R OH
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that this process occurs at only 10-22 °C, which is likely
crucial for obtaining high enantioselectivies, whilst being
responsible for the long reaction times (21-69 h). The alcohol
products, which exist in equilibrium with the corresponding
lactol, could be converted to enantioenriched spiro-6-lactones
upon treatment with DBU.>* The authors proposed a dual
cooperative catalytic cycle that begins with CO decoordination
of precatalyst 2 with Me;NO to form an active iron complex
that abstracts hydrogen from the allylic alcohol to form an
a,p-unsaturated aldehyde intermediate. Condensation with
secondary amine catalyst 8 forms an o,f-unsaturated iminium
ion, which undergoes an enantioselective Michael addition
with the p-ketoester nucleophile. Subsequent enamine proto-
nation and iminium ion hydrolysis completes the organocata-
Iytic cycle. The B-substituted chiral aldehyde undergoes a final
chemoselective reduction to afford the y-functionalised chiral
alcohol, with regeneration of the active iron complex. The
same group extended this approach to 1,3-diketone nucleo-
philes, accessing enantioenriched ester products after an
in situ retro-Claisen reaction of the initially formed
y-functionalised chiral alcohol.>®> A subsequent detailed
mechanistic study of this reaction revealed that using
Cu(acac), (5 mol%) as additive improved enantioselectivity.*®

Subsequently, Sortais, Darcel and co-workers described the
iron-catalysed a-alkylation of ketones via a borrowing hydrogen
approach (Scheme 11).>” Employing (cyclopentadienone)iron
carbonyl as precatalyst 2 (2 mol%), in the presence of PPhj
(2 mol%) as activator and Cs,COj; (10 mol%) as base, at 140 °C
in toluene for 24-48 h, a variety of acetophenone derivatives
react with benzylic and aliphatic primary alcohols, accessing
the a-alkylated products in modest yields. Poater, Renaud and
co-workers subsequently showed that using iron complex 9,
bearing an electron-rich cyclopentadienone ligand, permitted
the a-alkylation of both aromatic and aliphatic ketones to be
performed at only 90 °C for 16 h, forming the products with
improved yields.”® DFT calculations revealed that the base plays
an important role in alcohol dehydrogenation and alkene
hydrogenation steps. Despite Sortais, Darcel and co-workers
highlighting that methylation using methanol was not success-
ful in their study using (cyclopentadienone)iron carbonyl pre-
catalyst 2,>” by employing methanol as solvent, our group devel-
oped the efficient mono and di-methylation of various aromatic
and aliphatic ketones, forming a-branched products in excellent
yields.*® Furthermore, at 110 °C, C(3)-monomethylation of
various oxindoles was possible. Mechanistic studies served to
validate proposed reaction intermediates, with deuterium label-
ling studies supporting methanol as the methylating agent and
the involvement of an iron-hydride species.

In 2017, Piersanti and co-workers described the Fe-cata-
lysed C(3)-alkylation of indoles.*® Using Fe(n) phthalocyanine 1
(1 mol%) as catalyst and Cs,CO; (1.1 equiv.) as base without
solvent, a variety of N-unprotected indoles react with both
primary and secondary benzylic alcohols, accessing the corres-
ponding C(3)-alkylated products in good isolated yields
(Scheme 12). N-Methylindole was inert under the described
reaction conditions, implicating the indole anion in the alkyl-
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Scheme 11 Fe-Catalysed «a-alkylation of ketones using alcohols
(several authors).

ation. Mechanistic experiments provided some evidence to
support a borrowing hydrogen mechanism over direct nucleo-
philic substitution or a radical pathway. Our group sub-
sequently described the C(3)-methylation of several indoles
using (cyclopentadienone)iron carbonyl precatalyst 2.>° As part
of a larger study on Mn-catalysed aminomethylation, Kirchner
and co-workers reported a single example of C(1)-methylation
of 2-naphthol using precatalyst 7 (cf, Scheme 9).*°

3. Cobalt-catalysed borrowing
hydrogen
3.1 N-Alkylation processes

In 2015, Kempe and co-workers reported the first homo-
geneous cobalt-catalysed N-alkylation of aromatic amines
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A) Method overview
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Scheme 12 Fe-Catalysed C(3)-alkylation of indoles (Piersanti).

A) Method overview R = i-Pr Cl
i N—l—PR2
HN—Z _ N—C5
= 7/ ~c
N=PR,
H

[Co] precatalyst 10 (2 mol %)
KOt-Bu (1.2 equiv)
£ » R/\N’Ar
: 80 °C, toluene, 24 h H
(1.4 equiv) Ar—NH,

(1 equiv) " NoH

33 examples, 77% avg

B) Representative examples
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Scheme 13 Co-Catalysed N-alkylation of arylamines (Kempe).

using alcohols wvia the borrowing hydrogen approach
(Scheme 13).>' Employing Co(n) PNP pincer precatalyst 10
(2 mol%) and KO#-Bu (1.2 equiv.) as base, a variety of electron-
rich arylamines undergo N-alkylation at only 80 °C with
benzylic and aliphatic alcohols, giving the corresponding sec-
ondary amine products in high yields. The authors also
reported the selective sequential N-alkylation of benzene-1,3-
diamine with two different alcohols, forming unsymmetrically
substituted diamines.

Shortly after the report from Kempe,*!

Zhang and co-

workers described the use of ionic Co(un) PNP alkyl precatalyst

11 for the N-alkylation of arylamines (Scheme 14).%*
to the catalytic system developed by Kempe, no base is
required for efficient N-alkylation, although the addition of 4 A
molecular sieves is necessary. A similar substrate scope was
employed, primarily involving electron-rich arylamines cou-
pling with benzylic and aliphatic alcohols. However, it was
also possible to mono-N-alkylate aliphatic amines and employ
cyclohexanol as the alkylating agent using Zhang’s protocol.

In contrast

This journal is © The Royal Society of Chemistry 2019
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A) Method overview
. ..PCY2—| BArF,

H N
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R3
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R2" “OH

+

/
PCy, R =CH,SiMe;
[Co] precatalyst 11 (2 mol %)

110 °C, toluene, 4 AMS, 48 h

RS
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RZJ\N’R
H

1.2 equiv) R1-NH
( ) 2 20 examples, 85% avg

Bn~N,Ph n-Pr\N,Ph Bn\N,s-Bu
H H H
94%

91% 93%

Scheme 14 Co-Catalysed N-alkylation of amines using alcohols
(Zhang).

In 2016, Zheng, Zhang and co-workers employed the same
ionic Co(u) PNP alkyl precatalyst 11 for the N-alkylation of
arylamines using alkylamines as the alkylating agents
(Scheme 15).** This approach, which generates ammonia as
by-product, was previously limited to Ru- and Ir-based cataly-
sis, and permitted the N-alkylation of various electron-rich ary-
lamines (including diamines) with benzylamines and both
primary and secondary alkylamines, accessing a range of sec-
ondary arylamines in good yields. Furthermore, the method-
ology was applied to the intermolecular homocoupling of
primary aliphatic amines and to the synthesis of cyclic second-
ary amines via intramolecular cyclisation of diamines.

Shortly afterwards, Kirchner and co-workers employed Co(1)
complexes that are stabilised by PCP ligands for N-alkylation
processes.’® It was found that complex 12 (2 mol%), in the
presence of KOt-Bu (1.3 equiv.) at 80 °C, efficiently catalysed
the N-alkylation of various arylamines (Scheme 16). Notably,
the method was exemplified with a broad range of primary
alcohols including the use of ethanol, n-butanol, (R)-citronellol
and cinnamyl alcohol as alkylating agents. A related complex
bearing the strongly basic CH,SiMe; coligand obviated the
need for KOt-Bu, although 3 A molecular sieves and increased
temperature (130 °C) were required for efficient N-alkylation.

In Kempe’s original report on Co-catalyzed N-alkylation of
arylamines, it was stated that negligible conversion (3%) was
observed when the cobalt precursor, CoCl,, was employed as

A) Method o i
) Mef verview ..PC)’z_I BAF,
H N
“SN—Co—R
e
(1 equiv) PCy, R =CH,SiMes
2
R bty [Co] precatalyst 11 (2 mol %) JR\3
+ > R?
) 120 °C, toluene, 24 h R2” “N”
(1.2 equiv) R1-NH, H

33 examples, 74% avg

B) Representative examples
Bn N7 Ph  n-hexyl N7 Ph CY“N _Ph  n-hexyl SN7 n-hexyl

H H H H ” “HCl

86% 92% 92% 98% 91%

Scheme 15 Co-Catalysed cross coupling of 1° and 2° amines (Zheng,
Zhang).
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25 examples, 77% avg

B) Representative examples

(1 equiv) R/\OH
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B, -PMP Etq P
H H

90% 92% 75%

Scheme 16 Co-Catalysed N-alkylation of arylamines (Kirchner).

catalyst.’® However, in 2017, Balaraman and co-workers
described a catalytic system for N-alkylation, composed of
commercially available CoCl,-6H,O (5 mol%) and PPh;
(10 mol%) as ligand.?® In the presence of KOt-Bu (1.1 equiv.), a
variety of electron-rich arylamines couple with benzylic and ali-
phatic alcohols, giving the corresponding secondary amines in
high isolated yields. Soon after, Liu and co-workers employed
a closely related catalytic system for the cobalt-catalysed
methylation of amines (Scheme 17).*° Using Co(acac),
(5 mol%) and tetradentate phosphine ligand P(CH,CH,PPh,);
(5 mol%) in the presence of K3PO, (1 equiv.) as base, a variety
of arylamines and secondary amines undergo efficient mono-
N-methylation. Interestingly, electron-poor 4-aminobenzo-
nitrile underwent smooth N-methylation without any nitrile
reduction observed. Furthermore, it was shown that butyl-
amine and a range of benzylamines undergo dimethylation
under these reaction conditions. The authors performed a
number of control experiments to gain mechanistic insight,
which provided evidence for formaldehyde (obtained via
methanol dehydrogenation) as a plausible reaction intermedi-
ate, and that K3;PO, is important for its formation.
Furthermore, a cobalt hydride species was proposed based on
deuterium-labeling experiments using CD;OD.

3.2 C-Alkylation processes

In 2016, Kempe and co-workers disclosed a cobalt-catalysed
C-alkylation of unactivated amides and esters via the borrow-
ing hydrogen approach (Scheme 18).>” These represent chal-

A) Method overview Co(acac), (5 mol %)
P(CH,CH,PPhy)3 (5 mol %)
R R2 KaPO4 (1 equiv)

\N/ S
H 140 °C, MeOH, 24 h e
23 examples, 90% avg

B) Representative examples

CN
Mes Mey .Bn Mey .Bn Mey _n-Bu
M 1 ) \ \
e
SN K/O Me Me Me

95%

Me~N,R2

>99% 93% 91% 80%

Scheme 17 Co-Catalysed N-methylation of primary and secondary
amines (Liu).
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A) Amide method overview (method A)
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* > )J\/\
o) 100-120 °C, 24 h RoN R
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B) Ester method overview (method B)
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=
7acl
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H

4- CF3C5H4—(
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C) Representative examples of both methods

0 Jk/w 0 o
)j\/Bn N )l\/Bn )j\/\/Bn
MeoN (\ t-BuO +-BuO

0.
method A: 83% method A: 85% method B: 70% method B: 58%

Scheme 18 Co-Catalysed «a-alkylation of unactivated amides and
esters (Kempe).

lenging classes of nucleophile for borrowing hydrogen pro-
cesses due to their relatively low CH-acidic nature, compared
to the more commonly studied ketones, and that esters can
undergo side reactions. Employing Co(u) PNP pincer precata-
lysts 10 and 13 (2.5-5 mol%) and KO¢-Bu or NaOt-Bu (1.2-1.5
equiv.) as base, t-butyl acetate and a variety of acetamides
undergo C-alkylation with benzylic and aliphatic alcohols,
giving the products in high yields. No a-branched amides or
esters were synthesised. The authors also reported the derivati-
sation of the amide products to ketones and aldehydes via
treatment with alkyl/aryl lithium reagents and diisobutyl-
aluminium hydride, respectively.

Subsequently, Zhang and co-workers employed ionic Co(1)
PNP alkyl precatalyst 11 for the o-alkylation of ketones
(Scheme 19).*® Using only 2 mol% of precatalyst 11 and
5 mol% of KOt-Bu as base, a variety of aryl ketones undergo
alkylation with both benzylic and aliphatic alcohols, giving the
products in high yields. One example employing an aliphatic
ketone, 2-heptanone, as the nucleophile was described, but
the alkylated product was only obtained in 35% yield.

Soon after the report from Zhang,*® Liu and co-workers
described a cobalt-based catalytic system for C-methylation
using methanol as a sustainable C1 building block
(Scheme 20).>° A catalyst system composed of commercially
available Co(BF,),:6H,0 (1-2.5 mol%) and tetradentate phos-
phine ligand P(CH,CH,PPh,); (1-2.5 mol%) in the presence of
K,CO; (1 equiv.) as base, enabled mono- and dimethylation of
aryl ketones, accessing the products in excellent isolated
yields. Furthermore, it was shown that aryl acetonitriles and
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Scheme 19 Co-Catalysed a-alkylation of ketones (Zhang).

A) Method overview Me
A A
RAL N Co(BF ), (1-25mol %)  RA- N
Z~N’ P(CH,CH,PPhy); (1-2.5 mol %) Z~N
H KoCO3 (1 equiv) H
OR > Me
100 °C, MeOH, 24-48 h
R EWG R” EWG
44 examples, 90% avg
B) Representative examples
o o Me Me
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C) Proposed mechanism [RaPCo]
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o
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Scheme 20 Co-Catalysed methylation of ketones, acetonitriles and
indoles (Liu).

indoles also undergo monomethylation under the same reac-
tion conditions. Supported by various mechanistic experi-
ments, the authors proposed a catalytic cycle involving initial
base-assisted coordination of the alcohol to form a Co-
methoxy complex, which undergoes f-hydride elimination to
form a Co-hydride species and formaldehyde. A subsequent
base-assisted aldol condensation between the aryl ketone and
formaldehyde generates an enone, which is reduced by the Co-
H intermediate. Protodemetalation in the presence of metha-
nol gives the methylated product with regeneration of the Co-
alkoxy species.

In 2017, Kempe and co-workers disclosed the cobalt-cata-
lysed coupling of secondary alcohols with primary alcohols via
the borrowing hydrogen approach (Scheme 21).*° Using Co(u)

This journal is © The Royal Society of Chemistry 2019
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A) Method overview R - j.pr C
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Scheme 21 Co-Catalysed cross coupling of 2° and 1° alcohols

(Kempe).

PNP pincer precatalyst 13 (5 mol%) and KHMDS (1.1 equiv.) as
base, a variety of benzylic and aliphatic secondary and primary
alcohols are tolerated, accessing higher alcohols in good iso-
lated yields. A particular highlight of this methodology was the
heterocoupling of different aliphatic alcohols. Mechanistic
investigations performed by the authors support a borrowing
hydrogen mechanism over a potential Meerwein-Ponndorf-
Verley-Oppenauer-type redox mechanism.

4. Manganese-catalysed borrowing
hydrogen
4.1 N-Alkylation processes

In 2016, Beller and co-workers reported the first homogeneous
borrowing hydrogen manganese-catalysed N-alkylation of
amines using alcohols.*’ Using Mn(1) PNP pincer precatalyst
14 (3 mol%) with KO¢-Bu (0.75 equiv.) as base, a variety of aryl-
amines undergo N-alkylation with benzylic and aliphatic alco-
hols at 80 °C in toluene (Scheme 22). Amines containing
alkenes were alkylated smoothly with high chemoselectivity.
Furthermore, by increasing the reaction temperature to 100 °C
and using methanol as solvent, the authors disclosed the first

A) Method overview R=jPr Br
|—PR2

H<N—wmr—co

(1.2 equiv) R/\OH [Mn] precatalyst 14 (3 mol %)

KOt-Bu (0.75-1 equiv)
+ =
. 80-100 °C, toluene or MeOH, 24 h H
(1 equiv)  Ar—NH, 56 examples, 79% avg
B) Representative examples
z
Bny N Ph = | M
Bn n-Bu X ~
H SN SNTON N
H H Et

78% 89% 93% 73%

Scheme 22 Mn-Catalysed N-alkylation of arylamines (Beller).
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non-noble metal-catalysed N-methylation of amines using
methanol. In 2017, the groups or Beller** and Sortais** concur-
rently reported second-generation pyridine-based manganese
PNP-pincer complexes, which allow the N-methylation of aryl-
amines to be performed using reduced loadings of catalyst
and/or base. Sortais also applied his system to the
N-methylation of sulfonamides, which required 1.2 equivalents
of KOt-Bu and 60 h reaction time.

Recently, Milstein and co-workers reported the Mn-cata-
lyzed synthesis of N-substituted hydrazones from hydrazine
and alcohol starting materials.** Using a novel Mn(i)) PNN
pincer precatalyst 15 (3 mol%) and KOt-Bu (5 mol%), hydra-
zine was converted to a variety of N-substituted hydrazones in
excellent isolated yields via reaction with both benzylic and ali-
phatic alcohols (Scheme 23). Supported by several mechanistic
experiments, the authors proposed a catalytic cycle that
involves initial deprotonation of 15 by KOt-Bu to form the
active catalyst, which abstracts hydrogen from the alcohol by
metal-ligand cooperation. Hydrazine undergoes N-alkylation
with the formed aldehyde, completing a borrowing hydrogen
cycle, followed by condensation with an additional aldehyde
molecule (formed via an acceptorless alcohol dehydrogenation
cycle) to form the observed N-substituted hydrazone.

A) Method overview

(1 equiv) R NoH [Mn] precatalyst 15 (3 mol %)

KOt-Bi | 9
. Ot-Bu (5 mol %) o RA
110 °C, THF, 24-36 h

N R

N
H
(2 equiv) H,N—NH, 10 examples, 81% avg

B) Representative examples

PhAN’NwPh PMP/\ ,NQ/PMP n-hexyl
H

N
hexyl - N R

C) Proposed mechanism [Mn] precatalyst 15
KO#-Bu + -+-BuO*KBr
co Cco
[—PR2

R

borrowing
hydrogen cycle

—PR acceptorless
& dehydrogenation cycle
n—_ —_—
CcO
R”NoH

Scheme 23 Mn-Catalysed formation of N-substituted hydrazones
(Milstein).
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4.2 C-Alkylation processes

In 2016, Beller and co-workers reported the manganese-cata-
lyzed C-alkylation of ketones with primary alcohols
(Scheme 24).*> Using Mn(1) PNP pincer precatalyst 14 (2 mol%)
with Cs,CO; (5 mol%) as base, a variety of aryl ketones
undergo alkylation with both benzylic and aliphatic alcohols,
giving the products in high yields. One example employing an
aliphatic ketone as the nucleophile was described but the
alkylated product was only obtained in 35% yield.
Interestingly, this method was extended to the C(3)-alkylation
of oxindoles and to the late-stage functionalisation of hor-
mones, namely estrone and testosterone. Based on a selection
of control experiments, the authors proposed a mechanism
that initiates with activation of precatalyst 14 with base in a
dehydrobromination reaction, followed by alcohol coordi-
nation to form an alkoxo-type complex. In the basic medium,
an amidate is formed, which undergoes abstraction of the
f-hydrogen atom, forming an aldehyde that is converted to an
enone via base-promoted aldol condensation. Protonation of
the resulting Mn-complex forms a manganese hydride species,
which reduces the enone to give the final product with regen-
eration of the catalytically active species.

R=iPr Br
|—PR2

H~N—Mr—co
/

A) Method overview

PR,
co
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o
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35 examples, 69% avg
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Scheme 24 Mn-Catalysed C-alkylation of ketones and oxindoles
(Beller).
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Scheme 25 Mn-Catalysed upgrading of ethanol to 1-butanol (Liu).

In 2017, Liu and co-workers described the upgrading of
ethanol to 1-butanol via a manganese-catalyzed Guerbet reac-
tion (Scheme 25).*® Employing a remarkably low catalyst
loading of Mn(1) PNP pincer precatalyst 14 (0.0001 mol%,
8 ppm), 1-butanol was formed in 11.2% conversion with 92%
C4 selectivity after 168 h reaction time at 160 °C. The TON
(114120) and TOF (3078 h™') are the highest reported to date
for ethanol upgrading via the Guerbet reaction.

5. Nickel-catalysed borrowing
hydrogen
5.1 N-Alkylation processes

In 2017, the research teams of Banerjee,”” and Tang and
Zhou*® independently reported the first examples of homo-
geneous Ni-catalysed borrowing hydrogen processes for the
N-alkylation of amines. Banerjee and co-workers employed a
catalytic system involving NiBr, (10-20 mol%), 1,10-phen-
anthroline (20-40 mol%) and KO#-Bu (1-2 equiv.).*” At 130 °C
for 48-60 h in toluene, a variety of arylamines (including elec-
tron-poor anilines) undergo N-alkylation with (hetero)aromatic
and aliphatic primary alcohols, including diols and amino alco-
hols (Scheme 26). Double alkylation of diamines was also poss-
ible using this method. Drawbacks of this protocol include the
relatively high quantities of Ni(u) salt, ligand, base and alcohol
required in addition to extended reaction times. In situ NMR
studies revealed the simultaneous presence of starting alcohol
and amine, intermediate aldehyde, and N-alkylated amine
product, providing evidence for a borrowing hydrogen mecha-
nism. The same group later employed the same catalytic

A) Method overview NiBr (10-20 mol %)

g . _A~_.  1,10-phenanthroline (20-40 mol %)
(0.8-5 equiv) g7 “oH KOt-Bu (1-2 equiv) A
- e Nt
+ > R N
1 ) 130 °C, toluene, 48-60 h H
(1equiv)  Ar—NH; 48 examples, 71% avg

B) Representative examples

Bn > Bn > Bn
Bn~N SN N N,Ph SN N N®
H H H H H

60% 89%

68% 86%

Scheme 26 Ni-Catalysed N-alkylation of arylamines (Banerjee).
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Scheme 27 Ni-Catalysed N-alkylation of using secondary alcohols
(Tang, Zhou).

system, except using K;PO, (2 equiv.) as base, for the
N-alkylation of benzamides with both benzylic and aliphatic
alcohols.*

In contrast, Tang, Zhou and co-workers reported a base-free
catalytic system composed of Ni(OTf), (2 mol%) and 1,3-bis
(dicyclohexylphosphine)propane  (dcpp) (2.5 mol%) as
ligand."® At 120-150 °C for 24 h in #AmOH : HFIP (1:1) with
3 A molecular sieves, a variety of hydrazides undergo selective
mono-N-alkylation at the terminal N-atom with racemic sec-
ondary alcohols (Scheme 27). Electron-rich arylamines also
undergo N-alkylation with secondary alcohols and diols using
t-AmOH as solvent. Impressively, by employing (S)-binapine as
ligand, the authors reported a rare example of a highly
enantioselective borrowing hydrogen process, accessing medic-
inally important benzylamines in high enantiomeric excess,
despite the high reaction temperature (110 °C). A selection of
deuterium-labeling reactions were performed, supporting a
borrowing hydrogen mechanism over direct nucleophilic sub-
stitution or a radical pathway.

6. Copper-catalysed borrowing
hydrogen

6.1 N-Alkylation processes

In 2017, Wang and co-workers described the use of a triazole-
phopshine-copper [TAPCu] complex 16 (2 mol%) for the
N-alkylation of electron-rich arylamines using benzylic alco-
hols as the alkylating agent and KO¢-Bu (1 equiv.) as base
(Scheme 28).>° A deuterium labelling experiment involving d-
benzyl alcohol implicated a copper hydride species as a cata-
lytic intermediate, which was tentatively supported by solid
state infrared spectra (absorptions at 912 cm™'). Based on
their mechanistic studies, the authors proposed a catalytic
cycle involving initial base-assisted coordination of the alcohol

This journal is © The Royal Society of Chemistry 2019
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Scheme 28 Cu-Catalysed N-alkylation of arylamines (Wang).

to 16. Subsequent f-hydride elimination of the resulting Cu-
alkoxy species forms a copper hydride intermediate and the
aldehyde, which undergoes condensation with the arylamine
to form an aldimine. Subsequent reduction by the Cu-H inter-
mediate followed by protodecupration gives the secondary
amine product with regeneration of the catalyst.

7. Outlook and conclusion

This review highlights that the area of homogeneous borrow-
ing hydrogen catalysis using earth-abundant first row tran-
sition metals for C-C and C-N bond forming processes has
received considerable attention in recent years (2013-present).
Furthermore, the drive to replicate the reactivity of precious
metal catalysts using catalysts based on Mn, Fe, Co, Ni and Cu,
is likely to increase in the future. Despite the range of innova-
tive strategies that have been developed in this area, challenges
and opportunities remain. The rational design of novel well-
defined complexes based on earth-abundant transition metals
with improved activity is required in order to lower catalyst
loadings and be competitive with established precious metal
catalysts. It is likely that careful mechanistic studies, including
computational analysis, will play an important role in this
rational design process. Furthermore, there remain limited
examples of highly enantioselective borrowing hydrogen pro-
cesses. With increased catalyst efficiency and functional group
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tolerance, it may be possible to lower the reaction temperature,
base loading, and reaction time, allowing enantioselective pro-
cesses to be developed more readily. Due to the diverse nature
of the reaction processes disclosed using earth-abundant
metal catalysts, it is clear that many new applications remain
to be discovered in the coming years.
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