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! Manganese Catalysis

Recent Advances of Manganese Catalysis for Organic Synthesis

Jonathan R. Carney,™ Barry. R. Dillon,’® and Stephen P. Thomas*[®!

Abstract: Manganese is a non-toxic, inexpensive and earth
abundant metal, so is a perfect candidate for catalysis whether
as a replacement for precious metals or in the search for novel
reactivity. Despite this, manganese catalysis has not undergone
the same development of other earth-abundant metals (partic-

ularly iron and cobalt). This review details recent synthetic
methodologies using manganese catalysts, including C-H acti-
vation, late stage fluorination, hydrosilylation and cross-cou-

pling.

1.1 Introduction

unique features of being non-toxic and environmentally benign.

Iron catalysis is now well established for cross-coupling,!'?
oxidation®® and reduction reactions. However, manganese
has remained relatively unexploited with research only acceler-
ating in the last 3-5 years.

Manganese has great potential redox activity due to the
number of available oxidation states (-3 to +7) and the ability
to form compounds with a coordination number of up to 7.1}
This allows a range of reactivity to be explored, with high oxid-
ation-state manganese species being used as strong oxidising
agents e.g. MnO, and KMnO, and with low oxidation-state
manganese compounds displaying chemistry akin to main
group compounds (for instance, RMn'"X reagents have similar
reactivity to Grignard reagents).”) Manganese(ll) is the most sta-

Earth abundant metals offer a sustainable alternative to pre-
cious metals for the synthesis of bulk and fine chemicals and
the advancement of sustainable chemical manufacturing. Co-
balt- and nickel-catalysed reactions have seen great advances,
but suffer from the inherent toxicity of these metals. Of the
first-row transition metals, iron and manganese have the

[a] EaStCHEM School of Chemistry, University of Edinburgh
Joseph Black Building, David Brewster Road, Edinburgh, EH9 3FJ, UK
E-mail: stephen.thomas@ed.ac.uk
http://www.chem.ed.ac.uk/staff/academic-staff/dr-stephen-p-thomas
[b] AstraZeneca,
Alderley Park, Macclesfield, Cheshire, SK10 4TG, United Kingdom

Raised in the Staffordshire Moorlands, Jon undertook his MChem. at the University of York, graduating in 2014. His final year project was
completed under the supervision of Prof. lan Fairlamb, investigating the catalytic potential of novel succinimide containing palladium(ll)
complexes. Jon moved to Edinburgh in September 2014 to start his PhD exploring earth-abundant metal catalysis.

Barry Dillon started his career in 1996 at GlaxoWellcome as a process R&D chemist. In 2001 he moved to undertake a PhD in natural product
synthesis at Imperial College London under the supervision of Prof. Donald Craig, completing in 2004. In the same year he joined the
Chemical Research and Development laboratories at Pfizer, Sandwich leading synthesis teams on a number of projects across the allergy &
respiratory, pain and oncology portfolios. In 2011 he Joined AstraZeneca as a senior environmental adviser aligned to green chemistry,
lifecycle analysis and other sustainability aspects.

Stephen Thomas was born in Toronto, Canada, and moved to the South West of the UK at a young age. After completing his MChem. at
Cardiff University working with Prof. Nick Tomkinson, he moved to Churchill College, Cambridge University in 2007 for a PhD working
with Dr Stuart Warren. Postdoctoral work with Prof. Dr Andreas Pfaltz at the University of Basel, Switzerland, was shortly followed by an
appointment as a Lecturer at the University of Bristol. In 2012 Stephen was awarded a Chancellor's Research Fellowship at The University of
Edinburgh, and moved with his research group to take up this position. His research interests are based on organometallic catalysis, synthetic
methodology and mechanism, with a focus on the use on non-precious metals to replace and expand upon the reactivity of traditionally
used 2" and 3™ row transition-metals.

Eur. J. Org. Chem. 2016, 3912-3929 Wiley Online Library 3912 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



,@**ChemPubSoc
Dol Europe

ble oxidation state, although manganese(lll) can be stable but
tends to disproportionate to manganese(ll) and manganese(lV).
Due to the half-shell effect, manganese(ll) breaks the trend for
electronegativity and is more electropositive than chromium
and vanadium.””!

The use of manganese for the epoxidation of alkenes!® and
radical-mediated oxidative cyclisations®'" has been exten-
sively reviewed. This review will focus on alternative transforma-
tions,"#13! particularly those reported in the last 5-10 years
(Scheme 1). These include catalysts acting as replacements for
platinum group metals, such as hydrosilylation and cross-cou-
pling reactions, as well as reactions exhibiting more novel react-
ivity such as C-H activation to form alcohol, azide and halogen-
ated products.
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Scheme 1. A) Formation of enantioenriched epoxides catalysed by a man-

ganese(lll) salen compound B) radical cyclisation of an alkene and acetic acid
mediated by Mn"(OAc)s.

2. Manganese Catalysis

2.1. Carbon-Oxygen Bond Formation by C-H Activation

The activation of C-H bonds is an important area of research
as this negates the requirement for pre-functionalisation of a
substrate and can therefore lead to a decrease in waste prod-
ucts. Challenges lie in the need for selectivity between different
C-H bonds in a substrate, over-oxidation, and chemoselectivity
when substrates contain other functionalities susceptible to
oxidation. The hydroxylation of unactivated C-H bonds by met-
alloporphyrin compounds is a biomimetic approach to this
challenge. Groves and co-workers reported the oxidation of
hydrocarbons using this strategy with a manganese porphyrin
catalyst 3 (Scheme 2).'¥

Norcarane gives different products when subjected to oxid-
ative conditions based on the mechanism of the oxidation reac-
tion. Radical-mediated reactions give cyclohexene products
whilst ionic reactions produce cycloheptene products. When
norcarane was subjected to the manganese-porphyrin C-H
hydroxylation conditions, it gave a range of oxygenated or
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Scheme 2. Manganese-porphyrin-mediated oxidation or chlorination of
cyclohexane, yields are based on the oxidant.

chlorinated cyclohexene products 12-14 suggesting the reac-
tion proceeded by a radical pathway.'¥ Manganese porphyrin
catalysts show good chemoselectivity for the oxidation of terti-
ary C-H bonds over secondary and primary C-H bonds, as ex-

pected for a reaction involving a radical intermediate
(Scheme 3, B).
A
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P H H H H
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H H
H 10% 27% 1.8% 3.4%
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46.7% 14.3%
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Scheme 3. A) Product distribution of norcarane oxidation by manganese-
porphyrin-catalyst, B) Manganese-porphyrin-mediated oxidation or chlorin-
ation of adamantane, yields are based on the oxidant.

It was possible to increase selectivity for primary C-H bonds
by increasing the steric bulk at the substituents at the meso-
position of the porphyrin ligand. This increased selectivity was
amplified if the substrate used was also sterically demanding.!’
Breslow et al. achieved selectivity by using a porphyrin bearing
cyclodextrin groups, 22, which allowed non-covalent binding at
multiple points to steroid analogues through the hydrophobic
effect.!'®""8 This new catalyst displayed an increased turn-over
number (TON) compared to previous catalysts for some sub-
strates. It also gave novel chemoselectivity, albeit with low con-
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version (2-3 catalyst turnovers), for steroids with hydrophobic
arms (Scheme 4).

O O 4
20 HO,C

PhIO
pyridine (10 equiv.)
22 (7 mol-%)
H,0
CO,H HO
yatm Lo
<) <<
HO,C
>95% vyield
R.

S

PhIO (5 equiv.)
pyridine (10 equiv.)
methanol

i) KOH
ii) HCI

25
40% from 23

Scheme 4. Manganese-porphyrin-catalysed selective hydroxylation in the
presence of 22: A) hydroxylation of benzylic C-H bonds and B) selective
hydroxylation in a steroid.

Initial stereoselective oxidations, using a manganese por-
phyrin with a bridging binaphthyl group 30, revealed an enan-
tiomeric ratio (er) of 56:44 to 63:37 favouring the (R)-enantiomer
of the benzylic alcohol 27 (Scheme 5A).'1 A porphyrin ligand
with a meso-substituent consisting of two norborane units
fused to a central arene?” was found to give improved enan-
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tioselectivity reaching 76:24 er for the hydroxylation of ethyl-
toluene (Scheme 5).2" This reaction used H,0, as an oxidant
and water/methanol as the solvent system.

A
_0,
PhIO 30 (1 mol-%
CHClp + +
10 equiv. H3CO ,OCHj, 279, 16% 339,
26 O ‘ 27 28 29
O 3 other examples:
46-98% overall yield
o O  56:44-59:41er
NH HN
30
B
H.0,
35 (2.5 mol-%)
_—_ =
N
31 € )) (50mok%) 119 18% 58%
N 32 33 34
MeOH/H,0 3 other examples:
R 88-99% overall yield
66:34—77:23 er
SO;Na
R == (I
R
35

Scheme 5. Enantioselective manganese catalysis: A) using a porphyrin ligand
containing a bridging binaphthyl group and B) using a porphyrin ligand bear-
ing arene-fused norbornane substituents.

The mechanism of C-H oxidation by metalloporphyrins re-
mains under investigation, although a general catalytic cycle is
now well established (Scheme 6). The active catalyst for
hydrogen abstraction is proposed to be a Mn" oxo intermediate
36, which is generated by oxidation of the Mn"' precatalyst 3
by iodosylbenzene 2. This generates an alkyl radical and a Mn'Y
complex with the hydroxo- and chloro-ligands in a trans-orien-
tation. The alkyl radical then recombines with the hydroxide
ligand in the oxygen rebound step.['#2223! This mechanism is
commonly referred to as the heteroatom-rebound mechanism
or Heteroatom-Rebound-Catalysis (HRC).

The oxidation of C-H bonds has also been achieved with a
range of related tetradentate amine ligands on Mn" centres.
Nam et al. reported the oxidation of alkanes using a manganese
oxo complex 43124 and this was expanded upon by Bryliakov
and co-workers who showed that similar complexes, 44 and 45,
were capable of the chemoselective oxidation of C-H bonds,
with hydrogen peroxide, in high yield (Scheme 7, A).[?>! The
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Scheme 6. Heteroatom rebound mechanism for manganese porphyrin cataly-
sis.

manganese complexes 44 and 45 were chemoselective for the
oxidation of tertiary over secondary centres and for positions
more remote from electronegative substituents. For instance, 1-
bromo-3,7-dimethyloctane 40 was chemoselectively oxidised at

A

71 (0.1 mol-%) OH
H50, (2.5 equiv. )—-
CH3;CN / AcOH

H,0, (2.5 equiv.)

84.2% 28 %
1 4 6
44 (0 1 mol-%)
CH3CN / AcOH
H-05 (2.5 equiv.)
65.7% 3.2% 1.7%
16 17 39
4 OH;
3 3 R
H,0, (2.5 equiv.) 41
c 205 (2. : -H=
1 45(0.1 mol-%) R=H=28.9%
7 A3 ———————= R=Br=15%
3 3 R CHiCN/AcOH
40
HO 7 3 1
R=H orBr 3 R
2
42
R=H=28.9%
R=Br=56.2%
= =
pr s | o)
LN | e N |
[ T n=0 X " -'""Mn X
N7 | ~X N7 | X
TN 4
PR TS S
= =
43 45
X= CF3803_

Scheme 7. Use of an amidopyridine manganese complex to catalyse: A) the
hydroxylation of simple cyclic alkanes, B) the chemoselective hydroxylation
of a tertiary carbon over a secondary carbon and C) the selective hydroxyl-
ation of a more remote (from bromine) tertiary centre.
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the distant C7 tertiary centre, over the C3 tertiary centre, 42
(Scheme 7, Q).

A benzimidazole ligated manganese complex 50 has also
been used in C-H oxidation (Scheme 8).12%! Unlike the previous
catalysts, preferential oxidation to the ketone was observed
where only secondary sites were available. However, chemose-
lective oxidation of tertiary sites over secondary sites to give
tertiary alcohols 76 was still observed.

A
50 (0.5 mol-%),

H><H H-0, (3.5 equiv.) (0] = aryl, alkyl
R "R? MeCN, AcOH (14 equiv.),R'” "R2 R2 aryl, alkyl, ether

46 rt.,05h 47

15-82%
12 examples

B

50 (0.5 mol-%),

Piv0~<:>-— H20, (1.3 equiv.) _ Pivo-—<:>{
MeCN, AcOH (14 equiv.), OH

48 rt,05h

35%
/ 49
\ QAN
N I\ \ / N~
N
TG OTf @

Scheme 8. Manganese-catalysed oxidation to: A) ketones, from a secondary
carbon centre and B) alcohols from a tertiary carbon centre.

A square pyramidal tetracyano Mn" 51 was used to oxidise
C-H bonds with a variety of oxidants (Scheme 9).2”! Notably
the system achieved better yields (>95 %) for C-H oxidation
than had previously been reported. A different mechanism was

A
51 0.2 mol-% OH 0
CrCY
CH3COzH (1 equiv.),
4 equiv. CF3CHz0H 69% 28%
2 T4 5
ne, N N |
('MnV
NC™ 'CN
51
2_
B
Ncbm,&ﬂ
Mn?
NC CN
R-OH 51 ROOH
ReH ROH
\||| %H
v v
NC éNCN
52

Scheme 9. Manganese(V) complex catalysed oxidation A) of cyclohexane and
B) proposed mechanism of oxidation.
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proposed for this catalyst: a MnY" nitride oxo intermediate was
suggested to mediate hydrogen abstraction as opposed to a
more conventional MnY intermediate.

2.2. Carbon-Halogen Bond Formation

2.2.1 Carbon-Halogen Bond Formation by C-H Activation

The chlorination and bromination of C-H bonds has been re-
ported as a side product in C-H oxidation reactions using man-
ganese porphyrin catalysts.?82°1 However, these reports re-
mained unexploited for almost thirty years as establishing con-
trol for halogenation over oxygenation was not possible. The
understanding of the heteroatom-rebound mechanism (see
Section 2.1) meant the crucial influences on selectivity could be
more easily identified and therefore used to increase the yield
of the halogenated product.®® This was achieved by changing
the axial ligand to a stronger donor ligand (F~ or ClI~ compared
to imidazole, pyridine, acetonitrile). This was proposed to slow
the rate of hydroxyl transfer and thus allow halogenation to
dominate. This was first applied to C-H chlorination by Groves
and co-workers, where the reaction was chemoselective for the
activation of secondary C-H bonds as opposed to tertiary C-H
bonds.3"! The chlorination of decalin was selective for the CH,
groups and as was the chlorination of biologically relevant mol-
ecules such as sclareolide 58 (Scheme 10).

A
3 (2 mol-% cl
O NaOCl ¢ b)
PTC (4 mol-%), CH,Cly, r.t.
2 5
57%
6 other examples
B cl 31-74%
[T P e e
Cl
53 54 55 SGCl
Mn(TPP)CI 3/NaOCl 21% 32% 2%
Mn(TMP)CI 57/NaQCl 39% 10% 3%
[
o}
85 10 mol- % _/< 40
O NaOClI 3 equiv. NaOCI 3 equiv.C!
58 Cl 60
2% 5%
Mes
Mes m Mes  Mes = 2,4,6-Me3CgH,
Mesc‘
57

Scheme 10. The chlorination of C-H bonds A) simple cyclic hydrocarbons, B)
selectivity of reaction and C) the application to biologically relevant mol-
ecules.

This methodology was expanded to include the fluorination
of C-H bonds. Fluorinated molecules exhibit high biological ac-
tivity and the incorporation of '8F atoms allows these com-
pounds to be used as tracers for medical imaging.’®? Fluorin-
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ation was achieved using silver(l) fluoride as a halide source
in place of NaOCl, and with the addition of sub-stoichiometric
amounts of tetrabutyl ammonium fluoride (TBAF). A possible
limitation of this methodology was the lower yields observed
for the fluorination of benzylic positions due to the production
of large amounts of oxygenated product. The use of a Mn(salen)
complex with triethylamine trihydrofluoride (TREAT-HF) and
AgF suppressed the oxygenation reaction and increased the
yield of fluorination (Scheme 11). Minor modification of this
method allowed for the functionalisation of benzyl C-H bonds
with '8F atoms which could then be used in Positron Emission
Tomography (PET) imaging (Scheme 12). This method removes

O PhIO, AgF O,F
3 (2 mol-%), TBAF-3H,0
2 61
12 examples
30—55%
[ —TNOAR T ﬁm
3 (2 mol-%), F
53 TBAF-3H,0 62 63
40% 1%
Scheme 11. Fluorination of C-H bonds.
67 20 mol-% F
S 1 PhIO (6 equiv.
R+ R trearHF DO Bequv) R
= CH4CN, 50°C, R3+
6-9h #
64 65 66
H QH
—=N_ N=
e
M
Bu (0] CIO tBu
tBu tBu
67
68
58% 51% F

(0]
| N O)\CFS
70 71
53% 55%
(0]
p F
(@]
O/
72 73
55% 67%

Scheme 12. Fluorination of benzylic C-H bonds.
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the need for prefunctionalisation of the substrate and allows
for more rapid screening of target substrates. Given '8F has
a half-life of 110 min, it was important that the reaction was
completed in 10 min allowing the methodology to become a
viable imaging strategy (Scheme 13). This area of hugely influ-
ential research has been thoroughly reviewed by Groves.3"

76 10 mol-% F
R Rr! PhIO (1 equiv.)
Rl YR
& ['®FIF, K,COg, RET
74 acetone, air, 75
50 °C, 10 min
HIQH
=N_ N=
N
/Mn\
tBu oO| O tBu
QOTs
tBu tBu
76
18;
D
Br
(0]
77 78
49% + 10% (n = 4) 52% + 5% (n = 4)
18F 18F
AcO NHBoc
S
79 AcO 80

40% + 5% (n = 4) 51% + 7% (n = 4)

0O

\
EtO O Eto
e A L N
s b Boc

81 82
46% + 7% (n = 3) 47% +12% (n = 4)

Scheme 13. Fluorination of benzylic C-H bonds using '8F, yields reported are
radiochemical conversions (RCC), are decay corrected, and averaged over (n)
experiments.

2.2.2. Carbon-Halogen Bond Formation by Reduction of an
Alkene

The dichlorination of alkenes has been reported using a manga-
nese acetate catalyst and calcium chloride.’®! The reaction pro-
ceeds with good yields for a range of unsaturated hydrocarbons
and a moderate yield with methyl cinnamate. Preliminary
mechanistic investigations indicated a radical mechanism
whereby the alkene is functionalised in two steps through an
alkyl radical to give the dichloro-product (Scheme 14).
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Mn(OAc)3 (5 mol-%)

cacl, (300 mol%) 5
R/\%/ L ——— R/KZ/ Ry
HOAc, KOAc,
reflux cl
83 84
R = alkyl, aryl
B R" = H, alkyl, ester
ML, + RS ————= g ~-Cl 4w,
Cl
l Cl—Mn(L,
Cl
Cl

R

Scheme 14. A) Dichlorination of alkenes and B) the proposed mechanism.

2.3. Azide Formation

Fristad et al. reported the conversion of alkenes to diazides us-
ing a stoichiometric Mn"" acetate as a radical initiator and NaN;
as the source of azide (Scheme 15).534 Although the original
report required high reaction temperatures and a large excess
of NaNs, Snider and co-workers optimised the system and ap-
plied it to the oxidative cyclisation of malonates bearing pen-
dant alkenes and with termination by the radical trapping of
azide.3%

A
Mn(OAc); (1 equiv.) N,
P e N N4ﬁaN3(15equiv.) W\/
85 86 N
72%
B

Mn(OAc);-2H,0 (2.5 equiv.)
NaN5 (5 equiv.)

Me MeOH (0.08 M) Me
- CO,Et
COEt g s5°C,36h 2
RS N3
H
87 88
50%

Scheme 15. A) The diazidation of alkenes and B) oxidative cyclisation termi-
nated by azide trapping.

The activation of secondary, tertiary or benzylic C-H bonds
to incorporate azides in a range of molecules (including bio-
active molecules and pharmaceuticals) has been performed in
moderate to good yields.* Building upon previous work using
Heteroatom Rebound Catalysis (HRC), manganese porphyrin 93
or a salen complex gave good azidation yields for linear and
cyclic alkanes as well as benzylic C-H bonds and followed the
expected selectivity for HRC (Scheme 16).

The hydroxyazidation of alkenes was reported by Jiao et al.
using MesSiN3 as an azide source, MnBr, as catalyst and air
as the stoichiometric oxidant.?”! Internal and terminal styrene
derivatives and aliphatic alkenes all successfully underwent
hydroxyazidation. The reaction was found to tolerate nitro and
ester functionalities on the arene. The method was used to in-
corporate azides in bioactive molecules including a steroid
bearing a pendant alkene. An unexpected side product of the
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Scheme 16. Mn porphyrin used to catalyse the azidation of C-H bonds.

attempted hydroxyazidation of benzoic acids derivatives was
the formation of a cyclic peroxyester product 99 (Scheme 17,
B). Using detailed mechanistic studies and DFT calculations a
radical mechanism was proposed (Scheme 17, C). Initially, O,
oxidises trimethylsilylazide to the N; radical 100 which reacts
with the alkene to give a secondary carbon radical 101. A sec-
ond reaction with O, forms a peroxo-radical 102. At this point,
the mechanism can proceed in two ways. The favoured route is
proposed to involve single-electron transfer (SET) from Mn' to
give a peroxide 105 and the Mn" compound used in the first
step. The disfavoured route consists of peroxo radical attack on
another equivalent of MesSiN; which leads to the silyl pro-
tected peroxide 104. This then reacts with H,O to give the same

A

= .
©/\ M838|N3

1) MnBr; (5 mol-%) OH
H,0 (10 equiv.)

—.'.. @/J\/Ns
2) PPh, (1.0 equiv.)

MeCN, air, 25 °C

94 95 96
COOH MnBr; (5 mol-%) O”O 0

. H»0 (10 equiv.)

MesSiNg ————— =
MeCN, air, 10 °C
N3
97 98 99
¢ ) R .
Me3SiN3 N3 R/\/ N3
95 100 101

Mn'! _.& M

\ gows/

N3 favoured 00-
103 <~ O Ns
102
Megsts Dl unfavoured
PPh; H,0
OH OOH -=— 00SiMe,
R)\/ N3 N N3
R ° R

106 105 104

Scheme 17. A) The hydroxyazidation of alkenes, B) formation of cyclic peroxy-
ester products from benzoic acid derivatives and C) the proposed mecha-
nism.
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peroxide product 105 as that from the favoured route. Finally,
PPhs reduces the peroxide to an alcohol to give the hydroxyaz-
ide 106.

Mn(OAc); combined with bipyridine (bipy) ligand can cata-
lyse the azidation of cyclobutanols by C-C bond cleavage
(Scheme 18).138 This work requires a hypervalent iodine oxidant
(BI-OH) to facilitate catalyst turnover. A range of cyclobutanol
starting materials were transformed by this methodology to
form primary, secondary and tertiary azides. Mechanistic stud-
ies showed that the reaction proceeded by a radical mecha-
nism. The active catalyst was proposed to be a manganese(V)
azide 111 which radically abstracted a proton from the alcohol

A Mn(OAc); (20 mol-%)
BI-OH (200 mol-%)
R MesSiN, RJ\/I\[,NS
CH3CN, r.t. to 70 °C
R2 RS
107 108
OH 28 examples
I 36-85%
@:«O BI-OH R = aryl, alkyl
RZ = aryl, alkyl, H
(0] 3=
R® = aryl, alkyl, H
B
Mn(OAc); (20 mol-%)
HO bipy (22 mol-%) Q
BI-OH (200 mol-%)
)l Me,SiN, )
CH3CN, rt.to 70 °C
N3
109 110
8 examples
n=1-5
C 55-95%
OH R3
/—\ R1
ArCOOH N, N
BI-OH Mn¥ R?
N N,
VR 11
Mn H. M0
AcOMe;Si N3 O N,
17 R R3
Megsi-Ng
R2
h__
Mn —OAc 116 / 112
115 ‘0 3
R$ miA R
R1
R3 R2
114 113

Scheme 18. The manganese-catalysed cleavage of cyclobutanes: A) to give
alkyl azides, B) to give ring-expanded benzylic azides and C) the proposed
mechanism.
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before the alkyl radical 114 was terminated by trapping of the
azide. Manganese(lll) acetate 116 would then react with
MesSiN; to give manganese(lll) azide 117 which would be oxi-
dised to the active manganese(V) catalyst.

2.4. Hydrosilylation

Hydrosilylation of an acyl manganese species 118 was achieved
using Ph,SiH, (Scheme 19). The manganese centre is thought
to undergo oxidative addition to the silane and 1,3-silatropic
shift from manganese to oxygen is followed by a hydride migra-
tion to give silyl ether 120.53

Ph,HSi
< X
(OC)sMn Ph,SiH, ————*=
TR 2= CeDs (OC)sMn” "R'
118 119 R =CH30I' Ph 120
oxidative
addition -Co
Prtis; | o thHSi\O thHSi\o
0C)M —_—  ——
oM ©C)uMn=( (0C);Mn—EH
. . H R R
121 PESEIOPC 42 123

Scheme 19. Hydrosilylation of manganese acyl compounds.

The addition of a ketone showed that these acyl manganese
compounds were competent catalysts for the reduction of ket-
ones with primary, secondary or tertiary silanes (Scheme 20,
A).[*91 The most active catalyst was (PPhs)(CO)sMnC(O)CH5 with

A (PPh;)(CO),MnC(O)CH, 126 ,
0 . PhyHSI
P Ph.SiH (2.4 mol-%) 0
2 2 »-
CgDg )\
124 122 125
>95%
B
o (PPhs)(CO),MnC(0)CH; 126 H H
)J\ + 2HSIR, (1-3 mol-%) - R”OOR
OR C:D
127 128 -6 129
kms
128
(L)(CO)sMn—SiRs
71 o SiRs
0] kOR
e or H™ R
130 133
126
o SiRs 12Q o-SiRs
OR
(L(CO)Mn—K OR (LXCORMN
R RsSi” H
131 132

Scheme 20. Reduction of carbonyl functionalities by sub-stoichiometric man-
ganese compounds A) Reduction of ketones and B) reduction of esters to
ethers.
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increased activity noted with pre-stirring in silane for 20 min.
This system has also been used to reduce esters to ethers
(Scheme 20, B).*" The proposed mechanism for ester hydrosil-
ylation was more complex than that for the hydrosilylation of
ketones. Initially, the pre-catalyst is transformed to the active
manganese(l) silyl species 130. Coordination of the carbonyl to
the manganese(l) centre preceeds insertion of the ester into
the Mn-Si bond. Oxidative addition into the silane gives an 18-
electron manganese(lll) complex 132 which undergoes reduc-
tive elimination of the silyl acetal to form a C-H bond and give
silyl hemi-acetal 133. Finally hydride transfer from a disilyl man-
ganese compound gives the ether product 129.

Manganese carbonyl compounds under photoirradiation
have been shown to be active catalysts for the reduction of
dimethylformamide (DMF) and diethylformamide (DEF)
(Scheme 21A).142 The reduction of carboxylic acids to aldehydes
by hydrosilylation was reported under similar conditions
(Scheme 21, B).*3! A range of phenyl acetic acids, alkenyl and
alkyl carboxylic acids were successfully reduced. Benzoic acid
derivatives were also reduced but with low conversions
(ca. 30 %). The reduction of o,B-unsaturated carbonyl groups
proceeded with concurrent reduction of the alkene. Carboxylic
acids bearing pendant terminal alkenes saw both functionalities
undergo hydrosilylation but internal, isolated, alkenes were un-
reactive.

A
o CpMn(CO);
J\ M (5 mol-%)
-Me ; PhMe,SIH ———————— » . NM
H N 120 °C, UV (PhMe,Si),0 + e
Me
134 135 136 137
B
Mnz(CO)yq (5 mol-%) .
o HSIEt; (3.3 equiv.) OSiEty H* o]
AL - —
138 139 140
25 examples
60-98%

Scheme 21. A) Reduction of DMF to trimethylamine and a disilyl ether, B)
hydrosilylation of a carboxylic acid to give an aldehyde.

A MnV nitride salen complex 143 was used for the hydrosilyl-
ation of aldehydes and ketones with primary, secondary and
tertiary silanes in good yields at low catalyst loadings
(Scheme 22, A).[*¥ It was suggested that the active catalyst was
a manganese(lll) hydride species. Carbonyl insertion to the Mn-
H bond, before the silane was proposed to drive catalyst turn-
over and lead to silyl ether formation.

Lavigne et al. reported that the manganese N-heterocyclic
carbene (NHC) complex 146 would catalyse the reduction of a
variety of aryl and aliphatic aldehydes and ketones under UV
irradiation (Table 1).%! The electronics and sterics of the sub-
stituents on the carbene ligand were altered with mesityl sub-
stituents giving the best yields.

The use of a redox non-innocent bis(imino)pyridine (BIP) li-
gand was reported by Trovitch (Scheme 23).149! This highly ac-
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o R! PhSiH; HO._ _R!
143 {05%) R1 H ME Ph c-
. - — = propyl, CH; CH=C,H,4
| N CH4CN, 80 °C, 20 min || \J  RZ=H,N,0, OMe,Cl
R? R?
141 142
64-98%
14 examples
\ I|I/
tBu
B
PhCHO

PhSiH h

3
(LMAN ——= (LMn""—H (L)Mn"'—OCH,Ph

o

R4SIOCH,Ph R,SiH

Scheme 22. Hydrosilylation of carbonyls with a manganese(salan) nitride
complex: A) reaction scope and B) proposed mechanism.

Table 1. Hydrosilylation of carbonyls with a manganese carbene complex.

=
1) 146 (1 mol-%), M N es
Ph,SiH,, UV (350 nm), ocr g
o] toluene, 25 °C OH oC N J
R, R; 2) hydrolysis: MeOH, 2 M NaOH R1)\R2 Mes
[Mn]
144 145 146
R! R? Conversion [%] Yield [%)]
Ph H > 97 920
4-CH;3(0)CPh H > 97 55
Pyridine H > 97 97
CH,=CH—(CHy)10 H > 97 71
Ph Me > 97 65
CH3(CH,)s Me 59 _

tive complex 150 exhibited a TOF of 76,800 h™', far exceeding
that of other first-row transition metals (Fe, Co, etc).*”! Al-
though highly active, a mixture of both tertiary 148 and quater-
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nary silanes 149 were formed. Notably, the reaction was sug-
gested to proceed by a radical mechanism.

PhSiH,

Ph Ph
o ' H O _Ph
150 (1 mol-%
Ph)k—-—( 2 oS0 0’8"o\|/
CeDs
)\Ph )\Ph
147 148 149
75% 25%

Scheme 23. Hydrosilylation of carbonyls with a manganese bisiminopyridine
complex.

Although a number of manganese systems have been used
to catalyse the hydrosilylation of carbonyls, very few systems
have been published for the hydrosilylation of alkenes. The first
reported alkene hydrosilylation used a silylmanganese(l) cata-
lyst which could be activated either thermally or photochemi-
cally (Scheme 24).18 Thermal activation gave a range of prod-
ucts, including dehydrosilylation and alkene isomerisation, and
was proposed to proceed by a radical mechanism. In contrast,
the photochemical activation gave the hydrosilylation product
and was proposed to proceed by a coordination mechanism
akin to the Chalk-Harrod mechanism.

Mn,(CO),, was used as a hydrosilylation catalyst to give the
linear silane regioselectively without alkene isomerisation 160
(Scheme 25).191 However the Mn,(CO),, catalyst showed low
activity and the use of a manganese carbonyl compound ne-
gates the inherent non-toxicity of manganese.

. Mn,(CO)4o .
C4Hg/\\ . Et;SiH Cng/\/SIEis + CaH?/\\/

157 158 159 160

Scheme 25. Hydrosilylation of alkenes using a manganese carbonyl com-
pound.

2.5. Formal Hydrogenation and Other
Hydrofunctionalisations

Mn(dpm)s has been used in the formal hydrogenation of cyclic
alkenes to give the thermodynamically favoured trans-dia-

S
P:ECTMS Igé) 180°C /\/\/HMCTS+/\,¢"’\/HMCTS + SRSt /ﬁ\
321~ Mn
(0.1 mol-%) ° 153 154 155 156
T 55% 25% 3% 7%
151
350 nm
A~ HMCTS
153
| >95% based on silane
Si-0, H
o Si
_ Sli‘ CI) =HMCTS
7 0-8i
~N

/

Scheme 24. Hydrosilylation of carbonyls with a manganese bisiminopyridine complex.
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stereomer (Scheme 26, B).*% This was observed to be more
diastereoselective than common hydrogenation catalysts (such
as Pd/C) (Scheme 26, A) and offers a complementary methodol-
ogy. The system tolerated alcohol, iodide, acetate, ester, ketone
and imidazole functionalities and also reduced primary, second-
ary and tertiary alkenes (Scheme 26, C). The application of the
reaction conditions to diethyl dimethallylmalonate gave the
cyclopentane derivative suggesting that the reaction proceeds
by a radical mechanism (Scheme 26, D).

A

OH 161 OH 162

Conditions | Yield (%) trans:cis

Pd/C, H,, EtOH n.d. 2.1:1.0
[Ir(cod)(PCy3)(py)]PFs, CH,Cly, Hy 85 3.5:1.0
[Mn(dpm)z PhSiH3, TBHP, iPrOH 79 10.0:1.0

Mn(dpm)a
(10 mol-%)
—_—
PhSiH3, TBHP,

H jPrOH, 22 °C
Me Me Me Me Me Me
163 164 165
97%, 11:1 Mn(dpm)s 68%, 1:4 dr

(10 mol-%)
R\/O/ R\/O/

PhSiH3, TBHP
166 167

iPrOH, 22 °C
R = alcohol, iodo, acetate, 72-84%,
aryl, imidazole 51-7:1 dr
20 examples

Meo MeO
Pd/C, H,
-T2

o O
dpm = M
D 168

Me CO,Et Mn(dpm)s Me Me

(10 mol-%) Me CO,Et
iPrOH, PhSiH;, Me CO,Et

TBHP Me

CO,Et
CO,Et

CO,Et

Me Me

169 170 171
40% 9%

Scheme 26. The hydrogenation of alkenes by a manganese salt A) compari-
son to precious metal systems, B) stereoselectivity of the transformation com-
pared to Pd/C, C) reaction scope and D) cyclisation of 1,6-dienes.

Mn(dpm)s has also been reported to catalyse the chemo-
selective alkene reduction of a,B-unsaturated ketones.>'! When
the reaction was carried out under an atmosphere of air formal
hydration of the alkene was observed as opposed to hydrogen-
ation to give a mixture of a-hydroperoxy ketone 179 or a-
hydroxy ketone 180 (Scheme 27).°2 The addition of P(OEt)s
was used to reduce the peroxide to the a-hydroxy ketone. The
active catalyst was proposed to be a manganese(V)peroxo in-
termediate 176 which mediates hydrogen atom transfer to the
alkene to give the alkylradical 178 which can then react with
0O,. When o,B-unsaturated nitriles were used, a majority
of a-hydroxylation of the double bond was observed
(Scheme 28).°3
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A
HO Me Mn(dpm), Me Mn(dpm); Me
0o (3 mol-%) o (3 mol-%) o
PhSiH3 (2 equiv.) PhSiH; (2 equiv.)
- PrOH (0.2 M), O, ™ iPrOH (0.2 M) .
172 173 174
B ’ ,
Mn(dpm); + PhSiH; + jPrOH
(073 R
oM )
.0" _'Mn(dpm), o]
-SiPhH, 175 R
R
SiPhH3 f
o (dpm) (ID R

v OOH
178 179

]P(OEt)a

RJY\R

OH
180

Scheme 27. A) The hydroxylation of alkenes and B) the proposed mechanism
and C) the hydrohydroxylation of a,-unsaturated alkenes.

Mn(dpm); (3 mol-%)
2 -CN PhSIH3 (1.3 equiv.) CN
ON IPFOH 0, OH
182

Scheme 28. The hydroxylation of alkenes bearing nitrile substituents.

R3 Mn(dpr;gg(:'mol-%) H Boc g3
R‘% +g. NeBoc _ TOMs o %/4
R* " Boc” N o 2 h0C o R
R2
183 184 185
Mn(dpm); + PhSiH3 + jPrOH
t‘ dpmH + PhSiH,OiPr
PhSiH,0iPr
HMn( dpm “ R
PhSiH, 186
C\  PrOMn(dpm); _)_Mn dpm),
187
Bac
M
PrOH n(dpm)z

H/\/R

Scheme 29. The hydrohydrazination of alkenes.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



{® xChemPubSoc
e Europe

o

Carreira et al. used the same conditions to catalyse the
hydrohydrazination of alkenes (Scheme 29).*¥ The manganese
system proved to be more active (if less selective) than an anal-
ogous copper-catalysed reaction.>>! A variety of primary, sec-
ondary and tertiary alkenes underwent hydrohydrazination to
give the amine product 185 using di-tert-butyl azodicarboxyl-
ate as the amine source. A variety of silanes could be used as
the stoichiometric reductant due to the increased reactivity of
the manganese system.

2.6. Carbometallation

The carbometallation of olefins gives access to a range of di-
versely functionalised products by formation of carbon-carbon
or carbon-heteroatom bonds. Oshima and co-workers used
allylmagnesium bromide and simple manganese salts to per-
form a range of transformations from alkyne starting materials
192 (Scheme 30).5% The manganese-catalyst created an alkenyl
Grignard reagent which could then react further with a range
of electrophiles. For alkynes with a vinyl ether substituent 195,
rearrangement to a diene product 196 was observed and pro-
posed to proceed through a cyclic intermediate 198. Addition-
ally, if after two hours, the reaction was exposed to air, diallyla-
tion of the alkyne was observed.

A n-Hex
/\/n-Hex/\/MgBr MeO = N
Mnl (3 mol-%) MgBr
192 193
| E
n-Hex
Py
E
194
B n-Hex
n-Hex HO
= /\/MQBF = =
%\0/\/
R 195 Mn(acac)s (3 mol-%) Z~ 196
| =]
n-Hex n-Hex n-Hex
3 S P ~
O._ MnL, OMn s
) :
R
197 198 199
c "
MgBr 4 equiv.
P equiv RO
R? R Me(CsH4)Mn(CO); (10 mol-% R3
)\/ (CsHaIMN(CO); ( o) w2 _
R'O 2) air
200 2P

80%

Scheme 30. The carbometallation of alkynes A) further reaction with electro-
phile, B) rearrangement reaction and C) diallylation of an alkyne.

Oshima and co-workers reported the carbometallation of iso-
prene and derivatives to give either a vinylsilane 203 or 1,4-
hydrosilylation product 204 (Scheme 31).57! Allenes were re-
duced to alkenes and then further functionalised by the addi-
tion of an electrophile (Scheme 32, A).*® If a pendant alkene
was present, the substrate would undergo cyclisation to a five-
membered ring (Scheme 32, B). Again, exposure of the reaction
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to air after 9 hours allowed for the diallylated product to be
formed.

1) Ph(Me,Si);MnMgMe

N
202

E E
/l\/\
SiMe,Ph +/‘\\)\ i
203 ° 0 204 SMs

2) electrophile

1) Ph(Me,Si)sMnMgMe 2) electrophile

206

"Mn" = (Me,PhSi);MnMgMe

Scheme 31. Carbometallation of butadiene.

A
P, /\/Mn(MgCI)Q(LZ equiv.) 218 /
THF, rt.,3h H
H;0
207 208
B
\, \
Mn{MgCI
ome 2 MMaCha OMe
OMe OMe
Mn
\ Ly N\
209 210
X,
N OMe \/l.,ﬁ
H.O" OMe
OMG_‘S— OMe
H MnL,
212 211

Scheme 32. Carbometallation of allenes to give A) functionalised cyclic alkene
and B) a five-membered ring.

2.7. Cross-Coupling

Transition-metal-catalysed C-C, C-N and C-O bond forming re-
actions are powerful synthetic tools. Many modern methodolo-
gies rely on the use of precious metals, typically palladium. The
high catalytic activity, wide substrate scope and operational
simplicity has drawn palladium-catalysed protocols to the fore-
front of modern synthesis. Powerful methods using earth-abun-
dant alternatives are now emerging, and within these manga-
nese catalysts have shown tremendous promise. One significant
challenge in cross-coupling using metals such as cobalt, iron or
manganese lies in aryl(Csp?)-aryl(Csp?) bond forming reactions.
Although limited examples exist using iron,>?°% these rely on
challenging synthetic methods.

Manganese has been used to catalyse Stille-type cross-cou-
pling reactions to give aryl-aryl bonds in high yields
(Table 2).°"1 However, more forcing reaction conditions were
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needed then those using the analogous palladium-catalysed re-
actions. NaCl was required as an additive and only aryl- and
alkynyl-iodine reagents were suitable electrophiles. Both aryl
and alkenyl stannanes underwent successful cross-coupling re-
actions and the use of 1,4-diiodoaryl electrophiles allowed for
a double cross-coupling reaction in high yields.

Table 2. Manganese-catalysed Stille cross-coupling.

MnBr; (10 mol-%)
2 Rz NaCl (100 mol-%) /R2

P - - = 1
1" +BusSn NMP, 120°C R
213 214 215
R R? Time [h] Yield [%]
Ph 4-CH,Ph 10 81
PhCH=CH PhCH=CH 15 81
Ph 2-thiophene 13 75
4-MeOPh 2-furan 8 90
Ph PhC=C 9 88

Cahiez and co-workers reported the formation of aryl-aryl
bonds catalysed by a simple manganese salt, using Grignard
reagents and aryl chlorides as the coupling partners
(Scheme 33, A)."®) The method was found to tolerate some ket-
one functionalities when PhMgBr was used (Scheme 33, B).[6%
More reactive Grignard reagents (i.e. BUMgBr) led to nucleo-
philic addition at the ketone. The substrate scope of the aryl
halide was limited to arenes bearing electron-withdrawing sub-
stituents. This was expanded by Rueping and leawsuwan to
incorporate a range of nitrogen containing heterocycles which

OMe
MnCI2(10 mol- %
THF 0°C,2h

ACN

OMe
e
+
Brig

216 217 218
B 85%
Ccl O
Bu , PhMgBr _MnCl,(10 mol-%)
THF 0°C,2h
219 220 221
88%
MnCl; (1-5 mol-%)
c Ar,CI + R,I\.ﬂgBr W Ar’R
222 223 224
40-91%
22 examples
Ar = quinoline, 1,3-benzodiazine, cyclobenzothiazole,
pyridine, pyrimidine
R = Me, Ph, iPr, nBu, iBu
D
MnCl; (10 mol—%!
|2/§\/)(+ Ar,MgBr %n.": R/\\\/Ar
225 226 227
20-85%
24 examples

R = aryl, alkyl, ether, Cl
Ar = Ph, 4-MeOPh, 4-FPh, 2-MePh, 4-Me,NPh, 2-naphthyl
X =Cl, Br, |

Scheme 33. Cross-coupling reactions of Grignard reagents with aryl and alk-
enyl halides A) coupling of aryl Grignard reagents with aryl chlorides bearing
electron-withdrawing groups, B) in the presence of a ketone, C) with nitrogen
containing heterocycles as electrophiles and D) with alkynyl halides acting
as electrophiles.
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underwent successful cross-coupling reactions with aryl- and
alkyl Grignard reagents (Scheme 33, C).°3! This was developed
further by Cahiez to include unactivated alkenyl halides
(Scheme 33, D).1°Y The stereochemistry of the vinyl halide was,
in most cases, retained.

The coupling of Grignard reagents to gem-dibromocyclo-
propanes followed by further functionalisation with an electro-
phile was achieved using a MnCl, pre-catalyst (Scheme 34).16%]
It was proposed that [RsMnMgBr] was the active species and
that the cross-coupling reaction preceeded manganese-halide
exchange and was terminated by electrophilic trapping. This
method could be applied to iodobenzofuran but with concur-
rent cleavage of the C-O bond. Again the organomanganese
intermediate could be quenched by an electrophile allowing
easy access to a diverse range of functionalities.

A

1) R'"MgBr (3 equiv.)

R MnCl, (10 mol-%) R
% THF, 0 °C % .
Br 2) electrophile R
Br E
228 229
43-79%
9 examples

R = aryl, alkyl, ether
R' = alkyl, allyl, SiMe,Ph
E = EtOH, H,0, I, RX

B
BuMgBr (3 equiv.)
MnCl, (10 mol-%) Bu
N THF,0°C =
| —m————— MgBr
(:Io Q
MgBr
230 231
electrophile
E
OH
232
63-86%
3 examples 0
E=D0,g~ " |
Ph

Scheme 34. Cross-coupling of A) gem-dibromo cyclopropanes and B) iodo-
benzofuran to give a ring-opened product.

In addition to cross-coupling reactions, the oxidative homo-
coupling of Grignard reagents has also been developed using
MnCl; as the pre-catalyst (Scheme 35), with either atmospheric
oxygen(®® or dichloroethane (DCE)”! as the stoichiometric oxi-
dant. Using DCE, arenes bearing electron-withdrawing groups
and electron-donating groups gave good yields, but aryl groups
with multiple substituents required longer reaction times.
Heteroaromatic substrates were unreactive in this methodol-
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ogy. Ethynylmagnesium chloride was successfully homocoupled
in a 68 % vyield. The high reactivity of aryl rings bearing elec-
tron-withdrawing substituents suggested that transmetallation
was not the rate-limiting step - as is the case with palladium
catalysis.

A
~-M3Cl Mncl, (10 mol-%)
R DCE (1.2, equiv.),
r.t, THF
233 234
45-99%
14 examples
B MnCl,-2LiCl
(10 mol-%)
MeO MgBr ————  MeO OMe
dry air
235 236
75-95%
c 18 examples
2 RMgX +MnCl,
2 MgCIX
Il
XMgOOMgX )/ RZZQ"?” \g
2 RMgX "/ RzMn'V
R-R

Scheme 35. The manganese-catalysed homocoupling: A) with DCE as an
oxidant, B) with air as an oxidant and C) proposed mechanism when using
air as an oxidant.

Using oxygen as the oxidant, the reaction was proposed to
proceed by a Mn'"/Mn" cycle with a Mn"V peroxo intermediate
263 (Scheme 35, C). Key to this mechanism was the need for
rapid reductive elimination to avoid direct oxidation of the Gri-
gnard reagent to the corresponding phenol. Diaryl manga-
nese(ll) compounds were too stable for reductive elimination to
occur at a sufficient rate, therefore it was necessary for the cata-
lyst to be oxidised to Mn" and thus substantially increasing the
rate of aryl-aryl reductive elimination. A range of arenes bearing
both electron-donating and electron-withdrawing groups were
tolerated although those with electron-donating substituents
gave higher yields. Heteroaromatic compounds could also be
homocoupled along with alkenes and alkynes. The coupling of
alkenes to produce dienes proceeded with high stereoselectiv-
ity.

The oxidative coupling of Grignard reagents to prepare a
range of unsymmetrical products was also reported (Table 3).1°8!
It was noted that homocoupling was highly dependent on the
electronic and steric properties of the Grignard reagents used.
Sterically encumbered Grignard reagents and those with arenes
bearing electron-withdrawing groups heavily disfavoured
homocoupling. Alkynylmagnesium halides were observed to
undergo homo-coupling at a significantly slower rate than that
of phenylmagnesium bromide. Therefore, the combination of
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aryl Grignard reagent with electron-donating substituents and a
non-bulky alkynyl Grignard reagent proved to favour oxidative

coupling over the homo-coupling of either reagent.

Table 3. Manganese-catalysed oxidative coupling of Grignard reagents.

20 mol-%
MnCl,-2LiCl
R'MgBr + CIMg RR — = » R-—=——R?
240 241 02, THF,0°C, 1h 242
R R2 Yield [%] Yield R'-R" [%]
4-MeOPh pentyl 72 17
Naphthyl SiMe; 89 5
4-CIPh pentyl 81 12
4-MeOPh Ph 80 12
Naphthyl 4-Me,NPh 68 6
5-EtO,C-furyl thiophene 69 7

Teo and co-workers reported the cross-coupling reaction of
pyrazoles, 7-azaindoles, indazoles and indoles with aryl iodides
(Scheme 36) using MnCl,+4H,0, trans-1,2-diaminocyclohexane
and K5PO4H,0.%1 A range of aryl iodides were successfully
coupled and variation of the electronic character of the aryl
iodide did not appear to affect reactivity, however ortho-sub-
stituents gave poor yields. This was later expanded to a range
of aliphatic amines by using L-proline as the ligand and NaOt-
Bu as the base.l’”

A
m MnCly-4H,0 (20 mol-%) m
N/ N +
H

K4PO,+H,0, \

H,0, 130°C, 48 h

243
L= 245
87%
HoN NH, 20 other examples
246 yields: 10-91%
B MnCl,+4H,0 (5 mol-%)
Ir:l' L-proline (10 mol-%) esr
. +
R 'Ry NaOtBu (2 equiv.) r-NR
247 248 DMSO,135°C, 24 h 949

R =H, alkyl, ether, benzyl 25 examples
Ar = Ph, 4-MeOPh, 4-CIPh, 3-MeOPh, 16—85% yield

3-CIPh, 3-FPh, 4-FPh

Scheme 36. Cross-coupling of aryl iodides with nitrogen nucleophiles: A) with
heteroaromatic nitrogen nucleophiles and B) with alkyl nitrogen nucleo-
philes.

Liu et al. used MnCl, and a phenanthroline ligand to couple
thiols and aryl iodides to form a variety of thioethers in moder-
ate to good yields (Scheme 37).7"

Wang reported the alkylation and radical cleavage of tetra-
hydrofuran, with trapping of the intermediate organomangan-
ese species by imines or nitriles (Scheme 38). Primary and sec-
ondary imines were tolerated, although aromatic substituents
were needed on both components of the imine. Other cyclic
ethers, such as 2-methyl tetrahydrofuran and 1,4-dioxane, were
unreactive.
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MnCl, (20 mol-%)

R R
(20 mol-%)
=N N=
253
R =H or Ph
Ar—| + RSH Ar/S‘R
250 251 toluene or 1,4-dioxane 252

Cs;C04, 135°C, 48 h
25 examples
R= aryl, benzyl, alkyl 63-97% yield
Scheme 37. Cross-coupling of aryl iodides with sulfur nucleophiles.

A 2.5 mol-%

3 i _
NR® Mn(TMHD), TR I« B o R PP
I+ RMgBr ———— R1MOH: M
R "R2 1.5equiv. Phl  R2 ! tBu tBu 3
1.5 equiv. LiC R :
254 255 THF, r.t, 18h 256 Mn(TMHD)3
R =aryl
R'=aryl
RZ=H, alkyl
R3=aryl
B O
\/_\f PhH
pri PN /;i o
)L"PhaMn Q
NHPh \
0
Ph on PhaMnMgCl 264 b ’O
Ph
263 H 257 PhMgCI
2PhMgBr PhPh
Ph, Ph—MgCl
N-MnPh My L
Ph OMgCI pH ﬁ
PH 562 \\ F}“‘MQVZSB
Mn-d
F'rnlNL Bh
Ph Ph 259
"N
I
Ph
Ph—Mg Fn-Mg
Mn-c) O ,Mn Cl o

Scheme 38. The cleavage of THF and incorporation of nucleophile and elec-
trophile: A) substrate scope and B) mechanism.

2.8. C-H Borylation and C-C Bond Formation by C-H
Activation

Chen and Hartwig reported the borylation of C-H bonds using
a manganese(l) carbonyl compound (Scheme 39). Under photo-
irradiation, this catalyst was shown to borylate benzene and
pentane in good and moderate yields (with respect to B,Pin,),
respectively.l’2

The insertion of aldehydes into unactivated aryl C-H bonds
was reported by Takai and co-workers, initially using stoichio-
metric [MnBr(CO)s] to give benzyl alcohols (Scheme 40).73! The
addition of HSiEt; allowed the regeneration of the active cata-
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(CsH,Me)Mn(CO)5
@ {10 mol-%) BPin
+ B,Pin ©/
CO, hv,25°C,55h
265 266
excess 76%

Scheme 39. The borylation of C-H bonds by a manganese carbonyl com-
pound.

lyst 270 and the production of benzylic silyl ethers. The use of
an imidazole directing group gave ortho-selectivity for the C-H
activation and using an enantiopure imidazole gave up to 97:2
dr.

Me. HSiEt; 167 \
N’\> o  [MnBr(CO)s] (5 mol-%)
< +
N'"H" R toluene, 115°C, 24 h OS|E13
267 268 269 R 7 examples
48-87%
R = alkyl,
aryl
o'
HSIEt;
Me.
D W
Tl IVIn'”—H
M\n / O
H )
270 . j

Scheme 40. Formation of benzyl silyl ether through insertion of an aldehyde
to a C-H bond.

This methodology was expanded by Wang, by enabling the
reaction to proceed without the need for silane by instead us-
ing a Lewis acid (Scheme 41)."4 The substrate scope of the
reaction was also improved with a range of aldehydes, arenes
and directing groups tolerated. The reaction occurred if the ar-
ene was replaced with an olefin where the vinylic Csp? C-H
bond was used to nucleophilically add into the aldehyde. Addi-
tionally a nitrile could be used in place of the aldehyde, giving
a ketone.

DG [MnBr(CO)s] (5 mol-%) DG OH
H 0 Me,Zn, ZnBr,
RS RS R2
RIC N HJ\R2 DCE,60°C,12h R~ | H
272 273 274
101 examples
38-95%

DG = pyridine, pyrimidine, pyrazole, oxazoline
= EDG, EWG
R? = alkyl, aryl, ester, amide, nitrile, methoxy, halide

Scheme 41. Formation of alcohols by insertion of an aldehyde into an aryl
C-H bond.

Wang reported a similar activation of an aryl C-H bond, with
a pyridine directing group, and subsequent insertion of an alk-
yne into the intermediate five-membered manganacycle to give
styrene derivatives (Scheme 42). Crucial to the C-H activation
step is the presence of substoichiometric amounts of dicyclo-
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hexylamine, which was suggested to deprotonate the arene
and thus facilitate manganacycle formation. Aryl, alkyl, chloro
and ester substituted alkynes were tolerated along with a wide
variety of substituents on the aryl pyridine. This methodology
was expanded by the replacement of alkynes with terminal alk-
enes bearing electron-withdrawing substituents to give ortho
substituted biaryls.””!

R R2 T
=N ‘ MnBr(CO)s (5 mol-%) =N
2
H CyoNH (10 mol-%), R
Et,0, 80 °C, 6 h
275 276
200 mol-% 100 mol-%

o o
277 278
63% 71%

Py Py @]
@A\/\A/CI @NOJL Ph
279 280
68% 48%

B B
Me” 7N Et0,C7 Y N
2 Ph(o-CHy) % Ph(0-CH3)
281 282
82% 71%
I =
i\
," ‘N < N
N S Ph(0-CHj)
S auadiPs au
283 284
5 77% 75%
MRBH(CO)s (10 mol-%) gL )
Cy,NH (20 mol-%)
Et,0, 100 °C, 12 h
Ro
285 286 30 examples
32-88%

R' = Me, CO,Et, CI, OMe

R? = Me, OMe, CI, F, Br, |, CF;

R3 = CO3R4 or C(O)R5
Scheme 42. Manganese catalysed C-H activation: A) With alkyne partners to
form styrene derivatives and B) the insertion of alkenes into a C-H bond.

Wang also developed a [4+2] annulation system also using
[MnBr(CO)s] (Scheme 43).79 Instead of a pyridine directing
group, a benzylic imine was used. The H, generated in the reac-
tion was proposed to mediate the catalyst turnover, unlike
other C-H activation reactions where an oxidant is used for
catalyst turnover. A range of electron-withdrawing and elec-
tron-donating substituents were tolerated on the arene. Both
internal and terminal alkynes were used and a range of alkyl
and aryl substituents were tested.
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2
R? R? 7
MnBr(CO)s (10 mol-%) RN
NS LRl R'T
R P . Td-dioxane (0.1 M), FNF R
R 105°C, 12 h R
287 288

OMe

I
“~ph

Ph Ph
289 290
89% 75%
nBu PMP
Me = >
/N /N orlte
Ph MeO
291 Ph 292 PMP
48% 51%PMP
PMP
joe b
MeO
MeO > siMe, |
293 294 s

45%

287 + [MnBr(CO)s

‘ \__Ph
Ph Ph o y Mn(CO)] on /‘:’/co
H ., [Mn(CO) 296
301 4 299
\ PMP
Y =N
Ph = Ph [Mn(CO)s
H—=[Mn(CO),] 287

MeO — Ph
300 Ph
\ [HMN(CO),] /
289 297
288 298

Scheme 43. Manganese-catalysed annulation to form isoquinolines.

The benzyl imine system was also used to develop a C-H
activation methodology for the synthesis of cyclic cis-3-amino
acids, using alkenes with ester substituents as the coupling
partner (Scheme 44).””! Internal and terminal alkenes could be
incorporated with good yields. The electronic properties of the
imine substituent had a relatively minor effect on reactivity with
chloro, fluoro, ester, ether and cyclopropanol functionalities
were all tolerated.

A range of indoles and pyrroles were directly functionalised
at the 2-position by the addition of an isocyanate to give the
amide products (Scheme 45).78] The proposed mechanism in-
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303 304 305
R' R? R® R* Yield
4-Me Me H Et 94%
4-F Me H Et 75%
4-Me Me Me Me 64%
4-Me 4-MePh H Et 72%
H
R! N\ Ar
R ””COQRQ
‘ base + 303
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303 @BH - a1, co
Ar (00)4
. \ I, N
( /
(00)4
OR2

S\ = N
Mn(CO)3

Scheme 44. Manganese-catalysed annulation reaction (PMP = p-methoxy-
phenyl).

[MnBr(CO)s] . o
(10 mol-%) m
"0 EL0,100°C, N HN-R
16 h Py

210
28 examples
60-99%
S—H
208 N
BrMn(CO)s P co
N—H
N MnBr(CO),
&
211
HBr

209 O

Scheme 45. Formation of amide substituted heterocycles by C-H activation

catalysed by a manganese carbonyl species.
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volves a C-H manganisation followed by a nucleophilic-type
attack on the coordinated isocyanate.

2.9. Cyclisation Reactions

The first example of a cyclisation reaction catalysed by a man-
ganese species was a formal [2+2+2] cyclisation of a ketone
and two equivalents of an alkyne to give benzene derivatives
(Scheme 46).728% The reaction is proposed to proceed by
keto—enol tautomerism of the 1,3-dicarbonyl followed by coor-

1) MnBr(CO)g

(10 mol-%) 1 2

o O Tol, 65 °C R R

I o= — s
R! R2 2) TsOH R? R?

315 316 317
3 equiv

R’ R’ R’ Time Yield
Me OEt Ph 48 h 87%
tBu OEt Ph 72 h 0%
Ph Me Ph 3h 33%
Ph OEt 4-OMePh 3h 77%
Ph OEt 4-B(Pin)Ph 12 h 65%

Me
w5, O
Ac

/ _
OC‘Mn/O/"— Me 0Cy 0 ne
\\\,- | TO" "Me ;0" "Me
co
322 0C 324

/

— ks
Ho o~
S
| ~O0" “Me
H
co
323

Scheme 46. Manganese-catalysed [2+2+2] cyclisation to form an aryl ring.
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dination of manganese to give a manganese enolate 320. This
is followed by C-C bond formation at the o-carbon of the di-
carbonyl and the cis-coordinated alkyne, to give a vinyl manga-
nese species 322. Alkyne insertion into the vinylic-manganese
bond gave an eight-membered manganacycle 324. At this
point the manganesediene undergoes nucleophilic addition to
the carbonyl. Finally, water is eliminated to gain aromaticity,
assisted by sub-stoichiometric amounts of tosic acid. Only 1,3-
dicarbonyl species were successful partners for the cyclisation
and dicarbonyls bearing sterically demanding substituent
groups showed no reactivity.

The reaction was also reported using neat conditions, with
molecular sieves, and subsequent treatment with HCl instead
of tosic acid (Scheme 47).18182] This was expanded to the syn-
thesis of pyrones by changing the acid used to encourage the
elimination of water. In these reactions TBAF was used and was
proposed to initiate a base-catalysed intramolecular cyclisa-
tion.[®3] Cyclooctanones could be prepared by inserting an alk-
yne into the carbon-carbon bond of a 1,3-dicarbonyl com-
pound.#4

A
1) MnBr(CO)s (5 mol-%)
4 AMs
(115 wt.-% -Mn cat.) R" O
o O ° 3
M fRI— neat,80°C,24h R OR?
R! OR? 2) HCI, Et,0 3
329 330 R
R = alkyl, aryl 331
RZ = alkyl 8 examples
R® = aryl, alkyl 65-88%
B
o O 1) MnBr(CO);  2) TBAF 0
1J\HJ\ . (5 mol-%) (10 mol-%) Me
R OEt + RF—=—H neat. 4’50 'C2n 0 I
Me 24h R1T X~ R2
) 332 333 H
R2 = Me, Ph 334
R* = aryl, alkyl 6 examples
13-98%
Cc
o o MnBr(CO)5 @]
(5 mol-%) R2
1 2= _ " 0 -
R RI—= neat, 80 °C, 0
24 h
R1
335 336 337
R R* Yield
OEt CsHs 84%
OEt 4-CF,CeHs  18%
OEt 2-Furyl 23%
Me CeHs 23%

Scheme 47. Manganese-catalysed [2+2+2] cyclisation A) to form an aryl ester,
B) to form pyrone derivatives and C) in the expansion of cyclic alkanes.
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3. Conclusion

A range of transformations involving manganese catalyst have
been reported and shown to have great promise in synthetic
chemistry. Importantly manganese has provided solutions to
difficult transformations, including the chemoselective oxid-
ation of C-H bonds to alcohols, halides and azides. Research
into C-H activation by insertion into an aryl C-H bond has been
used to drive arene activation and further investigation of the
mechanism and scope for this reaction is greatly important, and
will only lead to further reactivity and utility.

Manganese has also been used as an alternative to precious
metals in hydrosilylation and cross-coupling reactions. In both
of these instances manganese has been reported as having in-
creased TOF's in comparison to other earth abundant metals,
although this increased activity has yet to be fully explored.
Neither the hydrosilylation of alkenes or aryl-aryl cross-coupling
has received the attention that it has garnered with other non-
precious metals despite promising results.

The physical properties of manganese, its availability, low
cost and low toxicity, make it is an obvious choice for sustaina-
ble catalysis and synthetic chemistry. For manganese catalysis
to become routine a deeper understanding of mechanism and
fundamental catalyst behaviour must be developed. The under-
standing of the HRC mechanism has allowed for the develop-
ment of a range of different transformations, even though for
20 years only C-O bonds could be formed. Novel and interest-
ing reactivity, such as Shenvi's hydrogenation and Nakamura's
cyclisation reactions will only heighten the awareness of man-
ganese catalysis and increase use.
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