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Abstract

Abstract

Non-Noble Metal-Catalysed Carbonylative Transformations
Yahui Li
Leibniz-Institut fiir Katalyse e.V. an der Universitdt Rostock

The dissertation is mainly concerned with non-noble metal-catalyzed carbonylative reactions. More
specifically, copper, iron and manganese catalysed carbonylation reactions are presented. The
resulting aliphatic imides, amides and esters constitute important intermediates for both organic
synthesis and chemical industries. Regarding methodology developments, firstly a copper-catalyzed
carbonylation of alkanes and amides is presented. Additionally, different nucleophiles including amine,
alcohols were also used. Furthermore, an unexpected copper-catalysed carbonylative acetylation of
amines is also presented. Also, a practical and general manganese-catalyzed carbonylative coupling of
alkyl lodides with amides allows producing synthetically useful imides in good yields. At last, a copper-
catalyzed carbonylative four components reaction of ethene and aliphatic olefins. In all the above
mentioned areas systematic catalyst optimization studies were performed and the scope and

limitations of the respective protocol were presented.

Nicht-Edel metallkatalysierte carbonylierende Transformationen
Yahui Li
Leibniz-Institut fiir Katalyse e.V. an der Universitét Rostock

Die vorliegende Dissertation befasst sich hauptsachlich mit Nicht-Edelmetall-katalysierten
Carbonylierungen. Insbesondere  werden Kupfer-, Eisen- und Mangan-katalysierte
Carbonylierungsreaktionen vorgestellt. Die resultierenden aliphatischen Imide, Amide und Ester sind
wichtige Zwischenprodukte sowohl fiir die organische Synthese als auch fiir die chemische Industrie.
Beziiglich methodischer Entwicklungen wird zundchst eine kupferkatalysierte Carbonylierung von
Alkanen und Amiden vorgestellt. Zusatzlich wurden verschiedene Nucleophile, einschlieRlich Amine
und Alkohole eingesetzt. Darliber hinaus wird eine unerwartete kupferkatalysierte carbonylierende
Acetylierung von Aminen vorgestellt. Eine effiziente und allgemeingiltige Mangan-katalysierte
carbonylierende Kupplung von Alkyliodiden mit Amiden ermdglicht die Herstellung synthetisch
nitzlicher Imide in guten Ausbeuten. Abschlieffend wird eine kupferkatalysierte carbonylierende
Vierkomponentenreaktion von Ethen und aliphatischen Olefinen beschrieben. In allen oben
genannten Bereichen wurden systematische Katalysatoroptimierungsstudien durchgefiihrt und der

Umfang und die Limitierungen des jeweiligen Protokolls vorgestellt.
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acac Acetylacetone

Ac Acetyl

Ad Adamantyl
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cat. Catalyst
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DCP Dicumyl peroxide
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DMACc N,N-dimethylacetamide

DME Dimethoxyethane

DMEDA 1,2-Dimethylethylenediamine
DMF Dimethylformamide

DMPA N,N’-Dimethyl-1,3-propanediamine
DMSO Dimethyl sulfoxide

DMPO 5,5-Dimethyl-1-pyrroline-N-oxide
DTBP Di-tert-butyl peroxide

DPEPhos (Oxydi-2,1-phenylene)bis(diphenylphosphine)
DPPE 1,2-Bis(diphenylphosphino)ethane
dppbz 1,2-Bis(diphenylphosphino)benzene
EtOH Ethanol

h Hour

isoori Sum of branched products

L Ligand

MeCN Acetonitrile

NHCs N-heterocyclic carbenes

MeOH Methanol

NMI N-methylimidazole

NuH Nucleophile

NuH Nucleophile
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oTf Trifluoromethanesulfonyl

PEG-400 Polyethylene glycol 400

Ph Phenyl

PPN Bis(triphenylphosphine)iminium
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TBD 1,5,7-Triazabicyclo- [4.4.0]dec-5-ene
TBHP Tertbutyl hydroperoxide solution
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Introduction

1. Introduction

Since the discovery and identification of carbon monoxide by de Lassone and W. C. Crukshank in
18th century, the exploration of the utilizations of this small molecular in organic chemistry have
become one of the core topics since then. And terms ‘carbonylation” and ‘carbonylative’ are given
specially for carbon monoxide related organic transformations. Due to the interests of carbon
monoxide related transformations, continues efforts have been attracted from generations of organic
chemists and many novel procedures have been developed.[l] In nowadays, carbonylation reactions
have already become one of the most straightforward choices for the synthesis of carbonyl-containing
compounds, and many related procedures have been industrialized.” In addition to the importance of
carbonyl-containing chemicals, through carbonylative transformations, the carbon chain of the parent
compounds can be easily increased by introducing one or several molecules of CO which represents
one of the cheapest C1 source. However, concerning the transition metal catalysts applied, most of
the efforts have been put on noble metal catalysts.[l'G] Although these catalyst systems have
advantages in reactivity and efficiency, their high costs and toxicity, and the demand of even more

expensive but non-reusable phosphine ligands still limits their applications in large scale.

On the other hand, especially in nowadays, the developments of economic and environmental
benign synthetic methods become an important but challenging goal in organic chemistry. And the
exploration of non-noble catalysts in organic synthesis proved to be one of the ideal choices, due to
their advantages such as abundance, low price, low toxicity and etc.” Nevertheless, to the best of our
knowledge, there is no summery work on non-noble metal catalysed carbonylative reactions has been
published so far. Considering the importance of both topics and also based on our ongoing research
interests, we become interested to fill this gap. We also hope that this introduction can intrigue and

promote the further developments on this interesting area.

The present dissertation highlights recent achievements in the main achievements on non-noble
metal (Mn, Fe, Cu, Co, Ni) catalysed carbonylative reactions. It is also presented as a cumulative

collection of publications which have been already released in international journals.
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1.1 Mn-catalysed carbonylation reactions

Manganese, as the twelfth abundant element and the third most abundant transition metal in
the earth, have properties such as low costs and relative low toxicity. Many novel
manganese-catalysed organic reactions have been reported during the past decades.B®! As early as
in 1965, F. Calderazzo reported the pioneer work on manganese-catalysed carbonylation of amines.
Using decacarbonyldimanganese and pentacarbonylmethylmanganese as the catalyst, primary
aliphatic amines can be transformed to the corresponding 1,3-dialkylureas in good yields (Scheme

1).18d

O
Mny(CO)1¢/CHsMn(CO)s R.
R\NXN,R £ ONTY

2R-NH, + co
Heptane or THF, 180 - 200 °C H

o)
N H

Scheme 1. Manganese-catalysed carbonylation of amines.

Later on, Watanabe and co-workers studied the application of manganese catalyst in the
carbonylative coupling of alkyl iodides with different nucIeophiIes.[ga’%] Alkyl esters and amides can be
effectively produced by using alcohols and amines as the reaction partners. Additionally, thiols, azide
and hydride can be used as nucleophiles as well (Scheme 2, a). Additionally, alkyl bromides can also be
applied as the substrates by adding Nal as the additive. Here, high pressure of carbon monoxide and
high temperature or irritation is required. In 1998, Kang and co-workers reported a MnCl,-4H,0 (5
mol%)-catalysed carbonylative cross-coupling of organostannanes with hypervalent iodonium salts. !
Under CO atmosphere (1 bar), good yields of the desired biaryl ketones can be produced (Scheme 2,

b). Interestingly, biaryls can be formed in good yields with the same substrates under the same

conditions just in the absence of CO.

Mn(CO)19
K,COs, CyH R' "Nu
Nu = OH, NR, OR', SR', H

(8 R—I+ CO + NuH

MnCl,-4H,0 o)
(b) ArSnBuz + CO + ArlI*PhBF, —————————> )k
NMP/THF, 60 °C .~ Sap

Scheme 2. Mn-catalysed carbonylative coupling of iodides.

More recently, Alexanian and co-workers reported a manganese-catalysed intramolecular
carbonylative cyclization of alkenes with alkyl iodides.™ In the presence of 2.5 mol % Mn,(CO),, and
KHCO; (1 equiv.) under CO (10 bar) pressure in EtOH, five-, six- and seven-membered carbocycles and

heterocycles were synthesised in good yields with good diastereoselectivity (Scheme 3). A possible
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reaction mechanism based on radical nature was provided as well. The reaction started with the
homolysis of Mn-Mn bond in Mn,(CO),, dimer to generate the corresponding *Mn(CO); radical. Then
the ¢Mn(CO); radical abstract iodine atom from the substrates and give rise to the carbon-centered
radical, which undergoes an alkene addition and generates a new carbon radical. The newly formed
carbon radical will be trapped by manganese to produce the corresponding acylmanganese

intermediate which will be provide the final products after reacted with alcohols.

an(CO)10 (2 5 mol%
KHCOj3 (1 equiv.), CO (10 bar) O\/COZEt
N\ EtOH, rt, 24 h

* Mn(CO)5 =—— Mn,(CO)4g
base + EtOH

R1
N * Mn(CO),l

Scheme 3. Mn-catalysed intramolecular carbonylative cyclization of alkenes with alkyl iodides.
1.2 Fe-catalysed carbonylation reactions

The exploring of iron salts as catalysts in organic synthesis has become an attractive topic due to

its abundance, low price, high biological compatibility, and also rich oxidation states from -2 to +6.

ﬂ‘,:@ NES

.Fe Fe(CO)s Fes(CO)qp

NazFe(Co)4
oC
(6]0)

Figure 1. Iron catalysts for carbonylation reactions.

Since the middle of 20th century, chemists have started to explore iron-promoted carbonylation
reactions and the most often used reagents are shown in Figure 1. Na,Fe(CO), which also known as
Collman reagent was commonly applied as a stiometric carbonylation reagent, with several different
preparation procedures have been developed.m] The original method needs expensive
sodium-mercury amalgam (Scheme 4, formula 1) and this factor limited its scale-up, but a more
practical procedure was developed later on (Scheme 4, formula 2). The latest process makes the
preparation conditions milder, but the needs of bubbling with CO gas make the manufacture more risk

(Scheme 4, formula 3).
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Na-Hg, THF
(1) Fe(CO)s ~ . NayFe(CO),

Na, dioxane, 100°C
(2) Fe(CO)s

Na,Fe(CO)4-1.5 dioxane
PhCOPh

Na(C4oHg), THF, rt, CO
(3) FeCly Na,Fe(CO),

Scheme 4. The synthesis of Na,Fe(CO),.

In 1975, Collman found disodium tetracarbonylferrate can be used in a wide range of useful
synthetic reactions (Scheme 5).[13] Na,Fe(CO), can be considered as a kind of a Grignard reagent.
Reactions that use Na,Fe(CO), as the catalyst has advantages of high yields and good tolerance of
different functional groups. But it also has some limitations, such as tertiary aliphatic halides cannot
be used due to its satirical and allylic halides cannot be employed due to the stable 1,3-diene-Fe(CO);
Intermediate.

1. NayFe(CO),

o B THF,CO o7 S CHO
2. HOAG 82 %
1. NazFe(CO)4 o}
NS Br — THF.CO M
NC 2.n-C,Fscocl N CrF1s
72 %

Scheme 5. Na,Fe(CO),-mediated carbonylation reactions.

After that, he also found Na,Fe(CO), can be used for the synthesis of carboxylic acids, esters and
amides (Scheme 6). The reaction begin with an Sy2 displacement at carbon or an oxidative addition of

the alkyl bromides to the Na,Fe(CO), and affords intermediate 2. In the presence of CO, acyl

complexes 3 can be generated. Various carboxylic acids, ¥ ) )

[16]

esters, amides,[“] ketones and

hemifluorinated ketones " can be produced by reacting the complex with proper nucleophiles.

0, 0rNaOCI H*
=2 Y~ RCOOH

M, RCOOH
Na,Fe(CO)4 + R-Br | XROH RCO,R'
X-R'R"NH
————> RCO,NRR"
: . o
R'l or Rfl A
R™ "R/ R
R Q
R-B -1.CO CO OC. . c.
Na,Fe(CO); ——'> OC-Fe'Gq FeOR
¢o oCc co

Scheme 6. Na,Fe(CO),-mediated carbonylative transformations.

In 1970, Cooke found using sodium tetracarbonylferrate as the catalyst, alkyl bromides can be
4
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transformed into the corresponding aldehydes (Table 2).[17] The reaction begin with the oxidative
addition of the alkyl bromides to the Na,Fe(CO), and affords intermediate 2 or 3. Then
triphenylphosphine been add to the intermediate and give the intermediate 4. Finally, intermediate 4
will be protonated by acetic acid to give the acyl iron hydride intermediate 5 which undergoes

reductive elimination to yield the desired aldehyde (Scheme 7).

Table 2. Fe(CO)s-mediated alkyl bromides to aldehydes.

o
Fe(CO)s, PPhy
1.
R'Br ——M = » RA‘kH
Alkyl bromide Product Yield (%)
CH3(CH,)4Br CH3(CH,)4CHO 99
CHa(CHy)gBr CHa(CHy)gCHO 1
PhCH,CH,Br PhCH,CH,CHO 86
CHs(CHp)sCHBICH;  CHg(CHy)sCH(CH3)CHO 50
Q
Fe(CO)s ~t9 » NayFe(cO) X8 0cTFeldd or “opyCog
1 co oc co
2 3
co
PhsP Roe® HOAc FMaPpg CO
. OCHEePPhy —>  {'Eco —— RCHO
oc co o0° R
4 5

Scheme 7. Mechanism of Fe(CO)s-mediated aldehydes synthesis.

Nitro-containing compounds hold an important role in organic chemistry. In 1981, a procedure
for converting nitro compounds to the corresponding formamides and carbamate esters by using iron
and ruthenium carbonyl as catalyst system was reported by Alper and Hashem.!™ These reactions

have features of mild conditions (60 °C, atmospheric pressure of CO/H,; Table 3).

Table 3. Fe;(CO),,/Rus(CO)4,-catalysed transformation of nitro compounds to the formamides and

carbamate esters.

ArNHCHO + ArNHCOOCHj; + ArNH,

M5(CO 2 3 0 4
ArNO, + CO/H, + NaOCH, _Ms(COsz__
1 1bar (H2/CO) , ANHCONHAr +  ArN=NAr
60 °C 5 6
1 catalyst 2 3
Ruz(CO)1, 59 -
P-CICeH, Fes(CO)rz - 35
Ruz(CO)1, 56 -
-CH30C6H
prrsters Fes(CO)rz - 62
p-CHCeHs Ruz(CO)s, 32 -
Fe3(CO)q2 - 39
on Ru3(CO)1, 69 -
Fe3(CO)q2 - 61




Introduction

In 1992, Eaton and co-workers reported an interesting iron-catalysed carbonylative [4+1]
cycloaddition reaction.” In the presence of Fe(CO)s (10 mol%) as the catalyst and CO, conjugated
diallenes were transformed into the desired 2,5-diakylidenecyclo-3-pentenones in good yields (Table

a).

Table 4. Fe(CO);-catalysed [4+1] cycloaddition reaction.

a Fe(CO)s (10 mol%) R R®
RIA c Sl TERL A~
7 MoRre co R2 4

R? R3 o) R

R! R2 R3 R4 Yield %
C(CH3)3 CHj C(CH3)3 CHj; 72 %
CGHS CH3 CGHS CH3 81 %

Soon later, the same group also succeeded to extend their substrates to allenyl ketones™ and
allenyl imines.”® With iron as the catalyst via carbonylative [4+1] cycloaddition involving both C-O
and C-N bond formation, the desired five-membered heterocycles were formed in good yields
(Scheme 8, a). In their proposed reaction mechanism, irradiation of Fe(CO)s; was necessary to give the
active species and then reacted with the starting substrates to form the complex A. Metallocycle B
was be formed through insertion and followed by CO insertion to give the complex C which will give

the final product after reductive elimination.

The group of Rueck-Braun developed a series of [Cp(CO),Fe]Na-mediated cyclocarbonylations of
f-bromo enals to y-lactams and y-lactones (Scheme 8, b).[21] Iron substituted (Z)-enals were formed as
the key intermediates, after reacted with Grignard reagents or organolithiums the corresponding
5-substituted lactams or y-lactones were formed in moderate to good yields. These methodologies
provide alternative procedures for the five-membered lactones preparation under mild conditions and
some reaction mechanism was also studied, but the necessary of equivalent amount of iron complex

still leave space for further improvement.

R® R®
& § Fe(CO)s(10mol%) R! [ &
R1~// @] _— —
/ co 2
=0 R O
R
a) Up to 89% yield
7N\ Fe(CO)s(10mol%) R!' [/
R1..//C N*Rs % _— N\R3
- 2
R? R (0]

Up to 72% yield
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ﬂ R o
oc -
CO  eoc ﬂ R "R
+ ==,

r_R"NHz o R

oc
O Br CO \
)H/\ " R
R R

Scheme 8. Iron-catalysed [4+1] cycloaddition reactions.

In 1989, Brunet and Taillefer developed a Fe(CO)s-Co,(CO)s bimetallic system for the
carbonylative transformation of aryl iodides (Scheme 9). Using this bimetallic system, iodobenzene
can be transformed into benzoic acid"?? or benzophenone under 1 bar of carbon monoxide at 60 °c.!?
The combination of Buy,NBr and EtOH was found critical. And the function of ethanol was to extract
salt [NBu,]"-[HFe(CO),]” from water to the organic layer. In the absence of ethanol, iodobenzene can

be transformed into benzophenone in fair yield.

Fe(CO)s - Co,(CO)g, NaOH/PhH/EtOH
(1) Pl PhCOONa

NBu4Br, CO (1 bar), 60 °C

Fe(CO)s - Co,(CO)g, NaOH/PhH o

NBu4Br, CO (1 bar), 60 °C Ph)kph + PhCOONa

(2) Phl

Scheme 9. Fe(CO);5-Co,(CO)g bimetallic-catalysed carbonylation

Periasamy and co-workers developed a carbonylative transformation of R’,BI in 1991. In the
presence of NaCo(CO), or Na,Fe(CO),, symmetric dialkyl ketones can be formed after H,0,/OH-
oxidation (Table 5).[24] Here the R’,Bl applied was prepared in situ by reacting of alkene with
IH,B:N(Et),Ph at room temperature in benzene. This method provides a straightforward pathway for

the synthesis of symmetric dialkyl ketones from alkenes.

Table 5. Carbonylation of R,BI in the presence of NaCo(CO), or Na,Fe(CO),.

ﬁ HBN(EYPh_ o NaCo(CO), or NayFe(CO)s A)CLA
2
- R R

Benzene H,0,/OH
Entry Alkene Product Yield
1 C4HgCH=CH, (C4HgCH2-CH,),C=0 76
2 CeH13CH=CH, (CeH13CH2-CH,),CO 72
(0]
> D oo -
o

0 o

Later on, Periasamy and co-workers reported a homo-coupling reaction of Na(RCO)Fe(CO), with

7
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CuCl or 1, as the oxidant to produce 1,2-diketones (Scheme 10).[25] In this transformation,
Na(RCO)Fe(CO), reacted with CuCl at 25 °C in THF to form the desired 1,2-diketones in 70-90% vyields.
In their mechanistic investigations they found the formation of 1,2-diketone takes place through the
decomposition of Cu(RCO)Fe(CO), or I(RCO)Fe(CO), to RCOFe(CO), followed by the formation of 172
complexes of 1,2-diketones intermediates. However, single-electron reduction pathway cannot be

excluded.

CuCl

RCOCOR
25°C, 1h

2- 1. RBr -
Fe(CO)y > CO RCOFe(CO)4 —
RCOCOR

CH,=CHCOOCH,
[ CH2=CRCOOCHS |

CuCl, 25 °C, 1h o)
Ox0
WR
R

Scheme 10. Fe(CO),”-CuCl mediated carbonylation

In 1996, Brunet, Periasarny and their co-workers developed an novel method for double
carbonylation transformation of alkynes using NaHFe(CO), as the catalyst (Table 6).[26] This method
contains three steps: i) NaHFe(CO), react with Mel to generate the active reagent; ii) the formed
reagent reacted with alkynes to form the key intermediate and iii) subsequently oxidized by CuCl, to
give the corresponding cyclobutenediones in 27-42% yields and together with the formation of

a,B6-unsaturated carboxylic acids.

Table 6. Double carbonylation of alkynes using NaHFe(CO),.

(1) Mel, 10 min, 0 °C 0 o)
__ HO,C H
—_ 0,
NaHFe(CO), (2) Ph==""Ph , 8h, 60 °C — j\:/(
(3) CuCly, H,0 PH Ph pH Ph
Entry Substrate Product Yield (%)
(0] 0]
1 Ph—=——pPh j;ﬁ 42
Ph Ph
HO,C  H
= 22
Ph Ph
(0] 0]
2 CsHy—==—>5iMe; 37
CsH1 SiMe;

HO,C  SiMe,

12
CsHyq
O 0]
~ LeHis
3 CoHi——=—— 27
OH CsH1q CeH1s
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After that, they found NaH,m] NaBH4,[28] amines,m] Me3NO[3°] and t-BuOK™" can also be used to
enhance the reactivity of Fe(CO)s and Fe3(CO);, (Scheme 11). Compared with the previous method,
the reaction become more selective and give cyclobutenediones as the only product. In the presence
of excess amount of amine oxide, cyclic anhydrides can be observed.

o} o}
Fe(CO)s 1.NaH/7MeI
2.R—=—=—R"
3.CuCh2H0 g R
o} o}
Fe(CO)s 1. NaBHi/AcOH j\;/(
2.R—=——R"
3. CuCl,.2H,0 R -
Foy(CO) _1.MesN-O © 0
e
SN2 5 R-cz=Cc-R'
3.CuClL.2H,0 R R'

Fes(CO) 1 Amine
e
(e e =R

3.CuCl,.2H,0 R

o} 0

Fes(CO) 1.t-BuOK

e

e 5 R-cz=Cc-R'
3.CuClb.2H,0 R R’

Scheme 11. Fe(CO); mediated cyclocarbonylation.

Recently, Beller and co-workers reported an iron-catalysed carbonylation for the synthesis of
succinimides in 2009 (Table 7).[32] With 10 mol% of Fe(CO)s as the catalyst under CO pressure (20 bar)
at 120 °C, excellent yields of the desired products can be isolated. This synthetic procedure has also
been applied in the synthesis of biologically interesting 3,4-diaryl-substituted maleimides”® and

(34]

himanimide™ " as well.

Table 7. Iron-catalysed carbonylative synthesis of succinimides.

R3
N
(@)
RI-=—R2 + RONH, —CO)/Fes(CO)z T_(V/O
CO (20 bar), 120 °C
R' R?
Entry Alkene R3NH, Product Yield %

NH3

T\ \%EH 8
o
o]
2 <:>—: NH3 W H 83
o

o
Y NHy ) 55
3

P N NH
o
o
4 F_,p—@—: NH, FsC@/qH 37
o
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In 2011, Beller and co-workers found that the selectivity can be tuned by the addition of nitrogen
ligand (Table 8).%%

amines in the presence of 5 mol % of Fe;(CO),, and ligand. With 5 equivalents of NEt; as the base

a,8-Unsaturated amides can be selectivity produced from the same alkynes and

under CO pressure (10 bar) in THF at 120 °C, 20 different a, 8-unsaturated amides were formed in
47-95% yields. Meanwhile, a microwave-assisted aminocarbonylation of ynamides with amines at low
pressures of CO (1.3 bar) was reported by Petricci and co-workers.*" (E)-Acrylamides can been
regioselectively synthesized after microwave irradiation with Fe3(CO),, as the catalyst precursor and

triethylamine (TEA) as the ligand.

Table 8. Iron-catalysed aminocarbonylation of alkynes.
o)

0,
RI= + RENH, Fe3(CO)4a (5 mol%) / L 1/\)k r?
NEt; (5 equiv.), CO (10 bar) R H
THF, 120 °C

60 % 78 %
AN i 1
isaas “)
\l\‘l MeO
74 % 59 %

Mathur and co-workers developed a Fe(CO)s-catalysed carbonylative procedure for the synthesis
of maleimides and hydantoins in 2012 (Table 9).[36] With terminal alkynes and isocyanate as the
substrates in presence of CO, the maleimides can be obtained as the major products. Interestingly,

hydantoins can be formed in up to 87% yield in absence of CO.

Table 9. Iron-catalysed one-pot synthesis of maleimide and hydantoin.

2 P R?
R O N
Fe(CO)s
= R24 R3 co——5_ -R3 0
R R?+ RONCO + €O o sooe. L NRiw oy =
R N
3
1 2 3 © R! 4R
Entry 1 2 3 4
Ph
1 o= -Nco © Oy-N
= Ph | N—Ph ; =0
~ N
0 9% [obn a7
C

it ph
2 Ph—=  Ph—-NCO O N
| 'N-Ph o
~ N
Y 63 % C N s

@ With CO budding. ® With N, or Ar atmosphere.
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More recently, Iranpoor, Firouzabadi and their co-workers reported a Fe(CO)s or Mo(CO)g
mediated hydrocarbonylation of phenylacetylene to give a,8-unsaturated esters and thioesters (Table
10, a).ma] In presence of 1 equiv. of Fe(CO)s and 2 equiv. of DABCO in DMF at 100 °C, phenylacetylene
reacted with different alcohols and thiols to give the desired products in 87-98%. Notably, a
Fe(CO)s/hv catalyst system for the producing of vinylesters and lactones from alkynes and alcohols
was established by Mathur and co-workers in 2010.%7® The reactions were carried out at 0 °C, and the
selectivity of the products were depends on the time of photolysis of the reaction as well as the
solvent applied. A stable reaction intermediate ferrole was isolated which produce a,8-vinylester after

further photolysis with alcohols.

Table 10. Fe(CO)s; mediated hydrocarbonylation of alkynes.

a) Fe(CO)s (1 equiv.) o)
; 2
7B\ — ., R2OH DABCO (2 equiv.) x N O/R
RIA= DMF, 100 °C \
Y
R
Entry Phenylacetylene Alcohol Yields (%)

1 @—: —OH 96

Fe(CO)s (1.7 mol%) R o
R—==+ R'OH -t

hv, CO, 0°C o)
e

Notably, Han and Zhong developed an iron-catalysed carbonylative Suzuki reaction with PEG-400

as the solvent in 2014 (Table 11).[38] In presence of 4 mol% of FeCl, and 6 mol% FeCl; as the catalyst
combination with 2 equivalents of NaHCOj; as the base in PEG-400, the desired ketone products can
be obtained in 79-94% yields. Good functional groups tolerance can be observed, even nitro group.
The reactions were performed under atmospheric pressure of carbon monoxide. In their mechanism
studies, they found iron carbonyl species was formed as the intermediate and then acting as CO
source to form the product. However, due the properties of PEG solvents, in situ formed nanoparticles

cannot be excluded as the real catalyst.

Table 11. Iron-catalysed carbonylative Suzuki reactions.

' BOH):2  Fecl, (4 mol%) )
@ B FeCls (6 mol%) = SN
+
S L NaHCOj,, KOAC N ‘ ‘ <
R R? PEG-400, CO (balloon) R 3 R?
Entry 1 2 3 Yields %
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| 0
/©/ ©/B(OH)2 o
PR
2
o
| B(OH),
2 ©/ 90
c o
0
oo O
91
O=N NC O,N CN
2

1.3 Cu-catalysed carbonylation reactions

Copper catalysts have been extensively exported in oxidation reactions and cross-coupling
reactions. The applications in carbon monoxide insertion related reactions are still very limited. In
1996, Kang and co-workers developed a copper-catalysed cross-coupling and carbonylative coupling
reaction of organostannanes (Table 12) and organoboranes (Table 13) with hypervalent iodine
compounds.Bg] These reactions can be achieved under extremely mild conditions (room temperature,
10-120 min).

Table 12. Copper-catalysed carbonylative reaction of organostannanes with hypervalent iodine
compounds.
Cul (2.5 mol%)

R'SnBus + CO + PhI"Arx' ————————— PhCOR!
DMF, rt, 10-120 min

Entry RlsnBu3 Product Yields %
o}
1 CH,=CHSnBuj @A/ 85
o}
o
2 SnBuj (0]
Cr %
o}
3 Ph—C=CSnBug @)\ 84
Ph

Table 13. Copper-catalysed carbonylative coupling reaction of organoboranes with hypervalent iodine
compounds.

Cul (2 mol%)

! 2 *BFy PhCOR'
R'B(OR?),+ CO + Ph,l*BF, NOH, DME/H,0
35°C, 30 min
Entry R! R’ Product Yields %
o)

1 < H 78
J
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" i
2 o H O O 63
o
(6]
Cr
I o4 o I

Fujiwara and co-workers developed a transition metal catalysed carboxylation of alkanes and
arenes in 1995 (Scheme 12).[40] Using palladium and/or copper as the catalysts, with TFA
(trifluoroacetic acid) as the solvent, different alkanes can reacted with CO in TFA to give the
corresponding carboxylic acid products. Additionally, Pd and Cu combined catalyst (1:1) gives better
activity for this transformation.

Pd(OAc), and/or Cu(OAc),
KyS,04, TFA, 80 °C

ChHanez + CO CnH2n+1COH

Scheme 12. Palladium and/or copper-catalysed carboxylation of alkanes and arenes.

Sundermeyer and co-workers developed a copper-catalysed oxidative carbonylation of methanol
to produce dimethyl carbonate with N-methylimidazole (NMI) as the ligand in 2001 (Scheme 13).[41]
After various catalysts testing, (NMI),CuCl,, (NMI);CuBr,, and (NMI),Cul all gives activity and
selectivity with DMC (dimethyl carbonate) as the solvent. In 2013, Monopoli, Nacci and their
co-workers reported a copper catalysed oxidative carbonylation of glycerol to produce glycerol

carbonate (Scheme 14).[42]

With CuCl, and pyridine as the catalyst system, using DMAc
(N,N-dimethylacetamide) as the solvent under pressure of CO/O, (PCO = 3.3 MPa; PO, = 0.7 MPa) at
130 °C, excellent conversions (>92%) and selectivities (>93%) can be obtained in relatively short

reaction time (3-4 h).

(e}
2 MeOH + CO&> ~ )k ~ + HO
0O, o ©O

Scheme 13. Copper-catalysed synthesis of carbonate.

O

N o AN
HO/\/\OH CuCl; (10 mol%), Pyridine (5 mol%) O O
OH DMAc, CO/O, (4 MPa), 130 °C

OH

Scheme 14. Copper-catalysed oxidative carbonylation.

Alternative procedures for the synthesis of carbonyl-containing compounds have been developed
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as well. Gao and co-workers reported a copper-catalysed dicarbonylation of imidazo[1,2-a]pyridines
with acetamides and acetone using molecular oxygen as the terminal oxidant (Scheme 15, formula 1
and 2 ).[43] The reactions were carried out in the presence of 5 mol % of Cu(OAc), in AcOH/t-AmOH
under O, at 120 °C, the desired 1,2-dicarbonyl imidazo[1,2-a]pyridines were formed regioselectively in
good yields. In their 18O-Iabeling experiments, they proved that the oxygen source of products
originated from O, rather than H,0. Later on, they successfully extended their methodology to

2-methylpyridines (Scheme 15, formula 3).[44]

o)
h R? )L _ _CulOAc), AcOH, 24h _ - A~y o
/j\ N"  £AmOH, 0,, 120 °C Q\\ R?
\ 4

17 example
51%-81%

o)
(2) (\ R2 Cu(OAc),, AcOH, 24h
R\(‘)QN * £-AmOH, O,, 120 °C r \ RZ
\/

22 example
15% -84 %

—

Q )

N\ TR3

N

®) f /sz fRs Cu(OAG),, TFA, N
/j\ t o A\ 2
oulene, Oy, 130 °C 7\/]§ R
X N
R
32 example

44 % - 80 %

Scheme 15. Copper-catalysed acylation of imidazo[1,2-a]pyridines.

The group of Ye and Ke reported a copper-catalysed acylation of terminal alkynes with
formamides using TBHP (tert-butyl hydroperoxide) as the oxidant (Scheme 16).[45] Terminal alkynes
undergo cross-dehydrogenative coupling in formamides at 60 °C and in the presence of catalytic
amounts of CuCl, to give the desired propiolamides in good yields. A competing reaction, the reaction
of DMF with phenylacetylene was performed in the presence of excess diethylamine and no
diethylamine product was detected, indicating that the mechanism involving the generation of CO and

amine in situ could be ruled out.

R! R! H (0]
N ‘ ‘ CuCly2H,0 (5 mol%) /L R
2\ L (6 mol%), TBHP, LiO'Bu, 60 °C & N
0" H 2 1
R2 R R
33 examples
= | up to 90% yield

Scheme 16. Copper-catalysed acylation of terminal alkynes.
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In 2016, a general methodology for copper-catalysed oxidative amidation of terminal alkynes to
construct a-ketoamides was reported by Shen, Zhang and their co-workers (Table 14).[46] In the
presence of 10 mol% of Cu(OTf), as the catalyst with 2 equivalents of DBU as the base, terminal
alkynes can reacted with O-benzoyl hydroxylamines in THF and the desired products were obtained in

good to excellent yields. It is worthy to point out that O-benzoyl hydroxylamines act as both
amination reagent and oxidant here.

Table 14. Copper-catalysed oxidative a-ketoamides synthesis.

R' ¢ ; QR
R—= + ByO-N u(OTf), (10 mol%) N,
R2  DBU, THF, Ny, rt R R
1 2 le)
Entry 1 2 Yields %
OBz
1 Ph—=— O“ 84
OBz
OBz
3 F@—: O‘ 80
OBz
4 m@—: O\' 78
OBz
5 %—(i :}—: O\l 72

[e)}
2
I
D
o
2
~
N

{

Organic carbamates are important intermediates for the synthesis of pesticides, herbicides and
pharmaceutical drugs. An interesting copper-catalysed cross-coupling of anilines with diisopropyl
azodicarboxylate was developed by Guan and co-workers in 2016.""! The desired carbamates were

isolated in moderate to good yields (Scheme 17). Interestingly, this catalyst protocol was carried out
under solvent-free conditions.

H
NH, _CO,R
B . N2 Cu(OAc), (5 mol%) X N\(O
W N | 2]
R RO,C F{/1 R
18 examples
30-83%

Scheme 17. Copper-catalysed carbamates synthesis.

The report from Yu’s group in 2005 demonstrated a copper-catalysed carbonylation of
alkynyliodonium salts with boronic acids to the corresponding alkynones (Table 15).[48] In the
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presence of 10 mol% of Cul and 1.2 equivalent of K,COs, alkynyliodonium salts can reacted with
organoboronic acids to form the corresponding a,8-ynone in good yields under CO atmosphere in
DME/H,0.

Table 15. Copper-catalysed carbonylation of alkynyliodonium salts.

o)
R 'PhBE, + RZB(OH), _CUI(10M0I%). CO
— 4+ RBOH): 7 c6, (1.2 equivy) /RZ

DME/H,0,20°C,2h R’

Entry R Yields %

1 Bu @k 83

3 t-Bu @K 77
g
4 t-Bu /@ 88
~o

More recently, an efficient method for the synthesis of succinimides via C-H activation was
developed by Li, Ge and their co-workers (Scheme 18).[49] This protocol is based on the sequential sp3
and sp2 C-H bonds activation with nitromethane as the carbonyl source. Using
2-ethyl-2-methylpentanamide bearing a bidentate 8-aminoquinoline directing group as the starting
material at 165 °C, with Cu(OAc), as the catalyst and K,S,0; as the oxidant using PhCO,Na as the base,

good yields of the desired products can be isolated.

(@] R! (0]
. Cu(OAC)y, KoS,0
%N Q + MeNO, 2, K2520s R, N-Q
R1R, H PhCO,Na, Al,O,
DMP
v (e}
o o)
Q Cu(OAc),, AgCO
ol A H + MeNO, (OAc),, AgCO3 R37/ T N-a
T Na,HPO,, DMAGC g

Scheme 18. Copper-catalysed synthesis of succinimides.
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1.4 Co-catalysed carbonylation reactions

As early as in 1977, Alper’s group reported a procedure and demonstrated that carboxylic acids
can be synthesized in good to excellent yields by using catalytic amount of Co,(CO)g under mild
reaction conditions in phase-transfer system.[sol In this procedure, double carbon monoxide insertion
reaction was also described. Then, in 1978, Abbayes and co-worker reported a systematic study on the
double carbonylation of substituted benzyl chlorides with cobalt carbonylanion by phase transfer
catalysis to give arylpyruvic acids.P! Among their study, it was found that substitution on the aromatic
ring played an important role in the double carbonylation by phase transfer catalysis: with R=H or
m-CF3, which was strongly electron-withdrawing, no keto-acid appeared; while, with R = Me, double
carbonylation occurred, wherever the position of the substituent, suggesting that the electron
donating effect of the methyl group was more important than its position. Moreover, further
alkylation occurred, giving the substituted arylpyruvic acid. When the aromatic ring bore three methyl
groups (in o, 0’, and p positions) double carbonylation became an important pathway, giving only the
simple arylpyruvic acid (3). In all these cases, the expected arylacetic acid (2) was produced besides

the keto-acid (Scheme 20).

R — R /=
QCHZCI QCHchOH

(10 2

R\—
@*CHCHgOCOOH
. =4
QCHzCOCOOH R@CHZ

3) 4)

Scheme 20. Double carbonylation of benzyl chlorides.

In 1982, Imamoto and co-workers reported a facile method for the conversion of benzyl alcohols
into one carbon-homologated amides or esters by cobalt carbonyl catalysed carbonylation under mild
reaction conditions (Scheme 21).[52] In the same year, Foa and Francalanci found that in the
phase-transfer catalysis in cobalt catalyzed carbonylation of secondary benzyl halides, the results were
highly depending on the experimental conditions. Alcohols or ethers mainly gave carboxylic acid salts
and the use of higher pressure of CO association with a hydrocarbon organic phase favored the other
selectivity.[53] Soon later, Foa and co-workers reported acobalt-catalyzed carbonylation of optically
active and a-deuterated phenylethyl halides under phase transfer conditions.” The stereochemistry
of catalytic monocarbonylation of optically active a-deuterated phenylethyl halides, as well as the

deuterium-exchange experiments to clarify the origin of the double carbonylation were devised.
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= Co,(CO), =
QCHZOH + 00 +ROH 2% QCHZCOOR
XN\ Nal, PPE X

5 examples
35~77% yield

— C0,(CO)g G
CHOH + CO +R;NH ——— & CH,CONR;
x@ 2 e W

8 examples
20~82% yield

Scheme 21. Cobalt-catalysed carbonylation of benzyl alcohols.

In 1985, Alper’s group reported the double carbonylation of styrene oxides.”” With Co,(CO); as
the catalyst, and treatment of substrates with carbon monoxide, NaOH, methyl iodide in benzene, and
using cetyltrimethylammonium bromide (CTAB) as the phase transfer agent, good yields of the

corresponding products can be obtained (Scheme 22).

pPh, R
R Co,(CO)g CTAB, Mel
Ph\‘_f + ©O 02(CO)g, e )y OH
e} NaOH, CgHg, rt, 1 atm HO
o]

Scheme 22. Co-catalysed double carbonylation of epoxides.

In 1986, a methodology on cobalt-catalysed reductive carbonylation of methyl esters was

reported by Wegman and Busby. Acetaldehyde and a carboxylic acid were obtained in high yields via

the Col,-Lil-catalysed reaction of a methyl ester with synthesis gas (Scheme 23).[56]

Col,, Lil
MeCO,Me + CO + Hy —2— > MeCHO + MeCOOH

Scheme 23. Co-catalysed carbonylation of methyl ester

In 1986, Kshimura et.al. reported a procedure on cobalt carbonyl catalysed carbonylative
transformation of o-halogenated benzoic acids under photo-stimulation (Scheme 24).[57] Double

carbonylation products can be observed as well under these reaction conditions.
©:COONa
COONa
COONa aq. NaOH, Co,(CO)g
+ CO
X hv (340 nm), 65 °C COONa

: (‘Z‘I*COONa
O

+

Scheme 24. Co-catalysed carbonylation of o-halogenated benzoic acids.
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In 1985, a method for carbonylative transformation of aromatic and heteroaromatic halides was
reported by Foa and co-workers (Scheme 25, formula 1).[58] In this mild catalytic system, the anionic
cobalt complexes were formed and showed great activity towards aromatic halides. One year later,
they presented a novel procedure on the double carbonylation of aryl and secondary benzylic halides
with Co,(CO)g as the catalyst.[59] The corresponding a-keto acids were generated in moderate to good
yields (Scheme 25, formula 2). In this process, a methyl source (dimethyl sulfate or methyl iodide) was

necessary for the carbonylation of aryl halides.

ECH,Co(CO),

CO (1 bar), 25 °C

R= CH3, CQH5, i-CgH7
E= electron-withdrawing groups

ArX + CO + ROH ArCOOR + HX (1)

ArX o0k, CalOM) -\ -6c00H + ArCOOR (2)
+ r + Ar
X+ CO+ROH —1 2 Co (1 ban)

15-25°C X= Cl, Br
Z=1, (CH30S03)

Scheme 25. Co-catalysed carbonylation of organo halides.

An interesting cobalt carbonyl-catalysed carbonylative synthesis of unsaturated carboxylic acids
in agqua solutions was developed by Alper and Calet in 1988.°% Under the assistant of phase transfer
catalyst and methyl iodide, carbonylation of vinyl epoxides occurred and gave the desired products in

good yields and high regioselectivity (Scheme 26).

R R R
ﬁ> + CO Co,(CO)g, TDA-1 /Y\COOH . /\'/\OH
| o KOH, CO (1 bar), Mel CooH
CGHG, rt,48h
R= H(49%) 100 0
R= CH4(53%) 85 15
IOMe
MeO\/\ o
o—__ /J
TDA-1 = N
\/\O
/\’OMe

Tris[2-(2-methoxyethoxy)ethyllamine

Scheme 26. Co-catalysed carbonylation of vinyl epoxides.

In 1989, Alper and Roberto reported the synthesis of pyrrolidinones by cobalt carbonyl catalysed
carbonylation of azetidines. That was the first example on metal catalysed
ring-expansion-carbonylation reaction of azetidines to tetrahydroazepinones (Scheme 27).[61] Various
pyrrolidinones could be synthesized in high yields and regioselectivity from the parent azetidines. The

position for carbonyl insertion on 2-substituted azetidines (alkyl, aryl, CHOH, CH,OR, CHOCOR, and
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COOR), the outcome depends on the properties of the substituent groups and also on the reaction
temperature. The reaction displays high regio- and stereo-selective, and also tolerated functional

groups such as esters, ethers, and alcohols.
R _Coy(CO)s _ A/j\
+ CO .
NR"  (3-4 bar) EXEH

Scheme 27. Cobalt-catalysed carbonylative synthesis of pyrrolidinones.

In the same year, Watanabe and co-workers reported a cobalt catalysed ring-opening
carbonylation of cyclic ethers using N-(trimethylsilyllamines as the reaction partner (Scheme 28).[62]
This method provide an access to the ring-opening carbonylation of a variety of cyclic ethers such as
oxiranes, oxetane, tetrahydrofuran, and 1,3-dioxolane. In the presence of a catalytic amount of

Co,(CO)g under carbon monoxide pressure, the corresponding siloxy amides were formed in good

yields.
Ha
o 9
o O\/O
Cat. Co Cat. Co
R3 R

0
N H, NI .
N-CEC }OSiMe;  eN=C~CH;0CH,CH;0SiMe;

Scheme 28. Cobalt-catalysed carbonylation of cyclic ethers.

Remarkably, the first example on the triple carbonylation of epoxy alcohols was developed in
Alper’s group in 1990."%% With cobalt carbonyl and TDA-1 as the catalyst system, the epoxy alcohols
were converted into the corresponding 2-C-(2,5-dihydro-2-oxofur-5-yl) lactic acids in moderate yields,

under exceptionally mild conditions (Scheme 29).

CH,OH
Ar.
Co,(CO)g, TDA-1 Ar,
O 4 o +cHy —02CQk TOAT b . =\ o
A (1 bar) 1N NaOrl.—:., PhCH, 0y o h,
COOH
lCHzNz
1) Co,(CO)g, TDA-1, Ar
1N NaOH, PhCH3 = oH
2) DBU, THF, CHjl 070 CHs,
COOCH,3

Scheme 29. Cobalt catalysed carbonylation of epoxy alcohols.
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In 1991, lzawa and co-workers reported a methodology for the synthesis of proline and

2-piperidinecarboxylic acid via cobalt catalysed isomerization-carbonylation of N-acyl unsaturated

cyclic amines under hydroformylation conditions in the presence of H,0 (Scheme 30).[64]

CO,H
Coy(CO)s
X" NHCOCHS; oo \)\NHCOCH3
2
Co,(CO) GOH
2 8
PhOCHN" > cort, PhOCHN)\/ 45%

PhOCHN/\/ O\

n=1, pyrrolidine,
CO/H,

2, piperidine

n Coy(CO)g "
O e

CoPh
Scheme 30. Synthesis of pyrrolidine and 2-piperidinecarboxylic acid.

In 1991, Alper and Grushin discovered the first example on carbonylative transformation of

gem-dibromocyclopropanes by using cobalt and nickel salts as catalysts under phase transfer

conditions (Scheme 31).[65] The best yields were obtained when a combination of nickel and cobalt
cyanides were applied in the presence of synthesis gas (CO / H,).

CoCl, - 6H,0, KCN,

Ph Ni(CN), - 4H,0 Ph
Br“"ZBr 3:1 CO/H,, 5N KOH, H” “cooH
PhCH3 PEG-400
72%

(cis:trans =1:1)

Scheme 31. Carbonylation of of gem-dibromocyclopropanes.

Fuchikami and co-workers reported a procedure on the carbonylative transformation of alkyl
sulfonates in 1991.°¢ The corresponding esters were produced selectively in the presence of catalytic

amount of Co complex, Nal and alcohols with 1,1,3,3-tetramethylurea (TMU) as the base (Scheme 32).

R'0SO,R2 + CO +R30H _ [Col. Nal 1 3
2 R'COOR
(50 bar) TMU, 100 °C

R'= primary and secondary alkyi-
R2= Me, Bn, p-Tol
R3= Me, Et, efc.

Scheme 32. Cobalt-catalysed carbonylation of alkyl sulfonates.
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In 1992, Alper and co-worker reported the synthesis of piperidinones, which was formed from
carbonylation of pyrrolidines catalysed by the cobalt carbonyl (Scheme 33).[67] The reaction was
regiospecific in most cases, and the yields of the products were increased in the presence of

ruthenium carbonyl as an additive.

[‘)n Co,(CO)g, Ru3(CO)q, (HX
(0]

N co N
|
CH,COR CH,CH,R

n=4~7,
R= tBu, Ph, n-CgH43 2-C4oH7

Scheme 33. Cobalt-catalysed carbonylation of pyrrolidines.

Rindone and co-workers studied the substituent effects in cobalt-catalyzed oxidative
carbonylation of aromatic amines.'®® Ureas, isocyanates, carbamates and azo derivatives were
generated from the N, N-bis(salicylidene)ethylenediaminocobalt(ll)-catalyzed oxidative carbonylation
of ortho-, meta- and para-substituted aromatic primary amines in methanol. In their study, it was
found that the para-substituted anilines were mainly transformed into the ureas in high yields, due to
the cobalt(lll) intermediates had the stability very similar to that of the corresponding cis derivatives,

as well as steric effects, which may suggested to be the intermediates in the formation of ureas.

In the same vyear, Alper’s group reported the carbonylative synthesis of highly strained
trans-bicyclic 8-lactams. In the presence of Co,(CO)s as the catalyst, aziridines were transformed into
B-lactams in excellent yields (Scheme 34).[69] This procedure is valuable in the preparation of highly
strained bicyclic-8-lactams containing the trans-7-azabicyclo [4.2.0]octan-8-one nucleus. The reaction

began by nucleophilic ring opening of the aziridine by in situ-generated tetracarbonyl-cobaltate anion.

R, R
Rea27¢ Coy(CO)s, DME, CO (33 bar) 1, Y[R,
H N Rs N

‘ 100 °C, 24 h N

Ry R{ e}

HQH Co,(CO)g, THF, CO (33 bar)

’\\l 100-105 °C, 48-60 h

Ry

Scheme 34. Co,(CO)g-catalysed carbonylation of aziridines.

In 1996, Palyi, Markd, Alper and their co-workers reported a cobalt-catalysed carbonylation of
benzyl halides using polyethylene glycols as the phase-transfer catalyst (Scheme 35).[70]
Hydroxycarbonylation of benzyl and substituted benzyl chloride and bromide derivatives were
achieved in good to excellent yields (up to 97.6%) and quantitative chemoselectivity in two-phase

system under mild conditions (1 bar CO, room temperature). r;l-BenzyI-, r;a-benzyl-, and
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(r/l-phenylacetyl) cobalt carbonyls were investigated as intermediates of this carbonylation
transformation. It was proposed that: (i) the role of PEG is not simply to transport [Co(CO),]- from
aqueous to organic phase but also to accelerate the hydrolysis of the acylcobalt tetracarbonyl complex;
(i) in the presence of the acyl-, alkyl- and (ns-benzyl)cobalt complexes in the hydroxycarbonylation
reaction mixtures, (r73-benzyl)cobalt-type complexes and their role as intermediates in phase-transfer

reactions was not previously observed.

Coy(CO)g, 1t
N X 4 co 02ACOk N o
&% 1 bar t-AmOH, NaOH, PEG-400 S
R
CH,Co(CO), CH,COCo(CO),
Oppon e 17

Scheme 35. Cobalt-catalyzed carbonylation of benzyl halides.

Lin and Knifton developed a cobalt-catalysed carbonylation of phenylacetaldehyde to
N-acetyl-beta-phenylalanine in 1997."" The reaction was studied both in batch process and
continuous phase reactor. In this reaction, the adding of DPPE (1,2-bis(diphenylphosphino)ethane)
ligand was compulsory. High yields of the desired products can be achieved and the catalyst can be

recovered successfully as well (Scheme 36).

Co,(CO)g, DPPE COOH

PhCH,CHO + CH3CONH, PhCH,CNHCOCH;

CO, H,

Scheme 36. Cobalt-catalyzed carbonylation of phenylacetaldehyde

In 2001, Alper’s group reported a synthetic method on the carbonylative synthesis of 8-lactones

72 With cobalt complex (PPNCo(CO),4) (PPN = bis(triphenylphosphine)iminium) as the

from epoxides.
catalyst and Lewis acid (BFs.Et,0) as the additive, both simple and functionalized epoxides were
regioselectively transformed in good yields (Scheme 37). The carbonylation occurred selectively at the
unsubstituted C-O bond of the epoxide ring, and various functional groups were tolerated, such as
alkenyl, halide, hydroxyl, and alkyl ether. Interestingly, the stereochemistry of epoxides and aziridines

gave completely different results.

R PPNCo(CO),, BFs' ELO T
o] DME, CO, 80 °C R

O

Scheme 37. Cobalt-catalysed carbonylation of epoxides.
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Dragojlovic et. al. reported a cobalt-catalyzed photochemical methoxylcarbonylation of alkenes
in the same year.m] The reaction can be successfully carried out on a multigram scale (5-10 g) on a
number of alkenes with appropriate choice of light source, filter, concentration of cobalt catalyst and
suitable equipment (Scheme 38). In this process, the stability of cobalt catalyst was crucial for the
success of photocarbonylation. For given reaction scale and set of conditions (light source, filter,
temperature), there was a narrow range of concentrations of cobalt catalyst at which the catalyst was
stable and the reaction proceeded at a reasonable rate. However, the reaction was limited to mono
and disubstituted alkenes (69-85%). Low selectivity was observed with trisubstituted alkenes and

dienes.

CO,CH;

Co(acac),, CO
MeOH, acetone, UV

Scheme 38. Methoxycarbonylation of alkenes.

In 2002, an efficient and mild carbonylative protocol for the conversion of optically active
epoxides to 8-hydroxy morpholine amides was developed by Jacobsen and Goodman (Scheme 39).[74]
The methodology was effective with a variety of epoxides and pure products could easily be isolated
by treatment of the crude product mixture with aqueous acid. Moreover, a valuable new approach for
preparing synthetically valuable 8-hydroxy-8-ketoesters was discovered by adding aluminum enolate

derivatives cleanly to the morpholine amides.

o 1) Co(CO)g, CO (1 bar) OH O
o) EtOAc, 25~50°C
AN [ j RMN/H
R N 2) 3N HCI

|
SiMe3

Scheme 39. Carbonylative transformation of epoxides.

Jia and Xu reported a methodology on the cobalt-catalysed carbonylative ring-expanding of
2-aryl-2-oxazolines in 2003 (Scheme 40).[75] This was the first example on using 2-oxazolines as
substrates in transition metal-catalyzed carbonylation reactions. In their mechanistic studies, they

proved the cobalt radicals as the catalytically active species.

Ry Ri
N/& BnCo(CO)4 N Re R,=HorMe;  Ar=Ph, m-F-Ph, p-Tolyl, o-Tolyl,
)\\ R, + CO )\\ Ry=H, Me or Ph Thiophen-2-yl or Furan-2-yl
I Ar” "0” o

Scheme 40. Cobalt-catalysed carbonylative ring-expanding of 2-aryl-2-oxazolines.
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Meanwhile, they succeeded in the carbonylative ring expansion of other heterocycles as well.®

With Co,(CO)s as the catalyst, a rarely studied exocyclic C-O bond carbonylation proceeded smoothly.
Various cycloimino esters could be activated and further carbonylated to afford N-acyllactams in high
yields under relatively mild conditions in the absence of HI as the co-promoter (Scheme 41). The
reaction opens a possible access to the carbonylation of alcohols without the assistance of HI. In this
reaction, an organic amide would replace HI to form the desirable equilibrium that generated the
direct reactant for the carbonylation. Later on, they also demonstrated that a catalytic system formed
from commercially available Co,(CO)s and AIBN can worked effectively in this type of transformation
as well. (4R, 5S5)-4-Methyl-2,5-diphenyl-2-oxazoline and (4R, 5R)-4-methyl-2,5-diphenyl-2-oxazoline
can be transformed stereospecifically. The stereoselectivity in all cases favored inversion at the

C(5)-position with diastereomeric excess up to >97%.7"

R2 J<O
1 2
N R R
R1 /« Z ) + CO Co,(CO)g, DME i
(0] n (
X )
(@) n
X
X=CH,, O
Ri=Me, Et, iPr
Ro=H, iPr

n=1-3

Scheme 41. Cobalt-catalysed exocyclic C-O bond carbonylation.

Jia and Liu designed a catalytic procedure for the carbonylative polymerizations of epoxides and
N-alkylaziridines in 2004.78  Under their conditions,  polyesters and  amphiphilic
poly-(amide-block-ester)s can be synthesized effectively (Scheme 42). It had been demonstrated that
the combinations of cobalt catalyst and pyridines were versatile catalysts for the carbonylative
polymerization of both epoxides and aziridines likely under closely resembling mechanisms. While less
active for carbonylative epoxide polymerization than the catalysts generated in situ from Co,(CO)s, the
well-defined acid-free catalyst allowed the development of a very convenient synthetic method for
diblock copolymers with a degradable block and a nondegradable block. The amphiphilic and

degradable diblock copolymers are potentially useful for biomedical applications.

R CH4C(0)Co(CO)s(P(o-toly)s) 2
N, O +co m-methoxypyridine ’@LN%O/\%/
L 75°C, THF R " m
o)
.
x
\/Qko/\%r/n

Scheme 42. Cobalt-catalysed carbonylative polymerizations of heterocycles.

Two years later, Jia and Liu reported a new procedure on the carbonylative polymerization of
azetidines.”” With [Co(CH5CO)(CO);P(o-tolyl);] as the catalyst and tetrahydrofuran (THF) as both the
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reagent and solvent, the desired polymers can be selectivity produced (Scheme 43). With the use of Lil
as a co-catalyst, the y-lactam byproduct can be eliminated. Both the amount and distribution of the
ester units in the polymer backbone were influenced by Lil as well, this finding allowed the synthesis
of polymers with alternating amide blocks and ester segment that would undergo two-stage

degradation.
nBu o
LN\.+ CO + Q 75["c(:.')0THF % /\/x W \/\/j\ éNnBu

Bu

I [Co] O
N v Co+ ( 7 %NWO\/\/ﬂ .
75 °C, THF iBu *0 yan NiBu

[Co] = CH3C(0)Co(CO);(P(o-toly)s)

Scheme 43. Cobalt-catalysed carbonylative polymerizations of azetidines.

In 2008, Jia and co-workers provided a systematic study on the cobalt-catalyzed carbonylative
polymerization of N-alkylazetidines involving three representative monomers (Scheme 44).[801 The
individual N-alkylazetidine monomers displayed different characteristics in the polymerization, which
allowed the incorporation of amine and ester units into the amide based polymers. Firstly, the
synthesis and characterization of poly(amide-co-amine) with a gradient amine distribution were
described. Then, they presented how to control the ester distribution in poly(amide-co-ester)s.
Poly(amide-co-ester) containing multiple segments with block or gradient ester distributions could be
synthesized by multiple additions of N-isobutylazetidine into the reaction mixture in the presence of
or absence of Lil. Finally, the discovery of a novel chain transfer pathway via N-benzyl abstraction was
made. It was found that N-benyzlazetidine was different from the other two monomers in that a chain
transfer pathway: which was presented via the nucleophilic abstraction of the N-benzyl group. The
remaining acyl-azetidine at the chain end could be utilized for further chemical modifications or

polymerization.

,hBu o
N [Co]
+Cc0 — N NnBu
75 °C, THF "B

iBu

7/ C o
o]
N vco 1% _ [Col %L Wj\ . s
75°C, THF fbu
lBu

N/ N CO . /\/jﬁ(
{ / 70°C. THF °C, THF NiE

[Co] = CH3C(0)Co(CO)s(P(o-tolyl)z)

Scheme 44. Cobalt-catalysed carbonylative polymerizations of N-alkylazetidines.

Sen and co-workers reported a cobalt-catalysed carbonylation of N-alkylbenzaldimines in 2006.%
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N-Alkylphthalimidines can be produced via tandem C-H activation and cyclocarbonylation (Scheme 45).
The resulting formation was proposed to occur by C-H activation of the aryl ring, migratory insertion
of the hydride species into the benzaldimine functionality, CO coordination, and insertion into the
Co-C bond, followed by reductive elimination of the N-alkylphthalimidine and regeneration of the

starting cobalt species.

_R
‘N [Co("3CHZC(CO)5(P(o-tolyl)s]
©) or Co,(CO)g, CO CQNR

(0]

Scheme 45. Co-catalysed carbonylation of N-alkylbenzaldimines.

In 2008, Li and co-workers reported a cobalt-catalyzed oxidative carbonylation of aniline to N,
N’-diphenyl urea.® The catalyst system comprised by Co(ll)-Schiff base complex and a pyridine-type
promoter (Scheme 46). The Co(ll) complexes of substituted salen or salophen ligand with an
electron-donating hydroxyl group showed good activity. In the catalytic system, pyridine-type additive
as promoter increased the reactivity of catalyst. Among the additives, substituted pyridines had better
promoting function than pyridine. The promoting effect of substituted pyridines was correlated with

their basicity and steric hindrance of substituents.

Scheme 46. Cobalt-catalysed carbonylation of aniline.

In 2010, Wang’s group reported a cobalt-catalyzed photo-promoted carbonylation of
chloroalkanes.® With cobalt compounds [Co(OAc),, CoCl,] as the catalyst and in the presence of K,
the corresponding esters can be selectively produced (Scheme 47). The reactions were carried out
under ambient conditions proceeded through two pathways. The role of iodide ion may be to form a
more active iodoalkanes via substituting chloride ion in chloroalkanes in situ. Additionally, the activity

of this carbonylation can be improved by the addition of NaOAc.

hv, [Co], KI
Cl— COOCH;
CO, CH;0H

[Co] = Co(OAc), or CoCl,
Scheme 47. Photopromoted carbonylation of chloroalkanes.
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In 2011, an in situ generated catalytic system that allows the ring-expansion carbonylation of
epoxides using low precatalyst loadings was developed (Scheme 48).[84] The active catalyst, analogous
to Coates’ catalyst, was formed in situ from commercially available (TPP)CrCl (TPP =
tetraphenylporphyrin) and Co,(CO)s. This practical system circumvented the preparation of air
sensitive cobaltate salts, manipulated at low catalyst loadings, and meet the carbonylation of

functionalized, sterically demanding and heterocyclic meso-epoxides.

o]
(TPP)CrCI
COz(CO)g
+ CO —mMmM3MmMm>
N THF, 70 °C, 16 h
Ts Ts

(87% yield)

Scheme 48. Cobalt-catalysed ring-expansive carbonylation

In 2011, Ogawa and co-workers reported a novel cobalt carbonyl catalysed thiolative
lactonization of alkynes.[gsl With thiols as the reaction partner by incorporation of two molecules of
carbon monoxide, a,8-unsaturated y-thio-y-lactones were produced regioselectively (Scheme 49). This
process provides a useful method for the catalytic introduction of two molecules of CO into alkynes,
regioselectively. Since sulfur compounds were generally believed to be catalyst poisons, these catalytic

reactions opened up a new field of transition-metal-catalyzed reactions of organosulfur compounds.

R
. Co(CO)g (9 mol%
— + RsH + co —22C( : o) f/¥0
s0par MeCN,140°C  _ ~¢

R

Scheme 49. Cobalt-catalysed thiolative lactonization of alkynes.

Later on, they found that internal alkyne can be applied as substrates in this cobalt-catalyzed
thiolative double carbonylation with organosulfur as well (Scheme 50).[86] This process became a
useful tool for preparing the corresponding a,8-unsaturated y-thio-y-lactones (butenolide derivatives)
in good yields. Among the study, it was interestingly found that, for the unsymmetrical alkynes, the
thiolative lactonization proceeded with moderate regioselectivity to give the butenolide derivatives on

which the carbonyl group preferentially bonds to the less hindered acetylenic carbon.

R
R
RI-=R' + R2H + co _202COJs (8 mol%) fgzo
40 bar MeCN, 140 °C, 17 h o]

R2S

Scheme 50. Cobalt-catalysed thiolative double carbonylation of internal alkynes.
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Recently, Saliu et.al. described a oxidative carbonylation of amine in the presence of
bis(salicylaldehyde)ethylenediimine-cobalt(ll)  catalyst by using TBD (1,5,7-triazabicyclo-
[4.4.0]dec-5-ene) as the promoter. Here, the application of TBD would be beneficial and could
represent an interesting development in the field of the Co—-Schiff base complexes catalyzed oxidative
carbonylation, as bicyclic guanidine bases are less toxic and more environmentally friendly than
pyridine bases.’®”

In 2013, Li and co-workers developed a highly efficient cobalt catalysed carbonylation reaction of
benzyl chlorides.®® A variety of phenylacetic acid derivatives were produced under atmosphere
pressure of carbon monoxide (Scheme 51). In this methodology, benzimidazole was extended as the
ligand. Meanwhile, the catalytic mechanism was also demonstrated by computer simulations.

1, CO(L1 )2(H20)2
CO (1 bar), 60 °C,

©/\CI NaOH, 22 h ©/\COOH
2, HCl

L1= 2-(1H-benzimidazol-2-yl) benzoic acid

Scheme 51. Cobalt-catalysed carbonylative approach to phenylacetic acid derivatives.

In 2014, a convenient catalyst system consisted by Co,(CO)s and LiCl for catalyzing cyclization of
CO, imine, and epoxide was established (Scheme 52).[89] This reaction provided an efficient method for
the synthesis of substituted 1,3-oxazinan-4-ones from very simple and commercially available starting

materials.

N 0
J + Qsz + co _CoACORMLICT Co,(CO)g/LiCI
Ar R 14-dioxane, 70 °C )\ Rz

Scheme 52. Cobalt-catalysed carbonylation for synthesis of substituted 1,3-oxazinan-4-ones

Daugulis and Grigorjeva reported a method for the direct carbonylation of aminoquinoline
benzamides in 2014 (Scheme 53).[901 Reactions proceeded at room temperature in trifluoroethanol
solvent, using oxygen from air as the oxidant and with Mn(OAc); as additive. Imides were obtained by
the carbonylation of benzoic and acrylic acid derivatives in good vyields. The reaction was quite
functional groups tolerated, such as halogen, nitro, ether, cyano, ester and so on. The removal of the

directing group under mild conditions could afford the corresponding phthalimides.
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o Co(acac), (20 mol%) o
7 N NaOPiv (2 eq.) / N
N Ho N ) MnOACk3 1,0 (1eq) RS
R CO (1 bar), air, o Ny
CF3CH,OH, rt 60-94 %
12 examples

Scheme 53. Cobalt-catalysed carbonylation of aminoquinoline benzamides.

More recently, Zhang and co-workers reported an efficient approach for the C(;)-H bond
carbonylation of benzamides with the use of stable and inexpensive Co(OAc),-4H,0 as the catalyst.[91]
Interestingly, commercially available and easily handling azodicarboxylates were applied as the
nontoxic carbonyl source here (Scheme 54). The reaction revealed broad scope of substrates bearing

diverse functional groups.

Co(OAC)2* 4 H,0 (20 mol%) o
o Ag;CO; (2 eq.) o~
P N PivOH (2 eq.) RL | N
R L H 4 Il 14 doxane air, 100°c, 161 ‘-
~ H azodicarboxylate O N </

as carbonyl source
31 examples
up to 85% yield

Scheme 54. Cobalt-catalysed C(s,,)-H bond carbonylation of benzamides

In 2017, Gaunt’s group reported a cobalt-catalysed carbonylative cyclisation procedure of
unactivated aliphatic C-H bonds (Scheme 55).% The key point of this methodology was the stabilizing
effect of the quinolinamide directing group. The process tolerated a wide range of functionalized
substrates to generate the corresponding substituted succinimide products. During the manipulation,
the operationally simple reaction conditions were complemented by the ability utilizes an

atmospheric pressure of carbon monoxide.

Co(acac), (10 mol%)

. o . 1.5 equiv. PhCO,Na %A a
- iv. A ’
Rﬁ)LN + CO (1 bar) 3 equiv. Ag,CO3 R! N
Me CeHsCl, 21 h, 160 °C  R? o
Q= C-8-quinolinyl up to 89 % yield
18 examples

Scheme 55. Cobalt-catalysed carbonylative cyclisation of aliphatic C—H bonds.

In the same period, Sundararaju and co-workers reported a similar procedure with
trifluorotoluene as the reaction media.”® Under their reaction conditions, a varieties of unactivated
C(sp3)-H bonds were transformed into the corresponding succinimide derivatives (Scheme 56). The
initial mechanistic investigation revealed that the involvement of a one electron process operated in

the catalytic cycle and the reaction may proceed through Co(IV) to Co(ll) cycle. This straightforward
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approach provided an easy access to a-spiral succinimides in good yields regioselectively.

Co(acac);, (10 mol%) (0]

/ 20 mol% NaO,CPh R!
r! ) NH 3 equiv. Ag,CO;4 N-Q
+ CO R?
R \_n CgHsCF3, 24 h, 150 °C 5
Q= C-8-quinolinyl
Up t0 88 %

25 examples

Scheme 56. Cobalt-catalysed synthesis of succinimides.
1.5 Ni-catalysed carbonylation reactions

Nickel salts are cheap and abundant and have been extensively studied in various organic
transformations. However, due to the high risk of the toxic Ni(CO)s formed from nickel and carbon
monoxide, nickel catalyst are studied in CO chemistry with limited cases. As early as in 1969, Corey
and Hegedus developed a base-catalysed carboxylation of organic halides with nickel carbonyl as the
CO source in protic media.”” Alkyl halides and allylic halides were transformed effectively with
alcohols as reaction partners. Later on, Semmelhack and Brickner further studied this methodology
and applied it in the synthesis of five- and six-membered lactones in 1981. With the presences of
nickel carbonyl reagents via intramolecular two-step carbonylative cyclization, good yields of the

desired products can be obtained (Scheme 57).[95]

EfLBr Ni(CO)2(PPh3), E?\%:O
& "oH ¢ 0

Scheme 57. Ni-mediated synthesized of lactones.

In 1989, Alper and Vasapollo reported the first nickel-catalysed carbonylative transformation of
vinyl halides (Scheme 58).[96] Nickel cyanide was found to be the best for the carbonylation of vinyl
bromides and chlorides under phase transfer conditions. This method was simple both in execution
and work-up, and exhibits excellent stereochemical control. In case with halodienes as the substrates,
double carbonylation occurs.” For example, good vyield of a-keto lactone can be produced from

2-bromo-1-phenyl-1,3-butadiene (Scheme 58).

sUX NICN),
R/\/ T» R/\)J\OH

Scheme 58. Nickel-catalysed carbonylation of vinyl halides.
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Scheme 59. Double carbonylation of halodienes.

In 1999, Jiang and co-workers reported a procedure on nickel-catalysed carbonylation of methyl
acetate to acetic anhydride with methyl iodide as the promoter.[%] Different conditions including
catalyst precursors, temperatures, pressures, ligands, lithium acetate and methyl iodide concentration
were investigated in detail. Additionally, mechanism and possible side reactions in the carbonylation
were studied as well. The in situ reaction monitoring experiments readily enabled the determination
of the concentrations of organonickel species as well as the concentration of carbonylation products
under fast reaction conditions. In the meantime, an in situ CIR-FTIR investigation of process effects in
the nickel catalysed carbonylation of methanol was reported by Okrasinski and co-workers.” A
mechanistic of the phosphine-modified nickel-catalyzed acetic acid process was also investigated in
their group.[loo] A nickel-aluminum catalysed liquid-phase carbonylation of methanol was reported by
Matsumura and Kapoor in 2004 (Scheme 60).[101] In this reaction, methanol was converted into methyl
acetate in the presence of methyl iodide at 200 °C. Formation of methyl formate depended on the
pressure of carbon monoxide applied, which indicated that insertion of carbon monoxide to methyl
iodide was a key step of the carbonylation and dimethyl ether reacted with the intermediate to form

the final methyl acetate.

Ni

CHsl + CO i CH5COlI

CHyl + cHicol — N1 pve
[Ni]

CH3OH + CH,COl ———> MeOAc + HI

Scheme 60. Liquid-phase carbonylation of methanol.

In 2008, Ricart and co-workers reported a nickel-catalysed [2+2+1] carbonylative cycloaddition
reaction between norbornenes and allyl halides.!*” Catalyzed by Ni(ll) catalyst under very mild
conditions (atmospheric pressure and room temperature), the desired products can be produced
effectively (Scheme 61). Interestingly, two major products whose ratio could be tuned by carefully

adding water with different amounts.
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COOH
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HOOC,
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Scheme 61. Carbonylative cycloaddition reaction between norbornenes and allyl halides.

Chen and Wang described an interesting nickel-catalysed carbonylative Negishi cross-coupling
reactions in the same year (Scheme 62).[103] This method readily provided various enones from enol
triflates and diorganozinc reagents, with catalytic amounts of nickel(ll) chloride—
4,4’-dimethoxyl-2,2"-bipyridyl under carbon monoxide atmosphere. The addition of lithium or
magnesium halides, as well as the use of polar solvents facilitated the rate of the carbon monoxide
insertion. Carbonylative alkenyl-aryl, alkenyl-alkenyl, and alkenyl-alkyl coupling were achieved

effectively.

R2 RZ O
% NiCl, -L
XX 4 R%Zn S mol% NiCl, -L4 M
RH\/ T2 MgBr, or LiCl, DMSO, R R*
R 23-80 °C, CO (1 bar) R®
X=OTf, |
R*=aryl, alkenyl, alkyl MeQ OMe
L /o =
78
\_/ \_7

Scheme 62. Ni-catalysed carbonylative Negishi reactions.

Meanwhile, Ogoshi’s research group demonstrated the formation of a nickeladihydrofuran by
oxidative cyclization of an alkyne and an aldehyde with nickel (0) (Scheme 63).7% The
nickeladihydrofuran can be transformed into the corresponding lactone by under CO pressure in

guantitative yields.

Ph
(0] CO (5 bar
Ni(COD),/PCys O, PCys; coGban,_ j o}

— e o, Ni CeDg, 1t

NN

CgHg, rt, 1h CysP 3

6He Y3 O\_/( o
PR +

. Iy

40%

Scheme 63. Formation of nickeladihydrofuran and transformation into lactone.

Interestingly, Lee and co-workers developed a nickel-catalysed coupling reaction of aryl bromides
with formamide in 2009 (Scheme 64).[105] Using this nickel-phosphite catalytic system, aryl bromides

can react with a range of formamides to give the corresponding aryl amides in moderate to good
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yields. The steric bulkiness of formamides plays a very important role in this reaction. The less

hindered formamide required lower catalytic loading for full conversion and produced higher yields

than the more hindered one.

o} g3 Ni(OAc);"4H,0 0
R! Br: R L R R3
N HT ‘ base, digylme b B
Y »Z , digy 52
R 110°C, 10 h R Z
tBu

tBu tBu

o
tBu :@\
tBu tBu

Scheme 64. Nickel-catalysed aminocarbonylation of aryl bromides.

In 2009, Ricart, Ventosa and their co-workers reported a catalytic procedure on the selective
mono or double carbonylations of alkenes or acetylenes with allyl bromides (Scheme 65).“063]
Catalyzed by nickel, cyclopentanes, cyclohexanes or plainly-carbonylated adducts can be obtained.

And mechanistic studies were performed as well, 106!

Ry R
1 . R
\ _Ni/Fe/CO o 2
H * acetone Ri +
OH
R1 R3
O

Rz Br Rs o

Scheme 65. Carbonylative cycloaddition of alkynes and allyl halides in acetone.

Ogosh and co-workers developed a Ni(0)-catalysed [2+2+1] carbonylative cycloaddition of imines
and alkynes using phenyl formate as the CO source in 2014 (Scheme 66).[107] Using 10 mol% of
Ni(COD), as the catalyst, 20 mol% of PCy; as the ligand and 2 equivalents of NEt; as the base, a variety

of lactams can be prepared in good to high yields.

R3S R
/
P 10 mol% Ni(COD), R* ;N‘Rz
rt R—=R 20 mol% PCys 5
i H._OPh 2.0 eq. NEt,
oo My O EOSNEL
r2N o toluene, 70 °C, 24 h or
P - PhOH R
/
N<p2
R'=Anyl R
R2=Bs, Ts, POPh, o

R3, R* =Aryl, Alkyl

Scheme 66. Ni(0)-catalysed carbonylative cycloaddition of imines.
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In 2015, Bengali, Arndtsen and their co-workers described a nickel-catalysed carbonylative
procedure for the synthesis of isoindolinones from aryl iodides and imines (Scheme 67).[108] In the
presence of a catalytic amount of Ni(COD),, using DiPEA (diisopropylethylamine) as the base and
Bu;NCl as the additive, , various isoindolinones were isolated in good yields under atmospheric

pressure (1 bar) of carbon monoxide.

0
3
! NR 10 mol% Ni(COD), X 5
\// + CO+ RZJ\H BuNc, oPEA I, L NR
R! MeCN, 120 °C, 24 h R! ko
N «
carbonylation ™. i , ,“ cyclization
. R ’
A Ar N
J\ 19 examples
R ¢l 42-90 %

Scheme 67. Nickel-catalysed synthesis of isoindolinones.

Recently, Zhou and co-workers developed a nickel-catalysed hydrocarbonylation of terminal
alkynes with formic acid as the CO source (Scheme 68).[1091 The high efficiency and low cost of nickel
catalysts made this nickel-catalysed hydrocarboxylation of acetylene a promising process for acrylic
acids production. At the same time, Fu and co-workers also developed a nickel-catalysed region- and
stereselective hydrocarboxylation of alkynes (Scheme 70).[1101 In the presence of a catalytic 5 mol%
Ni(acac),, 7 mol% dppbz, 20 mol% Piv,0, alkyne can reacted with formic acid to afford the desired

a,B-unsaturated carboxylic acids.

2 mol% Ni(acac),
4 mol% L o)

o)
P 30 mol% Ac,0 % 0
_ _30mol% Ac,0
= TH7OH THF, 100°C, 12 h + R(\)kOH
R'I

R' =alkyl, aryl, H
PMetBu
PMetBu

Scheme 68. Nickel-catalysed hydrocarbonylation of terminal alkynes.

R!

major

o Ni(acac),
RI-— R? + )k diphosphine H . COOH
H™ "OH  4cid anhydride >—<

1 2
toluene, 100 °C R R

R',R%=alkyl, aryl, H 42 examples
up to 95% yields

Scheme 69. Nickel-catalysed hydrocarbonylation of alkynes with formic acid.

More recently, the direct activation of simple C-N bonds via oxidative addition was reported by

Huang and co-workers (Scheme 70).[111] Through this method, tertiary benzylamines can be
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transformed into the corresponding amides in moderate to good yields.

R NiCl,/L (5 mol%) R NP
0 I-FTy
‘ N Nipr, _l2(15 mol%) | X
5 anisole, 140 °C R// (e}
CO (10-30 bar)
20 example

L = 2-(diphenylphosphino)benzoic acid 15-77% yields

Scheme 70. Nickel-catalysed carbonylation of benzyl amines.
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Objectives

2. Obijectives of this work

As described in the introduction part, non-noble metal catalysed carbonylative transformations have
attracted much research interest both in academics and industries. Compared with noble metal
catalysts (Pd and Rh), non-noble catalysts are much less studied. Based on the known obvious
advantages of non-noble metals catalysts, it’s attractive to explore their activities in carbonylation
reactions. The major aim of this work is to develop the novel non-noble metal catalyst systems for

carbonylation transformations to useful bulk and fine chemicals, such as esters, amides and amines.

Among all the cheap, copper and manganese are the best catalysts in organic synthesis due to its
abundance, low price, and high biological compatibility. Therefore, carbonylative transformations
based on these catalysts are proved to be highly economic and efficient, which attracts our interest to

further discover unknown transformations for sustainable organic synthesis.

Moreover, the development of general catalytic protocols for more challenging substrates remains an
important but challenging goal. Based on our continuous interest in carbonylation reactions, we
became attracted by carbonylation of alkanes and alkyl halides, which represents a straightforward

and economic method for the synthesis of high value carbonyl compounds.

ChemCatChem. 2017, 9, 915 Submitted
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Figure 2: Non-noble metal catalysed carbonylation of alkanes and alkyl bromides
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Copper-Catalyzed Carbonylative Coupling of Cycloalkanes and

Amides

Yahui Li, Kaiwu Dong, Fengxiang Zhu, Zechao Wang, and Xiao-Feng Wu*

Abstract: Carbonylation reactions are a most powerful
method for the synthesis of carbonyl-containing compounds.
However, most known carbonylation procedures still require
noble-metal catalysts and the use of activated compounds and
good nucleophiles as substrates. Herein, we developed
a copper-catalyzed carbonylative transformation of cyclo-
alkanes and amides. Imides were prepared in good yields by
carbonylation of a C(sp’)—H bond of the cycloalkane with the
amides acting as weak nucleophiles. Notably, this is the first
report of copper-catalyzed carbonylative C—H activation.

-rransition—metal—catalyzed carbonylative reactions are pow-
erful methods for the synthesis of carbonyl-containing com-
pounds.”) Through carbonylation, the carbon chain of
a parent molecule can be easily elongated with carbon
monoxide (CO) as one of the cheapest and most abundant C1
building blocks. However, most of the known procedures
require either noble-metal catalysts, activated substrates, and/
or sufficiently reactive nucleophiles (Scheme 1a). More
specifically, catalysts based on palladium, ruthenium, and
rhodium are frequently explored. Aryl halides and analogues
thereof are commonly applied reactants whereas alcohols,
amines, and organometallic reagents are usually employed as
the nucleophiles. Hence, these methods suffer from some
common limitations, such as expensive catalysts and tedious
substrate preparation.

Various carbonylative C—H activation reactions of arenes
that benefit from the assistance of directing groups have been
reported.”) In the presence of a noble-metal catalyst and
a suitable oxidant, the C(sp’)~H bonds of arenes were

Previous work:

X
@ R'@ + CO+ HMu

This work

e}

[Pd)/[Ru)/[Rh] RL@)\ Nu

X= Cl, Br, I, 0SO,R?, N,*, H, ...
Nu = OH, OR®, NR*R®, ...

o 0

~_H o)
® Y + co + RE“\N,R’ﬂ- "W)LNXRB
- H 2

R

Scheme 1. Carbonylation reactions.
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E-mail: Xiao-Feng. Wu@catalysis.de
Prof. Dr. X.-F. Wu
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Xiasha Campus, Hangzhou 310018 (P.R. China)
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carbonylated and gave the desired products in good yields.
A few rare examples of the directing-group-assisted carbon-
ylation of C(sp)~H bonds with palladium or ruthenium
catalysts have been reported® whereas directing-group-free
variants are without precedence.”” On the other hand, the free
radical carbonylation of (cyclo)alkanes in the presence of
radical initiators has been well established.!'*

Among all transitional-metal catalysts, copper salts are
particularly inexpensive and benefit from their low toxicity.
The use of copper catalysts in carbonylative transformations
is thus attractive for both academic and industrial purposes.
However, to our surprise, only few examples of copper-
catalyzed carbonylative coupling reactions with aryl iodides
or diaryliodonium salts have been reported.

On the other hand, amides occur frequently in nature, and
they are also important intermediates and building blocks in
organic synthesis.”) Based on the diversity of available
amides, the development of new reactions that employ
amides as reactants is a worthwhile pursuit. However,
compared with alcohols and amines, the low nucleophilicity
of amides has hindered their application in carbonylative
coupling reactions.”! On the other hand, owing to the
comparatively high stability of amides towards oxidants,
suitable conditions for the use of amides as coupling partners
should be easily found.

With all of these considerations in mind, we herein report
the first copper-catalyzed carbonylative C—H activation of
cycloalkanes. With amides as the reaction partners, the
C(sp”)—H bond of simple cycloalkanes were carbonylated to
finally provide the corresponding imides in good yields
(Scheme 1b).

Initially, we chose cyclohexane (both as reagent and
solvent) and N-methylacetamide as the model substrates to
establish this carbonylation reaction (Table 1). Among vari-
ous metal catalyst precursors (entries 1-10), CuBr(Me,S)
gave the best result (80 % GC yield, product isolated in 75 %
yield; entry 6). Notably, the decreased reaction efficiency
with Pd(OAc),, PdCl,, Mn,(CQO),,, and Co(acac), excludes
the possibility that such metal impurities in the copper salt
play a role in the overall reaction (entries 7-10).

Next, various ligands were studied (entries 11-20). L2, L6,
and L7 achieved similar results to 1,10-phenanthroline
hydrate (entries 12, 16, and 17) whereas other ligands were
less effective. Subsequently, the CO pressure was varied. To
our surprise, the yield of 3a improved with a decrease in the
CO pressure (entries 21 and 22). Other additives, such as I,
and KI, were also tested, but led to decreased reaction
efficiency (entries 23 and 24). Furthermore, in the absence of
catalyst or ligand, only trace amounts of the desired product
were observed (entries 25 and 26). Overall, it was found that
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Table 1: Catalyst screen.™

o) Catalyst (10 mol%)
O R )LN, Ligand (10 mol%)

H DTBP (1.5 equiv), CO, 120 °C

Communications ﬂ.gfffm:e

Table 2: Copper-catalyzed carbonylative imide synthesis.”

H o]
O/q. RK)LN/\
H

CuBr(Me,S) (5 mol%)
1,10-phenanthroline (5 mol%)

O)\ R’
DTBP (1.5 equiv), CO (20 bar), 120 °C L

1.5mL 3a 1 2
Entry Catalyst Ligand Yield® Entry 2 Product Yieldl"!
o o
1 Cul 1,10-phen 40% o
2 Cu(CH,CN),BF 1,10-phen 22% 1 Ay O)L'fk e%
3 Cu(CH,CN),SO,CF, 1,10-phen 15% o 3a
4 Cu(CH,CN),PFg 1,10-phen 23%
5 Cu(CF,CO,), 1,10-phen 17% 0 i j'.\ )
6 CuBr(Me,S) 1,10-phen 80% (75%) 2 A '*L =R
7 Pdcl, 1,10-phen 34% " .
8 Pd(OAc), 1,10-phen trace
9 Mn,(CO)yo 1,10-phen 0% o] o]
10 Co(acac), 1,10-phen 6% 3 g . N NP g
11 CuBr(Me,S) L1 54% L O/go
12 CuBr(Me,S) L2 74% 2 0
13 CuBr(Me,S) L3 62%
14 CuBr(Me,S) L4 45% o) o]
15 CuBr(Me,S) L5 33% 4 A~ g 67%
16 CuBr(Me,S) L6 72% H .
17 CuBr(Me,S) L7 71% 2d %
18 CuBr(Me,S) L8 29%
19 CuBr(Me;S) L9 64% 5 o o
20 CuBr(Me,S) L10 27% 5 A O)LNM 88%
AL CuBr(Me,S) 1,10-phen 88% (84%) 58 H 5 (
220 CuBr(Me,S) 1,10-phen 89% (88%) 2 /r’; 3e
231 CuBr(Me,S) 1,10-phen 13%
248l CuBr(Me,S) 1,10-phen 74% o 0
25 = 1,10-phen 0% 6 j/\NJ\/\M]\ \l/\NJvai\ 81%
26 CuBr(Me,S) - trace H &
[a] Reaction conditions: N-Methylacetamide (0.5 mmol), catalyst 2 o
(10 mol %), ligand (10 mol %), DTBP (0.75 mmol), CO (50 bar), cyclo-
hexane (1.5 mL), 24 h. [b] Determined by GC analysis. [c] Yields of . OYO
isolated products given in parentheses. [d] Catalyst (5 mol %), ligand 7 N~ 2%
(5 mol%), CO (30 bar). [¢] Catalyst (5 mol %), ligand (5 mol %), CO w vy N~ ’
(20 bar). [f] I, (10 mol %). [g] KI (10 mol %). acac=acetylacetonate, 29 © %

DTBP = di-tert-butylperoxide, 1,10- phen-] 10-phenanthroline hydrate.

CEN T

P
=0
S

i B N NO3 E \)—ﬁ

r fo) | = (o] =N
N | ~ NN ; PPhs &f /7\ 3

N Ne. N N
L6 L7 L8 L9 L10

the use of 5 mol% of CuBr(Me,S) and 1,10-phen together
with DTBP (1.5 equiv) under CO atmosphere (20 bar) gave
3ain 89 % vyield (determined by GC analysis; entry 22).

With the optimized reaction conditions in hand, we
examined the scope of the reaction with a range of amides.
As shown in Table 2, the desired imides were formed in good
yield when N-ethylacetamide or N-butylpropionamide was
used in combination with cyclohexane (yield of isolated 3b
and 3¢: 69 % and 74 %, respectively). Long-chain imides were
also formed in good to excellent yields (such as 3e, 3£, 3g, and
3h).

Different cyclic amides were also tested (Table 3).
Azepan-2-one (2j) and azocan-2-one (2k) gave the corre-

www.angewandte.org

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

\I/\/\Nj\/wﬂ,\ \(\/\NLW -

H
o
2h )\O 3h

[a] 2 (0.5 mmol), CuBr(Me,S) (5 mol %), 1,10-phen (5 mol %), DTBP
(0.75 mmol), CO (20 bar), cyclohexane (1.5 mL), 24 h. [b] Yields of
isolated products.

@

sponding products in very good yields (3j and 3k, 91 % and
85%, respectively). Interestingly, these products belong to
a family of proinflammatory mediators that promote the
recruitment and activation of leukocytes (e.g., monocytes,
lymphocytes, and granulocytes). The reactions between
phenyl-substituted amides (21, 2m, and 2n) and cyclohexane
gave the desired products in yields of 85%, 86 %, and 69 %,
respectively. Whereas N-methylbenzamide gave the desired
coupling product in 61 % yield, with N-phenylacetamide and
N-phenylformamide, only the corresponding amides were
obtained rather than the desired imides. This may due to the
low stability of the imides, which decompose immediately to
give these amides. Furthermore, benzamide and acetamide, as
exemplary primary amides, were reacted with cyclohexane
under the standard reaction conditions, but the desired imides
were not detected.

Angew. Chem. Int. Ed. 2016, 55, 7227 —7230
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Table 3: Copper-catalyzed carbonylation with lactams and amides.”
o O
H 0 GuBr(Me;,S) (5 mol%) 1
O/ N RL)LNARZ 1,10-phenanthroline (5 mol%) NKJ\/R
H DTBP (1.5 equiv), CO (20 bar), 120 °C 3 R?

1(1.5mL) 2

Yield®!

3
o]
8¢
67%
D -

o 0]
@ 91%

VEntry 2

o]

e

2j
9 A
o)
3 @)H 85%
2k

.A, N
Y O)Lba
e -

N~ N
e} 0
2n

3n
(@] O O
-~
) ©xﬁ @Tb o
20 3o
H
H
N__O Pl
o (T
2p 3p
H
H N._.O
N.__.O
9 ©/ b ©/ I 62%
H
2q 3q

[a] 2 (0.5 mmol), CuBr(Me,S) (5 mol%), 1,10-phen (5 mol %), DTBP
(0.75 mmol), CO (20 bar), cyclohexane (1.5 mL), 24 h. [b] Yields of
isolated products.

Furthermore, several cycloalkane derivatives were tested
(Table 4). Cyclopentane, cycloheptane, and cyclooctane

Angew. Chem. Int. Ed. 2016, 55, 7227 -7230
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An

worked well under the standard reaction conditions
(entries 1-3), and the corresponding imides were isolated in
moderate to good yields (3q, 3r, and 3s). With adamantane as
the reactant, the desired imide was formed in 31 % when
(trifluoromethyl)benzene was used as the solvent (entry 4).
The use of pentane under the standard reaction conditions
resulted in a mixture of two products.

To gain insight into the reaction mechanism, we con-
ducted some control experiments (Scheme 2). When 2 equiv
of TEMPO were added to the standard reaction conditions,
the desired product was only formed in 30% yield (deter-
mined by GC). The yield further decreased to 10% in the
presence of 4 equiv of TEMPO.

o o
0 CuBr(Me,S) (5 mol%) J
O + )LN/ 1,10-phenanthroline (5 mol%) "“ 30%
H  DTBP (1.5 equiv), CO (20 bar), 120 °C
1.5 mL TEMPO (2 equiv)
o o

o) CuBr(Me;S) (5 mol%) k
O . )LN/ 1,10-phenanthroline (5 mol%) ITI 10%
N DTEP (1.5 equiv), CO (20 bar), 120°C

1.5mL TEMPO (4 equiv)

Scheme 2. Control experiments.

Based on our results, a possible reaction mechanism is
proposed (Scheme 3). The reaction is initiated by the copper-
(T)-catalyzed or thermal homolytic cleavage of the peroxide
to generate a fert-butoxy radical, which reacts with cyclohex-
ane; sequential oxidation of the copper(I) species gives the
Cu"—cyclohexane intermediate D. Then, complex D reacts
with the amide to yield Cu™ intermediate E. Subsequent CO
insertion forms intermediate F or G, which then affords the
final carbonylation product after reductive elimination while
the active Cu' species is regenerated for the next catalytic
cycle.

In conclusion, we have developed a copper-catalyzed
carbonylation reaction of cycloalkanes with amides as the
nucleophiles. Various imides were prepared in good yields by
carbonylation of a C(sp’)~H bond of the cycloalkane.

R1"SR2 + DTBP
R2
?/ Fe
i
W)J\CUHIN or R2 Cu‘I| N Cu

RZ
D
0
X -
H
N‘C i R

t-BuOH
Scheme 3. Proposed reaction mechanism.
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Table 4: Copper-catalyzed synthesis of imides with various alkanes.”!

e o CuBr(Me;S) (5 mol%) J
{ ﬁ’ . )LN/ 1,10-phenanthroline (5 mol%) e N

Communications

- H  DTBP (1.5 equiv), CO (20 bar), 120°C  “~_-
1 (1.5 mL) 2 3
Entry 1 Yield®!
70%

3
: O °
/N\n/
(0]

3q

O O
O)J\N)k 7%
\
3r
o 0
o o-
2d 3s

O
e

2b

O O

31%°

B
]
° b

3t

[a] 2 (0.5 mmol), CuBr(Me,S) (5 mol %), 1,10-phen (5 mol%), DTBP
{0.75 mmol), CO (20 bar), alkane (1.5 mL), 24 h. [b] Yields of isolated
products. [c] PhCF; (1.5 mL), adamantane (0.5 mmol), CuBr(Me,S)

(5 mol %), 1,10-phen (5 mol %), DTBP (0.75 mmol), CO (20 bar), 24 h.

Notably, this is the first report of copper-catalyzed carbon-
ylative C—H activation.

Experimental Section

General procedure: A 4 mL screw-cap vial was charged with CuBr-
(Me,S) (5.1mg, Smol%), 1,10-phenanthroline hydrate (5 mg,
5mol%), cyclohexane (1.5mL), and an oven-dried stir bar. The
vial was closed with a Teflon septum and cap and connected to the
atmosphere via a needle. After cyclohexane (1.5 mL) and DTBP
(0.75 mmol) had been added with a syringe, the vial was moved to an
alloy plate and put into a Paar 4560 series autoclave (500 mL) under
argon atmosphere. At room temperature, the autoclave was flushed
with CO three times and then subjected to 20 bar of CO. The
autoclave was placed on a heating plate equipped with a magnetic
stirrer and an aluminum block. The reaction mixture was heated to
120°C for 24 h. Afterwards, the autoclave was cooled to room
temperature, and the pressure was carefully released. After solvent
removal under reduced pressure, the product was isolated by column
chromatography on silica gel (pentane/ethyl acetate =20:1).
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ABSTRACT: Amides are important intermediates and
building blocks in organic synthesis. Among the known
preparation procedures, aminocarbonylation is an interesting
and powerful tool. However, most of the studies were focused
on noble metal-catalyzed synthesis of aromatic amides. Herein,
we describe an attractive copper-catalyzed synthesis of
aliphatic amides from alkanes and amines. A variety of amides

0O
alkanes + H,N-R? CuFy. 1,10-phen Rr:l\N,Rz
DTBP, CO,120°C H
21 examples
up to 91% yields

R2 = Ph, Benzyl, Alkyl

were prepared in good yields by carbonylation of the C(,,3)—H bond of alkanes with different amines. Good functional groups

tolerance can be observed.

KEYWORDS: copper catalyst, amides synthesis, carbonylation, amines, alkanes

mides are important chemicals that are prevalent in

pharmaceuticals, natural products, and many functional
materials. Hence, the development of efficient and selective
procedure for new amide bonds construction is a long-standing
task for organic chemists.” Among the known methodologies,
aminocarbonylation is a straightforward process for the synthesis
of amide moieties.” Depending on the amides needed, by
choosing proper amines and reaction pattners, CO, as one of the
least expensive and most abundant C1 sources, can be easily
installed into the amide products. However, by examining the
literature, the majority of the reported aminocarbonylation
procedures are based on using Cy,5)—X (where X =1, Br, H, etc.)
as the starting materials. With a noble-metal complex as the
catalyst, aromatic amides (benzamides) can be selectively
produced (Scheme 1, eq a)." In comparison, studies on
carbonylative transformation of C,5—X bonds are already
become limited, which can produce important aliphatic carbonyl
containing compounds (Scheme 1, eq b). The developed
methods also require a noble-metal complex catalyst and/or
UV irradiation under high CO pressure (50—80 bar).” Not
surprisingly, reports on the aminocarbonylation of C(y;)—X (X =

Scheme 1. General Carbonylative Coupling Reactions

Previous Work
0
@ A—X + O+ HN-g PR, o
X =1, Br, H, etc. AN

(b) R—UBr +CO + NuH 281, O

hv
NuH = alkene, alkyne, etc. R™ "Nu

This Work
. [Cyl 2 .
©) R-H +CO+ HN-R —2 . I g
prep RN

< ACS Publications @ 2016 American Chemical Society 5561

I, Br, H, etc.) bonds are even more rare,” which can be explained
by the following four reasons:

(1) the increased difficulty of oxidative addition of C(,3=X
(X =1, Br, CI) bond toward metal center;

(2) easier p-hydrogen elimination of the intermediate
complex;

(3) easyand fast nucleophilic substitution reaction of C(,3~X
(X = I, Br, CI) and amines with amines as the reaction
partner and also as the base; and

(4) the easier oxidation of amines under oxidative conditions.

Hence, the aminocarbonylation of C;
challenge.

On the other hand, copper salts have adva.ntages, including
being inexpensive and having low toxicity, which have been
extensively applied as catalysts and additives in organic
synthesis.” In some topics, such as oxidation reactions, the
catalysis behavior of copper catalyst is comparable or even better
then palladium catalysts." However, in the area of carbonylative
coupling transformations, the copper catalyst is still in its infancy,
while palladium catalysts are already matured. The few reports on
copper-catalyzed carbonylative coupling reactions are limited
with aryl iodides or diaryliodonium salts as the substrates.” In
addition, we recently extended to carbonylative coupling of
cycloalkanes with amides, which is stable under oxidative
conditions.'’ As our continuing interests on developing new
carbonylative coupling reactions and also been attracted by
copper catalysts, we wish to report here an interesting procedure
on copper-catalyzed aminocarbonylation of alkanes. With
amines as the reaction partners and copper as the catalyst, the

«3)—X bonds is remaining
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C(sp3)—H bond of simple alkanes were selectively carbonylated
and give the corresponding aliphatic amides in good yields
(Scheme 1, eq ).

Initially, we chose cyclohexane and aniline as the model
substrates in the presence of 20 bar of CO and the effects of
copper catalysts were tested (see Table 1, entries 1—9). Under

Table 1. Cu-Catalyzed Amide Synthesis: Optimization
Reaction Conditions”

Q

O + phny, 1Catal 1,10phen (10 mot) : | _
OTBP (1.5 equiv.), CO, 120°C
entry catalyst yie]db (%)
1 CuBr(Me,S) 19
2 Cufacac), 42
3 CuBr, 36
4 Cu(CH,CN),PF, 48
s Cu(CF,CO,), 18
6 Cul 27
7 CuCl 42
8 CuF, 67°
9 Cu(OTH), 24
10 Pd(0Ac), trace
ik CuF, 48
12° CuF, 26
13 CuF, 23
148 CuF, 54
15" CuF, 65

“Aniline (0.5 mmol), catalyst (10 mol %), ligand (10 mol %), DTBP
(0.75 mmol; 1.5 equiv), CO (50 bar), cyclohexane (1.5 mL), 24 h.
S elpl yields with hexadecane as the internal standard. “Isolated yields.
4CO (10 bar). “K,CO; (1 equiv). /CH,CO,H (1 equiv). 100 °C.
hCatalyst (5 mol %), ligand (5 mol %). 1,10-phen = 1,10-phenanthro-
line hydrate.

our former reaction conditions, only 19% of the desired N-
phenylcyclohexanecarboxamide can be produced (see Table 1,
entry 1). Nitrobenzene, nitrosobenzene, azobenzene, and other
noncharactable could be detected with the full conversion of
aniline. Nevertheless, these results proven our hypothesis and
encouraged us to move forward. In the other tested copper salts,
improved yields generally can be achieved and the best selectivity
can be obtained with CuF, as the catalyst (see Table 1, entry 8).
Excitingly, 67% of N-phenylcyclohexanecarboxamide was
isolated and with good reproducibility. In the case with
Pd(OAc), as the catalyst, only a trace of the desired amide can
be detected, together with the aniline oxidation byproducts
(Table 1, entry 10). In addition, in the absence of a copper
catalyst or ligand, no desired product can be observed. Screening
of other nitrogen ligands (pyridine, bipyridine, TMEDA,
DMEDA, DMPA, L-proline) revealed that 1,10-phenanthroline
hydrate is the most effective ligand for delivering the desired
amide product. We then tested the influences of reaction
temperature, additives, and CO pressure on this amino-
carbonylation reaction (Table 1, entries 11—15). Dramatically
decreased yields were observed when K,CO; or AcOH was
added into the reaction mixture (Table 1, entries 12 and 13;
yields of 26% and 23%, respectively). Interestingly, moderate
yields can still be obtained under lower CO pressure (10 bar; see
Table 1, entry 11), lower temperature (100 °C; see Table 1, entry
14), and lower catalyst loading (5 mol %; see Table 1, entry 15).
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It is meaningful to mention that full conversion of aniline could
be observed in all of the reactions performed.

With the optimized reaction conditions in hand, we examined
the scope of the reaction with a range of amines. As shown in
Table 2, various aliphatic amines were successfully applied. Good

Table 2. Cu-Catalyzed Carbonylative Synthesis of Aliphatic
Amides”

H
O/ * R'NH;

CuF; (10 mol%), 1,10-phen (10 mal%:)
DTEP (1.5 equiv.), CO (20 bar), 120 °C

1 2 3
Entry 2 Product Yieldlt!
0
1 N OXNW 80%
2 H
2a 3a
(8]
2 HN TN O)LHW B0%
2b b
0
e i Wi e
3 HN O)\ N 78%
& 3¢
NH, 2 /(
4 N 72%
H
2d 3d
[}
5 HQN/\]/ O)‘H’“‘-/ B6%
2e de
4]
HaN Nfl\
6 \( O)\H 91%
2f 3
0}
HaN
7 O : s
29 3g
s}
o L O -
2h ap

“2 (0.5 mmol), CuF, (10 mol %), 1,10-phen (10 mol %), DTBP (0.75
mmol), CO (20 bar), cyclohexane (1.5 mL), 120 °C, 24 h. Isolated
yields.

yields of the desired amides can be produced by reacting
pentylamine, hexylamine, and octylamine with cyclohexane
(Table 2, entries 1-3). Branched amines can be applied as
reaction partners as well and give the corresponding aliphatic
amides in good to excellent yields (Table 2, entries 4-8).
Cyclohexylamine and amantadine can provide the desired
amides in yields of 65%—68% (Table 2, entries 7 and 8).

To reveal the generality of this method, aniline and benzylic
amines were also tested (Table 3), these substrates are more
intended to be oxidized, compared with aliphatic amines tested.
To our delight, aniline was smoothly transformed into the
desired amide in 67% yield (Table 3, entry 1). Various benzyl
amines can be reacted as well and give the corresponding amides
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Table 3. Cu-Catalyzed Synthesis of Amides from Aromatic
and Benzyl Amines”

o}
H R
O/ 4 HN-g! CUF2(10mol%) 1.10-phen (10 mol%) N
: DTBP {1.5 equiv.), CO (20 bar), 120 °C H
1 2 3
Entry 2 3 Yielg!
H
N._.0
O
1 r B7%
2i 3
0
2 gNHz @ﬁuko 76%
H
3 3
H
3 N. 0 51%
NH3 3K
%
o]
JoR
H
al
21
cl cl
5 H
@TNHQ \©\(N 0 2
2m 5 3m
Br
} P \©\/H
6 | NH, N._0 53%
an
2n
o
7 N

3o
O
]
N
g\HJU 56%, (97% ee)
3p

#2 (0.5 mmol), CuF, (10 mol %), 1,10-phen (10 mol %), DTBP (0.75
mmol), CO (20 bar), cyclohexane (1.5 mL), 120 °C, 24 h. "Isolated
yields.

in moderate to good yields (Table 3, entries 2—8). For example,
(4-bromophenyl)-methanamine and 1-(4-chlorophenyl)ethan-
I-amine can successfully give the desired products, which are
ready for further modification via cross-coupling reactions.
Notably, an enantio-enriched substrate also can be applied and
one can maintain excellent chirality in the final product (Table 3,
entry 8).

In addition, alkane derivatives were tested under our standard
reaction conditions (Table 4). Cyclopentane and cycloheptane
worked well under our reaction conditions and give the
corresponding amides in yields of 57%—66% (Table 4, entries
1 and 2). Noncyclic alkanes were applied as well, and moderate
selectivity can generally be obtained. The reaction of 3-
ethylpentane occurred preferentially at secondary and primary
C—H bonds over the tertiary C—H bond (Table 4, entry 3). In
the case of using pentane and hexane as the reactants and
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Table 4. Cu-Catalyzed Synthesis of Amides from Alkanes”

o}
CuFy (10 mol%), 1,10-phen (10 molte) I r
RN

R&H + R'“NH;

DTBP (1.5 equiv.), CO (20 bar), 120°C H
1 2 3
Entry 1 3 Yield®
o]
1 O G)‘L EW 66%
2 3p
o]
- O g
2c 39
zi
3 > 52%
/\C /t\1 HW (21=1.75:1)
2d 3r
2 o
4 P e P "JJ\N N 599
1 H (2:1=2.75:1)
2e 3s
o]
5 e W S A A )LN SR T 60%
3 1 H (3:2:1=2.5:3:1)
A k|

“2 (0.5 mmol), CuF, (10 mol %), 1,10-phen (10 mol %), DTBP (0.75
mmol), CO (20 bar), alkane (1.5 mL), 120 °C, 24 h. "Isolated yields.

solvents, moderate to good yields of the corresponding amides
can be isolated with moderate selectivity (Table 4, entries 4 and
5). Remarkably, ~5% of the C3 product of pentane can be
detected in the crude NMR. Because of the low amount, we did
not isolate it.

In order to gain insight into the reaction mechanism, an
experiment with TEMPO was carried out and is shown in
Scheme 2. When 4 equiv of TEMPO were added to the standard

Scheme 2. Control Experiment
o]

i

reaction mixture, no desired amide product can be obtained. A
product from the reaction between cyclohexane and TEMPO
was found in GC-MS analysis.

Based on our results, a possible reaction mechanism is been
proposed (Scheme 3). The reaction started with a copper(II)-
catalyzed or thermal hemolytic cleavage of a peroxide to generate
the tert-butoxy radical, which reacts with cyclohexane and
sequential oxidation of the copper(Il) species to give the
Cu(III)-cyclohexane species B. Complex B then undergoes X
ligand exchange with amine to produce Cu(IlI) intermediate C
with alkyl and amine X ligands. Subsequent CO coordination and
insertion forms the intermediate D or D', which then afford the
final aminocarbonylation product E after reductive elimination,
along with a Cu(I) intermediate, which can be oxidized by the

CuF3 (10 mol%),1,10-phen (10 maol%)
DTBP (1.5 equiv.), CO (20 bar), 120°C
TEMPO (4 equiv.)

O + HZN/M;\"

Detected
by GC-MS
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Scheme 3. Proposed Reaction Mechanism

R‘J\RZ + DTBP
o 3
tBuO
Cuflly Rl’\Rz
tBuO \&
RS Ra >—cU “l}
—N" o C
Elll) H i
iy ‘/‘H\zN R3
)\Rz
Elll) c

tBuO radical to form the active Cu(Il) species for the next
catalytic cycle.

In conclusion, a novel copper-catalyzed aminocarbonylation
reaction of alkanes with amines has been developed. With copper
salt as the catalyst, various aliphatic amides were prepared in
good yields by carbonylative activation of the C y,5)—H bond of
alkanes. Notably, this is the first report on copper-catalyzed
aminocarbonylation reaction for aliphatic amides synthesis.

B GENERAL PROCEDURE

A 4 mL screw-cap vial was charged with CuF, (5.0S mg, 10 mol
%), 1,10-phenanthroline hydrate (9.9 mg, 10 mol %), aniline (0.5
mmol), cyclohexane (1.5 mL), and an oven-dried stirring bar.
The vial was closed, using a Teflon septum and phenolic cap, and
connected with atmosphere with a needle. After cyclohexane (1.5
mL) and DTBP (0.75 mmol) were injected by using a syringe,
the vial was fixed in an alloy plate and placed into Paar 4560 series
autoclave (500 mL) under argon atmosphere. At room
temperature, the autoclave is flushed with carbon monoxide for
three times and 20 bar of carbon monoxide was charged. The
autoclave was placed on a heating plate equipped with magnetic
stirring and an aluminum block. The reaction is allowed to be
heated under 120 °C for 24 h. Afterward, the autoclave is cooled
to room temperature and the pressure was carefully released.
After the removal of solvent under reduced pressure, pure
product was obtained by column chromatography on silica gel
(eluent:pentane/ethyl acetate ratio of 10:1).
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Esters are important chemicals widely used in various areas,
and alkoxycarbonylation represents one of the most powerful
tools for their synthesis. In this communication, a new copper-
catalyzed carbonylative procedure for the synthesis of aliphatic
esters from cycloalkanes and alcohols was developed. Through
direct activation of the C,.—H bond of alkanes and with alco-
hols as the nucleophiles, the desired esters were prepared in
moderate-to-good yields. Paraformaldehyde could also be ap-
plied for in situ alcohol generation by radical trapping, and
moderate yields of the corresponding esters could be pro-
duced. Notably, this is the first report on copper-catalyzed al-
koxycarbonylation of alkanes.

Transition-metal-catalyzed carbonylative transformation s
a powerful class of methodologies for the synthesis of carbon-
yl-containing chemicals, extending the carbon chain and intro-

do
cl
@0
s

ducing a synthetically versatile carbonyl group." However,
a look at the literature shows that most of the known proce-
dures either require a noble metal as the catalyst or use (pseu-
do)aryl halides and their analogues as starting materials.
Owing to the high price of noble-metal catalysts and the tedi-
ous substrate pre-activation and preparation steps, alternative
procedures are desirable. Recently, C,,.—H activation and func-
tionalization has attracted much attention from the synthetic
community. Carbonylative activation of C,,:—H bonds with the
assistance of directing groups has also been reported with pal-
ladium or ruthenium as the catalyst>® Among transition-
metal catalysts, copper salts hold many advantages, including
low price and low toxicity.” The exploration of copper cata-
lysts in carbonylative transformations is therefore attractive
from the point of view of both academic and industrial appli-
cations.”

(@]
Plavix Tricor Flovent HFA
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Scheme 1. Selected examples of bioactive esters.
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Esters are naturally occurring and important intermediates
and building blocks for pharmaceutical and natural products.”
Selected examples of bioactive esters are shown in
Scheme 1.7 Plavix is a thienopyridine-class antiplatelet agent
used to inhibit blood clots in coronary artery disease, peripher-
al vascular disease, cerebrovascular disease, and to prevent
heart attack and stroke. Tricor is a drug for the fibrate class.
Flovent HFA is used to treat asthma, allergic rhinitis, nasal
polyps, various skin disorders, Crohn’s disease, and ulcerative
colitis. Tamiflu is an antiviral medication used to treat influenza

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Screening of the reaction conditions.”’
CuCl, (10 mol%) u

1,10-Phen {10 mol%) o it i e 8
DTEP (1.5 equiv.)
CO (20 bar) 3a
120°C

O~

Entry Variation from the standard conditions Yield®™ [%]
1 without catalyst and ligand trace
2 - 85 (78)
i CuBr(Me,S) 75
4 Cu(CH,CN),BF, 34
5 1.0 equiv. DTBP 58
6 TBHP instead of DTBP trace
7 5 mol % CuCl, and 1,10-phen 84
8 10 instead of 20 bar a3
9 2,2"-bipyridine instead of 1,10-phen 64

10 PPh, (20 mol %) instead of 1,10-phen 46

[a] 1-Octanol (0.5 mmol), catalyst (10 mol%), ligand (10 mol%), DTBP
(0.75 mmol), 20 bar CO, cyclohexane (2 mL), 24 h. [b] NMR yields deter-
mined using mesitylene as the internal standard. [c] Isolated yield in pa-
rentheses.

CHEM:® " 5CHEM
Communications

pyridine or PPh, as the ligand (Table 1, entries9 and 10).
Taking the results of this screening into consideration, we used
10 mol% CuCl, and 1,10-phenanthroline together with DTBP
(1.5 equiv.) at 20 bar CO for further studies.

With the optimized reaction conditions in hand, we exam-
ined the scope of the reaction with a range of alcohols. As
shown in Table 2, various alcohols were studied. We tested dif-
ferent aliphatic alcohols at the first stage, and moderate-to-
good yields of the desired products could be produced in all
cases under standard conditions. Not only primary alcohols,
but also secondary and tertiary alcohols were applicable, and
the reactions with tert-butanol and 4-heptanol afforded good
isolated yields of the products (Table 2, entries 8 and 9; 63 and
73% yield, respectively). To further explore the applicability of
alcohols, phenyl-substituted substrates were studied subse-
quently (Table 2, entries 11-17). The reactions of benzyl alco-
hol, phenethyl alcohol, and 3-phenyl-1-propanol with cyclohex-
ane afforded the desired products in 81, 87, and 86% yield, re-
spectively (Table 2, entries 11-13). To study the generality of
this method, other kinds of alcohols were also tested. 2-Phe-

A and influenza B (flu), and to prevent flu after expo-

Table 2. Copper-catalyzed carbonylative synthesis of esters.”

sure, With this background, we report here the first CuCl, (10 mol%) 0
example of copper-catalyzed alkoxycarbonylation of O % R-gH RHEpheTLlY mf’l%)= ())LO*R
alkanes with alcohols through C—H activation. Mod- . - DT%F;)(:‘;;(:;"V‘) %
erate-to-good yields of the desired esters can be ob- '
tained. Additionally, paraformaldehyde can also be By Aleohel T Yield® (%]
applied for in situ alcohol generation by radical trap-
ping, and affords moderate yields of the correspond- . PPN i NSNS ”
ing esters. [ ]
Initially, we chose cyclohexane and 1-octanol as o
model substrates to establish the carbonylation pro- 2 ANNoH OJLOM 54
cedure. Upon variation of reaction conditions, differ-
ent product yields could be obtained (Table 1). o
Among the different tested metal-catalyst precursors 3 AN O)L S 74
(Table 1, entries 1-4), CuCl, showed the best results
. . . =]
(85% NMR yte.ld, 78%.|:.;0Iated yield; Table. 1, entry '2). . A e o
Lower reaction efficiency was obtained with (J
CuBr(Me,S) or Cu(CH,CN),BF, as the catalyst (Table 1, 5
entries 3 and 4). Only traces of the desired product 5 /\Jﬁlg/\QH O)Lof\.kié/\ 91
could be obtained in the absence of a catalyst
(Table 1, entry 1). The amount and usage of di-tert- 0
butyl peroxide (DTBP) played an important role in 6 oH O)LO’Y\ 81
this reaction. If we decreased the amount of DTBP
[+]

from 1.5 to 1 equiv., only 58 % of the desired product
was obtained, and no ester was produced with tert-
butyl hydroperoxide solution (TBHP, 70 wt% in H,0O;
Table 1, entries 5 and 6). To our delight, no significant
variation of yield was observed with decreased load-
ing of catalyst and ligand (Table 1, entry 7). The pres-
sure of CO could also be decreased to 10 bar
(Table 1, entry 8); however, the yield decreased upon
further decrease of the CO pressure (2 bar, 32%
yield). Finally, two different ligands were studied in-
stead of 1,10-phenanthroline (1,10-phen), and lower

o’w 87

()j.l‘olk 63
Oﬁof,\ .

a
GEe -

reaction efficiency was obtained with either 2,2'-bi-
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) sequential oxidation of the copper(ll) species to
Table 2. (Continued) 3
afford the copper(lll)-cyclohexane species D. Then,
Entry  Alcohol Product Yield™ [%] complex D reacts with alcohols to produce copper(-
o ) intermediate E. Subsequent CO insertion forms
" @"0” O)‘Lo'\© a1 the intermediates F or G, which then afford the final
carbonylation product after reductive elimination.
Fi 0 /\/@ The concomitantly formed copper(l) reacts with radi-
12 @N O)J‘o 87 cals and regenerates the active copper(ll) species for
the next catalytic cycle. The radical nature of this re-
i g action was proven by experiments with (2,2,6,6-tet-
13 @f\/\ O)LO’\/\© 86 ramethylpiperidin-1-yljoxyl (TEMPO). The reaction
was totally inhibited by the addition of 2 or 4 equiv.
5 ©)\_,QH i 07@ & TEMPO to the standard conditions.
CJ In conclusion, a new copper-catalyzed alkoxycar-
bonylation of alkanes with alcohols was developed.
- - With copper salt as the catalyst, various esters were
prepared in moderate-to-good yields through
C,»—H bond activation of alkanes. Paraformaldehyde
s 3 could also be applied for in situ alcohol generation
by radical trapping, and moderate yields of the cor-
responding esters could be produced. Notably, this
is the first report on copper-catalyzed alkoxycar-
L a2 bonylation of alkanes.
Experimental Section
18 61 General procedure A
A 4mL screw-cap vial was charged with CuCl, (6.7 mg,
10 mol%),  1,10-phenanthroline  hydrate (9 mg,
10 mol %), and an oven-dried stirring bar. The vial was
[a] Alcohol (0.5 mmol), CuCl; (10 mol%]), 1,10-phen (10 mol%), DTBP (0.75 mmol), CO closed with a Teflon septum and phenolic cap and con-
(20 bar), cyclohexane (2 mL), 120°C, 24 h. [b] Isolated yields. nected to the atmosphere with a needle. After cyclohex-

nylpropan-1-ol afforded a good result with 82% yield. Interest-
ingly, if (perfluorophenyl)methanol was used in this reaction,
an excellent yield was obtained (Table 2, entry 17). Importantly,
cholesterol, an essential structural component of all animal cell
membranes, reacted smoothly with cyclohexane and afforded
the desired product in 61% isolated yield (Table 2, entry 18).

Furthermore, some alkane derivatives were tested, and the
results are listed in Table 3. Cyclopentane and cycloheptane re-
acted smoothly under the standard reaction conditions
(Table 3, entries 1 and 2). Good vyields of the corresponding
esters were isolated (72 and 719%, respectively). Pentane and
hexane were also tested under the same conditions, and a mix-
ture of different regioselective products was obtained (Table 3,
entries 3 and 4).

To further explore the applicability of this reaction in aliphat-
ic ester synthesis, we used paraformaldehyde for in situ alcohol
generation by radical trapping and obtained the desired prod-
ucts in 52 and 51% yield, respectively (Scheme 2)® In these
cases, no addition of alcohol was required.

Based on our results, a possible reaction mechanism is pro-
posed (Scheme 3). The reaction starts with a copper(ll)-cata-
lyzed or thermal hemolytic cleavage of a peroxide to generate
the tert-butoxy radical, which reacts with cyclohexane under
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Table 3. Copper-catalyzed alkoxycarbonylation of alkanes.™
CuCl; (10 mol%) o)
kare OH 1,10-Phen (10 mol%) _ RJLO
DTBP (1.5 equiv.) /\©
1 2 CO, 120°C 3
Entry Alkane Product Yield™ [9]
o]
1 O dLo’\© 72
0
OIS a8 >R
0
2 )L
3 P /\.{*\1 0’\@ 5gi
0
2 )'L
4 NN V\:';/ < 0"@ 5l
[a] Benzyl alcohol (0.5 mmol), CuCl, {10 mol%), 1,10-phen (10 mol%),
DTBP (0.75 mmol), 20 bar CO, alkane (2 mL), 120°C, 24 h. [b] Isolated
yields. [c] The ratio was determined by 'H NMR (C1/C2/C3=1.15:2.92:1).
[d] Mixture.
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CuCl; (10 mol%)

0
0 : 4
- O g ( )it 1,10-Phen (10 mol%) o " -
H” “H/p, DTBP (1.5 equiv.), CO (20 bar)

120°C

CuCls (10 mol%)
1,10-Phen (10 mol%

) =

@ O 2 (HiH)n

Scheme 2. Using paraformaldehyde for in situ generation of alcohols.

R1™NR2 + DTBP

; |
R! _R?
\H’I\o BuO*

R? 54
N cu(lly o o
c
tBuO’
:
\lj\ R R' _omu

u

Cu—Q or RZ “CO O AN}
gz () gs (11 R D

F G
3
R! HO‘R
cO R3O"'-CL|)\R2
(1 BuOH

Scheme 3. Proposed reaction mechanism.

ane (2 mL), DTBP (0.75 mmol), and alcohol (0.5 mmol) were inject-
ed by syringe, the vial was fixed in an alloy plate and placed in
a Parr 4560 series autoclave (300 mL) under argon atmosphere. At
room temperature, the autoclave was
flushed with CO three times and charged with 20 bar CO. The au-
toclave was placed on a heating plate equipped with magnetic
stirring and an aluminum block. The reaction was heated at 120°C
for 24 h. Afterwards, the autoclave was cooled to room tempera-
ture and the pressure was carefully released. After removal of the
solvent under reduced pressure, the pure product was obtained by
column chromatography on silica gel (eluent: pentane/ethyl ace-
tate=100:1).

General procedure B

A 4 mL screw-cap vial was charged with CuCl, (6.7 mg, 10 mol%),
1,10-phenanthroline hydrate (9 mg, 10 mol%), paraformaldehyde
(15 mg, 0.5 mmol), and an oven-dried stirring bar. The vial was
closed with a Teflon septum and phenolic cap and connected to
the atmosphere with a needle. After cyclohexane (2 mL) and DTBP
(0.75 mmol) were injected by syringe, the vial was fixed in an alloy
plate and placed in a Parr 4560 series autoclave (300 mL) under
argon atmosphere. At room temperature, the autoclave was
flushed with CO three times and charged with 20 bar CO. The au-
toclave was placed on a heating plate equipped with magnetic
stirring and an aluminum block. The reaction was heated at 120°C

ChemSusChem 2017, 10, 1341 -1345 www.chemsuschem.org

DTBP (1.5 equiv.), CO (20 bar)
120°C

1344

for 24 h. Afterwards, the autoclave was cooled to room tempera-
ture and the pressure was carefully released. After removal of the
solvent under reduced pressure, the pure product was obtained by
column chromatography on silica gel (eluent: pentane/ethyl ace-
tate=100:1).

Acknowledgements

The authors thank the Chinese Scholarship Council for financial
Support. The analytic supports of Dr. W. Baumann, Dr. C. Fisher,
S. Buchholz, and S. Schareina are gratefully acknowledged. We
also appreciate the general support from Prof. Matthias Beller in
LIKAT.

Keywords: alcohols - alkanes -

catalyst - esters

carbonylation - copper

[1] For selected recent reviews on carbonylation, see: a) X. F Wu, H. Neu-
mann, M. Beller, Chem. Rev. 2013, 713, 1-35; b} X, F. Wu, H. Neumann, M.
Beller, Chem. Soc. Rev. 2011, 40, 4986-5009; c) X.-F. Wu, H. Neumann,
ChemCatChem 2012, 4, 447-458; d)Q. Liu, H. Zhang, A. Lei, Angew.
Chem. Int. Ed. 2011, 50, 10788-10799; Angew. Chem. 2011, 123, 10978 -
10989; e) X. F. Wu, H. Neumann, M. Beller, ChemSusChem 2013, 6, 229-
241; f) C. H. Schiesser, U. Wille, H. Matsubara, I. Ryu, Acc. Chem. Res. 2007,
40, 303-313; g)S. Sumino, A. Fusano, T. Fukuyama, |. Ryu, Acc. Chem.
Res. 2014, 47, 1563-1574; h) B. Gabriele, R. Mancuso, G. Salerno, Eur. J.
Org. Chem. 2012, 6825-6839; 1) S. D. Friis, A, T. Lindhardt, T. Skrydstrup,
Acc. Chem. Res. 2016, 49, 594-605; j) X. . Wu, RSC Adv. 2016, 6, 83831 -
83837; k) J.-B. Peng, X. Qi, X.-F. Wu, ChemSusChem 2016, 9, 2279-2283.
a) E. J. Yoo, M. Wasa, J.-Q. Yu, J. Am. Chem. Soc. 2010, 132, 17378-17380;
b) S. Li, G. Chen, C.-G. Feng, W. Gong, J.-Q. Yu, J. Am. Chem. Soc. 2014,
136, 5267 -5270; c) A. McNally, B. Haffemayer, B. S. L. Collins, M. J. Gaunt,
Nature 2014, 510, 129-133; d) N. Hasegawa, V. Charra, S. Inoue, Y. Fuku-
moto, N. Chatani, J. Am. Chem. Soc. 2011, 133, 8070-8073; e) G. Liao, X.
Yin, K. Chen, Q. Zhang, S. Zhang, B. . Shi, Nat. Commun. 2016, 7, 12901 -
12909; f) B. Sundararaju, M. Achard, G. V. M. Sharma, C. Bruneau, J. Am.
Chem. Soc. 2011, 133, 10340-10343.
a) P. Xie, C. Xia, H. Huang, Org. Lett. 2013, 15, 3370-3373; b) P. Xie, Y. Xie,
B. Qian, H. Zhou, C. Xia, H. Huang, J. Am. Chem. Soc. 2012, 134, 9902~
9905; ¢) H. Liu, G. Laurenczy, N. Yan, P.J. Dyson, Chem. Commun. 2014,
50, 341-343; d)I. Ryu, A. Tani, T. Fukuyama, D. Ravelli, M. Fagnoni, A.
Albini, Angew. Chem. Int. £d. 2011, 50, 1869-1872; Angew. Chem. 2011,
123, 1909-1912; e) M. Okada, T. Fukuyama, K. Yamada, I. Ryu, D. Ravellj,
M. Fagnoni, Chem. Sci. 2014, 5, 2893-2898; f) L. Lu, R. Shi, L. Liu, J. Yan,
F. Lu, A. Lei, Chem. Eur. J. 2016, 22, 14484-14488; g)Y. Fujiwara, K.
Takaki, J. Watanabe, Y. Uchida, H. Taniguchi, Chem. Lett. 1989, 18, 1687 -
1688.
5. E. Allen, R. R. Walvoord, R. Padilla-Salinas, M. C. Kozlowski, Chem. Rev.
2013, 1713, 6234 -6458.
[5] a)J. M. Liu, R. Z. Zhang, 5. F. Wang, W. Sun, C. G. Xia, Org. Lett. 2009, 11,
1321-1324; b) P.J. Tambade, Y.P. Patil, N.S. Nandurkar, B. M. Bhanage,
Synlett 2008, 886 -888; c) Y. Li, K. Dong, F. Zhu, Z. Wang, X.-F. Wu, Angew.

[2

W
=

[4

=

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



CHEM:SUSCHEM

{®»ChemPubSoc o
B Europe Communications

Chem. Int. £d. 2016, 55, 7227-7230; Angew. Chem. 2016, 128, 7343 - [7]1 N.A. McGrath, M. Brichacek, J. T. Njardarson, J Chem. Educ. 2010, 87,

7346; d)Y. Li, F. Zhu, Z. Wang, X.-F. Wu, ACS Catal. 2016, 6, 5561 -5564; 1348-1349.
e}5-K. Kang, T. Yamaguchi, T-H. Kim, P-S5. Ho, J Org. Chem. 1996, 61, [8] a)W. Li, X. F. Wu, Adv. Synth. Catal. 2015, 357, 3393 -3418; b) T. Kawamo-
9082 -9083. to, T. Fukuyama, . Ryu, J. Am. Chem. Soc. 2012, 134, 875-877.

a) Esterification: methods, reactions, and applications (Ed.: J. Otera), Wiley-
VCH, Weinheim, 2010; b) K. Ekoue-Kovi, C. Wolf, Chem. Eur. J. 2008, 14,
6302-6315; ¢) D. Milstein, Top. Catal. 2010, 53, 915-923; d)S. Tang, J,.  Manuscript received: November 4, 2016

Yuan, C. Liu, A. Lei, Dafton Trans. 2014, 43, 13460-13470; e) H. Miyamura, ~ Revised: November 25, 2016

S. Kobayashi, Acc. Chem. Res. 2014, 47, 1054-1066; f} B. Liu, F. Hu, B.F. Accepted Article published: November 29, 2016
Shi, ACS Catal. 2015, 5, 1863 -1881. Final Article published: December 21, 2016

s

ChemSusChem 2017, 10, 1341 -1345 www.chemsuschem.org 1345 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Summary

3.4 An unexpected copper-catalysed carbonylative acetylation of amines

Yahui Li, Changsheng Wang, Fengxiang Zhu, Zechao Wang, Jean Francois Soule, Pierre H. Dixneuf, and

Xiao-Feng Wu*

Chem. Commun., 2017, 53, 142--144

Author contributions:

Dr. Xiao-Feng Wu, Yahui Li and Changsheng Wang conceived and developed this project. Dr. Xiao-Feng
Wu and Yahui Li wrote the manuscript with revisions provided by Pierre H. Dixneuf, Jean Francois

Soule, Fengxiang Zhu, Zechao Wang. My contribution as co-author of this paper is approximately 80%.

54



Published on 01 December 2016. Downloaded on 6/14/2018 1:52:22 PM.

ChemComm

COMMUNICATION

CrossMark

& click for up<iates

ROYAL SOCIETY
QF CHEMISTRY

View Article Online
View Journal | View Issue

An unexpected copper-catalyzed carbonylative

acetylation of amines¥

Cite this: Chemn. Commun., 2017,
53, 142

Received 8th Novernber 2016,
Accepted Ist December 2016

DOI: 10.1039/c6cc08929a

www.rsc.org/chemcomm

A novel copper-catalyzed carbonylative acetylation of amines has
been developed. With peroxide as the oxidant as well as the methyl
source with a copper catalyst under CO pressure, good yields of
N-acetyl amides could be obtained. Notably, this is the first example
of carbonylative acetylation.

The acetylation of amine is one of the fundamental transforma-
tions in organic chemistry.! Additionally, its importance has also
been verified by the numerous applications in pharmaceutical and
agricultural industries.” Traditionally, the acetylation of amines
usually took place with acetic acid/acetic anhydride/acetyl chloride
under either basic or acidic conditions (Scheme 1, eqn (a)).?
Although acetylation with acetic acid represents the most straight-
forward procedure, however from the acetic acid synthesis point of
view, acetic acid is mainly produced via a carbonylation procedure
(Cativa process and Monsanto process). With methanol as the
starting material under CO pressure and with Ir or Rh catalysts,
acetic acid is produced in million of tonnes per year. According to
retrosynthetic analysis,” it should be possible and interesting to

(a) Traditional procedure &

Catal
AcOH + RNH, B SR L

N
H
HI CO, IrorRh
MeoH—.-|Mel|4+

(b) This work
007N 4 RN L8220 L A j\

R" H R
Oxidant

Scheme 1 Acetylation methodologies.
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142 | Chem. Commun, 2017, 53, 142-144

Yahui Li,+* Changsheng Wang,1° Fengxiang Zhu,” Zechao Wang,?
Jean Francois Soulé,” Pierre H. Dixneuf® and Xiao-Feng Wu*®

realize the application of carbonylation in acetylation. Nevertheless,
the choice of the methyl source is a challenge. With methy! iodide
(the intermediate in the Cativa process by the reaction of MeOH
with HI) as the methyl source, the methylation of amines via the
nucleophilic substitution reaction between Mel and amines is
much faster; with MeOH as the methyl source, the needed HI is
not compatible with amines. Hence, no carbonylative acetylation
has been developed to date.

On the other hand, transitional metal-catalyzed carbonylative
transformations have already become a powerful toolbox in
modern organic synthesis.” With noble metals as the catalysts,
CO can be easily introduced into the parent molecules. Taking
into consideration the high price of noble metals and the required
phosphine ligands, the exploration of non-noble catalysts for this
area is a challenge and will be interesting. By looking at the
catalytic behaviours and their advantages, copper catalysts will be
a good option.” Indeed, copper catalysts are rarely applied in

Table 1 Optimization of reaction conditions®

CuF3 (10 mal%) o}
AN, ¢ 0O 1,10-Phen (10 mol%) WNJK
CO (40 bar), DCP, 140 °C, PhCI H
Entry Variations from the standard conditions vield” (%)
1 — 79
2 Without CuF, Trace
3 Without 1,10-phen Trace
4 CuBr{Me,S) instead of CuF, 31
5 2,9-Dimethyl-1,10-phenanthroline instead 61
of 1,10-phen
6 4,4'-Di-tert-butyl-2,2'-dipyridyl instead 52
of 1,10-phen
7 100 °C, 20 bar CO 48
§ 120 °C, 20 bar CO 55
9 20 bar CO 67
10 DTBP instead of DCP 56
11 TBHP instead of DCP 0

“1-0ctanamine (0.5 mmol), catalyst (10 mol%), ligand (10 mol%),
1 mmol DCP, 40 bar €O, PhCl (2 mL), 24 h. * Isolated yields, the yields
were calculated based on the amount of amine used. TBHP: t-butyl
hydroperoxide solution 70 wt% in H,0. DCP: dicumyl peroxide. DTBP:
di-tert-butyl peroxide. 1,10-phen: 1,10-phenanthroline hydrate.

This journal is @ The Royal Society of Chemistry 2017
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carhonylation reactions.*® We recently studied the application
of copper catalysts in carbonylative transformations of alkanes
with amines and amides.” With copper as the catalyst and DTBP
{di-tert-butyl peroxide) as the oxidant, amides or imides can he
produced effectively from the corresponding alkanes and amines
or amides. Interestingly, in some cases, acetylation of amine was
observed during the optimization process. Under thermal condi-
tions or in the presence of a metal catalyst, peroxides could
decompose into the corresponding alkoxy radical, which could
give a methyl radical through B-scission of the alkoxy radical."” In the
analysis of the reaction conditions, we realized that the methyl group
is from DIBP and trapped by CO to give the acetyl group. With the

Table 2 Cu-Catalyzed carbonylative acetylation of amines®

CuF3 (10 mol%) o]
1,10-Phen (10 mol%) re JL

R-NH; + CO N
GO (40 bar), DCP, 140 °C, Ph H

Entry  R-NI, Product Yield® (%)

1 )N.iz j\k 80

iH/Y 71

N 77
[0}
N
'd 79
Q

90

o

xr
5
=

RS
B

NH
: 65

A
/@’Luﬁ\ 60
@luj\ 7s

=3

398

10
11 /@’L NH; B O H(N_<0 74
Br
o
12 NH, HJK 72
NH, ]
i3 ©/\/ ©/\/ \rr a1
0
! Vg
14

@Aﬁk 80

“ Amine (0.5 mmol), CuF, (10 mol%)}, 1,10 Ehen (10 mol%), 1 mmol
DCP, 40 bar CO, PhCI (2 mL), 140 °C, 24 h Isolated yields; the yields
were calculated based on the amount of amine used.

=
T
5

This journal is@ The Roval Society of Chemistry 2017

View Article Online

ChemComm

awareness of the impontance of acetylation reactions and also the
academic meaningfulness of using peroxide as a methyl source
in carbonylation, we focused on this transformation {Scheme 1,
eqn {h]). In this procedure, peroxide acts both as an oxidant and a
methyl source to give the first example of carbonylative acetylation.

With 1-octanamine as the model substrate, we established
this catalytic system. With dicumyl peroxide™
as well as the methyl source, using CuF, {10 mol%) and 1,10-
phenanthroline hydrate {1,10-phen., 10 mol%) as the catalyst
system in chlorobenzene under CO pressure at 140 °C, 79% of
N-octylacetamide can be isolated (Table 1, entry 1). Only a trace
amount of acetamide can be detected in the absence of copper
or a ligand (Table 1, entries 2 and 3). A decreased reaction
efficiency was observed upon catalyst or ligand variation
(Table 1, entries 4-6). And decreasing the reaction temperature
or CO pressure resulted in decreased yields of acetamide
{Table 1, entries 7-9). DTBP is shown to be a suitable reagent
as well, 56% of N-octylacetamide was isolated {Table 1, entry 10);
while no product could be detected with TBHP as the reagent
(Table 1, entry 11).§

With the best reaction conditions in hand {Table 1, entry 1),
we performed substrate testing of this novel procedure {Table 2).
Good to excellent vields of acetamide can be produced with the
tested alkyl amines (Table 2, entries 1-6}.

Benzylic and other aromatic substituted amines are proven
to be suitable substrates as well; moderate to good yields can be
ohtained in general (Table 2, entries 7-14). The chirality of the
starting amine was retained, and a good yield of the acetylated
product can be isolated {Table 2, entry 14). Additionally, aniline
was tested as well. Around 30% of N-phenylacetamide was
obtained together with aniline-oxidized products.

Based on our results, a possible reaction mechanism is proposed
(Scheme 2). The reaction starts with a copper(u)-catalyzed or thermal
hemolytic cleavage of a peroxide to generate the corresponding
alkoxy radical. A methyl radical is generated through frscission of
the alkoxy radical, which reacts with the copper{n) species to give the
corresponding Cu(m)-methyl species A. Then complex A reacts with
the amine through X ligand exchange to produce the Cu{m) inter-
mediate B. Then the insertion of CO forms the intermediate C or ¢,

as the oxidant

RXO\OJQ : i R>r

RJK
)/ ) \K
r

R"CJ)-kO

X
—cu(ny

A

C
(“‘i' (i H
c ¢
RNH;
B B
co HN‘?uwu XH

Scheme 2 Proposed reaction pathway.
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which will give the final carbonylation product after reductive
elimination. Meanwhile, the formed Cu{t} intermediate reacted
with the alkoxy radical to produce Cu(n) species for the next
catalytic cycle.

In conclusion, an interesting copper-catalyzed carbonylative
acetylation of amine has been developed. With peroxide as the
oxidant as well as the methyl source, good yields of N-acetyl
amides were formed from the corresponding amines. Notably,
this is the first example of carbonylative acetylation.

The authors thank the Chinese Scholarship Council for
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Dr C. Fisher, 8. Buchholz, and S. Schareina is gratefully acknowl-
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with carbon monoxide thrice and 40 bar of carbon monoxide was charged.
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Practical and General Manganese-Catalyzed Carbonylative
Coupling of Alkyl lodides with Amides

Yahui Li,”’ Fengxiang Zhu,”™ Zechao Wang,” Jabor Rabeah,” Angelika Briickner,””’ and

*[b]

Xiao-Feng Wu

A selective manganese-catalyzed carbonylative transformation
of alkyl iodides and amides was developed. A variety of imides
were prepared in moderate to good yields. Alkyl bromides
could also be applied by in situ treatment with Nal to give the
corresponding alkyl iodides. Notably, no additives or expensive
ligands were required here. As the first example of the carbon-
ylative coupling of alkyl iodides with amides, the simple reac-
tion conditions and the advantages of a manganese catalyst
make this new general procedure more attractive and practical
than conventional techniques. Mechanistically, control experi-
ments and electron paramagnetic resonance spectroscopy
studies were also performed, and the radical nature of this
new process was proven.

Imides are produced as important intermediates in the bulk-
and fine-chemical industries. They are used as detergents,
pharmaceutical intermediates, and agrochemicals, and they are
also found in various bioactive molecules.” Selected examples

of valuable imide compounds are shown in Scheme 1,
o
NH; o 5 OY
& NH HH S N
e | 5 N o) N~ Y
& o ‘-‘( A o
[#] ° o
Pioglitaz:
foglitazone Lenalidomid TAED 4303
Y=o o g r
N N ol N
N’ o ~o B \)LN’*O
(o) \O | ~o
O /
Dermagan Formothion Aniracetam

Scheme 1. Selected examples of bioactive imides derivatives.

including pioglitazone (Actos),” which is a prescription
drug to treat diabetes; lenalidomide (Revlimid),”? which is
intended as a treatment for multiple myeloma;
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tetraacetylethylenediamine (TAED), which is used as a peroxide
bleach activator in detergents;™ diacetazotol (Dermagan),
which stimulates wound epithelization; formothion, which is
a chemical compound used in acaricides and insecticides; and
aniracetam (Ampamet), which is an anxiolytic drug.* Tradi-
tional procedures for the synthesis of imides are based on the
nucleophilic substitution of activated carboxylic acid deriva-
tives such as acid chlorides and anhydrides with amides in the
presence of base or acid under cautious conditions.”! Owing to
the availability and stability of the substrates applied and also
limitations on the functional-group tolerance, the development
of new methodologies for imides synthesis are still in demand.

Transition-metal-catalyzed carbonylative transformations
have found tremendous applications in the synthesis of a wide
range of carbonyl-containing chemicals.”! Carbonylation reac-
tions involving the use of carbon monoxide (CO) as one of the
cheapest C, building blocks continues to attract the interest of
organic chemists in academic and industrial areas. In the past
decades, many of the achievements on this topic have in-
volved noble-metal-catalyzed carbonylative transformations of
aryl halides with various nucleophiles. More specifically, cata-
lysts based on palladium, ruthenium, and rhodium have been
extensively explored; nucleophiles such as alcohols and
amines are more frequently applied.”’ Additionally, free-radical
carbonylation in the presence of various radical initiators is
also well established.® In general, as one of the most impor-
tant intermediates and building blocks in organic synthesis,
the development of new reactions that employ amides as reac-
tants is worth pursuit. However, owing to the low nucleophilic-
ity of amides, reports on their applications in carbonylative
coupling reactions are very much limited. In 2002, Indolese
and Schnyder reported an interesting method for the palladi-
um-catalyzed carbonylative coupling of aryl bromides with pri-
mary amides to the corresponding aromatic imides [Scheme 2,
Eq. (1)].7% Recently, Beller's group succeeded in using amides
as reaction partners for hydroamidocarbonylation with alke-
nes.”™ Various imides were produced in good yields with palla-
dium as the catalyst [Scheme 2, Eq.(2)]. More recently, our
group reported a novel copper-catalyzed carbonylative cou-
pling of alkanes with amides by C(sp®)—H activation [Scheme 2,
Eq. (3)].79 Moderate to good yields of the desired aliphatic
imides were obtained. Nevertheless, upon using linear (noncy-
clic) alkanes, regioselectivity between C1, C2, and C3 became
a challenge. Theoretically, such a problem could easily be re-
solved by using the corresponding alkyl halides as the sub-
strates. However, because of the limited ability of transition-
metal catalysts in C(sp®)—H (X =1, Br, etc.) bond activation, the

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Carbonylation reactions with amides as the reaction partners
(10 bar =1 MPa). DPEPhos = bis[2-{(diphenylphosphino)phenyl] ether; 1,10-
phen = 1,10-phenanthroline; DTBP = di-tert-butyl peroxide.

carbonylative coupling of alkyl halides with amides is still
a challenge that needs to be overcome [Scheme 2, Eq. (4)].

On the other hand, manganese salts are abundant, cheap,
and environmentally benign. In organic synthesis, manganese
salts have been extensively applied as catalysts in the prepara-
tion of fine and bulk chemicals.™ To our surprise, reports on
the use of manganese catalysts in carbonylative transforma-
tions are still limited.” Taking all of the above-discussed chal-
lenges into consideration and on the basis of our continued re-
search interests, we report here the first examples of the car-
bonylation of alkyl iodides with amides. With manganese as
the catalyst, various imides were prepared in good yields from
ready available alkyl halides and amides. Excellent selectivities
and functional-group tolerance were observed in the new
procedure.

To start, we chose 1-iodobutane and caprolactam as the
model substrates to establish this new carbonylation proce-
dure. Upon varying the reaction conditions, different reaction
outcomes were obtained (Table 1). Among the different metal
catalyst precursors (Table 1, entries 1-6), Mn,(CO),, showed the
best result (77% vyield; Table 1, entry 6). Notably, Pd{OAc),,
a powerful catalyst in the carbonylative transformation of aryl
halides, did not give any trace of the desired product (Table 1,
entries 3). Among the other tested manganese salts, no reac-
tion occurred with MnCl,, MnF,, or Mn{acac), (acac =acetyla-
cetonate) as the catalyst, and the desired imide was obtained
in 65% yield with Mn{CO);Br as the catalyst. Subsequent opti-
mization studies were focused on using Mn,{(CO),, as the cata-
lyst, and various solvents were checked (Table 1, entries 7-13).
Good yields were obtained with benzotrifluoride and THF as
the solvents. Then, fine-tuning was performed with PhCF; as
the solvent (Table 1, entries 14-17). The pressure of CO would
be decreased to 15 bar without losing reaction efficiency, and
this result was obtained at 80°C. At that stage, we found that
the combination of Mn,(CO),, (3 mol%) and K,CO, (2 equiv.) in
PhCF; at 80°C under CO pressure {15 bar) resulted in the isola-
tion of the desired imide in 85% yield {Table 1, entry 16).
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Table 1. Screening of the reaction conditions.”
(0] O o
e HN: ) Catalyst \/\)Lab
KCO5 (2 eq.), CO
1a 2a 3a

Entry Catalyst Solvent Yield [96]"™
1 MnF, benzotrifluoride -
2 MnCl, benzotrifluoride -
3 Pd(OAc), benzotrifluoride -
4 Mn(acac), benzotrifluoride trace
5 Mn(CO);Br benzotrifluoride 65
[ Mn,(CO),, benzotrifluoride 77
7 Mn,(CO}, 4 cyclohexane 47
8 Mn.(CO},, 1,4-dioxane 43
9 Mn,(CO},4 toluene £h |
10 Mn,(CO),, CH.CN 30
n Mn,(CO},, DMsO trace
12 Mn,{CO}4 DMF trace
13 Mn,{CO},, THF 65
144 Mn,(CO),, benzotrifluoride 85
15t Mn,(CO),, benzotrifluoride 63
16 Mn,(CO}q benzotrifluoride 85
17% Mn,{CO},, benzotrifluoride 57
[a]l Reaction conditions: 1-iodobutane (0.5 mmol), amide (1.5 equiv.), cata-
lyst {3 mol%; & mol% for monomer catalysts), K,CO, (2equiv), CO
(2 MPa), benzotrifluoride (2 mL), 120°C, 12 h. [b] Yield of isolated product.
[c] 120°C, CO (1.5 MPa), 24 h. [d] 120°C, CO {1 MPa), 24 h. [e] 80°C, CO
(1.5 MPa), 24 h. [f] 60°C, CO (1.5 MPa), 24 h.

With the optimized reaction conditions in hand, we exam-
ined the scope and limitations of this procedure with a range
of alkyl halides. As shown in Table 2, not only primary alkyl io-
dides but also secondary and tertiary alkyl iodides were all suit-
able substrates. Good to excellent yields of desired imides 3a
and 3 b were obtained by treating butyl iodide and 2-iodobu-
tane with caprolactam (85 and 929%; Table 2, entries 1 and 2).
1-lodoadamantane could be transformed successfully as well,
and it gave the corresponding imide in 73% yield (Table 2,
entry 3). Other alkyl halides were then examined. As shown,
the reactions of iodoethane (1d) and 1-iodopropane (1e) with
amides gave desired products 3d and 3e in moderate yields
(53 and 55%; Table 2, entries 4 and 5). Also, long-chain alkyl
halides were tolerated in the reaction. For example, upon
using 1-iodooctane and 1-iodohexane as the substrates, good
yields were obtained for products 3f and 3g (72 and 86%;
Table 2, entries 6 and 7). A chloro-substituted substrate was
also tolerated and provided the desired imide in moderate
yield (Table 2, entry 9). Alkyl bromides, such as 1-bromobutane
(1k), 2-bromobutane (11), and 1-bromooctane (1m), were effi-
ciently transformed under the reaction conditions with Nal as
an additive (Table 2, entries 11-13). In these cases, the alkyl
bromides were transformed insitu into the corresponding
alkyl iodides upon reaction with Nal.

Subsequently, different amides were tested with iodobutane
(Table 3). In general, moderate to good yields were obtained in
all the tested cases without further optimization. In addition to
amides, lactams could also be applied. However, primary
amides were shown to be unsuitable coupling partners.

916 @ 2017 Wiley-V'CH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Manganese-catalyzed carbonylative synthesis of imides from
alkyl iodides.®!

0 o 0
Rl & RZLLN,Ra Mna(CO)ig (3 mol%k) A A
i 2H KzCOj; (2 equiv.), CO (15 bar), 80 °C éa 9
Entry 1 2 Product Yield® [96]
AN 5 7 %
|
| 0, 0,
1a
2a 3a
| Q 0o 0
2 A/ th /\I)J\h@ s
1b 3b
1c
3c
e O o 0O
I
: O YO, ¢
1d
3d
O o 0
~N
5 ) A~y 55
1e
2b 3e
o} o O
NN
6 1'{ Hrb \HJsLb 72
3f
o o O
W|
g
39
i (o] o 0
8 HN WILN 55
1h 16
3h
AN 2 7
Cl I Cl
i
3i
o] o Q
PR W
I HN \“%LN
10 69
1 .
2b 3
o W i 2 2 3
Br
1 HN V\)LN ggld
1k
3k
o]
o o
, /\l)LN
12 A HN 6211
3l
Q 2 %
AN
B by
13 HN 54071
im
3m

[a] Reaction conditions: alkyl halide (0.5 mmol), amide (0.75 mmol),
Mn,(CO),, (3 mol %), K,CO, (0.75 mmol), CO (1.5 MPa), benzotrifluoride
(2 mL), 80°C, 24 h. [b] Yield of isolated product. [c] Nal (1 mmol). [d] Nal

(0.6 mmol).

Finally, to illustrate the synthetic potential of this method,
we performed a gram-scale synthesis of imide 3r, and it was
isolated in an overall yield of 81% (Scheme 3).
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Table 3. Manganese-catalyzed carbonylative synthesis of imides from
amides.®
o o o
T S MugCOM Bmote) o M,
1 2 H K2COs5 (2 equiv.), CO (15 bar), 80 °C R? 3
Entry 2 Product Yield™ [9]
0 o o
PR S B Al
1 3 L 58
2c 3n
o g q
2 ~ A~ V\)jk/ 60
H
2d 30
o o O
\)LNM \/\)LNJK/
3 H 75
2e 3p
o} (o]
HN \/\)'LN
4 53
2f 3q
o] g QO
HN V\)LN
- 0 SR
2b 3r
o 0
o]
J o~
N
64 ©/\H @) 62
2g9 s
N i f\/@
N
N S ¢ ; >
o}\
2h at
[a] Reaction conditions: alkyl halide (0.5 mmol), amide (0.75 mmol),
Mn,(CO),, (3 mol%), K,CO; (0.75 mmol), CO (1.5 MPa), benzotrifluoride
(2 mL}, 80°C, 24 h. [b] Yield of isolated product. [c] 120°C.

Q (o]
o]
Mn(CO)g (3 mol%
AN, HN 2(COhn ( ) . \/\)LN
K205 (2 equiv.), CO (20 bar), 120 °C
Benzotrifluoride (40 mL), 24h
17 mmal 25 mmal 81 %,
31g 320 2.9g

Scheme 3. Gram-scale synthesis of imide 3r (10 bar=1 MPa).

To obtain some insight into the reaction pathway, 2 equiva-
lents of 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) was added
to our standard reactions, and the desired product could not
be detected (Scheme 4). Therefore, a radical pathway was
suggested.

AN +H?@

Scheme 4, Reaction with TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl).
(10 bar=1 MPa)

o]

Mn2(C0)s (3 mol) - \/\)LN
KzC0j3 (2 equiv.), CO (15 bar), 80 °C o
Benzotrifluoride( 2 mL)
TEMPO (2 equiv.)

0% (GC Yield)
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Additionally, electron paramagnetic resonance (EPR) spec-
troscopy investigations with 5,5-dimethyl-1-pyrroline N-oxide
as a spin trap to detect the short-lived radicals were per-
formed. A catalytic test was performed in cyclohexane for 2 h
at 65°C [reaction mixture containing Mn,(CO),, caprolactam,
and butyl iodide in cyclohexane under pressure of CO
(20 bar)]. After that, an aliquot (0.5 mL) of the reaction mix-
ture was transferred into the EPR tube under an inert atmos-
phere and measured directly. The EPR spectrum of the mixture
did not show any signal (Figure 1a), probably as a result of the

1,0x10" -

b
5,0x10° )

EPR signal intensity (a.u)

0,042

T T 1
3460 3500 3540 3580

B, (G)

Figure 1. EPR spectra of a) Mn,(CO),,, caprolactam, and butyl iodide in cyclo-
hexane after the catalytic test at 65°C and CO (2 MPa): a} experiment and
b) in the presence of DMPO (5,5-dimethyl-1-pyrroline-N-oxide) as a spin trap.

short life of the radicals. However, EPR measurement of the
mixture in the presence of 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) as a spin trap for 10 min showed a complex spectrum
because of the superimposition of several radical signals (Fig-
ure 1b), which suggested that the catalytic reaction proceeded
through a radical pathway. To prove that the catalytic reaction
was initiated by the reaction of the alkyl iodide with the ther-
mally generated ‘Mn(CO), radical [by thermolysis of the
Mn,(CO),, dimer] to produce an alkyl radical, EPR investigation
was performed in the presence of DMPO similar to that men-
tioned above but in the absence of caprolactam. EPR measure-
ment of the mixture after subtraction of the background sig-
nals originating from DMPO (commercial DMPO often has vary-
ing amounts of paramagnetic impurities) showed a six-line
spectrum at g=2.007 (a,=14.1 G and a,=20.2 G, Figure 2) as
a result of the formation of a spin adduct (DMPO/'R). This EPR
experiment provided definitive proof for the production of ‘R.

On the basis of our results, a possible reaction mechanism is
proposed in Scheme 5. The catalytic reaction starts with ther-
mally induced thermolysis of the Mn—Mn bond in Mn,(CO),,
(A) to generate the ‘Mn(CO); (B) radical;"” radical B abstracts
an iodine atom from alkyl iodide C to generate alkyl-centered
radical D and to form |-Mn(CO); (E). Alkyl-centered radical D
was detected by the insitu EPR study by using DMPO as
a spin trap. Alkyl radical D undergoes carbonylation by

ChemCatChem 2017, 9, 915-919 www.chemcatchem.org
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1,2x10% 1
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o

Figure 2. EPR spectrum (measured at 20°C) of the spin adduct formed after
adding DMPO (5,5-dimethyl-1-pyrroline-N-oxide) to a mixture of Mn,(CO),,
and butyl iodide in cyclohexane at 65 “C for 10 min under CO pressure

(2 MPa). (The background signals originating from the DMPO sample were
subtracted, as commercial DMPO often has varying amounts of paramagnet-
ic impurities.)

Mno(CO)Mg A

o 0
RJL@ ) lheal

- Mn{CO)s Rl
KHCO, + Kl B i
c
(o]
CO+ KiCOs + HP@
G
)

R+ + |—Mn(CO)s
D E

RJ‘LMH(GO)&'\_/
F

Scheme 5. Proposed reaction mechanism.

reaction with E to provide acyl manganese RCOMn(CO),—I in-
termediate F"" Then, complex F reacts with amide G to pro-
duce final carbonylation product H with regeneration of com-
plex B under the assistance of base and ready for the next cat-
alytic cycle.

In conclusion, a novel and practical manganese-catalyzed
carbonylation reaction of alkyl iodides with amides was devel-
oped. Various imides were prepared in moderate to good
yields from readily available alkyl halides and amides. Notably,
this is the first report on the carbonylative coupling of alkyl
halides with amides. Mechanistically, control experiments and
EPR spectroscopy studies confirmed the radical nature of this
new process. This procedure is expected to complement the
current methods for carbonylation reactions in organic
synthesis.
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To have a balance between reactivity and selectivity has been
a long-standing challenge in multicomponent reactions. In this
communication, a carbonylative four-component reaction has been
developed. With copper as the catalyst, using ethene including other
aliphatic alkenes, alcohols and acetonitrile as the substrates under
CO pressure, various desired products were produced in moderate to
good yields. The obtained products can be applied in the synthesis
of 8-valerolactams. Good functional group tolerance and reaction
efficiency can be observed here.

In modern organic synthesis, chemists are working on developing
new synthetic procedures which have advantages such as easy
manipulation, good efficiency, good functional group tolerance,
etc. Among the various possibilities, multicomponent reactions
are definitely one good choice. Starting from readily available
substrates, through domino transformation sequences, the target
products can be prepared effectively.” But challenges still exist in
multicomponent reactions, the main one is to find the balance
between the reactivity and selectivity in each system. A high
reactivity but low selectivity gives a low yield of the target
molecule, and a high selectivity but low reactivity means low
conversion of the substrates, which will lead to a methodology
not applicable in both cases.

On the other hand, transition metal-catalyzed carbonylative
coupling reactions are already a real toolbox in organic
chemistry.” By the introduction of carbon monoxide as one of
the cheapest C1 sources, value-added chemicals can be easily
produced. And some of the processes are even proceeding at
industrial scales. However, it is worthy to point out that most of the
known procedures are three-component reactions {one electro-
phile, CO, and one nucleophile). Examples on carbonylatve four
or even more component reactions are still limited (2 electro-
philes and/or nucleophiles).® One explanation is the high
reactivity of the in situ generated acyl-metal intermediate,

Leibniz-Institut fiir Katalyse e. V. an der Universitit Rostock, Albert-Einstein-Strasse
29, 18059 Rostock, Germany. E-mail: Xiao-Feng. Wu@ catalysis.de
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Hence more efforts ave needed to further explore this area.
Recently, we established some palladium-catalyzed carbonylative
multicomponent reaction systems.” With aryl halides as the
substrates, quinazolinones and thiochromenones can be pro-
duced in an efficient manner. During the process of this project,
an idea on the merging of C-H bond activation, carbonylation
and multicomponent reactions came to our mind.’ Such a
reaction system can have the advantages from all partners
and should be attractive for the synthetic community.

In order to realize this idea, we decided to choose ethene,
3-phenyl-1-propanol and acetonitrile as the model substrates
to establish this transformation. Ethene is one of the most
important industrial olefin feedstocks {over 150 million tonne
production in 2016), and its utilization related with carbonyla-
tion mainly focused on polyketone or methyl propanoate
production.® And the development of a procedure for trans-
forming ethene into other high-value synthetic intermediates
should be interesting. Additionally, acetonitrile is a commonly
applied organic solvent, and the Csp®-H bond of its methyl
group can potentially be activated and then used as a reagent in
organic reactions, which will introduce a nitrile group into the
parent molecules meanwhile.” And concerning the catalyst,
we prefer to take non-expensive and less toxic copper salts.
Although copper catalysts have been well explored in oxidation
reactions and coupling chemistry, their ability in carbonylation
chemistry is still rarely developed.®

After extensive and systematic studies, 68% of the desired
3-phenylpropyl 4-cvanobutanoate can be isolated from the model
system with 5 mol% of CuBr{Me,S) and 10 mol% of 4,4',4"-tri-
tert-butyl-2,2":6',2"-terpyridine as the catalytic system together
with BuPAd, {5 mol%) and tert-butyl peroxide (4 equiv.) under
CO pressure {Table 1, entry 1).% Upon variation of the reaction
conditions, different yields of the desired product can he
obtained {Table 1). Only traces of the desired product could be
detected in the ahbsence of the copper catalyst and ligand
{Table 1, entry 2). In testing with some other nitrogen ligands,
such as 2,2:6',2"-terpyridine and 1,10-phenanthroling, the yields
of the desired product decreased (Table 1, entries 3 and 4).

This journal is @ The Roval Society of Chemistry 2018
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Table 1 Optimization studies of this reaction®
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Table 2 Carbonylative multicomponent reaction of ethene?

CuBr(Me,S} (5 mal%), L (10 mol%)

R BuPAd, (5 mal%), DTEP (4 equiv) MC\/\"JL?—}' T ph
CO (40 bar), CHaCN (3 mL), 120°C
Entry Variations from the standard conditions Yield (%)
1 — 72(6%)
2 Without catalyst and ligand Trace
3 2,2":6",2" Terpyridine instead of L 54
4 1,10-Phen. instead of L 31
5 Without BuPAd, 52
6 10 mol% BuPAd, 60
7 TBAI instead of BuPAd, 43
8 {1-C,H,),PBr instead of BuPAd, 55
9 110 °C instead of 120 °C 51

¢ Ethene (20 bar), 3-phenyl-1-propanol (0.5 mimol), CuBt{Me,S) (5 mol%),
4,4’ 4" -tri-teri-butyl-2,2":6",2"-terpyridine (10 mol%), DTBP (2 mmol), GO
(40 bar), acetonitrile (3 mL), 12 h. * GC yields with hexadecane as the
internal standard. © Isolated yield. 1,10-Phen: 1,10-phenanthroline. TBAL
tetrabutylammonium iodide. (#-C,Hg),PBr: tetrabutylphosphonium bromide.
BuPAd,: di(1-adamantyl)#-butylphosphine (cataCXium® 4).

Furthermore, upon variation of the additives, reaction tempera-
ture, gas pressure and reagent loadings, no better yields could be
obtained {Table 1, entries 5-9).

Subsequently, several alcohols were tested in this carbony-
lative multicomponent reaction of ethene under the optimized
conditions. Different aliphatic alcohols were tested at the first
stage; moderate to good vields of the desired products can be
produced in all the cases (Table 2, entries 1-3). In addition to
ethanol, cyclopropylmethanol and allyl alcohol can be applied as
well. Then some benzyl alcohols were checked, which are more
intended to be oxidized under oxidative conditions. To our delight,
good vields of the desired products can also be obtained in all the
cases (Table 2, entries 4-8). Notahly, the bromide functional group
in the product is ready for further transformations wia cross-
coupling reactions.® Here, it is important to mention that the
non-carhonylated product {ethers) can always be detected from the
reaction mixture, and also the alcohol oxidized by-products.

Remarkably, the products we obtained are ready to be
transformed into important §-valerolactams which show out-
standing biological activities and also act as precursors for
polyamides in synthetic chemistry.” As shown in Scheme 1,
80% of d-valerolactam can be produced from our product.

In order to further illustrate the scope of this method,
different alkenes and a variety of substituted aliphatic alcohols
were tested under our standard conditions successively (Table 3).
The corresponding carbonylative products were produced in
synthetically useful yields with excellent regioselectivity. For
example, when hexene was used as the substrate, methanol,
1-hexanol and 1-octanol can all give good yields of the desired
products (60-66%, Table 3, 3t-3v). Interestingly, cyclopropyl-
methanol can also be used and gave the desired product in
62% yield {Table 3, 3z). 70% yield of the desired product can also
be produced by using henzyl alcohol as the nucleophile and
other benzyl alcohol derivatives can be applied as well {Table 3,
3i-3s). Additionally, thiophene and phenylthiol substituted
aleohols can also give the desired products in moderate vields
{Table 3, 3y and 3ab). Moreover, allylic alcohol can be applied

This journal is @ The Royal Society of Chemistry 2018

CuBr(Me;S) (5 mol%), L (10 mol%) &

= +R-OH NC.__~ R
n-BuPAd; (5 mal%), DTEP (4 equiv.) WY

O (40 bar), CH5CN (3 mL), 120°C

Entty  ROH Product Yield (%)

o}

N~ g 63

3a
o]
NC\/\)LO/W 66

3b

1 EtOH

o]
3 = om Ne g 52
3c
o}
P @/\/\oH NC\/\/U\O/\/\O 68
3d
o]
g ©/\0H NC\/\):}O/\@ 64
e

OH
6
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F
F
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7
F F
F
e
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NG
MO/\O\ 83
3f SCF;
o] F
NC\/\)J\O F
55
3g B F
F
8]

NC\/\)J\O/D 60
3h g

“ Ethene (20 bar), alcohol (0.5 mrmol), CuBr{Me,S) (5 mol%), L (10 mol%),
BuPAd, (5 mol%), 2 mmol DTBP, 40 bar CO, acetonitrile (3 mL), 12 h,
isolated yields.

O~ P _P1O2 10 mOI%) Q
NG bR 80 %
. MeOH, rt g

0 H

Scheme 1 Synthesis of d-valerolactam.

as well and gave 55% yield of the desired product (Table 3, 3aa).
Then, different alkenes were tested. Simple short- and long-
chain aliphatic olefins, such as 1-octene and 1-dodecene, all
can give the corresponding products in moderate to good
yields. 3,3-Dimethylbut-1-ene can be applied as the substrate
with acetonitrile successfully as well. Alkenes bearing benzylic
and phenoxy groups were shown to be compatible. Further-
more, allylbenzene can also give the desired products in good
yields. However, in the cases of 2-allylisoindoline-1,3-dione,
1-{vinyloxy)butane and styrene, no desired product could be
detected.

After proving the compatibility of alkene and alcohols of this
methodology, we become interested in some other types
of nucleophiles. Compared with alcohols, using amides and
sulphonamide as coupling partners in carbonylative coupling
reactions is more difficult due to their low nucleophilicity and
remains a challenge. To our delight, amides and benzene-
sulfonamide can also be used in the catalytic protocol, and
provide the corresponding products (Table 4).

Chem. Commuin, 2018, 54, 19841987 | 1985
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Table 3 Carbonylative multicomponent reaction of alkenes?

o]
e CuBr(Me;S) (5 mol%), L (10 mal%) 1
R ™= + R-OH s R
) n-BuPAd; (5 mol%), DTBP (4 equiv.) T o
©O (40 bar), CHLCN (3 mL}, 110°C ¥R
,\/\/f .-CN e BN e ON M
(R
~0 \|/ = OIO'R 0,4\0/\_/"'\3/
R" = H, 70 %, 3i R = Me, 66 %, 3t A
R" = 2-0Me, 56%, 3 R =n-CeHy3, 60 %, 3u o ._.CN
R" = 2-GFy, 54%, 3k R = n-CgHy7, 63 %, 3v \/\J\/‘
R" = 2-Benzyl, 52%, 31 R = G3H,Ph, 62 %, 3w 070
R" = 3-CF3, 58%, 3m R = C HqPh, 59 %, 3x \‘/
R = 4-OMa, 59%, 3n 62 %, 3z
R" =4-F, 68%, 30
R"=4-Ph, 59%, 3p ey s S GN e CN
R" =4-SCF;, 55%, 3q
R" = 4-Br, 72%, 3r P o g 5P
R" = Naph, 52%, 3s
55 %, 3aa 51%, Jab
A N M . CN CN
» R e e N )
070" j:
e
R = n-CgHya, 72 %, 3ac il Ph /'WLr ro\_/-vph
R = C3H,Ph, 63 %, 3ad 81 %, 3af bl
R =2-BrBn, 55 %, 3ae 53 %, 3ag
CN CN
CN
Ph e )] J\
SN - r 0. 5 Ph PhO. -~ ,0\/ Ph
ﬂ\‘ L 22 “rx/f:‘\/\mx R i
#gr o o
52%P, 3a] 81 %, 3ai 46 %, 3ah
CN
r \-\‘/ AN
s
B T.o.\/\vph 0”0 Ph
0
54%, 3ak 53 %, 3al

& Alkene (2 mrmol), aleohol (0.5 mmol), CuBr(Me,S) (5 tmol%), L (10 mol%),
BuPAd, (5 mol%]), 2 mmol DIBP, 40 bar CO, acetonitrile (3 mL), 12 h,
isolated yields. ? 60 bar CO, 24 h. © CuBr(Me,S) (20 mol%), L (40 mol%),
BuPAd, (10 mol%), 60 bar CO, 24 h.

A conirol experiment was performed to gain some insight into
the reaction mechanism {Scheme 2). With the addition of TEMPO
{2 equiv.) into our model system, no desired product can be
observed and TEMPO trapped acetonitrile radical {TEMPOCH,CN)
can be detected using GC-MS. Finally, in order to illustrate the
synthetic potential of this method, we performed a second
carbonylative transformation with estrone and the desired estrone
derivative was formed in 52% yield upon isolation {Scheme 3).

Table 4 Carbonylative multicomponent reaction with different nucleophiles’

o
CuBr{Me=8) {10 mol%)

NG
L (10 mol%), n-BuPAdy (5 mol%) MNU

DTEP (4 equiv.) CO (80 bar) R!
MeGN (3 mL), 110°C

1™ + NuH

cN CN
% o
NW{ ~a
&
o ¢ 090
3am, 63 % 3an, 35 %

“ Alkene (2 mmol), NuH (0.5 mmol), CuBr{Me,S) (10 mol%), L (10 mol%),
BuPAd, (5 mol%), 2 mmol DTBE, 60 bar CO, acetonitrile (3 mL), 24 h,
isolated yields.
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N-0-CH,CN
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o}

NC\/\/H\O
0% /\/\©

Scheme 2 Control experiment.

\/Wg( \D PA{OAG), (2 mol%)

BuPAd, (6 mol%}
CO (5 bar), EN (2 equiv.)
1.4-dioxane, 100 °C

3a0, 52 %

Scheme 3 Further transformation of products.

Based on our results and the literature,”"" a possible reaction
mechanism is proposed (Scheme 4). Initially, acetonitrile will be
activated under the co-effect from the copper catalyst and DTEP,
and the corresponding -CH,CN radical B will be generated, which
was proven hy our TEMPO experiment. Then the radical B will
undergo the addition reaction with alkenes to give the intermediate
radical C. Meanwhile, the copper pre-catalyst will be activated by
‘BuOO’Bu to give the intermediate F.'° The key intermediate
complex G will be formed after the reaction between complex F
and radical C. Subsequent coordination and insertion of CO forms
the acylcopper intermediate H or H', which then affords the final
carhbonylation product after reductive elimination, with the genera-
tion of active Cul species for the next catalytic cycle.

In conclusion, an interesting carbonylative multicomponent
reaction of hulk industrial olefins with different nucleophiles
has been developed. With copper salts as the catalyst, an
excellent balance between the reactivity and selectivity can be

GulL
& A
NCM\HLNU
R CH;CN
sl CTBP
ol E
0 (/—NuH
NC\/\HLCUN NG cl#'rNu
RiOL MU g R‘L
CU”
i . o CH,CN
B
/\ ’
. Sy
R'"cw
1 i, C
o) Ry
NG

Scheme 4 Proposed reaction mechanism.
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achieved. The reaction proceeds with high selectivity and gave
the desired products in moderate to good yields. The use of our
products as the precursor for estrone ester and d-valerolactam
synthesis has been performed as well.
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