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Abstract

Abstract

Transition metakatalyzedcarbonylation of nitogencontainingheterocycles via GH
activation

Zechao Wang
[ SAoyAT nLyadAGdzi FNNI YFHGFE&@asS Soxd |y

The dissertation is mainly concerned witlhe development of transition metalcatalyzed
carbonylation of nitrogercontainingcompounds via GH activation which include different catalysts
variousnitrogen-containingsubstrates safe COsurrogates, andthe applications ohovelcarbonylative
methods We havedescribal a palladiumcatalyzed carbonylation of aromatieHCbonds with alcohols
using Mo(CQ)as the CO Source. Then wave synthesied 3-methyleneisoindolinl-ones and
2-phenylisoindolinl-ones via €H carbonylation using Mo(COas well. In addition, a convenient
procedure for the synthesis of&cylindoles from simple indoles and aryl iodides has been established
via GH carbonylatio. Furthermore, we have described a copjetalyzed double carbonylation
reaction of indoles with alcohols using@gi8H,0 as the CO Sourdgesideswe have describethany
control experiments to understand thieansition metalcatalyzedcarbonylationmechanisns such as

the palladium,the ruthenium, andthe copper catalytic cycle.

Ubergangsmetalkatalysierte Carbonylierung von stickstoffhaltigeaterocyclen
Uber CHAktivierung

Zechao Wang
[ SAO6YAT Ly & (eN &rddér UmivemnidatRbstoekt & a S

Die vorliegende Dissertation beschéaftigt sich hauptsachlich mit der Entwicklung der
Ubergangsmetalkatalysierten ~ Carbonylierung von  stickstoffhaltigenHeterocyclen tber
CHAKktivierung, der verschiedenen Katalysatoren, der verschiedenen stickstoffhaltigatreeb
sicheren C&surrogaten und der Anwendung neuartiger carbonylierender Methoden. Wir haben eine
Palladiumkatalysierte Carbonylierung von aromatischen-Birdungen mit Alkoholen beschrieben,
wobei Mo(CQ)als CQQuelle verwendet wurde. Weiterhin wueth 3Methylenisoindolinl-one und
2-Phenylisoindolifl-one tber CHCarbonylierung mit Mo(C@}¥ynthetisiert. Dariiber hinaus wurde
ein effizientes Verfahren zur Synthese veA@/lindolen aus einfachen Indolen und Aryliodiden tber
die GH-Carbonylierung entickelt. AnschlieBend wird eine kupferkatalysierte Doppelcarbonylierung
von Indolen mit Alkoholen mit {Os 8H,0O als C&uelle beschrieben. Schlieflich wird auf diverse
Kontrollexperimente eingegangen, die zum Verstandnis der Ubergangsiketalysierten
Carbonylierungsmechanismen im Falle des Katalysezyklus von Palladium, Ruthenium und Kupfer

beitragen
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acac Acetylacetone

'AmOH 2-Methylbutan-2-ol

Ar Aryl

b Branch

Bu Butyl

Bn Benzyl

BHT Butylated hydroxytoluene
Boc Butyloxycarinyl

BQ 1,4-Benzoquinone

cat. Catalyst

CO Carbon monoxide

cod Cyclooctal,5-diene
GOsi8H,0 Hexaketocyclohexane octahydrate
CN Nitrile

Cy Cyclohexyl

DCE 1,2-Dichloroethane

DEAD Diethyl azodicarboxylate
DFT Density functional theory
DIAD Diisopropyl azodicarboxylate
DMA Dimethylacetamide

DMF Dimethylformamide

DMPU 1,3-Dimethyt3,4,56-tetrahydro-2(1H)}pyrimidinone
dppp 1,3Bis(diphenylphosphino)propane
DTBP Ditert-butyl peroxide

Et Ethyl

equiv. Equivalent

h Hour

HFIP Hexafluoroisopropanol
isoori Sum of branched products
KIE Kinetic isotope effect

MeCN Acetonitrile

MeOH Methanol

mmol Millimole

n Amount of linear product
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NMR Nuclear Magnetic Resonance

NuH Nucleophile

Oct Octyl

OAc Acetate

Ph Phenyl

pKa Acid dissociation constant

PPh Triphenylphosphine

PivOH Pivalic acid

Pr Propyl

TBAPK Tetrabutylammonium hexaiorophosphate
TBS tert-Butyldimethylsilyl

TEMPO 2,2,6,6tetramethylpiperidin1-yl)oxidanyl
TFA Trifluoroacetic acid

TFBen Benzenel,3,5triyl triformate

TFE 2,2,2Trifluoroethanol
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THF Tetrahydrofuran

TIPS Triisopropylsilyl

Ts Tosyl

X Leaving group, (pseudo)halide
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Introduction

1. Introduction

Transition metakatalyzedcarbonylationreactions have leeady become onef the most powerful
reactionsin the toolbox of modern organic cherts$” Since the pioneering work by Heck in 1974
with palladium catalys[tz,] it becane one of the most mferredways of introducing a cadmyl group in
organic molecwds with various nucleophilesDuring last decadesmany achievements have been
madein this areaHowever the interests have been mainly focused on the utility of aryl haledethe
starting materias for the formation of carbormetal bond via the oxidate addition of netal catalyst
to the GX bond™® However, thepre-functionalization of arene irequired to synthesize # aromatic
halides, whichcausesthe waste ofhalogens At this point, the straightforward taking advantage of
hydrocarbon itself wilenhance the efficiency. The inertHCbond activation has also experienced
impressive improvements as it can avoitetprefunctionalization step, whichs environmentally
benign and greef! As compared with the noparbonylative €4 functionalizationreactions, the
reports onGH carbonylationreactions are fewer, indicating that this research amill faces many
challenges: (i) The research of catalyst iH @ctivation cabonylatiors mainly on palladium catalyst.

(ii) Carbon monoxidés utilizedas the @ source in most research.

Carbon monoxideis the manly applied carbonyl source. With carbon monoxide aasarbonyl
source, valuable carbongbntaining organic molecules can be easily prepared. Although CO as one of
the cheapestcarbonyl sources, holihg advantages in industrial scale applications, its special
characters (eg., high toxicity, smédks, flammable, and etc.) limit its usage in laboratories. Notably,
the CO pressurés usually high in carbonylatien Hence, the developing of syretic procedures
based on CO surrogates will beeaningfulfor the synthetic community®) The typical known CO
surogatesare listed inScheme 1. W/ h (&) 8 yivaloyl chloride B),” andsilacarboxylic acid<)®
are sufficient to promote carbaylative transformations. N-formylsaccharin ) is knownas a CO
source for thetransition metalcatalyzed carbonylatiorof aryl halides to aass aryl aldehydeas
well® However,the atom efftiency and waste generation f@O alternatives\-D still remainto be
concerned CQ (E) becomesan ideal Cbuilding block in organisynthesisbecause of its abundance,
nontoxicity, and recyclabilityNotably, the catalytidn situ generation 5CO from C@reduction and its
incorporation in the folloing carborylation reactions haseen realized™” It is apromising process
using CQ instead of CO as aarbonylresource However, the substrate scope is lited by the
required reductantslt is well known that CO can be released from formic &i€R=H) by dejdration
in sulfuric acid (Morgan reactioH)l.] Methanol @) isan abundant and potentially renewabtdemical
and can bea carbonyl sourceas well™ In addition formaldehyde K) is also aratom economic CO
surrogate for carbonylation reactions withuigable reactivitym] Formamides () have already been
used for the cebonylation.[m] Recently, our group developedbzenel,3,5triyl triformate (TFBenJ)

as a kind of convenient and efficient CO sotforethe first time™ The character of TFBas a potent
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and nonreacting CGource has been proven by the nemus synthetic applications irarbonylation
reactions. 1,3,8rihydroxybenzenethe starting material for TFBen synthesis, is an abundant and
naturaly occurring substance whicis recovere during the productpurification processMoreover,
transition netal carbonyls are useful in organic synthesidich can release CO gas. A variety of
transition netal carbonylshave beenreported in carbonylation reactions such :&(C@”G]
Mo(CO)™ W(CO)™® and Ce(CO)™ A potential drawbackof them is the presence of
stoichiometric amounts o&dditional transition metks in the reaction mixturelt is amajor problem

on an industrialscale.However,the preparative ease of this systemrfoutweighs this disadvantage
for small appliations in research laboratorieg/hen one corpares classicaarbonylatonswith those
carried out wth solid CGOsurrogates, the ease with whichmany syntheses can be conductgdickly

and safely, resultin an overall reduction in thecost per compoundBesides, Bxaketocyclohexane
octahydrate (GOsI8H,O, L) as a noroxic solid is an attractive CO source, which was formed by
oligomerization of carbon monoxide through the formation of molybdenum carbdfﬂ/lArmng all

the candidatesMo(COy and GOsI8H,O were studied in my research.
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Scheme 1.Typical CO surrogates

Nitrogen-containing compounds Scheme 1.2 such as indoles, lactams, carbazoles, pyrroles,
imidazoles, pyridies, isoquinolines, isoquinolonegadaenznes pyridones,and ketimineshave been
found to be important in naturaproducts, synthetic intermedtas, pharmaceutical agents, wide
range of potential biological activities, and therapeutically useful matefialFor this reasonmore
and moresynthetic chenists are interested in the construction and functionaation of heterocyclic
cores On the other hand, arbonylatiors have already been applied in the €l activation of

nitrogen-containingcompoundsin past years Therefore, it is important to broaden the area oft
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carbonylation usingnitrogen-containing compounds In my experiments,pyridines, ketimines,

azobenzeneand indoles araliscussed as theitnogen-containingsubstrates.

Indole Lactam Carbazole Pyrrole
(0]
AN Z "N SN N
N ) _ \
Imidazole Pyridine Isoquinoline Isoquinolone
1
O e R o
N
N ‘ \N’R
%
Azobenzene Pyridone Ketimine

Scheme 12 Nitrogencontainingcompound.

Above all mentioned, this dissertation mainly focuses on developing new metbittansition

metalcatalyzedG-H carbonylatiorof nitrogen-containingcompound using differentCO surrogates

1.1 Paladium-catalyzedcarbonylation of nitrogencontaining compounds via-8 activation

1.1.1GH carbonylation without directing group

In 2011, Leiand coworkers reporteda protoml for a palladiumcatalyzedGH carbonylation of
heteroarenesusing alcoholsas the nucleophilegScheme 1.3f2 Aliphatic atohols andaromatic
alcohols worked well under theconditions. Both electrordonating and electroswithdrawing
substtuents on indole ring were welblerated in thisreaction Thiophene and benzb[thiophene
were also investigated and-K activationpredominantly occured at C2 positionin this oxidative
carbonylation In addition, vhen NH indoles were employedni this oxidative carbonylationthe
regioselectivy of the oxidative process wasvitched in faor of reaction alNH site. This reactiorwith
primary and secorary alcoholgouldafford the corresponding carbamategarious indoles with both
electrondonating andelectronwithdrawing groups were tested and thi-carbonylation products
were formed in good to excellent yields. Hafpgen substituents were well tolerated in this

carbonylationas well

Later on they developeda palladium/copperco-catalyzedoxidative double GH carbonylation of
diphenylaminesvith DTBP as the oxidant underbar of CO (8heme 1.4}?3] This reactiordelivered
an efficient and atoneconomicway to access synthetically uséficridones. Various acridonagere

synthesized in good to high yielddphenylamine with electronrdonating substituents, such a@3Me,
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OEt, andt-Bu, gave in high yields of products. Thkctronwithdrawing group on the aromaticng
could also furnish the desired products. Howevee yield was slightly loweln addition, substitution
on the ortho- or meta-position d the diphenylamines coulkad b the desired productin good yield
It was worth noting that 2-benzylisoindolinl-one was obtained in70%yield under the standard
conditions when they used dibenzylamine as the substrate. Theyalsonstrated the postsynthetic

transformations of nitogen-containingacridones

Gaunt and ceworkers developeda general proess for the palladiursatalyzed carbonylatiomf
methylene GH bonds at thel -position to an unprotected aliphatic amin¢Scheme 1.5 The
operationally straightforward palladiuracatalyzed process exploiteda diginct reaction pathway,
wherein a sterically hinderedcarboxylate ligand orchestrated an amine attack on a palladium
anhydride to transform aliphatic amines intelactams. Tk reaction was well worked with wide
range ofamines Branching athe h- andi -carbon atoms on the@on-reacting side of the amineas
well tolerated to provide thé -lactams in good yield#\ varigy of functional groupssuch asalkene,
ester, arene, and oxetaneoieties, ould be accommdated by he reaction,which affordedthe
corresponding -lactams in good yield#Among thesethey noted that: i) A thioether motif neither
deactivatedthe catalystnor succumbed to oxidationij) The free NH i -lactam can be obtained

through photochemical cleavagef an N-benzyl derivativejii) The reactioncould beperformed on

gram scale
o
R
R2©r\> RZL A \
= O
N N
R PPh; (5 mol%) R
3 0, 3
/\R\ . o + Rrom PdCly(PPhs), (2.5 mol%) /\R’\ o 4p 10 98% yield
% E% (1 bar) Cu(OAc), (10 mol%) % EM 32 examples
N8 Toluene/DMSO, 90°C "8  O-R
X RZL A \
R A\ (AN
= N /R
H )0
o
CO,nBu o CO,nBu oo CO,nBu CO,CsHq
n
N\ N\ N\ N\
65% 72% 50% 76%
N\y—CO,nBu @ /@
Q/ @COQ”BU N\ F N\
CO,nBu CO,nBu
79% 70% 68% 92%

Scheme 13 Pd-catalyzed @ carbonylation of heteroarenes
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H
PdCl, (10 mol %), Cu(OPiv), (20 mol%) SN,
R | R upto 85yield
DTBP (3 equiv.), DMSO, CO (1 bar) = = 18 examples
O
©/\ /\© PdCI, (10 mol %), Cu(OPiv), (20 mol%)
N—Bn
DTBP (3 equiv.), DMSO, CO (1 bar)
O

70%

CH,COOH
1. BrCH,COOC,Hs, NaH i

N
2. NaOH, 2 M HCI 90%
H
H o)

\© 1. NaH, CHl | BF,
2. Grignard reagent N
3. Tetrafluoroboric acid ‘ O
35%

o

Scheme U Pd/Cu cecatalyzedxidative double @& carbonylation

R' H Pd(O,CR), (5-10 mol%), RCO,H (25 mol%) R le)
Cu(OAc), (10 mol%), BQ (1 equiv.), CO (1 bar) ‘N
sz\ Quinoline or Quinuclidine (10 mol%) R? %
Toluene, 120 °C H
m
O O NC (Z/
N N N—\ [e] AN lo)
N N
CHs HsC' TH, s
CHj HsC' CH, sC H
62% 70% 79% 90%

Scheme 15 Pd-catalyzedcarbonylationof methylene €H bonds

1.1.2CH carbonylation with directing group

In 2012, Guan and emorkersdeveloped a palladiursatalyzedGH bond carbonylation of-alkyl
anilines for the syntksis ofisatoic anhydridegScheme IS).[ZS] A key intermediate was isolat and
characterizedhrough the mechanism experimentThisreaction tolerateda widerange of functional
groups, such asnethyl, methoxyl, fluoro,chloro, bromo, formyl aldehydenitro, acety| and ester
groups which gave thecorresponding substituted isaic anhydrides in good to higyields. Generally,
the electronrich substrates showed moreeactivity, which wa consistent vth an electrophilic
palladation mechanism. Ortho-substituted anilines gavdow yields of the corresponding isatoic

anhydrides.The steric effect wasbserved in the transformation, which improvélge regioselectivity
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of the carbonylation ofmeta-substituted anilines. @ly less stericallyhindered products were
obtained Different alkyl sistituents on the anilines weralso investigated N-ethyl, propyl, or
cyclohexybkubstituted anilines could be usethd provided the correspondincarbonylation products
in moderate to good yieldsThe meclnism was investigatedA stoichiometric reaction of Pd(OAc)
with N-methylaniline wasconducted under a CO atmosphere in the absence of CufOwhjch

delivered apalladium complex

) 3
N__O
N NH  pg(0Ac), (5 mol%), KI (20 mol%) R N7 up 1o 86% yield
N Cu(OAc), (2.2 equiv.) AN 21 examples
CO (1 bar), CHsCN, 60 °C o
\ \ on
_OH
NH _ N-Pd o
@[ Pd(OAc), (1 equiv.), CO (1 bar) @ D Cu(OAc), (2.2 equiv.), KI (1 equiv.) \(
H CHZCN, 1t, S h ~Pd—N CO (1 bar), CH4CN, 60 °C 0
oC bH AN 5

Scheme 16 Pd-catalyzedcarbonylationof N-methyl anilines for thesynthesis ofisatoicanhydrides

Subsequently GuarQ &group | Y R [ SA Qéported NRlldzlidracatalyzed oxidative GH
carborylations of N-alkylanilines withalcohols for the synthesis af-aminobenzoatesunder mild
balloon pessure of C@Scheme T7).”® Various aliphatic alcols and phenol were tolerated ithe
reaction to afford theo-aminobenzoates in googdields This reaction was sensitive to electronic
features of theN-methylanilines Both electrondonating and electron-withdrawing goups such as
methyl, methoxyl,chloro, and bromo groups on phenyl rings wemdrked smoothly However,
N-methylanilines withelectronrich substrates were more reactive baaese of their slightly stronger
nucleophilicity.Howeve, the strang electrondonatingmethoxy group on the phenying decreased

the yield of thereactions because of the fimation of an isatoic anhydrideyproduct

R R
NH Pd(OAG), (5 mol%) !
, N Cu(OAc), (1.1 equiv.), Kl (20 mol%) NH
a) Guan's group R+ + CO +ROH 2l A R up to 77 % vyield
= H (1 bar) KOACc (3 equiv.), DMF, 100 °C O~R2 23 examples
o
R’ R!

Pd(OAC), (5 mol%), O, (1 bar) ‘

|
NH i NH
b) Lei's group R A Cu(OPiv), (60 mol%), KI (50 mol%) [ up to 88 % yield
i + CO +ROH R4
Z>H DMSO/Toluene/CH;CN, 90 °C % O. 19 examples

(1 bar)

Scheme I7 Pd-catalyzedcarbonylation ofN-methyl anilinesand alcohols
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In 2013, Lei and eworkers developed astraightforward approach for thesynthesis of
3-methyleneindlin-2-one derivatives by usingommercial and simple tertigranilines, olefins, and
CO gas(Scheme B).[27] Both electrondonating andelectronwithdrawing substituenton the aryl
ring of substitutedstyrenes were weltolerated underthe conditions The position of substituenvn
aryl ring hal little influence. N,N-dimethylanilines bearing halogens andlectronwithdrawing
substituents afforded the corresponding 3methyleneindolin2-ones in moderateto good yields
Several experiments were carried oub study the reaction mechanism indicating that the GH

cleavage might be involved in the ratietermining step.

R‘l R']
N PdCly(PPhg), (10 mol%) :
TN UR? Cu(OAc),°H,0 (30 mol%) NN o vi
R+ + R 2"M2 R O upto 81 % yield
Z>H HOAC (50 mol%), CO/O, (1 bar) Z 19 examples
Toluene/DMF, dppp (10 mol%) R3
24 h, 100 °C

73% (3.4/1) 48% (3.1/1) 67% (2.7/1)

Scleme 18 Pd CucatalyzedGH carbonylation of tertiary anilines

Recently, they reporte@ palladiumcatalyzedintramolecular aerobic agative aminedirected GH
cabonylation reaction of tertiary naphthaleframines, which provided an efficieptotocol towards
the synthesis of biologicallyand synthetically usefuheterocycles (Scheme B).[ZB] Substrates
substituted with halogens including Cl andfBmished thecorresponding carbonylation products in
moderate to good yields However, substrates sub#uted with NO,, COOMe and other
electronwithdrawing groups gaveew yields ofproductsin this protocol.Both electrondonating and
electronwithdrawing substituents on the benzeming of 4phenylnaphthalerl-amine derivative
were well tolerated underthe conditiors. Besides,this protocol could also be pplied to
N,N-dialkylnaphthalenl-amines with differentN-alkyl substituentssuch asEt, Bu, and OctThe
intermolecular KIE experimens were carried out suggesng that GH bond cleavage might be

involved in the ratedetermining step
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o

N Cu(OAc),°H,0 (30 mol%) N
PdCl, (10 mol%), HOAc (40 mol%) up 10 72% yield
OO Toluene/DMA, CO/O, (1 bar), 24 h, 110 °C OO 19 examples
o

° N~ ° N~ N~ © N~

cl Br Ph Ph

47% 42% 71% 72%

O ~ ©) - o

N o N N N~

68%

58%

67%

55%

Scheme 19 Pdcatalyzedntramolecular aerobic ddative aminedirected GH carbonylation

Orito and ceworkers developed a palladigatalyzed carbonylation of econdary
. -phenylalkylaninesthat afforded a variety of fiveor sixmembered benzolactaméScheme 1.0).2%
This reaction was carried out in a phosphinee catalyticsystem using Pd(OA¢)Cu(OAg)in an
atmosphere of CQgas containing airFrom the results, they also founthat benzylic amines
underwent carbonylatiorat a rate much faster than that of theorresponding phenethylamines. In
addition, te rate of the fivemembered ringformation was 11 times greatethan that of the
sixmembered ring formationBenzylic aminewith electronwithdrawing grous or electrondonating

groups could also undergo smoothly.

1 @@‘NH Pd(OAC), (5 mol%), Cu(OAc), (50 mol%) N s
R+ ! !
> R Toluene, reflux, CO (1 bar) = n=1or2
N
(0]
O,N
- N-P
N-Pr /CQN P CQ '
NC Y Y N—Pr
(o]
(e}
68% 74% 87% 67%
N N - -
[I Pr O\J’_i;? “Pr N—Pr . N—Pr
(e] (o] O 0 o
64% 86% 76% 72%

Scheme 110 Pd-catalyzedcarbonylation of anines
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In 2010, Gaunt demonstrated amine directed palladicatalyzed GH carbonylatios, which
proceeckd at roomtemperature and toleratd various functional group&Scheme 1.1).2% The nature
of the arenecouldalso be varied with naphthalene, pyrrole and inddkrived heteroarenesiffording
carbonylation products in good yieldmterestingly, straight chain amines requirgd use a more
sterically hindered arygroup to suppress addition of the amine BQ This reaction could not work
with arenes displaying strongly electron withdrawing groups further understand the mechanism,
they prepared aminewvith the 4methoxyphenyl groupTheyfound that carbopalladation proceeded
at room temperature poviding a dimeric compleXhen the palladacycle was sebjed to a CO
atmosphere in thepresence of BQ it underwent carbonylation toa synttetically versatile

intermediate dihydro-2-quinolone

R2
N N R?
<z Pd(OAc), (10 molY 1 1
AN Ar Pd(OAc); (10 mol%), CO (1 bar), O, (1 bar) R ! Up to 90% yield
. R3 NaOAc (2 equiv.), HOAc, BQ (2 equiv.), rt = ~Ar 19 examples

(0]
52% 84% 50%
N-MPMP
H o] 0 o}
90% 65% 83% 61%

Scheme 111 Amine directed PaatalyzedG-H bondcarbonylation.

Shi and ceworkers developed a palladiunatalyzedortho-olefination of N,N-dimethylbenzylamines
(Schene 1.]2).[311 Notably, LiCl was found to promote this carbonylation reactMethanol, ethanol,
and other long chain aliphatic alcohols were suitable in this reaction. However, steric hindered
alcohols performed low efficienc@ther nucleophiles, suchsghenol and amines, completefgiled
under the conditions They also used different substituents oithe phenyl ring of
N,N-dimethylbenzylamine. Both electrondonating groups and electroswithdrawing groups were
tolerated in this reaction.Further transfomation to afford ortho-functionalization of substituted
toluene in one potwas exploredUnder reductive hydrogen atosphere with Pd/C as catalyshe
N,N-dimethylaminomethy group could be converted into a methyl grodqurther studies to combine

ortho-carbonylation and hydrogenation into one pot were conducted
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N\
PdCl,,(5 mol%) COOR2
N Cu(OAc), (2 equiv.) Ri X up to 78% yield
Pz LiCl (50 mol%), CO (1 bar) = 21 example

TFE/HOAC, 85 °C, 48 h

COOEt Pd/C (10 mol%), H, (1 bar) é/cooa "
(]
EtOH, 55 °C, 8 h

PdCly,(5 mol%)
Cu(OAc), (2 equiv.) Pd/C (10 mol%), H, (1 bar) COCEt . pot, 41%

LiCl (50 mol%), CO (1 bar) K,CO3 (6 equiv.)
TFE/HOAC, 85 °C, 48 h EtOH, 55°C, 8 h

Scheme 112 Pdcatalyzedortho-carbonylation ofN,N-dimethylbenzylamines

Recently, Zhu, Zhang, and Das repopetladiumcatalyzedGH carbonylatios of biary-2-amineto
form phenanthridinonesrespectively(SSheme 1.135?’2] In this reactionunprotected anilinenitrogen
was used as a directing group to prep&mee NHlactams The major challenge afsing free aniline as

a directing group in GH aminocarbonkation reaction wa its incompatibity with the oxidative

reactionconditions and urea byproduct formatiofihe reaction conditionsf %K dzQ& 3INR dzLJ | Y R
group were similar They both used palladiusalt as the catalyst and Cu(TEAp the oxidant uder
CO atmosphere. Howevér I & Q& 3I NP dzLJ dza SR abBdaQGs theoxidark S / h & 2 dzND S
7
« —R? Pd(MeCN),Cl, (5 mol%) ‘ R2
a) Zhu's group R = Cu(TFA), (1 equiv.) R! O up to 91% vyield
ZNH TFA (1 equiv.), CO (1 bar) N 29 examples
2 1,4-Dioxane, 110 °C H

up to 96% yield

b) Zhang's group R1,;

ZN 2
“ 7R Pd(OAc), (3 mol%) R?
A Cu(TFA), (1.5 equiv.) R O

NH, CO (1 bar), TFE, 70 °C, 3 h NS0 19 examples
H
~ —R?2 0] Pd 9 2
i (OAc), (10 mol%) R
2
c) Das's group R+ N + ON H AgOTT (40 mol%) R! up to 90% yield
O NH, \ 140 °C, O, (1 bar), 24 h N o 8 examples

H

Scheme 113 PdcatalyzedGH amirocarbonylation of unprotectednilines

In 2010, Yu and eworkers developed a palladiteatalyzedamide directed GH carbonylation of
N-arylamidesunder CO atmosphere ¢Beme 1.14533] Substrates with a quaternary-carbon atom
gave good to xcellentyields of the succinimide productBroducts containing ether grougsuld dso

be obtained in goodiglds. The benzyl moiety proved to be aftter protecting group than the TIPS

10
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group fori -hydroxyl substrateswhile TB$rotected substrates gave none of théesired product.
Notably, thismethod was also effective for thearbonylation of methylene € bonds in cyclopropane
substrates To demonstrate the synthetic utijitof this reaction, succinimide produafas subjected to

two different ringopening conditionsto obtain either 1,4dicarboxylic acidor 1,4dicarbonyl

molecule
F F
oF CF, Pd(OAC), (10 mol%) F CF;
AgOAc (2 equiv.), TEMPO (2 equiv.) o .
R! up to 99% yield
R2 N F KH,PO, (2 equiv.), CO (1 bar) R! N F 12 examples
H F n-Hexane, 130 °C, 18 h R? o F

o
HO _TFA HOAc. _NaOMe
O = x MeOH, 1t, 6 h
o)

Scheme 114 PdcatalyzedGH carbonylation oN-arylamides

Uoyd-Jones and BookerMilburn reported a palladiuncatalyzed GH carbonylation of
N-methoxybenzamidesinder 1bar of CQ which provide a direct routeto substituted phthalimides
(Schena 1.15)[34] The reaction proved to be vergensitive to the solutiorphaseCO concentration,
increasing the CO pressure-4dar) or diluting with N (1:1) resulted in reduced yieldSurprisingly,
they found thati K &duded@2 f dzY S¢ wl Rf Suhdito bk dpiirBaivheteGsN&ctidns in a

standard rounebottom flask underidentical conditions resulted in consistently poor yields

o]
(\) Pd(OAC); (5 mol%) o
N7 N CO(1bar), BQ (2equiv.) g N\ _ UP to95% yields
R H L 10 examples
Z>H HOAc, 110 °C, 5-8 h
o}
0 o]
/ /
N-O N-O
0 o]
76% 54% 73% 30%
0 \ 0 O
o}
o o O CEEN 0Bn
o)
o] \ o]
83% 92% 53% 42%

Scheme 115 PdcatalyzedGH carbonylation oN-methoxybenzamides

In 2016,Carretep and coworkers developed palladiumcatalyzedGH carbonylative cychtion of

N-(2-pyridyl)sulptonyl (N-SQPy}protected amineshy using pdadium catalysand Mo(CQ)asa CO

11
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source (Scheme 1.16§” This carbonylationprotocol relied on the directing group N-SQPyY, which
provedto be easily removedThisprocedurealso alloved late-stage modifications of moreomplex,
functional compounds such as diptides or tripeptides, therebyllustrating the capacity othe
bidentate N-SQPYy directinggroup tooverride otherinherent substrate coordinatinglements, as well
as broad functional group toleranck addition to providig an attractive solution to thdifficulties in
handling hazardous CO gas, the use of Ma{@®#a solid COsourcein substoichiom&ic amount
(0.33 equiy) ensura the palladiumcatalytic activity Indeed, significantly lower efficiencwas
observed when the reactionsere carried out underl bar of CO, or in the presence of increastha
amountof Mo(COy. A series of experimentahd DFT mechanistic studiesere carried out to further

studythe mechanism.

PyOS O H Pd(OAc), (10 mol%) PyO,S

o)
H
HN,, N.,_COOMe Mo(CO)s (0.33 equiv. N “\\-‘k N
N (CO)s (0.33 equiv.) o N
(@) AgOAc (1.5 equiv.) 0

BQ (2 equiv.), HFIP, 110 °C

H

Scheme 116 Pd-catalyzedcarbonylative cyclization ofaines

As shown in Scheme 1.17, Driver and-wmwokers reported a palladiunmcatalyzed
aminocarbonylation of aryG-H bonds usingitroarenes as the nitrogen soureed Mg CO) asthe CO
source’® This intermoleculaiGH bond functionalization did not requirany ligand The electronic
nature of the nitroarene impaed the success of the redoh with the highestyields when
electrondeficient substituents were present on the nitroarenddowever, increasing the steric
envionment around the nitro grouphad a detrimental effect on the reactiorAdditionally, the
mechanism experimentidicated that the palladacycle catalyst sed/&o reduce he nitroarene to a
nitrosoarene and activatk the GH bond Besides,the GH bond activation step was both the

productdetermining and the turnovelimiting step.

In 2014, our group described aaltadiumcaalyzed carbonylative [3+2+1]annulation of
N-arykpyridine-2-amines with internal alkynes by @H activation (Scheme 1.18§" Mo(CO} was
applied asa solid CO source andethieaction proceeded in an atoatonomic mannemifferent kinds
of internal alkpeswere tested in our system. Alkyneststituted with electrondonatinggroupssuch
as n-butyl or dectronwithdrawing groupssuch as fluoro, bromo, acetyl, and trifluoromethyl were
tolerated in our procedurewith good yields The aubstitutes on the N-arylpyrine-2-amine were
detectedas well. TheN-arylpyridine-2-aminesbearingelectrondonating groug, such as methyl and
methoxyl,worked well with syntheticallyseful yields asvell as electrordeficient substratesTo gain
some detail of the mechanisrthe KiEexperiment was congcted. The KEwas1.0,indicatingthat the

GH activation step was reversibnd might not be the rateletermining step for this procedure

12
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X
R1
> N O, _N
Pd(OAc), (10 mol%), Mo(CO)g (2 equiv.) o /@R3
—R3 PivOH (0.5 equiv.), DCE,120 °C, air, 12 h N up to 91% yield
R2 H 28 examples
® [ [
=N COOMe { _N cFy LN Br COOMe
R O R T O
N
N N
H H H
80% 70% 68% 69%
COOMe N N COOMe . COOMe
O \
H
58% 91% 58% 45%
Scheme 117 Pdcatalyzedaryl GH bond aminocarbonyation.
X
| N
~
H Pd(OAc), (10 mol%)
Rall X ‘ N, Rl-— R? L-proline (20 mol%), BQ (2 equiv.) N0 up to 84% yield
W Nz AgOAC (2 equiv.), HOAG R 19 examples
Mo(CO)s (1.2 equiv.), 140 °C, 24 h, air R?
R1

H
N N « “
N~ ‘ N | N
] Pd(OAc), (10 mol%) Z Z

0.5 equiv. L-proline (20 mol%), BQ (2 equiv.)

+ Ph—==—Ph ’ : N0 N0
H AgOAc (2 equiv.), HOAc Dy
TN = Mo(CO)g (1.2 equiv.), 140 °C, air Z Ph Z Ph
d | 5 (1. ) X
T Nz Ph Ph

37 mins, KIE = 1.0

0.5 equiv.

Scheme 118 Pd-catalyzedcarbonylative [3+2+1] annulation dFarylpyridine2-amines

Recently, our group reported a palladiumcatalyzed carbonylative cyclizatn  of
N-arylpyridin2-aminesvia GH activation usig DMF as the CO surrogai8chene 1.19)P% In this
reaction, both electrordonating and electronwithdrawing substituted N-arylpyridin-2-amineswere
trandormed into carbonylation productéh moderate togood yields Benzene rings bearingalide
phenyland benzyloxy groups glara-positions were well toleratedb give thecorresponding products
in good yieldsThe 13COIabeIIing DMF experimentand other controlexperiments proved that the

carbonyl group of DMRvas the CO source in this methodolagyloreover, the KIE experiment

13
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suggested that €H activation stepmight not be involved in theate-determining step under our

conditions.

Pd(OAc), (5-10 mol%

H )
N . NS
g N mRz K2S20g (2-3 equiv.) R ﬁ/\fw up to 93% vyield
A N NN 20 |
examples
(@]

DMF/TFA, O, (1 bar), 140 °C, 22 h

Pd(OAc), (5-10 mol%)

H
@"H/\j K,S,05 (2-3 equiv.) N
N =CO-DMF/TFA, O, (1 bar), 140 °C, 18 h woNF
I
o

H
N ‘ N
N =~
Pd(OAc), (5-10 mol%) N
0.1 mmol K2S,04 (3 equiv.), DMF/TFA, O, (1 bar) @ N N
Dy
H 140 °C, 12 mins, KIE = 1.0 N~ AN~
A N X o) o)
Psu N‘ =

0.1 mmol

Scheme 119 Pdcatalyzedcarbonylative cyclization of arenes byH®\ctivation

1.2 Ruthenium-catalyzedcarbonylation of nitrogenrcontaining compounds via-@& activation
1.2.1GH carbonylation without directing group

In 1992, Muraiand ceworkers reported Ri(CO).-catalyzedGH carbonylatiorof pyridine (Scheme
1.20)®¥ In this reactionpyridine wasalsoemployed asa solvent and the reactiomas conducted at
150 °C under10 barof CQ Conversion of -hexene to the pyridyl ketone mixture was 65% after 16
hours. Onlyortho-substituted productsvere observed, making the retion highly redgpselective.The
kinetics of the acylation reactiowasexamined in some detail. The reaction exhibited foeder rate
kinetics with respect to pyridine and KGO), and was zereorder in CO pressure (B0 baj) and olefin

concentration.

X R Ru3(CO)y NS R NS R
= CO (10 bar), 150 °C = _

Scheme 1.2RucatalyzedGH carbonylation of pyridire

In 1996 Murai and ceworkers demonstrated RUCO),-catalyzedGH carbonylation of imidazoles
(Scheme 1.21[)19] The reaction of 1 2limethylimidazole withl-hexeneunder 20 barof CO in toluene
at 160 °C for 20 bursin the presence of RCO), gave the carbonylative products with a linear to

branched ratio of 94:6.The coupling occurred highly regioselectively at theosition. No
14
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5-heptanoylation isomewasdetected.Differert olefins such aalkyl, aryl, and trialkylsilyl substituted
alkenes wereutilized in this reaction.Surprisingly, ey found that the linear to branched ratio was
affected by the steric faor and that the reaction of electron deficient olefins such asy/lmitrile and

ethyl acrylate did not proceed.

R
)N\:\> . g Rus(CON, (4 m0i%), CO (20 ban) \NW ) \NWR
N )\\N o) /\\N o}

Toluene, 160 °C, 20 h

>93:1
up to 95% yield
13 examples

Scheme 1.2RucatalyzedGH carbonylation of imidazoles.

Later on, they extended this RCO),-catalyzedGH carbonylation reactiof” A wide range of
olefins with various functional groups wereutilized in the carbonylation reactionOther
five-memberedN-heteroaromatic compounds, such as pyrazoles, oxazoles, and thiazolgd,atso
work well The reactivity of the fivenembered heterocycles correspondéalthe pK, of the conjugate
acid ofthese heterocycleHighpk, of the substrate gave the high reactivity. It indicatibat the pk;
valueswere related to the ability of the nitrogen atom in the substratiscoordinateto a ruthenium
center. The coordination of theubstrates to the uthenium center in the catalystomplex wa a

necessary prerequisite for the carbonylation to proceed.

In 1998, they described R€O),-catalyzedsiteselectivecarbonylation at a €1 bondi to the
nitrogen (Scheme 1.22§ Imidazoles were used as the siitates with olefins under 5 basf CO in
toluene at 160°C for 20 lours Interestingly, the carbonylation occurred highditeselectivéy at the
4-position. Higher CO pressuraugpressedthe coordination of substrates to the ruthenium center,
which was essential for the metal to cleave théd®ond. The effects of substituentsl(&hd F%) on

the reaction were examined. The bulkiness b&Rpeaedto be an important factor.

: S
RjN’<R N’\<N
\ 0,
N . R Ru3(CO)45 (4 mol%), CO (5 bar)

Toluene, 160 °C, 20 h R

o
up to 87% vyield

15 examples

Scheme 122 Rucatalyzedsiteselectivecarbonylation of imidazoles.
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1.2.2GH carbonylation with directing group

Murai and Chatani developedithenium-catalyzedcarbonylatiors at a GH bond in aphenylring
under CO (20 bjuand ethyene at 160°C (Scheme 133.[43] Carbonylation dok place selectively at the
ortho GH bond in the phenyl ring using directing groups such as pyridine, oxaamtamne, oxazole,
pyrazole,and thiazolinelt was foundthat the siteselectivity was deterimed by steric factorsOlefins
such as propene and trimethylvinylsilane in place of ethylene could be used in the carbonylation
reaction, while other olefins, such ashgxene, tert-butylethylene, vinylcyclohexane, isoprene,
1,5hexadiene, cyclohexene, B5Sk¢yclooctadiene, styrene, methyl acrylate, vinyl acetate,
allyltrimethylsilane, and triethoxyvinylsilane did not afford the carbonylation produitte. results of
deuterium labeling experiments suggest that the catalysis involvé reversible €H bond cleavage
and that the ratedetermining stepwasnot the cleavage othe GH bond. The results of kinetic study

of the effects of CO pressure shegthat the reaction rate acceleratedith decreasing CO pressure.

DG

DG O
Ru3(CO)45 (5 mol%)
+ —
CO (20 bar), 160 °C

Scheme 1.2Rucatalyzedsiteselectivecarbonylation of heterocycles.

In 2009, Chatani and emorkers described that aromatic amides having a pyritiyimethylamine
moiety undekvent ortho carbonylation of €H bonds, leading to phthalimides usingsf0O), as the
catalyst (Scheme 1.24)! In this reaction, a wide variety of functional groups, including methoxy,
amino, ester, ketone, cyano, chloro, bromgooups, could be substituted for aromatic amides in high
yields. After they examined the regioselectivity of tterbonylation usingneta-substituted aromatic
amides, they found that electronic effectgere not dominant factos. However,the steric nature of
the substituentswasa significant effect on the regioselectivity of the reaction. To further understand
the reaction mechanism'H NMR experiments on a stoichiometric reaction were performed. A new
ruthenium complex was formed as a single organometallic product. Unfortunately, no reaction
occurred for the reactiorin the presenceof ruthenium complexas a catalst under the standard
reaction conditionswithout H,O, which indicatedthat the presence of D was required forthe
conversion ofuthenium complexnto an active catalytic specieghus, they suggestatiat ruthenium
complexwas not included in the maincatalytic cycle However, an active catalytic species wa

probablygenerated fromruthenium complexy reductionunder watergasshift reaction conditions
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0 Ru3(CO)45 (5 mol%)
Rl AN N ‘ A CO (10 bar), ethylene (7 bar) u?éoegs:/:p);;esld
2 H H N~ Toluene, H,0 (2 equiv.),160 °C, 24 h
Cﬁ?}/cif>wciﬁ>/ié

77% 69% 84% 89%
0 o] o) o)
_0
N N N N
Br 7 7 \N 7
7
o ON A o N\ o N \ o N N
~ — J— J— —
92% 87% 79% 60%

Scheme 124 Rucatalyzedsiteselectivecarbonylationat ortho GH bonds in aromatic amides

Subsequently, theyeported a highly regioselective carbonylation reaction of unactivated3§3K-sp
bonds byRw(CO), (Scheme 1.25‘?.5] In this reaction, lhe preseéce of the2-pyridinylmethylamine
moiety in the amide wa crudal. The reation showeda preference for & bonds of methyl groups as
opposed to methylene €l bonds Fivememberedring closure occurred preferentially over
sixmemberedring formation in substrates containing multiple methyl substituentéie reaction
tolerated a variety of functional groupsuch as OMe, CI, £FEEN, and Br under the condition&n
intramolecular competition experiment was carried out to further understand the mechanigmch
indicated that the cleavage dahe GH bond was the rate-determining step.The stoichiometric
reaction of an amide with R(CO), gave a dinuclear ruthenium complex in which the

2-pyridinylmethylamino moiety was coordinated to the ruthenium center imMaNmanner.

Toluene, H,0 (2 equiv.),160 °C, 24 h

ﬂb”ﬁ@ﬂbﬁb

o
Ruz(CO);5 (5 mol%)
0,
R N X CO (10 bar), ethylene (7 bar) up to 87% yield
H ‘ 16 examples
H N~

83% 75% 72% 79%
O o) ol o

N
¢ b o) b 0 b ° b
78% 74% 68% 87%

Scheme 1.2 Rucatalyzedcyclocarbonylation of aliphatic amides.
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Based on their previous reports, they descriteeduthenium-catalyzedcarbonylation ofortho GH
bonds in aylacetamides which delivered sixmemberedring products (Scheme 1.268 They
examined the effecof directing groug on the progress of the carbonylation of theHCbond of
phenylacetic amideDirecting groupamideswith shorter and longer carbon chains did not give the
corresponding carbonylation produgtThe results proved that coordinatiomas a key step for the
reaction to proceedMoreover,this reaction tolerated a variety of functional groups such as OMe, Cl,
CR, CN, and Bit was also applicable to the carbonylation of heteroaromatic rings, such as thiophene
and indole.To gain insightnito the reaction mechanism, a deuterium lalied experiment was carried
out. No H/D exchange atrtho-position was detected in the recovered starting amide, indicating that
the cleavage of the €l bond was irreversible. Curiously, unexpected and signifiamount of H/D

exchange took place atposition of the product.

(0]
N Ru3(CO)45 (5 mol%)
H/\O CO (10 bar), ethylene (7 bar) N ‘ A up to 93% yield
N
7 Toluene, H,0 (2 equiv.) o N~ 14 examples

160 °C, 12-36 h

54% H

(o} o) o
N N Rus(CO)15 (5 Mol%) N N \ NS
H N‘ CO (10 bar), ethylene (7 bar) H \ H/D N
_ = = N~ o]
Dy ‘ Toluene, HyO (2 equiv.),160°C,3h  p [ ‘ *
X *N D D
D

66%, no H/D exchange

Scheme 1.8 Rucatalyzeccyclocarbonylation oérylacetamides.

Our group developed a general and selective ruthentatalyzedcarbonylationwith heteroarene
bearing ortho-directing groups (Scheme 1.2[”77)‘. The carbonylationof 2-arylpyridines and related
derivatives proceeed highly selective with water as the solverilsing aryl iodides with either
electrondonating or electrorwithdrawing groups led tothe formation of the corresponding
benzophenone derivatives in moderate to good yieldslowever, aryl iodides with
electronwithdrawing grou were less reactive than the ones witHectrondonating groupsAryl
iodides substituted with alkyl groups mrtho-, meta-, or para-position were all effective Directing
groups such as psazole and pyrimidine couldnake this reaction workas well. Remarkably,

stoichiometric amounts of organometallic reagemtere avoidedin this reaction.

A ruthenium-catalyzedcarbonylatbn reactionof alkenesvia GH activation was reported by our
group (Scheme 1.28) Styrenes bearing eitheelectron-donating or electrorwvithdrawing groups
gave the correspondinketone derivatives in moderate tgood yietls. No general trendvas observed
if the styrene was substituteth ortho-, meta-, or para-position. Besides, we found thahe use of an

excess amount of the styrene deative in some cases also lénl olefin dimerization, especiglifor
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styrenes substituted witlelectronwithdrawing groupsNext, we turned our attention tohe variation
of the heteroareneand the directing groupHeteroarene substituted with a strong donating group
delivered the best result. This reaction could also bea&edling groupssuch aspyrazole and
pyrimidine.H/D exchange gerimentswere performed The results confirmed theeversibility of the

metalation step.

RuCly(cod) (5 mol%)

KOACc (0.2 equiv.) A AN
NaHCO3 (2 equiv.) - m 4\
—R N NN Sy
CO (30 bar) X ?Arm o

H,0, 20 h, 120 °C

\ _N !N

N o o N—" o
\ S

61% 74% 54% 68%

40% 91% 54% 63%

Scheme 1.2Rucatalyzedcarbonylative €C coupling in water by directediactivation.

DG CO (30 bar) DG O B N T
RuCl,(cod) (5 mol% - {
R“—: X . /\RZ 2( )( 0) R17‘ AN R2 DG = _N N__N N/N
= H,0, 24 h, 130 °C {~ upto94% yield x e

19 examples
A | A
‘ _N o _N o
Y OO

69% 74%

CF3

Fs

79% 51% 74% 87%

Scheme 1.2Rucatalyzedcarbonylaton of alkenes.
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1.3 Coppercatalyzedcarbonylation of nitrogencontaining compounds via-E activation

1.3.1GH carbonylation with directing group

In 2015, Ge and eworkers developed aarbonylaion of C(sf)-H and C(sh-H bonds through
nickel/copper synergistic catalysisnder Q with the assistance of a bidentate directing group.
(Scheme 1.2§f9] The C(sﬁ)-H activation was featred with high regioselectivityand good
compatibility with a boad range of functional groups suchmasthoxyl, methyl, halogen (F, Gind Br),
cyano, trifluoromethyl, and nitro group#&\dditionally, substrates witklectronwithdrawing groug on
the phenylring gave loweyields compared with those with electresionating groups. Unfortunately,
heteroaromatic substrates failed to provide any desired productée C(SB)-H activationshowed a
predominant preference fothe h-methyl groups over thé - methylene and - or *-methyl groups.
Good yields were obtained witB,2-disubstituted propanamides beiig either the linear or cyclic
chains Mechanistic studies suggested that this reactiomas performed through nickel/copper
synergstic catalysis with the nickedpecies initiating the €&l activation of an amide to generate a
nucleophile and DMF providinan electrophile by the coppepecies. Interestingly, it wdeund that
GH bond cleavage odromatic amideswas a reversil@ dep, while CH bond cleavage ddliphatic
amides was the ratelimiting step, indicating that <€l activation on sfj carbons was a mae

challenging process comparedth sp2 carbonsRemarkablypMFwas usedas theCOsource

le) (6]
C 20 mol%), Nil, (10 mol% N
TN | u(acac)z (20 mol%), Nil; (10 mol%) o i N up to 87% yield
R I H Ne Li,CO4, (0.4 equiv), THAB (1 equiv.) Z 15 examples
H DMF, O, (1 bar), 160 °C o N
O 1 Q
R
R N Cu(acac), (20 mol%), NiBr, (10 mol%) R2 N up to 81% yield
R H Il Naycos, (0.3 equiv), TBAPFs (1 equiv.) 12 examples
H DMF, O, (1 bar), 160 °C O Ny

Scheme 129 Carbonylation oC(sﬁ)—H and ((Zspa)-H bonds via Cu/Niynergistic catalysis

Recently, they reportedh copperpromoted siteselectivecarbonylationof C(sf)-H and C(sh-H
bonds using nitromethane as th€O source with the assistancef an 8aminoquinolyl auxiliary
(Scheme 1.30§° TheC(sp)-H carbonylation featured highegioselectivity A wide rangeof functional
electrondonating groupsand electronwithdrawing grous were well tolerated The C(sp)-H
carbonylation showed high siteelectivity as well KIE studies indicated that theC(sﬁ)-H bond
breaking stepwas reversible, whereas th@(sﬁ)-H bond clewagewas an irreversible but nothe
rate-determining step. Control experiments suggested that the salstr undewent a
dehydrogeative coupling reaction with nitromethane, followed by a Nereaction to form the

carbonylation product.
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o]
Cu(OAc);, (10 mol%), Ag,CO3 (2 equiv.) A
RN | * CHNO, - . R N up to 93% yield
> H N s Na,HPO, (1 equiv.), DMF, 140 °C 19 examples
o N\ /)
Cu(OAc), (1 equiv.)

0
]
K5S,0g, (2 equiv.), PhCOONa (0.5 equiv.) R
R! * CH3NO, : , RZ] N up to 73% yield
R% N | Al,O; (2 equiv.), DMPU (2 equiv.) i exar;p‘l'es
Ny 1,4-Dioxane/i-PrOH, 165 °C
(e} N\ /

Scheme 130 Qu-promotedsiteselectivecarbonylationof C(sﬁ)-H and Q:sp?’)-H bonds.

1.4 Rhodiumcatalyzedcarbonylaion of nitrogencontaining compounds via-@&l activation

1.4.1CGH carbonylation without directing group

In 2011, Li and eworkers demonstratech rhodium-catalyzedGH carbonylation of indoles under 1
bar of CO(Scheme 1.31[?.” Various substituigd inddeswith linear or cycli@lcohok couldafford the
carbonylation products Signifcant electronic effects of thesubstituents on the benzeneing of
N-methyl indole towardreactivity were observed. Electregeficient indoles gave better yieldmder
the reaction conditions.Interestingly, substituents at theN-position of indole also significantly
influenced the efficiency fothe direct GH carbonylation.The N-benzyl indole and its desmatives
further substituted by electrondonating methyl groupsat the 5-position or 6-position worked
efficiently. However, only a trace amount of product®uld be observed when indole was
N-substituted bystrong electronwithdrawing groups such as Ts and Biadicatingthat the presence
of Ts or Boc renderethe indolering highly electrordeficient and réarded electrophilicmetalation.
Replacing indolevith N-substituted pyrroleproceededsmoothly SurprisinglyNHfree indole could

also e regioselectively carboxylated the G position instead of th&lHposition.

H COOR
N Rh(cod)Cl], (4 mol%) , CO (1 bar N
RZ@S . Rop —[Rn(cod)Cll; (4 mol%) , O (1 bar) R2L N up to 92% yield
= N K,S,0g (4 equiv.), toluene Z~N 25 examples
110 °C, 24-48 h R!
CO,(CHz)3CH3 \@[g 0,(CH2),CH3 /©[§02(CH2)SCH3 CO,CH,CH(CH3),
86% 69% 85% 92%
o o) 2(CH2)3CH3 CO,(CH,)3CH3 CO,(CH,)3CH3
{ Qb
N
\
76% 52% 41% 27%

Scheme 131 Rhcatalyzeddirect carbonylation of indoles
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1.4.2GH carbonylation with directing group

In 2000, Murai and cworkers reported a rhodiumatalyzeddsp3)-H carbonylation reaction
(Scheme 1.325? They usedtyclic amins as the substrate in conjunction with ahodium complex
and 2propanolprovidingsaturated ketons. No other regioisomeric productaere observed.lt was
noteworthy that the nature of the substituents on thayridine ring had a significant efft on the
yields of products. Steric hindrance around the pyridine nitrogen and electdaficient pyridine

dramatically decreased the product yields

- Sy

N
0,
AN . [RhCl(cod)l, (4 mol%), CO (10 bar) AN O upto 84% yield
x i-PrOH, 160 °C i 9 examples
R P (5 atm) R v

Scheme 132 Rhcatalyzed:(sp3)-H carbonylation of heterocycles

In 2004, Takahashidescribed a modium-catalyzed GH carbonylationof azobenzeng (Scheme
1.33)[53] This reaction wam the presence of nitbenzene as a hydrogen acceptor agavefour-ring
heterocyclic productsn good yield. Theyexamired the reactivityof azobenzenelerivatives bearing
electron-donating andelectron-withdrawing groups atmeta-position or para-position relative to the
azo group. The results indicated thtae substituents gee a little electronic influencen the reactivity
of azobenzendowards the carbonylation. However, decreasing the electron density on the phenyl
ring would depress the -8 activation atortho-position. In addition, the steric factorgave astrong

effect on the carbonylation

=
TR 2
NI NO,
0,
N ‘,\‘l + [Rh(CO),Cl]5 (1.2 mol%) N BN N\N R up to 85% yield
RF CO (70 bar), 190 °C, 18 h = 9 examples
=
(2 mL)

Scheme 133 Rhcatalyzeccyclocarbonylation of azobenzene

Guan and cavorkers reported a rhodium-catalyzed oxidative carbonylation of arenes and
heteroarenes with carbon monoxidand alcohols(Scheme 1.345" Oxone wasutilized as an
inexpensive oxidanin this reaction This reaction showethigh regoselectivityand tolerated many
good functional goups such agster, trifluoromethyl,halogenand ether groupsUp to 96% yielaf
ortho-substituted aryl or hteroaryl carboxylic esters werebtained They alsofound that
electronrich arenes showed more reactivity and gave slightlizigher yields than electrodeficient
arenes. Different directing groups,;such as psazole,pyrimiding and quinoline,could also workwell

under the conditions and generatéhe carbaylation products in moderate to good yields. Various
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alcohols were testedind worked wellin this carbonylation reactionNotably,both steric hindrance

and boiling point oklcohok played important rolgin the transformation

[Rh(cod)CI], (2 mol%)

+ R2OH - up to 96% vyield
Oxone (3 equiv.), 110 °C 22 examples
Toluene, CO (2 bar) R
[ @
AN o (CH2).CHs o (CH2)iCHs o (CH2)iCHs
40% 82% 88% o0
A
[ Y
N’ N N
@)k o (CH2):CH o (CHaACHs - (CH2)(CHa
66% 80% 35% 80%

Scheme 134 Rhcatalyzedcarbonylation oheteroarenes

In 2011, Rovis and emorkers reporteda rhodium-catalyzedoxidative arbonylation of benzamides
with carbon monoxide (Scheme 1.§§ﬂ.Various amidedearing akyl groups at the nitrogentam
proceeded smoothly to deliver phthalimides in excellent yiel®ubstrates bearing-methoxy and
p-phenyl substituents werefficient. Amide with electronwithdrawinggroups providedphthalimides
in low yields. Substitution at the meta-position led to 3-substituted phthalimides as single
regioisomers Amides with ortho-substitued groupssuch as methoxy, methyl, phenyl and fluoro
afforded phthalimidesn minimal yields.

o (6]
il \ H,R Rhcp*(MeCl.\l)3(CIO4)2 (5 mol%). RL; N N-R up 10 95% yield
L Ag,CO3 (2 equiv.), KH,PO, (2 equiv.) Pz 19 examples
CO (1 bar), t-AmOH, 100 °C o)
O (6] o} O
N N—n-Bu N—n-Hex N—
o (0] o o}
87% 92% 89% 86%
(6] ‘ le) o o
(e}
N— N— N— N‘\
(0] Br CO,Me
\ ¢} e} e} o}
82% 95% 33% 43%

Scheme 135 RhcatalyzedGH carbonylation of bazamides
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Jiao and cavorkers developeda rhodium-catalyzedcarbonylation of simple anilines witbarbon
monoxide and alkynes(Scheme 1.36[5.6] A variety of N-methylanilinesbearing electrordonating
groups such as OMe, NHAc, MeBu, proceeded well nder the conditionsN-methylanilines with
weak electrm-withdrawing groups such as Pimd Clcould also performwell. However, strong
electronwithdrawing groups such as F, COOMe, GiXd NGO, were relatively sluggish angrovided
moderate yields It was noteworthy that tetrahydoquinoline, tetrahydrelHbenzoplazepine, and
dihydradibenzooxazepines performesimoothly to give moderate to good yielddMoreover, many
aliphatic and aromatidnternal alkynes wereemployedin this procedure as well, which gatiee
correspondingproducts in moderate to good yieldBesides, several isotopdabdling experiments
were conducted An intermolecuar KIEof K/Kp = 1.25 was determinefbr the annulation reaction,
which suggested that-8 bond cleavagenvasnot involvedin the rate-determining step of the catalytic

cycle.

HN" Rh(PPh3);ClI (2 mol%)
SN +  RI—R¢ Cu(OAc), (2 equiv.) up to 92% yield
R2- _ Li,CO3 (0.5 equiv.), CO (1 bar) 38 examples
Xylene, 130 °C, 36 h
o]
7~
HN Rh(PPha)sCl (2 mol%) >N | Bu
| Yy, * Bu—="Bu CUlORS), (2 equlv.) Ny NBu KE=125
Jelbs Li,CO5 (0.5 equiv.), CO (1 bar) Hs/Ds—r _

Xylene, 130 °C, 6 h

Scheme 136 RhcatalyzedGH carbonylation ofanilines.

Recently, theyreported an efficient rhodium-catalyzedGH cyclization of simple anilinealkynes,
and carbon monoxide (Scheme 1.37[?7] Compared to their previous paper, thereere three
advantages in this procedurg:A wide rarge of anilines weremployed in thiarbonylationprotocol,
i) O, was utilized as the ensdonmentally friendly oxidant for thiseaction; iii) Thisreactionprovided a
three component cyclization approach Mheterocycleswith CO, whih wasused as a prominentl
synthon in organic synthesisin general, both electromlonating and electrorwithdrawing
substituents of anilines were Wletolerated under the conditionsPrimary anilines andecondary
anilines containing electron-donating or electroawithdrawing groups reacted smoothlyControl
experiments shwed that no desired product wagbserved in the absence or presence of, @@ich
indicated that the formation of formylatedaniline wa not involved in thiprocess.n addition, they
conducteda DFTinvestigation suggestinghat Cu atalyst played a pivotal role ithe transformation

CO insertion and alkyriasertion in the Rh(llgpeciesnere the key processes in this reaction
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(0]
RZ
NH, [Rh(CO,)Cl], (2 mol%) HN |
i 0,
‘ § ¢ RI— g3 Cu(OPiv), (10 mol%) q N R3
RF/ PivOH (1 equiv.), CO/O, (1 bar) R
PhCl, 130 °C, 36 h
up to 92% yield
O (6] (0] O
B
HNY Bu AN Bu HNY Bu AN Y
Bu Bu Bu Bu
_0 COOMe
67% 45% 79% 81%
o o) (0] (0]
B
N | Pr SN | Bu ~N ‘ Bu N ‘ u
Pr Bu Bu Bu
tBu
65% 77% 92% 89%

Scheme 137 Rhcatalyzeccyclization ofanilines

1.5 Cobaltcatalyzedcarbonylation of nitrogenrcontaining compounds via-El activation

1.5.1CGH carbonylation with direcing group

In 1955 ,Murahashireported a cobalt carbonylation to synthesizghthalimidines (Scheme 1.3§?.8]
In this reactiondiphenylmethaniminewas the substrate, usindicobalt octacarbonyas the caalyst

under 100200 barof COat 220:230°C for 56 hours, affording2-phenylphthalimidingn 80% yield.

o /@ Cox(CO)g (11 MoI%) CQN@
©/\N CO (100-200 bar)

220-230°C, 5-6 h o
80% yield

Scheme 138 Cocatalyzedcarbonylaton to synthesize phthalimidirse

In 2014, Daugulis and coeworkers demonstrateda cobalt-catalyzed GH carbonylation of
aminoquindine benzamides (Scheme 1.39[79] Reactions proceededat room temperature in
trifluoroethanol solvent, usingxygenfrom air as an oxidantHalogen hitro, ether, cyano, and ester
functional groupawvere tolerated well. Carbonylation of aminoquinoling-toluoylamidecould alsobe
carried outon 5 mmol scalegiving carbonylation produdh 91% yieldlt indicated that scaleip of
the reaction wa feasible The directing groupcould be removedby treatment with ammonia,
affording a high yield of a phthalimédderivative Two control experimentsvere performed to
determine the source of the oxidant. Firstp-toluoylamide of aminoquinolinevas carbonylated

without opening of thereaction vial to airCOwas delivered from a balloon equipped with a needle.
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The NMR vyield of product was 83%. Second, the reaction egaged out in a Cdllled Shlenk flask
with exclusionof oxygen. The NMR vyield tfe product was 20%. This result indicatétht oxygen

wasdelivered to the reaction via slodiffusion of air throughhe surface of the balloan

Co(acac), (20 mol%)
NaOPiv (2 equiv.) up to 94% yield
Mn(OAc) *H,0 (1 equiv.) 14 examples
(1 bar), CF3CH,0H, rt, 16-60 h
Control experiments

Co(acac), (20 mol%)
NaOPiv (2 equiv.)
Mn(OAc)3*H,0 (1 equiv.)

CO (1 bar), CF3CH,OH, rt

a) Balloon with CO, reaction vial not opened to air 83% NMR yield
b) Schlenk flask purged with CO, exclusion of air 20% NMR vyield

Scheme 139 Cocatalyzedcarbonylaton of aminoquinoline lenzamides

Recently, they developed method for cobalcatalyzed aminoquinolinedirected C(spz)—H bond
carbonylation oulphonamiegs Gcheme 1.40°% The reactionproceededin a dichloroethane solvent,
diisopropyl azodicarboxylatas aCOsource, Mn(OAg)as a ceoxidantand potassium pivalate as a
base.Both electronrich and electrompoor substrates afforéd correspondingoroducts inmoderate to
good Yyields The reaction tolerated many functional group such as alkoxyiodo, bromo,
trifluoromethoxy, trifluoromethyl, chloro, fluoro, naphthyl, unsaturated ester, and amgfeups

Nitro-substituted sulphonamidedid not give any carmylation product.

O
o o) \\S//O

W o i \

& . Co(OAc), (30 mol%), DIAD (5 equiv.) R N up to 73% yield

R«©/ H N | KOPiv (2 equiv.), Mn(OAc), (2 equiv.) 14 examples
S DCE, 100 °C, 24-30 h O Ny

O (6] O (6]

\\S \//O \\S \//O \\S \//O \\S \//O

N N N N
o Ph |
O N N/ O N N/ O N N/ O N N/

71% 59% 57% 73%
o) 0
Fsc \\S\//O cl \\S\//O
T “C
O N O N N N
47% 48% 69% 51%

Scheme 40 Cocatalyzedcarbonylation of aryl sulphonamides.
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In 2016, Zhang and emorkers developed amapproach for the @ bond carbonylation of
benzamidegScheme 1.415" They usedCo(OAG)4H0 asa catalyst anddiisopropylazodicarboxylate
as a nontoxic carbonl source. Aromatic amidesvith electrondonating (Me, OMe, t-Bu) or
electronwithdrawing (acetyl, halide)groups at para-position showed good compatibility For
meta-substituted benzamides, it was found that theeactions occurred at botlortho-positions, lut
the less hinderedortho-position wasfavored. The K/ Kp value of 1.39suggestedthat GH bond
cleavage probablyoccurred in the ratedetermining step In addition, theyfound that radcal
scavengers, such aBEMPO and BHignificantly supressed the reactionwhich indicated that a

single electon transfer process miglite involved in the reaction.

o Co(OAC),*H,0 (20 mol%)
Ag,CO5(2 equiv.), PivOH (2 equiv.) 7
X N R N up to 85% vyield
| f f 4
R _J H \ DIAD (2 equiv.), air 23 examples
1,4-Dioxane, 100 °C, 16 h O N

(e} (e}
84% 85% 74% 63%
o] /- o] ]
(@] Cl
' N : N
o N o N O Ny ca ON
68% 49% 71% 61%

Scheme 141 Cocatalyzedcarbonylation of benzamidesith DIAD

Zhag and ceworkers described aobaltcatalyzedortho GH carbonydtion of benzylamines with
diethyl azodicarboxylateia GH activation (Scheme 1.42§? They usedpicolinamide asa traceless
directing graip, which accessk a variety of N-unprotected isoindolinoneswith excellent
regioselectivityBenzylamines containinglectron-withdrawing groufs proceededin better yieldsthan
those with electrordonating counterpartsin additon, the substitutionpatterns of aryl moiees had
a slighteffect on thisreaction It was note of that this processxhibited excellent alectivity for
meta-substituted substrates at @osition Additionally, this carbonylation strategy was also
compatibke with various aromatic or heteroaromaticsubstituted amims Remarkably, diethyl

azodicarboxylatevas utilized as thenvironmentally benign carbonyl source
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Co(OAC),*H,0 (20 mol%) R?

R O
Ag,CO3 (2 equiv.), PivOH (2 equiv.) X
el STTUNTNTS 2rs R NH up to 94% yield
- H N__~ DEAD (2 equiv.), TFE, 120 °C, air, 24 h Z 24 examples
NH

o)
Ph
/CQ /CQNH NH NH
S F FsC
¢} e} o)
82% 94% 91% 69%
<O NH S \ Br
o) o) o) %
64% 82% 68% 61%

Scheme 42 Cocatalyzedcarbonylation of benzamides with DEAD.

Recently, Sundararaju, Gaunt, and Lei reportetiatt-catalyzedGH carbonylative cyclizations of
aliphatic amides respectively (Scheme 1.4[3'3]. Central to the success of this pemture was the
stabilizing effectof the quinolinamide directing groupgNotably, Ag salt was crucial to this reaction.
Various sbstituted propanamideswere selectivelytransformed into correspondinguccinimides in

good to high yields.

Co(acac), (10 mol%)

(0]
0 Ag,COj (3 equiv.) )
1 R to 88% yield
a) Sundararaju's group FF;2 N NaOOCPh (20 mol%) R2 N \ ug1°exan/:p>|l;es
. H Ne CgH5CF3, CO (2 bar) o Nx
R® 'H 150 °C, 24-36 h R
Co(acac), (10 mol%) o
O .
R N Agéccgz(?; unw.? R N up to 89% vyield
b) Gaunt's group R2 N ‘ a (1.5 equiv.) R2 | 18 examples
’ H o Ne PhCI, CO (1 bar) o Nx
160°C, 21 h
Co(acac), (15 mol%) o
o NH4OAc (1 equiv.
) R1 A é% c2( Sequni/v) R N up to 89% vyield
c) Lei's group I N ‘ g2C03 (2.5 equiv.) 2 ‘ 14 examples
Ho N PhCl, CO (1 bar) o N

120°C, 24 h

Scheme U3 CocatalyzedGH carbonylative cyaation of aliphatic amides
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2. Objectives of this work

As desribedin the introduction, transition metatatalyzed carbonylation reactions have attracted
numerous attentions during the past several decades as they serve as a powerful synthesis toolkit for
the chemists.Although manystudies havebeen accomplishednithis field, there arestill so many
parts to be discussed The objectives of this workfocus on dfferent catalysts, various
nitrogencontaining substrates, safe CO surrogates, and the applications of novel carbonylative
methods.As we all know, palladio-catalyzed carbonylation reactions viaHCactivation have been
reported widely. However, other transition metal catalysts such as coppér ruthenium are very
limited. Herein, @lladium, ruthenium, and copper are selected as the catalysts which ardyhigh
efficient to construct various carbonyl compounds. In addition, nitregentaining compounds such
as 2substituted pyridines, ketimines, azoarenes, and indoles are used as the substrates wigich a
important skeletons in naturgtroducts and pharmaceuwtal molecules. Series of nucleophiles such as
alcohols and amines are discussed in this disserta®wmwell In order to overcome the limitations of
gaseous carbon monoxide in synthetic application, the development of CO surrogates to access safer
and moe operator friendly carbonylation reactions has been desirabelybdenum hexacarbonyl
and hexaketocyclohexane atgilized as the solid CO soursghich are cheap and easily handling in
laboratory. Moreover, we have described many control experiments fiarther understand the
transition metalcatalyzed carbonylation mechanisragch as the palladium, the ruthenium, and the

copper catalytic cycle.
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3. Summaryof works

Following the objectives in this dissertation abdsed on the understanding of funoental
organometallic chemistrand i NJ vy & A (i datdlyzedda®anyldtians the development of different
transition metalcatalyzed carbonylatiors of nitrogencontaining ompounds via €1 ativation is

described in this dissertation

Palladiumcatalyzed oxidative carbonylation of aromatic GH bonds with alcohols using
molybdenumhexacarbonyl as thearbon monoxide source (Adv. Synth. Cata016 358, 28552859).
In this paper, a mild and genealocedure for palladiuntatalyzed alkoxycarbgtation of arenes with
Mo(COy as the CO sourceas developedScheme3.1). A variety of primarysecondary and tertiary
alcoholscould be applied as substratesnder our reaction condibns and gave the corresponding
eders in moderate to good yield$ligh regioseldtvity as well asgood functional group tolerance
could be demonstrated The desired carbonylation productsere isolated in moderate to good yields.
Nitrogen heterocygles, such as pyrazole angdyrimidine, served as efficierdirecting groupsand
generatedthe carbonylationproducts in good yields under the optimal conditiodglditionally, only

0.4 equivalent of Mo(C@gas a solid and safe CO souveas required for this new procedure.

DG DG 9
‘ Ny + RIOH + Mo(CO)s Pd(OAc), (10 mol%), Ag,CO3 (3 equiv.) ©/C‘OR1
/\/RZ (0.4 equiv.) NaOAc (2 equiv.), BQ (2 equiv.), DCE, 80 °C /\/RZ

up to 80% yield
21 examples

h [ & [
‘/No N N /NOJ\
o o~ o o

19, 2° & 3° alcohols

80% 78% 74% 57%
(3 s re X8
o 0 0 o
62% 56% 45% 52%
) ’ - g
o s A 99 N
O Q | O N N
~
O\ O\ o)
50% 61% 64% 40%

Scheme3.1 Pd-catalyzed carbonylatioof GH bonds with alcohols.
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Palladiumcatalyzed carbonylative synthesis ofr@ethyleneisoindolinl-ones from ketimines with
hexacarbonylmolybdenm as the carbon monoxide sourcgChemCatCher2017, 9, 94-98). In this
paper, we also used Mo(CQjnstead of carbon monoxide as the CO sourte synthesize
3-methyleneisoindolinl-ones (Scheme 3.2. Among the heterocyclic scaffolds, the
3-methyleneisoindolirl-one skeletonwas one d the most important structuresn nature products
and pharmaceutical moleculeslraditionally, 3methyleneisoindolirl-ones were prepared from
phthalimides. In this case, anew pdladiumcatalyzed carbonylativéntramolecular cyclization of
ketiminesviaGH bond activatiorwasdeveloped In the presence of a palladium catalyst and (@@}

(0.3 equiv.), thedesired substituted dnethylendsoindolinl-ones were isolatedh moderate to good

yields.
R3 R3
s R2 Pd(OAc), (10 mol%), BQ (3 equiv.) N /
i T N4 Mo(CO)e R'T N-R?
RIT (03equy,) Li2COs (2 equiv.), DCE, 80°C, 20 h Z
H . :
o)

up to 86% yield
17 examples

O A HO A0 3O

86% 83% 51% 74%
Ph
Q o)
o)
@Cl @C% ] cl
N—NH N—NH N
N—NH
0 o)
o o)
81% 80% 66% 39%

Scheme3.2 Pd-catalyzed carbonylative synthesis ofr@thyleneisoindolifl-ones

Palladiumcatalyzed cabonylative cyclization of azoarene€ChemCatCher2017, 9, 36373640. In
this paper, a palladiurcatalyzed carbonylative synthesis of substituted -arylindazolones from
symmetical and unsymmetrical azoarenes was develog8dheme3.3). With Mo(CQOj (0.8 equiv.) as
a solid CO sawe, moderate to good yields dhe desired products were obiaed with high
regioselectivitythrough GH bond activationReadily available aniline coultlso be applied, and a
goodyield of the target product waebtained.Notably the reaction tolerated a variety of functional

groups, including fluoro, bromo, methgxphenoxy, and trifluoromethydroups.
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TR ~ N
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R +  Mo(CO)s - R?
Pz ' BQ (2 equiv.), HOAc, 100 °C
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up to 86% yield
19 examples
N § N N
N N N / N
C-O OO OO0~ OO
o] ol o] o]
83% 75% 45% 78%
H H H H
N, N, N, / N,
O T T8 T
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76% 52% 56% 58%
s N N N
OO T O T
o) o) Br O PH o) CF,
46% 61% 55% 65%

Scheme3.3 Pd-catalyzed carbonylative cyclization of azoarenes

3AAcylindoles synthesis: uthenium-catalyzed carbonylative couplg of indoles and aryl iodides
(Org. Lett.2017, 19, 46804683. In this paper, we usedithenium as the catalyst which wattractive
due to their relative low cost and high reaction selectiviye develogd an inteesting procedure for
the synthesis of <&cylindoles (Scheme 3.4) Through rutheniurrcatalyzed carbonylative €H
functionalization with Mo(CQ)as the solid CO source, modegratto good yields of the desired
products ould be prepared with good functionalrgup tolerance.Using iodoareas with either
electrondonating or electronwithdrawing groups led to the formationof the corresponding
carborylation products in moderate tgood yields. Substratewlerated various finctional groups
such as Bn, OMeChk, Cl, F, and COOMdodoarenes substituted withfunctional groupsat
meta-position could give higher yieldhan that at para-position. N-Substituted indoles auld be
readily carbonylated with iodoarenes to provide modtr to good yieldsof the correspondig
carbonylation products The methyl groupat 2-position of indoles played a crucial role in the

carbonylative €H activation reaction.
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Scheme3.4 Rucatalyzed carbonylative coupling of indoles and aryl iodides

Coppercatalyzed double carbonylation of indoles usinghexaketocyclohexane as thearbon
monoxide source (Chem. Commun2018 54, 47984801). In this paper, copper was used as the
catalyst. The CO source used in this reaction @&si8H,0 which was formed by oligomerization of
carbon monoxide through the formation of molybdenum carbonylise use of g0:8H0O as an
inexpensive and envanmental friendly CO source madeis reaction attractive in organic synthesis.
We developeda new opper-catalyzed double carbonylation of indoles and alcohols wigBi8H,0O
asa solid and safe CO sour¢8cheme3.5). In the presence of 1 equivalent of@i8H,0O, various
alcohols were carbonylated in moderate to good yielsmary and secondary alcols worked well
under our reaction conditions and gave the double carbonylation products in moderate to good yields.
Both aliphatic alcohols and aromatic alcohelgre applicable as reaction partner#\ series of
functional groups, such as OMe, Ph;,@H and Br were compatible under our conditiomghich gave
the desired double carbonylation produdtsgood isolated yielddHowever no product was detected

when COOMe group substituted afpdsition of indole.
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Scheme3.5 Qu-catalyzed double carbonylation afdoles
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Abstract: With molybdenum hexacarbonyl as the
carbon monoxide source, a general palladium-cata-
lyzed carbonylative transformation of the C-H
bond on aromatic rings to produce esters has been
developed. Good yields of the corresponding prod-
ucts have been obtained with wide functional group
tolerance and excellent regioselectivity. A variety of
aliphatic alcohols are suitable reactants here.

Keywords: carbonylation; C—H activation; molyb-
denum hexacarbonyl; palladium catalyst; 2-phenyl-

pyridines

Carboxylic esters are important chemicals with wide
applications in fine chemicals, natural products, and
polymers.!! Traditionally, esters are mainly prepared
from the corresponding carboxylic acids or their de-
rivatives and alcohols. Alternatively, direct oxidative
esterifications of aldehydes, alcohols and arenes with
alcohols have been investigated as well.””!

On the other hand, transition metal-catalyzed car-
bonylation reactions have already become a powerful
tool in modern organic synthesis.”! By incorporating
carbon monoxide as an inexpensive and abundant C,;
source, numerous carbonyl-containing compounds can
be easily prepared. Depending on the nucleophiles,
esters can be effectively produced when alcohols are
added (called alkoxycarbonylation). However, most
of the known alkoxycarbonylation procedures need
aryl halides or analogues as the starting materials
which require pre-activation steps.

Based on the achievements in transition metal-cata-
lyzed C-H activation reactions,”"! the merging of car-
bonylation and C—H bond activation in ester synthesis
will be attractive. Indeed, some interesting transfor-
mations have been achieved recently. In 2009, a gener-
al rhodium-catalyzed carbonylation of arenes to pro-

Adv. Synth. Catal. 2016, 358, 2855 - 2859 Wiley Online Library
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duce esters was reported.”! By using Oxone as the ox-
idant under a carbon monoxide (2 bar) atmosphere,
the desired esters were formed in good to excellent
yields with primary alcohols. Compared with expen-
sive rhodium catalysts, palladium catalysts were ex-
plored in this topic as well. In 2010, Z. J. Shi and co-
workers reported a novel palladium-catalyzed ortho-
carbonylation of NN-dimethylbenzylamines to pro-
duce the corresponding ortho-methyl benzoates.
With Cu(OAc), as the oxidant, moderate to good
vields of the desired products were isolated. LiCl was
found to play an important role here. In 2013, B. E
Shi and co-workers reported an interesting palladium-
catalyzed alkoxycarbonylation procedure for the syn-
thesis of aryl carboxylic esters via C-H activation
under an atmospheric pressure of carbon monoxide.[”!
With oxygen as the co-oxidant, good yields of the de-
sired products can be achieved with 2-arylpyridines
and primary alcohols as the reactants. More recently,
Lei®™ and Guan® reported their achievements on pal-
ladium-catalyzed carbonylative syntheses of o-amino-
benzoates from N-alkylanilines via C—>H activation.
With a copper(Il) salt, KI and oxygen as the oxida-
tion system, good yields of o-aminobenzoates can be
isolated in both cases.

However, the above discussed procedures all re-
quire carbon monoxide gas as the CO source and pri-
mary or secondary alcohols as the reaction partner.
Although carbon monoxide, as one of the cheapest C;
sources, does hold a non-replaceable position in in-
dustrial scale applications, its high toxicity and odour-
less character limit its usage in laboratories. Hence,
the development of new procedure based on CO sur-
rogates will be interesting for the synthetic communi-
ty'” Among all the candidates, Mo(CO)¢ as a non-
toxic solid is an attractive CO source."!! Against this
background, we wish to report herein a general palla-
dium-catalyzed oxidative carbonylation of aromatic
C—H bonds with Mo(CQO); as the CO source. In the
presence of only 0.4 equivalent of Mo(CQO),, various

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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kinds of alcohols were carbonylated in moderate to
good yields. In addition to 2-arylpyridine derivatives,
1,2-diphenyldiazene, 1-phenyl-1H-pyrazole and 2-phe-
nylpyrimidine are all suitable substrates here. Not
only primary alcohols, but also secondary and tertiary
alcohols are applicable as reaction partners.

Our initial investigation was started with 2-phenyl-
pyridine (1a, 1equiv.) and methanol (2a, 15 equiv.),
Pd(OAc),,(10 mol%), [Mo(CO)] (1 equiv.), BQ (ben-
zoquinone, 2 equiv.), NaOAc (2 equiv.) and Ag,CO;
(3 equiv.) in chlorobenzene and, to our delight, a 45%

Table 1. Optimization of the reaction conditions.

~ X
| =N Pd(OAc),, BQ | _N
oxidant, solvent 0
+ MeOH + [Mo(CO)s] ——— >
base or acid O/
temp., 18 h
1a 2a 3a
Entry Temp.[°C] Base orAcid  Oxidant  Solvent Yield [%]®!
1 130 NaOAc Ag,CO5 PhCI 45
2 130 NaOAc Ag,CO; (2equiv)  PhCl 40
3 130 NaOAc - PhClI 23
4 130 - Ag,CO; PhCI 36
5 130  NaOAc (4 equiv.) Ag,CO; PhCI 4
6 130 NaOAc Ag,0 PhCl  trace
7 130 NaOAc AgNO3 PhCI 34
8 130 NaOAc Cu(OAc), PhCI trace
9 130 NaOAc CuCl, PhCI trace
10 130 NaOAc CuO PhCI 20
" 130 NaOAc K2S,0g PhClI trace
12 130 NaOAc oxone PhCI 29
13 130 Na,COj Ag.CO;, PhCI 10
14 130 NaHCO4 AgsCO; PhCI 12
15 130 KOAc AgsCO; PhCI 8
16 130 KoCO3 Ag,CO3 PhCI 20
17 130 Cs,CO;5 Ag;CO; PhCI trace
18 130 LioCO3 Ag,CO5 PhCI trace
19 130 DBU AgoCO; PhCI 0
20 130 HOAc Ag,CO; PhCI 0
21 100 NaOAc Ag,CO3 MeOH 43
22 100 NaOAc Ag,CO4 DCE 81
23 130 NaOAc AgzCOs5 DMSO 0
24 130 NaOAc Ag,CO5 HOAc 0
25 80 NaOAc Ag,CO3 DCE 56l
26 80 NaOAc Ag,CO3 DCE 570
27 80 NaOAc Ag,CO, DCE 85 (80)!
28 80 NaOAc Ag,CO4 DCE  82ff
B Reaction conditions: 1a (0.5 mmol, 1equiv.), 2a

(7.5 mmol, 15equiv.), [Mo(CO)¢ (0.5 mmol, 1equiv.),
Pd(OAc), (0.05 mmol, 10 mol%), BQ (1 mmol, 2 equiv.),
base or acid (1 mmol, 2 equiv.) and oxidant (1.5 mmol,
3 equiv.), solvent (2 mL) for 18 h in a sealed tube.

1 Yields were determined by GC-MS. Isolated vyield is

given in parenthesis.

[Mo(CO)g4] (0.1 mmol, 0.2 equiv.).

[Mo(CO)4] (0.15 mmol, 0.3 equiv.).

[Mo(CO)g] (0.2 mmol, 0.4 equiv.).

[Mo(CO)] (0.25 mmol, 0.5 equiv.).

=T Ew

-}
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yield of the desired carbonylation product 3a was
formed after 18 h at 130°C (Table 1, entry 1). In our
further optimization studies, we found that the use of
BQ was essential for the formation of the carbonyla-
tion products 3. Presumably, BQ can facilitate the re-
ductive elimination step.”! The yield of product 3a
was decreased when we changed the amounts of
NaOAc or Ag,CO; used (Table 1, entries 2-5). Vari-
ous other oxidants such as Ag,0, AgNO,;, Cu(OAc),,
Cu(Cl,, CuO, K,S,0q, and Oxone were tested in this
reaction as well (Table 1, entries 6-12). However,
none of them could give improved results.

Then the effects of other bases and acids were in-
vestigated (Table 1, entries 13-19). NaOAc was found
to be the best base here, whereas Na,CO;, NaHCO;,

Table 2. Carbonylation of 2-phenylpyridine with different al-
cohols.!

N
[ N Pd(OAc), |l |
= Ag,CO5 )
+ RIOH + [Mo(CQ)y] — = R
NaOAc, BQ 5 )
DCE, 80 °C
1a 3
| B
=N N
o) e
o o
3a, 80% 3b, 78% 3c, 74%
| A
N =N
O /I\ [ O I J'\/
0 o’Hs\ 0
3d, 57% 3e, 62% 3f, 56%
| X
~N =N
o 0 o]
O,J< A A
39, 45%, 3h, 52% 3i, 50%
| B
N N
i g O
J\K O/V o
3j, 41% k, 44% 31, 43%

[ 2_-Phenylpyridine 1a (0.5 mmol), alcohol 2 (7.5 mmol),
[Mo(CO)s (0.2mmol), Pd(OAc), (0.05mmol), BQ
(1 mmol), NaOAc (1 mmol) and Ag,CO; (1.5 mmol) in
DCE (2 mL) at 80°C for 18 h, isolated yields.

2856 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



asc.wiley-vch.de

Adva
Synthesis &
/ Catalysis

KOAc¢, K,CO,, Cs,CO,;, and Li,CO; were all found to
be inferior. DBU inhibited the reaction completely
(Table 1, entry 19). No carbonylation product could
be detected when AcOH was added (Table 1,
entry 20). The solvent was found to function critically
in this reaction. The yield decreased to 43% when
MeOH was applied as the solvent (Table 1, entry 21)
and no desired product can be observed when DMSO
(dimethyl sulfoxide) or AcOH was used (Table 1, en-
tries 23 and 24). However, 81% of the desired product
3a can be formed when DCE (1,2-dichlorocthane)
was applied as the reaction medium (Table 1,
entry 22). To our surprise, the yield can even be fur-
ther improved by using 0.4 equiv. of Mo(CO),
(Table 1, entry 27).

Table 3. Carbonylation of arenes with methanol.[
DG

With the optimized conditions in hand (Table 1,
entry 27), a screening of different alcohols was per-
formed subsequently. As shown in Table 2, various
primary, secondary and tertiary alcohols worked well
under our reaction conditions and gave the corre-
sponding esters in moderate to good yields. Neverthe-
less, no desired product could be detected when
phenol, benzyl alcohol or amines was applied instead
of aliphatic alcohols.

Successively, various directed arenes (1b—j) were
screened with methanol (Table 3). Delightfully,
a series of functional groups, such as Me, OMe, CF,
and Br were compatible under our conditions, and
gave the desired carbonylation products 4 in moder-
ate to good isolated yields (Table 3, entries 1-4). In

Pd(OAC),
A CcoO
Xy + MeQOH + [Mo(CO
l ) e [Mo(CO)] NaOAc, BQ G)L
’\Rz DCE, 80°C
1 2a
Entry Substrate Product Yield[b] Entry Substrate Product Yield®]
~ =
| | /
Sy X |
N N \
1 " 78% 6 N
0 64%
1b 4b O
] " @ @
S
2 4 \N 76%
o} ° |
~o g
7
. LT og q
= | = |
Y
3 (@] 0,
FiC FC 55% N
0 8
1d 4d O~ < 61%
= | = | 4 O
Br. \N Br. \N . ﬂ N’ |
4
O Cl >
48% 3 Cl \N N
o 0 63%
1e 4e
Z ol 1 4j O~
I
. S X
5 = N i N
\ \
0 61%
1f 4f O\

el Reaction conditions: 1 (0.5 mmol), methanol 2a (7.5 mmol), BQ (1 mmol), [Mo(CO),] (0.2 mmol), Pd(OAc),
(0.05 mmol), NaOAc (1 mmol) and Ag,CO; (1.5 mmol) in DCE (2 mL) at 80°C for 18 h.

) Isolated yields.
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