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Catalytic dallengesand strategiesfor the carbonylation of
»-bonds

Tawfiq NasAllahe Uouise Ponsarg Emmanuel Nicolas and ThibaGlantat@

The carbene character of carbon monoxide offers the possibility to utilize igilding block for the carbonylation of a
A E] 3C }(}EP v] +u +3E § « Ghdnds. MIsdUgh greseiiting &r} ideribm economy this route requires
the design and utilization of reactive catalysts able to activate strot@, CtN, and GH bonds in the presence of carbon
monoxide. This perspective article adressaghe context of sustainable chemisttiie challenge and strategies facing the

§ 0CS§] E }v Gloorglhand pesents thékey advances in the field over the last decades, for the carbonylation
polar and apolar substrates, such as the conversion of alcohols to formates and esters and the caoboofy&hines to
amides.

the world# Nevertheless, the CO produced for these
1 Introduction applications derive mainly from fossil resources, through
methanesteamreformingor dry reforming®
A promising route based on renewable carbon sources through
chemicalsin 2016! To reduce this need and engage into giomass gasification enables the productiohCO or syngas.
circular economy pathway, which would ultimately lead to itg’hls pathway could enlarge to the gasification of carbon waste
carbonneutrality, it would be attractive to synthesize chemical§treams such as mixtures Of_ plastlcs_ or chemicals that ca_nnot be
directly from C@ Nevertheless, the direct use of €6r the separated” The deoxygenation of biomasy kdecarbonylation
production d functionalized chemicals remains limiteit for the production of high value substrates genemehighly

industry: itsuse asa G building block for the production of concentrated flow of CO.

chemicals has been well developed for the production of uré\goreover, CQ conversion _to CO is a highly _active field of
(81 Mt in 2016), salicylic acid (78t/y), and more recently for research, which could provide for a more sustainable source of

the production of cyclic and polymeric carbonatds80k/y).2 CO in the near futuré.In particular, _Iargeam_ounts O_f Co
These transformationgmplicate the functionalization of GO (41 Mt/yr) are produced uporanaerobic digestion of biomass
which produces a gas stream witla. &% methaneand 35%

The chemical industry is heavily dependent on-baised
resources, the latter being required for the synthesi8d¥ of

but only chemicals containing a carbon at thdV oxidation

10 i i i
state have beerindustiially synthesized so faAccessing other CQlts cor?versmn into CO is wddhown through reyerse
chemicals directly from GOwould require synchronizing water-gas shit (RWGS), andxamples of electroreduction or

reduction and functionalization, which is an active field d?hotoreguctlon of CQ_ have ?een de_v<|a||oped f'_n the past
research but is difficult to control. An interesting intermediatéjecade' E.Iectroreductlon vyou d especially be o |ntere§t, and
would be carbon monoxide €Q that can provide accesso if one considers the few main processes that us€c@@suming

functionalized chemicals at a more reduced oxidation state, +qpprOX|mate.Iy S?Mt/year for the2 producfuon _Of methar?ol,
closer to the average oxidation state of mosgtdustrial butanal,acetic acid anghosgene}?a full shift of its production
chemicals from fossil resources to G@lectroreduction would consume

Carbon monoxide (CO) is a colourless gas that already ﬁﬁggroximately 23% of the g'o_ba' electric production_, which is
many uses in the chemical industrgapite its high toxicity.For comparable to the world_ aluminum or Cdﬂn? product_lon%3
instance, the Mond process for the purification of nickel, thgO caq thus be cqn&dered as a key mterm_edlate for the
oxo process for the production of aldehydes from alkenes, BFOdUCt'on of F:hemlcals from GQand alterngtlve carbo_n
FischefTropsch process for the synthesis of alkanes froﬁ?urc_eS The wide us.age of C_O fdre .s_ynthe3|s. of orgamg
syngas (mixtures of CO and)Hhave been industrializedver chemicals can be attributed to its specific chemical properties.

the past century, and are used on a megaton scale througho%P mdee_d displays a carbenic character, with its HOMO and
LUMO being both centred on the carbon atom. Its use for the

insertion of a C=0 group into covalent bondshiss favoured
: compared to using GOwhere a GO bond will need cleaving.
a.Dr T. NasAllah, L Ponsard, Dr E. Nicolas, Dr T. Cantat
Université PariSaclay, CEA, CNRBVIBE CEA Saclay 91191 Gifr-Yvette
cedex, France
Etmail: thibault.cantat@cea.fr.
*These authors contributed equally



and related carboshalogen bonds, is presented. Finally, we
review the carbonylation of apolar bonds, startingith
dihalogens and ¥ to conclude with the last progresses in the
field of the carbonylation of € and GH bonds.

(o]
M c=o M I
A=B —> /M\ E— A/M\ﬁ/B —>A/C\B
(o]
G* — 4_ (e}

Tom—— N

Preferred - < Non-preferred

interaction % + + interaction
o
A + -

c=0 Metallic centre A—B

Figurel: Principle of the use of CO asdr@ermediate from C@

Carbonylative crossoupling reactions have been successfull hemel: Top: Ideal carbonylation sequence; Bottom: Preferred orbitedractions
developed and implementin organic chemistry, to prepare etween a metal centre and a substrate-B), in the presence of CO.
carbonyl functional groups via the metedtalyzed coupling of
a nucleophile with an electrophile, under an atmosphere of CQ. .
This topic has been widely reviewed over the last yéathis 8 Carbonylatlon of polar substrates
synthetic route is however hampered by the formation of.1 3]A 3]}v «3E & P] « (}E&E §Z Ebprdso S]}v }(
stoichiometri(_: amounts of bp.r_odu_cts, in the form of inorganic The catalytic carbonylation of polatbonds is the preferred
salts thatderive from the utilization ofthe two partners.In
contrast, he direct insertion of a C=0 group inesdond of a
organic molecule is &ighly desirable reaction thavould avoid
the use of strong, usually toxioxidantsfor the synthesis of
various C=0 containing compounds an atomeconomy
perspective, this method provides the most efficigrathway
for the synthesisof various carbonylated derivatives To this
end, the idealcatalyticcarbonylation sequence would rely on
three s_teps(Schem_eL, top). the agtlvatlon} (_ o v U lve p%éé&s\és for the production of aceticid from methanol{ide
of CO in onenetalligand bondprior to an elimination step that infra).
provides the carbonylated productin this scenario, the 22Ca
Z oo vP u ]JvoC €& o] * }v 8Z + 0 S]A S] \Y
The presence of lowo C]vP <Z }E ]&canstriimsthié y While methanolis currently produced from methanérough
utilization of strongly reducing metal ion, which could activat&y"9as this G compoundcan also beproduced frombiomass
stronge }v ¢ C }A&] §]A ] & |Bywacke@sing the ©F CQ hydrogenationt?¢In a methanol economy, it is expected
«7 }E ]%hesilistrate(Schemel, bottom). In addition the to serve as a vectofor energy storageas a liquid fuelfor
presenceof « A (E o +Z jn@elsubstrate corresponding transport and as a feedstock for the downstream production of
to different «bonds, may leatb selectivity issuesTo tackle the chemicals® lIts carbonylation can lead to two different
Z 00 VP ¢ ee} ] & Alsz &z E }vC Oc%{\]]?q,ungl? that axe Jgedni industrial processes: methyl
catalyticstrategies must hence be designed. formate results from the carbonylation ahe OtH bond while
In this perspective, we discuss the existing literature relative #€tiC acids formed upon insertion of CO intbe CtO bond
§Z E }vCo &bpmds} (demonstrating with relevant (Scheme2).
examples how it is an efficient way to synthesize carbonylated o
compounds such as esters, ketones, or amides. The chosen I C—H
examples Wl highlight the different catalytic strategies H3C—O/
engaged to activate the e-bond, enabling subsequent " c—o’H _Co |
carbonylation, with a particular focus on mechanisms. First, the : o) H
carbonylation of polar bonds, more easily activated, is L C—0
described, starting with @ and GO bonds, with an emphasis HsC
on an industrially relevant substrate: methanol. Seconq}bheméz: Carbonylation of methanol to methyl formate or acetic acid
existing methods for the carbonylation oftN and GN bonds,

method to reach carbonytontaining compounds with good
atom economy.To unlockthe potential of this approach
strategies have been developdidat involvethe use of various
additives. For instancel.ewis acid can coordinate to the
oxygen atom of a @ bond, to facilitate its activation
Alternatively, thein situ conversion of stron@ctO bonds toa
weakerCtl bondis a successful route for the carbonylation of
alcohols and ethersas exemplifiedn the Monsanto and Cativa

rbonylation ofmethanol
A Sltv }( e

2|



Carbonylation of the QH bondof methanol insetion under CO pressure. Finally, reductive elimination of
The insertim of carbon monoxide into the @ bond of methyl formate regenerates the cataly&t.

methanol eadsto methyl formate,a starting materiako formic In both typesof mechanism reported for the carbonylation of
acid, formamide anddimethylformamidel® BASF reported in an OtH bond, assistance of a-catalyst is not required. Indeed,
1926 the first example o& carbonylation of an @H bond, using the cleavage of this bond can be easily performed under mild
sodium methoxide as a catalyst Efficient carbonylation was conditions.

observed after a few hours at 8@€, under 200 bar of COIt
Tabb et al., 1984

has been showthat the ionization potential of the alkadiation [Pt(PR3),Cl,] o
influencesthe formation of thealkoxideanion and therefore M N-ethylpiperidine HsC E‘

. o : ; eO=H * CO —75%C 18 760 *TN07
the rate of thereaction, which increasedwith the size of the , , ar

alkali ion (Li < Na < K The catalytic sequence involves the
nucleophilic attack o&n electon-rich alkoxideonto the carbon d CH, RyP—_ _CO
atomof CO tdorm the correspondingacyl anion The latter is a H™ ~o” RP™ SO MeOH
strong Brgnsted base, able to deprotonatesthanol toyield y

2co

methyl formate and regenerate thenethoxide catalyst. The 2¢o

chain length of thelcoholand the degee of substitution close 9

to the hydroxyl groughave a strong influence ahe rate of the R3P\Pt/C\OMe

reactiont this is confirmed by #h poor reactivity of benzyl RsP” TH RsP:Pt:OMe
alcoho| a weakemucleophie than methanol Interestingly, he RsP™ H
carbonylationof the OtH bondis one ofthe only example \(

which does not require any coatalyst to activatehe «-bond,

co
and iseasilycleavedby astrongBrgnstedbas. Nevertheless,

the assistance of a metal carbonysuch as WCO3,1° Schemet: Platinum catalyzed carbonylation of methanol to methyl formate
Rw(C0O)2,2° or Mo(COy,2t improves the reaction rate by
enhancingthe electrophilicity of theCO carbon atom and  Cativa process, 1990

facilitatingthe outer spherenucleophilic attaclof the alkoxide Ir(coy,l, © ‘é
. 212 ~
anion(Schemes). Me=OH + CO ————— Me~ “OH
Friedrich et al., 2011 .8 co
(o] Ir
MeO- (cat.) M 1~ >co
MeOo=H + co -Mo(CO (cat) H3C\O/C\H
_____________________________________________________________________ lo)
\© ¢
co 0=C—Mo(CO)s Me” Mel o
Oy . Me H,0 Me _I
C) c I~ |-co
Mo(CO)s MeO |>|r<co " ~~co
I co ﬂ I
C Me=0OH
o 9 Me” “OH
HeC G /C\n? co ©
MeO o I
3 \O/ \H ( )5 Me
MeOH I !_co
|>I|r\co co
Scheme3: Catalyticcarbonylation othe O tH bondof methanol assisted by a low valent co

metalcarbonyl complex (Mo(Cg))
Schemeb: The Cativa process for the carbonylation of methanol
Tabb et al. reported in 1984 the selective carbonylation of

. - . Carbonylation of the GO bond of the methanol
methanol into methyl formate, using a platinubased catalyst, ) )
at 170°C under 7®ar. This catalytic system proceevis a The carbonylation of th€tO bond of methanol leads to acetic

completely different mechanismSgheme 4)22 which was acid, used as a solvent or starting material for various industrial
studied based on isitu IR spectroscopy and supported bgine chemicals, such as vinyl acetate or acetic anhydfitim
previous results from the literaturé After its insitu synthesis, 2012, 90% of the global production of acetic acid (cklt)

the PP complex [Pt{(CQIPR)z] was shown to activate MeOH Was achieved through methanol carbonylation. The direct
through an oxidative addition in the B bond, to form E }vGo S]}v }O bomd has, to the best of our

[Pt(H)(OMe)(P8]. In that case, an oxidat addition of the knowledge, never been observed despite its lower bond
metallic centre into the @H bond was in fact observed,dissociation energy (BDE=3Vg. 437kJ.mot for CtO vs OtH

resulting in an innesphere mechanism in contrast with the20nds in MeOHj5the activation of the QH bond being usually

outer sphere nucleophilic attack previously described. TH@netically favoured. To circumvent this issuesinecessary to

platinum complex [Pt(H)(C(O)OMe)@pRis then formed by convert the alcohol to its corresponding iodide, thereby
replacing the @O bond by a weaker €€bond (BDE=232].mol



1). The latter can be carbonylated through a classical cataly®@& Carbonylation of activated @ bonds
sequence of oxidative addition / migratory insertion in atad Carbonylation ofstrained cyclic ethers

carbc?n bond/ r_eductlve elimination of the apyl ioditfé. The direct carbonylation of an endocyclicGbond through
The first catalytic process for the carbonylation of methanol was

db . ina harsh it b g-expansion leads to the corresponding lactone, a class of
reported by I_BASF in 1955, using a_Lrs con mgns (GE_SO ar ¥hemicals commonly used as monomers for the production of
250 °C) despite the use of cob#br nickef” combined with an

- . . biodegradable polyester®. Although the release of the cycl

'Od'de_ source a§ cgtalyst, Ieadln.g to the 9@Selective strain, induced upon insertion of a C=0 moiety in th®®ond,

formation of acetic acidin the TOIIOV\_’”_]g decades, Rtand 1F9 facilitates the reaction, an activation of thebond by a Lewis
have been reporteds alternativeefficient catalysts The most acid is required.

used catalyticprocesses with Rh (Mbnsanto processand Ir

(Cativa processxploit very similar mechanismesnd both use 0
iodide promoters®® The Monsantoprocessdeveloped inthe Lo(l + co cat. Cl)__(j: n=1or2
late sixtiestypically runs at 15200°C, under 3@&0bar CO, but hn h

has been gadually replacedin the late nineties by the

energetically less demanding Cativa process that runs @520

bar and 200°C,using a more stable complex The mechanism ° o

for the Cativa process is an excellent example of th@/Ctl o Co(CO),~ Ne—0

replacement that helps he carbonylation reaction.First, L\ + co LewisAdd \_K

hydrogen iodide, additive of the reaction, reacts with methanol__________ ...

to form water andmethyl iodide. The latter then reacts with N o)

[Ir(CO}l]-to yielda methyl complexThis complexindergaesa

ligand substitution, from iodideto carbonyl, to generate .yt release \_K

[Ir(Me)(COJl;], which further evolves to an acyl complex

[Ir(C(O)Me)(CQlp] through a migratory insertion step,

constituting the rate determining step, in contrastith the LA\ (CO)4Co o

Monsanto processthat islimited by the oxidative addition of © ‘>7

methyl iodide to the rhodium centréAddition/elimination of an (CO).Co—C—0 /
e

Schemes: Synthesi®f lactones by arbonylation of GO bondsn cyclic ethers

iodide on the acyl moiety regenerates the starting catalyst and
acetyl iodide, which ibydrolysedo acetic acid, completing the
carbonylation sequencé&. Following this process, methanol is o
converted to methyl iodidewhich is actually carbonylated, back-biting \

taking advantage ofts enhancedreactivity with theiridium L o P

catalyst (Scheme5). The addition of a promoter such as a (CO)4Co—C O
ruthenium salthas been reported toconvert the ionic methyl \_< < migratory insertion
complex [Ir(Me)(CQly]- to the neutral species [Ir(Me)(C4D) coordination C©

for which the migration of the methyl is fastét. o ) .

Carbonylation o?the GO bond of hiéher alcohols A= Lpth{,LZQZ'y"a‘n?an ;\E%io,{iﬁ{raggnylpomyrm Chromium,

As for methanol, higher alcohglsuch as ethanolare easily
produced from biomass, by sugar or starch fermentatiofi (1

generation) or by hydrolysis and fermentation of lignocellulosic

material (29 generation)3 The production of carboxylic acids! "€ direct carbonylation of an epoxide through rexpansion
leads to a fouumembeed lactone, whichis an important

by biobased alcohols carbonylation would theonstitute a

sustainable and atoreconomicpathway.The @rbonylation of Monomer and a precursorto acrylic acid® Most catalytic
higher alcohols was explored with a rhoditbased catalyst systemsfor this transformationare based orthe combination
of cobaltate carbonyl [Co(CQJ-, with a Lewis acid that is

);equired to activate thee-bond and allow the opening of the
epoxide. Only few Lewis igls have been describedhe group
of Alper reported the firsexample withboron trifluoride, yet

Scheme7: Mechanism for the cobaltatalyzed carbonylation of epoxides

assisted by hydrogen iodide. Neverthelesgh temperatures
are required andhe rate of the reaction decreases significantl
with a growing chain where ethanol and propanol were

carbonylated 21 and 45 times slower than methanol - : .
respectively, effectivelypreventing the carboylation of more Nigh COpressurewasrequired (60bar of CO¥’ Overthe last

complex substrated This observation isonsistentwith the WO decads, the group of CoateBasreported that the use of
relative speeds of oxidative addition of the alkyl iodides off9anometallic Lewis acsallowsmild reactionconditions with
the possibility to carry out the carbonylatiaf propyleneoxide
catalytic systemsable to proceed in mild coditions isthus &t 22 °C, withl bar COThe Lewis acid playskey rolein the
required to extend the scope longer chain and functionalized Catalytic cyclewhere it improveshe kineticsand the selectivity
alcohols In parallel, #ategies for the carbonylation of of the reaction by preventingt-hydride eliminatios (leading to

activated QO bonds in milder conditions were developed. ~ 2Cetoné product of the Meinwald rearrangementand
polymerization ofthe epoxide to polyethersThe bestcatalyst

rhodium.The development ofnore reactive, but alsacidfree,

4]



reported involved [salphCr][Co(CG)) It is able to convert also the use of hydriodic acid. The catalysis proceeds according
% E}% Co v joiyrolagtdné withmore than 986 yield to a mechanism similar to the Monsanto process, with the
under 1barof CO38 intermediate formation of benzyl iodidevifle supra Scheme
The same strategy can be applied for the carbonylation 6§.4” The carbonylation of-sydroxymethylfurfural (HMF) to the
oxetane.The first example has been reported by Alggral. corresponding acid was reported by the group of Sheldon, at
using cobalt carbonyl catalyst assisted by ruthenium carbonyl22°C under Har, in the presence of sulphuric acid and a
190°C and 6@&tm for 2days in 1,dimethoxyethane to afford palladium catalyst in watet Interestingly, the carbonylation of
vbutyrolactone3? A few years later, Coatext al.demonstrated the benzylic @O bond of 3(4-isobutylphenyl)ethanol has been
the activity of the [salphAl][Co(Cfromplex already known for developed as this results in the formation of-(£
epoxide carbonylation with slightly different reactionisobutylphenyl)propionic acid, also known as ibuprofen
conditions (14barof CO, 80C, 24 in toluene)*° Thanks to the (Scheme9).4°

S]A §]}v }{oahd bysa Lewis Acid, the carbonylation of
oxetane proceedeasily under mildr conditions.Nevertheless,
the carbonylation of larger rings requiréarsherconditions or

Kim et al., 1999

stronger activation the carbonylation of tetrahydrofuran has Pd/PPh; (cat.)
been reportedto be catalyzed by Co(Acht 200°C, under gg"(:ozgar)

200atm of QO/H or with the Monsanto catalytic systems (Rh,
source of iodine, 230C, 13Marof CO)*

3-pentanone, 115°C

Carbonyaétion of strained cyclic esters o O%c
I
Yoon et al., 2019 o
@
AIPcCl/Co,COg (cat.) //0 AIPcCl/Co,COg(cat.) o O o 4 H mmmmm e m e .

01 CO (4.0 MPa) 0—C¢” €O (4.0 MPa) =c

OMPa) CO@OoMPa) Yo ®
THF, 1h, 23°C )_l THF, 24h, 75°C )_/ J\ H | _H J\
J\ /0 ) Hzo r

oA Cl cr Ar Al OH
. . . , N Ph,P A .
SchemeB: Double carbonylation of epoxide to methylsuccinic anhydride | 8 ~Pd-ClI ] !
OH PhaP” — TINY T T
The carbonylation of lactorseis a direct pathway for the 5 :
formation of cyclic anhydride widely used as monomers for b
the production ofpolyester by copolymerizatiof? This reaction o OH, ol o i i
is performed usingsimilar catalytic systemsas used for the ‘C‘_Pl ~PPhg >—Pd:PPh3 b
. . . - . | ~PPh, | "PPhg .
carbonylation of epoxides with only slightly different af al Ar ¢l b

conditions?#%:43 The @O bond cleavage of the lactone requsre .
indeedahigher energy than the one of epoxidége to its lower 5 :
ring strain For instanceYoonet al.reported very recentlyhat :
a cobalt carbonyl catalyst associated with an aluminum
phthalocyanine co-catalyst could perform the single
carbonylation of propylene oxide to the corresponding lactone
at room temperaturewithin one hour When the reaction
medium was then heated at 7& for 24h, the insépn of a
second C=0O moiety was observed, leading to formation of
methyl succinianhydride#4 (SchemeB) Schemed: Palladium catalysed carbonylation of benzylalcoké@ghe in situformation
dz E }vCo #dong praceedsiasimilar mechanistic °f2 @C! bond

pathway as the carbonylation of epoxides. The carbonylation of

lactones with >5 membered rings has however not beehhe carbonylation proceeds with a low valent Pd{p®H
observed. In these cases, the cleavage of the othé€ Bond in catalyst in acidic conditions, under 5@r of CO. The acid

the molecule is favoured, leading to polymerizationhetthan ~catalyses the dehydration of the alcohol to form an alkene that
carbonylations5 can be further converted to benzyl chloride by addition of HCI.

Carbonylation of enzylic and allylic ® bonds The GOH moiety is thus converted to a tCl bond that will
Benzylic and allylic 8 -bonds are intrinsically more @ve actually be carbonylated. The Pattive species then performs
than phenyl or alkyl ones because the heterolytic cleavage Y1 oxidative addition on the benzyl chloride. The coordination
the CtO bond generates a stabilized benzylic or allylic catioff €O with concomitant abstraction of the &ion followed by
Nonetheless, their carbonylation still requires an externdfligratory inserion with coordination of kOleads to the acyl
activation. Yamamoto et al. described in 1997 the carbonylatidffermediate. After reductive elimination and deprotonation
of benzylic @O bond with Pd/PPJbased catalysté Despite the StePS, the carboxylic acid is obtained and the Brgnsted acid
already activated @ bond, he reaction requires not only 'égenerated:*se

90bar of CO at 90C for 4sours in an aqueous system, but

| 5



The atom efficiency of ibuprofen synthesis increased from 40

77 %with the development of this reaction Indeed, the process

including a carbene precursor that serves to introduce a single
generating stoichiometric amounts of

methylene group,
reagents. Ir1980, a new process (BHC Pro¢c8ssiemel0) with
a very high atom economy was developed,
hydrogenation and carbonylation steps. Recycling the

product of the first step, namely acetic acid coming from an

acetylation would lead to an atom efficiency of 1931

Procédé Boots/Hoechst Celanese (BHC), 1990

G

Ibuprofen

Schemel0: Synthesis of Ibuprofen using the highly atesonomic BHC process

An iodidefree catalysbased on Rh/PRlhas been described by
Chinet al.for the carbonylation of benzyl alcoh®The authors

suggest that the alcohol is dehydrated, forming the benzf)

including

famamoto et al., 1996
OH

/\/OH

XN
Activation
: )/

' @ © I
: /\/ \Pd /
: ~OH F’d OH
o ,\ 0 co
/\/C\ C.
= OH O~ Pa.l " co,

Schemel3: Mechanism of the C&assisteccarbonylation of allylic alcohols

In 1996, Yamamotoet al. reported the Pecatalysed
carbonylation of the @O bond of allylic alcohols promoted by
CQ.55 The allylic ester is obtained in high yield and good
selectivity under 50 atm of G@nd 50 atm of CO, at 1TC in
DMF. hterestingly, at the same temperature, only traces of the
foduct are observed with 80 atm of CO in the absence ePEO

ether, that is carbonylated into the corresponding ester. Thec®rding to the authors, C{promotes the GO bond cleavage

latter is then lydrolysed to relase the benzyl formate and al

equivalent of starting materiaSchemell).
A0
-H,0 J [ H,0

T .

Schemell: An iodidefree catalytic system for the carbonylation of benzyl alcohol

Chin et al., 1992
oH Rh/PPhz H,O
co (6 atm)
CDCI3 110°C

/

In 1964, Tsujiet al
compounds,

reported the carbonylationof allylic

product demonstrated that the reaction proceeds through-a
allylpalladiumintermediate that can beeasily carbonylate.

Nevertheless, the <allylpalladium intermediate is then
quenched bythe alcohol used as solvefit The formal
carbonylation of allylic methyl ethdras later been reporté at

90°C anl 80 atm of CQOin CCJ or toluene with € 3nethyl-2-

allyl)PdCHas precursop? (Schemel2)

Tsuji et al., 1964

[(n3-methyl-2-allyl)PdClI], (cat.)
CO (80 atm)

o
[l

- /\/C\ ~

O

/\/O\
Toluene, 90 °C

Schemel2: Catalytic arbonylation ofthe CtO bond inallyimethylether

6|

in particular allylic alcohols, esters and ethers,
usingPdbasedcatalyst. The isomerisation of the carbonylated

py formation of an intermediate carbonate species able to

pv EP} ( Jo }AE] S1A  -allylgE]lhstiuns }
bicarbonate complexes, as shownTsuji et alin 1984 with the
decarboxylation/cabonylation of allylic carbonatesS¢heme
13).56

<

Braca et al., 1978 fo)
Rul,(CO), 1
(0} + C\ ~
AN ~
Mel, H, 0
: """"""""""""""""""" hl
E \
o ® K ®
‘C‘ + H é@ H o
~ -~
e Rul,(CO)y 7N 7N
OH
Me” Me/OH
A .
! ﬁ '
; _C. Me—Ruly(CO), !
E Me Ruly(\CO\)x_J( '
: co 5

Schemel4: Acidassisted carbonylation of DME

2.4 Carbonylation of unactivated © bonds

The QO bonds areubiquitous in biomass and especially in the
very abundant lignocellulos®. In the perspective of fossil
resources substitution, the activation of these bonds by
carbonylation constitutes a challenge for the degradation of
lignin and its conversion to bibased chemicals. Moreover, the
synthesis of esters from wactivated ethers through direct
carbonylation could be an atomconomic way to reach these
industrially relevant compound®.The main challenge resides



however in the activation of the starting ethers, which featureipon using Lil instead of Ffl. Kinetic experiments
extremely inert GO bonds. demonstrated that the lithium cation plays a key role in the two
Carbonylation of dimethyl ether (DME) reactions involved in the second catalytic cycle. Both the
The carbonylation of DME to methyl acetate can be performddrmation of methyl iodide from lithium iodide and methyl
using similar catalytic systems as #go used in the first acetate, and the formation of the acetic anhydride frate
examples for the carbonylation of thetQ bond of methanol. acetate and the acyl iodide are highly favoured in presence of
Indeed, the first examples on the carbonylation of DME utilizeah alkali cation, and especially lithidih.

Ni and 3, Nib or Fep at about 200°C and 10@70bar CO to Example of carbonylation of an gyl methyl ether

reach low yields of 1:80%%12.59In 1978, Bracat al. reported a
ruthenium catalytic system with iodide and hydrogen
promoters, both required for catalytic activitts¢hemel14).60 oQ Egc('?s'-gér'siBF‘t (cat.) Oser
The authors suggest an acidic activation of the ether followed ©/ MeCN, 130 °C > ©/ \c\’
by a transfer of the methyl group on the ruthenium centre, the

acid being generated through hydrogenolysis o&IMAfter
carbonylation of the ruthenium alkyl complex, the acyl group is
transferred to methanol, releasing methyl acetate and a proton.
Although the mechanism proposed by the authors do not
rationalize the role of iodine in the catalytic cycne may
suggest a mechanism similar to the one described for the
Monsanto and Cativa processesthe EastmasKodak process
(see belowSchemel5). DMEcould reat with an iodide source Schemel6: GO bond carbonylatiorf Phenyl methyl ester. Top: reaction conditions.
to form methyl iodide, whichwould undergo an oxidative BoUo™: Assistance of Lil and LiEifthe OtMe activation.

addition on the metallic centrend is further carbonylated to
generatethe acyl iodideThe latter is then converted tmethyl
acetate through reaction with methanolatnd regenerate the
iodide source

Han et al., 2018

A significant part of the @ bondscontainedin lignin arearyk
alkylethers and more specifically aryinethylether bonds3”
The direct carbonylation represents an appealing metiiod
the synthesis of valuable chemical&ery recently, the group of

Eastman Kodak process, 1992 Han reported the carbonylation of an aromatic ether bond,
0 © o ﬂ using a rhodium catalyst assisted by lithium iodide and lithium
)J\O/ + co NCOR_ )J\o/c\ tetrafluoroborate (Scheme 16, top).65 The rhodium based
.............................. S complexes, assisted by iodide salts, are known to be active in
-° co carbonylation eactions, as shown in th®onsanto process
-RMco Hanet al.demonstrated that the joint assistance of Lil and LiBF

allowsthe activationof the MetO bond inthe aromaticether
by reducing the energy barrier for tO bond cleavage for

[ I/C\Me Mel producing Ckl (Schemel 6, bottom). Thiselegant example have
0. Me AcOLi Me © previously been used for the carbonylation of methoxy gmup
| \fli/ o |\th/co in lignin to produce high purity acetic adidm pure CO or from
SR 0 Lil =) co CQ producedin-situ by RWGS®
_C. A To the best of our knowledge, no other example of the
AcO” “Me cO=Me - .
carbonylation of arunactivated ether has been reported so far.
@ Conclusion orthe carbonylation of @O bond
I 'Y'e/co The carbonylation of @ bond has been widely studied over
Rh co . . .
I”'] ~co the last century and is used nowadays at industrial scale.
co s E]}ue *8CE &8 Pl *« % v JVP }v §Z hav& pE
Schemel5: Rhodium catalysed carbonylation of methyl acetate been developed toface the challenge of their carbonylation.

The carbonylation of @e bondsis generally performed using
Nevertheless, the dimethyl ether being gaseous at rooffiodium catalystdogether with an iodide source palladium
temperature, heterogeneous catalysis, and gas phrasetions based catalgts are effective for the allylic and benzylic
are preferred for the carbonylation of DME to methyl acetéite. Substrates and cobalt catalysts assisted by a Lewis acid are
Methyl acetate can be carbonylated further to generate acetiereferred for the carbonylation of cyclic substratéeactiors
anhydride, a chemical widelysad in industrial chemistry for are however usually involving high pressures and temperatures,
acetylation reactions or as a dehydration agéhthis reaction and further developrant is needed in order to be able to
is atalyzed by rhodium complexes assisted by alkyliodig@rbonylate more sensitivand polyfunctionalizedsubstrates
promotors (Eastman Kodak Proce®s)The mechanistic such as lactic acidnd to use less demanding conditions. A deep
pathway is very the similar to the Cativa process, the onpderstanding of the mechanisms involved and of the
difference being that the reaction rate significantly increas
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requirements for an optimization of theatalytic systems will 110°C77 (Scheme 18) The optimization of he reaction
allow discovery of new reactivities working in mild conditions.conditions led to the development of an efficient strategy for

2.5Carbonylation ofN tH bonds

UsingCO asa formylating agentis the most efficient wayo

allyl amines carbonylation under only 10 bar of CO and at
120°C, using [Pd(XantPhos]Gis a catalyst® A mechanistic
study from the group of Nishimura showed the implication of a

synthesize formandes from readily available primary or
secondary aminesin 1966, Hirotaet al. demonstratedthat
copper saltscatalysethe carbonylation of alkylamines, unde
60bar COat 140°C¢” Moreover, many othersmetals have
shown to be efficientn this reaction, includingrh®8 Fg®9 Ni,”°

by this eaction.

BASF, 1984
Zr'land Ru’? OH
Wu et al., 2015 N
o
Risge! KOH, MeOH R. o
h + CO — 1\N/ \H
R, | Nishimura et al., 1994
R2
------------------------------------------------------------------- /R‘
H,O + MeOK —==——_ KOH + MeOH RM[\II
&co | R
e
Me. _C K®
MeOH
MeOK
o
e .-t~ €]
/__}' H o) MeOH Q
R_“_H ® ¢7 f R Cc
| |‘>H |
R R

Schemel7: Mechanism of KOH/MeOH catalyzed carbonylation of amines.

Stallyl paladium intermediate that facilitates the @ bond
activation?’® Nevertheless, only the linear product is accessible

OH
Co,(CO)g (cat.)
CO (220 bar) c/N\
120 °C, THF 5
o
Pd(OAc),/Dppp (cat.) I
CO (50 bar) o RWC\N/R

110 °C, Toluene |

Dppp : 1,3-Bis(diphenylphosphino)propane

Schemel8: Benzylic and Allylic @ bond carbonylation

More recently, Huangt al.developed an elegant carbonylation
of benzylamines with nickel catalyahd iodine(Schemel9).7°
Althoughthe mechanism is not fully understoodhd authors
proposedthat iodine activats the benzylaminethrough the
formation of an intermediate charggansfer complex.The
electrontransfer to iodine facilitategshe cleavage of the @
bond by the Nicomplex forming a radicalontaining complex.
After migratory insertion andurther reaction of the benzyl
radical on the Ntenter, a reductive elimination step delivered

the amide and regeneratkthe Nicatalyst.

Transition metafree catalysts are also efficient for the
carbonylation of primary and secondary aminEsr example,
the use of NaOMe has been described in several patents dealing(j/\NR2 .
with the carbonylation of dimethylamine to
dimethylformamide (DMF}2 The use of heterocyclic carbenes

Huang et al., 2017

considered’® In 2015, Wuet al. developed a new catalytic Ph i‘
system using inorganic bases (KOH, NaOKHC®akCQ) as 7UUNR,
catalysts for the carbonylation of a significant number of co
substrates under 1@ar of CO at 110°C.The mechanism

actually involves the previously presented carbonylation of 0
methanol to methyl formate, with the latter product RQN—C‘/
undergoing an amidification reacticthat liberates MeOH and o Ni(CO)n.1

the formamide.
2.6 Carbonylation of activated @ bonds

Carbonylation of enzylic and allylic @ bonds

The carbonylation reaction of acyclic amnsnevas first

R,N

NiCl,/L (5 mol%)
I, (15 mol%) c”
—_

anisole, 140 °C I

NR,
co
o

L = 2-(Diphenylphosphino)benzoic acid

|
ph N7
Ni(CO), R,
charge-transfer
complex
R
| AN
PhCH, NTNi(CO),
I2
ﬂ /& I2
C. -
~Cniccoy, Ph NR,

developed on activated amines. Indeed, in 1984, a BASF pat€itmeio: Benzylamine carbonylation through formation of a changmsfer complex

describal the selective carbonylation of the benzylic position ot
the 2-((dimethylamino)methyl)phenol to vyield 2-(2-

Carbonylation of aziridines

hydroxyphenyfacetamide(Schemel8).”® [Co(CO}] was used The direct formation of lactams fromyclic amines such as

asa catalystunder 220 bar of CO and 120°C.

aziridines, azetidingspyrrolidines and related copounds

In the same way, Nishimurdigwed that allyl amines can be gccyrswith much more ease. Indeethe direct carbonylation
carbonylated into . Utinsaturated amides by using palladiuny¢ gych compounds has been observed under mild condiiions

complexes supported by phosphines under 50 bar of CO at
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the sole presence of cobalt carbonyl or other carbonyl Bellis, 1985

complexes® For example, the carbonylation df-methyl-2- Generation of the active species:
phenylazetidine was catalyzed [iyo(CO3g] under 3.5 baof CO

at 90°C, when the carbonylation of the corresponding oxetane
required the joint use of of an activator (salen Al complex) and HCo(CO), + MesN —  Me,NH + MeCo(CO),
harsher conditions (14 bar Cé).

2.7 Carbonylation of ¢yl and arylamines

C0,(CO)g + H,0 +CO ——» 2 HCo(CO), + CO,

Catalytic cycle:

o
Althoughthe catalytic carbonylation afeveral GN bondsare /”\ Me—Co(CO),  CO
knownwhen the amines aractivated only fewmethodshave Me NMe,
been describedstarting fromtertiary non-activated amine.8!
This observation can be rationalizeby the fact thatthe o o o}
carbonylation of agrtiary amine requires the breaking of a € c.@ Cocok /3\

Me” NMe; Me Co(CO),

N bond to insert COHowever, the CtN bonds in allylic and
benzylic molecules aremore reactive than in simple \_(

alkylamines, this is explained by comparing their respective Me,N

BDEswhile the BDE of thednzyltN(CH). linkageis about 255

kJ.mo11, it reaches272 kJ.moft for CH tN(CH,)Ph In 1968,a Scheme20: Proposed mechanism for the carbonylation of aminéth low valent cobalt
Shell patent showed that [@(CO)] can catalyse the CaPomylcomplexes

carbonylation oftrimethylamine (TMA)to DMF under harsh
Li et al., 2014

conditions (T>150°C, P(CO) > 85 bar anceq of water)82 In CoCl,:Zn:Na,S0, o

1984, Bellis optimized therevious Shell process forMA Ry CO (30 bar) I
carbonylation by using catalytic amousbf water under harsh R3®\|!|'R2 o M» R3\N/C\R2 +R4X
condition (i.e 0.82.0 molof water per mol of [6,(CO}], T> R, | 200°C, NMP, 7h R,

250°C, P(CO) > 85 bar), however at the cost of an increased

reaction temperature?® The use ofwater as promoor of the o
reaction is explained by the supposéd situ formation of Me 2R E%C(liéc;;})) Meo G
[HCo(CQ) (pKA =8.3).84 This hydride cobalt carbongbmplex oN © o0 °C.NMP Bn NT R +MeX
might indeed react as a weak acid am@mote the activation R R

of the CIN bond by protonating the amineto form R, Ry, Rp, R = alkyl, aryl

[Co(CH)(CO)] (Scheme20). Scheme21: Carbonylation of alkylammonium salés described by the group of Li
A similar strategy has been demonstrated in 2014 for the

carbonylation of amines, when Li's group developed a ;¢ 2013 PdCly/bipy (cat.) o
carbonylation process using quaternary ammonium compounds CO (30 bar) I

in the presence oin situprepared nucleophilic catalysts based ~yeMe (CHa)N! > S

on Pd and Cd.85 These reactions were performed under a CO 200 °C, NMP, 8h

pressue over 30 bar, for most examples, and high

temperatures (> 190C). Finally, the scope of the reaction Lietal, 2013 gf)[((:fé%gz‘)‘] (cat) o}
remained limited to a few examples. Co and Pd catalysts have R\N,R (CH3)sNI, AICI, = R\N/‘C‘\R
subsequently been used for the carbonylation of tertiary | 200 °C, NMP, 6h I

amines such as trimethylamine. Tage of PdGlcoordinated by R R
2,2-bipyridine assisted by an ammonium iodide salt as iodide Cantat etal., 2019 K;[Fe(CO),] (cat.) o
source made it possible to obtain good yields of R Me ﬁg,}i,gfgma R. /(‘:‘\
dimethylacetamide®® Li's group also described the catalytic “l' 200 °C. MeCN,15h: E Me

carbonylation oftrimethylamine with Na[Co(Cg)}) in presence
of a iodinated ammonium combined with a Lewis acid B&Rheme22: lodide promotedPd, Co and Featalyzedcarbonylation of alkylamines
promotor (Scheme 22), which can be extended to the
carbonylation of some tertiary, aromatic and aliphatic tertiaryconcjusion on the carbonylation of 68l bonds

g7 T . .
amines?” This synthetic route greatly improves the atoMypg yragitional routes for the synthesis of amides generally

economy of the carbonylation reaction of tertiary amines. Very,, ..o chlorinating or coupling agenthat areresponsible of

recently, our group used the dianiop[Re(CQjJ to perform the the generation of byproducts and in turn, a low atom

carbonylation of various arr_nne_s at lowgssure (&ar), in the efficiency. The direct synthesis of amidesough carbonylation
presence of Mel as an activating agent and Nd{¥)a ce of the corresponding amines is atoconomic and would allow

catalyst8 The requirement of an iodide promotor indicates thatfor an easy generation of amide functionalitieActivation of
the catalyst does not directly activates thaNCbond, but that the CtN bondby an external additivisoften required the main

the latter is converted to a more reactié@tl bond. strategesreported sofar implicateiodide saltspromoting the
formation of an ammonium intermediatethat is more easily
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carbonylated Nevertheless, the development of new activatiorharsh reaction conditionand affords only low yields and a low
strategies would enlarge the scope of the substratspecially selectivity. The carbonylation of primary and secondary alkyl
aiming at directly reacting with the @ bondin amines|In this halides has been described to occur in the presence of strong
perspective, one mayexplore biemimetic pathways, taking Lewis acids such as Al@inder 50 bar of CO at 3C%

inspiration from the Wooeljungdahl synthesis of acetic acid, in

which cobalamine promotes the carbonylation af methyt

folate intermediate by direct activation of@tN bond8°®

2.8 Carbonylation of @X bonds (XE,ClI, Br, 1)

The synthesis of &t halides isusually performed from the
corresponding carboxylic acids, which are halogenated with
toxic reagents such as phosgene, thionyl chlqride
phosphorus tr or pentachloride.Their direct formation by
carbonylation of the corresponding organisalide would
significantly increase the atom efficiency of their synthebise
challenge irthis alternative pathways two-fold: the catalysts
used need to be able to activate tX bonds, but the newly
formed acyl halide must naeactwith other speoés present in
the reaction medium.

Carbonylation of dylic CtX bonds Scheme24: Lewis Acid catalyzed carbonylation of tertiary alkyl halides

/\/\m Conclusioron the carbonylation of X bonds
(1) <—Pd:C|:Pd—> co, /\/\c/m Acy!halidesare .common starting materialn organicsynt.hesis.
Cl Y Their production from the corresponding halide by
\)\Cl carbonylation significantly reduseéhe amount of byproducts
) generated by the use of chlorinated ageMevertheless, very
few examplesof directcarbonylation of @X bonds are reported
Scheme23: Carbonylation of allyl chlorides wifialladium complexes in the literature,and they requireboth harshconditions and
stoichiometric amourd of Lewisacids. Theyare moreover
The activation oéllylic carborhalogen bondss madepossible mostly limited to tertiary alkyl halidesas substrates The
by the use of nucleophilic catalgthrough an §2 mechanism carbonylation of halide in mild conditions with a catalytic
or anoxidative additionThefavourablethermodynamisof the systemwould improve the atomeconomy & the synthesis of
oxidative addition of the Pd catalylgtading tothe formation of organic compoundsAn interesting route would be to use the
a stable Sallyl intermediatefacilitate the GCI bondcleavage knowledge gathered in the carbonylation of@and GN bonds
(Scheme23). This was demonstrated byvhitfield et al. who that often uses @ as reactive intermediates, and transfer it to
described the formation ofa Sallyl intermediate upon synthesis of acyl halideEhe main challenge lieotvever in the
carbonylationof the 1-chlorobut2-ene (1) or the 3chlorobut intrinsic reactivity of the acyl halideshich must be controlled
1-ene (2) to pent-3-enoyle limiting the scope of this reactidd in order to synthesize them form such routes.
Carbonylation of aliphatic & bonds 2.9 Perspectives in the carbonylation giolar bonds
First result; demohstrgting the feasibili.ty of the carbonylatioqthe carbonylation of polar bonds an active field of research,
of alkylhalide derivatives were obtainedwith tert-butyl
chloride?! The synthesis of the pivaloyhlde was possiblein
the presence of astoichiometric amount of d.ewis acid (i.e.
AlCh, BE, FeQ) or a ansted_ acid(RS@) unde_r a high co sourcesutilized to generatea more ractive intermediateThe
pressurg (> 200 bar)?hereacﬂo_n mechamsrrbegms with the latter strategy suffes from major drawbacksincludinga low
abstraction ofthe_halogen atowiaa heteroly_tlc cleavgge of the functional group toleranceand the use of variable amounts of
GX bond according to arnS type mechanism leading to theadditives which have to be recycteor disposed ofat the end

formation of a stabilized tertiary carbocatigScheme24). of the processNew activation pathways nekto be found,to
_COthen .reacts v.wth.the carbocation to _ge”e"’_‘te an "_"Cyl'urﬂ/iden the scope of reactive substrates without resorting te co
intermediate, which is trapped by the halide anion to yield th'catatalysts Moreover, activation ohighly stable bonds such as
corresponding acyl halide. The ©C activation step is those in ethers remain a challenge, but their carbonylation

reminiscent of the Koch reaction, that is used to prOdUC\?/ould lead to greener and atomconomic routes towats
carboxylic acids fromlkenes and carbon monoxide at industriakompleX highvalue chemicals

scale (15000@year in 2003)%2 This strategy has been used
catalytically for the synthesis of a haloacetyl halidés the

reaction between CO 900bar), carbon tetrachloride and
10mol% of AlGlat 200°C?! However, the reaction requires

for which a number of reactions are used at industrial scale.
Most catalytic strategies rely however on the use of Lewis acid
co-catalysts that are required to activate thebond, or iodide
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3 Carbonylation of norpolar substrates less favourable thermodynamics® Nonethekss C(O)Br is
liquid at room temperature, and more easily manipulatdthe

first claim forits preparation was made in 1863 by Schiel, by
The carbonylation of polar substrates through transition metalxposing a mixture of CO and:Bapoussto sunlight similar to
catalysis is a challenge due to selectivity issues and émberthe previously described synthesis of phosgéh¥ogtfurther
moderate reactivity of some substrates such as amines. Sithproved it, demonstratingthat the high-pressure reaction
these can be overcome using various proorstas shown petween CO and Bin the presence of flint glass in sealed tube
above The carbonylation of nepolar substrates is, however, aat >600°C allowsor the formation of QO)Br..2% Finally,C(O)}
long-standingchallenge. Indeed, the lack ofactivityand the has never been isolatedue to its intrinsic reactivit§* It has
ubiquity of a number of noipolar bonds in a moleculsuch as sometimesbeenproposed asa reaction intermediate but was
CtH or CC bonds poses unsolved efficiency and selectivityheverdirectly synthesizedrom CO and,I9
issuesIn addition the stability of such inert bondsay present 3.3 Carbonylationof dihydrogen
thermodynamiclimitation, as the inherent exotherm of the . . . .
. . . Formaldehyde is an important molecule in the chemical

carbonyhtion reaction can be low, and in some cases o . .

. S s ndustry where it isused in the manufacture of cosmetics,
disfavoured(vide infrg. High pressures or temperatures will

: . ) . olymers, glues or organic synthe¥isThe current industrial
then be required in order to shift the thermodynamics of thé) y . 9 9 .y - -
. . - synthesis of formaldehyderelies onthe partial oxidation of
reaction towards a productive carbonylation.

3.2 Dihalogen methanol with oxygen @rmox proces3. The production of
<Pl gens CHO via this industrial processhasseveral limitationgelated
Tablel: Exergonicity of thearbonylation of dihalogens to the prior synthesis of methanahe use of hash conditions

3.1Challenges in the activation of nepolar substrates

for the oxidation of methanoland a limited atorrefficiency
(>50%)192 Thecarbonylation of Hwould be thebestand most
direct pathway, and hidnly desirable if performed from
biomassderived syngasedecause it would avoid the energy
loss inherent in the Formox procesand presents an

Dihalogen X Aose (kJ.mof) atom-efficiency of 10®. t has not been consideredt
R -487.3 industrial scalebecauseof unfavourablethermodynanics: in
Ck -68.7 .
Br, 6.1 the gas phase, at room temperature, the exergonicity of the
b +68.3 reaction isonly35kJ.mof, and increases with the temperature.

Recenthjhowever, the group ofTanksalelemonstrated that the

Data taken from ref* use of RutNi/Al,O; in water at 80 °Cunder 100bar of al:1
CO/H mixture yielded 4.55mmol.Lt.gca? after 72h at 353K,

Thecarbonylhalide(i.e. (O)Xp) derivativesconstitutea class of |\ :h 1009 selectivity _ The equilibrium shift

important compounds, frequently used in halogenation ang,ards formaldehyde is due tits hydration and further
acylation reactionsThechange in Gibbs free energied%es) gnversiorinto methylene glycot?

associated with the carbonylation of dihalogeisshowever
favourable for and Cj while the reaction is endergonic for Br
andl , preventingthe synthesis of C(O)Band C(O),
the latter being known to spontaneously decarbonylate at room
temperature?* The first carbonylation of a dihalogen was
reported by Davy in 1812, e described the photochemical
synthesis of phosgeney exposing a mixture of CO and @l
the sun.95The involvement o&radical mechanism
wasconfirmed in 1965 by trapping experimenof the radical 3-4Carbonylation ofCtC and GH bonds

[COCIp® The synthesis of ketones and aldehydes through the insertion
of CO in @C and GH bonds would be of thetmost importance

as it would allow for atom economicsyntheses and avoid
current oxidation routes!%4 It could also complement
hydroformylation approaches andnable the production of
benzaldehyde from benzenélowever, the activation o€tC
and CtHbondsrepresentsa significantchallengealone and the
oxidative addition of a metallic fragment in &Cor a GH bond
requires unsaturated electronrich complexs, for which CO
coordination is usually favoured.

Scheme26: Carbonylation of dihydrogen for the formation of formaldehyde.

Scheme25: Carbonylation of by exposition of a mixture of CO and ©lthe sun.

The carbonylation of Jto form carbonyl difluoride was
performed using a heterogeneous copper catalgsid is driven
by the formation of strong @ bonds®’ The mainobserved . ) . .
. o . . . . Carbonylation of grained cycles includingcyclopropanes and
impurity is Ck; obtainedfrom the disproportionationof the

. . i | n
product. The carbonylation of Bihas been much less studledacwated cyclobutanes

than its fluorinated and chiorinated counterparts because of '€ carbonylation of strained cycloalkanes has been mostly
performed in stoichiometric conditions. In 1985, the team of

| 11



Bsch described the stoichiometric oxidative addition of & Npromising selectivity, yields were low. This low efficiency is
complex into the @ bond of biphenylene to form the linked to many factors including unfavouraltheermodynamics
corresponding metallacyclé> After bubbling CO on the cyclic('G°= +1.7 kcal.m#), and the formation of a number of side
intermediate, a yield of 8% of 9fluorenone was obtained. The products!12

reduced Nicomplex is however trapped by CO, preventing th€anaka demonstrated that a Vaskge RhK complex
closure of a catalytic cyc. The same strategy has[RhCI(CO)(PMpg] catalyzes the carbonylation of cyclic and
been used by other groups on cyclopese derivatives with linear alkanes, while having a high selectivity for termind C
Fe%6and C#7 complexes. bonds!12The proposed mechanism involves the formation of a
The first catalytic example of atC bond carbonylation of 14-electron complex, [RhCI(PNg formed upon
cyclopropane was described in 1980 with 8I% of photoactivation of the starting complexS¢heme30). This
[Rh(CO)CIL under 50 bar of CO and 18Q, yielding 3.6% of unsaturated species activates thetlC bond of benzene (or of
cyclobutanonet®® More recently, the catalytic use of [(l€Og] the alkane), to form an hydrido aryl (or hydrido alkyl) complex.
has allowed via a [3+1] co-cyclization of Under CO, carbonylation of the BB bond can occur, and
methylenecyclopropane derivatives with CO under milddurther reductive elimination leads to the corresponding
condition (latm of CO, 50C)1% The coordination of the aldehyde and regeneration of the active speci¥dn this case,
methylene fragment to the cobalt centre allowed for an easighe photolysis of CO from the starting complex allows the
activation ofthe endocyclic @ bond, leading to the formation generation of a sufficiently reactive complex that can react with
of a cobaltocyclopropane moiety that undergoes carbonylatioBtH bonds, closely related to speciesready described by
and further reductive elimination to release the cyclobutanon8ergman or Jonels#

[Schemes}.

Scheme27: Carbonylation of théiphenylene by a nickel complex

Scheme 29: Rhodium catalyzed photocarbonylation oftHC bonds. Percentages
calculated compared to the catalyst.

Scheme28: Mechanism for the carbnylation of methylenecyclopropane

Carbonylation of aomatic and aliphaticCtH bonds

In 1983, Eisenbergt al. described the use of an iridium

carbonyl hydride complex, [I&CO)(dppe)], which, under light

irradiation and under latm of CO or syngas, comted benzene

(used as a solvent) to benzaldehyde. The

strategy was extended to other catalysts based on Rh and Ru

under irradiation, Ieading to similar resuft Despite a Scheme30: Mechanism for the photocatalytic carbonylation ofk€bonds
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A second approach developed by the group of Olah and Prak&onflicts of interest

utilizessuperacidsHFBFE; is indeed able tgprotonate CCand
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generate the linear carboxonium ion HCOThe latter is a
superelectroplilic formylating agent that can react with thetC

H bond of isobutan@ndform pivalaldehyde. An acicatalyzed Acknowledgements
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Over the course of this perspeativwe showed thathe direct
carbonylation ofe }v Y ZlPZoC S}u
synthesis of higlvalue carbonytontaining chemicals.

Although a myriad of carbonylation reactions have been
developed using transition metal catalysts, the carbatigh of 3
*bondsremains a significant challenge due to the inert nature
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of »bonds. Successful examples of such transformations rely®n Carbon monoxide, J. Bierhals, iimann's encyclopedia of

either the use of Lewis acid @atalysts or the utilization of
alkyliodidepromotors. These strategies allow the carbonylatiof
of a number of simple molecules such as methanol,

anisoles, but more complex substrates remain a challenge. The

activation and subsequent carbonylation of very inert bonds
such as @H or &C bondss poorly described so far, in part due7
to the inherent endergonicity of the reaction.

Further research in the field should focus on two main points.
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