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I\VV. Abstract / Zusammenfassung

Im Hinblick auf dieEndlichkeit fossiler Rohstoffe spielen nachhaltige Strategien zur
Synthese von Chemikalien aus nachwachsenden Rolmseffe immer grol3ere Rolle.
Ein moglicher Rohstoff sind ungesattigte Fatien, welche aus Pflanzendtggwonnen
werden kénnenDas besondere an diesen ungesattigten Fettsauren ist neben der langen
Kette aus Methylensequenzen die Tatsache, dass bereitfunkigonelle Gruppen im
Molekul vorhanden sind: eine Carbonylfunktion in Form einer Estergruppe und die schon
angesprochene ungesattigte Doppelbindung. Letztere kann durch eine Vielzahl bekannter
chemischer Transformation@meine andere funktionelle Gppeumgewandelt werden.
Um die vollstandige stoffliche Nutzung des Rohstoffs zu ermdglichen sind
isomerisierendew-Funktionalisierungen von besonderem Interesse. Innerhalb dieser
isomerisierenden w-Funktionalisierungen hat sich  die isomerisierende
Alkoxycarbonylierungaufgrund der hohen Produktivitat und Selektivakt besonders

geeignet erwiesen.

Die isomerisierende Alkoxycarbonylierung ist eine durch elektronenreiche und
sterisch anspruchsvolle [phosphan Palladium(ll) Komplexe homogenkatalysierte
Trarsformation, bei der die Doppelbindung mit CO und einem Alkohol in eine
Estergruppe umgewandelt wird. Die Estergruppe wird dabei mit tber 90 % Selektivitat
an der terminalen Position des Substrats gengddrt acht Kohlenstoffatome entfernt

von der urspginglichen Position der Doppelbindung.

Zielsetzung dieser Arbewar ein mechanistischeVerstandnider isomerisierenden
Alkoxycarbonylierury ungesattigter FettsdureestBabei wurde im ersten Schritt der
Reaktionsmechanismus der Palladium katalysierteansformation durch NMR
spektroskopischaJntersuchungen bei tiefen Temperaturamfgeklart Im Weiteren
wurde der Einfluss des Diphosphanliganden aufRiieduktivitat und Selektivitat der
Reaktion experimentellinter katalytischen Bedingungem einem Druckreaktound
durch NMR Spektroskopisowie mittels theoretischreMethodenuntersuchtSamtliche
DFT Berechnungemierzu wurden in Kooperation von Prof. Dr. L. Caporaso an der
Universitdt Salerno / Italien durchgefuhrZuletzt wurde der Einflss mehrfach
ungesattigter Fettsauren auf diemerisierende Alkoxycarbonylierung und insbesondere
auf die katalytisch aktive Spezies untersucht, da diese in kommerziell erhaltlichen

Pflanzendlen stets zu einem gewissen Anteil enthalten sind.

VI
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Stéchiometrishe mechanistische Untersuchungen mittels NMR Spektrospkopie bei
tiefen Temperaturen zeigten, dd3gphosphan Palladium(ll) Hydride die katalytisch
aktiven Spezies sind, welche aus den entsprecheDg#rosphan Palladium(IDitriflat
Komplexen durch Zugab von Methanol gebildet werden. Durch Zugabe von
koordinierenderVerbindungenwie z.B. Pyridin ist es moglichdie katalytisch aktive
Spezies zu isolierewasfir Untersuchungen in Methanfskiem Medium notwendig ist.
Beginnend von der isolierten kataggh aktivenPd-Hydrid Spezies wurde gezeigt, dass
Methyl Oleat in die PdH Bindung insetiert und schnell isomerisiert. Dadurch werden
lediglich die lineare undnur eine verzweigte Rélkyl Speziesbeobachtet. 8 der
verzweigten P@Alkyl Spezies befindetsich das Pd&entrum in a-Position zur
Carbonylfunktion wodurch dieses durcAusbilden eines4-Ring-Chelats stabilisiert
wird. Insertion von CQn diesebeiden PdAlkyl Komplexe wird beobachtet unfdihrt
zur Bildung der entsprechenden-Rdyl Komplexe, wobei auch gezeigt wurde, dass
diese CAnsertion reversibel ist. D&Yeiterenzeigt sich, dasausschliel3lich der lineare
PdAcyl Komplex mt Methanol zum linearen Diestabreagiert, die verzweigte Ayl
Spezies hingegen ist stabil gegenutber Reaktion mit Methanol und die Bildung des

entsprechenden Mathesters wird nicht beobachtet.

Theoretische und experimentelle Untersuchungelie unter Kkatalytischen
Bedingungen in einem Druckreaktor bei 20 bar CO Druck und 90 °C durchgefuhrt
wurden zeigten, dass der verwendete Diphosphanligand fiir die Selektivitat und Aktivitat
des verwendeteKatalysatorsystems verantwortlich ist. Katalysatorvorstuiemenen
das Meallzentrum sterisch abgeschirnidt, ergeben selektivere Systeme, da de
Energiemterschiedm geschwindigkeitsestimmenden Methanolyseschzittischen den
Reaktionswegemdie zum linearen bzwzu den verzweigten Diestern fuhreiir diese
Systeme  hoéher ist. Darlber hinaus ist die  Energiebarriere  des
geschwindigkeitsbestimmenden Metbirseschrittsan sich niedriger als bei den
weniger abgeschirmten Metallzentren, wodurch stRriabgeschirmte Metallzentren
aktivere Systemeéarstellen Die theoretischen Studien ergeben, dass der Grundigtr
Unterschied in den Energiebarriererverschiedene Mechanismenach denen die
Methanolyse ablaufsind Bei sterischwenigeranspruchsvollen Diphosphanest eine
Gruppe aus drei Methanolmolekilen an der Reaktion beteig energetisch guinstiger

ist als die Reaktion mit einem einzelnen etdlanolmolekil. Bei sterisch

anspruchsvolleren Diphosphanen ist der Mechanismus aus drei Molekulen nur fur die
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lineare, nicht abefur die verzweigten Récyl Spezies energetisch ginstiger, wodurch
sich ein groererrergieunterschied zwischen ddiethanol/seschritterder linearen und
den verzweigten RAcyl Speziesergibt, wodurch wiederum die Selektivitat mit diesen
Systemen groRRer idEin weiterer wichtiger Punkt ist die Bildung der katalytisch aktiven
PdHydrid Spezies, die bei den sterisch wenigereabgirmten Metallzentren nicht so
effektiv erfolgt, wodurch schon der Eintritt in den Katalysezyklus angstaimdertist.

Untersuchungen zum Einfluss dedefinischen Substrats zeigten eine starke
Abhangigkeit von der Kettenlanged der Zahl der Doppelidungen im Substrat. Die
Selektivitat zur Bildung der linearen Ester ist mit kirzeren Substeti®ashoher.
Deutlich ausgepragter ist jedoch der kinetische Aspekt, da Substrate geringerer
Kettenlange deutlich schneller umgesetzt werden, was vermutlich dar
Gleichgewichtskonzentration der linearen&ayl Spezies liegt, die fur langere Substrate
geringer ist. Zu erwahnen ist hier, dass die Position der Doppelbindung keinen Einfluss
auf die Kinetik hat was zeigt, dass die Isomerisierung nicht der
geschvindigkeitsbestimmenden Schritt der Reaktion ist. Eine groRere Anzahl an
Doppelbindungen im Substrat fuhrt ebenfalls zu einer verminderten Reaktivitat: NMR
Studien zeigen dass dies an der Bildung von -Rilyl Komplexen liegt, die zwar
ebenfalls zu den lireren PdAllyl Spezies isomerisiert werden, allerdings geschieht dies
deutlich langsamer als fur einfach ungesattigte Fettsauren, und die anschlieRende
Carbonylierung ist ebenfalls deutlich langsamer als die der entsprechenden linearen Pd

Alkyl Spezies.

Neben den Substraten hat der in der Reaktion eingesetzte Alkohol einen grof3en
Einfluss auf die Reaktionsgeschwindigkeit. Verglichen mit Methanol haben hoéhere
Alkohole aufgrund ihrer groReren Molmasse immer eine geringere Konzentration pro
Volumeneinheit, wodich die Reaktionsgeschwindigkeir seherabgesetzt wird. Hinzu
kommt noch eine mittels NM#Spektroskopie und unter katalytischen Bedingungen
nachgewiesene und durch theoretische Berechnungen bestétigte geringere Reaktivitat an
sich, weshalb Methanol flirhohe Umsétze je Zeiteinheit das bevorzugte

Reaktionsmediunm der isomerigerenden Alkoxycarbonylierunggein sollte.
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V. Abbreviations

Chemical Compounds:

biphephos

cis-dtbpcy
cod
coe
dba

depp
dippp
dmpx
dtbpb
dtbpe
dtbpm
dtbpp
dtbppb
dtbpx
HOSO
meseoxoada

ML
MO
rac-oxoada

sixantphos
trans-dtbpcy

Methods:
COSsY
ESI
FID
GARP
GC
HMBC
HSQC
MS
NMR
TOCSY

Miscellaneous
TOF
TON

6,6-((3,3-di-tert-butyl-5,5-dimethoxy[1,1-biphenyl} 2,2~
diyl)bis(oxy))didibenzofl,f][1,3,2]dioxaphosphepine
(1R,29-1,2-bis((di-tert-butylphosphino)methyl)cyclohexane
(1Z,52)-cyclooctal,5-diene

(2)-cyclooctene

(1E,4E)-1,5diphenylpentdl ,4-dien3-one
1,3-bis(diethylphosphino)propane
1,3-bis(di-iso-propylphosphino)propane
1,2-bis((dimethylphosphino)methyl)benzene
1,4-bis(di-tert-butylphosphino)butane
1,2-bis(di-tert-butylphosphino)ethane
bis(di-tert-butylphosphino)methane
1,3-bis(di-tert-butylphosphino)propane
bis((di-tert-butylphosphino)methyl)diphenylborate
1,2-bis((di-tert-butylphosphino)methyl)benzene

high oleic sunflower oil

1-((1R,3S5S5 7R)-1,3,5, #tetramethy2,4,6trioxa-8-
phosphaadamantaiyl)-3-((1S3R,5R,79)-1,3,5, #tetramethw
2,4,6trioxa-8-phosphaadamantsyl)propane

methyl linoleate

methyl oleate

1,3bis((1S3R,5R,79-1,3,5, #tetramethyl2,4,6trioxa-8-
phosphaadamantaiyl)propane
(10,10dimethyt10H-dibenzop,€][1,4]oxasiline4,6-
diyl)bis(diphenylphosphine)
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The mechanism of the isomerizing alkoxycarbonylation of plant oils

1 Introduction

Todayods chemical ostexdusigely onyfossil seedbiaiEhesdn a |l m
particular applies to polymer production, which is one the major consumer of these raw
materialsln view of the limitedavailability of fossil feedstockthe use of renewable raw
materials is of growing interesh the long term:?3 Such autilization of renewable
resources as a source chemicalsrequires their efficient transformation to useful
building blocks*>® Fatty acidsfrom plant oilsare attractivesubstrategor monomer
generatiordue to their unique, loaghain methylene sequencésThe incorporatiornof
plant oil based fatty acidsito linear longchain a,w-functionalized compounds is of
interest, forexample, for the generation of semicrystalline aliphatic polye$tetst#!3
hydrophobic polyamidé8and hydrolytically degradable polyacet&$> These and other
potential applications require two (terminal) functional grodjp& carboxy group of the
fatty acid is suited for polycondensation or conversion into other @unadtgroups like
alcohob, amines or acetas. In addition,mostplant oil based fatty acidse unsaturatetf,
thus having a functionality that can be transformed vat@ousotherfunctional groups
including aldehyds by hydroformylationor carboxy group by alkoxycarbonylation
(Figure 1-1). A selective conversion, particularly to a functiogabupin a different
position on the fatty acid chain thanat of the original double bond is challenging,
however.Combining hese functionalization reactiomgth a preceding isomerization
step can allow for selectivew-functionalizationand thus for the generation afw-

functionalized compoundsom unsaturated fattacids(cf. sectionl.2).

alcohol

acetal\yamine
acetal
aldehyde carboxy [ alcohol
isomerization v isomerization (e} amine

Van Van Van VYV Ve Van Van Van VYV Ve

OH

unsaturated carboxy group
double bond

Figure 1-1: Oleic acid as an example for the structure of a plant oil basedunsaturatefhtty
acid and possible reaction pathways of its functional groups

1.1 Plant oils as a source oh,w-functionalized monomers

Since manyyears polycondensation monomers are generated from ricinolei¢ acid
which is the major componefup to 90 %)f castor oilt” Alkali fusion of ricinoleic acid
at elevated temperatures (250 @ldssebacic acid along with stoichiometric amounts
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of 2-octanol asa coupling product® Polycdondensatiorof sebacic acid with 1;6
diaminohexane produces Nylorl6(Figure 1-2).

OH 0]
— _R
O
ricinoleic acid (R = H)
gg(glléusmn 550 °C
(R = H) (R =Me)
O
M H
+ O + 0
Me
HO Q§//\\\//\\//\\\//\\//u\ -
o sebacic acid methyl 10-undecenoate
1.) HBr
l + 1,6-diaminohexane l 2.) NH3
3.) polycondensation
Nylon 6.10
Nylon 11

Figure 1-2: Monomerand polymegeneration from castor oil based ricinoleic aaidl itsmethyl
esterby alkali fusion (left pathway) and thermal rearrangement (right pathway)

By thermally induced rearrangement, methyl -ut@lecenoate along with
stoichiometric amounts of heptanal ascoupling product isobtainedfrom methyl
ricinoleate, respectively. Finer transformation of methyl dndecenoate with
hydrobromic acid and ammonia yielti$-aminoundecanoic aciavhich is polymerized
to produce Nylon 1lwhich is commercidly availableunder its trade naméRilsard
(Figure 1-2).1°

\/\/\/\/:\/\/\/\)%H

oleic acid
l 1.) ozonolysis
l 2.) oxidative workup

(0] O (0]
M * w
OH HO OH

azelaic acid

Figure 1-3: Ozonolysis 6oleic acid, yielding pelargonic and azelaic acid.

This particularcleavage is, however, restricted to fatty acids witly@oxygroup in
the vicinity of the double bond, of which ricinoleic acid is the only practically available
representative.Instead, ozonolysis of oleic acid vyields azelaic acid along with

stoichiometric amounts of pelargonic acicsa®upling productFigure 1-3). 42%2% This
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process islsoperformed on industrial scalé\n altemativeto ozonolysis is the oxidative
cleavage of thdouble bond of methyl oleate with hydrogen peroxidaras<idantin the
presence of a Whenium catalystyielding azelaic acid mono methyl ester and

stoichiometric amounts of pelargonic acidsa®upling product?

More recent approaches ugdbe olefin metathesis reaction to generasew-
functionalizedmonomers from plant 0if623?* Self-metathesis ofL.0-undecenoic acid
(produced from ricinoleic acidh the presence of Grubbs first generation catatgst
produceicosanedioic acidfter hydrogenation of theemaining double bon@Figure
1-4). However, isomerization of thetarting materia t er mi nal byoubl e
decomposition products of tiutheniumcatalyst may result in a mixture of diacids with

different chain length?®

- CzH4

(e}
(0]
[Ru] HO N\)J\
WOH . \g/\%% 5 OH
10-undecenoic acid
l H, / [Pd]

(0]

HO
\H/\MOH

(@]
icosanedioic acid

Figure 1-4: Selfmetathesis o10-undecenoic acid, generating icosanedioic acid.

Seltmetathesis obleic acidcan yield 1,18ctadecaeadioic acid(after subsequent
hydrogenation of the double boritff?® However, stoichiometric amounts of thesC
alkeneare formedFigure 1-5). Also, as an equilibrium reaction only 50 % conversion

can be attained unless the product can be removed from the reaction mixture selectively.

o
WOH
oleic acid
l T [Ru]
e P T e e e N
o) +
HOWWOH
l Hy / [Pd] ©
D S VN N\ PN
fo) +
HO OH
1,18-octadecanedioic acid (6]

Figure 1-5: Selfmetathesis of oleic acid, yieldiigl8-octadecaeadioic acid.



The mechanism of the isomerizing alkoxycarbonylation of plant oils

Note that highly purified oleic acid is needed ftire lattertransformation as the
presence of fatty acids with different numbers of carbomsator double bonds will result
in acomplexmixture of products with different chain lengtfihis is of particulamterest
as plant oils are in general mixtures of fatty acids with different chain keagthhnumbes
of double bond§1® Self-metathesis of oleates also occurs to a significant eitea

recently commercialized process for butenolysis of palr oil.

All the abovementioned approaches have the disadvantage of producing
stoichiometric amounts of less valuable coupling products. Consequently, only half of the
fatty acid starting material is incorporated into a polymeric material that is produced from
these plant oil based monomers. With this regard, reactions that transform the entire fatty

acid starting material into the polymer backbone are desirable.

1.2 Selectivew-functionalization of fatty acids

To utilize the entire molecular feedstocf the fatty acids selective w-
functionalization is a very usefulbut also challenging approach.Amongst others,
biotechnological pathways camopide such a functionalizatic#?’ Via enzymaticw-
oxidation using the yeas€Candidatropicalis it is possible to transformaturated and
unsaturated fatty acids into the respectivdhydroxy functionalized acids ora,w-
functionalizeddiacids, respectivelgFigure 1-6). 28293031

R
/\/\/WO’

X
fatty acid (ester)

enzymatic enzymatic
m-carboxylation o-hydroxylation
(o] o]
HO R HOW R
Y\/\/W(\/\)J\O . e}
o}
o,o-diacid (mono ester) (x = 1,2,3,5) o-hydroxy acid (ester) (x =1,2,3)

Figure 1-6: Selective enzymatiov-oxidations offatty acid (ester)nto the respectivea,w-
functionalizeddiacid (mono esterjleft pathway andw-hydroxyacid (ester)(right pathway.

EngineeredCandidatropicalis is capable of selective terminal oxidation of methyl
myristate (14:0), methyl palmitate (16:0), methyl siéa (18:0), oleic acid (18:1) and
erucic acid (22:1)nto the respective diacid8?%*° The positiois and configuratios of
the double bondaremaintained in unsaturated substratagither engineeringhamely

the elimination of enzymes that are resgble for the oxidation of the intermediately
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formedw-hydroxy group, allowed for the selective synthesis-diydroxy functionalized
methyl myristate(14:0). Other fatty acidsni{ethyl palmitate(16:0), methyl stearate
(18:0), oleic acid (18:1) arloholeic acid (18:2)) were also transformatb the respective
w-hydroxy fatty acidsalthough with less selectivity and productivifyDisadvantaggof
these biotechnological pathwagse the necessity of feeding the yeasts with costly
glucose due tohe blockedb-oxidation pathway, which is usually used to deliver the
energy that is needed for thelsi®technologicalprocessesand complex downstream

processing for product extraction

\/\/\/\/Z\/\/\/\)%,/

methyl oleate

selective isomerizing
[cat] o-functionalization

X\/\/\/\/\/\/\/\/\)J\
O/

Figure 1-7: General scheme of tlisomerizingw-functiondization of unsaturated fatty acsgd
exemplified with methyl oleate yieldirlqearlong-chaina,w-difunctional compounds.

In view of these issuesentirdy chemical atalytic pathways areattractive3>32
Selective isomerizatiow-functionalizationof the double bied of unsaturated fatty acids
in principle can incorpate the entire fatty acid chafrigure 1-7). This is particularly
difficult, however, as terminal olefins are thermodynamically strongly disfaweeslis
the internal double bonds of the substrates following sections present recent catalytic
isomerizingfunctionalization approaches focused on the transformation of fattyiaimds

lineara,w-functionalized compounds

1.2.1 Isomerizing hydroformylation

Hydroformylation (also known as oxgynthesis)is a reaction that generates an
aldehyde from an olefin, carbon monoxide and hydrogen. Hydroformylation is maybe the
most prominent andefinitely one ofthe largest homogenously catalyzed readion
chemical industry Relevant catalysts are based on Colalt Rhodium bearing
phosphorus ligands, but alsgpresentatives usirfgjatinum, Palladium, Ruthenium and
Iron have been reportedVith regard to the generation of lineayw-functionalized
compounds, isomerizing hydroformylation of fatty actds provide such linear long
chain compounslbearingan w-aldehyde grougFigure 1-8). Bérner and ceworkers

recently reviewed the isomerizing hydroformylatf§riNumerouspublicationson this
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topic report isomerizing ydroformylation of 2-olefins (e.g.2-butene,2-pentene, 2
hexene or Dctene)?>3637.3839404142434445 The reactivity of these olefins with the double
bond adjacent to the chain terminus differs substantially from olefins with the double
bond deep in the chaiWith regard to this thesishe transformi#on of more challenging
substrateds of interest as these potentially allovior the synthesis ofinear a,w-
functionalized monomerdrom plant oils Thus isomerizing hydroformylation of
substrates in which the double bond is four or more carbon atemsfrom the terminus

(e.g. 4octene or methyl oleate) are considered exclhsiwvéhin this work.

WMO/

methyl oleate

[cat.] CO/H,

I N

Figure 1-8: Isomerizing hydroformylation of methyl oleate.

Tang and cavorkers reported the isomerizing hydorformylationti@ns-5-decene
using [PtCI(CO)(P(OPh))2]ClO4/SnCkARH,0 (1 mok% Pt / 5 mol% Sn)as a catalyst
precursor at 100 °C and 140 bar (C@A1/1)% After 3 h the olefin onversion was
725 %, with 84.1 % aldehyde selectivity and 17.3 % aldehyde linearity (this corresponds
to an average TOF &4 h'!). As a side reaction 15.9 % of the hydrogenation product
decane were forme¥.ogt and ceworkers give another example felatinum catalyzed
isomeizing hydroformylation usingd.1 mol % of [Pt(sixanphos)C(SnCk)] as the
catalyst precursd¥. With 4-octene as the substrate they obser@&6 conversion and
the formation of 32.7 %-honanal along with 16.% branched aldehyde¥l % octane
and 40% isomerized octeness side products d00°C and 10 bar (CO/+E= 1/1)after a
reaction time ofL5 h This corresponds to a selectivity®t.5% to the lineaaldehyde
ard an average TOF of 13*hThey report hydrogenolysis of the intermediatermed
Ptacyl species as the rate limiting step at temperatlrege40 °C In general, catalyst
activity and selectivity increased with increasing temperature. Howeydmdenation
alsobecomesnoresignificant athighertemperatures (> 70 °C).

Beck andco-workers compared the selectivity in the ;@0 (2.5 mot% Co)
catalyzed (isomerizing) hydroformylation ofottenecis-4-octene andrans-4-octene at
120 °C and 200 bar (CO#H 1/1)*8 They observed 74.4 %, 54.4 % and 56.2 % selectivity
towards the ihear aldehyde -honanal at conversions of 66 %, 60 % and 52 %,
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respectively.Unfortunately,they do not give reaction times so that TOFs cannot be
calculatedAlthough Cobalt plays an important role in hydroformylation in general, most

examples of isomezing hydroformylations use Rhodium based catalfxgtie infra).

Van Leeuwen and eworkers reported the Rhodium catalyzed isomerizing
hydroformylation of trans4-octene with bidentate dibenzophosphindole and
diphenoxaphosphininsubstituted xanthene ligds (Rh/ligand = 1/10 0.15 moi%
Rh).*® A selectivity of up to 86 % towards the linear aldehgd®nanalat a conversion
of 54 %was observed at 120 °C and 2 bar (CO#HL/1). An initial TOF (207 30 %
conversion) of 15 his reported. In their study they also investigdatads-2-octene as a
substrate and observed higher selectivity to the linear aldehyderagher initialTOF.
Note that they do not state on side reactions like olefin hydrogeratioydrogenation
of the aldehydeSelent and covorkers reportedhe Rhodium(0.006 moi%) catalyzed
formation of tnonanal from a mixture of isomeneocteneq3.3 % toctene, 48.4 %
cistrans-2-octene, 29.2%is/trans-3-octene, 16.4 %is/trans-4-octeng in 48 %linear
selectivity at atotal aldehyde yieldf 52 %by usingmonodentat@hosphoniteethersas
ligands (Rh/ligand = 110) at 140 °C and 20 bar (CO# 1/1)°%°! They observedn
initial TOF (20 % conversiondf 1320h™ and reportediydrogenatealefin (total yield
< 1.4 %) and hydrogenated aldehytigd] yield = 1.4%) as sidgoroducts Later they
reportedbidentate phosphites digands under slightly different reaction conditis
(130°C and 0.06 me Rhodium) and observed 69 % selectivity todhanal at a tota
aldehyde yield of 96 % with an initial TOF of 44484nd reduced hydrogenation activity
(total yield of hydrogenated aldehyde = 0.3 %oReller and ceworkersreported the
Rhodium (0.01 mot%) catalyzed isomerizing hydroformylation ofottene inthe
presence oR,2%bis(3,4,5trifluorobenzyl}1,1-binaphthaleneas a ligand (Rh/ligand =
1/5) at 120 °C and 10 bar (CQ/H 1/1)33 A selectivity d 70 % to the linear aldehyde
1-nonanal was observed at 41 % conversion after a reaction time of 96 h (#spoods
to an average TOF of 431 Zhang and cavorkers reported the Rhodium/tetraphosphine
(ratio = 1/4; 0.1 moePb Rh) catalyzed isomerizing hydroformylationaié- andtrans-4-
octene at 125 °C and 10 bar (C@AH1/1)>* Within 2 h reaction time, 59 %is-4-octene
was converted into aldehydes with a selectiwfty7 % to tnonanal (thicorresponds to
an average TOF of 295 Fortrans-4-octene conversion into aldehydes was 60 % with
a selectivity of 66 % to-honanal(this corresponds to an average TOF of 38 ®nly

small quantities of octane are formedsasde product. Note that wherdztene is used
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instead of 4octene, conversion (84 %) and selectivity to the linear aldehyde (98 %) were

significantly higher nder otherwise identical conditions.

H
R3P\ |
/Rh—CO
RsP” |
co
If-co
R3P. H
RsP co AR
%// \\oleﬁn coordination
I
/U\/\/ >Rh— |
R:P” |
co
R
CO lnsert& olefin insertion
CO coordination /\/\R
/ N\
| _\_\ Rs P/ \
co

Figure 1-9: Mechanism of Rkcatalyzed hydroformylation.

Behr and ceworkers reported the isomerizing hydroformylatiortrahs-4-octene by
a Rhodiumbiphephos(ratio = 1/3) catalyst system at 125 °C and 20 bar (G&/H1)in
89 % selectivityto the linear aldehyd®°6 Applying 0.5 moi% Rh, 82 % of the substrate
wasconverted yielding 7%6 of 1-nonanal, along with 3 % octane atmhsequently 4 %
of branched aldehydes after a reaction time of 4 h (this correspoaisit@rage TOF of
41 h'). Laterthe same groupseda similarcatalyst systenfRh/ligand = 1/10)n the
isomerizing hydroformylation of methyl oleate At a temperature of 118 and a
pressure of 20 bar (CO#H 1/1), 65 % of the substrate were convdrygelding only 26
% of the lineam-aldehyde ester along with large amounts of the hydrogenated starting
material This corresponds to a selectivity of only 40 %. The large amount of
hydrogenated starting materiahs related to the ester group of thesttdie, which is
considered to favor t h-ansdiuyattd estgreforraed through p at h
isomerizationConsequently the observed yields are much lowerfihiaime previously

reported isomerizing hydroformylation wns-4-octene.
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The mebanistic details of the Rhodium catalyzed isomerizing hydroformylation are
not known in detail to date. However, from mechanistic studies on the Rhodium catalyzed
hydroformylation in particularly thosedealing withthe selective formation of linear
aldehydes some conclusions can be drawh The generally acceptedissociative
mechanism first presented by Wilkinsand ceworkersis shown inFigure 1-9,596061
Note that the monophpkines shown irFigure 1-9 may be replaced bgny bidentate
phosphorusligand used in (isomerizing) hydroformylation.The active species in
Wil kinsonds mechani s m-hydsde spectes. Digpariatiariofond py r a
CO ligand anaoordinationof theolefin substratgenerates a Rblefin complex. Olefin
insertion nto the Rhhydride and subsequent CO insertion into theaRigl species
generates a Racyl species that reacts with hydrogen to generate the desired aldehydes
and regenerasethe catalyticaly active Rhhydride speciesPaciello and cavorkers
suggest tht a partially irreversible olefin insertion, where the linear -RRkyl is
irreversibly trapped and the branched-&kyl can undergd-hydride elimination to
regenerate the Rblefin species, is responsible for high linear selectffityan Leeuwen
and co-workers explained the performance of theirbatizophosphindole and
diphenoxaphosphinirgubstituted xanthene ligands in isomerizing hydroformylation by:

a) low phosphine basicity resulting in high isomerization and hydroformylation activity
and b) thelarge natural bite angle, which induces the selegtifot linear aldehyde
formation®® The latter is becausin trigonal bipyramidal Rhodium complexes of
bidentatadiequatorial coordinateghospline ligands increase of the bite angle results in
increaseof the steric congestion around the metal centgoeaaslly in the apical
position®* These crowded systems faviothydride elimination of branched Riikyl
species over CO coordination and inserteamd thus result in higher isomerization
activity, which is not thecasefor less demandindRh complexes. Thus, steaity
demanding metal centeis general favor th€ormation of linear aldehydes. It is
important to note, that theverall mechanistic picture is very complex and elementary
steps are very senisi¢ not only to the ligand,but also totemperature and CO#H

pressuré>%68’ Conseqently, quantitative forecastse not possible.

With regard to the synthesis af,w-functionalized compounds by isomerizing
hydroformylationtwo major drawbacks compared to other isomerizing functionalization
approachesv(de infrg) have to be consideredh@ selectivitytowards the linear product

decreases tremendou$ty substrates where the double bonithimmoreremote position
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to the termnus (toctere > 2-octene > 4octene) This is in particular important as in
methyl oleate the double bond is 9 carbon atamayfrom the terminusand thus more
thantwice as manysomerization steps are necessary to generate a terminal olefin as
comparedo 4-octene. Note that also catalytic productivity decreases within this series.
Hydrogenation of the substrate is a common side reaction(isomerizing)
hydroformylation. Epecially for fatty acid derived substratéss is a serious problem,

a s -Unsadrated esters formed through isomerization are promgdoogenation and

thus also result in a great drop of selectivity to the deswattiehyde estein addition,

s u ¢ hundaturhted esters are thermodynamically faveeesusthe other double bond

isomers.

1.2.2 Isomerizing hydroformylation and in-situ reduction

Some examples of isomerizing hydroformylation witbsiredsubsequent hsitu
reduction of the generated aldehyde to an alcateskeported Figure 1-10). With regard
to fatty acid esters, this would yieldaahydroxy ester, which may be directly used as a
monomer in polycondensation reactiohs.principle, two different possible catalyst
systems are conceivable: a) systems that catalyze both the isamagidroformylation
and the reduction of the formed aldehydes into an alcohol or b) combined systems of two
different catalysts, one catalyzing isomerizing hydroformylation and a second one

catalyzing the reduction of the aldehyde.

[cat.]
R' /\/\/\ R /\/\/\/\OH
isomerization/
hydroformylation/
reduction

Figure 1-10: Isomerizdion/hydroformylation/reduction of an internal olefin.

Drent and ceworkers reported the Palladium/dhs(9-phosphabicyclo[3.3.1]nonan
9-ylethane (ratio = 1/1.4) catalyzedisomerization/hydroformylation/reductiéf,
generatindinear alcohols from an edilirated isomeric mixture of linears&C1o alkenes
(12% G, 44% G, 44% Qo) as the starting materiah up to 72 % selectivityvith an
average TOF of 1000’ at 105 °C and 60 bar (CO/H 1/2).Less than 1 % of alkanes
and ketones were formed as side produbtterestingly they did not observe the
formation of any esters by alkoxycarbonylation of theerimediatey formed Pd-acyl
species with the alcohols generated during the reaction. Emhastectivity and
productivity inthe presence of subtoichiometric amounts of halide anions are ascribed
to abeneficialeffect of the halide anion in the rate determining hydrogenolysis reaction.

10
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The Rutheniung-(dicyclohexylphosphine}-(2-methoxyphenl-1H-imidazole(ratio =

1/2.2; 1.2 mofs Ru) catalyzed transformation dfans-4-octene into dnonanol at
160°C, 10 bar CO and 50 bat, was reported by Beller and -waorkers®® However,

only 14 %alcoholyield and poor selectivitysf %9 to 1-nonanol ar@bserved after 24 h
(this corresponds to an average TOF of 0\ Note that when-bctene was used instead
under slightly different reaction conditions (0.6 A3IRu; Ru/ligand = 1.1; 130 °C) the
alcohol yield is 87 % (along with 9 % octane) with aesgVity of 92 % to inonanol
within 20 h (this corresponds to an average TOFot). Nozaki and ceworkers recently
presented the synthesis of a mixture of linear alcohols and aldehydes from internal olefins
by combining a Rhodium/bisphosphite (ratid/2; 1.0 mol% Rh) catalyst system with

the Ruthenumtme d Shvods c%)tatalR0yG and § bar. (GO7=mgl)/°
Trans-4-octene was converted into a mixture of alcohols and aldehydes (66.9 %), octane
(4.4 %) and some neidentified sideproducts (8.2 %yvith anoverall selectivity ¢ the
linearfunctionalizationproductsof 94.1 %.After 18 h full conversion of the substrate is
reported (this corresponds to an average TOF based on RB bf)5Note that the
transformation of Jdocteneunder otherwise identicatonditions resulted in slightly
increased selectivity (97.5 %9 the lineaproducts. When methyl oleate was used as the
substrate, 64 % a mixture of alcohols and aldehydes along with 23 % methyl stearate
is formed within 36 h(this corresponds to an average TOF based on Rh of%3.4 h
Selectivity to the lineaw-alcoholaldehyde estewvas 65.3%. The authors state thiie

rate of hydroformylation is much faster than isomerization. Consequently addition of
Ru(CO)2 (1.5 mot% based on Ru) which is a known paéayst for alkene
isomerization resulted in increased selectivity to the limeatcoholaldehydeesterof

81.5 %. However, also the amount of methyl stearate increased to 29 %.

As already observed in isomerizing hydroformylation of methyl oleate, the major
limitation of this reaction isa low selectivity to the lineam-hydroxy ester due to

hydrogenation of the substrate, which generates substantial amounts of methyl stearate.

1.2.3 Isomerizing hydroboration

Hydroborationof olefinsis the addition of a boron bound hydrogée.g. diborang
BoHe) to an unsaturated dolebbond yielding an alkylborane species, whiaten be
oxidized with alkaline hydrogen peroxide to generatbydroxy group.”* Note that
alkylboranes may also be oxidized to yield carboxylates, primary or secondary amines,

or alkyl bromides In addition,C-C bond forming reactions are possibléowever,

11
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oxidation to hydroxy groups is the most prominent and convenient pa(ngayinfra).
Internal alkylboranes ateermallyisomerized at elevated temperatunte the respective
terminal alkylboranes Thus, internal olefinscan be in principldransformed into the
respectiveinear alcoholswith high yields Amongstothers amixture of decenes was
transformed into -ecanol irB0 % yield after refluxing the crudalkylboranemixturein
diglyme (p. = 162 °C) for 4n (Figure 1-11, reaction 3’2 The diving force of this
isomerization is the higher thermodynamic stability of feah over internal
alkylboranesSubstratesolvent and steric effects of the substratethe hydroboraon
reagentcan influence the kinetics and thermodynamics loydroboration as well as
isomerizatior(vide infrg).”> The mechanism dhe thermaisomerizatiorremains subject
to discussionHowever, theoretical studies indicate that dehydroboration followed by

olefin re-additioni as alreadyproposed by Brown and esorkersi is most likely’*

1.) BoHg
2.)162 °C; 4h
a) NN )—> NN N0

+ isomers 3.) NaOH / H,0, 80 %

0 1.) BoHg

2.) 162 °C; 24h HQ 0 OH O
b) WO/ )—', WO/ + WO/
7 7 3.) NaOH / H,0, 7 7 7 7
methyl oleate 50 % 50 %
1.) BoHg

OH

— 2.) 160 °C; 20h
c) WOH ) HOWOH + \H)\/\/OH
3.) NaOH / H,0, 13
oleyl alcohol 10-13%

1 ) B2H6 OH

d) /\(‘ﬁg\OH —>2') 160°C; 22h HO\/\@/\OH * \H)\/\/OH
3.) NaOH / H,0, 8 6
10-undecenol 15 % 70 %

Figure 1-11: Hydroboration thermal isomerizatioard oxidation with NaOH/EO, of different
olefinic substrates witdiborane B2Hs).

With regard to unsaturated fatty acgidsomerizing hydroboration generating a
terminalhydroxygroup would be of interesslineara,w-functionalized compoursivith
two differentfunctional groupgouldbe generate@Figure 1-12). When methyl oleates
used instead atnonfunctionalized olefin unddhe aforementioned reacticonditions
thermal isomerizatioto the lineamla,w-functionalized produds not observedeven after
prolonged isomerization of 24 h, only the respectha® 10hydroxyoctadecanoic acids
areobtained(Figure 1-11, reaction bY® In another study, oleyleohol was used instead
of methy oleateemployingisomerization times of up to 20Wwhich resulted in 10 13 %

of the desired,18-octadecanedidlFigure 1-11, reaction c) Furthermore, a significant
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amount ofl,4-octadecanediol was identified, which indicates that thermal migration of
the boron atomsccurs in both directionfioweverthey may be trapped in the 4 position
of the hydrocarbon chain, by formation of a-sbembered ring® This hypothesis is
further underlined by hydroboration of -Uddecenl, which results in the formation of

92 %of 1,11-undecanediol and 8 & 1,10unde@nediol After thermal isomerization at
160°C for 3 h, 56 %of 1,4-undecanediol are formed. Tlamount increasds 70 % after

22 h (Figure 1-11, reaction dy’ These observationsdicatethat in the presence of
functional groups isomerizatiao the terminal alkylborane isifidered and the product

distribution isalteredsignificantly, as compared to nemnctionalized olefins

\/\/\/\/A/\/\/\)H/

methyl oleate

[cat.] H-BR,

Figure 1-12: Isomerizing hydroboration of methyl oleate.

All the reactionslescribed abovesel diborane as hydroboiah reagentMore recent
approacks employedsterically demandingt,5-substitutedl,3,2dioxaborolanegqe.g.
catecholborane or pinacolboranélowever, theirreacivity is in generallower as
compared to diboranelhus, transition metal catalystare usedto accelerate tlse
hydroborations Moreove these catalystallow for control of chemg regio, and
stereoselectivity of théydroboration’®’98 Within this thesis systems that undergo
isomerizinghydroboration will be addresse&xclusively,as these potentially allow for

the preparation odi,w-functionalizedcompounds from unsaturated fatty acids.

SeveralRhodiumcatalyzed isomerizing hydroborations of internal olefins have been
reported Srebnik and cavorkers reportedhe isomerizing hydrboration oftrans4-
octenewith pinacolboraneyesulting in 92 %isolated yield of the linearl-octyl-
pinacolborane exclusivelygy 1 mot% [Rh(PPR):CIl ( Wi | ki nsonédés cataly
minutesat 25 °C(this corespondgo an average TOF of 552'1*! The same grouglso
reported thaby using[Rh(CO)(PPB)-Cl] instead of Wilkinend satalysts, the respective
4-octyl-pinacolborane was obtained in high selectivity of 9¥ésus3 % of the linear
1-octyl-pinacolborane (in 94 %verall yield).22 These finéhgs contrastto earlier work
by Evans and cworkers, who performed meahatic studies on the Rhodium(l)
catalyzed hydroboration. They reported that applyiireghly preparedWi | ki nsonés

13



The mechanism of the isomerizing alkoxycarbonylation of plant oils

catalyst and catecholborane in hydroboration -afefins results n highly selective
formation of the linear products, however, Hodtenewas used as a substrate, they
observed the formation ofdctyl-catecholborane exclusively These observations may
lead to the conclusion that the hydroboration reagent itgefrely its steric congestion

i influences the chemoselectivity of the reacfibhRlowever,subsequentliviyaura and
co-workers,® Robinson and cworker$® and Crudden and eworkers$’ failed to
reproduce SrTaidaan gossibly be acsounted for.blgemeficial efect of
oxygen iradvertently present, whichinduces isomerizing hydroboratioas both
Robinsoi®and Crudde?f observed enhanced catalytic activityhiepresence of oxygen
Note that @ ygen tr eat ment of Wi Ithe formatiomal the c at al
oxygencoordinated Rhodium species [RhQx(PPh).Cll2 and [RhOx(PPh)sCI],
respectivel\?28%%° Robinson and cworkers observed isomerizing hydroboration of
trans-4-octene with pinacolborane to the linear ogiinacolborane in 72 % yield (38
NMR) within 48 hat 25 °Cin thepresence of 2 mé% oxygen treated W
catalyst (this corresponds to an average TOF of 0:8. hAcceleration of the
transformatio was observed by microwave irradiat@ain25 °C resulting in 73 % yield

of the linear octybinacolboranalreadyafter 20 minutes (this corresponds to an average
TOF of 110 n).8% Crudden and cwvorkersobserved that the application of catalyst
precurers with decreased phosphine to Rhodium rdtie.g. [Rh(PPh)Cl]2 or
[Rh(GH.4)Cl]2 + 1.25 equiv. PPhi resulted inan enhanced catalytic activity ithe
hydroboration of doctene with pinacolborane. It wadso possible to transformna
equimolar mixture of 4, 2-, and 4octene to the respective lineéboctyl-pinacolborane

in > 85 % vyield by [Rh(GH4)2Cl]2 + 1.25 equiv. PPh catalyed isomerizing
hydroboratiorf’

In the generally accepted mechanism tbé Rhodium catalyzed hydroboratio
presented by Mannig and NotRigure 1-13),’® dissociation ofa triphenylphosphine
ligand is necessary prior to oxidative addition of thBRb species. Thus the observation
of areduced phosphine to Rhodium ratio enhancing the catalytic activityirsimvith
this mechanistic feature. Isomerization of olefins with Rhodium species is ascribed to
proceed via an olefin insertiob/hydride elimination mechanism catalyzed by Rhodium
hydride species that are formed by oxidative addition of the hydroboratgent to the
metal centef38%91 Thus isomerization of internal olefins into a mixture of all isomers is

reasonable. In their mechanistic study on the hydroborationdeténe and-2ctene,
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Evans and cavorkers suggested that olefin insertion int@ tRhhydride is indeed
reversible, but sensitive to the steric bias around the metal &Btamging together alll

the abovementioned observations, one can conclude that low phosphine concentration
and oxygen coordination to the Rhodium(l) spefreesuprg can result in systems that
allow for isomerizing hydroboration and this transformation may be explained by the
accepted mechanism for hydroboration reactions. However, with regard to this thesis it is
important to note that to the best of our knesge, Rhodium catalyzed isomerizing

hydroboration of fatty acid derived substrates has not been reported so far.

[RhCI(PPhs)s]
H-PPhS
PPh
/\/\ 3
RoB R cl—Rh. H-BR,
PPh . .
reductive elimination 3 oxidative addition
R
H/PPh T PPh
3 3
RzB—ITh< RQB—ITh<
PPh
o rhs Cl s

B-hydride
PPh, elimination T oot \/\R
3
RZB—Rh/

olefin insertion ligand exchange /

(|;| \§/ PPhs olefin coordination

R
Figure 1-13: Proposed mechanism of catalytic hydroboration by Mannig and Noth.

Recently, Chirik and cworkers reported the bis(imino)pyridinColalt®? and
bis(imino)pyridine Irod® catalyzed isomerizing hydroboration of internal olefins using
pinacolborane aghydroboration agenEorIron, > 98 % conversioiby GGFID) of cis-
4-octene to the linear octyglinacolborane was observed time presece of 1 moi%
catalyst within 24 tat 25 °C(this corresponds to an average TOR.dfh%).*3 However
in thepresence of a carbonyl groupthe substratérans-pent3-en-2-on) no productive

hydroboration was observed, indicating that carbonyl graupbit catalysis.

With Cobalt > 98 % conversion (by GEID) of cis- andtrans-4-octene to the linear
octyl-pinacolborane was observedthe presence of 1 me catalyst within 1.5 tat
23°C (this corresponds to an average TOF aB&6).°? When methyl 2hexenoatavas
used ashe substrate, conversiomas 88 % with a selectivity of 70 % tioe linear alky
pinacolborang GC-FID) after 24 hat 23 °C(this corresponds to an average TOF of

15



The mechanism of the isomerizing alkoxycarbonylation of plant oils

3.7 hY). Although the catalytic activity is significéip altered inthe presence of an ester
group, thisstudyshows, that conversion ofinsaturated estemsto the respective linear
a,w-functionalized compourgdis possible.From deuterium labelling experiments, a
mechanism involving a Chydride aghecatalytically active species, which is formed by
reaction of pinacolborane with the @uethyl precursor, is proposed. Insertion of internal
olefin into the Cehydride results in formation of a secondary alkyl species, which then
undergoes isomerization laysequence di-hydride eliminatios and reinsertions until

a terminal Cealkyl species is formed. This reacts with pinacolborane to regenerate the
catalytically active Céhydride species and results in formation of the linear alkylborane
(Figure 1-14). As conversion of -bctene was faster than conversion efclene, the

authors state isomerizationtagrate limiting step in this transformation.

N
N—Co—CHs
N
l + H-BPin / - H3C-BPin
. N
SN BPIn f_ . PPN
N

N
#/ )
H-BPin

chain walking

Figure 1-14: Proposed mechanisnof bis(imino)pyridine Cobalt catalyzed isomerizing
hydroboration.

Miyauraand ceworkers reported the Iridium(l) catalyzed isomerizing hydroboration
of cis- andtrans-4-octene wih pinacolborane ithe presence 01.5 mot% [Ir(cod)Cl]2
+ 3 mot% dppm yielding 78 % of the respective linear ogtiylacolborane after 24t
25 °C (this corresponds to an average TOF of 11)18h

Two reports on théridium catalyzedsomerizing hydroboration of unsaturated fatty
acids existAngelici and ceworkers use®.3 mot% [Ir(coe2Cl]2 + 6.6 mot% dppe as
catalyst precursor and obtaintbe linear alkylborane in 45 % yie{@&C), along with 8%
of nonidentified isomers and 47 % of the hydrogenation product methyl stearate after 24

h at 25 °C this corresponds to an average TORO® h™).%* The authors propose an
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Iridium catalyzed isomerization with subsequiitium catalyzed hydroboration #se

operative catalyticnechanism.

A more recent study by Zhu and-emrkers reports the use @f5 mol% Iridium
nanoparticles inthe presence 0f6.6 mot% of 1,2-bis(dicydohexylphosphinc)L,2-
dicarbaclosododecaboranas the diphosphne ligandin an ionic liquid / methylene
chloride mixture for isomerizing hydroboration of methyl oleate. After 2445 °C78 %
of the linear hydroboration produstasisolated(this corrsponds to an average TOF of
1.3 h1).%° Note that a mercurpoisoning test evidences heterogaus catalysis. \Wen
[Ir(coe-Cl]. is used instead of the-hranoparticles, the yield is lower (55 %) under
otherwise identical conditions. Mechanismis proposedin which the diphosphine
coordinatego thelridium nanoparticles, which activates theHBond of pinacolborane
and generates antiydride on the particlésurface Oleatecan inserinto the Irhydride
andisomerizegso the terminalr-alkyl speciesReductive elimination results in formation

of the desired linear alkylboraifEigure 1-15).

W

l + Ligand (L)
(e}
7 7
H-BPin
reductive coordination /
elimination oxidative addition
BPin BPin
L L
H™
o) ~—_ 7 7
/O insertion / oo~

chain walking

Figure 1-15: Proposed mechanisaf nanalridium catdyzed isomerizing hydroboration.

In summary, onlyfew reports aboutsomerizing hydroboration afnsaturateesters
exist Both selectivity and productivity of these systems is ratheaks@mpared tother
isomerizing/functionalization approachesdg infrg. Nevertheless,tiis interesting to
note that in Rhodium catalyzed isonzéng hydroborationfatty acids and other

unsaturated estehsve not been addressedfao
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1.2.4 Isomerizing silylation

Amongst the various silylation reactions, teemerizing dehydrogenative silylation
and isomerizing hydrosilylatiorare of interest as these potentially allder w-
functionalization of fatty acidésomerizingdehydrogenative silylatioaimsatproducing
a terminal carbosilicon bond starting from an olefin and a silicoydride species H
Si ( R) ( mRdintdink@tbe)double bond of the molec{fgure 1-16). Thus, part of
the olefinc substratds hydrogenated or addition of a sacrificial olefis a hydrogen

scavengeis necessary.

\/\/\/\A/\/\/\AO/
methyl oleate
[cat.] H-Si(R)(R')(R") / -H,
RE i
R/S|AW0/

Figure 1-16: Isomerizing dehydrogenative silylation of methyl oleate.

Isomerizing hydrosilylation alsaims at producinga terminal carbonsilicon bond
from the samestarting materialshowever, the silicotnydrideformally inserts into the
olefinic double bondFigure 1-17). Thus, hydrogenation is not a stoichiometric side

reaction and addition of saddial olefins is not rcessary.

\/\/\/\A/\/\/\)J\O/
methyl oleate
[cat.] H-Si(R)(R)(R")
R o~
Figure 1-17: Isomerizinghydrasilylation of methyl oleate.

The addition of silicon hydrides to olefinic double bonds is catalyzed by radicals (e.g.
peroxide or azo compounds) aga large variety of transition metal catalysts (af.
Fe, Co,Rh, Ir, Pd, Pt, Ru)With regard to the desirad-functionalization of internal
olefins, transition metal cataigds more relevanas ansomerization steprought about
by the transition metak necessary prior to silylation. A very general observation in
silylation reactions is a strong influence of glectronicand sterigroperties of botlhe
silicon hydride specieand theolefinic substrate The latter is less problematic when

focusingon similar substrates, which is the case within this whrkaddition, several
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mechanisrahave been proposed, based on different ligaethl systems. It is thus very
difficult to derive general trends and mechanismsyé#ilerit is necessary to illumate
every single catalyst system. Here we focus on éaimg silylation andliscuss selected

examples thaappeaipotentially interesting fow-functionalization of fatty acids.

In 1956, Speier and ewmorkers reported hydrosilylation of And 2penteneawith H-
SiMeCk in the presence of a Platinuii-PtCk, KoPtCL, Pt/C) or Ruthenium(RuCk)
catalyst, yieldingthe respectivdinear kpentylsilanefrom both substrate¥. For the
formation of the linear-pentylsilane from zenteneSpeier excluded the neangement
of the expected-2and 3-pentylsilans and isomerization of-pentene by bPtClk was
also not observedVhen a peroxide initiator is used instead of the aforementioned metal
species (note that-8iCl; was used as the silicon hydriohethis casg the formation of
the expected-2and 3pentylsilanes is observédSpeierand coeworkerslater reported
the formation of linear -heptylsilanes from -Beptene and #5iCl;, H-SiMeCbk, H-
SiMexCl in the presence of catalytic amounts H2PtCk.°® As a mechaism, they
proposed a metal assisted hydride donation to the double bond of the substrate forming
an internal 3 or 4-carbanion that isomerizes into the more stable termutalianion,
which then forms the linear-leptylsilane by nucleophilic attacdh the silicon atomiIt
was later showthat HPtCl does not act as a homogeneous catpbssebutis reduced
by the silane tdorm Ptnanoparticleghatare the actual active spesjevhich catalyze
the hydrosilylation reactio?? A mechanism for this hetogeneous catalysis, involving
molecular oxygen as a aatalyst that preentsthe Pt-nanoparticles from agglomeration,
which slows down catalysis, was also propo$€ddowever, tlis mechanismcannot

explain the formation of terminatdlkylsilanes from internal olefins.

R NSiR)R)RY [LM" + H-Si(R)(R')(R")

reductive elimination \&omdative addition

[L Mn+2]4/_/ [LmMn+2]_H
R")

|
Si(R)R)(R")

(R)
olefin coordination
insertion /
chain walking L, M”*z] H AN
Ra

SI(R)(R JR")

Figure 1-18. ChalkHarrod mechanism for the metal catalyzed hydrosilylation of olefins.
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Chalk and Harrod proposed a mechanism for the homogeneously catalyzed
hydrosilylation reactin based on studies with Iridium and Platinum complekegu(e
1-18).19! Oxidative addition of the silane results in the formation of a metal hydride
species. Olefin then coordinates to the metal center and is inserted into the metal hydride
bond yielding anetal alkyl species. Reductive elimination results in regeneration of the
catalytically active species and in formation of the hydrosilylation product. This
mechanism also accounts for the formation of terminalkglsilanes from internal
olefins, if olefn insertion into the metal hydride species is reversible. This was also
pointed out by Chalk and Harrod who proposed isomerizing silylatidnhydride

elimination is faster than reductive elimination.

Investigations on the hydrosilylation offiexenewith H-SiCls proved that Rh(l) is
also a suitable precursor for this reaction and oxidative addition of the silane to
Wil kinsonbés cat al ysyRPh)y was bisbiomsgrve§? RdweverH ( Si C|
insertion of olefin into this Rhodiufydride species wasot observedinstead addition
of ethylene resulted in reductive elimination of-S{Clz and formation of
[RhCI(CH4)(PPh)2]. Note that the authors found that small traces of oxygen exert a
substantial catalytic effect, as previously described in Rhodatalyzed hydrogenation
and hydroborationide supra. Faltynek also observed suctbeneficialoxygen effect
inthephot ocatal yzed hydr osi | y¥ He gostutatedwthat h Wi
oxygen supports formation of the threaordinated [RhCI(PR] species by oxidation
of the dissociated triphenylphosphirfeome years later, Haszeldine andwaarkers
investigated tis reaction in more detdif* Besides the aforementioned observations they
reported that the r at e socatalystandthastabilityeftred di t i
complexes thus formed amependat on the silane. For the Rhodium(lll) species
[RhCIH(SIRs)(PPh).] that isformed they suggested a fee@ordinated Rhodium species
with trigonal bipyramidal configuration. Even with ess phosphine they did not find
any indication for formation of octahedral metal centémnsthe hydrosilylation of 41
hexeeusi ng Wil kinsonds catalyst they observ:
that were strongly depending on the silaneSiRhs > H-SiEt; > H-SiCls). Kono and ce
workers found [RhH(PPJg] to bean effective catalyst for hydrosilylation ofdlkenes.
Moreover they observed the formation of foand fivecoordinated Rhodium(lil)
dihydride complexes [RhHiSiRs)(PPh)n], with n = 1for R = OMe and OEand n = 2
for Rs= PhMe, Ph(OMe} and EtH.1% All these observations sugg&ftiodiumcatalysis
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via the ChalkHarrod mechanisnilhis is further evidenced by Lappert andworkers
who reported the Rh(acac)(acac = acetylacetonate) dsteed isomerizing
hydrosilylation of 2pentene and-Bctene with HSIEt in the presence of Alktas a
cocatalyst% AIEts promotes the formation of the catalytically active Rhodium(l) species
by transmetallation, b-hydride elimination resulting in liberaion of ethylene and

formation of a Rkhydride species) and reductive elimination of ethane (forming a Rh(l)

species).
Fe(CO)5
hv l H-SiMej3 (oxidative addition)//\R
R
—/ hydride migration and
H-SiMes He | — = reductive elimination
Fe(CO according to Chalk-Harrod
A R Messi— SOk "9
l silyl migration
SiMes MesSi. R
R B-hydride \—/
elimination H |
H—Fe(CO), L —Fe(CO);
Me3Si\/\R
Z R
olefin exchange
/\R K Me3Si\/\R
R
R 1
hydride H
H—Fe(CO), migraton (€O

Figure 1-19: Mechanism of Fehotocatalyzed hydrosilylation and dehydrogenative silylation.

Wrighton and ceworkers discussed ttgdrosilylation and dehydrogenative silylation
photocatalyzed by Fe(COY’ Starting from eithed-butere or 1-pentene and +BiMes
they observed the formation of a mixture of al§yMes (20 %) alkenytSiMes (40 %)
andalkane (40 %). The product distriboi dependd on the alkene/FsiMes ratio and
the reaction temperature (ow ratio and low temperature fawa the alkytSiMes
formation andvice versa They suggest an alternative mechanism to Ghalkod that
accounts for the formation of unsaturated oducts Figure 1-19).
[FeH(SiMe&)(alkene)(COJ] is assumed as key intermediate which is photogenerated
from Fe(CO3, H-SiMes and the alkendeither this species camdego the ChalkHarrod
pathway to generate the alk§IMes species, gras an alternativesilyl migration can
occur. Direct reductive elimination would also result in formation of aéBiles. If b-

hydride elimination occurs instead, the respective alk8nllezs and an Iron dihydride
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species are generatélefin exchange,ydride migration and reductive elimination then
finally results in olefin hydrogenation.

In 1997 Brookhart and eworkers suggested a slightly different mechanism for the
Palladium(ll) catalyzed hydrosilylation and dehydrogenative silylation reatidrhe
key species of Br ook h apede§lsPd@iB)(lkfm)i'iLs=m i s a
neutralphenanthrolie ligand Figure 1-20). The main difference to the aforementioned
mechanism is the absence of any change of the oxidation state of the metalwamger
catalysis. Instead Brookhart suggadeavage of anf?d-alkyl species by F5iRs via s-

bond metathesis.

SiR
AR anh N
[Pd]—SiR; — [Pd] <«——— [Pd]—SiR3
\/\RI
R3Siv\R. /\R.
c-bond c-bond
metathesis H-SiR3 silyl migration H-SiRs metathesis

SiR; R

[Pd] [Pd]

B-hydride hydride
elimination migration
H H

olefin exchange

[Pd]/ [F’d]/
\%\R' m \/\ R'
Lin AR MeaSis A,
3

Figure 1-20: Mechanism of Patatalyzed hydrosilylation and dehydrogenative silylation.

Jimenez and cworkersmade similar observatiorss Wrghtondid in the Iridium
catalyzedkilylation of hexene with HSIiEt.1°° Depending on the precursor [IREd)]2
(X = OMe or ClI;cod = cyclooctadiene) and the ligand GRE = N, P, As, Sb) they
observed the formation of different ratios of the hydrosiigtaproduct (thexyl)}SiEt
and the dehydrogenative silylation produchg@ixenyl}SiEt; and hexane. For all systems
the relative amoundf hexane formed is very similar to thait (1-hexenyl}SiEts. Note
that the authors report the rapid formatiomexene isomers in the reaction mixture, thus
indicating that their catalyst system is prone to olefin isomerization, but they only
obseved terminal products for bottydrosilylation and dehydrogenative silylatidris
indicatesthat isomerizing siliylabn may be possible, aAlbugh the authors did not prove

evidence fothis by using internal olefins.
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Chirik and ceworkers recently presented the bis(imino)pyridine Cobalt catalyzed
isomerizing dehydrogenative silylation ofoétenes producing exclusivelye linear (1
octenyl)silanes!® By stirring a 2:1 mixture ofcis- or trans-4-octene and H
SiMe(OSiMe): in the presence of 1 méb of Co catalyst precursor for 24 h, at 23 °C,
they observed the quantitative formation of the terminal allylsilane and stoietrio
amounts of octane (this corresponds to an average TOF af'f.By monitoring the
progress of the reaction they observed the intermediacyanfd23octene isomers. From
this and other investigations they proposed a mechakigiure 1-21) essetially similar
to the one suggested by Brookh@itle supra. The catalytically active Csilyl species
inserts terminal olefin and generates adllgyl species, which undergoéshydride
elimination to form the terminal allylsilane, and a-Rglride speies. According to the
authors, thé-hydride elimination is preferred on the carbon atom away from the large
tertiary silane substituent, thus resulting in selective formation of allylsilanes. The Co
hydride is responsible for isomerization of theetenesubstrate into a mixture of-12-,

3- and 4octene and thus brings abdsbmerizing silylation. Reaction of a &kyl
species with silanes¢bond metathesis) to regenerate thesi and to generate the
respective alkane is rate limiting.
N/—CI:To—CH3
N
l +H-SiRy / - CH,

' N
\/\/R / | ,
. A R
o-bond metathesis N—Clo—S|R3 NN
H-SiR, N 2,1-insertion

. NG
N N R
R )\ 'Il /< Rssi/\/\/R
- . N—Co—H
olefin insertion \_ B-hydride elimination

olefin isomerization

Figure 1-21: Proposed mechanism of dehydrogenative silylatiorafténe to linear allylsilane.
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Already in 1956 Speier and -aworkers reported the hydrosilylation of methyl oleate
with H-SiPh by using 10 moPb of tert-butyl peroxybenzoaté!! After 18 h at 90 °C
guantitative conversion tdhe hydrosilylation product was observddowever, the
authorsdo not comment on the position thfe -SiPhs group The Platinumcatalyzed
hydrosilylation of methyl 1@indecenoate and methyl oleate using different silanes
(amongst thers: HSICls, H-SiMeCbk, H-Me-Cl and HSIPICl,) was reported bgertner
and ceworkers!*? Typical reactions conditions we@el mol-% H2PtCk, at 90 °G for 5
h. Yields werebetween 7G 97 %. For methyl 1uindecenoate the linear product forms
exclusively. Br methyl oleate only interndlydrosilylation products were observed,
however, the exact position of the silyl moietsas not reported. In view of previous
reports that did naeportisomerization with this catalyst systetie silyl groups likely
located on the Qor 10-positionof the fatty acid chain. Note that the authors report the
formation oftransisomers, which indicates isomerizatj@atthough this was not reported
for H.PtCk before.Riviere and ceworkers confirmed these ressdin hydrosilylation of
10-undecenoate and methyl oledtean almost identical study® In addition, they
reported that Wil kinsonbds cat alBghsandces al s«
workers investigated the hydrosilylationrokthyl 10-undecenoate anethyl oleate in a
biphasic cyclohexane/propylene carbonate systénwith 1 mok% HPtCk they
obseved the formation of the linear hydrosilylation product from methylid@ecenoate
in aselectivity of 271 100 % for HSiPh and HSIOEg, respectively. Foethyl oleateno

formation ofthe hydrosilylationproductswvas observed.

The first and 1 to the best of our knowledggé only isomerizing silylation of
unsaturated fatty acids is reported by Riepl andvorkersi'® For the isomerizing
dehydrogenative silylation of methyl olea(®O), they usedB mol-% [Ir(OMe)(cod)]-
catalyst precursor, 300 mé&b H-SiEtzand 300 mePo norbornene assacrificialolefinic
substrate After 24 h at 60 °C the MO conversion was 88 % watbelectivity tothe
desredlineardehydogenative silylation product a8 % (this corsponds to an average
TOF of 02 h'l). As side products, they observed hydrogenation of methyl oleate and the
formation of internally silylated products, along with other unidentipeaducts.The
authors do not comment on the mechanism of this transformation Attlatiugh it is
difficult to make an educategiesspne can conclude that silyl migratiand subsequent
b-hydride elimination areecessaryo account for théormation d unsaturategrroducts.

Assuming that oxidative addition of carbeilicon bonds to the metal center is not
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possible and-bond meathesis is irreversibjéhere are still several possible pathways
that may generate the lineajw-functionalized fatty acidlerivative, such that no final

conclusion on the selectivity determining step can be drawn.

It is important to note that the reactivity and tlsothe potentialapplicatiors of the
akyl-Si (R) (R6) (R66) speci es germoeglydepeadinbtby i s 0|
the nature of t he Boudxanple tm akyksilgl chRridesRhed a nd
respective silanolessiloxides,or silyl ethers can be generated, which may be ased

additivesin polycordensation reactions to generatiecons bearingalkyl sidechains

1.2.5 Isomerizing metathesis

Olefin metathesis reactions aapplied in almost any field of chemical synthesis. The
synthesis o&,w-functionalized monomers via metathesis reaction was already described
in sectionl.1of this thesis. However, ithese transformatiorstoichiometric amounts of
less valuable coupling products are formkdaddition, olefin metathesis is often an
equilibrium reactiorandonly 50 % conversion can be attained unless the product can be

removed from the reaction mixture selectively

\/\/\W/\/\)J\O/
methyl oleate
[cat] K~ Y
(o]

WYV%WO/

Figure 1-22: Isomerizing crossnetathesidvetweenmethyl oleate and functionalized olefinic
substrate

Thus a onepot transformation starting from an internal olefin (e.g. methyl oleate)
with the first stepbeing an isomerization of thaternal double bond to the terminal
position and the second step being @efin metthesis reactions desirable This
metathesiscan be either crossnetathesis between the terminal unsaturated &atiy
substrate and a fationalized olefinic substrat&igure 1-22) or selfmetathesibetween
two of the terminal unsaturated fattgid sibstrategFigure 1-23). The challenge of both
reactions is to choose appropriate isomerization and metathesis catalysts which
selectively catalyze the desired reactioBeth reactions generate a linear lesigain
unsaturate@,w-diester as the desired product and stoichiomatriounts of a coupling

product. In the selinetathais reaction, ethylene forms, which can be removed from the
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reaction mixture selectively and thus the equilibrium reaction may be dshite
conversions > 50 %. In the cresgetathesigeaction, the couplm productwhich is
formeddepends on the choice of the functionalized olefinic substrate used as reaction
partner for the fatty acid substrat®y appropriate choicef this substrate the desired
linear longchain unsaturated,w-diester which is formed ithis metathesis reaction is

less reactive than the starting matertafsin addition coupling products that can be
removed from the reaction mixture selectivahg desirableto shift the equilibrium to

conversions > 50 %vide infra).

Wo/

methyl oleate

[cat.] - ethylene

Figure 1-23: Isomerizing seHmetathesis of methyl oleate.

Some approaches in combining isomerization aetfmetathsis were already
presented. Parand-co-workers reported the generationafmixture of lineabutenes,
pentenes, hexenes and olefins higher thanfl@m 1-pentene ¥ isomerizing self
metathesis using an [Ir@i§e]. catalyst that was activated with AQOTf (2 equiv.jhe
presence of trifluoromethanesulfonic acid (14 eqdiV.J5rubbs and cavorkers used a
similar system ot mot% [IrCl(co€)]2 activated with AgOTf (4 equiv.) in isomerizing
selfmetathesis of methyl oleateftAr hydrogenation of the reactionixture, a mixture
of linear G-Czs alkanes, linear &Czg monoesters and linean{XCzs a,w-diesterswas
obtainedt!® Consorti and cavorkers used a biphasic systems of toluene and an ionic
liquid to combine a Rutheniwmydride isomerization catalyst and a modified Grubbs
Hoveyda2"® generation metathesis catalyst to conwerhs-3-hexene into a mixture of
linear G-C17 olefins® More recently GooRen and eworkers combined a Palladium
isomerization catalys{0.6 mot%) and a NHGCinderylidene Ruthenium metathesis
catalyst (0.5 mebPb) to convert oleic acid into an equilibrium mixture afCz. olefins,
Ci13-C2s monocarboylates and @-Cz2 a,w-dicarboxylates?° The same group reported
the isomerizing crosmetathesidbetweenoleic acid andirans-3-hexenedioic acid2

equiv.)with a similar catalysts system (2.5 n#6lPd, 5.0 mePb Ru)yielding amixture
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of olefins, monocanixylates anda,w-dicarboxylates. By using a high boiling solvent,
the olefin fraction was continuously removed by distillation during the isomerizing
metathesis, which resulted in a shift of the equilibrium towards thebdigic acid
fraction. It is immrtant to note thai) the ratio of oleic acid trans-3-hexenedioic acid
influences the relative chalength distribution an@) successful isomerizing metathesis
was not observed with acrylic acid or maleic acidhascoupling partnerNevertheless,

al these approaches do nogsult in theformation of a single compoundn high
selectivity, but in mixtures of compounds with different chain lergytMoreover,when
methyl oleate or oleic acid areised asthe substrate, mixtures of olefins,

monocarboxylees anda,w-dicarboxylatesreformed.

Schrock and cevorkers recently presented the only approach that yielded a single
product in high selectivity from an isomerizing metathesis reaéti@y combination of
a Ruthenium based 6al kene zi pransolefinsmtat al y st
a thermodynamic mixture dafans-olefins and a Tungsten bas&eelective metathesis
catalyst, they were able to transfotrans-3-hexene intais-5-decene and ethylene @n
selectivity of up to 64 %Higure 1-24). In a typical experiment, they used 0.16 +#obf
the Tungsten metathesis catalyst and 0.05%of the Ruthenium isomerization catalyst
in refluxing methylene chloride (40 °C), atr@action timeof 6 hours. Conversion is
12.8% and thus relatively low, however the selectivity of 64 % is remarkable (this

corresponds to an average TOF to the desired product of 1.2 h

W]
NN P S e N 02H4T
i
P T Ve
N [Ru] @
I MeCN™~ R{J P—ipy
‘Bu \——N\
[Ru]

Figure 1-24: Isomerizing metathesis tfans-3-hexene tais-5-decene.

A general problem in isomerizing metathesis reactamegurther reactiorcycles of
the products initiallfformed(secondary metathesidip the example of Schrock and-co

workers this translates into further isomerizing metathesici®b-decene They
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overcame this issue by application oZaelective metathesis catalyst that produces
internal cis-olefins and an isomerization catalyst that exclusively isomelizes:
olefins Thus a second isomerizing metathesis cycle is not possible iagtitlgroduct
cis-5-decene is unreactivewardsboth catalysts. Aiming at the isomeng metathesis
of unsaturated fatty acidssecondary metathesis of ttaesired unsaturateda,w-
dicarboxylate products iess problematicas formation of terminal olefinsy double
bond isomerizatiors not possiblérom these compoundbslowever, a metathesis catalyst
is needed thad) tolerates the carboxylate groups of the substratebail even more
selective to terminablefins thanthe Tungsterbasedcatalyst used by Schrock and-co
workers.The latter is due tthe concentrationf terminal olefins, whichis much lower
for a longer chain substrate.¢.< 0.2 % for methyl oleate)ersushetrans-hexenes (ca.

1 %) used by the authors.

1.2.6 Isomerizing alkoxycarbonylation

Alkoxycarbonylationis a welkknown reaction that generates an egteupfrom an
olefin, carbon monoxide and an alcof&i'?312412° Thus, methoxycarbonylation of
ethylenewith CO and methandb methyl propionate has recently been commercialized
as part of a novel process for methyl methacrylate produt¥éfi. This reactionis
catalyzed with high rates by Palladium(Il) complexes, 3 CH.P'Buz)2CsH4 (dtbpx),128
and is also well understood megtistically(Figure 1-25),129130131132133134135

O

( (or™ AN
7

P dtbpx
co

Figure 1-25: Mechanism of the Palladium catalyzed methoxycarbonylation of ethylene.

In the hydride mechanism that is operative in this transformation, the catalytically
active Pdhydride species inserts ethylene to generate-atidd species, which then
inserts carbon monoxide to form a-Bclyl species that reacts with methanol to fonen t
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desired methyl propionate product and regenerates the catalytically actiwelfite
species.

Pringleand ceworkers reported th&alladiungll) complexesnodified withmesdrac
1,3-bis(phosphaoxaadamantyl)propane (mesdrac-oxoadgd or 1,3bis(di-tert-
butylphosphino)propanedibpp) convert the double bond of internal olefins into a
terminal ester group with high selectivi§. From a thermodynamically equilibrated
mixture of linear Gs-olefins (< 0.2 % terminal olefin) theybserved the fonation of the
linear, terminaffunctionalized methyl Jpentadecanoate i8?6 (mesdrac-oxoadg or
75 % (tbpp) selectivity, respectivelyat 115 °C and 30 bar C@verage TOFs were
120h for mesdrac-oxoadaand5 ht for dtbpp. ColeHamilton and ceworkerslater
reported the transformation ofdcene into the linear, terminfinctionalized methyl -1
nonanoate in 94 % selectivity by Palladiiibn catalysts modified with the
aforementionedtbpx diphosphineat 80 °C and 30 bar C®ith an average TOF of 4'h
(note tha the conversion was 100 % thus this TOF may be underestimtéatheir
study, ColeHamilton and ceworkers concluded that in isomerizing
methoxycarbonylation of internal olefirshydride mechanisfef. section Jis operative
and methanolysis is tate determiningstep.Both studies used an-gitu catalyst system
consisting ofa Pd-source with excess diphosphine and methanesulfonic acitiefsH
source Pringle used [Pd(OAE)ratio olefin/Pd/diphophine/acid =n.a.1/1.5/25) and
Cole-Hamilton wsed [Pd(dba)] (ratio olefin/Pd/diphophine/acid =62.5/1/2.5/5).

\AA/\MO/

methyl oleate

[Pd] CO/ MeOH

\OMM/WVMO/

Figure 1-26: Pd-catalyzed isomerizing methoxycarbonylation of methyl oleate.

As a part of their study ofdicarboxylic acid esters from the carbonylation of
unsaturated estdrs ColeHamilton and ceworkers reported theisomerizing
methoxycarbonylation ofiifferent plant oil basednsaturatedatty acids(Figure 1-26)
using a similar catalyst system they previously reported for isomerizing
methoxycarbonylation of -éctene(ratio olefin/Pd/diphophine/acid = 62.5/1/5/10§2

Amongst othersmethyl oleate was converted into the respective lirseardiester
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dimethyl 1,19nonadecardioate in high selectivity (> 95 %y GC) at 40 °C and 20 bar
CO with an average TOF of 19.8'hOur graup refined this approacto generateand
isolatelinear longchaina,w-diesters from olatesand eruateson a preparative scale,
which were then used to generate polyestdiisese insitu approaches always use an
excess of the relatively expensiphosphinaltbpx. Consequentlythe use of a defined
catalyst precursor is desirabl&@he application of[(dtbpx)Pd(OTf)2] as a single
componentrecursor wasecentlyintroducedby our group?® This precursor not only
eliminates the necessity of excel§shosphinebutmoreovetthe catalytic productivity is
307 50 % highe(based on Pd)s compared to the-situ systenwith identicalselectivity

to the lineam,w-diestes. Notably, both the insitu and the definedatalystsystemare
not only capable faransforming pure oleatdut alsocommercially availabléechnical
grade plant oils which are mixtures of fatty acids with different numbers of carbon atoms
and in particular multiple double bonds, and even pure linoleate is convedeithe

lineara,w-diestergFigure 1-27).101325142139140141142

O

_“_R palmitate (C16:0)
) palmitoleate (C16:1) [Pd]
Il g R,R,R"=< stearate (C18:0)

(o) oleate C18 1) CO /MeOH
R" Imoleate C18 2)
plant oil

MeOH l transesterification O

~ ~
o o 12 14
N N methyl palmitate methyl stearate
o~ o~
12 14 (e} O
methyl palmitate methyl stearate [Pd] )WJ\ ~ )WJ\ _
15 o Wiz O

(6] (6]
CO / MeOH dimethyl 1,19- dimethyl 1,17-
A o~ 5 t7 o~ nonadecanedioate heptadecanedioate

methyl oleate methyl palmitoleate

o (0]
~ X _ +isomers
m)k e dimethyl 1,19-nonadecenedioate
4 7 O

methyl linoleate l 1.) hydrogenation
l 2.) recrystallization

linear a,w-diesters
(purity > 99 %)

Figure 1-27: Isomerizing methoxycarbonylation atechnical grade plant oil aitd methyl ester
(bothconsisting of fatty acids with different numbers of carbon atomsrautiiple double bonds)
into theregectivelineara,w-diesters.

Technical grade plant oilsan beemployed as the raw materidirectly as the

triglycerides Under the conditions of isomerizing carbonylafimansesterificatioto the
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respective methyl esterccurs simultaneoushAlternatively, the respective plant oll
methyl esters can be used as the raw matés@herizing alkoxycarbonylation of both
starting materialsesults in the formation of lineaxr,w-diesters with high selectivity.
Monounsaturated fatty acids (e.g. olaicid or palmitoleic acid) are transformed into
saturated a,w-diesters anddouble unsaturated fatty acids are transformed into
monounsaturate@,w-diesters that can be transformedo the respectivesaturated
analogs by hydrogenation of the crude reactioixture. Saturated fatty acids are
unreactive in isomerizinghethoxycarbonylation but do not hinder the aforementioned
transformationsWe recently showed that even crude algae oil, which besides saturated,
monounsaturated and multiple unsaturated faityds likely contains carotenoids,
chlorophylls, carbohydrates and phosphates as impurities was readily transformed into
the respective a,w-diesters?*® This shows the remarkableobustnessof the
[(dtbpx)Pd(OTH) 2] catalyst precursor dee phosphate moiesenay block coordination
sites detrimentallyparticularly for electophilic cationic active species. In all dee
approaches, yrification of the desired saturategw-diesters(purity > 99 %)is easily

achieved by recrystallization from methanol, whiglalso used as the reaction medium.

First mechanistic considerationstb&isomerizing alkoxycarbonylation were reported
by ColeHamilton and ceworkers (vide supra. From their studyof the isomerizing
methoxycarbonylation of octendbhgy concludedha a hydride mechanism is operative
and methanolysis is the radetermining stepDr. Christoph Dirr recently performed
mechanistic studies of the isomerizing alkoxycarbonlyation of methyl obgatkrect
observation of the reactiontermediates in metinal solution withNMR spectroscaop
methodsduring hisdiploma thesis in our groug? Formation of the catalytically active
Pdhydride species[(dtbpp)PdH(CH 30H)]* from the defined catalyst precursor
[(dtbpp)Pd(OTf)2] and rapidisomerization of the substrates double bond into the
equilibrium mixture of all isomers bihis Pd-hydride species was observed (cf. section
3.2).In addition, first indications of the formation of fatkyl and Pdacyl species were
found These mechanisticonsiderations of the isomerizing alkoxycarbonlyation of

octenes and methyl oleate form the basis of this Ph.D. thesis.

1.2.7 Conclusiveconsiderationof catalytic isomerization/functionalization
With regard to theatalytic productivity and selectivityhe irsensitivity to impurites

in technical grade feedstocknd the lack of undesired side reactions like olefin
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hydrogenation or further reaction of therimary products, isomerizing
alkoxycarbonylation is definitely the state of thefartisomerizing/functnalization of
fatty acids Furthermore, purification of the product is easily achieved by recrystallization
from the reaction medium yieldingghly purified materials (> 99%), which can be used

for polycondensation reactions. Isomerizing alkoxycarbdioylanot only allows for the
most straightforward anmthostsimplesynthesis of lineaa,w-functionalized compounds,
but it also allows for the synthesis of very defined progliuoc technical gradplant oil
feedstockwhencompared to other establesth cdalytic transformations afr example

olefin metathesishat produces a large mixture of products with different chain length
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2 Obijective

Isomerizing alkoxycarbonylation of plant oils converts the double bond deep in the
chain of unsaturated fatty acids to a terminal ester group. Hereby, wseful
functionalized compounds containing the entire fatty acid chain are accessible. However,
the dci sive mechanistic features enabling
understanding aheorigin of selectivityand ratetheinfluence of the catalysistructure
on productivity and selectivityandinsights intothe fate of multiple unsaturatddtty
acidswas lacking

This thesis therefore aimed to resolve this issue tangrovide acomprehensive
mechanistic picture of this unusual catalytic transformation by a combined experimental
and theoretical approacklethodologically, the approagiursiedto thisendcomprises
the synthesis angolation of thecatalyticallyactive specieshe direct observation of
relevant intemediates of the catalytic cydiyy NMR spectroscopic methodmd studies

under pressure reactor conditions
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3 Stoichiometric studiesby NMR spectroscopy

For stoichiometric studies of theomerizing alkoxycarbonylatioma viable access to
the reactive intermediates of the catalytic cycle is requinéebkly coordinate Pd(Il)
ditriflate complexesof the bulkysubstitutedelectron rich chelating diphosphirel, 3
bis(di-tert-butylphosphino)propane (dtbpp) [(dtbpp)Pd(OTH) 2] and 1,2
(CH2P'BU2)2CeHa (dtbpx) [(dtbpx)Pd(OTf) 2] proved to be suitable precursoflhese
diphosphine Palladium(ll) ditriflate complexes were accessed by reaction of the
corresponding diphosphine (P~P) with [Pd(db&) THF to yield [(P*P)Pd(dba)] and
subsequent oxidation of thealladium metal with benzoquinone in the presence of
trifluoromethanesulfonic acid in ED (for details cf. sectio). Both complexes allow
for the straighforward generation of Plydride species by dissolvirtge diphosphine
Palladium(ll)ditriflate complex in methanotf. section3.1). From[(dtbpp)Pd(OTf) 2],
the pyridine coordinatechydride species[(dtbpp)PdH(pyridine)] * could be isolated
which provides an entry intgtoichiometricmechanistic studiesander methanol free
conditions(cf. section3.3). During the course of thikesis, DrEtienne Gau from our
group isolated the PRloordinated hydride specif{sitbp x)PdH(PPhs)]*.1"* However,
abstraction of the pyridine ligand froftdtbpp)PdH(pyridine)] * is easily possiblecf.
section3.3), whereasabstraction ofphosphiness more challenging in generalhus
[(dtbpp)PdH(pyridine)] * was used aa precursor for studies in which the absence of

methanol is crucial.

To ensure thaf(dtbpp)PdH(pyridine)] * is a suitable precursor fatoichiometric
mechanistic studies,raettoxycarbonylation experimeant elevatedemperaturand CO
pressureusing methyl oleate as the substrate ddtbpp)Pd(OTf)2] as a catalyst
precursowas performed. Methyleatewasconverted td,19-dimethylnonadecandioate
with high conversion angelectivityas determined by gas chromatodmaprl he catalyst
performanceof [(dtbpp)Pd(OTYf) 2] is similar to methoxycarbonylation of methyl oleate
with the[(dtbpx)Pd(OTTf) 2] complex!® In detail,reaction rate and selectivity are lower
this aspect isddressedeparatelydf. section6.3).

3.1 Generation and isolation ofPd-hydride species

To provide an entry into the studies of the various reaction steps and intermediates,
Palladium hydrides[(dtbpp)PdH(L)]* were found to be suitable reactiapecies
Dissolution of the triflate compledtbpp)Pd(OTf)2] in CD.Cl, containing CHOH or
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CDs0D, respectivelyat room temperatureesulted in clean conversion to the solvent
coordinated hydride [(dtbpp)PdH(CH3OH)]* or corresponding deuteride
[(dtbpp)PdD(CD30D)]*, respectively(Figure 3-1).1** Key resonances-§0 °C) of
[(dtbpp)PdH(CH 30H)]* are observed ati'H -9.52 ppm (doublet of doublet with
2Jprirans= 195.7 Hz andJprcis = 18.9 Hz) for PeH andd 3P 73.19 ppm and 20.79 ppm
(doublet each,2Jpp = 23.2 Hz) for the inequivalent phosphorugomas. In
[(dtbpp)PdD(CD30D)]* additional?Jep couplings tJporans = 29.0 Hz andtpcis = 2.8
Hz) are observéin 3P NMR spectroscopy.ikewise, dissolution of(dtbpx)Pd(OTf) 2]

in CD2CIl2/CH3OH or CxOD resulted in the formation ¢fdtb px)PdH(CH3OH)]* and
[(dtbpx)PdD(CD30D)]*, respectively?® Key resonances (25 °C) of
[(dtbpx)PdH(MeOH)] * are observed at'H -10.85 ppn(doublet of doublet witRJprirans

= 182.6Hz and?Jprcis = 21.7 Hz) for Pd-H andd 3P 74.6ppm and 2.1 ppm (doublet
each, 2Jpp = 17.1 Hz) for the two inequivalent phosphorus atom#lso in
[(dtbpx)PdD(CDs0D)]* additional®Jep couplings tJeoians = 27.7 Hz andtpndis = 3.1
Hz) are observed iHP NMR spectroscopy.

N2 N N T

“Pd(OTH), — e

methanol o CO/-80°C R ‘Co
A A N eHy A K-
[(dtbpp)Pd(OTf),] [(dtbpp)PdH(CH,OH)]* [(dtbpp)PdH(CO)]*
l pyridine l 25°C

N T e AT
D AR

[(dtbpp)PdH(pyridine)]* [(dtbpp)Pd(u-H)(u-CO)Pd(dtbpp)]*

isolated as a stable,
off-white solid

Figure 3-1: Pd-hydride species generated fr¢futbpp)Pd(OTf) 4.

Addition of carbon monoxide to [(dtbpp)PdH(CH3OH)]* or
[(dtbpp)PdD(CD30D)]* at-80 °C resulted in displacement obordinatedmethanol by
the strongly coordinating CO ligand to form [(dtbpp)PdH/D(CO)]*, or
[(dtbpp)PdH/D(*3CO)]* if ¥CO was used* Key resonances -§0 °C) of
[(dtbpp)PdH(CO)]* are observed atH -5.51 ppm (doublet of doublet wifldprrans=
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1695 Hz andJprcis = 20.8Hz) for PdH andd 3'P 59.60 ppm and 31.12 ppm (doublet
each,2Jpp = 27.6 Hz) for the inequivalent phosphorus asoin [(dtbpp)PdH(13CO)]*
additional?Jec couplings tJparans = 100.5 Hz andJpais = 12.1Hz) are observedrhe
resonance of coordinatédCO is observed al 1°C 183.47ppm (doublet of doublet),
which is very similar to freé*CO (d '°C 184.13 ppm). Nonetheless, coordination of CO
is evidenced by the observ&iiccouplings in*C NMR spectra. Note thaponwarming
[(dtbpp)PdH(*3CO)]* to room temperature quantitative formation [¢ditbpp)Pd(e-
H)(u-13CO)Pd(dtbpp)]* (d1H -7.79 ppm (quint) 2Jpn = 42.8 Hzfor e-H, d3 P 38.64
(doublet)?Jpc = 30.6 Hzandd *3C 230.00 ppm(quint) 2Jpc = 30.6 Hzfor £-13CO) was
observed within minute$* A characteristic of thifPalladium(l) complex is a rapid
fluxional process, that results in ragie exchange of affP nuclei leading to a single
resonance irf!P NMR spectroscopy, even at temperatures as lowB@sC. This
characteristic has been observed previously for binuBédium(l) species witlg-H
and £-CO bridging ligands with differentdiphosphined45146147148143150 pAlsg g
mechanism for the reductive formation of a species similg(dibbpp)Pd(e-H)(u-
13CO)Pd(dtbpp)]* has beesuggestd.’>!

A - !

P (P)
< de(OTf)z 1.) methanol Pd@
— 7<P>V 2.) pyridine (P) lyl AN )
[(dtbpp)Pd(OTH),] [(dtbpp)PdH(pyridine)]*

W \
65 60 55 50 45 40 35 30 25 20
chemical shift / ppm

Figure 3-2: 31P{*H} NMR spectrum {80 °C) of [(dtbpp)PdH(pyridine)] * in CD,Cl.. Insert: Pd
hydrideresonance

For the anticipatedbservation of CO insertion reactions ifalladiumalkyl species
the absence of alcoh@ crucial assubsequeniethanolysiscanoccur otherwiseand
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disturb these studid€sf. section3.3.4). Addition of pyridine tg(dtbpp)PdH(CH 30H)]*
resulted in displacaent of methanol frm the solvent coordinated hydride yield
[(dtbpp)PdH(pyridine)] * with d *H -9.07 ppm (doublet of doublet witldprirans= 190.6

Hz and?Jpicis = 17.7 Hz) for PeH andd P 65.32 ppm and 19.68 ppm (doublet each,
2Jpp= 26.0 Hz) for the inequivalent phosphorus ato+@8 {C). This pyridine adduct was

isolatedby removing the solvent in vacuussa stable offwhite solid(Figure 3-2).

3.2 Double bond isomerization withPd-hydride species

Isomerization experiments itme absence of Chad already been studidxy Dr.
Christoph Diirduring his diploma thesis in our group preceding this tHé$Exposure
of excess methyl oleate (100 equivalents) to a catalytic amount of
[(dtbpp)PdD(CD30OD)]* in a CD:OD/CD,Cl> mixture (2/3 by volume) imn NMR tube
at room temperature resulted in immediate isomerization of the double b to
equilibrium of all isomers (94.3 % of internal olefins, 5.5 %adf-unsaturated ester and
< 0.2% of terminal olefin Figure 9-39 andFigure 9-40). This observed distributiowas
confirmed to correspond to the thermodynamic distribution by isomerization experiments
on other olefins, for whichhermodynamic datare available!®>>® |somerizationof
methyl 5hexenoate and-actene respectively, by(dtbpp)PdD(CD30OD)]* in CDsOD
yielded the previously reportedhermodyamic distribution within experimental error,
and correcting for chain length¢he portion of 1olefin anda,b-unsaturate@ster agre

with the isomer composition obtained from methyl oleate.

Isomerization was also observedtire presence of arbon monoxidel0 equiv. of
carbon monoxide were added at room temperature to a solution of
[(dtbpp)PdH(pyridine)] * in C2D2Cls, which resulted in displacement of pyridine by CO
and formation of(dtbpp)Pd(e-H)(u-CO)Pd(dtbpp)]*. Upon addition ofLO equiv.of
methyl oleatedo this solution isomerization was observed 3#aBNMR spectroscopy. At
50 °Cresonances of thee,b-unsaturatee@steras well as of the internal olefins appeared
Heating the sample to 70 °Cdléo faster isomerization but also fast decomposition
(within 30 minutes) of(dtbpp)Pd(e-H)(u-CO)Pd(dtbpp)]* forming Palladium black
and free protonated diphosphine (evidened by its signals intH and 3P NMR
spectroscopy). While this experiment does not distinguish between the effect of reversible
coordination of CO and of formation f{Htbpp)Pd(e-H)(u-3CO)Pd(dtbpp)]*, which
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occurs here, on the rate of isomerization, ievédent that the presence of CO as a
relatively strongly binding donor does not prevent isomerization.

3.3 Reactionof methyl oleateand 1-octene with thePd-hydride species

The capability othe hydride specid¢dtbpp)PdH(L)] * for very rapid isomerization
was illuminated further by stoichiometric experiments at low temperature. Abstraction of
pyridine from [(dtbpp)PdH(pyridine)] * with a stachiometric amount of BfOEL at
0°C in CD:Clyyielded a reactive specieshich upon adlition of methyl oleate and-1
octeneinserted the olefin cleanlgnd completely to form Rdlkyl specieqcf. section
3.3.]). Key resonances-§0°C) of the reactive[(dtbpp)PdH(pyridine)] * / BF:AOEt>
species ard *H -9.80 ppm (doublet of doublet witlprrans= 193.0 Hz an@Jpris = 25.7
Hz) for PdH andd 3'P 72.81 ppm and 20.96 ppm (doublet eddkr = 23.6 H) for the
two inequivalent phosphorus atorfis-3C labeled 1octenewas used asraodelsubstrate
in these stoichiometric studies as it allowBr more straightforward and clear
identification of thePd-alkyl species formed.

3.3.1 Pd-alkyl species

Addition of 1*C labeled octene (0.95 equiv.) at80 °C to the reactive
[(dtbpp)PdH(pyridine)] */ BFsZOEt2 species resulted in clean and compiesertion of
the olefin into the Pdhydride to form a linear Rdlkyl species exclusivelfFigure 3-3
andFigure 9-1).

—l +
P o
-+ 7< N
N % [(dtbpp)Pd'3CH,(CH,)¢CH,]*
P 1.) BF3*OEt,
= -80 °C
[(dtbpp)PdH(pyridine)]* < pd 13¢

T

[(dtbpp)PACH,(CH,)g'3CH,]*

Figure 3-3: Stoichiometric insertion of-1°C labeled toctene intahe Palladium hydride species
at-80°C.

Moreover, the 3C label is not only found in the a-position
[(dtbpp)Pd*CH2(CH2)sCH3]*, but in an equal amount (50:50) also in the terminal
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position, [(dtbpp)Pd(CH2)7*3CH3]* as evidenced bintegration of*!P and *C NMR
spectraKey resonanceé80 °C) of these linear Ralkyl species arel **C 35.08 ppm
(PACH2) with 2Jparans= 39.0 Hz(?Jpaiisis not resolvefiand 14.11 ppm (C#Hs), and

d 3P 61.73 ppm (doublet withlpp = 35.7 Hz) and 38.60 ppm (doublet withe = 35.7

Hz, anda further doublet splitting if(dtbpp)Pd3CH2(CH2)6CH3]* by 2Jparans= 39.0

Hz). Furthermoreinsertion of 2octeneinto [(dtbpp)PdH(pyridine)] * / BFzAOEt: leads

to identical resonances in tH& NMR spectrum. This shows that even at this low
temperature the metal center is running along the alkyl chain by a series of rapid insertion

and Bhydride elimination events.

Also, the chemical shifts of the phosphorus atasbservedin thelinear Pdalkyl
[(dtbpp)Pd(CH2)7CH3]* are rot alteredsignificantly by thepresence of methanaks
evidenced by addition of 5.5 equivalentsof 1-octene to a solution of
[(dtbpp)PdH(CH 30H)]* (prepared fronj(dtbpp)Pd(OTf) 2]; cf. section3.1) in CD2Cl>
/ MeOH @/ 2 by volume) at-80 °C.}** The addition ofanexcesf 1-octene to th Pd-
hydride [(dtbpp)PdH(CH 30OH)]* shifts the equilibrium between free olefin plEst
hydride and its insertion produ@®dH + olefin D Pdalkyl) completely towads the
olefin insertion product and 3P 62.23 ppm and 38.99 ppm (didet each?Jep = 36.0
Hz) is observedThis suggests thdahe fourth coordination site is liketyccupied byab-

agostic interactiomather than coordination afiethanokolvent.
—|+
Ny
e vihor
A"

—*
A< % [(dtbpp)Pd(CH,);;,COOCH;]*
1.) BF3*OEt,
+
2.) methyl oleate Bl
7< NQ -80 °C N % ha
+ P
[(dtbpp)PdH(pyridine)] “pd (0)
™

[(dtbpp)PdCH{(CH,),5CH3}COOCH,]*

Figure 3-4: Stoichiometric insertion of methyl oleate irRalladiumhydride specieat-80 °C

Reaction of(dtbpp)PdH(pyridine)] */ BFsADEt2 at-80°C with 0.95 equivof methyl
oleate!*C-labeledatthe carbonyl gpupafforded two Pealkyl speciesn a ratio of 1 to 4
(calculated fromintegration of 3P NMR spectra).Based on its®'P resonances
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(d%P61.80 ppm and 38.70 ppm; doublet each Wik = 35.8 Hz) being virtually
identical to the aforementioned limea insertion product of -bctene
[(dtbpp)Pd(CH2)7CH3]*, a carbonyl resonancel °C 174.93 ppm) identical tfree
methyl oleate and oth&ise conclusive spectral data, tnénor speciesvas identified as
the linearPd-alkyl [(dtbpp)Pd(CH2)17-3COOCHS;3]* (Figure 3-4 and Figure 9-5). The
major speciegd *C (3*C=0) 168.10 ppm and 3P 65.73 ppn{doublet of doublet with
2Jpp= 41.0 Hz andJec= 3.5 H2) and 37.76 ppr{doublet with?Jep= 41.0 Hz)was
identified as the branchealkyl [(dtbpp)PdCH{(CH2)15CH3}*COOCHS3]* with the
metatbound carbon directly adjacent to the ester funattegure 3-4 andFigure 9-6).
Evidence for this structure arises from the observed coupling cfBrresonance to the
13C label, and particularly from'H,'*C-HSQC and 'H,'*C-HMBC correlation
experiments in which the methine group next to Ha#ladium center was cely
identified to be in thea-position of the carbonygroup (Figure 9-7, Figure 9-8 and
Figure 9-9). That this foumembered chelate prevails in stability over the-faued six
membered isomers &so confirmed by theoretical DFT studies (cf. secéab). It is
likely a result of the very bulkiert-butyl substituted diphosphirigand, which restricts

the available space at the metal center.

3.3.2 Pd-acyl species

Addition of 1.5 equiv. ¥CO to the linear Pehlkyl
[(dtbpp)Pd1¥1CH2(CH2)s'?1CH3]* at -80 °C resulted in insertion 0fCO to forma
linear Pd-acyl complex[(dtbpp)Pd*3C(=0)*?1CH2(CH2)6'?*CH3(L)] * (L = solvent)
anda Pdacyl carbonyl compleXL = 3CO). In these products of CO insertitime C-
label from the olefin is also evenly distributed in theand the terminal position of the
acyl fragment as evidenced clearly by the coupling patterns in‘ieand3:P NMR
spectra Key resonances off(dtbpp)Pd3C(=0)?13CH2(CH2)s'?1CH3(solvend]*
(Figure 9-2) ared *'P 76.42 ppm and 34.78 ppm (multiplet each) for the two inequivalent
phosphorus atoms and®*C 235.11 ppm (multiplet, carbonyl group), 44.66 ppm
(multiplet, a-methylene group) and 14.17 ppninfguilet, terminal methyl groupkKey
resonaces of [(dtbpp)Pd3C(=0)*?1CH2(CH2)6*?*CH3(**CO)]* (Figure 9-3) are
d 3P 31.49 ppm and 28.12 ppm (multiplet each) for the two inequivalent phosphorus
atoms andd *C 232.12 ppm (multiplet, carbonyl group)77.82 ppm (multiplet,
coordinated*CO), 62.34 ppm (multiplea-methylene group) and 14.17 ppm (singulet,
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terminal methyl group)Note that due to the use of substoichiometric amountdefin
in thegeneration of the linear Palkyl [(dtbpp)Pd?13CH2(CH2)s!¥13CH3]*, addition of
13COalso generatethe hydrido carbonyl complddtbpp)PdH(13CO)]* (Figure 9-4).

%% o h N% o h
Copay o7 CEQMO\

+ +

PN
A" A
[(dtbpp)Pd(CH,),;COOCH,]* [(dtbpp)PdC(=0)(CH,);7COOCH;(L)I*

+CO L = solvent or CO

B ——

-t 80 °C 1t
g( % » N >A o
P 4
< “Pd SN < "Pd ha
AN RN P
AN AR
[(dtbpp)PACH{(CH,);sCH;}COOCH]* [(dtbpp)PdC(=0)CH{(CHy),5CH3}COOCHS,]*

Figure 3-5: Stoichiometric insertion of carbon monoxide ithe Pdalkyl species formed by
methyl oleate insertioimto the Pehydride specieat-80 °C

Upon addition of*CO (1.5equiv.)at -80 °C to the Pédalkyls formed from oleate,
[(dtbpp)Pd(CH2)17-3COOCHS3]* and[(dtbpp)PdCH{(CH 2)1sCH3}*3COOCH?3]*, these
react to form a linear RPdcyl specie§(dtbpp)Pd*3C(=0)(CH2)17*3COOCH3(L)]* (L =
solvent) a linear Racyl carbonyl species (L £*CO) and a fivemembered chelate
[(dtbpp)Pd3C(=0)CH{(CH 2)1sCH3}'*3COOCH3]* (Figure 3-5). Key resonances of
[(dtbpp)Pd13C(=0)(CH2)17*3COOCHS3(solvent)}" (Figure 9-10) are d 3P 76.52 ppm
(doublet of doublet witRJpp= 44.5Hz and?Jecis = 16.3 Hz) and 34.86 ppm (doublet of
doublet with?Jpp= 44.5 Hz andJearans = 81.7 Hz) for the two inequivalent phosphorus
atoms.d 13C 238.74 ppmrfultiplet, carbonyl group next to the Pd center), 174.93 ppm
(singulet, carbonyl group at chain end) and 51.69 ppm (doublet, methoxy group). Key
resonances di{dtbpp)Pd3C(=0)(CH2)173COOCH3(*3CO)]* (Figure 9-11) ared3'P
31.50 ppm (doublet of doublet wifdep= 60.5Hz and?Jparans = 76.8 Hz) and 28.20 ppm
(doublet of doublet of doublet withler = 60.5 Hz andfJparans = 76.0 Hz andJeadis =
23.2 Hz) for the two inequivalent phosphorus atooh$’C 232.11 ppm (multiplet,
carbonyl group next to the Pd center), 177.82 ppm (multiplet, coordi¥aex, 174.93
ppm (singulet, carbonyl group at chain end) and 51.69 ppm (doublet, methoxy group).
Key resonances di(dtbpp)Pd*C(=0)CH{(CH 2)1sCH3}**COOCH3]* (Figure 9-12)
ared3'P 58.31 ppm (doublet of doublet wittipr = 49.6Hz and?Jpais = 15.8 Hz) and
24.06 ppm (doublet of doublet witler = 49.6 Hz andtJrarans = 114.9 H) for the two
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inequivalent phosphorus atonist3C 222.61 ppm (multipletarbonyl group ne to the
Pd center), 182.49 ppm (doublet, carbonyl group coordinated to the Pd center), 72.48 ppm
(broad multiplet, methine group) and 57.08 ppm (doublet, methoxy group).

Note that he 3P resonances othe linear Pehcyl species geneet from
[(dtbpp)Pd(CH 2)17-3COOCHz3]* are in good agreemenmtith thosegenerated fronof
[(dtbpp)Pd 13 CH2(CH2)6'?1CH3]*. The ratio of linearversus branched (five-
membered chelateprbonyl species is ca. I(determined by integration of ti&® NMR
spectra) Notably, even inthe presence of an excess of the strongly coordinating ligand
3CO (> 6 equiv) the chelateis not opened and formation of
[(dtbpp)Pd*C(=0)CH{(CH 2)15CH3}**COOCH3(**CO)]* is not observed.

In these experiments only insertion produztsCO into the linear alkyl speciese
observed(except for the foumembeed chelated Pglkyl species) This is notable
because, though only the primary alkyls are observed as products of insertion of internal
olefin into PdH, secondary alkyls must ogr in small concentrations agermediates of
fast isomerization along the hydrocarbon chain of the substrate. Thus, it could be
conceivable that for the acyls, branched species predominate, which is however not the
case herg-80 °C) Note that under pssure reactor conditions (90 °C, 20 bar CO; cf.
section4) branched acyls do play a role as concluded from the formation of branched
esters as side products (cf. sectlo), andfrom an influence of the chain length of the
olefinic substrate othereadion rate (cf. sectiod.3).

3.3.3 Reversibility of CO insertion

In the overall mechanistic picture, the reversibility of carbon monoxide insertion in the
branched product pathway turns out to be a crucial i6gde infra). To this end3C
labeled carbon momide was added to a sample othe Pdacyls
[(dtbpp)PdC(=0)(CH2)17COOCH3(CO)]* (Figure 9-15) and
[(dtbpp)PdC(=0O)CH{(CH2)1sCH3}COOCH3]* (Figure 9-16). This sample had been
prepared as described above but without uSi@idabeled compounds and employing 2.5
equiv. CO to ensure that the -Blkyl complexes are converted complgtinto the
respective Pdcyland Pdacyl carbonyl species,sgectively.After addition of 10 equiv.
13CO at-80°C the sample was warmed t60°C and the exchange reactiavas

monitared via®P NMR spectroscopy. Exchangé carbon monoxidés evidenced by
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gradual appearance of additiorabc couplings, which was completed within 5 hours
(Figure 3-6, Figure 9-17 andFigure 9-18).

I 1t
o) . o
+7°CO 13
Y -co Y
o”>o” o”>o”

[(dtbpp)PdC(=0)CH{(CH,);5sCH;}COOCH,]* [(dtbpp)Pd'3C(=0)CH{(CH,),5CH3}COOCH,]*

I 2Jpp 2"’PCl‘rans
2‘] PCcis h?l\l—-— 2"’PP
_N/L MM_

|’L\| 2Jpp 1L e

N, L N

57.5 57.0 956.5 // 23.5 23.0 22.5 22.0
chemical shift / ppm

Figure 3-6: Detail of 3'P{*H} NMR spectra (measured &80 °C) of CO exchange in complex
[(dtbpp)PdC(=0O)CH{(CH 2)1sCH3}COOCH 3]* (bottom: spectrum before addition’8€O; top:
after addition of 10 equiv3CO and 5 h at50 °C).

3.3.4 Methanolysis

The final step of the catalytic cycle is alcoholysis of Bakacyl speciesAddition of
0.5 equiv. of methanol to a mixture of the acyl species
[(dtbpp)Pd3C(=0)(CH2)17COOCH3(L)]* (L = solvent or CO) and
[(dtbpp)Pd13C(=0)CH{(CH 2)1sCH3}COOCH3]* (prepared by addition of 1.5 equiv.
13CO tothe respective Relkyl speciesht -80 °C resulted indisappearancef the 3P
NMR signals of [(dtbpp)Pd3C(=0)(CH2)17COOCHs3(solven)]* and immediate
formation of the linear 1,t8imethylnonadecandioate. No faation of the branched
ester was observeds evidenced by comparison with i€ NMR shifts of a genuine
sample of the malonic ester MeO@HR-COOMe (R = GeH33) prepared
independently. Likewise, additon of 0.5 equiv. of methanol to
[(dtbpp)Pd¥C(=0)?1CH2(CH2)6*?1CH3(L)]* (L = solvent or CO) prepared by
addition of1.5 equiv.’*CO to[(dtbpp)PdZ13CH2(CH2)s!#13CH3]* at-80 °C resulted in

fast methanolysis as evidenced by a rapid decrease offRhBIMR resonances of
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[(dtbpp)Pd3C(=0)?1CH2(CH2)6'?1CHa(solvend]* (Figure 9-19). Immediate
formation of linear methyl nonanoate and complete consumption of metiasol
observedWith excess CO, methanolysis appears to be slower. Addition of 20 equiv. of
methanol to [(dtbpp)Pd*C(=0)(CH2)17COOCH3(*3CO)]* and
[(dtbpp)Pd13C(=0)CH{(CH 2)1sCH3}COOCH3]* (prepared by addition of 10 equint

13CO to[(dtbpp)Pd(CH2)17COOCH3]* and[(dtbpp)PdCH{(CH 2)1sCH3}COOCH 3]*)
at-80°C did not result in any observable methanolysis (evidencééPbgnd3C NMR
spectroscopy). Upon warming this sample to room temperature formation of the linear
1,19dimethylnonadecandioate and the bridged hydride carlvonyplex[(dtbpp)Pd(e-
H)(u-13CO)Pd(dtbpp)]* was observed. A tra@mount (<1 %) of the branched estersva
found, as evidenced by it8C NMR shifts(Figure 9-20 and Figure 9-21). Also, under
reaction conditions of preparative methyl oleate meghasbonylation (methyl oleate/Pd

= 125/1 20 bar CQ 90 °C 90 h) the formation of amall amount (<0.5 %) of the
branched diester was observed, as evidenced by GC, by comparison to a genuine sample

of the compoundcf. sectiord4.1.]).

To further work out the reactivity differences responsible for the overall selectivity,
the reaction was studied a0 °C starting directly from a methanol solution
(CDsOD/CD.Cl, = 2/3 by volume}** Dissolving compleX(dtbpp)Pd(OTf) 2] in this
solvent mixture yielded(dtbpp)PdD(CD3OD)]* (cf. section3.1). Addition of 2 equiv.
of methyl oleate afforded a mixture of tRetalkyls [(dtbpp)Pd(CH 2)17COOCH3]* and
[(dtbpp)PdCH{(CH 2)1sCH3}COOCH3]*. Note that there is still a small amount of
[(dtbpp)PdD(CD30OD)]* present, atheequilibrium between free olefin plus hydrided
its insertion produstis notcompletelyshiftedtowards the oliin insertion producteven
at this low temperatur&Jpon addition of 5 equivof **CO to this solutionthe branched
five-membered chelatiédtbpp)Pd13C(=0O)CH{(CH 2)1sCH3}COOCH3]* is formed (as
evidenced by*C and3P NMR spectroscopy) abg with some linear dieste1,19
dimethylnonadecandioate (Figure 9-22). Notably,
[(dtbpp)Pd13C(=0)(CH2)17COOCH3(L)]* (L = solventor 3CO)is not observed under
these conditions, due to rapid methanolysis to the linear diester. Finally, warming this
sample to room temperature again results in the formation of further linear 1,19
dimethylnonadecandioate, trace amounts 1(<%) of the branched der, and
[(dtbpp)Pd(e-D)(u-3CO)Pd(dtbpp)]*. Likewise, addition of carbon monoxide to a
solution of [(dtbpp)Pd(CH2)7CHs]* (prepared by addition of -@ctene to
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[(dtbpp)PdD(CDs0OD)]*) in a CRROD/CDCl2 mixture (2/3 by volume)at -80 °C
resulted in formation of linear methyl nonanoaléhese observation indicate that
methanolysis of the linear acyl complexes is faster than methanolysis of the branched acyl
species. This decisive difference in the methanolysisvasefuther confirmed i DFT

studies ¢f. sectionb).

3.3.5 Conclusions on thecatalytic cycle

As an intermediate summary, the following conclusions can be drawn for
stoichiometric low temperaturé-80 °C) NMR conditions (Figure 3-7):® In the
iIsomerization equilibrium along the alkyl chain, the terminal linear alkyl
[(dtbpp)Pd(CH 2)17COOCHz3]* by far predominates over the branched-chdin alkyls.
Only one branched alkyl occurs in amounts roughly similar to the linear alkyl species,
due to itsstabilization by chelating coordination of the adjacent ester group from the
oleate substratf{dtbpp)PdCH{(CH 2)1sCH3}COOCH3]*. Both the preference of this
four-membered chelate over the corresponding- or sixmemberedchelate isomers
which are not olerved andthe strong preference for linear alkgiger branched alkyls
arerelated to the extremely bulky diphosphine ligand, which restricts the available space

around the other two coordination siteshed squarglanar metal centect. sectiornb).
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Figure 3-7: Key species and reaction pathways observed in stoichiometric low temperdfure (
°C) NMR studie{P"P ='Bu.P(CH,)sP'Bu).

Both the linearalkyl speciesand the chelatstabilized branched alkyl speciean
insert CO The linear CO insertionrpduct[(dtbpp)PdC(=0)(CH2)17COOCH3(L)] * is

subject to methanolysis to the lineajw-diester product, which represents the rate

45



The mechanism of the isomerizing alkoxycarbonylation of plant oils

determining step of product formation. By contrast, the resulting branched acyl insertion
product[(dtbpp)PdC(=0O)CH{(CH 2)1sCH3}COOCH 3]* resists methanolysis, such that

the corresponding branched malonic ester does not form to any significant extent in these
stoichiometric studieat low temperature-80 °C) Nonetheless, the pathway leading to

this Pdacyl is not a dead end, whievould shut down catalysis rapidlys formation is
reversible and this dormant species can interconvert with the productive catalytic cycle.

3.4 Reaction of methyl linoleate and double unsaturatednodel

compounds with the Pdhydride species
As outlined, plat oils inadvertently contain multiple unsaturated fatty acids in variable

amount$® Thus, their role during catalysis must be accounted Tor.this end,
stoichiometricmechanistic studiesn the reactivity of the catalytically active deuteride
specieg(dtbpx)PdD(CD3OD)]* with double unsaturated compourasre performedy
NMR spectroscopimethodsat 25 °C Note thathedtbpx coordinatedieuteridespecies
[(dtbpx)PdD(CD30OD)]*, which wasgenerated frorf(dtbpx)Pd(OTf) 2] (cf. sectior.1),
was used instead of the dtbpp coordinated isolated hydride species
[(dtbpp)PdH(pyridine)] * for these studiessit turned outhat the absence of methanol
is not crucial in these studi¢gde infrg). In addition the[(dtbpx)Pd(OTf) 2] precursor
was usedin the pressure reactor studies (the following section4), andis also the
precursorwhichis commonly usetb generateéhelineara,w-diestergreparativelyon

alaboratory scalg?10139140142

3.4.1 Pd-allyl species

To gain mechanistic insightmto the reactivity of multiple unsaturated compounds
with the catalytically active deuteride specidng catalyst precurs¢fdtbpx)Pd(OTf) 2]
was dissolved in CEDD, resulting in quantitative formation of tleatalytically active
Pd-deuteride specid¢dtbpx)PdD(CD3sOD)]* within five minutes at room temperature
(cf. section3.1). Addition of stoichiometric amountsf methyl linoleate resulted in
virtually quantitative formation of a disubstitutedinternal Pdallyl species
[(dtbpx)Pd(h3-C3H3){(CH2)mCOOCH3}{(CH 2)nCH3z}]* (n + m = 13) Key resonances
of this species are two broad singulaitserveditd 3P 51.71 47.7 and 46.6 ppm for the
two inequivalent phosphorus atoms aiiéi 6.27i 6.07 (broad singulet), 5.15 (multiplet)
and 4.69 ppm (broad singulet)for the three allylic protongindicating syn/anti

configuration of this species) This internal Pd-allyl species is isomerizedirtually
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quantitatively to the monosubstitutetterminal Pdallyl species [(dtbpx)Pd(h3-
C3H4){(CH2)14COOCHS3}]* already at room temperaturgigure 3-8). Key resonances
of this species aré 3P 495 (doublet with?Jep= 40.6 H2 and a broad singulet 46.6
40.2 ppm for the two inequivalent phosphorus atoms ditdl 6.51 (nultiplet), 5.25
(multiplet), 4.63 yirtual triple) and3.40ppm (multiplet) for the four allylic protongfor
a more detailed analysis of thesed!gl species cf. sectio8.4.19and8.4.20.

—
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O rapo 22 (o) :’QC )
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[(dtbpx)PdD(CD,0D)]* nem=13 / /
[(dtbpx)Pd(n-C3Hs}{(CHy),, [(dtbpx)Pd(n®-C3Hy)
COOCH;H(CH,),CH3}* {(CH,);,COOCH}*

Figure 3-8: Reactivity of stoichiometric amounts of methyl linoleate with the catalytically active
deuteride specidédtbpx)PdD(CDs;0OD)]".
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Figure 3-9: *H NMR specta of a) [(dtbpx)Pd(h3-C3H3){(CH2)mCOOCH3}{(CH 2),.CH3}]* (n +
m = 13), b) [(dtbpx)Pd(h3-C3H4){(CH2)1.COOCHz}]* formed by isomerization of
[(dtbpx)Pd(h3-CsH3){(CH 2)mCOOCH3H{(CH 2)nCHz}]* (n + m = 13) and cJ(dtbpx)Pd(h*-
CsH4)CHj3]* in methanolds at 25 °C.The respective allylic protons are highlighted.

The formation of thenonosubstitutedterminalPd-allyl species was corroborated by
reaction of the Pdeuteride specieg(dtbpx)PdD(CDsOD)]* with stoichiometric
amounts of 1,0ctadiene as a model substrate. After 1.5 h at 55 °C the respective
monosubstitutedterminalPd-allyl species[(dtbpx)Pd(h3-CsH4){(CH2)sCH3}]*, which
was fully characterized b¥H, 3C and®'P NMR spectroscopy was formed. The NMR
signals in the allylic region of thtH NMR as well as the signals iiP NMR were
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virtually identical to the aforementioned species generated from methyl linoleate. In
addition, [(dtbpx)Pd(h3-C3H4)CH3]* was synthesized fromdtbpx and [{(h®-
C3H4)CH3}Pd(mCN]2.%°  Pure [(dtbpx)Pd(h3-CsH4)CHs]* was isolated and
characterized byH, *C and3P NMR spectroscopy, elemental analysis anday)x
crystallography. Again, the signals in the allylic regioAbNMR and in*}P NMR were
virtually identical tothose ofthe othermonosubstitutedterminal Pdallyl species
(Figure 3-9 and Figure 9-32, respectively see alsd-igure 9-33 and Figure 9-34). In
detail, the chemical shift of the most downfield shifedlylic proton (i.e. the protgn
which is bound to the carbon atdhatis adjacento the respective allylic substituent)
are slightly different (by about 0.1 ppm) when comparing the methyl substituted
[(dtbpx)Pd(h3-C3H4)CH3]* speciesversusthe alkyltchain substituted(dtbpx)Pd(h3-
C3H4){(CH2)sCHz}]* and [(dtbpx)Pd(h3-C3H4){(CH2)1aCOOCHS3s}]* species. This
effectmay bedue to thdength of thealkyl substituenthat is bound to thearbon atom

at whichthis specific allylic proton itocated

Figure 3-10: X-ray crystabtructure of(dtbpx)Pd(h3-CsH4)CH3]* (CCDC101035). Hydrogen
atoms and a necoordinating triflate counterion were omitted for clarity. Displacement ellipsoids
are shown at the 50 % probability level.

In the solid state structure §dtbpx)Pd(h3-CsH4)CH3]* (Figure 3-10), the square
planarcoordination sphere around the Palladium(ll) center is formed by the chelating
diphosphine with the two other coordination sites occupied by the carbon atoms C1 and
C3 of the butenyl ligand’he PdC2 distance is shorter than the F@l and Pd4C3 bond
distances, respectively, as C2 is located above the square planar coordutetien
(formed by the two phosphorus atoms and C1 anda@@}he triangle GC2-C3 is tilted
with its C2tip towards the Pdenter. Bond distances €12 and C2C3 are nearly equal
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(1.376(6)versusl.393(7)A). With an average value of 1.385these bond distansare

in the typical range for aromatic systems, thus indicating delocalization of the double
bound through the C1, C2 and C3 carbon atoms. In a previous study on theitalbomer

of 1,3butadiene similar values were observed fe€ ond distances in a butenyl
diphosphine Palladium(ll) compléx® The carbon atom Cdf the allylic fragments in

anti positionin this solid state structurerhich isalsoobserved in methylene chloride and
methanol solution, respectively, By NMR spectroscopycf. section8.2.18.

Kinetic observatios of the allylicisomerization of theisubstituted internalPd-allyl
species|[(dtbpx)Pd(h3-C3H3){(CH2)mCOOCH3}{(CH 2)nCH3}]* (n + m = 13) tothe
monosubstitutediterminal Pdallyl species[(dtbpx)Pd(h3-CsH4){(CH2)1«<COOCH3}]*
at temperatures betweeni255 °C by *H NMR spectroscopyieldedan overall energetic
barrier of DG'isom = 23.1 kcal mot with DH'isom = 17.3° 1.3 kcal mott and DS'isom
=-19.5° 4.2 cal mott K (Figure 3-11 andFigure 9-62). Compared to isomerization of
the monaunsaturated analog methyl oleatedé suprd, this is significantly slower.
Nevertheless, themonosubstitutedterminal Pdallyl species is gradually formed
selectively which indicate areason for th@reference for terminalkoxycarbomglation

productsfrom multiple unsaturated fatty acids previously reportett4
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Figure 3-11: Allylic isomerization reactiomonitoredby *H NMR at denoted temperatures.

3.4.2 CO insertion into Pd-allyl species and methanolysis
Insertion of carbon monoxide into the terminaldMgl species wasvestigatedising
[(dtbpx)Pd(h3-CsH4)CH3z]* as a model substratAt CO pressures of up to 5 bar in a

pressure NMR tube in methylenehloride as the solvent, neither insertion nor
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coordination of CO was observed. Even at temperatures of 90 °C only decomposition of
the Pdspecies as indicated lilge formation of Pblack, protonatedliphosphine and
butadier was observed. This is in stark contrast to the facile insertion of CO into Pd
alkyls (cf. section3.3.2, which is already observed-&0 °C. Note that this observation
does not necessarily reflect the CO insertion reaction rates but also reflects the

thermodynamic stability of the Pallyl species.
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Figure 3-12: *H NMR spectra of(dtbpx)Pd(h3-C3H4)CH3]* in methanolds pressurized with 5
bar CO a) before and b) after heating to 90 °C for 3 days, &htINMR spectrum after heating
to 90 °C for 3 days.
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Figure 3-13 Possible reaction pathways leading to deuterated dimethyl adipate. Compounds in
black were identifiedntermediateand pathways drawn in grey aemsonably assumed to occur

When methanetls was used as a solvent instead, under otherwise identical conditions,
no reaction of the Rdllyl was observed at room temperature, however after 3 days at
90 °C, the signals of the starting material had disappeared compfé@ignd’H NMR
spectroscopyeveal the formation opedeuterated dimethyl adipatEigure 3-12 and
section 8.4.21), thus indicating insertion of CO, subsequetitanolysis to form methyl
pentenoate, reinsertion of methyl pentenoate, isomerization, CO insertion and

methanolysis todrm dimethyl adipatéFigure 3-13). These observatiomeflectthe high
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thermodynamic stability of the allyl complexes and thasount forthe lower reaction
ratesin isomerizing alkoxycarbonylation of methyl linoleatersusmethyl oleate (cf.

section 43).

In summary, mltiple unsaturated fatty acids, as exemplified by methyl linoleate,
insert into the Pdhydride specieto forminternalPd-allyl complexes which isomerize
to the terminal Pallyl isomers from which carbonylation occurs. Other than
isomerization of the Palkyl species formed frormethyl oleate, this isomerization is
slow and associated with a significant energy barrier. However, the rate of carbonylation
of this Pdallyl is even lower, such that the major pathway is isomerization tetmenal
allyl followed by carbonylation to the linear diester prodiittis was further evidenced
by isomerizing methoxycarbonylation of pure methyl linoleate under pressure reactor
conditions ¢f. section4.3). Note already at this point, that the sloweature of
isomerization and carbonylation of linoleate may open up other pathways not observed
for oleate as side reactions under pressure reactdrtioms, like methanol addition to

(i.e. hydromethoxylation ofthe remaining double bond.
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4 Pressure reactorstudies

As outlinedin section1.2.§ the isomerizing methoxycarbonylation of methyl oleate
or the corresponding triglyceride has been reported to vyield -dit@thyl
nonadecanedioate ) as the major produahich can be obtained clearthf 14138139140
By crystallization of the crude reaction mixture from methanol (also used as the reaction
medium of catalysis), the desired linear produes obtained in X9 % purity (Figure
4-2).91° However, a compramsive picture of the selectivity and the products formed
remainedo be established. As a prerequisite for a correlation of reaction conditions or
diphosphine structure with selectivity @mplete identificationof the products of
iIsomerizing methoxycarhylation formed from methyl oleate and methyl linoleate,
respectivelywith the defined catalyst precurd@dtbpx) Pd(OTf)2] was performed.

4.1 Identification of products formed in isomerizing

alkoxycarbonylation

4.1.1 Products formed from methyl oleate

The product spectrum formed was determined from a reaction in which
[(dtbpx)Pd(OTTf) 2] was used as a defined catalyst precunsthr a ratio of methyl oleate
/ Pd =500 and a prolonged reaction time of 120 h at 90 °C with a CO pressure of 20 bar

using a melanically stirred 200 mL pressure reactor.

o CO/MeOH

W 20 bar /90"

[(dtbpx)Pd(OTf),]

methyl oleate
(0] o] (0]
o
\OWO/ - . O/
L (o] B3
(0]
/O O/ n=12, m=1:B4
T B n=11m=2:B5
0 ~ n<12,m>2,n+m=13:B6-B15
o~
0] (0]
o
~N v 7
© 7 © B16
B2 (O X0

|
Figure 4-1: Productdormedin the isomerizing methoxycarbonylation of methyl oleate.
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Pure methyl oleate (99 %) was used, to exclude impurities from the starting material

andto facilitate identification of the product&C analysis revealed a MO conversion of

80.9 %. As no formation of saturated monoestersygsroducts (nethyl stearate) was

observed, it ixoncludel that MO is converted exclusively to diesters by reactionsof it
double bond with CO and MeOHBesides the desired product (I-dignethyl
nonadecanedioatk), formed in a total amount of 71.8 %, with MO as a starting material

sixteen branched diester produc&lB16) are conceivableFgure 4-1). In these

branchedgroducts the newly formed ester function is locateda t
al | posi t1(Bb)n st of Bi@wasitidn. GC analysid(gure 4-2) of the crude
reaction mixtures showed that at least seven branched esters are fgirnmedri{se to

the ¥ positi

seven different signals in the gas chromatogram)dentify thebranchegroducts, these

were enriched by removing the linear tdithethyl nonadecanediodte) from the crude

reaction mixture by crystallisation from methanol and column chromatograpthe

supernatant to further remove tiethyl oleatestarting materialfér experimental details

cf. section8.5.1).

L
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Figure 4-2: Comparison othegas chromatograms of the crude reaction mixtred) and after
crystallization from methanol (black)f the products obtained
methoxycarboylation of methyl oleatevith [(dtbpx)Pd(OTf) ;] (MO/Pd = 500, 120 h, 20 bar

CO, 90 °C)

in theisomerizing
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By NMR-analysis tH; °C; H,*H-COSY:; H,*C-HSQC; H,*C-HMBC; Figure
9-23, Figure 9-24, Figure 9-25 and Figure 9-26) of this purified reaction mixture
dimethyl 2methyloctadecan#,18dioate (B1l), dimethyl 2ethylheptadecang,17-
dioate(B2), anddimethyl 2propylhexadecang,16-dioate(B3) were clearly identified.
Longer chain branched diestedsmethyl 2butylpentadecané,15-dioate (B4) and
dimethyl 2pentyltetradecang,14-dioate(B5) were also found. For diesters with even
longer branches36-B15, individual compounds could not be assigon@dmbiguously
by NMR spectroscopyFormation of the malonic estedimethyl 2hexadecylmalonate
(MeOOGCHR-COOMe R = GgHss, B16) is evidenced by comparison with théC
carbonyINMR shift of a genuine sample of tekempoundprepared independentlgnd
also by enrichment of the purified reaction mixture with tpgsuine sample in GC
(Figure 9-41).

Table 4-1: Product distribution observed in the isomerizing methoxycarbonylation of methyl
oleate with[(dtbpx)Pd(OTf) 5.2

product L Bl B2 B3 B4-B15 B16
fraction 89.0 % 4.3 % 1.0% 0.6 % 4.8 % 0.3%

3 Reaction conditions: 96 mmol (28.5 g) MO (99 %), 0.19 mmol (153 (@thpx)Pd(OTf) 2],
130 mL MeOH, 20 bar CO, 90 °C, 120 h. Total conversion of MO was 80.9 %. Pr
distributionwascalculated from GC data.

Table 4-1 gives the product distribution astérmined by GC. The selectivity for the
formation of the linear diester 1 Bmethyl nonadecanedioate) was found to be
89.0%. Amongst the branched products dimethyh@thyloctadecané,18dioate(B1)
predominates with 4.3 %. The portion of the respe branched products decreases with
increasing length of the branch. The malonic die®&6)is also formed to a very small
extent only. This is in accordance withe aforementioneanechanistic studiegcf.
section 3.3) by low temperature NMR spectroscopy where a preference for linear
insertion products along with a roughly similar amount of the brandbedcyl
[(dtbpp)PdC(=0O)CH{(CH 2)1sCH3}COOCH 3]* was observed. Formation of the latter is
promoted due to stabilization lhelating coordination of the ester group of the MO
substrate. However, this branched acyl is subject to a relatively slow methanolysis, and

thus only a very small amount BiL6 is formed

4.1.2 Products formed from methyl linoleate
To determine the produdistributionformed from methyl linoleate a carbonylation

reaction with[(dtbpx)Pd(OTf) 2] as the catalyst precursor was performed. As rates for
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methyl linoleate methoxycarbonylation are substantially lomsgscompared to methyl
oleate ¢f. sectiord.3, andreference25 ard 141) a ratio of methyl linoleate / Pd = 125

and a prolonged reaction time of 190 h were used under otherwise identical conditions
(90 °C / 20 bar CQO)To identify theproducts formed from methyl linoleatnd to
calculate theconversion andelectivity of the reaction, the crude reaction mixture was
hydrogenated with P@/ Complete hydrogenation wavidencedyy the absence of any
olefinic signal in NMR spectroscopy. Conversion and selectivity wetermined oithe
hydrogenagd reaction mixture via GC from the signals of methyl stearate and the linear
diester 1,19dimethyl nonadecanedioafke), respectivelyTo identify the products, the
hydrogenated reaction mixture was crystallized from methemoémove substantial
amountsof methyl stearate and the linear Xdi@sterL. The supernatant of this
recrystallization was separated by column chromatography and the products were
identified by GC(Figure 9-42), NMR spectroscopy*d; °C; H,'H-COSY; H,C-
HSQC;H,*C-HMBC; Figure 9-27, Figure 9-28, Figure 9-29, Figure 9-30 andFigure

9-31) and ESIMS (for experimental details cf. section 8.5.2)

1) CO / MeOH /
O [(dtbpx)Pd(OTf),]

/\/\/:\/:\/\/\/\)ko/

methyl linoleate

2.)H, / Pd-C l

o) o) (0] (e}

-
\0%7/\/\/\/\/\)}\0/ /\(\,)/\)WO
L +isomers B3
(0] (e}

O ~ O o

\O - O/ /OWO/
+isomers B1' e 7 B4'
o) o~ o}

also formed: B1 - B16
\OJ\H?\/\)\/\/\/U\O/

+isomers B2'

Figure 4-3: Productsidentified from the hydrogenated reaction mixtuied isomerizing
methoxycarbonylation of methyl linoleate.

In the hydrogenated reaction mixture the linear diester -dif@thyl
nonadecanedioat@ ) along withthe branched ester producBl-B16 were identified
(Figure 9-42). In addition, a triester (B 1; 6Figure 9-27), formed by double
alkoxycarbonylation of theubstrate, a methoxy substituted die§BeP; &igure 9-28),
formed by mono alkoxycarbonylation and hydromethoxylation of the remaining double

bond of the substrate, and as®eto monoester produéB 3; igure 9-29 andFigure
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9-30) were identified by GCNMR spectroscopy and EMS (see alsaef. 141). In
addition, the terminal dimethylacetéB 4; &~igure 9-31) was identified by NMR
spectoscopy(Figure 4-3).

Table 4-2 summarizes theproduct distribution calculated from GC after
hydrogenation of therudereaction mixturéFigure 9-42). After 190 h 76 % conversion
and a selectivity to the linear 1;t8methyl nonadecanediodte) of 46 % was observed.
The selectivity is thusignificantlylower as compared to methyl oleaté ectiors1.2.6,
4.1.1and 4.3. 12 % of the branched produdBl-B16, 10 % of the triesteB 1 @nd 5 %
of the methoxy substituted diest®& 2 were found. Note that the keto monoedte8 0
could not be separated frasaveralbther noridentified products by GC, which together

acount for 27 % of the product mixture.

Table 4-2: Product distribution observed in the isomerizing methoxycarbonylation of methyl
linoleatewith [(dtbpx)Pd(OTf) 5.2

product L B1-B16 B10 B26 B306 +idemited
side products
fraction 46 % 12% 10% 5% 27 %

3 Reaction condition29.5mmol 8.7 g) ML (99 %), 024 mmol (188ng) [(dtbpx)Pd(OTf) 2],
170 mL MeOH, 20 bar CO, 90 °C,90D h. Total conversion of M was 76%. Product
distributionwascalculated from GC datater hydrogenation of the crude reaction mixture

In summary, due to the slower reaction of the intermedialiAdspecies formed (cf.
section3.4.1) and the resulting longer reaction times, additional pathways become
relevant. The remaining doublerd of the product already formed (or possibly to some
extent also a double bond of the starting material) is also subject to methanol addition or
anoxidation reaction. In addition, the internal double bond of the diester product is slowly

carbonylated t@ triester product.

4.2 Influence ofthe reaction temperature and CO pressure
Catalytic properties of(dtbpx)Pd(OTf) 2] in the isomerizing methoxycarbonylation
of methyl oleateat differenttemperatureand CO pressusavere evaluated i small
scale 20 mlstainless steel autocladen or der 4 ofedudwnt dt gal c
technical grade high oleic sunflowet miethyl ester (Dakolub MB 900Was used, rather
than highly purified methyl oleat&he typical compositiorof Dakolub MB 9001s 92.5
% methyl oleate (18:12.5 % methyl linoleate (18)22.5 % methyl palmitate (16§01.5
% methyl stearate (18:@nd1.0 % methyl esters obhger chain (> C18) fatty acidEhe

results are summarized Trable 4-3.
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Table 4-3: Tenperature and pressudependencef productivity and selectivityn isomerizing
alkoxycarbonylation withi(dtbpx)Pd(OTf) ;] as acatalyst precursdy.

entry T p(CO) conve selecti L SBx Bl B2 B3 B4-B16
[°C] [bar] rsion vity for %]  [%]
[%] L [%]

70 20 85.0 922 784 66 33 10 5 52
90 20 94.8 90.6 859 89 34 9 5 52
110 20 74.3 87.5 65.0 93 37 8 5 50

90 5 740 91.6 678 6.2 36 10 6 48

90 10 91.0 91.0 828 82 35 9 5 51

90 40 96.7 90.2 872 95 33 9 5 53

3 Reactions were performed in a 20 mL stainless steel pressure reactor using 6 mmo
and 0.048 mmol(dtbpx)Pd(OTf),] in 10 mL of methanol. Technical grade high ol
sunflower oil methyl ester (92.5 % methyl oleate) was usetesmubstrate. Conversis are
calculated from GC dath.denotes the linear 1,iflester, BX the sum of all byproducts anc
B1-B16the length of the alkyl branch in the corresponding branbligooduct

[% of branched esters]

O gLk, WN B

A maximum conversion isbservedat 90 °C (entries 1 to 3). At a lowemperature,
the reaction is slower, and at an elevated temperature of 110 °C presumably catalyst
decomposition results in a lower overall conversi@onversion increases with CO
pressure in the regime studied, 5 to 40 bar (entrids 2and6). However beyond 20
bar, the effect of CO pressure is lo@electivity is relatively insensitive to reaction
conditions. In detail, selectivity decreases slightly with reaction tempefatrees 1 to
3), as expected from Eyring's relationshifO pressure virtally does not affecthe
selectivity (entries 24, 5 and6). As the majoiby-product, the methyl branched diester
(B1) resulting from CO insertion and subsequent methanolysis at#tenCadjacent to
the terminus of the MO chain is formed in all casemu#ch smaller amount of the ethyl
branched producB@), and all higher branched:§diesters B3 to B16) are formedcf.
sectiond.1.]). At all temperatures and pressures studiedglagive amounts of branched
esterswith respecto each otheis virtually identical.

4.3 Influence of theolefinic substrate

Reported ates for the methoxycarbonylation of ethyffare substantially higher
than reportedrates for the isomerizing methoxycarbonylation of methyl ol@atad
methyl linoleate® In view of desirable enhanced rates of isomerizing
methoxycarbonylationof plant oils,an analysiof the influence of different olefinic
substrates on the carbonylation rate is instructive. obtain data allowing for a
quantitative comparison of the reaction offefient olefinic substrates, preparative
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experiments with different olefins were performedai200 mL pressure reactor using

29.5mmol of substrate and OrBol-% [(dtbpx)Pd(OTf) 2] as a catalyst precursander
20bar CO at 90C in neat methanol assmlvent and reagent.

To monitor the progress of the reactiorarsples for GC analysis were drawn
periodicallyvia aneedlevalveat the bottom of the reactdro gain insights into the role
of isomerization under reaction conditions, a prior exposure abl#fmic substrate to
the catalyst in the absence of CO was avoi&ed.this purposethe catalyst was added
into the loadedd]efinic substrate + methanol) and greessurized (2 bar CO) reacttor
experimental details cf. secti@d). Already at lowconversions (e.g. ~15 % for methyl
oleate) isomerization of the substrate to the thermodynamic distribution of all issmers
observed, as evidenced by comparison with a genuine sample of the substrate with added
[(dtbpx)Pd(OTf) 2] in methanol(Figure 9-44 and Figure 9-45). Note that during the

entirecatalytic transformation this distribution does not chaggure 9-45 andFigure
9-46) and thus indicates that isomerizatioccurs even inthe presence of substantial
amounts of CO (20 barfor all substrateghe selectivity does not change with tirtreus

indicating thata conceivabledecomposition of the catalyst does not influence the
selectivity of isomerizing methoxycarbonylation.
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Figure 4-4: Conversion of different substrates in (isomegialkoxycarbonylation in methanol
as a solventReaction conditions: 29.5 mmol olefin, 0.8 A6I(dtbpx)Pd(OTT) ], total volume
180 mL, 20 bar CO, 90 °Qypical composition of H&unflower oil methyl este@2.5 % methyl

oleate (18:1); 2.5 % methyl liteate (18:2); 2.5 % methyl palmitate (16:0); 1.5 % methyl stearate
(18:0); 1.0 % methyl esters of longer chain (> C18) fatty acids.
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AverageTOFs (calculated from the data shownRigure 4-4) > 3,500 h for ethylene
(calculated from thedata point at Znin), ca. 12 i for methyl oleatécalculated from the
data point at 5 lnd ca. 2 i for methyl linoleatgcalculated from theata point at 6 k)
respectively, confirm the aforementioned higher productiviy in ethylene
methoxycarbonylatiorComparingherates of different monolefinic substratesHjgure
4-4) the conversion for shorter chain substrates is fastéyl¢eie > octenes >
octadecene)verage TOFs (calculated from the data showFigure 4-4) areca. 91h
for 1-octene and 4ctene ¢alculated from thedata point at 1 h), and ca. 89 for 1-
octadecenecg@lculated from thdata point at 1 hRemarkablythe position of the double
bond within the substrate virtually does not influence the ratetdneversusid-octene).
Selectivity for the different monoester products methyl nonanoate (@3,.0nethyl 2
methyloctanoate (3.%), methyl 2ethylheptanoate (0%), and methyl 2
propylhexanoate (0.%) is also identical for both octenes, thus indicating that
isomerization is not the ratamiting step(Figure 9-48, Figure 9-49, Figure 9-51 and
Figure 9-52). However the length of the hydcarbon chain of the substratet only
influences the overall rateut also the selectivityror the octenes 95 % selectivity to the
linear product is observed whereas only 90 % is observed-tmtatiecene. Thus
selectivity for the linear productiecreases with increasing length of the hydrocarbon
chain. When comparing rates and selectivity o ttonversion of octeneersus
octadecene, the overall reaction rateca. only half and the amount of branched side
products twice as high for the longer chain substi&d#h observations may be due to
different concentrations of the linear-Bdyl, whid is the starting point of the preferred

further ratedetermining methanolysigf. section5.3).

As outlined, plant oils inadvertently contain multiple unsaturated fatty acids in variable
amountgcf. ref. 16). Thus, their role during catalysis must beamted for. To this end,
experiments under pressure reactor conditregr® performeavith pure methyl linoleate
to complementhe stoichiometricmechanistidNMR studies(cf. section3.4). Rates of
methyl linoleate alkoxycarbonylation are lower @smpared to methyl oleate under
identical reaction conditions as confirmed by TOFs of ca! ®hneat linoleateversus
ca. 12 it for oleate With linoleate he selectivity to the linear diester i6 % and thus
much lower as compared to methyl oleateeve selectivities of 90 % are observe@f.
sectiors 4.1.1and4.1.2. However it is importantto notethatsmall amounts (ca. 2.5 %)

of methyl linoleate in technical grade plant @ksemplified by the higloleic sunflower
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oi | met hyl es9 @0 (Fighr® 44 dd notbsignfi@antly influence the
overall rate of catalysis under pressure reactor conditions, presumably due to a certain
entropic contribution and thus a strong influence of the temperature on the equibbrium
PdH + dieneD Pdallyl.

4.4 Influence of the alcohol

To study the influence of the alcohwathich serves as the reaction solvent of catalysis
and also as a reactan isomerizing alkoxycarbonylatiomressure reacta@xperiments
in neat methanol, ethanokpropanol andso-propanolusing 29.5mmol ofthe respective
oleates were performedThe respective oleates weygepared from high oleic sunflower
oil and the pressure ragac experiments were performéd a total volume of 180 mL
using0.8 mol-% [(dtbpx)Pd(OTf) 2] as a catalysprecursounder 2Cbar COpressureat
90 °C (for experimental details cf. secti@h Oleate conversion is shownkingure 4-5.
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Figure 4-5: Isomerizing alkoxycarbonylation @$o-propy! oleaten iso-propanol( y n-propyl
oleatein n-propanol(l ), ethyloleatein ethanol(z ), and methyl oleate imethanol0). Reaction
conditions: 29.5 mmol ehte 0.8 molt% [(dtbpx)Pd(OTf) 7], total volume 180 mL, 20 bar CO,
90 °C.

Rates of conversion decrease within the seriethanol > ethanol »-propanol >
iso-propanol Rate constants assuming first order reactions in o(€&jere 9-63) are:
kmeon= 3.7 X 1 s keton= 2.0 x 1 s kn-pron= 1.2 x 1 s*; kiso-pron= 7.1 x 10’ sL.

Note that in thespressure react@xperiments in neat alcohol as the reaction solvent the
concentration of a lower molecular weight alcohol is always higher in a given volume
(23.3 M methanol, 16.1 M ethanol, 12.5r\vpropanol, 12.2 Mso-propanol). This results

in a higher productivity ot only due to the higher reactivity dfd alcohol, but also due
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to itshigher concentratiordowever, correcting thaforementioned rate constafus the
different alcoholconcentratioa (by calculatingkaiconof Caicono) Still results in higher rates
for methanol > ethanol»~propanol > iso-propanol The selectivityor the linear diester
of 91° 1 % was similar for methanol, ethanol andropanoks evidenced by G&igure

9-54, Figure 9-56 andFigure 9-58) and thus not significantly influenced tye alcohol.

| *‘JL'M-‘-
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Figure 4-6: 3'P{*H} NMR spectrum of a)(dtbpx)Pd(OTf) ], b) [(dtbpx)PdH(MeOH)] *, c)
[(dtbpx)PdH(EtOH)] *, d) [(dtbpx)PdH(n-PrOH)] * and e)[(dtbpx)PdH(i-PrOH)] * in 0.5 mL
CD.ClI, / alcohol 0.5 mL MeOH, 0.75 mL EtOH, 1 mh-PrOH, 1 mLi-PrOH)at 25 °C Inset
shows!H resonances of the hydride region.

In order to elucidate whether the slower conversitth the different alcohols due
to a slower transformation of the catalyst precuirgorthecatalyticallyactivePd-hydride
species, the agntion of [(dtbpx)Pd(OTf)2] was studied. For this purpose,
[(dtbpx)Pd(OTf) 2] was dissolved in CECl2, equal amounts of the respective alcohols
were added andH and 3P NMR spectra were recorded. For all alcohols studied,
complete conversion to the solvent coordinated -hfattide  species
[(dtbpx)PdH(ROH)]* occurred within 5 minutes at room temperature as evidenced by
disappearance of tHéP signal of(dtbpx)Pd(OTf) 2] at 77.5 ppm and the appearance of
two doubletsfor the two inequivalent phosphorous atorfisgure 4-6). Hydride
formation is further evidenced By NMR signals arounedl1 ppmKey NMR resonances

and copling constantsof these P¢hydride speciesre given in Table 4-4. Rapid
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isomerization of the respective oleates with thesérlilide species was evidendey
NMR spectroscopy at 25 °C by addition of 10 equiv. of the respective oleate to the
aforementionedPd-hydride species, which resultesh rapid isomerization within 5

minutesaspreviouslydescribedor methyl oleaten section3.2and ref. 144.

Table 4-4: Key resonances (25 °C) of the-Rydride speciefdtbpx)PdH(ROH)]*.?

Pd-H species H (Pd-H)  2JPHtrans pHeis 3P 2Jpp
[ppm]®  [HZ] [Hz] [ppm]© [Hz]
[(dtbpx)PdH(MeOH)]*  -10.85 182.6 21.7 74.6/21.1 17.1
[(dtbpx)PdH(EtOH)] * -10.97 181.9 23.0 729/21.2 174
[(dtbpx)PdH(n-PrOH)]* -10.93 181.8 23.5 73.0/214 174
[(dtbpx)PdH(i-PrOH)]* -11.08 179.7 26.2 70.5/21.3 17.8
3 [(dtbpx)Pd(OTf) ;] was dissolved in CELl,, equal amounts of the respective alcohols v
added and'H and *!P NMR spectrawere recorded. For all alcohols studied, comp
conversion tahe Pd-hydride species occurred within 5 minutes at room temper&doiblet
of doublet,® two inequivalent phosphorus atanesich®’P resonance is a doublet.

To study the influence of the different alcoh@tsethanol, ethanph-propanoland
iso-propanol) on the aloholysis of the Péhcyl species, whichwere identified as
intermediate in isomerizing alkoxycarbonylation (cf. secti8r8.2and in the following
sections.2and5.3), thedtbpx coordinated Pdcyl specis[(dtbpx)Pd(COMe)CI] was
chosen as a model compoufithis neutral dipbsphine acetyl chlorepecies wasised,
as it isstable at room temperature are@dily available byn-situ generatiorin an NMR
tube'?® Dissociation of the chloro ligand frofdtbpx)Pd(COMe)CI] may be limited
andinfluenced bydifferent solvents (and thus also the different alcohols However,
only relatively smallamounts ide infrg) of the respective alcol®lvere addedo induce
alcoholysis reaction to minimize such a solvent effect. The observed rateshtuid
allow for a qualitative conclusiosconcerning e effect ofthe differentalcohols on

alcoholysis of Pdacyl species in general

The[(dtbpx)Pd(COMe)CI] speciesvas generatedisitu inan NMR tube by addition
of 2 equiv. CO to a solution ¢fdtbpx)PdMe(CI)] in 0.5 mLof CD2Cl..*?° After addition
of 10 equiv. of the respective alcohol (methanol, ethangbropanolandiso-propanol)
the reactionwas monitoredby 'H NMR spectroscopy. The rate of alcoholysis with
methanol was fastest and already completieen the NMR tube was introduced into the
probeafter methanol addition. For the other alcohols the reactionnveastored over
time showing that the rate of alcoholysis decreases within the series methatiohrol

> n-propanol > iso-propanol Figure 4-7). The much slower reaction witho-propanol
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suggests that a larger steric demand of the alcohol primarily accounts for the slower

reaction of the higher alcols versusmethanol.

-----
........

iso-propanol

._"

ethanol
n-propanol

In ([(dtbpx)Pd(COMe)ClI], /
[(dtbpx)Pd(COMe)Cl],)

0 5 10 15 20 25 30
time / min

Figure 4-7: Alcoholysisreaction of[(dtbpx)Pd(COMe)CI] with ethanol(z ), n-propanol(l )
andiso-propanol( ya} 25°C monitoredby *H NMR spectroscopy.

These studies on the influence different alcoholson the elementary steps of
isomerizing alkoxycarbonylation (hydride formation, isomerizatedooholysis) clearly
showthatin preparative diester synthesis the usenethanol as the alcohol is desirable
not only becausis concentration in a given volume is in general higher as compared to
higher molecular weight alcoholsut also becausis reactivity tavardsthe Pdacyl

species is higher compared to ethangdyopanol andso-propanol.
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5 Origin of selectivity and rate

In addition to theaforementioned stoichiometric mechanistic studies by NMR
spectroscopycf. section3) and the studies under pressure reactor condif@nsection
4), theoretical DFT studies were performed in collaboration with Prof. Dr. Lucia
Caporaso from the University of Salerno / Italy, wéxecutedall these theoretical
calculationsThe DFT calculations were performed with the Gaussian09 pa&kaggng
the B3LYP*®functional and the LANL2DZ ECP*!®°with the associad valence basis
set on the Patom, and the -81G(d)l6+162163164165 hagjs set on all the other atoms. All
geometries were localized in the gas phase at the B3LYP level. Minima were localized
by full optimization of the starting structures, while transition states were approached
through a linear transit procedure starting from the coordination intermediate and then
located bya full transition state searchAll structures were confirmed as minimum or
transitionstate through frequency calculatiofifie complete coordinates of all species

studied are given in the supporting information of 166

y N
OOk COx
JPd_ JPd
/P L' 7<P L
[(dmpx)Pd(L)(L")] [(dtbpx)Pd(L)(LY)]

Figure 5-1: Diphosphine Blladium(ll) complexes with different ster@ongestionaround the
Palladium center sed fo DFT calculations ofsomerizing alkoxycarbonylation.

A

To gain insights into theinfluence of thec at al yst sé structur e,
congestioraround the metal centem catalysigshe calculations were performed with the
sterially demandingliphosphinel,2-(CH2P'Bu,).CsH4 (dtbpx) and the less demanding
diphosphinel,2-(CH2PMe)2CeHa (dmpx) as a comparisoffigure 5-1).

5.1 Isomerization along the hydrocarbon chain

As isomerization is fast, even at temperature80f°C(cf. section3.3), experimental
dataaloneis not conclusive in describing the overall energy profile of the isomerization
reaction. DFT calculations starting frahe diphosphine Palladium(ll) hydride fragment
[(PA"P)PdH)]" (P"P =dmpx anddtbpx) and methy#-heptenoate asodel substrate were
performed calculating a series of insertion and subsequénrydride elimination
reactions Figure 5-2). The numerous metal species occurring are describéeas, in

which the first numbel(X) denotes the carbon atom attachedh®Rd-centerandthe
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second number (Y) denotes the carbon atom whose hydrogen atom interacts with the
fourth coordination site of the Raénter via d-hydrogen interactiarin the isomerization
studycalculations ortis- andtransisomersof the respective olefinsere performed for

each coordination and transition state. The results reported refer to the energetically
favoredtransisomer path for both diphosphinddie coordination energy ohethyl 4
heptenoatdo the PaH fragment to fom the olefin coordinated P*PPdH(olefin)T
complex isDG = 7.6 kcal mol* for the dtbpx coordinated species am = -5.5 kcal

mol? for thedmpx coordinated species.

TS
BHE TS TS Ts
T = BHE
E ins Ins TS Ts BHE s e Ins =
BHE 5.6 BHE Dhe Ins ns Ins e BHE BHE
4.8 0 ns BHE 4.2 BHE 5.0 .2 -
35 33 2.5 3.5
18 1.8

-3.5

C4HgCOOCH;

5.3-6

B 7.4
-6.1 6-B-7 6-p-5 C4HgCOOCH;
7-3-6 4-3-3 \ -10.9
1 -11.6
1 P H
P y (pd 2% Pd
W) TUaeCo0CHy + P ¥ \H,COOCH -14. 4-m.c.
P H R H Ve C3HgCOOCH; + C;H4COOCH; 2 3
. Pd Pd. P e H i i C,H4COOCHy = g 5-m.c .+ f
H : ]
/ P P R CH2COOCH3 Dol LU
AG (kca/mol) ¢ necoocH, VascoocH; pd, P (Cpd R
P P OCH, I P —OCHs
° coocH; P O

Figure 5-2: Energy profile(DG in kcal mot') of isomerization along the hydrocarbon chain of
the model substrate methyl heptenoate wittdthex (Z ; red) anddmpx (Z ; blue) coordinated
diphosphinePalladium(ll) hydridespecies(relative tothe energy of the P¢H fragment with
coordinatedmethyl 4heptenoateas a reference poinget to zerh OX-b-Y6 indicates the

respective Pd\lkyl speciesdr'S ¢he respective transition statésB H E &-Htellmaation, and
6 | mheisertion reaction.

For both diphosphines the energetic profile of isomerimaisorelatively flat with
barriersof around6-12 kcal mol* anda chelated species is lowest in energy due to the
electronically favored interaction of the substraester group with the metal center. The
five-membered chelaté&{m.c.) is favored by 3.&cal mol* for the dmpx coordinated
metal center, whereas in case of the sterically demamidibpx diphosphine the fouar
membered chelatel{m.c)) is favored by 2.6 kcal mdldue to stericriteractions of the
diphosphinegert-butyl-groups with the alkythain of the substrate thus making a four
membered species more favorable although it may have higher ring siifaim the
chelate.Consideringthe other alkyl specie${-2 to 7-b-6) the linear Pehlkyl species
7-b-6is favored by 1.kcal mol! overthe methyl branched alkyl speci@d-7 and over
all other branched alkyl species lyore than2 kcal moi' for the bulky dtbpx
diphosphineThisis not the case for the less bulkypx system where no preferentoe
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the linear alkyl species is found. Thdv-4 alkyl species of thdmpx system is lowest in
energy due to a favorable interaction of the substrates ester group whtihydeogen
interacting with the metal center, thheénderinghis alkyl speciethemost stabldor this

particular diphosphine Palkyl speciesfigure 5-3).

R
| ; '

. AAG = 4.9 kcal mol!

~Pd<

G\ .H\ «
AR N
23A Wie
5-5-4 5.5-6

Figure 5-3: Favorable interaction of the substrates ester group withbthgdrogenatom
interacting with the metalenter inb-b-4 (left) thus being energetically favored o%eb-6 (right),
for thedmpx (R = Me)coordinated metal center.

Such an interaction of b-Hydrogenismat bbseavede s 6
for the morestericallydemandingltbpx system Energy differences for the alkyl species
can be directly traced tthe specific natureof the metal center.df the bulky dtbpx
system steric interactions are more pronounced than electronic interactimrsearetsa
for the less demandindmpx system. Notably this is observed for -7 versust-b-
5 alkyl species6-b-7 with its interaction to grimaryb-hydrogen is favorety 3.6kcal
mol* for thecase ofdtbpx due to lower steric demand of the substrate around the metal
center while 6-b-5 is favoredoy 3.9kcal mol* for the less demandirdmpx ligand due
to the favored electronic interaction of a secondatydrogen with the metal center
versusthe primaryb-hydrogeninteractionin 6-b-7 (Figure 5-2). From these studies of
isomerization of methyl heptenoate along its hydrocarbon chain a eveédor the
formation of linearversusbranched alkyl species is observed for stdigcdemanding
ligands ¢ltbpx) which is not the case for less crowded diphosphithepx). The former
is in accordance witthe stoichiometric NMRstudieswith a related bulky diphosphine
(cf. section3.3), where the formation of a linear and a fooembered chelated species
was observed when the catalytically active hydride species was exposed to methyl oleate.
Notably, these calculations suggest that istmagon occurs with low &rriers with either
diphosphine.
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5.2 Insertion of CO into Pd-alkyl species

CO insertion into the Rdkyl species was studied for both diphosphifd®px and
dtbpx) starting fromkey alkyls, namelyhe four (4-m.c.) and five (5-m.c.) membered
chelate, the linear Pakyl 7-b-6, the methyl branched alkgtb-5 or 6-b-7 (depending
on which of them is energetically favoreah)d the ethyl branched alk§th-4 (Figure
5-4 and Figure 5-5). For the CO insertion reaction into tietalkyl species, the CO
coordinaed intermediate CO-Coord), the CO insertion transition stat€@-Ins-TS),
and the corresponding CO insertion product&fy) werecalculatedFor almost all P4d
acyl speciesthe three membere@d-acyl (i.e. the Peacyl in whichthe acy+CO ish?
coordinated to the Pdenter)ntermediate is lowest in energy, except for thei@rtion
product formed from4-m.c for dtbpx and dmpx which results in a firenembered

chelate Pehcyl, and fronb-m.c. for dmpx which results in a skmembered chelate Pd

acyl.
il Redy ‘causcoocn; 7-3-6
+
\P/ —[ | )
@( 1 f — R CHeCOOCH;  B-(-5
o ( Pd. H/
i N
>
" — O] 5-p-4
vcguecoocna
221 (29.7) —— Crd ., 5-m.c.
21.4 (31.8) d
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— 11.6 17.3 (28.0) o P -0cHs
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Figure 5-4: Energy profile(DG in kcal mot') of CO insertion and subsequent methanolysis of
the dmpx coordinated linear Rdlkyl species {-b-6; black), the methyl branched Palkyl
species §-b-5; blue), the ethyl branched alky{5-b-4; red) the 5membered chelaté&{m.c,
purple) and the 4nembered chelatd{m.c.; green)relative tothe energy of thdinear Pdalkyl
7-b-6 as a reference poirget to zero

Despite somewhat differing energies of gharting Pdalkyl species due to chelating
coordination of the substrates ester grougeg supra, barriers for CO insertion are only
8 to 18kcal mof! and thus not prohibitive for the different linear and branched alkyls
with both diphosphines. In gerar CO insertion is slightly exergonic. However, this

energy released is not very high, such that CO insertion can be considered to be reversible.
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This agrees witltheexperimental findings at low temperature for two selected alkfs (
section3.3.3. The most notable difference observed is a generally more facile CO
coordination with the less bulky diphosphinenpx). However, both the decisive energy
barriers PDG') of CO insertion into the Rdlkyl species and also the energetio&) of

the overall CQOnsertion reaction are little affected by the diphosphine coordinated to the
Pd-center and are thus in general little affected by the steric repulsion around-the Pd
center. This was not only found by these theoretical studies but also experimentally by
insertion of CO into diphosphine Falkyl model compound§P*P)PdMe(Cl)] with
variably bulky diphosphinesdf. the following sectior®).
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(MeOH-Coord) (MeOH-TS)

Figure 5-5: Energy profile(DG in kcal mott) of CO insertion and subsequent methanolysis of
the sterically congestedtbpx coordinated linear Rdlkyl species {-b-6; blacK, the methyl
branched Pdlkyl species &b-7; blue), the ethyl branched alkyb-b-4; red), the 5membered
chelate §-m.c.; purple) and the-nembered chelatd{m.c.; green)relative totheenergyof the
linear Pdalkyl 7-b-6 as a reference poirget to zero

5.3 Methanolysis of Pdacyl species

As postulated by Colelamiltont*” and previously outlined in this thesis, methanolysis
is the ratedetermining step of isomerizing methoxycarbonylatémsociated withthe
highest energetic barrielDGi) of the overall catalytic cycld-{gure 5-4 andFigure 5-5).
For methanolysis of the linear Radyl species[(P"P)PdC(=0)(CH2)sCOOMe]*
calculations suggest that a cluster of three methanol moleculesisdaersusa single
methanol coordinated transition state (TS) for the case of the bulky diphosgithiore) (

Conversely, for all the branched alkyl species a single methanol coordinated transition
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state is calculated with lowenergywersughe respectie three methanol coordinated TS
(Figure 5-5 andFigure 5-6). This change in the mechanism decisively contributes to the
high selectivity with bulky diphosphine$n contrast for the less demandingmpx
diphosphine the three methanol cluster mechanism is calculated to be lower in energy for
all Pdacyl speciesKigure 5-4). For both systemandmechanismshe lowest energies

of methanolysisare calculated fothe linear Peacyl species. However, the egetic
barrier for methanolysis of the linear-8dyl is lower for the dtbpx coordinated species
by D @' = 3.0 kcal mot (D ' = DG gmpx - DG' dtopx= 32.1- 29.1 keal mot in Figure

5-4 andFigure 5-5), thus indicating significantly higher reaction rdi@sa more crowded
Pd-center.Note that ly transition state theory th@methanolysisbarrier of the dtbpx
coordinated linear Rdcyl speciesf DG' = 29.1 kcal/mo(DG' = 19.8- (-9.3) kcal mot

in Figure 5-5) corresponds to a rate constant at 90 °C (presseactor conditions) of
Kiheo= 2.4x 10° s, This compares well with the experimentally determined rate constant
of Kexp= 3.7x 10° s (cf. sectiord.4).

Figure 5-6: The dtbpx coordinated linear Rdcyl specie$(dtbpx)PdC(=0)(CH 2)sCOOMe]*

(left), the thregfold methanol coordinated transition state of methanolysis of this lineacyrd
species (middle), and the single methanol coordinated transition state of methanolysis of the
methyl branched acyl specigdtbpx)PdC(=0O)CH(CH 3){(CH 2).COOMe}]".

For thedtbpx coordinated Pdenter, calculations indicate that methanolysis of the
methyl branched Rdcyl is lowest within the branched acyl specimst it is 61 kcal
mol? higher in energy as compared to the lin@aalog(D ' = 25.9- 19.8 kal moltin
Figure 5-5). The highest energy was found for the methanolSisf the fivemembered
Pd-acyl species (formed by CO insertion into thar-membered Palkyl species)9.4
kcal mof! higher tharfor the linear Pehlkyl (Figure 5-5).
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For thedmpx coordinated Patenter, methanolysis of the fadyl formed by insertion
of CO into the fivemembered Palkyl to afford dimethyl 2alkylsuccinatas calculated
to belowest within the branched Ratyl species but 1.2 kcal midhigher than the TS of
the linear Pdacyl (Figure 5-4). The highest barrier is found for the ethyl branched Pd
acyl species, whicls 4.8 kcal mol higher as compared to the TS of the lineaald.
The TS of methanolysis of the methyihnched acyl speciés calculated 1.%cd mol?
higher as compared to the TS of the linearaed D ' = 18.8- 17.3kcal mottin
Figure 5-4). The difference in the TSs energies is thus less pronotimaeir thedtbpx
coordinatedspecies. Coming along with a change of the mechanism from a three
methanol molecule clusterersusa single methanol molecule TS, these calculations
indicate that energy differences in methanolysis TSs are tessynced for the less
demandingdmpx diphaosphine. This overall picture suggests, that the preference for the
linear diester as the major product is not ueido the crowdedtbpx, but due to these

differences the selectivity for the desired linear product is indeed higher

5.4 Ethyleneversuslonger chain olefins

In pressure reacta@axperiments withi(dtbpx)Pd(OTf) 2] as the catalyst precursfaf.
section4), conversion is faster for shorter chailefinic substrates (average TOEs:
3,500 ht for ethylene, ca. 91h?! for 1-octene and -ctene, andca. 39 ht for
1-octadecene). Selectivity to the linear product is 95 % for the octenes and 90 % for
1-octadecene and thus decreases with increasing length of the hydrocarbon chain. When
comparing rates and selecties of the conversion of octeneersusoctadecene, the
overall reaction ratés ca. only half and the amount of branched side products twice as
high for the longer chain substrate. Both observations may be due to different
concentrations of the linear Ratyl, which is he starting point of thereferred firther
ratedetermining methanolysis. A slight preference for the linemsusthe numerous
branched acyls ' O ktal motY) is calculated, but all will be equilibrated, such that
for a longer chain substrate a larger part of the acylsbsilpresent as less reactive
branched acylsgHgure 5-5).

In view of the experimentally observed very high activity of ethylene
methoxycarbonylation and  desirable enhanced rates of isomerizing
methoxycarbonylation an analysis of the origin of thédkerent rates is instructive.
Theoretical studiesonsidering the entire reaction sequence starting fromta $zecies
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+ the respective olefindicate that the higher rate of ethylene carbonylatiearsus
carbonylation of higher olefins likely not only due to thebviousoccurrence of linear

acyls exclusively, but also due to a significantly lower transition state of the rate
determining methanolysis step D/[Gi = 9.7 kcal mot (Figure 5-7). This seems an

intrinsic problem of the subt r at es & nat ur ealkgdis calcuatedtaltei on o
more favored for PdH + ethyleneversusPd-H + 1-olefin, resulting in lower rates for
(isomerizing) alkoxycarbonylation of higher olefwarsusethylene, although barriers of

methanolysis oftte respective Rdcylsalonearesimilar for both substrates.

—
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Figure 5-7: Energy profile(DG in kcal mot') of ester formation starting from the fAgidride
fragment(dtbpx)Pd(H)] *, ethylene and the longer chain olefinic substrate methgenoate
relative to the energy of the fgdride fragment as a reference point, set to zero.

That is, the comparatively higher reactivity of ethylene in methoxycarbonylation
appears to result from the intrinsically more favorable gemerafian agostic ethyl from
PdH + ethyleneversugormation of a higher alkyl from PH + 1-olefin rather than being

brought about by a particular (diphosphine) ligand environment.
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6 Experimental studies onthe effectofthed i phos phi nesi¢

structure on catalysis and activation

To probe theheoretical fndingsand to gain further insights on the influence of the
di phosphinesd s tarsered of dighosghimeaRadaut(d)! dyriflaites |,
complexeg[(P"P)Pd(OTf)2] and diphosphine @ladium(ll) methylchloro complexes
[(P"P)PdMe(Cl)] with variable steric demand around the metal cemtere synthesized

and evaluated

dippp depp meso-oxoada rac-oxoada

TR
5:?* SeeN Ak T

dtbpx dtbppb cis-dtbpcy trans-dtbpcy
Figure 6-1: Diphosphines evaluated isomerizingmethoxycarbonylation.

The various diphosphined-iure 6-1) were synthesized aoabng to literature
proceduregcf. Experimental 8ction) Diphoghine Palladium(ll) ditriflate complexes
[(PM"P)Pd(OTT)2] were accessed by reaction of the corresponding diphosphine (P~P) with
[Pd(dba)] to yield [(P"P)Pd(dba)] and subsequent oxidation oPdidiumcenterwith
benzoquinone in the presence of trifluoromethanesulfonic @cidy reaction of the
corresponding diphosphine (P"P) witbd@)PdCb] to yield [(P*P)PdC] and metathesis
of thechloride ligandwith AgOTf. Diphosphine Blladium(ll) mehyl chloro complexes
[(P"P)PdMe(Cl)] were synthesized by reaction of the corresponding diplmsgR™P)
with [(codPdMgCI)].

Alkyl bridged diphosphines (PP =R(CH)PR;; n = 14; R='Bu, 'Pr, Et) were used
instead of 12-(CH2PR2).CsHa4 diphosphines, as the former allow for more straightforward
synthess, and'BuP(CH)sPBu (dtbpp) is known to afford an active catalyst for
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isomerizing alkoxycarbonylation and was also used in stoichiometric NMR statlies (
section3.3). Twoapproachewere followed to achieve variable steric demand around the
metal centerthe modification of the backbone of the diphosphines and the modification
of the substituents on phosphorus. By increasing the number of bridging methylene units
(C1 to C4; dtbpm, dtbpe, dtbpp, dtbpb) between two dtert-butylphosphine moieties

the space around the metehter decreas {ide infrg). Modification of the substituents

on phosphorus frortert-butyl toiso-propyl and ethyl, respectively, with constant length
of the bridge(Cs; dtbpp, dippp, depp), increases the available spdeele infrg. Both
approaches should not change the electronic properttee ofietal center significantly.
For investigations on the influence of the backb¢ag. itsrigidity), nonaromatic
versons cis-dtbpcy andtrans-dtbpcy of the dtbpx diphosphinewere synthesizedn
addition,the anioni¢ electron richbis(phosphino)boratdtbppb reported by Peters and
co-workerg®7168169170 - and the mesdrac-1,3-bis(phosphaoxa-adamantyl)propane
(meseoxoadaandrac-oxoadg were synthesizedrlhe latter were alreadyreported by
Pringle and cavorkers assuitableligandsfor the isomerizing alkoxycarbonylation of

nonfunctionalized(interna) olefins 136

6.1 Solid state structures of diphosphine Palladium(Il) complexes

With the exception of{(dtbpm)Pd(OTf)] crystals suitable for singlerystal X-ray
diffraction wereobtainedfrom the[(P"P)Pd(OTf)2] complexesln the case ofdtbpm
the respectivelichloro compleX(dtbpm)PdCl2] was crystallized and analyzetstead
as[(dtbpm)Pd(OTf)2] did not form crystals suitable for singleystalX-ray diffraction
[(dtbpx)Pd(OTf)2] was previously crystallized in our grotfhhowever, the structure will
be discussedn this thesisfor comparison All crystals formed fromcompkxes
[(PM"P)Pd(OTTf)2] andfrom thecomplex[(dtbpm)PdClz] have square planar coordinated
Palladium(ll) centerswith a tetrahedral distortion if(cis-dtbpcy)Pd(OTf)2], [(trans-
dtbpcy)Pd(OTf)2] and [(rac-oxoadgdPd(OTf)2]. Crystals formed from [(cis-
dtbpcy)Pd(OTf)2] and [(rac-oxoaddPd(OTf)2] crystallized with one equivalerdf
methylene chlorideper formula unit of the crystalwhich is disordered irj(rac-
oxoadgPd(OTf)2]. Crystals formed from[(dtbpp)Pd(OTf)2] crystallized withtwo
independent complermolecules in the asymmetric unithe coordination geometries
contain the two phosphorous atoms of the chelating diphosphitiegshe other two
coordination sites occupied by triflate oxygen atoms chystals formed from
[(dtbp p)Pd(OTf)2], [(dtbpb)Pd(OTf) 2], [(dtbpx)Pd(OTf)2], [(rac-oxoadgdPd(OTf)]
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and[(depp)Pd(OTf)2], by one triflate oxygen atom and one water moleguleystals
formed from[(dtbpe)Pd(OTf)2] and [(dippp)Pd(OTf)2], by two waer moleculesn
crystals formed fronj(meseoxoadgPd(OTf)z], [(cis-dtbpcy)Pd(OTf)2] and [(trans-
dtbpcy)Pd(OTf)2], by DMF oxygen atoms crystals formed fronj(dtbp pb)Pd(OTf)2]
and by twochloride anionsin crystals formed fronj(dtbpm)PdCl2]. In crystals formed
from [(dtbpp)Pd(OTf)2], [(dtbpb)Pd(OTf)2] and [(dtbpx)Pd(OTf)2] the triflate is
coordinated in a bidentate fashion, whereas cnystals formed from [(rac-
oxoadgPd(OTf)z] and [(depp)Pd(OTf)2] both triflate anions are coordinated in a
monodentate fashionWater molecules coordinatingn crystals formed from
[(dtbpe)Pd(OTf)7], [(dippp)Pd(OTf) 2], [(meseoxoadgPd(OTf)2], [(cis-
dtbpcy)Pd(OTf)2] and[(trans-dtbpcy)Pd(OTf)2] may originate from trees of water in

solvents or the trifluoromethanesulfonic acid reagent.

Table 6-1: P-Pd-P bite anglesthe halfconeangleand PdP bond lengths of theynthesized
complexeg(P"P)Pd(OTf)].

complex P-Pd-P bite half-cone Pd-P bond lengths
angle[’]?  angle [’ [A]?
[(dtbpm)Pd(OTf)2]? 75.591(19) 106.7 2.2633(5) 2.2578(5)
[(dtbpe)Pd(OTH)2] 87.677(18) 96.3 2.2641(5) 2.2473(5)
96.92(7)/ 2.279(2) 2.267(2)/
[(dtbpp)Pd(OT)2]" 95.79(7)  °/® 2.2589(19) 2.260(2)
[(dtbpb)Pd(OTH)] 100.444(14) 86.4 2.2607(4) 2.2778(4)
[(dippp)Pd(OTf)2] 94.553(18) 98.8 2.2443(5) 2.2391(5)
[(depp)Pd(OTH)2] 93.62(2) 111.9 2.2258(6) 2.2249(6)
[(meseoxoaddPd(OTf)2]  93.313(17) 74.4 2.2465(5) 2.2343(5)
[(rac-oxoadgPd(OTf)2] 92.44(3) 74.1 2.2354(8) 2.2501(8)
[(dtbpx)Pd(OTH)2]? 99.30(2) 86.1 2.2607(6) 2.2808(6)
[(dtbppb)Pd(OTH)2] 93.812(13) 91.2 2.2870(4) 2.2879(4)
[(cis-dtbpcy)Pd(OTf)2] 101.51(5) 87.6 2.3057(13) 2.3017(15)
[(trans-dtbpcy)Pd(OTf)2] 99.81(2) 88.5 2.2953(5) 2.2665(5)

) bite angle half-cone angleand bond lengths ardeterminedfrom [(dtbpm)PdClI;], ©
[(dtbpp)Pd(OTTf) 2] crystallized with two independent complex molecules in the asymrr
unit, © data taken from refl10, 9 determined fromX-ray crystal structure data ¢
[(PMP)PA(OTH) ).

Palladiumphosphorous bond lengtltfTable 6-1) range from 2.228 to 2.30A in
[(depp)Pd(OTf)2] and[(cis-dtbpcy)Pd(OTf)2], respectively Bite angles (FPd-P, Table
6-1) range from 75.6° to 105° in [(dtbpm)PdCIlz] and [(cis-dtbpcy)Pd(OTf)],
respectively. With increasing number of bridgi methylene units between the two
phosphorousmoieties [(dtbpm)PdCI2], [(dtbpe)Pd(OTf)2], [(dtbpp)Pd(OTf)2] and
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[(dtbpb)Pd(OTf) 2]) the bite angleincreags, as expectedn complexes with three
bridging  methylene  units [(@tbpp)Pd(OTf)2], [(dippp)Pd(OTf)2], and
[(depp)Pd(OTHf)2]) the bite anglslightly decreasswith decreasing steric demand of the
substituents on phosphoruger(-butyl in [(dtbpp)Pd(OTf)2] > iso-propyl in
[(dippp)Pd(OTf) 2] > ethyl in[(depp)Pd(OTf)2]). However, this is not necessarily an
effect of the substituents on phosphadaut rather due to the steric demand of the
molecules occupying the other two coordination sites oPafladium center by only one
bidentate triflate moleculim crystals formed fronf(dtbpp)Pd(OTf) 2], one triflate and

one water moleculan crystals fomed from [(dippp)Pd(OTf)2] and two triflate
moleculesin crystals formed from[(depp)Pd(OTf)2], respectively This effect is
particularly observabli thecrystals formed fronf(rac-oxoada)Pd(OTfy] and[(mese
oxoada)Pd(OTfy] in which the bite angle of tHérac-oxoada)Pd(OTfy] is smaller due

to two triflate molecues occupying the other two coordination sites versus two water
molecules inN(meseoxoada)Pd(OTfy]. Bite anglesn complexes witha C4 backbone
([(dtbpb)Pd(OTf) 2], [(dtbpx)Pd(OTf)2], [(cis-dtbpcy)Pd(OTf)2] and [(trans
dtbpcy)Pd(OTf)2]) are all in a closeange from 99.3° to 101.5°[(dtbppb)Pd(OTf) 7]

has a smaller bite angdes compared to tHé&tbpp)Pd(OTf) 2] complex, presumably due

to the smaller GB bond lengths compared to thespectiveC-C bond length in the
diphosphinebackbonebut the steric demand of the molecules occupying the other two
coordination sites of thBalladium centeagainmay alsoaffect the bite angléo some

extert.

Thesolid state conformatioof the backbond>-Pd-P moiety(which is a sixmembered
ring) of complexes witha Cs backbone, or a CBC backbone respectively
([(depp)Pd(OTH)2], [(dippp)Pd(OTH) 2], [(dtbpp)Pd(OTf) 2], [(meso
oxoadgPd(OTf)2], [(rac-oxoadgPd(OTf)z] and [(dtbppb)Pd(OTf)2]) comprises a
half-chair like conformation in crystals formed from [(depp)Pd(OTf)],
[(dippp)Pd(OTTf) 2], [(dtbpp)Pd(OTT) 2] and[(meseoxoadgPd(OTf)2] (Figure 6-2). In
detail, the hakchair conformationis slightly distorted inthe directionof a chair
conformation.In contrast to thisin crystals formed fronfi(rac-oxoadgPd(OTf)2] and
[(dtbppb)Pd(OTf)2] a twist conformation is observedlhus, the substituents on
phosphorus as well as tieolecules occupying the a@htwo coordination sites of the
Palladium centedo notseem to influence the solid state comnfiationof the backbone
P-Pd-P moiety in[(depp)Pd(OTf)2], [(dippp)Pd(OTf)2] and [(dtbpp)Pd(OTf) ], all
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comprisinghalf-chair like conformatiog In contrasto this, in [(rac-oxoadgPd(OTf)2]
(twist) and [(meseoxoadgPd(OTf)z] (half-chair like) theconformationis different,
presumably due to the moleculescupying the other two coordination sites of the
Palladium centeritwo water molecues if meseoxoadgPd(OTf)2z] and two triflate
anions inf(rac-oxoadgPd(OTf)z], respectively. The larger steric demand of the triflate
anions may be responsible for a) the distortion of tharegoianar coordination geometr
of the Pdcenter(vide suprd; b) the slight icrease of the4Pd-P bite angldvide suprg;
and c) the twist conformation of tlhackboneP-Pd-P moiety.The lattermayresult from
distortion of the pp s phaadamant ane cagesinddoekcbyth®e a 0 s
coordinating triflate anionswhich then resuls in a change of thédackboneP-Pd-P
conformation in suclphosphaadamantatigands. This hypothesis is underlined by a
previously pblished solid state structure f(rac-oxoada)P@&l;], which in contrast to
[(rac-oxoadgPd(OTf)2] comprises a haithair like conformation of thieackboneP-Pd-

P moiety!8
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[(rac-oxoad é)Pd(OTf)z] [(dtbppb)Pd(OTH),]

Figure 6-2: X-ray crystalstructure of [(P*"P)Pd(OTf),] complexeswith three atom backbones
between the two phosphorus atoh atomsexcept the Paenter (grey), the-Btoms (orange)
and the bridge, respectivelywere omitted for clarity. Displacement ellipsoids are shown at the
50 % probability level

In [(dtbppb)Pd(OTf)2] the central methylene group is substitutddr an anionic
diphenylborate groupWhen comparing the conformat®mf the backboneP-Pd-P
moiety of crystals formed from this complex and crystals formed from
[(dtbpp)Pd(OTH) 2], differentconformations may not only be due to different sterics, but
alsodue todifferentelectronis. However,in the twist conformation that is observed in
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the backboneP-Pd-P moiety of[(dtbpp b)Pd(OTf)2], steric interactions of the phenyl
substituent®f the borate moiety with thtert-butyl substituents of the phosphorus atoms
maybereasorably reducegas compared tarespectivehairlike conformationjn which
one of the phenyl groups would be closer to téw-butyl groupsthanin the twist

conformation.

© |

[(dtbpb)Pd(OTH),]
(R 2 S
\LE{:;/(/tranS-dtpry)Pd(6Tf)2] [(dtbpx)Pd(OTf),]

Figure 6-3: X-ray crystalstructure of [(P P)Pd(OTf),] complexewith Cs backbonedetween
the two phosphorus atomall atomsexcept the Pdenter (grey), the-Btoms (orange) and the
brindging methylene units (bluegespectivelywere omitted for clarity. Displacement ellipsoids
are shown at the 50 % probability level

The solid state conformationf the backbond-PdP moiety (which is a seven
membered ring) of complexes with Cs backbones ([(dtbpb)Pd(OTf)],
[(dtbpx)Pd(OTYf) 2], [(cis-dtbpcy)Pd(OTf)2] and[(trans-dtbpcy)Pd(OTf)z2]) comprises
virtually identical conformation#n crystals formed fronj(cis-dtbpcy)Pd(OTf)2] and
[(dtbpb)Pd(OTY) 2] (Figure 6-3), which may be denoteaks a distorted haithair. The
conformationin crystals formed fron(dtbpx)Pd(OTf) 2] can be described aalf-chair
and the cordrmationin crystals formed fromof [(trans-dtbpcy)Pd(OTf)2] may be
denotedas twisted. With regard td(dtbpx)Pd(OTf) 2], [(cis-dtbpcy)Pd(OTf)2] and
[(trans-dtbpcy)Pd(OTf)2] it is importart to notethat the benzene and cyclohexane
moiety, respectively, in the backbonmay strongly influence the respective
conformation, which is not the case [fdtbpb)Pd(OTf)2]. The [(dtbpb)Pd(OTf) 2]
backbone is thus considered to be the most flexible one, wherdédtiipe) Pd(OTH) 2]
backbone is most rigid because of the aromatizd®® moiety in the backbone. The
cyclohexane moieties ifjcis-dtbpcy)Pd(OTf)2] and[(trans-dtbpcy)Pd(OTf)2] adopta
chair conformation, respectively. This results in an equatorial/equatorial conformation of

the alkyl substiterts of the cyclohexane moiety f(trans-dtbpcy)Pd(OTf)2] and in an
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equatorial/axial conformation iffcis-dtbpcy)Pd(OTf)2]. Inversion of thecyclohexane
conformation would result in an axial/axial conformatior(tnans-dtbpcy)Pd(OTf)2]
and in an axial/leqtorial conformation in[(cis-dtbpcy)Pd(OTf)2]. Due to the
unfavorable axial/axial conformation, a higher flexibility thie cyclohexane moiety in
[(cis-dtbpcy)Pd(OTf)2] versus|(trans-dtbpcy)Pd(OTf)2] is assumedWith regard to
[(cis-dtbpcy)Pd(OTf)2] it is interesting to note that the solid state structure of a similar
complex [€is-dtbpcy)Pd(OMsg)) t he cycl ohexane moiety in t
has two disordered conformations with a chair and a boat conformaggpectively®>
which wasnot observed foj(cis-dtbpcy)Pd(OTf)2]. Howevertheauthors statehat the
metd coordination remains the same. DifferenceBd@P bond lengths2(2854(9)A and
2.2828(10)A versus2.3057(13)A and2.3017(15)A) and RPd-P bite angl€100.94(3}
versus 101.51(5J), respectively, of [(cis-dtbpcy)Pd(OMs)] versus [(cis
dtbpcy)Pd(OTf)2] may origin frombidentte coordination of onmesylateanionin [(Cis-
dtbpcy)Pd(OMg) versus coordination of two water molecles in [(cis
dtbpcy)Pd(OTf)2].
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Figure 6-4: Calculation of the hal€one angle from the Xay crystal structurdata

To investigate whether catalyst productivity and selectivity can be related to the steric
demand of the substituents on the phosphorustmsof the ligandthe space around the
metal centeteft open by the diphosphine was quantified from the availabi@y>crystal

structure datéFigure 6-4).1"1 For this purpose a vector Wasdefined by theCartesian
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coordinates of theenter of the two phosphorus atoms and the Palladiucefitg. For
each substituent on the phosphorus atastors R (j = number of the substituent, i =
number of the vector on the respective substituer)e defined by theCartesian
coordinates of the metal centand theCartesian coordinates of tl@oms ina andb
position to the phosphorus atofor the tert-butyl, iso-propyl and ethyl substituted
diphosphinesandin b, gand pgosition to the phosphorus atom for the adamantyl
substituted diphosphines, respectivelyn e s ma | |; kesweenttze veptorey and
the vectorRR}' was calculated for each substituerihe arithmetic averagé of the four
a n g | eiges the haltcone angle.Larger valuesof the halfcone angledescribe
increasing available space aroum tmetal cemr and theefore less crowded metal
centes. As an alternative to the half cone angle, an opening angle that comprises twice

the half cone angle may be usetl 6ection 6.8

6.2 3P NMR data of diphosphine Palladium(ll) complexes
3P NMR chemical shiftof complexeq(P~P)Pd(OTf)2] are summarized iffable
6-2. Each phosphorus signal is a singulet, which is relatively broaf{meso

oxoadgPd(OTf)2] and[(cis-dtbpcy)Pd(OTf)z2].

Table 6-2: 3P NMR chemical shifts and-Pd-P bite angles of theomplexeg(P*P)Pd(OTf)].

complex 31p NMR [ppm]? P-Pd-P bite angle [°P
[(dtbpm)Pd(OTf)2]? -13.5/-15.9) 75.591(19)
[(dtbpe)Pd(OTf)2] 126.1 87.677(18)
[(dtbpp)Pd(OTf)] 79.4 96.92(7)/ 95.79(7)
[(dtbpb)Pd(OTf)2] 94.8 100.444(14)
[(dippp)Pd(OTf)2] 55.1 94.553(18)
[(depp)Pd(OTf)2] 35.2 93.62(2)
[(meseoxoadgPd(OTH)2] 20.3(br.; acetoneds) 93.313(17)
[(rac-oxoadgPd(OTf)2] 27.1(acetoneds) 92.44(3)
[(dtbpx)Pd(OTH)2]? 79.1 99.30(2)
[(dtbppb)Pd(OTf)2] 129.2(CsDs) 93.812(13)
[(cis-dtbpcy)Pd(OTf)2] 95.9 (very br.) 101.51(5)
[(trans-dtbpcy)Pd(OTf)2] 90.0 99.81(2)

3 bite angledetermined fronj(dtbpm)PdCI;], ? data taken from refl0, © determined in
CD:Cl, at 25 °Cunless noted otherwis® chemical shift off(dtbpm)PdCl;] ® determined
from X-ray crystal structure data P P)Pd(OTf),].

With exception of(dtbpm)Pd(OTf)2], [(dtbpe)Pd(OTf)2] and[(dtbppb)Pd(OTf)2]
acorrelation of’P NMR chemical shiftsersusP-Pd-P bite anglesRigure 9-64) seems

to indicateanincreasing chemical shiftith increasing bite angléiowever, as solid state
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data is compared with solution data and the chemical shift may also be influenced by the
substituents on phosphorus as well as the backbone of the diphospiheniafta), sut

a correlation isoversimplifying and merely informative, and will not be discussed in
detail. Rather some selectettP NMR chemical shifts will be discussed with regard to

thediphosphins backbone ands substituents on phosphorus.

Differences in thé'P NMR chemicalshift of [(meseoxoadgPd(OTf)2] and[(rac-
oxoadgPd(OTf)2] (Dd3P = 6.8 ppm)can most likely be ascribed to the different
arrangement of the oxygen atoms in the phosphaadamantane Cageparing
[(dtbpp)Pd(OTf)2] and[(dtbppb)Pd(OTf)2] these complexes differ in that tlentral
methylene group of the dipgahine is substitutetbr a diphenylborate group. Thuke
diphosphine is negatively charg. In addition*H NMR spectraof [(dtbppb)Pd(OTf)]
shows the presence of two equivalerit®®IF, which is also coordinatdd the Pecenter
in the solid state structu(ef. section6.1). However the differenca P NMR chemical

shift (Dd 3'P = 498 ppm)is most likely due to the charge of tbghosphinedtbppb.

Comparing complexes wit@4 backboneg[(dtbpb)Pd(OTY) 2], [(dtbpx)Pd(OTf) 2],
[(cis-dtbpcy)Pd(OTf)2] and [(trans-dtbpcy)Pd(OTf)2]) the backbone obviously
influences the®'P NMR chemical shift Table 6-2). It is interesting to note that
[(dtbpb)Pd(OTf) 2] and [(cis-dtbpcy)Pd(OTf)2] have a very similar chemical shift
(Dd 3P = 1.1 ppm) and also have similar conformatiorntheir respectivebackboneP-
Pd-P moietyin thesolid state structur@-igure 6-3). Although comparing solid statkata
with solution datais an oversimplificationthis may indicate the influence of the
backbone conformation offP NMR chemical shift which is further underlined by
comparing(trans-dtbpcy)Pd(OTf)] versud(cis-dtbpcy)Pd(OTf)2] that have different
chemical shifs (Dd*'P = 5.9 ppm) but alsdifferent conformatiosin their respective
backboneP-Pd-P moietiegFigure 6-3). Finally, the3'P shift of[(dtbpx)Pd(OTf) 2] with
its aromatic backbone differsybmore than 10 ppm from its nearomatic versions
[(trans-dtbpcy)Pd(OTf)2] and[(cis-dtbpcy)Pd(OTf)2].

Comparing®'P NMR chemical shif of [(depp)Pd(OTf)2], [(dippp)Pd(OTf)2] and
[(dtbpp)Pd(OTH) 2], all having three methylene units and virtually identical solid state
backboneP-Pd-P conformation Figure 6-2), influence of the substituents phosplorus
is obvious. The chemical shifiecrease within the series[(dtbpp)Pd(OTf)2] >
[(dippp)Pd(OTf) 2] > [(depp)Pd(OTf)2], with Dd 3P = 24.3 and 19.9 ppm, respectively.
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Note that the above discussion is basedhenassumption ofimilar coordinatio
situatiors onthe other two coordination sites of tlespectivdPd-centes (i.e. transto the
diphosphing However this is reasonabl to assume, as triflate ams are weakly
coordinating and thus considered to be dissociated in soluticsummary,both the
substituents on phosphorus, as welltasy e di p h o s p hinfloeace ¢he*'Bac k b o n
NMR chemical shiftof complexeq(P*P)Pd(OTf)2]. With regard to the backbone, the
conformation (although determined time solid state) seemtoinfluence the’'P NMR

chemical shifof diphosphinecomplexeswith a C4 backbone

6.3 Catalytic properties of diphosphine Palladium(ll) complexes

The catalytic properties ofhe complexes[(P*"P)Pd(OTf)2] in the isomerizing
methoxycarbonylation ahethyl oleate werstudied(Table 6-3). A constant pressure of
CO (20 bar),0.8 mot% Pd and a reaction temperature of°@were chosen as the
experi ment al parameters to evaluate-the ¢
l i fed cat al ytheiechnicpleraddigh abecnsenéower oil methyl ester
Dakolub MB 9001 with a methyl oleate content of 92.5 % was tesber than highly
purified methyl oleate ypical composition oDakolub MB 9001 92.5 % methyl oleate
(18:1) 2.5 % methyl linoleate (18:2P.5 % metlyl palmitate (16:0) 1.5 % methyl
stearate (18:0)L.0 % methyl esters obhger chain (> @) fatty acids).The experimental
data show the tendencythat the more ster@ly crowded metal centers
[(dtbpp)Pd(OTH) 2], [(meso/racoxoadgdPd(OTf)z], [(cis-dtbpcy)Pd(OTf)2] and
[(dtbpx)Pd(OTTf) 2] are more productive catalysts for isomerizing alkoxycarbonylation
(Table 6-3). All the other less crowded systems did not show any significant conversion
of methyl oleate. Surprisinglj(dtbpb)Pd(OTf)2] and [(trans-dtbpcy)Pd(OTf)2] are
also nonproductive althoughtheir steric congestion isvirtually identical to
[(dtbpx)Pd(OTf) 2]. Note that thedmpx ligand studied as a comparison the DFT
calculations(cf. section5) has an opening angle o&.219.5° @scalculated from the
guaternary carbon atoms thfe solid state structure fdtbpx)Pd(OTf)2]) and is thus
similarly congesting agdtbpm)Pd(OTf) 2].

In complexes with a Cs backbone between the two phosphorus atoms
([(dtbpb)Pd(OTf)2], [(trans-dtbpcy)Pd(OTf)2], [(cis-dtbpcy)Pd(OTf)2] and
[(dtbpx)Pd(OTTf) 2]) only [(cis-dtbpcy)Pd(OTTf)2] and[(dtbpx)Pd(OTf) 2] are productive
catalyst precursors for isomerizing alkoxycarbonylation. Regarding the solid state
structurs of the backboné>-PdP moietes of these complexes(Figure 6-3)
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[(dtbpb)Pd(OTf) 2], [(cis-dtbpcy)Pd(OTf)2] and [(dtbpx)Pd(OTf)2] have similar
conformatiors. However in [(cis-dtbpcy)Pd(OTf)2] the backone is more rigid as
compared t¢(dtbpb)Pd(OTT) 2] because of the cyclohexane moiety. This may inhibit the
complex][(cis-dtbpcy)Pd(OTf)2] in forming a conformation as is observed frans-
dtbpcy)Pd(OTf)2] (nonproductiveconformation, whereas this may be possible for the
more flexible backbone if{dtbpb)Pd(OTf) 2]. Thus,the conformationof the backbone
P-Pd-P moietymay influencehe catalytic productivity in that legkexible conformatios

resultin more productive systems.

Table 6-3: Results of isomerizing alkgxarbonylationof HO-sunflower oi methyl estemwith
differentdiphosphine Palladium(ll) ditriflate complexas catalyst precursand the respective
opening angle

complex conversion of selectivity to  opening angle

MO [%] © linear diester  []9

[%] ©

[(dtbpm)Pd(OTf)2]? <05 n.d. 213.4
[(dtbpe)Pd(OTf)2]? <05 n.d. 192.6

25.4 (18 h)
[(dtbpp)Pd(OTf)2]? 70.6 (90 h) 82 175.0
[(dtbpb)Pd(OTf)2]? <05 n.d. 172.8
[(dippp)Pd(OTH)2] <05 n.d. 197.6
[(depp)Pd(OTf)2]? <0.5 n.d. 223.8
[(meso/racoxoadgPd(OTf)2]? ;gg ((9153 r:])) 63 ijggggi)s )
[(dtbpx)Pd(OTH)2]? 94.8(18 h) 91 172.2
[(dtbppb)Pd(OTH)2]? <05 n.d. 182.4

. b 4.4(18 h)

[(cis-dtbpcy)Pd(OTf)2]? 14.0(90 h) 90 175.2
[(trans-dtbpcy)Pd(OTf)2]? <05 n.d. 177.0

@ Reaction conditions: n(Pd) 8048 mmol; V(MO) = 2 mL; V(MeOH) = 8 mL; p(CO) = 2
bar; T = 90 °C; t = 90 hinlessnoted otherwise) reaction conditions: n(Pd) = 0.024 mm«
V(MO) =1 mL; V(MeOH) =4 mL; p(CO) = 20 bar; T =90 °C; t = 9Qriessnoted otherwise
° conversion and selectivity determined from GC of crude reaction mitdegermined from
X-ray crystal structure data [{P"P)Pd(OTf)], © as no crystals suitable feingle crystaX-
ray diffraction of[(dtbpm)Pd(OTf) ;] were obtained, data §fdtbpm)PdCl;] was used.

With regard to their observed Ilack of catalytic activity, complexes
[(dtbpm)Pd(OTY) 2], [(dtbpe)Pd(OTf)2] and [(dtbpb)Pd(OTf)2] were investigated in
more detailH and3P NMR spectraf [(dtbpm)Pd(OTf) 2] and[(dtbpe)Pd(OTf)2] in
methanolds or in a mixture of CRCl2/MeOH did not indicate the formation of any-Pd
hydride speciesNote that[(dtbpp)Pd(OTf) 2] and [(dtbpx)Pd(OTf) 2] cleanly yield a
defined hydride species upon dissolution in methaaar CD,Cl,/MeOH (cf. section
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3.1 ad ref. 129 and 144[(dtbpb)Pd(OTf) 2] forms several noidentified Pdhydride
speciesasalso underlined by addition of 20 equiv. of methyl oleate to the NMR tube
resulting in rapid isomerization (within 5 minutes) of the substbatesble bond to the
equilibrium mixture of all isomers as observed [gtbpp)Pd(OTf) 2] previously(cf.
section 3.1 and ref. 134Addition of 20 equiv. of methyl oleate to the methanol solution
of [(dtbpm)Pd(OTf) 2] showed no isomerization even after 12 h at room temperature.
Only dter heating to 90 °Gor 90 min, isomerization to the equilibrium mixture was
completed. WitH(dtbpe)Pd(OTf)2] slow isomerization of methyl oleate (20 equiv.) is
observed already at roonemperature, however, after 12 h at room temperature
iIsomerization to the equilibrium mixture is not completdgon heating to 90C for 90

min, hydrogenation of the substraidsuble bond to yield methyl stearate was observed.
This hydrogenation may auir via Pdcatalyzed transfer hydrogenation with methanol as
the hydrogen source. These findings of olefin isomerization indicate the formation of
certain amounts of Pdydride species foi(dtbpm)Pd(OTf) 2] and[(dtbpe)Pd(OTf)7],
although not direty obseved by NMR spectroscopy.dwever, entry into the catalytic
cycle may already be much less efficient for these catalyst sybt@rirgy lower steric

demand around the metal center.
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Figure 6-5: Formation and Xay crystal structuréCCDC 1010348 of the hydrido-carbonyl
bridged specieigdtbpe)Pd(u-H)(u-CO)Pd(dtbpe)]* from [(dtbpe)Pd(OTf),] in thepresence of
methanol and CO. Hydrogen atoms (exgept) and a norcoordinating triflate counterion were
omitted for clarity. Displacement ellipsoids are shatthe 50 % probability level

To further probe the complex@sbility for isomerization, theaforementioned
experiments were performed in the presence of 6 eqli®O. Therespective complex
was dissolved in methanrdh or CD.Cl/MeOH, respectively and 6 equiv. CO were
added via syringe into the NMR tube. Afterwar2id equiv.of methyl oleate were added
[(dtbpm)Pd(OTf) 2] did notafford any isomerization in the presence of CO even at a

temperature of 90 °Q(dtbpe)Pd(OTf)2] showed no isomerization in the presence of CO
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at room temperaturdut ata temperature of 90 °C isomerization to the equilibrium
mixture was observed within 2 IOther than in the aforementionemhalogous
experimerg without CQ the formation of methyltsarate was not observed ihe
presence of CO. NMR analysis of the reaction mixture reveals the formation of a bridged
hydrido-carbonyl species [(dtbpe)Pd(u-H)(u-CO)Pd(dtbpe)]” (Figure 6-5) as
previouslyalsoobserved fof(dtbpp)Pd(OTf) 2] (cf. section3.1 and ref. 144 Addition

of CO to a methaneds solution of[(dtbpb)Pd(OTf) 2] resulted in quantitative formation

of the deuterated diphosphium salt('Bu.DP(CH)4PD'BU,)(OTf), as evidenced iA'P
NMR spectra by a triplet at= 46.6 ppm witfJep = 70.2 Hz. Addition of methyl oleate

to this solution did not result in any isomerization. Thuke inactivity of
[(dtbpb)Pd(OTf) 2] for isomerizing alkoxycarbonylation idikely due to rapid
decomposition of the catalytically active specieghia presece of CQ Note thatin
pressure reactor studjeshe protonated diphosphine was also observed after a

carbonylation experiment.

The bridged hydridecarbonyl complex|[(dtbpe)Pd(u-H)(pu-CO)Pd(dtbpe)]* was
crystallized from a methanol solution that was lagienith E£O. Both Palladium(l)
centers hava square planar coordination geometry wvilie two phosphorous atoms of
the chelating diphosphine and the other two coordination sites occupied by the bridging
u-H andp-CO ligands. The R&d bond length is 2.7668) A and is thus in the same
range agreviouslyreportedfor a similar complex by Milstein and agorkers!*® The
PdP bond lengttis slightly longer, by ca. 0.1 Acompared to the respectiditriflate
complex|[(dtbpe)Pd(OTf)2] and also the bitangleis slightly higher,by 0.5°

To overcome the problem of less efficient hydride formatigide( suprd of
[(dtbpm)Pd(OTf)2] and [(dtbpe)Pd(OTf)2] the methyl chloro complexes
[(dtbpm)PdMe(Cl)], [(dtbpe)PdM e(Cl)] and[(dtbpp)PdMe(Cl)] were used fostudies
of isomerizing alkoxycarbonylation of the less challenging substratetehe (able
6-4). Note that these neutral diphosphine methyl chloro complgké®)PdMe(Cl)]
were used, as addition of AgOTf to generate the respective cationic complexes
[(P*"P)PdMe]* instantaneously resulted in the formation oflifack. Dissociation of the
chloro ligand is expected to be limited ahdg hinders insertion/methanolysis reactions.

In addition, he diphosphine ligand iutn may affect the ease of chloride dissociation.
Consequently, observed rates with this system only allow for qualitative conelusion

concerning the effect of different diphosphines on the catalytic cycle.
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The conversion of-bctene increases with increasing steric demand of the diphosphine
around thenetal center which is in accordance with the results found in theoretical studies
(cf. section %. Differences in selectivity are less pronounced, in all cases the linear ester
is the major product. Faltbpm, however, a significantly larger portion of theanched
esters are formed, ~25 %rsus~10 % for the @& and G-backbone diphosphiseNote
that isomerizing alkoxycarbonylation of methyl olefte. high oleic sunflower oilyvas
also performed with these metkghloro complexeslable 6-4). Conversbnsareslightly
highercompared to the respective ditriflatemplexeqTable 6-3), however, they are
lower than for loctene This is in accordance with theforementionedstudies under
pressure reactor conditions with the comglettopx)Pd(OTf) 2] (cf. sectiord.3), where

alower rate fomethyl oleateversusl-octenewasobserved.

Table 6-4: Catalytic results of diphosphine Palladium(ll) methyl chloro complexes in isomerizing
methoxycarbonylation of-bcteneand higholeic sunflower oil methyl estéHOSO)

complex substrate conversion of selectivity to linear
substrate [%]9  product [%)] @

[(dtbpm)PdMe(Cl)]? 1-octene(>99 %) 5.7 % 73 %
[(dtbpe)PdMe(C)]?  1-octene(>99 %) 33.8 % 92 %
[(dtbpp)PdMe(CN)]?  1-octene(>99 %) 96.1 % 90 %
[(dtbpm)PdMe(Cl)]? HOSO <0.5% -
[(dtbpe)PdMe(CN]®? HOSO 2.3% 75 %
[(dtbpp)PdMe(CN)]® HOSO 80.7 % 79 %

3 Reaction conditions: Rd) = 0.051 mmol; V(bcten) = 1 mL; V(MeOH) = 4nL; p(CO) =
20 bar; T = 90 °C; t = 90 B, reaction conditions: n(Pd} 0.024 mmol; V(MO) = 1 mL;
V(MeOH) =4 mL; p(CO) = 20 bar; T =90 °C; t = 9(Frconversion and selectivity determin:
from GC of crude reaction mixture

The diphosphine Palladium(ll) methyl chloro complexgdtbpm)PdMe(Cl)],
[(dtbpe)PdMe(Cl)] and [(dtbpp)PdMe(Cl)] were also used as model compounds to
investigate the CO insertion into the-Blityl species: an NMR tube was charged with the
respective complex in GBI, and 13 equiv.of *CO were added at 2&° Direct NMR
spectroscopic measurements revealed that CO is inserted cleanly and completely within
5 minutes into the Palladium(ll) methyl species, generating thecild species
[(dtbpm)Pd(COMe)CI], [(dtbpe)Pd(COMe)CI], and [(dtbpp)Pd(COMe)CI] which
werecharaterized by NMR spectroscopgf( experimental sectionNote that also with
an excess of CO the formation of a carbonyl coordinated catior@cydspecies
[(P*"P)Pd(COMe)CO]* was not observed his indicates that CO insertion into this-Pd

alkyl mocel species is independent from the steric environment around {benkat.
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The methanolysis of the PRatyl species was evaluated by generating
[(dtbpm)Pd(COMe)CI], [(dtbpe)Pd(COMe)CI], and[(dtbpp)Pd(COMe)CI] from the
respective[(P*P)PdMe(Cl)] complexesin CDsOD by addition of 2 equiv:*CO and
direct observation of methanolysis after CO addition by NMR spectroscopy.
[(dtbpp)PdMe(CI)] directly reacted to methyl acetate@D(*3CO)Me, thedeuteride
carbonyl bridged Palladium(l) complgdtbpp)Pd(u-D)(u-3CO)Pd(dtbpp)]*, and the
dichloro complex(dtbpp)PdCl2] within 5 minutes at room temperatu¢Eigure 9-35
and Figure 9-36). Observation of the Rdcyl species was not possible in methanol
solution. By contrast [(dtbpe)PdMe(Cl)] reacted to the observable acyl species
[(dtbpe)Pd(COMe)CI]. This acyl species reacts slowly with methanol at room
temperature to methyl acetates@D(*3CO)Me, the deuteridecarbonyl bridged
Palladium(l) compleX(dtbpe)Pd(u-D)(u-13CO)Pd(dtbpe)]*, and the @thloro complex
[(dtbpe)PdClI2] (Figure 9-37 andFigure 9-38). [(dtbpm)PdMe(Cl)] also reacted to the
acyl specieg(dtbpm)Pd(COMe)CI]. This acyl species was even less reactive towards
methanol than the respectij(glitbpe)Pd(COMe)CIl] complex. Methanolysis was only
observed at an elevated temperature df&G his indicates that methanolysis of this Pd
acyl model species is dependent on the steric environment around-teatBdin that

crowded systems result in faster methanolysis.

These experimntal findings demonstrate ththe generation of the catalytically active
Pd-hydride species is criticaln detail, less crowded Rgknters result in less efficient
hydride formation. Moreovethe alcoholysis reaction of Ratyl species imfluenced by
the variable steric demand around the metal centdrat more crowded systems result
in faster methanolysis as compared to less crowded systemgyuEtiigtively agrees

with the aforementioned theoretical studjefs sections.3).
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7 Summary and conclusion

From the comprehensivexperimental and theoreticatudiesperformedwithin the
scope of ltis thesis the followingmechanistic picture evolves: isomerization along the
substrates6 hy dociatedawithorelativelg lovaenergy basridon the
diphosphine ligands studied to this emtus, isomerizationf an olefinic substrateith
Pd-hydride specief(P*"P)PdH(ROH)]* results in rapid isomerizatioof the respective
olefinic substratéento a thermodynamic mixture afl possiblésomersLinear Pdalkyls
are more stable than brancHedlalkyls, particularlyfor the very crowded metal centers.
Consequently[(dtbpp)Pd(CH2)17COOCHS3]* by far predominates over the branched
mid-chain alkylsin low temperaturdNMR experiments(-80 °C). For sterically less
encumbered analogs, tle@ergiesof linear versusbranched Palkyls differ less. The
vicinity of an ester group of the substrate can result in a slight stabilization of a branched
agostic gyl by an interaction of the functional group with @afostic hydrogen atom
(however not to the extent, that this renders the branched alkyl more stable than the linear
alkyl for the sterically crowded metal cerderMore pronouncedly, coordination ofeth
ester group itself can stabilize certain branched alli® expectedive-membered
chelate can formHowever, br the sterically crowded metal cergea fourmembered
chelate is energetically more favorabléndeed the fourmembered chelate
[(dtbpp)PACH{(CH 2)15CH3}COOCH3]* is observed in amounts roughly similar to the
aforementioned linear Pdlkyl speciesby NMR spectroscopyat low temperatures
(-80°C). These results clearly show that isomerization itself is not the major rate
determining pocess. In the flat energy landscape with low barriers for interconversion,
all alkyls areenergeticallyreadily accessible and ane equilibrium with each other
(Figure 7-1).

For all the abové&dalkyls, coordination of CO and subsequent insertion tm fibre
respective Pd@cyls are energetically feasible and reversiBler the crowded metal
centes, these organometallic species are in equilibrium with each dffegrsequently,
the formation of[(dtbpp)PdC(=0)(CH2)17COOCHs3(L)]* (L = solvent or CO) and
[(dtbpp)PdC(=0O)CH{(CH 2)1sCH3}COOCH3]*, as well asO exchange was observed
by NMR spectroscopyat low temperatures-§0 °C and-50 °C, respectively).
Notwithstanding overall reaction rates can be influenced to a relevant extent by the
portionof a givenspeciesn this equilibrium compositioin namely the linear Rdcyl 1

which is the starting point of the preferred further+dgéermining pathwayr his portion
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depends on statistics resulting from the chain length of the substrate, and (chelating)
binding of a functional group present in the substralese considerations are reflected

in experimental monitoring of the progressthé reaction overtime under pressure
reactor condition$90 °C, 20 bar COfjor different substrates|l resulting in the hear

ester as the major productodtene reacts at virtually the same rate-asténe which,

in addition,againclearly shovgthat isomerization itself is not the major raketermining
process1-Octadecene with its larger number of methylene growgselightly slower,

and the rate of conversion of methyl oleate with its additional ester group is further slowed
down Further, isomerization of the respective olefinic substrate by theg/édde occurs,

even in the presence of substantial amounts®{ZD bar).
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Figure 7-1. Schematic representation of the enertpndscape of the isomerizing
methoxycarbonylation of methyl oleatgth sterically crowded Rdenters

The ratedetermining step associated with the highest energetic barrier is invariably
methanolysis of the Pdcyl formed by carbon monoxide insertigRigure 7-1).
Considering methanolysis for the linda-acyls, the barrier of methanolysis is decisively
lower for a sterically encumbered metal site compared to active sites with less bulky

diphosphine ligandg-his is due to a significantly higher stability of the methanol adducts
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for less bulky diphosphines. For bulky diphosphines, this ground sthteh precedes

the ratedetermining methanolysis steis destabilized. In fact, for bulkgiphosphine
ligands, its formation from the preceding direct product of CO insertion is not associated
with a disadvantageously high energy gain. For less bulky ligands, the higher stability of
the methanol adduct not only results in an effective higheiebaf insertion, but it can

also render the overall methanolysis step thermoneutral. In addition, entryheto
catalytic cycle may already be less efficient for such catalyst systems.dEfingd Pd
hydride speciesare formed straightforwardly fromdtbpx and dtbpp coordinated Pd
complexes in methanol, whereas this is not the casestésically less demanding
diphosphines.

Another decisive consequence of the extreme steric bulk introduced by appropriate
diphosphine ligands is a destabilization of thensition states of methanolysis for all
branched acylsrersusthe linear acyl(Figure 7-1). This is also reflectedn low
temperatureNMR experimentg(-80 °C) by rapid methanolysis of the linear-&dl
[(dtbpp)PdC(=0)(CH2)17COOCH3(L)] * to the linearl,1 Yiester product, whereas the
branched Pdcyl [(dtbpp)PdC(=0O)CH{(CH 2)1sCH3}COOCH 3]* resists methanolysis,
such that the corresponding malonic ester is not formed to any significant atxtieis
low temperatureln fact, the mechanism is calculatedcttange from a three molecule
cluster TS in case of the linear-Bdyl to a single molecule TS for all brancheddegls.

This accounts for the remarkable selectivity of isomerizing alkoxycarbonylation of
methyl oleate. Even for the smallest branched alth a methyl substituent on the
carbonytbound carbon atom, which would result in a mettrgnched longhain
diester, the transition state for methanolysis is already significantly higher in efleagy.

the pathway to the linear product involves a @usf three molecules of methanol in a
concerted mechanism, while a pathway involving a single molecule of methanol is more
favorable for the branched acyls only applies to the extremely bulky diphosphine
substitue d cat al y st sclustarmechartishdie predicted sodesopeaaative also

for the branched acyls.

Multiple unsaturated fatty acids, as exemplified by mielimpleate, insert into the
catalytically active Pdhydride specieso form Pd-allyl complexes which isomerize to
the terminal Phllyl, from which carbonylation occurs. Other than isomerization of the
Pdalkyl species formed from oleate, this isomerization is slow and associated with a

significant energy barrier. However, the rate of carbatnyh of Pdallylsis evenlower,
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such hat the major pathway is isomerization to the terminal allyl followed by
carbonylation to the linear diester product. The remaining internal double bond is subject

to further side reactian alkoxycarbonylation to form a triester or hydromethoxylation.

These are comparatively slow reactions, but due to the prolonged reaction times required

to methoxycarbonylate the allyl species they can occur on the product already formed and
thus become relevant. However, the influe

linoleate in technical grade plant oils is neglible

In summary, the steric demand around the@uater induced by the diphosphine ligand
IS both responsible for -catalytic selectivity and productivity in isomerizing
alkoxycarbonylation of plant oils. Steally congested metal centers resultnmore
selectivecatalysts,as energy differences between the pathways leading to the linear
versusthe branched products of the ralietermining methanolysis steps are higher for
these systemd&doreover,these systems are more productive in general, as the energetic
barrier of this rateletermining methanolysis step is lower as compared to less
encumbered systems, which may not be active catalysts at all for methoxycarbonylation
due to an unfavorable bar. Concerning the isomerization step, our findings suggest
that this is not a unique feature of sterically bulky diphosphines, but also other
diphosphine PdH species can promote a rapid isomerization. However, formation of the
PdH species from the cdyst precursor occurs much more readily foertain
diphosphines, which may be a decisive facthis may go hand in hand with stability of
the active species, as indicated by a rapid decomposition to protonated ligand under
carbonylation conditions witlliphosphines with a flexible backbone with otherwise
favorable characteristics (bite angle, opening angle, and observed formatiorHof Pd

initially).

From this first unravéing of a successful catalytic isomerizatiimctionalization
reaction sequencehe following general picture emergé€Bigure 7-1): The rate
determining step (in this case methanolysis) is preceded by a diverse relatively flat energy
landscape of the various reversible reaction pathways (€tiainmett kinetics). This
applies to the @mmerization sequences, but also to the first reaction steps of
functionalization. Effectively, these isomerizatifumctionalization steps are in mutual
equilibriumvice versaSelectivity arises from differentiation of pathways in the final and
highest barier step of functionalization, here by extreme steric congestion about the

active site. These features define the essential prerequisite in designing isomerization
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functionalization schemes with a single type of active sites, and this picture identified
may also provide inspiration for mutbomponent catalyst systems in which equilibrium

landscapes may extegver the different cooperating types of sites
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8 Experimental section

8.1 General considerations

Unless noted otherwise, all manipulations of phosphinBaltadium complexes were
carried out under an inert nitrogen or argon atmosphere using standard glovebox or
Schlenk techniques. Pentane and methylene chloride were distilled from calcium hydride,
THF and diethyl ether from blue sodiurbhénzophenone ketyahdmethano| ethanoln-
propanol andso-propanolfrom activated (iodine) ma@sium under argon prior to use.

All other solvents were commercial graaled usedvithout further purificationMethyl
oleate(99 %) methyl linoleate (99 %)methyl oleatel-1*C, iodomethané3C and**CO
were purchased from Sigmadrich, 1,2-bis((di-tert-butylphosphino)methyl)benzene
(dtbpx) from ABCR, PdCh from MCAT, lithium organyls from Acros, CO 3.7 and
ethylene 3.7 from AirLiquide. High oleic sunflower ailethyl este(Dakolub MB D01),
and its respectivacid (Dakolub MB 6098were donated by Dako AG. All other
chemicals were purchased from SigAddrich, Acros or ABCR.Heptaldehyde was
distilled, andp-benzoquinone sublimed prior to uséethyl oleate, methyl linoleatand
the high oleic sunflower oimethyl/ethylh-propyliso-propyl esteravere degassednd
stored undean inert nitrogen or argon atmosphpr®r to useAll other chemicals were
usedwithout further purificationAll deuterated solvents were supplied by Eurisotop and

stored over 3 A molecular sieves.

[Pd(dba)],*"? dibenzylideneacetone (db&¥ high oleic sunflower oimethyl/ethylh-
propyliso-propyl esters/® dimethyl 2hexadecylmaloate (B16),*"® [(codPdCh],"
[(codPd(Me)CI|7® di-tert-butylphosphing/8177 di-tert-butylchlorophosphiné’® 1,1-
bis(di-tert-butylphosphino)methanedippm),t’® 1,2-bis(ditert-butylphosphino)ethane
(dtbpe),*”®  1,3-bis(ditert-butylphosphino)propane dippp),*®  1,4-bis(ditert-
butylphosphino)butaned{bpb),!®! 1,3-bis(diiso-propylphosphino)propanedippp),®?

1,3-bis(diethylphosphino)propane ddpp),18? cis-1,2-bis(ditert-
butylphosphinomethyl)cyclohexane cigdtbpcy),t® trans-1,2-bis(di-tert-
butylphosphinomethyl)cyclohexane trgns-dtbpcey),e3 bis((di-tert-

butylphosphino)methyl)diphenylborate (dtbppb),t84 1-((1R,355S,7R)-1,3,5,7
tetramethy2,4,6trioxa-8-phosphaadamanteiyl)-3-((1S3R,5R, 79-1,3,5, 7

tetramethyi2,4,6trioxa-8-phosphaadamams-yl)propane (meseoxoadd,®> 1,3
bis((1S,3R,5R,79-1,3,5, #tetramethy2,4,6trioxa-8-phosphaadamantaiyl)propane
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(rac-oxoadd),'® [(dtbpx)Pd(OTf) 2],*° [(dtbpx)PdMe(Cl)]**° and toctenel-13C'86187
were synthesized according to literature procedufttbpx)Pd(COMe)Cl] was

generated irsitu according to a literature proceddfe.

8.1.1 NMR spectrosopy

NMR spectra were recorded on a Varian Unity Inovai#@@umentequipped with a
ANUC/switchable mode 5 mm "direct detection" probe, a Bruker Avance 1004
instrumentequipped with a BBFO plus probe or a Bruker Avance Il B@@rument
equipped with a QXH/C/N/P quadruple resonance prolhew temperatureNMR
temperature calibration waserformed using pure methandlo establish the methine
proton in the a-position of the carbonyl groupin the Pdalkyl species
[(dtbpp)PdCH{(CH 2)1sCH3}COOCH3]* a multiplicity-edited 'H,*C-HSQC was
recorded in which the carbonyl region was decoupled using the WALTZ16 sequence. The
assignment of CHand CPcoupling patternsvas supported by 1H°C spectra with
additional decoupling of théP resonances using GAREH NMR spectra were
referenced to rédual protiated solvent signatSC NMR spectra to the solvent signals,
3P NMR spectra to external 85%P: and'>F NMRspet ra to external
NMR spectra are reported as foll ows: cher
constant (Hz), and integration. Multiplicities are given as follows (or combinations
thereof): s: singlet, d: doublet, t: triplet, q: quarteguint: quintet,sext: sextetsept:
septetm: multiplet, v: virtual, br.: broad. The identity of metal complexes and detailed
NMR assignments were established by 2D NMR experiméhtsH-COSY, H,*3C-
HSQC, H,"C-HMBC and H2'P-HMBC) in addition to 1D NMR experiments.

Acquired data was processed and analyzed using MestReNova software.

8.1.2 Gas chromatography

Gas chromatography was carried out on a PerkinElmer (PE) Clarus 500 instrument
with an autosampler and FID detection on a PerkinElmer Hli{&% Diphayl- 95%
Dimethylpolysiloxane) Series Capillary Column (Length: 180 Inner Diameter: 0.25
mm, Film Thickness: 0.26m), using Helium athecarrier gas at a flow rate of 1.5 mL
mint. The injector temperature was 300 Tbr analysis of products obtainedth
methyl oleate, methyl linoleate ordctadecea used asa substratethe oven was kept
isothermal at 90 °C for 1 miafter injection thenheated with 30 K mimto 280 °C, and
kept isothermal at 280 °C for 8 miRor analysis of products obtained kviictenesused
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asasubstratethe oven was kept isothermalg@ °C for3 min after injectionthenheated

with 30 K min? to 280 °C, and kept isothermal at 280 °C 3omin. For analysis of
products obtained witbthylene used as a substrdbe oven wa kept isothermal at0

°C for 7 min after injection then heated with@K min to 280 °C, and kept isothermal

at 280 °C for3 min. For analysis of the branched ester products formed in isomerizing
methoxycarbonylation of methyl oleatef. Figure 9-41) a program was used in which
the oven was kept isothermal 220 °C for 2 min after injection thenheated with2 K

min to 230 °C, kept isothermal at 230 °C forrBin, then heated with 20 K nifrto 280

°C, and kept isothermal at 280 °C for 3 minutes.

8.1.3 X-ray crystallography

X-ray diffraction analysis was performed at 100 K on a STOE {R[dBfractometer
equipped with a graphiteonochromated radiation sour¢e<0.71073 A) and an image
plate detection system. Crystals were mounted on a fine glassvithesilicon grease.
The selection, integration and averaging procedure of the measured reflex intensities, the
determination of the unit cell dimensions and a lsgsiares fit of th@ dralues as well
as data reduction, l-Borrection and space grodptermination were performed using the
X-Area software package delivered with the diffractom&fonless noted otherwise, a
semi empirical absorption correction was performed. The strigsctueee solved by
Pattersonor Direct method (SHELXS97)18 compleed with difference Fourier
syntheses, and refined with fullatrix leastsquare using SHELX97!%° minimizing
w(Fo*-Fc?)2. WeightedR factor (WRx) and the goodness of fit GooF are basedorll
northydrogen atoms were refined with anisotropic displacenparameters. All
hydrogen atoms were treated in a riding model. Graphical output (ORTEP plots) were
created using ORTER V2.02 for Windows 7%

8.2 Synthesis and characterization oPalladium complexes

8.2.1 Synthesis of[(P"P)Pd(OTf)2] i generalprocedure 1129192

1 Equiv. of diphosphine was dissolved in THE ~ 0.1 mol [!) and added to a deep
red solution of 1 equiv. [Pd(dk§)n THF (c ~ 0.1 mol [}). The reaction mixture was
stirred for two hours at room temperaturesoluble partsRalladium black) were filtered
off and the solvent was removed in vacuum. The yellow to red residue thus obtained was
suspended in pentane and washed three more times with pentane to remove remaining

diphosphine and dba. After drying in vacuwyellow to orange solids were obtaingd
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which were used without further characterizatiod. Hquiv. p-benzoquinone and £

(c ~ 0.05 mol %) were then addedesulting in a yellow to red suspension. After dropwise
addition of 2.1 equiv. TfOH in BD (c ~ 0.5 mol L) the suspension became clear and
after 510 minutes the desired complexes precipitated as yellow to orange solids. After
stirring overnight at room temperature, the solid was filtered off, washed wiEhugtil

the EO phasewas colorless antthe solidswvere dried in vacuum.

8.2.2 Synthesis of|(P"P)Pd(OTf)2] i general procedure 22°

1 Equiv. of diphosphine, dissolved in GBI, (¢ ~ 0.1 mol 1) was addediropwiseto
a solution ofL equiv.[(codPdCb] in CH:Cl> (c ~ 0.1 mol L) and stirred for 4 hours at
room temperature. Insoluble parts were filtered off and the solvent was removed in
vacuum. The residue was washed witfCEand dried under reduced presstia.further
purification, the complex was dissolved in a minimum amount of methylene chloride,
preciptated with pentane, filtered and washed with pentaneyield the desired
[(PMP)PdC4] complex. 1 Equiv. of the respective [(P"P)PdCbmplex was dissolved in
CH:Cl (c ~ 0.1 mol [Y) and 2 equiv. AgOTf were added as a solid and the reaction
mixture wasstirred for 20 minutes under the exclusion of light at room temperature. The
white precipitate of AgCl was removed by filtration and the solvent was removed in
vacuum. The crude product was washed wittOEand dried in vacuuntor further
purification, the complex was dissolved in a minimum amount of methylene chloride,
precipitated with pentane, filtered and washed with pentangield the desired
[(PP)Pd(OTf)] complex.

8.2.3 Synthesis of[(P"P)PdMe(Cl)] i general proceduré??

1 Equiv. of diphosphine, disseed in CHCI (c ~ 0.2 mol [}) was added dropwige
a solution ofl equiv.[(codPdVie(Cl)] in CHCl> (c ~ 0.2 mol [}) and stirred for 30
minutes at room temperature. Thelvent was removed, and the resultingdsavas
washed with EO and pentane. For further purification, the complex was dissolved in a
minimum amount of methylene chloride, precipitated with pentane, filtered and washed
with pentando yieldthe desired [(P"#dMe(Cl)] complex.
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8.2.4 [(dtbpm)PdCl3]

Al
3<P>PdCI2
ZAN

Following the general syhesisprocedure?, [(dtbpm)PdCl2]*°31%* wasobtained as
an off-white powder in 73 % yieldCrystals suitable for Xay diffraction were grown
from a CHCI, solution layered with EO.*H NMR (400 MHz, CDCly, 298 K):d 3.29
(t, 2Jpn = 9.1, 2H, H3), 1.58 (d,3Jpn = 15.9, 36H, H2). 3P{*H} NMR (162 MHz,
CD2Cly, 298 K): d-15.9 (s)*C{*H} NMR (100 MHz, CDRCl», 298 K): d 38.9 (m, G1),
31.2 (s, G2), 27.8 (t, C3). Elemental analysis (%) for Ci7H3sCloP.Pd calculated:C
42.38, H7.95; found: C 42.26, H 7.99.

8.2.5 [(dtbpm)Pd(OTf)7]

NIy
3<P>PdOTf2
ZAN
Following the general synthegisocedurel, [(dtbpm)Pd(OTTf) 2] was obtaineds an
off-white powder in 72 % yield'H NMR (400 MHz, CDRCl,, 298 K):d 3.96 (t,2JpH =
10.2, 2H, H3), 1.63 (d3Jpn = 17.4, 36H, H2). 3P{*H} NMR (162 MHz, CD.Cl,, 298
K): d -13.5(s). *3C{*H} NMR (100 MHz, CDCl, 298 K): d 1215 (q, *Jcr= 3211,
CFsSOy), 41.0(m, G-1), 31.4 (m, €2), 27.3 (m, E3). 2°F{*H} NMR (376 MHz, CDCl,
298 K): d -78.8 (s).Elemental analysis(%) for C19H3sFsOsP.PdS: calculatedC 32.19,
H 5.40; found: C 32.59, H 5.7&SI-MS (m/z) for GgHzgFsOsP.PdS: [M - OTf]*
calculated: 559.1, found: 559.2; [M + OTdhlculated: 857.0, found: 856.8.

8.2.6 [(dtbpe)Pd(OTf)2]

;P{iomz
Following the general synthegisocedure?, [(dtbpe)Pd(OTf)2] was obtaineds an
off-white powder in 70 % overall yield. Crystals suitable feray diffraction were grown
from an acetone solution layered with@t*H NMR (400 MHz, CDRCly, 298 K): d 2.42
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(m, 4H, H-3), 1.54 (d3Jpn=15.1, 36H, H2).3P{1H} NMR (162 MHz, CDRCly, 298 K):
d126.1(s). 33C{*H} NMR (100 MHz, CRClz, 298 K): d121.5 (q1Jcr= 320.9, CFsSOs),
41.3(t, C-1), 30.7 (s, €), 257 (m, G3). 29F{H} NMR (376 MHz, CDCl»,298 K): d -
78.7 (s).ESI-MS (m/z) for CooHaoFs0sP.PdS: [M - OTf]* calculated: 573.1, found:
573.3; [M + OTf] calculated: 871.0, found: 870.8.

8.2.7 [(dtbpp)Pd(OTf)2]
2 1 )L
43l<kp\Pd(0Tf)2
7
k
Following the general synthesisocedurel, [(dtbp p)Pd(OTf)2]*** was obtaineds a
yellow powder in54 % vyield. Crystals suitable for-bay diffraction analysis were grown
from a CHCI; solution layered witlet,O. *H NMR (400 MHz, CDCl,, 298 K): U 38 .
(m, 2H, H4), 2.08 (M, 4H, IB), 1.52 (d3Jpr= 15.9 Hz, 361, H-2). 33C{*H} NMR (100
MHz, CD2Cl», 298 K): Ui 120.66 (g *Jcr = 319.6 Hz CF3SOs), 42.02 (d,XJcp = 20.0 Hz
C-1), 30.84 (d2Jcp= 2.3 Hz C-2), 24.45 (sbr., G4), 16.05 (d br.1Jcp= 23.9 Hz, C-3).
31p{IH} NMR (162 MHz,CD2Cl, 298 K): 1179.39(s). 1%F{*H} NMR (376 MHz, CD,Cls,
298 K): U-77.75 (s) Elemental Analysis(%) for Co1H42FsOsP.PdS: calculated: C 34.22
H 5.74; found: C 33.83, H 5.92.

8.2.8 [(dtbpb)Pd(OTf) 2]
Al
4 EP>Pd(OTf)2
AN
Following the general synthegwocedurel, [(dtbpb)Pd(OTf) 2] wasobtained as an
orange powder in 81 % yield. Crystals suitable fera) diffraction were grown from a
CHxClI> solution layered with EO.*H NMR (400 MHz, CRCl,, 298 K):d 2.41 (m, 4H,
H-3), 2.10 (m, 4H, H4), 1.57 (d,2Jen = 15.4, 36H, H2). 3P{*H} NMR (162 MHz,
CD2Cly, 298 K):d 94.8 (s).33C{*H} NMR (100 MHz, CDCl,, 298 K):d 120.6 (g,Jcr
= 319.6,CFS(Oy), 426 (m, G1), 31.3 (s, &), 208 (s, G4), 18.2 (m, C3). %F{H}
NMR (376 MHz, CDCl2,298 K):d -77.5 (s) ESI-MS (m/z) for G2Ha4FeOsP2PdS,: [M
- OTf]* calculated: 601.2, found: 601.3; [M + OTéhlculated: 899.1, found: 898.9.
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8.2.9 [(dippp)Pd(OTH)2]
SR

a3 Pd(OTf)2

Fallowing the general synthesfgocedurel, [(dippp)Pd(OTf) 2]*** was obtained as
an orange powder in 70 % yield. Crystals suitable foaydiffraction were grown from
a CHCl, solution layered with £0.'H NMR (400 MHz,CDRCl,, 298 K) :
4H, H-1), 2.13 (m br., 2H, H}), 1.68 (m br., 4H, F8), 1.50 (dd3Jpn = 19.1,33un= 7.2,
12H, H2), 1.33 (dd*Jpn = 16.3,%3un = 7.0 12H, H29. 3P{*H} NMR (162 MHz,
CD:Cl2, 298 K) : U 536{'H}1 NMRs()00 MHz, CRClz, 298 K) : 2 (1'% .
= 319.3 CFsSOy), 284 (d, Ycp= 28.6 C-1), 21.7 (s br.C-4), 213 (s,C-2), 19.0 (d, 2cp
= 3.6, G2 )9 14.6 (ddJcp = 30.6, 7.2C-3). **F{*H} NMR (376 MHz, CDRCl,, 298 K):
U-775 (s). Elemental Analysis(%) for Ci17Hz4FsOsP.PdS:A4H100: calculatedC 33.40,

H 5.87; found: C 33.48, H 5.65

8.2.10 [(depp)Pd(OTH)2]

N

U

Following the general synthesmocedurel, crude[(depp)Pd(OTf)2] was obtained
which was purified by dissolving @H2Cl> and precipitation by addition &tO to yield
the desired product as a yellowish powder % yield. Crystals suitable for Xay
diffraction were grown from a Ci€l; solution layered with £0.'H NMR (400 MHz,
CDCl2,298K) : 0 2. 3 64-1) 2110 pnrbr., SHH#4 HNdH-1), 1.78 (m br., 4H,
H-3), 1.34 (dt3Jpn = 19.6,3Jun = 7.6,12H,H-2). 3'P{*H} NMR (162 MHz, CDCl,, 298
K) : 352 (s)3C{*H} NMR (100 MHz, CDRCly, 298 K) : 12@4 (q, Jcr = 318.9,
CF3S(y), 19.6- 18.6 (m, G3, G4 and G1), 9.0 & br, C-2). **F{*H} NMR (376 MHz,
CDoCly, 298 K) : -77i4 (s). Elemental Analysis(%) for CizH26FsOsP2PdS,: calculated:
C 24.99, H 4.19found: C24.13 H4.47.
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8.2.11 [(cis-dtbpcy)Pd(OTf)2]

22N
1,1
Pd(OTf

ﬂ

Following the general synthegsocedurel, [(cis-dtbpcy)Pd(OTf)2] was obtained as
an orange powder i85 % yield. Crystals suitable for Xay diffraction were grown from
a CHCl; solution layered with 20.*H NMR (400 MHz, CDCl, 298 K) : 2.21i (s br.,
2H, H-4), 1.98 (m br., 4HH-3), 1.62 and 1.55 (d eachlpn = 15.6each 36H, H2, H-
2 Y 1.721.40 8H, H-5 and H6). 31P{*H} NMR (162 MHz, CDCl,, 298 K) : 95.8 (s,
very br.) 13C{*H} NMR (100 MHz, CDCl,, 298 K) : 1207 (q, }Jcr = 319.8 CF3S(Oy),
43.3(d, Jcp=15.4 C-1), 42.5 (dNcp=17.8 C-19, 346 (s,C-4), 31.8(d, 2Jcp= 2.0,C-
2), 31.2(d, Y Jcp=10.2,C-3), 31.0(d,?Jcp=1.9,C-2 6 ) , 239 (sleacaGizdand G
6). 1°F{*H} NMR (376 MHz, CDCly, 298 K) : -771b (s) Elemental Analysis (%) for
CaeHs0Fs0sP2PdS,: calculatedC 38.78, H 6.26; found: C 38.84, H 6.60

8.2.12[(trans-dtbpcy)Pd(OTf)2]

Pd(OTf
ﬂ

Following the general synthegpsocedurel, [(trans-dtbpcy)Pd(OTf)2] was obtained
asan orange powder i62 % yield. Crystalssuitable for Xray diffraction were grown
from a CHCI; solution layered with 0. *H NMR (400 MHz, CDCl,, 298 K) : 2.2
(m br., 4, H-3), 1.89(m br., 2H, H-4), 1.59and 1.8 (d each3Jpr = 15.3and15.9 36H,
H-2 andH-2 33 1.84 and 1.38 (m br. eachi, H-5), 1.77 and 1.28 (m br. each, 4H; H
59. 3P{H} NMR (162 MHz, CDCly, 298 K) : 90.0 (3. 13C{*H} NMR (100 MHz,
CD-Cl>, 298 K) :44.0and 42.7G-1and G1 &etected by HMBY; 40.1 (G4),37.8 C-

5), 33.2 (C-3, detected by HSQC31.3 and 2.0 (s br. eachC-2 andC-2 )) 25.9 (s,C-
5 0gR3SGs is not detectedzlemental Analysis(%) for CoeHsoFsOsP-SPd: C 38.78, H
6.26; found: C 388, H 6.07 Note that the assignment of the paird#-5and H5 64 C

5 @ tentative as final and definitassignment was not possible.
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8.2.13 [(mesdrac-oxoadgPd(OTf)2]

o &
IS $
BN
<:P/Pd(OTf)2 Pd (OTf),
7 Jf—
meso
Following the general synthesggrocedurel, [(mesdrac-oxoaddPd(OTf)2] was
obtained as a 1/1 mixture of thwo isomers as an orange powderdd % vyield.Red
crystals suitable for Xay diffractionof [(raccoxoadgPd(OTf)2] were grown from a
CHCI solution layered with EO. Yellow crystals suitable for Xay diffraction of
[(meseoxoadgdPd(OTf)2] were grown from acetonesolution layered with £O. *H
NMR (400 MHz, acetonels, 298 K): 112.961.89 (14 H, ®&i2), 1.881.65 (12 H, E&i3),
1.461.36 (12 H, El3). 3P{*H} NMR (162 MHz,acetoneds, 298 K) : 27.4 (s [(rac
oxoadgdPd(OTf)z]), 20.3 (sbr., [(meseoxoaddPd(OTf)z]). **F{*H} NMR (376 MHz,
acetoneds, 298 K): U -98.8 (s). Elemental Analysis (%) for CgsHzsFsO12P.PdS:
calculated: C 34.24, H 4.37 found: C 33.38, H 5.15 ESI-MS (m/z) for
CasHzgFs012P.PdS: [M T 2 OTH]" calculated578.1, found:578.3 [M + OTf] calculated:
1025.Q found:1024.7

8.2.14[(dtbppb)Pd(OTH]

QN
O

Following the general synthespsoceduréL with DMF instead of THF as the solvent

Pd (OTf)

[(dtbppb)Pd(OTf)] was obtained asyellow powder in71 % yield. Crystals suitable for
X-ray diffraction were grown from benzenesolution layered with £O. Note that the
complex contains 2 equief DMF from the synthesis, which is also evidenced bya)X
diffraction.’H NMR (400 MHz, GDs,298 K): i 7 . 7 1DMF)7.35 @,Hun = 78,
4H, H-5), 7.05 (t, 3Jun = 7.8, 4H H-6), 6.82 (t2Jun = 68, 2H, H-7), 2.38 (s, 6HDMF),
1.96 (s, 6HHDMF), 1.32 (d2Jpn = 15.Q 4H, H-3), 1.11 (d3Jpn = 14.1, 36H, H-2). 11B{'H}
NMR (128 MHz, CsDs, 298 K): Ui -10.8(s). 13C{*H} NMR (100 MHz, GDe, 298 K) i
162.6(s, DMF), 131.1(s, C-5), 127.9(C-6), 123.8 (s, €7), 40.8 (d,XJcr = 20.6, G1),
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35.4 (s DMF), 30.8(s, DMF), 302 (s, C-2), 112 (m br., G3), C-4 andCFsSGs™ arenot
detected™F{*H} NMR (376 MHz, CsDe, 298 K): ii-769 (s) 3'P{*H} NMR (162MHz,
CeDs, 298 K): 11129.2(s). Elemental Analysis(%) for CssHsaBFsN20OsP.PdS:calculated
C 50.21,H 7.29, N 3.16ound C 50.25, H 6.77, N 2.77

8.2.15 [(dtbpm)PdMe(Cl)]

2,2;&,1%
P\ _Me 4

3< Pd\

7 el

7N

Following the genergbrocedure[(dtbpm)PdMe(ClI)] was obtaineds a white solid
in 92 % yield.'H NMR (400 MHz, CDRCl;, 298 K) :  &i(dd3?JpH0= 9.0, 5.3, 2HH-
3), 1.45 (vt,3Jpn = 13.6 36H,H-2, H-29, 0.54 (dd2Jpr = 8.8, 1.4 3H, H-4). 31P{1H}
NMR (162 MHz, CDRCl,, 298 K) :  {(d, Zeb= 29.5),-3.3(d, 2Jpp = 29.5).13C{*H}
NMR (100 MHz, CD:Cl2, 298 K) : 1 (dd3J#= 11.4, 3.5C-1), 35.8 (ddJpc = 5.8,
3.0,C-1 9314 (d, Jpc=4.4,C-2), 312 (d, Jpc= 6.4 C-2 )0 27.9 (dd Jpc = 15.3, 4.4C-
3), -0.6 (dd, %Jpcrans = 115.2, 2Jpcsis = 4.6, C-4). Elemental Analysis (%) for
C1gH41CIP.Pd: calculatedC 46.86, H 8.96; found: €6.49, H 9.30

8.2.16 [(dtbpe)PdMe(Cl)]

\ e 4
Pd’

A
Following the generaprocedure [(dtbpe)PdMe(Cl)] was obtainedas aoff-white
solid in 86 % yield'H NMR (400 MHz, CDCl;,298K) : U 2. B-3), 169 (m,
2H, H-3 )0 1.37(d, 3Jpn = 12.3 18H,H-2 ¥ 1.35 (d,%Jpn = 13.4 18H,H-2 ) 0.78 (dd,
3Jpn = 7.6, 2.0 3H, H-4). 31P{'H} NMR (162 MHz, CDRCl, 298 K) : 87.8 (d,2Jp =
14.9, 75.2 (d,2Jpp= 14.9. B3C{*H} NMR (100 MHz, CD.Cl,, 298 K) : 38.i(d, Jpc =
19.1, C-1), 36.0 (d,Jpc= 6.5 C-1 % 30.8 (d,2Jpc = 3.8 C-2), 306 (d,?Jpc=5.0 C-2 O
27.6 (dd Jpc = 23.3, 20.8C-3), 20.5 (dd Jpc = 13.2, 8.6C-39, 3.2 (dd “Jparans= 103.7,
2Jpiis = 3.4, C-4).

22 Nyr 2
P
3,3 M
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8.2.17 [(dtbpp)PdMe(Cl)]

Following the genergrocedure|(dtbpp)PdMe(Cl)]**4was obtained as a whiselid
in 82 % yield!H NMR (400 MHz, CDCl2,298K) : & 1. 9 5-4)( 183 @nrbr.,, 2 H,
2H, H-3), 1.65 (m br., 2HH-3 ¥ 1.38(d, %Jpn = 12.4 18H,H-2), 1.37 (d,3Jpn = 13.2
18H, H-2 )0.92 (dd.2Jpn = 7.0, 2.2 3H, H-5). 31P{*H} NMR (162 MHz, CDCl,, 298
K): Ui 48.8(d, 2Jpp= 33.3, 19.5 (d,2Jpp = 33.3. 13C{*H} NMR (100 MHz, CDRCl,, 298
K): 1384 (d, Jrc= 19.1, C-1), 362 (d, Jc= 7.1, C-1 9 31.8(d, Jrc = 3.6 C-2), 30.8 (d,
Jpc = 5.3 C-2 ) 23.0(dd, Jec = 8.0, 1.8) and®28 (dd, Jrc = 18.3, 10.9C-3 andC-4),
22.0 (dd, Jpc = 8.2, 1.2 C-3 ) 5.3 (dd,?Jparans = 93.9,%Jpcis = 3.6, C-5). Elemental
Analysis (%) for GoHasCIP.Pd: calculatedC 49.08, H 9.27; found: C 48.99, H 9.58.

8.2.18 [(dtbpx)Pd(h3-C3H4)CH3]*

N % —* oTf”
1
I:’\
©CP’Pd W>2
7< 4 3
According to ref155, 100 mgof [{( h3-CsH4)CHs}Pd(mCl)]2 (0.26 mmol, 0.%quiv.)
were dissolvedn 2 mL THF. 130 mgf AgOTf (0.52 mmol,1.0 eqiv.) dissolved in 3

mL THF were added dropwis@ white precipitateformedimmediately. The reaction

mixture was stirred at room tem@ture under exclusion bfht for 30 minutes and then
filtered. 200 mgof dtbpx (0.52 mmol, 1.0 equiv.) dissolved in 3 mL THF were added
dropwise and the reaction mixture was stirred for 2 ha\fter removing thesolventin
vacuum, thecrude product was washedth pentang3 x 3 mL)to give 297 mg of the
pure product4 %, 0.49 mmol)*H NMR (400 MHz, CDCl,, 298 K) : a 2H,44 ( m,
aromaticCH), 7.25 (m,2H, aromaticCH), 6.52 ¢sext Jpr = 6.6, 3Jun = 6.6, 1H, H-3yr),
5.15 (ddd,2Jun = 13.2 7.5, 6.6, 1H, H2), 4.59 (d, Jpu = 7.5, 3Jun = 7.5, 2Jun not
resolved1H, H-1syr), 3.84- 3.54 (m4H, benzylicCHy), 3.34 (ddJpn=9.7,3Jun = 13.2

2Jnn not resolvedlH, H-1ani), 1.69- 1.02 (m,39H,'Bu-H and H4). 31P{1H} NMR (162
MHz, CD.Cl», 298 K): Ui 50.3 (d,?Jep = 39.9, 44.4- 41.8(s br.) 13C{*H} NMR (100
MHz, CD2Clz, 298 K): li 1354 (s, aromaticC), 1339 (s, aromaticCH), 1282 (s, aromatic

102



The mechanism of the isomerizing alkoxycarbonylation of plant oils

CH), 112.1 (s br.C-2), 94.5 (d,Jcp = 23.8 C-3), 59.0(d, Jcp = 32.4,C-1), 39.6 - 38.1
(m, 'Bu-C(CHs)3), 31.5- 30.2 (m,'Bu-C(CHa)3), 29.6- 28.5(m, benzylicCH>), 16.9 (d,
Jcp = 4.6, C-4ani), CF3SQy is not detectedtH NMR (400 MHz, MeOD 298 K): i 7.53
(m, 2H, aromatic ®), 7.23 (m,2H, aromatic &), 6.62 (m, 1HH-3syr), 5.29 (M, 1H, H-
2), 4.64 M, 1H, H-1syn), 3.97- 3.69 (m,4H, benzylic H>), 3.45 M, 1H, H-1ant), 1.64-
1.12 (m, 39H, 'Bu-H and H4). Elemental Analysis (%) for CigHs1F3OsP.PdS
calculated: C 49.40, H 7.28yund:C 49.68, H 7.34.

The assignments of tisyn andanti-protons of the allylic fragment are based on the
respective coupling constants and coupling patterns in methylene chloride sdétation.
coupling constantsf allylic syn andanti-protonsin Pd-allyl complexes infH NMR see
alsoreferenced.95 196, 197.

8.2.19 [(dtbpp)PdH(pyridine)] *

ZN % 17 ot o

s

50.0 mgof [(dtbpp)Pd(OTf) 2] (0.068 mmol, 1.0 equiv.) were dissolved in & of
methanol and stirred for 15 minutes at room temperaturde. dfrpyridine were added
and the resulting solution was stirred for anothemirtutes. Volatiles were then removed
under reduced pressure, and the resulting grayish solid was washed several times with
Et:O. Yield: 54.9 mg [(dtbpp)PdH(pyr)YJOTf) including 1 equiv. pyridinium triflate
(0.061 mmol, 90 %):H NMR (400 MHz,CD:Cl, 193K): 1114.20 § br., H, H-9), 8.79
(d, 334w = 5.6 Hz,2H, H-6), 8.64 (d,3Jun = 4.7 Hz,2H, H-6 08.57 ¢, 3Jun = 7.9Hz, 1H,
H-8), 8.04 (t, 3Jun = 6.6 Hz, 2H, H-7), 7.89 (t,3Jun = 7.7 Hz, 1H H-8 Y9 7.53 (vt, 3JnH
=6.4Hz, 2H, H-7 $2.10(m, 2H, H-4), 1.75(m, 2H, H-3), 1.66(m, 2H, H-3 5 1.22 (d,
3Jpn=14.8 Hz,18H, H-2), 1.12 (d,3Jpn= 12.9Hz, 18H, H-2 )9-9.07 (dd 2Jphtrans= 190.6,
2Jprcis = 17.7 Hz, 1H H-5). B3C{*H} NMR (100 MHz,CD.Cl, 193 K): {1 152.09 (sC-

6 )5 146.78(s br., G8), 14160 (s br., G6), 138.85s, C-8 }p 127.55(s br., G7), 125.76
(s, G7 )% 120.28 ¢, *Jcr = 320.1 Hz CFsSOy), 35.84 (d,'Jcp=28.9 Hz C-1), 35.32 (d,
Jep=11.1 Hz C-1))29.52 (d2Jcp=5.3 Hz C-2 ))29.21 (d2Jcp= 2.9 Hz C-2), 22.61
(d,2Jcp=5.0 Hz C-4), 19.00 (dd1Jcp=14.8Hz, 3Jcp=3.2 Hz C-3 ) 18.21 (dd }Jcp=
17.2,3Jcp = 7.8 Hz C-3). 3P{*H} NMR (162 MHz,CD:Cl,, 193 K): i 65.32 (d,2Jpp =
26.0 Hz) 19.68 (d,2Jpp= 26.0 Hz) 1°F{*H} NMR (376 MHz,CD:Cl>, 193 K): (i-79.67
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(s). Elemental Analysis (%) for CsiHs4FsN2OsP.PdS: calculated: C 41.50, H 6.07, N
3.12; found: C 41.06, H 6.16, N 3.13.

8.3 Carbonylation procedures

8.3.1 Carbonylation procedure 1

Carbonylations were carried out in a 20 mL stainless steel pressure reactoglasih
inlay. Mixing was provided by a magnetic stirring pand the reactor was heated by
means of a surrounding aluminum blo€kior to a carbonylation experiment the reactor
was purged several times with argon. The catalyst precursor was weighe®ahie sk
tube equipped with a magnetic stirring bar in a glovebox. The Schlenk tube was removed
from the glovebox and all other reactantdefinic substrate and alcoholere added
using standard Schlenk techniques. Vigorous stirring afforded a homogeaation
mixture, which was cannufaansferred into the reactor in an argon counter stream. The
reactor was closed, pressurized with carbon monoxide and then heated to the desired
reaction temperature. After the desired reaction time, the reactor wigsl toaroom
temperature and vented. The reaction mixture was diluted with methylene chloride and

filtered to remove Pdblack. Conversion and selectivity were determined by GC analysis.

8.3.2 Carbonylation procedure 2

Carbonylations in which the progress of the reaction was monitored over time were
carried out in a 200 mL stainless steel mechanically stirred pressure reactor equipped with
a heating/cooling jacket supplied by a thermostat controlled by a thermocoyplegdip
into the reaction mixture. Prior to a carbonylatexperimentthe reactor was purged
several times with argon. The catalyst precursor dissolved in 2 mL of the desired
alcohol and transferred into a syringe. All otheaigentsdlefinic substratand alcohdl
weremixed in a Schlenk tubstirredandcannulatransferred into the reactor in an argon
counterstream. The reactor was closed anessurized witl2 barcarbon monoxideThe
catalyst solution was then injected into the reactor througistarm made rubber sejh
via a long needle attached to the syringee reactor was closed, pressurized with carbon
monoxide andeated toltte desired reaction temperatufe reach the desired reaction
temperature as fast as possible (within 2 minutes)hkermostat was preheated to the
desired reaction temperature + 4 °C and connected toetteng/cooling jackedf the
reactor after pressurizatioBamples for GC analysis were drawn viaegdlevalve at

the bottom of the reactqreriodically. After the desired reaction time, the reactor was
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cooled to room temperature and vented. The reaction mixture was diluted with methylene
chloride and filtered to remove Riiack. Conversion and selectivity were determined by

GC analysis.

8.3.3 Carbonylation of ethylene

The reaction was carried aata 200 mL stainless steel mechanically stirred pressure
reactor equipped with a heating/cooling jacket supplied by a thermostat controlled by a
thermocouple dipping into the reaction mixtuf@rior to a methoxycarbonylation
experiment the reactor was purged several times with afguncatalyst precursor was
weighed into a Schlenk tube equipped with a magnetic stirring bar in a glovebox. The
Schlenk tube was removed from the glovebox 480 mL methanol and methyl
hexanoate220 uL, 1.5 mmol) aaninternal standard were added. The catalyst / internal
standard solution wasannulatransferred into the reactor in an argon counter stream. The
reactor was closegyressurized with-2 0 bar et hyl ene-10amndtesé s at ur
The preheated thermostat (94 °C) was then connected and the reactor was pressurized
with additional 20 bar CO after the reaction mixture reached 90 °C. Ethylene conversion
was calculated from the total amount of methyl propionate formed after reantesdf
ca. 15 minutes (note that already afteé3 thinutes the amount of methyl propionate did
not change any more29.5 mmol ethylendoading wereobtained when an ethylene

pressure of 5 bar was applied andutetehe met |
8.4 NMR scaleexperiments

8.4.1 General procedure for NMR scaleexperiments

NMR tubes were charged with solid reagents and the appropriate solvent or solvent
mixture in a glove box. All tubes were sealed with rubber septpuidl reactants were
added with L Hamiltonsyringes and tubes were thoroughly shaken after each addition.
To adjust low temperatures, isopropanol / dry ice or isopropanol / liquid nitrogen cooling
baths were used and temperatures were checked prior to ea€@esbem monoxide was
added afow temperatures, since solubility of carbon monoxide is increased at lower
temperatures. Using threeway stopcock, a compressed gas cylinder equipped with a
pressure relief valve wannected to a vacuum line and a small Schlenk flask sealed
with a ribber septum. Theystem was evacuated, and béttd with 1 atmosphere
(ambient pressure) &f13C0O. Gaswvas transferred into the NMR tubes with 1 gastight

syringes and tubes were briefly shaken afstdition. For calculating the appropriate
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volume ideal gas conditions were assumieédr NMR experiments in which pressures of
up to 6 bar CO were applied5amm Medium WallPrecision Pressure/Vacuum Valve
NMR Sample Tubdrom WilmadLabGlass was used. By a custom médeeway
pipeline system the te@bwas connected to the vacuum line and toctimapressed gas
cylinder equipped with a pressure relief validhe NMR tube was evacuated at low
temperature-80 °C) prior to pressurization with CO.

8.4.2 Reaction of [(dtbpx)PdD(MeOD)] with double unsaturatedcompounds

In a typical experiment 2030 mgof [(dtbpx)Pd(OTf) 2] were disslved in 0.6 mLof
methanolds in an NMR tube. Rapid formation of the deuteridespecies
[(dtbpx)PdD(MeOD)]* was evidenced by'P NMR spectroscopyAfter addition of
(sub)stoichioméric amounts (0.7 1.0 equiv.) of the desired double unsaturated
compoundthe tube was shaken carefundNMR spectra wereauired To generate
the respective linear / terminal fatlyl species, the NMR tube wa®ated for 1.5 hours
to 55 °C.Duringthis time the formation dPd-blackand deuterated diphosphine (dtbpx
D2)?*(OTf),*> was observed. The sample was filtered to removebRdk and further

spectra wereaguired

8.4.3 Generation of [(P*"P)Pd(COMe)Cl]

107 15 mgof [(P*P)PdMe(Cl)] were dissolvedh 0.6 mL of the dased solvent in an
NMR tube. 17 3 Equiv.of CO were then added via syringe and the NMR tube was
thoroughly shaken. Formation of the desirf@"P)Pd(COMe)Cl] species was
confirmedby NMR spectroscopy. Note that formation of the catoRd(ll) species
[(PA"P)Pd(COMe)CP(CIl) was not observed, even when CO was used in excess (> 1
equiv.), and free CO was detected ¥4@ NMR spectroscopy.

8.4.4 Methanolysis of[(P*"P)Pd(COMe)Cl]

The desired PRdcyl complexes[(P*P)Pd(COMe)CI] were generated 4gitu in
methanolds as described above using 2 equiv. of CO. The NMR tube was shaken
thoroughly and introduced into the NMR spectrometer. The methanolysis was then
monitoredby *H NMR spectroscopy. Note that in case[(dtbpp)Pd(COMe)Cl] the

methanolysisvas already finished before recording tinet NMR spectrum.
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8 . 4 Al&holysis of[(dtbpx) Pd(COMe)CI]

[(dtbpx)Pd(COMe)CI] was generatenh-situ in an NMR tube in methylene chloride
as describedbove andn ref. 129using 2 equiv. of CO. 10dtiv. of the desired alcohol
(methanol, ethanolp-propanolor iso-propanol) were then added and the alcoholysis
reaction wasnonitoredby *H NMR spectroscopy. Note that when methanol was used as
the alcohol, the alcoholysis reaction was already completed before recordifiggtthe

NMR spectrum.

8.4.6 Generation of[(dtbpp)PdH(CH 30H)]*
i’?’ % 1 ot
3,3 Pa1’1:H5
4<P6Pd\O\’H
A o

[(dtbpp)PdH(CH 30OH)]* wasformed quantitatively at room tempéxee by addition
of methanol (0.2 mL) to a solution f{Hitbpp)Pd(OTf)2] in CD.Cl2 (0.3 mL)!** NMR
Data is referenced to methanl. NMR (400 MHz, CDCl>/ MeOH = 3/ Aby volume)
298K): 112.07(m, 2H, H-4), 1.80(m, 2H, H-3), 1.67(m, H, H-3 % 1.29(d,3Jpn = 7.5
Hz, 184, H-2), 1.26(d,3Jpn = 5.4 Hz, 181, H-2 ) -9.83 (dd, 2Jphtrans= 192.2 2JpHcis =
20.8Hz, 1H, H-5). 31P{*H} NMR (162 MHz,CD.Cl,/ MeOH =3/ 2, 298 K Ui 74.79
(d, 2Jpp= 22.9Hz, Py), 23.85 (d2Jpp= 22.9Hz, Py). 19F{*H} NMR (376 MHz, CD.,Cl>/
MeOH =3/ 2, 298 I 1i-79.88 (s)NMR Data at-80 °C are as followsH NMR (400
MHz, CD,Cl2/ MeOH = 3/ 2(by volume) 193 K): i1 2.04(m, 2H, H-4), 1.74(m, 2H, H-
3),1.61(m, 2H, H-3 9 1.25(d,%Jpn = 7.1 Hz, 181, H-2), 1.21(d,3Jpr = 4.5 Hz, 181, H-
2 )5 -9.52 (dd, 2JpHirans= 195.7 2Jprcis = 18.9Hz, 1H, H-5). 31P{*H} NMR (162 MHz,
CD2Cl2/ MeOH =3/2, 193 K (1 73.19 (d2Jpp= 23.2Hz, Ps), 20.79 (d2Jpp= 23.2Hz,
Pv). 1F{*H} NMR (376 MHz,CD,Cl>/ MeOH =3/ 2, 193 K (i-79.88 (s).

8.4.7 Generation of[(dtbpp)PdD(CD30D)]*

[(dtbpp)PdD(CD30OD)]* was formed quantitatively at room temperature by
dissolving[(dtbpp )Pd(OTf)2] in methanolds.***H NMR (400 MHz,methanolds, 298
K): 02.13(m, 2H, H-4), 1.96(m, 2H, H-3), 1.82(m, 2H, H-3 %) 1.36(d, 3Jpn = 6.7 Hz,
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18H, H-2), 1.33(d, 3Jpn = 4.6 Hz, 181, H-2 B 3P{*H} NMR (162 MHz, methanolda,
298 K): 11 75.57 (dt2Jpp= 23.2Hz, 2Jppcis = 2.8Hz, Pa), 23.86 (d2Jpp= 23.2Hz, 2Jrpirans
= 29.0Hz, Py). 1F{*H} NMR (376 MHz,methanolds, 298 K): i-80.54 (s).

8.4.8 Generation of [(dtbpp)PdH(**CO)]*
i?% 17 otf’

3,3 Pa1’1:H5

4§<ngd\co

[(dtbpp)PdH(3CO)]* wasformed quantitatively at80 °C by addition of*CO to a
solution of [(dtbpp)PdH(CH30H)]* in CD.Cl, (0.3 mL) / MeOH (0.2 mL}*
[(dtbpp)PdH(*3CO)]* is only stable at low temperatures. NMR Data is referenced to
methanolXH NMR (400 MHz, CRCl,/ MeOH = 3/ 2193 K): 11 1.87 (m, 2H, H-4),
1.47(m, 2H, H-3), 1.43(m, 2H, H-3 )01.26(d,%Jpn = 3.3 Hz, 181, H-2), 1.22(d,3Jpn =
4.6 Hz, 181, H-2 Y-5.51(dd, Jphtrans= 169.5 2Jphcis= 20.8Hz, 1H, H-5). 31P{1H} NMR
(162 MHz,CD:Cl>/ MeOH =3/ 2193 K): 1i59.60 (dd2Jpctrans= 100.5 Hz 2Jpp= 27.6
Hz, Pa), 31.12 (ddJpp= 27.6Hz, 2pccis= 12.1,Py). 33C{H} NMR (100MHz, CD,Cl>/
MeOH = 3/ 2, 193 K): 11183.47 (dd%Jpcirans= 100.5 Hz2Jpccis= 12.1 Hz, GB). 19F{1H}

NMR (376 MHz, CD>Cl>/ MeOH = 3 /2193 K): i-80.30 (s).

8.4.9 Generation of[(dtbpp)Pd(a-H)(u-13CO)Pd(dtbpp)]+

A

e S

AwSA

[(dtbpp)Pd(e-H)(u-3CO)Pd(dtbpp)]* was formed quantitatively by heating a

solution of[(dtbpp)PdH(CO)]* to 25 °C** NMR Data is referenced to methankikey
resonancesH NMR (400 MHz, CDRCl,/ MeOH =3/ 2, 298 K 1 -7.79 (quint2Jpn =
42.8 Hz £-H).3'P{*H} NMR (162 MHz,CD.Cl>/ MeOH = 3/ 2, 298 K): 1138.64 (d 2Jpc
= 30.6 Hz)*C{*H} NMR (100MHz, CD.Cl>/ MeOH = 3/ 2, 298 K i 230.00 (quint,
2Jpc= 30. €COHz, ¢
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8.4.10 Generation of [(dtbpXx)PdH(CH30H)]*

N 1T ome”
O e
7< N CHs
[(dtbpx)PdH(CH30H)]* wasformed quantitatively at room temperature by addition

of methanol (& mL) to a solution of(dtbpx)Pd(OTf)2] in CD.Cl, (0.5 mL).1?* NMR
data is referenced ©©D.Cl.. Key resonancesH NMR (400 MHz, CDCl>/ MeOH =1
/ 1, 298 K): 1i-10.85(dd, 2JpHtrans= 182.6 2Jphcis = 21.7Hz, Pd-H). 31P{*H} NMR (162
MHz, CD2Cl,/ MeOH =1/ 1298 K): 11 74.6(d, 2Jpp= 17.1Hz, Ps), 21.1(d, 2Jpp=17.1
Hz, Py).

8.4.11 Generation of[(dtbp x)PdD(CDsOD)]*

N 1t orf”
'
EI:P(P({QD
7< N CD;
[(dtbpx)PdD(CDs0OD)]* wasformed quantitatively at room temperature by dissolving
[(dtbpx)Pd(OTf)2] in methanolds. Key resonances®'P{*H} NMR (162 MHz,
methanolds, 298 K): {i 76.0(dt, 2Jpp= 17.3Hz, 2Jppcis= 3.1Hz, Ps), 23.9(dt, 2Jpp=17.3
Hz, 2Jpptrans= 27.7Hz, Py).

8.4.12 Generation of[(dtbp X)PdH(EtOH)]*

N 1T ot
'

@:P{Pd:Q’H

ok
[(dtbpx)PdH(EtOH)]* wasformed quantitatively at room temperature by addition of

ethanol (0.75 mL) to a solution fftbp x)Pd(OTf)2] in CD-Cl> (0.5 mL). NMRdata is
referenced to CECl.. Key resonancesH NMR (400 MHz, CDRCl,/ EtOH =1/ 1.5,
298 K): 11-10.97(dd, 2JpHitrans= 181.9 2Jphcis= 23.0Hz, Pd-H). 3P{*H} NMR (162 MHz,
CD.Clo/ EtOH =1/ 15, 298 K): 11 72.9 (d, 2Jpp= 174 Hz, P3), 212 (d, 2Jpp= 174 Hz,
Po).
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8.4.13 Generation of [(dtbpx)PdH(n-PrOH)]*

N 1T ome”
e
7< N n-Pr
[(dtbpx)PdH(n-PrOH)]* wasformed quantitatively at room temperature by addition

of n-propanol (1.0 mL) to a solution §(dtbp x)Pd(OTf)2] in CD:Cl. (0.5 mL)2NMR
data is referenced to GDlz. Key resonancesH NMR (400 MHz, CDCl./ n-PrOH =
1/2,298 K: 11-10.93(dd, 2Jprirans= 181.8 2Jpcis= 23.5Hz, PdH). 31P{*H} NMR (162
MHz, CD:Cl2/ n-PrOH=1/2, 298 K: (i 73.0 (d,2Jpp= 17.4Hz, Py, 21.4 (d2Jpp=17.4
Hz, Py).

8.4.14 Generation of[(dtbp X)PdH(i-PrOH)]*

N 1T ot

Pa. H
@P;Pd:o\ﬁ
7< N i-Pr
[(dtbpx)PdH(i-PrOH)]* wasformed quantitatively at room temperature by addition

of iso-propanol (1.0 mL) to a solution §fdtbp x)Pd(OTf)2] in CD2Cl> (0.5 mL). NMR
data is referenced to GDI,. Key resonancesH NMR (400 MHz, CDRClz/ iso-PrOH =
1/2,298 K: 11-11.08(dd, 2Jpritrans= 179.7 2JpHcis= 26.2Hz, Pd-H). 31P{*H} NMR (162
MHz, CD;Cl>/ iso-PrOH = 1/ 2, 298 K: i 70.5 (d,2Jpp = 17.8Hz, Ps), 21.3 (d,2Jpp =
17.8Hz, Py).

8.4.15 Generation of [(dtbpe)Pd(u-H/D)(u-1?13CO)Pd(dtbpe)]*

10 mgof [(dtbpe)Pd(OTf)2] were dissolved in a mixture of 0.5 mL MeOH and 0.1
mL CsDg or in 0.6 mL methanedl in a NMR tube. Ca. 6 equi¥®*CO were added. After
heating to 90°C for 3 h formation of [(dtbpe)Pd(u-H)(u-t3CO)Pd(dtbpe)]* or
[(dtbpe)Pd(u-D)(u-13CO)Pd(dtbpe)]t, respectivelywas observedJsing ?CO instead
of 13CO under otherwise identical conditions resultshiaformation of[(dtbpe)Pd(u-
H)(u-CO)Pd(dtbpe)]" and[(dtbpe)Pd(u-D)(u-CO)Pd(dtbpe)]*, respectively!H NMR
resonances are identical to the respecdfi@® labeled species, #P NMR spectroscopy
no Jec couplings are observef{dtbpe)Pd(u-H)(u-2CO)Pd(dtbpe)f*: *H NMR (400
MHz, CHsOH / GsDs (0.5 mL / 0.1 ml), referenced to residuakBsH, 298 K) : 1.88
(dd, Jer = 6.3, 1.9 Hz, 8H, 85), 1.10 (m br., 72HBu-H), -5.70 quint, 2Jpn = 43.1 Hz,
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1H, p-H). 31P{IH} NMR (162 MHz, CHOH / GiDs (0.5 mL / 0.1 mL)298 K) : 75.@7
(d, 2Jpc = 32.5 Hz).13C{*H} NMR (100 MHz, CHOH / GiDs (0.5 mL / 0.1 mL),
referenced to D6, 298 K) : U  Quiht/?lpds=82.5(Hz u-3C0), 184.64 (s br., nen
coordinated*CO), 35.56 (s br!Bu-C(CHs)s), 30.19 (s br.'Bu-C(CHs)3), 23.49 (s br.,
CH). [(dtbpe)Pd(u-D)(u-*CO)Pd(dtbpe)]*: H NMR (400 MHz, CROD, 298 K) i
2.18 (ddJer = 6.4, 2.0 Hz, 8H, B), 1.34 (m br., 72HBu-H). 3P{1H} NMR (162 MHz,
CD:0D, 298 K):{i 75.08 (dt2Jpc = 32.7 Hz2Jpp = 6.5 Hz).23C{*H} NMR (100 MHz,
CDs0D, 298 K):ii 248.33 (uint, 2Jpc = 32.7 Hz u-13C0), 185.43 (s br., non coordinated
13C0), 36.44 (s br.'Bu-C(CHs)s), 30.93 (s br.Bu-C(CHas)s), 24.35 (s br.,CH>).
[(dtbpe)Pd(u-H)(u-CO)Pd(dtbpe)]*: *H NMR (400 MHz, CHOH / GsDs (0.5 mL / 0.1
mL)), referenced to residuakDsH, 298 K):111.84 (dd Jrn= 6.3, 1.9 Hz, 8H, €>), 1.10
(m br., 72H,Bu-H), -5.70 Quint, 2Jpn = 43.1 Hz, 1Hp-H). 31P{1H} NMR (162 MHz,
CH:OH / GiDs (0.5 mL / 0.1 mL), 298 K):i 75.77 (). [(dtbpe)Pd(u-D)(u-
CO)Pd(dtbpe)]*: H NMR (400 MHz, CROD, 298 K)ii 2.18 (ddJpH = 6.4, 2.0 Hz, 8H,
CH2), 1.34 (m br., 72HBu-H). 31P{*H} NMR (162 MHz, COD, 298 K):U 75.08 (t,
2Jpp = 6.5 H2).

8.4.16 Generation of [(dtbpm)Pd(COMe)Cl]

22Nyl 0
Pa\ )J\
4
3<P/Pd\

A

Following the generalprocedure (section 8.4.3, [(dtbpm)Pd(COMe)CIl] was
generatedh methylene chloride within 5 minuteé$d NMR (400 MHz, CBCl», 298 K):
U 2 m®&rl 2HH-3), 2.47 (d2JcH = 4.6, 3H,H-5), 1.46 and 1.43 (s br. ea@6H, H-
2 and H2 Y 3'P{*H} NMR (162 MHz, CDCly, 298 K) : 30.0 (dd 2Jpp = 27.5 2Jpceis =
22.8, R), 7.4 (dd,2Jparans = 131.4,2Jpp = 27.5, Py). 3C{*H} NMR (100 MHz, CDCl,,
298 K) : 23617 (dd2Jparans= 131.4 2Jpqiis = 22.8,C-4), 40.4 (letected by HSQGS-5),
37.1 and 35.m eachC-1 and CG1 ) 31.3(d, Jrc = 7.0, C-2), 31.0 (d,Jpc = 4.6 Hz,C-
2 253 (d, Jrc = 15.4 Hz C-3). When*CO wasused in excessgree non-coordinated
BCOwasobservedi(spt U 185

Me 5

111



The mechanism of the isomerizing alkoxycarbonylation of plant oils

8.4.17 Generation of [(dtbpe)Pd(COMe)Cl]

22&11

33

® et es
/ \CI

AN

Following the generalprocedure (section 8.4.3, [(dtbpe)Pd(COMe)CI] was
generatedn methylene chloride within 5 minutési NMR (400 MHz, CDCl,, 298 K):
1 2.56 (d,2JcH = 5.3 3H, H-5), 1.99 (m, 2HH-3), 1.64 (m, 2HH-3 ) 1.38 (d,3Jp =
12.4, 18HH-2), 1.33 (d3Jpr= 13.7, 18HH-2 B3P{H} NMR (162 MHz, CDCl, 298
K) : 74.4 (dd2Jpp= 32.8,2Jpcis = 12.1, R), 66.3(dd, 2Jparans = 125.6,2Jpp= 32.8, R).
13C{1H} NMR (100 MHz, CDClz, 298 K) : 24313(dd, 2Jparans = 125.6 Zparis = 12.1,
C-4), 40.8 @dd,J = 37.9, 21.3, 16.,1C-5), 37.0 (d, Jrc = 16.4,C-1), 355 (dd, Jpc = 4.0,
1.3,C-19, 30.5 @ x d, C-2, G2 ¥ 26.6(Vt, Jpc = 22.7,C-3), 19.76 (ddJpc = 11.6, 7.8,
C-3 bWhen*COwasused in excesfieenon-coordinated®CO was observed &t 188 4

(s).

8.4.18 Generation of [(dtbpp)Pd(COMe)Cl]
2,2 Ab 1

C /5 Me g
A

Following the generalprocedure (section 8.4.3, [(dtbpp)Pd(COMe)CI] was
generated in methylerghloride within 5 minutessH NMR (400 MHz, CRCl», 298 K):
112.66 (d,2Jch = 5.4 3H,H-6), 1.95 (m br., 2HH-4), 1.76 (m br., 2HH-3), 1.61 (m br.,
2H, H-3 ) 1.40 (d,3Jpn = 12.2, 18H,H-2), 1.35 (d,3Jpn = 13.4 18H, H-2 ) 31P{!H}
NMR (162 MHz, CRCly, 298 K) : 39.8 (dd,2Jpp = 54.1 2Jpciis = 13.8 P.), 167 (dd,
2Jparans= 111.2.2Jpp=54.1, B). 13C{*H} NMR (100 MHz, CRCl, 298 K) : 235i3(dd,
2Jparans = 111.2 2Jpaiis = 13.8 C-5), 40.0(detected by HSQQ3-6), 36.91 and 35.72 (m
each,C-1 and G1 ) 309 and 30.7 (m eaciG-2 and G29, 22.86 (m,C-4), 22.62 and
21.71 (m eaclG-3 andC-3 Yo When!*COwasused in exces$ieenon-coordinated*CO
was observed @t 118 ).
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8.4.19 Reaction of [(dtbpx)PdD(MeOD)] with methyl linoleate

N% 2 3_R/R'7+ OTf” o - g\ﬁj\o/

P n
@CP>Pd_2,> 1 R'=;\9;

%N g R n+m=11

Following the generaprocedure(section8.4.2), the disubstituted internal Pdallyl
species[(dtbpx)Pd(h3-C3Hz3){(CH2)mCOOCH3}{(CH 2)nCH3}]* (n + m = 13) was
generatedrom [(dtbpx)PdD(CDsOD)]* and methyl linoleate within 5 minutes at room
temperature!H NMR (400 MHz, methanolds, 298 K): Ui 7.51 (m, aromatic CH), 7.22
(m, aromatic CH)6.277 6.07 (s br., 1H, F2syn), 5.15 (m, 1H, H1), 4.69 (s br, 1H, H-
2 £), 3.961 3.70(m, benzylic CH), 3.64 (s, 3H;O-CHj3), 2.52i 2.36 (s br., 1HH-35),
2.31 (m, 2H,CH2 next to carbonyl 2.067 1.92 (s br., 1H, FBp), 1.69 (m, 1HH-3 J,
1.657 1.01 (m,'Bu-H, H-3 HandremainingCH. groups of methyl linoleate), 0.89 (m,
3H, terminal-CHs). 3'P{*H} NMR (162MHz, methanolds, 298 K): ti51.71 47.7(s br),
46.6(sbr)yNot e t hat the assignment of the signa

17 orf”

NI :
Do
AR

Following the genergbrocedurgsection8.4.2, the linear / terminal Rdllyl species
[(dtbpx)Pd(h3-C3H4){(CH2)14COOCH3}]* was generated  from the
disubstituted internal Pd-allyl species [(dtbpx)Pd(h3-C3H3){(CH2)mCOOCH3}
{(CH2)nCH3}]* (n + m = 13) by heating the sample to 55 °C for 1.5-hNMR (400
MHz, methanolds, 303 K) : 7.5l (m, aromaticCH), 7.23 (m,aromatic CH, 6.51 (m,
1H, H-3syr), 5.25 (M, 1HH-2), 4.63 (vt,J = 6.7, 1H, H-1syn), 4.02i 3.67 (m,benzylic
CHy), 3.40 (m, 1HH-1ani), 3.35 (s, 3H;0-CHs), 2.31 (t,3Jun = 7.2 Hz, 2H CH2 next to
carbony), 1.867 1.72 (s br., 1HH-43), 1.701 1.03 (M, 'Bu-H, H-4, andremainingCH;
groups of methyl linoleaje3'P{*H} NMR (162 MHz, methanolds, 303 K) : 495 (d,
2Jpp = 40.6 Hz), 45.6 40.2(s br). 13C{*H} NMR (100 MHz, methanolds, 303 K) :
1759 (s,carbony), 136.8 (s, aromaticC), 134.6 (s, aromaticCH), 1283 (s, aromaticCH),
1121 (sbr., C-2), 1006 (d, Jcr=23.8 Hz C-3), 597 (d, Jcp = 30.8 Hz,C-1), 499 (s, -O-
CHs), 392 (m, 'Bu-C(CHs3)3), 3171 28.4 fn, 'Bu-C(CHs)s, benzylicCH2 andremaining
CH2 groups of methyl linoleaje

[l

113



The mechanism of the isomerizing alkoxycarbonylation of plant oils

The assignments of theyn and anti-protons of the allylic fragments of
[(dtbpx)Pd(h3-C3H3){(CH2)mCOOCH3}{(CH2)nCH3}]* (n + m = 13) and
[(dtbpx)Pd(h3-C3H4){(CH2)14COOCHS3s}]* are mainly derived from comparinghe
respectivetH NMR chemical shifts witichemical shifts of(dtbpx)Pd(h3-CsHz)CHj3]
(cf. section 8.2.18xand literature known Phllyl complexes®5195196197198 Erom these
data itmay beseen, thasynprotons are generally shift¢o lower field as compared to
anti-protonsin similar environmentthat iswithin linear / terminal Pghllyl speciesand
disubstituted internal Pdallyl speciesrespectively. With regard to th@ltbpx)Pd(h3-
C3H3){(CH2)mCOOCH3H{(CH 2)nCH3}]* (n + m = 13) species it is worth to note, that
this species may have four different configuratiosgri6yn syranti, anti/syn and
anti/anti). From 2D NMR data,a syrnanti or anti/syn configuration (which may not be
distinguished in this case) is reasonable, howdkierpresence dfyr’'synandanti/anti

configurationscamot be excluded.

8.4.20 Reaction of [(dtbpx)PdD(MeOD)]with 1,7-octadiene

N
Q)

A 5

7

oTf

6

8

Following the genergbrocedurgsection8.4.2, the linear / terminal Rdllyl species
[(dtbpx)Pd(h3-C3sH4){(CH2)4aCH3}]* was generatettom [(dtbpx)PdD(CDsOD)]* and
1,7-octadiene by heating the mixture of both compounds to 55 °C for. 16 KMR
(400 MHz,methanolds, 298 K) : u 7.52 (m, aromatic CH), 7
(s, 1H, H3syn), 5.5 (m, 1H, H2), 4.63 (vt,J= 6.6 Hz, 1H, Hlsyy), 4.017 3.73 (m
benzylic CH), 339 (m, 1H, H1ant), 1.77 (s, 1H, H4,), 1.661 1.13(m, ‘Bu-H, H-4, and
H-5 to H-7), 0.8 (m, 3H,H-8). 3'P{*H} NMR (162 MHz,methanolds, 298 K) : 49.8
(d,?Jep=50.0 H3, 45.11 40.3(s br). 13C{*H} NMR (100MHz, methanoids, 298 K): U
136.9(s, aromaticC), 134.6 (s, aromatiCH), 128.3(s, aromaticCH), 112.1(s br.,C-2),
100.5(d, Jep = 21.3 Hz,C-3), 59.7 (d,Jcp= 29.6,C-1), 39.97 38.6(m, 'Bu-C(CH3)3),
32.27 30.4(m, 'Bu-C(CH3)s, C-4, G5), 29.87 28.4(m, benzylicCH,), 27.8 (s, G6),
23.0(s, C-7), 14.2(s, C-8).
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With respect to the assignments of #y& andanti-protons of the allylic fragment,
the above statemeint section8.4.19applies accordingly.

8.4.21 Formation of dimethyl adipate from [(dtbpx)Pd(h3-CsH4)CH3]*

Following the general procedure of NMBbe experiments, the pressure NMR tube
was charged with 20 mgf [(dtbpx)Pd(h3-C3H4)CHs]*, 0.5 mL methanetls and
pressurized with 5 bar CO at room temperattif€. NMR was used ta@onfirm the
presence of CO in solution. The sample was then heated to 90 °C for 3HINMR
showed disappearance of the signals of[(ttpx)Pdf3-CsH7)]*(OTf)” and?H NMR
indicatedthe formation of deuterated dimethyl adipaieappearance afs respective
resonances iRH NMR spectroscopywhich were compared witheported'H NMR
chemical shift$%® Note that methanels wasevaporated andeplaced by nowleuterated
methanol prior to acquirg of the?H NMR spectrum?H NMR (61 MHz, methanol 298
K) : 3.78 ¢€OCDs3), 2.54 ¢(C=0)MD2-), 1.90 ¢(CD2)2-). *H NMR (ref. 199, 90 MHz,
CDCl): 03.68 (OCH3), 2.32 ((C=0)CH>-), 1.66 ((CH2)2-).

With regard to the formation of adipic acid it is important to notettied-catalyzed
alkoxycarbonlyation of 1,3-butadiene in the presence of the dipkphine 14-
bis(diphenylphosphindjutane to form pentenoaté® as well as the
methoxyartonylation  of isolated [(P*P)Pdh3-CsH4)CHs]* (PP = 1,2
bis(diphenyphosphino)ethaneand 1 4-bis(diphenylphosphindjutane) complexego
form methyl pentenoat®’ has been reported previously. In addition, thecRuelyzed
hydroxycarbonylatiomnd methoxycarbonylation, respectivadfpentenoic acitb form
adipic acidand dimethyladipate, respectiveip, the presenceof dtbpx has also been
reportedrecently?°12%2 Bringing together said observatigritie formation of dimethyl
adipate fron{(dtbpx)Pd(h3-C3H4)CH3]* is fairly reasonable.

8.5 Identification of products formed in isomerizing

alkoxycarbonylation

8.5.1 Products formedfrom methyl oleate

The reaction was carried oata 200 mL stainless steel mechanically stirred pressure
reactor equipped with a heating/cooling jacket supplied by a thermostat controlled by a
thermocouple dipping into the reaction mixture. Prior to aaaylation experiment, the
reactor was purgetthreetimes with argon153 mg (0.19 mmoldf [(dtbpx)Pd(OTT) 2]
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were weighed into &chlenk tube. 130 mbf methanol and 33.5 mI28.5 g,96 mmol)

of methyl oleate (99 %) were added to the catapystcursor The resulting yellow
solution was stirred for 5 minutes and transferieid the reactor. The reactor was
pressurized with 20 baf CO and heated to 90 °C for 120 h. The credeetionmixture
was dissolved in methylene chloride and filtetadbugh cete to removePalladium
black. Thebranchegroducts were then enrichbg crystallization from methanol (three
times), to remove théinear 1,19diester [) asa white solid. Note thaL. was not
completely removed by these crystallizations. The resulyiglpwish oil from the
supernatanas purified by column e¢bmatography (eluent: pentane/ethyl acetate/t 10
by volume), to remove thetarting materialMO ; Rs = 0.4) and catalyst residues, yielding
an enriched mixturef the branchegroducts(B1-B16; Rs = 0.2)along with traces df
asa colorless oil.Possibleproducts of the isomerizing methoxycarbonylation ettmyl
oleate are shown ifigure 4-1. Theenriched and purified reaction mixture was then
analyzed by GC and NMR spectroscdapy; °C; H,'H-COSY;H,*C-HSQC;H,C-
HMBC). The gas chromatogram showed the presence of as®astbranchegroducts,
indicated bysevenindependent peak§&igure 4-2). NMR analysis Figure 9-23, Figure
9-24, Figure 9-25 andFigure 9-26) showed that indeed ate branched product81-
B16) are formed during this catalytic reaction. The formatioB18 is clearly evidenced
by enrichment of the gas chromatogram with a genuine samplsgFigure 9-41), and

by its NMR chemical shiftsHigure 9-23, Figure 9-24 andFigure 9-26). Note that in the
carbonyl region of th&*C{*H} NMR spectrum more than one signal is observed for the
linear carbonyls, as in the product mixture 16 different linear carbonyl groups are present
(two in the linear diesteihaving identicachemical shiftsandeachone in each of the

branched products BR15), all having slightly different chemical shifts.

8.5.2 Products formed from methyl linoleate

The reaction was carried out according to the carbonylation procedure 2 (cf. section
8.3.2 using9.8 mL (8.7 g,29.5 mmol) of methyl linoleate (> 99 %), 188 mg (0.235
mmol) of the[(dtbpx)Pd(OTf) 2] catalyst precursor, 20 bar of CO, at 90 °C in methanol
at a total volume of 180 mL. After an overall reaction time of L9the reaction was
stopped the crude reaction mixture was diluted with methylene chloride and filtered to
removePalladium black To identify the productformed during the reactioand to
calculate the selectivity of the reaction, the crude reaction mixture was hydrogenated

usingPd/C in a methanol/ethyl acetate mixture (1/1 by volume) at atmospheric hydrogen
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pressure. Complete hydrogenation was proved by the absence of any olefinic signal in
and*C NMR spectroscopy. Conversion was calculated via(B@ure 9-42) from the
remaning signal of methyl stearate after hydrogenation of the crude reaction mixture
(conversion = 100 %integral(methyl stearate)). Selectivity was calculated via GC from
the sgnal of the linear 1,1diester ) and the conversioafter hydrogenation athe
crude reaction mixture (selectivity = integral (linear 1gidster) / conversion)To
identify the products, the hydrogenated reaction mixture was crystallized from methanol
twice to remove substantial amounts of methyl stearate and the lineatidsi€x(L).

Note that both methyl stearate and. were not completely removed by these
crystallizations The supernatant of the recrystallization was then separated by column
chromatography (eluenpentane/ethyl acetate =/10by volumé into four different
fractions @-d; Rf was in the range of 0.1 to Q.Bigure 9-27, Figure 9-28, Figure 9-29
andFigure 9-30), which were used to identify the products ®¢, NMR spectroscopy

and ESIMS. In addtion to the knownbranched product81-B16, formed in the
isomerizing alkoxycarbonylation of methyl oledid. sections 4.1.1 and 8.5, fpur
further byproducts(B 1-B 4) dvere identified:a triester(B 1; &igure 9-27), formed by
double alkoxycarbonylation of the substrate, a methoxy substituted di@s2e&igure

9-28), formed by mono alkoxycarbonylation and hydromethoxylation of the remaining
double bond of the substrateC18 keto monoester prod(Bt 3; Bigure 9-29 andFigure

9-30), and a terminal dimethylacetainonoester(B 4; g-igure 9-31). B 1-B36 were
identified by GC, NMR spectroscopy'#; 1°C; *H,'H-COSY; H,*C-HSQC; H,C-
HMBC) and ESIMS. B4dwas identified by NMR spectroscopy.

8.6 NMR-data of high oleic sunflower oil esterprepared from a high

oleic sunflower oil acid mixture
Note thatonly the chemical shiftef the respective oleaaregiven, aghese amount
to > 92 % of the respective ester mixtsi(ef. Figure 9-53, Figure 9-55, Figure 9-57 and
Figure 9-59), which wereobtaired by esterification of the commercially available high

oleic sunflower oilaci d mi xtur e 0 D ackoddingy to a NitBratu@ 0 9 8 6

proceduréd > NMR data of methyl oleate prepared
identicalto NMR data of methyl oleate in the commercially available high oleic sunflower
oil methyle st er 6 Da k oandplre n\dByl tde@t®. 1 6
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8.6.1 High oleic sunflower oil methyl ester{methyl oleate)
o

18 16 14 12 10 9 7 5 3
\WM/19
170

17 15 13 11 8 6 4 2
1H NMR (400 MHz,CDCls, 298 K) 531 (m br., 2HH-9 and H10), 3.63 (s, 3H, H
19), 2.27 (t3Jn = 7.5 Hz, 2H, H2), 1.98 (m, 4H, kB and H11), 1.59(m, 2H, H3),
1.37-1.18 (m, 20H, H4 to H7 and H12 to H17), 0.85 (t3J = 6.9 Hz, 3H, H18).
13C{H} NMR (100 MHz,CDCl, 298 K) &i 174.3 (G1), 130.1 and 129.8 (G andC-
10), 51.4 (G19), 34.2 (C2), 32.0 (G16), 29.929.2 (G4 to G7 and G12 toC-15), 27.3
and 27.2 (C11 and G8), 25.1 (G3), 22.8 (G17), 14.2 (C18).

8.6.2 High oleic sunflower oil ethyl ester (ethyl oleate)

18 16 14 12 109 7 5 3 T 19
- ™o
4 2

17 15 13 11 8 6 20

IH NMR (400 MHz,CDCls, 298 K} 582 (m br., 2H, H9 and H10),4.10 (q,3Ju+ =
7.1 Hz, 2H, H19), 2.26 (t, 3Jun = 7.5 Hz, 2H, H2), 1.98 (m, 4H, H8 and H11),1.60
(m, 2H, H3), 1.371.18 (m, 20H, H4 to H7 and H12 to H17),1.23 (t,3Jn = 7.1 Hz,
3H, H-20), 0.8 (t, 3Jun = 6.9 Hz, 3H, H18). 3C{*H} NMR (100 MHz,CDCls;, 298 K)
U 173.9 (C-1), 130.1 and 129.8 (8 and G10), 60.2(C-19), 345 (C-2), 32.0 (G16),
29.929.2 (G4 to G7 and G12 to G15), 27.3 and 27.2 (€1 and G8), 25.1 (G3), 22.8
(C-17), 143 and 14.2C-18and G20).

8.6.3 High oleic sunflower oiln-propyl ester (n-propyl oleate)

18 16 14 12 10 9 7 5 3 ? 19 21

17 15 13 11 8 6 4 2 20

H NMR (400 MHz,CDCl3, 298 K 5.381 (m br., 2H, B and H10),4.00 (t,3Jun =
6.7 Hz, 2H, H19), 2.26 (t, 3Jun = 7.5 Hz, 2H, H2), 1.98 (m, 4H, H8 and H11), 168
1.53(m, 4H, H-3 and H20), 1.37#1.18 (m, 20H, F4 to H7 and H12 to H17),0.91 (t,
3Jun = 7.4 Hz, 3H, H21),0.85 (1,341 = 6.9 Hz, 3H, H18).13C{*H} NMR (100 MHz,
CDClz, 298 K) 11739 (C-1), 130.0and 129.8 (€9 and CG10),65.8(C-19), 344 (C-2),
32.0 (G16), 29.929.2 (G4 to G7 and G12 to G15), 27.3 and 27.2 (C1 and G8), 25.1
(C-3), 22.8 (C17),22.1 (G20), 14.2 (G18),10.5 (CG21).
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8.6.4 High oleic sunflower oiliso-propyl ester (iso-propyl oleate)
18 16 1 12 10 9 3 Q ¥
4 7 5 19

IH NMR (400 MHz,CDClz, 298 K} 5.31 (m br., 2H, H9 and H10),4.97 (sept,3Jun
= 6.3 Hz, H, H-19), 2.2 (t, 3Jun = 76 Hz, 2H, H2), 1.98 (m, 4H, B and H11), 1.8
(m, 2H, H3), 1.371.18 (m, 20H, H4 to H7 and H12 to H17),1.19 (d,*Jun = 6.3 Hz,
6H, H-20), 0.85 (t,3Jun = 69 Hz, 3H, H-18). 13C{*H} NMR (100 MHz,CDCls, 298 K)
U 173.3 (G-1), 1300 and 129.8 (€ and G10), 67.3 (C-19), 34.8 (C-2), 32.0 (G16),

29.929.2 (G4 to G7 and G12 to G15), 27.3 and 27.2 (€1 and G8), 25.1 (G3), 22.8
(C-17),21.9 (G20), 14.2 (G18).
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9 Additional Information

9.1 Selected NMRspectra

a3) d3P: 61.73 ppm (P,, 2pp = 35.7 Hz)
B Pd 38.60 ppm (Py, 2Jpcgrans) = 390 Hz)
m d13C: 35.08 ppm (methylene group next to Pd center)
14.11 ppm (terminal methyl group)

2 PC(trans)

13C{1H}

T T T T T T T T T T T
65 60 55 50 45 40 35 30 25 20 15 10
chemical shift / ppm
31p{iH
o 1 2
P, "\ {”I‘
"\‘ I
'
AVA
| | v v, A
I - L
T T T T T T T T
80 75 0 65 60 55 50 20
chemical s hift / ppm

all spectrarecorded in CD,Cl, at -80 AC

Figure 9-1: NMR spectra of(dtbpp)Pd*?*CH(CH,)s'?*CH3]*.

d3'P; 76.42 ppm (P,, 2pp = 43.7 Hz, Jpcqeis) = 19.1 HZ, 2pceis = 18.1 Hz)

P M 34.78 ppm (Py, 2Jpcrans) = 82.6 HZ, 2pc(rans) = 20.1 Hz)
m Pd (13) d13C: 235.11 ppm (carbonyl group)
44.66 ppm (a-methylene group, .= 23.4 Hz)
14.17 ppm (terminal methyl group)

1 CC
3J PC(trans)

‘JPC(lrans

2J PC(cis) i 3 PC(cis)

Hee

I

13C{1H}
T T T T T 1 T T

13C
T T T T T
185 180 175 65 60 55 50 45 40 3

240 235 230 225 220 215 210 205 200 195 190
chemical shift / ppm

2,

31P{1H} 12¢ Jppz
P, 12¢C 23p Jpcrans Py
2
13C e Jpc(cis) 13C ||‘ . ‘l| |l‘ |l 3Jbcrans
iy "o ‘ I I

3Jpc(eis) il W
i\ | U\

T T T T T T T
80 75 70 65 60 55 50 45 40 35 30 5 20
chemical s hift / ppm
all spectrarecorded in CD,Cl, at -80 AC

Figure 9-2: NMR spectra of(dtbpp)Pd*3C(=0)*?*CH,(CH7)s'?**CH3(solvent)]'.

120



The mechanism of the isomerizing alkoxycarbonylation of plant oils

d31P: 31.49 ppm (P, 2Jpp = 60.0 HZ, 2Jpcgrans) = 76.0 HZ, 3Jpcis) = 12.3 Hz, 2Jpg(eis) = 4.4 HZ)
28.12 ppm (Py, 2pcrans) = 79-5 HZ, 2pcrans) = 322 HZ, 2pceis) = 23.3 H2)
B w d13C: 232.12 ppm (carbonyl group)
m 13) 177.82 ppm (coordinated 13CO)
62.34 ppm (a-methylene group, Jcc=25.1 Hz,3) = 8.8 Hz)
14.17 ppm (terminal methyl group)

2Jcccoupling from the carbonyl group to the coordinated 13CO is not resolved
2Jpc(trans) 12c ZJPC(trans)
tt ZJPC(cls) 2‘]F'C(cis)
[ IJCC 13C |. ] TR

T
240 235 230 225 220 215 210 205 200 195 190 185 180 175 65 60 55 50 45 40 35 30 25 20 15
chemical s hift / ppm

d/d/d/d

13C{1H) .

FP{H) ,
d/d/d/d(=C)

-

80 75 70 65 60 55 50 45 40 35 30 25 20
chemical s hift / ppm

all spectrarecorded in CD,Cl, at -80 AC

Figure 9-3: NMR spectra of(dtbpp)Pd*3C(=0)?*THy(CH2)s'?*CH3(*3CO)]*.

d3iP: 59.60 ppm (Py, 2pp = 27.6 HZ, Zpcyransy = 100.5 Hz)
31.12 ppm (Py, 2pc(isy = 12.6 H2)

H
E Pd d13C: 183.47 ppm (coordinated 13CO)
Py diH: -5.51 ppm (hydride, 2Jpygransy = 169.5 HZ, 2Jpceis) = 20.8 H2)

2Jcy coupling from the hydride to the coordinated '3CO is not resolved

H NMR

13C{1H} rLI/J\r-‘f‘J PC(trans)
2 .

J PC(cis)

I I ‘”,
| I
M 25 83 848 85 5T 585
j anmial IIIWI ! ppm
i i N ™
| e §

T T T T T T T T T T T T T 11 T T T T T T T T T T T

T
240 235 230 225 220 215 210 205 200 195 190 185 180 175 65 60 55 50 45 40 35 30 25 20 15
chemical s hift / ppm

2
2J PC(trans) N ‘J PP
2 Jecis)[ | [
Jep ]
| I \ AN

31P{1H}

55 50 15
chemical s hift / ppm
all spectra recorded in CD,CI, at -80 AC

Figure 9-4: NMR spectra of(dtbpp)PdH(**CO)]".
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d3tP: 61.80 ppm (P,, 2Jpp = 35.8 Hz)
3
a Ve
E Pd/\%@o 38.70 ppm (Pp)
ﬁ d13C: 174.93 ppm (carbonyl group)
51.69 ppm (methoxy group, 2] = 2.6 Hz)

13C{1H}
h Z‘JCC
. | Ji/ ) l ll
T T T T T T T Tt T T T T T T T T T T T T T T T 1
195 190 185 180 175 170 165 75 0 65 60 55 45 40 35 30 25 20 15 10 5
chemical s hift / ppm
IP{H) 2
PP
u M t T — — T H
T T T T T T T T T T T T T
80 5 70 65 60 55 50 45 40 35 30 25 20
chemical s hift / ppm

all spectrarecorded in CD,Cl, at -80 AC

Figure 9-5: NMR spectra of(dtbpp)Pd(CH2):17*COOCH3]*.

( d3P: 65.73 ppm (P, 2Jpp=41.0 Hz, 3Jpc = 3.5 H2)
37.76 ppm (Py)
Py oK
< Pd 3 d13C: 168.10 ppm (carbonyl group)
™0

53.12 ppm (methoxy group, 2 = 3.2 Hz)
49.88 ppm (methine group, Ncc = 53.2 HZ, 2Jpgransy = 53-2 H2)

Yec
" [J.I 23 2 PC(trans)
. s (br) cc |

130{1H}

T

T T T T
195 190 185 180 175 170 1865 75 70

65 60 55
chemical shift/ ppm

a

31P{1H} 5
Y
) 3 pC

T T T T T T

50 45
chemical shift / ppm
all spectrarecorded in CD,CI, at -80 AC

Figure 9-6: NMR spectra of(dtbpp)PdCH{(CH 2)1sCH3}**COOCH3]*.
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extract of H,13C-HMBC
CD,Cl, 1
-60 AC 1 (
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| —— @ ____________________________ @3 ______________ 174

r176
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chemical shift / ppm
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4.2 39 3.6 33 3.0 27 24 21 1.8 15 1.2
chemical shift / ppm

Figure 9-7: 2D NMR spectrum of [(dtbpp)PdCH{(CH 2)1sCH3}*3*COOCH3]* (red) and
[(dtbpp)Pd(CH 2)17COOCH;]* (blue).

extract of 1H,13C-HSQC

cD,Cl, 1 1
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Figure 9-8: 2D NMR spectrum of [(dtbpp)PdCH{(CH 2)1sCH3}**COOCH3]* (red) and
[(dtbpp)Pd(CH 2)173COOCH3]* (blue)
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extract of 1H,33C-HSQC ~ == === === —-—

carbonyl decoupled : ( : ! (0]

CD,CI 15 1

_GQZEZ 1 =) b o) 1 1 Pa\ W’Q?} /al
1(Tavpy 13:L W\, Pd 4 o,
1 Pb/ \ O Ip _PB ___________ 1

decoupling of the
carbonyl region

clearly shows b6 to
be a C-H group

chemical shift { ppm
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Figure 9-9: 2D NMR spectrum of[(dtbpp)PdCH{(CH 2)1sCH3}**COOCHj]* (red) and
[(dtbpp)Pd(CH 2):73COOCH3]* (blue).

d31P: 76.52 ppm (P,, 2Jpp = 4.5 Hz, 2Jpeeie) = 16.3 H2)

1 0 34.86 ppm (Py, 2 pcrans) = 81.7 HZ)
<PdMO\ d13C: 238.74 (carbonyl group next to Pd center)
16 o) 174.93 ppm (carbonyl group at chain end)
51.69 ppm (methoxy group, 2Jec = 2.6 Hz)

13C{*H} d/d o .
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all spectrarecorded in CD,Cl, at -80 AC

Figure 9-10. NMR spectra of(dtbpp)Pd**C(=0)(CH>):173COOCH3(solvent)]'.
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d31P: 31.50 ppm (P,, 2Jpp = 60.5 HZ, 2 pcyrans) = 76.8 HZ, 2pes) = 4.4 Hz)
o 28.20 ppm (Py, Xpcgrans) = 76.0 HZ, 2Jpe(cis) = 23.2 Hz)
pgwo\ d13C: 232.11 (carbonyl group next to Pd center)
m fo) 177.82 (coordinated 13CO)
174.93 ppm (carbonyl group at chain end)
51.69 ppm (methoxy group, 2Jcc = 2.6 Hz)
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all spectrarecorded in CD,CI, at -80 AC

Figure 9-11: NMR spectra of(dtbpp)Pd*3C(=0)(CH2):17-3COOCH;3(**CO)]*.

d3P: 58.31 ppm (P,, 2Jpp = 49.6 Hz, 2pe (i) = 15.8 Hz)
1 ) 24.06 ppm (Py, 2pcgrans) = 114.9 Hz)
< Pd 15 d13C: 222.61 ppm (carbonyl group next to Pd center, 2Joc = 4.8 Hz)
o O/ 182.49 ppm (carbonyl group, 2J.c = 4.8 Hz)
72.48 ppm (methine group, identified by 'H-13C gHMBC and 'H-13C gHSQC )
57.08 ppm (methoxy group, 2Jc = 2.8 Hz)
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all spectrarecorded in CD,Cl, at -80 AC

Figure 9-122 NMR spectra of(dtbpp)Pd**C(=O)CH{(CH 5)1sCH3}**COOCH]*.
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Figure 9-13: 2D NMR spectrum o[f(dtbpp)Pd13C(=03DCH{(CH 2)1sCH3}**COOCHj3]* (red) and
[(dtbpp)Pd3C(=0)(CH_)17*COOCHs(CO/solvent)]* (blue).
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Figure 9-14: 2D NMR spectrum of(dtbpp)Pd**C(=0)CH{(CH 2)1sCH3z}**COOCH3]" (red) and
[(dtbpp)Pd*C(=0)(CH,)17*COOCH3(**CO/solvent)]" (blue).
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Figure 9-15: NMR spectra of(dtbpp)PdC(=0)(CH2)17COOCH3(CO)]".
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Figure 9-16: NMR spectra of(dtbpp)PdC(=0O)CH{(CH 2)1sCH3}COOCH 3]*.
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Figure 9-17. NMR spectra of[(dtbpp)Pd**C(=0)(CH):7COOCH3(**CO)]* generated by
addition of**COto [(dtbpp)PdC(=0)(CH 2):7COOCH;3(CO)]* and warming to-50 °C for 5h.
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Figure 9-18 NMR spectra off(dtbpp)Pd**C(=0O)CH{(CH 2)1sCH3}COOCH 3]* generated by
addition of*CO to[(dtbpp)PdC(=0)CH{(CH 2)1sCH3}COOCH 3]* andwarming to-50 °C for
5h.
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Figure 9-19: NMR spectra of[(dtbpp)Pd*3C(=0)*?*TCH(CH2)s*?**TH3(L)]* (L= solvent or
CO) before (bottom) and after (top) addition d&@ @quiv methanol.
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Figure 9-200 NMR spectra of [(dtbpp)Pd3C(=0)(CH.)1zCOOCH3(**CO)]* and
[(dtbpp)Pd**C(=0O)CH{(CH ,)1sCH3}COOCH3]* before (80 °C, bottom) andhfter ¢80 °C,
middle)addition of methanol, and after warming to room temperature (25 °C; top).
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Figure 9-21: NMR spectra of [(dtbpp)Pd*C(=0)(CH.):7COOCH;5(**C0O)]* and
[(dtbpp)Pd**C(=0)CH{(CH 2)1sCH3}COOCH 3]* before ¢80 °C, bottom) and after (25 °C; top)
addition of methanol and warming to room temperature.
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Figure 9-22 NMR spectra after addition of 2 equiv. methyl oleate and 5 etf@@ to a solution
of [(dtbpp)Pd(OTf) 2] in CD;OD/CD,Cl>.
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Figure 9-23: Carbonyl region of*’C{*H} NMR spectrum(CDCls, 25 °C)of products formed in
isomerizing alkaycambonylation of methyl oleate.
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Figure 9-24: Aliphatic regionl of *C{*H} NMR spectrum (CDGJ, 25 °C) of products formed
in isomerizing alkoxycdonylation of methyl oleate.
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Figure 9-25: Aliphatic region Il of'3C{*H} NMR spectrum (CDGJ, 25 °C) of products formed
in isomerizing alkoxycdionylation of methyl oleate.
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Figure 9-26: 'H NMR spectrum (CDG| 25 °C) of productsformed in isomerizing
alkoxycarbonylation of methyl oleate.
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Figure 9-27: 13C{H} (bottom) and'H (middle)NMR spectra (CDG| 25 °C) and G@race(top)
of products (fractiora) formedin isomerizingmettoxycarbonylationof methyllinoleate.Key
NMR signals oBB 1 dre assigned.
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Figure 9-28: *C{*H} (bottom) and'H (middle) NMR spectra (CDg|I25 °C) and G@race (top)

of products(fraction b) formedin isomerizingmettoxycarbonylation of methylinoleate.Key
NMR signals oB26are assigned.
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Figure 9-29: *C{H} (bottom) and'H (middle) NMR spectra (CDg,|25 °C) and G@race (top)
of products(fraction c) formedin isomerizingmethoxycarbonylationof methyl linoleate.Key
NMR signals oB36are assigned.

Figure 9-30: *C{*H} (bottom) and'H (middle) NMR spectra (CDg|25 °C) and G@race (top)
of products(fraction d) formedin isomerizingmettoxycarbonylatiorof methyllinoleate.Key
NMR signals oB36are assigned.
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