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ABSTRACT:Isomerizing functionalization reactions that
convert the internal double bonds of unsaturated fatty acids
from plant or algae oils to a terminal functional group are
attractive because they can generate linear long;chain
difunctional compounds that incorporate the entire length of
the substrates chain. The state of the art toward this
formidable synthetic challenge viardnt catalytic ap-
proaches, namely isomerizing borylations, silylations, and
carbonylations (and for comparison, nolmetathesis) is
reviewed comprehensively and analyzed with regard to
underlying mechanistic principles, performance, practicability,
and scope.
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INTRODUCTION induced rearrangement of methyl ricinoleate, methyl 10-

Fatty acids from plant oils are a unique feedstock for t decenoate is obtain(_ad along with stoichiometric amounts
9 ‘heptanal as a coupling product. Further transformation of

production of chemicals because of their characteristic lo . . . X
chain methylene sequeriGeShese fatty acids are already etW! 10-undecenoate with hydrobromic acid and ammonia
endowed with a functional group in the form of the carboiﬁelgs 11—a|m|nc1>Lind$]can_0|c acid, W.h'"Ch IS _Ipotl)?/menéed lo
unit. For many applications, a further functionality is requir tré?deucr:wzr‘r?gR?lg-ah &Stck?énlwz ;?T]Tez;(tﬁlvgﬁaval able under its
The double bonds of unsaturated fatty acaistoemselves These particular rearran ,emgentearﬁ Clea;/a e reactions

for the generation of additional functional groups. Such mono- h P tricted t gf it ids with ﬁ] d .

or multiple unsaturated fatty acids are contained in substani?}%q lowever, restricted 1o tatty acias with a nydroxy group in
amounts in common plant oilgable .3 the vicinity of the double bond, of which ricinoleic acid is the

- - : Scheme 1. Monomer and Polymer Generation from Castor
Table 1. Fatty Acid Composition of Selected PlantGils Oil-Based Ricinoleic Acid and Its Methyl Ester by Alkali

paimit€ stearit olei€ linolei€ linoleni€ Fusion (left pathway) and Thermal Rearrangement (right
double (16:0) (18:0) (18:1) (18:2) (18:3) pathway)
plant oil  bond® (%) (%) (%) (%) (%)

palm oil 17 43 4 41 10

rapeseed 4 4 2 56 26 10

soybean 5 11 4 23 53 8

sun ower 5 5 3 37 54 1

HO- 3.0 2 1 93 2

sun owef'
Awt % of a given fatty acids with respect to total fatty acid content.
PAverage number of double bonds per trigly@Vigteber of carbon
atoms and double bonds given in parentfiek2s: high oleic.

Illustrative examples to this end are the longstanding
utilizations of ricinoleic acid, the major component (up to
90%) of castor oil, for the generation of polycondensation
monomer$. Alkali fusion of ricinoleic acid at elevated
temperatures (250C) yields sebacic acid along with
stoichiometric amounts of 2-octanol as a coupling producteceived: July 17, 2015
Polycondensation of sebacic acid with 1,6-diaminohexatwised: August 13, 2015
produces nylon-6,1&dheme ;lleft pathway). By thermally Published: September 8, 2015
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only practically available representative. Instead, ozonolysiSabfeme 2. Self-Metathesis of Oleic Acid Yielding 1,18-
oleic acid yields azelaic acid along with stoichiometric amoudtsadecanedioic Acid
of pelargonic acid as a coupling préduhis process is also o
performed on an industrial scale. e~

An alternative to ozonolysis is provided by oxidative cleavage OH
of the double bond of methyl oleate with hydrogen peroxide as
an oxidant in the presence of a ruthenium catalyst, yielding H [Ru]
azelaic acid mono methyl ester and stoichiometric amounts of ~
pelargonic acid as a coupling prdduntall these processes, NN
only a part, roughly half, of the fatty acid chain is incorporated o +

into the resulting mid-chain -difunctional product. The rest HoJk/\/WWrOH

oleic acid

is lost as a coupling product of less value. In addition, the full l H, / [Pd] o
potential of the long methylene sequences of the fatty acid 2
feedstock to impart useful properties such as hydrophobicCitysQE~_ ~_~_~~ o~~~
crystallinity is not utilized. The attractiveness of such an o .
approach is demonstrated by recent studies of semicrystalline OH
aliphatic polyestéfs'® hydrophobic polyamidésind hydro- HO

1,18-octadecanedioic acid o

Iyticall)/ degradable polyacetals from long-chain linear mono-

mers-"*® This underlines the need forcéent routes for the

generation of long-chain difunctional compounds X necessary, followed by artient and selective functionaliza-

(CH,), Y that incorporate the full length of the fatty acidtion in the terminal position. Such a terminal functionalization

chain. of long-chain compounds, such as methyl oleate, with high
In principle, such long-chain -functionalized compounds conversion and selectivity is particularlgutti because an

can be generated from plant oils by nolmetathesis equilibrium mixture of an isomerized fatty acid ester contains

reaction$**° Self-metathesis of oleic acid with Grubbs otess than 0.2% of the terminalrol@ide infra).

Hoveyda Grubbs catalysts can yield 1,18-octadecanedioic acid

(after subsequent hydrogenation of the double HGRY); SELECTIVE-FUNCTIONALIZATION OF FATTY

however, isomerization of the starting matedadalsle bond ACIDS

by decomposition products of the ruthenium catalyst may selective -functionalization of fatty acids can be achieved,
result in a mixture of dicarboxylic acids wittretit chain  among others, by biotechnological patfiVaysia selective
lengths™" More importantly, metathesis of, for example, oleignzymatic -oxidation of the terminal methyl group using the
acid yields stoichiometric amounts of fg@lkene $cheme  yeasCandida tropicalisis possible to transform saturated and
2), and conversions are limited as a result of thensaturated fatty acids into the respectivéunctionalized
thermodynamic control of the reaction. As an equilibriumiacids? > EngineeredC. tropicaliss capable of selective
reaction, the conversion can reach 50% at its maximum untegginal oxidation of methyl myristate (14:0), methyl palmitate
one of the products can be removed from the reaction mixtyes:0), methyl stearate (18:0), oleic acid (18:1), and erucic acid
selectively. Note that highly pedi oleic acid is needed for a (22:1) to the respective dicarboxylic aciishgme ,3
clean conversion to 1,18-octadecenedioic acid. The presendefgf~ ** The position and coguration of the double
fatty acids with dérent numbers of carbon atoms or doublebonds are maintained in unsaturated substrates. Further
bonds (cf.Table }** as contained in typical plant oils will engineering, namely, the elimination of enzymes that are
result in a complex mixture of products witkrelit chain  responsible for the oxidation of the intermediately formed
lengths. Other than self-metathesis, cross-metathesis of fayyroxy group, allowed for the selective synthesis of
acids with lower molecular weight nonfunctionalizets,ole hydroxy-functionalized methyl myristate (14:0). Other fatty
such as ethyleffe?” generates an ofeand a monofunction- acids (methyl palmitate (16:0), methyl stearate (18:0), oleic
alized unsaturated product by splitting the fatty acid derivateagid (18:1), and linoleic acid (18:2)) were also transformed
the internal double bond. Cross-metathesis with functionalizetb the respective-hydroxy fatty acids, although with a lower
ole ns, for example, 3-hexenedioic*addn introduce an  selectivity and productivifycheme ,Jight)3°
additional functionality to the fatty acid feedstock. However, ag\ limitation of these biotechnological pathways is the
in the aforementioned chain cleavage reactions, only mid-chanessity of feeding costly glucose to the yeasts as a result of
, -difunctional products are formed along with stoichiometribe blocked-oxidation pathway, which usually delivers energy
coupling products. needed for these biotechnological processes. In addition,
In summary, all these approaches incorporate only a paricomplex downstream processing is necessary to extract the
the fatty acid feedstock into -difunctionalized products, and desired product.
stoichiometric amounts of less valuable coupling products arRegarding these issues, entirely chemical catalytic pathways
formed. In principle, a variety of (catalytic) functionalizatioare attractive alternative approgéﬁESSelective isomer-
reactions that do not go along with cleavage of the fatty a@@tion and -functionalization of the double bond of
chain oer themselves for the functionalization of the doublansaturated fatty acids can, in principle, incorporate the entire
bonds. Epoxidations are an established example. Incorpordtitty acid chain into the desired linearfunctionalized
the entire length of the fatty acid chain intefunctionalized  product Echeme)4however, this is deult because terminal
compounds is a challenge, however. This requires tbk ns are thermodynamically strongly disfavored versus the
conversion of a double bond located deep in the fatty aditernal double bonds of the substrate. In particular,
chain of the starting material to a terminal functionalnsaturated esters are slightly favored, because of the
group*%?° Therefore, a preceding isomerization step isonjugated double bond system, compared with other double
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Scheme 3. SelectiveOxidation (left) and -Hydroxylation (right) of Fatty Acids via Enzymatic Pathways, te
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Scheme 4. General Reaction Scheme of Metal-Catalyzed (M) IsomerEimgtionalization of Unsaturated Fatty Acids
Yielding Linear Long-Chain, -Difunctional Compounds and Other Isomers with the Functional Group Distributed over All
Positions along the Chain (exenfigdd with methyl oleate)

\/\/\/\/;/\/\/\)Lo/

methyl oleate

[M]=H M]
isomerizing
functionalization

elimination

isomerization

selective o- functionalization

AN TN 9 16 different
* /\/\/\/\,\’\/\/\/\)LO/ branched isomers

discussed, in particular for functionalization reactions for which
of , -unsaturated ester, and <0.2% of terminalaskefound  transformations of fatty acids have been less studied so far.
in the equilibrium mixture of all isoniéfEhe challenge is to Isomerizing Hydroformylation. Hydroformylation is
nd ways to functionalize the terminal isomer exclusively outpErhaps the most prominent andhdely one of the largest
a mixture of all isomers. Aneetive suppression of the homogeneously catalyzed reactions in the chemical industry.
numerous other pathways on the varioussplicluding the  Relevant catalysts are based on cobalt or rhodium bearing
, -unsaturated ester, is required to achieve a high selectipitpsphorus ligands, but platinum, palladium, ruthenium and
toward the linear, -difunctionalized compourtécheme)4 iron have also been reported. With regard to the generation of
Hydroboration is a straightforward example with a cletinear , -functionalized compounds, isomerizing hydroformy-
preference for terminal functionalization because this yielddon of fatty acids can provide such linear long-chain
the thermodynamically most stable isomer here. Otheompounds bearing araldehyde grouBs¢heme)s Baner
approaches to achieve terminal functionalization take advantagk co-workers recently reviewed the isomerizing hydro-
of a high kinetic preference for the terminal reaction pathwégrmylatiori? A large number of studies addressed the
We review catalytic isomerizing functionalization approach&smerizing hydroformylation of 24ode(e.g., 2-butene, 2-
for the transformation of fatty acids into lineafunction- pentene, 2-hexene, or 2-octéhéy.Furthermore, Carpentier
alized compounds. As far as they are instructive toward thigl co-workers presented the hydroformylation of fatty acid-
aim, additionally isomerizing functionalizations of other interrd@rived substrates, such as 10-undecenenitril, with a high linear
ole ns with a double bond remote from the terminal site o$electivity and the ability to convert internal isomers of the
functionalization, such as 4-octene, are also considered stadting material to the desired linear aldétddowever,

bond isomers. For methyl oleate, 94.3% of intermal, &l&%
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the reactivity of these ale with the double bond at or formylation of 1-octengs4-octene, artdans4-octene at 120
adjacent to the chain terminues substantially from ale °C and 200 bar (2.5 mol % Co, CQA11/1).>° Selectivities

with the double bond deep in the chain, as discussed lateofn74%, 54%, and 56% toward the linear aldehyde 1-nonanal at
more detail with several epbes of rhodium-catalyzed conversions of 66%, 60%, and 52%, respectively, were observed.
hydroformylation of octenes (vide infra). Concerning thdhis work clearly shows that the unnsaticobalt catalyst
scope reviewed here, the transformation of more challenginmgcursor G4CO)s is suitable for isomerizing hydroformyla-
substrates is of interest because these are potentially dirdwty with a preference for terminal functionalization. Although
instructive for the synthesis of linear-functionalized  cobalt plays an important role in hydroformylation in general,
compounds from plant oils by isomerizifignctionalization. most examples of isomerizing hydroformylation use rhodium-
Thus, isomerizing hydroformylation of substrates in which thased catalysts (vide infra).

double bond is three or more carbon atoms away from theRhodium-Based Catalyst&enerally, rhodium-catalyzed
terminus (e.g., 4-octene) are considered exclusively, in additigdroformylation has some major advantages over cobalt-
to fatty acids themselves. based systems. Rhodium catalysts are usually active under
milder conditions, for example, lower temperatures and

Scheme 5. Isomerizing Hydroformylation of Methyl Oleate Pressures, and exhibit higher activity, as well as increased

to the Desired -Aldehyde Ester and Relevant Byprodiicts Selectivity toward the desired linear products.
Van Leeuwen and co-workers reported the rhodium-

e~ catalyzed isomerizing hydroformylatidran§4-octene with
methyl oleate ° bidentate dibenzophosphindole- and diphenoxaphosphinine-
substituted xanthene ligahdand1b (Figure 1Rh/ligand =
[cat]™\_CO / H, 1/10; 0.15 mol % RHable 2 entry 1, 2§° Both rhodium
diphosphane complexes showed a high selectivity toward the
conversion: 65% o o linear aldehyde 1-nonanal with good conversions @tdrd
saectity 40%  H~~o~o~o~~~~Hor 2 bar (COM, = 1/1). The catalyst system with ligabavas
' o more activeTable 2 entry 2), but at the same time selectivity
/\/\/\/\/\/\/\/\)Lo/ decreased compared with An initial TOF (2030%
o conversion) of 15 hfor 1laand 20 h' for 1b was reported.
/\/\/\/\,\\/\/\/\)LO/ In their study, isomerizing hydroformylationaof2-octene
CHO as a substrate was also investigated, and a higher selectivity to

the linear aldehyde and a higher initial TOF compared with 4-
octene was observed. On the basis of these results, the authors
suggested that the applied rhodium complexes exhibit a low
Platinum-Based Catalysffang and co-workers reported isomerization activity, and therefore, turnover frequencies for
the isomerizing hydroformylation treins5-decene using a internal olens are low. It was also stated that no hydrogenation
cationic platinum complex [PtCI(CO)(P(ORHYTIO, with a was observed, and hydroformylation of the termimaivals
metal halide (e.g., Sp@H,0) as a catalyst precursor at 100 preferred.
°C and 140 bar (1 mol % Pt, 5 mol % Sn, GG/H/1).>® Selent and co-workers reported the rhodium-catalyzed
After 3 h, the olen conversion was 73%, with 84% aldehydéormation of 1-nonanal from a mixture of isomeritenes
selectivity but a relatively low aldehyde linearity of only 179% using monodentate phosphonite ethers as a ligand (0.006
(this corresponds to an average turnover frequency (TOF) @fol % Rh, Rh/ligand = 1/10) at 14D and 20 bar (CO/kl=
26 hY). As a side reaction, 16% of the hydrogenation produttl). The hydroxyl phosphonite ligghdhowed a superior
decane was formed. The authors also stated that combinagefectivity toward 1-nonanal compared with a methyl ether
of the well-known hydroformylation catalyst systemnalogue Table 2 entry 8)"°® An initial TOF (20%
[PtClL(PPh),)/SnCl, with compounds promoting isomer- conversion) of 1320 hwas observed, and hydrogenated
ization (e.g., acids, base, inorganic or organometallic caien (total yield <1.4%) and hydrogenated aldehyde (total
pounds) did not result in formation of the terminal aldehydeyjeld = 1.4%) as side products were reported. Higher TOFs up
even though isomerization was observed in some cases. WgP 000 h were reached with increased ligand loadings (Rh/
and co-workers gave another example for platinum-catalyligand = 1/50). Selectivity toward the linear aldehyde was lower
isomerizing hydroformylation using 0.1 mol % of [Ptcompared with van Leeuilsaratalyst, but catalyst activity was
(SiXantPhos)CI(Sng)] as the catalyst precursbivith 4- signi cantly higher. A further increase in the reaction rate was
octene as the substrate, a conversion of 19% was obsemeghrted later, with bidentate phosphonites as ligands for
Formation of 33% 1-nonanal along with 16% branchesomerizing hydroformylation under slightlyreint reaction
aldehydes, 11% octane, and 40% isomerized octenes ascsigditions (130C and 0.06 mol % rhodium). The bidentate
products at 100C and 10 bar (CO/K= 1/1) after 15 h of  phosphonite ligarfBishowed the best results, with an increased
reaction time was noted. This corresponds to a selectivityyigld and selectivity to 1-nonanal with a remarkably high
55% to the linear aldehyde and an average TOF of 13 hturnover frequency of 4448 (20% conversion) and reduced
Hydrogenolysis of the intermediately formeddyt species hydrogenation activity (total yield of hydrogenated aldehyde =
was identied as the rate-limiting step at temperatures above 8@B%;Table 2 entry 9):°
°C. In general, catalyst activity and selectivity increased witBeller and co-workers reported the rhodium-catalyzed
increasing temperature. However, hydrogenation also bec#@oemerizing hydroformylation of 4-octene in the presence of
more signicant at higher temperatures (3C). 2,2-bis(3,4,5-truorobenzyl)-1;binaphthalen¢ as a ligand
Cobalt-Based CatalysBeck and co-workers compared the (0.01 mol % Rh, Rh/ligand = 1/5) at ZDand 10 bar (CO/
selectivity in the GEO)g-catalyzed (isomerizing) hydro- H,=1/1, Table 2entry 7f° A selectivity of 70% to the linear

#F or values of conversion, selectivity and TOF, éde ref
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Zhang and co-workers reported the rhodium/tetraphosphine
(5) catalyzed isomerizing hydroformylatiansaindtrans4-
octene at 12%5C and 10 bar (0.1 mol % Rh, Rh/ligand = 1/4,
CO/H, = 1/1, Table 2 entry 3, 6§ Within a reaction time of
2 h, 59% otis4-octene was converted into aldehydes with a
selectivity of 47% to 1-nonafall{le 2 entry 6). Fotrans4-
octene, conversion into aldehydes was slightly higher, with
increased selectivity to the desired linear prothlde (2
entry 3). The methyl-branched aldehyde was the major
hydroformylation byproduct, and only small quantities of
octane were formed. Note that when 2-octene was used instead
of 4-octene, conversion (84%) and selectivity to the linear
aldehyde (98%) were sigaintly higher under otherwise
identical conditions. This and all aforementioned studies
showed that isomerization of a double bond adjacent to the
chain terminus occurs much faster compared with isomer-
ization over three or more carbon atoms.

Behr and co-workers reported the isomerizing hydro-
formylation oftrans4-octene by a rhodium/BiphePHbs
(ratio = 1/3) catalyst system at 225and 20 bar (CO/K=
1/1) in 89% selectivity to the linear aldehydélé 2 entry
4)°2%3 Applying 0.5 mol % Rh, 82% of the substrate was
converted, yielding 75% 1-nonanal, along with 3% octane and
4% branched aldehydes after a reaction time of 4 h. A further
increase in conversion and selectivity toward 1-nonanal was

Figure 1.Phosphorus-based ligands for Rh-catalyzed isomeriziaghieved by using propylene carbonate instead of toluene,

hydroformylation of internal alkenes.

forming a liquidliquid two-phase reaction system (0.5 mol %
[Rh(acac)(COJ, Rh/ligand = 1/10, 10 bar CO4H= 1/1,

Table 2. Rhodium-Catalyzed Isomerizing Hydroformylation 125°C, Table 2 entry 5). This increase is a result of the low

conversion selectivity ~ TOFP
entry olen (%) (%) h?y ref
1 trans4-octene 54 86 15 56
2 transd-octen@ 67 81 20 56
3 trans4-octene 60 66 300 61
4  trans4-octeng 82 89 49 62 63
5 transd-octene 94 95 34 62
6 cis4-octene 59 47 25 61
7  4-octene 41 70 43 60
8 isomeric 55 48 1320 57
n-octeneg'
9 isomeric 96 69 4448 59
noctendd
10 methyl oleate 65 40 235 64

3Selectivity toward the linear aldetRidenover frequency (TOF) is
given at 2030% conversion if information available from reference
not available, TOF is averaged over complete reaction time with g
conversion (g); see reference for det@®b-precursor [Rh-

CO ipivaloylmethanoate)], ligadd Rh/ligand = 1/10.-Rh-
(CO)(dipivaloylmeth )], ligand Rh/ligand = 1/10°Rh

precursor see c, ligatld Rh/ligand = 1/10°Toluene as organic

solventPropylene carbonate as organic solvent, liquid two-

phase reactioRTOF for two-phase reaction system was determined

after complete conversion of vl® aldehydéllsomeric+-octenes:
3.3% 1-octene, 48.486trans2-octene, 29.2%igtrans3-octene,
16.4%i¢trans4-octen€0.006 mol % [Rh(acac)(cod)], lig@y&Rh/
ligand = 1/10'0.06 mol % [Rh(acac)(cod)], ligahdRh/ligand = 1/
10.

solubility of the ola in the propylene carbonate phase and a
deceleration of the reaction fatex addition, this approach
facilitated an easy recovery of the catalyst and recyelng in
runs without loss of activity or selectivity. Later, the same group
used a similar rhodium catalyst system with Biph&RBbos
ligand (Rh/ligand = 1/10) in the isomerizing hydroformylation
of methyl oleateT@ble 2 entry 10§ At a temperature of 115
°C and a pressure of 20 bar (C@MH 1/1), 65% of the
substrate was converted, yielding only 26% of the linear
aldehyde ester along with large amounts of hydrogenated
starting material. This corresponds to a selectivity of only 40%
and an average TOF of 3% A slight increase in the aldehyde
yield to 34% was observed by using ethyl linoleate which forms
a conjugated system during isomerization. The authors propose
.@ faster isomerization for this substrate compared with methyl
igate. No formation of the dialdehyde ester was observed, but
large amounts of hydrogenated starting material were observed.
The hydrogenation of starting material in both cases was
related to the presence of the ester group of the substrate,
which is considered to favor the hydrogenation pathways via
, -unsaturated esters formed through isomerization. Con-
sequently, observed yields were much lower compared with
previously reported isomerizing hydroformylatidrare-
octene.

Mechanistic Considerations on Rhodium-Catalyzed Iso-
merizing HydroformylationThe mechanistic details of the
rhodium-catalyzed isomerizing hydroformylation are not

aldehyde 1-nonanal was observed at 41% conversion aftépawn in detail to date. However, from mechanistic studies
reaction time of 96 h. Using 2-octene as a starting mateal the rhodium-catalyzed hydroformylation, in particular those
resulted in a higher conversion (64%) and selectivity (88%lgaling with the selective formation of linear aldehydes, some
which was also observed by van Leeuwen with his catafy@iclusions can be drawiihe generally accepted dissociative
system (vide supra). Isomerization of 4-octene was slow, ameichanismrst presented by Wilkinson and co-workers is
hydroformylation of the internal double bond occurred fasteshown inScheme & ©°
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Scheme 6. Mechanism of Rhodium-Catalyzed congestion around the metal center, especially in the apical
Hydroformylation positior’ These crowded systems faviydride elimination
H of branched Rlalkyl species over CO coordination and
<P\FLh_CO insertion and, thus, result in higher isomerization activity, which
F,/(|:0 is not the case for less congested Rh complexes. Thus, sterically

congested metal centers in general favor the formation of linear
N_CO aldehydes. It is important to note that in general, the overall

mechanistic picture is very complex, and elementary steps are
very sensitive not only to the steric and electreits ®f the

P. H . .
o <\Rh/ LR phosphine ligand, but also to temperature and £O/H
Reo~Ay P co ~ pressuré?’ "2
- Summary on Isomerizing Hydroformylatidiith regard
olefin coordination . . 4 .
H, to the synthesis of -functionalized compounds, by isomer-

izing hydroformylation, two limitations appear. The selectivity
toward the linear product decreases gty for substrates

H . . .. .
P /\O,\/VR P | in which the double bond is in a more remote position to the
grh P/'T“_H terminus (1-octene >2-octene >4-octene). This is particularly
P~ co co important because in methyl oleate, the double bond is eight

carbon atoms away, and thus, more than twice as many
isomerization steps are necessary to generate a terminal ole
olefin insertion as compared with 4-octene. Note that catalytic productivity also
P ?O decreases within this series. Hydrogenation of the substrate is a
>Rh PN TR common side reaction in (isomerizing) hydroformylation. This
P\ Rh , : : _
co " P Nco is a problem especially for fatty acid derived substrates because

CO insertion

-~ - , -unsaturated esters, which are formed through isomerization
Y as the thermodynamically slightly favored species among the

CO coordination various olen isomers (vide supra), are prone to hydrogenation,

co and this also results in a decreased overall selectivity to the
_ ] desired -aldehyde ester.
Note that the chelating phosphine showfcireme 6éan Isomerizing Hydroformylation and In Situ Reduction.

also be substituted by any monodentate phosphorus ligargfme examples of isomerizing hydroformylation with sub-

used in (isomerizing) hydroformylation. For monodentatg§equent in situ reduction of the generated aldehyde to an

ligands, two isomeric forms of the catalyst can be formed, WAiBohol were reported. With regard to fatty acid esters, this

either a diequatorial (ee) or an equatagital (ea) \yould yield an -hydroxy esterSgheme )7 which may be

coordination of the ligands. Contrary to that, bidentatgjrectly used, for example, as a difunctional AB-type monomer

phosphine ligands usually have a preferred mode iﬂfpolycondensation reactions.

coordination, an(_j there_fo_re, one of the isqmers is st.abilized|.n principle, two derent catalyst systems are conceivable:
Most cases of isomerizing hydroformylatlon use bident systems that catalyze both the isomerizing hydro-
phosphine ligands; therefore, these are considered exclusieiyiation and the reduction of the formed aldehydes to an
for the mechanistic argumentation. alcohol or (b) combined systems of twerent catalysts, one

RJ Ts/ dﬁggvsp escl?:s(:izsénienrat\é\glkki)r)-/fsgimsns%%?;inoir?mofif)ng catalyzing isomerizing hydroformylation and a second one
ligand from the trigonal bipyramidal Rydride complex. talyzing the reduction of the aldehyde.

Coordination of the ola substrate generates a &én
complex. Olen insertion into the Rhhydride and subsequent
CO insertion into the Rialkyl species generates a&akil
species that reacts with hydrogen to form the desired aldeh
and regenerates the catalytically activyBiide species. o
Paciello and co-workers suggest that a partially irreversfble’\/\/\/:\/\/\/\)Lo/
ole n insertion, where the linear Ryl is irreversibly methy! oleate
trapped and the branched BRIyl can undergo-hydride NHZ
elimination to regenerate the Ble n species, is responsible '
for the high linear selectiVity. conversion: 93%

Van Leeuwen and co-workers explained the performance s@tcvity: 56% Ho/\/\/\/\/\/\/\/\/\)Lo/

their dibenzophosphindole- and diphenoxaphosphinine-substior: 2.6 n

Scheme 7. Isomerizing Hydroformylation and In Situ
Reduction of an Internal Of@ to the Desired -Hydroxy
ylégtser and Relevant Byprodtitts

L L. L. . o (o}
tuted xanthene ligands in isomerizing hydroformylation by (a) T~
low phosphine basicity, resulting in high isomerization and H ° o
hydroformylation activity, and (b) the large natural bite angle, \/\/\/\/\/\’\/\/\/\)J\ .
which induces the selectivity for linear aldehyde forthation. CHOICH,OH ©
The latter is a result of the trigonal bipyramidal geometry of the /\/\/\/\/\/\/\/\i
o/

rhodium complexes with bidentate phosphine ligands, which
preferentially coordinate in a diequatorial mode. A large bite
angle of the diphosphine ligand leads to a higher stefleor values of conversion, selectivity, and TOF, &e ref
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Drent and co-workers reported the palladiumig92-  the linear functionalized alcohol and aldehyde mixture was
phosphabicyclo[3.3.1]Jnonan-9-yl)etAgRrégure 2ratio = 1/ 79%; the selectivity for the linear alcohol alone was only 43%.
1.4) catalyzed isomerizing hydroformylation and redtictionAfter 18 h, full conversion of the substrate was reported (this
generating linear alcohols from an equilibrated isomeric mixtaggresponds to an average TOF based on Rh of) 5MNote
of linear @ C,yalkenes as the starting matefile 3entry that the transformation of 1-octene under otherwise identical
1). The desired linear alcohols were formed in a selectivity apnditions resulted in a slightly increased selectivity (87%) to
to 72%, with a remarkably high average TOF of 1eaa65 the linear functionalized product mixture, but a lower overall
°C and 60 bar (CO/K= 1/2). Less than 1% of alkanes and selectivity for the linear alcohol alone (25%).
ketones were noted as side products. Interestingly, formation dvhen methyl oleate was used as the substrate, 64% of a
esters by alkoxycarbonylation of the intermediately formed Paixture of alcohols and aldehydes along with 23% methyl
acyl species with the alcohols generated during the reaction stegrate were formed within 36 h (this corresponds to an
not observed. Enhanced selectivity and productivity in tiawerage TOF based on Rh of 2% fihe selectivity to the
presence of substoichiometric amounts of halide anions Bnear -alcohol/aldehyde ester was 48%, for the desired linear
ascribed to a beral eect of the halide anion in the rate alcohol a selectivity of 43% was obsenatde(3 entry 4).
determining hydrogenolysis reaction. The authors stated that the rate of hydroformylation was much
faster than isomerization. Consequently, additioff ©ORY

N tBu Bu (1.5 mol % based on Ru), which is a known precursor for
—PCy, alkene isomerization, resulted in an increas ivi
&NY O O ed selectivity to the
B! [e}Ne} tBu

j 5 linear -alcohol ester of 56%ale 3 entry 5). Only trace
= P\/\P{ Meo@ 0 0 amounts of the linear or branched aldehydes were observed;
(ROLP POR), however, the amount of methyl stearate also increased to 29%.
7 8 9 R=naphthyl As already observed in isomerizing hydroformylation of
methyl oleate by Behr and co-workers (vide supra), the major
limitation of this reaction is a low selectivity to the linear
hydroxy ester due to hydrogenation of the substrate, which

Figure 2 Ligands for isomerizing hydroformylation of internakole
and reduction to terminal alcohols.

Table 3. Isomerizing Hydroformylation and In Situ generates substantial amounts of methyl stearate.
Reduction to a Terminal Alcohol Isomerizing Hydroboration. Hydroboration is typically
_ . used in organic synthesis for conversion ohsol®
conversion  selectivity To'fb alkylborane species as important chemical intermediates that
entry olen (%) (%) (h 9 ref . o H - .
can easily be oxidized with alkaline hydrogen peroxide to
1 G Cyalkenes ”-E 72 1000 73 generate hydroxy groups in an anti-Markovnikov f&shion.
2 transd-octene 57 05 I However, a broad range of other functional groups is also
3  transi-octene 100 58 56 75 accessible. For example, alkylboranes can be transformed to
4 methyl oleate 86 43 24 75 carboxylates, primary or secondary amines, or alkyl bromides.
5  methyl oleate 93 56 2.6 75

In addition, C C bond-forming reactions are possible. Among
3Selectivity toward the linear alcherage turnover frequencies these many possibilities, oxidation to hydroxy groups is the
are given, see reference for defhitsear thern]jally equilibrated  most prominent and convenient pathway and is used in most
I(;}tee;]n?(l) %I(%ﬁ(?llkigetsj.egiréogﬁﬁgn%eﬁi?ng\(/}all?eosm(l)errsslic()jr:e Op]:rodugg( amples of isgmerizing hyd_rqboration. :
distribution are available for this erfikddition of Ry(CO),, to Diborane-Initiated Isomepzmg .Hydroboratlolmternal
catalyst system from entry 4. alkylboranes are therma}lly isomerized at eIevate.d.temperatures
into the respective terminal alkylboranes. The driving force for
this rearrangement is the formation of the thermodynamically
The ruthenium/2-(dicyclohdghosphino)-1-(2-methoxy- favored terminal alkylborane in which the boron atom is
phenyl)-H-imidazole §) catalyzed transformationtrains4- attached to the sterically least hindered position. Thus, in
octene into 1-nonanol at 16X 10 bar CO, and 50 bay\Mas principle, internal oles can be transformed into the respective
reported by Beller and co-workers (1.2 mol % Ru, Ru/ligandterminal alcohols in high yields. Brown and co-workers
1/2.2, Table 3 entry 2)’* however, only a poor yield of the observed this reaction on a mixture of decenes that was
desired alcohol was observed (14%), with a low selectivityttansformed into 1-decanol exclusively in 80% yield after
the desired 1-nonanol after 24 h (this corresponds to am uxing the crude alkylborane mixture in diglyme (bp = 162
average TOF of 0.5 Note that when 1-octene was used °C) for 4 h Figure 3reaction a)’ Substrate, solvent, and
instead under slightly eient reaction conditions (0.6 mol % steric eects of the substrate or the hydroboration reagent can
Ru; Ru/ligand = 1/1.1; 130C), the alcohol yield was in uence the kinetics and thermodynamics of hydroboration as
signicantly higher (87%, along with 9% octane), with avell as isomerization (vide inffaXhe mechanism of the
selectivity of 92% for 1-nonanol within 20 h (this correspondiBermal isomerization remains subject to discussion. Theoreti-
to an average TOF of 8h cal studies indicate that dehydroboration followed loy ole
Nozaki and co-workers recently presented the synthesis eséaddition, as already proposed by Brown and co-workers, is
mixture of linear alcohols and aldehydes from intermal ole most likely?
(Table 3entry 35) by combining a rhodium/bisphosphite With regard to unsaturated fatty acids, isomerizing hydro-
(ratio = 1/2; 1.0 mol % Rh) catalyst system with’sShvo boration with subsequent oxidation generating a terminal
ruthenium catalyst (1.5 mol %) at A2@&nd 5 bar (CO/H= hydroxy group would be of interest as a route to unsymmetric
1/1).”>trans4-Octene was converted into a mixture of alcohols, -functionalized compoundSclieme )38 however, when
and aldehydes (67%), octane (4%), and some ueidaside methyl oleate was used instead of a nonfunctionalized ole
products (8%)Table 3 entry 3). The observed selectivity for under the aforementioned reaction conditions, thermal isomer-
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1) BoHg More recent approaches employed sterically demanding 4,5-

2.)162 °C; 4h . .
2)182°Ch A e~ substituted 1,3,2-dioxaborolanes (e.g., catecholborane or
3.) NaOH / H,0,

a) NN NS

+ isomers 80% pinacolborane), which are easier to handle and exhibit a better
o B thermal stability; however, their reactivity is generally lower
=278 HO o OH O H H
_ _ 2)162°C; 24h . _ compared with diborane because the attachment of the boron
i W%LO 3) NaOH / H;0, MO/ \9?_0%0 atom to a heteroatom, such as oxygen, possibly lowers the
methyl oleate 50% 50% Lewis acidity of the boron atohiThus, transition metal

1) BoHg oH catalysis is used to accelerate these hydroboratioss as
0 Nty Non 2UIO0ICN s on +\H1/3K/VOH described by Maig and Nth2* Moreover, these catalyzed

oleylaloohol > NaOH 7 Hz0; 10-13% hydroborations allow for better control of chemo-, regio-, and
o N .stereos.,ellect:]vﬁg‘/.szWitpin thi_ﬁ Levie:jv(\;, systt(ajms t?at_ unld%rgo
2) 150°C: 22h isomerizing hydroboration will be addressed exclusively because
@ 7Y OH m HOS g von ¢ \H)\/\/OH these potentially allow for the preparation efunctionalized
10-undecenol 15% 70% compounds from unsaturated fatty acids.
Figure 3.Hydroboration, thermal isomerization and oxidation with Rhodium-Based CatalysSeveral rhodium-catalyzed iso-
NaOH/H,0, of decene (d), methyl oleate (i5f oleyl alcohol (c}* merizing hydroborations of internalmdehave been reported.
and 10-undecenol {dwith diborane (B1,). Srebnik and co-workers studied the isomerizing hydro-

boration oftrans4-octene with pinacolborane, resulting in an
ization to the linear, -functionalized product was not isolated yield of 92% of the linear 1-octyl-pinacolborane
observed. Even after prolonged exposure to the typi@dclusively, by 1 mol % [Rh(BEDI] (Wilkinsors catalyst)
conditions, only the respective 9- and 10-hydroxyoctadecamwiiin 10 min at 25C (this corresponds to an average TOF of
acids were obtainefliqure 3reaction bj® 552 h?, Table 4entry 1)’ The same group also reported that

by using [Rh(CO)(PRRCI] instead of Wilkins@ncatalyst,
Scheme 8. Isomerizing Hydroboration of Methyl Oleate to the respective 4-octyl-pinacolborane was obtained in a high

the Desired -Boran Ester and Relevant Byprodicts selectivity of 97% and only 3% of the desired linear 1-octyl-
pinacolborane (in 94% overall yi&ld).

o]
— -
methyl oleate °© Table 4. Rhodium-Catalyzed Hydroboration of Internal
Octenes with Pinacolborane
[cat] H-BR, isolated yield: 78%
R \ TOF: 1.3 h" yield linear selectivity ~ TOF®
) . entry olen (%) (%) (h 9 ref
R’ o 1 transd-octene 92 100 552 87
\/\/\/\)?\ 2 transd-octene 72 100 08 92
o o~ 3  transd-octen@ 73 100 110 92
BR: 4 1-,2-, 4-octefie 85 100 na 93
o 3yield of octyl-pinacolborafi8electivity toward the linear product.
“Average turnover frequencies are given; see reference for details.
FFor values of isolated yield and TOF, sdé®tef dAcceleration of reaction compared with entry 2 (identical reaction

conditions) by microwave irradiati@guimolar mixture or 1-, 2-,
. and 4-octendYield of 1-nonanal, n.a. = not available.
In another study, oleyl alcohol was used instead of methyl

oleate. Employing isomerization times of up to 20 h resulted in
10 13% of the desired 1,18-octadecanédtiolré 3reaction These ndings stand in contrast to earlier work by Evans and
c). Furthermore, a sigoant amount of 1,4-octadecanediol waso-workers, who performed mechanistic studies on rhodium(l)-
identi ed, which indicates that thermal migration of the boronatalyzed hydroboration. Applying freshly prepared Wgkinson
atom occurs in both directions, as expected; however, it maychtalyst and catecholborane in hydroboration of ng-ole
trapped in the 4-position of the hydrocarbon chain due tesulted in highly selective formation of the linear product;
formation of a six-membered ring by coordination of thkowever, if 4-octene was used as a substrate, formation of 4-
oxygen atom of the terminal hydroxyl group to the boronctyl-catecholborane was observed excfifsiVese ob-
atom®' This was also observed in hydroboration of 10servations may lead to the conclusion that the hydroboration
undecenol forming 1,11- and 1,4-undecanediol as the medagent itself (namely, its steric congestiongrines the
products. Thermal isomerization at 160for 3 h and  chemoselectivity of the reacifoidowever, subsequently,
subsequent oxidation yielded 56% 1,4-undecanediol and Adiaura et ai’; Robinson et al>,and Crudden et aamong
1,11-undecanediol. This amount increased to 70% 1gthers failed to reproduce Srebnigsults. This can possibly
undecanediol after 22 h of isomerization time prior tde accounted for by a besial e ect of oxygen inadvertently
oxidation. A vyield of 15% 1,11-undecanediol was noted ungeesent, which induces isomerizing hydroboration because both
these reaction conditionsiqure 3 reaction df* These  Robinsoff and Cruddet observed enhanced catalytic activity
observations indicate that in the presence of functional groupsthe presence of oxygen. Note that oxygen treatment of
such as an alcohol functionality, isomerization to the termingilkinsors catalysts results in the formation of the oxygen-
alkylborane is hindered, and the product distribution is alteredordinated rhodium species [R{FPh),Cl], and
signi cantly, as compared with nonfunctionalizedsole [RhO,(PPh)Cl], respectivel. °°

Metal-Catalyzed Isomerizing Hydroboratidrne afore- Robinson and co-workers observed isomerizing hydro-
mentioned reactions used diborane as a hydroboration reagleotation oftrans4-octene with pinacolborane to the linear
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octyl-pinacolborane in 72% vyield#ByNMR spectroscopy) this review, it is important to note that to the best of our
within 48 h at 258C in the presence of 2 mol % oxygen treatecknowledge, rhodium-catalyzed isomerizing hydroboration of
Wilkinsors catalyst (this corresponds to an average TOF of Of&ty-acid-derived substrates has thus far not been reported.
h %, Table 4 entry 2Y° A signicant acceleration of the Cobalt- and Iron-Based Catalyg®ecently, Chirik and co-
transformation was observed by microwave irradiatié@ at 25 workers reported the bis(imino)pyridine cbalnd bis-
resulting in a 73% yield of the linear octyl-pinacolborar@nino)pyridine iroff-catalyzed isomerizing hydroboration of
already after 20 min (this corresponds to an average TOFiafernal olens using pinacolborane as a hydroboration agent
110 h, Table 4entry 3)?2 Crudden and co-workers observed (Figure %

that the application of catalyst precursors with a decreased

phosphine to rhodium ratio (e.g., [Rh@p®t], or [Rh- C'

(C,H,),Cl], with 1.25 equiv. PPhresulted in an enhanced NNy -Ar N @’
catalé/tic activity in hydroboration of 1-octene with pinacolbor- /N\Fé Ar ' >N \/N

ane’® This approach also enabled the transformation of an —=\~"| \N\\\ N g ;Co
equimolar mixture of 1-, 2-, and 4-octene with JRH@], N NS N CH,

and 1.25 equiv of PPIo the respective linear 1-octyl- N~/ \Nl \

pinacolborane within a one-pot transformation to 1-nonanal in ANSNF

an overall yield >85%gble 4 entry 4). 10 "

In the generally accepted mechanism of rhodium-cataly. i s . .
hydroboration suggested bynMg and Nth (Scheme)984 Zhﬁ;/%:geb;lr.ért?onn gfnic:]tgtr)r?gltal?gsed catalyst precursors for isomerizing

dissociation of the triphenylphosphine ligand is necessary prior

to oxidative addition of the BR, species. Thus, the

observation of a reduced phosphine-to-rhodium ratio enhancpmore than 98% conversiortis#-octene to the linear octyl-

ing the catalytic activity is in line with this mechanistic featugstnacolborane was observed in the presence of 1 mol % of iron
Isomerization of the ofewith a rhodium species is ascribed tocatalyst precursb®within 24 h at 28C (corresponding to an
proceed via an ofe insertion/-hydride elimination mecha- average TOF of 4.1} However, in the presence of a
nism-catalyzed by the rhodium hydride species that is formggbonyl group in the substratier(spent-3-en-2-one), no

by oxidative addition of the hydroboration reagent to the mefgloductive hydroboration was observed, indicating that carbon-
centef**9” Consequently, isomerization of internahsle y| groups inhibit catalysis.

into a mixture of all isomers is observed, as expéctbeir With the cobalt-based catalyst precutdor>98%
mechanistic study on the hydroboration of 1-decene and ébnversion otis and trans4-octene to the linear octyl-
octene, Evans and co-workers suggested thaineition  pinacolborane was observed in the presence of 1 mol % of
into the Rh hydride is, indeed, reversible but sensitive to theatalyst within 1.5 h at 23 (this corresponds to an average
steric bias around the metal céfiter. TOF of 65 h').°® When methyl 3-hexenoate was used as the
substrate, the conversion was 88% with a selectivity of 70% to
Scheme 9. Proposed Mechanism of Catalytic Hydroborationthe linear alkyl-pinacolborane (GC-FID) after 24 h &t 23

by Manig and Nigh®* (this corresponds to an average TOF of 3.74ithough the
[RhCI(PPhs)s] catalytic activity is sigrantly altered in the presence of an
ester group, this study shows that conversion of unsaturated
N PPh3 esters to the respective lingarfunctionalized compound via

cobalt-catalyzed hydroboration is feasible.

RBTNR PP H-BR, From deuterium labeling experiments, a mechanism
o )/ pph, involving a Cohydride as the catalytically active species,
reductive elimination . . . . .
oxidative addition which is formed by reaction of pinacolborane with the Co
R methyl precursor, is proposed. Insertion of the intermal ole
into the Co hydride results in the formation of a secondary
{/F,Phs 'l*/pp,13 alkyl species, which then undergoes isomerization by a
RoB—Rh{_ RzB—ll?h\ sequence of-hydride e_Ilml_natlons and reinsertions until a
& PPhs ¢ FPPhs terminal Coalkyl species is formed. This terminal species
p-hydride reacts with pinacolborane to regenerate the catalytically active
Ei"'“a“m g Co hydride species and results in the formation of the desired
PP, Rt gand exchange / linear alkylboraneS¢heme )0 Because conversion of 1-
olefin insertion | \/ pph, olefin coordination octene was faster than conversion of 4-octene, the authors
c § concluded that isomerization is the rate-limiting step in this
R transformation.

Iridium-Based Catalystsliyaura and co-workers reported
the iridium(l)-catalyzed isomerizing hydroboratiois afind
Summing up all the above-mentioned observations, one ni@ns4-octene with pinacolborane in the presence of 1.5 mol %
conclude that low phosphine concentrations and oxyg@n(COD)CI], with 3 mol % dppm, yielding 78% of the linear
coordination to the rhodium(l) species (vide supra) can forractyl-pinacolborane after 24 h at@%this corresponds to an
a catalytic system that facilitates isomerizing hydroborationawerage TOF of 1.1
internal olens. This isomerizing hydroboration tandem Two reports address the iridium-catalyzed isomerizing
approach can be accounted for by the accepted mechanigmroboration of unsaturated fatty acids. Angelici and co-
for hydroboration reactions. However, concerning the scopenadrkers used 3.3 mol % [Ir(CQH], with 6.6 mol % dppe as
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Scheme 11. Proposed Mechanism of Iridium-Nanoparticle-
Catalyzed Isomerizing Hydroboratigh

Scheme 10. Proposed Mechanism of Bis(imino)pyridine
Cobalt (11)-Catalyzed Isomerizing Hydroboration

N
&
N~-Co-CHy
N
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NN BPin / '
—Co—H NN N o
\ |
N BPin
H-BPin 16
reductive H-BPin
elimination coordination /
J\/\/\/ N oxidative addition
|
N—Co
N N ,11 BPin BPin
\/ L
chain walking
in both direction 16 insertion /

a catalyst precursor for the hydroboration of methyl oleate ana
obtained the terminal boronate ester in 45% yield (GC-MS),
along with 8% nonidergd isomers and 47% hydrogenationhydroboration of unsaturated esters exist. Both selectivity and
product methyl stearate after 24 h &2&orresponding to  productivity of these systems are rather low as compared with
an average TOF of 1.3'°° Note that isomerizing other isomerizing functionalization approaches.
hydroboration of methyl 10-undecenoate under identical Isomerizing Silylation. Among the various known
conditions yielded 92% of the desired linear boronate esgilylation reactions, the isomerizing dehydrogenative silylation
with only 8% hydrogenated byproduct. The authors proposadd isomerizing hydrosilylation are of interest because these
an iridium-catalyzed isomerization with subsequent iridiupetentially allow for-functionalization of fatty acids.
catalyzed hydroboration of the terminahas the operative Isomerizing dehydrogenative silylation aims at producing a
catalytic mechanism. Iridium-catalyzed hydroboration of mettgdminal carborsilicon bond starting from an oleand a
oleate in the 9- or 10-position and subsequent thermsilicon hydride species &i(R)(R)(R”), maintaining the
isomerization to the terminal boronate ester seems unlikedpuble bond of the moleculecieme 3)2Thus, part of the
since tris(carbomethoxyalkyl)boranes (with the boron atom ale n is hydrogenated, or addition of a saafiolen as a
the 9- or 10-position) do not undergo isomerization, as alreakﬂydrogen scavenger is necessary. Isomerizing hydrosilylation
shown by Bickford and co-work@rs. also aims at producing a terminal cailicon bond from the
A more recent study by Zhu and co-workers reported the useme starting materials; however, the silicon hydride inserts
of iridium nanoparticles (2.5 mol %) in the presence of 6.6 mi@rmally into the ol@ic double bondScheme 33 Thus,
% 1,2-bis(dicyclohexylphosphino)-1,2-didadmedecabor-  hydrogenation is not a stoichiometric side reaction or addition
ane as diphosphine ligand in an ionic liquid/methylene chloridé sacricial olens is not necessary.
mixture for isomerizing hydroboration of methyl oleate with Generally, silylation reactions are strongigrioed by the
pinacolborane. After 24 h at 25, 78% of the linear nature of the silicon hydride and theniesubstrate. The
hydroboration product was isolated (this corresponds to adldition of silicon hydrides to olie double bonds can be
average TOF of 1.3 n'°* The authors stated that no catalyzed by radicals (e.g., peroxide or azo compounds) or by a
hydrogenated starting material was observed. IsomeriZi;ige variety of transition metal catalysts (e.g., Fe, Co, Rh, Ir,
hydroboration of methyl 10-undecenoate under the sarRel, Pt, Ru). Transition metal catalysis appears more relevant
conditions yielded 96% of the desired linear product. Whéere in view of the fact that an isomerization step, that can be
[Ir(COE),CI], was used instead of the Ir nanoparticles fobrought about by the transition metal, is necessary prior to
hydroboration of methyl oleate, the yield wascsigtly lower  silylation. Several mechanisms have been proposed for the
(55%) under otherwise identical conditions. Mercury-poisoningetal-catalyzed transformationseridg for each ligand
studies showed evidence for heterogeneous catalysismetal system. Here, we focus on selected examples of
mechanism was proposed in which the diphosphine coordinasesnerizing silylation that appear potentially interesting for
to the iridium nanoparticles, which then activates tHe B  -functionalization of fatty acids.
bond of pinacolborane and generates daydride on the Early on, Speier and co-workers reported hydrosilylation of
particlessurface. Oleate can insert into thédride and  1- and 2-pentene with I8iMeC] in the presence of platinum
isomerizes to the terminal atkyl species. Reductive (H,PtCk, K,PtCl, Pt/C) or ruthenium (Ru@)l catalysts,
elimination results in formation of the desired lineayielding the respective linear 1-pentylsilane from either
alkylborane§cheme )1 substraté’” When a peroxide initiator was used instead of
In summary, isomerizing hydroboration is venfiwe for  the aforementioned metal species (note thaiG§ was used
generation of linear functionalized compounds from noms the silicon hydride in this case), the formation of the
functionalized olas, but only a few reports of isomerizing expected 2- and 3-pentylsilanes was obSéBpeier and co-
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Scheme 12. Isomerizing Dehydrogenative Silylation of was also pointed out by Chalk and Harrod, who proposed
Methyl Oleate to the Desired-Allylsilyl Ester and Possible isomerizing silylation ifhydride elimination is faster than

Byproduct§ reductive elimination.
o
NN NN N NN Scheme 14. Chalk-Harrod Mechanism for the Metal-
methyl oleate Catalyzed Hydrosilylation of Gles'®
et N2 conversion: 86% R SIRIRIR") (L] + HSIRIRIR?)
selectivity: 78% (
R '3" o TOF:06 ht reductive elimination oxidative addition
Sa:
R,S|Wo/ Ra
2 stoichiometric _/_/
/\/\/\/\/\/\/\/\)J\o/ by-product [Lm'\l/ln+2] [Lm'\lﬂmzl_H
o Si(R)(R')(R") Si(R)(R)}R")
PSP
w R %oleﬁn coordination
NN O/ :/_
Si(R)R)(R") o insertion / + X "Npa
RYRIRISH <~~~ AN chain walking 2 R
o (L M™2]—H
®F or values of conversion, selectivity, and TOF 4éé. ref Si(R)(R)(R")

Scheme 13. ISomeriZing HydrOSilylation of Methyl Oleate to Chirik and co-workers recenﬂy presented the bis(imino)_

the Desired -Silyl Ester and Possible Byprodcts pyridine cobalt-catalyzed isomerizing dehydrogenative silylation
o of 4-octene, producing exclusively the linear (1-octenyl)silane
\/\/\/\A/\/\/\)Lo/ in addition to stoichiometric amounts of octaakl¢ 5entry
methyl oleate 1).1°° By stirring a mixture ofs or trans4-octene and H
SiMe(OSiMg, in the presence of 1 mol % of the cobalt
[cat] " H-SIR)R)R") catalyst precursor for 24 h ate3 quantitative formation of
T the terminal allylsilane and stoichiometric amounts of octane
R o were observed (this corresponds to an average TOF 4.2 h
R-SK/\/\/\/\/\/\/\/\)LO/ Note that when 1-octene was used as a starting material, the
o reaction was sigonantly faster, and full conversion was
o~~~ observed within 15 min (this corresponds to an average TOF
/\/\/\/\Si(R)(R.)(R..) °© of 800 h'). By monitoring the progress of the silylation of 4-

octene, 2- and 3-octene isomers were noted as intermediates.
From this and other investigations, Chirik et al. proposed a

hyl und : . . . . L
methyl undecenoate mechanism Jcheme 15in which the catalytically active

¢ o] conversion: 77%

R"\Si/\/\/\/\/\)\o/ selectivity: 100% Co silyl species inserts the terminahaleto a 2,1-insertion
R7L TOF: 39 h"" and generates a Gakyl species, which undergebgdride
elimination to form the terminal allylsilane, and ay@oide

For values of conversion, selectivity and TOF sSeél ref species. According to the authorsydride elimination is

preferred on the carbon atom away from the large tertiary silane
workers later reported the formation of linear 1-heptylsilanssbstituent, thus resulting in the selective formation of
from 3-heptene and 15iCk, H SiMeCJ, and H SiMeCl in allylsilanes. The Chydride is responsible for isomerization
the presence of catalytic amounts éamg with excellent  of the 4-octene substrate into a mixture of 1-, 2-, 3-, and 4-
yields (92%, 93%, 61%, respectiVélds a mechanism, a octene and thus brings about isomerizing silylation. Reaction of
metal-assisted hydride donation to the double bond of tlee Co alkyl species with a silaneb¢énd metathesis) to
substrate was proposed, forming an internal 3- or 4-carbaniegenerate the Csilyl and to generate the respective alkane is
that isomerizes into the more stable terminal 1l-carbanidhe rate-limiting step.
which then forms the linear 1-heptylsilane by nucleophilicSpeier and co-workers already reported the hydrosilylation of
attack on the silicon atom. methyl oleate with HSiPR by using 10 mol % odrtbutyl

Chalk and Harrod proposed a mechanism for th@eroxybenzoalt®’After 18 h at 96C, quantitative conversion
homogeneously catalyzed hydrosilylation reaction basedtonthe hydrosilylation product was observed; however, the
studies with iridium and platinum compleleseme )4°° authors did not comment on the position of Bk group.
Oxidative addition of the silane results in the formation of aThe platinum-catalyzed hydrosilylation of methyl 10-
metal hydride species. The mleoordinates to the metal undecenoate and methyl oleate usimgedit silanes (among
center and is inserted into the metal hydride bond, yieldingothers: H SiCk, H SiMeCJ, H Me,Cl, and H SiPhC)) was
metal alkyl species. Reductive elimination results in regemeported by Gertner and co-workétsb(e 5 entry 2):°
ation of the catalytically active species and in formation of tHgdrosilylation of methyl undecenoate yielded 97% of the
hydrosilylation product. This mechanism also accounts for tthesired linear product at@after 5 h with only 0.01 mol %
formation of terminal 1-alkylsilanes from internatsold of H,PtCL. For methyl oleate, a higher catalyst loading was
ole ninsertion into the metal hydride species is reversible. Thiscessary (0.1 mol %) to reach a conversion of 75% under

5961 DOI: 10.1021/acscatal.5b01508
ACS CataR015, 5, 59515972


http://dx.doi.org/10.1021/acscatal.5b01508

ACS Catalysis

Table 5. Isomerizing Dehydrogenative Silylation (entries 1, 100% for H SIOE} (entry 4), respectively. For ethyl oleate, no
5) and Hydrosilylation (entries 24) of Various Substrates  formation of the hydrosilylation products was observed.

_ = TOE® The rst and, to the best of our knowledge, only isomerizing
entry olen gy e ‘f&,)“’“?’ hY  ref silylation of unsaturated fatty acids was reported by Riepl and
co-workers Table 5 entry 5):** For the isomerizing

; ﬁ]ztcr:;r% >g§ igo ;'02 182 dehydrogenative  silylation of methyl oleate 8 mol % of
undecenoate [Ir(OMe)(COD)], as a catalyst precursor, 3 equiv of H

3 methyl 92 45 46 110 SiEt, and 3 equiv of norbornene as a s@rsubstrate were
undecenoatfe used. After 24 h at 8Q, the conversion of methyl oleate was

4 methyl 7 100 39 110 88% with a selectivity of 78% for the desired linear
undecenoate dehydrogenative silylation product (this corresponds to an

5 methyl oleate 88 78 0.6 111

o ) ~ average TOF of 0.6 As side reactions, hydrogenation of
aSele_ctlvny toward the linear proc_j'ﬂm/.erage turnover frequencies methyl oleate (6% vyield) and the formation of internally
are given; see reference for defail:1 mixture ofisandtransd-  gjyjated products (8% yield) were observed, along with other
gctene was used for Co-catalyzed silylation w@iME(OSIMg, unidentied products. The authors did not comment on the

d 0, °
Eéto?ghﬁglmggncH:r%ﬁ%s ngéanggi f’ mkgt (.E/E’ ,_;?CEC 405°C? mechanism of this transformation. On the basis of the results,

2h.'Stoichiometric amounts of Si(OEt), 1 mol % HPtCk, 40°C, one could conclude that silyl migration and subseguent
2h.93 equiv of H Si(Et), 8 mol % [I(OMe)(COD)}, 3 equiv of hydride elimination are necessary to account for the formation
norbornene, 6CC, 24 h. of unsaturated products. Assuming that oxidative addition of
carbon silicon bonds to the metal center is not possible and
Scheme 15. Proposed Mechanism of Isomerizing bond metathesis is irreversible, there are still several possible
Dehydrogenative Silylation of 4-Octene to Linear pathways that may generate the linediunctionalized fatty
Allylsilane®® acid derivative such that mal conclusion on the selectivity-
determining step can be drawn.
N It is important to note that the reactivity and, thus, the
XYy N—Clo—CH3 potential application of the alkyl-Si(R)®') species
’N\ \\,1‘ generated by isomerizing silylation are strongly dependent on
=, / % CH, the nature of the substituents RaRd R. For example, from

alkyl silyl chlorides, the respective silanoles, siloxides, or silyl

_*(';I_"SiRa ethers can be generated, which may be used as additives in
¢ polycondensation reactions to generate silicons.
. , Isomerizing Alkoxycarbonylation. Alkoxycarbonylation
SR N SR is a well-known and mechanistically well-understood reac-
. N—Co-SiR, tion 38112 122 Methoxycarbonylation of ethylene with CO and
o-bond metathesis \ |
N 2 1-insertion methanol to methyl propionate has recently been commercial-
H-SiRs ized as part of a novel process for methyl methacrylate
. productiort?#2* This reaction is catalyzed with high rates by
R
alladium(ll) complexes of 1,2- CeH, (dtbpx,1
/’T‘H N SiRs E 155) p @©Bu,),CeH, (dtbpx,12,
N( o N( o igure %
\ ) F Y
olefin insenio& /'I‘ /{B—hydride elimination (;(j \é ﬁ\/'i:\/\/j\k
N-Co-H .
S~ R N Resi” AR A
I (o0 w00

QQ%%b

otherwise identical conditions; however, only internal hydro-

silylation products were observed; the exact position of the silyl 15
moiety was not reported. Rwiand co-workers comed (meso- °X°ada) (rac-oxoada)
these results on hydrosilylation of 10-undecenoate and me
oleate in an almost identical stdd@yhe authors also reported
that Wilkinsois catalyst is suitable for the silylation of methyl

10-undecenoate, albeit it is lessemt (conversion of 72% at  Pringle and co-workers reported that palladium(ll) com-
120 °C in 24 h with H SiMeC)). Behr and co-workers plexes modéd withmesaacl,3-bis(phospha-oxa-adamantyl)-
investigated the hydrosilylation of methyl 10-undecenoate grdpane hesadacoxoadd4/ 15, Figure % or 1,3-bis(dtert

ethyl oleate in a biphasic cyclohexane/propylene carbonhteylphosphino)propane (dtbgd®, Figure % convert the
system Table 5 entry 3, 4§'° With 1 mol % BPtCk, the  double bond of internal ofes to a terminal ester group with
linear hydrosilylation product of methyl 10-undecenoate whaigh selectivity’° From a thermodynamically equilibrated
formed with a selectivity of 45% forSiMeC} (entry 3) and mixture of linear {olens (<0.2% terminal olg, the

'iﬂ}ﬁbre 5.Diphosphane ligands for isomerizing alkoxycarbonylation.
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formation of the linear, terminally functionalized methyl 1Scheme 16. Palladium-Catalyzed Isomerizing
pentadecanoate was observed with a selectivity d4/18)o (  Methoxycarbonylation of Methyl Oleate and Methyl Erucate
and 75%X3), respectively, at 116 and 30 bar CO. Average (top), GC Trace of Crude Reaction Mixture with Side
TOFs were 120 hfor mesitracoxoada4/15) and 5 h* for Product Distribution and Puied 1,19-Diester from Methyl
dtbpp @3). Cole-Hamilton and co-workers later reported theDleate (>99%) Catalyzed by [(dtbpx)Pd(OJfjbottom)®
transformation of 4-octene to the linear, terminally function-

alized methyl 1-nonanoate in 94% selectivity by a palladiumi \NWMA

catalyst modéed with the aforementioned diphosphine dtbpx X = 1: methyl oleate

(12) at 80°C and 30 bar CO with an average TOF of'4 h x = 5: methyl erucate \
(note that the conversion was 100%; thus, this TOF may | (Pd] CO/MeOH
underestimatedj’ In their study, Cole-Hamilton and co-

for x =1: lo) (o]

workers concluded that in isomerizing methoxycarbonylation  .,version > 95% J'\/\/\/\/\/\/\/H\/\/U\ P
i ; i i i o (o} (o]

internal olens, a hydride mechanism is operative, an selectivity > 90% X
methanolysis is the rate-determining step. Both studies u TOF: 12" N
an in situ catalyst system consisting of a Pd source with ex /\/\/\/Wo/
diphosphine and methanesulfonic acid. As the Pd sour d RN

Pringle used [Pd(OAg)ratio ole n/Pd/diphosphine/acid = 12 4

700/1/1.5/2.5), and Cole-Hamilton used j[Rlda)] (ratio linear

alkyl-branched a,w-diester
diesters

ole n/Pd/diphosphine/acid = 62.5/1/2.5/5).
Cole-Hamilton and co-workers also reportest @xample
of the isomerizing methoxycarbonylation of methyl oleaz os -
(Scheme ])GJsmg a catalyst system similar to that prewous\‘“ on ]
reported for isomerizing methoxycarbonylation of 4-octeif

tensity / a.u.
°
%

1 methyl oleate
(isomerized)
/_J'ﬁ

reaction
mixture

(ratio ole n/Pd/diphosphine/acid = 62.5/1/5/16§° Methyl £ o2 aystaiied O
oleate was converted into the respective linealiester ot trom methanol |48
dimethyl 1,19-nonadecanedioate in high selectivity’@t 40 - - - " " 2.

and 20 bar CO, as observed by gas chromatograpl.,. retention time / min

Surprisingly, this remarkabheling did not receive further
attention at the time. We ned this approach to generate and

isolate linear long-chain -diesters from oleates and erucates o diol diami " for th i f
on a preparative scale, which were then used to genergr@d- 0 diols or diamines) allow for the generation o

polyesters’ These in situ catalyst approaches always use 893{21“;‘1'393 polyacetals, and polycarbonates from plant
excess of the relatively expensive diphosphine dtbpx. This i i §|L§

was overcome by using [(dtbpx)Pd(GTBs a single . .
component deed catalyst precur$drThis precursor not ~Scheme 17. Polyester-23,23 from Erucic Acid, WAXS

only eliminates the necessity of excess diphosphine, B@ttern of Polyester-23,23 and Photograph of Tensile
moreover, the catalytic productivity is589 higher (based €Sting Ea{g and Films from Injection Molding and Melt
on Pd) as compared with the in situ system with virtuallfFXrusio

identical selectivity (around 90%) to the lineadiesters. An MW\/\)OL ]l
analysis of the byproducts formed showed that all conceive . 0NN

alkyl-branched diesters are formed in very small amounts, v **]

3For values of conversion, selectivity and TOF s&2%afsl 134

the methyl-branched diester as the major byproduct (yield 7000 Polyester-23,23
GC: 3.5%, retention time 8.7 minSicheme )62° Thus, oo ] ¥ ca. 75%
alkoxycarbonylation occurs in all positions of the fatty ac_ Tm 108 °C

chain, but with a very high terminal selectivity. The desirg 590+
linear , -diester can be obtained in polycondensation puritz ]
(>99%) by simple crystallization from the reaction mixturg
(Scheme 16 IR
The linear , -diester can be further reduced to the diol, 20000
which then enables polycondensation of these two compoul
to semicrystalline polyestérghe incorporation of the long-
chain hydrocarbon segments derived from the fatty acids res ' ' ! r
in high crystallinities, which becomes obvious from the WA’ 2 )
pattern of the polyester-23,2%0ly[1,23-tricosadiyl-1,23-
tricosanedioate]) generated from erucic acid. The crystalline
properties of the plant-oil-based polyestetpdayethylene- It is important to note that both the in situ catalyst system
like’ in the sense of an essentially similar solid state structwsiad the dened catalyst precursor are not only capable of
In addition, these polyesters show a high melting temperatar@nsforming pure oleate but also commercially available
(>100 °C) comparable to the thermal properties of typicatechnical grade plant oils that are mixtures of fatty acids with
thermoplasticsScheme )7 Moreover, these plant-oil-based di erent numbers of carbon atoms and, in particular, multiple
polyesters are easily processable and meet the requirementable bonds (cfable ).*#*+28130 133 inoleate, as a major
injection molding, Im extrusion, and electrospinnitg. component of tall oil, is also converted to the linealiester
Beyond that, the, -diester and further functionalizations 1,19-nonadecenedioate, although only with acaiglyi

10000
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decreased selectivity of 45% for the linear diester with tBeheme 19. Isomerizing Methoxycarbonylation of Methyl
de ned catalyst precur$dl>#*** Whereas the reaction of Linoleate (top) with GC FID Trace of Crude Reaction
methyl oleate (or high oleic sower oil) proceeds with a Mixture Showing Product Distribution (bottof)
selectivity of >90% and an average TOF of 11® hhe

saturated, -diester, the conversion of methyl linoleate unde /\/\/W_W\/\)J\

identical conditions is less selective and with an average TO
only 2 h' to the monounsaturated -diester.

methyl linoleate

This signicant decrease in the reaction rate is a result of tt N MeOH
formation of a stable, disubstituted internahlBtl species " N
that isomerizes to the monosubstituted terminadllAd se o~~~ - a
species §cheme )8 from which carbonylation occufs. ° z °
Energetic barriers for the isomerization with thislliad /\/\/\j\/\/\/\/\j’\ P
species are sigrantly increased compared with methyl oleat o b
and the respective Ralkyl species. In combination with the o "
decreased reaction rate, which leaves more time for ofl \oJ\/\/\/\/\f/\/\/\/\)\o/ c

reaction pathways to occur, the presence of a second dot

bond in linoleate allows a range of side reactions, which low T aooA o~ A~
.. 7 . . ~o / o~ d

the selectivity toward the desired lingadiester. Meood

Scheme 18. Formation of the PAlllyl Species with d
Stoichiometric Amounts of Catalytically Active Plydride
Species [(dtbpx)PdH(CEOH)] * and Isomerization to the
Terminal Pd Allyl Species&4G in kcal mol)***

+ >—| + b ¢
P A P, 3 N
NI -— N
( B o-H P’Pd_) — ( pd—)
; + methyl ) AG?som =231 P
m

Me linoleate 18 20 22 24
(0]

m+n=13

OMe OMe SAdapted from refi32 Copyright 2013, The Royal Society of
Chemistry.

Cole-Hamilton and co-workers were able to identify the
products formed in this reaction catalyzed by the in sitato the respective saturated analogues by hydrogenation of the
Pd catalyst generated from j@da)] with dtbpx and crude reaction mixture (vide supra). Saturated fatty acids are
methanesulfonic acid (MSAg in methanol at 30 bar CO anghreactive in isomerizing methoxycarbonylation, but do not
90°C over 48 h$cheme )9 hinder the aforementioned transformations.

The major product was the linear, monounsaturated We recently showed that even crude algae oil extracted from
diester § with the remaining double bond atedént microalgae Rhaeodactylum tricorniituwhich contains, in
positions along the chain. This compound is easily hydraddition to saturated, monounsaturated (mostly palmitoleic,
genated to the saturated -diester. Other components C,q and oleic acid,;§ and multiple unsaturated fatty acids
identi ed were the g keto esterlf), the methoxy-substituted (e.g., eicosapentaenoic acig), Carotenoids, chlorophylls,
diester €) resulting from mono alkoxycarbonylation andcarbohydrates, and phosphates as impurities, Was readily
hydromethoxylation of the remaining double bond, and theansformed into the respective-diesters §cheme 33°°
triester ¢l) formed by double alkoxycarbonylation of linoleateThis shows the exceptional versatility of this reaction and the
Note that each compound is a mixture of isomers with the thirdmarkable robustness of the [(dtbpx)Pd{DTdatalyst
functionality distributed over all positions along the chaiprecursor because impurities such as phosphate moieties
During our own investigations on the fate of multiplecould block coordination sites detrimentally, particularly for
unsaturated fatty acids during isomerizing methoxycarbongi@ctrophilic cationic active species.
tion formation of a terminal dimethylacetal was also observed€oncerning the scope of palladium-catalyzed isomerizing
by NMR spectroscopy alkoxycarbonylation, it is notable that highly substituted double

Technical grade plant oils can also be employed directlybasds of functionalized substrates can also be transformed
the crude triglyceride material. Under the conditions afelectively to the terminal product, as illustrated by téfpenes.
isomerizing carbonylation, transestdidon with methanol as Isomerizing methoxycarbonylation of the trisubstituted double
a reagent and solvent to the respective methyl esters ochosd of citronellic acid gave dimethyl-3,7-dimethylnonane-
simultaneousty®*! Alternatively, the respective plant oil dioate with full conversion and a selectivity of >95% for the
methyl esters can be used as the crude material. Impuritieseiminal diester and an initial TOF of 3 0.4 mol %
technical grade methyl esters do nateimce the catalytic [(dtbpx)Pd(OTf)], 80 °C, 30 bar CO, 4 dayScheme 31
conversion sigmiantly. Isomerizing alkoxycarbonylation ofOnly minor amounts of a second diester were formed (<2% of
either starting materials results in the formation of linear dimethyl 3-(4-methylpentyl)pentanedioate). Hydromethoxyla-
diesters with high selectivity. Monounsaturated fatty acids (etign to 7-methoxy-3,7-dimethyloctanoate occurred to a slightly
oleic acid or palmitoleic acid) are transformed into saturatédger extent as the only side reaction (10% by GC).

, -diesters, and double unsaturated fatty acids are transformédost of the isomerizing functionalization approaches
into monounsaturated -diesters that can be transformedreviewed in the previous chapters generate unsymmetric
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Scheme 20. Generation of Linear Long-Chain-Diesters
from Crude Algae Oil with Isomerizing
Methoxycarbonylatidh

extraction
_—

£\
) )
Y
o o
—':U=O
o
/
o

Phaeodactylum o0
tricornutum ) —N—
crude algae oil Cl]
[(dtbpx)Pd(OTf),]
CO/MeOH
0O (¢}
\, 0 )‘\/\%\/\/\/\/\/\)‘\O/
Ci7and Cyq

FAdapted from ref35 Copyright 2014, John Wiley and Sons.

Scheme 21. Isomerizing Methoxycarbonylation of
Citronellic Acid>°

)\/\}\/IOJ\
X OH
citronellic acid

CO/MeOH [(dtbpx)Pd(OT),] o

conditions. Note that oleonitrile and oleylphthalimide were
stable even in the presence of methanol without any addition of
base.

[e] [(dtbpx)Pd(OTf),] [e] o
D N =uo” COTROA Koo
7 7 © pyridine RO 7 7 ©
methyl oleate R =Et, Bn
conversion: 86%
selectivity: 90%
(R=Bn)
2 Pd / dtbpx / H* o o
b) \/\/\/\/\)J\ N W -
o CO/PhNH,  PhHN g~ O
methyl 10-undecenoate
conversion: 99%
selectivity: 99%
isolated yield: 60%
[e) [(dtbpx)Pd(OTf),] O o
9~ cormeon I — I
7T NH, pyridine ° 7 7 NH:
oleamide conversion: 70%
[(dtbpx)Pd(OTf),] (e}
d) —CN CO / MeOH ~o P ~goN
v v S 7

oleonitrile conversion: 96%

selectivity: 89%

0 o [(dtbpx)PA(OTR,] o 0
CO / MeOH
WN _— \OMN
0

N-oleylphthalimide conversion: 84%
Figure 6.lsomerizing alkoxycarbonylation (&)'¢’ and amino-
carbonylation (By®for generation of unsymmetric-functionalized
compounds; given conversions were determined by GC.

From our experimental and theoretical studies on isomeriz-
ing alkoxycarbonylation of fatty atids->*we were able to
evolve a comprehensive mechanistic picture of this remarkable

compounds with two dirent functional groups. In contrast, transformation. Low-temperature NMR spectroscopy allowed
isomerizing alkoxycarbonylation of fatty acid esters yiefds the observation of relevant intermediates and the key
symmetric , -diesters. Several new pathways to valuableatures of the catalytic conversion of methyl oleate to the
unsymmetric, -difunctionalized, long-chain compounds werdinear , -diester with [(dtbpx)Pd(OT])( Scheme 32°

presented recentf{/*>®

Addition of stoichiometric amounts of methyl oleate to the

A production of unsymmetri¢ -diesters in isomerizing catalytically active Puydride species) results in formation

alkoxycarbonylation of methyl oleate witret alcohols is

of two distinct species: a linear &klyl specieB(Q) and a

not possible under the aforementioned conditions becausebodinched Pdalkyl specied@) that is stabilized by chelation
extensive acid-catalyzed transestiion. One equivalent of of the ester group to the metal center. BotlalRd species
acid is formed presumably during generation of the catalyticadpidly insert CO and form ded Pd acyl specie<( and

active Pdhydride species from [(dtbpx)Pd(QIfhis can

C2). The linear PdacylC1 then undergoes methanolysis to

be neutralized by adding pyridine as a base, which enableddh®a the linear diester and regenerates the catalytically active
generation of unsymmetric -diesters with various alcohols Pd hydride specie#. The methanolysis is the rate-

(e.g., ethanol or benzyl alcohol) from methyl oleated 6

determining step of the catalytic cycle. Contrary to its linear

reaction aj>’ Cole-Hamilton and co-workers recently reportecanalogue, the chelated BelyIC2 resists methanolysis, and no
the aminocarbonylation of methyl 10-undecenoate and anilsigni cant amounts of the branched (here, malonic) ester are
with quantitative conversion to the desired linear amidoesfermed. This observation agrees qualitatively with results of
(1.6 mol % Pddbay, ratio Pd/diphosphine/acid = 1/10/15, 2 pressure reactor experiments at elevated temperatt@s (90
equiv of aniline, 1.5 equiv of 2-napthol, 0.2 equiv of Kl, 30 barwhich only small amounts of alkyl-branched side-products

CO, 110°C, 16 h; Figure 6 reaction bj*® However,

were formed (cfScheme )6 Whereas therst steps of

selectivities toward -amido esters from internal unsaturatedfunctionalization, isomerization and CO insertion, are com-
esters were low. Another approach to long-chain unsymmefetely reversible, the rate-determining methanolysis is
, -compounds was established by our group with isomerizingversible. Consequently, a formatiorCa»fdoes not
methoxycarbonylation of various N-functionalized substratepresent a dead end, WKI2 can interconvert with the

derived from oleic acigligure 6reaction ce)**’Isomerizing
alkoxycarbonylation of oleamide, oleonitrile Newldylph-
thalimide gave the respectiveester-functionalized com-

pounds with high conversions (96%). Transestecation

productive catalytic cycle, leading to generation of the linear
, -diester product.
Further experimental and theoretical studies on the role of

the ligand environment revealed that the steric demand around

did not occur to a sigmant extent under appropriate the Pd-center induced by the diphosphine ligand is responsible
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Scheme 22. Decisive Pathways of Isomerizing Methoxycarbonylation of Methyl Oleate with [(dtbpx}P&ETINMR
Studies at Low Temperatitre

+

+
— 0 Q m ) o
O isom. m / isom. 14
P, o}
P. N P,
\ /’\ /_\ \
< ,PdW)LO/ = ( Pd. Vn = ( Pd o
p W 14 P L P g \
B1 m+n=15 B2
(not directly observed)
methyl
Co oleate COo
* +
+
o) Bl P " o .
R (Cpd
< 'PdWO\ rate P L P "
PL ini (
o) determining L = CH3OH or CO - P'Pd‘o
L = CHsOH or CO A o—
C1 y 1 Cc2
MeOH linear branched MeOH
diester diester

ZAdapted from re§8 Copyright 2012, American Chemical Society.

for both catalytic selectivity and catalytic productivity in In addition, the derentiation of pathways yielding the linear
isomerizing alkoxycarbonylation of plant oils. As outlinellester and the alkyl-branched products is less pronounced. The
before, methanolysis is the rate-determining step of isomeriﬁ?umed energetic barrier for methanolysis of the linear

methoxycarbonylation. DFT calculations suggested that fA@ acyl species with dtbpx is 29.1 kcal ‘mahd the
linear Pdacyl species favors a cluster of three methanfethanolysis of the methyl-branchedaéd (which leads to

. . - main byproduct, the methyl-branched diester) is signi
molecules coordinated in the transition state of methanoly%b.gmly higher AAG',y, = 6.1 kcal mof). The di erence

rather than asingk_a molecule transition sta_te, which is favofed cen methanolysis to the linear diester and methyl-
for the methanolysis of branched&eyl species. _ branched diester for a dmpx-coordinated Pd-center is
Comparing the energetic barrier of methanolysis of the lineg§nj cantly smallet\Gf .= 32.1 kcal mol for methanolysis
Pd acyl species with the sterically demanding dtbpx @$ linear [(dmpx)Pd(COg;,COOCH,)]*, AAGi . =
coordinating diphosphine ligand to the corresponding energys e pranches AGHin = 1.5 kcal mot). Therefore, sterically
pro le of dmpx (1,2-(C#PMe).,CeH,) as a less bulky congested metal centers result in more selective and more
diphosphine ligand¢heme J3it becomes obvious that the productive catalyéf%.. _ _ _
higher energetic barrier for dmpx makes sterically less>cheme 2éummarizes thigst unravelling of a selective
demanding ligands (such as dmpx) less produdBig. ca;]alytlct_lsomerlzn;g gunctlonaTllﬁatloF r(;aatctlor] _sequtenc? |rt1h<_e1
- ;o schematic energy landscape: The rate-determining step (in this
= 29.1 keal mol (blue) VSAG gy, = 32.1 keal mol (red)). case methanolysis) is preceded by a relatateBnergy

Scheme 23, Eneray Mo (4G n kcal o) o Ester  (0%Ca0e of e uarous evershle eacton patuaye (Curt
Formation Starting from Linear Pd\cyl Species ) pp q

[(P*P)Pd(COCH,,COOCH)]* for dtbpx (blue) and dmpx (energy barriers around1® kcal moF), but also to therst

(red) Diphosphine Coordinated Pd-Species with Methyl reaction steps of functionalization (CO coordination and
Heptengate Ks a Model Substfate P y insertion, respectively, energy barriers between 8 and 18 kcal

mol Y). E ectively, these isomerization and functionalization
2 S steps are in mutual equilibrium. Selectivity arises from the
20 (pd i erentiation of pathways in step of functionalization
Ppar T d tiation of pathways in tmel step of functionalizat
(3; )3 that has the highest energetic barfier.
291 Further enhancement of the catalytic selectivity (up to 96%)
L I R was obtained by introducing h%damantyl substitGehtsr(e
By ~ 25 to the diphosphine ligand. By comparison with the
CCP’N‘L' ke I establishetkrtbutyl-substituted complex, steric congestion at
AN AAGY,, = the metal center is not increased. Rather, the rigid nature of the
[(dtbpx)Pd(L)(L)] 32.1 keal mol* adamantyl substituents results in a spateraction with the
¥ 5 47 methanol substrate relatively remote to the metal center, which
@(Ffdr . LC I destabilizes the transition states of unselective pathways and
P 5.1 .\nevé\/\/\/\n,o~Me thus results in higher energyedinces of the desired reaction
] R 4 sy B pathway leading to the linear product versus the various
- CaHeCO0CH, reaction pathways leading to branched products.
(Ptpdf\\o In summary, isomerizing alkoxycarbonylation is compatible
P with a broad spectrum of substrates, ranging from internal
alkenes, monounsaturated fatty acid derivatives such as oleates,
A (dtbpx)Pd(COGH,.COOCH,)] * as reference, set to zero. polyunsaturated fatty acid derivatives such as linoleates, and

AG / kcal mol-!
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Scheme 24. Schematic Representation of the Energy COMPARATIVE CONSIDERATION OF OLEFIN
Landscape of the Isomerizing Methoxycarbonylation of METATHESIS AND ISOMERIZING

Methyl Oleate with Sterically Congested Pd(ll) Centers, for FUNCTIONALIZATION REACTIONS

Example [(dtbpx)Pd(L)™

Metathesis reactions are versatile and convenient methods for

transforming olas, and they have been applied to almost any

eld of chemical synthesis. A comparison with the afore-
mentioned isomerizing functionalization reactions is instructive
here. Contrary to the latter reactions that are largely kinetically
controlled, metathesis is an equilibrium reaction and often
without any distinguished selectivity for a particular product. As
0t outlined, the formation of -functionalized compounds from
fatty acids via self-metathesis goes along with stoichiometric
tor amounts of less valuable coupling products and is subject to a
limited conversion unless selective removal of the product is
possible.

Ole n Metathesis and Isomerization.Metathesis of fatty
- 71 acids is well-established, and several approaches of combining
an isomerization and a self-metathesis step have been
_x reported***° > Porri and co-workers observed the gen-

c //u;“;&\ eration of a mixture of linear butenes, pentenes, hexenes, and

AG .-
[kcal mol] -

301

A\ ,60-\}(sef“°“ ole ns higher than rom 1-pentene by isomerization and
el self-metathesis using an [IrCI(C{H)ased catalyst that was
o™ activated with AgOTf (2 equiv) in the presence of

tri uoromethanesulfonic acid (14 eddf4Grubbs and co-
workers used a similar system of 4 mol % [IrCI{OE)
Scheme 25. Pd(ll) Ditflate Complexes of the Diphosphines activated with AgOTf (4 equiv) in isomerizing self-metathesis
dtbpx and dadpx (top) and Methanolysis Transition States of methyl oleate. After hydrogenation of the reaction mixture, a

of Linear (three-fold MeOH coordinated) vs Methyl- mixture of linear { C,¢ alkanes, linears GC,5 monoesters,
Branched PdAcyl Species (single MeOH coordmated) for and linear G C,s , -diesters was obtanjré%
dtbpx (bottom left) and dadpx (bottom righity Jackson and co-workers presented a one-pot metathesis
isomerizationmethoxycarbonylation approach, which was
applied to several fatty acid derivates, including methyl oleate,
A< >L 62 @ high oleic surower oil, and linseed Bif.The fatty acid esters
were subjected to cross-metathesis with 2-butene and a second

@C Pd(OT), Pd(OTf generation Hoveyd&rubbs catalyst. The metathesis reaction
was terminated by addition of ethyl vinyl ether when the
7<>T equilibrium value was reached, and 2-butene was evaporated
before alkoxycarbonylation (expect for linseed oil, which was
alkoxycarbonylated without removal of 2-butene). The one-pot
[(dtbpx)Pd(OTF),] [(dadpx)Pd(OTf), transformation was continued by addition of Pd(ailapx,
methanesulfonic acid (ratio = 1/2.5/5), 28 bar CO, and
methanol. Under these conditions, isomerizing alkoxycarbony-
about 90 % up to 96 % lation gave rise to a mixture of estegs @ and G, and
diesters (g C;» in a high linear selectivity (>95%). Only
minor amounts of alkoxycarbonylated, but not metathesized,
fatty acid and self-metathesized fatty acid were observed (<4%,
<2%, respectively, for methyl oleate).
More recently, GooRen and co-workers combined a dimeric
palladium(l) isomerization catalyst [PBI{)PBuj], (0.6 mol
%) and a NHCindenylidene ruthenium metathesis catalyst
(0.5 mol %) to convert oleic acid via self-metathesis into an
equilibrium mixture ofgCCs, ole ns, G; C,s monocarbox-
ylates, and,@ C,, , -dicarboxylateS¢heme 2&6NHC = N-
heterocylic carberf€).The same group reported isomer-
#The C-atom of MeOH is marked green for better visualizg®ion; ization/cross-metathesis between oleic acidtransB-
in kcal mol. "Adapted from réf32 Copyright 2014, John Wiley and - hexenedioic acid (2 equiv) with a similar catalyst system (2.5
Sons. mol % Pd, 5.0 mol % Ru) under full conversion to a mixture of
ole ns, monocarboxylates, and-dicarboxylates close to
equilibrium. By using a high-boiling solvent, the foéetion
plant oil triglycerides to crude algae oil diacylglycerides. Tlwas continuously removed by distillation during the isomer-
reaction is kinetically controlled and selectively gives the lingation/metathesis, which resulted in a shift of the equilibrium
functionalized product in high yields. toward the dicarboxylic acid fraction. It is important to note

selectivity in isomerizing methoxycarbonylation:

29.1 35.1
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that (a) the ratio of oleic acidins3-hexenedioic acid Scheme 27. Isomerizing Metathesigrafis3-Hexene tais
in uenced the relative chain-length distribution and was shif&decen&'

signicantly to lower mean values compared with self- W]

metathesis; (b) successful isomerization/cross-metathesis sas™~~ ————~ = +  CHyt

not observed with acrylic acid or maleic acid as coupling N Ru

partners because of inhibition of the isomerization catalyst by i /@i

the acrylate moiety and the low reactivity of maleic acid. -~ ~_- Pr Pr
=l

Scheme 26. Isomerization/Self-Metathesis of Oleic Acid N Ryl = 8% @N*WQ

(top, left pathway) and Isomerization/Cross-Metathesis of

_ | /'Pr iPr iPr | Pr. Pr
Oleic Acid with Hexenedioic Acid (top, right pathway) with =~ >~ MeCN/R{’t{\ipr 9 O
Respective Chain-Length Distribution from Metathesis P or O or
Reactions of Oleic Acid (bottom, adleeted by the okn ‘Bu Me
fraction, which is analytically easiest to ac€ess) [Ru] w

O

(secondary metathesis). In the example of Schrock and co-

olelc acid

workers, this translates into further isomerization/metathesis of
cisb-decene. This issue was overcome by applicatign of a
[Pd]% selective metathesis catalyst that produces inissheahs
0 part g © and an isomerization catalyst that exclusively isotrerizes
OH

" Ha B X olens. Thus, a second isomerization/metathesis cycle is
b fw“ ”° suppressed because the initial proti3etiecene is unreactive

toward both catalysts.
30 H\‘W ' How Regarding an envisioned analogous isomerization/metathesis
of unsaturated fatty acids, secondary metathesis of the desired
> m self-metathesis of oleic acid unsaturated , -dicarboxylate products is less problematic
" = cross-metathesis with C6 diacid (2 eq.) because formation of terminal wée by double bond
cross-metathesis with C6 diacid (5 eq.) isomerization is not possible from these compounds. However,

a metathesis catalyst is required that (a) tolerates the carboxyl
groups of the substrate and (b) is even more selective for
terminal olens than the tungsten-based catalyst used by
s Schrock and co-workers because the concentration of terminal
| | ole ns in a thermodynamic equilibrium is much lower for a
o FPASEN ~— longer-chain substrate (<0.2% for methyl oleate) versus the
RERRRERERS transhexenes (1% of 1-hexene) used in their study.
Isomerizing Functionalization Reactions vs Olen
3adapted from ref& Copyright 2012, American Chemical Society. Metathesis. At this point, a direct comparison of mle
metathesis reactions (without an intentional additional isomer-
ization step) and isomerizing functionalizations is instructive.
Nevertheless, none of these approaches results in iffee dierences between isomerizing functionalization reac-
formation of a single compound in high selectivity, but rathe¢ions, such as isomerizing carbonylations, andnatathesis
in mixtures of compounds with edent chain lengths. can be related to fundamental characteristics of these
Moreover, when methyl oleate or triglycerides of fatty acittensformations. Metathesis of a monounsaturated fatty acid
with di erent numbers of double bonds are used as the.g., methyl oleate) and subsequent hydrogenation results in
substrate, mixtures of olg, monocarboxylates, and- the formation of two types of products: the desirediester
dicarboxylates can be formed. and stoichiometric amounts of a nonfunctionalized alkane.
Before this background Schrock and co-workers recer@lie n metathesis as thest step of this conversion is an
presented a remarkable isomerizing metathesis approach elailibrium reaction and thermodynamically controlled. Under
yielded a single product in high selectiViBy combination  ideal conditions, high turnover numbers can be reached, as Mol
of a ruthenium-basédlkene zippércatalyst, that selectively and co-workers showed with remarkably hégtive turnover
isomerizegansinternal olens into a thermodynamic mixture numbers >440 000 for the self-metathesis of methyl oleate with
of transole ns, and a tungsten-bagkdelective metathesis a second-generation Grubbs catalystontrast, isomerizing
catalyst that reacts selectively with terminaispleans-  alkoxycarbonylation, as a concrete example, is strictly kinetically
formation ofrans3-hexene intas5-decene and ethylene was controlled, and the -diester product does not represent the
possible with a selectivity of up to 6&8#héme 37In a thermodynamically favored outcoB®héme 38
typical experiment, 0.16 mol % of the tungsten metathesidn terms of a complete utilization of the fatty acid feedstock
catalyst and 0.05 mol % of the ruthenium isomerization catafigstthe generation of valuahle-difunctional compounds, the
were used in raxing methylene chloride (4T) at a reaction  kinetically controlled isorrmng alkoxycarbonylation is
time of 6 h. Conversion was 12.8% and, thus, relatively laattractive compared with metathesis reactions because of the
however, the selectivity of 64% is remarkable (this correspofadk of formation of a stoichiometric coupling product. A clear
to an average TOF to the desired product ofL1 h advantage of metathesis reactions over many of the
A general problem in isomerization/metathesis reactionsfisictionalization reactions is the exclusive formation of linear
further reaction cycles of the products initially formegroducts. However, state-of-the-art isomerizing functionaliza-
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Scheme 28. Comparison of Self-Metathesis Equilibria and Kinetically Controlled Isomerizing CarbdwflatioDleate
Feedstock Also Containing Linoleate

ROOC COOR Cio
A:merizing carbonylation
(:\\//\/\/\/\/COOR 2. hydrogenation
— COOR

m 1. self-metathesis
2. hydrogenation

ROOC COOR C18

ROOC COOR
SN S S S -COOR COOR
AANANANNANNANN
also Rooc/\/\/\/\/\/\/\/\/\/\/\/COOR

3Both with subsequent hydrogenaffBold structures show reaction products of monounsaturated oleate; regular structures show additional
products (in addition to bold structures) from double unsaturated linoleate.

Scheme 29. Selected Catalytic IsomeriziFigunctionalization Approaches of Fatty Acids, Exemplary Shown with Methyl
Oleate

(0]

WW 56% Selectivity
e .
HO 0 93% conversion o
40% selectivity TOF: 2.6 h' 780% selectlvluty
65% conversion 88T /co) 'czor(;vgr;?n
TOF: 35 h™' ;0.
j\/\/\/\/\/\/\/\/\/ﬁ\ B EtsSi W
H O/ 391, XN O/

[Rh] CO/H, H—SiE%rr]
methyl oleate
H-BPin~\I"] 78% isolated yield
TOF: 1.3 h"

equilibrium mixture of various
compounds (m + n = 8 to 32) [Pd] /y
100% conversion

(0]
o (0] (0] PinB\/\/\/\/\/\/\/\/\)J\ e
\OJ\(\"}N:%O/ + H(”)‘N:(\?)ko/ (Pd] | CO/ROH °©
m n m n
+ H — H o ;o
fwn 0 o 91% selectlv.[ty
/U\/\/\/\/\/\/\/\/\/U\ - 98% conversion
RO O TOF:12h"

tions can compete in this regard, with a linear selectivity of up SUMMARY AND CONCLUSIONS
to 96%. Considering technical grade plant oil feedstocks, i concept of isomerizing functionalization is particularly
inevitable presence of multiple unsaturated fatty acids mustaltteactive for unsaturated fatty acids becausiéfunctional

taken into account. In metathesis, these will result in a rang&€@fmpounds with a long linear chain, representing the entire

additional products of drent chain lengthS¢heme 38In length of the substratesatural methylene sequences, are
accessible. These are attractive intermediates for chemicals and

contrast, isomerizing alkoxycarbonylation can transform thﬁﬁ'fymers. Approaches to meet the formidable challenge of
compounds to the same product as obtained from theibnverting the internal double bond to a functional group
monounsaturated analogue (after hydrogenation of tlemote from its original position by, for example, eight carbon

remaining double bond). For other isomerizing functionalizatoms, dier in their underlying principle, practicability, and
tion reactions, the presence of multiple unsaturated fatty aSﬁ?Pe' In addition, conversion rates gnd sele_ctlvmes toward the

. . . i . . esired product vary greatly for therdint reactionsS¢heme
substrates in fatty acid feedstock is naiiestly investigated 29

yet and most published examples report the use ed faity Isomerizing hydroborationeis from other transformations
acids. in that the desired terminal boron-functionalized fatty acid is
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clearly the thermodynamically most stable product in this caseRelated to these approaches, combinations of isomerization
The best results for methyl oleate were obtained by iridiumwith olen metathesis also appear attractive for fatty acid
nanoparticle catalysis, with excellent isolated yields but Iswmbstrates, in principle. This is particularly interesting because
reaction ratéSRhodium-catalyzed isomerizing hydroboratiotighly active metathesis catalysts are already well-known and
is very selective for nonfunctionalizechs|ébut it has not investigatetf however, the equilibrium outcome and lack of
been reported for fatty acids or other unsaturated esters soVary spect reactivity for derent olen substrates of most
Compared with the reagents of other isomerizing functionaliraetathesis reactions favor the formation of a statistical
tions, the boron reagents are relatively costly and ndistribution of products with drent chain lengths. A generic
practicable on a large scale. Furthermore, an additional stegoiscept toward this issue remains to be developed.
required to generate functional groups of choice. On the other
hand, a large scope of functional groups is accessible in thisAUTHOR INFORMATION
way. ding Auth
Isomerizing silylation ers many pathways to various *Correspf)n ing Aut or .
functionalized fatty acids, but isomerization of the starting mail’stefan.mecking@uni-konstanz.de
material and selective terminal functionalization appear to Netes
challenging and hinder the utilization of the full potential of thiBhe authors declare no competimgncial interest.
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