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® Regioselective Hydroformylation of Internal and Terminal Alkenes

via Remote Supramolecular Control

Pim R. Linnebank,® Stephan Falcio Ferreira,”” Alexander M. Kluwer,®

Joost N. H. Reek*® "]

~

Abstract: Regioselective catalytic transformations using
supramolecular directing groups are increasingly popular
as it allows for control over challenging reactions that
may otherwise be impossible. In most examples the reac-
tive group and the directing group are close to each
other and/or the linker between the directing group is
very rigid. Achieving control over the regioselectivity
using a remote directing group with a flexible linker is sig-
nificantly more challenging due to the large conforma-
tional freedom of such substrates. Herein, we report the
redesign of a supramolecular Rh-bisphosphite hydrofor-
mylation catalyst containing a neutral carboxylate recep-
tor (DIM pocket) with a larger distance between the phos-
phite metal binding moieties and the DIM pocket. For the
first time regioselective conversion of internal and termi-
nal alkenes containing a remote carboxylate directing
group is demonstrated. For carboxylate substrates that
possess an internal double bond at the A-9 position regio-
selectivity is observed. As such, the catalyst was used to
hydroformylate natural monounsaturated fatty acids
(MUFAs) in a regioselective fashion, forming of an excess
of the 10-formyl product (10-formyl/9-formyl product ratio
of 2.51), which is the first report of a regioselective hydro-
formylation reaction of such substrates.

- /

Supramolecular approaches in transition metal catalysis offer
unique tools to achieve selectivity in transformations that are
otherwise difficult to control.™™® Unrivalled selectivity by supra-
molecular strategies has been demonstrated for a wide array
of organic and organometallic transformations.”® A frequent-
ly applied strategy involves the use of a functional group on a
substrate that serves as a directing group to control the sub-
strate coordination at the metal center, allowing for differentia-
tion of reactive sites that are otherwise indistinguishable for
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transition metal catalysts. This strategy, coined substrate preor-
ganization, has been broadly demonstrated for substrates in
which the directing group is relatively close to the reactive
group.®'*222% |t remains an open question if such a strategy
can be extended to substrates in which the functional group is
remote from the directing group, which may be especially
challenging for long flexible alkyl chain type substrates due to
the large conformational freedom of such compounds.

Recently, Costas et al. reported a system in which protonat-
ed aliphatic amines were oxidized by a manganese catalyst
functionalized with crown ether recognition sites, leading to
selective oxidation of the C—H carbons to yield a mixture of
position 8 and 9 oxidation products using substrate preorgani-
zation.”®

Toste et al. reported a transition metal catalyst encapsulated
in a self-assembled cage that can be used for site selective hy-
drogenation of polyenes."® Moreover, the selectivity in hydro-
formylation reactions can also be controlled by substrate pre-
organization via carboxylate directing groups. The guanidinium
functionalized monodentate phosphine ligands introduced by
Breit et al. convert terminal and internal alkenes to the outer-
most aldehyde with high regioselectivity, provided that the
carboxylic acid and alkene are in close distance.”” Our group
reported the regioselective hydroformylation of unsaturated
carboxylates using bisphosphine and bisphosphite ligands,
which contained a neutral anion receptor based on 7,7'-diami-
do-2,2'-diindolylmethane (DIM pocket).?**? This class of li-
gands was coined DIMPhos. The rhodium-DIMPhos catalyst
based on L1 (Figure 1a) hydroformylates internal alkenes such
as 4-hexenoate with high regioselectivity (78:1 selectivity) but
for longer substrates the regioselectivity is much lower and ap-
plication of L1 in the hydroformylation of natural fatty acids
with a double bond on the 9-position gives no regioselectivity
(vide infra).?? Currently there are no hydroformylation catalysts
that convert natural monounsaturated fatty acids (MUFAs) in a
regioselective fashion, whereas such technologies may allow
broader applicability of the biofeedstock.***?

In this paper we report the redesign of DIMPhos ligand L1
to L2 in which the distance between the active metal and the
binding site matches that of typical natural fatty acids (Fig-
ure 1a), and demonstrate that the concept of substrate orien-
tation to control the regioselectivity in hydroformylation also
works when the directing group is remote from the double
bond.

The distance between rhodium and the 7,7'-diamido-2,2'-
diindolylmethane anion receptor for L1 (the DIM pocket, 6.8 A,

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Redesign of a rhodium-monophenyl (L1) to a rhodium biphenyl
(L2) DIMPhos complex to match the distance between the acid directing
group and alkene functionality in typical fatty acids. b) Modeling (DFT) of 9-
decanoate as a fatty acid model bound ditopically to [Rh(L1)(H)(CO)] (left)
and [Rh(L2)(H)(CO)] (right). For clarity, the 9-decanoate substrate is shown in
green.

Figure 1a) is significantly shorter than the carboxylate-alkene
distance of fatty acids (12.4 A) and this mismatch was pro-
posed to be the reason for the low selectivity observed for
long substrates (vide infra)”? Indeed, DFT calculations
(BLYP,DZP,D3BJ) show that 9-decenoate, used as a model for
natural fatty acids, needs to fold significantly to bind ditopical-
ly to [Rh(L1)(H)(CO)] (see Figure 1b).”**! |t was hypothesized
that an extended ligand binds substrates with large carboxyl-
ate-alkene distances in less folded manners and as a result
leads to a higher control over the regioselectivity. To achieve
this goal, we designed a ligand that has a biphenyl linker (Fig-
ure 1a, L2) between the DIM pocket and the phosphite donor
atoms, instead of the phenyl linker that is present in the origi-
nal DIMphos ligand (L1). DFT calculations of 9-decenoate di-
topically bound to [Rh(L2)(H)(CO)] (Figure 1b) indeed shows
less folding compared to binding to [Rh(L1)(H)(CO)]. This is
also reflected in the lower folding energy of 9-decenoate
bound to a [Rh(L2)(H)(CO)] (9.4 kcalmol™" for [Rh(9-decenoa-
te)CL2)(CO)H] vs. 15.4 kcalmol™" for [Rh(9-decenoate)CL1)(-
CO)H] (see Table S6 in the Supporting Information). Also bind-
ing enthalpies of aliphatic deprotonated w-unsaturated carbox-
ylic acids with various lengths (3-butenoate to 10-undece-
noate) to [Rh(L2)(H)(CO)] were calculated using DFT (see Fig-
ure S74). These studies show that 8-nonenoate fits best and
has the highest binding enthalpy. In addition, 9-decenoate,
which is a better model for natural fatty acids, also binds well
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to [Rh(L2)(H)(CO)]. Encouraged by these results, we synthe-
sized the L2 ligand using a similar synthetic strategy as previ-
ously reported for L1 (see Supporting Information).*?

To investigate if ligand L2 formed a stable metal complex
with rhodium it was mixed with [Rh(acac)(CO),], which is the
precursor complex of the hydroformylation catalyst, in a 1:1
ratio in CD,Cl,. '"H NMR studies show a well-defined complex
formed after mixing (see Figure S2) and DOSY spectroscopy re-
veals the formation of a single species with a hydrodynamic
radius of 7.9 A in line with the size of a mononuclear complex
(see Figure S3).“¢ Upon addition of 1.5 equivalents of tetrabu-
tylammonium acetate, the N-H protons are downfield shifted,
which shows the carboxylate group binds to the DIM pocket
of the [Rh(acac)(L2)] in a similar fashion as reported for com-
plex [Rh(acac)(L1)] (Figure S4).?" Pressurization with 5 bar of
syngas (H,:CO (1:1)) to the solution of the [Rh(acac)(L2)] com-
plex provides the corresponding pentacoordinate [Rh(L2)-
(CO),H] species as evidenced by the rhodium hydrido signal
(0=-10.5 ppm).*” Next to the well-defined signal, also a
broad rhodium-hydrido signal (0 =—10.7 ppm) appears in the
NMR spectrum, which becomes larger over time (see Fig-
ure S4). DOSY spectroscopy of the [Rh(L2)(CO),H] complex
under 5 bar CO/H, (1:1) in CD,Cl, gave a larger average hydro-
dynamic radius (12.1 A) than for the [Rh(acac)(L2)] complex
suggesting that the broad signal is due to formation of dinu-
clear and/or oligomeric species under these conditions (see
Figure S10). However, under identical conditions but in the
presence of 4 equivalents guest that binds in the DIMpocket
(tetrabutylammonium acetate) the average hydrodynamic
radius (8.4 R) (see Figure S11) is close to that of the [Rh(acac)-
(L2)] species, indicating that carboxylate binding in the DIM
pocket preorganizes the two phosphorous moieties for the for-
mation of mononuclear species.”

A series of (deprotonated) w-unsaturated carboxylic acids
with varying length between the alkene reactive group and
the carboxylate directing group was hydroformylated using
[Rh(L2)] as a catalyst (Figure 2). As substrates we reacted 4-
pentenoic acid (n=2) up to 10-undecenoic acid (n=8) both in
the presence and the absence of base.

In the presence of base, the carboxylate functional group of
the substrate binds in the DIM pocket and thus substrates
long enough to span the DIM pocket-rhodium distance are ex-
pected to react with improved regioselectivity. In absence of
base, the protonated carboxylic acids do not bind in the DIM
pocket and as a result the directing group, the carboxylic acid,
cannot be used for substrate preorganization with the [Rh(L2)]
catalyst and should react with lower regioselectivity.”**" Be-
cause of this, the protonated substrates were used as control
experiments. All substrates studied gave full conversion to the
aldehyde and the linear/branched (I/b) ratios of the aldehyde
products were determined by 'H-NMR spectroscopy (Figure 2).
The catalytic results show that the long anionic substrates
(with n>4, 7-octenoate and longer) display much higher I/b
ratios than the protonated analogues. The distance between
the carboxylate and alkene function in these substrates is at
least 9.7 A, and this shows this catalyst is able to control the
regioselectivity via substrate preorganization on remote dis-
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Figure 2. Hydroformylation of w-unsaturated carboxylic acids using rhodium
complexes based on L2.”! [a] Reagents and conditions: [substrate] =0.2 M,
DIPEA (15 equiv), [Rh(acac)(CO),] (1 mol%), L2 (1.1 mol %), 20 bar CO/H,
(1:1), 40°C, 24 h. Conversion and regioselectivity determined by '"H NMR
analysis of the crude reaction mixture. For full experimental details, see the
Supporting Information. The blue bars are experiments in presence of base,
and the orange bars are in absence of base as control experiment.

tance. The highest I/b ratio of 27 is obtained for the 8-none-
noate (n=6), which is the substrate that binds strongest to
the catalyst as it fits perfectly according to our modelling stud-
ies (vide supra). The longer substrates that easily span the dis-
tance between the DIM pocket and the rhodium center (n=7
and 8) are also converted with improved regioselectivity when
preorganized, albeit with a lower linear/branched ratio of 23
and 14, respectively, in line with the binding energy calculated
for these substrates. The smaller substrates (n=2 and 3) are
not able to bind in a ditopic fashion to [Rh(L2)] and thus the
difference in I/b ratios between the anionic and the protonat-
ed substrates is very small. Consistent with our design model,
the L2 system is indeed more selective than the L1 system for
long substrates (e.g. 9-decenoate: I/b of 7/1 for L1 and I/b 23/
1 for L2, see Figure S18 for full comparison of I/b ratios of L1
and L2).2"

We continued our catalytic studies using internal alkenes
with a remote carboxylate group as substrates, which served
as models for natural monounsaturated fatty acids that possess
an internal double bond at the A9-position. Initial investiga-
tions were conducted with 8-decenoate, which is the internal
alkene analogue of the most selective terminal alkene sub-
strate (vide supra), and 9-undecenoate, which has the exact
alkene-carboxylic acid distance as natural fatty acids
(Table 1).21021

When 8-decenoate was hydroformylated using the PPh,-
based catalyst the two aldehyde products were formed with a
small excess for the 9-formyl product.”'®?"*¥ Performing the
same reaction with the rhodium catalyst based on L2 that pre-
organizes the substrate leads to high conversion with a high
regioselectivity to produce the 9-formyl product in excess (9-
formyl/8-formyl ratio is 8.8).

Chem. Eur. J. 2020, 26, 8214-8219 www.chemeurj.org

Table 1. Selective hydroformylation of 8-decenoic acid and 9-undecenoic

acid.®
. OH - oH
Yo

[Rh(acac)(CO,J/L
W (2mol %)
Z OH pcMm,DIPEA

6
H,:CO (20 bar)

8-d H id 60°C, 96hrs
eeenolic ad 9-formyl 8-formyl
[Rh(acac)(CO,)/L 0
# 1, “OH DpCM,DIPEA MOH 7 “OH
H,:CO (20 bar) Yo
9-undecenoic acid 60°C, 96hrs
10-formyl 9-formyl
Substrate Ligand Conversion 9-Formyl/ 9-Formyl/
[%] 8-formyl all other
isomers
8-decenoic acid L1 74 2.6 1.9
8-decenoic acid L2 97 8.8 5.8
8-decenoic acid PPh, 100 1.6 1.6
Substrate Ligand  Conversion  10-Formyl/  10-Formyl/
[%] 9-formyl all other
isomers
9-undecenoic acid L1 70 2.2 1.7
9-undecenoic acid L2 96 6.9 5.0
9-undecenoic acid PPh, 100 13 13
[a] Reagents and conditions: [substrate]=0.2m, DIPEA (1.5 equiv), [Rh-
(acac)(CO),] (2 mol%), L1 and L2 (2.2 mol %), PPh; (6.6 mol%), 20 bar CO/
H, (1:1), 60°C, 96 h. Conversion and regioselectivity determined by
"H NMR analysis of the reaction mixture. For full experimental details, see
the Supporting Information.

8216

The linear aldehyde product is also observed under these
conditions, which arises from an isomerization/hydroformyla-
tion sequence, which is not uncommon for bisphosphite-
based catalysts.*” When we applied the rhodium catalyst
based on L1, the catalyst that can also pre-organize but is opti-
mized for smaller substrates, only slightly better selectivities
are obtained than with the PPh;-based catalysts. The same
trend was observed in the hydroformylation of 9-undecenoic
acid; only the [Rh(L2)] catalyst provides the product with high
regioselectivity, yielding a 10-formyl/9-formyl ratio of 6.9. Im-
portantly, the redesigned [Rh(L2)] catalyst clearly outcompetes
[Rh(L1)] with respect to regioselectivity and conversion for the
longer substrates, as a result of more favorable ditopic bind-
ing.

Having established our redesigned [Rh(L2)] catalyst is able
to control the regioselectivity of remote internal alkenes on
position A8 and A9 through preorganization, we extended our
system to naturally occurring monounsaturated fatty acids
(oleic acid, palmitoleic acid and myristoleic acid, Table 2). When
myristoleic acid is hydroformylated using the PPh,-based rho-
dium catalyst, equal amounts of the 10-formyl and the 9-
formyl products are formed, in line with previous reports.?**"
Furthermore, when the same reaction was carried out with the
[Rh(L1)] catalyst, also equal amounts of the two regioisomers
are obtained. In contrast, the [Rh(L2)] catalyst provides a 10-
formyl/9-formyl ratio of 1.61 and shows this catalyst can con-

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Hydroformylation of natural fatty acids.”’

[Rh(acac)(CO,]/L
2mo| %
7 DCM DIPEA
H,:CO (20 bar)
60°C, 96hrs 10- formyl 9 formyl
n=3, myristoleic acid
n=5, palmitoleic acid
n=7, oleic acid
Ligand  Conversion 10-Formyl/  10-Formyl/
[%] 9-formyl all other
isomers
myristoleic acid L1 27 1.03 0.79
myristoleic acid L2 69 1.61 1.23
myristoleic acid PPh; 100 1.0 1.0
palmitoleic acid® L1 23 ~1.0 ~0.38
palmitoleic acid® L2 66 ~15 ~12
palmitoleic acid®  PPh, 100 ~1.0 ~1.0
oleic acid" L1 21 n.d. n.d.
oleic acid" L2 76 n.d. n.d.
oleic acid" PPh, 100 nd. nd.
[a] Reagents and conditions: [substrate] =0.2m, DIPEA (1.5 equiv), [Rh-

(acac)(CO),] (2 mol%), L1 and L2 (2.2 mol%), PPh; (6.6 mol%), 20 bar CO/
H, (1:1), 60°C, 96 h. Conversion determined by 'H NMR analysis of the re-
action mixture and the regioselectivity was determined by GC analysis
after methylation of the reaction mixture. [b] Methyl 9- and 10-formylpal-
mitate could not be baseline separated on GC, therefore a larger error in
the determined regioselectivity is expected. [c] 9- and 10-formyl stearic
acid were not separable after methylation on GC and therefore the regio-
selectivity was not determined (n.d.). For full experimental details, see the
Supporting Information.

trol the regioselectivity of this substrate via substrate preorga-
nization. For the fatty acids also minor amounts of isomeriza-
tion/hydroformylation products were observed with the
[Rh(L1)] and [Rh(L2)] catalysts, lowering the overall selectivity.

Palmitoleic acid was converted with similar levels of regiose-
lectivity as observed for myristoleic acid, with the [Rh(L2)] cata-
lyst being the only catalyst capable of controlling the regiose-
lectivity (10-formyl/9-formyl ratio is =~ 1.5 for [Rh(L2)] and ~ 1.0
for [Rh(L1)] and [Rh(PPh,)], Table 2). For the fatty acids also
minor amounts of isomerization/hydroformylation products
were observed with the [Rh(L1)] and [Rh(L2)] catalysts, lower-
ing the overall selectivity. Palmitoleic acid was converted with
similar levels of regioselectivity as observed for myristoleic
acid, with the [Rh(L2)] catalyst being the only catalyst
capable of controlling the regioselectivity (10-formyl/9-formyl
ratio is ~1.5 for [Rh(L2)] and ~1.0 for [Rh(L1)] and
[Rh(PPh;)](Table 2)). A major platform chemical, oleic acid, was
also hydroformylated using these catalysts. Similar conversion
was observed with oleic acid as with myristoleic acid and pal-
mitoleic acid using the respective catalysts. However, the re-
gioisomers could not be separated on GC and therefore the re-
gioselectivity could not be determined.

With a regioselective hydroformylation catalyst for monoun-
saturated fatty acids in hand, we optimized the reaction condi-
tions using myristoleic acid as a substrate to further improve
the selectivity (Table 3). We commenced our optimization stud-
ies by lowering the reaction temperature to 40°C. This resulted

Chem. Eur. J. 2020, 26, 8214-8219 www.chemeurj.org
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Table 3. Optimization of regioselectivity of myristoleic acid.”

> [Rh(acac)(CO,J/L2
(x mol %)
XN OH 4>
7 solvent,DIPEA

w

0] H,:CO (x bar)
myristoleic acid 40°C, 96hrs 10-formyl 9-formy|
Entry [Substrate] [Catalyst] Conversion 10-/9-Formyl 10-Formyl
[m] [mm] [%] tetradecanoic tetradecanoic
acid acid/all other
isomers
1 0.2 4 33 1.87 1.58
2 0.1 4 66 1.99 1.61
3 0.02 4 85 2.20 1.72
4 0.02 0.4 76 2.31 1.90
5k 0.2 4 35 1.82 1.63
6" 0.02 0.4 77 243 1.95
79 0.02 0.4 20 1.42 1.42
84 0,02 0.4 >1 nd. nd.
9 0.2 4 32 2.10 1.91
10€  0.02 0.4 63 251 233

[a] Reagents and conditions: DCM, DIPEA (1.5 equiv with respect to acid),
catalyst=[Rh(acac)(CO),]/L2 in a 1:1.1 ratio, substrate=myristoleic acid,
20 bar CO/H, (1:1), 40°C, 96 h. Conversion determined by 'H NMR analysis
of the reaction mixture and the regioselectivity was determined via GC
analysis following methylation of the reaction mixture. [b] Rhodium:ligand
ratio 1:2. [c] THF used as solvent instead of DCM [d] DMF was used instead
of DCM. For full experimental details, see the Supporting Information.
[e] 50 bar syngas (H,:CO)(1:1) was used instead of 20 bar of syngas.

in an improvement of 10-formyl/9-formyl ratio from 1.61 to
1.87, although at a lower conversion (69% vs. 33%) (see
entry 1 of Table 3). Under the same conditions (40°C) but at
lower substrate concentrations (compare entries 1-3) the re-
gioselectivity was further enhanced yielding 10-formyl/9-formyl
ratios of 1.99 and 2.20 at a substrate concentration of 0.1m
and 0.02wm, respectively. Most likely, the lower selectivity at
higher substrate concentration results from unselective hydro-
formylation reactions in which the substrate is not ditopically
bound, which is more dominant at higher substrate concentra-
tions, especially for these longer substrates.?"***? |n the ex-
periment where the catalyst concentration was reduced by a
factor 10 (entry 4) the regioselectivity further increased (10-
formyl/9-formyl ratio to 2.31). Somewhat counterintuitively, the
conversion was also higher in the experiment, reflecting the
complicated kinetics of the system. Such complicated kinetics
was previously reported for [Rh(L1)], in which the catalytically
active species is in equilibrium with dormant state complexes
in which carboxylate groups of the substrate and product are
directly coordinated to rhodium.”**% Increasing the rhodium:li-
gand ratio from 1:1.1 to 1:2 (entries 5 and 6) further improved
the regioselectivity to yield a 10-formyl/9-formyl ratio of 2.43
under dilute conditions (entry 6). Changing the solvent from
DCM to THF or DMF (entries 7 and 8) led to lower activity and
selectivity. Experiments performed at syngas pressures of
50 bar instead of 20 bar (entries 9 and 10), but otherwise iden-
tical conditions, led to an improved regioselectivity of 2.10 and
2.51 for entries 9 and 10 respectively. Notably, also the overall
selectivity improved to 1.91 and 2.33 respectively, which is ex-
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plained by lower levels of isomerization of the alkene, com-
monly observed for hydroformylation reactions carried out at
higher CO concentration.””

In conclusion, supramolecular substrate orientation is a pow-
erful tool to control selectivity in transition metal catalysis,
which has been mainly demonstrated for substrates in which
the supramolecular functional group is close to the reactive
group. In this paper, we demonstrate that supramolecular sub-
strate orientation can also work when this group is remote
from the reactive group, thereby increasing the scope of the
approach. In order to show this a previously reported hydrofor-
mylation catalyst with an integrated anion receptor, DIMPhos
[Rh(L1)], was redesigned to accommodate larger substrates.
This hydroformylation catalyst ([Rh(L2)]) converts substrates
with high regioselectivity when the carboxylate directing
group is remote from the alkene group, including monounsa-
turated fatty acids (MUFAs) and their model substrates. The
[Rh(L2)] catalyst provides the hydroformylation product with a
10-formyl/9-formyl ratio of 2.51 for myristoleic acid, which rep-
resents the first selective catalyst for this biobased compound.
These results show that catalysts that operate via supramolec-
ular substrate preorganization can be redesigned to provide
selective catalysts for substrates of different sizes, and as such
we are able to make a catalyst that can convert fatty acids in a
regioselective fashion. This paves the way for the design of
other challenging conversions for which no catalysts exist yet.
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