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A mis padres, Andrés y M* Pilar.
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XTII

“To do things right,
first you need love,
then technique”

Antoni Gaudi

“Out of the night that covers me
Black as the pit from pole to pole,
1 thank whatever gods may be
For my unconquerable soul.

In the fell clutch of circumstance,
1 have not winced nor cried aloud.
Under the bludgeonings of chance
My head is bloody, but unbowed.

Beyond this place of wrath and tears
Looms but the Horror of the shade,
And yet the menace of the years
Finds, and shall find, me unafraid.

It matters not how strait the gate,

How charged with punishments the scroll,
I am the master of my fate

I am the captain of my soul.”

William Ernest Henley
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LIST OF ACRONYMS AND
ABBREVIATIONS

The acronyms and abbreviations used in this doctoral thesis have been used
following the recommendations given by the American Chemical Society.
Additional abbreviations and acronyms used in this thesis are listed below:

° Angle

A Angstrom(s)

Ac Acetyl

ACN Acetonitrile

acac Acetylacetonate

AHF Asymmetric hydroformylation

aq. Aqueous

ATR Attenuate Total Reflection

BArF Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate

BINOL 1,1’-Bi-2-naphtol
b.p. Boiling point
br Broad (spectrum)

Bu, nBu  Normalbutyl

°C Degrees, Celsius

Ca Undetermined metal complex(es)
ca. Circa (about)

calcd Calculated

cat Catalyst

cm Centimetre(s)

cm’! Wavenumber(s)

cod 1,5-Cyclooctadiene

conv. Conversion
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Cy Cyclohexane (solvent)
) Chemical shift in ppm
d Doublet

DCM Dichloromethane

DIPEA N,N-Diisopropylethylamine
DFT Density-functional theory
DMF Dimethylformamide
DMSO Dimethyl sulfoxide

DReaM  Dynamic Reaction Monitoring

dppe (Ethane-1,2-diyl)bis(diphenylphosphane)
dppb (Butane-1,4-diyl)bis(diphenylphosphane)
dppp (Propane-1,3-diyl)bis(diphenylphosphane)
dppv 1,1'-(12)-1,2-Ethenediylbis[1,1-diphenylphosphine]
ee Enantiomeric excess

e.g. Exempli gratia (for example)

eq—eq Equatorial-equatorial (coordination)
eg—ax Equatorial-axial (coordination)

equiv. Equivalent(s)

er Enantiomeric ratio

ESI Electrospray ionization

et al. Et alii (and co-workers)

Et Ethyl

EWG Electro-withdrawing group
EDG Electro-donating group
EtOH Ethanol

EtOAc Ethyl acetate

GC Gas chromatography
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HF
HPLC
HRMS

Hydrog.
ie.

iPr

IS
Isom.
IR
IUPAC

L.
1/b

MALDI
mg
MHz
min
mM
mol

mp

MS

Hour(s)

Gram(s)

Hydroformylation

High performance liquid chromatography
High resolution mass spectrometry
Hertz

Hydrogenation

Id est (in other words)

1so-Propyl

Internal standard

Isomerisation

Infrared spectroscopy

International Union of Pure and Applied Chemistry

Coupling constant (expressed in Hz)
Litre

Undetermined ligand(s)
Linear/branched

Micro- (prefix)

Multiplet (spectrum); Milli- (prefix)
Matrix-Assisted Laser Desorption/Ionization
Milligram(s)

Megahertz

Minute(s)

Millimolar (millimoles per litre)
Mole(s), molecular

Melting point

Mass spectroscopy, Molecular sieves
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m/z Mass-to-charge ratio
nbd Norbornadiene
nm Nanometre

NMR Nuclear Magnetic Resonance
OAc Acetate
ORTEP  Oak Ridge Thermal Ellipsoid Plot Program

OTs Tosylate group

Ph Phenyl

ppm Part(s) per million

ref Reference

rpm Revolution per minute

PhMe Toluene

RA Regulation Agent

S Singlet (spectrum); second(s)

Select. Selectivity

SPS Solvent purification system

Subs. Substrate

t Triplet (spectrum); Time

T Temperature

TADDOL a,a,a',a'-Tetraaryl-2,2-disubstituted-1,3-dioxolane-4,5-
dimethanol

tbp Trigonal bipyramid (geometry)

Bu tert-Butyl

TEA Triethylamine

THF Tetrahydrofuran

TMB 1,3,5-Trimethoxybenzene

T™MS Trimethylsilyl group
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TOF

Tol
TPhP

Ts

v/v

vol

vs.
VTNA
Xantphos
XRD

XXV

Time-Of-Flight

Toluene

Triphenyl phosphate

Tosyl group

Volume per unit volume

Volume

Versus (against, in contrast to)

Variable Time Normalization Analysis
(9,9-Dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane)

X-ray diffraction
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Introduction & Objectives

I.1. Hydroformylation reaction

The hydroformylation reaction is an atom-economic addition of a mixture
of hydrogen (H;) and carbon monoxide (CO), commonly called syngas';
across an unsaturated C—C bond. In this transformation, a hydrogen atom (H)
and a formyl group (CHO) are added across the C=C bond of an alkene? in
the presence of a catalyst to produce value-added aldehydes. The reaction may
generate (except for symmetric (cyclo)alkenes) a mixture of isomeric products.
For instance, for a monosubstituted terminal alkene, a branched or
iso-aldehyde (with a stereogenic centre) and a linear or #n-aldehyde can be
formed, depending on the position at which the H and CHO groups are
bonded (Scheme 1).

A H,/CO H CHO
N ——— +
R Catalyst R)\/CHO R)N H
n- or linear (f) iso- or branched (b)
aldehyde aldehyde

Scheme 1. General scheme of hydroformylation reaction.

Otto Roelen serendipitously discovered the hydroformylation reaction in
1938* during an attempt to return ethylene, produced by the Fischer-Tropsch
synthesis (Scheme 2a),* back into the reaction to improve the yield. As
ammonia (NH3) was present in the reaction mixture that contained the solid
Fischer—Tropsch catalyst, which consisted of a mixture silica (66%), cobalt
(30%), thorium oxide (2%) and magnesium oxide (2%), Roelen found the
corresponding imine (CH3;CH,-C=NH) of propionaldehyde (CH;CH,-CHO)
as a white solid product.’ In his patent of 1938, Roelen confirmed the reaction
of ethylene under syngas pressure using a silica-based cobalt-thorium contact
as a catalysts, in which propionaldehyde and diethyl ketone were obtained as
main products (Scheme 2b).° At the beginning, hydroformylation was named
oxo-synthesis or oxo-process and this name is still widely used in industrial
settings.’

! Syngas is mixture of hydrogen (H,) and carbon monoxide (CO) in various ratios. The most common ratio
used in hydroformylation is 1:1 (H,/CO).

2 Most examples of hydroformylation refer to alkenes, although addition of a H and CHO groups across
the C-C unsaturated bond of alkynes and allenes can also take place.

3 Roelen, O. Verfahren zur Herstellung von sauerstoffhaltigen Verbindungen. Germany DE849548C,
1938/1952.

4 Roelen, O. Erdoel Kohle, Erdgas, Petrochem. 1978, 31, 524.

5 Cornils, B.; Herrmann, W. A.; Rasch, M. Angew. Chem. Int. Ed. Eng. 1994, 33, 2144-2163.

¢ Zhang, B.; Pefia Fuentes, D.; Borner, A. ChemTexts 2021, 8, 2.

7 Adkins, H.; Krsek, G. J. Am. Chem. Soc. 1949, 71, 3051-3055.
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Catalyst
a) (2nt1)H,+nCO ———» C,Hy,40 + n H,O
150-300 °C
Co/Th/SiO o
o 0 102 High boling
b) = ~"CHo + \)K/ *  products
100 atm H,/CO (1:1)
80 °C, 1 hour 40% 30% 30%

Scheme 2. a) Fischer—Tropsch synthesis. b) Hydroformylation discovered by Otto Roelen.

The discovery of this catalytic transformation was one of the greatest
achievements in the field of homogenous catalysis and it is nowadays one of
the largest processes in the industry. Its development is considered one of the
premier achievements of the 20® century industrial chemistry. Nowadays,
every year, nearly 10 million metric tons of aldehydes are produced using
hydroformylation reactions as the method of synthesis. Several large
companies, such as SHELL, BASF % Eastman, BP,* DOW and Evonik, have
plants. The main reason for which hydroformylation is a valuable method is
because aldehydes (branched and linear) are extremely versatile building
blocks in synthesis, considering that the formyl group (CHO) can be
transformed into a wide variety of functional groups (Figure 1).

2
o “oH
N(‘:H2 Carboxilic Acid 9
@& H o\,

NH u 9
C. @® H c. @
./_ H Aldehyde ./ o
Imine Ester
?H 9H2
C. C.
@® H @ H
H Alkene
Alcohol
O OH
ENg— A
H” H” \/\.
Aldol Aldol elimination
product product

Figure 1. Transformation of aldehydes to other molecules.

8 2) BASF is the acronym that refers to Badische Anilin und Sodafabrik. b) BP is the acronym that refers to
British Petroleum.

°a) Franke, R.; Selent, D.; Borner, A. Chem. Rev. 2012, 112, 5675-5732. b) de Vries, J. G. Hydroformylation
of Alkenes: Industrial Applications. In C-1 Building Blocks in Organic Synthesis, Science of Synthesis, Vol. 1;
Georg Thieme Verlag KG, 2014; pp 193-227. c) Cornils, B.; Borner, A.; Franke, R.; Zhang, B.; Wiebus, E.;
Schmid, K. Applied Homogeneous Catalysis with Organometallic Compounds 2017, 23-90.
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Not only are aldehydes important intermediates or starting materials in
organic synthesis, but they are also valuable chemicals for applications in the
chemical industry at the large scale. Applications of hydroformylation at the
large scale mainly focus on the production of the linear aldehydes due to their
commodity. These products are key intermediates to produce solvents,
plasticizers, and detergents.”® Moreover, they are important products for the
production of scents and fragrances, which are used in perfume
manufacturing.'® On other hand, branched aldehydes are important to
produce enantiopure aldehydes for the fine chemical or pharmaceutical

industry.*
Hydroformylation e Isomerization Hydrogenation Hydrogenation
of C=C of C=C of C=C of CHO
H,
@ R_~_CHO — 2 . R _~_CH,0H
Linear Aldehyde Linear Alcohol

R\/\

Terminal

Alkene

CHO CH,OH

R\)*\ P R\)*\
© ®

Branched Aldehyde Branched Alcohol

R \/\ + R \)
trans cis
alkene alkene
Rﬁ/\ H, R SN
—_—
CHO @ CH,OH
Internal Aldehyde Internal Alcohol

Scheme 3. Set of possible reaction alternatives in the hydroformylation reaction.

Controlling the chemo-, regio- and stereo-selectivity in hydroformylation is
the main challenge, since the hydroformylation reaction may lead to
numerous products. The main reaction is the hydroformylation process, by
which the branched and/or linear aldehydes are formed depending on the
position of the alkene at which the CHO and H groups are bonded (see
Scheme 3A as a representative example of hydroformylation from a terminal
alkene). The regio-selectivity (branched or linear aldehydes) and
stereo-selectivity (R or S enantiomers of the branched aldehyde) is influenced
by the structure of the alkene, the catalytic system (metal precursor & ligand)

102) Sell, C. The Chemistry of Fragrances: From Perfumer to Consumer; The Royal Society of Chemistry, 2006.
b) Sell, C. S. Fundamentals of Fragrance Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA, 2019. ¢)
Gusevskaya, E. V.; Jiménez-Pinto, J.; Borner, A. ChemCatChem 2014, 6, 382-411.
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and the reaction conditions such as the temperature, time, pressure of syngas
and relative ratio of H, and CO in syngas."

Furthermore, there are several by-products that can be formed during the
hydroformylation reactions. The terminal alkene can isomerize (Scheme 3B)
under catalytic conditions to form the thermodynamically more favoured
internal alkenes (cis- & trans-) that can be in turn hydroformylated to internal
aldehydes (Scheme 3A). Moreover, hydrogen (H,) is present under
hydroformylation conditions, therefore the C=C bond in the substrate and/or
the C=0 bond in the products can be hydrogenated to the alkane and/or
alcohol derivatives, respectively (Scheme 3C and D).!!

Another aspect that is important is the reactivity of the substrate in
hydroformylation. Terminal alkenes are more reactive than internal alkenes
towards hydroformylation. The rate of hydroformylation decreases when
increasing the steric hindrance of the double bond C=C (Figure 2)."> For
instance, the reaction of disubstituted terminal alkenes requires harsher
reaction conditions (e.g., higher temperatures and pressures). According to the
Keulemans’ rule,"* hydroformylation of doubly substituted alkene carbons is
unfavourable.

R R

R R RR R
R > R\/\R > R\:/R > R)\ > R%R > RMR >> R>:<R

Figure 2. Rate of the hydroformylation according to the steric hindrance of the alkene.

Regarding the metal precursor, cobalt (Co) and rhodium (Rh) are the most
common metals in hydroformylation, both in industry and academia.
However, there are other metals that are active in this transformation and are
being investigated in academia and/or industry in order to find new, more
efficient and cheaper hydroformylation catalysts. The following trend of metal
activity as catalysts in hydroformylation, with unmodified metal carbonyl
complexes, is shown below:'*

Rh>» Co>Ir>Ru>0s ~ Tc>Pt>Pd>Mn>Fe>Ni>Re

Species which play an active role in hydroformylation chemistry are the
hydrido complex of the type [M(CO)Hy(P).] in which P is representing an
organic phosphorus ligand and M is the metal. The metals Co and Rh are

'a) van Leeuwen, P. W. N. M.; Claver, C. Rhodium Catalyzed Hydroformylation, Springer Dordrecht, 2002.
b) Kamer, P. C. J.; Reek, J. N. H.; van Leeuwen, P. W. N. M. Rhodium Catalyzed Hydroformylation; Wiley-
VCH Verlag GmbH &amp; Co. KGaA, 2005.

12 Frey, G. D. J. Organomet. Chem. 2014, 754, 5-7.

13 Keulemans, A. I. M.; Kwantes, A.; van Bavel, T. Recl. Trav. Chim. Pays-Bas 1948, 67, 298-308.

" Pruchnik, F. P.; Duraj, S. A. Application of Organometallic Compounds in Homogeneous Catalysis. In
Organometallic Chemistry of the Transition Elements, Pruchnik, F. P., Duraj, S. A. Eds.; Springer US, 1990; pp
647-743.
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widely used in academia and industry. This research work will only focus on
these two metals.

M: Co (cobalt) or Rh (Rhodium)

R H Mg +co|-co H” ZIS
T \\\\\
(\://0 H H I .0
LS oc—M- ¢
° Linear Cycle | Branched Cycle I
CO
H [0}

Linear Aldehyde Alkene

R
\[ .0 LY
g co H\ch//o

DI N
%

(

X

)

u
W
Py
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(@)
O v~
Py
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T-wg
co H co
H/H / \H/R
' .
co co

Scheme 4. Hydroformylation mechanism proposed by Heck and Breslow for rhodium- and
cobalt-catalysed processes in the presence of phosphorus bidentate ligands.

o
i
—=

Heck and Breslow proposed a mechanism of the cobalt-catalysed
hydroformylation in 1960, which is still accepted today (Scheme 4, with
M=Co)."* The active species [M(CO)H(P),] is formed from the resting state
[M(CO):H(P)] by losing a CO ligand. The catalytic cycle involves the
coordination of the alkene, the transfer of a hydrido ligand to provide the
linear alkyl species (and the isomeric branched one), followed by CO
coordination, migratory CO insertion, and lastly oxidative addition of H,
followed by the reductive elimination of the aldehyde which regenerates the
metal active species.!™®

15 a) Heck, R. F.; Breslow, D. S. J. Am. Chem. Soc. 1961, 83, 4023-4027. b) Hebrard, F.; Kalck, P. Chem. Rev.
2009, 109, 4272-4282.
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Scheme 5. Full kinetic model for asymmetric hydroformylation of styrene published by
Landis and co-workers. For the sake of simplicity, the transformation of one complex into
another may imply few organometallic elementary steps.

Studying the kinetics of a reaction can help improving its rate, selectivity,
and even enantioselectivity. Landis and co-workers examined the
micro-kinetics of the asymmetric hydroformylation of styrene using the
(S,S,5)-BisDiazoPhos ligand (L22, Figure 15). In fact, for the asymmetric
hydroformylation of styrene, there are three possible catalytic reaction
manifolds: one leading to the linear and the two enantiomeric routes to the
branched products (Scheme 5). The main goal of this study was to find the
step in which the enantioselectivity was determined. The authors found that,
in the majority of scenarios for their ligand, the hydrogenolysis was the rate-
determining step. However, the enantioselectivity was determined in the
alkene insertion step as the rhodium-alkyl complex Rh-4 very rapidly inserted
CO leading to Rh-6. This complex bound a second CO molecule to form the
stable acyl complex Rh-7. Because of this, the alkene insertion step became
irreversible when the CO pressure was high enough. Therefore, Landis and
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co-workers found that there is a dependence of the regioselectivity and the
enantioselectivity on the CO pressure.'¢

I.2. Cobalt-catalysed hydroformylation

As mentioned before, the cobalt-catalysed hydroformylation is directly
connected to the discovery of Otto Roelen in his patent of 1938.* Therefore,
the first hydroformylation catalysts were based on [Co,(CO)s] as a metal
precursor without using ligands. In this chemistry, the hydrido complex
[Co(CO)4H] was found to be the active catalyst in hydroformylation.'*® For
the reaction using the unmodified cobalt catalysts, severe reaction conditions
involving 100-300 bar of syngas and 100-180 °C were required, as the CO
partial pressure had to be increased as the temperature rose in order to avoid
the decomposition of the catalyst into cobalt metal.*®!’

Generally speaking, organic phosphorus-based ligands decrease the
hydroformylation activity of cobalt catalysts. However, they lead to higher
ratios of the linear aldehyde than those obtained with the unmodified catalyst.
Furthermore, phosphane ligands improve the hydrogenation activity of the
catalyst, which translates into the hydrogenation of alkenes to alkanes and
aldehydes to alcohols (Scheme 3C and D).'® Among common trivalent
phosphorus compounds, only phosphanes can be used as a ligands. As
alcohols are frequently formed under hydroformylation conditions with cobalt
catalyst, phosphoramidite and phosphite ligands would be unstable due to
P—-O or P-N cleavage induced by the alcohol produced from the alkene.'®

The most common ligands in cobalt-catalysed hydroformylation are
substituted phosphanes. They have a strong o-donor character, which leads to
strong coordination to the metal centre. The donicity of the phosphanes
towards the metal centre greatly affects the ratio of linear aldehydes (Figure
3)." The higher the donicity of the phosphane, the less active the metal
complexes derived from it are in hydroformylation. Strong donor phosphanes
are only active at high temperatures in hydroformylation, which is possible
due to the higher thermal stability of the ligand-modified cobalt catalysts. For
example, tributylphosphane (PBu;) is one preferred phosphane in
hydroformylation as it gives good results in the production of linear aldehydes

16 Brezny, A. C.; Landis, C. R. ACS Catal. 2019, 9, 2501-2513.

17 Ungvary, F.; Marko, L. Organometallics 1982, 1, 1120-1125.

18 a) Slaugh, L. H.; Mullineaux, R. D. J. Organometal. Chem. 1968, 13, 469-477. b) Kamer, P. C. J.; van
Leeuwen, P. W. N. M. Phosphorus(IIl) Ligands in Homogeneous Catalysis: Design and Synthesis; John Wiley &
Sons Ltd., 2012.

¥ Tucci, E. R. Ind. Eng. Chem., Prod. Res. Develop. 1970, 9, 516-521.
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with low amounts of isomerisation products. Interestingly, this ligand has
been used at the technical scale by the Shell Plc company since 1966.%

Basicity

WG NS WESNESAN
508 T

EtPh, Et,Ph Bu,
(Shell)

Activity

Linear ratio

Figure 3. Dependence of the activity and linear regioselectivity in the hydroformylation.

Nonetheless, a few years later, more stable, and selective phosphanes were
developed by chemical companies (Figure 4). Phobanes, which derive from
1,5-cyclooctadiene, were developed by Shell.?! On the other hand, bicyclic
limonene-based ligands (LIM) and 4-vinyl-cyclohexene-based ligands (VCH)
were developed by Sasol.?? All these phosphane ligands have bulky groups
which assist in the generation of the active catalyst from the precatalyst, as
well as at the level of the Co-acyl complex, by enhancement of the
dissociation of one CO ligand due to the relief of steric congestion.

Phobanes (Shell) LIM (Sasol)
R _R
DN =
R = CgHs, CgHy1, CoHs, CsHyq, CqoHas, R =H, CsHyq (LIM-5), C4oHy4 (LIM-10),
CaoHa1, CsHgNMes, CaHaPPh, CigHay (LIM-18), C3HGCN
VCH (Sasol)

Sk
R = CygHa1 (VCH-Cyg), CqoHas (VCH-Cy,), CgHs (VCH-Ph), trimethylpentyl (VCH-2,4,4),

CH,=CHOC,H, (VCH-ethyl vinylether), CszH4; (VCH-cyclohexyl)

Figure 4. Byciclic monophosphanes ligands used in cobalt-catalysed hydroformylation.

2 Slaugh, L. H.; Mullineaux, R. D. Hydroformylation of olefins. US3239569, 1966.

21 a) Mason, R. F.; van Winkle, J. L. Bicyclic heterocyclic sec- and tert-phosphines. US3400163A, 1968. b)
van Winkle, J. L.; Morris, R. C.; Mason, R. F. Single Stage Hydroformylation of Olefins to Alcohols.
US3420898A, 1969.

2 a) Steynberg, J. P.; Govender, K.; Steynberg, P. J. Hydroformylation process and
[3.3.1]phosphabicyclononane-ligated catalysts for the manufacture of alcohols and aldehydes from alkenes
and synthesis gas. W02002014248, 2002. b) Steynberg, P. J.; van Rensburg, H.; Grove, J. J. C.; Otto, S.;
Crause, C. Hydroformylation process for the production of aldehydes and alcohols from alkenes using
transition metals complexed with bicyclic phosphine ligands as catalysts. W0O2003068719, 2003.
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Bisphosphanes were also applied in cobalt-catalysed hydroformylations.
The first reports were published in the 1980s using bisphosphanes of the type
dppe (L1), dppv (L2), dppp (L3) and dppb (L4) (Figure 5). The disadvantage
is that they decrease the reactivity of the catalyst in hydroformylation,
although the isomerisation of the alkene is supressed.?

(0 (0 (0
a Yool SO
& ¥4 @ij@@ ©

L2 L4

dppe dppv dppp dppb

Figure 5. Bisphosphane ligands used in cobalt-catalysed hydroformylation.

Bisphosphite ligands are still under research in cobalt-catalysed
hydroformylation nowadays. In 2020, Stanley and co-workers reported the
synthesis of new cobalt (IT) cationic complexes C1-C4 (Scheme 6), which
were described to be active in the hydroformylation of terminal and internal
alkenes employing lower pressures than those using [Co(CO)sH], with the
limitation that high temperatures are still needed. This cobalt (IT) cationic
catalyst appeared to have exceptional stability with respect to cobalt induced
phosphane degradation reactions or decomposition to cobalt metal.?*
Interestingly, two years later, Franke and co-workers reported that the
cobalt(IT) cationic complexes C1-C4 synthesised by the procedure of Stanley
and co-workers had extremely low activity under the published conditions.?*®
The results published by Franke and co-coworkers are in contradiction with
those reported by Stanley ez al., which will probably motivate further studies
in this area of research.

In 2020, Chirik and co-workers published a new enantiopure hydrido
cobalt catalyst using iPrDuPhos as a bisphosphane ligand. The
[Co(CO).H((R,R)-iPrDuPhos)] (C5) (Scheme 6) was tested in
hydroformylation without success, as it only promoted the hydrogenation of
styrene.” However, Chirik and co-workers recently reported the synthesis of
alcohols from terminal alkenes and 1,1-disubstituted alkenes by
cobalt-catalysed visible-light-driven reductive hydroformylation (Scheme 6)

2 Cornely, W.; Fell, B. J. Mol. Catal. 1982, 16, 89-94.

2 a)Hood, D. M.; Johnson, R. A.; Carpenter, A. E.; Younker, J. M.; Vinyard, D. J.; Stanley, G. G. Science
2020, 367, 542. b) Zhang, B.; Kubis, C.; Franke, R. Science 2022, 377, 1223-1227.

% a) MacNeil, C. S.; Mendelsohn, L. N.; Zhong, H.; Pabst, T. P.; Chirik, P. J. Angew. Chem. Int. Ed. 2020,
59, 8912-8916. b) MacNeil, C. S.; Mendelsohn, L. N.; Pabst, T. P.; Hierlmeier, G.; Chirik, P. J. J. Am.
Chem. Soc. 2022, 144, 19219-19224.
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using the cobalt catalyst C5, obtaining high yields and regioselectivities
towards linear alcohols.

R
s s 4 v
0 . 0 ) ——Co
iPr
iPr
C1 (R = Ph, dppe) C3 (R = Ph, DPPBz) J

[Co(x20,0"-acac)( )IBF4 [Co(x?0,0"acac)( )IBF,4 iPr
C2 (R = Et, depe) C4 (R = Et, DEPBz) c5
[Co(x20,0"acac)( )IBF4 [Co(x20,0"acac)( )IBF4 [Co(CO),H((R,R)-iPr |
C5 (5.0 mol%) R
PN 4 atm H,/CO (1:1) or (1:9) Ty

AN Toluene (0.04 M), 42 °C k\/\/\QH
34 W blue LEDs (427 nm)

Terminal and Alcohol
1,1-Disubstituted up to 87% yield
Alkenes /b = 99:1

Scheme 6. Cobalt catalyst based on bisphosphanes and synthesis of alcohols from terminal
and 1,1-disubstituted alkenes.

Phosphorus-based ligands are the most common in hydroformylation, but
additionally, some NHC-cobalt?® complexes have been explored in
hydroformylation (Figure 6). The binuclear cobalt complex C6 was tested in
hydroformylation at 170 °C under 60 bar of syngas with oct-1-ene as substrate.
Interestingly, the expected formation of aldehydes did not take place.?” Only
the decomposition of the precatalyst to give the
[1,3-bis(2,4,6-trimethyl-phenyl)imidazolium]*[Co(CO)4~ derivative was
observed. The hydrido-cobalt complex C7 was active in the hydroformylation
of oct-1-ene under mild conditions (8 bar of syngas at 50 °C for 17 hours). The
conversion of the reaction was moderate (47.3%) and the regioselectivity was
favoured towards the branched aldehyde (I/6= 10:90).%8

Me Me
NiN
I\(jles ?O ?O l\'\‘/lIeS y Ve
,CO e
[ %Cofpo{ ] Me | Me
N éo ocC éo N 0C—Co-CO
Mes Mes H CO
(o] Cc7

Figure 6. NHC-cobalt complexes.

2 NHC is an acronym that refers to N-heterocyclic-carbene.
%" van Rensburg, H.; Tooze, R. P.; Foster, D. F.; Slawin, A. M. Z. Inorg. Chem. 2004, 43, 2468-2470.
2 Llewellyn, S. A.; Green, M. L. H.; Cowley, A. R. Dalton Trans. 2006, 4164-4168.
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I1.3. Rhodium-catalysed hydroformylation

Rhodium is the other metal, besides cobalt, which is mostly used in
industry and academic research in hydroformylation. The major advantages
of rhodium catalysts are: i) high activity, ii) low syngas pressure required,
iii) lower reaction temperatures than those required in cobalt catalysts and iv)
high chemoselectivities towards aldehydes.” The main disadvantage of
rhodium catalysts is its increased price over the years.

Nowadays, [Rh(k?*0,0™acac)(CO),] and trivalent phosphorus ligands are
mostly employed for the generation of phosphorus-modified catalysts in
lab-scale hydroformylation reactions. Through the years, several kinds of
phosphorus-ligands have been studied (Figure 7).°* Phosphane ligands are
usually characterized by three carbon substituents bonded to one phosphorus
atom. The substitution of one, two or three carbon substituents in phosphines
by an oxygen-containing substituent leads to phosphinites, phosphonites or
phosphites, respectively. They can also incorporate nitrogen-containing
substituents, which lead to aminophosphines, diaminophosphines or
triaminophosphines, respectively. Additionally, there is the chance to
combine  different  heteroatom-containing  substituents, such as
phosphoramidite ligands, which are widely used in asymmetric
hydroformylation.®’

c._.C c._.O 0. .0 o._.0
| | | |
Cc Cc [ o
Phosph Phosphini Phosphonite Phosphite
C.__N N.__N N.__N
| | |
Cc N
Aminop phane Diaminophosph Triaminophosphane
O. _N N.__N
| |
o o

Phosphoramidite
Figure 7. Types of organophosphorus ligands applied in hydroformylation.

The first monodentate phosphorus ligand used with rhodium was PPhs,
because it is a readily available, inexpensive, and air-stable ligand. The use of
trialkyl phosphanes, such as PEt; or PBu;, has also been reported in the
literature.”? However, rhodium alkyl phosphane catalysts promote high
amounts of hydrogenation products (i.e. alkanes and alcohols).*® Andreetta

¥ a) Franks, S.; Hartley, F. R. J. Mol. Catal. 1981, 12, 121-124. b) MacDougall, J. K.; Simpson, M. C.;
Green, M. J.; Cole-Hamilton, D. J. J. Chem. Soc., Dalton Trans. 1996, 1161-1172. c) Simpson, M. C.; Cole-
Hamilton, D. J. Coord. Chem. Rev. 1996, 155, 163-207.

30 Evans, D.; Osborn, J. A.; Wilkinson, G. J. Chem. Soc. A 1968, 3133-3142.
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and Wilkinson reported that a high excess of PPh; increased the concentration
of the species [Rh(CO)H(PPhs;),] in the reaction.? This species contains two
triphenylphosphane units which lead to higher concentrations of linear
aldehydes.

Therefore, the use of suitable bidentate phosphorus-based ligands promotes
the formation of stable [Rh(P),] complexes. The exact composition of the first-
coordination sphere of the metal depends on the nature of the ligands (steric
and electronic properties), the Rh/ligand ratio, and the CO partial pressure
during the hydroformylation reaction. When bidentate ligands are bound to
the rhodium centre, the resulting complex adopts a trigonal bipyramidal (tbp)
geometry. The bidentate ligand can be coordinated in an equatorial-equatorial
(eq—eq) (Figure 8a) or equatorial-axial (eq—ax) (Figure 8b) fashion in the
rhodium complex.'!* Bidentate ligands with large bite angles coordinate in an
eq—eq fashion and those which have small bite angles lead to eq—ax complexes.

a) Equatorial-Equatorial b) Equatorial-Axial
H H
5, | oc,, |
IRh* N Rh—CO
eq - ‘ CO q /ax
CcO
eq-eq eg-ax

Figure 8. Coordination of bidentate phosphorus ligands in trigonal bipyramidal rhodium
complexes.

Several chelating a,w-bisphosphanes such as dppe (LL1), dppp (L3) or dppb
(L4) (Figure 5) with small bite angles have been tested in rhodium
hydroformylation and showed poor results towards the linear aldehydes.!'?
Although the resulting rhodium complexes derived from L1, L3 and L4 are
active in hydroformylation, these catalysts suffer from providing mixtures of
linear and branched aldehydes, with a small preference for the linear or
branched aldehyde being observed. However, in order to increase the
regioselectivity towards linear aldehydes, van Leeuwen and Kamer developed
the “Xantphos family” of ligands (Figure 9a), such as Xantphos (L5),
DPEphos (L6), Sixantphos (L7) and Thixantphos (L8). In all the cases, the
phosphane groups are in a rigid scaffold.?? By varying the xanthene backbone,
the P-Rh—P bite angles can be modified. The natural bite angle («)** has
helped in rationalising the relationship between the activity and

3! a) Gregorio, G.; Montrasi, G.; Tampieri, M.; Cavalieri d'Oro, P.; Pagani, G.; Andreetta, A. Chim. Ind.
(Milan) 1980, 62, 389. b) Brown, C. K.; Wilkinson, G. J. Chem. Soc. A 1970, 2753-2764.

32 Kamer, P. C. J.; Kranenburg, M.; van Leeuwen, P. W. N. M.; de Vries, J. G. Bidentate phosphine ligand.
W09530680, 1995.

3 Natural bite angle («) is the bond angle formed by the coordination of a bidentate ligand to a metal centre
(see Figure 9b).
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regioselectivity in homogeneous rhodium catalysis (Figure 9b).>* The ligands
with a bite angle near 110° showed high regioselectivities (96—98% linear ratio)
in the hydroformylation of oct-1-ene.> Furthermore, by modifying the
substitution pattern in the phosphane groups®, fine-tuning of the
stereoelectronic properties of the ligand could be achieved. For instance,
styrene was hydroformylated with Thixantphos ligands. When the
substituents at the phosphane groups had an electron withdrawing character,
an increase in the I:b ratio was observed (R = CF3; //b ratio = 64:34). In
contrast, if the substituent had a donating character,’” a decrease in the /:b ratio
(R = NMe;; I/b ratio = 43:57) was observed (Figure 9a).%

a) Xantphos and relatives b) Natural Bite angle (o)
0 QL0 -
Ph, Ph, Ph, Ph, \o/
L5 L6
Xantphos DPEphos
a=111.4° o =102.0°

I/b = 98:2 for oct-1-ene I/b =91:9 for oct-1-ene

QS'I) U0 |
o 3 o 3
' Ar= -- R '

Ph, Ph, : Ar, Ar, ‘

L7 } L8 ;
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Figure 9. a) Xantphos and analogous ligands. Thixantphos ligands bearing electronically
different P—aryl substituents. b) Natural Bite angle ().

Another important discovery for achieving high linear ratios in
hydroformylation was the use of bidentate bisphosphanes such as BISBI (L9)

3 a) Goertz, W.; C. J. Kamer, P.; W. N. M. van Leeuwen, P.; Vogt, D. Chem. Commun. 1997, 1521-1522.
b) van der Veen, L. A.; Boele, M. D. K.; Bregman, F. R.; Kamer, P. C. J.; van Leeuwen, P. W. N. M;
Goubitz, K.; Fraanje, J.; Schenk, H.; Bo, C. J. Am. Chem. Soc. 1998, 120, 11616-11626. c) Birkholz, M.-N;
Freixa, Z.; van Leeuwen, P. W. N. M. Chem. Soc. Rev. 2009, 38, 1099-1118.

3 Kranenburg, M.; van der Burgt, Y. E. M.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Goubitz, K ;
Fraanje, J. Organometallics 1995, 14, 3081-3089.

% EWG is an acronym that refers to electron-withdrawing group.

37 EDG is an acronym that refers to electron-donating group.

3 van der Veen, L. A.; Boele, M. D. K.; Bregman, F. R.; Kamer, P. C. J.; van Leeuwen, P. W. N. M;
Goubitz, K.; Fraanje, J.; Schenk, H.; Bo, C. J. Am. Chem. Soc. 1998, 120, 11616-11626.
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and NAPHOS (L10) (Figure 10).* These ligands favoured the obtention of
linear aldehydes in high yields in the hydroformylation of terminal alkenes.
Beller and co-workers introduced fluoro-substituted aryl groups, in the ligand
named IPHOS (L11), instead of phenyl substituents (Figure 10). The increase
in the regioselectivity towards the linear aldehyde of internal alkenes as
substrates was attribute by the authors to electronic effects of the ligand.*

OO ‘ OO Substrate I/b ratio aldehydes !
Pha ' Pent-1-ene 96:4 i
OO Ph, OO Pent-2-ene 91:9 !

Oct-2-ene 86:14

L10 L11
BISBI NAPHOS ; IPHOS Oct-4-ene 66:34 ‘
! Ar=3,5-(CF;),CeHz 3

Figure 10. BISBI, NAPHOS and IPHOS ligands in Rh-catalysed hydroformylations.

The first studies using phosphites as ligands in Rh-hydroformylation
reactions showed a considerable increase in the reaction rate in comparison
with phosphanes. That is because phosphites (P-O bonds) are stronger
n-acceptors but weaker o-donors than phosphanes (P-C bonds) (Figure 11).4!
This feature makes the Rh—CO bond weaker in phosphites than phosphanes,
thus promoting the dissociation of the CO ligand from the Rh and facilitating
the coordination of the alkene to the metal centre.*? Moreover, another
advantage of using phosphites instead of phosphines is that they are less
sensitive towards oxidation, despite being water-sensitive compounds.

a0 a0 7. @O@@
6 d Y d b

n-Acceptor

c-Donor

o

Figure 11. n-Acceptor and o-donor characteristics of phosphorus ligands with different P—X
bonds.

¥ Casey, C. P.; Paulsen, E. L.; Beuttenmueller, E. W.; Proft, B. R.; Petrovich, L. M.; Matter, B. A.; Powell,
D. R. J Am. Chem. Soc. 1997, 119, 11817-11825.

40 Klein, H.; Jackstell, R.; Wiese, K.-D.; Borgmann, C.; Beller, M. Angew. Chem. Int. Ed. 2001, 40, 3408-
3411.

4 M. Trzeciak, A.; Gtowiak, T.; Grzybek, R.; J. Zidtkowski, J. J. Chem. Soc., Dalton Trans. 1997, 1831-
1838.

4 yan Leeuwen, P. W. N. M.; Roobeek, C. F. J. Organomet. Chem. 1983, 258, 343-350.
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The introduction of bulky alkyl groups close to the P-O bond of the
phosphite group improved the //b ratio of the reaction and the stability of the
ligand towards hydrolysis.®* Phosphites with a tferr-butyl group in
ortho-position of the P-O bond (L12a, L12b and L12c) were designed by Piet
van Leeuwen* and developed by Shell and Union Carbide Chemicals &
Plastics (UCC, since 2001 Dow Chemical).* Interestingly, these ligands are
still used in academia and industry (Figure 12). These monophosphite ligands
show high rates in the hydroformylation of internal alkenes and moderate
regioselectivities towards the linear isomer for terminal alkenes.

MeO OMe
<>\ Bu tBu
I O-p’ (o]

L12a:R=H L13
L12b: R = Me BiPhePhos
L12c: R = tBu (Alkanox)

Shell, UCC

O O L14a: R,R = / \ L14c:RR = NS
L14b:RR = | | L14d: RR =
>< o CoH1g

Ligands Developed by BASF
Figure 12. Phosphite ligands frequently used in Rh-catalysed hydroformylation.

Sterically hindered, chelating bidentate phosphorus ligands favour the
formation of linear aldehydes. BiPhePhos ligand (L13), reported by Bryant
and co-workers,* showed excellent results towards the formation of linear
aldehydes. The authors identified that the bulky groups present in the ligand
played an important role in the high regioselectivities observed.*’ Ligand L13

4 van Rooy, A.; Orij, E. N.; Kamer, P. C. J.; van Leeuwen, P. W. N. M. Organometallics 1995, 14, 34-43.
“van Leeuwen, P. W. N. M.; Roobeek, C. F. Olefin hydroformylation. EP54986, 1982.

4 Abatjoglou, A. G.; Bryant, D. R.; Maher, J. M. Stabilization of phosphite ligands in hydroformylation
process. EP697391, 1996.

4 Billig, E.; Abatjoglou, A. G.; Bryant, D. R. Homogeneous rhodium carbonyl compound-phosphite ligand
catalysts and process for olefin hydroformylation. US4769498, 1988.

47 Cuny, G. D.; Buchwald, S. L. J. Am. Chem. Soc. 1993, 115, 2066-2068.
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became the prototype in the subsequently developed phosphite ligands.
Moreover, Roper and Paciello (BASF) correlated product linearity in
Rh-catalysed hydroformylation of oct-1-ene with structural data of closely
related bisphosphite ligands (Figure 12).*® The explanation was that ligands
that stabilize the P-Rh—P angle around 120° lead to a higher //b ratio, with
ligand L14a providing the best results.*

I.4. Asymmetric rhodium-catalysed hydroformylation

A molecule whose mirror image is non-superimposable with the original
molecule is called a chiral molecule. The molecule and mirror image (if
non-superimposable) are called enantiomers or optical isomers.”® This concept is
very important in chemistry because the two enantiomers may have different
biological properties. The synthesis or obtention of enantiomerically pure
compounds is in high demand from the fragrance and pharmaceutical
industries.”! As shown in Figure 13, the enantiomers may have completely
different biological activity and it is important to know their effects for
biological purposes. For example, the smell of carvone depends on the
enantiomer.’> On the other hand, (S)-thalidomide has an embryo-toxic and
teratogenic effects, whereas the (R)-thalidomide has a sedative effect.® In
other cases, one enantiomer is active and the other does not show any
biological activity (like for (R)-citalopram).>*

48 Paciello, R.; Siggel, L.; Kneuper, H.-J.; Walker, N.; Roper, M. J. Mol. Catal. A: Chem. 1999, 143, 85-97.
4 a) Paciello, R.; Siggel, L.; Réper, M. Angew. Chem. Int. Ed. 1999, 38, 1920-1923. b) Kunze, C.; Selent, D.;
Neda, I.; Schmutzler, R.; Spannenberg, A.; Bormer, A. Heteroat. Chem. 2001, 12, 577-585. c) Monnereau,
L.; Sémeril, D.; Matt, D. Eur. J. Org. Chem. 2010, 2010, 3068-3073.

S0 TUPAC. Compendium of Chemical Terminology, 2nd Ed. (the "Gold Book"). Blackwell Scientific
Publications, Oxford, 1997.

5! Evans, P. A. Stereoselective Synthesis 3. 1st Edition ed.; Science of Synthesis, Vol. Volume 3; Georg
Thieme Verlag KG, 2011.

2 L eitereg, T. J.; Guadagni, D. G.; Harris, J.; Mon, T. R.; Teranishi, R. J. Agric. Food. Chem. 1971, 19, 785-
787.

53 Kim, J. H.; Scialli, A. R. Toxicol. Sci. 2011, 122, 1-6.

54 Aronson, J. K. Meyler's Side Effects of Drugs: The International Encyclopedia of Adverse Drug Reactions and
Interactions; Elsevier, 2016.
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Figure 13. Chiral molecules and their biological properties of the enantiomers.

Asymmetric hydroformylation (AHF) has become an important tool to
produce optically pure (or highly enantioenriched) aldehydes from alkenes.>
Enantiopure aldehydes possess high value in the fragrance and
pharmaceutical industries. Aldehydes, as previously mentioned, present a
huge synthetic versality, as they can be easily transformed into other classes of
organic compounds such as alcohols, imines, carboxylic acids, etc. (Figure 1).

Key aspects to consider for developing efficient chiral catalysts providing
high conversions, regioselectivities and enantioselectivities must take into
account i) the ligand skeleton, ii) the bite angle, iii) the electronic properties of
the phosphorus atom and iv) the steric elements of the ligand.® In
hydroformylation, enantiopure phosphorus ligands can be divided into two
groups i) P-stereogenic ligands’” (Figure 14) and ii) ligands with a stereogenic
elements in the backbone (Figures 15 and 16).

%5 Chakrabortty, S.; Almasalma, A. A.; de Vries, J. G. Catal. Sci. Technol. 2021, 11, 5388-5411.

% Gillespie, J. A.; Dodds, D. L.; Kamer, P. C. J. Dalton Trans. 2010, 39, 2751-2764.

57 Grabulosa, A. P-Stereogenic Ligands in Enantioselective Catalysis; Royal Society of Chemistry Publishing,
2011.
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L15: (S)-BINAPINE L16: TangPhos L17: BenzP* L18: (R,R)-QuinoxP*
2003, Zhang 2005, Amgen Inc. 2011, Buchwald 2013, Buchwald
Styrene / Allyl cyanide / Vinyl acetate  [2.2.1]-Bicyclic olefins 1,1-Disubstituted  3,3,3-Trifluoroprop-1-2n-2-yl
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tBu .
L21: (R,R,R,R)-BIPOP
2016, Zhang
L19: 1,1-P*-OP L20: BettiPhos 1,1,1-Trifluoro-2-acetoxypropene
2014, Vidal-Ferran 2016, Francio & Leitner 2019, Senayake
Vinyl acetate Vinyl Esters Styrene derivatives

Figure 14. Selected enantiopure P-stereogenic ligands for asymmetric rhodium-catalysed
hydroformylation.

In 1972, Ogata and Ikeda were the first to report the use of P-stereogenic
phosphanes in asymmetric hydroformylation (AHF), but the
enantioselectivity was moderate in the hydroformylation of styrene.® In
subsequent studies, structurally diverse enantiopure P-stereogenic ligands
were developed (for the structure of the ligands, see Figure 14). In 2003, Zhang
reported high enantioselectivities for styrene (94% ee), allyl cyanide (94% ee)
and vinyl acetate (87% ee) with (S)-BINAPINE (L15) as the ligand, although
the regioselectivities were low.*®* TangPhos (LL.16), which was developed by
Amgen Inc., is one of the best ligands for the AHF of norbornene (92% ee of
the exo-product).®® In 2011 and 2013, Buchwald and co-workers applied
BenzP* (L17) and (R,R)-QuinoxP* (L18) in the AHF of 1,1-disubstituted
alkenes (81-94% ee, 54-91% yields) and 3,3,3-trifluoroprop-1-en-2-yl acetate
(92% ee) respectively.®! Vidal-Ferran and co-workers reported several
examples with mixed donor P-OP enantiopure ligands such as L19 with a
narrow bite angle and a P-stereogenic phosphane group (AHF of vinyl acetate
I:b=5:95, 61% ee).%? For vinyl esters, Francio, Leitner and co-workers reported
the ligand BettiPhos (L20) (up to 82-95% e¢).*® Finally, in 2016, Zhang and
co-workers reported the use of ligand (R,R,R,R)-BIPOP (L21) for

8 Qgata, 1.; Ikeda, Y. Chem. Lett. 1972, 487-488.

% Tang, W.; Wang, W.; Chi, Y.; Zhang, X. Angew. Chem. Int. Ed. 2003, 42, 3509-3511.

® Huang, J.; Bunel, E.; Allgeier, A.; Tedrow, J.; Storz, T.; Preston, J.; Correll, T.; Manley, D.; Soukup, T;
Jensen, R.; et al. Tetrahedron Lett. 2005, 46, 7831-7834.

l'a) Wang, X.; Buchwald, S. L. J. Am. Chem. Soc. 2011, 133, 19080-19083. b) Wang, X.; Buchwald, S. L. J.
Org. Chem. 2013, 78, 3429-3433.

©2Lao, J. R.; Benet-Buchholz, J.; Vidal-Ferran, A. Organometallics 2014, 33, 2960-2963.

3 Schmitz, C.; Holthusen, K.; Leitner, W.; Francio, G. ACS Catal. 2016, 6, 1584-1589.
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1,1,1-trifluoro-2-acetoxypropene, which is a challenging substrate in AHF,
and obtained high enantioselectivity (/b6 = 1:8.5, 80% ee).®* On the other hand,
Senanayake reported the use of the same ligand L21 for styrene derivatives
providing high enantioselectivities (79-90% ee).%

Ph Ph Ph Ph
(S)/>NH NH—4(S) ) Z(S) (R): (R)
PH }—@ Ph S~ e

00 %o (8)2 (s) (R) S (R)
(§)3 (s) Ph Ph Ph PR
N N L23: (S,S)-Ph-BPE L24: (R,R)-Ph-BPE
N NN 2015, Morken 2015, Morken
(s) S Terminal alkenes Internal alkenes

Oo 0O
. .S
NH NH—(s)
L22: (S,S,S)-BisDiazoPhos ’
2005, Landis
Styrene / Allyl cyanide / Vinyl acetate

2010, Landis & Stahl
Monosubstituted enamides / Allyl ethers / Allyl carbamates

2013, Landis
Z-Enamides / Z-Enol esters L25: (R,R)-Chiraphite
2018, Landis 1993, Union Carbide Chemicals (UCC)
1,1'-Disubstituted acrylates Vinyl arenes
T™MS T™MS tBu tBu
RA~R)
. \E/\|/ o O
-0 O« o o
i (S p- O-
-0 \ (Sa)
SN SalEalse
T™MS TMS BU Bu
L26: (R,R)-Bisphosphite L27: (S,,S,)-Kelliphite
1997, Kamer & van Leeuwen 2004, Chirotec
Styrene Vinyl acetate / Vinyl cyanide

(ole}
o..~ \_.O0
tBu tBu
MeO
L28: (S,)-Bisphosphite L29: Sugar-based Bisphosphite
2007, Zhang 2019, Claver & Godard
Norborenes

Vinyl acetate

Figure 15. Selected enantiopure bisphosphanes (L22-L24) and bisphosphites (L.25-L28)
ligands for asymmetric rhodium-catalysed hydroformylation.

% Tan, R.; Zheng, X.; Qu, B.; Sader, C. A.; Fandrick, K. R.; Senanayake, C. H.; Zhang, X. Org. Lett. 2016,

18, 3346-3349.
% Qu, B.; Tan, R.; Herling, M. R.; Haddad, N.; Grinberg, N.; Kozlowski, M. C.; Zhang, X.; Senanayake,

C. H. J. Org. Chem. 2019, 84, 4915-4920.
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Selected enantiopure bidentate phosphorus ligands for AHF have been
summarised in Figures 15 and 16. Enantiopure bisphosphane ligands are
useful for some selected substrates (Figure 15, e¢’s ranging from 73-99%).
Between 2005 and 2018, Landis and co-workers reported several AHFs on an
array of structurally diverse alkenes using (S,S,S)-BisDiazoPhos (L22) as the
ligand. For styrene, allyl cyanide and vinyl acetate, the desired products were
obtained in high regio- and enantio-selectivities (styrene /:6 = 1:30 & 89% eg;
allyl cyanide :b = 1:4.8 & 87% ee; vinyl acetate :b = 1:40 & 95% ee).®® An
excellent result for monosubstituted enamides (ee up to 99%), and allyl ethers
and carbamates (ee up to 97%) were reported in 2010 by the same authors.’
Internal alkenes are challenging substrates in AHF and the use of ligand L22
provided high regio- and enantio-selectivities for (Z)-enamides (a: = >50:1
and 92-99% ee) and (2)-enol-esters (a:f = 6.3-99 and (o) = 85-94% ee), high
regio- and enantio-selectivities were obtained.®® In 2018, the AHF of
1,1'-disubstituted acrylates was achieved with high enantioselectivities when
the substrate incorporated electron-withdrawing substituents at the 2-position,
such as F (85% ee), OAc (73% ee) or OMe (90% ee), were reported.® Other
important enantiopure bisphosphanes are (S§,5)-Ph-BPE (L23) and
(R,R)-Ph-BPE (L24) which were used by Morken and co-workers in the AHF
of terminal (ligand L.23, 90-99% e¢) and internal alkenes (ligand 1.24, 82% e¢).”

Other bidentate enantiopure ligands for AHF are structurally diverse
bisphosphites. Through the years, these ligands have provided promising
enantioselectivities in the AHF of different substrates (Figure 15). Union
Carbide Chemicals (UCC) reported in a patent that (R,R)-Chiraphite (L25),
which was developed by Babin and co-workers, was one of the first
enantiopure bisphosphites used in the AHF of vinyl arenes obtaining good
enantioselectivities (ee’s up to 90%).”" In 1997, the ligand L26 was developed
by Kamer and van Leeuwen. Good enantioselectivities were obtained for
styrene (ee’s up to 87%) with this ligand.” (S,,S,)-Kelliphite (L27), which
incorporates a biphenol backbone, is a ligand developed by Chirotec. This
ligand provided favourable enantioselectivities for vinyl acetate (88% e¢) and

% Clark, T. P.; Landis, C. R.; Freed, S. L.; Klosin, J.; Abboud, K. A. J. Am. Chem. Soc. 2005, 127, 5040-
5042.

¢ McDonald, R. I.; Wong, G. W.; Neupane, R. P.; Stahl, S. S.; Landis, C. R. J. Am. Chem. Soc. 2010, 132,
14027-14029.

% Abrams, M. L.; Foarta, F.; Landis, C. R. J. Am. Chem. Soc. 2014, 136, 14583-14588.

% Eshon, J.; Foarta, F.; Landis, C. R.; Schomaker, J. M. J. Org. Chem. 2018, 83, 10207-10220.

®Yu, Z.; Eno, M. S.; Annis, A. H.; Morken, J. P. Org. Lett. 2015, 17, 3264-3267.

I Babin, J. E.; Whiteker, G. T. Preparation of catalyst ligands for asymmetric synthesis. W09303839, 1993.
2 Buisman, G. J. H.; van der Veen, L. A.; Klootwijk, A.; de Lange, W. G. J.; Kamer, P. C. J.; van Leeuwen,
P. W.N. M.; Vogt, D. Organometallics 1997, 16, 2929-2939.
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vinyl cyanide (78% ee).” In 2007, Zhang and co-workers reported the
preparation and use of the enantiopure bisphosphite L28, which was applied
in the AHF of vinyl acetate, obtaining good results in regioselectivity
(I/b = 2:98) and enantioselectivity (80% ee).”* Claver and Godard reported a
sugar-based bisphosphite ligand (L29) for the AHF of norbornenes obtaining
96% of exo-selectivity and 71% ee.”

Furthermore, phosphane-phosphoramidite (L30), phosphane-phosphites
(L31-L34) and bisphosphonite (L35) were used in AHF as well, as
summarised in Figure 16. Zhang and co-workers reported high regio- and
enantioselectivities, using (S,,R,)-N-Bn-YanPhos (L30) as a ligand for the
AHF of substituted cyclopentene derivatives (up to /6 = 1:99 and 97% ee) and
(Z)-alkenylsilanes (B:a0 = 99:17¢ and 91-96% ee).”” There are more examples on
the use of phosphane-phosphites in AHF, one of the first being related to
enantiopure ligands (R,,S,)-Binaphos (L31), as reported in 1993 by Takaya
and co-workers as one of the most versatile and high enantioselectivity in the
AHF of a broad array of substrates.”? The (S,)-phosphane-phosphonite L32
was developed by Reek and co-workers. Interestingly, this ligand is based on
the Xantphos skeleton and was used in the AHF of dihydrofuran with up to
99% of regioselectivity and 91% of ee.” In 2014, Vidal-Ferran and co-workers
applied the enantiopure ligand (S, R)-P-OP’ L33 in AHF. This ligand
provides a short bite-angle upon binding with the metal centre and has the two
ligating phosphorus atoms connected by a stereogenic carbon centre. This
ligand L33 gave moderate enantioselectivities for vinyl acetate (//6 = 1:99 with
74% ee) and 2,2-dihydrofurans (50/50 mixture of regioisomers with up to
80% ee).®** Clarke and co-workers developed the ligand (S,,S,S)-BOBPhos
(L34) that was applied in AHF of styrene (//b = 2:98 in 92% ee) and
allylbenzenes (//b = 14:86 and 92% ee).®' Bisphosphonites were also studied in
hydroformylation. For instance, (R,R,R,R)-bisphosphonite L35, which
incorporates the TADDOL?® fragment, was developed by Breit and

3 Cobley, C. J.; Gardner, K.; Klosin, J.; Praquin, C.; Hill, C.; Whiteker, G. T.; Zanotti-Gerosa, A.;
Petersen, J. L.; Abboud, K. A. J. Org. Chem. 2004, 69, 4031-4040. b) Cobley, C. J.; Klosin, J.; Qin, C.;
Whiteker, G. T. Org. Lett. 2004, 6, 3277-3280.

" Zou, Y.; Yan, Y.; Zhang, X. Tetrahedron Lett. 2007, 48, 4781-4784.

> Cunillera, A.; Blanco, C.; Gual, A.; Marinkovic, J. M.; Garcia-Suarez, E. J.; Riisager, A.; Claver, C.;
Ruiz, A.; Godard, C. ChemCatChem 2019, 11, 2195-2205.

76 B position refers to the relative position to the silicon heteroatom.

7a) You, C.; Wei, B.; Li, X.; Yang, Y.; Liu, Y.; Lv, H.; Zhang, X. Angew. Chem. Int. Ed. 2016, 55, 6511-
6514.b) You, C.; Li, X.; Yang, Y.; Yang, Y.-S.; Tan, X.; Li, S.; Wei, B.; Lv, H.; Chung, L.-W.; Zhang, X.
Nat. Commun. 2018, 9, 2045.

8 Sakai, N.; Mano, S.; Nozaki, K.; Takaya, H. J. Am. Chem. Soc. 1993, 115, 7033-7034.

 Chikkali, S. H.; Bellini, R.; Berthon-Gelloz, G.; van der Vlugt, J. I.; de Bruin, B.; Reek, J. N. H. Chem.
Commun. 2010, 46, 1244-1246.

8 Fernandez-Pérez, H.; Benet-Buchholz, J.; Vidal-Ferran, A. Chem. Eur. J. 2014, 20, 15375-15384.

81 Noonan, G. M.; Cobley, C. J.; Mahoney, T.; Clarke, M. L. Chem. Commun. 2014, 50, 1475-1477.

8 TADDOL is an acronym that refers to a,a,a,a-tetraaryl-1,3-dioxolane-4,5-dimethanol.
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co-workers and used in the AHF of styrene derivatives (//b = 16:84 and
91% ee).®
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Figure 16. Selected enantiopure phosphane-phosphoramidite (L30), phosphane-phosphites
(L31-L34) and bisphosphonite (L35) ligands for asymmetric rhodium-catalysed
hydroformylations.

I.5. Supramolecular approaches in catalysis

The field of supramolecular catalysis was inspired by the enzymatic
machinery in nature, which involves the participation of reversible
interactions, such as hydrogen bonding, cation-n interaction, hydrophobic
forces, etc., in the catalytic event in order to increase the rate of a chemical
reaction and/or its selectivity.®* Therefore, the term of supramolecular
catalysis refers to a catalytic system involving supramolecular interactions®
with a recognition site capable of binding the components of the catalytic
reaction.’® The different supramolecular chemistry interactions have been
summarised according to their nature and strength (kJ/mol) in the Figure 17.

8 Allmendinger, S.; Kinuta, H.; Breit, B. Adv. Synth. Catal. 2015, 357, 41-45.

8 2) Raynal, M.; Ballester, P.; Vidal-Ferran, A.; van Leeuwen, P. W. N. M. Chem. Soc. Rev. 2014, 43, 1660-
1733. b) Raynal, M.; Ballester, P.; Vidal-Ferran, A.; van Leeuwen, P. W. N. M. Chem. Soc. Rev. 2014, 43,
1734-1787.

85 Cragg, P. J. A Practical Guide to Supramolecular Chemistry; John Wiley & Sons, Ltd, 2005.

8 yan Leeuwen, P. W. N. M.; Raynal, M. Supramolecular Catalysis: New Directions and Developments;, Wiley-
VCH GmbH, 2022.
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Figure 17. Schematic representation of supramolecular interactions.

Supramolecular interactions have become an alternative and powerful tool
in catalysis in the recent years. They have contributed to achieve excellent
results in the chemo-, regio- and enantio-selectivities in diverse catalytic
reactions. Four strategies have been developed for the design and synthesis of
supramolecular catalysts:348586

a) Ligand-ligand interactions: The ligands contain the building blocks
for the supramolecular assembly through supramolecular interactions
to generate the catalyst (Figure 18a).

b) Ligand-additive interactions: The Iligand interacts through
supramolecular interactions with an external agent (regulation agent,
allosteric effector, or cofactor, among other names in the literature).
As a result, the performance of the catalyst is improved (Figure 18b).

c¢) Catalyst-substrate interactions: The catalytic system contains
binding sites capable of establishing supramolecular interactions with
the substrate(s). The chemo-, regio- and/or enantio-selectivity of the
reaction is improved as a result of the pre-organization of the substrate
within the catalytic site (Figure 18c).
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d) Multiple reactions: Supramolecular interactions between the
components of the catalytic system (z.e., metal centres, substrates,
anionic or cationic counterparts, efc.) help in improving the
performance of the catalyst (Figure 18d).

a) Ligand-ligand interaction TTTITTTTTTTmmmeeeees ) c) Catalyst-substrate interaction
' Metal !
: centre :
1 3 |II|II|I
: Ligand '

‘ i Supramolecular |

interaction '

b) Ligand additive interaction . ‘ d) Multiple interactions
| Regulation 1

Agent .
; ||II|II|II
‘ N

Figure 18. Schematic representation of supramolecular interactions for catalysis.

The supramolecular regulation approach involves the maximization of the
performance of the catalyst by an external agent (the so-called regulation agent
or RA) that binds away from the catalytic site, but has an effect in the outcome
of the catalytic process (Figure 19). This strategy was inspired by the
phenomenon called allosterism, which is observed in enzyme -catalysis.
Allosterism is described by the change in the affinity for binding process of a
molecule, or the change in the outcome of a catalytic event, that is caused by
the binding of another molecule or allosteric effector away from the active
site.¥” Ito and co-workers pioneered the field of supramolecular regulation in
non-natural systems in enantioselective allylation reactions of a-nitro ketones
and a-nitro esters with allyl acetate.®

Regulation Substrates
binding site S1&S2

l

CATALYST CATALYST
Regulation
T Agent
Catalytic
active site

Figure 19. Schematic representation of the supramolecular regulation approach.

Research activities of our group have focussed and still focus on
supramolecularly regulated catalysis. OQur group’s approach is going to be

87 Pelley, J. W. 3 - Protein Structure and Function. In Elsevier's Integrated Review Biochemistry (Second Edition),
Pelley, J. W. Ed.; W.B. Saunders, 2012; pp 19-28.
8 Sawamura, M.; Nakayama, Y.; Tang, W.-M.; Ito, Y. J. Org. Chem. 1996, 61, 9090-9096.
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summarised in this introduction. Our group has already published a few
modular designs of the catalytic system, in which the supramolecular ligand
contains a polyether chain as the regulation site bonded to metal ligating
groups (G) for catalysis. In some supramolecular ligands, a linking group (X)
was included in the regulation site in order to: i) have additional stereogenic
motifs; and/or ii) limit the flexibility of the polyether chain (Figure 20).%

°L (RA hxﬁ @ ﬁxﬁ Linker
RA j

o _~ j Regulation Site
[ X\/\o [ ] Catalytic site
-G >
o 0 0 0

G G G
Supramolecular Ligands Le \@/
(L)

[M(L=RA)]

Supramolecular Catalysts

Figure 20. Schematic representation of the supramolecular approach in Vidal-Ferran’s group.

The regulation agent (RA) in our supramolecular approach is a salt derived
from alkali metals, alkaline earth metals, lanthanides, or organic amines.”
The RA interacts with the regulation site through non-covalent interactions
producing a change in the three-dimensional structure of the catalytic site
depending on the size and shape of the regulation agent. Regarding the
catalytic site, the group has mainly focused on metal complexes of ligands
containing monophosphite, bisphosphite or bisoxazoline ligating groups (G)
and rhodium(I), palladium(II), gold(I) and copper(l) as metal centres ([M]).
These supramolecularly regulated catalysts have been applied in different
catalytic transformations of interest.’!

Our group has successfully applied the regulation strategy to rhodium
asymmetric hydroformylation reactions (AHF) of several alkenes obtaining
excellent results. For vinyl esters, the combined use of RbBArF as the RA and
ligand L36 provides an increase up to 81% in the conversion, an improvement
in the [/b ratio from 90:10 to 99:1 and an increase up to 64% in the
enantiomeric excess in the AHF of vinyl acetate S1 (Scheme 7). Based on
computational studies, Vidal-Ferran and co-workers proposed that RbBArF
adjusts the P-Rh-P bond angle of the catalytic site to the optimal value for
achieving almost perfect enantioselectivity in the AHF reaction. The
combination of ligand L36 with RbBATrF as the RA led to a high increase in
enantioselectivity for the vinyl esters S2 and S3 (63% and 82%, respectively).

% Vaquero, M.; Rovira, L.; Vidal-Ferran, A. Chem. Commun. 2016, 52, 11038-11051.

% Carreras, L.; Rovira, L.; Vaquero, M.; Mon, I.; Martin, E.; Benet-Buchholz, J.; Vidal-Ferran, A. RSC
Adv. 2017, 7, 32833-32841.

! Llorente, N.; Fernandez-Pérez, H.; Nufiez-Rico, J. L.; Carreras, L.; Martinez-Carrion, A.; Iniesta, E.;
Romero-Navarro, A.; Martinez-Bascufiana, A.; Vidal-Ferran, A. Pure Appl. Chem. 2019, 91, 3-15.
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The ligand L36 was also tested in the AHF of styrene and
allyloxytrimethylsilane as substrates.’

[Rh(x?0,0%acac)(CO),] (1 mol%) linear (/) branched (b)
o L36 (1.2 mol%) o) O CHO
BArF (1.56 mol%) CHO Z
PN R~ CHO L S
10 bar H,/CO (1:1), 40 °C, 5 h
§1-3 Toluene/THF (97:3 viv) P1-3a P1-3b
P1 P2 P3
R = Me R=Et R =Ph

>99% conv. (+81%) >99% conv. (+6%) >99% conv. (+2%)
1:99 I/b ratio (+9%) 1:99 I/b ratio (+3%) 1:99 I/b ratio (+1%)
99% ee (+64%) 99% ee (+63%) 96% ee (+82%)

Scheme 7. Supramolecular regulation in the asymmetric hydroformylation of vinyl esters
(S1-3) with Rh(I)-complexes derived from bisphosphite L36 (values in brackets denote the
difference between the results with and without a RA).

Furthermore, kinetic studies on the AHF of vinyl acetate (S1a) employing
the supramolecular ligand 136 and RbBArF as the RA were performed. The
kinetic studies were carried out employing FlowNMR under the reaction
conditions indicated in Scheme 7. Variable Time Normalization Analysis
(VTNA)”® was used to extract relevant kinetic parameters from the raw
concentration data against time measured by NMR spectrometry. This
simplified kinetic analysis demonstrated first-order kinetics for the catalyst and
substrate (Figure 21).%*

%2 Mon, 1.; Jose, D. A.; Vidal-Ferran, A. Chem. Eur. J. 2013, 19, 2720-2725.

% Burés, J. Angew. Chem. Int. Ed. 2016, 55, 16084-16087.

% Martinez-Carrién, A.; Howlett, M. G.; Alamillo-Ferrer, C.; Clayton, A. D.; Bourne, R. A.; Codina, A ;
Vidal-Ferran, A.; Adams, R. W.; Burés, J. Angew. Chem. Int. Ed. 2019, 58, 10189-10193.
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a) Original reaction profile b) Catalyst activation profile

[21/m
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c) Simplified reaction profile
induction period eliminated

[21/M simpler reaction profile

first-order reaction revealed

Z [cat]At

Figure 21. a) The original reaction profile of the asymmetric hydroformylation reaction
catalysed of vinyl acetate under the reaction conditions of scheme 6 is corrected by b) the
profile of the active catalyst to reveal c) a simple first-order reaction profile.

Our research group also published the AHF of heterocyclic alkenes such as
2,3,6,7-tetrahydrooxepine (S4) and 2,3-dihydrofuran (S5). For these
substrates, the group developed new supramolecularly regulated
bisphosphites, such as .37, with a stereogenic motif incorporated in the linker
in the regulation site. The addition of KBArF as a RA led to an increase of
76% in the conversion and 83% in the enantioselectivity for the heterocyclic
alkene S4. On the other hand, for the heterocyclic alkene S5, the addition of
KBATF provided an increase of 33% in the conversion, an improvement in the
ratio of the a:f aldehydes from 38:62 to 80:20 and, finally, an increase of 68%
in the enantiomeric excess of the aldehyde P5-a (Scheme 8).%

% Rovira, L.; Vaquero, M.; Vidal-Ferran, A. J. Org. Chem. 2015, 80, 10397-10403.
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Rh(x20,0" CO),] (1 mol%
[Rh(x?0,0"acac)(CO),] (1 mol%) cHo
L37 (1.2 mol%) O
- BArF (1. 9 *
m rF (1.56 mol%) (_% .
OO  10barHy/CO (1:1),40°C,18h  O~_O o (Sa)
Toluene/THF (97:3 viv) OO P-
s4 P4 o
o/\/o\/\o’ tBu

>99% conv. (+76%) (Ra)
93% ee (+) (+83%)

O\/\ /\/0\ tBu
o b0
[Rh(x20,0%acac)(CO),] (1 mol%) g
L37 (1.2 mol%) o CHO (sa
+ *
0o 10 bar H,/CO (1:1), 40 °C, 18 h o o~ ~CHO
Toluene/THF (97:3 v/v)

S5 P5-a P5-8 L37
65% conv. (+33%)
a/p ratio = 80:20 (+42:-42)
P5-0 =81% (R) ee (+68%) / P5-B = 20 % (R) ee (+4%)

Scheme 8. Supramolecular regulation of AHF of heterocyclic alkenes employing
Rh(I)-complexes derived from bisphosphite 137 (values in brackets denote the difference
between the results with and without an RA).

The supramolecular regulation of the AHF for aryl vinyl ethers (S6-13) was
performed using the bisphosphite ligand L38 (Scheme 9). This supramolecular
ligand has a conformationally labile biphenyl group as a linker in order to limit
the flexibility of the polyether chain. The best RA for phenyl vinyl ether (S6)
was LiBArF, whose use led to an increase in the conversion by 70%, in the //b
ratio from 8:92 to 1:99 and in the enantiomeric ratio (S:R) from 78:22 to 92:8
for P6a at 40°C. The reaction was optimized at 25°C with an increase in the
enantiomeric ratio from 92:8 to 94:6, but at the expense of a lower conversion.
It was also applied to a set of structurally diverse aryl vinyl ethers (§87-13). The
substrates studied have been summarized in Scheme 9, with conversions being
up to 83%, and enantiomeric ratios up to 97:3 (S:R).”

% Martinez-Carrién, A. The Hydroformylation Reaction: from Covalent to Supramolecular Approaches
and Operando Kinetic Studies. Univertitat Rovira i Virgili, 2020.
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[Rh(x20,0%-acac)(CO),] (1 mol%)
L38 (1.2 mol%)

o~ o (0] O+
R{j/ & BArF (1.56 mol%) R{j/ ~"cHO . SN Y
A 10 bar Ho/CO (1:1), 25 °C, 48 h \F 4 CHo

linear (/) branched (b)

S6-13 Toluene/THF (97:3 V/V) P6-13a P6-13b
P6 (40 °C; 18 h) P6 P7
R=H R=H R = o-Me
95% conv. (+70%) 73% conv. 26% conv.
1:99 I/b ratio (+7%) 1:99 I/b ratio 1:99 I/b ratio
92:8 er (S:R) (+14%)  94:6 er (S:R) 919 er (S:R) O
P8 P9 P10
R = m-Me R = p-Me R =p-F
69% conv. 66% conv. 63% conv.
1:99 I/b ratio 1:99 I/b ratio 1:99 I/b ratio
94:6 er (S:R) 94:6 er (S:R) 94:6 er (S:R)
P11: R=p-NO, P12: R =2-naphthalene P13: R = o-Me & p-Cl
70% conv. 88% conv. 25% conv.
1:99 I/b ratio 1:99 I/b ratio 1:99 I/b ratio
95:5 er (S:R) 97:3 er (S:R) 89:11 er (S:R)

Scheme 9. Supramolecular regulation of asymmetric hydroformylation of aryl vinyl ether
derivatives with Rh(I)-complexes derived from bisphosphite L.38 (values in brackets denote
the difference between the results with and without an RA).

Encouraged by the performance of the supramolecular ligands with a distal
regulation site in AHF, the group studied other transformations of interest.

The supramolecular regulation strategy was also applied in the AHs of
functionalised alkenes S14-17 using the bisphosphite L39 as the
supramolecular ligand (Scheme 10). For this reaction, an enantiomeric
ammonium BATrF salt proved to be the most efficient RA. The ammonium
BAUTF salt increased the enantioselectivity by 3% and the conversion by 2% for
the substrates S14-16. However, CsBArF as the RA provided the best results
for the alkene P17, increasing the enantioselectivity by 5%.”” A similar
regulation strategy for rhodium-mediated asymmetric hydrogenations was
also reported by Fan and co-workers.”®

7 Vidal-Ferran, A.; Mon, 1.; Bauza, A.; Frontera, A.; Rovira, L. Chem. Eur. J. 2015, 21, 11417-11426.
%14,Y.;Ma, B.; He, Y.; Zhang, F.; Fan, Q.-H. Chem. Asian J. 2010, 5, 2454-2458.
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J

[Rh(cod),]BArF (1 mol%)

J
&

L39 (1.2 mol%) 0
H R? (1.56 mol%) H R? d bR " O
>:< HH>_<HH o)
R R3 20 bar H, R R3
CH,Cl,, 1t, 18 h 0
$14-17 P14-17 & o O
"D
P14 P15 o Ra)
R'=H; R?= COOMe; R® = NHAc R'=H; R?= Ph; R®= NHAc
= Ammonium Salt BArF = Ammonium Salt BArF 0
99% conv (+0%) 99% conv (+0%) L39
96% ee (S) (+2%) 93% ee (S) (+3%)
P16 P17 J\ ;(R)
R :
R' = Ph; R2= COOMe; R® = CHyNHAC R'= H; R?= 1-Naphth; R®= NHAc Ph( ) N~ Ph TBArF
= Ammonium Salt BArF = CsBarF Ha

50% conv (+2%) Ammonium Salt BArF

95% ee (S) (+2%)

99% conv (+0%)
78% ee (R) (+5%)

Scheme 10. Supramolecular regulation of asymmetric hydrogenations of functionalised
alkenes with Rh(I)-complexes derived from bisphosphite .39 (values in brackets denote the
difference between the results with and without an RA).

In 2016, a study of allylic substitutions with Pd(IT)-complexes derived from
the supramolecular ligand L40 was published by members of our research
group (Scheme 11). The allylic acetate S18 was reacted with C-nucleophiles
derived from DMM? and with benzylamine (BZA)'®, each nucleophile
requiring its own optimal palladium precursor and RA for obtaining the allylic
substitution product with the highest possible enantioselectivity. For DMM,
the combined use of RbOAc with [PdCly(cod)] and ligand L40 provided the
best results in terms of enantioselectivity of the final compound (increase up
to 6% in the ee; Scheme 10). On the contrary, the indistinct use of Mg(OTf),,
La(OTf); or Ho(OTf); in combination with [{Pd(n*-allyl)(u-Cl)},] and ligand
L40 provided the best results for the nucleophilic substitution of S18 with BZA
(increase in the ee up to 16%).'"!

% DMM refers to dimethyl malonate.
100 BZA refers to benzylamine.
0l Rovira, L.; Fernandez-Pérez, H.; Vidal-Ferran, A. Organometallics 2016, 35, 528-533.
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Nu = DMM or BZA

[Pd] precursor (5 mol%)
oA L40 (5.5 mol%) Nu o
¢ Bis(trimethylsilyl)acetamide (3 equiv.) o
/\/k ) Ph/\/"k Ph /N B (sa)
Ph Ph DMM or BZA (3 equiv.) o~ % Q

(o]
S18 (5.5 mol%) P18a-b (
CH,Cly, rt, 3 h o

DMM (a) 61 & 0

a)= _ PN o) O-

oo owe BZA (b) = H,N" "Ph NV
o
[Pd] = [PdCly(cod)] [Pd] = [{Pd(n’-allyl)(u-C)},]
= RbOAc = Mg(OTf),, La(OTf); or Ho(OTf), O
<99% conv. (+0%) <99% conv. (+0%)
65% ee (R) (+6%) 46% ee (S) (+16%) L40

Scheme 11. Supramolecular regulation of allylic substitutions with Pd(IT)-complexes derived
from bisphosphite 140 (values in brackets denote the difference between the results with and
without an RA).

In 2020, our research group published a supramolecularly regulated Au(I)-
catalyst with a monophosphite ligand. The Au(I)-complex C8 was
successfully applied in the selective para-C—H functionalization of phenols
$19-24 and related derivatives with gold carbenes derived from diazo
derivatives (Scheme 12). The addition of the RA improved the yield up to 20%
for product P20 when RbBArF was employed as the RA. The reaction took
place quantitatively for P22. DFT calculations suggested that the use of
regulation agents derived from cations with a large size, like RbBArF or
CsBArF, favoured the insertion of the gold-carbene into the para-position of
the phenols $19-24.'%

Ph
OH 0 C8 (5 mol%) HO tBu tBu
RIS Ph (10 mol%) IR @N// o
L * RZ — > AP R2 Al BF,
CH20|2 R! q , LI/_\
N2 1h,25°C Ph P.d o
S$19-24 Diazo derivatives P19-24 Bu O o 4>
2 - o
R“ = OEt or Ph Bu J
P19 P20 P21 Me—O O
R'=H; R?= OEt R'= o-F; R2= OEt R'= m-F; R?= OEt _/
= CsBF, = RbBF, = CsBF, cs
88% NMR yield (+4%) 61% NMR yield (+20%)  68% NMR vyield (+3%)
P22 P23 P24
R'=1-naphtol; RZ= OEt  R'=2-naphtol; R2= OEt R'=H; R2=Ph
= CsBF, = CsBFy = CsBFy
99% NMR yield (+10%) 48% NMR vyield (+4%)  34% NMR yield (+19%)

Scheme 12. Supramolecular regulation of para-C—H functionalization of aromatic alcohols
with gold(I)-complex C8 (values in brackets denote the difference between the results with
and without an RA).

On the other hand, the group also published the functionalization of O-H
bonds of substituted phenols (S25-30) employing supramolecularly regulated

102 Carreras, L.; Franconetti, A.; Grabulosa, A.; Frontera, A.; Vidal-Ferran, A. Org. Chem. Front. 2020, 7,
1626-1634.
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catalysts (Scheme 13). In this case, the group designed supramolecular ligand
L41 with a polyether chain as a regulation site and two oxazoline motifs as
ligating groups towards copper(I) centres. The addition of NaBArF increased
the yield up to 55% for the insertion of the corresponding Cu-carbenoids into
O-H bond of substrate $26. For this reaction, the group discovered the
optimal RA, such as NaBArF, KBArF or RbBArF, for the different
combinations of phenol and diazo derivatives. The use of the optimal RA
increased the yield in all the cases, achieving final yield up to 99%.!%

[Cu(ACN),IBArF (5 mol%)

OH 0 L41 (6 mol%) 9
R2 (8 mol%) O%
©/ + %OEt OEt (\O/ﬁ
R CHCI3, 4 AMS 1 R? o o
N R
2 2.5h,40°C
$25-30 Diazo derivatives P25-30
R? = Ph or Me o o
N N
P25 P26 P27 >&\ /J<
R'=H; R?=Ph R'=F; R2=Ph R'= OMe; R?= Ph o] o
= RbBArF = NaBArF = NaBArF L41
85% NMR yield (+18%) 87% NMR vyield (+55%) 99% NMR vyield (+29%)
P28 P29 P30
R'=H; R?= Me R'=F; R?= Me R'= OMe; R2= Me
= KBArF = NaBArF = RbBArF

77% NMR yield (+11%) 74% NMR yield (+10%) 74% NMR yield (+24%)

Scheme 13. Supramolecular regulation of copper carbenoid insertion reactions into O—H
bonds with Cu(I)-complexes derived from bisoxazoline L41 (values in brackets denote the
difference between the results with and without an RA).

X-Ray analysis confirmed the coordination of both oxazoline units to the
copper centre and the coordination of sodium within the polyether chain as
regulation site of the supramolecular catalyst (Figure 22).'%

Figure 22. ORTEP drawing of the crystal structure of [Cu(L41*NaPFs)|PFs. Hydrogen and
PFs groups have been omitted for clarity. Colour scheme: C: black, Cu: turquoise, N: blue,
O: red, Na: purple.

103 Tnjesta, E.; Vidal-Ferran, A. Chem. Commun. 2020, 56, 6364-6367.
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Hydrogen-bonding (H-bond) is an interesting supramolecular interaction
that can be applied in catalysis as detailed in chapter 3 of this doctoral thesis.'*
Hydrogen-bonding is an electrostatic attractive force between a hydrogen (H)
atom which is covalently bonded to a more electronegative donor atom or
group (Dn), and another electronegative atom bearing a lone pair of electrons
(the so-called hydrogen bond acceptor (Ac)). The most common Dn and Ac
atoms are oxygen (O), nitrogen (N), fluorine (F) and bromine (Br). Some
examples of hydrogen bonds have been drawn in Figure 23a. It is interesting
to note that the bifluoride derivative (1) present one of the strongest H-Bond
energies ever observed (Ew.ry = 60-120 kJ/mol), whereas one of the weakest
has been found in the interaction between an aminic proton in compound 2
and the H of hydrogen bromide (Egpy = 4.6 kJ/mol).'® Furthermore, the
interaction between the two strands in DNA vig hydrogen bonding is the main
responsible of the DNA’s double helical structure. Scientist have observed that
the sequence of nucleobases within DNA strands plays a significant role in
dictating the self-assembled structure by association of complementary
nucleobases (e.g., cytosine (C) and guanine (G), with a hydrogen bonding
energy in complex 3 of 23.8 kJ/mol).!%

a) Hydrogen-Bond Energies Cytosine (C) |"|
N. Dn: N
Dn: 73 H., Ac: O
n:N N N
Ac: Br R~ T """" |
o “H.
Dn: F 0., N \
Ac: F I"H ~ ‘ >
NTON { ,
Fronin H—-F HN‘H “““ Br |_‘| R Guanine (G)
E(H-r) = 60 - 120 kJ/mol E(H-gr) = 4.6 kJ/mol Ec.g = 23.8 kd/mol
1 2 3
b) Assembling two complementary  c) Substrate-RA-Ligand d) Substrate-Ligand
functional groups H-Bond H-Bond

Ligand

FG

Substrate

Figure 23. Examples of the hydrogen bonded assemblies in catalysis.

Hydrogen bonding has been used in different ways in supramolecular
catalysis. Figure 23b shows the assembly between two building blocks that

104 Reek, J. N. H.; De Bruin, B.; Pullen, S.; Mooibroek, T. J.; Kluwer, A. M.; Caumes, X. Chem. Rev. 2022,
122, 12308-12369.

195 Core Concepts in Supramolecular Chemistry and Nanochemistry; John Wiley & Sons Ltd., 2007.

106 Biedermann, F.; Schneider, H.-J. Chem. Rev. 2016, 116, 5216-5300.
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behave as a hydrogen-bonded bisphosphane, with the formation of the
corresponding supramolecular metal complex. Breit and co-workers
pioneered the self-assembly of monodentate ligands via hydrogen bonding
interactions in order to build bidentate ligands. One seminal example is
presented in Scheme 14a, in which the monophosphanes 142 (6-DPPA) and
L43 (3-DPPICon) assembled through hydrogen bonding to form the
supramolecular bisphosphane rhodium complex C9. This approach is inspired
by the A-T'Y DNA pairs. This supramolecular rhodium catalyst
incorporating an assembled bidentate bisphosphane was tested in the
hydroformylation reaction of oct-1-ene (S31a), with an overall increase in the
regioselectivity towards the linear aldehyde up to 94:6 (Scheme 14b).!%

a) Supramolecular interaction H-Bond of 6-DPPAP and 3-DPPICon and their complexation with Rh

L42 (6-DPPA)
® ®
: : Ph
PW\N N/ Ph, PW\N N/ /—\Ph
Y [Rh] T RN
= | — = |
(o) N Ph, (o) N —Ph
Ph
L43 (3-DPPICon) c9
b) Hydroformylation of oct-1-ene (S31a)
[Rh(x20,0%acac)(CO),] cHO
Ligands L42 and L43
SN X \/\/\/\/CHO + M
10 bar H,/CO (1:1) .
S31a Toluene, 80 °C Linear (/) Branched (b)
P31a P31b

I/b ratio = 94:6 (TOF 2425 h™")

Scheme 14. a) Self-assembled monodentate ligands 6-DPPAP (L.42) and 3-DPPICon (L43).
b) Hydroformylation using ligands 1.42 and 1.43.

Secondly, Figure 23b summarizes another elegant example of the use of
hydrogen bonding in catalysis developed by Reek and co-workers The
addition of an enantiopure molecule 4 favours the formation of a chiral
conformation of L44 through the formation of hydrogen bonds. The
enantiopure anion of the regulation agent plays an important role in
preventing the interconversion of conformations derived from the resulting
complex and in conferring chiral properties to the resulting complex L44¢4.
This complex was tested in asymmetric hydrogenations (Scheme 15). The
enantiopure molecule 4 was the regulation agent (called co-factor by the

107 A and T refer to adenosine and thymine, respectively.
108 Breit, B.; Seiche, W. Angew. Chem. Int. Ed. 2005, 44, 1640-1643.
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authors) that led to the highest conversions and enantioselectivities (up to 93%
conversion and 98% ee) in the asymmetric hydrogenations of substrates
$32-34.'%

[Rh(nbd),]BF, (1 mol%)
L44 (1.1 mol%)

o) 4 (12 mol%)
)L JL DIPEA (9 mol%) J\ NH HN
” R CH,Cl, N *R
10 bar Hy, t, 16 h

)t (0]
S$32-34 P32 34 >L
P32 P33 P34 N (S)

R =COOMe R =COO0OBn R=Ph
93% yield 92% vyield 84% yield Ph, Phy

98% ee (R) 91% ee (-) 82% ee (-)
L44

Scheme 15. Asymmetric hydrogenation of alkenes with a supramolecular catalyst generated
via hydrogen-bonding interactions.

Another elegant strategy was developed by Reek and co-workers for
hydroformylating hydroxycarbonyl-substituted styrenes in a selective manner
(see Figure 23c for the design principle and Scheme 16 for the results). The
catalytic system and substrate contained complementary binding motifs that
allowed for the preorganization of the substrate within the catalytic system
through the formation of hydrogen bonds. The ligand designed (DIMPhos2,
structure L45 in Scheme 16) was tested in the hydroformylation of internal
alkenes and derivatives of styrene, with all substrates incorporating a COOH
group placed at a strategic position of the molecule that favoured addition of
the CHO group at a specific carbon of the C=C bond (See Scheme 16). The
alkenes studied were converted to the corresponding aldehydes with high
conversions and ex/in aldehyde ratios up to 19:81.!"° The same ligand was
tested in the hydroformylation of hydroxycarbonyl-substituted styrenes
S14a-i. The terminal aldehyde is usually the disfavoured product in the
hydroformylation of styrenes, but the use of DIMPhos2 (LL45) pre-organized
the substrate in such a way that the CHO group was bonded to the terminal
position of the vinyl group throughout the hydroformylation process. Most
remarkably, //b ratios up to >99:<1 towards the linear aldehyde were achieved
in a set of substituted styrenes (Scheme 16).!!!

1 Dydio, P.; Rubay, C.; Gadzikwa, T.; Lutz, M.; Reek, J. N. H. J. Am. Chem. Soc. 2011, 133, 17176-17179.
10 Dydio, P.; Detz, R. J.; Reek, J. N. H. J. Am. Chem. Soc. 2013, 135, 10817-10828.

1 3) Dydio, P.; Reek, J. N. H. Angew. Chem. Int. Ed. 2013, 52, 3878-3882. b) Dydio, P.; Detz, R. J.; de
Bruin, B.; Reek, J. N. H. J. Am. Chem. Soc. 2014, 136, 8418-8429.
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[Rh(x?0,0"acac)(CO),] (1 mol%)

L45 (1.1 mol%) External (ex) Internal (in)
in 0o DIPEA or TEA (0.5-1.5- equiv.) 0] CHO O
\/\(\ﬁkw 20 bar H,/CO (1:1), 22-60 °C, MOH + \)\(\ﬁ%m
ex T 24-72 h, CH,Cl, CHO

S35-37 P35-37(ex) P35-37(in)
P35 P36 P37
n=2 n=3 n=4 < _

conv = 94% conv = 100% conv = 95%
19:81 ex/in ratio 44:56 ex/in ratio 21:79 ex/in ratio Q NH HN Q

O OH [Rh(x?0,0"acac)(CO),] (1 mol%)
L45 (1.1 mol%)
NN DIPEA or TEA (0.5-1.5- equiv.)
R 20 bar H,/CO (1:1), 22-60 °C,

24-72 h, CH,Cl,

$38-45 P38-45 o-
i” ') : “O&
P38 P39 P40
100% NMR yield 93% yield 96% yield
Oy -OH Oy -OH O _OH Oy_-OH Oy_-OH
CHO CHO CHO CHO
4 N CHO
eO Cl S
P#1 P42 P43 P44 P45
96% vyield 93% vyield 95% vyield 98% vyield 96% yield

Scheme 16. Hydroformylations of alkenes with a supramolecular catalyst via
hydrogen-bonding interactions.
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OBJECTIVES

Overall, the previous discussion shows that cobalt and rhodium complexes
are privileged catalysts in homogenous hydroformylation. Previous results in
this area of research demonstrate that the use of phosphorus-based ligands
improves the selectivity of the reaction. The chemo-, regio- and
enantio-selectivity of a specific substrate can be controlled if the right ligand is
used.

Taking into account the past research activities of the group in the design
and development of efficient and stereoselective hydroformylation catalysts,
the objectives of the present thesis are the:

1. Design, synthesis, and application of cobalt-Xantphos complexes for the
valorisation of mixtures of alkenes, majorly leading to the linear aldehyde
through the isomerisation-hydroformylation tandem reactions.

2. Design, synthesis, and application of supramolecularly bisphosphite
ligands, with a polyether chain as regulation site, in rhodium catalysed
hydroformylations in order to maximise the //b ratio by means of the
addition of a regulation agent (alkali metal BArF salts).

Application of supramolecularly regulated catalysts for the preparation of
valuable aldehydes for the fragrance industry.

3. Design, synthesis, and application of new supramolecularly regulated
hydroformylation catalyst operating with anionic regulation agents.
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CHAPTER 1

Valorisation of Mixtures of
Linear Alkenes using
Cobalt-Mediated Isomerisation
and Hydroformylation
Chemistries
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Valorisation of Mixtures of Linear
Alkenes using Cobalt-Mediated
Isomerisation and Hydroformylation
Chemistries
Catal. Sci. Techno., 2022, 12, 3219-3227

Alicia Martinez-Carrién,* Andrés Romero-Navarro,*® José Luis Nufiez-
Rico,>* Albert Gutiérrez,> Arnald Grabulosa®® and Anton Vidal-Ferran®<¢*
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Earth-abundant catalyst
Isomerisation/Hydroformylation tandem reaction

v

v

v" High activities and selectivities

v" Valorisation of alkene mixtures towards terminal aldehyde

1.1. ABSTRACT

Active catalysts derived from cobalt and the Xantphos ligand were
synthesised, characterised, and tested in the hydroformylation of pure linear
alkenes or their mixtures. The preformed complex
[(OC);Co(n-CO),Co(CO)(k*P,P-Xantphos)] (C11) showed similar reactivity
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and selectivity towards aldehydes as the active catalyst formed in situ from
equimolar amounts of [Co,(CO)s] and Xantphos (L5). In the case of oct-1-ene,
the linear aldehyde was obtained with good chemo- and regio-selectivity
(linear to branched ratio was up to 75:25). For all octene isomers, tandem
isomerisation-hydroformylation processes took place. Regioselectivities for all
the studied octene isomers remained practically constant, independently of the
position or geometry of the C=C double bond in the starting material.
Moreover, by-products were formed in similarly small amounts for all the
octene isomers. We also demonstrated that this chemistry is an interesting
strategy for valorising mixtures of linear hexenes, heptenes or octenes by
transforming the initial mixture into one major aldehyde (addition of a CHO
group to the C; carbon of the alkene skeleton, up to 73% selectivity).
Moreover, these mixtures of alkenes were hydroformylated with low final
amounts of non-hydroformylated alkenes, hydrogenated alkenes, and
alcohols.

1.2. INTRODUCTION

Cobalt-catalysed hydroformylations were discovered by Otto Roelen in
1938.3 First reports of cobalt-catalysed hydroformylations avoided the use of
ligands and operated at high temperatures and pressures.!'? The introduction
of ligands produced important milestones in this chemistry, such as catalyst
stabilisation,' increased activity of the catalyst,'* smoothing of the reaction
conditions,'® and/or improved chemo- and/or regio-selectivities.'!*

Alkenes, under cobalt-catalysed hydroformylation reaction conditions, can
undergo several transformations in addition to hydroformylation (mainly
C=C isomerisation and hydrogenation).!®**11511¢ Moreover, depending on
the reaction conditions and the catalyst employed, the hydroformylation
products are unstable and evolve into the corresponding alcohols through the
hydrogenation of the C=0 double bond."®”° Up to a certain extent, the
complexity of the outcome of cobalt-catalysed hydroformylations can be
reduced by tuning the reaction conditions (mainly H, and CO partial pressures
and the temperature, but also the catalyst concentration, the choice of solvent

112 3) Duembgen, G.; Neubauer, D. Chem. Ing. Tech. 1969, 41, 974-980. b) Cornils, B. React. Struct.: Concepts
Org. Chem. 1980, 11, 1-225.

13 Murata, K.; Matsuda, A.; Masuda, T. J. Mol. Catal. 1984, 23, 121-132.

114 2) Slaugh, L. H.; Mullineaux, R. D. J. Organometal. Chem. 1968, 13, 469-477. b) Achonduh, G.; Yang,
Q.; Alper, H. Tetrahedron 2015, 71, 1241-1246. c) Crause, C.; Bennie, L.; Damoense, L.; Dwyer, C. L;
Grove, C.; Grimmer, N.; Rensburg, W. J. v.; Kirk, M. M.; Mokheseng, K. M.; Otto, S.; et al. Dalton Trans.
2003, 2036-2042. d) Bungu, P. N.; Otto, S. Dalton Trans. 2007, 2876-2884. e) Bungu, P. N.; Otto, S. J.
Organomet. Chem. 2007, 692, 3370-3379.

115 Cornils, B.; Herrmann, W. A.; Beller, M.; Paciello, R. Applied Homogeneous Catalysis with Organometallic
Compounds; Wiley-VCH Verlag GmbH & Co. KGaA, 2017.

16 Boerner, A.; Franke, R. Hydroformylation: Fundamentals, Processes, and Applications in Organic Synthesis;
Wiley-VCH Verlag GmbH & Co. KGaA, 2016.
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or the use of additives).*!**!'7 The use of organic ligands in cobalt-catalysed
hydroformylations simplifies the complexity of the reaction mixtures, shifting
the outcome of the reaction towards the products of interest. For instance,
tertiary trialkyl monophosphanes have been exploited in hydroformylations
as useful ligands for increasing the regioselectivity towards linear products
(Shell process).! 4118

Bisphosphane ligands (for instance, Ph,P(CH,),PPh,, with n = 2, 4 or 5)
were introduced in cobalt-catalysed hydroformylations at the early stages of
the application of this chemistry.!'* Regioselectivity towards n-hexanal in the
hydroformylation of pent-1-ene drops with the size of the cobalt chelate
(regioselectivity towards the linear aldehyde forn =5~=n =4 >n = 2, see
Table 1)'23,113,1143

Table 1. Hydroformylation of pent-1-ene.

Entry Ligand Conv. (%) 1/b ratio (%)
1 Ph,P(CH2).PPh, 96 56:44
2 Ph,P(CH2)sPPh, 99 75:25
3 Ph,P(CH2)sPPh, 99 74:26
Catalysts were prepared in situ by adding the corresponding ligand to
[Coy(CO)s].

The use of bisphosphane ligands with a well-defined rigid backbone
improves the catalytic results in the hydroformylation of terminal alkenes to
aldehydes.!"”!?° Stanley and co-workers®** reported highly active cationic
cobalt(II) catalysts for hydroformylation. These authors noted that the activity
of the monometallic catalyst precursor [Co(k*0,0-acac)(DEPBz)|BF, (C4,
DEPBz = 1,2-bis(diethylphos-phaneyl)benzene) approached that of
rhodium®»!112! catalysts (see Table 2). Interestingly, two years later, Franke
and co-workers reported that the cobalt(I) cationic complexes C1-C4
synthesised by the procedure of Stanley and co-workers had extremely low
activity under the published conditions.?* The results published by Franke and
co-coworkers are in contradiction with those reported by Stanley ez al., which
will probably motivate further studies in this area of research.

17 Bartik, T.; Bartik, B.; Hanson, B. E. J. Mol. Catal. 1993, 85, 121-129.

118 Bohnen, H.-W.; Cornils, B. Adv. Catal. 2002, 47, 1-64.

19 Kluwer, A. M.; Krafft, M. J.; Hartenbach, 1.; de Bruin, B.; Kaim, W. Topics in Catalysis 2016, 59, 1787-
1792.

120 Hood, D. M.; Johnson, R. A.; Carpenter, A. E.; Younker, J. M.; Vinyard, D. J.; Stanley, G. G. Science
2020, 367, 542-548.

12l For selected examples of rhodium hydroformylation, see the references that follow and those cited
therein: a) Kamer, P. C. J.; Reek, J. N. H.; van Leeuwen, P. W. N. M. Mechanisms in Homogeneous
Catalysis. A Spectroscopic Approach. In Rhodium Catalyzed Hydroformylation, Wiley Online Books, 2005;
pp 231-269. b) Nurttila, S. S.; Linnebank, P. R.; Krachko, T.; Reek, J. N. H. ACS Catal. 2018, 8, 3469-3488.
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Table 2. Results of the hydroformylation of 3,3-dimethylbut-1-ene with
cobalt and rhodium catalysts.

Catalyst BF,4
>k/ H,/CO (1: >kACHO * */
2/CO (1:1) CHO
3,3-dimethylbut-1-ene Linear (/) Branched (b)
[Co(x?0,0'-acac)(DEPBz)]BF,
Entry Catalyst Aldehyde (%) 1/b ratio (%)
1 C4 85 51:49
2 Rh + BiPhePhos (L13) 96 99: 1
3 Rh + PPhs 91 34:66

The Rh metal precursor used is [Rh(x?0,0%acac)(CO),]. In entries 2 and 3, the catalysts were
prepared in situ. BiPhePhos = 6,6'-[(3,3'-Di-tert-butyl-5,5'-dimethoxy-[1,1"-biphenyl]-2,2'-
diyl)bis(oxy)]bis(6 H-dibenzo[d,f][1,3,2]dioxaphosphepine).

The isomerisation of C=C double bonds and the hydroformylation reaction
itself are competing processes under cobalt-catalysed hydroformylation
reaction conditions.

The formation of a complex mixture of aldehydes is the main consequence
of the isomerisation processes under hydroformylation conditions.
Interestingly, if C=C isomerisations are faster than the hydroformylations, the
net addition of the H and CHO groups will take place, irrespective of the
position and geometry of the C=C bond in the starting material, at the most
reactive and/or favourable position of the C=C double bond after
isomerisation. Although it has been reported that unmodified hydrido
carbonyl cobalt complexes such as [Co(CO)sH] play an important role in C=C
isomerisations,?*!16122 examples of cobalt-based hydroformylations of long
chain internal alkenes are scarce in the literature.'!>123

The main objective of this work was to develop cobalt-based catalysts for
the selective production of Cj-aldehydes irrespective of the position and
geometry of the C=C bond in a given hydrocarbon skeleton. In terms of the
ligand to be used, we hypothesised that cobalt catalysts incorporating the

122 2) Taylor, P.; Orchin, M. J. Am. Chem. Soc. 1971, 93, 6504-6506. b) Hendrix, W. T.; Von Rosenberg, J.
L. J. Am. Chem. Soc. 1976, 98, 4850-4852.

123 For examples, see: a) Fell, B.; Rupilius, W.; Asinger, F. Tetrahedron Lett. 1968, 9, 3261-3266. b) Asinger,
F.; Fell, B.; Rupilius, W. Ind. Eng. Chem., Prod. Res. Develop. 1969, 8, 214. c) Kniese, W.; Nienburg, H. J.;
Fischer, R. J. Organomet. Chem. 1969, 17, 133-141; d) Beller, M.; Krauter, J. G. E. J. Mol. Catal. A: Chem.
1999, 143, 31-39. e) Dabbawala, A. A.; Parmar, J. N.; Jasra, R. V.; Bajaj, H. C.; Monflier, E. Catal. Commun.
2009, 10, 1808-1812. f) Delolo, F. G.; Yang, J.; Neumann, H.; dos Santos, E. N.; Gusevskaya, E. V_; Beller,
M. ACS Sustainable Chem. Eng. 2021, 9, 5148-5154.
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Xantphos  ligand'™  (Xantphos =  (9,9-dimethyl-9H-xanthene-4,5-
diyl)bis(diphenylphosphane); L5) could be appropriate given its wide bite
angle'** (bite angle with Rh as metal centre = 111.4°) that could favour the
preferential formation of C;aldehydes. While rhodium-catalysed
hydroformylations using Xantphos-type ligands'**!*> have been well studied,
their use in cobalt-catalysed hydroformylation remains unexplored. We also
hypothesised that the use of an excess of cobalt centres (as a tool to mediate
C=C bond isomerisations) with respect to the ligand could lead to the
discovery of selective catalysts for the addition of a CHO group to the
C, carbon of the alkene skeleton (Scheme 17).

Herein, we describe the results obtained in the tandem
isomerisation/hydroformylation reactions of linear alkenes employing cobalt
catalysts. We also demonstrate that mixtures of alkenes differing in the
position and geometry of the C=C double bond can be transformed into one
major aldehyde.

cat:
Co precursor,
P-Ligands CHO and H ® High activities

Previous work:

RTTA ® High regioselectivities
/C4\/C2\ H,/CO
RS2 This work:
Cs Cy H
® High activities
cat: R/\)\/CHO ® High selectivity towards terminal aldehydes
. (irrespective of the starting alkene)
[Cox(CO)g],
LI
PPh, PPh, Xantphos (L5)

Scheme 17. Overview of the hydroformylation process.

124 yan Leeuwen, P. W. N. M.; Kamer, P. C. J. Catal. Sci. Technol. 2018, 8, 26-113.

125 3) van der Veen, L. A.; Keeven, P. K.; Kamer, P. C. J.; van Leeuwen, P. W. N. M. J. Chem. Soc., Dalton
Trans. 2000, 2105-2112. b) Landis, C. R.; Uddin, J. J. Chem. Soc., Dalton Trans. 2002, 729-742. c) Bronger,
R. P.J,; Kamer, P. C. J.; van Leeuwen, P. W. N. M. Organometallics 2003, 22, 5358-5369. d) Ohtsuka, Y.;
Kobayashi, O.; Yamakawa, T. J. Fluorine Chem. 2014, 161, 34-40. e) Vieira, G. M.; Granato, A. V;
Gusevskaya, E. V.; dos Santos, E. N.; Dixneuf, P. H.; Fischmeister, C.; Bruneau, C. Appl. Catal. A 2020,
598, 117583.
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1.3. RESULTS AND DISCUSSION
1.3.1. Synthesis of Xantphos-Cobalt Complexes

Our investigations began with the synthesis and characterisation of suitable
cobalt complexes derived from the Xantphos ligand for the hydroformylation
reactions. The line of reasoning behind the ligand design included standard
cobalt complexes in hydroformylation!®?11511¢ (for instance, the hydrido
dicarbonyl complex of cobalt(I) (C10'%; Scheme 18) and other complexes with
different ratios of the number of Xantphos units to the number of cobalt
centres. For instance, we hypothesised that in complexes with L5/[Co] ratios
lower than 1:1 (such as C11'?; Scheme 18), one cobalt centre could be
responsible for the hydroformylation and the other for the C=C isomerisation.

1) DMF, PhMe, rt, 1 h
2)HCl aq., 0 °C
3) Xantphos (L5), PhMe, rt, 5 h Q o
(70% yield) Ph,p_H PPh; cto
L5/[Co] = 1:1 oc o [Co(CO);H(x*P,P-Xantphos)]
[Coy(CO)g] co
Xantphos (L5) L5/[Co]: Molar ratio between
o ' L5 and cobalt centres in [Co,(CO
PhMe, 70 °C, 2 h [Co,(CO)el
(51% yield) PPh,
L5/[Co] = 0.5:1 P'?Ch?/
O‘C- ‘O.CO
0C-¢-CO cn

OC L5  [(OC)sCo(u-C0O),Co(CO)(k2P,P-Xantphos)]
Scheme 18. Synthesis of cobalt-Xantphos complexes.

We envisaged that C10 could be prepared from [Co(CO):H] and Xantphos
through the displacement of two CO ligands. The [Co(CO).H] complex was
prepared following the methodology developed by Roodt'?® and Kluwer'"? and
co-workers, which consisted of disproportionating [Co,(CO)s] into
[Co(DMF)s)** and [Co(CO)4]  species. The complex C10 was isolated in a
70% yield after acidification of [Co(CO)4]” with the formation of [Co(CO),H]
followed by the reaction with Xantphos (Figure 18). As expected, the IR
spectrum showed two strong C=0 bands at 1910 and 1971 cm. '"H NMR
spectroscopy showed a triplet signal at —11.23 ppm, corresponding to the
hydrido ligand coupled to two equivalent phosphorus nuclei from the ligand
(®%J)p-n = 23.3 Hz). The multiplicity of the signal and the magnitude of the
coupling constants suggested that both P—groups were coordinated in
equatorial positions and the hydrido ligand in an axial position in a
trigonal-bipyramidal cobalt geometry.!?** The structure of C10 was confirmed

126 C10 complex refers to [Co(CO),H(Xantphos)], see structure in Scheme 18.
127.C11 complex refers to [(CO);Co(u-CO),Co(CO)(Xantphos)], see structure in Scheme 18.
128 Haumann, M.; Meijboom, R.; Moss, J. R.; Roodt, A. Dalton Trans. 2004, 1679-1686.
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by single-crystal X-Ray diffraction analysis,'® which confirmed the axial
position of the hydrido ligand at a distorted trigonal-bipyramidal cobalt centre
(Figure 24 shows the IR and *P NMR spectra and the X-Ray structure of
C10). The bisequatorial binding mode of the two phosphino groups at the
trigonal-bipyramidal metal centre was also demonstrated by X-Ray analysis

(P—Co—P bond angle = 110.2°).
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Figure 24. IR and *'P MMR spectra (top) and ORTEP plot of the crystal structure of C10
(bottom). Hydrogen atoms have been omitted for clarity. Colour scheme: C: black, Hydride:
violet, Co: blue, O: red, P: orange.

12 For details of the X-Ray structures of C10 and C11, see the experimental section 1.5.2.1 and 1.5.2.2,

respectively.
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Figure 25. IR and *'P MMR spectra (top), and ORTEP plot of the crystal structure of C11
(bottom). Hydrogen atoms have been omitted for clarity. Colour scheme: C: black, Co: blue,
O: red, P: orange.

The cobalt(0) complex C11 was prepared by reacting equimolar amounts
of [Cox(CO)s] with Xantphos. The complex crystallised out from the reaction
mixture, which allowed for a practical preparation protocol. Complex C11
was characterised with standard spectroscopic techniques and X-ray analysis
unequivocally confirmed the structure of Cl11 as
[(OC);Co(u-CO),Co(CO)(k*P,P-Xantphos)]'?’ (Scheme 18 shows the synthesis
and Figure 25 shows the IR and P NMR spectra and the X-ray structure of
C11). Interestingly, the Xantphos ligand was coordinated with the same cobalt
atom (deoco= 2.51 A; dp.co= 2.258 and 2.308 A), with the other cobalt atom
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being coordinated only with CO ligands.”® The coordination of both
phosphino groups from Xantphos (L5) to the same cobalt centre was
confirmed with X-Ray analysis (P-Co—P bond angle = 105.06°).

1.3.2. Development of optimal hydroformylation reaction
conditions for oct-1-ene as a model substrate

We envisioned that the combination of a metal centre, such as cobalt, with
a wide bite angle bisphosphane ligand, such as Xantphos, would be a suitable
starting point in developing efficient hydroformylation reaction conditions for
oct-1-ene (S31a)."*! The hydroformylation of oct-1-ene can potentially lead to
a mixture of different products. The main aldehydes nonanal (P31a) and
2-methyloctanal (P31b) are obtained by direct hydroformylation, while
2-ethylheptanal (P31c) and 2-propylhexanal (P31d) can only be derived from
a C=C bond isomerisation process followed by hydroformylation. The
corresponding alcohols nonan-1-ol (5a), 2-methyloctan-1-ol (5b),
2-ethylheptan-1-ol (5¢) and 2-propylhexan-1-ol (5d) are obtained after the
hydrogenation of the aldehydes P31a-d. Other potential products are the
hydrogenation product 6 (octane) and non-hydroformylated octenes S31b-d
arising from the isomerisation of S31a (for the structures, see Scheme to Table
3).

Initial studies focussed on the identification of active and selective cobalt
catalysts derived from Xantphos. The activity of the cobalt complexes C10
and C11 in the hydroformylation of S31a was initially studied (Table 3, entries
1 and 2). With the aim of following a rational process to discover catalysts for
hydroformylation and to minimise the number of experiments, typical
temperatures (140 °C) and partial H, and CO pressures (40 bar H,/CO at a
ratio of 1:1) were used throughout the catalyst discovery process.'*? C10
provided high selectivity towards aldehydes (abbreviated as “HF selectivity”
in the discussion that follows; 73%, Table 3, entry 1), although there were
considerable amounts of 6 formed (10%) as well as non-hydroformylated
octenes (S31b-d, 15%). C11 proved to be a more selective catalyst than C10
(HF selectivity of 89%; Table 3, entry 2). To increase the practicality of the
hydroformylation by avoiding the necessity of synthesising the cobalt catalyst,

130 This terminal coordination mode of the bisphosphane to [Co,(CO)s] has also been reported for BINAP
(2,2"-bis(diphenylphosphaneyl)-1,1’-binaphthalene); for example, see: Gibson, S. E.; Lewis, S. E.; Loch, J.
A.; Steed, J. W.; Tozer, M. J. Organometallics 2003, 22, 5382-5384. A bridging coordination mode with the
bisphosphane being coordinated with both cobalt centres has also been reported, for example, see: Chang;
Lee, J.-C.; Hong, F.-E. Organometallics 2005, 24, 5686-5695.

131 For efficient cobalt-catalysed hydroformylations for oct-1-ene employing other ligands, see ref. 114b and
123e-f.

132 40 bars refer to the H,/CO pressure at room temperature. The pressure increased up to 45 bar after
heating the reaction mixture at the desired temperature (45 bar at 140 °C).
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we also studied the ix situ generation of catalysts using different L5/[Co] ratios
(Scheme 2) by varying the relative molar amounts of the ligand and cobalt
precursor. L5/[Co] ratios ranging from 0:1 (i.e. absence of ligand) to 2:1 were
studied. The results are indicated in Table 3 (entries 3-7). As previously
observed for other bisphosphane ligands and substrates,!’* changes in the
L5/[Co] ratio led to different outcomes in the hydroformylation of oct-1-ene.
The conversion decreased with the L5/[Co] ratio, with a 51% conversion at
an L5/[Co] ratio of 2:1 (Table 3, entry 7). The regioselectivity towards the
linear aldehyde P31a was not appreciably affected by the different in situ
generated catalysts studied (Table 3). The amounts of P31a with respect to all
the aldehydes ranged from 62% to 70% throughout the whole study.
Interestingly, the L5/[Co] ratio of 0.5:1 (i.e. equimolar amounts of ligand L5
and [Co(CO);s]) led to high HF selectivities (85%). It is interesting to highlight
that the relative ratio of L5 units to Co centres in C11 was the same as that in
the complex generated ix situ with an L5/[Co] ratio of 0.5:1, leading to similar
results in the hydroformylation of oct-1-ene (compare entries 2 and 5 in Table
3). As indicated in Table 3, C10, C11 and the ligand-free system are equally
active (conversions are in all cases > 99%). In terms of selectivity towards
aldehydes, C11 provides a higher selectivity than C10 or the ligand-free
system (89% wvs. 73% or 71%, respectively). The main difference in the
reactivity between C11 and C10/ligand-free system is that C10 provides much
higher amounts of n-octane (6) and non-hydroformylated octenes (10% and
15%, respectively) than C11, whilst the ligand-free system leads to much
higher amounts of alcohols 5a-d (25%, Table 3, entry 3) than C11. Overall,
C11 and the catalyst generated iz situ with an L5/[Co] ratio of 0.5:1 were the
best performing catalysts, with the selectivities towards 1-nonanal being
amongst the highest reported in the literature.'®!
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Table 3. Screening of cobalt catalysts for the hydroformylation
of oct-1-ene (S31a).

CHO
CHO +
C4H9/\/\/ CAHQ/\)\
P31a P31b
C;-Aldehyde C,-Aldehyde

Co catalyst,
40 bar H,/CO 1:1
CHO

140 °C, 21 h, PhMe
ClHy > C“Hg/ﬁ/\ + /K/\

9 CHO C4Hg
S31a P31c P31d
C3-Aldehyde C4-Aldehyde

(a,b,c or d refer to the functional group
placed at C4, C,, C3or Cy, respectively.)

CH,OH
C4Hg/\/\/\ + C4H9/\/\
5a-d 6
CaHra e
S31b-d
. Selectivity (%)°
Co complex or Conv.
Entry L5/[Co] ratio® %) P31la-b 5 6 S31b-d
Ratio C]/ Cz/C3/ C4 (P31)
73 2 10 15
1 C10 (1 mol%) 99
64:22:8:6
2 C11 (1 mol%) > 99 8 2 4 .
mo
’ 69:19:7:5
71 25 2 2
3 0:1° > 99
66:19:8:7
80 17 0 3
4 0.25:1 98
70:19:6:5
85 11 2 2
5 0.5:1 > 99
65:21:8:6
79 13 4 4
6 1:1 > 99
62:23:8:7
37 1 13 49
7 2:1 51
64:26:6:4

Reaction conditions: [alkene] = 0.26 M; reaction time = 21 h; stirring rate = 800 rpm. [a] L5/[Co] ratio
refers to the molar ratio between L5 and cobalt centres from [Co,(CO)s], with [Co centres] = 5.2 mM (2
mol% with respect to oct-1-ene) unless otherwise indicated. [b] Conversion and product distribution were
determined and quantified by GC analysis with dodecane as internal standard. [c] Ir situ generated
[Co(CO){H].

Hydroformylation is highly influenced by the reaction conditions.!*>?%116
A temperature screening study (90-160 °C) was also performed with oct-1-ene
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and in situ generated cobalt catalysts incorporating Xantphos. That study'**

revealed that 140 °C was the temperature of choice for obtaining a high HF
selectivity. As expected, low conversions were observed at 90 °C and 110 °C
(< 50%), although the selectivity towards P31a was slightly higher at 90 °C
(ratio P31a/(P31b + P31c + P31d) = 75:25; Table 4, entry 1) than at 140 °C
(ratio P31a/(P31b + P31c + P31d) = 62:38; Table 4, entry 3). Temperatures
above 140 °C (e.g. 160 °C) did not confer any advantage to the previously
studied reaction conditions, as the amounts of alcohols 5a-d surpassed the
12% yield. The catalyst screening study (Table 3) was performed with an
H,/CO ratio of 1:1 and H, and CO partial pressures of 20 bar. To study the
effects of an excess of H, or CO on the outcome of the hydroformylation
reactions, two experiments were conducted with H,/CO ratios of 1:3 and 3:1,
with the overall pressure maintained at 40 bar. In both cases, the cobalt
catalysts were generated in situ.'** An excess of CO (H,/CO ratio = 1:3) led to
a decrease in the conversion (52% with respect to > 99% for the H,/CO ratio
of 1:1) and in the HF selectivity (59% with respect to 79%)."** Much higher
amounts of non-hydroformylated octenes were generated from the
isomerisation of S31a with an excess of CO (33% with respect to 2%). When
an excess of H, with respect to CO was used (H,/CO ratio = 3:1), increased
amounts of non-hydroformylated octenes arising from the isomerisation of
S31a (29% with respect to 2%) were observed.'** The fact that significant
amounts of non-hydroformylated octenes arising from the isomerisation of
S31a remained unreacted towards hydroformylation for both the 1:3 and 3:1
H,/CO ratios indicated that the hydroformylations did not proceed as
efficiently at these H,/CO ratios when compared to the H,/CO ratio of 1:1.
Overall, these optimisation studies confirmed that 40 bar of H,/CO at a ratio
of 1:1 at 140 °C were the optimal hydroformylation conditions for achieving
high HF selectivities.

133 For the complete set of results for the hydroformylations at temperatures ranging from 90-160 °C or
employing H,/CO ratios different to 1:1, see Table 13 in the experimental section 1.5.7.
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Table 4. Screening of temperatures for the hydroformylation
of oct-1-ene (S31a).

CHO
C4Hg/\/\/CHO + C4H9/\)\
P31a P31b
C;-Aldehyde C,-Aldehyde
L5/[Co] (1:1)
40 bar H,/CO 1:1 CcHO
X°C, 21 h, PhMe
! | C4Hg
C4Hg/\/\ /\cjo\ + CaHg
S31a P31c P31d
) C3-Aldehyde C4-Aldehyde
(a,b,c or d refer to the functional group
placed at C4, C,, C3or Cy, respectively) CH.OH
2
C4H9/\/\/\ + C4H9/\/\
5a-d 6
CaHr N
S31b-d
Selectivity (%)°
Temperature Conv.?
E P31a-b 5 6 S31b-d
ey 0) %) 2
Ratio C]/Cz/Cj/C4 (P31)
11 0 24 65
1 90 17
64:22:8:6
58 1 7 34
2 110 50
73:18:5:4
79 13 4 4
3 140 >99
62:23:8:7

Reaction conditions: [alkene] = 0.26 M; reaction time = 21 h; stirring rate = 800 rpm. [a] Conversion
and product distribution were determined and quantified by GC analysis with dodecane as internal
standard. L5/[Co] ratio refers to the molar ratio between L5 and cobalt centres from [Co,(CO)s], with
[Co centres] = 5.2 mM (2 mol% with respect to oct-1-ene).

The practicality of the method was demonstrated by performing the
hydroformylation of S31a at the gram scale using C11 as catalyst, witha 1.8 M
concentration of alkene (i.e. 7-fold increase in the concentration with respect
to standard experiments) and at a S/C ratio of 1000 (i.e. 10-fold reduction in
the amount of catalyst with respect to standard experiments in Table 3, entry
2). Under these new reaction conditions, the hydroformylation showed a
conversion of 99% and led to the target aldehydes in a 51% isolated yield after
distillation. The regioselectivity of the hydroformylation (50% of nonanal) was
lower than that obtained under more diluted reaction conditions and
employing higher amounts of catalyst (61% of nonanal; Table 3, entry 2).
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1.3.3. Cobalt-catalysed hydroformylation of oct-1-ene isomers

Having demonstrated that Xantphos-based cobalt catalysts were active and
selective in the hydroformylation of S31a, we then broadened the substrate
scope to its isomers with the C=C double bond at different positions and with
different geometries. These substrates are inherently less reactive than the
terminal isomer S31a and studies of their cobalt-catalysed hydroformylation
are scarce.'** The results of the hydroformylation of the octenes (Z)-S31b,
(E)-S31b, (E)-S31c, (Z2)-S31d and (E)-S31d are summarised in Table 5.

Hydroformylation of oct-1-ene isomers was performed under optimised
catalytic conditions, forming the active catalyst in situ. In all cases, full
conversion and high selectivities towards the aldehydes P3la-d were
observed, producing better results than those for P31a. For (Z)-S31b and
(E)-S31b, the aldehydes P31a-d were formed with an 89 and 86% selectivity,
respectively. By-products such as 5a-d, 6 and non-hydroformylated octenes
were obtained in low amounts (selectivities of 3-4%, 4-5% and 3-6%,
respectively; Table 5, entries 2 and 3). In the case of (E)-oct-3-ene ((E)-S31c¢),
the corresponding aldehydes were obtained with a 91% selectivity, whilst the
sum of all the by-products amounted to 9%. For (Z)-S31d and (E)-S31d (Table
5, entry 5 and 6), the results were similar, with a slightly higher HF selectivity
for (Z)-S31d (91%) than for (E)-S31d (89%). Interestingly, for all the octene
isomers studied (Table 5), a similar product distribution of P31a-d was
observed, with the hydroformylation of S3la leading to the highest
regioselectivity towards the linear aldehyde P31a (Table 5, entry 1).

134 For the examples, see ref. 23, 114b, and 123b-f and Haymore, B. L.; van Asselt, A.; Beck, G. R. Ann.
N.Y. Acad. Sci. 1983, 415, 159-175.
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Table 5. Hydroformylation of the octene isomers.

CHO
CHO +
C4H9/\/\/ C4H9/\)\
P31a P31b
C;-Aldehyde C,-Aldehyde

L5/[Co] (0.5:1)
40 bar Hy/CO 1:1

CHO
140 °C, 21 h, PhMe
A ’ ’ C4H
CaHg " ) g/\(':jo\ ¥ C4H9/‘\/\

Octenes substrates

P31c P31d
. Cs-Aldehyde C4-Aldehyde
(a,b,c or d refer to the functional group
placed at C4, C,, C3or Cy, respectively)
CH,OH
C4H9/\/\/\ + C4Hg/\/\
5a-d 6
CaHr e~
Internal octene substrates: S31a-d
(E)-Oct-2-ene (Z2)-Oct-2-ene (E)-Oct-3-ene (E)-Oct-4-ene (Z2)-Oct-4-ene
(E)-S31b (2)-S31b (E)-S31c (E)-S31d (2)-s31d
Selectivity (%)*
Entry Alkene Conv.?* (%) P31 5 6 S31la-d
Ratio C;/C,/Cs/Cy (P31)
85 11 2 2
1 S31a° >99
65:21:8:6
2 (2)-S31b 99 8 4 4 3
i 62:22:9:7
3 S31b >99 86 3 . 6
E)- 62:22:9:7
4 (E)-S31 99 1 4 3 2
e 60:21:10:9
91 3 4 2
5 (2)-S31d >99
59:21:10:10
6 (E)-S31d 99 8 3 > 3
i 60:21:9:10

Reaction conditions: [alkene] = 0.26 M; reaction time = 21 h; stirring rate = 800 rpm. L5/[Co] ratio refers
to the molar ratio between L5 and cobalt centres from [Co,(CO)s], with [Co centres] = 5.2 mM (2 mol%
with respect to the substrate) unless otherwise indicated. [a] Conversion and product distribution were
determined and quantified by GC analysis with dodecane as internal standard. [b] These results are already
shown in Table 3, but are included here for comparison.

In general terms, very high aldehyde selectivities (from 85% to 91%) and
low selectivities towards by-products were observed independently of the
position or geometry of the C=C double bond (Figure 26). The selectivity
towards P31a-d was slightly higher for the internal alkenes, with the highest
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HF selectivity being obtained for (E)-S31c and (Z)-S31d. This behaviour is
remarkable as the hydroformylation selectivities of internal alkenes are
generally lower than those of the terminal analogues.'?*f

100 - ——
_ s I Oct-1-ene
X 80 [ ](2)-Oct-2-ene
> [ (BE)-Oct-2-ene
S [ 1(E)-Oct-3-ene
° [ 1(2)-Oct-4-ene
@ 60 -
g [ 1(E)-Oct-4-ene
™
o
§ 40 -
a
o
>
& 20
&)
0- . , I:‘_"V‘\ P
Conversion Select. Select. Select. Select.
Aldehydes Alcohols Octane Alkenes
(P31) (5) (6) (S31)

Product distribution

Figure 26. Cobalt-catalysed hydroformylation of octenes with Xantphos as the ligand.
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1.3.4. Valorisation of mixtures of alkenes by cobalt-catalysed
hydroformylations

In recent years, the valorisation of petrochemical feedstocks (generally
available as non-separable mixtures of hydrocarbons) has emerged as a driving
force in fundamental research to produce high value-added products derived
from petrochemicals rather than higher performing fuels.!*> Researchers have
found that hydroformylation is useful in transforming mixtures of unsaturated
hydrocarbons into value-added products such as aldehydes. The valorisation
of mixtures of alkenes into the corresponding aldehydes by cobalt-catalysed
hydroformylations is a well-established process, both in academia and
industry.'* However, the hydroformylation of mixtures of isomeric C, Cr
and Csalkenes retaining the same carbon connectivity but varying the position
of the unsaturation has received less attention.!!>!¢13 Taking into account the
similar regioselectivities observed in the hydroformylation of terminal and
internal octenes with our cobalt-Xantphos catalysts, we turned our attention
to mixtures of linear alkenes in cobalt-catalysed hydroformylation. For
practical reasons, we prepared equimolar mixtures of all available linear
hexene, heptene and octene isomers. These mixtures were subjected to our
optimised hydroformylation conditions (140 °C, 40 bar H>/CO at a 1:1 ratio,
preformed catalyst C11 or catalyst generated in situ with an L5/[Co] ratio of
0.5:1).

Mixtures of linear hexenes, heptenes and octenes (see Table 6 for the
components of the alkene mixtures) were successfully hydroformylated to the
corresponding aldehydes, with low final amounts of by-products. The
mixtures of linear hexenes, heptenes or octenes were hydroformylated with
HF selectivities ranging from 82% to 91%, depending on the alkene mixture
and the catalyst used (Table 6). In general, slightly higher HF selectivities were
obtained with the in situ generated catalysts (85% vs. 82%, 87% vs. 85%, and
91% vs. 83% for the mixtures of linear hexenes, heptenes and octenes,
respectively; Table 6, entries 1, 3 and 5). By contrast, the regioselectivity
towards the hydroformylation at the terminal carbon C; was slightly higher for
C, (up to a 4% increase in the regioselectivity towards the hydroformylation
product at C, (i.e. the terminal aldehyde; Table 6, entry 6)). For each alkene
mixture, selective hydroformylation conditions were discovered, with low
amounts of alkanes or alcohols produced.

135 Treese, S. A.; Pujado, P. R.; J., J. D. S. Handbook of Petroleum Processing; Springer Dordrecht, 2006.
136 To the best of our knowledge, only one heterogeneous cobalt catalytic system has been employed with
this aim, reporting low conversions: Peng, Q.; He, D. Catal. Lett. 2007, 115, 19-22.
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Table 6. Hydroformylation of mixtures of alkenes employing the cobalt
complex C11 or catalysts generated ix situ with an L5/[Co] ratio of 0.5:1.

Selectivity (%)

Alkene Co complex or

Entry mixture L5/[Col] ratio Aldehydes Alcohols Alkanes Alkenes
Hydroformylation at C;/C,/C;/Cy
1 Hexenes* L5/[Co]=0.5:1 8 ! 2 12
72:20:8
2 Hexenes® Cl11 82 3 2 13
73:19:8
3 Heptenes® L5/[Co] =0.5:1 87 ! ! 1
69:20:8:3
4  Heptenes® C11 8 2 ! 12
70:19:8:3
5 Octenes® L5/[Co] =0.5:1 o1 3 3 3
62:21:9:8
6 Octenes® C11 83 ! 7 ?
66:19:8:7

Reaction conditions: [alkene] = 0.26 M; reaction time = 21 h; stirring rate = 800 rpm. Product distribution
was determined by GC analysis (area % results). L5/[Co] ratio refers to the molar ratio between L5 and
cobalt centres from [Co,(CO)s], with [Co centres] = 5.2 mM (2 mol% with respect to the mixture of alkenes)
unless otherwise indicated. Product distribution was determined by GC analysis (area % results). [a]
Mixture of hexenes contained equimolar amounts of hex-1-ene, (E)-hex-2-ene, (Z)-hex-2-ene, (E)-hex-3-
ene and (Z)-hex-3-ene. [b] Mixture of heptenes contained equimolar amounts of hept-1-ene, (E)-hept-2-
ene, (E)-hept-3-ene and (Z)-hept-3-ene. [c] Mixture of octenes contained equimolar amounts of oct-1-ene,
(E)-oct-2-ene, (Z)-oct-2-ene, (E)-oct-3-ene, (E)-oct-4-ene and (2)-oct-4-ene.

These results illustrate that cobalt-catalysed hydroformylation could be a
useful valorisation tool for mixtures of alkenes with the same carbon
connectivity given the high regioselectivities towards addition of a CHO group
to the C; carbon of the alkene skeleton (up to 73%) under the specific reaction
conditions optimised for each mixture of alkenes.

1.3.5. Rationalisation of the hydroformylation results

As described in the previous sections, the ratios of terminal aldehydes
(i.e. hydroformylation at C;) with respect to their branched isomers
(i.e. hydroformylation at C, and C; and also at C, for heptenes and octenes)
remained practically constant. These results led us to hypothesise that under
the effects of the Xantphos-based cobalt catalysts, a tandem isomerisation-
hydroformylation process could be taking place, with the isomerisation
process being faster than the hydroformylation reaction. The isomerisation of
C=C bonds through the formation of cobalt-alkyl or cobalt-r-allyl complexes
has been reported in the literature.’”” The final regioselectivity would

137 a) Vilches-Herrera, M.; Domke, L.; Bérner, A. ACS Catal. 2014, 4, 1706-1724. b) Molloy, J. J.; Morack,
T.; Gilmour, R. Angew. Chem. Int. Ed. 2019, 58, 13654-13664.
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correspond to the product distribution obtained after the isomerisation
processes, with the hydroformylation products of the terminal alkene being
the major aldehyde isomers obtained.

To confirm these observations, the progress of the hydroformylation of an
equimolar mixture of linear octenes (for details, see caption to Figure 27) was
monitored by running independent hydroformylations at different reactions
times and analysing the composition of the resulting reaction mixtures.
Changes in the concentration of all starting octene isomers and final aldehydes
against time are shown in Figure 27a. An analysis of the concentration of oct-
l-ene at short reaction times confirms that isomerisation is faster than
hydroformylation: whilst ca. 9% of the initial amounts of oct-1-ene were
consumed after 30 minutes, only 3% of the final amounts of the terminal
hydroformylation product were formed. It is also interesting to note that the
concentration of (F)-oct-2-ene in the reaction mixture at short reaction times
was higher than the initial one (ca. 5% and 12% increase in the concentration
after 30 and 90 min, respectively, with respect to the initial concentration of
(E)-oct-2-ene). As for the formation of aldehydes (Figure 27b), the reaction
rate slopes for hydroformylation at C; in the first 90 minutes (mmol L' min™)
are 2.9, 7.4 and 8.2 times higher than for hydroformylation at C,, C; and C,,
respectively, which is in agreement with the experimental results.

a) Consumption of octenes vs. reaction time b) Formation of aldehydes vs. reaction time
20 704
654
604 -
b 55
=— Oct-1-ene 50
(Z)-Oct-2-ene 454 . —=— C-Aldehyde
i (E)-Oct-2-ene 'y —s— C,-Aldehyde
Gouzee £ 4] o Crdyie
: (E)Octd-ene = 304 «— C,-Aldehyde
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s 20 [
154 i =
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\ 5] = -
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Figure 27. Reaction progress monitoring of the hydroformylation of a mixture of octenes
(1 mol% C11, 140 °C, 40 bar H2/CO (1:1), toluene, 43.3 mM in oct-1-ene, (E)-oct-2-ene,
(2)-oct-2-ene, (E)-oct-3-ene, (E)-oct-4-ene and (Z)-oct-4-ene).a) Consumption of each octene
isomer with time (GC peaks of 3-E- and 4-Z-octene co-elute). b) Formation of the four
possible aldehydes with time; the grey dotted line indicates the initial mol% amount of each
octene isomer; the solid lines correspond to eye guidelines.

To identify catalytically active cobalt complexes in this chemistry, the in
situ generated cobalt complexes (L5/[Co] ratio 0.5:1) and C11 were reacted
with 40 bar H,/CO at a ratio of 1:1 at 140 °C in the absence of alkenes (Figure
28). Analysis of the mixture by 'H and *'P{'H} NMR and ESI-MS indicated
that C10 was formed in both cases (Scheme 19). In addition to the formation
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of C10 (Scheme 19), NMR and ESI-MS indicated that [Co(CO)4(H)] was also
formed (hydride signal in '"H NMR for [Co(CO),H] in PhMe-dy: 8ex, =5 -11.58
ppm; 8 = & -11.55 ppm;'*®* HRMS ESI-MS m/z: [M-H]" calcd. for Cs04Co™
170.9129, found 170.9298). It is reported in the literature that [Co(CO).H]
plays an important role in C=C double bond isomerisation.!?

40 bar H,/CO (1:1),

140 °C,
[Co,(CO)g] + Xantphos PhMe-dy

(1:1) C10 + C11 + [Co(CO)4H]
L5/[Co] ratio = 0.5:1

40 bar H,/CO (1:1),

', 140 °C

ppn PPh, _ PMeds P 03 + [Co(CO)H]
wZ phop. H PPh,
ocCorq 2P
0C-¢,-CO oc~P
ocC ! Cco
co cM1 c10

Scheme 19. Cobalt complexes generated under hydroformylation reaction conditions.

These results demonstrated that C11 and the cobalt complexes generated
in situ with an L5/[Co] ratio of 0.5:1 evolve into the same cobalt complexes
(C10 and [Co(CO):H]) under the hydroformylation reaction conditions.
Whilst it is reasonable to assume that [Co(CO)sH] plays a major role in the
C=C isomerisation processes, C10 is associated with the addition of a CHO
group to the C, carbon of the alkene skeleton, irrespective of the position and
geometry of the C=C bond in the starting material.

13 Mika, L. T.; Tuba, R.; Téth, I; Pitter, S.; Horvath, 1. T. Organometallics 2011, 30, 4751-4764.
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Figure 28. Regions of the 'H NMR & *'P{'H} NMR spectrum of: a) [Co2(CO)s] after
treatment with 40 bar of H2/CO (1:1) at 140 °C for 1 hour in PhMe-ds; b) [Co2(CO)s] and
Xantphos after treatment with 40 bar of H2/CO (1:1) at 140 °C for 1 hour in PhMe-ds; c¢) C11
after treatment with 40 bar of H2/CO (1:1) at 140 °C for 1 hour in PhMe-ds; d) C10 after
treatment with 40 bar of H2/CO (1:1) at 140 °C for 6 hours in PhMe-ds; e) C10 in PhMe-ds
under N». f) C11 in PhMe-ds under No.
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In terms of the stability of C10 under hydroformylation reaction conditions
(PhMe-d;, 140 °C, 40 bar H,/CO 1:1, 21 h), ¥P{'H} NMR analysis revealed
that complex C10 remains unchanged in solution (ca. 90%; Figure 29) under
the above-mentioned reaction conditions, with free ligand not being detected.
The role of C10 in this chemistry is important (either because it is directly
used, or it is formed iz situ from C11 in the presence of syngas as previously
discussed) and this stability test confirms its catalytic role in hydroformylation
as it remains mostly unchanged.

4 ]
o o o
H NMR 'l' 'l' T
(]
I
.“ M)
," Vo L‘\_
-10.0 -10.2 -10.4 -10.6 -10.8 1.0 1.2 1.4 116 1.8 42,0 122 ppm
~ v @ 2
P NMR P % ¥

5 *'P NMR Xantphos = -17.8 in PhMe-d,

B W I

T T
70 60

T T T

50 40 30 20 10 0 =10 =20 -30 Ppm
[
<of of | o
Tm’ ‘w| ~ |
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Figure 29. Hydride region in 'H NMR (top) and *'P{'H} NMR spectrum (bottom) of
[Co(CO)H(k2P,P-Xantphos)] (C10) after being under 40 bar of Hx/CO (1:1), 140 °C for 21 h
in PhMe-ds.



UNIVERSITAT ROVIRA | VIRGILI
COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS

Andrés Romero Navarro Cobalt-Xantphos Catalysed Hydroformylations

1.4. CONCLUSIONS

Cobalt complexes [Co(CO),H(x*P,P-Xantphos)] (C10) and
[(OC);Co(u-CO),Co(CO)(x*P,P-Xantphos)] (C11) were efficiently synthesised
and characterised for their application in the hydroformylation of an array of
structurally diverse alkenes, differing in the position of the unsaturation and
the geometry of the C=C double bond. Complexes C10 and C11 showed high
performance as catalysts in terms of conversion and selectivity towards
aldehydes in the hydroformylation of alkenes. Comparative studies employing
the preformed C11, or complexes formed in situ from Xantphos and
[Cox(CO)s], indicated that the results obtained in the hydroformylation
reactions were comparable, therefore demonstrating that the two strategies for
the preparation of the catalysts were equally valid (i.e. synthesis of cobalt
catalysts in advance or i situ generation).

The cobalt-catalysed hydroformylation of oct-1-ene employing Xantphos
as a ligand was highly selective towards aldehydes under the optimised
catalytic reaction conditions (C11 or iz situ generated catalyst with an L5/[Co]
ratio of 0.5:1, 140 °C and 40 bar of H,/CO at a 1:1 ratio). Furthermore, the
formation of hydrogenated products, non-hydroformylated alkenes arising
from the C=C isomerisation processes in the starting material and alcohol
derivatives was minimised. Hydroformylations of other octenes were
successfully carried out. High aldehyde selectivities were observed in all the
cases. Regioselectivities for all the studied linear octene isomers remained
practically constant, irrespective of the position and geometry of the double
bond. These results lead us to suggest that under the effects of our
Xantphos-cobalt-based catalyst, a tandem isomerisation-hydroformylation
process takes place, with the isomerisation mediator [Co(CO)H] being
formed in the reaction mixture from C11 or Xantphos/[Co2(CO)s]. We also
demonstrated that this chemistry is an interesting strategy for valorising
mixtures of linear hexenes, heptenes or octenes by transforming the initial
mixture into one major aldehyde (addition of a CHO group to the C, carbon
of the alkene skeleton, up to 73% selectivity).
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1.5. EXPERIMENTAL SECTION

1.5.1. General Considerations

All syntheses were carried out using chemicals purchased from commercial
sources unless otherwise cited. Air- and moisture-sensitive manipulations and
hydroformylation reactions were performed under inert atmosphere, either in
a Ny-filled glove box or with standard Schlenk techniques. Hazards: Carbon
monoxide (CO) is a very toxic gas by inhalation and this reagent or metal
carbonyl complexes were always used in well-ventilated hoods. Glassware
was dried in vacuo before use with a hot air gun. All solvents were dried and
deoxygenated by using a Solvent Purification system (SPS). All solvents and
reagents (liquids) have been degassed using freeze-pump-thaw cycles and
stored at low temperature with activated molecular sieves (4 A) under N,
atmosphere prior to their use. NMR spectra were recorded at room
temperature, unless otherwise cited, in 300 MHz, 400 MHz or 500 MHz
spectrometers in CD,Cl, and PhMe-d; unless otherwise noted. '"H, “C{'H} or
BC{'H,’'P} NMR chemical shifts were quoted in ppm relative to the residual
solvent peaks. *'P{'H} NMR chemical shifts were quoted in ppm relative to
85% phosphoric acid in water. IR spectra were recorded using Attenuate Total
Reflection (ATR) techniques unless otherwise cited. High-resolution mass
spectrum  (HRMS) was recorded by  matrix-assisted laser
desorption/ionization (MALDI) or ESI ionization methods.

1.5.2. General Structural Comments on X-Ray Crystals
1.5.2.1. X-Ray Crystal of [Co(CO).H(*P,P-Xantphos)] (C10)

Crystals of the complex C10 were grown by solvent diffusion, using toluene
and n-pentane at —20 °C under inert atmosphere. The measured crystals were
prepared under inert conditions and immersed in perfluoropolyether as
protecting oil for manipulation.

Crystal structure determination for the complex C10 was carried out using
a Rigaku diffractometer equipped with a Pilatus 200K area detector, a Rigaku
MicroMax-007HF microfocus rotating anode with MoK, radiation, confocal
Max Flux optics and an Oxford Cryosystems low temperature device
Cryostream 700 plus (T = —173 °C). Full-sphere data collection was used with
w and ¢ scans. Programs used: Data collection and reduction with
CrysAlisPro'? V/60A and absorption correction with Scale3 Abspack scaling
algorithm."® Crystal structure solution was achieved using the computer

13 Data collection and reduction with CrysAlisPro 1.171.39.12b (Rigaku OD, 2015).
140 Empirical absorption correction using spherical harmonics as implemented in Scale3 Abspack scaling
algorithm, CrysAlisPro 1.171.39.12b (Rigaku OD, 2015).
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program SHELXT.'"! Visualization was performed with the program
SHELXIle.'*> Missing atoms were subsequently located from difference
Fourier synthesis and added to the atom list. Least-squares refinement on F?
using all measured intensities was carried out using the program SHELXL
2015."% All non-hydrogen atoms were refined including anisotropic
displacement parameters.

Figure 30. ORTEP drawing (thermal ellipsoids drawn at a 50% probability level) showing the
structure of the complex C10. Colour Scheme: C: black, Hydride: violet, Co: blue, O: red, P:
orange.

Comments to the crystal structure of complex C10: The asymmetric unit
contains one molecule of the metal complex, one molecule of toluene and 0.5
molecules of pentane. The toluene molecule is disordered in three orientations
with a ratio of 65:25:10. The half pentane molecule is disordered in two
orientations and shared with the neighbouring asymmetric unit. The hydrogen
atom attached to the cobalt atom was localized from the residual electron
density and refined free on its position. The Co—H distance is of 1.50(2) A,
which is in the range for the expected distance for this type of bonds (a search
in the CCDC for similar structures gave distances in the range 1.39-1.58 A).

141 Sheldrick, G. M. Acta Crystallogr., Sect. A: Found. Adv. 2015, 71, 3-8.
142 Huebschle, C. B.; Sheldrick, G. M.; Dittrich, B. J. Appl. Crystallogr. 2011, 44, 1281-1284.
143 Sheldrick, G. M. Acta Crystallogr., Sect. C: Struct. Chem. 2015, 71, 3-8.
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Table 7. Crystal data and structural parameters for the complex C10

Compound Complex C10
Formula Cs0H47CoOsP;
Solvent Toluene/Pentane
Formula weight 822.75
Temperature (K) 293(2)
Crystal system Monoclinic
Space group P2(1)/n
a(Ad) 9.9652(3)
b (A) 18.3490(5)
c(A) 23.3602(9)
a (°) 90
B 96.462(3)
vY(©) 90
Volume (A%) 4244.3(2)
(€] 4
p (grem?) 1.288
1 (mm™) 0.522
Omax (°) 34.798
Reflect. collected 76515
Unique reflect. 17442 [R(int) = 0.0548]
Absorpt. correction Multi-scan
Parameters/restrains 678/739

R1/wR2 [I>206(])]
R1/wR2 (all data)

Goodness-of-fit (F?)

Peak/hole (e/A?)

0.0512/0.1233
0.1079/0.1468
1.009
0.986/-0.643
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Table 8. Bond lengths (A) for complex C10.

Entry Atoms Length (A) Entry Atoms Length (A)
1 Co1-C40 1.726(2) 41 C25-C26 1.377(3)
2 Col-C41 1.750(2) 42 C26-C27 1.390(3)
3 Col-P2 2.1899(5) 43 C28-C29 1.382(3)
4 Col-P1 2.1927(5) 44 C28-C33 1.398(3)
5 P1-Cl16 1.8307(16) 45 C29-C30 1.395(3)
6 P1-C22 1.8311(16) 46 C30-C31 1.372(4)
7 P1-C2 1.8341(17) 47 C31-C32 1.376(4)
8 P2-C28 1.8287(18) 48 C32-C33 1.382(3)
9 P2-C12 1.8337(18) 49 C34-C39 1.389(3)
10 P2-C34 1.8343(17) 50 C34-C35 1.392(2)
11 0O1-C13 1.3818(19) 51 C35-C36 1.393(3)
12 0O1-C1 1.3848(19) 52 C36-C37 1.380(3)
13 02-C40 1.156(3) 53 C37-C38 1.384(3)
14 03-C41 1.151(3) 54 C38-C39 1.394(3)
15 C1-Cé6 1.384(2) 55 C1S8-C28§ 1.324(7)
16 C1-C2 1.396(2) 56 C1S-C6S 1.475(7)
17 C2-C3 1.399(2) 57 C1S-C7S 1.475(7)
18 C3-C4 1.389(3) 58 C2S-C3S 1.380(7)
19 C4-C5 1.394(3) 59 C3S5-C4S 1.375(6)

20 C5-Cé6 1.394(2) 60 C3S8-C7S' 1.483(8)
21 Ce6-C7 1.532(2) 61 C4S-C5S 1.379(7)
22 C7-Cl4 1.524(3) 62 C5S-C6S 1.338(7)
23 C7-C8 1.531(2) 63 C1s"-C28" 1.318(8)
24 C7-C15 1.545(3) 64 C1S"-C6S" 1.471(8)
25 C8-C13 1.386(2) 65 C18"-Cc7" 1.484(8)
26 C8-C9 1.401(2) 66 C28"-C38" 1.382(8)
27 C9-C10 1.396(3) 67 C38"-C4S" 1.372(7)
28 C10-C11 1.387(3) 68 C48"-C58" 1.381(8)
29 C11-C12 1.401(2) 69 C58"-Ce6S" 1.339(8)
30 C12-C13 1.398(2) 70 C1X-C2X 1.321(8)
31 C16-C17 1.386(2) 71 C1X-C6X 1.472(8)
32 Cle6-C21 1.394(2) 72 C1X-C7X 1.480(8)
33 C17-C18 1.390(3) 73 C2X-C3X 1.382(8)
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34 C18-C19 1.382(3) 74 C3X-C4X 1.377(8)
35 C19-C20 1.383(3) 75 C4X-C5X 1.381(8)
36 C20-C21 1.388(3) 76 C5X-C6X 1.339(8)
37 C22-C27 1.392(2) 77 CI1T-C2T 1.523(7)
38 C22-C23 1.393(3) 78 C2T-C3T 1.534(7)
39 C23-C24 1.389(3) 79 C3T-C4T 1.509(7)
40 C24-C25 1.384(3) 80 C4T-C5T 1.559(8)
Table 9. Bond angles (°) for complex C10.
Entry Atoms Bond angles (°) Entry Atoms Bond angles (°)
1 C40-Co1-C41 102.41(11) 57 C20-C21-C16 120.46(17)
2 C40-Col-P2 117.45(7) 58 C27-C22-C23 118.19(16)
3 C41-Col-P2 99.19(7) 59 C27-C22-P1 123.51(14)
4 C40-Col-P1 123.08(7) 60 C23-C22-P1 118.30(13)
5 C41-Col-P1 98.77(7) 61 C24-C23-C22 120.84(18)
6 P2-Col-P1 110.196(18) 62 C25-C24-C23 120.23(19)
7 Cl6-P1-C22 102.52(8) 63 C26-C25-C24 119.45(18)
8 Cl6-P1-C2 101.45(7) 64 C25-C26-C27 120.52(18)
9 C22-P1-C2 102.16(7) 65 C26-C27-C22 120.74(18)
10 C16-P1-Col 115.24(6) 66 C29-C28-C33 118.59(19)
11 C22-P1-Col 118.25(5) 67 C29-C28-P2 123.69(16)
12 C2-P1-Col 114.90(5) 68 C33-C28-P2 117.72(15)
13 C28-P2-C12 103.60(8) 69 C28-C29-C30 119.9(2)
14 C28-P2-C34 101.68(8) 70 C31-C30-C29 121.1(3)
15 C12-P2-C34 101.04(8) 71 C30-C31-C32 119.3(2)
16 C28-P2-Col 116.87(6) 72 C31-C32-C33 120.4(3)
17 C12-P2-Col 115.80(6) 73 C32-C33-C28 120.7(2)
18 C34-P2-Col 115.58(6) 74 C39-C34-C35 118.74(16)
19 C13-01-C1 113.41(12) 75 C39-C34-pP2 118.86(13)
20 C6-C1-01 119.65(14) 76 C35-C34-P2 122.37(13)
21 C6-C1-C2 124.70(15) 77 C34-C35-C36 120.50(18)
22 01-C1-C2 115.65(14) 78 C37-C36-C35 120.28(18)
23 C1-C2-C3 116.74(15) 79 C36-C37-C38 119.71(18)
24 C1-C2-P1 117.04(12) 80 C37-C38-C39 120.14(19)
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25 C3-C2-P1 126.04(13) 81 C34-C39-C38 120.61(19)
26 C4-C3-C2 120.22(16) 82 02-C40-Col 176.6(2)
27 C3-C4-C5 120.96(16) 83 03-C41-Col 179.5(2)
28 C6-C5-C4 120.49(17) 84 C28-C1S-C6S 118.9(5)
29 C1-C6-C5 116.85(16) 85 C2S-C1S-C7S 124.1(5)
30 C1-C6-C7 117.00(15) 86 C6S-C1S-C7S 117.1(5)
31 C5-C6-C7 126.11(16) 87 C1S-C2S-C3S 119.2(5)
32 C14-C7-C8 112.24(15) 88 C4S-C38-C2S 122.8(5)
33 C14-C7-C6 111.74(16) 89 C48-C3S-C7S' 116.9(7)
34 C8-C7-C6 106.34(14) 90 C28-C3S-C7S' 120.3(6)
35 C14-C7-C15 109.58(16) 91 C38-C45-C5S 118.9(5)
36 C8-C7-C15 108.22(15) 92 C68-C55-C4S 119.9(5)
37 C6-C7-C15 108.56(14) 93 C58-C6S-C1S 120.3(5)
38 C13-C8-C9 116.85(16) 94  (C25"-CIS"-C6S"  118.7(7)
39 C13-C8-C7 117.29(15) 95  C28"-CIS"-C7S"  122.5(7)
40 C9-C8-C7 125.82(16) 96  C6S"-CIS"-C7S"  118.5@8)
41 C10-C9-C8 120.14(17) 97  CIS"-C28"-C3S"  119.9(7)
42 C11-C10-C9 121.23(17) 98  (C4S"-C3S"-C28"  122.3(7)
43 C10-C11-C12  120.36(16) 99  (C3S"-C4S"-C5S"  118.5(7)
44 C13-C12-C11 116.58(16) 100  C6S"-C58"-C4S"  120.5(7)
45 C13-C12-P2 117.40(12) 101 C58"-C68"-CI1S"  119.9(7)
46 C11-C12-P2 125.74(13) 102 C2X-C1X-C6X 118.3(7)
47 01-C13-C8 119.30(14) 103 C2X-C1X-C7X 123.7(9)
48 01-C13-C12 115.91(15) 104  C6X-CIX-C7X 117.29)
49 C8-C13-C12 124.78(15) 105 C1X-C2X-C3X 119.8(8)
50 C17-C16-C21 118.54(16) 106  C4X-C3X-C2X 122.5(8)
51 C17-C16-P1 119.36(13) 107 C3X-C4X-C5X 118.3(8)
52 C21-C16-P1 122.10(13) 108 C6X-C5X-C4X 120.3(9)
53 C16-C17-C18  120.78(18) 109  C5X-C6X-CIX 120.3(8)
54 C19-C18-C17  120.45(19) 110 CIT-C2T-C3T 109.3(5)
55 C18-C19-C20  119.14(17) 111 C4T-C3T-C2T 111.6(6)

56 C19-C20-C21 120.60(19) 112 C3T-C4T-C5T 108.3(6)
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1.5.2.2. X-Ray Crystal of [(OC);Co(u-CO).Co(CO)(x*P,P-Xantphos)]
(C11)

Crystals of the complex C11 were grown by solvent diffusion, using toluene
and n-pentane under inert atmosphere. The measured crystals were prepared
under inert conditions and immersed in perfluoropolyether as protecting oil
for manipulation.

A yellow prism-like specimen of CsH3C0,07P,, approximate dimensions
0.060 mm x 0.149 mm x 0.348 mm, was used for the X-ray crystallographic
analysis. The X-ray intensity data were measured on a D8 Venture system
equipped with a multilayer monochromator and a Mo microfocus (A =
0.71073 A).

The frames were integrated with the Bruker SAINT software package using
a narrow-frame algorithm. The integration of the data using a triclinic unit cell
yielded a total of 63484 reflections to a maximum 6 angle of 30.55° (0.70 A
resolution), of which 11551 were independent (average redundancy 5.496,
completeness = 99.2%, Rint = 3.56%, Rsig = 2.51%) and 10051 (87.01%) were
greater than 20(F2). The final cell constants of a = 10.8578(8) A, b =
11.6947(9) A, ¢ = 17.4282(13) A, a = 106.744(3)°, B = 95.840(3)°, y =
112.496(3)°, volume = 1900.9(3) A3, are based upon the refinement of the
XY Z-centroids of reflections above 20 o(I). Data were corrected for absorption
effects using the Multi-Scan method (SADABS). The calculated minimum
and maximum transmission coefficients (based on crystal size) are 0.6883 and
0.7461.

The structure was solved and refined using the Bruker SHELXTL Software
Package, using the space group P-1, with Z = 2 for the formula unit,
C4sH3,C0,07P;. The final anisotropic full-matrix least-squares refinement on
F2 with 507 variables converged at R1 = 2.92%, for the observed data and
wR2 = 7.82% for all data. The goodness-of-fit was 1.034. The largest peak in
the final difference electron density synthesis was 1.113 e/A3 and the largest
hole was -0.724 e/A3 with an RMS deviation of 0.069 e/A>. On the basis of
the final model, the calculated density was 1.510 g/cm?® and F(000), 884 e.
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Figure 31. ORTEP drawing (thermal ellipsoids drawn at a 50% probability level) showing the
structure of complex C11. Colour Scheme: C: black, Co: blue, O: red, P: orange.

Comments to the crystal structure of complex C11: The asymmetric unit
contains one molecule of the metal complex.
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Table 10. Crystal data and structural parameters for the complex C11.

Compound Complex C11
Formula C45H3,C0,07P;
Solvent Toluene/Pentane
Formula weight 864.50
Temperature (K) 100(2)
Crystal system Triclinic
Space group P-1
a(Ad) 10.8578(8)
b (A) 11.6947(9)
c(A) 17.4282(13)
a(®) 106.744(3)
B©) 95.840(3)
Y (®) 112.496(3)
Volume (A%) 1900.9(3)
C] 2
p (g'em™) 1.510
p (mm™) 1.011
Omax (°) 30.548
Reflect. collected 63484

Unique reflect.
Absorpt. correction
Parameters/restrains
R1/wR2 [I>20(I)]
R1/wR2 (all data)
Goodness-of-fit (F?)
Peak/hole (e/A?)

11551 [R(int) = 0.0356]
Semi-empirical from equivalents
507/0
0.0292/0.0719
0.0375/0.0782
1.034
-0.724
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Table 11. Bond lengths (A) for complex C11.

Entry Atoms Length (A) Entry Atoms Length (A)
1 Co(1)-C(40) 1.7980(15) 34 C(7)-C(15) 1.532(2)
2 Co(1)-C(44) 1.8716(14) 35 C(7)-C(14) 1.547(2)
3 Co(1)-C(41) 1.8987(15) 36 C(8)-C(13) 1.3883(18)
4 Co(1)-P(2) 2.2578(4) 37 C(8)-C(9) 1.397(2)
5 Co(1)-P(1) 2.3082(4) 38 C(9)-C(10) 1.393(2)
6 Co(1)-Co(2) 2.5103(3) 39 C(10)-C(11) 1.392(2)
7 Co(2)-C(43) 1.7938(16) 40 C(11)-C(12) 1.3969(19)
8 Co(2)-C(42) 1.8122(17) 41 C(12)-C(13) 1.3925(18)
9 Co(2)-C(45) 1.8245(16) 42 C(16)-C(21) 1.3947(19)
10 Co(2)-C(41) 1.9733(14) 43 C(16)-C(17) 1.401(2)
11 Co(2)-C(44)  2.0306(14) 44 C(17)-C(18) 1.387(2)
12 P(1)-C(16) 1.8337(14) 45 C(17)-H(17) 0.9500
13 P(1)-C(1) 1.8374(14) 46 C(18)-C(19) 1.390(2)
14 P(1)-C(22) 1.8374(14) 47 C(19)-C(20) 1.383(2)
15 P(2)-C(12) 1.8289(14) 48 C(20)-C(21) 1.395(2)
16 P(2)-C(34) 1.8313(14) 49 C(22)-C(23) 1.390(2)
17 P(2)-C(28) 1.8414(14) 50 C(22)-C(27) 1.4031(19)
18 O(1)-C(6) 1.3831(15) 51 C(23)-C(24) 1.397(2)
19 Oo(1)-C(13) 1.3874(16) 52 C(24)-C(25) 1.384(2)

20 0(2)-C(41) 1.1740(18) 53 C(25)-C(26) 1.383(2)
21 0(3)-C(42) 1.138(2) 54 C(26)-C(27) 1.388(2)
22 0(4)-C(43) 1.1418(19) 55 C(28)-C(33) 1.396(2)
23 0(5)-C(44) 1.1717(17) 56 C(28)-C(29) 1.400(2)
24 0(6)-C(40) 1.1379(19) 57 C(29)-C(30) 1.391(2)
25 O(7)-C(45) 1.1364(19) 58 C(30)-C(31) 1.393(2)
26 C(1)-C(6) 1.3945(19) 59 C(31)-C(32) 1.381(3)
27 C(1)-C(2) 1.4024(18) 60 C(32)-C(33) 1.396(2)
28 C(2)-C(3) 1.3934(19) 61 C(34)-C(35) 1.392(2)
29 C(3)-C4) 1.389(2) 62 C(34)-C(39) 1.3983(19)
30 C4)-C(5) 1.3952(19) 63 C(35)-C(36) 1.396(2)
31 C(5)-C(6) 1.3928(18) 64 C(36)-C(37) 1.386(2)
32 C(5)-C(7) 1.5295(19) 65 C(37)-C(38) 1.389(2)
33 C(7)-C(8) 1.5263(19) 66 C(38)-C(39) 1.389(2)
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Table 12. Bond angles (°) for complex C11.

Entry Atoms Bond angle (°)  Entry Atoms Bond angle (%)
1 C(40)-Co(1)-C(44)  159.97(6) 58 C(5)-C(7)-C(15)  110.94(12)
2 C(40)-Co(1)-C(41) 83.69(7) 59 C(8)-C(7)-C(14)  109.19(12)
3 C(44)-Co(1)-C(41) 86.00(6) 60 C(5)-C(7)-C(14)  109.00(12)
4 C(40)-Co(1)-P(2) 102.55(5) 61 C(15)-C(7)-C(14)  109.27(14)
5 C(44)-Co(1)-P(2) 96.56(4) 62 C(13)-C(8)-C(9)  116.41(13)
6 C(41)-Co(1)-P(2) 103.78(5) 63 C(13)-C(8)-C(7)  118.66(12)
7 C(40)-Co(1)-P(1) 90.98(5) 64 C(9)-C(8)-C(7) 124.93(12)
8 C(44)-Co(1)-P(1) 89.80(4) 65 C(10)-C(9)-C(8)  121.01(13)
9 C(41)-Co(1)-P(1) 151.15(5) 66 C(11)-C(10)-C(9)  120.57(14)
10 P(2)-Co(1)-P(1) 105.059(15) 67 C(10)-C(11)-C(12) 120.18(13)
11 C(40)-Co(1)-Co(2)  107.88(5) 68 C(13)-C(12)-C(11) 117.13(12)
12 C(44)-Co(1)-Co(2) 52.80(4) 69 C(13)-C(12)-P(2)  117.16(10)
13 C(41)-Co(1)-Co(2) 50.89(4) 70 C(11)-C(12)-P(2)  125.49(11)
14 P(2)-Co(1)-Co(2) 136.242(13) 71 O(1)-C(13)-C(8)  120.10(12)
15 P(1)-Co(1)-Co(2)  105.083(13) 72 O(1)-C(13)-C(12)  115.29(11)
16 C(43)-Co(2)-C(42)  104.91(7) 73 C(8)-C(13)-C(12)  124.60(13)
17 C(43)-Co(2)-C(45)  109.61(7) 74 C(21)-C(16)-C(17) 118.81(13)
18 C(42)-Co(2)-C(45) 95.61(7) 75 C(21)-C(16)-P(1)  121.27(11)
19 C(43)-Co(2)-C(41) 97.97(6) 76 C(17)-C(16)-P(1)  119.49(10)

20 C(42)-Co(2)-C(41) 88.30(7) 77 C(18)-C(17)-C(16) 120.77(14)
21 C(45)-Co(2)-C(41)  149.99(6) 78 C(17)-C(18)-C(19) 119.84(14)
22 C(43)-Co(2)-C(44) 93.10(6) 79 C(20)-C(19)-C(18) 119.96(14)
23 C(42)-Co(2)-C(44)  159.72(6) 80 C(19)-C(20)-C(21) 120.37(14)
24 C(45)-Co(2)-C(44) 86.83(6) 81 C(20)-C(21)-C(16) 120.19(14)
25 C(41)-Co(2)-C(44) 79.90(6) 82 C(23)-C(22)-C(27) 118.96(13)
26 C(43)-Co(2)-Co(1)  125.84(5) 83 C(23)-C(22)-P(1)  124.28(11)
27 C(42)-Co(2)-Co(1)  112.99(5) 84 C(27)-C(22)-P(1) 116.76(11)
28 C(45)-Co(2)-Co(1)  103.75(5) 85 C(22)-C(23)-C(24) 120.09(14)
29 C(41)-Co(2)-Co(1) 48.30(4) 86 C(25)-C(24)-C(23) 120.42(15)
30 C(44)-Co(2)-Co(1) 47.23(4) 87 C(26)-C(25)-C(24) 119.86(14)
31 C(16)-P(1)-C(1) 103.49(6) 88 C(25)-C(26)-C(27) 120.19(15)
32 C(16)-P(1)-C(22) 96.81(6) 89 C(26)-C(27)-C(22) 120.47(14)

33 C(1)}-P(1)-C(22)  106.48(6) 90  C(33)-C(28)-C(29) 118.55(13)
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34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

C(16)-P(1)-Co(1)  116.32(5) 91 C(33)-C(28)-P(2)  122.13(12)
C(1)-P(1)-Co(1)  114.86(5) 92 C(29)-C(28)-P(2)  119.24(11)
C(22)-P(1)-Co(1)  116.63(5) 93 C(30)-C(29)-C(28) 120.71(14)
C(12)-P(2)-C(34)  102.61(6) 94  C(29)-C(30)-C(31) 120.00(15)
C(12)-P(2)-C(28)  101.28(6) 95  C(32)-C(31)-C(30) 119.82(15)
C(34)-P(2)-C(28)  101.28(6) 96  C(31)-C(32)-C(33) 120.32(15)
C(12)-P(2)-Co(1)  115.33(5) 97  C(32)-C(33)}-C(28) 120.56(15)
C(34)-P(2)-Co(1)  116.27(5) 98  (C(35)-C(34)-C(39) 118.86(13)
C(28)-P(2)-Co(1)  117.65(5) 99  C(35-C(34)-P(2) 122.59(11)
C(6)-0(1)-C(13)  114.75(10) 100  C(39)-C(34)}P(2) 118.45(11)
C6)-C(1)-C2)  116.73(12) 101 C(34)-C(35)-C(36) 120.51(13)
C6)-C(1)-P(1)  117.22(10) 102 C(37)-C(36)-C(35) 120.27(14)
C(2)}-C(1)}-P(1)  125.32(11) 103 C(36)-C(37)-C(38) 119.47(14)
C(3)}-C(2)}-C(1)  120.23(13) 104  C(39)-C(38)-C(37) 120.48(14)
C(4)-C(3)}-C(2)  120.93(13) 105 C(38)-C(39)-C(34) 120.37(14)
C(3)-C@)-C(5)  120.76(13) 106  O(6)-C(40)-Co(1)  174.61(14)
C(6)-C(5)-C(@)  116.67(13) 107  O(2)-C(41)-Co(l)  143.48(13)
C6)-CO)-C(7)  118.73(12) 108  O(2)-C(41)-Co(2) 135.42(12)
C4)}-C(5)-C(7)  124.60(12) 109  Co(1)-C(41)-Co2)  80.80(6)
O(1)}-C(6)-C(5)  119.84(12) 110 O(3)-C(42)-Co(2) 178.71(16)
O(1)}-C(6)-C(1)  115.48(11) 111 O(4)-C(43)-Co(2) 176.90(14)
C()-C6)-C(1)  124.64(12) 112 O(5)-C(44)-Co(l)  149.36(12)
C®)-C(D-C(5)  107.58(11) 113 O(5)-C(44)-Co(2) 130.67(11)
C(8)-C(7)-C(15)  110.82(13) 114  Co(1)-C(44)-Co(2)  79.97(5)

1.5.3. Synthesis of metal complexes C10 and C11

1.5.3.1. Synthesis of [Co(CO).H(x*P,P-Xantphos)] (C10)

The preparation of the complex C10 was performed by
modifying a reported procedure in the literature.'* In a

Q O glove box filled with nitrogen, [Co,(CO)s] (94.8 mg, 0.25

PP PPR2 | mmol) was dissolved in anhydrous toluene (1.7 mL) in a
oc-P 2 mL Schlenk flame-dried flask with stirring and
co anhydrous DMF (869 uL, 11.20 mmol) was added to the

previous solution. After formation of a pink precipitate

4 Kluwer, A. M.; Krafft, M. J.; Hartenbach, I.; de Bruin, B.; Kaim, W. Top. Catal. 2016, 59, 1787-1792.
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(ca. 1 h), the reaction mixture was cooled down to 0 °C and aqueous HCI (2.5
mL, 6 M, 15.00 mmol) was added at once. After stirring for 2 minutes, two
phases were formed: the aqueous phase (pink) and the organic phase (yellow).
The organic phase (yellow) was separated under argon atmosphere at 0 °C and
a solution of Xantphos (202 mg, 0.33 mmol) in anhydrous toluene (3.7 mL)
was added. The reaction proceeded by CO bubbling, which led to the
formation of a yellow precipitate. After 5 hours stirring at 0 °C, the crude
mixture was stored in the freezer under N, for 2 hours. The liquid and
precipitate were separated, the precipitate was washed with anhydrous
n-pentane (5 mL) and solid was dried under vacuum. The complex C10 was
obtained as a yellow solid (161 mg, 70% yield). IR (neat, cm™) b 3057, 2956,
2928, 2861, 1917 (vco), 1910 (vco), 1586, 1479, 1433, 1404, 1358, 1307, 1227,
1180, 1154, 1118, 1091, 1068, 1026, 999, 794, 779, 748, 689, 655, 536, 509,
469, 441. '"H NMR (500 MHz, CD-Cl,) § 7.48 (dd, J= 7.9, 1.2 Hz, 2H), 7.36
(bs, 8H), 7.28-7.25 (m, 4H), 7.18 (t, /= 7.4 Hz, 8H), 7.02 (t, /= 7.7 Hz, 2H),
6.36-6.33 (m, 2H), 1.69 (s, 6H), —11.23 (t, J = 23.3 Hz, 1H) ppm. *C{'H*'P}
NMR (126 MHz, CD,Cly) § 209.3 (2 C, CO), 155.9 (2 C, CaromQ), 136.3 (4
C, CaromP), 135.5 (2 C, CaromC(CHs),), 133.6 (8 C, CaromH), 129.7 (2 C,
CaromH), 129.5 (4 C, CaromH), 128.3 (8 C, CaromH), 127.5 (2 C, CaromP),
126.2 (2 C, CaromH), 124.0 (2 C, CaromH), 37.0 (2 C, CH3), 27.1 (1 C,
C(CH3);) ppm. *'P{'H} NMR (202 MHz, CD,Cl,) 6§ 43.4 ppm. HRMS
(MALDI) m/z [M-2CO-H]* calcd for CsHzCoOP, 637.1255, found

637.1270.
DMF (45 equiv.) HCI (60 equiv.)
[Cox(CO)g] ——= [Co(DMF)g][Co(CO)gl, ———— [Co(CO)4(H)]
Toluene, rt, 1 h 0°C, 2 min
Quantitative yield Quantitative yield
@GN
1) Phase separation, 0 °C
Phop. H PPh2
OC’CO 2) Xantphos (1.33 equiv.)
\ Toluene, 0°C, 5 h
CcO
70 % yield
C10

Scheme 20. Synthesis of complex C10.
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1.5.3.2. Synthesis of [(OC);Co(u-CO),Co(CO)(*P,P-Xantphos)] (C11)

- N In a glove box filled with nitrogen, [Co2(CO)s] (220
umol, 83.8 mg) and Xantphos (220 umol, 134.3 mg) were

L added into a 10 mL in a flame dried 10 mL ace pressure
P_E’ggPPhQ tube with a magnetic stirrer in 1.9 mL of anhydrous and
oc?é‘:o—éooo deoxygenated toluene having a concentration of 0.115 M

oC &g respect of the Xantphos. The reaction mixture was stirred

cn at 70 °C for 2 hours under nitrogen atmosphere. Following

C J

the reaction mixture was kept in the glove box and 5 mL
of anhydrous and deoxygenated n-pentane was added into the glass tube,
which led to the formation of a red orange precipitate. The vial was kept in
the glove box for 48 hours to favour the precipitation of the product. Then, the
liquid and precipitate were separated, the precipitate was washed twice with
anhydrous z-pentane (2x5 mL) and solid was dried under vacuum. The
complex C11 was obtained as a red-orange solid (97 mg, 51% yield). IR (neat,
cm™) © 2955.64, 2043.39 (Dco), 1963.32 (Dco), 1940.02 (Dco), 1880.43 (Dco),
1815.43, 1785.57, 1479.34, 1433.32, 1405.48, 123.9.7, 1093.39, 747.79,
735.73, 686.25, 622.59, 603.46, 575.93. '"H NMR (400 MHz, CD,Cl,) § 7.62
(d, J = 7.3 Hz, 2H), 7.26 (bs, 12 H), 7.17 (bs, 10 H), 6,61 (bs, 2H), 1.72 (s, 6
H). "C{'H} NMR (126 MHz, CD,Cl,) 155.22 (2 C, CaromO), 133.23 (4 C,
CaromP), 132.89, 130.87, 129.58, 128.10, 128.06, 128.02, 126.91, 124.52,
118.54, 118.25, 36.28 (2 C, CH3). *'P{'H} NMR (202 MHz, CD,Cl,) § 32.29.
HRMS (ESI*) m/z [M-5CO-Co]* calcd for C4H3,CoO,P; 665.1210, found
665.1213.

-
PPh
Toluene, 70°C, 2 h PP\h2/ 2
[Cox(CO)g] + oc-Co.
(0] | CO

0.115 M

1 equiv. PPh, PPh, OC\C‘O/CO
oc”\
Xantphos (of6]
1 equiv.
51 % yield

C11

Scheme 21. Synthesis of complex C11.
1.5.4. General procedure for the cobalt-catalysed hydroformylation

Essays for screening catalysts:

In a glove box filled with nitrogen, Xantphos (ca. 2.7 umol in 360 pL of
toluene) and [Cox(CO)s] (ca. 2.7 umol in 360 uL of toluene),
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[Co(CO),H(x*P,P-Xantphos)] (C10) (ca. 2.3 umol in 65 uL of toluene) or
[(OC);Co(u-CO),Co(CO)(k*P,P-Xantphos)] (C11) (ca. 2.3 umol in 65 pL of
toluene) were added into a 2 mL vial equipped with a magnetic stirrer.
Substrate (the corresponding octene, heptene or hexene or mixtures thereof;
ca. 230 pmol), dodecane (ca. 69 umol) and additional toluene were charged to
provide the desired final solution having a 0.26 M concentration of
substrate(s). The vial was transferred into an autoclave and taken out of the
glove box. The autoclave was purged three times with syngas (1:1 H,/CO ratio
without stirring, at a pressure not higher than 10 bar) and, finally, the
autoclave was pressurized with syngas to the desired pressure. The reaction
mixture was stirred at the selected temperature (metallic block) for the selected
reaction time. The reaction was cooled down to room temperature (ice bath)
and the pressure was carefully released in a well-ventilated hood. Conversion,
chemo- and regio-selectivity of the products arising from hydroformylation
reaction conditions were determined by GC analysis on an achiral stationary
phase (HP-5) using dodecane as the internal standard (IS).

Hydroformylation at the preparative scale (S/C = 500):

In a glove box filled with nitrogen,
[(OC);Co(u-CO),Co(CO)(k?*P,P-Xantphos)] (C11) (43.6 mg, 0.0505 mmol)
was placed in a 25 mL autoclave with a magnetic stirrer. Oct-1-ene (S31a) (4.0
mL, 25.2 mmol) and toluene (10.4 mL) were added to provide the desired final
solution, giving a 1.8 M concentration of oct-1-ene. The autoclave was purged
three times with syngas (1:1 H,/CO ratio without stirring, at a pressure not
higher than 10 bar) and, finally, the autoclave was pressurised with syngas to
40 bar. The autoclave was connected to a five-litre steel reservoir filled with
syngas to ensure that pressure was high enough during the whole
hydroformylation process. The reservoir was isolated from the reactor by a
valve, and the pressure inside the autoclave was restored to 40 bar by opening
the valve when the pressure inside the autoclave dropped by 10% and closing
it afterwards. The reaction mixture was stirred at 140 °C for 21 h. The reaction
was cooled down to room temperature (ice bath) and the pressure was
carefully released in a well-ventilated hood. The reaction mixture was distilled
under reduced pressure to obtain the corresponding mixture of aldehydes
(fraction 1, b.p. = 35-45 °C, 25-30 mbar, 8.84 g, 2.3 mmol of aldehydes and
fraction 2, b.p. = 75-80 °C, 25-30 mbar, 1.57 g, 11.0 mmol of aldehydes; 53%
overall yield).

Hydroformylation at the preparative scale (S/C = 1000):

In a glove box filled with nitrogen,
[(OC);Co(u-CO).Co(CO)(x*P,P-Xantphos)] (C11) (21.8 mg, 0.0252 mmol)
was placed in a 25 mL autoclave with a magnetic stirrer. Oct-1-ene (S31a) (4.0
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mL, 25.2 mmol) and toluene (10.4 mL) were added to provide the desired final
solution, giving a 1.8 M concentration of oct-1-ene. The hydroformylation
process was carried out as indicated above for S/C = 500. The reaction
mixture was distilled under reduced pressure to obtain the corresponding
mixture of aldehydes (fraction 1, b.p. = 40-45 °C, 25-30 mbar, 8.40 g, 1.72
mmol of aldehydes and fraction 2, b.p. = 75-80 °C, 25 mbar, 2.16 g, 11.0 mmol
of aldehydes; 51% overall yield).

1.5.5. Determination of the conversion, chemoselectivity and
regioselectivity in hydroformylation reaction mixtures.

Conversion, chemo- and regio-selectivity of the products arising from
hydroformylation reaction conditions were determined by GC analysis on an
achiral stationary phase (HP-5) using dodecane as the internal standard. The
conversion was determined using the response factor of the starting material.
The selectivity was determined from area % data of the GC analysis.

GC analysis conditions for hydroformylation reaction mixtures of oct-1-
ene, (£)-oct-2-ene, (E)-oct-2-ene, (E)-oct-3-ene, (E)-oct-4-ene and (Z£)-oct-4-
ene: Conversion, chemo- and regio-selectivity in the mixtures arising from
hydroformylation reaction conditions were determined by GC-FID analysis
with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 um x 0.25 um).
Flow rate: 2.3 mL/min. Temperature program: 35 °C for 5 min, then up to
150 °C at 20 °C/min and 10 min at 150 °C, then up to 320 °C at 20 °C/min
and 5 min at 320 °C. Retention times: 5.2 min for oct-1-ene, 5.3 min for (E)-
oct-4-ene, 5.4 min for octane, 5.6 min for (E)-oct-3-ene, 5.7 min for (Z)-oct-4-
ene, 5.9 min for (E)-oct-2-ene, 6.1 min for (Z)-oct-2-ene, 9.5 min for P31d (2-
propylhexanal), 9.6 min for P31c (2-ethylheptanal), 9.7 min for P31b (2-
methyloctanal), 10.2 min for P31a (nonanal) , 10.7 min for 5d (2-propyl-
hexan-1-o0l), 10.8 min for 5c (2-ethyl-heptan-1-ol), 10.9 min for 5b (2-methyl-
octan-1-ol), 11.1 min for the IS (dodecane), 11.3 min for 5a (nonan-1-ol).

GC analysis conditions for hydroformylation reaction mixtures of hept-1-
ene, (Z)-hept-2-ene, (E)-hept-2-ene, (E)-hept-3-ene: Conversion, chemo- and

regio-selectivity in the mixtures arising from hydroformylation reaction
conditions were determined by GC-FID analysis with a HP-5 column (5%
phenyl methyl siloxane; 30 m x 320 pm x 0.25 pm). Flow rate: 2.6 mL/min.
Temperature program: 40 °C for 5 min, then up to 150 °C at 20 °C/min and
10 min at 150 °C, then up to 275 °C at 20 °C/min and 5 min at 275 °C.
Retention times: 2.74 min for hept-1-ene, 2.06 min for (E)-hept-3-ene, 2.89
min for heptane, 2.95 min for (E)-hept-2-ene, 3.07 min for (Z)-hept-2-ene, 7.88
min for 2-propylpentanal (P46d), 7.98 min for 2-ethylhexanal (P46c), 8.09 min
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for 2-methylheptanal (P46b), 8.60 min for octanal (P46a), 10.39 min for the
IS (dodecane).

GC analysis conditions for hydroformylation reaction mixtures of hex-1-
ene, (Z)-hex-2-ene, (E)-hex-2-ene, (E)-hex-3-ene, (Z)-hex-3-ene: Conversion,

chemo- and regio-selectivity in the mixtures arising from hydroformylation
reaction conditions were determined by GC-FID analysis with a HP-5 column
(5% phenyl methyl siloxane; 30 m x 320 um x 0.25 pm). Flow rate: 2.6
mL/min. Temperature program: 40 °C for 5 min, then up to 150 °C at 20
°C/min and 10 min at 150 °C, then up to 275 °C at 20 °C/min and 5 min at
275 °C. Retention times: 1.95 min for hex-1-ene, 1.99 min for hexane, 2.03
min for (E)-hex-2-ene, (Z)-hex-3-ene, (E)-hex-3-ene, 2.09 min for (Z)-hex-2-
ene), 6.38 min for 2-ethylpentanal (P47c), 6.52 min for 2-methylhexanal
(P47b), 7.24 min for heptanal (P47a), 10.39 min for the IS (dodecane).

1.5.6. Selected GC chromatograms

Representative example of a GC chromatogram of the mixtures derived
from oct-1-ene or its isomers under cobalt-catalysed hydroformylation
reaction conditions.

pA 4
1 IS
1 P
CHO
2500 e
i 3
<@
E
2000
CcHO
1600 | o~ e
1 bd N\(v
@« /
E /
/ OH
q /\/\/\/
11 cHO / oH
1 *&,:’ NN W /
4 m I
Qw B /
g o /\/Y\/ = /
i e S SHo \gﬂh /
500 |wf | g < / -
118/ / = OH
] o 5 ¥ 5'\; §
1 8 3 o N N
18 2 g 25| <
J =] - J‘
0 - ——— B - :
7 8 9 10 1" 12 13 14 min

Figure 32. GC chromatogram of the mixtures derived from octenes after hydroformylation
catalysis.
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Representative example of a GC chromatogram of the mixtures derived
from hept-1-ene or its isomers under cobalt-catalysed hydroformylation

reaction conditions.
- g
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R e _CHO
et NS !
1750 | f g
|
|
w0 | ||
‘ | CHO
1250 | A
|
1000 |‘ ‘.‘ f .
|/ TS
[ ] CHO
wd | v &
| [ VT
(N \
- I‘I ,\I‘I‘I ,f"lf, P CH‘EL\ \lﬁ;
” % ;‘J \g
s = |
N2 | N
3 5 6 7 8 9 10 min

o
-

Figure 33.GC chromatogram of mixtures derived from heptenes after hydroformylation
catalysis.

Representative example of a GC chromatogram of the mixtures derived
from hex-l-ene or its isomers under cobalt-catalysed hydroformylation

reaction conditions.
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Figure 34. GC chromatogram of mixtures derived from hexenes after hydroformylation
catalysis.
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1.5.7. Complete set of results for cobalt-catalysed hydroformylation

Table 13. Complete set of results of cobalt-catalysed hydroformylation of

oct-1-ene.
CHO
oSS CHO + \/\/\)\
P31a P31b
C,-Aldehyde C,-Aldehyde

L5:[Co] ratio, \/W\ CHO
Complex C10 or C11 (1 mol%) * \/\)\/\

\/\/\/\ CHO
P, T,21h P31c P31d

S31a Toluene C5-Aldehyde C.-Aldehyde

O O \/\/\/\/\*OH o~
L5 = o 5a-d 6

PPh, PPh, A
Xantphos S3/1b-dv

: ity (%) . . bl

Pressure  >-1C0 Selectivity (%) Regioselectivity
Ent (5,/co) Ttio, 1 Conv. P31
7 co (Zbar) Cloor (M (W™ p31 504 6 o Ci/C

cu b-d  (c/CrCi/C)
40 : 81:19

t% (1:1) ki 026 17110 24 65 (75:18:4:3)
40 : 80:20

210 g L1026 S0 S8 1 7 34 ool
40 - 73:27

310 ) 11 026 >99 79 13 4 4 P
40 : 70:30

4 160 ) L1026 99 79 125 4 gehitg
40 : 76:24
50140y 1.1 026 52 5 0 8 33 68165
40 : 76:24

6 140 L1026 99 48 13 10 29 o0
40 : 79:21

710 g 0251 026 98 80 17 0 3 01565
40 : 77:23

8 140 01 026 >99 71 25 2 2 o108
40 : 76:24

9 140 ) 051 026 >99 8 11 2 2 o586
40 : 72:28

10140 ) 21026 5137 1 13 49 olc
1n 140 A0 cl0 02 9 73 2 10 15 74:26

(1:1) (64:22:8:6)
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Table 13. cont.

12 140 (fg) 051 01 >9%9 8 5 3 7 ( 637;3121317)
13 140 (fg) 051 05 >9 80 15 3 2 Sl 5
14 140 (fg) 051 1 >99 6 31 0 2 (51:§§§?i;12)
15 140 (fg) Cll 02 >99 8 2 4 5 ( 6971515192%: 5

The hydroformylations were performed in a parallel autoclave. Reaction conditions: [alkene] = 0.26 M;
reaction time = 21 h; stirring rate = 800 rpm; H,/CO in a 1:1 ratio, unless otherwise cited. [a] L5:[Co]
Molar ratio between L5 and cobalt centres in [Co,(CO)s]. [b] Conversion, regioselectivity and product
distribution were determined by GC analysis on an achiral stationary phase (HP-5). Selectivities were
calculated as mol of compound into mol of converted substrate.
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Table 14. Complete set of results of cobalt-catalysed hydroformylation of

octenes.
CHO
SN SN CHO \/M
P31a P31b
C;-Aldehyde C,-Aldehyde

L5:[Co] ratio,

Complex C10 or C11 (1 mol%) \/\/Y\ + CHO
N S VN
S CHO \/\)\/\
40 bar (H,/CO), 140 °C, 21 h
S31a: Oct-1-ene Toluene, 0.26 M P31c P31d
(2)-831b: (Z)-Oct-2-ene C3-Aldehyde C4-Aldehyde
(E)-S31b: (E)-Oct-2-ene

(E)-S31c: (E)-Oct-3-ene O O SO
(2)-831d: (2)-Oct-4-ene | 5= o 5a-d

(E)-S31d: (E)-Oct-4-ene h Lo Lo 6
2 2
Xantphos SN
$31b-d
. D) 0, [bl . D) [b]
Pressure L5..[([3:])] Selectivity (%) Regioselectivity
Entry Substrate T (H,/CO) ratio™,  Conv. P3l
N €O " pany  Cl0or (DY P31 sad 6 O /G
ci1 ad  (c/crec)
40 74:26
1 140 0.5:1 99 89 4 4 3
(2)-Oct-2- (1:1) (62:22:9:7)
ene 40 74:26
2 140 1) C10 99 55 1 11 33 (63:22:8:7)
40 75:25
3 140 0.5:1 >9 8 3 5 6
(E)-Oct-2- (1:1) (62:22:9:7)
ene 40 74:26
4 140 1) C10 >99 57 1 11 31 (63:22:8:7)
40 . 74:26
5 (B)-Oct- 140 a:1) 0.5:1 929 91 4 3 2 (60:21:10:9)
3-ene 40 73:27
6 140 C10 94 74 1 16 9 (60:22:9:9)
40 . 74:26
7 (2)Oct4- 140 1) 0.5:1 >99 91 3 4 2 (59:21:10:10)
ene 40 74:26
8 140 1:1) C10 98 62 1 15 22 (61:21:9:9)
40 75:25
140 0.5:1 99 89 3 5 3
9 (E)-Oct-4- (1:1) (60:21:9:10)
ene 40 74:26
10 140 1) C10 79 68 0 19 13 (60:21:9:10)

The hydroformylations were performed in a parallel autoclave. Reaction conditions: [alkene] = 0.26 M; reaction
time = 21 h; stirring rate = 800 rpm; H,/CO in a 1:1 ratio, unless otherwise cited. [a] L5:[Co] Molar ratio
between L5 and cobalt centres in [Co2(CO)s]. [b] Conversion, regioselectivity and product distribution were
determined by GC analysis on an achiral stationary phase (HP-5). Selectivities were calculated as mol of
compound into mol of converted substrate.




UNIVERSITAT ROVIRA | VIRGILI
COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS

Andrés Romero Navarro Cobalt-Xantphos Catalysed Hydroformylations

Table 15. Complete set of results of cobalt-catalysed hydroformylation of a
mixture of octenes.

CHO
eSS CHO \/\/\)\
P31a P31b
C;-Aldehyde C,-Aldehyde

L5:[Co] ratio,
Complex €10 or C11 (1 mol%)

NN M/\ CHO
40 bar (H,/CO), 140 °C, 21 h + \/\)\/\

S31a: Oct-1-ene Toluene, 0.26 M cHo

(Z2)-S31b: (Z)-Oct-2-ene P31c P31d
(E)-S31b: (E)-Oct-2-ene C3-Aldehyde C4-Aldehyde
(E)-S31c: (E)-Oct-3-ene O O

(2)-S31d: (2)-Oct-4-ene | 5 o \/\/\/\KOH . PN
(E)-S31d: (E)-Oct-4-ene

PPh, PPh, 5a-d 6
Xantphos

svity (%) . e bl
Pressure  L5:[Co] Selectivity (%) Regioselectivity

Entry Substrate ) (H,/CO) ratiol®, S$31 C? :/;2
(bar) ClO0orCil P31 5ad 6 . vz
a (Ci/C/C5/CY)

40 . 74:26

1 140 g 05:1 99 3 3 3 (62:21.9:8)
Octenes 40 74:26

mixture 14 (1:1) C10 60 11425 (62:21:9:8)
40 77:23

3 140 ) ci1 83 1 7 9 (66:108:7)

The hydroformylations of octenes mixture were performed in a parallel autoclave. Reaction conditions:
[alkene] = 0.26 M; reaction time = 21 h; stirring rate = 800 rpm; H,/CO in a 1:1 ratio, unless otherwise
cited. [a] L5:[Co] Molar ratio between L5 and cobalt centres in [Co,(CO)s]. [b] regioselectivity and product
distribution were determined by GC analysis on an achiral stationary phase (HP-5). Selectivities were
calculated as mol of compound into mol of converted substrate.
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Table 16. Complete set of results of cobalt-catalysed hydroformylation of a

mixture of heptenes.

CHO
/\/\/\/CHO + /\/\)\
) P46a P46b
L5:[Co] ratio, Cy-Aldehyde C,-Aldehyde
AN A Complex C10 or C11 (1 mol%)
40 bar (H,/CO), 140 °C, 21 h W CHO
S46a: Hept-1-ene Toluene, 0.26 M CHO NG N
(Z)-S46b: (Z)-Hept-2-ene
(E)-S46b: (E)-Hept-2-ene P46c P46d
(E)-S46c: (E)-Hept-3-ene O O Cy-Aldehyde C-Aldehyde
L5= S /\/\/\ﬁOH
> NN
PPh, PPh, raud 8
Xantphos
Pressure  L5:[Co] Selectivity (%)™ Regioselectivity!
Entry Substrate ©0) (H,/CO)  ratio?, C/C;
(bar) ClO0orCl1 P46 7a-d 8 846  (C,/C/Ci/C)
40 _ 77:23
1 140 (1:1) 0.5:1 87 1 1 11 (69:20:8:3)
Heptenes 40 77:23
mixture 20 (1:1) Clo 3 0 0 67 (69:20:8:3)
40 78:22
3 140 (1:1) C11 85 2 1 12 (70:19:8:3)

The hydroformylations of heptenes mixture were performed in a parallel autoclave. Reaction conditions:

[alkene] = 0.26 M; reaction time = 21 h; stirring rate = 800 rpm; H,/CO in a 1:1 ratio, unless otherwise
cited. [a] L5:[Co] Molar ratio between L5 and cobalt centres in [Co2(CO)s]. [b] regioselectivity and product
distribution were determined by GC analysis on an achiral stationary phase (HP-5). Selectivities were
calculated as mol of compound into mol of converted substrate.
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Table 17. Complete set of results of cobalt-catalysed hydroformylation of a
mixture of hexenes.

CHO
SN CHO + M
L5:Co] at P47a P47b
:{Cof ratio, - -
Complex C10 or C11 (1 mol%) CrAldehyde CzAldehyde
40 bar (H,/CO), 140 °C, 21 h o~ OH
S47a: Hex-1-ene Toluene, 0.26 M CHO +
(2)-S47b: (Z)-Hex-2-ene
(E)-S47b: (E)-Hex-2-ene c :GZ; de 9a-c
(2)-847c: (Z)-Hex-3-ene O O 3 Y
(E)-S47c: (E)-hex-3-ene L5 = 0 NN
PPh,  PPh, 10
Xantphos
T Pressure  L5:[Co] Selectivity (%)™ Regioselectivity™!
Entry Substrate ) (H,/CO)  ratiol®, Ci/C;
(bar) Cl0orCl1 P47 9a-c 10 S47 (/G Ci/C)
40 _ 78:22
1 140 ) 0.5:1 8 1 2 12 (7220:8)
Hexenes 40 77:23
2 Mixwre 40 @) cio 3% 0 1 6 (71:21:8)
40 79:21
3 140 (1:1) C11 82 3 2 13 (73:19:8)

The hydroformylations of hexenes mixture were performed in a parallel autoclave. Reaction conditions:
[alkene] = 0.26 M; reaction time = 21 h; stirring rate = 800 rpm; H,/CO in a 1:1 ratio, unless otherwise
cited. [a] L5:[Co] Molar ratio between L5 and cobalt centres in [Co,(CO)s]. [b] regioselectivity and product
distribution were determined by GC analysis on an achiral stationary phase (HP-5). Selectivities were
calculated as mol of compound into mol of converted substrate.
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1.5.8. NMR pressure experiments

General procedure: The corresponding solutions of cobalt
catalysts/complexes were placed in an autoclave and pressurized and heated
under the stated conditions in each case. After that, the autoclave was
depressurized. The autoclave was opened in the glove box and ca. 0.6-0.7 mL
of the solution were quickly placed in an NMR tube which was immediately
closed with a septum. The required NMR experiments were run from this
point within a few minutes (< 15 min.).

a. [Coz(CO)s] (10.75 mg, 31.44 umol) was dissolved in 1.75 mL of deuterated
toluene (0.018 M). The solution was pressurised at 40 bar of H,/CO (1:1)
in an autoclave. The autoclave was heated 140 °C for 1 hour. '"H NMR (126
MHz, PhMe-ds) § —11.59 (singlet) ppm. HRMS ESI-MS (negative mode)
m/z. [M—H]  calcd. for C4Co0O4 170.9129, found 170.9245.

40 bar H,/CO (1:1)
140 °C, 1 hour
[Co,(CO)g] [Co(CO)4H]
0.018 M, PhMe-dg

Scheme 22. Treatment of [Co2(CO)s] with Hz/CO.

b. [Cox(CO)s] (11.02 mg, 31.9 umol) and Xantphos (18.80 mg, 31.9 umol)
were dissolved in 1.79 mL of deuterated toluene (0.018 M). The mixture
was pressurized at 40 bar of H,/CO (1:1) in an autoclave. The autoclave
was heated 140 °C for 1 hour. '"H NMR (126 MHz, PhMe-ds) 6 —10.86 (t, J
= 28.2 Hz) and -11.47 (s) ppm. *'P{'H}-NMR (202 MHz, PhMe-ds) &
32.47,41.65 ppm. HRMS ESI-MS (negative mode) m/z: [M—H] calcd. for
C4Co04 170.9129, found 170.9295. For the HRMS ESI-MS spectrum of
Cl1, see section 1.5.3.1.

[Co(CO)4H]
40 bar Hy/CO (1:1) A
140 °C, 1 hour )
[Coy(CO)q] + [Co(CO),H(i?P,P-Xantphos)] (C10)
T0.018 M, PhMe-dg .
PP“Z PPh, [(OC)5Co(u-CO),Co(CO)(x2P,P-Xantphos)] (C11)

Scheme 23. Treatment of a mixture of [Co2(CO)s] and Xantphos with H>/CO.

c. [(OC);Co(u-CO),Co(CO)(k*P,P-Xantphos)] (C11) (16 mg, 18.51 umol)
was dissolved in 1.03 mL of deuterated toluene (0.018 M). The solution
was pressurized at 40 bar of H,/CO (1:1) in an autoclave. The autoclave
was heated 140 °C for 1 hour. '"H NMR (126 MHz, PhMe-ds) § —10.86
(triplet, J = 28.1 Hz) and —11.58 (singlet) ppm. *'P{'H}-NMR (202 MHz,
PhMe-ds) 6 32.47 and 41.67 ppm. HRMS ESI-MS (negative mode) m/z:
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[M—H]" calcd. for C404Co 170.9129, found 170.9298. For the HRMS ESI-
MS spectrum of C10, see section 1.5.3.1.

40 bar H,/CO (1:1)

2 140 °C, 1 hour [Co(CO)4H]
[(OC)3Co(u-C0O),Co(CO)(k“P,P-Xantphos)] +
(c11) 0.018 M, PhMe-dg  [Co(CO),H(?P,P-Xantphos)] (C10)

Scheme 24. Treatment of [(CO);Co(u-CO):Co(CO)(Xantphos)] (C11) with H>/CO.

d. [Co(H)(CO)(k*P,P-Xantphos)] (C10) (12.85 mg, 18.51 umol) was
dissolved in 1.03 mL of deuterated toluene (0.018 M). The solution was
pressurized at 40 bar of H,/CO (1:1) in an autoclave. The autoclave was
heated 140 °C for 6 hours. '"H NMR (126 MHz, PhMe-ds) 6 —10.86 (triplet,
J=28.1 Hz). ¥P{'H}-NMR (202 MHz, PhMe-ds) § 32.47 and 41.67 ppm.

40 bar H,/CO (1:1)
140 °C, 6 hours

[Co(CO),H(k?P,P-Xantphos)] [(OC)3Co(u-CO),Co(CO)(x2P,P-Xantphos)]
(C10) 0.018 M, PhMe-dj (c11)

Scheme 25. Treatment of [Co(CO).H(x?P,P-Xantphos)] (C10) with H>/CO.

e. Complex C10 [Co(CO),(H)(k?P,P-Xantphos)] in deuterated toluene. 'H
NMR (126 MHz, PhMe-ds) § —10.86 (t, J = 28.3 Hz). *'P{'H} NMR (202
MHz, PhMe-ds) § 41.69 ppm.

PhP_H PPhy

ocCe
co
[Co(CO),H(i?P,P-Xantphos)]
(c10)

f. Complex C11 [(OC);Co(u-CO),Co(CO)(k>P,P-Xantphos)] in deuterated
toluene. 3'P{'H}-NMR (202 MHz, PhMe-ds) 6 32.30 ppm.

PPh
PF\’(??/ 2
0c™co
0OC~c,CO
"\
oc Ly
[(OC)sCo(u-CO),Co(CO)(x2P,P-Xantphos)]
(€11)
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1.5.9. Reaction progress monitoring

The progress of the hydroformylation of an equimolar mixture of octenes
was monitored by running independent hydroformylations at different
reactions times and analysing the composition of the resulting reaction
mixtures. Reaction conditions: 1 mol% C11, 140 °C, 40 bar H,/CO 1:1,
toluene, 43.3 mM in oct-1-ene, (E)-oct-2-ene, (£)-oct-2-ene, (E)-oct-3-ene, (E)-
oct-4-ene and (2)-oct-4-ene. Results are expressed in mol%.

T(1}111)1e Oct-1-ene  (E)-oct-4-ene 3'(E)62?;1:'(Z)' (E)-Oct-2-ene  (Z)-Octe-2-ene
0.0 16.67 16.67 33.33 16.67 16.67

0.5 15.10 16.80 33.00 17.50 16.60

1.5 3.80 15.60 26.40 18.70 10.70

3.0 0.60 13.60 19.60 15.80 5.30

6.0 0.30 6.20 12.60 7.30 2.30

12.0 0.10 1.20 4.10 1.40 0.50

15.0 0.20 2.10 5.10 2.30 0.70

21.0 0.00 0.10 2.00 0.10 0.10

Time C4- C3- Cz- C1- C4— C3- Cz— CI-

(h) CHO CHO CHO CHO CH,OH CHOH CH,OH CH,OH
0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.5 0.11 0.12 0.30 0.51 0.00 0.00 0.00 0.00
1.5 1.90 2.10 5.40 15.60 0.00 0.00 0.00 0.00
3.0 3.50 3.80 9.60 28.10 0.00 0.00 0.00 0.00
6.0 5.50 6.20 15.50 44.00 0.00 0.00 0.00 0.00
12.0 7.10 7.90 19.00 58.60 0.00 0.00 0.00 0.00
15.0 6.69 7.32 17.53 58.14 0.00 0.00 0.00 0.00

21.0 7.80 8.60 19.10 58.90 0.20 0.20 0.80 2.20
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1.5.10. Spectroscopic Data

-11.18
1123
~--11.28

<

—1.69

H PPh
Phyp. T FPN2

OC/Cf’
co
c10

gl[_ LA iy

10 8 6
) (N
delelelge

Figure 35. "H NMR spectrum (500 MHz, CD:Cl2) of complex C10.
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Figure 36. C{'H,*’P} NMR spectrum (126 MHz, CD-Cl:) of complex C10.
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Figure 37. 3'P{'H} NMR spectrum (202 MHz, CD:Cl>) of complex C10.
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Figure 38. 'H NMR spectrum (500 MHz, CD-Cl,) of complex C11.



UNIVERSITAT ROVIRA | VIRGILI
COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS

Andrés Romero Navarro Cobalt-Xantphos Catalysed Hydroformylations
S
PPh
PRhy, 2
0cCco
0C-c,CO
oC Ly
c11
il A J J "

T T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 © ppm

Figure 39. *C{'H}-NMR spectrum (126 MHz, CD-Cl,) of complex C11.
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Figure 40. 3'P{'H}-NMR spectrum (202 MHz, CD:Cl,) of complex C11.
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Figure 42. IR spectrum of complex C11.
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CHAPTER II

Supramolecularly Maximised
Regioselectivities: Towards
Linear Aldehydes in
Rhodium-Catalysed
Hydroformylations
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Supramolecularly

regulated Increase of up to 99%
hydroformylations in linear ratio with the RA
CHO
RTX: R~ >

H,/CO

2.1. ABSTRACT

Herein we report the use of rhodium hydroformylation catalysts derived
from supramolecular bisphosphite ligands, with a polyether chain as the
regulation side, combined with an alkali metal BArF salt as the regulation
agent (RA). This supramolecular approach for hydroformylation (HF)

145 Romero-Navarro, A.; Vidal-Ferran, A. Supramolecular Hydroformylation Catalyst. EP23382305, 2023.
Filed on 30 of March 2023.
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reactions of aliphatic terminal alkenes maximised the regioselectivity of the
reaction towards the linear aldehydes. The highest regioselectivity in the
hydroformylation of the aliphatic alkenes was achieved by using the ligand
L46 and RbBArF as the RA, with up to 99% linear ratio in the case of
(+)-B-citronellene (Scheme 26). Supramolecularly regulated catalysts were
also applied to obtain value-added aldehydes for the fragrance industries, such
as lauric aldehyde, mefranal®, florhydral® and bourgeonal®. In addition, the
supramolecular catalyst was combined with Pd(0) catalysts leading to efficient
conditions for a tandem isomerisation-hydroformylation process in a mixture
of alkenes. Finally, relevant catalytic species were studied and observed by
High-Pressure NMR complexation studies and by FlowNMR operando
spectroscopy.

[Rh(x20,0"acac)(CO),] (1 mol%)
L46 (1.2 mol%)

R R . CHO
BATF (1.56 - 3.6%)

R/\ : R/\/CHO i + R)*\
10 bar H,/CO (1:1), 40-100 °C :
18 h, Toluene/THF (97:3 v/v)

Linear (/) Branched (b)
aldehyde aldehyde
up to 99% I/b ratio

Scheme 26. Supramolecularly regulated catalysts for linear-selective hydroformylations.

Keywords: hydroformylation, alkenes, supramolecular bisphosphite ligands,
n-aldehydes, linear aldehydes, supramolecular catalysis, high-pressure NMR,
rhodium catalysis, regulation agent, regioselectivity maximisation.

2.2. INTRODUCTION

The hydroformylation reaction was discovered and patented by Otto
Roelen in 1938.° Its discovery was one of the most important chemistry
achievements of the 20" century related to the field of homogeneous catalysis.
Hydroformylation consists of the addition of a hydrogen atom (H) and a
formyl group (CHO) across an unsaturated C-C bond. In terms of atom
economy, hydroformylation is the ideal reaction as all the atoms of the
reagents end up in the products.”*!'?* The reaction requires the use of a
transition metal catalyst (mainly Co or Rh) and a mixture of H; and CO as the
source of the “H” and “CHO” groups. The mixture of H, and CO is
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commonly referred to as syngas'. Rhodium is the most common catalytic
metal used in this transformation because of its high catalytic activity.
Moreover, it requires milder conditions of pressure and temperature than its
more abundant counterpart, cobalt. Rhodium is also able to control the
chemo-, regio- and enantio-selectivity when combined with a phosphorus-
based ligand.!! However, each catalytic system and each set of structurally
related substrates react in a particular manner providing a different ratio of
linear and branched aldehydes.

The main goal of this work was the maximization of the regioselectivity of
the reaction towards the linear aldehyde. Currently, the design and synthesis
of regio- and enantio-selective ligands remain an important challenge in
hydroformylation reactions.'*After the discovery of the hydroformylation
reaction, several phosphorus-based ligands have been published in rhodium-
catalysed hydroformylation with high regioselectivities towards the linear
aldehydes being observed (for some examples of ligands involved in the
hydroformylation of oct-1-ene and pent-1-ene, see Figure 43).!'¢ The most
common phosphorus-based ligands used in hydroformylation have been
phosphites and phosphanes.”® BiPhePhos (L13) is one of the highest
performing and regioselective phosphites ligands for obtaining the linear
aldehydes. Its application for the hydroformylation of oct-1-ene yielded only

the linear aldehyde.'’
PPh
L0 2 79

(0) PPh,

PPh, PPh, PPh2 PPh2

Xantphos Thixantphos NAPHOS BiPhePhos

L5 L8 L10 L13

For oct-1-ene For oct-1-ene For pent-1-ene For oct-1-ene

I/b ratio 98:2 I/b ratio 97:2 /b ratio 99:1 I/b ratio 100:0

Figure 43. Phosphorus-based ligands providing high regioselectivities towards linear
aldehydes in Rh-hydroformylations.

Our research group has designed and developed a strategy for regulating
the geometry, rigidity, and/or conformational flexibility around the metal
centre. The supramolecular catalysts developed by the group have a catalytic
site with two identical phosphite fragments capable of binding a catalytically

146 Cunillera, A.; Godard, C.; Ruiz, A. Asymmetric Hydroformylation Using Rhodium. In Rhodium
Catalysis, Claver, C. Ed.; Springer International Publishing, 2018; pp 99-143.

47 yan Rooy, A.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Goubitz, K.; Fraanje, J.; Veldman, N.; Spek,
A. L. Organometallics 1996, 15, 835-847.
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active metal centre (rhodium for hydroformylation) and a distal regulation site
containing a polyether chain'*®, which is capable of interacting with a
regulation agent (RA) through ion-dipole interactions.'*® The use of diverse
RAs translates into structural singularities in the catalytic site which depend
on the size and the shape of the RA employed (Figure 44a).°>°” Changes in the
geometry and flexibility of the associated catalytic site constitute the basis of
our proposed regulation mechanism. Thus, conversion, chemo-selectivity,
regio-selectivity and enantioselectivity could be maximised by the choice of
whether or not to use an RA (and if so, which one).*

This supramolecular approach was applied by our group in asymmetric
hydroformylations, employing phosphite-based ligating groups for rhodium,
a polyether chain as the regulation site and BArF salts as regulation agents.
We have already reported the asymmetric hydroformylation of vinyl acetate
and heterocyclic alkenes with ee’s up to 99%.* Furthermore, kinetic studies
were performed for the supramolecularly regulated asymmetric
hydroformylation of vinyl acetate with RbBArF as the RA obtaining a first-
order reaction profile.”

8 Gray, G. M. Comments Inorg. Chem. 1995, 17, 95-114.
4 Kaisare, A. A.; Owens, S. B.; Valente, E. J.; Gray, G. M. J. Organomet. Chem. 2010, 695, 2658-2666.
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a) Supramolecular regulation approach by Vidal-Ferran's research group
0-p-0© X X
j RA 0.,
X
[ ~"o o~
|
P

? o o o’F"\o k J
P NS o ©

(O 2 o]

Bisphosphite L [Rh(k2P,P-L-RA)]
ligands

Linker
Regulation Site
Catalytic site

Supramolecular Catalysts
with a distal regulation site

b) Proposed supramolecular bisphosphite ligands within this PhD thesis (ligands L46 and L47):

Bisphosphite ligand L46 Bisphosphite ligand L47

c) Regulation Agent (RA): LiBArF, NaBArF, KBArF, BArF, CsBArF

FsC CF,4
lonic radii of the alkaline metals FoC \(;/ CFs
= Li<Na<(K <[Rb< Cs OBArF = %}B@
FaC /@\ CF,
Fs;C CF

Figure 44. a) Scheme of the supramolecular regulation approach from Vidal-Ferran’s group.
b) Bisphosphite supramolecular Iigamdsa L46 anod L47. co) Alkaliometal BArl*: salts. Ionic radii
of Li*, Na*, K*, Rb* and Cs* are 0.76 A, 1.02 A, 1.38 A, 1.52 A and 1.67 A, respectively.'®

Additionally, our research group has also applied the supramolecular
regulation approach to other chemistries,”’ such as i) hydrogenation of
alkenes,” ii) allylic substitutions,'*! iii) para-C—H functionalization of aromatic
alcohols'” and iv) insertion reactions into O—H bonds.!® All these studies have
demonstrated the versatility of our approach in supramolecular catalysis. In
terms of the regulation agents used, we have mainly focussed on BArF"! and

150 Shannon, R. D. Acta Crystallogr., Sect. A: Cryst. Phys, Diffr, Theor. Gen. Crystallogr. 1976, A32, 751-767.
51 BArF is an acronym that refers to tetrakis[3,5-bis(trifluoromethyl)phenyl]borate anion;
[B(3,5-(CF3).CeH)] -
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BF4'? salts as RAs, mainly due to their adequate solubility profile and
weakly-coordinating behaviour towards its cationic counterpart.’®!5

Past research activities of our group focused on asymmetric
hydroformylations. In this work, we aim to apply our supramolecular
regulation approach to the maximization of the regioselectivities towards the
formation of linear aldehydes (also called n-aldehydes). Herein, we describe
the design, synthesis, and application of the new supramolecularly regulated
bisphosphite ligands L46 and 147 (see the structures in Figure 44b), which
incorporate a conformationally labile [1,1’-biphenyl]-2,2’-diol-based
phosphite group and a five- and eight-oxygen-containing regulation site,
respectively, capable of interacting with the RAs via ion-dipole interactions. It
is also interesting to note that our ligand design incorporates bulky substituents
(i.e., tert-butyl groups) at the 3 and 3’ positions of the biaryl fragment, as the
placement of such substituents at the indicated positions have been reported
to be beneficial for increasing the //b ratio.!""'1

Hydroformylation is the largest industrial process in the field of
homogeneous catalysis, which is applied in the fragrance, bulk,
pharmaceutical and fine chemical industries. Linear aldehydes find many
applications,'** as for instance the examples shown in Figure 45, which have
found application in the fragrance industry.'”® It should also be noted that
alcohols derived from linear aldehydes are important starting materials for
plasticizers and detergents.'%

CHO
CHO
CHO
\/\/\/\/\/\CHO

Lauric aldehyde Mefranal® Bourgeonal® Florhydral®

Figure 45. Examples of linear aldehydes in the fragrance industry.'>’

The first example is lauric aldehyde, also known as dodecanal. It is a
colourless liquid which is present in several citrus oils and has been found in
small amounts in essential oils produced from several pinus species. It is a

152 BF, is the chemical formula that refers to the tetrafluoroborate anion [BF]".

153 Nishida, H.; Takada, N.; Yoshimura, M.; Sonoda, T.; Kobayashi, H. Bull. Chem. Soc. Jpn. 1984, 57,
2600-2604.

154 Kohlpaintner, C.; Schulte, M.; Falbe, J.; Lappe, P.; Weber, J.; Frey, G. D. Aldehydes, Aliphatic; Wiley-
VCH Verlag GmbH & Co. KGaA, 2013.

155 Surburg, H.; Panten, J. Common Fragrance and Flavor Materials: Preparation, Properties and Uses, Wiley-
VCH Verlag GmbH & Co. KGaA, 2016.

156 Barker, G. E.; Forster, D. Plasticizer and detergent alcohols. US4426542, 1984.

157 From the connectivity point of view, mefranal®, bourgeonal® and florhydral® are not linear aldehydes.
However, in hydroformylation books and articles, authors have traditionally named as “linear” the
aldehydes arising from the attachment of the CHO group to the terminal position of the C=C bond,
independently of the fact that the resulting aldehyde is linear or contains ramifications. We have respected
this nomenclature convention in this doctoral thesis.
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component of several fragrances, such as the perfume Chanel N°5%, with a
waxy odour reminiscent of violets in high dilution. Second, mefranal® is a
colourless liquid which has a fresh, aldehydic, floral, citrus, lily of the valley'®
odour. The compound is mainly used in cosmetics, toiletries, and alcoholic
fragrances to modify and lift floral notes. Third, bourgeonal® is an aromatic
aldehyde that is a colourless to pale yellow liquid. The compound is used in
perfumery since it has a powerful green, aquatic, aldehydic, and lily of the
valley odour. Its usage is applied for toiletries, alcoholic fragrances, soaps, and
detergents.'” Besides, Hatt and co-workers reported in 2003 that bourgeonal®
has an in vitro biological activity by regulating the mobility of the spermatozoa
through the an olfactory receptor (OR) mediated by Ca* channels."”’
Interestingly, Laska and co-workers reported that males have a higher
sensitivity towards the odour of bourgeonal® than females.'® Finally,
florhydral® is a clear colourless to pale yellow liquid with a powerful fresh,
green, floral, and lily of the valley odour. This aldehyde is recommended for
use in all areas of perfumery.!’ In this work, these aldehydes have been
successfully obtained from their corresponding alkene applying the
supramolecular regulation approach in hydroformylation.

2.3. RESULTS AND DISCUSSION

2.3.1. Synthesis of supramolecular ligands

The bisphosphite ligands 146 and L47 were synthesised by
O-phosphorylation of the corresponding diol derivatives in high yields (see the
experimental section for the synthetic procedure and their characterization).
Ligand L46 was synthesised in only two steps. The first step consisted of the
formation of the chlorophosphite 12 in quantitative yield from the
corresponding diol 11 using PCl; as the O-phosphorylating agent and
triethylamine as the base. Under our optimized conditions, the formation of
12 was highly selective and the reaction mixture was subsequently used in the
next step without any further purification. Finally, the bisphosphite ligand 1.46
was obtained in 92% isolated yield after the reaction of the
2,2'-[oxybis(2,1-ethanediyloxy)]diethanol'®® and the freshly prepared
chlorophosphite 12 (Scheme 27a) under standard O-phosphorylation
conditions.

138 Lilly of the valley: a perennial plant of the lilly family, that grows in the shade and has a single pair of
basal, oblong leaves and a single leafless raceme of very fragant, small, white, bell-shaped flowers.

159 Spehr, M.; Gisselmann, G.; Poplawski, A; Riffell, J. A.; Wetzel, C. H.; Zimmer, R. K.; Hatt, H. Science
2003, 299, 2054-2058.

160 Olsson, P.; Laska, M. Chem. Senses 2010, 35, 427-432.

161 Commonly called tetraethylene glycol.



UNIVERSITAT ROVIRA | VIRGILI
COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS

Andrés Romer@\]fdﬁt@r I

a) Synthesis of supramolecular ligand L46:
tBu tBu

OH tBu
O PCls, TEA 0
/

tBu -
tBu “ P\
Toluene o
HO 0°C — rt, 16 hours
. Quantitative yield By Bu
1
HO OOy
TEA, Toluene
0°C — rt, 16 hours

92% yield

Bisphosphite ligand L46

b) Synthesis of supramolecular ligand L47:

HO
TsCl, TEA O
HO O~ OH O OH s
DCM, rt, 1 hour
13 16% yleld 14 OH
15
Bu
® ™
K,CO3 o/\/o\/\o/\/OH . o P/O
ACN, reflux, 60 hours O\/\O/\/O\/\OH \O
94% yield O Q
16 Bu tBu

:
O
¢

Toluene, rt, 16 hours u

tBu &/o O\J B
89% yield O-¢ p-O.
oW, ¢
tBu O tBu tBu O tBu
tBu tBu

Bisphosphite ligand L47

TEA

Scheme 27. a) Synthesis of supramolecular bisphosphite ligand 1.46.
b) Synthesis of supramolecular bisphosphite ligand L47.

As regards the synthesis of the ligand L47, mono-protection of the
2,2'-[1,2-ethanediylbis(oxy)]diethanol'®* with 0.25 eq. of tosyl chloride and

162 Commonly called triethylene glycol.
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triethylamine as auxiliary base led to the target product in 16% isolated yield.
Subsequent reaction of 14 and 15 under Williamson etherification conditions
led to diol 16 in 94% isolated yield. Finally, the reaction between the diol 16
and the freshly prepared chlorophosphite 12 under the above-mentioned
O-phosphorylation conditions led to the supramolecular bisphosphite ligand
L47 in 89% isolated yield (Scheme 27b).

2.3.2. Catalytic studies for supramolecular regulation in
hydroformylation reactions

The activity of both ligands in HF was evaluated for oct-1-ene as substrate.
Oct-1-ene is a typical benchmark substrate for initial screenings in
hydroformylation, keeping in mind that this substrate can isomerize to
internal alkenes and hydrogenate to octane. Moreover, the newly formed
alkenes by an isomerisation process can a priori be hydroformylated at two
distinct positions, with which the aldehydes arising from attack at C;, C;, C; or
C, of oct-1-ene can be expected when hydrido rhodium complexes are used as
catalysts. Standard catalyst screening conditions were performed with
[Rh(k?0,0-acac)(CO),] (1.0 mol%) as metal precursor and the corresponding
bisphosphite ligand 146 or L47 (1.20 mol%) at 60 °C under 10 bar H,/CO
(1:1) for 18 hours in a mixture of toluene and THF (v/v 97:3), with the
minimum amount of THF to solubilize the RA (1.56 mol%). It should be
noted that this mixture of solvents is capable of solubilizing the alkali BArF
salts under the working conditions The alkali metal BArF salts were
synthesised following optimised synthetic procedures developed by our
group.” The catalytic results of the hydroformylation of oct-1-ene are
summarised in Table 18 in the absence and presence of the whole set of
regulation agents.



UNIVERSITAT ROVIRA | VIRGILI
COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS

Andrés Romer@\]fdﬁf@r I

Table 18. Study of the effects of the RAs in the supramolecularly
regulated hydroformylation of oct-1-ene (S31a).

Aldehyde products

~

CHO
\/\/\/\/CHO + \/\/\)\

P31a P31b
[Rh(x?0,0%acac)(CO),] (1 mol%) C;-Aldehyde C,-Aldehyde
Ligand (1.2 mol%)

RA (1.56 mol%) NS CHO
S X CHO \/\)\/\
oct1 10 bar H,/CO (1:1)
°s'31'e“e 60 °C, 18 hours P31c P31d
a Toluene/THF (97:3 v/v), 0.26 M Cs-Aldehyde C4-Aldehyde

L J

Isomerization products Hydrogenation product

) =

Conv.  Select. (%) C/C/Cs/Cs  Ci/Ci/Cil Cs

Entry RA Ligand

) Isom. Hydrog. ratio (%) yield (%)
1 None L46 98 3 2 62:38:0:0 58:35:0:0
2 BArF 146 99 2 1 61:39:0:0 59:37:0:0
3 BArF 146 98 7 8 94:6:0:0 78:5:0:0
4 BArF L46 98 8 14 97:3:0:0 74:2:0:0
5 BArF  L46 98 6 10 94:6:0:0 77:5:0:0
6 BArF 146 99 4 5 86:14:0:0 77:13:0:0
7 None 147 99 2 0.3 60:38:2:0 58:37:2:0
8 BArF 147 99 2 0.3 61:34:4:1 59:33:4:1
9 BArF 147 99 2 0.3 61:34:4:1 59:33:4:1
10 BArF 147 99 2 0.5 66:30:3:1 64:29:3:1
11 BArF 147 99 2 1 73:24:3:0 70:23:3:0
12 BArF 147 99 2 1 75:22:3:0 72:21:3:0

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate =
800 rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an
internal standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the
GC chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.

The use of ligands .46 and L47 provided good results in the formation of
linear aldehydes with high conversions. As expected, the addition of the
regulation agent induced changes in the chemo- and regio-selectivity of the
reaction. In the case of 146, excellent results were observed in the formation
of the linear aldehyde using NaBArF, KBArF and RbBArF as RAs. The use
of KBATrF (entry 4, Table 18) as RA led to the highest regioselectivity with a
1/b ratio of 97:3 towards the linear aldehyde. However, the use of NaBATrF as
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RA (entry 3, Table 18) provided almost the same //b ratio (94:6 instead of
97:3) with the isomerisation and hydrogenation processes taking place at a
lesser extent. On the other hand, despite the fact that the use of L47 favoured
the formation of the linear aldehyde P31a, its selectivity was lower than with
L46. Additionally, the formation of internal aldehydes P31c and P31d was
observed, a fact that did not occur when L46 was used as the ligand.
Moreover, under the standard catalytic conditions, both ligands led to low but
measurable amounts of unreacted isomerisation and hydrogenation products.
Therefore, ligand 146 provided the better results in terms of regioselectivity
towards P31a (also referred to as Cj-aldehyde) and yield than ligand 147.

Accordingly, bisphosphite ligands L46 and L47 were tested in the
hydroformylation of an array of structurally diverse terminal alkenes to
determine the activity of the catalytic systems derived from them. The set of
substrates are indicated in Scheme 28. The structural diversity of the starting
materials comprised linear unfunctionalized'®® (i.c., S31a, S46, S48 and S51;
for the structures of the resulting linear aldehydes, see Scheme 28) and
functionalized alkenes (i.e. $49 and S50). All the selected alkenes contain the
vinyl unit (i.e., -CH=CH2), as we hypothesised that the HF would majorly
take place at the least substituted position with formation of a non-stereogenic
formyl-substituted carbon. Alkenes with a pro-stereogenic sp? carbon were not
included in this study as our ligand design incorporating conformationally
labile [1,1’-biphenyl]-2,2’-diol-based phosphite groups is intrinsically
non-enantioselective.

163 inear unfunctionalized alkenes refer to unsaturated hydrocarbons that contain the -CH=CH, unit with
hydrocarbon substituents. In contrast, linear functionalized alkenes also incorporate heteroatom-containing
functional groups.
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CeH13/\ Can/\ C4H9/\ CgH19/\
S31a S46a S47a S48
/Y\ ©/\/
O\ /O >‘\/k
TMSO._~ N
S49 S50 S51 S§52
MeO = \©
X Z HO
S53 S54 S55 S56
o X
=
C7H15v0\)\ YQ/ )ko/\ ©/\
S57 S58 S1 S59
(0]
N S
o O= O=
S60 S61 S62 S63
(0]
O=—, O={ =
S64 S65 S66

Scheme 28. Alkene and alkyne substrates hydroformylated.

Other substrates included in this study (i.e., S47, 52, S53, S54, S55, S56,
S57 and S58) were selected because their hydroformylation at the least
substituted olefinic carbon leads to relevant products for the fragrance
industry.

Substrates $56, S57 and S58 are not commercially available and were
prepared following well-stablished synthetic protocols. S56 was synthesised
through a Wittig reaction (see Scheme 29).' The corresponding
triphenylphosphonium ylide was freshly prepared in situ'% and the synthesis
of'alkene S56 was continued by adding benzylacetone (17) to the ylide. Alkene
$56 was obtained in 82% yield.

164 Fei, J.; Wang, Z.; Cai, Z.; Sun, H.; Cheng, X. Adv. Synth. Catal. 2015, 357, 4063-4068.
165 Lee, K. C.; Lebel, H. Methyltriphenylphosphonium Bromide. Encyclopedia of Reagents for Organic Synthesis
(EROS), 2014; pp 1-2.
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o 1) CH3P(CgHs)3Br
2) n-Butyllithium, -78 °C
room temperature, 10 hours
THF
Benzylacetone 82% yield (3-methylbut-3-en-1-yl)benzene
(A7) (S56)

Scheme 29. Synthesis of (3-methylbut-3-en-1-yl)benzene (S56).

The alkene S57 was prepared by a nucleophilic substitution reaction (see
Scheme 30) by adapting a reported procedure.'® The alcohol 18 was
deprotonated with NaH to generate the corresponding alkoxide iz situ, which
was subsequently alkylated with #-octyl bromide (19). Alkene S47 was

obtained in 37% yield.
o =
OH P N N \/\/\/\/O\)\
= * Br THF, reflux, overnight =
18 19 37% yield 1-((2-methylallyl)oxy)octane
(S57)

Scheme 30. Synthesis of 1-((2-mehylsllyl)oxy)octane (S57).

An optimised Suzuki cross-coupling reaction was used to synthesise the
alkene S58 (see Scheme 31).'°” The aryl halide 20 and the trifluoroborate
potassium salt 21 were reacted with [Pd(OAc).] and DPPF as catalyst to lead
to the alkene S58 in 65% yield.

[Pd(OACc),] (3 mol%)

DPPF (3.6 mol%)
2\ K,CO3 (3 equiv.)
.
Br BFs'K'  THF/H,O (10:1 viv) =
20 21

82°C,24 h
65% yield 1-isopropyl-3-(prop-1-en-2-yl)benzene
(S58)

DPPF = 1,1'-Ferrocenediyl-bis(diphenylphosphine)
Scheme 31. Synthesis of 1-isopropyl-3-(prop-1-en-2-yl)benzene (S58).

With all substrates in hand and after having obtained good results in the
HF of oct-1-ene (S31a) towards the linear aldehyde employing the ligand 146
and our supramolecular regulation approach, alkenes with other alkyl
substituents at the -CH=CH, unit were hydroformylated employing the same
ligand and regulation approach. The hydroformylation of hept-1-ene (S46a)
and hex-1-ene (S47a) under standard catalytic conditions showed high
conversions (Scheme 32). In both cases, the use of NaBArF as RA maximised
the regioselectivity towards the linear aldehyde (93% for P46a and 98% for

166 Sy, C.; Williard, P. G. Org. Lett. 2010, 12, 5378-5381.
167 Yamamoto, Y.; Takada, S.; Miyaura, N.; Iyama, T.; Tachikawa, H. Organometallics 2009, 28, 152-160.
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P47a with respect to the overall amount of aldehydes).'® As for the
hydroformylation of allylbenzene (S51), the highest performing HF catalyst
incorporated KBArF as the RA, and a high //b ratio was observed (95:5) with
minimal amounts of isomerized substrate being recovered (Scheme 32). This
is an interesting result for this challenging substrate, which may in principle
evolve under the HF reaction conditions to the conjugated counterparts (Z.e.,
(E)- or (Z)-prop-1-en-1-ylbenzene) which could be in turn hydroformylated.
The benefits of our regulation approach, which consists of screening a set of
regulation agents to obtain the highest yield and/or selectivity for the substrate
of interest, have been demonstrated in this example: the optimal catalytic
system to a particular substrate was easily tailored.

As for the hydroformylation of alkenes leading to aldehydes with interest
for the fragrance industry, the hydroformylation of lauric aldehyde (P48a),
which is used in the fragrance industry in many perfumes such as Chanel
N°5®, showed good regioselectivities when NaBArF was used in the
construction of the hydroformylation catalyst. The yield and regioselectivity
were increased up to 95% and 78%,'” respectively (Scheme 32). It is
interesting to note that the highest performing hydroformylation catalysts for
linear terminal alkenes (S31a, S46a, S47a and S48) has consistently been that
derived from NaBArF as the regulation agent.

168 For the results obtained with the complete set of alkali metal BArF salts (i.e., LiBArF, NaBArF, KBArF,
RbBATrF and CsBArF), see the experimental part, section 2.5.7 and 2.5.8.

169 80% of regioselectivity indicates 80% of the aldehyde derived from attachment of the CHO group to the
C: carbon of the starting alkene with respect to the overall amount of aldehydes produced during the
hydroformylation.
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[Rh(x20,0%acac)(C0),] (1 mol%)
Ligand L46 (1.2 mol%)

CHO
0,
R\/Z\C RA (1.56 or 3.6 mol%) R~_CHO + R_A_ + R_a_+ R_~_
c ! 10 bar H,/CO (1:1) s
N 100 °C. 1 Linear () Branched (b) Isom Hydrog
$31,46-58 35, 40, 60 or 100 °C, 18 hours

Toluene/THF (97:3 v/v), 0.26 M P31a,46a-58a P31b,46b-P58b products products
Internal aldehydes
C3 & Cyincluded

CHO CHO CHO CHO
CeHis™ CoHy™ > CiHg™ CoHig™ >
P31a P46a P47a P48a (Lauric Aldehyde)
BArF /60 °C BArF/ 60 °C BArF /60 °C BArF /60 °C
98% conv. (0%) >99% conv. (0%) >99% conv. (0%) 95% conv. (0%)

94:6:0:0 I/b ratio (+32%) 93:6:1:0 //b ratio (+31%) 98:2:0 //b ratio (+37%) 95:5:0:0 /b ratio (+33%)
7% Select. Isom. (+4%) 3% Select. Isom. (+3%) 6% Select. Isom. (+5%) 8% Select. Isom. (+3%)
8% Select. Hydro. (+6%) 2% Select. Hydro. (+2%) 1% Select. Hydro. (0%) 6% Select. Hydro. (+4%)

78% yield (+20%) 87% yield (+26%) 90% yield (+31%) 78% yield (+23%)
BArF /60 °C CHO
98% conv. (0%) /o>(o\/ CHO
97:3:0:0 I/b ratio (+35%) \ / CHO
8% Select. Isom. (+5%)
14% Select. Hydro. (+12%) P50a P51a P52a
74% yield (+16%)
,,,,,,,,,,,,,,,,,,,,,,,,, BArF /60 °C BArF /60 °C None /100 °C
T™MSO CHO 84% conv. (+65%) 99% conv. (0%) 98% conv.
~N 96:4 I/b ratio (+20%) 95:5 I/b ratio (+43%) >99:<1 /b ratio
P49a 57% yield (+50%) 2% Select. Isom. (+2%) 2% Select. Isom.
6% Select. Hydro. (+6%) 1% Select. Hydro.
BATF / 60 °C BATF / 60 °C 87% yield (+36%) 95% yield
>99% conv. (0 DA)) 95% conv. (+76%)
. H 0,
87:13 /b ratio (+46%) 92:8 /b ratio (+16%)
67% yield (+30%) 82% yield (+75%)
)\/\/:\/\ ll'(\CHo
X CHO HO
P53a P54a P55a P56a (Mefranal®)
BArF / 35 °C BArF / 60 °C BArF / 60 °C BArF / 100 °C
75% conv. (+60%) 99% conv. (0%) 96% conv. (-1%) 98% conv. (+1%)
99:1:0 /b ratio (+23%) 91:9 /b ratio (+39%) 99:1 /b ratio (0%) 98:2 I/b ratio (+2%)

3% Select. Isom. (+2%) 4% Select. Isom. (+0%) 14% Select. Isom. (+3%) 10% Select. Isom. (+4%)
3% Select. Hydro. (+2%) 5% Select. Hydro. (+5%) 1% Select. Hydro. (-27%) 5% Select. Hydro. (0%)
71% yield (+60%) 82% yield (+33%) 81% yield (+22%) 82% yield (-1%)

BArF /35 °C
88% conv. (+73%)
95:3:2 I/b ratio (+19%) \)\/
3% Select. Isom. (+2%) C7H15~ 0

2% Select. Hydro. (+1%)

®)
79% yield (+68%) P57a P58a (Florhydral®)
BArF /100 °C None / 100 °C
>99% conv. (0%) 98% conv.
99:1 //b ratio (+6%) >99:<1 I/b ratio
31% Select. Isom. (+14%) 5% Select. Hydro.
5% Select. Hydro. (+2%) 93% yield

63% yield (-11%)

Scheme 32. Substrate scope of supramolecularly regulation in HF of terminal alkenes. The
difference in the results when using a RA in the reaction compared to those in the absence of
RA is shown in brackets.'™
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Another interesting substrate is the 2,4,4-trimethylpent-1-ene (S52), which
can be structurally classified as a geminal disubstituted alkene. This alkene
was hydroformylated under standard conditions and showed very low
conversions at 60 °C (10 bar H,/CO (1:1) and 18 hours). This was due to the
decreasing rate of hydroformylation when the steric hindrance of the C=C
double bond increases.'*"® In these cases, the hydroformylation requires
stronger conditions to proceed, such as higher temperatures and/or pressures.
An increase of the temperature up to 100 °C was performed for S52 in the
hydroformylation studies. Moreover, 3.6 mol% of RA was added to the
reaction in order to compensate the decrease of the binding affinity of the RA
to the polyether chain of the ligand L46 that was expected with increased
temperatures. As envisioned, an increase of the temperature resulted in an
increase of the conversion up to 98% with an excellent regioselectivity
(I/b ratio higher than 99:1) and 95% yield for the linear aldehyde (P52a). In
that case, the use of the ligand in the absence of RA was the optimal choice,
as addition of a RA decreased conversion and increased the isomerisation and
hydrogenation products (see Scheme 32 and the experimental section 2.5.13
for the catalytic results of the hydroformylation of S52).

The already mentioned supramolecular regulation approach with ligand
L46 was also applied to the hydroformylation of other alkenes commonly used
in the fragrance industry such as (+)-f3-citronellene (S53), eugenol (S54) and
(R)-limonene (S55). Their corresponding aldehydes can have interesting
odour and/or flavour properties, making them valuable ingredients for the
fragrance industry. For all of them, the addition of a RA improved the
regioselectivity and yield towards the linear aldehyde. In particular for
(+)-B-citronellene (S53), there was an increase in the conversion up to 75% or
88% with RbBArF or CsBATrF, respectively. The use of both RAs promoted
an increase of the //b ratio and yield. The hydroformylation of eugenol (S54)
showed an increase of the ratio of the linear aldehyde and yield when RbBArF
was added (91:9 /b ratio and 82% yield). In the case of (R)-limonene, the
addition of NaBArF did not change the value in the conversion or the //bratio,
yet there was an increase of up to 24% in the hydroformylation selectivity
when NaBArF was used as regulation agent (Scheme 32). Interestingly, the
use of this RA almost suppressed the hydrogenation side-reaction.

The scents of mefranal® (P56a), 3-methyl-4-(octyloxy)butanal (P57a) and
florhydral® (P58a) were also obtained in this work with our hydroformylation
regulation strategy (Scheme 32). Since the starting alkenes (S56, S57 and S58)
are disubstituted alkenes, the hydroformylation temperature was increased to

10 The scheme of the substrate scope shows the best RA for each substrate giving the highest //b ratio. The
results with the different RAs can be found in the experimental section 2.5.6 to 2.5.28.
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100 °C employing 3.6 mol% of RA. Positive regulation effects were observed
for the hydroformylation of 8§56 and S57 with CsBArF as RA. For both cases,
the regioselectivity towards the linear aldehyde increased (/-6 ratio of 98:2 for
P56a and 99:1 for P57a). As for florhydral® (P58a), the optimal
hydroformylation catalyst involved not using a regulation agent, obtaining
high conversion, regioselectivity and yield (98% conv., >99:<1 /b ratio and
93% in yield).

Table 19. Study of H,/CO partial pressure in the supramolecularly regulated
hydroformylation of the substrates S31a, S49, S50 and S51.

Aldehyde products

CHO

[Rh(x20,0%acac)(CO),] (1 mol%) R._~_CHO + R
Ligand L46 (1.2 mol%) Linear (/) Branched (
BArF (1.56 mol%)

R\/\
Substrates 10 bar H,/CO (X:X)
60 °C, 18 hours
Toluene/THF (97:3 v/v), 0.26 M

Isomerization Hydrogenation
products product
10 bar Cony. Select. (%)* /b /b
Entry Substrate H,/CO o 0 (%) vield (%

(X:X) (%) Isom. Hydrog. Tatio (%) yield (%)

1 1:1) 98 8 14 97:3 74:2
RV ANE
2 S31a 3:7 99 3 14 97:3 80:2
3 (7:3) 99 5 19 98:2 74:2
4 1:1) 99 - - 87:13 67:10
TMSO\/\
5 (3:7) 99 - - 86:14 68:11
S49

6 (7:3) 99 - - 89:11 70:9
7 O/_\O 1:1) 84 - - 96:4 57:3
8 o (3:7) 87 - - 96:4 76:4
9 $50 (7:3) 99 - - 97:3 89:3
10 ©/\/ (1:1) 99 2 6 95:5 87:5
11 3:7) 99 2 6 96:4 87:4
12 $51 (7:3) 99 6 9 98:2 82:2

The HF of substrates S31a, S49, S50 and S51 were performed in a parallel autoclave. Reaction
conditions: [substrate] = 0.26 M; stirring rate = 800 rpm; 10 bar H,/CO; 60 °C, 18h. For substrates S31a
and S51, the conversion was determined by GC using dodecane as an internal standard. Selectivity,
ratio, and yield were determined by the area% values of the peaks in the GC chromatogram. For the
substrates $49 and S50, the conversion, ratio, selectivity, and yield were determined by '"H NMR using
1,3,5-trimethoxybenzene as internal standard. [a] Selectivity of the isomerisation (Isom.) and
hydrogenation (Hydrog.) processes.
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The variation of the relative molar ratios of the H,/CO mixture is another
parameter that can affect the conversion, chemo- and regio-selectivity of the
hydroformylation reaction. Therefore, studies varying the H,/CO molar ratio
of syngas (overall pressure of 10 bar) were performed with the supramolecular
catalyst derived from ligand L46 and KBATrF on the substrates S31a, $49, S50
and S51. As it can be observed in Table 19, there is almost no difference
between the outcome of the reaction employing H,/CO 1:1 or 3:7. However,
a slight increase in the //b ratio (increases up to [/b ratios 98:2 from 95:5;
entries 12 and 10, table 19) was observed when an excess of H, was used
(H,/CO molar ratio = 7:3). Unfortunately, the benefits on the //b ratio by
increasing the molar ratio of H; in the syngas mixture were diminished by the
fact that increased amounts of hydrogenated products were observed for two
out of four substrates.

The hydroformylation of substrates which tend to form the branched
products instead of linear aldehydes was also studied. It is well known in the
literature that substituted styrenes (e.g., S59a and S61a; see Scheme 34 for the
structures of the hydroformylation products that derive from them) and
heteroatom substituted alkenes (such as enol acetate Sla and enamine S60a)
majorly lead to the branched aldehydes due to electronic factors. This has been
rationalized by the formation of a highly stable n*-allyl intermediate previous
to the formation of the rhodium acyl complexes in the catalytic cycle that
involves the aryl group (or the oxygen or nitrogen groups in enols and
enamines, respectively; for the structures of the Rh-species derived from
styrene, see Scheme 33).!”!

CP P

P 1. N

Rh (e]0] P. F\’;h/CO
n'-Rh complex n3-Rh complex

Scheme 33. Alkyl rhodium complexes derived from styrene.

The hydroformylation of these substrates was studied employing the
supramolecularly regulated systems derived from L46 under standard
hydroformylation reaction conditions (1.0 mol% of precatalyst formed in situ
from [Rh(x*>0,0%acac)(CO),] (1 mol%), ligand (1.2 mol%), and a slight excess
of RA (1.56 mol%) under H,/CO (1:1, 10 bar) in toluene and THF (97:3 v/v),
at 60 °C for 18 hours. The results for the hydroformylation of alkenes Sla,
S60a, S61a and S62a are summarized in Scheme 34.

171 Pignolet, L. M. Homogeneous Catalysis with Metal Phosphine Complexes; Springer Science & Business Media,
2013.
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[Rh(x20,0"acac)(CO),] (1 mol%)
Ligand L46 (1.2 mol%)

CHO
RA (1.56 mol%)
N cio + N
¢ 10 bar H,/CO (1:1) e G G
$1, §59-61 60 °C, 18 hours Linear () Branched (b) Hydrog.

Toluene/THF (97:3 v/v),0.26 M  P1a, P59a-61a P1b, P59b-61b product

0
cHO
CHO
o CHO N
Jgioo 7 ;

P1a P59a P60a P61a (Bourgeonal®)
BArF BArF BArF BArF
84% conv. (-15%) >99% conv. (0%) 38% conv. (0%) 95% conv. (0%)
15:85 I/b ratio (+6%) 25:75 I/b ratio (+17%) 22:78 I/b ratio (+18%) 34:66 I/b ratio (+17%)
9:51 I/b yield (+1%)  0.9% Select. Hydro. (+0.5%) 6:22 yield (+3%) 2% Select. Hydro. (0%)
22:74 I/b yield (+17%) 32:61 I/b yield (+20%)

Scheme 34. Hydroformylation of alkenes S1, §59, S60 and S61 using 146 as a ligand.

The most remarkable result in the hydroformylation of these functionalised
alkenes is that the use of our supramolecular catalysts consistently led to an
increase of the //b ratio (increase of 17-18% of the linear product with respect
to the overall amounts of aldehydes). Unfortunately, the regulation ability of
our catalysts is not capable of overriding the electronic effects in the HF of
these substrates that favour the formation of the branched aldehydes. As it can
be observed in Scheme 34, the branched product is majorly obtained, with
yields ranging from 22% to 74%. In the case of vinyl acetate (S1), the highest
[/b ratio was obtained when CsBArF was used as the regulation agent
(I/b ratio = 15:85), whilst for styrene (S60) and 1-(tert-butyl)-4-vinylbenzene
(S62) RbBArF maximised the formation of the linear aldehyde (//b ratios of
25:75 and 34:66, respectively). Lastly, enamine S6la was hydroformylated
with low yield, even in the presence of the highest performing RA (NaBArF).

The hydroformylation of alkynes is a perfectly atom-economic
transformation that leads to highly interesting synthetic intermediates, such as
o,B-unsaturated aldehydes. However, high performing, chemo- and regio-
selective catalysts that mediate this transformation are scarce in the
literature.'”” a,B-Unsaturated aldehydes are versatile intermediates in organic
synthesis,'”” which are widely employed in the agrochemical, pharmaceutical,
flavour and fragrance industries. During the last few years, several methods of
rhodium- and palladium-catalysed hydroformylation of internal alkynes have

173

172 a) Johnson, J. R.; Cuny, G. D.; Buchwald, S. L. Angew. Chem. Int. Ed. Eng. 1995, 34, 1760-1761. b)
Agabekov, V.; Seiche, W.; Breit, B. Chem. Sci. 2013, 4, 2418-2422. c) Zhang, Z.; Wang, Q.; Chen, C.;
Han, Z.; Dong, X.-Q.; Zhang, X. Org. Lert. 2016, 18, 3290-3293. d) Fang, X.; Zhang, M.; Jackstell, R.;
Beller, M. Angew. Chem. Int. Ed. 2013, 52, 4645-4649.

173 @) Vchislo, N. V. Asian J. Org. Chem 2019, 8, 1207-1226. b) Keiko, N. A.; Vchislo, N. V. 4sian J. Org.
Chem 2016, 5, 439-461. c)Verochkina, E. A.; Vchislo, N. V.; Rozentsveig, I. B. Molecules 2021, 26, 4297.
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been reported, demonstrating that the selective production of a,-unsaturated
aldehydes from internal alkynes is possible.'”* However, hydrogenation
processes are difficult to suppress, resulting in the formation of multiple side
products, such as saturated aldehydes, alkenes, and/or alkanes.

The hydroformylation of substrates S62-S65 (for the structures of the
aldehydes derived from them by hydroformylation, see Scheme 36) was
studied employing the supramolecularly regulated systems derived from L46
under standard reaction conditions. The internal alkyne S64 is not
commercially available, so it was synthesised following a reported procedure
(Scheme 35).'” Hex-1-yn-1-ylbenzene (S64) was synthesized by C-alkylation
of phenylacetylene (S62). Deprotonation with #-butyllithium followed by the
addition of the alkyl halide, 1-iodobutane, led to S64 in 93% yield.

1) n-Butyllithium,
// 2) Hexamethylphosphoramide (HMPA) //
3) 1-lodobutane, reflux, 8 hours,

Deoxygenated THF
Phenylacetylene 93% yield Hex-1-yn-1-ylbenzene

(S62) (S64)

Scheme 35. Synthesis of S64.

The reactions of internal alkynes bearing bis-aryl (S63) and aryl-alkyl (S64)
substituents employing the catalytic systems derived from L46 provided
a,B-unsaturated aldehydes in yields ranging from 74% to 94% (Scheme 36).
NaBArF was the regulation agent of choice for both internal alkenes.
Interestingly, the use of NaBArF and RbBATF led to an increase of the yield
(73% and 41% for S63 and S64, respectively) by suppressing the
hydrogenation processes (reduction of the amounts of hydrogenated products
down to 3% with respect to the starting material). Substrate S63 is symmetric
and the hydroformylation product is the same independently of the position
at which the CHO group is attached. However, it is important to mention that
the hydroformylation majorly leads to the E-configured a,fB-unsaturated
aldehydes (98% and 2% of the E- and Z-configured aldehyde, respectively). As
for the asymmetrically substituted internal alkyne S64, the use of RbBArF as
the RA led to highest regioselectivity, with a ca. 3:1 ratio in favour of the
aldehyde with the phenyl group in a relative trans-position with respect to the
CHO group. These hydroformylation reaction conditions are quite efficient
and are amongst those providing the highest yields.'”!” As for the

174 2) Fan, C.; Hou, J.; Chen, Y.-J.; Ding, K.-L.; Zhou, Q.-L. Org. Lett. 2021, 23, 2074-2077. b). Zhang, Y ;
Sigrist, M.; Dydio, P. Eur. J. Org. Chem. 2021, 2021, 5985-5997. c) Zhang, Y.; Torker, S.; Sigrist, M.;
Bregovi¢, N.; Dydio, P. J. Am. Chem. Soc. 2020, 142, 18251-18265. d) Fang, X.; Zhang, M.; Jackstell, R.;
Beller, M. Angew Chem Int Ed Engl 2013, 52, 4645-4649. e) Agabekov, V.; Seiche, W.; Breit, B. Chem. Sci.
2013, 4, 2418-2422.

15 Zhang, Y.; Torker, S.; Sigrist, M.; Bregovi¢, N.; Dydio, P. J. Am. Chem. Soc. 2020, 142, 18251-18265.
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hydroformylation of mono-substituted alkynes (such as ethynylbenzene, S62)
or those incorporating electron withdrawing groups (such ethyl
3-phenylpropiolate, $65), catalysts derived from L46 showed a lack of activity
in the hydroformylation of these substrates.

[Rh(x20,0"acac)(CO0),] (1 mol%)
Ligand L46 (1.2 mol%)

</ \> — r RA (1.56 mol%)
— 10 bar H,/CO (1:1)
60 °C, 18 hours

S$62-65 Toluene/THF (97:3 v/v), 0.26 M
a-Aldehyde (a) B-Aldehyde (B
a-P62-65 B-P62-65
CHO CHO CHO CHO
H o
o O ¢ =
a-P62 (E)-a-P63 o-P64 a-P65
(E or Z aldehyde)
Hydroformylation BArF BArF Hydroformylation
products not observed >99% conv. (0%) >99% conv. (+33%) products not observed
98:2 E/Z ratio (0%) 77:23 ol pratio (+2%)
3% Select. Hydro. (-75%) 3% Select. Hydro. (-29%)
94% yield (+73%) 74% yield (+41%)

Scheme 36. Substrate scope of supramolecular regulation in hydroformylation of alkynes
using 146 as a ligand.

While alkene and alkyne hydroformylation have been studied for a broad
array of substrates with a set of catalytic systems, the literature on the
hydroformylation of allenes remains scarce. Hydroformylation of allenes has
to address regioselectivity as well as chemo-selectivity issues, as a consequence
of the multiple reaction pathways that are possible. The allene
7-vinylidenetridecane (S66) was selected as substrate to be hydroformylated
with our supramolecularly regulated catalysts. The substrate S66 was
synthesized following a reported procedure (see Scheme 37).!7¢ Non-2-yl-1-ol
23 was synthesized from commercially available oct-1-yne 22 by
deprotonation with #z-butyllithium and subsequent reaction with
paraformaldehyde obtaining 23 in almost quantitative yield (98% yield).
Subsequent tosylation of 23 led to the formation of 24 in 66% yield. The final
product S66 was synthesized in 56% yield by copper-catalysed nucleophilic
addition of n-hexyl magnesium bromide to tosylated product 24.

176 Guo, H.; Ma, S. Adv. Synth. Catal. 2008, 350, 1213-1217.
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-| i . 0 0
\/\/\/// n-BuLi, THF, -78 °C to 0°C, 1 h \/\/\/OH
(CH,0),,, -78 °C to 0°C, 16 h

22 98% yield 23
TsCl, Et,0, rt \/\/\/\OTS CuBr, THF, rt
KOH, 0 °C to rt, 30 min n-HexylMgBr, 0°C tort, 2 h
66% yield 56% yield
24 7-vinylidenetridecane

(S66)

Scheme 37. Synthesis of 7-vinylidenetridecane (S66).

The supramolecular catalytic systems derived from L.46 were applied to the
hydroformylation of the allene S66. In the absence of RA, aldehyde P66a was
formed in 9% yield. When KBArF was used as the RA, a remarkable
improvement in the yield was observed, obtaining the aldehyde P66a with a
69% yield (Table 20).

Table 20. Supramolecularly regulated hydroformylation of
7-vinylidenetridecane (S66).

[Rh(x20,0"acac)(CO),] (1 mol%)
Ligand L46 (1.2 mol%) CHO

RA (1.56 mol%) _~_-CHO =
.
10 bar H,/CO (1:1)

40 °C, 18 hours

7-viny|id(esrg)ridecane Toluene/THF (97:3 v/v), 0.26 M L";%asfa(’) Braf;cggs (b)
Select. (%)*
Entry RA Ligand C(O“/I:)“ Isom. I(-Iyilrog. ratil(/)b(%) yielléb(%)
1 None L46 99 - - >99:<1 9:0
2 BArF L46 99 - - >99:<1 11:0
3 BArF  L46 99 - - >99:<1 62:0
4 BArF L46 99 - - >99:<1 69:0
5 BArF  L46 99 - - >99:<1 43:0
6 BArF 146 99 - - >99:<1 11:0

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 40 °C, 18h. Conversion, ratio and yield were determined by 'H NMR using
1,3,5-trimethoxybenzene as internal standard.
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2.3.3. Linear selective isomerisation-hydroformylation tandem
reactions of mixtures of alkenes employing supramolecularly
regulated rhodium catalyst derived from bisphosphite ligands

One of the still unsolved challenges in hydroformylation chemistry is the
selective hydroformylation of internal alkenes towards the linear aldehyde. In
this chemistry, the issue of regioselectivity is addressed twice: first,
regioselective isomerisation of the double bond and, second, regioselective
hydroformylation. Thus, isomerisation-hydroformylation tandem reactions
can be defined as the process in which the net addition of hydrogen (H) and
formyl (CHO) groups take place away from the original alkene. It has to be
mentioned that other migrations of the C=C double bond and its subsequent
hydroformylation can take place in the process.

The isomerisation process towards the terminal alkene is a well-known
process which is induced by hydrido complexes.!”” As hydroformylation
catalysts are based on hydrido-carbonyl complexes, isomerisation is a
transformation which may take place simultaneously with hydroformylation.
Isomerisation is a well-known process in cobalt'’®, rhodium'”, platinum'°,
palladium™' and ruthenium'® chemistries. Hydroformylation practitioners
have developed strategies for taking advantage of the isomerisation within
hydroformylation chemistry. If isomerisation processes are much faster than
the hydroformylation process, the latter transformation should take place at
the most reactive and/or favourable position of the C=C double bond after
isomerisation and not at the initial position of the C=C bond. For instance,
our research group (amongst other groups'®®) reported the hydroformylation
of mixture of octenes, heptenes and hexenes using cobalt catalysts (see
Chapter I) with selective formation of the terminal aldehyde.'®* Our group
demonstrated that cobalt hydroformylation chemistry was an interesting
strategy for valorising mixtures of linear hexenes, heptenes or octenes by

177 Vilches-Herrera, M.; Domke, L.; Borner, A. ACS Catal. 2014, 4, 1706-1724. b) Biswas, S. Comments Inorg.
Chem. 2015, 35, 300-330.

178 Liu, X.; Zhang, W.; Wang, Y.; Zhang, Z.-X.; Jiao, L.; Liu, Q. J. Am. Chem. Soc. 2018, 140, 6873-6882.
172 a) Behr, A.; Obst, D.; Schulte, C.; Schosser, T. J. Mol. Catal. A: Chem. 2003, 206, 179-184. b) Edwards,
D. R,; Crudden, C. M.; Yam, K. Adv. Synth. Catal. 2005, 347, 50-54.

180 2) Gottardo, M.; Scarso, A.; Paganelli, S.; Strukul, G. Adv. Synth. Catal. 2010, 352, 2251-2262. b) Gelling,
0. J,; Toth, I. Hydroformylation Process and Water-soluble catalysts for the preparation of a linear w-
formylcarboxylic acids and w-formylnitriles. W0O9518783, 1995. c) Burke, P. M.; Gelling, O. J.; Oevering,
H.; Toth, I. Process and Catalysts for the Hydroformylation of Internal Unsaturated Compounds.
W09708127, 1997.

181 Mamone, P.; Griinberg, M. F.; Fromm, A.; Khan, B. A.; Gooen, L. J. Org. Lett. 2012, 14, 3716-3719.
182 Fleischer, I.; Wu, L.; Profir, I.; Jackstell, R.; Franke, R.; Beller, M. Chem. Eur. J. 2013, 19, 10589-10594.
183 Donohoe, T. J.; O'Riordan, T. J. C.; Rosa, C. P. Angew. Chem. Int. Ed. 2009, 48, 1014-1017.

184 Martinez-Carrién, A.; Romero-Navarro, A.; Nufiez-Rico, J. L.; Gutiérrez, A.; Grabulosa, A.; Vidal-
Ferran, A. Catal. Sci. Technol. 2022, 12, 3219-3227.
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transforming the initial mixture into one major aldehyde (addition of a CHO
group to the C; carbon of the alkene skeleton, up to 73% selectivity).

Rhodium catalysts have also been studied for linear selective
isomerisation-hydroformylation reactions. In 2001, Bérner and co-workers
reported the isomerisation-hydroformylation of mixtures of octenes using the
electronically nonsymmetric acylphosphite-phosphite L48 (Scheme 38).'®
Under 20 bar of H,/CO (1:1) at 130 °C, linear nonanal was obtained in 69%
yield by hydroformylating mixtures of octenes with rhodium catalysts.

MeO OMe

[Rh(x?0,0"acac)(n?-cod)]
C.H Ligand L48 CaH CHO
sH A AN AN Bu B tBu
R
0
t
L48

. 20 bar H,/CO (1:1) o O, o
Oct-1-ene = 3.3% . 130 °C, 3 hours N?napal P~ 0
(2)/(E)-Oct-2-ene = 48.40/0 Toluene 69% yield O o
(2)/(E)-Oct-3-ene = 29.2% MeO O
(2)/(E)-Oct-4-ene = 16.4% O Bu
MeO

Scheme 38. Isomerisation-hydroformylation tandem reaction of mixtures of octenes.

The combination of two catalysts is another strategy to perform
isomerisation-hydroformylation tandem reactions. One of the catalysts is for
the isomerisation process and the other for the hydroformylation. In 2013,
Nozaki and co-workers reported a dual rhodium and ruthenium catalyst based
on a combination of a [Rh(k?0,0acac)(CO),]/L49, Shvo’s catalyst (C12) and
[Ru3(CO)i,] in isomerisation-hydroformylation-hydrogenation tandem
reactions. The method was applied for the transformation of methyl oleate
into the corresponding alcohol derived from hydroformylation with a 93%
conversion, 82:18 /b ratio and 53% isolated yield.!®® The authors claimed
through control experiments that the isomerisation process was mediated by
Rh and Ru and the coexistence of Rh and Ru was detrimental for the
hydrogenation of the aldehyde under H,/CO atmosphere.

185 Selent, D.; Hess, D.; Wiese, K.-D.; Réttger, D.; Kunze, C.; Bérner, A. Angew. Chem. Int. Ed. 2001, 40,
1696-1698.
18 yyki, Y.; Takahashi, K.; Tanaka, Y.; Nozaki, K. J. Am. Chem. Soc. 2013, 135, 17393-17400.
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[Rh(x?0,0%acac)(CO),] (1 mol%)
Ligand L49 (2 mol%)
C12 (1.5 mol%)

o] [Ru3(CO)15] (1.5 mol%) o
MeO™ T, /7 5 bar H,/CO (1:1), 120 °C MeO™ 17, 7
Methyl Oleate 14-dioxane 93% conv.
82/18 /b ratio
53% yield
tBu tBu

e, - ttuie =
Ph Phj§>\
Ph o \ / Ph

P Ph
tBu ,O Q tBu OC“‘Fiu\H "R|u"'Co
RO),P P(OR -
(RO), (OR), oc ¢o
R = 1-naphthyl c12
L49 Shvo's catalyst

Scheme 39. Isomerisation-hydroformylation/hydrogenation tandem reactions of methyl
oleate catalysed by Rh/Ru dual catalysis.

Thus, we decided to study whether the supramolecularly regulated
rhodium catalysts already described in this section would be suitable for
transforming a mixture of alkenes into one major aldehyde. For that reason,
all commercially available linear octenes (S31b-d) were tested using L46 as the
ligand and [Rh(k*0,0%acac)(CO),] as the metal precursor under the standard
hydroformylation conditions: 10 bar H,/CO (1:1) at 60 °C for 18 hours (Table
21). Generally, internal alkenes are less reactive than terminal alkenes because
reactivity decreases when increasing the steric hindrance of the double bond
C=C. Under these standard catalytic conditions, higher conversions were
obtained for all the internal alkenes (Table 21). In terms of the selectivity
towards hydroformylation products, this was > 95% for all the studied
octenes, except for (Z)-S31b. Unfortunately, low selectivities towards the
linear aldehyde (i.e., C-aldehyde) were observed for all substrates studied (up
to 14% molar amounts of C;-aldehyde with respect to the overall aldehyde
amount for S31d, see entry 10, Table 21).

The formation of a complex mixture of aldehydes is the main consequence
of the isomerisation processes under hydroformylation conditions if the rates
of the hydroformylation and isomerisation processes are similar. Regrettably,
this appear to be case for the rhodium-based catalytic systems derived from
L46 and the RAs used.
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Table 21. Selected results of the supramolecular regulated hydroformylation
of the internal octenes (S31b-d).

Aldehyde products

CHO
\/\/\/\/CHO + \/\/\)\
P31a P31b
[Rh(?0,0"acac)(C0),] (1 mol%) C,-Aldehyde C,-Aldehyde

Ligand L46 (1.2 mol%),

NS AN AN RA (1.56 mol%) WY\ * \/\)cio/\
S 10 bar Ho/CO (1:1) CHO
60 °C, 18 hours P31c P31d

Toluene/THF (97:3 v/v), 0.26 M C;-Aldehyde C,-Aldehyde

Octene
Substrates

Isomerization products Hydrogenation product

Octene substrates:

(E)-Oct-2-ene (Z)-Oct-2-ene (E)-Oct-3-ene (E)-Oct-4-ene (Z)-Oct-4-ene
(E)-S31b (2)-S31b (E)-S31c (E)-S31d (2)-s31d
Select. (%)*
Entry  RA Subs,  COnY: c/ C.z/C:;;/C4 cl{cz/c:)j/ C,
(%) Isom. Hydrog. ratio (%) yield (%)
1 - 99 2 0.3 3:54:33:11 3:52:31:11
(E)-S31b
2 BArF 99 3 1 8:51:27:14 8:48:26:13
3 - 99 1 2 3:57:32:7 3:55:31:8
(2)-S31b
4 BArF 99 4 8 8:55:26:11 7:48:23:10
5 - 99 1 0.3 3:19:37:41 3:21:36:40
(E)-S31c
6 BArF 99 0 0.1 7:29:31:33 7:29:31:33
7 - 99 1 0.7 0:6:22:72 0:6:21:70
(E)-S31d
8 BArF 99 2 0.2 1:14:28:57 1:14:27:55
9 - 99 1 2 3:20:28:49 3:19:27:47
(2)-S31d
10 BArF 99 2 2 14:35:25:26 13:33:24:25

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate
= 800 rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an
internal standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the
GC chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
(E)-S31b: (E)-oct-2-ene; (Z)-S31b: (Z2)-oct-2-ene; (E)-S31c: (E)-oct-3-ene; (E)-S31d: (E)-oct-4-ene;
(2)-S31d: (2)-oct-4-ene.

Interestingly, if the C=C isomerisation is faster than the hydroformylation,
the net addition of the H and CHO groups will take place at the most reactive
and/or favourable position of the C=C double bond after isomerisation,
irrespective of the position and geometry of the C=C bond in the starting
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material. Therefore, the new goal in our research activities was to find an
active catalyst in double-bond isomerisation with the aim of reaching high
yields and high selectivities towards the terminal aldehydes. We turned our
attention towards the use of a bimetallic catalytic systems, as we envisioned
that one metal could be responsible of fast isomerisation processes, while our
rhodium catalyst could be responsible of the hydroformylations. The overall
transformation could thus be regarded as a tandem isomerisation-
hydroformylation process (Scheme 40).

Syngas

Isomerization Hydroformylation
R AN
R._~_-CHO
Mixture of C;-Aldehyde

alkenes

Scheme 40. General strategy for the bimetallic isomerisation-hydroformylation tandem
reactions.

In 2017, Vorholt and co-workers reported a linear selective isomerisation-
hydroformylation of unsaturated fatty acid methyl esters into asymmetric
a,w-functionalized aldehyde esters.'®” In this work, the authors combined a
palladium catalyst and rhodium catalyst using the BiPhePhos ligand (L13) as
a ligand. They studied different metal precursors (i.e., Pd, Rh, Ir, Pt, Ru, Co,
and Ni) for catalysing the isomerisation of C=C bonds under syngas
atmosphere. The purpose of this method was to preferentially perform
isomerisation rather than hydroformylation. Their findings concluded that the
best isomerisation catalyst was the combined use of [Pd(:BusP),] and Pdl,. In
fact, palladium is a well-known transition metal for the isomerisation of C=C
double bonds in alkenes. As a result, an orthogonal tandem catalytic system
consisting of a palladium-based isomerisation catalyst and a rhodium-based
hydroformylation catalyst derived from BiPhePhos (L13) as ligand was
developed for the hydroformylation of methyl oleate with high yields (74%)
and an //bratio of 91:9 (Scheme 41).'%” The same catalytic system was applied
to the hydroformylation of methyl 3-hexenoate with an excellent //b ratio of
98:2 and a yield of 81% for the linear aldehyde.

187 Gaide, T.; Bianga, J.; Schlipkéter, K.; Behr, A.; Vorholt, A. J. ACS Catal. 2017, 7, 4163-4171.
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[Rh(?20,0%acac)(CO),] (0.8 mol%)
BiPhePhos (L13) (3.2 mol%)
[Pd(tBusP),] (3 mol%)
o] Pdl, (0.5 mol%) 0

W WCHO
MeO™ 17, 7 10 bar Ho/CO (1:1) MeO™ T, 7

Methyl Oleate 100 °C, 72 hours
Toluene

91:9 I/b ratio
67% yield

Scheme 41. Isomerisation-hydroformylation tandem reaction of methyl oleate catalysed by a
Rh/Pd dual catalyst.

The authors claimed that the positive role of PdI, in isomerisation reactions
could be attributed to the iodide group: it is well known that the nature of the
halide influences the formation of the catalytically active, three-coordinated
Pd-isomerisation species from a four-coordinated, halide-bridged dimeric
resting state of the isomerisation catalyst (see Scheme 42; Gooflen and
co-workers proposed the catalytic active species with the bromo as the halogen
substituent).'®"188 However, an excess of PdI, promotes the complete
deactivation of the rhodium hydroformylation catalyst because the iodide
coordinates to the rhodium complex, which is inactive in hydroformylation.
Thus, only up to 0.5 mol% of PdI, was considered to be an ideal amount to
favour the isomerisation process without favouring the deactivation of the
rhodium hydroformylation catalyst.'®’

tBu\ X /tBu tBu\ _H

[Pd(tBugP)z] + PdX; ——— tBu—P-Pd—Pd-R—tBu ~<——— (Bu—P-Pd_
X X

X=Br | tBu tBu tBu
Four coordinated Three coordinated

Pd species Pd species

Catallytically
Active

Scheme 42. Proposed catalytically active palladium species in the isomerisation of alkenes,
according to Goofen and co-workers.

We hypothesized that the use of our optimal hydroformylation conditions
(i.e., [Rh(x*0,0-acac)(CO),] (1.0 mol%) and the corresponding bisphosphite
ligand 146 (1.20 mol%) at 100 °C under 10 bar H,/CO (1:1) for 18 hours in
toluene with the minimum amount of THF to solubilize the RA) in
combination with catalytic amounts of [Pd(#BusP),] and PdI; could constitute
an optimal starting point for our studies aiming to achieve a
isomerisation-hydroformylation tandem process. As the optimal relative
amounts of RA, [Pd(#BusP),] and PdI, were unknown, we performed a study

188 GooRen, L.; Arndt, M.; Mamone, P.; Gruenberg, M. Preparation of palladium(l) tri-tert-butylphosphine
bromide dimer and its use in isomerization reactions. W02013000874, 2013.
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in which the RA amounts ranged from (3.6 mol% to 10 mol%), [Pd(:BusP)]
from 0.5 mol% to 3 mol% and PdI, from 0 mol% to 0.5 mol%.

The results of this study clearly indicate that the presence of Pdl, was
beneficial for achieving a higher selectivity towards the C-aldehyde (compare
entries 1 and 2 in Table 22, in which less than the half of the linear aldehyde
was obtained when PdI, was not used). As for the other conditions assayed
(entries 3-6 in Table 22), they involved the use of higher amounts of RA,
[Pd(fBusP),] or Pdl,. None of the conditions assayed was clearly better than
using 3.6 mol% of RA, 0.5 mol% of [Pd(fBusP),] and PdI; to justify the use of
higher amounts of these derivatives (compare entries 2-6 with entry 1, Table
22). Thus, the use of 0.5 mol% of [Pd(¢BusP),], PdI, and 3.6 mol% of RA were
chosen as the conditions of choice for future studies.

Table 22. Catalytic screening of palladium sources for isomerisation-
hydroformylation tandem reaction of mixture of octenes.

Aldehydes products

CHO
[Rh(CO),(x20,0%acac)] (1 ol%) | ~_~_~_~_CHO + ~_~_~_
Ligand L46 (1.2 mol%) P31a P31b
[Pd(tBu3P),] (X mol%) C,-Aldehyde C,-Aldehyde
Pdl, (X mol%)
A A BArF (X mol%) M/\ . CHO
oo 10 bar H,/CO (1:1) CHO o~
?;)133:310bct-(15-%et ) 100 °C, 18 hours P31c P31d
- : -Oct-2-ene .
(2)-831b: (20Oct2-en6 ' "% e o V) Cs-Aldehyde C-Aldehyde
(E)-S31c: (E)-Oct-3-ene h 8
(E)-S31d: (E)-Oct-4-ene Alkenes products Hydrogenation product
(2)-831d: (Z)-Oct-4-ene
[Pd(BusP),] Pdl, KBAfF Molaramounts  HE 0,00
Entry (mol%)  (mol%) (mol%) of unreacted Selectivity ratio (%)
° ° > alkene (%) (%) ’
1 0.5 0.5 3.6 22 78 37:36:14:13
2 1 0 3.6 3 97 21:34:21:24
3 2.5 0 4.6 10 90 33:26:18:22
4 2.5 0.5 3.6 9 91 31:31:18:20
5 3 0 10 24 76 41:22:17:21
6 3 0.5 3.6 4 96 24:31:21:24

The HF of an equimolar mixture of octenes was performed in a parallel autoclave. Reaction
conditions: [substrate] = 0.26 M; stirring rate = 800 rpm; 10 bar H,/CO (1:1); 100 °C, 18h.
Selectivity and ratio were determined by GC using dodecane as an internal standard. Mixture of
octenes: oct-1-ene, (E)-oct-2-ene, (Z)-oct-2-ene, (E)-oct-3-ene, (E)-oct-4-ene, (Z)-oct-4-ene.
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Table 23. Isomerisation-hydroformylation tandem reactions for a mixture of
octenes, heptenes, hexenes and allylbenzenes.

Aldehyde products
'a A

CHO
[Rh(CO),(x20,0%acac)] (1 mol%) R~ ~_~CHO + R/\)\
Ligand L46 (1.2 mol%)
[Pd(tBu3P),] (0.5 mol%)
Pdl; (0.5 mol%)

BATF (3.6 mol%) /\/\ CHO
NN +
R N CHO R)\/\

N 10 bar Ho/CO (1:1)

Cs-Aldehyde C,-Aldehyde

Mixture of: 100 OC, 18 hours _ _
a) Octenes Toluene/THF (97:3 v/v), 026 M L_ CyAldehyde CoAldehyde |
b) Heptenes
c) Hexenes Alkenes Hydrogenation product
d) Allylbenzenes
{ R\/A\/A\} + { R\/\/\]
Molar amounts  Selectivity (%) C\/ Cl G5/ C,
Entry Substrate of unreacted ratio (%)
alkenes (%) Hydrog. HF 0
12 b 22 0 78 37:36:14:13
Octenes
2 c 10 1 89 46:33:15:6
Heptenes
3 d 11 2 87 58:28:14
Hexenes
4 68 2 30 86:14:0

Allylbenzenes®

The HF of an equimolar mixture of alkenes was performed in a parallel autoclave. Reaction
conditions: [substrate] = 0.26 M; stirring rate = 800 rpm; 10 bar H,/CO (1:1); 100 °C, 18h.
Selectivity and ratio were determined by GC using dodecane as an internal standard. [a] These
results have already been discussed in Table 22, but have been included again in this table to aid
comparison. [b] Mixture of octenes: oct-1-ene, (E)-oct-2-ene, (Z)-oct-2-ene, (E)-oct-3-ene, (E)-oct-
4-ene, (Z)-oct-4-ene. [c] Mixture of heptenes: hept-1-ene, (E)-hept-2-ene, (Z)-hept-2-ene, (E)-hept-
3-ene. [d] Mixture of hexenes: hex-1-ene, (E)-hex-2-ene, (Z)-hex-2-ene, (E)-hex-3-ene, (Z)-hex-4-
ene. [e] Mixture of allylbenzenes: allylbenzene, trans-B-methylstyrene, cis-B-methylstyrene.

After having studied the isomerisation-hydroformylation tandem reactions
for a mixture of octenes and having developed satisfactory conditions for these
substrates that led to the formation of the linear aldehyde as the most abundant
product of the reaction (entry 1, Table 23), the same conditions were tested
with equimolar mixtures of heptenes, hexenes and allylbenzenes (Table 23).
For all the substrate mixtures, a higher regioselectivity towards the linear
aldehyde was observed (heptenes 46%; hexenes 58% and allylbenzenes 86%).
For the heptene and hexene mixtures, the selectivity towards the formation of
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aldehydes (i.e., HF selectivity) was high, 89% and 87% respectively. As for
allylbenzenes, the HF selectivity was low (30%, see entry 4, Table 23) with
important amounts of alkenes being non-hydroformylated. However, the

terminal aldehyde was the most abundant product of the hydroformylation
(86%; entry 4, Table 23).

Our supramolecularly regulated catalyst derived from 146 combined with
KBArF as RA showed low amounts of the linear aldehyde in the
hydroformylation of the internal octenes. Therefore, the addition of
palladium(0)-based catalysts was essential to increase the isomerisation
process from the internal to the terminal alkenes for their subsequent
hydroformylation. Only a 0.5 mol% of [Pd(zBusP),] and Pdl, was enough to
promote an increase of the linear selectivity for the mixtures of octenes (37%),
heptenes (46%), hexenes (58%) and allylbenzenes (86%). As a result, the
mentioned supramolecularly catalyst was successfully combined with
Pd(0)-isomerisation catalysts to perform isomerisation-hydroformylation
tandem reactions of mixtures of alkenes.

2.3.4. NMR studies on the formation of catalytically active
complexes for hydroformylations from ligand 1.46

Complexation studies were performed between the rhodium metal
precursor, the ligand L46, and two high performing regulation agents
providing high //b ratios in the hydroformylation of several substrates: KBArF
and CsBArF. The main goal was to elucidate the structure of the active
rhodium complexes involved in the selective hydroformylation towards linear
aldehydes (Figure 46 and Figure 47).

Our complexation studies started by analysing the coordination behaviour
of equimolar amounts of [Rh(k?0,0’-acac)(CO),] and L46 ([Rh]/L46 = 1:1)
at room temperature under inert atmosphere, but in the absence of syngas.
These conditions led to the major formation of the complex
[Rh(k?0,0-acac)(CO)(kP-L46)] by displacement of one of the CO groups
from the initial rhodium precursor by one phosphite-binding group of ligand
L46 (see Figure 46a for the *'P {'H} spectrum).

The formation of this phosphorus-monodentate complex was confirmed by
3IP{'H} NMR spectroscopy (Figure 46a), which revealed a singlet at § = 135.8
ppm and a doublet centred at § = 134.2 ppm (*Jp_rn = 295.3 Hz), which were
assigned to the unbound and bound phosphite groups, respectively. In a
previous work, Vidal-Ferran and co-workers had observed the same type of
complex with a different bisphosphite as ligand. In that case, the structure of
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the complex was confirmed by IR studies and *'P{'H} exchange spectroscopy

(EXSY'®).”
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Figure 46. *'P{'H} NMR (202 MHz, PhMe-ds/ THF-d;(97:3 v/v)): a) [Rh]/L1; 1 bar Na; 25
°C. b) [Rh]/L46; 10 bar Ho/CO (1:1); 25 °C. c) [Rh]/L46/KBArF; 10 bar H./CO (1:1);
25°C. d) [Rh]/L46/CsBArF; 10 bar Ho/CO (1:1); 25 °C.

In our studies, a doublet with very low intensity centred at 6 = 132.3 ppm
(*Jrrn = 319.8 Hz) was also observed in the spectra, with the most likely
structural hypothesis being the rhodium complex

189 The exchange spectroscopy (EXSY) NMR experiment is a homonuclear shift correlated spectroscopy
where coherence transfer takes place through chemical or conformational exchange.
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[Rh(x*0,0™acac)(x*P,P-L46)] arising from displacement of both carbonyl
ligands from the initial rhodium complex by the two phosphorus ligating

groups of L46.
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Figure 47. '"H{*'P} NMR (500 MHz, PhMe-ds/ THF-ds(97:3 v/v)): a) [Rh]/L46; 1 bar N; 25
°C. b) [Rh]/L46; 10 bar H»/CO (1:1); 25 °C. c) [Rh]/L46/KBATF; 10 bar H»/CO (1:1);
25°C. d) [Rh]/L46/CsBArF; 10 bar H»/CO (1:1); 25 °C.

The solution of the previously mentioned complex was pressurised at
10 bar of H,/CO (1:1) at 60 °C for 18 hours. The solution was subsequently
put into a sapphire NMR tube, which was pressurised at 10 bar of
H,/CO (1:1), and the required NMR experiments were recorded at 25 °C.
3IP{'H} NMR revealed a centred doublet at = 150.4 ppm (‘Jp_rs = 233.8 Hz)
and 'H{*'P} NMR a centred doublet at § = —10.1 ppm ("Jurn = 3.6 Hz) (see
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Figure 46b and 47b)."° Spectroscopic data clearly pointed to a bidentate
coordination mode of L46 to a trigonal bipyramidal rhodium centre
[Rh(CO);H(k*P,P-L46)]."! A magnitude of the 2/p.u coupling constant value
of around 10 Hz is only in agreement with a cis-arrangement of the phosphorus
and hydrido groups in the trigonal bipyramidal rhodium centre, with the
hydrido ligand in the apical position of the trigonal bipyramid. Thus, the
expected hydrido-dicarbonyl chelate [Rh(CO),H(k>P,P-L46)] was efficiently
formed regardless of the absence of the RA

As for the preparation of the analogous complexes incorporating alkali
metal BArF salts, these were straightforwardly prepared following analogous
synthetic protocols, which started from the supramolecular complexes
L46°RA rather than the ligand alone. Consequently, the rhodium complexes
[Rh(CO),H(x*P,P-L46°KBArF)] and [Rh(CO),H(x?P,P-L46°CsBArF)] were
formed by pressurising a solution of [Rh(k*0,0’-acac)(CO).] (1 mol%), L46
(1 mol%) and the alkali metal BArF salt (1.3 mol%) at 10 bar of H,/CO (1:1)
at 60 °C for 18 hours.

The chemical shifts and coupling constants of the new supramolecular
rhodium complexes are summarised in Table 24. In general terms, the spectral
data of the complexes differed only in the chemical shifts and magnitudes of
the coupling constants. Further differences were found in the width of the
signals of the complexes incorporating a RA, with broad doublets being
observed in the spectra of the complexes derived from both BArF salts (Figure
46c-d and Figure 47c-d). The H-P coupling was further studied by
TH—-*'P HMBC spectroscopy'®? where a cross-peak signal was observed at the
chemical shift of the hydrido and the phosphite groups. MALDI-TOF!** MS
indicated that [Rh(CO),H(k?P,P-L46°RA)]] complexes were formed in the
absence or presence of the RA (HRMS (MALDI-TOF) m/z calcd. for
CesHosOoP,Rh* [M-RA-2CO-H]* 1173.5579, found 1173.5569 (RA = none),
1173.5584 (RA = KBArF) and 1173.5583 (RA = CsBArF)). Mass

1% When the 'H NMR was recorded without *'P decoupling, the two phosphite groups were observed as a
doublet of triplets centred at § = -10.1 ppm (3fip = 12.8 Hz, i rn = 3.5 Hz), with the larger coupling
constant corresponding to the coupling of the proton to the two phosphorus nuclei. If the 3'P NMR spectrum
is recorded without 'H decoupling, the two phosphite groups are observed as only one doublet of doublets
centred at § = 150.4 ppm (*Jprn = 233.8 Hz, 2/p.x = 11.1 Hz).

¥ To see the couplet 'H NMR and *P NMR see the sections 2.5.39, 2.5.40 and 2.5.41 from the
experimental section of this chapter II.

192 The 'H-'P HMBC (Heteronuclear Multiple Bond Correlation) experiment gives correlations between
phosphorus and protons that are separated by two, three, or sometimes in conjugated systems, four bonds.
Direct one-bond correlations are suppressed.

1% MALDI-TOF (Matrix-Assisted Laser Desorption/Ionization-Time of Flight) is a mass spectrometry
technique. It works by ionizing the molecules of interest using a laser beam and then measuring their mass-
to-charge ratio (m/z) using a time-of-flight mass analyser.
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spectrometry and C NMR studies excluded the formation under these
conditions of rhodium oligomers incorporating ligand 1.46.

Table 24. Chemical shifts and coupling constants for complexes
[Rh(CO),H(k?P,P-L46°RA)].

Chemical shifts & coupling constants (J)

Entry RA H HEPY s1p Sp{H]
ppm  Jugrn e | ppm  Wugn | ppm e 2w | ppm Wogn
1 - -10.1 3.5 12.8 -10.1 3.6 1504 233.7 11.1 1504 233.8
2 BArF -11.2 43 n.o0.* -11.2 43 1382 248.2 n.o.* 138.2 248.2

3 BArF -112 28 n.o.* -11.2 3.9 1383 2469 n.o.* 138.3 246.9

Chemical shifts and couplings constants of the species [Rh(CO),H(k?*P,P-L46°RA)] under 10 bar of
H,/CO (1:1) at 25 °C. [a] n. 0. = not observed.

Interestingly, the complex [Rh(CO),H(x*P,P-L46°KBATrF)] could also be
synthesized by the addition of KBArF to the chelated rhodium complex
[Rh(CO),H(x*P,P-L46)], which lacked the alkali metal BArF salt. The
preparation and characterization of this complex has been previously
described in this section. Spectral data for the newly formed complex was in
agreement with those above mentioned for [Rh(CO),H(x*P,P-L46°KBATrF)].
These results are a clear indication of the strength of the non-covalent
interaction of the alkali metal BArF salt with the polyether chain of L46 via
ion-dipole interactions.'**

The fact that both P groups have the same chemical shift and a small
Rh-H and large P-H coupling constants indicated that the P atoms of L46
had a strong preference for a cis- arrangements relative to the H ligand, which
occupies the apical position of the trigonal bipyramidal rhodium centre
according to literature precedents.''* Thus, the two P groups are coordinated
in an equatorial-equatorial (eq—eq) fashion to a trigonal-bipyramidal rhodium
centre (Scheme 43). It is interesting to note at this point that hydrido-
dicarbonyl rhodium complexes having a bidentate phosphorus ligand bound
to two equatorial positions of a trigonal bipyramidal rhodium centre, favour
the formation of linear aldehydes in the hydroformylation of monosubstituted
alkenes.!!196:97

It is interesting to highlight that all *'P{'H} NMR spectra of the rhodium
complexes involving a chelating coordination mode for L46 (i.e., spectrum in

19 Steed, J. W.; Atwood, J. L. Supramolecular Chemistry, 2nd Edition; John Wiley & Sons, Ltd., 2009.
19 Diebolt, O.; van Leeuwen, P. W. N. M.; Kamer, P. C. J. ACS Catal. 2012, 2, 2357-2370.
1% Damoense, L.; Datt, M.; Green, M.; Steenkamp, C. Coord. Chem. Rev. 2004, 248, 2393-2407.
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Figure 46b when no alkali metal BArF salt is used and spectra in Figure 46¢
with KBArF and Figure 46d with CsBArF) showed an additional broad
doublet of low intensity. In an analogous manner, unaccounted broad signals
of low intensity were observed in the hydride region of the 'H{*'P} NMR
spectra (Figure 47b and Figure 47d). In order to investigate the potential
structure of the rhodium complexes to which the above-mentioned low
intensity signals could be attributed, *P{'H} exchange spectroscopy (EXSY)
experiments were performed. Interestingly, these experiments did not reveal
any cross-peak attributable to chemical exchange processes between the

phosphite groups.
a) Absence of RA
N\
o} /O H H
o H P, ocC,, ‘
O.1 | +CO g
P*R‘hfco —_— /Rh co ——=—— (o\ /R"h*CO
P~ R (‘:0 o poo
\ 0 O 0 AN )
o_/ o)
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Scheme 43. Equilibrium of hydrido carbonyl rhodium complexes under 10 bar of H2/CO
(1:1) at 25 °C.

This observation allows to confirm that equilibria due to the coordination
of the ligand in an equatorial-equatorial (eq—eq) or equatorial-axial (eq—ax)
fashion to the trigonal-bipyramidal rhodium centre are minor processes, if at
all present (Scheme 43). For instance, the coordination of the phosphite
groups in an axial position leads to a large coupling constant with the axial
hydrido group through two bonds (/e > 150 Hz), which for these cases were
not observed. Unfortunately, no plausible structure for this minor Rh complex
could be suggested.



UNIVERSITAT ROVIRA | VIRGILI
COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS

Andrés Romero Navarro Supramolecularly Regulated Hydroformylations

2.3.5. FlowNMR studies of the supramolecularly regulated
hydroformylation of hex-1-ene (S47a)

The monitoring of the concentration of active species is key in
homogeneous catalysis for the understanding of the reaction under study. This
monitoring process for transformations carried out under non-standard
conditions, such as reactions under pressure, requires dedicated and
specialized instrumentation. The research group from Prof. Hintermair at the
University of Bath has developed the “Dynamic Reaction Monitoring (DReaM)
Facility” ,"” which combines several analytical techniques to monitor liquid-
phase chemical reactions in real-time.!”® The DReaM facility at Bath includes
online high-pressure NMR (HP-NMR) instrumentation, capable of recording
multinuclear NMR spectra of real hydroformylation reaction mixtures under
a flow regime. With the aim of following the progress of our hydroformylation
reactions by 'H and *'P NMR spectroscopy, the hydroformylation of
hex-1-ene in the presence of the supramolecular ligand 146 was studied in the
above-mentioned NMR laboratory.

H, gas

Cylinder Syngas

o8 Reservoir

Jacketed tubing

CO Gas
Cylinder

Pressure Reactor

NMR Flow tube

————————
Stirrer hotplate

| e (Temp. controlled) |

{ i Heat Heat
) (Temp. controlled) exchanger 1 exchanger 2

Figure 48. Schematic of the FlowNMR apparatus set up for hydroformylation reactions.

The NMR reaction monitoring equipment within the DReaM facilities
consist of a 500 MHz spectrometer from Bruker® connected to a 50 mL thick-
walled glass autoclave. The spectrometer and autoclave are connected through
a tubbing in a closed loop with an aliquot of the reaction mixture recirculating
from the autoclave to the spectrometer continuously and the temperature
controlled in all the setup (Figure 48). Multinuclear NMR spectra can be

Y7 Dynamic Reaction Monitoring (DReaM) Facility. https://www.bath.ac.uk/research-

facilities/dynamic-reaction-monitoring-facility/ (accessed on 2023-04-10).

19 a) Hall, A. M. R.; Chouler, J. C.; Codina, A.; Gierth, P. T.; Lowe, J. P.; Hintermair, U. Catal. Sci.
Technol. 2016, 6, 8406-8417. b) Saib, A.; Bara-Estatun, A.; Harper, O. J.; Berry, D. B. G.; Thomlinson, I.
A.; Broomfield-Tagg, R.; Lowe, J. P.; Lyall, C. L.; Hintermair, U. React. Chem. Eng. 2021, 6, 1548-1573.
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recorded at all reaction times by means of the corresponding FlowNMR
probe. Hintermair and co-workers have previously studied a number of
hydroformylation reactions in the DReaM facilities.!****® Amongst numerous
mechanistic and kinetic aspects within the studied hydroformylation
reactions, Hintermair and co-workers have been able to elucidate the structure
of reaction intermediates including Rh-hydride species and Rh-acyl
complexes. The authors were also able to detect the formation of relevant
reaction intermediates related with isomerisation processes of the alkene
under study.?®

Our hydroformylation reactions studies in the DReaM facilities consisted
of monitoring the progress of the hydroformylation reaction of hex-1-ene
employing the supramolecularly regulated catalyst derived from L46 and
CsBATrF (Scheme 44). These studies were performed under 10 bar of H,/CO
(1:1) at 60 °C, where the reactor was sequentially pressurised with CO (5 bar)
and H; (5 bar). 1,3,5-Trimethoxybenzene (TMB) and triphenyl phosphate
were also added to the reaction mixture as internal standards, with the aim of
being able to determine the concentration of the alkenes, aldehydes, and
relevant catalytic species by quantitative 'H and *'P NMR analysis.

[Rh(x20,0%acac)(CO),] (1 mol%)
Ligand L46 (1.2 mol%)

BArF (1.56 mol%) cHo
NN . \/\/\/CHO + M
TMB* (10 mol%)
Hex-1-ene Triphenyl phosphate* (10 mol%) Linear (f) Branched (b)
S47a 10 bar H,/CO (1:1), 60 °C Heptanal 2-Methylhexanal
Toluene/THF (97:3 v/v), 0.26 M P47a P47b
*Internal standards 99% conv.

80:20 I/b ratio

Scheme 44. Continuous monitoring of the supramolecularly regulated hydroformylation of
hex-1-ene in the FlowNMR under 10 bar H2/CO (1:1) at 60 °C.

Figure 49a summarizes the conversion of the reaction, which was complete
after two hours under the hydroformylation reaction conditions previously
mentioned. From this reaction time, the concentration of the aldehydes
(heptanal and 2-methylhexanal) remained constant, with no side-reaction
taking place from the final products. The regioselectivity of the aldehydes
could be reproduced with respect to hydroformylation conditions in a batch
mode (/b = 80:20 or 83:17*! under flow or batch hydroformylation

1993) Bara-Estaun, A.; Lyall, C. L.; Lowe, J. P.; Pringle, P. G.; Kamer, P. C. J.; Franke, R.; Hintermair, U.
Faraday Discuss. 2021, 229, 422-442. b) Bara-Estaun, A.; Lyall, C. L.; Lowe, J. P.; Pringle, P. G.; Kamer, P.
C. J.; Franke, R.; Hintermair, U. Catal. Sci. Technol. 2022, 12, 5501-5516.

20 Bara-Estaun, A.; Lyall, C. L.; Lowe, J. P.; Pringle, P. G.; Kamer, P. C. J.; Franke, R.; Hintermair, U.
Catal. Sci. Technol. 2022, 12, 5501-5516.

21 The /b ratio was also determined by 'H NMR in the batch reactions when the supramolecularly
regulated hydroformylations with all the set of RAs were studied. The catalytic results under the batch
conditions, which are shown in the experimental section 2.5.8, were determined by GC analysis.
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conditions, respectively). Hex-2-ene and hex-3-ene were also observed in
equal concentration (ca. 23 mM) which correspond to 8.9% molar amounts
with respect to the initial amounts of alkene. Overall, the results of the

hydroformylation reactions under flow conditions agreed with those obtained
for batch reactions.
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Figure 49. FlowNMR charts of the supramolecular hydroformylation of hex-1-ene with
[Rh(x?0,0’-acac)(CO)2] (1 mol%), L46 (1.2 mol%) and CsBArF (1.56 mol%) under 10 bar of
H2/CO (1:1) at 60°C. a) Concentrations of hexenes and their corresponding aldehydes
detected in '"H NMR vs. reaction time. b) Concentrations of rhodium-phosphorus species in
3P NMR vs. reaction time. ¢) Concentration of Rh-hydride complexes from 'H and 3'P NMR
data vs. reaction time. d) Dihydrogen concentration from 'H NMR data vs. reaction time.
Lines in graphics a-d correspond to eye guidelines

The concentration of rhodium-hydrides could be determined both by
'H and 3'P NMR spectroscopy (see Figure 49c). It is interesting to note that
the concentration of the [Rh(CO),H(k?P,P-L46°CsBArF] complex vs. reaction
time calculated from '"H NMR data was in agreement with that obtained from
3P NMR experiments (ca. 2.15 mM at times higher than 60 min.). Another
interesting aspect to highlight is that the reaction set-up minimized changes in
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the pressure of H, (and hence CO, although this variable was not monitored)
as it can be observed in Figure 49d. Minimizing changes in the H, pressure
with respect to the target value (i.e., H, pressure = 5 bar) was achieved by
modifying the original setup by introducing a gas reservoir between the
pressure reactor and the gas tanks of H, & CO in the original design (Figure
48).

As the progress of the hydroformylation reaction was monitored by NMR,
P NMR spectra at different reaction times were recorded. A selection of
3P NMR spectra att =0, 15, 20 and 25 min are shown in Figure 50. P NMR
analysis revealed no major changes in the spectra from t = 30 min to the end
of the experiment (t = 160 min). The *'P NMR spectrum at t = 60 min has
been included in Figure 50 as a representative spectrum for this period of time.
As already discussed in the previous section (i.e., 2.3.4), the complex
[Rh(k?0,0™acac)(CO)(kP-L46)] arising from displacement of one CO group
from [Rh(k?0,0-acac)(CO),] by one P-ligating group of the ligand was
detected at the very beginning of the experiment (t = 0). It is interesting to note
that this is the most abundant rhodium complex at early stages of the reaction
(up to 15 min). Spectroscopic data (a singlet at 138.9 ppm and a centred
doublet at 129.0 ppm (‘Jpre = 295.9 Hz), Figure 50) were in agreement with
those previously described for this compound (see Figure 46a). This rhodium
complex is observed in the first 25 minutes of the reaction, after which it is no
longer detected in measurable amounts. The active rhodium complex in
hydroformylations [Rh(CO),H(k?P,P-L46*CsBArF] was first detected after 10
min. Spectroscopic data were in agreement with those already described for
this complex (see Figure 46d). It is interesting to note that important amounts
of this complex survive the hydroformylation process
([Rh(CO),H(>P,P-L46°CsBArF]ico min = 2.01 mM, 77% of the initial
concentration of the rhodium precursor; [Rh(x*>0,0-acac)(CO),] = 2.60 mM,
1.0% molar amount). This result paves the way to future experiments aiming
to recover and reuse the hydroformylation catalysts derived from L46. It is
interesting to note that a new phosphorus-complex leading to a doublet
centred at 123.4 ppm (‘Jprn=208.0 Hz) in 3P NMR was formed. The
concentration of this unknow compound remains constant after reaction times
of 40 min. We have no clear structure for this compound, and we hypothesize
that it could be a dead end in the hydroformylation catalytic cycle.
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*P NMR vs. reaction time in FlowNMR
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Figure 50. Selected *'P NMR spectra vs. reaction times performed in FlowNMR. Colour
figure: Blue: [Rh(CO).H(x?P,P-L46+CsBA1F]; Red: [Rh(x?0,0acac)(CO)(xP-L46)]; Black:
unknown rhodium-phosphorus species.



UNIVERSITAT ROVIRA | VIRGILI
COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS

Andrés Romer@\]mpf@r I

2.4. CONCLUSIONS

Rhodium catalysts derived from supramolecular bisphosphite ligand 146
were successfully used for linear selective hydroformylations of an array of
structurally diverse alkenes and provided excellent linear ratios for terminal
alkenes with aliphatic substituents (//b ratios up to 99:1). For most of the
alkenes studied, the use of a regulation agent (RA) maximised the
regioselectivities of the hydroformylations (//b ratios up to 98:2 for hex-1-ene
with NaBArF as the RA). The benefits of our regulation approach, which
consists of screening a set of regulation agents to obtain the highest yield
and/or selectivity for the substrate of interest, has been demonstrated in this
work: the optimal catalytic system to a particular substrate was easily tailored
by the choice of the regulation agent. In this work, relevant aldehydes for the
fragrance industry were prepared employing supramolecular catalysts derived
from ligand L46. Such aldehydes comprise, lauric aldehyde (P48a), mefranal®
(P56a), florhydral® (P58a), and bourgeonal® (P61a). For the case of alkenes
with a strong preference towards branched hydroformylation products, the
linear selectivity was moderate with an increase in the linear-selectivity due to
the effects of the regulation agent. The hydroformylation of internal alkynes
was also achieved with supramolecularly regulated catalysts derived from L46
with decreased amounts of the hydrogenation products and increased yield of
the a,B-unsaturated aldehyde being observed with the optimal catalyst.
Finally, the abovementioned supramolecularly regulated catalyst was tested
in the hydroformylation of a representative allene. The addition of KBArF as
regulation agent provided a remarkable maximisation in the yield of the
corresponding [3,y-unsaturated aldehyde (up to 60% increase), being the
formation of side-products suppressed.

The linear selective hydroformylation catalysed by supramolecular
complexes derived from L46 was successfully combined with
palladium(0)-based isomerisation catalysts in order to develop an
isomerisation-hydroformylation tandem reaction. With the use of only 0.5
mol% of [Pd(¢rBusP),] and Pdl., a considerable increase of the linear selectivity
(up to 86%) was observed for the mixtures of i) octenes, ii) heptenes, iii)
hexenes and iv) allylbenzenes.

NMR studies of the hydroformylation reaction mixtures revealed the
structure of the active complex [Rh(CO),H(k?P,P-L46°RA], with the RA
supramolecularly interacting with the polyether chain and the two phosphite-
ligating groups being coordinated at bis-equatorial positions of the trigonal
bipyramidal rhodium centre.

The monitoring of the progress of the hydroformylation reaction of
hex-1-ene employing the supramolecularly regulated catalyst derived from
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L46 and CsBArF by FlowNMR allowed for the determination of the structure
of relevant rhodium complexes in the hydroformylation of hex-1-ene. These
studies also revealed that Rh-active complexes are stable throughout the
hydroformylation process.

2.5. EXPERIMENTAL SECTION

2.5.1. General remarks

All syntheses were carried out using chemicals purchased from commercial
sources unless otherwise cited. Air- and moisture-sensitive manipulations and
hydroformylation reactions were performed under inert atmosphere, either in
a Ny-filled glove box or with standard Schlenk techniques. Hazards: Carbon
monoxide (CO) is a very toxic gas by inhalation and this reagent or metal
carbonyl complexes were always used in well-ventilated hoods. Glassware
was dried in vacuo before use with a hot air gun. All solvents were dried by
using a Solvent Purification system (SPS). Air and moisture sensitive
manipulations or reactions were run under inert atmosphere using anhydrous
solvents, either in a glove box or with standard Schlenk techniques. All
solvents were dried by using a Solvent Purification System (SPS). SiO, (230-
400 mesh) was used for column chromatography. NMR spectra were recorded
in CDCls, CD,Cl,, PhMe-d; or THF-d; unless otherwise cited, on a Bruker
Avance 400 MHz or 500 MHz Ultrashield spectrometers. 'H NMR and
BC{'H} NMR chemical shifts are quoted in ppm relative to residual solvent
peaks. 3'P{'"H} NMR chemical shifts are quoted in ppm relative to 85%
phosphoric acid in water. High-resolution mass spectrum (HRMS) was
recorded by using ESI as ionization method in positive mode, unless otherwise
stated. IR spectra were recorded using Attenuated Total Reflection (ATR)
spectroscopy unless otherwise stated. Melting points were measured in open
capillaries and are uncorrected. Selectivity of hydrogenation and
isomerisation of the octenes substrates were determined by GC with a FID
detector using achiral stationary phase, HP-5. The preparation and
characterization of BArF salts such as LiBArF, KBArF, RbBArF, CsBArF
and EtNH;BArF have been previously described the preparation in the
literature.”® In the case of NaBATrF is commercially available.
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2.5.2. Synthesis of supramolecular bisphosphite ligand 1.46

tBu tBu .
OH .
O PCl,, TEA o
/
Bu fBu cI—R
Toluene le}
HO 0°C — rt, 16 hours
tBu
tBu tBu

1 12

HO O~ 0O ~0y

TEA, Toluene
0°C — rt, 16 hours

Bisphosphite ligand
L46

Scheme 45. Synthetic route towards bisphosphite 1.46.

2.5.2.1.  Synthesis of 3,3',5,5'-tetra-tert-butylbiphenyl-2,2'-diyl

chlorophosphite (12)
Bu The preparation of 3,3',5,5'-tetra-tert-butylbiphenyl-2,2'-
Bu diyl chlorophosphite (12) was performed by slightly
CFP(O varying a reported procedure.’”” In a flame-dried Schlenk
o)

wsu| (2.01 g, 4.8 mmol, 1.01 equiv.) was weighted, and then
azeotropically dried with toluene (3 x 10 mL). 30 mL of
anhydrous toluene (SPS?®) were added to the flask.
Another flame-dried Schlenk flask was placed in the glove box, and 0.51 mL
of PCl; (5.82 mmol, 1.22 equiv.) were transferred to the flask. 30 mL of
anhydrous toluene were also added to the Schlenk flask. Finally, triethylamine
(1.75mL, 12.6 mmol, 2.64 equiv.) was syringed into the solution. The
"BIPOL" solution at room temperature was slowly (ca. 45-60 min) cannulated
to the PCl; solution (0°C). Then, the mixture was stirred for 16 h at room
temperature. After this, the reaction mixture was filtered with a cannula filter
to another flame-dried Schlenk flask. The filtrate was evaporated to dryness
by vacuum to give a yellow solid (1.97 g, quantitative yield). This
chlorophosphite (12) was used with no purification in the next synthesis step.
Spectroscopic data for this compound were in agreement with those already
reported in the literature.'® "H NMR (400 MHz, CDCls) § 7.47 (d, J= 2.4 Hz,

tBu

Q flask, 3,3',5,5'-tetra-tert-butyl-2,2'-dihydroxybiphenyl (11)
12

202 Buisman, G. J. H.; Kamer, P. C. J.; van Leeuwen, P. W. N. M. Tetrahedron: Asymmetry 1993, 4, 1625-
1634.
203 Abbreviation that refers to Solvent Purification System.
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4H), 7.18 (d, J = 2.4, 4H), 1.48 (s, 18H), 1.36 (s, 18H) ppm; *'P{'H} NMR
(162 MHz, CDCL;) & 171.5 ppm.

2.5.2.2. Synthesis of bisphosphite ligand L46

In a flame-dried Schlenk, a
solution of the corresponding
chlorophosphite 12 (1.97 g, 4.15
mmol, 2.2 equiv.) in 30 mL of
anhydrous toluene (SPS) was
prepared and then triethylamine
(635 uL, 4.52 mmol, 2.4 equiv.) was
added dropwise to the former
solution. In another flame-dried
Schlenk, a solution of tetraethylene
glycol (331 mL, 1.89 mmol, 1.0
equiv.), previously azeotropically dried with toluene (3 x 5 mL), in 30 mL
anhydrous toluene was prepared. Tetraethylene glycol was slowly added via
cannula to the chlorophosphite solution (ca. 30 min) at room temperature.
Then, the mixture was stirred for 16 hours. After this, the turbid reaction
mixture was filtered through celite® and the filtrate was evaporated to dryness
to give the crude as a white-yellow solid. The product was then purified by
filtration through a pad of basic alumina, using dichloromethane as the
solvent, to give the pure bisphosphite L46 a white solid (1.86 g, 92% isolated
yield). '"H NMR (500 MHz, CD.Cl,) 6§ 7.46 (d, J = 2.4 Hz, 4H), 7.19 (d, J =
2.4, 4H), 3.96 (m, 4H), 3.57 (s, 12H), 1.48 (s, 36H), 1.37 (s, 36H) ppm.;
BC{'H} {*P} NMR (126 MHz, CD,Cl,) & 147.1, 146.3, 140.4, 133.0, 126.8,
124.8, 71.1, 71.0, 70.9, 64.3, 35.7, 34.9, 31.7, 31.2 ppm.; 'P{'H} NMR (202
MHz, CD,CL,) § 139.1 ppm.; IR (neat): 2955, 2905, 2868, 1595, 1437, 1394,
1361, 1281, 1229, 1201, 1173, 1124, 1090, 1034, 941, 914, 869, 851, 803, 777,
764, 697, 616 cm'.; HRMS (ESI*) m/z calcd. for CesHosOoP," [M+H]*
1071.6602, found 1071.6597. Melting point: 92 °C.

Bisphosphite ligand

L46
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2.5.3. Synthesis of supramolecular bisphosphite ligand L47

HO
TsCl, TEA O
HO O g™~ OH OO
DCM, rt, 1 hour
OH

13 14

15

tBu
tBu

K2COs 0/\/0\/\0/\/OH o

+ CIFR
ACN, reflux, 60 hours ‘ O™ O o O

tBu

u

TEA

Toluene, rt, 16 hours

tBu tBu
Bisphosphite ligand L47

Scheme 46. Synthetic route towards bisphosphite ligand L47.

2.5.3.1.  Synthesis of 2-(2-(2-hydroxyethoxy)ethoxy)ethyl
4-methylbenzenesulfonate (14)

The monotosylated product 14 was prepared
750" >0 O | from a solution of triethylene glycol 13 (7.83 mL,
55.5 mmol, 1 equiv.) and triethylamine (4.0 mL,
28.5 mmol, 0.514 equiv.) were dissolved in
CH,Cl; (100 mL). Then, tosyl chloride (2.71 g,
13.9 mmol, 0.251 equiv.) was added in one portion. The resulting mixture was
stirred for two hours at room temperature. After washing with 100 mL of 1 M
KHSO, and 5% NaHCQOj; and drying over Na,SO,, the product was obtained
by purification by flash column chromatography over SiO, using AcOEt as
eluent. The pure monotosylated product 14 was obtained as a clear, colorless
oil (2.68 g, 16% isolated yield). Spectroscopic data for this compound were in
agreement with the reported ones.”””” '"H NMR (400 MHz, CDCls) § 7.78 (d,
J=79Hz, 2H), 7.33 (d, J= 7.9 Hz, 2H), 4.15 (t, /= 4.8 Hz, 2H), 3.68 (t, /=
4.7 Hz, 4H), 3.59 (s, 4H), 3.55 (t, J= 4.6 Hz, 2H), 2.43 (s, 3H), 2.35 (br s, 1H).

14
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2.5.3.2.  Synthesis of 2,2'-((((([1,1'-biphenyl]-2,2'-
diylbis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-
diyl))bis(oxy))bis(ethan-1-ol) (16)

[ ) [1,1'-Biphenyl]-2,2'-diol 15 (0.934 g, 4.96
O mmol, 1 equiv.) and the monotosylated
0O oM | iethyleneglycol 14 (3.02 g, 9.93 mmol, 2
OO0y | equiv.), a K,COs (2.98 g, 21.3 mmol). were
O introduced into an oven-dried 100 mL two-
16 necked flask. Then, a condenser was
L J connected to the flask and three vacuum-
nitrogen cycles were performed. Anhydrous
acetonitrile (46 mL) was syringed to the flask under nitrogen atmosphere. The
resulting reaction mixture was heated at reflux and stirred for 60h. Then, the
reaction mixture was cooled, allowed to reach room temperature, and
concentrated in vacuo. The resulting residue was finally purified by flash
column chromatography on SiO, using cyclohexane/acetone as eluent (50:50
to 30:70) to yield the desired product 16 as a colourless viscous oil (2.1 g, 94%
isolated yield). Spectroscopic data for this compound were in agreement with
the reported ones.”” '"H NMR (400 MHz, CDCls) § 7.32 — 7.28 (m, 2H), 7.28
—7.23 (m, 2H), 7.00 (td, /= 7.4, 1.2 Hz, 2H), 6.95 (dd, /= 8.2, 1.1 Hz, 2H),
4.09 (dd, J=5.8, 4.1 Hz, 4H), 3.75 — 3.65 (m, 8H), 3.58 — 3.46 (m, 12H), 2.87
(s, 2H).

2.5.3.3. Synthesis of bisphosphite ligand 1.47

s a

In a flame dried Schlenk, a
solution of the corresponding

0 Q chlorophosphite 12 (2.61 g, 5.49
O/—/ \—\o mmol, 2.17 equiv.) in 35 mL of
3 anhydrous toluene (SPS) was

prepared. Triethylamine (1.07 mL,
7.59 mmol, 3 equiv.) was then
added dropwise. In another flame
dried Schlenk, a solution of diol 6
(1.14 g, 2.53 mmol, 1.0 equiv.),
previously azeotropically dried with
toluene (3 x 5 mL), in 35 mL
BisphosEzi_lte ligand anhydrous toluene (SPS) was
- ~  prepared. The diol 16 was slowly
added via cannula to the chlorophosphite solution (ca. 30 min) at room
temperature. Then, the mixture was stirred for 18 hours. After this, the turbid
reaction mixture was filtered through celite® and the filtrate was evaporated to
dryness to give the crude as a white-yellow solid. The product was then
purified by filtration through a pad of basic alumina, using dichloromethane
as the solvent, to give the pure bisphosphite L47 a white solid (2.98 g, 89%
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isolated yield). 'H NMR (500 MHz, CD,Cl,) 6 7.49 (d, J = 2.4 Hz, 4H), 7.26
(m, 4H), 7.21 (d, J= 2.4 Hz, 4H), 6.98 (m, 4H), 4.08 (t, /= 4.9 Hz, 4H), 3.95
(m, 4H), 3.67 (t, /= 4.9 Hz, 4H), 3.53 (t, J = 5.0 Hz, 4H), 3.49 (s, 8H), 1.51
(s, 36H), 1.39 (s, 36H) ppm.; “C{'H} {*P} NMR (126 MHz, CD,Cl,) § 156.3,
146.7, 145.9, 140.0, 132.6, 131.5, 126.4, 124.3, 120.4, 112.3, 70.7, 70.6, 70.5,
69.6, 68.3, 35.3, 34.5, 31.3, 30.8, ppm; *P{'H} NMR (202 MHz, CD,Cl,) §
139.0 ppm.; IR (neat): 2955, 2905, 2868, 1594, 1504, 1437, 1394, 1361, 1281,
1261, 1228, 1124, 1090, 1034, 928, 868, 850, 777, 750, 696, 614 cm™'; HRMS
(EST*) m/z caled. for CsoH112NaO1,P,* [M+Na]* 1349.7521, found 1349.7527.
Melting point: 81 °C.

2.5.4. Synthesis of substrates for rhodium hydroformylation reaction
2.5.4.1. Synthesis of the substrate (3-methylbut-3-en-1-yl)benzene (S56)
0 1) CH3P(CgHs)sBr
2) n-Butyllithium, -78 °C
w room temperature, 10 hours ©/\)L

THF
Benzylacetone (3-methylbut-3-en-1-yl)benzene

(17) (S56)

QP@Me B N
n-Butyllithium |

i Methyltriphenylphosphonium bromide
: CH;P(CgHs);Br

Scheme 47. Synthetic route towards substrate S12.

Methyltriphenylphosphonium bromide (2.92 g, 8 mmol)
in anhydrous THF (10 mL) was cooled down to -78 °C and
©/\)\ n-butyllitihium (1.6M in hexanes, 5 mL, 8 mmol) was added
dropwise. The achieved reddish solution was stirred at room
temperature for 1 hour. Benzylacetone (17) (0.758 mL, 5
mmol) in anhydrous THF (10 mL) was added to this
solution dropwise. The achieved yellow suspension was stirred at room
temperature for 10 hours and quenched with water. The aqueous layer was
extracted with petroleum ether. The combined organic layers were washed
with brine, dried over Na,SO4, and concentrated. The crude was purified by
flash column chromatography over SiO; using Cy/AcOEt (95:5) as eluent to
give the desired product $56 (600 mg, 82% isolated yield). Spectroscopic data
for this compound were in agreement with the reported ones.'%* 'H NMR (400
MHz, CDCl3) 6 7.33 - 7.26 (m, 2H), 7.23 — 7.16 (m, 3H), 4.78 — 4.68 (m, 2H),
2.81-2.72 (m, 2H), 2.37 - 2.28 (m, 2H), 1.78 (s, 3H).

S56
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2.5.4.2.  Synthesis of the substrate 1-((2-methylallyl)oxy)octane (S57)

1) NaH, 0 °C, 10 minutes

)\/ 2) n-octyl bromide, 30 minutes
P N N N ST \)\
= OH + g o X
18

THF, reflux, overnight
19 1-((2-methylallyl)oxy)octane
(857)

Scheme 48. Synthetic route towards substrate S57.

Sodium hydride (0.676 mg, 16.9 mmol) was
\/\/\/\/0\)\ added to a solution of 2-methylprop-2-en-1-ol (18)
8§57 (1.45 mL, 16.9 mmol) in dry THF under an

atmosphere of nitrogen at 0 °C. The mixture was
stirred at 0 °C for 10 minutes before adding #-octyl bromide dropwise (19) (2.0
mL, 11.3 mmol). The reaction was stirred at room temperature for 30 minutes
and was refluxed overnight (68 °C). The reaction was quenched by the
addition of saturated ammonium chloride solution (15 mL). The mixture was
then extracted with diethyl ether (3 x 25 mL) and the organic phase was
washed with water (25 mL), brine (25 mL) and dried over Na,SO4 and
concentrated in vacuo. The crude was purified by flash column
chromatography over SiO, using pentane/Et,O (99.5:0.5) as eluent to give the
desired product S57 as a colourless oil (803 mg, 37% isolated yield).
Spectroscopic data for this compound were in agreement with the reported
ones.” "H NMR (400 MHz, CDCl3) § 4.95 (m, 1H), 4.87 (m, 1H), 3.89 — 3.84
(m, 2H), 3.38 (t, J = 6.7 Hz, 2H), 1.73 (dd, J = 1.5, 0.9 Hz, 3H), 1.64 — 1.52
(m, 2H), 1.39 - 1.20 (m, 10H), 0.94 — 0.83 (m, 3H).

204 3) Smith, C. M.; Boden, R. M. Preparation of aldehydes for fragrances. US20080319088, 2008. b)
Crivello, J. V.; Kong, S. J. Org. Chem. 1998, 63, 6745-6748.
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2.5.4.3. Synthesis of the substrate
1-isopropyl-3-(prop-1-en-2-yl)benzene (S58)

[Pd(OAC),] (3 mol%)

DPPF (3.6 mol%)
. )\W K,CO3 (3 equiv.)
Br BFs  THF/H,0 (10:1 viv) 7

82°C,24h
20 21 1-isopropyl-3-(prop-1-en-2-yl)benzene
(S58)
Fh
P
= "py
Ee
Ph
}/3 (-
Ph
DPPF

11,1"-Ferrocenediyl-bis(diphenylphosphine)

Scheme 49. Synthetic route towards substrate S58.

A 10 mL flame-dried three-neck-round bottom flask was
charged with [Pd(OAc),] (3.4 mg, 0.015 mmol, 3 mol%),
~ 1,1"-bis(di-tert-butylphosphino)ferrocene (DPPF) (10.3 mg,
s58 0.018 mmol, 3.6 mol%), potassium trifluoro(prop-1-en-2-
yDborate (21) (189 mg, 1.25 mmol), and K>CO; (209 mg,
1.5 mmol). A dried dimroth condenser was joined to the flask and 3 cycles of
vacuum-nitrogen were performed to the system. THF (5 mL), H,O (0.5 mL),
and 3-bromocumene (20) (79 pL, 0.5 mmol) were added. The mixture was
refluxed at 82 °C for 24 hours. After, the reaction mixture was allowed to reach
room temperature, quenched by adding 1N HCI (10 ml) and extracted with
DCM (3 x 10 mL). The combined organic phases were washed with H,O
(10 mL), brine (10 mL) and dried over NaSO.. The solvent was evaporated
under reduced pressure and the crude was purified by flash column
chromatography over SiO; using hexane as eluent to give the desired product
S58 (52 mg, 65% isolated yield). Spectroscopic data for this compound were
in agreement with the reported ones.?” '"H NMR (400 MHz, CDCl;) § 7.34
(m, 1H), 7.33 = 7.23 (m, 2H), 7.16 (m, 1H), 5.37 (bs, 1H), 5.08 (bs, 1H), 3.09
—2.72 (m, 1H), 2.22 - 2.13 (m, 3H), 1.29 (d, /= 0.8 Hz, 3H), 1.27 (d, /= 0.8
Hz, 3H).

205 Paganelli, S.; Ciappa, A.; Marchetti, M.; Scrivanti, A.; Matteoli, U. J. Mol. Catal. A: Chem. 2006, 247,
138-144.
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2.5.4.4. Synthesis of the substrate hex-1-yn-1-ylbenzene (S64)

1) n-Butyllithium, -40 °C, 30 min

_ 2) Hexamethylphosphoramide (HMPA) _
7~ 3) Room temperature 20 min 7
4) 1-lodobutane, 66 °C (reflux), 8 hours

Phenylacetylene Deoxygenated THF Hex-1-yn-1-ylbenzene

(S62) ; ! (S64)
' n-Buthyllithium >,'FL< !

i 1-lodobutane

Scheme 50. Synthetic route towards substrate S65.

Phenylacetylene (S63) (2.2 mL, 19.6 mmol) in THF
= (30 mL) was deoxygenated by passing a stream of
nitrogen for 30 minutes, then cooled down to -40 °C,
followed by dropwise addition of n-butyllithium (1.6 M
in hexanes, 15 mL, 24.1 mmol) at -40 °C. After stirring
for 30 min, HMPA (1.03 mL, 5.73 mmol) was added.
The reaction mixture was allowed to warm to room temperature for 20
minutes. To this mixture, 1-iodobutane (3.43 mL, 29.7 mmol) was added. The
reaction mixture was heated to reflux (66°C) for 8 hours. The solvent was
evaporated under vacuum and the crude was purified by column
chromatography over SiO, using cyclohexane as eluent to obtain the desired
product S64 as colourless oil (2.89 g, 93% isolated yield). Spectroscopic data
for this compound were in agreement with the reported ones.'” "H NMR (400
MHz, CDCl3) § 7.42 (d, J=4.6 Hz, 2H), 7.30 (d, /= 5.3 Hz, 3H), 2.44 (t, J =
7.0 Hz, 3H), 1.62 (m, 2H), 1.50 (m, 2H), 0.98 (t, /= 7.2 Hz, 3H).

S64

2.5.4.5. Synthesis of the substrate 7-vinylidenetridecane (S66)
- i - 0 0,
\/\/\/ n-BuLi, THF, -78 °Cto 0°C, 1 h W\/\OH
(CH50),, -78 °C to 0°C, 16 h
22 23
TsCl, Et,0, rt W\/\OTS CuBr, THF, rt
KOH, 0 °C to rt, 30 min n-HexylMgBr, 0°C tort, 2 h

24 S66

Scheme 51. Synthetic route towards substrate S66.

2.5.4.5.1. Synthesis of non-2-yn-1-ol (23)

A mixture of oct-1-yne (22) (4.5 mL, 30.50 mmol)

\/\/\/ OH | and THF (24.4 mL) was stirred and cooled to —78 °C.
To the stirred solution, #-BuLi (1.6 M in hexane, 23.3

mL, 37.20 mmol) was added dropwise. The reaction

23
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mixture was allowed to warm up to 0 °C and was stirred for 1 h. The reaction
mixture was cooled down again to —78 °C and added via cannula over
paraformaldehyde (1.1 g, 36.60 mmol). The reaction mixture was allowed to
reach room temperature and stirred for 16 hours, quenched by adding a
saturated aqueous solution of NH4Cl (18.3 mL) and extracted with Et,O (3 x
16 mL). The combined organic phases were washed with brine (16 mL), dried
over MgSQO, and the solvent was evaporated under reduced pressure. After
purification by column chromatography over SiO; using DCM as eluent, non-
2-yl-1-0l (23) was obtained as a colorless oil (4.2 g, 98% yield). Spectroscopic
data for this compound were in agreement with the reported ones.?* "TH NMR
(500 MHz, CDCls) & 4.24 (bs, 2H), 2.19 (tt, J = 10.7, 2.2 Hz, 2H), 1.73 (bs,
1H), 1.52-1.46 (m, 2H), 1.40-1.23 (m, 6H), 0.88 (t, / = 7.0 Hz, 3H)
ppm.BC{'H} NMR (126 MHz, CDCl;) & 86.8, 78.4, 51.5, 31.5, 28.70, 28.67,
22.7,18.9, 14.2 ppm.

2.5.4.5.2. Synthesis of 1-(4-methylbenzenesulfonate)-2-nonyn-1-ol (24)

To a stirred solution of non-2-yl-1-0l (23) (4.4 g,
\/\/\/ OTs | 31.40 mmol) in Et;O (50.2 mL) p-toluenesulfonyl
24 chloride (6.6 g, 34.50 mmol) was added and the
reaction mixture was cooled down to 0 °C. Then,
freshly grounded KOH (8.8 g, 158.00 mmol) was
added in small portions over ten minutes. The resulting mixture was allowed
to reach room temperature and stirred for 30 minutes, quenched by pouring
the crude mixture into iced H,O (8 mL). The aqueous phase was extracted
with Et,O (3 x 20 mL) and the combined organic phases were washed with
brine (30 mL), dried over MgSO, and solvent was evaporated under reduced
pressure. After purification by column chromatography over SiO, using
Cy/AcOEt 97:3, 1-(4-methylbenzenesulfonate)-2-nonyn-1-ol (24) was
obtained as a yellowish oil (6.1 g, 66% yield). Spectroscopic data for this
compound were in agreement with the reported ones.!”® '"H NMR (400 MHz
CDCl3) 6 7.81 (d, J = 8.3 Hz, 2H), 7.33 (d, /= 8.0 Hz, 2H), 4.70 (t, /= 2.2
Hz, 2H), 2.44 (s, 3H), 2.05 (tt, J= 7.1, 2.2 Hz, 2H), 1.39-1.21 (m, 8H), 0.88
(t, J= 7.0 Hz, 3H) ppm.”C{'H} NMR (101 MHz, CDCl;) § 144.9, 133.6,
129.8, 128.3, 90.8, 71.9, 58.9, 31.4, 28.6, 28.2, 22.6, 21.8, 18.8, 14.2 ppm.

2.5.4.5.3. Synthesis of 7-vinylidenetridecane (S66)

A mixture of CuBr (129 mg, 0.90 mmol), 1-(4-
/Z/\ij/ methylbenzenesulfonate)-2-nonyn-1-ol (24) (2.6 g, 9.00
mol) in THF (18 mL) was cooled down to 0 °C. n-

$66 Hexylmagnesium bromide (11.3 mL, 1 M in THF,
11.30 mmol) was added dropwise. The reaction mixture

was allowed to reach room temperature and stirred for 2 h, quenched by
adding a sat. solution of NH4ClI (9.5 mL) and the aqueous layer was extracted

26 Yamamoto, H.; Nishiyama, M.; Imagawa, H.; Nishizawa, M. Tetrahedron Lett. 2006, 47, 8369-8373.
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with Et,O (3 x 6 mL). The combined organic phases were washed with brine
(30 mL), dried over MgSO4 and the solvent was evaporated under reduced
pressure. After purification by column chromatography over SiO, using
pentane, 7-vinylidenetridecane (S66) was obtained as a colourless oil (1.1 g,
56% yield). Spectroscopic data for this compound were in agreement with the
reported ones.'’ 'TH NMR (400 MHz, CDCls) 6 4.62 (q, J= 3.2 Hz, 2H), 1.94—
1.89 (m, 4H), 1.43-1.38 (m, 4H), 1.31-1.26 (m, 12H), 0.90-0.87 (m, 6H)
ppm.”C{'H} NMR (101 MHz, CDCl;) § 205.9, 103.5, 75.3, 32.3, 31.9, 29.2,
27.7,22.8, 14.2 ppm.

2.5.5. General procedure for the rhodium  mediated
hydroformylations

In a vial with a magnetic bar, stock solutions of bisphosphite ligands 1.46,
or L47 (1.20 mol%), BArF salt (1.56 mol%), and [Rh(x?’0,0%acac)(CO),] (1.0
mol%) were added. The corresponding substrate (1 mmol), dodecane (30
mol%, internal standard) and toluene/THF (97:3 v/v) were charged to
provide the desired final concentration of 0.26 M.

Once the reaction mixture had been loaded, the vial vessel was then placed
into one of the holes of a steel autoclave reactor (HEL Cat-24 parallel pressure
multireactor) and taken out of the glove box. The autoclave was purged three
times with H,/CO (1:1) (pressure not higher than 10 bar) and finally, the
autoclave was pressurized with H>/CO (1:1) to the desired pressure (10 bar).
The reaction mixture was stirred at 35, 40, 60 or 100 °C for 18 hours. The
reaction was cooled, and the pressure was carefully released in a well-
ventilated hood. Conversion, chemo- , regio-selectivity and yield of the
products arising from hydroformylation reaction conditions were determined
by GC analysis on an achiral stationary phase (HP-5) using dodecane as the
internal standard. '"H NMR using 1,3,5-trimethoxybenzene or dimethyl
sulfone as internal standards was also used to determine the conversion,
chemo-, regio-selectivity and yield.
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2.5.6. Results of catalysis of the hydroformylation of oct-1-ene

(S31a)

Table 25. Supramolecularly regulated hydroformylation of oct-1-ene (S31a)

Aldehyde products

~

( CHO

NN NN NN

P31a P31b
[Rh(x?0,0%acac)(CO),] (1 mol%) C,-Aldehyde C,-Aldehyde
Ligand (1.2 mol%)
o~ RA (1.56 mol%) NS, ¢HO
\ 100 , CHO o~
ar H,/CO (1:1)
Oct-1-ene 60 °C, 18 hours P31c P31d
(S31a) Toluene/THF (97:3 viv), 0.26 M Cy-Aldehyde C-Aldehyde
Isomerization products Hydrogenation product
Select. (%)*
Elltl'y RA Ligand C(;nv. C]/ C.g/C(';;/C.; C,/.CZ/C;;/ C4

) Isom. Hydrog. ratio (%) yield (%)

1 None L46 98 3 2 62:38:0:0 58:35:0:0
2 LiBArF L46 99 2 1 61:39:0:0 59:37:0:0

3 NaBArF L46 98 7 8 94:6:0:0 78:5:0:0

4 KBArF L46 98 8 14 97:3:0:0 74:2:0:0

5 RbBArF L46 98 6 10 94:6:0:0 77:5:0:0
6 CsBArF L46 99 4 5 86:14:0:0 77:13:0:0
7 None L47 99 2 0.3 60:38:2:0 58:37:2:0
8 LiBArF L47 99 2 0.3 61:34:4:1 59:33:4:1
9 NaBArF L47 99 2 0.3 61:34:4:1 59:33:4:1
10 KBArF L47 99 2 0.5 66:30:3:1 64:29:3:1
11 RbBArF L47 99 2 1 73:24:3:0 70:23:3:0
12 CsBArF L47 99 2 1 75:22:3:0 72:21:3:0

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate
= 800 rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an
internal standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the
GC chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
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Selected GC chromatogram and 'H NMR spectrum for octenes S31a,
(E)-S31b, (Z)-S31b, (E)-S31c, (E)-S31d, (2)-S31d, and octenes mixture

Representative example of a GC chromatogram of the mixtures derived
from oct-1-ene or its isomers under rhodium-catalysed hydroformylation
reaction conditions.
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Figure 51. GC chromatogram of the mixtures derived from octenes after hydroformylation.

GC analysis conditions for hydroformylation reaction of oct-1-ene, (£)-oct-
2-ene, (E)-oct-2-ene, (E)-oct-3-ene, (E)-oct-4-ene, (Z)-oct-4-ene and their
equimolar mixture: Conversion, chemo- and regio-selectivity in the mixtures
arising from hydroformylation reaction conditions were determined by GC-
FID analysis with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 um
x 0.25 pm). Flow rate: 2.3 mL/min. Temperature program: 35 °C for 5 min,
then up to 150 °C at 20 °C/min and 10 min at 150 °C, then up to 320 °C at 20
°C/min and 5 min at 320 °C. Retention times: 5.46 min for oct-1-ene, 5.56
min for (E)-oct-4-ene, 5.66 min for octane, 5.78 min for (E)-oct-3-ene, 5.87
min for (Z)-oct-4-ene, 5.97 min for (£)-oct-2-ene, 6.31 min for (Z)-oct-2-ene,
9.66 min for 2-propylhexanal (P31d), 9.76 min for 2-ethylheptanal (P31c),
9.87 min for 2-methyloctanal (P31b), 10.33 min for nonanal (P45a), 10.55 min
for (2-propyl-hexan-1-ol), 10.93 min for (2-ethyl-heptan-1-ol), 10.07 min for
(2-methyl-octan-1-o0l), 11.25 min for the IS (dodecane), 11.50 min for 3a
(nonan-1-ol).
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Representative example of an '"H NMR spectrum of the mixtures derived
from oct-1-ene or its isomers under rhodium-catalysed hydroformylation
reaction conditions.

6.10

0N~ HrOoN
coo Ll el e B |
s e 101010 1 1
NN
cHO S
" " CHO
CHO //’
S ACHO e i
L t
\ / yd
\ / o
\ /
\ / 7
\ | -
\ e
) | i
o Il B | o - .
QIE 9?? 96 915 ppm 1S: 1,3,5-Trimethoxybenzene
! Y U L\J/J'
r T T T T T T T T T T T T 1
1" 10 9 8 7 6 5 4 3 2 1 L] ppm

Figure 52. 'H NMR of the mixtures derived from octenes after hydroformylation.
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2.5.7. Results of catalysis of the hydroformylation of hept-1-ene
(S46a)

Table 26. Supramolecularly regulated hydroformylation of hept-1-ene
(S46a).

Aldehyde products

CHO
o~ CHO e A~

P46a P46b
[Rh(KZO,O’-acac)(CO)z] (1 mol%) C,-Aldehyde C,-Aldehyde
Ligand (1.2 mol%)
CHO

P RA (1.56 mol%) /\/Y\ + /\)\/\

10 bar Hy/CO (1:1) CcHo

Hept-1-ene

(S46a) 60 °C, 18 hours P46c P46d
Toluene/THF (97:3 v/v), 0.26 M C;-Aldehyde C,-Aldehyde
Isomerization products Hydrogenation product

| [ ]

Conv. Select. (%)* C/C/C/C; Ci/Ci/ C5/Cy

Entry RA Ligand

(%) Isom. Hydrog. ratio (%) yield (%)
1 None L46 99 0 0.3 62:33:4:1 61:33:4:1
2 LiBArF L46 99 0 0.3 57:35:6:2 56:35:6:2
3 NaBArF  L46 99 3 2 93:6:1:0 87:6:1:0
4 KBArF L46 99 5 4 92:6:2:0 82:5:2:0
5 RbBArF 146 99 1 2 81:13:5:1 78:12:5:1
6 CsBArF  L46 99 0 1 71:20:7:2 70:20:7:2

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
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Selected GC chromatogram and "H NMR spectrum for hept-1-ene (S46a)
and heptenes mixture

Representative example of a GC chromatogram of the mixtures derived
from hept-1-ene under rhodium-catalysed hydroformylation reaction

conditions.
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Figure 53.GC chromatogram of the mixtures derived from hept-1-ene after
hydroformylation.

GC analysis conditions for hydroformylation reaction of hept-1-ene and

the mixture of hept-1-ene, (Z)-hept-2-ene, (E)-hept-2-ene, (E)-hept-3-ene:
Conversion, chemo- and regio-selectivity in the mixtures arising from
hydroformylation reaction conditions were determined by GC-FID analysis
with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 ym x 0.25 pm).
Flow rate: 2.6 mL/min. Temperature program: 40 °C for 5 min, then up to
150 °C at 20 °C/min and 10 min at 150 °C, then up to 275 °C at 20 °C/min
and 5 min at 275 °C. Retention times: 2.74 min for hept-1-ene, 2.06 min for
(E)-hept-3-ene, 2.89 min for heptane, 2.95 min for (£)-hept-2-ene, 3.07 min for
(2)-hept-2-ene, 7.88 min for 2-propylpentanal (P46d), 7.98 min for 2-
ethylhexanal (P46c), 8.09 min for 2-methylheptanal (P46b), 8.60 min for
octanal (P46a), 10.39 min for the IS (dodecane).
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Representative example of an 'H NMR spectrum of the mixtures derived
from hept-l1-ene under rhodium-catalysed hydroformylation reaction
conditions.
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Figure 54. "H NMR of the mixtures derived from hept-1-ene after hydroformylation.
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2.5.8. Results of catalysis of the hydroformylation of hex-1-ene
(S47a)

Table 27. Supramolecularly regulated hydroformylation of hex-1-ene (S57a).

Aldehydes products

CHO
SN CHO NN
P47a P47b
[Rh(x20,0"acac)(CO),] (1 mol%) C,-Aldehyde C,-Aldehyde
Ligand (1.2 mol%)
S RA (1.56 mol%) CHO
Hex-1-ene 1%gaE;Hilscr? (1:1) Pa7c
°C, ours
(S472) Toluene/THF (97:3 v/v), 0.26 M Cs-Aldehyde
Isomerization products Hydrogenation product
Select. (%)*
Entry RA Ligand C(())nv. CI/.CZ/OCJ C.I/CZ/OCS
%) Isom. Hydrog. ratio (%) yield (%)
1 None L46 99 1 1 61:37:2 59:36:2
2 LiBArF L46 99 1 1 61:36:3 59:35:3
3 NaBArF L46 929 6 1 98:2:0 90:2:0
4 KBArF L46 99 14 2 98:2:0 81:2:0
5 RbBArF L46 99 11 2 93:6:1 80:5:1
6 CsBArF L46 929 4 1 85:12:3 80:11:3

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
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Selected GC chromatogram and 'H NMR spectrum for hex-1-ene (S47a)
and hexenes mixture.

Representative example of a GC chromatogram of the mixtures derived
from hex-l-ene under rhodium-catalysed hydroformylation reaction

conditions.
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Figure 55. GC chromatogram of the mixtures derived from hex-1-ene after hydroformylation.

GC analysis conditions for hydroformylation reaction of hex-1-ene and the
mixtures of hex-1-ene, (£)-hex-2-ene, (E)-hex-2-ene, (E)-hex-3-ene, (£)-hex-3-
ene: Conversion, chemo- and regio-selectivity in the mixtures arising from
hydroformylation reaction conditions were determined by GC-FID analysis
with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 ym x 0.25 pm).
Flow rate: 2.6 mL/min. Temperature program: 40 °C for 5 min, then up to
150 °C at 20 °C/min and 10 min at 150 °C, then up to 275 °C at 20 °C/min
and 5 min at 275 °C. Retention times: 1.95 min for hex-1-ene, 1.99 min for
hexane, 2.03 min for (E£)-hex-2-ene, (Z)-hex-3-ene, (E)-hex-3-ene, 2.09 min for
(2)-hex-2-ene), 6.38 min for 2-ethylpentanal (P47c), 6.52 min for 2-
methylhexanal (P47b), 7.24 min for heptanal (P47a), 10.39 min for the IS

(dodecane).
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Representative example of an 'H NMR spectrum of the mixtures derived
from hex-l-ene under rhodium-catalysed hydroformylation reaction
conditions.
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Figure 56. 'H NMR of the mixtures derived from hex-1-ene after hydroformylation.
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2.5.9. Results of catalysis of the hydroformylation of undec-1-ene

(548)
Table 28. Supramolecularly regulated hydroformylation of undec-1-ene
(548).
Aldehyde products
CHO
CaHy” S SN CHO CSHM/\/\)\
[Rh(x20,0%acac)(CO),] (1 mol%) P48a P48b
Ligand (1.2 mol%) Cy-Aldehyde Cz-Aldehyde
CeHir > X RA (1.56 mol%) C5H11/\/Y\
10 bar Ho/CO (1:1) CHO
Undec-1-ene 60 °C, 18 hours P48c
(S48) Toluene/THF (97:3 viv), 0.26 M Cs-Aldehyde
Isomerization products Hydrogenation product
C5H11W] + C5H11/\/\/\
Select. (%)*
Entry RA  Ligand Con"° €1/ G/ G Ci/ o/ G5
(%) Isom. Hydrog. ratio (%) yield (%)
1 None L46 95 5 2 62:35:3 55:31:3
2 LiBArF L46 95 5 1 61:35:4 54:31:4
3 NaBArF L46 95 8 6 95:5:0 78:4:0
4 KBArF L46 96 15 10 96:3:1 69:2:1
5 RbBArF L46 94 9 6 90:8:2 72:6:2
6 CsBArF L46 96 5 1 83:14:3 75:13:3

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by 'H NMR using
1,3,5-trimethoxybenzene as internal standard. Selectivity, ratio, and yield were determined by the area%
values of the peaks in the GC chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation
(Hydrog.) processes.
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Selected GC chromatogram and "H NMR spectrum for undec-1-ene (S48)

Representative example of a GC chromatogram of the mixtures derived
from undec-1-ene under rhodium-catalysed hydroformylation reaction

conditions.
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Figure 57. GC chromatogram of the mixtures derived from undec-1-ene after
hydroformylation.

GC analysis conditions for hydroformylation reaction of undec-1-ene:
Chemo- and regio-selectivity in the mixtures arising from hydroformylation
reaction conditions were determined by GC-FID analysis with a HP-5 column
(5% phenyl methyl siloxane; 30 m x 320 um x 0.25 um). Flow rate: 2.3
mL/min. Temperature program: 40 °C for 5 min, then up to 150 °C at 20
°C/min and 10 min at 150 °C, then up to 320 °C at 20 °C/min and 5 min at
320 °C. Retention times: 9.45 min for undec-1-ene, 9.51 min for undecane
9.48, 9,57 and 9.65 min for undecane isomers, 11.74 min for 2-ethyldecanal
(P48c), 11.83 min for 2-methylundecanal (P48b), 12.31 min for dodecanal
(P48a).
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Representative example of an 'H NMR spectrum of the mixtures derived
from undec-l-ene under rhodium-catalysed hydroformylation reaction

conditions.
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Figure 58. 'H NMR of the mixtures derived from undec-1-ene after hydroformylation.
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2.5.10. Results of catalysis of the hydroformylation of
allyloxytrimethylsilane (S49)

Table 29. Supramolecular regulated hydroformylation of
allyloxytrimethylsilane (S49).

[Rh(KZO,O'-acac)(CO)Z] (1 moI%) Aldehydes products
Ligand (1.2 mol%) CHO
TMSO._~ RA (1.56 mol%) TMSO._~_CHO + TMSO

1%5%&%’:&&? Linear () Branched (b)

A"y'°xyt;is":;;hy'5i'a"e Toluene/THF (97:3 viv), 0.26 M P49a P48b
Conv.  Select. (%) 1/b 1/b
Ent RA Ligand . .
2 g )  Isom. Hydrog.  Tatio (%) yield (%)

1 None L46 929 - - 41:59 37:54
2 LiBArF L46 99 - - 37:63 26:44
3 NaBArF L46 929 - - 54:46 40:34
4 KBArF L46 929 - - 87:13 67:10
5 RbBArF L46 929 - - 69:31 40:18
6 CsBArF L46 99 - - 58:42 44:32
7 EtNH;BArF 146 99 - - 41:59 32:47
8 None 147 99 - - 47:53 41:36
9 LiBArF L47 99 - - 30:70 18:41
10 NaBArF L47 99 - - 48:52 39:42
11 KBArF L47 99 - - 45:55 33:39
12 RbBArF L47 99 - - 44:56 36:47
13 CsBArF L47 99 - - 43:57 37:50
14 EtNH3:BArF 147 99 - - 42:58 34:46

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion, ratio, selectivity, and yield were determined by '"H NMR
using 1,3,5-trimethoxybenzene as internal standard. [a] Selectivity of the isomerisation (Isom.) and
hydrogenation (Hydrog.) processes.




UNIVERSITAT ROVIRA | VIRGILI
COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS

Andrés Romero Navarro

Supramolecularly Regulated Hydroformylations

Selected '"H NMR spectrum for allyloxytrimethylsilane (S49)
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Figure 59. '"H NMR of the mixtures derived from allyloxytrimethylsilane after
hydroformylation.
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2.5.11. Results of catalysis of the hydroformylation of
2-ethyl-2-vinyl-1,3-dioxolane (S50)

Table 30. Supramolecularly regulated hydroformylation of 2-ethyl-2-vinyl-
1,3-dioxolane (S50).

Aldehyde products
[Rh(x?0,0%acac)(CO),] (1 mol%)
Ligand (1.2 mol%) O/—\O . O/—\O
O/_\O RA (1.56 mol%) \)Q/\CHO \)S/
~KF 10 bar Hy/CO (1:1) CHO
. 60 °C, 18 hours Linear (/) Branched (b)
2-Ethyl-2-vinyl- .
1,3-dioxolane Toluene/THF (97.3 V/V), 0.26 M P50a P50b
(S50)
Cony. __ Select. (%) 1/b 1/b
En RA Ligand . .

fry & %) Isom. Hydrog, ™tio (%) NMR yield (%)
1 None L46 19 - - 76:24 7:2
2 LiBArF L46 99 - - 76:24 61:19
3 NaBArF L46 67 - - 94:6 44:3
4 KBArF L46 84 - - 96:4 57:3
5 RbBArF L46 95 - - 92:8 82:7
6 CsBArF L46 99 - - 87:13 68:10
7 EtNH;BArF L46 10 - - 84:16 2:0
8 None L47 24 - - 74:26 6:2
9 LiBArF L47 99 - - 86:14 62:10
10 NaBArF L47 99 - - 84:16 60:11
11 KBArF L47 99 - - 83:17 56:11
12 RbBArF L47 929 - - 82:18 59:13
13 CsBArF L47 929 - - 82:18 59:13
14 EtNH;BArF L47 99 - - 87:13 55:7

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion, ratio, selectivity, and yield were determined by 'H NMR
using 1,3,5-trimethoxybenzene as internal standard. [a] Selectivity of the isomerisation (Isom.) and
hydrogenation (Hydrog.) processes.
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Selected "H NMR spectrum for 2-ethyl-2-vinyl-1,3-dioxolane (S50)

Representative example of an '"H NMR spectrum of the mixtures derived
from 2-ethyl-2-vinyl-1,3-dioxolane under rhodium-catalysed

hydroformylation reaction conditions.
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Figure 60. '"H NMR of the mixtures derived from ethyl-2-vinyl-1,3-dioxolane after
hydroformylation.
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2.5.12. Results of catalysis of the hydroformylation of allylbenzene
(S51)

Table 31. Supramolecularly regulated hydroformylation of allylbenzene (S51)

Aldehyde products
[Rh(x20,0%acac)(CO),] (1 mol%) ©/\/\ ©/Y
Ligand (1.2 mol%) Linear (/) Branched (b)

©/\/ RA (1.56 mol%) P51a P51b
10 bar H,/CO (1:1)
60 °C, 18 hours X X
Allylbenzene Toluene/THF (97:3 v/v), 0.26 M + +
(S51)

Isomerization products Hydrogenation
product
Select. (%)*
Entry RA Ligand C((‘,’/I:)v. Isom. H(ydiog. ratil;b(%) yielléb(%)
1 None L46 99 0 0 52:48 51:48
2 LiBArF L46 98 1 0 56:44 54:43
3 NaBArF 146 99 3 1 87:13 83:12
4 KBArF L46 99 2 6 95:5 87:5
5 RbBArF L46 99 4 1 937 87:7
6 CsBArF L46 99 3 1 91:9 86:9

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
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Selected GC chromatogram and '"H NMR spectrum for allylbenzene (S51)
and allylbenzenes mixture

Representative example of a GC chromatogram of the mixtures derived
from allylbenzene under rhodium-catalysed hydroformylation reaction

conditions.
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Figure 61. GC chromatogram of the mixtures derived from hept-1-ene after
hydroformylation.

GC analysis conditions for hydroformylation reaction mixtures of
allylbenzene: Conversion, chemo- and regio-selectivity in the mixtures arising
from hydroformylation reaction conditions were determined by GC-FID
analysis with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 um x
0.25 pm). Flow rate: 2.6 mL/min. Temperature program: 40 °C for 5 min,
then up to 150 °C at 20 °C/min and 10 min at 150 °C, then up to 275 °C at 20
°C/min and 5 min at 275 °C. Retention times: 7.88 min for allylbenzene, 7.97
min for propylbenzene, 8.47 min for (Z)-prop-1-en-1-ylbenzene, 8.84 min for
(E)-prop-1-en-1-ylbenzene, 10.38 min for the IS (dodecane), 10.52 min for 2-
methyl-3-phenylpropanal (P51b), 10.97 min for 4-phenylbutanal (P51a).
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Representative example of an '"H NMR spectrum of the mixtures derived
from allylbenzene under rhodium-catalysed hydroformylation reaction

conditions.
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Figure 62. '"H NMR of the mixtures derived from allylbenzene after hydroformylation.
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2.5.13. Results of catalysis of the hydroformylation of
2,4,4-trimethylpent-1-ene (S52)

Table 32. Supramolecularly regulated hydroformylation of 2,4,4-
trimethylpent-1-ene (S52).

Aldehyde products
CHO
+
[Rh(x?0,0%acac)(CO),] (1 mol%) MCHO M
Ligand (1.2 mol%) Linear (§) Branched (b)

M RA (3.6 mol%) P52a P52b
X

2,4,4-trimethylpentene 10 bar HfCO (1:1)

(s52) 100 °C, 18 hours
Toluene/THF (97:3 v/v), 0.26 M — +

Isomerization Hydrogenation
product product
Select. (%)*
Entry  RA - Ligand C((f,’/I:)V R— H(ydiog. ratil;b(%) yieféb(%)
1 None L46 98 2 1 >99:<1 95:0
2 LiBArF L46 96 1 5 >99:<1 90:0
3 NaBArF L46 59 1 10 >99:<1 53:0
4 KBArF L46 46 3 15 >99:<1 38:0
5 RbBArF L46 73 1 8 >99:<1 66:0
6 CsBArF L46 88 1 8 >09:<1 80:0

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
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Selected GC chromatogram and 'H NMR spectrum for
2,4,4-trimethylpent-1-ene (S52)

Representative example of a GC chromatogram of the mixtures derived
from 2,4,4-trimethylpent-1-ene under rhodium-catalysed hydroformylation
reaction conditions.
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Figure 63. GC chromatogram of the mixtures derived from 2,4,4-trimethylpent-1-ene after
hydroformylation.

GC analysis conditions for hydroformylation reaction mixtures of
2.4 4-trimethylpent-1-ene: Conversion, chemo- and regio-selectivity in the
mixtures arising from hydroformylation reaction conditions were determined
by GC-FID analysis with a HP-5 column (5% phenyl methyl siloxane; 30 m x
320 um x 0.25 um). Flow rate: 2.6 mL/min. Temperature program: 40 °C for
5 min, then up to 150 °C at 20 °C/min and 10 min at 150 °C, then up to 275
°C at 20 °C/min and 5 min at 275 °C. Retention times: 2.71 min for 2,4,4-
trimethylpentane, 3.02 min for 2,4,4-trimethylpent-1-ene, 3.29 min for 2,4,4-
trimethylpent-2-ene, 8.23 min for 3,5,5-trimethylhexanal (§52a), 10.38 min for
the IS (dodecane).
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Representative example of an '"H NMR spectrum of the mixtures derived
from 2,4,4-trimethylpent-1-ene under rhodium-catalysed hydroformylation

reaction conditions.
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Figure 64. '"H NMR of the mixtures derived from 2,4,4-trimethylpent-1-ene after
hydroformylation.
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2.5.14. Results of catalysis of the hydroformylation of
(+)-B-citronellene (S53)

Table 33. Supramolecularly regulated hydroformylation of (+)-B-citronellene

(S53).
Aldehydes products
)\/\/Z\/\CHO + )\/\/Y
[Rh(x20,0™acac)(CO),] (1 mol%) U " 5 hed (b():HO
Ligand (1.2 mol%) inear ranche
)\/\/\/ RA (1.56 mol%) Ps3a Ps3b
X & 10 bar H,/CO (1:1) ~
(+)-B-citronellene 35°C, 18 hours CHO
(S53) Toluene/THF (97:3 v/v), 0.26 M Internal (i)
P53c
A ] ]
NN x
Isomerization Hydrogenation
products product
Select. (%)* ; ;
Entry RA  Ligand CO% I76/i ! ﬁ’/ :
(%) Isom. Hydrog. ratio (%) yield (%)

1 None L46 15 1 <1 76:14:10 11:2:1
2 LiBArF L46 89 2 1 76:14:10 66:12:9
3 NaBArF L46 28 <1 <1 >99:<1:0 27:0:0
4 KBArF L46 52 6 3 >99:<1:0 47:0:0
5 RbBArF L46 75 3 3 >99:<1:0 71:0:0
6 CsBArF L46 88 3 2 95:3:2 79:3:2

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by 'H NMR using
1,3,5-trimethoxybenzene as internal standard. Selectivity, ratio, and yield were determined by the area%
values of the peaks in the GC chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation
(Hydrog.) processes.




UNIVERSITAT ROVIRA | VIRGILI
COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS

Andrés Romero Navarro Supramolecularly Regulated Hydroformylations

Selected GC chromatogram and '"H NMR spectrum for (+)-B-citronellene
(S53)

Representative example of a GC chromatogram of the mixtures derived
from (+)-B-citronellene under rhodium-catalysed hydroformylation reaction
conditions.
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Figure 65. GC chromatogram of the mixtures derived from (+)-B-citronellene after
hydroformylation.

GC analysis conditions for hydroformylation reaction mixtures of (+)-3-
citronellene: Chemo- and regio-selectivity in the mixtures arising from
hydroformylation reaction conditions were determined by GC-FID analysis
with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 um x 0.25 pm).
Flow rate: 2.6 mL/min. Temperature program: 40 °C for 5 min, then up to
150 °C at 20 °C/min and 10 min at 150 °C, then up to 275 °C at 20 °C/min
and 5 min at 275 °C. Retention times: 7.61 min for (R)-2,6-dimethyloct-2-ene,
7.83 min for (+)-B-citronellene, 8.13 min for (+)-B-citronellene isomers, 10.67
min for 2-((R)-sec-butyl)-5-methylhex-4-enal (P53c), 10.77 min for (35)-2,3,7-
trimethyloct-6-enal (P53b), 10.85 min for (S)-4,8-dimethylnon-7-enal (P53a).
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Representative example of an '"H NMR spectrum of the mixtures derived
from (+)-B-citronellene under rhodium-catalysed hydroformylation reaction
conditions.

S A~

" CHO

= I T T T 1
/J\\\\/\ A~ 5.2 5.1 5.0 4.9 ppm
T cHO IS: 1,3,5—T‘rimethoxyhenzene

12 1" 10 9 8 7 6 5 4 3 2 1 0 ppm

Figure 66. 'H NMR of the mixtures derived from (+)-B-citronellene after hydroformylation.
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2.5.15. Results of catalysis of the hydroformylation of eugenol (S54)

Table 34. Supramolecularly regulated hydroformylation of eugenol (S54).

Aldehydes products
MeO CHO MeO
:©/\/\ . mo

HO HO

Linear (/) Branched (b)
[Rh(x20,0%acac)(CO),] (1 mol%) Pssa Podb
MeO _ Ligand (1.2 mol%) Isomerization products
RA (1.56 mol%)
HOD/\/ 10 bar H,/CO (1:1) MeODN . Meom
60 °C, 18 hours
Eugenol Toluene/THF (97:3 viv), 0.26 M HO HO
(S54)
Hydrogenation product
Mer@/\/
HO
Select. (%)*
Entry RA Ligand Coonv. .l/bo . l/bo
(%) Isom. Hydrog. ratio (%) yield (%)

1 None L46 99 4 0 52:48 49:46
2 LiBArF L46 99 2 0 44:56 43:54
3 NaBArF L46 99 5 6 81:19 71:17
4 KBArF L46 94 6 11 92:8 72:6
5 RbBArF L46 99 4 5 91:9 82:8
6 CsBArF L46 99 2 0 53:47 51:46

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by 'H NMR using
1,3,5-trimethoxybenzene as internal standard. Selectivity, ratio, and yield were determined by the area%
values of the peaks in the GC chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation
(Hydrog.) processes.
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Selected GC chromatogram and "H NMR spectrum for eugenol (S54)

Representative example of a GC chromatogram of the mixtures derived
from eugenol under rhodium-catalysed hydroformylation reaction conditions.
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Figure 67. GC chromatogram of the mixtures derived from (+)-B-citronellene after
hydroformylation.

GC analysis conditions for hydroformylation reaction mixtures of eugenol:
Chemo- and regio-selectivity in the mixtures arising from hydroformylation
reaction conditions were determined by GC-FID analysis with a HP-5 column
(5% phenyl methyl siloxane; 30 m x 320 um x 0.25 um). Flow rate: 2.6
mL/min. Temperature program: 40 °C for 5 min, then up to 150 °C at 20
°C/min and 10 min at 150 °C, then up to 275 °C at 20 °C/min and 5 min at
275 °C. Retention times: 12.08 min for 2-methoxy-4-propylphenol, 12.63 min
for eugenol, 13.21 min for (E)-2-methoxy-4-(prop-1-en-1-yl)phenol and (Z2)-2-
methoxy-4-(prop-1-en-1-yl)phenol, 16.92 min for  3-(4-hydroxy-3-
methoxyphenyl)-2-methylpropanal (P54b), 19.31 min for 4-(4-hydroxy-3-
methoxyphenyl)butanal (P54a).
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Representative example of an '"H NMR spectrum of the mixtures derived
from eugenol under rhodium-catalysed hydroformylation reaction conditions.
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Figure 68. '"H NMR of the mixtures derived from eugenol after hydroformylation.
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2.5.16. Results of catalysis of the hydroformylation of (R)-limonene

(S55)
Table 35. Supramolecularly regulated hydroformylation of (R)-limonene
(S55).
Aldehyde products
[Rh(x20,0%acac)(CO),] (1 mol%) (\CHO

. 0,
Ligand (1.2 mol%) Linear (1) Branched (b)
RA (1.56 mol%) P55a P54b

10 bar H,/CO (1:1)

60 °C, 18 hours
(R)-Limonene Toluene/THF (97:3 v/v), 0.26 M
(S55) N +

Isomerization Hydrogenation
products product
Entry RA  Ligand COTV- Select. (") 1/ b
(%) Isom. Hydrog. ratio (%) yield (%)
1 None L46 97 11 28 99:1 59:1
2 LiBArF L46 78 18 0.8 99:1 63:1
3 NaBArF L46 96 14 1 99:1 81:1
4 KBArF L46 58 32 1.2 99:1 38:0
5 RbBArF L46 81 20 1.2 99:1 63:1
6 CsBArF L46 93 15 1.1 99:1 77:1

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by 'H NMR using
1,3,5-trimethoxybenzene as internal standard. Selectivity, ratio, and yield were determined by the area%
values of the peaks in the GC chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation
(Hydrog.) processes.
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Selected GC chromatogram and "H NMR spectrum for (R)-limonene (S55)

Representative example of a GC chromatogram of the mixtures derived
from (R)-limonene under rhodium-catalysed hydroformylation reaction
conditions.
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Figure 69. GC chromatogram of the mixtures derived from (R)-limonene after
hydroformylation.

GC analysis conditions for hydroformylation reaction mixtures of (R)-
limonene: Chemo- and regio-selectivity in the mixtures arising from
hydroformylation reaction conditions were determined by GC-FID analysis
with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 pm x 0.25 pm).
Flow rate: 2.6 mL/min. Temperature program: 40 °C for 5 min, then up to
150 °C at 20 °C/min and 10 min at 150 °C, then up to 275 °C at 20 °C/min
and 5 min at 275 °C. Retention times: 8.33 min for (R)-4-isopropyl-1-
methylcyclohex-1-ene, 8.71, 8.77, 8.01, 9.16 and 9.45 min for (R)-limonene
isomers, 8.85 min for (R)-limonene, 11.15 min for (R)-2-methyl-5-(prop-1-en-
2-yl)cyclohex-1-ene-1-carbaldehyde (P55b), 11.57 min for 3-((R)-4-
methylcyclohex-3-en-1-yl)butanal (P55a).
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Representative example of an '"H NMR spectrum of the mixtures derived
from (R)-limonene under rhodium-catalysed hydroformylation reaction

conditions.
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Figure 70. '"H NMR of the mixtures derived from (R)-limonene after hydroformylation.
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2.5.17. Results of catalysis of the hydroformylation of
(3-methylbut-3-en-1-yl)benzene (S56)

Table 36. Supramolecularly regulated hydroformylation of
(3-methylbut-3-en-1-yl)benzene (S56).

Aldehyde products

+
[Rh(x20,0%acac)(CO),] (1 mol%) CHO
Ligand (1.2 mol%) Linear (/) Branched (b)
X RA (3.6 mol%) P56a P56b
Mefranal
10 bar H,/CO (1:1)

0
(3-methylbut-3-en-1- 100 °C, 18 hours

Y)benzene Toluene/THF (97:3 viv), 0.26 M
(S56)

Isomerization Hydrogenation
products product
Select. (%)*
Entry  RA - Ligand C(00/1.)1)V R~ H(ydiog. ratil;b(%) yieféb(%)
1 None L46 97 6 5 96:4 83:3
2 LiBArF L46 97 10 9 95:5 75:4
3 NaBArF  L46 97 25 10 92:8 58:5
4 KBArF L46 97 30 4 99:1 63:1
5 RbBArF L46 98 15 6 98:2 76:2
6 CsBArF L46 98 10 5 98:2 82:2

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by 'H NMR using
1,3,5-trimethoxybenzene as internal standard. Selectivity, ratio, and yield were determined by the area%
values of the peaks in the GC chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation
(Hydrog.) processes.
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Selected GC chromatogram and '"H NMR spectrum for (3-methylbut-3-en-
1-yl)benzene (S56)

Representative example of a GC chromatogram of the mixtures derived
from (3-methylbut-3-en-1-yl)benzene under rhodium-catalysed
hydroformylation reaction conditions.
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Figure 71. GC chromatogram of the mixtures derived from (3-methylbut-3-en-1-yl)benzene
after hydroformylation catalysis.

GC analysis conditions for hydroformylation reaction mixtures of (3-
methylbut-3-en-1-yl)benzene: Chemo- and regio-selectivity in the mixtures
arising from hydroformylation reaction conditions were determined by GC-
FID analysis with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 um
x 0.25 pm). Flow rate: 2.6 mL/min. Temperature program: 40 °C for 5 min,
then up to 150 °C at 20 °C/min and 10 min at 150 °C, then up to 275 °C at 20
°C/min and 5 min at 275 °C. Retention times: 9.76 min for isopentylbenzene,
9.92 min for (3-methylbut-3-en-1-yl)benzene, 10.16 and 10.25 min for (3-
methylbut-3-en-1-yl)benzene isomers, 11.53 min for 2-benzyl-3-methylbutanal
(P56b), 12.67 min for mefranal (3-methyl-5-phenylpentanal) (P56a).
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Representative example of an '"H NMR spectrum of the mixtures derived
from (3-methylbut-3-en-1-yl)benzene under rhodium-catalysed
hydroformylation reaction conditions.
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Figure 72. 'H NMR of the mixtures derived from (3-methylbut-3-en-1-yl)benzene after
hydroformylation.
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2.5.18. Results of catalysis of the hydroformylation of
1-((2-methylallyl)oxy)octane (S57)

Table 37. Supramolecular regulated hydroformylation of
1-((2-methylallyl)oxy)octane (S57).

Aldehyde products

[Rh(x20,0%acac)(CO),] (1 mol%) C7H15\/OJ\/C“° + CrHis O

Ligand (1.2 mol%) CHO
RA (3.6 mol%) Linear (/) Branched (b)
CMSVOJ\ 10 bar H,/CO (1:1) P57a P57b
1-((2-methylallyl)oxy) 100 °C, 18 hours
octane Toluene/THF (97:3 v/v), 0.26 M
A [omeo
CrHis O~ C7Hi5 O
Isomerization Hydrogenation
products product
Select. (%)*
Enty RA  Ligand CO%V° 76 : fébo
() Isom. Hydrog. ratio (%) yield (%)
1 None L46 99 17 3 93:7 74:6
2 LiBArF L46 99 42 4 94:6 50:3
3 NaBArF L46 99 69 2 94:6 27:2
4 KBArF L46 99 57 2 98:2 40:1
5 RbBArF L46 99 54 4 99:1 41:0
6 CsBArF L46 99 31 5 99:1 63:1

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by 'H NMR using
1,3,5-trimethoxybenzene as internal standard. Selectivity, ratio, and yield were determined by the area%
values of the peaks in the GC chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation
(Hydrog.) processes.
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Selected GC chromatogram and 'H NMR spectrum for 1-((2-
methylallyl)oxy)octane (S57)

Representative example of a GC chromatogram of the mixtures derived
from 1-((2-methylallyl)oxy)octane under rhodium-catalysed
hydroformylation reaction conditions.
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Figure 73. GC chromatogram of the mixtures derived from 1-((2-methylallyl)oxy)octane
after hydroformylation.

GC analysis conditions for hydroformylation reaction mixtures of 1-((2-
methylallyl)oxy)octane: Chemo- and regio-selectivity in the mixtures arising
from hydroformylation reaction conditions were determined by GC-FID
analysis with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 pm x
0.25 um). Flow rate: 2.6 mL/min. Temperature program: 40 °C for 5 min,
then up to 150 °C at 20 °C/min and 10 min at 150 °C, then up to 275 °C at 20
°C/min and 5 min at 275 °C. Retention times: 10.59 min for 1-
isobutoxyoctane, 10.88 min for 1-((2-methylallyl)oxy)octane, 10.01 1-((2-
methylprop-1-en-1-yl)oxy)octane, 12.57 min for 3-methyl-2-(octyloxy)butanal
(P57b), 13.90 min for 3-methyl-4-(octyloxy)butanal (P57a).
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Representative example of an '"H NMR spectrum of the mixtures derived
from 1-((2-methylallyl)oxy)octane under rhodium-catalysed
hydroformylation reaction conditions.
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Figure. "H NMR of the mixtures derived from (3-methylbut-3-en-1-yl)benzene after
hydroformylation.
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2.5.19. Results of catalysis of the hydroformylation of
1-isopropyl-3-(prop-1-en-2-yl)benzene (S58)

Table 38. Supramolecularly regulated hydroformylation of
1 isopropyl 3-(prop-1-en-2-yl)benzene (S58).

Aldehyde Products

[Rh(x20,0%acac)(CO),] (1 mol%) W/QW/\ Y@(
Ligand (1.2 mol%) Li o B hed (b)
inear ranche
_ RA (1.56 mol%) P58a P58b
10 bar H,/CO (1:1)

. 100 °C, 18 hours Hydrogenation product
1-isopropyl-3-(prop-1-  Toluene/THF (97:3 v/v), 0.26 M

en-2-yl)benzene

lect. (%)*
Entry RA  Ligand C(?,/l:; ' IsoiieCtH(yzog. ratil;b(%) yieféb(%)
1 None L46 98 - 5 >99:<1 93:0
2 LiBArF L46 92 - 3 >99:<1 89:0
3 NaBArF L46 43 - 4 >99:<1 41:0
4 KBArF L46 59 - 4 >99:<1 57:0
5 RbBArF L46 60 - 4 >99:<1 58:0
6 CsBArF L46 68 - 4 >99:<1 65:0

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by 'H NMR using
1,3,5-trimethoxybenzene as internal standard. Selectivity, ratio, and yield were determined by the area%
values of the peaks in the GC chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation
(Hydrog.) processes.
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Selected GC chromatogram and 'H NMR spectrum for
1-isopropyl-3-(prop-1-en-2-yl)benzene (S58)

Representative example of a GC chromatogram of the mixtures derived
from 1-isopropyl-3-(prop-1-en-2-yl)benzene under rhodium-catalysed
hydroformylation reaction conditions.
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Figure 74. GC chromatogram of the mixtures derived from
1-isopropyl-3-(prop-1-en-2-yl)benzene after hydroformylation.

GC analysis conditions for hydroformylation reaction mixtures of
1-isopropyl-3-(prop-1-en-2-yl)benzene: Chemo- and regio-selectivity in the
mixtures arising from hydroformylation reaction conditions were determined
by GC-FID analysis with a HP-5 column (5% phenyl methyl siloxane; 30 m x
320 um x 0.25 um). Flow rate: 2.6 mL/min. Temperature program: 40 °C for
5 min, then up to 150 °C at 20 °C/min and 10 min at 150 °C, then up to 275
°C at 20 °C/min and 5 min at 275 °C. Retention times: 9.99 min for 1,3-
diisopropylbenzene, 10.55 min for 1-isopropyl-3-(prop-1-en-2-yl)benzene,
12.72 min for 3-(3-isopropylphenyl)butanal (P58a).
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Representative example of an '"H NMR spectrum of the mixtures derived
from 1-isopropyl-3-(prop-1-en-2-yl)benzene under rhodium-catalysed
hydroformylation reaction conditions.

Ry =]
=3 -
o oo ©

W

CO©

CI\TO

IS: 1,3,5-Trimethoxybenzene

'h.ﬂJkJ‘k JL

T T T T T T T T T T T T T 1

12 1 10 9 8 7 6 5 4 3 2 1 0 ppm

Figure 75. "H NMR of the mixtures derived from 1-isopropyl-3-(prop-1-en-2-yl)benzene after
hydroformylation.
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2.5.20. Results of catalysis of the hydroformylation of vinyl acetate

(S1)
Table 39. Supramolecularly regulated hydroformylation of vinyl acetate
(S1).
[Rh(x20,0"acac)(CO),] (1 mol%) Aldehyde products
o meando (g 7 5
)'LO/\ (1.56 mol%) )’ko/\/CHO + )’LO)\
10 bar Hy/CO (1:1) .
) 60 °C. 18 hours Linear (f) Branched (b)
Vinyl ;‘:e"‘“e Toluene/THF (97:3 viv), 0.26 M P1a P1b
Conv. Select. (%) 1/b 1/b
En RA Ligand . .

fry & %) Tsom. Hydrog, atio (%)  yield (%)
1 None 146 99 - - 9:91 8:78
2 LiBArF L46 54 - - 14:86 5:28
3 NaBArF L46 95 - - 10:90 8:70
4 KBArF L46 31 - - 22:78 1:5
5 RbBArF L46 32 - - 26:74 2:6
6 CsBArF L46 84 - - 15:85 9:51
7 None L47 99 - - 6:94 5:79
8 LiBArF L47 76 - - 8:92 4:53
9 NaBArF L47 99 - - 8:92 6:78
10 KBArF L47 99 - - 6:94 6:84
11 RbBArF L47 99 - - 5:95 5:84
12 CsBArF L47 99 - - 5:95 4:80

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate
= 800 rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion, ratio, selectivity, and yield were determined
by '"H NMR using 1,3,5-trimethoxybenzene as internal standard.
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Selected "H NMR spectrum for vinyl acetate (S1)

Representative example of an '"H NMR spectrum of the mixtures derived
from vinyl acetate under rhodium-catalysed hydroformylation reaction
conditions.

—9.72
—9.47

_’L - JLNU[_"__N____

T 1
52 5.0 4.8 46 ppm

IS: 1,3,5-Trimethoxybenzene

0 ppm

N
n
=
s
w
-3
~
o
o
£
w
N
a

Figure 76. '"H NMR of the mixtures derived from vinyl acetate after hydroformylation.
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2.5.21. Results of catalysis of the hydroformylation of styrene (S59)
Table 40. Supramolecular regulated hydroformylation of styrene (S59).

Aldehydes Products

[Rh(x20,0%acac)(CO),] (1 mol%)
Ligand (1.2 mol%)
RA (1. 9
©/\ (1.56 mol%) Linear () Branched (
10 bar H,/CO (1:1) P59a P59b

60 °C, 18 hours

sgrseg';e Toluene/THF (97:3 v/v), 0.26 M Hydrogenation product
Ok
Select. (%)*

Entry RA Ligand C(00/1.)1)v -~ H(ydiog. ratil(:IZ%) yie;éb(%)
1 None L46 99 - 0.4 8:92 8:91
2 LiBArF L46 99 - 0.4 7:93 7:92
3 NaBArF L46 95 - 0.5 16:84 15:79
4 KBArF L46 99 - 1 23:77 23:75
5 RbBArF L46 99 - 0.9 25:75 25:74
6 CsBArF L46 99 - 0.6 21:79 21:78
7 None 147 99 - 0.4 10:90 10:89
8 LiBArF L47 99 - 0.5 11:89 11:88
9 NaBArF L47 99 - 0.6 14:86 14:85
10 KBArF L47 99 - 0.5 11:89 11:88
11 RbBArF L47 99 - 0.4 12:88 12:87
12 CsBArF L47 99 - 0.4 11:89 11:88

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
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Selected GC chromatogram and '"H NMR spectrum for styrene (S59).

Representative example of a GC chromatogram of the mixtures derived
from styrene under rhodium-catalysed hydroformylation reaction conditions.
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Figure 77. GC chromatogram of the mixtures derived from styrene after hydroformylation.

GC analysis conditions for hydroformylation reaction of styrene:
Conversion, chemo- and regio-selectivity in the mixtures arising from
hydroformylation reaction conditions were determined by GC-FID analysis
with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 um x 0.25 um).
Flow rate: 2.3 mL/min. Temperature program: 35 °C for 5 min, then up to
150 °C at 20 °C/min and 10 min at 150 °C, then up to 320 °C at 20 °C/min
and 5 min at 320 °C. Retention times: 6.8 min for ethylbenzene, 7.3 min for
styrene, 10.3 min for 2-phenylpropanal (P60b), 10.8 min for 3-phenylpropanal
(P60a), 11.1 min for the IS (dodecane).




UNIVERSITAT ROVIRA | VIRGILI
COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS

Andrés Romer%ﬁf@r I

Representative example of an '"H NMR spectrum of the mixtures derived
from styrene under rhodium-catalysed hydroformylation reaction conditions.
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Figure 78. '"H NMR of the mixtures derived from styrene after hydroformylation.
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2.5.22. Results of catalysis of the hydroformylation of
N-vinylphthalimide (S60)

Table 41. Supramolecularly regulated hydroformylation of
N-vinylphthalimide (S60).

Aldehyde products

[Rh(x20,0"acac)(CO),] (1 mol%)
o Ligand (1.2 mol%) 0 CHO

o
N RA (1.56 mol%) o CHO N
10 bar H,/CO (1:1) *
0 60 °C, 18 hours 6] o]

Toluene/THF (97:3 v/v), 0.26 M

N-Vinyl(pslgt:)alimide '-";%%fa(’) Bfar"fg:g (b)
lect. (9

Entry RA Ligand C(?)/l:;, ISO::: ectH i jr)og. ratil(ib( " yieféb( "
1 None L46 87 - - 4:96 3:73
2 LiBArF L46 78 - - 5:95 3:61
3 NaBArF L46 38 - - 22:78 6:22
4 KBArF L46 78 - - 11:89 7:57
5 RbBArF L46 91 - - 9:91 7:71
6 CsBArF L46 89 - - 6:94 4:66
7 None L47 97 - - 4:96 3:85
8 LiBArF L47 95 - - 3:.97 3:81
9 NaBArF L47 96 - - 4:96 3:85
10 KBArF L47 95 - - 3:97 3:85
11 RbBArF L47 95 - - 3:97 2:88
12 CsBArF L47 97 - - 2:98 2:84

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion, ratio, selectivity, and yield were determined by 'H NMR
using dimethyl sulfone ((CH3),SO>) as internal standard.
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Selected "H NMR spectrum for N-vinylphthalimide (S60)

Representative example of an 'H NMR spectrum of the mixtures derived
from N-vinylphthalimide under rhodium-catalysed hydroformylation reaction

conditions.
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Figure 79. '"H NMR of the mixtures derived from N-vinylphthalimide after hydroformylation.
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2.5.23. Results of catalysis of the hydroformylation of 1-(tert-butyl)-
4-vinylbenzene (S61)

Table 42. Supramolecularly regulated hydroformylation of 1-(terz-butyl)-4-

vinylbenzene (S61).
Aldehyde products
CHO
CHO
[Rh(x20,0"acac)(C0),] (1 mol%) ’
Ligand (1.2 mol%)
A RA (1.56 mol%) Linear (f) Branched (b)
10 bar H,/CO (1:1) Bo':f1znal P61b
60 °C, 18 hours 9 J
A-{tert-butyl)4- Toluene/THF (97:3 viv), 0.26 M Hydrogenation product
vinylbenzene
(s61)
Select. (%)*
Entry RA  Ligand CO% e . fébo
(%) Isom. Hydrog. ratio (%) yield (%)
1 None L46 95 - 2 13:87 12:81
2 LiBArF L46 95 - 1 9:91 8:86
3 NaBArF L46 97 - 1 20:80 19:77
4 KBArF L46 96 - 1 33:67 31:64
5 RbBArF L46 95 - 2 34:66 32:61
6 CsBArF L46 96 - 2 28:72 26:68

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by 'H NMR using
1,3,5-trimethoxybenzene as internal standard. Selectivity, ratio, and yield were determined by the area%
values of the peaks in the GC chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation
(Hydrog.) processes.
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Selected GC chromatogram and 'H NMR spectrum for
1-(tert-butyl)-4-vinylbenzene (S61)

Representative example of a GC chromatogram of the mixtures derived
from 1-(tert-butyl)-4-vinylbenzene under rhodium-catalysed hydroformylation
reaction conditions.
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Figure 80. GC chromatogram of the mixtures derived from 1-(tert-butyl)-4-vinylbenzene after
hydroformylation catalysis.

GC analysis conditions for hydroformylation reaction mixtures of 1-(zert-
butyl)-4-vinylbenzene: Chemo- and regio-selectivity in the mixtures arising
from hydroformylation reaction conditions were determined by GC-FID
analysis with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 pm x
0.25 pm). Flow rate: 2.6 mL/min. Temperature program: 40 °C for 5 min,
then up to 150 °C at 20 °C/min and 10 min at 150 °C, then up to 275 °C at 20
°C/min and 5 min at 275 °C. Retention times: 10.26 min for 1-(terz-butyl)-4-
ethylbenzene, 10.58 min for 1-(tert-butyl)-4-vinylbenzene, 12.66 min for 2-(4-
(tert-butyl)phenyl)propanal (P61b), 13.52 min for bourgenal (3-(4-(tert-
butyl)phenyl)propanal) (P61a).
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Representative example of an '"H NMR spectrum of the mixtures derived
from 1-(tert-butyl)-4-vinylbenzene under rhodium-catalysed hydroformylation
reaction conditions.
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Figure 81. '"H NMR of the mixtures derived from 1-(tert-butyl)-4-vinylbenzene after
hydroformylation.
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2.5.24. Results of catalysis of the hydroformylation of
phenylacetylene (S62)

Table 43. Supramolecular regulated hydroformylation of
phenylacetylene (S62).

Aldehyde products

CHO
[Rh(x20,0%acac)(CO),] (1 mol%) CHO

Ligand (1.2 mol%)

Z-Aldehyde E-Aldehyde
SN\ RA (1.56 mol%)
— T 10 bar H,/CO (1:1) Hydrogenation products
Phenylacetylene 60 °C, 18 hours
(S62) Toluene/THF (97:3 v/v), 0.26 M O/\ @/\
+
. Conv. Select. (%) Z/E isomers Z isomer
Entry  RA Ligand  ~q) A B ratio (%) yield (%)
1 None L46 0 - - - -
2 LiBArF L46 0 - - - -
3 NaBArF L46 0 - - - -
4 KBArF L46 0 - - - -
5 RbBArF L46 0 - - - -
6 CsBArF L46 0 - - - -

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
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2.5.25. Results of catalysis of the hydroformylation of
1,2-diphenylethyne (S63)

Table 44. Supramolecularly regulated hydroformylation of
1,2-diphenylethyne (S63).

Aldehyde products
( A
CHO O
+ A
O
E-Aldehyde Z-Aldehyde
(E)-0-P63 (2)-a-P63

[Rh(x?0,0%acac)(CO),] (1 mol%)

Ligand (1.2 mol%) Hydrogenation Alkene products (A)

— RA (1.56 mol%)
72 . _
\ 7/ 10 bar H,/CO (1:1) N .
1,2-diphenylethyne 60 °C, 18 hours O Q
Toluene/THF (97:3 v/v), 0.26 M

(S63)

Hydrogenation Aldehyde product (B)

O CHO

Select. (%)* : :
by R vma S SO0 Bz £z
1 None 146 99 70 8 98:2 21:0
2 LiBArF 146 89 40 2 99:1 51:1
3 NaBArF 146 99 3 0 98:2 94:2
4 KBArF 146 99 6 0 98:2 91:2
5 RbBArF  L46 99 19 1 99:1 78:1
6 CsBArF 146 99 40 2 98:2 56:1

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
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Selected GC chromatogram and '"H NMR spectrum for 1,2-diphenylethyne
(S63)

Representative example of a GC chromatogram of the mixtures derived
from 1,2-diphenylethyne under rhodium-catalysed hydroformylation reaction

conditions.
g O
- SO, L
O—= I_:_
2000 § T O CHO O O
| t
1500 o | /
|
oo | i -
— Toluene § § ‘| / \  cHo
500 = 0 /' O
| |
° ! - . = T

Figure 82. GC chromatogram of the mixtures derived from 1,2-diphenylethyne after
hydroformylation.

GC analysis conditions for hydroformylation reaction mixtures of 1,2-
diphenylethyne: Conversion, chemo- and regio-selectivity in the mixtures
arising from hydroformylation reaction conditions were determined by GC-
FID analysis with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 um
x 0.25 pm). Flow rate: 2.6 mL/min. Temperature program: 40 °C for 5 min,
then up to 150 °C at 20 °C/min and 10 min at 150 °C, then up to 275 °C at 20
°C/min and 5 min at 275 °C. Retention times: 10.38 for IS (dodecane), 14.26
min for (Z)-1,2-diphenylethene, 17.65 min for 1,2-diphenylacetylene, 19.36
min for (F)-1,2-diphenylethene, 19.96 min for 2,3-diphenylpropanal, 22.64
min for (E)-2,3-diphenylacrylaldehyde ((E)-a-P63), 23.84 min for (2)-2,3-
diphenylacrylaldehyde ((Z)-a-P63).
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Supramolecularly Regulated Hydroformylations

Representative example of an '"H NMR spectrum of the mixtures derived

from 1,2-diphenylethyne under rhodium-catalysed hydroformylation reaction
conditions.

—9.73
6.10

g
~
o

IS: 1,3,5-Trimethoxybenzene

Figure 83. '"H NMR of the mixtures derived from 1,2-diphenylacetylene after
hydroformylation.
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2.5.26. Results of catalysis of the hydroformylation of
hex-1-yn-1-ylbenzene (S64)

Table 45. Supramolecularly regulated hydroformylation of
hex-1-yn-1-ylbenzene (S64).

Aldehyde products
a-Aldehyde B-Aldehyde
2 s a-P64 B-P64
[Rh(x*0,0"acac)(CO),] (1 mol%) L )

Hex-1-yn-1-ylbenzene  Toluene/THF (97:3 v/v), 0.26 M
(S64)

Ligand (1.2 mol%)

Hydrogenation Alkene products (A

Z RA (1.56 mol%) sk g @
10 bar H,/CO (1:1)
60 °C, 18 hours

Hydrogenation Alkane product (B)

o

Select. (%)* : :
By R Ligna g SEREN /e e
1 None L46 66 28 4 74:26 33:12
2 LiBArF L46 40 20 16 73:27 19:7
3 NaBArF L46 90 0 1 78:22 69:20
4 KBArF L46 99 2 0 76:24 74:23
5 RbBArF L46 99 2 1 77:23 74:22
6 CsBArF L46 97 5 3 78:22 70:20

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of hydrogenation of alkenes product (A) and hydrogenation of alkane product

(B).
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Selected GC chromatogram and 'H NMR spectrum for
hex-1-yn-1-ylbenzene (S64).

Representative example of a GC chromatogram of the mixtures derived
from hex-1-yn-1-ylbenzene under rhodium-catalysed hydroformylation
reaction conditions.

PA
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o X
1500 IS +— Q‘A/\/\ /
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Figure 84. GC chromatogram of the mixtures derived from hex-1-yn-1-ylbenzene after
hydroformylation.

GC analysis conditions for hydroformylation reaction mixtures of
1,2-diphenylethyne: Conversion, chemo- and regio-selectivity in the mixtures
arising from hydroformylation reaction conditions were determined by GC-
FID analysis with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 um
x 0.25 pm). Flow rate: 2.6 mL/min. Temperature program: 40 °C for 5 min,
then up to 150 °C at 20 °C/min and 10 min at 150 °C, then up to 275 °C at 20
°C/min and 5 min at 275 °C. Retention times: 10.38 for IS (dodecane), 10.98
min for (Z)-hex-1-en-1-ylbenzene, 11.55 min for (£)-hex-1-en-1-ylbenzene,
11.63 min for hex-1-yn-1-ylbenzene, 13.33 min for hexylbenzene, 14.42 min
for (E)-2-phenylhept-2-enal (B-P64), 14.84 min for (F)-2-benzylidenehexanal
(a-P64).
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Representative example of an '"H NMR spectrum of the mixtures derived

from hex-1-yn-1-ylbenzene under rhodium-catalysed hydroformylation
reaction conditions.

6.10

ey
]
oo

—9.57
—9.52

Figure 85. '"H NMR of the mixtures derived from hex-1-yn-1-ylbenzene after
hydroformylation.
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2.5.27. Results of catalysis of the hydroformylation of ethyl
3-phenylpropiolate (S65)

Table 46. Supramolecularly regulated hydroformylation of
ethyl 3-phenylpropiolate (S65).

Aldehyde products

CHO
+
O (@] O (@]
K K

B-Aldehyde a-Aldehyde

o [Rh(x20,0%acac)(CO),] (1 mol%)
Ligand (1.2 mol%)
RA (1.56 mol%) SN 0
10 bar H,/CO (1:1) o * X0
60 °C, 18 hours

Ethyl 3-phenylpropiolate  Toluene/THF (97:3 v/v), 0.26 M cis trans
(S65)

Hydrogenation Alkene products (A)

N
=z ©

Hydrogenation Alkane product (B)

o
@A}ko/\
. Conv. Select. (%) (is/trans isomer cis/trans isomer
Entry  RA Ligand = “,) " —~ B ratio (%) yield (%)
1 None L46 16 99 0 44:56 79
2 LiBArF L46 68 99 0 75:25 50:17
3 NaBArF L46 23 99 0 78:22 18:5
4 KBArF L46 69 99 0 60:40 41:27
5 RbBArF L46 54 99 0 54:46 29:25
6 CsBArF L46 45 99 0 54:46 24:20

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of Hydrogenation of alkenes product (A) and Hydrogenation of alkane product

(B).
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Selected GC chromatogram and 'H NMR spectrum for ethyl 3-
phenylpropiolate (S65)

Representative example of a GC chromatogram of the mixtures derived
from ethyl 3-phenylpropiolate under rhodium-catalysed hydroformylation
reaction conditions.
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Figure 86. GC chromatogram of the mixtures derived from ethyl 3-phenylpropiolate after
hydroformylation.

GC analysis conditions for hydroformylation reaction mixtures of ethyl 3-
phenylpropiolate: Conversion, chemo- and regio-selectivity in the mixtures
arising from hydroformylation reaction conditions were determined by GC-
FID analysis with a HP-5 column (5% phenyl methyl siloxane; 30 m x 320 um
x 0.25 um). Flow rate: 2.6 mL/min. Temperature program: 40 °C for 5 min,
then up to 150 °C at 20 °C/min and 10 min at 150 °C, then up to 275 °C at 20
°C/min and 5 min at 275 °C. Retention times: 10.38 for IS (dodecane), 10.98
min for (Z)-hex-1-en-1-ylbenzene, 12.03 min for ethyl (Z)-3-phenylacrylate,
13.05 min for ethyl 3-phenylpropiolate, 13.20 min for ethyl cinnamate.
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Representative example of an '"H NMR spectrum of the mixtures derived
from ethyl 3-phenylpropiolate under rhodium-catalysed hydroformylation
reaction conditions.
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Figure 87. '"H NMR of the mixtures derived from ethyl 3-phenylpropiolate after
hydroformylation.
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2.5.28. Results of catalysis of the hydroformylation of
7-vinylidenetridecane (S66)

Table 47. Supramolecularly regulated hydroformylation of
7-vinylidenetridecane (S66).

Aldehyde products

[Rh(k20,0%acac)(CO),] (1 mol%)
Ligand (1.2 mol%)

CHO
RA (1.56 mol%) _~_-CHO -
+
10 bar H,/CO (1:1) /\//\/\O/\/
(O] (b)

40 °C, 18 hours

7-vinylidenetridecane 1q|yene/THF (97:3 vIv), 0.26 M Linear Branched

(S66) P66a P66b
lect. (%)*

Entry RA  Ligand C(oo/l:)v ' Isj:ea :{/;ng. ratil;b(%) yielléb(%)
1 None L46 99 - - >99:<1 9:0
2 LiBArF L46 99 - - >99:<1 11:0
3 NaBArF 146 99 - - >99:<1 62:0
4 KBArF L46 99 - - >99:<1 69:0
5 RbBArF  L46 99 - - >99:<1 43:0
6 CsBArF L46 99 - - >99:<1 11:0
7 None 147 99 - - >99:<1 5:0
8 LiBArF L47 99 - - >99:<1 7:0
9 NaBArF L47 99 - - >99:<1 7:0
10 KBArF L47 99 - - >99:<1 6:0
11 RbBArF 147 99 - - >99:<1 7:0
12 CsBArF 147 99 - - >99:<1 7:0

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 40 °C, 18h. Conversion, ratio and yield were determined by 'H NMR using
1,3,5-trimethoxybenzene as internal standard.
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Selected "H NMR spectrum for 7-vinylidenetridecane (S66)

Representative example of an '"H NMR spectrum of the mixtures derived

from 7-vinylidenetridecane under rhodium-catalysed hydroformylation
reaction conditions.
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Figure 88. 'H NMR of the mixtures derived from 7-vinylidenetridecane after
hydroformylation.
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2.5.29. Results of catalysis of the hydroformylation of (E)-oct-2-ene
((E)-S31b)

Table 48. Supramolecularly regulated hydroformylation of
(E)-oct-2-ene ((E)-S31b).

Aldehyde products

s N

CHO
NN N NN
P31a P31b
[Rh(KZO,O’-acac)(CO)z] (1 mol%) C,-Aldehyde C,-Aldehyde
Ligand (1.2 mol%)
PPN RA (1.56 mol%) NS, ¢HO
i 10 bar Ho/CO (1:1) CHO oA
(E)-Oct-2-ene 60 °C, 18 hours P31c P31d
((E)-831b) Toluene/THF (97:3 viv), 0.26 M Cs-Aldehyde C,-Aldehyde
Isomerization products Hydrogenation product
Select. (%)*
Entry RA Ligand C(())HV. C]/sz/ C;g/C4 CI/.CZ/C(’);/C‘;

(%) Isom. Hydrog. ratio (%) yield (%)

1 None L46 99 2 0.3 3:54:32:11 3:52:31:11
2 LiBArF L46 98 42 6 2:56:36:6 1:29:18:3
3 NaBArF L46 929 8 3 7:50:29:14 6:44:26:12
4 KBArF L46 99 7 3 7:51:28:14 6:45:25:12
5 RbBArF L46 99 3 1 8:51:27:14 8:48:26:13
6 CsBArF L46 929 3 1 7:52:27:14 7:49:26:13
7 None L47 99 2 0.2 3:54:32:11 3:52:31:11
8 LiBArF L47 99 2 0.4 5:53:29:13 5:51:28:13
9 NaBArF L47 99 2 0.2 5:53:29:13 5:51:28:13
10 KBArF L47 99 3 1 5:53:29:13 5:50:28:12
11 RbBArF L47 99 3 1 6:52:29:13 6:49:28:12
12 CsBArF L47 99 2 0.4 6:52:29:13 6:50:28:13

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate =
800 rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.




UNIVERSITAT ROVIRA | VIRGILI

COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS
Supramolecularly Regulated Hydroformylations

Andrés Romero Navarro

2.5.30. Results of catalysis of the hydroformylation of (Z)-oct-2-ene
((2)-531b)

Table 49. Supramolecularly regulated hydroformylation of
(2)-oct-2-ene ((Z)-S31b).

Aldehyde products

CHO
NS S S CHO ¢ \/\/\)\
P31a P31b
[Rh(KZO,O'-acac)(CO)z] (1 mol%) C,-Aldehyde C,-Aldehyde
Ligand (1.2 mol%)
\/\/\) RA (1.56 mol%) \/\/Y\ + \/\)Cio/\
CHO
10 bar H,/CO (1:1
(2)-Oct-2-ene 60°C, 18 hot(Jrs ) P31c P31d
((2)-831b) Toluene/THF (97:3 viv), 0.26 M Cy-Aldehyde Cy-Aldehyde

Isomerization products Hydrogenation product

A NN ] + \/\/\/\J

Select. (%)*
Entry RA Ligand C(;IIV. C]/ C.Z/C(';;/C.; C;/.CZ/C;;/C‘;

(%) Isom. Hydrog. ratio (%) yield (%)

1 None L46 99 1 2 3:58:32:7 3:56:31:7

2 LiBArF L46 98 14 5 2:60:34:4 2:48:27:3
3 NaBArF L46 929 8 6 6:54:30:10 5:46:26:9
4 KBArF L46 99 8 12 8:56:26:10 6:44:21:8
5 RbBArF L46 99 4 8 8:55:26:11 7:48:23:10
6 CsBArF L46 99 6 9 7:57:27:9 6:48:23:8
7 None L47 99 0.5 2 3:57:32:8 3:55:31:8
8 LiBArF L47 99 0.6 2 5:56:28:11 5:54:27:11
9 NaBArF L47 99 0.5 2 5:56:28:11 5:54:27:11
10 KBArF L47 99 2 4 5:57:29:9 5:53:27:8
11 RbBArF L47 99 3 5 5:56:30:9 5:51:27:8
12 CsBArF L47 99 2 3 6:56:29:9 6:53:27:8

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate =
800 rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
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2.5.31. Results of catalysis of the hydroformylation of (E)-oct-3-ene

((E)-S31¢)
Table 50. Supramolecularly regulated hydroformylation of
(E)-oct-3-ene ((E)-S31c¢).
Aldehyde products
( cHo |
\/\/\/\/CHO + \/\/\)\
P31a P31b
[Rh(x20,0%acac)(CO),] (1 mol%) C,-Aldehyde C,-Aldehyde
Ligand (1.2 mol%)
PPN RA (1.56 mol%) NS, CHO
N 10 bar Hy/CO (1:1) CHO oA
(E)-Oct-3-ene 60 °C, 18 hours P31c P31d
((E)-S31c) Toluene/THF (97:3 viv), 0.26 M Cs-Aldehyde C-Aldehyde
Isomerization products Hydrogenation product
{ W] + { \/\/\/\]
: Conv. __Select. (%)* C/CICIC  Ci/CIC/Cy
Entry  RA Ligand  —" —— - Hydrog,  atio (%) vield (%)
1 None L46 929 1 0.3 3:19:37:41 3:19:36:40
2 LiBArF L46 96 8 10 1:13:42:44 1:10:33:35
3 NaBArF L46 99 2 0.1 5:24:34:37 5:23:33:36
4 KBArF L46 99 1 0.1 6:27:32:35 6:26:31:34
5 RbBArF L46 99 2 0.1 7:28:31:34 7:27:30:33
6 CsBArF L46 99 0 0.1 7:29:31:33 7:29:31:33
7 None L47 929 0 0 3:21:36:40 3:21:36:40
8 LiBArF L47 99 2 0 4:22:36:38 4:21:35:37
9 NaBArF L47 99 1 0 7:28:31:34 7:27:30:33
10 KBArF L47 929 2 0 7:28:31:34 7:27:30:33
11 RbBArF L47 929 1 0 6:27:32:35 6:26:31:34
12 CsBArF L47 929 1 0 6:27:32:35 6:26:31:34

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate =
800 rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
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2.5.32. Results of catalysis of the hydroformylation of (E)-oct-4-ene
((E)-831d)

Table 51. Supramolecular regulated hydroformylation of
(E)-oct-4-ene ((E)-S31d).

Aldehyde products

~

cHO
\/\/\/\/CHO + \/\/\)\
P31a P31b
[Rh(KZO,O’-acac)(CO)z] (1 mol%) C,-Aldehyde C,-Aldehyde
Ligand (1.2 mol%)
CHO
PPN RA (1.56 mol%) +
Oct4 10 bar H,/CO (1:1)
(E)'E e 60 °C, 18 hours P31c P31d
((E)-S31d) Toluene/THF (97:3 v/v), 0.26 M C;-Aldehyde C-Aldehyde

Isomerization products Hydrogenation product

N

Conv. Select. (%)* C/C/Ci/Ce Ci/C/C5/Cy

Entry RA Ligand

) Isom. Hydrog. ratio (%) yield (%)
1 None L46 99 1 0.7 0:6:22:72 0:6:21:70
2 LiBArF L46 87 34 1 0:1:13:86 0:1:7:49
3 NaBArF 146 95 6 3 1:9:27:63 1:8:23:54
4 KBArF L46 98 3 1 1:12:28:59 1:11:26:56
5 RbBArF  L46 99 2 0.3 1:14:28:57 1:14:27:55
6 CsBArF L46 99 2 0.2 1:14:28:57 1:14:27:55
7 None 147 99 2 0 0:6:23:71 0:6:22:69
8 LiBArF 147 98 4 1 0:7:25:68 0:7:23:63
9 NaBArF  L47 99 2 0 1:12:27:60 1:12:26:58
10 KBArF 147 99 2 0.1 1:13:27:59 1:13:26:57
11 RbBArF  L47 99 1 0.1 1:13:27:59 1:13:26:58
12 CsBArF 147 99 2 0 1:12:27:60 1:12:26:58

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate =
800 rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
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2.5.33. Results of catalysis of the hydroformylation of (Z)-oct-4-ene
((9)-S314d)

Table 52. Supramolecular regulated hydroformylation of
(E)-oct-4-ene ((E)-S31d).

Aldehyde products

~

CHO
eSS CHO + \/\/\)\

P31a P31b

[Rh(KZO,O'-acac)(CO)z] (1 mol%) C,-Aldehyde C,-Aldehyde
Ligand (1.2 mol%)
o CHO
_ RA (1.56 mol%) + \/\)\/\

CHO
(2)-Oct-4-ene 10 bar H,/CO (1:1)
a1 60 °C, 18 hours P31c P31d
((2)-831d) Toluene/THF (97:3 viv), 0.26 M Cy-Aldehyde C,Aldehyde

C J

Isomerization products Hydrogenation product

Entry RA  Ligand CO™V- Select. (%)” CIC/CIC GGG/
(%) Isom. Hydrog. ratio (%) yield (%)
1 None L46 99 1 2 3:20:28:49 3:19:27:4
2 LiBArF L46 99 2 2 7:28:28:37 7:27:27:35
3 NaBArF L46 99 2 2 14:35:25:26 13:33:24:25
4 KBArF L46 99 2 2 11:34:26:29 10:32:25:28
5 RbBArF L46 99 1 1 9:31:27:33 9:30:26:32
6 CsBArF L46 99 2 2 11:33:25:31 10:31:24:29
7 None 147 99 3 0 4:20:28:48 4:19:27:46
8 LiBArF L47 99 3 0 7:28:27:38 7:27:26:36
9 NaBArF 147 99 3 0 16:36:23:25 15:35:22:24
10 KBArF L47 99 3 0 14:35:24:27 13:34:23:26
11 RbBArF 147 99 4 0 13:34:24:29 12:32:23:28
12 CsBArF 147 99 3 0 12:34:25:29 12:33:24:28

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate = 800
rpm; 10 bar H,/CO (1:1); 60 °C, 18h. Conversion was determined by GC using dodecane as an internal
standard. Selectivity, ratio, and yield were determined by the area% values of the peaks in the GC
chromatogram. [a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
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2.5.34. Results of catalysis of the hydroformylation under partial
pressures of H,/CO

Table 53. Supramolecularly regulated hydroformylation of
substrates S31a, S49, S50 and S51.

Aldehyde products

CHO

[Rh(x20,0%acac)(CO),] (1 mol%) | "~">~CHO + R

Ligand L46 (1.2 mol%) Linear (/) Branched (b)
R KBATrF (1.56 mol%)
X
Substrates 10 bar H,/CO (X:X) { < ] { }
60 °C, 18 hours AN + R~
Toluene/THF (97:3 v/v), 0.26 M

Isomerization Hydrogenation
products product
Pressure Select. (%)* 1/b
Entry Substrate H,/CO C(;nv. ratio . ;éb o
(X:X) (%) Isom. Hydrog. (%) yield (%)
1 1:1) 98 8 14 97:3 74:2
VM
2 s31a 3:7) 99 3 14 97:3 80:2
3 (7:3) 99 5 19 98:2 74:2
4 1:1) 99 - - 87:13 67:10
TMSO\/\
5 (3:7) 99 - - 86:14 68:11
S49
6 (7:3) 99 - - 89:11 70:9
7 O/_\O 1:1) 84 - - 96:4 57:3
8 KA (3:7) 87 ; ; 96:4 76:4
9 $50 (7:3) 99 - - 97:3 89:3
10 ©/\/ (1:1) 99 2 6 95:5 87:5
11 (3:7) 99 2 6 96:4 87:4
12 $51 (7:3) 99 6 9 98:2 82:2

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate =
800 rpm; 10 bar H,/CO (X:X); 60 °C, 18h. For substrates S31a and S51, the conversion was determined
by GC using dodecane as an internal standard. Selectivity, ratio, and yield were determined by the area%
values of the peaks in the GC chromatogram. For the substrates S49 and S50, the conversion, ratio,
selectivity, and yield were determined by '"H NMR using 1,3,5-trimethoxybenzene as internal standard.
[a] Selectivity of the isomerisation (Isom.) and hydrogenation (Hydrog.) processes.
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2.5.35. General procedure for the isomerisation-hydroformylation
tandem reaction

The Pd-mediated isomerisation Rh-mediated asymmetric
hydroformylation tandem reaction of an equimolecular mixture of octenes,
heptenes, hexenes and allylbenzenes was performed by adding stock solutions
of bisphosphite ligand L46 (1.20 mol%), KBArF salt (3.6 — 10.0 mol%),
[Rh(x*0,0™acac)(CO),] (1.0 mol%), [{Pd(u-Br)(tBusP)},] (1.0 mol %),
[Pd(BusP),] (0.5 — 3.0 mol%) and PdI, (0.5 mol%) in a vial with a magnetic
bar. The corresponding mixture of alkenes (overall molar amount of octenes,
heptenes, hexenes or allylbenzenes = 1 mmol), dodecane (30 mol%, internal
standard) and toluene/THF (97:3 v/v) were charged to provide the desired
final concentration of 0.26 M.

Once the reaction mixture was loaded, the vial vessel was then placed into
one of the holes of a steel autoclave reactor (HEL Cat-24 parallel pressure
multireactor) and taken out of the glove box. The autoclave was purged three
times with H,/CO (1:1) (pressure not higher than 10 bar) and finally, the
autoclave was pressurized with H,/CO (1:1) to the desired pressure (10 bar).
The reaction mixture was stirred at 60 or 100 °C for 18 hours. The reaction
was cooled, and the pressure was carefully released in a well-ventilated hood.
Conversion, chemo- , regio-selectivity and yield of the products arising from
hydroformylation reaction conditions were determined by GC analysis on an
achiral stationary phase (HP-5) using dodecane as the internal standard.
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2.5.36. Results of isomerisation-hydroformylation tandem reactions

Table 54. Screening of isomerisation-hydroformylation tandem reactions of
an equimolar mixture of octenes (selectivity of aldehydes).

Aldehyde products

s N

CHO
\/\/\/\/CHO + \/\/\)\
Rh: [Rh(x20,0"acac)(CO),] (1 mol%) C,-Aldehyde C-Aldehyde
1™ 2"

Lig: Ligand L46 (1.2 mol%)
Pd: [{Pd(u-Br)(tBusP)},] (1 mol%)

KBATrF (X mol%) MA . CHO
NN \/\)\/\

P31a P31b

S31a: Oc:t—1—ene ) 10 bfr H/CO (1:1) cro
(E)-S31b: (E)-Oct-2-ene X C: 18 hours Cs-Aldehyde C,-Aldehyde
(2)-831b: (2)-Oct-2-ene Toluene/THF P31c P31d
(E)-S31c: (E)-Oct-3-ene @73 viv) . )
(E)-S31d: (E)-Oct-4-ene ' Isomerization products  Hydrogenation product
(2)-831d: (Z)-Oct-4-ene
Tem Select. P31
Entry Rh Lig Pd KBArF e C§" Aldehydes Ci/C/Cs/Cy
(%) ratio (%)
1 v 4 - - 60 98 8:31:26:34
2 v v - 1.56 60 94 11:32:27:30
3 v v v ) 60 ; )
4 v v v - 100 - :
5 4 4 4 1.56 60 7 42:44:6:8
6 4 4 4 3.6 100 7 39:39:11:11
7 ; - v - 60 - :
8 ; - v - 100 - :

The isomerisation-hydroformylation tandem reaction was performed in a parallel autoclave. Reaction
conditions: [substrate] = 0.26 M; stirring rate = 800 rpm; 10 bar H,/CO (1:1); 18h. Selectivity and ratio
were determined by GC using dodecane as an internal standard.




UNIVERSITAT ROVIRA | VIRGILI
COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS

Andrés Romermﬁt@r T

Table 55. Screening of isomerisation-hydroformylation tandem reactions of
an equimolar mixture of octenes (selectivity of alkenes).

Aldehyde products

CHO
SN CHO 4 \/\/\)\
Rh: [Rh(x20,0%acac)(CO0),] (1 mol%) Aldeh Aldeh
Lig: Ligand L46 (1.2 mol%) Cr Pg:ayde Cr ngbyde
Pd: [{Pd(u-Br)(tBusP)},] (1 mol%)
KBArF (X mol%) \/\/Y\ . CHO
S31a: Oct-1-ene 0 boar H,/CO (1:1) cHo
(E)-S31b: (E)-Oct-2-ene X C: 18 hours Cy-Aldehyde C-Aldehyde
(2)-831b: (2)-Oct-2-ene Toluene/THF P31c P31d
(E)-S31c: (E)-Oct-3-ene @rawy J
(E)-S31d: (E)-Oct-4-ene ' Isomerization products  Hydrogenation product
(2)-S31d: (Z2)-Oct-4-ene
Molar amounts of unreacted alkene (%)*
Entty Rh Lig Pd <pArF Temp. ®- @- (E)-S31c
(mol%)  (°C)  g31a 316 S31b +  (2)-S31d
(E)-S31d
1 v v - - 60 - - - 2 -
2 v v - 1.56 60 1 1 - 3 1
3 4 4 v - 60 3 30 17 34 16
4 4 4 v - 100 2 28 11 41 18
5 4 4 v 1.56 60 3 21 17 35 17
6 4 4 v 3.6 100 1 25 9 39 18
7 - - v - 60 1 30 10 40 19
8 - - v - 100 2 28 11 41 18

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate
= 800 rpm; 10 bar H,/CO (1:1); 18h. Selectivity was determined by GC using dodecane as an internal
standard. [a] Molar amounts of unreacted alkene S31a: oct-1-ene; (E)-S31b: (E)-oct-2-ene; (Z)-S31b:
(2)-oct-2-ene; (E)-S31c: (E)-oct-3-ene; (E)-S31d: (E)-oct-4-ene; (Z)-S31d: (Z)-oct-4-ene.
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Table 56. Screening of isomerisation-hydroformylation tandem reactions of
an equimolar mixture of octenes

Aldehyde products

CHO
[Rh(x20,0%acac)(CO),] (1 mol%) oSS~ _CHO \/\/\)\
Ligand L46 (1.2 mol%) C,-Aldehyde C,-Aldehyde
[Pd(tBU3P)2] (X mol%) P31a P31b
[PdI,] (X mol%)
NN AN KBArF (X mol%) M/\ + CHo
3120 t; . 10 bar Ho/CO (1:1) CHO \/\)\/\
a: Oct-1-ene o,
(E)-S31b: (E).Oct-2-ene 1‘)T(3)|l?énL?ThF‘|"‘:J'5 C;-Aldehyde C,Aldehyde
(2)-831b: (2)-Oct-2-ene (97:3 viv) P3tc P31d
(E)-S31c: (E)-Oct-3-ene 0.26 M b -
(E)-S31d: (E)-Oct-4-ene Isomerization products Hydrogenation product
(2)-831d: (Z)-Oct-4-ene
Entry Pd(Bu;P); PdI, KBArF Select. Select. C/ CI,) ;é /C
0, o, 0, 0, 0, 1 2. 3 4
(mol%) (mol%) (mol%) Hydrog. (%) Aldehydes (%) ratio (%)
1 0.5 0.5 3.6 0 78 37:36:14:13
2 1 0 3.6 0 97 21:34:21:24
3 2.5 0 4.6 0 90 33:26:18:22
4 2.5 0.5 3.6 0 91 31:31:18:20
5 3 0 10 0 76 41:22:17:21
6 3 0.5 3.6 0 96 24:31:21:24
Molar amounts of unreacted alkene (%)*
Entry Pd(:Bu;P), PdlL, KBArF (E)-S31c
(mol%)  (mol%)  (mol%) g31a S(gb s(gb + (2)-831d
(E)-S31d
7 0.5 0.5 3.6 1 5 2 10 4
8 1 0 3.6 1 - - 2 -
9 2.5 0 4.6 3 1 - 1
10 2.5 0.5 3.6 3 1 - 4 1
11 3 0 10 4 3 1 11 5
12 3 0.5 3.6 1 1 - 2 -

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate
= 800 rpm; 10 bar H,/CO (1:1); 100 °C, 18h. Selectivity and ratio were determined by GC using
dodecane as an internal standard. [a] Molar amounts of unreacted alkene S31a: oct-1-ene; (E)-S31b:
(E)-oct-2-ene; (Z)-S31b: (2)-oct-2-ene; (E)-S31c: (E)-oct-3-ene; (E)-S31d: (E)-oct-4-ene; (Z)-S31d: (2)-

oct-4-ene.
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Table 57. Isomerisation-hydroformylation reactions of
an equimolar mixture of hexenes.

Aldehyde products

cHO
[Rh(x20,0acac)(CO);] (1 mol%)| -~ ~_CHO +  ~ _~__
Ligand L46 (1.2 mol%) C,-Aldehyde C,-Aldehyde

[P(tBuzP),] (0.5 mol%) P46a P46b
[Pdl,] (0.5 mol%)

KBATF (3.6 mol%) NS, ¢HO

TS CHO
S46a: Hept-1-ene 10 bar H,/CO (1:1)
(E)-S46b: (E)-Hept-2-ene 00 °C, 18 hours Cs-Aldehyde C-Aldehyde
(2)-S46b: (2)-Hept-2-ene Toluene/THF (97:3 viv) P46¢c P46d
(E)-S46c¢: (E)-Hept-3-ene 0-26 M
Isomerization products Hydrogenation product
SN + NN

Molar amounts of unreacted .« e so/\b
alkene (%)* Selectivity (%) P46

Entry ® & @ ® Ci/Ci/ C3/Cy
- - - - ratio (%)
Sa6a  S46b Sd6b  Sa6c | ydros. Aldehydes

1 1 5 4 1 1 89 46:33:15:6

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring
rate = 800 rpm; 10 bar H,/CO (1:1); 100 °C, 18h. Selectivity and ratio were determined by GC
using dodecane as an internal standard. [a] Molar amounts of unreacted alkene S46a: hept-1-ene;
(E)-S46b: (E)-hept-2-ene; (Z)-S46b: (Z)-hept-2-ene; (E)-S46c: (E)-hept-3-ene. [b] Selectivity of the
hydrogenation product and aldehydes.
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Table 58. Isomerisation-hydroformylation reactions of
an equimolar mixture of hexenes.

Aldehyde products

s )

CHO
[Rh(x20,0%acac)(CO),] (1 mol%) | ~_~_~_CHO + \/\)\
Ligand L46 (1.2 mol%) C,-Aldehyde C,-Aldehyde
[Pd(tBu3P),] (0.5 mol%) P47a P47b
[Pdl,] (0.5 mol%)
KBATF (3.6 mol%) CHO
S47a: Hex-1-ene 10 bar H,/CO (1:1) Cs-Aldehyde
(E)-S47b: (E)-Hex-2-ene 100 °C, 18 hours P47c
(2)-S47b: (Z)-Hex-2-ene Toluene/THF (97:3 v/v) S J
(E)-S47c: (E)-Hex-3-ene 0.26 M o )
(2)-847¢: (2)-Hex-3-ene Isomerization products Hydrogenation product
e ] + [ SN ]

L

Molar amounts of unreacted alkene .. a
(%) Selectivity (%) P47

Entry (B)-547b + (E) Ci/C/Cs
- + (B)- _ ratio (%)
S47a S47c + (E)-S47c (2)-S47b |Hydrog. Aldehydes °

1 0.5 8 2.5 2 87 58:28:14

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring rate
= 800 rpm; 10 bar H,/CO (1:1); 100 °C, 18h. Selectivity and ratio were determined by GC using
dodecane as an internal standard. [a] Molar amounts of unreacted alkene S47a: Hex-1-ene; (E)-S47b:
(E)-Hex-2-ene; (Z)-S47b: (Z)-hex-2-ene; (E)-S47c: (E)-hex-3-ene; (E)-S47c: (Z)-hex-3-ene. [b] Selectivity
of the hydrogenation product and aldehydes.
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Table 59. Isomerisation-hydroformylation reactions of
an equimolar mixture hexenes.

Aldehyde products
[Rh(x20,0"acac)(C0),] (1 mol%) ©/\/\ m
Ligand L46 (1.2 mol%) Li o B hed (b)
inear ranche
[Pd(tBu3P),] (0.5 mol%) P51a P51b

[Pdl,] (0.5 mol%)

©/\v/ KBATF (3.6 mol%)
10 bar H,/CO (1:1) N x
100 °C, 18 hours
$51: Allylbenzene Toluene/THF (97:3 v/v)
(E)-S51: trans-B-methylstyrene 0.26 M

(Z)-851: cis-B-methylstyrene

Isomerization products

o

Hydrogenation
product
Molar amounts of unreacted e oD
Entry alkene (%)* Selectivity (%) /b
ratio (%)
S51 (E)-S51 (2)-S51 Hydrog. Aldehydes
1 3 50 15 2 30 86:14

The HF was performed in a parallel autoclave. Reaction conditions: [substrate] = 0.26 M; stirring
rate = 800 rpm; 10 bar H,/CO (1:1); 100 °C, 18h. Selectivity and ratio were determined by GC
using dodecane as an internal standard. [a] Molar amounts of unreacted alkene S51: allylbenzene;
(E)-S51: trans-B-methylstyrene; (Z)-S51: cis-B-methylstyrene. [b] Selectivity of the hydrogenation
product and aldehydes.
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2.5.37. NMR spectrum of ligands .46, 1.47 and substrates
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Figure 89. '"H NMR (400 MHz, CDCI;) of isolated compound 3,3',5,5'-tetra-tert-
butylbiphenyl-2,2'-diyl chlorophosphite (12).
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Figure 90. 3'P{'H} NMR (162 MHz, CDCI;) of isolated compound
3,3',5,5'-tetra-tert-butylbiphenyl-2,2'-diyl chlorophosphite (12).
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Figure 91. 'H NMR (500 MHz, CD,Cl) of isolated compound bisphosphite ligand 1.46.
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Figure 92. "C{'H} {*)P} NMR (126 MHz, CD,Cl) of isolated compound bisphosphite ligand
L46.
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Figure 93. ¥P{'H} NMR (202 MHz, CDCl) of isolated compound bisphosphite ligand 1.46.
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Figure 94. "H NMR (400 MHz, CDCl3) of the isolated compound 14.
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Figure 96. '"H NMR (500 MHz, CD:Cl,) of isolated compound bisphosphite ligand L47.
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Figure 97. BC{'H} {*'P} NMR (126 MHz, CD-Cl;) of isolated compound bisphosphite
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Figure 98. 3'P{'H} NMR (202 MHz, CD-Cl,) of isolated compound bisphosphite ligand L47.
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Figure 100. "H NMR (400 MHz, CDCI;) of isolated substrate S57.
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Figure 102. '"H NMR (400 MHz, CDCI;) of isolated substrate S64.
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Figure 103. '"H NMR (400 MHz, CDCI;) of isolated compound 23.
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Figure 104. C{'H} NMR (101 MHz, CDCI;) of isolated compound 23.
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Figure 106. *C{'H} NMR (101 MHz, CDCls) of isolated substrate 24.
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Figure 107. "H NMR (400 MHz, CDCl;) of isolated substrate S66.
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Figure 108. *C{'H} NMR (101 MHz, CDCls) of isolated substrate S66.
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2.5.38. Copies of IR spectra of the bisphosphite ligands .46 and 147
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Figure 109. IR spectrum of isolated compound bisphosphite ligand L46.
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Figure 110. IR spectrum of isolated compound bisphosphite ligand L47.
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2.5.39. Coordination studies of the bisphosphite .46 in absence of
RA: [Rh(CO),H(x*P,P-L46)]

A 50 mM solution of bisphosphite ligand L46 (1 equiv.) and
[Rh(x*0,0-acac)(CO),] (1 equiv.) in PhMe-dy/THF-ds (97:3 v/v) was
transferred to a 25 mL autoclave reactor, which was pressurized at 10 bar of
H,/CO (1:1) and heated at 60 °C. The mixture was allowed to stir for 18 hours.
The reactor was cooled to room temperature, depressurized in a well-
ventilated fume hood and the reaction mixture was transferred to 5 mm HP-
NMR sapphire tube. The tube was pressurized at 10 bar H,/CO (1:1) and the
HP-NMR spectrum were collected at 298 K. Mass Spectroscopy samples were
immediately recorded under N, after depressurizing the autoclave.
Spectroscopic data obtained from this solution were in agreement with the
quantitative formation of [Rh(CO).H(x?P,P-L46)]. 'H NMR (500 MHz,
PhMe-dy/ THF-d; (97:3v/v)) 6 7.57 (d, J= 2.4 Hz, 4H), 7.27 (d, /= 2.4 Hz, 4
H), 4.25 (bs, 4H), 3.61 (t, J = 5.7 Hz, 4H), 3.35 (bs, 8H), 1.65 (s, 36H), 1.25
(s, 36H), -10.08 (td, "Jurn = 3.46 Hz, 2Jupr = 12.82 Hz, 1H) ppm;). 'H{*'P}
NMR (500 MHz, PhMe-dy/ THF-d; (97:3 v/v)) 6 7.58 (d, J= 2.5 Hz, 4H), 7.27
(d,J=2.2Hz,4H),4.25(t,/=5.7 Hz, 4H), 3.61 (t, J= 5.7 Hz, 4H), 3.35 (bs,
8H), 1.65 (s, 36H), 1.25 (s, 36H), -10.08 (d, 'Jurn = 3.61 Hz, 1H) ppm; *C{'H}
NMR (126 MHz, PhMe-dy/ THF-d; (97:3 v/v)) 6 190.9, 147.4, 146.5, 140.13,
132.7,127.4,71.6, 70.6, 66.4, 36.0, 34.6, 32.2, 31.5, 24.3 ppm; *P NMR (202
MHz, PhMe-dy/ THF-d; (97:3 v/v)) 8 150.4 (dd, "Jo.ra = 233.7 Hz, 2Jou=11.1
Hz) ppm; *P{'"H} NMR (202 MHz, PhMe-ds/ THF-d;s (97:3 v/v)) & 150.4 (d,
Uprrn = 233.8 Hz) ppm; HRMS (MALDI-TOF) m/z calcd. for CssHosOoP,Rh"*
[M-2CO-H]J* 1173.5579, found 1173.5569.

tBu

o\
( 10 bar H,/CO (1:1) (0 0 P\OH ‘Bu
60 °C, 18 hours |
0 + [Rh(x20,0"acac)(C0O),] ————— O Rh-CO
& 1.0 equiv. PhMe-dg/THF-dg & /éo
a (97:3 viv) o o—P—o {Bu
50 mM /0

tBu
[Rh(CO),H(x?P,P-L46)]

Bisphosphite L46
1 equiv.

Scheme 52. Coordination of [Rh]/L46 (1:1) under 10 bar H2/CO (1:1) at 60 °C for 18 hours.
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NMR spectrum of the High-Pressure experiment:
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Figure 111. High-Pressure '"H NMR (500 MHz, PhMe-ds/ THF-ds (97:3 v/v)) of

[Rh(CO);H(x*P,P-L46)].
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Figure 112. High-Pressure 'H{*'P} NMR (500 MHz, PhMe-ds/ THF-ds (97:3 v/v)) of
[Rh(CO):H(xP,P-L46)].
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Figure 113. High-Pressure *'P NMR (202 MHz, PhMe-ds/ THF-d;s (97:3 v/v)) of
[Rh(CO):H(i*P, P-L46)].
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Figure 114. High-Pressure 3'P{{H} NMR (202 MHz, PhMe-ds/ THF-ds (97:3 v/v)) of
[Rh(CO):H(xP,P-L46)].
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Figure 115. High-Pressure *C{'H} NMR (126 MHz, PhMe-ds/ THF-ds (97:3 v/v)) of
[Rh(CO):H(i*P, P-L46)].
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Figure 116. High-Pressure "H-*'P HMBC spectrum of the complex of
[Rh(CO).H(’P,P-L46)] in PhMe-ds/THF-ds (97:3 v/v).
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2.5.40. Coordination studies of the bisphosphite ligand 146 and
KBATF as the RA: [Rh(CO).H(x*P,P-L46° KBArF)]

A 50 mM solution of bisphosphite ligand 146 (1 equiv.), KBArF (1.3
equiv.) and [Rh(k*0,0’-acac)(CO),] (1 equiv.) in PhMe-ds/ THF-dy (97:3 v/v)
was transferred to a 25 mL autoclave reactor, which was pressurized at 10 bar
H,/CO (1:1) and heated at 60 °C. The mixture was allowed to stir for 18 hours.
The reactor was cooled to room temperature, depressurized in a well-
ventilated fume hood and the reaction mixture was transferred to 5 mm HP-
NMR sapphire tube. The tube was pressurized at 10 bar H,/CO (1:1) and the
HP-NMR spectrum were collected at 298 K. MS samples were immediately
recorded under N, after depressurizing the autoclave. Spectroscopic data
obtained from this solution were in agreement with the quantitative formation
of [Rh(CO),H(x*P,P-L46°KBArF)]. '"H NMR (500 MHz, PhMe-dy/ THF-d;
(97:3v/v))57.59(d, J=2.0Hz, 4H), 7.27 (d, /= 2.1 Hz, 4 H), 3.92 (bs, 4H),
2.99 (bs, 8H), 2.94 (bs, 4H), 1.53 (s, 36H), 1.23 (s, 36H), -11.21 (d, 'Ju.ra= 4.3
Hz, 1H) ppm; 'H{*'P} NMR (500 MHz, PhMe-dy/ THF-d; (97:3 v/v)) 8 7.59
(d,/=1.4Hz,4H), 7.27(d, J= 1.4 Hz, 4 H), 3.92 (bs, 4H), 2.99 (bs, 8H), 2.94
(bs, 4H), 1.52 (s, 36H), 1.23 (s, 36H), -11.21 (d, '"Jurs = 4.3 Hz, 1H) ppm,;
BC{'H} NMR (126 MHz, PhMe-dy/ THF-d; (97:3 v/v)) 8 191.4, 147.9, 146.9,
139.5, 131.6, 126.3, 70.0, 69.6, 69.4, 35.8, 34.7, 32.2, 31.7, 24.3 ppm; 'P
NMR (202 MHz, PhMe-dy/ THF-d; (97:3 v/v)) 6 138.2 (d, 'Jprn = 248.2 Hz)
ppm; *'P{'H} NMR (202 MHz, PhMe-ds/ THF-d; (97:3 v/v)) 8 138.2 (d, 'Jprn
= 248.2 Hz) ppm; HRMS (MALDI-TOF) m/z calcd. for CesHosOoP,Rh* [M-
KBArF-2CO-H]" 1173.5579, found 1173.5584.

(» 10 bar H,/CO (1:1)
0 °C, 18 hours
0 + KBArF  + [Rh(x20,0%acac)(CO))] ———— >
) . PhMe-dg/THF-dg
o o tBu 1.3 equiv. 1.0 equiv. (97:3 viv)
50 mM

tBu

Bu [Rh(CO),H(x2P,P-L46-KBAIF)]

Bisphosphite L46
1 equiv.

Scheme 53. Coordination of [Rh]/L46/KBArF (1:1:1.3) under 10 bar H2/CO (1:1) at 60 °C
for 18 hours.
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NMR spectrum of the High-Pressure experiment:
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Figure 117. High-Pressure '"H NMR (500 MHz, PhMe-ds/ THF-ds (97:3 v/v)) of
[Rh(CO):H(kP,P-L46°KBArF)].
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Figure 118. High-Pressure 'H{*'P} NMR (500 MHz, PhMe-ds/ THF-ds (97:3 v/v)) of
[Rh(CO):H(x?P, P-L46*KBAIF)).
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Figure 119. High-Pressure *'P NMR (202 MHz, PhMe-ds/ THF-d;s (97:3 v/v)) of
[Rh(CO):H(*P,P-L46*KBAIF)).
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Figure 120. High-Pressure *'P{'H} NMR (202 MHz, PhMe-ds/ THF-ds (97:3 v/v)) of
[Rh(CO):H(x?P,P-L46°KBAIF)).
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Figure 121. High-Pressure *C{'H} NMR (126 MHz, PhMe-ds/ THF-ds (97:3 v/v)) of
[Rh(CO).H(k’P,P-L46*KBATF)].
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Figure 122. High-Pressure '"H-*'"P HMBC spectrum of the complex of
[Rh(CO),H(k’P, P-L46*KBAIF)] in PhMe-ds/ THF-ds (97:3 v/v).
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Figure 123. High-Pressure *’P—*'P EXSY spectrum of the complex of
[Rh(CO)H(KBArF-L46)] in PhMe-ds/ THF-ds (97:3 v/v).
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2.5.41. Coordination studies of the bisphosphite ligand 1L46 with
CsBATrF as the RA: [Rh(CO),H(x*P,P-L46°CsBArF)]

A 50 mM solution of bisphosphite ligand L46 (1 equiv.), CsBArF (1.3
equiv.) and [Rh(x*0,0’-acac)(CO),] (1 equiv.) in PhMe-dy/ THF-d;in (97:3
v/v) was transferred to a 25 mL autoclave reactor, which was pressurized at
10 bar H>/CO (1:1) and heated at 60 °C. The mixture was allowed to stir for
18 hours. The reactor was cooled to room temperature, depressurized in a
well-ventilated fume hood and the reaction mixture was transferred to 5 mm
HP-NMR sapphire tube. The tube was pressurized at 10 bar H,/CO (1:1) and
the HP-NMR spectrum were collected at 298 K. MS samples were
immediately recorded under N, after depressurizing the autoclave.
Spectroscopic data obtained from this solution were in agreement with the
quantitative formation of the [Rh(CO),H(«x*P,P-L46-CsBArF)]. '"H NMR (500
MHz, PhMe-d;/ THF-d; (97:3 v/v)) 6 7.59 (d, J= 2.3 Hz, 4H), 7.28 (d, /= 2.2
Hz, 4 H), 3.86 (bs, 4H), 3.01 (bd, 8H), 2.87 (bs, 4H), 1.53 (s, 36H), 1.24 (s,
36H), -11.20 (d, 'Jurn = 2.8 Hz, 1H) ppm; 'H{*'P} NMR (500 MHz, PhMe-
ds/ THF-dg (97:3 v/v)) 6 7.59 (d, J = 2.2 Hz, 4H), 7.27 (d, /= 1.9 Hz, 4 H),
3.86 (bs, 4H), 3.01 (bd, 8H), 2.87 (bs, 4H), 1.53 (s, 36H), 1.24 (s, 36H), -11.20
(d, "Jurn= 3.9 Hz, 1H) ppm; *C{'H} NMR (126 MHz, PhMe-dy/ THF-d;(97:3
v/v)) 8 191.2, 147.8, 147.1, 139.4, 131.7, 126.4, 70.0, 69.7, 68.9, 35.9, 34.7,
31.9, 31.3, 24.3 ppm; *'P NMR (202 MHz, PhMe-dy/ THF-d; (97:3 v/V)) &
138.3 (d, 'Jorn = 246.9 Hz) ppm; *P{'"H} NMR (202 MHz, PhMe-d;/ THF-d;,
(97:3 v/v)) 6 138.3 (d, "Jorn = 246.9 Hz) ppm; HRMS (MALDI-TOF) m/z
calcd. for CssHosOoP,Rh* [M-CsBArF-2CO-H]* 1173.5579, found 1173.5583.
Attempts to isolate this rhodium complex in analytically pure form failed.

tBu

( 10 bar H,/CO (1:1)
) 60 °C, 18 hours
0 + CsBArF + [Rh(x?0,0™-acac)(CO), ]m /
) . €-dg 8
& tBu 1.3 equiv. 1.0 equiv. & CO
(97:3 viv) O O e

50 mM

tBu
[Rh(CO),H(k?P,P-L46+CsBArF)]

tBu

Bisphosphite L46
1 equiv.

Scheme 54. Coordination of [Rh]/L46/CsBArF (1:1:1.3) under 10 bar H2/CO (1:1) at 60 °C
for 18 hours.
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NMR spectrum of High-Pressure experiment:

™~ <0
2388 288k B3 R
N (RN v
......................... : 2
=S
* Toluene-d, :
. : Jomn =2.75Hz
® THF-d, :
* BArF
T 1
111 1.2 1.3 ppm !
P I I
|| \ e .
T T T T T T T T T T — T T
10 8 [ 4 2 0 -2 -4 -6 8 -10 A2 ppm

ST A
Figure 124. High-Pressure 'H NMR (500 MHz, PhMe-ds/ THF-ds (97:3 v/V)) of
[Rh(CO);H(kP,P-L46+*CsBArF)].
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Figure 125. High-Pressure 'H{*'P} NMR (500 MHz, PhMe-ds/ THF-d3(97:3 v/v)) of
[Rh(CO):H(kP, P-L46+CsBAIF)].
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Figure 126. High-Pressure *'P NMR (202 MHz, PhMe-ds/ THF-ds (97:3 v/v)) of
[Rh(CO):H(k2P, P-L46+CsBAIF)].
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Figure 127. High-Pressure *'P{'H} NMR (202 MHz, PhMe-ds/ THF-ds (97:3 v/v)) of
[Rh(CO):H(i’P, P-L46+CSBATF)].
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Figure 128. High-Pressure *C{'H} NMR (126 MHz, PhMe-ds/ THF-ds (97:3 v/v)) of
[Rh(CO),H(P, P-L46+CsBAIF)).
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Figure 129. High-Pressure '"H-*'"P HMBC spectrum of the complex of
[Rh(CO),H(i’P,P-L46+CsBAIF)] in PhMe-ds/ THF-ds (97:3 /).
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2.5.42. Coordination studies of [Rh(CO),H(x’P,P-L46)] with
KBATF as the RA: [Rh(CO),H(x*P,P-L46°KBArF)]

A 50 mM solution of bisphosphite ligand L46 (1 equiv.) and
[Rh(x*0,0-acac)(CO),] (1 equiv.) in PhMe-dy/ THF-d; in (97:3 v/v) was
transferred to a 25 mL autoclave reactor, which was pressurized at 10 bar
H,/CO (1:1) and heated at 60 °C. The mixture was allowed to stir for 18 hours.
The reactor was cooled to room temperature, depressurized in a well-
ventilated fume hood and the reaction mixture was transferred to 5 mm NMR
tube. The tube was pressurized at 1 bar H,/CO (1:1) and the NMR spectrum
were collected at 298 K. The NMR tube was transfer to the glove box and the
solution was added over KBArF (1.3 equiv.). The solution was transferred to
5 mm NMR tube. The tube was pressurized at 1 bar H>/CO (1:1) and the
NMR spectrum were collected at 298 K. Spectroscopic data obtained from
this solution were in agreement with the quantitative formation of
[Rh(CO),H(k?P,P-L46°KBATrF)]. Spectroscopic data were in agreement with
those already reported in the section 2.5.40.

10 bar H,/CO (1:1
60 °C, 18 hours

o * [Rh(x?0,0%acac)(CO),] ——————>
& 10 oquv PhMe-dg/THF-dg & ¢co
. - (97:3 viv) -p< tBu
50 mM %

tBu Bu O O

tBu
Diphosphite L46 tBu

1 equiv.

0 0-P-0O
BAFF (13 iv.) < NS \H Bu
r O equiv. > |
ki Lt bk S SRV Rh-CO

PhMe-dg/THF-dg & Yo !
(97:3 viv) 4 /co

50 mM /O

tBu
[Rh(CO),H(x?P,P-L46+-KBArF)]

Scheme 55. Coordination of [Rh]/L46/KBArF (1:1:1.3).
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NMR spectrum of High-Pressure experiment:
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Figure 130. 'H NMR (400 MHz, PhMe-ds/ THF-d; (97:3 v/v)) of [Rh(CO),H(x2P, P-L46)].
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Figure 131. >'P NMR (162 MHz, PhMe-ds/ THF-ds (97:3 v/v)) of [Rh(CO).H(x*P,P-L46)].
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Figure 132. '"H NMR (400 MHz, PhMe-ds/ THF-ds (97:3 v/V)) of
[Rh(CO):H(x?P,P-L46*KBATF)].
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Figure 133. 'P NMR (162 MHz, PhMe-ds/ THF-ds (97:3 v/v)) of
[Rh(CO).H(k?P,P-L46*KBAIF)].
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2.5.43. Preparation of the catalyst precursor for Rh-catalysed
hydroformylation in FlowNMR experiments

General procedure for the FlowNMR monitoring at DReaM facility of Rh-
catalysed hydroformylation of hex-1-ene (S47a).

The hydroformylation of hex-1-ene was carried out in a pressure reactor
made of glass with a stainless-steel lid connected to the FlowNMR apparatus.
A micro-annular gear pump (mzr-6355from HNP Mikrosysteme GmbH) was
used to circulate the reaction mixture through the 1/16” polyether ether
ketone (PEEK, Upchurch Scientific) tubing with 0.76 mm i.d. connected to
an InsightMR flow tube (Bruker) placed in the probe of the spectrometer. The
inner volume of the flow system was approximately 7 mL. NMR spectra were
recorded on a Bruker 500 MHz Advance II+ Ultrashield equipped with a
nitrogen cooled BBO Prodigy CryoProbe. '"H NMR chemical shifts are
referenced against TMS (99.5 % purity in CDCls) and *'P NMR shifts are
referenced to 85% H;PO.. The reaction monitoring software used was
InsightMR, and data processing was performed with TopSpin 4.0.6 and
DynamicCenter 2.5.6.

In a glove box filled with argon, the following solutions were prepared:

Solution A: Ligand L46 (50.1 mg, 46.8 pmol), CsBArF (60.6 mg, 60.84
umol) in 450 puL of THF-d;, [Rh(x*0,0"-acac)(CO),] (10.1 mg, 39.1 umol) and
PhMe-d; were mixed until a total volume of 10 mL.

Solution B: Hex-1-ene (S47a) (487.7 pL, 328.22 mg, 3.9 mmol), 1,3,5-
trimethoxybenzene (62.9 mg, purity 99%, 0.37 mmol), triphenyl phosphate
(100.7 mg, purity 97%, 0.30 mmol) and PhMe-d; were mixed until a total
volume of 5 mL.

The solution A was added into the 50 ml glass-autoclave followed by the
solution B inside the glovebox (argon atmosphere). The reactor was then taken
out from the glove box.

The reactor was connected to the pressure system and was leak-checked,
vacuume-argon cycled three times at room temperature in one of the lines. The
valve was then opened and kept under argon. The inlet of the flow tube was
then moved into a separate Schlenk flask that contained dry toluene under
argon with the outlet being connected to the waste bottle. Dry toluene was
then pumped through the flow tube for 5 minutes to leave the transfer lines,
pump and flow tube filled with dry solvent (7 mL). Thereafter, both flow tube
ends were reconnected to the reactor which was topped up with the reaction
mixture against a flow of argon. The NMR tube and tip were then inserted
into the spectrometer, the stirring was started, and the reaction mixture was
pumped through the system at 4 mL/min. NMR spectra were recorded while
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flowing under argon atmosphere. The reactor, heat exchanger and NMR
probe were heated to 60 °C and, once the temperature had stabilised
throughout the system, the NMR spectrometer lock was turned off, shimmed
on 'H peaks and tuned to proton and phosphorus. Spectra of the reagents were
recorded both statically and at 4 mL/min. Acquisition parameters for
interleaved 'H, selectively excited 'H and *'P{'H} NMR measurements were
entered, and the sequence was initiated to start the FlowNMR reaction
monitoring. After acquisition of at least one sequence of measurements under
argon, the system was purged three times with less than 5 bar with CO. Once
purged, the reservoir was pressurised with 7 bar of CO and after with 14 bar
of H; in order to have 14 bar of syngas (H,/CO in a 1:1 ratio) in the reservoir.
The reservoir was connected to a 50 mL glass pressure reactor, which was
pressurised at 10 bar of H,/CO (1:1). When the pressure of the reactor
decreased, it was pressurised again at 10 bar of H,/CO (1:1) in order to keep
the pressure stable during the reaction monitoring. The stirring rate was set to
800 rpm. At the end of the reaction, additional calibration spectra with and
without flow were recorded. Once the experiment was finished, the H, and
CO cylinders were closed, and the pressure system was depressurized. The
thermostat, NMR spectrometer and heating plate were switched off, the crude
mixture was removed from the reactor when it reached room temperature and
the sample lines were cleaned. Conversion, concentrations and linear to
branched ratio for the products derived from the hydroformylations were
determined by NMR analyses using 1,3,5-trimethoxybenzene and triphenyl
phosphate as internal standards for 'H and P NMR, respectively.
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CHAPTER III

Anionic Supramolecular
Regulation for
Rhodium-Catalysed
Hydroformylations
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3.1. ABSTRACT

Herein we report the design and synthesis of a monophosphite ligand based
on a carbazole scaffold. The purpose of synthesising this ligand was to
supramolecularly control the activity and regioselectivity in hydroformylation
reactions employing anionic regulation agents. In an analogous manner to the
regulation strategy developed in our group involving cation recognition, we
hypothesised that the combined use of a suitably designed monophosphite
ligand L50, a rhodium precursor for hydroformylation reactions and an
anionic regulation agent would lead to rhodium complexes with a catalytic
site whose geometry, rigidity and/or conformational flexibility would depend
on the size and shape of the regulation agent used. The ultimate goal of this
approach was to maximise the activity and/or selectivity of the
hydroformylation catalyst by the choice of the RA. The synthesis of a first
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generation of supramolecularly regulated catalysts derived from the
2-((8-amino-9H-carbazole)-1-sulfonamido)phenyl phosphite ligand L50, the
preliminary studies on the hydroformylation of two benchmark alkenes and
the effects of anionic regulation are described herein.

Br Br

tBu

O\ NH § 05 o
N 2S=NH 0%

tBu

tBu
L50

Figure 134. Supramolecular ligand L50.

3.2. INTRODUCTION

The hydroformylation reaction has become one of the most important
industrially exploited homogeneously catalysed processes since Otto Roelen
discovered this chemistry in 1938.%* This transformation is an efficient and
economic route to create high-value aldehydes as organic intermediates or
final products for the fragrance and pharmaceutical industry.”!® As already
mentioned, hydroformylation entails the addition of an hydrogen (H) and a
formyl group (CHO) across an unsaturated C—C bond in the presence of a
catalyst under H,/CO atmosphere. The most common catalysts used in this
transformation are cobalt (Co) and rhodium (Rh) complexes. Although
rhodium catalysts are economically less favoured than the cobalt ones, they
can be used under milder reaction conditions.'!!1¢

Since hydroformylation was discovered, the main goal has been to control
the chemoselectivity of the reaction towards the aldehydes, and also the
regioselectivity towards the selective formation of either linear or the branched
aldehydes.>!!

Therefore, the design and synthesis of new catalysts to control the activity,
regio- and/or enantio-selectivity in hydroformylation reactions are still
cutting-edge goals in this chemistry. One attractive and underdeveloped area
of research is the development of supramolecularly regulated catalysts
involving the recognition of anions.?"’

207 a) Gale, P. A.; Dehaen, W. Anion Recognition in Supramolecular Chemistry; Springer GmbH, 2010. b)

Bowman-James, K.; Bianchi, A.; Garcia-Espafa, E. Anion Coordination Chemistry; Wiley-VCH Verlag
GmbH & Co. KGaA, 2012.
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During the last years, the design and development of organocatalysts
incorporating anion-binding motifs has flourished.?®® Jacobsen and co-workers
pioneered the use of anion binding in asymmetric catalysis.?”” On the other
hand, the design and development of anion receptors applied in
organometallic catalysis, such as hydrogenations or hydroformylation
reactions has also been reported.

Reek et al. have applied a supramolecular regulation strategy using an
anionic regulation agent (or cofactor as named by the authors), which interacts
with the supramolecular ligand. The previously mentioned authors used the
di(1H-indol-2-yl)methane-based bisphosphane ligand L44 (Scheme 56) in
combination with and enantiopure carboxylic acid derivative, as for instance
4-DIPEA (generated in situ from the acid and DIPEA). Additionally, the
thiourea group of the RA 4 served also to interact with the substrate, leading
to very high yields and enantiomeric excesses in the hydrogenation of a set of
N-acyl enamines.'?

N =
aslre
NH HN
= O O
S
H
o
PPh,  PPh, 4
L44 Regulation Agent

[Rh(nbd),]BF (1 mol%)
L44 (1.1 mol%)

0 4 (12 mol%) o
)k JL DIPEA (9 mol%) J\ Up to
N R M 93% yield
N CH,Cl, N R 98% ee (R)

10 bar Hy, rt, 16 h
Scheme 56. Supramolecular anionic regulation in asymmetric hydrogenation.

In this work, we present the design and synthesis of a new supramolecular
phosphorus-ligand incorporating a regulation site with anion recognition
motifs. We also describe preliminary studies on its application in
hydroformylation reactions. The design of the regulation site was inspired in
the work of Caballero et al. and Molina et al.,>'° who have demonstrated the

208 2) Busschaert, N.; Caltagirone, C.; van Rossom, W.; Gale, P. A. Chem. Rev. (Washington, DC, U. S.) 2015,
115, 8038-8155. b) Zhao, J.; Yang, D.; Yang, X.-J.; Wu, B. Coord. Chem. Rev. 2019, 378, 415-444.

29 Brak, K.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2013, 52, 534-561.

210 2) Belén Jiménez, M.; Alcazar, V.; Pelaez, R.; Sanz, F.; Fuentes de Arriba, A. L.; Caballero, M. C. Org.
Biomol. Chem. 2012, 10, 1181-1185 b) Sanchez, G.; Espinosa, A.; Curiel, D.; Tarraga, A.; Molina, P. J. Org.
Chem. 2013, 78, 9725-9737.
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ability of the N,N'-(9H-carbazole-1,8-diyl)diacyl motif to form highly stable
complexes with anions.

Our ligand design is shown in Scheme 57. We hypothesized that the
combined use of monophosphite ligand L50, a rhodium precursor for
hydroformylation reactions and an anionic regulation agent would lead to
rhodium complexes derived from a supramolecular bisphosphite with a
catalytic site whose geometry, rigidity and/or conformational flexibility
would depend on the size and shape of the regulation agent used. Moreover,
we envisaged that the solubility of the catalyst could be modulated with the
optimal choice of the R substituent.

Br. Br
S s ¥
N
N H
R-NH H SO, sl B
HN oo Ao H
O\I ] L50/ o
P-0 \
d -9
O\J
(L50-

Supramolecular ligand
for anion recognition

@ [Rh]/L50/
(1:2:1.6)

! {Bu :

\ | R

: O tBu : "\‘

0 | Ho._

I:’\O H""‘_‘jZRAe';::"

oo o

: tBu |

------------------ /P—o -
_J o
[Rh(x?P,P-L50-RA)]
Supramolecular

Anionic Catalyst

Scheme 57. Design of the supramolecularly regulated catalysts employing anionic regulation
agents within this doctoral thesis
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3.3. RESULTS AND DISCUSSION

The synthesis of the monophosphite ligand that was designed for our
studies (7.e., L50) consisted of seven synthetic steps (Scheme 58). The first step
was the nitration with 65% HINO; of dibromo-9H-carbazole (27), which is
commercially available. The mononitration at the ortho-position of the
nitrogen in the five-membered ring was selectively achieved in 91% yield
employing 1.25 equiv. of 65% nitric acid in boiling acetic acid (for the structure
of the mono-nitrated carbazole 26, see Scheme 58A). The second step
consisted of the sulfonation of 26 using chlorosulfonic acid. The product 27
was isolated as the sodium sulfonate in 94% yield after a basic aqueous
work-up with sodium bicarbonate (Scheme 58B). The third step consisted of
the transformation of the sodium sulfonate into the chlorosulfonic group using
PClIs. The transformation proceeded smoothly in a dichloromethane solution
at room temperature and the product 28 was isolated from the reaction
mixture in 99% yield (Scheme 58C). Derivatization of the chlorosulfonic acid
derivative with ortho-aminophenol in the presence of pyridine as the auxiliary
base led to the compound 29 in 90% yield (Scheme 58D). The fifth step
consisted of the reduction of the nitro group with SnCl,-H,O. The reaction
proceeded smoothly and the target product 30 was obtained in 81% yield
(Scheme 58E). The sixth step involved the trifluoromethylation of the free
amino group in 31 using trifluoroacetic anhydride and triethylamine as
auxiliary base (Scheme 58F). The reaction product was obtained in high yield
(90%) after purification by column chromatography. The last step of the
synthesis of the ligand consisted of the O-phosphorylation of the phenolic OH
group with chlorophosphite 12. An excess of triethylamine (5 equiv.) was used
to obtain the target monophosphite ligand L.50 (33% yield, Scheme 58G). The
overall yield for the 7 steps was 19%, which corresponds to an 83% of average
yield for each step. The lowest yielding step was the O-phosphorylation, which
certainly needs further optimization efforts in the future. Perhaps, the use of
alternative auxiliary bases such as pyridine?'! or DMAP?!? (alone?'® or catalytic
amounts combined with triethylamine?'*) may lead to higher yields for this
transformation. Other options to consider are changes in the reaction

211 2) Diéguez, M.; Pamies, O. Chem. Eur. J. 2008, 14, 3653-3669. b) Diéguez, M.; Pamies, O.; Ruiz, A ;
Claver, C. New J. Chem. 2002, 26, 827-833 b) Biosca, M.; Magre, M.; Coll, M.; Pamies, O.; Diéguez, M.
Adv. Synth. Catal. 2017, 359, 2801-2814. d) Diéguez, M.; Pamies, O.; Net, G.; Ruiz, A.; Claver, C. J. Mol.
Catal. A: Chem. 2002, 185, 11-16. e) la Cruz-Sanchez, P. d.; Faiges, J.; Mazloomi, Z.; Borras, C.; Biosca,
M.; Pamies, O.; Diéguez, M. Organometallics 2019, 38, 4193-4205.

22 DMAP is an acronym that refers to N,N-dimethylpyridin-4-amine.

213 a) Park, H.; RajanBabu, T. V. J. Am. Chem. Soc. 2002, 124, 734-735. b)Park, H.; Kumareswaran, R.;
RajanBabu, T. V. Tetrahedron 2005, 61, 6352-6367.

214 3) Iuliano, A.; Facchetti, S.; Uccello-Barretta, G. J. Org. Chem. 2006, 71, 4943-4950. b) Piras, I.;
Jennerjahn, R.; Jackstell, R.; Baumann, W.; Spannenberg, A.; Franke, R.; Wiese, K.-D.; Beller, M. J.
Organomet. Chem. 2010, 695, 479-486.
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conditions, such as an increase in the reaction temperature up to 80 or 100 °C,
which we believe may lead to a higher yield.?!'*¢

CISO3H
__HNOg AcOH O O DCM/Et,0 O O
118°C, 1 h 20 min, r.t., NaHCO;
93% y|e|d 94% y|e|d H SO3Na
25 26 27

45 - 60 min, r.t N Pyridine, THF NH
99% yield. O,N H SO,Cl overnight, r.t., 90% yield OH
¢ 28 D 29
Br. Br Br. Br
I $) 2 3 CI {7
SnCly-H,0 A )k
EtOH/THF N FsC~ "O” CF3 o) N
— > HyN H SO, >/NH H SO,
reflux, 1 h NH TEA, THF, r.t. FiC NH

81% yield OH  overnight, 90% vyield OH
E 30 F 31

tBu

O tBu
(o]

/
CI7'3\ Br. Br
pe O ()
tBu
Bu o N fBu
12 H 802
Fac tBu

TEA, THF, -78°C - 0°C O‘P
overnight, 33% yield
G

Scheme 58. Synthesis of the ligand L50: A) HNOs, AcOH, 118 °C, 1 hour (91% yield).B)
CISO3H, DCM/EtOH, room temperature, 20 min, NaHCO3 (94% yield). C) PCls, DCM,
room temperature, 30 min (99% yield). D) ortho-Aminophenol, pyridine, THF, room
temperature, overnight (90% yield). E) SnCl,-H.O, EtOH/THF, reflux, 1 hour (81% yield). F)
Trifluoroacetic anhydride, TEA, THF, room temperature, overnight (90% yield). G)
Chlorophosphite (12), TEA, THF, -78 °C - 0 °C, overnight (33% yield).

Studies aimed at synthesizing suitable rhodium complexes derived from
monophosphite L50 for hydroformylation followed. A complexation study
between [Rh(k>0,0’-acac)(CO).] and the ligand L50 was performed in order
to investigate the coordination mode of L50 with the above-mentioned
rhodium complex. The experiment was performed with the addition of a
solution of L50 onto another solution of [Rh(k?0,0’-acac)(CO),] in a ratio of
2:1, respectively, under inert atmosphere. This led to the displacement of one
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of the CO groups of the starting rhodium complex by one phosphite-binding
group as the major ongoing reaction, with formation of complex
[Rh(k?*0,0™acac)(CO)(xP-L50)].

The structure of the monodentate complex was confirmed by *'P{'H}
NMR spectroscopy (Figure 135a), which revealed a singlet at 8 = 137.9 ppm
and a doublet centred at 8 = 128.3 ppm ('Jo_rs = 306.3 Hz). The doublet was
assigned to the bound phosphite group, and the singlet was assigned to the free
ligand, which remained unreacted (see the 3'P{'H} NMR spectra in Figure
135b, which also includes the *P{'H} NMR of the free ligand to aid
comparison).
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—127.37
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Figure 135. a) >'P{'"H} NMR of the complexation between the ligand L50 and
[Rh(x?0,0’-acac)(CO)z]. b) *P{'H} NMR of the free ligand L50.

With the aim of studying the generation of hydrido-carbonyl rhodium
complexes derived from L50 that could act as catalysts in hydroformylations
(see Figure 136 for a 3D representation of the expected hydrido-dicarbonyl
rhodium complex derived from L50 with the BFs~ anion bound to the anionic
recognition motifs), the reaction mixture arising from the complexation
between ligand L50 and [Rh(k*0,0’-acac)(CO),] was heated at 60 °C, under
10 bar H,/CO (1:1), in the presence or absence of NMesBF, as a model anionic
regulation agent. Unfortunately, the performed *'P{'H} NMR spectroscopic
analysis on the reaction mixtures were not conclusive and did not allow either
to confirm or rule out the formation of hydrido-carbonyl rhodium complexes.
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a) 3D representations of [Rh(CO),H(k*P,P-((Ra,Ra)-L50-BF4)]

Figure 136. 3D representations of the expected hydrido-dicarbonyl rhodium complex derived
from L50 with the BF4 anion bound to the anionic recognition motifs.

Despite this fact, thodium complexes derived from L50 were applied in the
hydroformylation of styrene in order to evaluate their performance as
supramolecular ligand with the presence and absence of an anion as a
regulation agent (RA). The results of the preliminary catalytic studies are
summarised in Table 60. Standard screening conditions were performed with
[Rh(x*0,0™acac)(CO),] (1.0 mol%) as the metal precursor and the
corresponding monophosphite ligand L50 (2.0 mol%) at 60 °C under 10 bar
H,/CO (1:1) for 18 hours in toluene, with the minimum amount of THF to
solubilize NMesBF, (1.6 mol%) as the regulation agent in the case it was used.
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Table 60. Results of hydroformylation using the supramolecular ligand L50.

[Rh(x20,0%acac)(C0),] (1 mol%)
Ligand L50 (2 mol%)

NMe,BF, (1.6 mol%)
©/\ TEA (1.2 eq.) cho (j/K
10 bar H,/CO (1:1)

60 °C, 18 hours

Styrene

(S60) Toluene/THF (97:3 v/v), 0.26 M Linear (/) Branched (b)
Select. (%)* : :
Entry Subs. NMe.BF; C(;nv. 1/b :‘atlo 1/b 0yleld
(%) Isom. Aldehydes (%) (%)
1 S60 - 99 <1 99 33:67 24:49
2 S60 v 99 <1 99 34:66 30:54

Reaction conditions: [substrate] = 0.26 M; stirring rate= 800 rpm; 10 bar H,/CO (1:1); 60 °C, 18h.
Conversion, ratio, selectivity, and yields were determined by 'H NMR using 1,3,5-trimethoxybenzene as
internal standard. [a] Selectivity of isomerisation (Isom.) and aldehydes products.

The results of this preliminary study on the activity of rhodium complexes
derived from L50 in hydroformylation reactions are summarised in Table 60.
Styrene (S60) was hydroformylated under the previously mentioned
conditions in the presence and absence of an anionic RA, in this case the
anionic component of NMesBF,. The addition of this RA had no effects in the
outcome of the reaction, with the same activity and regioselectivity being
obtained within experimental error. Due to time constraints, no further
experiments in this area of research (such as performing more conclusive
coordination studies with L50, using other anionic regulation agents, studying
other substrates, etc.) could be performed.

3.4. CONCLUSIONS

The supramolecular ligand L50 containing a recognition motif for anions
was successfully synthesised through a seven-step synthetic route. All the
transformations on the starting carbazole framework took place in very high
yield, with the exception of the O-phosphorylation reaction (33% yield) that
will require further optimization studies in the future. The average yield for
each step was 83%.

The monophosphite L50 was coordinated to the standard rhodium
precursor in hydroformylations (i.e., [Rh(x*O,0%acac)(CO),] employing a 2:1
molar ratio (L50/[Rh]), with the formation of the rhodium complex
[Rh(k*0,0-acac)(CO)(kP-L50)] being observed. The structure of the final
complex was established by 3'P NMR studies, which confirmed that only one
of the CO groups from the starting rhodium complex was displaced by the
phosphite ligating group of L50. The formation of active rhodium complexes
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in hydroformylation derived from L50 and [Rh(x*O,0%acac)(CO),] under
H,/CO atmosphere could not be confirmed.

Ligand L50 was tested in hydroformylation obtaining high conversions and
selectivities for styrene. However, the regioselectivities observed were
moderate and the few performed experiments did not prove any regulation
effect mediated by the only RA studied (NMesBF). Further work is required
in the future to establish the potential of the use of anionic regulation agents
in hydroformylation chemistry.

3.5. EXPERIMENTAL SECTION

3.5.1. General remarks

All syntheses were carried out using chemicals purchased from commercial
sources unless otherwise cited. Air- and moisture-sensitive manipulations and
hydroformylation reactions were performed under inert atmosphere, either in
a Ny-filled glove box or with standard Schlenk techniques. Hazards: Carbon
monoxide (CO) is a very toxic gas by inhalation and this reagent or metal
carbonyl complexes were always used in well-ventilated hoods. Glassware
was dried in vacuo before use with a hot air gun. All solvents were dried by
using a Solvent Purification system (SPS). Si0; (230-400 mesh) was used for
column chromatography. NMR spectra were recorded in DMSO-d,, THF-d;,
CD:,Cl, and CDCl; and unless otherwise cited, on a Bruker Avance 400 MHz
or 500 MHz Ultrashield spectrometers. 'H NMR and *C{'"H} NMR chemical
shifts are quoted in ppm relative to residual solvent peaks. 3'P{'H} NMR
chemical shifts are quoted in ppm relative to 85% phosphoric acid in water.
High-resolution mass spectrum (HRMS) and nominal mass were recorded by
using ESI as ionization method in positive or negative mode, unless otherwise
stated. Selectivity of hydrogenation and isomerisation of the octenes substrates
were determined by GC with a FID detector using achiral stationary phase,
HP-5. Conversions, I/b ratio and NMR yield were determined by '"H NMR
using 1,3,5-trimethoxybenzene as internal standard.
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3.5.2. Synthesis of monophosphite ligand L50.

_ HNOg AcOH _ O O DCM/EtZO O O
118 °C, 1 h 20 min, rt., NaHCO;

93% yleld 94% y|e|d H SO;Na

25 27

OH
g g @ T )
PCls, DCM NH, N
S O,N H S0,

45 - 60 min, r.t N Pyridine, THF NH
99% yield. O.N H SO,Cl overnight, r.t., 90% yield OH
¢ 28 D 29
Br. Br Br. Br
S {7 i S §
SnCly-H,O )k )k
EtOH/THF N FsC~ "O° 'CF; 0 N
— > HoN H S\Oz >/NH H S\Oz
reflux, 1 h NH TEA, THF, r.t. FsC NH

81% yield OH  overnight, 90% vyield
E 30 F

tBu

O Bu
o}

/

C|7P\ Br. Br
e O )
tBu
tBu o) N tBu

12 >/NH H S0,

Fyl NH o O Bu

TEA, THF, -78°C »0°C -P
overnight, 33% yield o

G L50 O
tBu

tBu
Scheme 59. Synthesis of L50.

Step A: Synthesis of the compound 26 (3,6-dibromo-1-nitro-9H-carbazole).

. 3,6-Dibromo-9H-carbazole (25) (30.2 mmol, 10 g)
was dissolved in acetic acid (131 mL, 0.23 M) in a two-

\ necked round flask with a reflux condenser. The mixture

H was heated to reflux (118°C), at which time nitric acid

26 (37.5 mmol, 2.6 mL, 65%) was added with a dropping

funnel. After having added 2/3 of the total amount of

nitric acid was added, a flocculent yellow precipitate deposited. After adding
all nitric acid, the mixture was stirred at 118°C for one additional hour. Then,
the mixture was cooled to 0°C in an ice bath and filtered. The 3,6-dibromo-1-

nitro-9H-carbazole (26) (28.2 mmol, 10.44 g, yield: 93 %) was obtained as a
yellow solid. "H NMR (400 MHz, DMSO-d;) § 12.31 (s, 1H), 8.84 (d,J=1.8
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Hz, 1H), 8.48 (s, 1H), 8.33 (d, J = 1.9 Hz, 1H), 7.67 (s, 2H). *C NMR (101
MHz, DMSO-dy) 6 139.77, 132.04, 132.00, 130.79, 130.49, 127.68, 124.02,
123.76, 122.43, 114.59, 113.00, 109.33. HRMS (ESI) m/z calcd. for
ClesBerzoz [M—H] 3668718, found 3668731

Step B: Synthesis of the compound 27 (sodium 3,6-dibromo-8-nitro-9H-
carbazole-1-sulfonate).

B Br 3,6-Dibromo-1-nitro-9H-carbazole (26) (16.2 mmol,
O O 6.0 g) was suspended in a mixture of DCM (125 mL) and

N Et,0 (4.8 mL) and a solution of chlorosulfonic acid (154

0N H  SONa| mmol, 10.2 mL) in DCM (43.5 mL) was added dropwise
27 to the strongly stirred solution at room temperature.

After 20 min, the reaction was poured onto ice and

filtered. The organic layer was extracted with DCM and sodium bicarbonate
was added into the aqueous layer until pH 7 and a precipitated appeared. The
solid was filtered and product 27 was isolated as a yellow-green solid (15.3
mmol, 7.2 g, 94% yield). 'H NMR (500 MHz, DMSO-d,) 6 11.16 (s, 1H), 9.01
(d,J=1.8Hz, 1H), 8.64 (s, 1H), 8.46 (d, J = 1.8 Hz, 1H), 7.77 (d, J = 1.9 Hz,
1H). ®C NMR (126 MHz, DMSO-d,) § 134.65, 133.18, 132.33, 131.78,
131.47, 127.56, 127.23, 124.88, 124.59, 123.33, 112.64, 110.17. Nominal
Mass (EST") m/z calcd. for C1,HsBr,N2OsS [M—Na—-H] 448.04, found 448.70.

Step c: Synthesis of the compound 28 (3,6-dibromo-8-nitro-9H-carbazole-
1-sulfonyl chloride).

Br Br The compound 27 (8.47 mmol, 4.0 g) was dissolved
O O in dry DCM (74 mL) and treated with PCls (18.6 mmol,
N 3.96 g) under nitrogen atmosphere. Once gas evolution
ON  H  80Cl | ceased (45 - 60 min), the mixture was evaporated and
28 product 28 was obtained as a green-yellow solid (0.958
mmol, 3.92 g, 99% yield). 'H NMR (500 MHz, DMSO-d;) § 11.15 (s, 1H),
9.00 (d, /= 1.8 Hz, 1H), 8.63 (d, /= 1.9 Hz, 1H), 8.44 (d, /= 1.9 Hz, 1H),
7.77 (d, J= 1.9 Hz, 1H). “C NMR (126 MHz, DMSO-d,) § 134.65, 133.21,
132.35, 131.80, 131.50, 127.56, 127.25, 12491, 124.61, 123.35, 112.65,
110.18. Nominal Mass (ESI") m/z calcd. for C1,H4Br,CIN,O4S [M-H] 467.49,
found 467.50.
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Step D: Synthesis of the compound 29 (3,6-dibromo-N-(2-hydroxyphenyl)-
8-nitro-9H-carbazole-1-sulfonamide).

-

L

H S0,
NH

OH
29 @

~

J

Pyridine (0.165 mL, 2.03 mmol) was added to
ortho-aminophenol (0.892 mmol, 98.3 mg) in THF (6
mL) wunder nitrogen atmosphere. Following,
compound 29 (0.406 mmol, 95% pure, 200 mg) was
added to the above-mentioned solution and the
mixture was stirred under nitrogen atmosphere
overnight (16h). The solvent was evaporated under

reduced pressure. The solid was washed with 10 mL
of HCI1 1N and extracted with AcOEt (3 x 10 mL). The organic layer was dried
over NaSO; and filtered. The crude was purified by flash column
chromatography over SiO, using Cy/AcOEt (50:50) as eluent. A yellow solid
was obtained (0.406 mmol, 197 mg, 90% yield). '"H NMR (500 MHz, DMSO-
ds) 6 10.80 (s, 1H), 10.13 (s, 1H), 9.37 (s, 1H), 8.98 (s, 1H), 8.83 (s, 1H), 8.45
(s, 1H), 7.73 (d, J= 1.8 Hz, 1H), 7.23 (dd, /= 7.9, 1.7 Hz, 1H), 6.93 (td, J =
7.7,1.7Hz, 1H), 6.73 (td, J= 7.6, 1.4 Hz, 1H), 6.55 (dd, /= 8.1, 1.5 Hz, 1H).
BC NMR (126 MHz, DMSO-d,) 6 151.57, 134.62, 132.40, 131.74, 131.53,
129.04, 128.76, 127.58, 127.13, 126.36, 125.33, 125.04, 124.39, 122.56,
119.12, 115.42, 112.11, 111.09. Nominal Mass (ESI) m/z calcd. for
CisHoBr,N3;05S? [M-2H] 539.16, found 539.50.

Step E: Synthesis of the compound 30 (8-amino-3,6-dibromo-N-(2-
hydroxyphenyl)-9 H-carbazole-1-sulfonamide).

) The compound 29 (7.35 mmol, 3.98 g) was
suspended in a mixture of EtOH (20.9 mL), THF

Br.
H,N

L

el

H S0,
NH

OH
30 @

J

(17.3 mL) and SnCl,-2H,0 (23.2 mmol, 5.22 g). The
resulting reaction mixture was refluxed for 1 hour.
Then, it was cooled down and AcOEt (30 mL) and
water (8 mL) were added. Solid sodium carbonate
was added until the reaction mixture showed a

neutral pH. Filtration of the tin salts followed by
extraction of the filtrated with AcOEt (3 x 50mL), drying of the solution over
NaSO, and evaporation of the organic solvents led to a solid residue, which
was purified by column chromatography over SiO, using cyclohexane/ethyl
acetate (70:30). The desired product was obtained as a brown solid (3.05 g,
81% yield). "H NMR (500 MHz, DMSO-d,) 6 11.01 (s, 1H), 9.73 (s, 1H), 9.36
(s, 1H), 8.60 (d, /= 1.9 Hz, 1H), 7.77 (d, /= 1.9 Hz, 1H), 7.20 (dd, J = 8.0,
1.6 Hz, 1H), 6.89 (td, /= 7.7, 1.7 Hz, 1H), 6.87 (d, /= 1.8 Hz, 1H), 6.73 —
6.62 (m, 2H), 5.90 (s, 2H). *C NMR (126 MHz, DMSO-d,) § 149.71, 135.88,
133.22, 127.99, 127.80, 126.96, 126.54, 126.27, 123.68, 123.55, 122.55,
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119.05, 115.35, 113.52, 112.71, 110.57, 109.24. HRMS (ESI’) m/z calcd. for
CisH1:BroN303S [M—-H] 509.8972, found 509.8792.

Step F: Synthesis of the compound 31 (N-(3,6-dibromo-8-(N-(2-
hydroxyphenyl)sulfamoyl)-9 H-carbazol-1-yl)-2,2,2-trifluoroacetamide).

s B

To a stirred solution of the compound 32 (1.91

O O mmol, 998 mg) and triethylamine (7.65 mmol
1.075 ml)) in THF (6.5 mL), trifluoroacetic
yNH SO, anhydride (2.3 mmol, 323 pL) in THF (1 mL) was

FsC N* on | added dropwise at 0° C. The reaction was stirred
31 @

overnight at room temperature. Then, the mixture
was diluted with H,O (5 ml), the organic layer was
extracted with EtOAc (3 x 10 mL) and washed with brine (5 mL). The organic
solution was dried over Na,SO,4 and concentrated under reduced pressure. The
crude was purified by flash column chromatography over SiO, with
hexane/ethyl acetate (80:20) as eluent yielding the desired product as a solid
(1.05 g, 90% yield). '"H NMR (400 MHz, THF-ds) 6 10.68 (s, 1H), 10.15 (s,
1H), 8.88 (s, 1H), 8.48 (d, /= 1.2 Hz, 1H), 8.42 (s, 1H), 8.23 (d, /= 1.6 Hz,
0H), 8.00 (d, /= 1.8 Hz, 1H), 7.88 (d, /= 1.9 Hz, 1H), 7.35(dd, /= 7.9, 1.7
Hz, 1H), 6.86 (td, /=7.7,1.7Hz, 1H), 6.70 (td, /= 7.7, 1.4 Hz, 1H), 6.47 (dd,
J=28.1, 1.4 Hz, 1H) ppm. *C NMR (101 MHz, THF-ds) § 156.23 (q, J = 37.6
Hz), 151.73, 135.98, 132.40, 129.44, 128.34, 127.97, 127.18, 126.66, 125.79,
125.62, 124.98, 124.76, 122.50, 122.22, 120.25, 115.84, 113.05, 112.05 ppm.
YF NMR (376 MHz, THF-ds) 6 -75.87 ppm. HRMS (ESI") m/z calcd. for
CzoI‘L6BI'2]I_“3I\]'4C)4SJr [1\44‘1\]'1‘14]+ 622921 1, found 6229202

Step G: Synthesis of the 3,3',5,5-tetra-tert-butylbiphenyl-2,2'-diyl
chlorophosphite (12) and the ligand L48.

The preparation of 3,3',5,5'-tetra-tert-butylbiphenyl-2,2'-
diyl chlorophosphite (12) was performed by slightly
varying a reported procedure.’”” In a flame-dried Schlenk
flask, 3,3',5,5'-tetra-tert-butyl-2,2'-dihydroxybiphenyl (11)
su| (2.01 g, 4.8 mmol, 1.01 equiv.) was weighted, and then
azeotropically dried with toluene (3 x 10 mL). 30 mL of
anhydrous toluene (SPS*®) were added to the flask.
Another flame-dried Schlenk flask was placed in the glove box, and 0.51 mL
of PCl; (5.82 mmol, 1.22 equiv.) were transferred to the flask. 30 mL of
anhydrous toluene were also added to the Schlenk flask. Finally, triethylamine
(1.75mL, 12.6 mmol, 2.64 equiv.) was syringed into the solution. The
"BIPOL" solution at room temperature was slowly (ca. 45-60 min) cannulated
to the PCl; solution (0°C). Then, the mixture was stirred for 16 h at room
temperature. After this, the reaction mixture was filtered with a cannula filter
to another flame-dried Schlenk flask. The filtrate was evaporated to dryness

e
O
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by vacuum to give a yellow solid (1.97 g, quantitative yield). This
chlorophosphite (12) was used with no purification in the next synthesis step.
Spectroscopic data for this compound were in agreement with those already
reported in the literature.'® '"H NMR (400 MHz, CDCl;) § 7.47 (d, /= 2.4 Hz,
4H), 7.18 (d, J = 2.4, 4H), 1.48 (s, 18H), 1.36 (s, 18H) ppm; *'P{'H} NMR
(162 MHz, CDCl3) 6 171.5 ppm.

s B

Br B All glassware was oven-dried or
flame-dried wunder vacuum. All
solvents and reagents were dry.
[0} N tBu .
NH H SO, Compound 31 was azeotropically
FsC N 0P O Bul  dried prior to use, by co-evaporation
@ 0 with dry toluene three times. To the
. O solution of phenol (150 mg, 0.247
L50 Bu mmol) and triethylamine (173 pl, 1.24
mmol) in THF (3 ml) and 4A
molecular sieves, the freshly prepared solution of chlorophosphite 12 (1.2
mmol) in THF (3 ml; previously dried under 4A molecular sieves) was added
dropwise at -78°C. After 30 minutes, the cooling bath was removed, and the
mixture was allowed to continue stirring overnight. The turbid reaction
mixture was transferred to a flame-dried flask through a cannula filter with
celite® at one of its ends and the filtrate was evaporated to dryness to give the
crude as an orange-brown solid. This product was then purified by column
chromatography over SiO; inside of the glove box using hexane/DCM (50:50)
as eluent yielding the desired monophosphite L50 as a yellow solid (91 mg,
94% pure, 30% yield). '"H NMR (500 MHz, CD,Cl,) § 9.72 (s, 1H), 8.46 (s,
1H), 8.10 (dd, /= 1.9, 0.6 Hz, 1H), 7.83 (dd, /= 1.7, 0.6 Hz, 1H), 7.64 (d, J
=1.7Hz, 1H), 7.54 (dd, /= 8.1, 1.5 Hz, 1H), 7.47 (d, J = 2.5 Hz, 2H), 7.37
(d, J= 1.7 Hz, 1H), 7.25 (d, J = 2.5 Hz, 2H), 7.05 (s, 1H), 6.98 (td, J = 7.7,
1.9 Hz, 1H), 6.92 — 6.82 (m, 2H), 1.38 (s, 18H), 1.29 (s, 18H) ppm. F NMR
(471 MHz, CD,Cl,) § -75.02 (d, J= 1.1 Hz) ppm.*'P NMR (202 MHz, CD,Cl,)
6 137.91 ppm. HRMS (ESI*) m/z calcd. for CusHs,Br,FsN3;O¢PS* [M+H]*
1044.11628, found 1044.1666.

L J
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3.5.3. General procedure for the Rh-mediated hydroformylation

The monophosphite ligand L50 (2.0 mol%) was placed under nitrogen into
a vial with a magnetic bar. Then, NMesBF4 (1.6 mol%) and TEA (1.2 mol%)
were added when required. [Rh(k*0,0%acac)(CO).] (1.0 mol%), substrate (260
pmol) and toluene/THF (97:3 v/v) were charged to provide the desired final
solution of 0.26 M. Once the reaction mixture had been loaded, the vial vessel
was then placed into one of the holes of a steel autoclave reactor (HEL Cat-24
parallel pressure multi-reactor) and taken out of the glove box. The autoclave
was purged three times with syngas (1:1 H,/CO at a pressure not higher than
10 bar) and finally, the autoclave was pressurized with syngas to the desired
pressure (10 bar). The reaction mixture was stirred at 60 °C for 18 hours. The
reaction was cooled, and the pressure was carefully released in a well-
ventilated hood. Conversion, selectivity, linear-to-branched ratio (/! ratio),
and yield were calculated by '"H NMR analysis of the reaction mixtures using
1,3,5-trimethoxybenzene as internal standard (30%).

3.5.4. Results of catalysis in hydroformylation using the ligand L50

Table 61. Results of hydroformylation catalysis using the anionic
supramolecular ligand L50.

[Rh(x20,0%acac)(C0),] (1 mol%)
Ligand L50 (2 mol%)

NMe,BF, (1.6 mol%)
©/\ TEA (1.2 eq.) CHO . (j/K
10 bar H,/CO (1:1)

60 °C, 18 hours

S(té:;eon)e Toluene/THF (97:3 viv), 0.26 M Linear (/) Branched (b)
Conv. Select. (%) I/bratio 1/byield
Ent Subs. NMeBF
v ! (%) Isom. Aldehydes (%) (")
1 S60 - 99 <1 99 33:67 24:49
2 S60 v 99 <1 99 34:66 30:54

Reaction conditions: [substrate] = 0.26 M; stirring rate= 800 rpm; 10 bar H,/CO (1:1); 60 °C, 18h.
Conversion, ratio, selectivity, and yields were determined by 'H NMR using 1,3,5-trimethoxybenzene as
internal standard. [a] Selectivity of Isomerisation (Isom.) and Aldehydes products.




UNIVERSITAT ROVIRA | VIRGILI
COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS

Andrés Romero Navarro Anionic Supramolecular Regulation

3.5.5. NMR spectrum data

33387 8
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& e [
Figure 137. 'H NMR (400 MHz, DMSO-dy) of the compound 26 (3,6-dibromo-1-nitro-9H-
carbazole).
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Figure 138. 3*C NMR (101 MHz, DMSO-dy) of the compound 26 (3,6-dibromo-1-nitro-9H-
carbazole).
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Figure 139. '"H NMR (500 MHz, DMSO-d;) of the compound 27 (sodium-3,6-dibromo-8-
nitro-9H-carbazole-1-sulfonate).
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Figure 140. *C NMR (126 MHz, DMSO-d;) of the compound 27 (sodium-3,6-dibromo-8-
nitro-9H-carbazole-1-sulfonate).
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Figure 141. '"H NMR (500 MHz, DMSO-dy) of the compound 28 (3,6-dibromo-8-nitro-9H-
carbazole-1-sulfonyl chloride).

56

61
39
73
53
04
76
57
12
35
33
03
38
55
1
41
08

151
134,
132
131
131
129
128
127
127
126
125
125
124,
122
119,
115.
11211
111

/r
_ﬁ
;
\

Br. Br

N
ON H S0l
28

il ]

30 20 10 0 ppm

r T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40

Figure 142. 3C NMR (126 MHz, DMSO-d;) of the compound 28 (3,6-dibromo-8-nitro-9H-
carbazole-1-sulfonyl chloride).
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Figure 143. 'H NMR (500 MHz, DMSO-d;) of the compound 29 (3,6-dibromo-N-(2-
hydroxyphenyl)-8-nitro-9H-carbazole-1-sulfonamide).
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Figure 144. *C NMR (126 MHz, DMSO-ds) of the compound 29 (3,6-dibromo-N-(2-
hydroxyphenyl)-8-nitro-9H-carbazole-1-sulfonamide).
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Figure 145. '"H NMR (500 MHz, THF-ds) of the compound 30 (8-amino-3,6-dibromo-N-(2-
hydroxyphenyl)-9H-carbazole-1-sulfonamide).
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Figure 146. 3C NMR (126 MHz, THF-dy) of the compound 30 (8-amino-3,6-dibromo-N-(2-
hydroxyphenyl)-9H-carbazole-1-sulfonamide).
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Figure 147. 'H NMR (400 MHz, THF-ds) of the compound 31 (N-(3,6-dibromo-8-(N-(2-
hydroxyphenyl)sulfamoyl)-9H-carbazol-1-yl)-2,2,2-trifluoroacetamide).
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Figure 148. 3C NMR (101 MHz, THF-ds) of the compound 31 (N-(3,6-dibromo-8-(N-(2-
hydroxyphenyl)sulfamoyl)-9H-carbazol-1-yl)-2,2,2-trifluoroacetamide).
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Figure 149. '°F NMR (376 MHz, THF-d;) of the compound 31 (V-(3,6-dibromo-8-(N-(2-

hydroxyphenyl)sulfamoyl)-9H-carbazol-1-yl)-2,2,2-trifluoroacetamide).
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Figure 150. "H NMR (400 MHz, CDCls) of chlorophosphite 12.
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Figure 151. *'P{'"H} NMR (162 MHz, CDCl;) of chlorophosphite 12.
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Figure 152. '"H NMR (500 MHz, CD:Cl») of the monophosphite L50.
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Figure 153. 3C NMR (126 MHz, CD:Cl.) of the monophosphite L50.
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Figure 154. '’F NMR (471 MHz, CD-Cl;) of the monophosphite L50.
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Figure 155. 3P NMR (202 MHz, CD:Cl>) of the monophosphite L50.

3.5.6. NMR spectrum data of the crudes of the substrates after
hydroformylation reaction.
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Figure 156. '"H NMR of the mixtures derived from styrene after hydroformylation.
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CONCLUSIONS

1. Cobalt complexes [Co(CO),H(k?*P,P-Xantphos)] (C10) and
[(OC);Co(u-CO),Co(CO)(k*P,P-Xantphos)] (C11) were efficiently
synthesised and characterised for their application in the hydroformylation
of an array of structurally diverse alkenes, differing in the position of the
unsaturation and the geometry of the C=C double bond. Complexes C10
and C11 showed high performance as catalysts in terms of conversion and
selectivity towards aldehydes in the hydroformylation of alkenes.
Comparative studies employing the preformed C11, or complexes formed
in situ from Xantphos and [Co,(CO)s], indicated that the results obtained
in the hydroformylation reactions were comparable, therefore
demonstrating that the two strategies for the preparation of the catalysts
were equally valid (i.e. synthesis of cobalt catalysts in advance or in situ
generation).

The cobalt-catalysed hydroformylation of oct-1-ene employing Xantphos
as a ligand was highly selective towards aldehydes under the optimised
catalytic reaction conditions (C11 or in situ generated catalyst with an
L5/[Co] ratio of 0.5:1, 140 °C and 40 bar of H,/CO at a 1:1 ratio).
Furthermore, the formation of  hydrogenated products,
non-hydroformylated alkenes arising from the C=C isomerisation
processes in the starting material and alcohol derivatives was minimised.
Hydroformylations of other octenes were successfully carried out. High
aldehyde selectivities were observed in all the cases. Regioselectivities for
all the studied linear octene isomers remained practically constant,
irrespective of the position and geometry of the double bond. These results
lead us to suggest that under the effects of our Xantphos-cobalt-based
catalyst, a tandem isomerisation-hydroformylation process takes place,
with the isomerisation mediator [Co(CO)sH] being formed in the reaction
mixture from C11 or Xantphos/[Co,(CO)s]. We also demonstrated that
this chemistry is an interesting strategy for valorising mixtures of linear
hexenes, heptenes or octenes by transforming the initial mixture into one
major aldehyde (addition of a CHO group to the C; carbon of the alkene
skeleton, up to 73% selectivity).

2. Rhodium catalysts derived from supramolecular bisphosphite ligand L46
were successfully used for linear selective hydroformylations of an array of
structurally diverse alkenes and provided excellent linear ratios for terminal
alkenes with aliphatic substituents (//b ratios up to 99:1). For most of the
alkenes studied, the use of a regulation agent (RA) maximised the
regioselectivities of the hydroformylations (//b ratios up to 98:2 for
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hex-1-ene with NaBArF as the RA). The benefits of our regulation
approach, which consists of screening a set of regulation agents to obtain
the highest yield and/or selectivity for the substrate of interest, has been
demonstrated in this work: the optimal catalytic system to a particular
substrate was easily tailored by the choice of the regulation agent. In this
work, relevant aldehydes for the fragrance industry were prepared
employing supramolecular catalysts derived from ligand L46. Such
aldehydes comprise, lauric aldehyde (P48a), mefranal® (P56a), florhydral®
(P58a), and bourgeonal® (P61a). For the case of alkenes with a strong
preference towards branched hydroformylation products, the linear
selectivity was moderate with an increase in the linear-selectivity due to the
effects of the regulation agent. The hydroformylation of internal alkynes
was also achieved with supramolecularly regulated catalysts derived from
L46 with decreased amounts of the hydrogenation products and increased
yield of the a,B-unsaturated aldehyde being observed with the optimal
catalyst. Finally, the abovementioned supramolecularly regulated catalyst
was tested in the hydroformylation of a representative allene. The addition
of KBATrF as regulation agent provided a remarkable maximisation in the
yield of the corresponding f3,y-unsaturated aldehyde (up to 60% increase),
being the formation of side-products suppressed.

The linear selective hydroformylation catalysed by supramolecular
complexes derived from 1L46 was successfully combined with
palladium(0)-based isomerisation catalysts in order to develop an
isomerisation-hydroformylation tandem reaction. With the use of only 0.5
mol% of [Pd(tBusP):] and PdI,, a considerable increase of the linear
selectivity (up to 86%) was observed for the mixtures of i) octenes,
ii) heptenes, iii) hexenes and iv) allylbenzenes.

NMR studies of the hydroformylation reaction mixtures revealed the
structure of the active complex [Rh(CO),H(k*P,P-L46°RA], with the RA
supramolecularly interacting with the polyether chain and the two
phosphite-ligating groups being coordinated at bis-equatorial positions of
the trigonal bipyramidal rhodium centre.

The monitoring of the progress of the hydroformylation reaction of
hex-1-ene employing the supramolecularly regulated catalyst derived from
L46 and CsBArF by FlowNMR allowed for the determination of the
structure of relevant rhodium complexes in the hydroformylation of hex-1-
ene. These studies also revealed that Rh-active complexes are stable
throughout the hydroformylation process.

3. The supramolecular ligand L50 containing a recognition motif for anions
was successfully synthesised through a seven-step synthetic route. All the
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transformations on the starting carbazole framework took place in very
high yield, with the exception of the O-phosphorylation reaction
(33% yield) that will require further optimization studies in the future. The
average yield for each step was 83%.

The monophosphite L50 was coordinated to the standard rhodium
precursor in hydroformylations (i.e., [Rh(k*0,0%acac)(CO),] employing a
2:1 molar ratio (L50/[Rh])), with the formation of the rhodium complex
[Rh(k?0,0-acac)(CO)(kP-L50)] being observed. The structure of the final
complex was established by 3'P NMR studies, which confirmed that only
one of the CO groups from the starting rhodium complex was displaced by
the phosphite ligating group of L50. The formation of active rhodium
complexes in  hydroformylation  derived from L50 and
[Rh(k*0,0™acac)(CO),] under H,/CO atmosphere could not be confirmed.

Ligand L50 was tested in hydroformylation obtaining high conversions and
selectivities for styrene. However, the regioselectivities observed were
moderate and the few performed experiments did not prove any regulation
effect mediated by the only RA studied (NMesBF.). Further work is
required in the future to establish the potential of the use of anionic
regulation agents in hydroformylation chemistry.
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SUMMARY

The present doctoral thesis is focused on the design, synthesis and
application of phosphorus-based complexes and supramolecular ligands in
hydroformylation reactions. The reaction is the transformation of alkenes into
aldehydes, which are high-value compounds that act as intermediates in
organic synthesis. Aldehydes are important compounds for the fragrance and
pharmaceutical industries, and hydroformylation reaction is one of the most
important homogeneous catalytic reactions applied at the industrial scale. The
main objective of the present research is to control the activity, chemo- and
regio-selectivity towards the linear aldehydes due to their high value odour
properties as fragrances.

The thesis is divided into four sections. An introduction about the
hydroformylation reaction, and three chapters about the research performed
during the doctoral thesis. Each chapter is divided into an abstract,
introduction, results, discussion, conclusions, and experimental section. The
references can be found as footnotes.

The introduction briefly explains the history of the hydroformylation
reaction since its discovery in 1938 by Otto Roelen. It is focused on the
research using cobalt and rhodium as metal precursors, and the importance of
the discovery of new phosphorus-based ligands to control the activity, chemo-,
regio- and enantio-selectivity of the reaction. The supramolecular regulation
catalysis in hydroformylations is also explained, and other catalytic reactions
are also shown applying the same supramolecular catalysis approach.

Chapter I describes the synthesis, characterization, and application cobalt
catalysts bearing the Xantphos ligand (L5) in the hydroformylation of pure
linear alkenes or their mixtures. The preformed complex
[(OC);Co(u-CO),Co(CO)(k*P,P-Xantphos)] (C11) showed similar reactivity
and selectivity towards aldehydes as the active catalyst formed #n situ from
equimolar amounts of [Co2(CO)s] and Xantphos (L5). In the case of oct-1-ene,
the linear aldehyde was obtained with good chemo- and regio-selectivity
(linear to branched ratio was up to 75:25). For all octene isomers, tandem
isomerisation-hydroformylation processes took place. Regioselectivities for all
the studied octene isomers remained practically constant, independently of the
position or geometry of the C=C double bond in the starting material.
Moreover, by-products were formed in similarly small amounts for all the
octene isomers. We also demonstrated that this chemistry is an interesting
strategy for valorising mixtures of linear hexenes, heptenes or octenes by
transforming the initial mixture into one major aldehyde (addition of a CHO
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group to the C; carbon of the alkene skeleton, up to 73% selectivity).
Moreover, these mixtures of alkenes were hydroformylated with low final
amounts of non-hydroformylated alkenes, hydrogenated alkenes, and

alcohols.
[(OC)3Co(u-C0)2Co(C0)(K2P,P-Xantphos)]
H
Cs Gy 140°C, 21 h
R NN 40 bar R/\)\/CHO
Cs Cy H,/CO (1:1)
Mixt f- ¢ High activities
Ixture ot ® High selectivity towards terminal
a) Octenes [Co,(CO)gl/Xantphos aldehydes (irrespective of the
b) Heptenes (1:1), in situ starting alkene)
c) Hexenes ® Up to 73% of selectivity

(I

PPh,  PPh,

Xantphos

Scheme 60. Cobalt-Xantphos catalyst for isomerisation-hydroformylation tandem reactions.

Chapter II discloses the use of rhodium hydroformylation catalysts derived
from supramolecular bisphosphite ligand (L46), with a polyether chain as the
regulation side, combined with an alkali metal BArF salt as the regulation
agent (RA). The use of the matched RA for a given substrate led to excellent
activity and maximised regioselectivity towards the linear aldehyde (linear to
branched ratios up to 99%). The supramolecular regulation catalyst was also
applied to obtain value-added aldehydes for the fragrance industries, such as
lauric aldehyde, mefranal®, florhydral® and bourgenal® (Scheme 61). In
addition, the supramolecular catalyst was combined with Pd(0) catalysts
leading to efficient conditions for a tandem isomerisation-hydroformylation
process in a mixture of alkenes such as octenes, heptenes, hexenes, or
allylbenzenes (37%, 46%, 57% and 86% of linear aldehyde, respectively). The
catalytic species, which are present in the catalytic cycle, as well as conversion
curves for the hydroformylations of hex-1-ene, have been studied by
High-Pressure NMR complexation studies and by FlowNMR operando
spectroscopy.
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[Rh(x?0,0%-acac)(CO),] (1 mol%)
L46 (1.2 mol%) R \‘ CHO

BATrF (1.56 - 3.6%) : !
R/\ : R/\/CHO Lo+ R

10 bar H,/CO (1:1), 40-100 °C ]
18 h, Toluene/THF (97:3 v/v)

Linear (/) Branched (b)
aldehyde aldehyde
up to 99% I/b ratio

Lauric aldehyde Mefranal® Bourgeonal® Florhydral®

Scheme 61. Supramolecularly regulated hydroformylation towards the linear aldehyde.

Chapter III describes the design and synthesis of a monophosphite ligand
based on a carbazole scaffold. The purpose of synthesising this ligand was to
supramolecularly control the activity and regioselectivity in hydroformylation
reactions employing anionic regulation agents. In an analogous manner to the
regulation strategy developed in our group involving cation recognition, we
hypothesised that the combined use of a suitably designed monophosphite
ligand L50 (Figure 158), a rhodium precursor for hydroformylation reactions
and an anionic regulation agent would lead to rhodium complexes with a
catalytic site whose geometry, rigidity and/or conformational flexibility
would depend on the size and shape of the regulation agent used. The ultimate
goal of this approach was to maximise the activity and/or selectivity of the
hydroformylation catalyst by the choice of the RA. The synthesis of a first
generation of supramolecularly regulated catalysts derived from the
2-((8-amino-9H-carbazole)-1-sulfonamido)phenyl phosphite ligand L50, the
preliminary studies on the hydroformylation of one benchmark alkene and the
effects of anionic regulation are described herein.



UNIVERSITAT ROVIRA | VIRGILI
COVALENT & SUPRAMOLECULAR PHOSPHORUS LIGANDS FOR LINEAR-SELECTIVE HYDROFORMYLATIONS

oy e

Br. Br
tBu
tBu
o N o
NH H O,S-NH o Pl
O tBu

L50

Figure 157. Supramolecular ligand L50.
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RESUMEN

La presente tesis doctoral se centra en el disefio, sintesis y aplicacion de
complejos basados en fosforo y ligandos supramoleculares para reacciones de
hidroformilaciéon. Dicha reaccion consiste en la transformacion de alquenos
en aldehidos, los cuales son compuestos organicos de alto valor que actian
como intermedios en sintesis organica. Los aldehidos también son
compuestos importantes para la industria farmacéutica y de fragancias. La
hidroformilacién es una de las reacciones de catalisis homogéneas mas
importantes aplicadas a escala industrial. El principal objetivo de la presente
investigacion es controlar la actividad, quimio- y regio-selectividad hacia los
aldehidos lineales debido a sus propiedades olfativas de alto valor para
fragancias.

La tesis esta dividida en cuatro capitulos. Una introduccién general sobre
la reaccion de hidroformilacidon y tres capitulos sobre la investigacion
realizada durante la presente tesis doctoral. Cada capitulo se divide en las
siguientes secciones: resumen, introduccién, resultados, discusion,
conclusiones y seccion experimental. Las referencias se pueden encontrar
como notas a pie de pagina.

En la introduccidon se explica brevemente la historia de la reaccion de
hidroformilaciéon desde su descubrimiento en 1938 por Otto Roelen. Se centra
en la investigacion utilizando cobalto y rodio como precursores metalicos, y
la importancia del descubrimiento de nuevos ligandos basados en fosforo para
controlar la actividad, quimio-, regio- y enantio-selectividad de la reaccion.
También se explica la catalisis regulada supramolecularmente para la reaccion
de hidroformilacién, y también se muestran otras reacciones cataliticas
aplicando la misma estrategia de catdlisis regulada supramolecularmente.

En el capitulo I se describe la sintesis, caracterizacién y aplicacion de
catalizadores activos derivados del cobalto y el ligando Xantphos (L5) en la
hidroformilacion de alquenos lineales puros o sus mezclas. Se observé que el
complejo preformado [(OC);Co(u-CO),Co(CO)(k?P,P-Xantphos)] (C11)
mostraba una reactividad y selectividad similares hacia los aldehidos que el
catalizador activo generado in situ a partir de cantidades equimolares de
[Co2(CO)s] y Xantphos (L5). En el caso del 1-octeno, el aldehido lineal se
obtuvo con buena quimio y regio-selectividad (la relacién //b fue de hasta
75:25). Para todos los isdémeros de octeno, se llevaron a cabo reacciones en
tandem de isomerizacion-hidroformilacion. Las regioselectividades para
todos los isdbmeros del octeno estudiados permanecieron practicamente
constantes, independientemente de la posicion o geometria del doble enlace
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C=C del sustrato de partida. Ademads, se formaron subproductos en
cantidades igual de escasas para todos los isdmeros de octeno. También
demostramos que esta quimica es una estrategia interesante para valorizar
mezclas de hexenos, heptenos u octenos lineales mediante la transformacién
de la mezcla inicial en un aldehido mayoritario (adicion de un grupo CHO al
carbono C; de la estructura del alqueno, hasta un 73 % de selectividad).
Ademas, estas mezclas de alquenos se hidroformilaron con bajas cantidades
finales de alquenos no hidroformilados, alquenos hidrogenados y alcoholes

(Esquema 62).
[(OC)3CO(IJ-C0)2CO(CO)(K2P,P-XaﬂtphOS)]
H

Cs C, 140°C, 21 h

RN 40 bar R/\)\/C”°
Cs Cy H,/CO (1:1)

Mezclas de: ¢ Alta actividad

ezc'as ge: * Alta selectividad hacia el aldehi
a) Octenos [Co,(CO)g)/Xantphos do lineal (independientemente
b) Heptenos (1:1), in situ del alqueno de partida)
c) Hexenes ® Hasta un 73% de selectividad

L

PPh, PPh,

Xantphos

Esquema 62. Catalizador de cobalto-Xantphos para reacciones en tandem de
isomerizacion/hidroformilacion.

En el capitulo II se describe el uso de catalizadores de hidroformilacion de
rodio derivados de un ligando bisfosfito supramolecular (LL46), con un centro
de regulacion alejado del centro catalitico, combinados con una sal BArF de
metales alcalinos como agentes de regulacion (RA). El uso de un agente de
regulacion especifico para cada sustrato dio lugar a una excelente actividad y
maximizo6 la regioselectividad hacia el aldehido lineal (relacion //b de hasta
un 99%). El catalizador de regulacion supramolecular también se aplicd para
obtener aldehidos de interés para la industria de fragancias, tales como el
aldehido laurico, el mefranal®, el florhydral® y el bourgenal® (Esquema 63).
Ademas, el catalizador supramolecular se combind con catalizadores de Pd(0)
que dieron lugar a condiciones eficientes para un proceso en tandem de
isomerizacion-hidroformilation de una mezcla de alquenos como por ejemplo
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octenos, heptenos, hexenos o alilbencenos (37%, 46%, 57% y 86% de aldehido
lineal, respectivamente). Las especies cataliticas, que estan presentes en el
ciclo catalitico, asi como las curvas de conversion para la hidroformilacion del
1-hexeno, fueron estudiadas por estudios de complejacién de RMN a alta
presion y por espectroscopia operando de RMN en flujo.

[Rh(k20,0%acac)(CO),] (1 mol%)

L46 (1.2 mol%) R . CHO
o ' \
N BArF (1.56 - 3.6%) R/\/CHO A
10 bar H,/CO (1:1), 40-100 °C N .
18 h, Tolueno/THF (97:3viv) 7~ T
Aldehido Aldehido
Linear (/) Ramificado (b)

Hasta un 99% I/b ratio

=Li,Na, i\, or
CHO
CHO
CHO
CHO
Aldehido Laurico Mefranal® Bourgeonal® Florhydral®

Esquema 63. Hidroformilaciones reguladas supramolecularmente hacia el aldehido lineal.

El capitulo IIT describe el disefio y la sintesis de un ligando monofosfito
basado en la estructura del carbazol. El propodsito de sintetizar este ligando fue
controlar supramolecularmente la actividad y regioselectividad en reacciones
de hidroformilacién empleando agentes de regulacion anionicos. De manera
andloga a la estrategia de regulacién desarrollada en nuestro grupo que
involucra el reconocimiento de cationes, planteamos la hipoétesis de que el uso
combinado del ligando monofosfito L50 (Figura 159) adecuadamente
disefiado, junto con un precursor de rodio para reacciones de hidroformilacion
y un agente de regulacion aniénico conduciria a complejos de rodio con un
sitio catalitico cuya geometria, rigidez y/o flexibilidad conformacional
dependeria del tamafio y forma del agente de regulacion utilizado. El objetivo
final de esta aproximacion era maximizar la actividad y/o selectividad del
catalizador de hidroformilacién mediante la eleccion del agente de regulacion
idoneo. En esta seccidon se describe la sintesis de una primera generacion de
catalizadores regulados supramolecularmente derivados del ligando L50
2-((8-amino-9 H-carbazol)-1-sulfonamido)fenil fosfito, los estudios
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preliminares sobre la hidroformilaciéon de un alqueno de referencia y los
efectos de la regulacién anionica.

Br. Br
tBu
i)
(0] N

YNH H O,S~NH

0
FsC O7R
3 alse
tBu

tBu
L50

Figura 159. Ligando supramolecular L50.
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RESUM

Aquesta tesi doctoral es centra en el disseny, la sintesi i 'aplicacid de
complexos basats en fosfor i lligands supramoleculars per reaccions
d'hidroformilacio. Aquesta reaccio consisteix en la transformaci6 d'alquens en
aldehids, els quals son compostos d'alt valor com a intermedis a sintesi
organica. Els aldehids també son compostos importants a la industria
farmaceutica i de fragancies. La hidroformilaci6 és una de les reaccions de
catalisis homogenia més importants aplicades a escala industrial. El principal
objectiu de la present investigacid és controlar l'activitat, quimio- i regio-
selectivitat cap als aldehids lineals a causa de les seves propietats olfactives
d'alt valor per fragancies.

La tesi esta dividida en quatre capitols. Una introduccié general sobre la
reaccio d'hidroformilacio i tres capitols sobre la investigacio realitzada durant
aquesta tesi doctoral. Cada capitol es divideix en les seccions segiients: resum,
introduccid, resultats, discussio, conclusions i seccid experimental. Les
referencies es poden trobar com a notes a peu de pagina.

A la introduccié s'explica breument la historia de la reaccid
d'hidroformilaci6 des del seu descobriment el 1938 per Otto Roelen. Se centra
en la recerca utilitzant cobalt i rodi com a precursors metal-lics, 1 la
importancia del descobriment de nous lligands basats en fosfor per controlar
l'activitat, quimio-, regio- i enantio-selectivitat de la reaccid. També s'explica
la catalisi regulada supramolecularment per a la reaccié d'hidroformilacio i
també es mostren altres reaccions catalitiques aplicant la mateixa estrategia de
catalisi regulada supramolecularment.

Al capitol I es descriu la sintesi, caracteritzacio 1 aplicaci6 de catalitzadors
actius derivats del cobalt i el lligand Xantphos (L5) en la hidroformilacié
d'alquens lineals purs o les seves barreges. Es va observar que el complex
preformat [(OC);Co(u-CO),Co(CO)(k?P,P-Xantphos)] (C11) mostrava una
reactivitat 1 selectivitat similars cap als aldehids que el catalitzador actiu
generat in situ a partir de quantitats equimolars de [Co,(CO)s] i Xantphos (L5).
En el cas de 1'l-octé, 'aldehid lineal es va obtenir amb bona quimio- i regio-
selectivitat (la relacio //b va ser de fins a 75:25). Per a tots els isomers d'octe,
es van dur a terme reaccions en tandem d'isomeritzacio-hidroformilacio. Les
regioselectivitats per a tots els isomers d'octé estudiats es van mantenir
practicament constants, independentment de la posicié o geometria del doble
enllag C=C del substrat de partida. A més, es van generar subproductes en
quantitats igual d’escasses per tots els isomers de l'octe. També demostrem
que aquesta quimica és una estratégia interessant per valoritzar barreges
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d'hexens, heptens o octens lineals mitjangant la transformacio de la barreja
inicial en un aldehid majoritari (addici6 d'un grup CHO al carboni C,; de
l'estructura de l'alque, fins a un 73% de selectivitat ). A més, aquestes barreges
d'alquens es van hidroformilar amb baixes quantitats finals d'alquens no
hidroformilats, alquens hidrogenats i alcohols (Esquema 64).

B n
S
I N

[(OC)3CO(|J-C0)2CO(CO)(KZP,P-XantphOS)]

Cs Gy 140°C, 21 h H
NS N 40 bar R/\)\/C“O
C; Cy H,/CO (1:1)

e Alta activitat

Mescla de: « Alta selectivitat cap als aldehids
a) Octens [Co,(CO)gl/Xantphos lineals (irrespectivament de I'alqué
b) Heptens (1:1), in situ de partida)

c) Hexens ® Fins un 73% de selectivitat

LI

PPh, PPh,
Xantphos

Esquema 64. Catalitzador de cobalt-Xantphos per reaccions en tandem
d’isomeritzaci6/hidroformilaci6.

Al capitol II es descriu 1as de catalitzadors d'hidroformilacié de rodi
derivats d’'un lligand bisfosfit supramolecular (L46), amb un centre de
regulacio allunyat del centre catalitic, combinats amb una sal BArF de metalls
alcalins com a agents de regulacié (RA). L'us d'un agent de regulacié especific
per a cada substrat va donar lloc a una activitat excel-lent 1 va maximitzar la
regioselectivitat cap a l'aldehid lineal (relacidé [/b de fins un 99%). El
catalitzador de regulacido supramolecular també es va aplicar per obtenir
aldehids d'interes per a la industria de fragancies, com ara ['aldehid lauric, el
mefranal®, el florhydral® i el bourgenal® (Esquema 65). A més, el catalitzador
supramolecular es va combinar amb catalitzadors de Pd(0) que van donar lloc
a condicions eficients per a un procés en tandem d'isomeritzacio-
hidroformilacié d'una barreja d'alquens com ara octens, heptens, hexens o
alilbenzens (37%, 46% , 57% 1 86% d'aldehid lineal, respectivament). Les
especies catalitiques, que son presents en el cicle catalitic, aixi com les corbes
de conversio per a la hidroformilacié de 1'l1-hexe, van ser estudiades per estudis
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de complexacié de RMN a alta pressio i per espectroscopia operando de RMN
en flux.

[Rh(x?0,0%-acac)(CO),] (1 mol%)
L46 (1.2 mol%) R \‘ CHO
BArF (1.56 - 3.6%) 3

R/\ ‘ R/\/CHO i . R
10 bar H,/CO (1:1), 40-100 °C ] |
18 h, Tolué/THF (97:3 v/v)
Aldehid Aldehid
Linear (/) Ramificat (b)

Fins un 99% I/b ratio

CHO
CHO
CHO
CHO

Aldehid lauric Mefranal® Bourgeonal® Florhydral®

Esquema 65. Hidroformilacions regulades supramolecularment cap a ’aldehid lineal.

El capitol III descriu el disseny i la sintesi d'un lligand monofosfit basat en
l'estructura del carbazole. El proposit de sintetitzar aquest lligand va ser
controlar supramolecularment l'activitat i la regioselectivitat en reaccions
d'hidroformilacié emprant agents de regulacio anionics. De manera analoga a
l'estratégia de regulaci6 desenvolupada al nostre grup que involucra el
reconeixement de cations, plantegem la hipotesi que 1's combinat del lligand
monofosfit L50 (Figura 160) adequadament dissenyat, un precursor de rodi
per a reaccions d'hidroformilacié i un agent de regulacié anionic conduiria a
complexos de rodi amb un lloc catalitic la geometria del qual, rigidesa i/0
flexibilitat conformacional dependria de la grandaria i forma de 1'agent de
regulacid utilitzat. L’objectiu final d’aquesta estratégia era maximitzar
I’activitat i/o selectivitat del catalitzador d’hidroformilacié mitjangant
I’eleccid idonia de 1'agent de regulacid. En aquest capitol es descriu la sintesi
d'una primera generaci® de catalitzadors regulats supramolecularment
derivats del lligand L50 2-((8-amino-9H-carbazole)-1-sulfonamido)fenil fosfit,
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els estudis preliminars sobre la hidroformilacié de un alque de referéncia 1 els
efectes de la regulacié anionica.

Br. Br
tBu
i)
(0]

N o
yNH H oS-wn

FsC A
3 a6
tBu

tBu
L50

Figura 160. Lligand supramolecular L50.
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