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1. Abstract

Hydrocinnamaldehyde and hydrocinnamyl alcohol (a derivative produced by hydrogenation
of hydrocinnamaldehyde) are interesting compounds for the industrial production of floral
fragrances because of its powerful hyacinth aroma and sweet and floral odour, respectively.
These compounds are currently produced by selective or full hydrogenation of
cinnamaldehyde, although the regioselective Rh-catalysed hydroformylation of styrene has
recently emerged as an interesting alternative for the preparation of hydrocinnamaldehyde.
The work presented here deals with the design and preparation of diphosphite ligands for
their application in the linear regioselective Rh-catalysed hydroformylation of styrene. The
catalytic performance of the catalysts was affected by the structures of the diphosphite

backbone and phosphite function (Scheme 1).

Scheme 1. Hydrocinnamaldehyde production by Rh-diphosphite reverse regioselective
hydroformylation of styrene.



2. Introduction

In 1938, Otto Roelen? discovered the hydroformylation of alkenes that is nowadays one of
the most important industrial applications of homogeneous catalysis (Scheme 2).2° Today,
over 9 million tons of so-called oxo-products are produced for year, a number still increasing.
These oxo-products are mainly obtained from hydroformylation of propene 1, which is a
fraction of the steam-cracking process. The resulting products iso-butyraldehyde 2 and n-
butanal 3 are important intermediates for the production of esters, acrylates and 2-

ethylhexanol.?
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Scheme 2. Hydroformylation of propene.

The hydroformylation reaction, from a synthetic point of view is a one-carbon chain
elongation caused by the addition of carbon monoxide and hydrogen across the 7 system of
a C=C double bond.** The hydroformylation introduces an aldehyde function which permits
the skeleton expansion and this reaction meets all requirements of an atom economic
process.®’

The first generation of hydroformylation catalysts was based on cobalt. However, in 1968,
Wilkinson reported the use of rhodium complexes modified with phosphine ligands in this
reaction, providing a significantly higher activity and selectivity than the first generation of
cobalt catalysts.® Since this discovery, in order to influence the catalyst activity and
selectivity the method of choice was the ligand modification of the rhodium catalyst.®

Strong 7~acceptor ligands, for example bulky phosphites and phosphobenzene systems are
used in hydroformylation catalysis.’® However, the rhodium catalysts have a high activity
and is usually associated with a high tendency towards alkene isomerisation, therefore a
selective hydroformylation of an internal alkene remains a challenge, even though in the last
years some examples started to appear in the literature.

One of the problems to be solved in industry is the chemoselectivity and regioselectivity in
low-pressure hydroformylation of internal alkenes. This problem originates from the
exponential drop of alkene reactivity when increasing the number of alkene substituents.
There are many factors that influence the regioselectivity of the hydroformylation of
alkenes,!! for example, the inherent substrate preferences, directing effects exerted by
functional groups as part of the substrate, as well as catalyst effects. To appreciate the
substrate regioselectivity trends, the alkenes are classified according to the number and

nature of their substituents (Scheme 3).*°
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Scheme 3. Regioselective trends on hydroformylation of different alkenes.

The regioselectivity problem is usually related to terminal and 1,2-disubstituted alkenes 7.
The linear product 6 is preferably formed from alkyl-substituted terminal alkenes 4. The
branched product 5 is favoured from terminal alkenes 4 containing an electron-withdrawing
substituent. Both 1,1-disubstituted 10 and trisubstituted 13 alkenes generally provide only

one regioisomer (11 and 14, respectively).!?

The homogeneous hydroformylation reaction is one of most attractive synthetic methods for
the production of aldehydes, acetals, and alcohols. These compounds are used as
ingredients in numerous perfumes, flavours and foodstuffs due to its aroma.*®

Historically, the only way to obtain these aroma products was from natural products, such as
extraction from plants and recovery from mostly rare animals. The industrial production of
fragrances started at the end of the 19" Century and these developments was stimulated by
the high costs of the natural products and the increasing demands for larger amounts of
these compounds for use in cosmetics, air fresheners, detergents, cleaning agents and as
food additives.

The worldwide production scale of flavours and fragrances is close to that of the
pharmaceutical industry, whereas the scale prices are closer to the bulk chemicals. In 2017,
the total market for flavours and fragrances had an estimated value of 26.300 million USD

and about three quarters of the total volume was achieved by only ten companies.***®



For the hydroformylation chemistry to obtain fragrances is a crucial prerequisite ensure a
high chemo- and regioselectivity, because small amounts of by-products can contaminate
the desired odour. In asymmetric hydroformylation reactions, almost-complete
enantioselectivity is desired, although naturally occurring compounds (e.g., some terpenes)
may also not be completely enantiomerically pure.®

In the case of the hydroformylation of the styrene, the linear aldehyde | (Scheme 4) product
has a powerful hyacinth aroma for floral fragrances. Hydrogenation of the linear aldehyde
provides dihydrocinnamyl alcohol, which has a sweet and floral odour. Until now, the

dihydrocinnamyl alcohol is usually prepared by hydrogenation of cinnamaldehyde.*?

©/\/CHO H; ©/\/\OH
—_—

Linear (I) Dihydrocinnamyl alcohol
A [Rh(acac)(CO),], L
. +
CO/H,; (1:1)
CHO
Styrene
Branched (b)

Scheme 4. Industrial application of the hydroformylation of styrene.

In Scheme 5, the Rh-catalysed hydroformylation dissociative mechanism is described for
bidentate ligands.!” The associative mechanism involving 20-electron intermediate for
ligand/substrate exchange is not considered.® A great understanding of this process
mechanism has been possible thanks to high pressure spectroscopic techniques (HP-IR,
HP-NMR) which allow the in situ observation and structural characterisation of the resting
state of the catalyst.®!® The common starting complex for bidentate ligands (L-L) is the
[RhH(L-L)(CO).] specie 16, which can contain the ligand coordinated in equatorial positions
(indicated as eqg-eq, Scheme 5) or in an axial-equatorial positions (indicated as eg-ax,
Scheme 5). The dissociation of the equatorial CO from 16 leads to the square-planar
intermediate 17, which give the complexes 18 when associating with alkene, where the
ligand can again be coordinated in two isomeric forms eg-ax and eg-eq. The experimental
results and theoretical calculations indicate that the regioselectivity is determined by the
coordination of the alkene to the intermediate 17 to form the intermediates 18.%° The
determination of the enantioselectivity is also taking place during this step since the
enantioface discrimination occurs between 17 to 18. The CO dissociation from 16 is much

faster than the overall hydroformylation process, indicating that the rate determining step of



the reaction is the reaction of 17 with either CO or alkene to form 16 or 18.2° In Scheme 5, all
the steps are described as reversible except the final hydrogenolysis, even though, the
alkene complexation reversibility has not been established experimentally. Complexes 18
suffer migratory insertion to give the square-planar alkyl complex 19. The species 19 can
suffer a f-hydride elimination, thus leading to isomerisation, or can react with CO to form the
bipyramidal complexes 20. More isomerisation may be expected under low pressure of CO.
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Scheme 5. Mechanism of the Rh-catalysed asymmetric hydroformylation in the presence of
bidentate ligand (L-L).

At low temperatures (< 70°C) and a sufficiently high pressure of CO (> 10bar), the insertion
reaction is usually irreversible and the regioselectivity and the enantioselectivity in the
hydroformylation of alkenes is determined at this point. Complexes 20 suffer the second
migratory insertion to form the acyl complex 21, which can react with CO to give the
saturated acyl intermediates 22 or with H; to give the aldehyde product and the intermediate
17. The reaction with H, presumably involves an oxidative addition and reductive elimination,

but for rhodium no trivalent intermediates have been observed.?



The transformation of styrene into the corresponding aldehydes has been largely reported.??
As previously mentioned, for the terminal alkenes 4 (Scheme 3) containing an electron-
withdrawing substituent, the formation of the branched product 5 is favoured.

The mechanism of the rhodium catalysed hydroformylation of styrene has been studied in
depth. The proposed catalytic cycle is shown in Scheme 6.
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Scheme 6. Proposed mechanism for the Rh-catalysed hydroformylation of styrene.

In this mechanism, the key step to control the regioselectivity is the formation of the rhodium
alkyl intermediates 20a and 20b from the Rh hydride species 18. Lazzaroni and co-workers
showed that the kinetic product is the branched aldehyde and is favoured when the reaction
is performed at low temperature. The branched product is favoured for the formation of the
stable Rh(n3-allyl) species 19c, which is in equilibrium with the branched Rh-alkyl species
19b. The presence of this species tends to displace the equilibrium towards the catalytic
cycle giving rise to the branched product.

In these studies, the effect of the temperature was shown to affect the regioselectivity of this
process and demonstrated that the formation of both linear and branched Rh-alkyl species is
irreversible at low temperature but becomes reversible at high temperature.?

Brown and Kent reported that the coordination mode of the phosphine ligands could also

influence the regioselectivity of the reaction: the steric hindrance provided by de eq-eq



coordination favours the formation of the linear product but the eq-ax coordination of the
ligand favours the formation of the branched product.?*

There are only few examples in the literature concerning the selective formation of the linear
aldehyde in the hydroformylation of styrene. In the following sections, the most relevant
systems providing the regioselective linear hydroformylation of the styrene will be described
according to the types of ligands used: presenting large natural bite angles and presenting
atropoisomeric backbone (Figure 1).
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Figure 1. Ligands reported to provide high linear regioselectivity in the Rh-catalysed




2.4.1. Xantphos derivatives

The research group of van Leeuwen and co-workers studied the effect of diphosphine
ligands on the activity and regioselectivity of Rh-catalysts in the hydroformylation of alkenes
using large natural bite angle ligands.?>2¢

In 1998, these authors reported a study on the electronic effect in the Rh diphosphine
catalysed hydroformylation of alkene using a series of thixantphos ligands 24 (Scheme 7)
varying the groups in para position of the phenyl substituents at phosphorus using various

electron donating and electron withdrawing groups.?’

\ [Rh]/L ©)\
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Scheme 7. Electronic effect in Rh-catalysed hydroformylation of styrene using thixantphos
ligands.

An increase in I/b ratio and activity was observed in the hydroformylation of the styrene with
decreasing phosphine basicity (Scheme 7) while a pronounced effect of phosphine basicity
on the chelation mode of the ligands in the (diphosphine)Rh(CO);H complexes was
observed. The ee:ea isomer ratio, observed in the IR and NMR spectra, showed a regular
increase with decreasing phosphine basicity. The spectroscopic results were supported by
theoretical calculations using DFT. The electronic ligand effect on catalysis is reflected in
both hydroformylation rate and rate of S-hydrogen elimination.

To investigate the exact correlation between the selectivity and the natural bite angle of
diphosphine ligands in the rhodium catalysed hydroformylation of styrene, the same group
developed a new family of ligands based on xanthene backbone and hypothesised an

increase in selectivity to linear aldehyde with the increase of the natural bite angle.?® In this

10



study, the styrene hydroformylation process was carried out at 120°C and 10 bar of 1:1
CO/Hz using a 0.5 mM solution of rhodium precatalyst and 10 equivalents of ligand. These
reaction conditions were previously reported to enhance the I/b ratio in this reaction. The
results of this work are summarised in Table 1.

Table 1. Rh-catalysed hydroformylation of styrene using Xantphos derivatives.

CHO
©/\ [Rh]IL ©/\/CHO ©)\
H,/CO .
i b
P Nt S
A0 oo oo Ty
PPh, PPh,

PPh,Ph,P PPh, PPh, PPh, PPh,

Homoxantphos (24) Phosxantphos (25) Sixantphos (26) Thixatphos (27)

sesRlioe®

PPh,  PPhy PPh,  PPhy PPh,  PPh, PPh,  PPh
Xantphos (28) Isopropoxantphos (20) Rg \per e (B o) Benzoxantphos (32)
Entry Ligand Bite angle I/b ratio Linear RCHO (%)
1 24 102 ° 0.68 40
2 25 107.9° 1.13 53
3 26 108.5° 0.99 50
4 27 109.6 ° 1.22 55
5 28 111.4° 1.45 59
6 29 113.2° 1.45 59
7 30 114.1° 1.78 64
8 31 114.2° 2.04 67
9 32 120.6° 1.78 64

Reaction conditions: [Rh(acac)(CO)z] (0.5 mM); Ligand/Rh (10); Styrene/Rh (1746); CO/H2 (1:1, 10 Bar);
toluene (8.5 mL); 12h

Within this series, the highest selectivity was obtained with ligand 31 (67%, Entry 8, Table
1). When the bite angle was increased from 102° to 114°, an increase in linear to branched
ratio (Entry1-8, Table 1) was clearly observed. However, when ligand 32, which exhibits a

natural bite angle of 120°, was used, the selectivity slightly decreased.

11



In this study, the authors concluded that the natural bite angle of the ligands correlates well
with the selectivity for linear aldehyde in the hydroformylation of styrene due to a higher
congestion around the metal centre. However, no clear correlation between the natural bite
angle and the eg-eg/eg-ax isomer ratio was observed.

The same research group later demonstrated that the rigidity of the ligand backbone is also
an important factor analysing the effect of the structure of the ligand backbone on the
selectivity of the Rh-catalysed hydroformylation.?® Indeed, comparing results obtained with a
series of bidentate ligand presenting large natural bite angles (Scheme 8), they showed that
a rigid backbone such as Xantphos (28) provides the highest I/b ratio in this process.

\ [Rh ©)\
2/co

Styrene 120°C
L O pb °
OPPH, N2 e
PPhZ 2 PPh, Ph,P PPh2
Xantphos (28) 33 34 DIOP (35)
B=111.4° B=118° B=123° B=102.3°
I/b 2.35 I/b 0.03 I/b 0.77 I/b 0.49

Scheme 8. Rh-catalysed regioselective styrene hydroformylation.

In summary, the works developed by the group of van Leeuwen showed that large bite angle
diphosphine ligands provide high regioselectivity in the Rh-catalysed hydroformylation of
alkenes to the linear aldehyde products. However, the effect of the natural bite angle remain
unclear since the basicity and rigidity of the backbone were also shown to affect the
regioselectivity of this process. Furthermore, theoretical calculations indicated that
interactions between the aromatic substituents at phosphorus were playing a central role in

governing the regioselectivity and that the bite angle effect was less important.

2.4.2. Calixarene-based diphosphites

In 2010, Semeril and co-workers studied the effect of calixarene-based diphosphites ligands

on the activity and regioselectivity of Rh-catalysts in the hydroformylation of styrene.?®

12
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Scheme 9. Calixarene-based diphosphites reported by Semeril and co-workers.

Semeril and co-workers took advantage of the large bite angle of calixarenes based
diphosphite ligands (Scheme 9) for rhodium catalysed styrene hydroformylation process, in
order to obtain high linear to branched ratio. In this study, the reaction was carried out at

50°C and 21 bar of 1:1 CO/H; using a 2 pumol solution of rhodium precatalyst.

The result of this work is the 12.4 linear to branched ratio in styrene hydroformylation. A
calixarene is a macrocycle or cyclicoligomer based on a hydroxyalkylation product of a
phenol and an aldehyde. Calix[4]arenes are formed by 4 units and the internal volume of the
ring is around 10 cubic angstroms. Calixarenes are characterised by a wide upper rim and a
narrow lower rim and a central annulus. The 4 hydroxyl groups interact by hydrogen bonding
and stabilise the cone conformation. This conformation is in dynamic equilibrium with the

other conformations.

2.5.1. Tetraphosphorus binol-based Ligands

Another important family of ligands for highly regioselective hydroformylation is the bulky
tetraphosphorus ligands develop by Zhang and co-workers.* These tetraphosphorus ligands
are able to chelate the metal in four different modes. In addition, when the ligand
coordinates with the metal, the remaining two phosphorus atoms increase the local
phosphorus concentration around the metal centre. The electronic effects of ligands on the
catalyst activity and regioselectivity were studied by changing the substituent at para

position of the phenyl group from strong electron-donating groups to strong electron-
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withdrawing groups. In order to understand better the behaviour of the substituent on the
regioselectivity of styrene hydroformylation.

Based on the best condition found out for ligand 36 (Entry 1, Table 2) they decided to test
different moieties on the ligand backbone. It was found that the introduction of substituents
on the 3,3-5,5’ position of the biphenyl moiety greatly increased the regioselectivity for the
linear aldehyde as shown in Table 2.

Table 2. Styrene hydroformylation with tetra phosphorous derivatives?.

CHO
©/\ [RhJ/L ©/\/CHO
AL .
H,/CO
i b

120°

R=H (36)
R=Cl (37)

@ @ R=Me  (38)

R
O P/’N:\j R=Et  (39)
© — R=Ph  (40)

N R=p-F-Ph (41
0N _) pFPh (41)
R

N N R=Tolyl  (42)
\
L/) Q R=2,4-F,-CgHs  (43)

Entry? Ligand Conv % I/b ratio % Linear aldehyde

1 36 80 6.8 87

2 37 98 12.9 92.8
3 38 71 15.9 94.1
4 39 54 17.2 94.5
5 40 99 19.3 95.1
6 41 99 20.3 95.3
7 42 95 224 95.7
8° 43 89 26 96.3

Reaction conditions: ?[Rh(acac)(CO)z](1 pmol), Ligand (3 pmol), Styrene (10 mmol),CO/Hz2 (1:1, 5 atm),
Temperature 80° C, toluene (4.9 mL); ligand/Rh ratio= 4.

Zhang and co-workers reported the results about the styrene hydroformylation process that
was carried out at 80°C and 10 bar of 1:1 CO/H; using a 1.0 mM solution of Rh precatalyst
and 3 equivalents of ligand. The use of ligand 37 (Entry 2, Table 2) bearing a chloride
substituent increased the linear to branched ratio from 6.8 to 12.9 when compared with the
unsubstituted ligand. Similar results with the alkyl substituted ligands 38 and 39 (Entry 3,4,

Table 2) although in these latter cases, the conversion dropped significantly. These results

14



clearly indicated that an increase in steric bulk favours the regioselectivity of the reaction
towards the linear aldehyde while the electronic properties of the ligand mainly affect the
catalytic activity. Further increase in steric hindrance of the ligands by introduction of aryl
substituents (Entries 5-8, Table 2) provided I/b ratios up to 26. The difference observed
between the catalytic performance of 42 and 43 was attributed to an electronic effect since
similar steric hindrance is expected for both ligands. They concluded that for two ligands
exhibiting similar steric hindrance, the presence of electron withdrawing groups like in 43
favours the formation of the linear aldehyde.

2.5.2. Bidentate binaphthol based ligands

Binaphthol based ligands have been applied in various homogeneous catalytic reactions.!
In 2013, Vogt and co-workers compared the catalytic performance of a series of Rh catalysts
bearing various bidentate ligands: four binaphthol based ligands, one xantphos derivative

and a tetraphosphorus ligand (Table 3).%?

Table 3. Rh-catalysed hydroformylation of styrene using binaphthol derivatives and

phosphorodiamidite based ligands.
\ C[RNJL @/\
H,/CO

120°C
(LR
P
oPr
NP N
S e

" @ 2

/

E:NP PNU NpO OpN

N

A Y

48 49
Entry Ligand T (°C) I/b ratio % Linear aldehyde
1 44 80 0.37 27
2 45 80 0.97 49
3 45 140 7.1 88
4 46 80 - -
5 47 80 4.9 83
6 48 80 5.8 85
7 49 80 2.5 71

Reaction conditions:[Rh] (1 eq, 14 pmol),Rh precursor [Rh(acac)(CO)-], Ligand (2 eq, 28 pmol), Styrene (2000
eq, 28.8 mmol),CO/Hz (1:1, 10 bar), Solvent (5 ml).

15



Comparing the binaphthol based ligands 44, 45 and 47 (Entry 1, 2 and 5 respectively, Table
3) showed good activity, while 46 (Entry 4, Table 3) did not provide any conversion. The
absence of activity in the latter was attributed to the steric hindrance induced by the tert-
butyl groups in ortho position of the phenoxy moiety on the ligand. When the reaction was
performed with ligand 45 at 140°C (Entry 3, Table 3), an increase in linear to branched ratio
up to 7.1 was observed, although more hydrogenation was also detected. The highest
regioselectivities at 80°C were obtained with the pyrrole substituted ligands 47, 48 and 49
(Entry 5, 6 and 7 respectively, Table 3), indicating that ligands with more pronounced

acceptor properties favour the linear product under these conditions.

In 2013, Zhang and co-workers compared a series of ligands with different backbones and
substituents.*® Eight different ligand backbones were tested under the same conditions and
the ligand that contains the pyrrole moiety showed better performance in terms of
regioselectivity to linear aldehyde. The binaphthol based ligand 47 (see Scheme 10)
provided the highest regioselectivity with 85% of linear aldehyde. Interestingly, the ligand 50,
which presents structural properties related to those of 47, provided much lower selectivity to
the linear aldehyde under the same conditions, indicating that the atropoisomeric backbone

is key to reach high selectivity in this reaction.

CHO
_— +
H,/CO
I b

0 0

o0 Lo
—N —N

_P = _P =
(©) (©)

e e
(W (W

47 50

85% | 66% |

Scheme 10. Comparison of the results reported by Zhang on the Rh-catalysed
hydroformylation of styrene using binaphthol and binol-based ligands.
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3. Objectives

The main objective of this work is the hydrocinnamaldehyde production by Rh-diphosphite
reverse regioselective hydroformylation of styrene.

CHO
©/\ [RhJ/L ©/\/CHO ©)\
o +
H,/CO
Styrene Hydrocinnamaldehyde 2-Phenylpropionaldehyde

Scheme 11. Rh-catalysed hydroformylation of styrene.

The partial objectives are:

1. Synthesis of new atropoisomeric backbones. These atropoisomeric backbones are
proposed because of the high regioselectivity obtained with ligands presented in Table 2 and
Table 3. The general strategy for the preparation of the compounds with atropoisomeric

backbone is presented in Scheme 12.

R OH
Cross dehydrogenative O
Reductlon coupllng HO R
HO ! R

Diketone Diol

R= Me, tBu Atropoisomeric

backbone

Diphosphite

Scheme 12. General scheme of the proposed synthetic routes.

2. Synthesis of new diphosphite ligands. Variation of the diphosphite function and backbone.
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Scheme 13. Proposed structure of diphosphites related to BIPHEPHOS structure.

3. Evaluation of these ligands in the Rh-catalysed hydroformylation of styrene.
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4. Results and discussions

The synthesis of the atropoisomeric backbones consisted in the reduction of commercially
available 1,4-diketones and further coupling of this compounds to obtain a biphenol (see
Scheme 12).

4.1.1 Reduction step

The first step of the ligands synthesis was the reduction of compound 51 into compound 52
with NaBH, by using adapted literature procedures.?* The reaction proceeded smoothly at
room temperature with excellent yield (92%). The compound 52 was previously described in
the literature and NMR characterisation details corroborated its structure.

o) OH
NaBH,

-

HQO/MeOH/Etzo
Rt, 15 min
51 Then acidify with HCI 52

Scheme 14. Reduction step.

4.1.2 Coupling step

The next step of the synthesis was the coupling reaction of compound 52 to obtain the
coupled product 53. To do this, various approaches to couple bisphenol structure 1 with
bisphenol structure 2 were considered: cross dehydrogenative coupling, Suzuki-Miyaura

cross-coupling, Ullman and Kumada cross-coupling.

OH
OH OH O
Ry R2 Coupling step HO
+ >
HO
OH OH O oH
Bisphenol Bisphenol 53
structure 1 structure 2

Cross dehydrogenative coupling: R{, R, = H
Suzuki-Miyaura cross-coupling: Ry = Br; R, = B(OH),
Ullman reaction: R4, R, = Br

Kumada cross-coupling: Ry = MgBr; R, = Br

Scheme 15. Second step: Coupling step.
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4.1.2.1 Cross dehydrogenative coupling step

We started testing the cross dehydrogenative step. Different approaches were evaluated:
Approach 1, from the un-protected diol.

Approach 2, from the di-protected diol.

Approach 3, from the mono-protected diol.

4.1.2.1.1 Approach 1

In the approach 1 we evaluated the coupling of the un-protected compound 52 to obtain the
coupled product 53. To do this step we used FeCl; and an oxidant.

OI
O O
eC|3 cat. tert butyl pe OXide HO

HFP, 24h, rt. HO
5 4
OH

52 53

Scheme 16. Approach 1.

We performed the first test using FeCls as catalyst, an oxidant (tert-Butyl peroxide) and
1,1,1,3,3,3-hexaflouoro-2-propanol (HFP) as a solvent.*® Using this route, we observed by *H
NMR that the compound 52 was completely oxidised into the compound 51. This is because
the 1,4-hydroquinone reduces Fe(lll), generating semiquinone radicals that can oxidise
Fe(ll) back to Fe(lll).*® We therefore carried out the same procedure using stoichiometric
guantities of FeCls; as a softer oxidant agent. However, analysis by *H NMR revealed that the
conversion was less than 5% and with the formation of a complex mixture of compounds.

Since the cross dehydrogenative coupling of the un-protected diol 52 using catalytic or
stoichiometric amounts of FeCl: were not effective, we decided to evaluate alternative

procedures involving the protected diol to avoid its oxidation.

4.1.2.1.2 Approach 2

¢ Di-protection of diol

The first step of this new route was the protection of compost 52 to obtain compound 54.
This step was carried out by reacting diol 52 with an excess of NaH, and then, with Mel
(Scheme 17).3" After purification by flash chromatography the reaction product was isolated
with moderate-to-high yields (68%). Since this compound was not reported in the literature,

complete NMR characterisation was carried out to corroborate its structure.
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OH OMe

THF/NaH

—_—

Then Mel
OH OMe
52 54

Scheme 17. Di-protection of diol 52.

We evaluated different procedures by variation of the oxidising agent and the use or not of a
strong base to favour the de-protonation.

e First procedure: Soft oxidant agent.

OMe O OMe
FeCI3 MeO

L

CH,Cl, - CH3NO, MeO
OMe O
OMe

54 55

Scheme 18. First procedure tested for the coupling from di-protected diol 54.

This procedure involves the reaction of compound 54, FeCl; (3 equivalents) and CHxCl, —
CH3NO:; as a solvent mixture. The reaction was carried out at room temperature and for 24h
following adapted procedures.®” The reaction was monitored by TLC and 'H NMR. After
reaction, compound 54 was the only compound observed. In order to force the reaction to
proceed we did the same reaction at higher temperature (reflux conditions). The results by
H NMR showed very low conversion (less than 5% was converted and with the formation a
complex mixture of compounds). Our hypothesis was that the acidity of the protons involved

in the coupling is much lower than those of the structures reported in the literature >’

e Second procedure: soft oxidant + strong base.
OMe OMe
n-BuLi, TMEDA
THF, -78 — 0°C, 3h MeO

then FeCl3 MeO
0, —
OMe 0°C RT, 18h O
OMe

54 55

Scheme 19. Second procedure tested for the coupling from di-protected diol 54.

Literature procedures described the use of n-BuLi as a base to favour the deprotonation of
the aromatic compound during coupling processes.*® This procedure involved the pre-
treatment of compound 54 with n-BuLi (1.1 equivalents) and tetramethylethylendiamine (1.2

equivalents). At this point, the reaction mixture was reacted with FeCls (1.2 equivalents). The
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'H NMR analysis showed less than 5% conversion with the formation a complex mixture of
compounds. Even though a strong base was used, the coupled product 55 was not

obtained.

e Third procedure: Strong oxidant agent.

OMe ‘ ©
Ceric ammonium nitrate o

-

’

MeCN o
OMe O
o}

Scheme 20. Third procedure tested for the coupling from di-protected diol 54.

Since the oxidative coupling of the di-protected diol 54 using a weak oxidant (FeCls) was not
efficient, we evaluated the use of ceric ammonium nitrate (CAN) (3.3 equivalents) which is a
strong oxidant since literature reports described its efficiency for the coupling of similar
backbones.® The results by *H NMR show that the compound 54 was completely oxidised
to the compound 51 and we didn’t have the product of coupling.

In conclusion, the cross dehydrogenative coupling of di-protected diol 54 was not
proceeding under the evaluated reaction conditions probably due the difficulty of activating
the aromatic protons with softer oxidant agent.

We did a new bibliographical search and found that the use of the mono-protected
diol 57, which takes advantage of the keto-enolic equilibrium and thus favours the activation

of aromatic protons, could be an efficient alternative.

4.1.2.1.3 Approach 3

¢ Mono-protection of diol

The first step of this procedure of this new route involves the selective protection of
compound 52 to obtain de mono-protected compound 57. The selective mono-protection of
the diol 52 is not straightforward step because the two alcohols are identical. Then, three

selective mono-protection routes were evaluated:
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e First procedure.

OH OH
K2CO3’ Mel
—_—

THF, reflux

OH 24h OMe
52 57

Scheme 21. First procedure tested for the mono-protection of diol 52.

Perform selective deprotonation by using a softer base than NaH, and then, methylation with
Mel.*® However, when this possibility was tested, no conversion was observed and we only
recovered the compound 52, maybe because the low solubility of K,COj3 in THF.

e Second procedure.

OH OH
AICl,
_—
MeOH, reflux
OH 12h OMe
52 57

Scheme 22. Second procedure tested for the mono-protection of diol 52.

We performed three tests of this procedure using 1.3, 2.0 and 2.7 equivalents of AIClz.*
Analysis of the results by 'H NMR revealed the presence in the final reaction mixture of
three compound: unreacted compound 52, mono-protected compound 57 and oxidation by-
product 51 (1,4-dimethylbenzoquinone). The amount of AICI; revealed crucial for controlling
the ratio between product 57 and the product 51. With 1.3 equivalents of AICI; we observed
35% of conversion and 100% of selectivity to de compound 57. With 2 equivalents of AICl;
there is 94% of conversion with 26% of selectivity to the compound 57 and appear the
compound 51 (74% selectivity). With 2.7 equivalents there is 88% of conversion with 7% of
selectivity to the compound 57 and 93% of selectivity to the compound 51. Therefore, the
sample obtained by using 1.3 equivalents of AICl; was subjected to flash chromatography

and the compound 57 was isolated in low yield (19%).

e Third procedure.

OH OH
NaN02
—_—
H,S0Oy4, dry MeOH
OH OMe
52 57

Scheme 23. Third procedure tested for the mono-protection of diol 52.
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We tested a third procedure reacting diol 52 with catalytic amounts of NaNO; under acidic
conditions. Under acidic conditions, NaNO> forms HNO: in situ which rapidly decomposes
forming NO., which is capable of efficiently oxidise the hydroquinone to semiquinone radical
that is easily esterified by reaction with alcohols in acidic medium.*?

After purification by flash chromatography the reaction product was isolated in high yield
(92%). Since this compound was not reported in the literature, NMR characterisation was

carried out to corroborate its structure.

¢ Coupling using the mono-protected diol 57

e First procedure: soft oxidant agent + strong Lewis acid.

OH OMe
AlCI, HO O
—_—
FeCly, CHsNO, ~ HO
OMe
OMe
57 58

Scheme 24. First procedure tested for the coupling from mono-protected diol 57.

The first tested procedure consisted in reacting the compound 57, AICI; (1 equivalent) and
FeCl; (1 equivalent) in dry CH3NO,.*® After stirring 6 hours at room temperature, the reaction
was quenched with aqueous HCI solution (1M) and extracted with EtOAc. The results by *H
NMR show that we only recovered the compound 57.

Longer reaction times (12 and 24h) provided the same result. We therefore performed the
reaction using 2 equivalents of FeCls; and the result by *H NMR show 60% of conversion
with the formation of oxidation by-product 51 (1,4-dimethylbenzoquinone). The reaction was

tested with temperature, 50 and 90°C, but we obtained a complex mixture of compounds.

e Second procedure: Cu-Catalyst + strong oxidant.

M H
OH OMe (e}
CuCl,/TMEDA O O
-l HO MeO

MeOH, Air HO O HO O
OMe OMe OMe
57 58 59
Scheme 25. Second procedure tested for the coupling from mono-protected diol 57.
The second procedure that we carried out involved the compound 57, CuCl, (6.25-107
equivalents), N,N,N’,N'-Tetramethylethylenediamine (TMEDA) (9.375-10" equivalents) and

MeOH. This procedure was previously reported for the preparation of other biphenols (see

Scheme 36).** After 24 hours under a continuous flow air, 70% conversion with the
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formation of a complex mixture was obtained according to 'H NMR. After flash
chromatography, the product 59 was isolated in 17% yield.

Since this procedure provided a coupling product (although this product was not our target
molecule), we thought that this procedure could be used for the coupling of compound 54
(di-protected diol) to obtain the product 55.

OoM
OMe O €
CuCl,, TMEDA _ MeO

, ~ MeO
DMF, Air O
oM
© OMe

54 55

Scheme 26. Coupling from di-protected diol 54 using CuCls.

We carried out the reaction with the same conditions of the reaction with the mono-protected
diol 57 but using DMF instead MeOH (due to the insolubility of 55 in MeOH). After 24h under
continuous air flow, the work up was performed but *H NMR analysis showed that we had
recovered the compound 54.

In conclusion, the use of this synthetic route starting from the mono- or di-protected diols did
not provide the desired products.

Because of all the approaches involving the cross dehydrogenative coupling were not
successful and some of these procedures resulted in the formation of the starting
benzoquinone by oxidation, we decided to evaluate procedures that do not involved this kind

of reactivity, and then Suzuki-Miyaura cross-coupling was selected as a suitable procedure.
4.1.2.2 Alternative approach: Suzuki-Miyaura cross-coupling

For perform the Suzuki-Miyaura cross-coupling, the preparation of the haloarene and aryl
boronic acid was required. This latter can be prepared from the haloarene compound.

The selected synthetic route for carrying out the Suzuki-Miyaura cross-coupling is presented
in the Scheme 27.

This described route is composed by six steps. The first step (S1) corresponds to the mono-
protection of diol 51. The following step (S2) is the selective bromination of the mono-
protected diol 57. The third step (S3) consists of the alcohol silylation, necessary to perform
the next step (S4), which is the formation of the aryl boronic acid. Then, the coupling step
(S5) is carried out and, finally, the deprotection of the silyl ether group (S6) is necessary to

obtain the desired product.
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_SiR,
sS4 B(OH),

—

OH OH OH o SR Ovte O OMe O OMe
s1 s2 Br s3 Br 85 RySiv $6 1o
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ST @
OH OMe OMe OMe OMe OMe

Scheme 27. Suzuki-Miyaura cross-coupling synthetic route.

4.1.2.2.1 Bromination step

The bromination of compound 57 was performed by reacting the compound 57 with Br,.*
Various amounts of Br, were tested in order to selectively obtain the compound 60, since the
separation of the compounds 60 and 61 by flash chromatography was extremely

challenging.
Table 4. Bromination of mono-protected diol 57.
OH OH OH
Br, Br Br
CH,Cl, ' Br
OMe OMe OMe
57 60 61
Test Eqg. Compound 7 Eqg.Br: Results by *H NMR

1 1 1.1 85% of compound 60 and 15% of compound 61
2 1 1 97% of compound 60 and 3% of compound 61
3 1 0.9 97% of compound 60 and 3% of compound 57

Using the conditions of test 3, after purification by flash chromatography the reaction product
60 was isolated with high yields (92%). Since this compound was not reported in the

literature, NMR characterisation was carried out to corroborate its structure.

4.1.2.2.2 Alcohol silylation step

To perform the alcohol protection forming a silylether group, 2 different protecting groups
were tested. We choose to form the trimethylsilyl ether and the tert-Butyldimethylsilyl ether

because these groups readily react and are later easy to remove using a fluoride source.

e Formation of trimethylsilyl ether: This step was carried out by reaction of the
compound 60 with hexamethyldisilazane and catalytic amounts of N-chlorosaccharin
in CH.Cl,.%® After the purification the reaction product was isolated with moderate-to-
high yield (78%).
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OH (0]
Br Hexamethyldisilizane Br

N-Chlorosaccharin, CH,Cl,

OMe OMe
60 62

Scheme 28. Alcohol protection forming a trimethylsilyl ether.

e Formation of tert-Butyldimethylsilyl ether: This step was performed reacting the
compound 60 with imidazole, catalytic amounts of 4-(Dimethylamino)pyridine and
tert-Butyldimethylsilyl chloride in CH,Cl,.*” After purification by flash chromatography
the product 63 was isolated in high yield (93%).

Sl

OH TBDMSCI | O
Br imidazole, DMAP Br
CH,Cl,
OMe OMe
60 63

Scheme 29. Alcohol protection forming a tert-Butyldimethylsilyl ether.

The synthesis of the boronic acid reagent could not be realised due to lack of time but will be

performed in the near future.

The synthesis of a family of diphosphite ligands related to BIPHEPHOS structure (Scheme
30) was carried out in order to compare the effect of the diphosphite backbone vs. the effect
of the diphosphite function on the Rh-catalysed hydroformylation of styrene (activity,

chemoselectivity and regioselectivity).

BIPHEPHOS ligand was selected as a suitable structure for carrying out modifications due
to the interesting results provided in the Rh catalysed hydroformylation of related mono-

substituted substracts.*®
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Effect of the phosphite functional group

______

Q ’j. 6
<R P

b TN /
. 0-G t-Bu t-Bu t-Bu
j ’ MeO OMe
L1 L2 BIPHEPHOS

MeO OMe MeO t-Bu t-BuOMe
L7 L8

Scheme 30. Family of diphosphite ligands related to BIPHEPHOS.

4.2.1. Synthesis of diphosphite L1

First, we synthesise the simplest diphosphite L1 as a reference ligand.

To prepare this diphosphite L1, a mixture of the 2,2’-biphenol (64), triethylamine and PBr; at
room temperature was reacted.*® After the purification by flash chromatography, the reaction
product was isolated in low yield (13%), which was attributed to the partial decomposition of
the diphosphite during the purification stages. The diphosphite L1 was previously described

in the literature and NMR characterisation details corroborated its structure.

O OH PBI'3 Et3
‘ OH Toluene, rit.
64 .D .O

L1

Scheme 31. Synthesis of diphosphite L1.
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4.2.2. Synthesis of diphosphite L5

To synthesise the diphosphite L5, we first prepared the bromophosphite 66 from the
biphenol 65. To perform this step, we reacted the biphenol 65 with an excess of phosphorus
tribromide and triethylamine in toluene.*® The reaction was monitored by 3'P{*H} NMR,
revealing the formation of the 66 quantitatively.

t-Bu t-Bu
C OH PBI'3, Et3N G O\

—_— P—Br

O OH Toluene, r.t. O 0
t-Bu t-Bu

65 66

Scheme 32. Synthesis of bromophosphite 66.

To synthesise the diphosphite L5, we reacted the biphenol 65 with an excess of
bromophosphite 66 (4 equiv.) in the presence of triethylamine (7 equiv.) and DMAP (0.1

equiv.) in toluene.*

t-Bu t-Bu -
SalD ST w0
N OH Toluene O Oo\ o Y
P

P—Br + —_

80°C, overnight y AN t-Bu . ’
O e 0 O tBu e
t-Bu t-Bu t-Bu
o 2% &

L5 Monophosphite L5

Scheme 33. Synthesis of diphosphite L5.

A solution of compound 66 and triethylamine in toluene (10 mL) was added at 0°C to a
solution containing compound 65, triethylamine and DMAP in toluene (10 mL). The reaction
mixture was warmed at 80°C and stirred overnight and then filtrated. The filtrate was
evaporated under reduced pressure and the residue was purified by flash chromatography.
After complete characterisation by NMR and ESI-MS(+), we came to the conclusion that the
product was not the ligand L5 but probably the Monophosphite L5. It should be noted that
the NMR was very complex because there are diastereoisomeric mixtures. To corroborate
this result we also did the same reaction but with only one equivalent of compound 66 and
the same product was formed, in agreement with the formation of the monophosphite.

Alternative approaches to synthesise the diphosphite L5 are currently in progress.
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4.2.3. Synthesis of diphosphite L2

To synthesise the diphosphite L2, we first prepared the 2,2’-biphenyl chlorophosphite 67.
This step was carried out reacting the 2,2’-Biphenol (64) with an excess of phosphorus
trichloride and triethylamine in toluene.®® The reaction was monitored by *P{*H} NMR,
revealing the quantitative formation of 67.

O oH PClj, Et;N O o.

— P—Cl

O OH Toluene, rit. O o

64 67

Scheme 34. Synthesis of 2,2'-Biphenyl chlorophosphite 67.

Next, we synthesise the diphosphite L2 by reaction of the biphenol 65 with n-BuLi and then
with an excess of chlorophosphite 67.5! After the purification by flash chromatography the
diphosphite L2 was isolated in low yield (4%). This low yield was attributed to the partial
decomposition of the diphosphite during the purification stages. The diphosphite L2 was

previously described in the literature and NMR characterisation details corroborated its

O t-Bu
o. O OH n-BuLi
>p-cl o+ _
O 0 C OH  THF, rt.
t-Bu
67 65

Scheme 35. Synthesis of diphosphite L2.

structure.
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4.2.4. Synthesis of diphosphite L6

Next, we performed the synthesis of diphosphite L6. First, the biphenol 69 was prepared
from the commercially available phenol 68.

t-B M
OH u O OMe
t-Bu CuCl,/TMEDA

HO

MeOH, Air HO O
OMe
t-Bu OMe

68 69

Scheme 36. Synthesis of biphenol 69.

The synthesis of the biphenol 69 was carried out by reacting phenol 68 with catalytic
amounts of CuCl, and TMEDA in MeOH under constant air flow.* After purification the
reaction product was isolated with moderate-to-high yield (67%). The biphenol 69 was
previously described in the literature and NMR characterisation details corroborated its
structure.

With the biphenol 69 in hand, we performed the synthesis of the chlorophosphite 70. This
step was carried out by reaction of 69 with an excess of phosphorus trichloride and
triethylamine in toluene.*® The reaction was monitored by 3!P{*H} NMR, thus revealing the

guantitative formation of 70.

MeO t-Bu MeO t-Bu
O OH PCls, EtzN O o

—_— >P—Cl

O OH Toluene, 80°C O 0
MeO t-Bu MeO t-B

69 70

Scheme 37. Synthesis of chlorophosphite 70.

At this stage, the synthesis of the diphosphite L6 was performed by reacting the biphenol 69

in an excess of n-BuLi and then added to the solution of chlorophosphite 70 in THF.>!

t-Bu O

MeO t-Bu MeO t-Bu Q
t-Bu OMe
R n- BuLl MeO MeO \
>P-Cl O\ + P Bu
o~ THF reflux t-Bu t-Bu \\
(0]
MeO t-Bu

t Bt“Bu t-Bu ©
t-Bu
O OMe
MeO OMe MeO
L6 Monophosphite L6

Scheme 38. Synthesis of diphosphite L6.
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A solution of the biphenol 69 in THF was prepared and 3 equiv. of n-BuLi was added
dropwise at 0°C. The reaction mixture was warmed to reflux and stirred for 2h. The reaction
mixture was then cooled to 0°C, and then was added to a solution containing 3 equiv. of the
chlorophosphite 70 in THF at this temperature. The mixture was then heated and stirred at
reflux overnight. The mixture was quenched in water, extracted with diethyl ether and
purified by flash chromatography. Similarly to the results obtained in the synthesis of L5,
after NMR characterisation, we came to the conclusion that the product was not the ligand
L6 but the Monophosphite L6.

Alternative approaches to synthesise the diphosphite L6 are currently in progress.

It was therefore concluded that the presence of t-Bu substituents in ortho in both the
backbone and the phosphite function generates such a steric hindrance that the

corresponding diphosphite ligands could not be obtained.

A series of phosphite ligands was selected to perform the preliminary hydroformylation
catalytic tests. The monophosphite (M) was selected because of the interesting results
previously reported in the Rh-catalysed hydroformylation of styrene.®® The bidentate
xantphos ligand (X)?® and the bidentate biphephos ligand (B)!*°*%* were selected because of
the excellent linear regioselectivity reported with these ligands in the Rh-catalysed
hydroformylation of styrene.

The ligands prepared in this work L1 and L2 (structures related to biphephos) were tested
under the same reaction conditions in order to evaluate the effect of the diphosphite

backbone and the diphosphite function on the catalytic performance.
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Table 5. Hydroformylation of styrene results

[Rh(acac)(CO),], (0.0057 % mol)
©/\ L (L/Rh =10, 0.057 % mol) ©/\
Styrene, 1.55 mmol ©)\ C

5 bar (CO/H, = 1)

Styrene Branched ( Linear (1 Hydrogenation (h)

Toluene, 1.7 mL
120°C, 16h, 900 r.p.m.

t—Bu\C[t—Bu
PPh2 PPh2 0 +Bu
N \ u o o \ u o I
0" o
u

t-Bi t-Bu Bu t-B t-Bu\<> t-Bu
i E i i i i t-Bu
L1 L2 B, BIPHEPHOS X, XANTPHOS M, BULKY MONOPHOSPHITE

Entry®® Ligand Conversion (%)®  Chemoselectivity (%)  I/b ratio® TON[

0 BLANK 0 - - -

1 - 5 83 1.0 877
2 X 38 98 1.0 6622
3 M >99.9 97 1.2 17543
4 L1 4 93 1.2 764
5 L2 98 97 1.3 17193

6™ L2 94 94 1.3 165
7 B 95 95 1.9 16636

Reaction conditions:[a] Rh(acac)(CO)2 (Styrene/Rh = 17544, 0.0057 % mol), L (L/Rh = 10, 0.057 % mol),
Styrene (1.55 mmol), 5 bar (CO/H2 = 1), toluene (1.7 mL), 120°C, 16 h, 900 r.p.m.; [b] Conversion, chemio-
selectivity and regio-selectivity determined by *H NMR; [c] TON defined as the mole of styrene converted, divided
by the moles of Rh; [d] Rh(acac)(CO): (Styrene/Rh = 175, 0.057 % mol).

Catalytic test with the Rh-unmodified species provided very low conversions with moderate
chemoselectivities and a regioselectivity to the linear aldehyde of 1.0 (entry 1, Table 5).
Under our reaction conditions, the use of xantphos provided low-to-moderate conversions,
and a better chemoselectivity and same regioselectivity than the unmodified Rh-catalyst
(entry 1 vs. entry 2, Table 5). The bulky mono-phosphite ligand M (entry 3 vs. entry 2, Table
5) produced quantitative conversions with improved chemo- and regioselectivity to the linear
product than the xantphos ligand.

Diphosphite ligands (entry 4, 5, 6 and 7, Table 5 ) provided moderate-to-high conversions
with similar chemoselectivities and higher regioselectivities to the linear product than the

bulky monophosphite M (entry 3, Table 5).
Among the diphosphite ligands, ligand L2 and B produced much higher conversions and

similar chemoselectivities than ligand L1 (entry 5, 6, 7 vs. entry 4, Table 5). Then, it seems

that the presence of electron-donating and bulky substituents in the backbone structure (tert-
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butyl, methyl and methoxy) contributed to the enhancement of the catalytic activity and
without effect in the chemio-selectivity. The highest regioselectivity was achieved with the
ligand B (entry 7, Table 5) that contains a methoxy groups in para positions of the backbone.

In conclusion, our study revealed that the diphosphite ligands with electron-donating (para
methoxy) and bulky (ortho tert-butyl) substituents in the backbone structure are the most
appropriated for obtaining high activities and regioselectivities to the styrene derived linear
aldehyde.
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5. Conclusions.

We have successfully completed the main objective of this work which was to explore the
hydrocinnamaldehyde production by Rh-diphosphite reverse regioselective hydroformylation
of styrene.

Concerning the partial objectives:

1. Novel synthetic routes for the synthesis of new atropoisomeric backbones have been
designed and partially completed with success. The last step of the synthesis (coupling of
the phenol units) is currently in progress and the products obtained from this reaction will be

directly applied in the synthesis of new diphosphite ligands.

2. Experimental procedures were developed for the production of phosphorochloridites,
phosphorobromidites and diphosphites. Due to the high tendency to be hydrolysed under the
acidic conditions used during the purification stage, moderate-to-low yields were sometimes

obtained. Optimization of the reaction conditions and purification procedures are in progress.

3. Evaluation of the synthesised and commercial ligands in the Rh-catalysed
hydroformylation of styrene was successfully completed. With the catalytic results revealed
that the diphosphite ligands with electron-donating (para methoxy) and bulky (ortho tert-
butyl) substituents in the backbone structure are the most appropriate for obtaining high
activities and regioselectivities to the styrene derived linear aldehyde. The study of the effect
of the phosphite function on the catalytic performance is in progress. The highest
regioselectivity was obtained is with the BIPHEPHOS ligand and we are currently evaluating

structural modifications of this ligand.
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6. Experimental part

Solvents and reagents were obtained from commercial sources (Sigma-Aldrich and Alfa-
Aesar) and were purified and dried according to standard procedures.®® Air sensitive
reactions were performed using standards Schlenk techniques under argon in dry solvents.
Flash column chromatography was carried out using a forced flow of the indicated solvent
on Merck silica gel 60 (230—400 mesh). Reactions were monitored by TLC carried out on
0.25 mm E. Merck silica gel 60 F2s4 aluminium plates.

1D (*H, ¥C{*H} and 3'P{*H}) and 2D (*H-'H COSY, 'H-*C HSQC and 'H-*C HMBC) NMR
spectra were recorded on a Varian Mercury 400 MHz spectrometer. Chemical shifts (8) are
reported in parts per million (ppm) and referenced to residual solvent or tetramethylsilane.

Mass Spectra were recorded on a Waters LCT Premier Spectrometer (ESI).

2,5-dimethylhydroquinone(52).3* Compound 52 was prepared from commercially available
2,5-dimethyl-1,4-benzoquinone (compound 51). To a vigorously stirred mixture of compound
51 (2.5 g, 18.4 mmol, 1lequiv.) in ether (50 mL), MeOH (25 mL) and water (100 mL), NaBH.
was added (3.5 g, 91.9 mmol, 5 equiv.). After 15 min the mixture was acidified with a HCI
solution (1M), then the mixture was extracted with ether (3 x 50 mL). The combined ether
layers were washed with brine, dried over MgSQO,, and evaporated to give compound 52 in
93% vyield (2354.7 mg, 17.1 mmol) as a white solid. *H NMR (400MHz, DMSO-dg) & 8.30 (s,
2H), 6.44 (s, 2H), 1.99 (s, 6H).

1,4-dimethoxy-2,5-dimethylbenzene (54).%” Under argon atmosphere, to a solution of
compound 52 (1000 mg, 7.24 mmol, 1 equiv.) in dry THF (72.4 mL) NaH (889.6 mg, 60%,
22.24 mmol, 3.07 equiv.) was added at 0°C and the solution was stirred at the same
temperature for 15 min. Mel (11.01 mL, 72.4 mmol, 10 equiv.) was added to the reaction
mixture at 0°C, the resulting solution was stirred at the same temperature 15 min and then at
room temperature for 24 h. In the reaction mixture saturated NH4Claq (36.2 mL) was added,
then THF was removed by rotatory evaporator. The agueous solution was extracted with
EtOAc (10 mL x 3). The organic phases were combined, washed with brine, dried over
MgSO, and evaporated. The residue was purified by flash chromatography (silica gel/
hexane-EtOAc, 9:1 v/v) to give compound 54 in 68% yield (822.4 mg, 4.95 mmol) as a white
solid. *H NMR (400MHz, CDCls) & 6.66 (s, 2H), 3.78 (s, 6H), 2.21 (s, 6H); *C{*H} NMR (100
MHz, CDCls) 6 151.47 (2C), 124.29 (2C), 113.77 (2C), 56.14 (2C), 16.04 (2C).
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4-methoxy-2,5-dimethylphenol (57).%2 Under argon atmosphere, compound 52 (1317.8
mg, 9.54 mmol, 1 equiv.), H>SO4 (935.67 mg, 9.54 mmol, 1 equiv.) and NaNO; (33.12 mg,
0.48 mmol, 0.05 equiv.) were stirred in methanol (19.1 mL) at room temperature for 12 h.
The mixture was quenched in water (40 mL) and extracted with CH»Cl, (40 mL x 3). The
organic phases were combined, dried over MgSO, and evaporated. The residue was purified
by flash chromatography (silica gel/ hexane-EtOAc, 99:1 v/v) to give compound 57 in 92%
yield (1330.3 mg, 8.75 mmol) as a white solid. *H NMR (400MHz, CDCls) & 6.60 (s, 1H), 6.59
(s, 1H), 4.23 (s, 1H), 3.77 (s, 3H), 2.22 (s, 3H), 2.15 (s, 3H); 3C{*H} NMR (100 MHz, CDCls)
6 151.89, 147.30, 125.31, 121.24, 117.79, 113.61, 56.28, 15.88, 15.83.

2-bromo-4-methoxy-3,6-dimethylphenol (60).*> A solution of compound 57 (127.0 mg,
0.835 mmol, 1.0 equiv.) in CH2CIl, (5.45 mL) with continuous stirring was cooled to 0°C
followed by slow addition of bromine (120.11 mg, 0.752 mmol, 0.9 equiv.). After addition, the
cooling bath was removed and the mixture was stirred at room temperature for another 90
min. The reaction was quenched by addition of saturated agueous solution Na»S,03 (3mL)
and H.O (2mL). The phases were separated and the aqueous layer was extracted with
CHCI; (3x10 mL). The organic phases were combined, dried over MgSO, and evaporated.
The residue was purified by flash chromatography (silica gel/ hexane-EtOAc, 99:1 v/v) to
give compound 60 in 92% yield (177.4 mg, 0.77 mmol) as a white solid. *H NMR (400MHz,
CDCls) § 6.63 (s, 1H), 5.30 (s, 1H), 3.77 (s, 3H), 2.28 (s, 6H); *C{*H} NMR (100 MHz,
CDCls) 6 151.29, 144.48, 124.26, 122.04, 114.31, 113.11, 56.67, 17.00, 16.10.

(2-bromo-4-methoxy-3,6-dimethylphenoxy)trimethylsilane (62).*¢ In a flask containing
the compound 60 (0.43 mmol, 100 mg, 1 equiv.), hexamethyldisilazane (0.52 mmol, 83.3
mg, 1.2 equiv.) and CH2Cl; (0.3 mL) the N-chlorosaccharin was added (4.3-10-3 mmol, 0.94
mg, 0.01 equiv.). The reaction mixture was stirred at room temperature overnight. The
CH.CI, was evaporated under reduced pressure and n-hexane (3 mL) was added to the
reaction mixture. The resulting mixture was filtered and the residue was washed with n-
hexane. Evaporation of n-hexane gives the compound 62 in 78% yield (101.7 mg, 0.34
mmol) as an orange oil. *H NMR (400 MHz, CDCls) & 6.59 (s, 1H), 3.77 (s, 3H), 2.29 (s, 3H),
2.24 (s, 3H), 0.30 (s, 9H); *C{*H} NMR (100 MHz, CDCI3) 5 152.19, 145.26, 126.75, 125.18,
119.69, 111.94, 56.26, 18.57, 16.41, 1.23 (3 C).

(2-bromo-4-methoxy-3,6-dimethylphenoxy)(tert-butyl)dimethylsilane (63).% The

compound 60 (200 mg, 0.87 mmol, 1 equiv.), TBDMSCI (196.7 mg, 1.305 mmol, 1.5 equiv.),
imidazole (236.92 mg, 3.48 mmol, 4 equiv.) and DMAP (10.6 mg, 0.087 mmol, 0.1 equiv.)
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were stirred in CH2Cl> (1.4 mL) at room temperature overnight. The reaction was quenched
by addition of aqueous HCI 1.0 M (3 mL). The phases were separated and the aqueous
phase was extracted with CH,Cl, (3x3 mL). The organic phases were combined, dried over
MgSO, and evaporated. The residue was purified by flash chromatography (silica gel/ 100%
CH_Cl,) to give the compound 63 in 93 % yield (280.0 mg, 0.81 mmol) as a colourless oil. *H
NMR (400MHz, CDCls) & 6.58 (s,1H), 3.77 (s, 3H), 2.28 (s, 3H), 2.24 (s, 3H), 1.04 (s, 9H),
0.24 (s, 6H); C{"H} NMR (100 MHz, CDCl3) & 152.11, 144.82, 126.70, 125.43, 119.65,
112.19, 56.29, 26.40 (3C), 19.01, 18.68, 16.47, -2.36 (2C).

Diphosphite L1.%® A solution of 2,2’-biphenol (1000 mg, 5.4 mmol, 1 equiv.) in toluene (15
mL) was added triethylamine (3817.8 mg, 37.8 mmol, 7 equiv.). The solution was cooled at
0°C and slowly added PBr3 (1593 mg, 5.9 mmol, 1.1 equiv.). The reaction mixture was warm
at room temperature and stirred 16h and then filtrated. The filtrated was evaporated under
reduced pressure. The residue was purified by flash chromatography (silica gel/ hexane-
DCM, 7:3 v/v) to give the diphosphite L1 in 13% vyield (139.1 mg, 0.23 mmol) as a white
solid. *H NMR (400MHz, CDCls) & 7.40 (m, 8H), 7.32 (m, 2H), 7.22 (m, 10H), 6.88 (m, 4H);
31P{*H} NMR (161.9MHz, CDCls): & 144.43 (s).

Bromophosphite 66.%° A solution of compound 65 (1000 mg, 2.82 mmol, 1 equiv.) in
toluene (20 mL) was added triethylamine (1993.7 mg, 19.74 mmol, 7 equiv.). The solution
was cooled at 0°C and slowly added PBr; (839.7 mg, 3.11 mmol, 1.1 equiv.). The reaction
mixture was warm at room temperature and stirred for 18h and then filtrated. The filtrate was
evaporated under reduced pressure to give the bromophosphite 66 in quantitative yield
(determinate by *P{*H} NMR) (1306.79 mg, 2.82 mmol) as a yellow oil. 3*P{*H} NMR
(161.9MHz, toluene-ds): 6 181.23 (s).

2,2’-Biphenyl chlorophosphite (67).%° 2,2’-Biphenol (64) (1000 mg, 5.37 mmol, 1 equiv.)
was dissolved in toluene (17.5 mL) and the solution was cooled to 0°C. A solution of
phosphorous trichloride (1112.4 mg, 8.1 mmol, 1.5 equiv.) and triethylamine (1627.1 mg,
16.1 mmol, 3 equiv.) in toluene (10 mL) was slowly added. The mixture was warmed to room
temperature and stirred for 36 hours. It was filtered and the solvent evaporated under reduce
pressure to give the chlorophosphite 67 in quantitative yield (determinate by *'P{*H} NMR)
(1342.5 mg, 5.37 mmol) as a yellow oil. **P{*H} NMR (161.9MHz, toluene-ds): § 179.43 (s).

Diphosphite L2.%! To a solution of the biphenol 65 (592.06 mg, 1.67 mmol, 1 equiv.) in THF
(20 mL) at 0°C was added dropwise n-BuLi (5.0 mmol, 3.13 mL of 1.6 M hexane solution).
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The reaction mixture was warmed to room temperature and stirred for 2h at reflux. The
reaction mixture was then cooled to 0°C, and then was added to a solution of the
chlorophosphite 67 (1253 mg, 5.0 mmol, 3 equiv.) in THF (10 mL) at 0°C. After the addition
the cooling bath was removed and the mixture was stirred at room temperature overnight.
The mixture was quenched in water (20 mL) and extracted with diethyl ether (30 mL x 3).
The organic phases were combined, dried over MgSO4 and evaporated. The residue was
purified by flash chromatography (silica gel/ 100% hexane) to give the diphosphite L2 in 4%
yield (50.8 mg, 0.065 mmol) as a yellow oil. *H NMR (400MHz, CDCl3) §7.33 (m, 4H), 7.18
(m, 6H), 7.03 (m, 6H), 6.88 (m, 2H), 2.25 (s, 6H), 1.83 (s, 6H), 1.28 (s, 18H); 3P{*H} NMR
(161.9MHz, CDCls) 5 142.46 (S).

Biphenol 69.# In a three-necked round bottomed flask equipped with a gas inlet the phenol
68 (20 g, 0.11 mol, 1 equiv.) was dissolved in methanol (40 mL), anhydrous CuCl;, (92.43
mg, 6.875-10“mol, 6.25-10° equiv.) and N,N,N’,N-Tetramethylethylenediamine (0.12 g,
1.033-10mol, 9.375-10°2 equiv.) were added. The reaction mixture was stirred for 24h under
a continuous flow of air. After 24h the precipitate was filtered and washed with cold methanol
and dried in vacuum. The compound 69 was obtained in 67% yield (13.38 g, 37.31 mmol) as
a white solid. *H NMR (400MHz, CDCls) § 6.96 (d, J = 3.1 Hz, 2H), 6.62 (d, J = 3.1 Hz, 2H),
5.02 (s, 2H), 3.78 (s, 6H), 1.43 (s, 18H).

Chlorophosphite 70.%° A solution of PCl; (407.87 mg, 2.97 mmol, 1.35 equiv.) and
triethylamine (1565.5 mg, 15.5 mmol, 7 equiv.) was cooled to 0°C. A solution of Biphenol 69
(788.66 mg, 2.2 mmol, 1 equiv.), triethylamine (1565.5 mg, 15.5 mmol, 7 equiv.) dissolved in
toluene (27 mL) was slowly added. The mixture was warmed to 80°C and stirred for 12
hours. The reaction mixture was filtered and the solvent evaporated under reduce pressure
to give the chlorophosphite 70 in quantitative yield (determinate by 3'P{*H} NMR) (930.36
mg, 2.2 mmol) as a yellow oil. 3!P{*H} NMR (161.9MHz, toluene-dg): § 172.80 (S)

e Equipment for hydroformylation process:

HEL7: Seven tubes reactor (7 x 10 mL), equipped with seven glass inner beakers, and a
magnetic stirring.
HEL1: Single component 25 mL reactor, equipped with one Teflon tube, and a magnetic

stirring
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Figure 2. Reactor HEL7 in the left and reactor HEL1 in the right.
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8. Supporting information: NMR spectra of products and intermediates
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-'H spectrum of 57 (CDCls, RT)
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-BC{*H} spectrum of 60 (CDCls, RT)
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-'H spectrum of 63 (CDCls, RT)
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-31p{1H} spectrum of L1 (CDCls, RT)

2
3
|
o P |
3 30
N T
L1
T T T T T I rrrrrrrrrrrrrrrrrrr-rrrrrrr-rrrrrrrr
D) 240 220 200 180 160 140 120 100 _ 80 60 40
f1 (ppm)
-31P{1H} spectrum of 66 (toluene-ds, RT)
1
ll—Bu !
.,‘_
O,F’E-r
|t—Bu
66
rrrrrrrrr1t *rrrrrrrrrrrrrrrr1rrrrrrr--1rr~r-~r 171"
240 220 200 180 160 140 120 100 _ 80 60 40
f1 (ppm)
-31P{1H} spectrum of 67 (toluene-ds, RT)
2
T
]
IOH
o-P-cl
&7
T T T T T T T T T T T T T T T T T T T T
240 220 200 180 160 140 120 100 _ 80 60

f1 (ppm)



[9)
9]
e

Triethylamine

—2.25
—1.83
128

Triethylamine

i}
96

T - T T T v T T T M T

5.5

-31P{1H} spectrum of L2 (CDCls, RT)

- =142 46

5.0 4
f1 (ppm)

T

5 4.0

T T T

35 3.0

2.5

T

220 200 180 160 140 120

-1H spectrum of 69 (CDCls, RT)
:

%

6.63
6.62

—7.26
6.97
<&

——

BN LA S B R B B S B B

-—5.02

T
100

T

fi(p

T
80

—TT

pm)

—3.78

T T T T

40

1-43

18.11

o R0

8.5 8.0 7.5 A 6.5 6.0 5.5

f

193 —p——

w
—_—~0

-

4.5
ppm)

.04

4.0

3.5 3.0

25

2.0 1.

w
-
=

48



-31P{1H} spectrum of 70 (toluene-ds, RT)

—172 .8

~P=CI
94 C
MeO t-Bu
70
L TR [LIEHLE AT A s b

240 220 200 180 160 140

120

100

80
f1 (ppm)

49



	1. Abstract
	2. Introduction
	2.1. Industrial applications of hydroformylation: Fragrances
	2.2. Rh-catalysed hydroformylation mechanism
	2.3. Rhodium catalysed styrene hydroformylation: the regioselectivity issue
	2.4. Large natural bite angles ligands
	2.4.1. Xantphos derivatives
	2.4.2. Calixarene-based diphosphites

	2.5. Atroposiomeric bidentate ligands
	2.5.1. Tetraphosphorus binol-based Ligands
	2.5.2. Bidentate binaphthol based ligands


	3. Objectives
	4. Results and discussions
	4.1 Synthesis of new atropoisomeric backbones
	4.1.1 Reduction step
	4.1.2 Coupling step
	4.1.2.1 Cross dehydrogenative coupling step
	4.1.2.1.1 Approach 1
	4.1.2.1.2 Approach 2
	4.1.2.1.3 Approach 3

	4.1.2.2 Alternative approach: Suzuki-Miyaura cross-coupling
	4.1.2.2.1 Bromination step
	4.1.2.2.2 Alcohol silylation step



	4.2. Synthesis of new diphosphite ligands
	4.2.1. Synthesis of diphosphite L1
	4.2.2. Synthesis of diphosphite L5
	4.2.3. Synthesis of diphosphite L2
	4.2.4. Synthesis of diphosphite L6

	4.3. Rh-catalysed hydroformylation of styrene

	5. Conclusions.
	6. Experimental part
	7. References
	8. Supporting information: NMR spectra of products and intermediates

