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Introduction
Supramolecularly Fine-Regulated

Enantioselective Catalysts

Laura Rovirat, and Anton Vidal-Ferran t#+

fInstitute of Chemical Research of Catalonia (ICIQ) & The Barcelona Institute of Science and Technology,

Avgda. Paisos Catalans 16, 43007 Tarragona, Spain.
fCatalan Institution for Research and Advanced Studies (ICREA), Passeig Lluis Companys 23, 08010

Barcelona, Spain.

1.1. Abstract

The use of supramolecular interactions in catalysis has undergone a major growth in the last decade
and has contributed to the major advances achieved in the field of enantioselective catalysis. Amongst the
approaches involving use of supramolecular interactions in enantioselective catalysis, this manuscript
highlights different supramolecular strategies to generate a set of enantiopure ligands (or enantioselective
catalysts) that retain the majority of the backbone’s structural features, yet at the same time incorporate
subtle changes at its active site that depend on the structural characteristics of the regulation agent (RA)

employed.
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1.2. Introduction

Enantioselective catalysis enables unique and selective pathways for the conversion of simple
compounds into enantiomerically pure complex molecules, often with significant advantages over non-
catalytic methods. It has evolved greatly since the early 1970s to now encompass nearly any
transformation subject to three-dimensional bias.! The critical step in most enantioselective processes is
the assembly of a supramolecular system around the catalytic site. This supramolecular system involves
the substrate, the metal precursor, if present, and an enantiopure molecule (the chiral ligand). In metal-
mediated transformations, the metal center provides a low-energy reaction pathway that enables catalysis,
whereas the enantiomerically pure ligand activates and creates an asymmetric environment around the
metal ultimately enabling preferential recognition of one of the enantiotopic elements in the prochiral
substrate (the source of enantioselectivity). Albeit in metal-mediated asymmetric transformations the metal
center is responsible for providing a low energy reaction pathway, whereas the chiral ligand is at the origin
of the symmetry-breaking that provides the enantiomeric enrichment, in organocatalysis, these two roles

are played by an enantiopure organic molecule.2

The first chiral ligands that were employed in enantioselective catalysis mostly derived from the
“chiral pool”3 The practitioners in enantioselective catalysis soon realized that because of the limited
structural diversity among the ligands derived from natural products, it was unlikely that they could provide
a satisfactory response to all conceivable selectivity demands in catalysis (reactions, substrates, reagents,
etc.). Thus, researchers soon realized that asymmetric synthesis had to be harnessed to broaden the
repertoire of ligand scaffolds, to incorporate all types of stereogenic elements in the ligand, and to
functionalize ligands with a myriad of functional groups that bind the desired metal center (in transition
metal-based transformations) or interact with the substrates/reagents (in organocatalyzed processes). Not
surprisingly, enantiopure C—, N—, O—, P— and S—containing ligands of synthetic origin have enabled major

advances in enantioselective catalysis.*

The use of supramolecular interactions in catalysis has undergone a major growth in the last decade
and has also contributed to the major advances achieved in the field of enantioselective catalysis. Beyond
the situations in which supramolecular interactions do exclusively participate in the catalytic event,® the

use of supramolecular chemistry in enantioselective catalysis can be categorized as follows:

First and foremost, supramolecular interactions have been widely used in the construction of the
backbone of the chiral ligand via attachment of suitably designed building blocks by non-covalent and
metal-ligand interactions. The building blocks contain the binding groups required for the desired catalysis
as well as the motifs necessary for the supramolecular assembly. This synthetic methodology has enabled
the synthesis of libraries of structurally diverse chiral ligands or catalysts with greater ease than for
standard covalent chemistry. The use of supramolecular interactions for the construction of ligands for
enantioselective catalysis, or catalysts themselves, has been widely reviewed® and is outside the scope of
this text.
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Second, the use of supramolecular interactions in enantioselective catalysis has also been exploited
by placing in the ligand or catalyst well-designed functional groups capable of supramolecularly interacting
with the substrate. Substrate-, chemo-, diastereo- and/or enantio-selectivities have been dramatically
improved with this strategy, which relies on the precise positioning of the substrate relative to the catalytic
site. Reported examples encompass both transition-metal or metal-free catalyzed enantioselective

transformations and will not be discussed in this text, as these have been recently reviewed.”

Encapsulation of the catalytic species in a molecular container constitutes the third supramolecular
strategy that has been applied in catalysis. Amongst other advantages, the rate enhancement due to an
increase in the effective concentration of the reagents within a confined space, the achievement of
unusual selectivity within the molecular container or the stabilization within the cavity of otherwise unstable
molecules have been achieved by encapsulating the catalytic system. Many of these applications refer to
achiral transformations and examples of enantioselective transformations within a confined space are
scarce in the literature. This topic has been object of recent reviews and is also outside the scope of this

text.8

The fourth and last supramolecular strategy that has been implemented in enantioselective catalysis
has sought to override one of the intrinsic limitations of enantioselective catalysts: their lack of generality. It
is well known for the practitioners of the field that structural changes to the substrate(s) and/or reagent(s)
often translate to a loss of enantioselectivity. Early strategies to improve the generality of a catalyst were
based on standard covalent chemistry. Modular ligand design and ligand tuning® have been employed to
develop efficient catalytic systems for diverse substrates/reagents in a given transformation. Libraries of
structurally related ligands have also been assembled through parallel synthesis’® and subsequently
assessed by automated high-throughput screening to rapidly identify high-performing catalysts for a
specific transformation and substrate. 0" With the aim of reducing the synthetic efforts associated with the
above mentioned strategies, supramolecular chemistry has also been harnessed to produce libraries of
enantioselective catalysts, whose members preserve the main structural characteristics of the whole set
but also incorporate subtle geometrical differences at the catalytic site. Hence, the members of these
libraries of related catalysts are capable of geometric adaptation to the requirements of a given substrate

for high enantioselectivity.
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Two strategies have been developed to achieve these goals:
“Supramolecular regulation onto an already formed enantioselective catalysts”

This approach resembles allosteric modulation or “allosterism”, which is one of the most exquisite
mechanisms of action in enzymic catalysis in Nature.'? Allosteric modulation of a biocatalyst refers to
modification of its active site upon binding of an effector molecule at a distinct site on it (known as the
allosteric site or regulation site). Supramolecularly fine-regulated enantioselective catalysts belonging to
this category possess a catalytic site with a well-defined three-dimensional structure suitable for
enantioselective catalysis and a distal regulation site containing a supramolecular motif capable of
interacting with a regulation agent (RA). In this way, the members of the library of enantioselective
catalysts arising upon the binding of an array of geometrically diverse RAs to the regulation site preserve
most of the structural characteristics but also incorporate structural peculiarities that depend on the size

and shape of the RA employed.
“Supramolecular regulation onto a pro-chiral catalysts”

The principle of this approach is similar to that summarized above with one crucial exception. The
three-dimensional structure of the catalytic site is not well-defined in the absence of the regulation agent.
Upon addition of an enantiopure regulation agent, chirality is created in the catalytic site and the geometry

of the catalytic site also depends on the size and shape of the RA employed.

It should be recalled at this point that this section focus only on the progress in developing
supramolecular catalysts that fall within the two above mentioned categories (supramolecular regulation of
enantioselective catalysts that implies major alterations of the principal structural features of the catalyst
has been object of recent reviews™ and is outside the scope of this text). Furthermore, it should be noted
that this section highlights published pieces of work only when the authors demonstrate the regulation
ability of a set of RAs onto an array of substrates. Examples describing the use of only one external
molecule for the whole array of substrates have not been mentioned herein, as the authors of the present
section have considered that these examples refer to the construction of the catalyst’® and not to the
regulation effects induced by the external molecule. Analogously, examples describing an array of external

molecules or RAs for only one substrate have not been highlighted either.
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1.3. Discussion

The discussion is divided into two sections corresponding to the two different strategies that have

been already mentioned.

1.3.1. Supramolecular regulation onto an already formed enantioselective catalysts

In this strategy, regulation consists of the modification of a catalytic site by interaction of an external
unit (regulation agent; RA) with a distinct specific regulation site. The following discussion is divided in
different sections corresponding to the different supramolecular motifs that have been employed as
regulation sites. Examples on fine-regulated enantioselective catalysts that share the same

supramolecular motif are then presented in chronological order of publication.

1.3.1.1. Catalytic systems requlated by interactions of a requlation agent with (aza-)crown-ether motifs

Cyclic crown-ethers and their nitrogenated analogues form very stable complexes with charged
species (i.e. metal ions, halide anions, carboxylates, etc.)." Furthermore, with the possibility to easily vary
the crown-ether size, shape, and topology together with well-established synthetic strategies for their
preparation, crown-ethers have become popular supramolecular motifs.* Ito and coworkers' pioneered
the field of supramolecularly fine-regulated enantioselective catalysts for asymmetric allylic substitutions
(AASSs) incorporating an aza-crown-ether motif as a regulation site in their bisphosphine ligand design. The
underlying principle in the design of the catalyst consisted in introducing a secondary interaction’ between
the reacting nucleophile (enolates generated from $1 or S2 by using alkali metal salts as bases) and the
aza-crown-ether motif. It was envisaged that the enolate and the anionic carbon of the enolate would form
an inclusion complex with the aza-crown-ether. In doing so, it was expected that the reacting nucleophile
would be placed in close proximity to the allyl group bound to the palladium center with an overall
improvement in the reaction rate as well as in the stereocontrol of the reaction by reducing the degrees of
freedom in the intervening transition states (TSs). Reactions of the enolates derived from S$1 or S$2 with
allyl acetate were carried out in the presence of in situ formed palladium catalyst (equimolar amounts of
Pd,(dba)s-CHCl3 and the corresponding ligand) and an array of alkali metal fluorides (i.e. KF, RbF or CsF)
as bases. The authors used an array of bases, as they considered that the size of the cation could have
an influence in the relative arrangement of the attacking nucleophile and the allyl group: the possibility to
modify the arrangement of reactants through supramolecular interactions constitutes the regulation
mechanism in this catalytic system. After an optimization process, ligand L1 was found to be the optimal
one for high enantioselectivities in the AASs of allyl acetate with the nucleophiles derived from $1 and S2.
The authors also found that the combined use of RbF with ligand L1 provided the highest conversions and
enantioselectivities in both cases. The authors reported that the affinity between RbF and the aza-crown-
ether motif in ligand L1 was higher than those for KF and CsF. The better complementarity between RbF

and the aza-crown-ether motif translated into more efficient regulation effects in terms of enantioselectivity
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than those observed for KF (compare entries 2 with 1 for §1 and 5 with 4 for $2, in the table in Figure 1) or

CsF (compare entries 2, 3, 5 and 6 in the table in Figure 1).

a) Ligand structure

thP
O/ \ Fe
(\ o—> PhyP— I
0 N
<~ TN N Me
0 0 Me
b) Allylic substitutions studied
0 Pd,(dba);-CHCl5 (0.5 mol%) 0
O,N . L1 (1 mol%) _ ON_s G
R CH,=CHCH,OAc (1.5 equiv.) R~
RA (2 equiv.), DCM, -25 °C y
§1G=—CHy—, R = (—CH,-); P1G= —CH,—, R=(—CH,-)3
$2 G =0-Bu, R=Me P2 G =O-tBu,R=Me

c) Catalytic results

Carbanion Regulation
derived Yield ee (%) effectsin
Entry from RA (%) (config) ee (%)’

1 s1 KF 33  25(R) -
2 s1 ROF 57 38(R)  +13
3 s1 CsF 31  31(R)  +6
4 s2 KF 95 51(R)  +17
5 S2  RbF 95  GO(R) +26
6 2 CsF 9 34(R -

® Calculated with respect to the lowest ee described.

Figure 1. Supramolecularly regulated catalyst for AAS from Ito et al.
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More recently, Vidal-Ferran et al. reported the preparation of supramolecularly regulated
bisphosphine ligand L2, which incorporates a crown-ether motif as a distal regulation site, and its use in
rhodium-mediated asymmetric hydrogenations (AHs).'” The authors envisaged that binding of a regulation
agent to the crown-ether motif could modulate the catalyst performance by modifying the dihedral angle
of the biaryl unit (see Figure 2 for a general representation of the regulation principle). The importance of
the geometrical parameter @in the performance of a transition-metal-based catalyst is well precedented in
the literature, as it is associated to the natural bite-angle £ of a ligand to the metal center (see Figure 2).'8
Rhodium complexes derived from enantiopure bisphosphine L2 performed as efficient catalysts in the AH
of 83 in terms of activity, though enantioselectivities remained moderate (ee’s ranging from 56 to 62% in
favor of the (S)-configured hydrogenation product of 83 and from 26 to 30% ee for the hydrogenation
product of S4). As regards the AH of 83 in the presence of a set of regulation agents, small but noticeable
regulation effects on the enantioselectivity were observed. The maximal increment in the ee (up to 2% ee)
was observed with the enantiomerically pure ammonium salt RA1 as the regulation agent. On the contrary,
the best enantioselectivity for S4 was obtained in the absence of RA. These results indicate that even for
the same combination of ligand and RA, the sign and magnitude of the regulation effects depend on the
substrate. Though regulation effects were small in magnitude, the authors demonstrated that a library of
bisphosphines could be easily generated with this strategy by supramolecularly modifying the catalytic site

upon variation of the regulation agent.

1.3.1.2. Catalytic systems containing a polyether linear chain as the requlation site

Metallacrown-ethers are formed by combination of a metal precursor with a linear polyether chain
containing functional groups at the « and @ positions capable of coordinating to the metal center. Fan et
al’® identified metallacrown-ethers® as ideal scaffolds for developing supramolecularly regulated
enantioselective catalysts: metallacrown derivatives simultaneously contain a plausible catalytic group (the
metal center) and a supramolecular motif capable of acting as a regulation site (polyether motif) by binding
a complementary external unit (RA). It should be noted at this point that, like cyclic crown-ethers, linear
polyether groups are also capable of binding charged species such as metal ions, carboxylates, etc.?! Fan
et al. pioneered the use of supramolecularly regulated polyether-based ligands for rhodium-mediated
asymmetric hydrogenations (AHs).'® These authors reported the first example on the use of rhodium
complexes derived from bisphosphite-polyether ligands, whose catalytic performance in terms of
enantioselectivity in AH was enhanced by the addition of a RA. Fan et al. first investigated the effect of the
linker length in the catalytic performance of the metallacrown-ether catalyst. Ligands with five, six or seven
ethyleneoxy units in the polyether chain provided the best results in the absence of RA in terms of
enantioselectivity (whilst the results for ligand L3, which contains six ethyleneoxy units, are indicated in
Figure 3, the reader is referred to the original work® for the results of the other two ligands). The efficiency

of the ligand with six ethyleneoxy units (L3) could be enhanced by addition of a RA (i.e. LiBArF, NaBArF or
11



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND APPLICATION OF BISPHOSPHITE LIGANDS WITH A DISTAL REGULATION SITE FOR ASYMMETRIC CATALYSIS

Laura Rovira GonZéléF]apter1

KBArF; [BArF]™ = [B(3,5-(CF3)2CsHs)4] ) capable of interacting with the polyether chain through ion-dipole

interactions.

a) Ligand structure and regulation principle

(\ O/\\O O PPh

2
0 Regulation ((¢
PPh
{/ 0 2 site
N
Ph.p
P
L2 Ph
Catalytic site
b) Structures of RAs
J\® : BAF® 2o | Baf®
Ph" 7 H/(R)\Ph Ph” 7 N 75> Ph
2 2
RA1 RA2

¢) Asymmetric hydrogenations studied

[Rh(cod),]BATF (0.5 mol%)

J\ L2 (0.55 mol%) N /L

MeO,C~ "R RA (0.77 mol%) > MeO,C”* "R
DCM, 20 bar H,, rt
S3R= CH2C02Me P3R= CH2C02Me
S4 R =NHAc P4 R =NHAc
d) Catalytic results
Regulation

ee (%) effects in ee
Entry  Substrate RA (config.) (%)

1 S3 - 60 (S) -
2 S§3  NaBArF 56 (S) 4
3 §3  CsBArF 60 (S) 0
4 S3 RA1 62 (S) +2
5 §3  RA2 61(S) +1
6 S4 - 30(S) _
7 S4  NeBAF 979 3
8 S4 CsBArF 26 (S) -4

4 Calculated for each substrate with respect to the
experiment in absence of RA.

Figure 2. Supramolecularly regulated catalyst for AH from Vidal-Ferran et al.
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a) Ligand structure

/T \ 0
o) 0 !
oo
0 HO
0 HO-OH = (Sa)
N
Col oy o)
0
L3 (S,)-BINOL
b) Asymmetric hydrogenations studied
CoMe  [Rh(cod)glBF (1 mol%) o COMe
_ L3 (1.1 mol%) ®),
RNk RA (3.3 mol%) R "NHpAc
DCM, 20 atm H,, 20 °C
S5 R= G—C6H4— P5 R= G—C6H4—
S4R=H P4 R=H
c) Catalytic results Regulation
ee (%) effects in ee
Entry Substrate RA (config.) (%)?
1  §5G=H - 84 (R) -
2 85G=H  LBAF  87(R) +3
3  85G=H  NaBAF  95(R) +11
4 S5, G=H KBArF 94 (R) +10
5 85 G=4-F - 83 (R) -
6 S5, G=4-F NaBArF 95 (R) +12
7 85, G=4-Cl - 84 (R) -
8 §5G=4Cl NaBArF 9 (R) +12
9 5 G=3Cl - 82 (R) -
10 85,G=3-CI  NaBArF 95 (R) +13
11 85,G=2-Cl - 84 (R) -
12 85,G=2-Cl  NaBArF 94 (R) +10
13 85 ,G=4-Me - 86 (R) -
14 S5 G=4-Me NaBArFF  94(R) +8
15 85, G=4-NO, - 79 (R) -
16 S5,G=4-NO, NaBArFF  96(R) +17
17 sS4 - 93 (R) -
18 S4 NaBAfF 98 (R) +5

@ Calculated for each substrate with respect to the

experiment in absence of RA.

Figure 3. Supramolecularly regulated catalyst for AH from Fan et al.
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The highest increase in the enantioselectivity of the AH of model substrate 85 (G=H) was achieved
with NaBArF, up to 11% ee (see entry 3 in the table in Figure 3c). The authors suggested that the
difference in the abilities of ligand L3 to bind LiBArF, NaBArF or KBArF stayed at the origin in the
regulation effects provoked by these polyether binders to the enantioselectivity of the reaction. A binding
competition experiment between 18-crown-6 ether (i.e. 1,4,7,10,13,16-hexaoxacyclooctadecane), KBArF
and L3 helped determining the role of the alkali-metal salts in the regulation event. Due to the higher
affinity of 18-crown-6 ether for KBArF with respect to L3, addition of 18-crown-6 ether to the catalytic
system derived from L3 and KBArF led to a similar enantioselectivity than that obtained in the absence of
RA. Once the optimal catalytic system had been identified, a series of a-dehydroaminoacids was
hydrogenated employing cationic rhodium complexes derived from L3 as catalyst and NaBArF as RA. As
shown in the table in Figure 3c, AHs proceeded efficiently with full conversions, excellent
enantioselectivities (ee’s ranged from 94 to 98% ee; see entries 5 to 18 in the table in Figure 3c) as well as
with positive regulation effects that ranged from an increase of 5% to 17% in the ee when NaBArF was
used as the RA.

More recently, Fan, He et al. have reported the preparation of supramolecularly regulated phosphine-
phosphite ligand L4 and its assessment in rhodium-mediated AHs.22 The design principle was the same
than for L3, though metallacrown-ether derivatives bearing different coordinating groups at the « and @
positions of the polyether group were unknown in the literature before the work of Fan, He et. al. The
catalytic system that provided higher enantioselectivities in the AH of model a-arylenamide S6 derived
from ligand L4. The use of KBArF as RA provided the highest enhancements in enantioselectivity within all

RAs assayed (ee enhancement up to 9% ee; see entry 4 in the table in Figure 4c for all RAs studied).

Fan, He et al. also described that the addition of KBArF had a rate accelerating effect on the AH,
which indicated that the addition of alkali metal salts also improved the activity of the metallacrown
catalyst.22 The authors attributed the differences in regulation effects (or enhancements) on the ee of the
hydrogenated product to the differences in match of the RAs (i.e. LiBArF, NaBArF, KBArF or CsBArF) to
the metallacrown motif. A series of c-arylenamides (S6 and S7) were hydrogenated employing the
rhodium catalyst derived from L4 and KBArF as the RA. In general terms, the AHs of para-substituted
arylenamides proceeded with full conversions and high enantioselectivities (from 94 to 99% ee). Lower
ee’s were obtained for the ortho- and meta-substituted analogues, though considerable regulation effects
(enhancements up to +6 % in the ee; see entry 17 in the table in Figure 4c) were observed for these

substrates.

14
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a) Ligand structure

/ N\
AN
(_ O  PPh HO 0
<i_ Ho-oH= ™
0 7 Ho
oo o @
o_J
L4 (R,)-BINOL
b) Asymmetric hydrogenations studied
R [Rh(cod),]BF, (1 mol%) R
| L4 (1.1 mol%) *
NHAc > NHAc
G RA (1.1 mol%) G
toluene, 20 atm Hy, rt
S6 R=H, P6 R=H,
G=H, Me, F, CF5, Cl, Br G=H, Me, F, CF3, Cl, Br
87 G=H,R=Me P7 G=H,R=Me
¢) Catalytic results Regulation

effects in ee
Entry Substrate RA ee (%) (%)a

1 $6,G=H - 84 -
2 $6,G=H LiBArF 89 +5
3 $6,G=H NaBArF 91 +7
4 $6,G=H KBArF 93 +9
5 $6,G=H CsBArF 92 +8
6 $6, G =4-Me - 84 -
7 S$6,G=4-Me  KBArF 96 +12
8 $6, G=4-F - 85 -
9 $6, G=4-F KBArF 94 +9
10 $6, G = 4-CF4 - 92 -
11 $6,G=4-CF; KBArF 99 +7
12 $6, G = 4-Cl - 94 -
13 $6,G=4-Cl  KBArF 99 +5
14 S6, G =4-Br - 93 -
15 $6,G=4-Br  KBArF 98 +5
16 $6, G = 3-Cl - 81 -
17 $6,G=3-Cl  KBArF 87 +6
18 $6, G = 2-Cl - 66 -
19 $6,G=2-Cl  KBArF 70 +4
20 S7 - 50 -
21 S7 KBArF 58 +8

8 Calculated for each substrate with respect to the
experiment in absence of RA.

Introduction

Figure 4. Supramolecularly regulated phosphine-phosphite-derived catalysts for AH from Fan, He et al.
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In between the publication dates of these two contributions on supramolecularly regulated
metallacrown-based enantioselective catalysts from Fan and He et al.,'%22 Vidal-Ferran et al. reported a
first generation of supramolecularly regulated «,arbisphosphites for asymmetric hydroformylations
(AHFs).2 The design of the ligand was similar to that of L3 but incorporated a conformationally labile [1,1'-
biphenyl]-2,2'-diol motif in the regulation site. The supramolecularly regulated «,a-bisphosphite was
successfully applied in the AHF of terminal alkenes with remarkably high positive regulation effects in the
enantioselectivity (increases of up to 62% ee for vinyl acetate).? Further optimization studies towards the
optimal supramolecularly regulated ligand for this chemistry (i.e. optimal bisphosphite motif, optimal length
of the polyether chain, necessity or not of having a conformationally labile [1,1'-biaryl]-2,2'-diol motif in the
regulation site and nature of the anionic component of the RA) led to an improved supramolecularly
regulated catalytic system for the AHF of terminal alkenes (see ligand L5 in Figure 5).2* These studies
revealed that ligands with longer polyether chains led to lower conversions in the AHF of the chosen model
substrate (i.e. vinyl acetate) and that phosphite groups derived from 3,3"-bis(trimethylsilyl)-[1,1'-
binaphthalene]-2,2'-diol provided the highest ee’s in the already mentioned transformation.?> As regards
the nature of the anionic component of the RA, the non-coordinating BArF anion provided higher branched
to linear (b:l) ratios for the studied model substrate than those observed with other RAs containing the
[BF4]™ or [CIO4] anionic components.?* Furthermore, BArF salts were an attractive option, given their
adequate solubility profile in solvents that are suitable for hydroformylations (e.g. toluene containing a
small amount of THF). As a continuation of the catalytic studies, Vidal-Ferran et al. became interested in
evaluating the design principle-namely, whether the addition of a RA in the reaction medium would affect
the catalytic activity of the rhodium complexes derived from L5. The effects produced by different alkali
metal and ammonium salts on the catalytic activity have been summarized in the table in Figure 5c¢. Of all
the RAs tested for the AHF of vinyl acetate employing L5, RbBArF gave the best results: Full conversion,
complete regioselectivity (> 99:1 in favor of the branched product) and perfect enantioselectivity (99% ee)
were observed (see entry 4 in the table in Figure 5c). It should be noted that the addition RbBArF to the
reaction mixture provoked the highest positive regulation effect in the enantioselectivity (enhancement of
64% in the ee). Interestingly, the use of KBArF or CsBArF rather than RbBArF also provided very high ee’s
(98 and 96% ee, respectively; see entries 3 and 5 in the table in Figure 5c). In contrast, when
enantiomerically pure ammonium salts RA1 and RA2 were used, the activity of catalysts derived from L5

worsened (see entries 6 and 7 in the table in Figure 5c).
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For all the assays summarized in the table in Figure 5c, 1 mol% of catalyst (substrate-to-catalyst
[S/C] ratio of 100:1) was used. However, the amount of rhodium catalyst derived from RbBArFL5 could be
reduced to 0.1 mol% (S/C = 1000) without almost no decrease in the catalytic activity (99% conv., b:l ratio
>99:1, and 97% ee in favor of (S)-P8).5 Furthermore, addition of RbBArF enhanced the catalytic activity
of the catalyst as evidenced by ca. four-fold increase in the reaction rate (TOF value with a S/C ratio =
1000 at 50% conversion (i.e. TOFy) =40 h™'in the absence of RbBArF; TOF,, = 177 h™" in the presence of
RA).

As regards the AHF of a wider array of terminal alkenes, addition of RbBArF also provoked important
enhancements in the ee’s of the AHFs of substrates 89, $10 and S$12 (entries 9, 11 and 15 in the table in
Figure 5c) and also turned out be the ideal RA for these substrates. Unfortunately, the use of RAs led to

lower regio- and enantio-selectivity for styrene (compare entries 12 and 13 in the table in Figure 5c).

With the aim of gaining insight into structural changes induced by the RA in the geometry of the
catalytic site, computational studies on the geometry of the hydrido-dicarbonyl Rh(l) complexes derived
from L5 were performed. These computational studies revealed that the RA had an important effect in the
P—Rh—P bond angle of the rhodium complexes (see Figure 6). The trend observed was that the size of the
ionic radius in the RA cation correlated to the width of the P-Rh—P angle (from 113 °, when no RA is
present, to ca. 122 © for K*, Rb* and Cs*). Most interestingly, a plot of the ee in the AHF of vinyl acetate as
a function of the P-Rh—P bond angle revealed a maximum in the ee value around the P—Rh—P bond
induced by RbBArF, which indicates that the significant increase in the enantiomeric excess resulted from

adaptation of the P-Rh—P bond angle (see Figure 6).

Encouraged by the good levels of regulation and overall performance achieved with polyether-based
ligands in AHF, the same research group shifted their attention to developing supramolecular ligands for
AH.2* After a ligand screening process, Vidal-Ferran et al. identified the rhodium(l) complexes derived from
L6 without using a RA (for substrate S3 and S5; see entries 1 and 3 in the table of Figure 7c), or in
combination with ammonium derivative RA1 (for substrates S4, S6 and $13; see entries 2, 4 and 5 in the
table of Figure 7¢) or with CsBArF (for substrate $14; see entry 6 in the table of Figure 7c), as efficient AH
catalysts. As indicated in the table of Figure 7c, regulation effects in AH were minor (enhancements of up
to 5% in the ee were observed), as ligand L6 already provided very high enantioselectivities. However, the
use of RAs served to slightly improve enantioselectivities by adapting the catalysts derived from L6 to the
geometry of the different substrates: enantioselectivity in the studied AHs could be maximized by the

choice of whether or not to use a RA (and if so, employing RA1 or CsBArF as the regulation agent).
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a) Ligand structure
/_—\ /O M63Si
o o—FK > O
(- 0 HO O
o HO-OH=  (R)
<-o 0 HO
0—R

0 Me;Si
L5

b) Asymmetric hydroformylations studied

[Rh(x20,0'-acac)(CO),]
(1 mol%)

CHO
L5 (1.2 mol%) . CHO
RS RA (1.56 mol%) R)*\ RN
10 bar of 1:1 CO/H,, b |
toluene/THF (97:3 viv),
40°C
S8 R=0COMe P8 P9
S9 R =OCOEt P10 P11
$10 R = OCOPh m mg
SH1R=Ph P16 P17

$12 R = CH,0SiMe;
c) Catalytic results Regulation
ee (%) effectsinee
Entry Substrate RA b:l ratio  (config.) (%) ®

1 s8 - 90:10  35(5) -
2 S8  NaBAFF  >09:11  74(S) +39
3 S8  KBAFF  >091  98(S) 163
4 S8  ROBAFF  >09:1  99(S) 164
5 S8  CsBAFF  >091  96(S5) 161
6 s8 RA1 >09:1  40(S) +5
7 s8 RA2 >09:1  40(S) +5
8 s9 - %4  36(5) _

9 S9  RbBAF  >091  99(S5) 163
10 $10 - 982  14(5) -

1 $10  RbBArF >99:1 96 (S) +82

12 s11 - 955  12(5) -
13 S11  RbBAFF 8020  5(S) -7
14 $12 - 5041 7(5) -

15 $12 RbBAFF 1882  25(S) +18

a Calculated for each substrate with respect to the experiment
in absence of RA.

Figure 5. Supramolecularly regulated catalyst for AHF from Vidal-Ferran et al.
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Enantiomeric excess (AHF vinyl acetate)
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Introduction

Figure 6. Rhodium-derived supramolecular complex and representation of the ee values versus calculated

P—Rh—P bond angle value.

It has been described in this section, that combinations of regulation agents and polyether based-

ligands have been used to supramolecularly regulate the outcome of AHs and AHFs. Positive increments

in the regio- and/or enantio-selectivity for a given substrate in the aforementioned transformations have

been achieved by the careful choice of whether or not to use an RA (and if so, which one). The

achievements that have been summarized in this section demonstrate that libraries of enantiopure

supramolecular ligands (or catalytic systems) have been easily prepared with this strategy. Furthermore,

appropriated combinations of ligands plus the corresponding regulation agents have provided adaptive

enantioselective catalysts to the specific geometry of the substrate of interest in a given transformation.
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a) Ligand structure

L6 (R,)-BINOL

b) Asymmetric hydrogenations studied

H [Rh(cod),]BArF (1 mol%) H,, H
R1J§/R2 L6 (1.2 mol%) . o JYRZ
e RA (1.56 mol%) ¢ H
20 bar H,,
DCM, rt
R R? G
S3 H COOMe CH,COOMe P3
S4 H COOMe NHAC P4
S5 Ph  COOMe NHAc P5
S6 H Ph NHAc P6
$13 Ph COOMe CH,NHAC P18
S14 H 1-Naphth ~ NHAc P19
c¢) Catalytic results Regulation
ee (%) effectsinee
Entry Substrate RA (config.) (%)a

1 S3 - 97 (R)P° -

2 S4 RA1 96 (S) +2
3 S5 - 92 (S)° -

4 S6 RA1 93 (S) +3
5 $13 RA1 95 (S) +2
6 $14 CsBArF 78 (R) +5

4Calculated for each substrate with respect to the
experiment in absence of RA.
The highest ee's were obtained in the absence of RA.

Figure 7. Supramolecularly regulated catalyst for AH from Vidal-Ferran et al.
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1.3.1.3. Catalytic systems containing complementary hydrogen-bonding motifs

Clarke and co-workers designed a supramolecularly regulated enantioselective catalyst formed by
complementary hydrogen bonding between a first unit, containing a substituted pyrrolidine ring responsible
for enantioselective catalysis (see L7 and L8 in Figure 8a), and a second unit bearing an achiral additive
to influence the steric environment at the catalytic site (see the 1-(1H-imidazol-2-yl)urea-containing
structures RA3 and RA4 in Figure 8a). Furthermore, this example is highly interesting in illustrating that
supramolecular regulation strategies are not only limited to transition-metal catalyzed reactions but also to

organocatalyzed processes, such as the asymmetric Michael addition of ketones to nitroalkenes.

Clarke et al. envisaged that amidonaphtyridine motifs (present in structures L7 and L8) and 3-
substituted 1-(1H-imidazol-2-yl)urea structures (present in RA3 and RA4) would be highly complementary
recognition motifs through hydrogen-bonding interactions. Thus, they were chosen as the complementary
units for achieving precise self-assembly by hydrogen bonding towards the target supramolecular catalysts
(Figure 8a).8 Clarke et al. observed that supramolecular assemblies arising from the combination of
ligands L7 or L8 and regulation agents RA3 and RA4 were more efficient in mediating asymmetric Michael
reactions than catalysts L7 or L8 alone (compare entries 1 with 2 and 5 with 6 in the table of Figure 8c).
For asymmetric Michael additions of cyclohexanone S15 to nitroalkene 817, an important enhancement in
the diastereoselectivity (from a 26:1 to a 65:1 ratio in favor of the syn diastereoisomer) and
enantioselectivity (from 6 to 68% ee) of the reaction was observed when the hydrogen-bonding
complementary regulation agent RA3 was used. Interestingly, a slightly modified regulation agent (the 4-
substituted 1-(1H-imidazol-2-yl)urea RA4) was used for achieving the highest diastereo- and enantio-
selectivties in the asymmetric Michael additions of cyclohexanone S15 to (E)-(2-nitrovinyl)benzenes with
substituents at the phenyl ring (S18 and $19; see entries 3 and 4 in the table of Figure 8c). As regards
asymmetric Michael additions of the acyclic aliphatic aldehyde $16 to nitroalkene $17, the combination of
a new amino-containing unit ((S)-L8), with respect to the original pyrrolidine-containing one ((R)-L7), and
the regulation agent RA3 was required (see structures in Figure 8a). Acceptable diastereoselectivity levels
were obtained with the catalyst derived from the aforementioned self-complementary units for hydrogen
bonding. Unfortunately, the final product was obtained as a racemic mixture (see entries 5 and 6 in the

table of Figure 8c).
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a) Catalyst structure

0 = N

M P! P
* (R)-L7 X=NH,Y =CH,
H

(S)-L8 X =CH,Y =NH

N RA3R = H
R

D
>
O-------T-=Z

Z-T-------Z

Y ) RA4R=Bu
N

H N
Ph”

b) Asymmetric Michael reactions studied

NO, ] \—R3
L (10 mol%) %
Z RA (10 mol%) 0
R1/\COR2 + ~ 2 (R) s NO,
N DCM, rt o
| R
= R‘I
(major (syn) stereoisomer formed)
$15R! R?= S$17R3=H P20 R", R? = (-CH,-),, R3=H
(-CH,-),  S18R3=p-MeO P21 R, R? = (~CH,-),, R3 = p-MeO
S16R'=nBu,  $19R%=m-NO, P22 R", R? = (~CH,-),, R® = m-NO,
R?=H P23R'=rBu,R?=H,R3=H

c) Catalytic results Regulation
a ee (%) _effects in ee
Entry Substrates  Catalyst  Conv. (%) dr (config.) (%) ©

1 §15,817  (R)}L7,- 87 261  6(RS) -
2 §15,817  (R)-L7,RA3 99 651 68(R.S) +62
3 §15,818  (R)-L7,RA4 47 361 T74(RS) -
4 §15,819  (R)-L7,RA4 41 71 81(RS) -
5 $16,817  (S)-L8, - 6 nd. n.d. -

6 $16,517  (S)-L8,RA3 95 12:1 rac n.d.

aIsyn:anti ratio.”ee of the syn product. The first stereochemical descriptor refers
to the carbon alpha to the C=0 group and the second to the aryl-substituted one.
¢ Calculated for each substrate with respect to the experiment in absence of RA.

Figure 8. Supramolecularly regulated catalyst for asymmetric Michael additions from Clarke et al.
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1.3.2. Supramolecular regulation onto a pro-chiral catalysts

The principle of this approach is similar to that detailed in the previous section: a regulation agent is
employed to modify the geometry of the catalytic site. However, the three-dimensional structure of the
catalytic site is not well defined in the absence of the regulation agent and, upon addition of an
enantiopure regulation agent, chirogenesis processes mediated by the RA lead to an asymmetric

supramolecular assembly with a well-defined three-dimensional structure.

Reek et al. have published the only example of this elegant approach for generating libraries of
enantioselective supramolecular catalysts.? These authors have shown that the interaction of an
enantiopure regulation agent (called “cofactor” by the authors) with an achiral bisphosphine rhodium
complex, which was equipped with a binding site for the recognition of the regulation agent, efficiently led
to the formation of an asymmetric supramolecular assembly that was used as pre-catalyst in rhodium-
mediated asymmetric hydrogenations (AHs). First studies aimed to identify a suitable strategy that would
facilitate the straightforward preparation of libraries of enantioselective catalysts from ligand L9 (see
Figure 9a). This ligand contained the diamidodiindolylmethane motif (as the binding site for the regulation
agent) and phosphine binding groups for the generation of rhodium catalysts for AH. Reek et al.
demonstrated that cationic ligand-rhodium complexes [Rh(nbd)(L9)]* were straightforwardly formed by
mixing stoichiometric amounts of ligand L9 and the standard cationic rhodium precursor for
hydrogenations (i.e. [Rh(nbd)s]BF4).Z Interestingly, the X-ray structure of the resulting complexes
[Rh(nbd)(L9)]BFs showed that in the solid state the [BFs  anion was bound to the ligand’s
diamidodiindolylmethane motif, which acted as an efficient receptor for this anion. Binding studies in
solution demonstrated that the [BF4]™ anion was easily displaced by regulation agents (or cofactors) with
carboxylate groups, as these proved to have a much higher affinity for the diamidodiindolylmethane motif
than did the [BF4 anion. The authors exploited the high affinity of carboxylate anions to the
diamidodiindolylmethane motif in ligand L9 (K > 105 M™" in CD,Cl,) and the wide availability of
enantiomerically pure compounds containing a carboxylate group to easily generate libraries of
supramolecular enantioselective catalysts with this strategy.” Detailed NMR studies confirmed
chirogenesis in the supramolecular binding event (i.e. chirality transfer from the regulation agent to the

carbon backbone of the rhodium complex through supramolecular interactions).
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Subsequent studies aimed to identify the optimal regulation agent that mediated the highest
enantioselectivity in the AH of functionalized alkenes. The authors studied?” a wide variety of enantiopure
carboxylate-containing derivatives in the AH of a-acylaminoacrylate S4 (see entry 1 in the table in Figure
9d), with amino acid derivatives as RAs providing the best results in terms of enantioselectivity. Reek et al.
identified the substituents at the nitrogen group of the amino acid derivative as the structural motif of the
regulation agent that provoked the highest effects on the enantioselectivity of the hydrogenation, whilst
variation of the side chain of the amino acid derivative had a smaller influence.?” The valine-derived
regulation agent RAS, which incorporates a tert-butyl thiourea group, was identified after an iterative
deconvolution catalyst screening strategy as the optimal RA that provided the highest enantioselectivities
in the AH of a~acylaminoacrylate S4 (full conversion, 98% ee; entry 1 in the table of Figure 9d). In an
analogous manner, the same regulation agent mediated the hydrogenation of a-acylaminoacrylate
derivative S20, arylenamide S6, itaconic acid derivative S3 and 2-methylenepentanedioic acid derivative
$23 (ee’s ranging from 39 to 91% ee; see entries 2, 3, 6, and 7 in the table of Figure 9d, respectively) with
the highest enantioselectivities. Alternatively, pivaloyl valine derivative RA6, was the regulation agent of
choice for the hydrogenation of dihydronaphthalenyl acetamides $21 and S22 (see entries 4 and 5 in the
table of Figure 9d). In conclusion, Reek’s most elegant approach for supramolecularly regulating the
catalyst’'s activity and stereoselectivity demonstrates that efficient AH catalysts can be easily obtained by

the optimal choice of an enantiomerically pure regulation agent and the achiral ligand L9.
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a) Ligand structure
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¢) Asymmetric hydrogenations studied
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$20 R = COOBn P24 R = COOBn
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MeOOC/\)LCOOMe MeOOCAA\COOMe
523

P27
d) Catalytic results
Yield ee (%)
Entry Substrate RA (%) (config.)

1 S4 RA5 93 98(R)
2 S20 RA5 92 918
3 S6 RAS5 84 828
4 S21 RA6 95 798
5 S22 RA6 89 432
6 S3 RAS5 58 398
7 S23 RA5 69 508

@ Configuration not provided

Figure 9. Supramolecularly regulated catalyst for AH from Reek et al.
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1.4. Conclusions and outlook

This section highlights different supramolecular strategies to generate a set of enantioselective
catalysts that retain the majority of the backbone’s structural features yet at the same time incorporate
subtle changes at their active site that depend on the structural characteristics of the external molecule (or
regulation agent) that is employed. Two different categories of supramolecularly fine-regulated

enantioselective catalytic systems have been developed.

The first type of catalytic systems possesses a catalytic site with a well-defined three-dimensional
structure suitable for enantioselective catalysis and a distal regulation site containing a supramolecular
motif capable of interacting with the regulation agent. The interaction of cyclic (aza)-crown-ether,
metallacrown-ether and polyether supramolecular motifs with metal salts or ammonium derivatives have
been exploited by a number of research groups for generating libraries of enantioselective catalysts that
preserve most of the structural characteristics but also incorporate structural peculiarities at the active site
that depend on the RA employed. The results summarized in this section for this first type of
supramolecularly fine-regulated enantioselective catalysts demonstrate that the generated libraries of
related catalysts are capable of geometric adaptation to the requirements of a given substrate for high
enantioselectivity in asymmetric hydrogenations and hydroformylations on an array of structurally diverse
substrates. This regulation concept on the active site of the enantioselective catalyst has not been
restricted to transition-metal based transformations, such as those previously mentioned. Researchers
have also developed supramolecularly regulated enantioselective organocatalysts for asymmetric Michael
addition reactions. In this case, the regulation agent is attached to the unit that contains the catalytic site

by a highly efficient and precise hydrogen-bonding-mediated assembly process.

The second type of supramolecularly fine-regulated catalytic systems is directly generated from a
pro-chiral unit containing the catalytic site. The three-dimensional structure of the catalytic site is not well-
defined in the absence of a regulation agent, and in this most elegant approach, addition of an
enantiopure regulation agent triggers chirogenesis processes from the regulation agent to the carbon
backbone containing the catalytic site. In this case, the authors demonstrate that highly efficient
asymmetric hydrogenation catalysts could be obtained with unprecedented ease just by the optimal choice

of an enantiopure regulation agent (or “cofactor” as referred to by the authors).

The approaches herein reported for fine-regulation of the activity of an enantioselective catalyst
combine concepts from supramolecular and physical organic chemistry with traditional approaches from
enantioselective catalysis. The potential for research and innovation is almost unlimited, with ample scope
for development of practical applications. Thus, one can only imagine that the near future will witness new
examples of successful application of fine-regulation strategies to new enantioselective catalysts for

transformations of interest.
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1.5. Objectives

As summarized in the previous sections of this chapter, linear polyether chains containing functional
groups at the « and @ positions are capable of coordinating to metal centers. The corresponding metal
complexes simultaneously contain a plausible catalytic group (the metal center) and a supramolecular
motif capable of acting as a regulation site (polyether motif) by binding a complementary external unit
(RA). It has been demonstrated by others and us that conformationally transformable ¢, @-bisphosphites
behave as supramolecularly regulated ligands in rhodium-mediated asymmetric hydrogenations (AHs) of

functionalized alkenes and in the asymmetric hydroformylation (AHFs) of linear alkenes.

The conformationally transformable ligands already reported incorporate a wide range of regulation
centers (purely linear polyether chains of variable length and the combination of polyether chains with
conformationally labile [1,1'-biphenyl]-2,2'-diol groups as linkers). The enantioselective catalytic groups
already reported for polyether-based ligands have been exclusively restricted to configurationally stable
[1,1'-binaphthalene]-2,2'-diol-derived (or BINOL-derived) phosphite groups. In terms of the reported
regulation agents (RA), alkali metal and ammonium salts have been employed in combination with

polyether-based ligands.

No reports on the effects of additional stereogenic elements in the regulation site of the
enantioselective catalysts had been published by the commencement of the research work presented in
this Thesis. The catalytic properties of supramolecularly regulated bisphosphites ligands with enantiopure
TADDOL-derived phosphite groups at the « and @ positions of the polyether chain were unknown
[TADDOL = (2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis(diphenylmethanol)]. Furthermore, supramolecularly
regulated enantioselective catalysts incorporating a polyether-based regulation site had not been
employed in the asymmetric hydroformylation (AHF) of cyclic alkenes and in palladium—mediated

asymmetric allylic substitutions (AASS).

Therefore, the general aims of this thesis are:

o Design and development of supramolecularly regulated, polyether-based and enantiopure
bisphosphite ligands containing an stereogenic axis in the regulation site. Preparation of
supramolecular ligands with TADDOL-derived phosphite groups at the « and @ positions of the

polyether chain.
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e Evaluation of the catalytic properties of the newly developed and previously prepared
supramolecularly regulated bisphosphite ligands in palladium—mediated asymmetric allylic
substitutions (AAS’s).

e Evaluation of the catalytic properties of the newly developed and previously prepared
supramolecularly regulated bisphosphite ligands in the rhodium-mediated asymmetric

hydroformylation (AHF) of cyclic alkenes.
e Study of the solid state structure of alkali metal BArF salts (BArF anion = [B(3,5-(CF3)2CeHs)4] ),

since these derivatives have proved to be efficient regulation agents in asymmetric

hydroformylations and hydrogenations.
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Palladium-Based Supramolecularly
Regulated Catalysts for Asymmetric Allylic

Substitutions

Organometallics 2016, 35, 528—533

Laura Rovirat, Héctor Fernandez-Pérezt, and Anton Vidal-Ferran ¥

fInstitute of Chemical Research of Catalonia (ICIQ) & The Barcelona Institute of Science and Technology,

Avgda. Paisos Catalans 16, 43007 Tarragona, Spain.
fCatalan Institution for Research and Advanced Studies (ICREA), Passeig Lluis Companys 23, 08010
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(ON _—
Regulation site
\
(\ Q\/\,\O/P\\O Catalytic site
0- _@/ Pd(ll)—> RA: Regulation agent
Q/ : \O\P/’o

NuH, BSA
DCM, rt up to 65% ee
(increase of up to
16% with thte RA)

2.1. Abstract

Herein is reported the effect of different polyether binders (alkali metal, alkaline earth metal, and
lanthanide salts) as regulation agents to enhance the catalytic properties of palladium complexes derived
from enantiopure bisphosphite ligands in allylic substitutions. The addition of RbOAc or M(OTf)x (M = Mg?*,
La%, or Ho*) led to positive effects in enantioselectivity (by up to 16% ee) for the allylic substitution
reactions. These ligands coordinated in the usual cis-fashion or in an unprecedented trans-fashion to the
palladium center, depending on the phosphite group, and presented different reactivity in the allylic
substitutions.
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2.2. Introduction

The search for efficient chiral catalysts for the broadest possible substrate scope in a given
transformation is still a cutting-edge research goal, as structural changes to the substrate(s) and or
reagent(s) often translate into a loss of enantioselectivity. Within the supramolecular enantioselective
catalysis arena,! progress has been made in regulating the size and shape of the chiral catalyst,2 or in
modifying the first-sphere coordination geometry of the active metal.> However, there are few examples of
fine modification of the geometry of the active site that do not imply major alteration of the principal

structural features of the enantioselective catalyst.4®

Fan et al. pioneered the use of supramolecularly regulated polyether-based ligands for rhodium-
mediated hydrogenations.®® These authors reported the first example on the use of rhodium complexes
derived from bisphosphite-polyether ligands in asymmetric hydrogenation, whose catalytic performance in
terms of enantioselectivity was enhanced by the addition of a regulation agent (RA, Figure 1).% Later, we
also demonstrated that conformationally transformable bisphosphite ligands*< incorporating polyether
groups behaved as supramolecularly regulated ligands in asymmetric hydroformylations*< and
hydrogenations* (Figure 1). We showed that enantioselectivities in the transformation of interest can be
maximized by the choice of whether or not to use an RA (and if so, which one).4>¢ Computational studies
revealed that the significant increase in enantiomeric excess provided by the RAs in hydroformylation

reactions resulted from adaptation of the P-Rh—P bond angle (/3).%

o 0
d /o\ -
jRA [Rh O-———RA [Pd(Il) ]—>
o 0
o \P/o
n \_) \)
Fan et al.:" X = -(CH,),-; n = 0 and 3-5; 0-O = BINOL RA = metal salt as base and
RA = alkali metal BArF salts as RAs regulation agent for Pd-mediated
for Rh-mediated hydrogenations allylic substitutions
This work

Vidal-Ferran X =0, BIPOL and BINOL; n=2,5and 7

et a.:4a<cl  0-O =BIPOL, BINOL and substituted BINOLs
RA = alkali metal or ammonium
BArF salts as RAs for Rh-mediated
hydroformylations and hydrogenations

Previous work

Figure 1. Supramolecularly regulated bisphosphite ligands in enantioselective catalysis (BIPOL = [1,1'-
biphenyl]-2,2'-diol, BINOL = [1,1"-binaphthalene]-2,2'-diol).
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Pd-mediated allylic substitutions represent an efficient transformation to stereoselectively form C—C and

C—X bonds.? Palladium complexes derived from P ligands are efficient catalysts for the reaction between
allylic alcohol derivatives and nucleophiles,” which have often been generated in situ from the protonated
nucleophile (i.e., a malonic ester) in the presence of N,O-bis(trimethylsilyl)-acetamide (BSA) and catalytic

amounts of an alkali metal salt.

Herein, we report our efforts in expanding our supramolecular regulation strategy to allylic
substitutions. We envisaged that the combination of ligands 1a—c with Pd(ll) precursors suitable for this
chemistry and an array of metal salts (for both generating the required nucleophile and triggering the
regulation mechanism in our ligands) could function as supramolecularly regulated catalysts in allylic

substitutions.

2.3. Results and discussion

We initially designed ligands 1a—c by combining the linker group that showed the highest regulation
ability in our hydroformylation studies* (see blue fragment in Figure 2) and an array of stereogenic
phosphite groups (see green fragment in Figure 2). Bisphosphites 1a and 1b had already been
described®#< and compound 1c was prepared in an analogous manner to 1a and 1b: reaction of
tetraethylene glycol with 2 equivalents of the corresponding chlorophosphite in the presence of a base
(NEts).

Figure 2. Set of supramolecular bisphosphite ligands 1a—c.

With ligands 1a—c in hand, we then assessed their catalytic activity in combination with an array of RAs in
allylic substitutions. Initially, we chose 1,3-diphenylallyl acetate 2 as the substrate and dimethyl malonate

(DMM) as the nucleophile. The precatalysts were generated in situ from [Pd(~Cl)(72-CsHs)]2, the ligands
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1a—c, and the RA. The reactions were conducted in dichloromethane (DCM) as we considered that this
solvent would provide a compromise between the solubility of the RA and its binding strength with the

polyether fragment.40:10

As illustrated in Table 1, the palladium complexes derived from bisphosphites 1a—c provided active
catalysts displaying full conversion in almost all cases (see Table 1). Enantioselectivity in the absence of

regulation agents was moderate and highly dependent on the nature of the phosphite fragment.

Table 1. Pd-mediated asymmetric allylic alkylation of 2 with ligands 1a—c and different regulation agents
(RAs).2

[Pd(1-Cl)(77°-C3Hs)] (2.5 mol%)
Ligand 1a—c (5.5 mol%)

DMM (3 equiv.) 9 0
A)Ofc BSA(Bequiv) _  MeO OMe
PR~ " ph RA (5.5 mol%) Ph X" Ph
DCM, rt, 3 h
) 3
Entry Ligand RA (ig;on)\b/ e%g:]f:i,’g(.z/o)
1 1a ; >99 44 (R)
2 1a LiOAc >99 21(R)
3 1a CsOAc >99 54(R)
4 1b - >99 20 (R)
5 1b LiOAc >99 26 (R)
6 1b CsOAc >99 26 (R)
76 1c ; 60 43(S)
8 1c LiOAc >99 24(S)
9d 1c CsOAc 90 39(S)

a Reaction conditions are indicated in the above scheme unless otherwise
stated. b Determined by ™H NMR spectroscopy. ¢ Determined by HPLC on
chiral stationary phases. ¢ Reaction performed at rt for 24 h.

The palladium complex of ligand 1a incorporating an (Sa)-BINOL-derived phosphite fragment
provided the best enantioselectivity (up to 44% ee, entry 1 in Table 1). A similar ee was observed for
ligand 1¢, although reactivity was lower (see entry 7 in Table 1). Finally, the sterically more demanding
phosphite groups in ligand 1b led to a decrease in ee (see entry 4 in Table 1). As our regulation design
allows new catalytic systems to be generated by employing a set of RAs, subsequent attempts to improve
enantioselectivity following this strategy (addition of LiOAc or CsOAc) resulted in some cases in higher

ee’s for ligands 1a and 1b (increase of up to 10% ee, compare entry 1 with 3 in Table 1).
We then studied the influence of the Pd precursor on the outcome of the allylic substitutions by
incorporating [PdCly(cod)] to our studies (Table 2). Interestingly, [PdClx(cod)] performed better than

[Pd(£-CI)(7%-C3Hs)]2 in terms of enantioselectivity (for instance, compare entries 1-3 in Table 1 with
40
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entries 1, 2 and 9 in Table 2). Of all the RA/ligand combinations tested, RbOAc.1a gave the best results:
full conversion and 65% ee (increase of 6% ee with respect to when no RA was used, compare entry 1
with 6 in Table 2). Higher amounts of RbOAc did not bring any advantage in the result of the reaction, and
lower temperatures (0 °C) resulted in no conversion (see entries 7 and 8 in Table 2, respectively).

Two different potassium salts with different counterions (i.e., KOAc and KF) were used as RAs, and no

differences in reactivity were observed (compare entry 4 with 5 in Table 2).

Table 2. Allylic alkylations of 2 with bisphosphite ligand 1a or 1¢ and different RAs.2

[PdCl,(cod)] (5.0 mol%)

oA Ligand 1a or 1¢ (5.5 mol%) o 9
c .
DMM (3 equiv.) MeO OMe

RA (5.5 mol%) Ph " Ph

9 DCM, rt, 3 h 3
, Conv ee of 3 (%
Entry Ligand RA () config(Co)

1 1a - >99 59 (R)
2 1a LiOAc >99 46 (R)
3 1a NaOAc >99 62(R)
4 1a KOAc >99 63 (R)
5 1a KF >99 62 (R)
6 1a RbOAc >99 65 (R)
7d 1a RbOAc >99 65 (R)
8e 1a RbOAc 0 n.d.
9 1a CsOAC >99 56 (R)
10f 1a Mg(OTf)z 15 56 (R)
111 1a Ba(OTf): >99 4(R)
12 1a La(OTf)s >09 3(R)
13 1a Ho(OTf)s >99 rac
14f 1c - 0 n.d.
15f 1c LiOAc 0 n.d.
16 1c CsOAc 0 n.d.

a See footnote a in Table 1.0 See footnote b in Table 1. ¢ See footnote c in
Table 1. @ 1.7 equiv. of RA relative to Pd precursor was used. ¢ Reaction
performed at 0 °C for 24 h. fReaction performed at rt for 24 h.

It should be noted that the use of alkaline earth metal or lanthanide triflates as RAs led to detrimental
effects for both reactivity and selectivity (see entries 10—-13 in Table 2). The palladium complex derived
from bisphosphite 1¢ led to inactive catalysts in this chemistry since no reactivity for the allylic alkylation of
2 was observed even in the presence of different RAs (see entries 14—16 in Table 2).

We then assessed the supramolecularly regulated catalysts derived from the lead bisphosphite 1a in

allylic substitutions using benzylamine (BZA) as a nitrogen nucleophile. Standard screening conditions
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were used, and the results of this study are shown in Table 3. Complexes derived from 1a performed as
efficient catalysts in the allylic amination of 2 in terms of conversion (see Table 3). When no RAs were
used, a low ee was achieved (30% ee, see entry 1 in Table 3).

Interestingly, and in sharp contrast with the results using a C-nucleophile, an improvement in ee was
obtained by using group Il or lanthanides triflates as RAs (increase of up to 16% ee with Mg(OTf),,
La(OTf)s, or Ho(OTf)3; see entries 4, 7, and 8 in Table 3) and [Pd(z-Cl)(73-CsHs))2 as palladium precursor
(compare entry 4 with 5 in Table 3).

Table 3. Allylic amination of 2 with bisphosphite ligand 1a and different RAs.2

[Pd] (2.5 or 5.0 mol%)
Ligand 1a (5.5 mol%) ~
OAc BZA (3 equiv.) HN"">Ph
BSA (3 equiv.)
Ph/\)\ Ph - ph/\)*\ Ph
RA (5.5 mol%)
2 DCM, t, 3 h 4
Entry Ligand, Pd-precursor RA Conv. e of 4 (%)

1 1a, [Pd(z-Cl)(72-CaHs))2 - >99 30(S)
2d 1a, [Pd(£Cl)(73-C3Hs))2 LiOAc >99 33(S)
1a, [Pd(z-Cl)(7P-CsHs)l2 CsOAc 0 n.d.
1a, [Pd(-Cl)(7P-CsHs)l2~ Mg(OTf)2  >99 46 (S

1a, [PdClz(cod)] Mg(OTf)2 35 29(S
1a, [Pd(z+Cl)(7P-CsHs)2 ~ Ba(OTf)2 >99 45 (
1a, [Pd(1Cl)(73-CsHs)2 La(OTf)s >99 46 (S
8 1a, [Pd(z-Cl)(7P-CsHs)l2 Ho(OTf)s  >99 46 (S)

a See footnote a in Table 1.2 See footnote b in Table 1. ¢ See footnote
cin Table 1. 4Reaction performed at rt for 72 h.

~N oo o W

Finally, we tested our set of supramolecular bisphosphite ligands in the Pd-mediated allylic
substitution of cinnamyl acetate 5 using DMM as nucleophile under standard screening conditions (Table
4). In general terms, palladium complexes derived from bisphosphites 1 were efficient catalysts in the
alkylation of substrate 5 in terms of conversion (see Table 4). As expected for palladium-based
catalysts,¢ and in the absence of regulation agents, either low branched-to-linear ratios (b:l ratio, see
entries 1 and 4 in Table 4) or exclusively the linear product 7 (see entries 5 and 12 in Table 4) were
achieved depending on both the bisphosphite and the palladium precursor (see results for ligand 1b,
compare entry 4 with 5 in Table 4). In terms of enantioselectivity, a respectable value of 60% ee at a bl
ratio of 12:88 was achieved by using the palladium complex derived from 1b and [Pd(-Cl)(73-CsHs)]2
(see entry 4 in Table 4). Interestingly, the use of LiOAc or CsOAc as RAs led to an increase in the

regioselectivity of the reaction for the palladium complex derived of 1a (b:l ratio up to 17:83; entries 2 and
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3 in Table 4).” Unfortunately, the enantioselectivity could not be further improved for those catalytic

systems leading to the highest ratio of branched product.

Table 4. Allylic alkylation of 5 with bisphosphite ligands 1a—c and different RAs.2

[Pd(-Cl)(773-C3Hs)], (2.5 mol%)
Ligands 1a—c (5.5 mol%)

DMM (3 equiv.) o 0 OMe
P X"0c BSA (S equiv) Meojtij\/OMe + Ph/\/fo
RA (5.5 mol%
DéM,rt,ZhO) ph N MeO”™ >0
5 6 7
; Conv. ratio® eeoof 6
Entry Ligand RA (%)P 6.7 co(n?i)g.c
1 1a - >99 14:86  28(R)
2 1a LiOAc >99 17:83  19(R)
3 1a CsOAc >99 17:83  32(R)
4 1b - >99 12:88 60 (R)
5 1b - 75 >1:99 n.d.
6 1b LiOAc >99 14:86 57 (R)

1b CsOAc  >99 1189  55(R)
b MgOT). >99 1585 50(R)

1b Ba(OTf)2 0 n.d. nd.
10 1b La(OTf)s >99 12:88 42 (R)
11 1b Ho(OTf)3 0 n.d. nd.
12 1c - >99 >1:99 n.d.
13 1c LiOAc >99 >1:99 nd.
14 1c CsOAc >99 >1:99 n.d.

a See footnote a in Table 1. ® See footnote b in Table 1. ¢ See
footnote ¢ in Table 1. d[PdClz(cod)] (5.0 mol%) was used as metal
precursor and the reaction was performed at rt for 6 h.

After having studied bisphosphite ligands 1a—c in Pd-mediated allylic substitutions, we carried out
coordination studies in order to gain insight into the reactivity of the palladium precatalysts derived from 1a
and 1c (see Table 2) as well as into the regulation mechanism. The reaction of bisphosphites 1a and 1¢
with [PdClx(cod)] proceeded smoothly to provide the corresponding palladium complexes [PdCly(1a)] (8a)
and [PdClx(1c)] (8¢), which were isolated and characterized. The 3'P{'H} NMR spectra for compounds 8a
and 8¢ showed single resonances at 109.8 and 90.2 ppm, respectively.! It is interesting to note that the
signal of TADDOL-based bisphosphite 8¢ was shielded upfield with respect to the signal of 8a (Ao = 20
ppm), which might hint at important structural differences between palladium complexes 8a and 8c.
Interestingly, compounds 8a and 8¢ could be crystallized and X-ray analysis unambiguously established

their structures.' For 8a, the palladium center had a distorted square-planar geometry in which the two
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phosphorus groups of ligand 1a were coordinated in a cis-fashion (see Figure 3 and Table 5). Meanwhile
in complex 8¢, the palladium center also displayed a square-planar geometry but with the phosphorus
groups of ligand 1c occupying trans-binding sites (see Figure 3 and Table 5). To the best of our
knowledge, this is the first reported example of a trans-chelating bisphosphite in Pd-complexes, which

appears to be bound to a lack of reactivity in this chemistry (see entries 14—16 in Table 2).

Finally, to support our hypothesis on the regulation mechanism, we studied the interaction of RbOAc
with the regulation site of the highest-performing palladium complex 8a. NMR analysis qualitatively
demonstrated the binding of RbOAc within the polyethyleneoxy moieties: the addition of incremental
amounts of RbOAc to a solution of 8a (up to 1.7 equiv.) caused significant changes to the chemical shift,
multiplicity, and signal width of the polyethyleneoxy fragments.'? These results suggest that binding of

RbOAc within the polyethyleneoxy moieties is involved in the regulation effects mediated by the RA in the

described allylic substitutions.

Figure 3. Crystal structures of 8a and 8¢ (ORTEP drawings showing in both cases thermal ellipsoids at
30% probability).
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Table 5. Selected bond lengths (A) and angles (°) for palladium complexes 8a and 8c.

Compound 8a Compound 8¢
Atoms LeR%TgS( (O)or Atoms LeR%TeSS( ¢ ))or
Pd1-P1 2.2141(17) Pd1-P1 2.287(2
Pd1-P2 2.2191(16) Pd1-CI1 2.291(2
Pd1-CI2 2.3113(17) Pd1-CI2 2.291(2
Pd1-Cl1 2.3450(16) Pd1-P2 2.301(2
(

P1-Pd1-Cl2  172.10(6)  P1-Pd1-Cl2  88.36(8
P2-Pd1-Cl2  9327(6)  CM-Pd1-Cl2  174.58(10)
P1-Pd1-Cl1 83.41(6) P1-Pd1-P2  177.39(8)
P2-Pd1-C1  171.04(5)  CH-Pd1-P2  91.30(7)
Cl2-Pd1-Cl1  91.66(6)  Cl2-Pd1-P2  89.07(8)

)
(2)
(2)
(2)
P1-Pd1-P2 92.45(6)  P1-Pd1-Cl1 91.30(7)
(8)
(10

2.4. Conclusions

In summary, we have designed and prepared supramolecularly regulated ligands for Pd-mediated
asymmetric allylic substitutions. The selectivity (both regio- and stereo-selectivity) of the allylic
substitutions mediated by bisphosphites 1 could be regulated by using several alkali metal, alkaline earth
metal or lanthanide salts as regulation agents. Positive increments in the regio- and enantio-selectivity
were achieved in the allylic substitutions of benchmark substrates using carbon and nitrogen nucleophiles.
The distinct reactivity between 8a and 8¢ in allylic substitution reactions may be attributed to the different
coordination mode of bisphosphite ligands 1a and 1c¢ with [PdCly(cod)] (in a cis- or trans-fashion,

respectively), as demonstrated by X-ray single crystal analysis.

2.5. Experimental section

General information: All syntheses were carried out using chemicals as purchased from commercial
sources unless otherwise cited. All manipulations and reactions were performed under inert atmosphere.
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). Silica gel 60 (230 — 400 mesh) or C18-SiO; (200 — 400 mesh)
was used for column chromatography. NMR spectra were recorded in CDCls unless otherwise cited. 'H
NMR and '3C NMR chemical shifts were quoted in ppm relative to residual solvent peaks, whereas 3'P{1H}
NMR chemical shifts were quoted in ppm relative to 85% phosphoric acid in water. High-resolution mass
spectra (HRMS) were recorded by using an electrospray ionization (ESI) method in positive mode or
matrix-assisted laser desorption/ionization (MALDI) method, respectively. Melting points were determined
in open capillaries and are uncorrected. Enantiomeric excesses were determined by HPLC equipped with

a diode array detector using chiral stationary phases.
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General synthetic procedure for bisphosphite ligands (1a—c)

Under an inert atmosphere, the chlorophosphites (1 equiv.) were dissolved in anhydrous toluene (25 mL
per mmol of the chlorophosphites) and NEt; (3 equiv.). A solution of tetraethylene glycol (0.46 equiv., in 50
mL of toluene per mmol of tetraethylene glycol) was slowly added to the previous solution and allowed to
react overnight at rt. The reaction mixture was filtered and the solvent was evaporated in vacuo. The
resulting crude mixtures were purified by column chromatography on C18-SiO, using acetonitrile/ethyl
acetate 1:1 as elution solvent to provide the expected bisphosphites 1 as white solids.

Compound 1c: Compound 1c was synthesised from TADDOL-derived chlorophosphite'® (1.44 g, 2.71
mmol) and a slow addition of tetraethylene glycol (243.0 mg, 1.25 mmol) with NEt; (0.52 mL, 3.75 mmol)
as base. Purification by C18—SiO, column chromatography afforded the expected bisphosphite ligand 1¢
as a white solid. Isolated 1.05 g, 71% yield. 'H NMR (CDCls, 400 MHz): 57.50-7.60 (m, 12H), 7.42—7.45

(m, 4H), 7.19-7.36 (m, 24H), 5.19 (d, J = 8.3 Hz, 2H), 5.06 (dd, Jun = 8.3 Hz, Jp = 1.8 Hz, 2H,),
3.85-4.02 (m, 4H), 3.53-3.61 (m, 8H), 3.40-3.48 (m, 4H), 0.91 (s, 6H), 0.57 (s, 6H). *C{'H P} NMR
(CDCls, 125 MHz): 5146.3, 146.2, 141.7, 1415, 129.2, 128.9, 128.3, 128.0, 127.8, 127.5, 127.4, 127.33,
127.29, 127.2, 112.8, 85.0, 82.9, 82.3, 81.2, 70.8, 70.7, 61.9, 27.0, 26.3. 3'P{!H} NMR (CDCls, 162 MHz):
51346 (s). HRMS-ESI-TOF (m/z): [M + Na]" calcd for CroH20+5P,Na 1205.4340; found 1205.4339.
Anal. calcd for CroH72O1P2: C, 71.05; H, 6.13. Found: C, 71.85; H, 6.25. [a]3*= +162.4 (c 0.39, DCM),
mp 90.3-95.3 °C.

General synthetic procedure for Pd-complexes based on bisphosphite ligands (8a and 8c)

A solution of enantiomerically pure bisphosphite ligand 1a or 1¢ (0.059 mmol) in dry DCM (1.8 mL) was
slowly added to a solution of [PdCly(cod)] (0.054 mmol) in DCM (0.2 mL) at room temperature under an
inert atmosphere. The reaction mixture was stirred for 2 h, after which the DCM solvent was evaporated
off until the mixture had one fourth of its original volume. Hexane (15.0 mL) was added, leading to the
formation of a precipitate, which was filtered off and then washed with a small quantity of hexane (1 x 5.0

mL) to give the desired Pd(ll) complexes [PdCl(1)] as yellowish powders.

Synthesis of compound 8a: Palladium complex 8a was prepared following the general procedure,
starting from ligand 1a (117 mg, 0.142 mmol) and [PdCl(cod)] (37 mg, 0.129 mmol). It was obtained as a
yellowish powder. Isolated 27 mg, 20% yield. '"H NMR (C4DgO, 500 MHz): &8.06—8.08 (m, 4H), 7.97 (d, J
=8.2Hz, 2H),7.77 (d, J =89 Hz, 2H), 7.63 (d, J = 8.8 Hz, 2H,), 7.52—7.55 (m, 2H), 7.44—7 .47 (m, 2H),
7.25-7.35 (m, 8H), 6.75 (d, J = 8.8 Hz, 2H), 4.65-4.70 (m, 2H), 4.23-4.26 (m, 2H), 3.65-3.85 (m, 12H).
13C{'"H} NMR (C4DsO, 125 MHz,): 5147.1, 133.4, 133.2, 133.1, 132.8, 132.1, 131.9, 129.6, 129.4, 127.9,
127.7,127.6, 126.8, 126.6, 123.6, 122.6, 122.0, 121.8, 72.0, 71.7, 71.5, 70.8. 3'P{"H} NMR (C4Ds0O, 202

MHz,): 5109.8 (s). HRMS-MALDI-TOF (miz): [M — CIJ* calcd for CasHsOsP,CIPd, 963.0865, found
46



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND APPLICATION OF BISPHOSPHITE LIGANDS WITH A DISTAL REGULATION SITE FOR ASYMMETRIC CATALYSIS

Laura Rovira Gonzéale . . v g
e e Asymmetric Allylic Substitutions [

963.0839. Anal. calcd. for CasHaoOgP2CloPd: C, 57.65; H, 4.03. Found: C, 57.33; H, 4.44. [a]3°= —40.4 (¢
0.10, DCM). mp 187.0-190.0 °C.

Synthesis of compound 8c: Palladium complex 8¢ was prepared following the general procedure,
starting from ligand 1¢ (70 mg, 0.059 mmol) and [PdClx(cod)] (15 mg, 0.053 mmol). It was obtained as a
yellowish powder. Isolated 47 mg, 65% yield. 'H NMR (C4DgO, 500 MHz): 57.83—7.85 (m, 8H), 7.72—7.74
(m, 4H), 7.51-7.52 (m, 4H), 7.24-7.40 (m, 24H), 5.74 (d, J = 8.4 Hz, 2H), 5.07 (d, J = 8.4 Hz, 2H),
3.75-3.81 (m, 2H), 3.54-3.60 (m, 2H), 3.35-3.39 (m, 6H), 3.20-3.25 (m, 2H), 2.86-2.91 (m, 2H),
2.76-2.80 (m, 2H), 1.25 (s, 6H), 0.41 (s, 6H). *C{"H} NMR (C4DsO, 125 MHz): 5143.5, 142.7, 139.2,
138.4, 127.5, 126.5, 125.9, 125.7, 125.6, 125.4, 125.3, 125.1, 111.1, 87.0, 86.92, 86.87, 86.71, 86.67,
86.6, 80.1, 77.6, 68.9, 68.6, 66.7, 24.8, 23.1. 3'P{'"H} NMR (C4Ds0, 202 MHz) 590.2 (s). HRMS—ESI-TOF
(miz): [M + OH-CI]" caled for CrnH73014P,CIPd 1340.3213, found 1340.3233. Anal. Calcd. for
CroH72043PCl,Pd-0.5CH,Cl,: C, 60.35; H, 5.24. Found: C, 60.78; H, 5.68. [a]4”= +160.6 (c 0.04, DCM).
mp 210.2-214.9 °C.

General procedure for Pd-mediated allylic alkylation of rac-1,3-diphenylallyl acetate (2)

A solution of [Pd(z+Cl)(#3-CsHs)]2 (2.50 zmol) or [PdCly(cod)] (5.00 umol), enantiopure bisphosphite 1
(5.50 gmol) in DCM (0.30 mL) and regulation agent (RA, 5.50 zmol; if appropriate) was stirred for 15 min.
Subsequently, a solution of 1,3-diphenylallyl acetate 2 (0.1 mmol) in DCM (0.10 mL), dimethyl malonate
(0.3 mmol) and N,O-bis(trimethylsilyl)-acetamide (0.3 mmol) were added. The reaction mixture was stirred
at room temperature for the appropriate reaction time. The reaction mixture was then diluted with Et,0 (4.0
mL) and washed with water (2 x 2.0 mL). The organic phase was dried over MgSQOs,, filtered and
concentrated in vacuo. The conversion was determined by "H NMR spectroscopy and the enantiomeric
excess was determined by HPLC on chiral stationary phases (Daicel Chiralcel OD—H, 99:1 n-hexane/2-

propanol, 0.5 mL/min, 216 nm)."

General procedure for Pd-mediated allylic amination of rac-1,3-diphenylallyl acetate (2)

A solution of [Pd(+Cl)(7*-CsHs)]2 (2.50 wmol), enantiopure bisphosphite 1 (5.50 mol) in DCM (0.30 mL)
and regulation agent (RA, 5.50 umol; if appropriate) was stirred for 15 min. Subsequently, a solution of
1,3-diphenylallyl acetate 2 (0.1 mmol) in DCM (0.10 mL), benzylamine (0.3 mmol) and N,O-
bis(trimethylsilyl)-acetamide (0.3 mmol) were added. The reaction mixture was stirred at rt for the
appropriate reaction time. The reaction mixture was then diluted with Et;O (4.0 mL) and washed with water
(2 x 20 mL). The organic phase was dried over MgSOs, filtered and concentrated in vacuo. The

conversion was determined by 'H NMR spectroscopy and the enantiomeric excess was determined by
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HPLC on chiral stationary phases (Daicel Chiralcel OD-H, 99:1 n-hexane/2-propanol, 0.6 mL/min, 254

nm)."

General procedure for Pd-mediated allylic alkylation of cinnamyl acetate (5)

A solution of [Pd(+Cl)(7-CsHs)]2 (2.50 zmol), enantiopure bisphosphite 1 (5.50 umol) in DCM (0.30 mL)
and regulation agent (RA, 5.50 pmol; if appropriate) was stirred for 15 min. Subsequently, a solution of
cinnamyl acetate 5 (0.1 mmol) in DCM (0.10 mL), dimethyl malonate (0.3 mmol) and N,O-
bis(trimethylsilyl)-acetamide (0.3 mmol) were added. The reaction mixture was stirred at rt for the
appropriate reaction time. The reaction mixture was then diluted with Et,O (4.0 mL) and washed with water
(2 x 2.0 mL). The organic phase was dried over MgSOs, filtered and concentrated in vacuo. The
conversion was determined by 'H NMR spectroscopy and the enantiomeric excess was determined by
HPLC on chiral stationary phases (Daicel Chiralcel OJ—H, 97:3 n-hexane/2-propanol, 0.7 mL/min, 220

nm).1

48



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND APPLICATION OF BISPHOSPHITE LIGANDS WITH A DISTAL REGULATION SITE FOR ASYMMETRIC CATALYSIS

Laura Rovira Gonzéale . . v
e e Asymmetric Allylic Substitutions [N

2.6. Supporting information

2.6.1. In situ coordination studies of ligand 1a with [PdCl;(cod)] and RbOAc as regulation agent

A mixture of the bisphosphite ligand 1a, [PdClx(cod)], and RbOAc in different ratios was prepared in
CD.Cl; (ca. 2.5 mM) in a glass vessel, and the solution was stirred for 2 h at room temperature. After that,
the content was transferred to a NMR Young tube and the in situ formed palladium complexes were

investigated by 'H NMR and 3'P{'"H} NMR spectroscopy (see Figure S1 and Figure S2).

5 p
>5r >«e

c¢) Pd/1a/RbOAc = 1:1.1:1.7

b) Pd/1a/RbOAc = 1:1.1:1.1

a) Pd/1a/RbOAc = 1:1.1:0

) N WM
T T T T T T T T T T T
50 4.9 4.8 4.7 4.6 4.5 4.4 4.3 4.2 4.1 4.0 39 3.8 ppm

Figure S1. Stacked plot of '"H NMR spectra for a zoom view of the polyether chain (400MHz, CD,Cly, 25
°C): a) [PdCl(cod)}/1a/RbOAc = 1:1.1:0; b) [PdClz(cod)]/1a/RbOAc = 1:1.1:1.1; c) [PdClz(cod)]/1a/RbOAc
=11.11.7.
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As indicated in the text, addition of RbOAc as RA caused significant changes to the chemical shift,
multiplicity and width of the signals of the polyethyleneoxy moieties in 'H NMR (See Figure S1). Similar
effects are observed in the phosphorus signals in 3'P{'H} NMR (chemical shift: phosphorus signals are

deshielded upon addition of incremental amounts of RbOAc; multiplicity: a coupling between the two
phosphorus groups is observed upon addition of RbOAc, see Figure S2).

c) Pd/1a/RbOAc = 1:1.1:1.7

b) Pd/1alRbOAG = 1:1.1:1.1 .

a) Pd/1a/RbOAG = 1:1.1:0

T T T T
113.0 1125 112.0 1115

1
ppm

T T T T T T T T
111.0 110.5 110.0 109.5 109.0 108.5 108.0 107.5

Figure S2. Stacked plot for a zoom view of 3'P{'H} NMR spectra (162MHz, CD.Cl,, 25 °C): a)
[PdCl(cod))/1a/RbOAc = 1:1.1:0; b) [PdCly(cod)]/1a/RbOAc = 1:1.1:1.1; ¢) [PdClx(cod)]/1a/RbOAc =
1:1.1:1.7.

50



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND APPLICATION OF BISPHOSPHITE LIGANDS WITH A DISTAL REGULATION SITE FOR ASYMMETRIC CATALYSIS

Laura Rovira Gonzéale . . v g
e e Asymmetric Allylic Substitutions [

2.6.2. Single crystal X-ray structure determination

X-Ray crystal structure determination: Crystals of 8a and 8¢ were obtained under inert conditions after
carefully layering hexane to a solution of the palladium complex in dichloromethane [the final solvent
composition was a mixture of DCM:Hexane 1/2 (v/v)]. The mixture was kept at —24 °C. Pale yellow
needles were obtained after 3 days. The measured crystals were prepared under inert conditions

immersed in perfluoropolyether as protecting oil for manipulation.

Data collection: Crystal structure determination for 8a and 8¢ was carried out using a Apex DUO
diffractometer equipped with a Kappa 4-axis goniometer, an APEX |l 4K CCD area detector, a Microfocus
Source E025 |uS using MoK, radiation, Quazar MX multilayer Optics as monochromator and an Oxford
Cryosystems low temperature device Cryostream 700 plus (T = —173 °C). Full-sphere data collection was
used with @ and ¢ scans. Programs used: Data collection APEX-2,18 data reduction Bruker Saint'” V/.60A

and absorption correction SADABS. '8

Structure solution and refinement: Crystal structure solution was achieved using direct methods as
implemented in SHELXTL' and visualized using the program XP. Missing atoms were subsequently
located from difference Fourier synthesis and added to the atom list. Least-squares refinement on F2 using
all measured intensities was carried out using the program SHELXTL. All non-hydrogen atoms were

refined including anisotropic displacement parameters.

Comments to the structures: The asymmetric unit of compound 8a is formed by one molecule of the
metal complex and three molecules of dichloromethane. The polyether ring contained in the main

molecule is disordered in two orientations (ratio: 70:30).

Compound 8c crystallized with one molecule of the metal complex and highly disordered solvent
molecules in the asymmetric unit. The main molecule is disordered in two orientations with a ratio in the
range of 60:40 to 50:50. In order to avoid the highly disordered solvent molecules (probably
dichloromethane) the program SQUEEZE was applied leading to a refined model with a R1 value of 6.57

% in which all the solvent molecules were removed.?
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Table $1. Crystal data for compounds 8a and 8c.

Compound 8a 8c
Formula Cs1H46ClsO9P2Pd CroH72C12013P2Pd
Solvents 3 x CH:Clz Disordered CH:Cl>

Formula weight 1254.82 1360.51
Crystal size (mm3)  0.12x0.12x0.04  0.30x0.06 x 0.04
Crystal color colourless yellow
Temp (K) 100 100
Crystal system Orthorhombic Orthorhombic
Space group P212124 P212124
A(A) 11.752(3) 12.5154(8)
B (A) 13.584(4) 22.1406(12)
c(A) 32.731(9) 26.2373(17)
o (deg) 90 90
B (deg) 90 90
7 (deg) 90 90
V (A3 5225(2) 7270.3(8)
Y4 4 4
p(glem?) 1.595 Squeeze
M (mm™) 0.881 0.430
Binax (°) 30.97 28.35
Reflec. measured 45367 72166
Unique reflections 9638 [Rint=0.0914] 9510 [Rint= 0.0781]
Absorpt. correct. SADABS SADABS
Trans. min/max 0.966/0.806 0.983/0.756
Parameters/Restrains 739/182 1458/3010
R1/WR2 [I > 25(1)] 0.0512/0.0913 0.0657/0.1466
R1/wR2 [all data] 0.0990/0.1099 0.1336/0.1675
Goodness-of-fit (F2) 0.935 0.982
Peak/hole (e/A3) 0.529/-0.873 0.681/-0.865

CCDC 1415397 and CCDC 1415398 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.
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Figure S3. Crystal structures of 8a and 8¢ (ORTEP drawing showing thermal ellipsoids at 50% and 30%
probability, respectively).

53



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND APPLICATION OF BISPHOSPHITE LIGANDS WITH A DISTAL REGULATION SITE FOR ASYMMETRIC CATALYSIS

A Chapter 2

2.6.3. NMR spectra of new compounds
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Figure S4. 'H NMR spectrum for compound 1c.
GEEHZEASEERRACY 2338 £8 9 25
IIizzdodooodoonz gedds €8 & a8
T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure S5. '3C{'H,'P} NMR spectrum for compound 1c.
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Figure S6. 3'P{'"H} NMR spectrum for compound 1c.
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Figure S7. 'H NMR spectrum for compound 8a.
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Figure S8. "*C{'H} NMR spectrum for compound 8a.
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Figure §9. 3'P{'"H} NMR spectrum for compound 8a.
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Figure $10. 'H NMR spectrum for compound 8c.
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Figure $11. ®C{'H} NMR spectrum for compound 8c.
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Figure S$12. 3'P{"H} NMR spectrum for compound 8c.
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3.1. Abstract

Rhodium complexes derived from conformationally transformable «,a—bisphosphite ligands
combined with a suitable alkali metal BArF salt as a regulation agent (RA) provide high regio- and enantio-
selectivities in the asymmetric hydroformylation (AHF) of three heterocyclic olefins. The outcome of the
AHF could be exquisitely regulated by choosing the appropriate RA with an increase in the ee, the reversal

of the regioselectivity, or the complete suppression of one byproduct.
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3.2. Introduction

The development of efficient strategies for generating libraries of enantioselective catalysts with
minimal synthetic efforts remains an appealing challenge. Supramolecular interactions have been used to
regulate the size, shape and first coordination sphere of a chiral catalyst.! However, there are few
examples of the fine modification of the geometry of the active site.23 Our group has developed
supramolecularly regulated bisphosphite ligands possessing two different structural features: a catalytic
site consisting of two identical phosphite fragments and a distal regulation site containing a polyether
chain. lon—dipole interactions between the polyether chain and the regulation agent (RA; e.g. alkali metal
salts; see Scheme 1) bring the ligating groups together at the metal center.2 Furthermore, the library of
catalysts arising upon the binding of an array of RAs to the regulation site not only preserves most of the
structural characteristics but also incorporates structural peculiarities that depend on the size and shape of
the RA employed. Hydroformylation is an attractive industrial process requiring transition metal catalysts,*
from which rhodium complexes derived from bisphosphite ligands have been used with variable success in
the hydroformylation of heterocyclic alkenes.® Herein, we describe the design and synthesis of new
supramolecularly regulated ligands (R,S)-L2 and (S,S)-L3 (Scheme 1), which incorporate a BINOL motif in
the regulation site (BINOL = [1,1"-binaphthalene]-2,2'-diol). We also show that the inclusion of this motif
reinforces the regulation ability of the catalysts and leads to efficient AHF catalysts for a number of

heterocyclic olefins.

3.3. Results and discussion

The new ligands, (R,S)-L2 and (S,S)-L3, were synthesized by O-phosphorylation® of the
corresponding diol derivatives. Ligand (S)-L1, which lacks a stereogenic element in the regulation site,
was also considered in order to aid comparison and was synthesized in an analogous manner (see section
3.5. for the experimental details, synthesis of the ligands and the characterization data).

We first tested the activity of these new ligands in the AHF of benchmark substrates comprising vinyl
esters 1a—c, styrene 1d and (allyloxy)trimethylsilane 1e (Scheme 2 and Table 1). Initial studies were
performed with [Rh(x20,0"—acac)(CO),] and the corresponding ligand at 40 °C under 10 bar of syngas in
toluene, with the minimum amount of THF to solubilize the RA.2¢ The results on AHF are partially
summarized in Table 1, which summarizes the results for the catalysts that show the highest positive
regulation effects.” In the case of vinyl ester derivatives 1a—c, the reactions performed in the absence of
RAs yielded aldehydes with lower conversions than those in which an RA was used. Rhodium complexes
derived from ligands (S)-L1 and (R,S)-L2 provided highly active catalysts and remarkable enhancements
in the enantioselectivity of the hydroformylation of 1a—c (with increases ranging from 69 to 77% ee; see
entries 1—6 in Table 1). The combined use of (S,S)-L3 and NaBArF provided the highest enantioselectivity
for styrene (b:l ratio = 96:4; 54% ee; see entry 8 in Table 1), whereas the highest enantioselectivities were
achieved for compound 1e with (S,S)-L3 and CsBArF (b:l ratio = 18:82; 23% ee; see entry 10 in Table 1).
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The principal steric directors in our catalysts are the bisphosphite units, which favor the formation of (R)-

configured products, although

the configuration of the [1,1'-binaphthalene]-2,2'-diol motif in the regulation

site is also decisive in obtaining the highest performing ligands.
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Scheme 1. Supramolecularly regulated bisphosphite ligands with a distal regulation site.

[Rh(x20,0'-acac)(CO),]

Bisphosphite ligand L1-L3 CHO
BArF salts (RA
T Fsalts (RA)_ N N
(RA/L/[Rh] = 0.016:0.012:0.01)
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toluene/THF (97:3 v/v), 40 °C
0 0] 0
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Me 0] Et 0 Ph 0 -~ |
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Scheme 2. AHF of compounds 1a—e mediated by supramolecularly regulated ligands L1—L3.
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After testing the AHF of linear substrates with our catalysts, we moved on to the AHF of heterocyclic
olefins, given the applicability of enantiopure heterocyclic aldehydes in the synthesis of biologically
relevant products.® Our group® and others have studied the AHF of five-,%8210 gjx- 10d gand seven-Sb10ac

membered heterocyclic olefins and reported problems in the control of chemo- and regio-selectivity.

Table 1. AHF of 1a—e using the catalysts that lead to the highest regulation effects.2

Entry Ligand Substrate RA C?,Z\)/' b:l ratio eec?)];]%g(.%)
1 (R.S)1L2 1a - 92 >99:1 23(R)
2 RbBAYF >99 >99:1 92 (R)
3 (R.S)-L2 1b - 94 >99:1 15 (R)
4 KBAIF >99 >99:1 92 (R)
5 (S)-L1 1c - 90 >99:1 7(5)
6 NaBAF 78 98:2 76 (R)
7 (S,5)-L3 1d - >99 95:5 42 (R)
8 NaBArF >99 96:4 54 (R)
9 (S,5)L3 1e - >99p 61:39 17 (R)
10 CsBArF >99p 18:820 23 (R)

a Reaction conditions are shown in Scheme 2. Conversion was determined by GC chromatography (-
Dex 225) using n-dodecane as internal standard unless otherwise stated. The ratio of the regioisomers
and ee values were determined by GC analysis on a chiral stationary phase (f-Dex 225) unless
otherwise stated. Absolute configurations were assigned by comparing the elution order in GC analysis
with reported data (for details, see section 3.5). ® Conversion and regioselectivity were determined by 'H
NMR.

In the AHF of 2,5-dihydrofuran, the expected tetrahydrofuran-3-carbaldehyde (6), the regioisomeric

aldehyde 5, and 2,3-dihydrofuran (7) can be formed (Scheme 3 and Table 2). The latter compound arises

from a C=C bond isomerization that occurs simultaneously with the hydroformylation.!

0 Bisphosphite ligand L1-L3
4 BAIF salts (RA)
(RA/L/RN] = 0.016:0.012:0.01)

- CHO
@ 10 bar of 1:1 Hy/CO O\ (—*X
toluene/THF (97:3 viv), 40 °C 0 P ~cHo 0
5 6

CHO
) [Rh(x20,0'-acac)(CO),] Q\CHO * [ oﬁ + <o>\
5 6 7

Scheme 3. AHF of 4 and 7 mediated by supramolecularly regulated ligands L1-L3.
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Supramolecularly regulated ligands L1—-L3 proved to be very active in the AHF of 2,5-dihydrofuran
(with conversions ranging from 92 to >99%; Table 2). In the reactions performed without an RA,
carbaldehyde 6 was obtained as the major product, although in poor enantioselectivities (from 36 to 38%
ee; Table 2), together with small amounts of isomerization product 7 (from 5 to 9%; see entries 1, 6 and 11
in Table 2). The combined use of (R,S)-L2 with KBArF as the RA had several major effects in the outcome
of the reaction. First, the use of ligand (R,S)-L2 and KBArF brought about a reversal of regioselectivity in
favor of tetrahydrofuran-2-carbaldehyde (5:6 ratio from 1:92 to 35:39; compare entries 6 and 8 in Table 2);
second, they induced a change in the configuration of the final product and an increase in the ee (from
11% ee in favor of (S)-5 to 82% ee in favor of (R)-5; compare entries 6 and 8 in Table 2). It is interesting
that the reversal of regioselectivity was associated with major amounts of isomerization product 7 (from 7

to 26%; compare entries 6 and 8 in Table 2).

Table 2. AHF of 4 using Rh-complexes of ligands L1-L3 and a set of BArF salts as RAs.?

T
1 (S)-L1 - >99 2:93:5 23(S) 38 (R)
2 NaBArF 92 5:73:22 60 (R) 61(S)
3 KBATF >99 21:15:64 74 (R) 60 (S)
4 RbBArF >99 25:31:44 77 (R) 21(S)
5 CsBAIF >99 13:72:15 52 (R) 15(R)
6 (R,S)-L2 - >99 1.92.7 11(S) 36 (R)
7 NaBArF 98 1:91:8 2(S) 25 (R)
8 KBATF >99 35:39:26 82 (R) 56 (S)
9 RbBArF >99 34:26:40 81 (R) 52(S)
10 CsBAIF >99 19:38:43 76 (R) 14(S)
11 (S,5)-L3 - 98 1:90:9 10(S) 38 (R)
12 NaBArF >99 1:97:2 34(S) 42 (R)
13 KBATF 9 3:85:12 18 (R) 2(S)
14 RbBArF 93 4:69:27 45 (R) 13(S)
15 CsBAIF 97 5:70:25 43 (R) 18 (R)

a See footnote a in Table 1 for details, with the following remarks: Reaction conditions are shown in
Scheme 3, and the amount of 7 was determined by 'H NMR.

To gain more information about this complex transformation, the hydroformylation of 2,3-dihydrofuran
under the same conditions was also studied (see Scheme 3 and Table 3). Substrate 7 reacted more slowly
than compound 4 under the same reaction conditions, with or without an RA (conversion from 7 to 89%;
Table 3). The use of an RA increased activity in almost all the examples tested. The major product of the
hydroformylation of 7 was tetrahydrofuran-2-carbaldehyde (5) in moderate to high enantioselectivities
(e.g., (R,S)-L2 and KBArF led to 81% ee in favor of (R)-5; entry 8 in Table 3).
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Table 3. AHF of 7 using Rh-complexes of ligands L1-L3 and a set of BArF salts as RAs.2

Entry Ligand RA C(?,/:)" - Ao eeola) eeo6 ()
1 (S-L1 : 7 2593 5(5  26(9)
2 NaBATF 31 181369 62(R  44(R)
3 KBATF 23 2277 T6R)  8(S)
4 ROBATF 39 561 T9R) 2(9)
5 CsBATF 89 5732 S6(R)  6(9
6 (RS)-L2 : 2 122088 13(5)  16(9)
7 NaBATF 0 72380 3(9) 8(R)
8 KBATF 65 521335  81(R)  20(R
9 ROBATF 57 8943 9RO
10 CsBATF 40 BTE0 T5(R) rac
11 (S.5/L3 : 29 01971 11(5)  14(9)
12 NaBATF 31 112069 24()  15(9)
13 KBATF 50 302050  19(R) rac
14 ROBATF 2 21088 MR 13(S)
15 CsBATF 28 19972 4R 16(S)

a See footnote a in Table 1 for details, with the following remarks: Reaction conditions are shown in
Scheme 3, and the amount of 7 was determined by "H NMR.

To minimize the formation of isomerization product 7 and enhance regioselectivity toward
carbaldehyde 5, we decided to study the effect of variable amounts of H, and CO in the syngas mixture on
the outcome of the AHF of 4. We also hoped to be able to identify the AHF conditions that leading to
carbaldehyde 5 as the most abundant product. These studies were performed with ligand (R,S)-L2 and
KBArF, as their combined use provided the best results in terms of enantioselectivity for product 5 (see
entry 8 in Table 2).

The AHF of 4 at 10 bar employing a 1:1 Ho/CO mixture led to 5 in a selectivity of 35% with 82% ee,
together with the formation of 7 with a selectivity of 26%. Independently of the total pressure employed in
the AHF, increasing the amount of H; with respect to CO led to an increase in selectivity toward 5 and a
reduction in the amount of isomerization product 7 (see Table S6 and Figure S22 in section 3.6.3)."> One
of the most attractive AHF conditions was obtained at 5 bar with a 4:1 H,/CO mixture, under which 7 was

not detected and carbaldehyde 5 was formed with a selectivity of 71% with 69% ee (Figure 1).

Ligands L1-L3 were also tested in the AHF of six-membered heterocyclic olefins (see section 3.6.3)
for the substrates studied and results obtained). Unfortunately our catalysts were not active in the AHF of
these types of compounds. It has already been reported in the literature that these substrates normally

require harsh reaction conditions in AHF, which reduce control of regio- and enantio-selectivity.
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Figure 1. AHF of 4 at 5 bar with different syngas mixtures.

Finally, ligands (S)-L1, (R,S)-L2 and (S,S)-L3 were tested in the AHF of cis-4,7-dihydro-1,3-dioxepin
(8) with a set of alkali BArF salts as RAs (see Scheme 4 and Table 4).

The reactions showed complete regioselectivity toward product 9 (see Table 4 and Table S8). The
use of RAs led to a great improvement in the conversion (up to 82%) and enantioselectivity (up to 79%).
The highest enantioselectivities were obtained with combinations (S)-L1/NaBArF (85% ee), (R,S)-
L2/KBArF (83% ee), and (S,S)-L3/RbBArF (74% ee) (entries 2, 5, and 8, respectively, in Table 4). In order
to increase the enantioselectivity, these reactions were performed at room temperature (entries 3, 6, and 9
in Table 4). Improvements ranging from 7 to 15% in the ee were observed, with the combination (R,S)-
L2/KBArF being the best for this transformation. Carbaldehyde 9 was obtained with an excellent
enantioselectivity (93% ee), which, to the best of our knowledge, is the highest reported for this

substrate.10a

[Rh(x%0,0'-acac)(CO),] CHO
Bisphosphite ligand L1-L3
BArF salts (RA)
0 (RA/L/[Rh] = 0.016:0.012:0.01) - 0._0
10 bar of 1:1 H,/CO
toluene/THF (97:3 v/v), 40 °C

0
8

Scheme 4. AHF of 8 mediated by supramolecularly regulated ligands L1-L3.
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Table 4. AHF of 8 using Rh-complexes of ligands L1-L3 and a set of BArF salts as RAs.2

Entry Ligand RA C(?)/’:)" - eedalm

(S)-L1 - 28 6 (+)

2 NaBArF >99 85 (+)

3 NaBArF 95 92 (+)

4 (R,S)-L2 - 23 10 ()

KBATF >99 83 (+)

6o KBATF >99 93 (+)
7 (S,S)-L3 - 17 rac

RbBArF >99 74 (+)

9° RbBAIF 93 89 (+)

a See footnote a in Table 1 for details, with the following remarks: Reaction
conditions are shown in Scheme 4. ® Absolute configuration is unknown,
and the sign of the optical rotation is provided. ¢ Reaction performed at
25°C.

To elucidate the structure of the catalytic species, complexation experiments between
[Rh(x20,0"—acac)(CO,)], ligand (R,S)-L2, and one representative RA (KBArF) were performed. These
compounds were reacted at 40 °C under 10 bar of 1:1 Hy/CO. Interestingly, the expected hydrido-
dicarbonyl chelate [Rh(H)(CO)2(«2P,P'—KBArF+(R,S)-L2)] was efficiently formed."> NMR analysis showed
the hydrido signal as a broad and partially resolved multiplet centered at —10.38 ppm (2Jp+ = 22 Hz). The
value of this coupling constant indicates that the system undergoes an equilibrium between
hydrido—dicarbonyl rhodium complexes with the two P-ligating groups coordinated in an
equatorial—equatorial or apical—equatorial fashion to a trigonal—bipyramidal rhodium center (Scheme 5).1
The complexation behavior of ligand (R,S)-L2 is different from that of ligand (S)-L1, which lacks the biaryl
core in the regulation site. NMR analysis on the hydrido-dicarbonyl chelate derived from (S)-L1 indicated
that the two P-ligating groups coordinated in an equatorial—equatorial fashion'* (see section 3.5 for
experimental details and section 3.6.2 for NMR spectra). This difference in coordination behavior between
ligands with or without the [1,1'-binaphthalene]-2,2'-diol motif in the regulation site could account for the

higher activity of ligand (R,S)-L2 in the AHF of heterocyclic alkenes.

| P | i
PO PO co co
OC—Rh< > OC—Rh< OP—Rh< OP—Rh<
| “po | Spo | >co | >co
Co H oP H
eq—eq (eq—eq)’ ax—eq (ax—eq)’

Scheme 5. Coordination modes of bisphosphite ligands in hydrido-dicarbonyl rhodium complexes.
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3.4. Conclusions

In summary, challenging heterocyclic olefins were efficiently hydroformylated in terms of high regio-
and enantio-selectivities with supramolecularly regulated rhodium complexes derived from bisphosphite
ligands L1-L3. Small amounts of polyether-binder RAs were shown to regulate the activity of the AHF
catalysts. The distribution of the enantiomers was biased in some examples (rhodium complexes of a
ligand and an RA enabled up to 86% higher enantioselectivities compared with those obtained in the
reactions of the corresponding complexes without an RA). In the AHF of 2,5-dihydrofuran, we have
demonstrated the potential of our supramolecularly regulated catalysts, as the use of an alkali metal BArF
salt as RA increased enantioselectivity (up to 33% ee), reversed the regioselectivity of the reaction, or

completely suppressed the formation of the side-product.

3.5. Experimental section

General information: All syntheses were carried out using chemicals as purchased from commercial
sources unless otherwise cited. All manipulations and reactions were performed under an inert
atmosphere. 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). Silica gel 60 (230—400 mesh) or Silica-C18
(200—400 mesh) were used for column chromatography. NMR spectra were recorded in CDCl3 unless
otherwise cited. 'H and 3C NMR chemical shifts are quoted in ppm relative to residual solvent peaks,
whereas 3'P NMR chemical shifts are quoted in ppm relative to 85% phosphoric acid in water. IR spectra
were recorded using attenuated total reflection (ATR) unless otherwise cited. High-resolution mass spectra
(HRMS) were recorded using an electrospray ionization (ESI) method in positive mode for the ligands
(L1-L3) and matrix-assisted laser desorption ionizaton (MALDI) in positve mode for
[Rh(H)(CO)2( x2P,P—KBArF+(S)-L1)] and [Rh(H)(CO)(x*P,P"—KBArF+(R,S)-L2)], using, in all cases, a
time-of-flight (TOF) detector. Melting points were determined in open capillaries and are uncorrected.
Enantiomeric excesses were determined by GC equipped with a FID detector using chiral stationary

phases.

Synthesis of ligand (S)-L1: (S)-5,5'-6,6"-Tetramethyl-3,3"-di-tert-butyl-1,1’-biphenyl-2,2’-diol (265 mg,
0.75 mmol) was azeotropically dried with toluene (3 x 2 mL), dissolved in anhydrous toluene (ca. 10 mL),
and slowly added to a stirred solution of PCl; (82.4 4, 0.94 mmol) and NEt3 (297 4L, 2.14 mmol) in dry
toluene (ca. 10 mL) at 0 °C. The solution was allowed to reach room temperature and was stirred
overnight. The turbid reaction mixture was filtered, and the solvent was evaporated under reduced
pressure. The resulting residue was dissolved in ca. 10 mL of dry toluene and NEt3 (297 4L, 2.14 mmol).
A solution of the tetraethylenglycol (66.8 mg, 0.34 mmol in ca. 10 mL of toluene) was slowly added to the
previous solution, and the mixture was allowed to react overnight at room temperature. The reaction
mixture was filtered, and the solvent was evaporated under reduced pressure. The resulting crude mixture

was purified by column chromatography on silica gel C18 using acetonitrile/EtOAc 1:1 as the elution
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solvent to obtain the expected bisphosphite ligand (S)-L1 as a white solid. Isolated 312 mg, 83% yield. 'H
NMR (CDCls, 500 MHz): 67.15 (s, 2H), 7.11 (s, 2H), 3.96-3.91 (m, 2H), 3.60-3.55 (m, 8H), 3.54-3.48
(m, 6H), 2.25 (s, 6H), 2.24 (s, 6H), 1.85 (s, 6H), 1.78 (s, 6H), 1.45 (s, 18H), 1.42 (s, 18H). 13C{'H,*'P} NMR
(CDCls, 125 MHz): 6145.5, 145.5, 138.2, 138.2, 137.0, 135.1, 134.5, 132.5, 131.9, 131.8, 131.7, 130.8,
130.8, 128.2, 127.9, 71.0, 70.9, 70.7, 63.6, 63.6, 34.8, 34.8, 31.5, 31.5, 31.3, 20.6, 16.9, 16.7. 3'P{'H}
NMR (CDCls, 202 MHz): §132.6 (s). HRMS—ESI-TOF (m/z): [M + Na]* calcd for CssHaoOoP2Na,
981.5170; found, 981.5191. [a]3>= +371.8 (¢ 0.1, DCM). IR (neat, cm™") © 2963, 2867, 1254, 1027,
870. mp 71.2—-72.6 °C.

Synthesis of ligand (R,S)-L2: A mixture of (R)-[1,1"-binaphthalene]-2,2'-diol (1.75 g, 6.13 mmol), 2-(2-
hydroxyethoxy)ethyl-4-methylbenzenesulfonate'® (3.19 g, 12.3 mmol), and K,COs (3.64 g, 26.3 mmol) in
dry acetonitrile (53 mL) was refluxed for 72 h. The reaction mixture was filtered and then concentrated
under reduced pressure. The crude product was purified by column chromatography over silica gel
(EtOAc/MeOH 95:5 as eluent) to afford the desired product, (R)-2,2-((([1,1-binaphthalene]-2,2'-
diylbis(oxy))bis(ethane-2,1-diyl))bis(oxy))diethanol ((R)-D1; see section 3.6.1 for the spectra) as a clear
brown oil. Isolated 1.33 g, 46% yield. '"H NMR (CDCls, 500 MHz,): 67.95 (d, J = 9.1 Hz, 2H), 7.87 (d, J =
8.1 Hz, 2H), 7.43 (d, J = 9.1 Hz, 2H), 7.35-7.32 (m, 2H), 7.24—7.21 (m, 2H), 7.16 (s, 1H), 7.14 (s, 1H),
4.17-4.13(m, 2H), 4.03-3.99 (m, 2H), 3.53-3.49 (m, 2H), 3.45-3.38 (m, 6H), 3.22-3.15 (m, 4H), 2.56 (t,
J = 6.6 Hz, 2H). "*C{"H} NMR (CDCls, 125 MHz): 5154.4, 134.2, 129.6, 129.5, 128.0, 126.5, 125.6, 123.9,
120.8, 116.1, 72.5, 70.0, 69.7, 61.7. HRMS—ESI-TOF (m/z): [M + NaJ* calcd for CasHaoNaOg, 485.1935;
found, 485.1923. [a]3>= +43.1 (c 0.1, DCM). IR (neat, cm™") © 3414, 2927, 2869, 1240, 1054. Ligand
(R,S)-L2 was synthesized from (S)-5,5'-6,6 -Tetramethyl-3,3"-di-fert-butyl-1,1"-biphenyl-2,2’-diol (424 mg,
1.2 mmol), which was azeotropically dried with toluene (3 x 2 mL) under argon atmosphere. The
remaining solid was dissolved in anhydrous toluene (ca. 20 mL) and slowly added to a stirred solution of
PCls (132 L, 1.51 mmol) and NEts (476 4L, 3.42 mmol) in dry toluene (ca. 20 mL) at 0 °C. The solution
was allowed to reach room temperature and was stirred overnight. The turbid reaction mixture was filtered,
and the solvent was evaporated under reduced pressure. The resulting residue was dissolved in ca. 20 mL
of dry toluene and NEt; (476 xL, 3.42 mmol). A solution of the diol (R)-D1 (255 mg, 0.55 mmol in ca. 20
mL of toluene) was slowly added to the previous solution, and the mixture was allowed to react overnight
at room temperature. The reaction mixture was filtered, and the solvent was evaporated under reduced
pressure. The resulting crude mixture was purified by column chromatography on silica gel C18 using
acetonitrile/EtOAc 1:1 as the elution solvent to obtain the expected bisphosphite ligand (R,S)-L2 as a
white solid. Isolated 554 mg, 82% yield, quantitatively pure by 3'P NMR. 'H NMR (CDCls, 400 MHz): 57.82
(s, 1H), 7.80 (s, 1H), 7.76 (s, 1H), 7.74 (s, 1H), 7.32 (s, 1H), 7.29 (s, 1H), 7.25-7.24 (m, 1H), 7.23—7.22
(m, 1H), 7.18-7.09 (m, 8H), 4.01-3.99 (m, 4H), 3.56—3.52 (m, 2H), 3.39-3.36 (m, 4H), 3.20-3.14 (m,

2H), 2.94-2.91 (m, 4H), 2.26 (s, 6H), 2.26 (s, 6H), 1.87 (s, 6H), 1.79 (s, 6H), 1.43 (s, 18H), 1.40 (s, 18H).
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1BC{'H,*'P} NMR (CDCls, 125 MHz): 5154.3, 145.6, 138.2, 137.1, 135.1, 134.4, 134.2, 132.5, 131.9,
131.6, 130.9, 129.5, 129.4, 128.1, 127.9, 127.9, 126.4, 125.6, 123.8, 120.7, 115.8, 70.9, 70.1, 69.5, 63.6,
348, 348, 314, 313, 206, 206, 169, 16.7. 3P{H} NMR: (CDCl, 202 MHz) 5133. (s).
HRMS-ESI-TOF (m/z): [M + Na]* calcd for CrHaNaO1oP,, 1249.6058; found, 1249.6037. [a]3°
+331.2 (¢ 0.1, DCM). IR (neat, cm™) © 2953, 2868, 1227, 1023. mp 89.3— 90.7 °C.

Synthesis of ligand (S,S)-L3: A mixture of (S)-[1,1-binaphthalene]-2,2-diol (2 g, 6.93 mmol), 2-(2-
hydroxyethoxy)ethyl-4-methylbenzenesulfonate'® (3.68 g, 13.9 mmol) and K,COs (4.12 g, 29.8 mmol) in
dry acetonitrile (60 mL) was refluxed for 72 h. The reaction mixture was filtered and then concentrated
under reduced pressure. The crude product was purified by column chromatography over silica gel
(EtOAc/MeOH 95:5 as eluent) to afford (S)-2,2'-((([1,1'-binaphthalene]-2,2'-diylbis(oxy))bis(ethane-2,1-
diyl))bis(oxy))diethanol ((S)-D1, see section 3.6.1 for the spectra) as a clear brown oil. Isolated 1.5 g, 47%
yield. 'H NMR (CDCls, 500 MHz): 67.95 (d, J = 9.1 Hz, 2H), 7.87 (d, J = 8.1 Hz, 2H), 7.43 (d, J = 9.1 Hz,
2H), 7.35-7.32 (m, 2H), 7.24-721 (m, 2H), 7.15 (s, 1H), 7.14 (s, 1H), 4.17-4.13 (m, 2H),
4.03-3.99 (m, 2H), 3.53—-3.49 (m, 2H), 3.45-3.40 (m, 6H), 3.22-3.15 (m, 4H), 2.53 (br s, 2H). 3C{"H}
NMR (CDCls, 125 MHz): & 154.4, 134.2, 129.6, 129.5, 128.0, 126.5, 125.6, 124.0, 120.8, 116.1, 72.5,
70.0, 69.7, 61.7. HRMS—ESI-TOF (m/z): [M + NaJ* calcd for CsH30NaOs, 485.1935; found, 485.1927.
[a]3°= —25.5 (¢ 0.1, DCM). IR (neat, cm™") © 3419, 2927, 2869, 1240, 1055. Ligand (S,S)-L3 was
synthesized following the general strategy. (S)-5,5'-6,6"-Tetramethyl-3,3 -di-tert-butyl-1,1’-biphenyl-2,2'-
diol (600 mg, 1.7 mmol) was azeotropically dried with toluene (3 x 2 mL) under an argon atmosphere,
dissolved in anhydrous toluene (ca. 23 mL), and slowly added to a stirred solution of PCls (186 zL, 2.13
mmol) and NEt3 (673 L, 4.84 mmol) in dry toluene (ca. 23 mL) at 0 °C. The solution was allowed to reach
room temperature and was stirred overnight. The turbid reaction mixture was filtered, and the solvent was
evaporated under reduced pressure. The resulting residue was dissolved in ca. 23 mL of dry toluene and
NEt3 (673 £, 4.84 mmol). A solution of the diol (S)-D1 (360 mg, 0.78 mmol in ca. 23 mL of toluene) was
slowly added to the previous solution and allowed to react overnight at room temperature. The reaction
mixture was filtered, and the solvent was evaporated under reduced pressure. The resulting crude mixture
was purified by column chromatography on silica gel C18 using acetonitrile/EtOAc 1:1 as the elution
solvent to provide the expected bisphosphite ligand (S,S)-L3 as a white solid. Isolated 589 mg, 62% yield,
quantitatively pure by 3'P NMR. 'H NMR (CDCls, 500 MHz,): 67.83 (s, 1H), 7.81 (s, 1H), 7.77 (s, 1H), 7.75
(s, TH), 7.30 (s, 1H), 7.28 (s, 1H), 7.27-7.24 (m, 2H), 7.17-7.14 (m, 6H), 7.11 (s, 1H), 7.10 (m, 1H),
4,02-3.97 (m, 4H), 3.52-3.46 (m, 2H), 3.43-3.39 (m, 2H), 3.36-3.31 (m, 2H), 3.20-3.14 (m, 2H),
2.94—2.90 (m, 2H), 2.84— 2.81 (m, 2H), 2.26 (s, 12H), 1.86 (s, 6H), 1.79 (s, 6H), 1.42 (s, 18H), 1.39 (s,
18H). 8C{'H,%"P} NMR (CDCls, 125 MHz): 5154.3, 145.5, 138.2, 137.1, 135.1, 134.4, 134.2, 132.5, 131.9,
131.6, 130.9, 129.5, 129.4, 128.1, 127.9, 127.9, 126.4, 125.6, 123.8, 120.6, 115.7, 70.9, 70.1, 69.5, 63.8,

34.8, 34.8, 314, 31.3, 20.6, 17.0, 16.7. 3'P{'H} NMR (CDCls, 202 MHz): 6134.7 (s). HRMS—ESI-TOF
75



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND APPLICATION OF BISPHOSPHITE LIGANDS WITH A DISTAL REGULATION SITE FOR ASYMMETRIC CATALYSIS
Laura Rovira Gonzialez

Chapter 3

(m/z): [M + NaJ* calcd for CreHeoNaO1oP2, 1249.6058; found, 1249.6032. [a]3® = +279.5 (¢ 0.1, DCM). IR
(neat,cm™) v 2954, 2867, 1227, 1022. mp 107.9-109.3 °C.

General procedure for Rh-mediated asymmetric hydroformylations

To a 2 mL vial equipped with a magnetic bar in a glovebox filled with nitrogen were added ligand L1-L3
(ca. 2.7 pmol in 360 zL of toluene), alkali BArF salt (ca. 3.6 wxmol in 27 yL of THF), and [Rh(x20,0'-
acac)(CO)y] (ca. 2.3 umol in 65 4L of toluene). Substrate (ca. 230 xmol) and additional toluene were
charged, obtaining the mixture toluene/THF (97:3 viv) and providing the desired final concentration of
substrate, 0.26 M. In the cases of vinyl derivatives (1a—c) and styrene (1d), n-dodecane (ca. 69 zmol)
was added as an internal standard. The vial was transferred into an autoclave and taken out of the
glovebox. The autoclave was purged three times with syngas (at a pressure not higher than that required
for the reaction) and, finally, the autoclave was pressurized with the corresponding pressure of syngas.
The reaction mixture was stirred at 40 °C (water bath) for 18 h. The reaction was cooled, and the pressure

was carefully released in a well-ventilated hood.

Determination of enantiomeric excesses and configuration of hydroformylated products

Characterization of hydroformylation products of 1a—e, 4, 7 and 8 have been described previously in the
literature and spectroscopic data were in agreement with those reported.'® Conversion, regioselectivity
and enantiomeric excesses of hydroformylated products of vinyl derivatives (1a—c) and styrene (1d) were
determined by GC from the crude mixtures, using n-dodecane as an internal standard, with a -Dex 225
column (30 m x 0.25 mm x 0.25 um). Conversion and regioselectivity for (allyloxy)trimethylsilane (1e)
were determined by 'H NMR, and the enantiomeric excesses, by GC analysis with S-Dex 225 column (30
m x 0.25 mm x 0.25 pm) from the crude reaction mixture. Conversion and isomerization of 2,5-
dihydrofuran (4) and 2,3-dihydrofuran (7) were determined by 'H NMR, and the enantiomeric excesses, by
GC analysis with f-Dex 225 column (30 m x 0.25 mm x 0.25 ym) from the crude reaction mixture.
Conversion and regioselectivity of cis-4,7-dihydro-1,3-dioxepin (8) were determined by 'H NMR, and
enantiomeric excesses, by GC from the crude mixture with a -Dex 225 column (30 m x 0.25 mm x 0.25
pm).

Optical rotation of aldehyde 9 ([a]3° = +70.2 (¢ 0.1, THF)) was determined from the reaction mixture with
a 93% ee (entry 6 in Table 4) distilling in a Kugelrohr apparatus (40 °C, 5 x 10-2 mbar), obtaining aldehyde
9 with a final enantiomeric excess of 91% ('"H NMR spectrum and GC chromatogram are available in
section 3.6.5).

Vinyl acetate (1a):"” Temperature program: 100 °C for 5 min then 4 °C/min to 160 °C. Retention times:
2.5 min for 1a, 7.2 min for (R)-2a, 9.1 min for (S)-2a, and 12.2 min for 3a.
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Vinyl propionate (1b):'6a Temperature program: Isothermal 100 °C. Retention times: 2.8 min for 1b, 9.1
min for (R)-2b, 10.5 min for (S)-2b, and 21.1 min for 3b.

Vinyl benzoate (1c):'62 Temperature program: Isothermal 135 °C. Retention times: 6.6 min for 1¢, 25.3
min for (R)-2¢, 27.6 min for (S)-2¢, and 57.3 min for 3c.

Styrene (1d):'7 Temperature program: 100 °C for 5 min then 4 °C/min to 160 °C. Retention times: 4.6 min
for 1d, 12.5 min for (R)-2d, 12.8 min for (S)-2d, and 16.3 min for 3d.

(Allyloxy)trimethylsilane (1e):6¢ Temperature program: Isothermal 70 °C. Retention times: 24.5 min for
(R)-2e, and 25.6 min for (S)-2e.

2,5-dihydrofuran (4) and 2,3-dihydrofuran (7):° Temperature program: 40 °C for 5 min, 5 °C/min to 150
°C, hold for 1 min, and then 10 °C/min to 210 °C. Retention times: 22.7 min for (R)-5, and 23.3 min for
(S)-5, 24.7 min for (S)-6, and 25.6 min for (R)-6.

cis-4,7-dihydro-1,3-dioxepin (8): Temperature program: 40 °C, hold for 5 min, 2 °C/min to 150 °C, hold
for 1 min, and then 10 °C/min to 210 °C. Retention times: 48.1 min for (+)-9 and 49.1 min for (-)-9.8

Direct formation of [Rh(H)(CO)(x2P,P’'—KBArF+(S)-L1)]

A 0.03 M solution of (S)-L1 (12.2 mg, 12.7 umol), [Rh(x20,0'-acac)(CO),] (3.31 mg, 12.7 xmol) and
KBArF (14.2 mg, 16.5 zmol) in C;Ds/C4DsO (97:3 viv) were transferred to a 25 mL autoclave reactor,
which was pressurized to 10 bar of syngas (1:1 H2/CO) and warmed to 40 °C. The mixture was allowed to
stir for 2 h. The reactor was cooled to room temperature and depressurized in a well-ventilated fume hood,
and the reaction mixture was transferred to 5 mm HP-NMR sapphire tube. The tube was pressurized with
syngas (1:1 Ho/CO, 10 bar) and the HP-NMR spectra were collected at 25 °C (see section 3.6.2). MS
samples were immediately recorded under N, after depressurizing the autoclave. Spectroscopic data
obtained from this solution was in agreement with the quantitative formation of the
[Rh(H)(CO)2( x2P,P"—KBArF+(S)-L1)] complex: 'H NMR (C7Ds/C4DsO (97:3 v/v), 500 MHz): & 7.23 (s, 2H),
7.16 (s, 2H), 3.90—3.88 (m, 2H), 3.37—3.34 (m, 2H), 2.95-2.85 (m, 10H), 2.67—2.64 (m, 2H), 2.11 (s, 6H),
1.98 (s, 6H), 1.65 (s, 6H), 1.58 (s, 6H), 1.52 (s, 18H), 1.48 (s, 18H), —10.83 (d, Jrn-+ = 4.8 Hz, 1H). 13C{'H}
NMR (C7Dg/C4DsO (97:3 vIv), 125 MHz): 5191.2, 147.6, 144.5, 136.1, 136.0, 135.7, 134.9, 133.7, 133.5,
130.6, 130.3, 130.0, 129.8, 129.6, 129.1, 126.4, 118.7, 69.6, 69.5, 69.4, 67.0, 35.6, 34.9, 33.0, 31.2, 20.2,

20.0, 16.3, 16.3. 3'P NMR (C7Ds/CsDgO (97:3 VIv), 202 MHz): & 1426 (d, Jrnp = 242.9 Hz).
HMRS-MALDI-TOF (m/z): [M—H-CO-K]" calcd for Cs;HeoO10P-Rh, 1089.4276, found, 1089.4264.

Attempts to isolate this complex in analytically pure form failed.
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Direct formation of [Rh(H)(CO).(x?P,P’—~KBArF(R,S)-L2)]

A 0.02 M solution of (R,S)-L2 (11.6 mg, 9.47 zmol), [Rh(x?0,0'-acac)(CO),] (2.47 mg, 9.47 xmol), and
KBArF (10.6 mg, 12.3 zmol) in C;Ds/CsDsO (97:3 viv) were transferred to a 25 mL autoclave reactor,
which was pressurized to 10 bar of syngas (1:1 H2/CO) and warmed to 40 °C. The mixture was allowed to
stir for 2 h. The reactor was cooled to room temperature and depressurized in a well-ventilated fume hood,
and the reaction mixture was transferred to 5 mm HP-NMR sapphire tube. The tube was pressurized with
syngas (1:1 Ho/CO, 10 bar) and the HP-NMR spectra were collected at 25 °C (see section 3.6.2). MS
samples were immediately recorded under N, after depressurizing the autoclave. Spectroscopic data
obtained from this solution was in agreement with the quantitative formation of the
[Rh(H)(CO)a( x2P,P'—KBArF+(R,S)-L2)] complex: '"H NMR (C7Ds/C4DsO (97:3 v/v), 500 MHz): 6 7.79 (s,
1H), 7.77 (s, 1H), 7.66 (s, 4H), 7.25 (s, 1H), 7.23 (s, 3H), 7.20-7.17 (m, 2H), 7.15 (s, 2H), 7.00 (s, 2H),
3.94-3.92 (m, 2H), 3.51-3.48 (m, 2H), 3.26-3.22 (m, 2H), 3.07-2.97 (m, 4H), 2.75— 2.72 (m, 2H),
2.37-2.35 (m, 2H), 2.24-2.22 (m, 2H), 2.11 (s, 6H), 2.00 (s, 6H), 1.64 (s, 6H), 1.63 (s, 6H), 1.51 (s, 18H),
1.43 (s, 18H), —10.38 (br s, 1H). BC{'"H} NMR (C7Ds/C4DsO (97:3 v/v), 125 MHz): 5191.1, 154.0, 146.9,
144.3, 136.1, 136.1, 134.4, 133.8, 133.6, 131.5, 131.4, 131.0, 130.0, 130.0, 129.8, 126.4, 126.1, 125.8,
124.2,123.3, 122.0, 119.6, 71.1, 70.4, 69.7, 66.6, 35.6, 34.8, 32.9, 31.1, 20.1, 20.0, 16.4, 16.3. 3'P NMR
(C7Ds/CaDsO (97:3 viv), 202 MHz): 6 143.8 (dd, Jrnp = 234.4 Hz; Jpn = 22.8 Hz). HMRS-MALDI-TOF
(m/z): [M—H-CO—K]* calcd for Cz7Hg2011P-Rh, 1357.5164, found, 1357.5135. Attempts to isolate this

complex in analytically pure form failed.
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3.6. Supporting information

3.6.1. NMR spectra of ligands (S)-L1, (R,S)-L2 and (S,S)-L3 and synthetic intermediates in their
preparation
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Figure $1. 'H NMR spectrum of diol (R)-D1.
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Figure S$2. *C{'H} NMR spectrum of diol (R)-D1.
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Figure S4. *C{'H} NMR spectrum of diol (S)-D1.
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Figure S6. *C{'H,3'P} NMR spectrum of ligand (S)-L1.
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Figure S7. ¥'P{'H} NMR spectrum of ligand (S)-L1.
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Figure S8. 'H NMR spectrum of ligand (R,S)-L2.
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Figure S9. ®C{'H,3'P} NMR spectrum of ligand (R,S)-L2.
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Figure $10. 3'P{'"H} NMR spectrum of ligand (R,S)-L2.
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Figure $12. ®C{'H,3'P} NMR spectrum of ligand (S,S)-L3.
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Figure S13. 3'P{"H} NMR spectrum of ligand (S,S)-L3.
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3.6.2. Characterization of [Rh(H)(CO)(x2P,P’—KBArF+(S)-L1)] and [Rh(H)(CO). (x*P,P’—KBArF+(R,S)-
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Figure S$14. 3'P NMR spectrum of [Rh(H)(CO)z(x2P,P"—KBArF+(S)-L1)].
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Characterization of [Rh(H)(CO).(x2P,P’—~KBArF+(R,S)-L2)]
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Figure $18. 'P NMR spectrum of [Rh(H)(CO)z(x2P,P'—KBArF+(R,S)-L2)].
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3.6.3. Extended tables of hydroformylation

Table S1. AHF of vinyl acetate (1a) with ligands L1-L3 and a set of RAs.2

Entry Ligand RA Conv. (%) b:l ratio ee (%) config.
1 91 98:2 32(R)
2 NaBArF 78 97:3 41(R)
3 (S)-L1 KBArF >99 86:14 86 (R)
4 RbBArF >99 97:3 90 (R)
5 CsBArF >99 >99:1 88 (R)
6 92 >99:1 23(R)
7 NaBArF 40 >99:1 81(R)
8 (R,S)-L2 KBArF 63 >99:1 93 (R)
9 RbBArF >99 >99:1 92 (R)
10 CsBArF >99 >99:1 89 (R)
11 87 >99:1 22 (R)
12 NaBArF 32 >99:1 41(R)
13 (S,9)-L3 KBArF 8 >99:1 66 (R)
14 RbBArF 29 >99:1 79 (R)
15 CsBArF 96 >99:1 79(R)

a AHF reactions were performed in a HEL parallel reactor. The values shown are the average values of at least two
independent runs. The reaction conditions are shown in the Scheme 2 (S/C ratio= 100; [1a—e] = 0.26 M; T =40 °C, t
= 18 h). Conversion was determined by chiral GC chromatography using n-dodecane (#-Dex™ 225) as internal
standard, unless otherwise stated. Regioselectivity and ee’s were determined by GC analysis on a chiral stationary
phases 3-Dex™ 225, unless otherwise stated. Absolute configuration was assigned by comparison of the elution
order in GC analysis with the reported data (for details, see section 3.5).

Table S2. AHF of vinyl propionate (1b) with ligands L1-L3 and a set of RAs.2

Entry Ligand RA Conv. (%) b:l ratio ee (%) config.
1 81 >99:1 23(R)
2 NaBArF 78 >99:1 52 (R)
3 (S)-L1 KBArF >99 >99:1 87 (R)
4 RbBArF >99 >99:1 84 (R)
5 CsBArF >99 >99:1 84 (R)
6 94 >99:1 15 (R)
7 NaBArF 38 >99:1 80 (R)
8 (R,S)-L2 KBArF >99 >99:1 92 (R)
9 RbBArF >99 >99:1 90 (R)
10 CsBArF >99 >99:1 83 (R)
11 94 >99:1 19 (R)
12 NaBArF 39 >99:1 43 (R)
13 (S,5)-L3 KBArF 67 >99:1 59 (R)
14 RbBArF 86 >99:1 73(R)
15 CsBArF 91 >99:1 58 (R)

aSee Table S1 for details.
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Table S3. AHF of vinyl benzoate (1¢) with ligands L1—L3 and a set of RAs.2

Entry Ligand RA Conv. (%) b:l ratio ee (%) config.
1 90 >99:1 7(S)
2 NaBArF 78 98:2 76 (R)
3 (S)-L1 KBArF 64 65:35 44 (R)
4 RbBArF 40 95:5 44 (R)
5 CsBArF 56 97:3 29 (R)
6 94 >99:1 7(R)
7 NaBArF 38 >99:1 37(R)
8 (R,S)-L2 KBArF 33 >99:1 66 (R)
9 RbBArF 38 >99:1 60 (R)
10 CsBArF 31 >99:1 57 (R)
11 88 >99:1 8 (S)
12 NaBArF 43 >99:1 10 (R)
13 (S,5)-L3 KBArF 86 >99:1 50 (S)
14 RbBArF 87 >99:1 rac
15 CsBArF 42 >99:1 27 (R)

aSee Table S1 for details.

Table S4. AHF of styrene (1d) with ligands L1-L3 and a set of RAs.2

Entry Ligand RA Conv. (%) b:l ratio ee (%) config.
1 >99 96:4 41(R)
2 NaBArF >99 85:15 2(R)
3 (S)-L1 KBArF >99 74:26 9(R)
4 RbBArF >99 80:20 12 (R)
5 CsBArF >99 89:11 41(R)
6 >99 95:5 41 (R)
7 NaBArF >99 93:7 36 (R)
8 (R,S)-L2 KBArF >99 83:17 4 (R)
9 RbBArF >99 82:18 3(R)
10 CsBArF >99 78:22 15 (R)
11 >99 95:5 42 (R)
12 NaBArF >99 96:4 54 (R)
13 (S,5)-L3 KBArF >99 80:20 19 (R)
14 RbBArF >99 81:19 16 (R)
15 CsBArF >99 86:14 32(R)

aSee Table S1 for details.
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Table S5. AHF of allyloxy-tert-butyldimethylsilane (1e) with ligands L1-L3 and a set of RAs.2

Entry Ligand RA Conv. (%) b:l ratio® e (%) config.
1 >99 61:39 19 (R)
2 NaBArF >99 37:63 9(R)
3 (S)-L1 KBArF >99 6:94 rac
4 RbBArF >99 9:90 18 (R)
5 CsBArF >99 22:78 17 (R)
6 92 61:39 17 (R)
7 NaBArF >99 60:40 8 (R)
8 (R,S)-L2 KBArF >99 11:89 3(R)
9 RbBArF >99 793 6 (R)
10 CsBArF >99 8:92 11 (R)
11 >99 61:39 17 (R)
12 NaBArF >99 58:42 17 (R)
13 (S,5)-L3 KBArF >99 30:70 16 (R)
14 RbBArF >99 19:81 21(R)
15 CsBArF >99 18:82 23 (R)
aSee Table S1 for details. ® Conversion and regioselectivity were determined by 'H NMR.
Table S6. Pressure studies of AHF of 2,5-dihydrofuran (4) with KBArF .2
Entry Total pressure Hrzeﬁi:(? (5?59(';)) (7) (%) eeczfngg(%) eeczfr]gg(%)
1 1:4 26:34 40 84 (R) 62 (S)
2 1:2 33:37 30 82 (R) 54 (S)
3 5 bar 1:1 46:36 18 80 (R) 44 (S)
4 21 69:28 74 (R) 24 (S)
5 41 71:29 69 (R) 10 (S)
6 1:2 25:40 35 84 (R) 57 (S)
7 10 bar 11 35:39 26 82 (R) 56 (S)
8 2:1 49:34 17 77(R) 50 (S)
9 1:2 9:42 49 81(R) 64 (S)
10 1:1 12:51 37 83 (R) 60 (S)
20 bar
1 2:1 27:41 32 82 (R) 56 (S)
12 4:1 34:39 27 83 (R) 50 (S)

a AHF reactions were performed in a HEL parallel reactor. The values shown are the average values of at least two
independent runs. Complete conversion was observed in all reactions. The reaction conditions are shown in the
Scheme 3 (S/C ratio= 100; [4] = 0.26 M; T = 40 °C, t = 18 h). Conversion and isomerization were determined by 'H
NMR. Regioselectivity and ee’s were determined by GC analysis on a chiral stationary phases S-Dex™ 225,
Absolute configuration was assigned by comparison of the elution order in GC analysis with the reported data (for
details, see section 3.5).
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Figure $22. Selectivity in the AHF of 2,5-dihydrofuran (4) versus ratio Ho/CO (left), and enantiomeric
excess (%) of aldehydes versus pressure ratio Ho/CO (right).
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Table S7. AHF of six-membered heterocyclic olefins (10—12) using Rh-complexes of ligands L1-L3 and a

set of RAs.2
O Q)
) O C
Boc
10 11 12
Entry Ligand Substrate RA Conv. (%)
1 <1
2 10 NaBArF <1
3 RbBArF <1
4 <1
5 (SHL1 11 NaBArF <1
6 RbBArF <1
7 <1
8 12 NaBArF <1
9 RbBArF <1
10 <1
11 10 NaBArF <1
12 RbBArF <1
13 <1
14 (R,S)-L2 11 NaBArF <1
15 RbBArF <1
16 <1
17 12 NaBArF <1
18 RbBArF <1
19 <1
20 10 NaBArF <1
21 RbBArF <1
22 <1
23 (S,S)-L3 11 NaBArF <1
24 RbBArF <1
25 <1
26 12 NaBArF <1
27 RbBArF <1

a AHF reactions were performed in a HEL parallel reactor. Reaction conditions: S/C ratio= 100; [10-12] =
0.26 M; T =40 °C, t = 18 h. Conversion was determined by "H NMR.
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Table S8. AHF of cis-4,7-dihydro-1,3-dioxepin (8) using Rh-complexes of ligands L1-L3.2

Entry Ligand RA Conv. (%) ee (%)°
1 28 6 (+)
2 NaBArF >99 85 (+)
3 KBArF >99 74 (+)

(S)-L1
4 RbBArF >99 75 (4)
5 CsBArF >99 69 (+)
6 NaBArfFe 95 92 (+)
7 23 10 (-)
8 NaBArF >99 36 (+)
9 KBArF >99 83 (+)
(R,S)-L2
10 RbBArF >99 80 (+)
1 CsBArF >99 71(+)
12 KBArFe >99 93 (+)
13 17 rac
14 NaBArF >99 rac
15 KBArF >99 66 (+)
(S,5)-L3
16 RbBArF >99 74 (+)
17 CsBArF >99 49 (+)
18 RbBArFe >99 89 (+)

a AHF reactions were performed in a HEL parallel reactor. Reaction conditions: (S/C ratio= 100; [8] = 0.26 M; T = 40
°C , t = 18 h). Conversion was determined by 'H NMR and ee’s were determined by GC analysis on a chiral
stationary phase (-Dex™ 225, for details, see section 3.5). b Optical rotation was determined of the crude mixture of
reaction of entry 12 (93% ee). ¢ Reaction at 25°C.
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3.6.4. Selected GC chromatograms
GC chromatogram of the hydroformylation products of 1a (entry 2, Table 1)
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GC chromatogram of the hydroformylation products of 1b (entry 4, Table 1)
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GC chromatogram of the hydroformylation products of 1¢ (entry 13, Table S3)
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GC chromatogram of the hydroformylation products of 1d (entry 8, Table 1)

PA cHo B

200

150

CHO
100

12.803

CHO
50 ©/\/

10 " 12 13 14 15 16 17 min
Peak RetTime Type Width Lrez Height Lrez
# [min] [min] [pR*s] iy %

97



UNIVERSITAT ROVIRA I VIRGILI

DESIGN AND APPLICATION OF BISPHOSPHITE LIGANDS WITH A DISTAL REGULATION SITE FOR ASYMMETRIC CATALYSIS
Laura Rovira Gonzialez

Chapter 3

GC chromatogram of the hydroformylation products of 1e (entry 10, Table 1)
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GC chromatogram of the hydroformylation products of 4 (entry 8, Table 2)
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GC chromatogram of the hydroformylation products of 8 (entry 6, Table 4)
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3.6.5. Characterization the hydroformylation products of 8

GC chromatogram of the racemic mixture of 9
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GC-MS chromatogram of the racemic mixture of 9
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Figure S$23. 'H NMR spectrum of isolated aldehyde 9.
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Figure S24. "3C{'"H} NMR spectrum of isolated aldehyde 9.
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GC chromatogram of isolated aldehyde 9
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3.7. Additional studies on the hydroformylation of heterocyclic olefins and on the structure of

catalytically relevant rhodium complexes

3.7.1. Preparation of new ligands with a smaller regulation site and application in the
hydroformylation of heterocyclic olefins
3.7.1.1. Discussion

Previous studies on supramolecularly regulated bisphosphite ligands for hydroformylation dealt with
ligands incorporating larger regulation sites than those in L2 or L3 (i.e. up to 8 ethyleneoxy units with a
conformationally labile [1,1'-biphenyl]-2,2'-diol) in the regulation site). These ligands turned out to be
inefficient in hydroformylation reactions probably due to their high flexibility. For this reason, we became
interested in studying the catalytic properties of ligands as L4 and L5, which may be considered more rigid
analogues of L2 and L3, respectively, as they contain two ethyleneoxy units bonded to the BINOL's

hydroxyl groups in the regulation site. These new ligands were straightforwardly prepared following an
analogous synthetic strategy than that for L2 and L3 (See section 3.7.1.2).

%

/P
m“vﬁ\/\o o/\/o tBu
0 tBu

tBu
o o
0
(R,S)-L2 (R,S)-L4
(5,5)-L3 (S,5)-L5

Figure A1. Enantiomerically pure bisphosphite ligands with a distal regulation site.

With the new ligands in hand, we tested them in the AHF of the previously studied heterocyclic
olefins (ie. 2,5-dihydrofuran (4), 2,3-dihydrofuran (7) and cis-4,7-dihydro-1,3-dioxepin (8)). The
hydroformylation studies were performed under standard hydroformylation screening conditions that
involved catalytic amounts of [Rh(x?0,0°—acac)(CO);] (1 mol%) as the rhodium precursor, the
corresponding ligands and the regulation agents at 40 °C under 10 bar of a 1:1 Ho/CO mixture in toluene,
with the minimum amount of THF to solubilize the RA (97:3 v/v).

Initially 2,5-dihydrofuran (4) was chosen to evaluate the regio- and enantio-selectivity of the
reaction (Table A1). In the absence of alkali metal BArF salts, low conversions were observed for the
hydroformylation of 4 mediated by ligands (R,S)-L4 and (S,S)-L5. For all the combinations of ligand and
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RA tested, 2-carbaldehyde (5) and the isomerization product 7 were not detected, which indicates that the
chemo- and regio-selectivity in the hydroformylation of 4 is higher with the rigid ligands L4 and L5 than
with the ligands L2 and L3 having a longer polyether chain. Unfortunately, enantioselectivities were lower
with these rigid ligands (compare the results summarized in Table 2 for L2 and L3 and in Table A1 for L4
and L5). The highest value of enantiomeric excess obtained for 3-carbaldehyde 6 was 36% ee when

(S,S)-L5 was employed in combination with CsBArF as RA (see entry 12 in Table A1).

0 Bisphosphite ligand L4 or L5
BArF salts (RA)
(RA/L/[Rh] = 0.016:0.012:0.01)

il CHO
@ 10 bar of 1:1 H,/CO O\ <—§
toluene/THF (97:3 viv), 40 °C o> CHO ¥ o
5 6

CHO
Z X [Rh(x20,0'-acac)(CO),] @CHO * [ oﬁ * <o>\
5 6 7

0
7

Scheme A1. AHF of 4 and 7 mediated by supramolecularly regulated ligands L4 or L5.

Table A1. AHF of 4 using Rh-complexes of ligands L4 or L5 and a set of BArF salts as RAs.2

Entry Ligand RA C(iz;’ : ;aé"; eecgfnﬁé%) ce of 6 g(.%)
1 - 54 <1:44:56 nd 6 (R)
2 LiBATF >99 <1:90:10 nd 16 (R)
3 NaBArF >99 <1:99:1 nd 17 (R)

(R.S)-L4
4 KBAIF >99 <1:99:1 nd 18 (R)
5 RbBAF >99 <1:99:1 nd 16 (S)
6 CsBAF >99 <1:99:1 nd 2(R)
7 - 13 <1:>99:<1 n.d 29 (R)
8 LIBAF >99 <1:>99:<1 nd 30 (R)
9 soLs  NEBAT >99 <A1:>99:<1 nd 32(R)
10 KBATF >99 <1:>99:<1 nd 33(R)
11 RbBArF >99 <A1:>99:<1 nd 32(9)
12 CsBAF >99 <1:>99:<1 nd 36 (R)

a See footnote a in Table 1 for details, with the following remarks: Reaction conditions are shown in
Scheme A1 and the amount of 7 was determined by 'H NMR.

In the case of 2,3-dihydrofuran (7), the substrate reacted more slowly than 2,5-dihydrofuran (4), with
both ligands: the substrate was not fully converted into hydroformylation products, even in the presence of
the RAs. The best result in terms of conversion was provided by the combination of (S,S)-L5 and KBArF

as RA (up to 76%, entry 10 in Table A2). The ee values were lower compared with those obtained with
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ligands L2 and L3. For instance, the ligand (R,S)-L4 provided the highest ee’s in combination with LiBArF
or RbBArF as RAs (up to 31% for aldehyde 5 and 28-29% for aldehyde 6; see entries 2 and 5 in Table
A2), whilst the analogous ligand with four ethyleneoxy groups bonded to the BINOL's hydroxyl groups
provided the highest ee in combination with KBArF (81% ee for aldehyde 5 and 20% ee for aldehyde 6,
see entry 8 in Table 3).

Table A2. AHF of 7 using Rh-complexes of ligands L4 or L5 and a set of BArF salts as RAs.2

Entry Ligand RA C(?,/:)V ' ;?él:c-), eecg;% % ) eecggﬁg( ,%)
1 - 0 nd nd n.d
2 LiBArF 50 10:40:50 31(R) 29 (R)
3 RSHLA NaBArF 56 10:46:44 27 (R) 30 (R)
4 KBArF 60 13:47:40 23 (R) 29 (R)
5 RbBArF 53 11:42:47 31(R) 28 (R)
6 CsBAIF 64 15:49:36 21(5) 25 (R)
7 - 0 nd nd n.d
8 LiBArF 69 17:52:31 5(R) 15 (S)
9 S5 NaBArF 67 15:52:33 3(9) 14.(S)
10 KBArF 76 20:56:24 3(R) 17(S)
11 RbBArF 51 12:39:49 6(S) 12(S)
12 CsBAIF 57 17:40:43 3(9) 14.(S)

a See footnote a in Table 1 for details, with the following remarks: Reaction conditions are shown in
Scheme A1 and the amount of 7 was determined by 'H NMR.

As regards the hydroformylation of cis-4,7-dihydro-1,3-dioxepin (8), ligands (R,S)-L4 and (S,S)-L5
were very active in this transformation displaying full conversion under all reaction conditions tested. The
ee values were lower compared to those obtained with L2 and L3. The highest enantioselectivity was
obtained employing ligand (R,S)-L4 in combination with LiBArF or KBArF (76% ee, entry 2 and 4 in Table
A3), whilst the analogous ligand with four ethyleneoxy groups bonded to the hydroxyl groups in the BINOL
fragment provided the highest ee in combination with KBArF (83% ee, see entry 5 in Table 4).

[Rh(x%0,0'-acac)(CO),] CHO

_ Bisphosphite ligand L4 or L5
m BAYF salts (RA) N ’

0._0 (RA/L/[Rh] = 0.016:0.012:0.01) 0._0
10 bar of 1:1 H,/CO
toluene/THF (97:3 viv), 40 °C

9

Scheme A2. AHF of 8 mediated by supramolecularly regulated ligands L4 or L5.
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Table A3. AHF of 8 using Rh-complexes of ligands L4 or L5 and a set of BArF salts as RAs.2

Entry Ligand RA Conv. (%) e%gr‘;f‘i’g(j/")
1 - 68 67 (+)
2 LiBAYF >99 76 (+)
3 NaBArF 39 3(4)

(R.S)-L4
4 KBAIF >99 76 (+)
5 RbBAIF >99 52 (+)
6 CsBAF >99 55 (+)
7 - 23 17 (1)
8 LiBAYF >99 10 (+)
9 NaBArF >99 7 ()
(S,5)-L5
10 KBAIF >99 22 (+)
11 RbBAIF >99 11(9)
12 CsBATF >99 20 (+)

a See footnote a in Table 1 for details, with the following remarks: Reaction
conditions are shown in Scheme A2. ® Absolute configuration is unknown,
and the sign of the optical rotation is provided.

In short, the increased rigidity of the ligands associated with the reduction in the number of
ethyleneoxy units from four to two in the regulation site turned out to be detrimental for the catalytic activity
and the regulation ability of these supramolecular ligands in the asymmetric hydroformylation of

heterocyclic olefins.
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3.7.1.2. Experimental section and NMR spectra of ligands (R,S)-L4 and (S,S)-L5

Synthesis of ligand (R,S)-L4: Ligand (R,S)-L4 was synthesized from (S)-5,5'-6,6 -Tetramethyl-3,3"-di-
tert-butyl-1,1"-biphenyl-2,2"-diol (347 mg, 0.98 mmol), which was azeotropically dried with toluene (3 x 2
mL) under argon atmosphere. The remaining solid was dissolved in anhydrous toluene (ca. 16 mL) and
slowly added to a stirred solution of PCl; (108 L, 1.23 mmol) and NEt3 (389 z1., 2.80 mmol) in dry toluene
(ca. 16 mL) at 0 °C. The solution was allowed to reach room temperature and was stirred overnight. The
turbid reaction mixture was filtered, and the solvent was evaporated under reduced pressure. The resulting
residue was dissolved in ca. 16 mL of dry toluene and NEt; (389 L, 2.80 mmol). A solution of (R)- 2,2'-
([1,1"-binaphthalene]-2,2'-diylbis(oxy))diethanol’® (169 mg, 0.45 mmol in ca. 16 mL of toluene) was slowly
added to the previous solution, and the mixture was allowed to react overnight at room temperature. The
reaction mixture was filtered, and the solvent was evaporated under reduced pressure. The resulting crude
mixture was purified by column chromatography on silica gel using cyclohexane/EtOAc 90:10, as the
elution solvent, to obtain the expected bisphosphite ligand (R,S)-L4 as a white solid. Isolated 221 mg, 43%
yield, quantitatively pure by 3'P NMR. 'H NMR (CDCls, 400 MHz): 5 7.85 (s, 1H), 7.82 (bs, 2H), 7.80 (s,
1H), 7.34—7.28 (m, 4H), 7.19-7.14 (m, 4H), 7.02 (bs, 2H), 6.99 (s, 1H), 6.97 (s, 1H), 3.95-3.84 (m, 4H),
3.75-3.67 (m, 2H), 3.23-3.16 (m, 2H), 2.25 (s, 6H), 2.11 (s, 6H), 1.76 (d, J = 7.2 Hz, 12H), 1.41 (s, 18H),
1.28 (s, 18H). *C{'H,%'P} NMR (CDCls, 126 MHz,): 5154.3, 145.4, 145.4, 138.2, 137.0, 135.1, 134.4,
134.1,132.5,131.8, 131.7, 131.74 , 130.7, 129.7, 129.5, 128.1, 128.0, 127.9, 127.88, 126.3, 125.5, 123.9,
120.8, 116.7, 69.5, 62.5, 34.8, 34.7, 31.5, 31.1, 20.6, 20.4, 16.8, 16.6. 3'P{"H} NMR (CDCls, 202 MHz):
6130.7 (s). HRMS—-ESI-TOF (m/z): [M + H]* calcd for CrHgs08P2, 1139.5714; found, 1139.5712.
[a]4°= +422.2 (¢ 0.1, DCM). IR (neat, cm™") © 2956, 2868, 1226, 1024, 870. mp 128.6-130.4 °C.

Synthesis of ligand (S,S)-L5: Ligand (S,S)-L5 was synthesized from (S)-5,5-6,6 -Tetramethyl-3,3"-di-
tert-butyl-1,1"-biphenyl-2,2"-diol (384 mg, 1.08 mmol), which was azeotropically dried with toluene (3 x 2
mL) under argon atmosphere. The remaining solid was dissolved in anhydrous toluene (ca. 18 mL) and
slowly added to a stirred solution of PCl3 (119 L, 1.36 mmol) and NEt3 (431 41, 3.10 mmol) in dry toluene
(ca. 18 mL) at 0 °C. The solution was allowed to reach room temperature and was stirred overnight. The
turbid reaction mixture was filtered, and the solvent was evaporated under reduced pressure. The resulting
residue was dissolved in ca. 18 mL of dry toluene and NEts (431 xL, 3.10 mmol). A solution of (S)- 2,2'-
([1,1-binaphthalene]-2,2'-diylbis(oxy))diethanol® (187 mg, 0.49 mmol in ca. 18 mL of toluene) was slowly
added to the previous solution, and the mixture was allowed to react overnight at room temperature. The
reaction mixture was filtered, and the solvent was evaporated under reduced pressure. The resulting crude
mixture was purified by column chromatography on silica gel using cyclohexane/EtOAc 90:10 as the

elution solvent to obtain the expected bisphosphite ligand (S,S)-L5 as a white solid. Isolated 210 mg, 37%
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yield, quantitatively pure by 3'P NMR. '"H NMR (CDCls, 400 MHz,): 67.89 (s, 1H), 7.87 (s, 1H), 7.85 (s,
1H), 7.83 (s, 1H), 7.34-7.29 (m, 4H), 7.19-7.13 (m, 4H), 7.05 (s, 1H), 7.03 (s, 1H), 7.01 (bs, 2H),
3.90-3.87 (m, 4H), 3.77-3.69 (m, 2H), 3.21-3.15 (m, 2H), 2.24 (s, 6H), 2.15 (s, 6H), 1.77 (d, J = 17.5 Hz,
12H), 1.38 (s, 18H), 1.29 (s, 18H). ®C{'H,*'P} NMR (CDCls, 100 MHz,): 5154.3, 145.5, 145.46, 138.2,
136.9, 135.1, 134.4, 134.1, 132.5, 131.8, 131.6, 130.7, 129.8, 129.5, 128.1, 128.0, 127.9, 126.4, 125.7,
124.0,121.0, 116.9, 69.7, 62.8, 34.7, 34.66, 31.4, 31.1, 20.5, 20.47, 16.8, 16.6. 3'P{'H} NMR (CDCls, 162
MHz): 6131.3 (s). HRMS—ESI-TOF (m/z): [M + HI+ calcd for C7,HgsOsP2, 1139.5714; found, 1139.5690.
[a]3°= +389.6 (c 0.1, DCM). IR (neat, cm™) © 2956, 2868, 1225, 1024, 870. mp 127.3—140.5 °C.

The spectra of the new ligands synthesized are shown in the following figures:
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Figure A2. 'H NMR spectrum of (R,S)-L4.
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Figure A3. BC{'H,*'P} NMR spectrum of (R,S)-L4.
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Figure A4. 3'P{'H} NMR spectrum of (R,S)-L4.
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Figure A6. C{'H,3'P} NMR spectrum of (S,S)-L5.
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Figure A7. 3'P{'H} NMR spectrum of (S,S)-L5.
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3.7.2. Studies on the structure of catalytically relevant species in hydroformylation derived from
ligand (R)-L6

3.7.2.1. Discussion

Taking into account the notable regulation properties of the supramolecular bisphosphite ligand (R)-
L6 in Rh-mediated asymmetric hydroformylations of several functionalized alkenes,? and in order to
elucidate the structure of catalytically relevant species, complexation experiments between (R)-L6 and
[Rh(x20,0’—acac)(CO),] (in the presence and absence of the appropriate regulation agent) were
performed within this PhD Thesis. The results of these complexation experiments have been summarized
in the discussion that follows.

[Rh(x20,0'-acac)(CO),] and (R)-L6 were reacted at 40 °C in a typical solvent mixture for
hydroformylations toluene/THF (97:3 v/v) under 10 bar of 1:1 H./CO. Interestingly, the addition of
equimolar amounts of [Rh(x20,0'-acac)(CO).] to a solution of (R)-L6, followed by reaction for 2 h, did not
lead to the expected hydrido-dicarbonyl chelate [Rh(H)(CO),(x2P,P'—(R)-L6)], but rather to the complex
[Rh(x20,0'-acac)(CO)(x'P—(R)-L6)] (see Scheme A3 and Figure A9), which was formed upon
displacement of a CO ligand by a phosphite group. The complex [Rh(x20,0'-acac)(CO)(x'P—(R)-L6)]
evolved to the expected chelate [Rh(H)(CO)a(x2P,P'—(R)-L6)] with time (16 h total), even in the absence of

a polyether chain binder.
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Figure A8. Supramolecularly regulated bisphosphite ligand (R)-L6.

Binding between RbBArF and the ligand (R)-L6 is strong ((1.2 x 104 + 2 x 10%) M™"; measured by
NMR spectroscopy at 25 °C in C7Dg/C4DgO (99.8:0.2, viv)).2 This high affinity translates into the efficient
formation under hydroformylation reaction conditions of the chelate [Rh(H)(CO)2(x2P,P'—RbBArF+(R)-L6)]
after only 2 h (instead of the 16 h required for the reaction without RA; see Scheme A3 and Figure A9).
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This behavior clearly demonstrated that binding of the RA to (R)-L6, serves to bring the two terminal

phosphorus groups closer together, thereby favoring the formation of chelate species.

10 bar of 1:1 CO/H,,

(R-L6 + [Rh(x20,0'-acac)(CO),] 40°C,2h > [Rh(x20,0'-acac)(CO)(x 'P—(R)-L6)]
((R)-L6/[Rh)/RA ratio = 1:1:0)
40°c | 16h
\ overall
[Rh(H)(CO),(x?P,P'—(R)-L6)]
10 bar of 1:1 CO/H,, RA
40°C, 2h

((R)-L6/[Rh}/RA ratio = 1:1:1.3)

Experiments in C;Dg/C4DgO (97:3 viv);
RA = RbBArF

»[Rh(H)(CO),(x?P,P—RA*(R)-L6)]

Scheme A3. Complexation of [Rh(x20,0'-acac)(CO),] and (R)-L6 in the presence or absence of RbBArF.

Formation of the rhodium chelate ([Rh(H)(CO)2(x2P,P’—RbBArF+(R)-L6)] was unequivocally proven
with standard spectroscopic techniques,? from which 3'P and 'H high-pressure (HP) NMR analysis proved
to be invaluable. For instance, the 3'P NMR spectrum of [Rh(H)(CO).(«?P,P’—-RbBArF+(R)-L6)] showed a
doublet at & 146.3 ppm ('Jrnp = 249 Hz), which clearly indicated a bidentate coordination mode for
RbBArF+(R)-L6 towards the rhodium center (see Figure A18). Only one hydrido signal was observed in the
H NMR spectrum, which exhibited a broad, poorly resolved doublet centered at 5—10.62 ppm. The Rh—H
coupling constant value ("Jrn_+) was calculated to be 3.4 Hz, but the P—H coupling (through two bonds)
was too small to be directly measurable, and only led to signal broadening rather than to proper signal
splitting (width of the hydride signal at half height: = 9 Hz; see Figure A18). This P-H coupling was
demonstrated by 'H—3'"P HMBC spectroscopy, which showed a cross-peak signal between the signals of
the hydrido group and the phosphite moieties (Figure A19 in section 3.7.2.2). This combination of small
P—H coupling and large Rh—P coupling indicated that the hydrido ligand has a strong preference for a cis-
orientation relative to the P-ligating groups, which are coordinated in an equatorial—equatorial fashion to a
trigonal-bipyramidal rhodium center.822! Many other rhodium complexes with this type of spatial orientation
between the bisphosphite ligand and the hydride have been reported as excellent catalysts for
hydroformylations.8a Similar conclusions were drawn from the studies on complexation of the rhodium
precursor [Rh(x20,0'-acac)(CO);] and the ligand (R)-L6: also in this case, a trigonal—bipyramidal
hydrido—dicarbonyl rhodium complex with two equatorial sites occupied by the phosphorus ligating groups

was formed (Figure A9).
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e) (R)-L6/[Rh)/RbBArF = 1:1:1.3;
CO/H, 1:1 (10 bar);
rt; P NMR
[Incubation time:
2 hat40 °C;
CO/H, 1:1 (10 bar)]

d) (R)-L6/[Rh]/RbBArF = 1:1:0;
CO/H, 1:1 (10 bar);
rt; P NMR
[Incubation time:
} I 16 h at 40 °C;
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Figure A9. Comparison of 3'P{'H} NMR spectra of : a) (R)-L6 under N2, b) (R)-L6 and RbBArF under Nz, c)
[Rh(x20,0'-acac)(CO)(x'P—(R)-L6)] under H2/CO (1:1), d) 3'P NMR [Rh(H)(CO)2(x2P,P"'—(R)-L6)] complex and 'H
NMR hydride-region, €) 3'P NMR [Rh(H)(CO)2(x2P,P'—RbBArF+(R)-L6)] complex and 'H NMR hydride-region.
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3.7.2.2. Coordination studies of ligand (R)-L6 and [Rh(x20,0'-acac)(CQ),] and NMR spectra

Formation of [Rh(x20,0'-acac)(CO)(x'P—(R)-L6)]

An equimolar solution of (R)-L6 and [Rh(x*0,0'—acac)(CO),] in C7Ds/C4DsO (97:3 V/V) (ca. 5 mM) was
stirred at rt for 2 h under N,. Spectroscopic data obtained from this solution were in agreement with the
quantitative formation of the [Rh(x20,0'-acac)(CO)(x'P—(R)-L6)] complex: 'H NMR (C7Ds/C4sDsO (97:3
vlv), 500 MHz): 58.13 (s, 1H), 8.09-8.08 (m, 2H), 8.06 (s, 1H), 7.69—7.63 (m, 4H), 7.27 (d, J = 8.5 Hz,
1H), 7.19-7.15 (m, 3H), 7.12-7.09 (m, 4H), 6.88-6.81 (m, 4H), 520 (s, 1H),4.27-4.21 (m,
1H), 4.02-3.97 (m, 1H), 3.82-3.77 (m, 1H), 3.36-3.21 (m, 11H), 3.16 (t, J = 5.0 Hz, 2H), 1.79 (s, 3H),
1.42 (s, 3H), 0.69 (s, 9H), 0.59 (s, 9H), 0.52 (s, 18H). 3'P{'"H} NMR (C7Ds/C4DsO (97:3 v/v), 202 MHz): &
137.5 (s), 138.3 (d, J = 283 Hz); MALDI-TOF (m/z): [M — COJ* calcd for CesH79011P2SisRh 1312.3230,
found 1312.3153. IR (ATR under N2 cm™") © 2005. Attempts to isolate this rhodium complex in analytically

pure form failed.

Stepwise formation of [Rh(H)(CO),(x2P,P’—RbBArF+(R)-L6)] via [Rh(x?0,0'-acac)(CO)(x'P—(R)-L6)]
An equimolar solution of (R)-L6 and [Rh(x*0,0'-acac)(CO),] in C7Dg/C4DsO (97:3 v/v) (ca. 5 mM) was
stirred at 40 °C for 2 h at 10 bar of syngas (1:1 Ho/CO) in an autoclave. Spectroscopic data at this point

were in agreement with the formation of the [Rh(x20,0'-acac)(CO)(x'P—(R)-L6)] complex (see
spectroscopic data indicated above and Figure A11), together with minor amounts of
[Rh(H)(CO)o(x2P,P’—(R)-L6)]. Further stirring of the previous reaction mixture at 40 °C for an overall
reaction time of 16 h under 10 bar of syngas (1:1 H2/CO) in an autoclave led to the formation of the
[Rh(H)(CO)(x2P,P'—(R)-L6)] complex. The autoclave 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 with syngas (1:1 Ho/CO, 10 bar) and the HP-NMR spectra were collected at 25 °C
(see Figure A12 to Figure A15). MS samples were immediately recorded under N, after depressurizing the

autoclave.
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Spectroscopic data obtained from this solution were in agreement with the quantitative formation of the
[Rh(H)(CO)(x2P,P'~(R)-L6)] complex: 'H NMR (C7Ds/C4DsO (97:3 viv), 500 MHz): 68.11 (s, 2H), 8.03 (s,
2H), 7.64 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 7.9 Hz, 2H), 7.14-6.95 (m, 8H), 6.80—6.77 (m, 2H), 6.75-6.72
(m, 2H), 4.46—4.36 (m, 2H), 3.90-3.85 (m, 2H), 3.57-3.53 (m, 3H), 3.51-3.45 (m, 3H), 3.41-3.37 (m,
6H), 0.69 (s, 18H), 0.48 (s, 18H), —10.13 (s, 1H). *C{'H} NMR (C7Ds/C4DsO (97:3 v/v), 125 MHz): 5191.3,
154.0, 151.4, 137.8, 137.7, 137.25, 137.18, 134.8, 134.7, 134.3, 133.2, 132.9, 132.0, 131.6, 1314,
131.25, 131.15, 129.2, 128.6, 128.5, 128.3, 127.2, 127.1, 127.0, 126.9, 126.8, 126.7, 126.5, 123.6, 122.5,
70.8, 70.7, 70.1, 66.4, 1.8, 0.0. 3'P{'H} NMR (C7Ds/C4DgO (97:3 v/v), 202 MHz): & 158.7 (d, Jrnp = 242
Hz). MALDI-TOF (m/z): [M—2CO-H]* calcd for CeH7209P2SisRh 1213.2784, found 1213.2803. IR
(recorded at 10 bar of 1:1 Ho/CO in a HP cell, cm) b 2024, 2046. Attempts to isolate this rhodium

complex in analytically pure form failed.

Further addition of 1.3 equiv. of RoBArF, followed by repressurization at 10 bar of syngas (1:1 H./CO) and
stirring for 2 h under these conditions, led to the formation of the [Rh(H)(CO)(x2P,P’—RbBArF+(R)-L6)]
complex. Spectroscopic data were in agreement with those observed when this complex was directly
prepared by mixing [Rh(x*0,0'—acac)(CO)], ligand (R)-L6 and RbBArF in a 1:1:1.3 ratio (see below).

Direct formation of [Rh(H)(CO)z(x*P,P’'—~RbBArF+(R)-L6)]

A 5 mM solution of (R)-L6 (1 equiv.), [Rh(x*0,0'-acac)(CO),] (1 equiv.) and RbBArF (1.3 equiv.) in
C7Ds/C4DgO (97:3 viv) was transferred to a 25 mL autoclave reactor, which was pressurized to 10 bar of
syngas (1:1 H/CO) and warmed to 40 °C. The mixture was allowed to stir for 2 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 with syngas (1:1 H2/CO, 10 bar)
and the HP-NMR spectra were collected at 25 °C (see Figure A16 to Figure A19). 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(H)(CO)2(x2P,P’—RbBArF+(R)-L6)]
complex: 'H NMR (C7Dg/C4DsO (97:3 viv), 500 MHz): 68.13 (s, 3H), 7.97 (s, 2H), 7.70—7.66 (m, 8H), 7.54
(d, J = 8.0 Hz, 2H), 6.79-6.76 (m, 5H), 3.74-3.72 (m, 2H), 3.47-3.39 (m, 2H), 2.98-2.87 (m, 10H),
2.68-2.56 (m, 2H), 0.54 (s, 18H), 0.41 (s, 18H), —10.62 (d, J = 3.1 Hz, 1H). "*C{"H} NMR (C7Ds/CsDsO
(97:3 viv), 125 MHz): 5191.3, 162.6 (q, J = 49.7 Hz), 154.0, 150.3, 138.5, 138.4, 135.5, 134.5, 134.3,
131.9, 131.6, 131.1, 130.3, 130.1, 129.8, 129.5, 129.2, 128.5, 128.3, 127.9, 127.5, 127.0, 126.9, 126.4,
126.0, 125.9, 125.4, 124.2, 123.0, 122.0, 118.0, 70.1, 69.5, 69.4, 67.3, 1.6, 0.3. 3'P{"H} NMR (C;Dg/C4DsO
(97:3 viv), 202 MHz): & 146.3 (d, J = 249 Hz). MALDI-TOF (m/z): [M—RbBArF—2CO-H]* calcd for
CeoH7209P2SisRh 1213.2784, found 1213.2790. IR (recorded at 10 bar of 1:1 H2/CO in a HP cell, cm™) b
2040, 2077. Attempts to isolate this rhodium complex in analytically pure form failed.
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The spectra of complexes derived from (R)-L6 and [Rh(x20,0'-acac)(CO);] are shown in the following

figures:

Toluene JJ l JLJ—

R ) W g

Figure A10. 'H NMR spectrum of [Rh(x20,0'-acac)(CO)(x'P—(R)-L6)] (25 °C, C7Ds/C4DgO (97:3 viv)).
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Figure A11. Comparison of 3'P{"H} NMR spectra of [Rh(x20,0'-acac)(CO)(x'P—(R)-L6)] under (a) N,
and (b) Ho/CO (1:1).
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Figure A12. High pressure "H NMR spectrum of [Rh(H)(CO)2(x2P,P"—(R)-L6)] complex (25 °C,
C7D8/C4Dgo (97:3 V/V)).
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Figure A13. High pressure *C{'"H} NMR spectrum of [Rh(H)(CO),(x2P,P"—(R)-L6)] complex (25 °C,
C7Dg/C4DgO (97:3 VIv)).
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Figure A14. High pressure 3'P NMR spectrum and 'H NMR hydride-region (25 °C, C7Dg/C4DsO (97:3 v/v))
of the [Rh(H)(CO)z(x2P,P"—(R)-L6)] complex.
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Figure A15. High pressure 'H-*'P HMBC spectrum (25 °C, C7Ds/C4DsO (97:3 viv)) of the
[Rh(H)(CO)(x?P,P"—(R)-L6)] complex.
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Figure A17. High pressure ™ C{'"H} NMR spectrum of the [Rh(H)(CO).(x2P,P'—RbBArF+(R)-L6)] complex
(25 °C, C7Ds/C4DgO (97:3 V/v)).
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Figure A18. High pressure 3'P NMR spectrum and 'H NMR hydride-region (25 °C, C;Ds/C4Ds0 (97:3 v/v))
of the [Rh(H)(CO)z(x2P,P’'—RbBArF+(R)-L6)] complex.
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Figure A19. High pressure 'H-3'"P HMBC spectrum (25 °C, C;Dg/C4DgO (97:3 v/v)) of the
[Rh(H)(CO),(x2P,P'—RbBArF+(R)-L6)] complex.
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The solid state structure of the alkali metal salts derived from the weakly coordinating BArF anion

4.1. Abstract

(BArF = [B(3,5-(CF3)2CsHs)s] ) has been determined by single crystal X-ray diffraction analysis. An efficient
synthetic method for the lithium BArF salt has been developed. Alkali metal BArF salts crystallized as
water solvates with the exception of the cesium BArF salt, which crystallized as a dichloromethane
solvate. The boron atom in the BArF moiety displays in all cases a tetrahedral geometry, with disordered
CF3 groups. Lithium and sodium BArF salts are isostructural and display two geometries (a trigonal
bipyramidal and an octahedral metal geometries). Potassium and rubidium BArF salts are also
isostructural with nine atoms (one oxygen and eight fluorine atoms) coordinated to the alkali metal. The
cesium salt shows a similar arrangement of the atoms in the crystal structure than the potassium and
rubidium salts. The distance between the alkali metal and the boron atom shows an increasing tendency
with the size of the cation. The observed distances demonstrate that the boron atom is in all cases

isolated from the alkali metal cation.
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4.2. Introduction

The term weakly coordinating anion (WCA) appeared in the literature in the 90°s and was used to
describe anions that interacted weakly with cations.! This qualifying term was used in the past for
counterions such as [CIO4]", [PFs], [SbFe]", [AsFs] ", [BF4]", [CFsSOs] and [AICI4]", as it was believed that
they had a weakly coordinating character. Although the accuracy of this statement was proven for
aqueous solutions of these salts, researchers demonstrated that this class of anions lost their non-
coordinating character when water was eliminated.? The ideal property of weakly coordinating anions
should be the delocalization of the negative charge over the non-nucleophilic region. They were built
around a chemically robust core and showed overall low nucleophilicity and basicity and allowed the

stabilization of very reactive cations.3

A wide variety of WCA species are known3 and, amongst them, borate-based anions (i.e. [BPhs]™ and
its derivatives)* deserve special mention. For instance, the tetraphenylborate anion [BPh4]", which results
from the exchange of fluorine atoms by phenyl groups in the tetrafluoroborate ([BF4]") anion, was used as
a phase-transfer catalyst in a number of transformations and as counterion in Fe-based Ziegler-Natta
olefin polymerization catalysts.’c The tetraphenylborate group is prone to hydrolysis, sensitive to
photochemical decomposition and to cleavage of its phenyl groups.? All these drawbacks were solved by

attaching fluorine-containing substituents to the phenyl groups.

Several fluorine-containing derivatives of [BPhs™ have been developed (i.e. [B(CsFs)s], [B(3,5-
(CF3)2CsHs3)a]” and [B(CF3)s]; see references 4a, 4f and 4h, respectively). The tetrakis[3,5-
bis(trifluoromethyl)phenyl]oorate anion ([B(3,5-(CF3).CeHs3)s]- or BArF anion; Figure 1) has gained
relevance within this group of fluorine-containing anions given its weak interaction with cations.
Bis(trifluoromethyl)phenyl groups are lipophilic and, as they are situated at the surface of the molecule, the
BArF anion forms hydrophobic ion pairs with various monovalent cations, such as potassium,® silver,® and
thallium.” It is interesting to note that the negatively charged boron atom is coordinately saturated and
cannot be covalently bonded to the corresponding cation. Furthermore, the BArF anion is resistant to a

variety of oxidants as well as very lipophilic with a high chemical stability and solubility in organic solvents.

Figure 1. BArF anion [B(3,5-(CF3),CeHs)a] .
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BArF salts were used as the first effective catalysts in anionic phase transfer catalysis reactions. 40520
New and important applications for the BArF anion have been reported in the last years, replacing
classical anions.®'¢ BArF salts have been used in organic transformations as a Lewis acid catalysts in
Diels-Alder reactions® and cycloaddition reactions.® Applications of BArF salts in electrochemistry,’ in
lithium batteries," as components of ionic liquids'? and as an extractant of lanthanide ions' have also
been described. As regards asymmetric catalysis, the BArF anion has been widely used as a counterion in
Ir-mediated asymmetric hydrogenation of unfunctionalized alkenes (iridium precatalysts that contain the
BArF anion are less prone to form inactive hydrido-bridged trimeric iridium species)." More recently, our
group' and others'® have used alkali metal BArF salts in combination with supramolecular ligands to fine-
regulate the geometry of the catalytic site in asymmetric transformations of interest, such as asymmetric

hydrogenation and hydroformylation reactions.

The synthesis of sodium BArF was first reported by the Kobayashi’s group (Scheme 1a)*: following
a three step procedure: (i) formation of [3,5-bis(trifluoromethyl)phenyl] magnesium iodide (2), (ii) reaction
of boron trifluoride with arylmagnesium species, and (iii) aqueous cation exchange. Due to the hazards
associated with this synthetic method (i.e. explosive decomposition of (trifluoromethyl)-aryl Grignard
reagents in the presence of an excess of magnesium metal), Bergman and co-workers'” described a safer
and more efficient preparation method for sodium BArF excluding the use of magnesium metal as reagent

and using NaBF4 instead of BF3 as the boron source (see Scheme 1b).

a)
FsC FsC 1) BF; etherate FsC
Mg reflux, 12 h o @
| —— Mgl > B Na-3H,0
2) aq. Na,CO4
F4C F4C FsC 4
1 2 3
b)
. F3C
FsC 1) i-PrMgClI, THF o
2) NaBF, B Na
Br -
3) Na,CO4/NaHCO4;Et,0 FsC
F4C 4
4 5

Scheme 1. Synthesis of sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate.

As regards the preparation of other alkali metal BArF salts, an analogous synthetic protocol for
potassium BArF involving Grignard reagents had also been reported.® The preparation of the heavier alkali

metal BArF salts had also been reported by displacement of the sodium cation in NaBArF by rubidium?®
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or cesium.'® Given the lower solubility of RoBArF or CsBArF than NaBArF in water, a mixture of rubidium
or cesium nitrate with NaBArF at 90 °C allowed the isolation of the heavier alkali metal BArF salts in good
yields just by a simple filtration operation. Unfortunately, this method was not applicable to the preparation
of LIBArF. We wish to report herein an efficient method for the preparation of this compound. Furthermore,
though alkali metal BArF salts were known in the literature, no characterization data had been previously
reported and their structures in the solid state had not been previously determined and studied. Thus, we
wish to report herein our efforts in the characterization in solution and in the solid state of the alkali metal
BArF salts.

4.3. Results and discussion

As regards to the preparation of LIBArF, we envisaged that this compound could be prepared via an
acid-base reaction (see Scheme 2) between the acid corresponding to the protonated BArF anion'® and
lithium bis(trimethylsilyl)amide (i.e. LiN(SiMes),) in a low boiling point organic solvent. We considered that
this method would be suitable for the preparation of LiBArF, as acid-base reactions are irreversible and
LiBArF and free HN(SiMes), would hence be quantitatively formed. We also considered that elimination of
the liquid components of the mixture (i.e. solvent and HN(SiMes).) in vacuo would finally render the
desired compound. This synthetic procedure was followed and, as expected, LiBArF was isolated as an

analytically pure white solid in 89% yield.

S RUF
F RoEF Fe F
F LiN(SiMes), (1 equiv.) F o P
E >—B—< E Li
. Et,0, —20°C g .
F FF F>(<5§<F -
A N </\o/\>
89% yield 2
6 7

Scheme 2. Synthesis of lithium BArF.

The whole array of alkali metal BArF salts was characterized by standard spectroscopic techniques
(IR and 'H, BC, "B and "°F NMR spectroscopy). *F{'H} and ""B{'"H} NMR spectra showed just a singlet
for the signals of the BArF anion with very small differences in the chemical shifts (see Table 1). 'H was in
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agreement with the proposed structures and 3C NMR showed the expected set of signals for the four
equivalent 3,5-bis(trifluoromethyl)phenyl groups. IR spectroscopy also confirmed the structure of the BArF

salts with intense bands in the C=C stretching (ca. 1600—1650 cm™) and C—F stretching (ca. 1100-1350

cm™") vibration regions.

Table 1. "*F{'H} and "'B{'H} chemical shift (ppm) for the alkali metal BArF salts in C4DgO.

Entry Compound 1"B{'H} 19F{1H}
1 LiBArF -8.572 -63.184
2 NaBArF -8.562 —63.129
3 KBArF -8.598 —63.165
4 RbBArF —8.553 —63.309
5 CsBArF -8.589 —63.146

1B chemical shifts are quoted in ppm relative to trimethyl borate (TMB) in C4DsO.
19F shifts are quoted in ppm relative to trifluoroacetic acid (TFA) in C4DsO.

Interestingly, we could obtain single crystals suitable for X-Ray analysis for the whole series of alkali
metal BArF salts. A detailed single crystal X-ray diffraction study not only confirmed the structure of the
compounds, but also provided additional information about the interactions between some atoms of the
[B(3,5-(CF3)2CeH3)s]” moiety and the alkali metal atoms. These interactions are generated by short
contacts between neighboring atoms, which are not considered strong enough to be real chemical bonds.

The main values for these short contacts are summarized in the discussion that follows and in Table 2.

The asymmetric unit in the structure of LiBArF contains a quarter of one BArF molecule
(corresponding to a S4 symmetry), a quarter of one lithium atom and 0.68 highly disordered molecules of
water. The water molecules crystallize disordered in two ways forming two types of structures. In Figure
2A, three oxygen atoms (01, 02 and O2A) from the water molecules are coordinated to the lithium atom.
Therefore, the geometry of the compound in this case is trigonal bipyramidal, with the fluorine atoms (F4
and F4A) coordinated in the axial positions of the bypiramid. In Figure 2B, there are two oxygens (O1 and
02’) from the water molecules, and four fluorine atoms from a neighboring CF3 group (F4, F4A, F4B and
F4C), forming an octahedral geometry. The octahedral coordination is minor (28%), while the trigonal
bipyramidal geometry is major (72%). The oxygen and fluorine atoms interact with the lithium atom as
indicated by the short contacts between them. The shortest distance in the crystal structure between
boron and lithium is 7.51 A. The aromatic rings of the BArF anion are disordered over two orientations
(ratio 62:38). One of the CF3 groups is disordered over three positions with a ratio 55:38:7. The angle
between the boron and the carbon atoms of the phenyl groups of the BArF moiety is 108.9 (5) °, which

classifies its geometry as tetrahedral.
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Figure 2. Crystal structure of the LIBArF salt: trigonal bipyramidal (A) and octahedral (B) geometries.
Some phenyl rings from the BArF unit have been omitted for the sake of clarity. Color scheme: C: black, H:
blue, B: orange, F: green, Li: violet, O: red. Atomic displacement ellipsoids are drawn at 50% probability.

Fluorine atoms F4 (A—C) are symmetry equivalent to F4 and show identical distances.

The asymmetric unit of NaBArF contains a quarter of one BArF molecule (corresponding to a S4
symmetry), a quarter of one sodium atom and 0.59 highly disordered molecules of water. On account of
the disorder on the water molecules, NaBArF structure shows two different geometries as those observed
in LIBArF. In Figure 3, we illustrate the different geometries that NaBArF molecule can adopt: a trigonal
bipyramidal geometry (Figure 3A), where the sodium atom interacts with two fluorine atoms (F4 and F4A)
and with the three oxygens from the water molecules (O1, O2 and O2A), and an octahedral geometry
(Figure 3B), where the two oxygens from the water molecules (O1 and 02") and the four fluorine atoms
(F4—F4C) are coordinated to the sodium atom. In contrast to LiBArF, the octahedral coordination is major
(62%) in this case, while the trigonal bipyramidal geometry is minor (38%). The shortest distance between
boron and sodium atoms in the crystal structure is 7.55 A. The angle between boron and carbon atoms
from phenyl moieties is 110.3(3) ° showing a tetrahedral geometry for the BArF unit. The aromatic groups
of the BArF anion are disordered over two orientations with a ratio of 70:30. In short, the single crystal
structure obtained for NaBArF is isostructural to that obtained for LiBArF.
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Figure 3. Crystal structure of the NaBArF salt: trigonal bipyramidal (A) and octahedral (B) geometries.
Some phenyl rings from the BArF unit have been omitted for the sake of clarity. Fluorine atoms F4 (A—C)

are symmetry equivalent to F4 and show identical distances. See the legend in Figure 2 for other details.

The crystal structure obtained for KBArF corresponds to the space group P4/n and is not
isostructural to the structure of lithium and sodium BArF salts. In the asymmetric unit we identified a
quarter of one BArF molecule (corresponding to S4 symmetry), a quarter of a potassium atom and 1/8 of a
water molecule. The asymmetric unit of KBArF displaying a tetrahedral geometry (C1-B—C1'=110.27(3) °)

is depicted in Figure 4. The CF3 groups in the phenyl rings are rotationally disordered in a 75:25 ratio.

Figure 4. Crystal structure of the KBArF salt. See the legend in Figure 2 for other details.
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The shortest distance between potassium and boron atoms in the crystal structure is 7.89 A. The
potassium coordinative sphere is formed by eight fluorine atoms (F3, F4 and their symmetry equivalents)
and one oxygen atom (O1w) from a water molecule (see Figure 5). The K—F coordination length in the
potassium BArF is 2.79 A (F4) and 2.87 (F3) and the coordination length to the oxygen atom is 2.81 A

(O1W; for a summary of all distances, see Table 2).

Figure 5. Crystal structure of KBArF showing the coordinative sphere of the potassium atom. Interactions
between potassium, fluorine and oxygen atoms are indicated with dark solid lines. The original fragment of
the BArF moiety in the asymmetric unit has been represented in orange. The symmetry equivalent
aromatic rings have been represented in grey color for the sake of clarity. Fluorine atoms F3 (D—G) and

F4 (A—C) are symmetry equivalent to F3 and F4 and show identical distances.

The colorless crystals obtained from the RbBArF solution are isostructural to those obtained for
KBArF. The asymmetric unit contains a quarter of one BArF molecule, a quarter of one rubidium atom and
a quarter of one water molecule. The BArF anion is located on a rotation-reflexion axis, presents S4
symmetry and displays a tetrahedral geometry (C1-B—C1°=110.19(8) °) with the CF3 groups disordered
over two orientations (see Figure 6). The disorder ratio in this case is 90:10. The shortest distance
between the rubidium and boron atoms in the crystal structure is 7.99 A. Since this structure is
isostructural to KBArF, the coordination sphere of the rubidium atom is identical to that for potassium
(compare Figure 5 with Figure 7). The Rb—F coordination length in the rubidium BArF is 2.92 A (F4) and
2.99 A (F3), and the coordination length to the oxygen is 2.94 A (O1W; for a summary of all distances see
Table 2).
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Figure 7. Crystal structure of RbBArF showing the coordinative sphere of the rubidium atom. Interactions
between rubidium, fluorine and oxygen atoms are indicated with dark solid lines. The original fragment of
the BArF moiety in the asymmetric unit has been represented in orange. The symmetry equivalent
aromatic rings have been represented in grey color for the sake of clarity. Fluorine atoms F3 (D—G) and

F4 (A—C) are symmetry equivalent to F3 and F4 and show identical distances.

Finally, the CsBArF crystal structure was studied. The asymmetric unit of this salt contains a quarter
of one BArF molecule with a S4 symmetry, a quarter of one cesium atom located on a four-fold rotation
axis and a quarter of one solvent molecule (DCM). In the BArF unit, the aromatic rings and the
corresponding trifluoromethyl groups are disordered over two orientations in a 55:45 ratio. One of the

trifluoromethyl groups is additionally rotationally disordered. The dichloromethane molecule, which is
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located on a four-fold rotation axis, is also disordered over two orientations in a 50:50 ratio. The CsBArF
crystal asymmetric unit is depicted in Figure 8. The boron atom presents a tetrahedral geometry
(C1-B—C1'=109.7(3) °). The shortest distance observed between the cesium and boron atoms in the
crystal structure is 8.02 A. In this case, the crystal symmetry changes from the P4/n space group observed
in the other BArF salts to the P4/ncc space group. Nevertheless, if the crystal structure is analyzed, the
BArF unit shows a similar arrangement around the cesium atom than those in the structures of KBArF and
RbBArF (compare Figures 5, 7 and 9). Since the cesium atom has a larger coordinative sphere than those
in potassium and rubidium, a higher number of interactions with the surrounding atoms were observed.
The interactions with the fluorine atoms F3, F4 and F5 (and their symmetry equivalents) and with the
chlorine atoms from the crystallization solvent, formed a coordination sphere with fourteen interactions
with distances between these atoms and the cesium being 3.07, 3.67, 3.29 and 3.8 A, respectively (see
Figure 9 and Table 2).

Figure 8. Crystal structure of the CsBArF salt. See the legend in Figure 2 for other details.
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Figure 9. Crystal structure of CsBArF showing the coordinative sphere of the cesium atom. Interactions
between cesium, fluorine and chlorine atoms are indicated by solid dark lines. The original fragment of the
BArF moiety in the asymmetric unit has been represented in orange. The symmetry equivalent aromatic
rings have been represented in grey color for the sake of clarity. Fluorine atoms F3 (D-G), F4 (A—C) and

F5 (A—C) are symmetry equivalent to F3, F4 and F5 and show identical distances.

9

Table 2. Selected distances (A) and angle (°) for alkali metal BArF salts.

Entry Distance LiBArF NaBArF KBArF RbBArF CsBArF
1 M-B 7.509(4) 7.546(1) 7.891(4) 7.994(9) 8.025(3)
2 02'-1.856(15) 01-2.193(5) 0O1-2813(8) 01-2.939(8) Cl1S—3.810(3)
3 M—X 01-1.874(9) 02— 2.258(7)
4 02 —1.930(8) 02

—2.274(17)
5 F4-2287(3) F4-2395(2) F4-2792(2) F4—2925(18) F3—3.069(11)
6 F47—2520(2) F4'—2.995(11) F3-2.873(18) F3—2997(2) F5—3.290(8)
7 M—F F4'— 3.490(4) F4'—2.728(6) F3—3.055(2) F4-3.667(7)
8 F3'—2.615(4) F1—3.154(3) F2'—3.056(19)
9 F6'— 3.042(10)
Angle

10 C1-B-C1’ 108.9(5) 110.3(3) 110.27(3) 110.19(8) 109.7(3)

(") The prime code corresponds to disordered atoms.
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Table 3. Selected crystallographic data for studied alkali metal salts.

Compound LiBArF NaBArF KBArF RbBArF CsBArF
Formula C32H17.44BF24LiO272  CsoH1s76BF24aNaO23s  Ca2H13BF24KOos ~ Ca2H14BF24RbO  CasH1sBF24CloCs
Solvent DCM DCM DCM DCM DCM

Formula weight 919.17 931.11 911.33 966.71 1081.06

Crystal size 0.20x0.10 x 0.30x0.18 x 0.30 x 0.30 x 0.20 x 0.20 x 0.30 x0.20 x

(mm3) 0.07 0.10 0.20 0.20 0.05
Crystal color colourless colourless colourless colourless colourless
Temp (K) 100 100 100 100 100
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal
Space group P4in P4/n P4in P4/n P4Incc
A(A) 13.546(8) 13.554(7) 13.509(5) 13.596(17) 13.756(4)
B (A) 13.546(8) 13.554(7) 13.509(5) 13.596(17) 13.756(4)
C(A) 9.529(5) 9.785(7) 9.287(4) 9.298(18) 19.030(7)
a (deg) 90 90 90 90 90

P (deg) 90 90 90 90 90
y(deg) 90 90 90 90 90
V (A3) 1748(2) 1798(2) 1695(15) 1719(5) 3601(2)

Z 2 2 2 2 4
P (glcm3) 1.746 1.720 1.786 1.868 1.994

U (mm™) 0.196 0.202 0.317 1.600 1.329

Gnax (°) 28.003 28.503 36.405 32.723 30.176

Reflec. 20179 9218 21387 6734 9316

measured

Unique 2113[Rint= 2249[Rint= 4145[Rint= 3049[Rint = 2386[Rint =

reflections 0.039] 0.031] 0.027] 0.035] 0.025]
Absorpt. correct. Empirical Empirical Empirical Emopirical Empirical
P;fs':‘rztiﬁ’:’ 264/527 2771283 195/180 157/85 296/362
R1/WR2 [I > 26(1)] 0.051/0.129 0.062/0.1726 0.054/0.164 0.056/0.144 0.042/0.126
R1/wR2 [all data] 0.069/0.141 0.089/0.1984 0.061/0.169 0.077/0.153 0.056/0.135
Goodnass-orfit 1,069 1,042 1112 1.051 1.134
Peak/hole (e/A3) 0.432/-0.440 0.467/-0.406 1.162/-0.657  0.863/-0.534  0.957/-1.188
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4.4. Conclusions

Lithium BArF etherate has been efficiently prepared by reaction between the acid corresponding to
the protonated BArF anion and lithium bis(trimethylsilyl)amide (i.e. LiN(SiMes)). This compound, as well

as the rest of metal alkali BArF salts, has been characterized by standard spectroscopic techniques.

Single crystals suitable for X-ray analysis were obtained by slow evaporation of solutions of the salts
in dichloromethane. All the compounds crystallized as water solvates with the exception of the cesium
BArF salt, which crystallized as a dichloromethane solvate. All the structures crystallized in a tetragonal
crystal system, with the BArF unit maintaining a S4 symmetry in the solid state. In accordance with this
symmetry, boron atoms in the BArF unit show a tetrahedral geometry. Single crystal X-ray analysis of
these molecules provided a framework of the spatial distribution and the distances and geometries of the

alkali metal salts in the solid state.

The lithium, sodium, potassium and rubidium salts crystallized in the space group P4/n, whilst the
cesium salt did it in the space group P4/ncc. The lithium and the sodium structures are isostructural and
both correspond to a disordered mixture of trigonal bipyramidal and octahedral metal geometries. The
potassium and rubidium structures are also isostructural, with the alkali metal atom being coordinated to
nine surrounding atoms. The structure of the cesium salt, which differs in the solvent contained and in the
space group, shows also a similar arrangement in the crystal structure, with the cesium center being

coordinated in this case to 14 surrounding atoms.

The increasing number of interactions of the alkali metal with the surrounding atoms can be
rationalized in terms of the size of the alkali metal center. In the case of lithium and sodium salts, the metal
atom interacts with five or six surrounding atoms (three oxygen and two fluorine atoms or two oxygen and
four fluorine atoms) depending on the geometry of the metal atom (i.e. trigonal bipyramidal or octahedral).
In the case of the potassium and rubidium salts, the metal atom interacts with eight fluorine and one

oxygen atoms. Finally, the cesium atom interacts with twelve fluorine and two chlorine atoms.

The shortest distances between the metal and boron centers show an increasing tendency with the
size of the metal center, though the distances in the heavier metal centers (i.e. K*, Rb*, Cs*) are very
similar (see Table 2). The observed distances clearly demonstrate that the boron atom is in all cases

isolated from the alkali metal atoms.
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4.5. Experimental section

General information: All syntheses were carried out using chemicals as purchased from commercial
sources unless otherwise stated. All manipulations and reactions were performed under an inert
atmosphere. 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). NMR spectra were recorded in CD,Cl, or
C4DsO unless otherwise cited. 'H and 3C NMR chemical shifts are quoted in ppm relative to residual
solvent peaks. "B chemical shifts are quoted in ppm relative to trimethyl borate (TMB) in C4DsO. '°F shifts
are quoted in ppm relative to trifluoroacetic acid (TFA) in C4DsO. The content of lithium was determined by
ICP-AES (Inductively Coupled Plasma Atomic Emission Spectroscopy). HBArF was synthesized as
described in the bibliography.®

Synthesis of lithium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, LiBArF etherate (7). Lithium
bis(trimethylsilyl)amide (0.212 g, 1.23 mmol) was dissolved in 30 mL of diethyl ether. This solution was
added dropwise over a solution of HBArF (compound 6, 1.24 g, 1.23 mmol) in 40 mL diethyl ether at —20
°C. After stirring overnight at —10 °C, the organic solvent was concentrated under reduced pressure to
dryness. The solid was dissolved in 6 mL of diethyl ether and the solution was cooled at —78 °C. Hexane
(20 mL) was slowly added over this solution to precipitate the desired product, which was filtered off via
cannula and dried under reduced pressure to afford the product [Li(OEt),]*[BArF]™ (7) as a white solid.
Isolated 1.11g, 89% vyield. 'H NMR (CD:Cl, 400 MHz): 67.72 (br s, 8H). 7.57 (br s, 4H), 3.69 (g, J = 7.1
Hz, 8H), 1.25 (t, J = 7.1 Hz, 12H). B®C{'H} NMR (C4DsO, 125 MHz): 6 162.8 (q, Jcs = 50 Hz), 135.6,
130.2-129.9 (m), 125.5 (q, Jor = 272 Hz), 118.2, 66.3, 15.7. °F{'H} NMR (C4Ds0, 376 MHz): 5 —63.184
(24F). "B{"H} NMR (C4DsO, 128 MHz): 5 —8.572. IR (neat, cm™") © 1624, 1611, 1354, 1274, 1111, 1101.
Content in Li by ICP-AES: calcd 0.68%, found 0.67%.

NaBArF was purchased and dried in vacuo (120 °C) before performing characterization studies. KBArFe,
RbBArF' and CsBArF15a were prepared following reported synthetic methods and were subsequently
characterized.

NaBArF: 'H NMR (C4Ds0, 400 MHz): 57.78 (br s, 8H). 7.57 (br s, 4H). *C{'H} NMR (C4Ds0, 125 MHz): §
162.8 (q, Jcs = 50 Hz), 135.6, 130.2—129.9 (m), 122.6 (q, Jer = 270 Hz), 118.2. *F{'H} NMR (C4D30, 376
MHz): 5-63.129 (24F). ""B{'"H} NMR (C4DgO, 128 MHz): 5 -8.562. IR (neat, cm™") © 1629, 1611, 1357,
1280, 1116, 1102.

KBArF: "H NMR (C4DgO, 400 MHz): 57.78 (br s, 8H). 7.57 (br s, 4H). 3C{'"H} NMR (C4Ds0O, 125 MHz): &
162.8 (q, Jcs = 50 Hz), 135.6, 130.4—129.7 (m), 125.5 (q, Jcr = 270 Hz), 118.2. ¥F{'"H} NMR (C4Dg0, 376
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MHz): & -63.165 (24F). "B{'H} NMR (C4DsO, 128 MHz): 5 -8.598. IR (neat, cm™) & 1612, 1357, 1281,
1187, 1124,

RbBAIF: 'H NMR (C4D0, 400 MHz): 57.78 (br s, 8H). 7.57 (br s, 4H). *C{'H} NMR (C.D:O, 125 MHz): &
162.8 (q, Jos = 50 Hz), 135.6, 130.5-129.8 (m), 125.5 (q, Jo = 270 Hz), 118.2. F{'H} NMR (C4DsO, 376
MHz): & —63.309 (24F). "B{'H} NMR (C4DsO, 128 MHz): 5 —8.553. IR (neat, cm™) & 1612, 1357, 1281,
1122, 1084,

CsBAIF: 'H NMR (C4D:O, 400 MHz): 57.78 (br s, 8H). 7.57 (br s, 4H). 3C{IH} NMR (C.DsO, 125 MHz): &
162.8 (q, Jos = 50 Hz), 135.6, 130.2-129.6 (m), 125.6 (q, Jo = 270 Hz), 118.2. F{'H} NMR (C4DsO, 376
MHz): & —63.146 (24F). "B{'H} NMR (C4DsO, 128 MHz): 5 -8.589. IR (neat, cm™) & 1612, 1357, 1281,
1184, 1117, 1087,

Single crystal X-ray diffraction structure determination. Crystals of the alkali metal BArF salts were
obtained by slow evaporation in DCM at room temperature under inert atmosphere. The measured crystals

were prepared under inert conditions immersed in perfluoropolyether as protecting oil for manipulation.

Data collection: Crystal structure determinations for LiBArF, KBArF and NaBArF were carried out using
an Apex DUO diffractometer equipped with a Kappa 4-axis goniometer, an APEX Il 4K CCD area detector,
a Microfocus Source E025 [uS using MoK, radiation, Quazar MX multilayer Optics as monochromator and
an Oxford Cryosystems low temperature device Cryostream 700 plus (T = —173 °C). Crystal structure
determinations for RbBArF and CsBArF were carried out using a Bruker-Nonius diffractometer equipped
with an APEX Il 4K CCD area detector, a FR591 rotating anode with MoK, radiation, Montel mirrors as
monochromator, a Kappa 4-axis goniometer and an Oxford Cryosystems low temperature device
Cryostream 700 plus (T =—173 °C). Full-sphere data collection was used with @ and ¢ scans. Programs
used: Data collection APEX-2,"® data reduction Bruker Saint® V/.60A and absorption correction
SADABS.2!

Structure solution and refinement: Crystal structure solution was achieved using direct methods as
implemented in SHELXTL% and visualized using the program SHELXIe.?® Missing atoms were
subsequently located from difference Fourier synthesis and added to the atom list. Least-squares
refinement on F2 using all measured intensities was carried out using the program SHELXL 2015.2* All

non-hydrogen atoms were refined including anisotropic displacement parameters.
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4.6. Supporting information

4.6.1. NMR spectrum of alkali metal BArF salts
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Figure $1. 'H NMR spectrum of LiBArF etherate.
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Figure S2. 3'C{'H} NMR spectrum of LiBArF etherate.
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Solid State Structure of Alkali Metal BArF Salts [ G
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Figure S3. "°F{'"H} NMR spectrum of LiBArF etherate (TFA = Trifluoroacetic acid).
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Figure S4. ""B{'H} NMR spectrum of LiBArF etherate (TMB = Trimethyl borate).
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Figure S6.3'C{'"H} NMR spectrum of NaBArF salt.
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Figure S7.°F{'H} NMR spectrum of NaBArF salt (TFA = Trifluoroacetic acid).
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Figure S8. '"B{'H} NMR spectrum of NaBArF salt (TMB = Trimethyl borate).

147



UNIVERSITAT ROVIRA I VIRGILI

DESIGN AND APPLICATION OF BISPHOSPHITE LIGANDS WITH A DISTAL REGULATION SITE FOR ASYMMETRIC CATALYSIS
. 41
R Chapter 4

—7.78
—7.57

ppm

223388 srEERRRESEINE

Y ==\

I M‘H l i
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0

ppm

Figure $10. 3'C{'"H} NMR spectrum of KBArF salt.
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Figure S11. "*F{'"H} NMR spectrum of KBArF salt (TFA = Trifluoroacetic acid).
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Figure S$12. ""B{'"H} NMR spectrum of KBArF salt (TMB = Trimethyl borate).
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Figure S$13. 'H NMR spectrum of RbBArF salt.
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Figure $14. 3'C{"H} NMR spectrum of RbBArF salt.
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Solid State Structure of Alkali Metal BArF Salts
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Figure S$15. "°F{'H} NMR spectrum of RbBArF salt (TFA = Trifluoroacetic acid).
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Figure S$16. ""B{'"H} NMR spectrum of RBArF salt (TMB = Trimethyl borate).
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Figure $17. 'H NMR spectrum of CsBArF salt.
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Figure $18. 3'C{'H} NMR spectrum of CsBArF salt.
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Solid State Structure of Alkali Metal BArF Salts

$
S
@
TFA
T T T T T T T T T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 ppm
Figure $19. "°F{'"H} NMR spectrum of CsBArF salt (TFA = Trifluoroacetic acid).
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Figure S20. ""B{'"H} NMR spectrum of CsBArF salt (TMB = Trimethyl borate).
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4.6.2. Tables with crystallographic data for alkali metal BArF salts

Table S1. Crystal data and structure refinement for LiBArF.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

LiBArF

C32H17.44 BF24 Li 02.72
919.17

100(2) K

0.71073 A

Tetragonal

P4/n

a = 13.5464(8) A a=90°.

9

b = 13.5464(8) A B=90°.

c=9.5297(5) A
1748.7(2) A3

2

y=90°.

1.746 Mg/m?

0.196 mm-!

910

0.200 x 0.100 x 0.070 mm3

2.126 t0 28.003°.
-17<=h<=17, -17<=k<=17, -12<=I<=8
20179

2113 [R(int) = 0.0392]

Completeness to theta = 25.242° 100.0 %

Absorption correction

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Empirical

Full-matrix least-squares on F2
21131527 | 264

1.069

R1=0.0510, wR2 = 0.1289
R1=0.0688, wR2 = 0.1410

n/a

Largest diff. peak and hole0.432 and -0.440 eAs
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Table S2. Bond lengths [A] and angles [°] for LIBArF.
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COMA-BUNC(#2  110.6(10) OQu5-LI(1)-FA)s  39.92)
CUMI-B(1)-CH3  108.9(5) OME-LI(1)}FAe  87.4(3)
CO2-B(1)-CM3  108.9(5) O(2)-Li(1)-F(4)#4 89.6(2)
C(I#1-B(1)-C(1) 108.9(5) O(1)-Li(1)-F () 904(2)
C(1}#2-B(1)-C(1) 108.9(5) 0(2)-Li(1)-F 4y 139.2(4)
C(1#3-B(1)-C(1) 110.6(10) OQU4-LIFA)4  87.403)
C(1)-B(1)-C(1"2 113.2(9) OQHs-LIIF@Hs  92.003)
C(1)-B(1)-C(1)#1 113.2(9) OQRusLi(1)}F@4  39.912)
CIM2-B(}C1M1  102.2(16) F@6-Li(1)-F@4  89.996(4)
C(1)-B(1)-C(1"#3 102.2(16) O(2)-Li(1)-F ()5 89.6(2)
CIM2-BUNC(1M3  113.2(9) O(1)-Li(1)-F(4)h5 904(2)
CUMI-BUNC(IM3  113.2(9) 0(2)-Li(1)-F(4)h5 39.902)
0(2)-Li(1)-0(1) 180.0 OQH4-LI(1)F@Hs  92.003)
0(2)-Li1)-0(2) 49.7(3) OQs-LI(I)F@)Es  87.4(3)
0(1)-Li(1)-0(2) 1303(3) OQu6-Li(1)F@s  139.2(4)
0(2)-Li(1)-0(2)4 49.703) F@eLi(1)}-F@#5  89.997(4)
O(1)-Li(1)-0(2)#4 130.3(3) FAWa-Li)-F@Hs  179.1(4)
0(2)-Li(1)-O(2)#4 65.303) 0(2)-Li(1)-F(4) 89.5(2)
0(2)-Li(1)-0(2)#5 49.703) O(1)-Li(1)}-F(4) 90.5(2)
O(1)-Li(1)-O(2)#5 1303(3) 0(2)-Li(1)-F(4) 87.4(3)
0(2)-Li(1)-O(2)#5 65.303) O(2)#4-Li(1)-F(4) 39.902)
OQWH4-L(1)-0QH5  99.4(5) O()#5-Li(1)-F(4) 139.2(4)
0(2)-Li(1)-0(2)6 49.703) 0(2)#6-Li(1)-F(4) 92.003)
O(1)-Li(1)-0(2)#6 130.303) F(4)#6-Li(1)-F(4) 179.1(4)
0(2)-Li(1)-0(2)#6 99.4(5) F(4)#4-Li(1)-F(4) 89.997(4)
OQH4-LI(1-0Q2k6  65.3(3) FW5-Li(1)-F(4) 89.996(4)
0QH5Li(1)-0Q2k6  65.303) 0(2)-Li(1)-F(4" 109.8(6)
0(2)-Li(1)-F(4)6 89.6(2) O(1)-Li(1)-F (4" 70.2(6)
O(1)-Li(1)-F ()6 90.4(2) 0(2)-Li(1)-F (4" 122.0(5)
0(2)-Li(1)-F ()6 92.003) O(2)#4-Li(1)-F(4") 64.6(6)
OQH4-Li(1)}Fas  139.2(4) 0(2)#5-Li(1)-F(4") 150.0(7)
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O(2)#6-Li(1)-F(4") 84.7(7) F(5)-C(8)-F(5") 55.6(12)
F(4)6-Li(1)-F(4") 146.0(5) F(5)-C(8)-F(4") 130.2(13)
F(4)#4-Li(1)-F (4" 63.4(5) F(5")-C(8)-F(4") 107.5(13)
F(AW5-Li(1)-F(4") 117.0(5) F(5)-C(8)-F(6") 52.3(12)
F(4)-Li(1)-F(4" 34.6(4) F(5")-C(8)-F(6") 106.6(13)
0(2)-Li(1)-F(4")}4 109.8(6) F(4")-C(8)-F(6") 107.7(13)
O(1)-Li(1)-F(4")4 70.2(6) F(5)-C(8)-F(6) 113.6(6)
0(2)-Li(1)-F ("4 150.0(7) F(5")-C(8)-F(6) 131.4(14)
OQH4-LI(I)F@ Y4 122.0(5) F(4")-C(8)-F(6) 38.0(13)
OQs-LI(I)F@ Y4 84.7(7) F(6")-C(8)-F(6) 72.2(13)
OQE-Li(1)-F@"s  64.6(6) F(5)-C(8)-F(4) 102.5(5)
FAH6-Li(1)-F@Ys  634(5) F(5")-C(8)-F(4) 49.5(12)
F@WA-L()-F@'y4  346(4) F(4")-C(8)-F(4) 64.8(12)
FAHS-Li(1)-F@4  146.0(5) F(6")-C(8)-F(4) 142.5(12)
F(4)-Li(1)-F(4")#4 117.0(5) F(6)-C(8)-F(4) 101.3(5)
F(4")-Li(1)-F (4" 4 83.4(4) F(5)-C(8)-C(5) 115.7(5)
0Q#5-02)-02k6  81.603) F(5")-C(8)-C(5) 115.4(14)
0QH¥5-02)-002s  135.209) F(4")-C(8)-C(5) 113.6(13)
0QH6-02)-0[4  81.603) F(6")-C(8)-C(5) 105.5(12)
0(2)#5-0(2)-Li(1) 67.6(5) F(6)-C(8)-C(5) 111.2(6)
0(2)#6-0(2)-Li(1) 67.6(5) F(4)-C(8)-C(5) 111.1(4)
0(2)#4-0(2)-Li(1) 67.6(5) F(5")-F(4)-C(8) 62.2(7)
F(4)#5-0(2)-Li(1) 83.1(3) F(5")-F(4)-0(2)#4 133.9(13)
C(8)-F(4")-Li(1) 123.2(16) C(8)-F(4)-0(2)4 136.5(4)
F(4)-F(5")-C(8) 68.3(9) F(5")-F(4)-Li(1) 147.0(13)
F(2)-C(7)-F(1) 106.01(18) C(8)-F(4)-Li(1) 137.403)
F)-C(T)}F ) 106.6(2) O(2)4-F(4)-Li(1) 56.9(3)
F(1)-C(7)-F(3) 105.22(19) C(2)-C(1)-C(6) 113.8(11)
F2)-C(7)-C(3) 112.5(7) C2)-C(1)-B(1) 125.1(7)
F(1)-C(7)}-C(3) 115.3(5) C(6)-C(1)-B(1) 1211(9)
F(3)-C(7)-C(3) 1106(5) C3)-C2)-C(1) 1205(10)
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C(4)-C(3)-C(2) 125.1(7) Table S3. Torsion angles [°] for LIBArF.
C(4)-C(3)-C(7) 113.6(7) 0(2)-Li(1)-0(2)-0(2)tt5 -90.001(2)
C(2)-C(3)-C(7) 121.3(8) O(2)#4-Li(1)-0(2')-0(2)#5 180.000(1)
C(3)-C(4)-C(5) 115.1(6) O(2)#6-Li(1)-0(2')-O(2)#5 90.000(2)
C(6)-C(5)-C(4) 120.2(6) F(4)#6-Li(1)-0(2)-0(2)#5 3.0(4)
C(6)-C(5)-C(8) 118.8(6) F(4)#4-Li(1)-0(2)-O(2)#5 93.0(4)
C(4)-C(5)-C(8) 121.0(5) F(4)#5-Li(1)-0(2)-O(2)#5 -87.0(4)
C(5)-C(6)-C(1) 125.3(9) F(4)-Li(1)-0(2)-0(2)#5 177.0(4)
F(4')-C(8')-F(6") 98.7(9) F(4")-Li(1)-0(2)-0(2)#5 154.4(6)
F(4')-C(8)-F(5) 108.1(11) F(4")#4-Li(1)-0(2)-0(2)#5 64.4(6)
F(6')-C(8')-F(5') 107.5(9) 0(2)-Li(1)-0(2')-0(2)#6 179.999(2)
F(4')-C(8)-C(5" 117.4(11) O(2)#4-Li(1)-0(2')-O0(2)#6 90.000(2)
F(6')-C(8')-C(5") 113.9(7) O(2)#5-Li(1)-0(2')-0(2)#6 -90.000(2)
F(5')-C(8)-C(5" 110.2(8) F(4)#6-Li(1)-0(2)-0(2)#6 -87.0(4)
C(6')-C(1)-C(2) 117.6(18) F(4)#4-Li(1)-0(2)-0(2)#6 3.0(4)
C(6')-C(1)-B(1) 118.0(14) F(4)#5-Li(1)-0(2)-0(2)#6 177.0(4)
C(2')-C(1')-B(1) 124.4(12) F(4)-Li(1)-0(2')-O(2)#6 93.0(4)
C(3')-C(2)-C(1") 125.6(18) F(4")-Li(1)-0(2)-O(2)#6 64.4(6)
C(4)-C(3')-C(2") 113.5(12) F(4"#4-Li(1)-0(2)-O(2)#6 -25.6(6)
C(5')-C(4)-C(3") 123.5(11) 0O(2)-Li(1)-0(2')-O(2)#4 89.999(2)
C(4)-C(5)-C(6") 121.0(10) O(2)#5-Li(1)-0(2)-0(2)#4 180.000(1)
C(4)-C(5')-C(8") 118.4(9) O(2)#6-Li(1)-0(2')-0(2)#4 -90.000(2)
C(6)-C(5)-C(8) 120.3(10) F(4)#6-Li(1)-0(2)-0(2)#4 177.0(4)
C(5)-C(6')-C(1") 118.7(14) F(4)#4-Li(1)-0(2)-0(2)#4 -87.0(4)

F(4)#5-Li(1)-0(2')-0(2)#4 93.0(4)
Symmetry transformations used to generate F(4)-Li(1)-0(2")-0(2)#4 3.0(4)
equivalent atoms: F(4")-Li(1)-0(2)-0(2)#4 -25.6(6)
#1 -y+1x+112,-z #2 y-112,-x+1,-z #3 x+1/2,- F(4")#4-Li(1)-0(2)-0(2)#4 -115.6(6)
y+3/2,z #4 y,-x+3/2,z #5 -y+3/2,x,z #6 -x+3/2,- F(4)-F(5")-C(8)-F(5) 158(2)
y+3/2,z

F(4)-F(5")-C(8)-F(4") -31(2)

F(4)-F(5")-C(8)-F(6") -146.4(15)
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B(1)-C(1)-C(6)-C(5) 177.6(9)
C(1)#2-B(1)-C(1)-C(6) 77.8(10)
C(1)#1-B(1)-C(1)-C(6) 166.5(18)
C(1)#3-B(1)-C(1)-C(6) 44.4(14)
C(1)#2-B(1)-C(1)-C(2) 10203)
C(1)#1-B(1)-C(1)-C(2) 14(2)
C(1)#3-B(1)-C(1)-C(2) 136(2)
C(6)-C(1)-C(2)-C(3) 04(17)
B(1)-C(1')-C(2)-C(3) A79(2)
C(1)-C(2)-C(3)-C(4) 0.4(16)
C(2)-C(3)-C(4)-C(5') 0(2)
C(3)-C(4)-C(5')-C(6") 0(2)
C(3)-C(4)-C(5)-C(8) A73.9(17)
F(4)-C(8)-C(5)-C(4) 22.8(17)
F(6)-C(8)-C(5)-C(4) 91.9(11)
F(5)-C(8)-C(5)-C(4) A47.4(11)
F(4)-C(8)-C(5)-C(6) 163.1(13)
F(6)-C(8)-C(5)-C(6) 822(12)
F(5)-C(8)-C(5)-C(6) 38.8(14)
C(4)-C(5)-C(6)-C(1) 0Q)
C(8)-C(5)-C(6)-C(1) 173.7(16)
C(2)-C(1)-C(6)-C(5) 0Q)
B(1)-C(1)-C(6)-C(5) 179.5(15)

Symmetry transformations used to generate
equivalent atoms:

# -yH1x+1/2-z #2 y-112,-x+1,-z #3 x+1/2,-
y+3/2,z #4 y,-x+3/2,z #5 -y+3/2,x,z #6 -x+3/2,-
y+3/2,z
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Table S4. Crystal data and structure refinement for NaBArF.

Identification code NaBArF

Empirical formula C32 H18.76 B F24 Na 02.38

Formula weight 931.11

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Tetragonal

Space group P4/n

Unit cell dimensions a=13.5537(7) A a=90°.
b =13.5537(7) A B=90°.
¢ =9.7850(7) A y=90°.

Volume 1797.5(2) A3

Z 2

Density (calculated) 1.720 Mg/m3

Absorption coefficient ~ 0.202 mm'!

F(000) 924

Crystal size 0.300 x 0.180 x 0.100 mm?3

Theta range for data collection ~ 2.081 to 28.503°.

Index ranges -18<=h<=17, -16<=k<=15, -12<=I<=11
Reflections collected 9218

Independent reflections 2249 [R(int) = 0.0307]
Completeness to theta = 25.242° 98.9 %

Absorption correction Empirical

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 22492831277
Goodness-of-fit on F? 1.042

Final R indices [I>2sigma(l)] R1=0.0624, wR2 = 0.1726

R indices (all data) R1=0.0895, wR2 = 0.1984
Extinction coefficient n/a
Largest diff. peak and hole 0.467 and -0.406 e.A
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Table S5. Bond lengths [A] and angles [°] for NaBATrF.
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C(4')-C(5)-C(8')-F(4) 40(3)
C(6')-C(5')-C(8')-F(4) -151(2)
C(4)-C(5)-C(8')}-F(5) -78(3)
C(6')-C(5)-C(8')-F(5) 91(3)
C(4)-C(3)-C(7)-F(1) 11(4)
C(2)-C(3')-C(7')-F(1) 175(3)
C(4)-C(3)-C(7')-F(2) -130(3)
C(2)-C(3)-C(7')-F(2) 56(4)
C(4)-C(3)-C(7')-F(3) 114(3)
C(2)-C(3)-C(7')-F(3) -59(4)
F(6')-C(8')-F(4’)-Na(1) -51.7(13)
F(5'-C(8')-F(4')-Na(1) -157.4(7)

(@]
P
a
(@]
—~
x
5
n
—_
=
=
Q
—
RN

74.9(14)

Symmetry transformations used to generate
equivalent atoms:

#1 -x+1/2,-y+5/2,z #2 y-1,-x+3/2,z

#3 -y+3/2,x+1,z

#4 y-1/2,-x+1,-z+1 #5 x+1/2,-y+3/2,

#6 -y+1,x+1/2,-z+1
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Table S7. Crystal data and structure refinement for KBArF.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

KBArF

C32H13BF24 K00.50
911.33

100(2) K

0.71073 A

Tetragonal

P4/n

9

a = 13.5005(5) A o= 90°,

9

b = 13.5095(5) A B=90°.

c=9.2868(4) A
1694.90(15) A3

2

v =90°.

1.786 Mg/m?

0.317 mm-t

898

0.300 x 0.300 x 0.200 mm3

2.132 to 36.405°.
-22<=h<=22, -21<=k<=22, -15<=I<=15
21387

4145 [R(int) = 0.0265]

Completeness to theta = 25.242° 99.7 %

Absorption correction

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Empirical

Full-matrix least-squares on F2
4145/180/195

1.112

R1=0.0541, wR2 = 0.1635
R1=0.0607, wR2 = 0.1687

n/a

Largest diff. peak and hole1.162 and -0.657 eAs
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Table S8. Bond lengths [A] and angles [°] for KBAIF.
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i Chapter 4
F(3)-C(7)-F(1) 102.05(15) F(3')#4-K(1)-F(6") 72.0(2)
F(1)-C(7)-F(3) 105.1(4) F(3)#5-K(1)-F(6") 83.4(2)
F(2)-C(7)-F(3) 100.6(4) F(3')#6-K(1)-F(6) 150.1(2)
F(1)-C(7)-C(3) 118.1(3) F(3')#7-K(1)-F(6") 132.3(3)
F(2)-C(7)-C(3) 114.28(17) F(3')#4-K(1)-F(6')#8 150.1(2)
F(3)-C(7)-C(3) 113.26(13) F(3')#5-K(1)-F(6')#8 132.3(3)
F(2)-C(7)-C(3) 112.9(3) F(3')#6-K(1)-F(6')#8 72.0(2)
F(1)-C(7)-C(3) 111.08(13) F)HT-K()-FE)H8  83.4(2)
F(3)-C(7)-C(3) 109.4(2) F(6')-K(1)-F(6'/#8 106.0(3)
F(5)-C(8)-F(4') 109.5(5) F(3)#4-K(1)-F(6')#9 132.3(3)
F(5)-C(8)-F(4) 106.55(19) F(3')#5-K(1)-F(6"/#9 72.0(2)
F(5)-C(8)-F(6) 105.89(19) F(3')#6-K(1)-F(6"/#9 83.4(2)
F(4)-C(8)-F(6) 106.39(18) F(3')#7-K(1)-F(6')#9 150.1(2)
F(5')-C(8)-F(6') 105.2(5) F(6')-K(1)-F(6")#9 68.78(17)
F(4')-C(8)-F(6) 104.5(4) F(6')#8-K(1)-F(6)#9  68.78(17)
F(5')-C(8)-C(5) 114.5(5) F(3)#4-K(1)-F(B)#10  83.4(2)
F(4')-C(8)-C(5) 113.9(4) F(3)#5-K(1)-F(B)#10  150.1(2)
F(5)-C(8)-C(5) 112.76(19) F(3')#6-K(1)-F(6')#10  132.3(3)
F(4)-C(8)-C(5) 112.85(16) FRWT-K(1)-F(6)#10  72.0(2)
F(6)-C(8)-C(5) 111.88(16) F(6')-K(1)-F(6)#10 68.78(17)
F(6')-C(8)-C(5) 108.4(4) F(6')#8-K(1)-F(6')#10  68.78(17)
C(7)-F(3)-K(1)#4 126.57(14) F(6)#9-K(1)-F(6)#10  106.0(3)
C(7)-F(3)-K(1)#4 143.2(3) F(6)-K(1)-F(6)#8 92.28(11)
C(8)-F(6)-K(1) 163.04(17) F(6)-K(1)-F(6)#9 61.31(6)
C(8)-F(6)-K(1) 169.3(6) F(6)#8-K(1)-F(6)#9 61.31(6)
F(3)#4-K(1)-F(3)#5  77.60(13) F(6)-K(1)-F(6)#10 61.31(6)
F(3')#4-K(1)-F(3')#6 124.8(3) F(6)#8-K(1)-F(6)#10 61.31(6)
F(3')#5-K(1)-F(3)#6 77.60(13) FO)HO-K(1)-FBH10  92.28(11)
F(3)#4-K(1)-F(3)47  77.60(13)
F(3"/#5-K(1)-F(3")#7 124.8(3) Symmetry transformations used to generate
F(3')#6-K(1)-F(3)#7 77.60(13) equivalent atoms:
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F(4')-C(8)-F(6)-K(1) -137.4(7)
F(5)-C(8)-F(6)-K(1) -16.4(7)
F(4)-C(8)-F(6)-K(1) -129.5(6)
F(6)-C(8)-F(6)-K(1) 27.5(15)
C(5)-C(8)-F(6)-K(1) 106.8(6)
F(5')-C(8)-F(6')-K(1) 83(3)
F(4')-C(8)-F(6')-K(1) -32(3)
F(5)-C(8)-F(6'-K(1) 90(3)
F(4)-C(8)-F(6'-K(1) -22(3)
F(6)-C(8)-F(6')-K(1) -47.7(19)
C(5)-C(8)-F(6')-K(1) -154(3)

Symmetry transformations used to generate

equivalent atoms:
#1y-1/2,-x+1,-z+1 #2 -y+1 x+1/2,-z+1
#3 -x+1/2,-y+312,z #4 X,-y+2,-z #5 y-1/2,-x+1,Z

#6 x+1/2,y+1/2,-z #7 -y+1 x+3/2,-z #8 -x+1/2,-
y+5/2,z #9 -y+3/2 x+1,z #10 y-1,-x+3/2,z
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Table S10. Crystal data and structure refinement for RbBArF.

Identification code RbBArF

Empirical formula C32H14BF24 ORb

Formula weight 966.71

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Tetragonal

Space group P 4/n

Unit cell dimensions a=13.5956(17) A o= 90°.
b =13.5956(17) A B=90°.
c=9.2978(18) A vy =90°.

Volume 1718.6(5) A3

Z 2

Density (calculated) 1.868 Mg/m?

Absorption coefficient 1.600 mm-!

F(000) 944

Crystal size 0.200 x 0.200 x 0.200 mm3

Theta range for data collection 2.190 to 32.723°.

Index ranges -20<=h<=12, -19<=k<=12, -13<=[<=12
Reflections collected 6734

Independent reflections 3049 [R(int) = 0.0348]
Completeness to theta = 25.000° 97.8 %

Absorption correction Empirical

Max. and min. transmission 0.740 and 0.560
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3049 /85/157
Goodness-of-fit on F? 1.051

Final R indices [I>2sigma(l)] R1=0.0560, wR2 = 0.1438
R indices (all data) R1=0.0776, wR2 = 0.1533
Extinction coefficient n/a

Largest diff. peak and hole0.864 and -0.534 e.A3
171



UNIVERSITAT ROVIRA I VIRGILI

DESIGN AND APPLICATION OF BISPHOSPHITE LIGANDS WITH A DISTAL REGULATION SITE FOR ASYMMETRIC CATALYSIS

NI Chapter 4

Table S11. Bond lengths [A] and angles [°] for RbBAIF.
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Solid State Structure of Alkali Metal BArF Salts [ G

F(6)#3-Rb(1)}-F(2)#5  136.85(7) C(1)#8-B(1)-C(1)#9 108.05(15)
O(IW)-Rb(1)}-F(2#5  75.35(6) C(1)-B(1)-C(1)#10 108.05(15)
F(2#4-Rb(1)-F(2#5  160.80(11) C(1)#8-B(1)-C(1}#10  110.19(8)
F(6)-Rb(1)-F(2)#6 116.08(6) C(1#9-B(1)}-C(1}#10  110.19(8)
F(6)#1-Rb(1)-F(Q#6  60.59(7) C(2)-C(1)-C(6) 115.9(2)
F(6)#2-Rb(1)}-F2)#6  136.85(7) C(2)-C(1)-B(1) 119.93(17)
F(6)#3-Rb(1)}-F(2)#6  78.40(6) C(6)-C(1)-B(1) 124.17(17)
O(1W)-Rb(1)-F(26  81.10(7) C(3)-C(2)-C(1) 122.1(2)
F(Q#4-Rb(1)-F2#6  88.406(18) C(4)-C(3)-C(2) 121.2(2)
F(Q#5-Rb(1)-F(2#6  88.406(18) C(4)-C(3)-C(7) 119.6(2)
F(6)-Rb(1)-F(2)#7 78.40(6) C(2)-C(3)-C(7) 119.2(2)
F(6)#1-Rb(1)-F2#7  136.85(7) C(5)-C(4)-C(3) 117.9(2)
F(6)#2-Rb(1)}-F(#7  60.59(7) C(4)-C(5)-C(6) 121.2(2)
F(6)#3-Rb(1)-F(2#7  116.08(6) C(4)-C(5)-C(8) 119.2(2)
O(IW)-Rb(1)}-F2#7  79.77(6) C(6)-C(5)-C(8) 119.6(2)
F(Q#4-Rb(1)-F#7  88.406(18) C(5)-C(6)-C(1) 121.8(2)
F(Q#5-Rb(1)-F(2#7  88.406(18) F(3)-C(7)-F(2) 109.7(3)
F(2#6-Rb(1)}-F(#7  160.80(11) F(3)-C(7)-F(1) 104.1(3)
F(6)-Rb(1)-F(2'#6 149.6(4) F(2)-C(7)-F(1) 102.8(3)
F(6)#1-Rb(1)-F2)#6  92.9(3) F(3)-C(7)-F(1') 101.0(12)
F(6)#2-Rb(1)}-F(2)#6  138.7(5) F(3)-C(7)-F(2) 99.7(12)
F(6)#3-Rb(1)}-F(2)#6  86.6(4) F(1)-C(7)-F(2) 96.0(11)
O(IW)-Rb(1)-F(2)#6  45.2(3) F(3)-C(7)-C(3) 112.9(3)
F(6)-Rb(1)-F(2')#4 138.7(5) F(1)-C(7)-C(3) 112.1(3)
F(B)#1-Rb(1)-F(2)#4  149.6(4) F(3)-C(7)-C(3) 120.7(12)
F(6)#2-Rb(1)-F(2)#4  86.6(4) F(1')-C(7)-C(3) 132.6(13)
F(6)#3-Rb(1)-F2)#4  92.9(3) F(2)-C(7)-C(3) 97.9(11)
O(IW)-Rb(1)-F(2)#4  43.8(4) F(5)-C(8)-F(4) 106.4(2)
F(2)#6-Ro(1)-F2)#4  71.7(3) F(5)-C(8)-F(6) 105.6(2)
C(1)-B(1)-C(1)48 110.19(8) F(4)-C(8)-F(6) 106.3(2)
C(1)-B(1)-C(1)#9 110.19(8) F(5)-C(8)-C(5) 113.3(2)
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equivalent atoms:

C
C
C
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C
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#-yH12x+1,z #2 y1,-x+1/2z #3 -x-1/2,-

y+3/2,z #4 x-1/2,y-1/2,-z+1 #5 -X,-y+2,-z+1

#6 y-3/2,-x+1,-z+1 #7 -y+1x+1/2,-z+1 #8 y-

112,-x+1,-z+2 #9 -y+1x+1/2,-z+2 #10 -x+1/2,-

y+3/2,z

Table S12. Torsion angles [°] for RoBArF

73.69(13)

-167.18(19)

-46.74(16)
-104.5(3)

14.7(2)

135.1(2)

—

1
—_ —_ — —_ —_ — —_ Py —_ —_— —_— —— PLig PLig

N~ v v v v v = o~ v~ S~ S~~~ ~—

R s s g
~— ~
%.\0.9&%3.&/7.
> 2 3 8 8 o
T W @2 H - o -
0 v O B W B 0 v
o B OE O O o
- - T T =
O & & © 9 9 5T 1§
@ X X & £ o0 o
SO N R Y )
oo & O m oo
S SIS SRS S S S
S— S S  ~ ~
O O Q QO O O O O
AN s~ o~ A A
N = ™ N N =
e - oL o O w o
)
“I.\ —_ — —_
© L = P
_ ¥ —~ S T T —~ ©
o Y - T ST 5
S~ T v~ 5 6 T o0
X = N = = K 9 &
o N o Y% Y% «~ o W
~ o~ o~ e~~~ o~ o~
O » ¥~ o 0 ©o o
QL oL T - D N LD
S 69 6§ 9 5 g o
N N O ;o T T o o
S a9 L L 3 T L oL
O O O O O oo o o
P . S G . P
— = N N O o T =
T =T 94 ¢ 9 8 I I
Q Q Q Q Q Q
O ~ ~ ~ AN M~ oo o
O m O O O O O o

120.8(15)

—_

~

—

~

—

~—

~

174



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND APPLICATION OF BISPHOSPHITE LIGANDS WITH A DISTAL REGULATION SITE FOR ASYMMETRIC CATALYSIS
Laura Rovira Gonzalez

y
L
—_—
—
-
w
X
=%
=
—

1 1
QO O
22 22
\4
1 1

—_

w

ay
—_
N
~ ~ ~
—_ —_
- - -
1 1 1 1 1 1
o
—_
—_

(@)
2
w
1
(@)
=2
~
1
w
A
=3
=
—
~— S~ ~—
HH
o

-n
—_
wW
~
—
)
o
RN

O

o o
= = =
**=

o

m T
—_ =
= N
Y~ T
o O O
-~ =~ =~
\l
D i
M M
—_ =~ -
—_—

~
—_

y
L
w
—
-
—_—

3R B
T Y T
3§85
D [
M M T
—_ o~~~
T
L |
)
& g X
g
—
=
H
(85}

-n
—_
w
~
N

m
LI L

= N

5 T T

O O O

=2 22 X2

N

D i

m m T

JLL N L L

NN

D e A
A O A

S

m T
LA
=
Y
o O
=2 X2
~ 3
i
PELLL
NN
O X
T o
=2 =
— —
= =
H HH
g O

Q Q O

Q
w

=2
\l
~

n
—
(93]

[e-)
ay ay T M M
—
N ) )
1 1 \I/ T T
A
o
-~
—
~
=
(¢)]

m

—

S

~ -~
T T
oo

- -
T ]

—_ —_

m m MmO
P L LS
D o

1

(@)

-~

=)

~

Tl

—_

(o)

=

pY)

(=%

=

—

o

1W)-Rb
1W)#3-Rb(1)-F(6)-C(
1W)#2-Rb(1)-F(6)-C(
1W)#1-Rb(1)-F(6)-C(

o O

L Q Q Q 9 9 9 9

%

)
)
)
)R

o

b(1)-F(6)-C(8)

F(6)-C
1W/)#1-Rb(1)-F(6)-C(8)
1W')#3-Rb(1)-F(6)-C(8)

30.3(12)
-50.4(17)
127.7(2)
-37.4(14)
59.9(19)
-137.9(13)
-92.5(16)
9.0(17)
115.1(12)
100.2(19)
-31.8(10)
64(3)
93.0(16)
-9.6(18)
143.7(11)
23.7(7)
136.5(6)
-99.6(6)
81.1(7)
170.0(6)

Solid State Structure of Alkali Metal BArF Salts
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Symmetry transformations used to generate
equivalent atoms:

#1 -yt12x+1,z #2 y-1,xt1/2,z #3 -x-1/2.-
y+3/2,z #4 x-1/2,y-1/2,-z+1
#6 y-3/2,x+1,-z+1 #7 -y+1x+1/2,-z+1 #8 y-
112,-x+1,-z+2 #9 -y+1x+1/2,-z+2 #10 -x+1/2,-

y+3/2,z

#5 -X,-y+2,-z+1
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Table S13. Crystal data and structure refinement for CsBArF.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

CsBArF

C33H14B Cl2Cs F24
1081.06

100(2) K

0.71073 A

Tetragonal

P4/ncc

9

a =13.7562(4) A o= 90°.

9

b = 13.7562(4) A B=90°.

9

¢ = 19.0303(7) A v =90°.

Volume 3601.2(2) A

Z 4

Density (calculated) 1.994 Mg/m?
Absorption coefficient 1.329 mm-!
F(000) 2088

Crystal size 0.300 x 0.200 x 0.050 mm3

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

2.094 t0 30.176°.
-10<=h<=18, -12<=k<=19, -26<=I<=13
9316

2386 [R(int) = 0.0254]

Completeness to theta = 25.242° 99.5 %

Absorption correction

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Empirical

Full-matrix least-squares on F2
2386/ 362 / 296

1.134

R1=0.0421, wR2 = 0.1263
R1=0.0558, wR2 = 0.1354

n/a

Largest diff. peak and hole0.957 and -1.188 eAs
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Table S14. Bond lengths [A] and angles [°] for CsBAIF.
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Cl(1S
Cl(1S

(18)-C(1S)-CI(1S)#1
(1S)-C(1S)-CI(1S)#3
CI(1S)#1-C(1S)-CI(1S)#3
CI(18)-C(1S)-CI(1S)#2
CI(1S)#1-C(1S)-CI(1S )2
CI(1S)#3-C(1S)-CI(1S)#2
C(1S)-CI(1S)-CI(1S)#1
C(1S)-CI(1S)-CI(1S)#3
CI(1S)#1-CI(1S)-CI(1S)#3
C(1S)-CI(18)-Cs(1)
CI(1S)#1-CI(1S)-Cs(1)
CI(1S)#3-CI(1S)-Cs(1)

112.5(9)
111(2)
71.0(8)
88.1(11)
141.5(13)
53.9(5)
60.5(17)
95.7(6)
112.5(7)
114.8(9)
74.9(9)
123.1(10)
50.4(4)
65.8(10)
109.9(19)
104.7(6)
111.6(12)
140.3(6)
73.1(4)
73.1(4)
114.8(8)
114.8(8)
73.1(4)
73.1(4)
53.43(19)
53.43(19)
90.000(1)
100.2(4)
74.37(3)
74.37(3)

180

Symmetry transformations used to generate
equivalent atoms:

#1 -y+32x+1,z #2 -x+1/2-y+5/2z #3 y-1,-
x+3/2,z #4 x-1/2,-y+2,-z+1/2 #5 x+1,y+1/2,-
ZH112 #6 y-112x+112,-z+112  #7 -y+1,-x+2,-
zZ+1/2 #8 -x+1/2,-y+312,z #9 -y+1x+1/2,-z+1
#10 y-1/2,-x+1,-z+1 #11 -x+1,y-1/2,-z+1/2

Table S15. Torsion angles [°] for CsBArF

C(1)#8-B(1)-C(1)-C(6) 128(3)
C(1)#9-B(1)-C(1)-C(6) 7(3)
C(1)#10-B(1)-C(1)-C(6) -110(3)
C(1)#8-B(1)-C(1)-C(2) 47 4(8)
C(1)49-B(1)-C(1)-C(2) -169.2(10)
C(1)#10-B(1)-C(1)-C(2) 74.3(8)
C(6)-C(1)-C(2)-C(3) 2(3)
B(1)-C(1)-C(2)-C(3) 178.1(9)
C(1)-C(2)-C(3)-C(4) 0.7(17)
C(1)-C(2)-C(3)-C(7) A75.4(11)
C(2)-C(3)-C(4)-C(5) 103)
C(7)-C(3)-C(4)-C(5) 176(2)
C(3)-C(4)-C(5)-C(6) :3(5)
C(3)-C(4)-C(5)-C(8) 175(2)
C(4)-C(5)-C(6)-C(1) 5(6)
C(8)-C(5)-C(6)-C(1) 177(4)
C(2)-C(1)-C(6)-C(5) 4(5)
B(1)-C(1)-C(6)-C(5) 180(3)
C(4)-C(3)-C(7)-F(1) -97.3(9)
C(2)-C(3)-C(7)-F(1) 77.5(10)
C(4)-C(3)-C(7)-F(2) 22.6(11)
C(2)-C(3)-C(7)-F(2) -162.6(9)
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F(3")-C(7")-F(2')-F(2") 72(2) F(3")-C(7")-F(1")-F(2") 105.2(12)
F(3)-C(7")-F(2')-F(2") 51(2) F(1)-C(7")-F(1")-F(2") 163.0(16)
F(1)-C(7")-F(2')-F(2") 164.0(18) F(2")-C(7")-F(1")-F(2") 2.7(9)
C(3)-C(7")-F(2)-F(2") -75(2) C(3)-C(7")-F(1")-F(2 -114.3(10)
Cs(1)#11-C(7")-F(2')-F(2") 60.1(17) Cs(1)#11-C(7")-F(1")-F(2") 58.8(6)
F(3")-C(7")-F(2)-F(1") -102.2(11) F(2"-F(2")-F(1")-F(1" 10(4)
F(3)-C(7")-F(2")-F(1") -123.3(11) C(7)-F(2)-F(1")-F(1" 19.7(18)
F(1)-C(7")-F(2')-F(1") -9.9(9) Cs(1)#11-F(2")-F(1")-F(1" -61(2)
F(2")-C(7")-F(2)-F(1") -174(2) F(2"-F(2")-F(1")-C(7") -10(3)
C(3)-C(7)-F(2)-F(1") 111.2(10) Cs(1)#11-F(2)-F(1")-C(7) 80.2(7)
Cs(1)J#11-C(T)-F(2)-F (1" 113.8(8) F(")-F(2)-F(2)-C(T) 8(3)
F(1")-C(7)-F(2)-Cs(1)#11 113.8(8) Cs(1)J#11-F(2)-F(2")-C(7) 97.7(8)
F(3")-C(7)-F(2)-Cs(1)#11 11.6(12) CT)-F(2)-F(2")-Cs(1)#11 97.7(8)
F(3)-C(7")-F(2")-Cs(1)#11 -9.5(9) F(1")-F(2')-F(2")-Cs(1)#11 90(3)
F(1)-C(7")-F(2')-Cs(1)#11 103.9(7) F(1"-C(7")-F(2")-F(2") 6(2)
F(2")-C(7")-F(2')-Cs(1)#11 -60.1(17) F(3")-C(7")-F(2")-F(2") 116(2)
C(3)-C(7")-F(2)-Cs(1)#11 -134.9(6) F(3")-C(7")-F(2")-F(2") 133.5(19)
F(2)-C(7)-F(3)-Cs(1)#11 11.9(11) F(1)-C(7)-F(2")-F(2) 21(2)
F(1")-C(7')-F(3)-Cs(1)#11 749(12) C3)-CT)F2)1FQ) 115.8(18)
F(3")-C(7)-F(3)-Cs(1)#11 89(4) Cs(1)#11-C(7)-F(2')F(2) 105.5(19)
F(1)-C(7)-F(3)-Cs(1)#11 104.2(8) F(2)-C(7)-F(2")-Cs(1)#11 105.5(19)
F(2')-C(7)-F(3)-Cs(1)#11 31.8(9) F(1")-C(7)-F(2")-Cs(1)#11 99.5(8)
C(3)-C(7)-F(3)-Cs(1)#11 142.4(8) F(3")-C(7'}-F(2")-Cs(1)#11 10.7(14)
C(7)-F(1)-F(1")-F2) 15.6(14) F(3)-C(7')-F(2")-Cs(1)#11 28.0(10)
F(2)-C(7)-F(1")-F(1) -163.0(16) F(1)-C(7')-F(2")-Cs(1)#11 84.5(11)
F(3")-C(7)-F(1")-F (1) 52.9(18) C(3)-C(T)-F(2")-Cs(1)#11 138.7(5)
F(3)-C(7)-F(1")-F(1) 57.8(17) F(2)-C(7)-F(3")-Cs(1)#11 13.9(15)
F(2")-C(7)-F(1")-F(1) 160.3(14) F(1")-C(7'}-F(3")-Cs(1)#11 95.0(11)
C3)-CT)-F(")-F (1) 82.7(15) F(3)-C(7)-F(3")-Cs(1)#11 73(4)
Cs(1J#11-C(T)-F(1")-F (1) -104.2(13) F(1)-C(7')-F(3")-Cs(1)#11 121.7(11)
F(3")-C(7)-F(1")-F(2) 110.1(14) F(2")-C(7)-F(3")-Cs(1)#11 11.5(14)
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C(3)-C(7)-F(3")-Cs(1)#11 1318(11)
F(5)-C(8)-F(6)-Cs(1) 129.6(15)
F(4)-C(8)-F(6)-Cs(1) 14.1(18)
C(5)-C(8)-F(6)-Cs(1) 109.0(15)
CIASH3-C(1S)-CI(1S)-CIAS)#  123.4(5)
CIAS)#2-C(1S)-CI(1S)-CIIS}E  61.7(3)
CIAS)#1-C(1S)-CI(1S)-CIIS}H3  123.4(5)
CIASH2-C(1S)-CI(1S)-CIASIH3  61.7(3)
CIAS)#1-C(1S)-CI(1S)-Cs(1)  61.7(3)
CIISH3-C(1S)-CI(1S)-Cs(1)  61.7(3)
CIAS)#2-C(1S)-CI(1S)-Cs(1)  0.001(1)

Symmetry transformations used to generate
equivalent atoms:

#1 -y+32xt1,z #2 -x+1/2,-y+52,z #3 y-1,-
x+3/2,z #4 x-1/2,-y+2,-z+1/2 #5 x+1,y+1/2,-
z+1/12  #6 y-12x+1/2,-z+112  #7 -y+1,-x+2,-
z+1/12 #8 -x+1/2,-y+312,z #9 -y+1x+1/2,-z+1
#10 y-1/2,-x+1,-z+1 #11 -x+1,y-1/2,-z+1/2
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Conclusions

Conclusions

A set of new bisphosphite ligands with a distal regulation site for allylic substitutions and
asymmetric hydroformylations have been synthesized. These ligands contain two differentiated
structural features: a polyether backbone as the distal regulation site and a catalytic site
incorporating two phosphite units derived from enantiomerically pure diols at the « and @
positions of the polyether group. The key step in the synthesis of the bisphosphite ligands is an
O-phosphorylation reaction.

As regards supramolecular ligands with a linear polyether chain, two new types of phosphite
groups derived from enantiopure diols (i.e. 3,3'-di-tert-butyl-6,6'-dimethyl-[1,1'-biphenyl]-2,2'-diol
and (2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis(diphenylmethanol) or TADDOL) have been
satisfactorily synthesized and employed as enantioselective catalysts.

As regards new supramolecular ligands containing an stereogenic axis in the regulation site,
enantiomerically pure [1,1'-binaphthalene]-2,2'-diol (or BINOL) was chosen as the molecular
fragment, from which the regulation site of new supramolecular ligands had to be constructed.
The BINOL's hydroxyl groups were alkylated with polyether chains containing one or two
ethyleneoxy units. The syntheses of the supramolecular ligands were completed by O-
phosphorylation with the chlorophosphite derived from 3,3'-di-tert-butyl-6,6'-dimethyl-[1,1"-
biphenyl]-2,2'-diol. The new supramolecular bisphosphite ligands were satisfactorily synthesized

and further employed in enantioselective transformations as catalysts.

The catalytic activity of supramolecular ligands containing four ethyleneoxy units and phosphite
groups derived from enantiopure [1,1'-binaphthalene]-2,2'-diol (or BINOL), 3,3'-di-tert-butyl-6,6'-
dimethyl-[1,1"-biphenyl]-2,2-diol and (2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis(diphenylmethanol)
(or TADDOL) in palladium-mediated asymmetric allylic substitutions was studied. It was
demonstrated that the combinations of the above mentioned ligands with Pd(ll) precursors
suitable for this chemistry ([Pd(z+~Cl)(n3-CsHs)], or [PdClx(cod)]) and an array of metal salts (for
both generating the required nucleophile and triggering the regulation mechanism in the
supramolecular ligands) behaved as supramolecularly regulated catalysts in allylic substitutions.
All supramolecular ligands assayed were very active in the stated transformation, with the
exception of the TADDOL-containing supramolecular ligands. A preference for the coordination of
the TADDOL-derived phosphite groups to the palladium center in a frans-fashion could be
responsible for the lower activity of the catalysts derived from this ligand with respect to the

activity of those incorporating [1,1'-binaphthalene]-2,2'-diol-derived phosphite groups, which have
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a preference for the coordination of the phosphite groups to the palladium center in a cis-fashion
(as evidenced by single crystal X-Ray analysis).

The regio- and stereo-selectivity of the allylic substitutions mediated by palladium-complexes
derived from the BINOL-containing supramolecular ligands could be regulated by using several
alkali metal, alkaline earth metal, or lanthanide salts as regulation agents. The results in terms of
enantioselectivity were moderate (up to 65% ee in the allylic alkylation of rac-(E)-1,3-diphenylallyl
acetate with dimethylmalonate). Positive increments in the enantioselectivity were achieved in the
allylic substitutions of rac-(E)-1,3-diphenylallyl acetate with benzylamine employing alkaline earth
metal or lanthanide salts as regulation agents (up to 46% ee). An increment in the regioselectivity
of the alkylation of cinammyl acetate with dimethylmalonate was observed when a regulation
agent was used (b:l ratio of the substitution products up to 17:83 with LiOAc or CsOAc as the
RA).

e  Supramolecular ligands with an (R)- or (S)-configured [1,1'-binaphthalene]-2,2'-diol (or BINOL)
fragment and two polyether chains containing one or two ethyleneoxy units in the regulation site,
and phosphite groups derived from enantiopure 3,3'-di-tert-butyl-6,6'-dimethyl-[1,1"-biphenyl]-2,2'-
diol in the catalytic site, have been tested in Rh-mediated asymmetric hydroformylations.
Challenging heterocyclic olefins were efficiently hydroformylated in terms of regio- and enantio-
selectivity by rhodium complexes derived from the aforementioned supramolecular ligands. The
supramolecular ligand with an (R)-configured BINOL fragment, four ethyleneoxy units and (S)-
configured phosphite groups (matched combination of stereogenic elements in the
supramolecular ligand) provided higher enantioselectivities in the hydroformylation of cyclic
alkenes than those obtained with the supramolecular ligand containing the (S)-configured BINOL
fragment in the regulation site (mismatched combination of stereogenic elements in the ligand). It
has been demonstrated that the addition of catalytic amounts of RAs (alkali metal BArF salts)
regulated the activity of the catalyst.

A combination of the highest performing supramolecular ligand (that with an (R)-configured
BINOL fragment and four ethyleneoxy units in the regulation site, and (S)-configured phosphite
groups in the catalytic site), [Rh(x20,0"-acac)(CO).] as the metal precursor and KBArF as the
regulation agent mediated the asymmetric hydroformylation of cis-4,7-dihydro-1,3-dioxepine with
perfect chemoselectivity and very high enantioselectivity (93% ee), which, to the best of our
knowledge, is the highest reported enantioselectivity for this substrate. The outcome of the
asymmetric hydroformylations of 2,3-dihydrofuran or 2,5-dihydrofuran mediated by the highest
performing supramolecular ligand could be exquisitely regulated by choosing the appropriate
reactions conditions and RA (i.e. KBArF for these substrates), with an increase in the ee, reversal

of the regioselectivity or the complete suppression of C=C isomerization processes.
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Conclusions

A reduction in the number of ethyleneoxy units from four to two in the regulation site of ligands
containing an (R)- or (S)-configured [1,1'-binaphthalene]-2,2-diol (or BINOL) turned out to be
detrimental for the catalytic activity and regulation ability of these supramolecular ligands in

asymmetric hydroformylations.

The structure of catalytically relevant species derived from the supramolecular ligands in
asymmetric hydroformylations (i.e. [Rh(H)(CO)(x®P,P"—RA-L)]; where L indicates the
supramolecular ligand) has been investigated by state-of-the-art spectroscopic techniques. In the
case of the supramolecular ligands with four ethyleneoxy units in the regulation site and 3,3'-
bis(trimethylsilyl)- or di-fert-butyl-[1,1'-biaryl]-2,2"-diol-derived phosphite groups, the P-ligating
groups are coordinated in an equatorial—equatorial fashion to the trigonal—bipyramidal rhodium
center of the [Rh(H)(CO)2(x2P,P"—RA-L)] complexes. In the case of the supramolecular ligand
with the (R)-configured [1,1-binaphthalene]-2,2'-diol fragment, four ethyleneoxy units in the
regulation site and 3,3'-di-tert-butyl-[1,1"-biphenyl]-2,2'-diol-derived phosphite groups, catalytically
active [Rh(H)(CO)(x2P,P"—RA-L)] complexes wundergo an equilibrium between four
stereoisomeric hydrido-dicarbonyl derivatives with the two P-ligating groups coordinated in

equatorial—equatorial or apical—equatorial fashion.

Both the coordination geometry of the phosphite groups to the rhodium center (ie. an
apical—equatorial or equatorial—equatorial fashion) and the nature of the substituents at the 3 and
3’ positions of the [1,1'-biaryl]-2,2'-diol-derived phosphite groups (i.e. trimethylsilyl or fert-butyl

substituents) affect the enantioselectivity of the AHF reaction of cyclic and linear alkenes.

The solid state structure of the alkali metal BArF salts (BArF anion = [B(3,5-(CF3):CeHs)4] ) have
been determined by single crystal X-ray diffraction analysis. The X-ray analysis of these
compounds provided a framework of the spatial distribution and the distances and geometries of
these salts. All the compounds crystallized as water solvates with the exception of the CsBArF
salt which crystallized as a dichloromethane solvate. In all cases the BArF anion maintains a S4
symmetry in the solid state. The lithium and the sodium structures are isostructural and both
correspond to a disordered mixture of two salt geometries (trigonal bipyramidal and octahedral
metal geometries). Also the potassium and the rubidium structures are isostructural with the
metal coordinated to nine surrounding atoms (eight fluorine and one oxygen atoms). The cesium
salt, which differs in the solvent contained and also in the space group, shows also a similar
arrangement in the crystal packing as the potassium and rubidium salts. Due to the larger size of
the cesium cation, this atom is coordinated to fourteen surrounding atoms (twelve fluorine and
two chlorine atoms). The distances between the metal and boron atoms show an increasing
tendency with the size of the cation, nevertheless the distances in the largest cations (i.e. K, Rb,
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Cs) are very similar. The observed distances clearly demonstrate that the boron atom is in all

cases isolated from the alkali metal cation.

192



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND APPLICATION OF BISPHOSPHITE LIGANDS WITH A DISTAL REGULATION SITE FOR ASYMMETRIC CATALYSIS
Laura Rovira Gonzalez

Resum

A la present tesi s'ha estudiat el disseny i la sintesi de lligands supramoleculars enantiopurs de tipus
bisfosfit, juntament amb les propietats de coordinacio d'aquests lligands amb precursors de rodi i pal-ladi.
Els complexes de rodi i pal-ladi derivats d’aquests lligands supramoleculars s’han aplicat com

catalitzadors a hidroformilacions i substitucions al-liliques asimétriques.

El disseny i desenvolupament de noves estratégies per a obtenir lligands supramoleculars és un
tema important degut a I'amplia aplicacid d'aquests lligands en catalisi enantioselectiva. Els lligands
dissenyats a la present tesi contenen una cadena polioxietilénica, que és la responsable de la regulaci6 a
través d'interaccions supramoleculars amb els agents de regulacié, i a més contenen dos grups fosfit
derivats de diols enantioméricament purs que es coordinen amb el centre metal-lic i constitueixen el
centre catalitic (vegi's la Figura 1). L’activitat catalitica d’aquests lligands esta controlada per un agent de
regulacié que interacciona amb la cadena polioxietilénica a través d'interaccions supramoleculars (per
exemple i6-dipol). Aquestes interaccions apropen els dos fosfors terminals, faciliten la coordinacié de
forma bidentada daquests grups fosforats al centre metal-lic i constitueixen el centre catalitic. La unié de

I'agent de regulacié indueix un canvi a la geometria del centre actiu modificant I"activitat catalitica.

o Efecte plantilla Canvi a la geometria
I\:’/ 0
/ 0—0.J 0—0 0
O/O’O'O/O 0 1 e O v \Fi/o
5 L g O ey
\P\o o b- /P\O N /P\O
/
0 R U

Centre de regulacié: Cadena polioxietilenica
Centre actiu: Complex metal-lic de lligands bisfosfit

Agent de regulacié: AR (especie cationica)

Figura 1. Estratégia supramolecular per als lligand bisfosfit amb un centre de regulacio

El pas clau a la sintesi dels lligands bisfosfit correspon a una reaccié d"O-fosforilacié dels grups
hidroxils terminals de la cadena polioxietilénica amb derivats electrofils de fosfor de tipus clorofosfit en
preséncia de quantitats estequiometriques d’'una base auxiliar. Mitjiangant aquesta estratégia sintética es
va preparar la familia de lligands enantiopurs amb un centre de regulacié distal emprats a la present Tesi

Doctoral (vegi's la Figura 2).
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Figura 2. Familia de lligands supramoleculars enantiopurs emprats a la present Tesi Doctoral

S’ha estudiat I"activitat catalitica dels lligands supramoleculars de tipus bisfosfit, 1a—c, a reaccions
d’alquilacié al-lilica asimétrica. Es va demostrar que combinacions dels lligands esmentats anteriorment
amb precursors de Pd(ll) adequats per a aquesta quimica ([Pd(z+Cl)(n3-CsHs)], o [PdClx(cod)]) i una série
de sals metal-liques (per a la generacio del nucledfil i alhora activar el mecanisme de regulacié als
lligands supramoleculars) es comporten com a catalitzadors supramoleculars a substitucions al-liliques

asimetriques.

Tots els lligands supramoleculars estudiats per aquesta transformacio resultaren ser molt actius en termes
de conversié, amb I'excepcio del lligand 1¢ (que conté grups fosfit derivats del TADDOL). La preferéncia
per una geometria de coordinacié de tipus trans per part del lligand 1¢ al centre de pal-ladi podria ser la
responsable de la inferior reactivitat obtinguda a les reaccions de substitucié al-lilica del complex derivat

del lligand 1¢ respecte el complex de pal-ladi derivat del lligand 1a, que presenta una geometria de
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coordinacio dels grups fosfit de tipus cis, tal i com va evidenciar I'analisi de raigs-X de les estructures

cristal-lines d'ambdds complexes.

La regio- i estereo-selectivitat de les substitucions al-liliques mitjangant els complexes de pal-ladi derivats
dels bisfosfits 1 va poder ser modulada utilitzant sals de metalls alcalins, alcalinoterris o lantanids com
agents de regulacié. Els primers estudis catalitics identificaren el lligand 1a i [PdClx(cod)], com el lligand i
precursor de pal-ladi dptim per a les reaccions de substitucié al-lilica amb I'acetat de rac-(E)-1,3-difenilal-lil
(2) com substrat. De totes les possibilitats estudiades, la combinacié de RbOAc amb el lligand 1a i
[PdClx(cod)] com a precursor metal-lic és la que va donar conversié completa amb un excés enantiomeéric
del 65%, implicant un augment del 6% a I'enantioselectivitat respecte a quan no es va emprar cap agent
de regulacio. Amb I'Us de benzilamina (BZA) com a nucledfil i sals de metalls alcalinoterris o lantanids
com agent de regulacio es va observar un augment del 16% a I'excés enantioméric. La reaccio de
substitucié al'lilica de I'acetat de cinamil (5) amb malonat de dimetil (DMM) com a nucledfil, també va ser
regulada supramolecularment amb el lligand 1b i [Pd(z-Cl)(73-CsHs)]2 obtenint un excés enantiomeéric
d'un 60%, sense agent de regulacié i augmentant la relacié b:l en emprar Mg(OTf), com agent de

regulacio.

/\ij [Pd(,u-C|)(773-C3H5)]2 /\)N\u
(2.5 mol%)
\ *
) 2 i [PdCl,(cod)] (5.0 mol%) Ph \3 Ph
L1a—c (5.5 mol%)
AR (5.5 mol%) B Nu
DMM o BZA (3 equiv.
Ph”""0Ac (3 equiv) Ph)*\/ + PN
BSA (3 equiv.)
5 DCM, ta 6 .

Nu = CH,(COOMe), (DMM)
PhCH,NH, (BZA)

Figura 3. Alquilacions al-liliques asimétriques estudiades.

Els complexes de rodi derivats dels lligands bisfosfit (S)-L1, (R,S)-L2, (S,S)-L3, (R,S)-L4 i (S,S)-L5
van ser aplicats a la hidroformilacié asimetrica de diferents olefines heterocicliques (4, 7 i 8). Es va
observar que aquests lligands sén molt actius en aquest tipus de transformacio, i que amb I'is d’un agent

de regulacié adequat es pot modular satisfactoriament tant la regio- com la enantio-selectivitat.

En el cas del derivat 1,3-dioxepinic (8), es va observar un augment important en la conversié de fins un
76% quan s'utilitzava (R,S)-L2 com a lligand i KBArF com agent de regulacio. L'augment en el excés
enantiomeric també va ser considerable, fins a un 73%, en preséncia de KBArF com agent de regulacid.
Aquests resultats suposen les condicions de hidroformilacio de 8 que condueixen als excessos

enantiomeérics més elevats que s’han descrit a la bibliografia fins |'actualitat. Amb aquesta estrategia
195



UNIVERSITAT ROVIRA I VIRGILI
DESIGN AND APPLICATION OF BISPHOSPHITE LIGANDS WITH A DISTAL REGULATION SITE FOR ASYMMETRIC CATALYSIS
Laura Rovira Gonzalez

supramolecular, i adaptant les condicions de reaccié per als substrats 2,5-dihidrofura (4) i 2,3-dihidrofura
(7), es poden ajustar també els productes de la reaccio, aixi com suprimir la formacié d’un subproducte de
la reaccié de hidroformilacié (producte d’'isomeritzacié de I'enllag C=C (7)).

El sistema catalitic format per els lligands (S)-L1, (R,S)-L2 i (S,S)-L3 i 'agent de regulacidé apropiat
contribueix a un augment de I'excés enantiomeric de fins un 71% a la hidroformilacié de 2,5-dihidrofura

(4).

8 [Rh(x20,0"-acac)(CO),] (1 mol%) 9 o
L1-5 (1.2 mol%) 0
0 - Do
0 *
0 AR (1.56 mol%) 0 CHO 0
7 10 bar 1:1 CO/Hy, 5 6
tolue/THF (97:3 viv), CHO
— 40°C -
£ Do+ O3 0Y
0 o~ "CHO ™o 0
4 5 6 7

Figure 4. Hidroformilacions asimétriques estudiades.

Els estudis de complexacié amb els lligands (S)-L1, (R)-L6 i (R,S)-L2, [Rh(x20,0'-acac)(CO);] com
a precursor de Rh(l) a reaccions de hidroformilacié, KBArF i RbBArF com agents de regulacié,
evidenciaren l'estructura de les especies catalitiques, mostrant diferéncies entre els quelats d’aquests
lligands. En el cas dels lligands (S)-L1, (R)-L6, la geometria de coordinacié dels dos fosfors al centre de
rodi amb geometria bipiramide trigonal és de tipus equatorial-equatorial. D’altra banda, al quelat
[Rh(H)(CO)(x2P,P'—KBArF.(R,S)-L2)], el sistema experimenta un equilibri entre quatre complexes de rodi
amb els dos fosfors coordinats de manera equatorial—equatorial o equatorial—apical al centre de rodi tipus
bipiramide trigonal.
S’ha observat que tant la geometria de coordinacié dels grups fosfit al centre de rodi (tipus
apical—equatorial o equatorial—equatorial), com la naturalesa dels substituents en la posici6 3 i 3' del
fragment [1,1-biaril]-2,2"-diol dels grups fosfit (substituents trimetilsilil- o tert-butil-) sén factors que afecten

a l'enantioselectivitat de la reacci6 de AHF d'alquens ciclics i lineals.
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Les estructures en estat sdlid de les sals alcalines de BArF (ani6 BArF = [B(3,5-(CF3).CeHa3)s] ") es
van estudiar mitjangant difraccié de raigs-X. Aquesta técnica espectroscopica va proporcionar la
distribucié espacial dels atoms, aixi com les distancies i geometries de les espécies estudiades. Totes les
estructures cristal-litzaren en forma de solvats daigua a excepci6 de la sal de CsBArF que va cristallitzar
com a solvat de diclorometa. En tots els casos I'anio de BArF manté una simetria S4 a l'estat solid. Les
estructures dels cations més petits, com sén el liti i sodi, son isoestructurals i totes dues tenen una barreja
desordenada de dues geometries: la bipiramide trigonal i I'octaédrica. També son isoestructurals les
estructures de les sals de potassi i rubidi, estant el metall coordinat a nou atoms veins (vuit atoms de fluor
i un atom d’oxigen). L estructura del CsBArF, que és diferent de les altres tant en el dissolvent contingut
com en el grup espacial, mostra una disposici6 similar a la del potassi i rubidi. Degut a qué el cesi és un
atom més voluminds, en aquest cas el catié esta coordinat a catorze atoms veins (dotze atoms de fluor i
dos atoms de clor). Les distancies entre el metall i el centre de bor mostren una tendéncia creixent amb la
grandaria del catié, encara que les distancies als cations més voluminosos (i.e. K*, Rb* i Cs*) sén molt
similars. Les distancies observades mostren clarament que |'atom de bor esta en tots els casos aillat dels

atoms corresponents als metalls alcalins.
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Summary

The design and synthesis of enantiopure supramolecular bisphosphite ligands, together with their
coordination properties with rhodium and palladium precursors, have been studied. Rhodium and
palladium complexes derived from these supramolecular ligands have been applied as catalysts in
asymmetric hydroformylations and allylic substitutions. The designed ligands contain a polyoxyethylene
motif, which is the responsible for regulation through supramolecular interactions with the regulation
agents, and two phosphite groups derived from enantiomerically pure diol derivatives that bind the metal
center and constitute the catalytic site. The supramolecular strategy that has been followed within the
present Doctoral Thesis relies on the interaction between a number of regulation agents (alkali metal,
alkaline earth metal or lanthanide salts) and the polyoxyethylene motif of the ligand, which serves for the
fine modification of the geometry and flexibility of the catalytic center (adaptive effect of the asymmetric
catalyst). This supramolecular regulation strategy has led to high enantioselectivities in hydroformylation
reactions of heterocyclic olefins and has allowed the regulation of the regioselectivity in the
hydroformylation of several cyclic olefins. Furthermore, the formation of byproducts associated with the
hydroformylation process has also been suppressed with the use of the above mentioned regulation
agents. Supramolecularly regulated bisphosphite ligands have also been applied to asymmetric allylic
substitution reactions. Noteworthy regulation effects have been achieved in this transformation, though the

enantioselectivies in the allylic substitutions remained moderate.

Resum

S’ha estudiat el disseny i la sintesi de lligands supramoleculars enantiopurs de tipus bisfosfit, juntament
amb les propietats de coordinacié d’aquests lligands amb precursors de rodi i pal-ladi. Els complexes de
rodi i pal-ladi derivats d'aquests lligands supramoleculars s’han aplicat com catalitzadors en
hidroformilacions i substitucions al-liliques asimétriques. Els lligands dissenyats contenen una cadena
polioxietilénica, que és la responsable de la regulacié a través d'interaccions supramoleculars amb els
agents de regulacio, i a més contenen dos grups fosfit derivats de diols enantiomericament purs que es
coordinen amb el centre metal-lic i constitueixen el centre catalitic. L’estratégia supramolecular que s’ha
emprat en la present Tesi Doctoral es basa en la interaccié entre diversos agents de regulacié (sals de
metalls alcalins, alcalinoterris o lantanids) amb la cadena polioxietilénica del lligand, que serveix per a
modificar la geometria i flexibilitat del centre catalitic (efecte adaptatiu del catalitzador asimeétric). L'Us
d'aquesta estratégia de regulacié supramolecular ha permés obtenir enantioselectivitats elevades en
reaccions d’hidroformilacié d’olefines heterocicliques. A més a més, s’ha pogut regular per alguns alquens
heterociclics la regioselectivitat de la reaccio i s’ha pogut eliminar la formacio de productes secundaris
associats amb la reaccid d’hidroformilacié. Lligands supramoleculars regulables de tipus bisfosfit s’han
aplicat també en substitucions al-liliques asimetriques. Els efectes de regulacié que s’han obtingut en
aquesta transformacio han estat notables, tot i qué les enantioselectivitats obtingudes han estat

moderades.
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Resumen

Se ha estudiado el disefio y la sintesis de ligandos supramoleculares enantiopuros de tipo bisfosfito,
juntamente con las propiedades de coordinacién de estos ligandos con precursores de rodio y paladio.
Los complejos de rodio y paladio derivados de estos ligandos supramoleculares se han aplicado como
catalizadores en hidroformilaciones y substituciones alilicas asimétricas. Los ligandos disefiados
contienen una cadena polioxietilénica, que es la responsable de la regulacién a través de interacciones
supramoleculares con los agentes de regulacion, y que ademas contienen dos grupos fosfito derivados de
dioles enantioméricamente puros que se coordinan al centro metalico y constituyen el centro catalitico. La
estrategia supramolecular que se ha empleado en la presente Tesis Doctoral se basa en la interaccion
entre agentes de regulacién diversos (sales de metales alcalinos, alcalinotérreos o lantanidos) con la
cadena polioxietilénica del ligando, que sirve para modificar la geometria y flexibilidad del centro catalitico
(efecto adaptativo del catalizador asimétrico). El uso de esta estrategia de regulacion supramolecular ha
permitido obtener enantioselectividades elevadas en reacciones de hidroformilacion de olefinas
heterociclicas. Ademas, se ha podido regular para algunos alquenos heterociclicos la regioselectividad de
la reaccion y se ha podido eliminar la formacion de productos de isomerizacién asociados con la reaccién
de hidroformilacién. Ligandos supramoleculares de tipo bisfosfito se han aplicado también en
sustituciones alilicas asimétricas. Los efectos de regulacion que se han obtenido en esta transformacion

han sido notables, aunque las enantioselectividades obtenidas han sido moderadas.





