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Combinatorial chemistry in combination with high-through-
put screening technologies is an important way of finding
new successful catalyst systems. The design of ligand librar-
ies of bidentate phosphorus ligands and the application of
their transition-metal complexes in homogeneous (asymmet-
ric) catalysis reactions will be described in this review. Till
now three different approaches were developed to arrive at
such libraries of bidentate phosphorus ligands: 1) modular

synthesis of bidentate ligands 2) the solid support synthesis
of bidentate ligands and 3) the self-assembly of ligand build-
ing blocks into bidentate ligands. The scope and limitations
of these strategies will be discussed on the basis of a limited
number of articles that dealt with the synthesis of at least 15
bidentate phosphorus ligands.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

1. Introduction

Transition-metal catalysis has found wide-spread appli-
cation and is a subject of intensive research both in industry
and academia. Initially transition-metal catalysis was
mainly applied to the synthesis of bulk chemical synthesis,™!
but its application in fine-chemical industry is steadily in-
creasing.l’! The main reason for the recent increase is un-
doubtedly its potential in asymmetric catalysis, although
there are several other advantages of homogeneous cata-
lysts compared to noncatalytic routes, such as the reduction
of waste and potential shortcuts in lengthy total synthe-
ses.?l Despite the enormous progress in the area of asym-
metric transition-metal catalysis, suitable catalysts are still
lacking for many reactions and processes. This is related to
the challenge involved in this type of selectivity; without
catalyst the energy barriers of the competing reaction paths
leading to the (R) and (S) product are by definition the
same. For a reaction that leads to 95% ee the chiral catalyst
should induce a difference in these energy barriers of 2 kcal/
mol. Although computational techniques have evolved
enormously since Knowles’ pessimistic statement in 1983
concerning the use of theoretical methods for the develop-
ment of asymmetric catalysts, even today the necessary ac-
curacy is lacking to predict selectivity of catalysts.[*] The
intensive research of the past decades in the area of asym-
metric catalysis has resulted in very few privileged ligandsl!

[a] Homogeneous and Supramolecular Catalysis, Van 't Hoff Insti-
tute for Molecular Sciences,
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that form catalysts able to convert a wide range of sub-
strates with high enantioselectivity and that are applicable
for several reactions. This has driven researchers to other
strategies to find catalytic solutions to certain problems and
as such combinatorial approaches and high-throughput ex-
perimentation, initially applied in biotechnology, has been
explored and identified as an indispensable tool for catalysis
research. This approach involves two scientific challenges:°!
1) strategies and methods have to be developed for the prep-
aration of large libraries of chiral ligands and/or catalysts
displaying high degrees of structural diversity, 2) methods
have to be developed for the high-throughput screening of
such catalysts. For reviews on screening-techniques that can
be used for high-throughput screening the reader is referred
to other reviews and papers.[! In this overview we discuss
the developments in the field of ligand library development
for (hetero-)bidentate phosphorus ligands. In contrast to
monodentate phosphorus ligands,!”! the libraries of (chiral)
bidentate phosphorus ligands are scarce, despite the impor-
tance of bidentate phosphorus ligands in (asymmetric) tran-
sition-metal-catalyzed reactions. This is attributed to the in-
trinsically more complicated synthesis of bidentate ligands
compared to that of monodentate ligands. This is especially
true for hetereobidentate ligands as two different groups
need to be introduced to the ligand backbone. In this
microreview we show the strategies developed to arrive at
bidentate phosphorus libraries and discuss the applicability
of the routes, evaluating both the size and diversity of the
generated libraries. The applied strategies to arrive at ligand
libraries can be divided in three different approaches: (1)
modular synthesis, i.e. the use of intermediates from which
various ligands can be synthesized in a few steps, (2) the
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use of solid support synthesis, and (3) the application of
supramolecular strategies to prepare self-assembled ligands.
Often the term library or combinatorial chemistry is not
used in the development of a series of ligands. In our over-
view of bidentate phosphorus ligand libraries we selected
articles that dealt with the synthesis of 15 or more bidentate
phosphorus ligands.

2. Synthesis of Libraries of Bidentate
Phosphorus Ligands Using Modular Compounds

One of the routes explored to arrive at ligand libraries
is the use of modular ligand structures. A (optically pure)
compound is prepared in one or more steps, which is sub-
sequently used to prepare a series of ligands that conse-
quently belong to a ligand class of structural similarity.[63]
This approach is sometimes also referred to as “divergent
synthesis”. The modular ligand structure facilitates both
the preparation of a ligand library and the modification of
a successful structure in attempts for further optimization.

The first report on the modular approach to ligand li-
braries can be found in the patent literature. Billig et al.
devised a synthetic route that facilitated the preparation of,
among other phosphites, 22 different chiral diphosphites,
using the building blocks depicted in Scheme 1.1 The Ii-
gands were varied in the backbone that connected the two
donor atoms as well as in the phosphite ligand themselves.
These diphosphites, and also the diphosphites 1-4 shown
in Scheme 2, were applied in the Rh-catalyzed hydrofor-
mylation of alkenes. In Table 1 the results of the hydrofor-
mylation of 1-butene by Rh complexes based on the diphos-
phites 1-4 are displayed. The introduction of substituents
in the ligand backbone changed the /:b ratio only from 3.2
to 6.3 (Entries 1 and 2). Variation of the phosphite units has
a much stronger influence on the regioselectivity. Whereas a
Rh-3 catalyst was active and induced a high selectivity (/:b
ratio of 50.5, Entry 3), the Rh-4 catalyst did not promote
the reaction (Entry 4) at all under these conditions. Presum-
ably, all ligands have been studied in this reaction, but the
patent literature does not allow further interpretation of li-
gand effects.
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Scheme 1. Building blocks used for the synthesis of diphosphites, in red we have displayed the backbones that were used to make the
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Scheme 2. Ligand library of diphosphites applied in the hydroformylation of 1-butene.

Further early examples of modular ligands involve the
ferrocenyl-based ligands developed by Togni and co-
workers (some examples: Scheme 3).”) In 1994, they pub-
lished several different ferrocene-ligands that were synthe-
sized from one modular compound: the intermediate (di-
phenylphosphanyl)ferrocenylamine (Scheme 1) could be
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transformed into either P-P, P-N or P-allyl ligands using
different reagents and conditions. This approach was ex-
tended in the following years and resulted finally in the
well-known Josiphos ligand series. For a specific review on
the development of this ligand the reader is referred to an
excellent review.[?!
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Table 1. Selected results from the rhodium-catalyzed hydrofor-
mylation of l-butene to Cs aldehydes in the presence of in situ
prepared [Rh(CO),(1-4)] precatalysts.

Entry Ligand Ligand/Rh  TOF [gmol/L/h] b
1 1 4.3 3.7 32
2 2 4.0 0.4 6.3
3 3 4.1 6.0 50.5
4lal 4 _ _ _

[a] No reaction was observed and the reaction conditions were not
given.

In the area of modular bidentate ligands, phosphite-re-
lated ligands are well represented. Hydroxy- and amino-
functionalized compounds, the starting compounds to pre-
pare phosphite and phosphoramidite ligands, are readily
available, often also in chiral forms as they are derived from
natural products. Additionally, the preparation of phos-
phite compounds is relatively easy compared to for instance
phosphane ligands.

Jugé and co-workers developed a 17-membered eph-
edrine-based library of aminophosphane-phosphonite li-
gands,['% referred to as AMPP ligands. Several members of
this library have P-donor atoms that possess P chirality. The
ligands were prepared from the intermediate oxazaphos-
pholidine 5 (Scheme 4) in two steps.[''! Reaction of 5 with
the lithium reagents provided intermediate 6, which was
trapped with a chlorophosphane. Subsequent addition of
BH; yields the protected compounds 8a-1 (in 30 to 79%

yield), which, after deprotection with dabco, provided the
aminophosphane-phosphonite ligands. The intermediate 6
also reacted with the P-stereogenic phosphorus chloride
compound 7 to deliver aminophosphane-phosphonites 8m-—
p in which both phosphanes are P-stereogenic. The ob-
tained ligands were diastereomerically pure.

The ligands were applied in the asymmetric hydrogena-
tion of methyl a-acetamidocinnamate (Scheme 5), in which
both the ligand structure and the solvent influence was in-
vestigated (Table 2).

COOMe

H,, [Rh(cod)(8)]BF, COOMe
*

Ph NHAc Ph NHAc

Scheme 5. Asymmetric hydrogenation of methyl a-acetamidocinna-
mate.

With exception of one ligand yielding 60% of the prod-
uct, all catalysts based on these ligands provide the product
in 91% yield or higher. The ee value of the obtained prod-
uct varied from 0 to 99%. An ee value of 99% was obtained
with two ligands of type 8a-1, with either R’ = 0-An or
o-MEMPh, R’ = Ph; both ligands also gave >90% yield
(Table 2, Entries 5 and 6). Small changes in the ligand
structure resulted in very different selectivities. For instance
the catalyst based on the ligand 8d, containing a 1-naphthyl
group, resulted in 88% ee in dichloromethane (Table 2, En-
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Scheme 3. The ferrocene-based ligand Josiphos and some related ligands, prepared from one modular intermediate.
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Scheme 4. Synthesis of AMPP ligands.
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Table 2. Selected results from the rhodium-catalyzed hydrogenation
of methyl a-acetamidocinnamate with [Rh(cod)(8)]BF,, containing
AMPP ligands 8 (see Scheme 4).

Entry L, R,R", R (] Yield [%]  ee [%]
10 8d: 1-Np, Ph, Ph 4 99 88 (S)
2l 8f: 2-Np, Ph, Ph 45 9% 16 (S)
3 8o: Ph, 0-An, Ph 2% 95 62 (R)
41b] 8p: 0-An, Ph, 0-An 21 95 75 (S)
5lbl 8b: 0-An, Ph, Ph 20 98 99 (S)
6] 8c: o-MEMPh, Ph, Ph 36 94 99 (S)

—_

a] In dichloromethane. [b] In benzene.

try 1), whereas the catalyst based on ligand 8f, containing
a 2-naphthyl group, converted the same substrate with only
16% ee (Entry 2). The experiments further demonstrated
that the chirality at the phosphorus centre was of major
importance. Whereas almost all AMPP ligands were pre-
pared from (+)-ephedrine, both the (R)- and (S)-enantiomer
of the product could be obtained with excellent ee values.
For example ligands 80 and 8p provide the products with
opposite enantioselectivity, whereas the backbone is the
same (Entry 3 and 4 of Table 2). These results clearly dem-
onstrate the value of the application of ligand libraries.
Another library of (potentially) chelating ligands synthe-
sized from modular building blocks was published by
Schmalz and co-workers, consisting of P/P (14), P/N (3),
P/S (2) and P/Se (1) ligands.['?l The key building block in
the synthesis is the orthogonally doubly protected hydro-
quinone (9a, Scheme 6), that could be functionalized with
several different donor ligands. The first donor moiety was
introduced using different methodologies, depending on the

European Journal
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desired donor ligand. Phosphane donor ligands were intro-
duced by lithiation of 9a and subsequent reaction with elec-
trophiles (e.g. chlorophosphanes), yielding the protected
compound 10. For the heteroaryl donor ligands (i.e. pyr-
idine, thiophene etc.), building block 9b was converted to
an aryl bromide 13, which was converted into the function-
alized ligand 14 by palladium-catalyzed cross-coupling re-
actions (Scheme 6).

After selective deprotection of one alcohol (10 — 11),
the second coordinating group was introduced by reacting
the phenolic OH moiety with a phosphorus chloride rea-
gent. The diversity of the ligands, apart from the different
donor atoms like phosphorus, sulfur or nitrogen, was essen-
tially in the structure of the phosphite part (Scheme 7).

The activity and selectivity of the ligands were investi-
gated in the hydroboration of styrene (15) (Scheme 8). The
yields varied between 7 and 98% and the ee value between
3 and 91% (Table 3). The highest ee values were obtained
with the bis-phosphorus ligands 12¢ and 12d (Scheme 8§,
Table 3 Entries 5, 6). Only the bis-phosphorus ligands gave
ee values above 60%. For instance, changing the diphenyl-
phosphane group in the phosphane-taddolphosphite ligand
12a for a phenylselenium (14a) resulted in a decrease of ee
from 81% (R)-enantiomer) to 3% (S)-enantiomer, Table 3,
Entries 1 and 2). The corresponding thiophene-analogue
14b provided the product in only 5% ee (S)-enantiomer,
Entry 3). Furthermore, large differences in performance for
the different phosphanes were observed. Whereas the afore-
mentioned diphenylphosphane-taddolphosphite ligand 12a
provided 81% ee of the (R)-enantiomer, the dicyclohex-
ylphosphane-taddolphosphite ligand 12b resulted only in
49% ee of the (S) product (Entry 4).

ornp D "Buli or  CIPOR™), o
/©/ 2) CIPR", /@: Et;N J@[ P(OR™),
—— —
TBSO TBSO PR", TBSO PR",
9 ‘R'= 12
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n 3
/@/OH or Br,, CHCl OR" " 3) HetAr-Br, cat. PdL,
R'O 2) 3,4-dihydro-2H-pyrane, PPTS R'O Br —
9b or CH,(OMe),, molecular sieves 13a
R'=TBS, Bn R' =TBS, Bn
R"=THP, MOM
/@iow 1) selective deprotection /@i O- P(OR™),
RO HetAr 2) CIP(OR™), Et;N R'O HetAr
13b
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Scheme 6. Synthesis of modular ligands as published by Schmalz and co-workers. Only the synthesis of the biphosphorus ligands is

displayed.
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Scheme 8. Asymmetric hydroboration of styrene (15).

Salzer and co-workers synthesized 20 different planar
chiral diphosphane ligands based on an arene(tricarbonyl)-
chromium backbone (Scheme 9).I'3 Different phosphorus
donor moieties were introduced: aliphatic, alicyclic and aro-

Table 3. Selected results displayed by some ligands from the library
of Schmalz in the rhodium-catalyzed hydroboration of styrene (15).

Entry Ligand  Time[h]  16/17  Yield [%] ee 16 [%]
1 12a 2.5 98:2 98 81 (R)
2 14a 2 64:36 31 3(S)
3 14b 5 83:17 25 5(S)
4 12b 2.5 97:3 92 49 (S)
5 12¢ 3.5 95:5 63 91 (R)
6 12d 3.5 96/4 97 88 (R)

matic groups. A (R,R)-2,5-dimethylphospholane moiety
was also included.

The ligands were applied in the rhodium-catalyzed asym-
metric hydrogenation of various alkenes, an imine-substrate
and a ketone substrate (Scheme 10). The substitution
pattern of the ligands appeared to be extremely important,
both for the activity and the selectivity of the catalysts,
demonstrating the power of library screening. For instance,
in the hydrogenation of dimethyl itaconate (Table 4, 18)
tert-butylphosphanes (e.g. Scheme 10, 22d) generally re-
sulted in disappointingly low selectivities, whereas the suc-

©_<Me fBuLi Me  CIPR), Me
—_— —_—
: NMe, @fﬁNMe2 ©_<1\11\/1e2
Cr Cr Cr PR,
(CO)3 (CO); (CO)3
1-chloroethyl- Me HPR" Me
Cl PR",
chloroformate ¢r TPR, ¢r YPR,
(CO)3 (CO)3

Scheme 9. Synthesis of Cr(CO);-based diphosphane ligands.
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Scheme 10. Substrates and planar chiral ligands from Salzer and co-workers for the asymmetric hydrogenation.

cess of catalysts based on arylphosphanes varied substan-
tially. Two closely related ligands, differing only in the sub-
stituents on the phosphorus (phenyl- or o-tolyl-phosphane;
22a and 22b, Table 4) gave rise to catalysts with very dif-
ferent selectivities. The catalyst based on ligand 22a pro-
vides the product in 70% ee, whereas the analogue based
on 22b gives only 1.0% ee. The catalyst prepared from li-
gand 21, that converts dimethyl itaconate with full conver-
sion and >99% enantioselectivity, provides the hydrogena-
tion product of methyl acetamidocinnamate (19) with only
12% ee and 45% conversion. Also in the hydrogenation of
methyl 2-acetamidoacrylate (20) this catalyst performs
moderately: 31% ee with full conversion. A similar sub-
strate-dependent performance is observed with the catalyst
formed from ligand 22¢: 7.1% ee in the dimethyl itaconate
hydrogenation, 77% ee in the hydrogenation of methyl acet-
amidocinnamate and 87% ee for the product of hydroge-
nated methyl 2-acetamidoacrylate. It is important to note
that for every substrate the highest ee is obtained with a
different ligand: 21 for substrate dimethyl itaconate, 24 for
methyl acetamidocinnamate and 23 for methyl 2-acet-
amidoacrylate.

Table 4. Hydrogenation of several alkenes with (tricarbonyl)chro-
mium-functionalized ligands.

Entry Substrate Ligand Conversion [%]  Yield [%0] ee [%]
1 18 21 100 100 >99 (S)
2 22a 37 37 70 (S)
3 22b 23 2 1.0 (S)
4 22¢ 85 85 7.1 (S)
5 19 21 45 45 12 (R)
6 22¢ 21 21 77 (S)
7 24 99 99 87 (S)
8 22d 38 38 1.2 (R)
9 20 21 100 100 31 (R)
10 22¢ 90 90 87 (R)
11 22d 33 33 7.6
12 23 100 100 91 (S)

A series of 15 P-stereogenic bidentate phosphane-phos-
phite ligands has been prepared in our group.'¥l Starting
from a racemic secondary phosphane (25) chiral hydroxy-
functionalized phosphanes were prepared via (-)-sparteine-
mediated enantioselective lithiation. Subsequent reaction of

Eur. J. Inorg. Chem. 2008, 2939-2958
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the P-stereogenic hydroxy-functionalized phosphanes 27
with phosphorus chloridite reagents yields the bidentate
phosphane-phosphite ligand 28 (Scheme 11).

1) BuLi, (-)-sparteine R\ H; 1) sBuLi

CH3
2) Mel 2)
26

" BH3 R"
R\ /B 3 1) BuLi, (-)-sparteine \
_— n OH
Ph 2) o Ph
25 R 27 n=0,1
1) Ei;N,

P-cl

tBu O tBu TMS 2) HNEt,
R,,
(0 _ o o
- 0 O—P )
X b
Bu Bu TMS 28 n=0,1

Scheme 11. The preparation of a series of P-stereogenic phosphane-
phosphite ligands by van Leeuwen and co-workers.

The performance of transition-metal catalysts based on
these ligands was investigated in several asymmetric trans-
formations, among which the rhodium-catalyzed hydrofor-
mylation and the allylic alkylation (Scheme 12). Some se-
lected ligands and the performance of their catalysts are
reported in Table 5 and Table 6.

The conversions obtained in the allylic alkylation varied
between 40-100% and the ee values between 11 (ligand 28g)
and 83% (ligand 28e). Especially the chirality at the carbon
atom appeared to be important to achieve high ee. The cat-
alyst based on ligand 28¢, which has the (R)-configuration
at phosphorus and (S) at carbon, provides the product of
the allylic alkylation in 78% ee at almost full conversion
(Table 5, Entry 1). The catalyst based on its diastereomer,
28f [(R) configuration at phosphorus and (R) at carbon],
provides the product in approximately the same ee (77 %,
Entry 2), but the opposite enantiomer. The mixture of these
two diastereoisomeric ligands (28g), which have the same
chirality at the phosphorus atom and opposite at carbon,
delivers the product in nearly racemic form (11% ee, Entry
2945
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Scheme 12. Conditions and ligands from van Leeuwen and co-
workers for the asymmetric allylic alkylation and hydroformylation.

Table 5. Performance of several transition-metal complexes based
on phosphane-phosphite in the allylic alkylation of rac-1,3-di-
phenyl-2-propenyl acetate (29).

Entry Ligand Conversion [%0] ee [%0]
1 28¢ 95 78 (S)
2 28f 86 77 (R)
3 28¢g 99 11 (S)
4 28h 61 21 (S)
5 28i 74 79 (R)
6 28e 100 83 (S)

Table 6. Performance of several transition-metal complexes based
on phosphane-phosphite in the hydroformylation of styrene (15).

Entry Ligand Time [h] Conversion [%] 31:32  ee [%)]
1 28a 24 55 11 63 (S)
2 28b 25 24 20 57 (S)
3 28d 17 41 18 9(R)
4 28e 25 69 2 18 (S)
5 28h 18 95 9 40 (S)
6 28i 19 26 8 4(S)

D-(+)-Glucose

la

HO RO
HO o borec,d RO o e
A© 00k AO (P\/

Scheme 13. Synthesis of furanoside-based diphosphane ligands.
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3). The chirality at the P-stereogenic center is apparently
unimportant, which can be explained by the fact that the
nucleophilic attack at the palladium-allyl intermediate takes
place trans with respect to the phosphane. This is also clear
from the ee values obtained from the catalysts based on 28h
and 28i. These ligands are similar at the phosphane, but
possess opposite chirality at the phosphite (derived from
the axially chiral binol), resulting in respectively 21% ee of
the (S) product and 79% ee of the (R) product (Entries 4
and 5). In contrast, the chirality at the phosphane is very
important in the hydroformylation (Table 6): the catalysts
based on the ligands 28d and 28e, possessing no chirality at
the phosphane part, induce almost no enantioselectivity (9
and 18% respectively, Entry 3 and 4), whereas the catalysts
based on the P-stereogenic phosphanes 28a and 28b result
in reasonable ee values (resp. 63, the highest ee obtained in
this study, and 57%; Entries 1 and 2). In contrast to some
privileged ligands! the performance of these catalysts are
reaction specific. For instance ligand, 28i gives 79% ee in
the palladium-catalyzed allylic alkylation (Table 5, Entry 5),
whereas in the rhodium-catalyzed hydroformylation of
styrene only 4% ee is reached (Table 6, Entry 6). It is inter-
esting to note that in the allylic alkylation the chirality
around the phosphite is very important, whereas in the hy-
droformylation the stereoselectivity seems to be steered by
the phosphane part.

An example of a larger library synthesized through a
modular approach is reported by Diéguez and co-workers.
They reported the synthesis of 33 furanoside-based diphos-
phite ligands (Scheme 13),!31 which were pioneered pre-
viously by Buisman who developed 13 sugar-based phos-
phite ligands.['¢]

The ligands were investigated in several asymmetric reac-
tions, among which the rhodium-catalyzed hydrofor-
mylation,['>8 the rhodium-catalyzed asymmetric hydrogen-
ation of various alkenes!!>"! and the palladium-catalyzed al-
lylic substitution.['”] Several substrates were investigated in
the allylic alkylation: symmetric disubstituted linear sub-
strates (29 and 33), cyclic substrates 34-36 and monosubsti-
tuted linear substrates 37 and 38 (Scheme 14, Table 7).

Except for the monosubstituted substrate 37, for every
substrate a catalyst based on a furanoside ligand could be
identified that provides the product with moderate to high
ee (68 % or more; Table 7). The catalyst based on ligand 40b
showed high selectivities for several substrates, especially for
the disubstituted linear substrates and the cyclic substrates

0,
G (o
o 0

o &

T Cr® %
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Scheme 14. Conditions and furanoside-based ligands for the asym-
metric allylic alkylation.

Table 7. Selected results of catalysts based on furanoside-biphos-
phite ligands in the allylic alkylation.

Entry Substrate Ligand Conversion [%0] ee [%]
1 29 39b 100 97 (S)
2 39d 11 97 (S)
3 40b 100 98 (S)
4 33 39b 100 59 (R)
5 40b 100 78 (R)
6 40e 61 4.(S)

7 34 40b 100 68 (R)
8 35 40b 100 74 (S)
9 36 40b 100 87 (Sl
106 37 40b 100 29 (S)kl
110 38 40b 100 95 (S)

[a] Branched to linear selectivity: 24:76. [b] Branched to linear
selectivity: 34:66. [c] 85% ee At —20°C, 12% conversion in 1h,
vs. full conversion in 10 min at 20 °C (highest ee obtained for this
substrate in this study). [d] 96% ee, 13% Conversion in 90 min at
—20 °C (100% conversion in 30 min at 20 °C). [e] The highest ee for
this substrate, 33%, was obtained with a ligand resembling 39b,
differing only in the chirality at the 3-position of the furanoside:
(R) instead of (S).

(Table 7, Entries 3, 7 and 9). The catalyst based on this
ligand also induced high enantioselectivity for the mono-
substituted linear substrate 38, 95% (Entry 11), although
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the regioselectivity was strongly in favour of the (achiral)
linear product. The same catalyst displayed similar regiose-
lectivity in the alkylation of substrate 37, but only 29% ee
was obtained for the branched product (Entry 10). These
results also illustrate the strong sensitivity of catalysts for
relatively small changes in the substrate. The authors also
discuss the influence of substituents of the ligands on the
activity and selectivity for some substrates. The alkylation
of 29 required bulky ligands based on a xylo- (39a-d) and
gluco-furanoside (40a—d), containing substituents at the
ortho-positions of the biaryl moieties. In addition, the
stereocenters at C3 and C5 showed a cooperative effect,
which was not explained.

Holz, Monsees, Borner and co-workers synthesized 16
bis(phospholane) ligands by coupling 1,2-dichloroalkenes
with a trimethylsilylphospholane intermediate, which was
prepared in two steps starting from red phosphorus. The
ligands were investigated in the asymmetric Rh-catalyzed
hydrogenation of di- and trisubstituted olefins (Scheme 15/
Table 8).I'81 The library provided a selective ligand for every
substrate (Table 8). For most of the studied substrates the
ligands 41b, 41d, and 41e turned out to be the best of this
so-called cat4Sium® M ligand family. The ligand backbone
had a pronounced influence on the selectivity of the cata-
lysts. For most substrates, catalysts based on a bisphosphol-
ane with a five-membered backbone, like 41d, 41e and 41Kk,
provided the product in moderate to high ee (>70%). Large
differences in ee were observed for the catalyst formed from
ligand 41a, containing the cyclopropene backbone: almost
80% ee was obtained for the methyl (Z£)-N-acetamido cin-
namate, whereas hardly any ee is observed in the hydrogen-
ation of dimethyl itaconate. Generally the best catalyst for a
certain conversion gave the highest ee in a range of solvents,
although the absolute ee changed considerably with the sol-
vent. One of the most striking examples in this context are
the results obtained with Rh(41n) in the hydrogenation of
ethyl (FE)-2-acetamido-3-methylbutenoate; in methanol
around 20% ee is obtained whereas the ee is over 95% when
the reaction was carried out in dichloromethane.

This demonstrates that not only the ligands should be
varied, but also the condition for the catalytic reactions.
This obviously leads to large matrices of experiments to be
carried out, which can only be handled with high through-
put experimentation.

From the results described in this section we can con-
clude that modular ligand synthesis enables the preparation
of series of analogous bidentate phosphorus ligands. Gen-
erally, the backbone of the ligands is invariant within a
series, and the diversity stems from different substituents on
the phosphorus atom. In some examples also easily variable
substituents on the backbone were modified. The size of
the libraries of bidentate phosphorus ligands synthesized
with covalent synthetic techniques is generally small to
modest. These examples show that these relatively small li-
gand libraries using classical synthetic techniques can al-
ready lead to very selective catalysts. The chances of finding
new hits for challenging substrates, however, will be small
if only small libraries are subjected to screening.
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Scheme 15. Highly tunable family of chiral bisphospholanes for the Rh-catalyzed enantioselective hydrogenation of standard substrates.

Table 8. Rh-catalyzed hydrogenation of several olefins with cat4S-
ium® M ligands.

R! R? R3 R4 Ligand Solvent ee [%)]
CO,Me NHAc H Ph 42b THF 99
CH2C02MC COzMe H H 4le CH2C12 99
CO,Me H Me NHAc 41e CH,Cl, 99
H CO,Me Me NHAc 41b CH,ClL, 94
CO,Bn H Me NHAc 41b  CH,Cl, >99
H CO,Bn  Me NHAc 41d MeOH 90
CO,Et H iPr NHAc 41d CH,Cl, >99
H CO,Et iPr NHAc 41j CH,CL, 90

3. Libraries of Diphosphorus Ligands Developed
Using Solid Phase Synthesis

A widely used approach in combinatorial chemistry is
the use of solid phase synthesis techniques for the develop-
ment of a large number of compounds.['”! Synthesis on sup-
port has the advantage that excess reagents can be used,
which may drive the reaction to completion, and the purifi-
cation of intermediates is simple as it generally involves a
filtration and washing step only. One can use solid-phase
2948
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techniques for parallel synthesis (one compound per vessel)
or for a so-called split-and-pool strategy. In a split/pool
strategy, the supported intermediates are isolated, divided
over various vessels and combined with other intermediates
and reacted to form the next intermediate. The supported
compounds are divided into portions, each portion is sub-
jected to reaction with a single building block. After reac-
tion these portions are pooled, resulting in a single batch
of solid support bearing a mixture of components. Repeti-
tion of the divide, couple, recombine processes results in a
library where each polymer particle of solid support carries
a single library member, and the number of members is
equal to the product of the number of building blocks in-
corporated at each step.?! Generally split-and-pool librar-
ies are orders of magnitude larger than those obtained with
parallel synthesis. However, for the preparation of ligand
libraries this approach has not been applied, as catalyst
screening on mixtures of catalysts is difficult, especially
when selectivity is an issue. The parallel synthesis of ligands
allows the evaluation of the performance of single catalysts,
providing accurate and reliable data.

Parallel synthesis, in which each library member has its
own spatially addressable site, can also take advantage from
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the application of solid phase techniques. The reaction with
supported building blocks can often be driven to comple-
tion by addition of (large) excesses of reagents. These rea-
gents can easily be removed after synthesis by simple wash-
ing steps.l'” An additional advantage of ligands on a sup-
port is the possibility of easy recycling, provided that the
ligands remain on the support during the synthesis route
and are not susceptible to degradation.

The first example of a library of bidentate phosphorus
ligands on support (being also the first example of combi-
natorial synthesis in ligand development) was given by Gil-
bertson and co-workers in 1996. Using solid phase peptide
synthesis techniques, they developed a 63-membered library
of bidentate phosphorus ligands by incorporating two dif-
ferent amino-acid-derived phosphane ligands (Figure 1) in
different peptide chains.?!1

O (0]
Ph<
P on o
Ph  NH, NH,
43 44

Figure 1. Amino-acid functionalized phosphanes for incorporation
in peptide chains.

In the initial work, only two different phosphorus ligands
were used, whereas the variation was found in the amino-
acid sequence and the position of the phosphanes in the
sequence (i, i + 4 and i, i + 1). Thanks to the helical struc-
ture of the peptide chain all di-phosphane systems prepared
were able to form a chelating bidentate with the rhodium
(Figure 2).122

(0] H O H O H O H O H O H O
A e A g o
PPh, PPh,

45
SPPh,
>PPh,

Figure 2. Chelating diphosphane-functionalized peptide that forms
a rhodium complexes active in hydrogenation.

Every peptide was synthesized separately using solid-
phase strategies, allowing separate screening of the ligands.
The ligands were applied in the asymmetric rhodium-cata-
lyzed hydrogenation of methyl 2-acetamidoacrylate (20), re-
sulting in ee values varying between 0 and 18 % and conver-
sions between 1 and 100%.121

Although the highest enantioselectivity obtained was
only moderate to low, some trends could be observed. For
instance, all ee values above 10% were obtained when using
peptides containing at least one (dicyclohexylphosphanyl)-
serine. The influence of the support on the catalysis, as well
as the nature and position of the peptide were reported in
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a subsequent paper.”?! A second-generation library, con-
taining the phosphanes in either the i + 1, i + 3 or i + 4
position, already gave up to 37% ee, although at the ex-
pense of activity (<10%). Repeating some experiments in
homogeneous phase (after cleaving the ligands from the
support), demonstrated that the solvent has a large effect.
For instance, the catalyst that provides the product with
36% ee on the support using THF as a solvent, shows less
than 10% ee in THF when applied in the homogeneous
phase, and around 8% of the other enantiomer was ob-
tained in dichloromethane. The origin of the difference in
selectivity obtained between the supported phase and the
homogeneous phase in THF was not clear. Catalysis in
water gave very similar results to those obtained with the
solid phase catalyst in THF. The authors suggest that the
hydrophobicity of the peptide plays a crucial role. Due to
this hydrophobicity the peptides are likely aggregating in a
tertiary structure in water, which might result in the forma-
tion of a similar structure as the peptides on the support.
In the next years large libraries of phosphane-containing j3-
turn peptide secondary structures were developed and ap-
plied in the palladium-catalyzed alkylation.**231 In these
libraries, both the phosphane substituents and the turn mo-
tifs were varied. Using this approach, high ee values
(>80%) in, for instance, the alkylation of cyclopentenyl and
cyclohexenyl acetate with dimethyl malonate have been ob-
tained.

Li and co-workers made use of the solid-phase synthesis
technology to prepare a library of 15 (achiral) bidentate
phosphorus ligands. A polymer-supported secondary amine
was formed by reaction of Merrifield’s resin with an excess
of tert-butylamine. Subsequent reaction with 1,2-bis(dichlo-
rophosphanyl)ethane yielded the immobilized chlorophos-
phane that could be further functionalized by reaction with
nucleophiles (Scheme 16).[2%

0O, -k — 0O
Cl HN—Q
46 47

Vo .
CLP  PClL N\P/_ \P,C‘ RMgX or RLi
\
Et;N c’ Cl  or ROK/RONa
48
N /R N /—\ OR
L or ¥ ¥
R R RO OR
49 50

Scheme 16. Synthesis of polymer-supported diphosphorus ligands.

The bidentate phosphorus ligands could be cleaved easily
from the support by reaction with phosphorus trichloride,
forming PCI compounds 52 and 53, or by reaction with an
alcohol or thiol (only for the phosphane analogues)
(Scheme 17).
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ROH PCly PCly
or RSH
RX /\ /R Cl /\ ’R Cl /\ /OR
P P P P P P
/ b / b 2 ’ \
R R R R RO OR
51 52 53
X=0,8

Scheme 17. Cleavage of the bidentate phosphorus ligands from sup-
port.

Whereas a variety of R groups can be introduced at the
phosphorus atom by the use of different nucleophilic rea-
gents in the last synthesis step, the diversity in this type of
libraries is rather limited. The backbone is invariant (always
C,H,) and at least three of the R groups around the phos-
phorus atoms are the same and there is no control over the
P chirality.

A comparable methodology for the preparation of di-
phosphorus ligands was shown by Mansour and Portnoy.
Resin-supported amino alcohols were used to synthesize a
variety of supported monodentate (14) and bidentate (10)
phosphorus ligands (Scheme 18).27)

The alcohol 54 was first converted into the more reactive
chloride 55 by reaction with triphenylphosphane/hexachlo-
roethane. Subsequent reactions of the chloro intermediate
with lithiophosphorus compounds yield the monophos-
phane derivatives 56. The monophosphane ligands contain-
ing a secondary amine could be further functionalized by
direct phosphorylation of the amine using diphenylphos-
phanyl chloride, leading to the aminophosphane-phos-
phane ligands 60, or by Mannich condensation, resulting in
the formation of a,B-diphosphanyl amine ligands 59. Direct
treatment of the supported (tertiary) amino alcohol with
phosphorus chloride reagents resulted in the formation of a

mixture of bidentate aminophosphane-phosphinite ligands
(58) and monodentate phosphonite ligands (57). The ratio
between the two products depended on the substituents on
the carbon backbone and the amine. The ligands were ap-
plied in the palladium-catalyzed Heck reaction of bromo-
benzene and methyl acrylate (61), which resulted in the for-
mation of the trans-alkene 62 (Scheme 19).

NMP, 110 °C, 18 h,

Et;N, cat. Ph

PhX +

COMe CO,Me

X=Br,I 61 62
Scheme 19. Palladium-catalyzed Heck reaction of bromobenzene
and methyl acrylate (61). Cat. resin-bound ligand (see

Scheme 18) precomplexed with Pd(OAc),.

The conversion varied between 8 and 63%, the yield of
the desired product from 1 to 56%. The conversion and
selectivity for the coupled product appeared to be strongly
dependent on the ligands applied. Phosphane ligands per-
formed better than phosphite ligands, and a positive effect
of bidentate ligands was observed. The beneficial behaviour
of bidentate ligands over monodentate ligands could be as-
cribed to the chelating effect, preventing the formation of
palladium black. This is further supported by the observa-
tion that the coupling of the iodo analogue proceeds
smoothly for all applied ligands. This seems a remarkable
difference with respect to bromobenzene, but it is known
that “naked” palladium(0) species, available from palladium
clusters formed during the reaction as a consequence of cat-
alyst decomposition, are amongst the most active catalysts
for iodoarenes in the Heck reaction.?8]

Lavastre and Morken developed a 40-membered library
of aminophosphane-phosphonite ligands on polystyrene
beads using the split-and-pool methodology.”®! Commer-
cially available amino-functionalized polystyrene beads
were functionalized with a linker. To this linker 63 different
amino alcohols were attached. Subsequent reaction of the
library with diphenylphosphanyl chloride yielded the biden-
tate phosphorus ligands 65 (Scheme 20).

PPhs, C,Cl, 1) iPr,NEt, THF
Ry RY opp R\ R"2)LipR", Ry R
—_—
N OH N« N PR7,
g * g * 3 ®
54 55 56
ClPFhy; HPPh,, PhCHO,| R.R,R"=H | CIPPh,,
§t3N= CHCls, DCM, EN,
enzene TMOF benzene
RV R” RV R" RV RH Rl R"
+
N OPPh, N OPPh N PR", N PRY,
{ R Q/_ PPh, d_ )—PPh, d_ PPh,
-
57 58 59 60

Scheme 18. Synthesis of bidentate phosphorus ligands from a supported amino alcohol.
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Scheme 20. The formation of aminophosphane-phosphonite ligands on polystyrene beads.
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Scheme 21. Different linkers and amino alcohols applied for the combinatorial formation of aminophosphane-phosphonite ligands 65 on

polystyrene beads.

Coupling with dialkylphosphanyl chloride reagents did
not result in satisfactory yields of the bisphosphorus ligands
and thus only diphenylphosphanyl chloride was used to
prepare the ligands. The diversity in this library originates
from the linker (2 different linkers) and the amino alcohols
(20) (Scheme 21).

The beads were functionalized with specific photo-cleav-
able tags for every single bead in order to be able to identify
the best catalysts by deconvolution.?” 76 Beads containing
the ligands were randomly selected and distributed in a 76-
well plate for parallel screening. The library was applied
in the rhodium-catalyzed hydrosilylation of acetophenone
(Scheme 22), resulting in the identification of three amino
alcohols, ethanolamine, 1-methylethanolamine and 2-(2-
aminoethoxy)ethanol, that are the basis for active ligands
for this reaction.B!l
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Scheme 22. Hydrosilylation of acetophenone.

The conversion of the substrate ranged from 0 to 31%.
Decoding of some beads that were not active showed that
all inactive catalysts were formed from ligands derived from
secondary amines, which lead to the formation of mono-
dentate ligands.

From this section we can conclude that the application
of standard solid phase synthetic strategies facilitate the
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preparation of medium to large ligand libraries of bis-
phosphorus compounds. Generally the libraries are larger
than those synthesized in solution using the modular ap-
proach. So far the number of examples is small and also
the diversity of the ligand libraries reported so far is lim-
ited, but this is not an inherent limitation of the technique.

4. Development of Bidentate Phosphorus Ligand
Libraries Using Supramolecular Chemistry

Very soon after the introduction of supramolecular bi-
dentate phosphorus ligands,[*%331 the first libraries of these
type of compounds were published. This already indicates
the suitability of these types of ligands for combinatorial
approaches. Supramolecular ligands are formed by the self-
assembly of different building blocks. As a result, the prepa-
ration of these compounds deals with the synthesis of more
easily accessible, smaller compounds (comparable to the
synthesis of monodentate ligands). In addition to the easier
synthesis, it benefits from the rapid growth of the number
of ligands by the combination of building blocks. The devel-
opment of supramolecular ligand libraries can be divided
in two distinct approaches. One approach is the design of a
template containing two binding sites, to which two ligands
can assemble (Scheme 23, left). Another approach is the use
of two monodentate ligands that are functionalized with

L, L,

[ Lo

Vv [ |

complementary binding sites which result in the formation
of a bidentate ligand upon mixing (Scheme 23, right). The
assembly processes can be either via metal-ligand interac-
tions, hydrogen bonds or ionic interactions.

The first example of bidentate phosphorus ligands
formed via self-assembly using a template was shown by
our group in 2003. Pyridyl phosphorus ligands were as-
sembled to a bis[porphyrinatozinc(Il)] template.’?3 Also
tris[porphyrinatozinc(I)] phosphite ligands could be as-
sembled to form bidentate ligands by the addition of di-
topic nitrogen ligands.??®! Love and co-workersi** and our
group!®! also showed independently the formation of bi-
dentate ligands via anion-templation. An example of a real
library based on the template approach was recently re-
ported by our group.?® A bis[salphenzinc(I)] template was
developed, to which different pyridyl-functionalized phos-
phorus ligands were assembled (Scheme 24).

Unexpectedly, selective assembly of two different ligands
to the bis[salphenzinc(Il)] template was observed (most
likely due to steric constraints). This facilitates the con-
struction of large libraries, because also hetero-bidentate li-
gands can be formed from the same building blocks. A li-
brary of 17 different self-assembled bidentate phosphorus
ligands was screened in the asymmetric hydroformylation
of styrene (see Scheme 12, 15 — 31 and 32). The library
was relatively small, but rather diverse because it consisted

—_—

Template

VoL
Template

L Ly Lp
Lp
\ \
\V4 \V4 \V4

Scheme 23. Formation of bidentate ligands by self-assembly. Left: template approach; Right: direct approach.
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Scheme 24. Building blocks for the formation of a supramolecular ligand library based on salphenzinc(Il) templates and different nitrogen

donor phosphorus ligands.
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of bidentate phosphite, bidentate phosporamidite, phos-
phane-phosphite, phosphane-phosphoramidite and phos-
phite-phosphoramidite ligands. When applying templates
66 or 67 monodentate analogues of the templated bidentate
ligands were formed, which were studied in catalysis as con-
trol experiments.

The conversion obtained with the catalysts based on
these ligands varied between 0-100%, the ee between 0 and
72% (Table 9), demonstrating the influence of both steric
and electronic ligand parameters. Large template effects
were observed. For instance, the catalyst based on the li-
gands 69/71 on the mono-salphenzinc(Il) template 67 re-
sulted in 20% conversion and only 4% ee for the branched
product (Table 9, Entry 5). On the contrary, if the same
ligands were assembled on the bis[salphenzinc(II)] template
68, a similar activity and regioselectivity but much higher
ee (72%, Entry 6) was observed. Although less pronounced,
the same trend is observed for the catalysts [Rh(CO),-
(66(71+73))] (Entry 7) and [Rh(CO),(68(71+73))] (Entry 8):
10 vs. 55% ee for respectively the monodentate and the bi-
dentate ligand assembly. In addition, small differences in
the building blocks used to assemble the catalysts resulted
in huge differences in the outcome of the catalysis results.
The catalyst based on [Rh(CO),(68(71+73))] (Entry 8)
forms the branched product with 55% ee, a very similar
complex [Rh(CO),(68(72+73))], only differing in the sub-
stituent on the nitrogen of the amidite (H or Me) only
yields 4% ee (Entry 10).136

Table 9. Selected results of self-assembled biphosphorus ligands on
a bis[salphenzinc(II)] template in the hydroformylation of styrene
(15).

Entry Ligand Template Conversion [%]  31/32 ee [%0]
1 71/71 66 <1 - -
2 71/71 68 <1 - -
3 73/73 66 >99 12.5 11 (S)
4 73/73 68 >99 13.5 13 (S)
5 69/71 67 20 8.4 4 ()
6 69/71 68 19 9.2 72 (S)
7 71/73 66 >99 12.3 10 (S)
8 71/73 68 66 9.9 55 (S)
9 72/73 66 93 12.4 3(9)
10 72/73 68 21 53 4(S)
assembly metal center
1 2
L\ /L
Mx
Ll, \LZ
tether 1 tether 2
L* L*
\Mc/

catalytically active metal center
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Another example of the template approach is described
by Takacs and co-workers.’”! Zinc(IT) was used as template
metal ion to form heterobidentate ligands. Chiral phosphite
ligands were equipped with chiral bisoxazoline ligands,
which were used to form the bidentate self-assembled di-
phosphite ligand upon addition of zinc(Il) acetate. The
phosphites are available for coordination to the catalytic
active metal (Scheme 25). The self-assembled ligands were
formed as single enantiomeric species, because the hetero-
leptic complexes (S, RR) are preferred over the homoleptic
ones (SS, SS and RR, RR).38

In this way 50 different heteroleptic TADDOL-phosphite
bidentate ligands were assembled from 13 different phos-
phite-functionalized bisoxazoline ligands (Scheme 26).

The ligands were applied in the asymmetric palladium-
catalyzed allylic amination (Scheme 27), resulting in yields
above 70% for all ligands and enantioselectivities ranging
from 20 to 97% (with 82-84).

The large variety in enantioselectivity obtained is re-
markable, considering the fact that the phosphite part is the
same for every ligand. The ligands vary only in the back-
bone, demonstrating the significant influence that subtle
changes in backbone structure can have on the selectivity
of a reaction. Because the influence of these small changes
cannot be predicted in advance, this example clearly shows
the importance of library screening in catalysis. More re-
cently,7¢! the approach was successfully applied in the rho-
dium-catalyzed hydroboration. A library of around 160
self-assembled ligands was subjected to screening and the
ee of the hydroborated products obtained is between the
96 and the —30% (minus stands for the other enantiomer).
Importantly, catalyst optimization was mostly provided by
scaffold modification.

The direct approach has been applied more widely as a
strategy to make bidentate ligands, and metal-ligand inter-
action, hydrogen bonds and ionic interactions have been ap-
plied as interactions for the assembly process. The first re-
port of a platinum complex in which the ligands are con-
nected through a hydrogen-bond interaction stems from
1957,B3%1 though at this stage the relevance to supramolec-
ular phenomena was not yet appreciated. Roundhill and co-
workers reviewed the early history®°®! of the use of second-

(S58) (R.R)
o .wPh Phu.. 0

N \\N
7 g
S
O ~ph prri O
O\P/Pd\P/O
1IN 1IN
0" 0 0" o

Scheme 25. Palladium complex of a self-assembled bidentate phosphite ligand with a zinc(II) as template.
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86: X = R'OCH, 88: X = R'OCH, 89: X = R'OCH,

Scheme 26. Building blocks for supramolecular heteroleptic TADDOL phosphite ligands.

1.5 mol-% [Pd,dba3(CHCl3)] R{, ~SO2Ar
OCOEL 3719 ligand N

Ph/\)\ Ph _ i F>h/\/L Ph

1.4 equiv. ArSO,N(H)R
1.1 equiv. BuOK

Scheme 27. Allylic amination.

ary phosphane oxides to form metal complexes, containing
the phosphane oxide and the hydroxy form, which results
in a strong hydrogen bond between the two ligands in the
metal complex. Catalytic applications of one of their plati-
num complexes based on this ligand were reported by van
Leeuwen et al.[4041]

Newkome and Hager*?! published a tridentate ligand 6-
(diphenylphosphanyl)-2-pyridone that forms hydrogen
bonds in dinuclear palladium and platinum complexes, as
was shown by Mashima, Nakamura and co-workers.[*3] In
the basis of this motif, Breit and Seiche reported the forma-
tion of the self-assembled bidentate phosphorus ligand in
apolar solvents, and used these ligands in the rhodium-cata-
lyzed hydroformylation.[??l Similar binding motifs were

90a: R = Ph 0 A
90b: R = 4-MeOCH, |
90c: R = 3-MeCeH, TTI N
90d: R = 3,5-(CF3),CeHs H
90¢: R = S-binol (m)
.
91a:R'=Ph H
91b: R' = 4-MeOCH, 0N
91c: R = 3,5-(CF3),CoHs |
91d: R' = 4-FC,H,
91e: R' = S-binol

()

used to prepare a ligand library based onl*#4] heterobident-
ate phosphorus ligands, which were assembled through two
hydrogen bonds of the aminopyridine/isoquinoline binding
motif (Scheme 28).

Different phosphane- and phosphonite-functionalized
aminopyridines and isoquinolines were synthesized, re-
sulting in libraries containing up to 40 different self-as-
sembled heterobidentate phosphorus ligands.[*+43 Applica-
tion of a part of the library in the hydroformylation of I-
octene and the hydrogenation of methyl 2-acetamidoacry-
late (20) revealed active and selective catalysts for both pro-
cesses. The hydroformylation catalysts obtained rival cata-
lysts based on covalent bidentates (such as Xantphos) in
terms of activity and selectivity. In the hydrogenation of
methyl 2-acetamidoacrylate (20, Scheme 10), conversions
between 12 and 100% and ee values between 33 and 99 %
(with ligand 90e/91e) were obtained. Also the hydrogena-
tion of dimethyl itaconate (18, Scheme 10) displayed similar
activity and selectivity ranges [conversions between 22 and
100%, ee values between 38 and 94% (again with ligand
90e/91e)]. The variety of results obtained shows again the
power of catalyst libraries.

o

~
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o
/

E
OuwnT-Z
Z -T2 o
\
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Scheme 28. Library of aminopyridine- and isoquinoline-functionalized phosphorus ligands for the formation of self-assembled bidentate

ligands.
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Our group recently reported UREAphos, a new class of
ligand building blocks utilized with urea binding motifs. Be-
cause the urea group is a self-complementary hydrogen
bond motif, initial focus has been on homobidentate li-
gands, and therefore only a small library (six bidentate
phosphite ligands) was studied in the hydrogenation of sev-
eral functionalized alkenes.[*®! The selectivities obtained for
various substrates were high and therefore this UREAphos
represents an interesting new class of bidentate ligands, es-
pecially because the synthesis is simple and can be done
using robotics. This work is currently extended to form very
large ligand libraries, with homo and heterobidentate li-
gands.

We also reported SUPRAphos, a class of self-assembled
bidentate ligands based on porphyrinatozinc(Il) and pyr-
idine coordination.*” Six phosphite-porphyrinatozinc(II)
building blocks with 8 different pyridyl-functionalized
phosphites or phosphanes resulted in a 48-membered li-
brary of bidentate phosphorus ligands (Scheme 29).

The bidentate character of the self-assembled ligands was
proven by (high-pressure) NMR experiments and UV/Vis
titrations. The library was applied in the asymmetric allylic
alkylation of rac-1,3-diphenyl-2-propenyl acetate (29) with
dimethyl malonate. The enantiomeric excess in this reaction
ranged from 87% of the (S) product to 86% of the (R)
product. In these initial catalysis experiments the complex
based on the monodentate ligands 94 and 95 gave, unexpec-
tedly the highest selectivity. The selectivity for (S) product

B

B
R:

7

PPh, - PP
L.
N
98 69

(/\N/\Pth L

= N PPh, OO o
) oo
0/
\
T &

100 101

u Bu
u O\II’/O Bu
‘%z O

92: ortho-bis(3,5-di-fBu)-biphenyl 94: 2-(S)-binol
93: meta-bis(3,5-di-rBu)-biphenyl
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could even be improved to 97% ee (S) by applying the cata-
lyst based on ligand 94 at —20 °C. The highest ee obtained
with a complex based on a bidentate ligand 96-98 was 59%
(S) at 25 °C and 70% of the (S) product at —20 °C. Import-
antly, small changes in ligand structure lead to large
changes in selectivity and even in reversal of the ee. For
instance, the catalyst based on ligand 94-98 resulted in 47 %
ee for the (R) product, whereas ligand 94-99, containing
only an additional CH, in the achiral pyridyl phosphane,
resulted in 40% ee of the (S) product.

After the initial promising results the SUPRAphos li-
brary was extended and it currently consists of almost 400
bidentate ligands of which the most common ones are de-
picted in Scheme 30. A part of the library was studied in
the asymmetric rhodium-catalyzed hydrogenation of trisub-
stituted cyclic N-(3,4-dihydro-2-naphthalenyl) acetamide,®]
a substrate that is inherently difficult and for which the best
results with rhodium based catalysts gave only around 70%
ee. Parallel high-throughput screening of 64 ligands showed
that the substrate was converted between 0 and 100% and
that the ee of the product obtained varied between —12 up
to 94% ee. Interestingly, only one rhodium catalyst, based
on ligand combination 94/69, produced the product in high
ee (94%, at 100% conversion) and the second best selectiv-
ity obtained was below 60%. This remarkable one hit in the
library, which is the most selective catalyst reported to date
in the literature, demonstrates that screening of large ligand
libraries pays off.

OXOIRORY,
S UARGW,

S 0 TMS

N[
|

0

97: ortho-(S)—

0

95: 2-(R)-binol

96: 3-(S)-binol
- PPh | X PPh,
| P
N~ N
70 99
T™S
CLL,
\
P-0
O/
\
<\/ N
™S \=
76: (S)- 103: (S)-
102: (R)-

Scheme 29. The initial building blocks of the SUPR Aphos ligand library that was applied in the hydroformylation and asymmetric allylic

substitution.
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Scheme 30. Building blocks of the SUPR Aphos library that was partly applied in the asymmetric hydrogenation of a cyclic enamide and
in the palladium-catalyzed kinetic resolution of cyclohexenyl acetate.

A comparable 56-membered library (4 X 14) (Scheme 30)
was applied in the palladium-catalyzed kinetic resolution of
racemic cyclohexenyl acetate (Scheme 31).14

'Pd', ligand
+ MeooC” >COOMe ——— O
BSA, KOAc -
OAc OAc
Me0OC” “COOMe

Scheme 31. Kinetic resolution of cyclohexenyl acetate.

Conversions between 0 and 94% were obtained. Note
that in an ideal kinetic resolution the conversion should not
exceed 50%, providing the remaining starting material in
high enantiomeric purity. The enantioselectivity for the
product ranged from 0 to 65% (ligand 94-115), whereas the
ee for the remaining starting material ranged from 0 to as
2956
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high as 99% (for ligand 94 in combination with 107, 108
110)! One clear trend could be distilled from the results. All
catalyst systems that show good kinetic resolution (four
from the 56 studied), with an ee of the starting material of
>90%, were based on SUPRAphos ligands that contained
an ortho-pyridylphosphane building block. The kinetic res-
olution (S-factor 12) is acceptable yielding high ee values
of the (S) enantiomer above conversions of 60% at high
rates (TOF 450 molmol'h!). The combination of a high
kinetic resolution and a low ee of the product is remarkable
as usually a catalyst will lead to acceptable ee values of the
product and a poor kinetic resolution. The transition state
for the oxidative addition is similar to that of the nucleo-
philic attack, explaining why usually high kinetic resolution
is accompanied with high ee of the product. The main dif-
ference of the current system with those reported in litera-
ture is the dynamic character of the ligand, enabling the

Eur. J. Inorg. Chem. 2008, 2939-2958
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catalyst to change its coordination sphere during the vari-
ous reaction steps. For instance, a decoordination of the
achiral pyridylphosphane ligands from the zinc is envi-
sioned, which could either coordinate to palladium or cause
deracemization of the substrate attached to the palladium.
This would explain the success of ortho-pyridylphosphanes,
as these ligands are slightly weaker bound to the porphyr-
inatozinc(II) platform.

As is clear from this section, supramolecular approaches
facilitate the preparation of large and diverse ligand librar-
ies. So far, the inherent flexibility due to the noncovalent
linkages does not seem to limit applications. The large li-
gand libraries demonstrate clearly the dramatic influence of
small changes in the building blocks, being a strong push
for the application of ligand library screening in catalysis
research. So far, the application of supramolecular chemis-
try appears to be one of the most promising approaches to
arrive at large and diverse libraries of bidentate phosphorus
ligands.

5. Conclusions

Libraries of bidentate phosphorus ligands are in demand
for all types of difficult catalytic reactions, and in particular
for asymmetric transformations as accurate prediction of
catalyst selectivity is beyond current potential of computa-
tion approaches. With ligand libraries of sufficient size and
diversity and screening technologies currently available,
proper catalysts for challenging conversions could be found
within the limited time-frame that is given by the time-to-
market restrictions. Currently, there is only limited technol-
ogy to prepare chiral bidentate ligands and catalyst libraries
thereof. This review shows that there are three main strate-
gies to prepare such libraries:

1) Divergent or modular synthesis, which generally leads
to a series of structurally related ligands (not so diverse),
which can be a successful strategy for fine-tuning and opti-
mization of catalysts. However, since still the ligands have
to be prepared one by one, these libraries are generally
rather small.

2) The application of solid phase synthesis, which poten-
tially lead to larger libraries. The principle have been dem-
onstrated but so far the libraries are not diverse and limited
in size. Examples of larger and diverse libraries are expected
to be reported in the nearby future.

3) The formation of ligands by self-assembly, which proved
to be a very powerful method to provide large ligand librar-
ies. The number of bidentate ligands grows exponentially
with the number of building blocks used. The diversity of
bidentate ligands can be large as well. So far the above stra-
tegies have not been combined yet, but one can imagine
that if building blocks suitable for ligand assemblies are pre-
pared using modular synthesis and/or automated (sup-
ported) synthesis the ligand libraries that become accessible
are of sizes that dwarf current libraries. Efforts in this direc-
tion are currently pursued in our laboratory.
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