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Supramolecular bidentate phosphite ligands are presented as a

new class of ligands for rhodium catalysed asymmetric

hydrogenation.

Chiral bidentate ligands1 have dominated the field of asymmetric

transition metal catalysis for more than 30 years. However, since

the recent breakthrough by Feringa and de Vries,2 Reetz3 and

Pringle,4 showing that metal complexes based on monodentate

ligands can provide highly enantioselective catalysts, many

examples using monodentate ligands have appeared in the

literature.5 The main reason for the preference for monodentate

over bidentate ligands is their relative ease of preparation,

facilitating the preparation of large catalyst libraries. Recently,

we6 and others7 have introduced a new class of bidentate ligands

that form by a self-assembly process of two monodentate ligands.8

After the successful exploration of our SUPRAphos6c,d,e library

based on porphyrin appended ligands we decided to extend our

recently introduced nonchiral urea-based homo-bidentate ligands9

to chiral analogues for use in asymmetric conversions.10 This class

should lead to a novel class of supramolecular bidentate ligands

that is easily accessible. Here we report the synthesis of urea

appended chiral phosphite building blocks and their successful use

in rhodium catalysed hydrogenation of various substrates.

We, and the group of Love7f have independently introduced

novel phosphine ligands containing appended urea groups. These

self-complementary hydrogen bond motifs enable the formation of

supramolecular bidentate ligands.9 We showed that bidentate

ligands form in situ by just mixing two equivalents of ligand A in

the presence of a palladium precursor to provide [Pd(A)2MeCl]

(Scheme 1).

The current ligand building blocks (Chart 1, B–G){ consist of a

similar urea-type hydrogen bond motif, a chiral phosphite ligand

based on the bisnaphthol backbone, and a (chiral) spacer to con-

nect these functions (Chart 1, top). Small differences in spacer and

motifwereappliedtocreateasmallseriesof ligandbuildingblocks.{
F is the only ligand containing an R-bisnaphthol backbone; all

the others contain the S-bisnaphthol backbone. The spacers of

building blocks D, E, F and G contain additional chirality (see

Chart 1 for details). F is the only ligand that contains a thiourea

motif, G is utilised with an indole-amide binding motif whereas

all other systems are functionalised with the urea binding motif.

It is important to note that all ligand building blocks are easily

accessible and amenable to simple variation to facilitate the

preparation of large, diverse libraries at a later stage. Indeed, all

compounds were obtained via a simple two-step synthetic

procedure, consisting of a coupling of an amino-alcohol with an

iso(thio)cyanate to obtain the urea-alcohol that is subsequently

reacted with 2,29-bisnaphthol phosphorochloridite to obtain the

urea containing phosphites. These ligands were characterised and

[Rh(D)2(NBD)](BF4) was investigated as an archetypal complex

by NMR and IR to study the structure of this type of complexes

and support the presence of intramolecular H-bonding between

the two ligands attached to the metal centre (see ESI). In analogy

to A (and complexes thereof) studied previously,9 it was observed

that at low concentration (5 mM) the Ar–NH moiety of ligand D

is predominantly in the non-associated state (N–H stretch at

3430 cm21). In contrast, in [Rh(D)2(NBD)](BF4) the majority of

the N–H is found to be in the hydrogen bonded form (N–H stretch

at 3360 cm21). As expected, the Ar–NH-signal in the 1H-NMR

spectrum varies with the ligand concentration (from 5 mM to

40 mM), indicating the formation of intermolecular hydrogen

bonds. In the complex [Rh(D)2(NBD)](BF4), this signal does not
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Scheme 1 Formation of a palladium complex based on a supramole-

cular bidentate ligand (A).

Chart 1
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shift in this concentration range, since it is involved in an

intramolecular hydrogen bond (see ESI).11 These experiments

clearly demonstrate that these phosphite ligands behave similarly

to A; they self-aggregate at high concentrations in solution or form

intramolecular hydrogen bonds when coordinated to a transition

metal. In contrast to what is observed for [Pd(A)2MeCl] and in

agreement with what is generally observed for rhodium–phosphite

complexes,12a the ligands are coordinated in a cis-configuration

about the metal centre in [Rh(D)2(NBD)](BF4) as evidenced by 31P

NMR.12b

Next, the ligands were explored as supramolecular bidentate

ligands in rhodium catalysed asymmetric hydrogenation reactions

(Table 1).{ Two of the six ligands provided rhodium complexes

that hydrogenated dimethyl itaconate in more than 90% ee, and

most catalysts gave 100% conversion of this substrate. The most

selective catalyst was [Rh(G)2] (Table 1 entry 7). It provided an

enantioselectivity of 95.8% to the S-product at 100% conversion

after a reaction of 18 hours at room temperature.

The huge difference in catalyst performance between metal

complexes based on E and F (entries 5 and 6) must be caused by

the thio-urea functional group since this is the main difference

between the ligands. An explanation for this is that the sulfur of

the thio-urea can also coordinate to rhodium, potentially giving

rise to PS-coordination complexes.14 In addition, thio-ureas show

much weaker self-association behaviour than oxygen based

ureas.13 The current results suggest that the thio-urea is not a

suitable binding motif for the formation of supramolecular ligands

for rhodium catalysed hydrogenation.

The absolute chirality of the product is clearly determined by the

nature of the bisnaphthol since all catalysts yielded the S-product

except that based on F, which was the only building block

prepared from the R-bisnaphthol. The difference in ee obtained

with the catalysts based on E and C (entries 5 and 3) (92.7,

16.6% ee, respectively) indicates that the introduction of chirality in

the spacer can result in huge improvements of the selectivity.

Comparison of the selectivity induced by [Rh(G)2] and [Rh(D)2]

(95.8% vs. 46%) (entries 7 and 4) shows that a change in binding

motif can also have major consequences. The reason for the large

effect is currently not clear, but it is likely that the increased acidity

of one of the N–H moieties in ligand G increases the affinity

between the building blocks, thereby making the complex more

rigid. At this stage we cannot rule out the possibility that steric

effects introduced by the indole, although it is positioned remotely,

are the origin of the effect observed. Surprisingly, the rhodium

complex formed from ligand B, which contains a simple C3 amino-

alcohol spacer and an n-butyl urea binding motif, did not give any

conversion in this catalytic process. Since this ligand has the most

flexible spacer (C3 and no substituents) between the ligand and the

urea, it is likely that intramolecular urea coordination to rhodium

metal reduces the catalytic activity of the complex.

In general, large differences are observed, making the current

approach and building blocks very interesting since extension of

the library is straightforward due to the availability of chiral

amino-alcohols and isocyanides.

After these interesting initial results we also studied the

hydrogenation of N-(3,4-dihydro-2-naphthalenyl)-acetamide (2),

which is a much more challenging substrate both in terms of

conversion and selectivity.15 Upon applying rhodium catalysts

based on A–G, conversions were obtained between 0.4 to 100%

and the selectivity ranged from 37.9% for the S-enantiomer to

76.5% for the R-enantiomer. Also in the hydrogenation of 2 the

enantioselective outcome of the catalysis is determined by the

chirality of the bisnaphthol backbone; only [Rh(F)2] resulted in

preference for the formation of the S-product (entry 13). The

difference in results for catalysts based on C, D and E in this

conversion (providing 76.5, 60.7% and 52.5 ee, respectively)

(entries 10, 11 and 12) shows the influence of the nature of the

amino-alcohol spacer on the enantioselectivity. The nature of the

binding motif also appeared important in the hydrogenation of 2.

The thio-urea motif again slows down the catalysis; [Rh(F)2] only

gave 0.4% conversion (entry 13). Remarkably, the amide-indole

functionalised ligand G provides a catalyst [Rh(G)2] that gives an

almost racemic product mixture (1.5% ee only) (entry 14), whereas

in the hydrogenation of 1 this ligand was found to provide the

most selective catalyst. Similar to the hydrogenation of 1, the

ability to vary the amino-alcohol spacer as well as the binding

motif provides new handles for catalyst fine-tuning. The most

selective catalyst, [Rh(C)2], provided 76.5% ee towards the

R-product (entry 10), which makes this the second best rhodium

catalyst in terms of selectivity (obtained at conversion of

12.3%).6e,15 The application of monodentate phosphoramidite

ligands results only in very low ee (up to 34%) in this reaction as

was previously reported.15b

In the hydrogenation of methyl 2-acetamidoacrylate (3) we

found similar trends. Four catalysts provided full conversion while

[Rh(F)2] (entry 20) and [Rh(B)2] (entry 16) showed low and no

conversion respectively. The chirality of the bisnaphthol deter-

mines the chirality of the product while fine-tuning is established

by the choice of the amino-alcohol spacer. Both [Rh(C)2] and

[Rh(D)2] provided the product in high selectivity; 93.6% and 92.3%

Table 1 Rhodium catalysed asymmetric hydrogenation of various
substrates using UREA-phos ligands

Entry Liganda Substrate
Conversion
[%]

Ee [%]
(config)

1 A 1 100 0
2 B 1 0 0
3 C 1 100 16.6 (S)
4 D 1 100 46 (S)
5 E 1 100 92.7 (S)
6 F(R) 1 100 13.8 (R)
7 G 1 100 95.8 (S)
8 A 2 100 0
9 B 2 4 4 (R)

10 C 2 12.3 76.5 (R)
11 D 2 4.1 60.7 (R)
12 E 2 34.1 52.5 (R)
13 F(R) 2 0.4 37.9 (S)
14 G 2 26.1 1.5 (R)
15 A 3 100 0
16 B 3 0 0
17 C 3 100 93.6 (R)
18 D 3 100 92.3 (R)
19 E 3 100 82.1 (R)
20 F(R) 3 36.9 44.6 (S)
a All ligands based on S-bisnaphthol phosphite backbone, unless
noted differently.
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ee respectively (entries 17 and 18). In this process a large phenyl-

group on the a-position in the spacer (in E) appeared to have a

negative effect on the selectivity.

In conclusion, we have introduced a new class of supramole-

cular bidentate phosphite ligands that was successfully applied in

the rhodium catalysed asymmetric hydrogenation of various

substrates. The small series employed in this contribution have

already provided hydrogenation catalysts that are highly selective.

The easy accessibility of these ligands and the huge potential for

catalyst tuning make them highly suitable for combinatorial

approaches and high throughput screening experimentation. We

are currently developing a fully automated preparation protocol

for this new class of ligands and these results will be reported in

due course.
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