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4.1 Introduction 

Biologically active compounds are often produced in one enantiomeric form by the 

fragrance, pharmaceutical and crop protection industries.
1,2

 Following the academic 

pioneering work of Horner, Kagan, Knowles and Noyori on asymmetric hydrogenation, the 

first industrial scale synthesis of optically enriched drug (L-dopa) was implemented in the 

early 70s.
3
 Many other commercial successes were subsequently achieved, and today 

homogeneous asymmetric hydrogenation is one of most used techniques to obtain 

enantiomerically pure molecules on multi-tons scale as exemplified by the recent launch of a 

new L-menthol production unit of BASF (20 000 tons/year).
4, 1b

 Despite the multitude of 

publications reporting studies about asymmetric hydrogenation, we are far from being able to 

rationally design the best catalyst for a given substrate. It is still difficult to predict which 

mechanistic pathway (Halpern
5a

, anti-Halpern
5b

, dinuclear
5c

, ligand assisted
5d

, etc.) a catalytic 

system will follow. For this reason, high-throughput screening is often the method of choice 

to find a system that will yield the product in sufficiently high enantiomeric excess (ee), with 

sufficient turnover number for industrial application.
6 

Complexes with a cationic rhodium 

center and one bidentate or two monodentate neutral phosphorus ligands are often the most 

efficient for the asymmetric hydrogenation of carbon-carbon double bonds. Bidentate ligands 

generally form more rigid well-defined complexes and were therefore long thought to be 

superior to their monodentate counterparts. However, monodentate ligands are often easier 

and more cost effective to synthesize and to fine-tune. In addition to that, they are particularly 

suitable for high-throughput combinatorial catalysis:   monodentate ligands can give rise 

to          unique combination consisting in   “homocomplexes” (complexes with twice 

the same ligand) and          “heterocomplexes” (complexes with 2 different ligands). 

When two different ligands (L1 and L2) are combined with a metal precursor, a mixture of 

three complexes can be formed: two homocomplex [(L1)2Rh] and [(L2)2Rh] and one 

heterocomplex [(L1)(L2)Rh]. They are often obtained in a 1:1:2 ratio as a statistical mixture.
7
 

As these systems are usually in a thermodynamic equilibrium, better results for asymmetric 

hydrogenation are only obtained when the heterocomplex is more active and selective than the 

homocomplexes. Supramolecular bidentate ligands are based on two ligand-building blocks 

that form a bidentate ligand by self-assembly. Such systems combine the advantage of an easy 

synthesis of the building blocks and the rigidity of bidentate ligands. If sufficiently strong 

supramolecular interactions are used, selective heterobidentate ligands are formed by just 

mixing the two building blocks and the metal precursor in solution. To form such 

supramolecular bidentate ligands, different strategies
8
 have been applied, such as hydrogen 

bonding
9
, metal-ligand interaction

10
 or ionic interactions.

11
 Strategies based on hydrogen 

bonding have shown good results, even in hydrogen-bonding solvents.
9f

 For some systems, it 

has been shown that a single hydrogen bond can be sufficient to achieve efficient self-

assemblies.
14b 

Metal-ligand interaction is a strong tool for the formation of rigid well-defined 

self-assemblies and resulting catalysts display interesting results, however, the preparation of 

the ligands-building blocks can be tedious. Ionic interactions, called salt bridges in the field of 

biology, bring crucial stabilization in the folding of proteins. Inspired by those natural 
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systems, ionic self-assembly strategies are common for the construction of supramolecular 

structures.
12

 However, they have been used much less than other design concepts in 

supramolecular catalysis. Van Leeuwen and co-workers were the first to introduce ionic 

interactions as a tool for the assembly of supramolecular bidentate ligands.
11d

 To the best of 

our knowledge, their system, consisting of anionic and cationic ligands coordinated to a 

transition metal cation, has not been used in catalysis. Later on, similar systems have been 

implemented in catalysis.
11a-c

 More recently, the group of Pfaltz made a small library of 

phosphites and phosphoramidites covalently equipped with non-interacting anions that they 

used in combination with neutral ligands and a cationic rhodium precursor for asymmetric 

hydrogenation.
11e

 They showed that resulting neutral heterocomplexes were favoured over 

anionic or cationic homocomplexes and that in some cases, they were more stereoselective. 

This approach is particularly interesting since only one ligand needs to be functionalized with 

an anionic moiety; the second ligand can virtually be any neutral monodentate ligand. 

In 2009, our group introduced BINOL based METAMORPhos ligands as efficient anionic 

ligands for asymmetric hydrogenation.
13a,b

 METAMORPhos can be seen as phosphorus 

ligands covalently equipped with weakly interacting sulflonamide anions.  Recently, it was 

shown that dinuclear Rh complexes are dianionic in the resting state: 4 negative charges are 

located on ligands, 2 positive charges are located on the metal centers and 2 positive charges 

on triethylammonium counterions
 
(Scheme 1a).

 13c
 These complexes display high efficiency 

for a limited number a substrates like methyl-2-acetamidoacrylate, but also for challenging 

cyclic enamides. They show unrivalled selectivity for the hydrogenation of difficult 

tetrasubstituted cyclic enamides.
13a,d

 More recently, experimental work and DFT calculations 

revealed that neutral dinuclear homocomplexes of METAMORPhos are more active that their 

anionic counterparts.
13d

 

Herein we expand the scope of application of METAMORPhos ligands (Lan
-
) by using 

them in combination with neutral amino-acid based ligands
14

 (Lneu) (Scheme 2), modular 

derivatives of MONOPhos type ligands.
15 

Depending on the characteristics of the 

METAMORPhos ligands and phosphoramidite ligands used, various mono and dinuclear 

complexes can form in solution, further expanding the tools for combinatorial catalysis. The 

catalytic properties of the new complexes are compared with the pure mono- and dinuclear 

analogues for the hydrogenation of industrially relevant substrates. We demonstrate that for 

most substrates, the mixtures outperform the systems having only one type of ligand. 
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Scheme 1. (a) Negatively charged dinuclear complexes arising from the coordination of 

METAMORPhos ligands Lan
-
 to [Rh(nbd)2]BF4, (a’) Negatively charged mononuclear complexes 

arising from the coordination of bulky METAMORPhos ligands Lan
-
 to [Rh(nbd)2]BF4, (b) Cationic 

complexes arising from the coordination of amino-acid based phosphoramidite ligands Lneu to 

[Rh(nbd)2]BF4, (c) Complexes that can be formed when [Rh(nbd)2]BF4 is exposed to a mixture of Lan
-
 

and Lneu. 
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4.2 Results and Discussion 

4.2.1 Ligand Synthesis 

Triethylammonium salts of METAMORPhos ligands Lan1
-
 to Lan5

-
 were synthesized in 

both enantiomeric forms by simple condensation of 1,1′-binaphthyl-2,2′-diyl 

phosphorochloridate (BINOL P-Cl) with sulfonamide in the presence of triethylamine 

according to reported procedures.
5c, 18a

 The electronic properties of the ligand were varied by 

changing the substituent on the sulfur atom (from electron-donating 4-butylphenyl to 

electron-withdrawing trifluoromethyl) and the steric properties were tuned by changing the 

BINOL moiety. 

The neutral ligands Lneu1 to Lneu5 were synthesized from BINOL P-Cl and 

commercially available amino acids ((R) and (S) leucine, valine, glycine and phenylalanine) 

according to reported procedures.
14 

Scheme 2. Anionic “METAMORPhos” ligands Lan
-
 and neutral ligands Lneu used in this study. The 

BINOL moiety of Lan1
-
, Lan4

-
, Lneu1, Lneu2 and Lneu3 is in the (R) form. The other ligands were 

used in both enantiomeric forms. 

4.2.2 Spectroscopic Investigations 

Before applying mixtures of these ligands in catalysis, we first explored their coordination 

chemistry under various conditions. The coordination behaviour of unfunctionalized BINOL-

METAMORPhos ligands (Lan1
-
 and Lan2

-
) is well established (Scheme 1a).

5c, 13
 When 

Lan1
-
 (or Lan2

-
) is mixed with [Rh(nbd)2]BF4 under hydrogen atmosphere, dinuclear 

complexes are selectively formed. The phosphorus NMR spectra of such complex display 

characteristic signals consisting of a doublet-of-doublet at ~135 ppm (chelating ligand) and a 

AA’BB’XX’ pattern at ~115 ppm (bridging ligand). The crystal structures of those dinuclear 

complexes exhibit very short distances between the BINOL moieties connected to geminal 

phosphorus atoms. Both in the solid state and in silico, lone pair-π interactions between the 

oxygen atoms and the arene of the BINOL are observed (the oxygen-carbon distance is 

smaller than the sum of their van der Waals radii).
16

 This interaction has not been observed in 

solution to date, but it is expected to give additional stabilization to the bimetallic structure.
13f

 

Because of their proximity in the dinuclear structure, we expect that functionalization of the 

BINOL moieties should disturb the formation of such complexes. Indeed, steric bulk on the 

3,3’ positions of the BINOL unit (ligand Lan3
-
) leads to the formation of a mononuclear 
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complex (Scheme 1a’) as only a doublet can be seen in 
31

P NMR (see Figure 4 in the 

experimental section). The use of octahydro-BINOL (ligand Lan4
-
) having similar bulk as the 

parent BINOL results in a dinuclear complex (Scheme 1a) as evidenced by the pattern in 
31

P 

NMR (Figure 1a). 

Coordination of Lneu ligands to [Rh(nbd)2]BF4 yields mononuclear cationic complexes, as 

expected for phosphoramidite ligands (Scheme 1b) and as evidenced by the doublets observed 

in 
31

P NMR (see Figure 4 in the experimental section for [Rh(Lneu3)2(nbd)]
+ 

or Figure 1b for 

[Rh(Lneu3)2]
+
). 

Next, we studied the complexes formed when a 1:1 mixture of various Lneu and Lan
-
 

ligands are employed, under N2 atmosphere. The phosphorus NMR spectrum of the 

precatalyst made from a mixture of (R)-Lan4
-
 and (R)-Lneu3 shows two doublets of 

doublets, indicating the formation of the heterocomplex [Rh(Lan4)(Lneu3)(nbd)]. These 

signals integrates for approximately 75%, the signals of [Rh(Lan4)2(nbd)]
-
 and 

[Rh(Lneu3)2(nbd)]
+
 integrate for 1.5 and 3%, respectively. Three non-assigned doublets, 

which do not appear in the homocombinations are also present (see Figure 4 in the 

experimental section). Next, we investigated the complexes that form when the nbd 

complexes are submitted to 10 bars of H2. Under these conditions, a mononuclear 

heterocomplex is the major species, as indicated by the two doublet of doublet at 149.8 and 

134.4 ppm (see Figure 1). The spectrum displays a typical JP-P coupling of 45.5 Hz, in line 

with a complex in which the phosphorus atoms are cis to each other. Mass spectrometry 

confirm the formation of a mononuclear heterocomplex: the triethylammonium adduct 

HNEt3[Rh(Lan4)(Lneu3)(nbd)]
+
 is clearly visible in the spectrum (m/z = 1120.2). A 

dinuclear species can also be identified by mass: [Rh2(Lan)3(Lneu)](H)2
+
 and its acetonitrile 

adduct (eluent used for MS measurements) were detected. This species may be present in 

small amount in solution as barely noticeable signals can be seen in the 
31

P NMR spectrum 

(~140 and ~155 ppm on Figure 1c). In the 
1
H NMR spectrum of the heterocombination, 

hydridic signals which do not appear in the spectra of the homocombinations are observed. 

These hydrides are present in very small amount (~ 1%) according to the relative integration. 

 

 

Figure 1. 
31

P{
1
H} NMR (under 10 

bars of hydrogen) of (a) the 

dinuclear homocomplex 

(HNEt3)2[Rh2((R)-Lan4)4], (b) the 

homocomplex [(Rh(R)-

Lneu3)2]BF4 and (c) the 

mononuclear heterocomplex 

[Rh((R)-Lneu3)((R)-Lan4)]. 
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We performed the analogous studies of complexes made from a 1/1 mixture of Lan
-
 and 

Lneu ligands bearing opposite chirality at their BINOL moieties ((S)-Lan3
-
 and (R)-Lneu3). 

Under nitrogen atmosphere, the homocomplex [Rh(Lan)2(nbd)]
-
 is present in small amount 

(4%) and [Rh(Lneu)2(nbd)]
+
 cannot be detected. 6 other signals corresponding to 3 different 

heterocomplexes are present in the phosphorus spectrum: 3 doublets of doublets, a doublet 

and a doublet of triplet. This doublet of triplet indicates a complex with 3 (or 4) phosphorus 

ligands on one Rh atom: the nbd ligand is displaced even in the absence of hydrogen; this has 

not been observed for the homocombinations and reflects the difference in steric properties of 

the heterocomplexes compared to the homocomplexes. When 10 bars of hydrogen is applied 

to this mixture, both homocomplexes [Rh(Lan)2]
-
 and [Rh(Lneu)2]

+
 are formed, together with 

heterocomplexes. The broadness of the signals and the fact that they are partially 

superimposed prevent a proper interpretation of the spectrum. According to the relative 

integrations, the ratio homocomplexes / heterocomplexes is roughly 1:1. It should be noted 

that two broad doublets are present at 118.7 and 113.3 ppm (JP-Rh = 231 and 201 Hz 

respectively), which are typical shifts for bridging METAMORPhos ligands (see for example 

Figure 1a).
5c, 13b-f

 The existence of mononuclear [Rh(Lneu)(Lan)] and dinuclear 

[Rh2(Lan)2(Lneu)2] heterocomplexes complexes was confirmed by mass spectrometry (see 

experimental section). 

These coordination chemistry experiments highlight the potential of our system to give rise 

to diverse sets of complexes. The nuclearity and the charge of the complexes present in 

solution highly depend on the steric properties of the ligands.  

4.2.3 Choice of the Substrates 

To explore the potential in asymmetric hydrogenation of the ligand mixtures based on 

METAMORPhos ligands, we chose a diverse library of industrially relevant substrates with 

various functional groups and coordination abilities (depicted on scheme 3). A is a 

trisubstituted anionic substrate, a precursor for chiral carboxylic acid derivatives reported as a 

building block for the synthesis of an antitumoral prodrug
17a

 and several adenosine 

antagonists
17b

. The hydrogenation product of B (known as the Roche ester) is a broadly 

applicable synthon, for example to make the antitumoral drugs tedanolide
17e

 and 

discodermolide
17f

. Cyclic enamides C and D belong to the important class of aminotetralin 

precursors. They are used for the synthesis of many drugs such as Sertraline (antidepressant), 

Rotigotine (treatment of Parkinson's disease) and Tametraline (a catecholamine reuptake 

inhibitor). Enamide E is a precursor for the synthesis of CGP-55845, a GABA-B antagonist. 

F, G and H are precursors for beta-amino acids, potential building blocks for beta-peptides 

which can be as active as regular (alpha) peptides, but with a higher in-vivo stability. H is also 

precursor for the synthesis of VLA-4 antagonist S9059 (treatment of Relapsing Multiple 

Sclerosis). 
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Scheme 3. Industrially relevant substrates subject to asymmetric hydrogenation. 

4.2.4 Initial Automated Ligand Evaluation 

For the initial evaluation, we performed experiments in which 6 various ligand 

combinations based on 2 different anionic ligands and 1 neutral ligand were applied. The 

anionic ligand Lan2
-
 was used in its two enantiomeric forms. Relatively high catalyst 

concentration (2 mM) and low substrate to catalyst ratio were used as initial interest was in 

the determination of the enantioselectivity of the catalyst. Aliquot distribution, hydrogenation 

(20 bars) and sampling for analysis were done by an Accelerator SLT workstation of 

Chemspeed Technologies (48 experiments in total). As expected, the results are strongly 

influenced by the type of ligand employed; the ligand effect depends strongly on the substrate 

(table 1). 

Substrate A is converted with the highest ee with the heterochiral heterocombination of 

(S)-Lan2
-
 and (R)-Lneu1. The enantiomeric form of the product is determined by the BINOL 

chirality of ligand Lan2
-
 as the mixture (S)-Lan2

-
 / (R)-Lneu1 leads to 21% ee and the 

mixture (R)-Lan2
-
 / (R)-Lneu1 leads to -43% ee. The use of the neutral ligand leads to the 

lowest conversion, along with no enantioselectivity. The homocomplex of (R)-Lan1
-
 is as 

selective as the homocomplex of (R)-Lan2
-
, but it is much less active: the conversion is 20% 

lower with (R)-Lan1
-
. 

For substrate B, all combinations give full conversion. The homocomplexes give poor ee 

(<10%). Interestingly, the heterocombination of (S)-Lan2
-
 and (R)-Lneu1 leads to the highest 

ee, while the combination of (R)-Lan2
-
 and (R)-Lneu1 leads to a racemic product. 

For the hydrogenation of C, the combination of (R)-Lan2
-
 and (R)-Lneu1 leads to the 

highest ee with full conversion. The other entries show good conversions and low ee (25% or 

less). 

For the hydrogenation of substrate D, the homocombination of the neutral ligand leads to 

the highest ee by far (-88 %). The anionic complexes give very low ee and the 

heterocombinations lead to intermediate results. 

In the case of E, the three homocomplexes give similar ee and all the heterocombinations 

lead to poor ee, indicating more active but less enantioselective heterocomplexes. 

For substrate F, the highest selectivity is obtained with heterocombination of anionic and 

neutral ligands having BINOL moieties of the same enantiomeric form ((R)-Lan2
-
 / (R)-



Chapter 4 

71 

 

Lneu1). The homocomplex of  Leu1 gives good ee too, and anionic ligands lead to the worst 

ee.  

Substrate G is hydrogenated with the highest conversion and the highest ee by the 

homocomplexes of the neutral ligand. The use of pure anionic ligands leads to the worst ee 

and conversions. 

For the hydrogenation of substrate H, the highest ee is obtained with a mixture of (R)-

Lneu1 and (R)-Lan2
-
 and the highest conversion with a mixture of (R)-Lneu1 and (S)-Lan2

-

. Homocombinations of the anionic ligands lead to racemic products; homocombination of the 

neutral ligand lead to the product with a modest ee and low conversion. 

Table 1. Initial hydrogenation results. 

Conditions: [Rh] = 2 mM, [L]total = 4.4 mM, [S] = 50 mM, reaction time = 18 h, pressure = 20 bars, 

solvent = CH2Cl2. 
a)
 determined by chiral GC after methylation (see experimental section 4.4.3). 

b)
 

determined by chiral GC. 
c)
 determined by chiral HPLC. 

4.2.5 Focussed Ligand Optimization 

Iterative procedures in combinatorial catalysis are typically used to converge rapidly to an 

active and selective catalyst.
6a,18

 We were curious to know if our system could be employed in 

such an evolutionary approach. We extended the ligand library by structural change on the 

BINOL moiety for the anionic METAMORPhos ligand. The neutral ligands were 

systematically varied at their amino-acid moiety. The robotic workstation was used to perform 

94 hydrogenations in parallel, but the solution preparation was done in a glovebox to 

minimize catalyst decomposition by air. For this second run, the catalyst concentration was 

lowered to 1 mM and  the substrate concentration increased to 100 mM while other 

parameters were kept constant. Neutral and anionic ligands of opposite chirality at the BINOL 

were used for the hydrogenation of substrates A and B; ligands with the same chirality at the 

BINOL were used for C, F and H. As the substrates D, E and G were hydrogenated more 

efficiently with homocombinations of ligands for the first run, they were not considered for 

this optimization run. 
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c) (%

) 
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) (%

) 

ee
c) (%

) 

(R)-Lan1
- 80 18 >99 -7 85 3 >99 2 >99 -43 97 -8 29 1 73 -2 

(R)-Lan1
- 

(R)-Lneu1 98 20 >99 20 91 13 >99 -26 >99 -4 >99 -43 51 -5 7 20 

(R)-Lan2
- >99 17 >99 -10 90 18 >99 7 >99 -43 98 -4 12 -5 49 <1 

(R)-Lan2
- 

(R)-Lneu1 >99 21 >99 2 >99 64 >99 -33 >99 6 96 -76 56 -58 49 50 

(S)-Lan2
- 

(R)-Lneu1 >99 -43 >99 52 94 <1 >99 -33 >99 24 96 -57 43 -37 78 29 

(R)-Lneu1 50 1 >99 -6 99 25 >99 -88 >99 -43 93 -72 89 -76 4 10 
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substrate A substrate B     
 

 
(S)-Lan2 (S)-Lan3 (S)-Lan5 (R)-a4 (S)-Lan2 (S)-Lan3 (S)-Lan5 (R)-Lan4 

  
0-25  

(R)-Lneu1 -46 (93) -67 (62) 33 (12) 
  

69 (>99) 86 (>99) 76 (>99) 
    

25-50  
 

(R)-Lneu2 -48 (89) -73 (53) 31 (8) 
  

73 (>99) 91 (>99) 83 (>99) 
    

50-75  
 

(R)-Lneu3 -44 (92) -71 (47) 17 (8) 
  

74 (>99) 94 (>99) 82 (>99) 
    

75-90  
 

(R)-Lneu4 -36 (91) -51 (45) 24 (5) 
  

49 (>99) 89 (>99) 72 (>99) 
    

90-95  
 

(R)-Lneu5 -40 (89) -61 (39) 22 (7) 
  

83 (>99) 95 (>99) 78 (>99) 
    

95-100  
 

(S)-Lneu4 
      

39 (81) 
      

25 (>99) 
 

ee % (conv %)  
 

(S)-Lneu5 
      

51 (90) 
      

13 (>99) 
  

substrate C substrate F substrate H 

 
(R)-Lan2 (R)-Lan3 (R)-Lan4 (R)-Lan5 (R)-Lan2 (R)-Lan3 (R)-Lan4 (R)-Lan5 (R)-Lan2 (R)-Lan3 (R)-Lan4 (R)-Lan5 

(R)-Lneu1 84 (89) 61 (68) 90 (97) -21 (6) -82 (>99) -79 (67) -75 (>99) nd (3) 88 (40) 72 (30) 87 (44) 71 (10) 

(R)-Lneu2 73 (79) 55 (61) 83 (93) -27 (8) -84 (>99) -72 (69) -83 (>99) nd (3) 87 (55) 66 (20) 89 (53) 58 (10) 

(R)-Lneu3 74 (84) 63 (26) 84 (93) -31 (5) -85 (>99) -74 (40) -81 (>99) nd (<1) 88 (57) 55 (18) 90 (53) nd (3) 

(R)-Lneu4 72 (72) 72 (71) 83 (87) -22 (12) -80 (>99) -76 (74) -78 (>99) nd (<1) 69 (32) 51 (25) 70 (30) nd (3) 

(R)-Lneu5 71 (74) 63 (43) 80 (86) -13 (10) -81 (>99) -75 (35) -80 (98) nd (5) 87 (39) 62 (11) 88 (41) nd (3) 

Figure 2. Results of the focussed ligand optimization. For each ligand combination, the ee is given on 

the left in %, the conversion on the right in brackets in %; [Rh] = 1 mM, [L] = 2.2 mM, [S] = 100 mM, 

reaction time = 18 h, pressure = 20 bars, solvent = CH2Cl2. 

The results presented in Figure 2 establish that varying the amino acid moiety allows the 

fine-tuning of the catalytic system, while changing the BINOL of the METAMORPhos ligand 

has the biggest influence on the catalytic outcome. 

For substrate A, changing the unfunctionalized BINOL of METAMORPhos for its 

methylated version Lan3
-
 improves the ee (from <50 to 73%), however, the conversion 

decreases (from >89 to <62%). This effect can be attributed to a more difficult access of the 

substrate to the metal center. In line with this, when the bigger trimethylsilyl functionalized 

ligand Lan5
-
 is used, the conversion drops to less than 12%. As for the neutral ligands, Lneu4 

gives the lowest ee, Lneu5 the lowest conversion, Lneu2 the highest ee and Lneu1 the 

highest conversion (combined to Lan2
-
 or Lan3

-
). 

In the case of substrate B, Lan3
-
 also gives better results in terms of enantioselectivity, but 

no loss of activity is observed. The bulky Lan5
-
 also gives reasonable ee and full conversion, 

which can be attributed to the fact that B is a less hindered geminally di-substituted alkene. In 

combination with Lan2
-
, Lneu5 gives better results; in combination with Lan3

-
, Lneu5 and 

Lneu3 lead to the highest ee (94-95%). Lneu4 leads to the lowest ee when combined with 

Lan2
-
. For the hydrogenation of C, the use of METAMORPhos with a octahydro-BINOL 

backbone Lan4
-
 leads to the highest enantioselectivity and conversion (90% ee and 97% 

conversion when combined with Lneu1); the selectivity with this ligand is in average 10% 

higher than with with the parent BINOL ligand (Lan2
-
) at similar conversion. Surprisingly, 

Lan5
-
 gives the product of opposite chirality (-13 to -31% ee), a result which cannot be due to 

the homocomplex of the amino acid based ligand, as the homocomplex of Lneu1 leads to the 

product with + 25% ee (see table 1). For the hydrogenation of C, the best neutral ligand is 

Lneu1, both in combination with Lan2
-
 and Lan4

-
.  

Both Lan2
-
 and Lan4

-
, in combination with any neutral ligand, give full conversion for the 

hydrogenation of substrate F. The use of Lan2
-
 leads to the highest ee (-80 to -85%), followed 

by Lan4
-
 (-75 to -83%). Lan3

-
 is slightly less selective (72 to 79% ee) and significantly less 

active. The strong influence of the bulkiness of the BINOL on the conversion of this substrate 
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is further illustrated by the poor conversion obtained with the trimethylsillyl-BINOL based 

ligand. Changing the neutral ligand only has a minor influence on the ee when Lan2
-
 is used 

as anionic ligand. When used in combination with Lan4
-
, the choice of the neutral ligand 

shows a more profound effect: Lneu1 gives -75% ee and Lneu2 gives -83% ee. 

The use of Lan2
-
 and Lan4

-
 gives the highest ee and conversions for the hydrogenation of 

substrate H. The amino-acid moiety has a strong influence on the activity of the catalyst: in 

combination with Lan2
-
 and Lan4

-
, the use of Lneu2 and Lneu3  lead to the highest 

conversion (>53%), the use of Lneu1 and Lneu5 lead to intermediate results (≈ 40% 

conversion), and the use of Lneu4 lead to the lowest conversion (30-32%). Except for Lneu4 

which leads to lower ee (by ~20%), the choice of the neutral ligand does not have a major 

impact on the ee when combined to Lan2
-
 and Lan4

-
: 87 or 88% ee are obtained with Lan2

-
 

and 87-90% ee are obtained with Lan4
-
. 

4.2.6 Ligand Ratio Study 

When mixtures of monodentate phosphorus 

ligands are used, a statistical mixture of complexes 

is expected. As such, the optimal ratio to favour 

the occurrence of heterocombination is 1/1. For 

this reason, in most combinatorial studies, the 

ligand ratio is 1/1. However, if the mixture of 

complexes is not statistical or if one homocomplex 

is significantly more active than the 

heterocomplex, the optimal ratio to obtain the 

highest selectivity can be far from this 1/1 ratio.
6a, 7

 

Moreover, for our system, as observed in the 

spectroscopic studies, 2 dinuclear heterocomplexes 

can be formed ([Rh2(Lan)2(Lneu)2] and 

[Rh2(Lan)3(Lneu)]
-
) which maximal occurrence 

should be at a 1/1 and 1/3 ratio respectively (if a 

statistical mixture is obtained). To get insight in 

these aspects, we performed the catalysis with 

various ligand ratios. For each substrate, we used 

the ligand combination that gave the highest ee 

and conversion  (Figure 2): (R)-Lneu1 / (S)-Lan3
-
 

for A, (R)-Lneu3 / (S)-Lan3
-
 for B, (R)-Lneu1 / 

(R)-Lan4
-
 for C, (R)-Lneu3

-
 / (R)-Lan2

-
 for F 

and (R)-Lneu3 / (R)-Lan4
-
 for C. 

 

Figure 3. Results of the ligand ratio optimization. 

[Rh]=0.5mM, [L]total=2.2[Rh], [S]=200[Rh], reaction 

time=18h, pressure=20bars, solvent=CH2Cl2. 
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The results presented in Figure 3 show, for each substrate, the ee and the conversion as a 

function of the proportion of ligand La
-
 (the total concentration of ligand [Lan

-
]+[Lneu] was 

kept constant). The plot obtained for substrate A shows a maximum ee between 20 and 70% 

of Lan
-
. Also the conversion shows a broad maximum around the 1:1 ratio of Lan

-
 and Lneu. 

These results clearly indicate that for this catalytic system, the heterocombination is 

significantly more active and selective as the results are relatively insensitive of the ligand 

proportion used.  The plot obtained for substrate B is substantially different: whereas the ee is 

high between 40 and 70% of Lan
-
, below 40% the ee drops rapidly. This suggests that the 

homocomplex of Lneu, which has a reverse selectivity, has a significant activity compared to 

the heterocombination. In the case of C, the plot shows that the homocomplex of Lneu has a 

poor selectivity and a negligible activity compared to the heterocombination.
20

 Already from 

10% of Lan
-
, the ee reaches a plateau of ~90% ee. The heterocombination is also more active 

than the homocomplex of Lan
-
 as the maximum conversion were obtained between 50 and 

70% Lan
-
. 

The plot obtained for substrate F shows full conversion for all experiments, except when 

the homocomplex of Lan
- 

is employed. The maximum ee is obtained as a plateau at 

proportion of Lan
-
 between 40 and 90%, indicating that the heterocombination is more active 

and selective. For the hydrogenation of  H, the homocomplex of Lneu is significantly more 

active than the heterocombination and the homocomplex of Lan
-
 is almost inactive. Since the 

homocomplex of Lneu gives poor enantioselectivity, the highest ee for a mixture of complex 

is obtained when [Rh(Lneu)2]
+
 is virtually absent in the mixture. This occurs already when 

the Lan
-
/Lneu ratio is 1 and suggests that the formation of the heterocombination is strongly 

favoured. 

4.3 Conclusion 

In this chapter, the potential of METAMORPhos ligands in combinatorial catalysis has 

been demonstrated. These ligands can form both mononuclear [ML2] and dinuclear [M2L4] 

complexes that are active in asymmetric hydrogenation. Here we expanded the application of 

METAMORPhos ligands and neutral phosphoramidite ligands as a new combinatorial 

strategy to arrive at a diverse set of catalysts. In-situ spectroscopic studies show the formation 

of various mononuclear and dinuclear heterocomplexes. When Lan and Lneu have the same 

chirality, mononuclear neutral heterocomplexes are by far the major species, though 

monoanionic dinuclear heterocomplexes have also been detected. When Lan and Lneu have 

opposite chirality, mixtures of complexes are obtained. Because of their modularity, 

METAMORPhos ligands are highly suitable for iterative procedures, which are commonly 

used in high-throughput screening. For most substrates hydrogenated in this study, the 

heterocombinations were more enantioselective than the cationic and anionic 

homocomplexes. 
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4.4 Experimental Section 

4.4.1 General 

[Rh(nbd)2]BF4 was purchased from Alfa, substrate A was purchased from Merck. All other substrates 

and ligands were synthesized according to literature procedures.
5c, 14, 18a

  

All reactions were carried out in dry glassware under argon or nitrogen atmosphere unless otherwise 

stated. Every solution addition or transfer was performed via syringes or in a glovebox unless 

otherwise stated. All solvents were dried and distilled using standard procedures. 

The water content of dichloromethane was tested with a Karl-Fisher titrator (the value was always 

below 4 ppm). 

Nuclear Magnetic Resonance experiments were performed on a Varian Inova spectrometer (
1
H: 500 

MHz, 
31

P: 202.3 MHz, 
13

C: 125.7 MHz). Chemical shifts are referenced to the solvent signal (7.27 

ppm in 
1
H and 77.0 ppm in 

13
C NMR for CDCl3). 

High resolution ESI (electrospray ionization) mass spectra were obtained on a time-of-flight JEOL 

AccuTOF LC-plus mass spectrometer (JMS-T100LP) equipped with an ESI source. 

4.4.2 Asymmetric hydrogenation 

All reactions were carried out at room temperature (air-condition at 21-22˚C). 

All hydrogenation reactions were done at 20 bars for 18h. 

4.4.2.1 Initial automated ligand screening  

Stock solutions of the ligands (8.8 mM), catalyst precursor [Rh(nbd)2]BF4 (8 mM), and substrate (0.2 

M) in dry dichloromethane were prepared manually under nitrogen. The rest of the procedure were 

carried out in a Chemspeed Accelerator robot equipped with high pressure blocks. 0.3 mL of each 2 

ligands stock solution were combined. The resulting solution was stirred (vortex stirring) for 5 min. 

0.3 mL of the Rh precursor solution was subsequently added. The resulting solution was stirred 

(vortex stirring) for 5 min. 0.3 mL of the substrate solution was subsequently added. This procedure 

resulted in catalyst and substrate concentrations of 0.05 and 0.002 M respectively, in the reaction 

mixture (substrate to Rh ratio is 25, ligand to Rh ratio is 1.1 for each ligand). The hydrogenation was 

carried out under vortex stirring (20 bars, 18 h). 

4.4.2.2 Focussed ligand optimization 

Stock solutions of the ligands (4.4 mM), catalyst precursor [Rh(nbd)2]BF4 (4 mM), and substrate (0.4 

M) in dry dichloromethane, as well as the reaction mixtures were prepared in a glovebox. 0.2 mL of 

each two ligands stock solution were combined. The resulting solution was shaken until it became 

homogeneous. 0.2 mL of the Rh precursor solution was subsequently added. The resulting solution 

was shaken until homogeneous. 0.2 mL of the substrate solution was subsequently added. This 

procedure resulted in catalyst and substrate concentrations of 0.1 M and 1 mM respectively in the 

reaction mixture (substrate to Rh ratio is 100, ligand to Rh ratio is 1.1 for each ligand). The 

hydrogenation was carried out under vortex stirring (20 bars, 18 h) in the Chemspeed Accelerator 

robot equipped with high pressure blocks. 

4.4.2.3 Ligand ratio study 

Stock solutions of the ligands (1.375 mM), catalyst precursor [Rh(nbd)2]BF4 (5 mM), and substrate (1 

M) in dry dichloromethane, as well as the reaction mixtures were prepared in a glovebox. The reaction 

mixtures were prepared in a glovebox as well. Various volume (see table below) of each ligands stock 

solution were combined 2 by 2 (total volume of 0.4 mL). The resulting solution was magnetically 

stirred for 1 min. 0.05 mL of the Rh precursor solution was subsequently added. The resulting solution 

was magnetically stirred for 1 min. 0.05 mL of the substrate solution was subsequently added. This 

procedure resulted in catalyst and substrate concentrations of 0.1M and 0.5 mM respectively, in the 

reaction mixture (substrate to Rh ratio is 200, total ligand to Rh ratio is 2.2). The hydrogenation was 

carried out under magnetic stirring (20 bars, 18h) in an autoclave. 

4.4.3 GC and HPLC methods 

The sign of the enantiomeric excesses is arbitrary and does not reflect the rotary power. 
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All conversions were determined by Gas Chromatography on an Interscience Focus GC Ultra (FID 

detector) with a Chiralsil DEX-CB column (25m x 0.32mm). Enantiomeric excesses were determined 

by the same GC for the substrates A to F and by HPLC for substrates G and H. 

For A, conversions and ee were determined after derivatization of the products and the unreacted 

substrate to their methyl esters. Typical procedure: after hydrogenation, the reaction mixture was 

diluted twice with methanol. Trimethylsilyldiazomethane was subsequently added dropwise under 

vigorous magnetic stirring until the solution remains pale yellow. Acetic acid was subsequently added 

dropwise under vigorous magnetic stirring until the solution remains transparent. 

4.4.3.1 GC methods 

Table 3. GC methods 

substrate methods retention times (min) 

 

initial 

temperature 

(˚C) 

ramp (˚C/min) 
temperature 

(˚C) 

ramp 

(˚C/min) 

final 

temperature 

(˚C) 

substrate 
first 

enantiomer 

second 

enantiomer 

A 90 0.2 100 40 220 52.4 46.2 47.3 

B 90 
isothermal 

15min 
90 40 220 13.1 11.6 12.4 

C 160 0.1 163 40 220 29.3 13.7 14.3 

D 160 1 182 40 220 21.2 14.4 15.5 

E 150 0.5 168 40 220 39.9 33.7 35 

F 100 0.5 130 40 220 60 22.2 24.6 

G 155 0.2 162 40 220 25.7 22.1 22.3 

H 170 0.5 195 40 220 38.5 41.2 

4.4.3.2 HPLC methods 

Table 4. HPLC methods 

substrate HPLC method retention times (min) 

 

temperature 

(˚C) 
eluent flow substrate 

first 

enantiomer 

second 

enantiomer 

G 30 10% isopropanol in heptane 0.9 mL/min 16.4 13.5 15.0 

H 30 12% isopropanol in heptane 0.9 mL/min 39.2 24.7 30.6 

4.4.4 Complex preparation and characterization 

General procedure for the (nbd) complexes 

Ligand HNEt3Lan, Lneu or a 1:1 mixture of ligands (0.035 mmol in total, 2eq.) was dissolved in 0.7 

mL of  CD2Cl2, homogenized and subsequently added to [Rh(nbd)2]BF4 (0.0175 mmol, 1 eq.). The 

reaction was complete within 5 min. 

[Rh((R)-Lneu3)2(nbd)]BF4 
31

P{
1
H} NMR (162 MHz, CD2Cl2) δ (ppm): 154.53 (d, JP-Rh = 186.3 Hz) 

HR-MS (ESI+): m/z calcd. for C59H56N2O8P2Rh ([Rh((R)-Lneu3)2(nbd)]BF4 minus BF4
-
): 1085.26; 

obsd.: 1085.35 

m/z calcd. for C52H48N2O8  P2Rh ([Rh((R)-Lneu3)2(nbd)]BF4 minus nbd minus BF4
-
): 993.19; obsd.: 

993.21 

HNEt3[Rh((R)-Lan4)2(nbd)]  
31

P{
1
H} NMR (162 MHz, CD2Cl2) δ 128.82 (d, JP-Rh = 251.5 Hz). 

HR-MS (ESI+): m/z calcd. for C55H65F6N3O8P2RhS2 (HNEt3[Rh((R)-Lan4)2(nbd)] plus H
+
): 1238.26; 

obsd.: 1238.30 

m/z calcd. for C61H80F6N4O8P2RhS2 (HNEt3[Rh((R)-Lan4)2(nbd)] plus HNEt3
+
): 1339.38; obsd.: 

1339.42 

m/z calcd. for C54H72F6N4O8P2RhS2 (HNEt3[Rh((R)-Lan4)2(nbd)] minus nbd plus HNEt3
+
): 1247.32; 

obsd.: 1247.36 

HNEt3[Rh((S)-Lan3)2(nbd)] 
31

P{
1
H} NMR (162 MHz, CD2Cl2) δ 122.41 (d, JP-Rh = 261.0 Hz). 
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HR-MS (ESI+): m/z calcd. for C65H72F6N4O8P2RhS2 HNEt3[Rh((S)-Lan3)2(nbd)] plus HNEt3
+
): 

1379.32; obsd.: 1379.36 

m/z calcd. for C58H64F6N4O8P2RhS2 HNEt3[Rh((S)-Lan3)2(nbd)] minus nbd plus HNEt3
+
): 1287.26; 

obsd.: 1287.30 

[Rh((R)-Lan4)((R)-Lneu3)(nbd)] 

NB: HNEt3[Rh((R)-Lan4)2(nbd)], [Rh((R)-Lneu3)2(nbd)]BF4 and unidentified species are also 

formed. 
31

P{
1
H} NMR (162 MHz, CD2Cl2) δ 140.41 (dd, JP-Rh = 256.1, JP-P = 61.5 Hz), 129.77 (dd, JP-Rh = 

233.5, JP-P = 61.5 Hz). 

Figure 4. Top: 
31

P{
1
H} NMR spectrum of [Rh((R)-Lneu3)2(nbd)]

+
; middle: 

31
P{

1
H} NMR spectrum of 

[Rh((R)-Lan4)2(nbd)]
-
; bottom: 

31
P{

1
H} NMR spectrum of [Rh((R)-Lan4)((R)-Lneu3)(nbd)]. 

Complexation of HNEt3(S)-Lan3 and (R)-Lneu3 to [Rh(nbd)2]BF4 “[Rh((S)-Lan3)x((R)-

Lneu3)y(nbd)z]” 

NB: HNEt3[Rh((S)-Lan3)2(nbd)] is contaminated by free ligand (quadruplet at 163 ppm). 

Figure 5. Top: 
31

P{
1
H} NMR spectrum of [Rh((R)-Ln3)2(nbd)]

+
; middle: 

31
P{

1
H} NMR spectrum of [Rh((S)-

La3)2(nbd)]
-
; bottom: 

31
P{

1
H} NMR spectrum of [Rh((S)-La3)x((R)-Ln3)y(nbd)z] 

General procedure for the in-situ complex characterization 

Ligand Lan, Lneu or a mixture of ligands (0.0125 mmol in total, 2eq.) was dissolved in 0.5 mL of  

CD2Cl2 and mixed with [Rh(nbd)2]BF4 (0.0125 mmol, 1 eq.). The solution was subsequently 

transferred to a high pressure NMR tube and submitted to 5 bars of H2 gas. 

[Rh((R)-Lneu3)2]BF4 
31

P NMR (162 MHz, CD2Cl2) δ 150.93 (d, JP-Rh = 305.6 Hz). 
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HR-MS (ESI+): m/z calcd. for C52H48N2O8P2Rh ([Rh((R)-Lneu3)2]BF4 minus BF4
-
): 993.19; obsd.: 

993.20 

(HNEt3)2[Rh2((R)-Lan4)4] 
31

P NMR (162 MHz, CD2Cl2) δ 135.65 (dd, JP-Rh = 289.0, JP-P = 33.4 Hz, chelate ligands), 115.07 (d, 

JP-Rh = 344.0 Hz, bridging ligands). 

HR-MS (ESI+): m/z calcd. for C96H113F12N6O16P4Rh2S4 ((HNEt3)2[Rh2((R)-Lan4)4] plus H
+
): 2292.40; 

obsd.: 2292.44 

m/z calcd. for C90H98F12N5O16P4Rh2S4 ((HNEt3)2[Rh2((R)-Lan4)4] minus NEt3 plus H
+
): 2191.28; 

obsd.: 2191.31 

HNEt3[Rh((S)-Lan3)2] 
31

P NMR (162 MHz, CD2Cl2) δ 137.79 (d, JP-Rh = 303.5 Hz). 

HR-MS (ESI+): m/z calcd. for C58H64F6N4O8P2RhS2 (HNEt3[Rh((S)-Lan3)2] plus HNEt3
+
): 1287.26; 

obsd.: 1287.29 

m/z calcd. for C52H49F6N3O8P2RhS2 (HNEt3[Rh((S)-Lan3)2] plus H
+
): 1186.14; obsd.: 1186.16 

[Rh((R)-Lneu3)((R)-Lan4)] 
31

P NMR (162 MHz, CD2Cl2) δ 149.83 (dd, JP-Rh = 332.3, JP-P = 45.5 Hz), 134.36 (dd, JP-Rh = 285.9, JP-

P = 45.5 Hz). See spectra in the main text (Figure 1). 

HR-MS (ESI+): m/z calcd. for C53H60F3N3O8P2RhS ([Rh((R)-Lneu3)((R)-Lan4)] plus HNEt3
+
): 

1120.26; obsd.: 1120.24 

Figure 6. Mass spectrum of [Rh((R)-Lneu3)((R)-Lan4)]. Even if it is not observed in solution (by NMR), 

[Rh((R)-Lneu3)2]BF4 minus BF4
-
 is detected. Since it is a cationic complex, it is not surprising that it “flies”more 

easily, even if it is present in trace amount. 

NB: Even if it is not observed in solution (by NMR), ([Rh2((R)-Lneu3)((R)-Lan4)3] plus 2H
+
) and its 

acetonitrile adduct is detected by mass. 

HR-MS (ESI+): m/z calcd. for C89H86F9N4O16P4Rh2S3 ([Rh2((R)-Lneu3)((R)-Lan4)3] plus 2H
+
): 

2064.21; obsd.: 2064.35 

m/z calcd. for C91H89F9N5O16P4Rh2S3 ([Rh2((R)-Lneu3)((R)-Lan4)3] plus acetonitrile plus 2H
+
): 

2105.24; obsd.: 2105.41 

Note: A well-defined dihydride is present at -28.8 ppm (JRh-H = 26.1 Hz). Due to a very small 

abundance of this species (approximately 1% according to integrations), a full characterization was not 

possible. It should be noted that in the same conditions, when Lan3
-
 is used alone, no hydride is 

observed; when only Lneu is utilized, a doublet at -9 ppm can be seen, but this species is not present 

in the hereocombination.  
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1
H NMR hydride region (500 MHz, CD2Cl2) δ -21.83 (ddd, JRh-H = 25.9, 13.1, 6.0 Hz, 1H).  

Figure 6. 
1
H NMR spectrum of [Rh((R)-Lneu3)((R)-Lan4)]; top: 

1
H {

31
P} NMR spectrum; bottom: 

1
H NMR 

spectrum without decoupling. 

Figure 5. Mass spectrum of [Rh2((R)-Lneu3)((R)-Lan4)3] and its acetonitrile adduct. 

Complexation of HNEt3(S)-Lan3 and (R)-Lneu3 to [Rh(nbd)2]BF4 under H2 pressure [Rhx((S)-

Lan3)y((R)-Lneu3)z] 

HR-MS (ESI+): m/z calcd. for C104H96F6N5O16P4Rh2S2 ([Rh2((R)-Lneu3)2((S)-Lan3)2] plus HNEt3
+
): 

2179.33; obsd.: 2179.33 

m/z calcd. for C98H81F6N4O16P4Rh2S2 ([Rh2((R)-Lneu3)2((S)-Lan3)2] plus H
+
): 2078.21; obsd.: 

2078.19 

m/z calcd. for C55H56F3N3O8P2RhS ([Rh((R)-Lneu3)((S)-Lan3)] plus HNEt3
+
): 1140.23; obsd.: 

1140.22 

m/z calcd. for C49H41F3N2O8P2RhS ([Rh((R)-Lneu3)((S)-Lan3)] plus H
+
): 1039.11; obsd.: 1039.10 
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Figure 7. Top: 
31

P {
1
H} NMR of  [Rh((R)-Lneu3)2]

+
; middle: 

31
P {

1
H} NMR of [Rh((S)-Lan3)2]

-
; bottom: 

31
P 

{
1
H} NMR of [Rhx((S)-Lan3)y((R)-Lneu3)z]. 
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