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Chapter 3

Rhodium mediated transfer hydrogenation

D-Amino acids are present in all organisms. Nature introduces D-amino acids via 
posttranslational modifications. Chemical methods for site-selective late-stage 
introduction of D-amino acids are scarce. Here, we describe the chemical reduction 
of dehydroalanine in peptides for site-selective late-stage introduction of D/L-alanine, 
via a transfer hydrogenation mechanism with a rhodium-Noyori type catalyst and 
formic acid as hydride source. Dehydrated residues, dehydroalanine, dehydrobutyrine, 
and dehydrophenylalanine are reduced in this way, and both enantiomers of the 
corresponding residues are formed. Use of a chiral catalyst did not alter this result. The 
site-selectivity for the residues was determined with NMR studies. Determination of the 
absolute configuration of the hydrogenated residues revealed the presence of D-amino 
acids in these peptides. The catalysis works under physiologically relevant conditions in 
full aqueous environment, so can be extended to proteins as well.
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3.1 - Introduction

The ribosome synthesises proteins and peptides consisting of L-amino acids exclusively.[1] 
Nonetheless, D-amino acids are present in all organisms, and play crucial roles. Due to their 
opposite configuration, D-amino acids can disrupt secondary structures,[2] induce special turns 
and conformations,[3] and are less susceptible towards proteolysis.[4] Nature introduces D-amino 
acids via post translational modifications with enzymes like racemases or epimerases.[5] Most 
racemases deprotonate the α-carbon of an amino acid to give a planar enolate-like intermediate, 
and reprotonate it on the other side to give the opposite enantiomer. D-amino acids found in 
lanthipeptides are introduced similarly, but are introduced via a two-enzyme mechanism. 
First L-serine and L-threonine residues are dehydrated with dehydrating enzymes to give 
dehydroalanine and dehydrobutyrine respectively,[6] whereafter a reductase hydrogenates the 
double bond enantioselectively to give the corresponding D-amino acid.[7]

Chemical methods for the introduction of D-amino acids in proteins and peptides are scarce. 
Although in principle all chemical methods developed for the modification of Dha result partly 
in the introduction of D-amino acids, the chiral outcome of the products is only addressed in the 
rhodium mediated arylation of thiostrepton.[8] Asymmetric modification of Dha is an interesting 
way to chemically introduce D-amino acids site specifically. However, up to this point all reported 
methods for the modification of Dha are in essence conjugate addition reactions to the β-carbon 
of Dha. Hence, none of the reported methods is capable to provide D-alanine. To achieve this, we 
envisioned to mimic nature’s approach by reducing the double bond in Dha chemically. Moreover, 
D-phenylalanine and analogues thereof can be introduced in a similar way when the Heck product 
of the palladium cross coupling reaction on Dha (chapter 2) is hydrogenated. In this chapter, we 
describe our findings towards the hydrogenation of the carbon-carbon double bond by rhodium 
mediated catalysis. 

Hydrogenation requires a hydrogen source, of which hydrogen gas is the simplest imaginable. 
A platinum group metal facilitates activation of the gas for reaction with an organic compound. 
However, gaseous hydrogen is difficult to dissolve in water, and as it is flammable its usage gives 
rise to practical concerns. Transfer hydrogenation is a much cheaper and operationally simpler 
method. Herein hydrogen atoms are transferred from a donor, like iso-propanol or formic acid, 
to the substrate. This reaction is also often facilitated by a platinum-group metal complex. 
The most famous example is the ruthenium based complex of Noyori et al. with a tosylated di-
amine ligand (1b). This catalyst is used for the asymmetric transfer hydrogenation of ketones 

Figure 3.1: Transfer hydrogenation catalysts
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to their corresponding alcohols.[9] Many variations of this catalyst have been described since, 
wherein either the metal was varied (e.g. rhodium, iridium), or the diamine ligand was altered to 
increase solubility, improve enantioselectivity, immobilise the catalyst, or anchor it in a protein 
environment.[10] Complexes based on bipyridine ligands (3) have also been reported to catalyse 
transfer hydrogenation of ketones, carbon-carbon double bonds and imines.[11] Francis et al. 
utilised a  water  soluble  iridium-bipyridine-complex  for  the  reductive  alkylation  of  lysines  
in a protein.[12]  High solubility and stability of the metal complexes in aqueous solutions is an 
important requirement to be able to modify Dha in proteins and peptides under physiological 
conditions. Therefore, as both the  Noyori-type complexes as well as the bipyridine based 
complex used by Francis et al. are highly water soluble, these were taken as a starting point in our 
investigation to reduce Dha in peptides.

3.2 - Results & Discussion

Initial studies focused on the transfer hydrogenation of the protected Dha monomer (4a).  1, 
2 and 3 were selected as water soluble transfer hydrogenation catalysts, and formic acid as the 
hydrogen source. To our delight all catalysts showed activity, and (partly) reduced the alkene of 
4a under very mild conditions (37 oC in 50 mM sodium formate buffer at pH 7). Full conversion 
to the reduced product was observed for the Noyori-type catalysts (entry 1-3), although in the 
case of 1a black precipitation was observed. The iridium catalyst 3 turned out to be significantly 
slower than 1 and 2 (entry 4). Based on this screening the rhodium based catalysts 2a and 2b gave 
the best result. As it is unpredictable how the secondary structure of peptides and proteins would 
influence the reaction, it was decided to first perform further studies with 2a. 

Table 3.1: Screening for hydrogen transfer activity. Reaction conditions: a mixture of 4a (10 mM), and 
catalyst (5 mol%) were dissolved or suspended in 50 mM NaCOOH pH 7, and stirred for 16 hours at 37 
oC. [a] conversion was determined by 1H-NMR with 20 mM internal standard 1,3,5-trimethoxybenzene 
(1,3,5-TMB).
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entry substrate catalyst conversion (%)[a] ee

1 4a 1a >99% n.d.

2 4a 2a >99% n.d.

3 4a 2b >99% 0

4 4a 3 30% n.d.

5 4b 2a 60% n.d.

6 4c 2a 20% n.d.
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The scope of amino acids was then investigated. The β-substituted substrates dehydrobutyrine 
(4b) and dehydrophenylalanine (4c) were hydrogenated as well, but much slower than 4a. This 
might be attributed to the steric hindrance of the R-group (entries 5-6). Nevertheless, partial 
reduction was observed in all cases. Increasing the reaction time or catalyst loading might improve 
this result. However, since the focus of this project is the transfer hydrogenation of dehydrated 
residues in peptides, the screening reactions were not further optimised.

The next step was to perform the reaction on a dehydrated residue embedded in a protein or 
peptide. Analysis with standard protein analysis techniques (e.g. mass spectrometry) is difficult 
due to the expected small mass increase. Hydrogenation of a 10 kDa protein equals to a < 0.02 % 
mass increase compared to the total weight of the protein, which is similar to the error margin 
of the spectrometer. The transfer hydrogenation reaction was therefore first tested on a small 
peptide with a molecular weight within the detection range of the UPLC/MS TQD spectrometer 
(2000 Da). Thiostrepton (6), a thiopeptide with a molecular weight of 1664 Da, containing four 
dehydrated residues (3-Dha, 7-Dhb, 16-Dha and 17-Dha) was chosen for this purpose.[13] The 
expected mass increase of Δ2, Δ4, Δ6 or Δ8 dalton for respectively singly-, doubly-, triply- and 
quadruply hydrogenation of the peptide should be readily observed. Moreover, the hydrophobicity 
of the peptide will be reduced significantly when Dha is converted into Ala, so also the retention 
time of the product is expected to shift. 

The peptide was dissolved in DMF and diluted with 100 mM formate buffer pH 4 to provide a 
hydride source. The transfer hydrogenation was performed with 25 mol% 2a catalyst. After 16 

hours reaction at 37 oC a clear shift was observed in the UPLC/MS chromatogram. The new 
peak corresponded to a mass increase of Δ4 Da, and was assigned to the hydrogenation of two 
dehydrated residues (see figure 3.2b). Since separate peaks corresponding to the same mass are 
distinguishable in the chromatogram, the reaction presumable yields a mixture of peptides 
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Figure 3.2: Transfer hydrogenation of thiostrepton (6). a) General reaction scheme. b) UPLC/MS 
chromatogram of thiostrepton with corresponding mass spectrum; c) UPLC/MS chromatogram after 
hydrogenation reaction with corresponding mass spectrum.
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where different sets of dehydrated residues have reacted. To validate the outcome of the UPLC/
MS measurement, the hydrogenated sample was spiked with untreated thiostrepton, which 
confirmed both the shift in retention and the mass increase.

Encouraged by these results, the transfer hydrogenation was hereafter tested on another Dha 
containing peptide, the lanthipeptide nisin. Nisin is almost twice the size of thiostrepton (35 
amino acids, 3354 Da) and has three dehydrated residues: 3-Dha, 5-Dha and 33-Dha. Nisin dissolves 
best in acidic aqueous solution, so the peptide was dissolved in 100 mM formic acid in water 
without adjusting the pH. After 16 hours reaction with 50 mol% 2a catalyst a mass of 3360 Da (Δ6 
Da) was observed as main product in the deconvoluted spectrum of the UPLC/MS TQD mass 
measurement (see figure 3.3b). An increase of 6 Da could corresponds to hydrogenation of all three 
dehydrated residues in nisin. The smaller peak with a mass increase of Δ22 Da was assigned to 
double hydrogenation (+4) combined with hydration (+18) of the third residue. The observed mass 
of 3175 Dalton corresponds to degraded nisin, wherein the two C-terminal residues of the peptide 
have been cleaved off, a commonly observed byproduct of the aqueous dissolution of nisin.[14] As 
the molecular weight of nisin lies outside the detection mass of the UPLC/MS TQD spectrometer, 
the mass increase was validated by high resolution mass spectrometry of the same sample, which 
confirmed triple hydrogenation had taken place (ESI (HCOOH) m/z 3359.59 ([M]+ calcd: 3359.60).

To investigate if the hydrogenation indeed takes place at the dehydrated residues of nisin, 
the protein was analysed by proton NMR. In the spectrum of hydrogenated nisin, the signals 
corresponding to the protons of the three alkenes have disappeared, which indeed confirms the 
reaction takes place at these site (see figure 3.4).

As catalyst 2a is achiral, the transfer hydrogenation is expected to produce both D- and L-alanine 
in equal amounts. To determine the absolute configuration of the newly formed alanines, 9 was 

Figure 3.3: Hydrogenation of nisin (8). a) General reaction scheme. b) Mass spectrum and deconvoluted[15] 
spectrum.
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subjected to Marfey’s analysis.[16] A sample of 9 was therefore hydrolysed in 6 M HCl (aq) under 
microwave irradiation. The hydrolysate was then treated with Marfey’s reagent (1-fluoro-2,4-
dinitrophenyl-5-L-alanine amide (FDAA, 16). Analysis with LC/MS and comparison with FDAA 
derivatised L/D-alanine samples showed the presence of both D- and L-alanine in the hydrolysate 
of 9 (see figure 3.5). Comparison of the ratio between the peaks of L/D-Alanine with the peak of 
L-Valine, naturally present in nisin and unreactive to transfer hydrogenation reaction, provides 
information about the enantiomeric excess of the isomers. The ratio between the peaks of FDAA-
L-Ala, FDAA-D-Ala and FDAA-L-Val in untreated nisin is 1.0:0:1.0 (figure 3.5b). When transfer 
hydrogenation takes place in a racemic fashion, the ratio of both D/L-alanine isomers should 

I
II

III

b

a

Figure 3.4: NMR studies of hydrogenated Nisin. a) 1H-NMR spectrum of 9; b) 1H-NMR spectrum of nisin. i) 
signal of Dhb-3; ii) signal of Dha-33; iii) signal of Dha-5.
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Figure 3.5: Analysis of the presence of D-alanine using Marfey’s method: a) Extracted ion chromatogram 
(EIC) of [M+H] = 342 Da corresponding to L-alanine (red) and D-alanine (green) derivatised with FDAA, 
and EIC of [M+H] = 370 Da corresponding to L-Valine (blue) derivatised with FDAA; b) EIC's of hydrolysate 
of nisin derivatised with FDAA compared with L-Valine; c) EIC's of hydrolysate of 9 derivatised with FDAA 
compared with L-Valine.



3

61

Rhodium mediated transfer hydrogenation

increase equally. The observed ratio between FDAA-L-Ala, D-Ala, and L-Val in 9 was found to be 
1.5:0.8:1.0. This suggests the transfer hydrogenation reaction yielded a slightly higher amount of 
D-Ala over L-Ala. However, the difference is very small and not significant enough to speak of an 
enantiomeric excess. Since the catalyst is achiral, the slight difference might be induced by the 
secondary structure or chiral environment of the peptide.

In an attempt to control the chiral outcome of the products, the transfer hydrogenation reaction 
was conducted with chiral catalyst 2b. This catalyst contains the chiral ligand (+)-TsDPEN, and is 
typically used in asymmetric transfer hydrogenation of ketones. Compared to ketones, a difficulty 
in the hydrogenation of acrylates is that the stereocenter is not created during the addition of the 
hydride, but in the subsequent protonation step (see figure 3.6a). Moreover, a ketone can form a 
hydrogen bond with the amine in the ligand of the catalyst (figure 3.6b), which plays an important 
role the chiral outcome of the reaction.[17] Acrylates, like Dha, lack this directing effect of the 
hydrogen bond, and are therefore more difficult to reduce asymmetrically. Application of 2b to 
the Dha monomer (1a) gave full conversion to the product, as was determined by proton NMR 
(table 3.1, entry 3). However, chiral GC analysis of the sample showed the alanine obtained from 
this reaction, was obtained as a racemic mixture.

Since the two arylrings on (+)-TsDPEN make the catalyst significantly bigger, the secondary 
structure of the peptide might have also have a bigger effect on the reaction, and therewith 

Figure 3.6: Schematic representation of the mechanism of transfer hydrogenation of ketones and acrylates
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influence the chiral outcome. To investigate this, the transfer hydrogenation of nisin was 
performed with chiral catalyst 2b to give product 10. Marfey’s analysis of the hydrolysate of 10 
showed a ratio of 1.5:0.7:1.0 between the peaks of FDAA-L-Ala, D-Ala, and L-Val (see figure 3.7). This 
ratio is similar to the ratio found with the achiral catalyst. So despite the use of a chiral catalyst, 
the transfer hydrogenation seems again to have taken place in an almost racemic way.

Finally, the transfer hydrogenation was applied to dehydrophenylalanine (Dhf) embedded in 
a peptide. Dhf can be introduced in nisin via the palladium mediated cross coupling reaction 
described in chapter 2 (see figure 3.8). Besides the Heck product, this cross coupling reaction partly 
gives conjugated addition to Dha, which results in the fact that both isomers of D/L-phenylalanine 
are already present in 11. However, transfer hydrogenation could increase the amount of Phe by 
reduction of Dhf. To do so, 11 was treated with 2a and formic acid to give 12.

To analyse the ratio of D/L-Phe before and after the hydrogenation, both 11 and 12 were hydrolysed 
in 6 M HCl (aq) under microwave irradiation, and subsequently treated with Marfey’s reagent (see 
figure 3.9a). In 11 the ratio between FDAA-L-Val, L-Phe, and D-Phe is 1.0:0.6:0.3. After hydrogenation 
the ratio is increased to 1.0:0.8:0.5, which confirms the presence of more D/L-Phe after the transfer 
hydrogenation reaction. The enantiomeric excess before and after the hydrogenation remains the 
same, as was expected for the achiral catalyst.

Dhf cannot be visualised with Marfey’s method, as the unprotected dehydrated amino acids equal 
primary enamines and quickly get tautomerised and hydrolysed to their corresponding α-keto-
acids under these conditions. Presence of dehydrated residues in a peptide are therefore visualised 
by treatment of the hydrolysate with dansylhydrazine, which will react with the α-keto-acids to 
form hydrazones. Treatment of the hydrolysate of both 11 and 12 with dansylhydrazine showed 
almost complete disappearance of phenylpyruvic acid during hydrogenation (see figure 3.9b). This 
confirms Dhf as the reduction site during the transfer hydrogenation reaction, just like Dha and 
Dhb. Catalyst 2a has therewith the same broad substrate tolerance for dehydrated residues in 
peptides as it does for the dehydrated monomers. Treatment of Dha containing peptides with 
palladium and phenylboronic acid, and subsequent transfer hydrogenation with 2a and formic 
acid is therefore a new method for late-stage site specifically introduction of D-phenylalanine in 
peptides.

3.3 - Conclusion

In this chapter, a method for transfer hydrogenation of dehydrated residues in peptides is 
described. Hydrogenation of Dha, Dhb and Dhf in antimicrobial peptides was achieved by a 
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Figure 3.8: Schematic representation of palladium cross coupling on nisin and subsequent hydrogenation
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rhodium based Noyori type catalyst. The reaction was performed under physiological relevant 
conditions, with formic acid as hydride source. NMR studies revealed the selectivity of the 
reaction for the dehydrated residues Dha and Dhb. Detailed analysis of the individual amino acids 
in the peptides provided the absolute configuration of the newly formed amino acids, and showed 
the presence of D-amino acids. So far, the reaction yielded both isomers in all cases. Attempts 
to use a chiral catalyst did not result in a significant enantiomeric excess of one of the isomers. 
Future studies should further explorer the possibility of asymmetric hydrogenation of dehydrated 
amino acids, by varying the chiral ligand of the Noyori-type catalyst, or by exploring phosphine 
ligands in hydrogenation with gaseous hydrogen as hydride source.

3.4 - Experimental

General remarks
Chemicals were purchased from TCI Europe, Sigma-Aldrich, Acros, Strem Chemical, Handary or Chem-Impex, 
solvents from Lab-Scan and were all used without further purification. Column chromatography was performed 
by hand on silica gel (Aldrich, 230-400 mesh) or automated on a Grace Reveleris Flash X1 Chromatography 
system. Solvents were removed under reduced pressure at 40oC (water bath). 1H-NMR and 13C-NMR spectra 
were recorded with Varian Mercury Plus 400, Agilent Technologies 400/54 Premium Shield, Varian VXR 300 or 
Bruker 600 MHz at ambient temperature. HRMS ESI mass spectra of small organic molecules were recorded with 
Thermo Fisher Scientific Orbitrap XL. Melting points were recorded on a Büchi B-545 melting point apparatus. 
Elemental analysis were determined on a EuroVector S.P.A. model Euro EA 3000. UPLC/MS analysis was done on 
Waters Acquity Ultra Performance LC with Acquity TQD detector. Separation of biomolecules was achieved with 
an Acquity UPLC BEH C8 1.7 um 2.1x150 mm column and a linear gradient of 90% -> 50% water (0.1%FA) in ACN 
(0.1%FA) in 10 minutes for nisin and 70% -> 30% water (0.1%FA) in ACN (0.1%FA) in 10 minutes for thiostrepton. 
Charge density spectra were deconvoluted with the algorithm MagTran.[18] Separation for small molecules in 
Marfey’s analysis was achieved with UPLC HSS T3 C18 1.8 μm 2.1x150 mm column, and a linear gradient of 80% 
-> 40% water (0.1%FA) in ACN (0.1%FA) in 15 min, monitored at 340 nm.

RuCl[N-tosyl-ethane-1,2-diamine]-η6(p-cymene) (1a)
Dichloro(p-cymene)ruthenium(II) dimer (6.78 mg, 0.011 mmol) and 13 (4.74 mg, 0.022 mmol) were dissolved in 4 
mL buffer or water by stirring the mixture at 60 oC for at least 1 hour. After cooling down to room temperature the 
stock solution was supplemented with buffer or water to a volume of 5 mL to yield a bright yellow stock solution 
of 4.4 mM catalyst 1a.

RhCl[N-tosyl-ethane-1,2-diamne]-η5(pentamethylcyclopentadiene) (2a)
Pentamethylcyclopentadienylrhodium(III) chloride dimer (8.35 mg, 0.013 mmol) and 13 (5.79 mg, 0.027 mmol) 
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were dissolved in 4 mL buffer or water by stirring the mixture at 60 oC for at least 1 hour. After cooling down to 
room temperature the stock solution was supplemented with buffer or water to a volume of 5 mL to yield a bright 
yellow stock solution of 5.4 mM catalyst 2a.

RhCl[(S,S)-TsDPEN]-η5(pentamethylcyclopentadiene) (2b)
Pentamethylcyclopentadienylrhodium(III) chloride dimer (7.7 mg, 0.012 mmol) and (S,S)-TsDPEN (9.1 mg, 0.024 
mmol) were dissolved in 4 mL water by stirring the mixture at 60 oC for at least 1 hour. After cooling down to 
room temperature the stock solution was supplemented with buffer or water to a volume of 5 mL to yield a bright 
yellow stock solution of 5.0 mM catalyst 2b.
  

Methyl 2-acetamidoacrylate (4a)
Prepared as described by Crestey et al.:[19] Acetamide (1000 mg, 16.9 mmol), methyl pyruvate (1.3 mL, 15.2 
mmol)  and 30 mL toluene were added to a round-bottom-flask equipped with magnetic stirrer and Dean-Stark-
trap. A catalytic amount of p-toluenesulfonice acid (0.001 eq) and p-methoxyphenol (0.001 eq) were added. 
After heating under reflux for 24 hours, the solvent was evaporated. The crude yellow oil was redissolved in 
dichloromethane, washed with saturated NaHCO3(aq) and water. Drying over MgSO4, removal of the solvent and 
purification by column chromatography (SiO2, pet ether / ethyl acetate 3:1, Rf=0.71 in EtOAc) gave 4a (805 mg, 
37%) as a white solid. 1H-NMR (CDCl3, 400MHz) δ 2.13 (s, 3H), 3.84 (s, 3H), 5.88 (s, 1H), 6.60 (s, 1H), 7.71 (br, 1H) 
ppm; 13C-NMR (CDCl3, 101 MHz) δ  24.8, 53.1, 108.9, 131.1, 164.7, 169.0 ppm; Calc: C: 50.35, H: 6.34, N:9.79, 
Found: C: 50.27, H: 6.35, N: 9.66. MS (ESI, HCOOH) m/z 144.0654 ([M+H]+, calc: 144.0655) mp: 51.4-52.3 oC 

methyl (Z)-2-acetamido-3-phenylacrylate (4c)
Prepared as described by Trapp et al.:[20] Benzaldehyde (1326 mg, 12.5 mmol), sodium acetate (820 mg, 10 
mmol) and N-acetlyglycine (1171 mg, 10 mmol) were suspended in 2.3 mL acetic anhydride. The mixture was 
refluxed for 1.5 hours whereafter the crude mixture was filtered over a glass filter. The residue was washed with 
diethylether, dried to the air and used without further purification. 1H-NMR (CDCl3, 400 MHz) δ 2.41 (s, 3H), 7.15 
(s, 1H), 7.43 (m, 3H), 8.07 (m, 2H) ppm.

The crude product is dissolved in absolute methanol. Sodium methoxide (540 mg, 10 mmol) was added. The 
resulting mixture was stirred for 90 minutes at room temperature. After removal of the solvent, the crude residue 
was taken up in DCM. The organic layer is washed with  saturated NH4Cl(aq). Drying over Na2SO4, removal of the 
solvent and purification by column chromatography (SiO2, heptane / ethylacetate 0%->60%, Rf=x) gave 4c (985 
mg, 45% over 2 steps) as off-white solid. 1H-NMR (CDCl3, 400 MHz) 2.12 (s, 3H), 3.84 (s, 3H), 7.04 (br, 1H), 7.35 (m, 
4H), 7.46 (m, 2H) ppm; 13C-NMR (CDCl3, 101 MHz) δ 26.1, 55.4, 126.9, 131.2, 132.1, 132.2, 134.9, 136.4, 163.8, 
171.4 ppm; Elemental analysis calcd for  C12H13NO3: C: 65.74, H: 5.98, N: 6.39, Found: C: 65.80, H: 5.99, N: 6.38; 
MS (ESI, HCOOH) m/z 220.0975 ([M+H]+, calc: 220.09682). 
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N-(2-aminoethyl)-4-methylbenzenesulfonamide (13)
Prepared as described by Deng et al.:[21] Sulfonylchloride (762 mg, 4 mmol) is dissolved in 10 mL DCM at 0 oC. 
Ethylenediamine (2.6 mL, 40 mmol) in 10 mL DCM is added slowly while keeping the temperature at 0 oC. After 
stirring the resulting mixture for 15 minutes, the organic layer is washed with water, and dried over Na2SO4. 
Evaporation of the solvent and purification by column chromatography (SiO2, DCM / MeOH 0 -> 15%, Rf = 0.1 (10 
% MeOH)) gave 13 (270 mg, 31%) as white solid. 1H-NMR (CD3OD, 400 MHz) δ 2.42 (s, 3H), 2.65 (t, J=6.22, 2H), 
2.88 (t, J=6.22, 2H), 7.39 (d, J=8.11, 2H), 7.72 (d, J=8.11, 2H) ppm; 13C-NMR (CD3OD, 101 MHz) 22.7, 43.4, 47.7, 
129.3, 132.0, 140.1, 145.9 ppm. Elemental analysis calc for C9H14N2O2S: C: 50.45, H: 6.59, N: 13.07, Found: C: 
50.23, H: 6.51, N: 12.80. MS (ESI, HCOOH) m/z 215.085 ([M+H]⁺, calc: 215.085);
 

Cp*Ir(4,4’-dimethoxy-2,2'-bipyridine)Cl2 (14)
Prepared as described by Francis et al.:[12] Pentamethylcyclopentadienyliridium(III)chloride dimer (16 mg, 0.02 
mmol) and 4,4’-dimethoxy-2,2’-bipyridine (8.7 mg, 0.04 mmol) were dissolved in 2 mL methanol. The mixture 
was stirred until it became homogeneous. The solvent was removed and the residue was taken up in a minimum 
DCM. Precipitation with heptane gave 14 (25 mg, 99%) as yellow solid. 1H-NMR (CDCl3, 400 MHz) δ 1.65 (s, 15 H), 
4.34 (s, 6H), 7.12 (m, 2H), 8.40 (d, 2H, J=6.57), 8.97 (m, 2H) ppm. 

Cp*Ir(4,4'- dimethoxy-2,2’-bipyridine)SO4 (3)
Prepared as described by Francis et al.:[12] 15 (25 mg, 0.04 mmol) and silver(I)sulfate (12 mg, 0.04 mmol) were 
dissolved in 2 mL water. The mixture was stirred overnight at room temperature. The precipitate was removed 
and washed with water. The filtrate and washings were combined and the solvent was removed by lyophilisation 
to give 3 (21 mg, 82%) as yellow solid. MS (ESI, HCOOH) m/z 543.13 ([M-SO42-]⁺, calc: 543.13).
 

methyl acetyl-L-phenylalaninate (15)
L-Phenylalanine-methylester (200 mg, 0.93 mmol) is dissolved in DCM. Diisopropyethylamine (322 μL, 1.85 
mmol) and acetic anhydride (87 μL, 0.93 mmol) were added. After stirring for 1 hour at room temperature, the 
organic layer is washed with water, saturated NaHCO3(aq) and 1 M HCl (aq). Drying over Na2SO4 and evaporation 
of the solvent gave 15 (204 mg, quant.) as white solid. 1H-NMR (CDCl3, 400 MHz) δ 1.99 (s, 3H), 3.13 (m, 2H), 3.73 
(s, 3H), 4.88 (m, 1H), 5.88 (br, 1H), 7.09 (m, 2H), 7.27 (m, 3H) ppm; 13C-NMR (CDCl3, 100 MHz) 25.8, 40.5, 55.0, 
55.7, 129.8, 131.2, 131.9, 138.4, 172.2, 174.7 ppm; Elemental analysis calcd for  C12H15NO3: C: 65.14, H: 6.83, N: 
6.33, Found: C: 65.03, H: 6.85, N: 6.29; MS (ESI, HCOOH) m/z 222.11280 ([M+H]⁺, calc: 222.1147).
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(S)-2-((5-fluoro-2,4-dinitrophenyl)amino)propanamide (Marfey’s reagent) (16)
Prepared as described by Sheppard et al.:[22] Alaninamide (473 mg, 3.8 mmol) was dissolved in 4 mL 1 M 
NaOH(aq) was added to 60 mL acetone. MgSO4 (10 gram) was added and the mixture was stirred for 3 hours 
at room temperature, whereafter the MgSO4 is filtered off and added dropwise to a mixture of 1,5-difluoro-2,4-
dinitrobenzene (668 mg, 3.2 mmol) in 15 mL acetone. After addition the mixture was stirred for 30 minutes at 
room temperature. Addition of water (80 mL) and cooling in ice resulted in precipitation of the product. Filtration 
and washing with acetone / water (v/v 1:1) gave 16 (505 mg, 57%) as yellow needles. 1H-NMR (DMSO-d6, 400 
MHz) δ 1.46 (d, 3H, J=6.84), 4.39 (m, 1H), 6.94 (s, 0.5H), 6.97 (s, 0.5H), 7.50 (s, 1H), 7.72 (s, 1H), 8.89 (s, 0.5H), 
8.91 (s, 0.5H), 9.11 (m, 1H) ppm; 13C-NMR (DMSO-d6, 100 MHz) δ 21.5, 54.7, 105.1 (d), 128.2 (d), 130.5, 150.7 (d), 
160.8, 163.5, 175.4 ppm; MS (ESI, HCOOH) m/z 295.045 ([M+Na]⁺, calc: 295.0455); Calcd for  C9H9FN4O5 : C: 39.71, 
H: 3.33, N: 20.58, Found: C: 39.60, H: 3.38, N: 20.40.

General procedure for transfer hydrogenation reaction on small molecules
Catalysis was performed in formate buffer (50 mM NaCOOH pH 7) with a final concentration of 40 mM of the 
dehydroalanine substrate and 5%-10% catalyst loading. A typical catalysis reaction was set up as follows: 1a (28.7 
mg, 0.2 mmol) and was dissolved in 2.7 mL buffer. After addition of 2.3 mL of the ruthenium(tosyl-diamine) stock 
solution, the vial was closed and the mixture was stirred overnight at 37 oC. After cooling to room temperature, 
the reaction mixture was filtered over celite and extracted to dichloromethane. After drying over Na2SO4 and 
concentration, conversions were analysed by 1H-NMR. The ratio between the peaks at 7.38 ppm (product) and 
5.86 ppm (starting material) were compared with 1,3,5-TMB as internal standard for determination of the yield.

General procedure of transfer hydrogenation on thiostrepton
Catalysis was performed in DMF / 100 mM HCOOH buffer pH 4 (6:16 (v/v)) with a final concentration of 45 μM 
peptide, and 11 μM catalyst. A typical catalysis reaction was set up as follows: Thiostrepton (1 nmol in 1 μL 
DMF) was diluted with 5 μL DMF and 15 μ buffer. 1 μL of 250 μM catalyst stock solution in water was added. The 
reaction mixture shaken at 37 oC for 16 hours, and analysed by UPLC/MS TQD directly.

General procedure of transfer hydrogenation on nisin
Catalysis was performed in 0.5% HCOOH(aq) with a final concentration of 2.8 mM peptide, 2.8 mM catalyst. 
A typical catalysis reaction was set up as follows: to a solution of nisin (2  μmol in 500 μL) in 0.5% HCOOH was 
added 200 μL of the catalyst stock solution (10 mM in water). The mixture was shaken at 37 oC for 16 hours. 
40 μL of pyrollidinedithiocarbamate (scavenger, 150 mM in water) was added and a orange precipitate formed 
instantly. The mixture was filtered over a 0.45 μm filter and purified by size exlcusion chromatography (NAP-10). 
Lyophilisation gave the product which was analysed by UPLC/MS TQD.

Marfey’s analysis
An aliquot 0.1 mg amino acids (30 nmol for modified nisin) was added to 350 μL 6M HCl(aq) in a microwave 
tube equipped with stir bar. The sample was exposed to microwave irradiation for 10 minutes at 160oC, with 
maximum 50 Watt power. The mixture is transferred to an eppendorf vial and concentrated to dryness in vacuo. 
The residue was dissolved in 25 μL 1M NaHCO3(aq), and 5 μL 1% Marfey's reagent (FDAA or 16) in acetone was 
added. After shaking for 1 hour at 40 oC, 15 μL 2M HCl(aq) and 150 μL methanol were added to obtain a clear 
bright yellow solution. The sample was analysed directly by UPLC/MS TQD. Signals obtained at 340 nm absorption 
were assigned to the corresponding FDAA-derivative.

Hydrazone analysis
An aliquot 0.1 mg amino acids (30 nmol for modified nisin) was added to 350 μL 6M HCl(aq) in a microwave tube 
equipped with stir bar. The sample was exposed to microwave irradiation for 10 minutes at 160oC, with maximum 
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50 Watt power.  The mixture transferred to an eppendorf vial and concentrated to a volume of 25 μL. 5 μL of 2 
mg/mL dansylhydrazine solution in methanol was added. After shaking for 1 hour at 40oC, the sample was diluted 
with 100 μL methanol and analysed by UPLC/MS TQD. Signals obtained at 340 nm absorption were assigned to 
the corresponding hydrazone.

[1] M. T. Englander, J. L. Avins, R. C. Fleisher, B. Liu, 
P. R. Effraim, J. Wang, K. Schulten, T. S. Leyh, R. L. 
Gonzalez, Jr., V. W. Cornish, PNAS 2015, 112, 6038.

[2] E. Krause, M. Bienert, P. Schmieder, H. Wenschuh, J. 
Am. Chem. Soc. 2000, 122, 4865.

[3] B. Imperiali, R.A. Moats, S.L. Fisher, T.J. Prins, J. Am. 
Chem. Soc. 1992, 114, 3182.

[4] K. Hamamoto, Y. Kida, Y. Zhang, T. Shimizu, K. 
Kuwano, Microbiol. Immunol. 2002, 46, 741.

[5] T. Yoshimura, N. Esak,  J. Biosci. Bioeng., 2003, 96, 
103.

[6] L. M. Repka, J. R. Chekan, S. K. Nair, W. A. van der 
Donk, Chem. Rev. 2017, 5457.

[7] X. Yang, W. A. van der Donk, J. Am. Chem. Soc. 2015, 
137, 12426.

[8] H. M. Key, S. J. Miller, J. Am. Chem. Soc. 2017, 139, 
15460.

[9] S. Hashiguchi, A. Fujii, J. Takehara, T. Ikariya, R. 
Noyori, J. Am. Chem. Soc. 1995, 117, 7562.

[10] B. Stefane, F. Pozgan, Top. Curr. Chem. 2016, 374, 18.
[11] S. Ogo, K. Uehara, T. Abura, S. Fukuzumi, J. Am. Chem. 

Soc. 2004, 126, 3020.

[12] J.M. McFarland, M.B. Francis, J. Am. Chem. Soc. 2005, 
127, 13490.

[13] R. Liao, L. Duan, C. Lei, H. Pan, Y. Ding, Q. Zhang, D. 
Chen, B. Shen, Y. Yu, W. Liu, Chem. Biol. 2009, 16, 141.

[14] H.S. Rollema, J.W. Metzger, P. Both, O.P. Kuipers, R.J. 
Siezen, Eur. J. Biochem. 1996, 241, 716.

[15] Z. Zhang, A.G. Marshall, J. Am. Soc. Mass. Spec. 1998, 
9, 225.

[16] P. Marfey, Carlsberg Res. Commun. 1984, 49, 591.
[17] P. A. Dub, J. C. Gordon, Dalton Trans. 2016, 45, 6756.
[18] Z. Zhang, A.G. Marshall, J. Am. Soc. Mass. Spec. 1998, 

9, 225.
[19] V. C. F. Crestey, S. Stiebing, S. Rault, Synthesis 2006, 

3506.
[20] G. Storch, O. Trapp, Angew. Chem. Int. Ed. 2015, 54, 

3580.
[21] X. Li, L. Li, Y. Tang, L. Zhong, L. Cun, J. Zhu, J. Liao, J. 

Deng, J. Org. Chem. 2010, 75, 2981.
[22] R. M. Lanigan, V. Karaluka, M. T. Sabatini, P. Starkov, 

M. Badland, L. Boulton, T. D. Sheppard, Chem. 
Commun. 2016, 52, 8846.

3.5 - Bibliography



3

69

Rhodium mediated transfer hydrogenation


	Chapter 3



