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Abstract 
In this thesis a methodology to synthesize anti-β-hydroxy-α-amino esters possessing olefins has been 

investigated. The developed procedures originate from two already established procedures in which 

α-amido-β-keto esters, which do not contain olefins, have been stereoselectively reduced to the 

corresponding anti-β-hydroxy-α-amino alcohols via asymmetric transfer hydrogenation coupled with 

dynamic kinetic resolution. Both established methods, one solvent free and one emulsion based, 

have been investigated to expand the substrate scope. Four different α-amido-β-keto ester 

containing olefins were tested and it was found that the ketones were reduced to desired anti-β-

hydroxy-α-amino esters in both procedures, but also side products were observed in which the olefin 

moiety was reduced. The ratio of the different products was dependent on the structure of the 

starting α-amido-β-keto ester, the ligand used on the catalyst and the reaction conditions, such as 

number of equivalents of base and reaction temperature. The diastereoselectivity for the desired 

products was in favor of the anti stereoisomer, however, the dr was worse than in the established 

procedures. The usefulness of this methodology was then demonstrated by a formal total synthesis 

of D-erythro-sphingosine.  
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Abbreviations 
AH  Asymmetric hydrogenation  

ATH  Asymmetric transfer hydrogenation 

Boc2O  Di-tert-butyl-dicarbonate 

DCM  Dichloromethane 

DIBAL  Diisobutylaluminium hydride 

DKR  Dynamic kinetic resolution 

DMPU  1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinon 

dr  Diastereomeric ratio 

ee  Enantiomeric excess  

Et3N  Triethylamine 

EtOAc  Ethyl acetate 

EtOH  Ethanol 

eq.  Equivalents  

LHMDS  Lithium bis(trimethylsilyl)amide 

MeOH  Methanol 

Pg  Protecting group 

(R,R)-TsDPEN  N-((1R,2R)-2-amino-1,2-diphenylethyl)-4-methylbenzenesulfonamide 

RT  Room temperature 

n.d  Not determined 

n.r  No reaction  

(S,S)-DPAE  (1S,2S)-2-amino-1,2-diphenylethanol 

(S,S)-BnDPAE  (1S,2S)-2-(benzylamino)-1,2-diphenylethanol 

(S,S)-TsDPEN  N-((1S,2S)-2-amino-1,2-diphenylethyl)-4-methylbenzenesulfonamide 

T  Temperature 

TBAI  Tetrabutylammonium iodide 

TS  Transition state  
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1. Introduction 

Even though all different molecules either created by nature or by man are unique they can share 

some features, such as functional groups or even a collection of functional groups in a specific 

arrangement, referred to here as fragment/motif. Therefore, by finding new methodologies to 

efficiently and selectively create such fragments, one not only simplifies the synthesis of one specific 

molecule but rather a whole class of molecules. 

1.1 β-Amino Alcohols 

One molecular fragment that frequently occurs in natural products, chiral ligands and 

pharmaceuticals is vicinal amino alcohols, also known as β-amino alcohols 1 (Figure 1). For instance, 

such a scaffold can be found in the aminopeptidase inhibitor bestatin 2 (1)  and D-erythro-

sphingosine 3 (2), which is a lipid that is found in cell membranes. Other examples of important 

molecules containing the β-amino alcohol fragment are the ligand (+)-N-methyl ephedrine 4 (3) and 

the more complex anti-biotic vancomycin 5 (4)  

 

Figure 1. Compounds containing the β-amino alcohol fragment. 

One feature to note about the β-amino alcohols is that it is a scaffold which includes two vicinal 

stereocenters and can therefore exist as four stereoisomers – with the hydroxyl and amino group syn 

or anti to each other and the enantiomers of both these relative configurations (Figure 2). All of 

these are present in naturally occurring molecules (See Figure 1) and it is important to find ways to 

form the desired stereoisomer selectively.  

 

Figure 2. The four stereoisomers for amino alcohols. 
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There are a lot of different methodologies available to access β-amino alcohols today. For example it 

is possible start from a skeleton with neither the hydroxyl nor the amine in it, for example an alkene, 

and then add the heteroatoms. This can be done either in two (Scheme 1a) or one step (Scheme 1b). 

A third method is to start from a molecule that acts as precursors to both these functional groups 

and then transform them into the corresponding desired functionalities (Scheme 1c). (5) Using this 

methodology, it is, for example, possible to start from an α-amido ketone and reduce it 

asymmetrically.   

 

Scheme 1. Different ways to access β-amino alcohols. 

For example, the reduction of an α-amido ketone can be done stereoselectively by kinetic resolution. 

In such a strategy one enantiomer of the starting racemic α-amido ketone reacts much faster than 

the other one (Scheme 2a) and the catalyst also favor one diastereotropic face of the substrate. This 

procedure can result in an enantioenriched amino alcohol, with the slower reacting enantiomer of 

the starting material reacting so slowly it can be completely recovered. One limitation is that since 

the starting material is a racemate, the maximum theoretical yield is 50% (kr1>>kr2). A more elegant 

version would be if the starting α-amido ketone was able to racemize, giving rise to a dynamic kinetic 

resolution (DKR) (Scheme 2b). In this case, 100% theoretical yield is possible, since the slow reacting 

enantiomer is transformed into the fast reacting one under the reaction conditions. This, however, 

only provides good dr and er when the system fulfills the criteria that the racemerization is faster 

than the reduction (krac>kr1 and kr1>>>kr2).  The substrate class α-amido-β-keto esters open doors for 

this procedure because of the possibility to racemize via tautomerization/or deprotonation due to 

the acidic proton in between the carbonyls (Scheme 2c). (6) 

 

Scheme 2. a) Kinetic resolution of an α-amido ketone b) Dynamic kinetic resolution of an α-amido ketone c) α-amido-β-
keto esters can racemize due to its acidic proton. 

There are several procedures established for the reduction of α-amido-β-keto esters via DKR: 

asymmetric hydrogenation (AH) which utilizes hydrogen gas as the reducing agent and asymmetric 

transfer hydrogenation (ATH) which utilizes isopropanol or formic acid/triethylamine as the hydrogen 

source.  
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1.2 Asymmetric Hydrogenation of α-Amido-β-Keto Esters via DKR 

One of the first reports of asymmetric hydrogenation of α-amido-β-keto esters via DKR was made by 

Noyori et al. and they found that when they reduced substrate 6 with a ruthenium catalyst, which 

had BINAP as a ligand, they accessed the syn-diastereoisomer 7 in good yields, ee and dr (Scheme 3). 

(7). This report clearly showed that DKR for α-amido-β-keto esters works well.  

 

Scheme 3. AH yielding the syn diastereoisomer. 

Noyori and coworkers propose that the reduction proceeds through a monohydride mechanism 

where the substrate is coordinated to the catalyst (inner sphere mechanism, Figure 3a) and 

rationalize the syn outcome by invoking Felkin-Anh selectivity and a hydrogen bond between the N-H 

and the ester moiety (Figure 3b).  (8)  

 

Figure 3. a) AH through an inner sphere mechanism b) Felkin-Anh selectivity for the diastereochemical outcome. 

Another group, Genet et al., also reported the synthesis of the syn-stereoisomer 9 by hydrogenation 

of substrate 8, similar to substrate 6, with a ruthenium complex which has (S)-SYNPHOS as ligand 

(Scheme 4a). However, when they reduced substrate 10 instead of 8 (changed the amide to an 

ammonium salt) they got the anti-diastereoisomer 11 (Scheme 4b). (9). These results are in line with 

Hamada et al. who also report access to the anti product 13 for a related substrate 12 (10) (Scheme 

4c).  

  

Scheme 4. a) Synthesis of the syn product b) and c) Selectivity switched to the anti product when changing the amide to 
amine. 
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Genet et al. explain the shift from syn to anti when changing the amide to an amine by assuming that 

both carbonyls are coordinated to the ruthenium and a six-membered transition state is formed, 

where the NH2xHCl group is oriented in equatorial position is favored (Scheme 5). (9) 

 

Scheme 5. The TS with the NH2xHCl group in equatorial position is favored, leading to product 11. 

With AH via DKR it is possible to gain access to both the syn and anti β-amino alcohol scaffold and by 

changing the enantiomer of the chiral ligand the other two enantiomers of the products can be 

synthesized.  Even though these methods are elegant ways to obtain the β-amino alcohols 

stereoselectively they have one big drawback - they require high pressure of H2. One way around this 

problem is to use another H-source for the reduction. Such reactions are called transfer 

hydrogenations and when they are done asymmetric they are called asymmetric transfer 

hydrogenations (ATH).  

1.3 Transfer Hydrogenation in General 

The first step in a hydrogenation as well as a transfer hydrogenation is the preparation of the catalyst 

(Scheme 6), where a metal precursor 15 (iridium, rhodium or most commonly ruthenium based) and 

a chiral ligand 16 are mixed in the presence of a base, yielding the precatalyst 17.  Upon elimination 

of HCl the inactive catalyst 18 is formed. There are two classes of ligands – neutral and anionic and 

among the anionic ones 1,2-diaminoalcohols and diamines are frequently used since they show good 

enantioselectivity and activity. (11) 

 

Scheme 6. Preparation of the catalyst in ATH. 

The catalyst then participates in a catalytic cycle where it transfers a hydride and a proton from an H-

donor to the substrate (Scheme 7). Two very common H-donors are isopropanol (which oxidizes to 

acetone) and formic acid (which irreversibly forms carbon dioxide) used in combination with 

triethylamine. It has also been found that formate in combination with a proton source works. (12) 

The catalytic cycle starts with the inactive catalyst 18 which is loaded with a proton and a hydride 

from the H-donor (which is oxidized in the process) yielding the active catalyst 19. In the case of 

formic acid/triethylamine the hydride is given from the formate ion while the proton is transferred 

from the ammonium ion.  For catalysts such as 19 the reduction of the substrate is believed to occur 

through an outer sphere mechanism were the substrate fits into the chiral pocket of the catalyst and 

the proton and the hydride are transferred to the ketone in a concerted step via a six-membered 

transition state. (13) So in contrast to hydrogenation with H2 (discussed in section 1.2) the substrate 

is not directly coordinated to the metal. Depending on the structure of the catalyst, as well as the 

substrate, certain stereoisomeric outcomes of the product are favored.   



9 
 

 

Scheme 7. Catalytic cycle of ATH with Ts-DPEN as ligand and formic acid in combination with Et3N as H-donor. 

1.4 Asymmetric Transfer Hydrogenation of α-Amido-β-Keto Esters via DKR 

Within our group two methods for asymmetric transfer hydrogenation via dynamic kinetic resolution 

of α-amido-β-keto esters yielding the anti-β-hydroxy-α-amido esters has been established. (12) (14) 

In the first procedure the α-amido-β-keto esters were dissolved in an azeotropic mixture of formic 

acid and triethylamine (5:2, which also acted as H-donor) together with the catalyst (Scheme 8a). At 

RT this procedure yielded the anti-β-hydroxy-α-amido ester in good yield and excellent 

stereoselectivity within 5-7 days. It was found that the reaction worked well with good dr for both 

(S,S)-TsDPEN and (S,S)-BnDPAE (Scheme 8c) as ligands, but the ee was much higher for (S,S)-BnDPAE 

than (S,S)-TsDPEN (for substrate 20 the er was 97:3  when using (S,S)-BnDPAE and 58:42 when using 

(S,S)-TsDPEN). The second established procedure utilizes an emulsion technique where water and 

DCM are used as a two-phase system together with the phase transfer catalyst TBAI (Scheme 8b and 

8c). The H-donor in this case is formate ions dissolved in the water phase and the substrate and 

catalyst are thought to be dissolved in the dichloromethane. This procedure shortens the reaction 

time to 3 days. One interesting thing about the emulsion procedure was that for some substrates 

with –Boc protected amine the dr was poor, but was improved when changing to –Cbz protection.  

Both the established procedures (with and without emulsion) work well for a variety of aromatic α-

amido-β-keto esters and the emulsion technique also works for substrates containing alkyls.  

 

Scheme 8. a) Method without solvent, b) Emulsion method c) Ligands and TBAI. 

The diastereoselectivity, giving rise to the formation of the anti product in these procedures, is 

rationalized by a hydrogen bond between the N-H and the ketone (Figure 4a). An attack on the least 
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hindered side of the ketone yield the anti diastereoisomer. This is in contrast to Felkin-Anh 

selectivity, which would yield the syn product (Figure 4b).  

 

Figure 4. a) Diastereoselectivity due to H-bond b) Diastereoselectivity according to the Felkin-Anh model. 

A similar procedure to yield the anti product has also been reported (15). In this method, where 

dichloromethane is utilized as solvent, the yield and the ee are excellent and the reaction rate is 

faster (13-17h).  

 

Scheme 9. Reported procedure for synthesis of the anti diastereoisomer. 

1.5 Asymmetric Transfer Hydrogenation of Conjugated α-Amido-β-Keto Esters via DKR  

As already mentioned, the β-amino alcohol scaffold is important and can be found in a variety of 

molecules (Figure 1). That scaffold could be enlarged to a motif where the β-amino alcohol has 

neighboring olefin functionality 28 (Figure 5). For example that scaffold, with the hydroxyl and amino 

group anti, occurs in D-erythro-sphingosine 3 and it can also be used as intermediate in synthesis of 

deoxynojirimycin 29 (16), which has derivatives used as therapeutics. Therefore, it would be useful to 

gain access to this molecular motif.  

 

Figure 5. Molecules with β-amino alcohol scaffold conjugated to an olefin. 

Using the established emulsion procedure for the ATH via DKR of α-amido-β-keto esters developed 

within our group it is possible to reduce substrate 30 containing an olefin (Scheme 10a) in excellent 

yield, dr and ee. (12) However, when substrate 32, which also contained an olefin, was run in the 

same reaction conditions not only the ketone but also the olefin was reduced (Scheme 10b) and the 

same result was found in the procedure where the azeotrope of formic acid and triethylamine works 

as solvent and as H-donor (Scheme 10c).  
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Scheme 10. a) Successful reduction of substrate containing an olefin with emulsion procedure b) Attempt to reduce the 
ketone in emulsion c) Attempt to reduce the ketone without solvent. 

However, it has been reported that it is possible to synthesize α-alkoxy substituted syn-β-

hydroxyesters starting from substrate 34 through a similar procedure (Scheme 11). In this case the 

ketone is reduced chemo- and stereoselective in full conversion. (17)  

 

Scheme 11. Synthesis of α-alkoxy substituted syn-β-hydroxyesters, where the ketone is reduced selectively. 

1.6 Aim of the Project 

Since β-amino alcohols with a neighboring olefin functionality are scaffolds that are of importance for 

the synthesis of natural products and pharmaceuticals (Figure 5) it is useful to find an efficient way to 

selectively access specific stereoisomers of them. Therefore, the aim of this project is to further 

develop the procedures to synthesize anti-β-hydroxy-α-amido esters and make the same catalyst 

systems compatible with substrates possessing olefins. Once a procedure is established, the goal is 

demonstrate the usefulness of this methodology in a new total synthesis of D-erythro-sphingosine 3.  

The planned synthetic route is given in Scheme 12, where the ATH step will set the absolute and 

relative stereochemistry. Since the long alkyl chain in Sphingosine makes the molecule behave as a 

surfactant it will be inserted after the ATH by a cross metathesis.  

 

Scheme 12. Planned route to sphingosine from the α-amido-β-keto ester.  
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2. Results and Discussion 

2.1 Introduction of Solvent to the Established ATH System with HCOOH:Et3N 

In the procedure for ATH developed in our group an azetrope of the H-donor HCOOH:Et3N 5:2 was 

used as solvent. Thus many equivalents of the H-donor are present, which could lead to the desired 

reduction of the ketone as well as the undesired reduction of the alkene in substrates containing 

olefins.  In order to prevent over reduction it was envisioned to use only 1 equivalent of the H-donor. 

The problematic thing is that 1 equivalent of HCOOH in the azeotrope would not have enough 

volume to solvate the substrate and the catalyst and, therefore, the introduction of solvent to the 

system was necessary. Since dichloromethane has been used as solvent in AH (9) (8) and in ATH (15) 

(17)  it was deemed the solvent of choice.  

Thus we examined the reduction of substrate 20 (which did not contain an olefin, but was chosen in 

order to compare the results the established procedure without solvent) and initially the reaction 

was run in dichloromethane with 1 equivalent of HCOOH and 0.5 equivalents of Et3N in order to 

mimic the ratio between HCOOH and Et3N in the azeotrope (Table 1, Entry 1). Isopropanol, which 

was used to make the catalyst in the previous procedure developed in our group, also can act as an 

H-donor in ATH (13) and therefore increase the number of equivalents of H-donor. As already 

mentioned, more than 1 equivalent of the H-donor is unwanted and therefore the catalyst was 

prepared in dichloromethane with triethylamine instead. One thing to note is using this procedure 

with a solvent and a new procedure for making the catalyst the reaction is much faster than in the 

established procedure without solvent (compare 2 days to 5-7 days). The desired β-hydroxy-α-amido 

ester was formed in a decent yield, excellent enantioselectivity but rather poor diastereoselectivity 

(Table 1, Entry 1). With the goal to increase the diastereoselectivity the reactions conditions were 

modified. The first parameter we investigated was the way of making the catalyst and therefore we 

changed back to the iPrOH procedure for preparing the catalyst used earlier, to see if that was the 

reason for the drop in selectivity. The reaction was still fast and worked in good yield and ee, but the 

dr still remained poor (Entry 2), which led to the conclusion that the way of making the catalyst did 

not influence the dr. Next the ratio of the formic acid the triethylamine was investigated. Using more 

equivalents of formic acid (Entry 3) did not improve the dr (the dr was seen in the crude 1H-NMR and 

when no improvement was seen neither the yield nor the ee was determined). The best dr was 

achieved when using 3 equivalents of triethylamine (Entry 4). Both the dr and ee were worse than in 

the established procedure without solvent, but we decided to continue with the conditions from 

Entry 4 on substrates containing olefins.  

Table 1. Effect of ways of making catalyst and amount of base and H-donor for the ATH of substrate 20
a
. 

 
Entry HCOOH Et3N Time Yield

d
 dr (anti:syn)

e
 ee

f
 

1
c
 1.0 eq 0.5 eq 2 days 73% 89:11 96% 

2
b
 1.1 eq 0.5 eq 1 day 87% 89:11 93% 

3
b
 2.5 eq 1.0 eq 3 days n.d 89:11 n.d. 

4
b
 1.1 eq 3.0 eq 1 day 100% 92:8 91% 

5
c
 1.0 eq 3.0 eq 1 day n.d 92:8 n.d 

a The substrate 26 (1 eq, ctot = 0.3M) was mixed with DCM and Et3N. The catalyst was transferred to the mixture and HCOOH (2M in 
DCM) was added. Stirred at RT.  bcatalyst prepared be mixing 0.1 eq [RuCl2(benzene)]2 and 0.10 eq (S,S)-BnDPAE in 200 µL iPrOH 1 
hour at 80 °C, c catalyst prepared in CH2Cl2 by mixing 0.1 eq [RuCl2(benzene)]2 and 0.10 eq (S,S)-BnDPAE  and 0.2 eq Et3N 1 hour at 
40 °C d isolated yield e determined by 1H-NMR of the purified product fdetermined by HPLC. 
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For compound 21 we did not prove that the major diastereoisomer was the anti. That has already 

been proven in our group and the 1H-NMR data for the major diastereoisomer formed in this 

procedure was in agreement with that data. 

There are two things in these results that differ from the established procedure and therefore raised 

a lot of questions. First, the reaction is much faster when using DCM in comparison to using no 

solvent. The reason why can maybe be explained by the fact that the substrate was poorly solvated 

in the azeotrope in the earlier procedure, causing the reaction to be heterogenous. In DCM the 

substrate, HCOOH and Et3N were completely soluble, yielding a more homogenous reaction mixture 

which should react faster (if the dissolving of the substrate is rate determining). The second thing to 

note was that the dr is lower in the new procedure and a discussion about the dr can be found later 

in section 2.2.2.  

2.2 ATH of Conjugated α-Amido-β-Keto Esters  

The ATH was performed on four different α-amido-β-keto esters possessing olefins, shown in Figure 

6. Both the procedure with HCOOH:Et3N in dichloromethane and the emulsion procedure were 

investigated.  

 

Figure 6. Substrates investigated in the ATH study. 

2.2.1 ATH Procedure with HCOOH:Et3N in Dichloromethane 

2.2.1.1 Substrate 32 

With optimized conditions for the ATH with dichloromethane as solvent the reduction of substrates 

containing olefins could be performed. Since the established system worked very well for aromatic 

compounds the first substrate we tested was substrate 32. To our disappointment a mixture of the 

desired product 33a, the product with reduction at the olefin 33b and the over reduced product 33c 

was formed (Figure 7 and Table 2, Entry 1). It was hard to separate the products with column 

chromatography and because of that it was impossible to calculate the different yields. However, it 

was possible to isolate amounts enough for characterization with 1H-NMR of the different products. 

In the crude 1H-NMR it was then possible to see the ratio between the starting material and the 

products, since the peak for the –OMe did not overlap for the different compounds (Figure 7). In 

Table 2-5 not the yields but the ratio between integrals of the products –OMe peaks are given, which 

indirectly gives the ratio between the products formed. The integral of the desired product 33a was 

set to one.  

 

Figure 7. The peaks for –OMe, marked in red boxes, did not overlap in the 
1
H-NMR spectra. 
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Since the selectivity in the first experiment was very poor (Table 2, Entry 1) it seemed like the ketone 

and the olefin in the starting material was reduced with almost the same rate. In the cases where 

only the ketone was reduced and hence the right product 33a was formed the dr was not satisfying 

either. But we were encouraged to see that the desired product 33a was formed in a slight excess, 

which at least indicated that the reduction of the ketone was a favored. We wanted to see if the ratio 

between the HCOOH and Et3N impacted the selectivity and therefore tried with only 0.4 equivalents 

of Et3N which resulted in an even worse selectivity (Entry 3). By adding the formic acid dropwise over 

5h a selectivity similar to our first experiment was achieved (Entry 4).  

In an early state we tried to make the racemate (for later ee measurements) of the product 33a by 

using both enantiomers of TsDPEN as ligands. From that experiment (Entry 2) we can see that 

TsDPEN in combination with [RuCl2(cymene)]2 gave more of the undesired products and is a worse 

catalyst for this reduction.  

Table 2
a
. Effect of the ratio of HCOOH:Et3N and type catalyst on the selectivity. 

 
Entry Ru-source Ligand HCOOH Et3N Time 33a:  33b:  33c

b
 dr 33a

c
  

1
 
 [RuCl2(benzene)]2 (S,S)-BnDPAE 1 eq 3 eq 2 days      1: 0.06: 0.70 71:29 

2
 
 [RuCl2(cymene)]2 (S,S)-TsDPEN 

(R,R)-TsDPEN 
1 eq 3 eq 3 days      1: 0.17: 1.70 76:24 

3  
 

[RuCl2(benzene)]2 (S,S)-BnDPAE 1 eq 0.4 eq 3 days      1:       0: 1.60 70:30 

4  [RuCl2(benzene)]2 (S,S)-BnDPAE 1 eq
d
 0.4 eq 4 days      1: 0.33: 0.54 74:26 

aReactions run with 0.05 eq [RuCl2(arene)]2 and 0.10 eq ligand heated to 80 °C in 0.2mL iPrOH for 1h. After cooling and evaporation 

of iPrOH the catalyst was dissolved in DCM and transferred to the α-amido-β-keto ester 32 (1.0 eq, ctot = 0.3M). Et3N and HCOOH 

(2M in DCM) was added and stirred at RT. b ratio determined from crude 1H-NMR by integration of the -OMe peak. c Determined 

from the crude 1H-NMR by integration of the -OMe peak.  dAdded dropwise over 5h. 

In order to see if it even was possible to achieve better selectivity we wanted to investigate what 

happened in the reaction mixture over time. First of all, we wanted to see if it was the ketone or the 

olefin that was reduced first. If the desired product 33a was formed first, we could have a chance to 

decrease the rate of the formation of the side products.  Second, we wanted to see if the over 

reduced product 33c originated from 33a or 33b. To answer these questions the reaction was 

followed with 1H-NMR after 1h, 3h and 24h. The two different discussed ways of making the catalyst 

were tested. The results are shown in Table 3.  

Table 3
a
. Reactions followed by 

1
H-NMR and effect of way of making the catalyst. 

 
Entries 1h    32:  33a:   33b:   33c

d
 3h    32:  33a:  33b:  33c

d
 24h 32:    33a: 33b:  33c

d
 dr 33a

e
 

1
b
       0.15: 1.00:  0.25:  0.66      0.02: 1.00: 0.12: 0.71           0:   1.00:      0:  0.91 72:28 

2
c 
            0:1.00:  0.12:  0.77            0: 1.00:       0: 0.98           0:   1.00:      0:  0.98 70:30 

aThe catalyst was transferred to the the α-amido-β-keto ester 32 (1.0 eq, ctot = 0.3M). 3.0 eq Et3N and 1.0  eq HCOOH (2M in DCM) 

was added and stirred at RT b Catalyst made from 0.1 eq [RuCl2(benzene)]2 and 0.10 eq (S,S)-BnDPAE in iPrOH at 80 °C for 1h  
ccatalyst made from from 0.1 eq eq [RuCl2(benzene)]2 and 0.10 eq (S,S)-BnDPAE in DCM and 0.2 eq Et3N at 35 °C for 1h dratio 

determined from crude 1H-NMR by integration of the –OMe peaks e determined from the crude 1H-NMR after 24h by integration of 

the –OMe peaks. 
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From the results in Table 3 it can first of all be seen that the reduction is fast, the starting material is 

almost gone (Entry 1) or completely gone (Entry 2) within the first hour. There is no significant 

difference in the ways of making the catalyst. It can also be seen that the amount of 33b decreases 

over time as the amount of 33c increase. We interpret that as that the over reduced product 33c 

originates from 33b. From Entry 1 after 1h it seems like the sum of 33b and 33c is less than 33a, 

which indicates that the ketone is reduced slightly faster than the olefin. We figured that if we 

reduced the temperature for the reaction we might slow down the reduction of the olefin enough to 

get better selectivity. Therefore, the next thing we tried was to decrease the temperature to 0 °C and 

-20 °C and compare the results with the reaction at RT. The results are shown in Table 4.  

Table 4
a
. Reactions followed with 1H-NMR and the effect of changing the temperature.  

 
Entry T 1h  32: 33a: 33b: 33cb 3h 32: 33a: 33b: 33cb 24h  32: 33a: 33b: 33cb dr 33ac 
1  RT           0: 1.00:  0.12:  0.77           0: 1.00:        0: 0.98              0: 1.00:        0: 0.98 70:30 

2  0°C      0.84: 1.00: 0.35:  0.32                      n.d.         0.02: 1.00:  0.02: 0.57 74:26 

3  -20°C      5.40: 1.00: 0.54:     0      5.05: 1.00:  0.16: 0.51         1.56: 1.00:  0.33: 0.23 71:29 
a
In DCM 0.1 eq [RuCl2(benzene)]2, 0.10 eq (S,S)-BnDPAE and 0.2 eq Et3N was stirred at 35 °C for 1h. The catalyst was 

transferred to the the α-amido-β-keto ester 32 (1.0 eq, ctot = 0.3M). 3.0 eq Et3N and 1.0  eq HCOOH (2M in DCM) was added 

and stirred at  different temperatures  
b
ratio determined from crude 

1
H-NMR by integration of the –OMe peaks 

c
determined from the crude 

1
H-NMR after 24h by integration of the –OMe peaks.  

From Table 4 it can be seen that when we decreased the temperature to 0 °C the chemoselectivity 
was improved (Table 4, compare Entry 1 and Entry 2 after 24h). It was interpreted as the cooling 
decreased the reactivity of the olefin more than the reactivity of the ketone. With that result in hand 
we decreased the temperature further to -20 °C, but to our disappointment the selectivity was not 
better compared to 0 °C (Entry 3 after 24h). Furthermore, the poor diastereoselectivity was 
consistent at all temperatures.  

One thing that confused us was that this selectivity problem not was encountered by the group that 
reduced substrate 34 (Scheme 11). (17) One difference between the reaction conditions we tested 
and their conditions is that they used (S,S)-TsDPEN as ligand and [RuCl2(mesitylene)]2 as ruthenium 
source. Since the ee was worse for (S,S)-TsDPEN than (S,S)-BnDPAE in the already established 
procedure developed in our group, we decided to continue trying with (S,S)-BnDPAE but changed the 
ruthenium source to [RuCl2(mesitylene)]2. First we tried with 3 equivalents of triethylamine (Table 5 
Entry 1) which resulted in almost the same chemoselectivity but even worse dr than in all previous 
experiments. When we decreased the number of equivalents of triethylamine to mimic the 
procedure in Scheme 11 only starting material could be seen after 72h (Entry 2).  

Table 5
a
.
 
Effect of switching from benzene to mesitylene. 

 
Entry HCOOH Et3N Time 32:33a:33b:33cb dr 33ab 
1  1 eq 3 eq 24 h 0.10:1.00:0.13:0.68 50:50 
2  1 eq 0.4 eq 72 h n.r.  n.d. 

a
In DCM 0.1 eq [RuCl2(mesitylene)]2, 0.10 eq (S,S)-BnDPAE and 0.2 eq Et3N was stirred at 35 °C for 1h. The catalyst was 

transferred to the the α-amido-β-keto ester 32 (1.0 eq, ctot = 0.3M).  Et3N and HCOOH (2M in DCM) was added and stirred 

at  RT  
b
ratio determined from crude 

1
H-NMR by integration of the –OMe peaks. 
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It seemed like it was impossible to increase the chemo- and diastereoselectivity by changing the 
reaction conditions and the catalyst, so we decided to instead change the substrate. Since substrate 
32 did not give the expected results in term of chemoselectivity and dr, in combination with the 
difficulty of separating the different products, it was never proven that the major diastereoisomer of 
33a in fact was the anti.  

2.2.1.2 Substrate 36 

When comparing our substrate 32 to 34 (from Scheme 11) that is reported to be reduced selectively 
at the ketone, at least one big difference can be seen. Substrate 34 cannot form the intramolecular 
hydrogen bond that substrate 32 can form (Figure 8), which is thought of as being responsible for the 
anti selectivity (Figure 4). We were curious if this hydrogen bond made any difference for the 
chemoselectivity. Our idea was that it might, since the hydrogen bond can be seen as a very small 
Lewis-acid which may active the conjugated system and favor a 1,4-addition.  

 

Figure 8. Subtrate 34 cannot form the intramolecular H-bond that substrate 32 can form. 

In an attempt to test this idea substrate 36 was built, which is almost the same as substrate 32 but 

since the nitrogen is methylated it cannot form an intramolecular hydrogen bond. The new substrate 

was put under the earlier used reaction conditions (Scheme 13) but to our disappointment only 

starting material could be seen after 2 days.  

 

Scheme 13. Attempt to reduce substrate 36. 

2.2.1.3 Substrate 37 and 38 

The problem with the chemoselectivity in the reduction of substrate 32, indicates that the keto-

group and the olefin-group have similar reactivity towards the catalyst. In order to improve the yield 

of the product where only the ketone is reduced the reactivity of the olefin had to be decreased. 

With the assumption that the hydride from the catalyst adds to the olefin in a 1,4-addition the 

reactivity of the olefin towards nucleophiles (such as hydrides) could be decreased by increasing the 

sterics on the carbon that is under attack (Figure 9a and b).  

 

Figure 9. a) 1,4-addition to an unhindered olefin b) 1,4-addition to an hindered olefin c) and d) Substrate 37 and 38 are 
hindered olefins.  

For that reason, substrate 37 (Figure 9c), which had a trisubstituted olefin, was tested under the 

reaction conditions used for substrate 32. Since it was found in the established emulsion procedure 

that for some substrates the diastereoselectivity was improved when changing from –Boc to –Cbz 

(12) also substrate 38 was built and tested. The results can be seen in Table 6.  
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Table 6
a
. Effect of changing to substrate 37 and 38.  

 

 
Entry Pg HCOOH Et3N a:b Yieldb (%) dr ac (anti:syn) dr bc  time 
1  Boc 1 eq 3 eq 54:3  62:38 n.d. 2 days 
2  Cbz 1 eq 3 eq 61:12 55:45 n.d. 5 days 

aIn DCM 0.1 eq [RuCl2(benzene)]2, 0.10 eq (S,S)-BnDPAE and 0.2 eq Et3N was stirred at 35°C for 1h. The catalyst was transferred 
to the α-amido-β-keto ester (1.0 eq, ctot = 0.3M).  3eq Et3N and 1 eq HCOOH (2M in DCM) was added and stirred at 0° first and 
then let to reach RT. Reactions stopped before 100% conversion to see if right product was formed  bisolated yields cratio 
determined from integration of –OMe peaks in 1H-NMR of the isolated product. 

We were happy to see that only two products were formed and that the chemoselectivity for 

substrate 37 and 38 was much better (Table 6, Entry 1 and 2). This indicates that our theory was 

correct – more sterics on the olefin decrease its reactivity. However we were not fully satisfied, since 

the diastereoselectivity still was not good enough for either of the protecting groups. As mentioned 

in section 1.5 the emulsion procedure had worked well with excellent diastereoselectivity for 

substrate 30 (Scheme 10a), which contained and olefin. Therefore, we decided to test substrate 37 

and 38 in the conditions used in the established emulsion procedure.  

2.2.2 ATH with Emulsion Procedure 

The emulsion procedure is a two phase system of DCM and H2O were the phase transfer catalyst 

TBAI is thought of to transfer the H-donor (formate) from the water to the organic phase, in which 

the substrate and the catalyst are dissolved.  

2.2.2.1 Substrate 37 and Substrate 38 

The emulsion procedure was tested for substrate 37 and 38 and parameters like type of ligand, 

ruthenium source and temperature were changed to see how they influenced the outcome. The 

results from the screening can be seen in Table 7. The ligands are shown in Figure 10.  

Table 7
a
. Effect of ligand, rutenium source and temperature on subtrate 37 and 38. 

 
Entry Ru source Ligand Pg T a:b yield

b
 (%) dr

c
 a (anti:syn) dr

c
 b  time 

1  [RuCl2(benzene)]2 (S,S)-BnDPAE Boc -5°C 36:0 60:40 - 3 days 

2  [RuCl2(cymene)]2  (S,S)-BnDPAE Boc 0°C 63:4 62:38 n.d. 7 days 

3  [RuCl2(cymene)]2 (S,S)-TsDPEN Boc 0°C n.d 82:18 100:0
e
 9 days 

4  [RuCl2(cymene)]2 (S,S)-TsDPEN Boc 0°C 34:42 82:18 100:0
e
 7 days 

5 [RuCl2(cymene)]2 (S,S)-TsDPEN Cbz 0°C 36:29 82:18 100:0
e
 7 days 

6
d
  [RuCl2(cymene)]2 (S,S)-TsDPEN Boc RT 35:53 83:17 100:0

e
 7 days 

7
d
 [RuCl2(mesitylene)]2 (S,S)-TsDPEN Boc RT 39:42 81:19 100:0

e
 6 days 

8  [RuCl2(cymene)]2 41 Boc 0°C n.r. n.d. n.d. 5 days 

9 [RuCl2(benzene)]2 41 Boc RT 9:83 63:37 50:50 7 days 
aIn 0.25 mL DCM 0.1 eq Rutenium-source, 0.10 eq ligand and 0.2 eq Et3N was stirred at 35 °C for 1h. The α-amido-β-keto ester and 

TBAI was weighed into a vial. The catalyst was transferred to the α-amido-β-keto ester and and 1 mL  NaCOOH (5M in H2O) was 

added. The mixture was sonicated and left to stir at different T. bisolated yield cdetermined from 1H-NMR of the isolated product by 

integration of the –OMe peaks d5 eq of NaCOOH used instead of 1 mL 5M NaCOOH in H2O. eonly one diastereoisomer could be 

seen in 1H-NMR. 



18 
 

 

Figure 10. Ligands used in the emulsion procedure. 

In Table 7 it can be seen that with substrate 37 and 38 two products were formed in the reaction, the 

desired product where only the ketone was reduced a and the over reduced product where both the 

ketone and the olefin was reduced b. For substrate 32 we argued that the over reduced product 

originated from the substrate where the olefin was reduced first (substrate 33b). We believed this to 

be the case for substrate 37 and 38 too (Scheme 14, route C + D), even though the ketone with the 

reduced olefin never could be found in the product mixture.  

 

Scheme 14. The starting material can either take route A to the desired product or route B + C to the undesired product. 

To make sure we were right, the desired product 39a was resubmitted to the reaction conditions 

(Scheme 15). After two days no over reduced product could be seen and therefore it is assumed that 

the over reduced product b does not come from a through route A + B, but from the route C + D 

(Scheme 14).   

 

Scheme 15. Product a was put under the reaction conditions to see if product b was formed. 

From Table 7 it can be seen that we still have problem with chemoselectivity (reduction at the ketone 

versus at the olefin) and diastereoselectivity (low dr for the desired product a). The low 

diastereoselectivity was consistent for substrates 20, 32, 37 and 38, in reactions where they are 

dissolved in DCM (with and without emulsion). In order to try to understand the problem one can try 

to look at the possible transition states. For substrate 20 possible transition states leading to the four 

different stereoisomers in the DKR is shown in Scheme 16.  
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Scheme 16. Four possible TS for the reduction of the racemic substrate 20. 

The most favored transition states should be TS1 and TS3 because there is less crowding than in TS2 

and TS4. Comparing TS1 and TS3 it could be argued that TS1 is favored since it has a smaller group 

(H) on the α-carbon on the same side as the catalyst, compared to TS3 which has a bigger group 

(COOMe). The reason why the dr suddenly dropped, when the only parameter changed was that the 

solvent was switched from the azetropic mixture of HCOOH:Et3N to DCM, might be explained by a 

slower racemization or faster hydrogenation in DCM compared to in the azetropic mixture. If the 

difference in rate constant kr1 and kr2 is not very big in there will be a problem in the DKR if the 

racemization is slow. When the racemization is fast most substrate go through TS1. However, if the 

racemization is slower more substrates go through TS3 and the ratio of syn product is increased. If 

the racemization for some reason is slower in DCM this could be an explanation. Since the dr was 

increased when more equivalents of base where used it could imply that the racemization was faster 

with more Et3N. Unfortunately, only the absolute stereochemistry of the desired product 21 is 

known, so we do not know if the syn product formed the one resulting from TS2 or TS3. If the 

absolute stereochemistry for the syn product could be determined to be the product from TS3 it 

could support this theory. The same reasoning could also explain the low dr for substrates 32, 37 and 

38. Another possibility is that other conformations of the substrate and the catalyst are favored in 

DCM compared to HCOOH:Et3N, resulting in that the interactions leading to the desired anti product 

is not as favored.  For example the hydrogen bond between the ketone and the amide responsible 

for the anti-selectivity (Figure 4a) is maybe weaker in DCM causing Felkin-Anh selectivity (Figure 4b).   

Leaving substrate 20 and looking at substrate 37 and 38 instead, one interesting thing to note is that 

even though the dr for the desired product a is low, only one diastereoisomer for the over reduced 

product b could be seen the 1H-NMR when (S,S)-TsDPEN was used as ligand (Table 7 Entry 3-7). That 

means, when the starting material is reduced to the desired product it is done in low 

diastereoselectivity, but when the olefin is reduced first the resulting ketone is reduced with very 

high diastereoselectivity. That result indicates that for some reason the conjugation of the olefin and 

ketone in the starting material causes a drop in stereoselectivity. One possible explanation is that the 
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conjugation hinders free rotation around the bond between carbon 1 and 2 in Figure 11a which locks 

it in either s-trans or s-cis configuration. In the substrate where the olefin is reduced the rotation is 

free around the same bond (Figure 11b) which makes it possible for that substrate to interact with 

the catalyst in a more favored conformation, yielding a transition state with lower energy. This 

argument is, however, only hypothetical.  

 

Figure 11. a) Because of the conjugation rotation is not possible between C1 and C2. b) Without conjugation free rotation 
round C1 and C2 is possible. 

From Table 7 some other rationalizations can be made. If comparing the yield for the two products a 

and b in Entry 1-2 and Entry 3-7 it can be seen that with (S,S)-BnDPAE as ligand the chemoselectivity 

is good, but with (S,S)-TsDPEN it is very poor.  On the other hand, while comparing the dr for the 

same entries, the results indicate that the diastereoselectivity is better while using (S,S)-TsDPEN 

instead of (S,S)-BnDPAE. It seems like the –Bn group favor reduction at the ketone over the olefin and 

the –Ts group favor one diastereoisomer over the other one. Since the goal is to achieve good 

chemoselectivity and diastereoselectivity at the same time we decided to build a new ligand 41, 

which included the –Bn as well as the –Ts group. That ligand was tried under the reaction conditions 

(Entry 8) at 0°C but after 5 days only starting material could be found in the crude. The reason why 

no reaction occurred with the new ligand might be that the two groups (-Bn and –Ts) introduce a lot 

of sterics to the catalyst and because of this the reaction is very slow. Therefore, the reduction was 

performed at RT instead (Entry 9). To our disappointment, the chemoselectivity and the dr for the 

desired product a and the over reduced product b was even worse than before.  

For the desired product 39a it was proven that the major diastereoisomer in fact was the anti 

diastereoisomer. This was done by removing the –Boc group and forming an oxazolidinone, which 

then revealed the relative stereochemistry of it precursor by the coupling constants between the 

hydrogens on carbon 1 and 2  (Scheme 17). If the hydrogens are cis as in 43 the coupling constant is 

bigger comparing to when they are trans, as in 44. In a cis oxazolidinone the coupling constant is 9-10 

Hz and in trans 4-6 Hz. (18)  In our case the coupling constant was 8.3 Hz, in other words, the 

hydrogens are cis. The cis oxazolidinone comes from the anti-form of the β-hydroxy-α-amido ester 

and therefore our major diastereoisomer was anti.  

 

Scheme 17. Proof of relative stereochemistry of the major product by removing the –Boc and form an oxazolidinone. 
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2.3 Formal Total Synthesis of Sphingosine  

In the planned route for the total synthesis of sphingosine (Scheme 12) the first two steps are the 

two main steps that we assumed to be the most problematic ones. The first one is the ATH of the 

conjugated α-amido-β-keto ester, which is discussed in section 2.1-2.2. The second one is the cross 

metathesis step. Beside them, the reduction of the ester to the dialcohol and then finally the 

deprotection of the amine were not believed to be problematic since they are very well precedented 

transformations.   

The first step in the synthesis was the ATH, which would the set the absolute and relative 

stereochemistry in the final product. As discussed in section section 2.1-2.2 the ATH did not give 

good yields nor good dr, but the best ATH was achieved with substrate 37, which gave substrate 39a 

in 63% yield and dr 62:38 (Scheme 18).  It was proven that the major diastereoisomer was the anti 

isomer but, unfortunately, we have not performed any ee measurements of the product, so the ee is 

unknown.  

 

Scheme 18. The ATH with the best results.  

The product 39a was then supposed to take part in a cross metathesis to append the alkyl chain 

found in sphingosine.  Looking at substrate 39a it can be seen that it is trisubstituted alkene, which 

probably would react very slowly in a cross metathesis. It has however been reported in the 

literature that cross metathesis of trisubstituted olefins with smaller substituents is possible (19) 

(20), and it has also been reported that cross metathesis of substrate 45 (21) (Scheme 19) has 

worked. We decided to try to perform the cross metathesis of substrate 39a using the same 

conditions as in Scheme 19.  

 

Scheme 19. Reported cross metathesis on substrate 45, similar to substrate 39a. 

In the first trial we did not use pentadecene (needed to get the right length of the alkyl chain for 

Sphingosine) but 1-hexene (Scheme 20). The reason was that we thought that we would have to try 

the reaction several times and did not want to waste a lot of expensive pentadecene. For that 

reaction, the desired product was not formed and the undesired products were not characterized.  
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Scheme 20. Attempt to perform a cross metathesis on subtrate 39a. 

One reason why the reaction did not work might be that we performed the reaction at lower 

temperature than in Scheme 19, because of the low boiling point of 1-hexene. Since the metathesis 

probably is slower for our trisubstituted olefin compared to the disubstituted in Scheme 19 it is likely 

that we actually have to use an even higher temperature. Yet, another reason why the desired 

product was not formed may be that the used temperature still was too high for 1-hexene, which 

might have evaporated under the reaction conditions. Therefore, we decided to try the reaction once 

more, but with pentadecene and more heat this time (Scheme 21). We were happy to see that the 

desired product 47 was formed. Even though the yield was modest we found it remarkable that a 

cross metathesis on a trisubstituted olefin with a large substituent worked at all.  

 

Scheme 21. Cross metathesis on substrate 39a. 

Since the cross metathesis was performed at the end of the project there was no time to optimize 

the reaction in order to increase the yield. Because of the time limit and the very small amount of 

product 47 it was also realized that it would not be possible to make it to sphingosine. However, if 

we could reduce the ester in substrate 47 to a hydroxyl group we would obtain substrate 48, also 

known as “Boc-sphingosine”. Therefore, substrate 47 was then reduced with NaBH4 and LiI (which 

formed LiBH4 in situ) yielding product 48 (Scheme 22). 

 

Scheme 22. Reduction of 47 to 48. 

After the reduction of the ester the time for the project was out, so the deprotection of substrate 48 

was not performed. However, the removal of the –Boc group from substrate 48 is known in the 

literature (22).  Thus accessing 48 is a formal total synthesis of sphingosine. The steps in the total 

synthesis, starting from the α-amido-β-keto ester 37 and ending at Boc-sphingosine 48, are 

summarized in Scheme 23. The overall unoptimized yield was 7 %.  
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Scheme 23. Performed formal total synthesis of sphingosine. 
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3. Conclusion  

The four stereoisomers of β-amino alcohols are molecular motif that frequently occurs in natural 
products, pharmaceuticals and chiral ligands and therefore it is important develop methodologies to 
gain access to all of the stereoisomers. An elegant way to β-amino alcohols is through transition 
metal catalyst supported dynamic kinetic resolution of α-amido-β-keto esters. It can be done in good 
yield, ee and dr with asymmetric hydrogenation, but that requires handling of diffusible and easily 
ignitable H2. Instead, asymmetric transfer hydrogenation can be utilized. Two established 
procedures, one solvent free and one emulsion technique, to gain access to anti-β-hydroxy-α-amido 
esters from α-amido-β-keto esters exist, and in this project these procedures are further developed 
to work for substrates containing olefins.  

Four different olefins containing α-amido-β-keto esters have been investigated. It was found that the 
desired products, the anti-β-hydroxy-α-amido esters, were formed in both procedures, but also side 
products as the ones where only the olefins were reduced and the products where the olefins as well 
as the ketones were reduced.  

In order to perform the established solvent free procedure with only one equivalent of H-donor, 
DCM was introduced as a solvent to the system. It was found that this change made the reaction 
much faster for a substrate without olefin. However, the dr was lower compared to the procedure 
without DCM, even though it could be slightly improved by increasing the number of equivalents of 
base. In this new procedure with DCM, it was found that for substrates possessing olefins the ratio 
between the different products could be slightly shifted towards the desired one by increasing the 
amount of base Et3N in the reaction mixture, decreasing the temperature to 0 °C and by increasing 
the sterics at the olefin. For the emulsion procedure only two substrates were investigated and it was 
found that the amount of over reduced product was dependent on the chiral ligand on the catalyst. 
The selectivity for the desired product was higher with (S,S)-BnDPAE than (S,S)-TsDPEN. The dr for 
the desired anti-β-hydroxy-α-amido esters was consistently low for all investigated substrates 
containing olefins in both procedures. In the emulsion procedure the diastereoselectivity was higher 
when using (S,S)-TsDPEN as ligand instead of (S,S)-BnDPAE.  

The usefulness of asymmetric transfer hydrogenation in total synthesis was demonstrated by a 
formal total synthesis of sphingosine. Starting from a α-amido-β-keto ester, possessing an olefin, 
Boc-sphingosine was synthesized in three steps (1. ATH 2. Cross metathesis 3. Reduction of ester) 
with an overall yield of 7%. Even though the yield was modest the sequence was remarkable since it 
was possible to perform a cross metathesis on a trisubstituted olefin.   
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5. Experimental Part 

5.1 General Experimental Procedure 
The commercially available chemicals were used as received unless otherwise is indicated. The 
triethylamine and diisopropylamine were distilled prior to use. The solvents dichloromethane, 
tetrahydrofuran and dimethylformamide were dried by passing through a solvent column composed 
of activated alumina.  Other solvents were of HPLC grade and used as received. All reactions sensitive 
to moisture was run in flame-dried glassware, which was septum capped and put under nitrogen 
atmosphere. pH-paper used was Macherey-Nagel tritest pH 1-11. The plates used for TLC was TLC 
alumina sheets, Merck Silica gel 60 F254) and UV or KMnO4 stain was used as visualizers.  For flash 
chromatography silica gel 60 (35-63µm) was used. 1H-NMR was recorded at 500MHz and 13C-NMR 
was recorded at 125 MHz on a 500 MHz Bruker Varian Avance instrument. All spectra were recorded 
in CDCl3 and the peak for residue CHCl3 was used as reference (δ=7.26 in 1H-NMR, δ=77.06 in 13C-
NMR). Chemical shifts are reported in the δ-scale with multiplicity (br= broad, s = singlet, d = doublet, 
t = triplet, q = quartet and m = multiplet), integration and coupling constant J (Hz). The ee was 
determined with HPLC (Chiracel OD-H, 5% 2-propanol in hexane, 0.5mL/min, λ = 254 nm) 

5.2 Synthesis of the Ligands 

(S,S)-BnDPAE, 25 

 

(S,S)-DPAE (95.2 mg, 0.45 mmol) was weighed into a round bottom flask and dissolved in 99,9 % 
EtOH (3 mL). Benzaldehyde (45 µL, 0.44 mmol) was added at room temperature and the mixture was 
left to stir at room temperature for 3h. NaBH4 (25.9 mg, 0.69 mmol) was added and the solution was 
left to stir at room temperature. The reaction was followed with TLC (80% EtOAc in hexane, KMnO4 
to visualize). After 1.5 h the mixture was cooled to 0 °C and 1N HCl was added dropwise until pH≈1 
(checked with pH-paper). The solvent was removed on rotovap. The white solid was dissolved in 
DCM  and 1N NaOH was added until pH≈10 (checked with pH-paper). The water phase was extracted 
with 3xDCM and the combined organic layers were washed with brine and dried over Na2SO4, filtered 
and concentrated on rotovap. The crude reaction mixture was purified by column flash 
chromotagrophy (1:5-1:1 EtOAC:Hexane), to yield the product 25 (66.8 mg, 49% yield) as a white 
solid. 

1H-NMR (500 MHz, chloroform-d): δ 7.33-7.27 (m, 2H), 7.27-7.17 (m, 6H), 7.17-7.10 (m, 3H), 7.07-
7.00 (m, 4H), 4.58 (d, J=8.5Hz, 1H), 3.70 (d, J=13.0Hz, 1H), 3.64 (d, J=8.5Hz, 1H), 3.56 (d, J=13.0Hz, 1H) 

N-((1S,2S)-2-(benzylamino)-1,2-diphenylethyl)-4-methylbenzenesulfonamide, 41 

 

Same procedure as for 5b in ref (23). (S,S)-TsDPEN (97.7 mg, 0.27 mmol) was weighed into a 25 mL 
two neck round bottom flask. A cooler was added and the apparatus was evacuated with vacuum 
and put under N2 atmosphere. 4 mL EtOH (99.9%) and benzaldehyde (30 µL, 0.29 mmol) were added. 
The reaction mixture was heated to 80 °C and refluxed for 3h. The reaction was monitored by TLC 
and when all (S,S)-TsDPEN was consumed the mixture was cooled to RT and NaBH4 (16.1 mg, 0.43 
mmol) and 3 mL EtOH were added. The reaction was left over night and after completion (according 
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to TLC) water was added dropwise. The solution became a gel and was diluted with more EtOH and 
filtrated. It was then dried over MgSO4, filtrated and concentrated.  The crude was purified by 
column chromatography giving the product 41 (82.4 mg, 68% yield) as a white solid.  

1H-NMR (500 MHz, chloroform-d ): δ 1.73 (s, 1H), 2.24 (s, 3H), 3.34 (d, J=13.2Hz, 1H), 3.55 (d, 
J=13.2Hz, 1H), 3.61 (d, J07.8Hz, 1H), 4.24 (d, J=7.8Hz, 1H), 6.07 (s, 1H), 6.84 (d, J=7.1Hz, 2H), 7.01-
6.86 (m, 7H), 7.13-7.02 (m, 5H), 7.19-7.16 (m, 1H), 7.22 (t, J=7.2Hz, 2H), 7.29 (d, J=8.3Hz, 2H)  

The spectroscopic data is in agreement with 5b in ref (23).  

2-((naphthalen-2-ylmethyl)amino)-1,2-diphenylethanol, 42 

 

(S,S)-DPAE (69.0 mg, 0.32 mmol) and 2-naphthaldehyde (52.6 mg, 0.34 mmol) was weighed into a 25 
mL round bottom flask. 3 mL 99,9 % EtOH was added and the mixture was left to stir at RT for 3h. 
NaBH4 (20.0 mg, 0.53 mmol) was added to the mixture in one portion. The reaction was left to stir at 
RT overnight. The mixture was cooled to 0 °C and 1N HCl was added dropwise until pH≈1 (checked 
with pH-paper). The solvent was removed on rotovap. The white solid was dissolved in DCM  and 1N 
NaOH was added until pH≈10 (checked with pH-paper). The water phase was extracted with 3xDCM 
and the combined organic layers were washed with brine and dried over Na2SO4, filtered and 
concentrated. The crude reaction mixture was purified by column flash chromatography (4:1 
Hexane:EtOAc) yielding the pure product 42 (64.6 mg, 56% yield) as a white solid.  

1H-NMR (500 MHz, chloroform-d ): δ 7.86-7.76 (m, 3H), 7.65 (s, 1H), 7.51-7.40 (m, 3H), 7.30-7.21 (m, 

3H), 7.19-7.14 (m, 3H), 7.11-7.0 (m, 4H), 4.65 (d, J=8.4Hz, 1H), 3.90 (d, J=13.2Hz, 1H), 3.73 (dd, 

J=10.8Hz, 8.4Hz, 2H)3.24 (br s, 2H) 

5.3 Synthesis of Substrates for ATH  

5.3.1 Synthesis of Substrate 32 

Cinnamic acid, 49 

 

Trans-cinnaldehyde (2.0 mL, 15.9 mmol) was dissolved in acetone (70 mL). A saturated aqueous 
solution of NaH2PO4 and HCl (70 mL, pH≈2) was added and the mixture was cooled to 0 °C. 2-methyl-
2-butene (8,4 mL, 79.6 mmol) was added. NaClO2 (4.3 g, 47.7 mmol) was dissolved in water (30 mL) 
and added portion wise to the reaction mixture, which then was left to stir over night, heated from 0 
°C RT. The reaction mixture was analyzed with TLC (80% EtOAc in hexane). Then 1N HCl and DCM 
were added. The water layer was extracted with 3xEtOAc. The yellow combined organic layers were 
dried over Na2SO4, filtrated and concentrated.  The crude reaction mixture was purified with column 
flash chromatography (10% MeOH in toluene), yielding a yellow solid 49 (1.8 g, yield 77%). 

1H-NMR (500 MHz, chloroform-d): δ 7.81 (d, J=16.0Hz, 1H), 7.60-7.53 (m, 2H), 7.45-7.38 (m, 3H), 6.47 
(d, J=16.0Hz, 1H) 
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Methyl 2-((tert-butoxycarbonyl)amino)acetate, 50 

 

Glycine methyl ester hydrochloride (2.0 g, 15.9 mmol) was weighed into a 250 mL round bottom flask 
and set under N2 atmosphere. Dry DCM (40 mL) was added and the mixture was cooled to 0 °C. Et3N 
(4.4 mL, 31.7 mmol) was added at 0 °C. Boc2O was weighed into a 25 mL conical flask and set under 
N2 atmosphere. Dry DCM (10 mL) was added and the mixture was transferred (inert) drop wise to the 
glycine methyl ester hydrochloride solution. The conical flask was washed with additional DCM (5 
mL). The mixture was stirred overnight at room temperature. The reaction was monitored by TLC 
(80% EtOAc in hexane, KMnO4 to visualize). The solvent was evaporated on rotovap to yield a white 
solid, which then was dissolved in EtOAc (100 mL). The mixture was washed with citric acid (5 wt%, 
50 mL), NaHCO3 (5 wt%, 50 mL) and brine (50 mL). The organic layer were dried over Na2SO4, filtered 
and concentrated on rotovap to yield the pure product 50 (3.1 g, qudat. yield).  

1H-NMR (500 MHz, chloroform-d ): δ 5.02 (s, 1H), 3.91 (d, J=5.5Hz, 2H), 3.74 (s, 3H) 1.44 (s, 9H)  

Methyl 2-(N-(tert-butoxycarbonyl)cinnamamido)acetate, 51 

 

Cinnamic acid 49 (1.116 g, 7.53 mmol) was weighed into a 10 mL round bottom flask and set under 
N2 atmosphere. SOCl2 (1.36 mL, 18.75 mmol) was added. The mixture was at 40 °C overnight. 50 
(0.711 g, 3.75 mmol) was weighed into a 25 mL round flask and set under N2 atmosphere. THF (10 
mL) was added and the mixture was cooled to -78 °C. LHMDS (4.2 mL, 1N in hexane, 4.2 mmol) was 
added dropwise at -78 °C. The reaction mixture was left to stir at -78 °C for 4h. SOCl2 was removed 
with rotovap. The remaining solid was set under N2 atmosphere, dissolved in THF (4 mL) and 
transferred to the mixture with 50. The flask was washed with additional THF (1 mL). The mixture 
was left to stir at -78 °C overnight. The reaction was monitored with TLC (80% EtOAc in hexane). The 
reaction mixture was quenched with NH4Cl. The water phase was extracted with 3xEtOAc and the 
combined organic layers were washed with NaHCO3 and brine, dried over Na2SO4, filtrated and 
concentrated. The crude product was left in the freezer over a weekend and was then purified with 
column flash chromatography (10% EtOAc in hexane – 30% EtOAc in hexane), yielding the clean 
product 51 (0.884 g, yield 74%) 

1H-NMR (500 MHz, chloroform-d ): δ 7.73 (d, J=15.6Hz, 1H), 7.60 (d, J=15.9Hz, 1H) 7.58-7.56 (m, 2H), 
7.41-7.34 (m, 3H), 4.54 (s, 2H), 3.76 (s, 3H), 1.53 (s, 9H) 

(E)-methyl 2-((tert-butoxycarbonyl)amino)-3-oxo-5-phenylpent-4-enoate, 32 

 

51  (0.363 g, 1.13 mmol) was weighed into a 25 mL round flask and set under N2 atmosphere. THF (8 
mL) was added and the solution was cooled to -78 °C. DMPU (275 µL, 2.28 mmol) was added 
dropwise at -78 °C. LHMDS (2.8 mL, 1N in hexane, 2.8 mmol) was added dropwise over 10 min. The 
mixture turned from yellow to orange and was left to stir at -78 °C for 2h. The reaction was 
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monitored by TLC (5:1 hexane:EtOAc, KMnO4 to visualize) and quenched with NH4Cl. The solution 
went from orange to yellow. The water phase was extracted with 3xEtOAc. The combined organic 
layers were washed with NaHCO3 and brine, dried over Na2SO4, filtrated and concentrated. The crude 
product was purified by column flash chromatography (5:1 hexane:EtOAc) yielding 32 (0.258 g, yield 
71%). 

1H-NMR (500 MHz, chloroform-d ): δ 7.81 (d, J=16.0Hz, 1H), 7.62-7.58 (m, 2H), 7.52 (d, J=10.2Hz, 2H), 
7.49-7.31 (m, 3H), 7.01 (d, J=16.0Hz, 1H), 5.88 (d, J=7.2Hz, 1H), 5.35 (d, J=7.3Hz, 1H), 3.80 (s, 3H), 
1.46 (s, 9H) 

5.3.2 Synthesis of Substrate 36 

2-((tert-butoxycarbonyl)(methyl)amino)acetic acid, 52 

 

Sarcosine (3.0 g, 34 mmol) and Boc2O (7.4 g, 34 mmol) was dissolved in 340 mL distilled water with 
Et3N (15 mL, 100 mmol) and stirred at room temperature for 16h. 1N HCl was added and the reaction 
mixture was extracted with EtOAc. The organic layers were washed with brine, dried over Na2SO4 and 
concentrated, yielding 52 as colorless oil (5.8 g, 90% yield).  

1H-NMR (500 MHz, chloroform-d ): δ 4.01 (s, 1H), 3.94 (s, 1H), 2.93 (s, 3H), 1.45 (d, 9H) 

methyl 2-((tert-butoxycarbonyl)(methyl)amino)acetate , 53 

 

52 (5.80 g, 31 mmol) was weighed into a 250 mL round bottom flask, dissolved in toluene, 
concentrated on rotovap and put under high vacuum in the hood. Cs2CO3 (5.00 g, 15.3 mmol) was 
added and the flask was put under high vaccum and then N2 atmosphere.  200 mL DMF was 
transferred inert to the reaction flask. MeI (3 mL, 48.2 mmol) was added and reaction mixture was 
left to stir at room temperature for 20h. The reaction was quenched with NH4Cl and concentrated on 
rotovap. The product mixture was dissolved in EtOAc and washed with NH4Cl with a few drops 1N 
HCl and water and brine. The organic phase was dried over Na2SO4 and concentrated. The crude 
product was purified by flash chromatography (5:1 Hexane:EtOAc) to yield 53 (23.4 mmol, 76% yield).  

1H-NMR (500 MHz, chloroform-d ) mix of rotamers: δ 3.98 (s, 1H), 3.90 (s, 1H), 3.73 (d, J=4.7Hz, 3H), 
2.92 (d, J=8.9, 3H), 1.44 (d, J=23.3Hz, 9H)  

Cinnamoyl chloride, 54 

 

Trans-cinnamic acid 49 (1.41 g, 9.5 mmol) was weighed into a flame dried 25 mL round bottom flask, 
which was evacuated with high vacuum and put under nitrogen atmosphere. SOCl2 (1.64 mL, 22.6 
mmol) was added at room temperature. The mixture was heated to 40 °C and left to stir over night 
and the cooled to room temperature. Excess SOCl2 was removed on the rotovap yielding a brown 
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liquid, which was purified by bulb-to-bulb distillation yielding 54 as a bright yellow solid (1.47 g, 93% 
yield).  

1H-NMR (500 MHz, chloroform-d): δ 7.85 (d, J=15.5Hz, 1H), 7.58 (d, J=7.0Hz, 2H), 7.51-7.40 (m, 3H), 
6.66 (d, J=15.6Hz, 1H) 

(E)-methyl 2-((tert-butoxycarbonyl)(methyl)amino)-3-oxo-5-phenylpent-4-enoate , 36 

 

53 (0.26 g, 1.26 mmol) was weighed into a flame dried 25 mL round flask, which was evacuated with 
high vacuum and set under nitrogen atmosphere. 5 mL THF was added and the solution was cooled 
to -78 °C. LHMDS (1M in hexane, 1.39 mL, 1.39 mmol) was added drop wise at -78 °C and the mixture 
was left to stir at that temperature for 3h. The cinnamoyl chloride 54 (0.41 g, 2.46 mmol) dissolved in 
2 mL dry THF was transferred inert to the reaction mixture. It was washed with additional 2 mL THF 
and the solution was left to stir at -78 °C during night (while warming to RT). The reaction was 
quenched with NH4Cl and extracted three times with EtOAc. The combined organic layers where 
washed with NaHCO3 and brine, dried over Na2SO4 and concentrated. The crude product was purified 
by flash chromatography (5:1 hexane:EtOAc) yielding 36 (17 mg, 4% yield).  

1H-NMR (500 MHz, chloroform-d) enol: 11.94 (s, 1H), 7.86 (d, J=15.9Hz), 7.61-7.32 (m, 5H), 6.53 (d, 
J=15.9Hz), 3.83 (s, 3H), 3.03 (s, 3H), 1.37 (s, 9H) 

5.3.3 Synthesis of Substrate 37 

3-methylbut-2-enoyl chloride, 55 

 

Dimethylacrylic acid (1.0 g, 10 mmol) was weighed into a 25 mL flame dried round bottom flask, 
evacuated with high vacuum and set under nitrogen atmosphere. 9 mL dry DCM was added and the 
mix was cooled to 0 °C. Oxalylic chloride (1.3 mL, 15 mmol) was added at 0 °C and the solution was 
left to at 0 °C stir for 7 hours. The solvent was removed by rotovap and the sample stored in freezer 
overnight. The product was purified by bulb-to-bulb distillation, yielding 55 as clear oil (0.51 mg, yield 
43%).  

1H-NMR (500 MHz, chloroform-d ): δ 6.06 (s, 1H), 2.15 (s, 3H), 1.97 (s, 3H) 

methyl 2-(N-(tert-butoxycarbonyl)-3-methylbut-2-enamido)acetate, 56 

 

50 (0.39 g, 2.07 mmol) was weighed into a flame dried 25 mL round bottom flask, evaporated with 
high vacuum and put under nitrogen atmosphere. 5 mL dry THF was added and the solution was 
cooled to -78 °C. LHMDS (2.41 mL, 2.41 mmol) was added dropwise at -78 °C and the solution was 
left to stir at that temperature for 4h. 55 (0.51 g, 4.3 mmol) dissolved in 3 mL dry THF was 
transferred inert to the solution at -78 °C. It was washed with additional 2 mL THF and left to stir 
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overnight. The reaction was monitored by TLC (80% EtOAc in hexane, KMnO4) and after completion 
the reaction was quenched with saturated NH4Cl and extracted three times with EtOAc. The 
combined organic layers were washed with saturated NaHCO3 and brine, dried over Na2SO4, filtrated 
and concentrated. The crude product was purified by flash chromatography (1:9 EtOAc:Hexane) 
yielding the clean product 56 (0.29 g, 52% yield).  

1H-NMR (500 MHz, chloroform-d ): δ 6.49 (s, 1H), 4.44 (s, 2H), 3.73 (s, 3H), 2.07 (s, 3H), 1.94 (s, 3H), 
1.49 (s, 9H) 

13C -NMR (125 MHz, chloroform-d ): δ 169.7, 168.2, 153.8, 152.5, 119.6, 83.5, 52.2, 45.3, 28.0, 27.5 
and 21.0 

methyl 2-((tert-butoxycarbonyl)amino)-5-methyl-3-oxohex-4-enoate 37 

 

56 (0.28 g, 1.02 mmol) was weighed into a flame dried 25 mL round bottom flask, evacuated with 
high vaccum and set under nitrogen atmosphere. 6 mL dry THF was added and the solution was 
cooled to -78 °C. DMPU (250 µL, 2.07 mmol) and LHMDS (1M in hexane, 2.5 mL, 2.5 mmol) was 
added dropwise at -78 °C and reaction was left to stir at that temperature for 4h. The reaction was 
quenched with NH4Cl and extracted three times with EtOAc. The combined organic layers were 
washed with NaHCO3 and brine, dried over Na2SO4, filtrated and concentrated. The crude product 
was purified with flash chromatography (5:1 Hexane:EtOAc) yielding 37 (0.194 g, 0.72 mmol, 70% 
yield) 

1H-NMR (500 MHz, chloroform-d ): δ 6.32 (s, 1H), 5.82 (d, J=6.4Hz, 1H), 4.98 (d, J=7.1Hz, 1H), 3.76 (s, 
3H), 2.18 (s, 3H), 1.95 (s, 3H), 1.42 (s, 9H)  

13C -NMR (125 MHz, chloroform-d ): δ 188.8, 167.9, 161.9, 155.0, 120.3, 80.3, 64.1, 52.9, 28.2, 28.1 
and 21.6 

5.3.4 Synthesis of Substrate 38 

methyl 2-(((benzyloxy)carbonyl)amino)acetate , 57 

 

The glycine methyl esters (3.00 g, 23.9 mmol) was weighed into a 100 mL round bottom flask 
containing 10 mL deionized H2O. Benzylchloroformate (4.4 mL, 31.3 mmol) was dissolved in 10 mL 
toluene and transferred to the glycine methyl ester. NaHCO3 (4.00 g, 48.7 mmol) was dissolved in 30 
mL deionized H2O and added dropwise to the reaction mixture, which was left to stir overnight. The 
reaction mixture was diluted with EtOAc and the water layer was extracted with 3xEtOAc. The 
combined organic layers were washed with brine, dried over MgSO4, filtrated and concentrated. The 
crude product was purified by column chromatography (From 5% to 80% EtOAc in hexane, gradient ) 
yielding 57 (5.18g, 23.3 mmol, 97% yield) as clear oil.  

1H-NMR (500 MHz, chloroform-d ): δ 7.41-7.28 (m, 5H), 5.25 (br s, 1H), 5.13 (s, 2H), 4.00 (d, J=5.5 Hz, 
2H), 3.76 (s, 3H) 
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methyl 2-(N-((benzyloxy)carbonyl)-3-methylbut-2-enamido)acetate, 58 

 

57 (1.16 g, 5.21mmol) was weighed into a 100 mL flame dried round bottom flask, which was 
evacuated under high vacuum and put under N2 atmosphere. 10 mL dry THF was added and the flask 
was cooled to -78 °C. LHMDS 1M in hexane (6.5mL, 6.5mmol) was added dropwise and the mixture 
was left to stir for 3h at -78 °C. 55 (1.28 g, 10.8mmol) was weighed into a flame dried 25 mL round 
bottom flask, evacuated with high vacuum and put under N2 atmosphere and 5 mL THF was added. 
The acid chloride was transferred to the reaction mixture at -78 °C and washed with additional 5 mL 
THF. It was left to stir overnight, -78 °C to RT. The reaction was quenched with NH4Cl and the 
aqueous layer was extracted 3xEtOAc. The combined organic layers were washed with saturated 
NaHCO3 and brine. Thereafter it was dried over Na2SO4, filtrated and concentrated. The crude 
product was purified by column chromatography (16% to 24% EtOAc in hexane) yielding 58 (0.99 g, 
62% yield). 

1H-NMR (500 MHz, chloroform-d): δ 7.43-7.30 (m, 5H), 6.55 (s, 1H), 5.22 (s, 2H), 4.50 (s, 2H), 3.67 (s, 
3), 2.08 (s, 3H), 1.90 (s, 3H)  

Methyl 2-(((benzyloxy)carbonyl)amino)-5-methyl-3-oxohex-4-enoate, 38 

 

58 (0.97 g, 3.19 mmol) was weighed into a 100 mL round bottom flask, 20 mL THF was added and the 
flask was cooled to -78 °C. DMPU (0.77 mL, 6.39 mmol) and 1M LHMDS (8 mL, 8 mmol)in hexane 
were added dropwise. The reaction mixture was left to stir at -78 °C for 4h. The reaction was 
monitored by TLC (5:1 hexane:EtOAc) and after complete conversion of the starting material the 
reaction was quenched with NH4Cl. The water layer was extracted 3xEtOAc and the combined 
organic layers were washed with NaHCO3 and brine, dried over Na2SO4, filtrated and concentrated. 
The crude reaction mixture was purified by flash chromatography (10%-16% EtOAc in hexane, 
gradient) yielding the clean product 38 (0.505 g, 52% yield).  

1H-NMR (500 MHz, chloroform-d): δ 7.46-7.27 (m, 5H), 6.35 (s, 1H), 6.09 (s, 1H), 5.12 (s, 2H), 5.05 (s, 
1H), 3.78 (s, 3H), 2.20 (s, 3H), 1.97 (s, 3H)  

13C -NMR (125 MHz, chloroform-d): δ 188.2, 167.6, 162.5, 155.6, 136.2, 128.6, 128.2, 128.1, 120.2, 
67.2, 64.3, 53.1, 28.2, 21.7 
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5.4 General Procedure ATH of Substrates with HCOOH:Et3N in DCM 

5.4.1 General Procedure ATH of Substrate 20 with HCOOH:Et3N in DCM 

(2S,3S)-methyl 2-((tert-butoxycarbonyl)amino)-3-hydroxy-3-phenylpropanoate,  21 

 

Catalyst prepared in DCM and Et3N: 

(S,S)-BnDPAE (5 mg, 0.0165 mmol) and [RuCl2(benzene)]2 (4 mg, 0.0080mmol) was weighed into a 5 
mL round bottom flask, which was evacuated with high vacuum and put under N2 atmosphere. 0.25 
mL DCM and Et3N (5 µL, 0.0359 mmol) was added and the mixture was stirred at 40 °C for 1 hour and 
then cooled to room temperature. Substrate 20 (49.3mg, 0.1681 mmol) was weighed into a 5 mL 
round bottom flask, evacuated with high vacuum and put under N2 atmosphere. 0.5 mL DCM and 
Et3N (7 µL, 0.0502 mmol) was added. The catalyst was transferred inert to the mixture containing 20. 
HCOOH (200 µL, 0.176 mmol, 0.88M in DCM) was added and the mixture was left to stir at RT. The 
reaction was monitored by TLC (5:1 Hexane:EtOAc, KMnO4 as visualizer) and when no starting 
material could be seen the reaction mixture was concentrated on rotovap and the product was 
purified by column chromatography (From 5:1 to 4:1 Hexane:EtOAc as gradient) yielding the clean 
product (36.4mg, 73% yield).  

Catalyst prepared in iPrOH: 

(S,S)-BnDPAE (11.7 mg, 0.0386 mmol) and [RuCl2(benzene)]2 (8.2 mg, 0.0164 mmol) was weighed into 
a 10 mL round bottom flask, which was evacuated with high vacuum and put under N2 atmosphere. 
200 µL iPrOH was added and the mixture was left to stir at 80 °C for 1 hour. The mixture was cooled 
to room temperature and the solvent was removed with high vacuum. Substrate 20 was weighed 
into a 5 mL round bottom flask, which was evaporated with high vacuum and put under nitrogen. 0.4 
mL DCM was added and 20 was transferred inert to the catalyst and washed with additional 0.4 mL 
DCM. Et3N (24 µL, 0.172 mmol) and HCOOH, 2M in DCM (180 µL, 0.36 mmol) was added and the 
mixture was left to stir at RT. When all the starting material was gone (monitored by TLC, 5:1 
Hexane:EtOAc, KMnO4 as visualizer) the solvent was removed with rotovap and the crude product 
was purified by column chromatography (5:1 to 4:1 as gradient). The product (86.6 mg, 87% yield) 
was isolated.  

Parameters changed: 

The number of equivalents of HCOOH and Et3N was changed in the experiment, according to Table 1 
in section 2.1.  

1H-NMR of 21 (500 MHz, Chloroform-d): δ 7.39-7.22 (m, 5H), 5.26 (s, 1H), 5.20 (s, 1H), 4.72 (s, 1H), 
3.90 (d, J=5.2Hz, 1H), 3.71 (s, 3H), 1.44 (s, 9H) 
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5.4.2 General Procedure for ATH of Substrate 32, 36, 37 and 38 with HCOOH:Et3N in DCM 

 

 

Catalyst prepared in DCM and Et3N: 

The ligand (0.10 eq) and the Ruthenium-source (0.05 eq) was weighed into a 5 mL flame-dried round 
bottom flask, evacuated with high vacuum and put under N2 atmosphere. Dry DCM (0.25mL) and 
Et3N (0.5 eq) was added and the mixture was stirred at 35 °C for 1h. The α-amido-β-keto ester (1 eq) 
was weighed into a flame-dried 5 mL round bottom flask, which was evacuated with high vacuum 
and put under N2 atmosphere. The catalyst was transferred inert to the α-amido-β-keto ester and 
washed with additional DCM so that the total volume became 1 mL. Newly distilled Et3N and HCOOH 
(2M in DCM) was added and the mixture was left to stir under N2 atmosphere.  When the reaction 
was done (monitored by TLC, 5:1 hexane:EtOAc, KMnO4 as visualizer) the solvent was removed on 
rotovap and the product was purified with flash chromatography.  

Catalyst prepared in iPrOH: 

The ligand (0.10 eq) and the Ruthenium-source (0.05 eq) was weighed into a flame-dried 5 mL round 
bottom flask, evacuated with high vacuum and put under N2 atmosphere. iPrOH (0.2 mL) was added 
and the mixture was stirred at 80 °C for 1h. The mixture was cooled to RT and put under high vacuum 
to remove the solvent. The α-amido-β-keto ester (1 eq) was weighed into a flame-dried 5 mL round 
bottom flask, evacuated with high vacuum and put under N2 atmosphere. The catalyst was dissolved 
in DCM and transferred inert to the α-amido-β-keto ester. The flask that contained the catalyst was 
washed with additional DCM to quantitatively transfer the catalyst. Newly distilled Et3N and HCOOH 
(2M in DCM) was added and the mixture was left to stir at RT. The total volume of DCM, Et3N and 
HCOOH was calculated to get a concentration of 0.3 M of the α-amido-β-keto ester. The reaction was 
monitored by TLC (5:1 hexane:EtOAc, KMnO4 as visualizer) and after full conversion the solvent was 
removed by rotovap and the crude mixture was purified by flash chromatography.  

Reactions monitored by 1H-NMR: 

In some cases the reaction was followed with 1H-NMR. In those reactions at different times 0.05 mL 
of the reaction mixture was taken with a syringe from the reaction flask and put into a small vial. The 
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solvent was removed by rotovap and the crude mixture was dissolved in CDCl3 and transferred to an 
NMR-tube.  

Parameters changed: 

The same procedure was used for other conditions where the parameters: equivalents of HCOOH 
and Et3N, temperature T, Ru-source (arene changed between benzene, cymene and mesitylene) and 
ligand were changed according to the Table 2-6 in section 2.2.1. 

5.5 General Procedure ATH of Substrates with the Emulsion Procedure 

 

The Ru-source (0.10 eq) and the ligand (0.05eq) was weighed into a flame-dried 5 mL round bottom 
flask, which was evacuated with high vacuum and put under N2 atmosphere. DCM (0.25 mL) and Et3N 
(0.2 eq) was added and the mixture was stirred at 35 °C for 1h and then cooled to RT. The α-amido-β-
keto ester (1.0 eq) and TBAI (2.0 eq) was weighed into a vial and cooled to 0 °C. The catalyst was 
diluted with 0.25 mL DCM and was transferred to the vial with a Pasteur pipette and washed over 
with additional 0.25 mL DCM. NaCOOH (5M in H2O, 1mL) was added to vial, which was sonicated at 0 
°C for 5 min. The vial was put in a cryostat bath (set on either - 5°C or 0 °C) and stirred. After a few 
days, the reaction mixture was diluted with DCM and H2O. The layers were separated and the water 
layer was extracted 3xDCM and the combined organic layers were dried over Na2SO4, filtrated and 
concentrated. The crude product was purified by flash chromatography (5:1-4:1 hexane:EtOAc).  

Parameters changed: 

Changed the temperature (-5 °C, 0 °C and RT) and changed the number of equivalents of NaCOOH to 
5 (did not use 5M of NaCOOH in H2O but measured NaCOOH directly into the vial with the α-amido-
β-keto ester and then added H2O). The changed parameters can be seen in Table 7 section 2.2.2. 

Spectroscopic data  

1H-NMR 33a (500 MHz, chloroform-d), major diastereoisomer : δ 7.33-7.22 (m, 3H), 7.21-7.08 (m, 
2H), 6.60 (d, J=15.8Hz, 1H), 6.08 (dd, J=15.8 Hz, 6.0 Hz, 1H), 5.38 (s , 1H), 4.70 (s, 1H), 4.60 (s, 1H)  
,3.70 (s, 3H), 3.30 (s,1H), 1.37 (s, 9H)  

1H-NMR 33b (500 MHz, chloroform-d): δ 7.31-7.13 (m, 5H), 5.70 (d, J=7.2 Hz, 1H), 5.03 (d, J=7.2 Hz, 
1H), 3.70 (s, 3H), 3.13-3.00 (m, 1H), 3.00-2.89 (m, 3H), 1.45 (s, 9H)  

1H-NMR 33c (500 MHz, chloroform-d) major: δ 7.40-7.23 (m, 3H), 7.21-7.12 (m, 2H), 5.45 (s, 1H),  4.42 
(s, 1H), 3.91 (s, 1H), 3.74 (s, 3H), 2.99-2.89 (m, 1H), 2.72-2.65 (m, 1H), 1.91-1.67 (m, 2H), 1.58 (s, 9H) 

1H-NMR 39a (500 MHz, chloroform-d), major diastereoisomer: δ 5.36 (s, 1H), 5.21-5.17 (m, 1H), 4.70 
(s, 1H), 4.44 (s, 1H), 3.75 (s, 3H), 2.92 (s, 1H), 1.73 (s, 3H), 1.68 (s, 3H), 1.45 (s, 9H)  

13C-NMR 39a (125 MHz, chloroform-d), major diastereoisomer: δ 171.6, 156.2, 138.1, 122.8, 80.5, 
68.8, 58.7, 52.4, 28.3, 25.9, 18.4 

1H-NMR 39b (500 MHz, chloroform-d): δ 5.44 (s, 1H), 4.38 (s,1H), 3.99 (s, 1H), 3.77 (s, 3H), 2.66 (s, 
1H), 1.82 (m, 1H), 1.45 (s, 9H), 1.43 (m, 1H), 0.94 (d, J=6.7Hz, 3H), 090 (d, J=6.6Hz, 3H) 
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1H-NMR 40a (500 MHz, chloroform-d), major diastereoisomer: δ 7.40-7.29 (m, 5H), 5.60 (s, 1H), 5.19 
(d, J=8.9Hz, 1H), 5.13 (s, 2H), 4.73 (s, 1H), 4.51 (s, 1H), 3.76 (s, 3H), 2.63 (s, 1H), 1.72 (s, 3H), 1.67 (s, 
3H)  

13C-NMR 40a (125 MHz, chloroform-d), major diastereoisomer: δ 171.3, 156.6, 138.8, 136.1, 128.6, 
128.3, 128.2, 122.6, 68.8, 67.2, 59.0, 52.6, 26.0, 18.5 

1H-NMR 40b (500 MHz, chloroform-d): δ 7.42-7.29 (m, 5H), 5.69 (d, J=6.8Hz, 1H), 5.12 (s, 2H), 4.44 (d, 
J=4.6Hz, 1H), 4.01 (s, 1H),3.78 (s, 3H), 2.47 (s, 1H), 1.90-1.75 (m, 1H), 1.50-1.38 (m, 1H), 1.30-1.13 (m, 
1H), 0.92 (dd, J=19.1Hz, 6.6Hz, 6H)  

5.6 Proof of Relative Stereochemistry – Synthesis of Oxazolidinone 

 

39a (17.5 mg, 0.06 mmol) was weighed into a 5 mL round bottom flask and the flask was cooled in an 
ice bath. Concentrated HCl (1mL) and EtOAc (3mL) was mixed and added to the round bottom flask. 
The ice bath was taken off and the mixture was left to stir overnight. The solvent was removed by 
rotovap and the residue was dissolved in NaHCO3 and extracted 4xDCM. The combined organic 
phases were dried over Na2SO4, filtrated on concentrated. Triphosgene (15.7 mg, 0.05 mmol) was 
added to the crude and the flask was evacuated with vacuum and put under N2 atmosphere. 2 mL 
DCM was added, the mixture was cooled to 0 °C and N,N-diisopropyletylamine was added. The 
mixture was left to stir at 0 °C for 80 minutes and then at RT for 1h. NaHSO4 was added, the mixture 
was extracted 2xDCM and the combined organic phases were dried over Na2SO4. The mixture was 
filtrated and concentrated. The crude reaction mixture was purified by column chromatography (1:1 
hexane:EtOAc) yielding 43 (1.2 mg, 9% yield).  

1H-NMR 43 (500 MHz, chloroform-d): δ 1.56 (s, 3H), 1.67 (s, 3H), 3.83 (m, 4H), 4.40 (d, J=8.2Hz, 1H), 
5.17 (t, J=8.3Hz, 1H), 5.25 (s, 1H) 

5.7 Cross Metathesis 

Cross Metathesis with 1-Hexene 

 

Substrate 39a (29.0 mg, 0.11 mmol) and Grubb’s 2nd generation catalyst (9.2 mg, 0.011 mmol) was 
weighed into a flame-dried 5 mL round bottom flask. The flask was evacuated with high vacuum and 
put under N2 atmosphere. Toluene (1 mL) and 1-hexene (135 µL, 1.1 mmol) was added and the 
mixture was stirred at 50 °C overnight. Additional 1-hexene (135 µL, 1.1 mmol) was added and the 
mixture was stirred at 50 °C for 3 days. The solvent was removed on rotovap and the crude was 
purified by flash chromatography (10% EtOAc in hexane).  

The desired product was not formed and the side products have not been identified.  
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Cross Metathesis with Pentadecene – Synthesis of Substrate 47 

 

Substrate 39a (20.0 mg, 0.073 mmol) and Grubb’s 2nd generation catalyst (6.9 mg, 0.0081 mmol) 
were weighed into a flame-dried 5 mL round bottom flask. The flask was evacuated with high 
vacuum and put under N2 atmosphere. 1 mL toluene and pentadecene (200 µL,0.74 mmol) were 
added and the mixture was left to stir at 60 °C overnight. The solvent was removed by rotovap and 
the crude product was purified by flash chromatography (5% EtOAc in hexane). The collected 
fractions was further purified by preparative TLC (5:1 hexane:EtOAc) to yield the clean product 47 
(7.3 mg,  23% yield).  

1H-NMR (500 MHz, chloroform-d) mix of stereoisomers: δ 5.81-5.57 (m, 1H), 5.44-5.38 (dd, J=15Hz, 
10Hz , 1H), 5.26 (s, 1H), 4.46 (s, 1H), 3.75 (s, 3H), 3.00 (s, 1H), 2.04-2.00 (m, 2H), 1.44 (s, 9H),1.40-1.20 
(m, 22H) 0.89-0.86 (m, 3H),   

13C -NMR (125 MHz, chloroform-d ): δ 170.7, 156.3, 134.9, 127.0, 80.5, 73.8, 72.9, 52.5, 32.3, 31.9, 
29.7, 29.6, 29.5, 29.4, 29.2, 29.1, 29.0, 28.3, 22.7 and 14.1 

5.8 Reduction of the Ester Group 

 

  

The procedure was taken from ref (24) . Substrate 47 (7.0 mg, 0.016 mmol) was weighed into a 
flame-dried 5 mL round bottom flask. LiI (13.5 mg, 0.101 mmol) was weighed into another flame-
dried 5 mL round bottom flask and dried under high vacuum at 60 °C for 1h. 0.7 mL THF was added to 
the LiI and NaBH4 (4.2 mg, 0.111 mmol) was added in one portion. 1 mL THF was added to 47 and the 
substrate was transferred to the LiI and NaBH4 mixture. The flask that contained 47 was washed with 
additional 0.5 mL THF. A cooler was added to the reaction flask containing the mixture and the 
reaction was refluxed at 60°C overnight. The reaction mixture was diluted with DCM and 5 w% H3PO4 
was added. The layers were separated and the organic layer was washed with NaHCO3 and brine, 
dried over Na2SO4, filtered and concentrated to yield the unpure product 48 (3.2 mg, 49% yield). The 
crude was purified by preparative TLC to yield the clean product. 

1H-NMR (500 MHz, chloroform-d ): δ 5.78 (dq, J=13.5Hz, 6.6Hz, 1H), 5.53 (dd, J=15.5Hz, 6.6Hz, 1H), 
5.30 (s, 1H), 4.33 (s, 1H), 3.94 (d, J=11.5Hz, 1H), 3.72 (d, J=7.3Hz, 1H), 3.61 (s, 1H), 2.43 (s, 2H), 2.09-
1.95 (m, 2H), 1.45 (s, 9H), 1.37 (s, 2H), 1.33-1.18 (m, 20H), 0.88 (t, J=6.9Hz, 3H) 

The spectroscopic data is in agreement with ref (22).  
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