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CHAPTER 3 

Synthetic efforts towards proline-based 
autocatalytic reactions 

 

In this chapter the design of an asymmetric autocatalytic system and experimental 

efforts toward the synthesis of a proline analogue, to be used as a catalyst for its own 

formation in an asymmetric Mannich reaction, is reported. 

Part of this work has been reported in the master theses of Aike Nijland and Antonio 

Rizzo. 
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3.1 Introduction 

Asymmetric autocatalytic reactions represent a hot topic in organic chemistry. 
Through autocatalysis the product of the reaction is able to catalyze its own 
formation (Scheme 1). 

 
Scheme 1 - Schematic representation of a blank, catalytic and autocatalytic reactions.  

 Despite all the progress in asymmetric catalysis, rational design of asymmetric 
autocatalytic systems remains a big challenge: after several decades of research 
there is still only one example of such a reaction, the Soai reaction, discovered by 
chance about 20 years ago,1 mechanistic aspects of which are still not fully 
understood.  

As it was discussed in general introduction and Chapter 2, our strategy towards 
an autocatalytic system is based on one-step synthesis that produces a molecule 
that is known to function as a catalyst in an asymmetric transformation. Such 
catalyst should be able to accomplish an enatioselective transformation with high 
stereochemical control of the one-step synthesis that has generated it. In contrast 
with the Soai system where the product must react with i-Pr2Zn to form the active 
species, we planned a simpler, single step reaction of a catalyst that does not need 
activation by a third reagent.  

This should assurance the control over the catalytic pathways. We have chosen 
to use a proline derivative as the autocatalyst (Scheme 2).  
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Since the early 2000’s, proline has been brought back to the spotlight as a rather 
efficient, general and enantioselective catalyst for what has been called enamine 
catalysis.2 Moreover, the substrate scope of this catalyst has proven to be very 
wide and its reaction mechanism has been studied profusely.2,3 The initial plan 
was to first develop an autocatalytic reaction towards a chiral product, and then 
further look into the possibility of an asymmetry breaking, and asymmetric 
amplification. 

 
Scheme 2 - Concept for the design of an autocatalytic system and proposed substrate. 

3.1.1 Proline based catalysis  

 L-proline is probably one of the most commonly used catalysts in asymmetric 
organocatalysis. Some of the reasons contributing to the broad applicability of 
proline as a catalyst are its abundance as a natural amino acid, its low price, and 
availability of both enantiomers. Furthermore, from a chemical perspective, it is 
a bifunctional molecule which can act as Bronsted acid and a Lewis base. Because 
of its bidentate character it has also been used as a ligand for organometallic 
catalysis (Figure 1).4  

 
Figure 1 - Activation modes available for proline-based catalysts.  
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Although all these criteria are applicable to all the amino acids, proline is a 
particular molecule due to its pyrrolidine moiety. The strained five-membered 
ring results in a higher pKa value of the nitrogen compared to any other primary 
amino acid. The most important feature compared to the other amino acids is 
that it is a Lewis base type of catalyst, or a nucleophilic catalyst, that enables the 
iminium and enamine mechanism-based transformations.5 The carboxylic 
moiety contributes to the proline aminocatalysis acting as a Brønsted acid co-
catalyst and substrate orienting group, as opposed to bulky pyrrolidine catalysts 
where the exo group is a repulsive group because of sterics. 

One of the first occurrences of proline-enamines as a key step in an asymmetric 
transformation was reported by the group of Yamada in 1969.6 They perform the 
Robinson annulation using a preformed enamine 3 that subsequently reacts with 
methyl vinyl ketone 4 to form the intermediate 5 that, after treatment with acid, 
gives product 6 in 49% ee (Scheme 3).  

 
Scheme 3 - Yamada’s asymmetric Robinson annulation. 

The first catalytic asymmetric enamine-based reaction was discovered in the 
1970, by groups of Hajos and Parrish at Hoffmann La Roche. They reported an 
intramolecular proline catalyzed aldol reaction of tri-ketones such as 7 and 10 
(Scheme 4, a and b) providing the aldol products 8 and 11.7 
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 The acid catalyzed condensation led to the formation of the cyclic products 9 
and 12. It was later shown by Eder, Sauer and Wiechert that is possible to obtain 
the cyclic ketones 9 and 12 by performing the aldol condensation using L-proline 
and an acid as cocatalyst (Scheme 4, c and d).8 

 
Scheme 4 - Hajos-Parrish-Eder-Sauer-Wiechert reactions. 

The Hajos-Parrish-Eder-Sauer-Wiechert reaction9 has been in use for more than 
30 years for synthesis of many natural compounds and steroid derivatives.10,11 
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3.1.2 Proline based catalysis: intermolecular aldol reaction 

Intermolecular aldol reactions are at the basis of sugar metabolism. It was 
discovered that a class of aldolase I uses enamine catalysis.12 Intensive studies 
have been carried out to understand the mechanism of this process, and the 
combination of these results together with the (re)discovery of the Hajos-Parrish-
Eder-Sauer-Wiechert reaction, gave more insight toward the development of a 
proline catalyzed direct intermolecular aldol reaction.13,14 Initial studies showed 
difficulties in performing the reaction, but eventually using an excess of ketone 
substrate to overcome the competing self-condensation, it was possible to obtain 
the corresponding aldol product (Scheme 5).15 The reaction between acetone (20 
% vol) with isobutyraldehyde 13 in DMSO using 30 mol% of L-proline, gave the 
aldol product 14 in good yield and enantioselectivity (Scheme 5).  

 
Scheme 5 - L-Proline catalyzed intermolecular aldol reaction. 

Many aldehydes have been tested in the reaction and the general trend was that 
aromatic aldehydes give lower ee (~70 %) and yields compared to the α-branched 
aldehydes which provide excellent enantioselectivity (>99% ee).15 

 The mechanism of the L-proline catalyzed intermolecular aldol reaction is based 
on the class I aldolase mechanism that involves the formation of a carbinolamine, 
imine or iminium, and enamine intermediates (Scheme 6).12  

The pyrrolidine moiety in the proline, forms the iminium ion b and subsequently 
the enamine c. This is followed by the formation of intermediate e through the 
transition state d, where the stereoselectivity is determined. Further studies and 
calculations proved that transition state g is more plausible,5 and it is 
superimposable with the calculated transition state of the proline catalyzed 
intermolecular aldol reaction.  
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Scheme 6 - Proposed mechanism for asymmetric proline catalyzed aldol reaction. 

3.1.3 Proline-based catalysis: Mannich reaction 

Proline catalysis has been also applied intensively to Mannich reactions.16 Good 
yields and enantioselectivities have been achieved in the three-component 
Mannich reaction between ketones 15, aldehydes 16 and amines 17 leading to β-
amino ketones 18 (Scheme 7).  

 
Scheme 7 - Proline catalyzed direct asymmetric three components Mannich reaction. 

Different catalysts and amines have been screened, but so far, proline showed to 
be the most valuable one and p-anisidine the most useful amine component for 
further transformations. It was clear from these studies that, aromatic aldehydes 
typically provide higher ee and in contrast with the aldol reaction, linear 
aldehydes can be good substrates if the reaction is performed in acetone as 
solvent. 
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 The proposed mechanism involves the formation of a proline enamine a 
(Scheme 8) that reacts with the imine b, to form a C-C bond in the stereo 
determining step. Enamine a and imine b are formed in situ from two separated 
pre-equilibria.  

 
Scheme 8 - Proposed mechanism for the three component proline catalyzed Mannich reaction. 

Very intriguing is the selectivity of the Mannich reaction, since even catalyzed 
by the same catalyst, L-proline, products with opposite diastereo- and 
enantioselectivity, have been obtained from those obtained in the aldol reaction. 
These results were rationalized by the transitions states involved in the two 
reactions depicted in Scheme 9. The (E)-aldimines are predominant in the 
equilibrium with the (Z)-aldimines, and even if their presence cannot be 
excluded, the transition state with (E)-aldimines is energetically favored. The 
current model for the transition state explains the formation of the Mannich 
product via si-face attack on the imine, and via re-attack on the aldehyde in the 
aldol reaction. The transition state for the Mannich reaction is thus assumed to 
proceed via the (E)-configuration for both enamine and imine (Scheme 9).  
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The attack of the imine from the re-face, will not be favorable because of steric 
interactions between the pyrrolidine and the aromatic ring of the imine. This 
interaction is missing in the aldol reaction and the steric repulsion between 
aldehyde and enamine dominates.  

  
Scheme 9 - Difference in the selectivity in the Aldol and Mannich transition states.  

3.1.4 Proline based catalysis: Michael reactions 

In the proline catalyzed Michael additions, the reaction can follow two catalytic 
pathways: iminium (a) and enamine (b) catalysis (Scheme 10). 

 

 
Scheme 10 - Iminium and enamine catalysis for Michael reaction. 

For instance, an example of iminium catalysis in the Michael reaction was 
reported by the group of Yamaguchi et al.17 They reported the reaction between 
dimethyl malonate 19 and hex-2-enal 20. Using proline or pyrrolidine as a 
catalyst provides product 22 in low yield.  
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They found that performing the reaction with the lithium prolinate, higher yield 
could be achieved (Scheme 11). The reaction was performed on different types 
of α,β-unsaturated aldehydes but always yielded the racemic product. Varying 
the solvent from methanol, where racemic product was obtained, to chloroform 
led to asymmetric induction (35-77% ee).18–20 

 
Scheme 11 - Lithium prolinate catalyzed Michael reaction. 

High enantioselectivities have been reported from Hanessian and Pam21 in the 
proline catalyzed Michael addition of nitroalkenes 24 to enones 23 in the 
presence of stoichiometric amount of trans-2,5-dimethylpiperazine 25 as a base 
cocatalyst (Scheme 12) .  

 
Scheme 12 - Asymmetric Michael addition in the presence of an organic base as cocatalyst. 

From the mechanistic point of view it was suggested that these reactions, 
catalyzed by metal prolinates, follow an iminium mechanism (Scheme 13). 
Studies carried out by Yamaguchi et al. demonstrated that tertiary amines like N-
methyl proline are inactive. The dual function of proline is due to the two 
catalytically active moieties: the amine group is involved in the formation of the 
iminium ion (c) and the carboxylic acid moiety is involved in the binding with 
the nucleophile nitronate or malonate anion via the metal (d). This is what 
determines the enantiofacial selectivity of the reaction (Scheme 13).16  
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Scheme 13 - Iminium catalysis mechanism for the proline-promoted Michael reaction. 

Enamine catalyzed Michael reactions have been described by Kozikowski et al.22 
and Momose et al.23 (Scheme 14). In both cases reactions needed a stoichiometric 
amount of the catalyst furnishing the Michael product only in modest ee-s.  

 
Scheme 14 - Proline catalyzed intramolecular Michael reactions: a) Kozikowski example, b) Momose 

example.  

In 2001 List et al24 developed a proline-catalyzed enantioselective Michael 
addition using unactivated ketones 31 (in excess) and nitro-olefins 32.  
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All the substrates gave the formation of products 33 in good yields but low 
enantioselectivities (Scheme 15). The ee was further improved by Enders who 
used methanol as a solvent instead of DMSO (30-93% yields, 12-76 % ee).25 

 
Scheme 15 - Proline catalyzed Michael addition of unactivated ketones to nitro olefins.  

After several years from the development of the proline-enamine catalyzed 
Michael reaction, many studies have been carried out, yet there is still no tangible 
explanation concerning the dramatic difference in selectivity compared to the 
aldol and Mannich reactions. One possibility would involve the π interaction of 
the aldehyde and imine lone pairs with the chiral enamine of proline, through 
hydrogen bonding to the carboxylic acid moiety.4 In accordance with this 
hypothesis, reduced enantioselectivity was observed in protic polar solvents 
such as methanol. Interestingly, a higher enantioselectivity was observed in the 
case of Michael reactions using methanol as the solvent. 

3.1.5 Proline based catalysis: Robinson annulation 

An example of proline catalyzed Robinson annulation has been reported by 
Wicha.26 The proline catalyzed reaction between the diketone 34 and the 
unsaturated ketone 35 that directly leads to the Hajos-Parrish- ketone 36 (Scheme 
16).  

 
Scheme 16 - Proline catalyzed Robinson annulation.  
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From an experimental point of view, the Robinson annulation is easier to 
perform, compared to the original two-step processes used for this product. 
However, less catalyst loading was necessary in the two step approach and better 
yields and ee have been obtained.26 

3.2 Results and discussions 
3.2.1 Strategic approach  

The amino acid we have chosen to synthetize autocatalytically is proline 
derivative. Our choice was based on the fact that proline has been known for its 
catalytic activities for many asymmetric transformations.2,3 In order to obtain 
proline or its derivative as an autocatalyst we first needed to design a synthetic 
pathway with proline precursors that are not catalytically active (Scheme 17). 
Furthermore, it would be synthetically very challenging to design a one-step 
route in which both catalytic functionalities are being created. Thus, we decided 
to develop a synthetic route which introduces only one functionality, starting 
from the imino acid 37 (Scheme 17), and to perform a Mannich reaction between 
this molecule and acetone.  

 
Scheme 17  

It has been already reported that cyclic imines can undergo a Mannich reaction 
mediated by L-proline.27–32  

Bella et al. report an example of a Mannich reaction between acetone and 2,3,4,5-
tetrahydropyridine, using L-proline as the catalyst (Scheme 18). This molecule 
resembles, in a way, our imine 37, thus indicating that these kind of aliphatic 
cyclic imines can be reactive substrates for Mannich reactions.27  
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Scheme 18 - Proline catalyzed Mannich reaction reported by Bella et al.27  

Our designed system would in theory provide the formation of a product with a 
new amine functionality, which, in combination with the carboxylic acid moiety, 
could act as a catalyst for its own formation (Scheme 19). The self-activated 
starting compound 37a’ reacts with the nucleophile through an initial non-
catalyzed Mannich reaction (due to slow enolization of a ketone). The newly 
formed product 38 is a bifunctional catalyst and will activate the precursor 
molecules. Compound 38 can react with acetone to form the iminium ion a 
followed by tautomerisation to form the enamine-catalyst adduct b. The 
asymmetric Mannich reaction between the newly formed activated enamine b 
nucleophile and compound 37 will produce more of the autocatalyst 38 after the 
last step of hydrolysis of the iminium adduct c. The same catalytic cycle is also 
valid for the other possible imine 37b (Scheme 19). 

 
Scheme 19 - Proposed mechanism for an asymmetric autocatalytic reaction on a proline based system.  
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From a kinetic point of view, we expect first a slow non-catalyzed reaction rate, 
followed by an exponential rate enhancement due to the growth of the product 
concentration that can act as autocatalyst, thus a sigmoidal kinetic profile. If we 
use a chiral imino acid 37a, the product of the reaction will then have two 
asymmetric centers and four diastereomeric products are possible. Chiral 
symmetry breaking and asymmetric amplification would be required to achieve 
asymmetric autocatalytic synthesis of an enantiopure diastereoisomer (Figure 2). 

 
Figure 2 - Four possible stereoisomer products formed in the autocatalytic system.  

First, in order to prove the efficiency of our designed autocatalytic system, we 
needed to synthesize the imino acid precursor. Several strategies have been used 
during this work in order to obtain the desired imino acid precursor. These 
strategies are the subject of the discussion in this chapter.  

3.2.2 Strategy I for the synthesis of imino acids precursor 37a: use of 
Ni(II) complexes  

The first approach used is based on a methodology developed in 1986 by Belokon 
and co-workers. They reported an efficient method to synthesize enantiopure α-
amino acids using chiral Ni(II) complex (S)-39 (Scheme 20).33,34 In particular, 
derivatives of chiral proline can be synthesized using this method.  
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Scheme 20 - Synthesis of L-proline using chiral Ni(II) complex (S)-39. 

Complex 39 has a glycine Schiff base moiety in its structure. The pKa of the α-
protons of compound 39 is effectively reduced making it possible to form an 
enolate upon treatment of 39 with a suitable mild base. After Michael addition 
of the enolate formed from (S)-39 to acrolein, the intermediate acyclic amino acid 
is liberated from Michael adduct (S,S)-40 (Scheme 20) by treating it with strong 
acid and H2O. The liberated glutamic γ-semialdehyde 41 undergoes immediate 
ring closure with loss of H2O, leading to imine 37a that is in equilibrium with the 
enamine tautomer. In order to obtain the final derivative of proline-based amino 
acids, authors used in situ reduction of corresponding imine 37a with NaCNBH3. 
33 As we were interested in the synthesis of 37a we decided to follow this 
synthetic route. We envision that after isolation of 37a we can subject it to the 
Mannich reaction with acetone to form the final product-autocatalyst.  

In the original literature report, a chiral Ni-complex is being used, leading to 
enantiopure proline. However, for our synthesis we envision the preparation of 
the racemic imine intermediate. Therefore we decided to use achiral Ni-complex 
45 (Scheme 21) which was reported by the same authors.33,35,34  

The achiral Ni(II) complex 45 was used to perform the Michael addition of a 
glycine enolate equivalent with acrolein (Scheme 21). The condensation of the in 

situ-generated anhydride of picolinic acid with o-aminoacetophenone gave 
compound 44 in 94% yield.36 Simply mixing this ligand with glycine, Ni(NO3)2 
and NaH in MeOH at reflux afforded desired complex 45 in 63% yield.35  
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Scheme 21 - Synthesis of the achiral Ni(II) complex 45. 

The Michael addition (Scheme 22) was performed under phase-transfer 
conditions using β-naphthol 47 as phase-transfer catalyst (PTC).36,35 Compound 
45 (Scheme 22) has a low solubility in CH2Cl2 and the role of β-naphthol as a PTC 
is to extract the insoluble compound 45 as its enolate into CH2Cl2.  

It was theorized that the sodium β-naphtholate is able to disrupt the crystal 
lattice- packing forces by lipophilic arene-arene interactions with 45. 35 We 
decided to use compound 45 in the reaction with acrolein to synthesize imine 37a 
(Scheme 22).  

 
Scheme 22 - Michael addition using the achiral Ni complex 45. 

However, when we attempted this reaction many side products were obtained, 
according to NMR and TLC. Side products can result from aldol reaction and 
polymerization of acrolein. Therefore, we decided to switch to the use of chiral 
Ni(II) complex 50 since it is more reactive and milder reaction conditions can be 
used.33 Furthermore our initial goal was to prove an autocatalytic nature of the 
system designed and only further to explore asymmetry breaking. 

The preparation of the chiral Ni(II) complex 39 was similar to that of achiral 
complex 45. (S)-Benzylproline was prepared from N-benzylation of L-proline 
and obtained as the HCl-salt (69% yield, Scheme 23).37  
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In situ-generated acyl chloride of optically pure (S)-benzylproline 48 was let react 
with o-aminobenzophenone obtaining ligand (S)-49 in 71% yield (Scheme 23).38 
In the last step mixing ligand (S)-49 under basic conditions with glycine and 
Ni(NO3)2 in MeOH gave complex (S)-39 in 85% yield.37 

 
Scheme 23 - Synthesis of the chiral Ni(II) complex (S)-39. 

The last step, the Michael addition in this case, was performed under milder 
conditions than NaH (Scheme 24), by treating compound (S)-39 with Et3N in the 
presence of acrolein. After mildly acidic workup, product (S)-40 was isolated in 
70% yield and with a diastereomeric ratio of 13:1.  

 
Scheme 24 - Michael addition using the chiral Ni(II) complex (S)-39. 
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Subsequent liberation of the imino acids (S)-37 and recovery of the ligand (S)-50 
was intended upon treatment of the reaction mixture with aqueous HCl (Scheme 
25). The ligand (S)-50 was recovered in 78 % yield from the organic phase. The 
water phase was expected to contain the HCl salt of (S)-37a, NH4Cl and 
NiCl2(H2O)4. Any attempt to isolate (S)-37 and to prove its structure failed, most 
probably due to its instability.  

 
Scheme 25 - Release of imino acids (S)-37a and recovery of ligand (S)-50. 

Because of the difficulties faced during the isolation of the desired product using 
this approach, another synthetic strategy towards the same molecule has been 
designed.  

3.2.3 Strategy II for the synthesis of imino acid precursor 37b: 
dehydrochlorination pathway 

The second strategy chosen was based on the synthesis of sodium α,β-
dehydropipecolinate 51 (Scheme 26), a compound used for enamine/imine 
tautomerism studies,39 and structurally similar to our target substrate 37b. In 
order to access the molecule, N-chlorinated proline ester 54 must first be 
synthesized from L-proline, followed by base treatment to afford the unsaturated 
proline ester 55 (Scheme 26). This imine differs from original compound 37a, as 
upon Mannich addition, a proline derivative with a quaternary stereocenter will 
be obtained, but it can still function as an autocatalyst based on the same 
considerations as those discussed earlier. However, in order to proceed further 
with Mannich reaction, hydrolysis of 55b to afford 37b is required.  
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Scheme 26 - Retrosynthetic analysis for the preparation of 37b strategy II. 

Synthesis of the methyl ester of L-proline was straightforward and (S)-52 was 
obtained in a 74% yield over two steps (Scheme 27).40 From then on all the 
following steps were performed excluding light, as described for the synthesis of 
the compound 51.39 Unfortunately the N-chlorination did not work for the 5-
membered pyrrolidine ring system and an unidentified product mixture was 
obtained. Similar results were obtained using the analogous N-
bromosuccinimide (NBS) for the N-bromination. 

 
Scheme 27  

At this point, because of the difficulties encountered in the early steps of the 
synthesis, this synthetic approach was also abandoned.  

3.2.4 Strategy III for the synthesis of imino acid precursors 37a and 37b: 
IBX oxidation 

As a third strategy, we decided to apply a step-efficient approach. In 2003, a mild 
method for the oxidation of unhindered amines in order to produce imines was 
reported by Nicolaou et al.,41 though it must be noted that substrates used in this 
report involve the oxidation of a benzylic carbon. Nevertheless, we attempted to 
test this strategy for our purpose. We applied this oxidation method on L-Proline 
ester 55 as this approach would lead to 37a/b in only three synthetic steps 
(Scheme 28).  
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Scheme 28 - Retrosynthetic analysis for the preparation of 37a/b. 

Although we hypothesized that the free carboxylic moiety should not obstruct 
the IBX oxidation, we nevertheless decided to use ester 53 as a precaution for the 
initial attempt. After the oxidation a hydrolysis of compound 55 should give the 
formation of the desired product (S)-37 (Scheme 29).  

 
Scheme 29 

Compound 53 was treated with 1.2 eq. of IBX in DMSO, initially at room 
temperature followed by a temperature increase to 45 oC (Scheme 29).41 After 1 
hour the reaction was stopped and the crude reaction mixture was obtained as a 
brown oil.  

Based on 1H-NMR analysis we concluded that a mixture of starting material, IBX 
and impurities was obtained. The reaction was repeated with 0.5 eq. and 1 eq. of 
IBX, and using EtOAc as solvent, at 50 oC. However, similar results were 
obtained. Since the failure of many trials and because Nicolau et al. reported no 
example of oxidation of aliphatic amine oxidations with this approach, this route 
was also discarded. 

3.2.5 Strategy IV for the synthesis of imino acid precursor 37b: based on 
glutamic acid 

A more elaborated synthetic approach was attempted using the strategy based 
on glutamic acid (Scheme 30). L-glutamic acid is a cheap starting material that 
can be used for this synthetic pathway (for a >99% purity from Sigma-Aldrich 
catalogue: L-glutamic acid, 100 g, 21.6 €; DL-glutamic acid, 50g, 98.3€).  
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Scheme 30 - Retrosynthetic analysis for the preparation of (S)-37a strategy IV. 

In the first step we considered a one pot reaction which involves esterification of 
both carboxylic moieties of L-glutamic acid and a Boc mono-protection of the 
amine moiety. After synthesizing compound 56 (Scheme 30), a second protection 
of the amine moiety will be needed in order to avoid problems in the reduction 
step. DIBAL-H reduction, using stoichiometric amount of reducing agent, 
should give selective reduction of the less hindered methyl ester moiety, and 
formation of compound 58. Later, a deprotection step would follow, in order to 
obtain the amino-aldehyde compound 58. Successively 58 should undergo an 
intramolecular condensation reaction. Upon the Boc cleavage to furnish the 
cyclized product 58 (step four), a final hydrolysis of the ester should afford the 
desired (S)-37a (step five). 

The preparation of compound 58 was already reported in the literature by 
Pardon et al.42 This strategy permitted us to add all needed protecting groups in 
two steps and selectively reduce one of the ester moieties (Scheme 31). First 
trimethylsilyl chloride in methanol was used for the esterification.  

Next, the addition of Et3N and Boc2O afforded compound 56 in 90% yield 
(Scheme 31). A second protection of the carbamidic nitrogen atom mediated by 
DMAP took place via nucleophilic catalysis. This second protection was 
necessary in order to avoid the DIBAL-H reduction. Compound 58 was obtained 
in 96% yield.  
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Scheme 31 - Three-step synthesis of aldehyde 58. 

The advantage of using a bulky reducing agent such as DIBAL-H is the selective 
reduction of the less hindered moiety of diester 58. In this way, compound 58 
was obtained in 69% yield (Scheme 31). Complete reduction of the ester to the 
alcohol was not observed, due to the aluminum complex that forms at low 
temperature after the hydride transfer and persists till aqueous work-up occurs.  

Cleavage of the Boc -Group  

The removal of the two Boc protecting groups is commonly mediated by an acid, 
so the first approach was to treat compound 58 with a solution of trifluoracetic 
acid in CH2Cl2 (Scheme 32).43 From the crude 1H-NMR spectrum a complex 
mixture of compounds was observed, with no signals corresponding to the 
product and to the starting materials. The same reaction was also repeated using 
less acid (50% and 30%), as well as more dilute solutions, but neither case enabled 
product formation.  

 
Scheme 32 - Acidic cleavage of Boc protecting groups. 

It is possible that in the acidic conditions the amine condenses on the reactive 
aldehyde to form the imine product, which may further react to give side-
reactions. Because of these considerations we decided to change our approach.  
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In 1985, Cava and Rawal 44 reported a thermolytic Boc cleavage. By heating the 
compound in solution at 180-185 oC, they were able to remove the Boc group 
from acid or base-sensitive compounds (Scheme 33). The Boc group starts falling 
off above 150 oC, and reaction takes place in about 30 minutes. Completion is 
signaled by ceasure of the bubbling generated by the formation of CO2 and 
isobutene. However, this procedure did not work either in our experimental 
setting. We obtained similar complex mixtures as those resulting from TFA-
mediated Boc cleavage. 

 
Scheme 33 - Thermolytic Boc cleavage.45   

The third method for the Boc removal, using a combination of a Lewis acid with 
a weak base, has a broad applicability since it can be used for different types of 
carbamates.46,47 We applied this TMSOTf mediated cleavage in combination with 
2,6-lutidine to our compound 58 (Scheme 34). After the workup, the crude 1H-
NMR analysis did not show any presence of aldehyde 59, but it revealed a singlet 
at 7.75 ppm, indicating the presence of the imine, and in the aliphatic region a set 
of signals that were consistent with the cyclic product 59. Since we used 8 eq. of 
TMSOTf and 10 eq. of 2,6-lutidine we could not proceed further without 
purification. After purification by column chromatography (using different 
conditions: silica gel, preparative TLC, deactivated silica gel and alumina) we 
were unable to isolate the product, most probably due to low stability and 
sensitivity to hydrolysis.  

 
Scheme 34   
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The main problem of this procedure lies in the purification. Therefore a synthetic 
route which would give as little waste material as possible was required. We first 
decided to lower the amount of TMOSTf to 3 eq. and to change the base to Et3N, 
which is easier to remove when it is in excess. Carrying out the reaction in these 
optimized conditions (Scheme 35) we could obtain a cleaner crude reaction 
mixture that was purified using the solubility differences between the product 
and the impurities. Initial extraction with Et2O for several times followed by 
extraction using EtOAc gave the desired compound 55a almost pure.  

 
Scheme 35  

Since this compound was highly unstable we searched for a mild method to 
hydrolyse the ester moiety. This was done using a procedure reported by 
Nicolau48 that involves trimethyltin hydroxide. The reaction was monitored 
using 1H-NMR following the disappearance of the ester signal. After reacting 
overnight, full conversion toward the hydrolyzed product was observed based 
on 1H-NMR spectroscopic analysis of the crude isolated mixture, with some 
impurities from the organotin reagent which we were unable to remove. Overall 
low yields and organotin pollution lead us to not pursue this pathway, either. 
However, by performing all of these reactions we obtained further input about 
the stability and sensitivity of this cyclic imine toward acidic conditions. In view 
of these findings, we designed another synthetic pathway that avoids 
purifications or manipulations after the cyclization to the imine. 

3.2.6 Strategy V for substrate synthesis  

From our previous synthetic attempts we learnt that this kind of cyclic imines is 
difficult to manipulate in terms of stability. Therefore, we had to come up with a 
strategy using a ring-closing final step, which does not require acidic treatment. 
In 2012, Kiessling and colleagues reported49 the synthesis of L-pyrrolysine with a 
solid phase immobilized triphenyl phosphine in order to perform a tandem 
Staudinger aza-Wittig reaction.  
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The polystyrene supported-PPh3 reacts with the azide moiety of the azido-
aldehyde compound to form both an aza-ylide and molecular nitrogen. The aza-
ylide undergoes an intramolecular aza-Wittig reaction with the aldehyde 
functionality, thereby forming an imine and leaving the phosphine oxide on the 
solid support. A simple filtration of the reaction mixture delivers the cyclic imine 
(Scheme 36). 

 
Scheme 36 

We decided to include this reaction in the final step of our synthetic strategy. 
Despite the use of this safe last synthetic step, we had to plan a longer synthetic 
pathway, consisting of ten steps (Scheme 37). We opted to start from an amino 
acid, L-pyroglutamic acid. In the first step we considered an esterification of the 
carboxylic moiety to afford compound 60, then a Boc protection to form the 
amide 61. The cyclic Boc protected amide 61 will be then hydrolyzed to afford 
the open carboxylic acid. Compound 62 will be reduced to the corresponding 
alcohol 63. Then a protection of the hydroxy functionality with a silyl ether 
resistant to the upcoming acid conditions will be performed to give compound 
65. By using a diazo transfer reaction, compound 65 will be transformed into 66, 
and after cleavage of the silyl ether protecting group, will give compound 67. A 
mild oxidation with IBX will then afford compound 68, the molecule will have 
all the functionality to undergo a Staudinger Aza-Witting reaction and hopefully 
afford the desired product.  
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Scheme 37 - Retrosynthetic analysis for the preparation of (S)-37a strategy V. 

In this new ten-step strategy (Scheme 38), we were confident of the first seven 
steps, due to literature precedence. Furthermore compound 60, 61, and 62 are 
commercially available.   

  
Scheme 38   
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The first step consisted in an acid catalyzed esterification of L-Pyroglutamic acid 
in t-butyl acetate. Following literature conditions,50 we obtained different results 
in terms of conversion. The conversion strongly depends on reaction scale. In 
literature full conversion was reported and quantitative yield for a reaction 
carried out on 100 mmol. After repeating the reaction on 7 mmol and on 38 mmol 
scales, we obtained 86% yield after 20 hours and 19% yield after one week, 
respectively; but never a full conversion. The next step was the N-Boc protection 
of the amide group to obtain compound 61 in 70% yield.50 Hydrolysis using 
LiOH and a subsequent workup and extractions gave the pure compound 62 that 
was used in the next step without any further purification. The acid moiety was 
transformed into a mixed anhydride and successfully reduced to alcohol 63.49 
Then the alcohol was protected with a bulky and robust silyl group, in order to 
withstand the conditions of the next step. Compound 65 was obtained in 
quantitative yield. At this point the diazo trasfer reaction was performed using 
a freshly prepared triflyl azide and compound 66 was successfully obtained. In 
the next step the alcohol moiety of compound 66 was deprotected by means of a 
fluorine ion. The first attempt has been performed with TBAF (Scheme 39),49,51 
but the reaction did not reach full conversion and consequently purification of 
compound 67 using column cromatography was not efficient.  

 
Scheme 39 

In view of these difficulties we used HF as source of fluorine anion together with 
Et3N (Scheme 40).52  

 
Scheme 40 

Unfortunately no product was formed, mostly impurities were obtained and 
starting material was recovered. Therefore this synthetic pathway was 
abandoned.   
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3.2.7 Strategy VI for substrate synthesis 

The last synthetic strategy we tried is a modification of the previous one (Scheme 
41), with the advantage of fewer steps.  

 
Scheme 41 - Retrosynthetic analysis for the preparation of (S)-37a strategy VI. 

The key step in this synthetic approach is the hydrolysis of the α-azido lactone 
69. We planned to perform a one pot reaction in order to hydrolyze compound 
69 to compound 67, and subsequently oxidize it to 68. Compound 69 can be 
prepared via direct azidation of d-valerolactone following a literature procedure 
reported by Evans et al.53. Alternatively, compound 69 can be synthesized via a 
slightly longer procedure first forming the silyl ether 71. Bromination of the latter 
provides compound 70. After nucleophilic substitution by an azide (SN2), 
compound 69 can be obtained. This route is slightly longer but should not 
present any problem since all the steps have already been tested in literature.  

We undertook this synthetic pathway performing the azidation reaction directly, 
encouraged by the example reported by Joulliè et al.65 where they perform the 
direct azidation of a lactone using KHMDS, trisyl azide and AcOH (Scheme 42). 

 
Scheme 42 

The reaction was performed several times. However we were able to isolate 
azide 69 only once; in the other cases complex mixtures were obtained and the 
diazo compound was isolated.  
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This is probably due to the fact that our compound does not have the steric 
hindrance around the ring in beta position, as opposed to Evan’s substrates. This 
steric factor is apparently essential in order to achieve better yields.53  

Because of that we decided to use a modified synthetic pathway (Scheme 43). 

 
Scheme 43  

The formation of the silyl enolate was done treating δ-valerolactone with freshly 
prepared LDA and TMSCl at low temperature,54 and subsequently the 
bromination reaction was performed.54 Compound 70 was isolated in 45% yield 
after two steps. Following the azidation reaction,55 compound 69 was obtained 
pure in 76% yield. The hydrolysis of azido lactone 69 gave compound 67 as a 
dianionic cesium salt (Scheme 44).56  

 
Scheme 44 

Due to solubility issues of compound 67 we were forced to use a biphasic Dess-
Martin periodinane oxidation (Scheme 45). This system seems to favor the 
cyclized product since from the 1H-NMR of the crude reaction mixture, we 
observed the aldehyde, the alcohol and the lactone in 1:1:6 ratio.   

 
Scheme 45 



Synthetic efforts towards proline-based autocatalytic reactions 

91

We then decided to perform a one pot ring opening reaction followed by an 
oxidation of the lactone in order to obtain the aldehyde. We used TFA to 
hydrolyze the lactone, and IBX or DMP to trap the alcohol and oxidize it to the 
corresponding aldehyde. However after 24 hours only 15 % conversion was 
observed. TFA is commonly used as a trans esterificating reagent in the synthesis 
of sugar derivatives,57 and probably does not favor the opening of the lactone. 
Nevertheless we decided to use IBX as the oxidant, and to perform the reaction 
in 1,2 DCE at 60 oC. We expected that upon heating the formation of an 
oxatriazole ring could occur, via the reaction of the newly formed aldehyde with 
the azide through a supposed [3+2] cycloaddition reaction.58 The oxidation was 
performed and stopped after 24 hours (Scheme 46) 50 % conversion toward 
compound 68 was achieved.  

 
Scheme 46 

At this point the last step of our synthetic pathway was performed. The azide 
moiety of compound 68 was reacted with the immobilized PPh3 providing an 
aza-ylide, which reacts intramolecularly with the aldehyde to form the imine 
(Scheme 46). This reaction was monitored using 1H-NMR. After three hours we 
concluded that complete conversion was achieved based on disappearance of the 
peak at 9.78 ppm corresponding to the aldehyde, and a new peak at 8.06 ppm 
corresponding to the imine proton appeared. Surprisingly from the crude 1H-
NMR of the isolated reaction mixture many impurities were present and the ratio 
between product and impurities was in favor of the impurities. Most probably 
compound 37a decomposed after the work up and during the isolation.  
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3.3 Conclusions  

In conclusion, the design of an asymmetric organocatalytic system has been 
proposed, based on a proline derivative. We have tried six approaches, involving 
different types of chemistry, use of Ni(II) complexes, IBX oxidation, Staudinger 
aza-Wittig reaction, etc... Unfortunately we were not able to isolate the pure 
desired product and test it in our envisioned autocatalytic Mannich reaction. We 
speculate that some side reactions could have taken place (Scheme 47). For 
example if we have formation of the iminium ion 72, we can imagine the attack 
of a nucleophile to form compound 73, which itself can then react further with 
another molecule of 72, and form compound 74 (Scheme 47, pathway a). Another 
alternative pathway could be the reaction between the iminium ion 72 and the 
enamine 75 (Scheme 47, pathway b), to form compound 76. Finally the last side 
reaction that we consider is the hydrolysis of compound 72 to give the 2-amino-
5-oxopentanoic acid 77 which, in presence of triphenylphosphine, gives the 
formation of compound 78 (Scheme 47, pathway c). 

 
Scheme 47 - Possible side reaction pathways. 

The last approach gave us promising results, but needs to be further optimized. 
For example a less hygroscopic solvent could be used, and carrying out the 
reaction at room temperature could avoid the formation of side reactions. 
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 Altering synthetic pathway IV by changing the Boc protection to a Fmoc moiety 
could enable a milder, base-mediated deprotection, leading to the desired 
product, and providing easy, extractive purification in lieu of risky column 
chromatography. 

3.4 Experimental section 
3.4.1 General Remarks  

Commercial available reagents were purchased from Sigma-Aldrich, Acros, Alfa Aesar 
or Merck and used without any further purification. When air sensitive reactions were 
performed dried glassware and standard Schlenk technique were used. Dry solvents 
were obtained using processes: dry THF and dry Et2O were obtained by distillation from 
benzophenone-sodium at atmospheric pressure; dry CH2Cl2 was distilled from CaH2 at 
atmospheric pressure. Chromatography was performed using silica gel P60 (230-400 
mesh) and aluminium oxide 90 neutral (70-230 mesh ASTM) from Merck. Progress and 
products of the reactions were determined by: thin layer chromatography (TLC) 
performed on Merk silica gel 60 TLC-plates F254 and components were visualized by UV 
and using potassium permanganate and/or ninhydrin staining, GC-MS (GC, HP6890: MS 
HP5973) with an HP1 or HP5 column (Agilent Technologies, Palo Alto, CA). Mass 
spectra were recorded on a LTQ Orbitrap XL (ESI+). 1H- and 13C-NMR were obtained 
with Varian VXR500 (500 and 125 MHz, respectively), 400 (400 and 100.59 MHz 
respectively) spectrometers equipped with a 5 mm z-gradient broadband probe, using 
CDCl3 and D2O as solvent. Chemical shifts (δ) are reported in ppm, relative to the 
residual solvent peak (CHCl3: δ = 7.26 ppm for 1H NMR, δ = 77.16 ppm for 13C NMR; D2O: 
δ=4.79 ppm for 1H NMR). Data are reported as follows: chemical shifts, multiplicity (s = 
singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet), coupling constants 
(Hz), and integration. 
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3.4.2 Strategy I for substrate synthesis – Ni(II) complex amino acid 
synthesis 

Pyridine-2-carboxylic acid(2-benzoyl-phenyl)-amide (PBP) (44) 

In a flame dried flask, under nitrogen atmosphere, ethyl chloroformate 
(4.50 g, 41.5 mmol) was added to a solution containing Et3N (4.00 g, 39.5 
mmol, 0.95 eq.) and picolinic acid (5.17 g, 42.0 mmol, 1 eq.) in CH2Cl2 
(70 mL) at 0 oC. The reaction mixture was then stirred at room 
temperature for 20 min, and after o-aminobenzophenone (7.10 g, 36.0 
mmol, 0.87 eq.) was added.  The resulting reaction mixture was kept 

refluxing overnight. The reaction was quenched with H2O and the organic layer was 
separated and washed with H2O (3 × 15 mL), subsequently dried on MgSO4 and the 
solvent was removed in vacuo. The  crude residue was used for the synthesis of Ni(II) 
complex 56 without any further purification (10.5 g, 94%). 1H- NMR (200 MHz, CDCl3): 
δ 8.89 (br. d, J = 8.5 Hz, 1H), 8.76 (dq, J = 4.1, 1.6 Hz, 1H), 8.29 (dt, J = 7.8, 1.8 Hz 1H), 7.89 
(td, J = 15.4, 3.6 Hz, 1H), 7.82 – 7.73 (m, 2H), 7.70 – 7.42 (m, 6H), 7.15 ppm (td, J = 7.6, 2.4 
Hz, 1H).The spectroscopic data matched those reported in literature.36 

Gly-Ni-PBP complex (45) 

To a solution of PBP ligand 44 (10.5 g, 34.7 mmol) in MeOH (160 mL) 
glycine (9.50 g, 127 mmol, 3.7 eq.), NaH (60% in oil, 6.00 g, 150 mmol, 
4.3 eq.), Ni(NO3)·6H2O (14.5 g, 63.4 mmol, 1.8 eq.) and KOH (4.20 g, 
74.9 mmol, 2.2 eq.) were added, the reaction mixture was allowed to 
reflux overnight. Then H2O was added and the mixture was cooled in 
an ice bath and acidified with 10% aqueous CH3COOH to pH 5. The 

red precipitate obtained was filtered off and washed with H2O until the filtrate had 
neutral pH. The crude compound was purified via crystallization from CHCl3, the pure 
crystals were dried in an oven at 120 oC (9.2 g, 63%). 1H-NMR (200 MHz, CDCl3) δ 9.00 
(d, J = 8.6 Hz, 1H), 8.27 (d, J = 5.2Hz, 1H), 8.05 – 7.84 (m, 2H), 7.62 – 7.49 (m, 3H), 7.49 – 
7.31 (m, 2H), 7.18 – 7.06 (m, 2H), 6.97 – 6.74 (m, 2H), 3.82 ppm (s, 2H).The spectroscopic 
data matched those reported in literature.35 

(S)-benzylproline (BP) hydrochloride (48)  

To a suspension of L-proline (6.0 g, 52 mmol) and KOH (85%, 13.0 g, 198 
mmol, 3.8 eq.) in i-PrOH (50 mL), benzyl chloride (9.2 mL, 80 mmol, 1.5 
eq.) was added drop wise, during which the internal temperature rose to 

50 oC and then the addition continued at 40 oC.  
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After 6 h the yellow suspension was cooled to room temperature and neutralized with 
37% HCl until pH 4. CH2Cl2 (50 mL) was added to the suspension that was stored 
overnight at 0 oC and the resulting precipitate was filtered and dried in vacuo to give the 
desired compound (7.37 g, 58% yield). 1H-NMR (400 MHz, CDCl3): δ 7.42 – 7.35 (m, 5H), 
4.19 (d, J = 12.8 Hz, 1H), 3.98 (d, J = 12.8 Hz, 1H), 3.68 (t, J = 6.8 Hz, 1H), 3.43 – 3.38 (m, 
1H), 2.81 – 2.70 (m, 1H), 2.27 (q, J = 6.8 Hz, 2H), 1.96 – 1.87 (m, 2H). The spectroscopic 
data matched those reported in literature.37 

(S)-2-[N-(N-benzylpropyl)amino]benzophenone (BPB) hydrochloride (49)  

To a solution of N-methyl imidazole (6.5 mL, 82 mmol, 4 eq.) and MsCl 
(1.66 mL, 20.7 mmol, 1 eq.) in dry CH2Cl2 (100 mL) at 0 oC, BP 
hydrochloride (5.0 g, 20.7 mmol) was added. After removing the ice bath, 
o-aminobenzophenone (3.66 g, 18.5 mmol, 0.9 eq.) was added at room 
temperature and the reaction was stirred under reflux over-night. Then, 

a saturated solution of NH4Cl (100 mL) was added and the aqueous layer extracted with 
CH2Cl2 (3 × 100 mL). The solvent was removed in vacuo to afford the crude compound. 
The crude ligand was purified as follow. The brown solid material was dissolved in 
acetone, then HCl 37 % (100 mL) was added till achieve pH 2. The obtained precipitate 
was filtrated and washed with acetone, then brown crystals obtained were further 
purified by recrystallization from EtOH to produce white crystals (5.54 g, 71% yield). 1H-
NMR (400 MHz, CDCl3): δ 10.83 (s, 1H), 8.41 (d, J = 8.2 Hz, 1H), 7.77 (d, J = 7.4 Hz, 1H), 
7.73 – 7.36 (m, 8H), 7.25 – 7.18 (m, 3H), 7.10 (t, J = 7.2 Hz, 1H), 4.55 – 4.47 (m, 1H), 4.43 – 
4.36 (m, 1H), 4.23 – 4.16 (m, 1H), 3.78 – 3.66 (m, 1H), 3.63 – 3.48 (m, 1H), 2.80 – 2.67 (m, 
1H), 2.44 – 2.25 (m, 2H), 2.25 – 2.14 (m, 1H). The spectroscopic data matched those 
reported in literature.38 

(S)-Gly-Ni-BPB complex (39)39  

To a suspension of BPB hydrochloride 49 (232 g, 5.51 mmol) and  
glycine (2.06 g, 27.5 mmol, 5 eq.), KOH (85%, 1.45 g, 22.0 mmol, 4 eq.), 
Ni(NO3)2·6 H2O (3.2 g, 11.0 mmol, 2 eq.) in dry MeOH (25 mL), NaH 
(60%, 1.28 g, 5.8 eq.) was added at room temperature, then the 
temperature was raised to 70 oC and the reaction mixture was stirred 

for 2 h. After, at room temperature, CH3COOH was added to the suspension till reach 
pH 6 and left stirring overnight. The crude reaction mixture was diluted with H2O (25 
mL) and CH2Cl2 (25 mL) and both layers were filtered. The aqueous phase of the filtrate 
was extracted with CH2Cl2 (3 × 25 mL) and the combined organic fractions were 
concentrated in vacuo.  
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The crude product was purified by chromatography (SiO2, acetone:CHCl3; 1:8) giving 
bright red crystals of desired complex (2.32 g, 85% yield). 1H-NMR (400 MHz, CDCl3): δ 
8.27 (d, J = 8.7 Hz, 1H), 8.08 (d, J = 7.6 Hz, 2H), 7.56 – 7.46 (m, 3H), 7.42 (t, J = 7.5 Hz, 2H), 
7.30 (t, J = 7.4 Hz, 1H), 7.20 (t, J = 7.8 Hz, 1H), 7.10 (d, J = 7.0 Hz, 1H), 6.98 (br. s, 1H), 6.79 
(d, J = 8.1 Hz, 1H), 6.70 (t, J = 7.6 Hz, 1H), 4.47 (d, J = 12.6 Hz, 1H), 3.83 – 3.62 (m, 4H), 3.50 
(dd, J = 10.7, 5.4 Hz, 1H), 3.42 – 3.27 (m, 1H), 2.61 – 2.52 (m, 1H), 2.48 – 2.36 (m, 1H), 2.19 
– 2.07 (m, 2H).13C-NMR (50 MHz, CDCl3): δ 181.58, 177.72, 171.84, 142.50, 134.67, 133.47, 
133.29, 132.34, 131.82, 129.85, 129.73, 129.45, 129.23, 129.04, 126.37, 125.78, 124.41, 121.05, 
70.07, 63.33, 61.39, 57.67, 30.83, 23.81. 

Michael addition of (S)-Gly-Ni-BPB complex to acrolein (39)33 

To a flame-dried flask containing(S)-Gly-Ni-BPB complex (1.94 
g, 3.90 mmol) under N2-atmosphere, dry MeOH (18.9 mL) and 
dry Et3N (3.1 mL) were added and the reaction mixture was 
cooled to -10 oC. Successively acrolein (0.39 mL, 584 mmol, 1.5 
eq.) was added and reaction was kept at -10 oC. A control by TLC 

after 4 hours (acetone:CHCl3; 1:9) indicated the presence of unreacted (S)-Gly-Ni-BPB 
complex present so more acrolein (0.26 mL, 3.90 mmol, 1 eq.) was added and the reaction 
mixture was left to stir overnight.  

After 24 hours TLC showed the presence of unreacted starting material, but the reaction 
was then quenched by pouring the mixture into a stirred solution of CHCl3 (175 mL) and 
10% aqueous CH3COOH (175 mL). The organic layer was separated and the aqueous 
layer extracted with CHCl3 (3 × 50 mL). The organic layers were combined and after 
removal of the solvent the crude product was purified and the diastereomers were 
separated from each other by column chromatography (SiO2, acetone:CHCl3; 1:9) giving 
bright red crystals in each case (combined yield: 1.61 g, 74% yield). The diastereomeric 
ratio (13:1) was determined by 1H-NMR spectroscopy of the crude. 

(S,R)-40 (first off the column, minor diastereomer)  

1H-NMR (400 MHz, CDCl3): δ 9.58 (s, 1H), 8.51 (d, J = 8.7 Hz, 1H), 8.00 (d, J = 7.7 Hz, 2H), 
7.57 – 7.43 (m, 6H), 7.30 – 7.26 (m, 1H), 7.23 – 7.14 (m, 1H), 7.04 (d, J = 7.3 Hz, 1H), 6.80 – 
6.67 (m, 2H), 4.38 (d, J = 13.1 Hz, 1H), 4.25 – 4.15 (m, 1H), 3.76 (dd, J = 10.1, 4.0 Hz, 1H), 
3.69 (dd, J = 9.7, 3.9 Hz, 1H), 3.58 (d, J = 13.0 Hz, 1H), 2.81 – 2.69 (m, 1H), 2.69 – 2.13 (m, 6 
H), 1.98 – 1.89 (m, 1H), 1.82 – 1.70 (m, 1H). 13C-NMR (126 MHz, CDCl3): δ 200.34, 182.13, 
179.26, 171.71, 142.94, 133.99, 133.91, 132.81, 131.56, 129.89, 129.39, 129.35, 129.29, 128.93, 
128.00, 126.97, 125.86, 123.91, 120.99, 69.63, 69.27, 62.01, 59.10, 39.88, 30.69, 27.93, 23.42. 
HRMS (ESI+, m/z) calcd: 554.1584, found: 554.1557.  
  

 



Synthetic efforts towards proline-based autocatalytic reactions 

97

(S,S)-40 (second off the column, major diastereomer)  

1H-NMR (400 MHz, CDCl3) δ 9.63 (s, 1H), 8.13 (d, J = 8.7 Hz, 1H), 8.05 (d, J = 7.9 Hz, 2H), 
7.58 – 7.41 (m, 3H), 7.35 (t, J = 7.4 Hz, 2H), 7.25 – 7.09 (m, 3H), 6.97 (d, J = 7.4 Hz, 1H), 6.70 
– 6.59 (m, 2H), 4.42 (d, J = 12.6 Hz, 1H), 3.82 (dd, J = 9.7, 4.0 Hz, 1H), 3.77 – 3.60 (m, 1H), 
3.57 (d, J = 12.6 Hz, 1H), 3.55 – 3.43 (m, 2H), 2.95 (ddd, J = 18.2, 8.9, 4.9 Hz, 1H), 2.83 – 2.70 
(m, 1H), 2.66 – 2.44 (m, 3H), 2.27 – 2.16 (m, 1H)), 2.13 – 2.02 (m, 1H), 1.95 – 1.84 (m, 1H). 
13C-NMR (50 MHz, CDCl3) δ 200.07, 180.52, 178.83, 171.03, 142.42, 133.56, 133.40, 133.34, 
132.43, 131.63, 129.94, 129.16, 129.12, 129.05, 129.00, 127.62, 127.24, 126.35, 123.87, 120.88, 
70.34, 69.23, 63.22, 57.31, 39.81, 30.86, 28.13, 24.12. HRMS (ESI+, m/z) calcd: 554.1584, 
found: 554.1538. 

3.4.3 Strategy II for substrate synthesis – dehydrochlorination pathway 

(S)-methyl pyrrolidine-2-carboxylate hydrochloride (52) 

To a solution of SOCl2 (4.0 mL, 56 mmol, 3.3 eq.) in MeOH (16 mL) at 0 
oC, L-proline (2.0 g, 17 mmol) was added and then stirred for 1 h at the 
same temperature. After, the mixture was allowed to warm to room 

temperature and let to stir for 48 h. Later, the reaction mixture was concentrated in vacuo, 
the resulting oil was stored for 24 h at 0 oC during which it crystallized. These crystalized 
product was washed with cold Et2O to give clear crystals (2.57 g, 15.5 mmol, 89% yield). 
This product was used for the next step without any further purification and 
characterization, as described in literature.40  

(S)-methyl pyrrolidine-2-carboxylate (53)40  

L-proline methyl ester hydrochloride 52 (2.57 g, 15.5 mmol) was added 
to a solution of Et2O (10 mL), to this suspension Et3N (3 mL, 22 mmol, 
1.4 eq.) was added at room temperature and stirred for 2h. The white 

precipitate formed was then filtered and washed with Et2O. The organic phase was 
evaporated in vacuo and the product was the obtained pure as light yellow oil (1.48 g, 
11.5 mmol, 74% yield). 1H-NMR (200 MHz, CDCl3): δ 3.82 – 3.72 (m, J = 8.5, 5.4 Hz, 1H), 
3.72 (s, 3H), 3.15 – 2.99 (m, 1H), 2.98 – 2.82 (m, 1H), 2.20 (s, 1H), 2.18 – 1.99 (m, 1H), 1.93 
– 1.65 (m, 3H). 13C-NMR (50 MHz, CDCl3): δ 176.08, 59.81, 52.18, 47.18, 30.36, 25.66. 
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3.4.4 Strategy III for substrate synthesis – IBX oxidations 

(S)-methyl pyrrolidine-2-carboxylate (53) 

To a heterogeneous solution of L-proline (1 g, 8.68 mmol) in MeOH (25 
mL), TMSCl (3.18 mL, 10.4 mmol) was slowly added at 0 oC. After the 
addition the solution became homogeneous, the reaction was let to 

proceed at room temperature and monitored by TLC (MeOH) until completion. The 
solvent was removed in vacuo and the solid obtained was washed with Et2O (3×10 mL). 
The organic phase was dried over MgSO4, evaporated and the crude product was 
purified on a pad of SiO2. The pure compound C6 was obtained in quantitative yield as 
a dense yellow oil. 1H-NMR (400 MHz, D2O): δ 4.51 (t, J = 8.8, 7.2 Hz, 1H), 3.87 (s, 3H), 
3.53 – 3.38 (m, 2H), 3.36 (s, 1H), 2.54 – 2.41 (m, 1H), 2.27 – 2.15 (m, 1H), 2.15 – 2.04 (m, 
2H). The spectroscopic data matched those reported in literature.40 

3.4.5 Strategy IV for substrate synthesis  

(S)-dimethyl 2-tert-butoxycarbonylamino-pentanedioate (56) 

TMSCl (7.47 mL, 58.96 mmol) was slowly added to a solution 
of L-glutammic acid (2 g, 13.4 mmol) in MeOH (50 mL) at 0 
oC, and the mixture was stirred for 10 minutes. Then, Et3N 

(12.2 mL, 87.64 mmol) and (Boc)2O ( 3.2 g, 14.74 mmol) were slowly added to the solution, 
a slightly exothermic reaction was observed, but no cooling was necessary. The reaction 
was monitored by TLC (MeOH:EtOAc; 1:1) until completion. The solvent was 
concentrated in vacuo and the solid obtained was filtered on a celite pad and washed with 
Et2O. Successively, the ether phase was evaporated to afford a crude oil that was purified 
by column chromatography (SiO2, Et2O). Compound 69 was obtained as a yellow oil in 
90% yield (3.32 g, 12.08 mmol).1H-NMR (400 MHz, CDCl3) δ 5.14 (br s, 1H), 4.29 (br s, 
1H), 3.70 (s, 3H), 3.64 (s, 3H), 2.37 (m, 2H), 2.14 (m, 1H), 1.91 (m, 1H), 1.40 (s, 9H). The 
spectroscopic data matched those reported in literature.42 

(2S)-2-{(tert-butoxy)-N-[(tert-butyl)oxy-carbonyl]carbonylamino}-
pentanedioate (57) 

 To a solution of (S)-dimethyl 2-tert-butoxycarbonylamino-
pentanedioate 56 (1 g, 3.64 mmol) in acetonitrile (9.1 mL), 4-
DMAP (0.089 g, 0.72 mmol) and (Boc)2O ( 1.189 g, 5.45 mmol, 

1.5 eq.) were added, and the reaction mixture was stirred at room temperature for 
overnight. The solution changed color from light yellow to dark orange. After 24 hours, 
a control by TLC (EtOH:EtOAc; 1:1) showed that starting material was still present, so 
more (Boc)2O (0.5 eq.) was added.  
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After have been achieved full conversion, the solvent was removed in vacuo, the crude 
product was dissolved in Et2O (50 mL) and washed with H2O (2 × 15 mL). Then organic 
phase was dried over MgSO4 and filtered. The solvent was removed and the crude was 
purified by column chromatography (SiO2, Et2O).  The pure product 70 was obtained as 
a yellow solid in 96% yield (1.308 g, 3.49 mmol). 1H-NMR (400 MHz, CDCl3) δ 4.93 (dd, 
J=9.2, 4.4 Hz, 1H), 3.71 (s, 3H), 3.67 (s, 3H), 2.46 (m, 1H), 2.40 (m, 2H), 2.17 (m, 1H), 1.49 
(s, 18H). The spectroscopic data matched those reported in literature. 42 

Methyl (2S)-2-{(tert-butoxy)-N-[(tert-butyl)oxycarbonyl]-carbonylamino}-5-
oxopentanoate (58)  

To a flame-dried flask, under nitrogen atmosphere compound 70 
(0.5 g, 1.3 mmol) was dissolved in of dry Et2O (13 mL). The 
solution was cooled at -78oC and then DIBAL-H (1.46 mL, 1.46 

mmol, 1 M solution in hexane) was slowly added. After 5 minutes the reaction was 
quenched with H2O (0.16 mL). The reaction mixture was allowed to warm up to room 
temperature, and then a saturated solution of Rochelle salt (13 mL) was added and let to 
stir for 1 hour. The organic phase was filtered on a celite pad and washed with Et2O, 
dried on MgSO4 and filtered. The solvent was removed in vacuo and the crude compound 
was purified by column chromatography (SiO2, Et2O). Product 58 was isolated as a 
yellow oil in 69% yield (0.313 g, 0.908 mmol). 1H-NMR (400 MHz, CDCl3) δ 9.76 (s, 1H), 
4.87 (dd, J=9.6, 5.2 Hz, 1H), 3.71 (s, 3H), 2.59 (m, 1H), 2.50 (m, 2H), 2.17 (m, 1H), 1.50 (s, 
18H). The spectroscopic data matched those reported in literature.42  

(S)-methyl 3,4-dihydro-2H-pyrrole-2-carboxylate (55) 

 

Procedure A: 

To a solution of compound 58 (0.24 g, 0.695 mmol) in CH2Cl2 (2 mL) 2,6-Lutidine (0.8 mL, 
6.95 mmol) was added at 0oC. Then, trimethylsilyl trifluoromethanesulfonate 98% (1 mL, 
5.56 mmol) was added in 15 minutes, the reaction was left stirring at room temperature 
for 95 minutes. The reaction mixture was cooled down at 0 oC and quenched with a cold 
saturated solution of NH4Cl (5.6 mL), extracted with CH2Cl2 (2 × 5 mL), washed with 
brine, dried over MgSO4 and filtered. After the solvent evaporation the cyclic compound 
68 was obtained but it was contaminated with lutidine. 
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Procedure B: 

To a solution of compound 58 (0.2 g, 0.57 mmol) in CH2Cl2 (1.5 mL), Et3N (0.31 ml, 2.28 
mmol) was added at 0oC. Then, trimethylsilyl trifluoromethanesulfonate 98% (0.31 mL, 
1.73 mmol) was added in 15 minutes, then the reaction was left stirring at room 
temperature for 95 minutes. The reaction mixture was cooled down at 0 oC and quenched 
with a cold saturated solution of NH4Cl (5.6 mL). The organic phase was evaporated in 

vacuo, and the water phase was extracted with Et2O (4 × 2 mL). Then, the water phase 
was extracted with EtOAc (4 × 2 mL). This organic phase was washed with a saturated 
solution of NaHCO3, dried over MgSO4, filtered and the solvent was removed in vacuo.  

Product 57 was obtained almost pure as a yellow oil in 7% yield (5 mg, 0.039 mmol). 1H-
NMR (400 MHz, CDCl3) δ 7.75 (s, 1H), 4.74 (t, J = 9.1 Hz, 1H), 3.77 (s, 3H), 2.79 – 2.69 (m, 
1H), 2.65 – 2.54 (m, 1H), 2.22 – 2.11 (m, 1H), 2.08 – 1.96 (m, 1H). 13C-NMR (101 MHz, 
CDCl3) δ 173.22, 170.08, 74.55, 52.44, 29.84, 24.59. The spectroscopic data matched those 
reported in literature.59 

(S)-3,4-dihydro-2H-pyrrole-2-carboxylic acid (37a) 

To a solution containing 57 (0.09 g, 0.62 mmol, if pure) in CDCl3 (1mL), 
trimethyltin hydroxide 98% (0.34 g, 1.89 mmol) was added. This was heated 

at 60o C and left stirring overnight. The reaction mixture was concentrated and the 
residue dissolved in EtOAc. The organic solution was then washed with brine, dried over 
MgSO4, filtered, and the solvent was removed. A yellow oil was obtained.  

3.4.6 Strategy V for substrate synthesis  

(S)-tert-butyl 5-oxopyrrolidine-2-carboxylate (60) 

To a solution of t-butyl acetate (15.5 mL) and L-pyroglutammic acid (1 g, 
7.74 mmol), an aqueous solution of 70% HClO4  (0.23 mL) was added, the 
reaction mixture was let to stir at room temperature. The progress of the 
reaction was monitored by TLC (EtOAc: EtOH; 1:1), and stopped after 1 

week even if starting material was still present. The reaction mixture was quenched by 
pouring it in a saturated aqueous solution of NaHCO3 (15 mL), then extracted with 
CH2Cl2, washed with brine, dried over MgSO4, filtered, and the solvent was removed in 

vacuo. The crude yellow oil obtained was purified by column chromatography (SiO2, 
EtOAc:EtOH; 1:1) compound 73 was obtained as a white crystal in 86% yield (1.243 g, 6.7 
mmol). 1H-NMR (400 MHz, CDCl3) δ 6.76 (br, s, 1H), 4.14 (t, J = 6.5 Hz, 1H), 2.51 – 2.30 
(m, 3H), 2.26 – 2.11 (m, 1H), 1.47 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 172.82, 171.14, 
82.45, 56.36, 28.03, 27.96, 24.85.60 
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(S)-di-tert-butyl 5-oxopyrrolidine-1,2-dicarboxylate (61) 

To a solution of compound 60 (5.6 g, 30.3 mmol) in acetonitrile (266 mL), 
4-dimethylaminopyridine (0.369 g, 3.03 mmol) and (Boc)2O (8.587 g, 39.39 
mmol) were added. The yellow reaction mixture within 40 minutes turned 
dark orange. The progress of the reaction was monitored by TLC (EtOAc: 

pentane; 1:1). The reaction was quenched by diluting with EtOAc (20 mL) and washing 
with H2O (10 mL). The organic phase was dried over MgSO4, filtered, and the solvent 
was removed in vacuo. The crude product was purified by column chromatography 
(SiO2, EtOAc:pentane; 1:1). Compound 63 was obtained as a yellow oil in 69% yield (5.74 
g, 20.09 mmol). 1H-NMR (400 MHz, CDCl3) δ 4.49 – 4.46 (dd, J = 9.5, 2.5 Hz, 1H), 2.65 – 
2.56 (dd, J = 17.6, 10.5, 9.5, 0.9 Hz, 1H), 2.52 – 2.47 (m, 1H), 2.46 – 2.41 (m, 1H), 2.36 – 2.21 
(m, 1H), 2.03 – 1.93 (m, 1H), 1.50 (s, 9H), 1.48 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 170.50, 
83.47, 82.42, 59.74, 31.29, 28.07, 21.80. The spectroscopic data matched those reported in 
literature. 60 

(S)-5-(tert-butoxy)-4-((tert-butoxycarbonyl)amino)-5-oxopentanoic acid (62) 

 A solution of compound 61 (5.86 g, 20.5 mmol) in THF (111.3 
mL) was cooled down at 0 oC, then LiOH 1 N (25 mL) was added 
during 15 minutes. The reaction mixture was allowed to reach 

room temperature and was let to stir for 30 minutes. After the solution was diluted with 
EtOAc (100 mL) and extracted with a saturated solution of NaHCO3 (100 mL). The 
aqueous phase was acidified to pH 4 at 0 oC with a 10% solution of citric acid, then 
extracted with EtOAc (3 × 20 mL). The organic phases combined were dried over MgSO4, 
filtered, and the solvent was removed in vacuo. Compound 62 was obtained as a white 
solid in 76% yield (4.73 g, 15.58 mmol). 1H-NMR (400 MHz, CDCl3) δ 9.76 (br, s, 1H), 6.03 
(br, s, 1H), 5.17 (d, J = 8.0 Hz, 1H), 4.21 (dd, J = 7.3 Hz, 1H), 2.51 – 2.32 (m, 2H), 2.21 – 2.05 
(m, 1H), 2.01 – 1.83 (m, 1H), 1.45 (s, 9H), 1.42 (s, 9H). 13C- NMR (101 MHz, CDCl3) δ 178.24, 
171.45, 155.67, 82.51, 80.12, 53.37, 30.28, 28.40, 28.08. The spectroscopic data matched 
those reported in literature. 61 

(S)-tert-butyl 2-((tert-butoxycarbonyl)amino)-5-hydroxypentanoate (63)N-
ethyl-morpholine (3.37 mL, 26.4 mmol) was added to the 
solution of compound 62 (4.714 g, 15.51 mmol) in dry THF 
(81.1 mL), and the mixture was cooled at -15 oC. Ethyl 

chloroformate (2.21 mL, 23.26 mmol) was added dropwise to the reaction 
mixture, and left stirring at 0 oC for 20 minutes. Then NaBH4 (2.99 g, 79.1 mmol) 
was added and, subsequently, MeOH (162 mL) dropwise.  
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After 30 minutes the reaction mixture was quenched by adding 1 M HCl till 
reaching pH 5, and  diluted with CH2Cl2 (80 mL). The organic phase was 
extracted with CH2Cl2 (2 × 80 mL), dried over MgSO4, filtered, and the solvent 
removed in vacuo. The crude compound was purified by column 
chromatography (SiO2, CH2Cl2:MeOH; 95:5) obtaining 65 as a yellow oil in 80% 
yield (3.598 g, 12.4 mmol). 1H- NMR (400 MHz, CDCl3) δ 5.29 (br, s, 1H), 4.21 (t, 
J = 5.5 Hz, 1H), 3.67 (t, J = 6.0 Hz, 2H), 1.94 – 1.81 (m, 1H), 1.75 – 1.55 (m, 3H), 1.46 
(s, 9H), 1.43 (s, 9H). 13C-NMR (126 MHz, CDCl3) δ 167.37, 119.91, 80.37, 69.38, 
67.49, 49.32, 31.37, 28.44, 25.81, 21.13. The spectroscopic data matched those 
reported in literature.62 

(S)-tert-butyl2-((tert-butoxycarbonyl)amino)-5-((tert-butyldiphenylsilyl)oxy) 
pentanoate (64) 

A heterogeneous reaction mixture of compound 63 (3.277 g, 11.3 
mmol), imidazole (1.69 g, 24.92mmol) and TBDPSCl (5.89 mL, 22.66 
mmol) in CH2Cl2 (62.95 mL) was let to stir at room temperature 

overnight. After that time, diethanolamine (2.5 mL, 2.3 eq.) was added to the reaction, 
and stirred for 3.5 hours. The reaction was quenched by adding a saturated aqueous 
solution of NH4Cl (80 mL). The organic phase separated and dried over MgSO4 and the 
solvent removed in vacuo. The crude compound was purified by column 
chromatography (SiO2, pentane:EtOAc; 9:1) and compound 64 was obtained as a light 
yellow solid in 96% yield (5.72 g, 10.84 mmol). 1H-NMR (400 MHz, CDCl3) δ 7.64 (d, 4H), 
7.46 – 7.34 (m, 6H), 5.08 (d, J = 8.2 Hz, 1H), 4.22 - 4.17 (q, J = 6.9 Hz, 1H), 3.66 (t, J = 6.0 Hz, 
2H), 1.98 – 1.85 (m, 1H), 1.78 – 1.52 (m, 3H), 1.45 (s, 9H), 1.43 (s, 9H), 1.04 (s, 9H). 13C-
NMR (126 MHz, CDCl3) δ 184.53, 167.36, 135.67, 134.93, 129.73, 127.78, 81.81, 79.66, 63.35, 
53.89, 28.49, 28.15, 26.99, 26.70, 19.36. 

(S)-2-amino-5-((tert-butyldiphenylsilyl)oxy)pentanoic acid (65) 

To a solution of compound 64 (2.11 g, 4 mmol) and triethyl silyl 
hydride (6.38 mL, 40 mmol) in CH2Cl2 (28 mL) at 4 oC, TFA 98% (14 
mL) was added during 15 minutes, and the reaction was let to stir at 

room temperature for 4 hours. Later, toluene was added in order to form an azeotropic 
mixture and remove the excess of reagents by evaporation in vacuo. The crude oil was 
purified by column chromatography (SiO2, EtOH:EtOAc; 2: 1 and then pure EtOH) and 
the compound 65 was obtained as a white solid in 60 % yield (0.89 g, 2.4 mmol). 
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 1H-NMR (400 MHz, CDCl3) δ 8.11 (s, 1H), 7.56 (d, J = 6.0 Hz, 4H), 7.32 – 7.23 (m, 6H), 3.59 
(t, 1H), 3.53 (t, 2H), 2.10 – 1.95 (m, 1H), 1.83 – 1.67 (m, 1H), 1.67 – 1.52 (m, 2H), 0.93 (s, 
9H). 13C-NMR (126 MHz, CDCl3) δ 175.07, 135.57, 133.29, 129.84, 127.85, 63.60, 55.13, 
28.88, 28.29, 26.90, 19.13. 

(S)-2-azido-5-((tert-butyldiphenylsilyl)oxy)pentanoic acid (66) 

Preparation of trifluoromethanesulfonyl azide: sodium azide (0.31 
g, 4.87 mmol) was suspended in a mixture of CH2Cl2 (0.8 mL) and H2O 
(0.8 mL) at 0 oC, then triflic anhydride (0.4 mL, 2.35 mmol) was added 

dropwise, and the solution stirred for 2 hours. After that time, the reaction mixture was 
extracted with CH2Cl2 (2 × 1.6 mL) and the organic phase was washed with a saturated 
solution of NaHCO3 (2 × 2 mL). The crude solution of triflic azide was used immediately 
after the preparation, without any further purification, for the diazotransfer reaction. To 
a solution of compound (0.291 g, 0.786 mmol), Et3N (0.32 mL, 2.3 mmol) and ZnCl2 
anhydrous (53 mg, 0.393 mmol) in H2O (2 mL), MeOH (6 mL) the freshly prepared 
solution of triflic azide was added.  

The heterogeneous reaction mixture was monitored by TLC (EtOAc: EtOH; 2:1), after 5 
hours 1 M HCl was added to the white suspension till that pH 3 was reached. The 
solution was then extracted with CH2Cl2 (3 × 2 mL), dried over MgSO4, filtered, and the 
solvent removed in vacuo. The crude compound was purified by column 
chromatography (SiO2, pentane:EtOAc:CH3COOH; 3:1:0.04) to afford the desired 
product 66 as a white solid in 85% yield (0.218 g, 0.55 mmol). 1H- NMR (400 MHz, CDCl3) 
δ 7.70 (d, J = 6.2 Hz, 4H), 7.50 – 7.38 (m, 6H), 3.97 (dd, J = 8.5, 5.1 Hz, 1H), 3.75 (t, J = 5.9 
Hz, 2H), 2.15 – 2.03 (m, 1H), 2.01 – 1.88 (m, 1H), 1.81 – 1.67 (m, 2H), 1.10 (s, 9H). 13C-NMR 
(101 MHz, CDCl3) δ 177.02, 135.66, 133.69, 129.83, 127.83, 62.93, 61.61, 28.57, 28.08, 26.97, 
19.31. 

2-azido-5-hydroxypentanoic acid (67) 

To a stirring solution of compound 68 (0.218 g, 0.55 mmol) and Bu4NF 
(0.6 mL, 0.6 mmol, 1 M solution in THF) in THF (5.3 mL), CH3COOH 
(10 μL) was added, and the reaction mixture was let to stir overnight 

at room temperature. The solvent was later removed in vacuo, and the crude compound 
was purified twice by column chromatography, but pure compound was not isolated, by 
1H NMR analysis, Bu4N+ and the silyl fluoride were still present.  
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3.4.7 Strategy VI for substrate synthesis  

3-azidotetrahydro-2H-pyran-2-one (69)63 

A solution of δ-valerolactone (0.09 mL, 1 mmol) in dry THF (13 mL) under 
nitrogen atmosphere at -85 oC, was added dropwise to a 0.5 M solution of 
KHMDS (0.225 g, 1.13 mmol, in 2.26 mL of toluene). Then, the mixture was 

let to stir for 15 minutes. A pre-cooled solution of trisyl azide (4.06 mL, 1.3 mmol, 10% in 
toluene) was added dropwise to the reaction mixture, turning the color of the reaction to 
yellow. After 5 minutes, the reaction was quenched with 0.26 mL of AcOH.  

The reaction vessel was removed from the cryostat, and it was left stirring to reach room 
temperature during overnight. Later, the reaction mixture was diluted with 90 mL of 
water, extracted 3 times with CH2Cl2, dried over MgSO4, filtered, and the solvent was 
removed. Proton NMR analysis revealed a complex mixture containing the product, the 
diazo compound, the starting lactone and impurities. 

((3,4-dihydro-2H-pyran-6-yl)oxy)trimethylsilane (71) 

Preparation of ≈ 1.25 M LDA solution: In a flame dried Schlenk flask, 
under nitrogen atmosphere at -78 oC, a solution of DIPA (3.85 mL, 27 
mmol) in dry (THF 4.4 mL) was stirred, then n-BuLi (15.6 mL, 25 mmol, 

1.6 M in pentane) was added dropwise, and the solution was let to stir for 20 minutes. 
The freshly prepared solution was immediately used in the next reaction. 

A solution of δ-valerolactone (1.8 mL, 20 mmol) in dry THF (2 mL) was added dropwise, 
under nitrogen atmosphere to the freshly prepared LDA solution, and the final reaction 
mixture was let to stir for 20 minutes at -78 oC. Then, TMSCl (4.3 mL, 34 mmol) was added 
and then the reaction mixture was let to stir at room temperature for 1.5 hours. After that 
time the reaction was quenched, by removing the solvent in vacuo. To the crude residue 
was purified by filtration on a celite pad, the pure product was isolated as a yellow oil, 
that was used for the next transformation without any further purification. 1H-NMR (400 
MHz, CDCl3) δ 4.05 (t, J = 4.9 Hz, 2H), 3.81 (t, J = 3.6 Hz, 1H), 2.04 (td, J = 6.4, 3.7 Hz, 2H), 
1.79 – 1.71 (m, 2H), 0.21 (s, 9H). The spectroscopic data matched those reported in 
literature. 64 

3-bromotetrahydro-2H-pyran-2-one (70)64 

To a solution of product in CH2Cl2 (27 mL), Et3N (3.2 mL, 23 mmol) was 
added and the solution was cooled in an acetone bath at -15 oC. A second 
solution containing bromine (1 mL, 20 mmol) in CH2Cl2 (5.4 mL) was added 

dropwise to the first solution, and it was let to react for 30 minutes.  
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Afterwards, the reaction mixture was quenched by adding NH4Cl and the crude reaction 
mixture was washed with a saturated solution of NH4Cl (3 × 15 mL), dried over MgSO4, 
and the solvent was removed in vacuo. The crude product was purified by column 
chromatography (SiO2, Et2O:pentane; 1:1).  The pure product 72 was obtained as a yellow 
oil in 45% yield in 2 steps (1.62 g, 9.05 mmol). 1H-NMR (400 MHz, CDCl3) δ 4.63 – 4.55 
(m, 2H), 4.44 – 4.36 (m, 1H), 2.52 – 2.41 (m, 1H), 2.39 – 2.29 (m, 1H), 2.29 – 2.19 (m, 1H), 
1.96 – 1.83 (m, 1H). 13C-NMR (101 MHz, CDCl3) δ 166.90, 69.99, 40.89, 30.40, 20.07. 

3-azidotetrahydro-2H-pyran-2-one (69)63 

A solution of compound 70 (1.62 g, 9.05 mmol) in acetone (15 mL) was mixed 
with a preformed solution of NaN3 (2.94 g, 45.2 mmol) in H2O (6 mL) at room 
temperature. The milky turbid reaction mixture formed was let to stir for 

overnight. Then, the organic solvent was removed in vacuo, and the water layer was 
extracted with CH2Cl2 (2 × 10 mL). The combined organic phase was dried over MgSO4, 
filtered, and the solvent was removed in vacuo. The pure product 69 was obtained as a 
light yellow oil in 76% yield (0.9697 g, 6.87 mmol). If impurities are present, it is possible 
to purify the crude product by column chromatography (pentane/Et2O - 1/1). 1H-NMR 
(400 MHz, CDCl3) δ 4.35 (t, J = 5.9 Hz, 2H), 4.16 (dd, J = 10.0, 7.2 Hz, 1H), 2.32 – 2.21 (m, 
1H), 2.08 – 1.89 (m, 2H), 1.88 – 1.76 (m, 1H). 13C-NMR (101 MHz, CDCl3) δ 169.11, 69.21, 
57.66, 25.89, 21.13. 

2-azido-5-hydroxypentanoic acid (67) 

A preformed solution of Cs2CO3 (0.33 g, 1.03 mmol, 0.27 M, in 3.8 mL 
of H2O) was added to a solution of 69 (0.07 g, 0.5 mmol) in MeOH (3.8 
mL). A slightly exothermic reaction was observed during the addition, 

the mixture was then let to stir for 30 minutes. Successively, the solution was neutralized 
by adding 4 N HCl,  Then the extracted with CH2Cl2, and the aqueous phase was freeze 
dried and the compound 67 was obtained as a white solid, and then used for the next 
transformation for the next transformation. 1H-NMR (400 MHz, D2O) δ 4.10 (dd, J = 12.6 
Hz, 1H), 3.70 (t, J = 12.8 Hz, 2H), 2.00 – 1.78 (m, 2H), 1.77 – 1.64 (m, 2H). 13C-NMR (101 
MHz, D2O) δ 177.08, 64.36, 61.18, 28.01, 27.87. HRMS (ESI+, m/z) calcd for the dianionic 
form: 157.0498, found: 158.0564.  

2-azido-5-oxopentanoic acid (68) 

A water solution containing compound 67 (0.078 g, 0.5 mmol, 2 mL of 
H2O), was added to a stirring solution of Dess-Martin periodinane 
(0.318 g, 0.75 mmol) in CH2Cl2 (4 mL). The heterogeneous solution was 

let to stir at room temperature for 24 hours. After, the solution was filtered and the 
solvent removed in vacuo. The crude reaction mixture was analyzed by 1H NMR and 
revealed the presence of a mixture of 69/68/67 in a ratio of a 6:1:1.  
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2-azido-5-oxopentanoic acid (68) 

To a pre heated solution of IBX (1.68 g, 6 mmol) in 1,2-dichloroethane 
at 60 oC (4 mL), a solution of compound 69 (0.564 g, 4 mmol) in of 1,2-
dichloroethane (2 mL) was added. The reaction mixture was let to stir 

and monitored by TLC (pentane: EtOAc; 1:1).  

After 24 hours the reaction mixture was filtered, and the solid residue was washed with 
CH2Cl2. Solvent was removed in vacuo and a light brown solid was obtained. The crude 
product was purified by column chromatography (SiO2, pentane:EtOAc:AcOH; 1:1:0.01), 
the pure compound 81 was obtained as a yellow oil in 20% yield (0.127 g, 0.8 mmol). 1H-
NMR (400 MHz, CDCl3) δ 9.80 (s, 1H), 9.19 (br, 1H), 4.10 (dd, J = 8.4, 5.2 Hz, 1H), 2.68 (t, 
J = 7.0 Hz, 2H), 2.30 – 2.20 (m, 1H), 2.14 – 2.00 (m, 1H). 13C-NMR (101 MHz, CDCl3) δ 
200.53, 175.48, 60.78, 39.58, 23.84. HRMS (ESI+, m/z) calcd: 157.0487, found: 158.0809. 

3,4-dihydro-2H-pyrrole-2-carboxylic acid (37a) 

Compound 68 (0.088 g, 0.56 mmol) was dissolved in dry THF (9.1 mL), 
then polymerstyrene-supported PPh3 (1.14 g, 1.82 mmol, 1.6 mmol/g) was 

added and the heterogeneous solution was heated to reflux for 3 hours. The progress of 
the reaction was reaction was monitored by TLC (pentane:EtOAc:AcOH; 1:1:0.01). The 
suspension was filtered, and the solid was washed with THF. The solvent was 
evaporated in vacuo to afford a crude product as a yellow solid. The analytical results are 
presented and discussed in the corresponding results and discussion. 
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