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Abstract 

 

This thesis is focused on the asymmetric imine aziridination with open-chain 

and cyclic Ru/PNNP complexes. On the basis of previous mechanistic studies 

performed in our group, we investigated the possibility of controlling the 

chemoselectivity of the reaction by increasing either the steric bulk or the rigidity of 

the PNNP ligands.  

Firstly, a series of new open-chain PNNP ligands with a substitution pattern 

on the meta and para positions of the phenyl rings was prepared.  

 

 

 

 

 The catalytically active ether adducts [RuCl(OEt2)(PNNP)]
+
 (3a-3h)  were 

obtained by treatment of 2b-2h with (Et3O)PF6: 

 

 

The six-coordinate (3b-3h)PF6 were tested in the catalytic aziridination of 

imine 5a with ethyl diazoacetate (EDA) under a very strict temperature protocol (–78 

°C - RT): 



6 
 

 

  

 

 In the case of ligand ((1S,2S)-N,N’-bis{2-[bis(3,5-dimethylphenyl)phosphino]-

benzylidene}-cyclohexane-1,2-diamine (1b), imine 5a gave aziridine cis-6a in a very 

high yield (80%) but nearly no enantioselectivity (3% ee). It was also observed that 

complex 3bPF6 catalyzed the reaction also at constant temperature (0 °C), giving cis-

6a with 55% yield, but still low enantioselectivity (13% ee). Finally, it was found out 

that, under the reaction conditions, the PF6
–
 ion hydrolyzed to give an acid species 

that catalyzes a nonenantioselective aza-Darzens reaction between imine 5a and EDA, 

which explains the high yield and low enantioselectivity. 

Hence, chloride scavengers with nonhydrolyzable anions ((Et3O)BF4 and 

(Et3O)SbF6) were screened. With [RuCl(OEt2)(1b)]BF4 (3bBF4) as catalyst under 

optimized conditions, imine 5a reacted with an excess of EDA (4 equiv) to give 

aziridine (R,R)-6a with 39% yield and high enantioselectivity (93% ee). To our 

knowledge, this is the highest enantioselectivity obtained with a transition metal 

catalyst.  

 The scope of the catalyst was briefly tested. With all substituted imines 5b-5k, 

the enantioselectivity was lower than with 5a (24 - 0% ee). 

 

 

 

Additionally, the electronic effects of substituents were studied with 

competition experiments performed with 4-substituted-N-benzylidene-anilines. 
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 The catalytic activity of the five-coordinate species [RuCl(1b)]PF6 (4bPF6) 

was also investigated. The catalyst was prepared from chloride abstraction with TlPF6 

(1 equiv) and a complete screening of the reaction conditions was performed, 

included the use of another carbene source (tert-butyl diazoacetate), but generally a 

low enantioselectivity was observed. 

The last chapter describes attempts of preparing chiral C2-symmetric PNNP 

macrocycles. They are potentially interesting for asymmetric aziridination, as they are 

analogous to open-chain P2N2 ligands and are expected to form stable and 

conformationally rigid complexes. The synthetic targets were C2-symmetric 

analogues of the C1-symmetric macrocycle that has been prepared previously in our 

group. 

 

 

 

The strategies developed to prepare C2-symmetric PNNP macrocycles and the 

difficulties encountered will be presented. Different approaches to control the 

stereochemistry at the phosphorus have been tested focusing in introducing 

stereogenic centers on the molecule before the final cyclization step. However, all the 

attempts failed, as no selective reaction to give the desired C2-symmetric cycle 

occurred and the C1-symmetric isomer was formed predominantly. 
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Riassunto 

 

 Questa tesi è incentrata sull’aziridinazione asimmetrica di imine con 

complessi di rutenio con leganti PNNP a catena aperta e ciclici. Sulla base di studi 

meccanicistici condotti in precedenza nel nostro gruppo di ricerca, abbiamo indagato 

sulla possibilità di controllare la chemoselettività della reazione aumentando sia 

l’ingombro sterico, sia la rigidità dei leganti PNNP. 

 Innanzitutto, si è preparata una serie di nuovi leganti PNNP a catena aperta, 

che presentano sostituenti nelle posizioni meta e para degli anelli fenilici. 

 

 

 

Gli etere addotti cataliticamente attivi [RuCl(OEt2)(PNNP)]
+
 (3a-3h) sono stati 

ottenuti trattando i complessi 2b-2h con (Et3O)PF6. 
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I complessi esacoordinati (3b-3h)PF6 sono stati testati nell’aziridinazione catalitica 

dell’imina 5a con etil diazoacetato (EDA), usando condizioni di temperatura 

strettamente controllate (–78 - RT): 

 

 

 

 Nel caso del complesso (1S,2S)-N,N’-bis{2-[bis(3,5-dimetilfenil)fosfino]-

benzilidene}-cicloesano-1,2-diamina (1b), l’imina 5a dà l’aziridina 6a in rese molto 

alte (80%) ma con enantioselettività quasi nulla (3% ee). Si è anche osservato che il 

complesso 3bPF6 catalizza la reazione anche a temperatura costante (0 °C), dando cis-

6a con resa del 55%, ma con enantioselettività ancora bassa (13% ee). Infine, si è 

scoperto che, sotto le condizioni di reazione descritte, l’anione PF6
–
 idrolizza a dare 

una specie acida, la quale catalizza una reazione aza-Darzens non enantioselettiva tra 

l’imina 5a e l’EDA, il che spiega l’alta resa e la bassa enantioselettività. 

 Sono stati, quindi, testati astrattori di cloruro con anioni non idrolizzabili 

((Et3O)BF4 e (Et3O)SbF6). Con [RuCl(OEt2)(1b)]BF4 (3bBF4) come catalizzatore, in 

condizioni ottimali, l’imina 5a reagisce con un eccesso di EDA (4 equiv) a dare 

l’aziridina (R,R)-6a con 39% di resa e alta enantioselettività (93% ee). Questa è la più 

alta enantioselettività mai ottenuta con un catalizzatore basato su un metallo di 

transizione. 

 Anche l’ambito di applicazione della reazione è stato testato. Con tutte le 

imine sostituite (5b-5k), l’enantioselettività è più bassa che con 5a (24 - 0% ee). 
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 Inoltre, gli effetti elettronici dei sostituenti sono stati studiati attraverso 

esperimenti di competizione effettuati con N-benzilidenaniline para sostituite. 

 Si è anche investigata l’attività catalitica del complesso pentacoordinato 

[RuCl(1b)]PF6 (4bPF6). Il catalizzatore è stato preparato per astrazione di cloruro con 

TlPF6 (1 equiv) e uno screening completo delle condizioni di reazione è stato 

effettuato, incluso l’uso di un’altra fonte di carbene (tert-butil diazoacetato). In tutti 

questi esperimenti è stata osservata una bassa enantioselettività. 

 L’ultimo capitolo descrive i tentativi di preparare macrocicli PNNP chirali con 

simmetria C2. Tali leganti sono potenzialmente interessanti per l’aziridinazione 

asimmetrica, poiché sono analoghi ai PNNP a catena aperta e ci si aspetta che formino 

complessi stabili e conformazionalmente rigidi. Gli obiettivi sintetici sono stati perciò 

gli analoghi a simmetria C2 dei macrocicli di simmetria C1 già preparati 

precedentemente nel nostro gruppo. 

 

 

 

 Le strategie sviluppate per preparare tali leganti PNNP macrociclici con 

simmetria C2 verranno presentate. Sono stati tentati diversi approcci volti al controllo 

della stereochimica al fosforo, attraverso l’introduzione di centri stereogenici nella 

molecola prima del passaggio finale di ciclizzazione. Comunque, tutti i tentativi sono 

falliti, poiché la reazione di ciclizzazione non è selettiva verso il prodotto di 

simmetria C2 desiderato e l’isomero di simmetria C1 si forma in modo predominante. 
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1. Introduction 

 

This first chapter is an introduction into the topic of aziridines, starting from 

their chemical properties and including their reactivity and literature examples of the 

state of the art of their catalytic synthesis. 

Three membered ring heterocycles containing two carbon and one nitrogen 

atoms are generally called aziridines. They are an interesting synthetic target as 

precursors for a wide variety of organic molecules, ranging from N-containing cyclic 

or acyclic amines, to amino acids by ring-opening reactions.
1
 Furthermore, it has been 

shown that they posses antibiotic and antitumor activities.
2,3

 

The structural properties of aziridines, their general reactivity, and their 

catalytic synthesis will be described in detail in the following paragraphs. 

 

1.1    Structural Properties  

 

The main structural characteristic of aziridines is the presence of a three 

membered ring, with one amine group and two methylene groups. The internal angle 

is close to 60°, far away from the 111.3° of the C-N-C bond angle in the open-chain 

analogous dimethylamine. In comparison with the open-chain analogue, the 

ethylenimine possesses short C–C bonds with values similar to C–N bonds.
4,5

 

Spectroscopic studies indicate that the barrier to pyramidal inversion of the 

nitrogen atom of aziridines is considerably higher than in acyclic amines. The barrier 

for pyramidal inversion in unsubstituted aziridine is around 82 kJ mol
–1

. More 

specifically, the activation enthalpy of the N-inversion of 2-methylaziridine is 

approximately 70 kJ mol
–1

, which is considerably larger than in a typical secondary 

amine, but still does not prevent racemization at room temperature. If, however, an 

electronegative substituent is present on the nitrogen, the inversion barrier increases. 

For instance, 1-chloro-2-methylaziridine, in which the inversion barrier G≠ is 112 

kJ mol
–1

, can be separated into diastereoisomers that are stable at room temperature. 

The ring-strain energy of aziridine is similar to that of cyclopropane (113 kJ mol
–1

), 

reflecting high bond-angle strain (Figure 1.1). 
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Figure 1.1  Inversion barrier ( G≠) for different substituted aziridines. 

 

The nitrogen lone pair has an increased s character, which results in a lower 

basicity of aziridines in comparison with acyclic amines and in a reduced  donor 

ability. The conjugate acid of an aziridine has a pKa value of 7.98, compared to a 

typical pKa value of around 11 for the conjugate acid of an acyclic secondary amine. 

 

1.2     Biological Properties 

 

Since aziridines can undergo, for instance, attack from nucleophiles such as 

the nitrogenous bases of the DNA, they are potentially mutagenic. Therefore, they 

have been classified as carcinogenic to humans. However, as powerful alkylating 

agents, aziridines have an inherent in vivo potency, often based primarily on toxicity 

rather than specific activity. Deeper studies identified several classes of aziridine-

containing natural products that combine potency with selectivity. The best-known 

examples thereof are the mitosanes, such as Mitomycin, which has a use as 

chemotherapeutic agent:
2,3

 

 

Figure 1.2  Mitomycin C. 

 

1.3     Reactivity 

 

Aziridines are a versatile starting material for a large number of useful 

applications and many papers and reviews have been published, especially in the last 
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fifteen years, focusing both on their synthesis and synthetic applications.
1,6-8 

 

1.3.1    Ring Opening 

 

Because of the combination of the Bayer ring strain and the electronegativity 

of the nitrogen atom, aziridines are subject to ring-opening reactions under relatively 

mild conditions and with a very broad range of substrates.
1,6-8

 The diminished 

electronegativity of nitrogen as compared to oxygen makes these reactions more 

difficult than the ring opening of epoxides, but there are still plenty of examples of 

such chemistry. In the case of aziridines, ring-opening reactions are indeed very 

useful, since they give access to the regio- and stereoselective installation of different 

functional groups in a 1,2-relationship to the nitrogen atom. 

With respect to ring-opening reactions, aziridines can be classified into two 

groups, according to the type of substituent present on the nitrogen atom. In the first 

group, the nitrogen atom is basic, and ring-opening reactions generally occur only 

after protonation, quaternarization, or formation of a Lewis acid adduct. Therefore, 

aziridines of this type are considered as ‘nonactivated’:  

 

 

 

Figure 1.3 Nonactivated aziridines. 

 

On the contrary, the nitrogen atom of ‘activated aziridines’ bears a substituent 

able to stabilize the negative charge that develops there during the ring opening 

reaction. Examples of these ‘activated’ aziridines contain carboxylic groups as 

substituents:  

 

 

Figure 1.4 Activated aziridines. 
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N-substitution
9
 increases the ability of the nitrogen atom to function as a 

leaving group. For instance, Stamm
10

 has shown that, in order to carry out the reaction 

on nonactivated aziridines in the absence of a catalyst, it is imperative that the 

nucleophile supplies a proton in order to generate a neutral leaving group. 

As the detailed mechanism of the acid catalyzed ring-opening reaction of 

aziridines has been the subject of much debate, we show here only examples both for 

nonactivated (Scheme 1.1) and activated aziridines (Scheme 1.2).
11 

 

 

 

 

Scheme 1.1  Ring opening reaction for nonactivated aziridines.  

 

 

 

 

 

Scheme 1.2  Ring opening reaction for activated aziridines. 

 

Both protic (HCl, H2SO4, TfOH) and Lewis acids (Yb(OTf)3,
12,13

 

cyanocuprates,
14

 BF3(OEt2),
15-17

 tris(pentafluorophenyl)borane)
18

 induce the ring 

opening of activated and nonactivated aziridines, which proceeds regiospecifically 

and in good yields. Nonactivated aziridines have been also reported to undergo ring-

opening reactions via aziridinium ions.
19,20

 Common methodologies for this latter 

approach involve N-alkylation, N-acylation, N-protonation, or N-complexation with a 
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Lewis acid to give a highly electrophilic intermediate, which can be easily opened by 

different types of nucleophiles: 

 

 

Scheme 1.3  Ring-opening via aziridinium intermediates formation. 

 

The mechanism for the nucleophilic ring opening of activated aziridines 

bearing an electron-withdrawing group at nitrogen has been studied intensively. As it 

resulted to be more clear-cut than that for nonactivated species, some generalization 

can be made. For monocyclic aziridines, nucleophilic attack occurs with an SN2-like 

mechanism involving mainly a Walden inversion of configuration:
21

  

 

 

 

Scheme 1.4  Nucleophilic ring opening reaction. 

 

In most cases, the ring-opening reactions of 2-substituted activated aziridines 

involves the nucleophilic attack at the less hindered aziridine carbon atom:
22,23 

 

 

 

Scheme 1.5  Regioselective nucleophilic ring opening. 
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In some exceptional cases, the nucleophilic attack involves the sterically 

disfavored benzylic position of the aziridine moiety:
24,25  

 

 

 

 

Scheme 1.6  Nucleophilic attack at the benzylic position. 

 

Because regioselective ring-opening reactions of aziridines are a versatile 

method to prepare a large variety of compounds, different nucleophiles have been 

used, such as organometallic reagents,
26

 silyl nucleophiles,
27

 Wittig reagents,
13

 

amines,
28

 halides,
29

 and alkenes.
17

 The products that can be obtained from ring-

opening reactions using different nucleophiles
30

 are summarized in Scheme 1.7. 

 

 

Scheme 1.7  Nucleophilic ring-opening reactions.  
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Moreover, Compernolle and co-workers
15

 investigated the role of electronic 

effects. For example, either tosyl aziridine or nosyl aziridine undergo ring opening 

with the soft nucleophiles malonate and sulfonyl acetonitrile anions in high yields. 

Harder carbon nucleophiles, such as phenyl and 1,3-dithian-2-yl anions, react with 

tosyl aziridine relatively faster. Although the nosyl group is considered an excellent 

activating group that can be more easily removed than the tosyl group, it might not be 

compatible with strong nucleophiles, which may contribute to the poor 

chemoselectivity of some reactions.  

Most of the reported ring-opening reactions with carbanions require the 

activation of the aziridine ring by an electron-withdrawing group on the nitrogen. One 

representative procedure is outlined in Scheme 1.8 using N-tosyl aziridines derived 

from optically active amino acids as effective templates to undergo nucleophilic ring 

opening by aryl and heteroaryl Grignard reagents. The attack occurs at the 

unsubstituted ring carbon with high regiocontrol in most examples: 
31 

 

 

 

Scheme 1.8  Ring opening reaction of activated aziridines with aryl Grignard 

reagents. 

 

  However, one example was found in the literature describing the ring opening 

of aziridines without activation, under Grignard nucleophilic addition conditions: 
32

 

 

 

Scheme 1.9  Ring opening reaction of nonactivated aziridines with an alkyl Grignard 

reagent. 
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Among all the aziridines, aziridine-2-carboxylates are an interesting case, as 

they can undergo either C-2 attack to give -amino acid derivatives, or C-3 attack to 

give -amino acid derivatives. Their ring opening is promoted by N-activation with 

an electron-withdrawing group (such as acyl, carbamoyl, sulfonyl), Brønsted, or 

Lewis acids with high stereoselectivity:
7
 

 

 

Scheme 1.10  Nucleophilic attack to aziridine-2-carboxylates. 

 

A general preference for the ring opening at the C-3 position was widely 

observed.
7
 It was proposed that the flexible ester chain protects the C-2 position from 

the nucleophilic attack. However, when an aryl group is present at the C-2 position, 

the aziridine undergoes ring opening at the C-2 position, as the cleavage of the 

benzylic C-N bond is preferred. Moreover, the use of organometallic reagents might 

be problematic as the competing reaction with the ester moiety reduces the 

chemoselectivity of the reaction. 

 

1.3.2    Cycloaddition 

 

Aziridines are also known to undergo [3+3] cycloaddition reactions. Harrity
33

 

illustrated the method with a palladium complex of trimethylenemethane (Pd-TMM) 

generated in situ. The enantiomerically pure aziridine undergoes regioselective 

addition with the Pd-TMM complex at the less hindered site, affording 

enantiomerically pure piperidine (Scheme 1.11). 
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Scheme 1.11  Palladium catalyzed [3+3] cycloaddition. 

 

1.3.3    Ring Expansion 

 

Acyl aziridines readily rearrange to oxazolines under thermal, acidic, or 

nucleophilic conditions,
34-36

 and in some cases with complete regio- and stereocontrol 

and excellent yields: 

 

 

Scheme 1.12  Rearrangement of acyl aziridines to oxazolines. 

 

The balance of reactivity between ring opening and rearrangement of acyl-

aziridines depends on the nature of the Lewis acid. The oxophylic Lewis acid 

Y(biphenol)OTf coordinates to the oxygen and activates the aziridine to the 

nucleophilic attack. On the other hand, the more azaphilic Cu(OTf)2 is supposed to 

coordinate to nitrogen and to catalyze the rearrangement to oxazolines:
 37,38

  

 

 

 

Scheme 1.13  Ring opening reaction with different Lewis acids. 
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1.4     Synthesis of Aziridines 

 

The first preparation of aziridines dates back to 1888, when Gabriel 

synthesized the parent member ethyleneimine.
39

 Since then, Wenker
40

 (Scheme 1.14) 

and Hoch
41 

(Scheme 1.15) have developed many methods to produce racemic 

aziridines by the ring closing approach. 

 

 

 

Scheme 1.14  Wenker’s synthesis of aziridine. 

 

 

 

 

Scheme 1.15  Hoch’s synthesis of aziridine. 

 

Many other ring-closing reactions of 1,2-aminoalcohol derivatives via 

Mitsunobu type reactions have been explored. Aziridines have been obtained in an 

enantioselective way
42,43

 by taking advantage of steric, stereoselective, and 

conformational effects and manipulating regio- and stereoselectively chiral starting 

materials.  

Besides these, two other main transformations directed toward the synthesis of 

chiral aziridines have been reported, namely nitrene transfer to an olefin or carbene 

transfer to an imine. In these reactions, homogeneous catalysis plays a major role 

(Scheme 1.16). 
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Scheme 1.16  The two main paths of catalytic imine aziridination.  

1.4.1    Catalytic Aziridination by Nitrene Transfer to Olefins 

 

After Oehlschlanger’s
44

 discovery of nitrene from the thermal decomposition 

of sulfonyl azides and its subsequent trapping reaction with bicycle[2.2.1]-2-heptene, 

Abramovich
45

 studied the reaction of sulfonyl nitrenes with aromatic compounds to 

give aryl amines through an aziridine intermediate and discovered the singlet nature 

of the free nitrene intermediate. Kwart and Khan’s
46

 reported the first metal-catalyzed 

nitrene transfer in 1967, demonstrating that copper powder promotes the 

decomposition of benzenesulfonyl azide when heated in cyclohexene: 

 

 

 

Scheme 1.17  Kwart and Khan’s aziridination with copper powder.  

 

Since then, much effort has been directed toward the development of the 

enantioselective aziridination of alkenes with a nitrene source. Therefore, catalytic 

systems based on different ligands will be presented in the next paragraphs. 

Highly enantioselective reactions have been developed with copper and 

bidentate chiral oxazoline ligands as catalyst. In the last two decades, Evans and co-

workers
47-50

 made the crucial discovery that low-valent copper complexes catalyze the 

aziridination of various types of olefins with N-(p-tolylsulfonyl)imino)-phenyl-

iodinane (PhI=NTs) as nitrene source (Scheme 1.18). This transformation is 

analogous to the enantioselective cyclopropanation developed independently by 

Evans,
47-50

 Masamune,
51,52

  and Pfaltz.
53
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Scheme 1.18  Evans’ copper/bis-oxazolines catalytic system. 

 

Given that both Cu(I) and Cu(II) complexes are capable of mediating alkene 

aziridination by PhI=NTs, other types of chiral diimino complexes were fruitfully 

used by Jacobsen
54

 in nitrene transfer to olefins with high yields and 

enantioselectivity (Scheme 1.19). By analogy with cyclopropanation, a Cu-nitrene 

intermediate such as [LCu=NTs]
+
 was proposed:

55 

 

 

Scheme 1.19  Jacobsen’s aziridination by nitrene transfer to olefins with a chiral 

diimino/copper catalyst. 

 

After that, various other successful approaches were reported for olefin 

aziridination in the presence of Cu-based catalysts with chiral diimines of different 

types as ligands.
56-61 

 Bidentate chiral ligands were used also in combination with Rh(II). Binuclear 

Rh(II) catalysts, such as [Rh2(OAc)4], are competitive with those based on copper in 

certain cyclopropanation and CH-insertion reactions, but were found to be inefficient 

for aziridination with Ph=NTs. An extensive optimization of Rh(II) catalysts for the 

nitrene transfer indicated  PhI=NNs as a very interesting new nitrogen source.
62

 Che 

reported in 2002
63

 that achiral dirhodium(II,II) complexes catalyze the asymmetric 
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intramolecular aziridination of -tosylamino-olefins in the presence of PhI(OAc)2 and 

Al2O3 to give the corresponding aziridines in excellent yield (up to 98%) and with 

good to excellent conversions (Scheme 1.20). High turnover numbers (up to 1375) 

were achieved, too. 

 

 

Scheme 1.20 Intramolecular aziridination of olefins by a dirhodium complex. 

 

With chiral dirhodium(II,II) complexes (Figure 1.5), the asymmetric 

intramolecular aziridination of unsaturated sulfonamides (Scheme 1.20) and 

carbamates gave aziridines in good yields (up to 95%) and enantioselectivity (up to 

76% ee).
64 

 

 

 

Figure 1.5  Dirhodium chiral complexes. 

 

Du Bois
65

 expanded the substrate scope and identified trichloroethylsulfamate 

as a novel and markedly effective nitrene source for the intra- and intermolecular 

aziridination of olefins: 

 

 

Scheme 1.21  Aziridination with trichloroethylsulfamate.  
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Lebel
66

 recently described the first stereoselective rhodium-catalyzed 

intermolecular aziridination and C–H amination of alkenes to produce chiral acyl-

protected aziridines and allylic amines (Scheme 1.22). Good yields and 

diastereoselectivities were achieved using a readily available chiral N-

tosyloxycarbamate and a stoichiometric amount of the alkene substrate. Furthermore, 

the protecting group was easy to cleave under mild reaction conditions.  

 

 

 

 

 

Scheme 1.22  Lebel’s stereoselective rhodium-catalyzed intermolecular aziridination. 

 

Tetradentate ligands, in particular chiral salen derivatives, have been used in 

combination with ruthenium to catalyze nitrene transfer to olefins. For instance, chiral 

[Ru(salen)(CO)] complexes efficiently decompose azides at room temperature and 

catalyze asymmetric aziridination. Katsuki
67,68

 successfully expanded the substrate 

scope and reduced the catalyst load, reporting the highly enantioselective aziridination 

of conjugated and non conjugated olefins, using a robust novel [Ru(salen)(CO)] 

complex as catalyst in the presence of SESN3 as a nitrene source, with yields up to 
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99% and enantioselectivity up to >99% ee:  

 

 

 

 

Scheme 1.23  Katsuki’s [Ru(salen)(CO)] catalyst for olefin aziridination. 

 

He also reported that manganese salen complexes catalyze the asymmetric 

aziridination of styrene with moderate yields (up to 76%) and enantioselectivity (up to 

74% ee).
 69,70

  

Besides salen, porphyrin ligands in combination with different metals (Figure 

1.6) were found effective in nitrene transfer to olefins. In the early 1980s, Mansuy
71-73

 

and Breslow and Gellman
74,75

 reported the first examples of aziridination of alkenes 

and amidation of C–H bonds catalyzed by Fe(III) and Mn(III)-TPP complexes (TPP = 

tetraphenylporphyrin dianion) with PhI=NTs, respectively. With such metallo-

porphyrins, Che
76

 was able to extend the diastereoselective aziridination of C‒C 

bonds with different nitrogen sources.  

 

 

Figure 1.6  General representation of a metalloporphyrin. 
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 [Mn
IV

(Por*)(OH)(MeOH)] (Figure 1.7) was the first reported example of a 

chiral porphyrin as catalyst for asymmetric alkene aziridination. With this complex, 

Che
77

 described the reaction of aromatic alkenes such as styrenes, trans-stilbene, 2-

vinylnaphthalene, indene, and 2,2-dimethylchromene with PhI=NTs as nitrogen 

source. The enantioselectivity was moderate  (from 43 to 63% ee).  

 

 

 

Figure 1.7  [Mn
IV

(Por*)(OH)(MeOH)]  

 

Metal porphyrins have been tested in nitrene transfer with more economic 

nitrogen sources, such as aromatic azides. For instance, azides have been used 

efficiently in combination with ruthenium porphyrins, but with or low or no 

enantioselectivity.
78

 On the other hand, achiral systems have been vastly applied for 

mechanistic studies of the nitrene transfer reaction. The scope and limits of the 

reaction were investigated with different azides, olefins, and [Ru(porphyrin)(CO)] 

complexes.
79

 Steric factors were found to strongly affect the reaction, as internally 

disubstituted olefins exhibited a lower reactivity, and tri- and tetra- substituted olefins 

did not react at all. In contrast, higher yields and short reaction times were achieved 

by using terminal olefins and electron-poor aryl azides. In particular, [Ru(TPP)(CO)] 

complexes were found to catalyze the direct aziridination of conjugated dienes by aryl 

azides to provide N-aryl-2-vinylaziridines with high chemoselectivity.
80

 Recently, 

Cenini and co-workers
81

 described the synthesis of allylic amines by aromatic azides 

(ArN3) catalyzed by [Ru(TPP)(CO)] with molecular nitrogen as the only 

stoichiometric byproduct. The bisimido complex [Ru(TPP)(ArN)2] (Ar = 3,5-

(CF3)2C6H3) was isolated and found to be active both in stoichiometric and in 



27 
 

catalytic nitrene transfer (Scheme 1.24). 

 

 

Scheme 1.24  The bisimido complex [Ru(TPP)(ArN)2] (Ar = 3,5-(CF3)2C6H3). 

 

Also Co(II)/TPP complexes catalyze the reaction of aromatic azides with 

nonactivated olefins to afford aziridines in good yields.
82

 Mechanistic investigations 

showed that the reaction proceeded by reversible coordination of the aryl azide to the 

Co(II)-porphyrin complex. Interestingly, a thorough kinetic study showed that the 

often postulated “nitrene” complex is not an intermediate in the reaction.
82

 Moreover, 

Zhang
83,84 

reported that Co(II) complexes of D2-symmetric porphyrins catalyze the 

asymmetric aziridination of styrenes. When trichloroethoxysulfonyl azide (TcesN3) 

was used as the nitrogen source, very high yields (up to 99%) and enantioselectivities 

(up to 99% ee) were achieved.
85 

Interestingly, the presented nitrene transfer from RN3 

is analogue to the carbene transfer from coordinate EDA to olefin that is discussed in 

the next paragraph. 

To summarize, catalytic nitrene transfer to olefins is a vastly explored 

approach for asymmetric aziridination, with, in some cases, very high yields and good 

enantioselectivity, but also some important drawbacks. For instance, the aziridination 

reactions using N-arylsulfonyliminophenyliodinanes (PhI=NTs) or their equivalents 

as a nitrene source are not atom efficient. Phenyliodinanes are very strong oxidants 

and, in case of the system reported by Evans,
47-50

 they require the addition of an 

excess of the olefin. Therefore, recent studies have been directed toward higher 

enantioselectivity and higher reactivity, as in the case of Du Bois.
65

 On the other 

hand, azides are weaker oxidants than phenyliodinane and produce dinitrogen as the 

only side product, but they are often unstable and need to be handled with care.
86

 

Katsuki’s system
67,68

 gives high yields for arylic olefins, like styrene derivatives, but 

only poor selectivities for aliphatic alkenes. This limited drastically the substrate 
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scope, although different azides have been developed in order to have substituents on 

the nitrogen that can be easily removed thereafter. Therefore, the combination of high 

enantioselectivity with a wide substrate scope still remains a crucial issue in olefin 

aziridination. 

 

1.4.2    Carbene Transfer to an Imine 

  

An alternative approach that has been developed for catalytic aziridination is 

the reaction of a carbenoid species with an imine. The following scheme summarizes 

the possible reactions starting from different sources of carbenoids: 1) Aza-Darzens 

reaction with -haloenolesters, 2) carbene transfer from sulfur ylides, and 3) the 

reaction of a diazoalkane. 

 

 

Scheme 1.25  Carbene transfer to imine from different sources of carbenoids. 

 

1.4.2.1 -Haloenolesters as Carbenoid Sources 

 

 It is well established that aziridines can be prepared by the reaction between 

imines and the esters of an -haloenole, which is known as aza-Darzens. Originally, 

the Darzens reactions were a general class of reactions between an aldehyde and an -

haloester in presence of a base, forming an ,-epoxy ester (Scheme 1.26).
87

 The role 

of the base was to form a resonance-stabilized carbanion that then attacked the 

aldehyde. The final step was the ring closure by nucleophilic attack of the oxygen 
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atom and the following chloride elimination. 

 

 

 

Scheme 1.26  Synthesis of an ,-epoxy ester by Darzens reaction.   

 

Deyrup
88

 developed a procedure to extend the Darzens synthesis to the 

preparation of aziridine esters and amides. In 1991, Panunzio, Cainelli, and 

Giacomini
89

 reported the stereoselective synthesis of aziridines by the Darzens-type 

reaction of N-trimethylsilyl imines with lithium enolates of -haloesters, with yields 

of up to 60% and cis/trans ratios from 60:40 to 100:0: 

 

 

 

Scheme 1.27  Stereoselective synthesis of aziridines by Darzens-type reaction. 

 

Shimizu
90

 and Reddy
91,92

 reported the diastereoselective synthesis of optically 

active aziridines by condensation of lithium and zinc enolates of -haloacetate with 

chiral imines or sulfonimines, respectively (Scheme 1.28). 

 



30 
 

 

 

Scheme 1.28   Diastereoselective synthesis of aziridines by condensation of lithium 

and zinc enolates of -haloacetate. 

 

1.4.2.2 Sulfur Ylides as Carbenoid Sources 

 

The Dai and Hou
93-96

 groups studied the stoichiometric reactions of sulfonium, 

arsonium, and telluronium allylic ylides with N-sulfonylimines, which give 

vinylaziridines with low diastereoselectivity. Chiral ylides gave the corresponding 

aziridines with good yield and enantioselectivity up to 78% ee:
97 

 

 

 

Scheme 1.29 Reaction of a sulfonium allylic ylide with an N-sulfonylimine to give a 

vinylaziridine. 

 

Tang
98

 developed the aziridination of a telluronium allylide with less active 

imines such as N-phenylaldimine and N-Boc-aliphatic imines, obtaining the desired 

product with high stereoselectivity (Scheme 1.30). 
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Scheme 1.30  Reaction of a telluronium allylide with an  N-phenylaldimine to give 

the corresponding aziridine. 

 

As an extension to his studies on carbene transfer to olefins and ketones,
99,100

  

Aggarwal
101,102

 has developed a catalytic approach that exploits sulfur ylides for 

imine aziridination. Despite the relatively low reactivity of N-alkyl- or N-arylimines 

toward the nucleophilic attack of ylides, Aggarwal’s successfully reacted silylated 

sulfur ylides with N-sulfonylimines. The corresponding aziridines were afforded and 

the SES group was easily removed afterwards (Scheme 1.31). A distinctive feature of 

this system is that the ylide is generated in situ by decomposition of PhCHN2 by the 

Rh(II) or Cu(II) catalyst:  

 

 

 

Scheme 1.31 Reaction of a sulfur ylide with an N-sulfonylimine to give the 

corresponding aziridine in the presence of a Rh(II) or Cu(II) catalyst. 
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1.4.2.3 Diazocompounds as Carbenoid Sources 

 

Two mechanisms have been reported for the reaction of an imine with a 

diazoalkane as carbene precursor (Scheme 1.32): the reaction of the acid activated 

imine with the diazoalkane (A), or the reaction of a metal carbene intermediate with 

the free imine (B).
103,104

 Recently, our research group has proposed a third mechanism 

(C) that involves carbene transfer from a diazoester complex to the free imine:
105

  

 

 

 

Scheme 1.32 Mechanisms for the reaction of an imine with a diazoalkane. 

 

1.4.2.3.1 Acidic Activation of the Imine and its Reaction with a Diazoalkane 

 

Mloston
106,107

 reported the first general preparation of aziridines by reaction of 

imines with phenyldiazomethane and zinc iodide as catalyst. Yields were moderate, 

but this method failed with ethyl diazoacetate as the carbene source. Aziridines were 

also obtained from the reaction of diazopenicillanates with imines in the presence of 

BF3Et2O.
108

 In 1991, Brookhart and Templeton reported a convenient synthesis of 

cis-aziridines from various imines and ethyl diazoacetate (EDA) catalyzed by 

common Lewis acids, such as BF3, AlCl3, and TiCl4:
109 

 

 

Scheme 1.33  Imine aziridination with EDA in the presence of Lewis acids. 
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Enaminoesters were found among the reaction products, whereas species 

deriving from carbene coupling, such as diethylfumarate or maleate, were never 

detected. This suggested that no metal carbenoid species were involved in the 

reaction, in agreement with the following proposed mechanism, which involves the 

nucleophilic attack of the diazoalkane onto the Lewis acid-activated imine:
109 

 

 

 

Scheme 1.34  Proposed aziridination mechanism in the presence of Lewis acids.  

 

The first catalytic asymmetric imine aziridination that is thought to involve 

Lewis acid activation of the imine was reported by Jørgensen in 1999.
110

 N-

Tosylaziridines were produced with high cis-selectivity by treating ethyl-2-

tosyliminoacetate with trimethylsilanediazomethane in the presence of catalytic 

amounts of a copper(I)/BINAP complex: 

  

 

Scheme 1.35 Aziridination as reported by Jørgensen. 
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Moreover, Hossain developed a rational approach to Lewis acid-catalyzed 

carbene transfer to imines with [Fe(CO)(THF)(
5
:

1
-C5H4CH(Ph)OPPh2)]BF4, which 

features a diphenylphosphinite tethered to a cyclopentadienyl ring.
111

 This complex 

was found to be an effective catalyst in the aziridination reaction, but the cis-aziridine 

was formed with low enantioselectivity (5% ee): 

 

 

Scheme 1.36  Hossain’s imine aziridination with a chiral Lewis acid. 

 

 Mayer and Hossain studied the mechanism with the achiral analogue of the 

complex. In the reaction crude, enaminoesters were detected as side products, which 

supports the Lewis acid activation path. Besides, they isolated the intermediate imine 

complex (Scheme 1.37), which was found to be active in the aziridination with the 

same product distribution.
112

  

 

 

 

Scheme 1.37  Formation of the imine complex.  

 

Williams and Johnston
113

 expanded the aza-Darzens-type aziridination 

reactions from Lewis to Brønsted acids, among which triflic acid turned out to be the 

most efficient one (Scheme 1.38). 
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Scheme 1.38  Imine aziridination with TfOH as Brønsted acid. 

 

 Recently, several examples of asymmetric imine aziridination catalyzed by 

chiral Brønsted acids have been reported.
114

 The optimization of the acid has led to 

very high yields (up to 95%) and excellent enantioselectivity (up to 97% ee):
115 

 

 

 

 

Scheme 1.39  Enantioselective imine aziridination with a chiral Brønsted acid. 

 

 Chiral Brønsted acids play an increasing role in asymmetric aziridination also 

in view of new assessments of existing catalytic systems. In particular, this is the case 

of Wulff’s VANOL- and VAPOL-based boron catalysts, which have been originally 

proposed to operate via Lewis acid activation of the imine (Scheme 1.40)
116,117
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Scheme 1.40 Imine aziridination as reported by Wulff.  

 

Recently, Wulff reported
118

 that, by changing the protection group of the 

imine to MEDAM, the aziridination reaction was ten times faster than for the 

diphenylmethyl protecting group, while retaining the excellent enantioselectivity and 

yield: 

 

 

Scheme 1.41 Enantioselective aziridination of imine bearing the MEDAM group on 

the nitrogen.  

 

Wulff’s system enabled the successful enantioselective synthesis of L-DOPA, 

used for treatment of Parkinson’s disease, and the synthesis of (–)-chloramphenicol, a 

broad-spectrum antibiotic.  

Initially, it was proposed that the catalyst for this reaction was the boron 

Lewis acid. After a thorough mechanistic study, Wulff concluded that the actual 

catalyst is a chiral Brønsted acid generated in situ by reaction of the boron precatalyst 

with adventitious water (Figure 1.8).
119
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Figure 1.8  Wulff’s VAPOL and VANOL based catalysts. 

 

1.4.2.3.2 Reaction of a Metal Carbene Intermediate with the Free Imine 

 

In 1972, Baret reported the first example of stoichiometric carbene transfer to 

imines, which involved the decomposition of ethyl diazoacetate catalyzed by copper 

powder to give aziridines.
120

 In 1995, Jacobsen
121

 reported the first asymmetric imine 

aziridination mediated by a metal carbene complex. Catalytic amounts of a Cu(I)-Box 

complex were used to aziridinate N-benzylidenaniline with ethyl diazoacetate to give 

2-carboxyaziridine in low yield and moderate enantioselectivity. A major drawback of 

this system was that it required a phenyl group on the nitrogen, which cannot be 

removed: 

 

 

Scheme 1.42  Jacobsen’s imine aziridination with a Cu(I)-Box complex. 

 

Jacobsen suggested that the formation of the aziridine involved a copper 

azomethine ylide complex as intermediate, generated by the nucleophilic attack of the 

imine onto a metal carbene complex (Scheme 1.43). 
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Scheme 1.43  Jacobsen’s mechanism for imine aziridination catalyzed by copper. 

 

The analysis of the side products of the reaction (maleate, fumarate, 

pyrrolidine and enaminoesters) led to some important mechanistic considerations. In 

particular, Jacobsen noticed that, by adding an excess of diethylfumarate to the 

reaction solution, pyrrolidine was the exclusive product. Moreover, the formation of 

racemic pyrrolidine indicated that its generation was not mediated by the chiral 

copper/box system as it was for the aziridine. As ylides are known to arise in absence 

of transition metals and to react with dipolarophiles, such as diethyl fumarate,
122,123

 he 

proposed an ylide intermediate for the formation of the pyrrolidine and explained the  

low enantioselectivity with its dissociation from the chiral complex (Scheme 1.43). 

Several transition metal catalysts that are known to form carbene complexes 

by decomposition of diazoesters, such ruthenium(II) porphyrins, catalyze the 

aziridination of imines:
124

 

 

 

Scheme 1.44  Imine aziridination with ruthenium(II) porphyrins. 
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In particular, Che reported that ruthenium porphyrins, such as [Ru(F20-

TPP)(CO)], where (F20-TPP) is the 5,10,15,20-tetrakis(pentafluorophenyl)-

porphyrinato dianion, and [Ru(Por*)(CO)], where (Por*) is the 5,10,15,20-

tetrakis[(1S,4R,5R,8S)-1,2,3,4,5,6,7,8-octahydro-1,4:5,8-dimethanoanthracen-9-yl]-

porphyrinato dianion) are active catalysts albeit in a nonenantioselective way:
124 

 

 

 

Scheme 1.45  Imine aziridination with [Ru
II
(F20-TPP)(CO)] as catalyst. 

 

A mechanistic study with this catalyst suggested the involvement of an 

azomethine ylide in aziridine formation. However, as the carbene complex [Ru(F20-

TPP)(CHCO2Et)] failed to react with imines, such as (p-ClPH)CH=NPh or (p-

MePH)CH=NPh, the ylide cannot be formed from a carbene intermediate, in contrast 

to Jacobsen’s mechanistic hypothesis with copper catalysts.  Therefore, the reaction 

mechanism remains unclear. We will come back to this issue below. 

 

1.4.2.4 General Features of Catalytic Imine Aziridination 

 

In general, the most significant advantage of imine aziridination is that 

diazoacetates, such as EDA, are commercially available. Also, the resulting aziridine-

2-carboxylate esters are a convenient source for a variety of compounds including 

unnatural- and -aminoacids. To this purpose, Wulff’s
116-118 

system is very efficient 

in terms of yield and enantioselectivity, but presents the disadvantage that the 

MEDAM group on the nitrogen is not a protecting group and cannot be removed 

thereafter, still limiting the substrate scope. Finally, Aggarwal’s
99-102

 new approach 

involving ylides allowed to prepare aziridines, such as vinylaziridines, with high 

selectivity where other methods failed.  

On the other hand, the competitive formation of byproducts, in particular 

carbene dimerization products and enaminoesters, is one of the problems in the 
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development of the catalytic synthesis of aziridine-2-carboxylate esters from 

diazocompounds. 
 

Some general observations on the mechanism can be made. The attribution of 

the corresponding reaction path is not trivial. For instance, the most successful 

system, which was reported by Wulff, was at first considered to operate via Lewis 

acid activation, whereas lately it turned out to be Bronsted acid mediated.
119

 The 

enantioselectivity is generally low in the case of the carbene transfer by transition 

metal complexes, but, with the exception of Jacobsen’s studies, most mechanisms 

were not investigated in detail. In addition, Che reported a very unclear mechanism, 

on the basis of the unprecedented observation that the carbene complex was not 

reacting with the imine.   

In sum, there is still room for further investigations to discover more efficient 

catalysts and to cast light on mechanistic aspects for transition metal based system. 

 

1.5     Imine Aziridination with Ru /PNNP Complexes 

 

Chiral C2-symmetric tetradentate ligands with a P2N2 donor set were 

synthesized by Pignolet in 1984:
125 

 

 

 

Scheme 1.46  Pignolet’s synthesis of a C2-symmetric P2N2 ligand. 

 

In 1996, their first application in catalysis in combination with ruthenium was 

reported by Gao, Ikarya and Noyori
126

 for the transfer hydrogenation of 

acetophenones. The best results were obtained with the m-chloroacetophenone as 

reagent and the diamino PNNP as ligand (Scheme 1.47). 
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Scheme 1.47  Transfer hydrogenation of acetophenones catalyzed by Ru/PNNP. 

 

Since then, our group focused on ruthenium complexes with ligand 1a (Figure 

1.9) and their application in various catalytic reactions, including the asymmetric 

aziridination of imines.  The common precursor to the catalytically active species is 

the dichlorocomplex trans-[RuCl2(1a)] (2a). 

 

 

 

Figure 1.9  C2-symmetric PNNP ligand 1a and its ruthenium dichlorocomplex 2a. 

 

Some general considerations about the structure and the reactivity of 

Ru/PNNP complexes are necessary to understand the rationale of this project as well 

as the catalytic results presented in the next paragraphs. 

 

1.5.1    Structural Properties of Ruthenium(II) Dichloro PNNP Complexes  

 

Ruthenium(II) dichloro complexes bearing tetradentate PNNP ligands are 18 

electron, coordinatively saturated species.
127

 Because of their low spin d
6
 

configuration, they are kinetically inert and therefore inactive as catalysts. Their 

octahedral geometry presents five possible configurations in case of an open-chain 

PNNP: trans, cis- ( and ), and cis- (and ) (Figure 1.10). 
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Figure 1.10  The five possible configurations of a ruthenium dichloro complex with a 

PNNP ligand. 

 

 In fact, the trans isomer is the most stable one and is generally obtained upon 

heating. One of the cis- isomers has been observed,
128

 but we never detected the cis-

species. 

 In order to get an active catalytic species, single or double chloride abstraction 

from 2a must be performed to form a labile or unsaturated species, as described 

hereafter.
127 

 

1.5.2    Dicationic Ru/PNNP Complexes 

  

When chloride abstraction is performed with Et3OPF6 (2 equiv), a labile bis-

ether adduct [Ru(OEt2)2(1a)]
2+

 is formed, which catalyzes the hydroxylation 

(A),
129,130

 fluorination (B),
131-133

 and Michael reaction (C)
134-136

 of -ketoesters:  

 

 

 

Scheme 1.48  Catalytic activity of the dicationic [Ru(OEt2)2(1a)]
2+

.  
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The elusive dicationic complex [Ru(OEt2)2(1a)]
2+

 has been shown to react 

with -ketoesters to form, after deprotonation, the monocationic enolato complex. 

This species, after hydride abstraction, gives the corresponding alkylidene -

ketoester, which undergoes Diels-Alder reactions with dienes (Scheme 1.49)
136

 and 

enantioselective Ficini reactions with ynamides (Scheme 1.50).
137,138  

 

 

 

Scheme 1.49  Diels-Alder reaction of -ketoester with dienes.  

 

 

 

Scheme 1.50  Ficini reaction of -ketoester with dienes. 

 

1.5.3     Monocationic Ru/PNNP Complexes 

 

Single chloride abstraction from the dichloro complex [RuCl2(1a)] (2a) gives 

different species, depending on the nature of the chloride scavenger used. The six-

coordinated adduct [RuCl(OEt2)(1a)]
+
 (3a) is formed upon treatment of complex 2a 

with (Et3O)PF6 (1 equiv) (Scheme 1.51).
139 
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Scheme 1.51 

 

Alternatively, complex 2a reacts with 1 equiv of thallium(I) or silver(I) salts 

of noncoordinating anions to form the five-coordinate species [RuCl(1a)]
+
 (4a):

129,140 

 

 

 

Scheme 1.52  Activation of 2a with Tl(I) or Ag(I) salts. 

 

The six-coordinate aqua complex [RuCl(OH2)(1a)]
+
 (7a) was prepared by 

addition of water to the five-coordinate complex 4a:
140,141

  

 

 

 

Scheme 1.53  Preparation of 7a from 2a. 

 

NMR spectroscopic studies performed by Marco Ranocchiari revealed that  

the six-coordinate ether adduct [RuCl(OEt2)(1a)]
+
 is in equilibrium with the five-

coordinate complex [RuCl(1a)]
+
.
142,143

 The 
31

P NMR spectrum of 

[RuCl(OEt2)(1a)]PF6 (3aPF6) at room temperature shows one broad signal at  41 

ppm and some minor signals of impurities (Figure 1.11). 
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Figure 1.11  
31

P NMR spectra of [RuCl(OEt2)(1a)]PF6 at different temperatures. 

 

Upon cooling the system, the signals resolved, and decoalescence was reached 

at –20 °C. At –78 °C, the sharp signals (A) of an AX pattern (a doublet  55.5 and 

36.9, 
2
JP,P’ = 29.5 Hz) were observed (Figure 1.11). This indicated a dynamic 

equilibrium, probably due to the lability of the ether ligand. By analogy with the six-

coordinate aqua complex [RuCl(OH2)(1a)]PF6 (7a), which rapidly dissociate the aqua 

ligand to give the five-coordinate [RuCl(1a)]
+
 (4a), it was proposed that the dynamic 

process is an equilibrium between the ether adduct cis--3a and the five coordinate 

complex 4a: 

 

 

Scheme 1.54  Dynamic process involving 4a and 3a.  

 

Our research group has explored the catalytic activity of the monocationic 

complexes [RuCl(L)(PNNP)]
+
, where L = nil,  OEt2, or  OH2, in different reactions, 

such as the epoxidation and cyclopropanation of olefins. In these complexes, only one 

coordination site is available, either by ligand addition, as in [RuCl(1a)]
+
, or by 
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substitution of L, as in [RuCl(L)(1a)]
+
 (L = OEt2 (3a) or  OH2 (7a)). Therefore, they 

are suitable to bind a monodentate, reactive ligand and to transfer it to the non-

coordinated substrate. 

 [RuCl(1a)]
+
 (4a) catalyzes the epoxidation of styrene and different 

functionalized olefins with H2O2 with enantioselectivities up to 41% ee:
128,140,144

 

 

 

Scheme 1.55  Epoxidation of styrene catalyzed by [RuCl(1a)]
+
 (4a). 

 

Complex 4a also catalyzes the selective cis-cyclopropanation of olefins with 

ethyl diazoacetate (EDA) as carbene source (Scheme 1.56).
145,146

 

 

 

Scheme 1.56  Cis-cyclopropanation of styrene catalyzed by 4a. 

 

On the other hand, six-coordinate monocationic Ru/PNNP complexes, such as 

[RuCl(OH2)(1a)]
+
, cis--[RuCl(OEt2)(1a)]

+
, and [RuCl(PyNO)(1a)]

+
  (pyNO = 

pyridine-N-oxide) are active in the cyclopropanation of olefins with high cis-

selectivity, but with lower diastereo- and enantioselectivity.
129,147 

Eventually, the best 

results were obtained with the five-coordinate complex and with a PNNP ligand 

bearing electron-withdrawing substituents on the phosphorus atoms:
145,148

 

 

 

Scheme 1.57  Cis-cyclopropanation of styrene catalyzed by [RuCl(PNNP)]
+
. 



47 
 

The [RuCl(PNNP)]
+
 complex was also able to catalyze the cis-selective 

cyclopropanation of an aliphatic olefin, such as 1-octene, which was considered a 

difficult substrate for this reaction:
147

 

 

 

Scheme 1.58  Cis-cyclopropanation of 1-octene catalyzed by [RuCl(PNNP)]
+
 (See 

Scheme 1.57 for the definition of PNNP). 

 

A carbene complex from the decomposition of EDA in the presence of the 

[RuCl(PNNP)]
+
 was prepared and characterized.

146
 It was observed that this carbene 

species reacted instantaneously with the styrene (1 equiv) to give the corresponding 

cyclopropane: 

 

  

 

Scheme 1.59  Formation of a carbene complex from the decomposition of EDA in the 

presence of the [RuCl(PNNP)]
+
. 

 

1.5.4   Asymmetric Imine Aziridination 

 

1.5.4.1 Preliminary Studies: Olefin Aziridination 

 

In view of the formal analogy with cyclopropanation by carbene transfer to an 

olefin, the cationic Ru/PNNP complexes were tested as catalysts in aziridine 

formation by nitrene transfer to olefins and carbene transfer to imines.
139

 

In a preliminary study, Marco Ranocchiari, a former PhD student in our group, 

studied the catalytic activity of [RuCl2(1a)] (2a) in olefin aziridination after either 

single or double chloride abstraction and in combination with phenyliodinane, tosyl 
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azide, and chloramine-T as nitrene sources. The monocationic [RuCl(OEt2)(1a)]
+
 (3a) 

was not active in the presence of the highly reactive N-((p-toluenesulfonyl)imino)-

phenyliodinane (PhI=NTs): 

 

 

Scheme 1.60  Nitrene transfer to an imine in the presence of  [RuCl(OEt2)(1a)]
+
 (3a). 

 

A first success was obtained with the dicationic complex 

[Ru(OEt2)(PNNP)]
2+

. Upon double chloride abstraction from [RuCl2(PNNP)] (2a) 

with (Et3O)PF6 (2 equiv), aziridine was formed in 12% yield and 80% ee: 

 

 

Scheme 1.61 Catalytic aziridination by nitrene transfer from tosyl iodinane with 

[Ru(PNNP)]
2+

 (See scheme 1.57 for the definition of PNNP). 

 

The substrate scope was limited to styrene, however. As for the nitrene source, 

the milder tosylazide and chloramine-T were ineffective: 

 

 

 

Scheme 1.62  Catalytic aziridination by nitrene transfer from tosylazide and 

chloramines T with [Ru(Et2O)2(PNNP)]
2+

 (See scheme 1.57 for the definition of 

PNNP). 
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1.5.4.2 Imine Aziridination 

 

The limitations concerning the substrate scope were not surprising, since 

several systems for nitrene transfer to olefin proved to be not versatile, being 

ineffective toward aliphatic imines, as already discussed in chapter 1.4.1. Due to these 

unsuccessful preliminary results, the attention was shifted to the alternative 

aziridination path, the carbene transfer from ethyl diazoacetate (EDA) to imines.  This 

was a more interesting approach, since it gave access to 2-carboxy-aziridines, which 

are useful for the synthesis of - and - aminoacids. Thus, further efforts were 

directed to the study of the activity of Ru/PNNP complexes in the catalytic 

aziridination of imines bearing a very easily removable N-protecting group: 

 

 

 

Scheme 1.63  General scheme for imine aziridination with ethyl diazoacetate. 

 

These studies showed that, in the presence of [RuCl(1a)]PF6 (4aPF6), imines 

bearing the electron-withdrawing groups Ts (p-toluenesulfonyl), Cbz (benzyloxy 

carbamate), and Boc (tert-butyloxycarbonyl) did not react to give aziridine: 

 

 

 

Scheme 1.64 Aziridination of different protected imines with ethyl diazoacetate in the 

presence of [RuCl(1a)]PF6 (4aPF6). 
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In contrast, catalytic tests performed in presence of 4aPF6 with imines bearing 

the electron-donating benzyl N-protecting group led to the corresponding cis-aziridine 

in 11% yield, although without enantioselectivity: 

 

 

 

Scheme 1.65  Aziridination of a benzyl protected imine with ethyl diazoacetate in the 

presence of 4a. 

 

 Finally, benzhydryl N-protected imines reacted with EDA to give (S,S)-6a 

with 28% yield and 25% ee: 

 

 

Scheme 1.66  Aziridination of a benzhydryl protected imine with ethyl diazoacetate 

in the presence of 4a. 

 

More encouraging results were obtained with the six-coordinate complexes 

[RuCl(L)(1a)]
+
 (L = OH2, OEt2). The coordination of oxygen donors such as water or 

diethyl ether is known to modify the catalytic activity and selectivity of the PNNP 

catalyst. Thus, the addition of water (4.6 equiv) to a solution of the five-coordinate 

complex 4a led to increased yield (28%) and enantioselectivity (57% ee) of the (S,S)-

ethyl-1-benzhydryl-3-phenylaziridine-2-carboxylate ((S,S)-6a) from N-benzyldidene-

1,1-diphenylmethanamine (5a) (Scheme 1.67). 
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Scheme 1.67  Aziridination of a benzhydryl protected imine with ethyl diazoacetate 

in the presence of 7a. 

 

 On the other hand, the ether complex [RuCl(OEt2)(1a)]PF6 (3aPF6), obtained 

from activation of 2a with Et3OPF6 (1 equiv), catalyzed the aziridination of 5a to give 

(R,R)-6a in 26% yield and 84% ee: 

 

 

 

Scheme 1.68  Aziridination of a benzhydryl protected imine with ethyl diazoacetate 

in the presence of 3a. 

 

 Aziridine cis-6a was formed only by following a strict temperature protocol. 

After the overnight activation of the dichloro complex 2a at room temperature, imine 

5a was added to the reaction mixture at –78 °C in an i-propanol/dry ice bath. Then, 

EDA (1 equiv) was added in one batch, and the reaction solution was warmed to room 

temperature and stirred for 3 h. If any of these temperature conditions was not 

fulfilled, only ethyl maleate was formed. The role of an addition of an excess of 

imine, EDA, or Et2O was investigated, too. It was found that an excess of the reagent 

(imine and EDA), catalyst, or additive (direct addition of diethylether to the reaction 

mixture) led either to a reduction of the yield or to a drastic loss of the 

enantioselectivity. Finally, different imines with p-substituents were tested in the 
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presence of catalyst 3a (5 mol%) (Table 1.1). No general trend concerning electronic 

effects was discovered, though. 

 

          Table 1.1 

 

 

 

 

 

 

 

 

 

 

In contrast, the aqua complex [RuCl(OH2)(1a)]
+
 (7a) (5 mol%) gave cis-

aziridine 6a with 18% yield and 61% ee. With the five-coordinate species 

[RuCl(1a)]PF6 (4aPF6), the enantioselectivity was also reduced (28% yield, 25% ee). 

The reaction was highly stereoselective as only cis-aziridine was formed. 

Diethylmaleate was the only byproduct observed in all the experiments. The most 

important results are summarized in Table 1.2. 

 

Table 1.2 Catalytic Activity of Differently Activated [RuCl2(1a)] Complexes 

 

Catalyst 
Temperature 

protocol 

Catalyst 

loading 

(mol%)  

EDA 

addition  

cis-6a 

isolated 

yield (%) 

(R,R)-

cis-6a  

ee (%)  

[RuCl(OEt2)(1a)]
+
 (3a) 

–78 °C - RT 5  one batch 25 77  

–78 °C - RT 10  one batch 26  84  

RT 5 one batch 0  - 

[RuCl(OH2)(1a)]
+ 

(7a)
a
 RT 5  one batch 25 57  

[RuCl(1a)]
+
 (4a)

 
 RT 5  8 h  28  –25

b
 

 

a
 Obtained with the addition of an excess of H2O (4.6 equiv). 

b
 (S,S)-cis-6a formed instead of (R,R)-cis-6a. 

X 
Aziridine  

yield (%)  
ee (%) 

   

   

H 25 77 

OMe 3 - 

F 10 84 

CF3 11 30 

Me 5 - 

NMe2 0 - 
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Interestingly, with catalysts 3aPF6 and 7aPF6, aziridine cis-6a was formed 

with the inverse absolute configuration compared to the one obtained with 4aPF6. 

This might be a hint for a possible different mechanism. 

 

1.5.4.3 Spectroscopic Studies and Mechanistic Considerations 

 

NMR spectroscopic studies were performed in order to get insight into the 

reaction mechanism.
139

 As mentioned above, two reaction paths have been suggested 

for carbene transfer to imines:  

 

 

Scheme 1.69 Two general reaction paths for carbene transfer to imines. 
 

 

The first path, which is the Lewis-acid activation of the imine, was strongly 

disfavored by several observations. In particular, imine 5a did not react with 

[RuCl(1a)]
+ 

(4a) even at low temperature: 

 

 

 

Scheme 1.70  Reaction of imine 5a with the five-coordinate complex
 
4a.  

 

Moreover, no enaminoesters were formed as by-product in the catalytic runs 

described above, as usually observed in the Lewis-acid catalyzed imine 

aziridination.
109

  

On the other hand, the carbene complex trans-[RuCl(CHCOOEt)(1a)]
+
 (8a), 
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prepared from 3aPF6 and EDA (1 equiv), did not react with imine 5a to give aziridine 

6a: 

 

 

Scheme 1.71  Reaction of imine 5a with the carbene complex
 
8a.  

 

 As the above results ruled out both path A (Lewis acid activation of the imine) 

and path B (reaction of a carbene complex with the free imine), low temperature 
1
H, 

13
C, 

31
P, and 

15
N NMR spectroscopic studies were performed with the labeled 

diazoesters N2
13

C(H)COOEt (2-
13

C-EDA) and 
15

NNC(H)COOEt (
15

N-EDA). When 

cis-[RuCl(OEt2)(1a)]
+
 (3a) was treated with EDA in excess at –78 °C, the EDA 

complex trans-[RuCl(N2C(H)COOEt)(1a)]
+ 

(trans-9a) was formed as the major 

product: 

 

 

Scheme 1.72  Formation of a trans-diazoester  complex 9a. 

 

This EDA complex (9a) reacts with imine 5a to give aziridine 6a as 

cyclization product. After EDA is consumed, it decomposes to the corresponding 

carbene complex 8a (Scheme 1.73). Further experiments showed that the carbene 

complex 8a reacts with EDA to give diethyl maleate, which is the only byproduct 

formed during the catalytic runs. Therefore, the formation of the carbene complex 8a 

from 9a is responsible for the production of maleate and the low aziridine yield. Thus, 

the chemoselectivity of the reaction is controlled by the difference between the rate of 

the decay of the EDA complex 9a to the carbene 8a and the rate of the reaction of 9a 

with the imine. The slower the decay to carbene, the higher is the selectivity for 
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aziridine: 

 

 

Scheme 1.73  Reactivity scheme for the diazoester complex 9a.  

 

 It is well established in the literature that steric factors influence the decay of 

diazoalkane complexes to the corresponding carbene complexes. Milstein
149

 has 

reported diazoalkane complexes of ruthenium with PNP pincer ligands bearing tert-

butyl groups on the phosphines : 

 

 

 

Scheme 1.74  Formation of stable ruthenium diazocomplexes with bulky PNP pincer 

ligand.  

  

 Calculations suggested that the formation of the carbene complex from the 

diazoalkane analogue requires the change of the coordination mode of the diazoalkane 
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from end-on to 
2
-N,N and, eventually, to 

2
-N,C. The latter complex undergoes N2 

extrusion and forms the carbene: 
 

 

 

 

Scheme 1.75  Formation of a carbene complex from the corresponding diazoalkane 

analogue.   

 

It was concluded that the combined steric bulk of the P
t
Bu2 groups and the 

diazofluorene ligand hinders the 
2
-N,C coordination of the latter and hence the 

formation of a carbene complex.
150 

With these results in mind, Marco Ranocchiari suggested that macrocyclic 

PNNP ligands, because of the higher conformational rigidity than their open chain 

analogues, might represent a possibility to stabilize the diazoalkane complex 9a. 

 

1.6     Macrocyclic PNNP Ligands 

 

Chiral macrocyclic ligands containing P and N donors are potentially 

interesting for asymmetric catalysis as they are expected to form stable and 

conformationally rigid complexes. Moreover, they are analogous to open-chain P2N2 

ligands, which have found application in hydroxylation,
129,130

 fluorination,
131-133

 and 

Michael reaction
134-136

 of -ketoesters, epoxidation
128,140,144 

 and 

cyclopropanation
145,146

 of olefins, and in the transfer hydrogenation of ketones either 

in combination with ruthenium
126

 or with iron.
151

 However, owing to the challenges 

posed by their synthesis, they are still rare.
152

 Our group developed a straightforward 

synthesis to the first chiral macrocyclic PNNP (10a), which was easily reduced to its 

diamino analogue 10b (Scheme 1.76) and prepared their ruthenium(II) dichloro 

complexes (11a, 11b) (Scheme 1.77).
153 
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Scheme 1.76  Synthetic method for the preparation of C1-symmetric macrocyclic 

PNNP.   

 

 

 

Scheme 1.77  Ruthenium dichloro complexes with C1-symmetric macrocyclic PNNP. 

 

The diimino complex 11a and 11b catalyze the transfer hydrogenation of 

acetophenone to 1-phenylethanol with modest enantioselectivity of 30% and 11% ee, 

respectively: 

 

 

 

Scheme 1.78  Transfer hydrogenation of acetophenones catalyzed by 11a and 11b. 
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The low enantioselectivity was not surprising in view of the pseudo meso 

relationship between the P atoms in the C1-symmetric diastereoisomer. Therefore, the 

synthesis of C2-symmetric P2N2 chiral macrocycles and the use of their ruthenium 

complexes in asymmetric imine aziridination were set as next goal. 

 

1.7     Rationale of the Project 

 

The above results suggest that, to increase the aziridine yield, the 

decomposition of the EDA complex must be slowed down as compared to decay of 

the diazoester complex to carbene. As ruthenium complexes with conformationally 

rigid macrocyclic ligands seemed to be suitable to this purpose, our primary goal was 

the synthesis of novel C2-symmetric macrocyclic ligands:  

 

 

 

Figure 1.12  C2-symmetric macrocyclic PNNP ligands.  

 

The strategies developed to prepare C2-symmetric PNNP macrocycles and the 

difficulties encountered are described in Chapter 4 of this thesis. Eventually, we 

decided to explore a simpler possibility of stabilizing the diazoester adduct, that is, the 

use of bulky open-chain PNNP ligands.
 
To this purpose, a new series of open PNNP 

ligands was prepared, which contain bulky substituents on the phosphine groups 

(Figure 1.13). 
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Figure 1.13  Open PNNP ligands containing bulky substituents on the phosphine 

groups.   

 

The preliminary screening of the new ligands showed that complexes with 

ligands bearing substituents in the meta position of the aryl rings (2b-2h) give 

aziridine with high yields. The optimization of the most promising catalyst 2b led to 

the discovery of the noninnocent role of the counterion, as it was found that the PF6
–
 

anion undergoes hydrolysis, as described in the next chapter. The use of a 

nonhydrolyzable anion, such as BF4
–
, which led to an increase of the yield and 

enantioselectivity of the aziridination, is discussed in Chapter 3, together with 

additional mechanistic investigations and the study of the substrate scope. 
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2.     Substituted PNNP Ligands for Ru-Catalyzed   

        Imine Aziridination 

 

As discussed in paragraph 1.5, our group has investigated the possibility of 

using Ru(II)/PNNP cationic complexes in asymmetric imine aziridination. As a result 

of this study, a new aziridination mechanism was suggested,
139

 in which the rate of 

decomposition of the diazoester adduct (9a) to the corresponding carbene complex 

(8a) controls the chemoselectivity of the reaction: 

 

 

 

Scheme 2.1  Proposed mechanism for imine aziridination with Ru/PNNP catalysts. 

 

As studies performed by Milstein
149,150

 showed that sterically hindered PNP 

ligands inhibit the decomposition of the diazoester complex into the carbene 

analogue, we decided to introduce bulky substituents on the phenyl rings of the 

phosphorus atoms of the open-chair PNNP ligands. This chapter will focus on the 

preparation of a new series of substituted PNNP ligands and on the use of their 

ruthenium complexes in the catalytic carbene transfer from a diazoester to an imine, 

such as 5a. The aim was the study of the steric and electronic effects of differently 

substituted ligands on the yield and enantioselectivity of the aziridination reaction 

(Scheme 2.2). 
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Scheme 2.2  Aziridination reaction of imine 5a with ethyl diazoacetate. 

 

To this purpose, a new optimization of the catalytic conditions and some 

preliminary NMR spectroscopic studies were performed. 

 

2.1     [RuCl(OEt2)(PNNP)]PF6 as Catalyst: New Substituted Ligands 

 

2.1.1    Synthesis of the PNNP Ligands 

 

 The general synthetic method reported in Scheme 2.3 has been extensively 

used in our group for the preparation of different PNNP ligands such as the 

following:
129,145,147 

 

Figure 2.1  Examples of open-chain PNNP ligands. 

 

 

 

Scheme 2.3  General method for the preparation of open-chain PNNP ligands. 
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This four-step procedure was used to prepare a series of open-chain PNNP 

ligands with different substituents on the phenyl rings of the phosphorus atoms (1b-

1h): 

 

 

Figure 2.2  Open-chain PNNP ligands with substituents in the meta e para positions 

of the aryl groups.  

 

The chlorodiarylphosphines PClAr2 used as starting material are, when 

commercially available, generally expensive. Therefore, they were often prepared 

from the corresponding cheap arylbromide by the following lithiation method:  

 

 

 

Scheme 2.4  General method for the preparation of chlorodiarylphosphines via 

lithiation (See Figure 2.2 for the definition of Ar). 

 

Other synthetic procedures might be combined to prepare the desired ligand. 

For instance, the diarylphosphine can be formed via a less sensitive Grignard route, 

which is, however, longer and requires an additional intermediate filtration:
154,155 

 

 

 

Scheme 2.5  General method for the preparation of PAr2Cl via Grignard reagent. 
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A different synthetic approach exploits the dibromide intermediate shown in 

Scheme 2.6. This procedure is faster and limits the use of air-sensitive reagents to the 

very last step of the introduction of the PAr2 moiety, which allows an easier 

manipulation. On the other hand, this step is very sensitive to air, water, and 

impurities. Therefore, it requires the use of highly pure PClAr2, which is not always 

easily accessible. Moreover, it is not suitable for scaling up. For these reasons, the 

synthetic approach presented in Scheme 2.3 was generally used. 

 

 

 

 

Scheme 2.6  General method for the preparation of open-chain PNNP ligands. 

 

 In the case of the very bulky disubstituted 3,5-di-tert-butyl ligand (1c), a 

modified procedure was necessary. The 3,5-di-tert-butyl bromide was obtained easily 

from 1,3,5-tri-tert-butyl-benzene: 

 

 

Scheme 2.7  Komen and Bickelhaupt synthesis of 3,5-di-tert-butyl bromide. 

 

 The bromination reaction reported by Komen and Bickelhaupt
154

 worked 

properly, but involved the use of highly toxic tetrachloromethane and elemental 

bromine. 1-Bromo-3,5-di-tert-butylbenzene failed to form the corresponding Grignard 

reagent with magnesium, as already reported by RajanBabu,
155,156

 probably because 
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of the steric bulk of the tert-butyl groups. Therefore, the harsher lithiation procedure 

reported in Scheme 2.4 was used to prepare bis(3,5-di-tert-

butylphenyl)chlorophosphine, which was then employed for the synthesis of ligand 1c 

according to Scheme 2.6. 

 

2.1.1    [RuCl2(PNNP)] Complexes 

 

The above ligands (1b-1h) were used to prepare the corresponding dichloro 

complexes [RuCl2(1b-1h)] (2b-2h): 

 

 

 

Scheme 2.8  Preparation of dichloro ruthenium complexes with open-chain PNNP 

ligands.  

  

As ruthenium precursor, [RuCl2(p-cymene)]2 was used instead of 

[RuCl2(PPh3)3], because of the easier removal of the p-cymene from the mixture in 

comparison to triphenylphosphine. No crystal structure analyses were performed, but 

the dichloro complexes (2b-2h) were otherwise completely characterized. Their 
31

P 

NMR spectra exhibited a singlet in agreement with the reported Ru/PNNP 

complexes.
129,145

 The multiplicity and chemical shifts of these signals support the 

trans configuration. The only exception was the 3,5-di-tert-butyl substituted complex 

(2c), which exhibited the signals of three species around  51, that is, two singlets at  

51.1 and 51.5 and an AB system at  51.8 and 50.7 (
2
JP,P’ = 27.9 Hz) (Figure 2.3). 
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Figure 2.3  
31

P{1H} spectrum (162.0 MHz, CDCl3, RT) of [RuCl2(1c)] (2c), 

exhibiting two singlets at  51.1 and 51.5 and an AB system at  51.8 and 50.7. 

 

The multiplicity of these signals indicates the presence of two C2-symmetric 

and one C1-symmetric species. On the basis of the chemical shifts,
128,140 

the presence 

of cis- isomers was ruled out and we excluded the cis-isomers, too, as their 

formation is strongly energetically disfavored and was never observed.
128 

In fact, the 

chemical shifts are in agreement with a phosphorus in trans position to a nitrogen 

atom: 

 

 

 

Scheme 2.9  
31

P NMR chemical shift for cis- and trans isomers of [RuCl2(1a)]. 

 

For a better understanding of the system in solution, an HMQC spectrum was 

measured (Figure 2.4).  

d 31P
51.0 50.052.0
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Figure 2.4  HMQC (500 MHz, CD2Cl2) of [RuCl2(1c)] (2c).  

 

In this 2D heteronuclear spectrum the imine protons of the ligand couple with 

all the phosphorus peaks, suggesting that the species in solution are rapidly 

exchanging at room temperature. On the basis of the above evidence, we suggest that 

the species observed are trans complexes, two of C2- and one of C1-symmetry. The  

loss of the C2-axis of symmetry can be caused by the 3,5-di-tert-butyl group on the 

phosphines. The distortion of the molecular geometry induced by the presence of 

substituents on the aryl groups of the phosphines has already been reported by 

Cristina Bonaccorsi in case of the 3,5-di-trifluoromethyl substituted ligand.
129

  

 

2.1.2    Activation of the Dichloro Complexes [RuCl2(1b-1h)] (2b-2h) 

 

As 18 electron species, the dichloro ruthenium complexes [RuCl2(1b-1h)] (2b-

2h) are coordinatively saturated and kinetically inert. The corresponding active 

complexes were obtained by single chloride abstraction with different chloride 

scavengers (1 equiv). The ether adducts [RuCl(OEt2)(1b-1h)]
+
 (3b-3h) were typically 

formed by chloride abstraction from the dichlorocomplexes 2b-2h with a 

triethyloxonium salt such as (Et3O)PF6 (Scheme 2.10). 
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Scheme 2.10  Activation of ruthenium dichloro complexes by chloride abstraction 

with (Et3O)PF6 to give the six-coordinate ether analogues.  

 

In the case of (Et3O)PF6 as scavenger, the chloride abstractor serves also as 

ether source. Chloroethane was formed as the only side product, in contrast to the 

activation with Tl(I) or Ag(I) salts, which formed insoluble TlCl or AgCl. The 

activation was usually performed overnight in dichloromethane as solvent at room 

temperature by using (Et3O)PF6 (1 equiv) as chloride scavenger. A complete 

characterization of the monocationic complexes [RuCl(OEt2)(1b-1h)]PF6 ((3b-

3h)PF6) was not performed, but the reaction was assumed to proceed in analogy with 

the unsubstituted complex [RuCl2(1a)] (2a), where a change in the solution color 

from dark red to brown is observed. It has to be noted that the ether adduct  

[RuCl(OEt2)(1a)]
+
 (3a) dissociates at room temperature to give the corresponding 

five-coordinate [RuCl(1a)]
+
 (4a), which is catalytically active (See 2.1.3.1 below).

142
  

 

2.1.3    Preliminary Catalytic Results in Imine Aziridination 

 

The putative complexes [RuCl(OEt2)(1b-1h)]PF6 ((3b-3h)PF6) were tested in 

the asymmetric aziridination of N-benzylidene-1,1-diphenylmethanamine (5a) with 

EDA. The reactions were performed under the optimized conditions discussed in the 

introduction (§ 1.5.4.2): 

 

 

Scheme 2.11  Aziridination reaction for the screening of different ligands.  
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 A CH2Cl2 solution of the catalyst was cooled to –78 °C, then imine 5a and 

EDA were successively added in one batch. After 5 minutes, the reaction solution was 

warmed to room temperature and stirred for 4 h, during which it was monitored by 

TLC. Then, the solvent was removed, and 1,3,5-trimethoxybenzene was added in 

weighted amounts as internal standard. The 
1
H NMR spectra of the reaction crude 

were recorded, and NMR yields were calculated on the basis of the internal standard. 

Afterwards, the crude mixture was purified by column chromatography, and the 

aziridine cis-6a was isolated as a crystalline solid, whose purity was confirmed by 
1
H 

NMR spectroscopy. To establish the chemoselectivity of the reaction, the presence of 

side products was quantified by integration of the 
1
H NMR spectra, as well. Maleate 

was found to be the prominent by-product, but also trans-aziridine (trans-6a) was 

detected. During the purification procedure, aziridine trans-6a was eluted with the 

unreacted imine 5a, whereas cis-6a was obtained as an uncontaminated crystalline 

solid. The enantiomeric excess of cis-6a was measured by chiral HPLC and the 

retention times were compared with those measured by Marco Ranocchiari.
139

 The 

results of this first screening of complexes 3b-3h are summarized in Table 2.1.  

 

Table 2.1  Imine Aziridination Catalyzed by [RuCl(OEt2)(1a-1h)]PF6 (3b-3h) 

(Temperature Gradient Method). 

 

Entry Ligand 

conv.  

5a 

(%) 

maleate 

(%) 

(NMR) 

cis-6a 

(%) 

(NMR) 

cis-6a 

(%) 

(isolated) 

ee (%) 

cis-6a 

cis/trans 

6a 

(NMR) 
        

        

1
a
 1a (4-H)    26 84 100:0 

2 1b (3,5-diMe) 100 19 84 80 3 85:15 

3 1c (3,5-di
t
Bu) 40 13 18 13 1 - 

4 1d (2-napht) 74 28 65 65 2 90:10 

5 1e (3-Me) 95 9 72 70 3 87:13 

6 1f  (4-Cl) 19 91 3 - - - 

7 1g (4-F) 10 82 4 - - - 

8 1h (4-Me) 67 52 8 - - - 

9 1i (4-CF3) 34 93 1 - - - 

 

1
 Results reported by Marco Ranocchiari.

139 
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 The introduction of substituents into the PPh2 groups of the PNNP ligands led 

to drastic changes of the reaction outcome as compared to the results obtained with 

the unsubstituted ligand 1a (entry 1).
139

 The most striking common feature of the 

catalytic results with the substituted PNNP ligands is the nearly total loss of 

enantioselectivity for the formation of cis-6a. By increasing the steric bulk (entries 2-

5), aziridine cis-6a was formed in higher yields, though. In particular, with ligands 

substituted in the meta position of the PAr2 groups, cis-6a was obtained with high 

isolated yields (>65%) (entries 2, 4, and 5). The best result (80% isolated yield) was 

achieved with the 3,5-dimethyl substituted ligand 1b. In runs 2 and 4, imine 5a was 

almost quantitatively converted, but it was not possible to identify the other 

byproducts formed from the 
1
H NMR spectra of the crude. On the other hand, ligands 

bearing substituents in the para position, such as p-Cl, p-F, p-Me, and p-CF3, reduced 

drastically the yield (entries 7-11). In those catalytic runs, the presence of large 

amounts of unreacted 5a was observed in the 
1
H NMR spectra of the crude mixture. 

The very bulky ligand tert-butyl substituted 1c (entry 3) gave low yields (18%), 

probably because of the extreme steric hindrance present on the complex.  

With all ligands, the cis-stereoselectivity was maintained, with a cis/trans ratio 

of 85:15 in the worst case for ligand 1b. These catalysts are less diastereoselective 

than 3aPF6, where no signals for the trans isomer were detected in the 
1
H NMR 

spectra of the crude reaction mixture. On this topic, we note that apparent high 

diastereoselectivity has been reported for some Lewis acid catalysts
157,158

 that 

decompose stereospecifically the trans isomer, but this is not the case here, as trans-

aziridine has been observed in the reaction crude (see above).
 

 The high yields obtained with 1b, 1d, and 1e were an encouraging result in 

spite of the absence of enantioselectivity. Therefore, different catalytic conditions 

were tested for a new optimization of the aziridination reaction with complexes 2b-2e 

in order to reestablish the enantioselectivity. 

 

2.1.2.1  Temperature Effect 

 

 In our group, Christoph Schotes previously found out that the ether complex 

3a is in equilibrium with the five-coordinate system 4a (Scheme 2.12).
142

 Upon 

decreasing the temperature, the equilibrium shifts towards the ether adduct and the 

exchange between the five- and the six-coordinate complex slows down. 
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Scheme 2.12  Equilibrium between the six-coordinate ether adduct and the five-

coordinate complex. 

 

 Therefore, the change in the temperature influences the concentration of these 

active species in the catalytic solution. With the assumption that this behavior applies 

to the substituted complex 3b-3h, too, we started to investigate the effect of the 

temperature on the reaction. Preliminary experiments showed that, at difference with 

the unsubstituted catalyst 3a, which gave aziridine only with the temperature gradient, 

the new complexes [RuCl(OEt2)(PNNP)]PF6 (PNNP = 3b-e,h) gave 6a also at 

constant temperature. Therefore, to simplify the reaction protocol, we tested the new 

complexes 3b-e,h at 25 and 0 °C. A longer reaction time (24 h) was used ensure the 

completion of the reaction: 

 

 

 

Scheme 2.13  Aziridination reaction for the screening of several ligands under 

different temperature conditions. 

 

 The reaction mixture was analyzed as reported previously (Table 2.2). Under 

these conditions, the best yield was achieved with the 3,5-dimethyl substituted ligand 

(1b), which formed cis-6a with 55% isolated yield. The positive trend of yield in 

combination with bulky ligands was confirmed by the results obtained with the 3,5-di-

tert-butyl- (1c) and the 2-naphthyl- (1d) substituted ligands (entries 3 and 4). In 

addition, the maleate yield was drastically reduced (entries 2-5). However, all 

reactions gave a very low enantioselectivity (0-13% ee). The temperature change did 
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not affect the chemoselectivity, but the cis-diastereoselectivity was lower (cis/trans 

ratio of 76:24 compared to 85:15) (Table 2.1, run 2). 

 

Table 2.2  Results in Aziridination Catalyzed by [RuCl(OEt2)(1a-1e,1h)]PF6 (3a-

3e,3h)PF6 at Constant Temperature. 

 

Entry Ligand 
T 

(°C) 

conv. 

5a 

 (%) 

maleate 

 (%) 

(NMR) 

cis-6a 

(%) 

(NMR) 

cis-6a 

(%) 

(isol.) 

ee  

(%) 

cis-6a 

cis/ 

trans 

6a 

(NMR) 
         

         

1 1a (4-H)
b
 0    0 - 0 

2 1a (4-H)
b
 25    0 - 0 

3 1b (3,5-diMe) 0 65 20  57 55 13 76:24 

4 1b (3,5-diMe) 25 100 11  51 50 2 85:15 

5 1c (3,5-di
t
Bu) 0 66 21  36 32 3 75:25 

6 1c (3,5-di
t
Bu) 25 49 12  24 20 0 76:24 

7 1d (2-naphth) 0 65 14  40 37 13 73:27  

8 1d (2-naphth) 25 78 6  51 45 0 70:30  

9 1e (3-Me) 0 10 18 10 10 9 70:30  

10 1h (4-Me) 0 17 78 6 - - - 

 

b
  Results reported by Marco Ranocchiari.

139 

 

The best performing catalysts 3b-d were tested at room temperature, too. The 

highest yield was obtained with the 3,5-dimethyl substituted ligand 1b. However, at 

room temperature the enantioselectivity was drastically reduced, as essentially 

racemic aziridine cis-6a formed (entry 4). 

Nevertheless, we decided to proceed in the optimization of the reaction 

conditions with the most promising ligand, the 3,5-dimethylsubstituted (1b) one, 

which achieved the highest yields under each temperature condition. 

 

 

2.2     Catalyst Optimization with [RuCl(OEt2)(1b)]PF6 (3bPF6) 
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A thorough optimization of the most efficient system [Ru(1b)(OEt2)Cl]PF6 

(3bPF6)  was performed, starting by testing a different carbene source and 

temperatures. 

 

2.2.1   Tert-Butyl Diazoacetate as Carbenoid Source 

 

As the steric hindrance on the ligands turned out to have a beneficial effect, at 

least on the aziridine yield, we tested a different diazoester as the carbene source, 

such as the extremely bulky tert-butyl diazoacetate (tBDA) (Table 2.3) in the catalytic 

reaction to give the tert-butyl substituted aziridine 12a. 

 

 

 

Scheme 2.14  Aziridination reaction with tert-butyl diazoacetate to give 12a. 

 

Table 2.3  Results in Aziridination Catalyzed by [RuCl(OEt2)(1b)]PF6 (3bPF6) with 

tert-Butyl Diazoacetate as Carbenoid Source. 

 

Entry T 

conv. 

5a 
(%) 

maleate 

(%)  

(NMR) 

cis-12a 

(%) 

(NMR) 

cis-12a 

(%) 

(isolated) 

ee (%) 

cis-12a 

cis/trans 

12a 

(NMR) 
        

        

1 gradient 86 18 34 33 8 85:15 

2 0 °C 26 7  9 6 0 - 

3 RT 20 15  10 5 0 - 

 

Moderate yields of cis-12a were achieved only with the gradient procedure, 

with a cis/trans ratio of 85:15, but the enantioselectivity was very low (8% ee) (entry 

1). At constant temperature (entries 2 and 3), the yields were drastically reduced to 

9% and 10% respectively, and the aziridine cis-6a was racemic. A possible 
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explanation for the reduced reactivity of the system is the extreme steric hindrance of 

the 3,5-di-tert-butyl substituted diazoacetate. 

 

2.2.2    Temperature Screening  

 

 As the 3,5-dimethylsubstituted ligand 1b gave the highest aziridine yield 

during the catalytic screening, a further investigation of the temperature condition was 

performed with the ether complex [RuCl(OEt2)(1b)]PF6 (3bPF6). Different isothermal 

temperature conditions in the range between –10 °C and room temperature were 

applied with EDA as carbene source and the reproducibility of the results was tested. 

  

 

 

Scheme 2.15  Aziridination reaction for the screening of the 3,5-dimethyl substituted 

ligand at different temperatures. 

 

Table 2.4  Results in Aziridination Catalyzed by [RuCl(OEt2)(1b)]PF6 (3bPF6) at 

Different Temperatures. 

 

Entry T maleate (%) cis-6a (%) ee (%) cis-6a 
     

     

1 gradient 10 84 3 

2 RT 11 51 2 

3 0 °C 20 57 13 

4 0 °Cc 15 28 0 

5 –10 °C 9 32 0 

6 –10 °C
c
 23 30 0 

 

c
  The reaction was performed a second time under the same conditions. 

 The results obtained with the gradient protocol are reported for comparison in 

entry 1. The highest yields (57%) were achieved under constant temperature (0 °C) 



74 
 

(entry 3). In this catalytic run, only 20% of maleate was formed, and the cis/trans 

ratio was 76:24. By performing the reaction at second time at –10 °C (entry 5), the 

yield was decreased to 32%, and no enantioselectivity was observed. Repeating the 

catalytic run at 0 and –10 °C (entries 4 and 6), a low reproducibility was observed. In 

particular, considering the reaction performed at 0 °C, the enantioselectivity was 

decreased, as only racemic cis-6a formed. On the other hand, the maleate yield was 

increased to 23% in entry 6.  

 

2.2.3    Pressure Effect  

  

As the results presented in Table 2.4 showed that the reaction is poorly 

reproducible, we carefully analyzed the experimental procedure. We realized that, 

depending on the operator, the reaction flask was either kept open to the argon line or 

closed for the whole reaction time. As dinitrogen is evolved upon EDA 

decomposition, a partial pressure of N2 builds up in a closed system. Thus, to test 

whether the total pressure may affect the product distribution, a series of aziridination 

reactions was performed either in an open or in a closed Schlenk tube under identical 

temperature conditions (Table 2.5).  

 

Table 2.5  Results in Aziridination Catalyzed by [RuCl(OEt2)(1b)]PF6 (3bPF6) with 

Flask Open or Closed. 

 

Run T  
maleate 

(%)  

cis-6a 

(%)  

(R,R)-6a 

ee (%) 
     

     

1 RT (open) 11 51 2 

2 RT (closed) 45 traces - 

3 0 °C (open) 20 55 13 

4 0 °C (closed)  61 12 0 

 

It was observed that the yields were strongly reduced by performing the 

reaction in a closed vessel. Approximating the volume of the Schlenk tube to an 

average of 20 mL and the temperature to 25 °C, the pressure generated by the 

decomposition of EDA to carbene and N2 can be roughly calculated estimated to ca. 

0.6 bar: 
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The calculated value of the developed pressure (0.61 bar) is significant and 

only slightly diminishes to 0.55 bar by decreasing the temperature to 0 °C. When the 

reaction was carried out in a closed Schlenk tube with a Young valve, the pressure 

release was clearly perceived upon opening the vessel after completion of the 

reaction. A possible role of the reaction pressure can be discussed considering the 

following scheme (Scheme 2.16). Previous studies have shown that the reaction of the 

diazoester complex 9a with the imine 5a to give the aziridine 6a results in the 

formation of a dinitrogen complex, which undergoes dissociation of the dinitrogen 

ligand to reform the ether adduct 3a, possibly with the intermediacy of the five-

coordinate complex 4a.
105

 The partial pressure of N2 might influence the dissociation 

of the dinitrogen complex to the five-coordinate 4a, and, hence, the distribution of the 

catalytic species in solution. 

 

 

 

Scheme 2.16  The hypothized mechanistic role of the dinitrogen molecule.  

p V = n R T

n = 0.49 10 3 mol

R = 0, 082 L atm mol K

T = 298 K

V = 20 10 3 L

p =
n R T

V
0, 6 atm 0, 61 bar

1 1
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 On the basis of this hypothesis, the higher partial pressure of N2 reduces the 

concentration of the active species 4a, which might explain the lower aziridine yields 

obtained when the reaction was performed in a closed vessel, as reported in Table 2.5. 

 

2.2.4  Considerations on the Catalytic Activity of [RuCl(OEt2)(1b)]PF6  

 

During the catalytic investigation performed with the six-coordinate ether 

complex [RuCl(OEt2)(1b)]PF6 (3bPF6), we observed that all the experiments 

exhibited a low enantioselectivity (Table 2.4). It is known that the analogous complex 

with the unsubstituted ligand 1a [RuCl(OEt2)(1a)]
+
 (3a) is involved in an equilibrium 

with the five-coordinate complex [RuCl(1a)]
+
 (4a). Marco Ranocchiari reported that 

the latter species gives the opposite sense of induction in the asymmetric aziridination 

of 5a with EDA as compared to 3a (Scheme 2.17).
139 

Therefore, the equilibrium 

between the five- and the six-coordinate complex might be responsible for the low 

enantioselectivity in case of the 3,5-dimethyl substituted ligand 1b, as catalyst 4bPF6 

and 3bPF6 might produce the opposite enantiomers.  

 

  

 

 

Scheme 2.17  Best results obtained with the unsubstituted PNNP ligand 1a under the 

optimized conditions for either 3aPF6 or 4aPF6. 
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However, comparing the sense of induction of the two different systems under 

the same conditions is not possible, as aziridine 6a is formed under different 

conditions with each system (Scheme 2.17). 

As a second general observation, a poor reproducibility was exhibited with the 

six-coordinate 3bPF6 (Table 2.5), for which no explanation was evident.  

To cast some light on the above issues, we tested the five-coordinate 4bPF6 

under the same temperature and pressure conditions already used for the six-

coordinate ether adduct 3bPF6. 

 

2.3     Five-Coordinate [RuCl(1b)]PF6 (4aPF6) as Catalyst 

   

The ruthenium complex [RuCl(1b)]PF6 4bPF6 was formed by chloride 

abstraction from the dichlorocomplex 2b with the thallium salt TlPF6 (1 equiv), 

stirring overnight in dichloromethane at room temperature (Scheme 2.18). 

 

 

 

Scheme 2.18  The activation of the ruthenium dichloro complexes with the 3,5-

dimethyl substituted ligand (2b) to give the five-coordinate 4bPF6.  

 

The change of color from dark red to brown and the formation of a precipitate 

(TlCl) were taken as a confirmation for the successful activation. The greyish solid 

was not filtered off, as it was considered inactive for the reaction. 

 

2.3.1   Temperature and Pressure Effects 

  

We tested the five-coordinate complex 4bPF6 under the same conditions 

already employed for the six-coordinate 3bPF6, in order to correlate the reactivity of 
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the two systems. Four different temperature conditions were applied to the reaction 

for its whole duration with the flask open to the argon line, while the imine and EDA 

were successively added in one batch. The catalytic runs under isothermal 

temperatures (0 °C, –10 °C, and RT) were repeated also in a closed Young Schlenk. 

Finally, to rationalize the pressure influence, further experiments were performed at 

constant temperature (–10 °C) under a nitrogen atmosphere instead of argon.  

 

 

 

Scheme 2.19  Aziridination reaction  with 4bPF6 at different temperatures.  

 

Table 2.6  Results in Aziridination Catalyzed by [RuCl(1b)]PF6 (4bPF6). 

 

Entry T  
inert 

gas 
flask 

conv. 

5a  

(%) 

maleate 

(%)  

(NMR) 

cis-6a 

(%) 

(NMR) 

ee (%) 

(R,R)-6a 
        

        

1 Gradient  Ar Open 12 14 11 54 

2 RT Ar Open 12 16  7 0 

3 RT Ar Closed <5% 21 8 0 

4 0 °C  Ar Open 52 58  24 0 

5 0 °C  Ar Closed 30 17 9 –29 

6 –10 °C  Ar Open  62 9  26 0 

7 –10 °C Ar Closed 51 12 19 nd 

8 –10 °C  N2 Open  41 13 12 0 

9 –10 °C
d
  N2 Open 60 10 20 0 

10 –10 °C  N2 Closed  63 8 33 0 

11 –10 °C
d
 N2 Closed  58 10 28 0 

 

d
 The reaction was repeated a second time under the same conditions. 
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Under the gradient protocol (entry 1), the conversion was only 12% with the 

corresponding formation of cis-6a in 11% yield. The chemoselectivity of the reaction 

was low, as maleate was produced in 14% yield. Aziridine (R,R)-cis-6a was obtained 

with the enantioselectivity of 54% ee. Therefore, under the gradient protocol, catalyst 

4bPF6 showed the same sense of induction with respect to the six-coordinate 3bPF6 

(Table 2.4). At room temperature (entry 2), however, the aziridine yield decreased to 

7% and, moreover, racemic product was formed. At 0 and –10 °C, aziridine was 

obtained in 20% and 26% yield, respectively, but without enantioselectivity (entries 4 

and 6).  

Performing the reaction under identical conditions but in a closed Young 

Schlenk led to different results depending on the temperature, in terms either of yield 

and enantioselectivity. At room temperature (entry 3), racemic cis-6a was obtained in 

8% yield, giving similar aziridine yields with both protocols (open/closed). On the 

other hand, by decreasing the temperature to 0 °C (entry 5), the reaction showed an 

inverse sense of induction, as (S,S)-cis-6a was formed in 9% NMR yield with 

enantioselectivity of 29% ee in the closed system, whereas racemic 6a was formed at 

constant pressure under argon.  

The reactions at –10 °C are particularly interesting. Firstly, the yields of the 

reactions performed under nitrogen in a closed Schlenk (entries 10 and 11) were 

higher than those obtained in an open Schlenk under nitrogen (entries 8 and 9), and 

than those obtained in a closed Schlenk under argon atmosphere (entries 6 and 7), as 

well. These results are clearly contradicting the hypothesis that we proposed to 

explain the role of the pressure effect on the yield, as higher aziridine yields were 

obtained with higher nitrogen pressures. Secondly, the reproducibility of the reactions 

was poor, even after controlling the pressure conditions. In the case of the reaction 

performed in an open flask (entries 8 and 9), the difference between the two NMR 

aziridine yields (12 and 20% respectively) was significant.  

Before searching for a different explanation, by means of NMR spectroscopic 

investigation of the catalytic system, we briefly examined tert-butyldiazoacetate as 

carbenoid source.  
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2.3.2   Tert-Butyl Diazoacetate as Carbenoid Source 

 

For the sake of comparison with the six-coordinate system 3bPF6, the bulky 

tert-butyl diazoacetate was tested as carbenoid source as well (Table 2.7). As a 

general trend, upon decreasing the temperature from 25 °C (entry 2), to 0 °C (entry 3), 

to –10 °C (entries 4 and 5), the yield was enhanced up to 41% when the reaction was 

performed in an open flask connected to the argon line. A very low enantioselectivity 

(15%) was observed under the gradient protocol (entry 1), whereas under constant 

temperatures (entries 2-4) only racemic cis-12a was recovered. 

 

 

 

Scheme 2.20  Aziridination reaction with tert-butyl diazoacetate. 

 

Table 2.7  Results in Aziridination Catalyzed by [RuCl(1b)]PF6 (4bPF6) with tert-

Butyl Diazoacetate as Carbenoid Source.  

 

Run T  Flask 
5a  

conv. (%) 

maleate 

(%)  

cis-12a 

(%)  

cis-12a 

ee (%) 
12a 

cis/trans 
        

        

1 gradient open 30 30 16 15 - 

2 RT open 96 42 2 0 - 

3 0 °C open 68 12 25 0 86:14 

4 –10 °C open 82 12 41 4 89:11 

5 –10 °C closed 67 39 11 85 88:12  

  
 

The results reported in entries 1-3 were comparable with those obtained with 

the six-coordinate [RuCl(OEt2)(1b)]PF6 3bPF6 (Table 2.3). As for 3bPF6, moderate 

yields and a very low enantioselectivity were obtained only under the gradient 
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conditions (entry 1), whereas by using an isothermal temperature protocol (RT and 

0°C), only racemic product was recovered (entries 2 and 3).  

In addition, the reaction at –10 °C (entry 4) was also repeated in a closed 

vessel (entry 5). The conversion of the imine was of 67% and maleate formation in 

39% yield. Despite the high conversion of the imine, aziridine was isolated in only 

11% yield, but from the crude spectra it was not possible to identify the other 

byproducts. However, a surprisingly high enantioselectivity of 85% was observed.  

For lack of reference of tert-butyl-substituted aziridines, the absolute configuration of 

the product was not established. Encouraged by this last promising result, we decided 

to perform some NMR spectroscopic studies for a better understanding. 

 

2.3.3    NMR Spectroscopic Investigations 

 

The above study of the temperature and pressure effects showed that several 

factors influence the catalytic performance of catalysts 3bPF6 and 4bPF6. However, 

the yield and the enantioselectivity of aziridine seem to vary without an apparent 

pattern. To disentangle these effects, we decided to perform some NMR spectroscopic 

studies with [Ru(1b)Cl2] (2b) as precatalyst and TlPF6 or (Et3O)PF6 as halide 

scavenger. To this respect, an intrinsic point is that the catalytic reactions run in an 

NMR tube had to be performed under protected atmosphere, which required the use 

of a closed system.  

 

2.3.3.1  [RuCl(1b)]PF6 (4bPF6) 

 

 The dichlorocomplex 2b was treated with TlPF6 (1 equiv) in CD2Cl2 in an NMR tube 

under argon in an NMR tube equipped with a silicon septum. The mixture was stirred 

overnight at room temperature, and the 
31

P and 
1
H NMR spectra of 4bPF6 were 

recorded at different temperatures. The 
31

P NMR spectrum at –40 °C shows an AX 

system ( 59.6 and 50.1, 
2
JP,P’ = 29 Hz), which we assign to the five-coordinate 

complex [RuCl(1b)]
+
 (4b) on the basis of the spectroscopic data of the unsubstituted 

analogue [RuCl(1a)]PF6, which shows signals at  59.5 and 49.6 (
2
JP,P’ = 29  Hz) 

(Figure 2.5).
129
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Figure 2.5  
31

P NMR spectrum (212 MHz, CD2Cl2) of [RuCl2(1b)] after activation 

with TlPF6 (1 equiv) (–40 °C). 

 

  The addition of imine 5a (1, 5, and 10 equiv) to the reaction mixture did not 

result in any modification of the spectra. This confirmed that no coordination of 5a to 

complex 4b occurred, even in the presence of an excess of the imine.  

The catalytic reaction was monitored by NMR spectroscopy, as well. To this 

purpose, the five-coordinate 4bPF6 was prepared as described above. Then, 5a and 

EDA were added at 0 °C and the 
1
H and 

31
P NMR spectra were measured at 0 °C 

every 10 minutes for 48 h: 

 

 

 

Figure 2.6  Reaction profile of the catalytic run performed with 4bPF6 at 0 °C as 

monitored by 
1
H NMR spectroscopy (CD2Cl2, 700 MHz) during 48 h. The 

1
H NMR 

spectra were recorded every 10 min and the integration of the signals is plotted 

against time. 

d 31P
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0.035
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From the 
1
H spectra, it was noted that the reaction was not quantitative after 

two days, even though the curve of the aziridine formation and the one of the EDA 

consumption started to flatten at this point. Finally, aziridine was formed in higher 

yield than maleate. 

 

 

 

Figure 2.7 
31

P NMR spectrum (283 MHz, CD2Cl2) of [RuCl(1b)]PF6 (10 mol%) 

recorded immediately after the addition of EDA (1 equiv) (0 °C). 

 

The 
31

P NMR spectrum (Figure 2.7) at 0 °C showed that the activated complex 

reacts with EDA to form a putative ruthenium diazoester adduct 

[RuCl(N2C(H)COOEt)(1b)]
+
 (9b). Two doublets at  58.0 and 34.5 (

2
JP,P’ = 28 Hz) 

were attributed to this latter species.  

The presence of a phosphorus in trans position to a chloro atom can be 

excluded, since such systems exhibit signals at around  80, as in the case of the cis- 

isomer of [RuCl2(1a)] (See scheme 2.9).
128,140

 On the other hand, the chemical shifts 

are not in agreement with a trans-diazoester adduct, which was observed and 

characterized by Marco Ranocchiari
139

 with the unsubstituted ligand 1a, as the 
31

P 

NMR spectra of the diazoester adduct [RuCl(N2C(H)COOEt)(1a)]
+
 showed signals at 

δ 42.1 and 36.9 (
2
JP,P' = 24.2 Hz) at room temperature. On the other hand, the 

chemical shifts are in agreement with a cis-β configuration of the diazoester adduct, in 

which the phosphorus atoms are both in trans position to a nitrogen. The signal at  

58.0 might be assigned to a phosphorus in trans position to a weakly coordinated 

nitrogen, such as the one of the coordinated diazoester moiety (Figure 2.8). 
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Figure 2.8  Cis- configuration of the putative diazoester adduct. 

 

It has to be noted that the spectrum of the unsubstituted catalyst 

[RuCl(N2C(H)COOEt)(1a)]
+
 exhibited signals at δ 42.4 (d, 

2
JP,P' = 25.3 Hz), 41.1 (d, 

2
JP,P' = 25.3 Hz), 35.8 (d, 

2
JP,P' = 25.2 Hz), 34.8 (d, 

2
JP,P' = 25.4 Hz) at –60 °C. This 

was attributed to the interconversion between the s-cis and s-trans isomers of the 

coordinate diazoester (Figure 2.9). However, no NMR spectrum of the  analogous 

system with the 3,5-dimethylsubstituted ligand 1b was recorded below 0 °C. 

 

 

 

Figure 2.9  Interconversion between the s-cis and the s-trans isomers of EDA. 

  

Finally, to exclude that the signals at  58.0 and 34.5 ppm belong to any aqua 

complex, the analogous aqua complex [RuCl(OH2)(1b)]
+
 (7b) was investigated, too. 

31
P NMR spectra were recorded at different temperature after adding an excess of 

water (up to 10 equiv) to a CD2Cl2 solution of 4bPF6. Two doublets at  63.6 and 46.3 

(
2
JP,P’ = 34 Hz) corresponding to an AX pattern were observed at –40 °C and 

attributed to 7b.  

The formation of a cis--EDA complex as active species might explain the 

results obtained in the catalytic run performed under the same conditions (0 °C in a 

closed vessel), in which the enantiomer (S,S)-cis-6a was formed with an 

enantioselectivity of 29% ee (Table 2.6, entry 5).  
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By monitoring the reaction during 48 h, it was observed that the active five-

coordinated complex 4bPF6 is consumed within the first 8 h: 

 

 

  

Figure 2.10  Reaction profile of a catalytic run performed with 4bPF6 at 0 °C as 

monitored by 
31

P NMR spectroscopy (283 MHz, CD2Cl2) during 48 h. The 
31

P NMR 

spectra were recorded every 10 min and the integration of the signals is plotted 

against time. 

 

2.3.3.2 [RuCl(OEt2)(1b)]PF6 (3bPF6) 

 

The next NMR study was focused on the ether adduct 3bPF6. The 

dichlorocomplex 2b was treated with Et3OPF6 (1 equiv) in CD2Cl2 in an NMR tube 

equipped with a silicon septum under argon. After stirring at room temperature 

overnight, the 
31

P NMR spectra of 3bPF6 were recorded in the range between 25 °C to 

–80 °C. At –80 °C, resolved signals consisting of a pseudo triplet at  67.9 ppm (
2
JP, P’ 

= 35 Hz) and a doublet at  48.8 (
2
JP, P’ = 32 Hz) were observed (Figure 2.11).  

 

 

mol

hour   8  16  24  32  48  40  
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 adduct (9bPF
6
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five-coordinate 
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6
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Figure 2.11 
31

P NMR spectrum (212 MHz, CD2Cl2) of [Ru(1b)Cl2] at –40 °C after 

activation with Et3OPF6.  

 

To our surprise, many other signals were present in the region of the spectrum 

between  –15 and –25: a triplet at  –19.3 (J = 1064 Hz), a triplet at  –18.6 (J = 

1041 Hz), a doublet of doublets at  –16.1, and a doublet of triplets at  –16.6 (Figure 

2.12). We assign the biggest triplet at –19.3 to PF2O2
–
, which derives from the 

hydrolysis of PF6
–
, and the smaller signals to a monodentate coordinated anion.   

 

 

 

Figure 2.12 
31

P NMR spectrum (212 MHz, CD2Cl2) of [Ru(1b)Cl2] after activation 

with Et3OPF6 (–80 °C). 

 

The formation of difluorophosphates by hydrolysis of PF6
–
 and their 

coordination to a variety of metals have been widely reported in the literature.
159-163

 

Crystal structures and studies of the PO2 stretching frequencies made clear that the 

d 31P

55.0 50.060.065.070.0 45.0

d 31P

–20 –25–15–10



87 
 

bidentate coordination mode via oxygen is preferred.
164,166

 Otero
167

 reported that they 

are good ligands for transition metals, in particular for the highly oxophylic early 

transition metals. Webb
160

 reported a rhodium(I) complex with a monodentate 

difluorophosphate anion, which exhibits a 
31

P NMR chemical shift  –17.4. Some 

examples of ruthenium complexes were published,
168-170

 as well, and Matsumoto 

observed similar values of chemical shifts  ( –15.86) for the PF2O2
–
 anion in a 

bridged coordination to two ruthenium atoms.
170

 On this basis, it is not surprising that 

the anionic oxygen of PF2O2
– 

is able to replace the labile molecule of coordinated 

ether of [RuCl(OEt2)(1b)]
+
. Therefore, we assigned the signals in Figure 2.12 to free 

and oxygen-coordinated anion PF2O2
–
, whereas it was not possible to distinguish 

between a mono- and a bridged coordination. The signals depicted in Figure 2.11 

were assigned to two different isomers, including rotamers, of a six-coordinate 

complex with difluorophosphate as ligand, such as [RuCl(PF2O2)(1b)].  

We were not able to prepare samples of the same species from 3b and 

(Et3O)PF6, therefore its characterization is not complete. We suggest that it is the 

ruthenium complex of the 3,5-dimethyl substituted ligand 1b that catalyzes the 

hydrolysis of the PF6
–
, since with the unsubstituted PNNP ligand 1a no hydrolysis 

was observed.  

The presence of hydrolyzed (free and coordinated) acid species originated 

from the hydrolysis of PF6
–
 present as counterion, might be responsible for aza-

Darzens reactions, as Brønsted acids are reported to catalyze such reactions with high 

yield.
171

 Among the many examples, the most significant was published by Wulff. He 

reported initially
117

 a very efficient catalytic system based on the Lewis acid B(OPh)3 

in combination with the chiral ligands VANOL or VAPOL: 

 

 

 

Figure 2.13  Wulff’s first hypothesis of catalytic system.  
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During further studies on this system, his co-workers found some difficulties 

in reproducing the results achieved.
172

 For instance, the reaction of the phenyl-N-

benzhydryl imine was originally reported to give aziridine with an enantioselectivity 

of 95% ee, but in later experiments the enantioselectivity was decreased to 89%. 

Then, it was found a similar reduction of the enantioselectivity also for other 

substituted N-benzhydryl imines, with differences up to 16%. Therefore, Wulff 

performed more investigations, in order to determine the structure of the active 

catalyst. NMR spectroscopic studies led to the proposal of the following chiral 

pyroborate derivatives as the active species:
172,173 

 

 

 

Figure 2.14  VAPOL- and VANOL based pyroborates. 

 

 In fact, these species act as chiral Brønsted acids, by forming with the imine 

the following adduct, which is determining the stereo- and enantioselectivity of the 

attack of the EDA molecule.
119

  

 

 

Scheme 2.21   Imine activation by protonation with Wulff’s catalytic system. 

 

As the formation of pyroborates from VAPOL or VANOL and B(OPh)3 
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requires an equivalent of water and the preparation of the catalyst was performed 

under moisture-free conditions, Wulff concluded that the water was coming from the 

commercially available B(OPh)3.  

Concerning the hydrolyzed [RuCl(OEt2)(1b)]PF6 (3bPF6) system, we suggest 

that the hydrolysis of the PF6
–
 originates a proton species, which activates the imine 

without forming any chiral adduct. This might explain the loss of enantioselectivity 

under all the different reaction conditions explored during the optimization presented. 

 

2.4 Conclusion and Outlook 

 

A preliminary catalytic screening in asymmetric imine aziridination of 

ruthenium/PNNP complexes with bulky the substituted PNNP ligands 2b-2h was 

performed. The results showed that the introduction of sterically hindered groups such 

as 3,5-dimethyl (2b) or 2-naphthyl (2d) had beneficial effects on the yields of the 

aziridination reaction, which were increased up to 80% in case of the 

dimethylsubstituted ligand 1b. As aziridine was obtained even when the reaction was 

performed under constant temperature, the reaction conditions were simplified. The 

role of the pressure was also investigated, as it was found that the reaction gave 

aziridine with different yields and enantioselectivity depending on the different 

pressure conditions. This was not surprising, as the aziridination is proposed to 

proceed via reaction of a diazoester complex, with subsequent formation of 

dinitrogen. Nevertheless, no clear pattern for the pressure influence was detected, and 

the experimental results contradicted the mechanistic hypothesis concerning the effect 

of the pressure.  

As a major drawback, cis-aziridine was generally obtained with very low 

enantioselectivity (up to 13% ee). NMR spectroscopic investigations showed that the 

3bPF6 system was subject to the hydrolysis of the hexafluorophosphate anion to give 

free and coordinate PF2O2
–
 and Brønsted acid species. This latter catalyze a 

nonenantioselective aza-Darzens reaction, which is responsible of the low 

enantioselectivity observed with all the different reaction conditions presented. 

Moreover, the poor reproducibility might be explained by the changeable amount of 

adventitious water present. Eventually, the high yield obtained has to be attributed to 

the nonselective aza-Darzens reaction rather than to a ligand effect. 
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Therefore, we focused on preventing the hydrolysis in order to recover the 

enantioselectivity. Since the PF6
–
 ion is so extensively reported to be subject to 

hydrolysis, we planned to use a different Meerwein salt with a non-hydrolyzable 

counterion, such as (Et3O)BF4 or (Et3O)SbF6, which are either commercially available 

or can be easily prepared. Further studies performed on the complex with the 3,5-

dimethyl substituted ligand 1b in combination with other chloride scavengers will be 

presented in the next chapter.  
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3.      Enantioselective Imine Aziridination: 

         a Breakthrough  

 

The ligand screening described in the previous chapter has revealed that the 

high aziridine yield and the lack of enantioselectivity observed with 1b is most 

probably caused by an acid species produced by the hydrolysis of the PF6
–
 anion, 

which catalyzes a nonenantioselective aza-Darzens aziridination as a background 

reaction. 

 

 

 

Scheme 3.1  Aziridination reaction of imine 5a with EDA in the presence of 

[RuCl2(1b)] upon treatment with Et3OPF6. 

  

As the hydrolysis was not observed with the unsubstituted PNNP ligand 1a, 

but was noticeable with the 3,5-dimethylsubstituted ligand 1b, we suggested that 

complex 2b is particularly prone to it. Moreover, attempts to characterize the 

hydrolyzed system failed, probably because of the variable amount of adventitious 

water present. 

The strategies adopted to avoid such hydrolysis will be described in this 

chapter. We moved to chloride scavengers with nonhydrolyzable and non-

coordinating anions, such as BF4
–
 or SbF6

–
. Finally, a substrate screening and 

competition experiments with different substituted imines were performed in order to 

investigate the role of the electronic effects on the chemo- and enantioselectivity. 
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3.1     [RuCl(OEt2)(1b)]
+
 (3b) with Nonhydrolyzable Counterions 

 

3.1.1    Synthesis of the Meerwein Salts 

 

Hans Meerwein
174

 reported the serendipitous preparation of (Et3O)BF4 in 1937 

(Scheme 3.2). This general procedure was adapted for the synthesis of similar salts of 

type (Et3O)X. 

 

  

 

Scheme 3.2   Meerwein’s first preparation of (Et3O)BF4. 

 

Meerwein’s salts with different counterions can be easily prepared and some 

of them are commercially available. As first choice, the commonly available 

triethyloxonium tetrafluoroborate (Et3O)BF4 salt was used. Then, triethyloxonium 

hexafluoroantimonate (Et3O)SbF6 was prepared following the reported procedure:
175

 

 

 

Scheme 3.3  Meerwein’s procedure for the preparation of (Et3O)SbF6. 

 

3.1.2    [RuCl(OEt2)(1b)]BF4 (3bBF4)  

 

The active catalyst was prepared as for 3bPF6, by treating the dichloro-

complex [RuCl2(1b)] (2b) with (Et3O)BF4 (1 equiv) in dichloromethane and stirring 

overnight at room temperature under argon. The solution color changed from dark red 

to brown during the activation, as expected, and no visible precipitate was observed. 

The 
31

P NMR spectra of 3bBF4, recorded at different temperatures, confirmed the 

successful activation (Figure 3.1). 
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Figure 3.1 
31

P NMR spectrum (212 MHz, CD2Cl2) of 3bBF4 at –40 °C.  

 

 By analogy with cis--[RuCl(OEt2)(1a)]PF6, the 
31

P NMR spectra are 

consistent with the formation of cis--[RuCl(OEt2)(1b)]BF4 (3bBF4). At room 

temperature, two broad signals were observed at 80.3 and 40.8. Upon gradually 

cooling to –78 °C, the signals resolved to give an AX pattern (54.9 and 35.0, 
2
JP,P’ = 

31 Hz) at –40 °C. This behavior confirms that the ether molecule is only weakly 

coordinated in [RuCl(OEt2)(1b)]
+
 (3b) and readily dissociates to give the five-

coordinate complex 4b as observed for 3aPF6: 

 

 

 

Scheme 3.4  Dissociation of the ether ligand from the six-coordinate complex 3b to 

give the five-coordinate 4b.  

 

By comparison with the 
31

P NMR chemical shifts of [RuCl(OEt2)(1a)]
+
 (3a), 

it was assumed that the ether molecule is in trans position to one of the phosphorus 

atoms (Scheme 3.5).
139
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Scheme 3.5  
31

P NMR data of 3aPF6 and 3bBF4. 

 

 The other small signals observed in the spectrum belong to neither the five-

coordinate complex [RuCl(1b)]
+
 (4b), nor to the aqua complex [RuCl(OH2)(1b)] (7b) 

(See § 2.3.4.1). 

 

3.1.3     Catalytic Aziridination with [RuCl(OEt2)(1b)]BF4  

 

3.1.3.1  Preliminary Tests 

 

The tetrafluoroborate derivative [RuCl(OEt2)(1b)]BF4 (3bBF4) was tested in 

the asymmetric aziridination of N-benzylidene-1,1-diphenylmethanamine (5a) with 

EDA under different temperature conditions (Scheme 3.6). The temperature was kept 

constant with cooling baths, such as i-propanol/dry ice (–80 °C), acetonitrile/dry ice 

(–40 °C), and ice (0 °C) respectively. The reaction was performed at constant pressure 

to avoid the accumulation of N2, as discussed previously. 

 

 

 

Scheme 3.6  Screening of different temperature conditions for the aziridination 

reaction with 3bBF4. 

 

EDA (R,R)-



95 
 

The products of the reaction were analyzed by 
1
H NMR spectroscopy after the 

addition of precise a weighted amount of 1,3,5-trimethoxybenzene as internal 

standard. The crude product was purified by column chromatography on silica gel, 

which gave pure cis-aziridine (cis-6a). We observed that the trans isomer (trans-6a) 

was eluted with the unreacted imine. The enantiomeric excess of cis-6a was 

determined with chiral HPLC on the isolated solid without further recrystallizations 

that might alter the enantiomeric excess. 

 

Table 3.1 Results in Aziridination Catalyzed by [RuCl(OEt2)(1b)]BF4 (3bBF4). 

 

Entry T  

conv. 

(%) 

5a 

maleate 

(%)  

(NMR) 

cis-6a 

(%) 

(NMR) 

cis-6a 

(%) 

(isolated) 

ee  

(%) 

cis-6a 

6a 

cis/trans 

(NMR) 
        

        

1 gradient 67 53 13 traces 92 81:19 

2 –40 °C 43 61 19 18 0 79:21 

3 0 °C 81 44  21 18 93 81:19  

 

When the temperature gradient protocol was applied (Table 3.1, entry 1), 

aziridine cis-6a was formed in a very low yield. Traces of  the (R,R)-product were 

isolated and presented a very high enantioselectivity (92%). The chemoselectivity of 

the reaction was very low, as maleate was formed in 53% yield. The reaction was 

repeated at constant temperature (–40 °C), and aziridine was isolated with low yield 

(18%), but without enantioselectivity (entry 2). Finally, performing the reaction at 

constant temperature (0 °C), (R,R)-6a was formed in slightly higher yield (21%). 

(R,R)-6a was isolated in 18% yield and enantioselectivity of 93% ee (entry 3). To the 

best of our knowledge, this is the highest enantioselectivity obtained in the imine 

aziridination catalyzed by transition metals.  

The conversion of the imine at 0 °C was high (up to 81%) and diethylmaleate 

was formed in 44% yield. By checking the mass balance, additional signals were 

observed in the 
1
H NMR spectra, which might explain the high values of imine 

conversion, but it was not possible to identify the nature of such byproducts. 

However, no visible doublet signals corresponding to enaminoesters were found in 

the region between  8.60 and10.30.
109

 This spectroscopic evidence is relevant for 
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the mechanistic studies, as it is known that enaminoesters by-products are a clear 

indication that an acid catalyst is involved.
109

  

Catalyst 3bBF4 gave trans aziridine along with the cis isomer and is hence less 

diastereoselective than 3aPF6, where no signals for the trans isomer were detected in 

the 
1
H NMR spectra of the crude reaction mixture.  

 

3.1.3.2  Optimization of Catalyst 3bBF4. 

 

On the basis of these encouraging results, the amount of catalyst was reduced 

to 5% (Scheme 3.7).  The imine conversion in this case was very low, as 89% of 5a 

was recovered unreacted. The amount of aziridine formed was too small to be 

precisely quantified by 
1
H NMR spectroscopy (less than 2%), and maleate was 

formed in traces (less than 1%), as well.   

 

 

 

Scheme 3.7  Aziridination reaction with 3bBF4 (5 mol%). 

 

Once established the new optimized temperature conditions (0 °C), type of 

chloride scavenger (Et3OBF4), and amount of catalyst (10 mol%), the mode of EDA 

addition was reinvestigated as well.  

Previously, the addition of EDA in excess was performed either by adding 

EDA in one batch to [RuCl(OEt2)1a]PF6 (3aPF6) or by a continuous addition to 

[RuCl(1a)]PF6 (4aPF6) of a dichloromethane solution of EDA during a period (4 h) 

shorter than the total reaction time (24 h) with the aid of a syringe pump. We decided 

to test both approaches with catalyst 3bBF4 and to perform a systematic screening of 

different procedures for the addition of an excess of EDA (Scheme 3.8, Table 3.2). 
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Scheme 3.8  Investigation of the mode of EDA addition.  

 

In the first catalytic run (entry 1), EDA was added in excess (4 equiv) during 4 

h with the aid of a syringe pump. Racemic cis-6a was recovered in 7% isolated yield. 

Trans-6a was formed as well, with a cis/trans ratio of 75:25. When the same excess (4 

equiv) was added in four single batches (1 batch/h), the yield increased up to 39%, but 

still racemic cis-6a was obtained. The diastereoselectivity was high, as a cis/trans 

ratio of 92:8 (entry 2) was observed. Then, a larger excess of EDA (10 equiv) was 

adopted, resulting in a reduction of the yield of aziridine to 26% (entry 3). When the 

excess of EDA (4 equiv) was added in one batch, (R,R)-cis-6a was isolated in 39% 

yield and with the enantioselectivity of 93% ee (entry 4). By adding a larger excess of 

EDA (10 equiv) in one batch, racemic cis-6a was recovered in 25% of isolated yield 

(entry 5). Considering the excellent results in terms of enantioselectivity observed in 

entry 4, by adding EDA (4 equiv) in one single batch, these conditions were adopted 

as optimized for the further studies.  

 

Table 3.2 Results in Aziridination Catalyzed by [RuCl(OEt2)(1b)]BF4 (3bBF4) with 

Different Additions of EDA. 

 

Entry 
Addition of EDA 

(X/Y) 

conv. 

(%) 

5a 

cis-6a 

(%)  

cis-6a 

(%) 

(isolated) 

ee (%) 

(R,R)-6a 

6a 

cis/trans 

(NMR) 
       

       

1 4 equiv/4h
a
 31 12 7 0 75:25 

2 4 equiv/3h/4 batches 71 39 22 0 92:8 

3 10 equiv/5h/10 batches 51 26 24 0 70:30 

4 10 equiv/1 batch 72 32 25 0 73:27 

5 4 equiv/1 batch 100 44 39 93 78:22  

 
a
EDA was dissolved in 1.5 mL of CH2Cl2 and added during 4 h with a syringe pump. 

N

Ph

Ph

5a

N2

H

COOEt

EDA

X equiv       (X = 4, 10)

Y batch       (Y = 1 b, 1 b/h, 1 b/ 0.5 h)

[RuCl(OEt2)(1b)]BF4

(3bBF4) (10 mol%)

CH2Cl2

N

Ph Ph

+ +

COOEt

COOEt

6a

COOEtPh

(R,R)-
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Previous studies in our group with the unsubstituted ligand 1a
139

 ascertained 

that the diazoester 9a was the main species in solution when EDA was present in 

excess, as the carbene complex 8a was formed in large amount only when EDA had 

completely reacted. As a possible explanation, it was proposed that, when EDA is 

present in excess, the carbene complex 8a can react with EDA to give diethylmaleate 

and reform 9a, as observed in a stoichiometric reaction between 8a and 
13

C-EDA:
139 

 

 

 

Scheme 3.9  Proposed reaction of 8a with an excess of EDA. 

 

 The above results confirm that a reasonable excess of EDA is necessary to 

obtain high yields. When EDA is added slowly or in batches, its instantaneous 

concentration may be too low to form complex 9a as major species in solution. Also, 

the formation of different isomers (such as a cis- diazoester complex that transfers 

carbene with lower enantioselectivity) is conceivable, which would explain why no 

enantioselectivity is obtained upon slow or batchwise addition (entries 1-3). Finally, 

the lack of enantioselectivity in the presence of a large excess of EDA (entry 4) may 

be explained by the enhanced effect of impurities present in the diazoester. A similar 

effect has been observed with [RuCl(OEt2)(1a)]BF4 as catalyst (Table 3.3, entry 3). 

 
 
3.1.4    [RuCl(OEt2)(1b)]SbF6 (3bSbF6)  

 

(Et3O)SbF6 was also tested as chloride scavenger under the new optimized 

conditions. The reaction was performed with a catalyst loading of 10 mol% in 

dichloromethane at 0 °C by adding an excess of EDA (4 equiv) in one batch (Scheme 

3.10). 
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Scheme 3.10  Aziridination reaction with 3bSbF6 under the optimized conditions. 

 

No unreacted imine was recovered, and (R,R)-cis-6a was formed in 46% yield 

and 66% ee. Thus, the use of SbF6
–
 as counterion has a beneficial effect on the 

aziridine yield, which increases from 39 to 46%. However, the enantioselectivity 

decreases significantly (from 93 to 66% ee), confirming the noninnocent role of the 

counterion in the aziridination reaction. 

 

3.1.5    [RuCl(OEt2)(1a)]X (3aX) (X = BF4, SbF6)
b
 

 

The change of the anion turned out to play a beneficial effect on aziridination 

reaction, as [RuCl(OEt2)(1b)]X (X = BF4 or SbF6) gave high enantioselectivity and a 

reasonable aziridine yield even under isothermal condition (0 °C). Hence, we  

reinvestigated the catalytic activity of the system containing the unsubstituted ligand 

1a, [RuCl(OEt2)(1a)]
+
, in combination with (Et3O)BF4 or (Et3O)SbF6 as chloride 

scavengers: 

 

 

Scheme 3.11  Investigation of the mode of EDA addition in the imine aziridination 

catalyzed by [RuCl(OEt2)(1a)]
+
.
  

 

b
 The studies on the unsubstituted ligand 1a were conducted by Mr. Joël Egloff and 

are reported in his Master thesis. 
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Table 3.3 Results in Aziridination Catalyzed by [RuCl(OEt2)(1a)]X (3aX). 

 

 

Run 
X 

EDA  

(Y equiv) 

one batch 

conv. 

(%) 

5a 

cis-6a 

(%) 

(NMR) 

cis-6a (%) 

(isolated) 

ee (%)  

(R,R)-6a 

6a 

cis/trans 

(NMR) 
        

        

1 BF4 1 50 32 24 78 78:22 

2 BF4 4 92 53 20 78 81:19 

3 BF4 10 85 38 37 0 76:24 

4 PF6
c,d

 1   26 84 100:0 

5 PF6
c
 1   0 - - 

6 PF6
c,d

 2   18 35 100:0 

7 SbF6 4 96 46 45 70 78:22 

 

c
 Results reported by Marco Ranocchiari

139 

d
 Reaction performed with the temperature gradient protocol.

139
 

 

In the presence of BF4
–
 as counterion and by addition of 1 equivalent of EDA, 

cis-6a was formed with an NMR yield of 32% and enantioselectivity of 78% ee 

(Table 3.3, entry 1). The yield increased up to 53% when 4 equivalent of EDA were 

added, whereas the enantioselectivity remained unchanged (entry 2). When a larger 

excess of EDA (10 equiv) was added in one batch, the amount of aziridine formed 

was reduced to 38% (NMR yield) and only racemic product was recovered (entry 3). 

The lack of enantioselectivity in the presence of a large excess of EDA may be 

explained by the enhanced effect of impurities present in the diazoester. In fact, a 

similar effect has been observed with [RuCl(OEt2)(1b)]BF4 as catalyst (Table 3.2, 

entries 3 and 4).  

These results can be compared with those obtained with the 3aPF6 system 

studied by Marco Ranocchiari
139

 (entries 4-6). With 3aPF6, a temperature gradient 

was necessary in order to obtain aziridine 6a in 26% yield and enantioselectivity of 

84% ee (entry 4). In contrast, no aziridine formation was observed by performing the 

reaction at constant temperature (0 °C) (entry 5). Moreover, the addition of an excess 

of EDA (2 equiv) led to a drastic reduction of the enantioselectivity from 84% to 35% 

ee even under the gradient temperature protocol (entry 6). Therefore, the change of 

the counterion has a beneficial effect, as it permitted a simplification of the 
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temperature conditions and allowed the use of a small excess of EDA, which has a 

positive influence on the yield. However, 3aBF4 is slightly less enantio- and 

diastereoselective than 3aPF6. 

As a different anion, SbF6
–
 was tested under the new optimized condition (0°C 

and 4 equiv of EDA) (entry 7). With 3aSbF6, aziridine was isolated with 45% yield, 

but the enantioselectivity was slightly lowered to 70% ee. Amounts of trans-6a were 

detected in the reaction mixture, as usual, with cis/trans ratios of around 78:22. 

Hence, BF4
–
 gave the best results with the unsubstituted ligand 1a, too. 

 

3.1.6    Substrate Screening 

 

Finally, to assess the substrate scope, we used the catalyst 3bBF4 containing 

the 3,5-dimethyl substituted ligand 1b for a screening of the substituted 

benzaldimines 5b-5k with the optimized protocol: 

 

 

 

 

Scheme 3.12  Screening of different imines as substrate with 3bBF4. 
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The absolute configuration of the cis-aziridines (cis-6b-k) was assigned on the 

basis of the sign of the optical rotation and on the HPLC retention times by analogy 

with cis-6a.
116 

In the case of unreported aziridines, their racemates were prepared 

directly from the Brookhart-Templeton procedure,
109

 fully characterized, and 

analyzed by chiral HPLC in order to find the best conditions for the separation of the 

enantiomers.  

In general, the introduction of substituents affected the aziridine yield 

negatively (Table 3.4). As the only exception, the 4-MeO group (entry 4) contributed 

to enhance the yield to 37%. Nevertheless, the most noticeable effect was the drastic 

reduction of the enantioselectivity. Only the 4-fluoro- (5b) and the 4-chloro- (5c) 

substituted amines afforded aziridine in an enantioselective way, with 23% and 17% 

ee respectively (entries 2 and 3). When other substitution patterns were introduced, 

the enantioselectivity was completely lost.  

 

Table 3.4 Substrate Screening of Substituted Imines in Aziridination Catalyzed by 

[RuCl(OEt2)(1b)]BF4 (3bBF4). 

 

Run X 

conv. 

(%) 

5a 

cis-6a 

(%) 

(NMR) 

cis-6a 

(%) 

(isolated) 

ee (%) 

(R,R)-6a 

 

6a 

cis/trans 
       

       

1 H-C6H4 (5a) 100 44 35 93 78:22 

2 4-F-C6H4 (5b) 58 29 28 17 83:17 

3 4-Cl-C6H4 (5c) 53 28 26 23 75:25 

4 4-MeO-C6H4 (5d) nd nd 37 0 73:27 

5 4-NO2-C6H4 (5e) 65 18 17 0 90:10 

6 4-iPr-C6H4 (5f)  63 18 15 0 nd 

7 2-naphthyl- (5g) 44 14 16 0 82:18 

8 3-MeO-C6H4 (5h) 100 nd 36 0 nd 

9 3-Br-C6H4 (5i) 52 17 16 0 72:28 

10 1-naphthyl (5j) 29 8 - - nd 

11 3-pyridine (5k) nd - - 0 nd 

 

On the basis of these results, we assume that the most important effect was 

due to steric factors, as any hindrance increase to the system in comparison with 5a 
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led to negative results. Considering the electronic influences, electron-withdrawing 

substituents are assumed to favor the nucleophilic attack of the diazoester complex to 

the imine (see below). On the other hand, electron-donating substituents, such as 4-

MeO, are expected to disfavor this step. The reason for the drastic reduction of the 

enantioselectivity in both cases is not clear. More experiments recently performed in 

our laboratory by Joël Egloff show that the conditions used were optimal only for the 

unsubstituted imine 5a. In particular, higher enantioselectivity was obtained for the 

substituted imines 5b-5k when only 1 equivalent of EDA was used with the 

unsubstituted [RuCl(OEt2)(1a)]BF4 (3aBF4) as catalyst at 0 °C. Therefore, the 

reactions with these substrates have to be reoptimized individually. 

 

3.2     Mechanistic Investigations  

 

3.2.1    Trapping Test with Diethyl Fumarate 

 

  To check whether an ylide intermediate is involved in the catalytic 

aziridination, a standard test for azomethine ylides was performed, as described by 

Jacobsen.
121

 By analogy with his work, we assumed that if the ylide is formed from 

the metal carbene complex, it should be trapped by diethylfumarate to give the 

pyrrolidine product: 

 

 

Scheme 3.13  Jacobsen’s trapping test for azomethine ylides.  

 

An excess of diethylmaleate (10 equiv) or diethylfumarate (10 equiv) was 

added to the reaction solution containing [RuCl(OEt2)(1a)]PF6 (3aPF6) (10 mol%), 
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imine 5a (1 equiv), and EDA (1 equiv) under the temperature gradient conditions. The 

1
H NMR spectrum of the crude reaction solution indicated that no pyrrolidine was 

formed, suggesting that no carbene was involved as intermediate in the reaction. The 

aziridine yield was slightly reduced from 26% to 23%, and only racemic cis-6a was 

recovered. This might be explained by the presence of either diethylfumarate or 

diethylmaleate, which is possibly deactivating the system by coordinating as oxygen 

donor the oxophylic ruthenium complex. These results are in agreement with our 

suggestion that the aziridination reaction with the Ru/PNNP catalysts does not 

proceed by nucleophilic attack of the imine onto a carbene complex. 

 

3.2.2   Competition Experiments with [RuCl(OEt2)(1b)]BF4 (3bBF4) 

 

  From the substrate screening performed on aryl-substituted imines 5a-5k 

(Table 3.4), no clear trend correlating the electronic effect of the substituents was 

recognized. The yields decreased both with electron-withdrawing and with electron-

donating substituents, and the enantioselectivity was similarly lowered.  

 In order to enhance the role of the electronic effects on the imine substrate, we 

planned competition experiments with the 4-substituted-N-benzylidene-anilines 5l-5p 

(Figure 3.2), in which the aniline ring is substituted instead of the benzaldehyde one. 

 

 

 

Figure 3.2  Different aldimines as substrate.  

 

It has been reported
176

 that coplanarity between the ring and the CH=N plane 

is necessary in order to have the conjugation of the electrons of the two systems. 

Experimental evidence showed that, in the trans-N-benzylideneaniline (Figure 3.3), 

the benzaldehyde ring (A) is essentially coplanar with the imine double bond ( is 

close to 0°), whereas the aniline ring (B) is twisted out of the PhCH=N plane (30° <  

< 55°).
177-179 
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Figure 3.3  Twisting of the two aromatic rings in trans-N-benzylideneanilines. 

 

Therefore, the conjugation between the aniline ring and CH=N -electrons is 

prevented by the twisting of the torsion angle . The 
1
H NMR spectra of N-

benzylideneanilines with para substituents on the benzaldehyde ring showed a 

correlation between the Hammett constant and the chemical shifts of the protons of 

the CH=N groups. In contrast, there was no correlation for the para substituents on 

the aniline ring, as both electron-donating and electron-withdrawing groups did not 

affect the chemical shifts of the CH=N protons.
176

  

In contrast, Echevarria
180

 reported that the effects of substituents in para 

position of the benzaldehyde ring on imine carbon are surprisingly small. The 
13

C 

NMR spectra showed that the chemical shifts of the CH=N correlate with an inverse 

electronic effect as expected. On the contrary, the effects of the substituents on the 

aniline ring are larger and the 
13

C NMR chemical shifts of the CH=N correlate with 

the Hammett constants as expected. As an explanation, he proposed the resonance 

effect depicted in Figure 3.4, where X is an electron-withdrawing group. It should be 

noted that this conjugation through the nitrogen lone pair is compatible with the 

twisting of the aniline ring out of the imine plane. Therefore, we decided to perform 

the competition experiments with imines bearing the substituents on the aniline ring. 

 

 

 

Figure 3.4  Resonance effect of a para substituted N-benzylideneaniline. 

 

The competition experiments were performed under constant temperature 

(0°C) with an imine:EDA:catalyst ratio of 100:10:1, as summarized in the following 

scheme (Scheme 3.14) 

d

d
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Scheme 3.14  Competition experiments with para substituted N-benzylideneaniline. 

 

  In order to collect a larger data set, other imines were also tested in the 

competition experiments. Unfortunately, their manipulation and the analysis of the 

corresponding aziridine products were problematic. For instance, the p-CH2CH3 (p = 

–0.15) and the p-CH3 (p = –0.17) substituted imines are poorly soluble in CH2Cl2 

and were unsuitable for competition experiments, which require high imine 

concentrations. The p-N(CH3)2 (p = –0.15) and the p-OMe (p = –0.27) derivatives 

were prepared, as well, but proved to be unstable and decomposed spontaneously 

after a few hours at room temperature. Finally, the overlapping of the 
1
H NMR 

signals of the crude mixture was problematic and limited the choice of the imines.  

  It was generally observed that such 4-substituted-N-benzylidene-anilines are 

less stable and have a lower tendency to crystallize than their benzhydryl-protected 

analogues. Also, the corresponding aziridines 6l-6p decomposed during the HPLC 

analysis, even though such a problem had never been reported before.  

  After the addition of a weighted amount of trimethoxybenzene as internal 

standard, the yields of aziridines 6l-6p were determined by 
1
H NMR spectroscopy. 

Thus, the relative yield ratios K6l/K6m-6p were calculated. The logarithms of these 

values (log(K6l/K6m-6p)) and the p values reported
181

 for each substituent are shown in 

Table 3.5. 
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Table 3.5 Results from the Competition Experiments 

 

X MeO (6m) F (6n) Cl (6o) CF3 (6p) 

p –0.27 0.06 0.23 0.54 

log(KX/KH) –0.2156 –0.0769 0.0453 0.1319 

 

   

  The Hammett plot in Figure 3.5 shows that aziridines with electron-

withdrawing substituents are formed faster than those bearing electron-donating 

groups. The  value was calculated to be +0.44 (r
2
 = –0.98). Usually, when 0 <  < 1, 

the reaction is less sensitive to substituents than the standard reaction with benzoic 

acid used as reference. Generally, reactions with a positive value are considered to 

involve a transition state where its difference in energy from the reactants is 

diminished by a reduction of the electron density at the reactive site of the substrate. 

 

 

 

Figure 3.5  Hammett plot of the competition experiments. 

 

 The nice correlation with a +0.44 positive value for supports a mechanism in 

which imines with electron-withdrawing substituents are reacting faster with EDA, as 

in the case of the attack of the nucleophilic metal coordinated EDA to the 

s
p

Log(K
X
/K

H
)

CF
3

Cl

F

MeO
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electrophilic imine. This is in agreement with the proposed mechanism, in which 

EDA reacts as a nucleophile with the electrophilic imine, as discussed below in more 

detail. 

 Two other examples of competition experiments have been described in the 

literature. The first one was reported by Jørgensen, who studied a SnCl4-based 

catalyst for the aziridination of imines.
182

 He performed a series of competition 

experiments to investigate the effect of the substituents on the para position of the 

aniline ring of imines such as p-X-C6H4CH=NPh (X= CH3, Cl, CN, NO2). The 

reactions were carried out with an imine:EDA:SnCl4 ratio of 100:50:1. He correlated 

the aziridine yields to the values of the substituents and found that imines with 

electron-donating substituents react faster than those with electron-withdrawing 

substituents. On the basis of these results, he proposed a two-step mechanism. The 

first step consists of the coordination of the imine to SnCl4 and is favored for 

substrates bearing electron-donating groups. The second step is the nucleophilic 

attack of the ethyl diazoacetate onto the activated imine, which has the inverse 

electronic requirement. As the reaction exhibited a negative  correlation value of –

1.2, indicating that electron-donating substituents have a beneficial effect on the 

reaction rate, he implicitly suggested that the rate of the reaction is determined by the 

first step, that is, the coordination of the imine to SnCl4. 

 Che
124

 investigated the mechanism of a Ru/porphyrin based catalyst. As 

already presented in the introduction (§1.4.2.3.2), he found out that the carbene 

complex [Ru(F20-TPP)(CHCO2Et)] failed to react with imines. To cast light on the 

mechanism, he performed competition experiments with substituted imines such as p-

X-C6H4CH=NPh (X = OMe, Me, Br, Cl, NO2) and observed a negative = –0.69. On 

this basis, he proposed a mechanism in which imines with electron-donating 

substituents coordinate more efficiently to the ruthenium atom. 

 In contrast to these examples, previous NMR investigations performed in our 

laboratory
139 

showed that, in case of ruthenium/PNNP systems, the imine does not 

coordinate to the metal. Instead, EDA to forms a diazoester complex, which was 

shown to react with imine 5a to give aziridine 6a. The results of the competition 

experiments are in agreement with the coordination of EDA to the metal and with the 

formation of the diazoester complex as the resting state of the catalyst. The reactivity 

of the diazoester complex is discussed in more detail below. 
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3.2.3    Considerations on the Diazoester Complex 

 

 To this point, it is important to note that the diazoester adduct trans-

[RuCl(N2CHCOOEt)(1a)]
+
 (9a) possesses a linear Ru–N–N–C moiety. The geometry 

of the Ru–EDA linkage may have an influence on the electronic properties of the 

carbenoid as the end-on, linear coordination of diazoalkanes to a transition metal 

stabilizes a limiting structure in which the -C atom is nucleophilic, as discussed 

below:
183

  

 

 

 

Scheme 3.15  Coordination of ethyl diazoacetate to ruthenium. 

   

Several examples of end-on, linear coordination have been reported.
183

 One 

fully characterized example was published by Dartiguenave and co-workers.
184

 The 

structure of [W(CO)4(PPh3)(N2C(SiMe3))] was confirmed by X-ray crystallography, 

with N–N and N–C bond lengths (1.165(15) Å and 1.34(1) Å) intermediate between 

double and triple, and single and double bond, respectively (Figure 3.6).
185

 The 

presence of electron withdrawing groups, such as SiMe3, is thought to stabilize the 

observed structure, in agreement with the formalism adopted.  

 

 

 

Figure 3.6   Structure of [W(CO)4(PPh3)(N2C(SiMe3))] as reported by Dartiguenave. 

 

Many examples of diazoalkane complexes of d
8
 transition metals such as 
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iridium(I) and rhodium(I) have been reported, in particular by Werner.
186-189

 These 

complexes are quite stable, as they do not decompose by dissociation of dinitrogen to 

give the corresponding carbene complex, and were analyzed by X-ray crystallography 

(Figure 3.7). 

 

 

Figure 3.7  Structures of trans-[IrCl(N2C5Cl4)(Sb
i
Pr3)2]

187
 and trans-

[RhCl(N2CC13H8O)(P
i
Pr3)2].

189
 

 

Brookhart
190

 reported the synthesis of a stable rhodium(I)-trimethylsilyldiazo-

methane complex (Figure 3.8), which possesses a linear, end on coordination, as 

confirmed by the crystal structure analysis. 
 

 

 

Figure 3.8  Rhodium(I)-trimethylsilyldiazomethane complex. 

 

Diazoester complexes with d
6
 transition metals, such as osmium

191,192
 and 

ruthenium,
 193-195

 are known as well. In particular, several examples of diazoaryl 

complexes with ruthenium are reported, where the end-on, linear Ru–N=N=C 

coordination is supported by the 
15

N NMR spectra.
193-195

 Finally, some examples of 

ruthenium diazoalkane reported by Milstein
149,150

 have already been described in the 

introduction (§ 1.5.4.3), as they have a particular importance in the rationale of this 

thesis.  

By considering the end on, linear ruthenium diazocomplex with the PNNP 
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ligand 9a (Figure 3.9), it has to be noted that the d
6
 ruthenium(II) ion features a set of 

fully occupied -orbitals overlapping with the -orbitals of the linearly coordinated 

diazoester. This permits the  back-donation from the metal to the EDA, which 

delocalizes the positive formal charge of the diazoacetate and increases its electron 

density.  

 

 

Figure 3.9  Trans ruthenium diazoester complex 9a.  

 

The significant role of the -back donation from the metal to EDA in 9a, is 

supported by the 
15

N NMR spectroscopic observation of the corresponding ruthenium 

dinitrogen complex, in which the dinitrogen molecule is terminally coordinated to the 

metal, as reported by Marco Ranocchiari.
139

 In this case, the  back donation 

stabilizes the coordination of the dinitrogen ligand, which is a weak  acceptor. This 

is in agreement with the ruthenium being a rare example of transition metal that binds 

dinitrogen.
197

  

We suggest that the -back donation from ruthenium to the coordinated 

diazoester plays a major role in the reactivity of the latter. In fact, the increase of 

electron density on the coordinated diazoester in 9a reduces the double bond character 

of the carbenoid C=N bond and supports a formal structure in which the carbon atoms 

bears a localized negative charge (Scheme 3.15) and, thus, possesses an enhanced 

nucleophilicity. 

With regard to this point, Lebel postulated a interesting mechanism for the 

transition metal catalyzed olefination of aldehydes with ethyl diazoacetate (Scheme 

3.16).
196 
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Scheme 3.16  Rhodium-catalyzed methylenation of aldehydes. 

 

As NMR spectroscopic evidence ruled out the intermediacy of a rhodium 

carbene complex, a different mechanism was proposed, which involves a 

diazomethane complex. She suggested that the trimethylsilyldiazomethane 

coordinates to rhodium to give a rhodium(I)-TMS complex in analogy with the one 

proposed by Brookhart (Figure 3.8).
190

 This species exhibits a nucleophilic character, 

as it is protonated by i-propanol before the attack of the phosphine with subsequently 

nitrogen extrusion: 

 
 

Scheme 3.17  Lebel’s catalytic cycle for rhodium(I)-catalyzed methylenation. 

 

On the basis of these considerations, we suggest that the end on, linear 

coordination to ruthenium enhances the nucleophilicity of EDA and its reactivity 

toward the unactivated imine (Scheme 3.18). 
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Scheme 3.18   Scheme of the reactivity of the trans ruthenium diazoester complex 9a. 

 

3.2.4     The Role of Carbene Nucleophilicity 

 

The reactivity of the carbene complex must be discussed as well, as our group 

observed that the ruthenium carbene complex does not react with the free imine, 

whereas a carbene complex is proposed to be the active species in the case of copper. 

For instance, Jacobsen
121

 obtained aziridine with moderate yields (27%) and 

enantioselectivity (67%) with a bis-oxazolines/copper (II) catalyst. On the basis of the 

analysis of the byproducts and of trapping test and by analogy with cyclopropanation, 

he suggested that the diazoester reacts with the metal to give a carbene complex, 

which undergoes nucleophilic attack by the imine. The resulting azomethine ylide can 

cyclize to give the aziridine product or dissociate to cyclize thereafter.  

 

 

 

Scheme 3.19   Reactivity scheme of the azomethine ylide proposed by Jacobsen. 

 

Moving from copper- to ruthenium- based systems, Che
124

 reported an 

interesting observation in the case of a Ru/porphyrin catalyst. He noticed that the 
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ruthenium carbene complex does not react to give aziridine, suggesting a different 

mechanism from the one proposed by Jacobsen, in which the carbene complex was 

the active catalytic species. Che’s observation concerning the failure of the ruthenium 

carbene complex to undergo nucleophilic attack by the imine is in agreement with our 

observation with the Ru/PNNP system. These results are explained considering the 

peculiarity of ruthenium in comparison with later transition metals, such as copper 

and rhodium. The energy of the d orbital involved in the  back donation to the 

coordinated carbene decreases considerably upon moving from early to later 

transition metals, which corresponds to moving from the A to the C type systems, as 

discussed by Nugent:
197,198

 

 

 

 

Scheme 3.20  Representation of energies of the HOMO and LUMO orbitals of 

carbene complexes with transition metals. 

 

In the C type system, the energy of the 3d orbital is much lower than the 

energy of the p orbital of the carbenoid. The contribution to the LUMO of the metal-

carbene bond is then bigger from the carbenoid C atom, which becomes more 

electrophilic. However, this is only true for frontier-orbital controlled reactions, that 

is, for soft molecules,
199

 which is the case here. For this reason, late transition metals 

form particularly electrophilic carbene complexes. As a further consequence, the 

aziridination of imines catalyzed by copper and rhodium proceeds via nucleophilic 

attack of the imine to the metal carbene complex, whereas ruthenium carbene 

complexes are apparently not electrophilic enough to be attacked by the imine, which 

is a poor nucleophile.  
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3.3      Final Mechanistic Overview 

 

The catalytic results illustrated in this chapter can be compared with those 

obtained using other catalytic systems for asymmetric aziridination of imines. 

Wulff
116

 reported the most efficient aziridination of imines in extremely high yields 

(up to 95%) and enantioselectivity (up to 99%) with a (S)-VAPOL/BH3 or (S)-

VAPOL/BH3 catalyst:   

 

 

 

Scheme 3.21  Enantioselective imine aziridination as reported by Wulff. 

 

The presence of a MEDAM (tetra-methyldianisylmethyl) as protecting group 

on the nitrogen turned out to be crucial for the excellent values of yields and 

enantioselectivity.
159

 The deprotection from the MEDAM group was performed with 

triflic acid (5 equiv) in anisole, but was found to be problematic for aziridines bearing 

electron-rich p-substituents (such as MeO or Me), which limits the substrate scope. 

Concerning the mechanism, Wulff firstly proposed a Lewis acidic activation of the 

imine via coordination to the borane center. Only later, he found out that the active 

catalyst was the proton of a chiral Brønsted acid, originated from the borane/VANOL-

based system (§ 2.3.4.2).
119

  

As an example of Lewis acid activation, Jørgensen
110

 tested SnCl4 as achiral 

catalyst in the aziridination of imines. On the basis of the competition experiments 

performed,
182

 which showed that electron-donating imines react faster than electron-

withdrawing ones, he proposed a mechanism that involves the nucleophilic attack of 
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the diazoacetate on the coordinated imine. The resulting species gives ring closure by 

intramolecular attack onto the imino carbon:   

 

 

 

Scheme  3.22   Aziridination reaction mechanism by Lewis acid activation of the 

imine. 

 

On the other hand, Jacobsen reported the asymmetric imine aziridination 

mediated by a copper carbene complex:
121

  

 

 

Scheme 3.23  Jacobsen’s imine aziridination with a Cu(I)-Box complex. 

 

On the basis of the analysis of the byproducts and of trapping test, Jacobsen 

suggested that the formation of the aziridine involved a copper azomethine ylide 

complex as intermediate, generated by the nucleophilic attack of the imine onto a 

metal carbene complex (Scheme 3.24). 
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Scheme 3.24  Jacobsen’s mechanism for imine aziridination catalyzed by copper. 

 

In this context, we add to the above list a new mechanism proposed for 

Ru/PNNP based systems,
105

 in which the carbene complex does not react and the 

active species is the ruthenium diazoester adduct.  

 

The following scheme summarizes the three possible mechanisms for imine 

aziridination (Scheme 3.25).  The results presented in this thesis support the proposed 

mechanism (C) and contribute to rule out the other two paths (A) and (B). These 

evidences and the ones previously found in our group will be now briefly 

summarized. 

 

 

Scheme 3.25   Reported mechanisms for catalytic imine aziridination with ethyl 

diazoacetate. 
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A) Reaction of a metal carbene intermediate with a free imine.  

 

1. The carbene complex [RuCl(1a)(CHCOOEt)] 8a was prepared by addition of 

EDA (1 equiv) to a solution of 3aPF6 and characterized. It did not react with imine 5a 

to give aziridine 6a:
139

 

 

 

Scheme 3.26  Imine 5a does not react with the carbene complex
 
8a.  

 

2. By analogy with Jacobsen’s work,
121 

a standard test for azomethine ylides was 

performed. An excess of diethylmaleate (10 equiv) or diethylfumarate (10 equiv) was 

added to the reaction solution containing [RuCl(OEt2)(1a)]PF6 (3aPF6). The 
1
H NMR 

spectrum of the crude reaction indicated that no pyrrolidine was formed, suggesting 

that no carbene was involved as intermediate in the reaction: 

 

 

 

Scheme 3.27  Trapping test for azomethine ylides. 

 

B) Acidic activation of the imine and its reaction with the ethyl diazoacetate. 

 

1. Previous NMR spectroscopic investigations performed in our group showed 

that imine 5a did not react with the five-coordinate complex with the unsubstituted 

ligand [RuCl(1a)]
+ 

(4a).
139

 Furthermore, the 
31

P NMR spectra of the five-coordinate 

complex with the 3,5-dimethyl substituted ligand [RuCl(1b)]
+
 (4b) recorded at 

different temperatures remained unchanged after the addition of imine 5a (1, 5, and 
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10 equiv). This confirmed that no coordination of 5a to complex 4b occurred, even in 

the presence of an excess of the imine.  

 

 

Scheme 3.28  Imine 5a does not react with the five-coordinate complexes 4a or 4b. 

 

 

2. Enaminoesters are known to be the typical byproducts of the aziridination 

reaction catalyzed by Lewis acidic activation of imine, as reported by Brookhart and 

Templeton.
109

 By testing [RuCl(OEt2)(1b)]BF4 (3bBF4) in the asymmetric 

aziridination of N-benzylidene-1,1-diphenylmethanamine (5a) with EDA under 

different temperature conditions at constant pressure, no signals that might be 

assigned to enaminoesters were found in the region between  8.60 and 10.30 of the 

1
H NMR spectrum of the crude reaction mixture. 

 
 
 

Scheme 3.29  Aziridination with [RuCl(OEt2)(1b)]BF4 does not give enaminoesters 

as byproducts. 

 

C) Carbene transfer from a diazoester complex to the free imine.  

 

1. The 
15

N NMR data of the diazoester complex trans-

[RuCl(N2CHCOOEt)(1a)]
+
 (9a) suggest a linear Ru–N–N–C moiety (Figure 3.10).

139
 

The geometry of the coordination is thought to influence the electronic properties of 

the carbenoid.
183

 In particular end-on, linear coordination of diazoalkanes to a 

transition metal stabilizes a limiting structure of the diazoester in which the -C atom 

is nucleophilic.  
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Figure 3.10  Trans-[RuCl(N2CHCOOEt)(1a)]
+
 (9a). 

 

2. The competition experiments with 4-substituted-N-benzylidene-anilines 

showed that aziridines with electron-withdrawing substituents are formed faster than 

those bearing electron-donating groups (Figure 3.5). This supports a mechanism in 

which imines with electron-withdrawing substituents react faster with EDA, as in the 

case of the attack of the nucleophilic metal coordinated EDA to the electrophilic 

imine. 

From the results presented in this chapter with the 3,5-dimethylsubstituted 

ligand 1b, two conclusions can be drawn. First, the experimental evidences discussed 

above confirm a mechanism that involves the nucleophilic attack of a ruthenium 

diazoester complex to the free imine. Secondly, we found out that acid species present 

in traces are able to catalyze a nonenantioselective aza Darzens reaction to give 

racemic aziridine cis-6a with high yields and are therefore responsible for the low 

enantioselectivity. By using the nonhydrolyzable anion BF4
–
 and by controlling the 

reaction conditions,  in order to avoid the competing nonenantioselective aza-Darzens 

path, [RuCl(OEt2)(1b)]
+
 catalyze the asymmetric aziridination of imine 5a with an 

excess of EDA (4 equiv) to give aziridine (R,R)-cis-6a in good yields (39%) and high 

enantioselectivity (93%). This shows that it is possible to perform highly  

enantioselective imine aziridination also with a transition metal such as ruthenium.  
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4.     Latest Studies on the Synthesis of New Chiral                     

P2N2 Macrocycles of C2-Symmetry 

 

Previous studies performed in our group suggested that, to increase the 

aziridine yield, the decomposition of the diazoester complex to carbene complex must 

be slowed down. As ruthenium complexes with conformationally rigid PNNP 

macrocyclic ligands seemed to be suitable to this purpose, we decided to test such 

complexes in asymmetric imine aziridination.  

Our group has already investigated the possibility of using macrocyclic PNNP 

ligands in combination with ruthenium for asymmetric catalysis. The transfer 

hydrogenation of acetophenone performed with the C1-symmetric complex 11a gave 

1-phenylethanol with 92% yield and enantioselectivity of 30% ee, whereas higher 

yields (96%), but lower enantioselectivity (11% ee) were obtained with the diamine 

analogue 11b (Scheme 4.1).
153

 Considering the  pseudo-meso relationship between 

the two phosphorus atoms, the low enantioselectivity of the reaction was not 

surprising. Therefore, we focused on the preparation of chiral C2-symmetric 

macrocycles. 

 

 

 

 

 

Scheme 4.1  Transfer hydrogenation of acetophenone catalyzed by ruthenium in 

combination with macrocyclic PNNP ligands. 
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After a general introduction on the reported synthetic methods for similar 

macrocyclic compounds or chiral phosphines with stereogenic phosphorus, our 

attempts of preparing C2-symmetric P2N2 macrocycles will be described.  

 

4.1     Introduction 

 

4.1.1    P2N2 Macrocycles 

 

Before the 1980s, many macrocycles containing nitrogen donor atoms have 

been prepared by condensation of primary amines with aldehydes or ketones. A 

template effect, induced by the presence of metal ions, was exploited several times.
200-

202
 Later, phosphorus atoms were introduced in such cycles to modify their 

coordination properties.
203

 Cabral reported a synthesis that required refluxing 2,6-

diacetylpyridine with the appropriate diphosphinodiamine and metal salt and was 

generally used for many years. The necessary ditertiaryphosphinodiamines were 

prepared in two steps from phenylphosphine and the corresponding chloroamines and 

dichlorides, as described by Issleib:
204

 

 

 

 

Scheme 4.2  Cabral’s template synthesis of macrocycles. 

 

In 1974, Meek
205

 reported the synthesis of a tetradentate PN3-ligand 

containing phosphorus and nitrogen donor atoms in analogy with the one depicted in 

Scheme 4.2, with NiCl2·6H2O as the source of the templating Ni(II). The macrocycle 
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was then reduced by NaBH4 in order to obtain the amine analogue:  

 

 

 

Scheme 4.3  Nickel(II) complexes with macrocyclic PN3 ligands. 

 

Macrocyclic ligands of the P2N2 type were published for the first time in 1980 

by Cummings and Meek.
206

 They used a new approach for the templated synthesis of 

such molecules, since the method already reported for tetraaza systems
207

 was found 

ineffective. The key step was the formation of the following intermediate via Issleib’s 

method,
208

 which was then cyclized with the aid of the templating nickel salt.  

 

  

 

Scheme 4.4  Template synthesis of macrocyclic P2N2 ligands. 

 

The 
31

P NMR spectrum indicated the formation of only one type of 

phosphorus product, and X-ray diffraction confirmed the isolation of the meso-

isomer. Interestingly, their synthesis was modulable for the preparation of 

macrocycles with different bridges between the nitrogen and the phosphorus atoms.
196 

Since then, templating metals have been used to prepare many other ligands in a few 

steps and very high yields. More recent examples were found in the works of  

Edwards,
209-212

  Stelzer,
213-215

 and Morris.
216,217 

 A different approach was reported by Kyba and his group,
218

 who published a 

nontemplate synthesis of tetradentate P2N2 macrocyclic ligands (Scheme 4.5). 
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Scheme 4.5  Kyba’s nontemplate synthesis of macrocyclic P2Y2 ligands. 

 

All the macrocyclizations described were carried out in boiling THF under 

high dilution conditions of all reagents. The products were obtained in around 20% 

yield. Because of the relatively low inversion barriers of the phosphines (32-35 

kcal/mol), many isomers may form under such conditions. Nevertheless, they noted 

the exclusive formation of the meso isomer with the two phenyl rings in cis position 

with respect to the benzo bridge and occupying pseudoequatorial positions of the ring. 

 

 

 

Figure 4.1  Kyba’s 14 membered rings. 

 

4.1.2    C1-Symmetric PNNP Macrocycles 

 

In our group, the preparation of C1-symmetric macrocycles was performed in 

three steps without the introduction of any templating metal. This straightforward 

synthesis led to the formation of the first chiral macrocyclic PNNP (10a) (Scheme 

4.6).
153
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Scheme 4.6  General method for the preparation of chiral P2N2 macrocycles. 

 

 Ligand 10a was easily reduced with NaBH4 to its diamino analogue 10b 

(Scheme 4.7). The complexation of 10a and 10b with a ruthenium precursor such as 

[RuCl2(PPh3)3] gave the corresponding ruthenium(II) dichloro complexes (11a, 

11b):
153

 

 

 

 

Scheme 4.7  Preparation of ruthenium(II) dichloro complexes with macrocyclic 

PNNP ligands. 

 

4.1.3    Chiral Phosphines with Stereogenic Phosphorus 

 

 An attempt to reverse the tendency for the selective formation of the meso-

isomer of the macrocycle reported by Kyba
218

 may involve the stereoselective 

synthesis of chiral phosphines. In 1911, Meisenheimer and Lichtenstadt proved that 

Ru Ru

Cl

Cl

Cl

Cl
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asymmetrically substituted phosphorus compounds can be resolved into two 

enantiomeric forms.
219 

From then on, few reports have been published on the 

pyramidal instability of the phosphine at elevated temperatures. Mislow suggested 

that the effect of the substituents was mainly electronic, as electron-withdrawing 

substituents in the para position were found to lower the energy barrier to pyramidal 

inversion.
220,221

 

Concerning the preparation of enantiomerically pure phosphines, different 

procedures have been developed for their stereoselective synthesis besides the 

resolution of racemic mixtures. The first successful studies were performed by 

Nudelman and Cram
222

 and by Mislow and co-workers,
223,224

 who reported the 

preparation of asymmetrically substituted menthyl phosphinates and the separation of 

the diastereoisomers by fractional crystallization: 

 

 

 

Scheme 4.8  Preparation of P-chirogenic  menthyl phosphinates.  

 

 Alternative approaches were then developed, involving the formation of 

menthyl-phosphine boranes
225,226

 or menthyl-phosphine thioates:
227,228

  

 

 

 

Scheme 4.9  Preparation of P-chirogenic menthyl-phosphine borane and menthyl-

phosphine thioates. 
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Imamoto and co-workers
229,230

 expanded the use of the menthyl phosphinates 

of oxides and boranes in combination with organometallic reagents and found that the 

ester P–O bond in menthylphosphinates can be selectively cleaved, to give a 

configurationally stable anionic tricoordinate phosphine borane intermediate:  

 

 

 

 

 

Scheme 4.10  Imamoto’s method for the preparation of P-chirogenic phosphine 

oxides and phosphine boranes. 

  

The lithiated phosphine borane derivatives react stereoselectively with 

organohalides to give precursors for interesting chiral phosphino derivatives. 

Imamoto also
231

 investigated the synthesis and reactivity of sterically hindered 

phosphineboranes, such as tert-butylmethyl-, cyclohexylmethyl-, and 1-adamanthyl-

methylphosphine boranes. By using (–)-sparteine as the source of chirality, they 

performed an asymmetric enantioselective deprotonation with s-BuLi. On the basis of 

these achievements, they prepared new C2-symmetric P-chirogenic diphosphine-

boranes (Scheme 4.11).  
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Scheme 4.11  Imamoto’s preparation of C2-symmetric diphosphines. 

 

More recently, Imamoto
232

 obtained chiral secondary phosphine boranes using 

(1S)-exo-2-bornanethiol (BorSH) as a chiral auxiliary. 

 

 

 

 

Scheme 4.12  Imamoto’s synthesis of P-chirogenic secondary phosphine borane 

derivatives. 

 

 Jugé and Genet developed a synthesis of phosphinoboranes with a very high 

enantiomeric purity. They used a 1-phenyloxazaphospholidine obtained directly from 

(+)-ephedrine and PPh(NEt2)2:
233 

 

 

Scheme 4.13  Jugé’s preparation of 1-phenyloxazaphospholidine. 
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Further studies
234

 performed on the corresponding phosphinamideboranes by 

the same group showed that the P–O bond was cleaved with retention of configuration 

(>92%) at the phosphorus atom.
235

 As a result, they developed a procedure for the 

synthesis of the largely employed PAMP and DIPAMP ligands (Scheme 4.14).  

 

 

 

Scheme 4.14  Jugé’s synthesis of  P-chirogenic diphosphine boranes. 

 

Some attempts
139

 were performed in our group in order to exploit the methods 

developed by Jugé and Imamoto, aiming to the preparation of the following 

diphosphine borane intermediate:  

 

 

Figure 4.2  P-chirogenic diphosphine borane derivative as the synthetic target. 

 

At first, the methodology developed by Jugé was tried in order to prepare the 

precursor depicted above by reacting 1-phenyloxazaphospholidine with dilithium 

biphenyl. The attempt failed, as the reaction gave undesired phenylphosphafluorene 

instead of the desired diphosphine (Scheme 4.15). 
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Scheme 4.15  Reaction of 1-phenyloxazaphospholidine with dilithium biphenyl.  

 

A second attempt was unsuccessful because of the instability of the protecting 

group of the aldehyde under the conditions necessary to cleave the ephedrine residue 

to produce either the phosphinite borane or the chlorophosphine borane: 

 

 

 

Scheme 4.16  Synthetic approach involving the formation of the two (aryl)(phenyl)-

((methyl)amino-1-phenylpropan-1-ol)phosphine boranes . 
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Therefore, a different approach was tested, which was based on Imamoto’s 

method for the synthesis of chiral borane derivatives with (–)-menthol as chiral 

auxiliary: 

 

 

Scheme 4.17  Imamoto’s synthetic approach for the preparation of the P-chirogenic 

(2-(1,3-dioxolan-2-yl)-phenyl)(menthyl)(phenyl)phosphine borane. 

 

However, the reaction of the (2-(1,3-dioxolan-2-yl)-phenyl)(menthyl)(phenyl)-

phosphine borane with lithium naphthalenide cleaved the P–C bond of the substituted 

aromatic ring instead of the P–O bond of the menthoxide moiety. On the other hand, 

the reaction with an excess of dilithium biphenyl gave a mixture of products, from 

which the desired diphosphine borane was not isolated: 

 

 

 

Scheme 4.18 The reaction of (2-(1,3-dioxolan-2-yl)-phenyl)(menthyl)(phenyl)-

phosphine borane with lithium naphthalenide or dilithium biphenyl failed to give the 

desired P-chirogenic phosphine boranes. 
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 As a further attempt, Mislow’s approach involving the use of a phosphorus 

(V) intermediate and (–)-menthol as chiral auxiliary was tested, but failed to give the 

desired chiral phosphine oxide: 

 

 

Scheme 4.19  Mislow’s approach for the preparation of the P-chirogenic phosphine 

oxide. 

 

Jugé and Imamoto’s methods were successfully used for the preparation of 

(RP)- and (SP)-(2-(1,3-dioxolan-2-yl)-phenyl)(methyl)(phenyl)phosphine borane 

(Scheme 4.20), but this latter product did not give oxidative coupling in the presence 

of CuCl2 to form the protected diphosphine: 

 

 

Scheme 4.20  Jugé’s approach for the preparation of (RP)- and (SP)-(2-(1,3-dioxolan-

2-yl)-phenyl)(methyl)(phenyl)phosphine borane.  

 

 

Scheme 4.21 Reaction of (RP)- and (SP)-(2-(1,3-dioxolan-2-yl)-phenyl)(methyl)-

(phenyl)phosphine borane with CuCl2 
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The last attempt involved a second method reported by Jugé to prepare 

DIPAMP derivatives. Unfortunately, the chiral diphosphinite did not react with 2-

dioxolanephenyllithium to form the desired borane-protected chiral diphosphine, but 

gave instead the following phosphine: 

 

 

Scheme 4.22  Reaction of P-chirogenic diphosphinite with 2-dioxolanephenyllithium. 

 

 Therefore, some completely different approaches toward the synthesis of C2-

symmetric macrocycle had to be developed for the present study, which are described 

in the next paragraph. 

 

4.2     C2- Symmetric Macrocycles: New Attempts 

 

On the basis of the preliminary results achieved with the already described C1-

symmetric ligands 10a, we focused on the synthesis of chiral macrocyclic PNNP 

ligands of C2-symmetry:  

 

 

 

 

 

Figure 4.3  C1- and C2- symmetric macrocycles. 

 

To this purpose, the most challenging issue was the control of the 

stereochemistry at the two stereogenic phosphorus atoms. Hence, three different 

approaches to the synthesis of chiral C2-symmetric macrocycles were explored. 
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4.2.1    Cyclization by Condensation 

 

We decided to extend the same procedure used for the C1-symmetric 

macrocycles to the C2-symmetric target. Therefore, we prepared the secondary 

diphosphines 1,2-bis(phenylphosphino)ethane (mppe) and 1,2-bis(phenylphosphino)-

propane (mppp) from 1,2-bis(diphenylphosphino)ethane (dppe) and 1,2-bis(diphenyl-

phosphino)propane (dppp), by Kimpton method:
236

  

 

 

 

Scheme 4.23  Kimpton’s preparation of secondary diphosphines with metallic 

lithium. 

 

The above procedure is more efficient than other procedures involving the 

reduction of the tertiary diphosphine with LiAlH4
237,238

 or  the reaction of either 

NaPPhH or KPPhH
239-241

 with the appropriate n-dihaloalkane. In this method, a P–

aryl bond of a ditertiary phosphines, Ph2P(CH2)nPPh2, is cleaved with metallic lithium 

to give PhLiP(CH2)nPLiPh, which is then hydrolyzed to the desired disecondary 

phosphine.  

Kimpton reported that the competing cleavage of a P–CH2 bond gave large 

amounts of alternative products owing to, but also that this was strongly reduced 

under suitable conditions. For instance, the reaction between dppe and metallic 

lithium in THF reached completion within 24 h at 300 K, but significant cleavage of 

P–CH2 bonds occurred so that the yield of the desired mppe was low. In contrast, by 

reducing the temperature to 0 °C, the P–C bond cleavage was more selective, and the 

formation of PhLiPCh2CH2PLiPh was favored, although the reaction times were 

significantly longer (200 h). The same procedure at low temperature (<0 °C) gave 

good yields also in case of other -bis(diphenylphosphino)alkanes, such as dppp. 

For these reasons, we prepared mppe and mppp by stirring the reaction mixture at 0°C 

for 16 days. The secondary diphosphines were isolated by distillation under high 

vacuum at high temperatures, as they have are reported to have boiling points of 

90°C/4.0 mmHg and 147 °C/0.09 mmHg, respectively.
242
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Freshly distilled mppe was used in the aromatic substitution with the protected 

o-fluorobenzaldehyde after deprotonation of the phosphine with potassium tert-

butoxide in presence of 18-crown-6 ether. A mixture of the rac and meso isomers was 

obtained: 

 

Scheme 4.24  Preparation of (rac + meso)-13.
 

 

Attempts of separation of the rac-13 and meso-13 isomers by crystallization 

failed, as rac-13 was an oil, which always resulted contaminated with the meso 

isomer. Therefore, in order to purify and separate the mixture of diastereoisomers of 

13, the phosphine were protected by preparing the borane adducts 14, which are air-

stable and often crystalline:  

 

 

 

Scheme 4.25  Preparation of (rac + meso)-14. 

  

A mixture of 13 was treated with BH3SMe2 in toluene at room temperature 

while monitoring the reaction by TLC. The reaction reached completion after 12 h 

and was quenched with water. The successful formation of a P–borane adduct was 

confirmed by 
31

P NMR spectroscopy. Then, the organic layer was separated and the 

product was isolated as a white solid after evaporation of the solvent under reduced 

pressure. Repeated attempts to crystallize 14 in methanol by warming the solution at 

35 °C revealed that the borane adduct was not as stable as expected. Finally, the 

separation of the borane adduct (R,R)-14 and (S,S)-14 isomers with preparative chiral 
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HPLC failed on several columns (OJ, OD-H, AD-H) under different solvent and flow 

rate conditions. 

Therefore, we decided to use the mixture of the diastereoisomers 14 for the 

further step, that is, the deprotection of the carbonyl groups with aqueous HCl (5%). 

As expected, the borane adduct 14 was not stable in the presence of the acid and, 

hence, the protection on the phosphorus atoms was removed as well. For the last 

condensation step, (S,S)-2,4-diaminopentane dihydrochloride (16) (0.5 equiv), 

prepared as reported by Harries and Haga,
243,244

 was refluxed for 4 h in the presence 

of an excess of K2CO3 (2 equiv) in an EtOH/H2O (2:1) solution. Then, the rac- and 

meso- 2,2’-(ethane-1,2-(phenylphosphinediyl)dibenzaldehyde (rac- and meso-15) was 

dissolved in ethanol (20 mL), added to the reaction mixture, and refluxed for 48 h. 

 

 

 

Scheme 4.26  Preparation of  (rac + meso)-15 and subsequent reaction with 16.
 

 

During the reaction, whose course was monitored by 
31

P NMR spectroscopy, 

the solution turned from yellow to colorless. In the 
31

P NMR spectrum, many 

different signals were observed, probably due to oligomerization or decomposition of 

the products. Upon repeating the same experiment under milder conditions and 

stirring at room temperature for 96 h, the aldehyde reacted quantitavely. The 
31

P 

NMR spectrum of the reaction solution showed two doublets at  –8.9 and –29.5 

(
2
JP,P’ = 41 Hz) and a singlet at  –26.4. These signals were in agreement with the 

formation of both C1- and C2- symmetric macrocycles, and their integration indicated 

approximately a 40:60 ratio. Moreover, it has to be noted that only one singlet was 

observed in the 
31

P NMR spectra. This is an indication that only one of the two 

possible C2-symmetric isomers was formed. 

MM calculation (Cerius
2
) for the three isomers with the configuration on the 

iminic atoms fixed at (R,R) suggested that the (R,R,RP,RP) diastereoisomer was 10.2 
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kcal/mol more stable than the corresponding (R,R,SP,SP) one. This might imply that 

the formation of only one of the two possible C2-symmetric cycles is energetically 

favored. All the attempts to separate the products via chromatographic column and 

preparative HPLC failed, as the compounds proved to be air sensitive and were 

oxidized during the purification, even though degassed solvents and an argon flow 

were employed. 

 

4.2.2   Cyclization by Substitution 

 

Due to the difficulties encountered in the separation of the diastereomeric 

ligands, a different approach was explored, in which a stereogenic element was 

introduced into the diimine before the cyclization step to enforce the formation of the 

C2-symmetric cycle. Thus, the condensation between the chiral diamine and the o-

fluorobenzaldehyde was performed as first step, leaving the aromatic substitution and 

the formation of the bridge between the phosphines at the end. This approach also 

offered the advantage of reducing the number of the air-sensitive steps to one, 

although it maintained the possibility of isolating the intermediate products. 

Compounds 17 - 19 were therefore prepared by condensation of o-fluoro-

benzaldehyde (2 equiv) with the corresponding dimine (1 equiv) and isolated as 

crystalline solids. 

 

 

Scheme 4.26  Synthesis of 17, 18, 19. 
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 In the attempted cyclization, the secondary diphosphine (mppe or mppp) was 

deprotonated with t-BuOK, either in presence of 18-crown-ether, as reported in the 

original synthesis (Schemes 4.6), or in the absence of any additive, in order to exploit 

a possible templating effect induced by the potassium ion. Various reaction conditions 

were tested, such as different temperatures (–10 °C, 0 °C, or reflux) and solvents 

(tetrahydrofurane and diethyl ether): 

 

 

 

Scheme 4.27  Reaction of deprotonated mppe or mppp with 17, 18, or 19. 

 

The reaction with 1,2-bis(phenylphosphino)ethane mppe, which was 

monitored by 
31

P NMR spectroscopy, exhibited a very poor selectivity. Many 

different signals were observed in the 
31

P spectra of the crude reaction mixture, whose 

assignment to the C2-symmetric macrocycles on the basis of multiplicity failed also 

because such compounds were less than 20% of the total species present. In the best 

cases, the diastereomeric ratio between the C1 and the C2-symmetric cycles was of 

1:1, but the isolation of the products was not possible. 

 As a further step, we decided to complex the diastereomeric ligands to 

ruthenium and to try to separate the air stable diastereoisomeric dichlorocomplexes. 

To this aim, [RuCl2(p-cymene)]2 was added to the crude ligand mixture in toluene, 

and the resulting suspension was refluxed overnight. In the 
31

P NMR spectra, the 

signals corresponding to the C1-symmetric ligand were shifted from –8.9 and –29.5 to 

 91.3 and 90.4, indicating complexation, whereas the signals assigned to the C2-

symmetric diastereoisomer remained unchanged. A different ruthenium precursor, 

[RuCl2(DMSO)4], was also tested, but the same results were obtained (Scheme 4.28). 
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Scheme 4.28  Complexation with different ruthenium precursors gave the C1-

symmtric complex [RuCl2(RP,SP-PNNP)]. 

 

Eventually, we concluded that the complexation of the diastereoisomers with 

ruthenium was possible only for the C1-symmetric macrocycle, whereas the C2-

symmetric isomer was too hindered to coordinate to the metal. 

The reaction with 1,2-bis(phenylphosphino)propane (mppp) was even less 

selective in comparison to the one performed with mppe. Many signals were observed 

in the 
31

P NMR spectrum, and their assignment was not possible. Moreover, any 

attempt to separate the reaction mixture failed.  

However, we planned to introduce longer bridges for the further attempts, as 

suggested by the results obtained with mppe, where the complexation was successful 

only for the RP,SP-PNNP ligand.   

 

4.2.3    Secondary Diphosphines With a Chiral Backbone 

 

 As further approach, we decided to introduce an additional stereogenic 

element into the diphosphine to enforce the formation of the C2-symmetric cycle. 

Previous studies in our group investigated the possibility of preparing chiral 

phosphines with stereogenic phosphorus atoms
139

 by preparing P-stereogenic 

phosphine boranes precursors with the methods established by Jugé and Imamoto
 
(§ 

4.1.3). Due to the difficulties encountered, the present work focused on a different 

route, which involved the synthesis of secondary diphosphines with chiral backbones. 

The different approaches to the synthetic strategy are summarized in Scheme 4.29. 

The first one is based on the cleavage of tertiary diphosphines with lithium metal (A), 

the second one involves the reaction of the very reactive species KPHPh with a chiral 

tosyl derivative (B), and the last one exploits the nucleophilic aromatic substitution of 

the deprotonated primary phosphine PPhH2 onto a chiral diimine backbone (C). 
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Scheme 4.29  Retrosynthetic approach for the preparation of secondary diphosphines 

with a chiral backbone.  

 

4.2.3.1 Cleavage of the P–Ph Bond with Lithium Metal 

 

The chiral tertiary diphosphines were prepared by reaction of the tosyl 

derivative with lithium diphenylphosphide, according to the procedure reported for 

their first preparation. (–)-DIOP ((–)-2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis-

(diphenylphosphino)butane) was synthesized by Kagan and Dang in 1972
245

 from  

(+)-tartaric acid, which is easily accessible from the chiral pool. The PPh2 groups are 

introduced by nucleophilic attack of sodium diphenylphosphine: 

 

 

Scheme 4.30  Kagan and Dang’s synthesis of (–)-DIOP. 

–

(–)-DIOP



141 
 

Skewphos was synthesized from pentanediol with the procedure reported by 

Bakos in 1985,
246

 similarly to the preparation of Chiraphos (bis(diphenyl-

phosphinobutane) published by Fryzuk and Bosnich in 1977.
247 

The R,R and S,S 

enantiomers of 2,4-pentanediol are commercially available, but they can be prepared 

starting from acetylacetone and using asymmetric heterogeneous hydrogenation over 

Raney-nickel modified with a mixture of tartaric acid and NaBr.  

 

 

 

Scheme 4.31 Enantioselective preparation of 2,4-pentanediol. 

 

The reaction of 2,4-pentanediol with TsCl in pyridine at 0 °C gave 

quantitavely the ditosyl derivative, which was then treated with lithium 

diphenylphosphide at lower temperature: 

 

 

Scheme 4.32  Preparation of Skewphos. 

 

With the same procedure reported by Kimpton,
236

 the chiral tertiary 

diphosphines DIOP, Skewphos, and BINAP were treated with lithium metal in THF to 

cleave the P–Ph bond. It is known that the selectivity of the reaction strongly depends 

on the temperature conditions (see paragraph 4.2.1). Therefore, different temperatures 

(–78 °C, –10 °C, room temperature and reflux) were tested. Nevertheless, instead of 

the P–Ph bond, the bond between the phosphorus and the aliphatic chiral backbone 

was preferentially cleaved with almost complete conversion to diphenylphosphine 

(Scheme 4.33). 
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Scheme 4.33  Reaction of chiral tertiary diphosphine with metallic lithium. 

 

4.2.3.2 Reaction of KPPhH with the Corresponding Tosyl Derivative  

 

A different approach to chiral secondary diphosphine involved the use of 

KPPhH, by modification of the method developed by Issleib.
240

 This is a very reactive 

nucleophile, which can be prepared by deprotonating the secondary 

diphenylphosphine with potassium metal (Scheme 4.34). Freshly made potassium 

sand was added to a solution of phenylphosphine in benzene under an argon 

atmosphere. The suspension was heated under vigorous stirring at 45 °C until the 

development of H2 stopped. After washing several times with diethylether, the 

product was obtained by removing the solvent under reduced pressure as a light 

yellow solid, flammable and very sensitive to air.  

 

 

 

Scheme 4.34  Preparation of PPhHK. 

 

 The reaction of KPHPh with the tosyl derivative gave several unidentified 

products, even when the reaction occurred at very low temperatures (–78 °C):  

 

 

 

Scheme 4.35  Reaction of PPhHK with chiral tosylate derivatives. 
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This was not surprising considering the high reactivity of KPHPh. As the 

temperature was already low, no room for the optimization of the reaction conditions 

was left  and, therefore, no further attempts were performed. 

 

4.2.3.3 Reaction of the Deprotonated Primary Diphosphine with a Chiral Tosyl 

Derivative 

  

 As an additional approach, we decided to introduce two secondary phosphine 

groups on the chiral diimine and to perform the cyclization by reaction with a chiral 

tosyl derivative. A solution of PH2Ph in THF was deprotonated by treatment at –78°C 

with t-BuOK and 18-crown-6 ether. Then, the fluoroderivative 17 was added to the 

mixture that was stirred at –78 °C for 3 h, during which the dark red of the phosphide 

color disappeared. The 
31

P NMR spectrum of the reaction crude showed along with 

unidentified products, signals in agreement with the formation of a secondary PNNP, 

as two doublets at  48.9 and 51.1 (J = 37.0 and J = 36.6 Hz) were observed in the H-

coupled 
31

P NMR spectrum. Since the attempts of isolation of the products failed, the 

mixture was directly treated at –78 °C with t-BuOK and then (R,R)-2,4-ditosylpentane 

was added, as reported in Scheme 4.36. Unfortunately, only a very complex mixture 

of byproducts was obtained. 

 

 

 

Scheme 4.36  Reaction of deprotonated diphenylphosphine with 17. 

 

As a modification of the approach described above, we tried to prepare a 

building block bearing a secondary phosphine and a formyl group by Birch reduction 

of mixed arylphosphines, such as 20 (Scheme 4.37). 
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Scheme 4.37  Retrosynthetic approach for the preparation of 20. 

 

Triphenylphosphine can be easily cleaved by Birch reduction with sodium in 

liquid ammonia at –78 °C. This is a very simple one pot reaction that allows an easy 

isolation of the final product.
248

 Moreover, the stages of the reaction are clearly 

indicated by color changes.
249

 The by-product, sodium amide, can be destroyed by 

addition of protons, for example from NH4Cl. The mechanistic aspects of the 

reductive cleavage of Ar-P bond, in particular the effect of the substituents, have been 

studied.
250-255

 The reductive cleavage of the Ar–X bond is considered as a two-step 

process,
256,257

 as depicted in Scheme 4.38. 

 

 

Scheme 4.38  Reductive cleavage of the Ar–X bond. 

 

Transfer of an electron from a reducing agent to the LUMO (* orbital) of an 

aryl ring leads to a radical anion.
255

 Then, the electron is transferred to the * orbital 

of the Ar–P bond to produce a radical anion that can easily dissociate. Finally, the Ar–

P bond breaks to form a radical and an anion. Every step is indicated by the following 

changes in the color: 
 

 

 

Scheme 4.39  Reaction steps shown by color changes. 
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In the mechanism presented, the * orbital plays a crucial role. If the energy 

of this orbital is too high, no reduction will take place. Similarly, if there is a large 

energy gap between the * and the * orbitals, the rate of the cleavage is low. 

Unfortunately, the energy levels and coefficients of the * orbital of functionalized 

triarylphosphines are not known. From ab initio calculations on functionalized 

phosphines (P(C6H4X)3), it was found that electronegative substituents, such as 

halogens (m-fluoro, p-fluoro, p-chloro, o-fluoro, and o-bromo), are cleaved from the 

phenyl group and that the resulting compound is able to subsequently undergo further 

reactions. In contrast, when strongly electron-donating substituents are present, the 

compound is not reduced by Na/NH3, and no cleavage occurs. Experimental evidence 

shows that, with 4-(CH3)2N-, 2,4-(CH3O)2, and 2,4,6-(CH3O)3, the functionalized 

triphenylphosphine is not reduced by Na/NH3 at –78 °C.
255

 

On the other hand, when a mixed phosphine PAr2Ph is reduced, the electron 

can be captured either in the aryl or in the phenyl group orbital, depending on the 

lowest LUMO energy. When the aryl group bears electron-donating substituents, the 

* orbital of the phenyl will be the LUMO of the molecule. Besides, it can overlap 

with the * orbital of the C–P bond. Thus, the phenyl anion will be more stable than 

the corresponding Ar
–
. Electron-withdrawing substituents may decrease the energy of 

the * orbital of the aryl group. In that case, the * orbital of the aryl group is the 

LUMO of the molecule and the Ar–P bond is expected to break preferentially. When 

the energy of the * orbital of the aryl and phenyl groups are about the same, 

mixtures of products are formed. Experimentally, it was found that the cleavage of 

ortho-substituted mixed phosphines was generally very selective and proceeded in 

high yields. In most cases, the aryl groups were cleaved from the phosphorus atom 

with 100% selectivity. This allowed the synthesis of the mixed secondary phosphines 

ArPhPH from the cleavage of Ar2PhP bearing a substituent on the ortho position of 

the aryl ring.
254

  

 We prepared the following mixed tertiary phosphine by reaction of the 

corresponding chlorophosphine with the Grignard reagent of the o-bromophenyl-

dioxolane (Scheme 4.40). 
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Scheme 4.40  Preparation of 20. 

 

We applied the Birch protocol to compounds 20 by treating it with sodium 

metal (2 equiv) in liquid ammonia. A clear change in the reaction color was observed, 

but, after quenching with NH4Cl, the starting material was recovered unreacted. The 

same results were achieved using a larger excess of sodium (4 equiv): 

 

 

 

Scheme 4.41  Reaction of 20 under Birch conditions. 

 

 As we realized that the deprotonation of the acetal carbon may occur instead 

of the Ar–P cleavage, we prepared the following ketone derivative: 

 

 

 

Scheme 4.42  Preparation of 21. 

 

 However, also 21 did not react under the same Birch reaction conditions 

without apparent reason. 

 

 

 

Scheme 4.43  Reaction of 21 under Birch conditions 
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4.2.4    Doubly Bridged Diphosphines 

  

Since the control of the stereoselectivity at the phosphorus atoms is the crucial 

issue, a last approach to the synthesis of C2-symmetric macrocycles implied the 

elimination of the phosphorus stereogenicity itself. This might be performed by 

replacing the two phenyl rings of the secondary diphosphine with a second identical 

bridge between the two phosphorus atoms. To this purpose, the following syn-

ferrocenophane derivative might be a suitable backbone: 

 

 

 

Scheme 4.44  [1.1]ferrocenophane as backbone for doubly bridged diphosphines. 

 

Miyoshi
258

 reported in 2005 the synthesis of the corresponding chloro 

phosphine. It has to be noted that the deprotection with HCl was proposed to catalyze 

the isomerization of the anti- into the syn-isomer, as only syn dichlorodiphosphine 

was formed from a mixture of anti and syn isomers (5:4) of the protected 

bis(diethylamine)diphosphine: 

 

 

 

Scheme 4.45  Miyoshi’s method for the preparation of the phosphorus-bridged 

[1.1]ferrocenophane with syn conformation. 
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The preference of [1.1]ferrocenophane for one of the two conformations 

strictly depends on the balance of two intramolecular steric repulsions. The first one, 

which develops between the chlorine atoms is small and present only in the syn 

conformation. The second repulsion is between the two hydrogens in and ’ 

position and can be relieved by twisting only in case of the more flexible syn 

isomer.
259

 Preliminary attempts to prepare the above compounds according to the 

reported procedure
258

 failed. Due to lack of time, this strategy was not further 

pursued. Thus, this approach might still be explored in the future. 

 

4.3     Conclusion and Outlook 

 

To summarize, all the synthetic strategies aiming to the synthesis of 

macrocycles of C2-symmetry were not successful. Firstly, attempts to separate the 

diastereoisomers of the diphosphine 13 and the borane adduct 14 (Figure 4.4) failed.  

 

 

 

Figure 4.4  Diastereoisomeric mixtures of 13 and its protected analogue 14. 

 

In addition, the cyclization performed by reacting the mixture of the isomers 

with a chiral diamine, such as the (R,R)-2,4-diaminopentane, was not stereoselective. 

Finally, it was not possible to separate the diastereoisomers of the macrocycle. 

The second approach consisted in the introduction of a stereogenic element on 

the diimine moiety before the last cyclization step in order to enforce the selective 

formation of the C2-symmetric cycle. However, the reactions of 16, 17, or 18 with 

deprotonated 1,2-bis(phenylphosphino)ethane (mppe) and 1,2-bis(phenylphosphino)-

propane (mppp) were not selective. 
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Figure 4.5  Chiral diimine derivatives. 

 

Moreover, by refluxing the crude mixture of isomers of the mppe-based ligand 

with different ruthenium precursors, the corresponding ruthenium complex was 

formed only with the pseudo-meso isomer. We proposed that the other isomers were 

too hindered to coordinate to the metal atom. Therefore, we decided to enlarge the 

macrocycle by using in the further attempts longer bridges between the phosphorus 

and the nitrogen atoms, respectively.  However, as we tried to add more stereogenic 

elements, by introducing a chiral backbone also between the phosphorus atoms, every 

synthetic strategy to prepare the chiral secondary diphosphine failed. 

For the future, further synthetic possibilities can still be investigated. Firstly, 

the approach described in § 4.2.4 was not fully explored, as the following diphosphine 

can be prepared and tested (Figure 4.6). 

 

 

 

Figure 4.6  Doubly bridged diphosphines. 

 

Secondly, a structural modification into the macrocyclic backbone can be 

introduced. To this aim, a diphosphine with a bridge presenting a different flexibility 

in comparison with -bis(diphenylphopshino)alkanes can be used, such as the one 

depicted in Figure 4.7. 
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Figure 4.7  Bis(diphenylphosphino)-1,1'-biphenyl as a different bridge between the 

phosphorus. 
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5.      Conclusion and Outlook 

 

In the light of the results exposed in this thesis, some general considerations 

can be made on the transition metal-based catalysts for asymmetric imine 

aziridination reported in the literature. Whereas the aziridination via nitrene transfer 

to olefins turned out to be a very successful reaction, the alternative approach via 

carbene transfer to imines showed a limited success. In particular, this latter was 

generally considered an inconvenient route for enantioselective aziridination since 

Jacobsen’s report of Cu(II)-catalyzed imine aziridination, which involves the 

nucleophilic attack of the imine onto a highly electrophilic metal carbene complex. As 

the resulting ylide is relatively stable and can dissociate from the chiral catalyst, the 

enantio- and chemoselectivity is low. From his report on, few mechanistic studies 

were performed on system based on different transition metal, as it was assumed that 

the metal-carbene path was generally operative. 

The project of this thesis started from the previous observation made in our 

group that Ru/PNNP catalysts aziridinate imines with the intermediacy of an EDA 

rather than a carbene complex. On this basis, we investigated the possibility to control 

the chemoselectivity of the imine aziridination reaction by exploiting the effect of 

conformationally rigid macrocycles as ligand. However, all the synthetic attempts for 

the preparation of C2-symmetric macrocycles were not successful, mainly because of 

the difficult control of the stereogenicity at the phosphorus. Therefore, we tested a 

second approach, which involves the use of bulky substituted open-chain PNNP 

ligands. Eventually, high enantioselectivity (93% ee) and improved yield (39%) were 

obtained with [RuCl(OEt2)(1b)]
+
 in the aziridination of imine 5a to aziridine (R,R)-

cis-6a. The optimized conditions include the use of the nonhydrolyzable, 

noncoordinating anion BF4
–
. 
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The study of the electronic effects with 3bBF4 as catalyst and 4-substituted-N-

benzylidene-anilines suggests the nucleophilic attack of a metal-bound diazoester 

onto the noncoordinated imine. Such a mechanism is suitable for metals that form less 

electrophilic carbenes such as ruthenium(II), as already discussed in § 3.2.4.  

On the basis of the proposed mechanism, two conclusions can be drawn about 

the enantioselectivity of the reaction. Firstly, the nucleophilic attack of the diazoester 

on the imine occurs far from the chiral metal center, which reduces the efficiency of 

the transfer of the chiral information in the transition state of the aziridine formation. 

This might explain the good, but not excellent enantioselectivity observed in 

combination with the unsubstituted ligand (1a), which gave aziridine (R,R)-cis-6a 

with enantioselectivity of around 80% ee. Secondly, we found out that acid species 

present in traces are able to catalyze a nonenantioselective aza Darzens reaction to 

give racemic aziridine cis-6a with high yields. This species might be HPF2O2, 

generated by the hydrolysis of the PF6
–
 anion by the presence of adventitious water, or 

traces of impurities, as in the case of the addition of an excess of EDA (10 equiv). The 

efficiency of this competing reaction is so high, that even small amounts of acids 

overwhelm the metal catalyzed path and reduce drastically the enantioselectivity.  

In conclusion, we showed that it is possible to perform highly enantioselective 

imine aziridination with a transition metal such as ruthenium, provided that the steric 

property of the ligands and the reaction conditions are carefully controlled, in order to 

avoid the competing nonenantioselective aza-Darzens mechanism. It might also be 

interesting to reinvestigate the mechanism for catalytic systems based on transition 

metals different from copper, such as Che’s ruthenium-based one.  

On the other hand, it is possible that the acid catalyzed aza-Darzens 

aziridination is operating as a background reaction in the case of catalysts that show a 

poor enantioselectivity. Our experience is that it is not easy to detect the competing 

aza-Darzens path, as the presence of diagnostic byproduct, such as enaminoesters, is 

not always evident from the analysis of the crude reaction mixture. To the best of our 

knowledge there are no examples of systems in which the acid aza-Darzens has been 

systematically investigated as a possible competing reaction that might be responsible 

for the low enantioselectivity, although it is well known to be a highly efficient 

catalytic reaction for imine aziridination.  

Some possible future developments may be taken into consideration. Firstly, 

the opportunity to test other bulky ligands, such as the 2-naphthyl substituted ligand 
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(1d), which gave results similar to those obtained with 1b during the preliminary 

screening, but have not been tested with nonhydrolyzable anions because of lack of 

time. 

 

 

 

Secondly, additional experiments recently performed in our laboratory by Joël 

Egloff showed that the conditions used were optimal only for the unsubstituted imine 

5a. In particular, higher enantioselectivity was obtained for substituted imines when 

only 1 equivalent of EDA was used with the unsubstituted [RuCl(OEt2)(1a)]BF4 

(3aBF4) catalyst at 0 °C. Therefore, the reactions with 3bBF4 with these substrates 

have to be reoptimized individually. 

Thirdly, more NMR spectroscopic studies must be carried out, in order to 

perform a complete characterization of the active species, such as the diazoester 

adduct, in combination with the 3,5-dimethyl substituted ligand 1b.  

Finally, as the bulky substituents proved to have a beneficial effect on both 

yield and enantioselectivity, the conformationally rigid macrocyclic PNNP ligands 

remain a possible interesting approach, which is still worth to investigate in the future, 

despite the difficulty posed by their synthesis.  
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6. Experimental Part 

 

6.1 General 

 

6.1.1 Techniques and Instrumentation 

 

Reactions with air- or moisture-sensitive materials were carried out under an 

argon atmosphere using Schlenk techniques or in a glove box under nitrogen. All 

solvents used for synthetic and crystallization purposes were of “puriss p.a.” quality 

(Fluka AG, Riedel-de Häen, of Merk, Sigma Aldrich) and were distilled from an 

appropriate drying agent under argon prior to use (CH2Cl2, MeOH, and EtOH from 

CaH2; toluene, hexane, THF, and Et2O from Na/benzophenone). CH2Cl2, MeOH, and 

EtOH were also degassed after distillation for the synthesis of oxygen-sensitive 

molecules. For flash chromatography, technical grade solvents were generally used. 

Deuterated solvents for NMR analysis of sensitive compounds were dried over 

molecular sieves and degassed prior to use (3 × freeze/pump/thaw cycles). 

TLC: Silica: Merck 60-F254; Alumina: Macherey-Nagel co N/UV254; detection: 

UV-light (254 nm), mostaine for borane-protected phosphines (10g 

(NH4)6[Mo7O24]·4H2O, 12 mL H2SO4 conc., 190 mL H2O, 0.4 g Ce(SO4)·nH2O), or 

KMnO4/H2SO4 for 2-carboxyaziridines.  

Flash Chromatography: Silica: Fluka Silica Gel 60; Alumina: ICN Alumina Act. 1. 

NMR Spectroscopy: 
1
H, 

13
C{1H}, 

31
P{1H}, 

15
N{1H} spectra were recorded on 

Bruker AVANCE 250, 300, and DPX 500 spectrometers. Multidimensional NMR 

spectra were recorded on a Bruker AVANCE 300 and DPX 500 spectrometer. 
1
H and 

13
C

 
positive chemical shifts in ppm are downfield from tetramethylsilane. 

31
P NMR 

spectra are referenced to external 85% H3PO4. 
15

N NMR spectra are referenced to 

external CH3NO2 (neat). 

Mass Spectroscopy: Routine EI-MS and MALDI-MS measurements were performed 

by the MS-service of the Laboratory of Organic Chemistry (ETH Zürich). The signals 

are given in m/z and the intensity in % of the base peak.  

EA: Elemental analyses were carried out by the Laboratory of Microelemental 

Analysis (ETH Zürich).  

IR: Thermo Scientific Pike.  
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HPLC: Agilent Series 1100 or HP 150 with UV-detector (DAD); flow in mL/min, 

eluent (hexane:2-PrOH) and wavelength are given in each experiments. Columns: 

Chiralcel AD-H (4.6 × 250 mm, 5 μm particle), OD-H (4.6 × 250 mm, 5 μm particle), 

AM (4.6 × 250 mm, 5 μm particle), OJ (4.6 × 250 mm, 5 μm particle). 

GC-MS: Thermo Finnigan TraceMS, EI-M; column: Zebron ZB-5 (30m × 0.25mm × 

0.25μm). 

Polarimeter: Optical rotations were measured using an Anton Paar MCP 200 

polarimeter with a 1 dm cell. 

Calculations: Molecular Modeling Calculations were performed with the program 

Cerius2 for Linux (Accelrys Studio). 

Chemicals 

Ethyl diazoacetate (Fluka) was distilled and stored over molecular sieves. 

 

 

6.2 Catalyst 

 

6.2.1 Precursors 

 

(1S,2S)-N,N’-Bis(2-bromo-benzylidene)cyclohexane-1,2-diamine. 

(1S,2S)-(+)-1,2-Diaminocyclohexane (4.6 g, 40.5 mmol, 1 

equiv) and 2-bromobenzaldehyde (15.0 g, 81.1 mmol, 2 

equiv) were dissolved in freshly distilled toluene (250 

mL). The solution was refluxed in a Dean- Stark apparatus 

for 12 h. The solvent was evaporated under high vacuum 

and the pure product was obtained as a white solid upon recrystallization from EtOH 

at low temperature (4 °C). Yield: 14.3 g (80%). 

1
H NMR (300 MHz, CDCl3):  (s, 2H, N=CH), 7.94-7.91 (m, 2H, Harom), 7.50-

7.47 (m, 2H, Harom), 7.30-7.17 (m, 4H, Harom), 3.57-3.48 (m, 2H, NCH), 1.91-1.82 (m, 

6H, CH2), 1.57-1.50 (m, 2H, CH2). NMR data in agreement with the published 

values.
129
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Chlorophosphines Ar2PCl: General Method. 

n
BuLi (1.6 M in hexane, 2.2 equiv) was added to a solution of ArBr (2.0 equiv) in 

THF at –78 °C during 5 min. After 5 min, PCl2NEt2 (1 equiv) was added dropwise. 

After 5 min from the addition, the reaction mixture was warmed to 0 °C, and then 

stirred for 30 min. The resulting (Et2N)PAr2 was treated with HCl (2 M in Et2O, 2 

equiv) at 0 °C to give the desired Ar2PCl. The reaction mixture was analyzed by 
31

P 

NMR to ascertain complete conversion. The mixture was then filtered through celite, 

dried in vacuo and the product was used without further purification. 

 

Bis(3,5-di-tert-butylphenyl)chlorophosphine. 

n
BuLi (1.6M, 9.57 ml, 15.32 mmol, 2.1 equiv) was 

added dropwise during 5 min to a stirred solution of 1-

bromo-3,5-di-tert-butylbenzene (3.93 g, 14.59 mmol, 2 

equiv) in dry THF (10 mL) at -78 °C. After 5 min N,N-

diethylphosphoramidous dichloride (1.27 g, 1.08 mL, 

(7.29 mmol, 1 equiv) was added slowly to the mixture. After 5 min, the reaction 

solution was warm up and stirred at 0 °C for 30 min. 

Then, a solution of HCl in diethylether (2.0 M, 10.93 mL, 21.86 mmol, 3 equiv) was 

added slowly at 0 °C and the reaction mixture was stirred overnight at room 

temperature. The mixture was filtered under argon over celite and washed with dry 

THF (4 x 10 mL). The solvent was removed under reduced pressure, and a white slid 

was obtained. 
31

P NMR
 
(101 MHz, CDCl3): δ 87.51 (s). 

 

2-(Bisarylphosphino)benzaldehyde: General Method.  

A solution of ArMgBr in THF was prepared in situ by adding 

magnesium turnings (12 mmol, 1.2 equiv) to a solution of 2-(2-

bromophenyl)-1,3-dioxolane (11 mmol, 1.1 equiv) in THF (200 mL) at 

0 °C and by refluxing the mixture for 6 h. Then, PClAr2 was added dropwise at 0 °C 

and the reaction solution was heated to reflux for 6 h. The reaction was quenched with 

a 10% solution of aqueous NH4Cl and the organic phase was extracted with saturated 

aqueous NaCl. The organic phase was separated and the solvent was removed by 

reduced pressure. The resulting [2-(1,3-dioxolane-2-yl)phenyl]bisarylphosphine was 

dissolved in degassed acetone (200 mL) with a catalytic amount of p-toluenesulfonic 

acid monohydrate, and the mixture was heated to reflux overnight, during which the 
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solution turned yellow. The desired 2-(bisarylphosphino)benzaldehyde was isolated as 

a yellow solid from crystallization from MeOH. 

 

6.2.2 PNNP Ligands 

 

(1S,2S)-N,N’-Bis{2-[bisphenylphosphino]benzylidene}-cyclohexane-1,2-diamine (1a).  

2-(diphenylphosphino)benzaldehyde (5.0 g, 17.2 mmol, 2 

equiv) was added to a solution of (1S,2S)-(+)-1,2-

diaminocyclohexane (0.98 g, 8.6 mmol, 1 equiv) in EtOH 

(250 mL). The reaction solution was stirred at room 

temperature overnight, during which the solution turned 

colorless. The solvent was removed under reduced pressure, and the product was 

obtained as a white solid from crystallization from MeOH at low temperature.  

1
H NMR (400 MHz, CDCl3):  8.72 (d, 2H, HC=N, JP,H = 3.6 Hz), 7.82-6.82 (m, 

28H, Harom), 3.15 (m, 2H, N-CH), 1.70 (m, 2H, NCH-CHH’), 1.48-1.27 (m, 6H, CH2). 

31
P NMR (162 MHz, CDCl3)  –12.5 (s, 2P). 

 

(1S,2S)-N,N’-Bis{2-[bis(3,5-dimethylphenyl)phosphino]benzylidene}-cyclohexane-

1,2-diamine (1b). 

2-(Bis(3,5-dimethylphenylphosphino)benzaldehyde (2.0 g, 

5.8 mmol, 2 equiv) was added to a solution of (1S,2S)-(+)-

1,2-diaminocyclohexane (0.33 g, 2.9 mmol, 1 equiv) in 

EtOH (100 mL). The reaction solution was stirred at room 

temperature overnight, during which the solution turned 

colorless. The solvent was removed under reduced 

pressure and the product was obtained as a white solid from crystallization from 

MeOH at low temperature. 
1
H NMR (300 MHz, CDCl3):  8.83 (d, 2H, HC=N, JP,H = 

4.5 Hz), 6.84-7.83 (m, 20H, Harom), 3.23 (m, 2H, NCH), 2.29-2.21 (m, 24H, CH3), 

1.90-1.28 (m, 8H, CH2). 
31

P NMR (121.5 MHz, CDCl3)  –14.6 (s, 2P). 
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(1S,2S)-N,N’-Bis{2-[bis(3,5-ditertbutylphenyl)phosphino]benzylidene}-cyclohexane-

1,2-diamine (1c).  

(1S,2S)-N,N’-Bis(2-bromobenzylidene)cyclohexane-1,2-

diamine (0.2g, 0.45 mmol) was dissolved in THF (15 

mL) and cooled to –80 °C, and a 1.7 M pentane solution 

of 
t
BuLi (0.53 mL, 0.90 mmol, 2 equiv) was added 

dropwise thereto. The resulting dark red solution was 

stirred at –80 °C for 1 h, then a solution of bis(3,5-di-tert-

butylphenyl)chlorophosphine (0.89 mmol, 2 equiv) in THF was added dropwise. The 

reaction solution was allowed to reach room temperature during 3 h, during which the 

solution turned pale yellow. The solvent was evaporated under reduced pressure to 

give a crystalline solid, which was used without further purification. 
31

P NMR (162 

MHz, CDCl3): δ –10.39 (s, 2P). 

 

(1S,2S)-N,N’-Bis{2-[bis(2-naphthyl)phosphino]benzylidene}-cyclohexane-1,2-

diamine (1d). 

 (1S,2S)-N,N’-Bis(2-bromobenzylidene)cyclohexane-1,2-

diamine (0.2g, 0.45 mmol) was dissolved in THF (15 mL) 

and cooled to –80 °C, and a 1.7 M pentane solution of 

t
BuLi (0.53 mL, 0.90 mmol, 2 equiv) was added dropwise 

thereto. The resulting dark red solution was stirred at –80 

°C for 1 h, then bis(2-naphthyl)chlorophosphine (0.89 

mmol, 2 equiv) was added dropwise. The reaction solution was allowed to reach room 

temperature during 3 h, during which the solution turned pale yellow. The solvent was 

evaporated under reduced pressure to give a yellow solid, which was used without 

further purification. 
1
H NMR (700 MHz, CDCl3):  8.73 (d, 2H, HC=N, JP,H = 4.1  

Hz), 7.88-6.93 (m, Harom), 3.09 (m, 2H, NCH-CHH’), 1.13-1.51 (m, 6H, CH2). 
31

P 

NMR (283 MHz, CDCl3)  –12.6 (s, 2P). 
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(1S,2S)-N,N’-Bis{2-[bis(3-methylphenyl)phosphino]benzylidene}-cyclohexane-1,2-

diamine (1e).  

(1S,2S)-N,N’-Bis(2-bromobenzylidene)cyclohexane-1,2-

diamine (0.2g, 0.45 mmol) was dissolved in THF (15 mL) 

and cooled to –80 °C, and a 1.7 M pentane solution of 

t
BuLi (0.53 mL, 0.90 mmol, 2 equiv) was added dropwise 

thereto. The resulting dark red solution was stirred at –80 

°C for 1 h, then bis(3-methylphenyl)chlorophosphine (0.89 

mmol, 2 equiv) was added dropwise. The reaction solution was allowed to reach room 

temperature during 3 h, during which the solution turned pale yellow. The solvent was 

evaporated under reduced pressure to give a yellow solid, which was used without 

further purification.  
31

P NMR (162 MHz, CDCl3)   –12.5 (s, 2P). 

 

(1S,2S)-N,N’-Bis{2-[bis(4-chlorophenyl)phosphino]benzylidene}-cyclohexane-1,2-

diamine (1f). 

(1S,2S)-N,N’-Bis(2-bromobenzylidene)cyclohexane-1,2-

diamine (0.2g, 0.45 mmol) was dissolved in THF (15 mL) 

and cooled to –80 °C, and a 1.7 M pentane solution of 

t
BuLi (0.53 mL, 0.90 mmol, 2 equiv) was added dropwise 

thereto. The resulting dark red solution was stirred at –80 

°C for 1 h, then bis(4-chlorophenyl)chlorophosphine (0.89 

mmol, 2 equiv) was added dropwise. The reaction solution was allowed to reach room 

temperature during 3 h, during which the solution turned pale yellow. The solvent was 

evaporated under reduced pressure to give a yellow solid, which was used without 

further purification 
1
H NMR (300 MHz, CDCl3):  8.44 (d, 2H, HC=N, JP,H = 3.8  

Hz), 7.69-6.77 (m, Harom), 3.06 (m, 2H, NCH-CHH’), 1.89-1.28 (m, 8H, CH2). 
31

P 

NMR (121.5 MHz, CDCl3)  –14.1 (s, 2P). 
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(1S,2S)-N,N’-Bis{2-[bis(4-fluorophenyl)phosphino]benzylidene}-cyclohexane-1,2-

diamine (1g). 

(1S,2S)-N,N’-Bis(2-bromobenzylidene)cyclohexane-1,2-

diamine (0.2 g, 0.45 mmol) was dissolved in THF (15 mL) 

and cooled to –80 °C, and a 1.7 M pentane solution of 

t
BuLi (0.53 mL, 0.90 mmol, 2 equiv) was added dropwise 

thereto. The resulting dark red solution was stirred at –80 

°C for 1 h, then bis(4-fluorophenyl)chlorophosphine (0.89 

mmol, 2 equiv) was added dropwise. The reaction solution was allowed to reach room 

temperature during 3 h, during which the solution turned pale yellow. The solvent was 

evaporated under reduced pressure to give a yellow solid, which was used without 

further purification. 
31

P NMR (101 MHz, CDCl3)  –14.0 (s, 2P). 

 

 (1S,2S)-N,N’-Bis{2-[bis(4-methylphenyl)phosphino]benzylidene}-cyclohexane-1,2-

diamine (1h). 

(1S,2S)-N,N’-Bis(2-bromobenzylidene)cyclohexane-1,2-

diamine (0.2 g, 0.45 mmol) was dissolved in THF (15 mL) 

and cooled to –80 °C, and a 1.7 M pentane solution of 

t
BuLi (0.53 mL, 0.90 mmol, 2 equiv) was added dropwise 

thereto. The resulting dark red solution was stirred at –80 

°C for 1 h, then bis(4-methylphenyl)chlorophosphine (0.89 

mmol, 2 equiv) was added dropwise. The reaction solution was allowed to reach room 

temperature during 3 h, during which the solution turned pale yellow. The solvent was 

evaporated under reduced pressure to give a yellow solid, which was used without 

further purification 
1
H NMR (400 MHz, CDCl3):  8.44 (d, 2H, HC=N, JP,H = 4.28  

Hz), 7.78-6.82 (m, Harom), 3.17 (m, 2H, NCH-CHH’), 2.37-2.30 (m, 12H, CH3), 1.88-

1.28 (m, 6H, CH2). 
31

P NMR (162 MHz, CDCl3)  –14.7 (s, 2P). 
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6.2.3 Ru/PNNP Complexes 

 

[RuCl2((1S,2S)-N,N’-Bis{2-[bis(3,5-dimethylphenyl)phosphino]benzylidene}cyclo-

hexane-1,2-diamine] (2b) as General Method for the preparation of complexes 2b-2h. 

[RuCl2(p-cymene)]2 (1 equiv) was added to a toluene 

solution of (1S,2S)-N,N’-bis{2-[bis(3,5-dimethylphenyl)-

phosphino]benzylidene}cyclohexane-1,2-diamine (1 

equiv), and the resulting solution was heated to reflux for 

10 h. The toluene was evaporated under reduced pressure, 

and the resulting dark red solid was crystallized from 

CH2Cl2//hexane. Overall yield 40% (based on the corresponding 3,5-

dimethylbromide). 
1
H NMR (500 MHz, CDCl3):  8.91 (d, 2H, HC=N, JP,H = 4.0 

Hz), 7.62-6.79 (m, 20H, Harom), 4.18 (m, 2H, N-CH), 2.73 (d, 2H, NCH-CHH’, J = 

10.17 Hz), 1.95-2.38 (m, 24H, CH3), 1.26-1.54 (m, 6H, CH2). 
31

P NMR (162.0 MHz, 

CDCl3)  47.0 (s, 2P). Anal. Calcd. for C48H48N2P2Cl2 Ru: C, 66.24; H, 5.99; N, 2.97. 

Found C, 66.11; H, 5.56; N, 2.70. []D
20  

= –138  (c = 0.25, CHCl3). MS (ESI): Calcd.  

m/z 907.2656, found m/z 907.2656. IR (ATR, cm
-1

): 1626 (C=N). 

 

[RuCl2((1S,2S)-N,N’-bis{2-[bis(2-naphthylphenyl)phosphino]benzylidene}-cyclohex-

ane-1,2-diamine] (2c).
  

Overall yield 31% (based on the corresponding 3,5-di-tert-butylbromide).
 

31
P NMR

 
(101 MHz, CDCl3): δ 52.94 (d, J = 27 Hz), 

52.57 (s), 52.18 (s), 51.78 (d, J = 27 Hz). MS (MALDI) 

calcd. 1243.6413. Found m/z 1243.6419. Anal. calcd. for 

C76H104N2P2Cl2Ru: C, 71.34; H, 8.19; N, 2.19. Found: C, 

62.50; H, 8.10, N, 1.53. The presence of grease explains 

the deviation. 
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[RuCl2((1S,2S)-N,N’-Bis{2-[bis(2-naphthylphenyl)phosphino]benzylidene}cyclo-

hexane-1,2-diamine] (2d). 

Yield: 23% (based on the corresponding bis(2-naphthyl)-

chlorophosphine. 
1
H NMR (400 MHz, CDCl3):  9.01 (m, 

2H, HC=N), 7.75–6.85 (m, 20H, Harom), 4.28 (m, 2H, N–

CH), 2.79 (d, 2H, NCH–CHH’, JP,H = 11.6 Hz), 2.12 (m, 

2H, CH2), 2.04 (m, 2H, CH2), 1.47 (m, 2H, CH2). 
31

P 

NMR (162.0 MHz, CDCl3)  49.0 (s, 2P). Anal. Calcd for 

C60H48N2P2Cl2 Ru: C, 69.90; H, 4.69; N, 2.72. Found C, 69.23; H, 4.82; N, 2.51. 

[]D
20  

= –138  (c = 0.50). MS (ESI): m/z 995.2 (M
+
). IR (ATR, cm

-1
): 1625 (C=N). 

 

[RuCl2((1S,2S)-N,N’-bis{2-[bis(3-methylphenyl)phosphino]benzylidene}-cyclohex-

ane-1,2-diamine] (2e).  

Yield: 34%. 
1
H NMR (250 MHz, CDCl3):  8.89 (m, 2H, 

HC=N), 7.62-6.90 (m, Harom), 4.19 (m, 2H, N–CH), 2.75-

2.70 (m, 2H, NCH–CHH’), 2.30-2.20 (m, 2H, N-CH), 

2.06 (s, CH3), 1.98 (s, CH3), 1.41 (m, 2H, CH2). 
31

P 

NMR (101.2 MHz, CDCl3)  47.1 (s, 2P). Anal. Calcd 

for C48H48N2P2Cl2 Ru: C, 65.01; H, 5.46; N, 3.16. Found 

C, 64.72; H, 5.74; N, 3.01. []D
20  

= –174 (c = 0.50). MS (ESI): m/z 851.2032 (M
+
).  

 

[RuCl2((1S,2S)-N,N’-bis{2-[bis(4-chlorophenyl)phosphino]benzylidene}-cyclohex-

ane-1,2-diamine] (2f).  

Yield: 40%. 
1
H NMR (250 MHz, CDCl3):  8.91 (m, 2H, 

HC=N), 7.70-6.96 (m, Harom), 4.16 (m, 2H, N–CH), 2.76-

2.74 (m, 2H, NCH–CHH’), 2.13 (m, 2H, N-CH) 2.00 (m, 

CH2), 1.46 (m, 2H, CH2). 
31

P NMR (101.2 MHz, CDCl3)  

48.3 (s, 2P). Anal. Calcd for C44H36N2P2Cl6 Ru: C, 54.57; 

H, 3.75; N, 2.89. Found C, 53.61; H, 3.87; N, 2.73. The 

presence of grease explains the deviation. MS (ESI): m/z 851.2 (M
+
).  

IR (ATR, cm
-1

): 1626 (C=N).  
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[RuCl2((1S,2S)-N,N’-bis{2-[bis(4-fluorophenyl)phosphino]benzylidene}-cyclohexane-

1,2-diamine] (2g).  

Yield 60%. 
1
H NMR (500 MHz, CDCl3):  8.91 (m, 2H, 

HC=N, JP,H = 4.0 Hz), 7.38-6.73 (m, 24H, Harom), 4.16 (m, 

2H, N–CH), 2.77-2.72 (m, 2H, NCH–CHH’), 2.12 (m, 2H, 

CH2), 2.00 (m, 2H, CH2), 1.45 (m, 2H, CH2).  
31

P NMR 

(162.0 MHz, CDCl3) 46.55 (s, 2P). 
19

F NMR (188 MHz, 

CDCl3):  110.9 (m, 4F). Anal. Calcd for 

C44H36N2F4P2Cl2Ru: C, 58.54; H, 4.02; N, 3.10. Found C, 58.63; H, 4.23; N, 2.96. 

[]D
20  

= –280.0 (c = 0.45). MS (ESI): m/z 867.1024 (M
+
). IR (ATR, cm

-1
): 1629 

(C=N). 

 

[RuCl2((1S,2S)-N,N’-bis{2-[bis(4-methylphenyl)phosphino]benzylidene}-

cyclohexane-1,2-diamine] (2h).  

Yield: 60%. 
1
H NMR (300 MHz, CDCl3):  8.88 (m, 2H, 

HC=N), 7.62-6.74 (m, Harom), 4.16 (m, 2H, N–CH), 2.72 

(m, 2H, NCH–CHH’), 244-2.19 (m, 24H, CH3), 2.10-2-06 

(m, 2H, CH2), 2.00-1.94 (m, 2H, CH2). 
31

P NMR (121.5 

MHz, CDCl3):  46.32 (s, 2P). Anal. Calcd for 

C48H48N2P2Cl2Ru: C, 65.01; H, 5.46; N, 3.16. Found C, 

64.42; H, 5.53; N, 3.00. []D
20  

= –170 (c = 0.50). MS (ESI): m/z 851.2031 (M
+
). IR 

(ATR, cm
-1

): 1626 (C=N). 
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6.3  Ru/PNNP Catalyzed Asymmetric Imine aziridination 

 

6.3.1 Imine aziridination 

 

General Procedure for the Catalytic Aziridination of N-Benzylidene-1,1-

diphenylmethanamine with Ethyldiazoacetate at Constant Temperature (0 °C). 

 

 

 

[RuCl2(1b-1h)] (2b-2h) (0.049 mmol) and the appropriate chloride scavenger (0.049 

mmol) were dissolved in freshly distilled CH2Cl2 (3 mL), and the solution was stirred 

at room temperature overnight. The mixture was then cooled at 0 °C, and imine 5a 

(0.49 mmol) and EDA (1.96 mmol) were added under argon. The mixture was stirred 

at 0°C for 24 h, leaving the argon inlet open. The yield was determined by 
1
H NMR 

spectroscopy by adding a known amount of 1,3,5-trimethoxybenzene as internal 

standard to the crude mixture at the end of the reaction. The crude was purified by 

column chromatography over silica using hexane/ethyl acetate 95:5 mixture as eluent.  

 

General Procedure for the Catalytic Aziridination of N-Benzylidene-1,1-

diphenylmethanamine with Ethyldiazoacetate  with the Gradient Temperature 

Protocol. 

[RuCl2(1b-1h)] (2b-2h) (0.049 mmol) and proper chloride scavenger (0.049 mmol) 

were dissolved in freshly distilled CH2Cl2 (3 mL), and the solution was stirred at 

room temperature overnight. The mixture was then cooled at  –78 °C, and imine 5a 

(0.49 mmol) and EDA (1.96 mmol) were added under argon. The mixture was stirred 

at –78 °C for 5 min, then it was warmed to room temperature in an i-propanol bath, 

and stirred for 24 h at room temperature, leaving the argon inlet open. The yield was 

determined by 
1
H NMR spectroscopy by adding a known amount of 1,3,5-

trimethoxybenzene as internal standard to the crude mixture at the end of the reaction. 

The crude was purified by column chromatography over silica using hexane/ethyl 
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acetate 95:5 mixture as eluent.  

 

General Procedure for the Competition Experiments. 

[RuCl2(1b)] (2b) (46.3 mg, 0.049 mmol) and Et3OBF4 (9.3 mg, 0.049 mmol) were 

dissolved in freshly distilled CH2Cl2 (3 mL), and the solution was stirred at room 

temperature overnight. The mixture was then cooled at 0 °C, imine 5l (4.9 mmol, 10 

equiv), imine 5m-5p (4.9 mmol, 10 equiv) and EDA (0.49 mmol, 1 equiv) were added 

under argon. The mixture was stirred at 0 °C for 24 h, leaving the argon inlet open. 

The yield was determined by 
1
H NMR spectroscopy by adding a known amount of 

1,3,5-trimethoxybenzene as internal standard to the crude mixture at the end of the 

reaction. The crude was purified by chromatographic column using hexane/ethyl 

acetate 95:5 mixture as eluent. 

 

6.3.2 Synthesis of Imines 

 

N-Benzylidene-1,1-diphenylmethanamine (5a). 

A mixture of benzaldehyde (8.5 g, 80 mmol), 

diphenylmethanamine (4.7 g, 80 mmol), and ZnCl2 (223 mg, 

1.74 mmol) in toluene (500 mL) was refluxed overnight in a 

Dean-Stark apparatus. Thus, the salts were filtered off, the solvent was evaporated 

under reduced pressure, and the crude product was recrystallized from ethanol at low 

temperature to give white crystals.  

Yield: 18.1 g (83%). 
1
H NMR (CDCl3, 300 MHz):  8.53 (s, 1H, NCHPh), 7.96 – 

7.33  (m, 15H, Harom), 5.71 (s, 1H, NCHPh2). NMR data in agreement with the 

published values.
260

  

 

N-(4-Fluorobenzylidene)-1,1-diphenylmethanamine (5b). 

Similarly to 5a, 5b was obtained as a white solid using 4-

fluorobenzaldehyde (5.34 g, 43 mmol), diphenylmethanamine 

(7.9 g, 43 mmol), ZnCl2 (110 mg, 0.80 mmol), and toluene 

(250 mL).  

Yield: 7.2 g (79%). 
1
H NMR (CDCl3, 250 MHz):  8.39 (s, 1H, NCHAr), 7.60 – 7.23  

(m, 14H, Harom), 5.59 (s, 1H, NCHPh2). NMR data in agreement with the published 



166 
 

values.
261

   

 

N-(4-Chlorobenzylidene)-1,1-diphenylmethanamine (5c). 

Similarly to 5a, 5c was obtained as a white solid using 4-

chlorobenzaldehyde (2.42 g, 17 mmol), diphenylmethanamine 

(3.16 g, 17.2 mmol), ZnCl2 (98 mg, 0.72 mmol), and toluene 

(100 mL).  

Yield: 3.4 g (85%). 
1
H NMR (CDCl3, 250k MHz):  8.38 (s, 1H, NCHAr), 7.78 – 

7.23  (m, 14H, Harom), 5.60 (s, 1H, NCHPh2). NMR data in agreement with the 

published values.
260

  

 

N-(4-Methoxybenzylidene)-1,1-diphenylmethanamine (5d).  

Similarly to 5a, 5d was obtained as a white solid using 4-

methoxybenzaldehyde (2.0 g, 14.7 mmol), 

diphenylmethanamine (2.7 g, 14.7 mmol), ZnCl2 (100 mg, 

0.73 mmol), and toluene (100 mL).  

Yield: 2.7 g (61%). 
1
H NMR (CDCl3, 300 MHz):  8.36 (s, 1H, NCHAr), 7.86-7.21  

(m, 14H, Harom), 5.57 (s, 1H, NCHPh2), 3.83 (s, 3H, CH3). NMR data in agreement 

with the published values.
260

  

 

N-(4-Nitrobenzylidene)-1,1-diphenylmethanamine (5e). 

Similarly to 5a, 5e was obtained as a white-yellow solid 

using 4-nitrobenzaldehyde (3.0 g, 19.9 mmol), 

diphenylmethanamine (3.6 g, 19.9 mmol), ZnCl2 (50 mg, 

0.37 mmol), and toluene (100 mL). 

Yield: 4.90 g (78%). 
1
H NMR (CDCl3, 300 MHz):   8.42 (s, 1H, NCHAr), 8.21-7.18  

(m, 14H, Harom), 5.67 (s, 1H, NCHPh2). NMR data in agreement with the published 

values.
172
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N-(4-Isopropylbenzylidene)-1,1-diphenylmethanamine (5f).  

Similarly to 5a, 5f was obtained as a white solid using 4-

isopropylbenzaldehyde (1.21 g, 8.2 mmol), 

diphenylmethanamine (1.50 g, 17.2 mmol), ZnCl2 (50 mg, 

0.37 mmol), and toluene (50 mL).  

Yield: 1.05 g (54%). 
1
H NMR (CDCl3, 300 MHz):  8.43 (s, 1H, NCHAr), 7.82-7.13  

(m, 14H, Harom), 5.62 (s, 1H, NCHPh2), 2.96 (sept, 1H, CH(CH3)2), 1.31 (d, 6H, 

(CH3)2 J = 11.1 MHz). NMR data in agreement with the published values.
162

  

 

N-(2’-Naphthylbenzylidene)-1,1-diphenylmethanamine (5g). 

Similarly to 5a, 5e was obtained as a white solid using 2-

naphtaldehyde (0.85  g, 5.5 mmol), diphenylmethanamine 

(1.0 g, 5.5 mmol), ZnCl2 (50 mg, 0.37 mmol), and methanol 

stirring at room temperature (20 mL) for 30 min. Solid obtained from recrystallization 

from methanol at low temperature. 

Yield: 1.56 g (89%). 
1
H NMR  8.60 (s, 1H, NCHAr), 7.90– 7.25k (m, 17H, Harom), 

5.71 (s, 1H, NCHPh2). NMR data in agreement with the published values.
163

  

 

N-(3-Methoxybenzylidene)-1,1-diphenylmethanamine (5h).  

Similarly to 5e, 5h was obtained as a white solid using 3-

methoxybenzaldehyde (0.74 g, 5.5 mmol), diphenylmethanamine 

(1.0 g, 5.5 mmol), and methanol stirring at room temperature (20 

mL) for 30 min.   

Yield: 1.24 g (75%). 
1
H NMR (CDCl3, 200 MHz):  8.32 (s, 1H, NCHAr), 7.50-7.26  

(m, 14H, Harom), 5.74 (s, 1H, NCHPh2), 3.85 (s, 3H, CH3). NMR data in agreement 

with the published values.
164

  

 

N-(3-Bromobenzylidene)-1,1-diphenylmethanamine (5i).  

Similarly to 5e, 5i was obtained as a white solid using 3-bromo-

benzaldehyde (1.0 g, 5.5 mmol), diphenylmethanamine (1.0 g, 

5.5 mmol), and methanol stirring at room temperature (10 mL) 

for 30 min.   

Yield: 1.51 g (79%). 
1
H NMR (CDCl3, 300 MHz):  8.38 (s, 1H, NCHAr), 7.44-7.28  
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(m, 14H, Harom), 5.63 (s, 1H, NCHPh2). 

 

N-(1’-Naphthylbenzylidene)-1,1-diphenylmethanamine (5j).  

Similarly to 5e, 5j was obtained using 1-naphthaldehyde (0.85  

g, 5.5 mmol), diphenylmethanamine (1.0 g, 5.5 mmol), ZnCl2 

(50 mg, 0.37 mmol), and methanol stirring at room temperature 

(20 mL) for 30 min. A white solid was obtained by crystallization from methanol at 

low temperature. 

Yield: 2.45 g (90%). 
1
H NMR (CDCl3, 300 MHz):  8.46 (s, 1H, NCHAr), 7.90-7.24  

(m, 17H, Harom), 5.64 (s, 1H, NCHPh2). 

 

N-(3-Pyridine)-1,1-diphenylmethanamine (5k). 

Similarly to 5a, 5k was obtained using 3-pyridine-carbaldehyde 

(1.1 g, 5.5 mmol), diphenylmethanamine (1.0 g, 5.5 mmol), and 

methanol stirring at room temperature (10 mL) for 30 min. A 

white solid was obtained by crystallization from methanol at low temperature. 

Yield: 1.11 g (75%). 
1
H NMR (400 MHz, CDCl3):  8.65 (d, J = 4.84 Hz, 1H, Harom.), 

8.56 (s, 1H, Harom), 8.26 (d, J = 7.9 Hz, 1H, Harom), 7.78 (t, J = 7.6 Hz, 4H, Harom), 

7.40 (d, J = 7.1 Hz, 4H, Harom), 7.37-7.31 (m, 4H, Harom), 7.31-2.24 (m, 2H), 5.72 (s, 

1H, NCHPh2). NMR data in agreement with the published values.
265

  

 

N-Benzylideneaniline (5l). 

Similarly to 5e, 5l was obtained using benzaldehyde (1.00 g, 9.4 

mmol), aniline (0.88 g, 9.4 mmol), and methanol stirring overnight 

at room temperature (10mL). A white solid obtained was obtained 

by crystallization from methanol at low temperature. 

Yield: 0.84 g (9%). 
1
H NMR. (CDCl3, 200 MHz):  8.57 (s, 1H, NCH), 8.06-7.40 (m, 

10H, Harom).  

 

N-Benzyldine-4-methoxyaniline (5m).  

Similarly to 5e, 5m was obtained using benzaldehyde (1.00 g, 

9.4 mmol), 4-methoxyaniline (1.16 g, 9.4 mmol), and methanol 

stirring overnight at room temperature (10mL). A white solid 
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was obtained by crystallization from methanol at low temperature.  

Yield: 0.88 g (42%). 
1
H NMR (CDCl3, 400 MHz):  8.51 (s, 1H, NCH), 7.93-6.95 

(m, 9H, Harom), 3.85 (s, 3H, CH3O).  

 

N-Benzyldine-4-fluoroaniline (5n).  

Similarly to 5e, 5n was obtained using benzaldehyde (2.09 g, 19.7 

mmol), 4-fluoroaniline (2.19 g, 19.7 mmol), and methanol stirring 

overnight at room temperature (10mL). A white solid was obtained 

by crystallization from methanol at low temperature.  

Yield: 2.4 g (61%). 1H NMR (CDCl3, 200 MHz):  8.55 (s, 1H, NCH), 8.07-7.22 (m, 

9H, Harom).  

 

N-Benzyldine-4-chloroaniline (5o). 

Similarly to 5e, 5o was obtained using benzaldehyde (2.0 g, 18.9 

mmol), 4-chloroaniline (2.4 g, 18.9 mmol), and methanol stirring 

overnight at room temperature (20mL). A white solid was 

obtained by crystallization from methanol at low temperature. 

Yield: 2.84 g (72%). 1H NMR (CDCl3, 200 MHz):  8.48 (s, 1H, NCH), 7.96-6.99 

(m, 9H, Harom). 

 

N-Benzyldine-4-trifluoromethylaniline (5p). 

Similarly to 5e, 5p was obtained using benzaldehyde (2.0 g, 

18.9 mmol), 4-trifluoroaniline (2.4 g, 18.9 mmol), and 

methanol stirring overnight at room temperature (20mL). A 

white solid was obtained by crystallization from methanol at low temperature.  

Yield: 1.36 g (34%). 1H NMR (CDCl3, 200 MHz):  8.47 (s, 1H, NCH), 7.99-7.18 

(m, 9H, Harom). 
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5.3.3   Aziridines 

 

(2R,3R)-Ethyl 1-benzhydryl-3-phenylaziridine-2-carboxylate (cis-6a). 

Product obtained as a white solid. 

1
H NMR (CDCl3, 300.2 MHz):  7.18-7.64 (m, 14H, Harom), 

3.99 (s, 1H, CHPh2), 3.96 (q, 2H, J = 7.14 Hz, COOCH2), 3.25 

(d, 1H, J = 6.84 Hz, NCHCOOEt), 2.71 (d, 1H, J = 6.84 Hz, 

NCHPh), 1.00 (t, 3H, J = 7.11 Hz, CH3). 
13

C NMR (CDCl3, 125.8 MHz): 

 134.0, 142.5, 142.6, 167.8.  
1
H 

NMR and 
13

C NMR spectroscopic data are in agreement with published values.
116

 

Chiral HPLC: M column, eluent: hexane/2-propanol (99:1), flow rate 0.5 mL/min, 

Rt (min) = 34.4 (major, (2R,3R)-6a), 41.8 (minor, (2S,3S)-6a). [α]D
20

 = 22.9 ± 1 (c = 

1.5, CHCl3) @ 93% ee. Absolute configuration assigned on the basis of the sign of the 

optical rotation reported.
116

 HRMS (MALDI): Calcd. for C24H24N O2 m/z 358.1802 

found m/z 358.1801. 

 

(2R,3R)-Ethyl 1-Benzhydryl-3-(4-fluorophenyl)aziridine-2-carboxylate (cis-6b).  

Product obtained as a white solid.  

1
H NMR (CDCl3, 500.2 MHz):  7.64-6.96 (m, 14H, 

Harom), 3.99 (q, 2H, J = 6.60 Hz, COOCH2), 3.97 (s, 1H, 

CHPh2), 3.22 (d, 1H, J = 6.85 Hz,  NCHCOOEt), 2.71 (d, 

1H, J = 6.80 Hz,  NCHPh), 1.05 (t, 3H, J = 7.10 Hz, CH3). 

13
C NMR (CDCl3, 125.8 MHz): 

42.7, 142.9, 161.7, 163.6, 

168.0. Chiral GC: AD-H column; eluent: hexane/2-propanol (99:1); flow rate: 0.5 

mL/min; Rt (min) = 27.0 (major, (2R,3R)-6b); 45.2 (minor, (2S,3S)-6b) @ 17% ee. 

HRMS (MALDI): Calcd. for C24H23F N O2 m/z 376.1707 found m/z 376.1707. 

 

(2R,3R)-Ethyl 1-benzhydryl-3-(4-chlorophenyl)aziridine-2-carboxylate (cis-6c).  

Product obtained as a white solid.  

1
H NMR (CDCl3, 500.2 MHz): 7.62-7.22 (m, 14H, 

Harom), 3.99 (q, 2H, J = 6.55 Hz, COOCH2), 3.97 (s, 1H, 

CHPh2), 3.20 (d, 1H, J = 6.45 Hz, NCHCOOEt), 2.72 (d, 
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1H, J = 6.35 Hz, NCHPh), 1.06 (t, 3H, J= 6.95 Hz, CH3). 
13

C NMR (CDCl3, 125.8 

MHz): ,, , , , 134.0, 142.6, 142.8, 167.9. 

1
H NMR and 

13
C NMR spectroscopic data are in agreement with the published 

values. Chiral GC: D-H column; eluent: hexane/2-propanol (99:1); flow rate: 0.5 

mL/min; Rt (min) = 21.6 (major, (2R,3R)-6c), 31.4 (minor, (2S,3S)-6c) @ 23% ee. 

HRMS (MALDI): Calcd. for C24H23Cl N O2 m/z 392.1412 found m/z 392.1412. 

 

Cis-Ethyl 1-benzhydryl-3-(4-methoxyphenyl)aziridine-2-carboxylate (cis-6d). 

Product obtained as a white solid.   

1
H NMR (CDCl3, 300.1 MHz):  7.86-7.14 (m, 14H, 

Harom), 4.11 (q, 2H, J = 7.14 Hz, COOCH2), 4.06 (s, 1H, 

CHPh2), 3.77 (s, 3H, OCH3), 3.17 (d, 1H, J = 6.72 Hz, 

NCHCOOEt), 2.63 (d, 1H, J = 6.75 Hz, NCHPh), 1.01 (t, 

3H, J = 7.08 Hz, CH3).
 1

H NMR in agreement with the published values.
172

 Chiral 

GC: AD-H column; eluent: hexane/2-propanol (98:2); flow rate: 0.5 mL/min; Rt (min) 

= 51.3, (2R,3R)-6d); 55.4, (2S,3S)-6d @ 0% ee. 

 

Cis-Ethyl-1-benzhydryl-3-(4-nitrophenyl)aziridine-2-carboxylate (6e). 

Product obtained as a yellow solid.  

1
H NMR (CDCl3, 500.2 MHz):  7.64-6.96 (m, 14H, 

Harom), 3.99 (q, 2H, J = 6.6 Hz, COOCH2), 3.97 (s, 1H, 

CHPh2), 3.22 (d, 1H, J = 6.9 Hz, NCHCOOEt), 2.71 (d, 

1H, J = 6.80 Hz, NCHPh), 1.05 (t, 3H, J = 7.10 Hz, 

NCHPh). 
13

C NMR (CDCl3, 125.8 MHz):  61.1, 78.1, 115.0, 115.2, 

 142.7, 142.9, 161.7, 163.6, 168.0. Chiral GC: D-H column; eluent: 

hexane/2-propanol (99:1); flow rate: 0.5 mL/min; Rt (min) = 27.0 ((2R,3R)-6e); 45.2 

((2S,3S)-6e) @ 0 ee. HRMS (MALDI): Calcd. for C24H23F N O2 m/z 403.1652 found 

m/z 403.1652. 
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Cis-Ethyl-1-benzhydryl-3-(4-isopropylphenyl)aziridine-2-carboxylate (cis-6f).  

Product obtained as a white solid.  

1
H NMR (CDCl3, 500.2 MHz):  7.64-7.13 (m, 14H, 

Harom), 3.99 (q, 2H, J = 7.3 Hz, COOCH2), 3.97 (s, 1H, 

CHPh2), 3.23 (d, 1H, J = 6.85 Hz, NCHCOOEt), 2.88 

(sept, 1H, J =6.90, CHCH3), 2.67 (d, 1H, J = 6.75 Hz, 

NCHPh), 1.24 (d, 6H, J = 6.95, CH3), 0.99 (t, 3H, J= 6.95 Hz, NCHPh). 
13

C NMR 

(CDCl3, 125.8 MHz): 142.7, 

142.9, 161.7, 163.6, 168.0. Chiral GC: D-H column; eluent: hexane/2-propanol 

(99:1); flow rate: 0.5 mL/min; Rt (min) = 27.0 ((2R,3R)-6f); 45.2 ((2S,3S)-6f), 0% ee. 

HRMS (MALDI): Calcd. for C24H23F N O2 m/z 400.2271 found m/z 400.2271. 

 

Cis-Ethyl-1-benzhydryl-3-(2-naphtyl)aziridine-2-carboxylate (cis-6g).  

Product obtained as a white solid.  

1
H NMR (CDCl3, 500.2 MHz):  7.19-7.92 (m, 17H, 

Harom ), 4.06 (s, 1H, CHPh2), 3.94 (q, 2H, J = 7.50 Hz, 

COOCH2), 3.40 (d, 1H, J = 6.80 Hz, NCHCOOEt), 2.80 

(d, 1H, J = 6.85 Hz, NCHPh), 0.98 (t, 3H, J = 7.4 Hz, 

NCHPh). 13
C NMR (CDCl3, 125.8 MHz): 

 132.8, 133.0, 133.1, 142.5, 142.6, 167.9. 

Chiral GC: D-H column; eluent: hexane/2-propanol (99:1); flow rate: 0.5 mL/min; 

Rt (min) = 61.4  ((2R,3R)-6g); 67.0 ((2S,3S)-6g), 0% ee. HRMS (MALDI): Calcd. for 

C24H23F N O2 m/z 408.1958 found m/z 408.1958. 

 

Cis-Ethyl-1-benzhydryl-3-(3-methoxyphenyl)aziridine-2-carboxylate (cis-6h). 

Product obtained as a colorless oil.  

1
H NMR (CDCl3, 300.1 MHz):  7.52-6.64 (m, 14H, Harom ), 

3.88 (q, 2H, J = 7.11 Hz, COOCH2), 3.86 (s, 1H, CHPh2), 3,87 

(s, 3H, OCH3), 3.10 (d, 1H, J = 6.84 Hz,  NCHCOOEt), 2.58 

(d, 1H, J = 6.87 Hz,  NCHPh), 0.93 (t, 3H, J = 7.11 Hz, 

NCHPh).  
13

C NMR (CDCl3, 125.8 MHz): 

42.2, 142.5, 142.9, 147.8, 167.4. Chiral 

GC: D-H column; eluent: hexane/2-propanol (99:1); flow rate: 0.5 mL/min; Rt 
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(min) = 36.9 ((2R,3R)-6e); 41.5 (2S,3S)-6e). HRMS (MALDI): Calcd. for C24H23 N2 

O4 m/z 403.1652 found m/z 403.1652.  

 

 Cis-Ethyl-1-benzhydryl-3-(3-bromophenyl)aziridine-2-carboxylate (6i). 

Product obtained as a white solid. 

1
H NMR (CDCl3, 300.1 MHz):  7.82-7.10 (m, 14H, Harom ), 

3.99 (q, 2H, J = 6.93 Hz,  COOCH2), 3.97 (s, 1H, CHPh2), 

3.18 (d, 1H, J = 6.78 Hz, NCHCOOEt), 2.72 (d, 1H, J = 6.87 

Hz,  NCHPh), 1.06 (t, 3H, J= 6.93 Hz, NCHPh). 

 

Cis-Ethyl 1,3-Diphenylaziridine-2-carboxylate (6l).  

1
H NMR (CDCl3, 500 MHz):  7.56-6.89 (m, Harom), 4.19 – 

3.99 (m, 2H, J = 6.8 Hz,  COOCH2), 3.63 (d, 1H, J= 6.75 Hz, 

NCHCOOEt), 3.24 (d, 1H, J = 6.7 Hz, NCHPh), 1.03 (t, 3H, J= 

7.0 Hz, CH3). NMR data in agreement with literature values.
266 

Trans-6m: 
1
H NMR (CDCl3, 500 MHz):  7.556.89m, 

Harom), 4.08 (q, 2H, J = 7.1 Hz, COOCH2), 3.85 (m, 1H, NCHCOOEt), 3.28 (m, 1H, 

NCHPh), 1.20 (t, 3H, J = 7.2 Hz, CH3). 
 

 

Cis-Ethyl 1-(4-Methoxyphenyl)-3-phenylaziridine-2-carboxylate (cis-6m).  

1
H NMR (CDCl3, 400 MHz):  7.92-6.44 (m, Harom), 3.76 (s, 

3H, OCH3), 3.17 (d, 1H, J= 6.8 Hz, NCHPh), 1.02 (t, 3H, J= 

7.1 Hz, CH3). The NCHCOOEt and the COOCH2 signals 

overlap with other signals of 13e, diethylmaleate, and 

trimethoxybenzene used as internal standard and was not 

assigned. NMR data in agreement with literature values.
266

 

 

Cis-Ethyl 1-(4-Fluorophenyl)-3-phenylaziridine-2-carboxylate 

(cis-6n).   

1
H NMR (CDCl3, 500 MHz):  7.53-6.88 (m, Harom), 4.12-3.98 

(m, 2H, COOCH2), 3.20 (d, 1H, J = 6.8 Hz, NCHPh), 3.58 (d, 

1H, J= 6.8 Hz, NCHCOOEt), 1.03 (t, 3H, J = 7.2 Hz, CH3). 

NMR data in agreement with the published values.
266
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Cis-Ethyl 1-(4-Chlorophenyl)-3-phenylaziridine-2-carboxylate (cis-6o).  

1
H NMR (CDCl3, 300 MHz):  7.94-6.83 (m, Harom), 4.11-

3.96 (m, 2H,  COOCH2), 3.59 (d, 1H, J = 6.8 Hz, 

NCHCOOEt), 3.21 (d, 1H, J = 6.8 Hz, NCHPh), 1.03 (t, 3H, 

J = 7.1 Hz, CH3). trans-6u: 
1
H NMR (CDCl3, 300 MHz):  

7.94 – 6.83 (m, Harom), 4.18 (q, 2H, J = 7.2 Hz, COOCH2), 

3.81 (br s, 1H, NCHCOOEt), 3.27 (br s, 1H, NCHPh), 1.23 

(t, 3H, J = 7.0 Hz, CH3). NMR data in agreement with the published values.
266

 

 

Cis-Ethyl 1-(4-Chlorophenyl)-3-phenylaziridine-2-carboxylate 

(cis-6p).  

1
H NMR (CDCl3, 300 MHz):  7.58-6.96 (m, Harom), 4.18-4.02 

(m, 2H, COOCH2), 3.66 (d, 1H, J = 6.8 Hz, NCHCOOEt), 3.28 

(d, 1H, J = 6.8 Hz, NCHPh), 1.03 (t, 3H, J = 7.1 Hz, CH3). 

 

6.3.3    NMR experiments  

 

General considerations 

 

The reactions described below were run under argon in NMR tubes fitted with 

serum septa and were monitored by NMR spectroscopy as detailed below. Reagents 

were added by microsyringe. A 2-PrOH/dry-ice bath was used to keep the sample 

temperature at the values indicated below during all the manipulations and transfer 

from and to the spectrometer. 

 

Ethyl 2-
13

C-Glycine hydrochloride. 

Ethyl 2-
13

C-Glycine Ethyl 2-
13

C-Glycine (98% 2-
13

C,  0.51 g, 6.66 mmol) was 

suspended in ethanol, and the mixture was cooled to –20 °C (ice-salt bath). SOCl2 

(0.58 mL, 8.00 mmol) was added, the mixture was warmed to room temperature, and 

another equivalent of solid 2-
13

C-glycine (0.51 g, 6.66 mmol) was slowly added. The 

mixture was refluxed for 2 h. After cooling the colorless solution to room 

temperature, and the solvent was evaporated under reduced pressure. The resulting 

white solid was dried in high vacuum for 2 h and recrystallized from ethanol. 



175 
 

Yield:  85%.  

 

Ethyl 2-
13

C-diazoacetate (
13

C-EDA). 

Ethyl 2-
13

C-glycine hydrochloride (1.20 g, 7.2 mmol) was mixed with H2O (2 mL) 

and CH2Cl2 (4mL) in a two-necked flask equipped with septum, argon inlet, and 

internal thermometer. The colorless mixture was cooled down to –5 °C, and an ice-

cold solution of NaNO2 (0.71, 10.2 mmol) in H2O (2mL) was added. The resulting 

mixture was cooled to –10 °C, and a 5% (w/w) H2SO4 solution (0.815 g) was slowly 

added. As higher temperatures might decrease the yield, the solution was never let to 

warm above 0 °C, during the addition. Thereafter, the mixture was stirred for 20 min 

between –10 °C and 0 °C, and then poured into an ice-cold separating funnel. The 

yellow organic layer was recovered, and the aqueous phase was extracted with 

CH2Cl2 (2 x 3 mL). The combined organic phase was dried over Na2SO4, filtered, and 

the solvent was removed under reduced pressure. The resulting yellow oil was dried 

in vacuum for 15 min, and the product distilled with cold distillation under high 

vacuum.  

Yield: 0.65 g, 66%. 
1
H NMR (500 MHz, CD2Cl2, 298 K): δ 4.80 (d, 1H, 

1
JC,H = 205 

Hz, N2 13CH), 4.23 (q, 
2
JH,H = 7.1, 2H, OCH2CH3), 1.30 (t, 

2
JH,H = 7.1 3H, 

OCH2CH3). 
13

C NMR (126 MHz, CD2Cl2, 298 K): δ 46.3 (s, N2CH). 

 

Ethyl 2-
53

N-diazoacetate (
13

C-EDA). 

15
N-EDA was prepared analogously to 

13
C-EDA from ethyl glycine hydrochloride 

and Na
15

NO2. 

 

[RuCl(OEt2)(1b)]BF4 (3bBF4). 

[RuCl2(1b)] (2b) (46 mg, 0. 049 mmol) was activated with Et3OBF4 (9.3 mg, 0.049 

mmol) in CD2Cl2 (0.5 mL) at room temperature overnight. 
31

P NMR (212 MHz, 

CD2Cl2, 313 K): 54.9 (d, 
2
JP,P’ = 30.7 Hz), 35.0, (d, 

2
JP,P’ = 30.5 Hz). 

 

[RuCl(1b)]PF6 (4bPF6). 

[RuCl2(1b)] (2b) (46 mg, 0. 049 mmol) was activated with TlPF6 (17.1 mg, 0.049 

mmol) in CD2Cl2 (0.5 mL) at room temperature overnight. 
31

P NMR (212 MHz, 

CD2Cl2, 313 K):  59.6 (d, 
2
JP,P’ = 29.0 Hz), 50.1 (d, 

2
JP,P’ = 29.3 Hz). 
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 [RuCl(OH2)(1b)]PF6 (7bPF6). 

A solution of [RuCl(1b)]PF6 (4bPF6) (0.049 mmol) in  CD2Cl2 (0.5 mL) was prepared 

as described above. Then, water (0.024, 1 equiv.) was added at 273 K. 
31

P NMR (212 

MHz, CD2Cl2, 313 K):  63.6 (d, 
2
JP,P’ = 34.0 Hz), 46.3 (d,

 2
JP,P’ = 34.9 Hz). Upon 

successively addition of water (4 + 5 equiv) at 273 K, no significant changes were 

observed in the 
31

P NMR spectra. 

 

[RuCl(1b)]PF6 (4bPF6) + imine (1: 1-10). 

[RuCl2(1b)] (2b) (22 mg, 0.024 mmol) was activated with TlPF6 (9.1 mg, 0.023 

mmol) in CD2Cl2 (0.5 mL) at room temperature overnight. After stirring the solution 

at room temperature overnight, the formation of 4bPF6 was confirmed by the 
31

P 

NMR spectra. Then imine 5a (1 equiv) was added. The 
31

P NMR spectra remained 

unchanged. 
31

P (202 MHz, –40 °C): d, 
2
JP,P’ = 28 Hz), 50.5 (d, 

2
JP,P’ = 28 Hz). 

Upon successively addition of imine (4 + 5 equiv) at 273 K, no significant changes 

were observed in the 
31

P NMR spectra. 

 

6.4     PNNP Macrocycles 

 

(R,R)-bis(2-fluorobenzylidene)pentane-2,4-diamine (17). 

A solution of (2R,4R)-diaminopentane hydrochloride (0.54 

mmol), and K2CO3 (2.2 mmol) in a toluene/H2O 2:1 mixture 

(30 mL) was refluxed for 4 h. Then, 2-fluorobenzaldehyde (1.1 

mmol) was added, and the reaction solution was refluxed overnight in a Dean-Stark 

apparatus. The mixture was washed with water (10 mL) and the organic layer was 

separated and dried over Na2SO4 The product was obtained as a white solid by 

crystallization with EtOH. Yield 48%. 

1
H NMR (CDCl3, 250 MHz):  8.48 (s, 2H, N=CH), 8.04-7.05 (m, 8H, Harom), 1.99 

(m, 2H, CH2), 1.27 (s, CH3), 1.25 (s, CH3).  

 (R,R)-bis(2-fluorobenzylidene)cyclohexane-1,2-diamine 

(18). 

A solution of (R,R)-1,2-diaminocyclohexane (3.5 mmol) 

and 2-fluorobenzaldehyde (7.9 mmol) in 20 mL of toluene 

was refluxed overnight in a Dean Stark apparatus. The 
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solvent was evaporated under low pressure, and the product was obtained as a slightly 

yellow solid. Yield 82%. 
1
H NMR (CDCl3, 250 MHz):  8.54 (s, 2H, N=CH), 7.91-

6.96 (m, 8H, Harom), 3.48 (m, 2H, NCH), 1.87 (m, 6H, CH3), 1.52 (m, 2H, CH2).  

 

 (S,2S)-bis(2-fluorobenzyl)cyclohexane-1,2-diamine (19). 

A solution of (S,S)-diaminocyclohexane (1.94 mmol), 2-

fluorobenzylbromide (3.86 mmol), and K2CO3 (2.04 mmol) 

in CH3CN (10 mL) was stirred overnight at room 

temperature. The solvent was removed under reduced 

pressure and the product was purified by column chromatography over silica with 

hexane/EtOAc 95:5 as eluent. Product obtained as a white solid. 
1
H NMR (CDCl3, 

300 MHz): (m, 8H, Harom (d, J = 13.3, 2H, ArCH2N (d, J = 

13.4, 2H, ArCH2N)  (m, 2H, NH), 2.08 (m, 4H, CH2), 1.68 (m, 2H, CH), 1.27-

1.01 (m, 4H, CH2). 

 

Bis(2-(1,3-dioxolan-2-yl)phenyl)(phenyl)phosphine (20). 

A solution of 2-(2-bromophenyl)1,3-dioxolane (8.8 mmol) in dry 

THF (1.8 mL) was added dropwise to a stirred suspension of Mg 

turnings (9.8 mmol) in THF (12 mL) and a crystal of elemental 

iodine. The reaction mixture was refluxed for 1h, during which it 

turned brownish. Then, PPhCl2 (4.4 mmol) dissolved in THF (5 

mL) was added dropwise to the filtered solution at –5 °C (ice/salt bath). During the 

addition, the reaction mixture turned yellow and cloudy and was then refluxed 

overnight. Then, it was quenched with a saturated NH4Cl aqueous solution (15 mL). 

The THF was removed under reduced pressure and the solid was extracted with 

toluene (3 x 15 mL) and dried over Na2SO4. The resulting crude was crystallized at 

low temperature from toluene and MeOH. The product was obtained as a white solid. 

Yield 72%.  

1
H NMR (CDCl3, 250 MHz):  7.73-6.93 (m, Harom), 6.40 (d, 2H, J = 5.1 Hz, CH), 

4.13-3.91 (m, 8H O–CH2–CH2–O). 
31

P NMR (101.3 MHz) –16.3 (s, 1P). 
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Bis-(2-acteylphenyl)(phenyl)phosphine (21). 

A solution of 2-(2-bromophenyl)-2-methyl-1,3-dioxolane (8.2 

mmol) in dry THF (1.8 mL) was added dropwise to a stirred 

suspension of Mg turnings (9.1 mmol) in THF (12 mL) and a 

crystal of elemental iodine. The reaction mixture was refluxed for 

1h, during which it turned brownish. Then, PPhCl2 (4.4 mmol) 

dissolved in THF (5 mL) was added dropwise to the filtrated solution at –5 °C 

(ice/salt bath). During the addition, the reaction mixture turned yellow and cloudy and 

was then refluxed overnight. Then, it was quenched with a saturated NH4Cl aqueous 

solution (15 mL). The THF was removed under reduced pressure and the solid was 

extracted with toluene (3 x 15 mL) and dried over Na2SO4. The resulting crude was 

crystallized at low temperature from toluene and MeOH. Product was obtained as a 

white solid. Yield 64%.  

1
H NMR (CDCl3, 250 MHz): 7.70-6.93 (m, Harom), 4.12-3.90 (m, 8H, O–CH2–CH2–

O), 2.04 (s, 6H, CH3). 
31

P NMR (101.3 MHz) –15.5 (s, 1P). 
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