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Imidazoline Synthesis: Mechanistic Investigations Show that Fe Catalysts Promote a New Multicomponent Redox Reaction

coordinates for key intermediates.

Introduction

Imidazolines are a class of compounds of strong interest in pharmacy 1,2 and medicine 3,4 which is continuously enhanced by new developments, as for example for imaging 5,6 and antibacterial 7 purposes. Similarly, their established industrial significance 8,9 has been recently reinforced by new applications as ligands for enantioselective catalysis 10 as well as corrosion additives. 11 As a consequence of this continuous and renewed importance, a constant effort for developing new synthetic methods of imidazoline is pursued. 8,[12][13][14] Many imidazoline syntheses have been proposed starting from either dinitrogen derivatives (i.e. diamines, amidines) or unsaturated nitrogen compounds (i.e. imines, cyanides, isocyanides, amides). Another method that is comparatively less developed consists in the nucleophilic opening of an aziridine by a Lewis acid (L. A., i.e. BF 3 .OEt 2 , 15 Bi(OTf) 3 , 16 TiF 4 17

or HOTf, 18,19 Scheme 1 and Scheme S1) and trapping of the resulting cationic intermediate by a nitrile. A further development of these synthetic methods has been the introduction of multicomponent reactions (MCR) based on a carbonyl/amine/isonitrile combination 20,21 or the association of two imines, CO and an acid chloride 22,23 or the addition of an imine to an aziridine.

24 Scheme 1. Imidazoline synthesis through aziridine opening. 14 We recently developed integrated experimental 25-28 and theoretical [26][27][28][29] studies of styrene aziridination through Fe-catalyzed nitrene transfer (Scheme 2a). These studies eventually revealed that Fe-catalyzed aziridination is governed by the electron affinity of the Fe-imide active species. 28 This conclusion was based on the study of mononuclear (1a) and dinuclear (1b) Fe complexes of aminophenol ligands 26,27 (Figure 1) and mononuclear complexes of nitrogen ligands.

28 Figure 1. Structures of the catalysts used in this study 27,30 Lewis Acid

N CN R' R N N R' R Scheme 2.
Styrene aziridination and its coupling to aziridine opening (R and R' = aryl or alkyl). 28,31 In addition, we reported a one-pot synthesis of 2-iminothiazolidines where the aziridination run in dichloromethane (DCM) is coupled to aziridine opening by a Lewis acid and trapping of the resulting cation by an isothiocyanate (Scheme 2b) in a Domino Ring Opening Cyclization (DROC). 31 In the course of these studies, we observed that when the aziridination was run in acetonitrile instead of DCM, imidazoline was formed in small ratio (ca 15 %, Scheme 2c). Moreover, we observed that imidazoline ratio can be increased up to ca 68 % by the one-pot DROC procedure that we used for the synthesis of iminothiazolidine 31 (Scheme 2d). This prompted us to study the mechanism of the initial formation of imidazoline in absence of L. A. (Scheme 2c) and we show that it follows a different and original MCR mechanistic pathway.

Results and discussion

Ring-opening of aziridine

In a first series of experiments, we screened various L. A. for the aziridine ring-opening with acetonitrile as nucleophile. 2-Phenyl-Ntosylaziridine 2 was chosen as representative substrate 31 and gave 2-(methyl)-4-phenyl-1-tosyl-4,5-dihydro-1H-imidazole 3 through aziridine opening and acetonitrile insertion. The reaction was carried out in the presence of a catalytic amount of various Lewis acids in acetonitrile under mild conditions (Table 1).

In the absence of L. A., no reaction was observed (Table 1, entry 1).

3 is the only product formed in presence of all Lewis Acids. It appeared that tris-chlorido complexes and cuprous salts were much less active than triflate salts of tripositive cations (Table 1, entries 2-4 vs 5-9), the most active in the series being Al(OTf) 3 (Table 1, entry 10). This yield is comparable to literature results owing to the mild conditions used (small L.A. molecular ratio and low temperature).

14

It is noteworthy that in the same reaction conditions a higher yield of iminothiazolidine is obtained (87 % vs 70 %), 31 which is consistent with the higher nucleophilicity of isothiocyanate vs acetonitrile. [a] Yields determined by 1 H NMR, using mesitylene as an internal standard. The uncertainty in these determinations is ±3 %.

In a second series of experiments, the aziridination of styrene was run in acetonitrile using the diiron(III,II) catalyst 1b 30 (Figure 1) in the presence of indium or aluminum triflates (Table 2). For the sake of comparison, the reaction was run initially in absence of L. A. and a distribution ratio 2/3 of 85/15 was noted as reported. 26 When

In(OTf) 3 was used (Table 2, entry 2), this distribution was reversed to 28/72, which shows that catalytic imidazoline formation occurs in these conditions. However, the conversion into the 2+3 mixture was reduced as tosylamine and other products were formed. This is likely caused by the fact that the Fe imine species active in aziridination is sensitive to Lewis acids 32,33 and can thus be deactivated. In addition, 2 may be opened without formation of 3 if either acetonitrile attack or cyclization is not effective. When Al(OTf) 3 was used (Table 2, entry 4), similar results were obtained: distribution 2/3 ratio 23/77 with a diminished overall conversion (58 %). It follows that L. A. increase formation of imidazoline but lower the overall conversion.

To try and counter this diminished conversion, we then performed the reaction in the "1-pot 2-steps" conditions: the aziridination was run in absence of M(OTf) 3 which was added when all PhI=NTs was consumed. In these conditions (Table 2, entries 3 and 5) similar distribution 2/3 ratios ca 31/69 were obtained but a better conversion was achieved (73 vs ca 60 %), giving a 50 % overall yield of 3.

The imidazoline formed in the latter reaction conditions can therefore have two distinct origins: (i) the first reaction run in In(OTf)3 28 72 62 3 [b] In(OTf)3 31 69 73 4

Al(OTf)3 23 77 58 5 [b] Al(OTf)3 32 68 73 [a] Reaction conditions : 1b / L. A. / PhINTs / styrene molar ratio = 0.05 / 0.15 / 1 / 10, CH3CN, 18 h, 25 °C. Conversion and 2/3 distribution yields determined by 1 H NMR, using mesitylene as an internal standard. The uncertainty in these determinations is ±3 %. [b] In(OTf)3 and Al(OTf)3 were added after 5 h.

absence of Al(OTf) 3 (Scheme 2c) and (ii) the opening of the aziridine in its presence (Scheme 1). The mechanism of aziridine opening by a L. A. and subsequent nucleophilic attack is well documented (Scheme S1). By contrast, the mechanism of imidazoline formation occurring in parallel to the aziridine reaction (Scheme 2c) is not known. The possibility that it may be similar to the classical mechanism of Scheme S1 was suggested by the observation that aziridine opening is catalyzed by ferric triflate. 31 As a matter of fact, at the end of the aziridination reaction, the catalyst is under the form of a diferric complex. The limited formation of imidazoline could therefore be due to a too limited reaction time. To evaluate this hypothesis, we repeated the aziridination reaction (in absence of L. A.) in the same conditions but a reaction time extended from 4 to 24 hours. This had no effect on the imidazoline content of the final reaction mixture (Table S1). This observation suggests that imidazoline is not formed in parallel to aziridination (Scheme 2c) through aziridine opening by the aziridination catalyst but by a different and unknown mechanism, which prompted us to investigate it.

Identification of the imidazoline isomer

As a preamble to the mechanistic study, it was necessary to identify which imidazoline isomer was formed in parallel to the aziridination reaction. As a matter of fact, the imidazoline chemical nature was deduced from mass spectrometry (Figures S1 andS2) and S7) analyses. However, neither of these techniques could discriminate easily between the two possible isomers which differ by the linkage of the NTs group either to C  or to C  of styrene (Scheme 3). Knowledge of this position will be mechanistically insightful since it will inform on the site of nitrene attack. To investigate it, we resorted to 15 N NMR analysis of the reaction mixture at the end of catalysis. The catalytic reaction was run with 1b in usual overall conditions (room temperature, catalyst/nitrene precursor/styrene: 0.05/1/10, acetonitrile). The isotopic content of the nitrene precursor was varied by using either PhI= C NMR study of the isolated imidazoline led us to assign the three protons of the cycle and the methyl group at  a ), 4.17 (H c ), 3.45 (H b ) and 2.32 (CH 3 ) ppm, respectively (Figure S7). Figure S8 presents the implies an initial attack of styrene C  onto the imido nitrogen. The full characterization of 3 allowed us to investigate its mechanism of formation.

Catalytic experiments

In a third series of experiments (Table 3), we investigated whether imidazoline formation and nitrene transfer are strictly linked by changing the reaction medium. In pure DCM (Entry 7) only aziridine was formed of course. Working in pure MeCN (Entry 1) gave a 2/3 ratio of 84/16. This ratio was not affected when the MeCN content was halved (Entry 2). By contrast, adding the same amount of MeCN after the aziridination reaction has subsided (Entry 8) decreased imidazoline formation four times. No further effect was observed upon addition of a MeCN/THF mixture in the same conditions (Table 4, entry 1). This shows that most imidazoline formation is linked to nitrene transfer. Then we decreased the MeCN content in DCM systematically from 25 % to 0.1 % (Entries 3 -6). When MeCN content was 11 %, the 2/3 ratio was not affected (Entries 3, 4). By contrast, when it reached 1 %, only 3 % imidazoline were formed and traces were barely detected at 0.1 % MeCN in DCM. This shows that full formation of imidazoline in the present conditions (styrene 10 eq vs PhI=NTs) requires that the MeCN content be as high as 10 eq vs styrene. Entry DCM MeCN Conv. [b] (%)

2 [b] (%)

3 [b] (%) [a] Reaction conditions: 1b/PhI=NTs/styrene molar ratio = 0.05/1/10, 25 °C, 5 h. [b] Yield based on 1 H NMR analysis of the reaction mixture, mesitylene as internal standard. The uncertainty in these determinations is ±3 %. [c] MeCN was added after 5 h and the reaction mixture was stirred for another 5 h.

Our study of the mechanism of amidine formation through MeCN insertion revealed that in similar conditions THF abolished amidine formation by blocking acetonitrile binding to 1b, thereby demonstrating that MeCN binds to the Fe catalyst. 34 To investigate whether MeCN binding is required to form imidazoline, we performed a fourth series of experiments (Table 4) in which the reaction medium was MeCN/THF mixtures of variable compositions.

IWe showed earlier that THF can be -aminated to 2tosylaminotetrahydrofuran 4 (Scheme S2) in the same conditions using 1b as catalyst. 35 In the present series of experiments, we anticipated that THF binding to Fe would block acetonitrile binding and potentially affect the formation of 3 and thereby the 2/3 ratio. Finally, in a fifth series of experiments, we studied the nitrile influence on imidazoline/aziridine distribution in the aziridination reaction (Table S2). Catalytic experiments were thus run in usual conditions using various nitriles R-CN, R = tBu, Me and Ph. The same distribution was obtained, and the absence of inductive effects goes against the possibility that the nitrile reacts with a cationic intermediate, thereby contrasting the classical mechanism (Scheme S1). Entry DCM MeCN THF Conv. [b] (%)

2 [b] (%)

3 [b] (%)

4 [b] (%) 14) 87 [a] Reaction conditions: 1b/PhI=NTs/styrene molar ratio = 0.05/1/10, 25 °C, 5 h. [b] Yield based on 1 H NMR analysis of the reaction mixture, using mesitylene as internal standard. The uncertainty in these determinations is ±3 %. [c] MeCN was added after 5 h and the reaction mixture was stirred for another 5 h. [d] In parentheses aziridine and imidazoline distribution.

DFT calculations

In order to uncover this different mechanism , we turned to DFT modelling. As a matter of fact, our recent investigations of Fecatalyzed aziridination revealed that DFT calculation of reaction profiles was instrumental to decipher the aziridination mechanism as they gave rise to a remarkable consistency with experiments.

26-28

Furthermore, using the same approach, we analyzed very recently the far more complex mechanism of amidination 34 combining nitrene transfer and nitrile insertion, which is especially relevant to the present purpose. Such reactivity calculations using the hybrid B3LYP functional are impracticable for catalyst 1b because of the size of the system combined to the multiplicity of spin states of both Fe. 35,36 Therefore, they were performed on the mononuclear catalyst 1a. This is justified by the fact, as abovementioned, that both catalysts 1a and 1b give overall similar reactivity for aziridine vs imidazoline formation. 26 Indeed other relevant mononuclear models keeping only the Fe IV NTs side proved to be difficult to design, mainly because the two iron atoms share three ligands : the phenolate oxygen and two carboxylates which play a critical role in balancing the charges of the complex. In addition, the dinuclear catalyst 1b was shown to operate on either a Fe IV36 or a Fe V35 active species. This was taken into account in the computations by considering both Fe IV (=NTs) and Fe V (=NTs) active species derived from 1a as in our investigation of amidine formation. 34 Such highvalent Fe-imido species are well known to exhibit some radical character on the nitrogen atom, 26,29,35,36 but for the sake of clarity we prefer this notation based on Fe oxidation state. Accordingly, we used the same computational approach as developed in these latter mechanistic studies. i) Formation of a metallacycle. The formation of a metallacycle intermediate was considered first (Scheme 4A). Such a process was indeed demonstrated in the case of copper compounds. 37 However, it can be ruled out in the present case on two different grounds. (i) Indeed, we showed in our previous study on amidine formation 34 that the activation energy for formation of this metallacycle from the imido Fe V intermediate is  20 kcal mol -1 higher than the low energy pathways leading to direct aziridination. 26 Our present calculations (Figure S9 and Table S3) reveal that the formation of the metallacycle from an imido Fe IV intermediate also requires a high activation energy ( 20 kcal mol -1

). An analogous result had been obtained from an imido Fe IV intermediate by Jenkins and coll. 38 for Fe macrocyclic catalysts. (ii) In both Fe IV or Fe V active models, the resulting metallacycle bears a radical character on the N atom issued from acetonitrile that should thus attack styrene C 

26

But, from the present NMR experiments, we know that this C  atom is bound to the NTs group in the formed imidazoline.

ii) Attack of an aziridination intermediate. The second possibility is therefore to proceed with the first step of aziridination to the first intermediate bearing a radical on styrene C  atom 26 and consider that acetonitrile attacks this radical before the closure step of the aziridine (Scheme 4B). Several active species can be considered depending on the Fe oxidation state and potential acetonitrile binding. We showed earlier that acetonitrile does not bind significantly to Fe IV =NTs 26 but that it does to Fe ) 35 which excedes the calculated ionization potential of styrene (139 kcal mol -1

). 28 As a consequence, an easy electron transfer from styrene would occur to form a cationic intermediate. Our experimental studies (Table 3) have failed to evidence an electro-inductive influence in imidazoline formation. This rules out the potential acetonitrile attack of a cationic intermediate, and hence, the intervention of Fe V =NTs in imidazoline formation. Moreover, this intermediate should be very short-lived, the overall process leading to the aziridine without barrier.

In addition, our experiments using acetonitrile/THF solvent mixtures showed that THF did not change the aziridine/imidazoline ratio, thereby indicating that acetonitrile binding did not take part in the process. This excludes the involvement of the adduct The formation of imidazoline from Int0 involves a two-step process. A first step leads to intermediate Int1 (Figure 4, Tables S4 andS5) resulting from the bonding of acetonitrile N to styrene C  From this intermediate, a cyclization could readily occur to form imidazoline weakly coordinated by one tosyl oxygen to the Fe II ion.

To gain more information on the actual electronic features of the key species, we analyzed their Mulliken charges and spin densities (Table S6). The initial species Int0, which is the intermediate in the aziridination process, 26 noting that in this process acetonitrile attack induces the reduction of the Fe center by the benzyl radical. Finally the cyclization leads to imidazoline with a C-N (from initial acetonitrile) bond length of 1.28 Å consistent with a double bond, and a C  -N bond length of 1.47 Å consistent with a C-N single bond. Dissociation of the imidazoline from the Fe II complex (not shown on Figure 4) brings a further stabilization by a very weak enthalpic value of -1.8 kcal mol -1

. The cyclization process from Int 1 does not require a high activation enthalpy. By contrast, an enthalpic barrier of 16.6 kcal mol -1 is associated to acetonitrile addition to the benzyl radical which is clearly the determining step. This enthalpy value is higher than the ones involved in aziridination processes, all being less than 10 kcal mol -1 at the same computational level. 26 However, being the solvent, acetonitrile is in huge excess (1.4 10 4 eq vs 1b) which renders the imidazoline pathway competitive to aziridine formation on statistical criteria. These opposite factors are reflected in the aziridine vs imidazoline ratio (ca 6) strongly in favor of aziridine.

General Mechanistic Considerations

To summarize, our mechanistic studies have revealed that imidazoline can be accessed through an unprecedented multicomponent redox reaction where free acetonitrile traps an intermediate benzylic radical. Acetonitrile insertion into a product of nitrene transfer has been described only in a very limited number of cases: allylic amination catalyzed by Mn or Fe porphyrins, 39 and aliphatic aminations catalyzed by copper 40 and iron 34 complexes. In all cases these reactions led to an amidine derivative. A similar process involving acetonitrile insertion competing with aziridination to form an imidazoline had never been described.

As far as mechanisms are concerned, it is clear that acetonitrile insertion through formation of metallacyclobutane (Scheme 4) is possible but it is generally unfavorable with respect to other pathways. 34,38 Albeit acetonitrile insertions to form imidazoline and amidine bear overall resemblance, their mechanisms depart in many respects as highlighted in Scheme 6.

The first difference resides in the oxidation state of the catalyst: as shown in the present work, imidazoline formation is catalyzed by the Fe IV species, whereas amidine formation is catalyzed by an acetonitrile-bound Fe V catalyst. 34 The second difference stays in the nature of the intermediate attacked by acetonitrile: a radical for imidazoline vs a cation for amidine. The last difference is to be found in the nature of the attacking acetonitrile molecule which comes from the solvent in the case of imidazoline, whereas it is bound to Fe in the case of amidine.

There is a strong intrinsic consistency among these features: aliphatic amination requires a more powerful oxidation catalyst than aziridination, i.e. an Fe V species as opposed to an Fe IV one.

This Fe V species performs a H • abstraction generating a benzyl radical and an Fe IV intermediate, powerful enough to further oxidize the radical to a cation. This further oxidation is not possible by the intermediate Fe III resulting from the aziridination first step. In addition, this Fe V catalyst is acidic enough for acetonitrile to bind it, whereas it cannot bind the Fe IV catalyst. 26,27 Consequently, the acetonitrile molecule attacking the benzyl cation comes from Fe coordination sphere, whereas that attacking the benzyl radical comes from the solvent. Noteworthy, in both cases, all these events occur within or close to the Fe coordination sphere. As a further comparison between the two processes, the extent of acetonitrile insertion deserves to be commented. Indeed, ca 15 % of imidazoline is formed (vs 85 % aziridine) as opposed to ca 88 % of amidine (vs Please do not adjust margins Please do not adjust margins 12 % of amine). This limited imidazoline formation can be explained by the fact that acetonitrile insertion competes with closure of the aziridine ring which generally implies a small activation barrier. 28,38 By contrast, in the case of amidine formation, acetonitrile insertion competes with the radical rebound process which requires a substantial activation energy (> 15 kcal mol -1

).

34,41

Conclusion

Combined experimental and computational studies of these solvent insertion reactions allow to reach a detailed molecular understanding of these multicomponent reactions and to delineate the main energetic factors orienting the selectivity toward insertion. Moreover, by coupling this process to classical aziridine opening by a nucleophile in "one pot two steps" DROC process, it is possible to enhance imidazoline formation. This could pave the way to developing this approach to address solvent incorporation as a synthetic tool.
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 15263 Scheme 3. Structures of the two possible imidazoline isomers: 3a (2-methyl-3-tosyl-4phenyl-1,3-imidazoline) and 3b (2-methyl-3-tosyl-5-phenyl-1,3-imidazoline).
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 2 Figure 2.1 H -15 N 2D NMR spectrum of the final catalytic solution containing a mixture of 2, 3 and TsNH2 (after elimination of catalyst 1b).

  This journal is © The Royal Society of Chemistry 20xx Please do not adjust margins Please do not adjust margins

Figure 3 . 14 N vs 15 N 1 H

 314151 Figure 3. 14 N vs 15 N 1 H NMR spectra of HA, HB, HC and CH3 protons (see Scheme 3 for

V =NTs 34

 34 owing to the higher acidity of the metal. Therefore, three active species must be considered, i.e. (CH 3 CN)]. Previous calculations have shown that these active species have widely different electron affinities. [Fe V =NTs] has a very high electron affinity (143 kcal mol -1

Scheme 5 .

 5 Scheme 5. Top: model active species (Fe IV ) derived from 1a; bottom: proposed pathway for aziridination and imidazoline formation.

  [Fe V =NTs(CH 3 CN)] as active species. From these observations, it appears that imidazoline formation is linked only to aziridination catalyzed by the [Fe IV =NTs] active species. This reaction is sketched in Scheme 5 together with the molecular structure of the model [Fe IV =NTs] active species. The corresponding thermodynamic profile leading to 3 from the Fe III intermediate Int0 is represented in Figure 4. Only the quintet state is shown here as we have observed that on the triplet surface a much higher activation barrier is required to yield the first intermediate.
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Figure 4 . 1 .Scheme 6 .

 416 Figure 4. Two-step reaction pathway for imidazoline cyclization from acetonitrile attack on the aziridination intermediate. Calculations with B3LYP-D3/BS2-COSMO//B3LYP-D3-BS1. Enthalpies in kcal mol -1. Some selected bond distances (Å) are shown.

Table 1 .

 1 Efficiency of various Lewis acid for the ring-opening cyclization of 2[a] 

	Entry	Lewis acid	2 (%)	3 (%)	Entry	Lewis acid	2 (%)	3 (%)
	1	None	100	0	6	Sn(OTf)2	50	50
	2	InCl3	81	19	7	Fe(OTf)3	47	53
	3	Cu(OTf)2	75	25	8	Sc(OTf)3	44	56
	4	AlCl3	66	34	9	In(OTf)3	43	57
	5	Yb(OTf)3	57	43	10	Al(OTf)3	30	70

Table 2 . Aziridine vs imidazoline formation during styrene aziridination [a] a) Fe cat. PhI=NTs CN R' N N R' Ts CH 2 Cl 2 N Ts Lewis Acid NCS R N S N Ts R CH 2 Cl 2 Fe cat. PhI=NTs N Ts Fe cat. PhI=NTs Lewis Acid N N Ts CH 3 CN Fe cat. PhI=NTs

 2 

			CH
				3
	Ts		
	N	Lewis Acid	N
		(15 mol%)	N	Ts
	b)	CH 3 CN, 25°C, 18 h	
	2		3
	c)		
	d)		

Table 3 .

 3 Influence of solvent composition on imidazoline formation

[a] 

Table 4 ,

 4 entries 2-6 show that progressive inclusion of THF in the reaction mixture from 10 up to 50 % leads to increased formation of 4 from 61 up to 87 % at the expense of 2 and 3.

	But the

Table 4 .

 4 Influence of THF on imidazoline formation

[a] 
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