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Substitution pattern in ruthenium octa-n-butoxyphthalocyanine complexes influences on their reactivity in the N-H carbene insertion

Ruthenium phthalocyanine complexes bearing n-OBu substituents in the peripheral or non-peripheral positions are efficient catalysts for the selective double or single carbene insertion to the amine N-H bonds. This complementary reactivity of two Ru complexes can be used for the synthesis of asymmetric tertiary amines and diamines bearing different substituents that was demonstrated by two examples of readily available primary amines using different carbene precursors in successive reactions.

Catalytic X-H (X = N, C, O, S…) insertion of carbenes represents a powerful strategy for the construction of C-X bonds. 1 In particular, porphyrin complexes 2 and engineered hemoproteins 3 are remarkably efficient in the cyclopropanation and C-X carbene insertion reactions. However, it should be noted that carbene insertion into amine N-H bonds is more demanding compared to other C-X bonds because of the catalyst poisoning due to amine coordination to the metal sites. The selectivity to single insertion N-H products is also often limited. In recent years, a variety of transition metal complexes 4 and engineered hemoproteins 5 have been reported for the insertion of carbenes to the N-H bonds of amines. Along with Rh, Ir, Fe and Co complexes, considerable attention has been devoted to Ru compounds. 6 Among them, Ru porphyrins have been extensively studied as efficient catalysts for carbene transfer reactions, 7 principally in cyclopropanation of olefins. 8 Noteworthy, other tetrapyrrolic complexes, e.g. Ru phthalocyanines have been rarely studied in these reactions. 9 In general, the nature of substituents of phthalocyanine ligand determines the electronic properties of the corresponding complexes and hence their catalytic activity. 10 Our previous study showed that peripherally substituted Ru octa-nbutoxyphthalocyanine (BuO) 8 PcRu(CO) (1) was efficient catalyst for the carbene insertion into amine N-H bonds under practical reaction conditions. 11 A large variety of structurally divergent amines were selectively converted to monosubstituted glycine derivatives using a 0.05 mol% catalyst loading, a high amine concentration (1 M) and 1.1 equiv. of ethyl diazoacetate (EDA) with up to quantitative yields and turnover numbers achieving 2000. In course of our studies, we have found that the catalytic properties of Ru octa-nbutoxyphthalocyanine complex depend on the position of the substituents. Therein, we report that peripherally and nonperipherally substituted complexes (BuO) 8 PcRu(CO) and (BuO) 8 PcRu(CO) (1) exhibit different properties in carbene insertion to amine N-H bonds providing selectively either double or single N-H insertion products, respectively. We demonstrate how the complementary catalytic properties of 1 and 1 can in principle be used for the synthesis of elaborated amine derivatives with various substitution pattern. The peripherally substituted complex 1 was prepared by refluxing the metal-free phthalocyanine H 2 [β-(BuO) 8 Pc] with Ru 3 (CO) 12 in o-dichlorobenzene (o-DCB) according to optimized published procedure 9b with a 85 % yield (Scheme 1). Our attempts to synthesize 1 from non-peripherally substituted phthalocyanine H 2 [α-(BuO) 8 Pc] and Ru 3 (CO) 12 using the same protocol led to the mixture of unidentified products as was indicated by MALDI TOF MS analyses. The replacement of o-DCB with pure PhCN distilled in vacuum over P 2 O 5 then over K 2 CO 3 led to a high yield of the target 1complex (Scheme 1). The PhCN purity plays a crucial role since even the traces of benzamide in the solvent result in a very low yield of 1. Contrary to the preparation of peripherally substituted Ru phthalocyanines by the treatment with Ru 3 (CO) 12 in o-DCB accompanying by the formation of µ-carbido dimers, 9b no corresponding µ-carbido dimer was formed during the synthesis of 1 in PhCN. The 1 H NMR spectrum of 1 confirmed its diamagnetic nature. The presence of the axial carbonyl ligand was evidenced by the strong CO stretching band at 1948 cm -1 in the IR spectrum. The comparison of UV-vis spectra of the solutions of both Ru phthalocyanines shows the significant redshift of Q band from 655 nm for the peripheral 1 complex to 717 nm for non-peripherally substituted species 1(Fig. S4). This means a difference in their electronic structures which, in turn, can induce a difference in the catalytic properties. The catalytic properties of the complexes were evaluated in the reaction of 2.1 equiv. EDA with aromatic amines 2a-2j (1 M) in CH 2 Cl 2 at 40°C using 0.05 mol% catalyst loading (Table 1). Worth noting that carbene transfer reactions catalyzed by metal complexes are typically carried out under inert atmosphere. [1][START_REF] Intrieri | Handbook of Porphyrin Science[END_REF][3] Importantly, the carbene insertion to amines catalyzed by 1 and 1 can be performed under air without decreasing the product yields which represents a significant practical advantage. Aniline derivatives bearing electron-donating (Table 1, entries 1-3,8) or electron-withdrawing groups (Table 1,entries 4,5) were converted to the N-H double insertion products 4 with almost quantitative yields. Two strong electronwithdrawing groups of 3,5-ditrifluoromethylaniline 2f decrease its nucleophilic properties resulting in 1:1 ratio of products double and single N-H insertion, d-and s-products, 4f and 3f, respectively (Table 1, entry 6). The presence of methyl and isopropyl substituents in ortho-positions is well tolerated and corresponding d-products 4g and 4h were obtained with 89 and 97 % yield, respectively (Table 1,entries 7,8). However, bulky tert-butyl o-substituent prevents the second N-H insertion (Table 1, entry 9). The 1 -EDA system shows a clear preference for N-H insertion compared to the cyclopropanation of double bond. The products of single and double carbene insertion to paminostyrene 3j and 4j as well as cyclopropanation product of 4j were obtained with 10, 62 and 18 % yields, respectively (Table 1, entry 10). The 1 complex exhibited the lower catalytic activity in the reaction of aniline with EDA under conditions used for 1 providing a 35 % conversion to the s-product 3a. We optimized the protocol towards the quantitative substrate conversion (Table S1). The replacement of CH 2 Cl 2 with MeCN did not improve the aniline conversion. A slow addition of EDA/aniline mixture to the solution of 1 in CH 2 Cl 2 resulted in the sharp drop of conversion. However, increasing of the catalyst amount to 0.1 and 0.15 mol% allowed for improvement of the aniline conversion to 71 and 96 %, respectively (Table S1). Importantly, only the s-product 3a was selectively formed. Thus, the substrate scope was explored using 0.15 mol% catalyst and 2.1 equiv. EDA in CH 2 Cl 2 at 40°C (Table 2). Although the s-products can be obtained with 1.1 equiv. EDA, we used EDA excess in order to compare the catalytic properties of the two complexes under the same conditions except the catalyst loading.

In sharp contrast to 1 selectively providing d-products, 1 shows a very high selectivity to s-products even in the presence of 2.1 equiv. EDA. Quasi-quantitative yields of monosubstituted glycine derivatives were obtained from aniline with electron-donating (Table 2, entries 1-3,8) and electronwithdrawing (Table 2, entries 4,5) substituents. While 2,6diisopropylaniline 2h afforded a 97 % yield of 3h, less hindered highly nucleophilic 2,6-dimethylaniline afforded 80:20 ratio of s-and d-products 3g and 4g (Table 2, entries 7,8). Noteworthy, a highly selective single N-H insertion was observed in the reaction with p-aminostyrene, no double insertion and no Please do not adjust margins

Please do not adjust margins transformation to imine derivatives which could not be separated from the target 5ss product.

The 2h reaction of 2,6-dichloro-1,4-diaminobenzene 6 with 4.1 equiv. EDA mediated by 1 led to the formation of 6s, 6ss, 6sd and 6dd products with 5 %, 45 %, 47 % and 3 % yields, respectively (Scheme 2d). Owing to their similar polarity this mixture was difficult to separate and 6ss could be isolated in a 9 % yield. When the reaction was performed for 3h, the 6sd product was formed with 75 % yield and was isolated in a 50 % yield. In the presence of 1, the 6s, 6ss, 6sd and 6dd products were formed with 9 %, 5 %, 13 % and 66 % yields (Scheme 2c).

The target 6dd product was isolated in a 61 % yield. This example indicates that optimization of the reaction conditions depending on the properties of diamine can allow obtaining desired product with good yield. Indeed, under standard conditions, 1 catalyzed the reaction of 2,6diaminotoluene 7 with 4.1 equiv. EDA forming a mixture of 7dd (57 %) and 7sd products (42 %) which could not be completely separated. When 5.46 equiv. EDA were added in 4 portions during 3 h, a quantitative formation of 7dd was observed and the target product was isolated in 82 % yield (Scheme 2e). In a complementary fashion, 1 provided 85 % yield of 7ss accompanied by 7sd with 15 % yield (Scheme 2f). The desired 7ss was isolated in a 77 % yield. Such a different reactivity of two Ru phthalocyanines opens up new opportunities for the synthesis of elaborated amine derivatives, e.g., unsymmetrical tertiary amines bearing three different groups. In the first step, readily available primary amines and diamines can be converted to s-or ss-products using the 1 catalyst. Next, 1 can catalyze N-H insertion of another carbene to s-product to afford unsymmetrical NR 1 R 2 R 3 amine. The feasibility of this strategy was first evaluated using diazoacetonitrile as a carbene precursor and Nmethylaniline 8 as a model substrate. N 2 CHCN is a particularly useful compound to introduce nitrile groups into organic molecules. 8c,12 Compared to EDA, the use of N 2 CHCN as carbene precursor has been still rather limited 13 because of explosion propensity of neat compound. 12 Recently, the safe generation of N 2 CHCN in situ or the use of diluted solutions were proposed. 12 The high yields of the tertiary amine 9 were obtained from N-methylaniline using both protocols (Fig. S123). Among the organic solvents tested, the highest yield of 9 (83 %) was obtained using 1,2-dichloroethane. The use of 0.57 M N 2 CHCN solution in DCE (1.1 equiv.) allowed obtaining the target unsymmetrical tertiary amine with 97 % yields in the presence of 0.05 mol% 1β instead of 0.1 mol% catalyst charge applied for in situ protocol (Fig. S123).

Having in the hands the efficient protocols for the selective single carbene insertion from EDA to primary amines catalyzed by 1 and for the efficient functionalization of secondary amines using N 2 CHCN in combination with 1β, we have prepared unsymmetrical tertiary amines starting from the simple aromatic amine and diamine (Scheme3). First, ethyl p-tolylglycinate 3b was obtained from ptoluidine and EDA in the presence of 1 in 93 % isolated yield (Scheme 3a). The subsequent treatment of 3b with N 2 CHCN and 1 afforded the target unsymmetrical tertiary amine 10 in 87 % isolated yield. This approach was further extended to primary diamine exemplified by 2,6-diaminotoluene 7 converted to 7ss with 77 % yield through the reaction with EDA and 1 (Scheme 3b). The second step was accomplished using N 2 CHCN and 0.2 mol% 1 providing 56 % isolated yield of the asymmetric tertiary diamine 11. Asymmetric tertiary diamine can in principle be prepared in two steps using the same peripheral complex but the product yields were lower because of the formation of the side single-double insertion product and lower substrate conversion. Furthermore, the isolation of the target product is much more difficult in this case. Thus, the two-steps strategy involving two catalysts is particularly useful to access the asymmetric tertiary amines.

In conclusion, the Ru octa-n-butoxyphthalocyanine complexes are efficient catalysts for the carbene insertion to amine N-H bonds under practical reaction conditions. Using low loading of these air tolerant catalysts and near-equivalent substrate/carbene precursor ratio, a wide range of simple amines and diamines was converted to different products with high yields. Importantly, the position of the substituents in Ru octa-n-butoxyphthalocyanine complexes controls their catalytic properties: non-peripherally and peripherally substituted complexes 1 and 1 afford single and double N-H insertion products, respectively. Due to the complementary catalytic properties of the two Ru complexes, a novel synthetic strategy was proposed, which can provide access to asymmetric tertiary amines and diamines starting from simple readily available compounds. This approach was validated using ethyl p-tolylglycinate and 2,6diaminotoluene as model substrates. Since N-aryl amines are important building blocks in natural products and synthetic compounds, this approach might be useful to access to elaborated functionalized amines with interesting biological and pharmacological properties. 
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Scheme 3. Preparation of unsymmetrical tertiary amines from primary amines by successive carbene transfer reactions catalyzed by 1 and 1.

Table 1 .

 1 Scheme 1. Synthesis of peripherally and non-peripherally substituted ruthenium octa-n-butoxyphthalocyanines 1 and 1.

  0.5 mmol amine, 1.05 mmol EDA, 0.15 mol% catalyst, 0.5 mL CH2Cl2, air, 40°C. b Yield determined by 1 H NMR (isolated yield). c Yields of diethylmaleate (DEM) and diethylfumarate (DEF) determined by 1 H NMR are based on the initial amount of EDA.

Scheme 2 .

 2 Scheme 2. Functionalization of the aromatic diamines with EDA in the presence of 1 and 1. a Yields were determined from 1 H NMR spectra. cyclopropanation of the double bond was observed in this case (Table2, entry 10). The synthetic utility of Ru octa-n-butoxyphthalocyanines 1 and 1 due to their different catalytic properties was demonstrated in the derivatization of three aromatic diamines with different electronic properties and substitution patterns (Scheme 2). The carbene insertion to diamines leads to the formation of 4 products: single insertion (s), single-single insertion (ss), singledouble insertion (sd) and double-double insertion (dd). Thus, selective preparation of desired product is more challenging than in the case of simple amines. Using 0.05 mol% of 1 and 4.1 equiv. EDA, p-phenylenediamine 5 was converted to ddproduct 5dd with quantitative yield (TON = 8000) (Scheme 2a). During its isolation by column chromatography with SiO 2 5dd underwent a partial elimination of one CH 2 COOEt group affording a double insertion-imine product 5s'd identified by GC-MS and 1 H NMR. Purification using neutral Al 2 O 3 prevented the degradation and 5dd was obtained with a 92 % isolated yield. As expected, the 1 complex was selective to the formation of ss-product 5ss from p-phenylenediamine. In the presence of 0.15 mol% 15ss was formed in 50 % yield (Scheme 2b). Under standard conditions with 0.3 mol% 1 (0.15 mol% per NH 2 group) 5ss and 5sd were obtained in 85 % and 4 % yields, respectively. Upon chromatographic purification either with SiO 2 or Al 2 O 3 these compounds underwent a partial
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Table 2 .

 2 Selective single carbene N-H insertion into aromatic amines mediated by the non-peripheral 1 complex. a

	Entry Substrate	Conversio n, %	Single N-H yield, b % insertion,	Double N-H % insertion, yield,	Yield of DEM (DEF), % c