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C-H Bond Alkylation of Cyclic Amides with Maleimides via a Site-Selective-Determining Six-Membered Ruthenacycle

The first example of a ruthenium-catalyzed C-H bond alkylation via six-membered ruthenacycles is presented. This is disclosed for the C-H bond alkylation of biologically relevant cyclic amides with maleimide derivatives. The cyclic tertiary amide core acted as a directing group (DG) enabling formation of six-membered cycloruthenated species responsible for the control of the regio-and site-selectivity of the reaction as well as the excellent functional group tolerance. Unexpectedly, cyclic amides were found to be better DGs than pyridine-containing ones or cyclic imides for this type of C-H bond functionalization.

INTRODUCTION

Carbon-carbon bond-forming reactions via transition metal-catalyzed C-H bond functionalization is an attractive methodology as it enables straightforward access to complex structures from low functionalized starting materials. 1 It represents a sustainable entry to atom-and step-economy transformations relevant for academic and industrial laboratories. 2 In this context, the use of directing groups to assist the C-H activation step prior to the carbon-carbon bond formation is well recognized since the pioneering contribution from Murai and co-workers. 3 As such, C-H bond arylations, alkenylations and alkylations are nowadays employed using a wide range of transition metal catalysts. 4 Amongst the different useful coupling partners enabling C-H bond alkylations with transition metal catalysts, maleimides occupy a place of choice. 5, 6 On one hand, their C=C double bond is highly electron deficient which is important for coordinating to the cationic metal center during the catalysis, and in the other hand, it is a useful motif which enables straightforward post-functionalizations into succinimides, pyrrolidines, lactams and lactims. 7 Importantly, maleimides are known to follow hydroarylation pathways instead of oxidative Heck ones during transition metal-catalyzed C-H bond functionalizations. The absence of a β-hydride elimination step results in a formal insertion of an alkyl fragment in the targeted C-H bond. 8 This feature has been explored in the C-H bond alkylation of arenes with transition metal catalysts (Scheme 1). Different strong and weak directing groups have been disclosed to promote aromatic C-H bond alkylations with maleimides in which five-membered metallacycle intermediates control the ortho-selectivity of the reaction as shown by Falck, Miura, Prabhu, Kim, Ackermann, Jeganmohan and others (Scheme 1A). 5 Aromatic C-H bond alkylations via larger six-membered metallacycle intermediates had met success only for Rh-based catalysts (Scheme 1B). 6 Strikingly, although ruthenium catalysts are known to accommodate six-membered ruthenacycle intermediates in aromatic C-H bond arylations and alkenylations, 9 the exploitation of such intermediates for C-H bond alkylation is elusive to date. Herein, we report aromatic C-H bond alkylations via six-membered ruthenacycles with maleimides as coupling partners. This is disclosed for the C-H bond functionalization of isoindolinones, 10 a type of biologically relevant cyclic amides that, in addition, imposes selectivity issues as two C-H sites could be accessible (Scheme 1C).

Scheme 1. Directing Groups-Enabled, Transition Metal-Catalyzed C-H Bond Alkylation of Arenes with Maleimides

RESULTS AND DISCUSSION

Initially, different reaction conditions were screened for the C-H bond alkylation of N-arylisoindolinone 1a with N-methylmaleimide in the presence of a ruthenium catalyst (Table 1). The best reaction conditions we found consisted in [RuCl2(p-cymene)]2 (7.5 mol%) as pre-catalyst, AgSbF6 (30 mol%) as halide scavenger, Cu(OAc)2 . 2H2O (1.5 equiv) as an additive and AcOH (5 equiv) in 1,2-dichloroethane (DCE) as solvent at 120 o C for 18 hours. With these reaction conditions, 2a was obtained in 92% isolated yield with full conversion of 1a (Table 1, entry 1). The compound arising from the C-H bond functionalization occuring in the aromatic ring B of 1a was not observed, and the alkenylated version of 2a formed only with trace amounts only detectable by GC-MS analysis. Control experiments indicated the need of all reagents (Table 1, entries 2-5) and the reaction in the presence of KOAc instead of Cu(OAc)2 . H2O led to trace amounts of product 2a (Table 1, entry 6). The presence of water and an excess of AcOH, respectively, was detrimental for the catalysis (Table 1, entries 7-8). The reaction was finished after 6 hours (Table 1, entry 9), however, after 3 hours there was some starting material left (Table 1, entry 10). A recent aromatic C-H bond alkylation lasting two hours with a very strong nitrogen-directing group (i.e. pyrimidine) via five-membered cobaltacycles has been reported. 11 We noted that the reaction was sensitive to temperature. For instance, at 100 o C 2a was formed in 90% yield (Table 1, entry 11), whereas at 80 o C no reaction was observed (Table 1, entry 12). Lowering the loading of N-methylmaleimide to 1.5 equivalents and [RuCl2(p-cymene)]2 to 5 mol%, respectively, still afforded the corresponding alkylated product 2a in 89% and 80% yield, respectively (Table 1, entries 13-14). Replacing the pre-catalyst [RuCl2(pcymene)]2 by first-row metal complexes 12 such as Mn2(CO)10 and Co(OAc)2 . 4H2O afforded the starting materials completely unreacted (Table 1, entries 15-16). The optimal reaction conditions (Table 1, entry 1) were also applied to a larger scale experiment (50-fold increase of quantities), being the reaction equally efficient (see Experimental section below). With the optimal reaction conditions in hand (Table 1, entry 1), we evaluated the scope of the catalysis with N-arylisoindolinones (1) bearing various functional groups at different positions together with different N-substituted maleimides (Scheme 2). Arylisoindolinones substituted in para position of the N-phenyl ring with electronically different methyl, methoxy, ester, and chloro were tolerated by the catalysis affording the corresponding alkylated products 2b-2e in 70-96% isolated yields. The formation of 2d is a rare case in which the carboxylic acid ester group does not direct the transition metal-catalyzed C-H bond alkylation using maleimides. 13 Dioxolane-containing isoindolinone 2f, where the alkylation takes place at the most hindered ortho position, was obtained in 85% yield. Methyl-substituted isoindolinone in meta position of the N-phenyl ring afforded the alkylated products 2g in 66% yield. In the case of 2f and 2g, no formation of any other possible isomer was detected. On the other hand, the methoxy congener 2h was obtained in 76% yield with formation of traces of the other ortho-substituted isomer. The reaction was sensitive to the substitution pattern in the ortho position of the N-phenyl ring of the isoindolinones. For instance, the fluoro derivative 2i was obtained in an excellent 84% yield. However, swapping the fluoride group by a bulkier methyl group led to no reactivity. We assume that, as the bulkiness in the substitution in the ortho position increases, the N-phenyl axis rotation is restricted in such a way that it prevents formation of catalytically productive ruthenacycle intermediates. Maleimide derivatives containing different substitution patterns were also explored. For instance, 1a reacted with N-phenyl maleimide affording 2j in 78% yield and its molecular structure was unambiguously established by single crystal X-ray diffraction studies, which further supported the regio-and site-selectivity of the reaction. Fluoro-, bromo-, and nitro-containing maleimides were tolerated during the catalysis leading to the corresponding alkylated products 2k-2m in 64-78% yield. N-benzyl maleimide afforded the corresponding alkylated product 2n in 88% isolated yield. Analogously, the trifluoro-containing alkylated product 2o was obtained in a similar yield. Interestingly, heterocycle-containing maleimides such as thiophene were tolerated affording the alkylated product 2p in 58% yield. The reactions were very selective as only the product 2 formed, with trace amounts of the remaining reagents. Limitations appeared when using unsubstituted N-H maleimide as coupling partner. In this case, the desired product 2q was observed in 10% yield together with unreacted starting materials. We also noted that nitrile and iodide substitution patterns were not compatible, and maleic anhydride and dimethyl maleate were unreactive as well (Scheme 2). Notably, only mono-functionalized products 2a-2r were observed during the catalysis with no evidences for bis-functionalization. In order to gain some insights about the reaction mechanism, we performed a reaction with a substrate lacking any carbonyl group (3). Under the standard reaction conditions, no alkylated product was formed (Figure 1A), thus indicating the potential role of the carbonyl group in 1 as a weak directing group in the C-H bond activation step. 14 Additionally, deuteration experiments with 1a afforded the product 1a-d with 84% deuterium incorporation in the protons that underwent subsequent alkylation in the catalysis (Figure 1B), with no other deuteration occurring in any other protons of the molecule. When 1-d was used as a substrate for the C-H bond alkylation with Nmethylmaleimide under standard reaction conditions, the expected product 2a was obtained with no deuterium on it (Figure 1C), suggesting the participation of acetic acid in the last step of the catalysis and the reversibility of the C-H bond activation step. These data together with precedents in the literature, 5,15 suggested the plausible, simplified mechanism displayed in Fig- ure 1D. First, chloride-free ruthenium species may form, which, after a concerted metalation-deprotonation step with 1 leads to the six-membered ruthenacycle A with formation of acetic acid. Coordination of maleimide to ruthenium followed by alkene insertion leads to B, which, after protonolysis with acetic acid enables the formation of 2 and regeneration of the catalytically active ruthenium species. The need for over-stoichiometric amounts of acetic acid and Cu(OAc)2 . H2O in the catalysis might
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The Journal of Organic Chemistry be a consequence of the low kinetics ascribed to this transformation and/or solubility issues. It is noteworthy that with maleimide substrates, the formation of an intermediate of type B is not favorable for β-hydride elimination 8 as observed in the case of alkenylation with acyclic olefins under related conditions, 16b but prone to be cleaved by protonolysis even in the absence of added acetic acid (Table 1, entry 5).

For comparison purposes, other directing groups potentially enabling six-membered ruthenacycle intermediates were explored for this aromatic C-H bond alkylation reaction (Scheme 3). Cyclic imides such as 4 and 5, which are known to enable ruthenium-catalyzed C-H bond hydroxylations and alkenylations to some extent, 16 did not react under the standard reaction conditions for C-H bond alkylation. Likely, a combination of steric and electronic effects prevents the formation of six-membered ruthenacycles for cyclic imides under these reaction conditions as it has been recently reported for ruthenium-catalyzed C-H bond arylations with the same substrates. 16c On the other hand, pyrrolidinone 6, which promotes C-H bond alkenylations and benzoxylations, 9l,17 smoothly reacted leading to the alkylated product in 80% yield with the same regio-and site-selectivity as isoindolinones 1 and no evidences for bis-functionalization. Surprisingly, oxazolidinone 7, which is structurally related to 6 and it is known to efficiently promote C-H bond alkenylations, 9l did not react under our standard reaction conditions for C-H bond alkylation. Nitrogen-containing directing groups such as benzylpyridine 8 and benzoylpyridine 9, the latter being known to promote C-H bond arylations, 9c,e did not afford any alkylated products in our hands. Consequently, although nitrogen-containing directing groups are largely considered as better directing groups than ketones, the presented ruthenium-catalyzed C-H bond alkylation methodology emphasizes that it is not always the case, and a balance between both coordination strength and stereo-electronic effects need to be considered.

Scheme 3. Evaluation of Different Directing Groups in the Ru-Catalyzed C-H Bond Alkylation with Maleimides

CONCLUSIONS

In summary, we have shown that ruthenium catalysts enabled the regio-, mono-, and site-selective alkylation of N-arylisoindolinones with N-substituted maleimides in high yields and an excellent functional group tolerance [alkyl, benzyl, aryl, (a)cyclic ether, carboxylic ester, nitro, halides (i.e. F, Cl, Br, CF3), heteroaromatics (i.e. thiophene)]. A combination of control reactions and deuteration experiments support that the catalysis occurs via a reversible and large six-membered ruthenacycle in the key C-H bond activation step, which is unprecedented for ruthenium catalysts in C-H bond alkylation reactions. The potential of isoindolinones enabling C-H bond functionalizations arises from the capability of the cyclic tertiary amide to behave as a weak directing group throughout the catalysis. It is also demonstrated that cyclic amides (i.e. isoindolinones and pyrrolidinones), unexpectedly, outperform cyclic imides, oxazolidinones or, even, pyridine-containing directing groups in ruthenium-catalyzed C-H bond alkylations when six-membered intermediates are formed. Overall, this study highlights the importance of the balance between the coordination strength and the stereoelectronic properties for directing groups to be efficient.

EXPERIMENTAL SECTION General Methods. All reagents were obtained from commercial sources and used as supplied. All reactions were carried out in flame-dried glassware under argon atmosphere unless otherwise noted. Catalytic experiments were performed in Schlenktype flasks under argon atmosphere unless otherwise noted. Organic solutions were concentrated under reduced pressure using a rotary evaporator. Thin-layer chromatography (TLC) were carried out on 0.25 mm Merck silica gel (60-F254). Flash column chromatography was performed using silica gel Silica 60 M, 0.04-0.063 mm. Technical grade petroleum ether (40-60), nheptane and ethyl acetate were used for column chromatography. CDCl3 was stored under nitrogen over molecular sieves. NMR spectra were recorded on an AVANCE III 400 spectrometer. 1 H NMR spectra were referenced to residual protiated solvent (δ = 7.26 ppm for CDCl3 and δ = 2.05 ppm for acetone-d6) and 13 C chemical shifts are reported relative to deuterated solvents (δ = 77.0 ppm for CDCl3 and δ = 29.8 ppm for acetone-d6) [Note: acetone-d6 contains traces of water at ca. 3 ppm]. The peak patterns are indicated as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet, and br. for broad. GC-MS analyses were performed with a GCMS-QP2010S (Shimadzu) instrument with a GC-2010 equipped with a 30 m capillary column (Supelco, SLBTM-5ms, fused silica capillary column, 30 m x 0.25 mm x 0.25 mm film thickness), which was used with helium as the vector gas. ]2 (7.5 mol%, 22.9 mg), AgSbF6 (30 mol%, 51.5 mg), Cu(OAc)2 . H2O (0.75 mmol, 149.7 mg, 1.5 equiv.), the corresponding substrate 1 (0.5 mmol, 1.0 equiv.), and the corresponding maleimide derivative (1 mmol, 2.0 equiv.) were taken in a 15 mL pressure tube, which was equipped with a
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The Journal of Organic Chemistry magnetic stirrer. To this mixture was added AcOH (2.5 mmol, 0.14 mL, 5.0 equiv.) and solvent DCE (2.5 mL) under Argon. Then the reaction vial was sealed with the screw cap and allowed to stir at 120 °C in an oil bath for 18 h. After being cooled to ambient temperature, the reaction mixture was diluted with CH2Cl2 and then filtered through Celite. After evaporation of the solvent in vacuo, the crude product was purified by column chromatography on silica gel (n-heptane/EtOAc: 10:1 to 1:2) to give the desired product 2. phenyl)pyrrolidine-2,5dione (2a). Brown solid, yield = 92%, 147.4 mg. Mp: 162-164 o C. 1 H NMR (400 MHz, CDCl3): δ = 7.84 (d,J = 7.6 Hz,1H),7.58 (dd,J = 7.6,7.2 Hz,1H),2H),2H),1H),1H),4.85 (d,J = 17.2 Hz, 1H), 4.77 (d, J = 17.2 Hz, 1H), 4.10 (dd, J = 9.6, 5.2 Hz, 1H), 3.15 (dd, J = 18.8, 9.6 Hz, 1H), 2.97 (dd, J = 18.4, 5.2 Hz, 1H), 2.76 (s, 3H) ppm. 13 C{ 1 H} NMR (100 MHz, CDCl3): δ = 177.9, 176. 3, 168.4, 141.9, 137.3, 136.7, 132.1, 131.4, 129.1, 129.0, 128.5, 128.4, 124.1, 122.9, 54.1, 42.4, 36.8, 24.8 phenyl)pyrrolidine-2,5-dione (2b). Brown solid, yield = 88%, 148.0 mg. Mp: < 50 o C. 1 H NMR (400 MHz, CDCl3): δ = 7.83 (d, J = 8.0 Hz, 1H), 7.56 (ddd, J = 8.0, 8.0, 1.2 Hz, 1H), 7.47 (dd, J = 6.8, 6.0 Hz, 2H), 7. 19-7.13 (m, 2H), 7.00 (s, 1H), 4.82 (d, J = 17.2 Hz, 1H), 4.73 (d, J = 17.2 Hz, 1H), 4.05 (dd, J = 9.2, 5.2 Hz, 1H), 3.13 (dd, J = 18.8, 9.6 Hz, 1H), 2.97 (dd, J = 18.8, 4.8 Hz, 1H), 2.77 (s, 3H), 2.34 (s, 3H) ppm. 13 C{ 1 H} NMR (100 MHz, CDCl3): δ = 178.0, 176. 3, 168.5, 141.9, 139.1, 136.3, 134.5, 132.0, 131.5, 129.8, 128.7, 128.3, 128.2, 124.0, 122.9, 54.1, 42.3, 36.8, 24.8, 21. (d, J = 17.2 Hz, 1H), 4.00 (dd, J = 9.2, 5.6 Hz, 1H), 3.74 (s,3H),3.07 (dd,J = 18.8,9.6 Hz,1H),2.94 (dd,J = 18.8,4.8 Hz,1H), 2.70 (s, 3H) ppm. 13 C{ 1 H} NMR (100 MHz, CDCl3): δ = 177. 7,176.1,168.6,159.6,141.9,137.8,131.9,131.4,129.6,128.2,123.9,122.8,113.8,55.5,54.2,42.5,36.6,24.7 ppm. HRMS (ESI) calcd. for [M + Na] + C20H18N2O4Na 373.1159, found 373.1158 (0 ppm). . Yellow solid, yield = 70%, 136.9 mg. Mp: < 50 o C. 1 H NMR (400 MHz, CDCl3): δ = 7.97 (dd, J = 8.4, 2.0 Hz, 1H), 7.86 (d, J = 2.0 Hz, 1H), 7.77 (d,J = 7.6 Hz,1H),7.54 (dd,J = 7.6,6.8 Hz,1H),7.43 (dd,J = 7.6,7.2 Hz, 2H), 7.32 (d,J = 8.4 Hz,1H),4.79 (d,J = 16.8 Hz,2H),4.31 (q,J = 7.2 Hz,2H),4.14 (dd,J = 9.6,5.2 Hz,1H),3.15 (dd,J = 18.8,9.6 Hz,1H),2.98 (dd,J = 18.4,5.6 Hz,1H), 2.71 (s, 3H), 1.32 (t, J = 7.2 Hz, 3H) ppm. 13 C{ 1 H} NMR (100 MHz, CDCl3): δ = 177. 4, 175.9, 168.1, 165.1, 141.8, 141.4, 136.7, 132.2, 131.0, 130.7, 129.9, 129.7, 128.4, 128.2, 124.0, 122.9, 61.3, 53.7, 42.4, 36.4, 24.8, 14. phenyl)- 1-methylpyrrolidine-2,5-dione (2e). White solid, yield = 96%, 170.0 mg. o C. 1 H NMR (400 MHz, CDCl3): δ = 7.87 (d,J = 7.2 Hz,1H),7.62 (ddd,J = 7.6,7.6,1.2 Hz,1H),7.52 (dd,J = 7.6,7.2 Hz,2H),7.38 (dd,J = 8.4,2.4 Hz,1H),7.24 (d,J = 8.4 Hz,2H),4.86 (d,J = 17.2 Hz,1H),4.78 (d,J = 16.8 Hz,1H),4.10 (dd,J = 9.6,5.2 Hz,1H),3.20 (dd,J = 18.4,9.6 Hz,1H),3.01 (dd,J = 18.4,5.2 Hz,1H), 2.82 (s, 3H) ppm. 13 C{ 1 H} NMR (100 MHz, CDCl3): δ = 177. 4,175.9,168.6,141.9,138.5,136.0,134.8,132.4,131.2,129.8,129.4,128.6,124.4,123.1,54.1,42.5,36.6,25.1 ppm. HRMS (ESI) calcd. for [M + Na] + C19H15N2O3 35 ClNa 377.0663, found 377.0663 (0 ppm). benzo [d] [1,3]dioxol- 4yl)pyrrolidine-2,5-dione (2f). Brown solid, yield = 85%, 155.0 mg. Mp > 250 o C dec. 1 H NMR (400 MHz, CDCl3): δ = 7.88 (d,J = 7.6 Hz,1H),7.60 (dd,J = 7.6,7.2 Hz, 1H), 7.51 (dd, J = 8.0, 8.0 Hz, 2H), 6.85-6.78 (m, 2H), 6.00 (s, 2H), 4.79 (d,J = 17.6 Hz,2H),3.95 (dd,J = 8.8,7.2 Hz, 1H), 3.20-3.08 (m, 2H), 2.85 (s, 3H) ppm. 13 C{ 1 H} NMR (100 MHz, CDCl3): δ = 177.5, 176.5, 168.8, 147.5, 141.9, 132.2, 131.6, 131.2, 128.5, 124.4, 123.0, 121.5, 118.7, 108.4, 102.3, 54.6, 38.9, 35.1, 25.0 2, 176.4, 168.5, 142.0, 139.2, 137.1, 133.5, 132.1, 131.6, 130.0, 129.0, 128.4, 124.2, 122.9, 54.2, 42.2, 36.8, 24.8, 20. 3.15 (dd,J = 18.8,9.6 Hz,1H),2.96 (dd,J = 18.8,4.8 Hz,1H), 2.79 (s, 3H) ppm. 13 C{ 1 H} NMR (100 MHz, CDCl3): δ = 178. 4, 176.5, 168.5, 159.9, 142.0, 138.3, 132.2, 131.5, 129.2, 128.53, 128.50, 124.3, 123.0, 115.1, 113.9, 55.6, 54.2, 42.0, 36.9, 24.9 ppm. HRMS (ESI) calcd. for [M + Na] + C20H18N2O4Na 373.1159, found 373.1162 (1 ppm). 5-dione (2i). White solid, yield = 84%, 84.9 mg. Mp: 140-142 o C. This compound exists as a mixture (63:37) of two rotamers. 1 H NMR (400 MHz, CDCl3): δ = 7.89 (d,J = 7.6 Hz,1H,major),7.83 (d,J = 7.6 Hz,1H,minor),1H,major),1H,minor),2H,major),2H,minor),1H,major),1H,minor),1H,major),2H,minor),6.96 (d,J = 7.6 Hz,1H,major),4.93 (d,J = 16.8 Hz,1H,major),4.85 (d,J = 16.8 Hz,1H,major),4.70 (d,J = 16.8 Hz,1H,minor),4.50 (d,J = 16.8 Hz,1H,minor),1H,major),1H,minor),1H,major),1H,minor),1H,minor),2.97 (s,3H,major),1H,major),2.39 (s,3H,minor) ppm. 13 C{ 1 H} NMR (100 MHz, CDCl3): δ = 177.5, 177. 4,176.2,175.5,169.4,168.6,159.9 (d,159.2 (d,142.6,142.5,140.2,139.3,132.5,132.3,

3-(3-Fluoro

-2-(1-oxoisoindolin-2-yl)phenyl)-1-methylpyrroli- dine-2,
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The Journal of Organic Chemistry Hz, 1H), 2.49 (t, J = 8.4 Hz, 2H), 2.23-2.10 (m, 2H) ppm.

13 C{ 1 H} NMR (100 MHz, CDCl3): δ = 177.9, 176. 4,175.4,138.0,135.8,129.1,128.7,128.3,127.2,51.6,42.4,37.0,31.2,25.1,19.0 ppm. HRMS (ESI) calcd. for [M + Na] + C15H16N2O3Na 295.1053, found 295.1053 (0 ppm). Large Scale Reaction for the Ruthenium-Catalyzed C-H bond Alkylation: [RuCl2(p-cymene)]2 (7.5 mol%, 375 mg), AgSbF6 (30 mol%, 515 mg), Cu(OAc)2 . H2O (7.5 mmol, 1.5 g, 1.5 equiv.), 6 (5 mmol, 806 mg, 1.0 equiv.), and N-methylmaleimide (10 mmol, 1.111 g, 2.0 equiv.) were taken in a 100 mL pressure tube, which was equipped with a magnetic stirrer. To this mixture was added AcOH (25 mmol, 1.5 mL, 5.0 equiv.) and solvent DCE (25 mL) under Argon. Then the reaction vial was sealed with the screw cap and allowed to stir at 120 °C in an oil bath for 18 h. After being cooled to ambient temperature, the reaction mixture was diluted with CH2Cl2 and then filtered through Celite. After evaporation of the solvent in vacuo, the crude product was purified by column chromatography on silica gel (n-heptane/EtOAc: 1:1 to 2:1) to give the desired product 6' (1.12 g, 85% yield).

Scheme 2 .a

 2 Scheme 2. Evaluation of the Scope for the Ru-Catalyzed C-H Bond Alkylation of 1 with N-substituted Maleimides a,b

Figure 1 .

 1 Figure 1. Mechanistic considerations.

  The following GC conditions were used: initial temperature 80 o C for 2 minutes, then rate 20 o C/min until 280 o C and 280 o C for 28 minutes. HRMS were recorded on a Waters Q-Tof 2 mass spectrometer at the corresponding facilities of the CRMPO, Centre Régional de Mesures Physiques de l'Ouest, Université de Rennes 1. Compounds 1, 18 3, 19 4, 20 5 21 and 7 9l have been synthesized according to literature protocols. General Procedure for the Ruthenium-Catalyzed C-H bond Alkylation Reactions, and Characterization of Products:

  1 ppm. HRMS (ESI) calcd. for [M + Na] + C20H18N2O3Na 357.1209, found 357.1209 (0 ppm). 3-(5-Methoxy-2-(1-oxoisoindolin-2-yl)phenyl)-1-methylpyrrolidine-2,5-dione (2c). White solid, yield = 91%, 160.0 mg. Mp: 167-169 o C. 1 H NMR (400 MHz, CDCl3): δ = 7.78 (d, J = 7.6Hz, 1H), 7.53 (dd, J = 7.6, 7.2 Hz, 1H), 2H), 7.15 (d, J = 8.8 Hz, 1H), 6.86 (dd, J = 8.8, 2.8 Hz, 1H), 6.69 (s, 1H), 4.76 (d, J = 17.6 Hz, 1H), 4.67 

  2 ppm. HRMS (ESI) calcd. for [M + Na] + C22H20N2O5Na 415.1264, found 415.1260 (1 ppm).

  9 ppm. HRMS (ESI) calcd. for [M + Na] + C20H18N2O3Na 357.1210, found 357.1212 (1 ppm). 3-(4-Methoxy-2-(1-oxoisoindolin-2-yl)phenyl)-1-methylpyrrolidine-2,5-dione (2h). White solid, yield = 76%, 132.9 mg. Mp: 154-156 o C. 1 H NMR (400 MHz, CDCl3): δ = 7.87 (d, J = 7.6 Hz, 1H), 7.60 (dd, J = 7.2, 7.2 Hz, 1H), 7.50 (dd, J = 7.2, 6.4 Hz, 2H), 7.12 (d, J = 8.4 Hz, 1H), 6.93 (dd, J = 8.8, 2.4 Hz, 1H), 6.81 (d, J = 2.8 Hz, 1H), 4.88 (d, J = 17.2 Hz, 1H), 4.79 (d, J = 16.8 Hz, 1H), 4.03 (dd, J = 9.6, 5.2 Hz, 1H), 3.78 (s, 3H),

Table 1 . Optimization of the Ru-Catalyzed C-H Bond Al- kylation of 1a with N-Methylmaleimide a

 1 

	entry	deviation from standard conditions 2a (%) b
	1	none	99 (92) c
	2	no [RuCl2(p-cymene)] 2	0
	3	no AgSbF6	0
	4	no Cu(OAc) 2 . H2O	<10
	5	no AcOH	55
	6	KOAc instead of Cu(OAc) 2 . H2O	<5
	7	5 equiv. H2O	48
	8	10 equiv. of AcOH	59
	9	6 h instead of 18 h	99
	10	3 h instead of 18 h	71
	11	100 o C instead of 120 o C	90
	12	80 o C instead of 120 o C	0
	13	1.5 equiv. of N-methylmaleimide	89
	14	5 mol% of [RuCl2(p-cymene)] 2	80
	15	Mn2(CO)10 as pre-catalyst	0
	16	Co(OAc)2 . 4H2O as pre-catalyst	0

a Reaction conditions: 1a (0.1 mmol), N-methylmaleimide (0.2 mmol), [RuCl2(p-cymene)]2 (7.5 mol%), AgSbF6 (30 mol%), Cu(OAc)2.H2O (0.15 mmol), AcOH (0.5 mmol), DCE (0.5 mL), 120 o C, 18 h, argon. b Yield of 2a determined by 1 H NMR analysis against an internal standard (dibromomethane). c Isolated yield by column chromatography in brackets.

  ppm. HRMS (ESI) calcd. for [M + Na] + C19H16N2O3Na 343.1053, found 343.1056 (1 ppm).

  White solid, yield = 66%, 109.9 mg. Mp: 153-155 o C. 1 H NMR (400 MHz, CDCl3): δ = 7.85 (d, J = 8.4 Hz, 1H), 7.58 (dd, J = 7.2, 7.2 Hz, 1H), 7.49 (dd, J = 6.8, 6.4 Hz, 2H), 7.18 (d, J = 7.6 Hz, 1H), 7.10 (d, J = 6.4 Hz, 2H), 4.86 (d, J = 17.2 Hz, 1H), 4.77 (d, J = 17.2 Hz, 1H), 4.06 (dd, J = 9.2, 5.2 Hz, 1H), 3.14 (dd, J = 18.8, 9.6 Hz, 1H), 2.98 (dd, J = 18.8, 5.2 Hz, 1H), 2.78 (s, 3H), 2.34 (s, 3H) ppm. 13 C{ 1 H} NMR (100 MHz, CDCl3): δ = 178.

	ppm.
	HRMS (ESI) calcd. for [M + Na] + C20H16N2O5Na 387.0951,
	found 387.0949 (1 ppm).
	1-Methyl-3-(4-methyl-2-(1-oxoisoindolin-2-yl)phenyl)pyrroli-
	dine-2,5-dione (2g).
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