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Abstract

:

Aryl sulfonate esters are versatile synthetic intermediates in organic chemistry as well as attractive architectures due to their bioactive properties. Herein, we report the synthesis of alkyl-substituted benzenesulfonate esters by iron-catalyzed C(sp2)–C(sp3) cross-coupling of Grignard reagents with aryl chlorides. The method operates using an environmentally benign and sustainable iron catalytic system, employing benign urea ligands. A broad range of chlorobenzenesulfonates as well as challenging alkyl organometallics containing β-hydrogens are compatible with these conditions, affording alkylated products in high to excellent yields. The study reveals that aryl sulfonate esters are the most reactive activating groups for iron-catalyzed alkylative C(sp2)–C(sp3) cross-coupling of aryl chlorides with Grignard reagents.
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1. Introduction


Cross-coupling reactions are considered to be a fundamental tool in modern organic synthesis [1,2,3]. In this context, iron catalysis is of great interest in cross-coupling reactions due to the abundance of iron in the earth’s crust, its low toxicity, and easy removal of iron salts from post-reaction mixtures [4,5,6,7,8,9,10,11,12,13]. In addition to the ecological and economic aspects, the great advantage of iron catalysis is also the possibility of using iron in the traditionally challenging C(sp2)–C(sp3) cross-couplings employing alkyl Grignard reagents possessing β-hydrogens, which are usually difficult because of the propensity of alkyl organometallics to undergo homo-coupling and β-hydride elimination [14,15]. In recent years, iron-catalyzed cross-couplings have attracted significant attention in the pharmaceutical industry [16], where they have become competitive with palladium catalysts, which have historically dominated this field [17,18,19]. However, despite the main thrust towards developing sustainable cross-coupling technologies, the most common ligand in iron catalysis is reprotoxic NMP (NMP = N-methylpyrrolidone), the main role of which is to stabilize the low valent iron species, thus facilitating the coupling [20]. Recent reports presented by us showed that NMP can be successfully replaced with other benign amide-type donors (conjugation of Nlp to C=O) [21,22,23,24].



Aryl sulfonate esters are deemed attractive molecules due to their unique biological properties in medicinal chemistry (Figure 1) [25,26,27,28,29]. Furthermore, aryl sulfonate esters play an important role in organic chemistry as synthetic intermediates, which is related to their versatile application as protecting groups and C–O electrophiles in organic reactions. The resistance of the sulfonate groups to various reaction conditions makes them handy protecting groups for phenols [30,31], while the possibility to activate the C–O bond using transition metal catalysis makes them a valuable alternative to aryl halides in cross-coupling reactions [32,33,34,35,36]. It is worth noting that in both variants, the resulting target products do not contain a sulfonate ester moiety, which is deconstructed under basic or transition-metal-catalyzed conditions. Thus far, attempts have been made to obtain functionalized sulfonate esters only in Sonogashira and Suzuki–Miyaura cross-couplings; however, even these precedents have been limited to few examples of such reactions [37,38,39]. Importantly, both of these methodologies required the presence of expensive and toxic palladium–phosphine catalysts demanding reaction conditions and were limited to C(sp) or C(sp2) nucleophiles. Hence, the ability to functionalize aryl sulfonate esters with high cross-coupling selectivity using sustainable iron catalysis while preserving the sulfonate ester moiety would represent an attractive approach to the synthesis of aryl sulfonate esters.



Based on recent advances in iron-catalyzed cross-couplings [1,2,3,4,5,6,7,8,9,10,11,12,13] and inspired by our interest in the development of chemoselective methods using iron [21,22,23,24,40], we present our findings on the development of iron-catalyzed C(sp2)–C(sp3) cross-coupling of aryl chlorobenzenesulfonates with alkyl Grignard reagents (Figure 2). The reaction is characterized by its very good substrate scope, tolerating a range of electronically and sterically varied benzenesulfonates. The protocol operates under very mild, operationally simple conditions using sustainable iron catalysts and is compatible with challenging organometallics possessing β-hydrogens. A notable feature of the protocol is the use of environmentally-friendly cyclic urea ligands in contrast to the reprotoxic NMP [21,41,42]. Perhaps most importantly, the study reveals that aryl sulfonate esters are the most reactive activating groups for iron-catalyzed alkylative C(sp2)–C(sp3) cross-coupling of aryl chlorides with Grignard reagents [23,43,44,45,46,47,48,49]. This direct iron-catalyzed Kumada cross-coupling, therefore, provides an attractive and highly efficient way for the functionalization of aromatic benzenesulfonates with complete preservation of the aryl sulfonate group.




2. Results


At the outset, we evaluated the model reaction between phenyl 4-chlorobenzenesulfonate and n-alkyl Grignard reagent containing β-hydrogens (Table 1). In general, aryl sulfonates contain the SO2–O–Ar bond and thus share common features with aryl benzoates bearing the CO–O–Ar bond, which presents a major challenge of cleavage reactions involving the removal of the O–aryl group in both types of esters [50,51]. Thus, in analogy to the cross-coupling of chloro aryl benzoates, where C(acyl)–O bond cleavage was commonly observed in the presence of Grignard reagents [40], similar deconstructive S–O bond cleavage is a common side reaction [50]. On the other hand, it should be considered that using an iron catalyst system with O-coordinating ligands, it is possible to obtain cross-coupling products by activating the C–OSO2 bond in aryl tosylates [32,43,52]. Therefore, it was initially unclear if chlorobenzenesulfonatoes can be used effectively as cross-coupling partners in sustainable conditions. The research conducted by Fürstner provides a strong precedent in this regard [43]. Since our focus is on developing operationally practical methods of broad synthetic appeal, we selected rapid addition of Grignard reagent and the use of readily accessible, non-toxic, and environmentally benign O-coordinating ligands. As shown, no reaction was observed in the absence of iron (Table 1, entry 1). Pleasingly, it was found that the reaction with Fe(acac)3 afforded the desired cross-coupling product in 73% yield with the remaining mass balance corresponding to hydrolysis and decomposition products (entry 2). Notably, the combined use of iron and cyclic urea (DMI = 1,3-dimethyl-2-imidazolidinone) afforded the alkylated product an excellent yield (Table 1, entries 3–6). Importantly, the use of 20–50 mol% of DMI (entries 3 and 4) resulted in higher yields, while the use of an excess of DMI afforded the cleanest reactions. It should be noted that under these reaction conditions, the cleavage of S–O bond or the formation of unwanted by-products derived from Grignard reagents, including products from β-hydride elimination and homo-coupling, were not observed. Moreover, in contrast to previous studies [23], it is important to point out that the role of the ligand is in facilitating the reaction as decomposition is observed in its absence, while other cross-couplings catalyzed by iron/O-coordinating systems lead to recovered starting materials, indicating an important activating effect of the labile sulfonate ester moiety.



Having determined that the model aryl chlorobenzenesulfonate serves as an efficient cross-coupling partner under benign iron/DMI conditions, the scope of the optimized iron catalytic system was next explored (Table 2). Pleasingly, we found that electronically-neutral as well as electron-rich aryl 4-chlorobenzenesulfonates, such as 4-tert-butyl and 4-methoxy, participated in the chemoselective cross-coupling in excellent yields (98%) (Table 2, entries 1–3). Furthermore, electron-deficient aryl 4-chlorobenzenesulfonates, such as 4-fluoro, are also well-tolerated, and the desired coupling product is obtained in excellent yield (95%, Table 2, entry 4). We also found that both sterically hindered 2-methyl and even 2,6-dimethyl aryl 4-chlorobenzenesulfonates are well-tolerated, affording the products in quantitative yields (Table 2, entries 5–6). Interestingly, using naphthalen-2-yl 4-chlorobenzenesulfonate as a coupling partner under the same reaction conditions, the product was obtained in 50% yield, with the remaining mass balance corresponding to 2-ethylnaphthalene as a result of C–O bond activation. The selectivity of the reaction was improved by reducing the amount of the organomagnesium reagent to 1.05 equiv, which afforded the cross-coupling product in 73% yield (Table 2, entry 7). Fast C–O bond activation in this class of electrophiles is likely due to the electronic conjugation of polyaromatic hydrocarbons compared to phenyl derivatives [52]. Furthermore, an excellent yield (98%) without any modification of the reaction conditions was observed in the cross-coupling of the meta-substituted aryl chloro-benzenesulfonate (entry 8), demonstrating that high coupling efficiency is not dependent on halide conjugation with the sulfonate ester moiety. Pleasingly, we also found that even the sterically hindered ortho-substituted chloro-benzenesulfonate afforded the desired coupling product in 59% yield (entry 9).



The scope of Grignard reagents was also examined (Table 2, entries 10–13), demonstrating that the cross-coupling of more challenging sterically hindered secondary Grignard reagents is also feasible. Thus, by using alkyl Grignard reagents, such as cyclohexyl (entry 10) and isopropyl (entry 11), the alkylated product was obtained in a 98% yield. The result with i-PrMgBr is of particular interest since thus far, this is the highest yield obtained with this Grignard reagent in the iron-catalyzed cross-coupling [21,22,23,24,43,44,45,46,47], which confirms a very high propensity of the sulfonate ester moiety as an activating group in cross-coupling. Furthermore, isomerization of i-Pr to n-Pr was not observed under the reaction conditions, attesting to the mild nature of this catalytic system (cf. Fe–NHC where isomerization is common) [53]. Finally, we were pleased to find that the challenging phenethyl Grignard reagent, which is prone to β-hydride elimination (entry 12), and sensitive dioxolane Grignard, which serves as a synthetic carbonyl equivalent (entry 13), are also competent nucleophiles in this cross-coupling protocol. It is worthwhile to note that nucleophilic addition to the ester S–O bond was not observed in any of the tested examples, attesting to the mild conditions and facility of the coupling. Furthermore, the observed yields compare very favorably with related iron/NMP-catalyzed Kumada cross-coupling methods using other activating groups, highlighting the potential of aryl sulfonates as versatile activating groups in this cross-coupling manifold.



Subsequently, intermolecular competition studies were performed to gain insight into the selectivity of this cross-coupling and show the unique reactivity of benzenesulfonates (Scheme 1). Experiments conducted between electron-rich and electron-deficient sulfonates (4-MeO:4-F = 1.0:1.1) revealed that electron-deficient arenes are modestly more reactive (Scheme 1A). Similarly, competition experiments were performed between aryl esters vs. aryl sulfonates, namely, 4-chlorobenzenesulfonate vs. 4-chlorobenzoate (not shown), and in this case, only the alkylated sulfonate was observed. In contrast, the only product observed from aryl benzoate was the nucleophilic addition alcohol product, which shows a marked difference in reactivity of these two classes of compounds. Finally, the excellent activating profile of sulfonates was confirmed in the competition experiments vs. sulfonamides (sulfonate/sulfonamide = 1.8:1) (Scheme 1B); sulfonamides had so far been considered the most activating group for iron-catalyzed cross-couplings [23]. Furthermore, the beneficial use of sulfonates is evident from comparing the reaction yields, which are markedly higher in chlorobenzenesulfonate substrates vs. chlorobenzenesulfobanides [23].



Finally, the effect of various ligand additives on the cross-coupling was investigated (Table 3). One of the greatest limitations in the use of iron catalysts in industrial C(sp2)–C(sp3) cross-couplings is the need to use reprotoxic NMP [16]. Thus, we investigated the effect of various O-coordinating ligands on the efficiency of the couplings. The conducted study demonstrates that benign cyclic urea ligands such as DMI, DMPU (DMPU = 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone), and other cyclic amide ligands such as N-methylcaprolactam (N-Me-CPL) show comparable reactivity to NMP (Table 3, entries 1, 2, 4–5). Furthermore, the chelating N,N-bis(2-methoxyethyl)benzamide that was recently reported by our group [54] appears to be less reactive (Table 3, entry 6); moreover, only with this additive, a small amount of the hydrolysis product was observed. In contrast, piperidinyl benzamide showed comparable reactivity to NMP in this cross-coupling (Table 3, entry 7) [54].



In a broader synthetic context, despite the limited reactivity of sulfonates with the preservation of organosulfur bonds, such examples have recently started to appear. For example, a recent study described the use of aryl sulfonates as sulfonylation reagents in the preparation of valuable vinyl sulfones [55]. Thus, in combination with an easy and mild way of synthesis various n-alkylbenzenesulfonates by iron catalysis, this method represents an important approach in the preparation of n-alkylated vinyl arenesulfones, which are valuable reactive intermediates in downstream organic transformations (Scheme 2).



Several additional points should be noted: (1) Although FeCl3 is also effective, the cheap and non-hygroscopic Fe(acac)3 is the preferred iron salt from the practical point of view. (2) It is well established that the use of other pseudohalides, such as Br and I, is generally ineffective in this reaction manifold. Triflates can be used; however, these substrates are less preferred due to facile hydrolysis [1,2,3,4,5,6,7,8,9,10,11,12,13,20]. (3) Ortho- and meta-substituted chlorobenzenesulfonates can be used; however, it should be noted that this reactivity is not common, and only a few select activating groups can promote the reactivity of non-conjugated and sterically hindered aryl chlorides in this reaction manifold [1,2,3,4,5,6,7,8,9,10,11,12,13,20,21,22,23,24]. (4) Aryl, benzyl, and alkenyl Grignard reagents are not compatible with this reaction manifold [1,2,3,4,5,6,7,8,9,10,11,12,13,20,21,22,23,24]. (5) NMP is generally required in this reactivity platform, as demonstrated by Cahiez and Fürstner [1,2,3,4,5,6,7,8,9,10,11,12,13,20]. In the present case, it is necessary to use 200 mol% of DMI to obtain the desired product in a high yield. Future studies will likely involve the replacement of NMP with other benign amide-type donors [21,22,23,24].




3. Conclusions


In summary, we have reported the iron-catalyzed C(sp2)–C(sp3) Kumada cross-coupling of chlorobenzenesulfonates with alkyl Grignard reagents. The present study extends the scope of benign iron-catalyzed cross-couplings to chlorobenzenesulfonate electrophiles using benign urea ligands as replacement for toxic NMP. A wide range of electronically and sterically differentiated benzenesulfonates and alkyl organometallics containing β-hydrogens underwent cross-coupling under exceedingly mild reaction conditions with excellent chemoselectivity in the presence of the sensitive sulfonate ester moiety. The developed protocol tolerates an aryl sulfonate ester in the presence of reactive Grignard organometallics without the nucleophilic cleavage of the S–O bond and metal-catalyzed C–O bond activation. Importantly, the study demonstrates that sulfonate esters are so far the most reactive activating groups for iron-catalyzed alkylative C(sp2)–C(sp3) cross-coupling of aryl chlorides, which is one of the most widely used iron-catalyzed cross-couplings in organic chemistry. Future research should focus on further expanding the scope of iron-catalyzed cross-couplings and the design of new ligands for iron catalysis.




4. Materials and Methods


4.1. General Methods


All compounds reported in the manuscript are commercially available or have been previously described in literature unless indicated otherwise. All experiments involving iron were performed using standard Schlenk techniques under argon or nitrogen atmosphere unless stated otherwise. All sulfonate esters have been prepared by standard methods [31]. All yields refer to yields determined by 1H NMR and/or GC-MS using an internal standard (optimization) and isolated yields (preparative runs) unless stated otherwise. 1H NMR and 13C NMR data are given for all compounds in the Experimental Section for characterization purposes. All products have been previously reported unless stated otherwise. All new compounds have been characterized by established guidelines by 1H NMR, 13C NMR, and HRMS as appropriate. Spectroscopic data matched literature values. General methods have been published [21,22,23,24].




4.2. General Procedure for Iron-Catalyzed C(sp2)–C(sp3) Cross-Coupling


An oven-dried vial equipped with a stir bar was charged with a sulfonate ester substrate (neat, typically, 0.50 mmol, 1.0 equiv) and Fe(acac)3 (typically, 5 mol%), placed under a positive pressure of argon, and subjected to three evacuation/backfilling cycles under vacuum. Tetrahydrofuran (0.15 M) and ligand were sequentially added with vigorous stirring at room temperature, the reaction mixture was cooled to 0 °C, a solution of Grignard reagent (typically, 1.2 equiv) was added dropwise with vigorous stirring, and the reaction mixture was stirred for the indicated time at 0 °C. After the indicated time, the reaction mixture was diluted with HCl (1.0 N, 1.0 mL) and Et2O (1 × 30 mL); the organic layer was extracted with HCl (1.0 N, 2 × 10 mL), dried, and concentrated. The sample was analyzed by 1H NMR (CDCl3, 400 MHz) and GC-MS to obtain conversion, yield, and selectivity using internal standard and comparison with authentic samples. Purification by chromatography on silica gel (EtOAc/hexanes = 1/4) afforded the title product.




4.3. General Procedure for Determination of Relative Reactivity


According to the general procedure, an oven-dried vial equipped with a stir bar was charged with two chloride substrates (each 0.50 mmol, 1.0 equiv) and Fe(acac)3 (5 mol%), placed under a positive pressure of argon and subjected to three evacuation/backfilling cycles under vacuum. Tetrahydrofuran (0.15 M) and DMI (neat, 600 mol%) were sequentially added with vigorous stirring at room temperature, the reaction mixture was cooled to 0 °C, a solution of C2H5MgCl (2.0 M in THF, 0.25 mmol, 0.50 equiv) was added dropwise with vigorous stirring, and the reaction mixture was stirred for 10 min at 0 °C. Following the standard workup, the sample was analyzed by 1H NMR (CDCl3, 400 MHz) and GC-MS to obtain conversion, yield, and selectivity using internal standards and comparison with authentic samples.




4.4. Characterization Data for Starting Materials


4.4.1. Phenyl 4-chlorobenzenesulfonate (1a)


Yield 92% (2.48 g). White solid. 1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 8.8 Hz, 2H), 7.50 (d, J = 8.7 Hz, 2H), 7.34–7.23 (m, 3H), 7.01–6.96 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 149.59, 141.16, 133.94, 130.09, 129.96, 129.68, 127.56, 122.46. Spectroscopic properties matched those described previously [56].




4.4.2. 4-(tert-Butyl)phenyl 4-chlorobenzenesulfonate (1b)


New compound. Yield 91% (2.97 g). White solid. Mp = 95–96 °C. 1H NMR (400 MHz, CDCl3) δ 7.78 (d, J = 8.7 Hz, 2H), 7.50 (d, J = 8.7 Hz, 2H), 7.30 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 1.28 (s, 9H). 13C NMR (100 MHz, CDCl3) δ 150.59, 147.23, 141.00, 134.19, 130.06, 129.63, 126.82, 121.73, 34.73, 31.45. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C16H17ClO3SNa 347.0485 found 347.0469.




4.4.3. 4-Methoxyphenyl 4-chlorobenzenesulfonate (1c)


Yield 95% (2.84 g). White solid. 1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.8 Hz, 2H), 7.49 (d, J = 8.8 Hz, 2H), 6.88 (d, J = 9.2 Hz, 2H), 6.78 (d, J = 9.2 Hz, 2H), 3.77 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 158.51, 142.95, 141.07, 133.84, 130.13, 129.62, 123.42, 114.75, 55.73. Spectroscopic properties matched those described previously [29].




4.4.4. 4-Fluorophenyl 4-chlorobenzenesulfonate (1d)


New compound. Yield 92% (2.63 g). White solid. Mp = 87–88 °C. 1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 8.7 Hz, 2H), 7.52 (d, J = 8.7 Hz, 2H), 7.03–6.93 (m, 4H). 13C NMR (100 MHz, CDCl3) δ 162.52, 160.06, 145.32, 145.30, 141.38, 133.56, 130.10, 129.77, 124.11 (d, JF = 8.8 Hz), 116.71 (d, JF = 23.7 Hz). HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C12H8ClFO3SNa 308.9764 found 308.9753.




4.4.5. o-Tolyl 4-chlorobenzenesulfonate (1e)


New compound. Yield 95% (2.69 g). White solid. Mp = 54–55 °C. 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.8 Hz, 2H), 7.52 (d, J = 8.8 Hz, 2H), 7.20–7.11 (m, 3H), 7.00–6.95 (m, 1H), 2.09 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 148.32, 141.15, 134.74, 131.93, 131.66, 129.98, 129.73, 127.43, 127.23, 122.32, 16.50. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C13H11ClO3SNa 305.0015 found 305.0010.




4.4.6. 2,6-Dimethylphenyl 4-chlorobenzenesulfonate (1f)


New compound. Yield 93% (2.76 g). White solid. Mp = 53–54 °C. 1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 8.7 Hz, 2H), 7.55 (d, J = 8.7 Hz, 2H), 7.10–7.00 (m, 3H), 2.13 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 147.56, 140.93, 135.93, 132.20, 129.76, 129.63, 129.49, 127.06, 17.50. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C14H13ClO3SNa 319.0172 found 319.0171.




4.4.7. Naphthalen-2-yl 4-chlorobenzenesulfonate (1g)


New compound. Yield 95% (3.04 g). White solid. Mp = 129–130 °C. 1H NMR (400 MHz, CDCl3) δ 7.84–7.73 (m, 5H), 7.53–7.45 (m, 5H), 7.09 (dd, J = 8.9, 2.4 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 147.09, 141.20, 133.95, 133.54, 132.11, 130.15, 130.12, 129.71, 128.06, 127.95, 127.20, 126.76, 121.07, 120.09. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C16H11ClO3SNa 341.0015 found 341.0025.




4.4.8. 4-Methoxyphenyl 3-chlorobenzenesulfonate (1h)


New compound. Yield 96% (2.88 g). Light beige solid. Mp = 68–69 °C. 1H NMR (400 MHz, CDCl3) δ 7.84–7.81 (m, 1H), 7.71–7.66 (m, 1H), 7.66–7.61 (m, 1H), 7.47 (t, J = 8.0 Hz, 1H), 6.90 (d, J = 9.2 Hz, 2H), 6.79 (d, J = 9.2 Hz, 2H), 3.78 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 158.56, 142.88, 137.06, 135.54, 134.48, 130.53, 128.63, 126.82, 123.37, 114.78, 55.74. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C13H11ClO4SNa 320.9964 found 320.9975.




4.4.9. 4-Methoxyphenyl 2-chlorobenzenesulfonate (1i)


New compound. Yield 97% (2.90 g). Light beige solid. Mp = 64–65 °C. 1H NMR (400 MHz, CDCl3) δ 7.91–7.86 (m, 1H), 7.64–7.53 (m, 2H), 7.38–7.31 (m, 1H), 7.05–6.98 (m, 2H), 6.79–6.74 (m, 2H), 3.74 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 158.47, 142.87, 135.31, 133.44, 133.34, 132.68, 132.25, 127.22, 123.13, 114.75, 55.68. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C13H11ClO4SNa 320.9964 found 320.9970.





4.5. Characterization Data for Cross-Coupling Products


4.5.1. Phenyl 4-ethylbenzenesulfonate (2a)


New compound. Prepared according to the general procedure using phenyl 4-chlorobenzenesulfonate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (600 mol%), THF (0.15 M), and C2H5MgCl (2.0 M in THF, 1.20 equiv). The reaction mixture was stirred for 10 min at 0 °C. Yield 98% (128.4 mg). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 8.4 Hz, 2H),7.36–7.21 (m, 5H), 7.01–6.96 (m, 2H), 2.74 (q, J = 7.6 Hz, 2H), 1.27 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 151.57, 149.79, 132.69, 129.76, 128.78, 128.74, 127.24, 122.57, 29.08, 15.17. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C14H14O3SNa 285.0561 found 285.0557.




4.5.2. 4-(tert-Butyl)phenyl 4-ethylbenzenesulfonate (2b)


New compound. Prepared according to the general procedure using 4-(tert-butyl)phenyl 4-chlorobenzenesulfonate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (600 mol%), THF (0.15 M), and C2H5MgCl (2.0 M in THF, 1.20 equiv). The reaction mixture was stirred for 10 min at 0 °C. Yield 98% (156.2 mg). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.75 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 8.9 Hz, 2H), 6.90 (d, J = 8.9 Hz, 2H), 2.74 (q, J = 7.6 Hz, 2H), 1.30–1.25 (m, 12H). 13C NMR (100 MHz, CDCl3) δ 151.42, 150.22, 147.44, 132.99, 128.72, 128.70, 126.64, 121.83, 34.69, 31.46, 29.07, 15.18. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C18H22O3SNa 341.1187 found 341.1185.




4.5.3. 4-Methoxyphenyl 4-ethylbenzenesulfonate (2c)


New compound. Prepared according to the general procedure using 4-methoxyphenyl 4-chlorobenzenesulfonate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (600 mol%), THF (0.15 M), and C2H5MgCl (2.0 M in THF, 1.20 equiv). The reaction mixture was stirred for 10 min at 0 °C. Yield 98% (143.1 mg). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 9.2 Hz, 2H), 6.76 (d, J = 9.2 Hz, 2H), 3.76 (s, 3H), 2.74 (q, J = 7.6 Hz, 2H), 1.26 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 158.30, 151.48, 143.17, 132.56, 128.80, 128.69, 123.50, 114.57, 55.68, 29.05, 15.14. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C15H16O4SNa 315.0667 found 315.0657.




4.5.4. 4-Fluorophenyl 4-ethylbenzenesulfonate (2d)


New compound. Prepared according to the general procedure using 4-fluorophenyl 4-chlorobenzenesulfonate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (600 mol%), THF (0.15 M), and C2H5MgCl (2.0 M in THF, 1.20 equiv). The reaction mixture was stirred for 10 min at 0 °C. Yield 95% (133.2 mg). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.5 Hz, 2H), 7.34 (d, J = 8.6 Hz, 2H), 7.00–6.92 (m, 4H), 2.75 (q, J = 7.6 Hz, 2H), 1.27 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 162.38, 159.93, 151.81, 145.56, 145.53, 132.28, 128.82, 128.81, 124.20 (d, JF = 8.8 Hz), 116.49 (d, JF = 23.7 Hz). HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C14H13FO3SNa 303.0467 found 303.0466.




4.5.5. o-Tolyl 4-ethylbenzenesulfonate (2e)


New compound. Prepared according to the general procedure using o-tolyl 4-chlorobenzenesulfonate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (600 mol%), THF (0.15 M), and C2H5MgCl (2.0 M in THF, 1.20 equiv). The reaction mixture was stirred for 10 min at 0 °C. Yield 98% (135.2 mg). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 8.5 Hz, 2H), 7.34 (d, J = 8.6 Hz, 2H), 7.18–7.08 (m, 3H), 7.02–6.97 (m, 1H), 2.75 (q, J = 7.6 Hz, 2H), 2.07 (s, 3H), 1.27 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 151.58, 148.47, 133.45, 131.77, 131.71, 128.79, 128.64, 127.12, 127.05, 122.49, 29.08, 16.42, 15.23. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C15H16O3SNa 299.0718 found 299.0712.




4.5.6. 2,6-Dimethylphenyl 4-ethylbenzenesulfonate (2f)


New compound. Prepared according to the general procedure using 2,6-dimethylphenyl 4-chlorobenzenesulfonate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (600 mol%), THF (0.15 M), and C2H5MgCl (2.0 M in THF, 1.20 equiv). The reaction mixture was stirred for 10 min at 0 °C. Yield 97% (140.5 mg). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.88 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 8.5 Hz, 2H), 7.10–6.99 (m, 3H), 2.76 (q, J = 7.6 Hz, 2H), 2.13 (s, 6H), 1.28 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 151.45, 147.64, 134.64, 132.40, 129.36, 128.85, 128.35, 126.81, 29.10, 17.45, 15.30. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C16H18O3SNa 313.0874 found 313.0876.




4.5.7. Naphthalen-2-yl 4-ethylbenzenesulfonate (2g)


New compound. Prepared according to the general procedure using naphthalen-2-yl 4-chlorobenzenesulfonate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (600 mol%), THF (0.15 M), and C2H5MgCl (2.0 M in THF, 1.05 equiv). The reaction mixture was stirred for 10 min at 0 °C. Yield 73% (114.2 mg). White solid. Mp = 75–76 °C. 1H NMR (400 MHz, CDCl3) δ 7.84–7.78 (m, 1H), 7.77–7.70 (m, 4H), 7.52–7.44 (m, 3H), 7.32 (d, J = 8.6 Hz, 2H), 7.10 (dd, J = 8.9, 2.4 Hz, 1H), 2.73 (q, J = 7.6 Hz, 2H), 1.26 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 151.64, 147.34, 133.58, 132.69, 132.03, 129.90, 128.84, 128.79, 128.03, 127.91, 127.01, 126.54, 121.37, 120.14, 29.10, 15.20. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C18H16O3SNa 335.0718 found 335.0711.




4.5.8. 4-Methoxyphenyl 3-ethylbenzenesulfonate (2h)


New compound. Prepared according to the general procedure using 4-methoxyphenyl 3-chlorobenzenesulfonate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (600 mol%), THF (0.15 M), and C2H5MgCl (2.0 M in THF, 1.20 equiv). The reaction mixture was stirred for 10 min at 0 °C. Yield 98% (142.8 mg). Light beige oil. 1H NMR (400 MHz, CDCl3) δ 7.65–7.60 (m, 2H), 7.50–7.46 (m, 1H), 7.44–7.39 (m, 1H), 6.87 (d, J = 9.3 Hz, 2H), 6.77 (d, J = 9.2 Hz, 2H), 3.76 (s, 3H), 2.70 (q, J = 7.6 Hz, 2H), 1.22 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 158.36, 145.83, 143.18, 135.26, 134.01, 129.19, 127.91, 126.04, 123.52, 114.59, 55.71, 28.75, 15.46. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C15H16O4SNa 315.0667 found 315.0659.




4.5.9. 4-Methoxyphenyl 2-ethylbenzenesulfonate (2i)


New compound. Prepared according to the general procedure using 4-methoxyphenyl 2-chlorobenzenesulfonate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (600 mol%), THF (0.15 M), and C2H5MgCl (2.0 M in THF, 1.20 equiv). The reaction mixture was stirred for 60 min at 0 °C. Yield 59% (85.7 mg). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.78 (dd, J = 8.0, 1.3 Hz, 1H), 7.58 (td, J = 7.6, 1.4 Hz, 1H), 7.48–7.45 (m, 1H), 7.29–7.23 (m, 1H), 6.87 (d, J = 9.2, 2H), 6.75 (d, J = 9.2, 2H), 3.75 (s, 3H), 3.18 (q, J = 7.5 Hz, 2H), 1.36 (t, J = 7.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 158.32, 144.97, 143.08, 134.43, 133.79, 131.06, 130.87, 126.21, 123.31, 114.66, 55.70, 26.36, 15.43. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C15H16O4SNa 315.0667 found 315.0663.




4.5.10. 4-Methoxyphenyl 4-cyclohexylbenzenesulfonate (2j)


New compound. Prepared according to the general procedure using 4-methoxyphenyl 4-chlorobenzenesulfonate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (600 mol%), THF (0.15 M), and c-C6H11MgCl (1.0 M in THF, 1.20 equiv). The reaction mixture was stirred for 60 min at 0 °C. Yield 98% (169.4 mg). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.5 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 6.88 (d, J = 9.2 Hz, 2H), 6.77 (d, J = 9.2 Hz, 2H), 3.77 (s, 3H), 2.65–2.53 (m, 1H), 1.93–1.82 (m, 4H), 1.81–1.72 (m, 1H), 1.49–1.33 (m, 4H), 1.31–1.22 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 158.31, 155.19, 143.20, 132.64, 128.80, 127.71, 123.55, 114.58, 55.72, 44.78, 34.19, 26.76, 26.06. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C19H22O4SNa 369.1137 found 369.1131.




4.5.11. 4-Methoxyphenyl 4-isopropylbenzenesulfonate (2k)


New compound. Prepared according to the general procedure using 4-methoxyphenyl 4-chlorobenzenesulfonate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (600 mol%), THF (0.15 M), and i-PrMgBr (1.0 M in THF, 1.20 equiv). The reaction mixture was stirred for 60 min at 0 °C. Yield 98% (150.0 mg). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 8.5 Hz, 2H), 7.36 (d, J = 8.3 Hz, 2H), 6.89 (d, J = 9.2 Hz, 2H), 6.77 (d, J = 9.2 Hz, 2H), 3.76 (s, 3H), 3.05–2.92 (m, 1H), 1.27 (d, J = 6.9 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 158.31, 156.06, 143.19, 132.71, 128.84, 127.34, 123.53, 114.58, 55.71, 34.42, 23.74. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C16H18O4SNa 329.0824 found 329.0811.




4.5.12. 4-Methoxyphenyl 4-phenethylbenzenesulfonate (2l)


New compound. Prepared according to the general procedure using 4-methoxyphenyl 4-chlorobenzenesulfonate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (600 mol%), THF (0.15 M), and PhCH2CH2MgCl (1.0 M in THF, 2.00 equiv). The reaction mixture was stirred for 60 min at 0 °C. Yield 98% (180.2 mg). White solid. Mp = 93–94 °C. 1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 8.4 Hz, 2H), 7.31–7.17 (m, 5H), 7.13–7.07 (m, 2H), 6.85 (d, J = 9.3 Hz, 2H), 6.76 (d, J = 9.2 Hz, 2H), 3.76 (s, 3H), 3.03–2.97 (m, 2H), 2.96–2.91 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 158.32, 148.84, 143.15, 140.61, 132.80, 129.40, 128.76, 128.62, 128.58, 126.42, 123.52, 114.57, 55.70, 37.88, 37.33. HRMS (ESI/Q-TOF) m/z: [M + Na]+ calcd for C21H20O4SNa 391.0980 found 391.0968.




4.5.13. 4-Methoxyphenyl 4-(2-(1,3-dioxan-2-yl)ethyl)benzenesulfonate (2m)


New compound. Prepared according to the general procedure using 4-methoxyphenyl 4-chlorobenzenesulfonate (0.50 mmol), Fe(acac)3 (5 mol%), DMI (600 mol%), THF (0.15 M), and (2-(1,3-dioxan-2-yl)ethyl)magnesium bromide (0.5 M in THF, 3.00 equiv). The reaction mixture was stirred for 15 h at 23 °C. Yield 98% (184.7 mg). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.5 Hz, 2H), 6.87 (d, J = 9.2 Hz, 2H), 6.76 (d, J = 9.2 Hz, 2H), 4.50 (t, J = 5.1 Hz, 1H), 4.16–4.08 (m, 2H), 3.80–3.69 (m, 5H), 2.85–2.76 (m, 2H), 2.15–2.02 (m, 1H), 1.96–1.88 (m, 2H), 1.40–1.33 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 158.31, 149.22, 143.13, 132.79, 129.26, 128.83, 123.49, 114.57, 100.99, 67.04, 55.68, 36.13, 30.14, 25.87. HRMS calcd for C19H22O6SNa (M+ + Na) 401.1035 found 401.1039.
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Figure 1. Representative bioactive compounds and pharmaceuticals containing sulfonate ester group. 
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Figure 2. Iron-catalyzed C(sp2)–C(sp3) cross-coupling of aryl chlorobenzenesulfonates with alkyl Grignard reagents (this study). 
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Scheme 1. Competition experiments: (A) electron-rich vs. electron-deficient benzenesulfonates; (B) benzenesulfonates vs. benzenesulfonamides. 
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Scheme 2. Synthesis of vinyl sulfones. 
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Table 1. Optimization of Fe-catalyzed cross-coupling 1.
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	Entry
	Fe(acac)3

(mol%)
	Ligand
	mol%
	Time
	Yield

(%) 2





	1
	-
	-
	-
	10 min
	0



	2
	5
	-
	-
	10 min
	73



	3
	5
	DMI
	20
	10 min
	81



	4
	5
	DMI
	50
	10 min
	87



	5
	5
	DMI
	200
	10 min
	98



	6 3
	5
	DMI
	600
	10 min
	>98







1 Conditions: 1 (0.50 mmol), Fe(acac)3 (5 mol%), THF (0.15 M), C2H5MgCl (1.20 equiv, 2.0 M, THF), 0 °C, 10 min. RMgCl added dropwise over 1–2 s. 2 Determined by 1H NMR and/or GC-MS. 3 Note: >98% yield using EtMgBr instead of EtMgCl; >98% yield using FeCl3 instead of Fe(acac)3.
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Table 2. Iron-catalyzed C(sp2)–C(sp3) cross-coupling of aryl chlorobenzenesulfonates with alkyl Grignard reagents 1.






Table 2. Iron-catalyzed C(sp2)–C(sp3) cross-coupling of aryl chlorobenzenesulfonates with alkyl Grignard reagents 1.
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	Entry
	Substrate
	2
	Product
	Yield

(%)





	1
	 [image: Molecules 26 05895 i003]
	2a
	 [image: Molecules 26 05895 i004]
	98



	2
	 [image: Molecules 26 05895 i005]
	2b
	 [image: Molecules 26 05895 i006]
	98



	3
	 [image: Molecules 26 05895 i007]
	2c
	 [image: Molecules 26 05895 i008]
	98



	4
	 [image: Molecules 26 05895 i009]
	2d
	 [image: Molecules 26 05895 i010]
	95



	5
	 [image: Molecules 26 05895 i011]
	2e
	 [image: Molecules 26 05895 i012]
	98



	6
	 [image: Molecules 26 05895 i013]
	2f
	 [image: Molecules 26 05895 i014]
	97



	7 2
	 [image: Molecules 26 05895 i015]
	2g
	 [image: Molecules 26 05895 i016]
	73



	8
	 [image: Molecules 26 05895 i017]
	2h
	 [image: Molecules 26 05895 i018]
	98



	9 3
	 [image: Molecules 26 05895 i019]
	2i
	 [image: Molecules 26 05895 i020]
	59



	10 3
	 [image: Molecules 26 05895 i021]
	2j
	 [image: Molecules 26 05895 i022]
	98



	11 3
	 [image: Molecules 26 05895 i023]
	2k
	 [image: Molecules 26 05895 i024]
	98



	12 4
	 [image: Molecules 26 05895 i025]
	2l
	 [image: Molecules 26 05895 i026]
	98



	13 5
	 [image: Molecules 26 05895 i027]
	2m
	 [image: Molecules 26 05895 i028]
	98







1 Conditions: 1 (0.50 mmol), Fe(acac)3 (5 mol%), THF (0.15 M), DMI (600 mol%), RMgX (1.20 equiv, THF), 0 °C, 10 min. 2 RMgX (1.05 equiv). 3 1 h, 4 1 h, RMgX (2.0 equiv), 5 15 h, 23 °C, RMgX (3.0 equiv). See the Supplementary Materials for details.
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Table 3. O-Coordinating ligand effect on iron-catalyzed cross-coupling of aryl chlorobenzenesulfonates 1.
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	Entry
	Fe(acac)3

(mol%)
	Ligand
	mol%
	Time

(min)
	Yield

(%) 2





	1
	5
	 [image: Molecules 26 05895 i030]
	600
	10
	>98



	2
	5
	 [image: Molecules 26 05895 i031]
	600
	10
	>98



	3
	5
	 [image: Molecules 26 05895 i032]
	600
	10
	94



	4
	5
	 [image: Molecules 26 05895 i033]
	600
	10
	>98



	5
	5
	 [image: Molecules 26 05895 i034]
	600
	10
	97



	6
	5
	 [image: Molecules 26 05895 i035]
	600
	10
	78



	7
	5
	 [image: Molecules 26 05895 i036]
	600
	10
	94







1 Conditions: 1 (0.50 mmol), Fe(acac)3 (5 mol%), THF (0.15 M), C2H5MgCl (1.20 equiv, 2.0 M, THF), 0 °C, 10 min. RMgCl added dropwise over 1–2 s. 2 Determined by 1H NMR and/or GC-MS.
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