Rh(III)-catalyzed C-H activation of arenes using a versatile and removable triazene directing group
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General Methods and Materials:

All reactions were carried out under an argon atmosphere (balloon) with dry solvents under anhydrous conditions.  Dichloro(η5‐pentamethylcyclopentadienyl)rhodium(III) dimer (99%) was purchased from Sinocompound Technology Co., Ltd. Acrylate substrates were purchased from Alfa Aesar and used directly. Silver acetate was purchased from Sinopharm Chemical Reagent Co., Ltd and used directly. All other reagents were purchased and used without further purification unless specified otherwise. Methanol was distilled from Mg turnings prior to use.  Solvents for chromatography were technical grade and distilled prior to use. Flash chromatography was performed using 200-300 mesh silica gel with the indicated solvent system according to standard techniques. Analytical thin-layer chromatography (TLC) was performed using Huanghai silica gel plates with HSGF 254. Qingdao Haiyang Chemical HG/T2354-92 silica gel was used for silica gel flash chro-matography. Visualization of the developed chromatogram was performed by UV absorbance (254 nm) or appropriate stains. 1H NMR and 13C NMR data were recorded on Bruker 400 Mnuclear resonance spectrometers unless otherwise specified, respectively.  Chemical shifts (δ) in ppm are reported as quoted relative to the residual signals of chloroform (1H 7.26 ppm or 13C 77.16 ppm). Multiplicities are described as: s (singlet), bs (broad singlet), d (doublet), t (triplet), q (quartet), m (multiplet); and coupling constants (J) are reported in Hertz (Hz). 13C NMR spectra were recorded with total proton decoupling. GC yields were determined using a Shimadzu GC-2014AF spectrometer equipped with a xxx column, using biphenyl as the internal standard. HRMS (ESI) analysis was performed by The Analytical Instrumentation Center at Peking University, Shenzhen Graduate School and (HRMS) data were reported with ion mass/charge (m/z) ratios as values in atomic mass units.
Synthesis and Characterization of Starting Materials
General procedure for preparation of triazene substrates 1 (eq S1)
The triazene starting materials were prepared through the corresponding diazonium salts, according to a reported protocol1.  The aniline (23 mmol, 1.0 eq.) was dissolved in a 2:1 mixture of acetonitrile and water (30 mL) and cooled to 0 °C (ice bath).  Concentrated aqeuos HCl (7.6 mL, 91 mmol, 4.0 eq.) was added dropwise.  The reaction mixture was further cooled to -5 °C (salt ice bath) and aqueous solution of NaNO2 (2.4 g, 34 mmol in 30 mL water, 1.5 eq.) was introduced slowly, maintaining the reaction temperature below 0 °C. After the addition was complete, the reaction mixture was stirred at between -5 °C and 0 °C for 30 minutes and was added slowly to a stirred solution of piperidine (5.6 mL, 57 mmol, 2.5 eq.) and potassium carbonate (16 g, 119 mmol, 5.2 eq.) in a 2:1 mixture of acetonitrile and water (120 mL) at 0°C (ice bath).  The reaction mixture was allowed to warm to room temperature, stirred at that temperature for 1 hour and extracted three times using ethyl acetate (20 mL x 3).  The combined organic layer was washed with brine, dried over Na2SO4, concentrated under reduced pressure, and purified by flash silica gel column chromatography (petroleum ether / ethyl acetate = 30:1) to give the corresponding triazene substrates 1.
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(E)-1-(phenyldiazenyl)piperidine (1a)2: 98% yield, yellow solid. 1H NMR (CDCl3, 400 MHz): δ 7.44 (d, J = 8.0 Hz, 2H), 7.34 (t, J = 7.6 Hz, 2H), 7.16 (t, J = 7.2 Hz, 1H), 3.78 (s, 4H), 1.71 (s,6H); 13C NMR (CDCl3, 125 MHz): δ 150.8, 128.7, 125.5, 120.5, 48.2, 25.2, 24.3.
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(E)-1-(naphthalen-1-yldiazenyl)piperidine (1b)3: 66% yield, red brown solid. 1H NMR (CDCl3, 400 MHz): δ 8.72 (d, J = 7.6 Hz, 1H), 7.92 (d, J = 6.4 Hz, 1H), 7.77 (d, J = 7.6 Hz, 1H), 7.62-7.53 (m, 4H), 3.95 (s, 4H), 1.80 (s, 6H); 13C NMR (CDCl3, 125 MHz): δ 146.3, 134.4, 129.5, 127.7, 126.1, 125.9, 125.5, 125.3, 123.7, 111.8, 49.0, 25.3, 24.5. 
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Condition screening:

Initial screening quickly identified [CP*RhCl2]2 was a good catalyst and this reaction required metal oxidants in order to achieve decent conversions.  Table S1 summarized in-depth condition tuning for substrate 1a and benzyl acrylate.
Table S1. Condition Screening for Rh(III)-Catalyzed C-H Activation/Olefination using Triazene Substrate 1a and Benzyl Acrylatea
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	Entry
	Temp.
	Solvent
	Cat.
	Oxidant (eq)
	Mono yield
	Di yield
	Total yield

	1
	80
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	43%
	27%
	70%

	2
	90
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	43%
	21%
	64%

	3
	90
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2
	44%
	25%
	69%

	4b
	90
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	51%
	32%
	83%

	5
	90
	DMF
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	45%
	20%
	65%

	6
	90
	DCE
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	19%
	5%
	24%

	7
	90
	EtOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	35%
	11%
	46%

	8c
	90
	dioxane
	Pd(OAc)2
	Cu(OAc)2.H2O
	0
	0
	0

	9
	90
	H2O
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	12%
	trace
	12%

	10
	90
	HOAc
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	trace
	trace
	<5%

	11
	90
	toluene
	PdCl2
	Ag2CO3
	0
	0
	0

	12d
	90
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O (0.1)
	44%
	10%
	54%

	13d
	90
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O (0.5)
	53%
	26%
	78%

	14e
	90
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	41%
	21%
	62%

	15
	90
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O (3.0)
	45%
	32%
	77%

	16
	90
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O (1.2)
	49%
	25%
	74%

	17
	90
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	63%
	31%
	94%

	18f
	90
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	43%
	16%
	59%

	19g
	90
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	61%
	24%
	85%

	20c
	90
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	49%
	29%
	78%

	21h
	90
	MeOH
	[Cp*RhCl2]2
	Cu(OAc)2.H2O
	53%
	22%
	75%

	22
	60
	MeOH
	[Cp*RhCl2]2
	Cs2CO3
	trace
	trace
	<5%

	23
	60
	MeOH
	[Cp*RhCl2]2
	K2CO3
	trace
	trace
	<5%

	24
	60
	MeOH
	[Cp*RhCl2]2
	Et3N
	trace
	trace
	<5%


a. isolated yield; b. 0.8 eq AgOAc was added; c. 50% eq AgOAc was added. d. under O2; e. 1.5 eq benzyl acrylate was used; f, 11h; g. 20h; h. 1.3 eq benzyl acrylate was used.                                    
General Procedure for Rh(III)-Catalyzed C-H Activation/Olefination directed by Triazene:
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[Cp*RhCl2]2 (0.0015 mmol, 9.3mg, 5 mol%), triazene substrate 1 (0.3 mmol, 1.0 eq.), Cu(OAc)2.H2O (0.6 mmol, 120 mg, 2.0 eq.) and AgOAc (0.090 mmol, 15mg, 0.3 eq.) were weighed into an oven dried Schlenk tube.  The reaction vessel was capped and vacuum-flushed with argon three times.  A solution of acrylate (0.75 mmol, 2.5 eq.) in methanol (2.0 mL) was added through the side-arm using syringe.  The reaction was stirred under argon atmosphere at 90 °C and the progress of the olefination was monitored by TLC. Upon complete consumption of 1, the reaction was cooled to room temperature.  Volatile solvent and reagents were removed by rotary evaporation and the residue was purified by silica gel flash chromatography using petroleum ether/EtOAc (50:1 to 10:1) to afford product 3.

Characterization of Olefination Products:
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(E)-benzyl-3-(2-((E)-piperidin-1-yldiazenyl)phenyl)acrylate (3a): 57% yield, pale yellow solid. 1H NMR (CDCl3, 400 MHz): δ 8.54 (d, J = 16.4 Hz, 1H), 7.61 (d, J = 7.6 Hz, 1H), 7.48-7.31 (m, 7H), 7.15 (t, J = 7.6 Hz, 1H), 6.51 (d, J = 16.4 Hz, 1H), 5.26 (s, 2H), 3.83 (s,4H), 1.72 (s,6H); 13C NMR (CDCl3, 125 MHz): δ 167.3, 149.3, 142.5, 136.5, 130.9, 128.6, 128.3, 128.2, 127.0, 125.7, 117.6, 117.5, 66.2, 47.6, 25.4, 24.4; HRMS (ESI): found: 350.1853, calcd. for C21H24N3 O2([M+H]+): 350.1824.
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(2E,2'E)-benzyl-3,3'-(2-((E)-piperidin-1-yldiazenyl)-1,3-phenylene)diacrylate (3aa): 24% yield, pale yellow solid. 1H NMR (CDCl3, 400 MHz): δ 7.98 (d, J = 16.0 Hz, 2H), 7.59 (d, J = 8.0 Hz, 2H), 7.42-7.31 (m, 10H), 7.17 (t, J = 8.0 Hz, 1H), 6.38 (d, J = 16.0 Hz, 2H), 5.23 (s, 2H), 3.79 (s,4H), 1.67 (s,6H); 13C NMR (CDCl3, 125 MHz): δ 166.9, 153.8, 149.3, 142.5, 136.5, 130.9, 128.6, 128.3, 128.2, 127.0, 125.7, 117.6, 117.5, 66.2, 51.6, 25.4, 24.4; HRMS (ESI): found: 510.2393, calcd. for C31H32N3 O4([M+H]+): 510.2348.
Derivatization and Characterization of Triazene Products

Iodination12
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Compound 3 (0.2mmol, 1.0 eq.) and CH3I (4mL) was added into an oven dried Schlenk tube. The reaction vessel was sealed and heating at 115 oC for 24 hours.  The reaction mixture was concentrated under vacuum and the residue was purified by silica gel flash chromatography using petroleum ether/EtOAc (30:1 to 6:1) to afford product 4.
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(E)-benzyl 3-(2-iodophenyl)acrylate (4a): 87% yield, colorless oil. 1H NMR (CDCl3, 400 MHz): δ 7.97 (d, J = 16.0 Hz, 1H), 7.91 (d, J = 1.2 Hz, 1H), 7. 89 (d, J = 1.2 Hz, 1H), 7.57-7.33 (m, 6H), 7.05 (td, J = 9.2, 1.2 Hz, 1H), 6.37 (d, d, J = 16.0 Hz, 1H), 5.28 (s, 2H); 13C NMR (CDCl3, 125 MHz): δ 166.2, 148.4, 140.2, 137.9, 136.1, 131.4, 128.7, 128.6, 128.4, 128.3, 127.5, 121.0, 101.4, 66.6; HRMS (ESI): found: 364.1988, calcd. for C16H14IO2([M+H]+): 364.9994.
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(E)-benzyl-3-(4-acetyl-2-iodophenyl)acrylate (4b): 97% yield, yellow oil. 1H NMR (CDCl3, 400 MHz): δ 8.42 (d, J = 1.6 Hz, 1H), 7.93 (d, J = 16.0 Hz, 1H), 7. 90 (d, J = 1.6 Hz, 1H), 7.88 (d, J = 1.6 Hz, 1H), 7.59 (d, J = 8.4 Hz, 1H), 7.43-7.32 (s, 5H), 6.43 (d, J = 16.0 Hz, 1H), 5.27 (s, 2H), 2.57 (s, 3H); 13C NMR (CDCl3, 125 MHz): δ 196.0, 165.7, 147.1, 142.0, 139.9, 138.8, 135.8, 128.7, 128.4, 128.3, 128.2, 127.4, 123.0, 101.1, 66.8, 26.7; HRMS (ESI): found: 407.0140, calcd. for C18H16IO3([M+H]+): 407.0099.
One-pot synthesis of 3,4-dihydroquinolin-2(1H)-one
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Compound 3a’ (82mg, 0.3mmol, 1.0eq.) was dissolved in a mixture of MeOH and THF (10mL, 4:1).  The reaction vessel was degassed and backfilled with argon three times, before Pd/C (80mg, 20 mol%) was quickly added in one shot.  The reaction mixture was degassed and backfilled with hydrogen three time and stirred under a hydrogen balloon for additional 21 hours.  Palladium catalyst was removed by filtration through a plug of Celite and washed thoroughly with ethyl acetate.  The filtrate was concentrated under vacuum and the residue was purified by silica gel flash chromatography using petroleum ether/EtOAc (6:1) to afford product 6.


[image: image13.emf]N

H

O


3,4-dihydroquinolin-2(1H)-one (6)14: 75% yield, white solid. 1H NMR (CDCl3, 400 MHz): δ 8.79 (s, 1H), 7.17 (t, J = 8.0 Hz, 2H), 6.98 (t, J = 7.2 Hz, 1H), 6.81 (d, J = 7.6 Hz, 1H), 2.97 (t, J = 7.6 Hz, 3H), 2.64 (t, J = 8.0 Hz, 2H); 13C NMR (CDCl3, 125 MHz): δ 172.1, 137.4, 128.1, 127.7, 123.8, 123.2, 115.6, 30.9, 25.5; HRMS (ESI): found: 148.0761, calcd. for C9H10NO([M+H]+): 148.0718.
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Using a similar procedure as S5, with 3a (70mg, 0.2 mmol, 1.0 eq.), Pd(OH)2 (35mg, 50% wt). 
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NMR Spectra Images of Triazene Substrates and Products    
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