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Supplementary catalytic results 

 

Table S1. Zinc-catalyzed methylation of N-methylaniline (1a) to N,N-dimethylaniline (2a), as 
depicted in Eq. 8. 

Entry Catalyst [mol%] Ligand [mol%] Yield [%]a 

1 CuCl2 (5) – < 1 

2 Cu(OTf)2 (5) – < 1 

3 Cu(acac)2 (5) – < 1 

4 Cu(OAc)2•H2O (5) – < 1 

5 Cu(OH)2 (5) – < 1 

6 FeCl2 (5) – < 1 

7 Fe(SO4)•7H2O (5) – < 1 

8 Fe(acac)2 (5) – < 1 

9 Fe(OAc)2 (5) – < 1 

10 Fe(BF4)2•6H2O (5) – < 1 

11 Zn(acac)2•xH2O (5) – 2 

12 Zn(OAc)2 (5) – < 1 

13 Zn(SO4)•7H2O (5) – < 1 

14 ZnCl2 (5) pyridine (10) < 1 

15 ZnCl2 (5) 1,10-phenantroline (5) 4 

16 ZnCl2 (5) tetramethylethylenediamine (5) < 1 

a
Determined by GC/MS 
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Kinetic profile of the conversion of 1a to 2a and 3a 

 

 

Figure S1. Kinetic profile of the zinc-catalyzed methylation of N-methylaniline (1a) to N,N-
dimethylaniline (2a). Reaction conditions: In a glovebox, an NMR tube, equipped with a J. 
Young valve, is charged successively with IPrZnCl2 (3.3 mg, 0.0063 mmol, 5 mol%), d8-THF 
(300 µL), 1a (13.5 µL, 0.125 mmol, 1 equiv.) and PhSiH3 (31.0 µL, 0.250 mmol, 2 eq). The 
reaction mixture is then exposed to a CO2 atmosphere (1 bar) and the tube is sealed and 
heated in an oil bath (100 °C). The reaction is monitored by 1H NMR over 20 h. 

 

Experimental details 

General considerations 

All reactions and manipulations were performed at 20 ºC in a recirculating mBraun 

LabMaster DP inert atmosphere (Ar) drybox and vacuum Schlenk lines. Glassware was dried 

overnight at 60 ºC before use. All NMR spectra were obtained using a Bruker DPX 200 MHz 

spectrometer. Chemical shifts for 
1
H and 

13
C{

1
H} NMR spectra were referenced to solvent 

impurities. Elemental analyses were performed at the CNRS facility in Gif-Sur-Yvette 

(France). Mass spectrometer data were collected on a Shimadzu GCMS-QP2010 Ultra gas 

chromatograph mass spectrometer equipped with a Supelco SLB
TM

-ms fused silica capillary 
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column (30 m x 0.25 mm x 0.25 µm). Unless otherwise noted, reagents were purchased from 

commercial suppliers and dried over 4 Å molecular sieves prior to use. Celite (Aldrich), 

alumina (Brockman I, Aldrich) and 4 Å molecular sieves (Aldrich) were dried under dynamic 

vacuum at 250 °C for 48 h prior to use. Tetrahydrofuran (THF), d8-Tetrahydrofuran (d8-THF) 

and d6-Benzene were dried over a sodium(0)/benzophenone mixture and distilled before use. 

Carbon dioxide was purchased from Messer in a 5.5 purity gas bottle. IPr, s-IPr, IMes and s-

IMes were synthesized according to the method described by Arduengo
[1]

 and used as the free 

bases. I
t
Bu was synthesized by deprotonation of the corresponding imidazolium salt 

I
t
BuHCl,

[2]
 using potassium tert-butoxide. 

Synthesis of IPrZnCl2 

A 25 mL flask was charged with a stir bar, ZnCl2 (48.4 mg, 0.355 mmol), IPr (138 mg, 0.355 

mmol) and toluene (15 mL). The resulted suspension was heated to 70 °C for 2 h, and then 

cooled to room temperature. The volatiles were removed under reduced pressure at 50 °C, to 

provide IPrZnCl2 as an off-white solid (259 mg, >99 %). 

Anal. Calcd for C27H36Cl2N2Zn: C, 61.78; H, 6.91; N, 5.34; Found C, 62.09; H, 6.93; N, 5.28; 

1
H NMR (d6-benzene): 7.4-7.05 (5H, m); 6.45 (2H, s); 2.89 (4H, bs); 1.55 (12H, bs); 1.00 

(12H, bs); 
13

CNMR (d6-benzene): 144.1; 132.6; 128.7; 126.3; 125.8; 122.5; 27.0; 24.0; 21.4; 

1
H NMR (d8-THF, 298 K) : δ 7.58 (2H, s); 7.43 (2H, m): 7.31 (4H, m); 2.76 (4H, s, J = 7Hz); 

1.34 (12H, d, J = 7Hz); 1.12 (12H, d, J = 7Hz). 

Typical procedure for the catalytic methylation of amines to N-methylamines 

and determination of the product distributions 

The typical procedure is detailed for the conversion of N-methylaniline (1a) to N,N-

dimethylaniline (2a) using IPrZnCl2 as catalyst. Under inert atmosphere (Ar), an NMR tube, 

equipped with a J. Young valve, is charged successively with IPrZnCl2 (3.3 mg, 0.0063 
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mmol, 5 mol%), d8-THF (0.3 mL), N-methylaniline (1a) (13.5 µL, 0.125 mmol, 1 eq), and 

phenylsilane (31.0 µL, 0.250 mmol, 2 eq). The reaction mixture is exposed to a CO2 

atmosphere (1 bar) and the tube is sealed and heated in an oil bath (100 °C) for 20 h. The 

corresponding N,N-dimethylaniline (2a) is identified and the distribution of nitrogen 

containing compounds is determined by 
1
H NMR in CDCl3 and GC/MS using biphenyl as an 

internal standard. 

1
H NMR and 

13
C NMR of the following methylated products 2b,

[3] 
2e (11f),

[4]
 2f,

[5]
 2g (11g),

 

[6]
2h (11d),

[7]
 2i,

[8]
 2j,

[9]
, 3b (10d),

[10]
, 3c,

 [11]
3d,

[10]
 3e (10f),

 [12 ]
3f,

 [13] 
3j,

 [14] 
5e,

[15]
 5f,

[16]
 

6d,
[17]

 6e,
[18]

 6f,
[19]

 9e,
[20]

 9h,
[21]

 9i,
[22]

 10a,
[23]

 10b,
[24]

 10e,
 [10]

 11a,
[25]

  11e,
[26]

 11h,
[27]

 11i,
[28]

 

are identical to reported data. 

1
H NMR and 

13
C NMR of the following products were compared with commercial samples 

purchased from Aldrich: 1a (9c), 2a (11c), 2c, 2d, 3a (10c), 3g (10g), 5a, 5b, 5c, 5d, DMF, 

TMA, 6a, 6b, 6c, 9b, 9d, 9g, 11b. 

 

Synthesis of N,N-dimethylaniline (2a) by catalytic methylation of N-

methylaniline (1a) using CO2 and PhSiH3 

Under inert atmosphere (Ar), a 16 mL J. Young Schlenk flask, equipped with a magnetic stir 

bar and a J. Young valve is charged successively with IPrZnCl2 (26.4 mg, 0.0500 mmol, 5.0 

mol%), THF (3.0 mL), N-methylaniline (1a) (108 µL, 1.00 mmol, 1 eq), and phenylsilane 

(248 µL, 2.00 mmol, 2 eq). The reaction mixture is exposed to a CO2 atmosphere (1 bar) and 

the tube is sealed and heated in an oil bath (100 °C) for 20 h and then allowed to cool to 25 

°C. CH2Cl2 (5.0 mL) is then added. An aqueous solution of HCl (2x10 mL, 1.0 M) is added 

and the aqueous phase is collected. The pH of the solution is then adjusted to 12 using K2CO3 

as a base and Et2O (2x10 mL) is utilized to extract the free amine 2a. The organic phase is 

collected and dried over Na2SO4. Et2O is removed under reduced pressure to afford 
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analytically pure 2a as a light yellow oil. Average isolated yield over three runs: 81 %, 98.1 

mg. Elemental Anal. Calcd for C8H11N: C, 79.29; H, 9.15; N, 11.56; Found: C, 78.93; H, 

9.26; N, 11.27. 

Synthesis of trimethylamine (TMA) by catalytic methylation of 

dimethylammonium dimethylcarbamate (7) using CO2 and PhSiH3 

Under inert atmosphere (Ar), a 16 mL J. Young Schlenk flask, equipped with a magnetic stir 

bar and a J. Young valve is charged successively with IPrZnCl2 (26.4 mg, 0.0500 mmol, 5.0 

mol%), THF (3.0 mL), dimethylammonium dimethylcarbamate (7) (64 µL, 0.050 mmol, 0.5 

eq), and phenylsilane (384 µL, 3.00 mmol, 3 eq). The reaction mixture is exposed to a CO2 

atmosphere (1 bar) and the tube is sealed and heated in an oil bath (100 °C) for 72 h and then 

allowed to cool to 25 °C. CH2Cl2 (5.0 mL) is then added. An aqueous solution of HCl (2x10 

mL, 1.0 M) is added and the aqueous phase is collected. The volatiles are then removed under 

reduced pressure to afford TMA as its ammonium chloride salt (given the low boiling point of 

free TMA (2 °C), TMA was isolated as TMA•HCl). Average isolated yield over three runs: 

93 %, 88.9 mg. Elemental Anal. Calcd for C3H10ClN: C, 37.70; H, 10.55; N, 14.66; Found: C, 

37.49; H, 10.52; N, 14.57. 

Synthesis of N,N-dimethylaniline (2a and 11c) by catalytic bis-methylation of 

aniline (8c) using CO2 and PhSiH3 

Under inert atmosphere (Ar), a 16 mL J. Young Schlenk flask, equipped with a magnetic stir 

bar and a J. Young valve is charged successively with IPrZnCl2 (26.4 mg, 0.0500 mmol, 5.0 

mol%), THF (3.0 mL), aniline (8c) (91.0 µL, 1.00 mmol, 1 eq), and phenylsilane (248 µL, 

2.00 mmol, 2 eq). The reaction mixture is exposed to a CO2 atmosphere (1 bar) and the tube is 

sealed and heated in an oil bath (100 °C) for 72 h and then allowed to cool to 25 °C. CH2Cl2 

(5.0 mL) is then added. An aqueous solution of HCl (2x10 mL, 1.0 M) is added and the 
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aqueous phase is collected. The pH of the solution is then adjusted to 12 using K2CO3 as a 

base and Et2O (2x10 mL) is utilized to extract the free amine 11c. The organic phase is 

collected and dried over Na2SO4. Et2O is removed under reduced pressure. The residue is 

purified by flash chromatography on silica gel (0.069-0.200 mm, standard grade) using a 

mixture of n-pentane and ethyl acetate (98:2) as the eluent and the N,N-dimethylaniline 2a is 

then collected as an analytically pure light yellow oil. Average isolated yield over three runs: 

61 %, 73.9 mg. Elemental Anal. Calcd for C8H11N: C, 79.29; H, 9.15; N, 11.56; Found: C, 

79.03; H, 9.25; N, 11.34. 

 

 

 

 

1
H NMR and 

13
C NMR of the following methylated products 2b,

[29] 
2e (11f),

[30]
 2f,

[31]
 2g 

(11g),
 [32]

2h (11d),
[33]

 2i,
[34]

 2j,
[35]

, 3b (10d),
[36]

, 3c,
 [37]

3d,
[10]

 3e (10f),
 [38 ]

3f,
 [39] 

3j,
 [40] 

5e,
[41]

 

5f,
[42]

 6d,
[43]

 6e,
[44]

 6f,
[45]

 9e,
[46]

 9h,
[47]

 9i,
[48]

 10a,
[49]

 10b,
[50]

 10e,
 [10]

 11a,
[51]

  11e,
[52]

 11h,
[53]

 

11i,
[54]

 are identical to reported data. 

1
H NMR and 

13
C NMR of the following products were compared with commercial samples 

purchased from Aldrich: 1a (9c), 2a (11c), 2c, 2d, 3a (10c), 3g (10g), 5a, 5b, 5c, 5d, DMF, 

TMA, 6a, 6b, 6c, 9b, 9d, 9g, 11b. 

Kinetic data 

General procedure for the determination of kobs(2). In a glovebox, an NMR tube, equipped 

with a J. Young valve, is charged successively with IPrZnCl2 (3.3 mg, 0.0063 mmol, 5 

mol%), d8-THF (300 µL), the corresponding para- or meta-substitued N-methylaniline 1 

(0.125 mmol) and a large excess of phenylsilane (155 µL, 1.25 mmol, 10 eq). The reaction 

mixture is exposed to a CO2 atmosphere (1 bar) and the tube is sealed and heated in an oil 
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bath (100 °C). The rate data are determined by monitoring the formation of 2 as a function of 

time by integration of the N–CH3 groups resonance in the 
1
H NMR spectrum of the crude 

mixture. The reactions followed first-order kinetics through at least 30 % conversion. 

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013



References           

                                                

[1] Arduengo III A. J.; Krafczyk R.; Schmutzler R. Tetrahedron, 1999, 55, 14523. 

[2] Herrmann W. A., Böhm V. P. W., Gstöttmayr C. W. K., Grosche M., Reisinger C.-P., 

Weskamp T., J. Organomet. Chem., 2001, 617-618, 616. 

[3] Huang, L.; Zhang, X.; Zhang, Y. Org. Lett., 2009, 11, 3730-3733 

[4] Zakrzewska, A.; Kolehmainen, E.; Osmialowski, B.; Gawinecki, R. Journal of Fluorine 

Chemistry, 2001, 111, 1-10. 

[5] Yoshioka, E.; Miyabe, H. Tetrahedron, 2012, 68, 179-189. 

[6] Huang, L.; Zhang, X.; Zhang, Y. Org. Lett., 2009, 11, 3730-3733. 

[7] Watson, D. A.; Su, M.; Teverovskiy, G.; Zhang, Y.García-Fortanet, J.; Kinzel, T.; 

Buchwald, S. L. Science, 2009, 325, 1661-1664. 

[8] Kato, T.; Matsuda, T.; Matsui, S.; Mizutani, T. Saeki, K. Biol. Pharm. Bull., 2002, 25, 

466-471. 

[9] Bhadra, S.; Dzik, W.; Goossen, L. J. J. Am. Chem. Soc., 2012, 76, 9938-9941. 

[10] Ikawa, T.; Barder, T. E.; Biscoe, M. R.; Buchwald, S. L. J. Am. Chem. Soc., 

2007, 129, 13001-13007. 

[11] Song, R-J.; Li, J-H.; Liu, Y.; Hu, R-X.; Liu, Y-Y.; Wu, J-C.; Yang, X-H. Adv. Synth. 

Catal., 2011,  353, 1467-1473. 

[12] Hoffman, R. V.; Salvador, J. M. J. Org. Chem., 1992, 57, 4487-4490. 

[13] Yin, J.; Buchwald, S. L. Org. Lett., 2000, 2, 1101-1104. 

[14] Klapars, A.; Antilla, J. C.; Huang, X.; Buchwald, S. L. J. Am. Chem. Soc, 

2001, 123, 7727 -7729. 

[15] H.-L. Lee, J. Aubé, Tetrahedron, 2007, 63, 9007-9015. 

[16] Rahman, M.; Kundu, D.; Hajra, A.; Majee, A. Tetrahedron Lett., 2010, 51, 2896-2899. 

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013



                                                                                                                                                   

[17] a) Wadsworth, D. H.; Detty, M. R.; Murray, B. J.; Weidner, C. H.; Haley, N. F. J. Org. 

Chem., 1984, 49, 2676-2681. b) Sarneski, J. E.; Surprenant, H. L.; Molen, F. K.; Reilley, C. 

N., Analytical Chemistry, 1975, 47, 2116-2124. 

[18] Kumar, V.; Sharma, U.; Verma, P. K.; Kumar, N.; Singh, B. Adv. Synth. Catal., 2012, 

354, 870-878. 

[19] Ackermann, L.; Spatz, J. H.; Gschrei, R. B.; Althammer, A. Angew. Chem. Int. Ed., 

2006, 45, 7627-7630 

[20] Fors, B. P. ; Watson, D. A. ; Biscoe, M. R. ; Buchwald, S. L. J. Am. Chem. Soc., 2008, 

130, 13552-13554. 

[21] Bennet, A. J. ; Slebocka-Tilk, H.; Brown, R. S.; Guthrie P.; Jodhan, A. J. Am. Chem. 

Soc., 1990, 112, 8497-8506. 

[22] Liu, K.; Wu, Q.; Gao, W., Mu, Y.; Ye, L. Eur. J. Inorg. Chem., 2011, 1901-1909. 

[23] Rieche, A. et al. Zeitschrift für Chemie, 1964, 4, 177- 180. 

[24] Saidi, O.; Lynch, J.; Williams, J. M. J.; Bamford, M. J.; Watson, R. J.; Blacker, A. J.; 

Marsden, S. P.; Plucinski, P. Tetrahedron Lett., 2010, 51, 5804-5806. 

[25] Cohen, T.; Onopchenko, A. J. Org. Chem., 1983, 48, 4531-4537. 

[26] Wei, Y.; Sastry, G. N.; Zipse, H. J. Am. Chem. Soc., 2008, 130, 3473-3477. 

[27] Behrman, E. J.; Behrman, D. M. J. Org. Chem., 1978, 43, 4551-4552. 

[28] Fedtke, M.; Gernhardt, M. J. Prakt. Chem., 1965, 29, 259-270. 

[29] Huang, L.; Zhang, X.; Zhang, Y. Org. Lett., 2009, 11, 3730-3733 

[30] Zakrzewska, A.; Kolehmainen, E.; Osmialowski, B.; Gawinecki, R. Journal of Fluorine 

Chemistry, 2001, 111, 1-10. 

[31] Yoshioka, E.; Miyabe, H. Tetrahedron, 2012, 68, 179-189. 

[32] Huang, L.; Zhang, X.; Zhang, Y. Org. Lett., 2009, 11, 3730-3733. 

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013



                                                                                                                                                   

[33] Watson, D. A.; Su, M.; Teverovskiy, G.; Zhang, Y.García-Fortanet, J.; Kinzel, T.; 

Buchwald, S. L. Science, 2009, 325, 1661-1664. 

[34] Kato, T.; Matsuda, T.; Matsui, S.; Mizutani, T. Saeki, K. Biol. Pharm. Bull., 2002, 25, 

466-471. 

[35] Bhadra, S.; Dzik, W.; Goossen, L. J. J. Am. Chem. Soc., 2012, 76, 9938-9941. 

[36] Ikawa, T.; Barder, T. E.; Biscoe, M. R.; Buchwald, S. L. J. Am. Chem. Soc., 

2007, 129, 13001-13007. 

[37] Song, R-J.; Li, J-H.; Liu, Y.; Hu, R-X.; Liu, Y-Y.; Wu, J-C.; Yang, X-H. Adv. Synth. 

Catal., 2011,  353, 1467-1473. 

[38] Hoffman, R. V.; Salvador, J. M. J. Org. Chem., 1992, 57, 4487-4490. 

[39] Yin, J.; Buchwald, S. L. Org. Lett., 2000, 2, 1101-1104. 

[40] Klapars, A.; Antilla, J. C.; Huang, X.; Buchwald, S. L. J. Am. Chem. Soc, 

2001, 123, 7727 -7729. 

[41] H.-L. Lee, J. Aubé, Tetrahedron, 2007, 63, 9007-9015. 

[42] Rahman, M.; Kundu, D.; Hajra, A.; Majee, A. Tetrahedron Lett., 2010, 51, 2896-2899. 

[43] a) Wadsworth, D. H.; Detty, M. R.; Murray, B. J.; Weidner, C. H.; Haley, N. F. J. Org. 

Chem., 1984, 49, 2676-2681. b) Sarneski, J. E.; Surprenant, H. L.; Molen, F. K.; Reilley, C. 

N., Analytical Chemistry, 1975, 47, 2116-2124. 

[44] Kumar, V.; Sharma, U.; Verma, P. K.; Kumar, N.; Singh, B. Adv. Synth. Catal., 2012, 

354, 870-878. 

[45] Ackermann, L.; Spatz, J. H.; Gschrei, R. B.; Althammer, A. Angew. Chem. Int. Ed., 

2006, 45, 7627-7630 

[46] Fors, B. P. ; Watson, D. A. ; Biscoe, M. R. ; Buchwald, S. L. J. Am. Chem. Soc., 2008, 

130, 13552-13554. 

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013



                                                                                                                                                   

[47] Bennet, A. J. ; Slebocka-Tilk, H.; Brown, R. S.; Guthrie P.; Jodhan, A. J. Am. Chem. 

Soc., 1990, 112, 8497-8506. 

[48] Liu, K.; Wu, Q.; Gao, W., Mu, Y.; Ye, L. Eur. J. Inorg. Chem., 2011, 1901-1909. 

[49] Rieche, A. et al. Zeitschrift für Chemie, 1964, 4, 177- 180. 

[50] Saidi, O.; Lynch, J.; Williams, J. M. J.; Bamford, M. J.; Watson, R. J.; Blacker, A. J.; 

Marsden, S. P.; Plucinski, P. Tetrahedron Lett., 2010, 51, 5804-5806. 

[51] Cohen, T.; Onopchenko, A. J. Org. Chem., 1983, 48, 4531-4537. 

[52] Wei, Y.; Sastry, G. N.; Zipse, H. J. Am. Chem. Soc., 2008, 130, 3473-3477. 

[53] Behrman, E. J.; Behrman, D. M. J. Org. Chem., 1978, 43, 4551-4552. 

[54] Fedtke, M.; Gernhardt, M. J. Prakt. Chem., 1965, 29, 259-270. 

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2013


