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Procedure	
  
 
A. Ethyl (E)-3-(2-acetamido-4-methylphenyl)acrylate. A 500-mL, two-necked, 
round-bottomed flask is equipped with a 2.5 cm rod-shaped, Teflon-coated 
magnetic stirring bar, rubber septum, reflux condenser and nitrogen inlet 
and outlet at the top of the reflux condenser. The flask is flushed with 
nitrogen (Note 1) and charged with N-m-tolylacetamide (5.00 g, 33.5 mmol), 
[RuCl2(p-cymene)]2 (513 mg, 0.84 mmol, 2.5 mol %), KPF6 (1.233 g, 6.70 
mmol, 20.0 mol %), Cu(OAc)2·H2O (6.690 g, 33.5 mmol, 1.0 equiv), (Note 2) 
and H2O (100 mL) (Note 3). The reaction mixture is stirred for 10 min at 
ambient temperature, then ethyl acrylate (3.39 g, 3.6 mL, 33.86 mmol, 1.0 
equiv) is added via syringe in one portion, and the rubber septum is 
changed to a glass stopper. After stirring for additional 15 min at ambient  
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Experimental Set-up 

 
temperature, the reaction mixture is vigorously stirred and heated in an oil 
bath (105 °C) (Notes 4 and 5). After 16 h of stirring at 105 °C, a second 
portion of ethyl acrylate (1.70 g, 1.8 mL, 16.95 mmol, 0.5 equiv) is added, 
and the mixture is stirred at 105 °C for an additional 10 h. After cooling to 
ambient temperature, the reaction mixture is dissolved in EtOAc (250 mL) 
and transferred to a 1-L Erlenmeyer flask. Saturated aqueous NH4Cl and 
25% aqueous NH3 solutions (120 mL each) (Note 6) are added, the resulting 
mixture is vigorously stirred for 10 min with a 6 cm egg-shaped, Teflon-
coated magnetic stirring bar and then transferred to a 1-L separatory funnel. 
The aqueous phase is extracted with EtOAc (2 × 150 mL). The combined 
organic phases are washed with brine (100 mL), dried over anhydrous 
MgSO4 (80 g) for 30 min under stirring, and filtered. The solvent is removed 
from the filtrate under water-aspirator vacuum at 40 °C (20 mmHg). The 
residue (8.57 g) is purified by column chromatography on silica gel (Note 7) 
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to furnish 6.68–6.73 g (81%, potency corrected) of ethyl (E)-3-(2-acetamido-4-
methylphenyl)acrylate as a colorless solid (Note 8) with a purity ≥98%, as 
determined by quantitative 1H NMR spectroscopy and GC analysis (Note 9 
and 10). 
 
 
Notes	
  
 
1. This operation is performed by opening the nitrogen inlet from the 

condenser and flushing the vessel for 10 minutes.  
2. N-m-Tolylacetamide, [RuCl2(p-cymene)]2, Cu(OAc)2·H2O, and ethyl 

acrylate are obtained from Sigma-Aldrich, (97–98% purity). KPF6 is also 
obtained from Sigma-Aldrich and used as received. The N-m-
tolyacetamide should be ground with a mortar and pestle if it is 
supplied as a hardened solid. 

3. Water is distilled in a stream of nitrogen prior to its use. 
4. The initially deep-green color of the reaction mixture is changed to red-

brown after 30 min heating, and subsequently becomes dark after 
additional 2 h of heating. Heating was performed using an Al block 
heater in place of an oil bath. 

5. The consumption of N-m-tolylacetamide is monitored by GC-MS. Small 
aliquots were withdrawn, worked-up by following the extraction 
procedures to the final EtOAc extraction, and then studied by a coupled 
gas chromatography/mass spectrometry instrument 7890A GC-System 
with mass detector 5975C (Triplex-Axis-Detector) from Agilent 
Technologies equipped with HP-5MS column (30 m × 0.25 mm, film 
0.25 µm). Retention time tret = 4.65 min with helium flowrate of 3 
mL/min, temperature profile T = 70 °C/1 min, then 70–150 °C/2.7 min, 
then 150 °C/1 min, then 150–250 °C/2.9 min, then 250 °C/3 min. The 
final conversion of the limiting substrate is 95–100%. 

6. Technical grade NH4Cl and aqueous NH3 solutions are obtained from 
Teknova and SAFC respectively. 

7. The residue is dissolved in CH2Cl2 (60 mL) and then charged onto a 
column (7 × 20 cm, 300 g of silica gel). The column is eluted with n-
hexane/EtOAc/CH2Cl2 2:2:1 (5 L) collecting the 200-mL fractions that 
contain material with Rf = 0.22. A total of eighteen 200-mL portions 
were collected, and the product was identified to be present in fractions 
8 through 16. 
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8. Ethyl (E)-3-(2-acetamido-4-methylphenyl)acrylate has the following 
physicochemical and spectroscopic properties: mp = 155−156 °C; Rf = 
0.06 (n-hexane/EtOAc 3:1); 1H NMR (400 MHz, CDCl3) δ: 1.32 (t, 
J=7.1 Hz, 3 H), 2.22 (s, 3 H), 2.34 (s, 3 H), 4.24 (q, J=7.0, 2 H), 6.34 (d, 
J=15.9 Hz, 1 H), 7.00 (d, J=7.63 Hz, 1 H), 7.44 (d, J=7.8 Hz, 2 H), 7.54 (br 
s, 1 H), 7.77 (d, J=15.9 Hz, 1 H); 13C NMR (100 MHz, CDCl3) δ: 14.3, 21.3, 
21.4, 23.7, 60.5, 118.6, 125.6, 126.5, 126.6, 127.0, 136.1, 139.1, 141.2, 167.1, 
169.7; IR (neat): 3225, 1711, 1661, 1635, 1610, 1537, 1492, 1164, 983, 813 
cm-1; MS m/z [M]+: 247, 204, 160, 132, 117. HRMS [M + H+] calcd for 
C14H18NO3: 248.12812, found: 248.12787; [M + Na+] calcd for 
C14H17NNaO3: 270.11006, found: 270.10978  

9. The analysis is performed applying coupled gas chromatography/mass 
spectrometry instrument 7890A GC-System with mass detector 5975C 
(Triplex-Axis-Detector) from Agilent Technologies equipped with HP-
5MS column (30 m × 0.25 mm, film 0.25 µm). Retention time tret = 7.41 
min with 3 mL·min–1 of He, temperature profile T = 70 °C/1 min, then 
70–150 °C/2.7 min, then 150 °C/1 min, then 150–250 °C/2.9 min, then 
250 °C/3 min, then 250–290 °C/1 min.  

10. Quantitative 1H NMR was performed on each sample using benzyl 
benzoate (Sigma-Aldrich, part number 55177) as an internal standard.  
Analysis of each sample was performed in duplicate. Isolated products 
from the two replicates analyzed as 99.7 wt% and 98.8 wt%, 
respectively. 

 
 
Working	
  with	
  Hazardous	
  Chemicals	
  
 

The procedures in Organic Syntheses are intended for use only by 
persons with proper training in experimental organic chemistry. All 
hazardous materials should be handled using the standard procedures for 
work with chemicals described in references such as "Prudent Practices in 
the Laboratory" (The National Academies Press, Washington, D.C., 2011; 
the full text can be accessed free of charge at 
http://www.nap.edu/catalog.php?record_id=12654).  All chemical waste 
should be disposed of in accordance with local regulations. For general 
guidelines for the management of chemical waste, see Chapter 8 of Prudent 
Practices.  
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In some articles in Organic Syntheses, chemical-specific hazards are 
highlighted in red “Caution Notes” within a procedure. It is important to 
recognize that the absence of a caution note does not imply that no 
significant hazards are associated with the chemicals involved in that 
procedure. Prior to performing a reaction, a thorough risk assessment 
should be carried out that includes a review of the potential hazards 
associated with each chemical and experimental operation on the scale that 
is planned for the procedure.  Guidelines for carrying out a risk assessment 
and for analyzing the hazards associated with chemicals can be found in 
Chapter 4 of Prudent Practices. 

The procedures described in Organic Syntheses are provided as 
published and are conducted at one's own risk. Organic Syntheses, Inc., its 
Editors, and its Board of Directors do not warrant or guarantee the safety of 
individuals using these procedures and hereby disclaim any liability for any 
injuries or damages claimed to have resulted from or related in any way to 
the procedures herein. 
 
 
Discussion	
  
 

Conventional palladium-catalyzed2 cross-coupling reactions have 
matured to being among the most reliable tools for the formation of Csp2–
Csp2 bonds for the preparation of styrene derivatives, which present useful 
intermediates in synthetic organic chemistry. Based on the pioneering 
studies by Mizoroki3a and by Heck,3b regioselective syntheses of styrenes4 – 
including naturally occurring products5 – have predominantly exploited 
palladium catalysts for reactions between prefunctionalized aryl 
(pseudo)halides and alkenes (Figure 1a).6 

 

 
 

(a) Mizoroki-Heck reaction

(b) C–H/C–H bond functionalization
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Figure 1. Strategies for transition metal-catalyzed styrene syntheses
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Despite its remarkable importance and the thus achieved considerable 
advances in organic synthesis, the Mizoroki-Heck reaction is unfortunately 
accompanied by the formation of stoichiometric amounts of potentially 
hazardous halide salts which can cause a significant environmental 
pollution. For this reason, recent research interest has shifted towards the 
development of more environmentally-friendly halide-free alkenylations. In 
1967, Fujiwara and Moritani thus reported the first example of catalyzed 
direct oxidative coupling of arenes with styrene through a twofold C–H 
bond activation approach, wherein the C–H bond of the alkene was 
replaced with the aromatic moiety in the presence of a palladium catalyst.7 
This approach is not only advantageous with respect to the overall 
minimization of by-product formation (atom-economy),8a,b but also enables 
a streamlining of organic syntheses by significantly reducing the overall 
number of required reaction steps (step-economy).8c As a consequence, a 
plethora of synthetically useful protocols for palladium-catalyzed direct 
oxidative couplings between arenes and alkenes (Figure 1b) was elaborated 
during the last decade.9 Furthermore, relatively expensive rhodium 
catalysts were also developed for oxidative alkenylations in recent years.10,11 
Conversely, fourteen times less expensive12 ruthenium13 complexes have 
only recently been exploited as catalysts for direct C–H bond alkenylations 
on arenes.14  
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Scheme 1. Ruthenium(II)-catalyzed oxidative alkenylation/aza(oxa)-Michael 
                    reaction sequence with benzanilides and benzoic acids 116
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Recent years have witnessed a tremendous development in direct 
olefinations through twofold C–H bond functionalization of arenes and 
heteroarenes with readily accessible, selective, and rather inexpensive 
ruthenium catalysts.15 Thus, oxidative alkenylations of arenes with electron-
withdrawing coordinating substituents proved viable with ruthenium(II) 
complexes. For instance, ruthenium(II)-catalyzed oxidative alkenylations of 
benzanilides and benzoic acids 1 with acrylates or acrylonitriles 2 delivered 
bicycles 3 through intermolecular oxidative alkenylation and subsequent 
intramolecular aza- or oxa-Michael addition (Scheme 1).16 Importantly, 
benzoic acids underwent this transformation with water as an 
environmentally benign, nontoxic reaction medium.17 

Two-fold C–H bond functionalizations with N,N-dialkylbenzamides 
and their derivatives were, on the contrary, accomplished by Satoh, Miura 
and co-workers utilizing [Ru(p-cymene)Cl2]2 as the catalyst, along with 
AgSbF6 as the additive (Scheme 2a).18 Notably, the reaction did not proceed 
in the absence of the silver salt. In independent studies, our research group 
simultaneously found that the use of less expensive KPF6 instead of AgSbF6 
as the co-catalytic additive enabled the twofold C–H bond 
functionalizations of N-monoalkylated aromatic amides with ample scope 
and comparable efficacy in water as the reaction media (Scheme 2b).19 
Alternatively, ruthenium-catalyzed C–H bond olefination of benzamides 
can be realized applying pre-functionalized starting materials bearing an 
internal oxidizing directing group, such as found in N-methoxybenzamides. 
Their ruthenium-catalyzed C–H bond alkenylations afforded olefinated N–
H-free benzamides 6 in MeOH as the solvent (Scheme 2c).20 
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Reaction conditions: aAlkene (2 equiv), [RuCl 2(p-cymene)]2 (5.2 mol%), AgSbF 6 (20 mol%), 
Cu(OAc)2·H2O (2 equiv), t-AmOH, 100 °C, 4 h.18a bAlkene (1.5 equiv), [RuCl2(p-cymene)]2 (2.5–
5.0 mol%), KPF 6 (10– 20 mol%), Cu(OAc) 2·H2O (1 equiv), H2O, 100 ° C, 20 h. 19 cAlkene 
(1.8 equiv), [RuCl 2(p-cymene)]2 (5.0 mol%), NaOAc (30 mol%), MeOH, 60 ° C, 4– 24 h. 20a 
d[RuCl2(p-cymene)]2 (3– 5 mol%), AgSbF 6 (20– 40 mol%), Cu(OAc) 2·H2O (30 mol%), DCE, air, 
100 °C, 12–16 h.21 e[RuCl2(p-cymene)]2 (2–3 mol %), AgSbF6 (10–20 mol%), Cu(OAc)2·H2O (25–
50 mol%), DCE, air, 100–110 °C, 12–16 h.22 *Reaction in tert-butanol.

Scheme 2. Ruthenium(II)-catalyzed oxidative alkenylations with 
                    electron-withdrawing coordinating substituents
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In contrast to these chelation-assisted alkenylations of benzamides, 
analogous ruthenium-catalyzed oxidative functionalizations of readily 
available, yet only weakly coordinating esters have until recent proven 
elusive. Yet, the research groups of Ackermann21a and Jeganmohan21b 
independently disclosed reaction conditions for versatile oxidative direct 
functionalization of diversely decorated esters 7 (Scheme 2d). Notably, the 
catalytic system consisting of [RuCl2(p-cymene)]2, AgSbF6 and 
Cu(OAc)2·H2O was also found to be effective for alkenylations of phenones 
(Scheme 2e)22a and substituted benzaldehydes (Scheme 2f).22b Indeed, a 
ruthenium-catalyzed C–H bond functionalization of aromatic ketones 
provided alkenylated products 8 in 75–89% and 55–62% yield, when using 
substituted acrylates and styrenes, respectively, while alkenylated 
benzaldehydes 9 were obtained in slightly lower isolated yields. 
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Conditions A: [RuCl2(p-cymene)]2 (5.0 mol%), KPF6 (20 mol%), Cu(OAc)2·H2O (1 equiv), H2O, 
120 °C, 20 h.19 Conditions B: [RuCl2(p-cymene)]2 (2.5 mol%), AgSbF6 (10 mol%), Cu(OAc)2·H2O 
(30 mol%), DME, 110 °C, 24 h.23

Scheme 3. Ruthenium(II)-catalyzed oxidative alkenylations with electron- 
                    donating coordinating substituents
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Until recently, ruthenium-catalyzed oxidative alkenylations through 
twofold C–H bond functionalizations have proven to be limited to 
(hetero)arenes bearing electron-withdrawing groups (vide supra). 
Challenging oxidative olefinations with electron-rich arenes 10a, on the 
contrary, were elaborated very recently with [RuCl2(p-cymene)]2, KPF6 and 
Cu(OAc)2·H2O as the catalytic system in water as the reaction medium 
(Scheme 3).19 Moreover, a cationic ruthenium (II) catalyst derived from 
[RuCl2(p-cymene)]2 and AgSbF6 enabled highly efficient oxidative 
alkenylations of electron-rich aryl carbamates with weakly coordinating and 
removable directing groups.23 These catalytic conditions allowed for highly 
productive cross-dehydrogenative C–H bond functionalizations of 10b in a 
highly chemo-, diastereo- and site-selective fashion, affording diversely 
decorated phenol derivatives 12 (Scheme 3).23 

Moreover, ruthenium-catalyzed oxidative alkenylations of arenes N-
arylpyrazoles 13, 2-aryl-1H-imidazoles, 2-aryl-1H-benzo[d]imidazoles, 2-
arylbenzo[d]thiazoles 14 and 2-aryl-4,5-dihydrooxazoles 15 (Figure 2a) with 
heterocyclic directing groups have recently been reported by Dixneuf and 
coworkers24 as well as Satoh, Miura and coworkers.16a,18 Hence, substrates 13 
were directly alkenylated with acrylates and acrylamides 2 employing 
[RuCl2(p-cymene)]2/Cu(OAc)2·H2O or [Ru(OAc)2(p-cymene)]/Cu(OAc)2· 
H2O as the catalysts.15 
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Figure 2. Ruthenium(II)-catalyzed oxidative alkenylations of (a) substrates        
                 bearing heterocyclic directing groups and (b) heteroarenes.
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Ruthenium catalysts for oxidative C–H/C–H alkenylation reactions of 
heteroarenes have hitherto been less explored as compared to palladium- or 
rhodium-catalyzed analogous transformations. Yet, ruthenium-catalyzed 
alkenylations of furan-, thiophene-, 1-methyl-1H-pyrrole-, benzo[b]-
thiophene-, benzofuran- or 1-methyl-1H-indole-2-carboxylic acids 16, 2-
carboxamides 17 and 3-alkoxycarbonyls 18 (Figure 2b) were achieved 
recently.19,20,21,22b,25 

In summary, ruthenium(II) complexes allowed for challenging direct 
double C–H/C–H bond alkenylations of arenes with ample scope. 
Considering the practical importance of atom- and step-economical C–H 
bond alkenylations for natural product synthesis, drug discovery and crop 
protection, along with the unique features of the robust and selective 
ruthenium catalysts, significant further progress is expected in this rapidly 
evolving research area. 
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Ethyl (E)-3-(2-Acetamido-4-methylphenyl)acrylate: 2-Propenoic acid, 3-[2-

(acetylamino)-4-methylphenyl]-, ethyl ester, (2E); (1355020-48-2) 
N-m-Tolylacetamide: m-Methyl-acetanilide (537-92-8) 

[RuCl2(p-cymene)]2  (52462-29-0) 
KPF6: Potassium hexafluorophosphate; (17084-13-8) 

Cu(OAc)2·H2O: Copper(II) acetate monohydrate; (6046-93-1) 
Ethyl acrylate: Ethyl propenoate; (140-88-5) 
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