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ABSTRACT 

A tandem isomerization / C-H activation of allylic alcohols was performed using a catalytic amount of RuCl2(PPh3)3. A 
variety of ortho alkylated ketones have been obtained in excellent yields. This tandem process relies on an in situ 
generation of a carbonyl functional group that directs the ortho C-H bond activation.  

The search for the most atom-economical ways1 to 
form C-C bonds is a matter of increasing importance 
among industrial and academic research groups.2 One 
way to achieve clean, cheap and atom-economical 
processes is to use “low energy” starting materials. For 
example, the functionalization of a C-H bond rather than 
a C-X bond is a highly desirable alternative. Hence, the 
functionalization of C-H bonds has attracted much 
attention in organic chemistry. In 1993, Murai reported a 
highly efficient ruthenium-catalyzed coupling reaction of 
aromatic C-H bonds with olefins.3 The key feature of this 
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Sonoda, M.; Chatani, N. Nature 1993, 366, 529-531. (b) For a review, 
see: Kakiuchi, F.; Murai, S. Acc. Chem. Res. 2002, 35, 826-834. (c) 

reaction is the assistance by chelation. The reaction is 
generally applicable, and a variety of coordinating groups 
containing N or O can be used.4 

A variety of Ru complexes, such as  RuH2(CO)(PPh3)3, 
Ru(CO)2(PPh3)3, Ru(CO)3(PPh3)2, RuH2(PPh3)4, Ru3 
(CO)12, and RuH2(H2)(CO)(PCy3)2, have been used in 
aromatic C-H activation.4 These complexes show very 
high selectivity and reactivity. On the other hand, they are 
expensive, and some of them, in particular the hydrides, 

                                                                                          
Murai, S.; Kakiuchi, F.; Sekine, S.; Tanaka, Y.; Kamatani, A.; Sonoda, 
M.; Chatani, N. Pure App. Chem. 1994, 66, 1527-1534. 

(4) For reviews using Ru complexes, see: (a) Park, Y. J.; Jun, C.-H. 
Bull. Korean Chem. Soc. 2005, 26, 871-877.  (b) Kakiuchi, F.; Chatani, 
N. Adv. Synth. Catal. 2003, 345, 1077-1101. (c) Ritleng, V.; Sirlin, C.; 
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Soc. Rev. 2007, 36, 1173–1193. (j) Bergman, R. G. Nature 2007, 446, 
391–393. (k) Campeau, L.-C.; Stuart, D. R.; Fagnou, K. Aldrichim. Acta 
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are sensitive to moisture and oxygen. Recently, ruthenium 
complex [Ru(p-cym)Cl2]2 (1a) (p-cym = h6-p-cymene). 
has been used, from which the active Ru dihydride was 
generated in situ, and excellent reactivity was obtained.5 
Furthermore, 1a is stable and one of the cheapest Ru 
complexes available. Activations of aromatic C-H bonds 
not involving chelation have also been reported, but these 
are less selective, giving mixtures of regioisomers.4c,6 On 
the other hand, from a synthetic point of view, the 
introduction of the directing group may increase the 
number of synthetic steps, and thus limit the scope of the 
transformation.  

 
Scheme 1. Tandem Ru-catalyzed (a) isomerization / aldol 
reaction, and (b) isomerization / C-H activation in one pot. 
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We have recently developed a very efficient one-pot 
Ru-catalyzed isomerization/aldol reaction of allylic 
alcohols (Scheme 1a). Ru enolates are key intermediates 
in this transformation.7 In the absence of the electrophile, 
the Ru-enolate intermediate is converted into the 
corresponding ketone (Scheme 1b). We envisioned that 
the transformation of allylic alcohols into ketones could 
broaden the scope of the aromatic C-H activation 
processes, since the in situ generated carbonyl functional 
group could assist the cleavage of the ortho C-H bond by 
chelation. Ideally, both processes could be catalyzed by 
the same Ru complex. In this way, molecular complexity 
would be achieved in very few steps starting from 
commercially available aldehydes. In this article, we 
report a tandem isomerization of allylic alcohols followed 
by ortho C-H bond activation directed by the in situ 
formed carbonyl group using stable ruthenium precursors. 
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In a systematic study, we found that a number of 
commercially available Ru complexes efficiently catalyze 
both the isomerization and the C-H activation (Table 1). 
We also observed that the isomerization occurs within 
minutes.  

 
Table 1. Catalyst and Additives Screening. 
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entry catalyst additives 

(mol %) 
time 
(h) 

3a+4a 
(%)a 

1 RuH2CO(PPh3)3 
(1b) 

- 2 >99 
(92/8) 

2 RuH2(PPh3)4 (1c) - 2 86 
(93/7) 

3 [Ru(p-cym)Cl2]2 
(1a) 

HCO2Na (30)/ 
 PPh3 (15) 

2 >99 
 (62/38) 

4 RuCl2(PPh3)3 (1d) HCO2Na (30) 2 >99 
(67/33) 

5 1d - 2 - b 
6 1d Na2CO3 (30) 12 49 

(96/4) 
7 1d tBuOK (7) 12 - c 
8 1a Na2CO3 (30)/ PPh3 

(15) 
12 90 

(83/17) 
9 1a Na2CO3 (30)/ iPrOH 

(30)/ 
PPh3 (15) 

12 >99 
 

(80/20) 
10 1d Na2CO3 (30)/ iPrOH 

(30) 
6 100 

(83/17) 
11 1d HCO2Na (30)/ 

P(p-MeOC6H4)3 (7) 2 >99 
(67/33) 

12 1d HCO2Na (30)/PtBu3 
(7) 2 

>99 
(40/60) 

 
aYield measured by 1H NMR (3a+4a); in parenthesis, 3a:4a ratio. 

bPropiophenone (5a) was produced in 100%  yield. cComplex reaction 
mixture. 
 

Thus, starting from allylic alcohol 2a, RuH2CO(PPh3)3 
(1b) and RuH2(PPh3)4 (1c) both yielded the product (a 
mixture of the 1:1 adduct 3a and  1:2 adduct 4a) (Table 1, 
entries 1-2) in very high yield after only 2 h. We were 
very pleased to find that Ru-Cl complexes [Ru(p-
cymene)Cl2]2 (1a) and RuCl2(PPh3)3 (1d) in the presence 
of sodium formate, HCO2Na, were even more active 
catalysts in the tandem transformation (Table 1, entries 3-
4).8 In the absence of a hydride source, complex 1d gave 
only isomerization of the allylic alcohol to produce the 
propiophenone intermediate 5a (entry 5). Since HCO2Na 
can act not only as a hydride donor, but also as a base, we 
studied the tandem transformation using other bases. With 
Na2CO3, the product could be obtained, albeit in low 
yield, after 12 h (Table 1, entry 6). tBuOK afforded 
complex mixtures (Entry 7). For 1a, however, formate 
was not a requirement (Table 1, entry 8). We then 
combined Na2CO3 as a base with iPrOH as a hydride 
                                                        

(8) Fujii, A.; Hashiguchi, S.; Uematsu, N.; Ikariya, T.; Noyori, R. J. 
Am. Chem. Soc. 1996, 118, 2521-2522.  

 



donor source. For both complexes, 1a and 1d, the reaction 
gave excellent results. However, the use of 
Na2CO3/iPrOH resulted in slightly longer reaction times 
than when formate was used (compare entries 9-10 with 
entries 3-4). 

We continued our studies with catalyst 1d since it 
could be easily prepared from cheap starting materials, 
RuCl3(H2O)n and PPh3.9 Despite the excellent results 
obtained with 1a and 1d (Table 1, entries 3-4), we 
observed that the reactions sometimes lacked  
reproducibility (>99% yield could always be obtained, 
but slightly longer reaction times, e.g., from 2 to 4 h). We 
thought that decomposition of the catalyst may occur, and 
that addition of an extra phosphine could prevent 
unwanted decomposition pathways. On the other hand, 
the phosphine can hinder the catalytic cycle by blocking 
the metal center. Furthermore, the electronic and steric 
properties of the added ligand may change the outcome of 
the reaction. Thus, we evaluated the effect of added 
phosphines (Table 1, entries 11-12 and Supporting 
Information), and it was observed that the addition of 
electron rich-phosphines, such as PtBu3 (entry 12) or P(p-
MeOC6H4)3 (entry 11) did not dramatically decrease the 
reaction time of the tandem transformation,10 but more 
importantly for us, the reactions became reproducible. On 
the other hand, electron-poor phosphines slowed the 
reaction down, and bidentate phosphines completely 
suppressed the transformation.  

With the optimal conditions established (Table 1, entry 
12), we examined the substrate scope (Table 2). The 
tandem process works very well for a variety of aromatic 
allylic alcohols (entries 1-15). The 1:1/1:2 adduct ratio 
(i.e., 3/4) can easily be improved in favor of the former by 
lowering the amount of triethoxyvinylsilane (entries 3, 6, 
8). The temperature can be lowered to 100 °C, although 
longer reaction times are needed (entry 2). More 
substituted substrates give good results (entries 14 and 
15). The allylic alcohol moiety is not a requirement for 
the tandem transformation to occur: the double bond can 
be placed more than one bond away from the carbinol 
(entry 16). We believe the double bond can migrate to the 
allylic position and then rearrange to the corresponding 
ketone. Lower catalyst loading can be used, although 
longer reaction times are required (When 2.5 mol % of 
Ru complex 1d was used, the reaction time to achieved 
100% conversion increased from 2 h to 12 h for 2a).  

 
The feasibility of the reaction was also tested using 

styrene (Scheme 2).5b In this case, the added phosphine 
had a strong influence on the outcome of the reaction, and 
good yields of a mixture of linear (6) and branched (7) 
products are obtained only upon the addition of PtBu3. 
Disubstituted product (1:2 adducts) were not detected. 

                                                        
(9) Jardine, F. H. Prog. Inorg. Chem. 1984, 31, 265-370. 
(10) Although the reaction times for the isomerization / C-H 

activation did not change much in the presence of electron rich-
phosphines, when only C-H activation from propiophenone was studied, 
the reaction time was decreased by a factor of 2. See Supporting 
Information.  

 
Table 2. Scope of the Tandem Ru-Catalyzed Isomerization / C-
H Activation / C-C Bond Formation.a 

 
entry substrate time 

(h) 
yield (3 + 4)b 3/4 (%)c 

1 OH

2a  

2 
 >99 (86) 40/60 

2d               2a 7  >99 80/20 
3e               2a 4 94 92/8 
4 OH

2b  

5 >99 (83) 84/16 

5 OH

MeO
2c

 

1 >99 (90) 70/30 

6e                 2c 4 >99 
 

84/16 

7 

2d

OH

Cl  

3 >99 (85) 60/40 

8e                  2d 6 80 95/5 
9 

2e

OH

F3C  

7 96 (76) 84/16 

10 

2f

OH
PhO

 

3 
 >99 (92) 

 
79(57:43)/ 

21 
11 

2g
O

OH

 

3 95 (80) - 

12 

2h

OH

 

3 91 (85) - 

13 

2i

OH

 

2 >99 (90) 100/0 

14 

2j

OH

 

18 91 92/8 

15 OH

Ph
2k  

24 64 (45) 100/0 

16f OH

2l  

14 90 (74) 94/6 

     
aAlcohol 2 and triethoxyvinylsilane (2 equiv) were added to a 

suspension of HCO2Na (30 mol %), 1d (5 mol %), and  PtBu3 (7 mol %) 
in toluene (0.5 mL) under a N2 atmosphere. The flask was quickly 
introduced into an oil bath at 140 °C, and stirred for the time indicated. 
The arrows indicate the position where substitution takes place. b 
Measured by 1H NMR, in parenthesis isolated yields (3+4). c Measured 
by 1H NMR. d In an oil bath at 100 °C. e1.4 equiv of triethoxyvinylsilane 
was employed. f Product 3l is identical to 3j. 
 



The isomerization of 2a-d1 under similar conditions 
was performed (Scheme 3). Careful analysis by mass 
spectroscopy indicated that a mixture of non-deuterated, 
monodeuterated and dideuterated ketones 5a had been 
produced in >95% yield.11 Traces (~ 2%) of unsaturated 
ketones were also detected by 1H NMR spectroscopy. 
Further analysis by quantitative 13C NMR spectroscopy 
helped us to estimate the ratio and the structure of the 
monodeuterated and dideuterated ketones (Scheme 3).  

 
Scheme 2. Use of styrene as the olefin. 

 
 

 
Scheme 3. Isomerization of deuterium labeled allylic alcohol. 

 
 

The deuterium distribution obtained in the 
isomerization of 2a-d1 may be explained by more than 
one mechanism. During the tandem process, the 
isomerization of 2a to ketone 5a takes place within a very 
short reaction time (<5 min). We believe that this 
isomerization is catalyzed by Ru(II) complexes (Ru 
monohydrides, dihydrides or alkoxides) (Scheme 4 and 
Supporting Information). In a Ru dihydride mechanism, 
both the O-H and a-C-H(D) hydrogen atoms of the 
allylic alcohol can be transferred to the metal yielding a 
Ru dihydride and an a,b-unsaturated ketone.12 As a result, 
the hydrogens are scrambled and lose their identity.  Ru 
monohydrides or dihydrides can also be formed by 
reaction of Ru dichloride 1d with HCO2Na.8 This latter 
pathway could account for some of the deuterium loss 
                                                        

(11) The height of the m/z peaks were corrected for the natural 13C 
content (See Supporting Information). 

(12) RuCl2(PPh3)3 reacts with isopropanol to produce the 
corresponding dihydride, see: Aranyos, A.; Gsjernyik, G.; Szabó, K. J.; 
Bäckvall, J.-E. J. Chem. Soc. Chem. Commun. 1999, 351-352. 

during the isomerization of deuterated 2a-d1. Non-
regioselective and reversible insertion of the olefins into 
the Ru-H bonds can explain the ratio of non-deuterated, 
monodeuterated and dideuterated ketones that was 
obtained in the labeling studies shown in Scheme 3.13 The 
intermediacy of Ru dihydrides has been further supported 
when RuH2(PPh3)4 was used as the catalyst (Table 1, entry 
3). A Ru(0)/Ru(II) mechanism is probably involved in the 
C-H activation.3c Ru(0) complexes can be produced by 
reaction of Ru(II) dihydrides with a hydride acceptor. We 
did not detect formation of alcohol by-products in the 1H 
NMR spectra of the crude reaction mixtures.14 Therefore, 
we propose that triethoxyvinyl silane, which is used in 
excess, can also act as hydride acceptor and mediate the 
reduction of Ru(II) to Ru(0) (Scheme 4).15,16 

 
Scheme 4. Proposed mechanism. 

 
 

In conclusion, we have described a general tandem 
isomerization of allylic alcohols/C-H activation catalyzed 
by the stable RuCl2(PPh3)3 complex. The tandem process 
affords the products in excellent yields in very short 
reaction times. Moreover, allylic alcohol can be produced 
in situ by migration of a double bond placed more than 
one bond away from the carbinol. The catalytically active 
Ru hydride intermediates are generated under the reaction 
conditions allowing the use of stable ruthenium 
precursors.  
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