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Abstract 

 

The recent development of ruthenium olefin metathesis catalysts, which show high 

activity and functional group tolerance, has expanded the scope of olefin metathesis. To 

improve efficiency of the ruthenium-catalyzed olefin metathesis, this dissertation describes: 

(1) mechanistic study to understand decomposition pathways of ruthenium olefin metathesis 

catalysts for the development of more stable and efficient catalysts, (2) a method to prevent 

an undesirable side reaction for the improvement of selectivity of ruthenium-catalyzed olefin 

metathesis, and (3) a novel ruthenium catalyst to increase olefin metathesis efficiency in 

aqueous media for potential biological applications and environmentally friendly approaches 

to this chemistry. 

Chapter 2 describes the first well-characterized decomposition products, dinuclear 

ruthenium hydride complex and methylphosphonium salt, from an N-heterocyclic carbene-

based ruthenium catalyst under typical metathesis conditions. In Chapter 3, the 

decomposition study was expanded to other widely used ruthenium olefin metathesis 

catalysts. Phosphine-involvement in the decomposition was consistently observed whether or 

not an olefin was present. The presence of other decomposition modes for phosphine-free 

ruthenium catalysts was also described. Chapter 4 addresses another decomposition pathway 

of an N,N’-diphenylbenzimidazol-2-ylidene-based catalyst via C H activation. Chapter 6 

describes the development of a novel poly(ethylene glycol)-supported water-soluble catalyst, 

which is active and stable in aqueous media. Chapter 7 describes an efficient, practical, and 

environmentally friendly method to remove residual ruthenium-containing byproducts by 

simple aqueous workup from olefin metathesis products using the poly(ethylene glycol)-

supported catalyst. 
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Chapter 1 

 

Introduction 

 

 Olefin metathesis is a powerful carbon-carbon bond formation reaction in both 

polymer and small molecule synthesis.
1,2

 This reaction is a unique process of carbon-carbon 

double bond rearrangement mediated by transition-metal catalysts. This reaction has an 

enormous variety of applications, including ring-closing metathesis (RCM), cross metathesis 

(CM), acyclic diene metathesis polymerization (ADMET), ring-opening metathesis 

polymerization (ROMP), and ring-opening cross metathesis (ROCM) (Figure 1). The 

generally accepted mechanism, originally proposed by Chauvin in 1971, involves the 

formation and subsequent cleavage of a metallacyclobutane intermediate (Scheme 1).
3
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Figure 1. Olefin metathesis reactions. 
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Olefin metathesis was discovered in the mid-1950s independently by workers at 

DuPont, Standard Oil of Indiana, and Phillips Petroleum as a reaction catalyzed either homo- 

or heterogeneously usually by multicomponent systems that consisted of early transition 

metal salts and alkylating agents.
4
 In 1966, the Triolefin Process, conversion of propene to 

ethylene and butanes, was commercialized, but later discontinued by other less expensive 

processes.
4
  

However, there were only a few advances made in catalyst design until the isolation 

of the first well-defined metal carbene complexes in the late 1970s. In particular, the 

titanium-based “Tebbe” complex 1 provided many of the mechanism insights on olefin 

metathesis.
5
 Schrock introduced tungsten and molybdenum alkylidene catalysts that opened a 

new era of olefin metathesis.
6-8

 A variety of Mo and W catalysts 2 were developed by 

Schrock in the late 1980s and early 1990s. These complexes enabled living ROMP reactions 

and RCM applications.
9-11
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In spite of these advances, low thermal stability and oxophilicity of early transition 

metals limited the scope of substrates in Mo- and W-catalyzed olefin metathesis. In 1992, 

Grubbs and co-workers reported the first well-defined ruthenium-carbene olefin metathesis 

catalyst.
12

 Since then, a wide variety of ruthenium-based catalysts have been developed. In 

particular, ruthenium olefin metathesis catalysts 3 6 have been used extensively due to their 

high activity and functional group tolerance. Over the last decade, the applications of 

ruthenium-based olefin metathesis catalysts have expanded to include the synthesis of 

molecules in organic, inorganic, biochemical, polymer, and materials chemistry.
13-16
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However, there are still many challenges in olefin metathesis that include catalyst 

stability, substrate specificity, stereoselectivity, enantioselectivity, use of large amount of 

solvent for RCM, metathesis in aqueous media, and residual metal removal.
17

  

This thesis describes recent approaches to solve some of these problems in ruthenium 

catalyzed olefin metathesis. The objectives of the work described in this dissertation were (1) 

to understand decomposition pathways of ruthenium olefin metathesis catalysts for the 

development of more stable and efficient catalysts, (2) to prevent an undesirable side reaction 

for the improvement of selectivity of ruthenium catalyzed olefin metathesis, and (3) to 

increase olefin metathesis efficiency in aqueous media for biological applications and 

environmentally friendly approaches to this chemistry. 



 4

Decomposition and stability of various ruthenium olefin metathesis catalysts is 

addressed in Chapters 2 4. These works were carried out in collaboration with Dr. Anatoly 

Chlenov, Dr. Anna G. Wenzel and Dr. Tina T. Salguero. Decomposition mechanisms of 

currently widely used ruthenium olefin metathesis catalysts are proposed. Chapter 5 

describes a new method for preventing an undesirable olefin isomerization during olefin 

metathesis, which was developed in collaboration with Dr. Daniel P. Sanders, and Dr. Choon 

Woo Lee of Materia. Chapter 6 focuses on the development of a poly(ethylene glycol)-

supported water-soluble catalyst which is stable and active in aqueous media. Finally, 

Chapter 7 describes a novel, efficient and environmentally friendly method to remove 

ruthenium by-products from olefin metathesis products. 
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Chapter 2 

 

Decomposition of (H2IMes)(PCy3)(Cl)2Ru=CH2, A Key Intermediate in 

Ruthenium Catalyzed Olefin Metathesis  

 

Abstract 

Dinuclear ruthenium complex with a bridging carbide and a hydride ligand, and 

methyltricyclohexylphosphonium chloride result from thermal decomposition of olefin 

metathesis catalyst, (H2IMes)(PCy3)(Cl)2Ru=CH2. Involvement of dissociated phosphine in 

the decomposition is proposed. The dinuclear complex has catalytic olefin isomerization 

activity, which can be responsible for competing isomerization processes in certain olefin 

metathesis reactions.   

 

Introduction 

Over the past decade, olefin metathesis has emerged as a powerful method for the 

formation of carbon-carbon double bonds.
1,2

 In particular, ruthenium olefin metathesis 

catalysts, such as 1 and 2, have been used extensively in organic and polymer chemistry due 

to their high activity and functional group tolerance.
3-6

  

 

                                                
 Portions of this chapter have been published: Hong, S. H.; Day, M. W.; Grubbs, R. H. J. 

Am. Chem. Soc. 2004, 126, 7414 7415. 
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Despite these advances, one of the major limiting factors for the use of ruthenium 

carbene catalysts in many reactions is the lifetime and efficiency of these catalysts. As a 

result, the ring closing of large rings requires high-dilution conditions, and the metathesis of 

highly substituted or electron-deficient olefins still requires elevated temperatures and 

extended reaction times.
7-10

 Furthermore, catalyst decomposition sometimes leads to 

unwanted side reactions, such as olefin isomerizations.
11-14 

As identified in previous work, 

the key to catalyst efficiency is the ratio of the rate of olefin metathesis relative to that of 

catalyst decomposition.
15

 Thus to rationally design a more efficient catalyst for olefin 

metathesis, it is essential to understand the decomposition pathways of existing catalysts.  

Ruthenium methylidenes such as 3 and 4 serve as critical intermediates in most 

metathesis reactions, such as ring-closing metathesis (RCM), cross-metathesis (CM), and 

acyclic diene metathesis (ADMET) reactions. However, these intermediates also rank 

amongst the least stable isolable species.
15

 A thorough understanding of methylidene 

decomposition and stability is crucial to the design of more stable catalyst systems.
15-17

 

Previous studies from our group showed that 4 decomposes by a unimolecular pathway 

similar to 3, and exhibits a longer half-life than complex 3 (5 h 40 min vs. 40 min).
15,18

 

Notably, the decomposition of 3 and 4 is not inhibited by added phosphines, while the 

decomposition of benzylidenes 1 and 2 is slower and is suppressed by the addition of 

phosphines.
17
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In spite of the information obtained from kinetic studies, it has been difficult to 

understand the decomposition pathway of the ruthenium olefin metathesis catalysts since 

there has been no report of well-characterized decomposition products generated under 

typical metathesis conditions. Fortuitously, during the synthesis of 2, we observed a 

decomposition product 5.
19

 In complex 5, the Ru center has inserted into a C H bond of one 

of the mesityl groups. It has also been observed that complexes 1 and 2 decompose into 

hydrido-carbonyl-chloride complexes 6 and 7 upon treatment with methanol.
19-22

 Diver and 

co-workers reported carbon monoxide-promoted benzylidene or methylidene insertion into a 

mesityl group of complex 2 or 4.
23

 Van Rensburg and co-workers have suggested a substrate-

induced decomposition mechanism for these catalysts based on DFT calculations involving a 

-hydride transfer from a ruthenacyclobutane intermediate.
24 However, the lack of well-

characterized decomposition products under typical metathesis conditions has limited the 

understanding of the decomposition mechanism overall. In this chapter, the first well-

characterized decomposition products of the N-heterocyclic based ruthenium olefin 

metathesis catalyst 4 in benzene is reported. 

 

Ru

PCy3

Cl

NN

CO

5

Ru

PCy3

Cl

NN

CO

Ru

PCy3

PCy3

Cl

CO

6 7

H H

 

 



 9

Results and Discussion 

Thermal decomposition of complex 4 was studied. When complex 4 was monitored at 

55 
o
C in C6D6 by 

31
P NMR spectroscopy, a new peak at 34.5 ppm was observed. This peak 

increased over time while the peak corresponding to methylidene 4 ( 38.6 ppm) decreased. 

An orange-yellow crystalline solid precipitated from the solution as decomposition 

proceeded, and it was isolated as 8 in 46% yield after 72 h. Formation of complex 8 is 

reproducible in benzene solution (Scheme 1). 

 

Scheme 1 

C6H6 
55 oC

+ CH3PCy3
+Cl-

8

RuRu C
N

N

Mes

Mes

Cl

Cl
Cl

HRu
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NN

Cl
CH2

NN
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As shown by X-ray crystallography (Figure 1), 8 is a dinuclear ruthenium compound 

with a bridging carbide between the ruthenium centers and a hydride ligand on Ru2. Also, 

6
-binding of Ru2 to one of the mesityl rings in the N-heterocyclic carbene on Ru1 is 

observed along with complete loss of phosphine ligands. The hydride ligand has a chemical 

shift of -8.6 ppm in the 
1
H NMR spectrum and was located on the electronic density map 

from crystallographic data. The location of the hydride on Ru2 was unambiguously 

confirmed by an NOE experiment, which shows an NOE between the hydride ligand and a 

proton of the 
6
-coordinated mesityl ring (Figure 2). The proton of the mesityl ring has a 

characteristic 
1
H chemical shift of 5.6 ppm which is shifted upfield by the 

6
-binding of 

Ru2.
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Figure 1. ORTEP drawing of 8 with thermal ellipsoids at 50% probability. 

 

Figure 2. NOE and 
1
H NMR spectra of 8. 
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The carbide between the ruthenium centers has a distinctive 
13

C chemical shift of 

414.0 ppm, coupled with the hydride (JHC = 10.4 Hz); this falls within the range of 

211 446.3 ppm known for other μ-carbide complexes.
25-28

 The single carbon bridge between 

two ruthenium centers is slightly bent with a Ru1 C22 Ru2 angle of 160.3(2)
o
. The 

Ru1 C22 distance in 8 is 1.698(4) Å and is slightly longer than in other reported μ-carbide 

ruthenium complex such as in (PCy3)2(Cl)2Ru C Pd(Cl)2(SMe2) (1.662(2) Å)
25

 and 

[(PPr
i
3)2(Cl)(CF3CO2)Ru CCH2Ph][BAr4] (1.660(4) Å).

29
 The Ru2 C22 distance of 

1.875(4) Å is much shorter than the usual Ru C single bonds in ruthenium complexes with 

carbide ligands that generally range from 2.00 to 2.09 Å
30-32

 such as in 

[(Me3CO)3W C Ru(CO)2(Cp)] (2.09(2) Å).
32

 Although the allylidene alternative 

[Ru=C=Ru] is possible on the basis of bond lengths, we assign the Ru1 C22 interaction as a 

triple bond and the Ru2 C22 interaction as a single bond based on the electron distribution 

on the ruthenium atoms. If considering the allylidene alternative, the Ru1 and Ru2 would be 

15- and 19-electron species, respectively. 

Characterization of the major phosphine by-product with a 
31

P chemical shift of 34.5 

ppm was also attempted. Since complex 8 has one less carbon atom than expected, we 

speculated that the phosphine by-product might be methyltricyclohexylphosphonium 

chloride, 9, or a phosphine ylide, CH2=PCy3. Upon treatment of decomposition mixture with 

pentane, we isolated the phosphine product along with some unidentified decomposed 

ruthenium species. The 
1
H, 

13
C, 

31
P NMR spectra and HRMS data of the product match 

exactly those of an independently prepared sample of the methyltricyclohexylphosphonium 

salt.
33

 The formation of 9 from complex 4 occurs even at room temperature. Light gray 
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crystals of 9 were observed with yellow-orange crystals of 4 from a saturated benzene 

solution of 4 at room temperature after two weeks under an N2 atmosphere. 

 

Scheme 2.  A proposed mechanism. 
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Based on the significant formation of 9, we propose that the decomposition of 4 

occurs mainly by attack of dissociated tricyclohexylphosphine on the methylidene of 10 

(Scheme 2). This type of phosphine attack on the carbene carbon atom of Ru-alkylidenes was 

also reported by Hofmann and co-workers.
34

 The 12-electron species 12 formed upon 

elimination of phosphine ylide 11 would bind one of the mesityl rings of 10. Through two 

chloride bridges between two ruthenium centers and HCl abstraction by 11, terminal 

alkylidyne complex 13 could be formed with generation of 9. Formation of 8 can be 
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explained by oxidative addition of the terminal alkylidyne in 13 with migration of two 

chlorides. However, none of these intermediates has been observed by NMR spectroscopy. 

Application of the steady-state approximation to 10 affords the decomposition rate 

expression (equation 1), assuming the phosphine-attacking step is rate determining. This 

expression is consistent with the independence of phosphine concentration and the first order 

kinetic observation on the decomposition of 4.
17 
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k-1 + k2

= [4]

k1[4]

k-1[PCy3] + k2[PCy3]
[10]  =
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(1)

4                                                                    10

 

 

To prevent the phosphine attack on the methylidene, hydrochloric acid was added in 

the benzene solution of 4.  The half-life of 4 in 2.5 equiv. of HCl at 55 
o
C is shorter than that 

of 4 without HCl (4 h 35 min vs. 5 h 40 min, Chart 1).  The methyltricyclohexylphosphonium 

salt 9 and complex 8 were not observed.  Instead, unidentified phosphorous peaks around 

37.8 ppm were observed.  One of these species is not HPCy3
+
Cl

-
 which has a 

31
P chemical 

shift of 22.94 ppm in C6D6 and 26.12 ppm in CD2Cl2.
35

 The presence of other 

decomposition modes expedited by HCl is suggested.   
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Chart 1. Decomposition of 4 in the presence of HCl. 

 

 

The formation of a hydride species has important implications for olefin metathesis 

processes. Olefin isomerization is one of the side-reactions observed during olefin 

metathesis.
1
 While not common, olefin isomerization can significantly alter the product 

distribution in certain metathesis reactions. Suppressing this side reaction is thus an 

important goal. There have been some reports on olefin isomerization with catalyst 2, 

although it is generally highly selective for olefin metathesis.
36,37

 We believe that this process 

is catalyzed by either a hydride decomposition species, observable by 
1
H NMR spectroscopy, 

or by impurities remaining from catalyst synthesis, as reported by Snapper and co-workers.
38

 

We have found that complex 8 catalyzes isomerization under metathesis conditions (Scheme 

3). This observation implies that decomposition of catalyst 2 via methylidene 4 could be 
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responsible for the undesirable isomerization reaction during difficult olefin metathesis 

reactions. 

 

Scheme 3 

1.5 mol %  8

CD2Cl2
40 oC, 1 d

 76 %

(trans:cis = 8:1)  

 

Conclusion 

The dinuclear ruthenium complex 8, and methyltricyclohexylphosphonium chloride
 
9 

result from thermal decomposition of olefin metathesis catalyst 4 in benzene. It is proposed 

that dissociated phosphine is involved in the decomposition of 4. In addition, complex 8 has 

catalytic olefin isomerization activity, which can be responsible for competing isomerization 

processes in certain olefin metathesis reactions.  

 

Experimental 

General considerations.  Manipulation of organometallic compounds was performed 

using standard Schlenk techniques under an atmosphere of dry argon or in a nitrogen-filled 

Vacuum Atmospheres drybox (O2 < 2 ppm). NMR spectra were recorded on a Varian Inova 

(499.85 MHz for 1H; 202.34 MHz for 31P; 125.69 MHz for 13C) or on a Varian Mercury 300 

(299.817 MHz for 1H; 121.39 MHz for 31P; 74.45 MHz for 13C). 31P NMR spectra were 

referenced using H3PO4 (  = 0 ppm) as an external standard. Elemental analyses were 

performed at Desert Analytics (Tucson, AZ). Mass spectra were recorded on JEOL JMS 
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600H spectrophotometer. GC spectra were recorded on Hewlett-Packard 5970B MSD with 

5890 GC. Benzene, benzene-d6, pentane, and methylene chloride were dried by passage 

through solvent purification columns. CD2Cl2 was dried by vacuum transfer from CaH2. All 

solvents are degassed by standard procedure. Allylbenzene was obtained from Aldrich and 

used as received. (IMesH2)(PCy3)(Cl)2Ru=CH2 was prepared according to literature 

procedure.17 

 

Decomposition of complex 4.  Complex 4 (48.3 mg, 0.06 mmol) was dissolved in 

benzene (2.7 mL) in a sealed tube. The reaction mixture was heated to 55 oC. Precipitation of 

orange-yellow crystalline solid was observed after 7 h.  After 72 h, the precipitates were 

filtered, washed with benzene and dried under vacuum to afford complex 8 (13.2 mg, 46%). 

Methyltricyclohexylphosphonium chloride 9 was obtained along with some unidentified 

decomposed ruthenium species by the addition of pentane (5 mL) to the filtered benzene 

solution. 

 

Dinuclear ruthenium complex 8.  
1
H NMR (CD2Cl2):  7.14 (s, 1H), 7.05 (s. 1H), 

7.04 (s, 1H), 6.90 (s, 3H), 5.62 (s, 1H), 5.44 (s, 1H), 4.19-4.06 (m, 2H), 3.99-3.86 (m, 6H), 

2.73 (br s, 3H), 2.46 (br s, 3H), 2.45 (s, 3H), 2.43 (s, 3H), 2.4-2.3 (br, 9H), 2.27 (s, 3H), 2.17 

(s, 3H), 1.96 (br s, 3H), 1.93 (s, 3H), 1.91 (s, 3H), -8.61 (s, 1H). 
13

C{
1
H} NMR (CD2Cl2):   

413.98, 222.73, 207.87, 141.31, 140.11, 139.64, 139.04, 138.88, 138.86, 138.71, 138.44, 

137.68, 135.13, 134.44, 133.65, 131.88, 130.60, 129.93, 129.89, 128.90, 128.68, 128.28, 

120.30, 111.99, 111.85, 104.38, 100.60, 98.20, 51.63, 51.37, 48.81, 21.40, 20.99, 20.6-20.5 

(br, m), 19.89, 19.25, 19.14, 18.53, 16.95.  Anal. Calcd for C43H53N4Cl3Ru2: C, 55.27; H, 
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5.72; N, 6.00. Found: C, 55.58; H, 5.64; N, 5.64.  HRMS analysis (FAB) m/z: Calcd [M
+
]: 

936.1424, Found: 936.1434. Crystal data for 8: C41H53N4Cl3Ru2 • 1 C6H6, M=1051.55, 

monoclinic,  space group P21/c, a = 12.4536(9) Å, b = 16.1001(11) Å, c = 19.7050(8) Å,  = 

102.7980(10)
o
, V = 4843.9(6) Å

3
, T = 100(2) K, Z = 4, (Mo-K ) = 0.828 mm

-1
, 42525 

measured reflections, 7073 reflections with I > 2 (I), final R1 = 0.0488, wR2 = 0.0797803. 

CCDC reference number 233170.
39

 

 

Methyltricyclohexylphosphonium chloride 9. 1H NMR (C6D6):  2.61 (m, 

(CHC5H10)3-PCH3
+, 3H), 2.42 (d, 3H, CH3-PCy3

+, JHP = 12.6Hz), 1.85-1.00 (m, 30H).  13C{1H} 

NMR (C6D6):  30.43 (d, (CHC5H10)3-PCH3
+, JCP = 42.6Hz), 27.11 (d, JCP = 3.1Hz), 26.47 (d, 

JCP = 12.6 Hz), 25.86, 1.5 (d, CH3-PCy3
+, JCP = 47.6Hz).  31P{1H} NMR (C6D6):  34.5 ppm.  

HRMS analysis (FAB) m/z: Calcd for C19H36P [M+]: 295.2555, found: 295.2557. 

 

Isomerization reaction of allylbenzene.  Allylbenzene (17.1 mg, 0.15 mmol) and 

complex 8 (2.0mg, 1.5 mol %) were dissolved in CD2Cl2 (0.6 mL) in an NMR tube fitted 

with a screw cap.  The resulting solution was heated to 40 
o
C and reaction was monitored by 

measuring the peak heights of allylic protons of allylbenzene and methyl protons of 1-

phenyl-1-propene by 
1
H NMR spectroscopy.  After 1 day, yield of 1-phenyl-1-propene was 

determined by GC (76%, trans:cis = 8:1). 
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Chapter 3 

 

Decomposition of Ruthenium Olefin Metathesis Catalysts 

 

Abstract 

The decomposition of a series of ruthenium metathesis catalysts has been examined 

using methylidene species as model complexes. All of the phosphine-containing methylidene 

complexes decomposed to generate methylphosphonium salts, and their decomposition 

routes followed first order kinetics. The formation of these salts in high conversion, coupled 

with the observed kinetic behavior for this reaction, suggest that the major decomposition 

pathway involves nucleophilic attack of a dissociated phosphine on the methylidene carbon. 

This mechanism also is consistent with decomposition observed in the presence of ethylene 

as a model olefin substrate. The decomposition of phosphine-free catalyst 

(H2IMes)(Cl)2Ru=CH(2-C6H4-O-i-Pr) (H2IMes = 1,3-dimesityl-4,5-dihydroimidazol-2-

ylidene) with ethylene was found to generate unidentified ruthenium hydride species. The 

novel ruthenium complex (H2IMes)(pyridine)3(Cl)2Ru, which was generated during the 

synthetic attempts to prepare the highly unstable pyridine-based methylidene complex 

(H2IMes)(pyridine)2(Cl)2Ru=CH2, is also described.  
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Introduction 

The recent development of ruthenium olefin metathesis catalysts such as 1 4, which 

show high activity and functional group tolerance, has expanded the scope of olefin 

metathesis.
1-4 

 

Ru

PCy3

PhCl

Cl

Ru

PCy3

PCy3

PhCl

Cl

1 2 43

Ru
Cl

O
Cl

Ru

N

Cl

Cl

N
Ph

N N N N N N

 

 

As we discussed in chapter 2, it is essential to understand the decomposition 

pathways of existing catalysts to develop more stable and efficient catalysts. In the previous 

chapter, we showed that methylidene complex 5 decomposed to form the dinuclear 

ruthenium hydride complex 6 and methyltricyclohexylphosphonium chloride (7) (Scheme 

1).
5
 Based on the observation of 6 and 7 and the results of kinetic experiments, we proposed 

that complex 5 decomposes via nucleophilic attack of a dissociated phosphine on the 

methylidene carbon (Scheme 2). This decomposition study has now been expanded to 

include other ruthenium-based olefin metathesis catalysts, including the phosphine-free 

catalysts 3 and 4.  
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Scheme 1. Decomposition of the methylidene complex 5. 
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Scheme 2. Proposed decomposition mechanism. 
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Results and Discussion 

Decomposition of phosphine-based catalysts. Catalyst decomposition rates were 

determined with 
1
H NMR spectroscopy by following the diminution of the ruthenium 
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methylidene resonance integral over time.
6
 Recrystallization and spectroscopic methods were 

used to identify and characterize decomposition products. All of the tested methylidene 

complexes of phosphine-based ruthenium catalysts decomposed to generate 

methyltricylohexylphosphonium salts as the major phosphine species (Table 1). In our 

previous report, we were not able to conclusively identify the phosphine product from the 

decomposition of complex 13. In this case, the phosphine activation was proposed based on 

the 
2
H-NMR study with (PCy3)2Cl2Ru=CD2 (13-d2).

6
 Here, the product was characterized 

successfully as CH3PCy3
+
Cl

-
 (7) by comparison with an independently prepared sample of 

the salt (
1
H, 

13
C, and HRMS). The 

2
H peak observed at ~2.5 ppm during the decomposition 

of 13-d2 originates from the methyl protons of CD3PCy3
+
Cl

-
 (7-d3).  

The conversions to the phosphine products CH3PCy3
+
X

-
 were determined by 

comparing the 
1
H NMR integration of the -proton in the cyclohexyl rings of the 

phosphonium salts with an internal standard (anthracene). The conversions were high, 81%  

85%, for (PCy3)2Cl2Ru=CH2 (13), (PCy3)2Br2Ru=CH2 (14), and (H2IPr)(PCy3)Cl2Ru=CH2 

(17) (Table 1, entries 1, 2, and 5) (H2IPr = 1,3-bis(2,6-diisopropylphenyl)-4,5-

dihydroimidazol-2-ylidene). For (H2IMes)(PCy3)Cl2Ru=CH2 (5) and 

(H2IMes)(PCy3)Br2Ru=CH2 (16)  (entries 3 and 4) (H2IMes = 1,3-dimesityl-4,5-

dihydroimidazol-2-ylidene), the conversions could not be determined because of peak 

overlap, although 
31

P NMR spectra indicate methyltricyclohexylphosphonium salts are the 

major phosphine-containing products. These observed conversions strongly suggest that 

phosphine is involved in the major decomposition pathway for the ruthenium methylidene  

complexes listed in Table 1. 
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Table 1. Decomposition of ruthenium methylidene complexes
a
 

Entry Methylidenes Half-Life 
kdecomp  

(s
-1

) 

Decomposition 

Products 

(Conversion)
b 

1 
Ru

PCy3

PCy3

CH2
Cl

Cl
 

13 

40 min 0.016 CH3PCy3
+
Cl

- 
(82%) 

2 
Ru

PCy3

PCy3

CH2
Br

Br
 

14 

35 min 0.018 
CH3PCy3

+
Br

-
  

(15, 85%) 

3 Ru

PCy3

CH2
Cl

Cl

N N

 

5 

5 h 40 min 0.0021 
6 (46%)

c
 

CH3PCy3
+
Cl

- d 

4 Ru

PCy3

CH2
Br

Br

N N

 

16 

5 h 15 min 0.0024 CH3PCy3
+
Br

- d 

5 Ru
Cl

NN

Cl

CH2

PCy3  

17 

1 h 0.011 
CH3PCy3

+
Cl

- 
(81%) 

H2IPrH
+
Cl

- e 

a Conditions: 0.023M, C6D6, 55 oC, anthracene as an internal standard.  b Determined by 1H 
NMR spectroscopy. c Isolated yield. d Conversions could not be determined. e H2IPr = 1,3-
bis(2,6-diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene. 
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The decompositions of phosphine-based ruthenium methylidene complexes were 

found to follow first-order kinetics; the decomposition rates were not affected by the addition 

of excess phosphine.
5-7

 As anticipated, catalysts containing an N-heterocyclic carbene ligand 

had increased lifetimes compared with bis(phosphine)-based catalysts.
5,8,9

 Changing the 

chloride ligands to bromides was found to only slightly decrease the catalyst lifetimes. 

Attempts to replace the chloride ligands with iodides were unsuccessful, presumably due to 

even more rapid decomposition.
7
  

 

Scheme 3. Phosphine dissociation and attack mechanism. 
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Complexes bearing H2IPr ligands, such as 17, are known to initiate very quickly in 

olefin metathesis reactions because of the steric bulk of the N-heterocyclic carbene 

ligand.
10,11

 However, methylidene complex 17 is much less stable than the H2IMes 

derivatives 5 and 16 (entries 3 and 4). The phosphine ligand of 17 dissociates faster than the 

phosphine of 5 or 16, which increases the concentration of free phosphine and thus 
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accelerates phosphine attack on the methylidene carbon.
12

 This result indicates that a 

mechanism involving phosphine dissociation and attack (Scheme 3) is more reasonable than 

a mechanism involving the internal attack of phosphine (Scheme 4).  

 

Scheme 4. Internal phosphine attack mechanism. 
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It was difficult to experimentally distinguish these two possible mechanisms, as both 

kinetic expressions are identical and consistent with the lack of rate dependence on 

phosphine concentration and the first-order kinetic behavior that was observed (equation 1
13

 

for the mechanism in Scheme 3 and equation 2 for the mechanism in Scheme 4). 

Experiments, such as the addition of more nucleophilic phosphines like trimethylphosphine, 

were unsuccessful presumably due to the phosphine-exchange nature of ruthenium 

methylidenes.
14

 However, if decomposition occurs via the internal attack of phosphine onto 

the methylidene carbon, the decomposition rates of complex 5, 16, and 17 should not be so 

much different considering similar electronic properties between H2IMes and H2IPr 
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ligands.
15

 Because it is not, we favor the mechanism involving the nucleophilic attack of free 

phosphine for the decomposition of ruthenium methylidene complexes (Scheme 3).  The 

nucleophilic attack of phosphines on the carbene carbon of ruthenium alkylidenes has also 

been reported by Hofmann and co-workers.
16 

 

 

Figure 1. 31P NMR spectrum of the decomposition of 13 in the presence of ethylene. 

 

Decomposition in the presence of ethylene.  Van Rensburg and co-workers have 

reported the substrate-induced decomposition of 5 and 13 using ethylene as a model 

substrate.
17

 Based on theoretical and experimental results, they proposed that decomposition 

of 5 in the presence of ethylene could occur via a ruthenium allyl species formed by -

hydrogen abstraction from the corresponding ruthenacyclobutane intermediate. Reductive 

elimination then yields propene as the major olefinic compound. However, they were not 
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able to characterize the major phosphine decomposition product. We have reexamined this 

reaction and found that 
31

P NMR spectra of decomposed samples reveal a major phosphine 

complex at 34.6 ppm after decomposition of both 5 and 13 (Figure 1), which corresponds to 

CH3PCy3
+
Cl

-
. The identity of this species was confirmed by spectroscopic methods. The 

13
C 

NMR spectra which shows a characteristic doublet for the phosphonium salt’s methyl 

protons at 1.5 ppm, was particularly revealing.
5
 From this evidence, we believe that 

phosphine attack on the methylidene carbon is also a major pathway in the decomposition of 

5 and 13 in the presence of ethylene.   

Further evidence for catalyst decomposition by phosphine attack on the methylidene 

carbon and the subsequent generation of complex 11 (Scheme 2) was found in conducting a 

series of experiments on catalyst 18,
18

 the triphenylphosphine analog of 2, in the presence of 

ethylene (Scheme 5).
19

 Rapid conversion to a new alkylidene species at 18.59 ppm was 

observed by 
1
H NMR upon the exposure of a 0.035 M solution of 18 in dichloromethane-d2 

to an atmosphere of ethylene at 23 °C. However, in contrast to reactions conducted using 

catalyst 2, where methylidene 5 was initially observed,
7
 this new alkylidene species was 

found not to be the triphenylphosphine-ligated methylidene, which was present in only trace 

amounts (<2%). Attempts to characterize the new alkylidene species were hampered by its 

instability—the use of an internal standard indicated that the maximum conversion to this 

unidentified complex was approximately 33% after 8 minutes (83% conversion of 18), which 

rapidly decreased to ~2% after 120 minutes.
20

 Interestingly, the only product visible by 
31

P 

NMR spectroscopy upon the complete consumption of alkylidene was 

methyltriphenylphosphonium chloride (23.0 ppm), indicating that no phosphine remained 

bound to the ruthenium and that a decomposition process similar to that of catalyst 5 might 
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be in effect. However, complex 6 was not observed in the reaction mixture, suggesting a 

divergent mechanistic pathway. Mass spectrometric analysis (FAB+) of the reaction mixture 

at 8 minutes identified a ruthenium species with a m/z of 971.1, supporting the identity of the 

intermediate alkylidene to be complex 11, a species that had originally been proposed in the 

decomposition of 5 but not observed (Scheme 2).
5
 This intermediate appears to be capable of 

reverting back to a 14-electron methylidene species, based on the observation that decreasing 

the temperature of a reaction mixture containing 11 to 40 °C in the presence of ethylene was 

found to generate metallaycle 19.
21-23 

It is important to note that catalyst 18 does not react 

with ethylene at this temperature. 

 

Scheme 5. Reaction of catalyst 18 with ethylene. 
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Scheme 6. Isolation of the major decomposition product in the reaction of 18 with ethylene. 
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Scheme 7. Proposed mechanistic pathway for the decomposition of the methylidene of 18 

with ethylene. 
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The major decomposition product of 18 with ethylene ultimately was identified by 

running the reaction in Scheme 5 on a 77 μmol scale in toluene. After 5 days at 23 °C, 

methyltriphenylphosphonium chloride was isolated in quantitative yield, in addition to 52 mg 

of a red-brown, crystalline solid that was found to be unstable in solution in the absence of 

ethylene. X-ray analysis determined the crystal structure to be that of the C2-symmetric 

complex 21 (Scheme 6), which was presumably derived from the ortho-methyl C-H 

activation of two ruthenium-coordinated NHC ligands in the presence of two equivalents of 

methylenetriphenylphosphine (23) as a base.  

A summary of the proposed decomposition pathway for catalyst 18 is depicted in 

Scheme 7. Although the methylidene 22 readily forms upon the exposure of 18 to ethylene, it 
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appears to be more vulnerable to phosphine attack and subsequent decomposition relative to 

5, resulting in the minimal population (<2%) of 22 that had been observed during the course 

of the reaction. Differences in this decomposition route compared to that proposed for 

catalyst 5 potentially can be attributed to the weaker basicity and less steric hindrance of 

triphenylphosphine relative to tricyclohexylphosphine
24,25

 as well as the presence of ethylene 

in the reaction mixture.  

 

Other decomposition products observed during synthesis of complex 5. During 

the synthesis of methylidene 5 in the atmosphere of 1 1.5 atm of ethylene gas, the ruthenium 

dimer complex 24 was observed (Scheme 8).  As shown by X-ray crystallography (Figure 2), 

this complex has a Ru—Ru single bond (2.7021(5) Å) and two bridging chlorides along with 

bridging methylene.
26

 Formation of complex 24 can be also explained as the dimerization 

between complex 8 and 10 generated by phosphine-involved decomposition.  

 

Figure 2. ORTEP drawing of 24 with thermal ellipsoids at 50 % probability. 
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Scheme 9 
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Figure 3. X-ray crystal structure of 25. 
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Another decomposition product 25 was characterized by X-ray crystallography 

during an attempt to synthesize deuteriated methylidene using CD2=CD2 and catalyst 2 

(Scheme 9 and Figure 3).  However, the formation of 25 was not reproducible in other 

attempts.
 
The purity of the used ethylene-d4 gas is suspected.

27
 

 

Decomposition of phosphine-free catalysts. Catalyst 3 is known as a more stable 

catalyst than 2 under air and water due to the chelation of its isopropoxy ligand.
28,29

 

However, as with the phosphine-containing catalysts, a comparison of stability between 

initiators is not particularly meaningful.
5,6

 Both catalyst 2 and 3 are thermally stable—their 

half-lives at 55 
o
C in benzene are over a month. Because the methylidene derivative of 3 

cannot be isolated, its decomposition was examined directly in the presence of ethylene 

(Scheme 10). After one day, unidentified ruthenium hydride species were observed by 
1
H 

NMR at -1.54 and -4.96 ppm. Attempts to isolate these species were unsuccessful. These 

species could be responsible for the olefin-isomerization reactions known to be catalyzed by 

3.
30,31

 This result suggests that other decomposition modes, which are only slightly slower 

than the phosphine-involved decomposition, are also available when a phosphine is not 

present. 

 

Scheme 10. Catalyst 3 with ethylene. 
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Bispyridine-based catalysts, such as 4, have proven to be useful for the synthesis of 

polymers due to their fast-initiation rates.
18,32

 However, the lower stabilities of these catalysts 

limit their application. We tried to synthesize (H2IMes)(py)2(Cl)2Ru=CH2 (26) to compare 

with other methylidene complexes;  however, any synthetic attempts were unsuccessful due 

to its instability. Even in situ, the methylidene protons of complex 26 were never observed by 

1
H NMR. 

Interestingly, complex 27 and methyltricyclohexylphosphonium chloride were 

formed from the reaction of 5 with an excess of pyridine (Scheme 11).
33

 The structure of 27 

was determined by X-ray crystallography (Figure 4). All bond distances and angles in this 

structure are typical, but the mesityl groups are twisted by ~25
o
 with respect to each other, 

which contrasts with their usual orientation perpendicular to the imidazolidine ring. 

The formation of 27 was also observed during the reaction of 4 with ethylene in the 

absence of a PCy3 ligand. Complex 27 also has been observed from the synthetic trials of a 

bulky chelating alkylidene from 4.
34

 Sponsler and co-workers reported a similar product from 

the decomposition of (H2IMes)(3-bromopyridine)2(Cl)2Ru=CHR (R = Me, Et, nPr).
35

 

Although they did not determine the structure of this decomposition product, their 
1
H NMR 

data match those of 27. These observations indicate that complexes similar to 27 typically 

form during the decomposition of pyridine-containing ruthenium olefin metathesis catalysts 

regardless of the presence of phosphines. The fate of the methylidene carbon is not clear in 

these or other cases where the [Ru]=CH2 is generated in the presence of pyridines.
36
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Scheme 11. Formation of (H2IMes)(py)3(Cl)2Ru (27). 
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Figure 4. Crystal structure of (H2IMes)(py)3(Cl)2Ru (27). 

 

Conclusion 

We have examined the decomposition of a series of ruthenium metathesis catalysts. 

Ruthenium methylidene complexes, the most common yet least stable isolable intermediate 

during olefin metathesis, have been chosen as model complexes. All of the phosphine-

containing methylidene complexes we examined decomposed following first-order kinetics 
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to generate methylphosphonium salts. The observed kinetic behavior suggests that the major 

decomposition pathway involves attack of the dissociated phosphine on the methylidene 

carbon. Such a mechanism also explains the decomposition observed in the presence of 

ethylene as a model olefin substrate. The novel ruthenium ethylene complex 21 was observed 

from the decomposition of the catalyst 18 under ethylene. The decomposition of phosphine-

free catalyst 3 generated unidentified ruthenium hydride species under an atmosphere of 

ethylene. Attempts to synthesize a pyridine-coordinated analog of methylidene 4 were 

unsuccessful presumably due to rapid decomposition. Instead, we observed the tris(pyridine) 

complex 27 as a decomposition product. This decomposition study will provide rational basis 

to design and synthesize more efficient ruthenium olefin metathesis catalysts. 

 

Experimental  

General considerations. Manipulation of organometallic compounds was performed 

using standard Schlenk techniques under an atmosphere of dry argon or in a nitrogen-filled 

Vacuum Atmospheres dry box (O2 < 2.5 ppm). NMR spectra were recorded on a Varian 

Inova (499.85 MHz for 
1
H; 202.34 MHz for 

31
P; 125.69 MHz for 

13
C) or on a Varian 

Mercury 300 (299.817 MHz for 
1
H; 121.39 MHz for 

31
P; 74.45 MHz for 

13
C). 

31
P NMR 

spectra were referenced using H3PO4 (  = 0 ppm) as an external standard. Elemental analyses 

were performed at Desert Analytics (Tucson, AZ). Mass spectra were recorded on JEOL 

JMS 600H spectrophotometer. Silica gel used for purification of organometallic complexes 

was obtained from TSI Scientific, Cambridge, MA (60 Å, pH 6.5 7.0). Benzene, benzene-d6, 

pentane, diethyl ether, THF, and methylene chloride were dried by passage through solvent 

purification columns. CD2Cl2 was dried by vacuum transfer from CaH2. All solvents are 
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degassed by either a generous Ar sparge or three freeze-pump-thaw cycles. Catalysts 1, 2, 

and 3 were obtained from Materia and used as received.  Ruthenium complexes 4,
18

 5,
7
 13,

37
 

18,
7
 and (H2IMes)(PCy3)(Br)2Ru=CHPh

7
 were prepared according to literature procedures. 

Methyltriphenylphosphonium chloride was purchased from Aldrich. 

 

(PCy3)2(Br)2Ru=CH2 (9).  A solution of 1 (166 mg, 0.182 mmol) in CH2Cl2 (3 mL) 

was stirred under an atmosphere of ethylene for 30 min at room temperature.  The solvent 

was removed under vacuum, and the residue was repeatedly washed with cold pentane (5 

mL) and dried under vacuum. A burgundy microcrystalline solid (146 mg, 0.175 mmol, 

96%) was obtained. 
1
H NMR (C6D6):  19.38 (s, 2H), 3.00-2.80 (m, 6H), 1.95-1.20 (all m, 

60H).  
13

C{
1
H}  NMR (CD2Cl2):  297.3 (t, JCP = 8.2 Hz), 31.6 (t, JCP = 10.1Hz), 29.7 (s), 

28.0 (t, JCP = 5.1 Hz), 26.8(s). 
31

P{
1
H} NMR (C6D6):  44.51 (s).  HRMS analysis (FAB) 

m/z: Calcd for C37H68Br2P2Ru [M
+
]: 836.2199, found: 836.2174. 

 

(H2IMes)(PCy3)(Br)2Ru=CH2 (10).   A solution of (H2IMes)(PCy3)(Br)2Ru=CHPh 

(300 mg, 0.320 mmol) in C6D6 (5 mL) was stirred under an atomosphere of ethylene for 90 

min at 50 
o
C.  The brown solution was cooled to room temperature, and the product was 

purified by column chromatography (gradient elution: 100% pentane to 8:1 pentane/diethyl 

ether) to afford an orange-yellow solid (95 mg, 0.110 mmol, 34%).  
1
H NMR (C6D6):  18.53 

(s, 2H), 6.89 (s, 2H), 6.73 (s, 2H), 3.26 (m, 4H), 2.80 (s, 6H), 2.65-2.47 (m, 3H), 2.63 (s, 

6H), 2.17 (s, 3H), 2.09 (s, 3H), 1.80-1.00 (m, 30H). 
13

C{
1
H}  NMR (C6D6):  296.7 (d, JCP = 

10 Hz), 221.8 (d, JCP = 74.8 Hz), 138.8, 138.4, 138.0, 137.6, 137.1, 134.9, 130.7, 130.1, 

129.8, 129.6, 128.4, 127.8, 51.7 (d, JCP = 3.5 Hz), 31.3, 31.0, 30.8, 29.3, 27.9, 27.8, 26.5, 
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21.0 (d, JCP = 2.6 Hz), 20.9, 19.7. 
31

P{
1
H} NMR (C6D6):  38.02 (s). Anal. Calcd for 

C40H61N2Br2PRu: C, 55.75; H, 7.13; N, 3.25.  Found: C, 56.04; H, 7.13; N, 3.25. 

 

(H2IPr)(PCy3)(Cl)2Ru=CH2 (11).  A solution of (H2IPr)(PCy3)(Cl)2Ru=CHPh (300 

mg, 0.321 mmol) in C6D6 (5 mL) was stirred under an atomosphere of ethylene for 30 min at 

45 
o
C. The brown solution was cooled to room temperature, and the product was purified by 

column chromatography (gradient elution: 100% pentane to 12:1 pentane/diethyl ether) to 

afford an orange-yellow solid (95 mg, 0.110 mmol, 34%).  This product was very air-

sensitive, and even slowly decomposed in the dry box.  Further study was done immediately 

after the synthesis. 
1
H NMR (C6D6):  18.22 (s, 2H), 7.22-7.09 (m, 11H), 4.10 (m, 2H), 3.74-

3.60 (m, 6H), 2.37-2.20 (m, 3H), 1.70-0.96 (m, 54H).  
13

C{
1
H} NMR (C6D6):  294.8 (d, JCP 

= 8.3 Hz), 224.2 (d, JCP = 75.7Hz), 150.1, 148.7, 137.9, 136.2, 130.9, 130.0, 128.9, 128.7, 

128.5, 128.3, 125.1, 124.9, 55.2, 53.6, 31.2, 31.0, 29.6, 29.5, 28.8, 28.3, 28.3, 27.6, 27.0, 

25.2, 24.3 
31

P{
1
H} NMR (C6D6):  38.83 (s). HRMS analysis (FAB) m/z: Calcd for 

C46H73N2Cl2RuP [M
+
]: 856.3932, found: 856.3917. 

 

Complex 24. Crystal data for 24: C43H54N4Cl4Ru2 • C6H6, M=1009.90, tetragonal,  

space group P-421c, a = 15.4853(5) Å, c = 19.7050(8) Å, V=4725.2(3) Å
3
, T = 100(2) K, Z = 

4, (Mo-K ) = 0.900 mm
-1

, 76914 measured reflections, 8346 unique, 5377 reflections with I 

> 2 (I), final R1 = 0.0515, wR2 = 0.0797. CCDC reference number 231270. 

 

Complex 25. Crystal data for 25: C40H59N2OPCl2Ru • C6H6, M=864.94, monoclinic,  

space group P21/n, a = 11.7511(4) Å, b = 21.3379(6) Å, c = 17.5327(6) Å, = 95.1430(10)°, 
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V=4378.5(2) Å
3
, T = 100(2) K, Z = 4, (Mo-K ) = 0.552 mm

-1
, 80614 measured reflections, 

21479 unique, 13014 reflections with I > 2 (I), final R1 = 0.0463, wR2 = 0.0692. CCDC 

reference number 231269.  
1
H NMR (C6D6):  6.69 (s, 4H), 3.22 (m, 4H), 2.61 (s, 6H), 2.55 

(s, 6H), 2.50 (m, 3H), 2.05 (s, 3H), 2.02 (s, 3H), 1.99 – 1.00 (m, 30H).  
31

P{
1
H} NMR 

(C6D6):  32.91. 

 

(H2IMes)(py)3(Cl)2Ru (27).  A solution of 5 (150 mg, 0.195 mmol), excess pyridine 

(0.25 mL), and 1.0 mL of toluene was stirred at room temperature for 30 min.  20 mL of 

hexanes were added, and the solution was allowed to sit without stirring for 3 min.  The red 

solution was decanted away from the pale yellow precipitate and cooled to 0 
o
C.  The 

resulting red precipitate was collected and redissolved in a minimum amount of toluene.  

Again, 20 mL of hexanes were added, the solution cooled, and the red precipitate collected.  

This procedure was repeated three more times.  Finally, the precipitate was dried under 

vacuum to provide 0.041 g (mmol, 29%) of 27 as a red-orange solid. 
1
H NMR (CD2Cl2):  

9.00 (d, J = 5.5 Hz, 4H), 8.70 (d, J = 5.5, 2H), 7.30 (t, J = 7.5 Hz, 1H), 6.98 (t, J = 7.5 Hz, 

2H), 6.76 (t, J = 7.0 Hz, 2H), 6.34 (s, 4H), 6.33 (t, J = 7.0, 4H), 3.98 (s, 4H), 2.47 (s, 12H), 

2.02 (s, 6H). 
13

C{
1
H}  NMR (C6D6):  198.2, 142.2, 138.5, 128.4, 125.6, 125.0, 123.1, 120.3, 

118.4, 113.1, 118.9, 54.1, 25.7, 24.5. HRMS analysis (FAB) m/z: Calcd for C36H41N5Cl2Ru 

[M
+
]: 715.1783, found: 715.2783. 

 

Procedure for a typical decomposition measurement.  0.0161 mmol of 

methylidene and ~0.00561 mmol of anthracene were weighed into a 1-dram vial. 0.700 mL 

of benzene-d6 was used to transfer the sample to a screw-cap NMR tube. A screw-cap was 
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used to seal the NMR tube, and this seal was reinforced with parafilm. The sample was 

placed into the spectrometer and allowed to equibrate at the probe temperature for 10 min. 

Complex decomposition was following by monitoring the diminution of the methylidene 

protons through collection of a time-delayed array of 
1
H NMR spectra (referred to as a 

preacquisition delay, PAD, by Varian software). Plots of [methyliene] vs. time and 
31

P 

spectra of the decompositions are shown in Charts 1 4 and Figures 5 9.  

 

Decomposition of 18 with ethylene.
34

  In a N2-filled glovebox, a J-Young tube was 

charged with complex 18 (17.5 mg, 0.021 mmol, 1.0 equiv) and 600 mL of a stock solution 

containing 0.014 M anthracene (1.5 mg, 0.0084 mmol) in CD2Cl2, yielding a homogeneous 

brown solution. The tube was sealed with a Teflon stopper, removed from the box, and 

attached to a Schlenk line. The tube was cooled to 78 °C, placed under vacuum (100 mTorr) 

and then backfilled with an atmosphere of ethylene. The tube was sealed, shaken and allowed 

to warm to 23 °C. Reaction progress was monitored by 
1
H NMR(300 MHz) at 23 °C, 

observing the disappearance of 18 (  = 19.21 ppm, Ru=CHPh) and the appearance of 

complex 11 (  = 18.59, Ru=CH2). These results are depicted in Chart 5.
38
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Chart 1. Decomposition of 5. 

 

 

Chart 2. Decomposition of 14. 

  

 

Chart 3. Decomposition of 16. 
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Chart 4. Decomposition of 17. 

  

 

 

 

Figure 5. 31P NMR spectrum after decomposition of 5. 
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Figure 6. 31P NMR spectrum after decomposition of 13. 

 

 

Figure 7. 31P NMR spectrum after decomposition of 14. 
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Figure 8. 31P NMR spectrum after decomposition of 16. 

 

 

 

Figure 9. 31P NMR spectrum after decomposition of 17. 
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Chart 5. Decomposition reaction of 18 with ethylene. 

 

 

Mass spectrometric analysis of the decomposition reaction of 18 with ethylene.  

To an NMR tube equipped with a Teflon screw cap in the glove box: complex 18 (17.5 mg, 

0.021 mmol, 1.0 equiv) was dissolved in 600 μL of CD2Cl2, forming a homogeneous brown 

solution. The tube was sealed, removed from the box, and attached to a Schlenk line. The 

tube was then cooled to 78 °C, placed under vacuum (100 mTorr), and backfilled with an 

atmosphere of ethylene. The NMR tube was removed from the Schlenk line, shaken, and 

allowed to warm to 23 °C. Mass spectrometric analysis at 8 minutes revealed the presence of 

a ruthenium complex possessing the same calculated mass as 11 (Figure 6): (FAB+) m/z 

971.1 (M-H):
39

 Analysis of the reaction mixture after 24 h via 
1
H NMR, 

31
P NMR, and 
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HRMS confirmed the presence of methyltriphenylphosphonium chloride (20) via correlation 

to authentic material. 

 

Figure 6. Mass spectrum of the reaction of 18 with ethylene after 8 min at 23 °C. 

 

 

Reaction of 18 with ethylene to generate metallacyclobutane 19.
34

  To a J-Young 

tube in the glove box, complex 18 (17.5 mg, 0.021 mmol, 1.0 equiv.) was dissolved in 600 

μL of a stock solution containing 0.014 M anthracene (1.5 mg, 0.0084 mmol) in CD2Cl2, 

forming a homogeneous brown solution. The tube was sealed with a Teflon stopper, removed 

from the box, and attached to a Schlenk line. The tube was then cooled to 78 °C, placed 

under vacuum (100 mTorr), and backfilled with an atmosphere of ethylene. The tube was 

sealed, shaken, and allowed to warm to 23 °C. The reaction was monitored via 
1
H NMR(500 

MHz) at 23 °C for 20 min, at which time complex 18 was over 90% consumed and 11 was 
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the predominant alkylidene species (~44% yield relative to Ru). The reaction was then 

cooled to 40 °C. After 3 h at - 40 °C, the peak at 18.59 ppm (corresponding to complex 11), 

had completely diminished and two new peaks at 6.64 ppm (4H) and 2.63(2H) were clearly 

visible, corresponding to the literature values for the - and -hydrogens of ruthenium 

metallacycle 19.
21,22 

 

Decomposition products of 18.
34

  To a 10 mL Schlenk tube in the glove box, 

complex 18 (56 mg, 0.077 mmol, 1.0 equiv) was dissolved in 2.2 mL of toluene, forming a 

homogeneous brown solution. The tube was sealed with a Teflon stopper, removed from the 

box, and attached to a Schlenk line. The tube was then cooled to 78 °C, placed under 

vacuum (100 mTorr), and backfilled with an atmosphere of ethylene. The tube was sealed, 

shaken, and allowed to warm to 23 °C. The reaction was allowed to stand for 5 d at 23 °C. 

During this time, a white solid (methyltriphenylphosphonium chloride, 20) was observed to 

precipitate out of solution in addition to the formation of red-brown crystals. The Schlenk 

line was opened in the glove box and the toluene was carefully transferred out via syringe. 

The crystals were then washed with two 500 μL portions of a 50:50 toluene/pentane mixture. 

52 mg of the red-brown crystals were isolated and analyzed via X-ray crystallography and 

found to be complex 21. Further spectroscopic analysis of 21 proved problematic, due to its 

instability in solution. 
31

P NMR analysis of both the white precipitate and mother liquor 

revealed the only phosphorous-containing product to be methyltriphenylphosphonium 

chloride (20).  
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X-ray crystallographic data collection and refinement.
40

  For compounds 7, 21 

and 25 each crystal was mounted on a glass fiber using Paratone and placed in the cold 

stream of an Oxford Cryostream.  Intensity data were collected on a Bruker SMART1000 

diffractometer.  The data were integrated using the Bruker SAINT (v6.45) program.  Each 

crystal structure was solved by direct methods and then refined by full-matrix least squares 

using Bruker SHELXTL.  All nonhydrogen atoms were refined with anisotropic 

displacement parameters. Hydrogen atoms were located in the difference Fourier and refined 

isotropically without restraint except for the hydrogen atoms on water in compound 7, which 

were restrained as riding atoms.  The crystallographic data are summarized in Table 2. 
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Table 2. Summary of crystallographic data for 7, 21 and 27 

 7 21 27 

formula 
[C19H36P]

+
Cl  

3(H2O) 
C46H58N4Cl2Ru2 C36H41N5Cl2Ru 

Mr 384.95 940.00 715.71 

crystal color colorless red/brown orange 

crystal size (mm) 0.30  0.23  0.18 0.21  0.18  0.07 0.33  0.28  0.08 

crystal system triclinic triclinic orthorhombic 

space group P-1 P-1 Pbcn 

a (Å) 9.8774(4) 9.8735(6) 11.3376(7) 

b (Å) 10.0035(5) 10.7053(7) 13.3755(8) 

c (Å) 12.7700(6) 11.8315(7) 21.4203(14) 

 (deg) 85.1580(10) 100.828(2) 90 

 (deg) 74.3040(10) 98.018(2) 90 

 (deg) 63.5350(10) 116.4470(10) 90 

V (Å
3
) 1086.48(9) 1063.77(11) 3248.3(4) 

Z 2 1 4 

Dcalcd (g cm
-3

) 1.177 1.467 1.463 

T (K) 100(2) 100(2) 98(2) 

 (Å) 0.71073 0.71073 0.71073 

 (mm
-1

) 0.263 0.872 0.681 

R1
a
(all data) 0.0618 0.0724 0.0481 

wR2
b
 (all data) 0.0772 0.0714 0.0509 

GOF 1.307 1.146 1.716 
a
 R1 = S||Fo| – |Fc||/S|Fo|. 

b
 wR2 = [Sw(Fo

2
 – Fc

2
)

2
/Sw(Fo

2
)
2
]
1/2
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Chapter 4 

 

Double C H Activation of an N-Heterocyclic Carbene Ligand in a 

Ruthenium Olefin Metathesis Catalyst  

 

Abstract 

Decomposition of (BIPh)(PCy3)(Cl)2Ru=(H)Ph (BIPh = N,N’-diphenylbenzimidazol-

2-ylidene) results in the benzylidene insertion into an ortho C H bond of a BIPh N-phenyl 

group. Ruthenium further inserts into another ortho C H of the other BIPh N-phenyl ring to 

give a new Ru C bond as a part of a five-membered metallacycle.  

 

Introduction 

N-heterocyclic carbene (NHC) ligands have been widely used for transition metal 

catalysts in a role analogous to that of phosphines and other neutral two-electron donors due 

to their distinctive high -basicity and low -acidity.1-3 However, it has been demonstrated 

that NHCs occasionally participate in unanticipated side reactions, such as C C and C H 

activation4,5 and sometimes enter into abnormal binding modes.6,7 Because these reactions 

can be detrimental to catalyst function, understanding them is of fundamental importance to 

the design of stable transition-metal catalysts with NHC ligands.8 In this chapter, novel 

double C H activation of an NHC in an olefin metathesis catalyst is described. 
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Results and Discussion 

  NHC-based olefin metathesis catalyst 4 shows high activity in ring-closing 

metathesis (RCM) reactions to form tetrasubstituted olefins.
9
 Although catalyst 3, a 

phosphine analog of 4, is also active in the RCM reactions,
10

 it has been found to decompose 

much faster having a shorter half-life than both catalysts 1 and 2 (30 min for 3 vs. 8 d for 1 

and ~38 d for 2 at 55 
o
C in 0.023M C6D6 solution).

11,12
 Although it is well documented that 

NHC-based ruthenium olefin metathesis catalysts are generally more stable than 

bisphosphine-based catalysts,
13

 complex 3 is even much less stable than 1. This abnormal 

instability of 3 led us to study the structural feature of the N,N’-diphenylbenzimidazol-2-

ylidene (BIPh) ligand that lead to the decomposition of 3.  

 

Ru
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1                                             2                                                      3                                                  4
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When we investigated the thermal stability of complex 3 in benzene solutions at 60 

o
C under inert conditions, the decomposition product 5 precipitated with an isolated yield of 

58% after 3 days (Scheme 1). Complex 6 was also observed in traces (<2%). Interestingly, 

complex 6 was the major decomposition product along with 5 after 12 hours in CD2Cl2 at 40 

o
C (Scheme 1).  
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Scheme 1. Thermal decomposition of complex 3. 
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The structures of 5 and 6 were elucidated by X-ray crystallography (Figures 1 and 2, 

respectively). The X-ray crystal structure of 5 showed that the benzylidene carbon of 3 was 

inserted into the ortho C H bond of one of the N-phenyl rings of BIPh. Moreover, 
6
-binding 

of ruthenium to the phenyl group of the benzylidene ligand was observed along with 

complete loss of the phosphine ligand. The protons of the 
6
-bound phenyl group have 

characteristic upfield 
1
H NMR chemical shifts at 4.5 6.0 ppm. Recently, Diver and co-

workers have reported the carbon monoxide promotes benzylidene insertion into the aromatic 

C C bond of a mesityl group of the NHC in complex 2, resulting in formation of a 7-

membered ring.
14

 Here, the benzylidene is inserted into an ortho C H bond of a phenyl group 

with concomitant 
6
-coordination to ruthenium atom without the assistance of any external 

ligands. 
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Figure 1. ORTEP drawing of 5. Atoms are represented by ellipsoids at the 50% probability 

level. Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles 

(deg): Ru C(1), 2.042(2); Ru Cl(1), 2.4108(5); Ru PhCenter, 1.69; C(1) Ru PhCenter, 

127.8; Cl(1) Ru(1) PhCenter, 126.0; C(1) Ru Cl(1), 86.55(5); Cl(1) Ru Cl(2), 

85.280(18). 

 

 

In complex 6, ruthenium has inserted into another ortho C H, of the other phenyl ring 

of BIPh, to give a new Ru C bond (2.0693(17) Å) forming a five-membered metallacycle. 

This type of C H or C C activation of the ortho methyl groups of H2IMes (H2IMes = 1,3-

dimesityl-4,5-dihydroimidazol-2-ylidene) and IMes (IMes = 1,3-dimesitylimidazol-2-

ylidene) ligands have been reported in some ruthenium olefin metathesis catalysts
12,15

 and 
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other ruthenium complexes.
4,16,17

 The planes of phenyl rings of BIPh become approximately 

perpendicular to allow the formation of the five-membered metallacycle.  

 

Figure 2. ORTEP drawing of 6. Atoms are represented by ellipsoids at the 50% probability 

level. Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles 

(deg): Ru C(1), 2.0142(17); Ru Cl(1), 2.4212(4); Ru PhCenter, 1.730; Ru C(19), 

2.0693(17); C(1) Ru PhCenter, 129.9; C(19) Ru PhCenter, 129.7; Cl(1) Ru(1) PhCenter, 

126.1; C(1) Ru Cl(1), 92.29(5); C(19) Ru Cl(1), 86.04(5). 

 

 

Based on their structural similarity, 5 would appear to be the precursor to 6. This 

would explain the increased production of complex 6 in CD2Cl2, as 5 is more soluble in 

CD2Cl2 than in C6D6. Contrary to this hypothesis, heating a solution of complex 5 in CD2Cl2 
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for over a week at 40 
o
C did not yield complex 6, as 5 is thermally stable. However, in 

presence of 1 equiv. of PCy3, 5 was transformed into 6 quantitatively at room temperature 

after 3 days (Scheme 2). PCy3 likely acts as a base to receive the HCl eliminated from 5 to 

generate HPCy3
+
Cl

-
 which is observable by 

1
H, 

31
P NMR, and HRMS.  

 

Scheme 2. PCy3 assisted C H insertion. 
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One plausible mechanism for the decomposition of complex 3 is presented in Scheme 

3. Following phosphine dissociation, which is the initiation step in ruthenium-catalyzed 

olefin metathesis,
18

 ruthenium hydride complex 8 could be formed by oxidative addition of 

an ortho C H bond of a N-phenyl group of BIPh to ruthenium. The resulting hydride is 

inserted into the -carbon of the benzylidene generating complex 9. Formation of 5 could be 

explained by reductive elimination between the ortho carbon of BIPh and the -carbon from 

benzyl ligand. Finally, C H insertion with HCl elimination could generate complex 6 with 

the assistance of PCy3. Intermediate complexes 7 9 are only postulated and have not been 

observed by spectroscopic methods most probably due to their short lifetimes. 
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Scheme 3. A proposed mechanism. 
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Conclusion 

We have reported the benzylidene insertion into an ortho C H bond of a phenyl 

group of an NHC ligand in an olefin metathesis catalyst 3. Further C H activation occurred 

by the assistance of the dissociated phosphine. These observations suggest that phenyl groups 

instead of mesityl groups of NHC-based ruthenium olefin metathesis catalysts are more 

vulnerable to decomposition via C H activation. New ligand design and synthesis of olefin 

metathesis catalysts are currently in progress to prevent this decomposition pathway while 

maintaining activity for tetrasubstituted olefin synthesis.  

 

Experimental 

General considerations. Manipulation of organometallic compounds was performed 

using standard Schlenk techniques under an atmosphere of dry argon or in a nitrogen-filled 
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Vacuum Atmospheres dry box (O2 < 2.5 ppm). NMR spectra were recorded on a Varian 

Inova (499.85 MHz for 
1
H; 202.34 MHz for 

31
P; 125.69 MHz for 

13
C) or on a Varian 

Mercury 300 (299.817 MHz for 
1
H; 121.39 MHz for 

31
P; 74.45 MHz for 

13
C). 

31
P NMR 

spectra were referenced using H3PO4 (  = 0 ppm) as an external standard. Elemental analyses 

were performed at Desert Analytics (Tucson, AZ). Mass spectra were recorded on JEOL 

JMS 600H spectrophotometer. Benzene, benzene-d6, and methylene chloride were dried by 

passage through solvent purification columns. CD2Cl2 was dried by vacuum transfer from 

CaH2. All solvents are degassed by either a generous Ar sparge or three freeze-pump-thaw 

cycles. (BIPh)(PCy3)(Cl)2Ru=(H)Ph (2) was prepared according to literature procedure.
9
 

 

Procedure for a typical decomposition measurement.  13.1 mg (0.0161 mmol) of 

complex 3 and ~ 1.0 mg (0.00561 mmol) of anthracene were weighed into a 1-dram vial. 

0.700 mL of benzene-d6 or CD2Cl2 was used to transfer the sample to a screw-cap NMR 

tube. A screw-cap was used to seal the NMR tube, and this seal was reinforced with parafilm. 

The sample was placed into the spectrometer and allowed to equilibrate at the probe 

temperature for 10 minutes. Complex decomposition was following by monitoring the 

diminution of the benzylidene proton through collection of a time-delayed array of 
1
H NMR 

spectra (referred to as a preacquisition delay, PAD, by Varian software). Conversions to 

complex 5 and 6 were measured by monitoring characteristic 
1
H peaks of 

6
-bound phenyl 

group which show up in the region of 4.5 6.0 ppm.  

 

Complex 5.  Complex 2 (50.0 mg, 0.0616 mmol) was dissolved in benzene (5.0 mL) 

in a sealed tube. The reaction mixture was heated to 60 
o
C. Precipitation of red crystalline 
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solid was observed after 2 h.  After 72 h, the precipitates were filtered, washed with benzene 

and dried under vacuum to afford complex 5 (19.0 mg, 0.0357 mmol, 58%). 
1
H NMR 

(CD2Cl2):  7.06 7.64 (m, 13H), 5.88 (dd, J = 6.0, 5.7 Hz, 1H), 5.80 (dd, J = 6.6, 5.4 Hz), 

5.30 (d, J = 5.4 Hz, 1H), 4.92 (dd, J = 6.0, 5.1 Hz), 4.64 (d, J = 5.4 Hz, 1H), 3.93 (d, J = 14.5, 

1H), 3.40 (d, J = 14.5, 1H). 
13

C{
1
H} NMR (CD2Cl2):   189.0, 138.8, 137.8, 137.7, 136.5, 

134.3, 131.7, 131.5, 131.1, 129.4, 129.3, 129.2, 129.0, 128.9, 127.3, 124.6, 124.4, 111.7, 

111.6, 100.4, 97.7, 93.9, 86.1, 85.7, 81.7, 36.4. HRMS analysis (FAB) m/z: Calcd [M
+
] 

532.0047, found 532.0048. 

 

Complex 6.  Complex 5 (19.0 mg, 0.0357 mmol) and tricyclohexylphosphine (10.0 

mg, 0.0357 mmol) were dissolved in CD2Cl2 (1.0 mL) in a sealed tube. The reaction was 

monitored by 
1
H NMR spectroscopy. After 72 h, complex 5 was completely converted to 

complex 6. Complete isolation of complex 6 from phosphine by-products was not facile due 

to air sensitivity of the compound. Yellow crystalline solids (3 mg, 0.006 mmol, 17%) are 

obtained by slow diffusion of benzene into CD2Cl2 solution and analyzed by spectroscopic 

methods. 
1
H NMR (CD2Cl2):  8.24 (dd, J = 7.5, 1.2 Hz, 1H), 8.09 (d, J = 9 Hz, 1H), 

7.77 7.82 (m, 2H), 7.65 7.72  (m, 3H), 7.41 7.47 (m, 2H), 7.33 (td, J = 7.5 Hz, 1.2 Hz, 1H), 

7.05 (td, J = 7.5, 1.2 Hz, 1H), 5.98 (td, J = 5.4, 1.2 Hz, 1H), 5.90 (tt, J = 5.4, 0.9 Hz, 1H), 

5.85 (td, J = 6.0, 1.5 Hz, 1H), 5.21 (d, J = 6.3 Hz, 1H), 4.13 (d, J = 15 Hz, 1H), 3.89 (d, J = 

5.7 Hz, 1H), 3.35 (d, J = 15 Hz, 1H). 
13

C{
1
H} NMR (CD2Cl2):  202.3, 164.0, 147.3, 142.1, 

137.0, 136.9, 134.1, 133.1, 131.9, 129.3, 129.1, 128.5, 124.5, 124.4, 123.4, 123.1, 113.5, 

112.1, 111.7, 107.8, 102.6, 100.6, 86.6, 83.7, 69.0, 38.0.  HRMS analysis (FAB) m/z: Calcd 

[M
+
] 496.0280, found 496.0260. 
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Table 2. Summary of crystallographic data for 5 and 6. 

 5 6 

formula C26H20Cl2N2Ru • 2(CH2Cl2) C26H19ClN2Ru • CH2Cl2 

Mr 702.26 580.88 

crystal color red/orange yellow 

crystal size (mm) 0.38 x 0.28 x 0.15 0.30 x 0.26 x 0.07 

crystal system monoclinic monoclinic 

space group P21/c P21/n 

a (Å) 9.5097(3) 13.8444(5) 

b (Å) 12.7335(4) 13.1657(5) 

c (Å) 24.0073(8) 14.0413(5) 

 (deg) 90 90 

 (deg) 99.6940(10) 117.6790(10) 

 (deg) 90 90 

V (Å
3
) 2865.58(16) 2266.45(14) 

Z 4 4 

Dcalcd (g cm
-3

) 1.628 1.702 

T (K) 200(2) 100(2) 

 (Å) 0.71073 0.71073 

 (mm
-1

) 1.128 1.065 

R1
a
(all data) 0.0895 0.0862 

wR2
b
 (all data) 0.0798 0.0803 

GOF 1.415 1.026 
a
 R1 = S||Fo| – |Fc||/S|Fo|. 

b
 wR2 = [Sw(Fo

2
 – Fc

2
)

2
/Sw(Fo

2
)
2
]
1/2
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Chapter 5 

 

Prevention of Undesirable Olefin Isomerization during Olefin Metathesis  

 

Abstract 

1,4-Benzoquinones have been found to prevent olefin isomerization of a number of 

allylic ethers and long-chain aliphatic alkenes during ruthenium-catalyzed olefin metathesis 

reactions. Electron-deficient benzoquinones are the most effective additives for the 

prevention of olefin migration.  This mild, inexpensive, and effective method to block olefin 

isomerization increases the synthetic utility of olefin metathesis via improvement of overall 

product yield and purity. 

 

Introduction 

Olefin isomerization/migration is one of the side reactions in olefin metathesis that 

can significantly alter the product distribution and decrease the yield of the desired product, 

especially with ill-defined catalyst systems.
1
 Additionally, the side products resulting from 

unwanted isomerization are frequently difficult to remove via standard purification 

techniques. Well-defined ruthenium-based olefin metathesis catalysts such as 1 3 are 

generally highly selective for olefin metathesis. However, there have been some reports of 

                                                

 The majority of this chapter has been published: (a) Hong, S. H.; Sanders, D. P.; Lee, C. 
W.; Grubbs, R. H. J. Am. Chem. Soc. 2005, 127, 17160 17161. (b) Lee, C. W.; Hong, S. H.;  
Sanders, D. P.; Grubbs, R. H.; Pederson, R. L. U.S. Patent No 2005/0203324A1. September 
15, 2005. 
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olefin isomerization as well when the catalysts are stressed by high temperatures, high 

dilution and forced high turnovers.
2-5
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While the exact mechanism(s) responsible for this isomerization are unknown (metal-

based hydride, -allyl, or other pathways),
6-9

 recent results indicate that ruthenium hydride 

species such as 4 formed from the decomposition of the ruthenium metathesis catalysts can 

catalyze the migration of olefins under metathesis condition.
10

 This information has 

prompted us to develop a way to suppress the unwanted olefin isomerization reactions 

catalyzed by these metal hydrides. 

 

Results and Discussion 

Self-metathesis and isomerization of (Z)-5-t-butyldimethylsilyloxy-2-pentenoate 5 to 

the E-isomer 6 and silyl enol ether 7 served as an excellent system for initially studying the 

effects of additives on isomerization process.
11

 Compounds 5, 6, and 7 all have clearly 

distinguishable 
1
H NMR resonances. Through examination of the resultant E/Z ratio of the , 

-unsaturated carbonyl compounds (6:5), the effect of additives on olefin metathesis activity 

can be readily separated from their effect on isomerization. Upon screening additives, we 

found that moderate pKa acids such as acetic acid or quinone type compounds such as 1,4-

benzoquinone work well in preventing olefin migration during olefin metathesis reactions 
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(Table 1). Tricyclohexylphosphine oxide is an additive that has been reported to prevent 

isomerization of a specific substrate in a RCM reaction,
7
 however, it did not prevent the 

isomerization of 5 or the other substrates we tested. Acetic acid and 1,4-benzoquinone did 

not reduce the catalyst activity. Most metathesis reactions we tested were completed within 

an hour in presence of effective additives (Table 1, 2, and 3, and Scheme 2).
12

 However, we 

elongated the reaction time to 24 h to stress the catalysts to optimize isomerization.
 

 

Table 1. Self-metathesis reaction of (Z)-5-t-butyldimethylsilyloxy-2-pentenoate 

OMe

O

OTBS
CD2Cl2, 40 oC, 24 h

MeO

O

OTBS

+ OMe

O

OTBS

2 mol% 2, Additive

5 76  

Product Distribution
a 

Additives 
Equiv.  

(rel. to 5) 6+5 7
b 

None None 19%
c 81% 

2,2,2-Trifluoroethanol 1 11%
c 89% 

Hexafluoro-t-butyl alcohol 1 19%
c 81% 

Phenol 1 17%
c 83% 

Acetic Acid 0.1 >95%
c None 

Tricyclohexylphosphine oxide 0.1 22%
c 78% 

Maleic anhydride 1 >95%
d None 

1,4-Benzoquinone 0.1 >95%
c None 

a 
Determined by 

1
H NMR. 

b 
E/Z ~1:1. 

c
 E/Z ~20:1. 

d 
E/Z ~1:10. 
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For the RCM of diallyl ether 8, the metathesis product, 2,5-dihydrofuran 9, was 

observed as the major product after 1 h.  After extended reaction times, it is isomerized to 

2,3-dihydrofuran 10. This also suggests that decomposition products from the catalyst are 

responsible for the isomerization. Both acetic acid and 1,4-benzoquinone are also effective to 

prevent the isomerization of 9 to 10 (Table 2). Radical scavengers such as BHT, TEMPO, 

phenol and 4-methoxyphenol were, in general, not effective in preventing isomerization 

(Table 1 and 2).
 
Galvinoxyl is somewhat effective to prevent the isomerization presumably 

due to the structural similarity with 1,4-benzoquinone (Table 2). 

 

 Table 2.  Ring-closing metathesis of diallyl ether 

O OO +

8 9 10

CD2Cl2, 40 oC, 24 h

5 mol% 2, Additive

 

Product Distribution
a 

Additive 
Equiv.  

(rel. to 8) 9 10 

  None None < 5%
b >95%

c 

CH3COOH 0.1 >95% None 

1,4-Benzoquinone 0.1 >95% None 

Galvinoxyl 0.2 80% 20% 

TEMPO 0.5 7% 93% 

4-Methoxyphenol 0.5 17% 83% 

BHT 0.5 4% 93% 

a 
Determined by 

1
H NMR. 

b
~80%, 1 h. 

c
 ~20%, 1 h.
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However, when applied to the metathetical isomerization of 11, 1,4-benzoquinone is 

more effective in suppressing the undesirable isomerization than acetic acid (Table 3). 

 

Table 3. Self-metathesis reaction of (Z)-1,4-bis(t-butyldimethylsilyloxy)-2-butene 

OTBDMSTBDMSO OTBDMSTBDMSO+
TBDMSO

OTBDMS

12 13CD2Cl2, 40 oC, 24 h

5 mol% 2
10 mol% Additive

11  

Product Distribution
a 

Additive 
12 13

b 

None None >95% 

Acetic Acid None >95% 

1,4-Benzoquinone 92%
c None 

a 
Determined by 

1
H NMR.  

b 
E/Z ~1:1.4.  

c
 8% of 11 remains due to thermodynamic 

equilibrium. 

 

Ethenolysis, cross-metathesis of an olefinic compound with ethene, of seed oils and 

their fatty acid esters allows the synthesis of -olefins which have a broad range of 

applications.
13,14

 However, the occurrence of olefin isomerization during this process has 

limited its industrial application.
14

 Again, 1,4-benzoquinone proved superior in suppressing 

olefin isomerization to other tested additives (Scheme 1), and it could be readily separated 

from the desired products by standard techniques.
15

 Further investigations on industrial 

applications using this mild and inexpensive additive are in progress. 
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Scheme 1. Ethenolysis of meadow foam oil methyl ester 14 and 11-eicosenyl acetate 16. 

1 (0.3 mol%) + 
1,4-Benzoquinone (0.6 mol%)

+

O

CH3O
0,14,8 1,3,5

. . .

O

CH3O

% Isomerization, 1 (vs. 49a)
14 15

1 (0.3 mol%) + 
1,4-Benzoquinone (0.6 mol%)

+

% Isomerization,     1 (vs. 30a)                           2 (vs. 32a)

16 17

OAc

64 4

OAc

6
18

Ethylene (130 psi)
neat, 40 oC, 66.5 hrs

Ethylene (130 psi)
neat, 40 oC, 18.5 hrs

a without 1,4-Benzoquinone  

 

It has been reported that some allylic amines such as N,N-diallylaniline 19 are 

isomerized to enamines with catalyst 1 in toluene at 110 
o
C.

16-18
 In RCM of 19 under normal 

metathesis condition, only metathesis product 20 was observed within 30 min, however, 20 

was isomerized to 21 after extended reaction times. 1,4-Benzoquinone effectively prevented 

this isomerization and only gave the metathesis product 20 (Scheme 2).  However, 1,4-

benzoquinone did not prevent the isomerization of N,N-dibenzylallylamine and N,N-

dimethylallylamine to enamines. N,N-Dialkylallylamines prevent metathesis while less basic 

aryl amines are active metathesis substrates.
19

 

 

Scheme 2. RCM of N,N-diallylaniline. 

N NN +

19 20 21
CD2Cl2, 40 oC, 24 h

5 mol% 1
Ph Ph Ph

(without additive)                                       16%                              84%

(with 10 mol% of 1,4-Benzoquinone)      > 90%                              0 %  
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To determine the optimal benzoquinone structure for prevention of olefin 

isomerization, several benzoquinone derivatives were screened in larger scale RCM reactions 

of 8 (Table 4).  Electron-deficient benzoquinones are more effective in preventing 

isomerization (entries 7, 8, 9, and 12) than the parent 1,4-benzoquinone.  Conversely, 

electron-rich benzoquinones are less effective (entries 2, 3, and 6) and sterically hindered 

benzoquinones cannot prevent isomerization to any significant extent (entries 4 and 5). 

Benzoquinones were also effective in preventing isomerization in reactions with the 

phosphine-free catalyst 3 (entries 10, 11, and 12). 

To understand the role of benzoquinone in preventing isomerization, we studied the 

isomerization of allyl benzene catalyzed by complex 4 with and without 1,4-benzoquinone.
10

 

As expected, allyl benzene was not isomerized with 2 mol% of 4 in presence of 10 mol% of 

1,4-benzoquinone. It has been reported that quinones are reduced to the corresponding 

hydroquinones upon reacting with ruthenium hydrides.
20,21

 Indeed, the formation of 1,4-

hydroquinone was observed by 
1
H NMR in this reaction (~10%, relative to 1,4-

benzoquinone). Moreover, neither the complex 4 nor any other ruthenium hydrides were 

observed from decomposition of (H2IMes)(PCy3)(Cl)2Ru=CH2 in benzene in the presence of 

2 equiv. 1,4-benzoquinone. These results indicate that benzoquinone may prevent the 

formation of metal hydrides from catalyst decomposition or react rapidly with hydrides 

generated by decomposition. Further mechanistic investigations are necessary to fully 

understand the role of 1,4-benzoquinones (redox reactions,
20,21

 charge transfer complexes,
22

 

etc.) in preventing olefin migration and to elucidate methods to prevent olefin isomerization 

in substrates such as allylic alcohols and some allylic amines for which 1,4-benzoquinones 

are not effective.  
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Table 4. Effect of benzoquinone structure on prevention of olefin isomerization 

Product Distribution
a 

Entry Additives Catalyst 
9 10 

1   1,4-Benzoquinone 2 87% 13% 

2   2-Methylbenzoquinone 2 62% 38% 

3   2,6-Dimethyl-1,4-benzoquinone 2 16% 84% 

4   2,6-Di-t-butyl-1,4-benzoquinone 2 <5% >95% 

5   2,5-Di-t-butyl-1,4-benzoquinone 2 <5% >95% 

6   2,6-Dimethoxy-1,4-benzoquinone 2 22% 78% 

7   2-Chloro-1,4-benzoquinone 2 91% 9% 

8   2,6-Dichloro-1,4-benzoquinone 2 >99% None 

9   Tetrafluoro-1,4-benzoquinone 2 >99% None 

10   None 3 <5% >95% 

11   1,4-Benzoquinone 3 91% 9% 

12   2,6-Dichlorobenzoquinone 3 >99% None 

a 
Determined by 

1
H NMR. 

 

Conclusion 

1,4-benzoquinones have been found to prevent olefin isomerization of a number of 

allylic ethers and long-chain aliphatic alkenes during olefin metathesis reaction with 

ruthenium catalysts. Electron-deficient benzoquinones are the most effective additives for the 

prevention of olefin migration. This mild, inexpensive, and effective method to block olefin 
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isomerization increases the synthetic utility of olefin metathesis by improving product yield 

and purity.  

 

Experimental 

General considerations.   Manipulation of organometallic compounds was 

performed using standard Schlenk techniques under an atmosphere of dry argon or in a 

nitrogen-filled Vacuum Atmospheres dry box (O2 < 2.5 ppm). NMR spectra were recorded 

on a Varian Mercury 300 (299.817 MHz for 
1
H). GC analysis were performed on Rtx-5 

column (Restek, 5% diphenyl  95% dimethyl polysiloxane) with HP 6890 GC. CD2Cl2 was 

dried by distillation from CaH2 and degassed by three freeze-pump-thaw cycles .  The 

catalysts 1, 2, and 3 were obtained from Materia and further purified by column 

chromatography using silica gel obtained from TSI. 1,4-Benzoquinones, allyl ether and other 

additives were obtained from Aldrich and used as received.  N,N-diallylaniline 19 was 

purchased from Pfaltz & Bauer and used as received. The complex 4,
10

 (Z)-5-tert-

butyldimethylsilyloxy-2-pentenoate 5,23 (Z)-1,4-Bis(tert-butyldimethylsilyloxy)-2-butene 

11,24 11-eicosenyl acetate 162 were prepared according to literature procedures. Meadowfoam 

oil methyl esters were produced by transesterification of Meadowfoam oil purchased from 

Natural Plant Products LLC, Oregon, USA.  

General experimental procedure for Table 1, 2, and 3, and Scheme 2.   Catalyst 2 

(2 mol% or 5 mol%) and additive (0.1  1.0 equiv. of substrate) were dissolved in CD2Cl2 

(0.7 mL) in a 5 mL vial in a nitrogen-filled Vacuum Atmospheres dry box.  Substrate (0.16 

mmol) was added to the solution, and the reaction mixture was transferred to an NMR tube 

fitted with a screw cap. The NMR tube was taken out of the drybox, and heated to 40 
o
C in 
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an oil bath.  The reaction was monitored by 
1
H NMR.  The conversion was measured by 

1
H 

NMR using 20 mol% of anthracene as an internal standard.
25

  

 

O

CH3O
12

O

CH3O
4

MeC20:1   63%

O

CH3O
14

MeC22:1   16%

MeC22:2   17%
 

Meadow Foam Oil Methyl Esters 

 

(E)-5-tert-butyldimethylsilyloxy-2-pentenoate (6).
23

   
1
H NMR (CD2Cl2): 6.96 (td, 

1H, J=7.2, 15.6 Hz), 5.88 (td, 1H, J=1.5, 15.6 Hz), 3.74 (t, 2H, J=6.5 Hz), 3.70 (s, 3H), 2.41 

(td, 2H, J=6.5, 7.2 Hz), 0.90 (s, 9H), 0.06 (s, 6H). 

 

(Z) and (E) mixture of 5-tert-butyldimethylsilyloxy-4-pentenoate (E/Z ~ 1:1) (7).
26

  

1
H NMR (CD2Cl2): 6.30 (td, 1H, J=1.5, 12.3 Hz, E), 6.22 (dd, 1H, J=2.4, 6.0 Hz, Z), 4.95 

(td, 1H, J=7.4, 12.0 Hz, E), 4.47 (dt, 1H, J=6.0, 7.0 Hz, Z), 2.40~2.15 (m, 8H, E and Z), 3.65 

(s, 6H, E & Z), 0.94 (s, 9H, Z), 0.92 (s, 9H, E), 0.15 (s, 6H, Z), 0.13 (s, 6H, E). 

 

2,5 Dihydrofuran (9).   
1
H NMR (CD2Cl2): 5.91 (t, 2H, J=0.9Hz), 4.60 (d, 4H, 

J=0.9Hz). 
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2,3-Dihydrofuran (10).   
1
H NMR (CD2Cl2): 6.32 (m, 1H), 4.95(m, 1H), 4.28 (t, 

2H, J=9.6Hz), 2.59 (m, 2H). 

 

(E)-1,4-Bis(tert-butyldimethylsilyloxy)-2-butene (12).
24   1

H NMR (CD2Cl2): 5.77 

(t, 2H, J=3.0Hz), 4.18 (d, 4H, J=3.0Hz), 0.92 (s, 9H), 0.08 (s, 6H). 

 

(Z) and (E) mixture of 1,4-Bis(tert-butyldimethylsilyloxy)-1-butene (E/Z ~ 1:1.4) 

(13).
27

 
1
H NMR (CD2Cl2): 6.29 (td, 1H, J=1.2, 12.1 Hz, E), 6.22 (td, 1H, J=1.5, 5.7 Hz, Z), 

4.95 (td, 1H, J=7.2, 12.1 Hz, E), 4.49 (dt, 1H, J=5.7, 7.2 Hz, Z), 3.60 (t, 2H, J=6.9 Hz, Z), 

3.57 (t, 2H, J=6.6 Hz, E), 2.30 (td, 2H, J=6.9, 7.2 Hz, Z), 2.09 (td, 2H, J=6.6, 7.2 Hz, E), 

0.94 (s, 9H, Z), 0.91 (s, 9H, E), 0.15 (s, 6H, E), 0.07 (s, 6H, Z). 

 

N-Phenyl-3-pyrroline (20).
28

   
1
H NMR (CD2Cl2): 7.24 (m, 2H), 6.67 (m, 1H), 6.54 

(m, 2H), 5.99 (s, 2H), 4.12 (s, 4H).    

 

N-Phenyl-2-pyrroline (21).
29

   
1
H NMR (CD2Cl2): 7.47, 7.30, and 6.56 (m, 5H 

aromatic), 7.13 (m, 1H), 6.35 (m, 1H), 3.30 (m, 2H), 2.02 (m, 2H). 

Ethenolysis of Meadowfoam oil methyl ester 14.30,31 Meadowfoam oil methyl ester 

14 was degassed with anhydrous argon for 10 minutes. 10 g (31.3 mmol) of 14 was added to 

two Fisher-Porter bottles. To one bottle was added 1,4-benzoquinone (20 mg, 0.19 mmol) 

followed by ruthenium catalyst 1 (77 mg, 0.094 mmol) at room temperature. To the other 

bottle was added only catalyst 1 (77 mg), as the control reaction. Both bottles were 

pressurized with ethylene (130 psi), and stirred for 66.5 h at 40 
o
C.  The reaction mixture was 
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collected during the reaction, and then quenched with an excess amount of 1 M THMP 

solution (trishydroxymethyl phosphine in IPA), stirred at ~50 
o
C for 1 h and then analyzed by 

GC and GC-MS.  GC and GC/MS results: tR 1.67 min (Methyl 5-hexenoate 15, M
+
=128), tR 

1.73 and 1.77 min (isomerized products of 15, M
+
=128), tR 2.04 min (cyclooctene, M

+
=110), 

tR 2.09 min (1-Decene, M
+
=140), tR 8.88 min (1-Hexadecene, M

+
=224), tR 16.39 min 

(Methyl 5-Eicosenoate, M
+
=324), tR 18.34 min (Methyl 5,13-Docosadienoate, M

+
=350), tR 

18.65 min (Methyl 5-Docosenoate, M
+
=352). 

 

Table 5. Ethnolysis of meadowfoam oil methyl ester  (reported as percent GC Area) 

Time (hr) Reaction 
Methyl 

5-Eicosenoate 
1-Decene 

Methyl 5-

hexenoate 15 
%Isomerized 

15 

Benzoquinone 63 0 0 0 
0 

Control 63 0 0 0 

Benzoquinone 31 7 10 0 
1 

Control 39 6 8 0 

Benzoquinone 30 8 11 0 
3 

Control 33 7 9 1 

Benzoquinone 28 7 11 1 
21.3 

Control 31 7 9 3 

Benzoquinone 29 7 10 1 
66.5 

Control 31 4 5 49 
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Figure 1. GC traces of ethenolysis of meadowfoam oil methyl ester 14 without 1,4-

benzoquinone (control). 

 

 

 

Figure 2. GC traces of ethenolysis of meadowfoam oil methyl ester 14 With 1,4-

benzoquinone. 
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Ethenolysis of 11-eicosenyl acetate 16.  11-Eicosenyl acetate 16 was degassed with 

anhydrous argon for 10 minutes. 8 g  (23.7 mmol) of 16 was added to two Fisher-Porter 

bottles. To one bottle was added 1,4-benzoquinone (15 mg, 0.14 mmol) followed by 

ruthenium catalyst 1 (59 mg, 0.071 mmol) at room temperature. To the other bottle was 

added only catalyst 1 (59 mg), as the control reaction. Both bottles were pressurized with 

ethylene (130 psi) and stirred for 41.5 h at 40 
o
C or room temperature. During the reaction, 

samples were collected and analyzed.  The reactions were quenched with an excess amount 

of 1 M THMP solution (trishydroxymethyl phosphine in IPA) at ~50 
o
C for 1 h, then 

analyzed by GC and GC-MS. GC and GC/MS results: tR 2.10 min (1-decene 17, M
+
=140), tR 

2.19 and 2.25 min (isomerized products of 17, M
+
=140), tR 9.05 min (11-dodecenyl acetate 

18, M
+
=226), tR 9.18 and 9.30 min (isomerized products of 18, M

+
=226), tR 10.96 and tR 

11.03 min (9-octadecene, M
+
=252), tR 17.27 min (11-eicosenyl acetate, M

+
=338), tR 30.36 

and tR 31.33 min (11-docosenyl 1,22-diacetate, M
+
=424). 

 

Table 6. Ethenolysis of 11-eicosenyl acetate 16 (reported as percentage GC area) 

Time 

(min) 
Reaction 

11-

Eicoseny

l acetate 

1-

Decene 

17 

11-

Dodecenyl 

acetate, 18 

9-

Octadecene 

 

11-

Docosenyl 

1,22-

Diacetate 

%Isomerized 

17, 

%Isomerized 

18 

Benzoquinone 98 0 0 0 0 0, 0 
0 

Control 98 0 0 0 0 0, 0 

Benzoquinone 42 23 32 1 2 0, 0 
100 

Control 27 28 39 2 3 1, 1 

Benzoquinone 41 22 32 2 2 0, 1 
1110 

Control 23 22 32 3 4 22, 23 

Benzoquinone 41 22 32 2 2 1, 2 
2490 

Control 23 20 28 3 4 30, 32 
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Figure 3. GC traces of ethenolysis of 11-eicosenyl acetate 16 without 1,4-benzoquinone 

(control).
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Figure 4. GC traces of ethnolysis of 11-eicosenyl acetate 16 with 1,4-benzoquinone. 

 

Effect of benzoquinone structure on prevention of olefin isomerization. Catalyst 2 (69 

mg, 5 mol%) and additive (10 mol%) were dissolved in CD2Cl2 (4 mL) in a 50 mL schlenk 

tube in a nitrogen-filled Vacuum Atmospheres dry box.  The flask was removed from the 

drybox.  Diallyl ether 8 (0.2 mL, 1.6 mmol) was added to the solution, and the reaction 

mixture was heated to 40 
o
C in an oil bath.  After 24 h, conversions were determined by 

1
H 

NMR.  
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Chapter 6 

 

Highly Active Water-Soluble Olefin Metathesis Catalyst  

 

Abstract 

A novel water-soluble ruthenium olefin metathesis catalyst supported by a 

poly(ethylene glycol) conjugated saturated 1,3-dimesityl-4,5-dihydroimidazol-2-ylidene 

ligand is reported.  The catalyst displays improved activity in ring-opening metathesis 

polymerization, ring-closing metathesis, and cross-metathesis reactions in aqueous media. 

 

Introduction 

Olefin metathesis is a powerful carbon-carbon bond formation reaction in both 

polymer and small molecule synthesis.
1
 In particular, the recent development of ruthenium 

olefin metathesis catalysts, which show high activity and functional group tolerance, has 

expanded the scope of olefin metathesis. However, performing olefin metathesis in aqueous 

media is still challenging due to the lack of a stable and active catalyst soluble in water.  

Aqueous olefin metathesis has the economic, environmental, and processing benefits of both 

homogeneous aqueous catalysis and aqueous two-phase catalysis.
2
 Further, aqueous olefin 

metathesis is critical for some biological applications of olefin metathesis. 

 

                                                
 The majority of this chapter has been published: Hong, S. H.; Grubbs, R. H. J. Am. Chem. 

Soc. 2006, 128, 3508 3509. 
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With the goal of developing a homogeneous catalyst that displays increased activity 

and stability, our group has reported several water-soluble catalysts such as 1,
3 

2,
3
 and 3.

4
 

Catalysts 1 3 are unable to mediate the ring-closing metathesis (RCM) reaction of simple 

, -dienes in water, and show limited RCM activity in methanol.  Moreover, they do not 

show any activity in cross metathesis (CM) reactions in protic media. The recently developed 

catalyst 3 containing an N-heterocyclic carbene (NHC)-based ligand shows improved activity 

in aqueous ring-opening metathesis polymerization (ROMP) reactions.
4
 Appending 

poly(ethylene glycol) (PEG) to the nondissociating NHC ligand allows catalyst 3 to remain 

in solution throughout the entire metathesis reaction.  However, having the PEG-carbamoyl-

benzyl group as a pendant group of NHC limited the stability of the complex 3.  Earlier 

studies have shown that 1,3-diaryl group of NHCs in (NHC)(L)(Cl)2Ru=CHPh type 

complexes are important for catalyst stability.
5
 As part of the ongoing effort to use PEG as a 

water solubilizing moiety, we have developed the novel water soluble catalyst 4 which shows 

improved stability and activity in water. Appending PEG on the backbone of saturated 1,3-

dimesityl-4,5-dihydroimidazol-2-ylidene (H2IMes) ligand renders catalyst 4 soluble in 

organic solvents such as dichloromethane and toluene as well as water, with maintaining 

stability and activity of well-known H2IMes-based ruthenium metathesis catalysts.
6
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Results and Discussion 

Catalyst 4 was prepared in three steps from readily available starting materials.  PEG-

attached diamine 7 was synthesized using an SN2 type reaction between N,N’-dimesityl-2,3-

diamino-1-propanol 5
7
 and PEG mesyl methyl ether 6. The diamine 7 was subsequently 

converted to the corresponding imidazolium salt 8 through condensation with triethyl 

orthoformate in the presence of ammonium tetrafluoroborate. Deprotonation of 8 with 

potassium bis(trimethylsilyl)amide (KHMDS) followed by the addition of Ru complex 9 

generated the desired catalyst 4 (Scheme 1). Catalyst 4 was purified by column 

chromatography followed by precipitation from dichloromethane into diethyl ether.  

Attempts to synthesize a phosphine-containing version of this catalyst were unsuccessful. 

 

Scheme 1. Synthesis of catalyst 4. 

MesHN NHMes

OH

(1) KOtBu

MesHN NHMes

OPEG-Me

NH4BF4

HC(OEt)3

120 oC

(2) Me-PEG-OMs 6

MesN NMes

OPEG-Me

BF4
-

65%                                            94%

5                                                           7                                                 8
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Ru

PCy3Cl

O

Cl

Ru

Cl

NMesMesN

O
Cl

OPEG-Me

51%Toluene, 80 oC

9

DMF, 60 oC

 

 

Complex 4 is stable in water. In the 
1
H NMR recorded in D2O, no signal 

corresponding to the benzylidene proton (Ru=CHPh, 16.4 ppm, CD2Cl2) was observed.  

Initially, this was believed to be due to either deuterium exchange of the benzylidene 

proton,
3d

  or from rapid decomposition of 4 in D2O. However, upon extracting the catalyst 

with CD2Cl2 from the D2O solution, the benzylidene peak reappeared. Even after 1 week in 

D2O, the 
1
H NMR spectra, after CD2Cl2 extraction, was not significantly altered, showing 

stability of this catalyst in water.
8
 This type of solvent-dependent NMR behavior has been 
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reported in micelle-type complexes.
9
 We believe that catalyst 4 aggregates could form a 

micelle-like structure in D2O due to hydrophilic PEG chain and hydrophobic ruthenium 

center.
10 

 

 

Figure 1. 
1
H NMR spectra of catalyst 4 in D2O and CD2Cl2. 

 

As an activity comparison, we examined the ROMP of endo-norbornene monomer 10 

with catalysts 2, 3 and 4.
11

  As shown by Figure 2, catalyst 4 showed much improved activity 

when compared to other water-soluble catalysts.
12

  This is consistent with past results as 

saturated NHC-based ruthenium olefin metathesis catalysts are known to be more active than 

phosphine-based and unsaturated NHC-based catalysts.
5,6 
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Figure 2. A comparison of the ability of water-soluble catalysts to polymerize endo-

monomer 10
 
(data for catalyst 2 and 3 are obtained from reference 4). 

 

RCM reactions of water-soluble , -dienes have been highly challenging due to 

instability toward water of the Ru methylidene species generated after the first catalytic 

turnover.
3b

 There have been a few reports of RCM of , -dienes in water.
13

 However, the 

reported reactions either involved water-insoluble substrates, or water-insoluble catalysts.
13

 

The actual metathesis reactions in these systems are believed to occur in organic-friendly 

environments, such as inside solid supports, as a decrease in activity is observed with water-

soluble , -dienes. The best reported conversion of RCM of diallylamine hydrochloric acid 

salt 16 in water was just 11% at 45 
o
C.

13b
 In homogeneous systems, there has been no report 

of the RCM of the , -dienes in aqueous media.
14 
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Table 1. Ring-closing metathesis reactions in aqueous media
a
 

Entry Substrate Time Product Conversion 

1 
Cl-

N
 

12 

12 h 
Cl-
N

 
13 

>95% 

2 
H2N

Cl-  
14 

24 h 
H2N

Cl-  
15 

>95% 

3 
H2N

Cl-  
16 

36 h 
H2N H2N

Cl- Cl-  
          17                    18 

67% (+28%) 

4 
H2N

Cl-  
19 

24 h 
H2N

Cl-  
20 

42% 

5 
N

Cl-  
21 

24 h 
N

Cl-  
22 

<5% 

6 Cl-
H2N

 

23 

24 h Cl-
H2N

 

24 

68% 

7 

H2N

Cl-  
25 

24 h 
Cl-
H2N

 
26 

39% 

a
Reactions were carried out at room temperature with 5 mol% catalyst 4 and an initial 

substrate concentration of 0.2 M in D2O or H2O.  Conversions were determined by 
1
H NMR 

spectroscopy. 
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Catalyst 4 showed unprecedented RCM activity with water-soluble , -dienes in 

water yielding the corresponding 5-, 6- and 7-membered rings in good to excellent yields 

(Table 1). RCM of 12 and 14 produced the corresponding 5-membered and 6-membered ring 

compounds, 13 and 15, quantitatively (entries 1 and 2). In RCM of 16, cycloisomerized 

product 18 was observed along with the major metathesis product 17 (entry 3). This type of 

cycloisomerization has previously been observed during olefin metathesis, presumably by 

ruthenium hydrides from catalyst decomposition.
13b,15

 For the other substrates (entries 1, 2, 

4 7), the corresponding cycloisomerized products were not observed. Allyl-2-

methylallylamine hydrochloride 19 was cyclized to generate a tri-substited olefin 20 with 

relatively lower yield (entry 4). RCM of 23 and 25 produced the corresponding 7-membered 

ring 24 and 26 with 68% and 39% conversion, respectively (entries 6 and 7). For reasons not 

yet fully understood, RCM of diallyldimethylamine chloride 21 was not successful (entry 5). 

Cross-metathesis is also challenging in aqueous media.  To the best of our 

knowledge, there have been no reports of homogeneous cross-metathesis in water.  The 

Blechert group demonstrated homodimerization of allyl alcohol 27 in D2O up to 80% 

conversion using the aforementioned heterogeneous catalyst system.
13b

 Catalyst 4 shows 

excellent activity in homodimerization of 27 and 30, and the self-metathesis of cis-2-butene-

1,4-diol 28 in water (Table 2).  However, cross-metathesis reaction with catalyst 4 is highly 

substrate dependent.  4 is unable to homodimerize vinylacetic acid, allylamine hydrochloride, 

and other water-soluble olefins derived from carboxylic acid and quaternary ammonium 

salts. Variations of pH using DCl or NaOD solutions did not improve the cross-metathesis 

activity of catalyst 4. 
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Table 2. Cross-metathesis reactions in aqueous media
a
 

Substrate Time Product Conversion 

OH
 

27 
12 hb 

HO

OH

 
>95%c 

HO OH  
28 

12 hb HO

OH

 
29 

94%d 

OH  
30 

7 he OH
HO  

31 
83%f 

a
Reactions were carried out with 5 mol% catalyst 4 and an initial substrate concentration of 

0.2 M in D2O or H2O.  Conversions were determined by 
1
H NMR spectroscopy. 

b
At 45 

o
C.

 

c
E/Z ~ 15:1.  

d
6% of 24 remains due to thermodynamic equilibrium.  

e
Reaction was carried 

out at room
 
temperature. Isomerization occurred at 45 

o
C. 

f
E/Z ~ 8:1 

 

Conclusion 

A novel poly(ethylene glycol)-supported water-soluble catalyst which is active and 

stable in water has been developed.  This catalyst shows unprecedented activity in ROMP, 

RCM, and CM in aqueous media. 

 

Experimental 

General considerations.   Manipulation of organometallic compounds was 

performed using standard Schlenk techniques under an atmosphere of dry argon or in a 

nitrogen-filled Vacuum Atmospheres dry box (O2 < 2.5 ppm).  NMR spectra were recorded 
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on a Varian Mercury 300 (299.817 MHz for 
1
H; 75.4 MHz for 

13
C).  D2O was purchased 

from Cambridge Isotope Laboratories and degassed by bubbling with Ar.  Puriss water was 

purchased from Aldrich and degassed by bubbling with Ar.  The starting materials, 57 and 616 

were prepared according to literature procedure.  Substrates 10,17 and products 11,
17

 13,18 

15,19 17,20 18,21 20,
20

 and 2522 have been previously prepared and reported.  12 was 

synthesized from 2-allyl-4-pentenamine23 by treatment with MeI followed by ion exchange.  

14,24 19,25 allylamine hydrochloride were synthesized from the corresponding amines by 

treatment with HCl in diethyl ether.  Substrate 16 was purchased from TCI and used as 

received.  Substrate 21, 23, 24, vinylacetic acid, and allylamine were purchased from Aldrich 

and used as received.  Complex 9 was obtained from Materia and used as received.  

  

Synthesis of poly(ethylene glycol) N,N’-dimesityl-2,3-diamino-1-propyl methyl 

ether (7).  To a stirred solution of N,N’-dimesityl-2,3-diamino-1-propanol 5 (1.2 g, 3.6 

mmol) in DMF (100 mL), KOtBu (0.40 g, 3.6 mmol) was added as a single portion.  After 

with stirring at ambient temperature for 30 min, PEG mesyl methyl ether 6 (Mn ~ 2078, 2.5g, 

1.2 mmol) was added.  The reaction mixture was heated to 60 
o
C for 2 days.  Upon cooling to 

ambient temperature, a few drops of water were added to quench the reaction.  DMF was 

removed in vacuo, and dichloromethane (100 mL) was added to dissolve the product.  The 

CH2Cl2 solution was passed through a pad of celite.  After evaporation of volatiles, the crude 

mixture was eluted through a pad of silica gel using dichloromethane and methanol (v/v = 

1:1), and the product was precipitated from dichloromethane into diethyl ether.  The 

precipitates were collected either by vac-filtration, or by centrifuge to yield a fluffy white 

solid (1.80 g, 65%).  
1
H NMR (CDCl3): 6.75 (s, 2H), 6.74 (s, 2H), 4.12 (dd, J = 14.0, 2.0 



 95

Hz, 1H), 3.94 (dd, J = 6.5, 2.0 Hz, 1H), 3.78 – 3.43 (m, PEG), 3.32 (s, 3H), 2.25 – 2.16 (m, 

18H); 
13

C NMR (CDCl3):  141.9 (br), 132.0, 130.8 (br), 130.0, 129.5 (br), 129.3, 76.1 – 

66.7 (m, PEG), 65.0, 61.6, 59.0, 56.2, 51.0, 20.6, 20.5, 18.8, 18.3. 

 

Synthesis of 1,3-bis(1-mesityl)-4-{[methoxy poly(ethylene glycol) oxy] methyl}-

4,5-dihydro-1H-imidazol-3-ium tetrafluoroborate (8).  Diamine 7 (0.50 g, 0.22 mmol), 

ammonium tetrafloroborate (0.023 g, 0.22 mmol), and triethylorthoformate (3 mL) were 

heated to 120 
o
C for 12 h.  After cooling to ambient temperature, the product was precipitated 

from diethyl ether.  The precipitate was collected either by vac-filtration, or by centrifuge and 

washed several times with diethyl ether to yield a fluffy white solid (0.49 g, 94%, Mn ~ 

2424).   
1
H NMR (CDCl3): 7.92 (s, 1H), 6.95 (s, br, 4H), 5.13 (m, 1H), 4.63 (t, J = 12.0 Hz, 

1H),  4.43 (dd, J = 12.0, 7.5 Hz, 1H), 3.84 – 3.35 (m, PEG), 3.34 (s, 3H), 2.37 – 2.28 (m, 

18H); 
13

C NMR (CDCl3): 158.4, 140.8, 140.5, 136.2, 135.6, 135.4, 130.6, 130.4, 130.2, 

130.1, 128.4, 73.4 – 69.7 (m, PEG), 67.3, 66.7, 64.1, 59.1, 52.7, 21.2, 21.1, 18.4, 17.6, 17.5, 

15.3. 

 

Synthesis of PEG conjugated Ru catalyst (4).   In a nitrogen-filled dry box, 

imidazolium salt 8 (0.40 g, 0.17 mmol) and potassium bis(trimethylsilyl)amide (KHMDS, 

0.049 g, 0.25 mmol) were dissolved in toluene (4 mL) and added to a solution of ruthenium 

complex 9 (0.15 g, 0.25 mmol) in toluene (2 mL), and the solution was transferred to a 

schlenk flask.  The flask was capped and removed from the dry box and heated to 80 
o
C for 3 

h.  The product was purified by column chromatography (Brockmann III grade neutral 

alumina, 50:1 CH2Cl2:MeOH) followed by precipitation from dichloromethane into diethyl 
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ether to yield a green solid (0.22 g, 51%, Mn ~ 2639).  
1
H NMR (CD2Cl2): 16.4 (s, 1H), 7.54 

(td, J = 9.0, 2.1 Hz, 1H), 7.07 (s, 2H), 7.05 (s, 2H), 6.96-6.87 (m, 2H), 6.82 (d, J = 8.1 Hz, 

1H), 4.87 (m, 1H), 4.56 (m, 1H), 4.23 (t, J = 10.8 Hz, 1H), 4.08 (dd, J = 10.2, 8.4 Hz, 1H), 

3.84 – 3.36 (m, PEG), 3.33 (s, 3H), 2.40 (s, br, 18H), 1.23 – 1.90 (m, 6H); 
13

C NMR 

(CD2Cl2):  296.5, 213,3, 152.4, 145.8, 145.7, 140.1, 139.3, 139.2, 130.2, 130.0, 129.9, 

129.6, 122.8, 122.7, 113.4, 76.5, 75.6, 72.4, 71.7 – 68.3 (m, PEG), 63.8, 59.1, 59.0, 55.6, 

21.4, 21.3, 21.3, 21.0 – 18.0 (m) (Figure 3). 

 

General procedure for ROMP, RCM, and CM with catalyst (4).  In a nitrogen 

filled dry box, solid substrate (if any) and catalyst were weighed onto a weighing paper and 

transferred into a screw-cap NMR tube.  The NMR tube was sealed with a screw-cap 

equipped with a septum and removed from the dry-box.  Liquid substrate (if any) and 

degassed deuterium oxide were added via airtight syringe while under a positive Ar pressure.  

The tube was heated in a temperature-controlled mineral oil bath, or allowed to stand at 

ambient temperature depending on reaction conditions.  The reaction was monitored by 
1
H 

NMR spectroscopy using a PEG peak as an internal standard.26 
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Figure 3. 
1
H and 

13
C spectra of catalyst 4. 
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Chapter 7 

 

Efficient Removal of Ruthenium By-products from Olefin Metathesis 

Products by Simple Aqueous Extraction 

 

Abstract 

Simple aqueous extraction removed ruthenium byproducts efficiently from ring-

closing metathesis reactions catalyzed by a poly(ethylene glycol)-supported N-heterocyclic 

carbene-based ruthenium complex.  

 

Introduction 

Olefin metathesis is a powerful carbon-carbon bond formation reaction in both 

polymer and small molecule synthesis.
1,2

 In particular, the recent development of ruthenium 

olefin metathesis catalysts such as 1–3, which show high activity and functional group 

tolerance, has expanded the scope of this reaction.
3
 However, it has proved very difficult to 

remove the highly colored ruthenium complexes completely from the desired product even 

after purification by silica gel column chromatography. The residual ruthenium complexes 

can cause problems such as olefin isomerization,
4-6

 decomposition over time,
7,8

 and increased 

toxicity of the final product which is critical especially in connection with the synthesis of 

biologically active materials.
9 
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Several protocols have been reported to remove the ruthenium by-products. The use 

of tris(hydroxymethyl)phosphine (THMP),
9
 Pb(OAc)4,

10
 DMSO (or Ph3P=O),

11
 activated 

carbon,
12

 supported phosphines,
13

 supercritical fluid,
14

 modified catalyst,
15

 and mesoporous 

silicates
16

 have all been reported to reduce the ruthenium content from homogeneous olefin 

metathesis reactions. Although these purification methods afford low levels of residual 

ruthenium, they also have drawbacks, such as high loadings of expensive, toxic, or unstable 

ruthenium scavengers, long processing times, the requirement of silica gel column 

chromatography, or numerous washings and extractions, which are not practical and 

economical in many cases.
14

 Furthermore, most methods do not actually reduce the 

ruthenium contamination below the level of 10 ppm, which is necessary for pharmaceutical 

applications.
17,18 

 

Results and Discussion 

Recently, we reported poly(ethylene glycol) (PEG) supported catalyst 4 (Mn ~  2639) 

which is active and stable in aqueous media.
19

 The unique solubility profile of PEG renders 4 

soluble in some organic solvents such as dichloromethane and toluene, which are typical 

solvents for olefin metathesis, as well as aqueous media. The catalyst is insoluble in other 

organic solvents such as diethyl ether, isopropyl alcohol, and hexanes, following the 
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solubility profile of PEG. This extraordinary solubility of 4 prompted us to develop a simple 

aqueous extraction method to remove the ruthenium byproducts after olefin metathesis 

reactions. The idea is simple—to extract PEG-bound ruthenium complexes with water from 

diethyl ether solution containing the desired organic products, after performing the olefin 

metathesis reaction homogeneously in CH2Cl2 or toluene (Scheme 1). 

 

Scheme 1 

E

E

  1 mol% 4

CH2Cl2, rt, 2 h

E

E

>99%

Et2O

H2O

E

E

[PEG-Ru*]

5                                                  6

E = CO2Et

 

 

The activity of catalyst 4 in CH2Cl2 was compared to catalysts 2 and 3 in the ring-

closing metathesis (RCM) reaction of diethyl diallylmalonate (5).
20

 As shown in Chart 1, the 

attachment of a PEG chain to the N-heterocyclic carbene (NHC) ligand does not significantly 

affect the catalyst activity.  
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Chart 1. RCM of Diethyl diallylmalonate 4.
a
 

 

a
Conditions: 1 mol % of ruthenium catalyst, 0.1 M, CD2Cl2, 30 

o
C.

20
 

 

The RCM of substrate 5 by catalyst 3 followed by purification using several reported 

methods was undertaken to collect reference data (Table 1). Silica gel chromatography, 

which is not practical and efficient on an industrial scale, was avoided in all cases. Simple 

extraction reduced the ruthenium content by approximately half (entry 1). Treatment with 

DMSO treatment in the absence of silica gel chromatography, is not as effective as 

ruthenium removal employing THMP or activated carbon.
11

 THMP
9
 and activated carbon

12
 

treatment with an aqueous workup effectively reduced the ruthenium level below 100 ppm; 

however, this level is still too high for practical use.  
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Table 1. Ruthenium level in 6 (ppm) after various purification methods. 

Entry Catalyst
a
 Purification Method [Ru] (ppm)

b
 

1 3   5 H2O washes 1779 

2 3   THMP (50 equiv
c
) and 5 H2O washes 91 

3 3   DMSO (50 equiv
c
) and 5 H2O washes 786 

4 3   PEG (Mn ~ 10000, 50 equiv
c
) and 5 H2O washes 562 

5 3   PEG (Mn ~ 550, 50 equiv
c
) and 5 H2O washes 1165 

6 3   5 H2O washes and activated carbon
d 82 

7 4   5 H2O washes 41
e 

8 4   THMP (50 equiv
c
) and 5 H2O washes 2 

9 4   5 H2O washes and activated carbon
d < 0.04 

    
a 
1 mol%. 

b 
Analyzed by ICP-MS, crude [Ru] ~ 4400 ppm for both 3 and 4. 

c 
Based on the 

ruthenium catalyst.
 d 

1.3 weight equiv of the crude product 6. 
e 
3 H2O washes do not increase 

the measured ruthenium level. 

 

In contrast, simple aqueous extraction reduced the ruthenium level to 41 ppm 

following RCM with catalyst 4, which is lower than the level achieved by THMP or activated 

carbon treatment from the reaction with catalyst 3 (entry 7).
21

 Clear diethyl ether and brown 

aqueous phases were observed during the extraction. Employing the aqueous extraction 

protocol with catalyst 4 in combination with THMP or activated carbon reduced the 

ruthenium level below 10 ppm, which is suitable for pharmaceutical applications (entries 8 

and 9).
14

 The activated carbon treatment after aqueous extraction was extremely efficient 

reducing the ruthenium level below the detection limit of our analysis, <0.04 ppm. 

PEG chains themselves were next tested for removing residual ruthenium. The tested 

PEG polymers (Mn ~ 10000 and Mn ~ 550) did not effectively remove the ruthenium-
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containing byproducts (entries 4 and 5). These results indicate that the PEG-supported NHC 

ligand remains bound to the ruthenium byproducts or scavenges them after olefin metathesis 

reactions. The NHC-bound decomposition products isolated from reactions with catalyst 2 

have been reported in both organic solvents and aqueous media.
7,22,23

 

 

Conclusion 

In conclusion, we have demonstrated a convenient and efficient method for removing 

ruthenium-containing byproducts from olefin metathesis reactions by simple aqueous 

workup. This practical, economical and environmentally friendly method reduced the 

ruthenium contamination level down to the useful range for biologically active material 

applications. 

 

Experimental 

General considerations. Manipulation of catalysts 1–4 was performed using 

standard Schlenk techniques under an atmosphere of dry argon or in a nitrogen-filled 

Vacuum Atmospheres dry box (O2 < 2.5 ppm). Ruthenium level was analyzed on an Agilent 

7500c quadrupole inductively coupled plasma mass spectrometer (ICP-MS) following the 

literature procedure.9,11 CH2Cl2 was dried by passage through solvent purification column 

containing alumina and degassed by argon sparge. Diethyl ether was purchased from Fisher 

and used as received. Diethyl diallylmalonate 5 and activated carbon (Darco G-60, 100 mesh, 

powder) was purchased from Aldrich and used as received. Catalysts 1–3 were obtained from 

Materia and used as received. Catalyst 4 was prepared according to the literature procedure.19 
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Catalyst comparison was carried out in RCM of 5 according the literature procedure (Chart 

1).20 

 

Procedure for RCM of 5. To a stirred solution of diethyl diallylmalonate (5, 120 

mg, 0.5 mmol) in CH2Cl2  (20 mL), ruthenium catalyst (3 or 4, 1 mol%) was added under 

argon atmosphere at room temperature. The reaction mixture was stirred for 2 h, and CH2Cl2 

was evaporated in vacuo. Crude 3,3-diethylester-pentene (6, ~100 mg, > 94%) was obtained 

as dark brown oil and used for further purification. 

 

Purification of 6. Crude 3,3-diethylester-pentene (6, 100 mg, 0.472 mmol) in 

diethyl ether (~30 mL) was transferred to a separatory funnel.  The diethyl ether solution was 

washed 3 or 5 times by water (~30 mL), dried over MgSO4, and concentrated. 

Approximately 20  30 mg of the resulting clear oil was accurately weighed by a 

microbalance and digested with concentrated nitric acid overnight for ICP-MS analysis. For 

activated carbon purification, the activated carbon (1.3 weight equiv of the crude product 6) 

was added to the diethyl ether solution after the extraction and stirred for 24 h. After the 

carbon was filtered, the filtrate was concentrated in vacuo to provide 6 as clear oil. THMP 

and DMSO methods were carried out following the literature procedure except avoiding 

silica gel treatment or column chromatography 
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