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■ Abstract 

Terminal olefin isomerization with transition metal catalysts has emerged in the past 

decade as a useful means of generating regio- and stereo-selective internal alkenes. In this work, 

an array of previously characterized and uncharacterized molybdenum(0) phosphine complexes 

were synthesized and tested by their ability to catalyze olefin isomerization for a variety of 

reagents.  When coupled with co-catalytic acid (TsOH), these catalysts—specifically the cis-

Mo(CO)4(PPh3)2 complex—generally produced an excess of the higher energy (Z)-2-alkene 

isomer from terminal olefin substrates with state-of-the-art selectivity.  Importantly, the Mo(0) 

complexes examined herein are air-stable, simple to produce and isolate, and demonstrate 

activity with low catalytic loading (0.5%) and under mild conditions (66 °C in THF).  This 

practicality may extend their use to the organic synthesis of fine chemicals without the 

generation of significant reagent or solvent waste.  Furthermore, the activity and unique 

selectivity observed with these catalysts should encourage further inquiry into other 

molybdenum-mediated reactions involving olefins. 

 
 
■ Introduction 

Alkenes are important functional groups in a myriad of organic products and synthetic 

precursors.  Their applications range from reagents in olefin cross-coupling reactions, to 

petrochemical feedstocks, to scents of the fragrance industry.  While many methods exist for 

generating the thermodynamically-favored (E)-isomer, the higher-energy (Z)-isomer has proven 

more challenging to selectively produce.  Several common ways to produce (Z)-alkenes include 

the Wittig reaction1, partial hydrogenation over a poisoned palladium catalyst2 , the 

Still−Gennari modification of the Horner-Wadsworth-Emmons olefination3 , and various other 

metal-mediated cross-coupling reactions.4  However, one approach which has recently attracted 



great attention is selective olefin isomerization using transition metal catalysts.  This method 

potentially offers an atom-economical way to selectively generate these important reagents.   

Although isomerization of terminal alkenes to internal alkenes is favored 

thermodynamically, metal-catalyzed isomerization reactions often yield a mixture of regio- and 

stereo-isomers.  Specifically, formation of the (E)-stereoisomer is thermodynamically favored 

over formation of the corresponding (Z)-isomer, and without some means of kinetic control, 

isomerization typically approaches an (E):(Z) ratio of 3:1 for simple alkenes as dictated by their 

respective free energies.5  While there are many examples of highly-selective isomerization to 

(E) internal alkenes using Fe,6 Pd,7 and other transition metal catalysts,8 selective isomerization 

to (Z) alkenes is relatively rarer.  One method to kinetically control this reaction involves the use 

of sterically demanding ligands or directing groups.  Chen et al. have reported the successful (Z)-

selective isomerization of terminal alkenes using a sterically hindered Co(II) catalyst, although 

further migration of the double bond yielded a mixture of regioisomers.9  Another method for 

overcoming this thermodynamic barrier is to circumvent it entirely by photochemical catalysis.  

For example, Singh et al. have demonstrated that a photoexcited Iridium-based catalyst facilitates 

the selective isomerization of (E)-styrenal alkenes to the corresponding (Z)-isomer.10   

Two primary mechanisms for the metal-catalyzed isomerization of alkenes have been 

proposed.11  The so-called “alkyl” mechanism (Figure 1) involves the [1,2]-insertion of the 

terminal alkene into a metal hydride, followed by subsequent β-hydride elimination to generate 

an internal alkene isomer.  At this stage, the product may simply dissociate from the metal or 

continue to isomerize through more reversible alkene insertion and β-hydride elimination steps 

down the alkyl chain in a process known as “chain walking.”12  Throughout this process, the 

oxidation state of the metal does not change.  On the other hand, the “allyl” mechanism (Figure 



2) involves the η2 coordination of the terminal alkene to a metal center, while a subsequent β-

hydride elimination generates the η3-allyl complex.  Here, insertion of the hydride to carbon 1 

generates the internal alkene isomer, at which point product dissociation or chain walking may 

occur.  One noteworthy difference between these two mechanisms involves the prior formation 

of a metal hydride.  While the alkyl mechanism requires a metal hydride prior to alkene insertion 

to initiate the catalytic cycle, the allyl mechanism may proceed simply following coordination of 

the alkene. 

 

In this work, we approached the goal of isomerizing alkenes using Molybdenum(0) 

catalysts.  Molybdenum is an inexpensive and earth-abundant Group VI transition metal which 

offers unique catalytic abilities.  In its most readily available 0 oxidation state form, Mo(CO)6, 

molybdenum has already demonstrated intriguing catalytic properties.  For example, Yamane et 

al. have shown that Mo(CO)6, when used in a 20 mol% catalytic capacity, mediates the 

carbamoylation of aryl halides and amines to generate aryl amides using minimal CO pressure.13  

Furthermore, U.S. patent 3,391,216 describes a process for isomerizing terminal olefins to 2-

alkenes using catalytic Mo(CO)6, although no stereo-selectivity is mentioned.14  Herein, we 

Figure 1. Alkyl mechanism for Molybdenum-
catalyzed isomerization of terminal alkenes 

Figure 2. Allyl mechanism for Molybdenum-
catalyzed isomerization of terminal alkenes 
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report on a variety of phosphine-ligated Mo(0) complexes which are air stable, easy to prepare, 

and competent for (Z)-selective alkene isomerization under mild conditions. 

 
■ Methods 

General Conditions 

 Unless otherwise specified, reactions were prepared and conducted under inert nitrogen 

atmosphere using a combination of Schlenk-line and glovebox techniques.  1H and 31P NMR 

spectra were collected on a 500-MHz Bruker AVANCE III HD spectrometer, and measured at 

25 °C.  All measured chemical shifts were referenced to residual protiated chloroform (δ 7.26 

ppm) in deuterated chloroform NMR solvent.  All solvents were dried over alumina on a Pure 

Process Technology solvent purification system. 

 

Synthesis of Molybdenum complexes 

1. Mo(CO)4(piperidine)2 
Methods of synthesis were derived from Rani et al.15.  Solid Mo(CO)6 (5.000 g, 

0.01895 mol) was combined with 5 equivalents of liquid piperidine (8.0722 g, 

0.0948 mol) in an over-dried Schlenk bomb with 40 mL of toluene.  This solution 

was stirred in a 120 °C oil bath for 18 hours.  Upon heating, Mo(CO)6 completely 

dissolved and the solution took on an amber yellow color.  Throughout the 

reaction, CO gas evolved from solution.  After 2 hours, the Teflon stopper cap 

was briefly opened to vent excess CO pressure to facilitate further reaction.  To 

isolate the product, toluene and excess Mo(CO)6 were evaporated and sublimated 

under vacuum, respectively, to yield 5.09g of bright yellow powder (71% yield). 

 



2. cis-Mo(CO)4(PPh3)2, trans-Mo(CO)4(PtBu3)2 
Methods of synthesis were derived from Ardon et al.16.  Solid 

Mo(CO)4(piperidine)2 (2.000g, 5.28 mmol) was combined with 2 equivalents of 

PPh3 (2.7735 g, 10.6 mmol) or PtBu3 in an over-dried Schlenk bomb with 20 mL 

of methylene chloride.  This solution was stirred in a 35 °C oil bath for 2 hours.  

To isolate the product, the solvent was evaporated under vacuum to give a sticky 

yellow solid.  The product, cis-Mo(CO)4(PPh3)2, was precipitated with methanol 

and isolated by vacuum filtration to yield a pale-yellow powder.  This powder was 

recrystallized in a mixture methylene chloride and pentane to yield pale-yellow 

crystals.  From this product reflux in toluene yielded the trans-Mo(CO)4(PPh3)2 in 

90% yield 

 
3. Mo(CO)4(DPPF), Mo(CO)4(DPEPhos), Mo(CO)4(Dppbz) 

Solid Mo(CO)4(piperidine)2 (0.200g, 0.528 mmol) was combined with single 

equivalents of bidentate phosphine ligands (0.293g DPPF [1,1'-

Bis(diphenylphosphino)ferrocene]; 0.284g DPEPhos [(Oxydi-2,1-

phenylene)bis(diphenylphosphine)]; 0.236g Dppbz [1,2-

Bis(diphenylphosphino)benzene]) in over-dried 8 mL vials with 3 mL methylene 

chloride.  These solutions were stirred and heated to reflux on an aluminum 

heating block set to 40 °C oil bath for 2 hours.  To isolate the product, the solvent 

was evaporated under vacuum to a sticky yellow solid.  The product was 

precipitated with methanol and isolated by vacuum filtration to yield yellow 

(Mo(CO)4(DPPF)) to tan powders (Mo(CO)4(DPEPhos) and Mo(CO)4(Dppbz)). 

 
 
 



4. Mo(CO)4(xantphos) 
Solid Mo(CO)4(PPh3)2 (0.900g, 1.23 mmol) was combined with 1 equivalent of 

4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (xantphos) (0.711g, 1.23 

mmol) in an over-dried 30 mL vial with 12 mL of toluene.  This solution was 

stirred and heated to reflux in a 120 °C oil bath for 22 hours.  After allowing the 

mixture to cool, the product precipitated and was filtered and rinsed with ether to 

yield 890 mg of pale yellow powder.  This powder was recrystallized in 

methylene chloride and pentane to yield pale yellow crystals.   

 

Isomerization Reactions 

Isomerization screening reactions were prepared in oven-dried 8 mL screw cap vials with 

a stir bar.  For 5 mmol-scale reactions, reagents were weighed out in the glovebox and added to 

the vial in the order of: catalytic acid, Mo catalyst, olefin, and 2.25 mL of THF solvent.  To 

prepare 1 mmol-scale reactions, 0.5 mL of prepared stock solutions of anhydrous TsOH (0.1 M 

in THF) and Mo catalyst (0.01M in THF) were combined with 1 mmol of olefin.  Reactions were 

stirred and heated to reflux conditions on an aluminum heat block set to 80 °C.  Product mixtures 

were analyzed by 1H NMR using a 100 µL aliquot of the reaction mixture diluted with 0.8 mL of 

CDCl3.  Percent composition of various alkene isomers was subsequently determined via 1H-

equivalent integration of resolvable isomer peaks.   

Anhydrous TsOH used in these reactions was prepared by pulverizing 5g of TsOH•H2O 

and drying the solid under vacuum for 12 hours.  The absence of water was verified by 1H NMR 

in CDCl3. 

 

 



■ Results 
Synthesis of the Molybdenum(0) Phosphine Complexes 

All Mo(0) complexes were prepared from Mo(CO)6 (1) by first forming the intermediate 

precursor: Mo(CO)4(piperidine)2 (2) as shown in Scheme 1.  

While this starting material proved air sensitive, it demonstrated reasonable shelf life 

when stored under inert atmosphere in the glovebox.  Moreover, this complex incorporated labile 

piperidine ligands, which could easily be displaced in refluxing methylene chloride by various 

phosphine ligands.  Piperidine itself is also volatile enough to be removed by vacuum following 

its displacement, simplifying the isolation of product Mo(0) phosphine complexes.  

Mo(CO)3(CH3CN)3—another potential precursor widely referenced in literature—was also 

trialed as a potential starting material in our synthesis.  However, this tris-acetontrile complex 

appeared to decompose even when stored under inert atmosphere, and was rejected in favor of 

the piperidine complex. 

  

Scheme 1.  Preparation of the synthetic precursor complex Mo(CO)4(piperidine)2 

(2) 

Figure 3. Mo(0) Phosphine complexes prepared directly from (1) Mo(CO)4(piperidine)2 

(3-cis) cis-Mo(CO)4(PPh3)2 ; (3-trans) trans-Mo(CO)4(PPh3)2 ; (4) Mo(CO)4(DPPF) ; (5) Mo(CO)4(DPEPhos) ;                         
(6) Mo(CO)4(Dppbz)  

 

 

 

 

 

(1) 

(3-cis) (3-trans) (4) (6) (5) 



From the piperidine complex (2), Mo(0) phosphine complexes (3-6) (Figure 3) were 

directly prepared by incorporating two equivalents of the corresponding monodentate phosphine 

ligands (2,3) or one equivalent of bidentate phosphine ligands (4-6) in refluxing methylene 

chloride.  These complexes were each isolated as pale yellow/brown solids in respectable yields 

(60-71%) and were determined to be air stable at room temperature.  These complexes were 

characterized by a combination of 1H, and 31P{1H} NMR spectroscopy. 

Attempts to produce Mo(CO)4(xantphos) (7) directly from (1) were frustrated by the 

appearance of an unidentified Mo-containing impurity in the product mixture.  Synthesis from 

the triphenyl-phosphine complex (2) in refluxing toluene, however, yielded a pale yellow powder 

which precipitated from solution.   X-ray quality crystals were prepared by recrystallizing this 

powder in a mixture of methylene chloride and pentane.  The molecular structure of this 

previously uncharacterized molybdenum xantphos complex (7) was determined by X-ray 

crystallography (Figure 5). 

 

 

 

 

Figure 5. Crystal structure of Mo(CO)4(xantphos) Figure 4. Mo(CO)4(xantphos) complex prepared 
from (2) Mo(CO)4(PPh3)2 

(7) 



Isomerization of 1-Hexene to 2-Hexene 

 To test the potential of each prepared catalyst to isomerize terminal alkenes, 1-hexene 

was selected as a diagnostic substrate due to the ease of distinguishing its potential isomers by 1H 

NMR.  In this case, the starting material 1-hexene was easily distinguished from internal alkene 

isomers by the chemical shift of the vinylic hydrogens.  In deuterated chloroform, the three vinyl 

hydrogens of 1-hexene appear at δ 5.73 (1H) and 4.88 (2H), while the vinyl hydrogens of all 

internal isomers appear in the range of δ 5.23-5.54 (2H).  (E) and (Z)-isomers of 2-hexene are 

further resolved by the allylic methyl hydrogens whose chemical shifts lie at δ 1.54 (3H) for the 

(Z)-isomer and δ 1.57 (3H) for the (E)-isomer.  Consequently, total conversion of 1-hexene was 

determined from the 1H-equivlanet integration of the vinyl hydrogen peaks for the internal 

alkene isomers, while yields of each (E) and (Z)-2-hexene isomers were calculated based on the 

integration of their respective allylic methyl hydrogen peaks.  Percent composition of 3-hexene 

was then determined as the residual difference in the 1H-equivalent integration of the total 

internal alkene isomers (2H vinylic hydrogens) and the total 2-alkene allylic methyl hydrogens 

(3H).  The validity of this method was confirmed using an internal standard of mesitylene which 

demonstrated that the combined vinyl hydrogen peaks for all possible isomers (including 1-

hexene) summed to a molar equivalent of the added substrate. 

 To determine the optimal experimental conditions for the prepared Mo(0) phosphine 

catalysts, initial isomerization reactions were screened using 1-hexene (5 mmol) in refluxing 

THF (2.25mL, 66 °C) over 24 hrs (Scheme 2).  In addition to the different Mo(0) catalysts, 

reaction parameters such as catalyst loading, and co-catalytic acidic additives including 

TsOH•H2O and anhydrous TsOH (Table 1). 

  



 

Table 1. Screening of Reaction Conditions for 1-hexene isomerization with Mo catalysts 
and acidic additives 

Entry Catalyst Catalyst 
Loading 
(mol %) 

Acid Acid 
loading 
(mol %) 

Conversion 
(%)b 

Yield, 2-
hexene 
(%)b 

Z:E 2-
hexene b 

Yield, 3-
hexene 
(%)b 

1 (1) Mo(CO)6 0.5 N/A N/A 2 nd nd nd 

2 (2) Mo(CO)4(pip)2 0.5 N/A N/A 2 nd nd nd 

3 (3-cis) cis-Mo(CO)4(PPh3)2 0.5 N/A N/A 1 nd nd nd 

4 (1) Mo(CO)6 0.5 TsOH•H2O 5 61 37 1.6:1 <1 

5 (2) Mo(CO)4(pip)2 0.5 TsOH•H2O 5 96 73 0.4:1 3 

6 (3-cis) cis-Mo(CO)4(PPh3)2 0.5 TsOH•H2O 5 96 79 1.1:1 2 

7 (3-cis) cis-Mo(CO)4(PPh3)2 0.5 TsOH 
(anhydrous) 

5 94 85 2.2:1 2 

8* 
(0.5h) 

(3-cis) cis-Mo(CO)4(PPh3)2 0.5 TsOH 
(anhydrous) 

5 94 91 4.0:1 3 

9 (3-trans) trans-
Mo(CO)4(PPh3)2 

0.5 TsOH 
(anhydrous) 

5 46 44 8.1:1 2 

10 (4) Mo(CO)4(DPPFa) 0.5 TsOH•H2O 5 67 65 5.6:1 2 

11 (5) Mo(CO)4(DPEPhosa) 0.5 TsOH•H2O 5 4 nd nd nd 

12 (6) Mo(CO)4(Dppbza) 0.5 TsOH•H2O 5 4 nd nd nd 

13 (7) Mo(CO)4(xantphosa) 0.5 TsOH•H2O 5 23 nd nd nd 

14 (7) Mo(CO)4(xantphos) 1.0 TsOH•H2O 10 92 91 4.2:1 4 
All reactions were carried out in 2.25mL of THF solvent refluxing (66 °C) for 24 hours. 

a DPPF = 1,1'-Bis(diphenylphosphino)ferrocene, DPEPhos = (Oxydi-2,1-phenylene)bis(diphenylphosphine), Dppbz = 1,2-
Bis(diphenylphosphino)benzene, xantphos = 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene, b Determined by 1H NMR. 

 

 

Scheme 2.  Molybdenum-catalyzed isomerization of 1-Hexene with co-catalytic acid additives 



Scope of Alkene Substrates 

 In addition to 1-hexene, other alkenes with various functional groups were tested to 

determine the scope of alkene substrates compatible with these Mo(0) phosphine catalysts (Table 

2).  Catalyst (2), Mo(CO)4(PPh3)2, was chosen to screen these substrates due to its combination 

of activity and (Z)-selectivity demonstrated in prior screening reactions with 1-hexene (Table 1, 

Entry 8).  Reaction mixtures were prepared using 1 mmol of olefin substrate, with 0.5 mol % (3-

cis) and 5.0 mol % TsOH in refluxing THF (1 mL, 66 °C).  Isomer composition for each product 

mixture was determined using 1H NMR in a similar manner to reactions with 1-hexene, as well 

as 13C NMR, 1H–13C HSQC, and 1H–13C HMBC.  Isomer-specific chemical shifts for each 

substrate were referenced from literature.17 

Table 3. Scope of alkenes for Mo(CO)4(PPh3)2 -Mediated Isomerization with TsOH 
Entry Substrate Major Product Time 

(h) 
Conversion 

(%)a 
Yield, 2-
alkene 
(%)a 

Z:E 2-
alkenea 

Yield, other 
internal 

alkenes (%)a 
1 (5a) 1-hexene 

3
 

(6a-Z) (Z)-2-hexene 

 
3

 

0.5 94 92 4.0:1 2 

2 (5b) 1-octene 

4
 

(6b-Z) (Z)-2-octene 

 
4

 

0.5 92 87 5.1:1 7 

3 (5c) 1-decene 

6
 

6c-Z (Z)-2-decene 

 
6

 

20 91 83 5.4:1 8 

4 (5d) 1-dodecene  

8
 

(6d-Z) (Z)-2-dodecene 

8
 

26 90 87 5.0:1 3 

5 (5e) 10-undecen-1-ol

OH7
 

(6e-Z) (Z)-9-undecen-1-ol 
OH7

 

26 80 78 8.2:1 6 

6 (5f) 10-undecene-1-yl 
acetate  

O7 Et

O

 

(6f-Z) (Z)-10-undecene-1-
yl acetate 

 
O7 Et

O

 

18 75 62 6.4:1 3 



7 (5g) 1-phenyl-5-hexen-1-
ol

OH

Ph  

(6g-Z)  (Z)-1-phenyl-4-
hexen-1-ol 

OH

Ph  

18 77 68 2.7:1 8 

8 (5h) 5-phenoxy-1-
pentene 

O
Ph  

(6h-Z) (Z)-5-phenoxy-2-
pentene 

O
Ph  

20 76 73 5.9:1 2 

9 (5i) 5-benzoxy-1-pentene 
O Ph

 

(6i-Z) (Z)- 5-benzoxy-2-
pentene 

O Ph
 

20 84 80 2.9:1 3 

10 (5j) 4-pentenoic acid
COOH

 

(6j-Z) (Z)-3-pentenoic 
acid 

COOH

 

20 88 85 1:2.7 5 

11 (5k) 5-hexen-2-ol 
OH

 

(6k-E) (E)-4-hexen-2-ol 
OH

 

20 95 93 1:2.0 3 

12 (5l) Ethyl 2-methyl-4-
pentenoate 

O

O  

(6l-E) Ethyl (E)-2-methyl-
3-pentenoate 

O

O  

18 93 90 1:4.9 11 

13 (5m) 4-phenyl-1-butene 
 

 

(6m-Z) (Z)-1-phenyl-2-
butene 

 

40 87 81 4.8:1 3 

14 (5n) Allylbenzene 
 

 

(6n-Z) (Z)-1-
methylstyrene

 

24 83 80 1.6:1 N/A 

15 (5o) Trimethylallylsilane 

Si

 

(6o-E) (E)-
Trimethylpropen-1-
ylsilane 

Si
 

24 80 70 1:10 N/A 



16 (5p) 1-(pent-4-en-1-
yl)piperidine 

N
 

(6p-Z) (Z)-1-(pent-4-en-1-
yl)piperidine 

N
 

20 86 79 1.3:1 10 

17 (5q) 1-(but-2-en-1-yl)-
4,4,5,5-tetramethyl-1,3,2-
dioxaborolane 

Bpin
 

(6q-Z) (Z)-2-(but-2-en-1-
yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane 

Bpin
 

26 81 74 7.7:1 9 

18 (5r) (Z)-1-phenyl-1,5-
hexadiene 

Ph

 

(6r-Z) (1Z,4Z)-1-phenyl-
1,4-hexadiene 

Ph

 

26 65 62 5.1:1 8 

All reactions were carried out using in 1.00mL of THF solvent refluxing (66 °C) for 24 hours. 
a Determined via a combination of 1H NMR, 13C NMR, 1H–13C HSQC, 1H–13C HMBC 

 

■ Discussion 

Although Mo(CO)6 is an active catalyst for alkene isomerization, the dissociation of a 

carbon monoxide ligand to accommodate the coordinating alkene is often the rate-limiting step 

for such a process.  Consequently, the thermal conditions necessary for alkene isomerization to 

occur efficiently using only Mo(CO)6 are as high as 150-225 °C14 and insufficient for 

stereoselective isomerization. This challenge of CO-dissociation also appears with other 

coordinately saturated low-valent Mo carbonyl catalysts.  As reported by Castro-Rodrigo et al., 

the seven-coordinate pincer complex, [(PONOP)Mo(CO)3(H)][BF4] (10 mol %) isomerizes 1-

hexene (98% conversion) after 9 h in refluxing CD2Cl2 with 69% selectivity for E-2-hexene.8 

This reaction is inhibited when performed under a pressure of CO, indicating that CO-

dissociation from the catalyst is required to accommodate the coordinating alkene.  As reported 

in Table 1 (Entry 1), the isomerization of 1-hexene (5 mmol) using 0.5 mol % Mo(CO)6 alone in 

refluxing THF (66 °C) resulted in only ~2% conversion of the starting alkene to internal isomers 

after 24 h.  As such, Mo(CO)6 (1) was determined to be insufficient for isomerization catalysis 

under the mild reaction conditions trialed in this inquiry.   



The effect of incorporating labile and/or bulky ligands was tested by preparing other 

Mo(0) complexes with piperidine and various phosphine ligands: Mo(CO)4(piperidine)2 (2), cis-

Mo(CO)4(PPh3)2 (3-cis), trans-Mo(CO)4(PPh3)2 (3-trans), Mo(CO)4(DPPF) (4), 

Mo(CO)4(DPEPhos) (5), and Mo(CO)4(Dppbz) (6), and Mo(CO)4(xantphos) (7).  On their own 

at 0.5 mol % loading, catalysts (2) and (3-cis) similarly fared poorly in isomerizing 1-hexene 

under aforementioned conditions, with total isomerization ranging from 0%-9% (Table 1, Entries 

2,3). 

Considerable activity was observed, however, when co-catalytic acid was employed.  For 

example, when 0.5 mol % Mo(CO)6 was paired with 5 mol% TsOH•H2O, 1-hexene 

isomerization proceeded to 61% conversion in 24h (Table 1, Entry 4).  While this reaction 

appeared to afford positional selectivity (62% yield of 2-hexene vs 1% other internal alkenes), 

the reaction yielded a mixture of (E) and (Z) isomers in a ratio of 1.8:1, respectively.  Under the 

same conditions using anhydrous TsOH, Mo(0) phosphine complexes (2) and (3-cis) 

demonstrated even greater activity, both yielding 96% of the 2-hexene isomer.  More notably, 

the bis-triphenylphosphine complex (3-cis) appeared to selectively generate the (Z)-2-hexene 

isomer with a 4.0:1 Z:E ratio and only 2% yield of 3-hexene within 30 minutes.  Conversely, this 

same complex in trans geometry (3-trans), was significantly less active, yielding only 46% of 2-

hexene over 24h.  This difference in activity between 3-cis and 3-trans is consistent with the 

hypothesis that CO-dissociation is necessary to generate the active catalyst; in the cis-geometry, 

the σ-donor and π-acceptor triphenylphosphine ligands may exhibit a trans effect on opposing 

CO ligands to facilitate their dissociation.  The possibility of a simple acid-catalyzed 

isomerization mechanism mediated by TsOH in these reactions was discounted by a control 

experiment, as no isomerization of 1-hexene was observed when reacted with 5 mol % TsOH 



and no Mo(0) catalyst.  While the mechanistic role of this catalytic acid is not fully understood, 

its importance in these reactions could indicate that the formation of a molybdenum hydride may 

be necessary to initiate the catalytic cycle, as consistent with the alkyl mechanism of olefin 

isomerization. 

 Catalysts with bidentate phosphine ligands (4-7) proved less robust than catalysts with 

monodentate phosphine ligands (2,3), although higher conversion and selectivity was achieved 

by optimizing catalyst and acid loadings.  For example, as shown in Table 1 (Entry 14), 1.0 mol 

% (7) with 10 mol % TsOH·H2O catalyzed the selective isomerization of 1-hexene to 2-hexene 

(90% yield, 4.2:1 Z:E).  In general, all catalysts assayed (with the exclusion catalyst (4)), only 

trace amounts of the further isomerized 3-hexene isomer was observed (<4%), suggesting that 

these catalysts afford reasonable positional selectivity over the measured timeframe.   

 Using the optimized conditions found using catalyst 3-cis, a broad scope of 18 terminal 

olefin substrates were tested in isomerization (Table 2).  In general, high levels of both positional 

selectivity and stereoselectivity were observed in alkene isomerization (18 substrates, 65-94% 

yield of the 2-alkene, and up to 8.2:1 Z:E selectivity).  Alkenes with longer alkyl chains appeared 

to react in a similar manner to 1-hexene, although they required longer reaction times and/or 

higher catalyst loading.  As seen in Table 2 Entries 3, 1-decene was converted to (Z)-2-decene 

(90% yield, 5.4:1 Z:E) by 0.5 mol % (2) and 5 mol % TsOH after 20h in refluxing THF. 

The catalyst was also tolerant of various functional groups including alcohols, esters, and 

carboxylic acids.  As seen in Entries 5 and 6, the long chain alcohol 10-undecen-1-ol (5e) is 

converted to its corresponding 2-alkene with high selectivity for the (Z)-isomer under standard 

conditions (6e, 74%, yield, 8.2:1 Z:E). Similarly, the ester undec-10-en-1-yl acetate (5f) is 

converted to 62% (6.5:1 Z:E) of the 2-alkene after 20h of reaction using increased catalyst 



loadings.  Substrates with aryl substituents also reacted slower as seen in substrates 5g-5i which 

required higher catalyst and acid loadings to give satisfactory yields. Using 1 mol % 3-cis and 10 

mol % TsOH, 1-phenyl-4-hexen-1-ol (6g) was prepared in 68% yield (2.6:1 Z:E), and ( was 

prepared in 76% yield (5.9:1 Z:E).  In addition to aromatic groups, conversion appeared to 

decrease as these functional groups were positioned nearer to the terminal alkene.  The reaction 

of but-3-en-1-ylbenzene (5m) proceeded to only 11% conversion under standard conditions. 

However, this value was improved with higher catalyst (2 mol % 3-cis) and acid (20 mol % 

TsOH) loadings, yielding 1-phenyl-2-butene (6m) in 81% yield with 4.8:1 Z:E selectivity. 

Similarly, the reaction of allylbenzene (5n) proceeded to only 9% conversion under standard 

conditions, but reached 83% yield (6n 1.6:1 Z:E) using 1 mol % 3-cis and 20 mol % TsOH. 

Higher catalyst loadings were also necessary to isomerize allyltrimethylsilane (5o), which is in 

fact isomerized to the corresponding (E)-alkene isomer (6o), most likely due to the steric bulk of 

the adjacent SiMe3 group. 

Aberrant selectivity for the (E)-2-alkene isomer was also observed in several substrates 

containing an oxygen functional group.  In all, 4-pentenoic acid (5j), 5-hexen-2-ol (5k), and 

ethyl 2-methyl-4-pentenoate (5l) formed (E)-2-alkene isomers preferentially (6j 85% yield, 2.7:1 

E:Z; 6k 93% yield, 2.0:1 E:Z; 6l 81% 4.9:1 E:Z). Uniquely, the oxygen functionalities of 5j-5l 

all reside in the epsilon position relative to the terminal alkene and are well positioned to act as a 

directing groups.  Assuming catalysis proceeds through an inner-sphere Mo-alkyl intermediate, 

this could favor formation of a 6-membered metallacycle upon [2,1]-insertion of the alkene into 

the molybdenum hydride. This arrangement may induce β-hydride elimination to give the (E)-

alkene isomer as presented in Figure 6. 



 

Figure 6. Possible mechanism for observed (E)-selectivity in terminal alkenes containing an ε-oxygen functional group 

 In conclusion, the molybdenum(0) phosphine complexes discussed herein—specifically  

Mo(CO)4(PPh3)2 (3-cis)—have demonstrated the ability to catalyze the isomerization of terminal 

olefins under mild reaction conditions.  When coupled with co-catalytic tosylic acid, selective 

isomerization to the (Z)-2-isomer was generally observed with minimal conversion to other 

internal alkenes.  The synthetic utility of these catalysts is bolstered by the ease of their synthesis 

and their stability under air, as well as their tolerance for a variety of functional groups.  

Furthermore, the activity and unique selectivity observed using these catalysts for olefin 

isomerization should encourage further inquiry into use of these catalysts in other molybdenum-

mediated reactions with olefins, such as epoxidation, allylic nucleophilic substitution, and 

carbamoylation.13 
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