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Abstract 
 

 Transition metal-catalyzed olefin metathesis has emerged as a powerful tool for 

constructing C−C double bonds. This thesis delineates the development of Ru-based 

catalysts for the stereoselective formation of olefins and mechanistic studies used to 

examine how catalyst structure influences selectivity and activity. 

 Chapter 2 details the synthesis of Z-selective, cyclometalated catalysts bearing 

nitrite X-ligands.  The activity and selectivity of these catalysts were examined in an 

array of ring-opening metathesis polymerization and cross metathesis reactions. 

Comparison of these catalysts with their nitrate-bound analogues is described. 

 Chapter 3 describes the examination of several Z-selective, cyclometalated 

catalysts in ring-opening metathesis polymerizations. The polymerizations of a variety of 

norbornene and norbornene derivatives were examined to determine the tacticity and 

microstructure of the resulting polymer. Computational studies were used to examine the 

mechanism of the polymerization reactions. 

 Chapter 4 examines the decomposition of Fischer carbene complexes derived 

from cyclometalated catalysts. In-depth NMR studies are used to determine the identity 

of the decomposition product, and the decomposition pathway is examined through 

computational studies. 

 Chapter 5 describes the first example of highly E-selective cross metathesis 

through kinetic control using stereoretentive, Ru-based catalysts bearing dithiolate 

catalysts. The preparation of additional stereoretentive catalysts is described for 

increasing catalyst activity while maintaining or increasing selectivity. A model for the 

observed stereoselectivity is proposed. 



! xi 

 Chapter 6 delineates the preparation of a series of fast initiating, stereoretentive 

catalysts. These catalysts are assessed in an array of cross metathesis reactions, and 

significantly enhanced activity is observed in E-selective reactions. The examination of 

the relationships between the structure of a catalyst and its selectivity and activity is 

described. 

 Chapter 7 examines the use of stereoretentive catalysts in the synthesis of Z-

macrocycles from diene starting materials bearing a Z-olefin and a terminal olefin. 

Initiation rate studies are conducted to examine the activity of these catalysts compared to 

previously reported cyclometallated catalysts used in this ring-closing metathesis 

reaction. The synthesis of twelve- to seventeen-membered rings with high Z-selectivity is 

described. 

 Chapter 8 explores the use of fast-initiating, stereoretentive catalysts for 

synthesizing E-macrocycles. The preparation of diene starting materials containing two 

E-olefins is described. Using these catalysts, twelve- to eighteen-membered rings are 

constructed with high E-selectivity.  
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Introduction 

 Olefin metathesis is a reaction that involves the breaking, redistribution, and 

recombination of carbon−carbon double bonds.1 This transformation has become an 

increasingly powerful method for the construction of C−C double bonds in the synthesis 

of desirable products. It has thus seen applications in an array of fields including 

materials science,2 organic synthesis,3 pharmaceuticals,4 biochemistry,5 and green 

chemistry.6 Further development of new olefin metathesis catalysts will continue to 

expand the employment of this transformation in a number of research areas.  

Olefin metathesis was first discovered serendipitously during studies of Ziegler-

Natta polymerization catalysts conducted by DuPont in the 1950s.7 Using the 

heterogeneous mixture TiCl4/Li[Al(n-C7H15)4] as an ill-defined catalyst, the 

polymerization of norbornene to polynorbornene was observed (Scheme 1.1a). The 

disproportionation of propylene to ethylene and 2-butene catalyzed by W(CO)6, 

Mo(CO)6, and MoO3 on alumina was then observed in 1964 by Phillips Petroleum 

Company.8 In 1967, the Goodyear Tire and Rubber Company examined the reaction of 2-

pentene with WCl6/EtAlCl2/EtOH to produce 2-butene and 3-hexene, and coined the term 

“olefin metathesis” to describe this transformation (Scheme 1.1b).9 

 
Scheme 1.1. (a) Polymerization of norbornene to polynorbornene observed by DuPont 
with TiCl4/Li[Al(n-C7H15)4] and (b) olefin metathesis of 2-pentene to give 2-butene and 
3-hexene observed by the Goodyear Tire and Rubber Company with 
WCl6/EtAlCl2/EtOH. 

 

n
TiCl4/Li[Al(n-C7H15)4]

norbornene polynorbornene

(a)

(b)

2-pentene

WCl6/EtAlCl2/EtOH

2-butene 3-hexene
+

25% 25%50%
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 In 1971, Yves Chauvin proposed the now widely accepted mechanism of olefin 

metathesis (Scheme 1.2).10 He posited that the identity of the catalyst is a metal 

alkylidene, which reacts with an olefin in a [2+2] cycloaddition to give a 

metallacyclobutane intermediate. Subsequent cycloreversion gives a new alkylidene 

catalyst and an olefin product. Identification of the proposed metal alkylidene as the 

catalyst of this reaction allowed for the development of well-defined, homogeneous 

olefin metathesis catalysts.11 Over the last few decades, early and late transitional metal-

based alkylidenes have been synthesized for catalyzing olefin metathesis reactions 

(Figure 1.1).12-15 

 
Scheme 1.2. Proposed Chauvin mechanism of olefin metathesis. 

 
Figure 1.1. Early and late transition metal-based olefin metathesis catalysts. 

 Olefin metathesis can be categorized into a number of classes of transformations 

(Scheme 1.3). Cross metathesis, ring-opening cross metathesis, and ring-closing 

metathesis have been implemented in the generation of important molecules in organic 
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synthesis. Ring-opening metathesis polymerization and acyclic diene metathesis 

polymerization have been used for producing polymers with desired properties. Each of 

these reactions is thermodynamically controlled; cross metathesis, ring-closing 

metathesis, and acyclic diene metathesis polymerization reactions can be driven by the 

loss of gaseous byproducts, whereas ring-opening metathesis polymerization and ring-

opening cross metathesis are driven by the ring strain of the starting materials. 

 
Scheme 1.3. Examples of common olefin metathesis reactions. 

Catalyst Development 

 The work conducted in our group focuses on the development and use of well-

defined, Ru-based olefin metathesis catalysts. In general, these catalysts have a wide 

functional group tolerance and are less sensitive to air and water than their early 

transition metal-based counterparts. During the last few decades, these catalysts have 

been tuned to attain higher activity, stability, and selectivity and to achieve wider reaction 

scopes. The first Ru-based catalysts contained PPh3 ligands (1.6) and were used in ring-

opening metathesis polymerizations. Exchange of these ligands with PCy3 ligands (1.7) 

R1 R2
+

Cross Metathesis

Ethenolysis R2

R1
+
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Ring-Opening Metathesis 
Polymerization

n
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and the subsequent replacement of one of these ligands with an N-heterocyclic carbene 

(NHC) ligand (1.8) showed significant improvements in catalyst activity. Implementing 

an N-o-tolyl group in place of the N-2,4,6-trimethylphenyl group of the NHC (1.9) 

allowed for the cross metathesis of hindered olefins. Replacement of the phosphine 

ligand with an isopropoxybenzylidene ligand to give 1.10 increased the stability of these 

catalysts under reaction conditions. 

Stereoselectivity in Cross Metathesis 

 The properties of a molecule containing a disubstituted olefin can be dictated by 

the stereochemistry, E (trans) or Z (cis), of the C−C double bond. It is often difficult to 

separate E and Z isomers, and techniques used for their separation are not general. As 

such, it is important to develop catalysts that generate products with high 

stereoselectivity. The thermodynamically favored isomer is generally the E-product. 

First-generation, phosphine-based catalysts, such as 1.7, often deliver cross metathesis 

products with ~4−5:1 E:Z-selectivity. NHC-based complexes 1.8 and 1.10 give products 

initially with 2:1 E:Z-selectivity. However, as conversion increases, secondary metathesis 

processes increase the amount of E-isomer in product mixtures to afford E:Z ratios of 

11:1.  

 In 2009, Schrock and coworkers reported the first highly Z-selective catalysts 

1.11 (>95% Z) based on Mo and W (Figure 1.2).16 The Grubbs group then reported Z-

selective (>95% Z), cyclometallated Ru-based catalyst 1.12 in 2011.17 In 2013, the Jensen 

lab reported catalyst 1.13, which generated products in up to 96% Z-selectivity.18 In cross 

metathesis, each of these catalysts was capable of crossing terminal olefins to give the 

disubstituted Z-products. In 2015, Hoveyda and coworkers reported Ru-based catalyst 
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1.14, which was able to generate Z-products (up to 98% Z) from the cross metathesis of 

two Z-olefins or between a Z-olefin and a terminal olefin.19 The surrounding ligand 

environment of all of these catalysts was manipulated so that generation of the syn 

metallacyclobutane was favored over the anti pathway (Figure 1.2). Cycloreversion of 

this syn intermediate gives the Z-product.  

 
Figure 1.2. Z-Selective olefin metathesis catalysts. 
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In 2016, it was reported that 1.14 was also capable of performing highly E-

selective cross metathesis (>98% E) from E-olefin starting materials.20 This was the first 

report of kinetically controlled, highly E-selective metathesis. This has led to the further 

development of catalysts that are capable of performing this transformation with higher 

activity21 and selectivity.20,22 Furthermore, demonstration of the utility of these catalysts 

in the synthesis of useful molecules has been recently reported.23,24  

Future Outlook 

 Over the last few decades, great strides have been made in the field of olefin 

metathesis, and catalysts have been tailored for employment in a large number of 

applications. However, there will always be a demand for the development of catalysts 

for specific research areas.  

In particular, recent studies in our lab and by Hoveyda and coworkers have 

focused on the development of the first examples of high kinetic E-selectivity in cross 

metathesis. While this was a significant breakthrough in the field of metathesis, these 

catalysts readily decompose in the presence of terminal olefins.20-22,24 Thus, studies of the 

decomposition pathways of these catalysts is necessary to develop E-selective catalysts 

that are capable of crossing terminal olefins to generate E-products with high selectivity. 

This will increase the utility of these catalysts in E-selective transformations. 

In general, specific questions about the identity and the characteristics of 

intermediates in olefin metathesis remain to be answered for particular systems where 

catalyst decomposition is common, such as in the ring-opening metathesis polymerization 

reactions in the synthesis of functionalized materials. The synthesis of catalysts for these 

specific purposes will require a deeper understanding of the catalytic process, catalyst 
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decomposition routes, and the properties of the active catalyst under these reaction 

conditions. This knowledge could be used to expand the utilization of these catalysts in 

the various common metathesis reactions shown in Scheme 1.3. 

Conclusions 

 Olefin metathesis has increasingly become a ubiquitous technique for generating 

C−C double bonds and has enjoyed wide employment in an array of fields. During the 

last several decades, significant progress has been made in the development of catalysts 

for this reaction. However, there still continues to be a need for new catalysts with greater 

selectivity, activity, and stability than those already developed. This will further expand 

the utility of olefin metathesis to an increasing number of applications.  
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Abstract 

Two new Ru-based metathesis catalysts, 2.3 and 2.4, have been synthesized for 

the purpose of comparing their catalytic properties to those of their cis–selective nitrate 

analogues, 2.1 and 2.2. Although catalysts 2.3 and 2.4 exhibited slower initiation rates 

than 2.1 and 2.2, they maintained remarkable cis–selectivity in homodimerization and 

ring–opening metathesis polymerization reactions. Furthermore, they displayed higher 

cis–selectivity than 2.2 for ring–opening metathesis polymerizations, and 2.4 delivered 

higher yields of polymer. 

Introduction 

With ever-greater control of stereo- and chemo-selectivity, transition metal–

catalyzed olefin metathesis rapidly is becoming the preferred and ubiquitous method for 

constructing carbon–carbon double bonds.1 This process has gained widespread 

applicability in a variety of fields including organic synthesis, biochemistry, and 

materials science.2 Transition metal catalysts that could selectively produce the 

kinetically favored cis–products remained elusive until the discovery of Group VI–based 

systems by Schrock and Hoveyda.3 Cis-selective Ru-based metathesis catalysts were 

developed soon thereafter, providing a stable and heteroatom-tolerant alternative to Mo- 

and W-based catalysts.4 In these catalysts, an N-adamantyl substituent of the NHC has 

undergone C–H activation at Ru, which imposes unique geometrical constraints.5 The 

resulting catalysts form side-bound ruthenacycles during olefin metathesis with the N-

aryl NHC substituent dictating a cis-conformation of the metallacycle substituents, 

resulting in production of the corresponding Z-olefin.6,7 Later N-adamantyl analogues 

with a bidentate nitrate ligand (catalysts 2.1 and 2.2) displayed greater activity and 
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stability (Figure 2.1).8,9  In 2013, the Jensen and Hoveyda groups independently reported 

cis-selective Ru-based metathesis catalysts with [H2IMes2] (H2I = imidazolidinylidene, 

Mes = mesityl) NHC ligands, but different X-type ligands.10,11 

In order to further probe the effect and role of the nitrate ligand in catalyst 

activity, stability and selectivity of the Grubbs’ systems, herein is reported the synthesis 

of the nitrite analogues of these catalysts, 2.3 and 2.4, and their reactivities for 

homodimerization and ring-opening metathesis polymerization reactions.12 

 
Figure 2.1.  Catalysts 2.1–2.4 used for homodimerization and ring–opening metathesis 
polymerization reactions. 
 
Results and Discussion 

Synthesis 

Previous studies demonstrated the nitrato X–type ligand on catalysts 2.1 and 2.2 

exchanges to form the corresponding iodo complexes 2.5 and 2.6 (Scheme 2.1) upon 

exposure to excess NaI in THF. It was found that these iodo complexes could be readily 

converted to the corresponding nitrito complexes, 2.3 and 2.4, using excess AgNO2 in 

benzene. Trituration with pentane/ether was found to afford the pure catalysts. The 1H 

NMR spectra of 2.3 and 2.4 were recorded in C6D6. Both complexes showed a 
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characteristic singlet at 14.82 ppm, which can be assigned to the benzylidene proton and 

is slightly, but distinctly, shifted from the corresponding benzylidene singlets of the 

nitrate catalysts 2.1 and 2.2 (15.22 ppm). The corresponding carbon is observed at 261.3 

and 259.5 ppm for 2.3 and 2.4, respectively, compared to 267.5 and 265.8 for the 

corresponding nitrato-ruthenium catalysts. 

 
Scheme 2.1. Preparation of catalysts 2.3 and 2.4. 

Homodimerizations 

In order to elucidate differences in reactivity and Z-selectivity between the nitrato 

and nitrito catalysts, we subjected them to a standard set of substrates. The 

homodimerization of allylbenzene (2.7) is a good benchmark to determine the activity 

and stability of olefin metathesis catalysts. Since allylbenzene homodimerization occurs 

quickly with catalysts 2.1 and 2.2, a low catalyst loading of 0.1 mol% was used to 

differentiate the new nitrite–containing catalysts from the highly active and Z–selective 

nitrate catalysts (Figure 2.2). Both catalysts 2.3 and 2.4 proved to be slower than the 

nitrate analogues, achieving 88% and 78% conversion, respectively, at 3 h. In 

comparison, the reaction reached completion after approximately one hour with the 

nitrate catalysts. While slower, 2.3 and 2.4 are able to retain the high Z–selectivity seen in 
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compared to catalyst 2.3 with the more sterically hindered N-DIPP substituent. Such a 

difference is not observed with the NO3 catalysts. 

 
Figure 2.2. Plots of percent conversion versus time for the homodimerization reaction of 
allylbenzene using 0.1 mol% 2.1–2.4 at 35 °C. aPercent conversion and Z-selectivity 
were determined using 1H NMR spectroscopy. bCross:Isomerization ratio determined 
using 1H NMR spectroscopy at 12 h.   
 

Conversion to the olefin isomerization product 2.9 can be used as a measure of 

catalyst stability. At long time points when conversion of allylbenzene is complete or 

nearly complete, the ratio of 2.8 to 2.9 is comparable for all four of the catalysts. This 

supports our observation that the new nitrite-containing catalysts are stable metathesis 

catalysts. We plan to further investigate isomerization and decomposition pathways of 

these catalysts, particularly since the nitrite-containing catalyst 2.4 appears to promote 

less formation of the olefin isomerization product than 2.1−2.3. 

Two more challenging homodimerization substrates, methyl undecenoate (2.10) 

and allyl acetate (2.12), were tested to further examine the nitrite activity (Figure 2.3). At 
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3 h, both nitrate catalysts achieved high conversion to the methyl undecenoate 

homodimer (Figure 2.3). In contrast, catalyst 2.4 had a modest conversion of 63% 

whereas 2.3 only achieved minimal conversion (13%). At 12 h, 2.4 had a reasonable 81% 

conversion, while 2.3 had reached 61% conversion. Here, there is a clear difference in 

conversion between the DIPP–NHC catalyst 2.3 and the Mes–NHC catalyst 2.4 that is 

not apparent with the nitrato catalysts 2.1 and 2.2. This observable differentiation may be 

due more to an induction period before metathesis rather than less active catalysts. For all 

four catalysts, the Z-selectivity remained above 95% at all conversions of methyl 

undecenoate. For allyl acetate, which is a challenging substrate for metathesis catalysts, 

we observed lower conversion by catalysts 2.2–2.4 at 3 h, but by 5 h all catalysts were 

achieving comparable conversions, although the nitrito catalysts had slightly lower Z–

 
Figure 2.3. Plots of percent conversion versus time for the homodimerization reaction of 
methyl undecenoate using 0.1 mol% 2.1–2.4 at 35 °C. a Percent conversion and Z-
selectivity were determined using 1H NMR spectroscopy.  
!
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selectivity (Figure 2.4). There is no clear difference in the rate of conversion for catalysts 

2.2–2.4 for allyl acetate. In contrast, the DIPP–NHC nitrato catalyst 2.1 maintains a 

similar rate of conversion across the time period monitored. This difference in behavior 

will be investigated further through initiation rate studies (vide infra). 

 
Figure 2.4. Plots of percent conversion versus time for the homodimerization reaction of 
allyl acetate using 0.1 mol% 2.1–2.4 at 35 °C. a Percent conversion and Z-selectivity 
were determined using 1H NMR spectroscopy.  
 

With this obvious induction period where the nitrite-containing catalysts are 

initially slow but reach comparable overall conversion and similar Z-selectivity compared 

to catalysts 2.1 and 2.2, we tested the initiation rate of catalyst reaction with butyl vinyl 

ether (BVE) substrate.13 Consistent with the results of the homodimerizations, the DIPP–

NHC catalyst 2.3 was much slower than catalysts 2.1, 2.2 and 2.4 (Table 2.1). There is a 

clear trend that the DIPP–NHC catalysts have slower initiation when compared to the 

Mes–NHC catalysts and the nitrite–containing catalysts are slower to initiate than the 
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nitrato catalysts. The order of magnitude difference seen for 2.3 is somewhat greater than 

expected, particularly as this is an extremely active and productive metathesis catalyst.  

Table 2.1. Initiation Rates of the Reaction of Catalysts 2.1–2.4 with Butyl Vinyl Ether as 
Determined by 1H NMR Spectroscopy. 
 

 

In previous initiation rate studies, electron donating ligands such as 2,2 

dimethoxypropanoate (2.15) imparted greater initiation rates compared to a pivalate 

(2.16) X–ligand (2.5 × 10-3 s-1 versus 0.87 × 10-3 s-1, respectively) (Figure 2.5).5a Steric 
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analogue, and this trend is seen in the homodimerization reactivity. However, the DIPP–

NHC catalyst 2.3 has an initiation rate constant an order of magnitude lower than its 

nitrate analogue, which is apparent in the low conversions at early time points. It is not a 

simple relationship between initiation rate and metathesis reactivity since catalyst 2.3 has 

comparable conversions at later time points for allylbenzene and allyl acetate. 

 
Figure 2.5. Previously reported NHC–Ru metathesis catalysts. 

When applied to ring–opening metathesis polymerization, the slow initiation rate 

of catalyst 2.3 is evident in the corresponding low yields, high PDI and, for poly–2.21, 

high Mn (Table 2.2).1e High Mn can be attributed to a high rate of propagation (kp) relative 

to the rate of initiation (ki) or incomplete catalyst initiation. This was observed for 

catalyst 2.2, which has a slow initiation rate compared to faster initiating catalysts (e.g., 

2.20). The nitrite X–ligand catalysts resulted in greater cis content compared to catalyst 

2.2, although higher PDIs in the case of poly–2.21. In contrast to homodimerization 

reactions where 2.4 outperformed 2.2 in terms of Z-selectivity, in ROMP reactions 2.4 

had comparable yields and higher Z-selectivity. ROMP of 2.22 also gave polymer with 
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ROMP reactions, 2.4 had comparable yields and higher Z-selectivity.1e The generally 

poor initiation rates were evident in the resulting PDIs of the polymers. The tacticity and 

functional group tolerance of this catalyst will be investigated further, in addition to 

further testing of both 2.3 and 2.4 in homodimerizations and cross metathesis reactions. 

Table 2.2. Ring–Opening Metathesis Polymerization of Monomer 2.21 with Catalysts 
2.1–2.4. 

 

Table 2.3. Ring–Opening Metathesis Polymerization of Monomer 2.22 with Catalysts 
2.1–2.4. 

 
a Mn and PDI could not be determined due to insolubility in THF. 

Conclusions 
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catalysts 2.3 and 2.4. The nitrite–containing catalysts are slower initiating and, therefore, 

have lower conversions at early time points in homodimerization and ring-opening 
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2.3 and 2.4 reach comparable conversions. Both 2.3 and 2.4 exhibit greater cis-selectivity 

in ring-opening metathesis polymerization than previously observed with 2.2, 

and 2.4 gave higher yields.1e Given that 2.3 and 2.4 have much slower initiation rates, the 

retention of reactivity and selectivity merits further investigation of these catalysts as well 

as examination of other X-type ligands. 

Experimental 

General Information 

  Unless otherwise specified, all manipulations were carried out under air-free 

conditions in dry glassware in a Vacuum Atmospheres Glovebox filled with N2. General 

solvents were purified by passing through solvent purification columns and sparged with 

Ar prior to use. Commercially available substrates were used as received. All substrates 

were sparged with Ar before bringing into the glovebox and filtered over basic alumina 

(Brockmann I) prior to use. 2.19a, 2.25a, and 2.65a were synthesized according to literature 

procedure.  

Kinetic NMR experiments were performed on Varian 500 MHz and Varian 600 

MHz spectrometer with an AutoX probe. Spectra were analyzed using MestReNova Ver. 

8.1.2. 1H NMR spectra for homodimerization reactions were taken on Varian Inova 300 

MHz and automated Varian Inova 500 MHz instruments. 1H and 13C spectra for catalysts 

2.3 and 2.4 were recorded on a Varian Inova 600 MHz instrument or an automated 

Varian Inova 500 MHz instrument (126 MHz for 13C). Initiation rate experiments were 

monitored using Varian Inova 500 MHz and Varian Inova 600 MHz instruments.  

Molecular weights and polydispersity indexes of polymer samples were 

determined using multi-angle light scattering gel permeation chromatography employing 
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an Agilent 1200 UV-Vis detector and a Wyatt Technology miniDAWN TREOS light 

scattering detector, Viscostar viscometer, and OptilabRex refactive index detector. dn/dc 

values were determined by assuming 100% mass recovery of the sample to calculate 

molecular weights.  

High-resolution mass spectrometry (HRMS) was performed using FAB+ 

ionization on a JEOL MSRoute mass spectrometer. 

Synthesis of Catalyst 2.3 

In a N2-filled glovebox, reaction of 2.5 (50 mg, 0.74 mmol) with 25 equivalents of 

AgNO2 (285 mg, 1.8 mmol) in benzene yields 2.3 (33.6 mg, 0.5 mmol, 69% yield) within 

1 h at room temperature. The reaction mixture was filtered to remove unreacted starting 

material and AgI, and the solvent was removed in vacuo. The solids were triturated with 

an Et2O/pentane solution to give catalyst 2.3 in a 63% yield.  

1H NMR (600 MHz, C6D6) (δ, ppm): 14.83 (s, 1H), 7.45 (d, 7.5 Hz 1H), 7.15 (m, 3H), 

7.08 (dd, 7.5 Hz, 1H), 7.02 (dd, 7.5 Hz, 1H), 6.85 (t, 7.5 Hz, 3H), 6.47 (d, 8.5 Hz, 1H), 

4.54 (hept, 6.0 Hz, 1H), 3.77 (m, 2H), 3.51 (m, 1H), 3.34 (m, 1H), 3.24 (m, 1H), 3.08 

(heptet, 6.5 Hz, 1H), 2.27 (s, 1H), 2.06 (s, 1H), 1.94 (t, 9.5 Hz, 2H), 1.80 (m, 3H), 1.64 

(d, 6.5 Hz, 4H), 1.41 (m, 3H), 1.35 (d, 6.5 Hz, 3H), 1.29 (d, 7.0 Hz, 3H), 1.18 (d, 7.0 Hz, 

3H), 1.15 (d, 7.0 Hz, 1H), 1.10 (d, 6.0 Hz, 2H), 1.08 (m, 2H), 0.88 (d, 6.0 Hz, 3H), 0.58 

(d, 7.5 Hz, 1H).  

13C NMR (126 MHz, C6D6) (δ, ppm): 261.3, 212.1, 154.3, 147.4, 146.9, 142.8, 136.0, 

128.5, 125.9, 124.0, 123.6, 123.0, 123.1, 122.9, 122.9, 112.5, 74.4, 72.8, 67.4, 62.8, 54.0, 

42.6, 41.2, 39.9, 37.6, 37.5, 37.3, 32.9, 30.5, 29.4, 28.3, 28.1, 28.1, 27.2, 26.4, 25.4, 25.4, 

23.3, 22.4, 20.8, 20.1.  
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HRMS (FAB+): [(M+H)−H2]+ C35H46O3N3Ru Calculated − 658.2583, Found − 

658.2583. 

Synthesis of Catalyst 2.4 

In a N2-filled glovebox, reaction of 2.6 (50 mg, 0.79 mmol) with 7 equivalents of AgNO2 

(85 mg, 0.55 mmol) in benzene cleanly forms 2.4 (30.7 mg, 0.50 mmol, 63% yield) over 

a reaction time of 2 h at room temperature. The reaction mixture was filtered to remove 

unreacted starting material and AgI, and the solvent was removed in vacuo. The solids 

were triturated with diethyl ether for a 69% yield of catalyst 2.4.  

1H NMR (600 MHz, C6D6) (δ, ppm): 14.83 (s, 1H), 7.40 (d, 7.5 Hz 1H), 7.18 (t, 7.9 Hz, 

1H), 6.84 (td, 7.4 Hz, 1H), 6.81 (s, 1H), 6.74 (s, 1H), 6.52 (d, 8.7 Hz, 1H), 4.59 (heptet, 

6.45 Hz, 1H), 3.61 (s, 1H), 3.41 (heptet, 10.5 Hz, 1H), 3.23 (m, 3H), 2.45 (s, 3H), 2.32 

(m, 1H), 2.23 (s, 3 H), 2.12 (t, 3.3 Hz, 3H), 2.09 (s, 3H), 2.00 (m, 2H), 1.91 (br d, 11.0 

Hz, 1H), 1.79 (d, 12.0 Hz, 1H), 1.65 (m, 1), 1.48 (m, 2H), 1.39 (d, 6.4 Hz, 3H), 1.26 (m, 

1H), 1.12 (m, 3H), 0.91 (d, 6.2 Hz, 7H), 0.61 (d, 12.2 Hz, 1H).  

13C NMR (126 MHz, C6D6) (δ, ppm): 259.5, 214.1, 154.3, 143.0, 137.4, 136.8, 136.3, 

135.3, 129.4, 128.8, 125.8, 123.0, 122.9, 112.4, 74.3, 73.5, 67.4, 62.7, 51.3, 42.7, 41.3, 

39.9, 37.6, 37.4, 37.1, 33.0, 30.6, 29.5, 25.4, 20.9, 20.6, 20.0, 18.3, 18.2.  

HRMS (FAB+): [(M+H)−H2]+ C35H46O3N3Ru Calculated – 616.2114, Found − 

616.2119. 

General Procedure for Homodimerizations 

To an open 4 mL vial charged with a stir bar in a N2-filled glovebox, 1.23 mmol of the 

olefin substrate and the appropriate volume of THF were added such that the total volume 

of the resulting solution was 225 µL. A solution of 1.23 µmol catalyst in 200 µL THF 
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was added to the substrate and the reaction was stirred at 35 °C. At appropriate time 

points, 10 µL aliquots were taken and diluted with 0.70 mL chloroform–d1 and analyzed 

using 1H NMR spectroscopy. 

General Procedure for ROMP 

In an 8 mL vial charged with a stir bar, 1 mL of 0.32 M stock solution of monomer was 

added under an argon atmosphere. A solution of 3.2 µmol catalyst in 275 µL THF was 

added and the reaction was stirred at room temperature. After 1 hour, the reaction was 

quenched with 50 µL ethyl vinyl ether. The reaction mixture was then precipitated into 

methanol. The polymer samples were collected on a fine frit, washed with several 

portions of methanol, and dried under vacuum.  

General Procedure for Initiation Rate Determination 

In a N2-filled glovebox, a 4-mL vial was charged with catalyst (0.012 mmol) and 

dissolved with 100 µL C6D6. A portion of the stock solution (0.2 mL, 0.003 mmol) was 

added to an NMR tube and diluted with C6D6 (0.4 mL). The NMR tube was sealed with a 

septa cap and placed in the NMR spectrometer at 30°C. Butyl vinyl ether (12 µL, 0.09 

mmol) was added and the disappearance of the benzylidene proton resonance was 

monitored by arraying the ‘pad’ function in VNMRj. All reactions showed clean first–

order kinetics over a period of at least three half–lives. Spectra were baseline corrected 

and integrated using MestReNova. 
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Abstract 
 

The microstructures of polymers produced by ring-opening metathesis 

polymerization (ROMP) with cyclometalated Ru-carbene metathesis catalysts were 

investigated. A strong bias for a cis, syndiotactic microstructure with minimal head-to-

tail bias was observed. In instances where trans errors were introduced, it was determined 

that these regions were also syndiotactic. Furthermore, hypothetical reaction 

intermediates and transition structures were analyzed computationally. Combined 

experimental and computational data support a reaction mechanism in which cis, syndio-

selectivity is a result of stereogenic metal control, while microstructural errors are 

predominantly due to alkylidene isomerization via rotation about the Ru=C double bond. 

Introduction 

The physical and mechanical properties of polymers formed in ring-opening 

metathesis polymerization (ROMP) reactions of mono- and polycyclic olefins are 

intricately related to the degree of order in the polymer microstructures.1 Norbornene- 

and norbornadiene-derived ROMP polymers in particular contain a number of primary 

structural elements that must be precisely controlled if polymers with well-defined 

properties are desired: namely, the newly-formed double bonds can be cis or trans; the 

polymers can be isotactic (m) or syndiotactic (r) depending on the relative 

stereochemistry of the allylic carbons along the chain; and, in the case of polymers 

derived from unsymmetrically substituted monomers, the substituents can be oriented 

either in the same direction to form head-tail (HT) dyads or in opposite directions to give 

head-head (HH) and tail-tail (TT) dyads (Figure 3.1).2 Precise control of these primary 

structural elements is fundamental to preparing polymers with well-defined properties. 
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Figure 3.1. (a) Structural possibilities of polymers made from unsubstituted or 
symmetrically-substituted norbornenes (b) Head-head, head-tail, and tail-tail dyads 
resulting from polymerization of unsymmetrically-substituted norbornenes. 
 

Significant microstructural control of norbornene- and norbornadiene-based 

polymers was first achieved using classical, metal-salt type initiators (e.g., RuCl3, ReCl5 

and OsCl3), in which selectivity is usually a result of chain-end control.2 However, 

because this type of control results from an influence of the polymer chain on the 

propagation step, whether through steric crowding or the coordination of recently-formed 

double bonds to the metal center, the stereoselectivity of these systems can vary 

dramatically with the type of monomer and/or reaction conditions employed; as a result, 

examples of ROMP polymers composed predominantly of a single structure produced by 

these systems are rare. 

More recently, the development of molybdenum- and tungsten-based initiators 

with discrete ligand environments and mechanisms of action has led to the preparation of 

an increasing number of ROMP polymers with singular microstructures.3-6 Fully cis, 

isotactic polymers can be produced from a range of norbornene- and norbornadiene-

based monomers using W and Mo biphenolate and binaphtholate initiators, which operate 

through enantiomorphic site control, a primarily steric directing effect derived from the 
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chirality of the biphenolate or binaptholate ligand.4 Additionally, pure cis,syndiotactic 

microstructures are accessible through the use of MAP (MonoAryloxide Pyrrolide) 

alkylidene complexes as a result of stereogenic metal control, arising from the inversion 

of the absolute configuration of the metal center that occurs with each forward metathesis 

step.6 Finally, a few examples of predominantly trans, syndiotactic and trans, isotactic 

polymers have been prepared with certain Mo initiators as a consequence of chain-end 

control and a “turnstile-like” non-metathesis-based polytopal rearrangement, 

respectively.4b,5c,6  

In contrast, only limited control of cis/trans content and tacticity has been realized 

with discrete ruthenium alkylidenes; much like the classical initiators, this stereochemical 

control is generally dependent on the use of specialized monomers or reaction 

conditions.7 A prevailing theory for the overall lack of stereoselectivity in these systems 

is that the low calculated barriers of rotation for Ru alkylidenes (on the order of 1−10 

kcal/mol for a generic NHC Ru dichloride catalyst) preclude steric enforcement of 

polymer tacticities.3a,5c,8 Despite this purported limitation, however, we recently reported 

the generation of highly cis, highly syndiotactic ROMP polymers by N-tBu-

cyclometalated catalyst 3.1, marking the first time a norbornene-based polymer with a 

single structure had been produced by a ruthenium alkylidene complex (Figure 3.2).9 

Cyclometalated catalyst 3.2, containing a chelated N-adamantyl-N-mesityl N-heterocyclic 

 
Figure 3.2. Cyclometalated catalysts 3.1 and 3.2 (Mes = 2,4,6-trimethylphenyl). 
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carbene (NHC) ligand, has also been shown to yield highly cis ROMP polymers, though 

these polymers were originally thought to be atactic.10 

Because the stereochemical information contained in any given ROMP polymer 

represents a chronological “road map” of every catalytic cycle that took place over the 

course of the polymerization, careful microstructural analysis of the dyads and triads in a 

ROMP polymer can shed light on the exact nature of the propagation transition state(s). 

As a result, ROMP presents a powerful tool in which to gain additional insight into the 

mode of action of cyclometalated ruthenium catalysts in cis-selective metathesis 

transformations. To this end, we sought to conduct an experimental and computational 

study focused on elucidating the precise mechanisms responsible for cis-selectivity and 

tacticity in Ru-based catalysts such as 3.1 and 3.2 by determining how variation of the 

cyclometalated group, N-aryl substituent, and X-type ligand affects the resulting polymer 

microstructure. Herein, we report the results of these mechanistic studies and propose a 

general model for cis-selectivity and tacticity for cyclometalated Ru-based initiators. 

These results are envisioned to be fundamental to the mode-of-action of these catalysts 

and, as such, generally applicable to other transformations mediated by cyclometalated 

Ru-based catalysts. Thus, this work is also expected to aid in the future design of new cis-

selective catalysts and to provide increased predictive power when employed in synthetic 

transformations. 

Results and Discussion 

General Reactivity, Cis-Selectivity, and Blockiness of ROMP Polymers Produced by 
Initiators 3.1−3.8 
 

Reactions of a variety of cyclometalated catalysts (3.1−3.8, Figure 3.3) with 

norbornene (NBE, 3.9) were screened to study general reactivity and cis-selectivity.11 All 
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polymerizations were performed at room temperature in THF (0.25 M) at a ratio of 

[monomer]/[initiator] = 100 (1 mol %). In general, catalysts 3.1−3.8 were found to yield 

polymers with moderate to high cis contents (σc
  > .95 in many cases) (Table 3.1).12 

 
Figure 3.3. Catalysts 3.3−3.8: MIPP = 2,6-methylisopropylphenyl (3.3); DIPP = 2,6-
diisopropylphenyl (3.4); Mes =2,4,6-trimethylphenyl (3.5−3.8). 
 
Table 3.1. Polymerization of Norbornene (3.9) with Catalysts 3.1−3.8 

 
aFraction of double bonds having cis configuration; average of four values derived from 
C2,3, C1,4, C7, and C5,6, resonances, with agreement generally within ±0.02. bAverage of 
two values derived from C1,4 and C5,6 peaks. 
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(tt)/(tc) and rc = (cc)/(ct). Understanding the nature of the double bond distribution in any 

ROMP polymer affords significant mechanistic insight: a random distribution, 

characterized by rtrc = 1, suggests that the formation of a cis double bond is independent 

of any previously-formed double bonds, whereas a blocky distribution (rtrc > 1) may 

indicate some influence of the polymer chain in the propagation step (i.e., chain-end 

control). 

In general, predominantly cis (>50%) polymers of norbornene and related 

monomers formed by early generation ROMP catalysts are somewhat-to-highly blocky, 

with values of rtrc ranging from 5 to 8 or more.13a Significantly, rt is almost always 

greater than 1 (i.e., tt > tc), indicating a preference for trans double bonds to occur in 

pairs. One postulate for this observed behavior is the existence of multiple kinetically 

distinct propagating species each having a different selectivity for the formation of cis or 

trans double bonds. This is supported by careful examination of the proportions of double 

bond triads in the polymers (readily derived from the known proportions of dyads), from 

which it can be shown that in the classical systems, the probability of cis or trans double 

bond formation at any given propagation step varies greatly depending on the identity of 

the last- and/or second-to-last formed double bond, presumably due to some interaction 

of these recently-formed double bonds with the metal center or alkylidene.14 Propagating 

species in which the most recently formed double bond is cis (Pc) are highly cis-directing, 

whereas the selectivity of species in which the last-formed double bond is trans depends 

on whether the configuration of the penultimate double bond is cis (Ptc, highly trans-

directing) or trans (Ptt, essentially nonselective) (Scheme 3.1).2b These relative 

selectivities are ultimately responsible for the high incidence of trans−trans double bond 
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pairs observed in poly(NBE) samples produced by classical metathesis catalysts. 

 
Scheme 3.1. Probabilities of forming cis or trans double bonds in W(CO)6/hν catalyzed 
ROMP of norbornene (3.9). Pc refers to a propagating species that has just formed a cis 
double bond, while Ptc and Ptt describe species that have just formed a trans double bond 
but have different penultimate double bonds (cis and trans, respectively). Adapted with 
permission from ref 2b. Copyright 1997 Academic Press. 
 

Values of rtrc calculated for the poly(NBE)s produced by catalysts 3.1−3.8 ranged 

from 1.25 to 3.70 (Table 3.1), indicating only modest deviations from randomness in the 

cis/trans double bond distributions of the polymers. Moreover, all of the highly-cis 

polymers produced by catalysts 3.1−3.8 had rt values that were less than unity; in 

conjunction with the overall low values of rtrc, these low rt values suggest that trans 

double bonds occur as single, random errors throughout the polymers rather than in pairs 

as observed with the classical systems. Furthermore, calculation of the probabilities of 

forming a cis or trans double bond according to the identity of the last- or last-but-one 

double bond revealed no significant dependence of cis-selectivity on the configurations 

of these previously-formed double bonds in the polymerization of norbornene (Scheme 

3.2). This suggests that chain-end control is most likely not the driving force behind the 

stereoselectivity in ROMP observed with initiators 3.1−3.8. 

 
Scheme 3.2. Probabilities of forming cis or trans double bonds in the ROMP of 
norbornene (3.9) by catalyst 3.5. 
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a complete microstructural picture, taking into account not only cis/trans content but also 

tacticity and, in some cases, head-tail selectivity across dyads and triads, is essential. We 

therefore first turned our attention towards more complex monomers that could be used 

to quantify the extent of tacticity in polymers produced by these initiators. 2,3-

Dicarbomethoxynorbornadiene (DCMNBD, 3.10) has been used extensively for this 

purpose, as the cis C1,4 peak displays m/r splitting that is sufficiently resolved for 

quantitative analysis.15 Accordingly, for polymerizations of 3.10 with catalysts 3.1−3.8, 

the fraction of cis, r dyads in each highly cis polymer was easily determined (Table 3.2). 

Surprisingly, the cis portions of the polymers produced by catalysts 3.2−3.8 were found 

to be highly syndiotactic and not atactic as previously thought (Figure 3.4). In fact, 

monodentate catalysts 3.7 and 3.8 yielded polymers with almost exclusively a single 

structure (cis, syndiotactic). 

Table 3.2. Polymerization of Monomer 3.10 with Catalysts 3.1−3.8. 

 
aFraction of double bonds having cis configuration; average of two values derived from 
C2,3 and C1,4 resonances, with agreement generally within ±0.02. bDerived from cis, C1,4 
peaks. 
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Figure 3.4. 13C NMR spectra of (a) cis, syndiotactic poly-3.10 produced by catalyst 3.1 
and (b) 72% cis, 68% syndiotactic (cis regions) poly-3.10 produced by catalyst 3.5. 
 

We next probed the effects of temperature and dilution on the polymerization of 

3.10 by initiator 3.2. If the propagation reaction is in competition with other processes 

occurring at the catalyst center, such as alkylidene isomerization, changes in cis content 

and/or tacticity can result from variations in temperature or monomer concentration.3b 

Decreasing monomer concentration in particular presents a simple method with which to 

slow propagation relative to these other processes. However, we found that the 

concentration of 3.10 had very little appreciable effect on the microstructures of the 

polymers produced by catalyst 3.2 (Table 3.3). Increasing the temperature from 25 to 40 

°C, on the other hand, resulted in an approximately 5% decrease in both the cis content 

and tacticity of poly-3.10/3.2, while decreasing the temperature to 0 °C had the opposite 

effect. These results suggest that alkylidene isomerization might indeed be occurring at a 

rate comparable to (or faster than) propagation and could therefore feasibly be a major 

contributor in the resulting stereoselectivity of the polymerization.  
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Table 3.3. Temperature and Concentration Effects on the Polymerization of Monomer 
3.10 with Catalyst 3.2. 
 

 
aFraction of double bonds having cis configuration; average of two values derived from 
C2,3 and C1,4 resonances, with agreement generally within ±0.02. bDerived from cis, C1,4 
peaks. 
 

As catalysts 3.1, 3.2, and 3.4 were found to cover the general range of 

microstructures produced by catalysts 3.1−3.8, further polymerizations were performed 

using only these three systems. Results similar to monomer 3.10 were obtained when 2,3-

bis(trifluoromethyl)norbornadiene (3.11) was polymerized using catalysts 3.1, 3.2, and 

3.4 (Table 3.4);16 the resulting polymers were also cis-biased with highly syndiotactic cis 

regions.  

Table 3.4. Polymerization of Monomer 3.11 with Catalysts 3.1, 3.2, and 3.4. 

 
aFraction of double bonds having cis configuration; average of three values derived from 
C2,3, C1,4 and C7 resonances, with agreement generally within ±0.02. bDerived from cis C7 
peaks.  
 

To obtain a comprehensive understanding of the origins of cis-selectivity and 

tacticity in cyclometalated catalysts 3.1−3.8, it is necessary to also determine the tacticity 

of the trans regions of polymers derived from these systems. However, the trans peaks in 
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polymers derived from monomers 3.10 and 3.11 are too small and not sufficiently 

resolved for meaningful analysis. Thus, we next turned our attention towards polymers 

with more easily analyzable trans regions, namely exo, exo-7-oxa-5-norbornene-2,3-

dicarboxylic acid (3.12) and 7-methylnorbornene (7-MNBE, 3.13).15,17 Polymers 

produced from 3.12 had generally lower cis contents (σc  = 0.73−0.94) (Table 3.5), 

allowing for facile qualitative analysis of the trans portions via the trans C1,4 peak, which 

displays m/r tacticity splitting. Although the cis peaks are not sensitive to tacticity 

splitting, a tacticity bias can be determined based on comparison with data from catalyst 

3.1, shown to consistently produce predominately syndiotactic polymers.9 Catalysts 3.1 

and 3.4 produced polymers with trans regions that were largely syndiotactic, while 

polymer produced by catalyst 3.2 appeared to have negligible bias for either m or r dyads 

in the trans regions (Figure 3.5). 

Next, we exposed catalysts 3.1, 3.2, and 3.4 to a 1.2:1 syn/anti mixture of 3.13. It 

is generally accepted that norbornene and related compounds react at the less-hindered 

exo-face in ROMP.18 This was confirmed for catalysts 3.1 and 3.2 via the polymerization 

of 3.13; both polymerized the anti monomer almost exclusively (<2% syn-derived 

Table 3.5. Polymerization of Monomer 3.12 with Catalysts 3.1, 3.2, and 3.4. 

 
aFraction of double bonds having cis configuration; average of three values derived from 
CO2Me, C2,3 and C1,4 resonances, with agreement generally within ±0.03. bDerived from 
trans C1,4 peaks. 
!
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polymer was observed by 13C NMR). This occurs because the 7-methyl group in the syn 

monomer is positioned directly over the exo-face of the double bond, and as such 

polymerization via exo attack is prohibitively high in energy, whereas this is avoided in 

the anti-monomer. Gratifyingly, unambiguous determination of tacticity was achieved for 

both the cis and trans regions by analyzing polymers of anti-3.13, in which all of the 

carbons with the exception of C7 are sensitive to tacticity. Samples of poly(anti-7-

MNBE) produced by catalysts 3.1 and 3.2 were discovered to have highly syndiotactic 

cis regions (90-95% r) and highly syndiotactic trans regions (96-99% r) (Table 3.6). No 

appreciable amount of polymer was formed with initiator 3.4; this is likely a result of the 

increased steric bulk associated with the N-2,6-diisopropylphenyl group of this particular 

catalyst.  

Finally, we probed the extent of head-to-tail (HT) selectivity or bias exhibited by 

catalysts 3.1, 3.2, and 3.4 in the polymerization of unsymmetrically substituted 

 
Figure 3.5. 13C NMR spectra highlighting the trans C1,4 regions of (a) 94% cis poly-3.12 
with 87% r trans regions produced by catalyst 3.1, (b)  73% cis poly-3.12 with 50% r 
trans regions produced by catalyst 3.2 and (c) 93% cis poly-3.12 with 88% r trans 
regions produced by catalyst 3.4. 
!
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norbornenes. HT bias is measured by determining the ratios of head-head/head-tail 

(HH/HT) and tail-tail/tail-head (TT/TH) dyads in both the cis and trans regions of the 

polymer. The enantiomers are randomly distributed throughout the polymer when these 

values are equal to unity (i.e., no bias is present). 

The degree of HT bias in polymers derived from substituted norbornenes is 

delicately related to electronic and steric effects associated with both the monomer 

substituent(s) and the catalyst. Additionally, any catalyst relaxation or isomerization 

processes occurring on the same timescale as propagation may also contribute to HT bias, 

as different propagating species can exhibit different levels of H/T discrimination. One 

way to probe the role of the catalyst in HT selectivity is via the polymerization of C5- and 

C6-substituted monomers. The substituents in these monomers are sufficiently remote 

from the double bond such that they generally do not exert any intrinsic head-to-tail bias 

resulting from steric effects; thus, any observed bias with these monomers is likely 

catalyst-dependent. An HT bias in the polymerization of C5- and C6-substituted 

monomers with a given catalyst, then, particularly one that increases with decreasing rate 

of polymerization (or increasing dilution), may point towards the existence of two or 

Table 3.6. Polymerization of a 1.2:1 Syn/Anti Mixture of 7-Methylnorbornene (3.13) 
with Catalysts 3.1, 3.2, and 3.4. 

 
aFraction of double bonds having cis configuration; derived from C1,4 resonances. 
bDerived from cis and trans, C1,4 peaks. cNo reaction. 
!
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more distinct propagating species with distinctive HT biases.3b 

To test for HT-bias, catalysts 3.1, 3.2, and 3.4 were used to polymerize the 

unsymmetrically substituted racemic monomers 5-methylene-2-norbornene (3.14) and 

5,5-dimethylnorbornene (DMNBE, 3.15).19,20 Although all of the catalysts were found to 

be essentially bias-free in the polymerization of monomer 3.14 (cis TT/TH ratios = 

0.93−1.04), initiators 3.1 and 3.2 displayed more significant biases in the polymerization 

of 3.15 (cis TT/TH ratios = 1.11−1.51; trans TT/TH ratios = 0.20−1.00) (Table 3.7). 

Notably, the rate of polymerization of monomer 3.15 by initiators 3.1 and 3.2 was 

significantly lower than that of 3.14 (1−4 hours to full conversion vs. minutes), and as 

seen with monomer 3.13 no appreciable amount of poly-3.15 was formed using catalyst 

3.4 (likely as a consequence of the increased steric hindrance imparted by the endo-

substitution in monomer 3.15. The increase in HT bias with decreasing rate might be 

interpreted in terms of the existence of more than one propagating species (resulting from 

alkylidene isomerization or a similar process) each with a different inherent HT bias. 

Table 3.7. Polymerization of Monomers 3.14 and 3.15 with Catalysts 3.1, 3.2, and 3.4. 

 
aFraction of double bonds having cis configuration; derived from C6 resonances (3.14) 
and C2 resonances (3.15). bDerived from cis TT and TH C2,3 peaks (3.14) and cis TT and 
TH C2 peaks (3.15). cDerived from trans TT and TH C2 peaks (3.15). dHere and below: 
overlap of trans TT and HH C2,3 peaks in poly-3.14 precluded trans TT/TH or HH/HT 
analysis. eNo reaction. 
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Computational Investigations of Hypothetical Reaction Pathways and Proposed 
Model for Cis-Selectivity and Tacticity in Catalysts 3.1−3.8 
 

The selectivity for cis, syndiotactic polymers exhibited by catalysts 3.1−3.8 is 

hypothesized to be a result of stereogenic metal control, as in the case of the Mo- and W-

based MAP alkylidene complexes described earlier. Because initiators 3.1−3.8 are 

stereogenic-at-Ru, the absolute configuration of the metal center is inverted with each 

propagation step to generate enantiomeric (in the case of 3.1) or diastereomeric (3.2−3.8) 

carbenes (Figure 3.6), resulting in the addition of incoming monomers to alternating sides 

of the Ru=C bond. 

 
Figure 3.6. Enantiomeric (3.1) and diastereomeric (3.2) alkylidenes generated by the 
stereochemical inversion of the Ru metal center with each forward propagation step. 
 

Previous computational and experimental work has shown that cis-selectivity in 

cross metathesis reactions using cyclometalated catalysts similar to 3.1 and 3.2 likely 

stems from the steric influence of the bulky N-aryl group positioned directly over the 

side-bound metallacycle, which results in the destabilization of the transition state leading 

to the formation of trans olefins.21 It is hypothesized that monomer approach in ROMP is 

similarly influenced by the presence of the N-aryl group, in that one would expect 

norbornene and related derivatives to react at the less hindered exo-face with the 

methylene bridge pointed down, away from the N-aryl “cap.”22 In the terminology 

employed by Schrock and coworkers in regards to well-defined Mo and W initiators, this 

approach is designated anti, in that the bulk of the monomer points away from the N-aryl 
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group; the opposite approach is syn.5c Likewise, syn and anti Ru=CHR isomers are 

defined according to whether the R group of the alkylidene points towards or away from 

the N-aryl group. A consistently anti monomer approach leads to the formation of a cis, 

syndiotactic polymer (Scheme 3.3). However, if the incoming monomer were to 

occasionally adopt a syn approach to the anti alkylidene, a trans, isotactic dyad “error” 

would be produced (Scheme 3.4).  

 
Scheme 3.3. Proposed mechanism for forming cis, syndiotactic polymers using 
cyclometalated catalyst 3.1 (Mes = 2,4,6-trimethylphenyl, R = o-isopropoxyphenyl); the 
cis, syndiotactic microstructure results from the monomer repeatedly approaching 
alternate sides of an anti alkylidene in an anti fashion. 
 

 
Scheme 3.4. Formation of a trans, isotactic dyad resulting from a syn approach of the 
monomer to an anti alkylidene (R = o-isopropoxyphenyl).  
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through rotation about the M=C double bond to adopt a syn configuration or via a non-

metathesis based polytopal rearrangement23 between the stereoisomeric metal alkylidenes 

(i.e., (R)-3.1 and (S)-3.1), were able to occur between propagation steps. Moreover, the 
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with an increase in regions of mixed tacticity being evidenced when the rate of alkylidene 

isomerization occurs on a comparable timescale to propagation. Competition between 

alkylidene isomerization and propagation would also provide a reasonable explanation 

for the HT bias detected in catalysts 3.1 and 3.2, as well as the temperature effect 

observed in the polymerization of 3.10 with catalyst 3.2, as outlined previously.  

To explore these possible alkylidene isomerization processes, as well as to better 

understand how they may lead to a loss in cis-selectivity and tacticity in some of these 

cyclometalated ruthenium-based systems, DFT calculations on polymerization reactions 

involving catalysts 3.1 and 3.2 were performed.24 All calculations were performed with 

Gaussian 0925 at the M06/SDD-6-311+G(d,p)/SMD(THF)//B3LYP/SDD-6-31G(d) level 

of theory. See the Experimental for computational details. 

We first investigated the likelihood of alkylidene isomerization through a non-

metathesis-based polytopal rearrangement pathway. The computed energy profile of the 

polytopal rearrangement of the N-tBu-cyclometalated ruthenium alkylidene 3.16 to form 

its diastereomer 3.17 (using a 3-cyclopentenyl group as a model of the polymer chain) is 

shown in Figure 3.7. The multistep rearrangement process starts from alkylidene rotation 

(3.18-TS), which requires a relatively low barrier to form the syn alkylidene intermediate 

3.19. Isomerization of the alkylidene to the position trans to the NHC leads to highly 

unstable intermediate 3.21. Complex 3.21 subsequently undergoes ring flip of the five-

membered chelate (3.22-TS) and very unfavorable rearrangement of the pivalate ligand 

(3.24-TS) to form complex 3.25, which then isomerizes to 3.17. With the alkylidene 

trans to the NHC ligand, complexes 3.21, 3.23, and 3.25 are all highly unstable, and this 

process is highly disfavored.  
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Figure 3.7. Polytopal rearrangement of ruthenium alkylidene 3.16 to its diastereomer 
3.17. 
 

We next explored the probability of isomerization via rotation about the 

alkylidene Ru=C double bond. The computed rotational barriers for catalysts 3.1 and 3.2 

are summarized in Table 3.8. Because of steric repulsions between the alkylidene R 

group and the N-aryl group, the syn alkylidene is less stable than the anti isomer. The 
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Table 3.8. Computed Alkylidene Rotation Barriers.  

 
aAlkylidene rotational barrier with respect to the anti alkylidene. b Energy difference 
between syn and anti alkylidene isomers. All energies are in kcal/mol. 
!
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alkylidene rotation barrier is only slightly affected by the steric bulk of the substituent on 

the alkylidene and the cyclometalated group on the catalyst. In general, the barrier to 

alkylidene rotation is comparable to the barrier for monomer addition (see below).  

Given the high barrier and the unstable intermediates in the polytopal 

rearrangement process, we conclude that a non-metathesis isomerization of the ruthenium 

alkylidene is highly unlikely to occur under the reaction conditions, and a pathway 

involving bond rotation about the Ru=C alkylidene is much more likely to be responsible 

for alkylidene isomerization. With this in mind, we can now complete our model for cis-

selectivity and tacticity in catalysts 3.1−3.8 by factoring in the effects of alkylidene 

rotation on the final polymer microstructure. Namely, in a predominately cis, syndiotactic 

polymer resulting from stereogenic metal control, rotation of the alkylidene from anti to 

syn followed by monomer approach in either a syn or anti fashion would result in the 

formation of a cis, isotactic or trans, syndiotactic dyad, respectively (Scheme 3.5). 

 

Scheme 3.5. Formation of a trans, syndiotactic or cis, isotactic dyad resulting from an 
anti or syn monomer approach, respectively, to a syn alkylidene following alkylidene 
rotation (anti to syn) in a predominately cis, syndiotactic polymer (R = o-
isopropoxyphenyl).  
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type of dyad in more depth. We focused on the [2+2] cycloaddition step, as in reactions 

with norbornene and norbornadiene derivatives, the [2+2] cycloaddition step requires a 

significantly higher barrier than the [2+2] cycloelimination, and thus the [2+2] 

cycloaddition is effectively irreversible.24b,26 Importantly, cis/trans-selectivity and 

tacticity are both determined in the [2+2] cycloaddition step. The four possible transition 

states derived for the [2+2] cycloaddition of monomer 3.10 at the exo face to ruthenium 

alkylidene 3.27, a model of the propagating species of the N-tBu-cyclometalated catalyst 

3.1, are shown in Figure 3.8. Because isomerization between the anti and syn alkylidenes 

via rotation of the Ru=C bond occurs with a comparable barrier as propagation, monomer 

addition to both anti and syn alkylidenes were computed (3.28-TS-A/B and 3.28-TS-

C/D, respectively). In these transition states, the olefin approaches the catalyst from the 

side, i.e., cis to the NHC ligand, in line with our previous computational study of olefin 

cross-metathesis with cyclometalated cis-selective ruthenium catalysts.21 The bottom-

bound pathway, that is, olefin approaching trans to the NHC, and the addition to the endo 

face of the norbornadiene both require much higher activation energies (15−21 kcal/mol, 

see Experimental for details).  

The most favorable [2+2] cycloaddition transition state is the one leading to the 

formation of a cis, syndiotactic dyad, 3.28-TS-A, in which the anti alkylidene reacts with 

a monomer approaching in an anti fashion. The ligand-substrate steric repulsions in this 

anti/anti approach are minimized due to the bulk of the monomer and the alkylidene both 

being directed away from the N-aryl group. The next lowest energy transition state leads 

to the formation of a trans, syndiotactic double bond (3.28-TS-C), in which the syn 

alkylidene reacts with a monomer approaching in an anti fashion. This anti/syn approach 
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(3.28-TS-C) is 2.1 kcal/mol higher in energy than the anti/anti approach (3.28-TS-A), 

which is consistent with the high cis-selectivity observed experimentally. Both trans, 

isotactic and cis, isotactic dyads result from the monomer approaching in a syn fashion 

(3.28-TS-B and 3.28-TS-D, respectively), which requires much higher activation 

energies due to the repulsion of the methylene bridge with the N-aryl group. This is in 

agreement with the high syndiotacticity of both the cis and trans regions observed 

experimentally, in the polymerizations of monomers 3.12 and 3.13 (Tables 3.4 and 3.5). 

 

Figure 3.8. [2+2] cycloaddition transition states for the polymerization of monomer 3.10 
with catalyst 3.27. Energies are with respect to the separated ruthenium alkylidene and 
monomer 3.10.  
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cis double bonds in poly-3.10 is plotted against the percentage of cis double bonds 

composed as cis, r dyads for catalysts 3.1−3.8, a linear dependence is observed (Figure 

3.9). Because the barriers to alkylidene rotation in catalysts 3.1 and 3.2 with monomer 

3.10 are comparable (cf. Table 3.8), this relationship is likely a result of the relative 

differences in the energetics of the propagation transition states for each catalyst (which 

also determine both cis- and syndioselectivity). Thus, the [2+2] cycloaddition transition 

states with monomer 3.10 and alkylidene 3.29, a model of the propagating species of 3.2, 

were calculated to further investigate the connection between cis-selectivity and tacticity 

in these systems.  

 
Figure 3.9. Linear relationship between cis content and tacticity of the cis regions in 
poly(DCMNBD) (poly-3.10) for catalysts 3.1−3.8 (data obtained from Table 3.2). 
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isomerization between (R,R)-3.29 and (R,S)-3.29 via polytopal rearrangement is not 

 
Figure 3.10. [2+2] cycloaddition transition states for the polymerization of 3.10 with 
catalyst 3.2. Energies are with respect to the separated ruthenium alkylidene and 3.10. 
!
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possible. Instead, the configuration of ruthenium switches between (R,R)-3.29 and (R,S)- 

3.29 after each monomer addition.  

Similar to the reaction with catalyst 3.1, the cis, syndio-selective anti/anti 

approach is the most favorable with catalyst 3.2 (3.30-TS-A and 3.31-TS-A for the 

addition to alkylidene (R,R)-3.29 and (R,S)-3.29, respectively). However, the 

corresponding trans, syndio-selective transition states 3.30-TS-C and 3.31-TS-C are only 

0.7 kcal/mol and 2.0 kcal/mol less stable, respectively. Similarly, the transition states 

leading to the formation of trans, isotactic and cis, isotactic dyads (3.30-TS-B/D and 

3.31-TS-B/D, respectively), while still highly unfavorable, are also less destabilized 

relative to cis, syndio-selective 3.30-TS-A and 3.31-TS-A. The lower selectivity for cis, 

syndiotactic dyads is attributed to the increased steric repulsion between the alkylidene R 

group and the bulkier cyclometalated N-adamantyl group in the cis, syndio-selective 

transition states, in particular in 3.30-TS-A where the steric bulk of the adamantyl chelate 

is closer to the R group than in 3.31-TS-A. This conclusion likely extends to the other 

cyclometalated-N-adamantyl initiators 3.3−3.8. 

Conclusions 

A series of cyclometalated Ru-based metathesis initiators were evaluated in the 

ring-opening metathesis polymerization (ROMP) of a variety of norbornene- and 

norbornadiene-derived monomers. Highly cis, syndiotactic polymers were generated in 

most cases. In polymers with an imperfect microstructure, the major errors were in the 

form of trans, syndiotactic regions. Using experimental and computational insights, a 

model was developed to explain the pattern of stereoselectivity exhibited by this family 

of catalysts in ROMP. The near-perfect cis, syndio-selectivity of these systems is 
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postulated to arise from the inversion of configuration at the metal center that occurs with 

each propagation step (i.e., stereogenic metal control), in conjunction with an almost 

exclusive approach of the monomer in an anti fashion to the energetically preferred anti  

alkylidene. The majority of microstructural errors are likely a result of interconversion 

between syn and anti alkylidene isomers in the propagating catalytic species. Addition of 

the monomer in an anti or syn fashion to the higher energy syn alkylidene leads to the 

formation of a trans, syndiotactic or cis, isotactic dyad, respectively. Finally, the highest 

cis, syndio-selectivity was exhibited by a catalyst containing a cyclometalated N-tBu 

group. This was determined to originate from the decreased steric environment in this 

catalyst relative to the N-adamantyl-cyclometalated catalysts, as increased substitution 

close to the metal center is shown to minimize the differences in energy between 

transition states. The mechanistic insights gained in this study will not only aid in the 

development of new and improved cis-selective Ru-based catalysts, but also provide 

increased predictive power in synthetic transformations mediated by these systems. 

Experimental 

General Information 

 All reactions were carried out in dry glassware under an argon atmosphere using 

standard Schlenk techniques or in a Vacuum Atmospheres Glovebox under a nitrogen 

atmosphere, unless otherwise specified. All solvents were purified by passage through 

solvent purification columns and further degassed by bubbling argon. CDCl3, CD2Cl2, 

and (CD3)2CO were used as received. Monomers 3.10,27 3.11,28 3.12,29 3.13,11a and 3.1530 

were synthesized according to literature procedure, while monomers 3.9 and 3.14 were 

purchased from Sigma Aldrich and used as received or distilled over CaH2 prior to use, 
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respectively. Catalysts 3.2 and 3.4, as well as RuCl2(PCy3)(=CH-o-OiPrC6H4) (S3.2), 

were obtained from Materia, Inc. 3.1,9 3.5, 3.6, 3.7,31 3.832 and N-heterocyclic carbene 

(NHC) S3.131 were synthesized according to literature procedures. Other commercially 

available reagents were used as received. 

 1H NMR spectra were acquired at 500 MHz and 13C spectra at 100 or 126 MHz as 

CDCl3 solutions unless otherwise noted. Chemical shifts are reported in ppm downfield 

from Me4Si by using the residual solvent peak as an internal standard. Spectra were 

processed and analyzed using MestReNova Ver. 9.0. 

High-resolution mass spectra (HRMS) were provided by the California Institute 

of Technology Mass Spectrometry Facility using an IEOL JMS-600H High Resolution 

Mass Spectrometer. All HRMS were by FAB+ ionization. 

Computational Details 

Geometries were optimized with B3LYP and a mixed basis set of LANL2DZ for 

ruthenium and 6-31G(d) for other atoms. Single point calculations were performed with 

M06 and a mixed basis set of SDD for ruthenium and 6-311+G(d,p) for other atoms. The 

SMD solvation model with THF as solvent was used in the single point energy 

calculations. This is the same level of theory used in our previous calculations on 

ruthenium metathesis catalysts.  

Preparation of Catalyst S3.3 
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In a glovebox, a suspension of potassium tert-amylate (0.075 g, 0.57 mmol) in hexanes (6 

mL) was added to NHC S3.1 (0.19 g, 0.52 mmol), and the resulting solution was stirred 

in the glovebox box at 30 °C for 30 minutes. Then, S3.2 (0.31 g, 0.52 mmol) was added, 

and the vessel was sealed, taken out of the glovebox and stirred for 2 h at 65 °C. The 

mixture was then cooled to RT, and the resulting solids were collected via filtration. The 

solids were washed thoroughly with hexanes, yielding S3.3 (0.22 g, 65%) as a green 

powder. 

1H NMR (CDCl3) δ 16.89 (1H, s), 7.54 (1H, m), 7.50 (1H, m), 7.41 (1H, m), 7.23 (1H, 

m), 6.93 (1H, m), 6.85 (1H, m), 5.07 (1H, m), 4.05 (2H, m), 3.88 (2H, m), 3.15 (1H, m), 

2.97 (4H, m), 2.42 (3H, m), 2.33 (3H, s), 1.95 (3H, m), 1.84 (3H, m), 1.69 (3H, d, J = 6.1 

Hz), 1.60 (3H, d, J = 6.1 Hz), 1.19 (3H, d, J = 6.7 Hz), 0.89 (3H, d, J = 6.7 Hz) 

13C NMR (CDCl3) δ 208.6, 152.9, 149.0, 145.6, 141.0, 138.3, 131.0, 129.5, 129.3, 125.2, 

124.2, 122.9, 113.6, 74.6, 57.6, 53.1, 44.9, 42.6 (2C), 36.5 (3C), 30.4 (3C), 28.0, 25.9, 

24.2, 23.1, 22.6, 19.3 

HRMS (FAB+): [M]+ C33H44RuON2Cl2 Calculated – 656.1875, Found – 656.1894 

Preparation of Catalyst S3.4 

 

In a glovebox, sodium pivalate (0.19 g, 1.5 mmol) in MeOH (1.5 mL) was added to 

complex S3.3 (0.10 g, 0.15 mmol) in THF (1.5 mL). The solution was heated at 40 °C for 

ten hours in the glovebox, then concentrated. The residue was dissolved in 

dichloromethane, filtered over celite, and then concentrated. Purification via a short plug 
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of silica gel (eluant 4:1 pentane:diethyl ether) provided S3.4 (0.052 g, 52%) as a purple 

solid 

1H NMR (CD2Cl2) δ 14.66 (1H, s), 7.38 (2H, m), 7.11 (2H, m), 6.98 (1H, m), 6.94 (1H, 

m), 6.92 (1H, m), 5.00 (1H, m), 3.88 (3H, m), 3.76 (3H, m), 2.20 (2H, m), 2.16 (3H, s), 

2.15 (1H, m), 1.97 (2H, m), 1.71 (1H, m), 1.54 (3H, d, J = 6.1 Hz), 1.52 (3H, m), 1.40 

(3H, d, J = 6.1 Hz), 1.25 (3H, d, J = 6.7 Hz), 1.21 (3H, d, J = 6.7 Hz), 1.00 (9H, s), 0.98 

(1H, m), 0.23 (1H, m) 

13C NMR (CD2Cl2) δ 215.8, 154.2, 147.7, 143.4, 138.7, 138.1, 128.8, 128.1, 125.8, 

124.3, 123.2, 123.0, 114.1, 74.9, 69.3, 63.0, 53.1, 43.5, 41.9, 40.6, 39.4, 38.2, 37.9, 37.1, 

33.7, 31.2, 30.1, 28.5, 28.3 (3C), 26.3, 24.0, 21.9, 21.8, 19.5 

HRMS (FAB+): [M]+ C38H52RuO3N2 Calculated – 686.3022, Found – 686.3039 

Preparation of 3.3 

 

In a glovebox, complex S3.4 (0.11 g, 0.15 mmol) and NH4NO3 (0.12 g, 1.5 mmol) were 

dissolved in THF (8 mL), stirred for 3 h at room temperature, then concentrated. The 

resulting solids were washed with Et2O, then THF, to provide 3.3 (0.070 g, 72%) as a 

bright purple powder. 

1H NMR (CD2Cl2) δ 14.98 (1H, s), 7.48 (1H, m), 7.43 (1H, m), 7.13 (1H, m), 7.09 (1H, 

m), 6.98 (3H, m), 5.10 (1H, m), 3.90 (4H, m), 3.70 (2H, m), 2.23 (1H, m), 2.18 (3H, s), 

2.07 (1H, m), 1.99 (1H, m), 1.93 (1H, m), 1.72 (1H, m), 1.65 (1H, m), 1.59 (1H, m), 1.55 

(2H, m), 1.49 (3H, d, J = 6.1 Hz), 1.24 (3H, d, J = 6.1 Hz), 1.18 (3H, d, J = 6.7 Hz), 1.13 
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(3H, d, J = 6.7 Hz), 0.99 (2H, m), 0.25 (1H, m). 

13C NMR (CD2Cl2) δ 213.2, 154.9, 147.8, 143.2, 138.1, 137.5, 128.8, 128.4, 127.3, 

124.2, 123.6 (2C), 113.1, 74.6, 67.8, 63.6, 52.8, 43.4, 42.4, 40.5, 38.0, 37.9, 37.8, 33.4, 

31.1, 29.9, 28.5, 26.4, 23.7, 21.5, 20.8, 17.7. 

HRMS (FAB+): [M+H]+ C33H44RuO4N3 Calculated – 645.7706, Found – 646.2040  

General Polymerization Procedure 

 In a glovebox, a solution of catalyst was prepared from 3.1 (5.8 mg, 9.8 µmol) and 

THF (0.84 mL) and added to an 8 mL vial with a septum cap. On a vacuum manifold, a 

Schlenk flask was flame-dried and charged with monomer (7.8 mmol) and THF (24 mL) 

to make a stock solution (0.32 M). The monomer solution was degassed via freeze-pump-

thaw (3×). An aliquot (2.0 mL, 0.64 mmol) of monomer stock solution was added via 

gas-tight syringe to an air-tight vial with a septum cap under an argon balloon. An aliquot 

(0.55 mL, 6.4 µmol) of catalyst solution was then injected via gas-tight syringe. After 

stirring for 1 h at room temperature, the polymerization was quenched with ethyl vinyl 

ether (0.1 mL) and precipitated into vigorously stirred MeOH. The precipitate was 

collected by vacuum filtration using either a medium or fine porosity frit and dried under 

vacuum. 

Preparation of Poly-3.9 Using Catalysts 3.1−3.8: 

Poly-3.9 was prepared according to the general procedure using catalysts 3.1−3.8. NMR 

samples were prepared by stirring poly-3.9 in CDCl3. 13C NMR spectral assignments 

were consistent with the literature.33 

Preparation of Poly-3.10 Using Catalysts 3.1−3.8: 

Poly-3.10 was prepared according to the general procedure using catalysts 3.1−3.8. NMR 
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samples were prepared by stirring poly-3.10 in CDCl3. 13C NMR spectral assignments 

were consistent with the literature.15 

Preparation of Poly-3.11 Using Catalysts 3.1, 3.2, and 3.4: 

Poly-3.11 was prepared according to the general procedure using catalysts 3.1, 3.2, and 

3.4. NMR samples were prepared by stirring poly-3.11 in (CD3)2CO. 13C NMR spectral 

assignments were consistent with the literature.16 

Preparation of Poly-3.12 Using Catalysts 3.1, 3.2, and 3.4: 

Poly-3.12 was prepared according to the general procedure using catalysts 3.1, 3.2, and 

3.4. NMR samples were prepared by stirring poly-3.12 in CD2Cl2. 13C NMR spectral 

assignments were consistent with the literature.15 

Preparation of Poly-3.13 Using Catalysts 3.1 and 3.2: 

Poly-3.13 was prepared according to the general procedure using catalysts 3.1 and 3.2. 

NMR samples were prepared by stirring poly-3.13 in CDCl3. 13C NMR spectral 

assignments were consistent with the literature.17 

Preparation of Poly-3.14 Using Catalysts 3.1, 3.2, and 3.4: 

Poly-3.14 was prepared according to the general procedure using catalysts 3.1, 3.2, and 

3.4. NMR samples were prepared by stirring poly-3.14 in CDCl3. 13C NMR spectral 

assignments were consistent with the literature.19 

Preparation of Poly-3.15 Using Catalysts 3.1 and 3.2: 

Poly-3.15 was prepared according to the general procedure using catalysts 3.1 and 3.2. 

NMR samples were prepared by stirring poly-3.15 in CDCl3. 13C NMR spectral 

assignments were consistent with the literature.20 
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Abstract 

 The addition of vinyl ethers to Z-selective, cyclometalated ruthenium metathesis 

catalysts generates Fischer carbene complexes. Although Fischer carbenes are usually 

thought to be metathesis-inactive, we show that Fischer carbenes are metathesis-active 

under certain circumstances.  These species were found to decompose facilely to Ru-

hydride complexes identified by both experiment and computation. Since vinyl ethers are 

often used to quench metathesis reactions with Ru-based metathesis catalysts, their 

decomposition to hydrides can have a deleterious effect on the desired stereochemistry of 

the olefin product. 

Introduction  

Olefin metathesis has become a favored method for the generation of carbon-

carbon double bonds and has been implemented in countless fields including green 

chemistry,1  organic synthesis,2  materials science,3  and pharmaceuticals.4 Ruthenium-

based catalysts used for this transformation exhibit excellent stability, functional group 

tolerance, and general ease of use.5 Reactions utilizing these catalysts are often quenched 

by the addition of an excess of a vinyl ether.6  As an example, ethyl vinyl ether reacts 

with catalyst 4.1 to form Fischer carbene ruthenium complex 4.2 (Scheme 4.1).7-9  

 

Scheme 4.1. Formation of Fischer carbene complexes by reaction of ethyl vinyl ether 
with olefin metathesis catalysts.     
 

Due to their stabilities, Fischer carbenes are considered metathesis inactive under 

standard conditions. However, Fischer carbenes have been found to be active at elevated 
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temperatures and with specific substrates.9,10 Takahira and Morizawa demonstrated the 

ability of 2, bearing the 1,3-dimesityl-4,5-dihydroimidazol-2-ylidene (SIMes) ligand, to 

catalyze productive metathesis using heavily fluorinated olefins, albeit with very low 

catalyst turnover.10 The unexpected activity of these ruthenium complexes is due to the 

relative thermodynamic stability of the fluoro-Fischer carbene formed by metathesis, or 

Fischer carbene exchange, with 4.2. 

 
Figure 4.1. Prominent Z-selective catalysts.  

In 2011, kinetically Z-selective ruthenium-based catalysts were reported bearing 

an adamantyl-chelated NHC ligand and pivalate X-type ligand.11 Many analogs have now 

been synthesized, including the nitrate-substituted, highly active and Z-selective catalysts 

4.312 and 4.4 (Figure 4.1).13 Mechanistic and decomposition studies of these types of 

cyclometalated complexes have been carried out with both experiment and theory.14,15 

Decomposition proceeds via irreversible insertion of the alkylidene into the chelating 

ruthenium-carbon bond to produce a ruthenium alkyl intermediate (4.6, Scheme 4.2). 

Subsequent α-hydride elimination gives 4.7 while β-hydride elimination provides 4.8. 

Both experimental and theory show that β-hydride elimination from 4.6 to form 4.8 is the 

preferred mechanistic pathway for the catalyst diastereomeric form of 4.3, 4.4, and 4.5.15    

Because other Ru-based Fischer carbenes have exhibited impressive stability, 

reactions using these cyclometalated metathesis catalysts are also often quenched by 

vinyl ethers.16 Herein we report reactions of 4.3 and 4.4 with vinyl ethers and identify a 
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ruthenium hydride decomposition product potentially capable of causing olefin 

isomerization.17 Computations were used to explore the decomposition and we have 

found that a metathesis reaction of the Fischer carbene is an integral part of the 

decomposition pathway.! 

Results and Discussion 

The reactions of phenyl vinyl ether with chelated catalysts 4.3 and 4.4 were 

performed in THF-d8 and monitored using 1H NMR spectroscopy. For each of these 

catalysts, generation of a species posited to be a Fischer carbene was observed by the 

appearance of a peak shifted upfield (~14 ppm) with respect to the original alkylidene 

signal.18 Subsequent formation of a Ru-hydride species from each of these complexes 

was observed by the appearance of 1H NMR signals at –12.16 ppm and –11.97 ppm, 

respectively (Scheme 4.3).19 Identification of these complexes by NMR spectroscopy was 

challenging due to significant overlap of aromatic 1H and 13C signals derived from phenyl 

vinyl ether, 2-isopropoxystyrene eliminated by reaction, and the N-mesityl group of the 

NHC ligand of the catalyst.20 Consequently, the reaction of butyl vinyl ether with 1 

equivalent of 4.3 in THF-d8 was studied in order facilitate analysis of the complex by 

 
Scheme 4.2. Decomposition pathway of cyclometalated ruthenium catalyst 4.5. (Dashed 
circle = adamantyl, o-tolyl; Ar = DIPP or Mes) 
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NMR spectroscopy. The results of this reaction mirrored the observations of the reactions 

with phenyl vinyl ether. The disappearance of the 1H signal corresponding to the 

benzylidene proton of 4.3 and the appearance of a broad peak of the proposed Fischer 

carbene at 13.83 ppm was observed.21 The subsequent disappearance of this signal and 

concurrent appearance of a new signal at –12.62 ppm indicated the formation of the 

hydride species in quantitative yield.   

 
Scheme 4.3. Reactions of Z-selective catalysts 4.3 and 4.4 with vinyl ethers generate 
Fischer carbenes that decompose to Ru-hydride complexes as observed by 1H NMR 
spectroscopy in THF-d8. 
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Scheme 4.4. Possible pathways of decomposition of the Fischer carbene complexes 
under reaction conditions to form Ru-hydride complexes 4.13 or 4.14 from insertion 
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the alkylidene into the Ru-adamantyl bond to form a ruthenium alkyl species 4.12, α-

hydride elimination would generate 4.13 while a β-hydride elimination pathway would 

give product 4.14.  

In the 1H NMR spectrum of this reaction mixture, a singlet corresponding to a 

single proton appears at 5.12 ppm, consistent with that of the alkene proton of known β-

hydride decomposition products of Z-selective catalysts.15 Furthermore, a signal 

characteristic of the carbon of a Ru=C bond around 300 ppm was not!observed in the 13C 

NMR spectrum.22,23 These data are consistent with the structure of the β-hydride 

elimination product 4.14 rather than 4.13. 

 To confirm the connectivity and structure of the decomposition product, 1H-13C 

HMBC studies were performed and correlations between the methylenes of the butyl 

group to the aforementioned alkenyl singlet were observed at 5.12 ppm, which 

furthermore shows correlations with the protons of the adamantyl group. Further 

supporting this proposed structure, the hydride showed correlations with the alkenyl 

carbons, the carbene carbon of the NHC, and a methylene carbon of the butyl group in 

the 1H-13C HMBC. These correlations are consistent with the structure of 4.14. 13C-DEPT 

experiments showed the existence of 4 methyl groups, 10 methylene groups, 6 methine 

groups, 7 quarternary carbons in the structure of this complex, which agrees with the 

proposed structure.  

Density functional calculations were performed to determine the decomposition 

pathways available to Fisher carbenes derived from complex 4.3. Reaction of 4.3 with 

phenyl vinyl ether leads to formation of Fischer carbene complex 4.9 (Scheme 4.5). 

However, 4.9 cannot lead to the observed product 4.15 via migratory insertion and β-
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hydride elimination.15 Figure 4.2 is a top view of 4.9 and the subsequent migratory 

insertion intermediate, 4.16. The hydrogen on the chelated carbon of 4.9, highlighted in 

green in the 3D images of Figure 4.2, is on the same side as the Fischer carbene and far 

from the ruthenium center. After migratory insertion to 4.16, this green β-hydrogen is 

pushed even further from the ruthenium center, to a distance of 3.84 Å. The highlighted 

β-hydrogen is not available for elimination due to this distance and thus prevented from 

direct degradation to the observed product 4.15. DFT results (Figure S4.18) indicate that 

 
Figure 4.2. View of 4.9 and 4.16, looking down on the NHC. β-hydrogen highlighted in 
green. 
!

 
Scheme 4.5. Fischer carbene exchange pathway to reach the observed β-hydride 
elimination product 4.15. 
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migratory insertion followed by rearrangement and α-hydride elimination could occur to 

produce 4.17 with a rate-determining barrier of 25.5 kcal/mol. However, this product has 

not been observed experimentally.  

Since the calculations showed that 4.9 could not lead directly to the observed 

product 4.15, there must be an alternative, lower energy path to decomposition of 4.9. 

Based on recent precedent for Fischer carbene exchange,10 we propose epimerization of 

Fischer carbene 4.9 to 4.18 via metathesis with excess vinyl ether.24 Complex 4.18 could 

then decompose to experimentally observed hydride 4.15 via the previously reported 

pathway shown in Scheme 4.2. 

The free energy surface for Fischer carbene exchange is shown in Figure 4.3. The 

[2+2] cycloaddition of 4.9 with phenyl vinyl ether has a barrier of only 14.2 kcal/mol to 

form metallacycle 4.20. Isomerization of 4.20 to 4.21 followed by retro-[2+2] via 4.22-

TS leads to diastereomeric Fischer carbene 4.18. Carbene rotation leads to the more 

stable conformer 4.18’. Calculated barriers for the homodimerization of olefins with 

 
Figure 4.3. Metathesis of Fischer carbene 4.9 with phenyl vinyl ether to form the 
thermodynamically more stable diastereomer 4.18’. 
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catalyst 4.3 and analogues range from ~11−15 kcal/mol and are comparable to the barrier 

for Fischer carbene exchange.14,25 Metathesis of 4.9 with vinyl ethers is therefore both 

kinetically and thermodynamically feasible.  

The decomposition pathways of complexes 4.18 and 4.18’ were also calculated. 

Decomposition of 4.18 leads to the more thermodynamically stable hydride and is shown 

in Figure 4.4.26 Carbene insertion via 4.23-TS has a barrier of 25 kcal/mol from 4.18. 

This barrier is slightly lower than that reported for the carbene insertion of catalyst 4.5.15 

β-hydride elimination from 4.24 is essentially barrierless and leads directly to hydride 

4.15, with the vinyl ether acting as a chelating π-ligand.  

Reaction of catalyst 4.3 with 0.1 equivalents of butyl vinyl ether in THF-d8 leads 

to quantitative conversion of the butyl vinyl ether to 4.15, indicating that an excess of 

vinyl ether is not necessary for decomposition. This result is consistent with our predicted 

metathesis-dependent decomposition pathway as long as catalyst initiation to 4.9 is 

slower than Fischer carbene exchange from 4.9 to 4.18. Wang et al. previously computed 

initiation of 4.3 with styrene. The rate-limiting step of the initiation is retro-[2+2] to form 

the free 2-isopropoxystyrene.25 The computed barrier for this step in the reaction of 4.3 

with phenyl vinyl ether is 23.4 kcal/mol.27 Therefore, initiation is significantly slower 

than carbene exchange. During the decomposition process, only a small portion of the 

catalyst will be initiated to 4.9 then the remaining vinyl ether will react rapidly with 4.9, 

epimerizing the complex to 4.18 (leading to hydride 4.15). This final step regenerates an 

equivalent of vinyl ether, leading to net consumption of one equivalent of vinyl ether per 

equivalent of catalyst in the decomposition process. 
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Figure 4.4. Decomposition of Fischer carbene 4.18 to hydride 4.15.    

Conclusions 

It has been demonstrated that Fischer carbenes are formed from reactions of vinyl 

ethers with cyclometalated Z-selective ruthenium metathesis catalysts. These Fischer 

carbenes degrade to ruthenium hydrides rapidly under the reaction conditions, as 

identified by 1H NMR experiments. Using DFT, we have also shown that Fischer 

carbenes such as 4.9 and 4.18 are not metathesis inactive if carbenes of similar stability 

result.  These results have an important impact for future use of vinyl ethers to quench 

reactions involving cyclometalated Z-selective catalysts. When vinyl ethers are used to 

quench a metathesis reaction, ruthenium hydrides can form rapidly in the reaction 

mixture if the Fischer carbene is not separated promptly. The presence of hydrides can 

potentially lead to degradation of the Z-olefin content or olefin walking. Experiments to 

determine how these hydrides affect internal olefins are currently underway. 
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Experimental  

General Information 

Unless otherwise specified, all reactions were carried out under a nitrogen 

atmosphere in a Vacuum Atmospheres Glovebox in dry glassware. Solvents were 

purified by passage through solvent purification columns and sparged with argon. THF-d8 

was dried over Na/benzophenone, vacuum transferred into a dried Schlenk flask, and 

subsequently degassed by methods of freeze-pump-thaw. Phenyl vinyl ether was 

prepared by literature procedure.28 Phenyl vinyl ether and butyl vinyl ether (Sigma-

Aldrich) were sparged with argon and filtered over neutral alumina (Brockmann I) prior 

to use. Catalysts 4.3 and 4.4 were provided by Materia, Inc.  

Standard NMR experiments were conducted using a Bruker 400 MHz instrument 

and a Varian Inova 400 MHz instrument unless otherwise specified. Variable temp NMR 

experiments were conducted on a Varian Inova 600 MHz instrument. Chemical shifts are 

reported in ppm downfield using the residual solvent peak as a reference. NMR spectra 

were analyzed and processed using MestReNova version 8.1.2-11880. 

A JEOL MSRoute mass spectrometer was used to obtain high-resolution mass-

spectrometry data using FAB+ ionization.  

Synthesis of 2-isopropoxybenzaldehyde 

 

 To a Schlenk flask charged with a stir bar was added potassium carbonate (4.54 g, 

32.8 mmol). After evacuating and refilling the flask with argon three times, 15 mL dry 

DMF, salicaldehyde (1.00 mL, 9.38 mmol), and 2-iodopropane (1.12 mL,11.2 mmol) was 

O

O

S1
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added. After stirring at 45 °C overnight, the reaction was quenched with water. The 

aqueous phase was extracted with ether (3×150 mL). The organic layer was then washed 

with water (3×100 mL) and dried over anhydrous MgSO4, filtered, and solvents were 

removed in vacuo (1.12 g, 72%). Spectroscopic data was in accordance with those 

provided previously in the literature.29  

1H NMR (400 MHz, Chloroform-d) δ 10.49 (d, J = 0.8 Hz, 1H), 7.82 (dd, J = 7.9, 1.9 

Hz, 1H), 7.51 (ddd, J = 8.4, 7.3, 1.9 Hz, 1H), 7.04 – 6.91 (m, 2H), 4.68 (pd, J = 6.0, 0.6 

Hz, 1H), 1.40 (d, J = 6.1 Hz, 7H).  

13C NMR (101 MHz, CDCl3) δ 190.38, 160.74, 135.90, 128.42, 125.80, 120.51, 114.09, 

71.20, 22.12. 

Synthesis of 2-isopropoxystyrene 

 

To a Schlenk flask charged with a stir bar was added methyltriphenylphosphonium 

bromide (652.6 mg, 1.827 mmol) and potassium tert-butoxide (205.0 mg, 1.827 mmol). 

After evacuating and refilling the flask with argon three times, 25 mL of dry diethyl ether 

was added, and the reaction mixture was stirred for 1 hour at 0 °C. 2-

isopropoxybenzaldehyde (100.0 mg, 0.6096 mmol) was then added, and the reaction 

mixture was stirred for an additional hour at 0°C. Saturated aqueous NH4Cl solution was 

then added to the mixture, and the aqueous phase was extracted with Et2O (3×10 mL). 

The organic layer was dried over anhydrous MgSO4, filtered, and solvents were removed 

in vacuo. The crude product was purified by column chromatography on silica using 

pentane as the eluent, giving the pure product (79.0 mg, 80%) as a colorless oil.  

Spectroscopic data was in accordance those provided previously in the literature.30  

O
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1H NMR (400 MHz, THF-d8) δ, 7.45 (dd, J = 7.7, 1.7 Hz, 1H), 7.14 (ddd, J = 8.7, 7.4, 

1.7 Hz, 1H), 7.04 (dd, J = 17.8, 11.2 Hz, 1H), 6.91 (dd, J = 8.3, 1.1 Hz, 1H), 6.83 (td, J = 

7.4, 1.1 Hz, 1H), 5.69 (dd, J = 17.9, 1.7 Hz, 1H), 5.13 (dd, J = 11.2, 1.7 Hz, 1H), 4.57 

(hept, J = 6.1 Hz, 1H), 1.30 (d, J = 6.0 Hz, 6H).  

13C NMR (101 MHz, THF) δ, 155.94, 132.82, 129.23, 128.32, 126.84, 120.93, 114.47, 

113.23, 70.90, 22.22. 

Synthesis of Ru-Hydride Species From Reaction of 4.3 with Phenyl Vinyl Ether 
(Reaction 1) 

 

To a 4 mL vial charged with a stir bar was added catalyst 4.3 (2.2 mg, 0.0035 mmol), 

0.65 mL THF-d8, and phenyl vinyl ether (7.4 µL, 0.070 mmol). After 5 hours, a 

ruthenium-hydride species could be seen by the appearance of a singlet in the 1H NMR 

(400 MHz) at −12.16 ppm. 

Synthesis of Ru-Hydride Species From Reaction of 4.4 with Phenyl Vinyl Ether 
(Reaction 2) 
 

 

To a 4 mL vial charged with a stir bar was added catalyst 4.4 (2.4 mg, 0.0035 mmol), 

0.25 mL of THF, and phenyl vinyl ether (7.4 µL, 0.070 mmol). After 4 hours, a 100.0 µL 

aliquot of the reaction mixture was added to 0.6 mL THF-d8
 in an NMR tube. The 
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formation of the ruthenium-hydride species was seen by the appearance of a singlet in the 

1H NMR (400 MHz) at −11.97 ppm.  

Synthesis of Ru-Hydride Species From Reaction of 4.3 with Butyl Vinyl Ether 
(Reaction 3) 

 

To a J. Young tube was added catalyst 4.3 (60.0 mg, 0.0711 mmol), 0.65 mL of THF-d8, 

and butyl vinyl ether (9.2 µL, 0.0711 mmol). After taking a 1H NMR spectrum after 10 

minutes to see the initial formation of the Fischer carbene, the reaction to form the Ru-H 

complex was completed overnight at room temperature. Analysis by 1H, 13C, 1H-1H 

COSY, 1H-13C HSQC, and 1H-13C HSQC NMR spectroscopy was conducted using a 

Bruker 400 MHz instrument. 13C-DEPT NMR studies were performed using a Varian 

Inova 400 MHz instrument.  

1H NMR (400 MHz, THF-d8) δ, 6.81 (d, 2H), 5.11 (s, 1H), 3.94 (dt, J = 9.8, 6.2 Hz, 1H), 

3.72-3.62 (m, 1H), 3.52 (t, 1H), 3.41 (td, J = 10.0, 4.2 Hz, 1H), 3.30-3.15 (m, 2H), 2.58 

(dt, J = 11.9, 3.0 Hz, 1H), 2.32-2.17 (m, 6H, overlapping), 2.22 (s, 3H), 2.17 (s, 3H), 2.10 

(s, 3H), 1.94-1.75 (m, 6H), 1.62-1.49 (m, 2H), 1.45-1.35 (m, 2H), 0.93 (t, J = 7.3 Hz, 

3H), -12.63 (s, 1H).  

13C NMR (101 MHz, THF) δ 218.56, 137.64, 137.40, 136.89, 136.52, 129.57, 129.02, 

93.09, 71.16, 65.38, 60.43, 51.93, 44.88, 41.52, 38.67, 38.33, 38.29, 35.16, 33.14, 32.92, 

31.61, 30.85, 21.01, 20.14, 18.13, 17.75, 14.20.  

HRMS (FAB+): [M]+ RuC27H39N3O4 Calculated – 570.1906, Found – 570.1896.  
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Examination of Reaction 4.3 at 0 °C 

To a J. Young tube was added catalyst 4.3 (26.1 mg, 0.0309 mmol), 0.65 mL of THF-d8, 

butyl vinyl ether (4.0 µL, 0.0309 mmol). A 1H NMR spectrum was taken after 10 minutes 

at 0 °C to see the initial formation of the Fischer carbene. 

Examination of Conversions of Reaction 4.3 Using Internal Standards 

Reaction with 1 equiv. butyl vinyl ether: 

To a J. Young tube was added catalyst 4.3 (26.1 mg, 0.0309 mmol), 0.65 mL of THF-d8, 

butyl vinyl ether (4.0 µL, 0.0309 mmol), and HMDSO (6.6 µL, 0.0309 mmol). The 

reaction to form the Ru-H complex was completed overnight at room temperature, and 

the conversion was determined by integration against HMDSO. 

Reaction with 0.1 equiv. butyl vinyl ether: 

To a J. Young tube was added catalyst 4.3 (52.2 mg, 0.0618 mmol), 0.65 mL of THF-d8, 

butyl vinyl ether (0.8 µL, 0.00618 mmol), and HMDSO (1.3 µL, 0.00618 mmol). The 

reaction to form the Ru-H complex was completed overnight at room temperature, and 

the conversion was determined by integration against HMDSO. 

Synthesis of Ru-Hydride Species From Reaction of 4.4 with Butyl Vinyl Ether 
(Reaction 4) 
 

 

To a J. Young tube was added catalyst 4.4 (5.3 mg, 0.0079 mmol), 0.65 mL of THF-d8, 

and phenyl vinyl ether (20.4 µL, 0.158 mmol). Decomposition to the ruthenium-hydride 
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species was completed overnight at room temperature as seen by the appearance of a 

singlet in the 1H NMR (400 MHz) at −12.50 ppm. 

Computational Details 
 
 Geometry optimizations on all intermediates and transition states were performed 

using the B3LYP31 method of density functional theory (DFT) in the gas phase with a 

mixed basis set using LANL2DZ for ruthenium and 6-31G(d) for all other atoms. 

Frequency calculations were performed on all optimizations to confirm the location of 

relative minima (zero negative frequencies) and transition states (one negative 

frequency). Thermal corrections were computed from frequency calculations at the 

standard state of 1 atm and 298 K. All frequencies below 100 cm-1 were manually 

adjusted to 100 cm-1 to account for the breakdown of the harmonic oscillator 

approximation, as discussed by Truhlar and coworkers.32 Intrinsic reaction coordinate 

(IRC) calculations were performed at the same level of theory on most transition states to 

confirm the connection of the transition states to the calculated intermediates. Single 

point energy calculations were performed on all optimized structures using the M0633 

functional and a mixed basis set using SDD for ruthenium and 6-311+G(d,p) for all other 

atoms. The SMD34 solvation model for tetrahydrofuran was employed for all single point 

calculations. Electrostatic potential maps were generated from the respective 

optimizations of the 2 structures. All calculations were performed using the Gaussian 09 

software.35 All 3D structures were rendered using CYLView.36 
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Figure S4.1. Decomposition pathway of 4.9 leading to hydride 4.17. 
 

 
Figure S4.2. Decomposition pathway of 4.18’ to hydride SI-4.10. 
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!
Figure S4.3. Transition states for initiation of 4.3 with phenyl vinyl ether.  
 

 
Figure S4.4. Electrostatic potential maps of 4.18 (top) and 4.18’ (bottom). 
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Abstract 

 The first kinetically controlled, highly trans-selective (>98%) olefin cross 

metathesis reaction is demonstrated using Ru-based catalysts. Reactions with either trans 

or cis olefins afford products with highly trans or cis stereochemistry, respectively. This 

E-selective olefin cross metathesis is shown to occur between two trans olefins and 

between a trans olefin and a terminal olefin. Additionally, new stereoretentive catalysts 

have been synthesized for improved reactivity. 

Introduction  

Transition metal-catalyzed olefin metathesis is widely accepted as a powerful 

synthetic methodology for the construction of carbon-carbon double bonds.1 Broad 

functional group tolerance and straightforward implementation have allowed for the 

application of this technology to a variety of fields.1a In recent years, syntheses of well-

defined catalysts and detailed mechanistic studies have resulted in Ru-,2 W- and Mo-

based3 complexes capable of Z-selective olefin metathesis. Mechanistically similar, each 

complex is posited to afford cis-olefins by sterically controlling the geometry of 

substituents decorating the key metallacyclobutane intermediate (Figure 5.1).4 

 
Figure 5.1. Key steric interactions in theorized metallocyclobutane intermediates 
resulting in Z-selectivity. 
 

Though trans-olefins are usually thermodynamically preferred to cis-olefins, 

kinetically E-selective olefin metathesis remains challenging.5 Allowing metathesis 

reactions to achieve equilibrium affords trans-enriched olefins that can subsequently be 

“purified” by Z-selective ethenolysis/alkenolysis to afford trans-olefins in high 
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stereopurity (Figure 5.2).6 While products are accessible in high purity, utilizing an 

equilibrium mixture of olefin as starting material limits the overall yield of the 

transformation. Furthermore, alkenolysis/ethenolysis introduces an additional purification 

step.  

 
Figure 5.2. Stereoselective ethenolysis affording E-olefins. 

Alternate methods for the stereoselective preparation of trans-olefins include 

well-established organic transformations (e.g., Birch-type reductions7 and Wittig 

olefinations with stabilized ylides8) but most suffer from limited substrate compatibility, 

the need for specialized substrates, or the generation of stoichiometric amounts of waste. 

An important advance was the discovery of an efficient two-step transformation 

comprising of catalytic trans-hydrosilylation of an alkyne followed by mild 

protodesilylation.9 Subsequent improvements have afforded the direct semi-

hydrogenation of alkynes to E-alkenes catalyzed by a frustrated Lewis pair,10 an acridine-

based PNP iron complex,11 or an in situ mixture of Cp*Ru(COD)Cl/AgOTf.12 Though 

each of these systems requires an appropriate alkyne, Cp*Ru(COD)Cl/AgOTf has been 

demonstrated to tolerate a variety of reducible functionalities.     

During the course of internal investigations with dithiolate-ligated ruthenium 

complexes (Figure 5.3), we observed that they were competent for transformations with 

E-olefins in contrast to other Z-selective catalysts. In fact, reactions of E-olefins afforded 

E-products in high stereopurity. Herein we report the first kinetically controlled, highly 

trans selective olefin cross metathesis.  

3
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Results and Discussion 

 
Figure 5.3. Ruthenium-based metathesis catalysts in this study. 

     Catalyst 5.1 was reacted with cis and trans isomers of 5-tetradecene (5C14) 

independently (Table 5.1). Unexpectedly, after 2 hours at 40 °C, reactions of each 

starting material (>98% stereoisomerically pure) catalyzed by 1 mol % 5.1 reached a near 

equilibrium distribution of products while retaining the stereochemistry of the starting 

material in high fidelity. 

Table 5.1. Self-Metathesis of 5-Tetradecenea 

 
aGeneral conditions: 5-tetradecene (0.150 mL, 0.588 mmol), 5.1 (4.5 mg, 0.0059 mmol), 
1 mL THF, 40 °C, 2 h. Yields and stereoselectivies were determined by gas 
chromatography. 
 

     Due to interest in expanding the substrate scope and improving catalyst 

activity, the self-metathesis of methyl-9-octadecenoate (MO) catalyzed by 5.1 and 5.2 

(the sIPr analogue of 5.1) was subsequently examined (Table 5.2). Catalyst 5.2 was 
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remarkably efficient at catalyzing the self-metathesis of cis-methyl-9-octadecenoate as a 

0.01 mol % (100 ppm) loading affording an equilibrium distribution of product within 2 

hours with excellent stereoretention (>99% Z) (entry 1). Under these same conditions, no 

reaction was observed with trans-methyl-9-octadecenoate (entry 2). Catalyst 5.1 (0.5 mol 

%) only afforded 20% conversion of cis-methyl-9-octadecenoate and failed to afford any 

reaction with trans-methyl-9-octadecenoate after 2 hours (entries 3 and 4). Fortunately, 

increasing the catalyst loading restored reactivity with trans-methyl-9-octadecenoate 

(entries 5−7) and after 20 hours, 5.1 (7.5 mol %) afforded a near equilibrium distribution 

of products with good stereoretention (96% E).13 The small amount of erosion in E-

selectivity after prolonged reaction times may be attributed to catalyst decomposition. 

Table 5.2. Self-Metathesis of Methyl Oleatea 

 
aGeneral conditions: methyl-9-octadecenoate (0.150 mL, 0.442 mmol), 1 mL THF, RT. 
Yields and stereoselectivities were determined by GC. bMO = methyl-9-octadecenoate 
cDE = "diester" = dimethyl 9-octadecenedioate d9C18 = 9-octadecene enot detected 
 

     The disparity in the reactivity between the cis and trans isomers was also 

observed during investigations into the cross metathesis of matched stereoisomers of 4-
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octene and 1,4-diacetoxy-2-butene (Table 5.3). Contacting a mixture of cis-1,4-

diacetoxy-2-butene and cis-4-octene (4:1) with 5.1 (3.0 mol %) afforded cis-2-hexenyl 

acetate in 91% yield (>99% Z) (entry 1). Reactions between trans-1,4-diacetoxy-2-butene 

and trans-4-octene  were considerably slower (entries 2 and 3) but after 72 hours, a 

mixture of trans-1,4-diacetoxy-2-butene and trans-4-octene (4:1) with 5.1 (7.5 mol %) 

afforded trans-2-hexenyl acetate in 47% yield (>99% E). 

 
 Though transformations possessed high levels of stereoretention, the prolonged 

reaction times and elevated catalyst loadings required for substrates with trans 

stereochemistry warranted an improved catalyst. Inspired by the lack of reactivity 

between 5.2 and trans substrates,14 and in accord with the proposed model (vide infra), 

we sought to examine the effect of reducing the steric bulk of the NHC ligand. Catalysts 

5.3 and 5.4 were prepared providing examples where ortho-methyl groups on the mesityl 

ring of the NHC ligand in 5.1 have been replaced with smaller fluorine atoms.  

Table 5.3. Cross Metathesis of 4-Octene and 1,4-Diacetoxy-2-Butenea 

 
aGeneral conditions: 4-octene (0.100 mL. 0.32 mmol), 1,4-diacetoxy-2-butene (0.406 
mL. 2.55 mmol), 0.5 mL THF, RT. Yields and stereoselectivies were determined by gas 
chromatography. b4C8 = 4-octene c1,4-DAB = 1,4-diacetoxy-2-butene 



! 91 

     To evaluate these new catalysts, a mixture of trans-1,4-diacetoxy-2-butene and 

trans-4-octene (4:1) were combined with ruthenium catalyst (3.0 mol %) yielding trans-

2-hexenyl acetate (Table 5.4).  After 72 hours, 5.1 afforded 13% yield of trans-2-hexenyl 

acetate (entry 1) whereas 5.3 and 5.4 afforded improved yields of 24 and 28%, 

respectively (entries 2−4). 

Table 5.4. Cross Metathesis of trans-4-Octene and trans-1,4-Diacetoxy-2-Butenea 

 
aGeneral conditions: trans-4-octene (0.050 mL. 0.32 mmol), trans-1,4-diacetoxy-2-
butene (0.203 mL, 1.27 mmol), [Ru] (0.0096 mmol), 1 mL THF, RT. Yields and 
stereoselectivies were determined by gas chromatography. bNot determined 
 

     Additionally, this family of catalysts was evaluated for the more demanding 

cross metathesis of 1-decene and 4-octene. Mitigating catalyst decomposition in the 

presence of terminal olefin in addition to outpacing the self-metathesis of the desired 

product was challenging.  Reactions were conducted by combining a mixture of 1-decene 

and cis-4-octene (1:3) with 5.1−5.4 (3.0 mol %) in tetrahydrofuran (2.0 mL) (Table 5.5). 

After 1 hour, 5.2 afforded a 75% yield of cis-4-tridecene with >98% Z (entry 1). 

Prolonged exposure to reaction conditions eroded the observed selectivity. Catalysts 5.1, 

5.3, and 5.4 were less active but afforded 54−58% yield of cis-4-tridecene with 

exceptional stereoretention (>99% Z) (entries 3, 5, and 7).  Self-metathesis of cis-4-

tridecene to afford 9-octadecene and 4-octene was the major contributor to the fact that 
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conversions were on average 25−30% higher than observed yields. As previously 

observed, reactions with trans-4-octene were less productive. Unlike reactions of cis-4-

octene, the disparity between conversion and yield is largely attributed to isomerization 

of 1-decene.  After 4 hours catalyst 5.2 afforded 4% yield but managed to convert 92% of 

the starting 1-decene (entry 2).  Stereoretention is likely poor due to the significant 

amount of isomerization observed. Catalyst 5.1 afforded a marginally better 7% yield 

with significantly less isomerization though stereoretention was excellent (>99% E) 

(entry 4). Yields were noticeably better in reactions conducted with catalysts 5.3 and 5.4, 

affording 29 and 31% yield of cis-4-tridecene, respectively, with excellent stereoretention 

(>99% E) (entries 6 and 8). 

Table 5.5. Cross Metathesis of 1-Decene and 4-Octenea 

 
aGeneral conditions: 1-decene (0.050 mL, 0.26 mmol), 4-octene (0.125 mL. 0.79 mmol), 
Ru (0.0078 mmol), 2 mL THF, RT. Yields and stereoselectivies were determined by GC. 
b4C8 = 4-octene. cNot detected. 
!
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Figure 5.3. Proposed metallacyclic intermediate in trans-selective cross metathesis.  

     Maintaining the side-bound geometry of the metallocyclobutane requisite for 

these catalysts to facilitate Z-selective transformations, the observed E-selectivity is 

proposed to arise from the ability of the substituent at the beta position of the 

metallacycle to point “up” into the “open” space located in front of the plane containing 

the N-C-N bonds of the NHC and between the two N-aryl groups. Due to steric repulsion, 

substituents at the alpha positions are forced down, away from the NHC.  Provided the 

disubstituted olefin used for cross metathesis initially has trans stereochemistry, the 

kinetic product should also have trans stereochemistry. Comparing the reactivities of 

catalysts 5.1−5.4 supports this model. As the size of the ortho substituents of the N-aryl 

groups decreases (F < Me < iPr), conversions tend to increase, presumably due an 

increase in “open” space. 

Conclusions 

We have demonstrated the first kinetically controlled, highly trans selective 

system for olefin cross metathesis. Catalysts 5.1, 5.3, and 5.4 react with either E or Z 

olefins stereoretentively to yield E and Z products, respectively, with high stereopurity. 

Reactions of E-olefinic hydrocarbons proceeded more rapidly than reactions of E-olefins 

bearing ester functionalities, however both substrate classes afforded high 

stereoselectivities. The reaction of E-olefins with terminal olefins was also demonstrated 

to occur with high E-selectivity. For each reaction examined, cis olefins reacted more 

quickly than their trans analogues. Catalysts 5.3 and 5.4, bearing smaller ortho 
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substituents on the N-aryl group of the NHC, were prepared and catalytic reactions 

resulted in improved yields while retaining high E-stereoselectivity. These findings 

support the proposed model whereby trans-olefinic substrates are increasingly 

compatible with catalysts as steric encumbrance is reduced. 

Experimental 

All manipulations were carried out under an inert atmosphere using an argon-

filled glovebox or standard Schlenk techniques. All glassware was oven dried prior to 

use. All solvents were anhydrous grade. All reagents, unless specified, were obtained 

from commercial sources and used without further purification. 1H, 13C{1H}, 31P{1H}, 

and 19F{13C} NMR spectra were obtained at 400, 101, 162 and 376 MHz respectively. 1H 

NMR spectra were recorded relative to residual protio-solvent. 13C{1H} NMR spectra 

were recorded relative to the solvent resonance. 31P{1H} and 19F{13C} NMR spectra were 

recorded relative to external standards (85% phosphoric acid and trifluoroacetic acid). 12g 

and trans-1,4-diacetoxy-2-butene15 were prepared as previously published. Preparations 

of N,N'-bis(2,6-difluorophenyl)formimidamide16 and 1,3-bis(2,6-difluorophenyl)-4,4-

dimethyl-4,5-dihydro-1H-imidazol-3-ium tetrafluoroborate17 have been detailed in the 

literature but are included for completeness. 

Synthesis of 5.2 

 
In an argon filled glovebox, a 40 mL scintillation vial equipped with a magnetic stirbar 

was charged with S5.1 (0.500 g, 0.703 mmol), (3,6-dichlorobenzene-1,2-dithiolato) 
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(ethylenediamine)zinc(II) (0.259 g, 0.774 mmol), and 15 mL THF. The resulting 

suspension was stirred for 6 hours at room temperature then devolatilized. The resulting 

residue was redissolved in a minimal amount of dichloromethane, filtered through a pad 

of celite, devolatilized and recrystallized from dichloromethane/diethyl ether at -35 ºC. 

The red/brown crystals were isolated by filtration then dried in vacuo to afford 5.2 (0.462 

g, 77.4% yield).  

1H NMR (400 MHz, CD2Cl2) δ 14.52 (s, 1H), 7.52-7.34 (m, 4H), 7.31 (d, J = 6.8 Hz, 

1H), 7.20 (d, J = 6.4 Hz, 1H), 6.97-6.86 (m, 2H), 6.82 (t, J = 7.3 Hz, 2H), 6.74 (d, J = 7.0 

Hz, 1H), 6.55 (d, J = 6.3 Hz, 1H), 4.97 (hept, J = 5.6 Hz, 1H), 4.36 (dd, J = 20.2, 10.5 Hz, 

1H), 4.18 (dd, J = 19.1, 9.4 Hz, 1H), 4.02 (dd, J = 17.6, 9.5 Hz, 1H), 3.96-3.80 (m, 3H), 

3.21 – 2.99 (m, 1H), 2.54-2.34 (m, 1H), 1.91 (d, J = 5.5 Hz, 3H), 1.43 (d, J = 5.8 Hz, 3H), 

1.38 (d, J = 5.9 Hz, 3H), 1.20-1.35 (m, 6H), 1.00-1.10 (m, 6H), 0.94 (d, J = 5.9 Hz, 3H), 

0.54 (d, J = 5.6 Hz, 3H), 0.04 (d, J = 5.4 Hz, 3H).  

13C NMR (101 MHz, CD2Cl2) δ 260.6 (d, J = 9.5 Hz), 220.3, 156.0, 153.8, 149.6, 148.9, 

147.3, 145.7, 143.1, 141.9, 138.8, 136.1, 131.4, 130.6, 130.1, 129.2, 129.1, 126.0, 126.0, 

125.6, 125.4, 124.5, 123.5, 122.9, 121.9, 115.0, 76.5, 54.4, 54.4, 30.1, 29.5, 29.1, 28.8, 

27.5, 27.3, 26.7, 26.1, 26.1, 24.2, 23.4, 21.9, 21.2, 20.4.  

HRMS (FAB+): [M]+ C43H52Cl2N2ORuS2 Calculated – 848.1942, Found – 848.1960. 

Synthesis of N1,N2 -bis(2-fluoro-6-methylphenyl)oxalamide 

To a 500 mL round bottom flask equipped with a magnetic stirbar was added 2-methyl-6- 

fluoroaniline (15.0 mL, 130 mmol), tetrahydrofuran/water (1:1, 200 mL), sodium 

hydroxide (5.19 g, 130 mmol), and triethylamine (0.90 mL, 6.5 mmol). The suspension 

was stirred vigorously at 0 ºC and oxalyl chloride (6.58 mL, 77.8 mmol) was added 
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dropwise. After complete addition the reaction was stirred for 1 hour while warming to 

ambient temperature. The resulting solid was isolated by filtration, washed with 1M HCl 

(50 mL), water (3 x 50 mL), and diethyl ether (2 x 50 mL) then dried in vacuo to afford 

N1, N2 -bis(2-fluoro-6-methylphenyl)oxalamide (7.05 g, 35.7% yield). 

1H NMR (400 MHz, DMSO-d6) δ 10.52 (s, 2H), 7.32-7.24 (m, 2H), 7.19-7.11 (m, 4H), 

2.24 (s, 6H).  

13C NMR (101 MHz, DMSO-d6) (peak list) δ 158.8, 158.7, 156.4, 137.8, 137.8, 128.4, 

128.3, 125.9, 125.8, 123.1, 123.0, 113.4, 113.2, 17.6, 17.6.  

19F NMR (376 MHz, DMSO-d6) (peak list) δ -120.22, -120.23, -120.24, -120.26.  

HRMS (FAB+): [M+H]+ C16H15F2N2O2 Calculated – 305.1102, Found – 305.1090. 

Synthesis of 1,3-bis(2-fluoro-6-methylphenyl)-4,5-dihydro-1H-imidazol-3-ium 
chloride 
 
In an argon filled glovebox, lithium aluminum hydride (3.74 g, 98.6 mmol) and 

tetrahydrofuran /toluene (1:1, 100 mL) were combined in a 500 mL round bottom flask 

equipped with a magnetic stirbar. N1, N2 -bis(2-fluoro-6-methylphenyl)oxalamide (6.00 g, 

19.7 mmol) was subsequently added to the suspension in small portions with stirring. The 

reaction was sealed, removed from the glovebox, fitted with a reflux condenser and 

heated to 50 ºC under argon for 12 h. After cooling to ambient temperature the reaction 

was quenched by slowly adding water (3.8 mL), followed by aqueous sodium hydroxide 

(15 wt%, 3.8 mL), then an additional portion of water (11.4 mL). The reaction was stirred 

rapidly for 2 hours then decanted away from solid residues and dried over magnesium 

sulfate. Filtration through a pad of celite afforded a clear solution, which was combined 

with hydrochloric acid (2.0 M in ether, 30 mL, 60 mmol). The resulting precipitate was 

isolated by filtration then combined with triethyl orthoformate (30 mL) and heated to 130 
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ºC for 1 hour. After cooling the reaction to ambient temperature, the precipitate was 

isolated by filtration, washed with diethyl ether (2 x 25 mL), hexanes (2 x 50 mL), then 

dried in vacuo to afford 1,3-bis(2-fluoro-6-methylphenyl)-4,5-dihydro-1H-imidazol-3-

ium chloride (4.56 g, 71.7% yield)  

1H NMR (400 MHz, DMSO-d6) δ 9.63 (s, 1H), 7.55-7.47 (m, 2H), 7.38 (t, J = 9.2 Hz, 

2H), 7.31 (d, J = 7.8 Hz, 2H), 4.57 (s, 4H), 2.48 (s, 6H).  

13C NMR (101 MHz, DMSO-d6) (peak list) δ 161.6, 158.7, 156.2, 137.9, 131.5, 131.4, 

127.2, 127.1, 122.5, 122.3, 114.4, 114.2, 51.8, 51.8, 17.1, 17.1.  

19F NMR (376 MHz, DMSO-d6) (peak list) δ -122.06, -122.08, -122.09, -122.10.  

HRMS (FAB+): [M]+ C17H17F2N2 Calculated – 287.1360, Found – 287.1367 

Synthesis of S5.2  

 
In an argon filled glovebox, S5.3 (0.676 g, 0.822 mmol), 1,3-bis(2-fluoro-6-

methylphenyl)-4,5-dihydro-1H-imidazol-3-ium chloride (0.500 g, 1.64 mmol) and 

toluene (50 mL) were combined in a 250 mL round bottom flask equipped with a 

magnetic stirbar. A solution of potassium bis(trimethylsilyl)amide (0.328 g, 1.64 mmol) 

in toluene (20 mL) was subsequently added and the solution stirred at ambient 

temperature for 2 hours. All volatiles were subsequently removed in vacuo. The resulting 

residue was redissolved in dichloromethane (10 mL), filtered through a pad of Celite, and 

devolatilized. The crude product was triturated with hexanes (2 x 20 mL) then 

recrystallized from toluene/hexanes at ambient temperature. The red/brown crystalline 
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complex was isolated by filtration and dried in vacuo to afford C829 (0.454 g, 66.7% 

yield). 

1H NMR (400 MHz, CD2Cl2) δ 19.28 (s, 1H), 9.4-8.0 (br s 1H), 7.41-7.30 (m, 2 H). 7.20 

(d, J = 7.6 Hz, 1H), 7.16-7.04 (m, 3H), 6.90-5.80 (br s, 3H), 6.72-6.62 (m, 1H), 4.22-3.75 

(m, 4H), 2.75 (pseudo d, J = 16.5 Hz, 3H), 2.55-2.05 (br s, 3H), 2.11 (pseudo dd, J = 

22.7, 11.9 Hz, 3H), 1.65- 1.23 (m, 15H), 1.10-0.72 (m, 15H).  

31P NMR (162 MHz, CD2Cl2) δ 28.5 (s).  

19F NMR (376 MHz, CD2Cl2) (peak list) δ -110.7 (br s), -111.7 (br s), -119.7 (br s), -

120.4.  

HRMS (FAB+): [M]+ C42H55Cl2F2N2PRu Calculated – 828.2492, Found – 828.2493. 

Synthesis of 5.3  

In an argon filled glovebox, S5.2 (0.300 g, 0.362 mmol), 1-isopropoxy-2-(prop-1-en-1- 

yl)benzene (0.638 g, 3.62 mmol) and toluene (10 mL) were combined in a 40 mL 

scintillation vial equipped with a magnetic stirbar. The reaction was stirred at ambient 

temperature for 14 hours then directly adsorbed onto silica gel. Purification by column 

chromatography (silica gel, 2 to 6 % gradient of ethyl acetate / hexanes) afforded 0.190 g 

(90% pure by NMR spectroscopy) of crude intermediate. The impure intermediate was 

subsequently combined with (3,6-dichlorobenzene-1,2-

dithiolato)(ethylenediamine)zinc(II) (0.115 g, 0.345 mmol) and tetrahydrofuran (5 mL) in 

a 20 mL scintillation vial equipped with a magnetic stirbar. After 4 hours of stirring at 

ambient temperature, all volatiles were removed, the residue redissolved in 

dichloromethane, filtered through celite, devolatilized and recrystallized from 

dichloromethane/diethyl ether at -35 ºC. The resulting yellow/brown crystals were 
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isolated by filtration, washed with cold diethyl ether (2 x 5 mL) then dried in vacuo to 

afford 3 (0.116 g, 35.7% yield) 

1H NMR (400 MHz, CD2Cl2) [three conformers in solution, 8:25:67] δ 14.42 (s, 0.08H), 

14.39 (s, 0.25H), 14.36 (s, 0.67H), 7.37-7.27 (m, 1H), 7.26-7.02 (m, 2.7H), 7.02-6.62 (m, 

7.3H), 6.41 (s, 0.4H), 6.10 (t, J = 9.0 Hz, 0.6H), 5.47-5.38 (m, 1H), 4.13-3.86 (m, 4H), 

2.61-2.40 (m, 5H), 1.85-1.65 (m, 7H).  

19F NMR (376 MHz, CD2Cl2) (peak list) -118.7 (br s), -119.6 (br s), -120.4 (br s), -123.8 

-123.9 (m).  

HRMS (FAB+): [M]+ C33H30Cl37ClF2N2ORuS2 Calculated – 746.0159, Found – 

746.0132 

Synthesis of N,N'-bis(2,6-difluorophenyl)formimidamide 

To a 100 mL round bottom flask equipped with a magnetic stirbar was added 2,6-

difluoroaniline (10.0 mL, 95.9 mmol) and triethyl orthoformate (8.11 mL, 48.8 mmol). 

To the stirring solution was added hydrochloric acid (0.040 mL, 12 M, 0.48 mmol) and 

the reaction was stirred at ambient temperature for 10 minutes. The reaction solidified 

and was subsequently sonicated for an additional 10 minutes. The resulting precipitate 

was isolated by filtration, washed with hexanes (2 x 30 mL) then dried in vacuo to afford 

N,N'-bis(2,6-difluorophenyl)formimidamide (8.47 g, 67.9% yield).  

1H NMR (400 MHz, DMSO-d6) δ 9.47 (br s, 1H), 8.03 (s, 1H), 7.10 (br s, 6H).  

19F NMR (376 MHz, DMSO-d6) δ -117.1 (br s, 1F), -125.3 (br s, 3F). 

Synthesis of 1,3-bis(2,6-difluorophenyl)-4,4-dimethyl-4,5-dihydro-1H-imidazol-3-
ium tetrafluoroborate 
 
To a 250 mL round bottom flask equipped with a magnetic stirbar was added N,N'-

bis(2,6-difluorophenyl)formimidamide (4.00 g, 14.9 mmol), 3-bromo-2-methylpropene 
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(1.65 mL, 16.4 mmol), and chlorobenzene (120 mL). The reaction was heated to 125 ºC 

for 24 h. After cooling the resulting precipitate was isolated by filtration and washed with 

diethyl ether (2 x 20 mL). The crude product was then partitioned between 

dichloromethane and an aqueous sodium tetrafluoroborate solution (100 mL, 1:1, 2.0 g 

NaBF4/50 mL). The organic layer was separated, dried over magnesium sulfate, filtered 

through celite and all volatiles were removed by rotary evaporation. The resulting residue 

was recrystallized from dichloromethane/diethyl ether to afford 1,3-bis(2,6-

difluorophenyl)-4,4-dimethyl-4,5-dihydro-1H-imidazol-3-ium tetrafluoroborate (3.25 g, 

53.1% yield).  

1H NMR (400 MHz, DMSO-d6) δ 9.59 (s, 1H), 7.79 (m, 1H), 7.70-7.60 (m, 1H), 7.55-

7.42 (m, 4H), 4.55 (s, 2H), 1.54 (s, 6H).  

13C NMR (101 MHz, DMSO-d6) (peak list) δ 161.6, 159.9, 159.8, 157.7, 157.7, 157.3, 

157.3, 155.2, 155.2, 133.9, 133.8, 133.7, 131.7, 131.6, 131.5, 113.3, 113.3, 113.2, 113.2, 

113.2, 113.2, 113.1, 113.1, 113.0, 113.0, 113.0, 109.4, 109.3, 109.1, 71.5, 62.5, 62.5, 

62.5, 40.2, 39.9, 39.7, 39.5, 39.3, 39.1, 38.9, 24.5.  

19F NMR (376 MHz, DMSO-d6) (peak list) -116.4 (pseudo triplet, J = 7.9 Hz, 2F), -119.8 

(pseudo triplet, J = 8.3 Hz, 2F), -148.3 (s, 4F) 
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1.22 mmol), and S5.3 (0.502 g, 0.610 mmol) were weighed into separate 40 mL 

scintillation vials equipped with magnetic stirbars and each dissolved/suspended in 

tetrahydrofuran (10 mL). The solutions/suspensions were cooled to −35 ºC then the 

solution of sodium tert-butoxide was added to the solution of 1,3-bis(2,6-difluorophenyl)-

4,4-dimethyl-4,5-dihydro-1H-imidazol-3-ium tetrafluoroborate over 2 minutes. The 

reaction was stirred at −35 ºC for 1h then combined with the chilled suspension of S5.3 

and stirred for an additional hour at −35 ºC before allowing the reaction to slowly warm 

to ambient temperature overnight. The reaction was subsequently devolatilized, triturated 

with hexanes (2 x 40 mL), redissolved in toluene (10 mL), and filtered through celite. 

The crude solution was combined with a solution of 1-isopropoxy-2-(prop-1-en-1- 

yl)benzene (0.400 g, 2.27 mmol) in toluene (2 mL) and stirred overnight at ambient 

temperature. The resulting green precipitate was isolated by filtration, washed with 

toluene/hexanes (1:3, 2 x 10 mL) then dried in vacuo to afford S5.4 (0.221 g, 56.4% 

yield). 

1H NMR (400 MHz, CD2Cl2) δ 16.76 (s, 1H), 7.59-7.54 (m, 1H), 7.53-7.41 (m, 2H), 

7.17-7.07 (m, 5H), 6.98-6.90 (m, 2H), 5.07-4.96 (sept, J = 6.2 Hz, 1H), 4.06 (s, 2H), 1.49 

(s, 3H), 1.48 (s, 3H), 1.42 (d, J = 6.1 Hz, 6H).  

19F NMR (376 MHz, CD2Cl2) -107.7 (s, 2F), -114.4 (pseudo triplet, J = 6.0 Hz, 2F). 

HRMS (FAB+): [M]+ C27H26Cl2F4N2ORu Calculated – 642.0402, Found – 642.0421 

Synthesis of 5.4 

In an argon filled glovebox, S5.4 (0.150 g, 0.234 mmol) and (3,6-dichlorobenzene-1,2- 

dithiolato)(ethylenediamine)zinc(II) (0.086 g, 0.26 mmol) were combined in a 20 mL 

scintillation vial equipped with a magnetic stirbar and dissolved in tetrahydrofuran (10 
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mL). The reaction was stirred for 60 minutes then devolatilized, redissolved in 

dichloromethane, filtered, and recrystallized from dichloromethane/diethyl ether at −35 

ºC. The resulting yellow/brown crystals were washed with cold diethyl ether (2 x 3 mL) 

then dried in vacuo to afford 5.4 (0.128 g, 70.2% yield).  

1H NMR (400 MHz, CD2Cl2) [two conformers in solution, 40:60] δ 14.52 br s (0.4H), 

14.43 (br s, 0.6H), 7.33 (t, J = 7.4 Hz, 1H), 7.08 (d, J = 8.4 Hz, 1H), 7.05-6.67 (m, 9H), 

6.13 (br s, 1H), 5.42 (br s, 1H), 3.94 (br q, J = 8.0 Hz, 1.2H), 3.78 (br s, 0.8H), 1.88-1.74 

(m, 6H), 1.50-1.28 (m, 6H).  

19F NMR (376 MHz, CD2Cl2) (peak list) δ -100.7, -108.5 (broad), -111.9, -113.1, -115.2 

(broad), -116.7, -117.9, -121.8.  

HRMS (FAB+): [M]+ C33H28Cl37ClF4N2ORuS2 Calculated – 781.9971, Found – 

781.9982  

Table 5.1: Self-Metathesis of 5-Tetradecene  

In an Ar-filled glovebox, a 20 mL scintillation vial equipped with a magnetic stirbar was 

charged with 5.1 (4.5 mg, 0.0059 mmol) and tetrahydrofuran (1 mL). 5-tetradecene (cis 

or trans) (0.150 mL, 0.588 mmol) was subsequently added, the vial sealed and heated to 

40 ºC for 2 hours. Yields and stereoselectivies were determined by gas chromatography 

(Method 1).  

Table 5.2: Self-Metathesis of Methyl Oleate  

In an Ar-filled glovebox, a 20 mL scintillation vial equipped with a magnetic stirbar was 

charged with either 5.1 (0.5-7.5 mol %) or 5.2 (0.01 mol %) and tetrahydrofuran (1 mL). 

Methyl-9-octadecenoate (cis or trans) (0.150 mL, 0.442 mmol) was subsequently added, 

the vial sealed and stirred at ambient temperature. Reactions were sampled at appropriate 
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time intervals and yields/stereoselectivies were determined by gas chromatography 

(Method 2).  

Table 5.2, Entry 1 [isolated yield] 

In an Ar-filled glovebox, a 20 mL scintillation vial equipped with a magnetic stirbar was 

charged with 5.2 (0.8 mg, 0.09 µmol, 0.01 mol %) and tetrahydrofuran (2 mL). Methyl 

cis-9-octadecenoate (0.300 mL, 0.88 mmol) was subsequently added, the vial sealed and 

stirred at ambient temperature for 2 hours. The reaction was directly adsorbed onto silica 

gel and purified by column chromatography, eluting with a gradient of 0 to 5% ethyl 

acetate in hexanes. All three reaction products were isolated as colorless oils. 

Table 5.3: Cross Metathesis of 4-Octene and 1,4-Diacetoxy-2-Butene  

In an Ar-filled glovebox, a 20 mL scintillation vial equipped with a magnetic stirbar was 

charged with catalyst and tetrahydrofuran (0.50 mL). 4-Octene (0.100 mL, 0.64 mmol) 

and 1,4-diacetoxy-2-butene (0.406 mL, 2.55 mmol) were subsequently added, the vial 

sealed and stirred at ambient temperature. Reactions were sampled at appropriate time 

intervals and yields/stereoselectivies were determined by gas chromatography (Method 

2). 

Table 5.3, Entry 1 [isolated yield]:  

In an Ar-filled glovebox, a 20 mL scintillation vial equipped with a magnetic stirbar was 

charged with 5.1 (14.6 mg, 0.0191 mmol, 3 mol %) and tetrahydrofuran (0.5 mL). Cis-4- 

octene (0.100 mL, 0.636 mmol) and cis-1,4-diacetoxy-2-butene (0.406 mL, 2.55 mmol) 

were subsequently added, the vial sealed and stirred at ambient temperature for 5 hours. 

The reaction was directly adsorbed onto silica gel and purified by column 
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chromatography, eluting with a gradient of 0 to 5% ethyl acetate in hexanes to afford (Z)-

hex-2-en-1-yl acetate (74.6 mg, 0.525 mmol, 82.5% yield) as a colorless oil. 

Table 5.4: Cross Metathesis of trans-4-Octene and trans-1,4-Diacetoxy-2-Butene  

In an Ar-filled glovebox, a 4 mL scintillation vial equipped with a magnetic stirbar was 

charged with catalyst and tetrahydrofuran (1 mL). Trans-4-octene (0.050 mL, 0.32 mmol) 

and trans-1,4-diacetoxy-2-butene (0.203 mL, 1.27 mmol) were subsequently added, the 

vial sealed and stirred at ambient temperature. Reactions were sampled at appropriate 

time intervals and yields/stereoselectivies were determined by gas chromatography 

(Method 2). 

Table 5.5: Cross Metathesis of 1-Decene and 4-Octene 

In Ar-filled glovebox, a 4 mL scintillation vial equipped with a magnetic stirbar was 

charged with catalyst and tetrahydrofuran (2 mL). 4-Octene (cis or trans) (0.125 mL, 

0.79 mmol) and 1-decene (0.050 mL, 0.26 mmol) were subsequently added, the vial 

sealed and stirred at ambient temperature. Reactions were sampled at appropriate time 

intervals and yields/stereoselectivies were determined by gas chromatography (Method 

1). 

GC Methods  

Volatile products were analyzed using an Agilent 6850 gas chromatography (GC) 

instrument with a flame ionization detector (FID). The following conditions and 

equipment were used:  

Method 1  

Column: DB-225, 30m x 0.25mm (ID) x 0.25µm film thickness. Manufacturer: Agilent 

GC and column conditions: Injector temperature: 220 ºC, Detector temperature: 220 ºC 
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Oven temperature: Starting temperature: 35 ºC, hold time: 0.5 minutes. Ramp rate 10 

ºC/min to 130 ºC, hold time: 0 minutes. Ramp rate 20 ºC/min to 220 ºC, hold time: 5 

minutes. Carrier gas: Helium Mean gas velocity: 25 cm/sec Split ratio: 20:1  

Method 2  

Column: HP-5, 30m x 0.25mm (ID) x 0.25µm film thickness. Manufacturer: Agilent GC 

and column conditions: Injector temperature: 250 ºC, Detector temperature: 280 ºC Oven 

temperature: Starting temperature: 100 ºC, hold time: 1 minute Ramp rate 10 ºC/min to 

270 ºC, hold time: 12 minutes. Carrier gas: Helium Average velocity: 30 cm/sec Split 

ratio: 40.8:1 
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Abstract 

 Ruthenium-based olefin metathesis catalysts bearing dithiolate ligands have been 

recently employed to generate olefins with high E-selectivity (>99% E) but have been 

limited by low to moderate yields. In this report, 1H NMR studies reveal that a major 

contributing factor to this low activity is the extremely low initiation rates of these 

catalysts with trans olefins. Introducing a 2-isopropoxy-3-phenylbenzylidene ligand in 

place of the conventional 2-isopropoxybenzylidene ligand resulted in catalysts that 

initiate rapidly under reaction conditions. As a result, reactions were completed in 

significantly less time and delivered higher yields than in previous reports while 

maintaining high stereoselectivity (>99% E).  

Introduction  

Given its robustness and general ease of implementation, transition metal-

catalyzed olefin metathesis has become an increasingly ubiquitous method for generating 

C–C double bonds in a wide variety of fields including organic synthesis, green 

chemistry, and biochemistry.1 Over the last several years, olefin metathesis has been 

significantly advanced through the synthesis of well-defined catalysts, where methodical 

tuning of catalyst architecture has allowed for the development of different catalysts that 

can each achieve a specific purpose including enantioselectivity,2 stereoselectivity,3 or 

increased activity.4  

Achieving high selectivity for 1,2-disubstituted olefinic products with a particular 

stereochemistry (E or Z) was a longstanding challenge in olefin metathesis until discrete 

Ru-,3e-h Mo-, and W-based3b-d catalysts were developed in recent years for the metathesis 

of terminal olefins to produce high levels of cis olefins. Each of these catalysts exploits 
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steric impedances within the catalyst structure to favor the syn over the anti 

metallacyclobutane pathway.5  

 Until very recently, methods of achieving high kinetic trans selectivity through 

olefin metathesis had remained elusive. Trans selectivity in olefin metathesis can often be 

achieved by allowing the reaction to reach equilibrium so that the thermodynamically 

favored product, often trans, is present in higher quantities.6 However, the difference in 

energy between some cis and trans isomers may be insignificant, and, hence, this method 

is not reliable for obtaining all trans products in high selectivity. Other methods for 

preparing trans olefins with high stereoselectivity include Z-selective ethenolysis of E/Z-

olefin mixtures,7 Wittig reactions of stabilized ylides,8 Julia olefinations,9 and Peterson 

olefinations.10 In addition, alkyne metathesis followed by Na/NH3 reduction,11 catalytic 

trans-hydrosilylation/protodesilylation,12 or semihydrogenation13 can also furnish trans 

olefins. These methods, however, are either harsh or require multiple steps to reach the 

desired trans product.  

The first demonstration of highly kinetically trans-selective transition metal-

catalyzed olefin cross metathesis was reported this year with the unexpected discovery 

that ruthenium-based catalysts bearing chelated dithiolate ligands are able to perform 

cross metathesis between two trans olefins or between a trans olefin and a terminal olefin 

to generate products with high trans selectivity (>98% E).3l These catalysts had been 

previously demonstrated to react with cis starting materials to form highly cis products.3k 

Hence, these catalysts are stereoretentive, preserving the stereochemical purity of the 

starting olefins in the product olefins. The E-selectivity of the catalysts is proposed to 

arise from the two N-aryl groups of the NHC forcing the α substituents of a side-bound 
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metallacycle to point down while the β substituent can point into the open space in front 

of the plane containing the N-C-N bonds of the NHC and between the two N-aryl groups 

(Figure 6.1). This proposed model was supported by the observation that reducing the 

size of the ortho substituents of the N-aryl groups of the NHC led to increased catalyst 

activity in this transformation. A subsequent report from the Hoveyda and Schrock 

groups demonstrated a similar approach to achieving trans-selective cross metathesis 

using Mo-based catalysts.3m Steric interactions of the substituents of the metallacycle 

with surrounding ligands in combination with the minimization of unfavorable eclipsing 

interactions of these substituents was their proposed rationale for the favorable formation 

of anti metallacycles.  

 
Figure 6.1. Proposed models for high kinetic trans and cis selectivity in cross metathesis 
with Ru catalysts3l (left) and high trans selectivity with Mo catalysts3m (right). 
 

In many instances, the trans-selective, Ru dithiolate catalysts generated low yields 

of products. Two possible reasons for the low activity can be envisioned: slow catalyst 

initiation and the inherently small “open space” in which the β substituent can place 

itself. Herein, we establish that poor initiation is indeed a significant factor in the low 

conversions observed with previous dithiolate catalysts. We address this through the 

development of new catalysts with improved initiation efficiency that demonstrate 

significantly improved conversions and reaction times in comparison to previous 

catalysts. 
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Results and Discussion 

When examining the self-metathesis of trans-2-hexenyl acetate catalyzed by 1 

mol % of 6.1, uninitiated catalyst was evident in the 1H NMR after 24 h at 45 °C, at 

which time only 85% of the catalyst had initiated (Figure 6.2). Based on this result, new 

 
Figure 6.2. Signals corresponding to the benzylidene protons of 6.1 and 6.2 over the 
course of the reaction with trans-2-hexenyl acetate (0.5 M) in THF-d8 at 45 °C. 
Percentages shown are percentages of catalyst initiated as determined by the decrease in 
the benzylidene signal over time upon reaction with substrate. 
!
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catalyst 6.2 bearing a chelating 2-isopropoxy-3-phenylbenzylidene ligand in place of the 

2-isopropoxybenzylidene of catalyst 6.1, was synthesized. This alteration has been shown 

to drastically increase rates of initiation in other ruthenium-based metathesis catalysts.4c-f 

Under the same aforementioned reaction conditions with trans-2-hexenyl acetate, 93% of 

6.2 initiated after only 3 h and fully initiated within 6 h. For each catalyst, loss of the 

chelated benzylidene ligand is required prior to entrance into the catalytic cycle of olefin 

metathesis. Given the poor initiation of 6.1 even under relatively forcing conditions of 

elevated temperatures and high trans-substrate concentration, the concentration of active 

catalyst is significantly lower than that expected from the catalyst loading. As a result, the 

yields of products are diminished, limiting the use of this catalyst. This issue is resolved 

with catalyst 6.2.   

Initiation rate constants (kinit) were calculated for 6.1 and 6.2 under these reaction 

conditions and were determined to be 2.52×10-5 s-1 and 1.75×10-4 s-1, respectively (Figure 

6.3). The relative rate constant (krel) hence has a value of ~7. Thus, one-seventh of the 

catalyst loading of 6.1 can be used to achieve the same active catalyst concentration with 

catalyst 6.2. Given the low activity seen in previous studies of 6.1 in cross metathesis 

 
Figure 6.3. Plot of ln([Ru]/[Ru]0) versus time. Plots remain approximately linear over the 
course of three-half lives of the reaction. 
!
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reactions involving trans olefins and the inability of this catalyst to initiate efficiently 

even under forcing conditions, the difference in the ability between 6.1 and 6.2 to initiate 

under normal reaction conditions can make a significant difference in the ability to 

provide meaningful yields of products.  

Varying the size of the ortho substituents of the N-aryl groups of the NHC, a 

series of other fast-initiating catalysts, 6.3, 6.4, and 6.5, were synthesized (Scheme 6.1). 

6.2–6.5 were synthesized from phosphine-bound catalysts 6.2a–6.5a. The chelating 2-

isopropoxy-3-phenylbenzylidene ligand is installed by reaction of 6.2a–6.5a with CuCl 

and (E/Z)-2-isopropoxy-3-(prop-1-en-1-yl)-1,1'-biphenyl to generate 6.2b–6.5b. This is 

followed by the exchange of the two chloride X-ligands with a dithiolate ligand using a 

zinc transmetallating agent to produce 6.2–6.5 (Figure 6.4). 

 
Scheme 6.1. Synthetic routes to catalysts 6.2–6.5. 

To observe differences in reactivity of catalysts 6.1–6.5, the self-metathesis of the 

trans isomer of the substrate methyl 9-octadecenoate (MO) to produce dimethyl 9-

octadecenedioate (DE) and 9-octadecene (9C18) was examined (Table 6.1, entries 1–7). 

With 1 mol% of 6.1, this reaction requires 15 h to reach equilibrium whereas the same 

reaction with 6.2 reaches equilibrium in 3 h while maintaining the same high 

stereoselectivity (>99% E). To examine the relationship between the size of the ortho 
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substituents of the N-aryl group of the NHC and catalyst activity, 6.3, 6.4, and 6.5 were 

then studied in this reaction. 6.3 reaches equilibrium in 2.5 hours, whereas it only takes 

6.4 30 min and 6.5 20 min to achieve the same distribution while high trans selectivity is 

conserved (>99% E). The catalyst loading of 6.4 and 6.5 can be dropped to 0.5 mol %, 

and the reaction still reaches equilibrium within 1 h and 40 min, respectively. 

 
Figure 6.4. Catalysts examined in this study. 

The self-metathesis of the cis analogue of this substrate, Z-methyl 9-

octadecenoate, was also analyzed (Table 6.1, entries 8–13). These catalysts were 

markedly more active in this reaction than that of the E-isomer. Catalyst 6.3 (0.5 mol %) 

is strikingly fast and reaches equilibrium in 90 seconds while the products retain the 

stereochemistry of the starting material (>99% Z). The catalyst loading can be reduced 

ten-fold to 0.05 mol %, and the reaction reaches equilibrium in 15 min. With 0.1 mol % 
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catalyst, the reaction reaches equilibrium in 30 min with 6.2, 40 min with 6.4, and 50 min 

with 6.5. Catalyst 6.1, however, requires 5 h at the same loading to achieve equilibrium.  

To examine the disparity of the rates of reaction of each of these catalysts with the 

E- and Z-isomers of methyl 9-octadecenoate, a relative rate constant (kZ/kE) was 

calculated using the times needed for the reactions to reach equilibrium (tE and tZ,) and 

Table 6.1. Self-Metathesis of Methyl 9-octadeceonatea 

 
aProduct distribution and selectivity analyzed by GC using tridecane as an internal 
standard. 
!
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assuming first-order kinetics with respect to initial catalyst concentration ([Ru]E and 

[Ru]Z).14 

 kZ/kE  = [Ru]EtE/([Ru]ZtZ)           (1) 

For catalysts 6.3, 6.2, 6.4, and 6.5, kZ/kE values were determined to be 200, 60, 7.5, and 4 

(Figure 6.4). This is in accordance with our proposed model for selectivity, where E-

olefin formation proceeds through a metallacycle in which the β-substituent points into 

the “open space” between the two N-aryl groups. Thus, reducing the size of the ortho 

substituents of the N-aryl groups increases the ability of the E-olefin to react with the 

catalysts. 

In order to examine the reactivity of these catalysts with substrates bearing 

functional groups closer to the double bond, cross metathesis between trans-4-octene and 

trans-1,4-diacetoxy-2-butene (4:1 mole ratio) was examined (Figure 6.5). Using 6.1 (7.5 

mol %), this reaction reaches a conversion of only 4% in 1 h to trans-2-hexenyl acetate 

(>99% E). Under identical conditions, 6.2 achieves 24% conversion in 1 h. After 7 h, the 

reaction reaches 80% conversion with 6.2 while parent catalyst 6.1 requires 3 days to 

reach 65% conversion. Consistent with the proposed model for selectivity, 6.3, with 

bulky N-diisopropylphenyl groups of the NHC, has lower activity for these trans 

substrates in comparison to 6.2, but is more active than 6.1 in this transformation. 

Catalyst 6.4 is remarkably fast in this reaction, achieving 80% conversion to the product 

(>99% E) in only 25 min. Also in agreement with the proposed model that suggests 

increased activity with decreasing ortho substituent size of the N-aryl groups, 6.5 

demonstrated high initial conversion early in the reaction, but was found to decompose 

under reaction conditions, only reaching 36% overall conversion.  
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Figure 6.5. Cross Metathesis of trans-1,4-Diacetoxy-2-butene with trans-4-Octene 
Conversions determined using 1H NMR. Stereoselectivity determined by GC. Inset shows 
early timepoints. 
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Figure 6.6. Cross Metathesis of cis-1,4-Diacetoxy-2-butene with cis-4-Octene. 

Conversions determined using 1H NMR. Stereoselectivity determined by GC. 
!
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(Figure 6.6). 6.3 was the most active catalyst in this reaction, reaching 86% conversion in 

11 min. 6.2 and 6.4 performed similarly, both reaching 81% conversion in 15 min. 6.1 

reached 80% conversion in this reaction in 20 min. Catalyst 6.5 again decomposed under 

reaction conditions, reaching an overall yield of 28%. At the start of the reaction, 

however, it displayed reactivity less than that of catalysts 6.2–6.4 but greater than that of 

parent catalyst 6.1. In this set of reactions, the opposite trend is seen with respect to 

changing the identity of the ortho substituents: as the NHC substituents get smaller, the 

reactivity with this substrate decreases. Because degradation is seen in both the reaction 

with the cis and trans isomers, the decomposition of 6.5 is likely due to a side reaction 

with 1,4-diacetoxy-2-butene.  

The more challenging reaction of the cross metathesis of a disubstituted olefin, 

trans-4-octene, and a terminal olefin, 1-decene, to generate 4-tridecene was then 

Table 6.2. Cross Metathesis of 1-Decene and trans-4-Octenea 

 
aYield and selectivity analyzed by GC using tetradecane as an internal standard. 
!
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attempted (Table 6.2). This reaction proved difficult for all catalysts due to rapid 

decomposition of these catalysts, likely due to the formation of the unstable ruthenium 

methylidenes under these conditions. As a result, yields of the product in this reaction for 

each of these catalysts did not change significantly after 15 min. Catalyst 6.3 (6 mol %) 

was the least active, reaching a maximum of 19% yield (90% E).15 6.2 generated the 

product in 27% yield, slightly higher than that of 6.1, 21% yield. 6.4 and 6.5, however, 

were efficient at reaching moderate yields of products with 50% and 52% yields, 

respectively, again in agreement with the proposed model by which reducing ortho 

substituent size of N-aryl groups is proposed to increase catalytic activity.16 Catalysts 6.1, 

6.2, 6.4, and 6.5 all delivered high selectivity of the trans product (>99% E). 

In the cross metathesis of cis-4-octene and 1-decene, yields were consistent across 

Table 6.3. Cross Metathesis of 1-Decene and cis-4-Octenea 

 
aYield and selectivity analyzed by GC using tetradecane as an internal standard. 
 
!
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catalysts 6.1–6.4, ranging from 75–78% with high stereoretention (>95% Z) throughout 

the reaction (Table 6.3).17 Catalyst 5 generated the product in a slightly lower 70% yield. 

Conclusions 

 1H NMR studies were used to determine that recently reported highly 

stereoretentive ruthenium-based catalysts bearing dithiolate ligands suffer from poor 

catalyst initiation in reactions with trans olefins. In order to improve initiation 

characteristics, a series of fast-initiating catalysts 6.2–6.5 possessing a 2-isopropoxy-3-

phenylbenzylidene ligand in place of the 2-isopropoxybenzylidene ligand were 

synthesized. These catalysts demonstrate significantly improved initiation compared to 

6.1, resulting in considerably increased activity of these catalysts in reactions of trans 

olefins, demonstrating higher yields at shorter reaction times, while maintaining high 

stereoselectivity of products (>99% E). Some improvement was also observed in 

reactions with cis olefins compared to previously reported catalysts, although the 

difference was more marginal as the previous catalysts were efficient at catalyzing 

reactions involving cis olefins with high stereoselectivity (>99% Z).   

Experimental 

General Information 

Unless otherwise specified, all manipulations were carried out under air-free 

conditions in dry glassware in a Vacuum Atmospheres Glovebox filled with N2. General 

solvents were purified by passing through solvent purification columns. Commercially 

available substrates were used as received. All solvents and substrates were sparged with 

Ar before being brought into the glovebox and filtered over basic alumina (Brockmann I) 

prior to use. THF-d8 was dried over Na/benzophenone and vacuum transferred to another 
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Schlenk flask followed by degassing via methods of freeze, pump, thaw (×3). 6.1,3k 

6.2b,4f 6.3b,4e 6.4a,3l (3,6-dichlorobenzene-1,2-dithiolato)zinc(II),3k and (E/Z)-2-

isopropoxy-3-(prop-1-en-1-yl)-1,1'-biphenyl4d (A) were synthesized according to 

literature procedure.  

Kinetic NMR experiments were performed on a Varian 500 MHz spectrometer 

with an AutoX probe. Spectra were analyzed using MestReNova Ver. 8.1.2. 1H and 13C 

NMR characterization data were obtained on a Bruker 400 with Prodigy broadband 

cryoprobe and referenced to residual protio-solvent. 19F and 31P NMR data were acquired 

on Varian 400 MHz and 300 MHz spectrometers. 1H NMR spectra for determining 

conversions the cross metathesis of 4-octene and 1,4-diacetoxy-2-butene were obtained 

using the Bruker 400 with Prodigy broadband cryoprobe. 

GC conversion data was obtained using an HP-5 capillary column with an Agilent 

6850 FID gas chromatograph. GC selectivity data for the self-metathesis of methyl 9-

octadeconate was also obtained on this HP-5 capillary column. GC selectivity data for the 

reactions of 4-octene with 1,4-diacetoxy-2-butene and with 1-decene were obtained using 

a DB-1 column with an Agilent 6890 FID gas chromatograph. Accurate conversion and 

yield data was produced by determining response factors by making solutions of varying 

concentrations of internal standard and the desired compound to be analyzed as described 

by Grubbs et. al.6d 4-tridecene was synthesized as previously described for this purpose.19  

High-resolution mass spectrometry (HRMS) was performed using FAB+ 

ionization on a JEOL MSRoute mass spectrometer.  
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Synthesis of Catalyst 6.2 

To a vial charged with a stir bar was added 6.2b (40.0 mg, 0.057 mmol), (3,6-

dichlorobenzene-1,2-dithiolato)zinc(II) (31.2 mg,  0.114 mmol) and 0.2 mL THF. After 

the reaction mixture was stirred at room temperature for 1 h, the solvent was removed in 

vacuo followed by co-evaporation with pentane. Dichloromethane was then added, and 

the mixture was filtered over a pad of Celite. Solvents were removed in vacuo followed 

by co-evaporation with pentane to yield the product as a brown solid (45.5 mg, 95% 

yield).  

1H NMR (400 MHz, Methylene Chloride-d2) δ 14.82 (s, 1H), 7.59 - 7.44 (m, 5H), 7.38 

(d, J = 1.7 Hz, 1H), 7.12 (d, J = 2.0 Hz, 1H), 7.04 (t, J = 7.5 Hz, 1H), 6.99 (d, J = 2.0 Hz, 

1H), 6.96 (d, J = 8.1 Hz, 1H), 6.89 (d, J = 8.1 Hz, 1H), 6.81 (d, J = 2.0 Hz, 1H), 6.68 (dd, 

J = 7.5, 1.7 Hz, 1H), 6.30 (d, J = 2.1 Hz, 1H), 4.50 (hept, J = 6.5 Hz, 1H), 4.20 - 4.02 (m, 

2H), 3.94 - 3.80 (m, 2H), 2.76 (s, 3H), 2.61 (s, 3H), 2.32 (s, 3H), 2.31 (s, 3H), 2.17 (s, 

3H), 1.60 (s, 3H), 1.12 - 1.05 (d, 3H), 0.83 (d, J = 6.4 Hz, 3H). 

13C NMR (101 MHz, CD2Cl2) δ 255.91, 255.66, 216.74, 153.54, 152.58, 144.53, 143.09, 

140.49, 140.45, 139.80, 138.03, 137.41, 137.34, 136.91, 136.04, 134.50, 132.22, 132.09, 

131.92, 131.59, 130.53, 130.43, 130.38, 130.30, 130.24, 130.17, 129.73, 129.45, 129.24, 

128.47, 128.36, 126.90, 125.08, 124.79, 123.53, 122.33, 79.96, 52.16, 52.05, 23.01, 

21.33, 21.24, 20.08, 19.84, 19.49, 18.35. 

HRMS (FAB+): [(M+H)−H2] C43H43N2ORuS2Cl2 Calculated - 839.1238, Found – 

839.1278 
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Synthesis of Catalyst 6.3 

To a vial charged with a stir bar was added 6.3b (35.0 mg, 0.044 mmol), (3,6-

dichlorobenzene-1,2-dithiolato)zinc(II) (24.4 mg,  0.088 mmol) and 0.150 mL THF. 

After the reaction mixture was stirred at room temperature for 1 h, the solvent was 

removed in vacuo followed by co-evaporation with pentane. Dichloromethane was then 

added, and the mixture was filtered over a pad of Celite. Solvents were removed in vacuo 

followed by co-evaporation with pentane to yield the product as a brown solid (37.8 mg, 

93% yield).  

1H NMR (400 MHz, Methylene Chloride-d2) δ 14.61 (s, 1H), 7.53 - 7.25 (m, 10H), 7.16 

(dd, J = 7.5, 1.8 Hz, 2H), 6.89 (t, J = 7.5 Hz, 2H), 6.79 (d, J = 8.1 Hz, 1H), 6.60 (dd, J = 

7.4, 1.8 Hz, 1H), 4.41 (hept, J = 6.4 Hz, 1H), 4.13 (s, 4H), 2.05 - 1.44 (m, 10H), 1.34 (dd, 

J = 9.4, 6.1 Hz, 6H), 1.03 (t, J = 6.3 Hz, 6H), 1.02 - 0.93 (m, 3H), 0.81 (d, J = 6.3 Hz, 

3H), 0.41 (d, J = 6.9 Hz, 6H).  

13C NMR (101 MHz, CD2Cl2) δ 261.78, 261.52, 219.77, 152.92, 152.64, 148.20, 143.84, 

143.15, 141.31, 134.09, 131.95, 131.32, 129.88, 129.77, 129.73, 129.64, 129.51, 128.62, 

128.62, 128.15, 126.00, 125.79, 125.53, 125.45, 125.30, 125.11, 125.01, 124.21, 123.62, 

123.49, 123.47, 122.03, 78.43, 78.32, 54.46, 54.40, 32.49, 30.27, 30.24, 30.07, 29.93, 

29.86, 29.66, 29.58, 29.37, 26.77, 25.72, 23.93, 23.54, 23.26, 22.25, 21.76, 20.93, 14.45. 

HRMS (FAB+): [M]+ C49H56N2ORuS2Cl2 Calculated – 924.2255, Found – 924.2210 

Synthesis of Catalyst 6.4b/6.4 

To a vial charged with a stir bar was added 6.4a (0.100 g, 0.120 mmol), CuCl (11.9 mg, 

0.120 mmol), A (30.4 mg, 0.120 mmol), and 1 mL dichloromethane. This mixture was 

stirred at 40°C for 1 hr. Pentane was added, and the reaction mixture was filtered over 
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Celite. The filtrate was added directly to a silica gel column. Organic byproducts were 

eluted with 4:1 pentane:diethyl ether followed by elution of crude 6.4b (24.6 mg, green 

solid, NMR spectrum included below) with 1:1 pentane:diethyl ether. Solvents were 

removed in vacuo. To crude 6.4b was added (3,6-dichlorobenzene-1,2-dithiolato)zinc(II) 

(19.8 mg, 0.072 mmol) and 0.150 mL THF. After the reaction mixture was stirred at 

room temperature for 1 h, the solvent was removed in vacuo followed by co-evaporation 

with pentane. Dichloromethane was then added, and the mixture was filtered over a pad 

of Celite. Solvents were removed in vacuo followed by co-evaporation with pentane. The 

pure product was obtained upon precipitation of the compound by adding cold pentane to 

a concentrated solution of the crude product in diethyl ether as a brown solid (20.0 mg, 

20% overall yield).  

6.4b: 1H NMR (400 MHz, Methylene Chloride-d2) δ 16.40 (s, 1H), 7.51 - 7.28 (m, 8H), 

7.25 - 7.19 (m, 2H), 7.13 (q, J = 8.6 Hz, 2H), 6.99 (t, J = 7.4 Hz, 1H), 6.94 (dd, J = 7.5, 

1.8 Hz, 1H), 4.45 - 4.34 (m, 1H), 4.33 - 4.23 (m, 2H), 4.17 (ddd, J = 13.3, 6.6, 4.2 Hz, 

2H), 2.58 (s, 3H), 2.54 (s, 2H), 0.87 - 0.77 (m, 6H). 

6.4b: 13C NMR (101 MHz, CD2Cl2) δ 293.88, 215.19, 214.26, 191.20, 162.66, 162.55, 

160.16, 160.04, 150.51, 149.75, 149.72, 148.31, 148.29, 142.34, 142.30, 139.63, 137.78, 

133.94, 133.91, 133.10, 132.08, 131.13, 130.87, 130.82, 130.78, 130.73, 129.78, 129.71, 

129.48, 129.39, 129.25, 129.04, 128.95, 128.61, 128.47, 128.31, 128.12, 127.48, 127.26, 

126.87, 126.84, 125.43, 124.49, 124.19, 124.08, 121.80, 114.77, 114.68, 114.57, 114.48, 

78.23, 78.20, 53.07, 52.88, 30.23, 27.48, 27.37, 26.83, 26.70, 22.24, 22.01, 20.61, 20.57, 

19.15, 18.99. 
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6.4b: HRMS (FAB+): [(M+H)−H2] C33H31F2N2ORuCl2 Calculated – 681.0826, Found – 

681.0831 

6.4: 1H NMR (400 MHz, Methylene Chloride-d2) (three conformers in solution) δ 14.99 

(s, 0.31H), 14.92 (s, 0.17H), 14.86 (s, 0.53H), 7.75 - 7.65 (m, 1H), 7.61 - 7.48 (m, 2H), 

7.44 (t, J = 6.9 Hz, 1H), 7.37 (d, J = 7.5 Hz, 1H), 7.28 - 7.20 (m, 3H), 7.12 (d, J = 7.6 Hz, 

1H), 7.01 (d, J = 7.8 Hz, 1H), 6.94 (d, J = 7.5 Hz, 1H), 6.87 (q, J = 7.4 Hz, 3H), 6.57 (t, J 

= 7.6 Hz, 1H), 6.20 (t, J = 9.0 Hz, 1H), 4.69 - 4.47 (m, 1H), 4.00 (ddd, J = 19.3, 15.1, 9.2 

Hz, 4H), 2.77 - 2.62 (m, 3H), 2.23 (d, J = 24.1 Hz, 3H), 1.58 (s, 1H), 1.26 (s, 1H), 1.23 - 

1.02 (m, 2H), 0.77 (dd, J = 9.2, 6.0 Hz, 2H). 

6.4: 13C NMR (101 MHz, CD2Cl2) δ 254.03, 253.83, 220.96, 220.45, 220.04, 161.69, 

160.33, 159.22, 157.86, 154.90, 152.58, 144.51, 141.30, 139.91, 139.73, 139.38, 131.66, 

131.45, 130.82, 130.73, 130.11, 130.03, 129.81, 129.54, 129.37, 128.87, 128.30, 127.12, 

126.68, 125.48, 123.59, 123.32, 122.37, 122.19, 115.17, 114.97, 114.73, 114.64, 114.53, 

114.45, 114.28, 114.08, 113.83, 81.40, 76.51, 74.85, 68.29, 53.33, 52.91, 52.33, 30.24, 

26.12, 23.17, 22.49, 21.59, 20.12, 19.39, 19.06, 18.63, 16.74. 

6.4: 19F NMR (376 MHz, CD2Cl2) δ -113.32, -116.93, -118.23, -119.84, -121.75, -

123.33. 

6.4: HRMS (FAB+): [M]+ C39H34F2N2ORuS2Cl2 Calculated – 820.0502, Found – 

820.0493 

Synthesis of Catalyst 6.5a 

The synthesis of this catalyst was performed just as previously described in the 

literature.4 However, the product was isolated as a pure product. The crude solution was 

filtered over Celite, and solvents were removed in vacuo. 10 mL of pentane were added, 
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and the product was sonicated for 10 minutes. Solids were collected on a medium frit and 

washed with methanol (3 × 5 mL) to generate the pure product as a maroon solid (236.2 

mg, 45% yield) 

1H NMR (400 MHz, Methylene Chloride-d2) (two conformers in solution) δ 19.53 (d, J = 

29.2 Hz, 0.5H), 19.45 (m, 0.5H), 7.57 - 7.33 (m, 4H), 7.33 - 7.10 (m, 4H), 6.95 - 6.67 (m, 

1H), 6.44 (s, 2H), 3.96 (s, 1H), 3.82 (s, 1H), 2.22 - 2.00 (m, 3H), 1.75 (d, J = 12.9 Hz, 

3H), 1.56 - 1.19 (m, 18H), 1.03 (dq, J = 21.2, 11.4 Hz, 15H). 

Due to multiple conformers being present in solution and extensive fluorine coupling, 

fluorine splitting resonances are reported as peaks: 13C NMR (101 MHz, CD2Cl2) δ 

296.81, 296.68, 296.60, 296.54, 296.45, 224.29, 224.16, 223.51, 223.37, 162.63, 162.60, 

161.99, 161.95, 161.38, 161.35, 160.72, 160.69, 160.08, 160.05, 159.44, 159.40, 158.87, 

158.83, 158.20, 158.16, 157.72, 155.76, 152.64, 151.76, 151.59, 148.52, 137.27, 134.37, 

133.87, 133.77, 133.67, 132.13, 132.03, 131.94, 131.57, 131.47, 131.37, 131.16, 131.06, 

130.97, 130.91, 130.81, 130.76, 130.71, 130.57, 130.23, 130.13, 130.03, 129.88, 129.78, 

129.68, 129.54, 129.08, 128.98, 128.83, 128.67, 128.65, 128.62, 128.49, 128.13, 127.61, 

126.41, 120.79, 119.38, 119.04, 118.88, 118.72, 117.97, 117.82, 117.66, 115.63, 115.47, 

115.31, 114.43, 114.27, 114.11, 113.83, 113.63, 113.20, 113.16, 113.12, 112.99, 112.96, 

112.92, 112.68, 112.64, 112.57, 112.54, 112.47, 112.43, 112.37, 112.34, 112.22, 112.15, 

112.12, 111.99, 111.82, 111.79, 111.76, 111.69, 111.65, 111.61, 111.58, 111.55, 111.50, 

111.47, 111.38, 111.30, 111.25, 111.20, 111.12, 71.91, 67.94, 67.91, 67.73, 67.71, 66.94, 

66.15, 66.13, 66.01, 65.77, 64.10, 35.46, 35.40, 35.21, 34.85, 33.26, 33.10, 32.13, 32.05, 

31.97, 31.86, 31.81, 29.69, 29.57, 29.13, 28.85, 28.76, 28.73, 27.85, 27.80, 27.75, 27.69, 

27.59, 27.46, 27.41, 27.32, 27.17, 27.07, 26.99, 26.96, 26.84, 26.72, 26.60, 26.53, 26.42, 
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26.31, 26.28, 26.18, 26.16, 25.89, 25.78, 25.74, 25.69, 25.59, 25.53, 25.37, 24.83, 24.77, 

24.29. 

31P NMR (121 MHz, CD2Cl2) δ 26.22, 26.11. 

HRMS (FAB+): [M]+ C42H53Cl2F4N2PRu Calculated – 864.2304, Found – 864.2311. 

Synthesis of Catalyst 6.5b 

To a vial charged with a stir bar was added 6.5a (0.100 g, 0.120 mmol), CuCl (11.9 mg, 

0.120 mmol), A (30.4 mg, 0.120 mmol), and 1 mL dichloromethane. This mixture was 

stirred at 40 °C for 1 hr. Pentane was added, and the reaction mixture was filtered over 

Celite. The filtrate was added directly to a silica gel column. Organic byproducts were 

eluted with 4:1 pentane:diethyl ether followed by elution of the product with 1:1 

pentane:diethyl ether. Solvents were removed in vacuo to yield the product as a green 

solid (20.3 mg, 24% yield). 

1H NMR (400 MHz, Methylene Chloride-d2) δ 16.80 (s, 1H), 7.66 - 7.21 (m, 9H), 7.16 - 

7.06 (m, 3H), 7.08 - 6.97 (m, 2H), 4.46 (hept, J = 6.3 Hz, 1H), 4.08 (s, 2H), 1.49 (d, J = 

2.9 Hz, 6H), 0.92 (d, J = 6.2 Hz, 6H). 

13C NMR (101 MHz, CD2Cl2) δ 292.04, 291.83, 215.42, 163.33, 163.30, 161.97, 161.93, 

160.81, 160.78, 159.46, 159.42, 150.33, 148.26, 139.58, 137.78, 133.94, 132.35, 131.69, 

131.66, 131.59, 131.50, 131.49, 130.49, 130.39, 130.29, 129.78, 129.48, 129.34, 129.26, 

129.12, 128.96, 128.53, 128.35, 128.13, 127.26, 125.51, 124.49, 124.24, 121.20, 120.22, 

120.07, 119.92, 116.66, 116.50, 116.34, 113.03, 113.00, 112.98, 112.94, 112.92, 112.89, 

112.83, 112.81, 112.78, 112.75, 112.73, 112.71, 108.16, 78.36, 77.38, 68.21, 66.05, 

26.51, 26.49, 26.46, 20.69. 

19F NMR (376 MHz, CD2Cl2) δ -108.17, -115.14. 



! 129 

HRMS (FAB+): [M]+ C33H30Cl2F4N2ORu Calculated – 718.0715, Found – 718.0718 

Synthesis of Catalyst 6.5 

To a vial charged with a stir bar was added 6.5b (20.3 mg, 0.0283 mmol), (3,6-

dichlorobenzene-1,2-dithiolato)zinc(II) (15.5 mg,  0.0566 mmol) and 0.1 mL THF. After 

the reaction mixture was stirred at room temperature for 1 hour, the solvent was removed 

in vacuo followed by co-evaporation with pentane. Dichloromethane was then added, and 

the mixture was filtered over a pad of Celite. Solvents were removed in vacuo followed 

by co-evaporation with pentane to yield the product as a brown solid (23.0 mg, 95% 

yield). 

1H NMR (400 MHz, Methylene Chloride-d2) δ 14.93 (s, 0.56H), 14.62 (s, 0.44H), 7.66 

(d, J = 7.5 Hz, 1H), 7.62 (d, J = 7.5 Hz, 1H), 7.52 (td, J = 7.7, 3.3 Hz, 2H), 7.47 - 7.39 

(m, 2H), 7.33 - 7.29 (m, 1H), 7.25 (dt, J = 6.3, 2.1 Hz, 1H), 7.19 - 7.06 (m, 3H), 6.99 (dq, 

J = 8.7, 4.4, 4.0 Hz, 1H), 6.94 (t, J = 8.0 Hz, 1H), 6.85 - 6.76 (m, 2H), 6.71 (d, J = 8.2 

Hz, 0.47H), 6.65 (dd, J = 7.6, 1.7 Hz, 0.61H), 6.57 (dd, J = 7.4, 1.7 Hz, 1H), 6.40 (dd, J = 

14.5, 8.9 Hz, 1H), 4.73 (p, J = 6.4 Hz, 0.47H), 4.61 (p, J = 6.6 Hz, 0.53H), 3.95 - 3.74 

(m, 2H), 3.28 (dt, J = 12.3, 6.1 Hz, 0.33H), 3.01 (s, 0.76H), 2.48 (q, J = 7.1 Hz, 0.43H), 

2.29 (t, J = 7.6 Hz, 0H), 1.43 - 1.33 (m, 3H), 1.38 - 1.28 (m, 3H), 0.93 (d, J = 6.2 Hz, 

2H), 0.83 (d, J = 6.3 Hz, 2H), 0.72 (d, J = 6.1 Hz, 1H), 0.48 (t, J = 6.5 Hz, 1H). 

Due to multiple conformers being present in solution because of extensive fluorine 

coupling, fluorine splitting resonances are reported as peaks: 13C NMR (101 MHz, 

CD2Cl2) δ 252.42, 252.14, 222.64, 221.58, 173.61, 161.94, 161.53, 160.61, 159.39, 

158.99, 158.11, 158.03, 156.03, 154.77, 154.46, 153.99, 153.80, 151.14, 144.56, 143.74, 

142.85, 142.77, 140.20, 139.69, 139.54, 136.93, 135.39, 134.54, 134.14, 132.29, 132.23, 
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132.19, 132.09, 131.61, 131.55, 131.52, 131.41, 131.36, 131.28, 131.18, 131.14, 131.08, 

130.71, 130.69, 130.59, 130.49, 130.40, 130.10, 129.78, 129.74, 129.71, 129.49, 129.34, 

129.30, 129.22, 128.98, 128.96, 128.91, 128.63, 128.61, 128.54, 128.36, 128.30, 128.22, 

127.16, 125.74, 125.67, 125.56, 125.44, 125.35, 124.61, 124.20, 124.16, 123.65, 123.59, 

122.96, 122.67, 122.55, 122.38, 122.34, 121.94, 120.97, 119.50, 117.16, 116.52, 114.58, 

113.10, 113.07, 112.95, 112.92, 112.89, 112.85, 112.81, 112.76, 112.72, 112.64, 112.61, 

112.57, 112.02, 108.16, 82.19, 80.80, 77.65, 76.20, 75.01, 69.62, 69.27, 68.50, 66.78, 

66.40, 65.72, 62.56, 60.00, 48.96, 48.76, 38.65, 34.66, 34.48, 32.69, 32.48, 31.96, 31.65, 

30.24, 29.92, 29.77, 29.66, 29.61, 29.30, 28.44, 28.41, 27.63, 26.97, 26.66, 26.62, 26.51, 

26.48, 26.32, 25.93, 25.88, 25.38, 23.73, 23.25, 22.99, 22.49, 22.43, 22.39, 22.35, 22.31, 

22.29, 22.24, 21.65, 21.55, 20.83, 20.22, 14.44, 14.35, 10.13. 

19F NMR (376 MHz, CD2Cl2) δ -102.19, -107.21, -109.43, -110.03, -110.92, -113.88, -

114.12, -114.92, -115.37, -115.39, -116.50, -119.15, -119.17, -119.19. 

HRMS (FAB+): [M]+ C39H32Cl2F4N2ORu Calculated – 856.03134, Found – 856.03090 

Synthesis of trans-1,4-diacetoxy-2-butene 

To a vial charged with a stir bar under argon atmosphere was added trans-2-butene-1,4-

diol (5.00 g, 56.7 mmol), 4.9 mL dichloromethane, and Ac2O (18.2 mL, 0.192 mol) at 0 

°C. Pyridine (14.0 mL, 0.174 mol) was then added dropwise to the reaction mixture. 

After 30 minutes, the reaction mixture was allowed to rise to room temperature and was 

stirred for an additional 18 h. Extraction of the product with DCM was followed by 

washing of the organic layer with 2M HCl, saturated aq. NaCl, and 2M aq. Na2CO3. The 

organic layer was dried over anhydrous MgSO4, filtered, and solvents were removed in 
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vacuo. The product was distilled at 120 mtorr at 110 °C (7.45 g, 76% yield). 

Spectroscopic data matched those previously reported in the literature.20  

General Procedure for NMR Initiation Experiments. 

To a vial containing catalyst (0.00275 mmol) was added THF-d8 (506.5 µL) and trans-2-

hexenyl acetate (43.5 µL, 0.275 mmol). This solution was transferred to a J. Young Tube 

and monitored by observing the disappearance of the benzylidene signal by 1H NMR 

using an array at 45 °C. 

General Procedure for Cross Metathesis of Methyl 9-octadecenoate Experiments. 

To a vial charged with a stir bar, the appropriate amount of catalyst was added and 

dissolved in 383.1 µL THF. Tridecane (48.8 µL, 0.2 mmol) and methyl 9-octadecenoate  

(68.1 µL, 0.2 mmol) were then added and the vial was capped. At the specified time 

points, 5 µL aliquots were taken and quenched with butyl vinyl ether, and the product 

distribution was analyzed by GC. 

General Procedure for Cross Metathesis of Trans-4-octene and Trans-1,4-diacetoxy-
2-butene Experiments. 
 
To a vial charged with a stir bar, catalyst (0.0192 mmol) was added and dissolved in 

294.8 µL THF. 147.4 µL THF of this catalyst stock solution was added to a vial 

containing trans-1,4-diacetoxy-2-butene (30.6 µL, 0.128 mmol), trans-4-octene (120.4 

µL, 0.512 mmol), and a stir bar. The vial was capped, and the reaction mixture was 

stirred. At the specified time points, 3 µL aliquots were added to a septum-capped NMR 

tube to which was added CDCl3, and the product distribution was analyzed by 1H NMR. 

Stereoselectivity of the product was determined by GC.  
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General Procedure for Cross Metathesis of Cis-4-octene and Cis-1,4-diacetoxy-2-
butene Experiments. 
 
To a vial was added catalyst (0.0128 mmol) that was dissolved in 294.8 µL THF. 147.4 

µL of this catalyst stock solution was added to a vial containing cis-1,4-diacetoxy-2-

butene (30.6 µL, 0.128 mmol), cis-4-octene (120.4 µL, 0.512 mmol), and stir bar. The 

vial was capped, and the reaction mixture was stirred. At the specified time points, 3 µL 

aliquots were added to a septum-capped NMR tube to which was added CDCl3, and the 

product distribution was analyzed by 1H NMR. Stereoselectivity of the product was 

determined by GC.  

General Procedure for Cross Metathesis of Cis/Trans-4-octene and 1-decene. 

To a vial was added catalyst (0.0072 mmol) that was dissolved in 870.8 µL THF. 435.4 

µL of the catalyst stock solution was added to a vial containing tetradecane (15.6 µL, 

0.06 mmol), 4-octene (37.6 µL, 0.24 mmol), 1-decene (11.4 µL, 0.06 mmol), and a stir 

bar. The vial was capped, and the reaction mixture was stirred. At the specified time 

points, 20 µL aliquots were quenched with butyl vinyl ether, and the product distribution 

was analyzed by GC. 

GC Methods 

Self-Metathesis of MO (Conversion and Selectivity) and Cross Metathesis of 4-Octene 
and 1-Decene (Conversion) 
 
HP-5 Agilent Column 30m × 0.25mm (ID) × 0.25µm film thickness; Injector 

temperature: 250 °C; Detector temperature: 350 °C; Oven temperature: Starting 

temperature: 50 °C, hold time: 2 min.; Ramp rate: 11 °C/min to 300 °C, hold time: 3 min. 

Carrier gas: He; Average velocity: 31 cm/s; Split ratio: 48.9:1. 

Cross Metathesis of 4-Octene and 1,4-Diacetoxy-2-butene (Selectivity) and Cross 
Metathesis of 4-Octene and 1-Decene (Selectivity) 
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DB-1 Agilent Column 10 m × 0.100mm (ID) × 0.40µm film thickness; Injector 

temperature: 250 °C; Detector temperature: 350 °C; Oven temperature: Starting 

temperature: 35 °C, hold time: 0.5 min.; Ramp rate: 10 °C/min to 135 °C, hold time: 0 

min., 20 °C/min to 290 °C; Carrier gas: He; Average velocity: 20 cm/s; Split ratio: 103:1 
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Abstract 

A highly efficient, Z-selective ring-closing metathesis system for the formation of 

macrocycles using a stereoretentive, ruthenium-based catalyst supported by a dithiolate 

ligand is reported. This catalyst is demonstrated to be remarkably active as observed in 

initiation experiments showing complete catalyst initiation at –20 °C within 10 min. 

Macrocyclization reactions generated Z-products from easily accessible diene starting 

materials bearing a Z-olefin moiety. This stereoretentive approach provides a more 

efficient and selective route to Z-macrocycles than in previously reported systems. 

Reactions were completed in appreciably shorter reaction times, and turnover numbers of 

up to 100 could be achieved. Macrocyclic lactones ranging in size from twelve-

membered to seventeen-membered rings are synthesized in moderate to high yields (68 – 

79% yield) with excellent Z-selectivity (95% – 99% Z). 

Introduction 

Transition metal-catalyzed ring-closing metathesis (RCM) has become a powerful 

method for generating cyclic molecules.1 It is widely used in the synthesis of 

pharmaceuticals as well as in the production of pheromones and musks as replacements 

for toxic, synthetic polycyclic and nitroarene musks.2 The stereochemistry of the alkene, 

E or Z, in these cyclic structures is often crucial to the biological activity of a molecule or 

its olfactory characteristics, and small amounts of impurity of the other stereoisomer in 

chemical mixtures can drastically decrease their potency. It is often particularly difficult 

to separate E- and Z-isomers as techniques for their separation are not general. As such, 

methods for producing stereochemically pure cyclic compounds are of paramount 

importance.  
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 Controlling olefin stereochemistry in RCM reactions can be difficult. When using 

common non-selective metathesis catalysts, selectivity is controlled by the 

thermodynamic stability of the olefin products and can vary depending on ring size and 

double bond position.3 Because of the dilute conditions required to prevent 

oligomerization, high catalyst loadings are often needed for macrocyclization reactions 

using RCM, but removing residual metals can be challenging. For some applications, this 

requires further purification with lead or phosphine additives or with multiple 

chromatographic columns followed by treatment with charcoal.4 Reducing catalyst 

loadings required for these reactions is thus an important goal. 

 One established method for stereoselectively generating Z-macrocycles is ring-

closing alkyne metathesis followed by Lindlar hydrogenation.5 Z-macrocycles have also 

been synthesized by reaction of terminal olefins with internal vinyl silanes followed by 

protodesilylation.6 However, these approaches require multiple steps to synthesize the 

desired product, and thus more direct methods using olefin metathesis are desirable. In 

2011, the first report of Z-selective RCM was disclosed. Mo- and W-based catalysts 

7.1−7.3 were used to synthesize a 16-membered macrocyclic lactone (91 – 95% Z), 

nakadomarin A (90 – 97% Z), and epothilone C (69 – 97% Z) (Figure 7.1).3e While these 

catalysts afforded exceptional selectivity, they required catalyst loadings of 5 to 6 mol %. 

One year later, Z-selective cyclometallated ruthenium-based catalyst 7.4 (7.5 mol %) was 

reported to generate macrocyclic lactones, lactams, and ketones (75 – 94% Z) with the 

purpose of synthesizing pheromones and fragrances.2f This method was limited by long 

reaction times, required the use of high boiling solvents and elevated temperatures, and 

delivered most products with ca. 85% Z-selectivity.  
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Figure 7.1. Catalysts used previously to selectively generate highly Z-macrocycles. 

In 2015, Hoveyda reported cross metathesis of Z-olefins and terminal olefins to 

generate highly Z-products (>96% Z) using Ru-based complexes supported by dithiolate 

ligands.7 Additional studies of these catalysts in 2016 demonstrated that they were highly 

stereoretentive, also capable of cross metathesis between two E-olefins or between an E-

olefin and a terminal olefin to deliver products with kinetic E-selectivity (>98% E).8 The 

proposed model for Z-selectivity using these catalysts is based on a proposed side-bound 

metallacyclobutane intermediate in which stereoselectivity arises from the α-substituents 

of the metallacyclobutane favorably positioned away from the large N-aryl groups of the 

N-heterocyclic carbene (NHC) ligand (Figure 7.2). Given that the reacting olefin has Z-

stereochemistry, the β-substituent points down in the favored proposed intermediate. 
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Subsequent cycloreversion of this metallocyclobutane intermediate leads to the formation 

of the Z-product.  

Results and Discussion 

Based on this model for selectivity, it was expected that highly Z-selective RCM 

to generate Z-macrocycles could be possible from diene substrates containing a Z-olefin 

and a terminal olefin using these catalysts (Figure 7.3a). These substrates are easily 

synthesized in high yield by reaction of commercially available Z-hydroxy olefins with 

alkenoyl chlorides (Figure 7.3b). Substrates were designed such that RCM of these 

substrates would give the desired product as well as a gaseous byproduct, propylene or 1-

butene, which could be readily removed from the reaction mixture under static vacuum. 

 
Figure 7.3. (a) Proposed disfavored and favored metallacyclobutane intermediates in 
macrocylization reactions implementing stereoretentive catalyst 7.5. (b) Synthesis of 
diene substrates from acyl chlorides and Z-hydroxy olefins. 
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30 °C,9 catalyst 7.5 had already fully initiated within the 15 s required to acquire the first 

spectrum, and thus a rate constant could not be determined. The reaction was then 

monitored at 0 °C and was completed within 2 min with 7.5 while 7.4 required 1.5 h. 

Values of kinit for 7.4 and 7.5 at this temperature were determined to be 1.00 × 10–3 s–1 

and 2.42 × 10–2 s–1, respectively. Thus, there is an order of magnitude of difference in the 

initiation rates of these catalysts, krel = kinit7.5/kinit7.4 = 24.2. Furthermore, full initiation of 

7.5 was remarkably complete at –20 °C within 10 min with kinit = 6.14 × 10–3 s–1.10 

Negligible Fischer carbene formation could be observed using 7.4 at –20  °C. This stark 

difference in initiation rate is a direct reflection of the significantly greater activity of 7.5 

compared to 7.4.  

 
Figure 7.4. Plot of ln([Ru]/[Ru]0) versus time for initiation experiments conducted with 
catalysts 7.4 and 7.5 at 0 °C and –20 °C monitored by disappearance of the benzylidene 
signal by 1H NMR. Plots remain approximately linear for three half-lives of the reaction. 
 

RCM was then attempted using 7.5 and was shown to be possible using a variety 

of substrates, 7.6–7.12 (Table 7.1). Using a standard catalyst loading of 6 mol % often 

y = -1.00×10-3 x + 2.03×10-3  
R² = 1.00 

y = -6.14×10-3 x - 7.02×10-2  
R² = 0.988 

y = -2.42×10-2 x - 5.56×10-2  
R² = 0.972 

-1.4 

-1.2 

-1 

-0.8 

-0.6 

-0.4 

-0.2 

0 
0 350 700 1050 1400 

ln
([R

u]
/[R

u]
0)

 

Time/s 

5, 0 °C 

6, -20 °C 

6, 0 °C 

4 

5 

5 

Ru

NN

OS

SCl

Cl

iPr

iPriPr

iPr

iPr

5

O30 equiv.

CD2Cl2
Ru

O

NN

S

SCl

Cl

iPr

iPriPr

iPr

7.4, 0 °C 
7.5, −20 °C 

7.5, 0 °C 

Ru

NN

OS

SCl

Cl

iPr

iPriPr

iPr

iPr

7.5

30 equiv. O

CD2Cl2
Ru

NN

S

SCl

Cl

iPr

iPriPr

iPr

O



! 143 

used in macrocylization reactions, reactions were completed within 1 h in  

Table 7.1. Synthesis of Macrocycles Using 7.5. 

 
aYields shown are isolated yields. bSelectivity determined by gas chromatography. 
Selectivity of 7.13 and 7.14 can be determined by 1H NMR. cReaction was run on a 
preparative scale. 
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dichloromethane under static vacuum at 40 °C. Twelve- to seventeen-membered rings 

were all synthesized with high Z-selectivity (95 – 99% Z) in moderate to high yields (68 – 

79% isolated yield). Yuzu lactone, 7.14, is in high demand by the perfume industry and 

can be synthesized more rapidly and selectively using 7.5 than in previous reports.2f,11 

Larger macrocyclic lactones, fifteen-membered to seventeen-membered rings, were 

synthesized in slightly higher yields than with smaller twelve- to fourteen-membered 

rings.  

Given the exceptional activity exhibited by 7.5 in initiation experiments and its 

high activity in macrocyclic RCM (turnover numbers, TON, of 11−13 were achieved 

using 6 mol % catalyst loading), the limit for the catalyst loading required for reaction 

was examined. Using 0.5 mol % 7.5, 50% conversion (TON of 100) was attained in the 

macrocyclization of 7.8 within 1 h as determined by observation of aliquots of the 

reaction by 1H NMR. With 1 mol % 7.5, complete conversion of the starting material to 

the macrocyclic product and a small amount of unidentified byproduct, possibly an 

oligomer of the starting material, was observed. This is significantly lower than reported 

catalyst loadings used for achieving high conversion in previously reported Z-selective 

macrocyclizations. 

Conclusions 

Highly active, stereoretentive Ru-based catalyst 7.5 was used for generating 

highly Z-macrocycles (95 – 99% Z) from easily available diene substrates with a Z-olefin 

moiety. The exceptional activity exhibited by this catalyst was determined through 

initiation studies and showed that full catalyst initiation could be achieved at –20 °C 

within minutes. Twelve- to seventeen-membered macrocycles, including yuzu lactone, 
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were synthesized using this method in moderate to high yields (67 – 79% yield). These 

reactions were completed in significantly shorter times, and the use of lower catalyst 

loadings than in previously reported Z-selective systems was shown to be possible with 

TON of up to 100. Further studies using stereoretention for E-selective macrocyclization 

are underway. 

Experimental 

General Information 

Unless otherwise specified, all manipulations were carried out under air-free 

conditions in dry glassware in a Vacuum Atmospheres Glovebox filled with N2. General 

solvents were purified by passing through solvent purification columns. Commercially 

available substrates were used as received. All solvents and substrates were sparged with 

Ar before bringing into the glovebox and filtered over neutral alumina (Brockmann I) 

prior to use. 7.58a was synthesized according to literature procedure. 7.5 was provided by 

Materia, Inc. 

Kinetic NMR experiments were performed on a Varian 600 MHz spectrometer 

with an AutoX probe. Spectra were analyzed using MestReNova Ver. 8.1.2. 1 H and 13C 

NMR characterization data were obtained on a Bruker 400 with Prodigy broadband 

cryoprobe and referenced to residual protio-solvent. 

Synthesis of (Z)-hex-4-en-1-yl oct-7-enoate (7.6) 

To a 100 mL round-bottom flask charged with a stir bar was added 50 mL 

dichloromethane, 7-octenoic acid (1.54 mL, 10.0 mmol) and pyridine (80.7 uL, 1.00 

mmol). Oxalyl chloride (1.00 mL, 11.8 mmol) was added dropwise, and the reaction was 

stirred for overnight. Solvents were then removed in vacuo. 20 mL dichloromethane and 
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pyridine (0.81 mL, 10.0 mmol) were added, and cis-4-hexenol (1.09 mL, 9.3 mmol) was 

subsequently added dropwise at 0 °C. After bringing the reaction to room temperature, it 

was stirred for an additional 4 h. The reaction mixture was extracted with 1M aq. HCl 

(200 mL), sat. aq. NaHCO3 (200 mL). The organic layer was dried over anhydrous 

MgSO4, filtered, and solvents were removed in vacuo. The product was purified by 

column chromatography on silica gel (5:95 Et2O: pentane) to yield a colorless oil (1.58 g, 

76% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.79 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.49 (dddd, 

J = 10.7, 8.2, 6.7, 5.2 Hz, 1H), 5.42 - 5.29 (m, 1H), 4.99 (dq, J = 17.1, 1.7 Hz, 1H), 4.93 

(ddt, J = 10.2, 2.3, 1.2 Hz, 1H), 4.06 (t, J = 6.6 Hz, 2H), 2.30 (t, J = 7.5 Hz, 2H), 2.16 - 

1.98 (m, 4H), 1.73 - 1.55 (m, 7H), 1.46 - 1.28 (m, 4H). 

13C NMR (101 MHz, CDCl3) δ 174.00, 138.94, 129.24, 125.03, 114.53, 63.89, 34.45, 

33.70, 28.74, 28.66, 28.56, 24.98, 23.31, 12.85. 

HRMS (FAB+): [M]+ C14H24O2 Calculated – 224.1776, Found – 224.1745. 

Synthesis of (Z)-hex-3-en-1-yl dec-9-enoate (7.7) 

To a 100 mL round-bottom flask charged with a stir bar was added 50 mL 

dichloromethane, 9-decenoic acid (1.85 mL, 10.0 mmol) and pyridine (80.7 uL, 1.00 

mmol). Oxalyl chloride (1.00 mL, 11.8 mmol) was added dropwise, and the reaction was 

stirred for overnight. Solvents were then removed in vacuo. 20 mL dichloromethane and 

pyridine (0.81 mL, 10.0 mmol) were added, and cis-3-hexenol (1.10 mL, 9.3 mmol) was 

subsequently added dropwise at 0 °C. After bringing the reaction to room temperature, it 

was stirred for an additional 4 h. The reaction mixture was extracted with 1M aq. HCl 

(200 mL), sat. aq. NaHCO3 (200 mL). The organic layer was dried over anhydrous 
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MgSO4, filtered, and solvents were removed in vacuo. The product was purified by 

column chromatography on silica gel (5:95 Et2O: pentane) to yield a colorless oil (2.02 g, 

86% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.79 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.64 – 5.37 

(m, 1H), 5.37 – 5.14 (m, 1H), 5.02 – 4.94 (m, 1H), 4.92 (ddt, J = 10.2, 2.3, 1.2 Hz, 1H), 

4.05 (t, J = 6.9 Hz, 2H), 2.43 – 2.32 (m, 2H), 2.28 (t, J = 7.5 Hz, 2H), 2.12 – 1.89 (m, 

4H), 1.67 – 1.50 (m, 2H), 1.42 – 1.19 (m, 8H), 0.96 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 174.01, 139.22, 134.61, 123.90, 114.31, 63.88, 34.46, 

33.89, 29.23, 29.21, 29.04, 28.97, 26.89, 25.07, 20.73, 14.37. 

HRMS (FAB+): [M]+ C17H30O2 Calculated – 266.2246, Found – 266.2216. 

Synthesis of (Z)-hex-3-en-1-yl undec-10-enoate (7.8)  

To a 100 mL round-bottom flask charged with a stir bar was added 20 mL 

dichloromethane, undecenoyl chloride (2.37 mL, 11.0 mmol), and pyridine (0.89 mL, 

11.0 mmol). Cis-3-hexenol (1.18 mL, 10.0 mmol) was then added dropwise at 0 °C. The 

reaction mixture was brought to room temperature and stirred for 4 h. The reaction 

mixture was extracted with 1M aq. HCl (200 mL), sat. aq. NaHCO3 (200 mL). The 

organic layer was dried over anhydrous MgSO4, filtered, and solvents were removed in 

vacuo. The product was purified by column chromatography on silica gel (5:95 Et2O: 

pentane) to yield a colorless oil (2.53 g, 95% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.80 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.55 – 5.45 

(m, 1H), 5.36 – 5.26 (m, 1H), 4.99 (dq, J = 17.1, 1.7 Hz, 1H), 4.92 (ddt, J = 10.2, 2.3, 1.2 

Hz, 1H), 4.06 (t, J = 6.9 Hz, 2H), 2.43 – 2.31 (m, 2H), 2.32 – 2.24 (m, 2H), 2.04 (dddd, J 
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= 14.8, 7.9, 5.0, 1.5 Hz, 4H), 1.67 – 1.54 (m, 2H), 1.42 – 1.33 (m, 2H), 1.33 – 1.24 (m, 

8H), 0.97 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 174.06, 139.32, 134.63, 123.92, 114.28, 63.89, 34.49, 

33.94, 29.43, 29.35, 29.26, 29.20, 29.04, 26.90, 25.11, 20.75, 14.39. 

HRMS (FAB+): [M]+ C17H30O2 Calculated – 266.2246, Found – 266.2216. 

Synthesis of (Z)-hex-4-en-1-yl dec-9-enoate (7.9)  

To a 100 mL round-bottom flask charged with a stir bar was added 50 mL 

dichloromethane, 9-decenoic acid (1.85 mL, 10.0 mmol) and pyridine (80.7 uL, 1.00 

mmol). Oxalyl chloride (1.00 mL, 11.8 mmol) was added dropwise, and the reaction was 

stirred for overnight. Solvents were then removed in vacuo. 20 mL dichloromethane and 

pyridine (0.81 mL, 10.0 mmol) were added, and cis-4-hexenol (1.09 mL, 9.3 mmol) was 

subsequently added dropwise at 0 °C. After bringing the reaction to room temperature, it 

was stirred for an additional 4 h. The reaction mixture was extracted with 1M aq. HCl 

(200 mL), sat. aq. NaHCO3 (200 mL). The organic layer was dried over anhydrous 

MgSO4, filtered, and solvents were removed in vacuo. The product was purified by 

column chromatography on silica gel (5:95 Et2O: pentane) to yield a colorless oil (2.05 g, 

87% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.80 (ddt, J = 13.2, 10.0, 7.2 Hz, 1H), 5.60 - 5.44 

(m, 1H), 5.44 - 5.32 (m, 1H), 5.12 - 4.96 (m, 1H), 4.93 (ddd, J = 10.2, 2.3, 1.2 Hz, 1H), 

4.07 (t, J = 6.5 Hz, 2H), 2.30 (t, J = 8.0 Hz, 2H), 2.20 - 1.96 (m, 4H), 1.81 - 1.58 (m, 7H), 

1.49 - 1.24 (m, 8H). 

13C NMR (101 MHz, CDCl3) δ 174.12, 139.29, 129.27, 125.05, 114.34, 63.89, 34.53, 

33.92, 29.26, 29.07, 29.00, 28.59, 25.14, 23.34, 12.88. 
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HRMS (FAB+): [M+H] C16H29O2 Calculated – 253.2158, Found – 253.2168. 

Synthesis of (Z)-hex-4-en-1-yl undec-10-enoate (7.10) 

To a 100 mL round-bottom flask charged with a stir bar was added 20 mL 

dichloromethane, undecenoyl chloride (2.37 mL, 11.0 mmol), and pyridine (0.89 mL, 

11.0 mmol). Cis-4-hexenol (1.17 mL, 10.0 mmol) was then added dropwise at 0 °C. The 

reaction mixture was brought to room temperature and stirred for 4 h. The reaction 

mixture was extracted with 1M aq. HCl (200 mL), sat. aq. NaHCO3 (200 mL). The 

organic layer was dried over anhydrous MgSO4, filtered, and solvents were removed in 

vacuo. The product was purified by column chromatography on silica gel (5:95 Et2O: 

pentane) to yield a colorless oil (2.45 g, 92% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.80 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.49 (dddd, 

J = 10.7, 8.2, 6.7, 5.2 Hz, 1H), 5.36 (dtq, J = 10.7, 7.3, 1.7 Hz, 1H), 4.99 (dq, J = 17.2, 

1.8 Hz, 1H), 4.92 (ddt, J = 10.2, 2.3, 1.2 Hz, 1H), 4.06 (t, J = 6.6 Hz, 2H), 2.29 (t, J = 7.5 

Hz, 2H), 2.11 (qt, J = 7.2, 1.2 Hz, 2H), 2.07 – 1.99 (m, 2H), 1.73 – 1.64 (m, 2H), 1.60 

(ddt, J = 6.7, 1.8, 0.9 Hz, 6H), 1.36 (dt, J = 8.3, 4.8 Hz, 2H), 1.28 (q, J = 4.1, 3.3 Hz, 7H). 

13C NMR (101 MHz, CDCl3) δ 174.12, 139.33, 129.26, 125.04, 114.28, 63.89, 34.54, 

33.94, 29.44, 29.36, 29.28, 29.21, 29.04, 28.58, 25.15, 23.33, 12.86. 

HRMS (FAB+): [M+H] C17H31O2 Calculated – 267.2324, Found – 267.2335. 

Synthesis of (Z)-oct-5-en-1-yl undec-10-enoate (7.11) 

To a 100 mL round-bottom flask charged with a stir bar was added 20 mL 

dichloromethane, undecenoyl chloride (2.37 mL, 11.0 mmol), and pyridine (0.89 mL, 

11.0 mmol). Cis-5-octenol (1.51 mL, 10.0 mmol) was then added dropwise at 0 °C. The 

reaction mixture was brought to room temperature and stirred for 4 h. The reaction 
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mixture was extracted with 1M aq. HCl (200 mL), sat. aq. NaHCO3 (200 mL). The 

organic layer was dried over anhydrous MgSO4, filtered, and solvents were removed in 

vacuo. The product was purified by column chromatography on silica gel (5:95 Et2O: 

pentane) to yield a colorless oil (2.82 g, 96% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.82 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 5.46 - 5.37 

(m, 1H), 5.36 - 5.25 (m, 1H), 5.01 (dq, J = 17.1, 1.8 Hz, 1H), 4.94 (ddt, J = 10.2, 2.4, 1.2 

Hz, 1H), 4.08 (t, J = 6.7 Hz, 2H), 2.31 (t, J = 7.6 Hz, 2H), 2.06 (dddd, J = 10.9, 9.5, 5.3, 

1.6 Hz, 6H), 1.72 - 1.61 (m, 4H), 1.47 - 1.27 (m, 12H), 0.97 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 173.99, 139.17, 132.16, 128.49, 114.14, 64.22, 34.39, 

33.80, 29.31, 29.22, 29.14, 29.07, 28.90, 28.23, 26.63, 26.05, 25.02, 20.54, 14.36. 

HRMS (FAB+): [M+H] C19H35O2 Calculated – 295.2637, Found – 295.2639. 

Synthesis (Z)-non-6-en-1-yl undec-10-enoate (7.12)  

To a 100 mL round-bottom flask charged with a stir bar was added 20 mL 

dichloromethane, undecenoyl chloride (2.37 mL, 11.0 mmol), and pyridine (0.89 mL, 

11.0 mmol). Cis-6-nonenol (1.67 mL, 10.0 mmol) was then added dropwise at 0 °C. The 

reaction mixture was brought to room temperature and stirred for 4 h. The reaction 

mixture was extracted with 1M aq. HCl (200 mL), sat. aq. NaHCO3 (200 mL). The 

organic layer was dried over anhydrous MgSO4, filtered, and solvents were removed in 

vacuo. The product was purified by column chromatography on silica gel (5:95 Et2O: 

pentane) to yield a colorless oil (2.74 g, 89% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.80 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.50 – 5.16 

(m, 2H), 5.04 – 4.94 (m, 1H), 4.94 – 4.88 (m, 1H), 4.05 (t, J = 6.7 Hz, 2H), 2.35 – 2.22 
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(m, 2H), 2.13 – 1.96 (m, 6H), 1.61 (dt, J = 11.8, 4.1 Hz, 4H), 1.36 (dt, J = 6.5, 2.2 Hz, 

6H), 1.32 – 1.25 (m, 8H), 0.95 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 174.14, 139.32, 131.99, 128.96, 114.28, 64.47, 34.54, 

33.94, 29.48, 29.44, 29.36, 29.28, 29.21, 29.03, 28.70, 27.07, 25.70, 25.15, 20.66, 14.52. 

HRMS (FAB+): [M]+ C20H37O2 Calculated – 309.2794, Found – 309.2779. 

General Procedure for Catalyst Initiation Experiments  

To an NMR tube was added a solution of catalyst (0.003 mmol) in 0.6 mL CD2Cl2. The 

tube was then was sealed with a rubber septum, taken out of the glovebox, and placed in 

a dry ice/acetone bath. Butyl vinyl ether (12 µL, 0.090 mmol) was injected into the tube, 

and the reaction was monitored by observing the disappearance of the benzylidene signal 

by 1H NMR using an array at the appropriate temperature. 

Synthesis of (Z)-oxacyclododec-8-en-2-one (7.13) 

To a 150 mL Schlenk tube equipped with a stir bar was added 7.6 (21.0 mg, 0.0938 

mmol) in 30.3 mL DCM and a solution of 7.5 (4.8 mg, 0.00563 mmol) in 1 mL DCM. 

The tube was sealed and taken out of the glovebox. After one freeze-pump-thaw cycle, 

the reaction flask was heated at 40 °C for 1 h and then quenched with 1 mL butyl vinyl 

ether. Solvents were removed in vacuo, and the product was purified by column 

chromatography on silica gel (1:49 Et2O: pentane) to yield a colorless oil (12.0 mg, 70% 

yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.45 - 5.21 (m, 2H), 4.10 - 3.96 (m, 2H), 2.49 - 

2.28 (m, 4H), 2.18 (q, J = 6.3 Hz, 2H), 1.89 - 1.81 (m, 2H), 1.68 (ddq, J = 8.2, 4.0, 2.0 

Hz, 2H), 1.47 - 1.40 (m, 2H), 1.26 - 1.18 (m, 2H). 
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13C NMR (101 MHz, CDCl3) δ 174.18, 131.37, 128.57, 62.31, 35.73, 26.80, 26.30, 

25.14, 24.18, 23.08, 22.42. 

HRMS (FAB+): [M]+ C11H18O2 Calculated – 182.1307, Found – 182.1303. 

Synthesis of (Z)-oxacyclotridec-10-en-2-one (7.14) 

To a 150 mL Schlenk tube equipped with a stir bar was added 7.7 (23.7 mg, 0.0938 

mmol) in 30.3 mL DCM and a solution of 7.5 (4.8 mg, 0.00563 mmol) in 1 mL DCM. 

The tube was sealed and taken out of the glovebox. After one freeze-pump-thaw cycle, 

the reaction flask was heated at 40 °C for 1 h and then quenched with 1 mL butyl vinyl 

ether. Solvents were removed in vacuo, and the product was purified by column 

chromatography on silica gel (1:49 Et2O: pentane) to yield a colorless oil (12.5 mg, 68% 

yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.50 - 5.32 (m, 2H), 4.30 - 4.15 (m, 2H), 2.43 (q, 

J = 5.0 Hz, 2H), 2.35 - 2.25 (m, 2H), 2.15 - 2.04 (m, 2H), 1.73 - 1.64 (m, 2H), 1.49 (q, J 

= 6.3 Hz, 2H), 1.41 - 1.33 (m, 2H), 1.22 - 1.15 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 174.89, 132.41, 127.26, 64.34, 35.54, 29.86, 27.66, 

27.41, 26.15, 26.02, 24.73, 23.67. 

HRMS (EI): C12H21O2 Calculated – 197.1542, Found – 197.1536. 

Synthesis of (Z)-oxacyclotetradec-11-en-2-one (7.15) 

To a 150 mL Schlenk tube equipped with a stir bar was added 7.8 (25.0 mg, 0.0938 

mmol) in 30.3 mL DCM and a solution of 7.5 (4.8 mg, 0.00563 mmol) in 1 mL DCM. 

The tube was sealed and taken out of the glovebox. After one freeze-pump-thaw cycle, 

the reaction flask was heated at 40 °C for 1 h and then quenched with 1 mL butyl vinyl 

ether. Solvents were removed in vacuo, and the product was purified by column 
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chromatography on silica gel (1:49 Et2O: pentane) to yield a colorless oil (13.2 mg, 67% 

yield). 

Large Scale Preparation:  

To a 500 mL Schlenk tube equipped with a stir bar was added 7.8 (200.0 mg, 0.750 

mmol) in 246.4 mL DCM and a solution of 7.5 (38.4 mg, 0.0450 mmol) in 4 mL DCM. 

The tube was sealed and taken out of the glovebox. After one freeze-pump-thaw cycle, 

the reaction flask was heated at 40 °C for 1 h and then quenched with 8 mL butyl vinyl 

ether. Solvents were removed in vacuo, and the product was purified by column 

chromatography on silica gel (1:49 Et2O: pentane) to yield a colorless oil (94.9 mg, 60% 

yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.55 (dtt, J = 11.1, 7.7, 1.7 Hz, 1H), 5.45 – 5.33 

(m, 1H), 4.28 – 4.11 (m, 2H), 2.50 – 2.40 (m, 2H), 2.40 – 2.29 (m, 2H), 2.10 – 1.99 (m, 

2H), 1.66 (ddt, J = 6.3, 4.5, 2.5 Hz, 2H), 1.43 – 1.30 (m, 10H). 

13C NMR (101 MHz, CDCl3) δ 174.13, 132.47, 127.22, 63.89, 33.46, 27.85, 27.65, 

26.25, 26.14, 25.67, 25.56, 25.34, 23.65. 

HRMS (FAB+): [M+H] C13H23O2 Calculated – 211.1698, Found – 211.1706. 

Synthesis of (Z)-oxacyclotetradec-10-en-2-one (7.16) 

To a 150 mL Schlenk tube equipped with a stir bar was added a solution of 7.9 (23.7 mg, 

0.0938 mmol) in 30.3 mL DCM and a solution of 7.5 (4.8 mg, 0.00563 mmol) in 1 mL 

DCM. The tube was sealed and taken out of the glovebox. After one freeze-pump-thaw 

cycle, the reaction flask was heated at 40 °C for 1 h and then quenched with 1 mL butyl 

vinyl ether. Solvents were removed in vacuo, and the product was purified by column 
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chromatography on silica gel (1:49 Et2O: pentane) to yield a colorless oil (14.2 mg, 72% 

yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.48 (dtt, J = 10.5, 7.6, 1.5 Hz, 1H), 5.33 (dtt, J = 

10.5, 7.6, 1.3 Hz, 1H), 4.22 – 4.02 (m, 2H), 2.51 – 2.37 (m, 2H), 2.25 (qd, J = 7.5, 1.4 

Hz, 2H), 2.14 – 1.95 (m, 2H), 1.79 – 1.65 (m, 4H), 1.49 – 1.28 (m, 8H). 

13C NMR (101 MHz, CDCl3) δ 173.98, 131.23, 128.50, 62.84, 33.57, 29.11, 27.00, 

26.77, 26.03, 25.23, 25.04, 24.63, 23.73. 

HRMS (FAB+): [M+H] C13H23O2 Calculated – 211.1698, Found – 211.1690. 

Synthesis of (Z)-oxacyclopentadec-11-en-2-one (7.17) 

To a 150 mL Schlenk tube equipped with a stir bar was added a solution of 7.10 (25.0 

mg, 0.0938 mmol) in 30.3 mL DCM and a solution of 7.5 (4.8 mg, 0.00563 mmol) in 1 

mL DCM. The tube was sealed and taken out of the glovebox. After one freeze-pump-

thaw cycle, the reaction flask was heated at 40 °C for 1 h and then quenched with 1 mL 

butyl vinyl ether. Solvents were removed in vacuo, and the product was purified by 

column chromatography on silica gel (1:49 Et2O: pentane) to yield a colorless oil (15.6 

mg, 70% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.57 - 5.38 (m, 1H), 5.30 (dt, J = 10.9, 6.9 Hz, 

1H), 4.18 - 3.95 (m, 2H), 2.46 - 2.32 (m, 2H), 2.23 (qd, J = 7.1, 1.7 Hz, 2H), 2.02 (q, J = 

7.1 Hz, 2H), 1.72 (dtd, J = 8.9, 6.9, 4.3 Hz, 4H), 1.36 (dt, J = 8.7, 5.9 Hz, 10H). 

13C NMR (101 MHz, CDCl3) ? 174.45, 131.47, 128.85, 63.36, 34.51, 28.81, 28.24, 

27.96, 27.12, 27.05, 27.01, 26.35, 24.63, 23.75. 

HRMS (FAB+): [M]+ C14H24O2 Calculated – 224.1776, Found – 224.1774. 
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Synthesis of (Z)-oxacyclohexadec-11-en-2-one (7.18) 

To a 150 mL Schlenk tube equipped with a stir bar was added a solution of 7.11 (27.6 

mg, 0.0938 mmol) in 30.3 mL DCM and a solution of 7.5 (4.8 mg, 0.00563 mmol) in 1 

mL DCM. The tube was sealed and taken out of the glovebox. After one freeze-pump-

thaw cycle, the reaction flask was heated at 40 °C for 1 h and then quenched with 1 mL 

butyl vinyl ether. Solvents were removed in vacuo, and the product was purified by 

column chromatography on silica gel (1:49 Et2O: pentane) to yield a colorless oil (17.7 

mg, 79% yield). 

1H NMR (400 MHz, Chloroform-d) δ 5.53 - 5.20 (m, 2H), 4.14 (t, J = 6.3 Hz, 2H), 2.43 - 

2.27 (m, 2H), 2.03 (qd, J = 7.0, 3.1 Hz, 4H), 1.63 (dq, J = 9.2, 6.3 Hz, 4H), 1.45 - 1.37 

(m, 2H), 1.30 (q, J = 5.5, 4.6 Hz, 10H). 

13C NMR (101 MHz, CDCl3) δ 174.09, 130.24, 129.71, 64.24, 34.01, 29.28, 28.54, 

28.31, 28.07, 27.76, 27.32, 27.25, 26.73, 26.61, 25.38. 

HRMS (FAB+): [M+H] C15H27O2 Calculated – 239.2011, Found – 239.2017. 

Synthesis of (Z)-oxacycloheptadec-11-en-2-one (7.19) 

To a 150 mL Schlenk tube equipped with a stir bar was added a solution of 7.12 (28.9 

mg, 0.0938 mmol) in 30.3 mL DCM and a solution of 7.5 (4.8 mg, 0.00563 mmol) in 1 

mL DCM. The tube was sealed and taken out of the glovebox. After one freeze-pump-

thaw cycle, the reaction flask was heated at 40 °C for 1 h and then quenched with 1 mL 

butyl vinyl ether. Solvents were removed in vacuo, and the product was purified by 

column chromatography on silica gel (1:49 Et2O: pentane) to yield a colorless oil (17.8 

mg, 75% yield). 
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1H NMR (400 MHz, Chloroform-d1) δ 5.39 - 5.22 (m, 2H), 4.19 - 4.01 (m, 2H), 2.38 - 

2.22 (m, 2H), 2.06 (dq, J = 18.6, 6.1 Hz, 4H), 1.71 - 1.52 (m, 4H), 1.47 - 1.17 (m, 14H). 

13C NMR (101 MHz, CDCl3) δ 174.57, 130.37, 130.29, 64.75, 34.43, 29.45, 28.88, 

28.84, 28.79, 28.76, 28.19, 27.73, 27.32, 26.57, 26.22, 25.57. 

HRMS (FAB+): [M+H] C16H28O2 Calculated – 252.2087, Found – 252.2089. 

For determining selectivity, E/Z mixtures of lactones were synthesized using 

(PCy3)2Ru=CHPh as references for GC and 13C NMR studies for comparison. 

Synthesis of (E/Z)-oxacyclotetradec-10-en-2-one (E/Z-7.16) 

To a 150 mL Schlenk tube equipped with a stir bar was added a solution of 7.9 (23.7 mg, 

0.0938 mmol) in 30.3 mL DCM and a solution of (PCy3)2Ru=CHPh (4.6 mg, 0.00563 

mmol) in 1 mL DCM. The tube was sealed and taken out of the glovebox. After one 

freeze, pump, thaw cycle, the reaction flask was heated at 40 °C for 4 h and then 

quenched with 1 mL butyl vinyl ether. Solvents were removed in vacuo, and the product 

was purified by column chromatography on silica gel (1:49 Et2O: pentane) to yield a 

colorless oil (13.0 mg, 67% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.68 - 5.42 (m, 1H), 5.42 - 5.24 (m, 1H), 4.29 - 

3.98 (m, 2H), 2.53 - 2.18 (m, 4H), 2.14 - 2.05 (m, 2H), 1.79 - 1.64 (m, 4H), 1.49 - 1.20 

(m, 12H). 

13C NMR (101 MHz, CDCl3) δ 174.28, 173.86, 131.11, 130.62, 130.40, 128.38, 64.81, 

62.72, 33.45, 33.01, 31.42, 30.91, 28.98, 28.18, 27.06, 26.88, 26.65, 26.53, 25.91, 25.11, 

24.98, 24.92, 24.51, 24.08, 23.61. 

HRMS (FAB+): [M]+ C13H22O2 Calculated – 210.1620, Found – 210.1633. 
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Synthesis of (E/Z)-oxacyclopentadec-11-en-2-one (E/Z -7.17) 

To a 150 mL Schlenk tube equipped with a stir bar was added a solution of 7.10 (25.0 

mg, 0.0938 mmol) in 30.3 mL DCM and a solution of (PCy3)2Ru=CHPh (4.6 mg, 

0.00563 mmol) in 1 mL DCM. The tube was sealed and taken out of the glovebox. After 

one freeze, pump, thaw cycle, the reaction flask was heated at 40 °C for 4 h and then 

quenched with 1 mL butyl vinyl ether. Solvents were removed in vacuo, and the product 

was purified by column chromatography on silica gel (1:49 Et2O: pentane) to yield a 

colorless oil (11.7 mg, 52% yield).  

1H NMR (400 MHz, Chloroform-d1) δ 5.50 - 5.20 (m, 2H), 4.19 - 4.04 (m, 2H), 2.40 - 

2.29 (m, 2H), 2.20 (qd, J = 7.4, 6.3, 1.6 Hz, 2H), 2.09 - 1.96 (m, 2H), 1.85 - 1.54 (m, 5H), 

1.45 - 1.22 (m, 11H). 

13C NMR (101 MHz, CDCl3) δ 174.48, 174.45, 131.97, 131.48, 129.87, 128.85, 64.30, 

63.36, 35.01, 34.51, 31.02, 30.32, 28.81, 28.24, 27.96, 27.85, 27.56, 27.13, 27.05, 27.03, 

27.01, 26.82, 26.63, 26.35, 25.03, 24.63, 24.57, 23.75. 

HRMS (FAB+): [M]+ C14H24O2 Calculated – 224.1776, Found – 224.1767. 

Synthesis of (E/Z)-oxacyclohexadec-11-en-2-one (E/Z-7.18) 

To a 150 mL Schlenk tube equipped with a stir bar was added a solution of 7.11 (27.6 

mg, 0.0938 mmol) in 30.3 mL DCM and a solution of (PCy3)2Ru=CHPh (4.6 mg, 

0.00563 mmol) in 1 mL DCM. The tube was sealed and taken out of the glovebox. After 

one freeze-pump-thaw cycle, the reaction flask was heated at 40 °C for 4 h and then 

quenched with 1 mL butyl vinyl ether. Solvents were removed in vacuo, and the product 

was purified by column chromatography on silica gel (1:49 Et2O: pentane) to yield a 

colorless oil (16.8 mg, 75% yield). 
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1H NMR (400 MHz, Chloroform-d1) δ 5.52 - 5.15 (m, 2H), 4.22 - 4.01 (m, 2H), 2.45 - 

2.22 (m, 2H), 2.03 (ddt, J = 9.1, 6.8, 3.8 Hz, 4H), 1.61 (dtd, J = 15.7, 7.1, 4.0 Hz, 4H), 

1.42 - 1.11 (m, 12H). 

13C NMR (101 MHz, CDCl3) δ 174.09, 174.07, 131.95, 130.46, 130.24, 129.71, 64.24, 

64.08, 34.89, 34.01, 32.16, 32.12, 29.28, 28.54, 28.47, 28.41, 28.34, 28.31, 28.14, 28.07, 

27.76, 27.34, 27.32, 27.25, 26.73, 26.68, 26.61, 25.60, 25.38, 25.30. 

HRMS (FAB+): [M]+ C15H26O2 Calculated – 238.1933, Found – 238.1926. 

Synthesis of (E/Z)-oxacycloheptadec-11-en-2-one (E/Z -7.19) 

To a 150 mL Schlenk tube equipped with a stir bar was added a solution of 7.12 (28.9 

mg, 0.0938 mmol) in 30.3 mL DCM and a solution of (PCy3)2Ru=CHPh (4.6 mg, 

0.00563 mmol) in 1 mL DCM. The tube was sealed and taken out of the glovebox. After 

one freeze-pump-thaw cycle, the reaction flask was heated at 40 °C for 4 h and then 

quenched with 1 mL butyl vinyl ether. Solvents were removed in vacuo, and the product 

was purified by column chromatography on silica gel (1:49 Et2O: pentane) to yield a 

colorless oil (16.4 mg. 69% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.39 - 5.22 (m, 2H), 4.19 - 4.02 (m, 2H), 2.40 - 

2.25 (m, 2H), 2.04 (ddt, J = 14.3, 11.9, 4.8 Hz, 4H), 1.68 - 1.56 (m, 4H), 1.48 - 1.22 (m, 

14H). 

13C NMR (101 MHz, CDCl3) δ 173.38, 129.79, 129.71, 129.18, 129.10, 63.87, 63.56, 

33.64, 33.24, 31.57, 30.70, 28.66, 28.26, 28.19, 28.14, 27.71, 27.68, 27.65, 27.60, 27.57, 

27.38, 27.14, 27.00, 26.94, 26.91, 26.54, 26.13, 25.93, 25.38, 25.02, 24.96, 24.38, 24.30, 

24.28. 

HRMS (FAB+): [M]+ C16H28O2 Calculated – 252.2079, Found – 252.2089. 
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Abstract  
 

The synthesis of E-macrocycles is achieved using stereoretentive, Ru-based olefin 

metathesis catalysts supported by dithiolate ligands. Kinetic studies elucidate marked 

differences in activity among the catalysts tested, with catalyst 8.4 providing meaningful 

yields of products in much shorter reaction times than stereoretentive catalysts 8.2 and 

8.3. Macrocycles were generated with excellent selectivity (>99% E) and in moderate to 

high yields (47% − 80% yield) from diene starting materials bearing two E-configured 

olefins. A variety of rings were constructed, ranging from 12- to 18-membered 

macrocycles, including the antibiotic recifeiolide. 

Introduction 
 

Ring-closing metathesis (RCM) has gained widespread use in organic synthesis 

for the production of macrocyclic frameworks.1 This transition metal-catalyzed reaction 

is commonly used in the synthesis of many biologically active and olfactory compounds.2 

The stereochemistry of the olefin often governs the properties of these cyclic molecules. 

Consequently, the stereochemical purity of olefin mixtures is important. The separation 

of E- and Z-isomers can be challenging, and thus methods for stereoselectively 

generating macrocycles are desirable. 

The synthesis of Z-macrocycles has been reported using an array of Ru-,3 W-, and 

Mo-based4 olefin metathesis catalysts. The steric environment of each of these catalysts 

is tuned such that the syn metallacyclobutane pathway is favored over the anti 

metallacyclobutane pathway (Figure 8.1). Cycloreversion of this syn intermediate gives 

the macrocycle with Z-configuration.  



! 163 

 
Figure 8.1. Key metallacyclobutane intermediates for making Z-macrocycles using Mo-, 
W-, and Ru-based olefin metathesis catalysts. 
 

In 2013, Hoveyda and co-workers reported Ru-based catalysts bearing dithiolate 

ligands that were able to perform highly Z-selective cross metathesis from Z-olefin 

starting materials.5 In 2015, we demonstrated that these catalysts were further capable of 

cross metathesis between two E-olefins or between an E-olefin and a terminal olefin to 

generate E-products with high selectivity (>98% E).6 This was the first reported example 

of highly E-selective cross metathesis through kinetic control.  

The stereoretention exhibited by these complexes is proposed to arise from the α 

substituents of the metallacyclobutane pointing away from the large N-aryl groups of the 

N-heterocyclic carbene (NHC) ligand (Figure 8.2a). Depending on the stereochemistry of 

the starting olefin, the β substituent can either point down or up into the open space 

between the two N-aryl groups and in front of the imidazol-2-ylidene ring. Given that the 

olefin starting material stereochemistry is Z, the β substituent in the favored intermediate 

will point down, and the product formed after cycloreversion will be Z. Conversely, if the 

starting olefin has E stereochemistry, the β substituent will point up, and the product from 

the favored intermediate will be E. Soon after this report, Schrock and Hoveyda 

described Mo-based catalysts capable of a similar transformation, by which E-selectivity 

in cross metathesis is achieved from E-alkenyl halide starting materials (Figure 8.2b).7 
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Figure 8.2. Models for selectivity in cross metathesis using stereoretentive olefin 
metathesis catalysts for a) Ru catalysts and b) Mo catalysts. 
 

E-selective cross metathesis using stereoretentive Ru-based catalysts was often 

marred by low yields in reactions involving functionalized substrates or terminal olefins. 

Although the low yields observed in reactions with terminal olefins were attributed to 

decomposition of Ru methylidenes,6 studies performed in our group showed that a large 

contributing factor to low activity with functionalized substrates is slow catalyst initiation 

in reactions of these catalysts with E-olefins.8 A series of fast-initiating catalysts 8.1−8.4 

was reported to significantly improve activity of stereoretentive catalysts in highly E-

selective reactions (Figure 8.3).  
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Figure 8.3. Series of fast-initiating, Ru-based catalysts used in achieving efficient 
synthesis of E-products in cross metathesis. 
 

The first example of the stereoselective synthesis of macrocycles using 

stereoretention was reported using Mo-based catalysts to generate E-macrocycles (91 – 

>98% E) from diene substrates containing an E-alkenyl-B(pinacolato) moiety and a 

terminal olefin.9 We recently reported a highly efficient synthesis of Z-macrocycles (95 – 

99% Z) using stereoretention with Ru-based catalysts and substrates bearing a Z-olefin 

and a terminal olefin.10 Hoveyda and co-workers then provided further examples of Z-

macrocyclizations using other stereoretentive Ru catalysts and one example of E-

macrocycle synthesis using 8.3.11 Additional methods of obtaining E-macrocycles 

include Z-selective ethenolysis of stereochemical mixtures of macrocycles3 and alkyne 

metathesis followed by E-selective semihydrogenation catalyzed by 

Cp*Ru(COD)Cl/AgOTf.12 

Results and Discussion 

We anticipated that E-macrocycles could be generated from diene starting 

materials containing an E-olefin using stereoretentive Ru catalysts. The proposed favored 
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aryl group as proposed in the disfavored intermediate (Figure 8.4). Catalysts 8.2−8.4 

were chosen for studying RCM with these substrates as they had previously exhibited 

remarkable activity and selectivity in cross metathesis of E-olefins.8 Based on the 

aforementioned proposed model for stereoretention, we expected that reducing the ortho 

substituent size of the N-aryl groups would allow for better accommodation of the β 

substituent in E-selective RCM. Therefore the reactivity of 8.4 with E-olefins would be 

greater than 8.3, which would furthermore be greater than that of 8.2.  

 
Figure 8.4. Proposed favored and disfavored intermediates in the formation of 
macrocycles from dienes containing an E-olefin. 
 

Using the approach we established in the synthesis of Z-macrocycles, we 

attempted to make E-macrocycle 8.6 from diene starting material 8.5 bearing an E-olefin 

and a terminal olefin (Scheme 8.1). Using a standard 7.5 mol % catalyst loading typical 

of macrocyclization reactions,13 catalysts 8.2, 8.3, and 8.4 reached a maximum of 4%, 

30%, and 39% conversion, respectively, to the desired product 8.6 with high E-selectivity 

(>99% E) at 35 °C. This low conversion is presumably a result of the instability and 

decomposition of unstable Ru methylidenes formed in this reaction.14 Previous studies 

have shown that reaction of these catalysts with E-olefins is considerably slower than 

with Z-olefins.8 Therefore it is proposed that Ru methylidenes persist longer in solution in 
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reactions with E-olefins and are accordingly more prone to decomposition in reactions 

with E-olefins than in those with Z-olefins. 

 
Scheme 8.1. Synthesis of E-macrocycle 8.6 from 8.5 using 8.2−8.4. Conversion 
determined by 1H NMR. Selectivity determined using gas chromatography.  
 

To avoid the formation of Ru methylidenes, diene substrates containing two E-

olefins were synthesized. Using substrate 8.7, the formation of 12-membered macrocycle 

8.8 was monitored using catalysts 8.2−8.4 at 35 °C (Figure 8.5a). Catalyst 8.4 displayed 

remarkable activity in this reaction. After 30 minutes, the reaction reached 30% 

conversion to 8.8 with 8.4, while 8.3 provided just 5% conversion and 8.2 reached 2% 

conversion. After just 1 h, 8.4 achieves 57% conversion. To reach the same conversion, 

8.3 requires 9 h, while 8.2 never attains this level of conversion. A maximum of 70% 

conversion to 8.8 is achieved using 8.4, while 8.3 reaches a maximum of 62% conversion 

and 8.2 gives 51% conversion. With each of these catalysts, high E-selectivity (>99% E) 

was maintained throughout the course of the reaction.  

Assuming first-order kinetics with respect to diene 8.7, rate constants were 

measured for catalysts 8.2, 8.3, and 8.4 under these reaction conditions and were 

determined to be 3.92×10−2 s−1, 3.27×10−1 s−1, and 8.64×10−1 s−1, respectively (Figure 

8.5b). The relative rate constants hence have values of krel8.4 = kobs8.4/kobs8.2 = 22.0 and 

krel8.3 = kobs8.3/kobs8.2 = 8.46. Given the previously observed low reactivity of E-olefins 
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O
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With 8.2: 4% conversion
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with these catalysts,6,8 these large disparities in activity highlight the difference in the 

ability of each of these catalysts to provide significant yields of products.  

An array of diene substrates bearing two E-olefins were synthesized from internal 

alkyne starting materials which could be reduced by Li/NH3 or LiAlH4 (Scheme 8.2). 

Subsequent Jones oxidation was used to generate the carboxylate moiety of the desired 

ester product. EDC coupling of this carboxylic acid with the corresponding alcohol gives 

the substrate in a scalable synthesis. 

 
Figure 8.5. (a) Plot of conversion vs. time for RCM of 8.7 to 8.8 using catalysts 8.2−8.4. 
(b) Plot of ln([8.7]/[8.7]0) vs. time for this reaction. Conversion determined by 1H NMR. 
Selectivity determined using gas chromatography. 
!
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Scheme 8.2. Synthesis of diene substrates bearing two E-olefins. 

Using these substrates, a variety of macrocyclic lactones were synthesized, 

ranging in size from 12- to 18-membered rings (Table 8.1). Each of these macrocycles 
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Table 8.1. Synthesis of macrocyclic lactones using catalysts 8.2 and 8.4. 

 
Yields shown are isolated yields. Stereoselectivity determined by gas chromatography. 
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was generated with the concomitant loss of gaseous trans-2-butene, which could be 

easily removed from the reaction mixture. Using catalyst 8.2, products were obtained in 

moderate to good yields (47% − 66%) and with high E-selectivity (>99% E) in 24 h at 35 

°C. Much shorter reaction times could be achieved using 8.4, which provided these 

macrocycle products in 5 h in good to high yields (60% − 80%) while high E-selectivity 

was maintained (>99% E). Using 8.4, the antibiotic recifeiolide 8.9 was synthesized in 

80% yield with >99% E-selectivity in 8 h. Longer reaction times were likely required for 

this reaction due to steric encumbrance of the methyl group in the starting material. 

Conclusions 

We have demonstrated that stereoretentive Ru catalysts supported by dithiolate 

ligands can be used in the synthesis of E-macrocycles with exceptional selectivity (>99% 

E) from diene starting materials bearing two E-olefins. Catalyst 8.4 delivers meaningful 

yields of macrocyclic products in appreciably shorter reaction times than other 

stereoretentive Ru catalysts 8.2 and 8.3 as evidenced by kinetic studies. Using this 

method, 12- to 18-membered macrocycles including recifeiolide were synthesized in 

moderate to high yield (47% − 80% yield). 

Experimental 

General Information 

Unless otherwise specified, all manipulations were carried out under air-free 

conditions in dry glassware in a Vacuum Atmospheres Glovebox filled with N2. General 

solvents were purified by passing through solvent purification columns. Commercially 

available substrates were used as received. All solvents and substrates were sparged with 

Ar before bringing into the glovebox and filtered over basic alumina (Brockmann I) prior 
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to use. 8.2−8.4,8 trans-3-penten-1-ol,15 trans-4-hexen-1-ol,16 5-heptyn-1-ol,17 6-octyn-1-

ol,18 7-nonyn-1-ol,19 10-dodecyn-1-ol20 were synthesized according to literature 

procedure. 

Kinetic NMR experiments were performed on a Varian 600 MHz spectrometer 

with an AutoX probe. Spectra were analyzed using MestReNova Ver. 8.1.2. 1H and 13C 

NMR characterization data were obtained on a Bruker 400 with Prodigy broadband 

cryoprobe and referenced to residual protio-solvent. 

GC conversion data was obtained using an HP-5 capillary column with an Agilent 

6850 FID gas chromatograph. High-resolution mass spectrometry (HRMS) was 

performed using FAB+ ionization on a JEOL MSRoute mass spectrometer. Some 

accurate masses were determined by electrospray ionization, in the positive ion mode, 

using a Waters LCT Premier XE time-of-flight mass spectrometer. 

Synthesis of (E)-hex-3-en-1-yl undec-10-enoate (8.5) 

To a round-bottom flask charged with a stir bar were added 20 mL dichloromethane, 

undecenoyl chloride (2.37 mL, 11.0 mmol), and pyridine (0.89 mL, 11.0 mmol). Trans-3-

hexenol (1.22 mL, 10.0 mmol) was then added dropwise at 0 °C. The reaction mixture 

was brought to room temperature and stirred for 4 h. The reaction mixture was extracted 

with 1M aq. HCl (200 mL) and saturated aq. NaHCO3 (200 mL). The organic layer was 

dried over anhydrous MgSO4, filtered, and solvents were removed in vacuo. The product 

was purified by column chromatography on silica gel (5:95 Et2O: pentane) to yield a 

colorless oil (2.53 g, 95% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.81 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 5.55 (dtt, J 

= 15.3, 6.3, 1.3 Hz, 1H), 5.36 (dtt, J = 15.2, 6.8, 1.5 Hz, 1H), 4.99 (dq, J = 17.1, 1.7 Hz, 
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1H), 4.93 (ddt, J = 10.2, 2.2, 1.2 Hz, 1H), 4.07 (t, J = 6.9 Hz, 2H), 2.36 – 2.24 (m, 4H), 

2.12 – 1.95 (m, 4H), 1.68 – 1.59 (m, 2H), 1.41 – 1.33 (m, 2H), 1.32 – 1.22 (m, 8H), 0.96 

(t, J = 7.4 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 174.04, 139.33, 135.14, 124.24, 114.28, 64.04, 34.52, 

33.94, 32.13, 29.44, 29.36, 29.27, 29.21, 29.04, 25.77, 25.15, 13.89. 

HRMS (EI+): [M]+ C17H30O2 Calculated – 266.2246, Found – 266.2239. 

Synthesis of trans-4-hexen-2-ol 

To an oven-dried, round-bottomed flask equipped with a magnetic stir bar was added 4-

pentyn-2-ol (500 mg, 5.94 mmol) and THF (8.87 mL) under an argon atmosphere. The 

flask was placed in a dry ice/acetone bath at −78 °C, and n-butyllithium (8.92 mL, 12.48 

mmol) was added slowly. The reaction mixture was stirred at −78 °C for 1.5 h. Methyl 

iodide (1.11 mL, 17.82 mmol) was added to the reaction mixture. The reaction was 

warmed to ambient temperature and stirred for 8 h. The reaction was quenched with a 

saturated aq. NaHCO3 solution and extracted with diethyl ether (3 x 20 mL). The organic 

extracts were combined and washed with a saturated aq. NH4Cl solution. The organic 

phase was dried over anhydrous MgSO4, filtered, and concentrated to give the methylated 

alkyne product as colorless oil.  

Adapted from Sigman et al. J. Am. Chem. Soc. 2015, 137, 3462. 

To an oven-dried round-bottomed flask equipped with a magnetic stir bar and charged 

with lithium aluminum hydride (557 mg, 14.7 mmol), toluene (6.5 mL), and THF (3.5 

mL) was added the crude alcohol product (450 mg). The round-bottomed flask was 

equipped with a condenser and stirred at 90 °C for 24 h. The reaction was cooled to 

ambient temperature, diluted with diethyl ether, and quenched with water (dropwise 1 
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mL, as this results in vigorous release of hydrogen gas, Extreme Caution should be 

taken). A 20 wt% solution of potassium hydroxide in water was added followed by 

excess water. The aqueous phase was extracted with diethyl ether (2 x 30 mL). The 

combined organic extracts were washed with brine (2 x 20 mL), dried over anhydrous 

MgSO4, filtered, and concentrated. The crude product was purified via flash column 

chromatography (diethyl ether:pentane, 1:7) to furnish the desired product as a colorless 

oil (120 mg, 20% yield). Note: The product is slightly volatile, so concentration to 

remove solvent should be slow. 

1H NMR (400 MHz, Chloroform-d1) δ 5.61 – 5.50 (m, 1H), 5.43 (dddq, J = 15.6, 8.0, 

6.4, 1.5 Hz, 1H), 3.86 – 3.71 (m, 1H), 2.27 – 2.13 (m, 1H), 2.07 (dtt, J = 13.8, 7.7, 1.0 

Hz, 1H), 1.78 – 1.66 (m, 3H), 1.66 – 1.57 (m, 1H), 1.18 (dd, J = 6.2, 0.5 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 129.16, 127.25, 67.32, 42.69, 22.80, 18.23. 

HRMS (EI+): [M]+ C6H12O Calculated – 100.0888, Found – 100.0901. 

Synthesis of trans-7-nonen-1-ol 

To an oven-dried, three-necked flask equipped with a condenser and charged with glass-

coated stir bar was added a solution of 7-nonyn-1-ol (500 mg, 3.56 mmol) in tBuOH/THF 

(10:16 mL, 26 mL) under argon atmosphere. The flask was placed in a dry ice/acetone 

bath at −78 °C, and ammonia (30 mL) was condensed into the flask. Lithium metal (259 

mg) was added and the reaction was stirred for 1.5 h. The ammonia was allowed to 

evaporate while bringing to room temperature, and the reaction was quenched with 

saturated aq. NH4Cl solution immediately upon disappearance of the blue color. The 

aqueous layer was extracted with pentane (4 × 100 mL) and washed with brine (2 × 50 

mL). The organic phase was dried over anhydrous MgSO4, filtered, and concentrated to 
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give the product as colorless oil (453 mg, 90% yield) Note: If reaction did not reach full 

conversion to reduced product, the crude mixture was resubjected to reaction conditions. 

1H NMR (400 MHz, Chloroform-d1) δ 5.64 – 5.23 (m, 2H), 3.65 (t, J = 6.6 Hz, 2H), 2.06 

– 1.92 (m, 2H), 1.66 (dq, J = 4.0, 1.3 Hz, 3H), 1.58 (dq, J = 8.4, 6.3 Hz, 2H), 1.47 – 1.24 

(m, 7H). 

13C NMR (101 MHz, CDCl3) δ 131.61, 124.83, 63.18, 32.89, 32.64, 29.67, 29.07, 25.74, 

18.07. 

HRMS (EI+): [M]+ C9H18O Calculated – 142.1358, Found  – 142.1310. 

Synthesis of trans-7-nonenoic acid 

To a vial charged with a stir bar was added trans-7-nonen-1-ol (200.0 mg, 1.41 mmol) 

and acetone (2.80 mL). Jones reagent (1.05 mL, 2.0 M, 2.11 mmol) was added dropwise 

at 0 °C, and the reaction was stirred for 1.5 h. 5 mL Et2O was added and the product was 

extracted with saturated aq. NaHCO3 solution (4 × 5 mL). The aqueous phase was then 

acidified dropwise with concentrated H2SO4 at 0 °C. The product was extracted with 

ethyl acetate (3 × 5 mL). The organic phase was dried over anhydrous MgSO4, filtered, 

and concentrated to give the product as a colorless oil (188 mg, 85% yield).  

1H NMR (400 MHz, Chloroform-d1) δ 9.34 (s, 1H), 5.61 – 5.28 (m, 2H), 2.37 (t, J = 7.5 

Hz, 2H), 1.99 (tddd, J = 6.1, 5.3, 3.7, 2.6, 1.4 Hz, 2H), 1.74 – 1.58 (m, 5H), 1.37 (pt, J = 

4.0, 2.3 Hz, 4H). 

13C NMR (101 MHz, CDCl3) δ 180.31, 131.33, 125.07, 34.18, 32.47, 29.29, 28.67, 

24.68, 18.07. 

HRMS (FAB+): [M+H]+ C9H17O2 Calculated – 157.1229, Found  – 157.1234. 
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Synthesis of 8-decyn-1-ol 

To a vial charged with a stir bar and KOtBu (1.5 g, 13.0 mmol) and sealed with a septum 

cap under argon atmosphere was added anhydrous DMSO (22 mL) and 9-decyn-1-ol 

(1.15 mL, 6.5 mmol). After stirring for 3 h, the reaction was quenched with 1M aq. HCl. 

After extraction with diethyl ether (3 × 100 mL) and washing with water (1 × 100 mL), 

the organic phase was dried over anhydrous MgSO4 and filtered. Solvents were removed 

in vacuo to yield the product as a colorless oil (901 mg, 90% yield).  

1H NMR (400 MHz, Chloroform-d1) δ 3.69 – 3.55 (m, 2H), 2.10 (ddt, J = 7.1, 4.7, 2.5 

Hz, 2H), 1.77 (q, J = 2.5 Hz, 3H), 1.64 – 1.51 (m, 2H), 1.51 – 1.42 (m, 2H), 1.42 – 1.20 

(m, 7H). 

13C NMR (101 MHz, CDCl3) δ 79.43, 75.54, 63.12, 32.86, 29.11, 29.09, 28.95, 25.76, 

18.82, 3.61.  

HRMS (EI+): [M]+ C10H17O Calculated – 153.1279, Found – 153.1320. 

Synthesis of trans-8-decen-1-ol 

To an oven-dried, three-necked flask equipped with a condenser and charged with glass-

coated stir bar was added a solution of 8-decyn-1-ol (100 mg, 0.65 mmol) in tBuOH/THF 

(2 mL: 3 mL, 5 mL) under argon atmosphere. The flask was placed in a dry ice/acetone 

bath at −78 °C, and ammonia (10 mL) was condensed into the flask. Lithium metal (22 

mg, 3.24 mmol) was added and the reaction was stirred for 1.5 h. The ammonia was 

allowed to evaporate while bringing to room temperature, and the reaction was quenched 

with saturated aq. NH4Cl solution immediately upon disappearance of the blue color. The 

aqueous layer was extracted with pentane (4 × 25 mL) and washed with brine (2 × 10 

mL). The organic phase was dried over anhydrous MgSO4, filtered, and concentrated to 
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give the product as colorless oil (74 mg, 73% yield) Note: If reaction did not reach full 

conversion to reduced product, the crude mixture was resubject to reaction conditions. 

1H NMR (400 MHz, Chloroform-d1) δ 5.49 – 5.30 (m, 2H), 3.63 (t, J = 6.7 Hz, 2H), 2.06 

– 1.86 (m, 2H), 1.63 (dt, J = 4.7, 1.4 Hz, 3H), 1.61 – 1.51 (m, 2H), 1.37 – 1.28 (m, 9H). 

13C NMR (101 MHz, CDCl3) δ 131.70, 124.77, 63.23, 32.93, 32.72, 29.67, 29.44, 29.26, 

25.85, 18.09. 

HRMS (EI+): [M]+ C10H20O Calculated – 156.1514, Found – 156.1504. 

Synthesis of trans-8-decenoic acid 

To a vial equipped with a magnetic stir bar was added trans-8-decen-1-ol (74 mg, 0.47 

mmol) and acetone (1 mL). The reaction mixture was cooled to 0 °C and Jones reagent 

(0.355 mL, 0.71 mmol) was added dropwise. The reaction was stirred at ambient 

temperature for 1.5 h. Diethyl ether (10 mL) was added and the mixture was extracted 

with saturated aq. Na HCO3 solution (5 x 10 mL). The aqueous extracts were combined, 

acidified with H2SO4, and extracted with ethyl acetate (3 x 10 mL). The organic extracts 

were combined, dried with Na2SO4, and concentrated to deliver the desired product as a 

colorless oil (47 mg, 59% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 11.42 (s, 1H), 5.40 (dq, J = 4.6, 2.1 Hz, 2H), 2.34 

(t, J = 7.5 Hz, 3H), 1.96 (ddd, J = 8.6, 5.2, 3.1 Hz, 2H), 1.64 (dt, J = 4.9, 1.4 Hz, 5H), 

1.35 – 1.22 (m, 6H). 

13C NMR (101 MHz, CDCl3) δ 180.24, 131.54, 124.90, 34.17, 32.63, 29.49, 29.05, 

28.87, 24.78, 18.08. 

HRMS (EI+): [M]+ C10H18O2 Calculated: 170.1307, Found: 170.1309. 
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Synthesis of 9-undecyn-1-ol 

To a vial charged with a stir bar and KOtBu (0.63 g, 5.6 mmol) and sealed with a septum 

cap under argon atmosphere was added anhydrous DMSO (11 mL) and 10-undecyn-1-ol 

(0.53 mL, 2.8 mmol). After stirring for 3 h, the reaction was quenched with 1M aq. HCl. 

After extraction with diethyl ether (3 × 50 mL) and washing with water (1 × 100 mL), the 

organic phase was dried over anhydrous MgSO4 and filtered. Solvents were removed in 

vacuo to yield the product as a colorless oil (450 mg, 96% yield).  

1H NMR (400 MHz, Chloroform-d1) δ 3.63 (t, J = 6.6 Hz, 2H), 2.10 (ddq, J = 9.6, 7.3, 

2.5 Hz, 2H), 1.77 (t, J = 2.6 Hz, 3H), 1.62 – 1.51 (m, 2H), 1.51 – 1.40 (m, 3H), 1.40 – 

1.19 (m, 8H). 

13C NMR (101 MHz, CDCl3) δ 79.49, 75.50, 63.17, 32.89, 29.44, 29.26, 29.17, 28.94, 

25.82, 18.84, 3.61. 

HRMS (FAB+): [M+H]+ C11H21O Calculated – 169.1591, Found – 169.1592. 

Synthesis of trans-9-undecen-1-ol 

To an oven-dried, three-necked flask equipped with a condenser and charged with glass-

coated stir bar was added a solution of 9-undecyn-1-ol (300 mg, 1.78 mmol) in 

tBuOH/THF (5 mL: 8 mL, 13 mL) under argon atmosphere. The flask was placed in a 

dry ice/acetone bath at −78 °C, and ammonia (15 mL) was condensed into the flask. 

Lithium metal (130 mg) was added and the reaction was stirred for 1.5 h. The ammonia 

was allowed to evaporate while bringing to room temperature, and the reaction was 

quenched with saturated aq. NH4Cl solution immediately upon disappearance of the blue 

color. The aqueous layer was extracted with pentane (4 × 50 mL) and washed with brine 

(2 × 25 mL). The organic phase was dried over anhydrous MgSO4, filtered, and 
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concentrated to give the product as colorless oil (268 mg, 89% yield) Note: If reaction did 

not reach full conversion to reduced product, the crude mixture was resubjected to 

reaction conditions. 

1H NMR (400 MHz, Chloroform-d1) δ 5.50 – 5.32 (m, 2H), 3.63 (t, J = 6.6 Hz, 2H), 1.95 

(dddd, J = 7.9, 5.0, 3.1, 1.6 Hz, 2H), 1.67 – 1.50 (m, 6H), 1.39 – 1.23 (m, 10H). 

13C NMR (101 MHz, CDCl3) δ 131.76, 124.72, 63.24, 32.94, 32.74, 29.73, 29.62, 29.54, 

29.25, 25.87, 18.09. 

HRMS (EI+): [M]+ C11H22O Calculated – 170.1671, Found – 170.1681. 

Synthesis of trans-9-undecenoic acid 

To a vial charged with a stir bar was added trans-9-undecen-1-ol (200.0 mg, 1.17 mmol) 

and acetone (2.16 mL). Jones reagent (0.88 mL, 2.0 M, 1.76 mmol) was added dropwise 

at 0 °C, and the reaction was brought to room temperature and stirred for 1.5 h. 5 mL 

Et2O was added and the product was extracted with saturated aq. NaHCO3 solution (4 × 5 

mL). The aqueous phase was then acidified dropwise with concentrated H2SO4 at 0 °C. 

The product was extracted with ethyl acetate (3 × 5 mL). The organic phase was dried 

over anhydrous MgSO4, filtered, and concentrated to give the product as a colorless solid 

(190 mg, 88% yield).  

1H NMR (400 MHz, Chloroform-d1) δ 9.14 (s, 1H), 5.61 – 5.21 (m, 2H), 2.37 (t, J = 7.5 

Hz, 2H), 1.98 (dddd, J = 7.3, 4.6, 2.8, 1.4 Hz, 2H), 1.74 – 1.59 (m, 5H), 1.38 – 1.28 (m, 

8H). 

13C NMR (101 MHz, CDCl3) δ 180.00, 131.68, 124.80, 34.13, 32.70, 29.66, 29.25, 

29.16, 29.08, 24.80, 18.09. 

HRMS (EI+): [M]+ C11H20O2 Calculated – 184.1463, Found – 184.1469. 
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Synthesis of trans-10-dodecen-1-ol 

To an oven-dried, three-necked flask equipped with a condenser and charged with glass-

coated stir bar was added a solution of 10-dodecyn-1-ol (500 mg, 2.75 mmol) in 

tBuOH/THF (7.5 mL: 12.5 mL, 20 mL) under argon atmosphere. The flask was placed in 

a dry ice/acetone bath at −78 °C, and ammonia (30 mL) was condensed into the flask. 

Lithium metal (200 mg) was added and the reaction was stirred for 1.5 h. The ammonia 

was allowed to evaporate while bringing to room temperature, and the reaction was 

quenched with saturated aq. NH4Cl solution immediately upon disappearance of the blue 

color. The aqueous layer was extracted with pentane (4 × 100 mL) and washed with brine 

(2 × 50 mL). The organic phase was dried over anhydrous MgSO4, filtered, and 

concentrated to give the product as colorless oil (417 mg, 83% yield) Note: If reaction did 

not reach full conversion to reduced product, the crude mixture was resubjected to 

reaction conditions. 

1H NMR (400 MHz, Chloroform-d1) δ 5.55 – 5.25 (m, 2H), 3.63 (t, J = 6.6 Hz, 2H), 1.95 

(dtd, J = 7.9, 5.1, 2.5 Hz, 2H), 1.69 – 1.61 (m, 3H), 1.56 (dq, J = 8.3, 6.8 Hz, 2H), 1.40 – 

1.23 (m, 13H). 

13C NMR (101 MHz, CDCl3) δ 131.79, 124.69, 63.23, 32.94, 32.75, 29.75, 29.71, 29.59, 

29.56, 29.31, 25.87, 18.08. 

HRMS (FAB+): [M+H]+ C12H25O Calculated – 185.1905, Found – 185.1912. 

Synthesis of trans-10-dodecenoic acid 

To a vial charged with a stir bar was added trans-10-dodecen-1-ol (200.0 mg, 1.08 mmol) 

and acetone (2.16 mL). Jones reagent (0.81 mL, 2.0 M, 1.62 mmol) was added dropwise 

at 0 °C, and the reaction was brought to room temperature and stirred for 1.5 h. 5 mL 
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Et2O was added and the product was extracted with saturated aq. NaHCO3 solution (4 × 5 

mL). The aqueous phase was then acidified dropwise with concentrated H2SO4 at 0 °C. 

The product was extracted with ethyl acetate (3 × 5 mL). The organic phase was dried 

over anhydrous MgSO4, filtered, and concentrated to give the product as a white solid 

(179 mg, 84% yield).  

1H NMR (400 MHz, Chloroform-d1) δ 5.52 – 5.34 (m, 2H), 2.37 (t, J = 7.5 Hz, 3H), 1.97 

(dqt, J = 7.7, 2.7, 1.5 Hz, 2H), 1.73 – 1.52 (m, 5H), 1.44 – 1.21 (m, 10H). 

13C NMR (101 MHz, CDCl3) δ 179.57, 131.75, 124.74, 34.08, 32.73, 29.71, 29.43, 

29.34, 29.24, 29.19, 24.82, 18.09. 

HRMS (EI+): [M]+ C12H22O2 Calculated – 198.1620, Found – 198.1640. 

Synthesis of trans-5-hepten-1-ol 

To an oven-dried, three-necked flask equipped with a condenser and charged with glass-

coated stir bar was added a solution of 5-heptyn-1-ol (125 mg, 1.14 mmol) in 

tBuOH/THF (3 mL: 5 mL, 8 mL) under argon atmosphere. The flask was placed in a dry 

ice/acetone bath at −78 °C, and ammonia (20 mL) was condensed into the flask. Lithium 

metal (83 mg, 11.4 mmol) was added and the reaction was stirred for 1.5 h. The ammonia 

was allowed to evaporate while bringing to room temperature, and the reaction was 

quenched with saturated aq. NH4Cl solution immediately upon disappearance of the blue 

color. The aqueous layer was extracted with pentane (4 × 25 mL) and washed with brine 

(2 × 10 mL). The organic phase was dried over anhydrous MgSO4, filtered, and 

concentrated to give the product as colorless oil (97 mg, 76% yield) Note: If reaction did 

not reach full conversion to reduced product, the crude mixture was resubjected to 

reaction conditions. 



! 181 

1H NMR (400 MHz, Chloroform-d1) δ 5.52 – 5.34 (m, 2H), 3.64 (t, J = 6.6 Hz, 2H), 2.00 

(dddd, J = 7.2, 6.1, 4.0, 1.2 Hz, 2H), 1.64 (dt, J = 5.0, 1.3 Hz, 3H), 1.62 – 1.50 (m, 2H), 

1.46 – 1.35 (m, 2H), 1.34 – 1.27 (m, 1H). 

13C NMR (101 MHz, CDCl3) δ 131.22, 125.27, 63.07, 32.41, 32.37, 25.78, 18.07. 

HRMS (EI+): [M+H]+ C7H13O Calculated – 113.0966, Found – 113.0987. 

Synthesis of (E)-(E)-hex-4-en-1-yl non-7-enoate (8.7) 

To a vial charged with a stir bar was added trans-7-nonenoic acid (143.7 mg, 0.9198 

mmol), DMAP (23.0 mg, 0.184 mmol), EDC hydrochloride (352.1 mg, 1.840 mmol), and 

7.5 mL dry dichloromethane under argon atmosphere. Trans-4-hexen-1-ol (216 µL, 1.840 

mmol) was added, and the reaction was stirred for 3 h. 1 M aq. HCl (15 mL) was added 

to quench the reaction, the product was extracted with DCM (4 x 15 mL). This organic 

phase was dried over MgSO4, filtered, and concentrated in vacuo. The product was 

purified by column chromatography (5:95 Et2O:pentane) to yield the product as a 

colorless oil (201.7 mg, 92% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.52 – 5.36 (m, 4H), 4.08 (t, J = 6.7 Hz, 2H), 2.31 

(t, J = 7.5 Hz, 2H), 2.11 – 2.03 (m, 2H), 1.99 (dddd, J = 8.7, 6.5, 3.0, 1.3 Hz, 2H), 1.74 – 

1.59 (m, 10H), 1.42 – 1.26 (m, 4H). 

13C NMR (101 MHz, CDCl3) δ 173.95, 131.28, 129.97, 125.81, 124.86, 63.78, 34.37, 

32.39, 29.21, 28.88, 28.66, 28.47, 24.91, 17.94, 17.93. 

HRMS (EI+): [M]+ C15H26O2 Calculated – 238.1933, Found – 238.1935. 

Synthesis of (E)-(E)-hex-4-en-2-yl dec-8-enoate 

To a vial charged with a stir bar was added trans-8-decenoic acid (47.0 mg, 0.276 mmol), 

DMAP (6.74 mg, 0.0552 mmol), EDC hydrochloride (105.8 mg, 0.5520 mmol), and 2.3 
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mL dry dichloromethane under argon atmosphere. Trans-4-hexen-2-ol (55.3 mg, 0.552 

mmol) was added, and the reaction was stirred for 3 h at ambient temperature. 1 M aq. 

HCl (10 mL) was added to quench the reaction, the product was extracted with DCM (4 x 

10 mL). The organic extracts were combined, dried over MgSO4, filtered, and 

concentrated in vacuo. The product was purified by column chromatography 

(5:95 Et2O:pentane) to yield the product as a colorless oil (47 mg, 67% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.54 – 5.43 (m, 1H), 5.42 – 5.29 (m, 3H), 4.90 (h, 

J = 6.3 Hz, 1H), 2.30 – 2.22 (m, 3H), 2.22 – 2.12 (m, 1H), 2.00 – 1.90 (m, 2H), 1.69 – 

1.55 (m, 8H), 1.39 – 1.24 (m, 6H), 1.18 (d, J = 6.3 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 173.54, 131.60, 128.33, 126.29, 124.83, 70.39, 39.26, 

34.86, 32.65, 29.54, 29.14, 28.94, 25.20, 19.62, 18.15, 18.08. 

HRMS (EI+): [M]+ C16H28O2 Calculated – 252.2089, Found – 252.2074. 

Synthesis of (E)-(E)-pent-3-en-1-yl undec-9-enoate  

To a vial charged with a stir bar was added trans-9-undecenoic acid (53.4 mg, 0.290 

mmol), DMAP (7.1 mg, 0.0580 mmol), EDC hydrochloride (111.1 mg, 0.580 mmol), and 

2.3 mL dry dichloromethane under argon atmosphere. Trans-3-penten-1-ol (59.3 µL, 

0.580 mmol) was added, and the reaction was stirred for 3 h. 1M aq. HCl (5 mL) was 

added to quench the reaction, and the product was extracted with DCM (4 x 5 mL). This 

organic phase was dried over MgSO4, filtered, and concentrated in vacuo. The product 

was purified by column chromatography (5:95 Et2O:pentane) to yield the product as a 

colorless oil (65.7 mg, 90% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.60 – 5.31 (m, 1H), 4.06 (t, J = 6.9 Hz, 1H), 2.36 

– 2.22 (m, 1H), 1.99 – 1.89 (m, 1H), 1.72 – 1.51 (m, 2H), 1.39 – 1.23 (m, 2H). 
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13C NMR (101 MHz, CDCl3) δ 174.04, 131.69, 127.97, 126.52, 124.76, 64.00, 34.51, 

32.70, 32.15, 29.67, 29.28, 29.24, 29.11, 25.14, 18.14, 18.08. 

HRMS (EI+): [M]+ C16H28O2 Calculated – 252.2089, Found – 252.2095. 

Synthesis of (E)-(E)-hex-4-en-1-yl undec-9-enoate  

To a vial charged with a stir bar was added trans-9-undecenoic acid (51.4 mg, 0.280 

mmol), DMAP (6.8 mg, 0.0560 mmol), EDC hydrochloride (106.9 mg, 0.560 mmol), and 

2.2 mL dry dichloromethane under argon atmosphere. Trans-4-hexen-1-ol (65.6 µL, 

0.560 mmol) was added, and the reaction was stirred for 3 h. 1M aq. HCl (5 mL) was 

added to quench the reaction, and the product was extracted with DCM (4 x 5 mL). This 

organic phase was dried over MgSO4, filtered, and concentrated in vacuo. The product 

was purified by column chromatography (5:95 Et2O:pentane) to yield the product as a 

colorless oil (68.3 mg, 92% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.46 – 5.25 (m, 4H), 3.99 (t, J = 6.7 Hz, 2H), 2.27 

– 2.15 (m, 2H), 1.97 (tdd, J = 7.6, 5.9, 1.5 Hz, 2H), 1.92 – 1.85 (m, 2H), 1.65 – 1.49 (m, 

10H), 1.32 – 1.13 (m, 8H). 

13C NMR (101 MHz, CDCl3) δ 174.12, 131.69, 130.10, 125.93, 124.76, 63.90, 34.53, 

32.70, 29.66, 29.27, 29.26, 29.11, 29.02, 28.60, 25.15, 18.08, 18.06. 

HRMS (EI+): [M]+ C17H30O2 Calculated – 266.2237, Found – 266.2246. 

Synthesis of (E)-(E)-pent-3-en-1-yl dodec-10-enoate  

To a vial charged with a stir bar was added trans-10-dodecenoic acid (45.8 mg, 0.231 

mmol), DMAP (5.6 mg, 0.0462 mmol), EDC hydrochloride (88.6 mg, 0.462 mmol), and 

1.8 mL dry dichloromethane under argon atmosphere. Trans-3-penten-1-ol (47.3 µL, 

0.462 mmol) was added, and the reaction was stirred for 3 h. 1M aq. HCl (5 mL) was 
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added to quench the reaction, and the product was extracted with DCM (4 x 5 mL). This 

organic phase was dried over MgSO4, filtered, and concentrated in vacuo. The product 

was purified by column chromatography (5:95 Et2O:pentane) to yield the product as a 

colorless oil (51.4 mg, 84% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.60 – 5.29 (m, 4H), 4.06 (t, J = 6.9 Hz, 2H), 2.37 

– 2.22 (m, 4H), 1.95 (dtt, J = 7.9, 5.1, 1.5 Hz, 2H), 1.72 – 1.56 (m, 8H), 1.40 – 1.24 (m, 

10H). 

13C NMR (101 MHz, CDCl3) δ 174.05, 131.76, 127.98, 126.53, 124.73, 64.01, 34.52, 

32.74, 32.16, 29.73, 29.48, 29.39, 29.30, 29.28, 29.26, 25.16, 18.16, 18.10. 

HRMS (EI+): [M]+ C17H30O2 Calculated – 266.2237, Found – 266.2261. 

Synthesis of (E)-(E)-hex-4-en-1-yl dodec-10-enoate  

To a vial charged with a stir bar was added trans-10-dodecenoic acid (45.6 mg, 0.230 

mmol), DMAP (5.6 mg, 0.0460 mmol), EDC hydrochloride (88.2 mg, 0.460 mmol), and 

1.4 mL dry dichloromethane under argon atmosphere. Trans-4-hexen-1-ol (41.3 mg, 

0.460 mmol) was added, and the reaction was stirred for 3 h. 1M aq. HCl (5 mL) was 

added to quench the reaction, and the product was extracted with DCM (4 x 5 mL). This 

organic phase was dried over MgSO4, filtered, and concentrated in vacuo. The product 

was purified by column chromatography (5:95 Et2O:pentane) to yield the product as a 

colorless oil (47.2 mg, 73% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.53 – 5.32 (m, 4H), 4.05 (t, J = 6.7 Hz, 2H), 2.28 

(t, J = 7.5 Hz, 2H), 2.04 (dtd, J = 7.9, 6.1, 1.5 Hz, 2H), 1.98 – 1.91 (m, 2H), 1.73 – 1.52 

(m, 11H), 1.33 – 1.22 (m, 12H). 
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13C NMR (101 MHz, CDCl3) δ 174.13, 131.76, 130.11, 125.93, 124.72, 63.90, 34.54, 

32.73, 29.72, 29.47, 29.38, 29.29, 29.26, 29.02, 28.60, 25.16, 18.09, 18.06. 

HRMS (EI+): [M]+ C18H32O2 Calculated – 280.2402, Found – 280.2379. 

Synthesis of (E)-(E)-hept-5-en-1-yl dodec-10-enoate 

To a vial charged with a stir bar was added trans-10-dodecenoic acid (35.9 mg, 0.181 

mmol), DMAP (4.4 mg, 0.0362 mmol), EDC hydrochloride (69.4 mg, 0.362 mmol), and 

1.4 mL dry dichloromethane under argon atmosphere. Trans-5-hepten-1-ol (41.3 mg, 

0.362 mmol) was added, and the reaction was stirred for 3 h. 1M aq. HCl (5 mL) was 

added to quench the reaction, and the product was extracted with DCM (4 x 5 mL). This 

organic phase was dried over MgSO4, filtered, and concentrated in vacuo. The product 

was purified by column chromatography (5:95 Et2O:pentane) to yield the product as a 

colorless oil (41.0 mg, 77% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.52 – 5.31 (m, 4H), 4.05 (t, J = 6.7 Hz, 2H), 2.28 

(t, J = 7.5 Hz, 2H), 2.06 – 1.86 (m, 4H), 1.67 – 1.55 (m, 10H), 1.47 – 1.35 (m, 2H), 1.35 

– 1.20 (m, 10H). 

13C NMR (101 MHz, CDCl3) δ 174.15, 131.74, 130.98, 125.41, 124.71, 64.38, 34.53, 

32.73, 32.25, 29.72, 29.47, 29.37, 29.29, 29.25, 28.25, 25.99, 25.15, 18.08, 18.06. 

HRMS (EI+): [M]+ C19H34O2 Calculated – 294.2559, Found – 294.2578. 

Synthesis of (E)-(E)-non-7-en-1-yl dodec-10-enoate  

To a vial charged with a stir bar was added trans-10-dodecenoic acid (35.9 mg, 0.188 

mmol), DMAP (4.6 mg, 0.0376 mmol), EDC hydrochloride (72.1 mg, 0.376 mmol), and 

1.5 mL dry dichloromethane under argon atmosphere. Trans-7-nonen-1-ol (53.5 mg, 

0.376 mmol) was added, and the reaction was stirred for 3 h. 1M aq. HCl (5 mL) was 
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added to quench the reaction, the product was extracted with DCM (4 x 5 mL). This 

organic phase was dried over MgSO4, filtered, and concentrated in vacuo. The product 

was purified by column chromatography (5:95 Et2O:pentane) to yield the product as a 

colorless oil (42.4 mg, 70% yield). 

1H NMR (400 MHz, Chloroform-d1) δ 5.41 (ddt, J = 5.0, 3.7, 1.7 Hz, 4H), 4.05 (t, J = 

6.7 Hz, 2H), 2.28 (t, J = 7.5 Hz, 2H), 2.03 – 1.88 (m, 4H), 1.69 – 1.54 (m, 10H), 1.34 – 

1.23 (m, 16H). 

13C NMR (101 MHz, CDCl3) δ 174.16, 131.76, 131.54, 124.89, 124.71, 64.51, 34.55, 

32.74, 32.62, 29.72, 29.59, 29.48, 29.38, 29.30, 29.26, 28.90, 28.76, 25.96, 25.17, 18.09. 

HRMS (EI+): [M]+ C21H38O2 Calculated – 322.2872, Found – 322.2896. 

Procedure for Synthesis of 8.6 from 8.5 

In an N2-filled glovebox, 8.5 (5.0 mg, 18.8 µmol) and 2.8 mL THF were added to a vial 

charged with a stir bar. A solution of catalyst (1.4 µmol) in 1 mL of THF was then added 

to this mixture. The vial was loosely capped, and the reaction was stirred at 35 °C for the 

reported amount of time. 0.5 mL aliquots were taken out of the box at 2 and 5 h, and 

solvents were removed in vacuo. Conversions were determined by 1H NMR of these 

aliquots, and stereoselectivity was determined by GC. 

Procedure for Synthesis of 8.8 from 8.7 

In an N2-filled glovebox, 8.7 (10.0 mg, 42.0 µmol) and 7.4 mL THF were added to a vial 

charged with a stir bar. A solution of catalyst (3.1 µmol) in 1 mL of THF was then added 

to this mixture. The vial was loosely capped, and the reaction was stirred at 35 °C for the 

reported amount of time. 0.5 mL aliquots were taken out of the box, and solvents were 
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removed in vacuo. Conversions were determined by 1H NMR of these aliquots, and 

stereoselectivity was determined by GC. 

Synthesis of (E)-oxacyclododec-8-en-2-one (8.8) 

In an N2-filled glovebox, (E)-(E)-hex-4-en-1-yl non-7-enoate (20.0 mg, 83.9 µmol) and 

15.8 mL THF were added to a vial charged with a stir bar. A solution of catalyst (6.3 

µmol) in 1 mL of THF was then added to this mixture. The vial was loosely capped, and 

the reaction was stirred at 35 °C for the reported amount of time. The vial was taken out 

of the glovebox and quenched with 0.5 mL butyl vinyl ether. Solvents were removed in 

vacuo, and the product was purified with column chromatography on silica gel (1:49 

Et2O:pentane) to yield the product as a colorless oil (7.2 mg, 47% yield with 8.2; 9.1 mg, 

60 % yield with 8.4). 

1H NMR (400 MHz, Chloroform-d1) δ 5.50 (dtt, J = 15.3, 7.1, 1.3 Hz, 1H), 5.24 – 5.10 

(m, 1H), 4.14 – 4.04 (m, 2H), 2.36 – 2.26 (m, 2H), 2.24 – 2.18 (m, 2H), 2.14 – 2.07 (m, 

2H), 1.84 – 1.76 (m, 2H), 1.55 (tdd, J = 9.6, 8.5, 4.3, 2.4 Hz, 2H), 1.48 – 1.39 (m, 2H), 

1.28 – 1.19 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 173.92, 133.38, 127.22, 66.38, 35.35, 32.60, 29.67, 

28.12, 25.16, 24.99, 21.10. 

HRMS (EI+): [M]+ C11H18O2 Calculated – 182.1307, Found – 182.1308. 

Synthesis of (E)-12-methyloxacyclododec-9-en-2-one (8.9) 

In an N2-filled glovebox, (E)-hex-4-en-2-yl (E)-dec-8-enoate (20.0 mg, 79.2 µmol) and 

14.8 mL THF were added to a vial charged with a stir bar. A solution of catalyst (5.9 

µmol) in 1 mL of THF was then added to this mixture. The vial was loosely capped, and 

the reaction was stirred at 35 °C for the reported amount of time. The vial was taken out 
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of the glovebox and quenched with 0.5 mL butyl vinyl ether. Solvents were removed in 

vacuo, and the product was purified with column chromatography on silica gel (1:49 

Et2O:pentane) to yield the product as a colorless oil (9.4 mg, 61% yield with 8.2; 12.4 

mg, 80% yield with 8.4). 

1H NMR (400 MHz, Chloroform-d1) δ 5.36 – 5.21 (m, 2H), 5.16 (dqd, J = 11.2, 6.3, 2.9 

Hz, 1H), 2.37 (ddd, J = 14.1, 11.5, 4.0 Hz, 1H), 2.33 – 2.27 (m, 1H), 2.23 (ddd, J = 14.0, 

5.5, 4.5 Hz, 1H), 2.20 – 2.06 (m, 2H), 2.03 – 1.91 (m, 1H), 1.88 – 1.75 (m, 1H), 1.57 – 

1.46 (m, 3H), 1.46 – 1.32 (m, 2H), 1.24 (d, J = 6.3 Hz, 3H), 1.21 – 1.08 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 173.58, 133.55, 127.16, 68.63, 41.09, 33.04, 30.34, 

25.04, 24.74, 24.33, 23.27, 20.70. 

HRMS (EI+): [M]+ C12H20O2 Calculated – 196.1463, Found – 196.1451. 

Synthesis of (E)-oxacyclotridec-10-en-2-one (8.10) 

In an N2-filled glovebox, (E)-(E)-pent-3-en-1-yl undecen-9-enoate (22.6 mg, 89.7 µmol) 

and 17.0 mL THF were added to a vial charged with a stir bar. A solution of catalyst (6.7 

µmol) in 1 mL of THF was then added to this mixture. The vial was loosely capped, and 

the reaction was stirred at 35 °C for the reported amount of time. The vial was taken out 

of the glovebox and quenched with 0.5 mL butyl vinyl ether. Solvents were removed in 

vacuo, and the product was purified with column chromatography on silica gel (1:49 

Et2O:pentane) to yield the product as a colorless oil (10.0 mg,  57% yield with 8.2; 13.2 

mg, 75% yield with 8.4). 

1H NMR (400 MHz, Chloroform-d1) δ 5.56 (dtt, J = 15.6, 7.1, 1.3 Hz, 1H), 5.34 (dtt, J = 

15.1, 6.9, 1.3 Hz, 1H), 4.18 – 4.11 (m, 2H), 2.40 – 2.24 (m, 4H), 2.02 (dddd, J = 10.5, 
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5.9, 2.2, 1.1 Hz, 2H), 1.72 – 1.60 (m, 2H), 1.42 (dq, J = 5.7, 2.7 Hz, 2H), 1.38 – 1.23 (m, 

6H). 

13C NMR (101 MHz, CDCl3) δ 174.24, 134.87, 126.58, 63.06, 34.08, 32.73, 32.14, 

27.52, 27.51, 27.43, 27.09, 24.33.  

HRMS (EI+): [M]+ C12H20O2 Calculated – 196.1463, Found – 196.1488. 

Synthesis of (E)-oxacyclotetradec-11-en-2-one (8.6) 

In an N2-filled glovebox, (E)-(E)-pent-3-en-1-yl dodecen-10-enoate (20.8 mg, 78.1 µmol) 

and 14.6 mL THF were added to a vial charged with a stir bar. A solution of catalyst (5.8  

µmol) in 1 mL of THF was then added to this mixture. The vial was loosely capped, and 

the reaction was stirred at 35 °C for the reported amount of time. The vial was taken out 

of the glovebox and quenched with 0.5 mL butyl vinyl ether. Solvents were removed in 

vacuo, and the product was purified with column chromatography on silica gel (1:49 

Et2O:pentane) to yield the product as a colorless oil (9.5 mg, 58% yield with 8.2; 10.6 

mg, 65% yield with 8.4). 

1H NMR (400 MHz, Chloroform-d1) δ 5.55 – 5.27 (m, 2H), 4.16 – 4.07 (m, 2H), 2.41 – 

2.31 (m, 4H), 2.05 – 1.95 (m, 2H), 1.65 – 1.53 (m, 2H), 1.45 – 1.17 (m, 10H). 

13C NMR (101 MHz, CDCl3) δ 174.22, 132.98, 127.93, 64.48, 35.25, 32.01, 31.42, 

26.79, 26.29, 25.99, 25.77, 24.00, 23.92. 

HRMS (EI+): [M]+ C13H22O2 Calculated – 210.1620, Found – 210.1592. 

Synthesis of (E)-oxacyclotetradec-10-en-2-one (8.11) 

In an N2-filled glovebox, (E)-(E)-hex-4-en-1-yl undecen-9-enoate (24.4 mg, 91.6 µmol) 

and 17.3 mL THF were added to a vial charged with a stir bar. A solution of catalyst (6.9 

µmol) in 1 mL of THF was then added to this mixture. The vial was loosely capped, and 
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the reaction was stirred at 35 °C for the reported amount of time. The vial was taken out 

of the glovebox and quenched with 0.5 mL butyl vinyl ether. Solvents were removed in 

vacuo, and the product was purified with column chromatography on silica gel (1:49 

Et2O:pentane) to yield the product as a colorless oil (11.5 mg, 60% yield with 8.2; 12.9 

mg, 67 % yield with 8.4). 

1H NMR (400 MHz, Chloroform-d1) δ 5.51 (dtt, J = 15.1, 7.0, 1.3 Hz, 1H), 5.37 (dtt, J = 

15.2, 7.0, 1.3 Hz, 1H), 4.17 – 4.07 (m, 2H), 2.36 – 2.30 (m, 2H), 2.22 (dddd, J = 11.0, 

5.8, 2.4, 1.2 Hz, 2H), 2.13 – 2.01 (m, 2H), 1.80 – 1.63 (m, 4H), 1.46 – 1.37 (m, 2H), 1.34 

– 1.25 (m, 6H). 

13C NMR (101 MHz, CDCl3) δ 174.41, 130.76, 130.54, 64.94, 33.14, 31.55, 31.05, 

28.31, 27.19, 26.77, 26.66, 25.11, 24.22. 

HRMS (EI+): [M]+ C13H22O2 Calculated – 210.1620, Found – 210.1614. 

Synthesis of (E)-oxacyclopentadec-11-en-2-one (8.12)  

In an N2-filled glovebox, (E)-(E)-hex-4-en-1-yl dodecen-10-enoate (22.4 mg, 79.9 µmol) 

and 15.0 mL THF were added to a vial charged with a stir bar. A solution of catalyst (6.0 

µmol) in 1 mL of THF was then added to this mixture. The vial was loosely capped, and 

the reaction was stirred at 35 °C for the reported amount of time. The vial was taken out 

of the glovebox and quenched with 0.5 mL butyl vinyl ether. Solvents were removed in 

vacuo, and the product was purified with column chromatography on silica gel (1:49 

Et2O:pentane) to yield the product as a colorless oil (11.3 mg, 63% yield with 8.2; 12.5 

mg, 70% yield with 8.4). 



! 191 

1H NMR (400 MHz, Chloroform-d1) δ 5.51 – 5.32 (m, 2H), 4.18 – 4.09 (m, 2H), 2.38 – 

2.29 (m, 2H), 2.25 – 2.15 (m, 2H), 2.08 – 1.99 (m, 2H), 1.81 – 1.73 (m, 2H), 1.67 – 1.58 

(m, 2H), 1.39 – 1.22 (m, 10H). 

13C NMR (101 MHz, CDCl3) δ 174.49, 131.98, 129.88, 64.31, 35.02, 31.02, 30.33, 

27.86, 27.57, 27.04, 26.83, 26.64, 25.04, 24.58. 

HRMS (EI+): [M]+ C14H24O2 Calculated – 224.1776, Found – 224.1791. 

Synthesis of (E)-oxacyclohexadec-11-en-2-one (8.13) 

In an N2-filled glovebox, (E)-(E)-hept-5-en-1-yl dodecen-10-enoate (20.5 mg, 69.6 µmol) 

and 12.9 mL THF were added to a vial charged with a stir bar. A solution of catalyst (5.2 

µmol) in 1 mL of THF was then added to this mixture. The vial was loosely capped, and 

the reaction was stirred at 35 °C for the reported amount of time. The vial was taken out 

of the glovebox and quenched with 0.5 mL butyl vinyl ether. Solvents were removed in 

vacuo, and the product was purified with column chromatography on silica gel (1:49 

Et2O:pentane) to yield the product as a colorless oil (11.0 mg, 66% yield with 8.2; 11.6 

mg, 70% yield with 8.4). 

1H NMR (400 MHz, Chloroform-d1) δ 5.37 – 5.23 (m, 2H), 4.12 (t, J = 7.2 Hz, 2H), 2.39 

– 2.24 (m, 2H), 2.03 (dtd, J = 10.4, 5.8, 1.9 Hz, 4H), 1.70 – 1.55 (m, 4H), 1.42 – 1.21 (m, 

12H). 

13C NMR (101 MHz, CDCl3) δ 174.09, 131.96, 130.47, 64.10, 34.91, 32.17, 32.13, 

28.47, 28.42, 28.35, 28.15, 27.35, 26.69, 25.61, 25.31. 

HRMS (EI+): [M]+ C15H26O2 Calculated – 238.1933, Found – 238.1950. 
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Synthesis of (E)-oxacyclooctadec-11-en-2-one (8.14) 

In an N2-filled glovebox, (E)-(E)-non-7-en-1-yl dodecen-10-enoate (23.7 mg, 73.5 µmol) 

and 13.7 mL THF were added to a vial charged with a stir bar. A solution of catalyst (5.5 

µmol) in 1 mL of THF was then added to this mixture. The vial was loosely capped, and 

the reaction was stirred at 35 °C for the reported amount of time. The vial was taken out 

of the glovebox and quenched with 0.5 mL butyl vinyl ether. Solvents were removed in 

vacuo, and the product was purified with column chromatography on silica gel (1:49 

Et2O:pentane) to yield the product as a colorless oil (12.5 mg, 64% yield with 8.2; 12.3 

mg, 63% yield with 8.4). 

1H NMR (400 MHz, Chloroform-d1) δ 5.43 – 5.20 (m, 2H), 4.11 (t, J = 5.9 Hz, 2H), 2.38 

– 2.25 (m, 2H), 2.00 (p, J = 6.6 Hz, 4H), 1.71 – 1.56 (m, 4H), 1.47 – 1.15 (m, 16H). 

13C NMR (101 MHz, CDCl3) δ 174.22, 130.95, 130.89, 63.85, 34.51, 31.96, 31.76, 

29.32, 29.32, 28.87, 28.68, 28.46, 28.20, 27.39, 27.28, 25.65, 25.53. 

HRMS (EI+): [M]+ C17H30O2 Calculated – 266.2246, Found – 266.2226. 

GC Methods 

HP-5 Agilent Column 30m × 0.25mm (ID) × 0.25µm film thickness; Injector 

temperature: 250 °C; Detector temperature: 350 °C; Oven temperature: Starting 

temperature: 50 °C, hold time: 1 min.; Ramp rate: 20 °C/min to 150 °C, hold time: 3 

min., 10 °C/min to 210 °C hold time: 0 min., 35 °C/min to 300 °C, hold time: 3 min.; 

Carrier gas: He; Average velocity: 31 cm/s; Split ratio: 48.9:1 
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