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Abstract 

Very few process that directly couple alkenes and other feedstock materials are used in 

industry, with the exceptions being dimersol technology (propene dimerization), Shell Higher 

Olefin Process, and acrylonitrile dimerization. This is in part because of the low turnover number 

(TON) achieved by these processes, even though high regio- and enantioselectivies can be 

achieved. Using in situ IR spectroscopy to monitor a cobalt catalyzed heterodimerization between 

an acrylate and diene reaction progress kinetic analysis (RPKA) was carried out. This along with 

the isolation and characterization of low-valent cobalt catalyst precursors, many important 

mechanistic details were discovered. (i)  The reaction possesses an induction period that requires 

two hours of stir time to generate the active catalyst. (ii) The time it takes for the reduction of 

Co(II) to Co(I) and then to [Co(I)]+ are the primary reason for the observed induction period. (iii) 

RPKA using in situ IR spectroscopy, the same excess experiments showed that the active catalyst 

concentration stays consistent throughout the reaction and low TON is due to the instability of the 

active [Co(I)]+ species. (iv) Different excess experiments show that the reaction is first order in 

the diene and zeroth order in the acrylate (confirmed by VTNA). (v) Through variation in catalyst 

loading, it is revealed that the reaction is first order in the catalyst (confirmed by VTNA). (vi) An 

oxidative addition/reduction elimination through Co(I)/Co(III) mechanism is proposed. Based on 

the mechanistic findings, the TON of the reaction was increased by a factor of 10 through 

increasing the initial concentration of the starting materials, specifically the diene, which is able 

to stabilize the active catalytic species. Isolation and characterization of an inactive tetra-ligated 

cationic Co(I) species suggest that the formation of this species is a possible pathway of 

deactivation of the catalyst. 
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Chapter 1: Introduction and Background 

The creation and development of selective catalyst for the coupling of feedstock chemicals 

can have large impacts on the manufacture, synthesis and design of molecules that hold interest in 

for materials and medicine.1  Some of the most used chemicals in industry are alkenes (such as 

1,3-dienes) and acrylates, however, their use in direct coupling reactions is not common.2 Instead, 

dienes and acrylates are typically used as monomers3 because their direct coupling is dampened 

by the use of expensive catalyst and their resulting turnover number (TON) are low. The key 

challenge in increasing the relevance (TON) of direct heterodimerization between acrylates and 

dienes is the limited understanding of their mechanism and the chemical driving forces that enable 

this transformation. Recent work on heterodimerizations between 1,3-dienes and alkyl acrylates 

has looked at catalytic systems that give high stereo- and regioselectivity, but with low TONs (on 

the order of 200). Through better understanding of the mechanism for this reaction, it is hoepd that 

both the yield and the TON can be improved. Through understanding the kinetics of this reaction 

a better mechanistic understanding would be achieved, and the kinetics could be used to enhance 

the performance of the catalyst (selectivity, TON, rates, and yield). 

Heterodimerization reactions have been intensely studied with some of the more important 

examples being Rh-catalyzed 1,3-butadiene-ethylene dimerization, which has been examined in 

regards to the synthesis of 1,4-hexadiene, a monomer for elastomers.4 Another related reaction is 

the dimerization between 1,3-butadiene and methyl acrylate, this reaction first appearing in 1964.5 

However, this reaction has never seen full development into commercial use (Eq 1). 
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Figure 1. Evolution of heterodimerization reactions. 

 Until recently, different kind of dienes and acrylates that can be used in these 

heterodimerization reactions was very limited. The selectivity’s also had room for improvement.6-
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9  In 2001, Hilt et al reported one of the first cobalt catalyzed heterodimerization reactions between 

2,3-dimethyl-1,3-butadiene and t-butyl acrylate (eq 2a).7 A more recent example of similar 

chemistry was performed by Hirano et al. In this report a Ru(0) complex was able to codimerize 

alkyl acrylates and 1,3-dienes (eq 2b).8 In 2017, the RajaBabu group described an enantioselective 

version of this reaction (the first time an enantioselective version was reported). The chiral cationic 

cobalt(I)-bis-phosphine complexes such as  [(S,S)-BDPP]Co]+ X– [BDPP = 2,4-

bis(diphenylphosphino)pentane; X = [3,5-(CF3)2C6H3]4B–), abbreviated as BArF–] was shown to 

have a broad scope, give excellent %ee, and give excellent selectivities (Eq 3). While these studies 

were being performed it was also found that making small changes to the Hilt procedure7b using 

[1,3-bis-(diphenylphosphino)propane)]CoBr2 allowed for an alternative the codimerization of 1,3-

dienes and acrylates (Eq 4).10 Because of the inexpensive and abundant nature of these reagents 

and starting materials and the fact that they can be coupled with high selectivities, it seems that 

they could provide an inexpensive route to value added intermediates. 

Because these methods allow for the heterodimerization of 1,3-dienes and acrylates using 

an inexpensive cobalt catalyst, this system could be very valuable industrially if higher values for 

TON can be achieved. Through analysis of many dimerization catalyst, it has been suggested that 

low-valent cobalt species formed in situ from bis-diarylphosphinoalkane-cobalt(II) salts posses the 

largest potential for these type of reactions. However, not much is known about the mechanisms 

that these type of reactions proceed through. 

In principle, the cobalt catalyzed heterodimerization has two general mechanisms that it 

could go through (Figure 2), both of which have been suggested for olefin dimerization reactions.2a 

(A) one involves the formation of discrete metal-hydrides and goes through no change in oxidation 

state of the metal throughout the catalytic cycle (commonly invoked in nickel catalyzed 
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reactions)11, and (B) an oxidative dimerization that has the metal undergo redox changes. Such a 

mechanism is proposed in dimerization reactions that are catalyzed by Co9,12 and Ru13. 

Determining which mechanistic cycle is followed has the possibility to provide insight that would 

allow this reaction to be performed at high TON while also using an inexpensive catalyst. 

 

Figure 2. Two possible mechanisms for cobalt catalyzed heterodimerization reactions. 
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Using traditional methods such as pseudo-first order, where one of the substrates is made 

to have a high concentration compared to the other, could be used to investigate the kinetics of this 

reaction, it has been recognized that unusually high concentrations of one substrate have the 

possibility to change the reactions mechanism. In actuality, using concentrations that closely 

resemble that of the actual reaction conditions allow for the most accurate kinetics and mechanistic 

insights to be obtained. This is true because high concentrations may cause competitive binding of 

substrates that may alter the observed reaction mechanism. Using in situ measurements and 

reaction progress kinetic analysis (RPKA) it is possible to use the actual substrate concentrations 

when studying the reactions kinetics and mechanism.14 For heterodimerization chemistry, the in 

situ monitoring offers many advantages over traditional methods, since the catalyst is sensitive to 

both moisture and oxygen. This avoids tracking the reaction through small aliquots that could 

introduce minute amounts of oxygen or moisture. Additionally, in situ measurements (using IR 

spectroscopy) allows for continuous monitoring of the reactants concentrations. 

In this work, an RPKA14 approach using in situ IR spectroscopy is used to study a 

prototypical diene-acrylate dimerization between methyl acrylate and 2,3-dimethylbutadiene 

(Figure 1, Eq 5) with the goal of providing further details on the mechanism of an important class 

of reactions exemplified by this transformation. The initial experiments showed the presence of an 

induction period. The induction period was attributed to the pre-catalyst (Co(II)) was transformed 

into the active catalyst ([Co(I)]+). The nature of this catalyst was clarified using UV-Visible 

spectroscopy along with isolation of the relevant intermediates that were deemed responsible for 

the catalysis. Through the use of a consistent stirring period, experiments were performed that 

were able to investigate the reaction order of the diene, acrylate, and catalyst in a reproducible 

fashion. The results from these experiments were used to propose a potential reason that low TON 
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are obtained from this reaction. Using this information, the reaction conditions were modified 

which allowed for the TON to be increased by an order of magnitude.   
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Chapter 2: Kinetic and Mechanistic Investigation of a Cobalt Mediated 

Heterodimerization 

2.1 Catalyst Activation. 

Using a standard probe reaction of 2,3-dimethyl-1,3-butadiene and methyl acrylate under 

the conditions described in equation 6, the cobalt catalyzed heterodimerization reaction was 

investigated. The general procedure involves the combining of (DPPP)CoBr2 (ranging 10-25 

mol%), Zn (1 eq), and ZnBr2 under a nitrogen atmosphere in 2 mL of dichloroethane (DCE) at 30 

oC. Once the above reagents were combined, the flask was equipped with a ReactIR probe, after 

which, the reaction was started by the addition of both 2,3-dimethyl-1,2-butadiene (1 eq) and 

methyl acrylate (ranging 1.1-2.4 eq) in 2 mL DCE. Once the two starting materials were added, 

several new peaks in the FT-IR spectrum were seen. From background experiments, it was shown 

that the peak at 896 cm-1 (=CH2 out-of-plane wagging)15a and 1401 cm-1 (scissoring of the terminal 

methylene)15b were from the diene and acrylate respectively. Both the 896 cm-1 and the 1401 cm-1 

peaks are well separated from others and because of this could reliably be used to quantify the 

amount of each substrate in the reaction mixture as the reaction progressed. By extracting these 

two intensities over time, it was seen that the concentration of the two substrates decreases over 

time, as can be seen in Figure 4. 

 

Figure 3. Generic reaction scheme followed throughout the experiments.  

Early in the experimentation process, it was found that the reaction gives an induction 

period. This was found by performing the reaction using different catalyst activation times before 
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the addition of the diene and acrylate. Upon using an activation time of five minutes, the 

concentration of the substrates initially decreased slowly followed by a faster reaction rate. This 

behavior suggest that the catalyst that performs the reaction was not present in high concentrations 

in the beginning of the reaction. Not only this, but it was found that using a five minute stir time 

also provided data that was hard to reproduce. This irreproducibility is attributed to the fact that 

the catalyst was not all the way formed (i.e., reduction of Co(II) to a Co(I) species and, possibly, 

subsequent formation of a cationic species (see later for details) likely caused by the use of 

insoluble reagents, including metallic Zn. 

To obtain kinetics that were reproducible, several experiments were performed that 

changed the stir time systematically by allowing the (DPPP)CoBr2, Zn, and ZnBr2
 to stir for 

different amounts of time in DCE before adding in the diene and acrylate. In Figure 4, the different 

stir times that were performed can be seen. When compared to the five minute stir times, longer 

stir times gave more reproducible data. The data when performing a stir time of one hour still 

possessed an initial period of slow conversion followed by an acceleration in reaction rate 

(induction period), this suggested that the catalyst was still being activated. It was found that a stir 

time of two hours provided reproducible reaction profiles that were consistant with first order 

kinetics. Stir times that were longer than two hours gave similar results. Thus, a two hour stir time 

was used for all preceding kinetic and mechanistic investigations in this work. 

2.2 Induction period and UV spectroscopy. 

The presence of an induction period suggest that (DPPP)CoBr2 is a pre-catalyst that is 

subsequently transformed into the active catalyst when in the presence of a reducing agent (Zn) 

and an activator (ZnBr2). The presence of an induction period promoted an investigation of other 

possible cobalt species that were present in the solution using UV-Vis spectroscopy (Figure 5). 
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UV-Vis spectroscopy was used to characterize and differentiate different cobalt species that were 

proposed to be present in the catalytic cycle, this includes: (DPPP)Co(II)Br2 , ‘(DPPP)Co(I)Br’, and 

‘[(DPPP)Co(I)]+’ [DPPP = 1,3-Bis-(diphenyl phosphino) propane].16 The activation conditions that 

were used for the reactions were simulated by stirring (DPPP)CoBr2, Zn, and ZnBr2 in DCE for 

two hours with rigorous exclusion of oxygen at the concentrations that the reactions are typically 

performed [0.0155-0.0375 M of (DPPP)CoBr2]. The excess undissolved Zn was filtered off and 

the supernatant solution was then used for the UV-Vis measurements. In order to obtain the UV-

Vis spectra, the sample was further diluted using DCE in order to avoid excessive absorption in 

the spectral region of interest 

Three distinct peaks above the wavelength of 400 nm were seen in the UV-Vis spectrum of 

(DPPP)Co(II)Br2, the peaks were 633 nm, 662 nm, and 735 nm (Figure 5). This spectrum was 

consistent with previous characterizations of Co(II) complexes like X2Co(PPh3)2 [e.g., 605 nm, 

635 nm and 745 nm for Cl2Co(PPh3)2 in benzene17a  or 591, 636 and 728 for (DPPP)CoCl2 in 

CH2Cl2
17c (Table 1)]. Significantly, The Co(II) complex had no peaks around 500 nm and 900 nm 

that would be characteristic of Co(I) compounds. A similar Co(I) species ((PH3P)3CoCl was 

reported to have absorptions at 745 and 940 nm in benzene (run in the presence of excess ligand 

to avoid decomposition) in addition to peaks at 605 nm and 635 nm ascribed to Co(II) species 

formed in situ by slow disproportionation of Co(I) species to Co(II) and metallic Co.17a, 17c In 

addition, a bromo-derivative (Ph3P)3CoBr had peaks at 750 nm and 970 nm.17b   



10 

 

 

 

Figure 4. (a) Acrylate concentration, measured by the intensity at 1401 cm-1, vs time for stir time investigations at 5 min, 1 hour, 
2 hours, and 8 hours.  (b) Diene concentration, measured by the intensity at 896 cm-1, vs. time for stir time investigations at 5 min, 
1 hour, 2 hours, and 8 hours.  
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Figure 5. UV-Vis spectra of (DPPP)Co(II)Br2 (Blue), (DPPP)3Co2(I)Br2 (3, Green), and [(DPPP)Co(I)]+ (Red) in dichloroethane. 
(DPPP)Co(II)Br2 (Blue) and (DPPP)3Co2(I)Br2 (3, Green) were obtained from pure crystallized materials of the named 
compound.  [(DPPP)Co(I)]+ (Red) was obtained by the following: the supernatant of a reaction mixture of (DPPP)Co(II)Br2, Zn, 
and ZnBr2 that was stirred for two hours in a glovebox. 

 
Figure 6. UV-Vis spectra of (DPPP)3Co2Cl2 (2, black) and (DPPP)3Co2Br2 (3, red).  See Table 1 for structures. 
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Model Co(I) complexes were prepared (the two complexes prepared, 2 and 3 can be seen 

in Table 1). These two complexes were fully characterized via X-ray crystallography.18 The UV-

Vis spectra for these two complexes were recorded in DCE, the corresponding UV-Vis spectra can 

be seen in Figure 6. The chloro-compound shows major peaks at 510 nm, 710 nm, and 910 nm and 

the analogous bromo-compound has peaks at 510 nm, 725 nm, and 935 nm (additionally, two broad 

absorptions can be seen at ca. 600 nm. This is most likely due to contamination from the 

corresponding Co(II) species that arose from the previously mentioned disproportionation 

reactions). These absorptions match those from the authentic Co(I) complexes reported in the 

literatures (see for example, of (Ph3P)3CoCl and (Ph3P)3CoBr), See Table 1.17a-b  After storage of 

these compounds or exposing them to oxygen, the peaks that are associated with the Co(I) species 

quickly disappear, this is reported for other Co(I) complexes such as (Ph3P)3CoBr (Figure 7). 

Stirring a mixture of (DPPP)CoBr2, Zn and ZnBr2 and following the UV absorptions of the 

supernatant (Figure 8) provided insight into the induction period.  Because both Co(I) and Co(II) 

absorb strongly in the UV-Vis region, the concentration of the pre-catalyst, reducing agent, and 

activator were made lower than the typical experiment, affecting the time for the catalyst to be 

activated. As time progressed, the peaks that were characteristic for Co(I) at 740 nm and the broad 

peak at 900 nm increased until a maximum was reached at 240 minutes (Figure 8). Parallel 

behavior was observed for the strong peak at 517 nm, which also reached it maximum intensity at 

ca. 240 minutes. No further changes were observed in the spectrum after this time period. The peak 

at 517 nm was assigned to the active catalyst, (DPPP)Co(I)+.16 Further support for such a claim 

also came from NMR studies.  While as expected 31P NMR of (DPPP)CoBr2 in CDCl3 shows no 

signals, addition of excess Zn and mixing for 15 minutes gave two signals at  -21.87 and 15.47 

in an approximate ratio of 2:1 respectively.  Further addition of ZnBr2 (2 eq with respect to Co(II)-
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complex) after 30 minutes only one peak at  -21.89 was observed.  This peak is believed to 

correspond to the catalytically competent [LCo(I)]+ species.  A similar species was produced when 

(DPPP)CoBr2 is reduced with zinc in the presence of NaBArF.   

 

Figure 7. The supernatant of a reaction mixture of (DPPP)Co(II)Br2, Zn, and ZnBr2 was mixed for two hours.  After removing 
the excess Zn, the solution was allowed to sit at room temperature.  The UV-Vis spectrum was recorded from 0 to 36 minutes.  
The plots shown are smoothed. The initial intensity (0 minutes) is shown red with the final intensity (36 minutes) is shown in 
blue, all intermediate intensities are gray. 
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Figure 8. The supernatant of a reaction mixture of (DPPP)Co(II)Br2, Zn, and ZnBr2 was mixed for different amounts of time.  
The peak at 517 nm stopped increasing at about four hours and thirty minutes. 

 
Figure 9. Zn-Reduced DPPPCo(II)Br2 activated with ZnBr2 (purple) and Zn-reduced DPPPCo(II)Br2 activated with NaBArF (Red) 
both stirred for 2 hours at the same concentrations. 
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Further evidence for the intermediacy of this species was from the observation of identical 

peak formation under two different conditions. One, upon the reduction of (DPPP)CoBr2 using Zn 

while in the presence of NaBArF (Figure 10) or two, when isolated authentic Co(I) complex, 

(DPPP)3Co2Br2 (3), was activated with NaBArF (Figure 10). A similar cationic species (5, Table 

1) that is described in the literature has an absorption value at 460 nm.19 The observed blue shift 

seen in this presumed metal-to-ligand charge transfer in complex 5 (5, Table 1) when compared to 

the (DPPP)Co(I)+ species is most likely associated with the strain of the distorted tetrahedral 

geometry imposed by the tripodal ligand in 5.20 

 

Figure 10. The UV-Vis spectrum of crystalline (DPPP)3Co(I)Br2 (3), with added NaBArF (black) compared to the UV spectrum 
of the crystalline [(DPPP)2Co(I)]+ BArF– (7, red). 
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a neutral Co(I) species or a corresponding cationic Co(I)+ intermediate. To verify that it was in 

fact the cationic species performing the reaction two parallel reactions were performed, one using 

(DPPP)Co(I)Br (isolated from the reduction of (DPPP)CoBr2 using Zn) and the other containg 

DPPPCo(I)Br and ZnBr2. The reaction containing DPPPCo(I)Br and no ZnBr2 showed no product 

formation. The reaction containg both DPPPCo(I)Br and ZnBr2 showed diene conversion to 

product, albeit in low yield. This indicates that only under conditions that favor the formation of 

cationic cobalt allows the reaction to proceed. This behavior has been previously observed in many 

other heterodimerization reactions ethylene/1,3-dodecadiene and methyl acrylate/1,3-dodecadiene 

dimerization reactions where several isolated neutral Co(I) complexes (e. g., (COD)-

cyclohepenyl), (DPPP)Co(3-cyclohepenyl), Zn-reduced (DPPP)CoBr2 free of ZnBr2) failed to 

effect the reaction in the absence of a Lewis acid.9  Addition of equivalent amount of NaBArF (a 

bromide sequestering agent better than ZnBr2) dramatically accelerates these reactions.  We have 

seen similar behavior also in the reaction under study (2,3-dimethylbuta-1,3-diene + methyl 

acrylate.  This strongly supports the hypothesis that the cationic cobalt is the active catalyst. 

In an attempt to isolate a cationic cobalt complex that was a competent catalyst, 

recrystallized Co(I) complex (DPPP)3Co2Cl2 (2) was further reacted with NaBARF in ether in the 

presence of 1,4-cyclooctadiene with the expectation to produce a substitutionally labile Co(I) 

complex (6, Eq 7).  The reaction did not yield the expected product, but gave instead, another 16e-

complex [(DPPP)2Co]+ [BArF]– (7, Eq 8), identified by X-ray crystallography (Figure 11).  This 

complex, had a UV-Vis spectrum (675 nm, 960 nm) distinct from the species that was observed 

when (DPPP)3Co2Cl2 was treated with NaBARF in that it lacked the prominent peak around 500 

nm. 
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Figure 11. Solid -state structures of [(dppp)2Co(I)]+ [BArF]– (7) and [(dppp)2Co(I)]+ [ZnBr3.THF]– (8).  Hydrogens are omitted for 
clarity.   The THF molecule in the second molecule contains a disordered carbon atom and the two positions for this disordered 
atom are shown in the attached ORTEP plot.  
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suggested a unknown substitutionally labile cationic cobalt (I) species that was present under the 

reaction conditions, (DPPP)CoBr2 + Zn + ZnBr2 or (DPPP)CoBr2 + Zn + NaBARF, was 

responsible for initiation of the catalytic process. 

The three species of cobalt, (DPPP)Co(II)Br2, (DPPP)Co(I)Br, and the presumed 

(DPPP)Co(I)+ were all present under the reaction conditions (Figure 8 and 9). The generation of 

the presumed (DPPP)Co(I)+ was shown to be cleaner under the conditions of Zn and NaBArF, as 

can be seen from the cleaner UV-Vis spectrum in Figure 9. Although the major peak at 517 comes 

from the Co(I)+ species, minor peaks that are attributed to Co(II) and Co(I) can still be observed 

(especially under the conditions of Zn and ZnBr2). This suggest that all three species are present 

in the start of the reaction. This further suggest that the catalyst went through two transformations 

prior to being able to effect the reaction that is described in Figure 9: (DPPP)Co(II)Br2 to 

(DPPP)Co(I)Br, and then (DPPP)Co(I)Br to (DPPP)Co(I)+, with (DPPP)Co(I)+ being the active 

species. Therefore, If insufficient time was given to allow for these transformations, the reaction 

appeared initially sluggish, and the kinetic measurements were not reproducible. This behavior 

was exactly was observed for short stir times (<2 hours) with the induction period, but not at the 

longer stir times (two hours and beyond).  The reproducible reaction at stir times of two hours (or 

greater) in conjunction with slow evolution of a catalytic species as determined by the initial UV-

Vis analysis strongly supported the presence of an induction period during which the active 

catalytic species, [DPPPCo(I)]+ was produced.  Thus, to obtain the highest TON and rate of 

reaction, the sufficient stir time of the mixture containing the pre-catalyst, reducing agent, and 

activator must be allowed. 

2.3 Same excess experiments. 
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Once a both robust and reproducible experimental protocol was established for the catalytic 

reaction, the mechanistic investigation was continued by performing “same excess” experiments. 

The “same excess” experiments were used to understand the stability, the inhibition, and the 

deactivation of the catalyst as the reaction proceeds. For the “same excess” experiments, the 

difference between the molarities of the acrylate and the diene were maintained across multiple 

experiments, but the starting concentrations were changes (this can be seen in Table 2). The 

concentration profiles with respect to time for acrylate for each of the “same excess” experiments 

can be seen in Figure 12. As is commonly done to alleviate experimental artifacts associated with 

sampling, the data has been time shifted in Figure 12. This shift has occurred such that the reactions 

overlap at 15% conversion of the reaction conditions that had 0.36 M acrylate at 0.20 M diene 

(0.25 M acrylate). From the four experiments it can be seen that the decrease in concentration of 

acrylate with time decreases similarly regardless of the initial reaction conditions. This indicated 

that the number of reaction events was not affecting the catalyst and the concentration of the active 

catalyst was not changing as the reaction proceeded.  

The overlap observed in the same excess experiments provided a key mechanistic insight. 

The reaction was not inhibited by the product and does not suffer appreciable catalyst deactivation 

in the reaction conditions.  If this was the case, the same excess experiments would not overlap as 

they do and instead, a significant increase in rate for the lower concentration experiments would 

be observed.  The same excess experiments also provided insight into the reason that low TON, of 

the magnitude of 3 to 6, were observed for this reaction.  The overlap seen from the same excess 

experiments demonstrate that it was not the catalyst turning over to form product that was causing 

it to deactivate, but instead, the low TON was an issue of diene concentration in relation to the 

active catalyst concentration. This suggested that at low concentrations of diene, the catalyst 
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rapidly deactivated, limiting the TON of the reaction. This observation was critical in further work 

to increase the TON (vide infra). 

Table 2. ‘Same Excess’ Experimental Conditions and Results 

Excess Experiment Acrylate (M) 
(DPPP)CoBr2 

(mmol) 
Zn (mmol) 

ZnBr2 
(mmol) 

Diene Conversion (%)a 

Same Excess #1 0.26 0.152 1.52 1.58 90 

Same Excess #2 0.28 0.152 1.53 1.58 91 

Same Excess #3 0.31 0.152 1.52 1.57 98 

Same Excess #4 0.36 0.152 1.52 1.58 89 

 a Determined by GC-FID analysis. 

 

Figure 12. Acrylate concentration vs time for same excess reactions, with time shift to 15% conversion of 0.36 M acrylate and 
0.10 M diene. The chart presented shows only 1 in every 10 data points collected for clarity of the figure. 
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molarities of the diene and acrylate. The different conditions used for these experiments can be 

seen in Table 3. The “different excess” experiments are best analyzed by plotting the reaction rate 

as a function of concentration, this can be seen in Figure 13. The standard set of conditions were 

0.31 M acrylate and 0.15 diene, this reaction was performed in duplicate in order to obtain the 

standard deviation of the experiments and the correspondingly limitations of the analysis. Both of 

these experiments are shown as blue lines in figure 13. 

The concentration of only the acrylate was changed across these “different excess” 

experiments in order to obtain the order of each of the reactants. For these reactions the diene was 

kept constant at 0.15 M across all three experiments while the acrylate concentration was varied 

from 0.17 M to 0.31 M. Both the 0.20 M and the 0.17 M acrylate different excess experiments (red 

and black lines respectively in Figure 13, were within the two duplicate experiments (blue lines). 

These results indicate that as the acrylate varies in concentration, it does not have an effect on rate 

of the reaction. In turn, this means that the reaction exhibits zeroth order in regards to the acrylate 

and does not contribute to the rate law. This statement is supported further by the data seen in 

Figure 13, where each of the different excess experiments were parallel and shifted to the right as 

the initial amount of acrylate increased.  If the reaction rate was dependent on the concentration of 

the acrylate, one would expect the data from the different experiments to have different slopes.  

Both figures support the statement that acrylate was zeroth order in the reaction.  Coupled with the 

results from the same excess experiments, it can be concluded that the reaction was first order in 

the diene. 
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Figure 13. Different excess experiments. Diene and catalyst concentration was maintained constant at 0.152 M and 40 mM 
respectively where the acrylate concentration was varied 0.17 M (black), 0.20 M (red) and 0.31 M (blue). (a) Diene rate vs diene 
concentration for different excess experiments. (b) Acrylate rate vs acrylate concentration for different excess test. 
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Table 3. Different Excess Experimental and Conditions 

‘Different Excess’ 
Experiment 

Acrylate (M) (DPPP)CoBr2 (mmol) 
 

Zn (mmol) ZnBr2 (mmol) 
Conversion of 

diene (%)a 

Different Excess #1 0.17 0.152  1.52 1.58 97 

Different Excess #2 0.20 0.153  1.53 1.58 92 

Different Excess #3 0.31 0.151  1.55 1.57 94 

Different Excess #4 0.31 0.152  1.52 1.57 98 

a Determined by GC-FID analysis. 

2.5 Order in the catalyst. 

An important component to the overall catalytic cyce was the order of the catalyst. The 

effects that different catalyst loading ahd on the reaction order was investigated using a range of 

0.20 mM to 0.40 mM catalyst. The values for the diene and acrylate concentration in the model 

were kept constant at 0.15 M and 0.31 M respectively. For the model the catalyst concentration 

was set to 0.20 mM, 0.30 mM, and 0.40 mM. From the experimental data, the reaction rate was 

determined as a function of diene concentration.  As would be expected the rate decreases when 

less catalyst was used.  The experimental data for 0.20 mM catalyst was used to determine an 

experimental reaction rate constant (k).  The rate constant was found to be 79.6 min-1.  Using this 

rate constant, a model fit assuming that the catalyst was 1st order was calculated, as shown in 

Figure 14.  Excellent agreement is observed between the experimental values and the model for 

the 0.20 mM, 0.30 mM, and 0.40 mM catalyst trials.  The results were consistent with the reaction 

being first order in the catalyst.  Therefore, the experimental data indicated that the amount of 

active catalyst was proportional to the amount of active Co(I) present. 
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Figure 14. Rate of diene conversion vs diene concentration with first order catalyst model overlaid. The model was prepared by 
graphing first order rates using the rate law: rate = k[diene][cat], where the diene concentration and catalyst loading were used as 
appropriate. The conditions for each experiment are: 20 mM catalyst, 0.31 M acrylate, and 0.15 M diene (blue), 30 mM catalyst, 
0.31 M acrylate, and 0.15 M diene (black), 40 mM catalyst, 0.31 M acrylate, and 0.15 M diene (red). 

2.6 Catalyst deactivation. 

The stability of the reduced catalyst precursor (in the absence of substrates, coordinating 

solvent or excess reducing agent) was examined by monitoring the peak at 517 nm, Figure 15.  The 

peak at 517 nm was formed under reaction conditions, as shown in Figure 15 and appears only 

after treatment of the Co(I) bromide with a Lewis acid, causing the peak to be attributed to the 

[(DPPP)Co(I)]+ species. Even under conditions that was free of both moisture and oxygen, the peak 

at 517 nm still decreased as time progressed, this can be seen in Figure 15. At first, this statement 

seems counterintuitive to the conclusions drawn about the induction period and drawn from the 

same excess experiments, however, it can be explained. Under the reaction conditions seen in the 
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of these species were responsible for the formation of the active [DPPPCo(I)]+.  Since Zn and ZnBr2 

were present in large excess, any catalyst that deactivated (possibly by redox processes/ 

disproportionation) could be immediately activated again.  This was not the case for the results 

seen in Figure 6, where only the supernatant was analyzed via UV-Vis, after filtering off the 

insoluble Zn and ZnBr2.  In these tests, only the catalyst itself existed in solution, meaning it could 

not be re-activated.  Therefore, the decay of the 517 nm peak was considered characteristic of an 

unstable species. 

While the cationic cobalt was unstable in pure solvent, it was possible that the catalyst 

could be stabilized by the presence of the diene and/or the acrylate.  The stability of the catalyst in 

the presence of the different was evaluated, this can be seen in Figure 15. Addition of acrylate to 

the active catalyst showed an immediate decrease in the intensity of the peaks that correspond to 

the Co(I)+ species (517 nm) and an increase of the peaks that correspond to the Co(II) species (660 

and 735 nm). Note the peak at 660 nm seemed unchanged, but recall the solution was being diluted 

during addition of a solution of the acrylate.  This strongly suggest that the acrylate is unable to 

stabilize the active catalyst to any measurable means. Diene addition (Figure 15) to the active 

catalyst showed a decrease in the peak that corresponds to the active catalyst (517 nm), however, 

this decrease was appreciably slower than that of the acrylate addition. More importantly, the 

addition of diene caused peaks that correspond to the Co(II) species to decrease in intensity. This 

suggested that the diene was able to stabilize the active low-valent catalytic species and prevent 

degradative pathways that led to the formation of potentially nonactive Co(II) species. 

Further support for the diene being able to stabilize the active catalytic species was 

observed upon adding both diene and acrylate to the active catalyst, Figure 15.  The acrylate was 

added to the active catalyst first and after five minutes, the diene was added to the cuvette.  
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Addition of the acrylate showed the behavior described above.  However, upon addition of the 

diene, the UV-Vis spectrum changed according to the above description following the diene 

addition.  This suggested that diene was able to bind more strongly to the active catalyst than the 

acrylate, and in turn, prevent the degradation of the active catalyst to nonactive Co(II) species.  

From the UV-Vis experiments, it was found that the reduced catalyst precursor was an unstable 

species and needed a coordinating agent around to limit catalyst deactivation.  Diene was such a 

species, that the diene would bind more strongly to the active catalyst than acrylate in that process 

affording more stabilization than the acrylate. 
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Figure 15. (a) The supernatant of a reaction mixture of (DPPP)Co(II)Br2, Zn, and ZnBr2 was stirred for two hours after which, 
the following was carried out: Methyl acrylate in DCE (0.11 mmoles, 0.22 M, 58 eq with respect to cobalt species) added to 
[(DPPP)Co(I)]+ (0.0038 mmole, 1.9 mM).  Spectra were taken for 3 min with 1 min interval. (c) The supernatant of a reaction 
mixture of (DPPP)Co(II)Br2, Zn, and ZnBr2 was stirred for two hours after which, the following was added:. 2,3-dimethyl-1,3-
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butadiene in DCE added (0.044 mmoles, 0.044 M, 11.63 eq with respect to cobalt species) added to [DPPPCo(I)]
+
 (0.0038 mmole, 

19 mM).  Spectra taken for 5 min with 1 min interval. (C) The supernatant of a reaction mixture of (DPPP)Co(II)Br2, Zn, and 
ZnBr2 was stirred for two hours after which, the following was carried out: methyl acrylate in DCE (0.11 mmoles, 0.22 M, 58 eq 
with respect to cobalt species) was added to [(DPPP)Co(I)] + (0.0038 mmole, 1.9 mM).  Readings were taken for 4 minutes.  
Then 2,3-dimethyl-1,3-butadiene in DCE added (0.044 mmoles, 0.044 M, 11.63 eq with respect to cobalt species) was added to 
[(DPPP)Co(I)]+ (0.0038 mmole, 19 mM), readings were taken for another 5 minutes. 

2.7 Reversibility and summary of catalytic cycle and rate law. 

 

Figure 16. Deuterium labeling experiment performed to test for reversibility. 

The reversibility of the reductive elimination step Figure 2 (the catalytic cycle A/B) was 

investigated via a deuterium labeling experiment (Eq 9). The product of the above reaction (methyl 

acrylate d3 reacted with 2,3-dimethyl-1,3-butadiene) was characterized by both 13C and 1H NMR. 

Using an inverse gated decoupling experiment (13C{1H}) the 13C NMR was used to obtain 

quantitative information on the incorporation of deuterium.  The deuterium attachment to the 

methyl group in product-d3 shifted the corresponding 13C NMR peak by approximately 0.3 δ and 

caused a triplet to form (20.24 ppm to 19.96 ppm).22  Using this information, it was found that the 

CH2D peak, when compared to the intensity of its neighboring CH3 peak, integrated as 0.96 to 

1.00, suggesting a 96% deuterium incorporation.  This strongly suggested that the β-hydride 

elimination step in the proposed mechanistic cycles were not reversible. 

A mechanism that was consistent with all the available experimental observations was the 

oxidative dimerization route, shown in Figure 2 B.  More intimate details of this mechanism were 

shown in Figure 17.  The UV-Vis competition experiments suggested that the diene coordinated 

to the active catalyst (A) much more quickly than the acrylate.  It was hypothesized that after the 

coordination to form B,19, 23the diene undergoes oxidative cyclization giving a metallacyclic 

species (C) in which cobalt was in the +3 oxidation state. This change was consistent with the 
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rapid disappearance of the UV absorption at 517 nm.  It was postulated that cobaltacycle forms, 

followed by the acrylate quickly coordinating to the intermediate to give D.  Subsequently a 

migratory insertion took place to give yet another metallacycle E.  A β-hydride elimination 

occurred to give F.  Reductive elimination returned the Co to oxidation state (III), giving the 

complex G.  The turn over limiting step was most likely the displacement of the product 1 by 2,3-

methyl-1,3-butadiene to regenerate B, which in subsequent oxidative cyclization gave C.  From 

the UV-Vis studies, it was found that the initial coordination of either acrylate or diene to the [Co 

(I)]+ species was very facile, in both the individual and the competition study, less than 1 minute.  

Thus, coordination of the diene to the (DPPP)Co(I)+ as envisioned in the first step A  B cannot 

be the turnover limiting step.  By contrast, generation of B from G could be slower.  Thus, G could 

be thought of as the catalyst resting state. 

2.8 Reaction engineering. 

From the above kinetic and mechanistic investigation three major findings were made.  

One, the active catalyst was uninhibited by either diene or acrylate. Furthermore, the catalyst 

deactivation was not attributed to how many turnovers it performed, but instead, stability of the 

putative Co(I)+ intermediate at low concentrations of a stabilizing substrate.  The reaction was first 

order in diene and the catalyst, with only diene being represented in the rate law of the reaction.  

This signified that to increase the rate of the reaction the concentration of diene needed to be 

increased and, this could be done without any deleterious effect on the reaction since, as already 

stated, neither diene nor acrylate, inhibited the reaction.  Three, compared to acrylate, diene was a 

stronger chelator to the active catalyst, (DPPP)Co(I)+. 

    With this information in mind, the reaction parameters were changed in an effort to increase the 

TON.  A high concentration of diene and acrylate were used in a batch reaction since a high 
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concentration was likely to both stabilize the catalyst while at the same time increase the rate of 

the reaction.  Thus, instead of a 0.15 M diene and a 0.31 M acrylate, a 3.0 M diene and 3.2 M 

acrylate reaction was performed under otherwise similar concentration of the catalyst.  Under these 

conditions, the product was formed with a yield of 48% in 18 h, improving the TON by nearly a 

factor of 10.  Clearly, understanding the mechanism of the reaction helped to improve the overall 

efficiency of the reaction.  These studies suggested that the cationic Co(I) catalyst was inherently 

prone to deactivation by hither to unknown mechanisms, including possible formation of a 

tetraligated Co(I) species I (Figure 11) that does not catalyze the reaction.  Improvements in the 

design of ligands might alleviate this situation.  One intriguing possibility would be to use a 

bidentate ligand with an additional possibility of an internal hemilabile coordination to stabilize 

any putative coordinately unsaturated cobalt intermediates.  Previously, this strategy had been 

found to be useful in the discovery of highly efficient nickel catalysts (TON >7000) for asymmetric 

hydrovinylation of vinylarenes.24  In that instance, a highly unstable coordinately unsaturated 

Ni(II) intermediate was stabilized by a hemilabile pendant group. 
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Figure 17. A proposed mechanism consistent with experimental observations. 

2.9 Conclusions. 

1,3-Dienes and alkyl acrylates, two of the most abundant feedstock starting materials, 

undergo highly selective co-dimerization in the presence of Zn-reduced (bis-phosphine)CoX2 

complexes and a halide sequestering agent such as ZnBr2.  Recent advances in synthetic 

methodology have allowed highly enantioselective coupling (enantiomeric ratios >95:5) of these 

relevant partners; yet, the efficiency as measured by the TON in the catalyst for these reactions 

remained modest.  For any large-scale applications, more efficient processes have to be developed.  

Understanding the mechanism of the reaction is the first step in this process towards increasing 

the catalytic efficiency.  Through isolation and characterization of possible low-valent cobalt 

precursors involved and a study of the reaction profile using reaction progress kinetic analysis 

(RPKA), several important details of the mechanism have emerged.  For example, it was found 
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that the reaction had an induction period that required at least two hours of stir time to generate 

the competent catalyst.  Further investigation of the induction period using UV-Vis analysis 

revealed that transformation of Co(II) to Co(I), and subsequently to a cationic [Co(I)]+ species was 

responsible for this delay for the onset of the reaction.  Through RPKA using in situ IR 

spectroscopy, same excess experiments demonstrated that the catalyst was not inhibited by the 

starting materials or the products, and the low TON observed was a result of the inherent instability 

of the putative cationic Co(I)-species that catalyzes the reaction.  Different excess experiments 

provided insights that the rate law for the reaction that was first order in the diene and zeroth order 

in the acrylate.  Catalyst loading experiments showed that the catalyst was first order.  Variable 

time normalization methods were also performed and confirmed the order of the catalyst and 

reagents.25 From this detailed understanding of the reaction, a mechanism was proposed and based 

on the conclusions of this study it was possible to increase the TON by a factor of 10 by conducting 

the reaction at an increased concentration of the starting materials, especially, the diene, which 

seemed to stabilize the catalytic species.  Isolation and identification of a catalytically inactive 

tetra-ligated cationic Co(I) complex suggested that the formation of such a species may be one 

mode of deactivation of the catalyst. 
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Chapter 3: Experimental Information 

3.1 General Methods 

All use of moisture and oxygen sensitive materials were handled using standard Schlenk 

techniques under an argon atmosphere or in a glove-box under a nitrogen atmosphere maintained 

at less than 5 ppm oxygen.  The Schlenk line was attached to a vacuum pump that was kept 

between 0.2 and 0.01 mm Hg for all evacuations and drying of air sensitive compounds.  Before 

use, all glassware is washed by soaking it in an base bath (isopropanol and KOH) overnight (12 

h), rinsing with water, then soaking in an acid bath overnight (12 h), then rinsed a second time 

with water and dried with acetone. The glassware was stored in an oven for 12 h that was set at 

160 oC.  

All gas chromatographic analysis of the reactions were performed on an Agilent 6850 

G.C. with a HP-1 methyl siloxane column (30 m, 0.32 mm ID, 0.25 µm) and hydrogen carrier 

gas with FID-detector at 250 oC.  The method of analysis: initial temperature 50 oC held for 5 

min, ramp 10 oC/min to 70 oC, held for 15 min ramp 20 oC/min to 250 oC held for 5 min. 

Proton and carbon nuclear magnetic resonance spectra (1H and 13C) were recorded on a 

Bruker Avance III HD Ascend 400 MHz SPX equipped with an inverse probe and for deuterium 

labeling experiments a Bruker Avance III HD Ascend 600 MHz SPX was used.  Solvent 

resonance was used as an internal standard for the chemical shifts, CDCl3 at 7.26 ppm for 1H 

NMR and CDCl3 at 77.16 ppm for 13C NMR.  NMR data are reported as the following: Chemical 

shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, pent = pentet, m = multiplet, dd 

= doublet of doublet, dt = doublet of triplet), coupling constants (Hz), and integration. 
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All UV-Vis spectra were collected on an Agilent Cary 60 spectrophotometer outfitted 

with stirring capabilities at room temperature (22 ᵒC).  All IR spectra were collected on a Mettler 

Toledo ReactIR 45m instrument. 

 

3.2 Chemicals 

The chemicals used for the experiments were as follows: Diethyl ether (Fischer 

Scientific, Anhydrous), tetrahydrofuran (Alfa Aesar, 99%), hexanes (Sigma Aldrich, ≥ 98.5%), 

pentanes (Sigma Aldrich, ≥ 99%), 1,2-dichloroethane (Sigma Aldrich, ≥ 99%), dichloromethane 

(Sigma Aldrich, ≥ 99.8%, 40-150 ppm amylene), methyl acrylate (Sigma Aldrich, 99%, ≤ 100 

ppm monomethyl ether hydroquinone), 2,3-dimethyl-1,3-butadiene (Alfa Aesar, 98%, 100 ppm 

BHT), Zinc (Sigma Aldrich), CoBr2 (Sigma Aldrich, 99%), ZnBr2 (Sigma Aldrich, 98%, 

Anhydrous), and 1,3-Bis(diphenylphosphino)propane (Sigma Aldrich, 97%). 

3.3 Purification methods 

3.3.1 Purification of solvents and storage of purified chemicals 

Diethyl ether, tetrahydrofuran, hexanes, and pentanes were freshly distilled prior to each 

reaction. They were distilled over Na metal and allowed to cool to room temperature before use.  

1,2-Dichloroethane and dichloromethane were freshly distilled prior to each reaction.  The 

solvents were distilled over CaH2 and allowed to cool to room temperature before their use in 

reactions. 

3.3.2 Distillation of methyl acrylate1 
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Methyl acrylate, (50.00 mL, 47.80 g, 0.555 moles), was added to a 100 mL beaker.  The 

methyl acrylate was washed with 2 M NaOH (20 mL portions, 3 times) and then washed with 

distilled water (20 mL portions, 3 times) in order to get wash the methyl acrylate clean of the 

inhibitor monomethyl ether hydroquinone.  The washed methyl acrylate is added to a 100 mL 

round bottom flask equipped with a magnetic stirrer and CaCl2 (0.50 g, 0.0045 moles).  A short-

path distillation apparatus is attached to the round bottom flask, and the apparatus is added to an 

oil bath at 60 oC.  The fractional distillation is then carried out under reduced pressure (via a 

Schlenk line 0.2 to 0.01 mmHg).  After distillation, the acrylate is partitioned into two 20 mL 

oven dried glass vials.  The vials are then wrapped in black electrical tape and stored in a freezer, 

while not in use, set to -4 oC.  Before use, the methyl acrylate is taken out and allowed to warm 

to room temperature (23 oC) in the dark.  After use, the methyl acrylate is purged with dry 

nitrogen and stored again in the dark at -4 oC.  

3.3.3 Distillation of 2,3-dimethyl-1,3-butadiene1 

2,3-Dimethyl-1,3-butadiene (Alfa Aesar, 98%, 25.00 mL, 18.15 g, 0.221 moles) was 

added to a 50 mL round bottom flask equipped with a magnetic stir bar and NaBH4 (1.00 g, 

0.026 moles).  A short path distillation apparatus is attached to the round bottom flask and the 

flask is placed in an oil bath set to 50 oC.  The fractional distillation is carried out under reduced 

pressure (via a Schlenk line 0.2 to 0.01 mmHg).  After distillation, the diene is split into 2 

portions and stored in two 20 mL oven dried glass vials at -4 oC when not in use.  Before use, the 

2,3-dimethyl-1,3-butadiene is allowed to warm to room temperature (23 oC).  After use, the 2,3-

dimethyl-1,3-butadiene is purged with dried nitrogen and stored in a freezer at  -4 oC. 

3.4 Synthesis of reagents 



42 

 

3.4.1 Activation of Zn2 

Zn (15.00 grams, 0.229 moles) was placed in a 250 mL beaker charged with a magnetic 

stir bar. HCl (2.00 M, 25 mL) was added to the beaker and the mixture was allowed to stir for 25 

min.  The stirring was stopped, and the liquid was decanted out of the beaker.  The contents of 

the beaker was then washed with distilled water (20 mL portions, 3 times).  Following the 

addition of each portion of distilled water, the mixture was stirred for 5 min, and the water is 

decanted off. The solution was then washed with acetone (20 mL portions, 3 times), and the 

acetone is decanted off. The Zn is then placed in a 50 mL round bottom flask stoppered with a 

flow control valve. The Zn is then dried under vacuum (via a Schlenk line 0.2 to 0.01 mmHg) 

while in an oil bath at 100 oC.  The flask was then filled with argon and brought into a glove-box.  

The zinc was then ground into a fine powder using a ceramic mortar and pestle. The resulting 

activated Zn powder is stored in a 20 mL oven dried glass vial in the glove-box. 

3.4.2 Synthesis of (dppp)CoBr2
2 

 In a glove-box, anhydrous Co(II)Br2 (3.46 grams, 0.0159 moles, 1.00 eq) is added to a 

250 mL round bottom flask equipped with a magnetic stir bar.  In a separate 250 mL round 

bottom flask is taken 1,3-bis(diphenylphosphino)propane (DPPP) (6.86 grams, 0.0166 moles, 

1.04 eq) with a magnetic stir bar. To the flask containing the Co(II)Br2, freshly distilled THF 

(100 mL) is added, and the mixture is allowed to stir until all the Co(II)Br is dissolved. To the 

flask containing the DPPP, a minimal amount of distilled THF (20 mL) is added, and the mixture 

is stirred until the majority of the dppp has dissolved.  The stirring is stopped for the DPPP flask 

and the undissolved DPPP is allowed to settle to the bottom of the flask.  The dissolved DPPP 

solution is slowly added to the stirring Co(II)Br2 solution, the undissolved DPPP is dissolved in 
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THF (5 mL), and the remainder of the solution is slowly added to the Co(II)Br2 solution.  The 

DPPP and Co(II)Br2 solution is allowed to stir in the glove-box for 12 hr.  The stirring is then 

stopped, and freshly distilled hexanes/diethyl ether solution (1:1 by volume, 100 mL) was added 

to the solution.  Immediate precipitation of the (DPPP)Co(II)Br2 complex was observed and the 

solution is allowed to stir for 5 min.  The supernatant is then decanted to obtain a green mixture.  

The solution is allowed to sit undisturbed for 5 min.  The mixture is then washed with diethyl 

ether (50 mL portions, 3 times), and the supernatant is decanted.  The solid is then taken out of 

the box and put on a Schlenk line where it is dried via vacuum (0.2 to 0.01 mmHg) for 12 h.  A 

green solid is obtained. The solid is then brought into the glove-box and made into a fine powder 

and is further dried via vacuum for an additional 12 hr.  The yield of (DPPP)Co(II)Br2 is 5.6 

grams, 0.00887 moles, 56%. The (DPPP)Co(II)Br2 is stored in the glove-box. 

3.4.3 Synthesis of cationic cobalt complex 

 

 

Figure 18. Procedure for synthesizing the crystalline Co(I)+ BArF- complex. 

In the dry-box, an 8-mL vial was charged with a magnetic stir bar, recrystallized 

dppp3Co2Cl2 (50 mg, 0.035 mmol, 1 equiv.) and NaBArF (62.2 mg, 0.07 mmol, 2 equiv.).3  The 

vail was capped and a solution of cyclooctadiene (COD) (0.25 mL, 1.75 mmol, 50 equiv.) in ether 

(5 mL) was added via syringe. The resulting green mixture was stirred for 2 hr.  Upon which the 

color changed from green to sea green. Stirring was stopped and solvent was evacuated under high 
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vacuum (~0.1 mm Hg) for 2-3 h to afford crude solid.  The crude solid thus obtained was then 

dissolved in minimum amount of ether and filtered inside the drybox.  To the filtrate was then 

diffused hexanes (by slow evaporation of hexane into an ether solution placed in an atmosphere of 

hexane) to afford the sea green crystals (23 mg, 75% yield upon recrystalization).  The sea green 

crystal was then characterized by X-ray Crystallography and the data deposited at the Cambridge 

Crystallographic Data Center (CCDC #1945796). 

3.5 General procedure for in situ experiment 

3.5.1 React IR set up 

 The ReactIR 45m (from Mettler Toledo) was filled with liquid N2 and allowed to cool 

down for 1 h before use. The probe was attached, and the instrument was tuned to obtain optimal 

S/N.  The readings were set to take one every 30 sec for a total of 8 hr.  The instrument had the 

following specifications: ReactIR 45m; SN: 23553; Detector: MCT; Apodization: HappGenzel; 

Probe: DiComp (Diamond); SN: 23563; Interface: AgX 9.5mm x 1.5m Fiber (Silver Halide); 

Sampling: 3000 to 650 cm-1; Resolution: 4; Scan option: AutoSelect; Gain: 1x. 

3.5.2 Catalyst preparation  

 Before use, the glassware (see below) was cooled in a desiccator to room temperature (23 

oC), it was then pumped into the glove-box. To a modified Schlenk flask, Figure 19, a flow 

control switch and a magnetic stir bar were added.  Using an analytical balance (dppp)CoBr2 (the 

indicated amounts as seen in section 5.1), Zn dust (the indicated amounts as seen in section 5.1), 

and ZnBr2 (the indicated amounts as seen in section 5.1) were weighed out and placed in the 

modified Schlenk flask.  After the solid reagents had been added, the flask was then sealed via a 
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septum and electrical tape.  Once sealed, the flask is taken out of the glove-box and immediately 

attached to a Schlenk line.  

 

Figure 19. Modified Schlenk flask used for all procedures involving React IR. 

3.5.3 Reaction set-up and analysis 

 The Schlenk flask attached to a Schlenk line was placed in a water bath set to 30 oC with 

a stirring rate of 250 to 400 rpm. The Schlenk line was evacuated to 0.2 mmHg, and then filled 

with argon.  This process was repeated two more times.  After the line had been evacuated, the 

flask was open to the Schlenk line while under high argon flow.  The flask itself was then 

evacuated to 0.2 mmHg and then filled with argon until it was at atmospheric pressure.  This 

process was repeated 2 more times.  After the third evacuation, the argon flow was turned on 

high, and the septa closing the top valve of the flask was removed and the ReactIR probe was 

placed into the neck and slid down until the tip of the probe is about 1 cm from the bottom of the 

flask.  The probe was then sealed on and the flask was evacuated to 0.2 mmHg and then filled 

with argon.  This process was repeated two more times for a total of three evacuations.  A 
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background scan (180 total scans) was performed while the probe was in the flask under argon.  

After the scan, DCE (2 mL) was added to the flask via a 3 mL syringe and a 6 inch needle.  The 

solution was allowed to stir for 2 hr.  A color change from blue/green to red/brown was observed 

after about 45 min of stirring.  The solution was allowed to stir for 2 h under argon.  A DCE (3 

mL) solution of the indicated amounts as seen in section 5.1 of methyl acrylate, 2,3-dimethyl-

1,3-butadiene, and dodecane (10 µL) was prepared by adding 3 mL of distilled DCE via a 10 mL 

syringe, 10 uL dodecane via a 10 μL syringe, methyl acrylate via a 100 μL syringe, and 2,3-

dimethyl-1,3-butadiene via a 100 μL syringe.  The vial was then wrapped in aluminum foil and 

stored at -4 oC and taken out 30 min prior to addition in order to allow it to warm to room 

temperature. After the solution of (dppp)CoBr2, Zn, and ZnBr2 had been stirring for 2 hr, 2 mL 

of the solution containg methyl acrylate and 2,3-dimethyl-1,3-butadiene was added to the 

solution via a 3 mL syringe and disposable needle.  An immediate color change from red/brown 

to dark green was observed upon the addition of the solution.  The solution was allowed to stir 

for an additional 2 h after the addition of the starting material solution. The remaining 1 mL of 

the 3 mL starting material solution was diluted using 1 mL adding 50:50 diethyl ether:hexane 

mixture.  The resulting solution was used to obtain a GC spectra.  After 2 hr, the reaction was 

stopped by using a 50:50 solution of diethyl ether:hexanes (4 mL) to the reaction vessel.  The 

resulting solution was filtered through a short pad of silica gel using an additional 4 to 8 mL of 

the 50:50 diethyl ether:hexane mixture to rinse the reaction vessel.  A small sample was then run 

on the GC to analyze the conversion of diene to product. This analysis is done by comparing the 

ratio of the diene peak area to that of the internal standard dodecane peak of the end reaction 

with the ratio of the starting material mixture, Equation S1.  
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𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝐷𝑖𝑒𝑛𝑒 =  1 −

𝐷𝑖𝑒𝑛𝑒  
𝐷𝑜𝑑𝑒𝑐𝑎𝑛𝑒  

𝐷𝑖𝑒𝑛𝑒  
𝐷𝑜𝑑𝑒𝑐𝑎𝑛𝑒  

∗ 100 

Equation 21. Equation used to calculate conversion of diene via G.C. analysis. 

3.5.4 IR Analysis 

 A ReactIR probe was used to collect in-situ data on the reaction progress and provided an 

infra-red spectrum every 30 sec and records the wavenumbers from 3000 cm-1 to 650 cm-1. The 

peaks that are monitored for this reaction are as follows: for the methyl acrylate, 1401 cm-1, for 

the 2,3-dimethyl-1,3-butadiene, 896 cm-1, and for the product, 896 cm-1.4,5,6 The resulting data 

was then converted to an excel file and a MATLAB script was run that was able to fit the 

experimental data to a curve, using the provided curve fitting functions.  After which the data 

was deconvoluted to put it into its final form for analysis.   

3.6 Specifics for IR experiments: 

3.6.1 Same Excess 

Table 4. The general procedure is followed for these experiments with the following 
modifications 

Excess 
Experiment 

Diene 
(mg) 

Diene 
(M) 

Acrylate 
(mg) 

Acrylate 
(M) 

(dppp)CoBr2 
(mg) 

(dppp)CoBr2 
(mmol) 

Zn (mg) 
Zn 

(mmol) 
ZnBr2 
(mg) 

ZnBr2 
(mmol) 

Diene 
Conversion 

(%)a 

Same Excess 
#1 

32.9 0.100 89.5 0.26 96.1 0.152 99.5 1.52 356.0 1.58 90 

Same Excess 
#2 

40.1 0.122 95.4 0.28 95.8 0.152 100.0 1.53 355.4 1.58 91 

Same Excess 
#3 

49.6 0.151 106.4 0.31 95.6 0.152 99.6 1.52 354.4 1.57 98 

Same Excess 
#4 

66.0 0.201 124.3 0.36 95.9 0.152 99.6 1.52 354.9 1.58 89 

a Determined by GC-FID analysis. 

3.6.2 Different Excess 
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Table 5. The general procedure is followed for these experiments with the following 

modifications 

Excess 
Experiment 

Diene 
(mg) 

Diene 
(M) 

Acrylate 
(mg) 

Acrylate 
(M) 

(dppp)CoBr2 
(mg) 

(dppp)CoBr2 
(mmol) 

Zn 
(mg) 

Zn 
(mmol) 

ZnBr2 
(mg) 

ZnBr2 
(mmol) 

Conversion 
of Diene 

(%)a 

Different 
Excess #1 

49.6 0.151 58.2 0.17 95.7 0.152 99.6 1.52 355.7 1.58 97 

Different 
Excess #2 

47.6 0.145 68.9 0.20 96.2 0.153 99.9 1.53 354.9 1.58 92 

Different 
Excess #3 

49.9 0.152 108.1 0.31 95.5 0.151 100.6 1.55 354.5 1.57 94 

Different 
Excess #4 

49.6 0.151 106.4 0.31 95.6 0.152 99.6 1.52 354.4 1.57 98 

a Determined by GC-FID analysis. 

3.6.3 Stir Test 

Table 6. The general procedure is followed for these experiments with the following 
modifications 

Stir Time 
for Initial 
Catalyst 
Mixture 

Diene 
(mg) 

Diene (M) Acrylate 
(mg) 

Acrylate 
(M) 

(dppp)CoBr2 
(mg) 

(dppp)CoBr2 
(mmol) 

Zn (mg) Zn 
(mmol) 

ZnBr2 
(mg) 

ZnBr2 
(mmol) 

Conversion 
of Diene 

(%)a 

5 min 50.3 0.153 105.7 0.307 96.0 0.152 99.9 1.53 356.5 1.58 90 

30 min 50.3 0.153 105.7 0.307 96.0 0.152 99.9 1.53 356.5 1.58 90 

1 hr 50.3 0.153 105.7 0.307 95.8 0.152 100.3 1.53 354.6 1.57 90 

2 hr 50.3 0.153 105.7 0.307 95.8 0.152 100.5 1.54 353.8 1.57 90 

8 hr 50.3 0.153 105.7 0.307 95.6 0.152 99.6 1.52 354.6 1.57 96 

a Determined by GC-FID analysis. 
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Figure 21. (a) Acrylate concentration, measured by the intensity at 1401 cm-1, vs time for stir time investigations at 5 min, 1 
hour, 2 hours, and 8 hours.  Insert shows a zoomed in region of the first 18 minutes of the reaction. The data shown only shows 1 
in every 10 data points collected for clarity of the figure.  (b) Zoomed in region of (a) shows time from 0 to 0.21 hours.  Data 
points are not sparse. (c) Diene concentration, measured by the intensity at 896 cm-1, vs. time for stir time investigations at 5 min, 
1 hour, 2 hours, and 8 hours.  Insert shows a zoomed in region of the first 18 minutes of the reaction.  The data shown only shows 
1 in every 10 data points collected for clarity of the figure.  (d) Zoomed in region of (b) shows time from 0 to 0.25 hours. Data 
points are not sparse. 
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3.6.4 Catalyst Order Test 

Table 7. The general procedure is followed for these experiments with the following 
modifications 

Catalyst 
Loading 

Diene 
(mg) 

Diene 
(M) 

Acrylate 
(mg) 

Acrylate 
(M) 

(dppp)CoBr2 
(mg) 

(dppp)CoBr2 
(mmol) 

Zn (mg) 
Zn 

(mmol) 
ZnBr2 
(mg) 

ZnBr2 
(mmol) 

Conversion 
of Diene 

(%) 

Normal 49.9 0.152 107.4 0.312 95.5 0.151 100.6 1.54 354.5 1.574 94 

Half 
Catalyst 
Loading 

49.6 0.151 107.8 0.313 47.9 0.076 50.5 0.77 178.7 0.794 98 

Three 
Thirds 
Catalyst 
Loading 

49.6 0.151 110.2 0.320 74.9 0.119 77.8 1.20 266.4 1.18 > 99 

a Determined by GC-FID analysis. 

3.6.5 Diene polymerization without catalyst Test  

The general procedure is followed for these experiments with the following modifications 

1. Diene amount: 0.152 M 

2. Acrylate amount: 0.00 

3. (dppp)CoBr2 amount: 0 

4. Zn amount: 0 

5. ZnBr2: 0 

6. DCE used: 4 mL 

7. Ligand amount: 0.00 

8. Conversion: 0% 

3.6.6 Diene polymerization with catalyst Test 

The general procedure was followed for these experiments with the following modifications 

1. Diene amount: 0.148 M 
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2. Acrylate amount: 0.00 

3. (dppp)CoBr2 amount: 0.151 mmol 

4. Zn amount: 1.50 mmol 

5. ZnBr2: 1.55 mmol 

6. DCE used: 4 mL 

7. Ligand amount: 0.00 

8. Conversion: 20% 

3.7 Isotopic Labeling Experiments 

3.7.1 Reversibility of β-hydride elimination 

Inside a glove-box, to an oven-dried 8 mL screw cap vial equipped with a stir bar and 

screw septum cap, (DPPP)Co(II)Br2 (10.2 mg, 0.016 mmol), Zn (9.5 mg, 0.15 mmol), and ZnBr2 

(32.4 mg, 0.144 mmol) were added.  Upon the starting of stirring, DCM (1 mL); stored with 

molecular sieves, was added to the vial.  The solution was allowed to stir undisturbed for 2 hr.  

After the 2 hour period, methyl acrylate-d3 (23.3 mg, 0.26 mmol) was added neat the solution via 

a 100 µL syringe.  Directly after this addition 2,3-dimethyl-1,3-butadiene ( 20.3 mg, 0.25 mmol) 

was added to the solution via a 100 µL syringe.  The reaction was allowed to react for three hr.  

After which the reaction was stopped with a 1:1 solution by volume of diethyl ether and 

pentanes.  The reaction was purified by evaporating off all the solvents and starting materials to 

yield pure deuterated product (17.00 mg, 0. 099 mmol, 39.6 %yield).  

3.8 Co(I) activity vs Co(I)+ activity 

Inside a glove-box, to an oven dried 8 mL screw cap vial equipped with a stir bar and 

screw septum cap, (DPPP)3Co2(I)Br2 (5.5 mg, 0.009 mmol) was added. DCM (0.5 mL), that was 
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stored with molecular sieves, was added to the vial.  The solution was allowed to stir for 2 hr, 

after which, methyl acrylate (17.2 mg, 0.20 mmol) and 2,3-dimethyl-1,3-butadiene ( 14.5 mg, 

0.18 mmol) in 0.5 mL DCM was added.  The reaction was allowed to proceed for 2 hr.  The 

reaction was then stopped with a 1:1 solution of diethyl ether and hexanes.  The progress was 

monitored via gas chromatography.  The G.C. showed no product formation.  In a parallel 

reaction inside a glove-box, to an oven dried 8 mL screw cap vial equipped with a stir bar and 

screw septum cap, (DPPP)3Co2(I)Br2 (6.6 mg, 0.01 mmol) and ZnBr2 (32.2 mg, 0.143 mmol) 

was added.  DCM (0.5 mL), that was stored with molecular sieves, was added to the vial.  The 

solution was allowed to stir for 2 hr, after which, methyl acrylate (17.2 mg, 0.20 mmol) and 2,3-

dimethyl-1,3-butadiene (14.5 mg, 0.18 mmol) in 0.5 mL DCM was added.  The reaction was 

allowed to proceed for 2 hr.  The reaction was then stopped with a 1:1 solution of diethyl ether 

and hexanes.  The progress was monitored via gas chromatography The G.C. showed 19.2% 

conversion of diene. 

3.9 UV-Vis studies 

3.9.1 Background 

 A background of DCE was taken.  To a modified cuvette that allowed the preservation of 

air sensitive materials, 2 mL of freshly distilled DCE was added.  The cuvette was placed in the 

in-situ UV-VIS and a wavelength scan was performed from 1100 nm to 190 nm. This reading 

was used as the background for the rest of the UV-Vis experiments. 

3.9.2 (DPPP)3Co(I)2Br2 

 To a clean 4 mL oven dried glass vial, 2.2 mg of (DPPP)3Co(I)2Br2
2 (recrystallized from 

THF upon diffusion with hexanes) and DCE (2 mL) were added to the vial.  While in a glove-
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box, the solution was transferred to a modified cuvette.  The cuvette was taken out of the glove-

box and placed in the in-situ UV-Vis and a wavelength scan from 1100 nm to 190 nm was 

performed. 

3.9.3 (DPPP)Co(II)Br2  

 To a clean 4 mL oven dried glass vial, 2.5 mg of (DPPP)Co(II)Br2 and DCE (2 mL) were 

added to the vial.  While in a glove-box, the solution was transferred to a modified cuvette. The 

cuvette was taken out of the glove-box and placed in the in-situ UV-VIS and a wavelength scan 

from 1100 nm to 190 nm was performed. 

3.9.4 [(DPPP)Co(I)]+ 

 While inside a glove-box, to a clean 20 mL oven dried glass vial, a magnetic stir bar, 

(dppp)Co(II)Br2 (48.00 mg, 0.0761 mmols, 1 eq), activate Zn dust (49.00 mg, 0.778 mmols, 10.22 

eq) and ZnBr2 (171.00 mg, 0.759 mmols, 9.98 eq) and DCE (2 mL) were added.  The solution 

was allowed to stir for 2 hr inside the glove-box.  After this period, the solution changed colors 

from a blue/green to a dark red/brown.  After a 2 hour stirring period, 0.100 mL of the solution’s 

was transferred to a modified cuvette and then DCE (1.900 mL) was added to the cuvette to 

make a 0.002 M solution of (DPPP)Co(I)+. The cuvette was taken out of the glove-box and 

placed in the in-situ UV-VIS and a wavelength scan from 1100 nm to 190 nm was taken every 

minute for four min. 

3.9.5 Diene Coordination 
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 To a freshly prepared sample of [(DPPP)Co(I)]+, prepared as described above at 0.002 M, 

2,3-dimethyl-1,3-butadiene in DCE was added to the cuvette  (0.176 molar,  0.044 mmols, 11 eq) 

and a wavelength scan from 1100 nm to 190 nm was taken every minute for five min. 

3.9.6 Acrylate Coordination 

To a freshly prepared sample of [(DPPP)Co (I) ]+, prepared as described above at 0.002 M, 

methyl acrylate in DCE was added to the cuvette (0.464 molar, 0.232 mmols, 58 eq) and a 

wavelength scan from 1100 nm to 190 nm was taken every minute for four min. 

3.9.7 Diene vs Acrylate Competition Test 

To a freshly prepared sample of [(DPPP)Co(I)]+, prepared as described above at 0.002 M, 

methyl acrylate in DCE was added to the cuvette (0.464 molar, 0.232 mmols, 58 eq) and a 

wavelength scan from 1100 nm to 190 nm was taken every minute for four min.  After this, 2,3-

dimethyl-1,3-butadiene in DCE was added to the cuvette  (0.176 molar,  0.044 mmols, 11 eq) 

and a wavelength scan from 1100 nm to 190 nm was taken every minute for five min. 

3.9.8 Synthesis and UV-Vis Analysis of Cationic Cobalt(I) from (DPPP)3Co2(I)Br2 crystal. 

 To a modified cuvette, crystalline (DPPP)3Co2 
(I)Br2 (3.4 mg, 0.002 mmole) and NaBArF 

(3.9 mg, 0.004 mmole), and 2 mL of DCE were added.  The solution was allowed to stir for 15 

min after which, UV-Vis spectra was recorded with a wavelength scan from 1100 nm to 190 nm. 

3.9.9 Stir Time Analysis UV-Vis 

 While inside a glove-box, to a clean 20 mL oven dried glass vial, a magnetic stir bar, 

(DPPP)Co(II)Br2 (19.80 mg, 0.031 mmols, 1 eq), activate Zn dust (20.3 mg, 0.31 mmols, 10.00 

eq) and ZnBr2 (70.00 mg, 0.31 mmols, 10.00 eq) and DCE (2 mL) were added.  The solution was 
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allowed to stir for 2 hr inside the glove-box.  After this period, the solution changed colors from 

a blue/green to a dark red/brown.  After a 120 min, 150 min, 240 min, and 270 min stirring 

period, 0.050 mL of the solution was transferred to a modified cuvette and then DCE (1.950 mL) 

was added to the cuvette to make a 0.002 M solution of (dppp)Co(I)+.  The cuvette was taken out 

of the glove-box and placed in the in-situ UV-VIS and a wavelength scan from 1100 nm to 190 

nm was taken. The UV-Vis reading was performed. 

3.10 Reaction Engineering 

3.10.1 High Concentration Batch Reaction 

While inside a glove-box, to an oven dried 50.00 mL Schlenk flask was charged with a 

magnetic stir bar, (DPPP)CoBr2 (96.2 mg, 0.152 mmol, 0.01 eq), Zn (95.8 mg, 1.47 mmol, 0.1 

eq), and ZnBr2 (345 mg, 1.53 mmol, 0.1 eq).  The flask was then taken and attached to a Schlenk 

line.  Once on the Schlenk line, the flask was evacuated to 0.2 mmHg, and then filled with argon.  

This process was repeated 2 more times.  After the line has been evacuated, the Schlenk flask 

was open to the Schlenk line while under high argon flow.  The flask itself was then evacuated to 

0.2 mmHg and then filled with argon until it was at atmospheric pressure.  This process was 

repeated 2 more times. To the flask DCE was added (2 mL) and the mixture was allowed to stir 

for 2 hr. After the 2 hr, methyl acrylate (1.6 mL, 17.8 mmol, 1.1 eq), 2,3-dimethyl-1,3-butadiene 

(1.8 mL, 15.9 mmol, 1.0 eq), and dodecane (30 μL), as an internal standard, were added to the 

flask.  The reaction was allowed to react for eighteen hr after which it was stopped by adding a 

1:1 mixture of pentane:diethyl ether.  The resulting suspension was filtered through a short pad 

of silica and a small aliquot was analyzed via GC-FID to yield product in 48% conversion.  

3.11 Stir Time Comparison 
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3.11.1 Stir Time Analysis of ZnBr2 vs NaBArF 

 To an 8 mL vial, (DPPP)CoBr2 (9.5 mg, 0.015 mmole, 0.095 eq), Zn (11 mg, 0.17 

mmole, 1.08 eq), and NaBArF (14.8 mg, 0.017, 0.108 eq) and a magnetic spin vane was added.  

To the 8 mL vial, DCM (0.50 mL) was added.  The mixture was allowed to stir fir five minutes.  

After the 5 minute stir period, 2,3-dimethyl-1,3-butadiene (13 mg, 0.158 mmole, 1 eq), methyl 

acrylate (15 mg, 0.17 mmole, 1.08 eq), and DCM (0.5 mL) were added to the solution.  The 

solution was allowed to stir for five minutes.  After five minutes, the reaction progress was 

monitered by G.C. by taking out a small aliquot and diluting this with approximately 1 mL of 1:1 

ether:hexanes mixture.  The reaction was again monitered after 15 min and then again after 25 

minutes.  This procedure was repeated two additional times.  

To an 8 mL vial, (DPPP)CoBr2 (9.5 mg, 0.015 mmole, 0.095 eq), Zn (11 mg, 0.17 

mmole, 1.08 eq), and ZnBr2 (5.5 mg, 0.024, 0.15 eq) and a magnetic spin vane was added.  To 

the 8 mL vial, DCM (0.50 mL) was added.  The mixture was allowed to stir fir five minutes.  

After the 5 minute stir period, 2,3-dimethyl-1,3-butadiene (13 mg, 0.158 mmole, 1 eq), methyl 

acrylate (15 mg, 0.17 mmole, 1.08 eq), and DCM (0.5 mL) were added to the solution.  The 

solution was allowed to stir for five minutes.  After five minutes, the reaction progress was 

monitered by G.C. by taking out a small aliquot and diluting this with approximately 1 mL of 1:1 

ether:hexanes mixture.  The reaction was again monitered after 15 min and then again after 25 

minutes.  This procedure was repeated two additional times.  

 The results for the above test can be seen in the table below. The conversion was 

calculated by using an internal standard of dodecane with gas chromatography. 
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Table 8. Experimental parameters for the induction period. 

 0 min  

(% conversion) 

5 min 

(% conversion) 

15 min 

(% conversion) 

25 min 

(% conversion) 

ZnBr2  

(average) 

0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 5.3 ± 3.1 

NaBArF (average) 0.0 ± 0.0 38.0 ± 7.3 70.0 ± 4.3 89.3 ± 3.3 

ZnBr2 (trial 1) 0.0 0.0 0.0 1.0 

ZnBr2 (trial 2) 0.0 0.0 0.0 7.0 

ZnBr2 (trial 3) 0.0 0.0 0.0 8.0 

NaBArF (trial 1) 0.0 48.0 68.0 90.0 

NaBArF (trial 2) 0.0 31.0 66.0 85.0 

NaBArF (trial 3) 0.0 35.0 76.0 93.0 

 

 

Figure 22. The average percent conversion (with standard deviation) of the test shown above. The 
red line represents the percent conversion using ZnBr2 activation across twenty five minutes. The 
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black line represents the percent conversion using NaBArF activation across twenty five minutes. 
The percent conversions was found using gas chromatography and an internal standard of 
dodecane.  

3.12 Spectral Analysis  

3.12.1 1H and 13C NMR of Pure product 

Methyl 5,6-dimethylhepta-2,5-dienoate: The reaction between 2.3-

dimethyl-1,3-butadiene (145.20 mg, 1.77 mmol) and methyl acrylate 

(249.52, 2.90 mmol) in DCM and (dppp)CoBr2 (153.00 mg, 0.24 mmol), zn (156 mg, 0.69 

mmol), and ZnBr2 (590 mg, 0.67 mmol) and were reacted for 4 hr.  Upon completion, the 

reaction was filtered through a short pad of silica using 50:50 diethyl ether:hexanes (5 mL). The 

product was isolated by evaporating off the solvent to yield the titled compound as a colorless 

oil. 90% yield from G.C. analysis. 1H NMR (400 MHz, CDCl3): δ 6.90 (dt, , J = 15.66 Hz, 6.54, 

1 H), 5.77 (dt, J = 15.46, 1.66, 1 H), 3.71 (s, 3 H), 2.89 (d, 6.60 , 2 H), 1.67 (s, 3 H), 1.63 (s, 6 

H). 13C NMR (400 MHz, CDCl3): δ 167.58, 147.57, 127.65, 123.49, 51.69, 37.74, 20.90, 20.56, 

18.94 

3.12.2 NMR Analysis of (dppp)Co(m)Brn Species 

All the NMR samples were made inside the N2- filled glove-box (Specific amount of each 

species is mentioned on the corresponding spectra).  The NMR tube was capped which was 

wrapped by Teflon tape. 

1.  (DPPP)CoBr2 (10 mg dissolved in 0.6mL CDCl3 in NMR tube) – no 31P Signal 

2.  (DPPPP)CoBr2 (10 mg, 0.0158 mmol, 1 equiv. ) and  Zn (10 mg, 0.158 mmol, 10 equiv.) 

dissolved in 0.6mL CDCl3 in NMR tube. NMR took after 15 min – 31P (243 MHz, CDCl3) δ -

21.87, 15.47.   
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 3.  (DPPPP)CoBr2 (10 mg, 0.0158 mmol, 1 equiv.), Zn (10 mg, 10 equiv.), and  ZnBr2 (7mg, 2 

equiv.) dissolved in 0.6 mL CDCl3 in NMR tube. 31P NMR took after 30 min. 31P (243 MHz, 

CDCl3) δ -21.89 (No peak at δ  ~ 15.47) 

4.  (DPPP)CoBr2 (10 mg, 0.0158 mmol, 1 equiv. ), Zn (10 mg, 10 equiv.), and NaBARF (18mg, 2 

equiv.) dissolved in 0.6 mL CDCl3 in NMR tube. 31P NMR took after 30 min. 31P (243 MHz, 

CDCl3) δ -21.29 

3.12.3 1H and 13C NMR of Deuterated product 

d3-Methyl 5,6-dimethylhepta-2,5-dienoate: The reaction between 2.3-

dimethyl-1,3-butadiene ( 20.3 mg, 0.25 mmol) and d3-methyl acrylate 

(23.3 mg, 0.26 mmol) in DCM and (dppp)CoBr2 ((10.2 mg, 0.016 mmol), Zn (9.5 mg, 0.15 

mmol), and ZnBr2 (32.4 mg, 0.144 mmol) and were reacted for 3 hr. Upon completion, the 

reaction was filtered through a short pad of silica using 50:50 diethyl ether:pentanes (5 mL). The 

product was isolated by evaporating off the solvent to yield the titled compound as a colorless 

oil. 39.6 % yield by G.C.  1H NMR (600 MHz, CDCl3): δ 3.71 (s, 3 H), 2.89 (s, 2 H), 1.67 (s, 3 

H), 1.63 (s, 6 H). 13C NMR (600 MHz, CDCl3): δ 167.42, 147.57, 127.44, 123.32, 51.508, 

37.4203, 20.70, 20.1 (t, 19.5 Hz, CDH2), 18.75 
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3.13 1H and 13C NMR and Chromatograms 
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