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Abstract

Coupling reactions of feedstock alkenes are promising, but few of these reactions are practiced
industrially. Even though recent advances in the synthetic methodology have led to excellent
regio- and enantioselectivies in the dimerization reactions between 1,3-dienes and acrylates, the
efficiency as measured by the turnover numbers (TON) in the catalyst has remained modest.
Through a combination of reaction progress kinetic analysis (RPKA) of a prototypical
dimerization reaction, characterization of isolated low-valent cobalt catalyst precursors involved,
several important details of the mechanism of this reaction have emerged. (i) The prototypical
reaction has an induction period that requires at least two hours of stir time to generate the
competent catalyst. (ii) Reduction of a Co(ll) complex to a Co(l) complex, and subsequent
generation of a cationic [Co()]* species are responsible for this delay. (iii) Through RPKA using
in situ IR spectroscopy, same excess experiments reveal inhibition by the product towards the end
of the reaction and no catalyst deactivation is observed as long as diene is present in the medium.
The low TON observed is most likely the result of the inherent instability of the putative cationic
Co(l)-species that catalyzes the reaction. (iv) Different excess experiments suggest that the
reaction is first order in the diene and zero order in the acrylate. (v) Catalyst loading experiments
show that the catalyst is first order. The orders in the various regents were further confirmed by
Variable Time Normalization Analysis (VTNA). (vi) A mechanism based on oxidative
dimerization [via Co(l)/Co(lll)-cycle] is proposed. Based on the results of this study, it is 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 seems to stabilize the catalytic species.
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» UV-Vis study of pre-catalysts
- Evidence for [(P~P)Co(l)]* intermediate
+ Reaction Progress Kinetic Analysis by in situ IR, complemented by VTNA

+ Oxidative dimerization involving [Co(l)/Co(lll)]-mechanism?
« First order in catalyst and the diene, zero order in acrylate

Keywords
heterodimerization; 1,3-dienes; acrylates; cobalt catalysis; counterion effects; kinetics; mechanism

INTRODUCTION

Development of highly selective and catalytic coupling reactions between feedstock
materials can greatly impact the design, synthesis, and manufacture of molecules of interest
from materials to medicines.! While the most readily available precursors used in the
chemical industry are alkenes, 1,3-dienes, and alkyl acrylates, large-scale applications of
heterodimerizations between such compounds are rare.2 These precursors are most often
used as monomers? since current heterodimerization methods are hindered by the need for
expensive catalysts and low turnover number (TON). The key challenge is the limited
mechanistic understanding of the chemical driving forces that could be modified to achieve
higher TON. Recent work on heterodimerizations between 1,3-dienes and ethylene or alkyl
acrylates has examined catalytic systems that show very high regio- and stereoselectivity,
albeit with limited TONs (rarely exceeding 200 for cobalt, for example®). It is hoped that the
yield and TON for the overall processes could be improved through developing a thorough
mechanistic understanding of these reactions. Elucidating the details of the kinetics would
provide valuable insights into the reaction mechanism that could be used to improve catalyst
performance (selectivity, TON, rates, and yield).

Heterodimerization has received considerable attention with notable examples including a
Rh-catalyzed 1,3-diene-ethylene dimerization that has been extensively studied in
connection with the synthesis of 1,4-hexadiene as a monomer for elastomers.® A related
reaction, the codimerization between 1,3-butadiene and methyl acrylate, which first
appeared in the literature in 1964,5 has never been fully developed into a commercial scale
process (Figure 1, Eq 1). The reported scope for various diene and acrylate precursors, and
the selectivities observed for this dimerization reaction has been somewhat limited until
recently.”~24 A notable early example of this reaction was the cobalt-catalyzed
heterodimerization between 2,3-dimethyl-1,3-butadiene and #butyl acrylate (Figure 1, Eq
2a) reported by Hilt in 2001.8 More recently, Hirano has reported the applications of Ru(0)-
complexes for codimerization of 1,3-dienes and acrylates (Figure 1, Eq 2b).° In 2017, one of
our groups reported? the first example of an enantioselective version of this reaction where
chiral cationic cobalt(l)-bis-phosphine complexes of the type [(S,S)-BDPP]Co]* X~ [BDPP
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= 2,4-bis(diphenylphosphino)pentane; X = [3,5- (CF3),CgH3]4B"), abbreviated as BArF~]
was found to be an excellent catalyst for heterodimerization between a broad class of 1,3-
dienes and various acrylates (Figure 1, Eq 3). During these studies, we also found that a
minor modification of the Hilt procedure8® using [1,3-bis-
(diphenylphosphino)propane)]CoBr> is an attractive alternative for the simple co-
dimerization of various 1,3-dienes and acrylates (Figure 1, Eq 4).19 Since these precursors
are abundantly available and, the chemistry highly selective, such reactions provide
inexpensive routes to value-added intermediates.

Since heterodimerization can be catalyzed using inexpensive cobalt catalysts, this overall
system could be powerful if the challenges with low TON can be overcome. A careful
evaluation of the various dimerization catalysts suggests that low-valent cobalt species
generated in situ from the 1,n-b/s-diarylphosphinoalkane-cobalt (1) salts hold the greatest
potential for these and related reactions; yet, very little is known about the mechanism of
this reaction. Principally, two mechanistic scenarios (Figure 2) have been advanced for
olefin dimerization reactions:22 (1) one involving discrete metal-hydrides with no changes in
the oxidation state of the metal throughout catalysis (most often invoked in nickel-catalyzed
reactions),1 and (2) one involving an oxidative dimerization in which the metal undergoes
redox changes, such as proposed in the dimerization reactions catalyzed by Co*12 and Rul3
systems. Elucidating the key mechanistic steps has the potential to provide the necessary
insights that will allow this reaction to be performed at high TON using inexpensive
catalysts.

While traditional methods that use high substrate concentrations to cause the system to
behave as pseudo-first order could be used to investigate the reaction mechanism, it is
increasingly recognized that the high substrate concentrations may not be relevant to the
actual reaction mechanism. Indeed, insights related to the actual chemistry are best obtained
using reactant concentrations that are relevant to actual process conditions since competitive
binding of substrates may alter the observed reaction mechanism. Use of in situ IR
spectroscopy as a sampling technique offers considerable advantage in determining the
concentration as a function of time since there is no need to withdraw aliquots from the
highly oxygen and moisture sensitive reactions in progress. To maximize results while
minimizing experiments, Reaction Progress Kinetic Analysis (RPKA)* and variable time
normalization analysis (VTNA)L® were performed. RPKA and VTNA were aided by /n situ
IR spectroscopy, which enabled continuous monitoring of the reactant concentrations until
the reaction proceeded to near completion.

In this work, we will study a prototypical diene-acrylate dimerization between methyl
acrylate and 2,3-dimethylbutadiene (Eq 5) with the goal of providing further details on the
mechanism of an important class of reactions exemplified by this transformation. Initial
experiments showed an induction period during which the pre-catalyst added to the reaction
mixture presumably transformed into the active cobalt(l) species. The nature of this species
was clarified via isolation and UV-Visible spectroscopy of some of the relevant
intermediates responsible for catalysis. Using a consistent stirring period, reproducible
experiments were achieved that were subsequently used to investigate the reaction order of
the different components in the reaction, including the acrylate, the diene, and the catalyst.
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These results were used to propose one potential reason that current investigations have only
observed low TON. Through modifying reaction conditions, the TON was increased by an
order of magnitude.

Catalyst Activation

The cobalt-catalyzed heterodimerization was investigated using a standard probe reaction of
2,3-dimethyl-1,3-butadiene and methyl acrylate under conditions that had been previously
established (Eq 5).19 The procedure involves combining (dppp)CoBr, (10-25 mol%), Zn (1
eq), and ZnBr, (1 eq) under a nitrogen atmosphere in 2 mL of dichloroethane at 30 °C. After
combining these components in a flask equipped with a ReactIR probe, the reaction was
initiated by the addition of the substrates 2,3-dimethyl-1,2-butadiene (1 eq) and methyl
acrylate (1.1-2.4 eq) in 2 mL DCE. Upon addition of the reactants, several new peaks are
observed in the FT-IR. From background experiments (p. S17-S18), it was determined that
the peak at 896 cm™1 (=CH, out-of-plane wagging)162 and 1401 cm™1 (scissoring vibration
of the terminal methylenel6b) are associated with the diene and acrylate respectively. These
peaks could be reliably used to quantify the amount of each substrate in the reaction mixture
over the course of the reaction. Through extracting the intensities of these peaks over time, it
was observed that the concentration of both substrates decreases over time, as shown for
acrylate in Figure 3.

CO,Me

=
COMe  (1.1-2.4 eq)

I (dppp)CoBr, (10 -25 mol%), Zn (1 eq) |
ZnBr; (1 eq), CICH,CH,CI (4 mL) 2 h

1 (89-99%)

®)

One important early discovery was that the reaction exhibited an induction period that was
ascertained through using different catalyst activation times before the addition of the
reactants (Figure 3). When using an initial activation time of five minutes, the concentration
of the substrates initially decreased slowly followed by a faster reaction. This observation
suggested that the actual catalyst was not fully formed initially for the reaction to proceed.
Additionally, it was determined that a procedure using a five-minute stir time for activation
resulted in data that was difficult to reproduce. This has been attributed to an incomplete
activation of the catalyst (i.e., reduction of Co(ll) to a Co(l) species and, possibly,
subsequent formation of a cationic species (see later for details) likely associated with the
use of insoluble reagents, including metallic Zn.17

To obtain reproducible Kinetics, a series of experiments was performed in which the stir time
was systematically varied by allowing the (dppp)CoBr», Zn, and ZnBr; to mix for different
times prior to adding in diene and acrylate. In Figure 3, the results were depicted for the
experiments performed using different stir times. In comparison to the five-minute stir time,
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using longer stir times resulted in more reproducible data. The data when using a stir time of
one hour still had an initial period of slow conversion over time followed by an acceleration
in reaction rate, suggesting the catalyst was still being activated. An expanded version of the
concentration vs time is shown in Figure 3b, showing the initial time t = 0 to t = 25 minutes.
This shows more clearly the initial slow pace of the reaction upon shorter activation times. It
was found that a stir time of 2 hours resulted in a reproducible reaction profile that was
consistent with first order kinetics. Therefore, two hour stir time was selected for all of the
subsequent kinetic and mechanistic investigations described in this work.

Induction period and UV-Vis spectroscopy

An induction period suggests that (dppp)CoBr» is a pre-catalyst that transforms into the
active catalyst when using the reducing agent, Zn, and the activator, ZnBr,. The presence of
an induction period prompted investigations of the possible cobalt species present in solution
using UV-Vis spectroscopy (Figure 4). UV-Vis measurements were used to analyze different
cobalt species, purported to be involved in the catalytic cycle, including (dppp)Co("Br,,
“(dppp)CoBr’, and “[(dppp)Co]** [dppp = 1,3-Bis-(diphenyl phosphino) propane].18 The
activation conditions used for catalysis were simulated by stirring (dppp)CoBr,, Zn, and
ZnBr, in DCE for two hours with rigorous exclusion of oxygen at the concentrations that the
reaction are typically run (0.0155-0.0375 M of (dppp)CoBr;]. The excess Zn was filtered
off and the supernatant solution was used for UV-Vis measurements. For the UV-Vis
analysis, it was necessary to dilute the sample with DCE to avoid excessive absorption in the
spectral region of interest.

For recrystallized (dppp)Co(!"Br,, the UV-vis spectra had three distinct peaks at
wavelengths above 400 nm, including peaks at 622, 662, and 735 nm (Figure 4). This
spectrum was consistent with previous characterizations of Co(ll) complexes like
X,Co(PPhs), [e.g., 605 nm, 635 nm and 745 nm for Cl,Co(PPhs), in benzenel% or 591,
636 and 728 for (dppp)CoCl, in CH,CI,1% (Table 1)]. Importantly, the Co(!") complex did
not exhibit any peaks around 500 and 900 nm that would be characteristic of Co()
compounds. Indeed, a related Co(!) 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(ll) species formed in situ by slow
disproportionation of Co(!) species to Co(!") and metallic Co.19. 19¢ Additionally, a bromo-
derivative (Ph3P)3CoBr had peaks at 750 nm and 970 nm.190

We also prepared model Co(l) complexes 2 and 3 (Table 1) and fully characterized these
compounds by X-ray crystallography.20 Their UV-Vis spectra were recorded in DCE, as
shown in the Figure 5. The chloro-compound has the major absorptions are at 510 (sh), 710
(sh), and 910 nm, and the bromo-compound at 510 (sh), 725 (sh), and 935 nm (in addition to
two broad absorptions around 600 nm that may be ascribed to unavoidable contaminant
Co(ll) species arising from the previously mentioned disproportionation). These absorptions
are remarkably close to the authentic Co(l) complexes reported in the literature (see for
example, of (Ph3P)3CoCl and (Ph3P)3CoBr, See Table 1.19- Upon storage or exposure to
oxygen, characteristic peaks associated with in solution Co(1) or ‘[(dppp)Co(]** quickly
disappears, as reported for other Co(l) complexes like (Ph3P)3CoBr (Figure 6).19°
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Stirring a mixture of (dppp)CoBr,, Zn and ZnBr, and following the UV absorptions of the
supernatant (Figure 7) provided a clue about the induction period. Since these compounds
(i.e., Co(l) and Co(ll)) absorb strongly, these experiments were performed using lower
concentrations of each component (p. S12) affecting the time for the catalyst to be activated.
With time, the intensity of the characteristic peaks for Co(l) at 740 nm and the broad band
above 900 nm progressively increased until it reaches a maximum at 240 min (Figure 7).
Also, we observed a parallel behavior of a strong peak at 517 nm, which also reaches its
maximum intensity at ca. 240 minutes. No further changes in the spectrum were noted after
this period. We assigned the absorption at 517 nm to “[(dppp)Co(]**.18 Further support for
such a claim also came from NMR studies. While as expected 31P NMR of (dppp)CoBr; 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 ZnBr,
(2 eq with respect to Co(ll)-complex) after 30 minutes only one peak at 6 - 21.89 was
observed. We believe this peak corresponds to the catalytically competent [LCo(]* species.
A similar species was produced when (dppp)CoBr; is reduced with zinc in the presence of
NaBArF. See Supporting Information (p. S51-54) for further experimental details and
spectra.

Additional evidence for the intermediacy of such a species comes from the observation of
identical peaks, when reduction of (dppp)CoBr;, was carried out with Zn in the presence
NaBArF (Figure 8) or when an authentic Co(l) complex, which we have prepared,
(dppp)3Co2Bry (3), was treated with NaBArF (Figure 9). A comparable cationic species (5,
Table 1) described in the literature had an absorption at 460 nm.2! The blue shift in this
presumed metal-to-ligand charge transition in the complex (5, Table 1) compared to the
corresponding complex ‘[(dppp)Co]+’ might be associated with the strain of the distorted
tetrahedral geometry imposed by the tripodal ligand in 4.2

After the activation conditions had been examined experimentally through UV-Vis, several
efforts were made to identify, and, if possible, isolate and characterize the effective catalyst
responsible for this reaction. Two possible scenarios under which the reaction could be
catalyzed involve either a neutral [Co()] species or a corresponding cationic [Co()]*
intermediate. To support the need for cationic cobalt, parallel reactions were executed with
one using ‘(dppp)Co(MBr’ (/solated from reduction of (dppp)Co(11)Br, using Zn) and the
other containing dpppCo(DBr and ZnBr,. The (dppp)Co()Br reaction in the absence of
ZnBr, showed no product formation (See Sl p. S12). The (dppp)Co(Br and ZnBr, reaction
showed diene conversion to product albeit in low yield (p. S12). This indicated that only
under conditions that favor the formation of cationic cobalt did the reaction proceed. We had
previously observed this behavior in a number of other ethylene/1,3-dodecadiene and methyl
acrylate/1,3-dodecadiene dimerization reactions where several isolated neutral Co(l)
complexes (e. g., (COD)Co(n3-cycloheptenyl), (dppp)Co(n3-cycloheptenyl), Zn-reduced
(dppp)CoBr, free of ZnBr,) failed to affect the reaction in the absence of a Lewis acid.*
Addition of one equivalent of NaBArF (a bromide sequestering agent better than ZnBry)
dramatically accelerates these reactions. We have seen similar behavior also in the reaction
under study (2,3-dimethylbuta-1,3-diene + methyl acrylate, See Supporting Information for
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details, p. S14-15, See Figure S3). 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(!) complex (dppp)3Co,Cl, (2) was further reacted with NaBArF in ether in
the presence of 1,4-cyclooctadiene with the expectation to produce a substitutionally labile
Co(l) complex (6, Eq 6). The reaction did not yield the expected product, but gave instead,
another 16e-complex [(dppp),Co]* [BArF]™ (7, Eq 7), identified by X-ray crystallography
(Figure 10).23 This complex, had a UV-Vis spectrum (675 nm, 960 nm) distinctly different
from the species that was observed when (dppp)3Co,Cl, was treated with NaBArF in that it
lacked the prominent peak around 500 nm. This complex did not catalyze the
heterodimerization reaction under the reaction conditions. Incidentally, we had also isolated
a related [Co(1)]* complex, 8, from a medium containing (dppp)CoBr,, Zn and ZnBr,.
Collectively the above listed experiments strongly suggested a hitherto unknown
substitutionally labile cationic cobalt (I) species that was present under the reaction
conditions, (dppp)CoBr;, + Zn + ZnBr, or (dppp)CoBr, + Zn + NaBArF, was responsible for
initiation of the catalytic process.?*

As stated before, the three species of cobalt, (dppp)Co(!)Br,, ‘(dppp)Co(Br’ and the
presumed “[(dppp)Co(D]+” intermediate were present under the reaction conditions (Figures
4 and 7). Notice also that the generation of this species (‘[(dppp)Co(]*), presumably
responsible for the 510 nm peak in the UV spectrum, appeared to be cleaner under the Zn/
NaBArF reduction conditions (Figure 8) as compared to Zn/ZnBr, conditions. Although the
major absorbance originated from the [Co(1)]* peak, small peaks attributed to the Co(!) and
Co() species were still observed (especially under the latter reaction conditions), suggesting
that all three species were present at the start of the reaction. This suggested that the catalyst
went through two transformations prior to being able to affect the reaction described in Eq 5:
(dppp)CoNBr, to (dppp)Co(Br, and, (dppp)CoBr to [(dppp)Co(]*, with only the
[(dppp)Co(] * being the active species. 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 what 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,
[(dppp)Co]* 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.1’

Same excess experiments

After establishing a robust and reliable protocol for the catalytic reaction, the mechanistic
investigations were continued by performing “same excess” experiments. The “same excess”
experiments were used to probe catalyst activation and product inhibition. For the “same
excess” experiments, the difference between the molarities of diene and acrylate were
maintained constant across multiple experiments, but the starting concentrations were
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changed, as listed in Table 2. More details of experimental protocols including conversions
and starting concentrations can be found in the supporting information (p. S7-S8). Figure 11
shows the concentration profiles of acrylate for each of the same excess experiments. As has
commonly been done to mitigate experimental artifacts associated with sampling, the data
for each experiment were time shifted in Figure 11, such that the molar concentration of
acrylate of 0.25 M (i.e., 15% conversion of the [acrylate]) lined up with one another
(unshifted data located in the Sl, p. S9, Figure S2 (b)). From the four experiments, it was
observed that the concentration of acrylate over time decreased similarly regardless of the
initial substrate concentrations. Yet, the experiment revealed the possibility of catalyst
deactivation or product inhibition. 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 related to the relative concentration of the
starting material to the product. This suggested that at low concentrations of diene the
catalyst deactivated or remain coordinated to the product, limiting the TON of the reaction.
This observation was critical in further work to increase the TON (vide infra). Because of
these observations, product inhibition studies were performed. The product inhibition
experiments showed at large excess of product (1.2 eq) the reaction is hampered in terms of
rate. This suggest that the product displacement is involved in the turnover limiting step
(TOLS) or affected the catalyst resting state (See S| page S9-S10, Figure S2 (a) for
experimental and visual analysis). When the addition of a large excess of product (58
equivalence) is made to the active catalyst, an increase in the peak at ca. 960 nm is observed.
This demonstrates that the product is able to bind to the active catalyst (The UV-Vis spectra
can be found in the supporting information p. S28 — S30). Further supporting that product is
able to inhibit the catalytic pathway.

Different excess experiments

The different excess experiments were used to investigate the order of diene and acrylate in
the reaction. They were performed by varying the difference in molarity of diene and
acrylate (p. S9). The different conditions and results were recorded in Table 3. The different
excess experiments were best analyzed by plotting reaction rate as a function of
concentration, as shown in Figure 12. The standard conditions were 0.31 M acrylate and
0.15 M diene, which was performed in duplicates to determine the standard deviation of the
experiments and correspondingly the limitations of the analysis.

In the different excess experiments, the concentration of only one of the starting materials
was changed to obtain the order of each reactant. For these experiments, the acrylate
concentration was varied from 0.17 to 0.31 M while keeping the diene concentration
constant at 0.15 M across all three experiments. The 0.20 M and the 0.17 M acrylate
different excess experiments, red and black lines respectively in Figure 12b, were within the
standard deviations of the standard conditions (0.31 M acrylate and 0.15 M diene). These
results indicated that as the acrylate changes in concentration that the consumption of diene
was not changed, which indicated that the acrylate was zeroth order in the rate law. This
statement was further supported by data in Figure 12a, where each of the three 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
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expect the data from the different experiments to have different slopes. Both figures support
the statement that acrylate was zeroth order in the reaction. The diene order was directly
tested by varying the concentration of diene while keeping the acrylate constant (Figure
12c). These results show that doubling the diene concentration doubled the rate of the
reaction. This supports the results that the diene is first order in the reaction rate law.
Coupled with the results from the same excess experiments, it can be concluded that the
reaction was first order in the diene. Variable Time Normalization Analysis (VTNA)® was
also performed to aid in determining the order of both the acrylate and diene. For
experiments changing the diene concentration, the reaction was first order in terms of the
diene. Upon changing the concentration of the acrylate the results support that the reaction
was zeroth order in the acrylate. The graphical representation and experimental procedure
for VTNA can be seen in the Sl p. S55.

Order in the catalyst

An important element of the overall catalytic cycle is the order of the catalyst. The effect of
different catalyst concentrations were investigated using a range from 0.2 mM, 0.30 mM,
and 0.40 mM. The values for the diene and acrylate concentration were kept at 0.15 M and
0.31 M respectively in the model and the values that were used for the catalyst were 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 15t order was calculated, as
shown in Figure 13. Excellent agreement is observed between the experimental values and
the model for the 0.20 mM, 0.30 mM, and 40 mM catalyst trials. The results were consistent
with the reaction being first order in the catalyst. VTNA was also used to verify the order of
the catalyst. VTNA showed overlap between the three reactions upon normalization of the
time axis (X-axis). This strongly supports the conclusion that the catalyst is first order. The
experimental data can be found in the SI p. S55.

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 6.
This peak was formed under reaction conditions, as shown in Figure 7 and appears only after
treatment of the Co(l) bromide with a Lewis acid, causing us to attribute the peak at 517 nm
peak to the [(dppp)Co(N]* species. Even under oxygen and moisture free conditions, the
peak at 517 nm decreased with time, which can be seen in Figure 6. Although this seemed
counterintuitive with the previously mentioned induction period and same excess
experiments, this can be explained partly. Under the reaction conditions, there was a large
excess of both Zn and ZnBr,. Both of these species were responsible for the formation of the
active [(dppp)Co(]*. Since Zn and ZnBr, were present in large excess, at least part of the
catalyst that goes to produce Co(ll)-species (possibly by redox processes/
disproportionation)9: 22 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, afterfiltering
off the insoluble Zn and ZnBr,. In these tests, only the catalyst itself existed in solution,
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meaning it could not be re-activated. Therefore, the decay of the 517 nm peak was
considered characteristic of an intermediate species.

While the cationic cobalt was unstable in pure solvent,2! it was possible that the catalyst
could be stabilized by the presence of the diene and/or the acrylate. The stability of the
catalyst was evaluated in the presence of the different substrates, as shown in Figures 14a
and 14b. Addition of the acrylate showed a sharp decrease in the peak corresponding to the
[Co(]* species (517 nm) and an increase in the peaks corresponding to the Co(ll) species
(660 and 735 nm). Note the peak at 660 hm seemed unchanged, but recall the solution was
being diluted during addition of a solution of the acrylate. This suggested that the acrylate
was not able to stabilize the active catalytic species. Addition of the diene (Figure 14b)
showed a decrease in the peak (517 nm) corresponding to the [Co()]* species, but at a
slower rate than when the acrylate was added. More notably, the addition of diene caused the
peaks corresponding to the Co(ll) species (660 and 735 nm) 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 Cospecies.
Approximate time constants were found for the effect on the absorbance by acrylate and
diene. The time constant for diene was calculated as 5.9 min/Abs and the time constant for
acrylate was found to be 3.7 min/Abs (see Sl p. S25 for the calculations of the time
constants).

(¢ (dppp)CoBr,

O]

Reversibility and summary of catalytic cycle and rate law

To investigate the reversibility of the reductive elimination step in Figure 2 (the catalytic
cycles A/B), a deuterium labeling experiment was performed (Eq 9). The product of methyl
acrylate-d3 with the diene was characterized by 13C and 'H NMR. Using an inverse gated
decoupling experiment (133C{1H}), the 13C NMR was used to obtain quantitative information
on the incorporation of deuterium. The deuterium attachment to the methyl group in
product-ds shifted the corresponding 13C NMR peak by approximately 0.3 & and caused a
triplet to form (20.24 ppm to 19.96 ppm).2> Using this information, it was found that the
CH,D peak, when compared to the intensity of its neighboring CH3 peak, integrated as 0.96
to 1.00, suggesting at least 96% deuterium incorporation. This strongly suggested that the p-
hydride elimination step in the proposed mechanistic cycles was not reversible.

A mechanism that is consistent with all the available experimental observations is the
oxidative dimerization route, shown in Figure 2 B. More details of this mechanism are
shown in Figure 15. It is hypothesized that the cationic Co(l) (A) reacts with the diene to
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form B, a Co(l) complex coordinated to the diene.2® The diene undergoes oxidative
cyclization giving a metallacyclic species (C) in which cobalt is in the +3 oxidation state.
The formation of the cobaltacycle is followed by acrylate coordination to quickly form the
intermediate D. Subsequently a migratory insertion takes place to give yet another
metallacycle E. A p-hydride elimination occurred to give F. Reductive elimination returns
the Co to oxidation state (1), giving the complex G. The experimental observations would be
consistent with the rate determining step being the displacement of the product 1 by 2,3-
methyl-1,3-butadiene. While we have not been able to isolate any of the ‘in-cycle’ species,
the order of the catalyst (15t order), the diene (15t order) and the acrylate (05t order), and the
observed inhibition of the reaction near completion of the reaction (Figure 11 and Figure
S2(a)) are all consistent with this mechanistic scheme. The exclusive formation of the 5,6-
(2)- adduct in 4-substituted 1,3-dienes (Eq 3 and 4, 9) also support this scheme. A more
detailed kinetic model is included in the Supporting Information (p. S 56). Various scenarios
for turnover-limiting steps are considered in this analysis to reach the conclusion we have
made. At this point we cannot exclude that the catalytic cycle could involve free cationic
Co(l) [Figure S21, p. S59], but our chemical intuition would indicate that the data were
consistent with the reaction mechanism proposed in Figure 15.

Reaction engineering

From the above kinetic and mechanistic investigation two major findings were made. One,
the catalyst deactivation was not attributed to how many turnovers it performed, but instead,
stability of the putative [Co]+ intermediate. 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 (see Figure 14c). Three,
compared to acrylate, diene was a stronger chelator to the active catalyst, ‘[(dppp)Co(D]*".
Near the end of the reaction there appears to be an inhibition by the product as judged by the
kinetic profile with 1.2 equivalents of purified product added to the reaction at the beginning
along with the rest of the reagents (Figure S2).

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 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. These studies suggested that the cationic Co(l)
catalyst was inherently prone to deactivation by hither to unknown mechanisms, including
possible formation of a tetraligated Co(l) species | (Figure 10) that does not catalyze the
reaction. Improvements in the design of ligands such as the use of a hemilabile ligand?’
might alleviate this situation.
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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)CoX, complexes and a halide sequestering agent such as ZnBr,. Recent advances
in synthetic methodology have allowed highly enantioselective coupling (enantiomeric ratios
>05:5) 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 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(ll) to Co(l), and subsequently to a cationic [Co(l)]+ species was responsible for this
delay for the onset of the reaction. and the low TON observed was a result of the inherent
instability of the putative cationic Co(l)-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. The orders in the various regents were further confirmed by Variable Time
Normalization Analysis (VTNA). 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. Isolation and identification of a catalytically inactive tetra-ligated
cationic Co(l) complex suggested that the formation of such a species may be one mode of
deactivation of the catalyst.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SYNOPSIS

Coupling reactions of feedstock alkenes are promising, but few of these reactions area
practiced industrially. Even though recent advances in the synthetic methodology have
led to excellent regio- and enantioselectivies in the dimerization reactions between 1,3-
dienes and acrylates, the efficiency as measured by the TON in the catalyst has remained
modest. Through a combination of reaction progress kinetic analysis (RPKA) of a
prototypical dimerization reaction characterization of isolated low-valent cobalt catalyst
precursors involved, in the reaction several important details of the mechanism of this
reaction have emerged. (i) The prototypical reaction has an induction period that requires
at least two hours of stir time to generate the competent catalyst. (ii) Reduction a Co(ll)
complex to a Co(l) complex, and subsequent generation of a cationic [Co(D]* species are
responsible for this delay. (iii) Through RPKA using in situ IR spectroscopy, same excess
experiments reveal inhibition by the product towards the end of the reaction and no
catalyst deactivation is observed as long as diene is present in the medium. The low TON
observed is most likely the result of the inherent instability of the putative cationic Co(l)-
species that catalyzes the reaction. (iv) Different excess experiments suggest that the
reaction is first order in the diene and zero order in the acrylate. (v) Catalyst loading
experiments show that the catalyst is first order. The orders in the various regents were
further confirmed by Variable Time Normalization Analysis (VTNA). (vi) A mechanism
based on oxidative dimerization [via Co(l1)/Co(lll)-cycle] is proposed. Based on the
results of this study it is 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 seems to stabilize the catalytic species.

ACS Catal. Author manuscript; available in PMC 2020 May 26.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Gray et al.
Cobalt-catalyst for heterodimerization of dienes and acrylates®
/ ‘Co-diene’ complexes
l from CoX, and metal alkyls _ | methyl )
& hexadienoates
// CO,Me

Low-valent Co (Hilt)® and Ru- (Hirano)® catalysts for heterodimerization

CO,R
:i =/ \MCOQR (2a, 2b)
reaction 1 or reaction 2
(>90%) Ru(0):

Reaction 2a (Hilt) Reaction 2b (Hirano) i
(dppe)CoBr,, [n-BusNI* [BH,I™| Ru(0) 1 mol%, tol, 50 °C '

Znly, CH,Cly, 25 °C, 16 h OOO

Improved procedures and an enantioselective version*

_ COxMe H

—
(1.1 equiv.) COxMe
| ] @)
[(S,S)-BDPPCoBr, (5 mol%) ¥
\ Zn (0.5 eq), NaBArF (7.5 mol%) C H
CH,Cly,, 23°C, 5 h Gl
\ (81% yield, 98% ee)
H :/COQMe
H
(dppp)CoBr, (10 mol%), Zn (1 eq) CO,Me
ZnBr, (20 mol%), CHyCly, 1 h || . | H| 4
CO,Me
CgHq7 CgHy7
(81%) (13%)

Figurel.
Heterodimerization of 1,3-dienes and methyl acrylate

ACS Catal. Author manuscript; available in PMC 2020 May 26.

Page 17



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Gray et al.

\/O [ M"—H ‘ \/\
Lot Y \(
S At
Mn
Mn
H H
7
Z
:/
A. Hydride route to dimerization
H z
. | Mnl =
= +
w

) Q
Mn+2 Mn+2
H B \/
2 —

B. Oxidative coupling route to dimerization

Figure2.
Possible mechanisms for heterodimerization
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Figure 3.

(a) Acrylate concentration, measured by the intensity at 1401 cm™2, vs time for stir time
investigations at 5 min, 1 hour, 2 hours, and 8 hours. 0.31 M acrylate, 0.15 M diene, and
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0.15 M (dppp)Co(I)Br, was used for each run. (b) Zoomed in region of graph (a) from 0 to
0.2 hours.
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— Co(ll)
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UV-Vis spectra of (dppp)Co(DBr, (Blue), (dppp)3Co,(’Br; (3, Green), and [(dppp)Co]*
(Red) in dichloroethane. (dppp)Co{Br, (Blue) and (dppp)3Co,("Br; (3, Green) were
obtained from pure crystallized materials of the named compound. [(dppp)Co(’]* (Red) was
obtained by the following: the supernatant of a reaction mixture of (dppp)Co(!"Br,, Zn, and
ZnBry that was stirred for two hours in a glovebox. The three plots are offset (y-axis) for

clarity.
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UV-Vis spectra of (dppp)3Co,Cl, (2, black) and (dppp)3Co,Br; (3, red). See Table 1 for

structures.
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Figure®6.
The supernatant of a reaction mixture of (dppp)Co(I1)Bry, Zn, and ZnBr, 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
(binomial smoothing). 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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Figure7.

1100

The supernatant of a reaction mixture of (dppp)Co(!"Br,, Zn, and ZnBr, was mixed for
different amounts of time. The peak at 517 nm stopped increasing at about four hours and

thirty minutes.
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—— (dppp)Co'"'Br, + Zn + ZnBr,
251 — (dppp)Co"Br, + Zn + NaBAFF  —

20
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05

0.0 l
400 600 800 1000

Wavelength (nm)

Figure 8.
Zn-Reduced dpppCo(!)Br; activated with ZnBr, (purple) and Zn-reduced dpppCo(!)Br,

activated with NaBArF (red) both stirred for 2 hours at the same concentrations.
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Figure9.

The UV-Vis spectrum of crystalline (dppp)3C0,()Br; (3), with added NaBArF (black)
compared to the UV spectrum of the crystalline [(dppp),Co(]* BArF~ (7, red).

—— (dppp)sCo",Br, + NaBArF
— [(dppp),Co

O* BArF™ (Crystal)

500 750 1000
Wavelength (nm)
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ether
X—= [(dppp)Co(COD)]* [BArF]™ (6)
(dppp)3CosCly (2) + (6)
NaBArF + 1,4-COD ~
[(dppp)2Co]* [BArF] 7)
(7, X-ray)
+ +
P P
N Plos ™ | x-
Co\"@ (BATFI lU X
Sf P
P = Ph,P P = PhoP

7 X = BArF (UV AMaX 675, 960)
8 X =[ZnBr3.THF]

Figure 10.
Solid -state structures of [(dppp)2Co]* [BArF]~ (7) and [(dppp),Co]+ [ZnBr3. THF]™ (8).

Hydrogens are omitted for clarity. The THF molecule in the second structure contains a
disordered carbon atom and the two positions for this disordered atom are shown in the
attached ORTEP plot. See Supporting Information for cif.
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Figure11.

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 catalyst concentration for all of these reactions
were 40 mmole. —The diene concentration was set to 0.10 M, 0.12 M, 0.15 M, and 0.20 M
while the acrylate concentration was set to 0.26 M, 028 M, 0.31 M, and 0.36 M respectively.
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Figure 12.
Different excess experiments in which the diene and catalyst concentration was maintained

constant at 0.152 M and 40 mmole respectively where the acrylate concentration was varied
0.17 M (black), 0.20 M (red) and 0.31 M (blue). (a) Acrylate rate vs acrylate concentration
for different excess test. (b) Diene rate vs diene concentration for different excess
experiments. (c) Diene rate vs diene concentration for change in diene concentration
experiments.
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Figure 13.

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. Acrylate and
diene concentration were held constant (0.31 M and 0.15 M respectively) while the catalyst
concentration was varied 20 mM catalyst (blue), 30 mM catalyst (black), and 40 mM (red).
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Figure 14.
a. The supernatant of a reaction mixture of (dppp)Co(!"Br,, Zn, and ZnBr, was stirred for

two hours after which, the following was added: Methyl acrylate in DCE (0.11 mmoles, 0.22
M, 58 eq with respect to cobalt species) added to [(dppp)Co(’]* (0.0038 mmole, 1.9 mM).
Spectra were taken for 3 min with 1 min interval.

Figure 14b. The supernatant of a reaction mixture of (dppp)Co(!"Br,, Zn, and ZnBr, was
stirred for two hours after which, the following was added:. 2,3-dimethyl-1,3-butadiene in
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DCE added (0.044 mmoles, 0.044 M, 11.63 eq with respect to cobalt species) added to
[(dppp)Co(]* (0.0038 mmole, 19 mM). Spectra taken for 5 min with 1 min interval.
Figure 14c. The supernatant of a reaction mixture of (dppp)Co(!"Br,, Zn, and ZnBr, 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()] *
(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(]* (0.0038 mmole, 19 mM), readings were taken for another 5
minutes.
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Figure 15.

A proposed mechanism consistent with experimental observations (S is solvent).
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