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ABSTRACT Two intermolecular hydroalkenylation reactions of 1,6-enynes are presented which yield substituted 5-membered 
carbo- and -heterocycles. This reactivity is enabled by a cationic bis-diphenylphosphinopropane (DPPP)CoI species which forms a 
cobaltacyclopentene intermediate by oxidative cyclization of the enyne. This key species interacts with alkenes in distinct fashion, 
depending on the identity of the coupling partner to give regiodivergent products. Simple alkenes undergo insertion reactions to 
furnish 1,3-dienes whereby one of the alkenes is tetrasubstituted. When acrylates are employed as coupling partners, the site of 
intermolecular C-C formation shifts from the alkyne to the alkene motif of the enyne, yielding Z-substituted-acrylate derivatives. 
Computational studies provide support for our experimental observations and show that the turnover-limiting steps in both reactions 
are the interactions of the alkenes with the cobaltacyclopentene intermediate via either a 1,2-insertion in the case of ethylene, or an 
unexpected b-C-H activation in the case of most acrylates. Thus, the H syn to the ester is activated through the coordination of the 
acrylate carbonyl to the cobaltacycle intermediate, which explains the uncommon Z-selectivity and regiodivergence. Variable time 
normalization analysis (VTNA) of the kinetic data reveals a dependance upon the concentration of cobalt, acrylate, and activator. A 
KIE of 2.1 was observed with methyl methacrylate in separate flask experiments, indicating that C-H cleavage is the turnover-limiting 
step in the catalytic cycle. Lastly, a Hammett study of aryl-substituted enynes yields a r value of -0.4, indicating that more electron-
rich substituents accelerate the rate of the reaction.  

INTRODUCTION 
Domino reactions in which multiple C-C and C-X (X = het-

eroatom) bonds are formed are among the most efficient ways 
to build complex organic structures from simple precursors.1 In 
processes involving metal-catalyzed domino reactions, control 
over every level of selectivity (chemo-, regio- and stereo-) can 
be exercised by choice of metal and/or ligand combinations. 
This is especially important when multiple C-C bonds are 
formed. Cascade processes in which at least one step involves a 
catalytic intramolecular cyclization reaction of a [1,n]-p-system 
(e.g., alkene, alkyne, allene or a carbonyl moiety) provide out-
standing opportunities for the synthesis of carbo- and heterocy-
clic compounds.2 Many examples of such processes involve cy-
clization reactions that are accompanied by cycloaddition reac-
tions (Figure 1, A),3 or heterofunctionalization reactions involv-
ing addition of X-Y-type reagents (X, Y = Si, B, Sn, H).4 Few 
other examples of C-C bond-formation reactions involving C-
H activation in tandem with cycloisomerization are also known 
(Figure 1 B).5 Two isolated examples of tandem reactions in-
volving cycloisomerization of 1,6-enynes followed by the addi-
tion of ethylene and aryl alkenes are known (Figure 1, C).6 
With a few notable exceptions, most of the reactions described 
above use group 8-10 second-row transition metals (Ru, Rh, 
Pd).  
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Figure 1. Domino reactions involving cyclization of enynes. X = 
NTs, O, C(CO2R)2.  Average percent yield and ee are given under 
the products. 

While exploring new applications of earth-abundant, first-
row transition elements, we recently identified cationic Co(I)-
complexes of bis-phosphine and phosphinooxazoline ligands as 
highly selective catalysts for several key reactions including 
heterodimerization between 1,3-dienes and ethylene or methyl 
acrylate (Figure 2, A).7 Such complexes are broadly applicable 
for a [2+2]-cycloaddition between alkynes and alkenyl deriva-
tives (Figure 2, B).8 Further, more pertinent to the domino reac-
tions described in this manuscript, related complexes were also 
found to be useful for a tandem [2+2]-cycloaddition, followed 
by hydrovinylation in reactions of 1,3-enynes and ethylene 
(Figure 2, C)9 and enantioselective hydroboration of prochiral 
dienes.10 We wondered if some of these or related protocols em-
ploying a cationic Co(I) species could be suitably modified for 
a domino cyclization/hydroalkenylation sequence for unconju-
gated 1,n-enynes, since mechanistically both of these steps can 
be thought of as variations of heterodimerization reactions. Re-
markably, 1,6-enynes (1, Scheme 1) undergo cycloisomeriza-
tion followed by coupling with an alkene with notable differ-
ences in product selectivity depending on whether a simple al-
kene (2) or an acrylate (3) is used as the coupling partner. We 
believe that this difference has its origin in the different reactiv-
ities of a putative cobaltacyclic intermediate (4) with the two 
alkenes. The acrylate addition is especially noteworthy since it 
leads to an uncommon Z-selective adduct (3), which we hypoth-
esize may arise via a novel b-C-H activation of the acrylate. 
This manuscript explores the scope of these new reactions, and 
a combined computational and experimental approach provides 
rationalization for the disparate regio- and stereoselectivities.11 

 

Figure 2. Use of cationic L*Co(I) complexes for enantioselective 
heterodimerization (A), and cycloaddition (B) reactions (L* = bis-
phosphine or phosphinooxazoline). C. Reactions of 1,3-enynes. A 
Co(I)-catalyzed tandem [2+2]-cycloaddition-hydrovinylation. 

 

Scheme 1. Regio-divergent Domino Reactions of Enynes 
(This work) 

 

RESULTS AND DISCUSSION 

Cycloisomerization Followed by Ethylene Addition. For 
the optimization of the desired tandem reactions, we employed 
conditions similar to our previously reported cobalt-catalyzed 
heterodimerization7a as a starting point using an aryl substituted 
enyne 5a.  Ethylene, a cheap two carbon feedstock that installs 
a highly versatile vinyl group in the substrate,12 was chosen as 
the coupling partner (Eq 1 and Table 1). Under the optimized 
conditions, a mixture of (DPPP)CoBr2 (5 mol%), Zn (40 mol%) 
and NaBArF (7.5 mol%) was stirred for 10 minutes and eth-
ylene (1 atm) was introduced, followed by the enyne. The reac-
tion was quenched after 24 hours and the products were isolated 
by chromatography after workup (see SI for complete details, 
p. S16). 

 

 
Table 1. Optimization of Cycloisomerization/Hydrovinyla-
tion According to Equation 1a 

Entry Deviation from Eq 1 Yield(%) 
1 None 83 
2 DPPE instead of DPPP 0 
3 DPPB instead of DPPP 0 
4 Ether as solvent 0 
5 Toluene as solvent 14 
6 ZnBr2 instead of NaBArF 60 
7 Mn instead of Zn 13 
8 No Zn 0 
9 No NaBArF 0 

a. Reaction run with 5a (Ar = 4-fluorophenyl) on 0.2 mmol scale, 
yields determined by NMR with isopropyl acetate as internal stand-
ard. 

After an extensive ligand screening, we observed that, 
among the series of 1,n-bis-diphenylphosphino-alkanes, only 
the propane analogue, 1,3-bis-diphenylphosphinopropane 
(DPPP) gave the desired product in any appreciable yield. We 
found that inert chlorinated solvents, such as dichloromethane 
(DCM) and 1,2-dichloroethane (DCE), were critical for reactiv-
ity, whereas toluene and diethyl ether gave no conversion to the 
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hydroalkenylated product. The identity of the activator had only 
a modest effect on the overall transformation when reactive 
enynes and acceptors were involved; however, for less reactive 
substrates, such as ethylene and 1-alkenes, NaBArF was found 
to be optimal due to the facile pre-catalyst activation (<5 min) 
which we had previously established for the formation of the 
cationic cobalt catalyst.7b For the in situ reduction of the Co(II)-
complex, zinc was found to be the best reagent. Manganese, 
which is a good reductant in many other cobalt-catalyzed trans-
formations,13a was found to be ineffective in promoting this de-
sired reaction. Finally, control experiments reveal that both re-
ductant and activator are necessary for the transformation to oc-
cur. Additionally, several chiral ligands were tested in the de-
velopment of the enantioselective variant of this reaction, but 
ultimately only moderate ee’s were achieved with the most 
promising ligands being 1,3-bis-diphenylphosphinopentane 
(BDPP) variants giving up to 72% ee. (see SI for complete de-
tails, pp. S16-18). 

Using the conditions described in Eq. 1, we explored the 
scope of the enyne substrates, and the results are shown in Fig-
ure 3 (for a complete list of enynes, See SI, pp. S15) The 4-
fluorophenyl substituted enyne (5a, R1 = 4-fluorophenyl) gave 
the expected product (6a) in 82% yield. The structure of this 
adduct including the configuration of the alkene was established 
by spectroscopic means and was further confirmed by X-ray 
crystallographic analysis of a crystalline sample of a related 
compound (Figure 4). Both electron-donating (6a-c) and elec-
tron withdrawing (6d-6f) substituents on the aryl moiety were 
tolerated to provide good to excellent yields of the products. In-
terestingly, the ortho-chloro substituted enyne gave a product 
6f, which was isolated as a mixture of rotamers with high 
enough barriers that the isomers can be seen by NMR spectros-
copy at room temperature. A weakly coordinating heteroaro-
matic nucleus, such as thiophene (6g), is tolerated under the re-
action conditions.  

 
 

 
Figure 3. Scope of cobalt(I)-catalyzed cycloisomerization/hydroal-
kenylation of 1,6-enynes. Conditions: 0.2 mmol enyne, 40 mol% 
Zn, 5 mol% (DPPP)CoBr2, 7.5 mol% NaBArF, 1 atm of ethylene 
or propylene for 24 h. a InBr3 used instead of NaBArF. b reaction 
run at 0.1 mmol scale. c 10:1 ratio of linear diene to [3.1.0] bicyclic 
product (Eq 5). d Reactions conducted with 10 mol% Co, 15 mol % 
NaBArF, and 80 mol% Zn. e 8 equivalents of 1-hexene was used 
instead of ethylene. b/l refers to the branched / linear ratio. Ar = 4-
F-phenyl, E = CO2Et. 

 

 
Figure 4. Solid-state structure of 6b. 

However, with a 3-pyridine-substituted enyne, complete re-
covery of the starting material was observed (for a complete list 
of enynes that were not productive see SI Figure S5 pp. S20). 
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Enynes with electron-withdrawing substituents on the alkyne 
(e.g., CO2Et) or those containing multiple-substitutions on the 
alkene also failed to undergo the reaction, presumably for elec-
tronic and steric reasons respectively.13b Previously, our lab re-
ported that 1,3-enynes undergo tandem [2+2] cycloaddition in 
the presence of ethylene and a Co(I)-catalyst (Figure 2 C).9 We 
hypothesized a substrate containing a 1,3-enyne (5h, R1= 2-pro-
penyl, p. S15) with a tethered alkene would undergo preferen-
tial intramolecular reaction facilitated by chelation and subse-
quent oxidative cyclization of the 1,6-enyne system. Gratify-
ingly, 5h reacted smoothly with ethylene to give 6h with the 
intermolecular [2+2]-cycloaddition product as the minor com-
ponent (12% via NMR) in this reaction.14 Enynes 5i (R1 = cy-
clohexyl) and 5j (R1 = t-butyl) with bulky alkynyl substituents 
underwent domino cyclization/hydroalkenylation efficiently 
giving products 6i and 6j. This methodology can also be ex-
tended to other types of enynes including 5l (with an additional 
substituent on the alkene) and the malonate-derived enyne 5k. 
Simple terminal alkenes, such as propene and 1-hexene, are less 
reactive, and, in order to avoid side reactions, a slow addition 
of the enyne to the catalyst via a syringe pump was required.  
This facilitated the alkenylation to give the expected products 
6m and 6n over homodimerization of the enyne (See Eq 5, 11’ 
for a related dimer). Conspicuous among the alkenes that do not 
participate in the hydroalkenylation step are cycloalkenes, 1,1-
disubstituted alkenes, allyl derivatives, vinyl arenes, and vinyl 
silanes. Most alkenes returned starting materials. Vinyl silanes 
produced a complex mixture of products.15 

Cycloisomerization Followed by Addition of Alkyl Acry-
lates. As a part of the investigation of the scope of alkenes in 
the cycloisomerization/hydroalkenylation sequence, we exam-
ined various alkyl acrylates as coupling partners. As compared 
to the addition of simple olefins, the site of intermolecular C-C 
bond formation shifted from the alkyne functionality of 5a to 
the alkene as depicted in Scheme 1, yielding substituted acrylate 
8a (Eq. 2, and Figure 5). Apart from the remarkable chemose-
lectivity, the configuration of the double bond in the newly 
formed acrylate was found to be exclusively Z. Thus the new C-
C bond is formed at the sp2-terminal carbon of the starting 
enyne with the bond formation on the acrylate taking place ex-
clusively syn- to the ester group (i e.,R3 anti- to the ester group). 
The configuration of the double bond in 8a was readily estab-
lished as Z from the chemical shift of the b-hydrogen (d ~ 6.2 
vs ~ 6.9, the latter for the more deshielded proton in the E-iso-
mer), coupling constant (Z: J = 11.5 Hz vs ~ E: J = 15 Hz the 
latter for the E-isomer), and isomerization to the corresponding 
E-isomer (see SI for complete details, pp. S67).7a, 16 The Z-con-
figuration in such adducts derived from 5a and methyl (E)-cro-
tonate (8b) and methyl methacrylate (8r) were further con-
firmed by X-ray crystallography (vide infra, Figure 6). 

The scope and limitations of the reaction are documented in 
Figure 5. In addition to methyl acrylate (7a), we considered me-
thyl (E)-crotonate (7b) methyl (E)-3-methoxy acrylate (7c), and 
benzyl, cyclohexyl, and tBu methacrylates (7d-f) as coupling 
partners of a prototypical enyne 5a (Eq 2, Z = TsN, R1 = 4-
fluorophenyl) and we were gratified to see that these reactions 
gave very good to excellent yields of the products under condi-
tions previously established for the domino reaction sequence 
(Eq 2). Typically, reactions with methacrylates gave superior 
yields as compared to simple acrylates, for reasons we do not 
yet understand. The remarkable Z-selectivity observed with me-
thyl acrylate (8a) was also seen in reactions of methyl methac-
rylate (8r) and methyl (E)-crotonate (8b). The configuration of 

the side-chain alkene in these products were confirmed by X-
ray crystallography (Figure 6). In sharp contrast to the methyl 
(E)-crotonate which gave an acceptable yield of the product 8b, 
ethyl (Z)-crotonate gave only negligible amount of the corre-
sponding product.15 Electron-poor acceptors such as dimethyl 
maleate, dimethyl fumarate, methyl cinnamate and an a,b-un-
saturated lactone, 2,3-dehydro-g-butyrolactone did not undergo 
the reaction. Acrylic acid esters from t-butanol and trifluoroeth-
anol gave only modest yields of the expected product.17  

 
Figure 5. Scope of 1,6-enynes and acrylates in cyclization followed 
by addition of acrylates. Conditions: 0.2 mmol enyne, 40 mol% Zn, 
5 mol% (DPPP)CoBr2, 10 mol% NaBArF, 0.24 mmol of the acry-
late, rt, 12 h. Ar = 4-fluorophenyl, E = CO2Et.  Only Z-adducts are 
observed in the reactions of various acrylates.  For the compound 
5t, an N-BOC derivative see, SI, Fig. S1, p. S15.  7d-f: R = benzyl, 
cyclohexyl and tBu. 
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Figure 6. Solid-state structures of 8b and 8r showing the (Z)-con-
figuration of the acrylate sidechain.  

Examples of products 8g-8m show that the reaction is 
broadly applicable to various aromatic alkynes including those 
containing a heteroaromatic moiety (8m). Alkenyl or simple al-
kyl substituents on the alkyne did not preclude the formation of 
the products (8n and 8o). As the examples 8p-8s demonstrate, 
the reactions are equally translatable to the formation of func-
tionalized cyclopentanes as well as the corresponding oxa- and 
azacylic compounds. Facile formation of the carbamate 8s de-
rived from the corresponding N-protected enyne and methyl 
methacrylate bodes well for further elaboration of this im-
portant heterocyclic motif.  

 
Alternate Reactivity of Enynes under [Co(I)]+ Catalysis.  

In the absence of a coupling partner, the enyne 5a underwent a 
cycloisomerization to give a 1,2-bis-methylene compound (9), 
in a reaction reminiscent of the related Pd-catalyzed reactions 
of enynes observed by Trost.18 In addition, homodimerized 
products were also observed (Eq. 3, Ar = 4-fluorophenyl, see 
Supporting Information for details, p. S67-S68). Reaction of vi-
nyl phthalimide under standard conditions gave a [2+2+2]-cy-
cloaddition product (10), presumably via a reaction more com-
monly seen under Rh(I)-catalysis (Eq. 4, Ar = 4-fluoro-
phenyl).3g  Enynes with terminal alkynes in the presence of eth-
ylene underwent an unexpected rearrangement of the putative 
Co-intermediate to give an azabicyclo[3.1.0]hexane 11 (Eq. 5, 
The ratio 7:1 in 11 refers to internal vs terminal alkene) along 
with minor amounts of the homodimerization product 11’.19 
The amount of dimerized product could be reduced by slow ad-
dition of the enyne to the catalyst solution. 

 

 

Post-Reaction Synthetic Modification of the Products. 
The products formed in these domino reactions with alkenes are 
quite intriguing because they contain a 1,3-diene in which both 
alkenyl portions are sterically and electronically differentiated 
(tetrasubstituted vs monosubstituted). To our delight, we found 
chemo-selective transformations that could differentiate these 
two unsaturated systems (Scheme 2). Aziridination with chlo-
ramine-T and phenyltrimethylammonium tribromide (PTAB) 
gives C-N bond formation at the terminal position of the double 
bond to give allylic aziridine 6aa. Ozonolysis of the system 
gave exclusive cleavage of the mono-substituted alkene likely 
due to the increased crowding of the out-of-conjugation aryl 
ring to give a,b-unsaturated aldehyde 6ab. 
Scheme 2. Post Synthetic Modificationsa 

 

 
a See Supporting Information for details 

Mechanism of the Cycloisomerization / Hydroalkenyla-
tion. Uncommon (Z)-Selectivity in an Acrylate Coupling Re-
action.  From a synthetic perspective, three aspects of the in-
corporation of acrylate in our reactions deserve further discus-
sion: (i) the enhanced reactivity of substituted acrylates, (ii) the 
uncommon (and exclusive) formation of the Z-adduct, and (iii) 
the contrasting behavior of (E)- and (Z)-crotonates and the lack 
of reactivity of the latter. 

Substituted acrylates typically have low reactivity in the 
classical Mizoroki-Heck reactions, perhaps the best-known 
method for addition of acrylates to aryl and vinyl derivatives.20 
With very few exceptions,21 an E-acrylate is almost invariably 
the major product in these reactions; a consequence of the b-
hydride elimination in the penultimate stage of the catalytic cy-
cle leading to the more stable product.  A popular alternate route 
to b-substituted acrylates involves oxidative addition of acry-
lates, following an initial C-H activation – a sequence that also 
leads to predominantly the E-isomer22 unless specialized accep-
tors such as vinylcyclopropanes are used.23 The key step in this 
transformation is also a b-hydride elimination, driven by the 
higher stability of the (E)-product. We speculated that the un-
common Z-selectivity in our acrylate addition maybe a conse-
quence of a different mechanism in which a b-hydride elimina-
tion might not be operative. 

Broad details of an overall mechanism consistent with prec-
edents in the literature for similar reactions and our own exper-
imental observations including the uncommon Z-stereoselectiv-
ity of the acrylate addition and the lack of reactivity of the (Z)-
ethyl crotonate vis-à-vis the (E)-methyl crotonate in the second 
step of the process, are shown in Figure 7. The reaction starts 
with the formation of a reactive [(P~P)Co(I)]+ intermediate 
which promotes an oxidative cyclization of the enyne B to give 
a cobaltacyclopentene D.  Insertion of ethylene gives the inter-
mediate F. For the formation of the product G from F, two 
mechanistic scenarios can be envisioned. The methyl group in 
the product G can be formed by a b-hydride elimination fol-
lowed by reductive elimination of A, or a direct b-hydride trans-
fer24 with concomitant elimination of A. Formation of the 
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acrylate addition product J must account for the unusual Z-se-
lectivity, which precludes the migratory insertion followed by 
b-hydride elimination mechanism, which normally leads to an 

(E) product. We propose a metal-assisted s-bond metathesis in-
volving the b-C-H bond. The details of the individual steps in 
this mechanism are described in the following sections. 

 

 
Figure 7. Proposed mechanism for the oxidative cyclization followed by hydroalkenylation of 1,3-enynes. 

 

Computational Studies. To gain insight into the differ-
ences between these two seemingly disparate transformations 
based on the alkene acceptor, we turned to in silico methods 
to approach the feasibility of the putative cobaltacyclic inter-
mediate (Figure 7, D) which has been implicated in similar 
transformations.5e,f,i Different reactivities of such a metallacy-
cle with different acceptors were examined by computational 
techniques using the 6-31+G** (with the SDD pseudopoten-
tial for cobalt) basis set with B3LYP, B3LYP-D3 and M06-
2X functionals25 in the gas phase with Gaussian 16.26 All re-
sults reported here were performed at the RB3LYP/6-31+G** 
(SDD for cobalt) level of theory.   The open-shell singlet state 
(OSS, UB3LYP) was considered for every reaction examined, 
but did not decrease the energy barriers along the potential 
energy surface for each case, suggesting the reaction remains 
as a closed shell singlet (CSS). Along those lines, the initial 
oxidative cyclization (Figure 7) was probed as an open-shell 
triplet (OST), but the barrier was predicted to be ~6 kcal/mol 
larger than the CSS case (Figures S6 – S7).  

Three different functionals were considered for the eth-
ylene and acrylate feedstock chemical reactions: B3LYP, 
B3LYP-D3, and M06-2X. The B3LYP-D3 and M06-2X func-
tionals include corrections for dispersion interactions. How-
ever, the M06-2X functional incorrectly predicted the final 
product distribution of the ethylene catalytic cycle (computa-
tional SI, Figures S32 – S33) and was disregarded for the acry-
late catalytic cycles. The B3LYP-D3 functional did well in 
correlating the final product distribution of the ethylene (com-
putational SI, Figures S34 – S35) and methyl acrylate/meth-
acrylate catalytic cycles (computational SI, Figures S62 – 

S63, and S69 – S70). However, the B3LYP-D3 functional 
failed in the prediction of the turnover limiting step of the me-
thyl methacrylate catalytic cycle (Figures S69 – S70) and the 
product distribution of the methyl (a-trifluoromethyl)acrylate 
(computational SI, Figures S76 – S77 and S97 – S98). 

The details of the key intermediates and the transition 
states leading to them are shown in Figure 8. A ground state 
structure of (DPPP)CoBr2 was imported from a crystal struc-
ture,27 the bromine atoms were removed, and the correspond-
ing structure was optimized and treated as a cation in the gas 
phase. Ethylene was subsequently coordinated to this complex 
to give structure I (Figure 8, Panels A and B). The possibilities 
of different intra- vs inter- molecular cobaltacycle formation 
(III and V, respectively) were probed (Figure 8, Panel A), 
since such inter-28 and intra-molecular intermediates have 
been described in rhodium-3g and cobalt-5f catalyzed reactions, 
including [2+2+2] domino reactions.29 The intramolecular co-
ordination of the cobalt with the enyne (alkyne + alkene + 
Co+, II) was found to be lower in energy than the correspond-
ing intermolecular coordination of ethylene and alkyne moi-
ety alone (IV). Furthermore, the intramolecular oxidative cy-
clization (to give III) was found to be kinetically favored with 
a DGⱡ for TSIII of only 13.0 kcal/mol. The formation of the 
product III from II has a lower barrier even though the prod-
uct V (from IV) is marginally more stable by ~ 0.2 kcal/mol. 
Cobaltacycle III could be implicated as an intermediate in 
both reactions with ethylene and with methyl acrylate. Ini-
tially, we studied the formation of the 1,3-diene VII (Figure 
8, Panel C) by coordinating ethylene to metallacycle III and 
probing insertions into both sp2 or sp3 C-Co bonds. 
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In all routes from III as examined by our computational 
approach, the alkenyl-Co bond was considerably more reac-
tive than the alkyl-Co counterpart, as evidenced by a ~10 
kcal/mol difference in DDGⱡ between TSVI’ and TSVIII. It is 
worth noting that an intermediate structure VI’ (not shown) 
undergoes a virtually barrierless reorganization to VI which is 
stabilized by an agnostic interaction with the b-hydrogen (Fig-
ure 8, Panel E). From VI, we had originally probed the for-
mation of a discrete cobalt hydride intermediate XV for the 
formation of the product (Figure 9, Eq 6), but an exponential 
increase in energy was found as the hydrogen was moved to-
wards the cobalt center (computation SI, Figures S22 – S24). 
Instead, a direct hydrogen migration to form the methyl group 
with concomitant formation of the double bond to give the 
product VII through TSVII ensued. The migratory insertion of 
the pendant alkene in intermediate V to form a cobaltacycle 
VI (Figure 9, Eq 7, computational SI, Figures S3 – S6 and S10 
– S12) was also probed, but no viable transition state was 
found. 
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Figure 8. Computational studies: A. Intermolecular vs intramolecular oxidative cyclization (initiation) in the reaction of an enyne and eth-
ylene. B. Ground state catalyst depiction and transition state for oxidative cyclization of to form III.  C. Interaction of ethylene with cobal-
tacycle III showcasing different regioselectivity of insertion in product formation. Notice the product of [2+2+2]-cycloaddition (IX) is also 
shown. D. Contrasting formation of linear diene (XIII-H) via ‘conjugate addition/insertion’ (via XII-H) vs XI-H (via C–H activation/reduc-
tive elimination, via X-H) when methyl acrylate is used as the acceptor. All calculations run at B3LYP/6-31+g**(SDD for cobalt) level of 
theory in gas phase with the complex treated with a positive charge. E. Computationally generated structures for important intermediates and 
transitions states, tosyl groups are omitted for visual clarity in TSX’-H and X-H.  

With other ligand sets we had observed formation of a 
[4.3.0] bicyclic product IX (minus the Co presumably via re-
ductive elimination of [Co]+ from an intermediate similar to 
VI indicating that such reaction pathways may be close in 

energy (products such as IX are seen as the major product in 
Rh-catalyzed reactions3g).  None of this bicyclic product was 
observed experimentally with the DPPP ligand on Co. Fur-
thermore, while the reductive elimination was found to be a 
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viable pathway, it has a higher in energy TS compared to that 
for an intramolecular hydrogen migration (DDGⱡ ~ 6.8 
kcal/mol for TSIX vis-à-vis TSVII) calculated for the formation 
of VII from VI in line with our experimental results.  

 

 
Figure 9. A. Hypothetical Co-H intermediate XV that could be 
formed from VI (see, Panel C, Figure 8). B.  Insertion of pendant 
alkene in an intermolecularly formed cobaltacycle V (Panel A) to 
form VI (Panel C). 

For the interaction of the cobaltacycle with methyl acry-
late (Figure 8, D), Heck-type reactivity with Co-CSp3 bond 
(coordination of the alkene followed by insertion and b-hy-
dride elimination) was explored first, but the initial insertion 
was found to be kinetically inaccessible (DGⱡ ~ 40 kcal/mol 
(computational SI, Figures S43–S45). Besides, exclusive for-
mation of the Z-product suggests that this mechanism is un-
likely when compared to other addition reactions of acrylates 
which predominantly give (E)-products.20, 22a, 22c   

Although intermediates like (III) have been implicated in 
ortho C-H activation of aryl systems,5f C-H activation of vinyl 
C-H is comparatively uncommon.5j Upon coordination of the 
acrylate carbonyl group to III, we found that the cis-b-C-H 
bond undergoes activation via s-bond metathesis through 
TSX’-H to briefly form an intermediate X’-H (shown in Figure 
10 A, computational SI, Figures S57–S61) which rapidly re-
organizes to form X-H (Figure 8, D). Thus, the observed re-
gio-divergence of C-C bond formation between ethylene and 
acrylates, can be explained by a difference in mechanism, 
stemming from the presence of a coordinating group. The 
TSX’-H (Figure 8, E), is characterized by a degree of bonding 
between the metal center and the hydrogen as evidenced by a 
Co-H bond length of 1.63 Å and a nearly linear C2MMA –H–
CSp2 bond angle (176.2˚). Scanning the transition state of this 
C-H activation, we were not able to locate the presence of a 
discrete oxidative addition intermediate, or any pre-associa-
tion of the acrylate C-H bond.30 With the above observations, 
we believe that this C-H activation mechanism most closely 
resembles a metal-assisted s-bond metathesis (MAsBM), as 
described by Hall.31 The almost barrierless reorganization vi-
nyl-Co X’-H to X-H is necessary to perform reductive elimi-
nation to form (Z)-acrylate XI-H (TSXI-H ~ DGⱡ = 10.2 
kcal/mol) and regenerate the catalyst.  During these investiga-
tions, we also uncovered a carbonyl-assisted conjugate addi-
tion pathway to form cobaltacycle XII-H (Figure 10, Panel, 
A). The Vinyl Co X-H is thermodynamically favored by ~19 
kcal/mol when compared to XII-H (Figure 8, Panel D) and 
kinetically preferred by 1.5 kcal/mol. Accordingly, the prod-
uct XIII-H derived via this route is not experimentally ob-
served. The b-hydrogen shift to form diene XIII-H from XII-

H (in a similar manner to the formation of VII from VI, Panel 
C, Figure 8) also has a higher TS energy. 

Figure 10. Reactivity between electronically and sterically dif-
ferentiated acrylates: A. Transition state comparison between C-
H activation and conjugate addition. B. Relevant transition state 
structures. Tosyl groups and ligand omitted for visual clarity in 
B. 

Acrylates are not typical substrates for C-H activation and 
primarily undergo Heck-type 1,2-insertion followed by b-hy-
dride elimination to form substituted acrylates and almost in-
variably the product of such a reaction is the trans-product.7 
While 1,2-migratory insertion is operative in the case of eth-
ylene, this mechanism was not transferable to acrylate sys-
tems, being kinetically inaccessible. Thus, we turned our at-
tention to understanding the steric and electronic influences of 
the acrylate on both 1,4-conjugate addition and C-H activation 
(Figure 10 A). In contrast to the unsubstituted acrylate, methyl 
methacrylate has a lower barrier for C-H activation (TSX’-H vs 
TSX’-Me; DDGⱡ = 2.3 kcal/mol). We believe this difference is 
primarily due to a preorganization of the acrylate into the s-
cis conformation needed for C-H activation by the methyl 
substituent. The barrier for the conjugate addition of methyl 
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methacrylate is slightly higher in energy (DDGⱡ ~ 3.3 kcal/mol 
for TSX’-Me vis-à-vis TSXII-Me) and thermodynamically uphill 
when compared to the C-H activation pathway favoring for-
mation of X’Me over XIIMe.  

We had experimentally observed a shift in product identity 
in the case of methyl (a-trifluoromethyl)acrylate (Scheme 3, 
entry 3) and sought to validate this change computationally. 
We were pleased to find that modeling the more electron de-
ficient acrylate did show the switching of the selectivity, now 
favoring the conjugate addition pathway and formation of 
XII-CF3 (= 13c) via TSXII-CF3 (pictured in Figure 10, Panel B) 
over the C-H activation product X’-CF3 (DDGⱡ ~ 1 kcal/mol 
for TSX’-Me vis-à-vis TSXII-CF3 ) corresponding to a product ra-
tio of 6:1 at 298 K, remarkably close to our experimentally 
observed selectivity of 9:1. Although the site of C-C for-
mation in 13c is predicted accurately by computations, we ex-
perimentally observe the opposite double bond geometry 
(computational SI, Figures S95-S96 and S99-S104). 
 

Scheme 3. Regiodivergent alkenylation as a function of the 
acrylate structure.a 

 
aYields determined by NMR b Reactions conducted with 10 mol% 
Co, 15 mol % NaBArF, and 80 mol% Zn. 

It is worth noting that the barriers of the turnover limiting 
steps of insertion of  acrylate (CF3) and ethylene into the co-
baltacycle are high for what one would expect from a reaction 
which occurs at room temperature. We attribute this to the 
treatment of the cobalt complex as a naked cation in the gas 
phase. In solution this complex is most likely an ion pair,32 the 
nature of which (i.e., solvent separated/paired) is not fully un-
derstood yet. However, the relative barriers of our computa-
tional analysis are in line with our experimental observations 
and serve as a useful predictor of reactivity. In attempts to rec-
tify the barrier heights, we have explored multiple coordina-
tion modes of the alkene and acrylate to both  the enyne and 
cobaltacycle, several different functionals with and without 
dispersion corrections (M06-2X and B3LYP-D3 functionals) 
were also evaluated. Dispersion interactions simulated with 
the B3LYP-D3 functional decreased reaction barriers to what 
we would observe for a room temperature reaction, but did 
poorly in the prediction of the turnover-limiting step of methyl 
methacrylate C-H activation mechanism (computational SI, 
Figures S69 – S70). Coordination of ZnBr3 was considered to 
lower these barriers, however, the sheer size of BArF- suggests 
no coordination occurs. We favor the B3LYP/6-31+G** 
(SDD for cobalt) functional and basis set because it consist-
ently predicts the correct experimental product when many 
different pathways are competitive and is aligned with our ex-
perimental kinetic studies and mechanistic experiments (com-
putational SI, Figures S28 – S29, and Figures S99 – S104). 

Kinetic Studies. To better understand the unusual re-
activity in the acrylate case, we began our mechanistic inves-
tigations by choosing the reaction of methyl methacrylate with 
enyne 5a, in part because the reaction is efficient (>90% crude 
NMR yield) and the components of the reaction are easy to 
monitor due to the presence of their strong IR signatures. The 
conditions from our previous studies on diene-acrylate dimer-
ization7b were adapted with slight modifications to study the 
kinetics of the apparent C-H activation using in-situ IR spec-
troscopy. Thus, the activator was switched from NaBArF to 
zinc bromide in order to minimize spectral overlap, and the 
solvent dichloromethane was replaced by less volatile 1,2-di-
chloroethane to minimize evaporation.  These changes re-
sulted in more reproducible results. Bures kinetic analysis33 
was used to determine the order in the reagents and the cata-
lyst (Figure 11 A). The data shows that the reaction has a pos-
itive order close to unity in methacrylate concentration with 
the best overlap of the 3 experiments set to 0.9 (see SI for 
complete details, p. 53) and no dependence upon the concen-
tration of enyne. These experiments rule out an oxidative cy-
clization as the turnover limiting step and likely suggests that 
a cobalt enyne complex as the resting state of the catalytic cy-
cle, supporting our computational analysis. The saturation ki-
netics displayed by varying concentrations of the enyne (Fig. 
11A, left) is also consistent with this mechanistic scheme. The 
catalyst was found to be a monomeric species in line with our 
previous studies on alkene-acrylate heterodimerization. Im-
portantly, the reaction was found to have a first order depend-
ance on ZnBr2 and DPPPCoBr2 concentrations which likely 
indicates that there is an equilibrium between an inactive co-
balt(I) halide species and a bimolecular ion pair32 with 
[ZnBr3]– anion, the structure of which has been confirmed pre-
viously7b by X-ray crystallography. Separate flask kinetic iso-
tope experiments (Figure 11 B) were conducted with methyl 
methacrylate-d2 and  gave a KIE of 2.1, which supports the 
breaking of the C-H/D bond during the turnover limiting step, 
in accord with our mechanistic hypothesis. Additionally, in 
competition kinetic experiments with equimolar MMA and 
MMA-d2 in the same flask was found to favor the incorpora-
tion of protio-methacrylate to the tune of 2.0:1.0 at 17% con-
version. By blocking the site of C-H activation such as in ethyl 
(Z)-crotonate, we observed little product, with most starting 
material remaining unreacted (Figure 11 C). To probe a mech-
anism that involves a direct C-H activation of methyl methac-
rylate, the reaction was run in the presence of alkene 5n (Fig-
ure 11 D). Presumably, a direct C-H activation from a low va-
lent cobalt species in an analogous method to ruthenium cata-
lyzed C-C forming reactions5j should give an adduct with 5n, 
however, complete retention of the starting material was ob-
served, indicating that the enyne is crucial for this C-H acti-
vation. These experiments indicate that a hydrogen syn to the 
acrylate is needed for a productive reaction, and activation of 
this H is involved in the turnover-limiting step. Taken to-
gether, these observations are consistent with the metal-as-
sisted s-bond metathesis revealed in the computational stud-
ies. 
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Figure 11.  Mechanistic experiments for cobalt catalyzed reactions of 1,6-enynes and acrylates: A. Different excess experiments with VTNA. 
B. Separate flask and intermolecular competition kinetic isotope experiments. C. Stereospecific activation of crotonate derivatives. D. Che-
lation study. See Supporting information for complete details (Ar = 4-fluorophenyl). 

 

Although the cobaltacycle III (Figure 8) is implicated in 
catalytic C-H activation reactions, not much is known about 
the fundamental reactivity of this species. We saw an oppor-
tunity to gain insight into the s-bond	metathesis by probing 
the substituent effects on the transition state. Rate studies were 
conducted with a series of 1-arylenynes and the results are 
shown in Figure 12. A Hammett plot was constructed, which 
revealed a linear correlation with a modest, negative r value. 
We believe this value supports a base-like character of the car-
bon of the [=C(Ph) (CoIII)] moiety, which is involved in the 
removal of the b-C-H of the acrylate. 

 

 
Figure 12. Hammett plot of 4-substituted enynes for the reaction 
shown in Eq 8. 
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In conclusion, this study details the development of two 
novel cobalt-catalyzed intermolecular C-C bond forming re-
actions of 1,6-enynes with feedstock alkenes. The regio-diver-
gence of these two transformations was probed in a combined 
theoretical and experimental study, gaining insight into both 
mechanisms and the factors which influence selectivity. In the 
case of ethylene, the small alkene can easily insert selectively 
into the Csp2–Co bond of a cobaltacyclopentene intermediate. 
The resulting species (VI in Figure 8) undergoes an intramo-
lecular hydride transfer to liberate the product instead of the 
more commonly invoked b-hydride elimination and subse-
quent reductive elimination. To the best of our knowledge, 
this study also details the first C-H activation of acrylates from 
a high valent cobalt. This unusual mechanism for acrylate 
functionalization allows access to a variety of substituted 
acrylates, many of which react sluggishly in typical Heck-type 
reactions. We believe that this transformation occurs through 
a metal assisted s-bond metathesis, which is the turnover lim-
iting step in the catalytic cycle. These conclusions are experi-
mentally supported by analysis of the rate law, kinetic isotope 
effects, and further validated by computational studies. Elec-
tronic effect on the proposed C-H activation by the Csp2–CoIII 
bond of cobaltacyclic intermediate (III in Figure 8) were 
probed in a Hammett analysis which showed that more elec-
tron-donating substituents stabilize the transition state of this 
unprecedented C-H activation. The lack of reactivity in ethyl 
(Z)-crotonate also suggests the need for an appropriately 
placed the coordinating (carbonyl) group for the metal-as-
sisted C-H activation. Such a mechanism also explains the un-
common (Z)-selectivity seen in a reaction that vaguely resem-
bles a classical Heck reaction. 
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