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One of the major challenges facing organic synthesis in the 21st century is the utilization of
abundantly available feedstock chemicals for fine chemical synthesis. Regio- and enantioselective
union of easily accessible 1,3-dienes and other feedstocks like ethylene, alkyl acrylates and
aldehydes can provide valuable building blocks adorned with latent functionalities for further
synthetic elaboration. Through an approach that relies on mechanistic insights and systematic
examination of ligand and counter ion effects, we developed an efficient cobalt-based catalytic
system [(P~P)CoX,/MesAl] to effect the first enantioselective heterodimerization of several types
of 1,3-dienes with ethylene. In addition to simple cyclic and acyclic dienes, siloxy-1,3-dienes
participate in this reaction, giving highly functionalized, nearly enantiopure silyl enolates which
can be used for subsequent C-C and C-X bond-forming reactions. As our understanding of the
mechanism of this reaction improved, our attention was drawn to more challenging partners like
alkyl acrylates (one of the largest volume feedstocks) as the olefin partners instead of ethylene.
Prompted by the intrinsic limitations of using aluminum alkyls as the activators for this reaction,
we explored the fundamental chemistry of the lesser known (P~P)Co(DX species and discovered
that in the presence of halide sequestering agents such as NaBARF or (CgFs)3B, certain chiral
bisphosphine complexes are superb catalysts for regio- and enantioselective heterodimerization of
1,3-dienes and alkyl acrylates (A). We have since found that these cationic Co(l)-catalysts, most
conveniently prepared in situ by reduction of the corresponding cobalt (1) halide complexes by
zinc in the presence of NaBARF, promote enantioselective [2+2]-cycloaddition between alkynes
and an astonishing variety of alkenyl derivatives to give highly functionalized cyclobutenes (B).
In reactions between 1,3-enynes and ethylene, the [2+2]-cycloaddition between the alkyne and
ethylene is followed by a 1,4-addition of ethylene in a tandem fashion to give nearly enantiopure
cyclobutanes with an all-carbon quaternary center, giving a set of molecules that maps well into
many medicinally relevant compounds (C). In another application, we find that the cationic Co(l)-
catalysts promote highly selective hydroacylation (D) and 1,2-hydroboration (E) of prochiral
1,3-dienes. Further, we find that a cationic Co(l)-catalyst promotes cycloisomerization followed
by hydroalkenylation of 1,6-enynes to produce highly functionalized carbo- and heterocyclic
compounds (F). Surprisingly the regioselectivity of the alkene addition depends on whether it is

a simple alkene or an acrylate, and, the acrylate addition produces an uncommon Z-adduct. This
Account will provide a summary of the enabling basic discoveries and the attendant developments
that led to the unique cationic Co(l)-complexes as catalysts for disparate C-C and C-B-bond-
forming reactions. It is our hope that this account will stimulate further work with these highly
versatile catalysts, derived from an earth-abundant metal.

INTRODUCTION

One of the major challenges facing organic synthesis in the 21st century is how to

use abundantly available, sustainable feedstocks for fine chemical synthesis. Finding
solutions to the dual challenges of activation of thermodynamically stable precursors

and their selective reactions with other molecules will have broader implications in
catalysis, and, at a practical level, how we synthesize/manufacture chemical intermediates
of interest from medicine to materials. Ideally such processes could be environmentally
friendly if operated under ambient conditions, use efficient catalysts derived from earth
abundant metals, and the reactions involved are optimized for high selectivity in which
only the desired product is formed, avoiding costly separation/purification steps. With
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these goals in mind, we discovered highly regio- and enantioselective cobalt-catalyzed
hydrovinylation 1,3-dienes.! As the limitations of the original protocol for this reaction
[(P~P)CoX,/MesAl] became apparent when we switched to methyl acrylate instead

of ethylene as a reaction partner for the diene, we recognized that cationic Co(l)

species, [(P~Z)Co]* [X]~ [(P~Z) = hisphosphine or phosphinooxazoline ligands] are
excellent catalysts for such codimerizations.2 These complexes have since been found

to be equally good catalysts for synthesis of cyclobutenes via enantioselective [2+2]-
cycloadditions of alkynes and alkenyl derivatives.2 Further, these complexes are also
applicable for other regio- and enantioselective hydrofunctionalization reactions such

as hydroacylations* and hydroborations.> Most gratifyingly, we find that the cationic
cobalt(l) catalysts with appropriate ligands enable tandem reactions of enynes such

as cycloaddition-hydrovinylation® and cycloisomerization-hydroalkenylation.” The cobalt
catalysis was originally developed to address the substrate limitations of our hugely
successful nickel-catalyzed hydrovinylation of vinylarenes,® This Account, which starts with
a brief introduction to the nickel chemistry, will chronicle our efforts in the cobalt catalysis
area over the past decade. It will cover research published until July 2021.

NICKEL-CATALYZED ASYMMETRIC HYDROVINYLATION

Encouraged by the astonishingly high turnover frequency (>625,000 [propene][Ni]~1[h]™1)
observed for (allyl)Ni(phosphine)X catalysts in the homodimerization of propene (Figure

1 A), which forms the basis of the Dimersol Technology,® we made a substantial research
investment in developing an enantioselective version of a related heterodimerization between
ethylene and other alkenes (hydrovinylation, HV for short), targeting the chiral products.
Even though a nickel-catalyzed enantioselective HV of a 1,3-diene(1,3-cyclooctadiene) was
one of the first metal-catalyzed asymmetric carbon-carbon bond-forming reactions ever
reported (Figure 1 B),20 until our work, 1! the scope, yield and selectivity for this reaction
had remained relatively modest.12 Our early efforts resulted in the discovery of highly
efficient, regio- and enantioselective HV of vinylarenes, strained alkenes and a limited
number of configurationally stable s-cis-1,3-dienes (Figure 1 C).8? Conspicuously absent
among the substrates that underwent successful enantioselective HV were linear 1,3-dienes,
a large class of readily available substrates which gave unacceptable mixtures of various
heterodimerization products (Figure 1 D). Suspecting a facile s-cis/s-trans-isomerization that
is prevalent in 1,3-dienes to be one source of this poor selectivity, we began to explore the
fundamental preparative and catalytic chemistry of the relatively obscure (2008) low-valent
Co(l) complexes, which were known to readily form 7*complexes with dienes!3 even in

a high-coordination environment unlike nickel.1* We reasoned that cobalt might lead to
better selectivities in reactions of dienes by reducing the number of possible intermediates
in the catalytic cycle (Figure 1 E, see later, Figure 2 B for full details of a possible
mechanism). These expectations have been borne out and the explorations that followed
have evolved over the past few years as we recognized the unique role of Co(l)-complexes,
especially the cationic complexes, in catalyzing not only heterodimerization reactions, but
also cycloaddition and hydrofunctionalization reactions of alkenes and alkynes.1®
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COBALT-CATALYZED HETERODIMERIZATION REACTIONS OF 1,3-DIENES

Hydrovinylation of 1,3-dienes—Regio- and enantioselective union of easily accessible
1,3-dienes and other feedstocks like ethylene, alkyl acrylates and aldehydes can

provide valuable building blocks adorned with latent functionalities for further synthetic
elaboration.1® Unlike reactions of simple alkenes, reactions of prochiral dienes present
additional challenges since a multitude of primary products can be formed even for the
simplest of these compounds such as a monosubstitued (£)-1,3-diene (Figure 2 A, 1: R?

= R2 = R3 = H; R* = alkyl). Thus, in a generic hydrofunctionalization reaction, formation
of 1,2/2,1-, 1,4/4,1-, and 3,4/4,3- adducts in addition to geometrical isomers of the residual
double bonds in some of the products are possible. Based on several anecdotal observations
in the literature,1” we reasoned that in a catalytic cycle for the reactions of dienes (Figure 2
B), a putative [LCo()"H]* species, 2, may have distinct advantages over the corresponding
[LNi(D-H]* species, which we had postulated as an intermediate in the HV of vinylarenes.18
Cobalt is able to coordinate to the diene in an 7*-fashion while also coordinated to chelating
ligands (3) for better stereochemical control in any coupling reactions. It was known that
the Ni-catalyzed HV reaction was inhibited by strongly chelating ligands.11P Migratory
insertion in 3 would initially give a syn-anti-n°-complex 4 which is poised for insertion

of ethylene followed by p-hydride elimination to give the 2,1- or 4,1-HV adducts 5 and

6 respectively. Other geometrical isomers could arise by the rt-o-m-rearrangement of the
initially formed 73-syn-anti-complex 4. The requisite cobalt hydride would come from
treatment of the (L)CoX5 complex with various aluminum alkyls, as postulated in the
[pyridine-diimine]Co-catalyzed oligomerization of a-olefins.172:19Accordingly, we initially
examined co-dimerization of ethylene in the presence of isolated (L)CoX, complexes [L

= PhyoP(CH5),PPhy, n = 1-4, X = ClI, Br] and various aluminum alkyl promoters. It was
found that 1,4-bis-diphenylphosphinobutane (DPPB) with Me3Al as the promoter (Co:Al

= 1:3) yielded the best selectivity for a HV reaction, giving the 4,1-adduct as the major
product.2? Depending on the bis-phosphine and the reaction temperature, various ratios of
2,1- and 4,1-adducts were obtained (Table 1). It should be noted that this catalyst system

is different from the linear co-dimerization of a 1,3-diene and a 1-alkene [(L)CoXy,/Zn/
Znly) originally reported by Hilt?1 and the enantioselective HV of vinylarenes [(L)CoXy/
Et,AlCl/ethylene (30 bar)] reported by Vogt et al.22 These conditions gave unsatisfactory
results in HV of 1,3-dienes under ambient conditions. Notable features of our Co-catalyzed
HV reaction are: (i) ligands with large bite-angles (>90°) (DPPP and DPPB) gave almost
exclusively the 4,1-(2)-product, whereas ligands with narrow (~72°) bite-angle (e.g., DPPM)
gave mostly 2,1-(£)-product; (ii) for high selectivity in the 4,1-adduct it is important to
keep the temperature low; for a given ligand at higher temperatures, proportion of the
(E)-isomers increases (entries 2 and 3 in Table 1), presumably via isomerization of the
initially formed (syn-anti)- n®-complex 4 to a more stable (syn-syrn)-isomer (4°); (iii) the
reaction is compatible with several common functional groups like CO,Et, OBn, Cl and

Ph substitution on the diene; (iv) the products of the reaction are highly valued23 skipped
1,4-dienes with an alkyl-bearing stereogenic center at the bis-allylic carbon.

Enantioselective HV of acyclic 1,3-dienes—Among the ligands that were evaluated,
the best results were achieved with the simplest chiral analogs of DPPP and DPPB
that are commercially available: (S,5)-2,4-bis-diphenylphosphinopentane [(S,S)-BDPP,
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L1] and (R, R)-(2,2-dimethyl-1,3-dioxalane-4,5-diylbismethylene)- b/s-diphenylphosphine
[(R,R)-DIOP, L2], respectively (Figure 3 A).20 Under the optimized conditions, a series
of linear 1,3-(£)-dienes gave nearly quantitative yields of HV products with high regio-
(4,1-ZHV) and enantioselectivities (Figure 3 A, Table 2). During these synthetic studies,
we characterized several chiral [bis-phosphine]CoX, complexes by X-ray crystallography;
among them, (5,5-BDPP)CoCl, complex and a corresponding ligand-bridged Co(l)-
complex, [(S,S)-BDPP]3Co,Cl». In addition to the applications in our own work, the
(BDPP)Co(Il)-complex has since attracted significant attention for other cobalt-catalyzed
enantioselective reactions.24

Enantioselective HV of 1-vinylcycloalkenes—In sharp contrast to the Ni-catalyzed
HV reaction (using L3) where both 1-vinylcycloalkenes and benzannulated 1,3-dienes
undergo almost exclusive 2,1-addition (Figure 1 C, Figure 3 B),28 under cobalt catalysis,
the major product is formed by 4,1-addition (Figure 3 B).2> Reaction of racemic 4-tbutyl-1-
vinylcyclohexene (7) is typical. The (DPPP)CoCl,/MesAl-mediated reaction gave mostly
4,1-adducts 9a and 9b (cis- and trans-isomers) in a ratio of 81:17 (ratio of 2,1:4,1-adducts,
8:9 = 2:98) in 96% vyield. Reactions catalyzed by [(S,S)-BDPP]CoCl, and Me3Al gave a
lower proportion of the 4,1-HV adducts [8:9 = 13:87] compared to the achiral catalyst; but
both 9a and 9b were formed with an ee of >98%. This exceptionally high enantiomeric
ratio of two diastereomeric products from a chiral racemic substrate 7 is an example of a
rare, yet fast growing list of efficient enantiodivergent parallel kinetic resolutions.28 This
Co-catalyzed 4,1-HV is a broadly applicable reaction giving excellent ee’s (>96%) for the
4,1-adducts in a broad spectrum of substrates.

Enantioselective HV of siloxydienes. Synthesis of functionalized chiral silyl
enolates—A successful enantioselective HV of a siloxydiene would lead to a catalytic
route to enantiopure silyl enol ethers, potentially valuable nucleophilic synthons.2” The
closest precedent for a catalytic reaction that results in a regio- and stereoselective synthesis
of a silyl enol ether uses a transition metal-catalyzed asymmetric conjugate addition of
alkenyl metal to a, B-unsaturated carbonyl compounds followed by, a difficult /n sitv
silylation of the metal-enolate using several equivalents of a silylating reagent, base and
other additives.28 We found that 2-trialkylsiloxy-1,3-dienes undergo facile regioselective
4,1-hydrovinylation under the modified reaction conditions using [(S,S)-BDPP)]CoCl, (0.01
mol%!) with MAO as the activator (Figure 4) giving nearly enantiopure silyl enol ethers
bearing a vinyl group on a stereogenic carbon at the B-position.! Key to success here was
identifying the weaker Lewis acidic activator, methylaluminoxane (MAQ), which played
the dual role of a reducing agent and a halogen sequestering agent in the catalytic cycle
without affecting the sensitive silyl enol ether group. Most gratifyingly, the methodology
has a broad scope including linear and cyclic trialkylsiloxy-1,3-dienes, as illustrated in
Figure 4 A and Figure 4 B. We also realized (Figure 4 B.1) excellent reagent control in

the HV of a chiral, (-)-citronellal-derived siloxydiene, which gave diastereomeric products
in excellent enantioselectivities depending on which ligand (S,S)- or (R,R)-DIOP was used
for the reaction [at Cy4 (R, dr 97:3) and Cy4 (S, dr 96:4) respectively]. Aryl-conjugated
dienes exclusively gave achiral 1,4-adducts (B.2). A highly functionalized silyl enolate with
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a methyl-bearing a.-stereogenic center (B.3) is a key intermediate in our plans for a short
synthesis of Callistatin A.

The nearly enantio-pure B-vinyl silyl enol ethers formed from the asymmetric HV
reactions provide a direct route to many different types of carbonyl compounds including
valuable B-vinyl ketones by simple hydrolysis of the enol ethers (Figure 5 A, B). Few
preparatively useful catalytic enantioselective methods currently exist?292 for synthesis of
such viny/ compounds, especially in the acyclic series, even though alkeny/additions are
more well-precedented.29-f The nucleophilic silyl enol ethers also undergo several typical
reactions with electrophiles at the a-carbon including diastereoselective a.-bromination,
a-hydroxylation, Lewis-acid-catalyzed alkylation, aldol, Michael and Mannich reactions3°
Another application is for the synthesis of enol triflates (Figure 5, C, D), which undergo
traditional cross-coupling reactions to give enantiopure skipped dienes.30

ENANTIOSELECTIVE HETERODIMERIZATION OF ACRYLATES AND 1,3-DIENES.
DISCOVERY OF THE ROLE OF A CATIONIC Co(l) CATALYST

Even though acrylates are among the largest volume feedstocks, no useful enantioselective
heterodimerization involving these compounds was known when we initiated our

efforts to couple 1,3-dienes and methyl acrylate.3! The protocols that worked for the
heterodimerization of ethylene and 1,3-dienes [(P~P)CoX,/AlMe3 or MAO)] gave very
poor yields of the expected products when ethylene was replaced by methyl acrylate.

We reasoned that this failure might be related to the incompatibility of the aluminum
reagents (see Figure 2 B) with the reactive, Lewis basic/electrophilic alkyl acrylate.? We
wondered if we could circumvent the use of aluminum alkyls by exploiting a discrete
Co(l)/Co(lll) redox cycle as a possible pathway for this reaction rather than relying on

a hydride route. Mechanistically this would involve an oxidative dimerization of the two
alkenes at a low-valent Co(l)-center followed by a p-hydride elimination and a subsequent
reductive elimination as elementary steps (Figure 6 A). To test the viability of such

an oxidative cyclization route, we prepared and characterized several well-defined Co(l)
complexes (Figure 6 B) and examined their utility in the heterodimerization reactions

of (F)-1,3-dodecadiene ethylene and methyl acrylate.? Interestingly, none of the Co(l)
complexes either isolated, or, generated in situ from (L)CoX5, with Zn (Figure 6 B)
catalyzed the dimerization reaction under ambient conditions in the absence of an activator.
In the presence of a Lewis acid, the Co(l) complexes became viable catalysts for the
codimerization of both ethylene and methyl acrylate with (£)-1,3-dodecadiene giving

high chemo- and regioselectivity (Figure 6 C). Among the activators NaBARF (BARF =
tetrakis-[ bis-(3,5-trifluoromethyl)phenyl]borate was found to be most effective (Figure 6
E).32 Subsequent experiments established that this reaction is most easily carried out by in
situ generation of the [(P~P)Co(1)]* [BARF]~ complex by reduction of the corresponding
(bis-phosphine)CoX, complex with Zn in the presence of NaBARF (Figure 6 C). We found
that DIOP, BDPP and ferrocene-based ligand Josiphos-1 (L4) gave the best selectivities for
the 4,1-addition of acrylate across various 1,3-dienes. As shown in Figure 6 C, very good
to excellent yields and enantioselectivities for the 4,1-adducts are obtained and the reaction
is compatible with many common organic functional groups including silyl ethers. Recently
completed mechanistic studies including isotopic labeling studies (Figure 6 D, E) are
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consistent with an oxidative dimerization route for this reaction.33 Since diene-ethylene and
diene-acrylate codimerizations are catalyzed equally well by the cationic cobalt complexes?,
it is conceivable that the former reaction also involves Co(1)/Co(ll1)-redox cycle rather than
the hydride mechanism proposed earlier as a working hypothesis at the beginning of our
investigations (Figure 2). However, we do not yet have sufficient evidence to discount the
hydride route in the diene-ethylene reaction.

ENANTIOSELECTIVE [2+2]-CYCLOADDITION BETWEEN ALKYNES AND ALKENYL
DERIVATIVES

Functionalized cyclobutanes and butenes are important structural motifs seen in many
biologically important compounds3* One of the simplest approaches to cyclobutenes is
through a [2+2]-cycloaddition between an alkyne and an alkenyl derivative (Figure 7 A).3°
We wondered if a putative Co(ll1)-metallacycle (10, Figure 7 A) formed by an oxidative
cyclization between the alkyne and the alkene, could serve as a source of a cyclobutene (11)
by a direct reductive elimination from 10 with Cgpp-Cgp3-coupling. A possible complication
would be a p-hydride elimination in 10 followed by reductive elimination with the
formation of a Cgpp-H bond which would result in simple coupling (12) akin to a linear
heterodimerization. Could these diverse pathways be controlled by choice of ligands? We
started our optimization studies with a conjugated 1,3-enyne and methyl acrylate and, as
anticipated, quickly realized that indeed the challenge was to suppress the formation of the
linear product.® Various bis-phosphines such as DPPE, DPPB and chiral analogues (S, S)-
BDPP, R-BINAP did give the cyclobutene as the major product, but, invariably contaminated
with 2-20% of 12 and in low enantioselectivities for 11. We hypothesized that electron-
deficient phosphinooxazoline ligands (Figure 7 B) might favor reductive elimination from 10
over B-hydride elimination and might suppress the side-product formation. To our delight,
simple achiral 2-(2-diphenylphosphino)phenyl-1,3-oxazoline (PHOX) ligand L5 gave a very
high yield of 11 with excellent selectivity for cyclobutene and none of 12.3 Next we
examined a number of different chiral PHOX ligands for the cyclobutene formation (Figure
7 B) using the standard procedure for the formation of a cationic Co(l)-intermediate (Figure
7 C). Examining the electronic effect of the arylphosphines, we found that the electron-
deficient ligand L8 gave the best enantioselectivity. Interestingly, more electron rich and
sterically encumbered PCy,-PHOX ligand L9 also gave nearly identical enantioselectivity
(82%) in CH,Cl,, as a solvent. We observed dramatic improvements in enantioselectivities
upon switching to toluene as a solvent for ligands L7-L9. The optimized conditions were
used for expansion of the substrate scope (Figure 7 C). Variations in both substrates showed
excellent functional group compatibility.

Allyl derivatives show a striking ligand effect.—Cycloadditions with allyl
derivatives also revealed a remarkable ligand effect. While the cycloaddition reactions
carried out using the ligand (L9) gave excellent yields of the [2 + 2]-cycloaddition (Figure
7 D, 13) with outstanding regioselectivity, the (DPPP)CoBr, complex gave adducts (14),
corresponding to a formal ene reaction.38 Mechanistically 14 could arise via a linear
codimerization (1,2-addition to the alkyne) followed by a hydrogen migration to the more
stable alkenyl Z-derivative.
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While attempting to extend the cycloaddition reaction to less reactive alkynes (Figure

8 A) it was found that the simple achiral ligand L5 (Figure 7 B)or the corresponding
4-phenyloxazoline L7 proved unsatisfactory. The electron-rich ligand L9 was found to give
excellent selectivity for the formation of the cyclobutenes, especially when a trifluoroethyl
acrylate was used as the alkenyl component and the reaction was carried out in toluene at
slightly elevated temperatures. The reactivity and selectivity could be improved further with
a novel ligand L10, readily synthesized from (15,2 /)-norephedrine, which gave unprecedent
yields and enantioselectivities (ee > 90%) for a broad range of alkeny! derivatives and simple
alkynes (Figure 8 B).

Tandem [2+2]-cycloaddition/hydrovinylation for functionalized cyclobutanes with an
all-carbon quaternary center: Recognizing the remarkable catalytic activity of cationic
Co(l) species in disparate reactions like heterodimerizations and [2+2]-cycloadditions,

we wondered if a tandem sequence could be executed. For this we turned to reactions

of 1,3-enynes with ethylene (Figure 9). Most remarkably, a highly ligand-dependent
reaction ensued giving either a simple [2+2]-addition to a vinylcyclobutene (16) or a
product (17) derived from the subsequent hydrovinylation of 16 (Figure 9 A)% 37 Among
the Co-complexes of 1,n-diphenylphosphinoalkanes, DPPP and DPPF were most active,
selectively yielding almost exclusively the cycloaddition product 16 (for R = 7-Bu) at low
temperature, but yielding 17 on prolonged reaction time. Among the chiral phosphines,
phosphinooxazolines showed the best selectivity with the reaction proceeding even at —20
°C when the catalyst was activated with either trimethyl aluminum, MAO or Et,AICI.

As the examples in Figure 9 C show, a reaction using a simple protocol [(L7)CoCl,/
Et,AICI/CH,CI,, ethylene (balloon), 0 °C] is quite general for the synthesis of various
analogs of functionalized cyclobutane 17 with a chiral all-carbon quaternary center in high
enantioselectivity.

REGIODIVERGENT HYDROALKENYLATION OF 1,6-ENYNES AND AN UNCOMMON gC-H
ACTIVATION FOR Z-SELECTIVE COUPLING OF ACRYLATES

We imagined that different carba- and heterocycles could be accessed by incorporation of
feedstock alkenes into other enynes, for example, a 1,6-enyne (18, Figure 10). The reactions
with ethylene under conditions known to generate a [LCo(l)]* [BARF], a product (19a),
formally equivalent to a cycloisomerization of the enyne followed by a HV, is formed
(Figure 10 A).” This reaction in which ethylene is inserted into the Co-Cgpp bond of the
presumed metallacycle intermediate (20, Figure 10)38 is quite general and various the alkyne
substituents (18, R = aromatic, heteroaromatic, alkyl, 2-alkenyl) are tolerated (Figure 10

B). When an unsubstituted alkyne is involved, the reaction takes an alternate course (Figure
10 D), and an uncommon [3.1.0]bicyclohexane (21, Figure 10 D) is formed. Electron-rich
vinyl phthalimide gives aza-bicyclo[4.3.0]-nonane (22) similar to a product seen in the
Rh-catalyzed [2+2+2]-cycloaddition between a 1,6-enyne and N, A-dimethyl acrylamide.3°

When methyl acrylate was used as the alkene component, a different reaction ensued, now
the bond-formation taking place at the Csg location of the metallacycle (23, Figure 10 A, C),
and, most remarkably the only product formed (23) has the Zconfiguration (confirmed by
X-ray crystallography of products derived from MMA and methyl (£)-crotonate). Since

Acc Chem Res. Author manuscript; available in PMC 2022 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biswas et al.

Page 9

such a stereochemical outcome (2) is quite uncommon in the couplings of acrylates,
including Heck-type addition reactions (where almost invariably a £-product is observed),40
we initiated a mechanistic investigation of the reaction, the details of which have been
published.” Computational studies provide support for our experimental observations that
the turnover-limiting step in this reaction involves a ¢is-C-H activation of the acrylate from
the cobaltacycle intermediate (24, Figure 10 E). We explain the exclusive formation of the
cfs-adduct (23) by invoking a metal-assisted o-bond-metathesis in 24 followed by reductive
elimination from the resulting (2)-vinyl-Co species 25 (Figure 10 E). The calculated
energies of the transition states and intermediates involved in these steps are consistent with
this facile reaction. For example, the more well-precedented sequence for the coupling viz.,
coordination of the acrylate, insertion and B-hydride elimination, was found to be kinetically
inaccessible (40 kcal/mol), whereas the largest AG* for a step involving C-H activation
starting from 20 via o-bond-metathesis was only 23.5 kcal/mol. As would be expected from
such a mechanism, the reaction fails for methyl Z-crotonate, where there is no hydrogen
synto the -CO,Me group. A Kinetic isotope effect of 2.1 observed in reactions with methyl
methacrylate-d, also supports a key C-H/D cleavage in the turnover-limiting step. Other
viable substituted methyl acrylates include methyl methacrylate, £-2-methoxyacrylate and
E-methyl crotonate (Figure 10 C).

REGIO- AND ENANTIOSELECTIVE HYDROACYLATION OF 1,3-DIENES

Hydroacylation of alkenes is a very powerful method for the synthesis of ketones from

two of the most readily available precursors, alkenes and aldehydes, many of them
available as feedstocks.#! Even though hydroacylations have been carried out with many
transition metals, most successful enantioselective intermolecular reactions have relied on
rhodium, an expensive and relatively rare metal, and, the scope of the substrates are limited
to those carrying chelating groups*2 or to those possessing increased reactivity due to
strain.*3 Absent among the alkene substrates that have been subjected to enantioselective
hydroacylation reactions are 1,3-dienes.24¢ 44 We wondered if the cationic complexes,
[(L)Co]* [BARF], that have been found to effect oxidative dimerizations between alkenes
via mechanism involving a Co(1)/Co(lll) cycle (vide supra), might also be suitable for the
hydroacylation reactions. In 2014, Dong reported the first examples of a racemic version
of the cobalt-catalyzed hydroacylation of 1,3-dienes, and showed that regioselectivity

(1,2- versus 1,4- addition) could be controlled by the steric and electronic properties

of the chelating phosphines.#> After an extensive search for ligands and optimized

reaction conditions, we have identified the best conditions for regio- and enantioselective
hydroacylations of 2- and 4-monosubstituted, and 2,4-disubstituted 1,3-dienes.* The results
of these studies are summarized in Figure 11 (2- mono- and 2,4-disubstituted 1,3-dienes
giving predominantly 1,2-adduct) and Figure 12 (4-substituted 1,3-dienes giving 4,1- or
4,3-adducts depending on the nature of the aldehyde). Particularly noteworthy are the use
of two feedstock dienes, isoprene and myrcene in these reactions. Examination of various
chiral ligands revealed that (S,S)-Ph-BPE (L11) was the ligand of choice for the highest
regio- and enantioselectivities, with (R,R)-/-Pr-DUPHQOS (L 12) serving as an alternative for
some cases. Since isoprene is one of the cheapest feedstock dienes ($ 1.4/kg) we probed
this substrate to establish the tolerance of various aldehydes and the results are shown in
entries 5-12, Figure 11. As noted, aromatic, heteroaromatic and a.,p-unsaturated aldehydes
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are suitable precursors for this reaction (entries 7-12). Enantioselective hydroacylation of
isoprene with isobutyraldehyde (entry 5) gives (S)-Dihydrotagetone, a flavoring agent in
92% ee.6

As shown in Figure 12 A, highly enantioselective hydroacylation reactions can also be
carried out on 4-substitued 1,3-dienes, which gave either 4,1-adduct (entries 1-4) or 4,3-
adduct (entries 6-8) depending on whether an aliphatic or aromatic aldehyde was used.
1,3-Butadiene gave mostly 1,2-addition irrespective of the nature of the aldehyde (entries 5
and 9).

Two special applications of the new reaction are shown in Figure 12 B and C. A 2-step,
gram-scale synthesis of the anti-inflammatory agent (S)-Flobufen starts with isoprene and a
commercial aromatic aldehyde to get an intermediate ketone which was further oxidized

to the final product in overall 92% yield and >98% ee.*’ A silyl enol ether derived

from methyl vinyl ketone, 2-trimethylsiloxy-1,3-butadiene, undergoes surprisingly efficient
enantioselective hydroacylation under our conditions (Figure 12 C) to give valuable silyl-
protected aldol products in excellent enantioselectivities, even though the regioselectivity
needs further improvement. A hydroacylation route to aldols has not been disclosed before.
We find that isolated cationic Co(l) complexes (e.g., 26) have a distinct advantage in

this reaction because the competitive Mukaiyama aldol reaction (presumably catalyzed by
the byproduct ZnBr,) is minimized with this single component catalyst derived from a
DUPHOS ligand.

REGIO- AND ENANTIOSELECTIVE HYDROBORATION OF 1,3-DIENES

In 2017 when we first disclosed*® the Co-catalyzed enantioselective hydroboration of
prochiral acyclic 1,3-dienes, there were no reports of such a reaction among this class

of compounds.#® Shortly thereafter, Mazet published a Cu-catalyzed addition of bis-
pinacolborane in protic solvents to get high enantioselectivity for the 1,2-hydroboration
products from prochiral 1,3-dienes®® and this area has since received a lot of attention.5! Our
work® started with the assumption that the cationic Co(l) catalysts would also be effective
for the regio- and enantioselective hydroboration of 1,3-dienes. The initial optimization
studies were carried out on the hydroboration of a prototypical 1,3-diene, (£)-1,3-nonadiene
with HBPin (Pin = 2,3-dimethylbutane-2,3-dioxy) in the presence of 5 mol% of (L)CoX,
[X = ClI, Br, L = 1,n-bis-diphenylphosphinoalkane, n =1-5 or phosphinooxazolines) and
various activators (Figure 13, A).52 It was quickly established that [(DPPP)CoCl, activated
with methylaluminoxane (MAQ) gave the best selectivity for the 1,2-addition (ratio of
1,2-:1,4-adddition = 95:5). Complexes of bis-phosphine ligands with narrow bite angle (e.
g., (bis-diphenylphosphino)methane) and PHOX ligands (e.g., L7) gave predominantly the
1,4-hydroboration product with (£)-1,3-nonadiene. Several examples of 1,2-hydroboration
of 1,3-dienes, including isoprene, myrcene, are shown in Figure 13, B. In the case of
isoprene and myrcene, significant amounts of 1,4-products were formed even with the
DPPP-complex, and, this product constituted the major isomer (~98%) when the ligand L7
was used.

For an enantioselective version, we turned to 2,4-disubstituted 1,3-diene and 1-(2-
alkenyl)cycloalkenes, which gave mostly 1,2-regioselectivity using both (DPPP)CoCl, and
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PHOX ligands (Figure 13 C), with boron entering the least hindered C4-position. Chiral
bis-phosphines are much less regioselective, giving 1,2-, 1,4-, or even 4,3-hydroboration
with 2,4-disubstituted 1,3-dienes. However, a reaction catalyzed by the substituted PHOX
ligands is broadly applicable for the 1,2-adducts, and, in general, good to excellent regio-
and enantioselectivities are observed (Figure 13 C), including for 1,3-dienes carrying
useful functional groups on the C,4 chain. Excellent regioselectivity is observed in 1,3-
cyclohexadiene depending on the ligand even though the enantioselectivity for the 1,2-
addition (ee = 38%) remains a challenge.

ROLE OF CATIONIC Co(l) IN HETERODIMERIZATION, HYDROACYLATION AND
HYDROBORATION REACTIONS

Although it is conceivable that (L)Co'X or a cationic versions of such a complexes,
[(L)Co'T*[Y]", might have been involved even in the earliest known cobalt-mediated
reactions, 17220853 ynequivocal evidence for the involvement of a cationic Co(l)-catalyst was
lacking until our investigation into the details of the enantioselective heterodimerization

of 1,3-dienes and acrylates.? During these studies we discovered that reduction of
(DPPP)CoBr, with Zn or EtMgBr gave a discrete Co(l) complex (Figure 6 B), which
crystallized as a ligand bridged dimer, (DPPP)(Br)Co!(u~-DPPP)Co!(Br)(DPPP) (27, Table

3, entry 1). Isolation and full characterization by X-ray crystallography of this complex

(for an ORTEP, see Figure 6 B), and, the corresponding (S, S)-BDPP-complex, (BDPP)
(C1)Co!(1-BDPP)Co!(CI)(BDPP) [prepared via reduction of the Co(l1) complex® with1,4-
bis-trimethylsilyldihydropyrazine®#], allowed us to examine the viability of these neutral
complexes as catalysts for heterodimerization, hydroacylation and hydroboration reactions
of 1,3-dienes. The results are shown in Table 3, entries 1-10. We find that neither the
isolated, neutral Co(l)-complex 27 (entries 2 and 4), nor an in situ prepared complex [Zn

+ (DPPP)CoBr,] was competent to effect heterodimerization reactions of 1,3-dienes with
ethylene or acrylate. Addition of various Lewis acids or halogen sequestering agents, in
particular, NaBARF or (CgFs5)3B, converts these unreactive Co(l)-complexes into excellent
catalysts (entries 1 and 3). Further support for the intermediacy of a cationic Co(l) species
in heterodimerization comes from the isolation, identification and enantioselective catalysis
by a discrete cationic Co(l)-complex of the ligand (/)-QuinoxP* (28, Table 3, entry 5). This
single component catalyst (1 mol%) produces the 1,4-co-dimer of 1,3-nonadiene-and methyl
acrylate in 93% isolated yield with an enantioselectivity of 94% ee.

Similar experiments have been carried out with enantioselective hydroacylation of isoprene
(entries 6-10)* Isolated neutral Co(l) complex (29) derived from /PrDUPHOS ligand (entry
7) or an in situ prepared ‘Zn-reduced’ Co(l)-Br derived from the corresponding CoBr»
complex (entry 10) itself does not affect the hydroacylation reaction. Addition of NaBARF
turns these into excellent catalysts (entries 6 and 9). Cationic single component catalyst
(26) gives high enantioselectivity (ee 96%) for the chiral 1,2-addition product (entry 8).

A cationic diene-aldehyde complex (30) is also a good catalyst for the hydroacylation.*

A similar sequence of reactions have also confirmed the intermediacy of a cationic

Co(l) species in enantioselective hydroboration of 1,3-dienes, where there is a significant
acceleration of the reaction when [BARF]™ is present, even though a slow reaction can be
observed without added Zn as long as NaBARF is present.®
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CONCLUSIONS AND OUTLOOK

Cobalt is one of the most abundant transition metals with a prolific usage in the history

of catalysis thanks in part due to its rich coordination chemistry and accessibility to varied
oxidation states. The metal’s unique ability to support both closed and open shell pathways
in catalytic cycles enables transformations that are otherwise difficult to execute. It is not
yet clear if open shell intermediates play any role in the highly selective reactions we have
studied. It appears that the highly dissociated counter ions (e.g., BARF~) impart special
reactivity to the cationic cobalt species, whose redox activity, can be easily manipulated by
the ligands. Together these two properties provide unprecedented opportunities for discovery
of new reactions or to demonstrably improve selectivities of well-known reactions. The
cationic nature and the attendant Lewis acidity, in conjunction with the redox properties

of the metal, provide special reactivity such as seen in the hydroacylation of a silyl enol
ether (Figure 12 C) where the expected Mukaiyama reaction is minimized in favor of a
hydroacylation. Likewise, knowing the details of the ligation around Co(l11) that enabled
the H-Cgp activation in the unprecedented c/s-selective acrylate addition (Figure 10 C)
could lead to new Heck-type reactions. Cobalt(l11) intermediates with distinct Co—C bonds
are ubiquitous in much of the chemistry we discussed, and it should be possible to exploit
the weak Co-C bonds in such intermediates to make new bonds. Effect of hemilabile
ligands to improve the lifetimes of catalysts'1: 55 is an area that we are beginning to pay
attention to. It has also been amply demonstrated that chemo-, regio- and enantioselectivities
in reactions of a polyfunctional molecules such as dienes and allylic derivatives can

be controlled by appropriate choice of ligands. Much of the synthetic work so far has
relied on empirical choices of ligands and additives, since clear relationships between

their discernable properties and any specific catalytic activities are only beginning to be
understood. Recruiting powerful tools from computational chemistry might alleviate some
of the hurdles here. Going forward, the areas of new cycloaddition, cross coupling and
multicomponent cyclization reactions, reactions that rely on base-metal photochemistry
and reactions that forge C-O, C-N, C-S, C-P and C-X (F, CI) bonds are sure to attract
increasing attention. Applications of the emerging reactions for polymer synthesis can also
be envisaged.

ACKNOWLEDGMENT

Financial assistance for our research provided by the U.S. National Institutes of Health (RO1 GM108762 and R35
GM139545-01) and the U.S. National Science Foundation (CHE-1900141) is gratefully acknowledged.

Biographies

Souvagya Biswas earned an MSc degree from the Indian Institute of Technology (Bombay)
and a PhD in organic chemistry from The Ohio State University and completed postdoctoral
research at the University of California, Berkeley with Professor Dean Toste. His graduate
and postdoctoral research was mainly focused on asymmetric catalysis of carbon-carbon and
carbon-heteroatom bond forming reactions. He is currently an associate research scientist at
Dow.

Acc Chem Res. Author manuscript; available in PMC 2022 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biswas et al.

Page 13

Mahesh M. Parsutkar received an MSc from the Indian Institute of Technology (Kanpur)
and completed his doctoral studies at The Ohio State University where his graduate research
was focused on the development of cationic Co(l)-catalysts for enantioselective reactions of
alkenes. Currently, he is a post-doctoral research associate at MIT, working with Professor
Stephen L. Buchwald.

Stanley M. Jing obtained his PhD from The Ohio State University in 2017 and conducted
research on cobalt-mediated olefin heterodimerizations. He joined Intel corporation as a
process engineer in 2017.

Vinayak V. Pagar received a PhD in Organic Chemistry from National Tsing Hua
University, Taiwan. He worked as a postdoctoral researcher at The Ohio State University.
His doctoral and postdoctoral research focused on development of new organic reactions
using transition-metal catalysts. Currently, he is working in medicinal chemistry as a Staff
Scientist at University of Pennsylvania.

James H. Herbort is currently pursuing his PhD at The Ohio State University as a co-
advisee of Professors T.V. RajanBabu and David Nagib. His graduate research focuses on
harnessing transition metal and radical chemistry to develop new synthetic methodologies.

T. V. RajanBabu received a PhD from the Ohio State University and was a postdoctoral
fellow at Harvard University with Professor R. B. Woodward. Later he joined the Research
Staff at DuPont Central Research. In 1995 he returned to Ohio State where he is currently a
Distinguished Professor in the College of Arts and Sciences.

REFERENCES

1. Biswas S; Page JP; Dewese KR; RajanBabu TV Asymmetric catalysis with ethylene. Synthesis of
functionalized chiral enolates. J. Am. Chem. Soc. 2015, 137, 14268-14271.

2. Jing SM; Balasanthiran V; Pagar V; Gallucci JC; RajanBabu TV Catalytic enantioselective hetero-
dimerization of acrylates and 1,3-dienes. J. Am. Chem. Soc. 2017, 139, 18034-18043.

3. Parsutkar MM; Pagar VVV; RajanBabu TV Catalytic enantioselective synthesis of cyclobutenes from
alkynes and alkeny! derivatives. J. Am. Chem. Soc. 2019, 141, 15367-15377.

4. Parsutkar MM; RajanBabu TV a- and B-Functionalized ketones from 1,3-dienes and aldehydes:
Control of regio- and enantioselectivity in hydroacylation of 1,3-dienes. J. Am. Chem. Soc. 2021,
143, 12825-12835.

5. Duvvuri K; Dewese KR; Parsutkar MM; Jing SM; Mehta MM; Gallucci JC; RajanBabu TV
Cationic Co(l)-Intermediates for Hydrofunctionalization Reactions: Regio- and Enantioselective
Cobalt-Catalyzed 1,2-Hydroboration of 1,3-Dienes. J. Am. Chem. Soc. 2019, 141, 7365-7375.
[PubMed: 31020835]

6. Pagar VV; RajanBabu TV Tandem catalysis for asymmetric coupling of ethylene and enynes to
functionalized cyclobutanes. Science 2018, 361, 68—72. [PubMed: 29976822]

7. Herbort JH; Lalisse RF; Hadad CM; RajanBabu TV Cationic Co(l) Catalysts for Regiodivergent
Hydroalkenylation of 1,6-Enynes: An Uncommon cis-B-C—H Activation Leads to Z-Selective
Coupling of Acrylates. ACS Catal. 2021, 11, 9605-9617. [PubMed: 34745711]

8. (a)RajanBabu TV Asymmetric Hydrovinylation Reaction. Chem. Rev. 2003, 103, 2845-2860.
[PubMed: 12914483] (b)RajanBabu TV; Cox GA; Lim HJ; Nomura N; Sharma RK; Smith CR;
Zhang A. Hydrovinylation Reactions in Organic Synthesis. In Comprehensive Organic Synthesis,
2nd Edition, Molander GA; Knochel P, Eds. Elsevier: Oxford, 2014; Vol. 5, pp 1582-1620.

Acc Chem Res. Author manuscript; available in PMC 2022 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biswas et al.

Page 14

9. Bogdanovic B; Spliethoff B; Wilke G. Dimerization of Propylene with Catalysts Exhibiting
Activities Like Highly-Active Enzymes. Angew. Chem. Int. Ed. Engl. 1980, 19, 622-623.

10. Wilke G. Contributions to Organo-Nickel Chemistry. Angew. Chem. Int. Ed. Engl. 1988, 27, 185-
206.

11. (a)Nomura N; Jin J; Park H; RajanBabu TV The Hydrovinylation Reaction: A New Highly
Selective Protocol Amenable to Asymmetric Catalysis. J. Am. Chem. Soc. 1998, 120, 459-460.
(b)Nandi M; Jin J; RajanBabu TV Synergistic Effects of Hemilabile Coordination and Counterions
in Homogeneous Catalysis: New Tunable Monophosphine Ligands for Hydrovinylation Reactions.
J. Am. Chem. Soc. 1999, 121, 9899-9900.

12. (a)Buono G; Siv C; Peiffer G; Triantaphylides C; Denis P; Mortreux A; Petit F. Threophos.

A New Chiral Aminophosphine Phosphinite (AMPP) Ligand Highly Efficient in Asymmetric
Hydrovinylation of Cyclohexa-1,3-diene Catalyzed by Nickel Complexes. J. Org. Chem. 1985, 50,
1781-1782.(b)Wilke G; Monkiewicz J; Kuhn H. Preparation of optically active azaphospholenes
and their use in catalysis for asymmetric codimerization of olefins. US 4912274, 1990.
(c)Bayersdorfer R; Ganter B; Englert U; Keim W; Vogt D. Asymmetric hydrovinylation of styrene
applying cationic palladium complexes of a P-chiral ligand. J. Organomet. Chem. 1998, 552,
187-194.For a notable early contribution in the area, see:Francié G; Faraone F; Leitner W. Highly
enantioselective nickel-catalyzed hydrovinylation with chiral phosphoramidite ligands. J. Am.
Chem. Soc. 2002, 124, 736-737. [PubMed: 11817933]

13. Rupp R; Frick A; Huttner G; Rutsch P; Winterhalter U; Barth A; Kircher P; Zsolnai L. (eta)-4-
Coordination of dienes and heterodienes to the tripodcobalt(l) template CH3C(CH2PPh2)3Co (+):
Synthesis, structure, and dynamics. Eur. J. Inorg. Chem. 2000, 523-536.

14. Sacco A; Ugo R. Hydrido-complexes of transition metals. Part 1. Hydrido-complexes of
rhodium(l), cobalt(l) and cobalt(l1). J. Chem. Soc. 1964, 3274-3278.

15. (a)For recent reviews of applications of cobalt catalysis in synthesis, see: Gandeepan P; Miiller T;
Zell D; Cera G; Warratz S; Ackermann L. 3d Transition Metals for C-H Activation. Chem. Rev.
2019, 119, 2192-2452. [PubMed: 30480438] (b)Yoshikai N. Recent Advances in Enantioselective
C-C Bond Formation via Organocobalt Species. Synthesis 2019, 51, 135-145.(c)Rose P; Hilt G.
Cobalt-Catalysed Bond Formation Reactions; Part 2. Synthesis 2016, 48, 463-492.

16. (a)Adamson NJ; Malcolmson SJ Catalytic enantio- and regioselective addition of nucleophiles
in the intermolecular hydrofunctionalization of 1,3-dienes. ACS Catal. 2020, 10, 1060-1076.
(b)Li GL; Huo XH; Jiang XY; Zhang WB Asymmetric synthesis of allylic compounds via
hydrofunctionalization and difunctionalization of dienes, allenes, and alkynes. Chem. Soc.

Rev. 2020, 49, 2060-2118. [PubMed: 32150186] (c)Holmes M; Schwartz LA; Krische MJ,
Intermolecular metal-catalyzed reductive coupling of dienes, allenes, and enynes with carbonyl
compounds and imines. Chem. Rev. 2018, 118, 6026-6052. [PubMed: 29897740] (d)Su ACL
Codimerization of ethylene and butadiene. Adv. Organomet. Chem. 1979, 17, 269-318.

17. (a)lwamoto M; Yuguchi S. Reaction of Butadiene with Ethylene. IV. Synthesis of 1,4-

Hexadiene by a Cobaltous Chloride-Ditertiary Phosphine Complex and an Organoaluminum
Compound Catalyst. Bull. Chem. Soc. Jpn. 1968, 41, 150-155.(b) Tellmann KP; Gibson VVC;
White AJP; Williams DJ Selective Dimerization/Oligomerization of alpha-Olefins by Cobalt
Bis(imino)pyridine Catalysts Stabilized by Trifluoromethyl Substituents: Group 9 Metal Catalysts
with Productivities Matching Those of Iron Systems. Organometallics 2005, 24, 280-286.
(c)Bianchini C; Giambastiani G; Meli A; Toti A. Diastereoselective Alkylation—Vinylation of
Norbornene Catalyzed by a Tetrahedral Cobalt(ll) Pyridinimine Complex. Organometallics 2007,
26, 1303-1305.

18. (a)Joseph J; RajanBabu TV; Jemmis ED A Theoretical Investigation of the Ni(ll)-Catalyzed
Hydrovinylation of Styrene. Organometallics 2009,28, 3552-3566. [PubMed: 21532981] (b)Ho C-
Y; Chan C-W; He L. Catalytic Asymmetric Hydroalkenylation of Vinylarenes: Electronic Effects
of Substrates and Chiral A-Heterocyclic Carbene Ligands. Angew. Chem. Int. Ed. 2015, 54, 4512—
4516.

19. Britovsek GJP; Bruce M; Gibson VC; Kimberley BS; Maddox PJ; Mastroianni S; McTavish
SJ; Redshaw C; Solan GA; Stromberg S; White AJP; Williams DJ Iron and Cobalt Ethylene
Polymerization Catalysts Bearing 2,6-Bis(Imino)Pyridyl Ligands: Synthesis, Structures, and
Polymerization Studies. J. Am. Chem. Soc. 1999, 121, 8728-8740.

Acc Chem Res. Author manuscript; available in PMC 2022 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biswas et al.

Page 15

20. (a)Sharma RK; RajanBabu TV Asymmetric Hydrovinylation of Unactivated Linear 1,3-Dienes.

J. Am. Chem. Soc. 2010, 132, 3295-3297. [PubMed: 20163120] (b)Timsina YN; Sharma RK;
RajanBabu TV Cobalt-catalysed asymmetric hydrovinylation of 1,3-dienes. Chem. Sci. 2015, 6,
3994-4008. [PubMed: 26430505]

21. Hilt G; Luers S. Cobalt(l)-catalyzed 1,4-Hydrovinylation Reactions of 1,3-Dienes with

Functionalized Terminal Alkenes under Mild Conditions. Synthesis 2002, 0609-0618.

22. Grutters MMP; Miiller C; Vogt D. Highly Selective Cobalt-Catalyzed Hydrovinylation of Styrene.

J. Am. Chem. Soc. 2006, 128, 7414-7415. [PubMed: 16756275]

23. (a)Petruncio G; Shellnutt Z; Elahi-Mohassel S; Alishetty S; Paige M. Skipped dienes in natural

product synthesis. Nat. Prod. Rep. 2021 (in press) DOI:10.1039/D1NP00012H.(b)Sato T; Suto
T; Nagashima Y; Mukai S; Chida N. Total Synthesis of Skipped Diene Natural Products. Asian
J. Org. Chem. 2021, 10, 2486-2502.(c)Huang Y; Fananas-Mastral M; Minnaard AJ; Feringa BL
A novel catalytic asymmetric route towards skipped dienes with a methyl-substituted central
stereogenic carbon. Chem. Commun. 2013, 49, 3309-3311.

24. (a)Yang J; Rérat A; Lim YJ; Gosmini C; Yoshikai N. Cobalt-Catalyzed Enantio- and

25.

26.

217.

Diastereoselective Intramolecular Hydroacylation of Trisubstituted Alkenes. Angew. Chem.

Int. Ed. 2017, 56, 2449-2453.(b)Kim DK; Riedel J; Kim RS; Dong VM Cobalt Catalysis

for Enantioselective Cyclobutanone Construction. J. Am. Chem. Soc. 2017,139, 10208-10211.
(c)Whyte A; Bajohr J; Torelli A; Lautens M. Enantioselective cobalt-catalyzed intermolecular
hydroacylation of 1,6-enynes. Angew. Chem. Int. Ed. 2020, 59, 16409-16413.(d)Li Y-L; Zhang
S-Q; Chen J; Xia J-B Highly Regio- and Enantioselective Reductive Coupling of Alkynes and
Aldehydes via Photoredox Cobalt Dual Catalysis. J. Am. Chem. Soc. 2021, 143, 7306-7313.
[PubMed: 33951915]

Page JP; RajanBabu TV Asymmetric Hydrovinylation of 1-Vinylcycloalkenes. Reagent Control of
Regio- and Stereoselectivity. J. Am. Chem. Soc. 2012, 134, 6556—6559. [PubMed: 22452442]

(a)Wu B; Parquette JR; RajanBabu TV Regiodivergent Ring Opening of Chiral Aziridines. Science
2009, 326, 1662-1662. [PubMed: 20019280] (b)Miller LC; Sarpong R. Divergent reactions on
racemic mixtures. Chem. Soc. Rev. 2011, 40, 4550-4562. [PubMed: 21629881]

(a)Braun M, Enolates with Chiral Auxiliaries in Asymmetric Syntheses. In Modern Enolate
Chemistry: From Preparation to Applications in Asymmetric Synthesis, John Wiley & Sons: 2015;
pp 115-285.(b)Carey FA; Sundberg RJ Advanced Organic Chemistry Parts A and B, 5th Ed.;
Springer: New York, 2007.(c)Otera J, Modern Carbonyl Chemistry. Wile-VCH: Weinheim, 2000.

28. Westmeier J; Pfaff C; Siewert J; von Zezschwitz P. First Tandem Asymmetric Conjugate Addition

29.

30.

31.

of Alkenyl Nucleophiles and Silyl Trapping of the Intermediate Enolates. Adv. Syn. Catal. 2013,
355, 2651-2658.

(a)Duursma A; Boiteau JG; Lefort L; Boogers JAF; de Vries AHM; de Vries JG; Minnaard AJ;
Feringa BL Highly Enantioselective Conjugate Additions of Potassium Organotrifluoroborates
to Enones by Use of Monodentate Phosphoramidite Ligands. J. Org. Chem. 2004, 69, 8045—
8052. For reviews and some key references to conjugate additions of alkenyl group, see:
[PubMed: 15527289] (b)Mauduit M; Baslé O; Clavier H; Crévisy C; Denicourt-Nowicki A. Metal-
Catalyzed Asymmetric Nucleophilic Addition to Electron-Deficient Alkenes. In Comprehensive
Organic Synthesis Il (Second Edition), Knochel P, Ed. Elsevier: Amsterdam, 2014; pp 189—
341.(c)McGrath KP; Hoveyda AH A Multicomponent Ni-, Zr-, and Cu-catalyzed strategy for
enantioselective synthesis of alkenyl-substituted quaternary carbons. Angew. Chem. Int. Ed.
2014, 53, 1910-1914.(d)Willcox D; Woodward S; Alexakis A. Enantioselective 1,4-additions

of CIMeAl(CH=CHR) (R = alkyl, alkenyl, Ph) to cyclohexenones. Chem. Commun. 2014,

50, 1655-1657.(e)Wu TR; Chong JM Asymmetric conjugate alkenylation of enones catalyzed
by chiral diols. J. Am. Chem. Soc. 2007, 129, 4908-4909. [PubMed: 17402741] (f)Hayashi

T. Rhodium-catalyzed asymmetric 1,4-addition of organoboronic acids and their derivatives to
electron deficient olefins. Synlett 2001, 879-887.

Biswas S. Asymmetric Catalysis in Carbon-Carbon Bond Forming Reactions: Use of Sustaiable
Feedstock Ethylene. PhD Thesis, The Ohio State University, Columbus, OHIO, 2015.

(a)For related reactions, see:Hirano M. Recent advances in the catalytic linear cross-dimerizations.
ACS Catal. 2019, 9, 1408-1430.(b)Arndt M; Dindaroglu M; Schmalz H-G; Hilt G. Ligand control
of the cobalt-catalyzed 1,4-hydrovinylation reaction. Synthesis 2012, 44, 3534-3542.

Acc Chem Res. Author manuscript; available in PMC 2022 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biswas et al.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 16

For an application of cationic Co(l)-complexes in hydrogenation, see: Zhong H;

Friedfeld MR; Chirik PJ Syntheses and Catalytic Hydrogenation Performance of Cationic
Bis(phosphine)Cobalt(l) Diene and Arene Compounds. Angew. Chem. Int. Ed. 2019, 58, 9194—
9198.

Gray M; Hines MT; Parsutkar MM; Wahlstrom AJ; Brunelli NA; RajanBabu TV Mechanism of
Cobalt-Catalyzed Heterodimerization of Acrylates and 1,3-Dienes. A Potential Role of Cationic
Cobalt(l) Intermediates. ACS Catal. 2020, 10, 4337-4348. [PubMed: 32457820]

(a)Dembitsky VM Naturally Occurring Bioactive Cyclobutane-Containing (CBC) Alkaloids in
Fungi, Fungal Endophytes and Plants. Phytomedicine 2014, 21, 1559-1581. [PubMed: 25442265]
(b)Secci F; Frongia A; Piras PP Stereocontrolled synthesis and functionalization of cyclobutanes
and cyclobutanones. Molecules 2013, 18, 15541-15572. [PubMed: 24352013]

(a)For notable examples of enantioselective [2+2]-cycloadditions for the synthesis of cyclobutanes,
see:Du J; Skubi KL; Schultz DM; Yoon TP A dual-catalysis approach to enantioselective [2 +

2] photocycloadditions using visible light. Science 2014, 344, 392-396. [PubMed: 24763585]
(b)Kumar R; Tamai E; Ohnishi A; Nishimura A; Hoshimoto Y; Ohashi M; Ogoshi S. Nickel-
catalyzed enantioselective synthesis of cyclobutenes via [2+2] cycloaddition of a, B-unsaturated
carbonyls with 1,3-enynes. Synthesis 2016, 48, 2789-2794.(c)Qin H; Chen J; Li K; He Z; Zhou Y;
Fan B. Nickel-catalyzed asymmetric [2+2] cycloaddition reaction of hetero-bicyclic alkenes with
internal alkynes. Chem. Asian J. 2018, 13, 2431-2434. [PubMed: 29968294] (d)Wiest JM; Conner
ML; Brown MK Allenoates in enantioselective [2+2] cycloadditions: From a mechanistic curiosity
to a stereospecific transformation. J. Am. Chem. Soc. 2018, 140, 15943-15949.

Hilt has observed similar results with chelating bis-phosphine ligands: Hilt G; Paul A; Treutwein
J. Cobalt Catalysis at the Crossroads: Cobalt-Catalyzed Alder—Ene Reaction versus [2+2]
Cycloaddition. Org. Lett. 2010, 12, 1536-1539. [PubMed: 20196545]

For a computational study of the tandem [2+2]-cycloaddition-hydrovinylation, see: Lin L; Dai CS;
Zhu J. Probing the origin of the stereoselectivity and enantioselectivity of cobalt-catalyzed 2+2
cyclization of ethylene and enynes.Org. Chem. Front. 2021, 8, 1531-1543.

(a)For the first report of Co-catalyzed enyne cycloisomerization, see: Schore NE; Croudace MC
Preparation of bicyclo 3.3.0 oct-1-en-3-one and bicyclo 4.3.0 non-1(9)-en-8-one via intramolecular
cyclization of a,w-enynes. J. Org. Chem. 1981, 46, 5436-5438. Cycloisomerization followed by
C-H activation:(b)Santhoshkumar R; Mannathan S; Cheng CH Cobalt-Catalyzed Hydroarylative
Cyclization of 1,6-Enynes with Aromatic Ketones and Esters via C-H Activation. Org. Lett. 2014,
16, 4208-4211. [PubMed: 25099927] (c)Whyte A; Torelli A; Mirabi B; Prieto L; Rodriguez JF;
Lautens M. Cobalt-catalyzed enantioselective hydroarylation of 1,6-enynes. J. Am. Chem. Soc.
2020, 142, 9510-9517. [PubMed: 32337994]

Masutomi K; Sakiyama N; Noguchi K; Tanaka K. Rhodium-Catalyzed Regio-, Diastereo-, and
Enantioselective [2+2+2] Cycloaddition of 1,6-Enynes with Acrylamide. Angew. Chem. Int. Ed.
2012, 51, 13031-13035.

(a)Knowles JP; Whiting A. The Heck—Mizoroki cross-coupling reaction: a mechanistic
perspective. Org. Biomol. Chem. 2007, 5, 31-44. [PubMed: 17164903] (b)Lemhadri M; Battace
A,; Berthiol F; Zair T; Doucet H; Santelli M. Palladium-Tetraphosphine Complex Catalyzed

Heck Reaction of Vinyl Bromides with Alkenes: A Powerful Access to Conjugated Dienes.
Synthesis 2008, 1142-1152.(c)Sk MR; Bera SS; Maji MS Cp*Co(lI1)-Catalyzed C-H alkenylation
of aromatic ketones with alkenes. Adv. Synth. Catal. 2019, 361, 585-590.

(a)Dong VM; Kou KGM; Le DN Transition-Metal-Catalyzed Hydroacylation. In Organic
Reactions, Wiley: Hoboken, NJ, 2018; Vol. 96, pp 231-592.(b)Willis MC Hydroacylation of
alkenes, alkynes, and allenes. In Comprehensive Organic Synthesis, Second Editions, Knochel P,
Ed. Elsevier: Amsterdam, 2014; pp 961-994.

(a)Bendorf HD; Colella CM; Dixon EC; Marchetti M; Matukonis AN; Musselman JD; Tiley TA
Chelation-assisted intramolecular hydroacylation: synthesis of medium ring sulfur heterocycle.
Tetrahedron Lett. 2002, 43, 7031-7034.(b)Osborne JD; Randell-Sly HE; Currie GS; Cowley
AR; Willis MC Catalytic enantioselective intermolecular hydroacylation: Rhodium-catalyzed
combination of beta-S-aldehydes and 1,3-disubstituted allenes. J. Am. Chem. Soc. 2008,

130, 17232-17233.(c)Shibata Y; Tanaka K. Rhodium-catalyzed highly enantioselective direct
intermolecular hydroacylation of 1,1-disubstituted alkenes with unfunctionalized aldehydes. J.
Am. Chem. Soc. 2009, 131, 12552-12553.

Acc Chem Res. Author manuscript; available in PMC 2022 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biswas et al.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 17

(a)Stemmler RT; Bolm C. An unprecedented rhodium-catalyzed asymmetric intermolecular
hydroacylation reaction with salicylaldehydes. Adv. Synth. Catal. 2007, 349, 1185-1198.

(b)Phan DHT; Kou KGM; Dong VM Enantioselective desymmetrization of cyclopropenes by
hydroacylation. J. Am. Chem. Soc. 2010, 132, 16354-16355.
(a)Cycloisomerization/hydroacylation of an enyne: Santhoshkumar R; Mannathan S; Cheng C-H
Ligand-controlled divergent C—H functionalization of aldehydes with enynes by cobalt catalysts. J.
Am. Chem. Soc. 2015, 137, 16116-16120.(b)see also ref. 24(c).

Chen Q-A; Kim DK; Dong VM Regioselective Hydroacylation of 1,3-Dienes by Cobalt Catalysis.
J. Am. Chem. Soc. 2014,136, 3772-3775. [PubMed: 24588202]

(a)Sadgrove NJ; Telford IRH; Greatrex BW; Dowell A; Jones GL Dihydrotagetone, an unusual
fruity ketone, is found in enantiopure and enantioenriched forms in additional Australian native
taxa of Phebalium (Rutaceae: Boronieae). Natural Prod. Commun. 2013,8, 737-740.(b)Walia S;
Kumar R. Wild marigold (Tagetes minuta L.) an important industrial aromatic crop: liquid gold
from the Himalaya. J. Essential Oil Res. 2020, 32, 373-393.

For another enantioselective synthesis of (R)-Flobufen, see: Liu X; Wen J; Yao L; Nie H; Jiang R;
Chen W; Zhang X. Highly chemo- and enantioselective hydrogenation of 2-substituted-4-oxo-2-
alkenoic Acids. Org. Lett. 2020, 22, 4812-4816. [PubMed: 32519872]

Duvvuri K; Dewese K; RajanBabu TV Cobalt-Catalyzed Asymmetric Hydroboration of Prochiral
1,3-Dienes, 254th National Meeting of the ACS, Washington, DC, Aug 2017; American Chemical
Society: Washington, DC, 2017; pp Abstract ORGN 131, CAPLUS Abstract no. 2017:1321139.

Zuo ZQ; Wen HN; Liu GX; Huang Z. Cobalt-Catalyzed Hydroboration and Borylation of Alkenes
and Alkynes. Synlett 2018, 29, 1421-1429.

Liu YB; Fiorito D; Mazet C. Copper-catalyzed enantioselective 1,2-borylation of 1,3-dienes.
Chem. Sci. 2018, 9, 5284-5288. [PubMed: 29997884]

(@)Yu S; Wu C; Ge S. Cobalt-Catalyzed Asymmetric Hydroboration/Cyclization of 1,6-Enynes
with Pinacolborane. J. Am. Chem. Soc. 2017, 139, 6526-6529. [PubMed: 28449577] (b)Fu ZX;
Guo XM; Li YP; Li J. Computational study of catalyst-controlled regiodivergent pathways in
hydroboration of 1,3-dienes: mechanism and origin of regioselectivity. Org. Chem. Front. 2020,7,
2157-2167.

First report of Co-catalyzed hydroboration of 1,3-dienes: Zaidlewicz M; Meller J. Syntheses

with organoboranes. XII. Monohydroboration of conjugated dienes, alkynes and functionalized
alkynes with catecholborane catalyzed by nickel(Il) chloride and cobalt(11) chloride complexes
with phosphines. Main Group Metal Chemistry 2000, 23, 765-772.

(a)Wittenberg D. Novel dienylation reactions. Angew. Chem. Int. Ed. Engl. 1964, 3, 153.(b)Muller
H; Wittenberg D; Seibt H; Scharf E. Recent results in the catalytic oligomerization and co-
oligomerization of butadiene. Angew. Chem. Int. Ed. 1965, 4, 327-332.(c)Hilt G; du Mesnil
F-X; Luers S. An Efficient Cobalt(l) Catalyst System for the Selective 1,4-Hydrovinylation of
1,3-Dienes. Angew. Chem. Int. Ed. Engl. 2001, 40, 387-389.

Tsurugi H; Mashima K. Salt-Free Reduction of Transition Metal Complexes by
Bis(trimethylsilyl)cyclohexadiene, -dihydropyrazine, and 4,4’ -bipyridinylidene Derivatives. Acc.
Chem. Res. 2019, 52, 769-779. [PubMed: 30794373]

Zhang A; RajanBabu TV Fine-Tuning Monophosphine Ligands for Enhanced Enantioselectivity.
Influence of Chiral Hemilabile Pendant Groups. Org. Lett. 2004, 6, 1515-1517. [PubMed:
15101781]

Acc Chem Res. Author manuscript; available in PMC 2022 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biswas et al.

Page 18

KEY REFERENCES

Biswas, S.; Page, J. P.; Dewese, K. R.; RajanBabu, T. V. Asymmetric
catalysis with ethylene. Synthesis of functionalized chiral enolates. J. Am.
Chem. Soc. 2015, 137, 14268-14271.1 This publication illustrates the broad
scope and functional group compatibility of the alkylaluminum-mediated
enantioselective hydrovinylation of 1,3-dienes using [bisphosphine]CoX pre-
catalysts.

Jing, S. M.; Balasanthiran, V.; Pagar, V. V.; Gallucci, J. C.; RajanBabu,

T. V. Catalytic enantioselective hetero-dimerization of acrylates and 1,3-
dienes. J. Am. Chem. Soc. 2017, 139, 18034-18043.2 /solation of rare,
neutral (bis-phosphine)Co(l) halide complexes enabled the first unequivocal
demonstration of the role of cationic Co(l) species in heterodimerizations
of dienes with alkenes. Mechanistically, these reactions appear to proceed
through an oxidative dimerization involving a Co(1)/Co(lll)-cycle.

Parsutkar, M. M.; Pagar, V. V.; RajanBabu, T. V. Catalytic enantioselective
synthesis of cyclobutenes from alkynes and alkenyl derivatives. J. Am.
Chem. Soc. 2019, 141, 15367-15377.3 The reactivity of the metallacycle
formed by oxidative cyclization of alkynes and alkenyl derivatives can

be manipulated by the proper choice of ligands and reaction conditions

to proauce cyclobutenes in a broadly applicable enantioselective [2+2]-
cycloaddition.

Parsutkar, M. M.; RajanBabu, T. V. a- and -Functionalized ketones

from 1,3-dienes and aldehydes: Control of regio- and enantioselectivity

in hydroacylation of 1,3-dienes. J. Am. Chem. Soc. 2021, 143, 12825~
12835.4 Cationic Co(l) complexes carrying electron-rich bisphospholanes are
excellent catalysts for hydroacylation reactions. This paper discusses how
the regio- and enantioselectivity in the hydroacylation of 1,3-dienes can be
controlled by ligands and choice of aldehydes.

Acc Chem Res. Author manuscript; available in PMC 2022 January 03.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Biswas et al.

A. Ni-catalyzed propene dimerization (Dimersol process)
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Figure 1.
Nickel and cobalt-catalyzed hydrovinylation reactions
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B. First enantioselective HV (Wilke)
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A. Regioselectivity challenges in hydrofunctionalization of 1,3-dienes
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B. A working mechanistic hypothesis
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Figure 2.

Co-catalyzed HV of 1,3-dienes. Challenges and a possible mechanism
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A. Co-catalyzed enantioselective HV of acyclic 1,3-dienes
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Figure 3.
A. Cobalt-catalyzed HV of acyclic 3-dienes (Table 2). B. Comparison to nickel.
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A. Substrate scope of 1,3-siloxydienes
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A. Hydrovinylation route to enantiopure B-vinyl ketones
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Enantioselective hydrovinylation of 2-trialkylsilyloxydienes and applications of the resulting
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A. Co(l)/Co(lll)-Oxidative route to dimerization
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B. Co(l)-Bisphosphine complexes for heterodimerzation
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C. Asymmetric heterodimerization of prochiral 1,3-dienes with alkyl acrylates

Me,

(BINAP)Co(7*-cyclooctenyl)

P~P)CoCl 4
én/N a)BAR|2= CO,R' PPh, Me PPh, ,(3 5-dimethyl)phenyl
CHoCly, 1t Z Me e o PhaP~ g \/ 3,5-dimethyl)phenyl
RN PPh, 0" \~PPh,
== R
COsR' L1 S S)-BDPP L2 (R,R)-DIOP L4 Josiphos-1
CO,Me CO,Me CO,Et CO,'Bu CO,Me CO,Me CO,Me
P Z
H17Cq H11Cs H11Cs Hq1Cs H1aCe Bu
yield: 82% yield: 81% yield: 76% yield: 69% yield: 89% yield: 65% yield: 70%
ee 97% ee 98% ee 98% ee 97% ee 98% ee 97% ee 98%
CO,Me CO,Me CO,Me CO,Me CO,Me Co,Me CO,Me
7 Me Z Me \f)wle Z Me i Me/\(\’}ﬁ)ﬂe Me & Me
H1507 7
OSi('Bu)Me, ~-Me
Me
yield: 75% yield: 75% yield: 60% yield: 79% yield: 87% yield: 87% yield: 81%
ee 96% ee 99% ee 95% ee 95% ee 98% ee 98% dr 95:5

D. Deuterium labelling

E. Additive effect NaBARF vs ZnBr;

Me. / 100 fF T T T T T T T T T T T T H
(DPPP)CoCl, MeO,C j: s Activator ]
Hi7Cs  Zn/NaBARF 1 .6 Me” XX el
/ CH.Cly, 1t 7 CH,D 8o~ ]
3 g nf i
/ D, D H17C¢ ’ i
— o e e
81% (4,1) (DPPP)CoBr, 2
D  COMe >97% D-retention Zn/Additive %o ]
CICH,CH,CI, rt wl ]
methyl acrylate
(DPPP)CoCl, § 0 4
H¢7Cg Zn/NaBARF CO,Me \ sl ]
/ CH,Cl,, 1t
7 CD,H 10 B
CO,Me _,/i
/2N Hq7C B N
17C¢" T T T T T T Trull TV NPU (U U
= CazMe =8 0 2 4 6 8 10 12 14 16 18 20 22 24 26
D 93% (4,1) Me Tine gmin)
iy 2
8% Dasication | « Fast initiation with NaBARF, « ZnBr; poor activator
Me’ Me « First order in diene and catalyst, zero order in acrylate
Figure 6.

Cobalt-catalyzed heterodimerization between 1,3-dienes and alkyl acrylates
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A. Co(l)/Co(lll)-Oxidative route to cyclization and dimerization

Me
O = . o
12 CO:Me reductive ellm/natlon\A
Me
= 1@
Cy
~ ool path b
= \
H
MeO,C
B-hydride ellm%/ oy

B. Effect of ligand and solvents on enatioselectivity

Me >, H >, FsC N 2
O, (o) R= :; : :
IJ I CF;
L8 L9

PPhy N PR, N\e Me H
L,= L7
L5 L6-L9 Ph n L6
solvent = CH,Cl, ee 52% ee 62% ee 72% ee 82%
solvent = toluene - ee 72% ee 88% ee 94%

C. Substrate scope of enantioselective [2+2] cycloaddition

R! [L9]CoBr; (5 mol%)

R1
2 Zn (50 mol%) R2
/\/R 4 NaBARF (10 mol%) R =
o

R
. toluene, rt, 18 -24 h
1 equiv 1.3 equiv z
Me M ™S FG = Me R
Cy. ~ Z=CO,Me Z= CO,CH,CF; ~ e =
yield: 94%,  yield: 98%, B
ee 94% ee 90% 'CO,Me CO,Me
7 , CO,Me COM
Z=Si(OEt); Z=BPin Z=SO0,Ph M€ FG=Cl FG=N-phth R=Cy R=C4Hg
yield: 86%, yield: 80%, yield: 46% yield: 92%, yield: 92%, yield: 90%, yield: 88%, yield: 67% yield: 47%
ee 98% ee 94% ee 98% ee 94% ee 90% ee 94% ee 94% ee 92% ee 94%

D. Control of product selectivity by ligands

Me
7 (DPPP)COBr, (5 mol% ) 7 [L9|CoBry (5 mol%) ¢y <M
XN-Me Zn/ NaBARF
Cy~ Zn/ NaBARF /\/ n/ Na
_ Ao
Cy + toluene, it, 12 - 24 h z

CH,Clp, 1t,3-6 h

| Z= OBn, yield: 86% 1 equiv 1.3 equiv 7= OBn, yield: 87%, ee 92%
7 Z=SOPh, yield: 6% 7= SO,Ph, yield: 41%, ee 55% 13
14 Z= OAc, yield: 91% Z= NHTs, yield: 66%, ee 87%

Figure 7.
Enantioselective cobalt-catalyzed [2+2]-cycloadditions
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A. Co(l)/Co(lll)-Oxidative route to [2+2] cycloaddition of alkyne and alkenes

[Ln]CoBr; (10 mol%)
Zn (50 mol%)

R? z NaBARF (20 mol%) R "Pr
= r LCo‘
R1/ + | E{

toluene, rt, 24 - 30 h CO,Me 2o Me

1equiv 1.3 equiv
15 (R' = R2="Pr; Z = CO,Me

| (o] — I (0} — (0]
' ; I Ph
PPh, N\e Need electron  PCy, N\e BlEUEE ‘t”“'j"””e PCy, N = ool
. rich P center Lo e Zlc;)':;i-tuce)n tls- +
L7 PCy, Lo Me CO,Me
No reactivity yield of 15 89%, ee 89% yield of 15: 92%, ee 91%
B. Substrate scope of [2+2] cycloaddition
CaHy CaHy Me;3SiOH,C CH,0SiMe; " I\ B Me Me
:Z E
E-= COchcha
SH SIS iien) O, ies > ield: 89% ield: 96% ield: 91% ield: 92%
Z= BPin : yield: 86%, ee 97% yield: 91% Y 38 s meoal oo
— 2 e O o ] : g :
Z= Si(OEt): yield: 86%, ee 98% ee 95% ee 92% ee 92% (not determined)  ee 89%
o} o Ms
Ph Ph Cy "Pr. OMe Me—N Ph Bu Ar
= = ( (
z z Si(OEt)s BPin BPin
Ar = 4-(MeCO)-CgHy4
Z= BPin: yield: 95%, ee 97% Z= CH,SiMej: yield: 92%, ee 86% yield: 81% yield: 81% yield: 86%
Z= CO,CH,CF3: yield: 95%, ee 90% Z= Si(OEt);: vyield: 88%, ee 94% (not determined) ee 97% ee 95%
Figure 8.

Fine-tuning of ligands for [2+2]-cycloaddition
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A. Co(l)/Co(lll)-Oxidative route to tandem [2+2] cycloaddition-hydrovinylation

(P~N)CoCl, (5 mol%)
AlMes (50-100 mol%) \

N -20 °C to rt, CH,Cl, R ~ R/ /"Me
F or

R —_—

B-H-transfer
e
®

high temp’
/ (16)

B. Substrate scope of [2+2] cycloaddition

D 2 A ) ) A

yield: 98%  yield: 97% yield: 93% yield: 98% yield: 98% yield: 98% yield: 97% vyield: 80%

CeH1z

C. Products of enantioselective tandem [2+2] cycloaddition-hydrovinylation

Me
H904%(\Meq\.\‘:(\MeH703\]\\‘:(\Me'BU%\Me PthMEHQC“Q Ph\E(Ph

yield: 85% yield: 83% yield: 72% yield: 81%
ee 94% ee 96% ee 84% ee 88% yield: 82%  yield: 99% yield: 71%  yield: 58%
E:Z=2:1
\ \ Cl \
Mel /~Me S JMe S/ Me
o)
|
yield: 47% yield: 60% yield: 63% PPh, N\e
ee 86% ee 84% ee 82% Ph

L7 (L7)CoCl,

Figure 9.
Cyclobutanes via tandem [2+2]-cycloaddition/hydrovinylation
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A. Regiodivergent hydroalkenylation of 1,6-enynes

Page 28

H CO,R'
/ (2)
x v X =TsN, (EtO,C),C, O 2 Z R
N R =R N
R (DPPP)CoBry, Zn, 18 23 R
19a,b R =H, n-Bu NaBARF, DCM, rt.
via o-bond
via H-transfer Co* metathesis
H  COR
MeO +
+ + — i
T ML = "
z H, Z | oL —
X bond formation to Cepp-Co bond formation to Cgp3-Co a=/<‘Co H
R R' (R'=H, Me, n-Bu) R (acrylates)
R
20 24

B. Reactions with ethylene / n-alkenes

TsN " Me
S
Ax TsN TsN
) E
FsC CF
OMe ¢ 8

M M
Me Me  EtO,C = e
ToN EtO,C S . W'Y
N NN 2 N C4Ho
7 / Me’
s
F F

yield: 82% yield: 64% yield: 57% yield: 86% yield: 83% yield: 67% (with 1-hexene)
C. Reactions with acrylates
(onlyzy CO2Me CO,Me CO,Me CO,Me CO,Me CO,Me

& 7 Me 7 # Me, 7 Me # Me
TsN TsN TsN, OMe TN [¢] BocN
A R X X A A
Ar Ar Me Ar Ar

Ar
yield: 63% yield: 83% yield: 87% yield: 57% yield: 81% yield: 72%
D. Alternate enyne reactivity

(DPPP)CoBr, (DPPP)CoBr,

// Zn, NaBARF : / Zn, NaBARF

TSN CH:Cl, L P N __CHCh
_ —_— _ : TsN
—= — [ \—=—Ar A Npnh(@Beq)

E. Details of the o- bond-metathesis

21 yield: 72%, 7:1

22 yield: 98%

Meom T ®
(0]
\CO = §§~§’*(
Yat
N
24 Ts
Figure 10.

\
“H \ ’ ‘.{’ f :(k

2
~
I
49—« J
ﬁ\
Il

OMe —\@)

E 3
AG 23.5 (kcal/mol) 25

Cycloisomerization/regiodivergent hydroalkenylation of 1,6-enynes
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(L*)CoBr;, (10 mol%)
Zn (100 mol%)

5 o] NaBARF (20 mol%)

;
RW + HJ\R/Ar RVY\I]/

R2 CH,Cly, 1t, 24-30 h

H R2 O

iPr.
Z e,
GNP
Ph

)
1.5 - 3 equiv 1.0 equiv 1,2-addition (major) ippt”

Dienes and diverse aldehydes

L11 = (S,S)-Ph-BPE L12 (R R)-Pr-DUPHOS

Isoprene and aromatic/alkenyl aldehydes

no. diene adduct yield/rr
HQCA\/Y H9C4\/\/\n/ R
1. :
Me Me (®)
R=/Pr 75/9:1
"Bu 63/7:1

Cyclopentyl  66/7:1

HiCon 2 Hy1Csn Bu
2. _ NN se
ipr O

3. H11Cs A H11Cs A Bu
NN sam

iPr Cyhex O

7 '‘Bu
. / m 84/6:1
=
(myrcene) =z 57/9:1
Soan
fte O

5. A /\/\[(R
Me
(isoprene)
(S)-Dihydrotagetone R =/Bu 83/16:1
"Hex 89/7:1
Cyclopentyl 90/11:1
Cyclohexyl 84/19:1

ee (%)

94

93

94

82

>80

98

no. adduct yield/rr ee

Me O
Ar = Ph 96/7:1 99
3,4-(OMe),CgHs 79/9:1 99
4-CF3-CgHy 98/3:1 99
4-MeCO,CgHy4 94/6:1 80
4-Br-CgH, 95/4:1 98

A
X
X=0 65/9:1 99
X=8 76/3:1 97

nn

8. MZ-naphthyl 95/3:1 98

Me O
85/20:1 98
26/9:1 98
78/20:1 99
nd

12. M(\/CsH‘H 72/9:1

Me O

(S,5)-Ph-BPE used as the ligand. rr = ratio of 1,2-adduct to other regioisomers.

For myrcene (R,R)-'Pr-DUPHOS was used as the ligand.

Figure 11.

Enantioselective hydroacylation of 2- and 2,4-disubstituted 1,3-dienes
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Page 30

A. Hydroacylation of 1,3-butadiene and monosubstituted 1,3-dienes
i-Pra
Ph
Ph
Jl\ 2 zZ )]\ Z o - E =
H” R Ar”H P : Pr
3 ~"p i-P
N ® H Ar 3 y
R'  [(LYCo® 4 [(L*)Co'] 4 Ph
P
R R Ph
(4,1) (E+2) (43) i-Pr*
L11 = (S,S)-Ph-BPE L12 (R R)-i-Pr-DUPHOS
aliphatic aldehydes aromatic aldehydes
no. diene adduct yield/rr (4,1:4,3) ee no. adduct yield/rr (4,1:4,3) ee
Me Me
Me
Bu (2): 92 =
a Me A~ X 83/13:1 . »
e e o (E):-94 6. Ph 64/1:32 97
e}
o}
Me CsHi
2. HiuCsANyzZ A7 semi 94 | CsHi
o) 7 k/'\’(Ph 60/1:12 95
Me Cyhex 2
3. | Cyhex~ 7 K/'\H/’B“ 68/20:1 98
o)
Me Cyhex | Cyhex
4. | Cyhex o~ 7 WBU 74/99:1 80 8 Ph 52/1:99 95
o) (0]
5. ANF k/\n/”'He" 81/1:19° (achiral) 9. th 81/1:19° (achiral)
o o]

a (S,S)-Ph-BPE used except no. 1, where (R, R)-i-PrDUPHOS was used. © 4,3-regioisomer is same as 1,2-regioisomer.

B. Application for a 2-step synthesis of 2-methyl-3-aroylpropionic acid (anti-inflammatory)

)\/ (isoprene) O Me
H\n/Ar Ar)]\/\/
[(S,S)-Ph-BPE)|CoBr; (2 mol%)
Zn (50 mol%), NaBARF (4 mol%),
CH,Cly, 1t, 30 h

114,

5 mmol yield 97%; ee >98%

RuCl3+H,0 (2 mol%)
in MeCN

NalO,, CCly:H,0 (1:2),
,6h (S)-Flobufen (1.16 g)

yield >95%; ee >98%

C. Anew aldol synthesis

Z
H\n/R/Ar OTMS = R/Ar
0 [(R,R)-i-Pr-DUPHOS)ICoBr, TpmMso  ©

1.0 equiv (10 mol%)

Zn (100 mol%),

NaBARF (20 mol%),

CH,Cl,, 1t, 30 h

Figure 12.

aldehyde ield/rr .
il | I-F’r@. “iPr

ee
R = Cyhex 76/4:1 92 P. Me
Ar=Ph  50/1:1 98 \Co/
Ar=Ph®  80/35:6.5 98 S "
e

P.

a with isolated [Co(1)]*-complex 26 |/-Pri*: Q""Pr

26 [BARF]-

Enantioselective hydroacylation of 4-substituted 1,3-dienes. Applications of enantioselective

hydroacylations
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A. Ligand effects on regio-selectivity of hydroborations

[L]CoX;5 (5 mol%)
activators
diethyl ether, rt

: ' BP|n BPin
Z HBPin
A
C5H11 C5H11
CsH1q (1,2-HB  (1,4)-HB

Ligand (L)/Activators rr (1,2)-HB:(1,4)-HB

n = 1, DPPPM/MAO 6:82
Ph,P _PPh, ,
v
n = 3, DPPP/MAO 95:5
n = 5, DPPENT/MAO 100:0
i 0 n = 3, DPPP/Zn/NaBARF 82:13
PPhy N\Z L7/Zn/NaBARF 30:70
L7 PPPHOX

Page 31

B. Scope of regioselective (1,2)- and (1,4)-hydroboration

(DPPP)CoCl, (56 mol%) H

R
MAO (200 mol%) R BPin | BPin
diethyl ether, rt, 5 - 60 min H
r’ A + 7

HBPin (1.05 equiv)  \_ _R L_.R
(1,2-HB  (1,4)-HB

H "
BPin BPin
X R=CsgHy4 yield: 90%, rr 95:5
R= Cy yield: 89%, rr 46:54

R R=Ph yield 44%, rr 99:1 yield: 57%, rr >99:1

H
BPin I\BPin )Mi/\HI\BPin
Me X

yield: 74%, yield: 78%, rr 78:222 yield: 88%, rr 78:222
rr77:23  yield: 82%, rr 2:98P yield: 84%,rr 2:98°

2 (DPPP)CoCly; ® [((3,5-F3C)2CeH3)PHOX]CoBr,

C. Scope of enantioselective (1,2)-hydroboration of substituted 1,3-dienes

(L7)CoX; (5 mol%)

£ 1 Zn, NaBARF S 0
R A b g R ‘ |
ﬁ/ 0mint mBPm PPh, N
R HBPin
L7z Ph
=rif Me BPin  BPin
H”CS\/Y\BPin FGWBPin b
Me
R Me Me BPin
, n (1,2-HB)¢ (1,4-HB)d
R = Et R=/Pr R=Cy  FG=OTBS FG=BnO FG=N-Phth n=1 n=2

yield: 75% yield: 84% yield: 88% yield: 74% yield: 54% yield: 73%
rr>99:1 rr94.6 rr95:5 r89:11 r95:5 r88:12
ee 86% ee92% ee 92% ee 88% ee 92% ee 96%

Figure 13.
Enantioselective hydroboration of 1,3-dienes

yield: 82% yield: 72% yield: 84% yield: 84% yield: 83%
rr86:14 rr86:14 rr89:11 rr 98:2 r 3:97
ee 84% ee 86% ee 96% ee 38% ee>90%

¢ [(R)-BINAP]COBry; ¢ [((3,5-F3C),C¢H3)PHOX]COBr,
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Table 1.
Ligand Effects in Co-Catalyzed HV of 1,3-Dienes

~Z  (P~P)CoCl,
N
Me3AI
CsHi1 cH,CI, CsH1q
(4,1)-2 @1)-E  (21)E

no. ligand T(°C) (4,1)-z (4,1)-E (2,1)-E
1 DPPB -20 94 <1 0

2. oppp @ -20 75 0 0

3. DPPP 23 0 26 65

4, DPPM =20 <2 33 64

2} 14% 1,4-linear.
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Table 2.

Substrate Scope of Enantioselective HV of 1,3-Dienes

no. R4 ligand yield % ee % (config.)
1 Me (R,R)-DIOP 95 95 ()
2 CsHya (R,R)-DIOP 95 95 (9)
3 CsHyy (S,5)-BDPP 96 96 (5)
4, CyHex (5,5-DIOP 49 84 (R)
5. BnOCH,CH, (S.5-BDPP 95 97 (R)
6.  BICH,.CH, (S9)-DIOP 97 93 (R)
7. EtOC(O)CH, (S,5-BDPP 84 98 ()

See Figure 3 A for procedure.
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Table 3.

Role of cationic cobalt(l) intermediates in heterodimerization and hydroacylation reactions

Page 34

no catalyst diene reagent product cf::;::g:s comments
p BrBr p [27] (5 mol%) .
1. Nt Z H || NaBARF (20 mo%) 100 0oV
M YA m DCM, rt, 1 hr 6% yio
" P T D TR
3 CgH mol _
2. 27 (P = Ph,P) CgHi7 (1 atm) gH17 Na%%l:: © g”ﬁ'%) no reaction
,
CO,Me [27] (5 mol%) 100% conv.
3 = coM || NaBARF (15 mol%)  85% yield
2Mie
27 S W CH:Cls, rit, 0.5 h
NaBARF (0 mol%) no reaction
! CeHrz CeHlyr DCM, rt, 18 h
CO,Me
/ 0,
{[(R)-QuinoxP*]Co}* COMe | . | [28] (1 mol%) 10°0 % CONV.
3 [n6-CsDs] [BARF]- S DCM, rt, 10 h 93% yield
ik 623 W (single-component 94% ee
CsH1y CsHyy catalyst, 28)
[
6. {(RR)}i-PrDUPHOS|CoCI}, (29) (2.5 mol%) égg % it:;;v,
' (29) & x Ph NaBARF (7.5 mol%) g0
\i I I ether, 24 h .
7 {l(R.R)-i-PrDUPHOS]C0'Cl}; x~ H” ~Ph B (29) (2.5 mol%) e enta
' (29) NaBARF (0 mol%)
ether, 24 h
Ph o "
{l(R,R)-I-PrDUPHOS]Co o) Y (23) &5 mol%) g0% Ganv.
8 (DMBD)]}* [BARF]- J\ CM, 40 h 36% yield
(26) S H Ph x © (single-component 96% ee
catalyst) (26)
[(R,R)-i-Pr-
i i DUPHOS]Co"Br,
9. 'P"'O s (5 mol9%), Zn (50 o ore:
i 56% yield
! o * Ph mol%) il b
/C"_Br NaBARF (7.5 mol%)
P A HJ\Ph x © DCM, 24 h
ippre- Pr Same as above
10. except :
no reaction
31 ‘Zn-reduced (DUPHOS)CoBr,’ ggilnAF;i :1[) mol%)

¥
i)
P Me NoR DD
NeguyF . :
S odleeee>
p/ Me N «'P\ D D P i ippie-

[BARF]- [BARF] (BARF-
26 {[(R,R)--PrDUPHOS] 28 [(R)-Quinoxp]Co(CgDg) A p Icl 30 {[(R,R)-i-PrDUPHOS]
Co(DMBD)) [ pICo(CeDg)] 29 {[(R,R)-i-PrDUPHOS]Co'CI}, Coidhons sidshyiie)

BARF~

All structures (26— 30) confirmed by X-ray crystallography.
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