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Stereodivergent synthesis of trisubstituted Z- and E-alkenylboronates has been
developed through nickel-catalyzed regio- and stereoselective hydroboration of
internal allenes. This protocol features good functional-group compatibility and
broad substrate scope. In addition, several bisphosphine-ligated nickel-allene and
nickel-olefin complexes have been synthesized, and their competence as reactive
intermediates in the nickel-catalyzed allene hydroboration has been supported by
a series of stoichiometric reactions and kinetic studies. Mechanistic studies
suggest that the stereodivergence of this nickel-catalyzed allene hydroboration is
controlled by steric properties of bisphosphine ligands.
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Ligand-enabled stereodivergence in nickel-catalyzed
regioselective hydroboration of internal allenes

Xiaoxu Yang,! Chunchen Yuan,' and Shaozhong Ge'*

SUMMARY

Developing protocols for stereodivergent synthesis of multi-
substituted alkenylboronates will simplify and unify the synthesis
of Z- and E-stereoisomers of multi-substituted alkenes. Although
tremendous efforts have been made to devise stereoselective ap-
proaches to access Z- or E-alkenylboronates, catalyst-controlled
stereodivergence in their synthesis remains extremely rare. Herein,
we demonstrate that such stereodivergence can be achieved for
nickel-catalyzed hydroboration of internal allenes, which enables
convenient synthesis of both stereocisomers of trisubstituted alke-
nylboronates from the same starting reagents. Mechanistic studies
reveal that these nickel-catalyzed allene hydroboration reactions
do not follow conventional hydrometallation or borylmetallation
pathways with metal-hydride or metal-boryl intermediates. On the
basis of the synthesis of potential nickel intermediates and their
stoichiometric reactions, we propose new pathways for this nickel-
catalyzed allene hydroboration, involving initial complexation of
allenes to low-valent nickel catalysts followed by the stereo-deter-
mining reaction of bisphosphine-ligated nickel-allene intermediates
with pinacolborane (HBpin) to form nickel-olefin compounds, which
contain coordinated Z- or E-alkenylboronates.

INTRODUCTION

Acyclic trisubstituted (E)- and (2)-alkenes are present in a wide range of natural
products, pharmaceuticals, and organic materials and are also very useful starting
materials for a variety of stereoselective chemical reactions.” The development
of effective and selective protocols for the preparation of stereodefined trisubsti-
tuted alkenes is a longstanding and challenging task for chemical synthesis. Over
the past decades, various selective approaches have been developed to synthesize
trisubstituted alkenes, but most of these approaches are only effective for the syn-
thesis of one stereoisomer, either cis or trans, of trisubstituted alkenes.*”” Different
synthetic methods and starting materials are usually needed to synthesize both ste-
reoisomers, and this potentially lowers the convenience and synthesis efficiency in
cases where both stereocisomers are needed. Therefore, it will be more desirable
to develop protocols that allow stereodivergent synthesis of both cis- and trans-
trisubstituted alkenes from the same starting materials by just altering one reaction
parameter such as ligands employed in metal-catalyzed reactions. Furthermore,
compared with developing different methodologies for stereodivergent synthesis
of different types of trisubstituted alkenes, it is more relevant to target stereodiver-
gent synthesis of a family of trisubstituted alkene precursors because further stereo-
specific transformations will derivatize them into various types of other trisubstituted
alkene products. In this regard, acyclic trisubstituted Z- and E-alkenylboronates will
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THE BIGGER PICTURE
Stereodefined multi-substituted
alkenylboronates are versatile
reagents in organic synthesis and
can serve as precursors to multi-
substituted alkenes. The existing
catalytic approaches to
synthesizing such
alkenylboronates are generally
effective for their Z- or
E-stereoisomer, and accessing
both sterecisomers usually
requires different synthetic
methods or starting materials.
Therefore, the development of
stereoconvergent protocols for
preparing both Z- and
E-alkenylboronates from readily
accessible starting reagents is
highly desirable but challenging.

As reported here, we describe a
convenient and effective protocol
for preparing both stereoisomers
of trisubstituted alkenylboronates
by nickel-catalyzed regioselective
stereodivergent hydroboration of
internal allenes. This study also
provides new mechanistic insights
into nickel-catalyzed
hydroboration reactions and
could inspire chemists to develop
other stereoselective
hydrofunctionalization reactions
of unsaturated hydrocarbons.



http://crossmark.crossref.org/dialog/?doi=10.1016/j.chempr.2022.10.003&domain=pdf

Chem

meet such needs because sp?-alkenylboronates can undergo a variety of stereospe-
cific transformations to furnish structurally diverse alkene products.”

Although numerous synthetic methodologies, such as boron-Wittig reaction,”"’
lithiation/borylation of alkenyl halides,'® Miyaura borylation of alkenyl halides,"*"*
hydroboration or carboboration of alkynes,'>** dehydrogenative borylation of
alkenes,”~?” isomerization of alkenylboronates,”®?” and carbene insertion into
B,piny,*® have been developed to prepare trisubstituted alkenylboronates, these
approaches can provide access to only one stereoisomer, E or Z, of these alkenylbor-
onates. Stereodivergent synthesis of both Z- and E-stereoisomers of trisubstituted
alkenylboronates from the same starting reagents is extremely rare.®’? For
example, lithiation-borylation or Miyaura borylation of alkenyl halides can be used
to prepare both Z- and E-stereoisomers of trisubstituted alkenylboronates;'*'*
however, these transformations require pre-synthesis of stereodefined alkenyl ha-
lides. cis-Hydroboration of internal alkynes has been well established to prepare
Z-alkenylboroantes,® but trans-hydroboration reactions to yield E-alkenylboronates
are challenging and suffer from limited scope.'”~*? Very recently, stereoselective
isomerization of gem-disubstituted alkenylboronates has been developed to access
both stereoisomers of trisubstituted alkenylboronates,®'*? but this isomerization
protocol has an intrinsic limitation that one of the three substituents in alkenylboro-
nate products has to be a methyl or silylmethyl group. Consequently, it still remains
significant and highly desirable to develop effective and selective protocols for ster-
eodivergent synthesis of stereodefined trisubstituted alkenylboronate compounds
from readily accessible starting materials and commercially available base metal
catalysts.

Allenes are organic molecules containing two cumulative C=C double bonds, and
structurally diverse allenes can be efficiently and conveniently prepared nowadays
by following well-established synthetic protocols.**** Allenes are versatile reagents
for chemical synthesis owing to high reactivity of their two orthogonal cumulative
n-systems.**® For example, allenes are useful starting materials to synthesize

39-47 and metal-catalyzed hydroboration of allenes is a

organoboron compounds,
well-known process that can produce allylboronate or alkenylboronate compounds,
depending on the regioselectivity of the transformation.*®*=>? Various transition
metal catalysts have been identified for regioselective hydroboration of allenes
with pinacolborane (HBpin), and the Bpin addition to either sp- or sp?-hydridized
carbon of the allene unit can be achieved with high regioselectivity (Figure 1A).
One intriguing feature about these regioselective hydroboration reactions is that
when the products containing an internal C=C double bond are formed, the reac-
tions usually show very high stereoselectivity (often 99%-100%) and the products
have a Z-configuration around the C=C double bond.*°=>® This Z-selectivity can
be rationalized by considering hydrometallation or borylmetallation of one C=C
double bond from the less-hindered side to minimize the steric repulsion between
the catalyst and the substituent of the other C=C double bond (Figure 1B; one enan-
tiomer of 1,3-disubstituted allene is drawn for illustrative purposes). This suggests
that overriding the observed Z-selectivity may require to divert from hydrometalla-
tion and borylmetallation pathways.

In contrast to the well-developed Z-stereoselective hydroboration of allenes, the ex-
amples of E-stereoselective hydroboration of allenes with HBpin are extremely rare,
and the pathways leading to the E-stereoselectivity are still subject to speculation.
As far as we are aware, the only example of such E-stereoselective hydroboration
is the copper-catalyzed hydroboration of allenes in the presence of CuCl and a
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Figure 1. Hydroboration of internal disubstituted allenes with HBpin

(A) Regio- and stereoselectivity of metal-catalyzed hydroboration reactions of internal allenes.

(B) Allene hydrometallation and borylmetallation pathways leading to Z-stereoselectivity.

(C) Copper-catalyzed E-selective hydroboration of internal allenes to form E-allylboronates via Z-to-E isomerization of o-allylcopper intermediates.
(D) Nickel-catalyzed stereodivergent hydroboration of internal allenes and potential bisphosphine-ligated nickel-allene and nickel-olefin
intermediates.

xantphos-type ligand, and most of the selected allenes react with HBpin to form
E-allylboronate products with 100% stereoselectivity."” For their copper-based
catalyst system, Tsuji and coworkers proposed a pathway that involves isomerization
of a Z-c-allyl copper intermediate to an E-c-allyl copper intermediate (Figure 1C).
Nevertheless, this should lead to a thermodynamic mixture of Z- and E-allylboro-
nates, unless the rate of this Z-to-E isomerization of c-allyl copper intermediates is
very fast or the rate of o-bond metathesis between Z-c-allyl copper species and
HBpin is negligible in comparison with the rate of the corresponding reaction of
E-o-allyl copper intermediate. Except this copper-catalyzed E-selective hydrobora-
tion of allenes to form E-allylboronates, stereoselective hydroboration reactions of
allenes to afford E-alkenylboronate products have not been identified.

During our continuous efforts to develop selective catalytic hydroboration of al-

lenes,”%>3

we became intrigued by the prevalent Z-stereoselectivity observed
for existing allene hydroboration reactions and thus intended to identify metal
catalysts that could override such Z-stereoselectivity. Herein, we report a few nickel
catalysts for both Z- and E-stereoselective hydroboration of disubstituted internal al-
lenes (Figure 1D). These nickel catalysts enable convenient synthesis of both Z- and

E-stereoisomers of a variety of trisubstituted alkenylboronate compounds. In
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Figure 2. Evaluation of conditions for the nickel-catalyzed hydroboration of allene 1a with HBpin
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Reaction conditions: allene 1a (0.100 mmol), HBpin (0.120 mmol), Ni(COD); (3.0 umol), ligand (3.0 pmol), toluene (1 mL), room temperature, 12 h. °The

values of conversion, yield of 2a, E/Z ratio of 2a, and ratio of 2a:3a were determined by GC analysis with tridecane as internal standard. ®1,4-Dioxane

(1 mL) was used as the solvent. “The isolated yield of (2)-2a. 9Hexane (0.2 mL) was used as the solvent. °The isolated yield of (E)-2a. fNi(acac)z was used

instead of Ni(COD)s.

addition, we also attempted to elucidate pathways for both Z- and E-selective hydro-
boration reactions with these nickel catalyst systems. Based on the detailed mecha-
nistic studies, we propose new reaction pathways involving bisphosphine-ligated
nickel(0)-allene intermediates, and the obtained Z- and E-selectivity can be rational-
ized by minimizing steric interaction between bisphosphine and boryl-containing
allyl ligands in allylnickel intermediates. Mechanistic investigations include synthesis
and characterization of potential organonickel intermediates, stoichiometric reac-
tions of these organonickel complexes with reagents such as HBpin and allenes,
identification of nickel species during and after hydroboration reactions, and deute-
rium-labeling experiments.

RESULTS AND DISCUSSION

Evaluation of conditions for the nickel-catalyzed hydroboration reaction of
allene

We began our studies on the nickel-catalyzed hydroboration of allenes by evaluating
nickel catalysts and conditions for the reaction of (4-(buta-1,2-dienyl-1-yl)phenyl)tri-
methylsilane 1a, a 1,3-disubstituted allene, with HBpin. Nickel catalysts employed in
this study were generated in situ by mixing Ni(COD), with various bisphosphine li-
gands, and the results of the selected experiments are summarized in Figure 2.
These reactions were conducted with allene 1a as a limiting reagent in the presence
of 3 mol % nickel catalyst at room temperature for 12 h. In general, this nickel-cata-
lyzed hydroboration reaction of allene 1a afforded four vinylboronate products
(2)-2a, (E)-2a, (2-3a, and (E)-3a, and the regio- and stereoselectivity of these reac-
tions showed profound dependence on the bisphosphine ligands.

The reactions conducted with the nickel catalysts generated from Ni(COD), and
dppp or dcpe proceeded with very low conversion of allene 1a (entries 1 and 2 in Fig-
ure 2). The reaction catalyzed by the combination of Ni(COD), and dppm occurred
with low regioselectivity and afforded a mixture of products 2a and 3a with a ratio of
53:47 (entry 3 in Figure 2). The reactions conducted by Ni(COD), and dppe, dppbz,
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or rac-binap occurred to high conversions of allene 1a (entries 4-6 in Figure 2),
yielding the (2)-vinylboronate product (2)-2a with high regioselectivity (84%-91%)
and excellent stereoselectivity (95%-99%). In contrast, the reaction catalyzed by
Ni(COD), and dppf afforded (E)-vinylboronate (E)-2a with high regio- and stereose-
lectivity (entry 7 in Figure 2). We further improved the conversion, regioselectivity,
and stereoselectivity of this reaction by evaluating various solvents for this transfor-
mation. For example, the reaction catalyzed by Ni(COD), and dppbzin 1,4-dioxane
afforded (2)-2a in 85% isolated yield with 92% regioselectivity and 98% stereoselec-
tivity (entry 8 in Figure 2), and the reaction catalyzed by Ni(COD), and dppf in hexane
produced (E)-2a in 81% isolated yield with 94% regioselectivity and 93% stereose-
lectivity (entry 9 in Figure 2). In addition, we also tested Ni(acac),, a bench-stable
nickel salt, for the nickel-catalyzed stereodivergent hydroboration of 1a, and these
reactions proceeded to slightly lower conversions of 1a, but with similarly high regio-
and stereoselectivity (entries 10 and 11 in Figure 2), compared with the correspond-
ing reactions conducted with Ni(COD), (entries 8 and 9 in Figure 2).

Substrate scope

With the identified conditions and catalysts in hand, we explored the scope of
1,3-disubstituted allenes for these nickel-catalyzed stereodivergent hydroboration
reactions, and the results are summarized in Figure 3. In general, a wide range of ar-
yl,alkyl-disubstituted internal allenes (1a—1z) reacted smoothly with HBpin in hexane
at room temperature in the presence of 3 mol % Ni(COD), and dppf, affording the
corresponding (E)-alkenylboronates ((E)-2a—(E)-2z) in modest to high isolated yields
(51%-82%) with the E-selectivity ranging from 74% to 99%. In the meanwhile, hydro-
boration reactions of these allenes catalyzed by 3 mol % Ni(COD), and dppbz in
1,4-dioxane produced the corresponding (2)-alkenylboronates ((2)-2a—(2)-2z) in
57%—-87% yields with the Z-selectivity ranging from 81% to 99%. In addition, diaryl-
(1aa) and dialkyl-substituted internal allenes (1ab and 1ac) also underwent these
stereodivergent hydroboration reactions to afford stereodefined alkenylboronate
products ((E)-2aa—(E)-2ac; (2)-2aa—(2)-2ac)) in 53%-82% isolated yields.

Data in Figure 3 show that the substitution pattern of aryl groups in aryl-substituted
allenes does not have significant effect on the stereoselectivity of these nickel-cata-
lyzed allene hydroboration reactions. For example, allenes containing a methyl
group at the para-, meta-, and ortho-positions of the phenyl group reacted with
similar stereoselectivity in the presence of Ni(COD),/dppf ((E)-2b, (E)-2m, and
(E)-2n) or Ni(COD),/dppbz ((2)-2b, (2)-2m, and (2)-2n). Nevertheless, the electronic
property of the aryl groups in aryl-substituted allenes have profound but opposite
influence on the stereoselectivity of the reactions catalyzed by Ni(COD),/dppf and
Ni(COD),/dppbz. For example, allenes containing electron-deficient aryl groups
((E)-2g and (E)-2l) reacted with higher E-selectivity than allenes containing elec-
tron-rich aryl groups ((E)-2h and (E)-2q) in the presence of Ni(COD),/dppf; however,
allenes containing electron-deficient aryl groups ((2-2g and (2)-2l) reacted with
lower Z-selectivity than allenes containing electron-rich aryl groups ((2)-2h and
(2)-2q) in the presence of Ni(COD),/dppbz. In addition, the steric bulkiness of the
alkyl substituents of allenes has noticeable influence on the stereochemistry
outcome of Ni(COD),/dppf-catalyzed hydroboration reaction and the E-selectivity
increased with the increasing steric bulkiness of the alkyl groups ((E)-2b, (E)-2v,
and (E)-2x). However, such steric influence was negligible for the Ni(COD),/
dppbz-catalyzed allene hydroboration (see (2)-2b, (2)-2v, and (2)-2x).

These nickel-catalyzed stereodivergent hydroboration reactions show good
functional tolerance, and various reactive groups, such as silyl (2a), fluoro (2e), chloro
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Figure 3. Scope of allenes for the nickel-catalyzed stereodivergent hydroboration reactions

Reaction conditions: allene (0.300 mmol), HBpin (0.360 mmol), Ni(COD); (9.0 umol), dppf or dppbz (9.0 pmol), hexane (0.6 mL) or 1,4-dioxane (3 mL),
room temperature, 12 h, isolated yields after flash column chromatography onsilica gel. The E/Zratios of alkenylboronates 2a—2ae were determined by
gas chromatograph analysis on the crude mixtures of these reactions. *50°C. PHBpin (1.20 mmol).

(2f), trifluoromethyl (2g), ether (2h), sulfide (2i), carboxylic ester (2j and 2r), boronic
ester (2k), cyano (2l), tertiary amine (2q), primary amine (2q’'), and amide (2s) moieties
are compatible with the reaction conditions. In addition, allenes containing oxygen-
and sulfur-heteroaromatic substituents also reacted under both sets of conditions
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Figure 4. Stoichiometric reactions of potential bisphosphine-ligated nickel intermediates

) Reactions of nickel(0) complexes (L)Ni(COD) with HBpin.

B) Synthesis of nickel-allene complex 7 by the reaction of Ni(COD),, dppf, and allene 1g.

C) X-ray structure of complex 7.

) Synthesis of nickel-olefin complex 9 by the reaction of complex 7 with HBpin.
) X-ray structure of complex 9.

(A
(
(
(D) Synthesis of nickel-allene complex 8 by the reaction of (binap)Ni(COD) with allene 1h.
(E
(F
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Figure 4. Continued

(G) Synthesis of nickel-allene complex 10 by the reaction of complex 8 with HBpin.
(H) X-ray structure of 10.

(1) Reaction of nickel-olefin complex 9 with allene 1g.

(J) Reaction of nickel-olefin complex 10 with allene 1h.

and afforded the desired alkenylboronate products ((E)-2t and (E)-2u; (2)-2t and
(2)-2u) in good yields with high stereoselectivity. However, this stereodivergence
could not be achieved for the nickel-catalyzed hydroboration of some 1,3-disubsti-
tuted allenes. For example, 3-pyridyl-substituted allene 1ad underwent Ni(COD),/
dppf-catalyzed hydroboration to form alkenylboronate (E)-2ad in 77% yield with
92% E-selectivity but could not react in the presence of Ni(COD), and dppbz. Simi-
larly, 2-thienyl-substituted allene 1ae reacted in the presence Ni(COD), and dppbz
to afford alkenylboronate (2)-2ae in 59% yield with 94% Z-selectivity but could not
undergo Ni(COD),/dppf-catalyzed hydroboration reaction.

Isolation of nickel intermediates and their stoichiometric transformations

To obtain mechanistic insight into these nickel-catalyzed stereodivergent hydrobo-
ration reactions, we conducted a series of organometallic reactions to prepare
several well-defined nickel compounds and evaluated their competence as reaction
intermediates. We chose nickel catalysts generated from Ni(COD), and three bi-
sphosphine ligands (dppf, dppbz, and binap; entries 5-7 in Figure 2) to carry out
these mechanistic investigations. The combination of Ni(COD), and bisphosphine
ligand (L) is one of the most commonly used approaches to generate nickel(0) cata-
lyst precursors and has been practiced in countless nickel-catalyzed organic reac-
tions.”*> It is commonly accepted that the coordination of a bisphosphine ligand
with Ni(COD), forms (L)Ni(COD), which then reacts with substrates to enter the cat-
alytic cycles.”®*’ For these nickel-catalyzed hydroboration reactions, the initial step
should be the reaction of nickel(0) species with allenes or HBpin. In general, there are
two scenarios for this initial step: (1) bisphosphine-ligated nickel(0) complexes (L)
Ni(COD) (L = dppf[4]; L = dppbz[5]; and L = binap [6]), generated from the reaction
between Ni(COD), and bisphosphine ligands, react with allenes or HBpin, or (2)
Ni(COD); reacts first with allenes or HBpin, and subsequent ligation by bisphos-
phines occurs. Both reaction sequences are evaluated for the reactions of nickel(0)
complexes with HBpin or allenes.

Oxidative addition of HBpin to phosphine-ligated nickel(0) complexes to form (L)
Ni(H)(Bpin) has been proposed as one key step in nickel-catalyzed hydroboration
of unsaturated hydrocarbons.””*® However, the reactions of nickel(0) complexes
(L)Ni(COD) (4-6) with HBpin on NMR scales did not occur as indicated by 3p
NMR spectroscopic analysis, and these nickel(0) complexes were recovered quanti-
tatively (Figure 4A). In addition, we also conducted the reactions of Ni(COD), and
HBpin with subsequent addition of bisphosphine ligands (dppf, dppbz, or binap),
and these reactions produced bisphosphine-ligated nickel(0) complexes (L)Ni(COD)
(4-6) with high selectivity. The results of these reactions suggest that oxidative
addition of HBpin to Ni(COD), in the presence of bisphosphine ligands or to
bisphosphine-ligated nickel(0) complexes (L)Ni(COD) is unlikely the initiation step
in these nickel-catalyzed hydroboration reactions of allenes.

We then conducted the reactions of (L)Ni(COD) (4-6) with allenes. An NMR-scale re-
action of (dppf)Ni(COD) (4) with allene 1g in C¢D¢ went to completion in 10 min and
revealed the formation of a new nickel species with 3'P NMR resonances at § 31.7
and 22.1 ppm (d, *Jpp = 21.3 Hz). This new nickel complex could also be obtained
in 54% yield by the three-component reaction of Ni(COD),, dppf, and allene 1g in
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toluene (Figure 4B). Single-crystal X-ray diffraction analysis on the isolated material
(Figure 4C) confirmed its identity as a nickel-allene complex 7. The geometry around
the nickel center in compound 7 is nearly square planar (the sum of four adjacent
angles around the nickel center is 359.95°), and its coordinated allene moiety
significantly deviates from the linear structure as indicated by the angle C12-C13-
C14 of 142.5(2)°. In addition, the coordinated C=C double bond (C13-C14 =
1.409(3) A) of its allene unit is significantly elongated than the uncoordinated double
bond (C12-C13 = 1.331(3) A). All these structural features suggest that the nickel
center in complex 7 is oxidized to certain degrees.

The reactions of (dppbz)Ni(COD) (5) with several allenes were attempted on NMR
scales, and no new nickel species were detected by *'P NMR analysis with nearly
quantitative recovery of nickel complex 5. The different reactivity of (dppf)Ni(COD)
(4) and (dppbz)Ni(COD) (5) toward allenes likely stems from the different steric prop-
erties of dppf and dppbz ligands. Both (dppf)Ni(COD) (4) and (dppbz)Ni(COD) (5)
are 18e complexes, and the substitution of COD ligand with allenes requires partial
or complete dissociation of COD from these two nickel complexes. The relatively
larger size of dppf ligand compared with dppbz ligand makes the coordination of
COD in (dppf)Ni(COD) (4) weaker than the coordination of COD in (dppbz)Ni(COD)
(5), as can be seen from the longer average distance between nickel and the coordi-
nated carbon atoms of COD ligand in (dppf)Ni(COD) (2.128(2) A)®° than in (dppbz)
Ni(COD) (2.1067(13) A; see the supplemental information for its X-ray structure).
This relatively weaker coordination of COD to the nickel center in (dppf)Ni(COD)
(4) enables facile ligand substitution of COD with allenes in (dppf)Ni(COD).

We subsequently carried out the three-component reaction of Ni(COD),, dppbz,
and allene 1Th on an NMR scale in C¢D. This reaction selectively formed (dppbz)2Ni,
and (dppbz)Ni(COD) was not detected during the course of the reaction as moni-
tored by 3'P NMR spectroscopic analysis. For comparison, we also conducted an
NMR-scale reaction of Ni(COD), and dppbz in C¢Dg, and this reaction afforded a
mixture of (dppbz)Ni(COD) and (dppbz),Ni in a ratio of 86:14. The results of these
two reactions suggest that allene 1h reacts first with Ni(COD), to form a COD-free
allene-ligated nickel(0) species, which then reacts with dppbz to form (dppbz),Ni.
Indeed, an NMR-scale reaction of Ni(COD), with allene 1h in C4D4 showed that
the "H NMR resonances of Ni(COD), completely disappeared upon mixing and
uncoordinated COD was detected. However, nickel(0) complexes containing only
allene ligands are configurationally unstable and could not be isolated in the
absence of phosphine ligands.”” In addition, the propensity for the formation of
(dppbz);Ni complex in the three-component reaction of Ni(COD),, dppbz, and al-
lene 1h precludes the observation of nickel(0)-allene complexes ligated by dppbz,
and this poses additional challenge to study the mechanism of the nickel-catalyzed
Z-selective allene hydroboration. Therefore, we chose to study the stoichiometric re-
actions with other nickel systems that can catalyze Z-selective allene hydroboration
to illustrate the pathways for the formation of (2)-alkenylboronates.

As shown in Figure 2 (entry 6), the nickel complex generated from Ni(COD), and bi-
nap could also catalyze Z-selective hydroboration of allenes, and we then chose this
nickel system to synthesize potential nickel intermediates to illustrate the pathways
for the Z-selective allene hydroboration. The NMR-scale reaction of (binap)Ni(COD)
(6) with allene 1h in toluene showed the formation of a new nickel species with broad
TP NMR resonances at 6 39.0 and 26.8 ppm (*J,, was not resolved as a result of flux-
ionality in toluene at 25°C; ZJF,p = 42.8 Hz at 0°C) (Figure 4D). This new nickel com-
plex is thermally labile, and the attempt to isolate it in pure form led to its partial
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decomposition. However, mass spectroscopic and two-dimensional NMR spectro-
scopic analysis on the isolated material confirmed its identity as binap-ligated
nickel-allene complex 8, as shown in Figure 4D (see Figures S1-54). Complex 8 could
also be prepared in a similar yield by the three-component reaction of Ni(COD),, bi-
nap, and allene 1h. In addition, we found that this three-component reaction went to
completion upon mixing, but the reaction of Ni(COD), with binap to form (binap)
Ni(COD) (6) was rather slow and required 20 h to complete. This indicates that
(binap)Ni(COD) is not a kinetically competent nickel intermediate for this three-
component reaction to form nickel complex 8, although (binap)Ni(COD) could react
with allene 1h to produce complex 8. Considering the above-mentioned fast ligand
exchange between Ni(COD), and allene 1h, we propose that, in this three-compo-
nent reaction, Ni(COD); first reacts with allene 1h to form an allene-ligated nickel(0)
intermediate, which then reacts with binap to afford binap-ligated nickel-allene
complex 8.

With well-defined nickel-allene complexes 7 and 8 in hand, we evaluated their reac-
tivity with HBpin. The reaction of complex 7 with HBpin on an NMR scale yielded a
new nickel species with *'P NMR resonances at 6 27.2 and 24.2 ppm (d, *Jpp =
27.1 Hz). This new nickel compound was formulated as compound 9 and was iso-
lated in 68% yield (Figure 4E). The X-ray analysis on the isolated material (Figure 4F)
shows that it is a nickel-olefin complex with a coordinated alkenylboronate (E)-2g.
Similarly, binap-ligated nickel-allene complex 8 also reacted with HBpin to afford
nickel-olefin complex 10, which contains a coordinated alkenylboronate (2)-2h, in
45% isolated yield (Figure 4G), and the molecular structure of compound 10 was
also confirmed by single-crystal X-ray analysis (Figure 4H). The 3'P NMR resonances
of complex 10 are found at 6 33.0 and 25.9 ppm (d, *Jyp = 46.6 Hz).

The geometry around the nickel center in nickel-olefin compounds 9 and 10 is
approximately square planar, and the bond lengths of the coordinated double
bonds (C1-C9 = 1.439(2) A for compound 9 and C1-C9 = 1.438(3) A for compound
10) are between bond lengths of a typical C=C double bond (1.34 A)and a typical
C-C single bond (1.53 A).¢° The para-trifluoromethylphenyl and Bpin groups in com-
pound 9 are on the same side of the nickelocyclopropane ring, and differently, the
para-methoxyphenyl and Bpin groups in complex 10 are on the different sides of
the nickelocyclopropane ring. The P1-Ni1-P2 angle is 108.419(17)° for complex 9
and 98.17(2)° for complex 10, which shows that dppf ligand is sterically more hin-
dered than binap ligand. In addition, the coordinated alkenylboronate (E)-2g in
complex 9, with the two big groups of aryl and Bpin on the same side of its double
bond, is sterically less demanding than the coordinated alkenylboronate (2)-2h in
complex 10, with the two big groups of aryl and Bpin on the different sides of its
double bond. This combination of dppf and (E)-2g in 9 or binap and (2)-2h in
complex 10 s to minimize the steric interaction between the bisphosphine and olefin
ligands. Therefore, the conversion of the nickel-allene intermediate with HBpin to
the nickel-olefin intermediate is the stereo-determining step for these nickel-cata-
lyzed stereodivergent hydroboration reactions, and the steric difference between
dppf and binap likely controls the stereochemistry of the alkenylboronate products.

The reaction between dppf-ligated nickel-alkene complex 9 and allene 1g pro-
ceeded smoothly at room temperature and afforded nickel-allene complex 7 in
95% NMR yield and alkenylboronate (E)-2g in 81% GC yield (Figure 41). Similarly, bi-
nap-ligated nickel-alkene compound 10 reacted with allene 1h to form nickel-allene
complex 8 in 93% yield with the concomitant release of alkenylboronate (2)-2h in
75% GC yield (Figure 4J).
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Identity of nickel species in the catalytic reaction mixture and kinetic studies
To identify nickel intermediates in these nickel-catalyzed stereodivergent hydrobo-
ration reactions, we monitored by *'P NMR spectroscopy the hydroboration reac-
tions of allenes 1g and 1h in the presence of 10 mol % Ni(COD),/dppf and
Ni(COD),/binap, respectively. During the conversions of allene 1g and 1h, bisphos-
phine-ligated nickel-olefin complexes 9 and 10 were observed as major nickel inter-
mediates. In addition, nickel complexes 9 and 10 could be converted to the desired
alkenylboronate products by the reaction with allenes (Figures 41 and 4J), suggest-
ing that bisphosphine-ligated nickel-olefin complexes are on-cycle resting states of
nickel catalysts for these nickel-catalyzed allene hydroboration reactions.

The kinetic behaviors of the nickel-catalyzed hydroboration of allenes were subse-
quently assessed to understand the turnover limiting steps of these stereodivergent
reactions. We measured the dependence of initial rates of the hydroboration on the
concentrations of the nickel catalyst, allene, and HBpin. To make initial rates valid for
kinetic analysis, we chose well-defined nickel-allene or nickel-olefin complexes as
the source of nickel to eliminate the process to generate active nickel intermediates
from bisphosphine ligand and Ni(COD),. In addition, kinetic experiments of hydro-
boration reactions were conducted in THF because all reagents are soluble in THF.

Kinetic studies for the E-selective allene hydroboration were performed with the reac-
tion of allene 1g with HBpin catalyzed by nickel-allene complex 7 in THF at room tem-
perature (Figure 5A). The initial rate of this E-selective hydroboration reaction was deter-
mined by measuring the formation of alkenylboronate (E)-2g with respect to time. The
plots of concentrations of (E)-2g versus time at various concentrations of complex 7, al-
lene 1g, and HBpin are shown in Figures 528-S33. The plots of initial rates versus the
concentrations of the catalyst, allene, and HBpin are shown in Figure 5A. The results
of these kinetic experiments revealed that this nickel-catalyzed E-selective hydrobora-
tion is first order in the nickel catalyst, zero order in allene, and zero order in HBpin.

Kinetic behaviors for the Z-selective allene hydroboration were evaluated with the reac-
tion of allene 1h with HBpin catalyzed by nickel-olefin complex 10 in THF at room tem-
perature (Figure 5B). The initial rate of this Z-selective hydroboration reaction was deter-
mined by measuring the formation of alkenylboronate (2)-2h with respect to time. The
plots of concentrations of (2)-2h versus time at various concentrations of complex 10, al-
lene 1h, and HBpin are shown in Figures S34-S39. The plots of initial rates versus the
concentrations of the catalyst, allene, and HBpin are shown in Figure 5B. The results
of these kinetic experiments revealed that this nickel-catalyzed Z-selective hydrobora-
tion is also first order in the nickel catalyst, zero order in allene, and zero order in HBpin.

Overall mechanism of nickel-catalyzed stereodivergent allene hydroboration

Based on the results of stoichiometric reactions of organonickel intermediates and
kinetic experiments, we proposed a plausible mechanism for the nickel-catalyzed re-
giodivergent hydroboration of internal allene 1 (Figure 6A). Ligand exchange reaction
between Ni(COD), and allene 1 generates allene-ligated nickel(0) species Ni(allene),,,
which then reacts with bisphosphine ligand L to form a bisphosphine-ligated nickel-
allene complex i. The o-bond metathesis between nickel intermediate i and HBpin
affords an n'-allyl nickel intermediate ii,°" and the subsequent ligand-controlled c-7-
o isomerization of n'-allyl nickel intermediate i to iv or vii through 5°-allyl nickel species
iii or vi, respectively, defines the stereochemistry outcome of alkenylboronate prod-
ucts. When a sterically demanding dppf ligand, with a bite angle of 108.419(17)°
derived the crystallographic data of nickel complex 9, is employed, the o-7t-6 isomer-
ization of ii-iii-iv takes place in a way that positions the aryl and Bpin groups on the
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A Kinetic plotting of nickel-catalyzed E-selective hydroboration of allene 1g with HBpin catalyzed by nickel-allene complex 7
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Figure 5. Kinetic profiles for nickel-catalyzed hydroboration reactions of allenes
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(A) Plots of initial rates versus concentrations of catalyst, allene, and HBpin for hydroboration of allene 1g with HBpin catalyzed by dppf-ligated nickel-

allene complex 7.

(B) Plots of initial rates versus concentrations of catalyst, allene, and HBpin for and hydroboration of allene 1h with HBpin catalyzed by binap-ligated

nickel-alkene complex 10.

same side of C=C double bond of n'-allyl nickel intermediate iv (the left cycle in
Figure 6A). When a sterically less-hindered binap ligand, with a bite angle of
98.17(2)° derived the crystallographic data of nickel complex 10, is utilized, the
o-T-0 isomerization ii-vi-vii occurs in a way that places the aryl and Bpin groups on
the different sides of C=C double bond of 5-allyl nickel intermediate vii (the right cycle
in Figure 6A). The C-H reductive elimination from nickel species iv and vii with the
concomitant coordination of their C=C double bonds to the nickel center forms
nickel-olefin complexes v and viii, respectively. The dissociation of alkenylboronate
products (E)-2 and (2)-2 from nickel-olefin complexes v and viii, respectively, forms ste-
rically unsaturated nickel intermediates (L)Ni(0), which then react with allene 1 to regen-
erate the catalytically active nickel-allene complexes i to close the catalytic cycles.
Nickel-olefin complexes as the catalyst resting state and the observed first-order
rate dependence only on nickel catalysts indicate that the dissociation of alkenylboro-
nate products from nickel-olefin intermediates to form (L)Ni(0) is the turnover-limiting
step for the nickel-catalyzed stereodivergent allene hydroboration.

To provide further experimental evidence to support the proposed pathways for this
nickel-catalyzed hydroboration reaction, we conducted a series of control reactions
and deuterium-labeling experiments. For example, we monitored by *'P NMR spec-
troscopy Ni(COD),/binap-catalyzed hydroboration reaction of allene 1h in the pres-
ence of an equal molar amount of alkenylboronate (2)-2o (Figure 6B) and Ni(COD),/
binap-catalyzed hydroboration reaction of a 1:1 mixture of allene 1h and 1o
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(A) Proposed reaction pathways for the nickel-catalyzed stereodivergent hydroboration reaction of allenes.
(B) Identifying nickel intermediates during Ni(COD),/binap-catalyzed hydroboration of allene 1h in the presence of alkenylboronate (2)-20 by *'P NMR

spectroscopy.

) Identifying nickel intermediates during Ni(COD),/binap-catalyzed hydroboration of a 1:1 mixture of allenes 1h and 10 by *'P NMR spectroscopy.

(@
(D) Ni(COD),/dppf-catalyzed hydroboration of allene 1h with DBpin.

(E) Ni(COD),/dppbz-catalyzed hydroboration of allene 1h with DBpin.

(F) Ni(COD),/dppf-catalyzed hydroboration of allene 1v-d; with HBpin.
(G) Ni(COD),/dppbz-catalyzed hydroboration of allene 1v-d; with HBpin.
(

H) KIE experiment for the hydroboration of allene 1g catalyzed by 5 mol % nickel-allene complex 7.

(Figure 6C). Nickel-olefin complex 11 was not detected and nickel-olefin complex 10
was observed as the major nickel species for the reaction of allene Th in the presence
of alkenylboronate (2)-20 (Figure 6B). Nevertheless, both nickel-olefin complexes 10
and 11 were detected in a molar ratio of 52:48 during the hydroboration of a mixture
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of allenes 1h and 1o (Figure 6C). These observations suggest that nickel-olefin inter-
mediates formed during catalytic hydroboration reactions are generated from the
association of alkenylboronate products, immediately after their formation through
C-H reductive elimination, to the bisphosphine-ligated Ni(0) fragment without
dissociation from the nickel center of the catalysts.

Deuterium-labeling experiments of hydroboration reactions with both nickel cata-
lysts were also conducted to gain additional evidence to support the proposed
reaction pathways, and the results are summarized in Figures 6D-6G. For example,
hydroboration reactions of allene 1h with DBpin catalyzed by Ni(COD),/dppf or
Ni(COD),/dppbz yielded alkenylboronates (E)-2h-D; or (2)-2h-D; in good yields,
respectively (Figures 6D and 6E). The deuterium atoms are selectively incorporated
onto the allylic carbon atoms. In addition, we also performed the reactions of allene
1v-D; with HBpin in the presence of Ni(COD),/dppf or Ni(COD),/dppbz, and these
two reactions afforded alkenylboronates (E)-2v-D; or (2)-2v-D;, with deuterium
atoms solely located at the vinylic carbon atoms adjacent to the phenyl groups
(Figures 6F and 6G). Furthermore, we measured the KIE value from two parallel
reactions of allene 1h with HBpin and DBpin catalyzed by nickel-allene complex 7
(Figure 6H), and a primary KIE of 1.11 suggests that HBpin is not involved in the turn-
over-limiting step of this nickel-catalyzed hydroboration reaction of allenes.

Synthetic utility

To highlight the synthetic utility of these nickel-catalyzed protocols, we first conducted
gram-scale reactions of allene Th with HBpin to prepare alkenylboronates (E)-2h and (2)-
2h. The hydroboration of Th on a 6.0 mmol scale proceeded smoothly in the presence of
3 mol % Ni(COD); and dppf and produced (E)-2h in 60% isolated yield (Figure 7A), and
the corresponding reaction catalyzed by 3 mol % Ni(COD), and dppbz afforded (2)-2h
in 80% isolated yield (Figure 7B). Second, we showed that these stereodefined alkenyl-
boronates could undergo various transformations to yield other functionalized alkenes
without loss of their stereochemistry. For example, protodeboronation of (E)-2h with
KHF, afforded internal alkene (E)-12 in high 89% isolated yield (Figure 7C).>? Bromina-
tion®? and iodination® of (F)-2h with NBS and |, formed alkenyl bromide (2)-13 and
alkenyl iodide (2)-14 in 80% and 73% yields, respectively (Figures 7D and 7E). Alkenyl-
boronate (E)-2h also underwent Pd-catalyzed Suzuki-Miyaura cross-coupling with
4-bromotoluene and 3-iodopyridine to produce di(hetero)aryl-substituted alkenes
(2-15 and (2-16 in high 81% and 89% yields, respectively (Figures 7F and 7G).%°
Copper-catalyzed azidation of (E)-2h with NaNj afforded alkenylazide (2)-17 in 76%
isolated yield (Figure 7H).®® In addition, alkenylboronate (F)-2h also underwent Rh-cata-
lyzed conjugated addition to chalcone to form carbonyl-functionalized trisubstituted
alkene (2-18 (Figure 71).°* Accordingly, protodeborylation, bromination, iodination,
Suzuki-Miyaura coupling reactions, azidation, and conjugated addition to chalcone
of alkenylboronate (2)-2h afforded the corresponding functionalized alkene products
(2-12, (B)-13, (B)-14, (B)-15, (B)-16, (B)-17, and (E)-18 in high isolated yields
(55%-91%), respectively (Figures 7C'-71). Therefore, these nickel-catalyzed stereodi-
vergent hydroboration reactions of allenes provide a versatile foundation to access
various stereodefined alkenyl compounds.

Conclusions

In summary, we have developed convenient and effective protocols to synthesize ster-
eodefined trisubstituted Z- and E-alkenylboronates through ligand-controlled nickel-
catalyzed stereodivergent hydroboration of allenes. A wide range of 1,3-disubstituted
allenes reacted with HBpin in the presence of nickel catalysts generated in situ from
Ni(COD), and dppf or Ni(COD), and dppbz, affording E- or Z-alkenylboronate
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Figure 7. Synthetic applications of the nickel-catalyzed stereodivergent hydroboration reactions
) Gram-scale synthesis of (E)-2h.

B) Gram-scale synthesis of (2)-2h.

C and C') Protodeborylation of (E)-2h and (2)-2h.

D and D’) Bromination of (E)-2h and (2)-2h.

E and E’) lodination of (E)-2h and (2)-2h.

F and F') Suzuki-Miyaura coupling of (E)-2h and (2)-2h with 4-bromotoluene.

G and G’) Suzuki-Miyaura coupling of (E)-2h and (2)-2h with 3-iodopyridine.

H and H’) Azidation of (E)-2h and (2)-2h with NaNs.

(I and I') Rh-catalyzed addition of (E)-2h and (2)-2h to chalcone.
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Reaction conditions: ?(E)-2h or (2)-2h (0.200 mmol), KHF; (0.600 mmol), acetic acid (2 mL), room temperature, 12 h. ®(E)-2h or (2)-2h (0.200 mmol), NBS
(0.400 mmol), NaOH (ag, 3 M, 0.600 mmol), THF (1 mL), room temperature, 12 h. “(E)-2h or (2)-2h (0.200 mmol), I, (0.400 mmol), NaOH (ag, 3 M,
0.400 mmol), THF (1 mL), room temperature, 12 h. 4(E)-2h or (2)-2h (0.200 mmol), Pd(dba), (5 mol %), PPhs (20 mol %), K3PO4 (0.600 mmol),
4-bromotoluene (0.280 mmol), DMF (1 mL), 80°C, 12 h. ®(E)-2h or (2)-2h (0.200 mmol), 3-iodopyridine (0.280 mmol), Pd(dba), (5 mol %), PPh3 (20 mol %),
K3PO4 (0.600 mmol), DMF (1 mL), 80°C, 12 h. f(B)-2h or (2)-2h (0.200 mmol), NaN3 (0.600 mmol), CuSO4 (0.120 mmol), MeOH (1 mL), room temperature, 12
h. 9(E)-2h or (2)-2h (0.200 mmol), chalcone (0.300 mmol), [Rh(COD)Cl], (10 umol), KsPOy4 (0.300 mmol), 1,4-dioxane (1 mL), H,O (0.4 mL), 80°C, and 12 h.

products in high yields with high stereoselectivity, respectively. To illustrate the path-
ways for these stereodivergent hydroboration reactions, several bisphosphine-ligated
nickel-allene and nickel-olefin complexes have been synthesized and their compe-
tence as relevant nickel intermediates in these nickel-catalyzed allene hydroboration
reactions has been verified. Instead of most frequently encountered ligation of
Ni(COD), with phosphine ligands, Ni(COD), enters the catalytic cycle as a bisphos-
phine-ligated nickel-allene complex, which is formed through the replacement of

212  Chem 9, 198-215, January 12, 2023



Chem ¢ CelPress

COD in Ni(COD), with allenes followed by the coordination of bisphosphine ligands.
The subsequent reaction of bisphosphine-ligated nickel-allene complex with HBpin
to form the corresponding nickel-olefin complex is the stereo-determining step in
these stereodivergent hydroboration reactions. Minimizing the steric interaction be-
tween bisphosphine and boryl-containing allyl ligands in allylnickel intermediates while
maintaining the steric saturation around the nickel center controls the stereochemistry
outcome of alkenylboronate products. This nickel-catalyzed stereodivergent hydrobo-
ration of allenes provides a versatile platform to access various types of stereodefined
trisubstituted alkenyl compounds from readily accessible allene substrates with
commercially available nickel catalysts.
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