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ABSTRACT: We report the development of a method to
diastereoselectively access tetrasubstituted alkenes via nickel-
catalyzed Suzuki−Miyaura cross-couplings of enol tosylates and
boronic acid esters. Either diastereomeric product was selectively
accessed from a mixture of enol tosylate starting material
diastereomers in a convergent reaction by judicious choice of the
ligand and reaction conditions. A similar protocol also enabled a
divergent synthesis of each product isomer from diastereomerically
pure enol tosylates. Notably, high-throughput optimization of the
monophosphine ligands was guided by chemical space analysis of
the kraken library to ensure a diverse selection of ligands was
examined. Stereoelectronic analysis of the results provided insight
into the requirements for reactive and selective ligands in this
transformation. The synthetic utility of the optimized catalytic system was then probed in the stereoselective synthesis of various
tetrasubstituted alkenes, with yields up to 94% and diastereomeric ratios up to 99:1 Z/E and 93:7 E/Z observed. Moreover, a
detailed computational analysis and experimental mechanistic studies provided key insights into the nature of the underlying
isomerization process impacting selectivity in the cross-coupling.

■ INTRODUCTION

Molecules with all-carbon tetrasubstituted alkene structural
motifs, such as the estrogen receptor modulators tamoxifen
and idoxifene,1−4 among others (Figure 1A), have displayed
significant biological activity and found widespread applica-
tions in the pharmaceutical industry.5−9 Moreover, their
unique photo- and electrochemical properties have rendered
them particularly useful for molecular switches10,11 and
materials science.12−14 Despite this rising demand, the
stereoselective synthesis of tetrasubstituted alkenes has been
a longstanding challenge, and as a result, only a few synthetic
approaches have been reported in recent years.15−19 While key
progress in this field has been achieved by employing
traditional olefination methods, these transformations often
suffer from low atom-economy and poor stereoselectivity.20−23

One of the most commonly applied synthetic strategies is the
carbometalation of internal alkynes, followed by a metal-
catalyzed cross-coupling.24−28 This elegant approach has set
the stage for a plethora of useful tetrasubstituted alkene
syntheses but is often associated with serious limitations
regarding stereocontrol and functional group tolerance. In
addition to the utilization of oxidative Heck couplings,29−33

more recent examples have showcased that cross-couplings of
tetrasubstituted alkenyl electrophiles comprise an attractive
alternative to traditional alkene coupling reactions. However, a

vast majority of these transformations are structurally limited
to α,β-unsaturated compounds, such as acrylates and
ketones.34−42

In contrast, highly stereoselective methods for the assembly
of unactivated acyclic tetrasubstituted alkenes have remained
scarce. To address this challenge, the groups of Hiyama43 and
Tobrman,44 among others,45 reported an intriguingly stereo-
selective approach that is based on sequential cross-couplings
of doubly and triply electrophilic alkene coupling partners with
a variety of nucleophiles. In this regard, 2- and 3-fold cross-
coupling reactions of multielectrophilic alkene precursors, such
as 2,2-dibromovinyl phosphates44 and tosylates,43 set the stage
for the stereoselective synthesis of acyclic tetrasubstituted
olefins. Despite the immense progress, methods for the
selective transformation of monoelectrophilic alkene coupling
partners into tetrasubstituted scaffolds represent an attractive
alternative, particularly for a scalable and step economical late-
stage functionalization of pharmaceutically relevant molecules.
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In 2017, our group reported a two-step synthesis of
tetrasubstituted alkenes, in which the stereochemical outcome
is set by diastereoselective preparation of the enol tosylate
starting material, followed by a stereoretentive Pd-catalyzed
Suzuki−Miyaura cross-coupling (Figure 1B).46 Although this
protocol allowed for the highly selective synthesis of (E)-
alkenes, the selectivity was largely governed by the tosylation
step and ultimately limited access to (Z)-alkenes, whose
precursor tosylates were less accessible in high diastereomeric
purity.
Capitalizing on seminal studies of stereodivergent Pd-

catalyzed cross-couplings of disubstituted alkenyl halides by
Lipshutz et al.,47−49 we set out to develop a stereoselective
cross-coupling reaction that does not rely on the geometry of
the starting material and gives expedient access to stereo-
defined tetrasubstituted alkene products.
Herein, we report a ligand-controlled Ni-catalyzed synthesis

of stereodefined tetrasubstituted alkenes either from a single
enol tosylate diastereomer in a stereodivergent process or from
a diastereomeric mixture of starting materials in a stereo-
convergent manner (Figure 1C). It is important to note that
either product diastereomer can be generated under the
stereodivergent/-convergent regimes by simply switching the
ligand and solvent system. The diastereoconvergent reaction is
highlighted in this report due to its synthetic utility, as it
obviates the need for stereoselective starting material
preparation, which is particularly challenging for the
corresponding (Z)-configured enol tosylates.50 An optimiza-
tion study was designed51−55 using kraken, a computational
database of descriptors for >1500 phosphorus ligands, to
identify a diverse set of phosphines to evaluate, which enabled
the identification of reaction conditions for a Ni-catalyzed
Suzuki−Miyaura cross-coupling.56−58 The optimized condi-
tions were then applied to the synthesis of a variety of

tetrasubstituted alkene scaffolds in typically high diastereo-
meric ratios of up to ∼90:10 E/Z and Z/E. Notably, the
unique mechanistic features of this catalytic transformation
contrast with the thermodynamic control of previously
developed convergent cross-couplings for the synthesis of di-
and trisubstituted alkenes, which typically proceed via metal
hydride catalyzed isomerizations.59−61 Our mechanistic
hypothesis is supported by a combination of DFT calculations
and experimental insights to shed insight into the elusive
isomerization step that has previously been observed in several
cross-coupling reactions of alkenyl electrophiles.49,56,62

■ RESULTS AND DISCUSSION
Optimization Studies. At the outset of the investigation,

preliminary experimental data indicated that monophosphine
ligands effectively promoted a nickel(0) cross-coupling of enol
tosylate 1a and pinacol boronate 2a to access representative
tetrasubstituted alkene diastereomers 3aa (Figure 3A, see
Supporting Information for details). To further streamline
efforts toward developing a ligand-controlled diastereoconver-
gent transformation, a data-rich optimization approach was
envisaged wherein chemical space analysis would guide high
throughput experimentation (HTE).63,64 The kraken
organophosphorus(III) descriptor library, which contains
>190 conformationally relevant molecular descriptors for
1558 monodentate phosphorus ligands, was employed for
this purpose.65 The dimensionality of the descriptors for
commercially available phosphine ligands within the library
was reduced using principal component analysis (PCA).66

With PCA, variance in the data set is captured using
orthogonal “principal components” (PCs), which are linear
combinations of the original descriptors.67 For the kraken
library, PCs 1−4 generally represent ligand volume, pyramid-
alization, flexibility, and orbital descriptors, respectively. K-
means clustering was applied to the chemical space for the
phosphines in order to facilitate the selection of 47 diverse
ligands for HTE optimization (Figure 2).68

Ligands were selected from each of these clusters based on
availability in our library as well as further curation for
compatibility with the reaction conditions. Subsequently, a
∼50:50 mixture of enol tosylate diastereomers (Z)-1a/(E)-1a
was subjected to reaction with boronate 2a under the
established baseline conditions (Ni(COD)2, K3PO4, THF/
water (3:1)) with the 47 selected monophosphine ligands in a
96-well plate design (reactions were performed in duplicate,
and both assay yield and E/Z ratio were determined for
product 3aa in each case; see Figure S-7 in the Supporting
Information for assay yields and selectivities for the 47 ligands
and control reaction). Wide ranges of both reactivity and
selectivity were observed, thereby validating the efficacy of the
workflow for the identification of a diverse ligand screening set.
The nonlinear dimensionality reduction technique uniform

manifold approximation and projection (UMAP), which can
effectively capture the global structure of a data set, was used
to visualize the selection of ligands from the kraken library.69,70

Simplistically, UMAP constructs a high dimensional graph
representation of the data set, then optimizes a lower
dimensional graph that maintains the topological structure as
much as possible. Interpretation of the relationship between
the descriptors and constructed dimensions is complicated by
the nonlinear nature of the algorithm. However, visualization
of the relative positioning of the ligands provides insight into
their relationships, and it was found that the ligands selected

Figure 1. (A) Selected examples of stereodefined tetrasubstituted
alkenes in drug molecules. (B) Stereoretentive Pd-catalyzed cross-
coupling. (C) Diastereoconvergent and -divergent Ni-catalyzed cross-
coupling.
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for HTE were spread reasonably evenly across the
commercially available phosphine space (Figure 3A). The
selectivity observed with each ligand is highlighted on the
UMAP plot through the use of a color map, while the size of
the points represents the observed yields. A clear region of
higher (Z)-selectivity for alkene 3aa was observed in the

eastern area of the ligand space, while the highest (E)-
selectivity was observed in the central and western areas of the
plot. In addition, (Z)-selective ligands were generally higher
yielding than the (E)-selective ligands. In a few cases, multiple
ligands from the same cluster were probed in order to test the
hypothesis that monophosphines in the same regions of
chemical space will react similarly, and in general, similar
reactivities and selectivities were observed (see Supporting
Information for details). The same HTE screening was also
repeated in t-AmOH in order to test the effect of solvent on
the reaction. Representative HTE results are highlighted in
Figure 3B. In general, the ligand had the most significant
influence on selectivity and similar trends were observed in
either solvent. Ultimately, P(4-FC6H4)3 (L1) in THF/H2O
(3:1) and PCy3 (L2) in t-AmOH provided the highest yield
and selectivity for each product diastereomer (Z)-3aa and (E)-
3aa, respectively. PCy3 (L2) has proven effective for several
Ni-catalyzed Suzuki−Miyaura cross-coupling reactions.71−73

Further optimization studies indicated a THF/H2O ratio of
4:1 to be slightly more effective for the (Z)-selective conditions
(see Supporting Information for details). Similar trends in
reactivity and selectivity were also observed upon performing
the ligand HTE screening with two additional electronically
differentiated enol tosylate substrates, thereby ensuring the
optimized conditions were not limited to 1a (see Supporting
Information for details). Overall, the workflow employing
molecular descriptors, dimensionality reduction, and clustering
enabled a systematic approach to the optimization of the
phosphine ligand component.
In addition to facilitating the identification of highly selective

ligands, a diverse coverage of chemical space provides a

Figure 2. Principal component score plot. Colored circles represent
the clustered 403 monophosphine ligands, and blue diamonds
represent the 47 ligands selected for HTE. PC1, PC2, and PC3
account for 32%, 16%, and 10% of the variance, respectively.

Figure 3. (A) Conditions for HTE and visualization of the ligand chemical space and HTE yield and selectivity results. (B) Selected examples from
the HTE results for the formation of 3aa (see Figure S-7 in the Supporting Information for assay yields and selectivities for the 47 ligands and
control reaction).
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platform to analyze correlations between descriptors and
reaction outcomes. The molecular electrostatic potential
minimum (Vmin) in the phosphorus lone pair region is a
quantitative measure of the σ-donating ability of a phosphine
ligand and was therefore chosen as a suitable electronic
descriptor (Figure 4A).74 More specifically, Boltzmann-

averaged Vmin values from the collection of ligand conformers
in the kraken library were used (Vmin(Boltz)). Regarding steric
effects, buried volume (Vbur) is defined as the total volume of a
sphere that is occupied by the substituents of the ligand (in
this case, the sphere is centered on a dummy metal atom
bound to phosphorus with a radius of 3.5 Å).75,76 Furthermore,
the minimum buried volume (Vbur(min)) is the smallest
possible value of Vbur for energetically accessible conformers of

the ligand. Hence, Vbur(min) quantifies the lowest proximal
steric bulk associated with a ligand and was recently applied as
a readout of ligation state in Pd- and Ni-catalyzed cross-
couplings.77 Visualization of the stereoelectronic space was
performed by plotting the ligands using the two aforemen-
tioned descriptors and coloring the points by reaction output.
A single productive region of ligand space was observed for
high reactivity with Vmin(Boltz) values from −0.062 to −0.038
au (atomic units) and Vbur(min) values from 42 to 50 Å3

(Figure 4B, orange box). Two distinct regions were apparent
for either high (E)- or high (Z)-selectivity (Figure 4C, red and
blue boxes), separated electronically at roughly −0.058 au,
with electron deficient phosphines displaying greater (Z)-
selectivity and vice versa.
Regarding Vbur(min), the two selectivity regions were

separated at ∼52 Å3, which is a value that generally
distinguished between mono- and bis-ligated Ni-complexes in
a recent study reported by Sigman and Doyle and co-
workers.77 However, further investigation would be required to
confirm the influence of ligation state on selectivity in this
transformation.
Given that the highest level of (Z)-diastereoselectivity was

observed with L1, other electron poor monophosphine ligands
were tested in the reaction but provided inferior results in
preliminary experiments (see Supporting Information for
details). However, the aggregate data from the HTE screen
provided the opportunity to predict more selective mono-
phosphines from the kraken library. To identify ligands for a
highly (Z)-selective process, potential phosphines were initially
filtered using the descriptor values that defined the reactive
region of chemical space (Figure 4B, orange box). Thereafter,
the HTE selectivity data were employed to develop an
ensemble of multivariable linear regression models that were
used to virtually screen the remaining phosphines (see
Supporting Information for details). Both P(4-ClC6H4)3 and
PPh2(4-CO2HC6H4) were predicted to be marginally more
(Z)-selective than L1 (Figure 5). Upon experimental

validation, the ligands afforded similar diastereoselectivities
to those observed with L1 (up to 85:15 Z/E, Figure 5).
However, both ligands were found to be less reactive, which
was attributed to chemoselectivity issues. Overall, the
evaluation of ligands suggested by both chemical intuition
and data science techniques provided confidence that L1 is
close to the optimal (Z)-selective ligand.

Figure 4. (A) Illustration of Vmin and Vbur. (B, C) Analysis of the HTE
yield and selectivity results.

Figure 5. Prediction of more (Z)-selective ligands. Reaction
conditions: (E/Z)-1a (0.25 mmol each, 1.0 equiv), 2a (1.2 equiv),
Ni(COD)2 (5.0 mol %), ligand (15 mol %), K3PO4 (2.0 equiv), 70
°C, THF/H2O (4:1, 0.33 M), 16 h. Assay yields and selectivities were
determined by HPLC analysis.
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Substrate Scope. With optimized conditions in hand, we
sought to probe the efficiency and selectivity of both (E)- and
(Z)-selective catalytic reaction regimes on a variety of different
enol tosylates 1. To this end, ∼50:50 mixtures of the enol
tosylate diastereomers (E/Z)-1 were subjected to both
optimized protocols (L1 in THF/H2O (4:1) (C1) or L2 in
t-AmOH (C2)) with pinacol boronate 2a as the coupling
partner (Scheme 1). Switching the conditions in such a way
provided selective access to either diastereomeric tetrasub-
stituted alkene products (E)- and (Z)-3. In order to obtain
potentially mechanistically relevant data from this substrate
scope, the enol tosylate starting material 1 was geometrically

divided into quadrants and stereoelectronically diverse
substituents were explored for each.
Generally, we were pleased to find that the desired ligand-

modulated switch in diastereoselectivity was achieved for the
examples evaluated. Thus, the diastereomeric product ratios
typically ranged between 80:20 and 90:10 E/Z or Z/E,
accordingly, with only minor exceptions. The same observation
was made in terms of isolated combined yields of both product
diastereomers, which were mostly between 70% and 90% and
showed minimal dependence on the corresponding reaction
conditions C1 versus C2. Notably, a substituent variation in
the northwestern enol tosylate quadrant from ethyl (3a) to
methyl (3b) and isopropyl (3c) led to a reduction in (Z)-
diastereoselectivity from 86:14 (3aa) to 58:42 (for 3ba) and
68:32 Z/E (for 3ca). In contrast, there was no noticeable
difference in selectivity or yield upon evaluating different
substituents in the northeastern quadrant (products 3ea−3ha).
Importantly, the sterically encumbered cyclohexyl-substi-

tuted alkene product 3ea was accessed with the same switch in
diastereoselectivity from 80:20 (using conditions C1) to 27:73
Z/E (using C2), indicating that our method is applicable to
scaffolds that are not only derived from stilbene. The reduction
in yield, especially for the (Z)-selective conditions, could be
attributed to steric interactions with the bulky cyclohexyl
group. Variation of para-substituents on the southwestern
quadrant of 1 showed the subtle effect of electronic features on
selectivity in that a lower (E)-selectivity was observed for p-
CF3 (product 3la, 75:25 E/Z) than for p-OMe (3ka, 87:13 E/
Z) while the (Z)-selectivity remained relatively consistent (3la,
89:11 Z/E and 84:16 Z/E for 3ka).
After showcasing the consistent performance of this protocol

in the reactions of diversely substituted enol tosylates 1 with
pinacol boronate 2a, we turned our focus to evaluating the
effect of different cross-coupling nucleophiles (Scheme 2).
Electronically varied substituents in the para-position of
phenyl-substituted pinacol boronates 2 did not affect the
diastereoselectivities for 3ab or 3ac significantly, with ∼85:15
E/Z and Z/E observed consistently using conditions C2 or C1,
respectively. It is noteworthy that both diastereomers of
tamoxifen (3ad) were produced in good yields and high
selectivities, thereby avoiding a stereoselective starting material
synthesis78 and rendering our approach orthogonal and more
functional group tolerant than those previously employing
carbolithiation/cross-coupling synthetic strategies.26,27,79

Moreover, a gram-scale synthesis of (Z)-tamoxifen performed
well with 82% yield and 86:14 Z/E. An ortho-methyl
substituent (giving product 3ae) was well tolerated under
(Z)-selective C1 conditions, with slightly diminished yield and
selectivity under (E)-selective conditions C2.
Heterocycles such as furan (leading to product 3af) and

thiophene (product 3ag) were tolerated with yields up to 91%
and 92%, respectively. Interestingly, a pronounced selectivity
drop with the furanyl pinacol boronate was only observed
using conditions C2 (3af, 53:47 E/Z compared to 84:16 Z/E
with C1). This discrepancy in sensitivity to substrate once
again highlights the potential mechanistic differences between
the (Z)- and (E)-selective protocols (vide inf ra). Notably, the
stereoconvergent methodology was not restricted to Suzuki−
Miyaura couplings but was also successfully demonstrated
under Ni-catalyzed Kumada cross-coupling and Negishi cross-
coupling conditions. Accordingly, a reaction with cyclo-
propylzinc bromide (2i) as the nucleophilic coupling partner
generated the desired product 3ai with conservation of the ring

Scheme 1. Scope of Enol Tosylates in the Ni-Catalyzed
Stereoconvergent Suzuki−Miyaura Couplinga

aCombined isolated yields; (Z/E)-diastereomeric ratio of product
shown in parentheses. Reaction conditions C1: (E/Z)-1 (0.25 mmol
each, 1.0 equiv), 2a (1.2 equiv), Ni(COD)2 (5.0 mol %), L1 (15 mol
%), K3PO4 (2.0 equiv), 70 °C, THF/H2O (4:1, 0.33 M), 16 h.
Conditions C2: (E/Z)-1 (0.25 mmol each, 1.0 equiv), 2a (1.2 equiv),
Ni(COD)2 (5.0 mol %), L2 (15 mol %), 70 °C, t-AmOH (0.33 M),
16 h. bUsing K3PO4 (1.0 equiv), 2a (3.0 equiv), Ni(COD)2 (10 mol
%), L1 or L2 (30 mol %). cUsing K3PO4 (2.0 equiv), 2a (2.0 equiv),
Ni(COD)2 (10 mol %), L1 or L2 (30 mol %).
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system and high selectivity (82:18 dr) for the (E)-isomer as
well as 87% yield. Under the Kumada cross-coupling regime,
the methylated product 3aj was afforded with a high level of
stereoconvergence (79:21 E/Z) and a yield of 70% using
MeMgBr (2j) with L1. The reaction with L2 showed
promising levels of convergence (67:33 E/Z) as well but was
lower yielding and did not produce the desired opposite
diastereomer.
We also probed the synthetic versatility of a diastereodi-

vergent approach, which would generate tetrasubstituted
alkene product (Z)-3 or (E)-3 selectively from diastereomeri-
cally enriched enol tosylates 1 (Scheme 3). Thus, several
stereochemically defined (Z)-enol tosylates (Z)-1 were
evaluated using a divergent protocol with the same (Z)- or
(E)-selective reaction conditions C1 or C2, respectively, as
employed for the diastereoconvergent approach. Generally,

both product diastereomers were obtained in high diastereo-
meric ratios of up to 99:1 Z/E and 93:7 E/Z and typically good
isolated yields of up to 92%. It is notable that some of the
selectivities were higher than under convergent conditions,
such as for product (Z)-3aa (97:3 versus 86:14 Z/E, cf.
Scheme 1). In particular, the drop in (Z)-selectivity by
variation in the northwestern quadrant (3aa vs 3ca) was not
observed under the divergent conditions (cf. Scheme 1).
Instead, the isopropyl-substituted product 3ca was isolated
with a selectivity of 91:9 Z/E, albeit in moderate yield of 25%.
The observation that the configuration of the enol tosylate
starting material could have a profound effect on selectivity of
the tetrasubstituted alkene product was further investigated by
probing the corresponding isomeric tosylates (E)-1a under
both conditions C1 and C2. With (E)-1a as the starting
material, a lower ratio of 79:21 Z/E for 3aa was observed
under the (Z)-selective conditions C1, whereas almost the
same selectivity of 86:14 E/Z 3aa was obtained under (E)-
selective conditions C2. The observation of the same product
selectivity irrespective of the starting material geometry may
indicate that a Curtin−Hammett scenario is likely operative
under the (E)-selective reaction regime. In contrast, the
product selectivity in the reaction under conditions C1 is more
dependent on the enol tosylate geometry, indicating a different
mechanistic manifold could be effective under these conditions
(vide inf ra, Table 1).

Scheme 2. Scope of Nucleophiles in Ni-Catalyzed
Stereoconvergent Cross-Couplings with Enol Tosylate 1aa

aCombined isolated yields; (Z/E)-diastereomeric ratio shown in
parentheses. Reaction conditions C1: (E/Z)-1a (0.25 mmol each, 1.0
equiv), nucleophile 2 (1.2 equiv), Ni(COD)2 (5.0 mol %), L1 (15
mol %), K3PO4 (2.0 equiv), 70 °C, THF/H2O (4:1, 0.33 M), 16 h.
Conditions C2: (E/Z)-1a (0.25 mmol each, 1.0 equiv), nucleophile 2
(1.2 equiv), Ni(COD)2 (5.0 mol %), L2 (15 mol %), 70 °C, t-AmOH
(0.33 M), 16 h. bNi(COD)2 (10 mol %), L2 (30 mol %), t-AmOH
(0.50 M), 90 °C. c(E/Z)-1a (0.25 mmol each, 1.0 equiv),
cyclopropylzinc bromide (2i, 2.0 equiv), Ni(COD)2 (10 mol %),
L1 or L2 (30 mol %), 70 °C, THF (0.20 M), 16 h. d(E/Z)-1a (0.25
mmol each, 1.0 equiv), MeMgBr (2j, 2.0 equiv), Ni(COD)2 (10 mol
%), L1 or L2 (30 mol %), 70 °C, THF (0.38 M), 16 h.

Scheme 3. Stereodivergent Ni-Catalyzed Suzuki−Miyaura
Coupling of Enol Tosylates 1 with Boronate 2aa

aCombined isolated yields; (Z/E)-diastereoselectivities shown in
parentheses. Reaction conditions C1: (Z)-1 (0.50 mmol, 1.0 equiv),
2a (1.2 equiv), Ni(COD)2 (5.0 mol %), P(4-FC6H4)3 (15 mol %),
K3PO4 (2.0 equiv), 70 °C, THF/H2O (4:1, 0.33 M), 16 h. Conditions
C2: (Z)-1 (0.50 mmol, 1.0 equiv), 2a (1.2 equiv), Ni(COD)2 (5.0
mol %), PCy3 (15 mol %), 70 °C, t-AmOH (0.33 M), 16 h. bUsing
K3PO4 (1.0 equiv), 2a (3.0 equiv), Ni(COD)2 (10 mol %), L1 (30
mol %).
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Mechanistic Studies. For the Curtin−Hammett principle
to be applicable, the rate of isomerization should be faster than
the subsequent stereodetermining step. In such a scenario, the
diastereomeric composition of the starting material should
have no effect on the observed selectivity of the product. As
previously indicated (Scheme 3), such behavior was observed
under conditions C2 but not for C1. To examine this
discrepancy in more detail, both starting material diaster-
eomers (E/Z)-1a and a 50:50 mixture thereof were subjected
to both optimized conditions and the diastereoselectivity for
the formation of product 3aa was determined (Table 1).
Notably, the product selectivity was significantly affected by
the geometry of the starting material under conditions C1.

Thus, a pronounced drop in the selectivity of 3aa from 99:1 Z/
E starting with (Z)-1a to only 79:21 Z/E with (E)-1a was
observed (entries 1−3). A potential mechanistic rationale
could be that the isomerization barrier is closer in energy to
the subsequent stereodetermining step (approaching a “kinetic
quench” scenario) for this set of conditions.80−82 In other
words, (Z)-selectivity is favored in the stereodetermining step
(due to the choice of ligand) but the rate of isomerization is
too slow resulting in significant formation of (E)-3aa. In stark
contrast, the same selectivity was observed under conditions
C2 regardless of the Z/E-ratio of the starting material (entries
4−6). These results are consistent with typical Curtin−
Hammett behavior, which is presumably caused by a much
lower energy barrier for the isomerization than for the
stereodetermining step.
To rationalize the observed behavior and selectivity of this

transformation, a combination of mechanistic experiments and
density functional theory (DFT) calculations was employed.
Recently, there have been several investigations into Ni-
catalyzed Suzuki−Miyaura cross-coupling reactions, presum-
ably due to growing popularity as a powerful alternative to Pd-
catalyzed reactions.57,58,83 However, nickel catalysis can access
various different reaction mechanisms based on the catalytic
system in question. Typically, Ni(0)/Ni(II) catalytic cycles are
proposed when phosphine ligands are employed, while Ni(I)/
Ni(III) cycles are proposed for reactions with N-heterocyclic
carbene and pincer-type ligands.83 The involvement of single
electron transfer (SET) processes was experimentally exam-
ined by adding catalytic amounts of 2,6-di-tert-butyl-4-
methylphenol (BHT) as a radical inhibitor to both the (Z)-
and (E)-selective diastereodivergent conditions. In each case,
the reactions were unaffected by the presence of the inhibitor
(see Supporting Information for details). This observation is
also supported by our DFT calculations, which suggest that
Ni(0)/Ni(II) complexes are energetically favored in participat-
ing in oxidative addition, transmetalation, and reductive
elimination as compared to their open-shell Ni(I)/Ni(III)
counterparts (see Supporting Information for details). Hence,
only the closed-shell Ni(0)/Ni(II) mechanisms of oxidative

Table 1. Effect of Starting Material 1a Geometry on the
Selectivity of Product 3aaa

a(Z/E)-Diastereoselectivities and yields determined by 19F NMR
(1,4-difluorobenzene as the internal standard). Reaction conditions:
(Z)-, (E)-, or 50:50 (E/Z)-1a (0.10 mmol, 1.0 equiv), 2a (1.2 equiv),
Ni(COD)2 (5.0 mol %), P(4-FC6H4)3 (15 mol %) or PCy3 (15 mol
%), K3PO4 (2.0 equiv), 70 °C, THF/H2O (4:1, 0.33 M) or t-AmOH
(0.33 M), 16 h.

Figure 6. (A) Proposed catalytic cycle. (B) Calculated transition states and energy barriers for oxidative addition and reductive elimination with
P(4-FC6H4)3 (L1) and PCy3 (L2) as the ligands. Computational method: B3LYP-D3(BJ)/LANL2DZ(Ni) 6-31G(d,p)//CPCM(THF)-M06L/6-
311++G(2d,p)/SDD(Ni).
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addition, transmetalation, and reductive elimination were
investigated further with ligands L1 and L2.
Our initial mechanistic proposal was that a facile oxidative

addition of the enol tosylate 1 to the Ni-complex is followed by
an isomerization event, stereodetermining transmetalation, and
reductive elimination (Figure 6A). However, as the exact order
of the described elementary steps was unclear, detailed
computational studies were performed. Geometry optimiza-
tions were conducted using the B3LYP-D3BJ functional, and
energies were refined with M06L using a larger basis set and
THF as an implicit solvent. Oxidative addition calculations
were modeled after extensive work reported by Neufeldt and
co-workers.84,85 The oxidative addition step was calculated to
proceed through different transition state structures depending
on the ligand on the metal (Figure 6B). A concerted five-
centered pathway was favored with L1 (ΔG⧧ = 12.1 and 3.5
kcal/mol for the (Z)- and (E)-alkene complex, respectively),

while a SN2-type pathway was favored with L2 (ΔG⧧ = 9.3 and
3.0 kcal/mol for the (Z)- and (E)-alkene complex,
respectively) as the ligand. In contrast, reductive elimination
was found to proceed through the same concerted three-
centered transition state with both ligands (L1: (Z)-complex
ΔG⧧ = 13.7 kcal/mol, (E)-complex ΔG⧧ = 7.1 kcal/mol. L2:
(Z)-complex ΔG⧧ = 11.2 kcal/mol, (E)-complex ΔG⧧ = 9.1
kcal/mol). The calculated energy barriers for these steps are
readily surmountable under the reaction conditions and thus
should not have an influence on the observed selectivity.
We then turned our attention toward elucidating a potential

isomerization event and the role of transmetalation in the
stereodetermining step. The precise nature of these processes
was much more ambiguous. For the present reaction, the
mechanistic rationale of the isomerization event was of
particular interest. For Pd-catalyzed carbometalation reactions,
previous reports have postulated that the isomerization of the

Figure 7. Calculated transition states and energy barriers for the isomerization event after oxidative addition (A) and prior to transmetalation (B)
with P(4-FC6H4)3 (L1) and PCy3 (L2) as the ligands. Computational method: B3LYP-D3(BJ)/LANL2DZ(Ni) 6-31G(d,p)//CPCM(THF)-
M06L/6-311++G(2d,p)/SDD(Ni).

Scheme 4. Mechanistic Investigation of the Isomerization: (A) Stoichiometric Oxidative Addition and (B) Reaction of
Oxidative Addition Complex 1a′-L1 with Boronate 2a and Basea

aYields and diastereoselectivities were determined by means of HPLC-analysis and 1H NMR.
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vinyl-Pd complex occurs via zwitterionic Pd-carbenoid
intermediates, which form after the carbometalation
step.86−88 Alternatively, Crabtree and co-workers have
proposed that the key isomerization step proceeds via
formation of an η2-vinyl complex89 for Ir-catalyzed hydro-
silylation of alkynes.90 Nevertheless, a deeper mechanistic
understanding of this widely occurring isomerization event in
cross-coupling reactions has remained elusive, especially for
Ni-catalyzed reactions.
Hence, the aforementioned mechanisms of (E/Z)-alkene

complex isomerization were probed at various points along the
reaction coordinate (see Supporting Information for details).
While most of the postulated mechanisms show rotational
barriers in excess of 30−40 kcal/mol, we noted that
energetically accessible isomerizations (20−25 kcal/mol)
could be achieved through an η2-vinyl complex at various
points after oxidative addition and before transmetalation
(Figure 7). The proposed η2-vinyl complex can be formed after
oxidative addition (Figure 7A) by dissociation of the tosylate,
which allows the alkene to isomerize via an η2-vinyl cationic
transition state 5-TS with two phosphine ligands coordinated.
As an alternative, the isomerization was calculated to be
equally facile prior to transmetalation via the hydroxo complex
6 (Figure 7B). For both complexes 5 and 6, the isomerization
barriers were favored by 2−3 kcal/mol with L2 as the ligand.
To experimentally investigate the hypothesis that isomer-

ization occurs prior to transmetalation, diastereomerically pure
(Z)-1a was subjected to the reaction conditions with
stoichiometric amounts of Ni(COD)2 and ligands L1 and L2
to access the oxidative addition complexes 1a′-L1 or 1a′-L2
(Scheme 4A). The reaction was then quenched with 1 M HCl
and analyzed by 1H NMR spectroscopy. With L1 as the ligand
in THF, the protodenickelated trisubstituted alkene 3ak was
produced with 68:32 E/Z selectivity and 93% yield. By use of
L2 as the ligand in t-AmOH, 3ak was obtained as a
diastereomeric mixture of 47:53 E/Z and 83% yield. Hence,
these results illustrate that the postulated isomerization step
indeed precedes the transmetalation (cf. Figure 6A). To
elucidate the potential role of transmetalation as the stereo-
determining step, we subjected the oxidative addition complex
1a′-L1 formed in situ to the transmetalation conditions by

addition of pinacol boronate 2a and K3PO4 (Scheme 4B).
Thus, product 3aa was afforded in 23% yield and notably with
a diastereoselectivity as high as 92:8 Z/E, which is comparable
to the selectivity observed in the catalytic reaction (97:3 Z/E,
Scheme 3). Of note, the major product in this reaction was the
trisubstituted alkene 3ak with 55% yield and a selectivity of
70:30 E/Z, which is similar to the previously obtained
selectivity of 68:32 E/Z after acidic quench (Scheme 4A).
The analogous transmetalation reaction with 1a′-L2 in t-
AmOH did not yield measurable amounts of product 3aa (see
Supporting Information for details). This could potentially be
rationalized in terms of a less stable oxidative addition complex
1a′-L2 and potential com- or disproportionation degradation
pathways.91 In addition to the stoichiometric isomerization
experiments, product isomerization under both optimized
reaction conditions was excluded, as no significant isomer-
ization or decomposition was detected upon subjecting (Z)-
3aa to the (E)-selective conditions C2 or (E)-3aa to the (Z)-
selective conditions C1 (see Supporting Information for
details).
With the accumulated data in hand, transmetalation was

extensively investigated using DFT to rationalize the
experimentally observed diastereoselectivity. The formation
of Ni-hydroxo dimer species under similar Suzuki−Miyaura
cross-coupling conditions to those employed in our study was
recently reported by Grimaud and co-workers, among
others.92−95 According to their detailed study, dimer formation
after oxidative addition was shown to depend on the reaction
conditions. Hence, it is likely that catalytically active Ni-
hydroxo dimers are formed, especially under conditions C1 in
THF/H2O. These structures are also supported by DFT
calculations, where they are calculated to be the lowest ground
state structures preceding transmetalation (see the Supporting
Information). We modeled our transmetalation calculations for
the (Z)-selective conditions using dimer structures as starting
points and assumed boronic acid induced dissociation and
association of pinacol boronate to form transient trans-
metalation complexes analogous to transmetalation in Pd-
catalyzed Suzuki−Miyaura cross-coupling reported by Den-
mark and co-workers.96 After conducting a comprehensive
search of transition state structures, we arrived at transition

Figure 8. (A) Calculated relative free energies (ΔΔG⧧) of the diastereomeric transmetalation transition states (Z)- and (E)-7 with P(4-FC6H4)3
(L1) and (B) (Z)- and (E)-8 with PCy3 (L2) as the ligand in THF. Computational method: B3LYP-D3(BJ)/LANL2DZ(Ni) 6-31G(d,p)//
CPCM(THF)-M06L/6-311++G(2d,p)/SDD(Ni).
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states 7 and 8 (Figure 8). With L1 as the ligand (Figure 8A), it
was found that a cis-configuration of the alkene and aryl ligands
on the Ni-center is the energetically preferred geometry. The
energy gap between the two transition state structures (Z)- and
(E)-7 is ΔΔG⧧ = 2.0 kcal/mol and thus in favor of (Z)-alkene
complex (Figure 8A). This agrees with the experimentally
observed (Z)-selectivity using L1 in THF/H2O (conditions
C1). However, with L2 as the ligand (Figure 8B), the
analogous transmetalation transition structures (Z)- and (E)-8
place the alkene and aryl fragments in a trans-configuration.
The energy difference between the diastereomeric transition
states (Z)- and (E)-8 in this case is ΔΔG⧧ = 1.8 kcal/mol, in
favor of (E)-8, which is again in good agreement with the
selectivity observed when employing conditions C2. However,
more detailed insight into the transmetalation step and its
corresponding ground states is obfuscated by its complicated
nature. For example, it is unclear whether the boronate ester
undergoes partial or full hydrolysis prior to transmetalation
under the reaction conditions.97 Computational results support
both boronic acid and pinacol boronate giving rise to a similar
selectivity, which is in alignment with experimental results
wherein comparable diastereoselectivities of product 3aa were
observed upon replacing pinacol boronate 2a with its boronic
acid analog 2a′ under both conditions C1 and C2 (see
Supporting Information, Tables S-2 and S-4). Although the
precise details of the transmetalation step and the correspond-
ing ground states remain unclear, the combination of
experimental and computational observations described
above supports the mechanistic rationale that a facile oxidative
addition precedes an isomerization equilibrium, followed by a
selectivity-determining transmetalation.

■ CONCLUSION

In summary, we have developed nickel-catalyzed cross-
coupling reactions that enable a diastereodivergent and
diastereoconvergent synthesis of tetrasubstituted alkenes
from readily available enol tosylates. Notably, a data-rich
high throughput optimization was guided by the kraken
organophosphorus(III) descriptor library to identify a set of
stereocomplementary monophosphine ligands. The method-
ology was successfully demonstrated on various tetrasubsti-
tuted alkene scaffolds and showed consistently high levels of
yields and selectivities. Detailed experimental and computa-
tional studies provided insight into the complex catalytic
system of this transformation and shed light on the key steps,
isomerization and transmetalation, that influence the ligand
dependent outcome of this reaction. Moreover, the applic-
ability of this protocol was extended to Negishi and Kumada
cross-coupling reactions. We plan to utilize the improved
mechanistic understanding of this transformation to explore
and develop similar isomerization processes. Finally, the
application of the kraken organophosphorus(III) descriptor
library in combination with high throughput experimentation
is an emerging tool that we plan to continue to expand and
exploit in the systematic and more streamlined optimization of
other complex catalytic reactions.
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