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ABSTRACT: Pharmaceutically relevant Suzuki-Miyaura cross-couplings @ @ challenging Ni SMCs:
(SMCs) often require designer phosphine ligands and palladium loadings r-Bu\©/r-Bu @ * multiple ortho-substituents

above 1 mol % to couple Lewis basic, sterically congested substrates.

Recent work has demonstrated that nickel is an attractive alternative to pal- . ~_r #Bu
ladium for facile SMCs, but further ligand development is required for Ni ~ * \Q/
catalysis to rival Pd for more challenging couplings. We applied prior work 7

on monophosphine ligand design for Ni to develop a bisphosphine,
DiploPhos, that outperforms state-of-the-art ligands for Ni to achieve steri- < hemilabile bisphosphine
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cally hindered Ni SMCs with >3 ortho-substituents. Catalyst speciation

studies revealed the hemilabile nature of DiploPhos, which improves reactivity relative to stronger chelating ligands but also leads to
the formation of less-active DiploPhos-bridged aggregates. Lewis basic functionality (present on substrates or additives) was found to pro-
mote the disaggregation of these species and led to increased SMC yields. This observation is contrary to most other systems in which
Lewis basic substrates inhibit Ni-catalyzed SMC reactions. Ligand exchange studies demonstrated that despite its hemilability,
DiploPhos is more resistant to displacement by heterocycles than similar bisphosphines. Together, these properties led to best-in-class

reactivity for sterically hindered, Lewis base-rich Ni SMCs.
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1. INTRODUCTION

Transition metal-catalyzed cross-coupling reactions are an indis-
pensable part of the synthetic chemistry toolkit. One of the
most ubiquitous reactions in this class is the Suzuki—Miyaura
cross-coupling (SMC), which couples aryl electrophiles and
arylboron species to form C(sp*)-C(sp?) bonds, typically with
palladium catalysts. Extensive research led to the development
of specially tailored phosphine ligands for Pd-catalyzed
SMCs,"* enabling more efficient catalysis and broader compat-
ibility with complex substrates. These advances have had a pro-
found impact on the discovery and manufacturing of
pharmaceutical compounds.®*

Environmental and economic considerations have motivated
the exploration of alternatives to Pd catalysis for SMC reactions.
Nickel, palladium’s more earth-abundant base metal congener,
has emerged as a promising alternative to Pd, with recent exam-
ples of Ni-catalyzed SMCs demonstrating promising efficiency
and scalability.>™"' While some examples demonstrate that Ni
SMCs can proceed even in the absence of ancillary ligands,
advances in ligand design are necessary to address several syn-
thetic limitations.*'>'* Specifically, few known Ni-catalyzed
SMCs engage sterically hindered, Lewis basic substrate classes.
Such coupling reactions can be used to construct biaryl motifs
in pharmaceuticals (e.g, the KRASS'*“ inhibitor Sotorasib)
and ligand or catalyst derivatives (Figure 1A).'*'* While Pd
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catalysts have been reported to mediate this class of coupling
reaction, Ni catalysts that can form such hindered bonds are vir-
tually unknown—only one literature Ni SMC affords tri-ortho-
substituted products, and this method is demonstrated solely
on binaphthyl compounds.'® The differences between Pd and
Ni catalysts can be attributed to the extensive ligand design
done for Pd, which has not directly translated to Ni-catalyzed
SMCs. Typically, Pd-catalyzed SMCs are promoted by sterically
bulky monophosphine ligands that favor monoligated Pd spe-
cies (P,Pd), but many such ligands fail for Ni—Tlikely due to dif-
ferences in the metals’ size (Figure 1B).'%'7

Recent mechanistic studies that probe these reactivity differ-
ences have indicated that bisligated Ni species (P,Ni) must be
favored to avoid off-cycle reactivity,'” but access to monoligated
intermediates can lead to rate acceleration of key steps in the cat-
alytic cycle (Figure 1C)."® As such, ligand design for Ni-catalyzed
SMCs has focused on moderately sized monophosphine ligands
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A. Hindered Suzuki—Miyaura coupling reactions (SMCs)
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Figure 1. (A) Application of sterically hindered SMC reactions and literature precedent. (B) Metal properties and ligand design principles relevant to
Pd- and Ni-catalyzed SMC reactions. (C) The role of ligation state in Ni-catalyzed SMC reactions. (D) Examples of phosphine ligands designed for

Ni-catalyzed SMCs. (E) This work.

(Figure 1D). For example, the Doyle group’s DinoPhos
ligands—which are characterized by sterically bulky groups distal
to phosphorus—are observed to form P,Ni species. However, for
the DinoPhos ligand CyTyrannoPhos (cyclohexylbis(3,5-di-tert-
butylphenyl)phosphine), the active species in transmetalation
has been shown to be monoligated (Figure 1C), and the ligand’s
remote steric bulk has been proposed to promote the formation
of P,Ni intermediates relative to CyTyrannoPhos’s undecorated
analogue CyPPh,.'® Similarly, the Diao group’s ProPhos and
tri-ProPhos—monophosphines which accelerate transmetalation
by tethering the organoboron partner via pendant hydroxyl
groups—have been observed to form P,Ni species at both
Ni(II) and Ni(0) (Figure 1D).%”

While the majority of recent ligand design efforts for Ni-
catalyzed SMCs have employed monophosphines, bispho-
sphines like dppb,® dppf,'®'” and DPEPhos,***" are also known
to be effective ligands. Since bisphosphines chelate, they impart
catalyst stability and satisfy the requirement for P,Ni formation.
Nevertheless, limited effort has been directed at designing
bisphosphine ligands for Ni SMCs. Moreover, little is known
about the speciation of Ni complexes bearing long-linker (>4
carbons) bisphosphines, which have been proposed to form
aggregates.5

Here, we report the use of DiploPhos, a long-linker bispho-
sphine ligand bearing DinoPhos-type remote steric bulk, that
promotes SMCs with sterically hindered substrates that are
unprecedented for Ni catalysis (Figure 1E).** Specifically,
DiploPhos affords tri-ortho-substituted products containing N-
heterocycles and tetra-ortho-substituted products. Even with
Pd, couplings that involve such hindered bond formations are

challenging, often requiring catalyst loadings > 1 mol %, designer
ligands, or both.**¢ To understand the origin of the improved
performance, speciation studies were conducted on DiploPhos-
bound Ni complexes. Consistent with prior findings on ligation
state requirements for Ni SMCs, it was found that DiploPhos is
hemilabile and readily forms both P,Ni and P Ni species. This
hemilability led to the formation of DiploPhos-bridged aggregates,
but Lewis basic substrates or additives were found to induce disag-
gregation, boosting SMC yields. Furthermore, VT-NMR and UV-
vis experiments demonstrated DiploPhos’s resistance to dissociat-
ing its second arm, consistent with the reaction’s exceptional toler-
ance to Lewis basic heterocycles.

2. RESULTS AND DISCUSSION
2.1. Phosphine Development

In order to understand the capabilities of existing ligand frame-
works and inform ligand design for challenging Ni-catalyzed
SMCs, we conducted high-throughput experimentation (HTE)
on three representative reactions (see Supporting Information
Section S2.1). The selected reactions contained Lewis basic func-
tionality and at least two ortho-substituents. Furthermore, we chose
to perform these reactions with less-reactive pinacolboron esters
due to their favorable stability and speciation relative to boronic
acids.””*

While we are unaware of literature precedent for a tetra ortho-
substituted Ni SMC, we found that the coupling to afford 4-(2,6-
dimethoxyphenyl)-3,5-dimethylpyridine could be promoted in
modest yield by some mono- and bis-phosphines
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Sterically hindered, Lewis basic SMC screening
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Figure 2. Top: the tetra-ortho-substituted model SMC reaction and
HTE yields for select monophosphines (gray bars) and bisphosphines
(purple bars). Bottom: three top-performing phosphine ligands and
development of DiploPhos. [Ni] = (TMEDA)Ni(o-Tol)CL LC assay
yields were calculated using 4,4-dimethylbiphenyl as an internal
standard.

(Figure 2, top). MePPh, was among the top performers for the
reaction, consistent with its small steric profile and a prior report
demonstrating its utility as a ligand for heteroaryl Ni SMCs.*
Notably, MeTyrannoPhos (methylbis(3,5-di-tert-butylphenyl)pho-
sphine), an analog of MePPh, with DinoPhos-type remote steric
bulk, showed improved performance relative to MePPh,
(47% and 35% vyield, respectively). We hypothesized that the
improved performance of MeTyrannoPhos relative to MePPh,
could be attributed to its greater propensity for dissociation to give
P,Ni species, which are proposed intermediates in catalysis."*'
For a sterically hindered substrate pairing, this property might be
expected to be particularly important to compete with off-cycle
pathways. Similarly, the highest-yielding bisphosphine ligand for
the reaction was dppb (di(1,4-bis(diphenylphosphino)butane),
for which the flexible linker can promote formation of P,Ni via dis-
sociation of one phosphine arm (ie., k' binding).”'®

We hypothesized that the combination of DinoPhos-type
remote steric bulk and a butyl linker could cooperatively pro-
mote P,Ni formation while keeping P,Ni accessible (Figure 2,
bottom). We therefore targeted a dppb analog with 3,5-di-tert-
butylphenyl (“P"Ar) groups. The resulting ligand, DiploPhos
(1,4-bis(bis(3,5-di-tert-butylphenyl)phosphino)butane),  per-
formed excellently in the reaction, affording the tetra-ortho-
substituted product of the model reaction in 87% yield. While

DiploPhos has not previously been used for cross-coupling
chemistry, it has been studied for Ru-catalyzed hydrogena-
tions.”> DiploPhos is bench-stable (see Supporting
Information Section 4) and has become commercially avail-
able over the course of our study.

2.2. Evaluation of Substrate Scope

To efficiently evaluate a variety of conditions for the new Ni/
DiploPhos system, we conducted an optimization campaign
guided by Experimental Design via Bayesian Optimization
(EDBO, Supporting Information Section 2.2).>*** We chose
to use the air-stable Ni source (TMEDA)Ni(o-Tol)Cl for opti-
mization.>>*® We found that optimal yields were obtained with
a 2:1 DiploPhos/Ni ratio (see Supporting Information
Section S2.3 for further evaluation of conditions), diverging
from reported conditions for dppb in which a 1:1 ratio of
dppb/Ni was optimal.> We were excited to observe that the
reaction proceeded most efficiently in a process-friendly 2:1 2-
MeTHF/H,O solvent system, in which the optimal base
(K,PO,) was fully solubilized. While K;PO, was found to be
the optimal base for reactivity, we also observed promising reac-
tivity with the organic base DABCO. With these conditions, we
sought to assess the substrate scope and functional group toler-
ance of Ni-catalyzed SMCs with DiploPhos (Figure 3). To do
so, we selected substrates with a range of ortho-substituents
and Lewis basic functionalities. For di-ortho-substituted SMCs,
a range of ortho-substituents such as methyl (1a), trifluoro-
methyl (1b), isopropyl (lc) and 4-N-Boc-piperidinyl (1d)
groups gave good yields ranging from 72 to 88%. Reducing
the Ni loading to 1 mol % only decreased the yield of 1a
slightly, but further reduction in precatalyst loading resulted in
a precipitous decrease in yield (see Supporting Information
Section S2.3).

A more hindered boronic ester partner (le) with 2,6-
dimethyl substitution showed only 24% yield with 4-bromoace-
tophenone, while an SMC where both partners possess Lewis
basic heteroaryl fragments (1f) gave good yield (83%). A range
of methoxy-substituted pyridines (1g and 1h) performed well,
as did N-methyl indole (1i), although this coupling required
an increased loading of the organoboron partner due to its pro-
pensity for protodeboronation.

We were also pleased to find that a range of biaryls bearing 3
ortho-substituents were accessible. Hindered aryl bromides such
as S-bromo-6-methylquinoline, 2-bromo-1,3-dimethylbenzene,
as well as 1-bromo-2-isopropylbenzene (to afford 1j, 1k, and
11, respectively) gave good to moderate yields. Other heterocy-
cles that are tolerated include an N-methylpyrazole (1m), as
well as a tetrahydropyran-protected indazole (In). There is
scarce literature precedent for tri-ortho-substituted Ni SMCs,
with many state-of-the-art Ni SMC methods reporting only
up to di-ortho-substituted products.>”'? To the best of our
knowledge, Hong and coworkers” Sadphos ligand is the only
other phosphine reported to mediate tri-ortho-substituted Ni
SMCs, and their substrate scope contains no N-heterocycles
and exclusively binaphthyl scaffolds.'® Thus, the N-heterocyclic
tri-ortho-substituted examples 1j, 1k, 1m, and 1n are the first of
their kind furnished by a Ni SMC.

Biaryls with 4 ortho-substituents such as lo and 1p were
formed in 11 and 86% yield respectively. We hypothesize that
the difference in yields between the pyrimidinyl (10) and pyri-
dyl (1p) aryl bromides is due to the greater electronic activation
of the carbon—bromine bond in 1p. Additionally, we found that

https://doi.org/10.1021/acscatal.6c05422
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Figure 3. Substrate scope, reaction hmltatlons, and reaction tolerance to additives. Unless otherwise indicated, yields are isolated yields on 0.3 mmol
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a substrate containing an unprotected indole (1q) proceeded
with moderate yield, while a coupling to form a binaphthyl-
type scaffold afforded 16% of product 1r. While most of these
tetra-ortho-substituted couplings give low yields, they proceed
with promising turnover numbers—even with Pd, this class of
SMC:s require bespoke ligands, elevated temperature, and high
catalyst loadings."*+-26:37:38

A noteworthy limitation to these reaction conditions includes
heterocycles that contain acidic N-H bonds such as unpro-
tected imidazoles, indazoles, and benzotriazoles (Figure 3; for
a full list of wunsuccesstul couplings, see Supporting
Information Section S7.2). We hypothesize that substrates con-
taining these heterocycles lead to the formation of inactive
bimetallic species as reported for Pd-catalyzed SMCs.*® We
also found that strongly coordinating functional groups in the
ortho-position such as ketones, amines and aryl ethers were
not tolerated. One interesting feature we observed was that sub-
strates that contain no Lewis basic functionalities (1e and 11)
only performed moderately compared to couplings that possess
pyridine-like nitrogen atoms, which diverges from proposals
that Ni catalysts are poisoned by heterocyclic substrates in
SMC reactions (see Section 2.3).'”°

To further evaluate the functional group tolerance of the
reaction, we conducted an additive screen on the coupling to

afford 1a (see Supporting Information Section S6).*° We
observed that the Ni/DiploPhos system was able to tolerate a
range of common functionalities, including protic groups such
as amines, anilines, alcohols and phenols. Potentially coordinat-
ing nitrile and ester additives also did not decrease the reaction
yield and could be recovered fully. Alkyl chlorides, which serve
as substrates in other Ni-catalyzed cross-coupling reactions,
were also tolerated, demonstrating the possibility of down-
stream functionalization of this functional group with other
cross-coupling methodologies.*” Meanwhile, aldehydes, which
have been shown to coordinate to low-valent nickel centers,'”*!
and alkyl bromides, which can undergo halogen-atom abstrac-
tion with Ni(0) species,”* were not tolerated in the reaction.

We also performed direct comparisons with reported ligands
for Ni SMCs to evaluate whether DiploPhos was optimal for
different substrate pairings (Figure 4A). We found that across
scope entries, 1f, 1j, and 11, DiploPhos performed favorably rel-
ative to dppb and ProPhos.”® Moreover, monophosphine ana-
logues with other pendant functionality were found to
approach the performance of DiploPhos for the coupling to
afford 1j (see Supporting Information Section $8.3), indicating
that further ligand design in this area has promise. Further
investigation of DiploPhos analogues for improved reactivity
in challenging Ni SMCs is ongoing in our laboratories.

https://doi.org/10.1021/acscatal.6c05422
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A. Comparing ligands for challenging Ni SMC examples
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Figure 4. (A) Yield comparisons for scope examples 1f, 1j, and 11 with
DiploPhos, dppb, and ProPhos. Yields determined by "H NMR
using 1,3,5-trimethoxybenzene as internal standard. *Conditions:
(TMEDA)Ni(o-Tol)Cl (2 mol %), DiploPhos or dppb (4.4 mol %),
K,PO, (3.0 equiv), 2-MeTHF/H,0 = 2:1, 70 °C, 20 h. "Conditions:
Ni(COD), (2 mol %), ProPhos (8 mol %), K;PO, (2.5 equiv), 2-
MeTHF/H,0 = 5:1, 70 °C, 20 h. (B) Timecourse data for the SMC to
give 1j with DiploPhos and ProPhos. Timecourses were run in duplicate.
Conditions are the same for each ligand as in panel A. Yields were deter-
mined by GC-FID using 2-fluorobiphenyl as an internal standard. Error
bars are one standard deviation of two trials.

For the coupling to afford 1j, we also gathered timecourse
data for the reaction with DiploPhos and ProPhos, a state-of-
the-art-ligand for Ni SMCs (Figure 4B).® Notably, the reac-
tion’s profile suggests that DiploPhos both accelerates turnover
(faster initial rate) and prevents catalyst decomposition (more
sustained product formation) relative to ProPhos.

2.3. Speciation and Reactivity Studies

The impact of remote steric bulk on ligation state has previously
been studied for monophosphines.'"® However, for bispho-
sphines, the interplay between P;Ni and P,Ni species, as well
as the effect of ligand structure on catalyst speciation, have
not been studied in detail. Therefore, we sought to conduct
studies on the role of DiploPhos’s 3,5-t-Bu substituents, and
the origins of improved reactivity.

We began by examining the structure and speciation of
DiploPhos-bound Ni(0) complexes. By mixing Ni(COD),

(COD, 1,5-cyclooctadiene) and 1.0 equivalent of DiploPhos,
we obtained (DiploPhos)Ni(COD) (2, Figure SA). Vapor dif-
fusion of acetonitrile into a toluene solution of 2 yielded crys-
tals suitable for SC-XRD, allowing for comparisons to the
reported structure of (dppb)Ni(COD) (3) and other
(bisphosphine)Ni(COD) complexes (see Supporting Information
Section S10.4).** We found that the percent buried volume at 3.5
A (%V,,, 55 &) was similar between the two complexes (54.0 and
53.3% for 2 and 3, respectively). However, when we extended the
sphere to S0 A (%V,, <o a) the remote steric bulk of
DiploPhos is evident (54.5%) relative to dppb-bound 3 (49.4%).
The exact cone angle, calculated using MORFEUS,* was found
to be larger in 2 (256.1°) than in 3 (230.8°). The bite angles of
the bisphosphines were found to be similar (101.5° in 2 and
101.8° in 3). The average C=C bond lengths of COD in each
complex were within error (1.391(2) A and 1.387(4) A for 2
and 3, respectively), which indicates a similar degree of
n-backbonding from the Ni(0) center to the COD ligand.
Evidently, inclusion of the t-Bu groups does not markedly increase
the donating ability of DiploPhos relative to dppb. Therefore, we
chose to focus on the steric factors behind the improved reaction
performance of DiploPhos.

To investigate speciation at Ni(0), we studied the distribu-
tion of two Ni(0) species: (bisphosphine)Ni(COD) and
(bisphosphine),Ni (Figure SB). Complexes of the type
(bisphosphine),Ni are known to be a thermodynamic sink
in catalysis for ligands such as XantPhos and dppe.*>*>*¢ At
1:1 Ni(COD),:dppb, 5% of the nickel species formed was
(dppb),Ni, while no (DiploPhos),Ni was observed in the
analogous experiment with DiploPhos. Increasing the loading
of dppb to 2 equivalents resulted in a distribution of 67%
(dppb),Ni and 33% of 3. Conversely, at 2:1 stoichiometry
with DiploPhos, (DiploPhos),Ni was not observed at all, with
2 being the only nickel-containing species observed by
3Ip{'H} NMR. This observation demonstrates the resistance
of DiploPhos towards forming the catalyst sink
(bisphosphine),Ni, which we attribute to the destabilization
of (bisphosphine),Ni by the bulky t-Bu groups.

With an improved understanding of the coordination chem-
istry of DiploPhos at Ni(0), we sought to examine its oxidative
addition reactivity in a catalytic context (Figure SC). We
devised a different excess study on the coupling of an aryl bro-
mide with two ortho-methyl substituents (to afford product 1k)
to determine whether oxidative addition was turnover limiting
with a sterically hindered electrophile. Upon varying the initial
concentration of aryl bromide ([ArBr],), no rate dependence
on [ArBr], was observed, indicating that [ArBr] is not present
in the rate law for the catalytic reaction. Furthermore, 3'P
NMR analysis of this reaction suggested that a p-hydroxo Ni
species is the resting state of the Ni catalyst (see Supporting
Information Section $9.2.2). Similar species have been invoked
as off-cycle catalyst resting states in Ni SMCs.*'

Having ruled out oxidative addition as the turnover-limiting
step, we turned our attention to transmetalation and the
Ni(Il) oxidative addition complexes (OACs) that precede this
step. Such complexes are well-established to be isolable inter-
mediates in Ni-catalyzed SMCs.*” To this end, we conducted
a ligand displacement of (TMEDA)Ni(o-Tol)Cl with
DiploPhos (see Supporting Information Section S5).° The
resultant orange solid possessed only one resonance in
3P{'"H} NMR, consistent with a trans-bound configuration of
the phosphorus nuclei. To our surprise, upon obtaining X-ray
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A. Structural comparison of Ni(0) complexes
+-Bu t-Bu

ey

PhyP, PPh,
AN
rBU\Q/ \N. \Q/:Bu N\/
[ceoc] ﬁ & [ccoc]
(DiploPhos)Ni(COD) (2) (dppb)Ni(COD) (3)
% Vouras A 54.0% 53.3%
% Vour 5.0 A 54.5% 49.4%
Cone angle? 256.1° 230.8°
Bite angle 101.5° 101.8°
Length C=Cyyg 1.391(2) A 1.387(4) A

C. Different excess experiments

standard Me ] N
@i j:) _conditions _N:
BPin :
Me
varying [ArBr]y 1k
100 (GC yield)
g 80
3
5 60 + [ABrly=04M
z 40 “x [ArBr]y=0.6 M
> 20 ng = [ArBr];=0.8 M
0 T T T T T 1
0 4 8 12 16 20

Time (h)

Oxidative addition not turnover-limiting

E. Solution-state sp in 2-MeTHF

P
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DiploPhos resistant to forming (bisphosphine),Ni, a potential catalyst sink
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Figure 5. (A) Structural comparisons of DiploPhos and dppb-bound Ni(0) complexes 2 and 3. *Cone angle calculated using MORFEUS.
(B) *'P{'"H} NMR study tracking the speciation of Ni’ complexes with DiploPhos and dppb in C,D,. (C) Different excess experiments for a
DiploPhos/Ni SMC with a sterically hindered aryl bromide substrate. Timecourses were run in duplicate. Yields were determined by GC-FID using
2-fluorobiphenyl as an internal standard (LS.). Error bars are one standard deviation of two trials. (D) Solid state structure of 4, with thermal ellip-
soids displayed at 10% probability, “®"Ar groups displayed as wireframes, and hydrogen atoms omitted for clarity. Ni-P distances and T, parameters
reported as the average of two crystallographically unique Ni centers. (E) *'P{'H} NMR studies demonstrating the hemilability of DiploPhos
in 4. *“Fspy = 4-trifluoromethylpyridine. For structures 2, 3, and 4, buried volumes were calculated from crystal structure geometries after
removing all atoms that were not part of the bisphosphine ligands and represent the size of two phosphorous centers around Ni. For more
details, see Supporting Information Section S10.

4749 hone of these com-

quality crystals of the OAC, the complex had aggregated as tet-
rameric [ (DiploPhos)Ni(o-Tol)Cl], (4, Figure SD). Complex 4
features a macrocycle consisting of 4 Ni atoms and 4 DiploPhos
molecules, with each DiploPhos molecule bridging 2 Ni centers.
While (L), Ni(o-Tol)Cl complexes are known for many

monophosphines and bisphosphines,
plexes are tetrameric in the solid state. Moreover, to our knowl-
edge, complex 4 is the first reported crystal structure of a Ni(II)
aryl halide complex bearing a bisphosphine with a flexible >4
carbon alkyl linker.">*" The tendency of DiploPhos to form
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bridged, oligomeric species like 4 is consistent with our hypoth-
esis that DiploPhos’s remote steric bulk and flexible butyl linker
promote reversible dissociation of one ligand arm.>'®

Having determined the solid-state structure of 4, we further
evaluated its solution-state speciation with *'P{'H} NMR in
2-MeTHF, the solvent used in the catalytic reaction
(Figure SE). No spectral changes were observed when mixing
4 and 1.0 equivalent per Ni of DiploPhos at ambient tempera-
ture (spectrum A, total DiploPhos/Ni ratio of 2:1). Heating
of this mixture gave several new peaks in the bound phosphine
region (solid gray circle, spectrum B), consistent with the con-
version of tetrameric 4 to a mixture of lower order aggregates.
The new peak that appears in the free phosphine region (hol-
low gray circle, spectrum B) suggests formation of species
where only one arm of DiploPhos is coordinated to Ni (i.e., a
k'-DiploPhos species).® Similar chemical shifts have been
reported for the dissociated arm of a k'-dppb complex,® and
we were able to observe k'-dppb species after performing the
analogous  experiments from  (dppb)Ni(o-Tol)Cl  (see
Supporting Information Section $9.3.3). We attempted DOSY
on 4 to determine its aggregation state in solution, but these
attempts were unsuccessful.>>

Motivated by our prior observations of diminished yields for
substrates that do not possess Lewis basic functionality (1e and
11), we chose to investigate whether heteroarene additives could
induce disaggregation from 4. Upon mixing 4, DiploPhos, and
50 equivalents of 4-trifluoromethylpyridine (*“Fspy) at ambi-
ent temperature (spectrum C), we saw the appearance of simi-
lar peaks to spectrum B, indicating that pyridines are able to
break up tetrameric 4. Despite the apparent interaction between
4 and *“Fpy, only unbound pyridine was observed by '°F
NMR at both 25 °C and —40 °C, consistent with a small popu-
lation of pyridine-bound Ni species.™

To see how speciation of 4 influences reactivity in a catalyti-
cally relevant context, we performed kinetic studies on the stoi-
chiometric transmetalation of tetrameric 4 with boronate §
(Figure 6A).>%31** Under these conditions, formation of the
cross-coupled product 6 can be used to track the rate of trans-
metalation, as reductive elimination is assumed to be fast.
Addition of 1 equivalent of DiploPhos (to give a DiploPhos/
Ni ratio of 2:1) accelerated the transmetalation reaction, and
addition of 1 equivalent of *“Fspy accelerated the reaction even
further. Interestingly, the same additives led to a less pro-
nounced acceleration for the analogous timecourses with dppb
(see Supporting Information Section $9.4.2). We attribute the
observed rate enhancement to Lewis base-induced disaggrega-
tion to generate more reactive k'-DiploPhos species (as
observed in Figure SE). These results also help explain the opti-
mal 2:1 DiploPhos/Ni ratio in the catalytic reaction.

With the speciation studies and transmetalation timecourse data
in hand, we were curious if our findings on the role of Lewis basic
additives could lead to improvements in catalytic reactivity. We
first evaluated the addition of 1 equivalent of *“Fspy for scope
examples containing no Lewis bases (Figure 6B). Gratifyingly,
we observed substantial increases in yield for both le (from 28
to 39%) and 11 (from 35 to 80%). In addition, we chose to evalu-
ate the pyridine additive in a pair of couplings in which the identity
of one partner was varied between an arene and a heteroarene. In
the heteroaryl coupling—which affords product 1k—the Ni/
DiploPhos system gives similar yields regardless of the presence
of pyridine (84 and 85% yield with and without *“Fspy, respec-
tively). However, upon removal of the pyridine moiety in the

A. Additive effects on transmetalation rate

® OH Mme Me
K™ of iti ; )y ool
O“}B additive (1.0 equiv per Ni) ~ 0-10
4 +
0 2-MeTHF/H,0 (25:1) F
7 F 25 °C
6
5 (1.0 equiv per Ni) 9F NMR Yield
60
additive:
< * *
£ R I ¢
< 404 2254 ¢ 4CFypy
2 |
e v DiploPhos
= vvvyy
Z 20 yovvvy VY no additive
P
0 T T y T T T
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Excess ligand or “CF3py accelerate transmetalation by inducing disaggregation

B. Pyridine additive boosts yields for heterocycle-free couplings

Me OMe MeO Me q
Me |
¢ g
Me Me O OMe
o

i Me 1k(Y=N)
1e FProq ® 7(Y=cCH)
Yield ("H NMR or GC-FID)
additive
1e? 112 1kP 70
none 28% yield 35% yield 84% yield 49% yield
4CFapy 39% yield 80% yield 85% yield 79% yield

Figure 6. (A) Timecourse tracking conversion of formation of 6 fol-
lowing the reaction between 4 and 5. The reaction’s major byproduct
is 3-fluorotoluene. Yields were determined by '"F NMR using
2-fluorobiphenyl as an internal standard. (B) Effect of *“Fpy additive on
the yield of cross-coupled products. Conditions: (TMEDA)Ni(o-Tol)Cl
(2 mol %), DiploPhos (4.4 mol %), *“Fspy (0 or 1.0 equiv), K,PO,
(3.0 equiv), 2-MeTHF/H, 0 = 2:1, 70 °C, 20 h. “Yields were determined
by 'H NMR using 1,3,5-trimethoxybenzene as an internal standard.
"Yields were determined by GC-FID using 1,3,5-trimethoxybenzene as
an internal standard.

substrate, cross-coupled product 7 is obtained in just 49% yield.
Addition of 1 equivalent of *“Fspy to this Lewis-base free coupling
restores reactivity to afford 7 in 79% yield.

With an improved understanding of the effect of heterocycles
on speciation in the Ni/DiploPhos system, we returned to
NMR studies to further characterize the behavior of «'-
DiploPhos species formed following disaggregation. Notably,
we observed line broadening in the free phosphine region in
spectrum B (Figure SE), implying ligand exchange between
k'-DiploPhos and free DiploPhos. This observation prompted
us to use variable-temperature (VT) NMR to investigate the
kinetics of DiploPhos exchange among the species formed
(Figure 7A). We conducted this experiment by mixing 4 and
DiploPhos in 2-MeTHF and heating the NMR tube prior to
acquiring spectra to induce formation of k'-DiploPhos species
(vide supra). In parallel, we also evaluated the analogous
exchange for dppb in order to better understand the effect of
DiploPhos’s remote steric bulk on speciation. For DiploPhos,
no coalescence was observed up to 67 °C, which was the high-
est temperature evaluated due to solvent constraints. However,
a lower bound on the exchange barrier (AG*,) could be
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A. VT-NMR study of ligand exchange kinetics
DGFoy
m + e ¢ + m *
P P
N N
Ni : Ni :
free DiploPhos

K4-P species or dppb

DiploPhos (P = P(*BUAr),)

W/\A.v_____,_ 67 °C
S 46°C

dppb (P = PPhy)

25 °C N 24 0C
— 3°C /\\ 0°C
-18°C M opec
—39°C _a7°C
—44°C —41°C
A2 43 A4 A5 A5 6 17 -18
5 (ppm) & (ppm)

estimated AG*,, > 17 kcal/mol estimated AG*,, = 14 kcal/mol

Phosphine exchange from k4-P species is slower for DiploPhos

C. 3P NMR lineshape informs first-arm exchange kinetics

Pl
. N

: : = P P
P—[Ni]—P + PPhg —_— PhyP—[Ni] .
(5.0 equiv THF-dg (not directly
(40r8) per Ni) observed)

DiploPhos (P = P(*2YAr),) dppb (P = PPhy)

tmm:st

40 45 50 -55 -60 -65 40 45 -50 -55 -60 -65
5 (ppm) 8 (ppm)

A fwhm =37 Hz

DiploPhos dissociates first arm more rapidly than dppb

B. UV-vis study of ligand displacement

,_———

I " F \ ~ F

Lo N -P P N
P—[Ni]—P = ZN..,  wo-Tol
+ —_— NI
'8 =N 2-MeTHF =N Cl
4 (P =P(""Ar),) O (455 M) FOF
or
8 (P = PPhy) (5.0 equiv per Ni) (Amax =497 nm)
I3 0.6
c
~ ) —
[~} JUSSSS e
< . _asnal
® 0.4+
2 o~ © 8 (P =PPhy)
i o 4 (P =P(*BuAr
8 ool (P =P(*3Ar),)
@
£ ) e
o 14
S v,
Q
< 00 T T T T T T 1
0.0 0.5 1.0 15 20
Time (h)

DiploPhos slows complete displacement relative to dppb

D. Summary: Proposed ligation state differences for DiploPhos and dppb

first second
dissociation dissociation
(desired) (undesired)
H ' +L +L
: P[NP _— P P\[Ni]_l_ —— P P
: Accelerated by Slowed by .
(40r8)  remote steric bulk remote steric bulk L—[Ni]—L
reactive P, Ni (poisoned)

species
(L = solvent or P

Lewis base)

Remote steric bulk favors hemilability, but slows deleterious second dissociation

Figure 7. (A) Variable-temperature *'P{'"H} NMR studies. Experiments were run with oxidative addition complex + 1.0 equivalent of bisphosphine
per Ni in 2-MeTHF. (B) UV-vis timecourse of bisphosphine displacement with a bipyridine ligand. [Ni] = Ni(o-Tol)Cl (C) Line broadening of the
PPh, resonance in 3P NMR for solutions of OAC and 5 equiv PPh, (fwhm = full width at half maximum). (D) Summary of ligand dissociation

kinetics.

estimated using an approximate solution to the Bloch equations
(see Supporting Information Section $9.6.3).% Using the tem-
perature of coalescence, as well as the peak separation in the
slow-exchange regime at —44 °C, we estimate that AG*, >
17 keal/mol. For dppb, we observed the k'-dppb and free dppb
resonances to merge at around 0 °C (AG*, ~ 14 kcal/mol),
implying slower exchange for DiploPhos than for dppb.

To corroborate this finding, we investigated the displacement
of dppb or DiploPhos from their respective OACs (4 or
(dppb)Ni(o-Tol)Cl (8), Figure 7B). We chose to evaluate dis-
placement by a bipyridine (bpy) ligand given their similarity
to coordinating substrates and the characteristic UV—vis spectra
of (bpy)Ni(o-Tol)Cl complexes.*® 4,4-Difluoro-2,2"bipyridine
(Fbpy) was chosen since it provided a '’F NMR handle to track
product formation. However, the reaction between OAC 8 and
Fbpy was too fast to follow at NMR concentrations, so we
tracked the formation of (*bpy)Ni(o-Tol)Cl at its A
(497 nm) with UV—vis under more dilute conditions. We found
that dppb is displaced from OAC 8 much faster than DiploPhos
from OAC 4.

We interpret the UV—vis and VT-NMR results to describe
the kinetics of the dissociation of the second phosphine arm
of DiploPhos and dppb. However, we presumed that the lability
of the first bisphosphine arm was more relevant to the improved

reactivity of DiploPhos relative to dppb than the lability of the
second arm. While we were unable to directly observe exchange
between the free and bound arms on the NMR timescale with
EXSY,'® we were able to compare first-arm exchange kinetics
using a 1D line-broadening study (Figure 7C).>” We found that
when the DiploPhos and dppb OACs were treated with PPh,,
the *'P{"H} NMR resonance of free PPh, underwent broaden-
ing. Displacement of both arms of DiploPhos or dppb by PPh,
is thermodynamically disfavored, but we propose that the
observed broadening corresponds to coordination of PPh; to
a k'-bisphosphine complex. While no mixed-ligand complexes
could be directly identified by *'P{'H} NMR, we observed
greater than 7-fold line-broadening of the free PPh, resonance
in the presence of the DiploPhos OAC 4 relative to dppb
OAC 8.

This observation suggests that exchange between free PPh,
and this mixed-ligand species is more rapid for DiploPhos,*®
consistent with the first arm of DiploPhos being more labile
than the first arm of dppb.

Taken together, these experiments support a model in which
the remote steric bulk of DiploPhos accelerates dissociation of
the first bisphosphine arm relative to dppb but disfavors disso-
ciation of the second arm (Figure 7D). The first dissociation
generates P Ni species, which have been implicated as active
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intermediates during transmetalation and oxidative addition
events.'®*! The reluctance of DiploPhos’s second arm toward
dissociation could explain the Ni/DiploPhos system’s unusual
ability to prevent heterocycle poisoning and the formation of
other off-cycle Ni species.

3. CONCLUSIONS

We combined our understanding of ligation state requirements
in Ni-catalyzed SMCs with HTE-enabled ligand scaffold evalu-
ation to design DiploPhos, a hemilabile bisphosphine ligand.
DiploPhos enables the formation of unprecedented tetra- and
tri-ortho-substituted bi-(hetero)aryl products via Ni catalysis.
These challenging SMCs used 2 mol % of an air-stable Ni pre-
catalyst and a scale-up-friendly homogeneous biphasic solvent
system.

Mechanistic investigations revealed that DiploPhos is resis-
tant to forming the thermodynamic sink (bisphosphine),Ni at
Ni(0). At Ni(Il), the hemilability of DiploPhos allows for the
formation of reactive P;Ni species, but this hemilability also
results in the formation of aggregates such as tetrameric
[(DiploPhos)Ni(o-Tol)Cl], (4). We found that aggregates
could be broken up using coordinating additives such as excess
ligand or Lewis basic nitrogen heterocycles. This finding led us
to discover *“Fspy as a useful additive for boosting yields in
heterocycle-free scope examples.

While the lability of the first phosphine arm imparts
improved reactivity, we found through VI-NMR and UV-vis
studies that DiploPhos’s second arm is resistant to displace-
ment. This observation accounts for DiploPhos’s ability to keep
Ni species on-cycle and resist heterocycle poisoning.

Flexible, bidentate phosphine ligands have seen limited use in
Ni-catalyzed cross couplings, perhaps due to their promiscuity
towards aggregate formation.>” We anticipate that the observed
structure—speciation relationships for DiploPhos and dppb will
contribute to further developments in the design of hemilabile
ligands, including efforts towards atroposelective Ni SMCs
and other challenging cross-coupling reactions.'®

4. METHODS

4.1. General Procedure for Ni/DiploPhos-Catalyzed
Suzuki—Miyaura Coupling

Inside a nitrogen-filled glovebox, a 2X stock solution of nickel precata-
lyst was prepared by combining (TMEDA)Ni(o-Tol)Cl (3.6 mg,
0.012 mmol, 4 mol %), DiploPhos (23.1 mg, 0.0264 mmol, 8.8 mol
%), and 2-MeTHF (200 pL) in a 4 mL vial equipped with a PTFE-
coated stir bar. The mixture was stirred (720-900 rpm) at 70 °C for
1 h. The 2x stock solution was allowed to cool before use. To a sepa-
rate 4 mL vial (reaction vial) equipped with a PTFE-coated stir bar,
aryl bromide (0.3 mmol, 1.0 equiv), aryl boronic ester (0.33 mmol,
1.1 equiv), K;PO, (191.0 mg, 0.9 mmol, 3.0 equiv), and 2-MeTHF
(400 pL) were combined. 100 pL of the 2X Ni precatalyst solution
was added to the reaction vial, followed by H,O (250 pL). The vial
was capped with a solid PTFE-lined vial cap and sealed with electrical
tape. The reaction vial was stirred (720-900 rpm) at 70 °C for 20 h.
After 20 h, the reaction was quenched by removing the vial cap and
exposing the reaction to oxygen. The reaction mixture was diluted with
EtOAc and water, and the mixture was extracted with EtOAc (3 X
S mL). The combined organic layers were dried with anhydrous
Na,SO,, filtered, and concentrated in vacuo. The crude mixture was
purified by silica gel flash chromatography (EtOAc/hexane).
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