Controlling Reactivity and Selectivity in the Mizoroki-Heck Reac-
tion: High Throughput Evaluation of 1,5-Diaza-3,7-diphosphacy-

clooctane Ligands

Eric S. Isbrandt,* Devon E. Chapple,* Nguyen Thien Phuc Tu,® Victoria Dimakos,” Anne Marie M.
Beardall,: Paul D. Boyle, * Christopher N. Rowley,** Johanna M. Blacquiere,* and Stephen G. New-

man’*

fCentre for Catalysis Research and Innovation, Department of Chemistry and Biomolecular Sciences, University of Ottawa,
10 Marie Curie, Ottawa, Ontario, KIN 6N5 Canada. ‘Department of Chemistry, Western University, 1151 Richmond Street,
London, Ontario, N6A 3K7 Canada. $Department of Chemistry, Carleton University, 1125 Colonel By Drive Ottawa, On-

tario, K1S 5B6 Canada

ABSTRACT: We report a high throughput evaluation of the Mizoroki-Heck reaction of diverse olefin coupling partners. Comparison
of different ligands revealed the 1,5-diaza-3,7-diphosphacyclooctane (P2N.) scaffold to be more broadly applicable than common
‘gold standard’ ligands, demonstrating that this family of readily accessible diphosphines have unrecognized potential in organic
synthesis. In particular, two structurally related P2N; ligands were identified to enable the regiodivergent arylation of styrenes. By
simply altering the phosphorus substituent from a phenyl to tert-butyl group, both the linear and branched Mizoroki-Heck products
can be obtained in high regioisomeric ratios. Experimental and computational mechanistic studies were performed to further probe
the origin of selectivity, which suggests that both ligands coordinate to the metal in a similar manner, but that rigid positioning of the
phosphorus substituent forces contact with the incoming olefin in a n- = interaction (for P-Ph ligands) or with steric clash (for P-'Bu

ligands), dictating the regiocontrol.

B Introduction Transition metal-catalyzed cross-couplings
are a cornerstone family of reactions in synthetic organic chem-
istry. The growth of this field is closely tied to the development
of new ligands that enable reactions with novel coupling part-
ners, expanded scope, milder conditions, lowered catalyst load-
ing, and improved selectivity. The search for readily available
and powerful ligands continues today, seeking to overcome the
many unsolved challenges in catalysis. The Mizoroki-Heck re-
action is among the most seminal and fundamental coupling re-
actions.>? However, despite its prominence in textbooks, Heck-
type reactions are rarely used in routine organic synthesis. In
one survey of the medicinal chemistry literature, 0.4% of C-C
bond-forming experiments were reported to be Mizoroki-Heck
reactions, compared to 40.2% that were Suzuki-Miyaura reac-
tions.® Given the broad commercial availability of olefins and
the value of substituted alkenes in medicinal chemistry this
contrast may seem surprising. One explanation is that, despite
decades of research, the intermolecular Mizoroki-Heck reac-
tions remain challenging compared to traditional biaryl-forming
cross-coupling. While issues with selectivity or reactivity are
common, many landmark reports have demonstrated that high-
yielding, regioselective, intermolecular Mizoroki-Heck reac-
tions are indeed possible (Scheme 1A.) For example, couplings
with aliphatic alkenes,* vinyl ethers,® and styrenes® have been
achieved to selectively obtain either the branched or linear prod-
ucts by careful choice of catalyst, reaction conditions, and
(pseudo)halide. Progress has also been made with other elec-
tron-deficient” and electron-rich alkenes® among other reaction

partners.® Despite the many successes in the regioselective Mi-
zoroki-Heck reaction, navigating the diverse set of available re-
actions is challenging, and identifying effective conditions for
coupling a particular aryl(pseudo)halide and alkene can be ar-
duous or even impossible if the reactant combination of interest
has not yet been reported to provide access to the desired alkene
regioisomer. Filling these holes and identifying more general
catalysts are two important goals when developing site-selec-
tive methodologies. Methods which enable the synthesis of
multiple regioisomers with general reaction conditions remain
sparsely reported, though a recent report by Chen and co-work-
ers on the coupling of dienes demonstrated regiocontrol
(Scheme 1B).2° In this case, achieving a switch in regiochemis-
try involved modifying the ligand, base, solvent, and
(pseudo)halide.

We hypothesized that many unresolved challenges in Mizoroki-
Heck couplings could be solved by identifying more universal
ligands and/or reaction conditions. One ligand family we sought
to explore was the 1,5-diaza-3,7-diphosphacyclooctanes, abbre-
viated as P,N; ligands. These are modular and readily accessi-
ble from the corresponding phosphine and amine via condensa-
tion with formaldehyde.** However, their use in organic synthe-
sis has been sparsely reported.*>'® Herein we report an evalua-
tion of diverse Mizoroki-Heck reactions that that reveals this
ligand class to provide both high reactivity and selectivity with
a range of substrates, including surprising regiocontrol in the
couplings of aryl triflates with styrenes (Scheme 1C).
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Scheme 1. Regioselectivity in the Mizoroki-Heck reaction
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Novel P,N,-Pd catalysts

To assess if P2N; ligands have any unique utility for Mizoroki-
Heck reactions, a high-throughput screening campaign was car-
ried out to compare them with well-established commercial lig-
ands (Scheme 2A).1* Coupling with both Ni and Pd was ex-
plored using iodobenzene and phenyl triflate as differing classes
of coupling partners.6 A representative substrate from four
different classes of olefin coupling partners were considered.
Similarly, a common polar (DMF) and non-polar (toluene) sol-
vent were chosen for study. According to Sherwood et al., Mi-
zoroki-Heck reactions in polar aprotic solvents are favored with
aryl iodides but reactions with aryl triflates can be preferred in
non-polar solvents.” To keep the number of experiments rea-
sonable, we elected to screen all reactions with triethylamine as
a common base. Three P,N; ligands with differing phosphine
substituents (PP", P%Y, and P'®") were chosen for study alongside
9 ‘gold standard’ commercially available phosphine ligands
that have been demonstrated to be optimal in related methodol-
ogies: dppp,®>*8 dppf,62181° JohnPhos,?® PBus,> PPhs,9 IMes,?*
DavePhos,? 1,10-phenanthroline,® and XantPhos.?* Benzotri-
fluoroaniline derived P,N ligands were explored as PYNATCFS,
was previously found to be highly effective in nickel-catalyzed
cross couplings. 4

A comprehensive screen of all conditions was carried out, rep-
resenting 384 distinct experiments, the results of which are pro-

vided in the Supporting Information and are accessible in ma-
chine-readable format via the Open Reaction Database.?® As
discussed, Mizoroki-Heck reactions can have challenges in both
reactivity and regioselectivity, with each combination of aryl
(pseudo)halide and olefin coupling partner having unique chal-
lenges and solutions. To identify the best hits, a threshold of
both >15% assay yield and >10:1 regioselectivity was chosen
for visualization (Scheme 2B). Within these parameters, PN,
ligands were the only of those screened that provided hits with
each different substrate class, with P®®U,NAF3, (L3) in particular
proving to be the most broadly effective choice. Interestingly,
promising results were observed with P;N; ligands with both Pd
and Ni as metals, both toluene and DMF as solvents, and both
iodide and triflate substrates, further highlighting the generality
of this ligand scaffold. The performance of gold standard lig-
ands on the high-throughput screen generally matched prece-
dent from the primary literature despite, confirming that key
trends in reactivity can be captured in this generalized set of
reaction conditions (see Section S3.18, Sl). Selected hits were
chosen for replication to confirm the yield and regioselectivity
(Scheme 2C). The coupling of styrene, butyl vinyl ether, and n-
vinyl pyrrolidine proceeded in 37-85% yield by using P2N; lig-
ands with regioisomeric ratios of the substituted product rang-
ing from 15:1 to >20:1, demonstrating that synthetically viable
quantities of material could be directly accessed without tar-
geted optimization.The selective coupling with 1-octene was
more challenging, with only one observed hit with a
Pd/P®Y,NACFS, catalyst system giving 15% yield by NMR and
proving difficult to scale-up or optimize (Scheme 2C; C5). This
result is largely consistent with literature, which illustrates that
the regioselective coupling of linear alkenes is possible but very
challenging.* Also notable was the coupling with styrene. When
using P"",NATCFS, as a ligand, the linear (i.e. stilbene) isomer was
found to be the major product in all cases. In contrast, for all
styrene hits identified with P*®,N"®"3, as a ligand, the branched
1,1-diphenylethylene was found to be the major isomer. This
ligand-controlled regioselectivity was apparent with both Ni
and Pd catalysts, including several experiments below the 15%
yield threshold, demonstrating that the observed selectivity is
general. To our knowledge, this level of regiocontrol has not
been reported without drastic modification of the catalyst and
reaction conditions.?® Accordingly, we selected this transfor-
mation for further study.

While it is clear that a drastic change in selectivity can be
achieved when switching the ligand from PP",NAF, to
P'BY,NATCFS,  the mechanistic origin of the regiodivergent reac-
tivity was unclear. One possible explanation is that the different
PN ligands can have different modes of binding. For example,
while they are most commonly observed to be bidentate lig-
ands,*# dinuclear complexes bridged by PN, ligands in a p-(
«!-P, k}-P”) binding mode as well as multimetallic clusters have
also been observed.?” The arene ring on aniline-derived P;N,
ligands has also been shown to coordinate to transition met-
als,*29 while in other complexes, the nitrogen atom has been ob-
served to directly coordinate.?® Additionally, agostic bonding of
pendant C-H bonds in PN, metal complexes has been re-
ported.?>?° To probe if the differing regioselectivity originated
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Scheme 2. High-throughput experimentation to probe general conditions for Ni- and Pd-catalyzed Mizoroki-Heck reaction
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from differing binding of the ligands, we set out to prepare and
characterize some well-defined metal complexes. Although in-
itial hits showed both Ni and Pd catalysis was promising, we
elected to pursue Pd complexes because of the abundance of
methods of accessing stable complexes with multidentate phos-
phine ligands. In particular, well-defined Pd(0) and Pd(I) com-
plexes were targeted since these are the likely operative oxida-
tion states in the Mizoroki-Heck mechanism. Ligand exchange
with the Pd(0) species ""PDAB-Pd-MAH (PMPDAB = NN -
bis(2,6-dimethylphenyl)-diazabutadiene; MAH = maleic anhy-
dride)® afforded P®Y,NACF,-Pd-MAH (1) and PP",NACF3,-Pg-
MAH (2) in 85 and 89% yields, respectively. Similarly, the
Pd(Il) precursor [Pd(ABP)(u-OMs)], (ABP = 2-aminobi-
phenyl; OMs = mesylate)® was treated with the P,N; ligands to
afford P®Y,NAF3, Pd G3 (3) and PP",NA"F3, Pd G3 (4) in 87
and 76% yields, respectively. Single crystals were obtained for
all four complexes and the structures confirmed a 1:1 ligand to
Pd stoichiometry, and a conventional «2-P,P coordination mode
of the P,N; ligands. The Pd to ligand bond distances and angles
are consistent with related diphosphine complexes.®3! How-
ever, PBY,NACFS, pd G3 (3) has slightly longer Pd-P bond
lengths than the phenyl derivative (4) by ca. 0.02 A (Table S50,

Sl). The P'BY,NACF3, Pd G3 complex (3) exhibits a significantly
distorted square planar geometry with a 74 value of 0.21 (14 =0
for perfect square planar geometry).3? Conversely, the phenyl
derivative (4) is almost perfectly square planar as evidenced by
a 14 value of 0.06. The longer Pd-P bond lengths and geometry
distortion for the '‘Bu derivative (3) likely occurs to relieve some
steric clash with the ABP moiety. The solid-state structures of
the four complexes reveals that one or both of the -ArCF; pen-
dent amine substituents are positioned over the palladium atom
(i.e., a boat metallocycle conformation), potentially blocking
the axial metal site. However, neither a Pd-N nor a Pd-Carene 7-
interaction was observed in any of the complexes. The closest
contact was the Pd-Cips, distance that was >3 A in all com-
plexes, and this is significantly longer than Pd-Carene interac-
tions (ca. 2.3-2.9 A) observed for Pd(0) biaryl monophosphine
complexes,® or a P%,N™", Ru(ll) complex.'? Additionally, mt-
coordination to the aryl group would cause an upfield shift of
the *C resonances, and no such shift was observed for any of
the complexes. The barriers for the boat/chair conformational
change of nickel P,N, metallocycles were previously calculated
to be ca. 4-10 kcal/mol.®* Therefore, in solution under catalytic
conditions the interchange between conformers is likely facile,
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Scheme 3. Synthesis and isolation of novel P,N, Pd complexes for use in catalytic reactions
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Isolated yields are reported. Thermal displacement plots are shown with ellipsoids at 50% probability. For clarity, hydrogen atoms and
mesylate counterions (where relevant) were removed, and the Ph and 'Bu phosphorus substituents are depicted as wireframe. Depictions with
atom labels along with tables of selected bond lengths and angles are provided in the Supporting Information (Section S6).

and the axial positions are not completely blocked by these lig-
ands. The catalytic activity of these Pd complexes was also as-
sessed and gave consistent trends as in situ formed catalysts,
with complexes bearing the PP",NA™F3, ligand being selective
for the linear Mizoroki-Heck product and complexes bearing
the P®BUY,NACFS, ligand being branched selective. Taken to-
gether, the structures and activity of these Pd-P,N, complexes
strongly suggests that the difference in regioselectivity is not
due to catalyst nuclearity (i.e., monometallic vs. bimetallic) or
ligation stoichiometry (i.e., Pd : PoN> = 1:1 vs 1:2). While we
cannot discount that an in situ change in P2N, coord-ination
mode alters selectivity, these studies do not provide any any
positive evidence for this hypothesis. Key insight relates to the
Pd(ll) structures showing that the 'Bu derivatives experience
significant steric clash within the square planar geometry,
which may play a role in the selectivity-determining step of the
catalytic cycle.

While initial HTE hits indicated that both Pd and Ni were both
viable metals, the PN, Pd G3 catalysts were an appealing entry
point to selective Mizoroki-Heck chemistry owing to their
bench stability, ease of preparation, and consistency. Reaction
optimization with 4 mol% of the PP",NA"°"3, Pd G3 precatalyst
(4) revealed general, high-yielding, and regioselective condi-
tions featuring TMP as a base in toluene at 85 °C with 1.1 equiv
of the alkene coupling partner (Scheme 4). With these condi-
tions, a selection of styrenes and aryl triflates were coupled to
provide (E)-stilbenes 5-lin to 15-lin in 37-86% yield with regi-
oselectivities ranging from 8:1 to 19:1. Unprotected indole was

tolerated but gave a lower 5:1 regioselectivity (16-lin), and
Lewis basic heterocyclics 17-lin, 18-lin, 20-lin and 21-lin were
prepared with high linear selectivity. With the PBY,NAF3, pPd
G3 precatalyst (3), 1,1°-diarylethylenes 5-br to 15-br could be
prepared from simple aryl triflates with regioselectivities rang-
ing from 8:1 to >20:1 and yields between 28-95%. Unprotected
indole 16-br could also be coupled. While in most cases, the
two different catalysts enabled highly selective access to both
regioisomers, some exceptions were observed. For example
with the P®BU,NACFS, pd G3 (3) precatalyst, products 18-br, 20-
br and 21-br were not accessible in high yields or selectivity
for the branched product (see Scheme S16, Sl). In contrast, vi-
nyl-substituted pyridine 22-br and thiazole 23-br were pre-
pared with PBU,NACFS, pd G3 (3) but these substrates did not
react with PP",NACFS, pd G3 (4) (see Scheme S17, SI). Further
scope limitations are discussed in the Supporting Information
(Section S9.11). Lastly, a small selection of bioactive scaffolds
and derivatives were also prepared. P"",NA°F%, Pd G3 (4) ena-
bled coupling of vinyl loratidine derivative to afford 24-lin, and
PBY,NATCFS, Pd G3 (3) provided access to 25-br, the methyl es-
ter analogue of the leukemia drug bexarotene.®® Trans com-
bretastatin A4 (26-lin), a natural product metabolite, was pre-
pared with good yield and linear selectivity with PP",NACFS, pq
G3 (4) ,** while P®Y,NAF3, pd G3 (3) could be used to prepare
the regioisomer, isocombretastatin A4 (26-br), a potent bioac-
tive non-natural analogue of combretastatin A4.%7 ). In general,
low yielding reactions with both precatalysts were accompanied
by substantial recovery of starting material, see Supporting In-
formation (Section S9.15).
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Scheme 4. Scope of ligand-controlled site selectivity in the coupling of aryl triflates with alkenes
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Linear-selective conditions: aryl triflate (0.20 mmol), alkene (0.22 mmol), TMP (0.40 mmol), PP,NACF3; Pd G3 (4 mol%), toluene (0.1
M), 100 °C for 16 h. Branched-selective conditions: aryl triflate (0.20 mmol), alkene (0.22 mmol), TMP (0.40 mmol), P®BY;NATCF3, Pd G3
(4 mol%), toluene (0.1 M), 85 °C for 16 h. Regioisomeric ratios (rr) are measured on the crude reaction mixtures using GC-FID analysis, or
in the case of products >400 Da, by crude *H NMR. Isolated yields are reported as single regioisomers (rr >19:1). With 8 mol% P2N2 Pd
G3 precatalyst. °From the reaction of isoprene (7.5 equiv). 27-lin and 28-br were formed in >20:1 regioisomeric ratio and 28-lin formed a
9:1 regioisomeric ratio, with 28-br representing the minor component. ¢ Regioisomeric ratios measured on the crude reaction mixture were
>20:1. 4From the reaction of n-butyl vinyl ether (1.1 equiv). Ketone product was obtained after hydrolysis of the vinyl ether with 1M HCI.
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Scheme 5. DFT calculations indicating relative energy barriers (in kcal/mol) for the -bond insertion with P,N, Pd complexes
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Further details for the computational models used and for a full energy-level profile of the transformation are provided in the Supporting

Information (Section S14).

Lastly, we investigated if these optimized reaction conditions
were effective for the regioselective coupling or alternative al-
kenes. PP, NACF3, pd G3 (4) was found to catalyze the site se-
lective arylation of isoprene, a volatile feedstock diene, with
two different aryl triflates to form the linear diene products 27-
lin in 29% vyield as the only observed regioisomer, and 28-lin

in 33% yield with 9:1 regioselectivity. P®BU,NACE, pd G3 (3)
could be applied to the same coupling to afford 28-br, a
branched diene, in 23% vyield. This catalyst was also broadly
effective to enable access to n-butyl vinyl ether (29-br to 31-
br) and enamide derived products (32-br to 37-br) with high
branched selectivity (>20:1 rr).
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I Density-functional theory Since all Pd(0) and Pd(Il) com-
plexes isolated suggest both the PP";NAF3,and PBY,NATCFS, [ig-
ands exhibit similar binding modes and nuclearity, we surmised
that the divergent selectivity must originate from subtle steric
and/or electronic effects in the transition state of the alkene in-
sertion. Accordingly, we sought to model the mechanism of the
reaction between styrene and the cationic P,N2 Pd(Il) com-
plexes using density functional theory (Scheme 5). The calcu-
lations  were  performed using B3LYP-D3BJ/def2-
TZVP/IB3LYP-D3BJ/def2-SVP with a conductor-like polariz-
able continuum model (CPCM) for the toluene solvent. It was
found that the styrene substrate forms a m-complex with the
Pd(Il) center where the C=C bond axis is perpendicular to the
Pd—Car bond. Rotation of the substrate and its migratory inser-
tion (TS insertion) can proceed through two different pathways.
The path where the styrene Ph group is in close proximity with
the ligand R group will lead to the linear product (TS insertion-
linear) while the path where the styrene Ph is rotated 180 de-
grees will lead to the branched product (TS insertion-branched).
The subsequent rearrangements and -hydride elimination were
found to be lower-energy, so TS-insertion regiodetermining
(see Figure S23, SI). While these steps determine the regiose-
lectivity, we have modeled a full catalytic cycle, where the Pd-
hydride intermediate is deprotonated by the solution amine, re-
generating the (P.N2)Pd(0) catalyst that can then react with an-
other equivalent of Ph-OTf to form (P2N2)Pd(Ph)(OTf). Ex-
change of OTf for styrene completes the catalytic cycle. Paths
where the triflate counterion was present in either the inner or
outer coordination sphere were found to be higher energy. The
calculated reaction profile is described in full in Supporting In-
formation.

To better understand the origin for the ligand-controlled differ-
ences in transition state barriers for branched and linear selec-
tivity, we analyzed the interactions in the key migratory inser-
tion transition state. While ligands containing P-'Bu and P-Ph
substituents are known to have substantial electronic differ-
ences, the origin of the regioselective insertion step appears to
derive primarily from steric effects. The rigid cyclic backbone
of the P,N, ligands imposes a position on the P substituent
where it will have contact with the incoming styrene, particu-
larly for in the transition state leading to the linear product (TS
insertion - linear). This interaction appears critical in dictating
the regioselectivity. The styrene aryl ring can interact with
PPN, NATCFS, in a geometry with limited steric repulsion and sig-
nificant compensatory dispersion and electrostatic interactions.
This n-rt interaction between the ligand P—Ph group and the sty-
rene arene ring results in the linear pathway being lower in en-
ergy than the branched pathway (linear: AG*=12.3 kcal/mol,
branched: AG*=15.7 kcal/mol). This trend is reversed for the
P'BY,NATCFS, transition states (branched: AG¥=16.6 kcal/mol, lin-
ear: AG*=19.3 kcal/mol).

A decomposition of the interactions between these groups using
Symmetry Adapted Perturbation Theory (SAPT) analysis,
which allows the intermolecular interactions between two com-
ponents of a chemical system to be divided into exchange (ste-
ric), dispersion, induction, and electrostatic components. At the
transition state geometry (Table S64, Sl). The difference in total
interaction energies are consistent with the total of these inter-
actions favoring the linear product over the branched product (-

6.9 kcal/mol vs -4.2 kcal/mol), which is reversed to favor the
branched product for the R='"Bu ligand (-2.2 kcal/mol vs -2.6
kcal/mol). This is consistent with the interactions between the
P2N2 R groups and substrate aryls determining the regioselec-
tivity of the reaction in the migratory insertion TS. This differ-
ence in energy is primarily due to a higher steric (exchange)
energy term between the 'Bu groups and the styrene phenyl ring
in the transition state (TS insertion branched) than those seen in
the PP,NACF3, ligand. This is consistent with the steric repul-
sion between the ligand tert-butyl groups and the styrene aro-
matic group destabilizing the path to the linear product, result-
ing in selectivity for the branched product for both ligands, alt-
hough the effect is much stronger for P®B,NAF3, (AEe = -4.8
kcal/mol for PP",NACFS, vs -9.2 kcal/mol for PBY,NACF,), The
electrostatic and inductive interactions are very similar for the
two catalysts, but the decreased ‘Bu—ary! dispersion interactions
partially counter the steric preference for the branched product
(AEgisp. = 4.0 kcal/mol for PP",NACFS, ys 4.9 kcal/mol for
PtBuzNArCng).SS

We have also performed this analysis where Ph—CF; groups
were included in the ligand fragments and found that the pre-
dictions of the selectivity followed the same trends as for the
‘Bu/Ph ligand fragments alone. This analysis is included in the
Supporting Information (Section S14.5).

l Conclusion Despite the prominence of the Mizoroki-Heck
reaction as a powerful catalytic method to form C—C bonds, its
implementation in synthetic methodologies has remained lim-
ited compared to other Pd-catalyzed couplings. In this work, a
high-throughput screen identified 1,5-diaza-3,7-diphosphacy-
clooctane ligands as being broadly effective towards a range of
alkene substrates with comparable or superior reactivity to more
well-established ligand systems. For the palladium catalyzed
coupling of aryl triflates with styrenes — a challenging transfor-
mation despite its simplicity — two PN, ligands were found to
enable regiodivergent outcomes, with a P-Ph ligand providing
high linear selectivity and a P-'Bu ligand providing access to the
branched regioisomer. Several novel P,N, Pd complexes were
prepared and characterized, indicating that differences in speci-
ation or coordination of the pendant N-arene were not contrib-
uting factors in selectivity. DFT calculations uncovered a favor-
able m-m interaction between the styrene group and the
PPh)NATCE3, Tigand which could explain its preference for the lin-
ear pathway. Conversely, the bulky P®BU,NA"C"3, ligand destabi-
lizes this pathway due to steric hinderance, inverting the regio-
chemical outcome. P2Ns are well known to be powerful lig-
ands, particularly due to the flexible, basic nitrogen atoms in the
ligand’s second-coordination sphere, enabling H, splitting and
related transformations.* This work demonstrates both a new
application as well as proposes a new unique feature that differ-
entiates them from more commonly used ligand classes. The
rigid positioning of the P-substituent results in close contact
with incoming reactants, enabling high regiocontrol in this Pd-
catalyzed cross-coupling. We suspect that further study of these
P,N,s may continue to reveal new applications and demonstrate
that these are an underappreciated, readily accessible ligand
class for organic synthesis.
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