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Challenging Nickel-Catalyzed Amine Arylations Enabled by Tailored

Ancillary Ligand Design

Nat. Commun. 2016, 7, 11073

A primary research focus of Professor Mark Stradiotto’s group
at Dalhousie University (Halifax, Canada) is on the design and
application of new ancillary ligands for use in addressing out-
standing reactivity challenges in metal-catalyzed cross-cou-
pling chemistry and beyond. Professor Stradiotto said: “In
particular, we are interested in the monoarylation of ammo-
nia and related N-H nucleophiles by use of (hetero)aryl (pseu-
do)halide reaction partners. While at first glance ammonia
appears to be an ideal reagent for the synthesis of sought-
after primary (hetero)aryl amines, given that ammonia is
one of the most widely produced commodity chemicals, the
monoarylation of ammonia has proven to be challenging.” He
continued: “In addition to catalyst decomposition that can oc-
cur in the presence of excess ammonia, the product (hetero)
aniline is often a more capable substrate relative to ammonia
itself, leading to uncontrolled polyarylation.! Achieving se-
lectivity in this difficult transformation presents an exciting
challenge from a catalyst design perspective.”

Until very recently, only copper- and palladium-based
catalysts had proven capable of ammonia monoarylation,
with each exhibiting important limitations: reactions involv-
ing copper are typically limited to activated aryl bromide or
iodide electrophiles under forcing reaction conditions. “In the
case of palladium, few catalysts that are capable of operating
under mild (room temperature) conditions and/or under high
pressure of ammonia are known, and the scope of established
reactivity with (hetero)aryl pseudohalides is limited,” ex-
plained Professor Stradiotto. “Additionally, both the cost of
palladium and the potential for bulk palladium supply limi-
tations can be an issue, especially for industrial chemists see-
king to establish a process on relatively large scales.”? Professor
Stradiotto continued: “In this regard, the use of nickel-based
catalysts in ammonia monoarylation chemistry represents an
attractive alternative to both copper and palladium, given the
desirable reactivity properties of nickel in oxidative addition
chemistry and its relatively low cost and large abundance (re-
lative to palladium).” He acknowledged: “It should be noted
that the use of nickel in cross-coupling chemistry is by no
means new: Kumada, Negishi, and others established the util-
ity of nickel in cross-coupling chemistry in the 1970s, and the
nickel-catalyzed amination of aryl chlorides was reported by
Wolfe and Buchwald?® nearly twenty years ago. Nonetheless,

the first reports of nickel-catalyzed ammonia monoarylation
did not appear until 2015, in a pair of independent publi-
cations by my research group and that of John Hartwig (UC
Berkeley).”* In seeking to identify an ancillary ligand to en-
able the efficient nickel-catalyzed monoarylation of ammonia,
Professor Stradiotto’s group employed the common approach
of screening ligands that had worked well with palladium in
related transformations. Professor Stradiotto explained: “In
doing so, my group and the Hartwig group independently
identified suitably effective members of the commercially
available JosiPhos ligand family. Despite this breakthrough,
my group was discouraged by the failure (in our protracted
ancillary ligand screen) of other high-performing ligands from
the domain of palladium-catalyzed ammonia monoarylation;
it became evident to us that simply ‘re-purposing’ ligands
from palladium chemistry would not be a universally effec-
tive strategy in the development of highly effective nickel cat-
alysts for C(sp?)-N cross-couplings.” He continued: “We also
thought that it was somewhat ironic to be using an expensive
and unnecessarily enantiopure JosiPhos ligand in this chem-
istry, given our interest in circumventing the use of costly and
rare palladium.”
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In response, the Stradiotto group initiated a program tar-
geting the development of new ancillary ligands for use in
supporting highly effective nickel catalysts for ammonia mo-
noarylation and other challenging nickel-catalyzed C(sp?)-N
cross-coupling reactions. “Ligand design in palladium cross-
coupling chemistry has focused primarily on bulky electron-
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rich ancillary ligands to facilitate challenging oxidative addi-
tions [e.g., C(sp?)-Cl],” said Professor Stradiotto. “However,
given the greater propensity for C(sp?)-Cl oxidative additions
to L,Ni(0) relative to L,Pd(0),> and the potential for rate-limit-
ing C(sp?)-N reductive elimination with nickel, it occurred
to us that sterically demanding yet relatively electron-poor
bisphosphines might be interesting targets of inquiry. Sur-
prisingly, the design of ancillary ligands specifically for use in
enabling nickel-catalyzed C(sp?)-N cross-couplings had not
been reported prior to our publication in Nature Communica-
tions. It is important to recognize that ancillary ligand design
in nickel-catalyzed cross-coupling chemistry is likely to play
an important function in enabling desirable catalytic perfor-
mance not only in terms of promoting elementary catalytic
steps, but also as a means of favoring desired oxidation states
of nickel, given the established viability of both Ni(0)/Ni(II)
and Ni(I)/Ni(Ill) catalytic cycles® and other single-electron
transformations. In this vein, developing a repertoire of effec-
tive and structurally diverse ancillary ligands will contribute
importantly to advancing nickel cross-coupling catalysis in a
broad sense.”

With these design criteria in mind Professor Stradiotto and
co-workers sought tunable ortho-phenylene bisphosphines
featuring the 1,3,5,7-tetramethyl-2,4,8-trioxa-6-phosphaada-
mantane (CgP) group with an adjacent phosphorus donor
fragment that could serve as a tuning element in catalyst de-
sign. “The study of CgPH dates back to the work of Epstein and
Buckler in 1961, and in the intervening years the CgP group
has been shown to be as sterically demanding as a P(t-Bu),
fragment, and as electron-poor as phosphites.® Notably, the
use of the CgP fragment in ancillary ligand design has received
only scant attention in palladium cross-coupling chemistry,
and had not been used in nickel cross-coupling prior to our
report in Nature Communications,” said Professor Stradiotto.
“After a brief ligand screen focusing on nickel-catalyzed am-
monia monoarylation, Chris Lavoie in my group identified a
ligand variant featuring CgP and P(o-tolyl), donors (‘PAd-Dal-
Phos’) as being particularly effective, and developed an air-
stable nickel pre-catalyst (C1) featuring this ligand.”

Professor Stradiotto revealed that exploration of the reac-
tion scope enabled by C1 involved a truly collaborative effort
by several members of his group including undergraduates,
graduate students, and a postdoc. “Chris Lavoie and Nick
Rotta-Loria fleshed out the scope of ammonia monoarylation
reactivity involving (hetero)aryl (pseudo)halides including
reactions conducted using gaseous ammonia; Preston Mac-
Queen expanded such reactivity to alkylamine and aniline
derivatives; Ryan Sawatzky confirmed that such reactions can
be carried out by use of ammonium salts under microwave
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irradiation and at gram-scale; Andrey Borzenko established
transformations involving (aza)indoles and carbazoles; and
finally, Alicia Chisholm and Breanna Hargreaves conducted
proof-of-principle experiments involving imidazolylsulfon-
ates.” He continued: “The crystallographic work was carried
out by Mike Ferguson and Bob McDonald - my long-time col-
laborators from the University of Alberta (Canada). Featured
in our reaction scope are the first documented examples of
room-temperature nickel-catalyzed cross-couplings involv-
ing primary alkylamines and ammonia, as well as the first
examples of ammonia monoarylations employing (hetero)aryl
mesylate electrophiles, for which no capable catalyst system is
known. In fact, to the best of our knowledge the scope of reac-
tivity demonstrated by C1, both in terms of the reaction con-
ditions and the substrates employed, is unique among all pre-
viously reported catalyst systems for C(sp?)-N cross-coupling
chemistry (i.e., copper, palladium, nickel or other). In response
to the significant interest from both academic and industrial
partners, we are in the process of commercializing both PAd-
DalPhos and the derived pre-catalyst C1.”

According to Professor Stradiotto, notwithstanding the
success of the PAd-DalPhos derived pre-catalyst C1 in chal-
lenging C(sp?)-N cross-coupling chemistry, our understanding
of how this and related ancillary ligands give rise to desirable
reactivity within C(sp?)-N cross-coupling chemistry is still
rather poor. “Our presumption is that the mechanism of reac-
tivity is analogous to Pd(0)/Pd(Il) chemistry, but this remains
to be confirmed,” said Professor Stradiotto, who concluded:
“Our hope is that ongoing experimentation in my laboratory
focused on further ancillary ligand design, mechanistic stu-
dies, computational analysis, and applications in alternative
reaction settings, will provide important insights that will di-
rect future development within the field of nickel-catalyzed
cross-coupling.”

Dr. Louis-Charles Campeau (Merck, USA) - an expert in
this field of research - commented: “As we grapple with the
challenges of operating in a world with diminished natural re-
sources, our focus has been on developing and using more sus-
tainable methods for the manufacture of active pharmaceuti-
cal ingredients. The use of earth-abundant metals in catalysis
is definitely an area of focus for us. The vast majority of ligand
development over the last 25 years has focused on precious
metals such as Pd, Ir, Ru and Rh. Fundamental research in new
ligand scaffolds, such as this work, will be critical to the devel-
opment of high-performing earth-abundant metal catalysts
with low ligand loading, imperative for commercial relevance.
The development of the air-stable pre-catalyst system is also
a nice touch for practitioners as it simplifies reaction setup
and enables catalyst formation. This is particularly important
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early on when reactions are first discovered and developed
using high-throughput experimentation in micro-arrays,
where pre-catalysts are often used to get around catalyst ac-
tivation issues.”
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