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Abstract

There is currently significant interest in the development of efficient nickel precatalysts for cross-
coupling. In this work, 14 nickel(I1) precatalysts of the form (dppf)Ni(aryl)(X) (dppf = 1,1"-
bis(diphenylphosphino)-ferrocene, X = Cl, Br) were synthesized. In particular, both the electronic
and steric properties of the aryl group were modified to understand how this affects precatalyst
activation. Using EPR spectroscopy, it was demonstrated that the amount of off-cycle nickel(l)
species which are formed via comproportionation during precatalyst activation varies depending
on the nature of the aryl group. For example, sterically bulky aryl groups reduce
comproportionation. Additionally, the catalytic activity of the family of precatalysts was evaluated
in five different Suzuki—Miyaura coupling reactions. The results from these catalytic studies
provide information about how precatalyst structure affects catalytic efficiency, which may be
useful for the rational design of improved nickel precatalysts for cross-coupling.
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INTRODUCTION

Cross-coupling is one of the most powerful synthetic methods and is commonly used to
synthesize pharmaceuticals, agro-chemicals, ligands for metal complexes, and precursors for
materials chemistry.® In recent years, the development of nickel-catalyzed cross-coupling
reactions has attracted significant interest.Ji-2 In comparison to traditional cross-coupling
reactions, which use palladium catalysts, nickel-based systems could provide cost-effective
and sustainable alternatives. Additionally, in some cases nickel catalysts can promote
reactivity that is not possible with palladium-based systems. For example, nickel catalysts
can promote reactions using sp3-hybridized substrates3# and aryl ether and ester
electrophiles.® Nevertheless, despite the intense research aimed at developing systems for
nickel-catalyzed cross-coupling, in general these reactions are hindered by the need for high
catalyst loadings, long reaction times, and elevated temperatures.1:6 This can limit the
synthetic utility of nickel-catalyzed cross-coupling reactions.

At this stage, the procedures for most nickel-catalyzed cross-coupling reactions generate the
catalytically active species by mixing a nickel(ll) salt or a nickel(0) precursor, such as
Ni(COD), (COD = 1,5-cyclooctadiene), with free ligand in situ.2 In contrast, many modern
procedures for palladium-catalyzed cross-coupling use well-defined precatalysts, in which
the ligand is already bound to the metal.1"J:7 The use of precatalysts limits the formation of
off-cycle species which contain more than the desired number of ligands bound to the metal
and as a consequence improves catalytic efficiency. Additionally, there are practical
advantages associated with utilizing precatalysts, as they are typically bench stable and easy
to use in high-throughput experimentation methods, which can aid in ligand screening or
reaction optimization. Therefore, it is likely that the design and development of nickel-based
precatalysts instead of in situ based systems will increase the utility and efficiency of nickel-
catalyzed cross-coupling reactions.

To date there are relatively few examples of well-defined bench-stable nickel precatalysts for
cross-coupling reactions (Scheme 1).8 One of the most popular and active families of
precatalysts comprises complexes of the type (L)Ni(aryl)(X), where L is an ancillary ligand
and X is a halide ligand (usually CI or Br).1 These complexes are typically air-stable solids
that can be synthesized readily from nickel(Il) salts, which means that, unlike other nickel
precatalysts, an expensive nickel(0) source, such as Ni(COD)», is not required for their
preparation.® Known aryl substituents for this precatalyst scaffold include 1-naphthyl,10 4-
trifluoromethylphenyl,11 4- methoxyphenyl,12 phenanthryl,13 and anthracenyl!3 ligands,
which are competent for Suzuki—Miyaura reactions and Buchwald—Hartwig aminations.
Additionally, Jamison and co-workers recently described (L)Ni(aryl)(X) type precata- lysts,
which feature a pendant olefin on the aryl ligand.1# These complexes activate via an
intramolecular Heck reaction and are active for carbonyl-ene coupling reactions. However,
the most common aryl group in precatalysts of the type (L)Ni(aryl)(X) is an o-tolyl ligand.
Precatalysts containing an o-tolyl ligand have been used with both NHC and phosphine
ligands, as well as with recently developed ancillary ligands such as JosiPhos and PAd-
DalPhos.1i-98.15 Tg date it has been demonstrated that (L)Ni(o-tolyl)(X) precatalysts can
facilitate Suzuki—Miyaura coupling reactions with heteroaryl chloride and sulfamate
electrophiles, 16 the benzylation of terminal alkenes,” carbonylene reactions,% and
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Buchwald—Hartwig amination reactions with heteroaryl halide and pseudohalide substrates.
15¢,18 Additionally, this precatalyst scaffold is one of the few nickel-containing precatalysts
that can be used for rapid screening of ancillary ligands when it is ligated by the more labile
TMEDA (TMEDA = N,N,N', N -tetramethylethylenediamine) ligand, which can be

substituted by a variety of monodentate and bidentate phosphine and NHC ligands in situ.1®

Even though precatalysts of the type (L)Ni(c-tolyl)(X) are often used in catalysis, there are
relatively few detailed studies exploring their activation.13¢:.16b previously, we described
mechanistic studies on the nickel-catalyzed Suzuki-Miyaura cross-coupling of aryl
chlorides and sulfamates using (dppf)-Ni(o-tolyl)(X) (dppf = 1,1"-
bis(diphenylphosphino)ferrocene, X = Cl, Br).16 We determined that, during the activation
of the precatalyst, there is a competing comproportionation process between the active
nickel(0) catalyst and unreacted nickel(l1) precatalyst that siphons nickel from the catalytic
cycle in the form of catalytically inactive nickel(l) species (Scheme 2). Furthermore, in
subsequent work, we isolated one of the nickel(l) products and determined that the rate of
disproportionation, the reverse process to comproportionation during activation, can be
inhibited by increasing the steric bulk on the aryl group of the nickel(l) species.2% On the
basis of these results, we hypothesized that we could control the extent of
comproportionation during precatalyst activation through modification of the (dppf)Ni(aryl)
(X) scaffold. Herein, we have prepared 14 different compounds of the type (dppf)Ni-(aryl)
(X) with sterically and electronically diverse aryl groups. The effects of the aryl group on
both comproportionation and catalytic performance in Suzuki—Miyaura reactions are
described. This work provides insight into the factors that control speciation during the
activation of the precatalyst, which may lead to improved systems for nickel-catalyzed
cross-coupling.

RESULTS AND DISCUSSION

Precatalyst Synthesis.

Fourteen precatalysts of the form (dppf)Ni(aryl)(X) containing aryl groups with different
steric and electronic properties were synthesized to compare with the literature compounds
1-Cl, 1-Br, and 16 (Figure 1).92.16b.20 | our series of complexes, trends based on steric
effects can be assessed by comparing precatalysts 2, 3, 6, 11, 14, and 16. Additionally, for
most groups of precatalysts with similar steric properties, representative complexes with
both electron- withdrawing and electron-donating substituents on the aryl group were
prepared; for example, within the family of 2,4- substituted precatalysts a complex with an
electron-deficient aryl group, 8, and a complex with an electron-rich aryl group, 9, were
synthesized for comparison with the parent complex 6.

Except for complex 7, the precatalysts were synthesized via transmetalation of (dppf)NiBry
(17) with the appropriate arylmagnesium bromide Grignard reagent (Scheme 3a). These
reactions proceeded with modest to good yields (see the Supporting Information). The
choice of bromide as the halide ligand instead of chloride greatly simplified the synthesis of
the precatalysts, as arylmagnesium bromide reagents can easily be prepared if they are not
commercially available. Additionally, the bromide ligand provides a useful handle for the
identification of paramagnetic bromide-containing species by EPR spectroscopy, as bromide
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has two relatively abundant spin-active isotopes ("°Br, /= 3/2, 50% abundance; 81Br, /= 3/
2, 50% abundance) (vide infra). All precatalysts are stable over several months as solids on
the benchtop. It is noteworthy that at least one ortho substituent is required on the aryl group
to generate species that are stable in solution and can be isolated. We were unable to prepare
(dppf)Ni''(Ph)(Br), as the transmetalation reaction between 17 and phenylmagnesium
bromide immediately resulted in the formation of a black, intractable mixture. Similarly,
synthesis of the chloride analogue (dppf)Ni'/(Ph)(CI) via oxidative addition of
chlorobenzene to a nickel(0) source is known to yield the paramagnetic comproportionation
product (dppf)Ni'Cl (19-Cl) instead of the desired nickel(I1) complex.2! Furthermore, the
attempted preparation of (dppf)Ni'!(2-naphthyl)(Br) via transmetalation resulted in the
formation of an unstable species, which suggests that meta and para substitution by itself is
not sufficient to generate stable o-aryl precatalysts using this ancillary ligand.

Complex 7, which contains a 2-methyl-4-nitropheny! ligand, could not be synthesized using
the Grignard-based route, as it is not possible to prepare the appropriate Grignard reagent.
Instead, 7 was synthesized by oxidative addition of 2-bromo-5-nitrotoluene to
(dppf)NiO(CoH4) (18) (Scheme 3b). In this case, the oxidative addition reaction between the
aryl halide and the nickel(0) source is presumably fast enough to outcompete
comproportionation reactions between the nickel-(11) product and unreacted starting material
that generate nickel(l) species. However, this is not a general phenomenon (vide infra) and
as a consequence this route cannot always be used to prepare o-aryl type precatalysts.

The IH NMR spectra of the singly ortho substituted aryl species 2—10 are not fluxional and
are consistent with the complexes having C; symmetry. For example, they contain eight
distinct resonances for the cyclopentadienyl protons of the dppf ligand at both room
temperature and low temperature. In contrast, the 'H NMR spectra of species 11 and 13-186,
containing symmetric diortho substitution on the aryl ring, are fluxional (see Figure 2 for a
representative example). In these complexes, at room temperature one broad signal is
observed for both of the methyl groups in the ortho position of the aryl ligand, whereas at
low temperature, two distinct signals are present. The peaks associated with the aromatic
protons directly bound to the aryl group are also broad at room temperature but sharp at low
temperature. We propose that the fluxionality arises because of restricted rotation of the Ni
—Cary1 bond, which is slow on the NMR time scale at low temperature but rapid at room
temperature. A consequence of this restricted rotation is that at room temperature only four
broad, but distinct, resonances are present for the eight cyclopentadienyl protons of the dppf
ligand, whereas at low temperature eight distinct signals are observed for these protons.
Effectively, the rapid rotation about the Ni—Cary bond renders the cyclopentadienyl protons
G, symmetric on the NMR time scale. A special case of the restricted rotation occurs in
complex 12, which contains asymmetric diortho substitution on the aryl ligand. At room
temperature the 1H NMR spectrum of 12 is broad and difficult to interpret. However, the
spectrum at =50 °C is sharp and contains twice the expected number of signals, indicating
that two chemically distinct species are present. The ratio between the two species is
approximately 2:1. We propose that in this case restricted rotation of the Ni—Cgyj bond
results in the presence of two chemically distinct rotamers in solution due to the asymmetric
substitution of the aryl group. In complexes 11 and 13-16, which contain symmetric diortho
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substitution on the aryl ring, the corresponding rotamers are chemically equivalent and lead
to one set of resonances in the NMR spectrum. Consistent with this hypothesis, the 31p
NMR spectrum of 12 at —50 °C contains two sets of doublets in approximately a 2:1 ratio
due to the presence of the rotamers. At room temperature, the 31P NMR spectrum contains
only two broad peaks, indicating that interconversion between the rotamers is rapid on the
NMR time scale. The 1°F NMR spectrum of 12 also shows a 2:1 ratio of rotamers, and
disorder resulting from the rotation of the aryl group is observed in the solid-state structure,
as determined by X-ray crystallography (see the Supporting Information). Apart from 12,
the room-temperature 31P NMR spectra for all other complexes contain two well-resolved
resonances, consistent with a cis-ligated dppf ligand with each phosphorus atom in a
different chemical environment (one phosphorus atom is trans to the aryl group, while the
other is trans to the bromide). For complexes 1-3, 5-11, and 13-16, both of the resonances
in the 31P NMR spectra are doublets, while in the case of 4, one of the phosphorus signals
appears as a doublet of quartets due to coupling to the trifluoromethyl group on the aryl ring.

X-ray-quality single crystals of complexes 2-8, 10, and 12—14 were obtained either from
concentrated solutions in THF layered with pentane or concentrated solutions in
dichloromethane layered with hexanes at —15 °C. In all cases the structures indicate a
square-planar coordination geometry around the nickel center with a cis-ligated dppf ligand,
consistent with the symmetry indicated by 3P NMR spectroscopy. Comparison of the
structures of 4, 5, 6, 8, and 14 provides insight into the effect of varying the steric and
electronic properties of the aryl group on the precatalyst structure (Figure 3). Complex 4 has
an electron-withdrawing trifluoromethyl group in the 2-position of the aryl group, while
complex 5 contains an electron-donating methoxy group in the same position. Nevertheless,
there is little difference in the solid-state structures of the two complexes. The Ni—Cyy bond
lengths are the same within error, and the Ni—Pyyans (Where Pyang denotes the phosphorus
atom trans to the aryl group on the precatalyst) bond length of 4 is only an average of 0.015
A shorter than that of 5. Similarly, the structures of 6 and 8, which have the same electron-
withdrawing and —donating substituents in the 4-position of the aryl ligand, are essentially
identical. In contrast, steric factors have a large influence on the Ni-Cjy) bond length, and
in our series of complexes as steric bulk of the aryl group increases the Ni—Cjyj bond length
increases (Table 1). For example, the Ni—Cyry) bond length of 1.960(7) A in 1620 is
significantly longer than the Ni—Cjyy bond length of 1.906(6) A in the next-smallest
analogue, 14 (Table 1). While the Ni—Cjy bond length increases with increasing steric bulk
on the aryl ligand, the Ni—P;ans bond length decreases. A comparison of the bond lengths
for Ni— Cyryj and Ni-Pyans in 6 and 14 indicates that a lengthening of approximately 0.02 A
occurs in Ni-Cgyj With a subsequent reduction in length of approximately 0.03 AinNi
—Pians- The exception to this trend is 16, where, presumably, the very bulky ortho
substitution prevents the shortening of Ni—Py4ns that would otherwise coincide with the
lengthening of Ni-Cgryj bond. There is also a trend in the size of the dppf bite angle as the
sterics on the aryl group increases. The most sterically congested analogues, 14 and 16, have
bite angles of approximately 100°, which is contracted by about 2° in comparison to that of
the less sterically hindered 6. All synthesized analogues have bond and angle metrics that
deviate minimally from those seen in the state of the art precatalyst 1-CI.18
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Speciation of Precatalysts during Activation via EPR Spectroscopy.

In Suzuki—Miyaura coupling reactions, it is proposed that activation of the o-aryl
precatalysts occurs through transmetalation of the halide ligand with boronic acid and base
to generate a nickel(l1) bis-aryl species.92160 This nickel(I1) bis-aryl species then reductively
eliminates the biaryl organic product to form a nickel(0) species, which enters the catalytic
cycle. We have previously shown that a competing comproportionation reaction can occur
between the zerovalent nickel species and unreacted nickel(l1) precatalyst to yield off-cycle
nickel(1) halide and aryl species, which lowers the selectivity of activation (Scheme 2). To
examine the selectivity of precatalyst activation on the basis of the properties of the aryl
group, a selection of the precatalysts prepared in this work were utilized in Suzuki-Miyaura
reactions between naphthalen-1-yl sulfamate and 4-methoxyphenylboronic acid (Figure 4).
As the steric bulk on the aryl group increased, there was a decrease in the yield of the cross-
coupled product. Control experiments suggest that this is due to a decrease in the rate of
activation as the size of the aryl group was increased. For example, at room temperature only
34% of 16 was activated in comparison to 87% for the standard 1-Br. When the temperature
was raised to 50 °C, 64% of 16 was activated, and after 4 h a quantitative yield of cross-
coupled product was obtained. The effect of varying the electronic properties of the aryl
group on the yield of cross-coupled product is less pronounced, as both the electron-
deficient 8 and electron-rich 9 operate as efficiently in catalysis as the parent species 6.
Furthermore, there is only a slight difference (~10%) in precatalyst activation between 8 and
9—nevertheless, catalytic efficiency is not greatly affected by this difference in the amount
of activated nickel.

The tendency of the nickel(Il) precatalysts to form nickel(l) during activation was probed
using EPR spectroscopy. When the reaction between naphthalen-1-yl sulfamate and 4-
methoxyphenylboronic acid is catalyzed by 1-Br and 11 (Figure 4), we see clear evidence
for the formation of (dppf)Ni'Br (19-Br) (by comparison of the EPR spectra of the catalytic
reaction mixtures with authentic 19-Br).162 This strongly suggests that in these systems
precatalyst activation is not selective and off-cycle nickel(l) species are formed. When the
same reaction is catalyzed by 6, 14, and 16, an EPR-active species is detected. However, this
species does not have bromide hyperfine coupling and is not 19-Br, which indicates that no
significant quantity of nickel(l) is formed during activation. Instead, the EPR spectra are
consistent with the formation of (dppf)Nil(sulfamate), which we have previously
characterized using EPR spectroscopy.16P This species forms as a result of
comproportionation during oxidative addition, which is a well-documented process.16b:21.22
Furthermore, the amount of nickel(l) formed in the cases of 14 and 16 is significantly less
than that of 6, suggesting that less nickel is in an inactive form when the sterically bulky
precatalysts are used. These EPR results also indicate that electronic factors do not have a
drastic effect on the speciation of nickel during catalysis. Electronically distinct precatalysts
8 and 9 appear to behave similarly to that of their structural analogue 6—that is, there is no
comproportionation occurring during the activation process, and the only nickel(l) seen by
EPR is (dppf)-Ni'(sulfamate). When these determinations are taken together, it appears that
ortho and para substitution is sufficient to prevent comproportionation during the activation
process, regardless of the identity and size of the para substituent. Our results indicate that,
although increasing the steric bulk on the aryl group increases the selectivity of activation by
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decreasing the formation of nickel(l) species, it can result in less active catalysts because the
overall rate of precatalyst activation is significantly slower. Furthermore, electronic factors
appear to minimally affect activation and speciation during catalysis for the specific reaction
examined in this set of experiments; rather, the steric properties of the aryl group of the
precatalysts dictate speciation.

Catalytic Performance of the Full Precatalyst Family.

Given that steric and to a lesser extent electronic effects have an effect on the yield of cross-
coupled product for a prototypical Suzuki—Miyaura reaction (vide supra), we evaluated the
catalytic performance of the full family of precatalysts in a series of Suzuki-Miyaura
coupling reactions with different electrophiles and nucleophiles, as shown in Figure 5a. The
goal was to determine if a precatalyst could be found that was generally superior to the
commonly used 1-Cl. The five different reactions all represent challenging Suzuki— Miyaura
reactions for nickel catalysts and were chosen to evaluate different aspects of precatalyst
performance. Reaction A is a standard coupling reaction between naphthalen-1-yI sulfamate,
a substrate that readily undergoes oxidative addition, and 4-methoxyphenylboronic acid, a
nucleophile that is relatively activated for transmetalation. It is the same reaction we used to
study precatalyst activation and connects our activation studies with catalysis (vide supra).
Variation in the number of equivalents of boronic acid and base used in this reaction (A" and
A’’) provides a method to evaluate the effect of nucleophile concentration on the
performance of the precatalyst family. Reaction B differs from reaction A because a more
electron deficient boronic acid, 4-trifluoromethylphenyl- boronic acid, is used. This allows
us to assess the effect of a less nucleophilic transmetalation partner, which could affect
precatalyst activation. The effect of a less nucleophilic transmetalation reagent is also probed
in reaction C; however, in this system, a relatively activated chloride electrophile,
naphthalen-1-yl chloride, is employed. This system explores if there are differences in
relative precatalyst performance based on use of a chloride electrophile in comparison to a
sulfamate electrophile. In reaction D, the effect of an electrophile, 4- trifluoromethylphenyl
sulfamate, which does not readily undergo oxidative addition was evaluated, while in
reaction E the effect of heteroatoms on both the electrophile and nucleophile are probed. The
yields for each of the precatalysts for all five reactions are presented in Figure 5b. It is
noteworthy that 1-Cl and 1-Br perform comparably in all five reactions, indicating that the
identity of the halide ligand does not greatly affect catalytic activity. It also suggests that the
trends elucidated for our family of bromide-containing precatalysts are also likely relevant
for chloride-containing systems.

The majority of the precatalysts evaluated gave the cross-coupled product in 90% or greater
yield for the standard reaction A. This activity is comparable to that obtained with the state
of the art precatalysts 1-Cl and 1-Br. The exceptions are precatalysts 7, 12, and 16, which
performed poorly. In fact, the poor performance of 7, 12, and 16 is general to all reactions
studied, except for reaction E (vide infra). In the cases of precatalysts 12 and 16 yields of
around 50% are obtained in reaction A, and we propose that activation is hindered by the
steric bulk of the aryl groups, which lowers catalytic efficiency. For 7, which contains a nitro
substituent, the reasons for the poor catalytic performance are unclear; however, it is
possible that the highly reactive nitro group may undergo unproductive side reactions that
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cause decomposition of the catalyst. For example, nickel(0) complexes are known to
undergo oxygen atom transfer reactions with nitro groups, which, in this case, would siphon
active nickel out of the catalytic cycle.23 Further support for the hypothesis that the nitro
group interferes in catalysis is provided by an experiment in which 1 equiv of 3-nitrotoluene
(relative to the catalyst) is added to reaction A catalyzed by 1-Br. In this case, no cross-
coupled product is formed (see the Supporting Information).

When the amounts of boronic acid and base are reduced to 1.5 and 2.5 equiv, respectively
(reaction A"), all precatalysts except 7, 12, and 16 formed the cross-coupled product in 80%
or greater yield, performing only slightly worse than in reaction A. However, both
precatalysts 12 and 16 produced only approximately 10% yield in reaction A”, which is a
30-40% lower yield in comparison with reaction A. When the amounts of boronic acid and
base are reduced even further to 1.05 and 2 equiv, respectively (reaction A”""), there are
differences in the efficiency of the precatalysts that had performed well in reactions A and A
". Notably, five precatalysts still generated cross-coupled product in 80% yield or greater: 2,
5,9, 10, and 15. The yield of cross-coupled product in each of these cases is significantly
higher (~15-20%) than that of 1-Cl and 1-Br, highlighting their efficiency for this catalytic
reaction. Although there does not appear to be a common structural connection among all
five of these precatalysts, it is interesting to note that all three of the methoxy-functionalized
precatalysts 5, 9, and 15 evaluated are contained within this high-performing group.

The excellent performance of the methoxy-functionalized precatalysts 5, 9, and 15 relative
to other precatalysts in reaction A”* does not apply in the case of reaction B, in which 4-
trifluoromethylphenylboronic acid was coupled with naphthalen-1-yl sulfamate. 5, 9, and 15
did not produce more than 30% of the cross-coupled product over 8 h, in comparison to 57%
for the standard precatalyst 1-Cl. A potential explanation for these results may be related to
the relative difficulty in transmetalating a nickel center containing an aryl ligand with an
electron-rich methoxy group with a relatively weakly nucleophilic boronic acid.?4
Consistent with this hypothesis, complexes 2 and 10, which contain less electron rich aryl
groups, performed slightly better than 1-Cl, although this difference (~10% above 1-Cl) is
much less pronounced than the difference between methoxy-substituted species and 1-Cl
(20-40% below 1-ClI). Our results indicate that, when a relatively deactivated boronic acid is
used as the nucleophile, a more electron deficient nickel center is preferable, most likely
because this leads to easier activation.

In reaction C, 1-chloronaphthalene was paired with a relatively deactivated nucleophile, 4-
trifluoromethylphenylbor-onic acid. In this reaction, two precatalysts achieved yields
significantly higher than that of 1-CI namely, the 2,4,6-aryl- substituted complexes 13 and
14. Given that reaction C requires a long reaction time (16 h) and that 13 and 14 both
contain very large aryl groups, the increased efficiency of these precatalysts may be related
to the fact that a larger amount of nickel likely enters the catalytic cycle. This is because
systems with more sterically bulky aryl groups form fewer off-cycle nickel(l) complexes
(vide supra). In a slower reaction the rate of activation presumably becomes relatively less
important and the amount of nickel that eventually enters the catalytic cycle is more
important. Nevertheless, with the most sterically bulky precatalyst 16, almost no product is
obtained. We suggest that this is because the slow rate of precatalyst activation means that a
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significant amount of nickel(0) is never generated in the reaction. In general, for reaction C,
apart from the almost universally poorly performing 7, 12, and 16 and the high performance
of 12 and 13, all other precatalysts gave comparable performance. This includes the
methoxy-functionalized precatalysts 5, 9, and 15.

In reaction D, an electrophile that is difficult to oxidatively add, 4-trifluoromethylphenyl
sulfamate, was coupled with an electron-rich boronic acid, 4-methoxyphenylboronic acid.
For this reaction all precatalysts performed poorly. The only precatalyst able to achieve
greater than a 50% yield of cross-coupled product was 1-Cl. There are no obvious trends in
the performance of other precatalysts, and the exact reasons 1-Cl gives better activity are
unclear. The results from reaction E are perhaps the most surprising. In this case all
precatalysts gave approximately 35% yield, even the precatalysts that were unable to
catalyze reactions A—D. One explanation for these results may be that the presence of
coordinating heteroatoms generates common intermediates that undergo slow elementary
steps; this scenario negates any differences in the rates of activation that arise from different
structural features on the precatalyst. For example, pyridyl electrophiles are known to
generate off-cycle, pyridyl-bridged Ni(ll) dinuclear complexes in Buchwald-Hartwig
amination reactions after oxidative addition.2> In this reaction, the 2-chloroquinoline
electrophile may result in similar off-cycle species and the catalytic activity may be
governed by the rate at which this off-cycle species, which will be the same regardless of the
initial structure of the precatalyst, re-enters the catalytic cycle.

In several of our test reactions, we hypothesize that the differences in yields are related to
the rate at which a precatalyst activates and the amount of unproductive comproportionation
that occurs. For reactions requiring longer reaction times, we propose that bulkier
precatalysts may be superior because they activate more slowly and do not undergo as much
comproportionation during activation, resulting in an increased lifetime in catalysis. To
probe the lifetime of the active catalyst as a function of the steric bulk of the precatalyst, we
devised a spiking experiment. In this experiment, we performed reaction A as previously
described but then added an additional 1 equiv of electrophile after 4 h. The reaction was
then allowed to proceed for another 4 h (so that the experiment lasted 8 h in total), after
which the yield of cross-coupled product was analyzed (Figure 6). This experiment was
conducted using precatalysts 1-Br, 6, 11, 14, and 16, which are similar electronically but
have different steric properties. The bulkiest precatalyst, 16, is able to produce the highest
total yield of cross-coupled product after spiking, in contrast to our original results from
reaction A. In fact, the yield of cross-coupled product in the reaction catalyzed by 16 is
approximately 20% higher than that of any of the other precatalysts tested. These data are
consistent with our model in which 16 is activated more slowly and does not
comproportionate, leaving more unreacted precatalyst available in the second 4 h to activate
and couple the freshly added electrophile. In contrast, the relatively small precatalysts are
proposed to activate rapidly during the first 4 h and undergo significant decomposition,
leaving no viable catalyst to couple the additional electrophile added in the second segment.

Overall, there are several conclusions that can be made on the basis of our catalytic data. (1)
None of the aryl ligands tested in this work are more efficient than the o-tolyl ligand in the
state of the art 1-CI/Br system across the entire suite of catalytic reactions performed. (2)
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The performance of each precatalyst is reaction-dependent; this is exemplified, for example,
in the nature of the nucleophile having a drastic effect on the performance of the methoxy-
substituted species (reaction A versus reaction B) and the fact that the use of heteroaryls as
the electrophile and nucleophile (reaction E) resulted in similar performance from all
precatalysts, even those that did not work for previous reactions. Additionally, attempts to
correlate the performance of our precatalyst family with quantifiable properties, such as
percent buried volume2® or Hammett parameters,2” did not lead to meaningful associations
(see the Supporting Information). (3) As indicated by the results from reaction C, it may be
advantageous to use bulkier precatalysts for more challenging reactions where the rates of
the elementary steps are slower. In these reactions, the fact that more sterically bulky
precatalysts form fewer off-cycle nickel(l) species is more important than the fact that they
also activate more slowly. However, at this stage there is a tradeoff between rapid activation
and the selectivity of activation. Unfortunately, our results suggest that it is unlikely that
there is a “universal” aryl ligand which is optimal for all reactions; rather, within a given set
of design rules (for example, sterically bulky aryl ligands result in slower activation) the aryl
group may need to be optimized on a case by case basis for each individual reaction.
Furthermore, in many cases significant improvements in catalyst performance will not be
possible by changing the aryl ligand.

CONCLUSIONS

In this work we have prepared a family of precatalysts for cross-coupling of the form
(dppf)Ni(aryl)(Br) with electronically and sterically diverse aryl groups. In most cases these
species can be formed readily through the reaction of (dppf)NiBr;, with the appropriate
Grignard reagent. Studies using EPR spectroscopy indicate that the nature of the aryl group
influences the selectivity of precatalyst activation in a prototypical Suzuki—-Miyaura
reaction. More sterically bulky systems are less likely to form off-cycle nickel(l) species;
however, there is a tradeoff, as these precatalysts activate more slowly, which can lead to a
less efficient catalytic system. When the performance of our family of precatalysts was
compared for a diverse variety of Suzuki—-Miyaura reactions, general trends which indicate
that a particular aryl group is more desirable than another were not observed. In fact, our
results show that precatalyst performance is highly variable depending on the nature of both
the electrophile and nucleophile and that precatalysts which give poor performance in
comparison to other systems with one set of substrates can give very good performance with
a different set of substrates. For example, precatalysts containing a more sterically bulky aryl
group are generally better for substrates which undergo slow elementary reactions because
they increase the amount of nickel that is in an active form during catalysis. However, they
are less desirable for substrates which undergo rapid elementary steps because they activate
slowly. Given the complex dependence of precatalyst performance on the nature of the aryl
group and our inability to find a universally better system, we conclude that the original 1-
Cl/Br system is an excellent choice for initial investigations aimed at finding a precatalyst to
perform a particular reaction, especially given its commercial availability.5?28 If further
optimization of a reaction is required, modifying the aryl group of 1-CI/Br could lead to an
improved system, but in most cases it will be difficult to predict which modification will
result in better performance. It is also unclear if the results described in this work will be
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general to precatalysts containing other ancillary ligands, for example if the ancillary ligand
is changed to bipyridine instead of dppf, and further research is required to address this
issue.

EXPERIMENTAL SECTION

General Methods.

Experiments were performed under an atmosphere of dinitrogen in an MBraun glovebox or
using standard Schlenk techniques, unless specified otherwise. Purging of the glovebox
atmosphere was not performed between uses of pentane, benzene, toluene, diethyl ether, and
THF; as such, trace amounts of the solvents may have been present in the box atmosphere
and intermixed in the solvent bottles. All chemicals were used as received unless otherwise
stated. Air- or moisture-sensitive liquids were transferred using stainless steel cannulas on a
Schlenk line or in a glovebox. Solvents were dried via passage through a column of activated
alumina and subsequently stored under dinitrogen. Deuterated solvents were obtained from
Cambridge Isotope Laboratories. Powdered K3PO4 was purchased from Acros Organics,
finely ground using a mortar and pestle, heated in an oven at 120 °C for at least 24 h, and
stored in a glovebox. NMR spectra were recorded on Agilent 400, 500, and 600 MHz
spectrometers at ambient probe temperatures unless otherwise stated. Chemical shifts are
reported in ppm with respect to residual internal protio solvent for IH and 13C NMR spectra
and 31P{1H} NMR spectra are referenced via the 1H resonances based on the relative
gyromagnetic ratios. Gas chromatography was performed on a ThermoFisher Trace 1300
GC apparatus equipped with a flame ionization detector and a Supelco fused silica capillary
column (5 A molecular sieves, 30 m x 0.53 mm) using the following parameters: flow rate
1.23 mL/min constant flow, column temperature 50 °C (held for 5 min), 20 °C/min increase
to 300 °C (held for 5 min), total time 22.5 min. GC yields were calculated on the basis of
calibration curves generated using the independently synthesized biaryl product of interest.
Naphthalen-1-yl sulfamate and 4-trifluoromethylphenyl sulfamate were prepared according
to literature procedures.2? 1-C1,92 1-Br,% and 1620 were prepared following literature
procedures. X-band EPR spectra were recorded on a Bruker ELEXSY'S E500 EPR
spectrometer equipped with an SHQ resonator and an Oxford ESR-900 helium-flow cryostat
with the following settings: microwave frequency, 9.4 GHz; modulation frequency, 100 kHz;
modulation amplitude, 10 G; sweep time, 84 s; conversion time, 41 ms; time constant, 20
ms. One millimolar solutions of the samples of interest were prepared in the glovebox using
toluene for a total of 200 4L of solution per tube. The tubes were sealed in the glovebox and
immediately frozen in liquid nitrogen. Robertson Microlit Laboratories, Inc., performed the
elemental analyses (inert atmosphere).

General Procedure for the Synthesis of Nickel(ll) Precatalysts via Transmetalation.

All compounds, except for 7, were synthesized by modification of the previously described
literature method for the preparation of 1-Br.9216b (dppf)NiBr, (17; 100 mg, 0.129 mmol)
was placed in a 100 mL Schlenk flask containing a stir bar. A 10 mL portion of THF was
cannula-transferred into the flask, and the contents were stirred until dissolution. The flask
was cooled to 0 °C in an ice bath, after which the appropriate arylmagnesium bromide
Grignard reagent (0.129 mmol) was added dropwise using a gastight syringe. The solutions
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turned from dark green to orange in all cases by the end of the addition. The flask was
warmed to room temperature, after which the THF was removed under vacuum to yield an
orange residue. A 5 mL portion of methanol was placed in the flask, and the heterogeneous
mixture was sonicated for 3 min until a uniform suspension was obtained. The flask was
cooled in an ice bath for 15 min, and the resulting bright yellow solid was isolated by
vacuum filtration and analyzed by *H, 31p, 13C, and 1°F (if applicable) NMR spectroscopy
as well as elemental analysis. The synthesis of 7 is detailed in the Supporting Information,
along with characterization data and yields for compounds 1-6 and 8-15.

Crystallographic Information.

Single crystals of precatalysts were grown from a concentrated THF solution layered with
pentane or a concentrated dichloromethane solution layered with hexanes at —15 °C. Low-
temperature diffraction data (w-scans) were collected on a Rigaku SCX Mini diffractometer
coupled to a Rigaku Mercury275R CCD with Mo Ka radiation (1 = 0.71073 A). The
diffraction images were processed and scaled using Rigaku CryAlisPro software.30 The
structure was solved with SHELXT and was refined against /2 on all data by full-matrix
least squares with SHELXL.31 All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included in the model at geometrically calculated positions and
refined using a riding model. The isotropic displacement parameters of all hydrogen atoms
were fixed to 1.2 times the U value of the atoms to which they are linked (1.5 times for
methyl groups). See the Supporting Information for more information about the structures
solved in this work.

General Procedure for EPR Spectroscopy.

A stock solution containing naphthalen-1-yl sulfamate (0.266 mmol), naphthalene (0.133
mmol), and precatalyst (2.5 mol %, 0.00665 mmol) in 2 mL of toluene was prepared. 4-
Methoxyphenylboronic acid (50.0 mg, 0.333 mmol) and K3POy4 (127.2 mg, 0.599 mmol)
were weighed into a 1 dram vial containing a stir bar. A 1 mL portion of the stock solution
was placed via micropipet in the vial. The vial was tightly capped and removed from the
glovebox. The vial was then placed in an aluminum heating block with a thermocouple at
room temperature, and the contents were stirred for 4 h. In order to record an EPR spectrum,
61 4L of the reaction mixture was removed from the catalytic reaction in a glovebox and
placed in an EPR tube along with 139 /1 of toluene. The tube was sealed, removed from the
glovebox, and immediately frozen in liquid nitrogen. The EPR spectrum was then recorded.
The presence of bromide-ligated nickel(l) species was verified by the septet hyperfine
splitting patternin g, .

General Procedure for Catalysis for Reactions A, A’, A’’, B, and D.

A stock solution containing aryl sulfamate (0.266 mmol), naphthalene (0.133 mmol), and
precatalyst (2.5 mol %, 0.00665 mmol) in 2 mL of toluene was prepared. Boronic acid and
K3PO4 were weighed into a 1 dram vial containing a stir bar. A 1 mL portion of the stock
solution was placed via micropipet in the vial. The vial was tightly capped and removed
from the glovebox. The vial was then placed in an aluminum heating block with a
thermocouple at room temperature, and the contents were stirred for the appropriate amount
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of time. In order to prepare a GC sample, the reactions were quenched by exposure to ai,
after which 100-200 i of the reaction mixture was placed on an ~5 ¢cm plug of silica and
eluted with ethyl acetate. The yield of cross-coupled product was determined by gas
chromatography, referenced to the naphthalene internal standard. All reactions were
performed in duplicate, and the reported yields are the average of two runs.

General Procedure for Catalysis for Reactions C and E.

A stock solution containing aryl chloride (0.4 mmol), naphthalene (0.2 mmol), and
precatalyst (2.5 mol %, 0.01 mmol) in 680 L of 1,4- dioxane and 320 4L of benzene was
prepared. Boronic acid (0.4 mmol, 2 equiv) and K3PO,4 (0.8 mmol, 4 equiv) were weighed
into a 1 dram vial containing a stir bar. A 500 gL portion of the stock solution was placed
via micropipet in the vial. The vial was tightly capped and removed from the glovebox. The
vial was then placed in an aluminum heating block with a thermocouple at room
temperature, and the contents were stirred for the appropriate amount of time. In order to
prepare a GC sample, the reactions were quenched by exposure to air, after which 50-100
L of the reaction mixture was placed on an ~5 cm plug of silica and eluted with ethyl
acetate. The yield of cross-coupled product was determined by gas chromatography,
referenced to the naphthalene internal standard. All reactions were performed in duplicate,
and the reported yields are the average of two runs.

General Procedure for Spiking Experiments.

A stock solution containing naphthalen-1-yl sulfamate (66.6 mg, 0.266 mmol), naphthalene
(16.8 mg, 0.133 mmol, 0.5 equiv), and precatalyst (2.5 mol %, 0.00665 mmol) in 2 mL of
toluene was prepared. 4- Methoxyphenylboronic acid (49.9 mg, 0.333 mmol, 2.5 equiv) and
K3POy4 (127.2 mg, 0.599 mmol, 4.5 equiv) were weighed into a 1 dram vial containing a stir
bar. A 1 mL portion of the stock solution was placed via micropipet in the vial. The vial was
tightly capped and removed from the glovebox. The vial was then placed in an aluminum
heating block with a thermocouple at room temperature, and the contents were stirred for 4
h. Another stock solution was prepared, containing naphthalen-1-yl sulfamate (66.6 mg,
0.266 mmol) in 1 mL of toluene. After 4 h, the vial was brought back into the glovebox,
after which 500 £ of the stock solution containing only naphthalen-1-yl sulfamate was
added. The vial was capped tightly and removed from the glovebox, and the contents were
stirred in the aluminum heating block at room temperature for another 4 h. In order to
prepare a GC sample, the reactions were quenched by exposure to air, after which 50-100
L of the reaction mixture was placed on an ~5 ¢cm plug of silica and eluted with ethyl
acetate. The yield of cross-coupled product was determined by gas chromatography,
referenced to the naphthalene internal standard. All reactions were performed in duplicate,
and the reported yields are the average of two runs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Organometallics. Author manuscript; available in PMC 2019 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beromi et al. Page 14

ACKNOWLEDGMENTS

N.H. acknowledges support from the NIHGMS under Award Number R0O1GM120162. M.M.B. thanks the NSF for
support as an NSF Graduate Research Fellow. The EPR spectroscopy work was supported by the Department of
Energy, Office of Basic Energy Sciences, Division of Chemical Sciences grant DE-FG02-05ER15646 (H.M.C.L.,
G.B., and G.W.B.). N.H. is a Camille and Henry Dreyfus Foundation Teacher Scholar.

REFERENCES

(2). (a) Miyaura N; Suzuki A Palladium-Catalyzed Cross-Coupling Reactions of Organoboron
Compounds. Chem. Rev 1995, 95, 2457-2483(b) de Meijere A; Diederich F Metal Catalyzed
Cross-Coupling Reactions; Wiley-VCH: 2004; Vol. 1.(c) Nicolaou KC; Bulger PG; Sarlah D
Palladium-Catalyzed Cross-Coupling Reactions in Total Synthesis. Angew. Chem., Int. Ed 2005,
44, 4442-4489.(d) Corbet J-P; Mignani G Selected Patented Cross-Coupling Reaction
Technologies. Chem. Rev 2006, 106, 2651-2710. [PubMed: 16836296] (e) Buchwald SL Cross
Coupling. Acc. Chem. Res 2008, 41, 1439-1439. [PubMed: 19032082] (f) Magano J; Dunetz JR
Large-Scale Applications of Transition Metal-Catalyzed Couplings for the Synthesis of
Pharmaceuticals. Chem. Rev 2011, 111, 2177-2250. [PubMed: 21391570] (g) New Trends in
Cross-Coupling: Theory and Applications; Colacot TJ Ed.; The Royal Society of Chemistry:
Cambridge, U.K., 2015; RSC Catalysis Series No. 21.(h) Gildner PG; Colacot TJ Reactions of
the 21st Century: Two Decades of Innovative Catalyst Design for Palladium-Catalyzed Cross-
Couplings. Organometallics 2015, 34, 5497-5508.(i) Ruiz-Castillo P; Buchwald SL Applications
of Palladium-Catalyzed C—N Cross-Coupling Reactions. Chem. Rev 2016, 116, 12564-12649.
[PubMed: 27689804] (j) Hazari N; Melvin PR; Beromi MM Well-Defined Nickel and Palladium
Precatalysts for Cross-Coupling. Nat. Rev. Chem 2017, 1, 0025. [PubMed: 29034333]

(2). (a) Rosen BM; Quasdorf KW; Wilson DA; Zhang N; Resmerita A-M; Garg NK; Percec V Nickel-
Catalyzed Cross- Couplings Involving Carbon—-Oxygen Bonds. Chem. Rev 2011, 111, 1346-
1416. [PubMed: 21133429] (b) Han F-S Transition-Metal-Catalyzed Suzuki—Miyaura Cross-
Coupling Reactions: A Remarkable Advance from Palladium to Nickel Catalysts. Chem. Soc.
Rev 2013, 42, 5270-5298. [PubMed: 23460083] (c) Tasker SZ; Standley EA; Jamison TF Recent
Advances in Homogeneous Nickel Catalysis. Nature 2014, 509, 299-309. [PubMed: 24828188]
(d) Ananikov VP Nickel: The “Spirited Horse” of Transition Metal Catalysis. ACS Catal 2015, 5,
1964-1971.(e) Lavoie CM; Stradiotto M Bisphosphines: A Prominent Ancillary Ligand Class for
Application in Nickel-Catalyzed C—N Cross-Coupling. ACS Catal 2018, 8, 7228-7250.

(3). (a) Netherton M; Fu G Nickel-Catalyzed Cross-Couplings of Unactivated Alkyl Halides and
Pseudohalides with Organometallic Compounds. Adv. Synth. Catal 2004, 346, 1525-1532.(b)
Jones GD; McFarland C; Anderson TJ; Vicic DA Analysis of Key Steps in the Catalytic Cross-
Coupling of Alkyl Electrophiles under Negishi-like Conditions. Chem. Commun 2005, 4211—
4213.(c) Hu X Nickel-Catalyzed Cross Coupling of Non-Activated Alkyl Halides: A Mechanistic
Perspective. Chem. Sci 2011, 2, 1867-1886.(d) Everson DA; Weix DJ Cross-Electrophile
Coupling: Principles of Reactivity and Selectivity. J. Org. Chem 2014, 79, 4793-4798. [PubMed:
24820397] (e) Weix DJ Methods and Mechanisms for Cross-Electrophile Coupling of Csp2
Halides with Alkyl Electrophiles. Acc. Chem. Res 2015, 48, 1767-1775. [PubMed: 26011466]
(f) Fu GC Transition-Metal Catalysis of Nucleophilic Substitution Reactions: A Radical
Alternative to SN1 and SN2 Processes. ACS Cent. Sci 2017, 3, 692-700. [PubMed: 28776010]
(9) Choi J; Fu GC Transition Metal-Catalyzed Alkyl-Alkyl Bond Formation: Another Dimension
in Cross-Coupling Chemistry. Science 2017, 356, eaaf7230. [PubMed: 28408546] (h) Twilton J;
Le C; Zhang P; Shaw MH; Evans RW; MacMillan DWC The Merger of Transition Metal and
Photocatalysis. Nat. Rev. Chem 2017, 1, 0052.

(4). For recent mechanistic investigations of the oxidative addition of alkyl electrophiles to nickel
species, see: Kehoe R; Mahadevan M; Manzoor A; McMurray G; Wienefeld P; Baird MC;
Budzelaar PHM Reactions of the Ni(0) Compound Ni(PPh3)4 with Unactivated Alkyl Halides:
Oxidative Addition Reactions Involving Radical Processes and Nickel(l) Intermediates.
Organometallics 2018, 37, 2450-2467.

(5). (a) Cornella J; Zarate C; Martin R Metal-Catalyzed Activation of Ethers via C-O Bond Cleavage:
A New Strategy for Molecular Diversity. Chem. Soc. Rev 2014, 43, 8081-8097. [PubMed:

Organometallics. Author manuscript; available in PMC 2019 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beromi et al.

Page 15

25157613] (b) Tobisu M; Chatani N Cross-Couplings Using Aryl Ethers via C-O Bond
Activation Enabled by Nickel Catalysts. Acc. Chem. Res 2015, 48, 1717-1726. [PubMed:
26036674] (c) Takise R; Muto K; Yamaguchi J Cross-Coupling of Aromatic Esters and Amides.
Chem. Soc. Rev 2017, 46, 5864-5888. [PubMed: 28685781] (d) Guo L; Rueping M
Decarbonylative Cross-Couplings: Nickel Catalyzed Functional Group Interconversion Strategies
for the Construction of Complex Organic Molecules. Acc. Chem. Res 2018, 51, 1185-1195.
[PubMed: 29652129] (e) Guo L; Rueping M Transition-Metal-Catalyzed Decarbonylative
Coupling Reactions: Concepts, Classifications, and Applications. Chem. - Eur. J 2018, 24, 7794—
7809. [PubMed: 29757465]

(6). Weires NA; Caspi DD; Garg NK Kinetic Modeling of the Nickel-Catalyzed Esterification of

Amides. ACS Catal 2017, 7, 4381-4385. [PubMed: 28713644]

(7). (@) Marion N; Nolan SP Well-Defined N-Heterocyclic Carbenes—Palladium(Il) Precatalysts for

Cross-Coupling Reactions. Acc. Chem. Res 2008, 41, 1440-1449. [PubMed: 18774825] (b) Li
H; Johansson Seechurn CCC; Colacot TJ Development of Preformed Pd Catalysts for Cross-
Coupling Reactions, Beyond the 2010 Nobel Prize. ACS Catal 2012, 2, 1147-1164.(c) Bruno
NC; Tudge MT; Buchwald SL Design and Preparation of New Palladium Precatalysts for C-C
and C-N Cross-Coupling Reactions. Chem. Sci 2013, 4, 916-920. [PubMed: 23667737] (d)
Froese RDJ; Lombardi C; Pompeo M; Rucker RP; Organ MG Designing Pd—N-Heterocyclic
Carbene Complexes for High Reactivity and Selectivity for Cross-Coupling Applications. Acc.
Chem. Res 2017, 50, 2244-2253. [PubMed: 28837317]

(8). For representative examples see ref 1j as well as: (a) Macklin TK; Snieckus V Directed Ortho

Metalation Methodology. The N,N- Dialkyl Aryl O-Sulfamate as a New Directed Metalation
Group and Cross-Coupling Partner for Grignard Reagents. Org. Lett 2005, 7, 2519-2522.
[PubMed: 15957880] (b) Malyshev DA; Scott NM; Marion N; Stevens ED; Ananikov VP;
Beletskaya IP; Nolan SP Homogeneous Nickel Catalysts for the Selective Transfer of a Single
Avrylthio Group in the Catalytic Hydrothiolation of Alkynes. Organometallics 2006, 25, 4462—
4470.(c) Ge S; Hartwig JF Highly Reactive, Single- Component Nickel Catalyst Precursor for
Suzuki-Miyuara Cross-Coupling of Heteroaryl Boronic Acids with Heteroaryl Halides. Angew.
Chem., Int. Ed 2012, 51, 12837-12841.(d) Martin AR; Makida Y; Meiries S; Slawin AMZ;
Nolan SP Enhanced Activity of [Ni(NHC)CpCI] Complexes in Arylamination Catalysis.
Organometallics 2013, 32, 6265-6270.(e) Martin AR; Nelson DJ; Meiries S; Slawin AMZ;
Nolan SP Efficient C-N and C-S Bond Formation Using the Highly Active
[Ni(allyl)CI(IPr*OMe)] Precatalyst. Eur. J. Org. Chem 2014, 2014, 3127-3131.(f) Makida Y;
Marelli E; Slawin AMZ; Nolan SP Nickel-Catalysed Carboxylation of Organoboronates. Chem.
Commun 2014, 50, 8010-8013.(g) Fernandez-Salas JA; Marelli E; Cordes DB; Slawin AMZ;
Nolan SP General and Mild NiO-Catalyzed a.-Arylation of Ketones Using Aryl Chlorides. Chem.
- Eur. J 2015, 21, 3906-3909. [PubMed: 25611197] (h) Marelli E; Fernaindez-Salas JA; Nolan SP
Synthesis of an Intermediate of Nafoxidine via Nickel-Catalyzed Ketone Arylation. Synthesis
2015, 47, 2032-2037.

(9). (a) Standley EA; Smith SJ; Muller P; Jamison TF A Broadly Applicable Strategy for Entry into

(10).

Homogeneous Nickel(0) Catalysts from Air-Stable Nickel(11) Complexes. Organometallics 2014,
33, 2012-2018. [PubMed: 24803717] (b) Malineni J; Jezorek RL; Zhang N; Percec V An
Indefinitely Air-Stable o-Nill Precatalyst for Quantitative Cross-Coupling of Unreactive Aryl
Halides and Mesylates with Aryl Neopentylglycolboronates. Synthesis 2016, 48, 2795-2807.(c)
Malineni J; Jezorek RL; Zhang N; Percec V NillCI(1-Naphthyl)(PCy3)2, An Air-Stable o-Nill
Precatalyst for Quantitative Cross-Coupling of Aryl C-O Electrophiles with Aryl
Neopentylglycolboronates. Synthesis 2016, 48, 2808-2815.

(a) Chen Q; Yang L-M Ni(ll)-(o-Aryl) Complex: A Facile, Efficient Catalyst for Nickel-
Catalyzed Carbon-Nitrogen Coupling Reactions. J. Org. Chem 2007, 72, 6324-6327. [PubMed:
17625889] (b) Gao C-Y; Yang L-M Nickel-Catalyzed Amination of Aryl Tosylates. J. Org. Chem
2008, 73, 1624-1627. [PubMed: 18198889] (c) Fan X-H; Yang L-M Room-Temperature Nickel-
Catalysed Suzuki-Miyaura Reactions of Aryl Sulfonates/ Halides with Arylboronic Acids. Eur.

J. Org. Chem 2011, 2011, 1467-1471.(d) Leowanawat P; Zhang N; Safi M; Hoffman DJ;
Fryberger MC; George A; Percec V trans-Chloro(1-Naphthyl)- bis(triphenylphosphine)nickel(11)/
PCy3 Catalyzed Cross-Coupling of Aryl and Heteroaryl Neopentylglycolboronates with Aryl and
Heteroaryl Mesylates and Sulfamates at Room Temperature. J. Org. Chem 2012, 77, 2885-2892.

Organometallics. Author manuscript; available in PMC 2019 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beromi et al.

(12).

12).

(13).

(14).

(15).

(16).

Q.

(18).

(19).

(20).

(1)

(22).

Page 16

[PubMed: 22369478] (e) Chen Q; Fan X-H; Zhang L-P; Yang L-M Nickel-Catalyzed Cross-
Coupling of Carboxylic Anhy- drides with Arylboronic Acids. RSC Adv 2014, 4, 53885-53890.
(f) Jover J; Miloserdov FM; Benet-Buchholz J; Grushin VV; Maseras F On the Feasibility of
Nickel-Catalyzed Trifluoromethylation of Aryl Halides. Organometallics 2014, 33, 6531-6543.

Christian AH; Miller P; Monfette S Nickel Hydroxo Complexes as Intermediates in Nickel-
Catalyzed Suzuki—Miyaura Cross-Coupling. Organometallics 2014, 33, 2134-2137.

Xing C-H; Lee J-R; Tang Z-Y; Zheng JR; Hu Q-S Room Temperature Nickel(I11) Complexes [(4-
MeOCgH4)Ni- (PCy3)20Ts and Ni(PCy3)2X2]-Catalyzed Cross-Coupling Reactions of Aryl/
Alkenyl Sulfonates with Arylboronic Acids. Adv. Synth. Catal 2011, 353, 2051-2059.

(@) Lei X; Obregon KA; Alla J Suzuki-Miyaura Coupling Reactions of Aryl Chlorides Catalyzed
by a New Nickel(ll) o-aryl Complex. Appl. Organomet. Chem 2013, 27, 419-424.(b) Hu F; Lei
X A Nickel Precatalyst for Efficient Cross-Coupling Reactions of Aryl Tosylates with
Arylboronic Acids: Vital Role of dppf. Tetrahedron 2014, 70, 3854-3858.(c) Jezorek RL; Zhang
N; Leowanawat P; Bunner MH; Gutsche N; Pesti AKR; Olsen JT; Percec V Air-Stable Nickel
Precatalysts for Fast and Quantitative Cross-Coupling of Aryl Sulfamates with Aryl
Neopentylglycolboronates at Room Temperature. Org. Lett 2014, 16, 6326-6329. [PubMed:
25467653]

(a) Strieth-Kalthoff F; Longstreet AR; Weber JM; Jamison TF Bench-Stable N-Heterocyclic
Carbene Nickel Precatalysts for C-C and C—N Bond-Forming Reactions. Chem- CatChem 2018,
10, 2873-2877.(b) Weber JM; Longstreet AR; Jamison TF Bench-Stable Nickel Precatalysts with
Heck-type Activation. Organometallics 2018, 37, 2716. [PubMed: 30174368]

(a) McGuinness DS; Cavell KJ; Skelton BW; White AH Zerovalent Palladium and Nickel
Complexes of Heterocyclic Carbenes: Oxidative Addition of Organic Halides, Carbon—Carbon
Coupling Processes, and the Heck Reaction. Organometallics 1999, 18, 1596-1605.(b) Lavoie
CM; MacQueen PM; Rotta-Loria NL; Sawatzky RS; Borzenko A; Chisholm AJ; Hargreaves
BKV; McDonald R; Ferguson MJ; Stradiotto M Challenging Nickel-Catalysed Amine Arylations
Enabled by Tailored Ancillary Ligand Design. Nat. Commun 2016, 7, 11073. [PubMed:
27004442] (c) Clark JSK; Lavoie CM; MacQueen PM; Ferguson MJ; Stradiotto MA
Comparative Reactivity Survey of Some Prominent Bisphosphine Nickel(ll) Precatalysts in C-N
Cross-Coupling. Organometallics 2016, 35, 3248-3254.

(a) Guard LM; Mohadjer Beromi M; Brudvig GW; Hazari N; Vinyard DJ Comparison of dppf-
Supported Ni Precatalysts for the Suzuki-Miyaura Reaction: The Observation and Activity of
Ni(l). Angew. Chem., Int. Ed 2015, 54, 13352-13356.(b) Mohadjer Beromi M; Nova A, Balcells
D; Brasacchio AM; Brudvig GW; Guard LM; Hazari N; Vinyard DJ Mechanistic Study of an
Improved Ni Precatalyst for Suzuki-Miyaura Reactions of Aryl Sulfamates: Understanding the
Role of Ni(l) Species. J. Am. Chem. Soc 2017, 139, 922-936. [PubMed: 28009513]

Standley EA; Jamison TF Simplifying Nickel(0) Catalysis: An Air-Stable Nickel Precatalyst for
the Internally Selective Benzylation of Terminal Alkenes. J. Am. Chem. Soc 2013, 135, 1585—
1592. [PubMed: 23316879]

Park NH; Teverovskiy G; Buchwald SL Development of an Air-Stable Nickel Precatalyst for the
Amination of Aryl Chlorides, Sulfamates, Mesylates, and Triflates. Org. Lett 2014, 16, 220-223.
[PubMed: 24283652]

(a) Shields JD; Gray EE; Doyle AG A Modular, Air-Stable Nickel Precatalyst. Org. Lett 2015,
17, 2166-2169. [PubMed: 25886092] (b) Magano J; Monfette S Development of an Air-Stable,
Broadly Applicable Nickel Source for Nickel-Catalyzed Cross-Coupling. ACS Catal 2015, 5,
3120-3123.

Mohadjer Beromi M; Banerjee G; Brudvig GW; Hazari N; Mercado BQ Nickel(l) Aryl Species:
Synthesis, Properties, and Catalytic Activity. ACS Catal 2018, 8, 2526-2533. [PubMed:
30250755]

Yin G; Kalvet I; Englert U; Schoenebeck F Fundamental Studies and Development of Nickel-
Catalyzed Trifluoromethylthiolation of Aryl Chlorides: Active Catalytic Species and Key Roles
of Ligand and Traceless MeCN Additive Revealed. J. Am. Chem. Soc 2015, 137, 4164-4172.
[PubMed: 25790253]

(a) Tsou TT; Kochi JK Mechanism of Oxidative Addition. Reaction of Nickel(0) Complexes with
Aromatic Halides. J. Am. Chem. Soc 1979, 101, 6319-6332.(b) Bajo S; Laidlaw G; Kennedy

Organometallics. Author manuscript; available in PMC 2019 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beromi et al.

(23).

(24).

(25).

(26).

@7).

(28).

(29).

(30).
(31).

Page 17

AR; Sproules S; Nelson DJ Oxidative Addition of Aryl Electrophiles to a Prototypical Nickel(0)
Complex: Mechanism and Structure/Reactivity Relationships. Organometallics 2017, 36, 1662—
1672.(c) Manzoor A; Wienefeld P; Baird MC; Budzelaar PHM Catalysis of Cross-Coupling and
Homocoupling Reactions of Aryl Halides Utilizing Ni(0), Ni(l), and Ni(ll) Precursors; Ni(0)
Compounds as the Probable Catalytic Species but Ni(lI) Compounds as Intermediates and
Products. Organometallics 2017, 36, 3508-35109.

Berman RS; Kochi JK Kinetics and Mechanism of Oxygen Atom Transfer from Nitro
Compounds Mediated by Nickel(0) Complexes. Inorg. Chem 1980, 19, 248-254.

Partyka DV Transmetalation of Unsaturated Carbon Nucleophiles from Boron-Containing
Species to the Mid to Late d-Block Metals of Relevance to Catalytic C—X Coupling Reactions (X
=C,F N, O, Pb, S, Se, Te). Chem. Rev 2011, 111, 1529-1595. [PubMed: 21391563]

Rull SG; Funes-Ardoiz I; Maya C; Maseras F; Fructos MR; Belderrain TR; Nicasio MC
Elucidating the Mechanism of Aryl Aminations Mediated by NHC-Supported Nickel Complexes:
Evidence for a Nonradical Ni(0)/Ni(Il) Pathway. ACS Catal 2018, 8, 3733-3742.

Falivene L; Credendino R; Poater A; Petta A; Serra L; Oliva R; Scarano V; Cavallo L SambVca
2. A Web Tool for Analyzing Catalytic Pockets with Topographic Steric Maps. Organometallics
2016, 35, 2286-2293.

(a) Hammett LP The Effect of Structure upon the Reactions of Organic Compounds. Benzene
Derivatives. J. Am. Chem. Soc 1937, 59, 96-103.(b) Hansch C; Leo A; Taft RW A Survey of
Hammett Substituent Constants and Resonance and Field Parameters. Chem. Rev 1991, 91, 165-
195.

The complex 1-Cl is available from Millipore Sigma, product number 802948, or Strem
Chemicals, product number 28-0518.

(a) Quasdorf KW; Riener M; Petrova KV; Garg NK Suzuki—Miyaura Coupling of Aryl
Carbamates, Carbonates, and Sulfamates. J. Am. Chem. Soc 2009, 131, 17748-17749. [PubMed:
19928764] (b) Quasdorf KW; Antoft-Finch A; Liu P; Silberstein AL; Komaromi A; Blackburn T;
Ramgren SD; Houk KN; Snieckus V; Garg NK Suzuki-Miyaura Cross-Coupling of Aryl
Carbamates and Sulfamates: Experimental and Computational Studies. J. Am. Chem. Soc 2011,
133, 6352-6363. [PubMed: 21456551] (c) Giffin NA; Makramalla M; Hendsbee AD; Robertson
KN; Sherren C; Pye CC; Masuda JD; Clyburne JAC Anhydrous TEMPO-H: Reactions of a Good
Hydrogen Atom Donor with Low-Valent Carbon Centres. Org. Biomol. Chem 2011, 9, 3672-
3680. [PubMed: 21472176]

CrysAlis Pro; Rigaku: The Woodlands, TX, 2015.

Sheldrick GA Short History of SHELX. Acta Crystallogr., Sect. A: Found. Crystallogr 2008, 64,
112-122.

Organometallics. Author manuscript; available in PMC 2019 November 15.



]

CI\ /L
0O
g to
L = PPhy, PCys
*Suzuki-Miyaura

X=Cl, Br
L = PPhCy,, PPh,Cy,
PPhj, PCys3, tmiy
*Suzuki-Miyaura
*Buchwald-Hartwig
*Benzylations
*Carbonyl-ene reactions

Scheme 1.
Previous Examples of Ni(ll) o-Aryl Precatalysts and Summary of the Present Work

Beromi et al.
Naphthyl & Anthracenyl Derivatives
> LS
c %"\ /L
[ ' l
> + Ni O
9‘ g
<
QD
2 X =Cl, Br
7)) L = PPhs, PCy;
Qe dippf, deypf
5 *Cyanations
— *Suzuki-Miyaura
*Buchwald-Hartwig
. Trifluoromethylations__
Aryl-Alkene Derivatives
X L
N /
Ni
Z X
—
2
=
= X=Cl,Br
) L= PPhC)‘g. PPhg
5 *Carbonyl-ene reactions
c
(72}
(@]
.
©
—
>
c
—+
>0
o
=
<
Q
>
c
wn
(@)
.
o
—+
>
[
—
>
(@)
-
<
Q
>
c
(72}
(@]
.
o
~+

L =PCy,
*Suzuki-Miyaura

X=Cl, Br
L = dppf, JosiPhos,
PAd-Dalphos,
TMEDA
*Suzuki-Miyaura
*Buchwald-Hartwig

Page 18

Phenyl Derivatives
H
X L TsO L L: o
'd I rd
\Ni” \Ni“ \Ni“
‘D¢ o
X = Cl, Br OMe: e
L = PPhg L=PCy; L=PCy;

*Suzuki-Miyaura

*Suzuki-Miyaura

P\ /Br This work:
Fle Ni' +14 aryl ligand analogues synthesized
! P/ sprecatalyst activation studied
= Ph, eperformance in 5 Suzuki-Miyaura
reactions analyzed
R
v PR, _NMe, N > PCy, -
Fe | . | V PCy, _ p D'O/_"
< —PR., NMe, N™ ™ Fe e [
R = Ph, dppf TMEDA  tmiy Nt h P{o-tol),
Pr, dippf siPhos
: PP JosiPhos PAd-DalPhos

deypf

Organometallics. Author manuscript; available in PMC 2019 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Beromi et al. Page 19

P. X _ctwatlon compropomonatmn
N B(OH); — \ [ \
Nil i @’ base _<z£> N|—X
P/ R R' P\
; + Nl"
0 cai‘a!yrmaﬂy |:,/ m 2 sfabﬂ'e

R @ active @ less cat ive catalytically poor
X = Cl, Br R

R

oxidative
addition

Scheme 2.
Summary of Previous Work Exploring Comproportionation during the Activation Process To

Form Catalytically Inactive Nickel(I) Complexes
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Scheme 3.
(a) Generic Synthesis of Precatalysts from Transmetalation of 17 with Arylmagnesium

Bromide Grignard Reagents? and (b) Synthesis of 7 via Oxidative Addition of 2-Bromo-5-
nitrotoluene to 18
4Specific reaction conditions for each precatalyst are given in the Supporting Information.
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Precatalysts examined in this work.
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Figure 2.
1H NMR spectra of the region containing the cyclopentadienyl resonances for precatalyst 11

at (a) 25 °C and (b) -50 °C.
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Figure 3.
ORTEP drawings of 4, 5, 6, 8, and 14. Thermal ellipsoids are shown at the 50% probability

level. Hydrogen atoms and solvent of crystallization have been omitted for clarity. Only one
of the structures is shown in the case of 5, in which there are two independent molecules in
the unit cell.
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Figure 4.
Yields and in situ low-temperature, X-band EPR spectra for the reaction of naphthalen-1-yl

sulfamate with 4-methoxyphenylboronic acid catalyzed by precatalysts of the form
(dppf)Ni'laryl)(Br).
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Figure 5.

(a) Reactions screened in this work. (b) Heat map of cross-coupled product yield as a
function of precatalyst and reaction screened. The values in the cells correspond to GC

yields of cross-coupled product, reported as the average of at least two runs. The variability

between runs was typically between 0 and 10%. Specific conditions for each reaction are
provided in the Supporting Information.
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Figure 6.

Yield of cross-coupled product for catalytic reactions in which reaction A was spiked with
additional electrophile after 4 h. Reaction conditions: 0.133 mmol of naphthalen-1-yl
sulfamate, 0.333 mmol of 4-methoxyphenylboronic acid, 0.599 mmol of K3PO,, 0.00333
mmol of precatalyst, 0.0665 mmol of naphthalene (internal standard), 1 mL of toluene.
Catalysis was run for 4 h, after which another 0.133 mmol of naphthalen-1-yl sulfamate in
500 i of toluene was added. Reactions were run in duplicate, and yields are reported as the
average of two runs. Yields are reported relative to the total amount of electrophile added to
the reaction.
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Table 1.

Selected Bond Lengths and Angles of the Crystallized Precatalysts

Species  Ni—Cypyi(A) Ni—Pyrans(A) P-Ni-P (deg)

1.cla  1.922(10) 2.2874(3) 102.02(1)

4 1.897(6) 2.2564(17) 101.39(6)

5b 1.896(18), 1.898(17)  2.274(6), 2.263(5)  100.08(19), 100.09(19)
6 1.890(7) 2.278(2) 102.54(8)

8 1.891(9) 2.280(3) 101.77(10)

14 1.906(6) 2.2460(17) 100.11(6)

16€ 1.960(7) 2.290(2) 99.81(8)

aData obtained from ref 17.

b . . . . .
Two sets of geometric parameters are included because there are two independent molecules in the unit cell.

DData obtained from ref 19.
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