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ABSTRACT: This Article demonstrates a mild oxidatively-induced C(sp*)-H activation at a high valent Ni center. In contrast to
most C(sp*)-H activation reactions at Ni', the transformation proceeds at room temperature and generates an isolable Ni'V -alkyl
complex. DFT studies show two plausible mechanisms for this C—H activation process, involving triflate-assisted C—H cleavage at
either a Ni'V or a Ni'!l intermediate. The former pathway is modestly favored over the latter (by ~3 kcal/mol). The Ni"V g-alkyl product
of C—H cleavage reacts with a variety of nucleophiles to form C(sp*)-X bonds (X = halide, oxygen, nitrogen, sulfur, carbon). These
stoichiometric transformations can be coupled using N-fluoro-2,4,6-trimethylpyridinium triflate as a terminal oxidant in conjunction

with chloride as a nucleophile to achieve a proof-of-principle Ni

-catalyzed C(sp*)-H functionalization reaction.

Over the past decade, nickel-catalyzed C—H bond functional-
ization reactions have emerged as valuable methods for the for-
mation of new carbon—carbon and carbon-heteroatom bonds.'
Nickel-based catalysts offer the advantages of high abundance
and low cost, particularly relative to the more commonly stud-
ied palladium analogues.? In addition, Ni catalysis can enable
complementary functionalization pathways relative to Pd sys-
tems, based on the propensity of Ni to participate in both one
and two electron redox processes.>** The mechanism for
known Ni-catalyzed C—H functionalization reactions is shown
in Figure la. C—H activation (step i) is proposed to occur at a
low valent Ni" center (A) to afford a Ni" c-aryl or c-alkyl in-
termediate (B).'%'* Oxidative functionalization of this interme-
diate then releases the product and regenerates the Ni" catalyst
(step ii). This mechanistic manifold has proven effective for the
functionalization of both C(sp?)-H and C(sp*)-H bonds in sev-
eral contexts (most commonly, C—H bonds proximal to amino-
quinoline directing groups).® However, the substrate scope of
Ni-catalyzed C-H functionalization is currently far narrower
than that of analogous transformations at Pd.'*¢7 Additionally,
most Ni-catalyzed C—H functionalization reactions require forc-
ing conditions (generally temperatures in excess of 130 °C).°
Both of these limitations stem, at least in part, from the C-H
activation step, which is known to be considerably more chal-
lenging at Ni" than at analogous Pd" centers.’

We hypothesized that these limitations could potentially
be addressed by changing the oxidation state at Ni during the
C—H activation step (Figure 1b).”* Specifically, we sought to
develop a transformation in which C—H activation occurs at a
more electrophilic high valent Ni center rather than at a Ni" in-
termediate (for instance, a Ni'¥ complex like C in Figure 1b,
step 1).7*® This could then be followed by functionalization of
the resulting Ni'V c-aryl or c-alkyl intermediate (D) (step ii)’
and subsequent oxidation of Ni" (step iii) to regenerate the cat-
alyst. The viability of this approach is preliminarily supported

by our recent report showing that stoichiometric C(sp?)-H acti-
vation can occur at high valent Ni centers under remarkably
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Figure 1. (a) Mechanism for known Ni-catalyzed C—H functionaliza-
tion reactions (involving C—H activation at Nil"). (b) New pathway in-
volving C—H activation at Ni'V. (¢) This study.

mild conditions (10 min at 25 °C).!° However, as described in
detail below, the Ni'V g-aryl product is inert towards subsequent
functionalization (step ii), thus precluding catalytic turnover in
this system.

In this Article, we demonstrate a C(sp®)-H activation reaction
at high valent Ni that occurs within minutes at room tempera-
ture. Further, we show that, under appropriate conditions, the
Ni'V g-alkyl product undergoes functionalization with both het-
eroatom and carbon-based nucleophiles. Detailed investigations
of both the C—H activation and functionalization steps are de-
scribed. Ultimately, these studies are leveraged to achieve a
proof-of-principle catalytic cycle in which this mild C-H acti-
vation at high valent Ni is coupled with nucleophilic function-
alization to achieve several turnovers of a C(sp*)-H amination
reaction (Figure 1c).

Results and Discussion

We recently demonstrated that the reaction of Ni'l complex 4
with N-fluoro-2,4,6-trimethylpyridinium triflate (NFTPT) re-
sults in rapid oxidation and intramolecular C(sp®)-H activation
to afford the Ni'V c-aryl product 5 (X = F) (Figure 2).1° To
achieve the catalytic cycle in Figure 1, this Ni'¥ complex would
need to undergo functionalization to afford 6. As such, our ini-
tial studies explored the reactivity of 5 (with X = OTf to gener-
ate a better leaving group) with nucleophiles. However, the
treatment of 5 with a variety of different nucleophiles (e.g., flu-
oride, chloride, acetate, phenoxide) under numerous different
reaction conditions resulted in no trace of the corresponding
functionalized organic product 6 (see Supporting Information
for the reaction conditions examined). We hypothesize that this
is due to the lack of an open coordination site cis to the G-aryl
ligand, which precludes inner-sphere C(sp*)-Nuc bond-forming
reductive elimination to generate 6.°4!!
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Figure 2. Previously reported C(sp?)-H activation at Ni'V and unsuc-
cessful attempts to functionalize the Ni'V G-aryl product 5

We noted that C(sp*)-Nuc coupling reactions at Ni'V are
known to proceed via outer-sphere pathways that do not require
cis-coordination of the nucleophile to the metal center.*2
However, the cleavage of unactivated C(sp®)-H bonds at high
valent Ni centers is currently unprecedented.'> To assess the
feasibility of this transformation, we explored the oxidatively-
induced C(sp*)-H activation with Ni" starting material 1, which
is an alkyl analogue of 4 (Figure 3). Complex 1 was synthesized
via the reaction of ligand 7 with (MeCN),Ni(CF3),. Ligand sub-
stitution proceeded within 20 min at room temperature in di-
chloromethane to afford 1 in 88% yield (Figure 3). The "°F
NMR spectrum of 1 shows the expected singlet for the CF; lig-
ands (at —29 ppm) as well as a singlet for the fluorine on the
bipyridine ligand (at —142 ppm). Notably, this latter signal
shifts upfield by more than 25 ppm upon oxidation of the Ni
center. As such, it serves as a convenient spectroscopic handle

for monitoring the conversion of 1 to 2. The X-ray structure of
1 shows two crystallographically independent molecules in the
asymmetric unit. Both have square planar geometries, and the
average distance between the Ni" center and C1 is 2.940 A.
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Figure 3. Synthesis of 1 and ORTEP diagram at 50% probability level
(one of two molecules in unit cell is shown). Ni-C1 2.9313(4) and
2.948(4) A (in two molecules in unit cell).

The reaction of 1 with NFTPT was conducted using condi-
tions directly analogous to those for converting 4 = 5 (in di-
chloromethane at room temperature using 1.3 equiv of NFTPT;
Figure 4). The reaction was monitored via '°F NMR spectros-
copy using the fluorine on the ligand as a spectroscopic handle.
Within 10 min, complete consumption of the starting material
was observed along with the appearance of two products (6 =—
178 and —176 ppm) in a 4 : 1 ratio. These signals are consistent
with the formation of two different diamagnetic Ni'¥ products,
which were ultimately assigned as 2-F[HPyMe;*] and 2-OTf
(vide infra). A new singlet at 242 pm was also observed in the
crude "°F NMR spectrum. Both the chemical shift and integra-
tion of this signal suggest that the major product contains a
Ni'V—F bond.!? The crude reaction mixture was also interrogated
by '"H NMR spectroscopy to confirm that C(sp*)-H activation
had occurred. The 'H NMR spectrum shows singlets at 3.87 and
3.41 ppmin a 1 : 4 ratio, consistent with the formation of two
NiV g-alkyl products.

1.3 equiv F@ Coti

|
S

>
A (NFTPT)
N>Ni"\’CF3
N CFs  CH,Cl,
™ 22 °C, 10'min
(2-F[HPyMe;*]) (2-0TH)
73% 19%
(1) TMSCI
(2) ag. NaCl

Figure 4. Oxidatively induced C-H activation and ORTEP diagram of
2-Cl at the 50% probability level (solvent molecule omitted for clarity,
one of two crystallograpically independent molecules in asymmetric
unit is shown). Average Ni-C1 2.021 A.

Treatment of this crude reaction mixture with 1.3 equiv of
TMSCI followed by aqueous NaCl resulted in quantitative con-
version to a single Ni'V product, 2-Cl (Figure 4). This complex
was isolated in 65% yield and was characterized by 'H, '°F, and
3C NMR spectroscopy as well as X-ray crystallography. The
F NMR spectrum shows a ligand resonance at —176.0 ppm,
consistent with a diamagnetic Ni"¥ complex. The 'H NMR spec-
trum shows a singlet at 1.06 ppm that integrates to 6 protons,
corresponding to the two equivalent methyl groups. The protons



of the Ni'V c-alkyl appear as a singlet at 3.71 ppm. The X-ray
crystal structure of 2-Cl (Figure 4) shows the expected octahe-
dral geometry with an average Ni-C1 bond distance of 2.021 A.

Complex 2-Cl was then used as a starting material to estab-
lish the structure of the oxidation intermediates in Figure 4. The
treatment of 2-Cl with 5 equiv of AgF afforded 2-F in 78% iso-
lated yield (Figure 5). While the 1°’F NMR signal for the ligand
of 2-F is identical to that of the major product formed in situ
(8 =178 ppm), the Ni'V—F signal is shifted by more than 30
ppm to —274 ppm. This led us to hypothesize that the compound
formed in situ is a collidinium adduct, in which the basic fluo-
ride ligand reacts with the collidinium triflate formed during the
C(sp®)-H activation step. Consistent with this proposal, the
treatment of 2-F with 1 equiv of collidinium triflate (HpyMe;.
OTY) quantitatively afforded 2-F[HPyMe;*], which is spectro-
scopically identical to the in sifu product.
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Figure 5. Conversion of 2-Cl to 2-F and 2-F[HPyMe;*]. ORTEP dia-
gram of 2-F at the 50% probability level (one of two crystallograpically

independent molecules in asymmetric unit is shown). Average Ni—
C(sp®) 1.999 A, Ni-F 1.891 A.

We hypothesized that the minor product formed in sifu was
the triflate complex 2-OTf. This complex was independently
synthesized via the treatment of 2-Cl with TMSOTT (Figure 6).
The F and 'H NMR spectra match those associated with the
minor product observed in the oxidation reaction. The X-ray
structure of 2-OTf was obtained, and an ORTEP diagram is
shown in Figure 6. Notably, the triflate is bound to Ni (Ni-O =
2.073 A), despite being a relatively non-coordinating counter-
ion. This is likely due to the high electrophilicity of the Ni'V
center.
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Figure 6. Synthesis of 2-OTf from 2-Cl. ORTEP diagram of 2-OTf at
the 50% probability level. Ni-C(sp?®) 2.000(3) A, Ni-0 2.073(2) A.

We next undertook DFT studies to interrogate the mechanism
of this C(sp*)-H activation reaction and to compare it to the pre-
viously studied C(sp?)-H activation that forms complex 5 (Fig-
ure 2).“!% Two different pathways were examined: (1) a singlet
reaction profile involving C(sp*)-H activation ata Ni'"¥ interme-
diate and (2) a triplet pathway involving C(sp*)-H cleavage oc-
curring at a Ni'! center.
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Figure 7. Singlet reaction pathway involving C(sp3)-H activation at Ni!V intermediate 12 via TS_10/11. Energies AG (AH) in kcal/mol relative to

1.

The singlet profile is shown in Figure 7,'° and it closely re-
sembles that obtained for the C(sp®)-H activation reaction (4 =
5).!° The initial two-electron oxidation of 1 with NFTPT pro-
ceeds via TS-7/8 with a barrier of 16.7 kcal/mol. This is nearly
identical to that for the analogous oxidation of 4 (16.9
kcal/mol),!”!® and it represents the highest energy step in the
singlet reaction pathway. The Ni'¥ product is adduct 8, which
undergoes dissociation of Me;py followed by interaction with
triflate to form 10.'92° A low barrier triflate-assisted C(sp*)-H
activation then proceeds with a transition state energy of 7.7
kcal/mol (TS-10/11). Notably, a pathway involving triflate-as-
sisted C(sp*)-H activation at adduct 8 is considerably higher
energy (+4.7 kcal/mol relative to TS-9/10; Figure S2).

Adduct 8 and structure 9 exhibit short interactions between
Ni and the #-butyl group, with Ni---H distances of 1.731 and
1.722 A. These interactions are likely a result of the high elec-
trophilicity of this cationic Ni'V center and the presence of an
empty coordination site. Notably, in the analogous arene sys-
tem, this electrophilicity is reflected in a very short Ni-+Cipso
interaction (Ni---C = 2.408 A).!® Interaction of triflate with 9 to
form the proton transfer precursor 12 does not impact the
Ni-Bu distance. Outer-sphere proton transfer proceeds from
10 with a low barrier (5.0 kcal/mol) to afford the Ni'V c-alkyl
product.!

A second possible pathway for the conversion of 1 to 2 in-
volves C(sp’)-H cleavage at a Ni! center (Figure 8).° A

minimum energy crossing point (MECP) was identified that
connects the singlet structure 8 (the initial intermediate in the
singlet profile) with the triplet structure 12. Triplet 12 exhibits
spin density at Ni (1.10 e /A%), the fluoride ligand (0.29 ¢ /A%),
and the nitrogen of Mespy (0.71 e/A%). As such, it can be for-
mally assigned as [Me;pyF]"* and [Ni"']* fragments. In 12, the
Ni--Bu distance is ~0.6 A longer than in Ni'V species 8 and 9,
indicating minimal interaction in this system. This is consistent
with the nature of the SOMO centered at Ni, which is a singly
occupied d»-like orbital.

Interaction of 12 with triflate yields the adduct 15. Attempts
to locate a transition state for deprotonation from 15 failed, with
potential energy scans leading to high energies during the rele-
vant calculation. This is believed to be due to the half-filled d»-
like orbital at Ni, which precludes acceptance of a pair of elec-
trons upon proton transfer to triflate. However, C(sp*)-H cleav-
age at Ni™! can occur via initial scission of the N-F bond (via
TS-13/14) and subsequent electron transfer from triflate to
[Me;py]** to afford 15. The triflate is now formally [OTf]", and
this doublet can abstract a hydrogen atom from the ‘Bu group
via TS-15/16 to afford triplet 16. Finally, recombination be-
tween the alkyl radical and Ni™ affords the Ni'¥ c-alkyl prod-
uct.’ The highest energy step in this sequence is He abstraction,
which has a transition state (T'S-15/16) at 17.3 kcal/mol. Nota-
bly, this is ~1 kcal/mol higher than the transition state for the
oxidation step, and ~3 kcal/mol higher than any other transition
state on the singlet pathway.
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Figure 8. Triplet reaction pathway involving C(sp3)—H activation at Nill intermediate 17 via TS_15/16. Energies AG (AH) in kcal/mol relative to 1.

Overall, the DFT analysis presented here illustrates two pos-
sible pathways for the reaction of Ni" reagent 1 with NFTPT to
afford the Ni'¥ C(sp®)-H activation product. While the Ni"V pro-
file is ~3 kcal/mol lower in energy, this study suggests that both
reaction manifolds could be accessible, particularly upon
changing the substrate, supporting ligands, or reaction condi-
tions. Overall, this DFT analysis further highlights the rich
mechanistic pathways available in the organometallic and cata-
lytic chemistry of nickel.

We next explored the reactivity of this Ni'V -alkyl complex
with nucleophiles to generate products of general structure 3.
Notably, this transformation would complete a formal catalytic
cycle for the C(sp®)-H functionalization of substrate 7. Since
fluoride is the strongest nucleophile associated with the oxidant
NFTPT, we initially explored the reaction of 2 with F~. As
shown in Figure 9, the treatment of an in situ formed mixture of
2-F[HPyMe;*] and 2-OTf with 2 equiv of anhydrous tetrame-
thylammonium fluoride (NMe4F) at room temperature for 2 h
resulted in C(sp®)-F coupling to generate product 3-F in 23%
yield. Notably, this is the first reported example of C(sp*)-F
bond formation from a high valent Ni center.??** The mass bal-
ance in this reaction is the Ni"V—F complex 2-F, which is formed
via the deprotonation of 2-F[HPyMe;*] by NMesF. When the
analogous reaction was performed using 2-OTf as the starting
material, 3-F was formed in higher yield (36%) along with sig-
nificant quantities of 2-F (34%). In contrast, when the reaction
was conducted using 2-F, less than 2% yield of the C(sp*)-F
coupled product was observed.>* Overall, these results implicate

2-OTf as the primary reactive species in this nucleophilic func-
tionalization reaction, and suggest that there is a competition
between fluoride attack at C,, (to form 3-F) and at Ni'V (to form
2-F). The low relative reactivity of 2-F is likely due to the poor
leaving group ability of fluoride under the reaction conditions.
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We next explored the scope of nucleophiles (X) that react
with 2-OTf to afford C(sp®)-X coupled products (Figure 10).
These reactions were monitored via "’F NMR spectroscopy over
2 h at temperatures ranging from 22-60 °C in either MeCN or
DMSO. Heteroatom nucleophiles, including acetate, phenox-
ide, methyl malonate, phthalimide, and thiophenoxide, react
with 2-OTTf to form products containing new C(sp*)-O, C(sp*)—
N, or C(sp*)-S bonds (3). The use of cyanide and lithium 2,4-
pentanedionate as nucleophiles resulted in C(sp*)—carbon bond



formation to afford 3-CN or 3-dione, respectively. Finally, with
chloride as a nucleophile, product 3-py* was formed, presuma-
bly via initial C—ClI coupling followed by intramolecular dis-
placement of the chloride by a tethered pyridine. Notably, the
reactions in Figure 10 were conducted under standard condi-
tions for consistency. However, the rate of this functionalization
reaction varies dramatically with the nucleophile, as would be
expected for an Sy2-type mechanism. For instance, with fluo-
ride as the nucleophile, the reaction is complete within 10 min,
while with OAc the reaction takes the full 2 h under otherwise
identical conditions.
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Figure 10. Functionalization reactions of 2-OTf. Reported yields were
determined via '"H NMR spectroscopic analysis of the crude reaction
mixture vs an internal standard. The identity of the functionalized prod-
ucts was confirmed by isolation and subsequent characterization via 'H,
13C, and "F NMR spectroscopy and HRMS. See SI for full experi-
mental details on each reaction

The stoichiometric studies outlined above demonstrate the
feasibility of two key steps of the Ni'""V-catalyzed C(sp*)-H
functionalization reaction outlined in Figure 11. Thus, our final
investigations focused on establishing the viability of achieving
catalytic turnover in this system. Importantly, the catalytic func-
tionalization of highly engineered model substrates like 3 is not,
in and of itself, of high interest in synthetic organic chemistry.
Nonetheless, the ability to turnover this system under mild con-
ditions would serve as the first proof-of-principle that high va-
lent Ni-catalyzed C—H functionalization manifolds are feasible
and could ultimately be translated to systems that are of broader
synthetic utility. We anticipated several key challenges for
translating the stoichiometric studies to catalysis. First, product
3 is expected to be a good ligand for Ni', which could lead to
product inhibition and/or over-functionalization processes. As
such, we sought to identify a system that limits product binding
to the Ni center. Second, the stoichiometric studies suggest that
functionalization of Ni'V—F complex 2-F is extremely slow rel-
ative to analogous reactions of 2-OTf. Thus, we pursued strat-
egies to minimize the formation of the former complex as an
intermediate during catalysis. Finally, the oxidant NFTPT is
susceptible to undesired side reactions with nucleophiles.?**¢
As such, we focused on identifying systems/conditions in which
this competing side reaction is relatively slow.
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We reasoned that chloride would be an ideal choice of nucle-
ophile for catalysis to address the first two challenges. As
shown in Figure 10, the reaction of 2-OTf with CI~ affords the
pyridinium product 3-py*. This cyclized product should be a
significantly weaker ligand than substrate 7. Second, the chlo-
ride is expected to compete with fluoride as a ligand for the Ni'V
center, thus limiting catalyst sequestration as 2-F.2” We further
hypothesized that catalyst sequestration could be further miti-
gated by slow addition of NFTPT to the reaction mixture. Fi-
nally, slow addition should also limit undesired side reactions
between the oxidant and the chloride nucleophile.

After some optimization, we identified conditions that enable
catalyst turnover in the C(sp*)-H functionalization of 7 to form
3-py* with 1 as the catalyst. The reaction proceeds best in a
mixed solvent system of CH,Cl, (the optimal solvent for the ox-
idation step) and DMSO (the optimal solvent for the function-
alization). A 0.2 M solution of NFTPT in a 1:1 mixture of
CD,CL:DMSO-ds was added via syringe pump at a rate of 0.2
mL/h. To limit undesired reactions between the oxidant and nu-
cleophile, tetramethyl ammonium chloride (NMesCl) was used
as the limiting reagent. The substrate 7 was used in excess (3
equiv) to accelerate ligand substitution. Using 20 mol % of the
Ni" catalyst 1, the product 3-py* was formed in 76% yield after
just 5 h at 40 °C. While the TON remains modest (~4), this
represents the first example of a catalytic C—H functionalization
reaction involving C—H activation at high valent nickel. Fur-
thermore, these are among the mildest conditions reported for a
Ni-catalyzed C(sp®)-H functionalization, highlighting the po-
tential advantages of leveraging C—H cleavage pathways at high
valent Ni centers.

20 mol%
g F
Py N®
| OOY Y f WMeCl ey (5 equiv, slow addition) [
N N~ (1 equiv) ==
@ CD,CI,/DMSO, 40 °C, 5 h @-py")
(3 equiv) 76% (NMR)

Figure 12. Catalytic C(sp*)-H functionalization of 7

In conclusion, this Article demonstrates that unactivated
C(sp®)-H bonds can be cleaved and subsequently functionalized
at high valent Ni centers under mild conditions. Furthermore,
these two steps can be coupled to achieve a proof-of-principle



catalytic transformation for the conversion of a C(sp*)-H bond
to a C(sp®)-N bond. Currently, catalyst turnover in this trans-
formation is limited by competing decomposition of the oxi-
dant. As such, future work should focus on identifying next-
generation catalyst/oxidant pairs for which the oxidation/C—H
activation/functionalization sequence out-competes oxidant de-
composition pathways. Overall, this study provides a template
for the future development of catalytic transformations that ex-
ploit the unique reactivity of high valent Ni intermediates.
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