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Abstract: A dinickel imido complex was synthesized using
a redox-active naphthyridine-diimine supporting ligand.
Upon coordination of an external ligand, the Ni, core was
disrupted, triggering an aromatic C—H activation reaction
to generate a Ni,(u-NHAr)(Ar) species. This intermediate is
capable of liberating free carbazole and phenanthridine
products upon heating or treatment with excess tBuNC.
Collectively, these studies establish a kinetically facile 1,2-
addition mechanism for C(sp?)—H activation, taking ad-
vantage of cooperative reactivity between two Ni centers.

-

Transition-metal nitrene (imido) complexes have attracted sig-
nificant interest as synthetic targets due to their proposed role
in C—H amination reactions.!" Late transition-metal terminal ni-
trenes, relevant to several catalytic processes,”” are inherently
challenging to isolate and characterize owing to the absence
of strong metal-ligand multiple bonding. Nevertheless, note-
worthy examples have been reported using supporting ligands
that provide steric protection and enforce low coordination
numbers.®! Mechanistic studies have revealed two predomi-
nant pathways by which transition-metal-bound nitrenes can
insert into C—H bonds: concerted reactions involving a three-
centered transition state and stepwise sequences of H-atom
abstraction followed by radical recombination. In both mecha-
nisms, the metal center participates electronically by supplying
oxidizing equivalents but does not directly interact with the
C—H bond being cleaved. As a consequence of this ligand-
based mechanism, transition-metal nitrenes often behave simi-
larly to free nitrenes, exhibiting selectivities that are highly cor-
related with relative C—H bond dissociation energies.

Our group is interested in capitalizing on the electronic
properties of metal-metal bonds to uncover new mechanisms
for organometallic transformations. In this context, we recently
described a [NDI]Ni, (NDI=naphthyridine-diimine) platform ca-
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pable of promoting redox reactions across the Ni, fragment by
reversibly storing electron density in the NDI extended -
system.” Here, we report a structurally characterized Ni, bridg-
ing imido complex that cleaves aromatic C—H bonds at room
temperature by a 1,2-addition mechanism.”’ This reactivity
highlights an organometallic C(sp?)—H activation pathway that
takes advantage of the direct participation of two metals and
contrasts with the ligand-based mechanisms commonly ob-
served using mononuclear terminal imido complexes.

We initiated our studies by pursuing the synthesis of
a stable nitrene complex using an organic azide precursor and
the [PNDINi,(CsHs) complex (1) as a low-valent dinickel syn-
thon. Treatment of 1 with m-terphenylazide (1.0 equiv) results
in the immediate evolution of N, gas and the clean formation
of a new paramagnetic species (2), which undergoes gradual
decomposition to NMR-silent products when stored in C,Dg at
room temperature (Figure 1a). Despite its instability in solu-
tion, single crystals of 2 may be obtained from pentane at
—30°C, enabling its unambiguous characterization by XRD as
the authentic mononitrene species (Figure 1b). In the solid
state, the p-NAr ligand is displaced from the mean [N,Ni,
plane and symmetrically bridges the two Ni centers. The Ni—
N(Ar) distances are relatively short at 1.768(2) and 1.784(3) A,
and the N(Ar) atom adopts a nearly planar geometry as mea-
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Figure 1. (a) Synthesis and (b) solid-state structure of ["'NDIINi,(NAr) (2,
Ar=2,6-(Ph),C¢H-). Ni1—Ni2: 2.3415(9) A. (c) Variable-temperature 'H NMR
chemical-shift data for 2 over a temperature range of 190-370 K, with ther-
modynamic parameters for the spin equilibrium.
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sured by the sum of the angles around nitrogen of 345.0(5)°.
These metrics are suggestive of net m-bonding between the
Ni—Ni bond and the NAr ligand.

The p-NAr complex 2 exhibits temperature-dependent para-
magnetism in solution (Figure 1¢).P°*¢ At 298 K, the effective
magnetic moment was determined by the Evans method to be
1.64 ug, a value that is intermediate between the expected
value for an S=0 and an S=1 state. To probe this magnetic
behavior, '"H NMR spectra of 2 were examined over a broad
temperature range of 190-370 K in [Dg]toluene. At low temper-
atures, the chemical shifts are found near their diamagnetic
range. At higher temperatures, the resonances become in-
creasingly paramagnetically shifted, indicating population of
a higher spin state. Thermodynamic parameters for the spin
equilibrium were extracted by modeling these data according
to a mixture of singlet and triplet states. The enthalpy term is
relatively small and favors the singlet by 10.0+0.3 kimol™;
the triplet is favored entropically by 3041 Jmol 'K, leading
to its predominance at higher temperatures. The three most
paramagnetically shifted '"H NMR resonances appear at 29, 22,
and —45 ppm at 370 K and were assigned as the imine methyl
substituent and naphthyridine protons. The large shift in these
peaks implicates the redox-active m-system of the NDI ligand
as a significant contributor to overall spin density in the triplet
state.

DFT calculations provide insight into the bonding between
the imido and Ni, fragments in complex 2 (Figure 2a). In the
S=0 state, the Ni—Ni m-bonding combination mixes with the

3 center, 2 electron
n-interaction
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Figure 2. (a) Select Kohn-Sham orbitals for 2 highlighting interactions rele-
vant to bonding in the Ni,(1-NR) fragment. (b) A spin-density plot for the
S=1 spin state of 2.
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unhybridized N(Ar) p-orbital to form a three-center, two-elec-
tron m-interaction polarized toward nitrogen. The correspond-
ing Ni,-NAr anti-bonding combination is the LUMO for the
complex. The HOMO is Ni—Ni(wt*) in character and is delocal-
ized into the m-system of the NDI ligand. In the S=1 state, an
electron is promoted from the HOMO to the LUMO, resulting
in spin density that is distributed over the NDI ligand, the Ni—
Ni bond, and the nitrogen p-orbital (Figure 2b).

Attempts to induce nitrene transfer from 2 led to the obser-
vation of a competing intramolecular C(sp?)—H activation pro-
cess (Figure 3a).” The reaction of 2 with tBuNC yields a C;-
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Figure 3. (a) An isonitrile-induced 1,2-addition of a C—H bond from 2.

(b) Solid-state structure of 3. (c) Variable-temperature 'H NMR chemical-shift
data for 3 over a temperature range of 190-370 K, with thermodynamic pa-
rameters for the spin equilibrium. (d) Kinetic isotope effects measurement
for the C—H activation using the H/D-competition substrate [Ds]2.

symmetric product 3, assigned by XRD as the aryl amido com-
plex resulting from 1,2-addition of an ortho C—H group across
a Ni—(u-NAr) bond (Figure 3b). The N(H)(Ar) atom maintains its
bridging configuration but exhibits elongated Ni—N distances
(1.93(1) and 1.850(9) A) relative to the imido precursor 2. The
isonitrile and the aryl ligands are terminally coordinated to dif-
ferent Ni centers and located in the [N,INi, plane. The Ni—Ni
distance is elongated to 3.041(2) A, suggesting a substantial
weakening of the metal-metal interaction. At room tempera-
ture, no detectable magnetic moment is observed for 3, and
a majority of the "H NMR resonances fall within the diamagnet-
ic envelope; however, the presence of three upfield-shifted sig-
nals at —5, —9, and —13 ppm suggests a small degree of
mixing from a higher-energy triplet state. According to the var-
iable temperature '"H NMR data, the triplet is disfavored en-
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thalpically by 15.340.2 kJmol™', and 89% of 3 is in its singlet
state at room temperature (Figure 3¢).

The observed reactivity of 2 is unusual in that transition-
metal imido complexes, regardless of their nuclearity, are gen-
erally found to react with isonitriles by simple nitrene transfer
to form carbodiimides. For example, Hillhouse®™ and Warren®
reported the synthesis of Ni,(u-NAr) species that cleanly react
with tBUNC to generate the corresponding tBUNCNAr product
in high yield. We hypothesized that the constrained dinuclear
environment enforced by the NDI chelating ligand might be
serving to disfavor migratory insertion of isonitrile and instead
place an aromatic C—H bond in a favorable orientation to un-
dergo activation. As a point of comparison, the dimeric
[(bpy)Ni(u-NAr)], complex 4 bears the same m-terphenylimido
fragment as that found in 2 but cleanly reacts with tBuNC to
form the carbodiimide 5 (91 % yield) with no detectable C—H
activation products (Figure 4).

t-BuNC (excess)

t-BuNC=N Ph
Ph

91% Yield
(8)

Figure 4. (a) Solid-state structure of 4 (Ni1—Ni2: 2.8201(5) A). (b) Nitrene
transfer reactivity with tBuNC to form the carbodiimide product 5.

In order to further probe the mechanism of the C—H activa-
tion, the nitrene complex [Ds]2, containing isotopically differ-
entiated phenyl substituents, was prepared (Figure 3d). Upon
treatment with tBuNC (1.0 equiv), a mixture of two isotopom-
ers was obtained, and a ky/ky of 5.1 was determined from the
product ratio. The large primary kinetic isotope effect (KIE)
value is indicative of C—H bond cleavage in the rate-determin-
ing transition state. By contrast, KIE values of <1.7 have been
observed in catalytic C(sp)—H amination reactions that are
proposed to involve an electrocyclization mechanism where
C—N bond formation is followed by a rapid 1,2-hydride shift."”

The elementary steps in the 1,2-addition pathway were fur-
ther examined using DFT calculations (Figure 5). The initial co-
ordination of the isonitrile ligand is highly exothermic and in-
duces cleavage of the Ni—Ni bond (Ni—Ni: 3.17 A in intermedi-
ate A). To satisfy its coordination sphere, the Ni center not
bearing the isonitrile forms an 1 interaction with one of the
phenyl groups of the m-terphenylimido ligand. C—H activation
is preceded by reorientation of the phenyl group to form a C—
H o-complex (B), which is 23.6 kJmol™' higher in energy. From
intermediate B, the activation energy for 1,2-addition is only
27.6 kJmol™', corresponding to an overall barrier of
51.2 kJmol™" from A to TS1. The initial amido aryl intermediate
C is nearly isoenergetic to A but is capable of rotating to the
more stable isomer D, which corresponds closely to the XRD
structure of complex 3. By comparing the zero-point vibration-
al energies for the C—H and C—D activation processes, a KIE
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Figure 5. Calculated reaction coordinate for the C—H activation reaction.
Free energies (AG) on the singlet surface are shown in kJmol™' (AG values
on the triplet surface are in square brackets). All AG values are relative to
the energy of A in the singlet state. The iPr groups on the NDI ligand and
the tBu group on the isonitrile were truncated to methyl groups.

value of 4.5 was calculated, in agreement with the value ob-
tained experimentally. The pathway leading to carbodiimide
formation was also calculated, and the barrier to migratory in-
sertion of isonitrile into the Ni—(u-NAr) bond was found to be
48.5 kJmol™" higher in energy than the C—H activation barrier.

The 1,2-addition of a C—H bond to a M=NR species has only
previously been observed for coordinatively unsaturated Ti"!"
and Zr'"? imides. For these early transition metal complexes,
the thermodynamic driving force to maintain a d° electronic
configuration imposes prohibitive barriers to C—N reductive
elimination. Motivated by the observation of 1,2-addition reac-
tivity in a late transition-metal system, we examined the possi-
bility of generating C—H aminated products from 3 (Figure 6).
Addition of excess tBUNC to 3 causes the immediate release of
the phenanthridin-6(5H)-imine 6, which undergoes tautomeri-
zation over 1 h at room temperature to form the more stable
phenanthridine product 7 (90% yield). Alternatively, thermoly-
sis of 3 in C,Dy at 80°C for 5 d generates a mixture of 7 and 1-

L (1.0 equiv)
 —
Me

t-BuNC (excess)
22°C, 5min 80°C,5d
L =tBuNC L = t-BuNC

< b
Ny HN

b i
M NHtBu ®  NtBu
90% Yield

[FP'NDIJNip(u-NAr)
(2)

L = +-BuNC (3)
L = pyridine (9)

110°C,24h
L = Pyridine
7+8

O 34% +48% Yield P
HN
(8)

(23% + 49% Yield
at 110 °C for 20 h)

Ph

O

89% Yield

Figure 6. Thermal and tBuNC-induced reductive elimination reactions to
generate carbazole and phenanthridine products.
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phenylcarbazole (8),"¥ indicating that the direct C—N reductive
elimination competes with migratory insertion of tBuNC. Fol-
lowing the thermal reaction, [F"NDIINi,(CsD¢) (1) is regenerated
in 43 % yield, demonstrating a complete synthetic cycle for the
conversion of m-terphenylazide to aminated heterocycle prod-
ucts." We hypothesized that the use of an alternative coordi-
nating ligand, incapable of undergoing migratory insertion,
might yield exclusively the carbazole product (8). Accordingly,
addition of pyridine (4 equiv) to 2 produces a C—H activated
complex (9), which, upon heating at 110°C for 24 hours, elimi-
nates 8 in 89 % yield.

In summary, we have identified an isolable dinickel bridging
imido complex (2) capable of accessing diamagnetic and para-
magnetic states through thermally induced spin crossover.
Upon coordination of an external ligand such as tBuNC, the
Ni-Ni interaction is destabilized, initiating a kinetically facile ar-
omatic C—H bond activation by a 1,2-addition mechanism. This
reactivity can be coupled with reductive elimination reactions
to achieve high-yielding syntheses of carbazole and phen-
anthridine heterocycles. Together, these studies demonstrate
that multinuclear nitrenes, often viewed as being relatively
inert compared to their terminal counterparts, can access
unique pathways for functionalizing C—H bonds.
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