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ABSTRACT: This report presents the synthesis of new mono- and 2+
dicationic NCN-Ni" complexes and describes their reactivities with
protic substrates. (NCN is the pincer-type ligand &V, x€, xN-2,6-
(CH,NMe,),-C¢H;.) Treating van Koten’s trivalent complex (NCN)-
Ni"'Br, with AgSbFs in acetonitrile gives the dicationic complex
[(NCN)Ni"(MeCN),]*, whereas the latter complex undergoes a
ligand-exchange reaction with (NCN)Ni"Br, to furnish the related
. These trivalent
complexes have been characterized by X-ray diffraction analysis and
EPR spectroscopy. Treating these trivalent complexes with methanol
and methylamine led, respectively, to C-OCH; or C-NH(CH,)
functionalization of the Ni-aryl moiety in these complexes, C-

monocationic complex [(NCN)Ni™(Br)(MeCN)]*
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heteroatom bond formation taking place at the ipso-C. These reactions

also generate the cationic divalent complex [(NCN)Ni"(NCMe)]*, which was prepared independently and characterized fully.
The unanticipated formation of the latter divalent species suggested a comproportionation side reaction between the cationic
trivalent precursors and a monovalent species generated at the C—O and C—N bond formation steps; this scenario was
supported by direct reaction of the trivalent complexes with the monovalent compound (PPh,);Ni'Cl. Kinetic measurements
and density functional theory analysis have been used to investigate the mechanism of these C—O and C—N functionalization
reactions and to rationalize the observed inverse kinetic isotope effect in the reaction of [(NCN)Ni"™(Br)(MeCN)]* with

CH,OH/CD,0D.

B INTRODUCTION

Examples of Ni-promoted carbon—heteroatom coupling
reactions are increasingly frequent in the literature." Proposed
mechanisms for C—O and C—N bond formation reactions
often invoke the involvement of high-valent (Ni'' and Ni'")
intermediates. The origins of this idea can be traced to seminal
work by Hillhouse’s group showing that Ni" alkoxide and
amide complexes undergo C—O and C—N reductive
elimination upon oxidation.” More recent reports by Mirica
have shown that Ni' complexes can promote C—C and C—O
functionalization of a Ni'"—Ar moiety,” whereas authentic Ni"/
complexes active in C—C, C—N, C—-0, and C—S formation
were isolated by the groups of Sanford** and Nebra.*”

Our group’s earlier work® showed that the divalent complex
(NCNP*)Ni"Br bearing a pyrazine-flanked pincer ligand
(NCNP* = 1,3-bis(pyrazole)-C¢H;) undergoes C—O/C—N
functionalization at the aryl moiety of the pincer ligand when
treated with alcohols or amines under aerobic conditions, or
with H,0, (Scheme 1). That aerobic conditions are essential
for the observed C—X coupling reactivities of these
compounds with alcohols or amines strongly indicated that
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Scheme 1. Previous Work on C-Heteroatom Coupling
Promoted by a Ni"" Precursor
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these reactions go through high-valent intermediates, but no
such species could be isolated.

In a more recent follow-up study,’ we reported that
analogous C—O and C—N functionalizations take place at
the ipso-C of the NCN ligand in (NCN)Ni"'Br, (NCN= £V,

KN-2,6-(CH,NMe,),-C4H;)” when this authenticated
trivalent complex is treated with water, alcohols, and amines;
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this system also promoted the more difficult C-halogen
functionalization reaction with HCI or HBr (Scheme 2).

Scheme 2. Previous Work on C-Heteroatom Coupling

Promoted by a Ni'" Precursor
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The two key steps in the proposed mechanism for the above
functionalization reactions are the coordination of the protic
substrate HX to the trivalent Ni center, followed by its
deprotonation to generate the requisite Ni—X moiety. We
reasoned that both of these steps should take place more
readily with a more electrophilic, cationic Ni precursor. Indeed,
involvement of cationic Ni'! intermediates in C—O coupling
reactions has been postulated by MacMillan'® and demon-
strated by Mirica.” We were thus inspired to prepare isolable
and thermally stable cationic trivalent complexes and
investigate their intrinsic reactivities toward protic substrates.

The present work reports the synthesis and characterization
of new mono- and dicationic Ni™" complexes based on van
Koten’s NCN ligand and describes their reactions with
methanol and methylamine to give C—O and C—N ligand
functionalization under mild conditions. We also report a new
cationic Ni" capable of promoting aerobic C—O ligand
functionalization, albeit slowly. Density functional theory
(DFT) studies have revealed metal—ligand cooperativity in
the deprotonation of MeOH and have shown that the C—O
coupling step is the result of a reductive elimination process.
As was the case in our previous report on the functionalization
of the charge-neutral trivalent complex (NCN)Ni"'Br,, the
yields obtained from the reaction of cationic and dicationic
complexes with MeOH under nitrogen never exceed 50%,
implying a redox process taking place between the trivalent
precursors and monovalent species generated at the reductive
elimination step. DFT calculations confirm that this redox
process is not only viable but crucial for rendering the C—O
bond formation step irreversible. The reductive elimination is
rate-limiting for both C—O and C—N coupling. The potential
energy surface obtained for the reaction with methylamine
shows that deprotonation is most likely assured by a second
molecule of the substrate. Calculations also explain the
observed inverse kinetic isotope effect by showing that
coordination of CD;OD is favored over that of CH;OH.

B RESULTS AND DISCUSSION

We began our studies by preparing the divalent cation
[(NCN)Ni(NCMe)]*, 1, and testing its reactivity with
methanol. This compound was prepared in 64% yield by
using silver salts to abstract the Br™ in van Koten’s divalent
complex (NCN)Ni"Br® and replacing it with acetonitrile
(Scheme 3). The 'H and C NMR spectra of the resulting
solid were consistent with the anticipated C,, point group
symmetry of the target cationic complex. (Some of the signals
were also quite characteristic and facilitated monitoring the
functionalization reactions; vide infra.) For instance, the 'H
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Scheme 3. Synthesis of [(NCN)Ni"(MeCN)]* (1) and Its
Reaction with Methanol
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NMR spectrum (C4D4) showed the anticipated triplet and
doublet signals for the three aromatic protons (6.89 and 6.29
ppm; *Jyy = 7.5) and the two singlets for NCH, and NCHj, at
2.76 and 2.20 ppm, respectively. The latter are shifted upfield
by 0.33 ppm compared to the corresponding signals in the
charge-neutral bromo precursor, whereas the singlet for Ni-
NCCHj resonates close to the corresponding signal for free
acetonitrile in C4Dy (0.62 vs 0.58 ppm). The most character-
istic *C{'H} signal was due to Ni—C4,) (~147 ppm). Single-
crystal X-ray diffraction studies of 1 confirmed the anticipated
square planar structure, which is also shown in Scheme 3; the
most pertinent structural parameters are provided in the
Supporting Information.

With 1 fully characterized, we proceeded to test its reaction
with methanol. No reaction took place when 1 was stirred in
CH;O0H or CD;OD at room temperature under N, but
conducting the same reactions in air led to slow formation of
the demetalated coupling products, NC(OCH;)N or NC-
(OCD,)N. For example, the latter was obtained in <5% after 2
h and ~11% after 24 h. The observation that aerobic
functionalization of the Ni-aryl moiety is possible suggested
that perhaps O, can induce oxidation of the Ni'' complex 1 to a
dicationic trivalent Ni'® intermediate, a species that would be
poised for methanol coordination and subsequent C—O
coupling. Cyclic voltammetry measurements carried out on
cationic complex 1 showed, not surprisingly, that it has a
greater oxidation potential relative to its charge-neutral bromo
precursor (724 vs 240 mV, ref Ag/AgCl; see the Supporting
Information for CV trace), but we surmised that this complex
should be prone to oxidation with strong oxidants. Thus, we
set out to prepare trivalent analogues of 1 and study their
reactivities toward protic substrates.

Synthesis of Mono- and Dicationic Trivalent Com-
plexes. We targeted the cationic acetonitrile adducts
[(NCN)Ni"™(Br)(NCMe),]* and [(NCN)Ni"'(NCMe),,]*,
because acetonitrile is known to stabilize divalent” and
trivalent’ Ni cations. To our surprise, several attempts at
oxidizing 1 with CuBr, or NOBF, did not give the target
mono- and dicationic trivalent species. Thus, we modified our
synthetic strategy as follows: instead of oxidizing the divalent
cation 1, we prepared the previously reported charge-neutral,
trivalent complex 2” and ionized it subsequently by bromide
abstraction in acetonitrile, as shown in Scheme 4.

Thus, treating 2 with two equivalents of Ag" allowed the
isolation of the formally 19-electron octahedral dication

DOI: 10.1021/acs.inorgchem.8b03489
Inorg. Chem. 2019, 58, 3861-3874


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03489/suppl_file/ic8b03489_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03489/suppl_file/ic8b03489_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03489/suppl_file/ic8b03489_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b03489

Inorganic Chemistry

Scheme 4. Syntheses of [(NCN)Ni™(MeCN),]** 2[SbF,]~
(3) and [(NCN))Ni"™(Br)(MeCN)]*[SbE,]~ (4)
2+
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[(NCN)Ni(NCMe),]**, 3, as an air-stable red powder in 84%
yield (Scheme 4). It then occurred to us that this dication
might undergo a ligand exchange reaction with its charge-
neutral precursor 2 to generate a monocationic trivalent
complex. Indeed, treatment of 3 with one equivalent of 2
furnished the monocation 4 as a deep purple solid in 83% yield
(Scheme 4). The pentacoordinate, formally 17-electron
complex 4 can also be obtained directly from the reaction of
2 with one equivalent of Ag" in 79% yield. Complexes 3 and 4
were fully characterized, including by single-crystal X-ray
diffraction analysis (Figures 1 and 2) and EPR spectroscopy
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Figure 1. X-ray structure of 3. Thermal ellipsoids are shown at the
50% level. The SbF counteranions and all H atoms are omitted for
clarity. Selected bond distances (A) and angles (deg): Nil—N1
2.122(4); Nil-N2 = 2.099(4); Nil—N3= 2.003(5); Nil—N4
2.082(5); Nil—NS5= 2.086(5); Nil—Cl= 1.905(5); N1-Nil—N2 =
161.34(17); C1-Nil—-N3 = 179.2(2); Nil-N3-C13 = 177.5(5);
Nil—N4—CI15 = 170.6(5); Nil—=N5—C17 = 169.4(5).
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(vide infra). To our knowledge, these are the first examples of
cationic Ni"" complexes featuring monoanionic, meridional
ECE-type pincer ligands. Figures 1 and 2 show the X-ray
structures of 3 and 4, respectively, along with selected
distances and angles.

Complex 3 adopts a distorted octahedral geometry in the
solid state, whereas 4 displays a square pyramidal geometry
with the Ni atom positioned ca. 0.42 A out of the basal plane
defined by C1, N1, N2, and N3 atoms. The main structural
distortions in 3 and 4 are related to the very long axial Ni—N
and Ni—Br distances'® as well as the smaller-than-ideal trans
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Figure 2. X-ray structure of 4. Thermal ellipsoids are shown at the
50% level. The SbF4 counteranion and all H atoms are omitted for
clarity. Selected bond distances (A) and angles (deg): Nil—NI1 =
2.013(4); Nil—-N2 = 2.011(4); Nil—C1 = 1.873(4); Nil—N3 =
1.978(4); Nil—Brl = 2.4014(8); N1-Nil—N2 = 156.06(17); C1—
Nil—-N3 = 171.56(16); C1-Nil—Brl = 90.31(12).

angles Nypeo—Ni—Nype, that define the bite angle for the
NCN ligand (161° in 3 and 156° in 4). Comparison of the
structural parameters in 3 and 4 to structurally related Ni'™!
species reported in the literature shows that the average Ni—
NMe, distances are comparable to the corresponding distances
of the octahedral (NCN)Ni"(py)(NCS), (2.110 vs 2.132
A)'"" and the penta-coordinate dibromide 2, (NCN)NiBr,,
(2.012 vs 2.039 A)."> The Ni-NCMe distance trans from the
aryl moiety in 3 is also comparable to the corresponding
distance found in the dicationic octahedral Ni'" species
[("P"N;C)Ni(NCMe),]** reported recently by Mirica’s
group.” The Ni—C,, distance in the latter complex is also
close to the corresponding distance in 4 (1.9018(1) vs
1.873(4) A).

Complexes 3 and 4 were also analyzed by X-band EPR
spectroscopy (Figures 3 and 4; Table 1). The EPR X-band
spectrum of the dicationic Ni complex 3 shows a temperature-
independent, broad signal lacking hyperfine structure (Figure
3, left). The simulated spectrum allowed us to determine three
distinct g values, Wthh confirmed the expected rhombicity for
paramagnetic Ni' complexes (Table 1 and Figure 3, right).”
The cationic Ni complex 4 is also characterized by an isotropic
broad signal at 293 K (Figure 4, top). In contrast to the
relatively unchanged low-temperature spectrum observed for 3,
complex 4 displayed a dramatic change at 120 K with the
appearance of an anisotropic signal featuring different
hyperfine couplings. The high multiplicity of the frozen EPR
spectrum of 4 cannot a priori be rationalized by the presence of
a single paramagnetic Ni'" species. The most likely explanation
is that the EPR signal is due to the coexistence of two
stereoisomers, 4 and S, wherein the Br atom occupies,
respectively, either the axial or the equatorial position of the
plane defined by the C1, N1, N2, and N3 atoms. More
precisely, the EPR spectrum of 4 exhibits high rhombicity with
three distinct g values for each isomer (4: g, = 2.269; g, =
2.145; g, = 2.027; S: g, = 2.307; g, = 2.090; g, = 2.077).
Hyperfine couplings to the Br atom (I = 3/2) are evidenced
along the g, direction in 4 (Ag, = 151.5 G), and along the g,
(Ap, = 27.6 G) and g, (Ap, = 60.1 G) directions in § (Figure 4,
bottom). On the basis of the best fit between experimental and
simulated spectra, we propose that the two stereoisomers 4
and S exist in an approximately 3:1 ratio, with the major
isomer 4 corresponding to the structure determined by X-ray
diffraction analysis (see Figure 2).

DOI: 10.1021/acs.inorgchem.8b03489
Inorg. Chem. 2019, 58, 3861-3874


http://dx.doi.org/10.1021/acs.inorgchem.8b03489

Inorganic Chemistry

— 293K
+ exp
— fit

— 120K

r T T T T T T T T T T T T T T T T T T T
300 350 250 300 350
Field (mT) Field (mT)

Figure 3. Experimental (MeCN, 293 and 120 K, left) and simulated (120 K, right) X-band EPR spectra of 3.

The EPR spectra of both 3 and 4 revealed g values that are
higher than the free electron g value 2.0023; this indicates the
absence of significant N coupling, thus supporting the

localization of the unpaired spin density in an orbital bearing
K substantial metal character. This assessment was supported by
DFT calculations (using UMO6L/6-31G**), showing Mulliken
spin density build-up on the nickel center with a value of 0.97
R e/A’ for 3 (Figure S). In the case of complex 4, the Mulliken

T T T T T T T T T 1
300 350
Field (mT)

Figure S. Alpha spin density plots for complexes 3 (left) and 4
(right). Plots generated with an isovalue of 0.004 e/A>.

spin density values were 0.85 e/A? on Ni and 0.20 e/A? on Br.
. ; ; | ; . ; . ‘ , : For complex 4, the isomer shown in Figure S is only ~4 kcal/

300 ) 350 mol lower in free energy than the alternative isomer 5 with
il acetonitrile and bromide positions switched; this finding is
Figure 4. Experimental (MeCN/toluene, 293 K, and CH,Cl,/ consistent with the presence of two species identified in the

toluene, 120 K, top) and simulated (120 K, bottom) X-band EPR EPR spectrum.
spectra of 4. Reactivity of the Cationic Trivalent Species 3 and 4.
As shown in Scheme S, complexes 3 and 4 reacted readily (r.t.)
Table 1. Data for the Experimental and Simulated EPR with methanol and methyl amine to give C—O and C—N aryl-
Spectra of 3 and 4 functionalization products. It is worth recalling here that the
o analogous functionalization of the divalent complex 1 requires
@\ NCMe Br @\ NCMe aerobic conditions, whereas functionalization of the trivalent

)

_ o /\ DYVA complexes 3 and 4 proceeds under a nitrogen atmosphere. The
MeN—N—NMe, MeZN—N'\—NMe2 MeZN—N'\—NMGZ reactions with CD,;OD were monitored by 'H NMR
MeCN  NeMme NCMe Br spectroscopy to establish functionalization rates relative to

those observed with the cationic divalent species 1. Given the

3 4 5 NMR:silent nature of 3 and 4, the reaction progress was based

complex 8 % % Al AS AS on monitoring the aromatic signals of the emerging function-
3 2247 2.144 2.073 alized product, i.e., the triplet at ~7.3 ppm for p-H and/or the

4 2.269 2.145 2.027 151.5 doublet at ~7.5 ppm for m-H. While the products of the C-

s 2.307 2.090 2.077 27.6 60.1 NH(CH;) coupling reactions could be isolated directly,

isolation of the C-OCHj; coupling products required extraction
of the final reaction mixture with aqueous base to neutralize
the in situ generated ammonium moiety. The results are
discussed below.

“In Gauss.
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Scheme 5. Reactions of 3 and 4 in Neat CD;0D or CH;NH, (33% Solution in EtOH)

NCMe
MeNH, \
~—— | Mes;N—Ni—NMe,
Me,N HN NMe, N,
Me MeCN N
C
Me
3

OR

Br

@ /\ CD30D

@\ /
Me,N—Ni—NMe, —N> Me,N O NMe,
2 3

o]
4 Me

The C-OCD; functionalization of 3 and 4 gave different
yields as a function of time and the presence of oxygen. For
instance, under anaerobic conditions, we obtained 47% (3)
and 7% (4) functionalization after 10 min; extending the
reaction time to 2 h increased the yield for the reaction with 4
(42%), but the yield remained unchanged for the reaction with
3. Conducting these C—O functionalization reactions under
aerobic conditions gave very similar initial yields: 48% with 3
and 42% with 4 over 2 h. Interestingly, however, the reaction
yields increased significantly with extended reaction times,
going from 42% to 67% over 24 h with 4, and from 48% to
73% over 96 h with 3. The significance of obtaining higher
than 50% yields for these aerobic reactions is discussed below.

A crucial observation was made for the reaction of CD;0D
with both mono- and dicationic complexes: in addition to the
functionalized product NC(OCD;)N, we detected the
formation of the monocationic divalent species [(NCN)-
Ni'(NCMe)]*, 1; moreover, these two products formed in a
1:1 ratio. As shown in Scheme 6, we propose that this 1:1 ratio

Scheme 6. Reactivities of 3 and 4 in Support of Proposed
Functionalization Mechanism
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results from a comproportionation reaction between 3 or 4 and
a Ni' species that must be generated in situ as a side product of
the reductive elimination step that furnishes the C—O coupling
product.

To test the above hypothesis involving a comproportiona-
tion reaction, we prepared the known monovalent complex
(PPh,);Ni'CI"® and treated it with one equivalent of 3 in
CD;CN; as expected, this reaction generated the divalent
cation 1 after 1 h. The signals for the latter were broad at first
but became progressively well-defined after 15 h (see Figure
§25). This finding, combined with the observation of a 1:1
ratio for the functionalized product NC(OCD;)N and 1,
supports the postulated comproportionation reaction between
the Nit! precursor and the in situ generated Nil. Moreover, we
can conclude that this redox process is faster than the
functionalization reaction itself, because a rate-limiting
comproportionation would increase the yield of the function-
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alization product NC(OMe)N, which turns out not to be the
case. Another observation consistent with the proposed
comproportionation side reaction is the increase in yield
observed with the extended reaction time under air: we believe
that the in situ generated divalent cationic Ni 1 is responsible
for giving higher yields of the C—O coupling product.

The kinetics of the functionalization reactions with methanol
were measured by 'H NMR (see the Supporting Information)
and UV-—visible spectroscopy (Figure 6), both approaches

0.2 O 60 80 100 120

0.7
y =-0.0159x - 0.1975
R? = 0.98906
_ 124 ©MeOH 0.81 mM
o
< .. ACD30D0.81mM
247 L
g o,
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2.2 1
2.7 y = -0.0256x - 0.1451
R?=0.9941
32 -
time (min)

Figure 6. UV-—visible spectroscopy time course profile for the
reaction of a 0.81 mM solution of 4 with CH;OH/CD;OD.

revealing a first-order reaction with respect to Ni. Comparison
of the rates for reactions conducted under otherwise identical
conditions with CH;OH or CD;0D allowed us to measure the
overall kinetic isotope effect of the C—O coupling reaction.
Treating the trivalent monocationic species 4 with neat
CH;0H or CD;0D and monitoring the decay of complex 4
by UV—vis spectroscopy gave a pseudo-first-order time profile
with an overall ky;/kp, value of 0.62. This inverse kinetic isotope
effect (KIE) is similar to the ky;/kp value of 0.47 we measured
for the reaction of complex 2 with CH;OH/CD;0D.°

The above results allow us to conclude that the C—O
coupling is fastest with the dicationic, trivalent complex 3 (47%
yield in 10 min), followed by its monocationic analogue 4
(42% vyield in 2 h), and finally by the divalent monocation 1
(119% vyield over 24 h), which suggests a strong correlation
between the electrophilicity of the Ni center, on the one hand,
and substrate uptake and reductive elimination rates on the
other. Similarly, reactions of 3 and 4 with CH;NH, (used as
33% solution in EtOH at r.t. and under N,) led to rapid C—N
bond formation (over S min) with yields of 15% with 3 and
21% with 4. Running these reactions under aerobic conditions
over 2 h gave the same yield for the C-NH(CH,) coupling
product with 3 (16%), but a slightly higher yield was obtained
with 4 (29% vs 21%). The following test confirmed that the
poor yields observed in these C—N bond formation reactions
are caused by rapid reduction of 3 and 4 by CH;NH,: indeed,
reacting the dicationic complex 3 with the bulky amine t-

DOI: 10.1021/acs.inorgchem.8b03489
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BuNH, did not promote C—N functionalization, leading
instead to the rapid formation of the divalent complex 1."* Tt is
noteworthy that no C—OEt coupling was observed for the
reactions with CH;NH, conducted in EtOH.

Density Functional Calculations: Ni"/Ni"V Oxidation
Potential and Ni" Orbital Characterization. The above-
presented functionalizations of 3 and 4 with CH;O0H and
CH;NH, indicate that, contrary to what was observed with C-
heteroatom functionalization promoted in air by the divalent
precursors 1, external oxidants are not essential for the C—O
and C—N functionalization of these cationic Ni'" complexes.
We have undertaken DFT calculations to improve our
understanding of the mechanism of Ni-aryl bond functional-
ization in trivalent Ni complexes. Before analyzing the
reactivities of 3 and 4 with CH;OH and CH;NH,, we sought
to verify that our computational approach would accurately
model the Ni"" and higher oxidation states (Scheme 7). For all

Scheme 7. Ni'/Ni'V Redox Reactions at 298 K

calculations in Gaussian 09,'® geometries were optimized with
UMOG6L/6-31G** with the continuum MeCN SMD solvent
model.'® Final electronic energies, with solvation, were
evaluated using the Def2-TZVP basis set. For complex 3, the
MO6L calculated Ni™/Ni'V oxidation potential is 1.21 V
(calculated at 298 K relative to ferrocene), which is very close
to the experimentally measured value of 1.18 V. Other
functionals such as M06, B3LYP, and wB97X-D gave values
that were too large by >0.5 V (see the Supporting
Information). For complex 4, the calculated Ni™/Ni'V
oxidation potential is 0.91, which is 0.15 V greater than the
experimental value of 0.74 V. Again, other functionals showed
significantly larger errors for estimating this oxidation
potential.

Figure 7 displays the a-spin and f-spin molecular orbitals of
the formally 17 electron monocationic complex 4. Analysis of
the a-spin HOMO orbital shows that it is an antibonding
combination of the Ni d and bromine p, This orbital
description is consistent with the spin density plot in Figure S.
About 0.4 eV lower in energy than the a-spin HOMO, there
are two degenerate a-spin HOMO—1 orbitals with d,, and d,,
character and antibonding interactions with bromide p, and p,
orbitals. The degenerate HOMO-—2 orbital set is mainly
ligand-centered, whereas the degenerate HOMO—3 set is Ni d-
orbital based. Although the a-spin orbitals 95a, 94a, 93a, and
9la are significantly delocalized on the Br atom, they
nevertheless provide four electrons to the Ni metal center.
Similarly, there are three f$-spin electrons with Ni d-character,
two degenerate -spin HOMOs and HOMO=-3. Similar to the
a-spin manifold, the pair of f-spin HOMOs is delocalized onto
the Br atom.

Examining the formally 19-electron dicationic complex 3 in
a similar manner yields the MO assignments shown in Figure
8. The a-LUMO is composed of the d.* orbital, and is &
antibonding with the phenyl ring. The a-spin HOMO consists
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Br Br
4 3
@)\ \ -e Y \
Me,N—Ni—NMe, —= Me,N—Ni—NMe,
+e
4 NCMe NCMe
2+ 3+
NCMe o NCMe
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MeCN NCMe MeCN NCMe
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Figure 7. UMO06-L a-spin and f-spin molecular orbitals for monocationic complex 4. Orbital energies are reported in electronvolts.

3866

DOI: 10.1021/acs.inorgchem.8b03489
Inorg. Chem. 2019, 58, 3861-3874


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03489/suppl_file/ic8b03489_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03489/suppl_file/ic8b03489_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b03489

Inorganic Chemistry

>
|
o 2
A\ b
b4 ()
100a® .
9

-3.7

1 6.3

6.9
| 7.2

-7.5

Figure 8. UMO06-L a-spin and f-spin molecular orbitals for dicationic complex 3. Orbital energies are reported in electronvolts.

Scheme 8. Simplified Mechanistic Proposal for C—O Coupling for Reaction between 4 and CH;0H
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of the d,>_ orbital and interacts in an antibonding fashion with

the p, orbitals of the nitrogen atoms, as well as with the p,
orbital from the axial acetonitrile’s lone pair. The a-HOMO-2
is a mixture between the d,, and the amine lone pairs of the
pincer ligand. The two last a-spin metal-based orbitals, located

at ~2.0 eV from the a-HOMO, are the d,, and the d

both of

xy)
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which are involved in an antibonding interaction with the 3
acetonitrile ligands. The B-spin manifold contains 3 orbitals of
metal character (96, 95, and 93) for a total of 7 d electrons.
DFT Analysis of the Mechanism for Reactions of 3
and 4 with CH3;O0H. Scheme 8 shows a simplified mechanistic
proposal for C—O functionalization of the Ni-aryl moiety in 4
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Scheme 10. (a) Lowest Free Energy (and Enthalpy) Landscape for Reaction of 4 with CH;0H and (b) Representative
Examples of Higher-Energy Transition States Examined (kcal/mol)
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Figure 9. 3D representations of proton transfer and reductive elimination transitions states for the reaction of 4 with CH;OH. Bond and partial

bond lengths are reported in angstroms.

involving the following elementary steps: (i) CH;OH
coordination, (ii) proton transfer to the NMe, side arm of
the pincer ligand, and (iii) formation of C—O bond through
reductive elimination.

We began by calculating the relative free energies and
enthalpies for possible CH;OH coordination complexes and
ligand substitution; as expected, there are a large variety of low-
energy complexes (Scheme 9). The hexa-coordinate complex 6
shows that CH;OH coordination is unfavorable: it is indeed
endothermic and endergonic by 1.3 and 7.4 kcal/mol,

3868

respectively. The unfavorable coordination of methanol is
likely the result of the a-spin HOMO occupation shown in
Figure 7; because this MO is antibonding in character, the
dative Ni—O coordination interaction is destabilizing. This is
confirmed by a relatively long Ni—O(CH,3)H distance of 2.17
A in 6. Next, the positional isomer represented by structure 8
(wherein Br and CH;CN have switched positions) appears
slightly more stable than 6, but the 4 — 8 conversion is still
uphill in free energy. Overall, these calculated structures
confirm that acetonitrile is easily replaced by CH;0H. For
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example, structure 9 is only 1.3 kcal/mol endergonic relative to
4.

We then performed a comprehensive search for the
CH;O0H-to-NMe,(jig,ng) proton transfer from all of the
identified ground states. The lowest-energy pathway identified
involves starting from ground-state 6 and proceeds through
transition-state structure TS6 (Scheme 10a). The energy
surface of this proton transfer is extremely flat and
endothermic/endergonic, and while the resulting intermediate
14 is a potential surface minimum, it is slightly higher in free
energy compared to TS6. The 3D structure of TS6 shows that
the Ni-NMe, coordination is completely severed prior to
proton transfer (Figure 9). Direct deprotonation from adducts
7 and 8 showed transition states located ~22—26 kcal/mol
higher than the starting complex 4. This last observation
indicates that deprotonation is less favorable when CH;OH is
trans to the phenyl ring or to the MeCN ligand.

We also examined the possibility that another CH;OH
might serve as a shuttle for the CH;OH-to-NMe,jig,nq) proton
transfer (Scheme 10b, third species from the left). This
transition state is ~5 kcal/mol higher in enthalpy than TS6; in
addition, such CH;OH proton shuttling is likely also
disfavored by the entropy penalty.'” Interestingly, protonation
of the aryl moiety by CH;OH to generate a demetalated Ni™
alkoxy complex was found to be thermodynamically unfavor-
able by 29 kcal/mol (Scheme 11). This suggests that the

Scheme 11. Possible Protonation of the Aryl Moiety by
CH,OH

Br

S

Ni H
Me,N—Ni—NMe, ——» Me,N NMe,

MeOH NCMe O

reverse reaction, C—H activation, should be thermodynami-
cally feasible; indeed, examples of high-valent nickel-promoted
C—H activation have been observed by Mirica and Sanford."®
Subsequent to the proton transfer, the aryl moiety of the
pincer ligand and the methoxide group are cis to each other
and thus primed for C—O bond-forming reductive elimination.
Examination of reductive elimination from a variety of ground
states allowed us to identify TS14 as lowest in energy (see the
Supporting Information for alternative transition states). The
barrier from 14 to TS14 is 22.2 kcal/mol (Scheme 10a) and
overall 31.8 kcal/mol relative to 4 and CH;OH. This large free
energy value is most likely due to entropy overestimation; the
enthalpy of activation is 24.4 kcal/mol, which is more
reasonable for a room-temperature reaction. The reductive
elimination transition states leading to C—Br bond formation
were also located, but the barriers for these are 2—5 kcal/mol
higher in energy relative to TS14, which is just enough to
disfavor formation of the C—Br coupling product NC(Br)N.

As an alternative to the proposed inner-sphere, cis-reductive
elimination, we also investigated the possibility of direct
nucleophilic attack by CH;OH on the ipso-C atom (transition
state depicted in Scheme 10b, the second-to-last drawing from
the right). This transition state turned out to have a barrier of
over 45 kcal/mol, indicating that it is not competitive with
intramolecular reductive elimination. Somewhat unexpectedly,
the C—O coupling that generates the Ni' species 15 via TS14
is endergonic by 8.5 kcal/mol (Scheme 10a). This finding
prompted us to examine the possibility that 15 reacts with 4 to
generate 16 and 1. Indeed, this reaction provides an overall
exergonic reaction by ~10 kcal/mol. An analogous reaction
between the NC(Br)N product of the bromide reductive
elimination and 4 does not serve to make the process
exergonic.

Given the experimentally measured Ni'"'/Ni" oxidation
potential of 4 (0.74 V), it seems rather unlikely that Ni'
species might form during the functionalization reactions of
this complex in the absence of external oxidants. Nonetheless,
it is possible to envisage that some of the more electron-rich
intermediates of the reaction (e.g., the Ni'""—OCH; generated
by the deprotonation of the CH;OH adduct) might be
oxidized to a Ni'V species in a disproportionation reaction, as
outlined in Scheme 12. Our calculations showed, however, that
the free energy of this reaction is 34.2 kcal/mol with respect to
4 + CH;OH, which suggests a mechanism far too high in
energy to be viable.

In the case of the coordinatively saturated, 19-electron
dicationic species 3, the reaction needs to go through MeCN
dissociation first before CH;OH can bind to the metal center
(Scheme 13). Interestingly, dissociation of MeCN is exergonic
by ca. 7 kcal/mol, while CH;OH binding is slightly uphill;
overall, the new adduct 18 thus generated is more stable than
the starting material 3. The deprotonation of coordinated
CH;OH appears to be endergonic, but all attempts failed to
locate a transition state for the direct deprotonation by the
NMe, moiety. On the other hand, our calculations revealed
that reductive elimination from the putative Ni-OCH,
intermediate, species 19, is relatively facile with an activation
barrier of 17.0 kcal/mol (Scheme 13), which is much lower
than the corresponding step in the reaction of CH;OH with
the monocationic complex 4 (ca. 31.8 kcal/mol). Moreover,
TS19 (Figure 10) connects to product 20 located 5.1 kcal/mol
lower than the starting material. The comproportionation
reaction with 3 brings the Gibbs energy of the whole process to
—27.7 kcal/mol.

Kinetic Isotope Effect Calculation. The energy landscape
shown in Scheme 10a provides an understanding of the
observed inverse kinetic isotope value of 0.62 obtained
experimentally for the functionalization of 4 with CH;OH/
CD;OD. The key feature of the energy surface is that the
proton transfer is an endothermic step prior to the rate-limiting
reductive elimination transition state. This suggested to us that
the inverse KIE based on kg, results from an inverse

Scheme 12. Possible Disproportionation Reaction between Two Ni
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Scheme 13. Lowest Free Energy Landscape (and Enthalpies) for Reaction
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Figure 10. 3D representations of reductive elimination transition state
and final product for the reaction of 3 with CH;OH. Bond and partial
bond lengths are reported in angstroms.

equilibrium isotope effect (EIE). While there are several
contributing components to a KIE/EIE, including symmetry
factor, mass moment of inertia factor, vibrational excitation,
and zero-point energy (ZPE), we have modeled only the ZPE
component.

As expected, the proton-transfer step (TS6, Scheme 10a)
shows normal KIE of about 3.4 with respect to 6, because the
O—H bond is breaking. However, because this transition state
is prior to the rate-limiting transition state and the
intermediate resulting from this transition state is endothermic,
the KIE value of this step does not significantly impact the
overall observed KIE value. The steps that will impact the
observed KIE are the CH;0H coordination equilibrium and
the rate-limiting reductive elimination. The calculated ky/kp
value for TS14 relative to 4 and CH;OH/CD;OD is 0.57. This
overall inverse KIE value results from an inverse KIE value for
reaction step 14 to TS14 and an inverse EIE value for
conversion of 4 to 6. The predicted KIE value for 14 — TS14
is 0.67, whereas the predicted EIE for 4 — 6 is 0.76. This
inverse EIE is likely the result of additional vibrational modes
formed when CH;OH coordinates to the Ni metal center. In
accordance with this notion, inspection of the stretching
vibrational modes for free CH;OH/CD;0D shows a difference
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wagging, and rocking, as well as new isotope-sensitive modes
due to substrate coordination, leads to a preference for the
coordination of CD;OD over CH;OH, thus leading to an
inverse EIE. Parkin, Bender, and Goldman made similar
arguments in rationalizing the observed inverse EIE’s for the
coordination and oxidative addition of H,/D, to iridium and
tungsten metal centers."”

C—N Functionalization of the Monocationic and
Dicationic Species 4 and 3 with CH;NH,. The energy
landscape for the reaction of 4 with CH;NH, is shown in
Scheme 14a. Coordination of CH;NH, to the Ni'" center in 4
was found to be exothermic by 4.7 kcal/mol and endergonic by
2.8 kcal/mol. Unlike in the case of the CH;OH reactions
discussed above, we did not succeed in locating a transition
state for the direct deprotonation of coordinated CH;NH, by
the NMe, arm of the pincer ligand. Therefore, we elected to
consider the alternative scenario of an outer-sphere deproto-
nation mechanism wherein a second molecule of CH;NH,
would act as a deprotonating agent. The transition state for this
type of deprotonation was located at 19.5 kcal/mol (TS22),
and the deprotonated species 23 is 20.2 kcal/mol above 4.
Release of CH;NH;" from 23 leads to the charge-neutral, 19-
electron Ni'" amide complex 24 (Figure 11) from which C—N
or C—Br bond formation can occur. As was the case in the
CH;0OH reaction, our calculations showed that C—Br
reductive elimination is disfavored kinetically, whereas C—N
bond formation is much more favorable kinetically (activation
energy, ~30 kcal/mol).

The analogous backbone functionalization starting from the
dicationic complex 3 and CH;NH, starts with MeCN
dissociation to form the penta-coordinated species 17 (Scheme
15a), followed by exothermic/exergonic substrate uptake to
generate the CH;NH, adduct 26. It is significant that
substitution of MeCN by the substrate is thermodynamically
favored (by —10.4 kcal/mol) and that even the deprotonation
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Scheme 14. (a) Lowest Free Energy (and Enthalpy) Landscape for the Reaction of 4 with CH;NH, and (b) Representative
Example of the Higher-Energy Transition States Examined (kcal/mol)

a)

A

Figure 11. 3D representations of proton transfer and reductive
elimination transition states for the reaction of 4 with CH;NH,. Bond
and partial bond lengths are reported in angstroms.

of coordinated CH3;NH, proceeds rather easily via an outer
sphere mechanism, i.e, mediated by a second molecule of
substrate (<4 kcal/mol). Thus, C—N reductive elimination is
rate-determining with a relatively accessible transition state
TS28 at 9.6 kcal/mol (Figure 12). It is worth noting that a
slightly greater activation energy (10.5 kcal/mol) was required
for an alternative pathway involving the disruption of the
chelating form of the pincer ligand. Much like CH;NH,
functionalization from 4, this mechanism does not require
comproportionation with starting material to be favorable
thermodynamically.

B CONCLUSIONS

This work has resulted in the synthesis and characterization of
the new divalent and trivalent cationic Ni complexes 1, 3, and
4, as well as an examination of their reactivities toward protic
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substrates. The divalent complex 1 was found to undergo a
sluggish functionalization of its Ni"'—Ar moiety with CH;OH;
this reactivity requires aerobic conditions and in this sense is
reminiscent of the previously reported C—O and C—N bond
formation from pyrazole-based NCN-type pincer complexes
isolated by our group.’ These observations hint at the
involvement of cationic Ni™' intermediates. The successful
isolation and characterization of monocationic and dicationic
Ni"™! complexes discussed in this report allowed us to confirm
the viability of this hypothesis. Furthermore, we have
established that several side reactions diminish the yield of
backbone functionalization. For instance, a comproportiona-
tion reaction between in situ generated Ni' species and the
Ni"" precursors limits to 50% the conversion of the mono- and
dicationic trivalent species 3 and 4 into the functionalization
product NC(OCH;)N. This undesirable side reaction can,
however, be circumvented by performing the reaction under
aerobic conditions, because the in situ generated divalent
complex 1 can, in turn, undergo C—O coupling thereby
improving the overall coupling yield. It should be noted,
however, that aerobic reaction conditions did not lead to
substantial increases in C—N coupling yields. Finally, another
side reaction is the rapid oxidation of amines by the cationic
Ni'™! complexes; this side reaction also forms the cationic Ni"
complex 1.

DFT calculations revealed a number of valuable observa-
tions. Substrate uptake by the nickel center is surprisingly
difficult, especially in the case of the monocationic complex 4;
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Scheme 15. (a) Lowest Free Energy (and Enthalpy) Landscape for Reaction

of 3 with CH;NH, and (b) Representative

Example of the Higher-Energy Transitions States Examined (kcal/mol)
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Figure 12. 3D representations of reductive elimination transition
states for the reaction of 3 and CH;NH,. Bond and partial bond
lengths are reported in angstroms.

however, once coordination takes place, the requisite
deprotonation is fast. Reductive elimination of the methoxy
and amide ligand is favored compared to C—Br bond
formation, both kinetically and thermodynamically. This
suggests that the reverse reaction, oxidative addition, should
be accessible from Ni' and that one could devise a Ni'/Ni"'
catalytic cycle for the conversion of C—Br bonds into C—O
bonds.”® Moreover, the fact that protonation of the aryl moiety
is thermodynamically disfavored suggests that electrophilic
type C—H activation of a pincer ligand from a Ni™ complex
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should be possible. Future investigations will explore these two
avenues.

B EXPERIMENTAL SECTION

General Procedures. Unless otherwise indicated, all manipu-
lations were carried out using standard Schlenk and glovebox
techniques under a dry nitrogen atmosphere and using solvents
which were dried to water content of less than 10 ppm by passage
through activated aluminum oxide columns (MBraun SPS); solvent
moisture content was determined using a Mettler-Toledo C20
coulometric Karl Fischer titrator. The starting materials AgSBF,
3,5-dimethoxybromophenol, CuBr,, and CD;OD were purchased
from Aldrich and used without further purification. Literature
procedures were used to synthesize NiBr,(NCiPr),*' NC(H)N,**
and (NCN)NiBr,.”

The NMR spectra were recorded on the following spectrometers:
Bruker AV400rg ('H at 400 MHz) and Bruker ARX400 ('H at 400
MHz and “C{'H} at 100.56 MHz). Chemical shift values are
reported in ppm (5) and referenced internally to the residual solvent
signals ("H and "C: 7.16 and 128.06 ppm for C4Dg) or externally.
Coupling constants are reported in Hz. The elemental analyses were
performed by the Laboratoire d’Analyses Elémentaires, Département
de chimie, Université de Montréal. The EPR spectra were collected
on a Bruker Elexys ES00 X-band spectrometer. The samples were
prepared by dissolving under an inert atmosphere the Ni(III) complex
3 or 4 (0.1 mM) with a dry solvent (MeCN for 3 and MeCN/toluene
or CH,Cl,/toluene for 4) in a 4 mm EPR tube. Measurements were
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then carried out either in a liquid (293 K) or in a frozen solution (120
[ (NCN)Ni’”(MeCN)3][SbF6]2, 3. A dry Schlenk flask was charged with
MeCN (1S mL), the charge-neutral dibromo precursor (NCN)-
Ni""Br,, 2 (0.400 g, 0.976 mmol), and AgSbF (0.671 g, 1.95 mmol).
The flask was wrapped in aluminum foil, and the suspension was
stirred for 30 min at r.t. The final reaction mixture was concentrated
under vacuum to ~4 mL, followed by addition of Et,O (15 mL) and
filtration to isolate a red precipitate, which was then washed with 3 X
10 mL of Et,0O to give a red powder (0.684 g, 84% yield). Anal. Calc
for C,sH,sF;,NNiSb, (844.64): C, 25.60; N, 8.12; H, 3.34. Found:
C, 25.10; N, 8.27; H, 3.38.

[(NCN)Ni"(Br)(MeCN)J[SbF], 4. A dry Schlenk flask was charged
with MeCN (S mL), the dicationic complex 3 (0.150 g, 0,178 mmol),
and the charge-neutral dibromo precursor (NCN)Ni"'Br,, 2 (0.080 g,
0.196 mmol). The reaction mixture was stirred at r.t. for 20 min,
followed by concentration of the resulting purple solution to ~1 mL.
Addition of Et,O (10 mL) and canula filtration, followed by washing
of the residual solid with $ X 10 mL of Et,O, gave a purple powder
(0.170 g, 83% yield). Anal. Calc for C;,H,,N;F;BrNiSb (606.96): C,
27.72; N, 6.93; H, 3.66. Found: C, 27.59; N, 6.92; H, 3.53.
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