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Abstract. Terminal high-valent metal-oxygen species are key reaction intermediates in the
catalytic cycle of both enzymes (e.g., oxygenases) and synthetic oxidation catalysts. While
tremendous efforts have been directed towards the characterization of the biologically relevant
terminal manganese-oxygen and iron-oxygen species, the corresponding analogues based on
late-transition metals such as cobalt, nickel or copper are relatively scarce. This is in part related
to the “Oxo Wall” concept, which predicts that late transition elements cannot support a
terminal oxido ligand in a tetragonal environment. Here, the nickel(II) complex (1) of the
tetradentate macrocyclic ligand bearing a 2,6-pyridinedicarboxamidate unit is shown to be an
effective catalyst in the chlorination and oxidation of C-H bonds with sodium hypochlorite as
terminal oxidant in the presence of acetic acid (AcOH). Insight into the active species
responsible for the observed reactivity was gained through the study of the reaction of 1 with
CIO at low temperature by UV/Vis absorption, resonance Raman, EPR, ESI-MS, and XAS
analyses. DFT calculations aided the assignment of the trapped chromophoric species (3) as a
nickel-hypochlorite species. Despite the fact that the formal oxidation state of the nickel in 3 is
+4, experimental and computational analysis indicate that 3 is best formulated as a Ni"' complex
with one unpaired electron delocalized in the ligands surrounding the metal center. Most
remarkably, 3 reacts rapidly with a range of substrates including those with strong aliphatic C-H
bonds, indicating the direct involvement of 3 in the oxidation/chlorination reactions observed in
the 1/C1O/AcOH catalytic system.

INTRODUCTION

Terminal high-valent metal-oxygen species are key reaction intermediates in the catalytic cycles
of both enzymes (e.g. oxygenases) and synthetic oxidation catalysts.'” Many examples of
natural and synthetic terminal high-valent Fe-oxygen, and Mn-oxygen species have been
reported in the last decade.®’” In sharp contrast, and despite some efforts, detection of terminal
high-valent metal-oxygen species involved in the mode of action of highly efficient oxidation
catalysts based on late-transition metals such as cobalt, nickel or copper are scarce. This is in
part related to the “Oxo Wall” concept, which predicts that late transition elements cannot
support a terminal oxido ligand in a tetragonal environment.** Elucidating the mechanisms by
which reactions catalyzed by late transition metal complexes proceed is essential for the rational
development of selective catalytic reagents based on these metals, and requires a comprehensive
understanding of the structure and properties of the key reactive species. It is only in recent
years that the structural, spectroscopic and reactivity of well-defined oxido-cobalt(IV),'""
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hydroxido-cobalt(IIT),'* hydroxido-copper(III),"* oxido/hydroxido-nickel(IIT)'* and bicarbonate-
nickel(IIT)"° have been reported. Indeed, we reported earlier the formation of a metastable oxyl-
nickel(IIT) species.'® In all of these examples, highly basic ligand structures are necessary to
stabilize the uncommonly high oxidation states of the metal center: either neutral guanidine-
based ligands or the inclusion of a 2,6-pyridinedicarboxamidate unit in the ligand architecture
were necessary. In particular, carboxamidate groups have proven to be a highly successful
structural motif to support well-defined high-valent metal species including metal-oxygen
compounds.'”?!

Selected nickel complexes have been proven to be efficient catalysts in the challenging
oxidation of alkanes and alkenes. For example [Ni'(OAc)(tpa)(H,0)]" (tpa =
tris(pyridylmethyl)amine) and related systems®>* catalyze the oxidation of alkanes with
mCPBA or H,0, as oxidant, while Ni-salen complexeszs’26 and Ni" salts’’ have been
successfully applied as catalysts in alkene epoxidation in combination with NaOCI. For
hypochlorite-based nickel-mediated oxidations, relatively little insight into the nature of the
active species involved is available. Only recently, the complex [Ni"(CF;SOs),(Pytacn)] (Pytacn
= 1-(2-pyridylmethyl)-4,7-dimethyl-1,4,7-triazacyclononane) was reported to catalyze alkane
chlorination with NaOCI. Although several higher valent Ni"" species were observed, the role of
the catalyst was concluded to be primarily to accelerate the formation of chlorine radicals
through O-Cl bond cleavage via a spectroscopically characterized Ni"-OCl species.”®

Recently, we reported the formation of a metastable oxyl-nickel(III) species, [Ni"'(O*)(L)], by
reaction of a nickel(II) precursor (1) with peracids at low temperature,'® in which a macrocyclic
tetradentate ligand (L) based on a 2,6-pyridinedicarboxamidate unit supported the metal center
(Scheme 1). The [Ni"(O+)(L)] was only sufficiently stable to be observed at sub-ambient
temperatures (< 250 K) and reacted readily with organic substrates (C-H bonds, C-C double
bonds and sulfides). Here, we show that reaction of 1 with NaOCI affords a new high valent Ni-
OCl intermediate, which is characterized spectroscopically and by theoretical methods. The
kinetic competence of this species in hydrogen-atom abstraction and oxygen-atom transfer
reactions is demonstrated by unprecedentedly high reaction rates with a range of substrates.

HO.
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Scheme 1. Schematic representation of the previously reported reaction of 1 with mCPBA to
form [Ni"'(O+)(L)]'® along with the reaction studied in this work.

RESULTS AND DISCUSSION

Catalytic oxidation/chlorination of alkanes by 1 and NaOCl
Compound 1 was found to be a particularly efficient catalyst in the oxidation/chlorination of
alkanes bearing strong C-H bonds (Table 1). Thus, addition of 100 equiv NaOCI into an MeCN
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solution containing 1 equiv 1 (1 mol% with respect to the oxidant), 100 equiv of AcOH and
excess cyclohexane (300 equiv) afforded after stirring for 2 hours under N, 34 + 4 TON
(turnover number) of chlorocyclohexane and 7 +£1 TON of cyclohexanone (entry 1).
Interestingly, the yield significantly increased when the temperature was lowered down to -30°C
affording 44 £ 3 TON chlorocyclohexane and 9 + 2 TON cyclohexanone, indicating that
unproductive reaction pathways were occurring at higher temperatures (entry 3). Importantly,
experiments in the absence of compound 1 or acetic acid afforded significantly lower yields
(entries 4-6), indicating that all the reagents were necessary to efficiently catalyze this
transformation. In order to evaluate the synthetic usefulness of this protocol, we carried out an
experiment in which full conversion of the substrate could be achieved. The use of
stoichiometric amounts of oxidant and cyclohexane caused a decrease in turnover numbers to 17
and 83% of substrate was not converted into products. Finally, n-hexane was also used as a
substrate and 2-chlorohexane and 3-chlorohexane were obtained as the main products in a
roughly 1:1 ratio. Remarkably, turnover numbers obtained for the present system are higher
than those previously reported for alkane chlorination/oxidation reactions catalyzed by
[Ni"(Pytacn)(CF3SO;),] or Mn(porphyrin) systems using NaOCI.*** Insight into the nature of
the active species involved in the oxidation/chlorination was gained through monitoring the
reaction of 1 with NaOCI and AcOH in MeCN by UV/Vis absorption spectroscopy at -30°C,
which unraveled the formation of two transient species, namely 2 and 3 (see below).

Table 1. Catalytic chlorination and oxidation of cyclohexane and n-hexane by 1 using
NaOCI/AcOH in MeCN.*

catalyst 1 AcOH

entry (equiv) (equiv) substrate / equiv T (°C) TONuiorinaton”  TONoxidation” TONwt®
1 1 100 cyclohexane / 300 +25 34+4 7+1 41
2 0 100 cyclohexane / 300 +25 14+1 0 14
3 1 100 cyclohexane / 300 -30 4443 912 53
4 0 100 cyclohexane / 300 -30 1242 0 12
5¢ 1 0 cyclohexane / 300 -30 1142 61 17
6° 0 0 cyclohexane / 300 -30 4+1 0 4
7 1 100 cyclohexane / 100 -30 152 2+1 17
8 0 100 cyclohexane / 100 -30 7+2 0 7
9 1 100 n-hexane / 300 -30 2143 812 29
10 0 100 n-hexane / 300 -30 412 412 8

*Reaction conditions: in typical reaction, 0.1 mL of a 0.5 M solution of AcOH (50 umol) in MeCN and 32 pL of
commercially available NaOCI 10 wt % (50 wmol) were added to a vigorously stirred MeCN solution (2.5 mL)
containing compound 1 (0.5 umol) and the substrate (50 or 150 pmol) under N,. The mixture was stirred for 2
hour. All reactions were run in duplicate. For more details, see the experimental section. "TON htorination = turnover
number of chlorinated products. Chlorocyclohexane for the oxidation of cyclohexane and a 1:1 mixture of 2-
chlorohexane and 3-chlorohexane for n-hexane. “TONygaion = turnover number of ketone products.
Cyclohexanone for the oxidation of cyclohexane and a 1:1 mixture of 2-hexanone and 3-hexanone for n-hexane.
“TON a1 = TONhiorination + TONoxidation- N0 acetic acid used.

UV/Vis spectroscopic detection of 2 and 3

Addition of 5 equiv AcOH to a solution of 1 (0.2 mM) did not alter its UV/Vis absorption
spectrum. Subsequent addition of 3 equiv CIO" (either NaOCI or Ca(OCl),) induced an
immediate decay of the absorption bands associated with 1 and the formation of a new species
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(2) with weak absorption bands at 550 and 650 nm (¢ ~ 500 M'ecm™). Further addition of ClO"
up to 5 equiv. led to the appearance of an intensely colored species (3) with A, at 475 nm (g =
8000 M'cm™) and a decay half-life (t;,,) of 4.2 h. Five equiv. CIO” and AcOH were found to be
the optimal amounts to achieve maximum formation of 3 (Figure 1). In the absence of either
ClO" or AcOH species 2 and 3 were not formed, and, in addition, it was noted that with excess
of AcOH the rate of formation of 3 was increased significantly.

The involvement of 2 and 3 in oxidation/chlorination of organic substrates was explored.
Addition of organic substrates to a solution containing 2 had no effect on its UV/Vis absorption
spectrum; its characteristic absorption bands were not changed. In contrast, compound 3 reacted
rapidly with alkanes, alkenes and sulfides. The spectroscopic characterization of these two
species as well as the reactivity of 3 towards organic substrates will be discussed in the
following sections.

a)

250 450 650 850 . 250 450 650 850
A (nm) A (nm)

Figure 1. UV/Vis absorption spectrum of 1 over time with a two-step addition of Ca(OCl), at -
30°C in MeCN:H,0 95:5 (v:v). a) Step 1: 3 equiv ClO™ added to 1 (0.2 mM, black line) in
MeCN in the presence of 5 equiv AcOH resulted in the formation of species 2 (red line). b) Step
2: addition of a further 2 equiv CIO™ to 2 (red line) resulted in the formation of 3 (orange line).
Equivalent results were obtained with the use of NaOCl.

Spectroscopic characterization of 2

UV/Vis absorption spectroelectrochemistry was found to be a good technique to get information
about the possible formulation of compound 2. Thus, the spectroelectrochemical oxidation of 1
confirmed that the quasi-reversible redox wave (I,./I,c ~ 1, AE ~ 70 mV at a scan rate of 100
mV-s™") at E,, 0.90 V vs Ag/AgCl (Figure S1), assigned to the Ni"/Ni" redox couple, was also
fully reversible chemically. Electrochemical oxidation of 1 at 0.96 V in MeCN resulted in a
change in its UV/Vis absorption spectrum (Am. 343 nm, & = 4000 M cm™) to that of a new
species with an absorption band at A, 850 nm corresponding to [Ni"(L)]" (1*). The original
absorption spectrum was fully recovered by subsequent reduction at 0.85 V (Figure S2). A
similar result was obtained when water (50 equiv) and acetic acid (5 equiv) were present in the
reaction medium. Remarkably, when the same experiment was performed in the presence of not
only water and acetic acid but also NaCl (5 equiv), the resulting UV/Vis spectrum nicely
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matched the UV/Vis absorption features measured for 2 with weak absorption bands at Ay ~
550 and ~ 650 nm (Figure S3). This process could be reversed and the spectrochemical
reduction of the formed species led to the recovery of the UV/Vis spectrum of 1. These data
strongly support the assignment of 2 as [Ni"'(L)(CI)].

EPR analysis further supported this assignment. Thus, the EPR spectrum obtained from a flash
frozen (77 K) solution, obtained by mixing 1 with 5 equiv AcOH and 3 equiv NaOCI in
MeCN:H,0 95:5 at -30°C to form 2, exhibited a signal characteristic of an axial § =1/2 Ni""
species with g,=2.23 and g,= 2.01 which accounted for 65% of the nickel content (Figure
S4). %" The formulation of 2 as [Ni"(L)(CI)] also fully agreed with the results obtained by
cryospray ionization mass spectrometry (CSI-MS) at -30°C. MS analysis of 2 revealed a simple
spectrum with a major signal at m/z 318.0588, with a m/z value and isotopic pattern fully
consistent with [Ni"(L)]" in agreement with the +3 oxidation state of the nickel center
determined by EPR spectroscopy (Figure S5). Finally, XAS analysis of 2 further supported the
presence of a mononuclear nickel center coordinated to an apical chloride ligand (see XAS
analyis below).

Kinetic analysis of the reaction of 3 with organic substrates

In contrast to species 2, compound 3 reacted rapidly with different substrate types including
alkanes, alkenes and sulfides. Under conditions of excess substrate, the decay of the absorption
band of 3 (A = 475 nm) was pseudo-first-order and fitted a monoexponential function from
which observed rate constants (k,,s) were extracted (Figure S6). Reaction rates were found to be
the same within error under N, or air. The linear variation of k., with substrate concentration
enabled calculation of second-order rate constants (k, Figure S7 and Table S1). Interestingly, 3
was kinetically competent in the reactions with alkanes bearing C-H bonds as strong as those of
cyclohexane (bond dissociation energy, BDE, of 99.3 kcal-mol™), and a k= 0.0011 M s™" was
determined for this substrate. Second order rate constants corrected by the number of C-H bonds
in the substrate (k’) for the reaction of 3 with various alkanes bearing C-H bonds with BDEs
ranging from 75.5 to 99 kcal-mol™ were determined. Log(k’) values correlated linearly with the
BDE values of the substrates, giving a slope of approximately -0.3 (Figure 2a). This correlation
together with a KIE of 1.5 determined for the oxidation of 9,10-dihydroanthracne (Figure S11)
indicates that 3 reacts with alkanes in a rate-determining hydrogen-atom abstraction step. Such
behavior is consistent with that observed for the [Ni"'(O<)(L)] species previously reported by
us,'¢ albeit the reactivity of 3 is substantially greater (Table 2). Analysis of the final oxidation
products for the reaction of 3 with triphenylmethane indicated the formation of 1.4 TON of
products consisting mainly of triphenylchloromethane together with small amounts of
triphenylmethanol. Most of these products originated from a nickel-mediated process as
ascertained by a blank experiment in the absence of nickel, which exclusively afforded 0.5 TON
of chlorinated product (Table S2).

Compound 3 could also engage in oxygen-atom transfer (OAT) reactions. The rate of the
reaction of 3 with 1-octene was 0.45 M s™', which is an order of magnitude greater than that
determined at the same temperature for [Ni"'(O<)(L)]. Similarly, reaction of 3 with other olefins,
such as styrene or cyclooctene, were between 100 and 500 times faster than for [Ni"'(O*)(L)]
(Table 2). The electrophilic character of 3 was evidenced by the dependence of the reaction
rates on the nature of the para-substitutent in a series of styrenes. A Hammett analysis of these
reactions rates afforded a negative reaction constant (p) of -1.35 (Figure 2b), which indicates the
electrophilic character of 3 in OAT reactions.’> Remarkably, the reaction of 3 with thioanisole
was too rapid to extract accurate kinetic data at -30°C using our conventional UV/Vis absorption
spectrophotometer. Overall, the data indicate that 3 is a highly active oxidizing species with
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much greater reactivity than previously reported nickel systems'*'*?’ including the

[Ni"(O#)(L)] species that bears the same ligand as 3.'® Similarly to the reaction with alkanes,
analysis of the oxidized products after reaction of 3 with alkenes and sulfides proved that,
indeed, this species mediated an oxygen-atom transfer reaction (Table S2). Thus, 1,2-
epoxyoctane was formed in the reaction of 1-octene with 3 in 20% yield (with respect to nickel),
while no epoxide product was detected in a blank experiment in the absence of nickel. In the
case of thioanisole, the exclusive formation of the sulfoxide product in 130% yield was
determined in the reaction with 3, but this value was only 30% in the corresponding blank

experiment.
. S
4. 1 OMe p=-1.35
0,1 1
- )
- ]
< -1 x ]
=3 04 ]
(<} =2 ]
2 g |
~ 0,9 -
] Q/\
1 1 X
_5 T T T T T T T T T T T T T T 1 '1,41 T T T T T T T T T 'N'O|2' 1
70 80 90 100 -0,6 -0,1 0,4 0,9
BDE (kcal-mol) Cp

Figure 2. a) Plot of log(k”) against the C-H BDE for the reaction of 3 towards several alkanes in
MeCN:H,0 95:5 (v:v) at -30°C. b) Hammett plot for the reaction of 3 against para-substituted
styrenes in MeCN:H,O 95:5 (v:v) at -30°C.

Table 2. Second-order rate constants (k) for the oxidation of alkanes, alkenes and thioehters by
3 or [Ni"'(O#)(L)] in MeCN:H,0 95:5 (v:v) at -30 °C.

k,M's!
3 NRCOON
xanthene 14 2.93
9,10-dihydroantrhacene 8.5 2.62
1,4-cyclohexadiene 5.5 1.69
fluorene - 0.28
styrene 4.1 0.45
cyclooctene 73 0.18
thioanisole >100 0.56
1-octene 0.45 0.044

Spectroscopic characterization of 3

Spectroscopic analysis provided insight into the chemical nature of 3. Analysis of frozen
solutions of 3 in MeCN (77 K) by Raman spectroscopy at 473 nm showed resonance
enhancement of two bands, which tracked the appearance and disappearance of the visible
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absorption of 3 (A 475 nm), at 703 and 443 cm™ (Figure 3 and S9). '*O-labeling using
Na'*OCl resulted in a downshift to 679 and 435 cm™. By comparison to previously reported Fe-
OCl systems™ these bands are assigned tentatively to O-Cl and Ni-O stretching modes,
respectively. The observed shift of 24 cm™ for the 703 cm™ band is in good agreement with the
calculated shift (A['*O] = - 29 cm™) using the two-atom approximation for an O-Cl stretching
mode, while the shift of 8 cm™ for the 443 cm™ indicates that this vibration is associated not
only to the oxygen atom but also to ligand modes (expected shift for a Ni-O bond is A['*0] = -
20 cm™). Importantly, both the resonantly enhanced bands at 703 and 443 cm™ and the
absorption band at 475 nm disappeared upon addition of 50 equiv 1-octene (Figure S13).

703
679

~a

320 400 500 600 700 800 900 986
Raman shift (cm-")

Figure 3. Resonance Raman spectra (A¢ 473 nm) in frozen MeCN:H,O 95:5 (v:v) (77 K) of 3
formed after reaction of 1 (0.48 mM) in MeCN:H,O 95:5 (v:v) at -30°C with 5 equiv AcOH and
5 equiv NaOCl (blue line) or 5 equiv Na'®OCI (red line). Artifacts due to imperfect solvent
subtraction were masked with white boxes.

EPR analysis of a solution of 3 showed an EPR signal with g values g,=2.23 and g,= 2.01
assigned to compound 2. However, this signal accounted for less than 30% of the overall nickel
content, which indicated that compound 3 is EPR silent. CSI-MS analysis of 3 at -30°C revealed
a clean spectrum dominated by a peak at m/z 334.0585, which corresponds to [Ni(O)(L)]"
(Figure 4). When compound 3 was generated using Na'*OCl, a shift of two mass units of the
latter signal to m/z 336.0592 was observed (Figure 4 and S12). Collision induced dissociation
(CID) experiments conducted over these signals at a collision energy of 20-25 eV afforded in
both cases a new signal at m/z 317.05 indicative of the loss of an OH/"*OH radical (Figure S14
and S16). The fact that the signal at m/z 334.06 disappeared upon addition of substrate (1-
octene) and that the oxygen atom is lost in CID experiments suggests that it does not originate
from incorporation of oxygen into the ligand architecture, e.g. hydroxylation of methylenic C-H
bonds in ligand L.
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Figure 4. a) CSI-MS of 3 at -30°C formed by reaction of 1 with 5 equiv NaOCl in the presence
of 5 equiv AcOH in MeCN:H,0 95:5 (v/v) at -30 °C (equivalent spectra were obtained using 30
equiv NaOCl and 20 equiv AcOH). The spectrum shows major peaks at m/z 318.0615 and m/z
334.0585 corresponding to [Ni(L)]" and [Ni(O)(L)]", respectively. b) Experimental and
simulated pattern for the peak at m/z 334.06 formed with NaOCI (top) or partially '*O-labeled
NaOCl (bottom).

X-ray absorption spectroscopy (XAS) at the metal K-edge was applied to probe the electronic
and geometric structure of the nickel center in 3.”*° For comparison purposes, XAS on
compound 2, assigned as [Ni"(L)(CI)] (see above), was also performed. Figure 5 (left) shows an
overlay of the XANES region of compounds 2 and 3 and the previously reported oxyl-Ni'""
radical analog [Ni"'(Os)(L)]."

The spectra of compounds 2 and 3 have similar rising edge profiles when compared to that of
[Ni"(O+)(L)], indicating a similar square bipyramidal coordination geometry at the metal
center.””* However, for 2 the rising edge is 0.4 eV lower in energy than [Ni"'(O*)(L)], with a
half-height edge energy of 8343.0 eV, indicating a more electron rich metal center with a lower
effective charge. On the other hand a shift to higher energy is observed for compound 3 with a
rising edge at ~8344.0 eV (Figure S17). A similar trend is also observed in the pre-edges of 2
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and 3, associated with 1s — 3d transitions, where the pre-edge of 2 at 8333.15 eV indicates a
more "effectively" reduced metal center and a weaker ligand field than in 3, which has a pre-
edge at 8333.54 similar in energy to that reported for [Ni"'(O+)(L)] at 8333.65 eV. The energies
derived from the pre-edge analysis for the series are consistent with the presence of Ni'" centers,
having pre-edges ~1 eV higher in energy than those reported for Ni".'****! Additionally, a lower
rising edge for 2 is consistent with the presence of the more electron donating CI ligand in the
coordination sphere of 2 versus oxygen-derived ligands in 3 and [Ni"'(O#)(L)]. This is supported
by EXAFS analysis of 2, which confirms the presence of chloride in the coordination sphere of
the Ni center (Figure 5 center, Table 3 and Table S3). In addition to the chloride, 4 N/O ligands
are present as well as single and multiple scattering paths consistent with the presence of the
macrocyclic ligand. Compound 3 was also characterized structurally using EXAFS analysis and
shows a Ni center surrounded by a first coordination shell of 5 N/O ligands at 1.89 A,
accompanied by single and multiple scattering C/N paths at 2.77 A and 2.96 A (Figure 5 right,
Table 3 and Table S4). This is consistent with a metal center surrounded by the macrocyclic
ring of the ligand and coordinated by the 4 nitrogen atoms of the macrocycle in the equatorial
plane with an additional axial N/O ligand. The EXAFS determined structures and bond
distances for 2 and 3 are in agreement with the computational models proposed below (Table 3).

The possibility of dimerization to form Ni-X-Ni complexes was also explored using existing
procedures including phase comparison and curve fitting.*’** Phase comparison revealed that
the region of 3.4 to 3.8 A in r-space, where Ni-Ni scattering paths should occur, is similar for all
three complexes, while curve fitting of both 2 and 3 shows that inclusion of a Ni-Ni scattering
path does not significantly improve the goodness of the fit, contributes to "over-fitting" based
on the y°, parameter and results in unreasonable values for the disorder parameters (Figure
S18). Therefore EXAFS analysis does not support formation of Ni-X-Ni dimers. Lastly,
previous reports have shown than in a series of Ni complexes with similar coordination
environments a change of 0.7 eV in the rising edge is consistent with a +1 change in formal
oxidation state.”>* Therefore a change of ~0.5 eV in the rising edge of 3 versus [Ni"(O*)(L)]
might indicate partial oxidation of the metal center and/or participation of the ligand sphere in
the redox process.*

1.4 2 T T
PR — 2 Compound 2 Compound 3
0 1.2 S —o—Data —o—Data
< ---3 / Ataaesecn ) a2l )
© . . = —Fit —Fit
a ——[Ni()-07] ® o A
= 1.0 vt - S ’
o G E E .
[7] ’ = = j/
£o0.8 4/ g g /|
g 4 g g '
@06 F
N 0.6 ""l = =4l .
© I w w / i
£0.4- Y J s
0o .'II ’, u
Z0.2 Q }
0.0 _

8330 8340 8350 8360

2 4 2
Energy (eV) R+A(A) R+A(A)

Figure 5. (Left) Comparison of the Ni K-edge XANES region for compounds 2, 3 and
[Ni"(O#)(L)]; (center) Fourier-transformed EXAFS spectra of 2 (no phase correction, FT,
window= 2-13 A™); (right) Fourier-transformed EXAFS spectra of 3 (no phase correction, FT,
window=2-12.5 A™); Insets: k*-weighted unfiltered EXAFS spectra.
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Table 3. Comparison of EXAFS determined and Density Functional Theory derived bond
metrics for compounds 2 and 3 (full scattering paths outlined in Tables S3-S4).

el EXAFS DFT
moce path* r(A) o’ (x10° A?) % R 2y r (A)
compound 2 3N/O 1.86(1) 2(1) 1.86
1 N/O 2.07(3) 2(1) 63 04 1.93

1Cl 2.50(4) 7(5) 2.40

8C 2.72(1) 8(4) 2.76

compound 3 5N/O 1.89(1) 3(1) iy 30 1.93
8C 2.76(2) 52) 2.77

*Chemical intuition was used to differentiate between N/C/O paths

Theoretical models for compound 3 and correlation with experiments

The nature of compound 3 was also explored by theoretical models and correlations were made
to experimental data. The following evidences were taken into account: i) resonance Raman
indicates the presence of a Ni-OCl species in solution; ii) CSI-MS experiments confirm the
presence of a [Ni(O)L]" core; iii) EPR spectroscopic data indicate that a S = 1/2 Ni"" species (2)
is converted to compound 3; iv) XAS analysis is consistent with a monomeric high-valent Ni
center surrounded by 5 N/O ligands in what is best described as a square pyramidal
environment; v) XANES analysis of the rising edge indicates a more oxidized metal center in 3
than in previously reported [Ni"(O#)(L)],'® albeit by only ~0.5 eV rather than 0.7 eV which
would be expected for a formal +1 change in oxidation.

With all this information in hand, geometry optimizations of the nickel-OCl compound
[Ni(OCI)(L)]" (A) in several possible spin states (S = 0, 1 or 2) were performed. The triplet
multiplicity (*A) was found to be the ground spin state, being 7 kcal-mol™ more stable than the
singlet ("A). The model consists of a nickel center in a distorted square pyramidal geometry
with the OCI ligand bound at the apical position (Figure 6). Calculation of the free energy
difference of *A relative to the starting reagents indicated that its formation is exergonic (AG = -
12.8 kcal-mol™) (Figure 7).* We also considered the involvement of the corresponding le”
reduced compound [Ni(OCIl)(L)] (B). However, formation of the most stable spin state of this
species (*B) from 1 was endergonic (AG = +5.3 kcal-mol"), and thus, the le” oxidized *A
species is preferred on the basis of theoretical results (Figure 7, see Supporting information for
further details).

The free energy cost to cleave the O-Cl bond in A was also determined. Heterolytic O-Cl
cleavage to liberate CI" would lead to [Ni(O)(L)]*" in which the nickel center would be found in
a formal +6 oxidation state, which is highly unlikely and thus, it was discarded. Instead,
homolytic O-Cl cleavage would afford [Ni(O)(L)]" (C). However, the computed free energy for
the conversion of *A to the most stable quadruplet C species (*C) revealed a highly endergonic
process (AG = +43.1 kcal-mol™) (Figure 7). Thus, O-Cl cleavage to form a nickel-oxido/oxyl
species is disfavored on a thermodynamic basis, thus reinforcing the assignment of compound 3
as [Ni(OCI)(L)]" CA).

The proposed coordination geometry and bond distances of the *A theoretical model (Figure 6)
are consistent with the experimentally derived geometry and bond metrics from XAS analysis
(Table 3). Similarly, compound 2, which is assigned as [Ni"(L)(CI)]" on the basis of several
spectroscopic techniques (see above), was also modeled. A similar square pyramidal geometry
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to 3, but having the CIO™ apical ligand replaced by CI', and a S = 1/2 spin state was found to be
the most stable configuration for 2 (Figure S21). This geometry was found to be almost
isoenergetic with the starting complex 1. Again, calculated bond distances for 2 agree, within
error, with the experimentally derived bond distances (Table 3).

Additionally, TD-DFT calculated pre-edge XAS energies follow the observed experimental
trends with 2 having the lowest energy calculated pre-edge, followed by 3 (~0.4 eV higher) and
[Ni"'(O+)(L)] (~0.7 eV higher) (Figure S19a). The calculated pre-edge intensities are also
consistent with experiment, with 2 and 3 having lower intensities than [Ni"'(O<)(L)] (Figure
S19b). In all cases the pre-edges are predicted to have three metal based transitions (Figure
S20). Difference density maps*®* of the pre-edge transitions highlight a core excitation to a
singly occupied dz’ orbital, which dominates the pre-edge intensities, followed by two
transitions to the empty dx*-y” orbital. The placement of the unpaired electron in the dz* orbital
for 2 is also consistent with the EPR profile which suggests that the dz* orbital is the main
contributor to the ground state.'>*

Furthermore, simulation of the Raman spectrum of A (Aexc at 473 cm™) predicts an intense O-
Cl bond stretching at 701 cm™ and a weaker Ni-O vibration at 406 cm™ (Figure S22). This
theoretically computed spectrum is in full agreement with the experimental data and the
resonance enhanced bands at 703 and 443 cm’, for which '*O-shifts to 679 and 435 cm™ were
observed. The small shift of the latter upon labelling (A['*0] = - 8 cm™) is due to the mixing of
the Ni-O mode with ligand-based modes, as observed theoretically. To better understand the
effective oxidation state of the metal center and the electronic structure of *A, the spin
populations around the metal center were investigated. Figure 6 shows the spin natural orbitals
(SNO) for the two unpaired electrons in 3. The figure illustrates a large amount of delocalization
of spin between a proximal nitrogen (Niiena), the Ni center and the OCI moiety. In fact the first
SNO is composed primarily of Niigand (~43%) and OCI n* (~23%) character with only a minimal
contribution from Ni (~8%) suggesting a ligand centered unpaired electron. The second SNO is
composed mainly of Ni dp (62%) with 26% OCI] =n* character. Mulliken spin population
analysis further supports the location of the unpaired electrons (p(Ni) = 0.75, p(OCl) = 0.42 and
P(Niigana) = 0.55), which would suggest a Ni'"" oxidation state at the metal center. This model is
consistent with the XAS data, which shows a slightly more oxidized metal center in 3 than in
the previously reported [Ni"(O¢)(L)] but not by a full formal oxidation unit. Moreover, the
presence of an unpaired electron in an orbital with OCl ©* character might serve to activate the
O-Cl bond and increase the reactivity of the complex. This would be consistent with the
cleavage of the O-Cl bond in 3 under the MS conditions, which leads to the exclusive detection
of [Ni(O)(L)]", in which the O-CI bond of *A is homolytically broken, under the experimental
conditions. Lastly, ligand radical character in the 2,6-pyridinedicarboxamidate ligand backbone
(L) is not unexpected as pyridinecarboxamidate units may have non-innocent behavior in the
presence of high valent metal centers.*>'

Overall, the computed structure for [Ni(OCI)(L)]” (*A) is in agreement with the spectroscopic
data obtained for 3 by EPR, rRaman, MS and XAS techniques. Despite the fact that the formal
oxidation state of the nickel center in this compound is +4, our analyses indicate that its
effective oxidation state is +3, with 1e” oxidation distributed over the ligands.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of the American Chemical Society

DFT structure of 3A

Ni-N,,  1.854A
Ni-Nye  1.938A
Ni-NC(0), 1.892A
Ni-NC(0), 1.854 A
Ni-O 2.084 A
o-Cl 1.690 A

Spin natural orbitals (SNO) of 3A

Figure 6. Top: DFT computed structure of *A. Bottom: Spin-natural orbitals (SNO) of A
(isovalue = 0.144).

possible structures of 3

= A\ 4C
compound 1 I N= - ,m

- HCI
o (-12.8)
+
0 0C__ |
N=
. S
N
S

Figure 7. Possible formulations of compound 3 (A, B or C) derived from the reaction of 1 with
NaOCl in the presence of AcOH. Free energies are given in parenthesis in kcal-mol™ at -30 °C
in MeCN.
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Conclusions

In summary, the bis(amidate) macrocyclic ligand (L) acts as an excellent platform to support a
high-valent nickel-hypochlorite species that has been trapped by reaction of the nickel(II)
precursor with sodium (or calcium) hypochlorite in the presence of acetic acid at low
temperatures. This compound has been characterized by UV/Vis absorption and rRaman
spectroscopy, XAS and cryospray mass analyses. DFT calculations indicate that this trapped
species is best formulated as a formal nickel(IV) species with the formula [Ni(OCI)(L)]". Most
interestingly, this species behaves as a strong oxidizing agent both towards alkanes and alkenes
with reaction rates that surpass those previously reported for related nickel-oxygen species.
Oxidation of C-H bonds as strong as those of cyclohexane has been achieved and the catalytic
cyclohexane chlorination/oxidation has also been successfully performed. Overall, the
involvement of high-valent nickel-OCI species in the catalytic cycle of nickel-catalyzed
oxidation/chlorination reactions of alkanes and alkenes seems to be highly plausible. Current
efforts in our group are devoted to study the influence of the electronic properties of the ligand
on the high-valent nickel center and the use of ligand L in combination with other metals
relevant to oxidation catalysis.

Experimental Section
Materials and methods

Reagents and solvents used were commercially available and purchased from Panreac, Scharlau
and Aldrich. Preparation and handling of air-sensitive materials were carried out in a N, drybox
(MBraun ULK 1000) with O, and H,O concentrations < 1 ppm [Ni"(L)] (1) was synthesized as
previously reported.'®

Mass spectra were performed by electrospray ionization in a high-resolution mass spectrometer
Bruker micrOTOF QII (Q-TOF) with a quadrupole analyzer with positive and negative
ionization modes. UV/Vis absorption spectra were performed by a diode array
spectrophotometer Agilent Cary 60 and low temperature control was maintained with a cryostat
from Unisoku Scientific Instruments. GC analyses were carried out on an Agilent 7820A gas
chromatograph (HP5 column, 30m) with a flame ionization detector. Raman spectra were
recorded in 5 mm diameter NMR tubes at 77 K in a liquid nitrogen filled quartz Dewar. Spectra
were collected in 180° back-scattering mode with excitation at 473 nm (Cobolt Lasers, 50 mW)
with a dichroic mirror (Semrock) at 45° to the optical collection axis and a 25 mm diameter (75
mm focal length) planoconvex lens to focus the excitation beam and collect and collimate
Raman scattering, which was passed through the dichroic and a long pass cut off filter
(Semrock) before being focused at the entrance slits of a Shamrock 3031 spectrograph with a
1200 I/mm grating blazed at 500 nm and a iDUS-420-BUEX2-DD CCD detector (Andor
Technology). Spectral calibration was carried out using a 1:1 v/v mixture of MeCN and toluene.
Spectra were processed using Andor Solis and Spectrum 10 (Perkin Elmer). EPR spectra were
recorded with an EMX nano(bruker instruments). Reactions were monitored by UV/Vis
spectroscopy and 300 pL aliquots were frozen at 77 K. All measurements were performed at
110 K. Spectra were recorded at 9.63 GHz, with a microwave power of 0.31 mW and power
attenuation 25.00 dB or microwave power of 3.1 mW and power attenuation 15.00 dB.
Modulation amplitude was 4.00 gauss and modulation frequency 100 kHz. Each spectrum was
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collected as an average of three scans. Sample tubes were filled higher than the cavity
dimension to guarantee an equally filled cavity for all measured samples. Simulations of EPR
spectra was carried out using EasySpin software.”* Cyclic voltammetry was performed using a
model CHI760C Electrochemical Workstation (CH Instruments) in MeCN (0.1 M TBAPF)
with a 3 mm diameter Teflon-shrouded glassy carbon working electrode (CH Instruments), a Pt
wire auxiliary electrode, and an Ag/AgCl reference electrode. Potentials are reported £ 10 mV.
Spectroelectrochemistry was performed using an OTTLE cell™ (a liquid IR cell modified with
Infrasil windows and a platinum mesh working and counter electrode and a Ag wire reference
electrode) mounted in a Specord600 UV/Vis absorption spectrometer. Bulk electrolysis was
carried out in a divided cell (ceramic frit separation) with a 5 mM soluction of 1 in MeCN
containing 500 mM water, 25 mM acetic acid and 25 mM NaCl, with a carbon mesh working
electrode, platinum mesh counter electrode and Ag/AgCl working electrode. Electrolysis was
carried out at 0.9 V and conversion to Ni"" monitored by ex-situ UV/Vis absorption and EPR
spectroscopy.

A 1 mM sample of 3 (prepared by reaction of 1 with 5 equiv of AcOH and 5 equiv of NaOCl in
CH;CN at -30°C) was loaded into a 1 mm holder with Kapton tape windows and stored at liquid
nitrogen temperatures until run. Data collection was carried out in fluorescence mode at the
ESRF synchrotron beamline Spline-BM25A equipped with a Si(111) double crystal
monochromator, an Optistat CF cryostat from Oxford Instruments and a 13 channel element
detector. Samples were run at 90 K under anaerobic conditions using a Z-1 filter to reduce
backscattering. A 2 mM sample of 2 (prepared by reaction of 1 with 5 equiv of AcOH and 3
equiv of NaOCl in CH;CN at -30°C) was similarly loaded into a 1 mm holder with Kapton tape
windows and stored at liquid nitrogen temperatures until run at the SAMBA beamline from
SOLEIL equipped with a Si(220) double crystal monochromator, a liquid helium cryostat (25
K) and a 36 channel element detector. Energy calibration was performed using the first
inflection point of the X-ray absorption near edge structure (XANES) spectrum of nickel foil
(Eca of 8331.6 V). Data reduction and normalization was carried out with the Athena software
package using the AUTOBK algorithm. A Ry, of 1.1 A and a spline between a k of 1 and 13.5
A" was used for EXAFS extraction. The follow up EXAFS analysis was carried out with the
Artemis software program using the IFEFFIT engine and FEFF6 code.’*™ The k’-weighted
data was fit in r-space between 1.0 and 4.0 A without phase correction having a k-range of 2.0 -
12.5 A" for 3 and a k-range of 2.0 - 13 A™ for 2, as well as using a Hanning window (dk 2).
Scattering paths were fit in terms of Ar.; and o, having a global AE, and a S, value set to 0.9
for all paths. Coordination number was explored using single scattering shells with fixed
degeneracies which were then varied in integral steps.’””’ To assess the goodness of fit from
different models both the Reycior (%R) and the reduced x2 (sz) were minimized. While the Rycior
is generally expected to decrease with the number of adjustable parameters, *, may eventually
increase, indicating the model is over-fitting the data.’” Lastly, in order to extract intensities and
energy positions the XANES spectra was fit using pseudo-Voigt functions while the edge jump
was modelled via a cumulative Gaussian-Lorentzian sum function.

Catalytic experiments at -30 °C using 1 as catalyst and AcOH/NaOCI as oxidant. In a
typical reaction, 0.1 mL of a 0.5 M solution of AcOH (50 umol) in MeCN and 32 pL of
commercially available NaOCl 10% (50 umol) were added at -30 °C to a vigorously stirred
MeCN solution (2.5 mL) containing the nickel catalyst (0.5 pmol) and the substrate (50 or 150
pumol) for 2 hours under N,. The final concentrations of reagents were 0.2 mM nickel catalyst,
20 mM AcOH, 20 mM NaOCl, and 20 or 60 mM substrate. Na,S,0;3 (500 pmols) dissolved in
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MeCN:H,0 1:1 was added at this point to destroy unreacted NaOCI and biphenyl was added as
internal standard. Nickel complex and the small quantities of water were removed by passing
the solution through a short path of silica and MgSO,. The products were then eluted with ethyl
acetate (2 mL) and the resulting mixture was analyzed by GC-FID. The organic products were
identified by comparison with authentic compounds and quantified using a calibration curve.

Generation of 2. In a typical experiment, 2.5 mL of a 0.2 mM solution of 1 in MeCN were
placed in a 1 cm path-length cuvette (0.5 pmol of 1). The quartz cell was placed in the Unisoku
cryostat of the UV/Vis absorption spectrophotometer and cooled down to -30 °C. After reaching
thermal equilibrium an UV/Vis absorption spectrum of the starting complex was recorded.
Then, 25 pL of a 0.1 M solution of AcOH in MeCN were added (5 equiv) and then, 30 pL of a
0.05 M solution of NaOCI in MeCN:water (4:1) were added (3 equiv) were added. The
formation of a band at two equally intense bands at Ay = 550 and 650 nm (g ~ 500 M'cm™)
was observed. 2 was reached a maximum within 200 s.

Generation of 3. In a typical experiment, 2.5 mL of a 0.2 mM solution of 1 in MeCN were
placed in a 1 cm path-length cuvette (0.5 pmol of 1). The quartz cell was placed in the Unisoku
cryostat of the UV/Vis absorption spectrophotometer and cooled down to -30 °C. After reaching
thermal equilibrium an UV/Vis absorption spectrum of the starting complex was recorded.
Then, 25 puL of a 0.1 M solution of AcOH in MeCN were added (5 equiv) followed by 50 pL of
a 0.05 M solution of NaOCl in MeCN:water (4:1) (5 equiv). The formation of a band at Ay, =
475 nm (e = 8000 M'cm™) was observed. The formation of 3 reached its maximum within 400
s.

Kinetic analyses of the reaction of 3 with organic substrates. Once 3 was fully formed (see
above) the appropriate amount of substrate dissolved in 100 pnL. MeCN was directly injected
into the UV/Vis cuvette. Substrate concentration was always in pseudo-first order excess with
respect to 3 and reaction kinetics were monitored by following the decay of its absorption band
at 475 nm. In all cases, a satisfactory fit was obtained for the disappearance of 3 using a single
exponential, from which observed rate constants (k,ps) were extracted. The linear variation of
kons With substrate concentration enabled the calculation of the second-order rate constants (k).
In the particular case of toluene and cyclohexane reactions were extremely slow and & values
were determined from two replicates at a single substrate concentration (0.36 M). The kinetic
isotope effect (KIE) was obtained by dividing the reaction rates obtained for the reaction of 3
with 9,10-dihydroantrhacene and d4-9,10-dihydroanthracene.

Preparation of '*O-labeled 3. '*O-labeled 3 was prepared following a similar procedure to that
described above for 3 but using Na'*OCl instead of Na'®OCI. In turn, Na'*OCI was obtained by
stirring 10 pL of NaOCI in 30 pL H,'®O for 2 hours at room temperature, following a reported
synthetic procedure.”®

Product analyses. Once the formation of 3 reached its maximum, 150 pL of a MeCN solution
containing the required amount of the desired substrate were added in the UV/Vis cuvette. The
decay of the band at 475 nm was monitored. After complete disappearance of the chromophore,
reactions were quenched by the addition of 10 equiv Na,S,0; dissolved in MeCN:H,O 1:1 with
respect to initial NaOCI and biphenyl was added as internal standard. Nickel complex and the
small quantities of water were removed by passing the solution through a short path of silica
and MgSQO,. The products were then eluted with ethyl acetate (2 mL) and the resulting mixture
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was analyzed by GC-FID. The organic products were identified by comparison with authentic
compounds and quantified using a calibration curve.

Computational details

Density functional theory (DFT) calculations were performed with the Gaussian09 program
package.®' X-ray diffraction structure of [Ni"(L)] (1) has been chosen as starting point for
geometry optimizations with the B3LYP exchange-correlation functional®*®® and the TZVP
basis set.”* Nickel species were considered in all possible spin states without symmetry
constraints. The MeCN solvation effects were included in geometry optimizations through the
SMD polarizable continuum model.”® Dispersion effects were included in geometry
optimizations with the Grimme’s D5 correction with Becke-Johnson damping function.®

Analytical Hessian calculations were performed at the same level of theory to: i) evaluate
enthalpy and entropy corrections at 243.15 K and ii) establish the nature of stationary points in
solvent-phase, where minima have no imaginary frequencies. Non-resonant Raman spectral
intensities of intermediate 3 were simulated at 77 K and with a laser excitation of 473 nm
employing the GaussSum 3.0.°” The shift in the O-Cl bond stretching frequency upon '*O-
labeling was determined modelling the Raman spectrum with an '*O-Cl bond.

Mulliken spin densities and spin natural orbitals (SNO) were computed to rationalize the
electronic structure of all nickel based intermediates. The atomic orbital contribution to the
SNOs was evaluated with the Multiwfn 3.3.6 software.®

Gibbs energies (G) were evaluated with the following equation:
G = Erzyp(SMD + D3) + Georr (1)

where Erzyvp(SMD+D;) is obtained through single point calculations with the TZVP basis set on
equilibrium geometries, including the solvation and dispersion effects, and G, is the thermal
correction obtained from a thermo-statistical analysis at the B3LYP/SMD level.

The dissociation free energy change (AG®) between an acid (AH) and its conjugate base (A") in
solvent phase was calculated using the following equations:

AG = G(A7) + G(HY) — G(AHy) + AG* (2)
G(HY) = G(His) + AGES, (3)

where G(AH) and G(A3) are the standard free energies of the acid and its conjugate base,
respectively. In MeCN solution, the free energy of the proton G(H{) is obtained from the

solvation free energy of a proton in MeCN (AGELE = —260.2 kcal - mol™")* and its gas-phase

solv
free energy (G(H;{as) = —6.3kcal - mol™1).% In the free energy balance the standard state
thermodynamic correction associated with the conversion from a standard-state of 1 M in the
solvent phase and 1 atm in gas phase to 1 M in both phases was considered. Its value is 1.54
kcal-mol™ at 243.15 K.
The ORCA software package 3.0.1 ® was used to calculate XAS pre-edges using previously

reported procedures.**”*”" Spin unrestricted, time-dependent calculations for XAS spectra were
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carried out using the Tamm-Dancoff”>"*approximation and up to 13 nonrelativistic roots were
calculated to ensure saturation of transitions spanning the pre-edge and near edge region of Ni
XAS K-edge spectra. The B3LYP functional was employed along with a TZVP’* basis set and a
conductor like screening model (COSMO) using acetonitrile as solvent.

Supporting information. Cyclic voltammetry and spectroelectrochemistry of 1, EPR
spectroscopy of 2, CSI-MS analysis of 2 and 3, resonance Raman, XAS analysis of 2 and 3,
kinetic analysis of the reaction of 3 with substrates, and DFT calculations including Raman
simulations, thermodynamic data, spin density analysis and cartesian coordinates of optimized
geometries.
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