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The reaction of [Ni,(OH)x(Me,-tpa)]?* (1) (Me,-tpa = bis(6-methyl-2-pyridylmethyl)(2-pyridylmethyl)amine) with H,0,
causes oxidation of a methylene group on the Me,-tpa ligand to give an N-dealkylated ligand and oxidation of a
methyl group to afford a ligand-based carboxylate and an alkoxide as the final oxidation products. A series of
sequential reaction intermediates produced in the oxidation pathways, a bis(«-oxo)dinickel(lll) ([Nix(O)x(Me,-tpa),)**
(2)), a bis(u-superoxo)dinickel(ll) ([Nix(O2)2(Me,-tpa),]** (3)), a (u-hydroxo)(u-alkylperoxo)dinickel(1l) ([Nio(OH)(Me,-
tpa)(Me-tpa-CH,00)]>* (4)), and a bis(u-alkylperoxo)dinickel(ll) ([Niz(Me-tpa-CH,00),)** (5)), was isolated and
characterized by various physicochemical measurements including X-ray crystallography, and their oxidation pathways
were investigated. Reaction of 1 with H,0, in methanol at —40 °C generates 2, which is extremely reactive with
H,0,, producing 3. Complex 2 was isolated only from disproportionation of the superoxo ligands in 3 in the absence
of H,0, at —40 °C. Thermal decomposition of 2 under N, generated an N-dealkylated ligand Me-dpa ((6-methyl-
2-pyridylmethyl)(2-pyridylmethyl)amine) and a ligand-coupling dimer (Me-tpa-CHy),. The formation of (Me-tpa-CH,),
suggests that a ligand-based radical Me-tpa-CH,® is generated as a reaction intermediate, probably produced by
H-atom abstraction by the oxo group. An isotope-labeling experiment revealed that intramolecular coupling occurs
for the formation of the coupling dimer. The results indicate that the rebound of oxygen to Me-tpa-CHy" is slower
than that observed for various high-valence bis(«-oxo)dimetal complexes. In contrast, the decomposition of 2 and
3 in the presence of O, gave carboxylate and alkoxide ligands, respectively (Me-tpa-COO~ and Me-tpa-CH,0"),
instead of (Me-tpa-CH,),, indicating that the reaction of Me-tpa-CH,* with O, is faster than the coupling of Me-
tpa-CH,* to generate ligand-based peroxyl radical Me-tpa-CH,00". Although there is a possibility that the Me-tpa-
CH,00" species could undergo various reactions, one of the possible reactive intermediates, 4, was isolated from
the decomposition of 3 under O, at =20 °C. The alkylperoxo ligands in 4 and 5 can be converted to a ligand-based
aldehyde by either homolysis or heterolysis of the O—O bond, and disproportionation of the aldehyde gives a
carboxylate and an alkoxide via the Cannizzaro reaction.

Introduction peroxo, and high-valence hispxo)dimetal complexes are

Oxidation reactions mediated by metal complexes with Of great importance for understanding the reaction mecha-

various active-oxygen species #, such as superoxo, nisms of nonheme metalloenzymes and for utilizing metal
complexes as oxidation cataly3t$. A variety of synthetic
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high-valence big(-oxo)dimetal complexes (M= Fe""2and
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for understanding the structural and various spectroscopic

CUP2713) have been developed. They provide a chemical basisproperties and reactivities of high-valence pisio)dimetal
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complexes. Some of these complexes have been shown to
be key intermediates for the aliphatic hydroxylation.

Such high-valence big{oxo)dimetal chemistry has been
extended to Co and Ni complexes by Hikichi and co-
workers!41 Various types of big(-oxo)dinickel(lll) com-
plexes have been developed using tridentate and tetra-
dentate ligand$t2° Some of these are capable of aliphatic
ligand hydroxylation via H-atom abstraction by the oxo group
in Ni"(u-O)Ni"". It was found that the reactivity of a bis-
(u-oxo)dinickel(lll) complex that has tetradentate tripod
ligand Me-tpa [Nix(O)(Mes-tpa)]?" (2Mest?) s quite
different from that of the complexes with tridentate ligands;
2Mes~ha regcts with HO, to generate a bigfsuperoxo)-
dinickel(ll) complex [Ni(Oz)2(Mes-tpap]?+ (3¥e-t3), which
can be converted intge: 2 and Q by disproportionatiod’
Furthermore, decomposition @Me:~Pa and 3Ves~%a ynder
O, produced a ligand-based carboxylate (Me-tpa-CPéand
an alcohol (Me-tpa-CkDH) in which the carboxylate ligand
is not derived from the autoxidation of the alkoxide ligand
under the conditions; some other reaction pathways have
been suggested.

Recently, we found that the 6-methyl group of the pyridy!
group of Me-tpa derivatives significantly influences the
reactivity of a bis¢-hydroxo)dinickel(ll) complex with KO,;
reaction of [Ni(OH)x(Mez-tpa)]?* (1) with H,O, produced
a ligand-based bisfalkylperoxo)dinickel(ll) complex [N{Me-
tpa-CHOO)]?" (5) at —20 °C.2 Unlike in the Me-tpa
system, no big(-oxo)dinickel(lll) species [Ni(O)x(Me;-
tpap]?" (2) was detected in the presence ofQ4, but a
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Bis(u-oxo)dinickel(lll) Complex

Chart 1
Ry R, Rs
/ _\ R4 Mes-tpa CHs CHy;  CHs
N R; Mex-tpa CH; CH,; H
N N= Me-tpa-CH,OH | CH; CH,OH H
N\ 7/  Me-tpa-CHO CH; CHO H
/ N\ Ry Me-tpa-CH,00™ | CH; CH,00" H
— Me-tpa-COO" | CH; COO™ H

monomeric superoxonickel(ll) species was detected by ESI-
TOF/MS at —78 °C, suggesting the existence @fas a
transient species that could be extremely reactive wib,H

1in order to decompose an excess of NaBH{C&,);. An aqueous
solution of NaOH was added to make the solution basic, and the
solution was concentrated under reduced pressure to remove THF.
The resulting solution was extracted with,@t(3 x 100 mL). The
combined extracts were dried over4$&,, and EtO was removed
by evaporation under reduced pressure to give a yellow adh-of
Me,-tpa.*H NMR (CDCl;, 300 MHz): 6 2.52 (6H, s, CH), 3.83
(1H, s, CDH), 3.86 (2H, s, C}), 3.88 (2H, s, CH), 6.99 (2H, d,
pyH), 7.13 (1H, t, pyH), 7.42 (2H, d, pyH), 7.53 (2H, t, pyH),
7.60 (1H, d, pyH), 7.65 (1H, t, pyH). ESI-TOF/MS (in acetonitrile
containing a small amount of formic acidy/z 320 [M + H]*.
Synthesis of Modified Ligands Produced by Oxidation Reac-
tion. Me-dpa. A methanol solution (50 mL) of 2-(aminomethyl)-

generating the superoxo species. It was also found that thepyridine (2.403 g, 22 mmol) was added to a methanol solution (50

alkylperoxo ligands ob are further converted into Me-tpa-
COO and Me-tpa-CHOH. Isotope-labeling experiments
suggested that either homolysis or heterolysis of theQO
bond of the alkylperoxide generates a ligand-based aldehyde
Me-tpa-CHO, which is further converted into Me-tpa-COO
and Me-tpa-CHOH via the Cannizzaro reaction. Thus, the
reaction ofl with H,O, involves rich oxidation chemistry.

In this study, we have investigated the formation pathways
of 5initiated by the reaction df with H,O, and the oxidation
pathways of the supporting ligand. The sequential reaction
intermediates generated in the oxidation pathwaysubis(
oxo)dinickel(lll) ([Nix(O)(Mep-tpa)]?t (2)), bisu-super-
oxo)dinickel(ll) ([Niz(O2)2(Mex-tpa)]?t (3)), (u-hydroxo)-
(u-alkylperoxo)dinickel(ll) ([Nk(OH)(Me-tpa)(Me-tpa-ChH
OO)P* (4)), and bisg-alkylperoxo)dinickel(ll) ([Nb(Me-
tpa-CHOO))?" (5)), were successfully isolated and char-
acterized by various physicochemical measurements, includin
X-ray crystallography. The formation and oxidation reactions

mL) of 6-methylpyridine-2-aldehyde (4.845 g, 20 mmol). To the

resulting solution was slowly added NaBKD.832 g, 22 mmol)

with stirring at room temperature. After the solution was stirred

for a day, HCl was added until the pH of the solution became 1 to

’decompose an excess of NaBH\n aqueous solution of NaOH

was added to make the solution basic, and the solution was

concentrated under reduced pressure to remove methanol. The

resulting solution was extracted with Bt (3 x 100 mL). The

combined extracts were dried over4S&,, and EtO was removed

by evaporation under reduced pressure to give a yellow oil of Me-

dpa.'H NMR (CDCl;, 300 MHz): 4 2.54 (3H, s, CH), 3.94 (2H,

s, CH), 3.99 (2H, s, CH), 7.01 (1H, d, pyH), 7.15 (1H, t, pyH),

7.16 (1H, d, pyH), 7.36 (1H, d, pyH), 7.52 (1H, t, pyH), 7.64 (1H,

t, pyH), 8.56 (1H, d, pyH). ESI-TOF/MS (in acetonitrile containing

a small amount of formic acid)m/z 427 [2M + H]*.
Me-tpa-CH,OH. A CHCI; solution (50 mL) of Me-dpa (1.066

g, 5 mmol) was added to an aqueousG@; solution (0.530 g, 5

mmol, 50 mL) of 2-bromomethyl-6-hydroxymethylpyridine (0.940

gg, 5 mmol). The mixture was stirred vigorously for 3 days. The

resulting solution was extracted with CHQB x 50 mL). The

of the above complexes containing active-oxygen species.ompined extracts were dried over 8@, and CHCi was

were investigated in comparison with those of the corre-
sponding Me-tpa complexes (see Chart 1).

Experimental Section

Materials. Mes-tpa, Me-tpa, and Me-tpa were prepared accord-
ing to the literature method3 H,€0, was prepared by the literature
methods3 Acetonitrile and acetone were dried oA molecular
sieves and distilled under a;Mtmosphere before use.

Synthesis of Ligandd;-Me,-tpa. A methanol solution (50 mL)
of 2-(aminomethyl)pyridine (4.806 g, 44 mmol) was added to a
methanol solution (50 mL) of 6-methylpyridine-2-aldehyde (4.845
g, 40 mmol). To the resulting solution was slowly added NaBD
(1.848 g, 44 mmol) with stirring at room temperature. After the
solution was stirred for a day, HCI was added until the pH of the
solution became 1 in order to decompose an excess of hla®D
aqueous solution of NaOH was added to make the solution basic,

removed by evaporation under reduced pressure to give a brown
oil of Me-tpa-CHOH. 'H NMR (CDCl;, 300 MHz): 6 2.53 (3H,

s, CH), 3.94 (2H, s, CH), 3.96 (4H, s, CH), 4.73 (2H, s, CH

OH), 6.96 (1H, d, pyH), 7.05 (1H, d, pyH), 7.15 (1H, t, pyH), 7.34
(2H, d, pyH), 7.5%7.71 (4H, m, pyH), 8.54 (1H, d, pyH). ESI-
TOF/MS (in acetonitrile containing a small amount of formic
acid): m/z 335 [M + H]".

Syntheses of ComplexedAll of the complexes were prepared
under N using Schlenk techniques. [NOH),(tpa)](ClO,),
(1%2-(ClOy),),24 [Ni2(OH)x(Mes-tpap] (ClO4)» CH;COCH; (1Mestra-
(Cl04)2),*" [Niz(O)x(Mes-tpa)](ClO4)2-3H,0 (2Mes~Pa-(ClOy)), 1
[Ni2(O2)2(Mes-tpa)](ClO4)2:3H,0 (3Me3—tpa_(c|04)2),17 [Niz(OH),-
(Mex-tpa}](ClOg4),+3H,0 (1-(ClOy),),2t and [Ni(Me-tpa-CHOO),)-
(ClO4)2°H20 (5-(ClO4),)?* were prepared according to the literature
methods.

Caution: Perchlorate salts are potentially explosive and should

and the solution was concentrated under reduced pressure to removee handled with care.

methanol. The resulting solution was extracted witfOK{3 x 100
mL). The combined extracts were dried over,8&, and EtO

[Ni2(OH)2(Me-tpa)y](CIO 4)2*H0 (1Me~tPa-(ClO,),). To a mix-
ture of Ni(CIQy),:6H,0 (183 mg, 0.5 mmol) and Me-tpa (152 mg,

was removed by evaporation under reduced pressure. The residu®-5 mmol) in methanol (20 mL) was added 1 MBUs;NOH in

was dissolved into a THF solution (100 mL) of 6-methylpyridine-
2-aldehyde (4.845 g, 40 mmol). NaBH(@ED,); (9.613 g, 44
mmol) was slowly added to the solution. After the solution was
stirred for a day, HCl was added until the pH of the solution became

(22) Nagao, H.; Komeda, N.; Mukaida, M.; Suzuki, M.; Tanakalritrg.
Chem 1996 35, 6809.

(23) Sitter, A. J.; Terner 1. Labelled CompdRadiopharm.1985 22,
461.

methanol (175.L, 0.5 mmol) with stirring. The resulting solution
was allowed to stand overnight at°C to afford 1Me~%2 as blue
crystals. Yield: 230 mg (94%). Anal. Calcd forsgEls4NgClo-
Ni,O11: C,46.71; H, 4.54; N, 11.47. Found: C, 46.64; H, 4.52; N,
11.45. IR (KBr, cnmY): 3631, 1604, 1577, 1484, 1457, 1351, 1091,
765, 624. ESI-TOF/MS (in acetonitrile)n/z 379 [M]?+.

(24) Ito, M.; Sakai, K.; Tsubomura, T.; Takita, Bull. Chem. Soc. Jpn
1999 72, 239.
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[Ni2(O)2(Mex-tpa)s](ClO 4), (2-(ClO4),). Because compleX standard. For quantitative analyses of ligand recovery experiments,
could not be obtained by the reactionloWith H,O, (vide infra), we used NaDSS and 2,6-dimethyl-1,4-benzoquinone as internal
2 was prepared by disproportionation ®fas follows.3 (ca. 100 standards. ESI-TOF/MS spectra were measured with a Micromass
mg) was dissolved in 5 mL of acetone -a#0 °C. The resulting LCT spectrometer. Accurate massesitifz) are referenced to tetra-

solution was allowed to stand for a few days, during which its color n-decylammonium ionrfYz = 578.6604) or tetrabutylammonium
changed from dark green to dark brown, and it afforded a brown ion (m/z = 242.2848) as an internal standard.
powder. ESI-TOF/MS spectra of the samples always showed two  The EPR spectra were measured with a JEOL X-band spectrom-

signals amvz (relative intensity (%)): 392 (100) and 406-30), eter (JES-RE1XE) using an attached VT apparatus and were
attributable to2 and [Ni(OH)(Me,-tpa)(Me-tpa-CHOO)]Z+ (4), recorded under nonsaturating microwave power conditions. The
respectively (see the Supporting Information, Figure S1). Repeatedmagnitude of the modulation was chosen to optimize the resolution
purification by addition of ether into an acetone solutior2afid and the signal-to-noise ratio of the observed spectra.giveues

not improve the purity. UV-ViS (Amax (nM) (€ (M~1 cm™)) in were calibrated with a MiT marker.

acetonitrile at-40°C): 376 (~6000). ESI-TOF/MS (in acetonitrile Resonance Raman spectra were obtained with a liqgideled

at —40 °C): m/z 392 [M]?*. Because the complex is unstable at CCD detector (LN/CCD-1100-PB, Roper Scientific) attached to a

room temperature, elemental analysis was not carried out. 1 m single polychromator (model MC-100dg, Ritsu Oyo Kogaku).

[Ni2(O)2(Mez-tpa)s](BPhy), (2-(BPhy);). Complex 2-(ClOy), The 406.7 nm line of a Krlaser (model 2060, Spectra Physics)
(ca. 100 mg) was dissolved in a small amount of a 1:1 was used as an exciting source. The laser powers used were ca. 10
acetone:acetonitrile mixture at40 °C, to which was added = mW at the sample point. All measurements were carried out with
NaBPh (68 mg). The resulting solution was allowed to stand for a spinning cell (1000 rpm) at ca:40 to ca.—80 °C. Raman shifts
afew days at-70°C, giving dark brown crystals suitable for X-ray =~ were calibrated with indene, and the accuracy of the peak positions
crystallography. of the Raman bands wasl cnr .

[Ni2(02)2(Me,-tpa)s](ClO ), (3-(ClO4)2). Aqueous 30% kO, The cyclic voltammetry (CV) measurements were performed on
(220 uL, 2 mmol) was added to a methanol solution (15 mL) aBAS 100B/W electrochemical analyzer in anhydrous acetonitrile
containing Ni(NQ),*6H,0 (0.058 g, 0.2 mmol), Metpa (0.064 g, containing 0.1 Mn-Bu;NCIQ, as the supporting electrolyte. A Pt
0.2 mmol), and 1 Mh-BusNOH in methanol (14Q:L, 0.4 mmol) working electrode was polished with an alumina (0.06) paste
at—40°C, producing a dark green solution, to which was added a and then rinsed with acetonitrile before use. The counter electrode
solution of NaClQ-H,0 (0.056 g, 0.4 mmol) in methanol (1 mL).  was a Ptwire. A Ag/Ag couple was used as a reference electrode,

The resulting solution was left for a few days-af0 °C, giving 3 and the potentials were determined using the ferrocene/ferrocenium
as dark green crystals. UWis (Amax (NM) (¢ (M~1 cm™)) in (Fc/Fch) couple as a reference. Measurements were carried out at
acetonitrile at—40 °C): 335 (~11 000). ESI-TOF/MS (in aceto- 20 and—40 °C under N.
nitrile at —40 °C; a monomeric species was detectedyz 408 The XAFS measurements have been performed at BLO1B1 at
[M] * (mVz 412 for180). Because the complex is unstable at room SPring-8 (Hyogo, Japan), which operates at 8 GeV with a current
temperature, elemental analysis was not carried out. of 100 mA, using a Si(111) double-crystal monochromator and Rh-
[Ni2(02)2(Mex-tpa);](BPhy)»»4CH;COCH3 (3-(BPhy)p+4CHz- coated mirrors (Proposal JO5A01B1-0502N). The energy calibration
COCH3). Complex3-(ClOy), (ca. 100 mg) was dissolved in a small ~Wwas made by nickel foil, as given in Figure S2 of the Supporting
amount of a 1:1 acetone:acetonitrile mixture-at0 °C, to which Information. Solid samples were diluted with BN powdet30%)

was added NaBRI{68 mg). The resulting solution was allowed to ~ and pressed into pellets (7 mm diameted, mm thickness) and
stand for a few days at 70 °C, giving dark green crystals suitable ~ then measured in transmission mode. The solution samples were

for X-ray crystallography. introduced ind a 2 mmthick cell with Kapton windows and cooled
[Nio(OH)(Me »-tpa)(Me-tpa-CH,00)](BPh4)»»4CH:CN  (4- to 100 K. The XAFS spectra qf powdery samples an.d solution
(BPhy)»*4CH3CN). To an acetonitrile solution (15 mL) & (ca. samples were taken in transmission mode. The obtained XAFS

100 mg) was added a solution of NaBRh acetonitrile (1 mL) at ~ SPectra were analyzed by using the UWXAFS prograrfter
—40°C. The mixture was allowed to stand for several days 2 background subtraction by the AUTOBK progrdfrthe Fourier

°C, producingd as pink-brown crystals suitable for X-ray crystal- transformation for the-weighted EXAFS oscillation was per-
lography. ESI-TOF/MS (in acetonitrile)nz 400 [M]?+. Because formed, and the structural parameters were determined by a curve-

the complex is unstable at room temperature, elemental analysisfitting procedure in the R space by using the FEFFIT program
was not carried out. involving multiple scattering effect.

Physical MeasurementsElectronic spectra were measured with F (K 2
a Simadzu diode array spectrometer Multispec-1500 or an Otsuka 20 = z%zN_ i( )sin(2R‘.k + 5 ()exd —220? R
Electronics MCPD-2000 photodiode array spectrometer with an J "(R2 ! (Y
Otsuka Electronics optical fiber attachment. The temperatures were :
_controlled with a L_Jnlsoku thermostated cell holder f_or _the former \ hore Fi(K) is the backscattering amplitude from each of tje
instrument and with a EYELA low-temperature palrstlrre_r PSL-_ scatterers at distand® from the X-ray absorbing atom(k) is
1800 for the latter one. The reflectance speptra were obtained W'ththe central-atom phase shiét is the mean-square fluctuation in
an Otsuka Electronics MCPD-2000 photodiode array spectrometerRj Ji(K) is the mean free path of the photoelectron, &ds the
with an Otsuka Electronics optical fiber attachment. The crystalline 0\;erlall amplitude reduction factor. The vaIuestdk)’ 6(K), and

samples were finely ground and spread on a white filter paper ;. \yere generated by the FEFF code. The high-precision static
attached to a handmade cold copper plate immersed inside a liquid
N, Dewar vessel at ca-80 °C. Infrared spectra were obtained by (25) Stern, E. A.; Newville, M.; Ravel, B.; Yacoby, Y.; Haskel, Bhysica
the KBr disk method with a HORIBA FT-200 spectrophotometer. B 1995 208 117.

IH NMR spectra were measured with a JEOL JNM-LM300 or (26) F’;‘e""‘g”leég'\g';‘l';“"ﬂsiz%: Yacoby, Y.; Stern, E. A; Rehr, J.Rhys.
JNM-LM400 instrument using tetramethylsilane (TMS) or sodium 57y Aﬁ}kudino\,’ A. L.; Ravel, B.; Rehr, J. J.; Conradson, SPBys. Re.

2,2-dimethyl-2-silapentane-5-sulfonate (NaDSS) as an internal B 1998 58, 7565.

2876 Inorganic Chemistry, Vol. 45, No. 7, 2006



Bis(u-oxo)dinickel(lll) Complex

EXAFS data were analyzed in the range of 0.&/R < 6.0 A by
considering all the single- and multiple-scattering contributions.

The curve-fitting analyses (R and DW) of ND and Ni-N were
carried out assuming that the CN values of the-Niand Ni-N
are 2 and 4, respectively, on the basis of the X-ray analysis. The
structural parameters of NiNi were obtained, including thus-
obtained Ni-N and Ni~O structural parameters.

Isolation and Identification of Modified Ligands by Ligand
Recovery. Thermal Decomposition of 2Thermal decomposition
was performed under both,Nind Q. Typically, 2 (ca. 100 mg)
was dissolved into 20 mL of acetonitrile &40 °C. The resulting
solution was warmed to room temperature underaNd allowed
to stand for a week to produce a pale-yellow solution (a yellow
solution under @. The volume of the resulting solution was
adjusted to 50 mL with acetone. Because it was difficult to weigh
the amount of2 because of its thermal instability, a portion (10
mL) was taken up and the concentration of the nickel ion was
determined by atomic absorption spectrophotometry. Quantitative
analyses for Mgtpa, (Me-tpa-CH),, Me-tpa-CHOH, Me-tpa-
CHO, Me-tpa-COO, and N-dealkylated ligand were as follows.
A portion (10 mL) from the above remaining solution was taken
up, and the solvent was removed under reduced pressure to give
brown oil. For analyses of Mepa, (Me-tpa-CH),, Me-tpa-CH-

OH, Me-tpa-CHO, and N-dealkylated ligand, concentrated- Na
EDTA-4H,0 (15 mL) was added to the above brown oil, and the
ligand and its reaction products except for Me-tpa-CQ¥@re then
extracted into chloroform (5% 20 mL). The combined extract was
dried over NaSO, and the solvent was removed under reduced
pressure to give a brown oil. Mépa, (Me-tpa-CH),, Me-tpa-CH-

OH, Me-tpa-CHO (trace), and N-dealkylated ligand (Me-epéb-
methyl-2-pyridylmethyl)(2-pyridylmethyl)amine) were identified by
comparison ofH NMR and ESI-TOF/MS of the authentic samples
except for Me-tpa-CHO, and their amounts were determined by
IH NMR by the addition of 2,6-dimethyp-benzoquinone as an
internal standard. For analysis of Me-tpa-CQ@e dissolved the
brown oil obtained after evaporation of the solvent from a
decomposed solution id,-DMF (0.3 mL), to which was added a
solution of NaCN (30 mg) in BO (0.2 mL). Me-tpa-COO was
identified by comparison ofH NMR and ESI-TOF/MS of the
authentic sample obtained from [Ni(Me-tpa-COMH,0-Cl0,.2*
The amount of Me-tpa-COOwas determined bjH NMR by the
addition of a known amount of sodium 2,2-dimethyl-2-silapentane-
5-sulfonate (NaDSS) as an internal standard.

Yields of (Me-tpa-CH),, N-dealkylated ligand, Me-tpa-COQ
Me-tpa-CHOH, and Me-tpa-CHO under Nvere 26, 18, 13, and
6%, and a trace amount, respectively, on the basis of a total amoun
of Me,-tpa ligand. Hereafter, yields are reported on the basis of a
total amount of Metpa ligand unless otherwise stated. Under O
no (Me-tpa-CH), was detected. Yields of Me-tpa-COQN-
dealkylated ligand, and Me-tpa-GBIH were 38, 18, and 12%,
respectively.

(Me-tpa-ChH), was isolated as an oil by thin-layer chromatog-
raphy and identified by*H NMR and ESI-TOF/MS.'H NMR
(CDCl;, 300 MHz): 6 2.52 (6H, s, CH), 3.18 (4H, s, CHCH,),
3.85 (8H, s, CH), 3.88 (4H, s, CH), 6.95-7.67 (18H, m, pyH),
8.52 (2H, d, pyH). ESI-TOF/MSm/z 318 [M + 2H]?" andm/z
635 [M + H]*.

Identifications of the modified ligand Me-tpa-GBH and the
N-dealkylated ligand were carried out By NMR and ESI-TOF/
MS. IH NMR for Me-tpa-CHOH (CDCk, 300 MHz): 6 2.53 (3H,

s, CHy), 3.94 (2H, s, CH), 3.96 (4H, s, CH), 4.73 (2H, s, CH
OH), 6.96 (1H, d, pyH), 7.05 (1H, d, pyH), 7.15 (1H, t, pyH), 7.34
(2H, d, pyH), 7.5%7.71 (4H, m, pyH), 8.54 (1H, d, pyH). ESI-

TOF/MS for Me-tpa-CHOH: m/z 335 [M + H]*. 'H NMR for
the N-dealkylated ligand (CDg;1300 MHz): 6 2.54 (3H, s, CH),
3.94 (2H, s, CH), 3.99 (2H, s, CH)), 7.01 (1H, d, pyH), 7.15 (1H,
t, pyH), 7.16 (1H, d, pyH), 7.36 (1H, d, pyH), 7.52 (1H, t, pyH),
7.64 (1H, t, pyH), 8.56 (1H, d, pyH). ESI-TOF/MS for the
N-dealkylated ligand:m/z 427 [2M + H]*.

Thermal Decomposition of 3.The ligand-recovery experiment
for 3 was also performed in the same manner as tha2.fafields
of (Me-tpa-CH),, Me-tpa-CHOH, Me-tpa-CHO, Me-tpa-COQ
and N-dealkylated ligand under,Nvere 10, 18, 4, 18, and 20%,
respectively. Yields of Me-tpa-Ci®H, Me-tpa-COO, and N-
dealkylated ligand under Owvere 11, 44, and 18%, respectively.
No coupling dimer was detected.

X-ray Crystallography. Single crystals o2-(BPh),, 3-(BPh),
4CH;COCH;, and4-(BPhy),-4CH;CN were picked from solutions
by a nylon loop (Hampton Research Co.) on a handmade copper
plate mounted inside a liquid NDewar vessel at ca-80 °C and
mounted on a goniometer head in a ¢&fyostream.

Data collections were carried out on a Rigaku/MSC Mercury
diffractometer with graphite monochromated Max Kadiation
(A = 0.71070 A). The data were collected af50 + 1 °C to a
Fnaximum @ value of 61.0 for 2-(BPhy), and 3-(BPhy)*4CHs-
COCH; and 55.0 for 4-(BPhy),*4CH;CN. A total of 720 oscillation
images were collected. A first sweep of data was done uging
scans from—80.0 to 100.0 in 0.50 steps, ay = 45.0° and¢ =
0.0°. A second sweep of data was made usingcans from—80.0
to 100.0 in a 0.50 step, aty = 45.0° and¢ = 90.C°. Crystal-to-
detector distances were 35 mm, and detector swing angles were
10°. Exposure rates were 30.0, 100.0, and 30.0 s/de&-(BPhy),,
3-(BPhy)2*4CH;COCH;, and4-(BPhy),*4CH;CN, respectively. The
data were corrected for Lorentz and polarization effects. Empirical
absorption corrections were applied.

The structures were solved by a direct method (SIR&)d
expanded using a Fourier technid&he structures were refined
by a full-matrix least-squares method by using the teX%an
crystallographic software package (Molecular Structure Corpora-
tion). The structure refinements were carried out by the observations
(I > 3.00(1)). Non-hydrogen atoms, except for those of solvent
molecules in4-(BPhy),*4CH;CN, were refined with anisotropic
displacement parameters. Hydrogen atoms were positioned at the
calculated positions (0.95 A). They were included, but not refined,
in the final least-squares cycles. Crystallographic data are sum-
marized in Table 1. ORTEP views (50% probability level) of the
complex cations 02-(BPhy),, 3-(BPhy),*4CH;,COCH;, and4-(BPhy),
4ACH;CN with a full numbering scheme of atoms are shown in
tFigure S3, S4, and S5, respectively, of the Supporting Information.
Tables of the final atomic coordinates, thermal parameters, and full
bond distances and angles are given in the CIF data in the
Supporting Information.

[Ni2(0)2(Me2-tpa)2](BPh4)2 (2-(Bph4)2) Half of a [Niz(O)z(MEz-
tpa)]?* ion and one BPJT molecule are contained in an asymmetric
unit. The finalR (R,) values were 0.056 (0.094).

[Ni2(02)2(Mez-tpa)z](BPh4)2-4CH3COCH3 (3-(BPh4)2‘4CH3'
COCH?y). Half of a [Nix(O)(Mex-tpa)]?* ion, one BP~ molecule,

(28) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla,
M. C.; Polidori, G.; Camalli, M.SIR-92 J. Appl. Crystallogr.1994
27, 435.

(29) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; de
Gelder, R.; Israel, R.; Smits, J. M. Mlhe DIRDIF-94 Program
SystemTechnical Report of the Crystallography Laboratory; Univer-
sity of Nijmegen: Nijmegen, The Netherlands, 1994.

(30) teXsan: Crystal Structure Analysis Packaddolecular Structure
Corporation: The Woodlands, TX, 1985 and 1992.
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Table 1. Crystallographic Data fo2-(BPh),, 3-(BPh)2*4CH;COCH;, and4-(BPhy)2:4CH;CN
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3-(BPhy)2-4CH;COCH

4-(BPhy)2-4CHCN

2-(BPhy)2
formula ngHgANsBzozNiz
T(°C) —150
mol wt 1424.70
cryst syst triclinic
space group P1
a(A) 11.620(2)
b (A) 13.213(2)
c(A) 14.053(1)
o (deg) 67.46(1)
B (deg) 66.03(1)
y (deg) 88.76(2)
V (A3) 1797.8(5)
z 1
26 max 61.0
F(000) 750.00
Decaled (g/crr?) 1.316
abs coeff (cm?) 5.81
no. of refins collected 21620
no. of indep reflns 8854
no. of refined params 460
GOF indication 1.515
largest peak/hole (e 7%) 0.66/-0.47
Re 0.056
R.° 0.094

Ci00H108N8B20gNi2
—150

CogHoeN12B203Ni>
—150

1689.02 1604.91
monoclinic triclinic
P2i/n P1
16.483(6) 13.729(2)
14.225(5) 14.489(2)
18.895(9) 23.018(3)
90 83.64(1)
94.153(10) 76.888(10)
90 72.95(1)

4419(3) 4258.5(11)
2 2
61.0 55.0
1740.00 1692.00
1.251 1.251
4.88 5.00
50675 28068
11552 18797
541 988
1.320 1.565
0.904-0.41 0.97+0.38
0.061 0.067
0.087 0.094

aR = Y[|Fo| — [Fl/3IFol (I = 3.00(1)). P Ry= [SW(|Fo| — IFc))¥IWIFol3Y3 w = 1/[0%(Fo) + p?IFol%4] (p = 0.085 for2-(BPhy),, p = 0.092 for

3-(BPhy)2*4CH;COCH;, andp = 0.075 for4-(BPhy)2*4CH:CN).

Scheme 1. Synthetic Procedures for Complexes
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and two acetone molecules are contained in an asymmetric unit.
The final R (R,) values were 0.061 (0.087).

[Ni2(OH)(Me,-tpa)(Me-tpa-CH,00)](BPh,),4CH3CN  (4-
(BPhy),*4CH3CN). The asymmetric unit consists of a P{DH)-
(Mex-tpa)(Me-tpa-CHOO) R ion, two BPh~ ions, and four solvent
molecules, which were solved by a disordered model with iso-
tropic thermal parameters. The finR (R,) values were 0.067
(0.094).

Results

Synthesis of ComplexesSynthetic procedures for the

isolated a big{-superoxo)dinickel(ll) complex ([N{O-)-
(Mey-tpay]?™ (3)) at a temperature below-70 °C. The
formation of3 suggests the presence of a bisko)dinickel-
(1) species as a reaction intermediate (vide infra), which
can oxidize peroxide to superoxide to generattrough
step 1 to step 2 in Scheme 1, as found for thes-ipa
systemt’ Unlike in the Me-tpa system, however, the ESI-
TOF/MS spectrum of the reaction solution did not show any
evidence for the existence of the hisgxo)dinickel(lll)
complex ([Nb(O)x(Mex-tpak]?* (2)) under the experimental
conditions, even though a small amount ¢fd4 (0.2 equiv)
was used at-80 °C. The result suggests thais extremely
reactive with HO, compared to [Ni(O)(Mes-tpa)]?"
(2Mes~a)  However, the reaction & (vide infra) with HO,
produced3, which was confirmed by ESI-TOF/MS. Such a
high reactivity of2 toward HO, may be attributable to the
structural feature o2 (vide infra). Thus, HO, prevents the
detection and isolation a?. However,2 was obtained by
disproportionation of the superoxo ligands3iim acetonitrile
at —40 °C, which was confirmed by ESI-TOF/MS (Figure
1a), although, as mentioned in the Experimental Section, the
reaction always gave some amount of JiH)(Me.-
tpa)(Me-tpa-CHOO)*" (4) as an impurity. In contrast,
2Mes~tra was not obtained by disproportionation of j{@,),-
(Meg-tpa))?t (3Mes~#a) because2Ves P2 is not stable and
decomposes via oxidation of the Mpa ligand under similar
reaction conditiond’ Complex 2 is substantially stable
compared t@Mesa gt —40 °C (vide infra).

It is noted that thermal decomposition®&t temperatures
above—20°C gave a ligand-based alkylperoxo complexfNi

sequential reaction intermediates are summarized in SchemdOH)(Mex-tpa)(Me-tpa-CHOO)P" (4) via 2 under Q, as

1. The reaction of [N(OH)x(Mes-tpa)]?* (1) with excess
H.O, in methanol at—40 °C caused a color change from
sky blue to dark green. From the reaction mixture, we

2878 Inorganic Chemistry, Vol. 45, No. 7, 2006

shown in Figure 1b. Comple# is in equilibrium between
[Ni(OH)(Mex-tpa)P (1) and [Ni(Me-tpa-CHOO)]?" (5),
although the equilibrium (eq 1) lies to the left. Complex
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Figure 1. ESI-TOF/MS spectra of (&2 (m/z 392) generated by standing

3 for several hours at-40 °C and (b)4 (m/z 400) generated by warming

3 at—20°C for several hours. The asterisk (*) is an internal standard signal
[(CH3(CHy)3)aN] (m/z 242.2848).

can be prepared by the reaction bivith excess HO, at
—20 °C, as reported previousfy.

2[Ni,(OH)(Me,-tpa)(Me-tpa-CHOO)F" (4) =
[Ni ,(OH),(Me,tpa)]*" (1) + [Ni,(Me-tpa-CHOO),]** (5)
1)

Structure Description of 2, 3, and 4.The sequential
reaction intermediate, 3, and4 were successfully char-
acterized by X-ray crystallography. The ORTEP drawings
of the complex cations &, 3, and4 are shown in Figure 2,

are in the equatorial positions as found for a corresponding
bis(u-oxo)dicopper(lll) complex, [CHO)(Mex-tpap]>+ (2¢U).

The average NiO and Ni~N bond distances (1.852 and
2.130 A) and the Ni-Ni separation (2.796(1) A) o? are
significantly shorter than those of [MOH),(Me,-tpay]?*
()?* (2.013, 2.182, and 3.029(1) A, respectively). The
average Ni-Naia bond distance (2.285 A) is substantially
longer than the average NNeguatoriaibond distance (1.975
A). This elongation of the axial bonds is attributable to the
Jahn-Teller effect arising from a low-spin “delectron
configuration. It is also noted that the average-Nixia bond
distance (2.285 A) is substantially shorter than tha®f
(2.515 A)¥ The long axial bonds i2°“ may be ascribed to

a o electron configuration, which tends to adopt a square
planar structure. The average ND and NN bond
distances and the NiNi separation o are slightly shorter
than those in2Ves~ta (1.871, 2.143, and 2.924(1) A,
respectively). However, the NiN2 bond distance
(1.942(4) A) of the in-plane pyridyl group s significantly
shorter than the corresponding bond distance (2.045(9) A)
of the in-plane 6-methylpyridyl group igMes~%2 17 in the
latter of which the 6-methyl group prevents a close approach
of the pyridyl group to the nickel atom by steric requirements.
The in-plane 6-methylpyridyl groups diMes—t%2 form a
hydrophobic cavity around a N{u-O),Ni"" core, which has

a significant influence on the reactivity with,8, (vide
infra).

Complex 3 has a centrosymmetric Ni-OO)Ni" core
with Me,-tpa nitrogens, as found for [NO,)(Mes-tpa)]?*
(3Mes~a) 17 The nickel centers in a distorted octahedral
structure are linked by tw@-1,2-O—0O bridges to form a
six-membered ring with chair conformation having a—Ni
O—0—Ni torsion angle of 86.8 The average NiO bond
distance oB (1.947 A) is significantly longer than that &f
(1.852 A) but shorter than that df (2.013 A). The G-O
bond distance oB (1.338(3) A) is comparable to that of
3Ves—tpa (1 345(6) A).

and selected bond distances and angles are listed in Table The crystal structure of consists of two Ni(ll) centers

2. Complex2 has a centrosymmetric Mju-O),Ni"" core with
N4 donors of the Megtpa, where 2-pyridylmethyl sidearms

linked by a hydroxo bridge in one side and an alkylperoxo
bridge in the other side, the latter of which is a ligand-based

Table 2. Selected Bond Distances and Angles 2{BPh),, 3-(BPhy),:4CH;COCH;, and4-(BPhy),-4CHsCN

Bond Distances (A)

2-(BPhy) 3-(BPhy)2*4CH;COCH; 4-(BPhy)2*4CH:CN
Ni1-01 1.845(3) Nit-0O1 1.937(2) Nit-01 1.978(4) Ni2-O1 2.068(4)
Ni1—-O1* 1.858(3) Nit-02* 1.956(2) Nit-03 2.086(6) Ni2-03 2.021(5)
Ni1l—N1 2.008(4) Nit-N1 2.053(3) Nit-N1 2.084(4) Ni2-N5 2.079(4)
Ni1—N2 1.942(4) Nit-N2 2.056(3) Nit-N2 2.034(5) Ni2-N6 2.084(5)
Ni1—N3 2.206(4) Nit-N3 2.130(3) Nit-N3 2.237(5) Ni2-N7 2.194(5)
Ni1—N4 2.363(4) Nit-N4 2.162(3) Nit-N4 2.169(5) Ni2-N8 2.183(5)
Nil---Ni1* 2.796(1) Nil:--Ni1* 3.838(1) NiZ:--Ni2 3.154(1) 0102 1.462(6)
01-02 1.338(3)
Bond Angles (deg)
2-(BPhy) 3-(BPhy)2*4CH;COCH; 4-(BPhy)2*4CH:CN

Ni1—O1—Ni1* 98.1(1) O1-Ni1—-02* 82.54(10) Nit-O1-Ni2 102.4(2)

O1-Nil-01* 81.9(1) NiZ-01-02 113.6(2) Ni+-03-Ni2 100.4(2)

Ni1—02*-01* 116.1(2) O1Ni1-03 78.6(2)

0O1-Ni2—03 78.1(2)

Ni1-01-02 110.6(3)

Ni2—01-02 124.3(3)

Inorganic Chemistry,
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Figure 2. ORTEP views (50% probability level) of (a) [MD)(Mex-tpak]?* (2), (b) [Nix(O2)2(Mez-tpa)]?™ (3), and (c) [Nk(OH)(Mex-tpa)(Me-tpa-Chr-

OO)P* (4). Hydrogen atoms are omitted for clarity.
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Figure 3. Absorption spectra of (& in acetonitrile at-40 °C and (b)3
in acetonitrile at—40 °C. Reflectance spectrum of (c) a powdered sample
of 3 at ca.—80 °C (intensity scale is arbitrary).

alkylperoxide derived from the oxidation of one of the methyl
groups in the Mgtpa ligand. The GO bond distance of
1.462(6) A in4 is comparable to that o5 (1.458(4) Ay
and in the range of those for transition metalkylperoxo
complexes (1.361.52 A)3!

Spectroscopic Characterization of 2 and 3The elec-
tronic spectrum of [N{O)(Mex-tpa)]?" (2) shows an intense
band at 376 nme(= 6000 M1 cm™Y) in acetonitrile at-40
°C (Figure 3a), which is similar to that @es~a (1, =
394 nm,e ~ 4000 Mt cm™1).%7 Such intense absorption
bands have also been observed for five-coordinate:bis(
oxo)dinickel(lll) complexes containing tridentate N-donor
ligands @max = 405—-414 nm)!> These bands have been
assigned to the ©-to-Ni(lll) charge-transfer transition
(LMCT: (0q + de—y2(+)) — (dy(—) + ou*)) on the basis of
theoretical calculation®. There is a trend in CT transition

energies; CT transition energies of the six-coordinate com-

plexes R and 2Mes~a) gre higher than those of the five-
coordinate complexes, such as {0)(Tp"),] (Amax= 410
nm, e = 4200 Mt cm™).2> A similar trend was also

(31) (a) Kitajima, N.; Katayama, T.; Fujisawa, K.; Iwata, Y.; Moro-oka,
Y. J. Am. Chem. So@993 115 7872. (b) Komatsuzaki, H.; Sakamoto,
N.; Satoh, M.; Hikichi, S.; Akita, M.; Moro-oka, YIlnorg. Chem
1998 37, 6554. (c) Hikichi, S.; Komatsuzaki, H.; Akita, M.; Moro-
oka, Y.J. Am. Chem. So0@998 120, 4699. (d) Bonchio, M.; Calloni,
S.; Furia, F. D.; Licini, G.; Modena, G.; Moro, S.; Nugent, W. A.
Am. Chem. Sod997 119 6935. (e) Chavez, F. A.; Mascharak, P.
K. Acc. Chem. Re200Q 33, 539. (f) Chen, P.; Fujisawa, K.; Solomon,
E. I. J. Am. Chem. So@00Q 122 10177. (f) Kujime, M.; Hikichi,
S.; Akita, M. Chem. Lett2003 32, 486.
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Figure 4. Resonance Raman spectra of 2ap acetonitrile (ca. 1 mM)
generated by the reaction @fwith 0.5 equiv of H®0; (solid line) and
H,180, (dotted line) at—40 °C by standing for ca. 10 h; (§Ves~%2 in
acetonitrile at—40 °C prepared by the reaction @¥es~t*2 with 1 equiv of
H210; (solid line) and H 0, (dotted line); (c)3 in acetonitrile (ca. 1 mM)

at —40 °C prepared by the reaction tfwith excess of K0, (solid line)
and H'80; (dotted line); and (dgMes~®a in acetonitrile (ca. 1 mM) at-40

°C prepared by the reaction @F:~%2 with 5 equiv of H%0; (solid line)
and H!80, (dotted line) obtained with a 406.7 nm laser excitation. Inset
(e) is a difference spectrum 8Hes~tPa prepared from K60, and H!€0,.

1000 1200

observed for the corresponding copper compléXehis
may be ascribed to an increase in d orbital energy because
of the coordination number increase from five to six
(diminishing the Lewis acidity of Ni(lll) centers). In addition,
the CT transition energy & s higher than that o@Ves—ta 17
This is also due to a stronger electron donation op-ipe,
which increases d orbital energy compared to that o§-Me
tpa. This is supported by the shorter-NN2 bond distance
(1.942(4) A) of the in-plane pyridyl group i@ relative to
the corresponding NiN2 bond distance (2.045(9) A) of the
in-plane 6-methylpyridyl group ir2Mes~ta,

The resonance Raman specttg & 406.7 nm,T = —40
°C) of 2 and2"es~%2 in acetonitrile show isotope-sensitive
bands at 574 cmt (*6°*A = 26 cn1?!) and at 562 and 580
cm! (Fermi doublet centered at 571 ci 16718A = 29
cm™), respectively, as shown in panels a and b of Figure 4.
They are characteristic of those of the pig(xo)dinickel-
(1) and bis(u-oxo)dicopper(lll) complexe®:1316 These
values are lower than those of hisgxo)dinickel(lll) com-
plexes with tridentate nitrogen ligands (59812 cn?),'6
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Figure 5. ESI-TOF/MS spectrum of (a) a crystalline sample 3in
acetonitrile at—=40 °C and (b) a simulated spectrum consisting of [N)O
(Mex-tpa)[™ (Mm/z408.1), [Nk(O2)(Mex-tpa)(Me-tpa-CHOO)P (m/iz 407.6),
and [Ni(Me-tpa-CHOOY]2" (m/z 407.1).

suggesting that the NiO bonds for six-coordinate complexes
2 and2Mes~ta gre weaker than those of the five-coordinate

complexes. The lower frequencies observed for the six-

coordinate complexes may be in line with weaker Lewis

acidity of metal centers in the six-coordinate complexes

compared to that of the five-coordinate complexes.
The resonance Raman spectrum oexhibits isotope-
sensitive bands at 1084 and 1096 ér{1.023 and 1034 crt
for an1®0-labeled sample), arg¥'es%2 exhibits an isotope-
sensitive band at 1096 crh(1037 cmt for an*80O-labeled

FT Magnitude

R'/A

Figure 6. Fourier transform of EXAFS data of a frozen acetonitrile solution
(solid line) and a solid sample (dashed line)3oht 100 K.

Table 3. Fitting Results of EXAFS Data for a Frozen Acetonitrile
Solution of3 and a Solid Sample @& at 100 K

CN R(A) 02(x1073A2)  Rfactor (%)
in frozen solution
Ni—N 42 2.12+0.03 7.5 4.8
Ni—O 2 1.924+0.03 4.9
Ni---Ni 0.6+ 0.5 3.75+ 0.03 9.0
in solid state
Ni—N 42 2.114+0.03 7.3 4.3
Ni—O 2 1.91+0.03 5.2
Ni--*Ni 0.7+ 0.5 3.75+0.03 9.2

a2 The values are fixed for the fittings. Tlkaange for fitting is between
3and 12 A1 TheRrange for the fittings is from 0.8 to 4.1 R= Y (K%obs
- ancaIchZ/z(knlobs)z-
scatterers at short distance-ND.e = 1.91-1.92 A, four
nitrogen scatterers at NNa,= 2.11-2.12 A, and a nickel
scatterer at 3.75 A, which are comparable to those of the
crystal structure (N Oave = 1.947 A, Ni-Ngae = 2.100 A,

sample), as shown in panels ¢ and d of Figure 4, the latterand Ni--Ni = 3.838(1) A). The energy of the absorption

of which is in agreement with that of a solid sample of
3Ves~tha (1096 cn1l).1” Although the origin of the two bands
observed foB is not known at present, there is a possibility
that either they are Fermi doublets or two isomers exist.
The ESI-TOF/MS spectrum of a crystalline sample3of
in acetone at-40 °C showed a signal atVvz = 408 (| =
100%) and a signal atVz = 412 ( = 100%) for an*®O-

labeled sample with a complex isotope pattern (Figure 5a),

as reported previousB Analysis of the isotope patterns

edge of a solution sample 8f(8346 eV) is consistent with
the Ni(ll) oxidation state and is identical to that of a solid
sample of3 (8346 eV) (see the Supporting Information,
Figure S5). Thus, the dimer structure®femains intact in
acetonitrile. This is also confirmed by the electronic spectral
measurements. The electronic spectrun3 af acetonitrile

at —40 °C showed a distinct absorption band at 335 nm
(e ~ 11 000 Mt cm™) and several gd bands in the visible
and near-infrared regions that are almost the same as those

suggested the presence of a monomeric superoxonickel(ll)of the reflectance spectrum of a powdered sample prepared

species, [Ni(Q)(Me,-tpa)]" (m/z408.10 ( = 100%)), a -
superoxo)g-alkylperoxo)dinickel(ll) species, [MO2)(Mex-
tpa)(Me-tpa-CHOO)P" (m/z 407.60), and a bigfalkyl-
peroxo)dinickel(ll) species, [MiMe-tpa-CHOO),]?*" (m/z

from crystals, as shown in panels b and c of Figure 3, which
is in line with the EXAFS results.

The EPR spectrum of a frozen acetonitrile solutior8of
measured at 4.3 K exhibits a rhombic signal wgtivalues

407.10). The former two species seem to be generated undeof 2.22, 2.18, and 2.05 in th&ms = 1 region with a weak
ESI-TOF/MS conditions. Such a mononuclear species wasAms = 2 signal at half-field, as shown in Figure 7. Five
also observed for the ESI-TOF/MS spectrum3ifs—®a 17 superhyperfine lines due to interaction with two nitrogens
However, there is a possibility that the dissociation occurs are observed on ttgg= 2.05 signal in the spectrum measured

only under the ESI-TOF/MS conditions.
To investigate the solution behavior of P{D,).(Mex-
tpak]?>t (3) in acetonitrile, we characterized the nickel

at 77 K. The spectral feature in thhem; = 1 region is quite
similar to that observed for a recently characterized mono-
meric Ni(ll)—superoxo complex [PhT]Ni(O,) with a side-

coordination spheres of both solution and solid samples by on superoxo ligandy= 2.24, 2.19, and 2.02§.Each Ni(Il)

X-ray absorption spectroscopy. The Ni EXAFS of a frozen
solution sample 08 is quite similar to that of a solid sample,
indicating that the Ni(u-OOLNi" core structure remains
intact in solution, as shown in Figure 6 and Table 3. The
nickel ligations for both samples consist of two oxygen

ion of 3 has two unpaired electrons irdz and dz orbitals.
The electrons in two,d-2 orbitals in Ni(ll) ions and those
in zr* orbitals of two @~ are antiferromagnetically coupled
to yield anS= 1/2 ground state/Ni(ll). Presence of then
= 2 signal at half-field foi3 clearly indicates that the dimer
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Figure 7. EPR spectrum 08 (g values= 2.22, 2.18, 2.05) recorded at
4.3 K in acetonitrile. Inset is a spectrum in the half-field region. Spectral
conditions: microwave power 0.998 mW and modulation amplitude

0.6 mT.
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Figure 8. ESI-TOF/MS spectra of (a) the mixture of jD)z(Me,-tpay]?+

(2) and [Niy(O)(di-Mez-tpa]?t (2-dy) in acetonitrile at—40 °C (relative
intensity ratio2:2-d; = 52:48); and (b) coupling dimers in acetonitrile
containing a small amount of HCOOH recovered after thermal decomposi-

structure remains intact and each nickel(ll) center has antion of the above mixture at room temperature (relative intensity ratio (Me-

unpaired electron in theabrbital and the interaction of the
electrons yield a triplet state with a small zero-field splitting.
A similar spectral feature is also observed fgfest2
(see the Supporting Information, Figure S6).

Reactivity of 2 and 3. Thermal decomposition of
[Ni2(O)(Mex-tpa)]?t (2) in acetonitrile under Bat room
temperature gave an N-dealkylated ligand ((6-methyl-2-
pyridylmethyl)(2-pyridylmethyl)amine; 18% on the basis of
the total amount of Metpa ligand)3? a coupling dimer of
Me-tpa ligand ((Me-tpa-Ch),; 26%)32 a ligand-based
carboxylate (Me-tpa-COQ 13%), a hydroxylated ligand
(Me-tpa-CHOH; 5%), and a trace amount of a ligand-based
aldehyde (Me-tpa-CHO) which was detected Y% NMR
and ESI-TOF/MS. Hereafter, the amount of modified ligands
are reported on the basis of the total amount ofx-fipa
ligand. It is probable that Me-tpa-COCGand Me-tpa-CH
OH are not derived from oxidation of the methyl group in
2, because as mentioned already, com@eontains some
amount of complexd as an impurity, which can generate

tpa-CH),:dx-(Me-tpa-Ch), = 55:45). No measurabld;-(Me-tpa-Ch)
is detected.

([Ni(OH),(Me-tpa-CH*),]?") that is probably generated by
stepwise H-atom abstractions from two methyl groups.
Thermal decomposition oR in acetonitrile at room
temperature under Qyave an N-dealkylated ligand (18%),
Me-tpa-COO (38%), and Me-tpa-CHDH (12%). However,
the coupling dimer, (Me-tpa-Chh, was not detected,
indicating that the reaction of Me-tpa-GHvith O, is much
faster than the reaction between Me-tpa-Clfadicals.
Formations of Me-tpa-COO (38%) and Me-tpa-CkOH
(12%) are substantially larger than those obtained under N
indicating that most of them are generated frérbut not
derived solely from4, which was present as an impurity.
The ESI-TOF/MS spectrum of a decomposed sampl2 of
under 80, indicated that Me-tpa-COOcontains Me-tpa-
C!00~, Me-tpa-C%0®0O~, and Me-tpa-&0®0~ in a
61:29:10 ratio and Me-tpa-GEH contains ca. 50%
Me-tpa-CH*0OH, suggesting that they are derived from

those two species. The formation of the N-dealkylated ligand decomposition of the Me-tpa-GBO species and/or au-

and (Me-tpa-CH), indicates that oxidation occurs both at
the methyl and methylene groups. The formation of the
coupling dimer clearly indicates the formation of a ligand-
based radical (Me-tpa-GH, which is stable enough for
coupling with another Me-tpa-CH To investigate the
formation mechanism of (Me-tpa-GH, we examined the
decomposition of a mixture of [MO)(Mex-tpa)]?* (2) and

a complex with deuterated;-Me,-tpa ligands [Ni(O),(d;-
Mex-tpa)]?t (2-dy); the ESI-TOF/MS spectrum (Figure 8)

toxidation by dioxygen. It is noted that the ESI-TOF/MS
spectrum of a sample decomposed untfé, at —40 °C
revealed the formation of [N(OH)(Mex-tpa)(Me-tpa-
CH,180'80)]?" (4-'%0,) (see the Supporting Information,
Figure S7), indicating that can be derived fron2 via the
formation of Me-tpa-CHOOr, although quantitative analysis
of 4 cannot be made at the present time. Compleis
capable of producing Me-tpa-CO@nd Me-tpa-CHOH by
decomposition (vide infra). In addition, Me-tpa-gbC

revealed that the isotope pattern of the coupling dimers could generate Me-tpa-GBH and Me-tpa-CHO by the

consists of only two isotopomers, (Me-tpa-§Hand d,-
(Me-tpa-CH),, but notd;-(Me-tpa-CH),, indicating that only

Russell termination, both of which are susceptible to au-
toxidation that generates carboxylate. Me-tpa-CHO is also

an intramolecular ligand coupling occurs. Thus, the result capable of producing Me-tpa-CO@nd Me-tpa-CHOH by

indicates the formation of a bis(Me-tpa-@H species

(32) This value corresponds to 40% oxidation yield on the basis of a bis-
(u-oxo)dinickel(lll) complex, because oxidative N-dealkylation cor-
responds to two-electron oxidation and a hisko)dinickel(lll)
complex is a two-electron oxidant.

(33) Reinvestigation of the decomposition3Ye: P2 revealed thagVes~tra
can also generate a coupling dimer gMpa-CH), together with Me-
tpa-CHOH depending on the reaction conditions, although we have
reported that3Mes—tPa generates only Metpa-CHOH in ref 17.
However, it was difficult to identify the reaction conditions. Further
investigation is in progress.
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the Cannizzaro reaction (vide infra).

Thermal decomposition o8 in acetonitrile at—40 °C
resulted in formation t&® and Q, and at—20 °C, further
oxidation generated, although the yield o} is not known
at present. We have also studied thermal decomposition of
3 at room temperature underNields of modified ligands
recovered are N-dealkylated ligand (20%), (Me-tpazjgH
(10%), Me-tpa-COO (18%), Me-tpa-CHOH (18%), and
Me-tpa-CHO (-4%). The presence of (Me-tpa-Gld indi-
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Figure 10. Comparison of space-filling models of (2)and (b)2Ves~tpa
(nickel, yellow; oxygen, red; nitrogen, blue; carbon, gray; hydrogen, pale

) blue).
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Figure 9. Cyclic voltammograms of (a)¥®s 2, (b) 1, (c) 1*"2, and The Me-tpa ligand forms the big¢oxo)dinickel(lll) 2 and

(d) 12 in acetonitrile (1 mM) containing 0.1 M-BusNCIO4 at —40 °C bi dinickel(IN 3 | I h
(working electrode, Pt; counter electrode, Pt; reference electrode, Ag/Ag |s(11-sup9roxo) II.’IIC el(ll) comp_ exes as well as the
scan rate, 100 mV). Mes-tpa ligand. Bisg-superoxo)dinickel(ll) complexes are

. - derived from the oxidation of D, by bis(u-oxo)dinickel-
Table 4. Electrochemical Data for the Oxidation of | h ivity &fwith K
Bis(u-hydroxo)dinickel(ll) Complexes in Acetonitrile at40 °C at Scan (1) complexes. However, the reactivity &with HzO; is

Rate= 0.1 V quite different from that of [NiO)(Mes-tpay]?t (2Vestr),

complex Evs(IL I ( AE) vs Fe/F (V) Unlike 2Mes~tra complex2 could not be obtained by direct
NI (OH)(tpak]2 (179) 0.45 (0.07) regction of [Niz(OH)z(!\/lez-tr_Ja)z]2+ (1) with H,0,, becau_se
[Ni2(OH)x(Me-tpay]2+ (1Me—tpa) 0.55 (0.06) 2 is extremely reactive with kD, and produces3. This
[Ni2(OH)x(Mez-tpap]** (1) 0.62 (~0.10) differential reactivity may be attributable to the structural
[Ni2(OH)(Mes-tpap] 2t (1Mestpa) 0.78 (~0.16)

features o and2Mes~%2 (Figure 10). Comple® has a space
around the Ni' (u-O):Ni" core for access of ¥D,, whereas

cates that the dioxygen concentration generated by thethere is not enough space around thé (-O),Ni"' core in
disproportionation of the superoxo ligandsdris not high 2" Thus, the in-plane 6-methylpyridyl groupsate:~
enough for full formation of the Me-tpa-GIBO" species. 5|gn|f|.cantly suppress the reactivity Wlthzﬁz 'b)./ stereo-
Decomposition of3 under Q at room temperature caused Cchemical effects. It is noted that hisoxo)dinickel(IIl)
an increase in the formation of Me-tpa-CO@!4%) and a complex_es with tridentate Ilgands_sgch as bis[2-(2-pyridyl)-
decrease in the formation of Me-tpa-@bH (11%) along  ©€thylJamine and T¥ have no reactivity with kD, although
with the N-dealkylated ligand (18%), probably suggesting _aspace—ﬂllmg model of the Ts: _complex suggests that there
that autoxidation of Me-tpa-C}®H and some other radical IS @ space around the Nu-O)Ni" core for access of ¥D.
reactions take place under the experimental conditions. It iS @lso noted that th&(ILIIl/I1, 1) values (0.66-0.78
Redox Behavior. The cyclic voltammogram (CV) ol V) of.the bisf-hydroxo)dinickel(Il) complexes .VYIth triden-
in acetonitrile showed a quasireversible redox coupEat tate ligands are comparable _and/or more pos!tlve than those
= 0.62 V vs Fc/F¢ at a scan rate 100 mV'5 as shown in O the present complexes with tetradentate ligafiisug-
Figure 9b. Similar redox behavior has also been reported 965ting that the former bis{oxo)dinickel(lll) complexes are
for the five-coordinate big¢hydroxo)dinickel(Il) complexes ~ Stonger oxidants than the present aisgo)dinickel(lll)
containing tridentate N-donor ligand&sf, = 0.66-0.78 V complexes. Although the_d|fferer1t|al rea_ct|V|ty betv_ve_en the_se
vs Fc/F¢). The redox couples have been assigned to thetV_Vo types o_f complexes is very interesting, the origin of this
one-electron oxidation of the MIIIl) state to the  difference is not clear at present.
Niy(IL,Ill) statel®® The CV data of the bisthydroxo)- _The &-methyl groups of the pyridyl sidearms also have a
dinickel(ll) complexes with a series of tpa derivatives (tpa Si9nificantinfluence on various physicochemical properties
(1%3), Me-tpa (Me2), Me,-tpa (1), and Mex-tpa (1Mespa)) of the blsy—oxo)@mckel(lll) cpmplexes. Introduction of the
are given in Table 4. The data show that the successive® Methyl group into the pyridyl group has been shown to
introduction of the 6-methyl group into the pyridyl group of Weaken the electron-donor ability of the pyridyl nitrogen
the tpa ligand causes a successive positive ShifEaf because of steric requirements, Whlch_destabll!ze_:s_hlgh-
(Nio(I1,1/Ni 5(11,11)) values from 0.45 to 0.78 V. Such a va_ilence species, I_eadlng t_o_a stronger oxidant. Thisis in line
positive shift is in line with the general trend that the With the SUccessive positive shift of ﬂ%”{tva'“es of
6-methyl group weakens the electron-donor ability of the [N|2(OH)_2(I\_/Ien—tpa)g] (Iab'e 4)- Com_ple>2 =5 decom-
pyridyl group because of the steric requirements, leading to POS€S Withn 1 h at=40°C, whereas? is stable over a day

destabilization of the high-valence oxidation stafé. under the same conditions. The high reactivity2tjfs™
may be partly due to the proximity effect between the in-

(34) Gultneh, V.. Yisgedu, T. B.. Tesema, Y. T.; Butcher, Rinbrg. plane methyl groups and the oxo groups and partly to the
Chem.2003 42, 1857. higher oxidation ability of2Ves~ta,
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Figure 11. Chem3D models of (a2, (b) 2Me:~tPa, and (c)2CU showing the H:+Ogy, distances (A) close to the oxo groups. Hydrogen atoms were placed
at the calculated positions ¢ = 0.95 A).

Although complex2Ves—2 glmost selectively oxidizes the ~ Scheme 2
methyl group of Me-tpa?” the present compleXcan oxidize (CH3 HsC HoC HsC
both methylene and methyl groups. This seems to be closely
related to the structural features between the oxo groups and
hydrogens of the methylene and methyl groups and their @
C—H bond energies. A Chem3D model &fsuggests that
the Q,o**-H distances for the methyl groups are 230 A, (
depending on the orientation of the hydrogen atoms of the
methyl groups, and those for the methylene groups are 2.6
2.7 A (Figure 11a). Although the hydrogens of the methyl
groups can more closely approach the oxo groups, the
oxidation of the methylene groups may be attributable to
the weaker €-H bond energy of the methylene groups. A
similar N-dealkylation has also been observed for the
corresponding copper complex [€0)(Mex-tpay]?t (2°Y),
where no oxidation of the methyl group was detected.
Chem3D model o reveals that the Q--H distances
for the axial methyl groups (2-83.3 A) are longer than those
in 2 as shown in Figure 11c. Thus, the hydrogen atoms of
the methyl groups ir2 can more closely approach the oxo
group compared to those iB° and this seems to be
responsible for the parallel oxidation of the methyl and
methylene groups. In contrast, selective oxidation of the
methyl group was observed fake: 2 (only a trace amount
of N-dealkylation was detected), which seems to be due to
the proximity effect of the in-plane methyl group 2ies—tra
(Ooxer**H = 2.2-2.7 A).

Decomposition o under N gave a ligand-based coupling
dimer ((Me-tpa-CH),), indicating the formation of a ligand-
based radical (Me-tpa-GH that was probably generated by
H-abstraction of the methyl group of Mpa, as found for
various high-valence M(l1)«-O), complexes (M= Cu, Ni,
and Co)%416However, oxygen rebound is slow &¢° and
the resulting ligand-based radical (Me-tpa-QHs stable
enough for coupling with another Me-tpa-@HThe isotope-
labeling experiment using a mixture of I{D)(Mex-tpay]>*

(2) and [Ni(O)x(di-Mex-tpa)]?* (2-d) clearly indicates that
bis(Me-tpa-CH)dinickel(ll) species ([Ni(OH)x(Me-tpa-
CHy)2]?" and [Nb(OH),(d;-Me-tpa-CH*),]?") are generated

.0 .
LNi'{o:Ni"'L — NN

- O OI

CHp—HyC HoC- -CHp
. (s
LNi'(o)Ni"L -— LNi'(O:Ni"L
0
A
and only an intramolecular coupling occurs, where the bis-
(Me-tpa-CH*) species could be generated by stepwise
H-atom abstractions from two methyl groups (Scheme 2).
Decompositions of the bigfoxo)dinickel(lll) complex2 and
bis(u-superoxo)dinickel(ll) complexd under Q produced
no coupling dimer, clearly indicating that the ligand-based
radical, Me-tpa-Cht, is very reactive to dioxygen and the
reaction is much faster than the coupling of Me-tpa,CH
radicals and the oxygen rebound.
Decomposition o and3 under Q at room temperature
produced the ligand-based carboxylate (Me-tpa-CQO/@Id
~ 38—44%), alcohol (Me-tpa-CkDH, yield~ 12%), and a
trace amount of aldehyde (Me-tpa-CHO) together with the
N-dealkylated ligand (yields 20%). The oxidation product
of the methyl groups of the Mepa ligand could be mainly
produced from the peroxyl radical (Me-tpa-gbOr), as
mentioned already. The oxidation reaction seems to involve
some complicated reactions such as radical chain reactions
and autoxidation. However, one of the reactive intermediates
that can generate the oxidation products (Me-tpa-CHO,
Me-tpa-COO, and Me-tpa-CHOH) was identified and
isolated during decomposition 8funder Q at —20°C. ESI-
TOF/MS measurement showed the formation of the ligand-
based monoalkylperoxo complex (BOH)(Mex-tpa)(Me-
tpa-CHOO)?" (4)), as shown in Figure 1. A possible
conversion pathway is given in Scheme 3, which consists
of the following steps: step (1) disproportionation of the
superoxo ligands iB8 gives Q and2; step (2)2 generates a
ligand-based alkyl radical (Me-tpa-G#i step (3) the result-
ing Me-tpa-CH- reacts with Q to produce a ligand-based
(35) As mentioned already, although a hydroxylated ligand, Me-tpa-cH  @lKylperoxyl radical (Me-tpa-CkDCO'); step (4) coupling
OH, was recovered, it is not clear at present whether Me-tpsGEH between Me-tpa-CHDO and a superoxo ligand &and its
is derived from [Ni(OH)(Mex-tpa)(Me-tpa-CHOO) (4) presentas o5 angement gaweand Q. In addition to this pathway,

an impurity or rebound of oxygen. Even if Me-tpa-&bH is generated . )
by a rebound mechanism, this seems to not be significarg. for step (5) H-atom abstraction by Me-tpa-@pO species may

IOo
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also be involved, as mentioned already. Comp@ecan be
generated by the disproportionation 4fand 1 generated
simultaneously may further react with,€ to generateb
in the same way.

Previously, we reported that the hisélkylperoxo)-
dinickel(ll) complex §) gave oxidation products Me-tpa-
COO (62%) and Me-tpa-CkDH (37%) upon decomposi-

by reaction with HO,, 2, 3, and4 was successfully isolated
and characterized by various physicochemical techniques.
The crystal structures, formation processes, and ligand
oxidation reactions provide some fundamental insights into
their reactivities.

Complex2 is extremely reactive with $D,, compared to
2Mes~a - This is attributable to a lack of the in-plane
6-methylpyridyl group, which allows ¥D, to react with the
bis(-oxo) core. In contrast2Mest2 s very unstable
compared t@. This is due to a high reactivity of the oxo
group toward the supporting ligand Yes~ta,

Complex 2 is capable of oxidizing both methyl and
methylene groups, wherea@’es—Pa and 2 selectively
oxidize the methyl group and the methylene group, respec-
tively. Such differential reactivity is ascribed to the proximity
effect between H atoms and the oxo groups along with the
C—H bond energies.

Oxidation of the methyl group starts from the formation
of the ligand-based radical (Me-tpa-€H However, oxygen
rebound observed for various high-valencebigko)dimetal
complexes is slow enough to allow intramolecular coupling
of Me-tpa-CH* under N. The isotope-labeling experiment
clearly indicates that the bis(Me-tpa-@H species
([Ni(OH),(Me-tpa-CH"),]?") is generated and only an
intramolecular coupling occurs, where the bis(Me-tpa;¢CH
species could be generated by stepwise H-atom abstractions
from two methyl groups.

Under Q, Me-tpa-CH* reacts with Q to generate
Me-tpa-CHOOr, which undergoes further oxidation to give
Me-tpa-COO and Me-tpa-CHOH as the final products.
Decomposition reactions @and3 seem to involve various
pathways, such as radical chain reactions and autoxidation.
However, one of the reactive intermediates was identified
as the alkylperoxo specief which may be derived from
coupling between Me-tpa-GO and a superoxo ligand
of 3, and its rearrangement gaveand Q. In addition,
H-atom abstraction by Me-tpa-GBO* seems to be possible
for the formation of the alkylperoxo ligand.

The bisf-alkylperoxo)dinickel(ll) comple obtained by
the reaction ofl with excess of HO, at —20 °C gave
Me-tpa-COO and Me-tpa-CHOH. They are derived from
stepwise reactions, which involve the conversion of the
peroxo ligand into a ligand-based aldehyde by @ bond

tion under Ar. They may be produced by the stepwise cleavage and disproportionation of the aldehyde to give
reactions shown in Scheme 4, which involves the conversion carboxylate and alkoxide via the Cannizzaro reaction.

of the peroxo ligand into a ligand-based aldehyde by either

homolysis or heterolysis of the-@D bond and dispropor-

tionation of the aldehyde to give carboxylate and alkoxide
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via the Cannizzaro reaction. Although this oxidation pathway T.K)

gives equal amounts of Me-tpa-CO@nd Me-tpa-CHOH,

the observed high yield of the carboxylate ligand compared Supporting Information Available:
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to that of the alkoxide ligand suggests that some other sideS9 and three X-ray crystallographic files in CIF format. This

reactions take place at the same time.

In summary, a series of the sequential reaction intermedi-

ates for the oxidation of the Mépa supporting ligand of
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