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Abstract: A six-coordinate big-oxo)nickel(Ill) complex, [Np(u-O)(Mes-tpay]?™ (1), was synthesized by
the reaction of [Ni(u-OH),(Mes-tpa)]?*" (2) with 1 equiv of hydrogen peroxide in methanol-a80 °C, where
Mes-tpa= tris(6-methyl-2-pyridylmethyl)amine. The 6-methyl groups of Mpa have a significant influence
on the formation and stabilization of the high-valent lisko)dinickel(lll) species. The reaction @fwith a
large excess of hydrogen peroxidel equiv) afforded a novel big{superoxo)dinickel(ll) complex, [Ni
(u-0O2)2(Mes-tpa)]?™ (3), thus, the reaction demonstrates a unique conversion of MD),Ni"" core into a
Ni" (u-OOXNi" core upon exposure to hydrogen peroxide. Compléx@sand3 have been characterized by
X-ray crystallography and various physicochemical techniques. Conipleas a Nif-O),Ni core and the

average Ni-O and Ni—N bond distances (1.871 and 2.

143 A, respectively) are significantly shorter than those

of 2 (2.018 and 2.185 A, respectively), suggesting thas a bisfi-oxo)dinickel(lll) complex. Complex3

consists of a Ng-OOxNi core with two u-1,2-O-0O

bridges to form a six-membered ring with chair

conformation and the ©0 bond distance is 1.345(6) A. The resonance Raman spectrum of a powdered sample
of 3 measured at-110 K showed an isotope-sensitive band at 1096 c(®044 cnt! for an 180-labeled
sample), indicating tha is a bisg-superoxo)dinickel(ll) complex. Thermal decomposition of bb#nd3 in
acetone at-20 °C under N atmosphere resulted in partial hydroxylation of a methyl group of-ide in
yields of 21-27% for both complexes. For compl&8xa carboxylate complex, [Ni(MetpaCOO)(OH)|* (4),
where one of the three methyl groups of Mpa is oxidized to carboxylate, was also isolated as a decomposed
product under Blatmosphere. During the decomposition proces3 dfoxygen evolution was simultaneously
observed. The electrospray ionization mass spectrometry (ESI-M3$Yyefealed the formation of during

the decomposition process. These results suggest that one possible decomposition pati3wisy aof
disproportionation of two coordinated superoxides to dioxygen and peroxide followed by-{Bé@nd scission

of peroxide to regeneratt, which is responsible for the hydroxylation and the oxidation of the 6-methyl

group of Me-tpa.

Introduction
Dioxygen activation chemistry by metal complexes is of great

importance for understanding the reaction mechanisms of

dioxygen activating metalloproteins in biological systems and
utilizing metal complexes as oxidation catalystRecently,
dioxygen activation by dimetal complexes has been shown to
afford high-valent M(«-O), complexes (M= Cu 313 Fgl4-16
Col"18 and Nit") by the O-O bond scission of &~. For
example, the -0 bond scission ofu-12n2-peroxo)dicopper-
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produce bigg-oxo)dicopper(lll) species, which show monooxy-
genase activity for ligand oxidation to give &hdealkylated
ligand and aldehyde or ketone upon thermal decomposition.
A similar observation was made for square planarbi{0)-
dicopper(lll) complexes with sterically hindered bidentate
N,N,N',N'-tetrasubstituted cyclohexanediamife&or diiron
complexes, a bigtoxo)diiron(IV) and a high-spin bigfoxo)-
diiron(ll1,1V) species have been generated by the reaction of
[Fez(‘u-O)z(Meg-tpak]2+ with H202.16b

More recently, such high-valent metal-oxo chemistry has been
extended to cobalt and nickel complexes; the reaction ' M
(u-OH), complexes (M= Co or Ni) having sterically hindered
hydrotris(pyrazolyl)borate derivatives with,&, produces five-
coordinate big{-oxo)dimetal(lll) complexes, [N, or Cd",-
(O)(TpVed),] (5 and6), which are active for ligand hydroxy-
lation1” Despite the importance of such high-valent metal-oxo
chemistry, there are only a limited number of well-characterized
high-valent bis¢-oxo)dimetal complexes as described above.

The structure and reactivity of metal complexes having reac-
tive dioxygen intermediates such as Q0O,?~, and OOH are
also interesting. Recently, a-{%#?-peroxo)dicopper(ll) com-
plex with a dinucleating polypyridyl ligand has been proposed
to be a reactive intermediate for arene hydroxyla#fiohihus it
is important to explore how the nature and stereochemistry of
ligands influence the formation, structures, and reactivity of
high-valent metal-oxo complexes and/or complexes having
reactive dioxygen intermediates with various metal ions.

A tetradentate tripodal ligand, Mépa, is useful for formation
of bis(u-oxo and/or hydroxo)dimetal coréssince it can provide
two vacant coordination sites in the cis-position. All the high-
valent bisf-oxo)dimetal complexes mentioned above have
ligands with sterically bulky substituents except for low-spin
bis(u-oxo)diiron(lll,IV) complexes with tpa derivatives. Such
ligands having sterically bulky substituents may provide a cavity
for protecting a reactive high-valent hisxo)dimetal center.
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Such protection effect by a hydrophobic cavity has been pro-
posed for diiron-peroxo model complex&s24

In this study, we report the syntheses of a six-coordinate bis-
(u-oxo)dinickel(lll) complex, [Ni',(O)(Mes-tpak](BF4)2, (1),
and a bis¢-superoxo)dinickel(ll) complex, [Np(O2)(Mes-tpa)]-
(BF4)2 (3), having a sterically bulky tripodal tetradentate ligand,
Mes-tpa, by the reaction of [Np(u-OH)(Mes-tpak] %" (2) with
hydrogen peroxide in methanol at low temperature. ComBlex
is produced by an unprecedented conversion of a:ngp)-
dinickel(lll) complex1 upon exposure to #D,. Complexl is
the first six-coordinate bigfoxo)dinickel(lll) complex, although
a five-coordinate big(-oxo)dinickel(lll) complex, [Ni',(O),-
(TpVed),] (5), has been reportéd.n addition,3 is also the first
structurally characterized bis{superoxo)dinickel(ll) complex.
Hydroxylation and oxidation of a methyl group of M#a by
Ni'"'»(u-O), center inl and the reactivity of3 having two
superoxides as an activated dioxygen intermediate are also
presented.

Experimental Section

Materials. Acetone was purified by distillation. 6-Methylpyridine-
2-carbaldehyde was purified by distillation under a reduced pressure.
Mes-tpa was prepared as described previod@shkt;'%0, was prepared
according to the literatur®.Purity of H,%0, was checked by GC-MS
(ca. 98%). All other reagents and solvents were commercially available
and used without further purification.

Syntheses of Complexes. [MO)2(Mes-tpa),](BF 4).:6MeOH (1).

To a rapidly stirred solution of NiGI6H,O (59 mg, 0.25 mmol),
Mes-tpa (83 mg, 0.25 mmoln-BusNBF,4 (165 mg, 0.5 mmol), and 1

M n-BusNOH in methanol (0.25 c0.25 mmol) in 50 crhiof methanol

at —90 °C was added dropwise 50 mM,6, in methanol (2.75 cf
0.14 mmol) ove 2 h toproduce a brown solution. The resulting solution
was allowed to stand for 2 days-aB0 °C to givel as brown crystals,
which were suitable for X-ray crystallography. The complex decom-
posed even at-30 °C in solid state within a few minutes. UWis
(Amadnm (€/M~1 cm™) in acetone at-70°C): 394 (~4000). ESI-MS:
m/z 913 [M — CIO4]*.

[Niz(OH)2(Mes-tpa),](ClO 4)2*(CH3)2,CO (2). To a mixture of Ni-
(ClO4)2:6H,0 (183 mg, 0.50 mmol) and Mépa (166 mg, 0.50 mmol)
in methanol/acetone (1:1) was added Mu,;NOH in methanol (0.5
cm?®, 0.50 mmol) with stirring to produce a small amount of insoluble
product, which was removed by filtration. The filtrate in a Schlenk
tube was allowed to stand overnight undertdlafford2 as light green
crystals, which were characterized by X-ray crystallography. Calcd for
C45H55N3011C|2Ni2 (2-C|O4) C, 5036, H, 526, N, 10.44; Ni, 10.94.
Found: C, 50.13; H, 5.23; N, 10.62; Ni, 11.0. B¥Vis (Ama/nm (¢/

M~t cm™Y) in methanol at-50 °C): 384 (190), 600 (50), 1184 (57).
Molar conductivity: 74.8Q7* cm? mol™ at —78 °C in acetoné’ IR
(cm™1): »(C=0), 1705;»(C=C), 1605;v3(ClOy), 1093. ESI-MS:m/z
915 [M — CIO4]".
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Y.; Mizutani, Y.; Kitagawa, T.; Mathur, R.; Heerwegh, K.; Reed, C. A;;
Randall, C. R.; Que, L., Jr.; Tatsumi, K. Am Chem Soc 1994 116,
9071-9085. (b) Kim K.; Lippard, S. 0. Am Chem Soc 1996 118 4914~
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1995 117, 11220-11229. (b) Ookubo, T.; Sugimoto, H.; Nagayama, T.;
Masuda, H.; Sato, T.; Tanaka, K.; Maeda, Y.; Okawa, H.; Hayashi, Y.;
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Further details are given in the Supporting Information.
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[Ni2(O2)2(Mes-tpa)](BF4)2:6MeOH (3). Aqueous 30% KO, (0.50 decomposition was performed under bothadd Q atmosphere. Since
cn?, 4.4 mmol) was added to a solution of Ni€&H,O (119 mg, 0.5 it was difficult to weigh the amount ol due to its thermal insta-
mmol), Mes-tpa (166 mg, 0.5 mmol), and 1 MBus;NOH in methanol bility, the amounts used for the experiments were determined as
(0.50 cn#, 0.5 mmol) in 25 cri of methanol at-60 °C to produce a follows. Typically, 1 (ca. 100 mg) was dissolved into 90 ¢wof ace-
dark brown solution. The resulting solution was allowed to stand tone at—80 °C. The resulting solution was warmed 20 °C and
overnight, to which a solution af-Bus;NBF, (230 mg, 0.7 mmol) in 5 allowed to stand fo2 h to produce a blue-green solution undes N
cn?® of methanol was added. The resulting solution was left for a few atmosphere (a blue-green suspension undertosphere). After
days at—60 °C to give 3 as black crystals suitable for X-ray = warming to room temperature, the suspension was made clear by adding
crystallography. The complex is thermally stable in the solid state for water and then the volume of the resulting solution was adjusted to
a few minutes at room temperatur€aution: The perchlorate salt of 100 cn? in a volumetric flask with water. A portion (1.00 énwas
3 exploded een under nitrogen atmosphere upon warming to room taken up and the concentration of nickel ion was determined by
temperature and should be handled with catdV —vis (Ama/nm (e/ atomic absorption spectrophotometry. Isolation and quantitative analysis
M~tcmt) in acetone at-50 °C): 500 (280, shoulder), 600~200, for Mes-tpa, Me-tpaOH, and MgtpaCOO" were as follows. A solution
shoulder), 740 (123), 1108 (105). Resonance Raman (solid samplesof KCN (107 mg,~20 equiv) in 100 criof water was added to the
~110 K): »(O—0), 1096 cm* (1044 cnr! for 180). ESI-MS (only a above remaining solution and then CH@200 mL) was added to

monomeric species was detectediz 422 [M/2 — BF4]" (m/z 426 extract an organic layer containing Mgpa and its oxidized products

for 180). Molar conductivity: 83.2Q~ cn? mol™! at —78 °C in except for Me-tpaCOO. The aqueous layer was extracted three
acetone’ times with 100 cri of CHCl;. The combined extract was dried over

180-labeled3 was prepared as follows. To a solution of NiGH,O NaSO, and the solvent was removed under reduced pressure to give

(48 mg, 0.2 mmol), Mgtpa (66 mg, 0.2 mmol), and 1 M-Bu;NOH a yellow oil. The amounts of Metpa and Me-tpaOH were determined

in methanol (0.20 cf 0.2 mmol) in 3 cM of methanol at—80 °C by *H NMR by addition of a known amount of 1,4,7,10-tetraazacy-
was added K2O,, which was prepared by dehydration of 3 cof clododecane (cyclen) as an internal standard. The aqueous layer was
methanol solution containing 1.5 émf 1% aqueous K0, (0.4 mmol) evaporated to dryness under reduced pressure. The residue was

by anhydrous Ng&8Q; (10 g), to produce a dark brown solution. After  dissolved into RO. The amount of MetpaCOO was determined by
1 h,n-Bus;NCIO4 (102 mg, 0.3 mmol) in 1 chof methanol was added H NMR.

to the solution. The resulting solution was allowed to stand for 1 day  Total amounts of Metpa, Me-tpaOH, and MgtpaCOO recovered
at —80 °C to give labeled as a dark brown powder. were 89+ 2% for three experiments. Yields of MgpaOH and

[Ni(Me »tpaCOO)(OH,)]CIO 4 (4). Thermal decomposition & (ca. Me,-tpaCOO under N atmosphere were 24 3% and 0%, respec-
100 mg) in 100 crhof acetone at-20 °C under Q atmosphere afforded tively, based on a dimer. Hereafter yields are reported based on a dimer.
a green powder within 2 h. Although the Fast Atom Bombardment Those under @atmosphere were 18 2% and 24+ 3%, respectively.
(FAB) mass spectrum of the green powder suggested the presence of Me,-tpaOH was isolated by silica gel column chromatography and
[Ni(Me,-tpaCOO)T, 4 could not be isolated by recrystallization from identified by'H NMR and MS.*H NMR (CDCl;, 400 MHz reference
common organic solvents. Purification was achieved as follows. The to TMS): ¢ 7.63 (1H, t, py), 7.55 (2H, t, py), 7.44 (2H, d, py), 7.43
green powder was dissolved into acetone (1¢)cand then 14% (1H, d, py), 7.05 (1H, d, py), 7.00 (2H, d, py), 4.72 (2H, s, Pl
aqueous NEDH (20 cnf) was added and the organic layer was removed OH), 3.88 (2H, s, NEl;py), 3.86 (4H, s, NEl;py), 2.53 (6H, s, Ch).
by extraction with CHG (30 cn?). The resulting aqueous solution was  EI-MS: calcd for GiH2aN4O (M™) m/z 348.1950; foundn/z 348.1957.
allowed to stand for several days to gi#eas green crystals suitable Identification of Me-tpaCOO was carried out byH NMR and
for X-ray crystallography. Calcd for £H23N4O;CINi: C, 46.92; H, FAB MS. H NMR (D0, 400 MHz, pD= ca. 12):6 7.71 (1H, t, py),
4.31; N, 10.42; Ni, 10.92. Found: C, 46.75; H, 4.32; N, 10.62; Ni, 7.61 (1H, d, py), 7.56 (2H, t, py), 7.47 (1H, d, py), 7.25 (2H, d, py),
11.1. IR (cm?): »(C=C), 1606;v,{CO0), 1579;v(CO0), 1394; 7.05 (2H, d, py), 3.87 (2H, s, N€ypy), 3.81 (4H, s, NEizpy), 2.39
v3(ClOy4), 1090. FAB-MS: Calcd for @H21N4sONi (M — H,O — (6H, s, CH). FAB-MS: calcd for GiH21N4O, (M) nVz 361.1665;
ClO4]") m/z 419.1018; foundwz 419.1051. found m/z 361.1664.

Physical Measurements Electronic spectra were measured on a Thermal Decomposition of 3 Thermal decomposition was also
Hitachi U-3400 spectrophotometer, and for low-temperature measure-conducted under both Nand Q atmosphere. Solid samples 8f
ments, an Otsuka Denshi optical glass fiber attachment was used.(typically ca. 100 mg) were quickly weighed at room temperature on
Infrared spectra were obtained by the KBr-disk method with a HORIBA an analytical balance and dissolved into 106 ofracetone at-50 °C
FT-200 spectrophotometéH NMR spectra were measured on a JEOL  under N atmosphere. The resulting solution was warmed-2f °C
GX 400 spectrometer. Quantitative analysis of nickel ion was carried and allowed to stand f® h toproduce a blue-green suspension. After
out by a Hitachi Z-6100 polarized Zeeman atomic absorption spectro- warming to room temperature, isolation and quantitative analysis for
photometer. The molar conductivities were measured-z8 °C in Mes-tpa, Me-tpaOH, and MgtpaCOO were carried out by the same
acetone (ca. x 1073 M) with a TOA CM-20S conductivity meter. manner as those fdr.

GC-MS analyses were performed on a Shimadzu GCMS-QP5000 Total amounts of Metpa, Me-tpaOH, and MgtpaCOO recovered
GC-MS equipped with a Shimadzu fused silica capillary column HiCap- were 89 + 3% for two experiments. Yields of MepaOH and
CBP1-M25-025 (0.22 mm diameter 25 m). Me-tpaCOO under N atmosphere were 24 3% and 12+ 3%,

ESI mass spectra were obtained with an API 300 triple quadrupole respectively. Thermal decomposition underadmosphere gave 18
mass spectrometer (PE-Sciex) in positive ion detection mode, equipped2% of Me-tpaOH and 25+ 4% of Me-tpaCOO'.
with an ion spray interface. The sprayer was held at a potential of 4.5  Dioxygen Evolution Analysis The amount of dioxygen was
kV and compressed Nwas employed to assist liquid nebulization. measured on a Shimadzu GC-8A gas chromatograph equipped with a
Orifice potential was maintained at 25 V. TCD detector with a 3 mcolumn (2.6 mm i.d.) of molecular sieve 5A

Resonance Raman spectra were obtained by a JASCO R-500 lase(30—60 mesh). A weighed amount 8f(50—100 mg) was dissolved
Raman spectrophotometer. Resonance Raman sampl&swadre in 10 cn? of acetone in a Schlenk tube (ca. 25%m@t —50 °C under
prepared by finely grinding the wet solids with methanol in an EPR Ar atmosphere. Then it was warmed t§©. After decomposition of
tube (4 mm i.d.) with use of a brass rod in liquid-Nmethanol bath. 3, the amount of dioxygen evolved was determined by GC. The amount
The EPR tube containing sample was transferred into a cryostat thatof dioxygen was calibrated by injecting the appropriate amounts,of O
was cooled to~110 K by cold nitrogen flow generated by evaporation gas under the same conditions with@utyield: 35+ 4% based on a
of liquid N,. Raman scattering was excited at 488.0 nm (100 mW) dimer for three experiments.

with a Ar—lon laser and collected using an approximately °140 X-ray Crystallography . General Procedures Data were collected

backscattering geometry. Raman shifts were referenced to a band abn a Rigaku RAXIS-IV imaging plate area detector using graphite

983 cn1? of K,S0Oy. monochromated Mo K radiation ¢ = 0.71070 A). Crystal-to-detector
Isolation and Identification of Modified Ligands by Thermal distance was 120 mm. To determine the cell constargad the

Decomposition of 1 and 3 Thermal Decomposition of 1 Thermal orientation matrix, three oscillation photographs were taken with an
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Table 1. Crystallographic Data for [N{O)(Mes-tpak](BF4)226CH;OH (1), [Ni2(OH)x(Mes-tpak](ClO,)r CH;COCH; (2),
[Ni2(O2)2(Mes-tpak](BF4).-6CH:OH (3), and [Ni(Me-tpaCOO)(OH)]CIO, (4)

1 2 3 4
formula CigH72NgOsB2FgNi CysHs6NgO11CIoNi CgH72NgO10BoFsNio C21H23N4O;CINi
temp,°C —120 —116 —116 23
MW 1180.15 1073.29 1212.15 537.59
cryst system orthorhombic _triclinic monoclinic monoclinic
space group Pccn PL P2:/n P2i/c
a, 14.491(5) 12.916(3) 13.301(6) 11.629(2)
b, A 16.422(4) 17.394(3) 15.638(8) 12.968(2)
c A 23.392(8) 11.700(3) 13.857(4) 16.396(2)
o, deg 920 107.22(2) 90 90
S, deg 20 108.63(2) 104.17(2) 109.840(9)
y, deg 920 84.53(2) 90 90
vV, A3 5566(2) 2379.1(10) 2795(2) 2325.8(5)
Z 4 2 2 4
20max 51.3 51.7 51.3 51.4
F(000) 2472.0 1120.0 1268.0 1112.0
Dcaica g/Cn® 1.408 1.498 1.440 1.535
abs coeff, cm? 7.60 9.72 7.62 9.99
no. of reflens collcd 4295 8206 4544 3970

no. of indpt reflcns
no. of refined params

26731 30(1))
329

7510 ( = 30(1))
614

3386 ( = 30(1))
353

3185 ( = 30(1))
308

GOF 243 1.65 1.68 1.62
largest peak/hole, e & 0.59/-0.80 1.00#-0.95 1.02+-0.70 0.59-0.64
R2 0.096 0.056 0.084 0.059

Ry 0.13¢ 0.096 0.122 0.087

AR = 3 [|Fol — [Fell/ 3 |Fol. ® Ri= [YW(IFol — IFc)¥3wWIFol?% w = 1/[0%(Fo) + p?|Fol?/4] (p = 0.068).¢ Ry= [W(IFo| — [F)¥3wIFol7Y% w
= U[o*(Fo) + pFol¥4] (p = 0.098).9 Ry= [YW(|Fo| — IFel)¥3wW|FolA"% w = 1/[0%(Fo) + p?IFo|%4] (p = 0.095).° Ry= [>W(|Fo| — [Fel)?
SWIFo|AY2 w = 1/[0XFo) + p?|Fo|2%4] (p = 0.076).

oscillation angle of 2 Intensity data were collected by taking oscillation The asymmetric unit consists of two halves of J{0H),-

photographs. The data were corrected for Lorentz and polarization (Mes-tpa)]?* ions, two BR~ ions, and an acetone molecule. The

effects, but not for the absorption effect. structures of two cations are almost mirror images of each other. All
The structures were solved by a direct method (SHELXS%#6)d non-hydrogen atoms were refined with anisotropic displacement

expanded using a Fourier technicid& he structures were refined by ~ parameters. The maximum shift was 0.00 in the final least-squares

a full-matrix least-squares method by using the teXsenystallographic cycles. The finaR andR,, values were 0.056 and 0.096, respectively.

software package (Molecular Structure Corporation). Hydrogen atoms  [Ni(O5)2(Mes-tpa)z](BF4)2:6CH3sOH (3). A single crystal (0.60x

were positioned at calculated positions. They were included, but not 0.50 x 0.40 mm) was picked up and mounted on a glass rod at ca.

refined, in the final least-squares cycles. —80 °C. Intensity data were collected by taking 53 oscillation
Crystallographic data are summarized in Table 1. Tables of final photographs (total oscillation range 206scillation angle 2, exposure

atomic coordinates, thermal parameters, and full bond distances andtime 6 min).

angles are given in the Supporting Information. The asymmetric unit is comprised of half of an §{@,).(Mes-tpa)]?*
[Ni2(O)2(Mes-tpa)z](BF4)2:6CHsOH (1). A single crystal with ion along with a BE~ ion and three methanol molecules. All non-

dimensions of 0.3« 0.20 x 0.05 mm was picked up on a handmade hydrogen atoms were refined anisotropically. The maximum shift was

cold copper plate mounted inside a liquid Dewar vessel and mounted  0.00 in the final least-squares cycles. The final valueRaind R,

on a glass rod at ca=80 °C. Intensity data were collected by taking  were 0.084 and 0.122, respectively.

37 oscillation photographs (total oscillation rang&; @cillation angle [Ni(Me »-tpaCOO)(OH2)]CIO 4 (4). A single crystal with dimensions

2°; exposure time 6 min). of 0.3 x 0.15 x 0.15 mm was mounted on a glass rod at room
The asymmetric unit is comprised of half of an §{@),(Mes-tpay]?" temperature. Intensity data were collected by taking 40 oscillation

ion along with one BEF ion and three methanol molecules. All non-  photographs (total oscillation range 266scillation angle % exposure

hydrogen atoms were refined with anisotropic displacement parameterstime 20 min).

except for methanol molecules. Three methanol molecules were refined The asymmetric unit consists of an [Ni(MgpaCOO)(OH)]* ion

with disordered models with isotropic displacement parameters. The and a CIQ™ ion. All non-hydrogen atoms were refined with anisotropic

maximum shift was 0.02 in the final least-squares cycles. The Rnal  displacement parameters. The maximum shift was 0.00 in the final least-

andRy values were 0.096 and 0.130, respectively. squares cycles. The find® and R, values were 0.059 and 0.087,
[Ni2(OH)2(Mes-tpa),;](CIO) 2*(CH3)2CO (2). A single crystal (0.60 respectively.

x 0.40 x 0.30 mm) was picked up at room temperature and mounted

on a glass rod. Intensity data were collected by taking 39 oscillation Results

photographs (total oscillation range 256scillation angle % exposure

time 22 min). Synthesis of ComplexesFor preparation ofl and 3, the
concentration and stoichiometry of the reactatnd hydrogen

(28) The unit-cell parameters f@rand4 were also determined by least- peroxide, are of key importance. Complewas obtained only
squares calculations for 25 reflections on the setting angles with 22.93 ’ - .
26 < 29.5% and 25.36 < 260 < 29.37 that were collected on a Rigaku ~ Under the conditions where the concentrations of a methanol

AFC-7R four circle automated diffractometer. The parameters obtained are solution of2 and a methanol solution of hydrogen peroxide are
in agreement with those obtained from IP measurement within standard |ess than 3 and 50 mM, respectively, and an equimolor amount
deviations. of hydrogen peroxide was added very slowly o2eh below

29) G. M. Sheldrick, SHELXS-86; A Program for Crystal Structure - .
Deier,%inaﬁon; University of Gitingen, FRG, iqgge_ Y —90 °C. Addition of an excess of hydrogen peroxide (more

(30) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; de than 3 equiv) caused a color change from brown to blue-green
Gelder, R.; Israel, R.; Smits, J. M. M. The DIRDIF-94 program system
1994, Technical Report of the Crystallography Laboratory, University of
Nijmegen, The Netherlands.

(31) teXsan: Crystal Structure Analysis Package, Molecular Structure
Corporation, 1985 and 1992.
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(b)

Figure 1. ORTEP views (50% probability) of complex cations bfa) and2 (b). Hydrogen atoms are omitted for clarity.

Table 2. Setected Bond Distances (A) and Angles (deg) ob(®)(Mes-tpak](BF4)2:6CHsOH (1), [Niz(OH)x(Mes-tpap](ClO,),» CHsCOCHs
(2), [Niz(O2)2(Mes-tpap](BF4)2r6CHOH (3), and [Ni(Me-tpaCOO)(OH)ICIO, (4)

1 2 3 4

Bond Distances (A)
Ni—O 1.888(6) Nit-01 2.003(2) Ni202 1.998(3) N+O1 1.956(5) NO1 2.084(4)
Ni—O* 1.854(7) Nit-O1* 2.033(2) Ni2-02* 2.036(3) Ni-O2* 1.969(5) NiO3 2.016(3)
Ni—N1 2.019(8) NitN1 2.089(3) Ni2-N5 2.096(3) NiN1 2.047(6) Ni+N1 2.119(4)
Ni—N2 2.045(9) NitE-N2 2.142(3) Ni2-N6 2.144(3) NiN2 2.096(6) NiN2 1.972(4)
Ni—N3 2.220(8) NiEN3 2.241(3) Ni2-N7 2.204(3) NiN3 2.240(5) NiN3 2.196(4)
Ni—N4 2.288(8) Nit-N4 2.251(3) Ni2-N8 2.309(3) Ni-N4 2.177(6) Ni-N4  2.238(4)
Nj---Ni* 2.924(1)  Nil:-Nil* 3.000(1) Ni2--Ni2* 3.091(1) Ni-Ni* 3.924(2)
O-+-O* 2.334(6) O2--O1* 2.506(3) 02--02* 2.592(4) 002 1.345(6)

Bond Angles (deg)

O-Ni—-O*  77.2(3)  OL-Ni1-O1* 80.1(1) O2Ni2—-02*  79.9(1) OLNi—02* 78.8(2)
Ni—O—Ni* 102.8(3)  Nil-O1-Nil* 99.9(1)  Ni2-02-Ni2* 100.1(1)  N-01-02  113.0(4)
Ni—02*-01* 116.1(3)

and no isolable compound was obtained. Such a color changeby Hikichi et al1” A comparison of the bond distances suggests

suggests that hydrogen peroxide reacts with reduce Ni(lIl) thatlis also a big¢-oxo)dinickel(lll) complex a®. The average
to Ni(ll) ion under the reaction conditions. Complexis Ni—N(axial) bond distance (2.254 A) is significantly longer than
thermally unstable and decomposed even-80 °C in solid the average NiN(equatorial) bond distance (2.032 A), in line
state within a few minutes to give green compounds. with the observation made fd. This elongation of the axial

In contrast, 3 was obtained by treating a concentrated bonds appears to be attributable to the Jafeiler effect arising
methanol solution o (more than 10 mM) with an excess of  from a low-spin d electron configuration. Elongation of the
30% HO, (more than 10 equiv). CompleXis relatively stable  Ni—O and Ni-N bonds in1 compared with those i6 seems
in solid state compared with. to be due to weaker Lewis acidity of the six-coordinate Ni(lll)

We have attempted to prepare a series ofdes(0)dinickel- centers irll relative to that of the five-coordinate Ni(lll) centers
(1) complexes having less sterically bulky ligands, tpa, in5and/or an unfavorable steric interaction between the 6-meth-
Me-tpa, and Mg-tpa, by the method used fdr In the case of  y| groups of Me-tpa and the oxo groups as found for the related
tpa and Me-tpa, the reaction with&, did not show any distinct compounds with the 6-methylpyridyl group's?4a.25.32.33
cplpr changes, ‘“?p'ying that a detectable amount ofis(0)- Such elongation of the NiN bond distances arising from
d!m_ckel(lll) species is not produced. In the case szwﬁa’ the steric requirement of the 6-methylpyridyl groups is clearly
distinct brown color was observed upon the reaction w41 observed ir2 (Table 2 and Figure 1b). The average-M(6-
but it disappeared within a few seconds. Thus the set of threemethylpyridyl) bond distance (2.215 A) i is significantly
methyl groups of Megtpa plays an essential role for the longer than the NiN(pyridyl) bor{d distance of [N{u-OH)-
formation and stab!liz_ation of the b)e@xo)dinigkel(lll) species. (tpay]2* (7; 2.107 A)¥ Thus the introduction of a methyl group

Structure Description of 1, 2, 3, apd 4.F|gure 1a .ShOWS into the 6-position of the pyridyl group causes a substantial
the _crystal structure ofa comp_lex cationloivhich consists of elongation of the Ni-N(6-methylpyridyl) bonds compared with
a N|2(,u-O)22$ore with MQ'tE’ba hitrogens as found for [B©)- the Ni—N(pyridyl) bonds. In contrast, the NiN1(tertiary amine)
g\r/]lgfé??))?]l a?ey ;\L;:ne?naﬁ_aglgezsefhcetegiff;da?éﬁin;?ji&ng bond distance ir2 (2.093 A) is slightly shorter than that Gf
distorted octahedral structure. The average-®iand Ni-N (2'114.' A), which may partially compensate the elongation of
bond distances (1.871 and 2.143 A) and theNii* separation the Ni=N(6-methylpyridyl) bond.
(2.924(1) A) of1 are significantly shorter than those¢2.018, (32) (a) Goodson, P. A.; Hodgson, D.Idorg. Chem 1989 28, 3606
2.185, and 3.091 A, respectively, in Table 2 and Figure 1b). 3608. (b) Goodson, P. A.: Oki, A. R.; Glerup, J.; Hodgson, DJ.JAm

The average NiO bond distance and the NiNi* separation Ch(6:3n31)520c 1930 }(1_2 6324g6254\.( Wilki £ o Aol E
i i i I Me . ang, Y.; Kim, J.; bong, Y.; WIilKInson, . C.; Appelman, E. R.;
is slightly longer than those in [Ni(O)x(TpMe3),] (5; 1.856 Que L., 33 Am Chenm Soc 1997 119, 41974205,

and 2.882(3) A, respectively), whereas the averageNNbond (34) Ito, M.; Sakai, K.; Tsubomura, T.; Takita, Bull. Chem Soc Jpn
distance is substantially longer than thab@®2.012 A) reported 1999 72, 239-247.
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Figure 2. ORTEP view (50% probability) of a complex cation &f
Hydrogen atoms are omitted for clarity. Y
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Figure 4. Electronic spectra of (a) in acetone at-70 °C, 2 (b) in
methanol at-50 °C, and3 (c) in acetone at-50 °C.

Spectroscopic Characterization of 1 and 3The electronic
spectrum ofl exhibits a distinct band at 394 nma € ~4000
M~1 cm™1) in acetone at-70 °C (Figure 4), which is similar
to that of5 (Amax = 410 nm,e = 4200 M1 cm™1).17 Based on
the electronic spectrum together with the crystal structtire,
can be assigned as a bisgxo)Ni'"', complex.

The ESI mass spectrum df revealed that the dimer is
preserved in MeOH at 78 °C. The positive-ion mass spectrum
of 1 (X = CIQO,) in the range ofm/z 500 to 1500 shows a
prominent signal at/z 913 (relative intensitylj = 100%) with
a characteristic distribution of isotopomers that matches well
with the calculated isotopic distribution fOfNi»(O)(Mes-tpay]-
ClO4} * (Figure 5a). The ESI mass spectrumlajenerated by
mixing a methanol solution o2 (1 mM) with a methanol
solution of 1 equiv of H80, at —78 °C revealed that nétO
was present i [Niz(O)(Mes-tpa)]ClO4} *. A similar observa-
tion was made fob, where a rapid exchange of the oxo group

The crystal structure a8 consists of a centrosymmetric Ni- ~ 2Y 10 in water occurred! _ .
(u-OO)Ni core with Mertpa nitrogens (Table 2 and Figure 1€ ESI mass spectrum 8fin acetone at-78 °C did not
2). The nickel centers in distorted octahedral structure are linked €Xhibit a signal atm/z 945 corresponding tq [Ni2(Oz)-
by two u-1,2-0-0 bridges to form a six-membered ring with ~ (Mes-tpapIClO4} ™, but a signal atm/z 422 ( = 100%)
chair conformation having a NiO—O—Ni torsion angle of (lzorrespondlng to a monomeric species [N)(®les-tpa)]" for
91.6’. Such a M-O—O),M structure also has been found in O and atm/z 426 for %O (Figure 5b), suggesting thatcan
the bisfi-superoxo) complexes, [¢gO,),(TpP™M9,] (8)5and  dissociate into monomer in acetone. However, there is a
[Co' 5(0,)2(OH)(Mes-tacn}] 2+ (a boat conformatior? and possibility that the monomer is formed only under the ESI mass
a bisfi-peroxo) complex, [P{.Cly(Oy)(tacny)?+.37 The average conditions. Thus it is difficult to determlne_ the solution structure
Ni—O bond distance 8 (1.963 A) is significantly longer than ~ ©f 3 (monomer or dimer) at present. During the decomposition
that of 1 (1.871 A), but shorter than that @f(2.018 A). The ~ Process of3, the bisi-oxo)dinickel(lll) species, {[Niz(O)z-
0—0 bond distance (1.345(6) A) is comparable to thagof ~ (Mes-tpap]ClOa}™; | = 5%), was also detected, implying that
(1.354(5) A)® which is between those of the peroxo and 3 IS converted intdl during the decomposition process.
superoxo complexé$ Resonance Raman spectr@8@bnfirmed The resonance Raman spectrum of a powdered same of
the presence of superoxide (vide infra). measured at-110 K shows an isotope-sensitive band at 1096

Figure 3 shows the crystal structuredfThe nickel atom is M * (1044 cn1* for an%O-labeled sample prepared by'fD;)
in a distorted octahedral structure with a pentadentate @S S€en in Figure 6. This value falls within the range charac-
Me,-tpaCOO and a water molecule. The structure clearly teristic for the O-O stretching vibrations for the superoxo-metal

shows that one of the methyl groups in Mpa is oxidized to ~ cOmplexes? The electronic spectrur in acetone at-50 °C
carboxylate (vide infra). exhibits several €dd bands in the visible and near-infrared

region, similar to those of distorted octahedral Ni(ll) com-

Figure 3. ORTEP view (50% probability) of a complex cation 4f
Hydrogen atoms are omitted for clarity.

(35) Reinaud, O. M.; Yap, G. P. A;; Rheingold, A. L.; Theopold, K. H.

Angew Chem, Int. Ed. Engl. 1995 34, 2051-2052. (38) Niederhoffer, E. C.; Timmons, J. H.; Martell, A. Ehem Rev.
(36) Hayashi, Y.; Obata, M.; Suzuki, M.; Uehara, @hem Lett 1997, 1984 84, 137-203 and the references therein.
1255-1256. (39) Suzuki, M.; Ishiguro, T.; Kozuka, M.; Nakamoto, Kiorg. Chem

(37) Davies, M. S.; Hambley, T. Wnorg. Chem 1998 37, 5408-5409. 1981 20, 1993-1996.
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3 (b) in acetone at-78 °C.
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Figure 6. Resonance Raman spectra of a powdered sampBabf
~110 K obtained by using 488.0 nm laser excitation with 100 mW.

plexesi? although their intensities are stronger than thos2 of

and some extra bands are observed (Figure 4).

(40) Lever, A. P. B.Inorganic Electronic Spectroscopy2nd ed.;

Elsevier: Amsterdam, 1985.

Shiren et al.

Reactivity of 1 and 3. Thermal decomposition dfin acetone
at —20 °C under N atmosphere resulted in the hydroxylation
of one of the methyl groups of Mépa to give (6-hydroxy-
methyl-2-pyridylmethyl)bis(6-methyl-2-pyridylmethyl)amine
(Mex-tpaOH) in a yield of 24+ 3%. A trace amount of
N-dealkylated ligand, bis(6-methyl-2-pyridylmethyl)amine, and
6-methylpyridine-2-carbaldehyde were also detected !y
NMR. Thus, the present bjs{oxo)Ni(lll), complex1 has a
regioselective monooxygenase activity for the coordinated ligand
as found for bigg-oxo)Cu(lll), complexes,® a five-coordinate
bis(u-0x0)Ni(Ill) , complex5,” and a five-coordinate bigfoxo)-
Co(lll), complex 6.17 An isotope labeling experiment with
H,180; indicated that MgtpaOH contains nd®0, which is
consistent with the ESI-MS result described above. Thermal
decomposition ol under Q in acetone at-20 °C gave a green
powder within 2 h, which contains [Ni(MepaCOO)(OH)] "
(4) identified by FAB-MS and X-ray structural analysis. The
yield of Me,-tpaCOO recovered is 24+ 3% along with
Me,-tpaOH (134 2%). The FAB mass spectrum of a green
powder obtained under®O, atmosphere indicated that
Mex-tpaCOO contains Me-tpaCf00~ and Me-tpaCt0O180~
in a 1:0.8 ratio, whereas MépaC80O®0O~ was not identified.
The result suggests that at least one of the carboxylate oxygens
in Me,-tpaCOO comes from dioxygen, although significant
scrambling occurred. Complekis also capable for oxidizing
external substrates, 2,4-@irt-butylphenol to the corresponding
biphenol almost quantitatively and triphenylphosphine @PPh
to PPh=O0 in yield of 40% determined by GC-MS.

Thermal decomposition &in acetone at-20 °C under both
N, and Q atmospheres also gave oxidized ligands. The yields
of Me,-tpaCOOH and MgtpaOH under @atmosphere are 25
+ 4% and 13+ 2%, respectively. The result is similar to that
for 1 under Q atmosphere. Interestingly, the thermal decom-
position of3 evolved dioxygen in a yield of 3% 4%. Complex
3 also oxidizes 2,4-diert-butylphenol to the corresponding
biphenol. Preliminary decomposition kinetics ®in acetone,
however, revealed that the addition of 2,4telitbutylphenol
does not affect the decomposition rate, but after decomposition,
biphenol was produced almost quantitatively, where oxidation
of ligand was not observed. The result implies hiself cannot
oxidize 2,4-ditert-butylphenol.

Discussion

The 6-methyl groups of the pyridyl sidearms have a signifi-
cant influence on the formation and stabilization of high-valent
bis(u-oxo)dinickel(lll) species as already mentioned. Note that
only Mes-tpa can stabilize the high-valent his¢xo)dinickel-

(1) species and make its isolation possible. AlthoughyMfea
generated a brown species, its lifetime was within a few seconds,
indicating that the presence of the three methyl groups is crucial
for the stable formation of the high-valent hisgxo)dinickel-

(1) species in the present ligand system. The space-filling
model of1 shown in Figure 7 reveals that the'N{u-O), core

is almost covered by a cavity formed by the three methyl groups
of Mes-tpa, which seems to be responsible for protecting the
unstable NI',(u-O), core against some deleterious bimolecular
decay pathways such as reactions with solvent molecules,
disproportionation reaction between dimers through electron
transfer, and so on.

The introduction of the 6-methyl group into the pyridyl
sidearm causes a substantial elongation of theNNbonds. It
has been shown that the elongation of the Mbonds weakens
the electron donor ability of the pyridyl group, resulting in the
destabilization of a higher oxidation st&t@:2532.33This factor
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Figure 7. Space-filling view of 1 illustrating a Ni',(u-O), core
surrounded by the Mgpa moiety.

is unfavorable for the stabilization of a nickel(lll) oxidation state,
but the cavity formed by the three methyl groups seems to
overcome this unfavorable effect and stabilize th# Ji-O),
core in this system.

The ESI mass spectrum tfgenerated by K80, at —78°C Scheme 1.Reaction Scheme df, 2, and3

Figure 8. Chem3D view ofl showing the G +:Oqy and H-++Ogxo
distances close to the oxo group. Hydrogen atoms were placed at the
calculated positions. The-€H bond distances are set to 1.10 A.

showed that{[Ni»(O)(Mes-tpa)]ClO4} * contained only®O. 0=0
This is probably due to a rapid exchange with water molecules ) Ni2\+ N2
present in the reaction mixture. Similar exchange reaction could H / 0—o
proceed if an excess of hydrogen peroxide is present. In3act, 0 H.0 PN H,0, 0—0_
. e ~ Ni2* Ni2* 2 2 Ni3* Ni3+ Ni2* |e Ni2*
was obtained upon the addition of ca. 10-fold excess amount o equiv. o Large excess '\ L P
of H,0O to 2. Unfortunately, the ESI mass spectrum3ahows H (2) " oo @)
a signal atm/z 422 (Wz 426 for 180) corresponding to a under N, under N,

monomeric speciefNi(O2)(Mes-tpa)} *, the resonance Raman

der O
spectrum of3 prepared with K80, under aerobic conditions ‘ I— uneer® ‘ 2@%

provides the direct evidence that the superoxides come solely

from hydrogen peroxide. While the substitution of two coor- H H 2 OH
dinated oxides irl by two peroxides followed by an electron /c‘ou /c\o
transfer from @~ to Ni(lll) readily explain the formation of LN N2+ LNiz*/ HO

3, we cannot exclude initial reduction afby peroxide and the N

following ligand substitution by the resulting superoxide. In

either casel has enough redox potential for the oxidation of form a peroxo species, [G@2)(TPP™M9,], with evolution of

peroxide to superoxide. Similar redox reactions of peroxide have O,, although the reaction has not yet been confirffed.

been proposed for the formation of a pésgxo)diiron(1V,1V) The oxidation of the coordinated ligands in the high-valent

and the subsequent conversion into abisko)diiron(lll, V) bis(-oxo)dimetal(lll) complexes is closely related to the

in the presence of hydrogen peroxiéfeand for the formation structure and the €H bond energy®7-%17The regioselective

of a superoxo dicopper(ll) species generated by hydrogen ,ijation of the methyl group irl is regulated by its own

peroxide’ structure. The crystal structure df reveals that the closest
As already mentioned is not the active species responsible  carhon atoms to the oxo group are the methylene carbon atoms

for the oxidation of 2,4-dtert-butylphenol. In addition, thermal  of the 6-methyl-2-pyridylmethyl sidearms in the apical positions

decomposition ofl under Q atmosphere and that & gave  (c..-0 = 2.98 and 3.02 A) as shown in Figure 8, whereas the
similar ligand oxidation, implying that an active species for the gistances between the oxygen atom of the oxo group and the
ligand oxidation in3 is the bisf-oxo)Ni(lll), speciesl1. The 6-methyl carbon atoms in the equatorial position and in the axial

formation of 1 was observed by the ESI mass spectrunBof  positions are 3.10 and 3.28.32 A, respectively. In [C{O),-
upon thermal decompos.lylon. Further, the dloxyg.en evolution (Bn,-tacny]2* and [Cu(O)x(Lwe)2]2*, the distances between the
upon thermal decomposition 8fsuggests one possible decom-  xo group and the carbon atoms on which the oxidation occurs
position pathway of3 to be a disproportionation of two  are 2,76 and 2.91 A? respectively. A Chem3D model
coordinated superoxides to dioxygen and peroxide, followed by syggested that the hydrogen atoms of the methyl groups,
the O-O bond scission of peroxide to regenerat¢Scheme  however, can approach more closely to the oxo group compared
1). Theopold et al. also have proposed tBalecomposes t0  wjth those of the methylene carbon atoms of 6-methyl-2-

- — - 0 - . pyridylmethyl sidearms in the apical positions, where theHC
Ka&,‘lol’),f. ?“F‘er?s'a“j'v'é,T,i‘ﬁh'“;lggé_ﬂ';;’f%.;s'NZ?JQ""LT_‘ ?kﬁggiuzaéﬁzm " bond distances are setto 1.10 A. The distances of the H(methyl)
Lett 1998 389-390. --O for the equatorial methyl group are 2-68.73 A, and those
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for the axial methyl groups are 2.22.93 A depending on the  (lll) core that has a significant influence on the formation and
orientation of the hydrogen atoms, whereas the distances of thestabilization of the big(-oxo)dinickel(lll) core at low temper-
H(methylene)--O are 2.56 and 2.53 A. Thus the hydrogen atoms ature. Comple®d was produced by the reaction of a pis{xo)-
of the methyl group in the equatorial position can approach more nickel(lll) complex1 with a large excess of #.. This reaction
closely to the oxo group. If the oxidation is initiated by the demonstrates a unique conversion of & (4O),Ni'"" core into
H-abstraction, this proximity effect seems to be responsible for a Ni''(u-OO)Ni" core upon exposure to hydrogen peroxitie;
the regioselective oxidation of the methyl carbon atom prior to has enough redox potential for the oxidation of peroxide to
that of the methylene carbon atom, although the H-abstraction superoxide. Decomposition & is proposed to involve the
from the methylene group is easier than that from the methyl disproportionation of two coordinated superoxides into dioxygen
group. Recently we found that thermal decomposition of a bis- and peroxide followed by the ©©0 bond scission of peroxide
(u-0x0)Cu(lll), complex, [Cy(O)(Mex-tpak]?t,*?2 gave a re- to regeneratel which has a regioselective monooxygenase
gioselective N-dealkylated product of ligand, (6-methyl-2- activity for a methyl group of the coordinated Mipa to give
pyridylmethyl)(2-pyridylmethyl)amine, where the oxidation a hydroxylated ligand MetpaOH under Matmosphere. In the
occurs at the methylene carbon atom of the 6-methyl-2- presence of dioxygen, the oxidation of a methyl group to
pyridylmethyl sidearm in the apical position. carboxylate also occurred, which is not produced from the
It is interesting that thermal decompositionslofinder Q oxidation of Me-tpaOH by dioxygen. The regioselective
atmosphere and that o3 under N atmosphere produce Oxidation that occurred at the methyl carbon atom appears to
Me,-tpaCOO  together with the hydroxylated ligand, be attributable to the proximity effect of the oxo group, which
Me,-tpaOH. There is a possibility that the hydroxymethyl group is initiated by hydrogen abstraction of the methyl group.
of Me,-tpaOH could be oxidized by dioxygen in the presence

of a metal ion, but the reaction of an acetone solution containing .A_cknowfledgmerjt. Financial suppdort OIf this research bi; tpe
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under Q at —20 °C for 1 day (almost the same reaction Scientific Research to M._S._(Priority Area, Meta_l-assem_bled
conditions as those for the decomposition bfunder Q Complexes) and Y.W. (Priority Area, Molecular Biometallics)
atmosphere) did not give MépaCOO", which was confirmed 'S gratefully acknowledged. We also thank Professor Kiyoshi
by FAB-MS. These results indicate that M@aCOO is not Fujisawa of Tsukuba University for helpful guidance for
produced from the oxidation of MepaOH by Q. The reaction ~ Preparation of HO,.

pathway for the formation O.f M;etpaC_OO is not clear at Supporting Information Available: Tables (S1+S16) list-
present and curre_ntly und_er |nve_st|gat|o_n_. ing crystallographic experimental details, final atomic coordi-

In summary, a six-coordinate bispxo)dinickel(lll) complex  nates, thermal parameters, and full bond distances and angles

1 and a bis¢-superoxo)nickel(ll) comple® were synthesized  for 1, 2, 3, and 4, figures (S+S4) displaying fully labeled

for the first time and characterized by X-ray crystallography ORTEP drawings forl, 2, 3, and 4, and details of molar

and various physicochemical techniques. The three 6-methyl conductivity measurement (PDF). This material is available free
groups of Me-tpa form a cavity around the bisoxo)dinickel-  of charge via the Internet at http://pubs.acs.org.

(42) Suzuki, M. et al. Submitted for pubulication. JA990311D




