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Ternary ruthenium oxide oxidation catalysts are reported that function directly with molecular
oxygen for the conversion of oxygenated hydrocarbon substrates to carboxyl-containing products.
The oxide catalysts have an expanded lattice pyrochlore structure with the general composition
Asi Ru,_ O, (A = Pb, Bi; 0 < x < 1;0<y=0.5). These pyrochlore oxide catalysts possess high
surface areas, may be used either as powders for batch autoclave reactors or granules for continuous
trickle bed reactors, and operate under O, pressure at temperatures of 25 to 95°C in aqueous alkaline
solutions. Functional group reactivity of substrates (ketone > 1,2-diol > primary alcohol) over
these oxide catalysts closely follows that reported previously when these oxides are used as anodic
electrocatalysts suggesting common surface intermediates. Trickle bed reactor operation provides
the highest product selectivity: rruns-1,2-cyclohexanediol is oxidatively cleaved to adipate in NaOH
solutions with 74 to 95% selectivity at contact times of 0.042 to 0.784 hr and temperatures of 26 to
95°C. The bismuth-containing oxides, Bi,, Ru,_.O;_,, show stable catalyst performance under
trickle bed reactor operation for over 180 hr. Complete details of these catalytic oxidations are
provided along with a discussion of substrate reaction pathways and oxygen activation by these

novel expanded lattice ruthenium pyrochlore oxide catalysts.

INTRODUCTION

Ether polycarboxylates represent a large
class of organic molecules useful in the se-
questration of calcium and magnesium ions
for detergent builder applications (/). If var-
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ious carbohydrate molecules are to serve as
substrates for the conversion to ether poly-
carboxylates, then a key step in this conver-
ston is the oxidative cleavage of vicinal diols
to dicarboxylate functional groups. One of
the oxidation products derived from «-
methyl-p-glucoside (MG) is a tricarbox-
ylate species that bears a close resemblance
to the ether tricarboxylate molecule, car-
boxymethyltartronate, a known organic
“‘builder’’ (/). The oxidation of 1,2-diols to
ketones (R', R?, R®, R* = alkyl, aryl) and
aldehydes (R' or R*> = Hand R*or R* = H)
proceeds according to Eq. (1) in which 10,
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represents in general an electron acceptor.
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The aldehyde intermediates may be further
oxidized to carboxylic acids under suitable
reaction conditions.

Stoichiometric reagents for 1,2-diol cleav-
age include various oxidants derived from
iodine (2-9), lead (3, 5, 7-10), and bismuth
(11-16); nitric acid, either alone or in combi-
nation with VO3 (/7); chromium(VI) oxide
(18-20); manganese(I11) pyrophosphate (3);
nickel(Ill) peroxide (2/, 22); molybde-
num(VI) dioxo-bis(acetylacetonate), MoO,
(acac), (23); silver(l) oxide (24); and ceri-
um(IV) salts (25). A compilation of some
of these and additional oxidants has been
published (26). Catalytic systems for diol
cleavage have been developed that use a
reoxidant but function through intermediate
complexes in which a variable valence state
ion'is cycled through high and low valence
states, often differing by two valence state
units. Examples of such systems include
VO3/(CH;;COOH (27), FeCl3/H,0,-
CH,CN (28), MoO,(acac),/(CH;);COOH
(23), RuO,/OCI~ (29), Ag’>"-Ag**/S,0%"
(30, 31), 2WO03 -PO; /H,0, (32), and
Bi(C¢H;), / CO%~(aq) / N-bromosuccinimide

(16). As an alternative to the use of various
reoxidants, electrochemical systems have
also been devised for the oxidative cleavage
of 1,2-diols that include the use of carbon
anodes (33), nickel(IIl) peroxide anodes
(34), RuO/RuO,-CI*/Cl~ with platinum
electrodes (35), and a series of Teflon-
bonded A,, Ru,_,0;_, anodes, where A =
Pb,Bi; 0 <x<1l;and 0 <y = 0.5 (36-38).

Competent catalytic systems for vicinal
diol cleavage that make use of molecular
oxygen to regenerate the reduced catalyst
are relatively rare. Metalloenzymatic sys-
tems for 1,2-diol cleavage require coreduc-
tants for dioxygen apart from the active
metal center as in the case of the non-heme
myo-inositol oxygenase (39) and the heme
cytochrome P-450,. oxygenase (40) sys-
tems. Metal porphyrin synthetic analogue
complexes of cytochrome P-450 have dem-
onstrated 1,2-diol cleavage with the use of
appropriate dioxygen coreductants (4/—43).
Inorganic analogs of these enzymatic sys-
tems that function directly with molecular
oxygen are limited to soluble cobalt com-
plexes (44-50) and perhaps, powdered bulk

R2 OH OH R* R? Re
N | .~ +uo, N N
c—c¢ —ho ™ c=0 + c=0 (1
2
R1/ \R3 R1/ R3/
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silver catalysts (5/). The cobalt catalysts
function at temperatures above 100°C, are
adversely affected by the presence of water
(44), and in some instances, do not lead to
1,2-diol cleavage products (52).

The present work grew out of a program
to identify and develop new catalyst sys-
tems for low-temperature oxidations with
molecular oxygen. Specifically, catalytic ac-
tivity toward the oxidative cleavage of aque-
ous solutions of carbohydrate molecules
that contained vicinal diol functional groups
was sought. In order to simplify analytical
methods development and quantitation of
the reaction products, the model compound,
trans-1,2-cyclohexanediol (TCD), was se-
lected as a substrate for initial investigation.
Because of the involvement of high-valent
metal complexes in mediating vicinal diol
cleavages (16, 23, 27-32), attention was di-
rected toward metal oxide systems. After
some preliminary experiments with the sol-
uble heteropolymolybdate complex anion
PMo,,0}; (53) that demonstrated qualita-
tively the oxidative cleavage of TCD to ad-
ipic acid at 55°C in the presence of hydrogen
peroxide, efforts were made to synthesize
(54-57) and test the catalytic activity of
some expanded lattice ruthenium pyro-
chlore oxides (36-38) toward oxidative
cleavage of TCD in aqueous solution using
molecular oxygen. Previous reports of cata-
lytic activity for the ruthenium pyrochlore
oxides are limited to reduction of gaseous
nitric oxide to dinitrogen (58, 59). However,
several studies have used the electrically
conducting ruthenium pyrochlore oxides as
electrochemical electrodes to mediate chlo-
rine evolution (60), hydrogen production
through water electrolysis using carbohy-
drate feedstocks (67/), oxygen reduction
(62-65), and olefin oxidation (65). None of
these studies gave any indication that it was
possible to perform catalytic oxidations
with the ruthenium pyrochlore oxides di-
rectly with molecular oxygen. In the first of
two parts, this work describes experiments
that demonstrate that the expanded lattice
ruthenium pyrochlore oxides are indeed ef-

395

fective catalysts for the aerobic carbon-car-
bon bond cleavages of 1,2-diols, ketones,
and olefinic linkages to produce dicarbox-
ylate-containing molecules, as well as the
aerobic oxidations of primary alcohols to
carboxylates and secondary alcohols to ke-
tones. Results from both batch autoclave
and trickle bed reactors show that the cata-
lytic oxidation activity of these oxides is a
function of both the bulk composition of the
ruthenium pyrochlore oxide and the identity
of the organic substrate. Characterization
of the ruthenium pyrochlore oxide catalyst
surface composition, structure, and reactiv-
ity is the subject of an accompanying paper
(66). Portions of this work were presented
in a preliminary communication (67).

EXPERIMENTAL

Materials. All chemicals used in catalyst
preparations and catalytic reactions and
analysis were reagent grade and used as re-
ceived. A sample of ¢is-1,2-cyclohexanediol
(CCD) was obtained as a gift from Dr. B. L.
Haymore (68) who followed a procedure for
its preparation similar to one now published
(69). Ruthenium nitrate was obtained as so-
lutions from Engelhard, Strem, and Platina
in which the ruthenium content (typically, 7
to 9 wt% as Ru) was determined through
inductively coupled argon plasma/atomic
emission spectroscopy (ICP/AES, vide in-
fra). A sample of lead ruthenate was pur-
chased from W. C. Heraeus and found
through X-ray powder diffraction (XRD)
data to contain a mixture of Pb,Ru,Oy s and
RuO,. The low surface area (vide infra) of
this powder suggests that a high-tempera-
ture calcination procedure was used for its
preparation.

Ruthenium pyrochlore oxide prepara-
tions. With the exception of the commercial
lead ruthenate sample described above, all
ruthenium pyrochlore oxides were prepared
following a detailed published synthesis pro-
cedure (57). Details on the crystallization
conditions appear in Table 1. All but one of
the bismuth ruthenate samples were pre-
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TABLE 1
Synthetic and Surface Area—Pore Volume Data for Various Ruthenium Pyrochiore Oxides
Formula® Crystallization conditions* Surface area Pore volume Average
- (m*/g)! (cm?/g)* pore diameter (A)
~a (A M/Ru? [KOH] Time T (°Cy
(hr)

Pb,RU 5,0, 10.476 2.41 6.39 162 75 523 — —
PbyoRu, 30,5 10.473 2.41 7.50 161 75 60.2 — -

(Prep. 1) .
Pb, e;Ru 330, < 10.472 2.41 8.57 159 75 44.8 0.199 256

(Prep. 2)
Pb, 1sRuy 450 s 10.312 1.01 5.53 65 75 117.8 — —
Pb, geRU; 0 5' 10.283 1.00 0.86 65 75 84.9 0.222 133
Pb, goRU5 00O ¢ 10.244 — — — — 0.11 — —
Bi, gRu,; 1,0,_, 10.552 1.52 6,34 158 85 128.0 0.312 173
Biy 4Ru,; 5,0, _, 10.434 1.00 9,6,34 65 85 165.3 0.243 70.0
Bi»Ru O,_,  10.415 1.00 9,6,3* 63 85 152.3 — _
Bi, yRu; 40, _, 10.390 1.00 2.1 168 85 140.6 — —
Bi, 4Pb, s 10.383 1.00 7.6.3 116 85 134.0 0.284 80.0

Ruy 05,/

“ Pure oxygen was bubbled through the slurry at about 400 cm*/min.

b Derived from analysis of the X-ray powder diffraction peak positions from which the unit cell constant ¢ was obtained.

¢ Unit cell constant for the pyrochlore crystal structure.

< Molar ratio of M (Pb or Bi)-to-Ru in the initial nitrate salt solution.

¢ T = temperature in degrees centigrade of the alkaline slurry during crystailization.

/ Single point BET surface area.

* Pore volume distributions from which the average pore diameters were calculated.

" One of two preparations made that had the same formula.

" No oxygen was bubbled through this sample throughout the crystallization period.

4 Commercially obtained sample.

* Preparation used these different KOH concentrations, each separated by a filtration step, throughout the crystallization period.

! Mixed bismuth and lead preparation with initial molar ratios (Bi + Pb)/Ru = 1.00. Formula was derived by elemental analysis.

pared using variations of a procedure cited
in an Exxon patent (55) in which decreasing
concentrations of KOH were used over the
course of the total crystallization period. A
mixed Bi—Pb ruthenium pyrochlore oxide
was formed using equimolar amounts of the
bismuth and lead nitrate salts dissolved in
acidic Ru(NO;); solution. The formula for
this mixed Bi—Pb ruthenium oxide was de-
rived through Bi, Pb, and Ru elemental anal-
yses. Additional data on the catalyst synthe-
ses are recorded in the body and footnotes
of Table 1. All ruthenium pyrochlore oxide
samples were isolated as black solids that
were rinsed free of excess base (phenol-
phthalein test) with hot water then dried in
a vacuum oven at 90-100°C prior to further

use. The isolated solids were readily ground
and sieved to self-supporting granules of 40
to 60 mesh with good mechanical stability
for trickle bed reactor operation as well as
fine (below 325 mesh) powders for autoclave
reactor operation and characterization stud-
ies (66).

Physical measurements. Elemental anal-
yses were obtained through Galbraith Labo-
ratories, Knoxville, TN, or at the Physical
Sciences Center (PSC) at Monsanto in St.
Louis, MO. The PSC analyses were ac-
quired using a Perkin—-Elmer 5500 spectrom-
eter employing inductively coupled argon
plasma/atomic  emission  spectroscopy
(ICP/AES) techniques.

Powder X-ray diffraction (XRD) data
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were collected on all of the ruthenium pyro-
chlore oxides reported in this work. XRD
data were acquired using a Scintag PAD 11
system with CukK, radiation, a high purity
germanium detector maintained at 77 K,
and a single channel analyzer. Published
plots (38, 56) of a linear relationship be-
tween the cubic pyrochlore unit cell parame-
ter, a, and the expanded lattice substitution
parameter, x, in the general formula A,
Ru,_ 0, (0 <x<1,0<y=0.5)produced
the following relationships:

A = Pb: x = 2.945a — 30.222
A = Bi: x = 3.436a — 35.395.

The cubic lattice parameters (a in Table 1)
were obtained from linear least-squares fits
to several of the indexed reflections ob-
served in the powder XRD patterns. The
values of x were calculated from the appro-
priate equation above and used to generate
the compositional formulas reported in Ta-
ble 1 and throughout this work.

Single-point BET surface areas were mea-
sured on a Quantachrome Quantasorb in-
strument for all of the samples listed in Table
1. Pore volume distributions were acquired
for some of the samples listed in Table 1 on
a Micromeritics Digisorb 2500 instrument
(PSC). Measurements on both of these in-
struments were periodically checked with
reference materials.

Catalytic reaction products were identi-
fied through GC/MS analysis of the silylated
derivatives on an automated Finnigan ei/
ci mass spectrometer (PSC) preceded by a
Varian 3700 gas chromatograph.

Computer graphics were used to study
relationships between a surface of the lead
ruthenate pyrochlore lattice and the geome-
try of the 1,2-cyclohexanediol isomers. The
Chem-X software package (Chemical De-
sign, Ltd., Mahwah, NJ) was used on a
Lundy S5688 color graphics workstation
linked to a VAX 11/780 computer (PSC).

Reactor systems and analytical methods.
Preliminary examination of catalysts for the
oxidative cleavage of trans-1,2-cyclohex-
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anediol was conducted using a batch auto-
clave reactor system which has been pre-
viously diagrammed and described (70).
This reactor system was modified for some
of the catalytic oxidations in this work
through the addition of a small O, gas reser-
voir and a differential pressure transducer
system that afforded monitoring of O, gas
uptakes throughout the catalytic oxidation.
Figure 1 provides a schematic diagram of
this modified batch autoclave reactor
system.

Various catalyst compositions were eval-
uated using the following general procedure.
A solution of 6.0 g TCD in 100 g of 1.5 N
NaOH was charged to the autoclave con-
taining a known amount of catalyst. The
autoclave was then sealed, pressurized with
0,, vented, and pressurized to the desired
operating pressure (207 or 689 kPa O,). Re-
actions conducted at ambient temperature
(25°C) were begun at this point (reaction
time = 0.0 hr). For higher temperatures,
the autoclave was first heated to the desired
value prior to O, pressurization and reaction
time initiation.

The trickle bed reactor data were ob-
tained with a reactor system manufactured
by Xytel Corporation. A schematic diagram
of the relevant components appears in Fig.
2. A three-zone Applied Test Systems fur-
nace (12-in overall heating zone with three
4-in zones) was used to heat the reactor.
Machined aluminum half cylinders provided
thermal contact between the furnace and the
reactor tube. Samples were taken periodi-
cally from a downstream reservoir; there-
fore, the reactor required operation for suf-
ficient lengths of time in order to purge the
lines and reservoir of liquid from previous
samples. The reactor was operated with a
downflow feed of both liquid substrate solu-
tion and oxygen gas. The liquid—gas mixing
occurred outside of the reactor. This mix-
ture was introduced through a #%-in tube to
the top of the reactor bed. The liquid sub-
strate solution was delivered by an Isco
model 314 high-pressure metering pump
which was calibrated over the operating
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FiG. 1. Schematic drawing of the autoclave reactor system configured to evaluate the catalysts listed
in Table 3. Numbered components are as follows: (1) small gas reservoir used for O, uptake measure-
ment; (2) Validyne differential pressure transducer model DP15 with 0 to 3447 kPa range and read by
a Validyne digital transducer indicator model CD223; (3) optional liquid feed system; (4) optional pH
controller system; (5) temperature readout box; (6) sampling valve with 15-um filter; (7) temperature
controller; and (8) Autoclave Engineers 316 stainless steel 300-ml Magnedrive autoclave.

range from 0.008 to 200 mi/hr. The catalyst
was located between two zones of 0.12- to
0.18-mm glass beads previously calcined at
400°C. The bottom zone was supported on
a 20-pum stainless-steel fritted disc. Varying
amounts of catalyst were located between
the glass beads. The exact amounts are
given in the tables of trickle bed reactor data
(Tables 4 and 5, vide infra) for any particular
catalyst loading. The reactor was con-
structed from -in stainless-steel tubing con-
taining a glass inner liner (Scientific Glass
Engineering GLT tubing) with a 3.2-mm in-
side diameter. The catalyst was sieved to

40-60 mesh (0.250- to 0.373-mm particles)
so that the reactor diameter (3.2 mm)-to-
catalyst particle diameter ratio averaged
about 10, in line with published guidelines
(71, 72) to avoid reactor wall effects.

A quantitative GC analytical method was
developed for the analysis of trans-1,2-
cyclohexanediol; 1,6-hexanediol; and adipic
acid. Semiquantitative analysis was avail-
able for cis-1,2-cyclohexanediol; glutaric
acid; succinic acid; maleic acid; malonic
acid; and oxalic acid. The method followed
the internal standard procedure (73) with
xylitol used as the internal standard.
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Fi1G. 2. Schematic diagram of trickle bed reactor system for continuous substrate oxidations. The
reactor system was obtained from Xytel Corporation and has the following numbered components: (1)
DEC VT100 terminal with Intel 8086 cpu microcomputer and Analog Devices interface; (2) three-zone
Applied Test Systems furnace and reactor consisting of 3.2-mm-id (1/4 in od) stainless-steel tubing with
glass inner liner (SGE GLT tubing); (3) Isco model 314 high pressure liquid metering pump feeding

0.008 to 200 ml/hr; and (4) liquid sample reservoir.

Sample analysis was typically performed
in duplicate according to the following pro-
cedure. The aqueous alkaline (typically,
NaOH) solution was transferred as a 100-ul
aliquot to a GC sample vial and acidified
with 100 ul of 1.5 N HCI. The sample mix-
ture was then evaporated to dryness under
a nitrogen gas stream in a hood. The solid
residue (typically composed of diols, so-
dium carboxylate salts, and NaCl) was then
derivatized in a 100-ul volume of pyridine
containing the xylitol standard with Regis
RC-3 reagent [bis(trimethylsilyl)trifluoro-
acetamide containing 10% trimethylchloro-
silane, about 0.3 ml] by heating the capped

vial at 100°C for 30 min. Aliquots of 0.2 ul
were injected onto a methyl silicone capil-
lary column (HP 190952, No. 121) in a Hew-
lett—-Packard 5710A gas chromatograph
equipped with flame ionization detection us-
ing an HP 5704 A electrometer module. The
GC was programmed as follows: 100-250°C
at 8°C/min with an 8-min hold at 250°C.
The oxidation of aqueous 2-butanol to 2-
butanone was followed using carbon-13
NMR spectroscopy. Samples at various re-
action conditions and times were recovered
from the trickle bed reactor. Aliquots were
loaded into a 10-mm NMR tube into which
was inserted a coaxial inner cell containing
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dimethyl-d, sulfoxide as an external stan-
dard. NMR data were acquired using a Var-
ian XL 200 spectrometer.

RESULTS

As can be seen in Table 1, 10 of the 11
ruthenium oxides listed were prepared by
low-temperature alkaline precipitation and
crystallization (57). One ternary ruthenium
oxide in Table 1, denoted as Pb, o,Ru, 4gOq s,
was secured from a commercial vendor.
This sample is representative of a ruthenium
pyrochlore oxide prepared by conventional
high-temperature ceramic methods. The 10
solution-crystallized mixed ruthenium ox-
ides were found from powder X-ray diffrac-
tion data to be single phase compounds hav-
ing the pyrochlore structure type. Formulas
for the lead and bismuth ruthenium oxides
were obtained by the linear relationships
given in the Experimental section between
the lattice expansion parameter x in the gen-
eral formula A, Ru,_,O,_, and the cubic
pyrochlore cell constant as derived from the
powder XRD patterns. Representative XRD
patterns for four of the ruthenium pyro-
chlore oxides are displayed in Fig. 3. Al-
though all four compounds show broad X-
ray diffraction line widths, within this series
the lead ruthenium oxides, shown in trac-
ings A and B in Fig. 3, show relatively sharp
diffraction lines compared to the bismuth-
containing ruthenium oxides in tracings C
and D. Note that the mixed lead—bismuth
ruthenium pyrochlore oxide in tracing D ap-
pears intermediate in its X-ray diffraction
line widths to the lead ruthenium (tracings
A and B) and bismuth ruthenium (tracing C)
oxides.

The measured BET surface areas for
these ruthenium pyrochlore oxides are re-
corded in Table 1. These surface areas gen-
erally follow the X-ray diffraction line
widths in that the broader lines lead to com-
pounds having higher surface areas. This is
particularly true for the bismuth-containing
compounds. A quantitative analysis of the
X-ray diffraction line widths will be pre-
sented in the following paper (66) as an esti-
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F1G. 3. Representative X-ray powder diffraction pat-
terns for four ruthenium pyrochlore oxides reflecting
variations in crystallinity and particle size:
Pb, ;Ru; 37045 (A), Pby ;sRu, 4505 5 (B), BiygRu, 1407,
(C), and Bil,l4Pb|,04Ru[,8207—)' (D).

mate of the average crystallite particle size
of these solution-crystallized ruthenium py-
rochlore oxides.

Oxidative cleavage of 1,2-cyclohexane-
diol and cyclohexanone. Since the trans iso-
mer of 1,2-cyclohexanediol represents the
diol geometry encountered in naturally oc-
curring carbohydrates such as starch, pre-
liminary evaluations for viable diol oxida-
tion catalysts were conducted exclusively
with TCD. Selected results for batch auto-
clave reactor testing of below 325-mesh (44-
um) powders of Pb, (,Ru, 330, 5 for catalytic
oxidative cleavage activity toward TCD are
summarized in Table 2. Variations were
made in these runs in the amount of catalyst,
the amount of TCD substrate, the amount
of alkali hydroxide base, and the reaction
temperature. All catalytic reactions shown
in this table were conducted with a continu-
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TABLE 2

Preliminary Batch Autoclave Reactor Conditions and Results for rrans-1,2-Cyclohexanediol (TCD) Using
Pbl.ﬁlRul._’sXOﬁ.S Catalysl“

Entry Catalyst TCD amount (g) [Base]” T (°C) Reaction TCD Selectivity
amount (g) time (hr) conversion (%) (AAY) (%)
1 2.00 6.00 None? 55 4.0 0.0 0.0
2 2.00 6.00 3.0 45 4.0 97.8 31.3
NaOH
3 2.00 1.00 1.0 55 4.0 100.0 75.4
KOH
4 4.00 6.00 3.0 25 7.0 97.8 50.6
KOH
S 2.00¢ 6.00 3.0 25 4.0 9.6 100.0
KOH
6 4.00 7.65/ 3.0 25 4.0 — 100.0¢
KOH

¢ Catalytic oxidations conducted at 207 kPa O, pressure with an agitation rate of 1500 rpm.
b Concentration of 100 ml of base used; identity of base shown below initial concentration.

¢ AA = adipic acid dianion (analyzed as free acid).
¢ Initial pH 4.90 and final pH 5.45.

¢ Catalyst recycled from preceding entry, 1.60 g, to which 0.40 g of fresh catalyst were added.

I Amount of adipic acid charged (no TCD).

¢ No conversion of adipic acid substrate observed by analysis.

ous purge of the reactor headspace with the
total oxygen pressure on the system remain-
ing constant at 207 kPa. In addition to the
small catalyst particle size, the reactions
were conducted at an agitation rate of 1500
rpm to minimize mass-transfer effects from
both the substrate and the oxygen gas. Pre-
vious catalytic oxidations conducted in this
batch autoclave reactor system indicate that
for a solution volume of 100 ml at 207 kPa
O, pressure and 1500 rpm, oxygen mass
transfer from the gas to the liquid becomes
reaction-rate limiting when O, is consumed
at a rate above about 0.1 mol O,/hr.

Entry 1 in Table 2 shows that if no alkali
hydroxide is added to the aqueous TCD sub-
strate solution, no conversion occurs
throughout a 4-hr period when stirred with
a slurry of 2.0 g of Pb, (,Ru, 140 5. How-
ever, as can be seen from entry 2, when
alkali hydroxide is added to the TCD sub-
strate solution, nearly complete conversion
of TCD occurs under comparable time and
reaction conditions with this catalyst. Note
that the amount of alkali hydroxide added is

about three-to-six times over that required
for stoichiometric conversion of TCD to the
dicarboxylate product. GC analysis of the
trimethylsilyl-derivatized reaction products
produced a TCD conversion of 97.8% but a
selectivity of only 31.3% to the desired
adipic acid product. GC/MS analysis of the
derivatized reaction mixture revealed lower
diacids of the type HO,C(CH,),CO,H with
n = 0,1, 2, and 3 in addition to adipic acid
(n = 4) and some monoacids with carbon
chain lengths of 15, 17, and 18. Possible
mechanistic routes to these observed reac-
tion by-products are discussed in the next
section.

Entries 3 through 5 in Table 2 indicate
ways by which the reaction selectivity to
adipic acid can be improved. As seen in
entry 3, if the base concentration is lowered
to 1.0 N and the amount of TCD substrate
is kept low relative to the charge of catalyst
(moles TCD/moles catalyst = 3.4), the se-
lectivity to the desired adipic acid product
more than doubled over that in entry 2 to a
value of 75.4%. Entries 4 and 5 reflect the
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effect of lower reaction temperature on the
reaction selectivity. In entry 4, the reaction
was run at 25°C and the selectivity to adipic
acid increased to 50.6% over that for entry
2 run at 45°C. The use of less catalyst in
entry 5 over that in entry 4 produced much
less conversion of the TCD substrate over
a 4-hr period, but the selectivity to adipic
acid was essentially 100%. Entry 6 in Table
2 demonstrates that once the adipic acid
product forms, it is stable toward any fur-
ther oxidation. Overall, the preliminary runs
in Table 2 suggest that Pb, ,Ru, 330 5 is ef-
fective for the catalytic oxidative cleavage
of TCD. Higher selectivity to adipic acid
product is achieved if the reaction tempera-
ture (25°C over 45-55°C), the substrate-to-
catalyst ratio, and the alkali hydroxide con-
centration are all kept relatively low.

On the basis of the initial results presented
in Table 2, the autoclave reactor was modi-
fied with the addition of a pressure trans-
ducer system as depicted in Fig. 1. This
pressure transducer system affords semi-
quantitative oxygen gas uptakes for any re-
action time. Although the autoclave reactor
was equipped with liquid sampling valves,
the progress of a “‘new’’ catalytic oxidation
was best measured by the rate of oxygen
uptake. Since liquid samples require deri-
vatization and GC analysis before conver-
sion-selectivity data are available, the oxy-
gen uptake values provide a more immediate
indicator of the relative reaction rate and
overall progress of the reaction. Oxygen gas
uptake data were particularly useful in es-
tablishment of a suitable reaction tempera-
ture to conduct the catalytic oxidation and
in determination of when the endpoint of the
reaction was reached.

Table 3 assembles data from eight differ-
ent catalytic oxidations with variations in
the catalyst composition and substrate rep-
resented. All runs were conducted under
similar conditions: 4.00 g of ruthenium py-
rochlore catalyst, 6.00 g of substrate dis-
solved in 1.5 N NaOH, 689 kPa O,, and a
stirring rate of 1500 rpm. Reactions were
generally performed at the lowest possible
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reaction temperature necessary to sustain a
reasonable uptake of O, (about 100 kPa/hr).
On the basis of a total system volume of
about 160 cm?, the calculated oxygen uptake
was related approximately to the number of
moles of O, reacted according to the reac-
tion stoichiometry through a factor of 15500
kPa O,/mole. For the catalytic oxidation of
TCD the reaction stoichiometry was as-

sumed to be
—_—

+ 150
Hot\\Ho 5 2 ~2H,0

Na0,C " \/\/ CO,Na + H,0 (2)

In the case of entry 1 in Table 3, 0.0517
moles of TCD substrate require 0.0776
moles of O, for complete conversion to
adipic acid product. The observed uptake of
1110 kPa O, agrees to within 92% of the
calculated value of 1201 kPa O,. However,
the calculated value does not account for
the additional oxygen required as a result of
by-product formation. The other entries in
Table 3 did not show such close agreement
between the calculated and observed O, up-
takes. Accordingly, all conversion-selectiv-
ity calculations were based on the GC ana-
lytical values.

In addition to the analytical results pro-
viding conversion-selectivity data, Table 3
gives substrate/catalyst ratios for the batch
reactions. All of these ratios were around 10
for the reactions examined here. The cata-
lytic oxidations again used 44-um powders
of the various catalyst compositions. As can
be seen from the reaction times, all reactions
proceed relatively slowly, indicative of op-
eration in the reaction-rate limiting regime.
As noted above for this particular reactor,
oxygen mass-transfer effects will occur if
the reaction consumes greater than 0.1 mole
O,/hr or 1550 kPa O,/hr. Examination of the
reaction times shows that only the cyclohex-
anone substrate in entry 8 approaches this
oxygen mass-transfer-limiting regime with
0.0856 mole/hr of substrate converted.

As an index of the relative catalytic activ-
ity for each of the catalysts, two quantities

+2NaOH



Ru PYROCHLORE OXIDE CATALYSTS, 1

403

TABLE 3

Representative Batch Autoclave Reactor Conditions and Results for 1,2-Cyclohexanediot, Cyclohexanone,
and 1,6-Hexanediol Catalytic Oxidations’

Entry Catalyst Substrate T(°C) Reaction O, Uptake Substrate Selectivity Substrate/ PRODY Specific
() time ¢hr) (kPa) conversion (AAY) (%) catalyst activity®
(%) molar ratio
1 Pb, aRU; 33065 6.00(TCD) 25 7.0 110, 100.0 71.7 10.2 1.04 0.0220
2 Pby eope30ss  6.00(CCD) 25 4.0 951. 98.5 74.6 10.2 1.87 0.0395
3 Pb, ;sRu; 35045 6.00(TCD) 25 7.2 434, 45.4 57.7 9.5 0.35 0.0040
4 Pbs goRU2 00065 6.00(TCD) 35 1.0 0. 1.0 0.0 9.3 0.00 0.0000
5 Bis 4Ruy 407_,  6.00(TCD) 40/ 6.3 662. 70.0 99.6 10.1 112 0.0087
6 Biy 14Pb) o 6.00(TCD) 55 5.3 996. 98.8 76.8 9.3 1.34 0.0138
Ru; 05,

7 PbyoRU 34065 6.00(CHO)  35% 1.4 1007. 100.0 68.9 12.0 5.91 0.125

8 Pb: giRuy 57065 6.00(HD) ssh 6.0 951, 100.0 57.0 10.0 0.95 0.0232

¢ Catalytic oxidations conducted with 4,00 g catalyst in 100-m} 1.5 N NaOH, at 689.5 kPa O, pressure, and with an agitation rate of 1500 rpm.
b Codes for substrates: TCD = rans-1,2-cyclohexanediol: CCD = ¢is-1.2-cyclohexanediol: HD = 1,6-hexanediol; CHO = cyclohexanone.

© AA = adipic acid dianion.

4 PROD = productivity = Moles of substrate reacted selectively to product in one hour/moles catalyst.
¢ Specific activity = millimoles of substrate reacted selectively to product in 1 hr/m” catalyst surface.

1 Initial temperature of 25°C produced ne O, uptake so temperature was increased to 40°C.

¥ Average temperature for reaction time period after starting at 25°C.
" Initial temperature of 25°C produced only 10.3 kPa O, uptake in 30 min. so temperature was increased to 55°C for the remainder of the run.

are used that appear in the last two columns
of Table 3. The productivity of the catalysts,
PROD, is defined, with slight modification
to that used before (75), by

Mol of substrate reacted
selectively to product

PROD = (3)

(Mol of catalyst)(hr)

The specific activity is tabulated in the last
column of Table 3 in order to place all of the
catalysts on the same scale with respect to
their available surface area. The specific ac-
tivity is defined by

Millimol of substrate
reacted selectivity

. . to product
Specific Activity =

(m? of catalyst
surface)(hr)

4)

where the catalyst surface is measured by
the BET N, surface area recorded in Table
1.

Entries 1 and 2 in Table 3 provide a direct
comparison of the geometrical isomer ef-
fects of 1,2-cyclohexanediol on the oxida-

tive cleavage rate by the same lead ruthe-
nium pyrochlore oxide catalyst compo-
sition. The cis isomer examined in entry 2
is essentially completely converted to prod-
uctin4 hr, while the trans substrate in entry
1 requires 7 hr to achieve complete conver-
sion of the same amount of substrate. Oxy-
gen uptake rates were monitored for both
reactions and at one point the O, uptake
rate for CCD exceeded more than twice that
observed for TCD. The cis isomer produced
adipic acid in slightly higher selectivity
(75%) than the trans substrate (72%).

The relatively high lead content in the
Pb-Ru pyrochlore oxide catalysts appears
beneficial for 1,2-diol oxidative cleavage ac-
tivity. Entry 3 of Table 3 shows that for
the relatively low lead-containing catalyst,
Pb, ;sRu, 4sO¢ 5, a TCD conversion of only
45% is obtained over a 7-hr period with
much poorer selectivity to adipic acid than
either TCD or CCD substrates with
Pb, -Ru, 304 5. This result appears rather
unexpected in light of the much higher sur-
face area for Pb, sRu, 4O, s (118 m*/g) com-
pared to that found for the Pb, ,Ru, 350 s
catalysts (45 to 60 m*/g). Surface character-
ization results presented in the following pa-



404

per (66) suggest possible origins for superior
oxidative cleavage activity by the higher Pb/
Ru ratio oxide catalysts. The commercial
Pb, ooRu, 006 s catalyst in entry 4 with an
exceedingly low surface area as well as a
low Pb/Ru ratio produced no O, uptake over
a I-hr period even after raising the reaction
mixture to 35°C. GC analysis of the recov-
ered reaction solution showed no adipic acid
was produced with about 11% of the TCD
converted to unidentified products.

The structural and electronic effects
caused by substitution of bismuth for lead
in the ruthenium pyrochlore oxides were
probed in the evaluation of Bi, 4Ru, 5,0;_,
for the oxidative cleavage of TCD in entry
S, Table 3. In contrast to the lead analogs in
entries 1 through 3, no oxygen uptake was
detected at a reaction temperature of 25°C.
However, when the autoclave was heated
to 40°C, O, uptake commenced and contin-
ued at a steady rate for more than 6 hr. At
this point the reaction was stopped and the
solution recovered from the Bi, 4Ru, 5,0;_,
catalyst by filtration. Analysis of solution
aliquots showed a TCD conversion of 70%
with a surprisingly high selectivity to adipic
acid product of essentially 100%. As with
all analyses, this analytical result was run in
duplicate and the results averaged to con-
firm the unusually high selectivity. Inspec-
tion of the PROD value for Bi, 4Ru, 5,0;_,
shows a value of 1.12, a number higher than
that for the P, ,Ru, 350, 5 catalyst in entry |
(1.04). Because this catalyst has a relatively
high surface area, the specific activity is
only about one-third that observed for the
Pb-Ru catalyst in entry 1. These results
point out the distinct catalytic behaviors of
the Pb—Ru and Bi—Ru catalysts toward the
oxidative cleavage of TCD.

Mixed bismuth- and lead-ruthenium py-
rochlore oxides can be prepared over a wide
solid solution range. One such mixed bis-
muth-lead ruthenium oxide with the empiri-
cal formula Bi, ;,Pb, sRu, ¢0,_, is found to
catalyze the oxidative cleavage of TCD in a
manner similar to that of the lead and bis-
muth analogs with slightly higher selectivity
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to adipic acid compared to an all-lead ana-
log. However, a temperature of 55°C was
required with this mixed Bi-Pb—Ru oxide in
order to produce a reasonable rate of reac-
tion as judged by O, uptake values. In con-
trast to some of the preliminary runs re-
corded in Table 2, this particular catalyst
afforded good selectivity to adipic acid in
spite of the relatively high reaction temper-
ature.

Cyclic ketones such as cyclohexanone
(CHO) are also oxidatively cleaved by ru-
thenium pyrochlore oxide catalysts. Entry
7 in Table 3 provides details on one such
batch autoclave oxidation. Although the ox-
idation was begun at only 25°C with the
same substrate charge as used for the 1,2-
diol substrates, the rate of O, uptake was
exceedingly rapid. Here for the first time,
the oxidation rate produced an observable
temperature rise in the reaction mixture (no
external heating) from 25°C up to about
40°C. The average temperature throughout
the 1.4-hr reaction time was 35°C. This oxi-
dative cleavage was complete in less than
half the time for a 1,2-diol substrate. GC
analysis showed complete conversion of the
CHO substrate. The selectivity to adipic
acid was markedly lower than those ob-
served with the 1,2-diol substrates with the
same catalyst, perhaps due in part to
the uncontrolled temperature excursion
throughout the reaction period. Possible re-
action mechanisms to account for the high
oxidation activity of the CHO substrate are
considered in the Discussion section.

Laboratory trickle bed reactor data were
initially sought as a means by which to de-
crease the substrate/catalyst molar ratio
over that used in batch autoclave reactor
operation with the aim of increasing the
overall reaction selectivity in the TCD to
adipate conversion. Additionally, a trickle
bed reactor provides a means for continuous
operation from which information on long-
er-term catalyst stability can be obtained.
Using the reactor system shown in the dia-
gram in Fig. 2, data were obtained according
to the reactor and catalyst size guidelines
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TABLE 4

Continuous Trickle Bed Reactor Data for trans-1,2-Cyclohexanediol and
1,6-Hexanediol Catalytic Oxidations®

Entry Substrate’? T (°C) Contact Substrate (No.)? Selectivity Substrate/ PROD? Specific
time  conversion (%) (%) catalyst/ activity”
(hr)* molar ratio

A. Pb, Ru; 1,05, 4.69 g, 3.92 cm’
1 TCD 26 0.784 100.0 (8) 88.0 0.43 0.38 0.0092
2 TCD 55 0.261 99.8 (12) 85.6 1.3 1.11 0.0270

B. BiyRu; 0, .. 3.60 g, 3.10 cm’
3 TCD 45 0.620 99 .4 4) 89.1 0.56 0.49 0.0042
4 TCD 55 0.620 100.0 (2) 94.9 0.56 0.53 0.0045
5 TCD S5 0.310 100.0 (2) 88.1 1.1 0.98 0.0083
6 TCD 55 0.207 99.7 (2) 86.8 1.6 1.39 0.0118
7 HD S5 0.620 98.1 (6) 90.8 0.56 0.49 0.0042
8 HD 75 0.207 100.0 (4) 87.7 1.6 1.44 0.0122
9 HD 75 0.155 100.0 2) 87.7 2.2 1.92 0.0162
10 HD 95 0.155 100.0 2) 85.2 2.2 1.86 0.0158
{1 HD 95 0.124 100.0 (4) 85.3 2.7 2.38 0.0202
12 HD 95 0.089 100.0 (2) 85.9 3.8 3.28 0.0278
14 HD 95 0.078 100.0 (2) 83.8 4.4 3.66 0.0310
15 HD 95 0.062 100.0 2) 91.3 5.5 4.98 0.0423

C. BirgRu; 1,0;7_,, 3.27 g, 3.10 cm®
16 TCD 95 0.055 100.0 (2) 81.0 7.3 5.91 0.0560
17 TCD 95 0.042 65.2 (2) 74.2 9.6 4.67 0.0442

¢ Performed in 3.2-mm-id glass-lined tubing as a reactor containing 40-60 mesh (0.373-0.250 mm) catalyst
granules packed between 0.12- and 0.18-mm glass beads with ca. 0.5 M substrate in 1.5 N NaOH, 689.5 kPa O,
pressure, and a downflow feed of liquid substrate and 30—-45 cm?/min O,.

b Codes: TCD = trans-1,2-cyclohexanediol and HD = 1,6-hexanediol.

¢ Contact time = volume of catalyst/volumetric substrate flow rate.

4 Number of independent samples averaged to give the conversion—selectivity data shown.

¢ Calculated selectivity to adipic acid product.
/ Based on catalyst reactor volume.

# PROD = productivity = moles of substrate reacted selectively to product in one hour/mole catalyst.
* Specific activity = millimoles of substrate reacted selectively to product in | hr/m’ catalyst surface,

and operation presented in the Experimen-
tal section.

Table 4 presents a selected summary of
trickle bed reactor data collected on three
different catalysts for the oxidative cleavage
of TCD in 1.5 N NaOH. This table is divided
into three sections (A-C) which represent
different A,, Ru,_,0O,_, catalyst composi-
tions. For each catalyst listed, the amount
and volume occupied by the 40 to 60 mesh
granules are given. The volume recorded is
that occupied by the granules including solid

and void volumes. Temperatures recorded
in Table 4 represent those at the reactor
inlet. As noted elsewhere (76), the reactor
contact or space time does not represent an
actual residence time of the reactants but is
a ratio between the catalyst volume and the
volumetric flow rate of substrate solution
at the reactor inlet. TCD conversions and
selectivities recorded for entries 1-6, 16,
and 17 in Table 4 are averages over a number
(no.) of independent samples taken at the
reaction conditions shown. The last three
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columns of Table 4 list the substrate/cata-
lyst molar ratios, PROD values, and specific
activity values. These listings offer a basis
for comparison with the results obtained in
Table 3 under batch autoclave reactor con-
ditions.

As seen for the Pb, ;;Ru, ;0,5 catalyst
data in section A of Table 4, shorter contact
times (i.e., higher volumetric flow rates)
lead to slightly lower selectivity in the con-
version of TCD to adipate. At a reaction
temperature of 55°C in entry 2, a contact
time of 0.261 hr produces a substrate/cata-
lyst molar ratio that is about a factor of 10
lower than that in an autoclave reactor, but
essentially the PROD and specific activity
are the same values as those for the
Pb, ;Ru, 350, 5 catalyst of entry 1, Table 3.
However, the selectivity at close to 100%
TCD conversion in the trickle bed reactor
sample (Table 4, entry 2) approaches 86%
to adipate compared to only 72% at 25°C in
the batch reactor. Similarly high selectivi-
ties to adipate are observed with the
Bi, ;,Ru, 4,0, _, catalyst in Table 4, entries
3-6. In section C of Table 4 are shown
trickle bed reactor data for a Bi, gRu, ;,0,_,
catalyst run at much higher temperatures
(95°C) and shorter contact times than the
other Table 4 entries. For a contact time of
0.055 hr (entry 16), it is possible to achieve
complete conversions of the TCD substrate
while keeping the adipate selectivity (81%)
higher than that obtainable in a batch reac-
tor. Shorter contact times (0.042 hr, entry
17) produce incomplete conversion of TCD,
some yellowing of the reactor effluent, and
lower selectivity to adipate (74%).

Oxidation of 1,6-hexanediol. With an es-
tablished analytical method for the adipic
acid product, a convenient substrate to ex-
amine as a test for A, Ru,_ O;_,-catalyzed
oxidation of primary alcohol groups is 1,6-
hexanediol (HD). The assumed catalyzed
reaction stoichiometry is

+2NaOH
HO OH + 20
NN 2 oo

Na0,C "\ /\/CO:Na + 2H,0 (5)

*
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Evaluation of HD in a batch reactor with
Pb, ¢;Ru, 4,04 5 as a catalyst (entry 8, Table
3) shows that the substrate is not catalyzed
identically to that of the 1,2-diol substrates
at 25°C. HD requires a temperature of about
55°C to sustain an appreciable rate of con-
version as judged by the O, uptake. The
observed selectivity to adipate of only 57%
suggests that this substrate might be more
selectively converted under trickle bed re-
actor conditions as was found for the TCD
substrate.

An extensive series of runs in a trickle
bed reactor were made with HD substrate in
1.5 N NaOH solution using Bi, i,Ru, ,,0,_,
catalyst granules. The results of these runs
are collected in Table 4, section B, entries
7-15. These nine entries encompass some
26 independent samples collected over a
temperature range of 55 to 95°C with contact
times spanning an order of magnitude. In
essentially all entries the HD conversion is
100% with the observed selectivities to ad-
ipate ranging from 84 to 91%. These selec-
tivities clearly point out the beneficial effect
produced by the lower substrate/catalyst ra-
tio encountered in the trickle bed reactor
over that in the autoclave reactor.

Oxidation of 2-butanol to 2-butanone.
Previous work that used expanded lattice
ruthenium pyrochlore oxides as anodic elec-
trocatalysts for various organic substrate
oxidations (37) demonstrated that basic buf-
fered solutions of secondary alcohols af-
forded electrochemical conversion to the
two-electron oxidized ketone product. Ac-
cordingly, it was of interest to see if under
oxygen pressure, the selective conversion
of 2-butanol to 2-butanone would proceed
using a pH 9.35 Na,B,O; solution. A 0.81 M
2-butanol solution saturated with Na,B,0,
was passed over granules of a
Bi, gRu; 1,0, _, catalyst in a trickle bed reac-
tor and collected at temperatures of 55 to
115°C under about 660 kPa O, pressure (30
cm?/min O, fed downflow) at various con-
tact times. The progress of the reaction was
monitored by *C NMR spectroscopy.

The '*C NMR spectrum of a representa-
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Fic. 4. Carbon-13 NMR spectrum of the reaction
product obtained by passing 0.81 M 2-butanol in satu-
rated Na,B,0; aqueous solution (pH 9.35) over a
Bi, gRu, 1,0, _, catalyst at 95°C under 662 kPa O, pres-
sure with a contact time of 1.03 hr. Carbon resonances
labeled A through D are associated with the 2-butanol
substrate while those labeled E through H correspond
to the desired 2-butanone product. A small amount of
acetate by-product is indicated by the asterisks on the
lines at 23.5 and 180.9 ppm. The five-line reference
multiplet for DMSO-d; is centered around 39.5 ppm.

tive trickle bed reactor sample is displayed
in Fig. 4. All of the observed resonance
peaks have been assigned to either the 2-
butanol substrate (A-D in Fig. 4), the 2-
butanone product (E-H), the acetate by-
product (* marked positions), or the DMSO-
d, reference multiplet centered around 39.5
ppm. While this spectrum confirms that the
major oxidation product is the ketone, the
catalyst under these reaction conditions is
not completely selective to the two-electron
oxidation product as judged from the ap-
pearance of a small amount of acetate cleav-
age product. Based on the partial selectivity
to 2-butanone and the reaction conditions
under which the NMR sample was taken,
reasonable estimates for PROD and specific
activity values defined in Eqgs. (3) and (4) are
0.3 mol 2-butanol reacted selectively to 2-
butanone/mol Bi, ¢Ru, ;,0;_,-hr and 0.003
millimol 2-butanol reacted selectively to
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2-butanone/m*-Bi, gRu, ,0, -hr, respec-
tively.

Oxidative cleavage of maleic acid. The
oxidative cleavage of olefinic bonds was
found to proceed electrochemically over
A,. Ru,_0O;_, anodes (37) under aqueous
alkaline conditions. A convenient olefinic
substrate that was used in the electrochemi-
cal oxidations in aqueous alkaline solution is
maleic acid. The ability ofan A,, Ru,_ O, _,
catalyst to mediate the oxidative cleavage
of maleic acid in the presence of molecular
oxygen was examined in aqueous alkaline
solutions. The assumed catalytic oxygen-
driven reaction proceeds according to

/ \ + goz

————
co; Co; CsOH
2C,02- + H0 (6)

Trickle bed reactor data were obtained on a
0.127 M maleic acid substrate containing
0.67 N CsOH. The cesium salt was used
rather than the potassium or sodium salts
due to the high solubility of cesium oxalate
compared to either of the other alkali salts
of oxalic acid. The results on four samples
taken at various contact times at 95°C over
the Bi, 3)Ru, 7yO;_, catalyst are reported in
Table 5. From the calculated substrate/cata-
lyst ratios, the highest selectivity to oxalate
product occurs at higher rather than lower
ratios. This trend is not followed by any of
the other catalytic oxidations in Tables 3
and 4.

Catalyst stability. In both the batch auto-
clave and trickle bed reactor runs listed in
Tables 2 through S, the bulk mechanical sta-
bility of the ruthenium pyrochlore oxide cat-
alysts was adequate for repeated use. Since
crystallization from hot aqueous alkaline so-
lutions occurs for the expanded lattice ru-
thenium pyrochlore oxides under conditions
similar to those used in the catalytic oxida-
tions described here, it was of interest to
investigate the possible presence of soluble
post-transition metal and ruthenium ions.
Such ions potentially may be leached from
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TABLE 5

Continuous Trickle Bed Reactor Data for Catalytic Oxidation of Maleic Acid Using Bi, 3Ru, 705, at 95°C¢

Entry Contact Conversion (%) Selectivity (%)¢ Substrate/catalyst PROD¢ Specific
time (hr)? molar ratio activity’

1 0.620 97.7 53.9 0.190 0.100 0.00093

2 0.620 100.0 58.3 0.190 0.111 0.00103

3 0.207 56.0 56.0 0.571 179 0.00167
4 0.124 41.0 70.2 0.952 0.274 0.00255

7 Catalyst in the form of 40 to 60 mesh granules weighing 2.55 g and occupying a reactor volume of 3.10 cmn’.
The 0.127 M maleic acid substrate in 0.67 N CsOH was passed at various flow rates through the catalyst bed at

689 kPa O, pressure with O, fed along with the substrate at a rate of 30 cm*/min.
b Contact time = volume of catalyst/volumetric substrate flow rate.
¢ Selectivity calculated to oxalic acid (oxalate) product.
4 PROD = moles of maleic acid reacted selectively to product in one hour/mole of catalyst.
¢ Specific activity = millimoles of maleic acid reacted selectively to product in 1 hr/m® of catalyst surface.

the solid pyrochlore oxide catalyst, and
therefore, these species might play a role in
the observed catalytic reactions.

As seenin Fig. 3 and in the data contained
in Table 1, the lead ruthenium pyrochlores
develop greater crystallinity under lower al-
kali hydroxide strengths than do the bismuth
analogs. Accordingly, the first tests for
the presence of soluble ions were made on
reaction product solutions using the
Pb, (,Ru, 3504 5 catalyst (Table 2, entry 4 and
Table 3, entry 1). ICP/AES analyses of the
filtered reaction solutions revealed the pres-
ence of lead and ruthenium in concentra-
tions averaging 1 X 10"*and 4 x 1078 M,
respectively. These concentrations are
somewhat below those observed (62) when
similar Pb,, Ru,_,O,s compounds were
used as electrochemical composite anodes
in 3 N KOH for oxygen reduction.

The substrate-to-catalyst ratios used in all
of the catalytic oxidations described here
greatly exceed the stoichiometric amounts
required for conversion of the substrates
into the observed products. The low sub-
strate/catalyst ratios used are a result of the
intrinsically slow rate of oxidative cleavage
of the 1,2-diol substrates at these low reac-
tion temperatures and the need to convert
efficiently the more reactive aldehyde inter-

mediates to carboxylate products. Further
arguments in support of the observed cataly-
sis are given in the next section where a
fuller body of evidence for genuine hetero-
geneous catalysis mediated by the pyro-
chlore oxide surfaces is considered.
Trickle bed reactor experiments were
preferentially performed with the Bi,,,
Ru,_,0,_, catalysts in light of the similar if
not superior results produced for catalytic
oxidative cleavage of TCD. The presence of
soluble lead and ruthenium species found in
the reaction product solutions above also
pointed to the more effective use of the bis-
muth—-ruthenium oxides in continuous reac-
tor experiments. Table 4, section B, com-
piles some continuous trickle bed reactor
data for a Bi, 3pRu, ¢,O,_ catalyst subjected
to 1,2-diol and primary alcohol substrates.
The total duration for these experiments
spanned 3 months during which time the
catalyst was on stream to substrate solu-
tions for more than 180 hr. No evidence for
catalyst deactivation was observed during
this time. A 500-ml solution collected from
HD oxidations at 95°C was analyzed by ICP/
AES for bismuth and ruthenium. No detect-
able levels of these ions were observed. An
XRD powder pattern comparison of the
granular catalyst was made before and after
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FiG. 5. Powder diffraction patterns for below 325-
mesh powder of Bi, ;yRu, (,O;_, that was originally ob-
tained as 40 to 60 mesh granules. The bottom tracing
(B) shows the diffraction pattern obtained after the
initial oxide synthesis. The top tracing (A) was obtained
on the same sample that had been recovered after con-
tinuous oxidations for more than 180 hr with various
substrates shown in Table 4.

the oxidations summarized in Table 4. Trac-
ing B in Fig. 5 records the powder XRD
pattern for an extra portion of the catalyst
that was charged to the trickle bed reactor.
The used granular catalyst was rinsed well
in the reactor with water and then carefully
recovered. After sieving the catalyst gran-
ules from the silica beads used for reactor
packing, a total of 3.60 g of the dried catalyst
was recovered, exactly the same amount
as that originally charged. The recovered
granules were ground to a fine powder and
subjected to powder XRD analysis. Tracing
A in Fig. 5 displays the powder XRD pattern
for this used powdered catalyst. To within
the accuracy of the XRD measurements, the
poorly crystalline Bi, ;0Ru, 4,0, _, catalyst
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retained the same lattice constant and aver-
age crystallite size as when it was originally
prepared. No change in the bulk structure
is evident from these data. These results
provide strong evidence for the chemical
stability of the bismuth ruthenium pyro-
chlore oxides during the catalytic oxidation
of substrates in aqueous alkaline solutions.

DISCUSSION

The results contained herein demonstrate
that the same classes of organic substrates
which were found to be electrochemically
oxidized in aqueous alkaline solutions by
expanded lattice ruthenium pyrochlore ox-
ide anodes (36-38) are also oxidized by
these same oxides directly with molecular
oxygen at temperatures below 100°C with-
out an externally applied potential. This can
be perceived as a direct consequence of
these electrically conducting materials to
promote both anodic oxidation of organic
substrates (36—38) and cathodic oxygen re-
duction (62). The initial motivation to exam-
ine heterogeneous mixed metal-ruthenium
oxides came from the increasing number of
studies reported with oxoruthenium com-
plexes for the mediation of organic substrate
oxidations (77, 78), even though these re-
ported oxidations were chemically or elec-
trochemically driven (29, 35, 77-82). Prece-
dence for direct oxidations with molecular
oxygen by certain oxoruthenium complexes
has been established recently for some ole-
fin epoxidations (83-87), alcohol-to-car-
bonyl group oxidations (88, §9), and oxida-
tive dealkylation of tertiary amines (90).
However, the use of a mixed metal oxide to
perform liquid-phase oxidations with molec-
ular oxygen at 25°C is reported here for the
first time.

Evidence for Oxide Catalysis

In light of the unprecedented ability of
the expanded lattice ruthenium pyrochlore
oxides to catalyze oxidations with O, at tem-
peratures below 100°C, it is relevant to in-
quire if the observed catalysis is in fact cata-
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Iytic and if it results from genuine
heterogeneous catalysis. Evidence for cata-
Iytic operation of these A, ,Ru,_,0;_, com-
pounds was presented in Tables 3 and 4.
Substrate/catalyst ratios of above 1.0 and
observation of oxygen uptake throughout
the course of the oxidations suggest cata-
lytic behavior by the oxides.

Three alternatives to genuine heteroge-
neous catalysis were cited by Ravno and
Spiro (91) some 25 years ago: (1) reaction
between the catalyst and the oxidant, (2)
dissolution and reprecipitation of the cata-
lyst, and (3) homogeneous catalysis by
catalyst ions. Each of these alternatives
must be considered as sources of catalyti-
cally active species. During the preparation
of the expanded lattice ruthenium pyro-
chlore oxides in strongly alkaline solution
([OH"] > 3.0), the effects described by
(1) and (2) will occur to produce the final
microcrystalline powders from soluble pre-
cursor ions. Effect (1) occurs when an
oxidant, either in the form of an electrode
with an externally applied potential (92) or
molecular oxygen (57), reacts partially with
the redox active surface ruthenium atoms
to produce a soluble higher valent form of
ruthenium (e.g., Ru'VO, to Ru"'0j") in
alkaline solution (93, 94). The overall for-
mation of the expanded lattice ruthenium
pyrochlore oxide necessitates a dissolu-
tion-reprecipitation mechanism as de-
scribed by effect (2) to convert the amor-
phous solid to the microcrystalline powder.
Thus, in addition to the soluble ruthenium
species during crystallization, formation of
soluble forms of lead (38) and bismuth (38,
95) in alkaline solutions is necessary to
produce higher valent forms of these ions
in the A,, ,Ru, O, , compounds. A de-
tailed treatment of the soluble species
in equilibrium with the A,, Ru,_0O,_,
solid requires solubility product data on
the various A,, Ru,_,0O,_, compounds as
a function of temperatufe, [OH™], and
applied potential (either from O, sparging
or an anodic electrode (92)). This informa-
tion is unavailable at this time.
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Stable operation of the ruthenium pyro-
chlore catalysts for various organic sub-
strates can be performed if the catalytic
solid is used outside of the conditions in
which the pyrochlore compound is crystal-
lized. In the case of the Pb,, Ru,_,Og;
compounds, soluble lead species are found
even in weakly alkaline solutions (38). As
seen in Table 1, a well-crystallized Pb—Ru
pyrochlore compound with the formula
Pb, o Ru; 0,0 5 is obtained from less than
I N KOH solution without any O, sparging.
Data of this type suggest that the poorly
crystalline Bi—-Ru pyrochlore compounds
are better candidates for long-term catalyst
stability testing. A test was conducted in
a trickle bed reactor with catalyst granules
having the bulk composition Bi,;oRu,
O;_,. This catalyst was successful in selec-
tive catalytic oxidation of various 1,2-diols
and primary alcohols for at least 180 hr at
55-95°C, 689 kPa O, pressure, and [OH ]
< 2. As noted in the Results section, no
detectable amounts of either bismuth or
ruthenium ions were found. Furthermore,
the catalyst granules were recovered un-
changed after operation with no measur-
able change in either the mass, crystallin-
ity, or the bulk composition as determined
by powder XRD data. These observations
argue strongly against the participation of
any homogeneous catalytic species (alter-
native (3) of Ravno and Spiro) in the or-
ganic substrate oxidations reported here.
Evidence for finite catalyst solubility in 3
N KOH electrolyte solutions at 75°C was
found when A,,Ru, O, , compounds
were used as Teflon-bonded electrodes for
oxygen reduction and evolution (62). Oxy-
gen electrocatalysis data show the genera-
tion of small concentrations (I x 107° M)
of soluble A (A = Pb, Bi) and Ru species
was dependent on [OH ], temperature,
and the pyrochlore surface area. However,
the observed electrocatalysis (36-38, 62)
was attributed to the solid pyrochlore sur-
faces and not the solution soluble species.
Control of [OH ] and the ‘‘reducing’’ envi-
ronment provided by oxidizable organic
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FI1G. 6. Effect of the value of the lattice expansion parameter x on the specific activity of the powdered
catalyst for the oxidative cleavage of trans-1,2-cyclohexanediol at 25°C in aqueous 1.5 N NaOH
solution. The catalyst with x = 0.0 (Pb) shows no activity for selective conversion to adipate. The Bi-
containing catalyst (x = 0.46) requires a temperature of 40°C before a comparable level of activity is
found to that of the two Pb samples (x = 0.15, 0.62) shown here.

substrates ensure that at least some of
the soluble species produced during the
crystallization process (i.e., RuO3™) will
not be generated. On the basis of the
effluent analyses during continuous trickle
bed reactor operation, the reported lig-
uid-phase oxidations described here are
examples of genuine heterogeneous catal-
ysis.

Activity Trends in Catalyst Composition
and Substrate Type

Examination of the batch reactor data re-
veals several trends in catalytic oxidation
activity of the expanded lattice ruthenium
pyrochlore oxides. For a single substrate,
trans-1,2-cyclohexanediol, the oxidative
cleavage of TCD depends critically on the
value of x in the general formula A,,,
Ru,_,0;_,. Figure 6 displays a bar graph of
the specific activity defined by Eq. (4) for
the A,, Ru,_0,_, catalysts plotted against
the degree of substitution x by the post-tran-
sition metal atom. In general, an increase in
the substitution of the post-transition metal
atom in the ruthenium B-sites produces a
more active catalyst toward the TCD sub-
strate in aqueous alkaline solution. Three

points emerge from the Fig. 6 bar graph:
(1) the Pb, ysRu, (O 5 catalyst prepared by
conventional ceramic methods is essentially
inactive toward the oxidative cleavage of
TCD; (2) the Pb, o Ru, 330, 5 catalyst is some
four to five times more active than the
Pb, ;sRu, 45O s catalyst despite the fact that
the latter catalyst has nearly twice the BET
surface area as the former; and (3) the
Bi, 4Ru; 5,0;,_, catalyst with almost four
times the BET surface area as that of the
Pb, (,Ru, 13Oy 5 catalyst requires a tempera-
ture of 40°C, but then it has activity compa-
rable to that of the expanded lattice lead
analogs at 25°C. This temperature variation
suggests that there are slight electronic cata-
lyst-substrate effects between the lead- and
bismuth-expanded lattice ruthenium pyro-
chlore compounds that influence the cata-
lytic activity toward TCD in addition to
merely the available surface area. Differ-
ences in the oxide surface composition be-
tween these lead and bismuth ruthenium ox-
ides are examined in the following paper
(66).

The catalytic activity of the expanded lat-
tice pyrochlore catalysts is also sensitive to
the type of substrate. Figure 7 depicts a bar
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F1G. 7. Effect of the substrate on the specific activity of the Pb,¢Ru; 30 5 catalyst to yield adipate
product. Substrates 1-3 are catalytically oxidized at 25°C while substrate 4 requires a temperature of
55°C to produce a comparable level of activity. All oxidations are conducted in aqueous NaOH solution

under 689 kPa O, pressure.

graph plot of the specific activity for the
same Pb, c,Ru, ;40 s catalyst toward four
different C, oxygenate substrates. All sub-
strates yield acommon adipate product after
catalytic oxidation in aqueous alkaline solu-
tion. The cyclohexanone substrate pro-
duces by far the highest catalytic activity.
Cis-1,2-cyclohexanediol gives the next high-
est activity, a value that is about twice that
of the trans analogue. Lastly, the 1,6-hex-
anediol substrate requires a temperature of
55°C in order to achieve comparable activity
to that of TCD at 25°C. This order of func-
tional group reactivity (ketone > 1,2-diol >
primary alcohol) follows the same sequence
as that when these A,, Ru, ,0O;_, oxides
are used as anodic electrocatalysts (36-38).
Qualitative trickle bed reactor data for oxi-
dative cleavage of maleic acid and 2-butanol
to 2-butanone oxidation indicate that these
catalytic oxidations with molecular oxygen
are much less efficient than those with ke-
tone, 1,2-diol, or primary alcohol sub-
strates. The electrocatalytic activity of vari-
ous A, Ru, O, , oxides for olefin
oxidations has also been found to be low
(65). These authors attributed the observed
electrocatalytic activity toward olefinic sub-

strates to the presence of a surface Ru(VI)
species that forms with high surface areas
for the bulk oxide.

Oxidized Substrates and
Reaction Pathways

Oxidations proceed through reaction
pathways mediated by either reagents or
catalytic species that depend remarkably on
the temperature and pH of the reaction me-
dium (96). Comparative batch reactor data
in Fig. 7 show that cyclohexanone is oxi-
dized with the highest specific activity by
the Pb, ,Ru, 330, s catalyst in aqueous alka-
line solution. Oxidative cleavage of ketones
is known to occur under both acidic (97-99)
and basic (/00-103) conditions and several
cases give dicarboxylate products as found
here directly with molecular oxygen (97-99,
102, 103). Regardless of the pH of the reac-
tion medium, it appears that the reactive
species for ketone substrates is the enol tau-
tomer (97, 100). However, very recent ki-
netic studies at high temperatures and pres-
sures in aqueous solutions suggest oxidation
rates for cyclohexanone by homogeneous
metal ions exceed the rate of enolization
(104). As seen below, coordination of the
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enolate form of cyclohexanone to the
Pb, ¢,Ru, 3304 5 surface is consistent with the
means by which 1,2-diol and primary alco-
hol substrates react. However, because ke-
tones may oxidize through a number of pos-
sible pathways to vyield dicarboxylate
products (97-103), the Pb, ,Ru, ;30, s-cata-~
lyzed oxidation is not specific to ketone sub-
strates.

In contrast to the molecular oxygen-
driven oxidative cleavage of ketones by a
number of catalysts, the selective oxidative
cleavage of 1,2-diols with dioxygen to give
dicarboxylate products appears specific to
A, Ru,_ O, _, catalysts with perhaps only
powdered silver-containing catalysts (5/) as
an alternative for this six-electron multistep
oxidation. The need for alkaline reaction
conditions prior to observation of any oxida-
tion of the 1,2-diol substrate combined with
the low ionization potential of diol oxygen
lone pairs (33) suggest formation of a coordi-
nated diol intermediate. While it can be
stated with some certainty that the redox-
active surface B-sites are likely points for
this coordinated diol intermediate, a distinc-
tion between a high-valent post-transition
metal atom (i.e., Pb(1V) or Bi(V)) and ruthe-
nium assuming this B-site role cannot be
made. On the one hand, Pb(lV) (5, 7-10)
and Bi(V) (//-16) compounds are among
the more effective reagents for two-electron
1,2-diol oxidative cleavage to dialdehyde
products. On the other hand, oxoruthe-
nium(IV) complexes are now known (/05)
to give hydroxo- and alkoxo-ruthenium(l11)
species with the alkoxo-ligands derived
from primary or secondary alcohols. Al-
koxo-ruthenium(I1l) complexes are prone to
B-hydrogen elimination (/06) with the re-
sulting decomposition products undergoing
further catalytic oxidation onto the ob-
served products. These reduced ruthenium
complexes are unstable in O,-containing al-
kaline solutions (93, 107).

Further evidence to implicate the forma-
tion of a chelated diol intermediate on the
pyrochlore oxide surface comes from a com-
parison of the specific activities for the TCD
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and CCD substrates with the Pb, ,Ru, 3,0 s
catalyst shown in Fig. 7. Here the six-elec-
tron catalytic oxidation of CCD by
Pb, oRu, 330;_, proceeds at almost twice
the rate of the TCD substrate. Studies of
two-electron oxidative cleavage of 1,2-
cyclohexanediol isomers by Pb(1V) (/08)
and periodate (/09-1/11) show that the cis
isomer is oxidized some 30 times faster than
the trans. These studies with stoichiometric
oxidants propose formation of a chelated
intermediate  originally  suggested by
Criegee for Pb(IV) tetraacetate (/08). The
rate enhancement observed for CCD oxida-
tion over that of the TCD species has been
attributed to a faster rate of decomposition
of the cis isomer transition state and not to
any difference in the ability of one isomer
over the other to form a chelated intermedi-
ate. Chem-X molecular graphics compari-
sons of the CCD and TCD substrates coordi-
nated to a metal atom (which may be part of
the A4,, Ru,_ O, _, surface) show the O---O
separations in the ¢is (2.85 ;\) and trans (2.81
A) forms of 1 ,2-cyclohexanediol to be prac-
tically the same. However, the TCD sub-
strate is seen to project the cyclohexane ring
away from the coordinated metal atom
whereas the CCD substrate causes the cy-
clohexane ring to project perpendicular to
the TCD C, ring conformation. This perpen-
dicular C, ring for the cis isomer produces
unfavorable steric interactions with the
metal atom (or extended surface).

The overall oxidative cleavage of 1,2-diol
substrates to dicarboxylate products pro-
ceeds through at least two distinct sequen-
tial reactions. The first reaction consists of
the two-electron carbon—carbon bond
cleavage depicted in Eq. (1) followed by two
rapid two-electron oxidations of the alde-
hyde intermediates. These aldehydes ac-
count for the numerous by-products ob-
served when the substrate/catalyst ratio is
as high as that for some of the batch auto-
clave oxidations. Monocarboxylate prod-
ucts containing 15-, 17-, and [8-carbon
atoms detected by GC/MS analyses arise
through bimolecular aldol condensations of
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these reactive aldehyde intermediates. Car-
boxyl-containing species of less than six (or
less than multiples of six) carbon atoms are
produced by at least two possible pathways
(112). In the first such pathway, catalyst
attack at the olefinic linkage formed from
enolization of the aldehyde intermediate re-
sults in a mixture of C, and lower carbon
chain carboxylate products. A second route
for aldehyde oxidation involves free-radical
hydrogen abstraction by the catalyst or
components in the reaction medium fol-
lowed by thermally driven decarbonylation
of the carbonyl radical, again producing a
mixture of lower carbon number carboxyl-
ate compounds. Oxygen atom incorporation
into the aldehyde intermediates (the selec-
tive product pathway) may occur through
either direct oxo group transfer from a sur-
face Ru==0 species or perhaps more likely,
peracid formation through a radical chain
process with O, (113) followed by efficient
disproportionation of the peracid species by
the A, ,Ru,_ O;_, surface. Previous elec-
trochemical studies (62) have shown that
ruthenium pyrochlore oxide anodes rapidly
decompose H,0, to water and oxygen with
no detectable levels of H,0, present.

In addition to 1,2-diol substrates, primary
alcohols are oxidized to carboxylate prod-
ucts in high efficiency over A,, Ru,_O,_,
oxides. Comparative batch autoclave reac-
tor data from Table 3 show that 1,6-hex-
anediol begins catalytic oxidation (at a mea-
surable rate) at a slightly higher temperature
(55°C) than TCD over Pb,. Ru,_,Os ox-
ides. Excellent selectivities to adipate prod-
uct (85-91%) are seen when HD is used as
a substrate in 1.5 N NaOH in a trickle bed
reactor. The HD oxidations proceed in high
conversions over the Bi, ;yRu, ,0;_, cata-
lyst granules. Supported Pt (75) and Pd (95)
catalysts are reported also to give carboxyl-
ate products from primary alcohol sub-
strates under basic reaction conditions.
However, these catalysts typically show
product inhibition on the reaction rate at
high substrate conversions (>90%j) in addi-
tion to deactivation effects, sometimes in
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the first batch reaction cycle (75). These
problems are not observed with the ruthe-
nium pyrochlore oxide catalysts in the data
presented in Tables 3 and 4. A catalytic reac-
tion sequence involving initial coordination
of the alcohol (perhaps as an alkoxide li-
gand) similar to that for the 1,2-diol sub-
strates appears likely in this eight-electron
oxidation.

Recently, homogeneous trinuclear ruthe-
nium complexes represented by Ru;0(0,C
C,H;)(PPh;); were reported to oxidize pri-
mary and secondary alcohols with O, as the
primary oxidant to aldehydes and ketones,
respectively (88). Comparison of the cata-
lyst turnovers reported for the two-electron
oxidation of isopropyl alcohol to acetone by
Ru;0(0,CC,H;)4(PPh); at 65°C and 276 kPa
O, to those found here for the heterogeneous
oxidation of HD at 75°C and 690 kPa O,
(Table 4, entry 9) shows an advantage by
the homogeneous catalyst. The trinuclear
Ru complex produces 904 moles of product
per mole of catalyst in 24 hr compared to
only 46 moles of product per mole of
Bi, 3Ru, 4,0;_, catalyst in 24 hr from trickle
bed reactor data. However, the HD oxida-
tion represents an eight-electron oxidation
(four times the moles of O, are required
compared to the homogeneous complex).
Additionally, the homogeneous catalyst is
deactivated by increasing the temperature
(or the pH), while the Bi, ;0Ru, 4,0, _, cata-
lyst shows no deactivation at 95°C. At this
temperature the heterogeneous catalyst pro-
duces 120 moles of adipate per mole of cata-
lyst over a 24-hr period. No attempt was
made to determine if combinations of higher
temperatures and substrate flow rate would
produce higher catalyst productivity, but
pressure drop limitations were observed at
flows approaching 100 ml/hr over the cata-
lyst bed sizes used in Table 4.

The two-electron oxidation of 2-butanol
to 2-butanone in aqueous buffered (pH 9.35)
solution was examined in a trickle bed reac-
tor over a Bi, gRu, ,,0,_, catalyst. Qualita-
tive *C NMR spectral analyses of the efflu-
ent solutions revealed 2-butanone to be the
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principal product with small amounts of ace-
tate by-product also detected. The esti-
mated PROD and specific activity values are
an order of magnitude less than those for the
1,2-diol and primary alcohol substrates run
in a trickle bed reactor at the same reaction
temperature. Clearly, for this oxidative de-
hydrogenation, the homogeneous trinuclear
ruthenium complexes (88) described above
provide a more effective means to catalyze
this two-electron oxidation with molecular
oxygen.

Two possible causes can account for the
slow rate of conversion of the 2-butanol sub-
strate. The oxidation is conducted in buf-
fered solution and this lower pH value may
slow the rate of catalyst reoxidation by O,.
A second possibility for the slow rate of
2-butanol oxidative dehydrogenation is the
lack of a sufficient number of high valence-
state ruthenium sites on the surface. Recent
observations (/ /4) on ruthenium complexes
as alcohol oxidants point out that some
ruthenium(IV) complexes will oxidize stoi-
chiometrically alcohol substrates while liga-
tion changes make alcohol oxidation possi-
ble on other ruthenium complexes only
when ruthenium(V) is present. The success-
ful use of a perruthenate reagent (i.e.,
Ru(VI1I)) for secondary alcohol-to-ketone
conversions (/15) further implies that the
A, Ru,_,0,_, catalysts may not be able to
generate such a high valence state of ruthe-
nium under the reaction conditions used
here.

In this work the oxidative cleavage of ole-
finic bonds is only slowly catalyzed by the
ruthenium pyrochlore oxides. Maleic acid is
cleaved to oxalic acid under strongly basic
reaction conditions, but like the secondary
alcohol-to-ketone  oxidation  discussed
above, the bismuth ruthenate catalyst
shows relatively low activity with only mod-
est selectivity to dicarboxylate products
(Table 5). The calculated PROD and specific
activity values are over an order of magni-
tude lower than those of the 1,2-diol and
primary alcohol substrates. Comparison of
rates of electrocatalytic oxidation of these
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same types of functional groups over Pb, , ,
Ru,_, O s anodes shows the same order-of-
magnitude difference in reactivity between
olefinic and hydroxylated substrates (37,
38). A recent electrocatalytic study of al-
kene oxidations over variously prepared
Ay Ru, 0O,_, catalysts (65) concluded
that the electroactive species toward olefin
oxidation was a surface Ru(VI) site. This
Ru(VI) species was present in greatest quan-
tities on high surface area A,, Ru, O,_,
compounds. The Bi,Ru, ,,0;_, catalyst
used for catalytic oxidation of maleic acid
has a surface area of 141 m%g, a value
among the highest of the A, . Ru,_ 0,_, ox-
ides examined here. Thus, an active Ru(VI)
site does not appear to be generated under
the catalytic oxidation conditions described
here.

Oxygen Activation

While oxygen activation by metal cata-
lysts occurs by means of dissociative chemi-
sorption (/16), oxygen is activated for use
by oxidizable substrates over metal oxide
catalysts by a variety of different ways. Re-
views on various metal oxide catalysts that
function at high temperatures with gas phase
substrates generally treat oxygen activation
in a phenomenological fashion (//7-119)
such that adsorbed dioxygen is reduced by
four electrons in a sequence of steps eventu-
ally to lattice oxygen, O?>~. One or more of
the reduced forms of O, may be used toward
substrate oxidations. Liquid-phase oxida-
tions of organic substrates with molecular
oxygen in the absence of metal-containing
catalysts occur under reaction conditions
much more severe than those encountered
in this work: 160 to 250°C and perhaps 6900
to 13800 kPa total pressure (/20). The A, ,
Ru, .0, _, oxides used in this work are ca-
pable of O, reduction under much milder
conditions than either the gas phase metal
oxide catalysts or the uncatalyzed direct lig-
uid phase substrates oxidations with O,.

Electrochemical studies on the A,
Ru,_,0,_, compounds (62, 63, 65) have re-
ported the ability of these oxides to reduce
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O, to water at low temperatures and also
oxidize organic substrates with an applied
electrical potential (36-38, 65). This work
has shown that it is possible to combine
oxygen reduction and substrate oxidation
half-reactions to generate a catalytic cycle
using O, as the terminal oxidant. These elec-
trochemical studies have proposed various
mechanisms by which O, is reduced includ-
ing both inner (62) and outer (63) sphere
schemes at the surface ruthenium sites. The
inner sphere mechanism (62) involves O,
reduction at a single surface ruthenium site
with cycling between formal valence states
of Ru(Il) and Ru(VIl). The outer sphere
mechanism (63) includes a stepwise O, re-
duction with formation of an HO; radical
species. Both mechanisms were criticized
(65) in terms of implausible intermediates:
Ru(II) in the inner sphere case and HO; for-
mation in the outer sphere scheme. Conse-
quently, a third mechanism was suggested
(65) that rejected involvement of lattice oxy-
gen and proposed that the O, reduction was
a “‘suprafacial phenomenon.”

While the above dioxygen reduction
mechanisms lack molecular-level details,
some elaboration of the third scheme above
can be made through the reported structure
of Pb,Ru,O 5 from powder neutron diffrac-
tion data (/21). Figure 8 depicts the coordi-
nation geometries of the lead (distorted hex-
agonal  pyramidal) and  ruthenium
(octahedral) atoms using the Chem-X soft-
ware package. As an alternative to the single
atom reduction of O,, efficient four-electron
reduction of O, can occur if two reduced
metal centers are positioned spatially and
electronically (filled antibonding orbitals for
O, donation) for simultaneous wu-1,2-0O,
binding (/22). As seenin Fig. 8, the columns
of ruthenium atoms connected through wu-
oxo bridges make attractive sites for pair-
wise O, binding when present in reduced
surface states. The closest Ru---Ru separa-
tion in the Pb,Ru,Oqs structure is 3.61 A
(121), a distance appropriate for u-1,2-O,
binding (/22). Support for this pairwise in-
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teraction of reduced ruthenium surface sites
with O, in the A,, Ru, O, , compounds
comes from both molecular complex analo-
gies and hydrogen—oxygen gas adsorption
measurements. Cleavage of dioxygen by
various reduced transition metals has re-
cently been demonstrated to produce M=0
species directly (/23). Dimeric ruthenium
(11I) alkyls have been shown to undergo oxi-
dative addition with O, at —50°C to give
dimeric ruthenium(V)-oxo alkyl complexes
(/24). An analogous reaction with O, is en-
tirely possible on the reduced A,,,
Ru,_,0,_, surface. Hydrogen chemisorp-
tive titrations of several of the
Ay, Ru,_ 0, compounds reported in this
work produce reduced surface (and surface-
exposed bulk) ruthenium sites similar to the
above ruthenium(lll) alkyls (/24). The re-
duced pyrochlore oxides react upon oxygen
titration at various rates to reoxidize com-
pletely the reduced oxide. Details of these
gas phase H,—O, redox titrations along with
additional analytical data on the A,,,
Ru,_ 0, _, oxides are presented in the fol-
lowing paper (66).

CONCLUSIONS

(1) Ruthenium pyrochlore oxides pre-
pared by solution crystallization function di-
rectly with molecular oxygen for the cata-
lytic oxidation of ketone; 1, 2-diol; primary
alcohol; and olefin substrates to give car-
boxyl-containing products in aqueous alka-
line solutions below 100°C. Retrospective
analysis shows that these catalytic oxida-
tions are expected from the dual electroac-
tivity of these A,, ,Ru,_,0,_, oxides for an-
odic organic substrate oxidations and
cathodic O, reductions.

(2) For 1,2-diol substrates, expanded lat-
tice ruthenium pyrochlores of the type A4, , ,
Ru,_,0,_, with A/Ru > 1.1 are productive
oxidative cleavage catalysts. Demonstrated
product selectivities rival those of electro-
catalytic methods.

(3) Functional group reactivity toward
Ay, Ru,_O;_, catalysts appears to follow
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Fi1G. 8. View of the bulk coordination geometries found in Pb,Ru,0, s showing a seven-coordinate Pb
atom and a six-coordinate octahedral Ru atom. In the expanded lattice compounds, the higher valent
lead atoms substitute into the octahedral Ru atom positions.

the same trends as those observed when
these oxides function as anodic electrocata-
lysts: ketone > 1,2-diol > primary alcohol
> olefin.

(4) Trickle bed reactor oxidations with
A,, Ru,_ 0, _| catalysts afford higher prod-
uct selectivities than the same oxidations
conducted in batch autoclave reactors.

(5) Expanded lattice bismuth ruthenium
pyrochlores, Bi,, Ru,_O,_,, perform as
stable heterogeneous catalysts under trickle
bed reactor conditions with no detectable
change in activity, mechanical integrity, or
bulk composition (x = 0.39) after 180 hr of
continuous operation.
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