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A direct comparison of rhodium-exchanged zeolites X and Y as vapor-phase propylene hydrofor-
mylation catalysts is reported. Hydrogenation and hydroformylation occur simultaneously over
these catalysts in a reactant stream consisting of propylene : H: N,: CO (3:3:2: 1) at atmospheric
pressure. Selectivity to n-butyraldehyde versus iso-butyraldehyde is 2.0 : 1 and 1.9 : 1 for rhodium on
X and rhodium on Y, respectively. Similar hydroformylation activation energies are obtained,
while hydrogenation activation energies are somewhat different. Infrared spectroscopy shows the
presence of a geminal dicarbonyl, Rh(CO),*, on zeolite X and Rhs(CO)s on zeolite Y after hydro-

formylation.

INTRODUCTION

Homogeneous catalysis involving transi-
tion metal complexes are an integral part of
the chemical industry. Two important in-
dustrial processes that rely on homoge-
neous catalysts are methanol carbonylation
and olefin hydroformylation. Within the
past 20 years, the well-established cobalt
processes (I, 2) have been challenged by
rhodium catalyst systems (3, 4). Today, a
large fraction of the acetic acid produced is
based on the rhodium carbonyl iodide cata-
lyst reported by Paulik and Roth (5). Rea-
sons behind the move to rhodium catalysts
include greater catalyst activity and selec-
tivity over their cobalt counterparts.

Catalyst deactivation and loss can be an
expensive problem with homogeneous no-
ble metal catalysts such as rhodium. Thus,
widespread interest has focused on immo-
bilizing rhodium catalysts in order to com-
bine their high activity and selectivity with
the processing advantages of a heteroge-
neous catalyst. Numerous immobilization

! To whom correspondence should be addressed.
2 Department of Chemistry.

techniques have been developed, and a re-
view has recently appeared (6). The method
of interest to this study is the incorporation
of rhodium into zeolites by simple ion ex-
change. Several reports have shown that
this method of anchoring rhodium leads to
active carbonylation (7-17) and hydrofor-
mylation (18, 19) catalysts.

Vapor-phase carbonylation of methanol
is the reaction that has received the most
attention for rhodium-exchanged zeolites.
Nefedov et al. (7, 8), Yamanis et al. (13),
and Scurrell et al. (9—12) used rhodium-¢x-
changed zeolite X (NaX), while Yashima et
al. (15), Takahashi et al. (16), and Gelin et
al. (I14) used rhodium-exchanged zeolite Y
(NaY) for carbonylation. A direct compari-
son of rhodium-exchanged X and Y zeolites
is difficult to make since no one laboratory
has studied the same reaction over similarly
prepared X and Y zeolites. In spite of a lack
of uniformity in catalyst preparation tech-
niques, the following results have been re-
ported for methanol carbonylation in the
presence of a rhodium-exchanged X and Y
zeolites: (a) during start-up, steady state
was achieved in approximately 2 h (15, 13),
(b) the rate of methyl acetate formation was
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first order with respect to methyl 10dide
partial pressure (16, 17), (c) activation en-
ergies of 13 4 (16) and 16 7 kcal/mol (/1)
were reported, however, Yamams et al
(13) showed that these data were probably
strongly influenced by diffusional limita-
tions, (d) catalyst deactivation occurred at
250°C (7, 8) and at 242°C (13) for RhNaX,
while for RhNaY deactivation occurred at
200°C (15), (e) deactivation showed a non-
zero order dependence for RhNaY (/5) and
a zero-order dependence for RhNaX (13)
Results (a)-(c) show common behavior of
the rhodium-exchanged X and Y zeolites,
while (d) and (e) illustrate that some trends
appear to be due to the presence of the zeo-
Iite type One possible explanation for ob-
servations (d) and (e) 1s that the X frame-
work lends greater stability to the rhodium
complex active for carbonylation

Previous work on the hydroformylation
of olefins has only utilized rhodium-ex-
changed zeolite Y (18, 19)

The X and Y zeolites are topologically
the same but differ in chemical composi-
tion For NaX Nag [(AlOy)s6(S10)106] 264
Hzo and NaY Na5(,[(AlOZ)56(SIOZ)136] 250
H,O (20), the extra framework cations
show different distributions over available
sites (21) Electrostatic potentials and fields
have been calculated for purely 1onic
models of X- and Y-type zeolites (22, 23)
From these results, 1t was concluded that
electrostatic fields of the magnitudes calcu-
lated should cause shifts of the bonding
electrons 1n adsorbed molecules (23) Thus,
while the spatial constraints on reacting
species are the same 1n zeolites X and Y,
the intrazeolite chemustry can be affected
by the differences in electrostatic environ-
ments

The objective of this investigation 1s to
compare the behavior of rhodium-ex-
changed NaX and NaY (exchanged under
identical conditions) as propylene hydro-
formylation catalysts 1n order to study the
effects of the zeolite support Infrared spec-
troscopy data were also obtaned to shed
hight onto the nature of the active species

EXPERIMENTAL

Materials Rhodwm trichloride trihy-
drate was obtained from AESAR Inc Zero-
grade nitrogen and hydrogen were obtamned
from AIRCO, and zero-grade carbon mon-
oxide was obtained from Matheson Com-
pany All of these gases were purified to
remove trace oxygen and water before en-
tering the reactor Propylene was pur-
chased from Matheson Company and was
used without further punification The zeo-
Iites used were Molecular Sieve 13X or 13Y
purchased in powder form from the Linde
Division of Union Carbide Corporation

Preparation of catalyst Following 1s a
detailed description for the preparation of
the rhodium-exchanged zeolites used 1n this
study The procedure follows that of Arai
and Tominaga (19) Zeohte powder (10 g)
was washed with distilled water and dried
m ar at 120°C for 24 h The powder was
then slurried 1n 200 ml 0 1 N NacCl solution
at 95°C A 225-ml solution containing 1 0 g
RhCl; 3H,0 was added dropwise over 2 h
to the zeolite slurry The pH of the slurry
was monitored every 10 min By addition of
0 1 N NaOH, the pH was maintained at 6 0
When the addition of the rhodium solution
was completed, the zeolite slurry was
stirred for 5 h at 95°C, after which it was
allowed to cool overmight The zeolite was
filtered, washed with 1 5 liters of distilled
water, then dried 1n air at 150°C to a free
flowing powder The rhodium content for
RhNaX was 2 7 wt% and for RhNaY it was
3 4 wt% These will be referred to as cata-
lysts (a) and (b), respectively

For reaction runs, the rhodium-ex-
changed zeolite powder was compacted
without binder into pellets which were sub-
sequently crushed and size separated The
particles were —40/+70 mesh Approxi-
mately 0 5 g of catalyst was loaded into the
reactor

For the infrared work, samples were pre-
pared as KBr disks 1n a Vacuum Atmo-
spheres Dry Box under a nitrogen atmo-
sphere Variations in KBr disk preparation
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techmque had no effect on the carbonyl re-
gton of the spectrum Selected preparations
were also recorded as mulls in mineral o1l
These were 1dentical in the carbonyl
stretching region to the samples recorded
as KBr pellets Thus, localized heating dur-
mg the fusion of KBr did not alter the car-
bonyl species Infrared studies were per-
formed with a Nicolet MX-1 Fourier
Transform Infrared Spectrometer

Reactor system and procedure The hy-
droformylation of propylene was carried
out mn a differential fixed bed reactor at near
atmospheric total pressure The reactor 1t-
self was made of a stainless-steel tube,
6 35-mm o d , buried 1n a fluidized bed heat
exchanger A thermocouple immersed
the catalyst bed was used to momitor the
reactor temperature, which was maintained
at better than 0 5°C The catalyst bed was
preceded and followed by sections of glass
wool

The reactor start-up began by purging the
system with nitrogen to remove air The
catalyst was precarbonylated by introduc-
ing CO nto the reactor at 15-20 cm¥/min
(STP), then pressurizing to 3 atm The cata-
lyst was mamntained at 120°C under the
flowing CO for 8-10 h The reaction mix-
ture, which consisted of a 3/3/2/1 mixture of
H,/olefin/N,/CO (H, flow rate = 15 cm¥/mun
STP), was then introduced into the system
Nitrogen was included 1n the feed stream to
allow for partial pressure variations of the
reacting species at constant contact time

Gas chromatographic analysis was
achieved by using two chromatographs In
chromatograph A, #- and 1so-butyralde-
hyde were separated and analyzed with a
Porapak S column at 145°C using a nitrogen
carrier gas flowing at the rate of 35 cm*/min
(STP) Chromatograph B was used to sepa-
rate propane from propylene with a Porosil
B column at 70°C using a nitrogen carrier
gas flowing at the rate of 35 cm*/mun (STP)
Flame 1omzation detectors were used
both chromatographs

Noncatalytic carbonylation reactor sys-
tem Noncatalytic carbonylations of the
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Fic 1 Reaction rates versus process time for
RhNaX Reaction conditions 150°C, 1 atm (A) Pro-
pane, (@) 1so-butyraldehyde, (O) normal-butyralde-
hyde

rhodium-exchanged zeolite powder were
performed 1n a Parr minireactor Tempera-
ture control was =5°C Samples from this
reactor were used for obtaiming infrared
spectroscopy data used to approximate the
state of the rhodium zeolite after pretreat-
ment of CO, but prior to exposure of hydro-
formylation conditions

RESULTS

In order to bring about hydroformylation,
contact with reactants required a minimum
temperature of 150°C after which activity
could be maintained at lower temperatures
Figure 1 shows the changes in activity with
process time for the RhNaX catalyst The
process time 1s shown to begin when the
catalyst bed reached 150°C Notice that hy-
drogenation activity declines as hydrofor-
mylation activity increases, and that the
rate of 1so-butyraldehyde goes through a
maximum Steady state 1s achieved at ap-
proximately the same time for all three
components In Fig 2, the changes in activ-
ity with process time for the RhNaY cata-
lyst are illustrated The behavior of RhNaY
1s qualitatively the same as with RhNaX ex-
cept that the rate of 1so-butyraldehyde does
not go through as sharp a maximum In all
cases, once steady state 1s achieved, 1t can
be maintained for 20 h of operation
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Fic 2 Reaction rates versus process time for
RhNaY Reaction conditions 150°C, 1 atm (A) Pro-
pane, (@) 1so-butyraldehyde, (O) normal-butyralde-
hyde

Tables 1 and 2 summarize the reactivity
data, the data are completely reproducible
For catalysts (a) and (b) the activation ener-
gies for hydroformylation and the regiose-
lectivity (n/1) are approximately the same
Figure 3 shows a representative plot of the
temperature effects on reaction rates from
which the activation energies are calcu-
lated In all cases, the activation energy
plots show no curvature The hydrogena-
tion activation energy increases when going

TABLE 1

Catalytic Results of Propylene Hydroformylation and
Hydrogenation over RhNaX and RhNaY

Zeolite Pretreatment Product Rate? B
( mol ) (kcal/mol)
g Rh h
(a) RhNaX  CO as described CsHy 28 x 1072 251
1n text nCHzO 16 x 1073 97
1C4HgO 08 x 1073 17
(b) RaNaY  CO as described CHsy 53x1072 210
n text n-CgHgO 10 x 1072 92
-C4HgO 54 x 1073 114
(c) RhNaY 0 5 h exposure C3Hj 23 %107 18 0°
to Hj at 100°C n C4HgO — —_
1 C4H0 — —
RhNaY? Not reported CiHg 70x 1072 24 2¢
(from (19)) nCqHgO 10 x 1073 87¢
1C4HgO 09 x 1074 73

2 At 150°C 1 atm

b At 120-150°C

° At 110-150°C

4Rh 37 wt% —10/+20 mesh particles contact ime twice as long as
the present study

€ At 130-170°C

TABLE 2
Selectivity Results for RhNaX and RhNaY at 150°C
at 1 atm
Zeolite Catalyst Selectivity Regioselectivity
pretreatment hydrogenation/ (nf1)
hydroformylation
(a) RhNaX CO as described 117 20
In text
(b) RhNaY CO as described 344 19
In text
RhNaY Not reported 376 12
(from (19))

from catalyst (b) to (a) as does the selectiv-
ity to hydrogenation Catalyst (¢) was pre-
treated with pure H, to reduce the rhodium
to metal When a propylene—hydrogen mix-
ture 1s passed over the reduced RhNaY
complete conversion to propane 1s ob-
served Since 1t 1s well known that rhodium
metal 1s an excellent hydrogenation cata-
lyst, we feel that this test confirms that rho-
dium 1s present 1n the metallic state Upon
introduction of the hydroformylation reac-
tion muxture only hydrogenation occurs
The results of Arai and Tominaga are also
included i these tables for comparison
Their catalysts behave substantially differ-
ent from those made 1n our laboratory

The effect of contact time (W/F) on the
conversions of propylene to propane, £y,
and aldehydes, £y and &, are shown in Fig
4 In the region of W/F lower than S g-h/mol
the conversions where proportional to the
contact time

Ln (Rate}

55 —\ N

65 _\\_

75 . h
235 245 255
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FKx 100

Fic 3 Effects of temperature on reaction rates for
RhNaY (A) Propane, (®) 1so-butyraldehyde, (O) nor-
mal-butyraldehyde
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Infrared spectra for (a) and (b) are plotted
i Figs 5 and 6, respectively Spectra prior
to and after hydroformylation are shown

DISCUSSION

The RhNaX and RhNaY (catalysts (a)
and (b) described above) are active for hy-
drogenation and hydroformylation of pro-
pylene at atmospheric pressure Hydrofor-
mylation activity 1s imitiated only when the
catalysts contact reactants at 150°C It 1s
interesting to note that Scurrell and Howe
(11) reported the same temperature require-
ment to activate RhNaX for methanol car-
bonylation They postulated that the activa-
tion process mvolved the reduction of Rh*3
to Rh*! Catalysts (a) and (b) were both pre-
treated with CO at 120°C This treatment
leads to reduction of rhodium from Rh*3 to

/W al
al

T
2500

T T
2000 1750 (')

Fi1 5 Spectra of RhNaX (a) (al) After CO pre-
treatment, (all) after hydroformylation conditions

Rh*! or Rh® (vide infra) Thus, the activa-
tion temperature associated with hydrofor-
mylation activity cannot be due to chemical
reduction Once steady state 1s reached 1t
can be maintained for as long as 20 h indi-
cating that deactivation and/or rhodium
loss does not occur after steady-state has
been reached

RhNaX and RhNaY show similar hydro-
formylation behavior, 1 e , activation ener-
gies and regioselectivity The activation en-
ergy corresponding to the formation of
1so-butyraldehyde was shghtly larger than
that corresponding to the formation of -
butyraldehyde Therefore, the regioselec-
tivity increases as the temperature de-
creases This trend has also been observed
in homogeneous hydroformylations (24)
Because of the relatively low values of the
hydroformylation activation energies, one
mught suspect the influence of mass trans-
fer In Fig 4 we show that the conversions
are proportional to the contact time, thus
validating the differential analysis used to
calculate the rates Figure 3 illustrates the
temperature dependence of the rates
These graphs show no curvature over the
temperature range of 120 to 150°C The ab-
sence of curvature in these figures suggest
that mass transfer 1s not controlling the re-

-

T

T
2000 1775 (i)

FiG 6 Spectra of RhNaY (b) (bl) After CO pre-
treatment, (bII) after hydroformylation conditions
The absorption at 1710 1n (bII) 1s assigned tentatively
to aldehyde present within the zeolite This band 1s
present 1n all samples after hydroformylation



72 DAVIS ET AL

action rates (25) The n/i ratio at 150°C ob-
tained from the RhNaX and RhNaY cata-
lysts was 2 0 and 1 9, respectively For the
homogeneous hydroformylation of propyl-
ene by bmary rhodium carbonyls, the re-
ported regioselectivity 1s less than or equal
to one (26) The increase in regloselectivity
observed here must be due to the influence
of the zeolite Since the pore size of zeolites
X and Y 1s significantly larger than either
reactants or products, we feel that the en-
hanced selectivity 1s due to steric and/or
electronic influences of the zeolite at the
active site rather than ‘‘molecular sieving
The catalysts may thus be considered to be
zeolite-modified rhodium carbonyls, 1¢,
the framework serves as a hgand for rho-
dium, rather than merely as a support for a
binary rhodmum carbonyl In light of the
similar hydroformylation behavior of (a)
and (b), we propose that the same active
species 1s present on each catalyst

In contrast to hydroformylation, the hy-
drogenation behavior of each catalyst 1s dif-
ferent The activation energy obtained from
RhNaX 1s 4 kcal/mol larger than that for
RhNaY, and neither 1s equivalent to that of
rhodium metal on zeolite Y Since the acti-
vation energies of RhNaX and RhNaY are
larger than for rhodium metal on zeolite Y,
we suspect that if rhodium metal 1s present
on RhNaX or RhNaY, its concentration 1s
small, and does not significantly contribute
to the observed hydrogenation behavior
The difference 1n activation energy for hy-
drogenation (4 kcal/mol) on (a) and (b) 1s
significant compared to the error, and 1s re-
producible for separate catalyst runs Thus,
1t 1s probable that each catalyst has a differ-
ent species active for hydrogenation

A RhNaY catalyst (active at 150°C) when
cooled to 120°C and left overnight under
flowing CO at a pressure of 3 atm immedi-
ately regained hydroformylation activity
when reactants were mtroduced at 120°C
and 1 atm At 150°C the catalyst behavior
returned to that obtamned on the previous
day Thus, the hydroformylation active spe-
cies 1s stable at 120°C under a CO blanket

The similanty m activity for hydrofor-
mylation over (a) and (b) 1s 1n striking con-
trast to the predominant species present in
each as 1dentified by infrared spectroscopy
On RhNaX, (a), after precarbonylation but
before hydroformylation infrared spectros-
copy shows the presence of at least two
species (see Fig 5) One of these 1s as-
signed to Rh(CO),"-NaX, which gives rise
to absorptions at 2093 and 2010 cm™' This
species 1s well defined for supported rho-
dium carbonyls (12, 13, 27) Other species
give broad absorptions at ~2010 and 1845
cm~! The second band is in the region of a
bridging carbonyl, thus indicating the pres-
ence of rhodium clusters After hydrofor-
mylation nfrared spectroscopy shows
nearly the exclusive presence of the
geminal dicarbonyl, Rh(CO),*'-NaX

On RhNaY, (b), after precarbonylation
and after hydroformylation infrared spec-
troscopy shows nearly exclusive formation
of the rhodium cluster, Rhy(CO)s (see Fig
6) This assignment 1s based on the position
of the 1ir bands observed (2096, 2060, 1770
cm™!, bII) compared to those reported for
rhodium clusters synthesized by a separate
route on Y zeolites (18, 28) Itis not clear at
this time why the X zeolite stabilizes a Rh*!
complex while the Y zeolite favors rhodium
clusters which contain Rh®

Three lines of evidence lead us to specu-
late on the nature of the active species for
hydroformylation (1) Hydrogenation activ-
ity decreases as hydroformylation activity
increases Furthermore, steady state 1s
reached at the same time for hydrogenation
and hydroformylation This 1s consistent
with conversion of the species active for
hydrogenation into an active hydroformyla-
tion species Complete conversion may be
hmted by an equilibrium between the two
species (1) X and Y zeolite-supported rho-
dium catalysts behave identically within ex-
perimental error for hydroformylation
while hydrogenation 1s shightly different
Infrared spectroscopy shows RhNaX and
RhNaY to contain different rhodium car-
bonyl complexes, 1 e , Rh(CO),"-NaX and
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Rhy(CO),-NaY These may show different
hydrogenation activity yet transform to
yield the same hydroformylation catalyst
Finally (i) homogeneous olefin hydrofor-
mylation catalysts (cobalt or rhodium) con-
tamn a metal-hydrogen bond (29) Genera-
tion of a rhodium hydride may account for
the observed 150°C activation tempera-
ture required to inttiate hydroformylation
Equations (1) and (2) represent viable path-
ways which can account for the evidence
above

Rh(CO),"~NaX == HRh(CO),-NaX
+ H*-NaX (1)

Rhe(CO),~NaY == HRh(CO),-NaY
+ Rhy(CO);s-NaY + H*-NaY (2)

Equation (1) has precedent 1n homogeneous
systems involving rhodium carbonyl chlo-
nide complexes (30) Equation (2) does not
have direct precedent but Rhy(CO)5™ ts a
well-defined cluster (31)

The results of Arai and Tominaga (/9)
have been included in Tables 1 and 2 for
comparison Although we have followed
therr rhodium exchange procedure, their
activation procedure ts not reported They
claam that their catalyst contains the
geminal dicarbonyl Rh(CO),"-NaY and
that no Rh® was present If the dicarbonyl 1s
the active species for hydrogenation on our
RhNaX catalyst then Arai and Tominaga’s
hydrogenation activation energy compares
favorably However, the catalysts prepared
1n our laboratory behave differently for hy-
droformylation Perhaps the most signifi-
cant difference 1s Arai and Tominaga’s ob-
servation of Rh(CO),*-NaY In our hands,
using the same cation-exchange procedure
to introduce rhodium, only rhodium clus-
ters are observed This 1s true for a wide
range of catalyst carbonylation treatments
(32

3 We can, however, generate Rh(CO),*-NaY if rho-
dium 1s introduced to the Y zeolite as [Rh(NH:)s
CliCl,

CONCLUSIONS

The present work has shown that the
same hydroformylation behavior 1s ob-
tained from RhNaX and RhNaY The influ-
ence of the zeolite 1s to increase the n/t ratio
above that of binary rhodium carbonyls Al-
though similar hydroformylation behavior
1s obtained from the X and Y zeolites, each
stabilizes a different rhodium carbonyl at
room temperature A geminal rhodium di-
carbonyl species 1s observed on NaX while
clusters predominate on NaY

ACKNOWLEDGMENTS

We thank Dr John Yamams of Alhed Corporation
for many helpful discussions concerning this work Fi-
nancial support of this work was provided by the Na-
tional Science Foundation under Grant CPE-8216296,
by the Petroleum Research Fund administered by the
American Chemical Society under Grant 14543-GS,
and by the Jeffress Memonal Trust One of us(E R)
thanks Tennessee Eastman for a predoctoral fellow-
ship

REFERENCES

1 Hochenschutz, H , von Kutepow, N , and Him-
mele, W , Hydrocarbon Process 45, 141 (1966)

2 Cormils, B, Payer, R, and Traenckner K C
Hvdrocarbon Process 54(6), 83 (1975)

3 Forster, D, Advan Organometal Chem 17,255
(1979)

4 Pruett, R L, Advan Organometal Chem 17, 1
(1979)

5 Paulik, F E, and Roth, J F, Chem Commun
1578 (1968)

6 Baley,D C, and Langer, S H, Chem Rev 81,
109 (1981)

7 Nefedov, B K, Shutkina, E M , and Eidus, Ya
T ,Izv Akad Nauk SSSR Ser Khn No 3, 726
(1975)

8 Nefedov, B K, Sergeeva, N S, Zueva, T V,
Shutkina, E M, and Eidus, Ya T, Izv Akad
Nauk SSSR, Ser Khin No 3, 582 (1976)

9 Chnstensen, B and Scurrell M S J Chem
Soc Faraday Trans [73, 2036 (1977)

10 Chnstensen, B, and Scurrell, M S J Chem
Soc Faraday Trans 174, 2313 (1978)

11 Scurrell, M S ,and Howe,R F ,J Mol Catal 17,
535 (1980)

12 Andersson, S L T, and Scurrell M S J Mol
Catal 18, 375 (1983)

13 Yamams, J, Lien, K C, Caracotsios, M , and
Powers, M E, Chem Eng Commun 6, 355
(1981)



74

14

15
16
17
18
19
20

21

22

23

DAVIS ET AL

Gehn, P, Ben Taant, Y , and Naccache, C , in
‘‘New Horizons in Catalysis’ (T Seiyama and K
Tanabe, Eds ), Vol 7, p 898 Elsevier, Amster-
dam, 1981

Yashima, T, Onkasa, Y, Takahash, N, and
Hara, N, J Catal 59, 53 (1979)

Takahashi, N , Orikasa, Y , and Yashima, T , J
Catal 59, 61 (1979)

Caracotsios, M , Master’s thesis, Umversity of
Kentucky, Lexington, Kentucky (1981)
Mantovant, E , Palladino, N , and Zanob1, A , J
Mol Catal 3, 285 (1977/78)

Arai, H, and Tominaga, H, J Catal 75, 188
(1982)

Breck, D W, ““Zeolite Molecular Sieves ** Wi-
ley, New York, 1974

Mortier, W J , ““‘Compilation of Extra Framework
Sites 1n Zeolites *’ Butterworth Scientific Ltd ,
Guildford, U K, 1982

Dempsey, E , ‘““Molecular Sieves,”” p 293 Soci-
ety of Chemcal Industry, London, 1968

Pickert, P E, Rabo, J A, Dempsey, E, and

24

25

26

27

28

29

30

31

32

Schomaker, V , ‘Proceedings, 3rd International
Congress on Catalysis,” p 714 1965

Royo, M , Melo, F , Mannque, A , and Oro, L ,
Transit Met Chem 7, 44 (1982)

Smuth, J] M, “Chemical Engineering Kinetics,”
2nd ed McGraw-Hill, New York, 1980

Booth, B L, Else, M J, Fields, R, and Has-
zeldine, R N, J Organomet Chem 21, 119
1971)

Hanson, B E, Taylor, D, Davis, M E , and
Rode, E , Inorg Chem , 1n press

Gelin, P, Ben Taant, Y, and Naccache, C , J
Catal 59, 357 (1979)

Cotton, F A, Wilkinson, G, **Advanced Inor-
ganic Chemustry * Wiley, New York, 1980
Evans, D, Osborn, J A, and Wilkinson, G , J
Amer Chem Soc A 3133 (1968)

Fumagalli, A , Koetzle, T F, Takusagawa, F ,
Chini, P, Martinengo, S, and Heaton, B T, J
Amer Chem Soc 102, 1740 (1980)

Taylor, D , unpublished observations



