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Reagdes de [Mo(CO),] sob vacuo em cavidades o do zedlito Na Y totalmente carregadas
com PMe, quimissorvido produzem cis-[Mo(CO),(PMe,),], mas misturas de [Mo(CO),(PMe,)] e
cis-[Mo(CO),(PMe,),] sdo produzidas sob CO. Reagdes sob vicuo exibem fatores entdlpicos baixos
e fatores entrépicos muito negativos (AH* = 71,4 + 3,5 kJ mol! and AS* =-102 + 11 J K" mol™),
comparados com fatores entdlpicos muito mais altos e fatores entrépicos positivos para reagdes de
substitui¢do dissociativa de CO por P(n-Bu), em xileno observadas em outros trabalhos. A reagdo
a 66 °C sob vicuo € cerca de 10° vezes mais rdpida do que reacoes dissociativas ‘espontineas’de
CO em solugd@o. Conclui-se que a substituicdo intrazedlito ocorre por um mecanismo “assistido
por zedlito” em que dois fons 6xidos nas paredes da cavidade deslocam simultaneamente dois
ligantes CO vizinhos do [Mo(CO)]. Isso contrasta com valores de entalpia ainda menores e de
entropia mais negativos para o deslocamento simultaneo de trés ligantes CO vizinhos em reacdes
de descarbonilacdo térmica. As cavidades oo comportam-se como ligantes “zeolato” anidnicos
multidentados, com niimeros varidveis de fons O* participando da cria¢do de estados de transi¢ao
altamente ordenados. Os resultados enfatizam o alto grau com que estes estudos cinéticos podem
revelar detalhes intimos da natureza dos efeitos ativadores.

Reactions of [Mo(CO),] under vacuum in a-cages of Na Y zeolite fully loaded with
chemisorbed PMe, form cis-[Mo(CO),(PMe,),] but mixtures of [Mo(CO),(PMe,)] and
cis-[Mo(CO),(PMe,),] are formed under CO. Reactions under vacuum exhibit low enthalpic and
very negative entropic factors (AH* =71.4 £3.5kJ mol' and AS*=-102 = 11 J K"' mol!") compared
with much higher enthalpic and positive entropic factors for CO dissociative reactions with
P(n-Bu), in xylene observed elsewhere. Reaction at 66 °C under vacuum is ca.10* times faster
than “spontaneous” CO dissociative reactions in solution. Intrazeolite substitution is concluded to
occur by a “zeolite assisted”” mechanism in which two oxide ions in the cavity walls simultaneously
displace two neighbouring CO ligands from the [Mo(CO)]. This contrasts with even lower enthalpy,
and more negative entropy values, for simultaneous displacement of three neighbouring CO ligands
in thermal decarbonylation reactions. The o-cages behave as multidentate anionic “zeolate” ligands
with varying numbers of O* ions participating to create highly ordered transition states. These
results emphasize the high degree to which such kinetic studies can reveal intimate details of the
nature of these activating effects.
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* Professor Vichi sadly passed away just as this manuscript was being
completed. Eduardo Vichi was the originator of the Intrazeolite Kinetics
project. He suggested it to A.J.P. in Toronto in 1983 and eventually
obtained funding for it through FAPESP and CNPq. He was a great
scientific colleague and a warm friend, and he will be deeply missed.

Introduction

The catalytic effect of zeolite cavities on many chemical
) . reactions has been well known for over 60 years.! However,
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anthonypoe @rogers.com it was not until much later** that the intrazeolite Kinetics
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of some simple stoichiometric reactions were reported,
reactions that had previously been thoroughly studied in
homogeneous solution and the gas phase.’ These reactions
involved the ligand exchange reactions of [Mo('*CO),] with
CO, and the substitution reactions of [Mo(CO),] with
PMe,, all occurring within the a-cavities of dehydrated
Na, Y (Na,(AlO,),(SiO,),,,). Preliminary studies of the
reactions in other M, Y zeolites were also reported.* Apart
from the detection® of what were essentially bimolecular
substitution reactions with physisorbed PMe,, a very striking
observation was the very low activation enthalpy of the CO
exchange reaction which was offset, but not overcome, by a
substantially unfavorable activation entropy. The combined
effect was to accelerate the reactions by a factor of ~1000
at 66° C, compared with those in homogeneous solution
or in the gas phase.

Only one other study of such intrazeolite kinetics has
been reported since then®and this too involved substitution of
PMe, into [Mo(CO),]. Reactions were monitored by NMR
techniques at low loadings of PMe, (< 2 molecules PMe,
per alpha cage), a region where minimal studies had been
carried out previously.® A closely related important study
of kinetics of adsorption and decarbonylation reactions of
[Mo(CO),] on the surfaces of hydroxylated or partially
dehydroxylated alumina has also been described.’

A recent account® of the thermal decarbonylation
kinetics of [Mo(CO),] in Na,Y revealed even lower
activation enthalpies, and even more negative activation
entropies than the *CO exchange reactions. This, and
the direct formation of the subcarbonyl [Mo(CO),],
coordinated by three neighboring oxide ions in the cavity
walls, was taken to indicate that the rate determining step
involved a concerted attack by those oxide ions on the
carbon atoms of three fac CO ligands (Scheme 1). This
conclusion differed from that previously reached** where
interaction between the Na* ions and the oxygen atoms of
the CO ligands was considered the source of activation.
However, the same rate determining step, to form a
common intermediate, was implied for the reactions of the
undissociated [Mo(CO),] in which it became “anchored”
within a “12-ring window” between two alpha cages in
the zeolite by as many as six sodium ions.’ The activation
parameters for CO exchange, and tentative values for
PMe, substitution (but under not very well defined
conditions?®), lay between those for reaction in solution and
those for replacement of three CO ligands and a study of
the substitution reactions to form cis-[Mo(CO),(PMe,),]
under precisely defined conditions seemed desirable. We
therefore report here a detailed study of the temperature
dependence of the substitution reactions of [Mo(CO),]
with well defined loadings of chemisorbed PMe,. It is
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Scheme 1.

concluded that, in these reactions, only two oxide ions
are involved in the activation process.

Extensive theoretical, spectroscopic and other non-
kinetic material relating to structures and reactions of
encapsulated organometallics is available that provides a
background against which the results of kinetic studies can
be assessed, and a collection®**!° includes original papers
and reviews.

Experimental
Chemicals and instruments

High purity, crystalline Na, Y with the unit cell
composition Na, (AlO,).(Si0,),,-xH,0O was donated to
Professor Geoffrey Ozin (of the Chemistry Department at
the University of Toronto — U. of T.) by Dr. Edith Flanigen,
then at UOP, Tarrytown, NY, some years ago, and kindly
passed on to us. [Mo(CO),] (Strem), carbon monoxide
(BOC, grade 2.3) and the adduct (trimethylphosphine)silver
iodide {(PMe,.Agl), (Aldrich)} were used as received.
The IR spectra were recorded with a Nicolet Magna
550 FTIR spectrophotometer. Spectra during reactions
were automatically recorded at specified times using
Omnic® software, which allowed for the automation of
data collection using a self-written macro program. The
reaction cell, designed by Professor Ozin, has been fully
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described elsewhere.’ It includes a stainless steel reaction
chamber, embedded in a temperature controlled furnace,
and connected to a quartz tube where pre-treatments
are carried out.> The chamber is arranged so that zeolite
samples, contained in a stainless steel holder, can be
positioned precisely between the air cooled CaF, windows
of the reaction chamber, which is in turn positioned in the
beam of the spectrophotometer.

Kinetic studies

The procedures for studying the reaction kinetics were
exactly the same as described elsewhere.’ The Na, Y
was stored at constant humidity and its crystallinity was
checked by powder X-ray diffraction by Dr. S. Petrov in the
Chemistry Department of the University of Toronto.

The spectrum of the dehydrated zeolite was recorded to
provide a base line for further spectroscopic measurements.
Successive samples of [Mo(CO),] were sublimed into the
zeolite wafer until absorbances were generally between 1
and 2 units (ca. 1 - 2 molecules per unit cell, or 0.1-0. 3
per o-cavity®). The sample was then briefly heated under
static vacuum to remove any residual [Mo(CO),] that had
not become fully encapsulated within the zeolite. The
(PMe,.Agl), was then loaded into a side arm of the reaction
cell in amounts that would lead eventually to complete
saturation of the zeolite with chemisorbed PMe,, and
with some physisorbed PMe, as well. The side arm was
evacuated and opened up to the reaction cell so that PMe,
could be loaded into the zeolite wafer by gentle heating
of the adduct for ca.10 min. The wafer was then left
under vacuum for ca. 20 min so that all physisorbed PMe,
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was removed and the zeolite was fully loaded only with
chemisorbed PMe,, there being four phosphine molecules
in each oi-cage not occupied by a chemisorbed [Mo(CO),]
molecule, and two in each o-cage that was occupied by
one [Mo(CO),] molecule.® Physisorbed and chemisorbed
PMe, are distinguished, by definition, on the basis of the
former being removable in this way under vacuum while
the latter is not. When required, the cell was then charged
with CO (650 Torr) which had been passed through a tube
filled with Drierite, and this procedure necessitated removal
of the reaction cell from the spectrophotometer.

Reconnection to the spectrophotometer allowed for
monitoring the subsequent reactions by recording spectra
at pre-selected times after the required temperature
had been attained. The time-dependent spectra, and
absorbance changes at chosen wave numbers, were
collected automatically so that they could be stored and
manipulated as required. The absorbance changes were
easily fitted to single or double exponential functions that
provided values of rate constants (k) for the first stage
of the reaction. Derivation of activation parameters was
effected by standard Eyring analyses.

Results

Spectroscopic changes under vacuum

Spectra recorded immediately after the introduction
of the [Mo(CO)é] showed a single, rather unsymmetrical,
broad band at 1972 cm’!, a weak band at 2123 cm’!,
and poorly resolved shoulders at ~ 1900 and 2050 cm
(Figure 1). Loading of PMe, showed clear bands at 2965(s),

T2000 w00 1800

Wavenumber/cm'!

Figure 1. Mid IR spectrum of [Mo(CO),] in Na Y (a) (broad band) before and (b) (sharper band) after introduction of PMe,. The weak band at 1865 cm’'
in the latter spectrum shows that a small amount of reaction had occurred by the time the spectrum was measured.



Vol. 19, No. 5, 2008

0.6

Absorbance

054
043

034

00}
D1} X
2200 2000

Fernandez et al. 865

1600 ' 1400

Wavenumber/cm'!

Figure 2. Time-dependent spectra during reactions of [Mo(CO),] in Na Y saturated with chemisorbed PMe,, i.e. 2 molecules PMe. /o cage occupied by
an [Mo(CO),] molecule, and 4 molecules/o. cage not occupied by an [Mo(CO),] molecule, under vacuum at 48 °C, taken at times 1031=0, 2.46,5.17,
9.50, 15.93, 39.21, and 58.77 s. The band at 1975 cm' is decreasing in absorbance, and those at 1905, 1865 and 1645 cm™ are increasing.

2900(vs), 2845(vw), and 2820(w), a pair of quite strong
bands at 1440 and 1430, and a group of weaker bands at
1320, 1305 and 1290 cm™', all due to the PMe,. In addition
the band at 1972 cm™! had become much sharper (Figure 1),
thereby revealing a weakly resolved band at 2017 cm!, and
ashoulder at ca. 1950 cm™. The main band had moved up in
energy slightly to 1975 cm'. In the process of loading the
PMe, some reaction leading to a band at 1865 cm’!, with a
shoulder at ca. 1842 cm™, had occurred (see below).
After the temperature had equilibrated, the spectra
changed steadily as shown in Figure 2 by a selection
(< ca. 11in 10) from the many available spectra. The final
spectrum showed sharp bands at 2000, 1905 and 1865, and
a shoulder at 1845 cm!. This spectrum is identical with
that observed previously and assigned,® on spectroscopic
and other evidence, to cis-[Mo(CO),(PMe,),]. The
intensities of the product bands usually declined slightly
over extended reaction times but, before the decrease
became evident, there was a sharp isosbestic point at
1923 cm! and this occurred at that same wave number
at all temperatures used. The intensities of the bands
at 2900-2800, 1440 and 1430 cm’! that are assigned to
the chemisorbed PMe, were constant from run to run
(allowing for slight variations in the mass of the zeolite)
and were largely unaffected over the course of the
reaction. (The bands at 2900 — 2800 ¢cm™' are not shown
in Figure 2 so that the changes at lower wavenumbers can
be more clearly illustrated.) The bands at 1320 - 1290 cm’!
did occasionally show some minor changes. Finally, a

weak band at ca. 1650 cm’!, assignable to adsorbed water
molecules,'""'? also grew during the course of the reaction,
but only over the later stages. Thus, in the run shown in
Figure 2, it had barely grown in at all after 75% reaction,
and had reached only half its maximum intensity after ca.
90% reaction. Maximum absorbances corresponded to
less than ca. 1 molecule/alpha cage!! and the absorbances
were much less at higher temperatures.

Spectroscopic changes under 650 Torr CO

As with reactions under vacuum, spectra recorded
immediately after the sublimation of PMe, include the
bands due to PMe,, but two broad bands characteristic of
CO also show clearly at 2175 and ~2120 cm!. The lower
energy band obscures the weak bands on the high energy
side of the main band due to [Mo(CO),] at 1975 cm.
The absorbances of the bands due to CO remain constant
throughout the reactions, and from run to run.

Upon heating to between 48 and 85 °C the spectra
underwent very clean IR spectral changes as illustrated by
the selection of spectra in Figure 3. As with reactions under
vacuum, bands due to PMe, at 2900 - 2800 (not shown
for reasons given above), 1440 and 1430 cm™! showed no
change at all over the course of the reactions. However, the
three weaker bands at 1320, 1306, and 1290 cm™' showed
rather more changes, and a fairly weak band at 1365 cm’!
grew in. Bands due to adsorbed water molecules also grew
in, to a greater extent than in the reactions under vacuum,
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Figure 3. Time-dependent spectra during reactions of [Mo(CO),] in Na Y saturated with chemisorbed PMe, under 650 Torr CO at 75 °C, taken at times
103 ¢t=0, 0.450, 1.01, 2.29, 3.75 and 12.51 s. The band at 1975 cm' is decreasing in absorbance, and those at 1913, 1865 and 1645 cm™! are increasing.

but by the end of the reactions there were only ca. 1-2
molecules/alpha cage. !

The growth of strong bands at 1913 and 1865 cm’!
coincided with the decline at 1975 cm™ and continued to the
end of the reaction. A weak band at 1995 cm ™' and shoulders
at 1935 and 1840 cm™ also grew. A sharp isosbestic
point occurred at ca. 1935 cm™ and was unaffected by
the temperatures at which the runs were carried out. The
bands at 1865 and 1995 cm™' can be assigned to formation
of the cis-[Mo(CO),(PMe,),] as before,’ while the band at
1913 cm™ and the shoulder at 1935 cm™ can be assigned to
[MO(CO)S(PMe3)],2 both complexes showing a downward
shift of ~30-35 cm™ in NaY, compared to their bands in
solution. These shifts are comparable with the slightly
smaller shift of ca. 15 cm™ shown by the hexacarbonyl on
encapsulation in NaY.!* The ratios of mono to bis products
can only be estimated approximately from the spectra but
ca. 60 — 70% yields of [Mo(CO),(PMe,)] are indicated,
independent of temperature.

The kinetics of reaction

The clean IR spectral changes, with sharp isosbestic
points, led to typical kinetic traces as shown in Figures 4 and
5. Rate constants were obtained by monitoring the decrease
in the band at 1975 cm™ and the increase in the bands at
1865 cm!, the band common to the reaction products under
vacuum and under CO. The absorbance decreases at 1975
cm™ were fitted closely by single exponential functions

(Figure 4) but the growth of absorbances at 1865 cm™' under
vacuum was often better analyzed by double exponential
fitting because of the gradual decay of the products (Figure 4).
This was not sufficiently pronounced to affect the
appearance of the isosbestic points over large periods of the
reactions and the problem was less apparent for reactions
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Figure 4. Kinetic traces for the decrease of absorbance at 1975 cm™, and
the increase at 1865 cm™, for a reaction of [Mo(CO) ] with chemisorbed
PMe, in Na, Y under vacuum at 66 °C. 10'%k . = 2.56 = 0.03 s and
10%, . =2.50 £ 0.09 s

1865
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Figure 5. Kinetic traces for the decrease in absorbance at 1975 cm’,
and the increase at 1865 cm, for a reaction of [Mo(CO),] with PMe,
in Na Y under 650 Torr CO at 56 °C. 10%,,,; = 1.10 = 0.01 s and
10%k . =1.14 £ 0.01 s".
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Figure 6. Eyring plot for average rate constants under vacuum (filled

diamonds) and under 650 Torr CO (open diamonds). The line is the least
squares line drawn through the data for reactions under vacuum.

under CO. First order rate constants are shown in Table 1,
and the corresponding Eyring plots are shown in Figure 6.
The activation parameters are included in Table 2.

Discussion

The very clean spectroscopic changes, and the rate data
obtained from them, show that such studies can provide a
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Table 1. Rate constants for substitution of PMe, into [Mo(CO),] in

Na, Y*
T/°C 10%,, /s 10% , /s k. /k..
(under vacuum) (under 650 Torr CO)
(N ok, )} [N o(k,,)°)

48.0 0.595 + 0.040 0.436 + 0.024 0.73 +0.06
{6,17%} {8, 16%}

56.0 1.77£0.14 1.01 =0.11 0.57 +0.08
{6,19%} {12,38%}

66.0 3.08 £0.23 2.76 = 0.30 0.90 +0.12
{10, 24%} {6,27%}

75.0 5.80 = 0.45 5.62 +0.40) 0.97 £0.10
{3,13%} {3, 12%}

85.0 13.1+1.0 11.9 £ ~0.3) 0.91 +0.07
{5,17%} {2,-}

“ Obtained from the decrease of absorbance at 1975 cm™ or the growth
of absorbance at 1865 cm™ (see Table S1).  Number of determinations.
¢ Estimated standard deviation of an individual rate constant in each set.
A standard deviation of 24% is obtained from the pooled variances of
all 61 individual values.

Table 2. Activation parameters for reactions of [Mo(CO)]

Reaction AHY kI mol'  AS*/JK'mol" o(k )/ %"

Dissociative substitution 133+ 6 28+ 16
reaction with P(n-Bu),
in decalin solution’*®

13CO exchange in 61.5+5.0 -139+13 15

Na, Y?

PMe, substitution 71.4+£3.8 -102 £ 11 27
reactions under

vacuum*

[Mo(CO),] anchoring
under vacuum?®
[Mo(CO),]
decarbonylation under
vacuum?®

41.4+3.0 -181+9 22

39029 -189+9 22

¢ This work. Estimated using all rate constants individually (see SI,
Tables S1 and S2). » Estimated standard deviation of an individual rate
constant.

good methodology for investigating the activating effects
of zeolitic environments on model organometallic reactions
under closely controlled conditions. The sharpness of the
isosbestic points and the closeness of fit of the absorbance
changes to single-exponential functions, over at least the
major part of the reactions, show that individual reactions
are kinetically well enough behaved that probabilities
of reaction (i.e. the rate constants) do not change during
the reactions. However, the reproducibility of the rate
constants is less than is commonly observed for reactions
in homogeneous solution. Thus, the data in Table 1 show
that standard deviations of individual rate constants in a
given set, estimated from their scatter around the averages,
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rise from ca. 12% to as much as 38% for a single set of
data. Pooling the variances from all 61 rate constants leads
to a value of 24%. Similar values were found when all the
individual rate constants were used in Eyring analyses
(Table 2), and previous studies**# led to comparable values.
This relatively low reproducibility is evidently a function
of the nature of the zeolitic environment and should not
be surprising.

In this respect it must be recognized that each carbonyl
molecule is confined in a zeolite cavity together with two
PMe, molecules attached to two Na* ions not already
blocked by the carbonyl. These individual “agglomerates”
have a given probability of reaction, expressed as a first
order rate constant, in events per unit time, and the reaction
can be considered to be essentially an intramolecular
reaction of the agglomerate. The question of concentration
does not arise in these circumstances except in so far as
variable loading changes the overall environment of the
agglomerate. When that particular carbonyl has reacted
the [Mo(CO),] has been replaced by a product molecule
and it is left to other unsubstituted carbonyl molecules to
undergo their reactions.

Thus it is possible that some non-uniformity in the
composition of the NaY, and accompanying changes in
Si:Al and Na:Si ratios, may contribute to the rather low
reproducibility, and irregular distribution of reactant
carbonyl molecules may operate as well. That this could
produce the observed effects is suggested by the fact
that significant changes in rates of substitution at 66 °C
were caused by increased loading of the [Mo(CO),].}
Other evidence, such as the observed decrease in rates
of displacement of *CO in [Mo(**CO),] by “CO as the
pressure of *CO increased, and the reduced rates of
displacement of CO from [Mo(CO),| by chemisorbed PMe,
as the loading of PMe, increased, all show the sensitivity
of rates to the details of the environment.® Significant
kinetic effects were therefore transmitted through the
zeolite framework even by the presence of such apparently
innocuous species as CO, which in fact had a larger effect
than the PMe,. These considerations may also explain the
differences between the rate constants observed here and
those found, under much lower PMe, loadings and by
NMR monitoring techniques,® and this is not to mention
the common differences frequently observed between
rate constants obtained from absorbance decreases and
increases, the latter being more variable owing to the greater
uncertainty in A_ values.

However, the large numbers of independent rate
constants derivable from the data, and the large (almost
40 °C) temperature range involved, suffice to ensure
that quite precise activation parameters are obtained

J. Braz. Chem. Soc.

even if individual rate constants are not highly precise.
The activation parameters will reflect the enthalpies and
entropies pertaining to an average environment. This is
particularly relevant when considering the significance
of the very large differences between the parameters for
different reactions (see Table 2).

In this particular study it is found that the activation
parameters for intrazeolite substitution reactions under
vacuum are very close to those found previously??® for
the PCO exchange reaction with [Mo(**CO),] at 110 Torr
BCO. An exact agreement would not be expected because
the rates depend on the pressure of *CO or the loading
of PMe,. The new activation parameters for substitution
are also close to the tentative ones previously derived by
making some quite significant assumptions regarding
the effects on the rate constants of different loadings of
PMe, .’ The enthalpy values are considerably less (ca. 70
kJ mol™') than those for the reactions in homogeneous
hydrocarbon solutions or even in the gas phase.’ However,
this contribution to the activation is offset by considerably
negative activation entropies which contribute ca. 50 kJ
mol! unfavourably to the free energy of activation at ca.
70 °C. On the other hand, the activation parameters for
the loss of three CO ligands, and the parallel anchoring in
the windows between the alpha cages, show an even lower
activation enthalpy and an even more negative activation
entropy.® The latter was rationalized by the proposal that
three neighbouring oxide ions in the inner surfaces of
the zeolite become attached to the carbon atoms of three
fac CO ligands as shown in Scheme 1. This reduces
the activation enthalpy, due to coincident formation of
three bonds, but reduces the entropy because of the very
restricted nature of the transition states. This led to the
suggestion® that the intrazeolite '*CO exchange reaction
was intermediate between the unrestricted reactions
in homogeneous solution and the tightly prescribed
decarbonylation and anchoring intrazeolite reactions, but
much closer to the latter. And the facts that the activation
enthalpies were higher, and the activation entropies were
significantly less negative, than for decarbonylation or
anchoring, were significant and indicative of a mechanism
in which only two oxide ions were involved in activating
two neighbouring CO ligands, rather than three. An
identical process for the reactions with PMe, is shown
in Scheme 2, where the activation and loss of two CO
ligands is followed by addition of two PMe, molecules
to form the cis-, disubstituted [Mo(CO),(PMe,), ] product.
Apart from the fact that the activation parameters for the
substitution reactions with precisely defined loadings of
chemisorbed PMe, are very close to those for the *CO
exchange reactions, the participation of two oxide ions
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is supported by the formation of the cis complex as the
only product under vacuum. The effective participation
of oxide ions in this way is fully in accord with the well
known susceptibility of the C atoms in CO ligands to
attack by “hard” nucleophiles such as “OR, N, etc."

At all temperatures the presence of an atmosphere of
650 Torr CO leads to formation of substantial amounts
of monosubstituted [Mo(CO),(PMe,)] in addition to
cis-[Mo(CO),(PMe,),]. However, under the conditions
we have used, the rates are not appreciably affected,
except at lower temperatures when they are reduced
only slightly (Figure 6 and Table 1). Previous studies
showed a rather larger retarding effect of CO,* but the
various sets of experiments reported here were carried
out independently by several different experimenters over
an extended period. We are confident that they represent
a true picture of the effects of the average environment
provided by the zeolite.

The stability of the cis-[Mo(CO),(PMe,),] at the end
of the reaction shows that the [Mo(CO),(PMe,)] cannot be
formed by displacement of PMe, from the former by CO.
This suggests that the loss of the two CO ligands from the
first intermediate in Scheme 2 is stepwise and not concerted,
and the sequence of reactions outlined in Scheme 3 is
consistent with the kinetic and yield data.

The following points are important. Step 1 has to be
rate determining, with step 2 being much faster to avoid
sufficient accumulation of the first intermediate for it to
be observable. Step 2 must be reversible, and Step 1 is
also probably slightly reversible, because an atmosphere
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of 650 Torr CO does reduce the rate detectably at lower
temperatures (see Table 1). If Step 1 were completely
irreversible then no amount of reversibility of Step 2 could
reduce the rate. This reversibility of Step 1 could be caused
by the greater accumulation of the first intermediate when
reactions are carried out under CO.

The intermediate formed in Step 2 has a vacant
coordination site, one that can be irreversibly filled by
PMe, or reversibly filled by CO in Step 3. This reversibility
means that the relative yield of [Mo(CO),(PMe,)] can be
enhanced because the net rate of CO loss is decreased so
that PMe, addition can compete with it.

The fact that [Mo(CO),(PMe,)] does not undergo
activation of two cis CO ligands and react further to form a
trisubstituted product is most probably due to a combination
of steric restrictions and the lower electron affinity of the
C atoms in the CO ligands due to the high basicity of the
PMe, ligand already present.

Finally, the negligible effect of the appearance, due
probably to minor leaks in the vacuum system, of a small
number of water molecules during many of the reactions is
of interest. These H,O molecules are expected to become
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attached to sodium ions so that an activation process
involving only or mainly attachment of the [Mo(CO),] to
these cations would be expected to lead to considerable
rate inhibition. The fact that this is not observed, and that
even the deliberate addition of water molecules has only
minor effects,' serves to support the importance in the
activation process of the oxide ions, rather than the Na*
ions as previously postulated.? There have been other
indications of the negligible effect of water molecules as
shown by the nature of products in such situations.'® The
importance of the high electric fields associated with the
bare cations in the surface of the cavities may therefore be
less than previously envisaged.*

However, there is a pronounced sharpening (shown in
Figure 1) of the 1975 cm™ band of the [Mo(CO),] upon
introducing the PMe,, but before significant reaction
occurs. This does indicate an initial interaction of the
[Mo(CO),] with the Na* ions, and a lessening of that
influence, consequent on the competing bonding of the
PMe, to Na* ions.

Conclusions

These results confirm that intrazeolite kinetics studies
of model organometallic reactions are perfectly feasible.
Reactions are stoichiometrically well defined and
reproducible although the rate constants obtained may
suffer from minor reproducibility problems. However,
the activation parameters relevant to average reactant
environments can provide indications of significant
differences in mechanism between different reactions,
revealing intimate details of the various activating processes
that zeolitic encapsulation can provide. Thus, the negligible
effect of the presence of water molecules, and the essential
participation of the oxide ions from the interior surface of
the zeolite cavities can be established, as well as the number
participating in particular reactions. Extension to studies
of reactions of related metal carbonyls and metal carbonyl
clusters enclosed in zeolites with different metal ions and
Si:Al ratios is likely to be of interest and the paucity of
such studies remains surprising.
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Table S1. Rate constants” for substitution reactions of [Mo(CO),] with
chemisorbed PMe, in dehydrated Na, Y under vacuum
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Table S2. Rate constants® for substitution reactions of [Mo(CO),] with
chemisorbed PMe, in dehydrated Na, Y under 650 Torr CO

uolypw.iofu| Aipjuswoa)ddnsg

T/(°C) 1975 cm’ 1865 cm'! T/(°C) 1975 cm! 1865 cm'!
10*k , (err, x*)" 10*k, (err, x*)” 10k, (err, x)* 10*k, (err, x)*

48 0.456 (13, 778) 0.517 (16, 136) 48 0.373 (9, 9319) 0.434 (5, 295)

48 0.722 (17, 96) 0.600 (8, 58) 48 0.395 (5,2191) 0.475 (123, 56)

48 0.676 (2, 153) 0.600 (8, 58) 48 0.544 (18, 1090) 0.343 (4, 129)

56 2.02 (36, 286) 1.54 (4, 170) 48 0.420 (7, 708) 0.508 (4, 37)

56 1.86 (4,5) 1.48 (2, 19) 0.309 (3, 216)

56 2.30 (9, 8) 1.42 (5, 34) 56 0.601 (10, 2714) 0.910 (47, 279)

66 2.56 (3, 15) 2.50 (9, 38) 56 0.967 (162, 2087)

66 2.38 (6,21) 2.30 (3, 20) 56 0.687 (7, 412) 0.806 (15, 61)

66 3.51(6,7) 3.46 (3,7) 56 1.65 (4, 4) 1.85(4,2)

66 4.62 (14, 14) 3.58 (6,60) 56 0.766 (12, 67) 0.889 (18, 387)

66 3.08 (7, 8) 2.86 (3, 17) 56 1.10 (1, 110) 1.14 (1,15)

75 5.42 (10, 3) 525(@8,7) 66 1.92 (9, 10) 3.86 (8, 23)

75 6.69 (4, 25) 66 3.08 (15,5) 2.01(3,5)

85 9.45 (12, 158) 9.10 (32, 373) 66 2.55(2,8)

85 103 (1, 1) 1.1 2, 1) 66 2.56 (4, 150) 3.10 (18, 466)

85 14.3(7,3) 75 5.44 (12, 1819) 5.03 (2, 694)

85 155(1,1) 14.4 (2,3) 75 6.38 (11, 5)

“Rate constants obtained by fitting the time-dependent absorbances to 85 12.0(2, 1)

: ergr] (::O:tgr(:g:lz Z’;s‘;;‘;g;‘ a(lfﬁllc:]: ;n;)(l;s:goodness of fit (the smaller the 8 1926 1)

number the better the fit). Thus 0.456(13, 778) represents 10% = 0.456 85 122(1, 1)

+0.013 s with > =778. 35 11.6 (1, 2)

“Rate constants obtained by fitting the time-dependent absorbances to

# Professor Vichi sadly passed away just as this manuscript was being
completed. Eduardo Vichi was the originator of the Intrazeolite Kinetics
project. He suggested it to A.J.P. in Toronto in 1983 and eventually
obtained funding for it through FAPESP and CNPq. He was a great

single or double exponential functions

? err = standard deviation of k ; x* =goodness of fit (the smaller the
number the better the fit). Thus 0.373(9, 9319) represents 10“‘k0h~ =0.373
+0.009 s with > =9319.
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