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Abstract: The first quantitative and detailed kinetic study of simple thermal reactions of a molecule encapsulated in a zeolite
cavity is reported. Substitution reactions of Mo('2CO), with PMe, in the a-cages of a Nas,Y zeolite host proceed cleanly
to form cis-Mo(CO)4(PMe;), by what are essentially pseudo-first-order dissociative and associative processes. Reactions with
13CO proceed only by the dissociative path, which is 10° times faster than corresponding reactions in homogeneous solution.
Dissociative substitution by PMe; is retarded by applied pressures of 12CO, as expected, but it is also retarded to a significant
extent by increased Mo(CO), and PMe; loadings. Substitution by !3CO is similarly retarded by increasing pressures of the
entering °CO. The activation parameters, AHy* = 61 & 5 kJ mol™! and ASy* = —139 & 15 J K*! mol™!, are unusual for a
dissociative process but can be interpreted on the basis of structural information concerning pertinent reactant and product
guests obtained mainly from FT-mid-IR, EXAFS, and DOR-MAS-NMR analytical methods. The kinetics data reveal that
the a-cages of NasY provide precisely defined activating environments of a unique kind. From a coordination chemistry point
of view, these “nanoreactors” appear to behave as macrospheroidal multidentate multisite anionic ligands (which we call “zeolates™)
toward extraframework charge-balancing cations to which metal carbonyl reactant, product, and ligand guests can become
attached. The best model that emerges from this study pictures a supramolecular assembly of Mo(!2CO), and PMe;, 1*CO,
or 2CO, housed within the a-cage of NasY, anchored to extraframework Na* cations, and subject to loading-dependent cooperative
interactions. These interactions appear to control the extent of activation of Mo('2CO), through the degree of ordering (lock
and key) of the {Mo('2CO)s~'2CO}* dissociative transition state. All involve a-cage Na* anchoring interactions, probably
together with some influence of oxygens of the six-rings. Substitution by PMe; can also occur by two associative paths, one
that involves PMe; molecules chemisorbed to Na,,* ions in the nanoreactors, and another that we believe involves PMe; molecules
physisorbed in the region of the 12-ring windows of the a-cages. Strikingly, these associative reactions are somewhat slower
than corresponding reactions in homogeneous solution, and they are much less subject to loading effects than the dissociative

reactions.

Introduction

A great deal is currently known about the static structure—
bonding properties of a wide range of zeolite types.! Comparable
details concerning occluded guests are beginning to emerge with
the advent of a multiprong® solid-state approach to structure
determination including such powerful methods as DOR-MAS-
NMR, EXAFS, and RIETVELD PXRD.

Much information is also documented relating to the dynamic
behavior of the zeolite host. These host lattice effects can be
classified into oxygen-framework, T-atom, and extraframework-
cation dynamics. The first’ includes TOT bond making and
breaking, '*0/'*0 isotope exchange, hydroxyl nest formation and
healing, and adsorbate-induced structure transformations. The
second encompasses dealumination, T-atom diffusion, and TO,
motional effects.* The third involves intra- and intersite hopping,
intra- and intercavity diffusion, and ion-exchange phenomena.’

Guest dynamics need to be categorized into two main classes.
One concerns motional behavior within the void spaces, and the
other focuses attention on reactivity patterns. The former contains
effects such as intra- and intercavity diffusion, anchoring site
acrobatics, and inter- and intramolecular exchange processes.®
The latter depends on the class of guest, the type of intrazeolite
chemistry, and whether stoichiometric or catalytic transformations
are involved.” Considering the pervasive use of zeolites for a huge
collection of size- and shape-selective chemical and catalytic
processes, it is surprising to discover that quantitative studies,
aimed at yielding activation parameters and mechanistic infor-
mation, are essentially nonexistent in the open literature for
virtually any kind of intrazeolite chemical reaction. One of the
purposes of the present study is to begin to take a significant step
toward improving this situation. Another goal of our research
effort is to attempt to move beyond the static structure-bonding
details derived from spectroscopic, diffraction, thermal, and
microscopic methods and to start developing a type of “kinetic
signature” for the intrazeolite reactivity patterns of different kinds
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of encapsulated guests. Through this approach one anticipates
learning about intrazeolite annealing, ordering, anchoring, self-
assembly, and cooperative phenomena involving reactants, tran-
sition states, and products, all subject to restricted geometry, size,
and shape constraints.

The system selected as an archetype for our first investigation
in this field is the 2CO substitution of Mo(*2CO),—NasY by PMe,
and CO. A brief communication and a conference report of this
work have been published recently.?

Experimental Section

Materials. The high-purity, crystalline sodium Y, denoted NayY,
with the unit cell composition Nas(A10,)5(Si0,),34'xH,0 was obtained
from Dr. Edith Flanigen at UOP, Tarrytown, NY. To remove cation
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Figure 1. Mid-IR cell for in situ thermal treatments, loading of reactants,
and kinetics measurements: (A) stainless-steel reaction chamber; (B)
water /air-cooled NaCl windows; (C) quartz tube, where the dehydrations
are done; (D) metal O-ring sealed flange; (E) stainless-steel sample
holder; (F, and G) sublimation chambers; and (H) connection to vacu-
um/gas line.

defect sites, a sample of the calcined Nas,Y was slurried with 0.01 M
NaCl/0.01 M NaOH solution and washed until free of CI". Samples
were stored over saturated NH,Cl solution to ensure a constant humidity.
Mo('*CO), was purchased from Alfa Products, Wardhill, MA. Labeled
3CO was obtained from Merck Sharp and Dohme Isotopes, Montreal,
PQ. The adduct (trimethylphosphine)silver iodide, (PMe;-Agl),, was
used as the source of PMe; (0.25 g of PMe;/g of adduct) and was
obtained from Aldrich, Milwalkee, WI. Mo(CO)sPMe; and cis-Mo-
(CO).(PMe,), were synthesized according to literature procedures.’

Spectroscopic Cells. A specially designed mid-IR cell was used in this
work for in situ treatment of samples and spectroscopic measurements.
The kinetics cell (Figure 1) consists of a one-piece stainless-steel reaction
chamber (A) with two water/air-cooled windows (B). The reactor is
embedded in a specially built furnace which allows for heating the sample
to the desired temperature. The reactor is joined, via a metal O-ring
sealed flange (D), to a quartz tube (C) where all pretreatments are done.
Thermal treatments in the quartz section of the cell can be carried out
at temperatures up to about 500 °C, while the reactor can be used
between room temperature and 200 °C. A zeolite wafer is placed into
a stainless-steel holder (E), which can easily be moved into a space
between the NaCl windows. A slit of the same size as the pellet holder
assures that the sample does not move during measurements. The quartz
end of the reactor has three T-shaped attachements: two sublimation
chambers (F and G), and a connection (H) to a vacuum/gas line. The
in situ loading NMR cell (Figure 2) consists of a double-crossed glass
tube. The first cross arm connects the cell to a vacuum/gas line (A) and
the reactant reservoir (B). The reactant reservoir can be either connected
to a vacuum line or opened to the cell where the dried zeolite powder is
held on the stainless-steel frit (C). The straight end of the cell is a quartz
tube (D) where all the thermal treatments are performed. The zirconia
rotor is housed in a Teflon holder (E) working also as a funnel. A
multiple O-ring sealed cap for the rotor is attached to the plunger (F)
and can be moved down to close the rotor after it has been packed. The
cell also has a mobile arm (G) which helps to compress the powder
properly in the rotor. It can be moved into position right above the rotor
and pulled down using H. The far-mid-IR cell used in these studies was
described elsewhere.'?
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Figure 2. NMR cell for in situ thermal treatments, loading of reactants,
and filling of the NMR zirconia rotor: (A) connection to vacuum/gas
line; (B) reactant reservoir; (C) stainless-steel frit, where the zeolite is
placed to be loaded with reactants; (D) quartz tube, where the thermal
treatments are performed; (E) Teflon holder for the zirconia rotor; (F)
plunger with the rotor cap; (G) mobile arm to compress the powder while
loading the sample in the rotor; and (H) bottom part of G, with which
this arm is moved.

Spectrometers. The mid-IR and far-IR spectra were taken on a Ni-
colet 20 SXB FTIR spectrometer. All spectra presented have been
obtained by subtraction of the initial spectrum of the dehydrated zeolite
from the spectrum of the sample after organometallic impregnation.
’Na DOR-NMR spectra were recorded on an 11.7-T Chemagnetics
CMX-500 spectrometer using a home-built probe described else-
where.''”  The spinning speed was 5 kHz for the inner rotor and
500-700 Hz for the outer one. All samples were loaded into the inner
rotor using rigorously anaerobic handling procedures. The experimental
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Substitution Reactions in Sodium Zeolite Y

parameters used for observing *Na DOR-NMR spectra are the follow-
ing: resonance frequency 132.28 MHz; 90° pulse length 11 us; chemical
shift reference material 0.1 M NaCl; pulse delay 0.5 s; aquisitions
500-1000 scans. All spectra were zero-filled to 2K data points, with
50-Hz Lorentzian broadening. In addition, >*Na and 3P MAS-NMR
measurements at 7.0 T were carried out on a Chemagnetics CMX-300
spectrometer with a Chemagnetics MAS probe and rotor and 7.5-mm
zirconia spinners run at speeds of ca. 3 kHz.!* The following conditions
for recording Na MAS-NMR spectra were used: resonance frequency
79.2 MHz; 90° pulse length 5 us; pulse delay 2 s; aquisitions 500~1000
scans. *'P MAS-NMR spectra of solid samples were recorded at a
resonance frequency of 121.3 MHz: 90° pulse length 4.1 us; pulse delay
2 s; aquisitions 500—-1000 scans.

EXAFS data were collected at the National Synchrotron Light Source
(Brookhaven National Laboratory, Upton, NY) on beam line X-11A.7
The monochromator was equipped with a Si(330) crystal pair, which was
not detuned since synchrotron radiation harmonics do not cause inter-
ferences at energies near 20 keV. The data were obtained in transmission
mode by using a pair of GSK Scientific ionization detectors filled with
krypton (sealed, post sample detector) and flowing argon (pre sample
detector), respectively, both at atmospheric pressure. All samples were
cooled to about 100 K before spectra were taken. For all samples and
the reference (bulk crystalline Mo(CO)g, in which the Mo—C distance
as determined by crystallography!2 is 2.063 A), the Mo K edge at 20.000
keV was scanned beginning at 200 eV before, and ending at about 1300
eV above, the edge. The monochromator energy origin was calibrated
using a 5-um molybdenum foil.

Loading Determinations. About 20 mg of size-sieved zeolite crystals
was pressed into a self-supporting wafer having a diameter of 16 mm by
applying a pressure of 5 tons/in.? for 10s. The disk was secured in the
stainless-steel holder and placed in the quartz part of the cell. The wafer
was thermally dehydrated under dynamic vacuum by using an Omega
series CN-2010 programmable temperature controller according to a
preset program: 25-100 °C over 3 h, 4 h at 100 °C, 100-450 °C over
5h, and 2 h at 450 °C. Dehydration was followed by calcination in a
static atmosphere of 300-350 Torr of O, at 450 °C for | h, which was
followed by pumping at this temperature for 30 min. The degree of
dehydration was judged by the flatness of the base line in the mid-IR v
stretching and do,, deformation regions, 3400-3700 and 16001650 cm™!,
respectively. When a sufficiently dehydrated sample was obtained, the
wafer was moved into position above the entrance to the sublimation
chamber and loaded with PMe;, Mo(CO),, and Mo(CO)sPMe; in the
infrared cell to amounts controlled by opening the appropriate valve for
a fixed time and measured by the absorbance of the bands at 1437, 2123,
and 2068 cm™!, respectively. The wafers were then analyzed for their
content in phosphorus and molybdenum by SEM-EDX (Imagetec) and
in molybdenum by neutron activation analysis (the University of Toronto
Slow Poke facility). Linear plots of absorbance vs phosphorus or mo-
lybdenum content were obtained and used as loading calibrations in later
experiments.

The maximum loading of chemisorbed trimethylphosphine was de-
termined by introducing the vapor of the compound into the zeolite wafer
in the cell and pumping at room temperature until the absorbance of the
band of intrazeolite PMe; at 1437 cm™ remained constant. This sample
was then analyzed for the content of phosphorus.

NMR Measurements. The samples for the NMR studies were pre-
pared as follows: 300 mg of size-sieved Na,Y was placed in the quartz
end of the cell shown in Figure 2 (D) and thermally dehydrated, ac-
cording to the program described above. The NasY powder was then
collected on the frit (C), and a predetermined amount of Mo(CO),
and/or PMe; was sublimed into the cell. For the preparation of {Mo-
(CO)(PMe;),}-Nas.Y, a known amount of Mo(CO), followed by PMe;
was introduced into dehydrated Nay,Y. In this case, after the addition
of the reactants, the powder was moved back to the quartz section of the
cell and heated at 65.8 °C for 2 h. The sample was moved toward the
Teflon holder (E) where the rotor was placed, and gradually the powder
was packed and pressed into the rotor with the aid of a plunger (G). The
anaerobically sealing rotor cap was then pushed into place.

EXAFS Measurements. Samples for analysis by EXAFS were em-
bedded under an inert atmosphere in a mixture (50 wt % each) of reagent
grade octacosane and hexatriacontane and then pressed into wafers of
uniform 10-mm thickness inside aluminum cells. Following this, 25-
um-thick Kapton windows were affixed to the cells using high-vacuum-
grade epoxy resin. The amount of material embedded in each cell was
chosen so as to give a total X-ray absorption of about 1.5 at the Mo K
edge (20.000 keV). The data were analyzed according to standard
methods,'? and the structural parameters (interatomic distances, coor-
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dination numbers, static disorder, and inner potentials) of the samples
were obtained by simultaneous least squares fitting of each filtered,
back-transformed data set using phase and amplitude functions extracted
from the reference compound.

Kinetics Measurements. Suitably dehydrated wafers (ca. 20 mg) of
NasgY were loaded with Mo('2CO), and PMe; as described above, the
PMe; loading generally being in molar excess compared with that of
Mo('*CO).

The addition of gaseous compounds, !2CO and *CO, was performed
after the occlusion of organometallics and, where appropriate, the tri-
methylphosphine. Pressure-dependent kinetics experiments were per-
formed in the range from 25 to 650 Torr.

After all the reactants had been added to the zeolite, the cell was held
horizontally, the wafer located in the quartz end of the cell, and the
reactor heated to the reaction temperature for 1 h to allow for stabili-
zation of the reactor temperature. The sample was then placed between
the NaCl windows of the kinetics cell for measurements. At each tem-
perature studied, time was allowed for the wafer to reach the reaction
temperature.

Rate data were obtained by monitoring changes in the intensity of the
IR band at 1975 cm™! due to Mo('2CO),. All the reactions studied
showed very clean isosbestic points in the IR spectra,'* and no further
spectroscopic changes were observed after completion of the initial re-
action. In all cases values of 4.. were very small when compared to the
initial 4, values. Plots of In [(4, - A4.)/(A4, — A.)] versus time were
linear for about 85-90% of the reaction.!*

Results

Nanoreactor Loading. Quantitative adsorption experiments
demonstrate that saturation loading of Mo(*2CO), from the vapor
phase into Nas.Y yields samples containing 2 Mo('2CO),/a-cage
or 16 Mo(*>CO)¢/unit cell, denoted by 16{Mo('2CO)¢}-NasY.!
The population n of occluded Mo('2CO), guests per unit cell can
be controlled to any value in the range 0 < # < 16. Similar uptake
experiments conducted for PMe; defined saturation loading values
under vacuum (i.e., chemisorbed PMe,) that are double that of
Mo('2CO), namely, 32{PMe,}-Nas;Y. Additional, physisorbed
PMe; molecules can be occluded in each unit cell to give a total
of almost 56{PMe,}-NaY in the absence of an applied vacuum.
At half-saturation loading values of Mo(!2CO),, the adsorption
capacity remaining for chemisorbed PMe; was determined to be
half of its normal value, yielding samples denoted by 8{Mo-
(12CO)¢},16{PMe;}-Nas.Y; further sublimation of PMe;, can yield
samples approaching 8{Mo('2CO)¢},40{PMe,}-Na,Y.

Organization of Mo('>CQ), and PMe, in the Nanoreactors.
Crystallographic studies of NassY have established the existence
of cations at sites II and III in the supercage.' The a-cage six-ring
sites II are always the most highly populated, with roughly four
cations per supercage, creating what appears to be a “tetrahedral
ion trap” for occluded guests. In the case of H{Mo(CO)g-RbsY
and n{fW(CO)¢-NasY, EXAFS,'*!7 FT-mid-far-IR,'® and *Na
MAS-DOR-NMR Y structure analysis defines the presence of the
hexacarbonylmetal(0) guest, anchored to, and locked between,
two adjacent site II cations. A maximum of 2 M(CQO), guests
oriented orthogonally with respect to each other can be housed
in the a-cage of NasY. These structures are illustrated in the
Chem-X space-filling model shown in Figure 3B,D.

3P MAS-NMR, ¥Na MAS-DOR-NMR, and FT-mid-far-IR
spectroscopic analysis of m{PMe;}-NaY favors a scheme in which
each PMe, is coordinated to an a-cage Na* ion. At saturation
loading under vacuum it is therefore likely that the four PMe,
molecules are chemisorbed to the four tetrahedrally disposed site
II Na* ions, as illustrated in the Chem-X space-filling model
shown in Figure 3A. This structure is somewhat analogous to
that determined by neutron diffraction for m{CsH}-Nas Y .20
The additional PMe, molecules that can be adsorbed in the ab-
sence of an applied vacuum are only physisorbed, and they most
probably reside in the vicinity of the four 12-ring entrance windows
to the supercage of NassY. In this they resemble the situation
shown?® by neutron diffraction data for benzene and pyridine in
NasY, and physisorbed PMe; has also been shown?! by *'P
MAS-NMR to exist in Hs,Y under similar loading conditions.

Following occlusion of Mo(CO)s vapor in NasY, fully
equilibrated (annealed) samples can be produced. These are best
described!’ as trans-ZONa--(OC)Mo(CO),(CO)--NaOZ per-
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Figure 3. Molecular graphics representation of (A) 32{PMe;}-NayY;
(B) 8{Mo(CO)¢}-NayY; (C) 8{Mo(CO)}, 16{PMe;}-Nas.Y; and (D)
16{Mo(CO)¢}-NasY (Chem-X Graphics).
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i | | | | } | ]
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Figure 4. Mid-IR spectra of (a) annealed 4{Mo('?*CO)¢-Nas.Y and (b)
4{Mo('?CO)¢},16{PMe;}-Nas Y. Far-IR spectra of (¢) dehydrated
NaY; (d) annealed 4{Mo('2CO)¢}-Nas.Y; and (e) 4Mo('*CO)},16-
{PMe;}-NasY.

fectly locked between two adjacent site II Na* ions. The inter-
action space offered by these Na* ions appears to be optimal for
trapping Mo(CO),, as can be nicely judged from Chem-X
space-filling models of this system, Figure 3B.

Cooperative Effects in the Nanoreactors of NagY. The vco
spectral region of well-annealed nfMo(CO)¢-Na;sY (0 <n =<
8) displays a well-resolved six-line diagnostic pattern of C,, (or
lower) symmetry trans-ZONa--(OC)Mo(CO),(CO)--NaOZ, in
which the Mo(CO), guest is optimally locked into place between
two adjacent supercage site II Na* cations. The addition of either
PMe, (see Chem-X space-filling model in Figure 3C) or 2CO
to these samples induces a partial collapse of the six-line »co
spectrum, as illustrated in Figure 4. The resulting »cg spectrum
is characteristic of Mo(CQ)4 molecules that are more weakly
anchored to two Na* ions.

The cation translatory modes of Na* found in the far-IR spectra
show small but reproducible frequency shifts and intensity changes
following occlusion of Mo(CO)s, annealing, and addition of PMe;,
although they are much less striking than those seen in the mid-IR.
The virgin dehydrated Na;s,Y shows bands at 95, 112, 162, and
192 em-! corresponding to Na* sites III, I, I, and II, respectively.?
The interaction of site II Na* ions with Mo(CO), shifts the
corresponding band by about 1 cm™. The site III Na* band also
shifts by about the same amount. The introduction of PMe; causes
the site II band to shift to 187 cm™!, the change of 5 cm™! causing
overlap with the site I Na* band (Figure 4). The band corre-
sponding to site III Na* ions also shifts, causing overlap with the
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site I’ Na* band at around 106 cm™'.

The PMe;, effect seems to be best interpreted in terms of a type
of deannealing process of the Mo(CO), guest induced by a-cage
ZONa*.~-PMe; interactions. These cooperative effects appear to
exist between anchored Mo(CO), guests and PMe; or CO ligands,
as well as the cations and oxygen framework atoms of the zeolite.
Strong evidence for this proposal can be found in the 2’Na
DOR-MAS-NMR spectra of 8{Mo(CO)¢}-Nas,Y before and after
annealing and on subsequently saturating this sample with PMe;,
to yield the reactant pair 8{Mo(CO)g},16{PMe;}-Nas Y. *Na
(I = 3/,, 100%) is a quadrupolar nucleus, and it can therefore
interact with both magnetic fields and electric field gradients
(EFGs) to yield higher order, orientation-dependent broadening
that neither magic angle spinning (MAS-NMR) nor multiple pulse
sequences can remove by themselves. By contrast, double rotation
(DOR-NMR) averages out both first- and second-order aniso-
tropic interactions, thereby permitting unprecedented detail to
be obtained about the local environment of quadrupolar nuclei
in solids.!!!> Therefore the NasY virgin host, the 8{Mo-
(CO)¢}-NasY precursor, and the 8{Mo(CO)},16{PMe;}-Nas Y
reactant pair present an ideal opportunity to evaluate the usefulness
of 2’Na DOR-NMR spectroscopy for studying anchoring inter-
actions between the extraframework Na* ions and encapsulated
guest, and annealing and cooperative effects.? Let us first focus
attention on the 2Na MAS-NMR spectrum? of fully dehydrated
NasY (XRD/ND-determined site distribution:® I (7.1-7.7), I’
(13.4-18.6), II (29.4-32.0), III (0~6.5)). Here one observes a
single broad asymmetrical resonance centered around —-12 ppm.
In striking contrast, the Na DOR-NMR spectrum of this same
material, Figure Sa, vividly reveals that this signal in fact originates
from a convolution of distinct Na* ion site resonances, which are
assigned I (-4 ppm; double six-ring, hexagonal prism), II (-29
ppm,; six-ring, a-cage) and I’ (-40 ppm, six-ring, 8-cage). These
resonances have been identified through a combination of site-
selective Na* ion exchanges (e.g., Nasq,T/,Y) and site-selective
adsorption (e.g., fM(CO)-NasY), as is described elsewhere.?’
The very low intensity of the most populous Na*,, at =29 ppm
in Figure 5a is at first rather surprising. The dominant effect of
anchoring Mo(CO), guests in the a-cage of Nas.Y is always seen
as a dramatic enhancement of the intensity of the =29 ppm res-
onance, as in Figure 5b. The relatively small intensity of the 2*Na
DOR resonance from site II Na* in the virgin dehydrated Nas Y
at around —29 ppm might originate from a distribution of chemical
environments of Na* at this site, which could also explain the
broad background **Na signal. This distribution might be brought
about through motion, on the time scale of the NMR experiment,
of the site II Na* cations between accessible sites in the spacious
a-cage. However, a more ordered array of “anchored” site II Na*
cations is formed upon adsorption of Mo(CO), into the a-cages
of NasY, thus restricting the Na* to a specific location, with the
concomitant emergence of the narrower resonance at around -24
ppm. Here one essentially “discovers” site II Na* by transforming
“half-naked” ZONa,, to coordinated trans-ZONa,,-(OC)Mo-
(CO),4(CO)~Na,;OZ. The effect of increasing the loading of
Mo(CO), in NasY is seen to be a monotonic growth in the
intensity of the Na,,* resonance with an accompanying deshielding
effect of about 5 ppm at half-loading (# = 8). Interestingly, this
deshielding of Na,,* with increasing guest loading alerts one to
the existence of negative cooperativity effects, where guest-zeolite
and guest—guest interactions reduce the strength of bonding be-
tween the Na,,* ions and the six-ring oxygens on the one hand,
and/or the Na*,, ions and the ligating oxygens of the Mo(CO),
guest on the other. Cooperative effects of this type have been
observed in the loading-dependent isosteric heats of adsorption
of CH, in NaZSM-5% and the loading-dependent ZONa--CsH;
bond distances in #{CsHg-Na Y. %

A further change in the environments of the extraframework
Na* cations is detected in the 22Na DOR spectrum of the in-
trazeolite reactant pair, 8{Mo(CO)},16{PMe;}-NassY, Figure 5c.
Here, the addition of two PMe; guest molecules into an a-cage
containing one Mo(CO)¢ reactant molecule causes a downfield
shift of the 2*Na signals associated with Na* at sites I and I".
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8{Mo(CO)g)-NaggY

20 §(Mo(CO)g),16(PMeg)-NaggY

ppm

Figure 5. Na DOR-NMR spectra of (a) dehydrated Na,Y; (b) an-
nealed 8{Mo(!2CO)¢NasY; (c) annealed 8{Mo(}*CO)},16(PMe;}-
Na,Y; and (d) annealed 8{cis-Mo(**CO),(PMe;),}-NasY. The aster-
isks denote spinning side bands.

The positions of these two resonances in the spectrum of 8{Mo-
(CO)4),16{PMe;}-Nay Y are shifted significantly downfield to —20
and -27 ppm, respectively, from those of both the dehydrated
NayY sample, Figure 5a, and the reactant 8{Mo(CO)-Na,Y,
Figure 5b. The results provide compelling evidence for a direct
electronic effect exerted by the PMe, guests on the site II Na*
cations anchored to the reactant Mo(CO),. The »*Na DOR
spectrum shown in Figure 5c also signals an indirect negative
cooperative effect exerted by the PMe; guests on the site I’ Na*
cations inside the adjacent sodalite cages. Additional details are
to be found elsewhere.? This brings consistency to the conclusions
drawn from mid-IR, far-IR, and DOR-NMR spectroscopy.

Identification of the Kinetic Product, {cis-Mo(CO),-
(PMe,),NagY, of the Reaction of {Mo(CO)¢-NasY with PMe;:
Chemical, Vibrational, NMR, and EXAFS Probes. A collection
of chemical and spectroscopic methods have been employed in
order to unequivocally identify the product of the intrazeolite
reaction of {Mo(CO)¢-NasY with PMe; as {cis-Mo(CO),-
(PMe;),}-Nas Y. Thus:

(i) Using bulk cis-Mo(CO),(PMe,), and Mo(CO),(DMPE)
as SEM-EDX calibration standards, one finds that the Mo:P ratio
in the kinetic product is close to 1:2.

(if) The vco mid-IR spectrum of the kinetic product is very
similar to that of cis-Mo(CQ),(PMe,), dissolved in tetrachloro-
ethylene solution (Figure 6) but with 14-38-cm™! cation-induced
red frequency shifts on each of the four expected - modes. Thus,
the vco frequencies for cis-Mo(CO),(PMe,), in solution are 2015,

J. Am. Chem. Soc., Vol. 115, No. 4, 1993 1219

a

w

(8]

Z

o

= b

@]

[42]

m

« 2000 1900 cm™!

1 ! { L | L 1
2400 2180 1960 1740

WAVENUMBER (cm!)

Figure 6. Mid-IR spectra of cis-Mo(}2CO),(PMe;), (a) in tetrachloro-
ethylene solution and (b) occluded in Na,Y.

1914, 1892, and 1882 cm"', while those for {cis-Mo(CO),-
(PMe;),1-NasY are 1997, 1900, 1864, and 1844 cm™!.

These observations imply that the anchoring sites for the
precursor trans-ZONa, -+ (OC)Mo(CO),(CO)-+Na,,OZ and the
kinetic product are very similar, namely, trans-ZONa,,-(OC)-
Mo(CO),(cis-PMe,),(CO)--Na,,OZ for the latter.

(iii) The 3'P MAS-NMR spectrum of the kinetic product re-
sembles the 3'P NMR spectrum of cis-Mo(CO),(PMe;), dissolved
in benzene, except for an upfield shift of about 5.6 ppm due to
the ZONa,~OC anchoring interactions described above. Thus,
the 3'P NMR chemical shifts, relative to 85% H,PO,, are -20.1
ppm for the product in NasY and —14.5 ppm for cis-Mo-
(CO),(PMe;); in benzene. These compare with shifts of =59.4
and ~19.8 ppm for PMe; and Mo(CO);(PMe,), respectively, in
NasY, and with shifts of —61.0 and ~17.3 ppm, respectively, in
benzene.

(iv) The reaction of {Mo(CO)s(PMe,)}-NasY with PMe; yields
a product identical with that from {Mo(CO)¢-Na,Y %

(v) The reaction of {Mo(CO)¢~NasY with 1,2-bis(di-
methylphosphino)ethane, DMPE, yields the same type of intra-
zeolite complex, namely, {cis-Mo(CO),(DMPE)}-NasY, with a
diagnostic mid-IR spectral pattern very similar to that of {cis-
Mo(CO),(PMe;),}-NasY.

(vi) The results of EXAFS measurements have reinforced the
conclusion, drawn from the above methods, that the kinetic product
at low reactant loadings is indeed {cis-Mo(CO),(PMe,),};-NaY.
The following is a synopsis of the Mo K-edge EXAFS structure
analysis results for the kinetic product, which are presented in
detail in a separate publication for the entire alkali metal cation
zeolite Y series.?” In brief, a qualitative assessment of the Fourier
transforms depicted in Figure 7a,b indicates a striking similarity
between the zeolite-encapsulated kinetic product and the bulk
compound cis-Mo(CO),(PMe,),. The plot (Figure 7c) of the
Fourier filtered, inverse-transformed EXAFS data contains
contributions from Mo—C-O, Mo—-P, and Mo—~C-0 back-scat-
tering for the kinetic product. Along with this, the dashed curve
in Figure 7c represents the least squares fit to the standard radially
symmetrical Mo K-edge EXAFS equation. The resulting pa-
rameters are shown in Table I. A comparison of the two curves
in Figure 7¢ indicates the quality of fit, where the residual sum
of squares error value was typically 6 X 1073,

Collected together, the above information provides compelling
evidence that the kinetic product of the reaction of
{Mo(CO)¢~NasY with PMe; at low reactant loadings and in the
absence of an externally applied pressure of CO is indeed {cis-
Mo(CO),(PMe;),}-NayY.

The question of whether the cis-Mo(CO),(PMe,), is produced
by the initial formation of Mo(CO)s(PMe;), followed by a much
more rapid step to form the bis-substituted product, was inves-
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Figure 7. Fourier transform magnitudes of the base-line-corrected, normalized, k!-weighted EXAFS data for (a) bulk cis-Mo(CO),(PMe;), and (b)
{Mo(CO),(PMe;);}-Nas Y. (c) The amplitude of the EXAFS k,x function for the {Mo(CO),(PMe;),-NasY sample (solid curve) and the least squares
fit obtained using amplitude and phase functions extracted from the reference compounds Mo(CO), and trans-Mo(N,),(PPh,Me), (dashed curve).

Table I. EXAFS Structural Analysis of the
{cis-Mo(CO),(PMe;),}-Nas Y Kinetic Product?

bond static inner
coord dist disorder potntl
sample atom pair’ no. (A) (A) (eV)
cis-Mo(CO),- Mo-C-0 400 204 -0.0001 -2.6
(PMey), Mo-P-CH; 2.17 2.56 0.0005 1.0
Mo-C-0 400 3.16 -0.0019 1.2
{cis-Mo(CO),- Mo-C-0 3.79 2.02 0.0000 —?2
1

(PMe;),Na, Y Mo-P-CH; 1.59 257 -0.0016 1.
Mo-C-0 379 3.6 -0.0014 -0.

aReference compounds: Mo(CO)y, trans-Mo(N,),(PPh,Me),, and
¢cis-Mo(CO)(PMe;),. °Refers to molybdenum to italicized atom (C,
P, O).

tigated by a study of the reaction of low loadings of Mo(CO);-
(PMe,) with PMe, at an average loading of ca. 3 molecules/a-
cage. This reaction proceeded to form cis-Mo(CO),(PMe3),, but
the reaction was not quite complete after 12 h at 70 °C, whereas
a reaction of Mo(CQ), with PMe, under similar conditions was
clearly complete after only 2 h. The monosubstituted compound
is therefore certainly not formed as an intermediate on the way
to the cis-Mo(CO),(PMe,), product under these conditions. The
nature of the products found under some other conditions will be
described and discussed later.

Identification of the Products of the Reaction of Mo('?CQ),
with 13CO: Mixed Isotopic Species Mo('2CO),_,(1*CO),~NasY.
Determining whether or not mixed isotopic species exist in this
system turns out to be a pivotal point in elucidating intimate
mechanistic details of the intrazeolite reaction of Mo(*2CO)¢—
NasY. Under normal conditions in a kinetics run, one would have
an “effective” 2CO:13CO ratio of ca. 1:10° (0.1-0.2 Mo-
(*2CO)¢/a-cage, P('*CO) = 50 Torr, ¥ = 0.75 L, assuming all
2CO contained in Mo(*2CO), is made available for reaction).
Hence the detection of any mixed isotopic species {Mo-
(12C0);.,(*CO) }-Nas Y (p = 1-5), especially in the mid-IR
spectral region ofp intense asymmetric »co modes, is likely to meet
with failure. To optimize the chances of detecting mixed isotopic
species, the experiment must be performed under high loading
conditions (1 Mo('?CO)¢/a-cage, P('3CO) = 50 Torr, ¥ = 0.75
L) where the “effective” 12CO:3CO ratio is ca. 1:10, the spectra
being measured in that region of the mid-IR which minimizes band
overlap, i.e., the symmetric »co modes around 2100 cm™!.

Thus, the progress of the »co band around 2100 ¢cm™! in the
13CO exchange reaction of Mo('2CO)~NasY (Figure 8a) shows
that, at the end of a run, the spectrum is transformed into one
showing a vco band at 2073 ecm™! (the region of Mo(**CO)s~Nas Y
absorption) with a noticeable high-frequency shoulder around 2094
cm-! (Figure 8b). On evacuating this sample and adding fresh
13CO, the main »co band around 2073 cm-! narrows a little and
red shifts slightly to 2067 cm™!. Concomitantly the intensity of
the high-frequency shoulder decreases almost to 0 (Figure 8c).

ABSORBANCE

Zib 241 212 2108 2084 2065 2046

WAVENUMBER (cmi™!)

Figure 8. Symmetric stretching mid-IR region of 8{Mo(*2CQ)},m-
{CO}-Nas.Y, under 50 Torr of *CO: (a) 8{Mo('2CO)¢-NasY, (b)
{Mo('3CO)¢}-NaseY and {Mo('?CO),_,(*CO),}-NasY, and (c) 8{Mo-
(CO)¢-Nay Y obtained after the '*CO in the cell atmosphere was
renewed and the reaction was allowed to go to completion.

These experiments with high initial loading of Mo('2CO),
provide unequivocal proof for the formation of mixed isotopic
{Mo('2CO),,(*3CO),+-NassY species in the *CO exchange re-
action of {Mo('?CO)¢-Na,Y. Isotopomers are just observable
at 12C0O:CO = 1:100. It is not suprising that they could be missed
entirely under the normal operating conditions of a kinetics ex-
periment where 2CO:}3CO = ca. 1:1000, especially when it is
noted that for the highest frequency, 4,, equatorial »¢q stretching
mode of the C,, trans-ZONa--(OC)Mo(CO),(CO)---NaOZ
species, one predicts a total of 30 mixed isotopic Mo(*2CO)_,-
(*CO),~NassY molecules to absorb in the mid-IR frequency range
2160-2050 cm™!!

Kinetics. The rate constants were obtained from a nonlinear
least squares analysis®® of the dependences of 4,(1975 cm™) on
time ¢, and values obtained for reactions carried out under a wide
variety of conditions are collected in Tables II-VII. Values of
activation parameters obtained by a least squares analysis of the
dependence of In (k/T) on 1/ T, found for some specific conditions,
are given in Table VIII.

(28) Swain, C, G.; Swain, M. S,; Berg, L. F. J. Chem. Inf. Comput. Sci.
1980, 20, 47.
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Table II. Kinetics Data for Reactions of Mo(CO), with PMe; in Nas,Y at 65.8 °C: Rate-Constant Dependence on PMe; Loading in the
Presence and Absence of an Externally Applied Pressure of CO (650 Torr)

[Mo(CO)q]. — (Pc’]f
molecules/a- PMe,,° [Pc],b molecules/ [(Ppl.¢ 10*k e, 104k ed”
run cage molecules/a-cage molecules/nr “empty” cage molecules/nr s s!
No Applied Pressure of CO

1 0.18 0.57 0.57 0.57 0 5.27 5.31

2 0.16 1.50 1.50 1.50 0 5.19 4.56

3 0.19 1.70 1.70 1.70 0 4.34 4.47

4 0.15 2.06 2.00 2.07 0 3.99 424

5 0.18 2.10 2.00 2.12 0 4.33 4.21

6 0.20 2.30 2.00 2.38 0 3.7 4.00

7 0.18 2.70 2.00 285 0 4.08 3.67

8 0.20 4.00 2.00 4.00 0.80 2.82 3.03

9 0.15 4.90 2.00 4.00 2.40 3.92 3.48
10 0.20 6.20 2.00 4.00 5.20 4.29 4.27

Under 650 Torr of CO

11 0.15 1.00 1.00 1.00 0 0.95 0.72
12 0.10 2.10 2.00 2.11 0 1.40 1.44
13 0.20 2.26 2.00 2.33 0 1.47 1.44
14 0.16 3.55 2.00 3.94 0 1.66 1.44
15 0.18 3.70 2.00 4.00 0.12 1.47 1.47
16 0.20 4.00 2.00 4.00 0.80 1.69 1.66
17 0.15 5.20 2.00 4.00 3.00 2.27 2.28
18 0.16 5.80 2.00 4.00 4.24 2.74 2.63
19 0.20 6.20 2.00 4.00 5.20 3.32 2.90
20 0.16 6.30 2.00 4.00 5.24 2.44 291

¢ Average number of PMe; molecules/a-cage. ®Number of chemisorbed PMe; molecules/nanoreactor (nr). <Number of chemisorbed PMe,
molecules/empty a-cage, i.e., a-cages not containing a Mo(CO), molecule. Number of physisorbed PMe; molecules/nr. ¢Values calculated with

parameters derived in the Discussion section.

Table III. Dependence of k4 on P(CO) for Reactions of Mo(CO), with PMe; at 65.8 °C and at “Low” Loadings of PMe;“

[Mo(CO),], PMe;, (P,
molecules/a- molecules/a- [Pc], molecules/ (Ppl. P(CO), 10%K gpeds 10%k 14,
run cage cage molecules/nr “empty” cage molecules/nr Torr s s™!
21 0.22 3.60 2.00 4.00 0.08 50 3.55 3.18
22 0.20 3.70 2.00 4.00 0.20 100 2.79 2.52
23 0.20 3.70 2.00 4.00 0.20 150 1.91 2.11
24 0.15 3.50 2.00 3.76 0 250 1.64 1.73
25 0.17 4.00 2.00 4.00 0.68 300 1.64 1.83
26 0.19 3.70 2.00 4.00 0.16 400 1.48 1.61
27 0.15 3.60 2.00 3.88 0 500 1.59 1.54
28 0.15 3.80 2.00 4.00 0.20 520 1.67 1.59
29 0.15 3.40 2.00 3.65 0 600 1.58 1.54
2See footnotes to Table II for definitions. PMe; < 4 molecules/a-cage. ®Calculated as described in the Discussion section.
Table IV. Dependence of k., on P(CO) for Reactions with PMe; at 65.8 °C and at “High” Loadings of PMe;”
PMe:h
[Mo(CO)], molecules/ (Pp] P(CO), 10%k g 10%k 1ca:’

run molecules/a-cage a-cage molecules/nr Torr s! s!

30 0.16 6.00 4.64 50 4.32 4.11

31 0.15 6.30 5.20 100 3.39 3.84

32 0.15 6.30 5.20 150 3.39 3.42

33 0.15 6.00 4.60 200 3.19 2.99

34 0.15 6.20 5.00 250 2.80 2.83

35 0.15 6.10 4.80 300 2.60 2.74

36 0.15 6.30 5.20 350 2.53 2.63

37 0.16 6.10 484 400 2.13 2.46

38 0.21 6.10 5.04 450 1.90 245

39 0.15 6.00 4.60 500 2.06 2.29

40 0.25 6.00 5.00 550 1.98 2.37

41 0.18 6.30 5.32 600 2.34 2.43

4See footnotes to Table II for definitions. [Pe] = 2.00 molecules/nr and [Pc’] = 4.00 molecules/“empty” cage. ®Calculated as described in the

Discussion section.

Discussion

1. The Environments of Reactants and Products in NasY. The
various spectroscopic and structural techniques applied to this
system show clearly that when Mo(CO)q is initially introduced
into the a-cages at relatively low loading, it is present in a
metastable state with some spectroscopically detectable weak
anchoring to the inner surface of the cage. Annealing at 70 °C
quickly leads to a more stable form in which two trans-carbonyl

ligands are quite strongly anchored to two Na,,* ions via their
O atoms, and this in turn weakens the interactions of the Na*
ions with their six-ring framework oxygens. Introduction of
chemisorbed PMe; ligands into the a-cages produces a pronounced
weakening of this carbonyl anchoring. The same occurs under
an atmosphere of '*CO.

When Mo(CO) is introduced to its maximum loading of 2
Mo(CO)s/a-cage, it is not found to undergo noticeable anchoring
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Table V. Dependence of k., on Mo(CO) Loading for Reactions with PMe; at 65.8 °C and in the Presence and Absence of an Externally

Applied Pressure of CO (650 Torr)

N (Pe’],
[Mo(CO)¢], PMe;, molecules/a- [Pc], molecules/ (Pp], 10%K s, 10*k 51a,
run molecules/a-cage cage molecules/nr “empty” cage molecules/nr sl st
No Applied Pressure of CO

42 0.04 3.10 2.00 3.15 0 3.93 3.94

5 0.18 2.10 2.00 2.12 0 4.33 4.45
43 0.40 2.00 2.00 2.00 0 3.65 3.79
44 0.71 2.83 2.00 4.00 0.50 2.47 2.34
45 0.97 2.50 2.00 4.00 0.88 1.16 (1.6)
46 1.40 2.80 0 or 2.00° g 3.20 26.0

Under 650 Torr of CO

47 0.03 2.20 2.00 221 0 1.21
48 0.48 3.2 2.00 4.00 0.16 1.10
49 0.65 2.00 2.00 2.00 0 1.48
50 0.77 3.20 2.00 4.00 1.48 1.33
51 1.00 3.40 2.00 0 2.80 1.76
52 1.86 3.40 0 or 2.00° 04 6.24 3.55

4See footnotes to Table II for definitions. ®Values calculated as described in the text. <Nanoreactors containing 2 Mo(CO), molecules contain
no Pc molecules, and those with | Mo(CO), molecule contain 2 Pc molecules. “No “empty” a-cages present.

Table VI. Temperature Dependence of kg, for Reactions of Mo(CO), with PMe; at “Low” Loadings of PMe; in the Absence of an Applied
Pressure of CO and at “High” Loadings of PMe; under an Applied Pressure of 650 Torr of CO*

PMe;, [P,
[Mo(CO)q], molecules/a- [Pe], molecules/ [(Pp], 104k gpsqs
run T, °C molecules/a-cage cage molecules/nr “empty” cage molecules/nr s!
No Applied Pressure of CO

53 46.8 0.20 2.10 2.00 2.13 0 0.831
54 54.8 0.25 3.80 2.00 4.00 0.6 1.41
55 59.2 0.20 4.00 2.00 4.00 1.2 2.00

6 65.8 0.20 2.30 2.00 2.38 0 3.71
56 74.3 0.18 3.20 2.00 3.46 0 7.68
57 80.0 0.19 3.50 2.00 3.85 0 11.5
58 847 0.23 3.70 2.00 4.00 0.32 12.0

Under 650 Torr of CO

59 54.4 0.08 6.0 2.00 4.00 432 1.40
60 65.8 0.10 5.5 2.00 4.00 3.40 5.33
61 74.3 0.09 5.9 2.00 4.00 4.22 11.2

aSee footnotes to Table II for definitions.

Table VII. Values of k. for Reactions of *CO with Mo(!2CO),
[Mo('2C0)],

Table VIII. Activation Parameters for Reactions of Mo(*?CQ), with
PMe; or 13CO in the a-Cages of Nas Y

molecules/a- AS*J

run T, °C cage P(1CO), Torr 10%k gsq, 7! reactant AH* kJ mol”! K"! mol*! log A¢ RMSD,* %
62 65.8 0.15 25 4.61 BCor 6l x5 -139 £ 13 6.1 £0.7 15
63 65.8 0.16 50 3.91 PMe,? 70 £ 4 -106 £ 11 7.7+ 0.6 12
64 65.8 0.16 70 4.26 PMe;* 100+ 5 125+ 0.8 8
65 65.8 0.18 100 3.96 PMe, 554 -157 £ 12 5.1 06 12
66 65.8 0.14 150 3.67 P(n-Bu);¢ 133+ 6 28 16 14.7 £ 0.8
67 65.8 0.18 200 2.47 P(n-Bu);" 915 -62 + 14 10.0 £ 0.7
gg ggg g}g igg é;g %A = preexponential term in Arrhenius equation. ®Root mean

: : : square deviation of k from k.4, expressed as a percentage. < P('3CO)
70 65.8 0.18 500 0.57 = 100 Torr; AH* and AS* are for the CO-dissociative process.
7 55.4 0.16 100 0.91 4Obtained by using k. values without correction for PMe; loading
;§ ;23 g}: }gg g;g differences; AH* and AS* values apply to the combination of dissocia-
" 9 4'2 0' 18 100 “'2 tive and associative processes. ¢AH* and log 4 values apply to the

when annealing at 70 °C is attempted, and instead it readily
undergoes CO loss to form Mo(CO); moieties strongly anchored
to three framework oxygens in the a-cage surface.!” This em-
phasizes the existence of strong guest—guest influences on the
anchoring strength and the nature of the reactivity.

The spectroscopic changes along the series 8{Mo(CO)s.,-
(PMe;), -NasY (p = 0-2) enable one to glean a deeper appre-
ciation of electronic and steric contributions to the anchoring
energetics of the various guests in the {Mo(CO)g},m{PMe,}-Na Y
system. The vco vibrational patterns and cation-induced vcq
frequency shifts of this series of intrazeolite complexes all indicate
anchoring interactions of the type trans-ZONa,(OC)Mo-
(CO),-p(PMe;),(CO)=Na;;OZ. One might expect that the much
stronger net electron donor character of PMe; relative to that of

combination of associative reactions with Pc and Pp. The values of
AS* would have no meaning because of standard-state definition
problems. /Obtained after k., values were corrected for the contri-
bution of bimolecular reactions; i.e., AH* and AS* apply to the CO-
dissociative process. ¢For the CO-dissociative path in xylene.”® *For
the associative reaction with P(n-Bu); in xylene.?®

CO should cause increasing charge density to be located on the
remaining CO ligands on passing from p = 0 to p = 2, and one
would suspect that this would cause the anchoring interactions
to increase in strength in the same order. In this context, the 2Na
DOR spectrum of the kinetic product 8{cis-Mo(CO),(PMe;),}-
NasY, Figure 5d, features a noticeable difference from those of
both the Mo(CO); alone, Figure 5b, and the reactant pair, Figure
5c. The peak at —14 ppm in Figure 5d most likely corresponds
to Na* cations at site Il in the a-cage. The site II 2*Na resonance
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shifts downfield significantly, reflecting a different interaction
between the encapsulated kinetic product 8{cis-Mo(CO),-
(PMe,),}-NasY and the extraframework Na* cations in the
a-cage, compared with the analogous interaction of the reactant
Mo(CO),. This is consistent with the expectation that the oxygen
end of the anchoring trans-carbonyl ligands in 8{cis-Mo(CO),-
(PMe,),}-NasY will exhibit a higher Lewis basicity than that
of the reactant 8{Mo(CO)¢}-Nas.Y due to the substitution of two
CO by two PMe; ligands. Further details are to be found else-
where.2> However, the products of the reactions with '*CO are
to be regarded as only weakly bound within the a-cage because
of the continued deanchoring effect of the CO present.

2. The Stoichiometric Mechanisms of the Reactions. In order
to understand the detailed behavior of 2 Mo(CO), guest in an
a-cage, or nanoreactor, nr, of the Na;,Y zeolite, it is necessary
to determine first, as with any kinetics study of reactions in
homogeneous solution, the form of the dependence of the observed
rate constants on the “concentrations”, in this case loadings, of
the various reactants that are involved. The Mo(CQO), and PMe,
molecules are able to diffuse initially through the zeolite lattice,
for otherwise high loadings of either would be impossible, but they
can nevertheless be considered to exist at the time of reaction in
quite well defined sites. In this case the Mo(CO); resides in the
a-cages, and the PMe; molecules are either chemisorbed to site
II Na* jons in the a-cages or physisorbed, probably in the region
of the 12-ring windows of the a-cages. Note that the space
available within a nr already containing one Mo(CQO), molecule
and two PMe; molecules chemisorbed to Na* ions is considered
to be insufficient for physisorption elsewhere inside the nr. In
this context, the nr is defined as an a-cage that contains at least
one Mo(CO), molecule; i.e., empty cages are not, in this sense,
nr's.

The reactions are always found to show good first-order or
pseudo-first-order loss of the Mo(CO), guest, and precise rate
constants, k.., can be obtained for any given run. The reactions
of Mo(COQ), with P-donor nucleophiles in homogeneous solution
are known to proceed via a mixture of CO-dissociative and as-
sociative paths,? the relative importance of the latter depending
on the basicity and size of the nucleophiles.?*° A CO-dissociative
path is subject to retardation in the presence of added free CO,
s it is reasonable to consider first the effect of externally applied
pressures of CO on the rates of reactions in the zeolite of the
encapsulated Mo(CO), guest with PMe;.

Runs 12-15 (Table II) and 21-29 (Table III) show that when

the average PMe, loading, PMe,, is <4/a-cage, the rates of
reaction are reduced by increasing pressures of CO, but that a
lower limit is approached at high P(CO). When P(CO) = 400
Torr, the average value of k,p is (1.54 % 0.02) X 1074 57!, the
probable error of a single measurement being £6.4%. Runs 18-20
(Table II) and 30-41 (Table IV) show that a similar decrease
in the rates is brought about, by increasing pressures of CO, when

PMe, is ca. 6/a-cage. The lower limit in this case, estimated from
the average of the values of k.4 for P(CO) = 400 Torr, is (2.36
+0.17) X 10757}, but the data are more scattered, the probable
error of each measurement being £20%.

These results show that at least two reaction paths are available,
one that is retarded by CO and that must involve rate-determining
CO dissociation, and one or more others that are not affected by
CO and that proceed at higher rates in the presence of higher
loadings of PMe;. The latter shows the importance of analyzing
the effects of changes in the loading of PMe,.

2.1 The Effect of PMe; Loading on Reactions with PMe,. The
effects of PMe; loading on the rates of reactions in the absence
of an externally applied pressure of CO, or under a pressure of
650 Torr of CO, and at low and quite constant loadings of Mo-
(CO)y, are shown by runs 1-20 in Table II. In order to analyze
the effects of the various amounts of PMe;, present in the zeolite

(29) Angelici, R. J.; Graham, J. R. J. Am. Chem. Soc. 1966, 88, 3658,
Inorg. Chem. 1967, 6, 2082.

(30) Pog, A. J.; Twigg, M. V. J. Organomet. Chem. 1973, 50, C39. Brodie,
N. M. J,; Chen, L.; Po&, A.J. Int. J. Chem. Kiner. 1988, 20, 467.
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Figure 9. Dependence of k4 on PMe; loading at low Mo(CO), loading
(a) in the absence of any applied pressure of CO and (b) under an applied
pressure of 650 Torr of CO. The numbers refer to the run numbers in
Table II, and the lines drawn are the theoretical lines as derived in the
text.

host, it is necessary to evaluate the numbers of PMe; molecules
present in each of the various possible environments. This can
easily be done if the simplifying assumption is initially made that
the distribution of the PMe; molecules is homogeneous and not
statistical; e.g., at an average loading of 2 PMe, molecules/a-cage,
assume that there really are 2 PMe, molecules in each a-cage and
that they are not distributed with some cavities having 0, 1, 3,
and 4 PMe; molecules in them. The kinetics results will be seen
to be consistent with this hypothesis. A homogeneous distribution
of the Mo(CO), molecules can also be assumed.'®

The calculations of the numbers of PMe; molecules in the
various environments can therefore be carried out. For example,
in run 7 there are 0.18 Mo(CO) molecules/a-cage and an average
of 2.70 PMe; molecules/a-cage. Each of the nr’s, i.e., a-cages
that are singly occupied by a Mo(CO), molecule, can accom-
modate 2 PMe, (Pc) molecules, chemisorbed to the 2 Na* ions
that are not potentially or actually used to anchor the Mo(CO),
molecule in the nr. This accounts for 0.36 of the 2.70 PMe,
molecules/a-cage, leaving 2.34 PMe; molecules that can be
distributed evenly among the 0.82 “empty” cages (i.e., those not
occupied by Mo(CO)¢ molecules). This leads to a loading of 2.85
chemisorbed PMe; (Pc’) molecules/empty a-cage. For run 9, with
a loading of 0.15 Mo(CO) molecules/a-cage and an average of
4.9 PMe, molecules/a-cage, there are 2 Pc molecules/nr (0.30
of the 4.9 PMe,/molecules) and 4 Pc’ molecules/empty a-cage
(another 4 X 0.85 = 3.4 PMe, molecules), and the remaining 1.2
PMe; molecules/a-cage have to be physisorbed (i.e., as Pp
molecules), most probably in the region of the 12-ring windows
of the a-cages. Although each a-cage has four such windows,
each window is shared between two a-cages so that there are only
two windows per a-cage on average. A loading of 1.2 Pp mole-
cules/a-cage means that there are 0.6 Pp molecules in each
window throughout the lattice, and this in turn means that there
are 4 X 0.6 = 2.4 Pp molecules available to each Mo(CO);
molecule in an isolated nr. It can be seen that in some cases (runs
10 and 18-20) there is more than one Pp molecule estimated to
be in some of the four 12-ring windows of the nr’s or otherwise
weakly bound.
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The data can now be represented graphically as follows. When
there are <4 Pc’ molecules/empty a-cage, we can plot &, against
PMe;, and when PMe; is higher, such that there are 2 Pc mol-
ecules/nr, 4 Pc’ molecules/empty cage, and some Pp molecules
in the windows, we can plot k.4 against [Pp], the number of Pp
molecules/nr. This is done in Figure 9, and we can consider first
the reactions carried out under 650 Torr of CO. The values of

kpeq increase from PMe; = 1 to ca. 2 molecules/a-cage, after
which they remain effectively constant up to PMe; = 4 mole-

cules/a-cage. When PMe; is higher, so that all the chemisorption
sites are full, then k. increases linearly with [Pp]. Reaction
with Pp is therefore clearly first order in [Mo(CO)4] and [Pp].
A linear least squares analysis of the dependence of k4 on [Pp]
can be carried out with each value of k.4 being weighted ac-
cording to the assumption of a constant probable error, expressed
as a percentage, for each measurement of k... This leads toa
second-order rate constant, k,(Pp), of (0.26 £ 0.05) X 10~*s"!
(molecules/nr)"!, the probable error of each measurement of kg
being £11.7%.

Reactions with Pc molecules can also be considered to be first
order in [Pc], where [Pc] represents the number of Pc molecules
per nanoreactor. This can be concluded because k,; does increase

from PMe; = [Pc] = 1 to 2 molecules/nr but remains constant

from PMe, = 2 to ca. 4 molecules/a-cage. Over this range [Pc],
in molecules/nr, remains constant at 2, even though the number
of Pc’ molecules/empty a-cage is increasing. It is therefore evident
that Pc’ molecules in empty a-cages adjacent to the nr’s cannot
participate in the second-order reaction which occurs only with
Pc molecules, i.e., PMe; molecules present together with Mo(CO),
in a nr. However, there could still be rapid exchange of Pc and
Pc’ molecules between nr’s and empty a-cages. The average value
of kg from runs 12-14 is (1.46 £ 0.14) X 10 s, and this is
in complete agreement with the value of the intercept at [Pp] =
0 (also (1.46 £ 0.14) X 10~ s™!) obtained independently from the
least squares analysis of the dependence of k. on [Pp]. A value
of (0.73 £ 0.05) X 107 s°! (molecules/nr)™! for k,(Pc) can
therefore be obtained, taking into account the fact that there are
2 Pc molecules/nr.

The values of k.4 for reactions in the absence of any applied

pressure of CO decrease with increasing PMe, up to PMe; = 2.7
molecules/a-cage. These reactions are still presumably proceeding
by the second-order process (first order in [Pc]) discussed above
so that the values of k4 for the CO-dissociative path can be
obtained from ky = koug — k.(Pc)[Pc], the values of k,(Pc)[Pc]
being derivable simply from the linear plots in Figure 9 through
the values of k. for reactions under 650 Torr of CO and with
PMe; = 0-2.7 molecules/a-cage.

The values of k, so obtained can conveniently be transformed
into values of AG,*, and these are plotted against PMe;, in Figure
10. The values of AG,* increase linearly with PMe;, and an
unweighed least squares analysis leads to a value of AG,*(PMe;,
=0) = 104.1 £+ 4.4 kJ mol"! and a gradient of 1.04 £ 0.23 kJ
mol™! (PMe; molecules/a-cage)™'. The probable erorr in k, that
corresponds to the scatter around the AG,* vs PMe; plot is £9.2%,
so that the fit of the data to the model must be considered to be
very satisfactory. The line drawn through the values of k4 for
reactions in the absence of CO and with PMe; = 0-4 mole-
cules/a-cage (Figure 9) corresponds to the calculated values of
kg + k,(Pc)[Pc] (see below), the unusual shape resulting from
the combination of the exponential decrease of k4 with increasing
PMe; and the discontinuous change of k,(Pc) with PMe;. The
calculated line has been extended to PMe; = 4, [Pp] = 0, where
the calculated value of the rate constant is found to be (2.81 £
0.52) X 1074 s°1.

At higher values of PMe;, where [Pp] becomes significant, the
rates increase monotonically with [Pp], and the gradient given
by a weighted linear least squares analysis is (0.35 £ 0.14) X 10~
s”' (Pp molecules/nr)"', a value essentially indistinguishable from
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Figure 10. Plots of AG,* for reactions with (a) varying loadings of PMe;,
(b) varying pressures of 1*CO, and (c) varying loadings of Mo(CO);.

the value of k,(Pp) derived above from the data under 650 Torr
of CO. The RMSD of the three points from the line is £6.7%,
and the standard deviation is £11.6%.3! The intercept at [Pp]
=0 is (2.69 £ 0.35) X 10™ 57!, which is in excellent agreement
with the value calculated above from the extrapolation of the PMe,
dependence to PMe; = 4, [Pp] = 0.

We can now calculate values (Table II) of the rate constants
corresponding to all the values of k.4 for runs 1-20 by using the

parameters 10*ky = 6.04 exp (~0.37PMe;) s™! (derived from the

linear dependence of AG,* on PMe;), 10%,(Pc) = 0.73 s*' (Pc
molecules/nr)"!, and 10k, (Pp) = 0.27 = 0.05 s} (Pp mole-
cules/nr)~!, the latter being the weighted average of the two values
found either under 650 Torr of CO or in the absence of CO. The
probable error of measurement of each of the 20 rate constants
is then found to be £12.2%, a very satisfactory result considering
the wide variations of PMe, loading and P(CO) involved, and the
lines drawn in Figure 9 correspond to the values of k.4 given
in Table II.

2.2 The Effect of P(CO) on Reactions with PMe,, The effect
of an increasing applied pressure of CO on the rates of reaction
with [Pc] = 2 molecules/nr and (Pc’] < 4 molecules/empty cage
is shown by runs 21-29 (Table III) and 12-14 (Table II). In most
cases small corrections have to be made to k.4 to remove con-
tributions to the rates due to the second-order reactions with Pp

molecules. Corrections for the PMe; dependence of those runs
with [Pp] = 0 are also small, and the values of k., appropriate
to PMe; = 4 and [Pp] = 0 are plotted against P(CO) in Figure
11. The line through the data has been drawn according to eq
1,withg=22s',b=12X10%Torr? and ¢ = 1.46s"!. The

10%., = a/{1 + B[P(CO)]} + ¢ (1)

probable error of determination of each rate constant is £9.0%,
which reflects the rather small scatter of the data around the line.

(31) Where only a few points are available for a least squares analysis, it
is preferable to use the smaller root mean square deviation, RMSD, rather
than the standard deviations, which are high because of the small number of
degrees of freedom, provided the result is not in disagreement with the values
of the standard deviations derived from larger sets of data. In the case referred
to in the text, the standard deviation is probably a more realistic estimate of
the goodness of fit.
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Figure 11. Dependence on P(CO) of k., i.e., k. corrected to [Pc] =
2 molecules/nr and [Pc’] = 4 molecules/“empty” cage. The numbers
refer to the run numbers listed in Tables II and III, and the line is the
theoretical line drawn according to eq 1 and the parameters derived in
the text.

The RMSD of the data for runs 21-24 is £9.8%, and it is these
data that do most to define the values of a and b, but the number
of points available in this range of P(CO) is not great enough to
provide meaningful estimates of the uncertainties in a and b. The
value of ¢ is the same as that found from k,(Pc), reflecting the
fact that the dissociative reaction is essentially quenched under
650 Torr of CO, a fact supported by the value of b, which predicts
that the dissociative path is retarded by over 98% under 650 Torr
of CO, and by ca. 94% under 400 Torr of CO. The value of (a
+ ¢) is 3.66 s~!, which is somewhat higher than the value 2.81

+ 0.52 5! predicted above by the PMe, variation but still within
reasonable error limits. The general fit of the data to eq 1 and,
particularly, the importance of the term 5[ P(CO))?, are therefore
well established.

The effect of P(CO) on the reactions with [Pc] = 2 mole-
cules/nr and [Pc’] = 4 molecules/empty cage and with [Pp] =
S molecules/nr can be determined from runs 30-41 (Table IV)
and 20 (Table II) (all of which were carried out at the same time).
After corrections are made for the different values of [Pp] involved,
the values of k., can be plotted against P(CO) as in Figure 12.
The line drawn through the data corresponds to eq 1 with @ =
2242035, b=04 %01 Torr? and ¢ = 2.2 s". The un-
certainties in @ and b were obtained from a linear least squares
analysis of the dependence of 1/{10%k.,, — ¢} on [P(CO)]?, and
the value of ¢ is within the error limits of the average of all the
values obtained for runs with P(CO) = 400 Torr when the value
of b predicts that the dissociative path is retarded by at least 90%.
The value (a + ¢) = 4.4 2 0.3 57! agrees very well with the value
4.2 s°! predicted from the parameters used above in the full
analysis of runs 1-20. The general fit of the data to eq 1 is
therefore very satisfactory, although some systematic errors are
clearly evident at higher values of P(CO) (Figure 12), the reasons
for which are not yet clear.

2.3 The Effect of Mo(CO), Loading on the Reactions with
PMe, Runs 42-46 and 5 (Table V) provide evidence for the effect
of increasing the Mo(CO)s loading from 0.04 to 1.4 mole-
cules/a-cage in the absence of CO, and runs 12-15 (Table II)
and 47-52 (Table V) provide similar evidence for the effect of
increasing Mo(CO), loading from 0.03 to 1.86 molecules/a-cage
under 650 Torr of CO.

Runs 48 and 50-52 (Table V) were all performed with high
enough Mo(CO)¢ loadings (20.48/a-cage) for all possible
chemisorption sites to be fully occupied by either Mo(CO), or
PMe; molecules, and for there to be varying values of [Pp] brought
about by the high and variable Mo(CO), loadings. The data for
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Figure 12. Dependence on P(CO) of k., i.€., koysq cOrrected to [Pc] =
2 molecules/nr, [Pc’] = 4 molecules/“empty” cage, and [Pp] = 5 mol-
ecules/nr. The numbers refer to the run numbers in Tables Il and IV,

and the line is the theoretical line drawn according to eq | and the
parameters derived in the text.

these reactions are plotted against [Pp] on the right-hand side
of Figure 13, and the line drawn is based on a weighted linear
least squares analysis that leads to k,(Pp) = (0.34 £+ 0.07) X 10™*
s”! (molecules/nr)"'. This value is indistinguishable from the
weighted average of the two values obtained previously at much
lower Mo(CO), loadings and in the absence or presence of 650
Torr of CO.

Runs 12-14, 47, and 49 all have 2 Pc molecules/nr and no Pp
molecules, and runs 15 and 48 both have 2 Pc molecules/nr and
a small number of Pp molecules/nr, the effect of which on the
values of k4 is small and can be allowed for by using the value
of k,(Pp). We therefore have seven values of rate constants for
reactions under 650 Torr of CO and in the absence of any Pp
molecules, covering a range of Mo(CO), loading from 0.03 to 0.65
molecules/nr. These are plotted against Mo(CO), loading on the
lower left-hand side of Figure 13. There appears to be a slight
decrease of k.4 (corrected for k,(Pp) where necessary) at higher
Mo(CO), loading, an interpretation that is allowed by the values
at 0.48 and 0.65 Mo(CO), molecules/a-cage and positively
supported by the intercept at [Pp] = 0, kg = (0.95 £ 0.14) X
107* 57! on the plot of k. vs [Pp].

The values of k.4 for reactions in the absence of CO show a
decrease with increasing Mo(CO), loading (runs 5 and 42-45)
over the range 0.04-0.97 molecules/a-cage. In these cases cor-
rections have to be applied to allow for the effect of different PMe,
loadings on the dissociative path, for significant values of [Pp]
for two of the runs, and for the slight and not very well defined
decrease of k,(Pc) with increasing Mo(CO), loading indicated
by the reactions under 650 Torr of CO. The resulting values

appropriate to PMe; = 3 molecules/a-cage are also plotted in
Figure 13. The data from runs 5 and 42-44 lead to a linear
increase of AG,* with increasing Mo(CO), loading, as shown in
Figure 10, and the least squares line drawn through these data
corresponds to AGy* = (106.5 = 0.2) + (3.2 £ 0.4)[Mo(CO)q)
kJ mol!, with g(kopa) = £7%. The extrapolation of this line in
Figure 10 to a loading of 0.97 molecules/a-cage predicts a con-
siderably larger rate constant, 1.6 X 10™*s"!, than the 0.91 X 107
s”! obtained under these conditions (i.e., run 45 corrected for the
effect of the Pp present). The amount of CO released during this
reaction at high Mo(CO), loading may be sufficient to decrease
the rate substantially, and other more general environmental effects
of approaching a loading of 1 Mo(CO), molecule/a-cage may
also be important.



1226 J. Am. Chem. Soc., Vol. 115, No. 4, 1993

Run 46, recorded in Table V and carried out in the absence
of CO, is exceptional in having 2 Mo(CO)¢ molecules and no Pc
molecules in 40% of the nanoreactors, so reactions in these nr’s
involve only Pp molecules. The rate is very greatly increased as
a result, and to a much greater extent that could be explained
by the value of k,(Pp)[Pp].

2.4 The Kinetics of the CO-Exchange Reaction. The values of
kousq for reactions of Mo(*2CO), with '3CO show a simple ex-
ponential decrease with increasing P(**CO) up to 500 Torr.”> No
significant lower limit is observable, as shown by the good linearity
of a plot of In &k vs P(**CO) and also by the closely linear increase
of AG* with P(CO) shown in Figure 10. This reaction must
therefore be proceeding only by the dissociative process. The
scatter around this line leads to o(Ky,a) = £12.9%, and the
gradient is 1.27 & 0.07 kJ mol™' (100 Torr)"'. The intercept at
P(13CO) = 0is 104.4 £ 0.2 kJ mol"!, which is identical with the

value of AGy*(PMe; = 0) for the dissociative reaction with PMe;.

2.5 The Temperature Dependence of the Reactions. The tem-
perature dependence of the dissociative CO exchange reaction
under 100 Torr of '3CO (a pressure appropriate to that part of
the cell (Figure 1) exposed to ambient temperature and presum-
ably characteristic also of the pressure in the nr’s) was investigated
at quite constant Mo(CO), loading (Table VII), and the analysis
is quite unambiguous. The data give a reasonable fit to the Eyring
equation, provided that one obviously deviant point is omitted,
and the activation parameters are given in Table VIII.

The temperature dependence of the reactions with PMe; has
been studied under two quite different sets of conditions. Runs
53-58 (Table VI) were performed in the absence of an applied
pressure of CO with an almost constant loading of Mo(CO), and

with PMe; = 2-4 molecules/a-cage. The latter results in there
being 2 Pc molecules/nr, 2-4 Pc’ molecules/empty cage, and in

three runs, some small amounts of Pp. The variation in PMe,
would lead to a variation of no more than £20% in k4 at 65.8
°C (Figure 9), and the variation in [Pp] would have a much
smaller effect. The values of kg, unadjusted for any effects of
different PMe; loadings, give quite a good fit to the Eyring
equation with a rough inverse correlation of the deviations with

PMe;; i.e., high positive values of the deviations are associated

with low PMe,, and vice versa, as expected. The activation pa-
rameters are given in Table VIII and apply to ke values that
measure the sum of the rate constants for the dissociative and
associative paths (with Pc) in roughly equal proportions. Cor-
rections for variations of PMe,, and for the presence of Pp, re-
quired the assumption of similar proportional changes of the rates

with PMe, and [Pp] at each temperature. When such corrections
were applied, no significant changes in the activation parameters
were obtained, but the fit was not as good, presumably because
some of the corrections were too large and the assumptions on
which they were based were questionable.

Runs 59-61 (Table VI) involved associative reactions under
650 Torr of CO with constant and low Mo(CO), loadings,
maximum Pc and Pc’ loading, and [Pp] = 3.40-4.32 molecules/nr.
Small corrections to [Pp] = 4.27 molecules/nr (the average value
of [Pp] used) could be made by assuming a similar proportional
change in kg, with [Pp] at each temperature, and the fit to the
Eyring equation is then quite good; the activation parameters are
given in Table VIII. These result from the temperature depen-
dence of the sum 2k,(Pc) + 4.27k,(Pp). Although the value of
AH,* so obtained will have some significance for comparative
purposes, the value of AS,* will be virtually meaningless because
of the essentially undefinable standard state for the combination
of Pc and Pp nucleophiles and the absence of clearly defined units.
On the other hand, values of the Arrhenius preexponential term,
A, do have precisely defined units of s=' and represent reaction
probabilities under the defined conditions, and the log A4 value

(32) These data also show a good fit to eq | in ref 8b, but we believe that
this is an algebraic coincidence. The exponential form and its consequent
effect on AG,* are in good agreement with the effects of PMe, and Mo(CO),,
loading changes (Figure 10) and are chemically more reasonable.

Pastore et al.

is given instead of AS,* in Table VIII.

Now that we know the temperature dependence of kg =
2k,(Pc) + 4.27k,(Pp), it is possible to obtain rough estimates of
the activation parameters for the reaction with PMe, by the
dissociative path alone. We have to make the approximate as-
sumption that the proportion of the associative reactions that occur
with Pc molecules remains constant with temperature, so that
calculated values of k,(Pc) for runs 53-58 can be obtained and

used to obtain k4 from k. Corrections to PMe; = 3/a-cage
can also be made as described above, but corrections for different
[Pp] values turn out to be too large, and the data for runs 54, 55,
and 58 have to be ignored. The values of AH,* and AS,* so
obtained are given in Table VIII. The parameters are indistin-
guishable from those obtained directly from reactions with *CO
without the need for any corrections. The fact that a higher value
of AH* is obtained when corrections for the associative path are
not made results from the higher value of AH,* compared to AH,*
(Table VIII).

2.6 Summary of the Stoichiometric Mechanisms. The stoi-
chiometric mechanisms of the reactions of Mo(CQ); in the a-cage
of sodium zeolite Y with PMe; and '3CO are clearly established
by the analysis of the data presented above. The fit of the data
to the proposed rate equations is generally very good, with probable
errors of k.4 values usually being close to =10%, but systematic
errors do occasionally occur for reasons that are not obvious,

Reactions with PMe;, are inhibited by CO in accordance with
the sequence of reactions shown in eqs 2-5, for which the rate
eqs 6 and 7 can be derived:

k
Mo(CO)s = Mo(CO); + CO )

-1

k
Mo(CO); == Mo(CO), + CO €))

&)

k

Mo(CO), + L — Mo(CO),L @)
Mo(CO).L + L —+ ¢is-Mo(CO),L, )

ks = kikaks[L] /{kyks[L] +
k.\k.3P(CO)[L] + k. k_,[P(CO)]?} (6)
or
1/ky =
1/k, + k. P(CO) /kik; + k. ko[P(CO)]2/kikks[L] (7)

If k_,P(CO) > k;[L], eq 7 transforms to eq 8,
1/ky = 1/k, + k. k,[P(CO)]?/k ksk;[L] (®

which is the same in form as the first term in eq 1, with a = k,
and b = k_ k_,/kk;[L]. Since there are two types of L (Pc and
Pp) involved in eq 4, k;[L] should be replaced by k,(Pc)[Pc] +
k3(Pp)[Pp]. It is noteworthy that, as expected, b is significantly
smaller, (0.4 £ 0.16) X 10 vs 1.2 X 10 Torr~2, when Pp
molecules are present than when they are not, the difference being
large enough that the conclusion is unlikely to be affected by the
lack of objective error limits for the value of b in the absence of
any Pp molecules. The sequence of reactions shown in eqs 2-5
is also supported by the fact that cfs-Mo(CO),(PMe;), is the only
product in the absence of CO.

Reaction of Mo(CO)¢ with PMe; can also occur by processes
that are not inhibited by CO. Reactions with Pp molecules are
clearly first order in [Pp], and reactions with Pc are also most
probably first order in [Pc], so there are two types of associative
reactions depending on the type of PMe; nucleophiles involved.

On the other hand, the exchange reaction of Mo('?CO)¢ with
13CO does not show a path that is first order in P('3CO), so we
conclude that only a CO-dissociative path is involved in spite of
the fact that retardation by added '2CO was not investigated. At
low Mo('?CO); loadings, when no significant partial pressure of
12CO is built up during the reactions, the product appears to be
mainly the isotopomer Mo('3CO),. The fact that the product is
not simply cis-Mo('2CO),(*3*CO), shows that when Mo-
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Figure 13. Dependence of k on {Pp] and Mo(CO), loading. Points 48
and 50-52 indicate the dependence of kg on [Pp], where the Pp mol-
ecules were generated from quite low loadings of PMe; by large and
variable loadings of Mo(CO),. Points 5 and 42-45 represent the de-
pendence of the rate constants at P(CO) = 0 for the corresponding run
numbers in Table V which have been corrected to what they would have
been at PMe; = 3 molecules/a-cage and [Pp] = 0. The line drawn is
the theoretical line calculated as described in the text. Points 12-14, 47,
and 49 show the dependence of k44 (P(CO) = 650 Torr) on Mo(CO),
loading for the corresponding run numbers in Tables II and V. Points
15’ and 48’ are the rate constants (for the corresponding run numbers
in Tables II and V) that have been corrected for the small contributions
of k,(Pp).

('2C0),(*CO) is formed by reaction 4 (L = }*CQ), the latter loses
12CO (with a first-order rate constant of (4/5)k,, where the factor
4/s represents the statistical factor for loss of }2CO) to form
Mo('2C0O);(*3CO) rather than adding another '*CO by a sec-
ond-order process as in reaction 5 (L = 3CO), which is effectively
irreversible under these conditions. This process of rapid
12CO/!3CO exchange in Mo(CO), must continue until Mo(**CO),
is formed virtually pure, after which reactions 4 and 5 (L = '3CO)
produce the equally pure product Mo(!*CO),. However, when
the 10X-higher loading of Mo(*2CO), is used, a 10X-larger partial
pressure of '2CO is built up during the reaction. This will affect
the distribution of isotopomers Mo('2CO),.,(*CO), during the
12C0/"3CO exchange process in favor of the less completely
substituted forms, and it will also enhance the probability that
Mo(12C0O)s_,(13CO), will be formed from them and that the latter
will react with l2’JCO. The probability that mixed Mo-
(12C0O)s.,(1*CO), products will be formed will consequently be
greater, as observed (Figure 8b).

3. The Intimate Mechanisms. 3.1. The Activation Parameters.
The reactions of Mo(CQ), in the a-cages of sodium zeolite Y at
65.8 °C are ca. 10° times faster than corresponding reactions in
homogeneous solution after correction for the temperature de-
pendence of the latter.?® In the case of the dissociative path this
is brought about by a major decrease in AH,*, which is offset to
a large extent by a much more unfavorable value of AS,*. These
changes can be accounted for by a substantial increase in the extent
of anchoring of the {Mo(CO),--CO}* transition state compared
to that of the weakly anchored ground state Mo(CO)4 molecule
itself. It has been clearly demonstrated that the anchoring of the
Mo(CO), molecule by the two Na,,* ions to which it is attached
when alone in the a-cage is greatly weakened by the introduction
of either PMe; or CO molecules. As one CO molecule begins
to dissociate from the Mo(CO)¢ molecule, the remaining CO
ligands will each have a greater share of the six d, electrons that
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are available for back-donation. This effect may be concentrated
in two CO ligands trans to each other and close to two Na,* ions
so that the extra negative charge built up on these O atoms will
develop a much stronger anchoring to the Na;,* ions.

This effect will be enhanced by another phenomenon that is
likely to occur. It is known that carbonyls such as Mo(CO)s can
react thermally in the a-cages, in the absence of added reagents,
to lose three CO ligands and form a product in which the three
coordination sites thus made available are occupied by three
framework oxygens of the six-rings acting as a chelating zeolate
ligand.!533 It seems highly probable that this process can begin
during the loss of the first CO ligand so that the CO is pro-
gressively replaced by a developing ZO--Mo(CO); bond. Since
the framework oxygens are probably good donors compared with
the departing CO ligand, this will greatly increase the capacity
of the Mo atom to donate m—electrons to the remaining CO
ligands, which become much more strongly anchored as a result.

These interactions in the transition state will require rather
precise, “lock and key” positioning of the atoms involved, par-
ticularly as compared to the relatively much freer Mo(CO),
molecule in its ground state, and this can account for the very
low values of AS,* obtained. Indeed, the scale of the changes in
AH,* and AS,* on going from homogeneous solution to the a-
cages of sodium zeolite Y is such that it is easy to imagine that,
under slightly different circumstances, a zeolite cavity could easily
fail to act catalytically at all, any decrease in AH* being overcome
by an even larger decrease in TAS*. It is clear that the CO-in-
hibited reactions, which we have rather loosely called dissociative
so far, exhibit aspects of associative reactions (with ZO.~Mo bond
making) and Sg3’ reactions (with the development of the
ZONa*.-(OC)Mo(CO)--Na+*OZ interaction).

The rates of the associative reactions in the nr’s are, by contrast,
not very different from those of comparable reactions in homo-
geneous solution. Activation parameters for reaction with
P(n-Bu); in xylene?® lead to a value of k,(P(n-Bu),) = (4 £ 1)
X 107 M s™! at 65.8 °C, and reaction with PMe, should be 2-3
times faster than this because of its greater basicity and smaller
size. 3034 This leads to a specific rate of ca. 10 5! with 1 mol/L
of PMe; in homogeneous solution, as compared to a specific rate
of 7 %X 107° s™! with 1 PMe, molecule/nr. Indeed, the second-order
rate constant for reaction in solution can be expressed as ca. 2
X 107 s"! (molecule/nr volume)! by using a volume of ca. 10724
L for the nr together with Avogadro’s number, so the rate constant
for reaction with Pc in the zeolite is actually somewhat smaller
than that in solution when comparable units are used.

The value of AH,* for the associative reactions in the zeolite
results from the temperature dependence of the sum of two dif-
ferent second-order reactions (with Pc and Pp), but the value is
still useful for comparative purposes. Because the Pc molecules
are more strongly bonded in the zeolite than the Pp molecules,
we would expect AH,(Pc)* to be greater than AH,(Pp)*, so that
the former will be clearly greater than the value for reaction in
solution (Table VIII). This must be offset by a somewhat greater
probability of reaction in the zeolite, though this effect is not nearly
as large as one might expect from the propinquity of the Mo(CO),
and PMe, molecules in the nr’s, which would seem to remove the
necessity for the diffusion that is required in solution. We must
conclude that reaction within the nanoreactor remains quite im-
probable, even when sufficient activation enthalpy is provided.
We believe that this may be because of the unfavorable orientation
of the chemisorbed PMe; molecules with respect to the Mo(CO)s,
with the Me groups, and not the P atom, being directed toward
the Mo(CO),. In other words, when the Me;P---Na,;,*OZ bond
is broken, it can be very rapidly re-formed compared with its rate
of rotation to allow the P atom to be directed toward the Mo(CO),
molecule, and the advantage of the closeness of the reactants in
the a-cages is thereby much reduced. These rather subtle con-
siderations suggest that the balance between dissociative and

(33) Ozin, G. A.; Ozkar, S. Chem. Mater. 1992, 4, 511.
(34) Liu, H.-Y; Eriks, K.; Prock, A.; Giering, W. P. Organometalilics
1990, 9, 1758.
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associative processes might be very dependent on the nature of
the cation in the zeolite host, the Si:Al ratio, and the zeolite
structure type. They could also explain the absence of a clean
reaction with PEt;, where rotation of the freed nucleophile may
be more difficult.

The similarity of the rates of the associative reactions of Mo-
(CO)¢ with Pc and Pp molecules is also of interest. Since
AH,(Pc)* must be greater than AH,(Pp)*, this implies that the
probability of reaction with Pp molecules is lower to a compen-
sating extent in spite of the low absolute probability of reactions
with Pc discussed above. The slightly greater distance of the Pp
molecules from the Mo(CO), and/or details of the anchoring of
the Pp molecules must therefore have a significant effect on the
probability of the reaction. It is clear from this discussion that
the separate determination of AH,(Pc)* and AH,(Pp)* remains
an important priority for further study, since it would provide a
quantitative measure of the different strengths of adsorption of
the two types of PMe; molecules, as well as of the different
probabilities of reaction involved.

The relatively high value of AH,* for the associative reaction
with Pc molecules in the a-cages of sodium zeolite Y compared
with that in homogeneous solution can easily be ascribed in large
part to the lower chemical potential of the chemisorbed PMe,
molecules. The effect of the nr’s on the Mo(CQ), partner in these
reactions is harder to envisage. The approaching PMe; molecule
should increase the net electron density on the Mo atom in the
transition state, and it should consequently increase the interaction
of the transition state with the Na,* ions (provided steric effects
due to the increased coordination number in the complex do not
prevent this greater anchoring). Such an effect would decrease
the value of AH,* (but make AS,* more unfavorable), thus
offsetting the effect of the lower chemical reactivity of the Pc
molecules. The overall effect of the nr's is therefore the result
of a combination of opposing ground- and transition-state effects
that are presently difficult to unravel in any clear and quantitative
way.

3.2 Cooperative Effects on the Dissociative Reaction. The rates
of the dissociative path are clearly and quite strongly dependent
on the extent of loading of Mo(CO),, PMe;, and *CO, with values
of AG,* increasing linearly with loading by 3.2 + 0.4 kJ mol"!
(molecules of Mo(CO)¢/a-cage)!, 1.04 £ 0.23 kJ mol"' (mole-
cules of PMe;/a-cage)™!, and 1.27 £ 0.07 kJ mol™! (100 Torr of
BCO)"!, respectively (Figure 10). Although significant, these
effects are relatively small compared with the overall effect, ca.
20 kJ mol-!, of the nr on the value of AG4* compared with ho-
mogeneous solution, and they represent, therefore, a relatively
minor perturbation. For this reason their explanation is less easy
to ascertain, especially since we know the effects only on AG,*
and not on AH,* and AS,* separately. However, it does seem
likely that, when PMe; and '3CO become attached to the Na*
ions in the a-cages, the consequent negative charge buildup on
the Na* could be transmitted through the zeolite framework to
the Na* ions that will be used to anchor the {Mo(CO);---CO}*
transition state. This will weaken that anchoring and so slow down
the rates. However, the same transmitted effect might seem likely
to strengthen the developing ZO-+Mo(CO); bond, and the balance
of these two effects is hard to estimate. Indeed, these perturbing
effects are small enough that they could even result from a de-
crease in AH,* that is more than offset by a larger decrease in
TAS,*, careful and precise studies of the temperature dependence
of these perturbations being required to resolve this question.

The quite strongly inhibiting effect of increased Mo(CO),
loading on the reactions with PMe, is surprising at first sight
because the Mo(CO)¢ molecules have been supposed to be rather
weakly anchored in the presence of PMe; molecules. If they are
only weakly bonded within the a-cage, then it would be incon-
gruous for them to transmit a rather large effect (ca. 3X larger
than the equivalent number of chemisorbed PMe; molecules)
throughout the zeolite framework. This surprising observation
may reveal a somewhat stronger interaction of the Mo(CO),
molecules with the Na,;* ions in the nr than is indicated by the
spectroscopic techniques, which may be rather insensitive to these

Pastore et al.

interactions, compared with the kinetic probe. The strength of
the interaction is also indicated by the fact that the introduction
of Mo(CO)¢ molecules into the zeolite can displace chemisorbed
PMe; molecules previously loaded into the a-cages. The accel-
erating effect of the zeolite must then be ascribed to the devel-
opment of an even stronger anchoring of the {Mo(CO);--CO}*
transition state compared with a significant but lower anchoring
of the Mo(CO), in its ground state, and this highlights the sug-
gested contribution of ZO--Mo bonding in the transition state.

The range of operation of these loading effects can also be
inferred from the kinetics data. The plots of AG,* vs PMe, and
P(3CO) in Figure 10 clearly converge to the same value (104.1
% 4.4 kJ mol-! and 104.4 £ 0.2 kJ mol™!, respectively), and this
implies that the transmitted effects are operative down to quite
low loadings and that they can therefore be exerted over quite
long ranges throughout the zeolite host lattice.

Another important observation is that the effect of increased

PMe; loading can be extrapolated from PMe, = 2.7 to PMe; =
4 molecules/a-cage to meet with the extrapolation to [Pp] = 0
of the associative reaction as shown in Figure 9. This means that
it is not only chemisorbed PMe; molecules in the nr’s but also
Pc’ molecules in neighboring empty a-cages that affect the rates.

It can also be concluded, though perhaps rather tentatively, that
Pp molecules do not have any or as strong an inhibiting effect
on the rates. The second-order rate constant k,(Pp) obtained from
reactions in the absence of CO (Figure 9) is derived from kg
values which are the sum of k&, 2k,(Pc), and k,(Pp)[Pp], on the
assumption that k4 remains constant when [Pc] and [P¢’] are
constant but [Pp] increases. If the increase in concentration of
Pp molecules were to exert a growing and pronounced retarding
effect on k;, then the value of k,(Pp) would be much higher than
that estimated, yet it is indistinguishable from that obtained under
650 Torr of CO, where no dissociative reaction is occurring.

The inhibiting effect of increased Mo(CO), loading on the
dissociative reaction also seems to operate even at very low
loadings, down to 0.04 molecule/a-cage (Figure 10c). This implies
a very long range transmitted effect from one nr, across as many
as ca. 25 empty a-cages, to a different nr. These long-range effects
are small but are significant and detectable because of the sen-
sitivity of the kinetic probe. Thus the effect transmitted across
10 a-cages is ca. 0.3 kJ mol™! in AG,*, but this corresponds to
a clearly detectable change of rate (Figure 10c and 13). The
question of whether the product molecules exert a different
transmitted effect than do reactant Mo(CO), molecules themselves
can be considered by reference to the linearity of the rate plots.
Any pronounced difference could lead to curved rate plots as the
reactant:product ratio changed, so we might conclude that the
difference in the transmitted effects cannot be appreciable.
Alternatively, and perhaps more probably, the greater basicity
of the CO ligands in cis-Mo(CO),(PMe;), that is indicated by
the DOR-NMR data described above could be balanced by the
fact that, for every product cis-Mo(CO),(PMe,), molecule formed
during the reaction, there is a corresponding loss of two PMe,
molecules in the same nr.

The increase of the rate of CO dissociation by a factor of ca.
20 when two molecules of Mo(CO), are present in 40% of the
nr’s is remarkable. Clearly one Mo(CO), molecule can consid-
erably enhance the reactivity of the other toward CO dissociation.
Figure 3D shows a Chem-X space-filling model, which serves to
illustrate the close proximity, orthogonal configuration, and likely
intermolecular interactions that exist for the site II Na* anchored
Mo(CO)¢ molecules cohabitating in an a-cage of sodium zeolite
Y. This evidently bimolecular type of activation can be understood
in terms of the formation, during CO loss, of dimeric species that
can involve either Mo—CO---Mo bonding or even Mo—Mo bond
formation and CO bridging in an intermediate such as I, both
Mo atoms retaining their 18-electron configuration in these di-
mers.> Although this rate enhancement is very substantial, it

(35) This bimolecular interaction is reminiscent of that observed between
Mn:(CCJ)).O and Re,(CO),; in their scrambling reaction to form MnRe-
(CO) 0%
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can essentially be eliminated by 650 Torr of applied pressure of
CO (Table V and Figure 13).

o}
C
(OC)MoZ—Mo(CO),
I

3.3 Cooperative Effects on the Associative Reactions. The
associative path that involves reaction of Mo(CO), with Pp
molecules is clearly affected by the detailed environment to a
negligible extent. Thus, the linearity of the increase of k.4 with
[Pp] shows that k,(Pp) is independent of the amount of Pp present
(Figure 9). The essentially identical values of k,(Pp) found at
low Mo(CO), loadings and in the absence or presence of 650 Torr
of CO (Figure 9) show that CO also has no appreciable effect
on k,(Pp). The still-unchanged value of k,(Pp) obtained under
650 Torr of CO and in the presence of Mo(CO), loadings that
vary from 0.48 to 1.0 Mo(CO)¢ molecule/nr (runs 48, 50, and
51 in Table V, and Figure 13) shows a similar independence of
the presence of varying amounts of Mo(CO),.>

These observations show that loading effects on the chemical
reactivity of the Pp nucleophiles are generally unimportant, just
as the loading of Pp molecules has a negligible effect on the rates
of the dissociative reaction. However, the loading effects on the
chemical reactivity of the Mo(CO), molecules toward associative
reactions appear also to be small, and this seems to be in conflict
with the conclusion reached earlier that ground-state Mo(CO),
molecules in the a-cages are anchored sufficiently strongly for
them to have strong effects on the dissociative reactions in other
nanoreactors. If they are quite strongly anchored, then one might
expect their anchoring to be affected by the loading, with con-
sequent effects on their reactivity toward associative reactions as
well, although the effects on dissociative and associative reactions
do not have to be the same.

The associative path that involves reaction with Pc molecules
also shows negligible, or at least small, loading effects. Thus, (i)
although only two points are available, the value of k,(Pc)[Pc]
almost doubles from [Pc] = 1 to 2 molecules/nr; (ii) the value
of k,(Pc)[Pc] ([Pc] = 2 molecules/nr) remains constant even when
the number of Pc’ molecules in neighboring “empty” cages in-
creases from 2 to 4; (iii) the value of k,(Pc)[Pc] decreases only
slightly (by 35%) as the Mo(CO), loading increases from 0.03
to 1 molecule/nr; (iv) the values of k,(Pc) determined under 650
Torr of CO can be successfully used to estimate the value of k4
from k. When reactions are carried out in the absence of CO;
and (v) the values of k,(Pp) can be estimated successfully by
assuming that k,(Pc) does not change with changing loadings of
Pp molecules. It seems clear, therefore, that k,(Pc) is essentially
unaffected by the number of PMe; molecules in the nr or in
neighboring a-cages, or by the number of Pp molecules present.
It is not affected by the presence or absence of CO, and it is only
quite slightly affected by the variation in the amount of Mo(CO),
present.

The almost complete absence of loading effects on these as-
sociative reactions has to be considered in light of the fact that
the overall effect of encapsulation in the a-cages is small (see end

(36) Marcomini, A.; Poé, A. J. J. Am. Chem. Soc. 1983, 105, 6952.

(37) Although pseudo-first-order conditions are not maintained throughout
these reactions, this can be shown to have relatively little effect, especially if
the Pc molecules are concluded not to diffuse through the matrix during the
reaction. If they do not, then the depletion of Pc molecules throughout the
reactions will occur only in those nr’s where a reaction has already occurred,
and there will be no effect on the probability of reaction of Mo(CO), molecules
in other nr's. Because the Pp molecules are probably in the twelve-ring
windows between a-cages that can both be occupied when the Mo(CO),
loading is high, the availability of Pp molecules will decrease somewhat during
the reaction, but the effect of this on k4 for runs 48, 50, and 51 will be
<10%, and the effect on k,(Pp), negligible. Run 52 is exceptional in that 86%
of the nr’s contain two Mo(CO), molecules and only 14% contain one, together
with two Pc molecules. The proportion of reaction that involves Pc molecules
is therefore reduced, and the proportion proceeding via other reaction paths
is correspondingly greater. This leads to a rate constant for reaction with Pp
molecules that is apparently high, and it seems very likely that the bimolecular
activation of the dissociative path when two Mo(CO), molecules are in the
same nr may not be completely quenched by 650 Torr of applied CO pressure.
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of section 3.1). Since the large effect of the a-cages on the
dissociative process is only affected by loading changes to a
relatively small extent, we might expect the much smaller overall
effect of the zeolite framework on the associative paths to be itself
much less affected by loading changes.

3.4 The Homogeneity of the Loading of Zeolite Guest Molecules.
The hypothesis of homogeneous distributions of the Mo(CQO), and
PMe, molecules that was made in order to estimate the numbers
of Pc and Pp molecules in the a-cages or twelve-ring windows does
seem to be supported by the kinetics data. The rather sharp
transition between the combined dissociative and associative (with
Pc) reactions to the associative reaction with Pp molecules, shown
in Figure 9, and the almost equally sharp transition between
associative reaction with Pc and Pp molecules under 650 Torr of
CO, also shown in Figure 9, both suggest that Pp molecules do
not appear in the twelve-ring windows until all the available
chemisorption sites are filled, and this is to be expected from the
considerably greater strength of bonding of the Pc molecules. The
most dramatic indication of the homogeneity of the distribution
of the Mo(CO), molecules is provided by run 45, which involves
an average of ca. 1| Mo(CO)4 molecule/a-cage. If these were
distributed statistically, with 25% of the a-cages unoccupied by
Mo(CO), 50% occupied by 1 Mo(CO),, and 25% occupied by
2 Mo(CO), then a very large enhancement of the rate would be
expected in view of the result for run 46, where at least 40% of
the nanoreactors are doubly occupied and a greatly enhanced rate
is observed. Contrary to this, run 45 proceeds rather more slowly
than predicted, even for homogeneous loading, and possible reasons
for this were discussed above.

Not only do the sharp transitions in kinetic behavior provide
evidence for homogeneity but they also act as “end points” in
kinetic titrations of different binding sites in the zeolite. The fact
that the transitions do occur rather close to appropriate integral
loading numbers is of considerable significance.

3.5 The Relative Yields of Mo(CO);(PMe;) and cis-Mo-
(CO),(PMe,),. The formation of cis-Mo(CO)4(PMe,), as the
only product detectable when reaction occurs with PMe; in the
absence of CO is compatible with the dissociative reaction se-
quences shown in eqs 2-5, but it is not at first sight easily rec-
onciled with the fact that the reactions are simultaneously pro-
ceeding at comparable rates by an associative path. The latter
would be expected to lead only to Mo(CO)s(PMe,).

When reactions are carried out in the presence of Pc molecules
only, the yield of Mo(CO)s(PMe,) is found to be constant at
30-40% over the P(CO) range 50~650 Torr. The presence of CO
could be envisaged as allowing the formation of Mo(CO);(PMe;)
via the dissociative path, but the contribution of this path to the
overall reaction is effectively quenched by P(CO) = 400 Torr,
so that the associative reaction with Pc molecules is still leading
to substantial yields of cis-Mo(CO),(PMe,),.

Reaction with PMe; = 6 molecules/a-cage still leads only to
cis-Mo(CO),(PMe,), in the absence of CO when ca. one-third
of the reactions are proceeding by the associative path with Pp.
Over the range P(CO) = 50-650 Torr the yield of Mo(CO)-
(PMe;) increases from ca. 20 to 90%, a quite different behavior
from that with Pc molecules described above.

No studies of the equilibria between Mo(CO)s(PMe,) and
cis~Mo(CO),(PMe;), under CO in the presence of Pc or of Pc
and Pp molecules have yet been undertaken, and the effects of
widely different loadings on the rates of reactions of Mo(CO)s-
(PMe;) have yet to be investigated, so the observed pattern of
yields under CO may be the result of thermodynamic contribu-
tions. The latter would not affect reactions in the absence of CO,
however, and some intriguing questions therefore remain.

4. Summary of the Kinetic and Mechanistic Behavior. The
reactions in NasgY are very clean, and the kinetics are generally
very reproducible, showing that similar studies of a wide range
of reactions of organometallic compounds should be feasible and
informative. Further:

(i) As in homogeneous solution, reactions proceed by CO-
dissociative paths and, with the strong nucleophile PMe;, by
associative paths.
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(ii) The rate of the dissociative path is accelerated at 65.8 °C
by ca. 10° (20 kJ mol™' in AG,4*) compared with the rate in
homogeneous solution.

(iii) This acceleration is due to a large decrease in AH,* which
is considerably offset by a much less favorable value of AS*.

(iv) The acceleration can be ascribed to transition-state sta-
bilization caused by greater anchoring of the transition state by
two site II Na* ions, probably assisted by partial bonding between
a framework oxygen and the Mo atom as the CO ligand leaves.

(v) The CO-dissociative path is significantly and systematically
retarded by increased Mo(CQ), and PMe, loading and, in the
case of the CO-exchange reaction, by increased pressures of >CO.
These effects can be quite long range but are relatively small
compared to the overall acceleration by the Na;Y host lattice.

(vi) There are two associative paths, one with chemisorbed and
one with physisorbed PMe;, and their rates are not very different
from those in homogeneous solution. Although the probabilities
of these paths are significantly greater than in homogeneous
solution, the effect of preassembly of the reactants in the zeolite
is not as large as might be expected, and this can be understood
on the basis of unfavorable relative conformations of the Mo(CO),
and chemisorbed PMe; molecules in the nr's.

(vii) The associative reactions are not appreciably affected by
different loadings of Mo(CO), or PMe, or by different applied
pressures of CO.

Concluding Remarks

This investigation has yielded the first quantitative measure-
ments of the influence of an internal “perfect” surface of a zeolite
host lattice on the reactivity of encapsulated guests. It has unveiled
an appealing picture of the a-cage nanoreactor as a rigid ma-
crospheroidal, multisite, multidentate alkali metal cavitate (a
zeolate ligand), the effect of which can be to enhance CO-dis-
sociative reactivity by transition-state stabilization. Apart from
providing information on the mode of activation of an organo-
metallic system, the results show that the kinetics of a given
reaction can be used as one more probe, and quite a sensitive one,
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of the nature of a zeolite and the transmission of effects through
it.

The models proposed to explain the enhanced reactivity should
aid in the design of further experiments and the interpretation
of cation and framework anchoring, Si:Al ratio, and guest loading
effects on activation parameters and reaction mechanisms of other
reactions in zeolites compared with those in homogeneous solution
or other matrix environments.

Quantitative experiments of this kind are expected to be of great
value in understanding the intimate details of size- and shape-
selective catalytic reactions, the origin of adsorption, host-guest
inclusion and molecular recognition phenomena, and the param-
eters that control a range of intrazeolite synthetic and self-assembly
processes that are basic to the preparation of new solid-state
nanoporous materials of interest in, for example, chemoselective
sensing, quantum electronics, nonlinear optics, photonics, infor-
mation storage, and artificial photosynthesis.?
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